
4 
n 

Year 2018, Vol. 65, No. 4

ActaChimicaSlovenica
ActaChimicaSlovenica
Metabolic network approaches from unstructured models to detailed 
mechanistic models foresee the major fluxes of nutrients, byproducts and 
final products as well as facilitate development of bioreactor operation 
performance. (see page 769)
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Abstract
Chinese hamster ovary (CHO) epithelial cells are one of the most used therapeutic medical lines for the production of 
different biopharmaceutical drugs. They have a high consumption rate with a fast duplication cycle that makes them an 
ideal biological clone. The higher accumulated amounts of toxic intracellular intermediates may lead to lower organism 
viability, protein productivity and manufactured biosimilar, so a careful optimal balance of medium, bioreactor opera-
tional parameters and bioprocess is needed. A precise phenomenological knowledge of metabolism’s chemical transfor-
mations can predict problems that may arise during batch, semi-continuous fed batch and continuous reactor operation. 
For a better detailed understanding (and relations), future performance optimization and scaling, mechanistic model 
systems have been built. In this specific work, the main metabolic pathways in mammalian structured CHO cultures are 
reviewed. It starts with organic biochemical background, controlling associated phenomena and kinetics, which govern 
the sustaining conversion routes of biology. Then, individual turnover paths are described, overviewing standard math-
ematical formulations that are commonly applied in engineering. These are the core of black box modeling, which relates 
the substrates/products in a simplified relationship manner. Moreover, metabolic flux analysis (MFA)/flux balance anal-
ysis (FBA), that are traditionally characterizing mechanisms, are presented to a larger portion extent. Finally, similarities 
are discussed, illustrating the approaches for their structural design. Stated variables’ equations, employed for the de-
scription of the growth in the controllable environmental conditions of a vessel, the researched reaction series of prolif-
erating dividing CHO population, joint with the values of maximal enzymatic activity, and solutions are outlined. Pro-
cesses are listed in a way so that a reader can integrate the state-of-the-art. Our particular contribution is also denoted.

Keywords: Microbial cell factory; Chinese hamster ovary (CHO) cell metabolism; Bioreactor operation modeling; Bio-
chemical reaction kinetics; Metabolic flux analysis; Biopharmaceutical and biosimilar

1. Introduction
Chinese hamster ovary (CHO) cells are one of the 

most important cell lines for production of therapeutic bi-
opharmaceuticals.1,2 CHO cells are characterized by high 
consumption rates of nutrients and large amount of toxic 
intermediates, which may lead to lower cell viability and 
protein production.1,2,3 Production of recombinant pro-
teins is promoted in growth medium  with high content of 
glucose and glutamine.4,5 Further optimization of the me-
dium is needed to reduce lactate and ammonia accumula-
tion and to increase antibody yields.3,6–9 In recent years 
technology has made a remarkable impact in bioreactor 
fermentation yields using kinetic models that are com-
monly used to describe fermentation processes in indus-

trial fermentors. These models turn out to be useful at pro-
cess monitoring, acquiring and storing the data, and 
troubleshooting. In the last three decades databases of 
CHO cell metabolism have been extended, likewise the 
tracing of fluxes into biomass and byproducts, which led to 
major improvements of bioreactor models.2,5,10–17 This 
knowledge has guided the researchers to develop several 
mathematical models, which are able to describe the fluxes 
within metabolic pathways.4,18–23

Analysis of fluxes usually focuses on measuring con-
centrations of extracellular metabolites.13 Biocatalysis of 
substrates into commercially attractive products as well as 
byproducts is connected through pathways of cell metabo-
lism.13,24–26 Pathway analysis usually relies on measuring 
concentration behavior of extracellular metabolites,13 nev-
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ertheless estimates of intracellular fluxes are readily availa-
ble by using flux balance analysis (FBA) and metabolic flux 
analysis (MFA).27 In recent years genotype data have been 
also included into in silico methodologies.28 The following 
pathways of the cell metabolism are usually assumed: gly-
colysis, pentose phosphate (PPP) pathway, tricarboxylic 
acid (TCA) cycle, amino acid metabolism, protein synthe-
sis, urea cycle, nucleic acid synthesis, membrane lipid syn-
thesis, and biomass production.1–5,14–19,29–36 Glycogen5,16 
synthesis and glycosylation pathways are part of detailed 
models.29,37–41

Numerous models were developed for the purpose 
of data analysis and growth optimization in cell cultures. A 
hybrid simulation framework was proposed to predict the 
dynamics in bioreactors.42 A simplified model of central 
carbon metabolism provides the framework for analyzing 
measurements of external metabolites.29 Simulation as-

suming pseudo steady state assumption and extracellular 
metabolite concentrations accurately predicted the effects 
of process variables, temperature shift, seeding density, 
specific productivity and nutrient concentrations.43 A 
mathematical model was developed for optimization of 
batch and fed batch bioreactor.20 The kinetic model that 
jointed several phases of cell culture was capable to de-
scribe the time evolution of experimental data.16 Similar 
model was build and its correctness validated on experi-
mental data from CHO cells grown in spinner flasks.19 The 
model was assembled from submodels, where each of 
them described a separate phase of CHO cell (growth, sta-
tionary, and decline phase).33 The model was then used to 
explain the experimental data from batch cultivated CHO 
cells. In another example, the phenotype of mammalian 
cells was studied by the aims of metabolic flux analysis.5 
Fluxes were measured using 13C MFA variant and stoichi-

Figure 1: Metabolic engineering starts with the metabolic network, which comprises biochemical transformations within living cells (bottom left: 
unstructured network, top left: structured network). Then we use available experimental data together with theoretical methodologies (paradigm of 
Metabolic Flux Analysis – MFA) to estimate flux rates of biochemical transformations (top right). These insights help us to perform bioprocess op-
timization.
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ometric modeling.2,44 MFA was also used to estimate total 
energy production of growing CHO-320 cells.24

New metabolic information was mined from the 
models and associated simulations. Analysis of experi-
ments showed the existence of multiple steady states.17 In 
silico modeling of CHO cells allowed the identification of 
major growth-limiting factors including oxidative stress 
and depletion of lipid metabolites.45 These factors may 
lead to a better development of strategies to enhance CHO 
culture performance.45 Continuous cell lines can down-
regulate their oxidative metabolism when nutrients get 
depleted or growth rate slows.15 Flux analysis shows signif-
icant rewiring of intracellular metabolic fluxes in the tran-
sition from growth to stationary phase. Changes were no-
ticed in energy metabolism, redox metabolism, oxidative 
pentose phosphate pathway and anaplerosis.16 In station-
ary phase glycolysis is rerouted through PPP pathway – no 
lactate production is observed.2 Unusual lipogenic path-
way was discovered with modeling. Carbon from glucose 
supplies mitochondrial production of alpha-ketoglutarate 
(αKG), which is trafficked to the cytosol and used to sup-
ply reductive carboxylation by isocitrate dehydrogenase.46 
It was suggested that endogenous lactate is not being used 
for ATP production through TCA cycle when the medium 
is supplemented with galactose. It was observed that lac-
tate starts to get depleted at the same time as glucose is 
used up and cell switches to a galactose source.1 With ki-
netic model of CHO cell growth Lopez-Meza estimated 
substrate threshold below which growth is not observed 
and obtained the α and β factor from Luedeking-Piret 
equation.18 Analysis showed that CTP deficient cells use 
different central carbon metabolism, suppress pyruvate 
dehydrogenase, and induce glucose dependent anaplerosis 
through pyruvate carboxylase.46

Composition optimization of limiting amino acids in 
growth medium increased maximum cell density by 55% 
and protein titer production by 27%.3 The medium did not 
have any influence on sialic acid content. Mannose carbon 
source also improved recombinant protein productivity.47 
Glucose consumption was 5 times higher than that of glu-
tamine (13C labeled glucose, 2D-NMR spectroscopy). Er-
ror propagation of Goudar metabolic flux analysis can be 
routinely used in bioprocess development.14 Modeled effect 
of specific rate error on the flux error is a function of both 
the sensitivity of the flux with respect to the specific rate 
and relative magnitudes of the flux and the specific rate.14 
41% of glucose was channeled through PPP, while flux of 
pyruvate to lactate and to TCA cycle was evenly distributed 
55%–45%; anaplerotic conversion to oxaloacetate account-
ed to 10% of whole pyruvate conversion.14

We describe the research done in the area of bioreac-
tor modeling and contribution of our department to the 
field. Complete literature search and data collection of 
known metabolic fluxes was made to ease the design of 
future models. The improvement of models is ongoing 
with a goal to make a good theoretical framework and to 

foresee possible errors in the fermentation process. Sche-
matic illustration of the interplay between metabolic engi-
neering and bioprocess is shown in Figure 1.

2. Contribution of the Authors
Modeling brings new insights into existing prob-

lems. Great advantage of modeling is to track the problem 
at molecular, cellular level. Good hypothesis and theories 
cannot be developed without sufficiently developed mod-
el. Development of biotechnology processes is thus easier 
and cost effective. Models have many disadvantages, be-
cause they may be developed on unproven hypothesis or 
theories that yet need to be confirmed. Theories may have 
in this case erroneous core.

Complete literature search of published models and 
metabolism of CHO cells leads to a successful build of 
model of bioreactor. Review of preferred articles is includ-
ed with the emphasis on bioreactor operation equations 
and metabolic pathways of CHO cell lines.

Contribution is divided into three parts:
•	 Overview of black box models: Evolution of mathe-

matical equations used in CHO mechanistic models
•	 Overview of CHO cell metabolic pathways and the 

unique properties of CHO cell lines
•	 Overview of mechanistic models and our proposed 

approach toward solution of the problem

2. 1.  Review of Black Box Models: 
Formulation of Mathematical Equations
Protein production in a bioreactor requires perfect 

agitation and aeration to maintain a homogeneous distri-
bution of cells, substrate and oxygen throughout the biore-
actor. Extracellular medium composition analysis, cou-
pled with intracellular metabolic pathway analysis give rise 
to CHO cell bioreactor models.

2. 1. 1. Growth of Biomass
Growth of biomass is described in different ways. 

Growth is influenced by the specific growth factor (µ) and 
concentration of cells (X) as seen in Eq. (1).16,19,20

Standard biomass growth equation:

       (1)

Specific growth factor (µ) is described in different 
ways. Commonly used descriptions are Verhulst and 
Monod equations, which can be adequately modified to 
account for bioreactor conditions (Eqs. 2 and 6).

One limit substrate Monod36 kinetics  is:

       (2)
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while two limit substrates Monod24 kinetics is expressed as:

       (3)

and finally n-limit substrates Monod24 kinetics as:

       (4)

By Monod, biomass growth is influenced by limiting 
substrate (Eq. 2). Here X represents cell concentration – 
number of cells per mL; S represent substrate, µmax is the 
maximum value of growth rate, KS is the substrate satura-
tion constant. Note that specific growth rate (µ) may be 
influenced by one limiting substrate (Eq. 2),18 two (Eq. 3)37 
or more limiting substrates from the growth medium  
(Eq. 4).48

del Val38 proposed modified expression:

       (5)

By del Val, an upgraded Monod equation for contin-
uous production is utilized, where Xv is the density of via-
ble cells and αx is the specific factor (cellular carrying ca-
pacity). Viable cells represent live cell population, while 
total cells represent a sum of viable and dead cell popula-
tion. The ratio is changing through cell phases. Each equa-
tion is optimized for specific value, so it is necessary to 
take into account certain value.

Verhulst49 established the following closure:

       (6)

By Verhulst, maximum cell density of the culture 
(Xmax) is a limiting factor to cell growth. In this case sub-
strate is available in large quantities or may be fed addi-
tionally to the bioreactor. The equation is commonly used 
to describe the growth of bacterial cultures.

Equations for biomass growth that are commonly 
used in bioreactor systems are described below (continu-
ous, fed batch).

Altamirano17 and Xing3 suggested to use the follow-
ing formulation:

       (7)

By Altamirano, the specific growth rate in the con-
tinuous bioreactor is described as dilution rate (D) multi-
plied by the ratio of the total cell number (XT) and the via-
ble cell number (XV).

Goudar4 wrote the growth factor (µ) as:

       (8)

By Goudar, the specific growth rate is designed for 
perfusion systems, where V is the reactor volume, Fd is the 
discard rate, Fh is the harvest flow rate, XH

V   is the harvest 

viable cell density, and XB
V     is the density of viable cells in 

bioreactor.
Hagrot21 used the solution of first-order kinetics:

      
 (9)

By Hagrot, the specific growth rate depends upon vi-
able cell concentration before renewal (Xv) and after re-
newal (Xv0). Here t and t0 are corresponding times of sam-
pling.

It is essential for the model of bioreactor to select 
the mathematical formulation that suits type of the biore-
actor and the cell culture. To get the best formulation we 
need to compare numerical simulations with experimen-
tal data and choose the best fitting curve. For that we 
need a set of sensor concentration data of products, sub-
strates, and biomass in bioreactor throughout fermenta-
tion process.

2. 1. 2. Final Product Formation
Final product formation is described in connection 

with the cell concentration (X) or viable cell concentration 
(Xv) multiplied by product growth factors (r or α) (Eq. 10 
and 11).20,33

Standard equation to describe product formation:

                            (10)

Naderi20 and Provost19 wrote down the following 
closure:

                            (11)

while Ludeking-Piret35 suggested additional term:

                            (12)

By Ludeking-Piret, two coefficients α and β describe 
the product formation, both are product specific. Further, 
P is the concentration of glycosylated product, and dX/dt 
is the slope of biomass increase.

Xing3 and Berrios47 suggested two formulations:

                            
(13)

                            (14)

By Xing, product growth is described by the ratio of 
concentration difference of product (Ci) between two time 
points. Xv is the viable cell density, and D is the dilution 
factor (Eq. 13). By Berrios concentration difference of the 
product (ci) was divided by the corresponding difference 
of integral viable cell density (IVCD) (Eq. 14).
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Zamorano24 proposed linear relationship:

                            (15)

By Zamorano, the r factor (Eq. 10) was substituted 
by multiplication of stoichiometric matrix for final prod-
uct (Np) and metabolic flux (v(t)).

Goudar4 utilized the extended closure:

                            (16)

By Goudar, the product growth consists of two 
terms. Here XB

V  is viable cell density, and Fm is the flow rate. 
The equation is used to describe perfusion systems.

del Val38 used the following expression:

                            (17)

By del Val, the expression describes product growth 
as a yield of product per substrate (YPIS) multiplied by the 
substrate consumption (qS).

The formula for product growth must be devel-
oped for each individual product and is based on the ob-
servable physical and biochemical strain characteristics 
and the type of bioreactor. Reviewed models are opti-
mized to describe formation of secondary metabolites – 
end products.1–5,15,17,19,21, 24,29,30,31,37,38,40,43,45,46,50 For 
production of antibodies post translational glycosilation 
should be taken into account as well.37,38,40 Formation of 
primary metabolites – important for growth and main-
tenance of cell were most precisely described in Quek’s 
model with thorough description of nucleotide and lipid 
synthesis.5

2. 1. 3.  Mathematical Description of Substrate 
Consumption

Substrate consumption is dependent upon cell den-
sity (X) and specific uptake rate (vS) as follows:17,24,33

                            (18)

Jedrzejewski37 proposed the formulation with two 
terms:

                            (19)

By Jedrzejewski substrate consumption is influenced 
by number of cells, steady state consumption of substrate 
(mglc), and biomass growth coefficient (Yglc).

Goudar4 and Xu6 suggested another equation:

                            (20)

By Goudar and Xu specific substrate consumption 
rate depends upon perfusion rate Fm, difference of sub-

strate concentration (starting minus current) (Sm–S), bio-
reactor volume (V), and viable cell density (XB

V).
del Val38 extended the Michaelis-Menten kinetics as:

                            (21)

By del Val, YX/S is the yield coefficient from substrate, 
S represents concentration of substrate, Km is constant spe-
cific for each substrate.

Ahn16 introduced another expression:

                            (22)

By Ahn, decomposition of substrate k is independent 
of biomass. S represents substrate concentration, X repre-
sents cell concentration, and qs is a substrate consumption 
per cell concentration unit.

2. 1. 4. Oxygen Consumption
Oxygen consumption is traditionally described as 

follows:5,17,50

                            (23)

                            (24)

Oxygen concentration is dependent upon oxygen 
transfer rate (OTR) between gas and liquid phase and ox-
ygen consumption rate (OCR) of biomass.29,51 OTR is de-
pendent upon KLa (bioreactor specific) and dissolved oxy-
gen concentration (DO). Note that saturated oxygen (DO*) 
is temperature dependent.29

Jorjani52 used the following expression:

                            (25)

By Jorjani, OCR is dependent upon qO2
0 and temper-

ature,52 while qO2
0 is cell culture and clone specific. It de-

pends mostly on the number and condition of mitochon-
dria (origin of respiratory chain). It is also dependent upon 
availability of substrate with which cell and later mito-
chondria are fed.53

Nyberg29 proposed two terms:

                            (26)

By Nyberg, the formula accounts for the continuous 
bioreactor, where oxygen uptake rate (OUR) is dependent 
upon OTR as (KLa (C*–CR)), dilution rate (D), and the dif-
ference between oxygen concentrations (feed minus reac-
tor) as (CF–CR). C* represents saturated oxygen concentra-
tion at operating temperature.

Oxygen is consumed in the respiratory chain. H2O is 
the byproduct of the respiratory chain reactions.54 Oxygen 
that is incorporated in waste CO2 comes from glucose or 
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other substrates. Since metabolism is affected by pH value, 
O2 consumption (metabolism) is pH dependent.55

2. 1. 5. CO2 and NH3 Waste Production
CO2 production is integrated into models to address 

reactions in TCA cycle.5,45,50 CO2 is mostly produced in 
Krebs cycle, while NH3 is produced during metabolism of 
glutamine and other amino acids.5,17,33,56

                            (27)

CO2 concentration is dependent upon CO2 transfer 
rate (CO2TR), and CO2 production from biomass  
(CO2PR). CO2 importantly influences cell growth and pro-
ductivity.57 Free CO2 can be recycled together with amino 
group during fixation into carbamoyl phosphate and later 
integrated into arginine (urea cycle). Dissolved CO2 
(DCO2) partially transforms into HCO3

– ions, which serve 
as a regulator of pH in the cell. CO2 is generated during 
pyruvate, isocitrate and oxoglutarate degradation (TCA cy-
cle). It is also generated in lysis of lysine and glycine as well 
as in formation of ribose-6-phosphate from glucose-6-phos-
phate. RCO2 represents rate of CO2 production.

Nyberg29 suggested another expression:

                            (28)

By Nyberg, expression accounts for carbon dioxide 
evolution rate. Here ng is molar gas flow rate to the reactor, 
VR is liquid volume of the reactor, VR is mole fraction of 
CO2 in reactor headspace, yR

CO2 is mole fraction of CO2 in 
the feed gas. CR

A is concentration of CO2 and bicarbonate 
in the liquid phase, CF

A is concentration of CO2 and bicar-
bonate in the liquid feed phase.

                            (29)

In Eq. (29), concentration of NH3 has similar math-
ematical dependence as CO2 in Eq. (27). Note that KLa is 
different for each gas and varies with the reactor and tem-
perature. Ammonia production is highly dependent upon 
lysis of amino acids that can be biomass dependent and/or 
independent (catalytic degradation in water medium de-
pendent upon temperature). Ammonia is produced from 
the amino acids and transferred into gas phase. Then, it is 
recycled during formation of carbamoyl phosphate.

2. 1. 6. Temperature, pH Optimum
Temperature and pH are important process parame-

ters that influence optimal growth of CHO cell lines.58–64 

Normal operating temperature for the growth of mamma-
lian cells is 37 °C.65 At 33 °C a remarkable decrease in spe-
cific growth rate is observed. At 30 °C, growth of cells 
starts to stagnate. Mammalian cells grow in the range from 
35 to 38 °C.55,66 On the other hand, production rate of 
product (unspecified recombinant protein) is increased at 
33 and 30 °C. Lower temperatures (below 37 °C) inhibit 
cell growth, but enhance cellular productivity of the re-
combinant protein, maintain high cell viability, suppress 
consumption of nutrients from medium, and suppress re-
lease of waste products from the cells.67,68

CHO cells have been reported to grow best at pH 
7.1.55 Maximum product concentration (recombinant pro-
tein) was achieved at pH 6.8; 1.8-fold higher than at pH 
7.1.55 Regardless of the culture temperature, the highest 
specific growth rate was observed in the range of pH from 
7.0 to 7.4.34

2. 1. 7.  Cell Phases of CHO Cell Lines in 
Bioreactor

When cells are transferred to a new bioreactor batch, 
they need time to reach stable operation (lag phase). Dur-
ing lag phase cells adapt to new environment and multiply 
enzymes that are needed to catalyze biochemical reactions.

Initially, concentrations of glucose and other amino 
acids are falling, while lactate and glutamate (byproducts) 
concentrations are rising in the medium. After glucose is 
depleted, lactate starts to get consumed. When substrates 
are depleted, biomass stops to grow and uses internal re-
serves to maintain cell functions. Reserve glycogen and li-
pids are used to supply the cell with the energy. The nutri-
ents from dead cells can be recycled and reused as the 
energy source. Most commonly used substrate is glucose. 
If substrate is switched for example to galactose, specific 
enzymes must be multiplied to reach optimal concentra-
tions, before cells can re-adapt. In the presence of large 
concentrations of substrates inside cells, mitochondria di-
vide rapidly and supply the cells with large amounts of en-
ergy (ATP). Until mitochondria sufficiently multiply, the 
excess flux of glucose is diverted to lactate or other metab-
olites, such as alanine.

In the growth phase cells multiply with ease. The lac-
tate does not accumulate anymore and is used up by cells 
as a substrate. Cells stop to grow when they reach maxi-
mum cell density or when they have used up all substrates. 
Then, cells start to use nutrients from energy storage: gly-
cogen and lipid molecules. When cells run out of the sub-
strates and nutrients from energy storage they enter an 
atypical cell death due to starvation.

The viable CHO cells are in G1, S, G2/M (part of the 
interphase) or apoptotic phase.69,70 The production of pro-
tein is usually phase specific.69,66 In apoptosis cell enter 
programmed cell death. After certain number of duplica-
tions, cells die off. At that time significant amount of bio-
mass in the bioreactor belongs to dead cells.
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2. 2.  Overview of Important Metabolic 
Pathways
In the past two decades much research has been done 

on CHO cell metabolism. At modeling, cell metabolism is 
described using kinetic laws, equilibrium equations and as-
sociated parameters. Table 1 shows metabolic pathways, 
which were included in the models published in the litera-
ture. The following pathways were reviewed: (i) substrate 
intake, (ii) glycolysis, (iii) glutaminolysis, (iv) pentose 
phosphate pathway (PPP), (v) UDP-monosaccharides pro-
duction, (vi) nucleotide synthesis, (vii) amino acid metab-
olism, (viii) tricarboxylfic acid cycle (TCA), (ix) lipid me-
tabolism, (x) glycogen synthesis, (xi) lipid synthesis, (xii) 
DNA duplication, (xiii) RNA transcription and protein 
translation, (xiv) glycosylation, and (xv) feedback loops.

2. 2. 1.  Substrate Intake (Part of Metabolic Flux 
Pathway Analysis)

High influxes of substrates contribute to high osmot-
ic pressure.71 The cell regulates its pressure with fast con-
version into more favorable intermediates and products. 
Other regulatory mechanisms are passive and active trans-
port. One of the major metabolites is glycogen, which 
serves as energy storage.72 Glucogenic amino acids may 
transform into glucose and then into glycogen, while keto-
genic amino acids transforms into ketone bodies that may 
be stored through acetyl CoA in fatty acids (Figure 2).73 
Mathematical descriptions (Eqs. 18–22) of substrates’ con-
sumption are selected in accordance with phenotype, 
while associated constants are substrate specific. Majority 
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Figure 2: Biochemical reactions associated with mitochondria: deg-
radation pathway of keto- into glucogenic amino acids.45 Glucogen-
ic amino acids are transformed into acetylCoenzyme A (AcCoA), 
while keto amino acids are transformed to glutamate that is further 
transformed into alpha-ketoglutarate (αKG). Three letter amino 
acid code is standard. From “A structured, dynamic model for ani-
mal cell culture systems,” by C. S. Sanderson, J. P. Barford, and G. W. 
Barton, Biochem. Eng. J., 1999, 3, 203–211. Reprinted with permis-
sion.
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of the models include glucose intake, lactate, ammonia, 
CO2 and oxygen. More precise models include also trans-
port of glutamine and glutamate.

2. 2. 2. Glycolysis and Glutaminolysis (AA Lysis)
Glycolysis is one of the most important pathways in 

the metabolism of cells and is therefore included in major-
ity of the models (Table 1).1–5,15,17,19,21,24,29–31,43,45,46,50

In the growth phase cells extensively use glucose and 
glutamine. Apart from normal cells, the phenomenon is 
enhanced in mutated, cancerous cells.74 Due to osmotic 
pressure, excess glucose and glutamine are diverted into 
glycogen,71 lactate, glutamate, and lipids.1,16,43,75

Glucose enters tricarboxylic acid (TCA) cycle 
through pyruvate (Figure 3). Lactate is a waste product of 
surplus pyruvate produced during glycolysis that cannot 
enter TCA cycle due to unavailable mitochondria machin-
ery. Lack of oxygen produces similar effect (Figure 3). Lac-
tate is removed from the cell into the cell medium and lat-

er reused.1,18 Two molecules of ATP and two molecules of 
NADH are generated in the process. When pyruvate enters 
mitochondria it is converted into 3 molecules of CO2. In 
this process three molecules of NADH, one molecule of 
FADH2 and one molecule of GTP are produced per mole-
cule of pyruvate. Each molecule of NADH produces three 
molecules of ATP through electron transport chain; each 
molecule of FADH2 produces two ATP molecules due to 
lower proton energy. If lactate is produced, one molecule 
of NADH is consumed, and recycled when lactate is being 
converted back. High concentration of lactate may lead to 
lower pH. Note that pH is regulated with NH3 release dur-
ing glutamate metabolism. Lysis of amino acids gives huge 
amount of ATP due to independent enzymatic pathways to 
TCA cycle (Figure 4). In degradation pathways of isoleu-
cine three NADH molecules, one acetyl CoA and one suc-
cinyl CoA molecule are generated. ATP is further generat-
ed through electron transport chain.

Metabolic models comprise metabolic steps of glyc-
olysis pathway into lumped reactions due to less impor-

Figure 3: Overview of metabolic pathways in the cytosol: Precise metabolic pathway of catabolism and anabolism in CHO mammalian cell cytosol. 
Pathways of glucose conversion into pyruvate, glycogen and other monosaccharide’s are presented. Formation of nucleotides, lipids, nucleotide 
monosaccharide’s is presented together with cytosolic amino acid synthesis reactions. Amino acids are colored in blue; phosphate rich molecules are 
colored in green; ADP, NADH in red; gases in orange.1–5, 13, 15, 17, 19, 21, 29, 30, 45, 46, 50, 76



777Acta Chim. Slov. 2018, 65, 769–786

Gašperšič et al.:    Metabolic Network Modelling of Chinese Hamster  ...

tant, short half-life intermediates.1–4,17,21,29,46 In simplified 
models, fluxes are diverted directly to stable intermediates. 
Complete lysis of amino acids shows that amino acids re-
generate intermediates of TCA cycle much faster com-
pared to glycolysis due to independent enzyme machinery 
of each amino acid. Enormous energy comes from 
branched chain amino acids (BCAA), i.e. valine, isoleu-
cine, and leucine (Figure 4).

2. 2. 3.  Pentose Phosphate Pathway and  
UDP-Monosaccharides Stock

Like glycolysis, pentose phosphate pathway (PPP) is also 
included in several models (Table 1).1,2,4,5,15,17,19,30,45,46,50 
An alternative route for glucose is generation of different 
monosaccharides (Figure 3). From glucose-6-phosphate 
cell produces ribulose-5-phosphate, xylulose-5-phosphate, 
erythrose-4-phosphate, fructose-6-phosphate sedoheptu-
lose-7-phosphate and ribose-5-phosphate.33 Ribose-5- 
phosphate enters synthesis of nucleotides.5 Monosaccha-

rides from PPP can be transformed into glyce  raldehyde-3-
phosphate and fructose-6-phosphate, which again enters 
glycolysis pathway (Figure 3).

Few models also include generation of UDP-mono-
saccharides (Figure 3).37,38,40 In excess of UTP, different 
nucleotide sugars are generated, including GDP-mannose, 
UDP-galactose, UDP-glucose, UDP-N-acetyl glucosamine 
(GlcNAc), and CMP-sialic acid. Nucleotide sugars are in-
cluded in the models, which describe glycosylation pattern 
of proteins (Figure 3).29,37–39 Nucleotide sugars are trans-
ported into the endoplasmic reticulum (ER) and the Golgi 
apparatus (GA), where they get concentrated and ready to 
be attached to proteins (Figure 3). The attachment is car-
ried out through covalent bond between sugar residue and 
protein through N-phospho-glycosylation.37,77

2. 2. 4. Glycogen Synthesis
Glycogen synthesis is included only in a few models 

(Table 1),5 despite its important role in glucose homeosta-

Figure 4: Metabolic pathways within mitochondria: TCA cycle is the major metabolic pathway. Fatty acids are pre-metabolized in beta oxidation 
cycle (purple). Amino acids (blue) enter TCA cycle through oxoglutarate, fumarate, and succinyl CoA. Oligosaccharides enter TCA cycle through 
PPP and glycolysis pathway. Gases are colored in orange, while phosphate rich energy molecules are colored in green.1–5,15,17,19,21,24,29–31,43,45,46,50
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sis. In the excess of ATP, cell transfers extra glucose into 
glycogen that is used as energy source, when glucose is run 
out from the medium or cytosol. One molecule of glyco-
gen can store up to 30000 molecules of glucose. This con-
tributes to lower osmotic pressure and thus removes 
harmful effects of high glucose content. Glucose is readily 
available, if there is a demand on energy or carbon source 
(Figure 3). The path described above is ATP controlled. 
Glucose is transformed into glucose-1-phosphate; in this 
process one molecule of ATP is consumed. UTP molecule 
binds to glucose-1-phosphate, leading to production of 
UDP-glucose. UDP-glucose attaches itself to glycogen, 
leading to release of UDP.

2. 2. 5. Lipid Synthesis
Lipid synthesis is included in several models (Table 

1). They used simplified pathways13,15,17,50,76 or very pre-
cisely defined pathways.5

During cell division, lipid synthesis is enhanced to 
simulate assembly of membrane. Phosphoglycerides, tri-
glycerides, phosphatidylserine, phosphatidyllecithine, 
cholesterol, sphingomyelin, and geranyl pyrophosphate 
are synthesized (Figure 3). Successive enzymatic pathway 
starts wih the acetyl-CoA and leads to complex lipid mol-
ecules (Figure 5). Different glycerides are synthesized with 
the addition of fatty acids and other groups to glycerol.

2. 2. 6. Amino Acid Synthesis
Amino acid degradation is described in most mod-

els, but usually only partial set of amino acids is integrated 
in a model (Table 1).1–5,15,17,19,21,24,29–31,43,45,46,50 Altamira-
no et al17 includes synthesis of alanine, aspartate and glu-
tamine in highly interconnected metabolic network. Quek 
et al5 describes precise metabolic network with intercon-
nected synthesis of amino acids: alanine, glutamate, aspar-
agine, proline, serine, glycine, aspartate. Provost et al19 in-
cludes synthesis of alanine into the model.

Essential amino acids cannot be synthesized de novo 
(from scratch) by the organism, therefore must be supple-
mented from the medium. There are nine amino acids that 
humans cannot synthesize: phenylalanine, valine, threo-
nine, tryptophan, methionine, leucine, isoleucine, lysine, 
and histidine (single letter abbreviations in the order they 
appear: F, V, T, W, M, L, I, K, and H). Other amino acids 
are synthesized from essential amino acids and other cell 
intermediates (Figure 6).

2. 2. 7.  DNA Duplication, RNA Transcription and 
Protein Translation

Nucleotides are synthesized through PPP. In a few 
models nucleotide synthesis is incorporated.5,19 Provost et 
al19 describes highly simplified model. Quek et al5 de-
scribes precise metabolic pathway, where glucose is trans-
formed into ribose, which is further converted to IMP (in-
osine monophosphate-purine precursor) and UMP 
(uridine monophosphate-pyrimidine precursor). These 
precursors are then transformed into ATP, CTP, UTP, GTP, 
dATP, dCTP, dTTP, and dGTP (Figure 3).

Duplication of DNA and translation of RNAs take 
place in the cell nucleus. mRNA is transported to the cyto-
sol and rRNA takes position in ribosome, while mRNA is 
translated into protein by the aid of tRNA. Nucleotide 
triphosphates (NTPs) are used as an energy source during 
transcription. For each amino acid, codon is assembled 
from three NTPs. mRNA is assembled of: 5’ cap, 5’ and 3’ 
untranslated region (UTR), sequence for signal peptide, 
coding region, and poly AAA end. mRNA exits the nucle-
us and enters a ribosome, where the protein is translated 

Figure 5: Synthesis of fatty acids from acetyl-CoA: Complex enzy-
matic pathway leads to different lipid molecules that assemble into 
membrane bilayer. The saturated fatty acids and unsaturated fatty 
acids of the n-3, n-6, n-7 and n-9 series can be synthesized from 
myristic acid (C14) and palmitic acid (C16), produced from ACC 
and FASN. Long-chain fatty acids of n-6 and n-3 series can also be 
synthesized from precursors obtained from dietary precursors to 
elongation (ELOVL) and desaturation (FADS) steps as indicated in 
the pathways. Lipids marked red and green are “up” and “down” reg-
ulated in our analysis, respectively. Increase in enzyme activities is 
framed in red whereas a decrease is framed in green. ACC: acetyl-
CoA carboxylase; ELOVL: elongase of very long chain fatty acid; 
FASN: fatty acid synthase; FADS: fatty acid desaturase; SCD: stea-
royl-CoA desaturase.78 From “Metabolism dysregulation induces a 
specific lipid signature of nonalcoholic steatohepatitis in patients,” 
by F. Chiappini, A. Coilly, H. Kadar, P. Gual, A. Tran, C. Desterke, D. 
Samuel, J. C. Duclos-Vallée, D. Touboul, J. Bertrand-Michel, A. 
Brunelle, C. Guettier, and F. Le Naour, Sci. Rep., 2017, 7, 1–17. Re-
printed with permission.

http://medical-dictionary.thefreedictionary.com/inosine+monophosphate+(IMP)
http://medical-dictionary.thefreedictionary.com/inosine+monophosphate+(IMP)
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by the help of amino acid-bearing tRNA (AA-tRNA). One 
ATP molecule is used to create AA-tRNA bond (Figure 7). 
Transcription and translation are usually not integrated 
into the models, due to unavailability of data of complex 
interaction between DNA, amino acids and enzymes.

2. 2. 8. Glycosylation
Glycosylation is the attachment of a glycan unit to a 

protein after translation. Commonly, it is modeled sepa-
rately from the rest of the cell metabolism.37,38,40 Peptide or 
protein can enter ER, if signal sequence is in front of pro-
tein. Inside ER, specific glycans assembled from monosac-
charides are attached to the protein through amino residue 
of the asparagine. Glycan part of the protein is additionally 
glycosilated in the ER and at the end of this process con-
sists of two N-acetyl glucosamine and nine mannose resi-
dues. Afterwards, the glycosylated protein enters the GA 
where the glycan part of the protein is additionally modi-
fied by the help of specific enzymes. N-acetyl glucosamine, 
galactose, sialic acid, and fucose might be added to final 
glycan structures. The final products then leave the GA 
(Figure 7).77,79 The destination of the glycosylated protein 
isoforms is determined by a signal peptide in the protein 
sequence. Glycosylated proteins can be excreted from the 
cell, incorporated into membrane or transported to other 
places inside the cell (Figure 7).77,79

Availability of glycosylation machinery relative to 
cellular secretory capacity plays a crucial role in protein 
glycosylation.38 A modeling platform is able to predict the 

distribution of different glycoforms based on extracellular 
conditions37 likewise the form of glycan, when expression 
of the protein is elevated.40

2. 2. 9. Feedback Loops
The catabolism is regulated by ATP. High concentra-

tion of ATP inhibits conversion of glucose-6-phosphate 
into ribulose-5-phosphate, fructose-6-phosphate into 
glycerate-3-phosphate, phosphoglycerate into phosphoe-
nolpyruvate, pyruvate into acetylCoA (glycolysis), glu-
tamine into glutamate, and glutamate into alpha-ketoglut-
arate (glutaminolysis).50 ATP also inhibits Krebs cycle in 
two places: (i) conversion of alpha-ketoglutarate into suc-
cinyl CoA, and (ii) oxaloacetate into citrate.50

High concentration of ATP slows down catabolism 
and transfers excess glucose into glycogen. ATP is used for 
biomass and production of final product. High ATP con-
centration stops glutaminolysis; glutamine is converted 
into other amino acids. Glucose is metabolized into nucle-
otide monosaccharides that are transported into ER and 
GA. The pathway of glycolysis is highly regulated to sus-
tain sufficient concentration of ATP (Figure 8). In rapidly 
dividing cells glucose and glutamine consumptions are 
major steps for energy supply. Both pathways are ATP reg-
ulated by negative feedback loop.

High production of lipids from AcCoA and nucleo-
tides from ribose-5-phosphate and glutamine leads to 
anabolism in CHO cells. DNA is duplicated by the aid of 
DNA polymerase. Proteins are synthesized in a more com-

Figure 6: AA synthesis of non-essential amino acids.1, 5, 19 Synthesis of amino acids from essential amino acids, glycolysis intermediates, carbamoyl 
phosphate and 5-phosphoribosyl 1-phosphate. Essential amino acids are colored in light green, amino acids in blue, and gases in orange. Energy 
molecules are colored in green (if produced) or in red (if consummated).
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plex way; first transcription of mRNA is needed, followed 
by translation of proteins by the aid of mRNA, tRNAs, and 
ribosomes.

2. 3. Mechanistic Models
In addition to black box models, mechanistic models 

have gained increasing interest in a detailed description of 
mammalian cell metabolism. Mechanistic models start 
with a set of metabolites linked up with biochemical reac-
tions, which organize metabolites in the metabolic net-
work. Metabolic network comprises intracellular transfor-
mations of metabolites and the membrane transport, 

Figure 7: Transcription of DNA takes place in the nucleus, while 
translation of mRNA takes place in the cytosol. Glycan attachments 
are done in ER, while associated modifications take place in GA.5, 19, 

37, 38, 40, 77, 79 RNA and DNA are colored in purple, polypeptides are 
colored in blue. Monosaccharides are labeled with colored square, 
blue square represents N-acetyl glucosamine unit, red square man-
nose unit, green fucose, yellow galactose, and orange xylose unit 
(not added to glycan backbone in CHO cells).

Figure 8: Glycolysis and Glutaminolysis.5, 50 Molecules colored in 
green are generated, while molecules in red are used in the transfor-
mations. High concentration of ATP stops conversion of pyruvate 
into acetyl CoA, alpha-ketoglutarate (oxaloacetate) into citrate and 
oxoglutarate into succinyl CoA.
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which couples the cell interior with the cell medium. Met-
abolic network modeling is commonly associated with the 
metabolic flux analysis (MFA), flux balance analysis (FBA), 
and other derived methodologies.80 MFA considers exper-
imental data to estimate flux rates for biochemical reac-
tions within a metabolic network, while FBA assumes ob-
jectives and constraints to tailor the solution space of flux 
rates. These methods originally provide static insights into 
metabolic routes, what allows to study cell cultures at a 
state of particular interest. Even though several extensions 
were proposed to include extracellular dynamics in the 
framework of MFA and FBA,81 precise mathematical rep-
resentation of reaction kinetics and regulation mecha-
nisms remains a challenge. See the review for a concise 
overview of metabolic models.82

Several attempts have been made to address dynamic 
behavior of mammalian cell cultures. Nolan et al used the 
metabolic network with 34 reactions to describe CHO cell 
metabolism.43 They used MFA to estimate reactions’ flux 
rates, which were further rationalized by optimization 
protocols. To imitate the distribution of co-factors they as-
sumed two types: co-factors, which are located within the 
mitochondria and others within the liquid part of a cyto-
plasm. They defined the redox variable as the ratio be-
tween the rate of generated NADH and the transport rate 
of NADH from cytosol to mitochondria. The redox varia-
ble took place in the kinetic expressions and it was envis-
aged that governs dynamics of lactate.

Provost et al19 and later Zamorano et al24 used MFA 
and the associated concept of elementary flux modes 
(EFMs) to recognize probable metabolic routes (macro re-
actions). They obtain three sets of macro reactions (three 
submodels), each for the corresponding phase of the cell 
culture: growth, stationary, and decline phase. Macro reac-
tions were modeled by the Monod kinetic law (Eq. 4). Fi-

nally, they assume the interplay between submodels to de-
scribe transitions through phases of the cell culture.

In another approach Hagrot et al21 used the metabol-
ic network with 30 reactions and enumerate the whole 
EFM spectrum. Then, they used several experimental sets 
to estimate maximal flux rates of EFMs. Dynamic behavior 
of EFMs was induced by additional terms that described 
substrate saturation, product inhibition, and metabolite in-
hibition. The so-called Poly-pathway model simulated mul-
tiple metabolic stages of CHO cell metabolism and thus 
addresses the diversity seen from experiments. However, 
the dissemination of the approach toward metabolic net-
works of larger extent remains a challenge due to time-con-
suming of EFM enumeration. An example of such models 
are the genome-scale metabolic models (GEMs), which 
treat the metabolic network in a more detail together with 
enzymatic activity and the genome, which encodes en-
zymes of biochemical reactions in the metabolic net-
work.45,83 GEMs are phenotype-specific and requires large 
amount of data and computer facilities. For further read-
ing, see the excellent review of genome-scale approaches.84

Mechanistic models have been applied also to study 
post-translational modifications (glycosylation) of anti-
bodies within mammalian cell cultures.34,41,85,86 These 
processes are modeled by three types of kinetic laws, which 
describe interplay among enzymes and glycoforms: (i) 
Michaelis-Menten kinetics with competitive and product 
inhibitions, (ii) Sequential-order Bi-Bi with competitive 
and product inhibitions and (iii) Random-order Bi-Bi 
with competitive and product inhibitions. In a greatly ac-
cepted approach, authors assume continuous plug flow 
reactor (PFR) model to represent maturation of glyco-
forms along the Golgi apparatus.85 Coupled with the mass 
balances for nucleotide sugar donors, byproducts, and 
transport proteins, the PFR model provides a mechanistic 
explanation for glycosylation profiles of commercial anti-
bodies. Recently, Hutter et al41 proposed glycosylation flux 
analysis (GFA) as an MFA analogue to apply con-
straint-based modeling of the glycosylation network by 
using a pseudo steady state assumption. Using the GFA, 
the authors were able to elucidate dynamical changes of 
glycoforms, caused by media variations.

In our recent work, we proposed a simple metabolic 
network with 103 biochemical reactions, to investigate 
transitions between cell phases in mammalian CHO cell 
cultures.87,88 Figure 9 shows schematic representation of 
the metabolic pathways.

Figure 9: Metabolic network comprises Glycolysis, 
Pentose Phosphate Pathway, Nucleotide Synthesis, Tri-
carboxylic Acid cycle, Amino Acid Metabolism, Urea 
Cycle, Lipid Synthesis, Protein Synthesis Biomass Pro-
duction, and Membrane Transport. Each pathway com-
prises detailed set of biochemical reactions, which de-
scribes transformations among metabolites on the 
molecular level.
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In our approach, the biomass (density of viable cells) 
evolves as dictated by the cell metabolism, and not via the 
logistic-typed description (Eq. 1), which is traditionally 
used in mechanistic models for biomass production. Then, 
we used the interplay between FBA and MFA to impose 
constraints within the cell interior, and to estimate the re-
actions’ flux rates. We used the random sampling approach 
to calculate the set of EFMs (macro reactions), without 
precalculated EFM spectrum. Assigning Monod kinetic 
law to macro reactions is a common approach to describe 
individual phases of the cell culture. Unfortunately, the ap-
proach is not suitable to describe transitions between 
growth, stationary, and decline phase. To overcome this 
issue, we included negative terms (reversible kinetics) in 
Monod kinetic law to address inhibition phenomena and 
the possible rewiring of metabolic routes, caused by prod-
ucts in macro reactions. Description of technical details 
would be beyond the scope of this review, however we 
shall mention that after performing the model reduction 
protocol we achieved evident simplification of the kinetic 
model. Starting from 64 model parameters we finally ob-
tain 17 kinetic parameters, which turned out to be suffi-
cient to describe dynamics of metabolites in the cell medi-
um. Time evolution of the representative metabolites is 
shown in Figure 10.

Figure 10 shows characteristics of mammalian CHO 
cell cultures. At the growth phase, cells exhibit very high 
consumption rates of Glc and Gln, resulting in high secre-

tion of Lac. Amino acids are mostly depleted. The end of 
growth phase (t ≈ 90 h) is characterized by Glc depriva-
tion: to compensate it, the produced Lac is consumed as 
the carbon source instead of Glc as already mentioned.

As seen in Figure 10, the model is capable to describe 
transitions between cell phases. The important feature of 
the model turned out to be reversible nature of kinetic ex-
pressions, which allow to describe non-monotonic behav-
ior of metabolites’ concentrations by means of flux reversal 
instead of user-defined switching functions that are in 
general difficult to obtain.

3. Summary
The present review describes how the research 

should to be done from the start to successfully finish the 
bioreactor model. In the review we revise recent advances 
of bioreactor operation and CHO metabolic pathways.

Black box models describe reactor with simple equa-
tions that fits curves of growth, substrate consumption and 
product formation. These are simple formulations that de-
scribe working bioreactor with culture at given conditions. 
Mechanistic models usually describe growth through 
complex metabolic pathways together with complex oper-
ation equations. Black box equations can be also integrated 
into mechanistic models, a good example is description of 
biomass growth, where biomass depends on factors inde-

Figure 10: Metabolites’ concentration profiles as a function of time. Green points label metabolite uptake or secretion in the cell medium during the 
cultivation of CHO-320 cells.13 Purple lines apply to macro reactions, which are characterized by kinetic parameters.88
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pendent of network metabolic flows. Thorough study of 
metabolic pathways brings new ideas how to address exist-
ing problems that may arise during batch, fed batch and 
continuous bioreactor operation.

The methodologies we have presented so far are 
powerful; however there is still an ample room for im-
provements, which have to be implemented in a consistent 
way. To improve and extend the current models it is essen-
tial to estimate kinetic constants from parallel experiments 
by measuring response of cell metabolism upon addition 
of selected nutrients. We expect to gain large benefit by 
carrying out additional measurements of antibody secre-
tion, which may yield additional flux modes and thus un-
ravel other relevant pathways. Central metabolic pathways 
should be designed together with glycosylation pathways 
to form a valuable tool in biotechnology for estimating the 
quality of product titer. Some of the detailed models we 
presented have capability to be refined by including the ac-
tivity of enzymes and their sensitiveness on temperature 
and pH shifts. Improvements of current methodologies 
might aid at the development of biotechnology processes 
and consequentially to facilitate the release of products on 
the market.
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Povzetek
Epitelijske celice kitajskega hrčka (CHO) so ena izmed najbolj uporabljanih terapevtskih medicinskih linij za proizvo-
dnjo različnih biofarmacevtskih zdravil. Imajo visoko stopnjo porabe s hitrim podvajanjem, kar jih naredi idealen biolo-
ški klon. Večja količina akumuliranih toksičnih intracelularnih intermediatov lahko privede do nižje viabilnosti organiz-
ma, produktivnosti proteinov in proizvedenih bioloških zdravil, zato je potrebna optimalna izbira sestave medija ter 
bioreaktorskih operativnih parametrov za vodenje bioprocesa. Natančno fenomenološko znanje o biokemijskih transfor-
macijah v celičnem metabolizmu omogoča zaznavo težav, ki se lahko pojavijo med šaržnim, polkontinuirnim in konti-
nuirnim obratovanjem bioreaktorja. Za boljše razumevanje (in povezave), so bili izdelani mehanistični modeli, ki se 
lahko uporabijo za optimiziranje obratovanja in povečevanja skale. V tem delu je narejen pregled glavnih metabolni poti 
v strukturiranih sesalskih kulturah CHO. Pregled se začne z biokemijskim ozadjem znotraj celica, ki nadzirajo povezane 
pojave in kinetiko, ki urejajo vzpostavljene biološke poti. Nato sledi opis posamezne pretvorbene poti, preko pregleda 
standardnih matematičnih formulacij, ki se običajno uporabljajo v inženirstvu. Te formulacije sledijo principu modelira-
nja t.i. črne škatle (black box), ki povezuje substrate/produkte na poenostavljen način. Poleg tega so predstavljeni mode-
li, ki vključujejo analizo metabolnih fluksov (MFA) in analizo uteženih fluksov (FBA). Na koncu je pregled podobnosti 
med različnimi pristopi za njihovo strukturno zasnovo. Izpostavljene so enačbe s spremenljivkami, ki se uporabljajo za 
opis rasti kontroliranih pogojev v bioreaktorju, raziskane reakcijske serije rasti populacije CHO, povezane z vrednostmi 
maksimalne encimske aktivnosti. Procesi so našteti tako, da lahko bralec integrira najsodobnejši pristop. Posebej je iz-
postavljen tudi prispevek avtorjev.
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Abstract
Reaction of isonicotinaldehyde with 2-cyanoacetohydrazide afforded (E)-2-cyano-N’-(pyridin-4-ylmethylene)acetohy-
drazide (1). Compound 1 was used as the precursor for the synthesis of novel pyridine derivatives by reaction with 
different arylidene malononitriles, malononitrile and acetylacetone to give pyridine derivatives 5a–e, 6 and 7, respec-
tively. 4,4’-Bipyridine derivatives 9a–d were synthesized by a three-component reaction of isonicotinaldehyde, 2-cyano-
acetohydrazide and activated nitriles 8a–d. Treatment of compound 9a with different aromatic aldehydes gave [1,2,4]
triazolo[1,5-a]pyridine derivatives 11a–c. All reaction products were characterized by analytical and spectral data. For 
the novel compounds their bioactivity as antitumor agents was examined for in vitro cytotoxicity against HepG-2 and 
MCF-7. It was found that compounds 9a and 9b have high cytotoxic activity against both HepG-2 and MCF-7.

Keywords: Pyridine; 4,4’-bipyridine; isonicotinaldehyde; 2-cyanoacetohydrazide

1. Introduction
Among the important class of azaheterocycles, pyri-

dine derivatives constitute one of the most significant 
classes of compounds as they broadly occur as vital struc-

tural subunits in many natural products, functional mate-
rials and pharmaceuticals1 that exhibit many motivating 
biological activities.2–4 For example atazanavir5 and imati-
nib mesylate6 (Figure 1) as two examples of drugs being 
prescribed for the treatment of HIV and chronic myeloge-
nous leukemia, respectively.

Generally, pyridine derivatives have a huge spectrum 
of biological activities, like anti-leishmanial,7 anti-diabet-
ic,8 anti-oxidant,9 antitumor10–12 and antiviral.13 Recently, 
some of pyridine derivatives were shown to act as potential 
targets for the development of new drugs for the treatment 
of cancer,14 as anti-platelet drugs,15 and antiproliferative 
agents.16 

2. Experimental
2. 1. Materials and Methods 
2. 1. 1. Chemicals and Reagents 

All the chemicals and solvents used in this study 
were obtained from Merck (Germany).Figure 1. Chemical structures of atazanavir and imatinib mesylate
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2. 1. 2. Instruments
Melting points were recorded on Gallenkamp electric 

melting point apparatus (Electronic Melting Point Appara-
tus, Great Britain, London) and are uncorrected. Infrared 
spectra were recorded on Pye Unicam SP 1000 IR spectro-
photometer (Thermoelectron Co. Egelsbach, Germany) us-
ing a KBr wafer technique. The 1H NMR spectra were deter-
mined by a Bruker 400 MHz spectrometer. DMSO-d6 was 
used as the solvent, TMS was used as the internal standard 
and chemical shifts are given on δ scale in ppm. Mass spec-
tra were determined on a GC-MS QP-100 EX Shimadzu 
(Japan). Microwave experiment was carried out using Mile-
stone Start Microwave Lab Station. Elemental analyses were 
recorded on Perkin-Elmer 2400 Elemental analyzer at the 
Microanalytical Center at Cairo University, Cairo, Egypt.

2. 2. Synthesis
Synthesis of (E)-2-Cyano-N’-(pyridin-4-ylmethylene)
acetohydrazide (1)

Method A: A mixture of isonicotinaldehyde (1.07 g, 
0.01 mol), 2-cyanoacetohydrazide (9.9 g, 0.01 mol) and 
TEA (2 drops) in THF or EtOH (15 mL) was refluxed for 
an appropriate time as shown in Table 1. The reaction 
progress was monitored by TLC. After completion of the 
reaction, the mixture was cooled to room temperature, the 
precipitate formed was collected by filtration and washed 
with ethyl acetate/petroleum ether (1:3), recrystallized 
from absolute ethanol to give pure compound 1. 

Method B: A mixture of isonicotinaldehyde (1.07 g, 
0.01 mol) and 2-cyanoacetohydrazide (9.9 g, 0.01 mol) in 
a sealed tube was subjected to microwave irradiation at 
700 W and microwave oven temperature 120 oC for 20 sec. 
The reaction mixture was cooled to room temperature and 
washed by a mixture of ethyl acetate/petroleum ether 
(1:3). The precipitate formed was recrystallized from abso-
lute ethanol to give the pure product 1 (yield 98%).

Pale yellow crystals; yield: method A: 92% and 39% 
for THF and EtOH, respectively; method B: 98%; m.p. 
169 °C; IR (KBr): νmax 3235 (NH), 2259 (CN), 1704 
(C=O) cm–1; 1H NMR (400 MHz, DMSO-d6): δ 4.26 (s, 
2H, CH2), 8.02 (d, J = 7.2 Hz, 2H, C3-H and C5-H pyri-
dine), 8.25 (s, 1H, CH=N), 8.74 (d, J = 7.2 Hz, 2H, C2-H 
and C6-H pyridine), 11.86 (s, 1H, NH); 13C NMR (100 
MHz, DMSO-d6): δ 25.02, 119.39, 122.87, 141.01, 145.72, 
149.61, 165.35; EI-MS: m/z 188 (M+, 10). Anal. Calcd. for 
C9H8N4O (188.19): C, 57.44; H, 4.29; N, 29.77. Found: C, 
57.42; H, 4.33; N, 29.82.

Synthesis of 2-Amino-cyano-6-oxo-4-aryl-1-((pyridin-
4-ylmethylene)amino))-1,6-dihydropyridine-3,5-dicar-
bonitriles 5a–e

General procedure: To a solution of compound 1 
(1.88 g, 0.01 mol) in EtOH (20 mL), arylidine malononi-
triles 2a–e (0.01 mol) and a catalytic amount of trimethyl-
amine were added. The reaction mixture was heated under 

reflux for 17–20 h (TLC controlled), then, the reaction 
mixture was left to cool. The precipitate that formed was 
filtered off, washed with ethyl acetate and recrystallized 
from ethanol to give the products 5a–e.

2-Amino-6-oxo-4-phenyl-1-((pyridin-4-ylmethylene)
amino)-1,6-dihydropyridine-3,5-dicarbonitrile (5a)

Brown crystals; yield: 20%; m.p. >300 °C; IR (KBr): 
νmax 3345, 3390 (NH2), 2214, 2206 (2×CN), 1673 (C=O) 
cm–1; 1H NMR (400 MHz, DMSO-d6): δ 6.55 (s, 2H, NH2), 
7.10–7.50 (m, 5H, Ar-H), 7.99 (d, J = 7.2 Hz, 2H, C3-H and 
C5-H pyridine), 8.43 (s, 1H, CH=N), 8.73 (d, J = 7.2 Hz, 
2H, C2-H and C6-H pyridine); 13C NMR (100 MHz, DM-
SO-d6): δ 77.83, 115.23, 115.81, 116.29, 122.74, 126.90, 
128.76, 129.20, 134.88, 145.83, 149.89, 152.66, 158.90, 
162.34, 168.88; EI-MS: m/z 340 (M+, 50%). Anal. Calcd. 
for C19H12N6O (340.35): C, 67.05; H, 3.55; N, 24.69. 
Found: C, 67.12; H, 3.49; N, 24.72.

2-Amino-4-(4-methoxyphenyl)-6-oxo-1-((pyridin-4-yl-
methylene)amino)-1,6-dihydropyridine-3,5-dicarboni-
trile (5b)

Dark brown crystals; yield: 31%; m.p. 208 °C. IR 
(KBr): νmax 3320, 3385 (NH2), 2212, 2235 (2×CN), 1669 
(C=O) cm–1; 1H NMR (400 MHz, DMSO-d6): δ 3.85 (s, 
3H, CH3), 6.58 (s, 2H, NH2), 6.95 (d, J = 8.0 Hz, 2H, Ar-
H), 7.62 (d, J = 8.1 Hz, 2H, Ar-H), 8.04 (d, J = 7.2 Hz, 2H, 
C3-H and C5-H pyridine), 8.43 (s, 1H, CH=N), 8.72 (d, J = 
7.2 Hz, 2H, C2-H and C6-H pyridine); 13C NMR (100 
MHz, DMSO-d6): δ 59.24, 77.64, 115.11, 115.83, 116.22, 
116.79, 122.58, 125.69, 131.94, 146.04, 149.91, 152.75, 
158.14, 158.99, 161.67, 169.52; EI-MS: m/z 370 (M+, 18%). 
Anal. Calcd. for C20H14N6O2 (370.37): C, 64.86; H, 3.81; N, 
22.69. Found: C, 64.84; H, 3.79; N, 22.63. 

2-Amino-4-(4-hydroxyphenyl)-6-oxo-1-((pyridin-4-yl-
methylene)amino)-1,6-dihydropyridine-3,5-dicarboni-
trile (5c)

Brown crystals; yield: 33%; m.p. 214 °C; IR (KBr); 
νmax 3425 (OH), 3355, 3314 (NH2), 2213, 2229 (2×CN), 
1679 (C=O) cm–1; 1H NMR (400 MHz, DMSO-d6): δ 6.58 
(s, 2H, NH2), 6.74 (d, J = 7.8 Hz, 2H, Ar-H), 7.44 (d, J = 7.8 
Hz, 2H, Ar-H), 8.00 (d, J = 7.2 Hz, 2H, C3-H and C5-H 
pyridine), 8.40 (s, 1H, CH=N), 8.74 (d, J = 7.2 Hz, 2H, 
C2-H and C6-H pyridine), 9.77 (s, 1H, OH); 13C NMR (100 
MHz, DMSO-d6): δ 77.37, 115.23, 115.88, 116.17, 116.89, 
122.75, 126.73, 130.88, 145.83, 149.93, 152.82, 158.12, 
159.18, 161.73, 169.43; EI-MS: m/z 356 (M+, 9 %). Anal. 
Calcd. for C19H12N6O2 (356.34): C, 64.04; H, 3.39; N, 
23.58. Found: C, 63.99; H, 3.42; N, 23.51.

2-Amino-4-(4-(dimethylamino)phenyl)-6-oxo-1-((pyr-
idin-4-ylmethylene)amino)-1,6-dihydropyridine- 
3,5-dicarbonitrile (5d)

Brown crystals; yield: 51%; m.p. 220 °C; IR (KBr): 
νmax 3397, 3381 (NH2), 2224, 2241 (2×CN), 1670 (C=O) 
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cm–1; 1H NMR (400 MHz, DMSO-d6): δ 3.13 (s, 6H, CH3), 
6.58 (s, 2H, NH2), 6.81 (d, J = 8.2 Hz, 2H, Ar-H), 7.23 (d, J 
= 8.2 Hz, 2H, Ar-H), 8.00 (d, J = 7.2 Hz, 2H, C3-H and 
C5-H pyridine), 8.42 (s, 1H, CH=N), 8.72 (d, J = 7.3 Hz, 
2H, C2-H and C6-H pyridine); 13C NMR (100 MHz, DM-
SO-d6): δ 40.62, 77.06, 112.89, 115.61, 115.97, 116.22, 
122.57, 123.16, 131.11, 146.34, 150.04, 150.96, 153.08, 
158.97, 161.82, 169.07; EI-MS: m/z 383 (M+, 94%). Anal. 
Calcd. for C21H17N7O (383.42): C, 65.79; H, 4.47; N, 25.57. 
Found: C, 65.71; H, 4.51; N, 25.60.

2-Amino-4-(4-hydroxy-3-methoxyphenyl)-6-oxo-1-
((pyridin-4-ylmethylene)amino)-1,6-dihydropyri-
dine-3,5-dicarbonitrile (5e)

Orang red crystals; yield: 22%; m.p. 240 °C. IR 
(KBr): νmax 3418 (OH), 3337, 3308 (NH2), 2207, 2225 
(2×CN), 1666 (C=O) cm–1; 1H NMR (400 MHz, DM-
SO-d6): δ 4.11 (s, 3H, OCH3), 6.53 (s, 2H, NH2), 6.78–7.12 
(m, 3H, Ar-H), 8.01 (d, J = 7.2 Hz, 2H, C3-H and C5-H 
pyridine), 8.42 (s, 1H, CH=N), 8.75 (d, J = 7.2 Hz, 2H, 
C2-H and C6-H pyridine), 9.57 (s, 1H, OH); 13C NMR 
(100 MHz, DMSO-d6): δ 58.38, 77.13, 114.92, 115.44, 
115.87, 116.89, 117.35, 122.92, 123.79, 127.14, 144.91, 
148.49, 149.72, 150.98, 153.42, 158.24, 161.62, 169.38; EI-
MS: m/z 386 (M+, 31%). Anal. Calcd. for C20H14N6O3 
(386.37): C, 62.17; H, 3.65; N, 21.75. Found: C, 62.21; H, 
3.58; N, 21.70.

Synthesis of 4,6-Diamino-2-oxo-1-((pyridin-4-ylmethy-
lene)amino)-1,2-dihydropyridine-3-carbonitrile (6)

A mixture of compound 1 (1.88 g, 0.005 mol) and 
malononitrile (0.01 mol) in 20 mL of absolute EtOH con-
taining 3 drops of triethylamine was refluxed for 9 h (TLC 
controlled). Then, the reaction mixture was left to cool and 
the precipitated solid was filtered off, dried, washed with 
ethyl acetate and recrystallized from absolute EtOH to af-
ford compound 6. 

Yellow crystals; yield: 65%; m.p. >300 °C; IR (KBr): 
νmax 3399, 3388, 3347, 3321 (2×NH2), 2216 (CN), 1683 
(C=O) cm–1; 1H NMR (400 MHz, DMSO-d6): δ 4.62 (s, 
1H, CH), 4.65 (s, 2H, NH2), 6.68 (s, 2H, NH2), 8.03 (d, J = 
7.2 Hz, 2H, C3-H, C5-H pyridine), 8.43 (s, 1H, CH=N), 
8.71 (d, J = 7.2 Hz, 2H, C2-H, C6-H pyridine); 13C NMR 
(100 MHz, DMSO-d6): δ 72.83, 86.27, 116.17, 123.55, 
143.94, 146.25, 151.47, 155.18, 163.48, 178.28; EI-MS: m/z 
254 (M+, 100%). Anal. Calcd. for C12H10N6O (254.25): C, 
56.69; H, 3.96; N, 33.05. Found: C, 56.77; H, 4.01; N, 32.96.

Synthesis of 4,6-Dimethyl-2-oxo-1-((pyridin-4-ylmeth-
ylene)amino)-1,2-dihydropyridine-3-carbonitrile (7)

To a solution of 1 (1.88 g, 0.01 mol) and acetylace-
tone (1.001 g, 0.01 mol) in 20 mL of absolute EtOH con-
taining a few drops of trimethylamine were added. The 
reaction mixture was heated under reflux for 18 h. After 
the completion of the reaction, the reaction mixture was 
cooled and the separated solid product was collected by 

filtration, washed with ethanol, dried, and recrystallized 
from EtOH to give compound 7.

Buff crystals; yield: 61%; m.p 190 °C; IR (KBr): νmax 
2208 (CN), 1674 (C=O) cm–1; 1H NMR (400 MHz, DM-
SO-d6): δ 2.13 (s, 3H, CH3), 2.22 (s, 3H, CH3), 5.66 (s, 1H, 
CH), 8.01 (d, J = 7.2 Hz, 2H, C3-H, C5-H pyridine), 8.41 (s, 
1H, CH=N), 8.70 (d, J = 7.2 Hz, 2H, C2-H, C6-H pyridine); 
13C NMR (100 MHz, DMSO-d6): δ 18.24, 22.03, 110.94, 
116.83, 118.07, 122.44, 135.88, 145.57, 150.21, 153.47, 
155.26, 161.47; EI-MS: m/z 252 (M+, 100%). Anal. Calcd. 
for C14H12N4O (252.28): C, 66.65; H, 4.79; N, 22.21. 
Found: C, 66.49; H, 4.81; N, 22.29.

Synthesis of 1,6-Diamino-2-oxo-5-(alkyl)-1,2-dihydro- 
[4,4’-bipyridine]-3-carbonitriles 9a–d

General procedure: To a mixture of isonicotinalde-
hyde (1.07 g, 0.01 mol), activated nitriles 8a–d (0.01 mol) 
and 2-cyanoacetohydrazide (0.99 g, 0.01 mol) absolute 
EtOH (20 mL) containing three drops of piperidine was 
added. The reaction mixture was heated under reflux for 
6–8 h (TLC controlled). The reaction mixture was left to 
cool to the room temperature, then the solid formed was 
filtered off and recrystallized from absolute EtOH to give 
compounds 9a–d

1,6-Diamino-2-oxo-1,2-dihydro-[4,4’-bipyridine]-3,5- 
dicarbonitrile (9a)

Brown crystals; yield: 71%; m.p. > 300 °C; IR (KBr): 
νmax 3428, 3373, 3366, 3345 (2×NH2), 2202, 2180 (2CN), 
1665 (C=O) cm–1; 1H NMR (400 MHz, DMSO-d6): δ 5.22 
(s, 2H, NH2), 6.56 (s, 2H, NH2), 7.51 (d, J = 7.2 Hz, 2H, 
C3-H, C5-H pyridine), 8.63 (d, J = 7.2 Hz, 2H, C2-H, C6-H 
pyridine); 13C NMR (100 MHz, DMSO-d6): δ 77.42, 
115.24, 116.27, 122.05, 122.84, 145.14, 150.44, 159.11, 
161.57, 171.34; EI-MS: m/z 186 (M+, 100%). Anal. Calcd. 
for C12H8N6O (252.24): C, 57.14; H, 3.20; N, 33.32. Found: 
C, 57.21; H, 3.16; N, 33.33.

1,6-Diamino-2-oxo-5-(phenylsulfonyl)-1,2-dihydro- 
[4,4’-bipyridine]-3-carbonitrile (9b)

Orange crystals; yield: 53%; m.p. 145 °C; IR (KBr): 
νmax 3447, 3403, 3334, 3070 (2×NH2), 2202 (CN), 1669 
(C=O) cm–1; 1H NMR (400 MHz, DMSO-d6): δ 5.48 (s, 
2H, NH2), 6.57 (s, 2H, NH2), 7.50–7.80 (m, 7H, Ar-H and 
C3-H, C5-H pyridine), 8.59 (d, J = 7.2 Hz, 2H, C2-H, C6-H 
pyridine); 13C NMR (100 MHz, DMSO-d6): δ 102.45, 
116.49, 121.69, 122.82, 128.95, 130.14, 133.18, 141.89, 
143.15, 143.83, 151.26, 161.77, 170.89; EI-MS: m/z 367 
(M+, 8 %). Anal. Calcd. for C17H13N5O3S (367.38): C, 
55.58; H, 3.57; N, 19.06; S, 8.73. Found: C, 55.58; H, 3.57; 
N, 19.06; S, 8.73.

Ethyl 1,2-Diamino-5-cyano-6-oxo-1,6-dihydro-[4,4’-bi-
pyridine]-3-carboxylate (9c)

Yellow crystals; yield: 48%; m.p. 180–190 °C; IR 
(KBr): νmax 3351, 3339, 3335, 3305 (2×NH2), 2215 (CN), 
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1725, 1674 (2×C=O) cm–1; 1H NMR (400 MHz, DM-
SO-d6): δ 1.01 (t, J = 7.2 Hz 3H, CH3), 4.03 (q, J = 6.8 Hz 
2H, CH2), 5.39 (s, 2H, NH2), 7.08 (s, 2H, NH2), 7.56 (d, J = 
7.4 Hz, 2H, C3-H, C5-H pyridine), 8.62 (d, J = 7.4 Hz, 2H, 
C2-H, C6-H pyridine); 13C NMR (100 MHz, DMSO-d6): δ 
15.37, 64.49, 99.56, 116.47, 121.82, 122.43, 143.73, 150.13, 
152.85, 161.04, 167.28, 171.11; EI-MS: m/z 299 (M+, 
100%). Anal. Calcd. for C14H13N5O3 (299.29): C, 56.18; H, 
4.38; N, 23.40. Found: C, 56.21; H, 4.33; N, 23.41.

1,6-Diamino-5-(benzo[d]thiazol-2-yl)-2-oxo-1,2-dihy-
dro-[4,4’-bipyridine]-3-carbonitrile (9d)

Yellow crystals; yield: 73%; m.p. 315 °C; IR (KBr): 
νmax 3400, 3391, 3255, 3066 (2×NH2), 2209 (CN), 1661 
(C=O) cm–1; 1H NMR (400 MHz, DMSO-d6): δ 5.36 (s, 
2H, NH2), 7.08 (s, 2H, NH2), 7.50–8.00 (m, 7H, Ar-H), 
8.71 (d, J = 7.2 Hz, 2H, C2-H, C6-H pyridine); 13C NMR 
(100 MHz, DMSO-d6): δ 102.14, 116.40, 121.23, 121.98, 
122.73, 124.85, 125.94, 126.48, 138.38, 141.29, 145.34, 
150.77, 155.26, 161.14, 161.99, 171.57; EI-MS: m/z 360 
(M+, 83%). Anal. Calcd. for C18H12N6OS (360.40): C, 
59.99; H, 3.36; N, 23.32; S, 8.90. Found: C, 59.95; H, 3.41; 
N, 23.34; S, 8.87.

Synthesis of 5-Oxo-2-aryl-7-(pyridin-4-yl)-1,2,3,5-tet-
rahydro-[1,2,4]triazolo[1,5-a]pyridine-6,8-dicarboni-
triles 11a–c 

General procedure:A solution of compound 9a (2.52 
g, 0.01 mol), aromatic aldehydes 10a–c (0.01 mol) in 1,4 
dioxane and/or DMF (25 mL) containing a catalytic 
amount of piperidine (3 drops) was heated under reflux 
for 12–15 h. The reaction was monitored by TLC. The 
product that was precipitated on cooling to room tempera-
ture was filtered off and recrystallized from absolute EtOH 
to give the compounds 11a–c. 

5-Oxo-2-phenyl-7-(pyridin-4-yl)-1,2,3,5-tetrahydro- 
[1,2,4]triazolo[1,5-a]pyridine-6,8-dicarbonitrile (11a)

Brown crystals; yield: 65%; m.p. > 300 °C; IR (KBr): 
νmax 3245, 3283 (2×NH), 2216, 2195 (2×CN), 1679 (C=O) 
cm–1; 1H NMR (400 MHz, DMSO-d6): δ 4.81 (s, 1H, NH), 
5.11 (s, 1H, CH), 7.21–7.59 (m, 8H, Ar-H, NH and C3-H, 
C5-H pyridine), 8.66 (d, J = 7.2 Hz, 2H, C2-H, C6-H pyri-
dine); 13C NMR (100 MHz, DMSO-d6): δ 87.47, 98.79, 
116.78, 117.14, 122.16, 123.48, 126.77, 127.14, 130.47, 
143.59, 146.41, 150.72, 160.62, 162.34, 170.83; EI-MS: m/z 
340 (M+, 19%). Anal. Calcd. for C19H12N6O (340.35): C, 
67.05; H, 3.55; N, 24.69. Found: C, 67.11; H, 3.58; N, 
24.60.

2-(4-Methoxyphenyl)-5-oxo-7-(pyridin-4-yl)-1,2,3,5-
tetrahydro-[1,2,4]triazolo[1,5-a]pyridine-6,8-dicarbo-
nitrile (11b)

Brown crystals; yield: 63%; m.p. > 300 °C; IR (KBr): 
νmax 3243, 3291 (2 × NH), 2215, 2195 (2×CN), 1678 (C=O) 
cm–1; 1H NMR (400 MHz, DMSO-d6): δ 4.05 (s, 3H, 

OCH3), 4.77 (s, 1H, NH), 5.08 (s, 1H, CH), 6.95 (d, J = 8.4 
Hz, 2H, Ar-H), 7.29 (s, 1H, NH), 7.40–7.60 (m, 5H, Ar-H, 
NH and C3-H, C5-H pyridine), 8.66 (d, J = 7.2 Hz, 2H, C2-
H, C6-H pyridine); 13C NMR (100 MHz, DMSO-d6): δ 
59.74, 87.51, 98.78, 115.78, 116.78, 117.09, 122.24, 123.50, 
129.03, 138.14, 144.10, 150.84, 159.25, 160.81, 162.27, 
171.09; EI-MS: m/z 370 (M+, 30%). Anal. Calcd. for C20H-
14N6O2 (370.37): C, 64.86; H, 3.81; N, 22.69. Found: C, 
64.91; H, 3.75; N, 22.72.

2-(4-Chlorophenyl)-5-oxo-7-(pyridin-4-yl)-1,2,3,5-tet-
rahydro-[1,2,4]triazolo[1,5-a]pyridine-6,8-dicarboni-
trile (11c)

Brown crystals; yield: 69%; m.p. > 300 °C; IR (KBr): 
νmax 3239, 3297 (2×NH), 2217, 2199 (2×CN), 1665 (C=O) 
cm–1; 1H NMR (400 MHz, DMSO-d6): δ 4.85 (s, 1H, NH), 
5.15 (s, 1H, CH), 7.25 (s, 1H, NH), 7.31 (d, J = 8.2 Hz, 2H, 
Ar-H), 7.41 (d, J = 8.0 Hz, 2H, Ar-H), 7.58 (d, J = 7.1 Hz, 
2H, C3-H, C5-H pyridine), 8.66 (d, J = 7.2 Hz, 2H, C2-H, 
C6-H pyridine); 13C NMR (100 MHz, DMSO-d6): δ 87.63, 
100.06, 116.24, 116.88, 122.64, 122.89, 128.64, 129.33, 
134.16, 143.08, 144.73, 150.24, 151.24, 162.45, 171.22; EI-
MS: m/z 376 (M+ + 2, 0.88), 374 (M+, 3%). Anal. Calcd. for 
C19H11ClN6O (374.79): C, 60.89; H, 2.96; Cl, 9.46; N, 22.42. 
Found: C, 60.93; H, 2.89; Cl, 9.51; N, 22.43.

Synthesis of 5-Oxo-7-(pyridin-4-yl)-3,5-dihydro-[1,2,4]
triazolo[1,5-a]pyridine-6,8-dicarbonitrile (12)

A mixture of 9a (2.25 g, 0.01 mol) and DMF-DMA 
(1.19 g, 0.01 mol) was heated under reflux in 50 mL of dry 
xylene for 8 h. The solid product that precipitated on cool-
ing was filtered off, dried and recrystallized from absolute 
ethanol to afford compound 12.

Brown crystals; yield: 70%; m.p. > 300 °C; IR (KBr): 
νmax 3345 (NH), 2217, 2227 (2×CN), 1684 (C=O) cm–1; 
1H NMR (400 MHz, DMSO-d6): δ 5.21 (s, 1H, NH), 8.01 
(d, J = 7.2 Hz, 2H, C3-H, C5-H pyridine), 8.79 (s, 1H, CH), 
8.98 (d, J = 7.2 Hz, 2H, C2-H, C6-H pyridine); 13C NMR 
(100 MHz, DMSO-d6): δ 115.27, 115.98, 117.54, 122.49, 
123.08, 144.37, 149.88, 151.46, 155.21, 161.44, 171.83; EI-
MS: m/z 262 (M+, 10 %). Anal. Calcd. for (C13H6N6O) 
(262.23): C, 59.54; H, 2.31; N, 32.05. Found: C, 59.56; H, 
2.27; N, 32.10.

2. 3. Determination of the Anticancer Activity
It was carried out according to the previously report-

ed work.17

3. Results and Discussion
3. 1. Chemistry

(E)-2-Cyano-N’-(pyridin-4-ylmethylene)acetohy-
drazide (1) was synthesized by the reaction of isonicoti-
naldehyde with 2-cyanoacetohydrazide under various 
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conditions (Scheme 1), and the results are presented in 
Table 1.

In the absence of any catalyst and under solvent-free 
conditons or in the presence of triethylamine as the basic 
catalyst at room temperature the reaction did not proceed 
even after long reaction time (Table 1, entries 1, 2 and 4). 
However, in the presence of Et3N under reflux with the 
EtOH or THF as the solvents, the desired product was ob-
tained in 39 or 92% yield, respectively (Table 1, entries 5 
and 6). Moreover, when the synthesis of 1 was carried out 
under microwave irradiation under solvent-free condi-
tions, afforded the desired reaction product in high yield 
(Table 1, entry 7). The solvent-free conditions are preferra-
ble as they avoid the use of toxic, flammable, and expen-

sive organic solvents. The main advantages of microwave 
irradiation synthesis are thus shorter reaction time, higher 
yield and better purity of the product.

The chemical structure of 1 was confirmed by its 
spectral and elemental analysis data. The IR spectrum of 1 
showed the presence of three stretching frequencies at 
3235, 2259 and 1704 cm–1 attributable to NH, CN and 
C=O groups, respectively. The 1H NMR exhibited two sin-
glet signals at δ 4.26 and 8.25 ppm due to CH2 and CH=N, 
respectively. In addition, two doublet signals at δ 8.02 and 
8.74 ppm due to pyridine protons are observed. The con-
figuration around the double bond of the compound 1 
could not be established by 1H NMR spectroscopy. How-
ever, the steric effect enhances that the E isomer is more 
stable than Z isomer.

Compound 1 acts as an adaptable material for the 
synthesis of novel pyridine compounds. Thus, refluxing of 
1 and arylidene malononitriles 2a–e in ethanol catalyzed 
by piperdine afforded (E)-2-amino-4-aryl-5-cyano-6-oxo-
1-((pyridin-4-ylmethylene)amino)-1,6-dihydropyri-
dine-3-carbonitriles 5a–e (Scheme 2). 

Formation of compounds 5a–e could be elucidated 
by the mechanism presented in Scheme 2. At first, Mi-
chael addition of 1 to α,β-unsaturated nitriles 2a–e gives 
the intermediates 3. Then, the intermediates 3 undergo an 
interamolecular nucleophilic addition of NH group to the 
cyano function to afford the intermediates 4 and finally an 

Scheme 1. Synthesis of (E)-2-cyano-N’-(pyridin-4-ylmethylene)acetohydrazide (1)

Table 1. Comparison of different conditions for the synthesis of (E)-
2-cyano-N’-(pyridin-4-ylmethylene)acetohydrazide (1)

Entry Catalyst Condition Time (h) Yield (%)

   1 No Solvent free (100 oC) 6 0
   2 No EtOH 24 0
   3 No EtOH (reflux) 9 28 
   4 TEA EtOH (rt) 24 0  
   5 TEA EtOH (reflux) 6 39  
   6 TEA THF (reflux) 4 92  
   7 No Solvent free (MW) 20 sec 98

Scheme 2. Synthesis of (E)-2-amino-4-aryl-5-cyano-6-oxo-1-((pyridin-4-ylmethylene)amino)-1,6-dihydropyridine-3-carbonitriles 5a–e
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autoxidation and tautomerization occur to give isolable 
products 5a–e.18 1H NMR spectra of compounds 5a–e 
display characteristic signals: singlet signal at δ 8.40–8.44 
ppm and two doublet signals at δ 7.99–8.04 and 8.72–8.75 
ppm due to the CH=N and pyridine protons, respectively. 
Also, 13C NMR revealed two signals in the region of δ 
115–118 ppm due to the two cyano groups in addition to 
the signal in the region of δ 161–163 ppm attributable to 
the C=O group. IR spectra of compounds 5a–e exhibited 
NH2 group stretching frequencies in the region of 3308–
3397 cm–1 and the stretching frequency at 2200–2250 
cm–1 that indicated the presence of two nitrile functional 
groups.

Treatment of 1 with malononitrile or acetylacetone in 
refluxing ethanol in the presence of trimethylamine as the 
base catalyst furnished (E)-4,6-diamino-2-oxo-1-((pyri-
din-4-ylmethylene)amino)-1,2-dihydropyridine-3-carbo-
nitrile (6) and (E)-4,6-dimethyl-2-oxo-1-((pyridin-4-yl-
methylene)amino)-1,2 -dihydropyridine-3-carbonitrile (7), 
respectively (Scheme 3). 

The spectral and analytical data of compounds 6 and 
7 were in agreement with their proposed structures. 1H 
NMR spectrum of 6 showed two singlet signals at δ 4.62 
and 8.43 ppm owing to the C5-H of 2-pyridone ring and 
CH=N, respectively. Moreover, 1H NMR of 6 exhibited 
two singlet signals (D2O-exchangable) at δ 4.65 and 6.68 

ppm due to the two NH2 groups. The IR analysis substan-
tiated the results of 1H NMR by the presence of four peaks 
in the region of 3321–4000 cm–1 for two NH2 groups.

Nowadays, multicomponent reactions are gaining 
extensive economic and ecological importance as they 
conform to the fundamental principles of synthetic effi-
ciency and reaction design.19 We herein provide an effi-
cient and facile procedure for the synthesis of 4,4’-bipyri-
dine derivatives 9a–d via a one-pot three-components 
condensation of isonicotinaldehyde, 2-cyanoacetohydra-
zide and activated nitriles 8a–d20,21 (Scheme 4). 

The structures of products 9a–d were assigned ac-
cording to their IR, 1H NMR, 13C NMR and mass spectra. 
Thus, all compounds 9a–d gave molecular ion peak which 
coincides with the proposed structure. 1H NMR gave an 
additional evidence for the correct structure of com-
pounds 9a–d, for example, compound 9c gave triplet quar-
tet pattern at δ 1.01 and 4.03 ppm, respectively, which con-
firm the presence of ethyl ester group in addition to the 
singlet signal (D2O-exchangable) at δ 7.08 ppm corre-
sponding to the amino group. Compound 9a was used as a 
versatile material for the synthesis of 2-aryl-5-oxo-7-(pyr-
idin-4-yl)-1,2,3,5-tetrahydro-[1,2,4]triazolo[1,5-a]pyri-
dine-6,8-dicarbonitrile derivatives 11a–c. Consequently, 
the reaction of 9a with aromatic aldehydes 10a–c afforded 
compounds 11a–c (Scheme 5).

Scheme 3. Synthesis of (E)-2-oxo-1-((pyridin-4-ylmethylene)amino)-1,2-dihydropyridine-3-carbonitrile derivatives 6 and 7

Scheme 4. Synthesis of 5-alkyl-1,6-diamino-2-oxo-1,2-dihydro-[4,4’-bipyridine]-3-carbonitriles 9a–d
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Structures 11a–c were established on the basis of el-
emental analyses and spectral data. The 1H NMR spectra 
of compounds 11a–c, in general, gave singlet signal at 
5.08–5.15 ppm attributable to C3-H of [1,2,4]triazole ring 
in addition to the two singlet signals (D2O-exchangable) 
at δ 4.77–4.85 and 7.25–7.29 ppm due to the two NH 
groups.

Also, 5-oxo-7-(pyridin-4-yl)-1,5-dihydro-[1,2,4]tri-
azolo[1,5-a]pyridine-6,8-dicarbonitrile (12) was synthe-
sized via cyclocondensation reaction of 9a with DMF-
DMA (Scheme 6).

3. 2. Pharmacology
3. 2. 1.  Cytotoxicity Against Hepatoma Cell 

Line (HepG-2) and Human Breast 
Adenocarcinoma Cell Line (MCF-7)

Cytotoxic activity. In order to investigate if the 
chemistry established here has led to possibly interesting 
nominees in cancer therapy, our primary aim was directed 
towards checking if the novel synthesized compounds 
possess any anticancer activities as predicted by this study. 
In vitro cytotoxic study was therefore performed against 
two mammalian cancer cell lines, HepG-2 (hepatoma cells 
or human liver hepatocellular carcinoma cell line) and 
MCF-7 (human breast adenocarcinoma cell line). This 
study indicated that compounds 9a and 9b showed very 
strong cytotoxic activity against HepG-2 cancer cells with 
IC50 values of 8.83±0.30 and 10.08±0.66 µg/mL, respec-
tively. Also, both 9a and 9b gave high cytotoxic effects 
against MCF-7 classifying these compounds as chemo-
therapeutically significant (Table 2). The rest of other com-
pounds showed a moderate to weak activity against the 
tested tumor cell lines. IC50 is the concentration, which 
can reduce the growth of cancer cells by 50%. 

4. Conclusion

In conclusion, herein we report a simple and conve-
nient method for the synthesis of novel pyridine deriva-
tives. All synthesized compounds were evaluated against 
two cancer cell lines (HepG-2 and MCF-7). Among all the 
synthesized compounds, compounds 9a,b have high cyto-
toxic activity against both HepG-2 and MCF-7. The rest of 
compounds showed a moderate to weak activity against 
the tested tumor cell lines.
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Povzetek
Reakcija izonikotinaldehida z 2-cianoacetohidrazidom daje (E)-2-ciano-N’-(piridin-4-ilmetilen)acetohidrazid (1). Spo-
jino 1 smo uporabili kot prekurzor pri sintezi novih piridinskih derivatov, ki smo jih pripravili z reakcijo med različnimi 
arilidenskimi malononitrili, malononitrilom oz. acetilacetonom, pri čemer so nastali piridinski derivati 5a–e, 6 in 7. 
4,4’-Bipiridinske derivate 9a–d smo pripravili s trokomponentno reakcijo med izonikotinaldehidom, 2-cianoacetohi-
drazidom in aktiviranimi nitrili 8a–d. Obdelava spojine 9a z različnimi aromatskimi aldehidi je vodila do nastanka 
[1,2,4]triazolo[1,5-a]piridinskih derivatov 11a–c. Vse reakcijske produkte smo okarakterizirali z analitskimi in spek-
troskopskimi metodami. Za nove spojine smo raziskali tudi bioaktivnost v vlogi antitumornih učinkovin v in vitro testi-
ranju citotoksičnosti proti HepG-2 in MCF-7. Ugotovili smo, da spojini 9a in 9b izkazujeta visoko citotoksičnost proti 
obema, HegG-2 in MCF-7.
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Abstract
The mass spectrometric fragmentations of ten new 8-alkylaminocaffeine derivatives were investigated. The fragmenta-
tion pathways of new polyamine derivatives of caffeine on the basis of low and high-resolution electron ionization (EI) 
mass spectra were discussed. In the case of new compounds, classical fragmentation of purine skeleton related to the 
elimination of a neutral molecule CH3N(1)C(2)O from a molecular ion was not observed. Nevertheless, new interest-
ing fragmentation of described caffeine derivatives was observed. Moreover, heats of formation of odd-electron ions of 
8-alkylaminocaffeine derivatives were calculated. 

Keywords: Caffeine; polyamine; EI-MS; semiempirical calculation.

1. Introduction
Alkaloids constitute a large group of naturally occur-

ring chemical compounds with a wide range of pharmaco-
logical properties.1 They are produced by various organ-
isms including bacteria, fungi, plants and animals. Caffeine 
(1,3,7-trimethylxanthine), the main representative of pu-
rine alkaloids, is a bicyclical amine. The most well-known 
source of this chemical compound are the seeds of coffee 
(especially Arabica – Coffea arabica, and Robusta – Coffea 
canephora) or leaves of tea.2 This alkaloid is a central ner-
vous system (CNS) stimulant and one of the most addict-
ing psychoactive drugs. This is the result of inhibition of 
adenosine A2A receptor by caffeine and its derivatives.3 
Caffeine has also the anti-inflammatory capacity and en-
hances the glucose uptake as well as anticancer capacity 
and officially modulates drugs against lung, liver, uterine 
cervix, and breast cancer.4–7 It enhances the effect of anti-
cancer drugs and the most important is modulation of 
cis-platinum efficacy induced by caffeine.8 Caffeine is also 
the lead compound for the development of new drugs. For 
example, 8-substituted caffeine derivatives are very im-
portant chemical compounds that possess pharmacologi-
cal activity. This kind of derivatives inhibits the mono-
amine oxidases (MAO) A and B. MAO-A inhibitors can be 
employed as antidepressant drugs and MAO-B inhibitors 
can be used in Parkinson’s disease therapy.9,10 8-aryl- or 
heteroaryl-substituted xantines are highly potent antago-

nists at human adenosine receptors.11 8-[(pyrrolidin-1-yl-
carbonothioyl)-sulfanyl]caffeine has exceptionally high 
antioxidant properties and protects human erythrocytes 
against AAPH-induced oxidative damage.12

According to the literature, the caffeine molecule as 
well as its derivatives were studied by different analytical 
methods. Mass spectrometry with electron ionization and 
chemical ionization in combination with liquid or gas 
chromatography was found.13–15 There are a few reports 
found in the literature describing advanced methods 
studying the caffeine molecule, e.g. photoion mass spec-
troscopy (PI-MS),16 thermal and hyperthermal surface 
ionization (HSI) mass spectrometry.17 In this work we 
propose the fragmentation pathways of new polyamine 
derivatives of caffeine on the basis of low and high-resolu-
tion EI-MS spectra. This is the new report of mass frag-
mentation of C(8) substituted derivatives of caffeine. The 
main goal of our study was to establish how far the pres-
ence of di- or polyamino group at C-8 position influences 
the pathways of fragmentation of this important class of 
compounds.

2. Experimental
Low-resolution and high-resolution mass spectra 

were recorded using a model 432 two-sector mass spec-
trometer [AMD-IntectraGmbH D-27243 Harpstedt, Ger-
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many] at ionizing energy 70 eV, accelerating voltage 8 kV, 
mass resolution 10 000 at 10 % valley. Samples were intro-
duced by a direct insertion probe at a source temperature 
of ~150 oC. The elemental compositions of the ions were 
determined by peak matching method relative to perfluo-
rokerosene. The tandem product ion mass spectra in the 
first field-free region were recorded using linked scans at 
constant B/E with helium as collision gas at an indicated 
pressure of 1.75 × 10–5 Pa with an ion source temperature 
of 180 oC, ionizing energy of 70 eV and an accelerating 
voltage of 8 KV. 

3. Results and Discussion
All new di- or polyamine derivatives of caffeine were 

synthesized according to procedure described in18 
(Scheme 1) with good yields (60–90 %).

The representative samples of set of EI mass spectra 
of 8-(6-aminohexylamino)caffeine (5), 8-(4-(3-aminopro-
pylamino)-butylamino)caffeine (8) and 8-(3-(3-(3-amino-
propylamino)propylamino)propylamino)caffeine (9) are 
presented in S1. The EI-MS data of 8-(2-aminoethylami-
no)caffeine (1), 8-(3-aminopropylamino)caffeine (2), 
8-(4-aminobutylamino)caffeine (3), 8-(5-aminopentyl-
amino)caffeine (4) as well as 8-(6-aminohexylamino)caf-
feine (5) are displayed in Table 1. On the basis of low-res-
olution EI mass spectra, exact mass measurements and 
also B/E linked scan spectra, the principal fragmentation 
routes of 8-(2-aminoalkylamino)caffeines 1-5 are pro-
posed in Scheme 1. The presence of alkylamino chain in 
position C(8) of caffeine rings caused the absence of classi-
cal fragmentation related with the elimination of a neutral 
molecule CH3N(1)C(2)O from a molecular ion.

In the EI mass spectra of 1-5, molecular ions a were 
observed in all derivatives and for 2, 4 and 5 its relative 
abundance is 100 % (Scheme 1, Table 1). Furthermore, the 
even-electron fragment ions b1, b2, b3, b4 and b5 are 
formed from the molecular ion by the loss of CH2NH2 
radical. The ions b3 and b2 are not created for derivatives 

3 and 4. Elimination of alkylaminoradical chain from 
C(8) of purine ring with migration of two hydrogen atoms 
leads to even-electron ion e. The simultaneous cleavages 
of C(5)sp2–N(7)sp3 and C(4)sp2–N(9)sp2 bonds of the 
skeletons of ion e of 1-5 lead to the formation of the 
even-electron ion i. Relative abundance for this ion for 
8-(5-aminopentylamino)caffeine (4) is 100 %. From this 
fragment ion, by elimination of the neutral molecules 
CH4 and C2H2, ions j and k are formed, respectively. The 
decompositions of the 1-5 molecular ions with the cleav-
ages of C(8)sp2–Nsp3 bond, and the next elimination of 

Figure 1. The synthesis of di- and polyamine derivatives of caffeine (1–10).

Table 1. The EI MS data of 8-(2-aminoethylamino)caffeine (1), 
8-(3-aminopropylamino)caffeine (2), 8-(4-aminobutylamino)caf-
feine (3), 8-(5-aminopentylamino)caffeine (4) and 8-(6-aminohex-
ylamino)caffeine (5).

Ion m/z Elemental                     % Relative abundance
  composition 1 2 3 4 5

M+. a 308 C14H24N6O2 – – – – 100
 294 C13H22N6O2 – – –     6 –
 280 C12H20N6O2 – – 100 – –
 266 C11H18N6O2 – 100 – – –
 252 C10H16N6O2   50 – – – –
b1 278 C13H20N5O2 – – – –   11
b2 264 C12H18N5O2 – – –     0 –
b3 250 C11H16N5O2 – –     0 – –
b4 236 C10H14N5O2 –   12 – – –
b5 222 C9H12N5O2 100 – – –  –
c1 278 C13H20N5O2 – – –     2 –
c2 236 C10H14N5O2 – – –     2 –
c1 236 C10H14N5O2     0     0     0 –   19
c2 222 C9H12N5O2     0     0     0 –   60
d 209 C8H11N5O2   35     2   28     4   44
e 195 C8H11N4O2   17     2   26     2     3
f 165 C7H9N4O   20     5     0     3     4
g 141 C6H9N2O2 – 19 – – –
h 108 C5H6N3     7     1   17   21     6
i   83 C4H7N2   12     2   23 100     9
j   67 C3H3N2   40     4   87   63   24
k   57 C2H5N2   16   19   65   17   44
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the NH2(CH2)m radical, where m is 2, 3, 4, 5, and 6, lead 
to the formation of the odd-electron ion d. Elimination of 
radicals C2H2N3

∙ or CH2NO∙ from ion d leads to even-elec-
tron ions g (only for 2) and f (for 1-5), respectively. Elim-
ination of neutral molecule C2H3NO from even-electron 
ion f creates bicyclic even-electron ion h. This bicyclic 

structure is one of mesomeric and more stable structures 
of even-electron ion h.

The fragmentation process of the molecular ions of 4 
and 5 leads to the formation of ions c. The accurate mass 
measurement enables the assignment of peaks to three 
even-electron ions. They are formed directly from the re-

Sheme 1. The EI fragmentation pathways of compounds (1–5). 

Sheme 2. The EI fragmentation pathways of compounds (6–8).
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spective molecular ions by the loss of two possible radicals 
C3H8N∙ or H2N∙ for 8-(5-aminopentylamino)caffeine (4) 
as well as C5H12N∙ and C4H10N∙ for 8-(6-aminohexylami-
no)caffeine (5), respectively.

The principal EI-MS fragmentation routes of 8-(3- 
(3-(3-aminopropylamino)propylamino)propylamino)caf 

feine  (9) and 8-(3-(4-(3-aminopropylamino)butylamino) 
propylamino)caffeine (10) are interpreted as shown in 
Scheme 3 and Table 3. The molecular ions a were observed 
with 81 % and 100 % relative abundances for 9 and 10, re-
spectively. The elimination of radicals from the molecular 
ions a leads to the formation of even-electron bicyclic ions: 
c, g and tricyclic ions: e, f. Ions e and f may be also formed 
from the odd-electron ion b, which is created from the 
molecular ion a by elimination of the 1,3-propanediamine, 

Table 2. The EI MS data of 8-(2-(2-aminoethylamino)ethylamino)
caffeine (6), 8-(3-(3-aminopropylamino)propylamino)caffeine (7) 
and 8-(4-(3-aminopropylamino)-butylamino)-caffeine (8).

 Ion m/z  Elemental                  % Relative abundance
   composition 6 7 8

M+. a 337 C15H27N7O2 – – 100
  323 C14H25N7O2 – 100 –
  295 C12H21N7O2   30 – –
 b 321 C15H25N6O2 – –   10
 c 280 C12H20N6O2 – –   22
 d 265 C11H17N6O2 100     2     3
 e1 236 C10H14N5O2   12   63   56
 e2 222 C9H12N5O2   43   29   60
 f 209 C8H11N5O2   43   62   70
 g 195 C8H11N4O2   10   16   16
 h 165 C7H9N4O     9     8   17
 i 108 C5H6N3     3     5     7
 j   83 C4H7N2     7   11   12
 k   67 C3H3N2   16   27   24
 l   57 C2H5N2   42   64   41

Sheme 3. The EI fragmentation pathways of compounds (9–10). 

Table 3. The EI MS data of 8-(3-(3-(3-aminopropylamino)propyl-
amino)propylamino)caffeine  (9) and 8-(3-(4-(3-aminopropylami-
no)butylamino)propylamino)caffeine (10).

 Ion m/z Elemental             % Relative abundance
   composition 9 10

M+. a 394 C18H34N8O2 –   81
  380 C17H32N8O2 100 –
 b 321 C15H25N6O2 –     5
  307 C14H23N6O2     2 –
 c 279 C12H19N6O2   15     9
 d 266 C11H18N6O2   63     3
 e 250 C11H16N5O2   20   22
 f 236 C10H14N5O2   52   43
 g 222 C9H12N5O2   35   23
 h   83 C4H7N2     8 100
 i   70 C3H4NO   40   50
 j   57 C2H5N2   68   78
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but can also be generated from the molecular ion by elim-
ination of adequate radicals (Scheme 3). The ion e is also 
formed from the even-electron ion c by the elimination of 
methanimine.

The stability of new caffeine derivatives in gas phase 
was determined by theoretical method. Heats of formation 
of odd-electron ions of 8-alkylaminoderivatives were cal-
culated. PM5 semiempirical calculations were performed 
using the Win-Mopac 2003 program.19–21 The final heats 
of formation (HOF) for odd-electron ions of all com-
pounds are presented in Table 4.

observed for odd-electron ions of compounds 6-8 as well 
as 9 and 10. 

PM5 semiempirical method is a reliable method for 
visualization of the structures in the gas phase. Calculated 
structures of odd-electron ions of: 8-(6-aminohexylami-
no)caffeine (5), 8-(4-(3-aminopropylamino)butylamino)
caffeine (8), and 8-(3-(3-(3-aminopropylamino)propyl-
amino)propylamino)caffeine (9) are presented in Figure 2.

4. Conclusions
The present study has demonstrated that the best 

method of mass spectrometric analysis of new polyamine 
derivatives of caffeine is the analysis of their EI mass spec-
tra. Considering the length of the alkyl chain at C(8) posi-
tion of caffeine molecule, the EI fragmentation pathways 
of compounds 1-10 were divided into three groups. The 
substitution of caffeine ring with alkylamino chain in posi-
tion C(8) causes that the new pathway becomes more 
competitive than the primary fragmentation of unsubsi-
tuted caffeine with the elimination of a neutral molecule 
CH3-N=C=O from purine moiety. Such observation has 
not been noted previously in the literature in the cases of 
caffeine derivatives. According to PM5 semiempirical 
metod, the odd-electron ions of caffeine derivatives in gas 
phase (under the experimental conditions similar to those 
in EI measurement) are stable. Moreover, an increase in 
alkyl chain length at C(8) position of caffeine molecule re-
duces the values of HOF. 
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jo nevtralne molekule CH3N(1)C(2)O iz molekulskega iona. Vendar pa smo opazili nov, zanimiv potek fragmentacije 
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Abstract
The results presented herein represent our continued study based on the modification of phenolic functionality in mol-
ecules originated from natural sources by acylation. A small focused library of nineteen eugenyl esters, with four of 
which are new compounds, is reported. All compounds were subjected to in vitro antimicrobial testing. In silico studies 
were carried out calculating physico-chemical, pharmacokinetic and toxicological properties, providing more data as 
additional guidance for further research.
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1. Introduction
Natural products, especially those derived from 

plants, represent an excellent source of new bioactive com-
pounds since their structures may be used as natural phar-
macophores enabling structural derivatization.1 Phenylpro-
penes belong to a vast family of compounds called phenyl-
propanoids that are biosynthesized in plants from the ami-
no acids phenylalanine and tyrosine via shikimate pathway.2 
Phenylpropenes, such as eugenol, isoeugenol, chavicol and 
anethole are biosynthesized by flowering plants as defense 
compounds against animals and microorganisms.3 Because 
of the antimicrobial properties of phenylpropenes, as well as 
their pleasant aromas and flavors, since ancient times hu-
mans have used plant materials containing such compounds 
to preserve and flavor their food (cloves, allspice, black pep-
per, anise, fennel; all of these containing significant amounts 
of phenylpropenes) and as medicinal agents.3

Eugenol (4-allyl-2-methoxyphenol) is naturally oc-
curring in essential oils of variety of plants belonging to 

Lamiaceae, Lauraceae, Myrtaceae and Myristicaceae fami-
lies. It is one of the major constituents of clove (Syzygium 
aromaticum (L.) Merrill & Perry, Myrtaceae) oil and is 
largely used both in foods and as flavouring agent.4,5 Euge-
nol and its close analogues have several proven biological 
activities6–16 which make it useful in pharmaceutical pro-
duction. Additionally, eugenol has been described as an 
agent with dual effect: antioxidant and pro-oxidant, postu-
lating the existence of beneficial properties in both preven-
tion of cancer formation and in cancer treatment.17 Ac-
cording to previous in vitro and in vivo studies eugenol 
might function as a tumor suppressor in most cancer types 
inspected.17–20

The activity of eugenol against microorganisms is 
also well known.21,22 The mechanisms of antimicrobial ac-
tion have been documented in both bacteria and fun-
gi.21,23–25 According to a review discussing mechanisms of 
antimicrobial action of eugenol and essential oils contain-
ing eugenol, two main uses of eugenol are particularly in-
dicated: against food-decaying microorganisms and 
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against bacteria causing oral clinical conditions.21 In a re-
view published by Freires et al.26 it was concluded that due 
to its promising antimicrobial activity against streptococci, 
eugenol should be considered as an anti-cariogenic agent 
worth of further clinical testing. The mode of action of eu-
genol against microbials has been thoroughly investigated 
and reviewed by Marchese et al.21 In this paper a systemat-
ic presentation of the mechanisms against bacteria and 
fungi known so far is given. Compounds obtained by deri-
vatisation of eugenol have also been reported as antimi-
crobial agents.1,27–30 So far, the most frequently investigat-
ed eugenol derivatives in bioassays are glycosides27–30 and 
esters.31–33 Like eugenol, eugenyl esters can also represent 
compounds of promising biological properties. Several pa-
pers on isolation and/or synthesis and biological activity of 
eugenyl esters have reported wide range of activities: anti-
oxidant,9,11,13,34 anticancer,35 larvicidal,37 anti-leishmania-
sis.38 On the other hand, little data exists on antimicrobial 
activity, reporting only few compounds involved with re-
spect to the total number synthesized. Antimicrobial as-
says evaluated antibacterial activity of eugenyl esters of 
acetic, 3-methylbutanoic, pentanoic and benzoic ac-
ids,31–33 but no data related to antifungal activity of such 
derivatives was reported.

The diverse pharmacological activity of eugenol and 
eugenyl esters, scarce results on antibacterial and no re-
sults on antifungal activity of ester derivatives, have de-
termined the aim of our study. By making a modification 
of a phenolic functionality in eugenol, we have obtained a 
series of ester compounds (3a–s), performed their struc-
tural characterization, in vitro antimicrobial testing and 
in silico calculation of physico-chemical, pharmacokinet-
ic and toxicological properties. An important contribu-
tion of this study is the synthesis of four new compounds 
(3l, 3n, 3p and 3r), followed by the results obtained in 
antibacterial together with the first results ever obtained 
in an antifungal assay, and by in silico calculations. All 
together represent an important aspect to guide further 
research.

2. Materials and Methods
2. 1. Chemicals Used

All the reagents, standards and solvents used were of 
analytical reagent grade. Unless specified otherwise, all 
chemicals were purchased from Merck (Darmstadt, Ger-
many).

2. 2. General Synthetic Procedures
Acetyl, benzoyl and palmitoyl chloride (2a, 2r, 2s) 

were purchased from Sigma-Aldrich. For the preparation 
of acyl chlorides 2b–p, 2r and of eugenyl esters (Table 1, 
entries 3a–s) methods from the literature39–42 were uti-
lized and general procedures for the synthesis as reported 

in our previously published paper was followed.43 Scheme 
1 represents the synthesis of eugenyl esters.

The obtained esters of eugenol 3a–s were purified by 
column chromatography, stationary phase Silica Gel 60 
(70–230 mesh), mobile phase (hexane/diethyl ether, gradi-
ent 9:1 to 6:4). For yields see Table 1. For solid compounds 
3q, 3r and 3s melting points were determined in a Stuart 
Scientific SMP3 apparatus and are uncorrected.

Eugenyl Acetate (3a)
Chromatographic purification gave yellowish oil. 

C12H14O3 (M = 206.24); yield 96%; MS (EI): m/z (%) 206 
(M+), 164 (100), 149 (27.23), 133 (15.32), 131 (20.72), 121 
(11.81), 104 (16.72), 103 (18.52), 91 (23.22), 77 (17.02), 43 
(14.18); RI (HP5-MS): 1538; 1H NMR (500.13 MHz, 
CDCl3): δ 6.98 (1H, d, J = 8 Hz, H-6), 6.77 (2H, m, H-3 
and H-5), 6.04 (1H, m, H-9), 5.13 (2H, m, H-10), 3.85 
(3H, s, H-7), 3.41 (2H, d, J = 6 Hz, H-8), 2.34 (3H, s, H-12); 
13C NMR (125.76 MHz, CDCl3): δ 169.28 (C-11), 150.88 
(C-2), 139.05 (C-1), 138.00 (C-4), 137.06 (C-9), 122.53 (C-
6), 120.69 (C-5), 116.19 (C-10), 112.73 (C-3), 55.84 (C-7), 
40.12 (C-8), 20.71 (C-12). Physical and spectroscopic data 
were in accordance with those reported.37,38

Eugenyl Propanoate (3b)
Chromatographic purification gave yellowish oil. 

C13H16O3 (M = 220.26); yield 89%; MS (EI): m/z (%) 220 
(M+), 165 (16.52), 164 (100), 149 (23.02), 133 (12.01), 132 
(9.11), 131 (13.91), 104 (10.11), 103 (10.51), 91 (13.21), 57 
(14.01); RI (HP5-MS): 1635; 1H NMR (500.13 MHz, 
CDCl3): δ 6.98 (1H, d, J = 8 Hz, H-6), 6.70–6.90 (2H, m, 
H-3 and H-5), 5.90–6.07 (1H, m, H-9), 5.04–5.23 (2H, m, 
H-10), 3.84 (3H, s, H-7), 3.41 (2H, d, J = 6 Hz, H-8), 2.64 
(2H, q, J = 8 Hz, H-12), 1.31 (3H, t, J = 7 Hz, H-13); 13C 
NMR (125.76 MHz, CDCl3): δ 172.72 (C-11), 150.96 (C-
2), 138.87 (C-1), 138.13 (C-4), 137.13 (C-9), 122.55 (C-6), 
120.68 (C-5), 116.14 (C-10), 112.75 (C-3), 55.84 (C-7), 
40.12 (C-8), 27.39 (C-12), 9.23 (C-13). Physical and spec-
troscopic data were in accordance with those reported.37,38

Eugenyl Butanoate (3c)
Chromatographic purification gave colorless oil. 

C14H18O3 (M = 234.29); yield 87%; MS (EI): m/z (%) 234 
(M+), 165 (10.91), 164 (100), 149 (19.02), 133 (10.01), 132 
(7.91), 131 (11.21), 104 (8.21), 103 (8.41), 91 (10.31), 43 
(8.41); RI (HP5-MS): 1729; 1H NMR (500.13 MHz, 
CDCl3): δ 6.97 (1H, d, J = 8 Hz, H-6), 6.77–6.84 (2H, m, 
H-3 and H-5), 5.94–6.04 (1H, m, H-9), 5.09–5.17 (2H, m, 
H-10), 3.83 (3H, s, H-7), 3.41 (2H, d, J = 6 Hz, H-8), 2.59 
(2H, t, J = 7 Hz, H-12), 1.83 (2H, spt, J = 7 Hz, H-13), 1.08 
(3H, t, J = 7 Hz, H-14); 13C NMR (125.76 MHz, CDCl3): δ 
171.89 (C-11), 150.93 (C-2), 138.87 (C-1), 138.09 (C-4), 
137.13 (C-9), 122.57 (C-6), 120.68 (C-5), 116.13 (C-10), 
112.73 (C-3), 55.81 (C-7), 40.12 (C-8), 35.94 (C-12), 18.62 
(C-13), 13.62 (C-14). Physical and spectroscopic data were 
in accordance with those reported.11,38
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Eugenyl 2-Methylpropanoate (3d)
Chromatographic purification gave colorless oil. 

C14H18O3 (M = 234.29); yield 76%; MS (EI): m/z (%) 234 
(M+), 165 (11.11), 164 (100), 149 (16.72), 133 (8.71), 131 
(10.01), 103 (8.71), 91 (10.61), 77 (7.71), 71 (7.81), 43 
(8.41); RI (HP5-MS): 1679; 1H NMR (500.13 MHz, 
CDCl3): δ 6.94–7.03 (1H, m, H-6), 6.77–6.82 (2H, m, H-3 
and H-5), 5.95–6.03 (1H, m, H-9), 5.10–5.16 (2H, m, 
H-10), 3.83 (3H, s, H-7), 3.41 (2H, d, J = 6.24 Hz, H-8), 
2.86 (2H, spt, J = 6.9 Hz, H-12), 1.35 (6H, d, J = 6.9 Hz, 2 × 
CH3: H-13 and H-14); 13C NMR (125.76 MHz, CDCl3): δ 
175.40 (C-11), 150.97 (C-2), 138.76 (C-1), 138.25 (C-4), 
137.16 (C-9), 122.49 (C-6), 120.68 (C-5), 116.08 (C-10), 
112.80 (C-3), 55.87 (C-7), 40.11 (C-8), 34.00 (C-12), 19.08 
(2 × CH3: C-13 and C-14). Physical and spectroscopic data 
were in accordance with those reported.33,44

Eugenyl Pentanoate (3e)
Chromatographic purification gave colorless oil. 

C15H20O3 (M = 248.32); yield 85%; MS (EI): m/z (%) 248 
(M+), 165 (11.01), 164 (100), 149 (15.82), 133 (8.81), 131 
(9.61), 104 (7.41), 103 (7.51), 91 (9.31), 57 (14.61), 55 
(6.71); RI (HP5-MS): 1829; 1H NMR (500.13 MHz, 
CDCl3): δ 6.96 (1H, d, J = 8 Hz, H-6), 6.76–6.83 (2H, m, 
H-3 and H-5), 5.94–6.03 (1H, m, H-9), 5.09–5.16 (2H, m, 
H-10), 3.83 (3H, s, H-7), 3.40 (2H, d, J = 6 Hz, H-8), 2.60 
(2H, t, J = 8 Hz, H-12), 1.78 (2H, quin, J = 7 Hz, H-13), 
1.49 (2H, sxt, J = 7 Hz, H-14), 1.0 (3H, t, J = 7 Hz, H-15); 
13C NMR (125.76 MHz, CDCl3): δ 172.07 (C-11), 150.93 
(C-2), 138.86 (C-1), 138.09 (C-4), 137.13 (C-9), 122.55 (C-
6), 120.68 (C-5), 116.13 (C-10), 112.73 (C-3), 55.81 (C-7), 
40.11 (C-8), 33.79 (C-12), 27.13 (C-13), 22.22 (C-14), 
13.76 (C-15). Physical and spectroscopic data were in ac-
cordance with those reported.11,38

Eugenyl 3-Methylbutanoate (3f)
Chromatographic purification gave colorless oil. 

C15H20O3 (M = 248.32); yield 85%; MS (EI): m/z (%) 248 
(M+) (3.20), 165 (11.41), 164 (100), 149 (15.72), 133 (7.41), 
132 (6.81), 121 (2.90); RI (HP5-MS): 1785; 1H NMR 
(500.13 MHz, CDCl3): δ 6.96 (1H, d, J = 6.3 Hz, H-6), 
6.78–6.82 (2H, m, H-3 and H-5), 5.98 (1H, s, H-9), 5.10–
5.16 (2H, m, H-10), 3.83 (3H, s, H-7), 3.41 (2H, d, J = 6.24 
Hz, H-8), 2.48 (2H, d, J = 7.63 Hz, H-12), 2.29 (1H, m, 
H-13), 1.10 (6H, d, J = 6.24 Hz, 2 × CH3: H-14 and H-15); 
13C NMR (125.76 MHz, CDCl3): δ 171.26 (C-11), 150.94 
(C-2), 138.87 (C-1), 138.08 (C-4), 137.13 (C-9), 122.57 (C-
6), 120.68 (C-5), 116.11 (C-10), 112.75 (C-3), 55.75 (C-7), 
43.14 (C-12), 40.11 (C-8), 25.97 (C-13), 22.39 (2 × CH3: 
C-14 and C-15). Physical and spectroscopic data were in 
accordance with those reported.33

Eugenyl Hexanoate (3g) 
Chromatographic purification gave colorless oil. 

C16H22O3 (M = 262.34); yield 82%; MS (EI): m/z (%) 262 
(M+), 165 (10.71), 164 (100), 149 (13.31), 133 (7.11), 132 

(6.11), 103 (6.71), 91 (7.91), 55 (6.81), 43 (8.71); RI (HP5-
MS): 1932; 1H NMR (500.13 MHz, CDCl3): δ 6.94 (1H, d, 
J = 8 Hz, H-6), 6.72–6.83 (2H, m, H-3 and H-5), 5.90–6.03 
(1H, m, H-9), 5.05–5.17 (2H, m, H-10), 3.82 (3H, s, H-7), 
3.39 (d, J = 6.6 Hz, 2H, H-8), 2.59 (2H, t, J = 7.5 Hz, H-12), 
1.76 (2H, quin, J = 7.5 Hz, H-13), 1.47 (2H, sxt, J = 7.5 Hz, 
H-15), 0.98 (3H, t, J = 7.5 Hz, H-16); 13C NMR (125.76 
MHz, CDCl3): δ 172.01 (C-11), 150.87 (C-2), 138.80 (C-
1), 138.05 (C-4), 137.06 (C-9), 122.50 (C-6), 120.62 (C-5), 
116.07 (C-10), 112.69 (C-3), 55.76 (C-7), 40.06 (C-8), 
33.75 (C-12), 27.08 (C-13), 22.47 (C-14), 22.37 (C-15), 
13.98 (C-16). Physical and spectroscopic data were in ac-
cordance with those reported.38

Eugenyl Heptanoate (3h)
Chromatographic purification gave colorless oil. 

C17H24O3 (M = 276.37); yield 82%; MS (EI): m/z (%) 276 
(M+), 165 (11.31), 164 (100), 149 (11.71), 133 (6.01), 132 
(5.21), 131 (6.61), 103 (4.90), 91 (6.01), 55 (5.91), 43 (6.51); 
RI (HP5-MS): 2037; 1H NMR (500.13 MHz, CDCl3): δ 
6.96 (1H, d, J = 8 Hz, H-6), 6.76–6.83 (2H, m, H-3 and 
H-5), 5.94–6.03 (1H, m, H-9), 5.09–5.16 (2H, m, H-10), 
3.83 (3H, s, C-7), 3.40 (2H, d, J = 7 Hz, H-8), 2.60 (2H, t, J 
= 7 Hz, H-12), 1.78 (2H, quin, J = 7 Hz, H-13), 1.46 (2H, 
bs, H-14), 1.31–1.42 (4H, m, H-15 and H-16), 0.94 (3H, 
bs, H-17); 13C NMR (125.76 MHz, CDCl3): δ 172.08 (C-
11), 150.93 (C-2), 138.86 (C-1), 138.09 (C-4), 137.13 (C-
9), 122.55 (C-6), 120.68 (C-5), 116.13 (C-10), 112.73 (C-
3), 55.81 (C-7), 40.12 (C-8), 34.10 (C-12), 31.49 (C-15), 
28.75 (C-14), 25.05 (C-13), 22.55 (C-16), 14.06 (C-17). 
Physical and spectroscopic data were in accordance with 
those reported.38

Eugenyl Octanoate (3i)
Chromatographic purification gave yellowish oil. 

C18H26O3 (M = 290.40); yield 86%; MS (EI): m/z (%) 290 
(M+), 165 (16.52), 164 (100), 149 (10.31), 133 (5.41), 132 
(4.60), 131 (5.81), 103 (4.60), 91 (5.21), 57 (10.21), 55 
(7.71); RI (HP5-MS): 2141; 1H NMR (500.13 MHz, 
CDCl3): δ 6.96 (1H, d, J = 8.3 Hz, H-6), 6.76–6.83 (2H, m, 
H-3 and H-5), 5.94–6.03 (1H, m, H-9), 5.09–5.18 (2H, m, 
H-10), 3.83 (3H, s, C-7), 3.40 (2H, d, J = 6.2 Hz, H-8), 2.59 
(2H, t, J = 7.3 Hz, H-12), 1.79 (2H, quin, J = 7.3 Hz, H-13), 
1.28–1.49 (8H, bm, H-14–H-17), 0.88–0.97 (3H, m, 
H-18); 13C NMR (125.76 MHz, CDCl3): δ 172.08 (C-11), 
150.93 (C-2), 138.86 (C-1), 138.09 (C-4), 137.13 (C-9), 
122.57 (C-6), 120.68 (C-5), 116.13 (C-10), 112.73 (C-3), 
55.81 (C-7), 40.12 (C-8), 34.10 (C-12), 31.73 (C-16), 29.05 
(C-15), 28.97 (C-14), 25.10 (C-13), 22.64 (C-17), 14.11 
(C-18). Physical and spectroscopic data were in accor-
dance with those reported.38

Eugenyl Nonanoate (3j)
Chromatographic purification gave yellowish oil. 

C19H28O3 (M = 304.42); yield 76%; MS (EI): m/z (%) 304 
(M+), 165 (11.31), 164 (100), 149 (9.01), 137 (1.90), 133 
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(4.40), 132 (4.60), 131 (3.10), 121 (1.50), 107 (1.30), 104 
(2.00); RI (HP5-MS): 2246; 1H NMR (500.13 MHz, 
CDCl3): δ 6.96 (1H, d, J = 8.3 Hz, H-6), 6.70–6.84 (2H, m, 
H-3 and H-5), 5.92–6.04 (1H, m, H-9), 5.03–5.18 (2H, m, 
H-10), 3.83 (3H, s, C-7), 3.40 (2H, d, J = 6.2 Hz, H-8), 2.59 
(2H, t, J = 7.3 Hz, H-12), 1.78 (2H, quin, J = 7.5 Hz, H-13), 
1.29–1.49 (10H, bm, H-14–H-18), 0.83–1.06 (3H, m, 
H-19); 13C NMR (125.76 MHz, CDCl3): δ 172.08 (C-11), 
150.93 (C-2), 138.86 (C-1), 138.09 (C-4), 137.13 (C-9), 
122.57 (C-6), 120.68 (C-5), 116.13 (C-10), 112.73 (C-3), 
55.81 (C-7), 40.11 (C-8), 34.10 (C-12), 31.84 (C-17), 29.27 
(C-16), 29.19 (C-15), 29.10 (C-14), 25.09 (C-13), 22.68 
(C-18), 14.13 (C-19). Physical and spectroscopic data were 
in accordance with those reported.38

Eugenyl Decanoate (3k)
Chromatographic purification gave colorless oil. 

C20H30O3 (M = 318.45); yield 85%; MS (EI): m/z (%) 318 
(M+), 166 (1.00), 165 (11.31), 164 (100), 149 (7.91), 147 
(1.00), 137 (1.70), 133 (4.40), 105 (1.50), 103 (4.00); 85 
(1.40); RI (HP5-MS): 2348; 1H NMR (500.13 MHz, CDCl3): 
δ 6.96 (1H, d, J = 7.6 Hz, H-6), 6.78–6.82 (2H, m, H-3 and 
H-5), 5.95–6.04 (1H, m, H-9), 5.10–5.17 (2H, m, H-10), 
3.83 (3H, s, C-7), 3.40 (2H, d, J = 6.2 Hz, H-8), 2.59 (2H, t, 
J = 7.6 Hz, H-12), 1.79 (2H, quin, J = 7.6 Hz, H-13), 1.27–
1.48 (12H, bm, H-14–H-19), 0.92 (3H, t, J = 6.9 Hz, H-20); 
13C NMR (125.76 MHz, CDCl3): δ 172.08 (C-11), 150.93 
(C-2), 138.86 (C-1), 138.09 (C-4), 137.13 (C-9), 122.57 (C-
6), 120.68 (C-5), 116.13 (C-10), 112.73 (C-3), 55.81 (C-7), 
40.12 (C-8), 34.10 (C-12), 31.91 (C-18), 29.5 (C-16), 29.32 
(2 × CH2: C-15 and C-17), 29.10 (C-14), 25.10 (C-13), 
22.71 (C-19), 14.14 (C-20). Physical and spectroscopic 
data were in accordance with those reported.38

Eugenyl Undecanaote (3l)
Chromatographic purification gave colorless oil. 

C21H32O3 (M = 332.48); yield 87%; MS (EI): m/z (%) 332 
(M+), 165 (11.21), 164 (100), 149 (7.31), 133 (3.90), 131 
(4.50), 103 (3.70), 91 (4.30), 57 (5.91), 55 (10.01); RI (HP5-
MS): 2449; 1H NMR (500.13 MHz, CDCl3): δ 6.96 (1H, d, 
J = 8.3 Hz, H-6), 6.78–6.82 (2H, m, H-3 and H-5), 5.95–
6.03 (1H, m, H-9), 5.10–5.16 (2H, m, H-10), 3.83 (3H, s, 
C-7), 3.40 (2H, d, J = 6.24 Hz, H-8), 2.59 (2H, t, J = 7.28 
Hz, H-12), 1.78 (2H, quin, J = 7.28 Hz, H-13), 1.28–1.45 
(14H, bm, H-14–H-20), 0.92 (3H, t, J = 6.6 Hz, H-21); 13C 
NMR (125.76 MHz, CDCl3): δ 172.08 (C-11), 150.93 (C-
2), 138.86 (C-1), 138.09 (C-4), 137.13 (C-9), 122.55 (C-6), 
120.68 (C-5), 116.13 (C-10), 112.73 (C-3), 55.81 (C-7), 
40.12 (C-8), 34.10 (C-12), 31.94 (C-19), 29.61 (C-16), 
29.54 (C-17), 29.35 (C-15), 29.32 (C-18), 29.10 (C-14), 
25.10 (C-13), 22.72 (C-20), 14.14 (C-21).

Eugenyl Dodecanaote (3m)
Chromatographic purification gave colorless oil. 

C22H34O3 (M = 346.50); yield 84%; MS (EI): m/z (%) 346 
(M+), 165 (11.31), 164 (100), 149 (6.41), 133 (3.40), 131 

(3.90), 103 (3.10), 91 (3.20), 57 (5.01), 55 (8.51); RI (HP5-
MS): 2553; 1H NMR (500.13 MHz, CDCl3): δ 6.96 (1H, d, J 
= 8.3 Hz, H-6), 6.77–6.82 (2H, m, H-3 and H-5), 5.95–6.03 
(1H, m, H-9), 5.10–5.16 (2H, m, H-10), 3.83 (3H, s, C-7), 
3.40 (2H, d, J = 6.9 Hz, H-8), 2.59 (2H, t, J = 7.28 Hz, H-12), 
1.78 (2H, quin, J = 7.6 Hz, H-13), 1.28–1.51 (16H, bm, 
H-14–H-21), 0.92 (3H, t, J = 6.6 Hz, H-22); 13C NMR 
(125.76 MHz, CDCl3): δ 172.08 (C-11), 150.93 (C-2), 138.86 
(C-1), 138.09 (C-4), 137.13 (C-9), 122.55 (C-6), 120.68 (C-
5), 116.13 (C-10), 112.72 (C-3), 55.79 (C-7), 40.12 (C-8), 
34.10 (C-12), 31.94 (C-20), 29.65 (2 × CH2: C-16 and C-18), 
29.54 (C-17), 29.37 (C-15), 29.32 (C-19), 29.10 (C-14), 
25.10 (C-13), 22.72 (C-21), 14.14 (C-22). Physical and spec-
troscopic data were in accordance with those reported.18,38

Eugenyl Tridecanaote (3n)
Chromatographic purification gave yellowish oil. 

C23H36O3 (M = 360.53); yield 87%; MS (EI): m/z (%) 360 
(M+), 164 (100), 149 (6.51), 131 (3.10), 103 (3.10), 91 
(3.11), 57 (5.10), 55 (8.40); RI (HP5-MS): 2655; 1H NMR 
(500.13 MHz, CDCl3): δ 6.97 (1H, d, J = 8.3 Hz, H-6), 
6.78–6.82 (2H, m, H-3 and H-5), 5.95–6.04 (1H, m, H-9), 
5.10–5.16 (2H, m, H-10), 3.83 (3H, s, C-7), 3.40 (2H, d, J = 
6.94 Hz, H-8), 2.60 (2H, t, J = 7.28 Hz, H-12), 1.78 (2H, 
quin, J = 7.3 Hz, H-13), 1.27–1.54 (16H, bm, H-14–H-22), 
0.92 (3H, t, J = 6.6 Hz, H-23); 13C NMR (125.76 MHz, 
CDCl3): δ 172.04 (C-11), 150.94 (C-2), 138.84 (C-1), 
138.13 (C-4), 137.13 (C-9), 122.57 (C-6), 120.68 (C-5), 
116.13 (C-10), 112.75 (C-3), 55.79 (C-7), 40.12 (C-8), 
34.10 (C-12), 31.95 (C-21), 29.38–29.70 (4 × CH2: C-16 - 
C-19), 29.32 (2 × CH2: C-15 and C-20), 29.10 (C-14), 
25.10 (C-13), 22.72 (C-22), 14.14 (C-23).

Eugenyl Tetradecanoate (3o)
Chromatographic purification gave yellowish oil. 

C24H38O3 (M = 374.56); yield 79%; MS (EI): m/z (%) 374 
(M+), 165 (13.01), 164 (100), 149 (5.81), 133 (3.10), 132 
(2.80), 131 (3.50), 69 (2.50), 57 (3.60), 55 (5.51), 43 (2.50); 
RI (HP5-MS): 2753; 1H NMR (500.13 MHz, CDCl3): δ 6.97 
(1H, d, J = 8.32 Hz, H-6), 6.78–6.83 (2H, m, H-3 and H-5), 
5.95–6.04 (1H, m, H-9), 5.10–5.17 (2H, m, H-10), 3.83 
(3H, s, C-7), 3.41 (2H, d, J = 6.24 Hz, H-8), 2.60 (2H, t, J = 
7.63 Hz, H-12), 1.78 (2H, m, H-13), 1.27–1.50 (18H, bm, 
H-14–H-23), 0.97–0.88 (3H, m, H-24); 13C NMR (125.76 
MHz, CDCl3): δ 171.97 (C-11), 150.97 (C-2), 138.81 (C-1), 
138.16 (C-4), 137.11 (C-9), 122.57 (C-6), 120.66 (C-5), 
116.08 (C-10), 112.73 (C-3), 55.76 (C-7), 40.12 (C-8), 34.08 
(C-12), 31.97 (C-22), 29.56–29.72 (5 × CH2: C-16–C-20), 
29.71 (C-18), 29.67 (C-20), 29.62 (C-17), 29.56 (C-19), 
29.42 (C-22), 29.34 (C-15), 29.11 (C-14), 25.12 (C-13), 
22.74 (C-23), 14.14 (C-24). Physical and spectroscopic data 
were in accordance with those reported.18

Eugenyl Pentadecanoate (3p)
Chromatographic purification gave colorless oil. 

C25H40O3 (M = 388.58); yield 89%; MS (EI): m/z (%) 388 
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(M+), 165 (10.91), 164 (100), 149 (5.61), 131 (3.70), 69 
(5.51), 57 (8.41), 55 (14.11), 43 (9.31), 41 (4.10); RI (HP5-
MS): 2858; 1H NMR (500.13 MHz, CDCl3): δ 6.97 (1H, d, 
J = 8.32 Hz, H-6), 6.78–6.83 (2H, m, H-3 and H-5), 5.95–
6.04 (1H, m, H-9), 5.10–5.17 (2H, m, H-10), 3.83 (3H, s, 
C-7), 3.41 (2H, d, J = 6.24 Hz, H-8), 2.60 (2H, t, J = 7.63 
Hz, H-12), 1.78 (2H, m, H-13), 1.27–1.50 (18H, bm, 
H-14–H-24), 0.97–0.88 (3H, m, H-25); 13C NMR (125.76 
MHz, CDCl3): δ 172.02 (C-11), 150.96 (C-2), 138.82 (C-
1), 138.16 (C-4), 137.11 (C-9), 122.57 (C-6), 120.68 (C-5), 
116.11 (C-10), 112.75 (C-3), 55.78 (C-7), 40.12 (C-8), 
34.10 (C-12), 31.97 (C-23), 29.56–29.75 (6 × CH2: C-16–
C21), 29.42 (C-22), 29.34 (C-15), 29.11 (C-14), 25.12 (C-
13), 22.74 (C-24), 14.16 (C-25).

Eugenyl Hexadecanoate (3q)
Chromatographic purification gave white solid. M.p. 

39–40 °C. C26H42O3 (M = 402.61); yield 92%; MS (EI): m/z 
(%) 402 (M+), 165 (13.41), 164 (100), 149 (5.31), 133 
(2.70), 132 (2.50), 131 (3.10), 69 (2.60), 57 (3.70), 55 (5.40), 
43 (2.40); RI (HP5-MS): 2976; 1H NMR (500.13 MHz, 
CDCl3): δ 6.96 (1H, d, J = 7.63 Hz, H-6), 6.77–6.82 (2H, m, 
H-3 and H-5), 5.95–6.04 (1H, m, H-9), 5.10–5.16 (2H, m, 
H-10), 3.83 (3H, s, C-7), 3.40 (2H, d, J = 6.24 Hz, H-8), 
2.60 (2H, t, J = 7.60 Hz, H-12), 1.79 (2H, quin, J = 7.50 Hz, 
H-13), 1.27–1.48 (20H, bm, H-14–H-25), 0.95–0.85 (3H, 
m, H-26); 13C NMR (125.76 MHz, CDCl3): δ 172.07 (C-
11), 150.94 (C-2), 138.84 (C-1), 138.11 (C-4), 137.11 (C-
9), 122.55 (C-6), 120.68 (C-5), 116.11 (C-10), 112.73 (C-
3), 55.81 (C-7), 40.11 (C-8), 34.10 (C-12), 31.95 (C-24), 
29.54–29.72 (6 × CH2: C-16–C-22), 29.38 (C-23), 29.32 
(C-15), 29.10 (C-14), 25.10 (C-13), 22.71 (C-25), 14.14 
(C-26). Physical and spectroscopic data were in accor-
dance with those reported.18,38

Eugenyl Heptadecanoate (3r)
Chromatographic purification gave yellowish solid. 

M.p. 49–50 °C. C27H44O3 (M = 416.64); yield 76%; MS (EI): 
m/z (%) 416 (M+), 165 (12.11), 164 (100), 149 (4.60), 133 
(2.50), 132 (2.10), 131 (2.80), 69 (3.00), 57 (4.20), 55 (6.00), 
43 (3.00); RI (HP5-MS): 3096; 1H NMR (500.13 MHz, 
CDCl3): δ 6.97 (1H, d, J = 8 Hz, H-6), 6.74–6.88 (2H, m, 
H-3 and H-5), 5.95–6.05 (1H, m, H-9), 5.04–5.22 (2H, m, 
H-10), 3.84 (3H, s, C-7), 3.42 (2H, d, J = 7.0 Hz, H-8), 2.60 
(2H, t, J = 7.0 Hz, H-12), 1.81 (2H, quin, J = 7.0 Hz, H-13), 
1.28–1.51 (22H, bm, H-14–H-26), 0.94 (3H, t, J = 7.0 Hz, 
H-27); 13C NMR (125.76 MHz, CDCl3): δ 171.97 (C-11), 
150.97 (C-2), 138.81 (C-1), 138.16 (C-4), 137.11 (C-9), 
122.57 (C-6), 120.66 (C-5), 116.10 (C-10), 112.73 (C-3), 
55.76 (C-7), 40.12 (C-8), 34.10 (C-12), 31.99 (C-25), 29.57–
29.77 (7 × CH2: C-16–C-23), 29.43 (C-24), 29.35 (C-15), 
29.11 (C-14), 25.12 (C-13), 22.75 (C-26), 14.14 (C-27).

Eugenyl Benzoate (3s)
Chromatographic purification gave white solid. M.p. 

70–71 °C. C17H16O3 (M = 268.31); yield 96%; MS (EI): m/z 

(%) 268 (M+) (20.82), 269 (3.80), 106 (9.61), 105 (100), 91 
(5.41), 78 (3.10), 77 (33.93), 65 (1.90), 51 (4.60); RI (HP5-
MS): 2170; 1H NMR (500.13 MHz, CDCl3): δ 8.25 (2H, d, 
J = 8.32 Hz, H-2’ and H-6’), 7.66 (1H, t, J = 7.28 Hz, H-4’), 
7.53 (2H, t, J = 7.63 Hz, H-3’ and H-5’), 7.10 (1H, d, J = 
8.32 Hz, H-6), 6.87 (1H, s, H-3), 6.85 (1H, d, J = 8.32 Hz, 
H-5), 5.98–6.06 (1H, m, H-9), 5.12–5.18 (2H, m, H-10), 
3.83 (3H, s, H-7), 3.44 (2H, d, J = 6.94 Hz, H-8); 13C NMR 
(125.76 MHz, CDCl3): δ 164.91 (C-11), 151.13 (C-2), 
139.08 (C-4), 138.22 (C-9), 137.14 (C-1)), 133.42 (C-4’), 
130.32 (C-2’ and C-6’), 129.55 (C-1’), 128.51 (2 × ArC: 
C-3’ and C-5’), 122.68 (C-5), 120.76 (C-6), 116.17 (C-10), 
112.88 (C-3), 55.90 (C-7), 40.15 (C-8). Physical and spec-
troscopic data were in accordance with those reported.11,37

2. 3. Identification of Synthetized Compounds
2. 3. 1. GC-MS Analysis

MS spectra of samples of the synthesized compounds 
were recorded on a 7890/7000B GC/MS/MS triple quad-
rupole system (Agilent Technologies, USA, equipped with 
a Combi PAL auto sampler). The fused silica capillary col-
umn HP-5MS (5% phenylmethylsiloxane, 30 m × 0.25 
mm, film thickness 0.25 μm, Agilent Technologies, Palo 
Alto, CA, USA) was used. The injector, source and inter-
face operated at 250, 230 and 300 °C, respectively. The 
temperature program: from 60 for 5 min isothermal to 300 
°C at a heating rate of 8 °C/min and on 300 °C for 5 min 
isothermal. The solutions in hexane were injected in split 
ratio 10:1. The carrier gas was helium with a flow of 1.0 
mL/min. Post run: back flash for 1.89 min, at 280 °C, with 
helium at 50 psi. MS conditions were as follows: ionization 
voltage of 70 eV, acquisition mass range 50–650, scan time 
0.32 s. Semi-quantitative analysis was carried out directly 
from peak areas in the GC profile.

Linear retention indices (RI) were determined based 
on the retention times of C8–C40 alkanes run on HP-5MS 
column using the above mentioned temperature pro-
gramme.45

2. 3. 2. NMR Analysis
NMR spectra were registered on a Bruker AVANCE 

500 spectrometer equipped with a 5 mm broadband re-
verse probe with field z-gradient operating at 500.13 and 
125.76 MHz for 1H and 13C, respectively. All NMR spectra 
were recorded at 298 K in CDCl3 (isotopic enrichment 
99.95%) solution. Chemical shifts are reported on the δ 
(ppm) scale and are relative to residual CHCl3 signals (7.24 
for 1H and 77.0 ppm, central line, for 13C spectra respec-
tively), and scalar coupling constants are reported in hertz. 
The experimental error in the measured 1H–1H coupling 
constants was ± 0.5 Hz.

The signals assignment was given by a combination 
of 1D and 2D COSY and HSQC experiments, using stan-
dard Bruker pulse programs. 
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Acquisition parameters for 1D were as follows: 1H 
spectral width of 5000 Hz and 32 K data points providing 
a digital resolution of ca. 0.305 Hz per point, relaxation 
delay 2 s; 13C spectral width of 29412 Hz and 64 K data 
points providing a digital resolution of ca. 0.898 Hz per 
point, relaxation delay 2.5 s. The experiments were per-
formed through standard pulse sequences. gCOSY-45 ex-
periments were acquired with 512 t1 increments; 2048 t2 
points; spectral/spectrum width 10.0 ppm. The acquisition 
data for gHSQC and gHMBC experiments were obtained 
with 512 t1 increments; 2048 t2 points; spectral/spectrum 
width 10.0 ppm for 1H and 220 ppm for 13C. Delay values 
were optimized for 1JC,H 140.0 Hz and nJC,H 3.0 Hz. Zero 
filling in F1 to 1 K, p/2 shifted sine-bell squared (for 
gHSQC) or sinebell (for gHMBC) apodization functions 
were used for processing.

2. 4. Antimicrobial Activity
2. 4. 1. Microbial Strains

The in vitro antimicrobial activity of the synthesized 
compounds was tested against a panel of laboratory con-
trol strains belonging to the American Type Culture Col-
lection Maryland, USA: Gram-positive: Bacillus subtilis 
ATCC 6633 and Staphylococcus aureus ATCC 6538; 
Gram-negative: Escherichia coli ATCC 8739, fungal organ-
isms: Aspergillus niger ATCC 16404 and Candida albicans 
ATCC 10231. The Gram-negative bacteria Salmonella abo-
ny NCTC 6017 and Salmonela typhimurium ATCC 14028 
were obtained from the National Collection of Type Cul-
tures. All microorganisms were maintained at –20 ºC un-
der appropriate conditions and regenerated twice before 
use in the manipulations.

2. 4. 2. Screening of Antimicrobial Activity
The minimal inhibitory concentration (MIC) of es-

ters was determined based on a broth microdilution meth-
od in 96-well microtitre plates.46 The inocula of the bacte-
rial strains were prepared from overnight broth cultures 
and suspensions were adjusted to 0.5 McFarland standard 
turbidity. Dimethyl sulphoxide (10% aqueous solution) 

was used to dissolve and to dilute samples to the highest 
concentration to be tested (stock concentrations 2 mg/
mL). A serial doubling dilution of the samples was pre-
pared in a 96-well microtiter plate, using the method of 
Sarker et al.47 with slight modifications. The minimal bac-
tericidal/fungicidal concentration (MBC/MFC) was eval-
uated as the lowest concentration of tested samples at 
which inoculated microorganisms were 99.9% killed. Tests 
were carried out in triplicate.

2. 5.  In silico Physico-chemical, Pharmacokinetic 
and Toxicological Properties of the 
Synthetized Compounds
In order to obtain a complete picture of the synthe-

sized compounds (3a–s) an in silico study was performed. 
Physico-chemical, pharmacokinetic and toxicological 
properties of compounds were calculated using the Molin-
spiration,48 admetSAR,49 DataWarrior50 and Toxtree51 pre-
diction tools.

3. Results and Discussion
3. 1. Chemical Synthesis

A small focused library of nineteen eugenyl esters 
was synthesized. To the best of our knowledge four out of 
nineteen compounds are new (3l, 3n, 3p and 3r; Scheme 
1). All compounds were synthesized according to previ-
ously published standard methodology and with high 
yields ranging from 76% to 96% (Table 1).

3. 2. Antimicrobial Activity
The results obtained in broth microdilution assay are 

given in Table 2. The assayed samples were less effective 
than antibiotic/antimycotic used as reference standard and 
if noted, activity was never greater than the values ob-
tained for the parent compound 1 (MIC/MBC/MFC never 
exceeded 0.5 mg/mL, Table 2). The results are indicating 
selective susceptibility of the microorganisms, with B. sub-
tilis (3d, 3l, 3n–r), S. aureus (3e and 3f), A. niger (3f, 3s) 

Scheme 1. Synthesis of eugenyl esters
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and C. albicans (3d, 3f, 3n, 3n and 3s) being the most sen-
sitive strains on the synthesized derivatives. On the other 
hand, all three Gram-negative microorganisms tested (E. 
coli, S. abony and S. typhimurium) were completely resis-
tant to synthesized compounds tested (initial concentra-
tion 2 mg/mL).

Four of our samples (3a, 3e, 3f, 3s) are matching the 
samples tested in antibacterial assays so far.29–31 Eugenyl 
acetate (3a) was tested in a disc diffusion method on a set 
of seven Gram-positive and nine Gram-negative bacte-
ria.30 The results have shown notable antimicrobial effect 
against all sixteen bacteria tested, with a superior perfor-
mance when compared to pure eugenol.30 Even when dif-
ferent methodologies were employed, two crucial and 
completely opposed observations can be made; our results 
have shown that derivatives have never exceeded the activ-
ity of the parent compound and that all were inactive 
against Gram-negative bacteria taken into consideration. 
Eugenyl benzoate (3s) was tested previously in disc diffu-
sion assay against a smaller panel of laboratory controlled 
bacterial strains (two Gram-positive, two Gram-nagative). 

Table 1. Eugenyl esters: chemical entity, yields (%) and entry

R Yield (%) Entry 

CH3 96 3a
CH2CH3 89 3b
CH2CH2CH3 87 3c
CH(CH3)2 76 3d
CH2(CH2)2CH3 85 3e
CH2CH(CH3)2 85 3f
CH2(CH2)3CH3 82 3g
CH2(CH2)4CH3 82 3h
CH2(CH2)5CH3 86 3i
CH2(CH2)6CH3 76. 3j
CH2(CH2)7CH3 85 3k
CH2(CH2)8CH3 87 3l
CH2(CH2)9CH3 84 3m
CH2(CH2)10CH3 87 3n
CH2(CH2)11CH3 79 3o
CH2(CH2)12CH3 89 3p
CH2(CH2)13CH3 92 3q
CH2(CH2)14CH3 76 3r
Ph 96 3s

Table 2. The minimal inhibitory (MIC) and minimal bactericidal/fungicidal (MBC/MFC) concentrations (mg/mL) of the eugenol (1) and the synthetized 
eugenyl esters 3a–s. MIC and MBC/MFC determinations were carried out in triplicate and consistent values were obtained for each microorganism tested.

                                      Bacterial strains                                      Fungal strains
                       Gram-positive   Gram-negative 
Cmpd. B. subtilis S. aureus E. coli S. abony S. typhimurium A. niger C. albicans

1 MIC = 0.5 MIC =  MIC = 0.5 MIC = 0.5 MIC =  MIC =  MIC = 0.25
  MBC = 0.5 MBC = 1.0 MBC = 1.0 MBC = 0.5 MFC = 0.5 MFC = 1.0
3a na na na na na na MIC = 
       MFC = 0.5
3b na na na na na na na
3c na na na na na na na
3d MIC = 0.5 na na na na na MIC= 0.5
3e na na na na na na na
3f na MIC = 0.5 na na na MIC = 0.5 MIC = 0.5
3g na na na na na na na
3h na na na na na na na
3i na na na na na na na
3j na na na na na na na
3k na na na na na na na
3l MIC = 1.0 na na na na na na
3m na na na na na na na
3n MIC = 0.5 na na na na na MIC = 0.5
3o MIC = 1.0 na na na na na na
3p MIC = 0.5 na na na na na na
3q MIC = 0.5 na na na na na na
3r MIC = 0.5 na na na na na MIC = 1.0
3s na na na na na MIC = 1.0 MIC = 1.0
Doxycycline MIC =  MIC = 6.25 MIC =  MIC =  MIC = 6.25 nt nt
(μg/mL) MBC = 1.56 MBC = 0.78 MBC = 0.78 MBC = 6.25 MBC > 50
Nystatin nt nt nt nt nt MIC =  MIC = 
(μg/mL)      MBC = 6.25 MBC = 0.78
DMSO 10%   na na na na na na na
aqueous 
solution

na, not active; nt, not tested
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Stronger antibacterial activity of benzoate was observed 
compared to its unsubstituted analogue, i.e. eugenol.29 
Eugenyl pentanoate (3e) and 3-methylbutanoate (3f) were 
tested against seventeen different bacterial strains (ATTC, 
clinical or food isolates) and have shown moderate anti-
bacterial potential, with inhibitory values (MIC) ranging 
from 0.32 to 6.00 mg/mL.31 No noticeable difference in the 
susceptibility of Gram-negative and Gram-positive bacte-
ria was observed.31 For the rest of the synthesized com-
pounds (3b–d, 3g–r) antibacterial results are reported 
here for the first time. For all compounds synthetized (3a–
s) results obtained for antifungal assay are the first ever 
reported (Table 2).

3. 3. In silico Study
3. 3. 1.  Physico-chemical Properties of the Eugenyl 

Esters 3a–s
Lipinski’s rule of five has been used to evaluate drug 

likeness and to determine if a pharmacologically or bio-
logically active compound has properties that would make 
it a likely orally active drug in humans. In our previously 
published paper we have already summarized factors im-
portant for optimal bioavailability of synthesized com-
pounds.52 According to the physico-chemical properties 
calculated by Molinspiration software tool,48 compounds 
3a–h and 3s fulfilled all requirements for good oral bio-
availability, including miLogP < 5, nON < 10, nOHNH < 5, 
MW < 500, TPSA < 140 Å2 (< 60 Å2), and nrotb < 10 (Suple-
mentary data, Table S1). 

3. 3. 2.  Pharmacokinetic Properties of the Eugenyl 
Esters 3a–s

Absorption properties of compounds 3a–s were pre-
dicted by admetSAR49 (Supplementary data, Table S2). 
Based on the results, all of the studied compounds were 
predicted as compounds able to pass through blood-brain 
barrier and penetrate into the central nervous system, as 
compounds capable of being absorbed by intestine, as well 
as compounds permeable across Caco-2 cells. Compounds 
3g–r were predicted as P-glycoprotein substrates, while 
compound 3s was predicted as P-glycoprotein inhibitor. 
None of the studied compounds was predicted as inhibitor 
of renal organic cation transporter.

Metabolic properties of the eugenyl esters 3a–s were 
predicted by admetSAR49 (Supplementary data, Table S3). 
None of the studied compounds was predicted as CYP2C9 
and/or CYP2D6 substrate, while 15 compounds (3c, 3e–r) 
were predicted as CYP3A4 substrate. Regarding CYP450 
inhibition, enzyme CYP1A2 might be inhibited by com-
pounds 3c, 3e–s, CYP2C9 by compound 3s, CYP2C19 by 
compounds 3b, 3c, 3h–s. However, none of the compounds 
was predicted as CYP2D6 inhibitor. Most of the investigat-
ed compounds were predicted to have low CYP 450 inhib-
itory promiscuity, except compounds 3a, 3d and 3s.

3. 3. 3.  Toxicological Properties of the Eugenyl 
Esters 3a–s

Using Toxtree prediction tool based on a decision 
tree approach,51 we have predicted structural alerts for 
DNA and protein binding for the studied compounds. Re-
garding DNA binding alerts, all of the studied compounds 
were predicted to have the ability to undergo nucleophilic 
aliphatic substitution (SN1 reactions) and Michael addi-
tion. Among the protein binding alerts, compounds 3a–s 
were predicted as compounds able to undergo Michael ad-
dition and SN2 reactions; 3a–s were predicted as com-
pounds able to participate in acyl transfer (results given in 
Supplementary data, Tables S4 and S5).

Based on the toxicological properties predicted by 
admetSAR49 compounds 3a–s have been characterized as 
weak hERG (human Ether-à-go-go-Related Gene) inhibi-
tors, non-AMES toxic and non-carcinogenic, but highly 
toxic for fish, Tetrahymena pyriformis and honey bee. Five 
compounds (3a–c, 3e and 3g) were predicted as ready bio-
degradable. According to the risk for acute oral toxicity, all 
of the studied compounds (3a–s) were predicted as Cate-
gory III, or slightly toxic compounds, with LD50 values be-
tween 500 and 5000 mg/kg. Depending on the median 
toxic dose (TD50), all compounds were predicted as 
“non-required” or non-carcinogenic chemicals (Supple-
mentary data, Table S6).

Toxicological properties of the studied compounds 
predicted by DataWarrior50 indicate that all compounds 
have high risk for tumorigenic and irritant effects. All 
compounds were predicted with no risk for mutagenic ef-
fects and no risk for reproductive effects (Supplementary 
data, Table S7).

4. Conclusion
We have synthesized nineteen esters of eugenol, of 

which four represent new compounds (3l, 3n, 3p and 3r). 
All of the compounds were employed in antimicrobial bio-
assay, with several compounds tested for the first time in 
antibacterial (3b–d, 3g–r) and all of the compounds (3a–
s) ever tested in antifungal activity bioassay. The results 
have indicated microorganisms’ selective susceptibility, 
with B. subtilis (3d, 3l, 3n–r), S. aureus (3e and 3f), C. albi-
cans (3d, 3f, 3n, 3r–s) and A. niger (3f, 3s) as the most 
susceptible ones, with minimal inhibitory or cidal concen-
trations (MIC/MBC/MFC) never exceeding the range of 
activity of eugenol as the parent compound. Based on cur-
rent results and on our previously published ones,43 having 
in best case comparable but never greater MIC values than 
for parent phenolic compound we could not confirm re-
sults obtained by previous groups.29–31 Our results have 
shown the importance of free phenolic hydroxyl group in 
terms of activity against microbials, however more de-
tailed research should be conducted involving also a more 
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complex viewpoint, as for instance, the disclosure of 
mechanism of action of eugenyl esters on bacteria and 
fungi. 

The results of our in silico study have shown that com-
pounds fulfilling Lipinski’s rule of five are 3a–h and 3s and 
were predicted to have good oral bioavailability. All of the 
studied compounds were predicted as to be able to pass 
through blood-brain barrier capable of being absorbed by 
intestine and permeable across Caco-2 cells. Metabolic 
properties differ within the studied compounds, depending 
on whether they act as substrate and/or inhibitor of various 
CYP450 enzymes. Compounds 3a–s were predicted as 
weak hERG inhibitors, non-AMES toxic and non-carcino-
genic, but highly toxic for fish, T. pyriformis and honey bee. 
Further, they were predicted as Category III of risk for acute 
oral toxicity, as well as compounds with high risk for tum-
origenic and irritant effects. Finally, they exhibited at least 
two structural alerts for both DNA and protein binding, 
indicating their ability to act as a mutagen or a genotoxic.

Taking in consideration predicted in silico properties 
and estimated drug likeness score, pharmacological and 
toxicological profile, eugenyl esters might be used as prod-
rugs of eugenol due to an expected enhanced lipophilici-
ty53 and passive membrane transport.
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Abstract
Endeavors to improve the limit of detection for atomoxetine-selective electrode were documented. Simple potentiomet-
ric carbon paste electrodes (CPEs) based on atomoxetine-derivatized with tetraphenylborate (ATM-TPB) or phos-
photungstic acid (ATM-PTA) as ion-pairs decorated with TiO2 nanoparticles and sodium tetraphenylborate (Na-TPB) 
as additives were most useful. Parameters affecting the performance of the electrodes were investigated, such as paste 
composition, type of plasticizers, kind of electroactive materials and interfering species. The electrodes were notable for 
bringing down the detection limit to 8.0 × 10–7 M and 9.2 × 10–7 M, wide linear ranges 1.1 × 10–6–1.0 × 10–2 M and 1.75 
× 10–6–1.00 × 10–2 M, slope 58.7 ± 0.5 mV/decade and 67.2 ± 0.8 mV/decade, respectively. Importantly, the potential 
reading became more stable and rapidly attained in the presence of additives. The selectivity for the drug over other 
species such as inorganic and organic cations, as well as different excipients that are likely incorporated in pharmaceuti-
cal preparations was high making their effect negligible on the response of the electrodes. The sensors, as indicator 
electrodes, were successfully applied for determination of the drug in pharmaceutical preparation, urine and serum with 
good accuracy, excellent recovery and efficiency.

Keywords: Atomoxetine-ion selective electrodes; carbon paste electrode; nanoparticles; ion-pairs

1. Introduction
Determination of drug species in real samples such 

as biological and pharmaceutical samples is an important 
branch of analytical chemistry for clinical, quality produc-
tion control and other applications.1–4 Atomoxetine hy-
drochloride (Fig. 1), is designated chemically as (-)-N-me-
thyl-3-phenyl-3-(o-tolyloxy)-propylamine hydrochloride. 
Atomoxetine is a white solid that exists as a granular pow-
der inside the capsule along with pregelatinized starch and 
dimethicone.5–7 Atomoxetine is the first non-stimulant 
drug approved for the treatment of attention-deficit hyper-
activity disorder (ADHD) with no associated side effects. 
However, cases of chronic overdose and acute and lethal 
poisoning by atomoxetine were registered.8,9

Fig 1. The chemical structure of atomoxetine hydrochloride

Therefore, estimation of trace amounts of atomoxe-
tine in various media is necessary.

Literature survey showed different methods for de-
termination of atomoxetine that are mainly chromato-
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graphic utilizing various means of detection such as:  
UV, colorimetric, fluorometric, mass spectrometric,10–13 
RP-HPLC,14,15 spectrophotometry,16,17 and potentiometric 
method.18

Comparatively, most of these methods require sample 
manipulations giving ways to various interferences. Moreo-
ver, they are not applicable for colored and turbid solutions. 
Even more, they are more expensive for they require large 
infrastructure backup and qualified personnel. Thus, the de-
velopment of selective, sensitive, accurate and inexpensive 
tool for the determination of this drug is of utmost need.

Potentiometric sensors (ion-selective electrodes, 
ISEs) are taken as one of the simplest and oldest electro-
chemical techniques being attractive for numerous analy-
ses due to the low cost and ease of implementation.19–21 
They have other interesting properties such as short re-
sponse times, high selectivity and very low detection limits. 
In addition, ISEs allow nondestructive, on line monitoring 
of particular ions in a small volume of sample without any 
pretreatment. Considering these merits, ISEs are getting 
more attention as routine tools of chemical analysis in in-
dustry, clinical and environmental analyses.22–26

Coated-wire ion-selective electrodes that were em-
ployed to overcome the problems associated with conven-
tional ISE’s27,28 still suffer some shortcomings such as giv-
ing unreliable measurements due to the fluctuation of the 
electric potential.29 New measures must be introduced to 
the working electrodes to alleviate or eliminate these ef-
fects and carbon-paste electrodes (CPE’s)30 appear to be 
suitable alternatives.

Carbon paste electrodes (CPEs), one type of ISEs, 
combine a carbon powder with a pasting liquid (an organic 
binder). CPEs are superior to other types of ISEs for their 
favorable characteristics and advantages such as stable re-
sponse, easy renewal of surface and no requirement of inter-
nal solution, and were utilized in various applications.31–35 
Moreover, CPEs are nontoxic and environmentally friendly 
making their use soaring. Modification of CPEs with nano-
particles having unique electrochemical properties showed 
interesting affinity toward various ions and biological mole-
cules. The morphological structure of nanoparticles may 
improve diffusion of the electroactive species and improve 
sensitivity thus enhancing a fast response.36,37

Careful review of the literature found no reports on 
potentiometric determination of atomoxetine based on 
the carbon paste electrode modified with additives such as 
Na-TPB and the nanoparticles of TiO2. In the present 
work, carbon paste and nano-composite carbon paste elec-
trodes were utilized for determination of atomoxetine 
drug in pharmaceutical preparations, as well as spiked 
urine and serum samples with notable selectivity, accuracy 
and precision. The electrodes exhibit a near-Nernstian 
slope, wide concentration range, low detection limit and 
short response time. The lowering of detection limit, wider 
concentration range and stability of the response are ap-
parently due to the incorporated nanoparticles.

2. Materials and Methods
2. 1. Reagents

All reagents used were of chemically pure grade. 
Doubly distilled water was used throughout all experi-
ments. Atomoxetine hydrochloride was obtained from 
(Multi apex pharma, Cairo, Egypt) and its pharmaceutical 
preparations (capsules 10, 25, 40 mg and tablets 10, 25, 40 
mg) were obtained from local drug stores. Silicomolybdic 
acid (SMA) H4[SiMo12O40] M = 1823 Da, silicotungstic 
acid (STA) H4[SiW12O40] M = 2878 Da, phosphomolybdic 
acid (PMA) H3[PMo12O40] M = 1825 Da, phosphotungstic 
acid (PTA) H3[PW12O40] M = 2880 Da, and sodium tet-
raphenylborate (Na-TPB) Na[C24H20B] M = 342 Da, were 
purchased from Sigma-Aldrich. Pure graphite powder and 
the plasticizers: dibutyl phthalate (DBP), dioctyl phthalate 
(DOP), dioctyl sebacate (DOS), tris(2-ethylhexyl) phos-
phate (TEPh), and bis(2-ethylhexyl) adipate (DOA) were 
obtained from Aldrich chemical company. In addition, 
ranitidine hydrochloride, tramadol hydrochloride, ephed-
rine hydrochloride, diclofenac potassium, glucose, galac-
tose, fructose, sucrose, ceftriaxone sodium, gentamycin 
sulfate, lasix, vardenafil hydrochloride, lidocaine hydro-
chloride, hydralazine hydrochloride, pethidine hydrochlo-
ride, dopamine hydrochloride, dexamethasone hydro-
chloride, midazolam hydrochloride, tranexamic acid, 
furosemide, amoxicillin, and paracetamol were commer-
cially available. Salts of inorganic cations were used in 
their soluble forms such as chloride or sulfate.

Titanium(IV) oxide nanopowder, 21 nm primary 
particle size, was obtained from Aldrich and used as re-
ceived.

2. 2. Apparatus
Potentiometric and pH measurements were per-

formed using a Pocket pH/mV meters, (pH315i) from 
Wissenschaftlich-Technische Werkstatten GmbH (WTW), 
Weilheim, Germany. A saturated calomel electrode (SCE) 
was used as reference electrode and was obtained from 
Sigma–Aldrich Co. (St Louis, MO, USA). Electromotive 
force measurements with CPE were carried out with the 
following cell assemblies: Hg, Hg2Cl2(s), KCl(sat.) || sample 
solution || carbon paste electrode.

Solutions having concentrations 1.0 × 10–7–10 × 1.0–2 
M were made and used to investigate performance of the 
electrodes with continuous stirring by recording the potential 
and plotting as a logarithmic function of ATM ion activities.

2. 3. Preparation of the Ion-Pairs
An ion-pair was made from atomoxetine hydrochlo-

ride and one of the following substances: STA, SMA, PTA, 
PMA and Na-TPB according to a reported method38 as 
detailed below. The ion-pairs, (ATM4-ST), (ATM4-SM), 
(ATM3-PT), (ATM3-PM), and (ATM-TPB), were pre-
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pared by addition of 20 mL of 0.01 M ATMCl solution to 
20 mL of 0.0025 M of STA, 0.0025 M of SMA, 0.0033 M of 
PTA, 0.0033 M of PMA, and 0.01 M of Na-TPB. The re-
sulting precipitates were left overnight to assure complete 
coagulation. The products were then filtered and washed 
thoroughly with copious amounts of distilled water, dried 
at room temperature and ground to fine powders and ap-
plied as the modifiers for constructing the electrodes of 
atomoxetine hydrochloride.

2. 4. Fabrication of the Electrodes
Modified electrodes were made by mixing 0.001–

0.03 g ion-exchangers, 0.0005–0.002 g Na-TPB, 0.003–
0.009 g TiO2 nanoparticles, and 0.260–320 g high purity 
graphite. These components were mixed and 0.260–0.320 
g of a plasticizer was added. Thorough homogenization 
was then assured by careful mixing with a spatula in an 
agate mortar and pressing with a pestle. The produced 
paste was then packed in the tip of a polypropylene syringe 
(3 mm i.d., 0.5 mL). A copper wire conducted the current 
to the paste. This paste was polished by pressing on a 
weighing paper to a shining surface before use for potenti-
ometric measurements without pre-soaking. It is best for 
such sensors to be stored in a dry and cold place until use.

2. 5. Effect of Interfering ions
The separate solution method (SSM)39 and the mod-

ified separate solution method (MSSM)40 were applied to 
evaluate the potentiometric selectivity factors of the elec-
trode. In the SSM, the potential of a cell constructed from 
a working electrode containing the drug ions, ED and a 
reference electrode containing the interferent ions (EJ) is 
measured one solution at a time. The measured potentials 
were used to calculate the selectivity coefficient from the 
following equation:

where EJ and S is the slope of the calibration graph, ZD and 
ZJ are the charge of ATM and interfering species, respec-
tively.

In the modified separate solution method (MSSM), 
the potentiometric calibration curves are measured for the 
drug ions (D) and interfering ions (J). A plot of the meas-
ured potentials at various concentrations of the measured 
species is made and used to find the potential correspond-
ing to 1.0 M concentration by extrapolation. The selectivi-
ty coefficients are calculated from the equation:

where log KDJ
pot is selectivity coefficient; Ej

o  and ED
o  are val-

ues from the extrapolation of calibration curves to log(a) = 
0 for various interfering species and drug, for the studied 

electrode, respectively; SD is the slope of the drug elec-
trode.

2. 6. Effect of pH on the Electrode Potential
The effect of pH of the test solution on the potential 

values of the electrode system in solutions of different con-
centrations (1.0 × 10–4 M and 1.0 × 10–5 M) of the ATM 
solution was studied. Aliquots of the drug (50 mL) were 
transferred to a 100-mL titration cell and the tested ISE in 
conjunction with the SCE, and a combined glass electrode 
were immersed in the same solution. The pH of the solu-
tion was varied over the range of 2.0–9.0 by addition of 
very small volumes of (0.1 or 1.0 M) HCl and/or NaOH 
solution. The potential readings were plotted against the 
pH-values for the different analyte solutions.

2. 7.  Determination of Atomoxetine 
Hydrochloride in Miscellaneous Samples

2. 7. 1. Potentiometric Titration Method

Real samples containing 1.5–60 mg (5 × 10–3–2 × 
10–1 mmol) of atomoxetine hydrochloride were potentio-
metrically titrated with 0.01 M Na-TPB. The end point was 
determined from s-shaped plot of potential versus volume 
of titrant.

2. 7. 2. Calibration Graph Method
This method involves addition of the required 

amounts of drug to the test solution to make 50 mL-solu-
tions with concentrations in the range 2.0 × 10−7 M–1.0 × 
10−2 M of the drug and the measured potential was record-
ed using the present sensors. A plot of the potential versus 
logarithm of the ATM+ activity was used for determina-
tion of unknown drug concentration.

2. 7. 3.  Analysis of the Drug in Tablets and 
Capsules

A few tablets were powdered, (20 capsules were emp-
tied and mixed) then an equivalent amount of 10–4 to 10–6 
M were dissolved and filtered. The measured potential of 
each solution was used to calculate the concentration of 
the solution from the calibration plot constructed as de-
tailed above.

2. 7. 4.  Determination of Atomoxetine in Spiked 
Human Serum and Urine Samples

Different amounts of atomoxetine and 0.5 mL plasma 
or 1.0 mL urine were transferred to a 50-mL volumetric 
flask and diluted to volume. The solution was transferred to 
a 100-mL beaker and subjected to the calibration curve 
method for determination of atomoxetine hydrochloride.
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3. Results and Discussion
Titanium dioxide nanoparticles and sodium tetrap-

henylborate as a lipophilic additive were incorporated in 
the atomoxetine-sensitive electrodes to utilize their elec-
trochemical properties in improving the performance of 
the present electrode, namely, the detection limit, the line-
ar range and slope of the electrodes which is shown in the 
results obtained from the present electrodes. These effects 
add up to those of the other components that exemplify 
the basic parts in the sensors, namely the ion-pairs, the 
plasticizers and carbon paste whose properties made the 
back bone for the response of shown in Table 1.

change kinetics and formation constants in the paste, as 
well as leaching and interference with existing ions. Each 
ion-pair is a complex of atomoxetine drug associated with 
STA, SMA, PMA, PTA, and Na-TPB which are high-mo-
lecular weight anions with different lipophilicities and sta-
bilities. A few pastes with different compositions were fab-
ricated and tested, out of which sensors ATM-TPB and 
ATM-PTA gave the best results. On examination of the 
results collected in Table 1, it is noticed that the electrodes 
containing zero percent modifier complexes (electrode #1) 
have lower sensitivity and selectivity with poor repeatabil-
ity toward atomoxetine cations. Electrodes comprising 
various amounts of the ion-pairs, namely 0.2%, 0.5%, 

Table 1. Response characteristics of ATM-TPB and ATM-PTA electrodes at 0.90 g/p ratio.

No.   Composition%   Slope C.R. (M)  LOD (M) R(s)
 I.P g (TEPh)  (mV/decade)

Effect of different ion pair 
ATM-TPB electrode at 0.17% Na-TPB 
  1 – 47.50 52.50  27.7 ± 0.6 3.00 × 10–5–1.00 × 10–2 1.50 × 10–5 13
  2 0.20 47.23 52.40  52.1 ± 1.0 8.00 × 10–6–1.00 × 10–2 7.30 × 10–6 10
  3 0.50 47.13 52.20  59.2 ± 0.7 3.00 × 10–6–1.00 × 10–2 2.80 × 10–6 10
  4 1.00 46.90 52.10  44.2 ± 0.4 3.50 × 10–6–1.00 × 10–2 3.10 × 10–6 8
  5 1.00 46.83 52.00  57.9 ± 0.3 2.70 × 10–6–1.00 × 10–2 2.30 × 10–6 5
  6 2.00 46.43 51.40  53.3 ± 0.5 5.40 × 10–6–1.00 × 10–2 4.40 × 10–6 7
  7 3.00 45.83 51.00  52.8 ± 0.6 5.70 × 10–6–1.00 × 10–2 4.60 × 10–6 10
  8 5.00 44.83 50.00  50.7 ± 1.1 4.20 × 10–5–1.00 × 10–2 2.50 × 10–5 10

ATM-PTA electrode at 0.11% Na-TPB 
  9 0.20 47.29 52.40  53.9 ± 0.8 7.70 × 10–6–1.00 × 10–2 6.20 × 10–6 12
10 0.35 47.20 52.34  55.5 ± 0.7 1.00 × 10–5–1.00 × 10–2 9.20 × 10–6 11
11 0.50 47.20 52.30  39.7 ± 0.4 5.30 × 10–6–1.00 × 10–2 3.90 × 10–6 9
12 0.50 47.19 52.20  64.4 ± 0.6 3.60 × 10–6–1.00 × 10–2 2.80 × 10–6 5
13 1.00 46.89 52.00  73.4 ± 0.5 5.00 × 10–5–1.00 × 10–2 4.20 × 10–5 10
14 2.00 46.49 51.40  83.2 ± 0.4 8.00 × 10–5–1.00 × 10–2 6.50 × 10–5 11
15 3.00 45.89 51.00  66.8 ± 0.9 1.50 × 10–5–1.00 × 10–2 9.10 × 10–6 10
16 5.00 44.89 50.00  66.5 ± 1.2 1.10 × 10–5–1.00 × 10–2 8.20 × 10–6 13

Effect of amount TiO2 additive ATM-TPB electrode
    TiO2 
17 1.00 46.33 51.50 1.0 70.0 ± 1.0 3.30 × 10–6–1.00 × 10–2 2.60 × 10–6 05
18* 1.00 45.83 51.00 2.0  58.7 ± 0.5 1.10 × 10–6–1.00 × 10–2 8.00 × 10–7 03
19 1.00 45.33 50.50 3.0  71.1 ± 0.8 8.00 × 10–6–1.00 × 10–2 7.10 × 10–6 06

Effect of amount TiO2 additive ATM-PTA electrode 
20 0.50 46.69 51.70  1.0 63.0 ± 0.4 8.00 × 10–6–1.00 × 10–2 7.30 × 10–6 09
21* 0.50 45.19 51.20  2.0  67.2 ± 0.8 1.75 × 10–6–1.00 × 10–2 9.20 × 10–7 05
22 0.50 45.69 50.70 3.0 70.1 ± 0.9  6.30 × 10–6–1.00 × 10–2 5.90 × 10–6 08

I.P: ion-pair, g: graphite, p: plasticizer, S: slope (mV/decade), C.R.: concentration range, LOD: limit of detection, R(s): response 
time(s), * selected composition.

3. 1. Effect of the Ion-Pair
The ion-pair renders selectivity to the paste by 

strongly bonding the target ion thus it can transport the 
ion across the paste of the electrode, an effect which stems 
from the physico-chemical properties of the composite 
parts of the ion-pair intentionally incorporated for their 
properties. More specifically, they affect solubility, ex-

1.0%, 2.0%, 3.0%, and 5.0% (w/w), were made and tested 
to figure out the composition of the electrode that provides 
the best results for use in the rest of the study. Two elec-
trodes showed the best characteristics: one composed of 
1.0% ATM-TPB, made in the stoichiometry of 1:1 (sensor 
#5), and the other 0.5% ATM-PTA, made in the stoichi-
ometry of 3:1 (sensor #12). However, increase of the 
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amount of the modifier complex hampered the sensitivity 
and the working range as excess modifier changes the ratio 
of the ionic sites to the ionophore in the paste and possible 
saturation of the membrane leading to sub-Nernstian 
slopes.

3. 2. Plasticizer Selection
A plasticizer influences the detection limit, selectivi-

ty and sensitivity of the electrode. The partition coeffi-
cients of chemical species are strongly dependent on the 
solvation properties of the organic phase41 which are 
mainly determined by the polarity of the plasticizer used 
in the electrode. In addition, the nature of the plasticizer 
affects both the dielectric constant of the paste and the 
mobility of the ionophore and its complex.42 The desirable 
properties of a plasticizer used in the preparation of the 
ion-selective electrodes are: compatibility with the poly-
mer, low volatility and low solubility in aqueous solution, 
low viscosity, low cost and low toxicity.43,44 The plasticizers 
viz. DOS, DOP, DBP, TEPh, and DOA with different phys-
ical parameters, such as dielectric constant, lipophilicity, 
viscosity, and molecular weight (M)45,46 were employed to 
study the effect on the electrochemical behavior of the 
electrodes (Fig. 2) to select the plasticizer that provides the 
best improvement of the electrode response. Comparative-
ly, tris(2-ethylhexyl) phosphate (TEPh), with relatively 
high lipophilicity and similarity to that of the ion pair, pro-
duced the best improvement to the response, an effect that 
stems from its direct effect on solubility in the paste which 
is in line with the rule of the thumb “like dissolve like”. 
Therefore, it was incorporated in all mixtures utilized in 
characterization of the present electrode.

3. 3.  The Graphite/Plasticizer (g/p) Ratio 
Study

The sensitivity and selectivity of the electrode de-
pend on graphite/plasticizer ratio used.47 Pastes compris-
ing graphite/plasticizer ratios of 0.75–1.35 were examined. 
It is interesting to note that the ratio of ca. 0.90 was the best 
combination as it showed the optimum response as the 
outcome of the physical properties of the constituents that 
enabled high mobilities of the inherent constituents.48 
Pastes with g/p ratio >1.35 are crumbly and those with g/p 
<0.75 are not sticky enough to be workable.

3. 4.  The Influence of Na-TPB as Anionic 
Additives
It is intended to improve the sensitivity of the elec-

trode by incorporation of selected components based on 
their physicochemical properties that show up in the re-
sponse of the sensor. As for the additives to the ingredients 
of the paste, it is the hydrophobicity that marks this addi-
tive and makes it compatible with other components.20 
Sodium tetraphenyl borate, namely, was found notably ef-
fective for this purpose. This behavior is due to tetraphenyl 
borate anions that repel diffusion of anions from the ana-
lyte solution, this diffusion results in a decrease of the 
number of the cation-anion sites in the bilayer at the mem-
brane-analyte interphase making a smaller difference in 
the concentrations of this cation-anion combination at the 
two sides of the membrane, that consequently reduces the 
measured potential. These additives reduce ohmic resist-
ance and improve response behavior and selectivity. In ad-
dition, they may catalyze the exchange kinetics at the sam-

Fig 2. Effect of different plasticizers on the response of (a) ATM-TPB and (b) ATM-PTA electrodes.
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ple-electrode interface.49 The results collected on the 
present electrodes, as well as reports in the literature50,51 
are in line with this explanation. Electrodes containing 
various amounts, namely, 0.11, 0.17, and 0.33% (w/w) of 
Na-TPB were tested among which electrode ATM-TPB 
and electrode ATM-PTA containing no additive showed 
slopes of 44.2 and 39.7 mV per decade that were improved 
to 57.9 and 64.4 mV per decade on incorporation of 0.17 
and 0.11% of Na-TPB to these electrodes, respectively.

3. 5. The Effect of TiO2 Nanoparticles
Nanoparticles, as solid matrices, are important for 

their special properties which are currently utilized in de-
velopment of the characteristics of ISEs toward stronger 
signals, increased sensitivity, decreased detection limit, 
and better reproducibility. For example, TiO2 nanoparti-
cles are non-toxic, stable, mechanically strong and bio-
compatible. In addition, they have large surface area and 
thus can act as an effective electron transfer agent. With 
these properties, they attracted interest of researchers 
around the globe for implementation in ISEs in endeavors 
to develop better electrodes for various purposes.36,52,53 In 
the present work, pastes containing different amounts of 
TiO2 nanoparticles (as given in Table 1) were incorporated 
in studying the effect of composition on the performance 
of the electrode. A lowering of the detection limit and sta-
bilization of the potential reading was observed with the 
two electrodes containing 2.0% of TiO2 nanoparticles as 
shown in Figure 3.54

3. 6. Effect of Diverse Ions
The selectivity coefficients are the foremost impor-

tant characteristics of ISEs, informing about the ability of 
the sensing membrane for discrimination of the primary 

ion against other ions of the same charge.55 The response 
of the electrode to the analyte must surpass that to other 
substances in a way that the electrode exhibits Nernstian 
dependence on concentration of the primary ion over a 
wide concentration range. The selectivity of the electrode 
stems from the selectivity of the ion-exchange process at 
the phase boundary and the mobilities of the relevant ions 
in the matrix of the sensor. It is desired that an electrode 
has as low as possible response to all species other than 
that for which it was fabricated to measure. The selectivity 
coefficients of these electrodes toward a variety of chemi-
cal species and excipients, likely incorporated in pharma-
ceutical preparations, or found in biological fluids, and 
some of the tested species are normally taken with the pre-
scribed drug, were evaluated by the separate solution 
method SSM and the modified separate solution method, 
MSSM. The results collected for the two methods, listed in 
Table 2, are clearly different and those obtained by MSSM 
are much better and are in line with expectations as MSSM 
is unbiased.56,57 That entails use of an alternative approach, 
the modified separate solution method as described by 
Bakker et al.40 Consequently, the results (less than 1.0) in 
Table 2 indicate that the effects of the interfering ions on 
the response of the electrodes are small which means that 
the inorganic cations do not interfere for they have differ-
ent ionic size resulting in different mobility and permea-
bility. Overall, similarity in the composition of the paste to 
that of drug ion leads to better compatibility and improved 
response. The results indicate that the constructed sensor 
displays high selectivity for ATM over common drugs.

3. 7.  Response Time and Reversibility  
of the Electrodes
The time between addition of the analyte to the sam-

ple solution and the time when a limiting potential was 

Fig. 3. Calibration graph and limit of detection of (a) ATM-TPB and (b) ATM-PTA electrodes with and without TiO2 nanoparticles.
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attained, known as the response time,58 was measured in 
accordance with the IUPAC recommendations with all rel-
evant measurements made under the same experimental 
conditions. As it depends on the membrane type and the 
interferents, measurements of the response time are relat-
ed to how quickly the layer of sample adhering to the ISE 
membrane can be exchanged for a new layer since potenti-
ometric responses require ion movement over nanometers 
at the phase boundary of the analyte and the ion-selective 
membrane.59 In the present contribution, 1.0 × 10−6 M to 
1.0 × 10−2 M solutions were used for measurement of the 
response time of the electrode which reached equilibrium 
in ~ 5 s as evident in Fig. 4a. The electrode has a long term 
stability as the response remains practically constant and 
stable for 35–40 min and starts to drop slightly following 
this period. The response of each electrode was checked 
for reversibility. The electrode potentials of 1.0 × 10–4 M 
and 1.0 × 10–5 M atomoxetine hydrochloride solutions 
were estimated alternately in the same solution after mak-

ing the proper treatment. The results, shown in Figure 4b, 
indicate reversibility in potentiometric responses of the 
sensors.

3. 8.  Surface-Renewal and Reproducibility  
of the Electrode
Modified electrodes are attractive for possibility of 

surface renewal after every use. The slope of the calibration 
graph constructed for the present electrodes decreased 
slightly after three consequent uses which may be attribut-
ed to memory effect caused by accumulating surface con-
tamination. Fortunately, a fresh surface of the modified 
electrodes can be exposed by squeezing a little carbon 
paste out of the tube and smoothing on a piece of weighing 
paper whenever needed. Accordingly, a paste of optimum 
composition and suitable mass (~2.0 g) can be used for 
several months to get dependable response of the elec-
trode. The reproducibility of the new layer of the paste was 

Table 2. Selectivity coefficients of various interfering ions for sensor ATM-TPB and sensor ATM-
PTA.

Interfering species SSM MSSM 
 ATM-TPB ATM-PTA ATM-TPB ATM-PTA

Ca(II) –4.23 –3.45 –5.28 –4.71
Mg(II) –4.08 –3.89 –4.33 –4.13
Cu(II) –2.92 –2.13 –5.30 –4.32
Na(I) –3.99 –3.36 –5.81 –4.83
K(I) –4.04 –3.38 –5.91 –4.89
maltose – – –6.29 –5.03
L-ascorbic acid – – –6.35 –5.10
galactose – – –6.27 –5.06
glucose – – –6.07 –5.03
sucrose – – –6.10 –5.00
asparagine – – –6.15 –4.91
histidine – – –6.28 –5.07
glycine – – –6.30 –5.05
lactose – – –6.32 –4.98
arginine – – –5.98 –5.06
midazolam hydrochloride –3.94 –3.48 –5.64 –5.09
dexamethasone hydrochloride –3.92 –3.45 –5.72 –4.98
tramadol hydrochloride –1.45 –2.08 –1.64 –2.38
tranexamic acid –3.97 –3.48 –5.82 –5.03
pethidine hydrochloride –1.70 –1.93 –2.06 –2.23
ranitidine hydrochloride –3.15 –3.16 –3.25 –4.46
dopamine hydrochloride –3.66 –3.12 –5.12 –4.46
furosemide –4.00 –3.42 –5.88 –5.03
ephedrine hydrochloride –2.39 –2.23 –2.57 –2.46
hydralazine hydrochloride –2.47 –1.89 –2.74 –2.01
lidocaine hydrochloride –1.53 –1.84 –1.90 –1.79
diclofenac potassium –3.83 –3.31 –5.67 –4.84
vardenafil hydrochloride –3.66 –3.45 –5.18 –5.06
amoxicillin –3.83 –3.44 –5.36 –5.03
paracetamol –3.90 –3.40 –5.81 –4.98
gentamycin sulfate –2.63 –2.19 –4.04 –3.93
lasix –2.46 –2.23 –2.66 –2.73
ceftriaxone sodium –2.05 –1.86 –2.26 –2.31
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checked by 10 successive measurements on the same sur-
face giving a lower relative standard deviation. This indi-
cates excellent repeatability of the potential response of the 
electrodes.

3. 9. pH Dependence
It is relevant to state that atomoxetine is a primary 

amine which is basic and has a pH around 9. The drug is a 
hydrochloride salt of the primary amine and the pH of the 
drug in solution lies in the range 4–5. The effect of the 
acidity of the solution on the response of the ATM-TPB 
and ATM-PTA electrodes was studied for 1.0 × 10–4 M 
and 1.0 × 10–5 M atomoxetine hydrochloride in the pH 
range of 2.0–9.0. The pH was adjusted with 0.2 M solu-
tions of hydrochloric acid or sodium hydroxide. It is not-
ed from Fig. 5a and Fig. 5b that the sensors can be de-
pendently used in the pH range 4.0–7.5 providing 
acceptable results which clearly shows that they are not 
affected by slight changes of the pH of the solution in this 
range. PTA and TPB are components of the electrode 
which are not normally affected by changes of pH in this 
range as they are in salt forms and moreover they are 
components of practically insoluble ingredients of the 
electrode. Nevertheless, at pH 4.0 a nonlinear response 
was seen with slight increase in the potential. This is rea-
sonably linked to the effect of the accumulating hydroni-

um ion on the electrode behavior. At high pH the OH– 
ions penetrate the paste and react with counter ions of the 
drug anions of the polyprotic acid. Therefore, the equilib-
rium is hampered and shifted to the right by consumption 
of some drug anions on formation of the insoluble drug in 
the paste with the effect of slow decrease of the ion-ex-
changer and a decrease in the concentration of the active 
species of the sensor, a similar explanation to a few re-
cently reported sensors.60

3. 10. Effect of Temperature
To study the thermal stability of the electrodes, cali-

bration curves (Ecell vs. log [drug]) were constructed at 
various temperatures covering the range 20–60 °C where it 
is noticed that the slopes of the calibration graphs re-
mained in the Nernstian range up to 50 °C of the test solu-
tion over almost the same linear concentration ranges of 
the electrodes. These measurements ensure that the pres-
ent electrodes are usable up to 50 °C without noticeable 
deviation from the Nernstian behavior, i.e. provide de-
pendable results. However, temperatures higher than 50 
°C cause significant deviations from the theoretical values. 
This effect is likely due to the damage of the electrode sur-
face and probable leaching of the plasticizer due to de-
creasing viscosity as temperature is raised, a collective ef-
fect that shows up in lower response of the electrode.

Fig. 4. (a) Typical potential-time plot for response of ATM-TPB and ATM-PTA electrodes (b) Dynamic response of the ATM-TPB and ATM-PTA 
electrodes for several high-to-low respective measurements.

Fig. 5. Effect of pH of the test solution on the potential response of a) ATM-TPB and b) ATM-PTA.
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3. 11. Analytical Performance
It is important to check the applicability of the pres-

ent electrode for determination of atomoxetine drug in 
biological fluids and pharmaceutical preparations. This 
goal was achieved by using the calibration curve and po-
tentiometric titration methods.

3. 11. 1.  Determination of Atomoxetine Drug in 
Tablets and Capsules

The calibration curve method was employed for de-
termination of the drug in pharmaceutical products (tab-
lets and capsules). The results, collected in Table 3, with 
the relative standard deviation of the results were calculat-
ed and found to range between 0.94% and 1.86% which is 
an indication of precision of the results. Moreover, per-
centage recovery of all the experiments was in the range 

97.2% to 103% which is an indication of accuracy of the 
results. These results indicate dependable and successful 
use of the presently fabricated electrodes for the intended 
determinations of atomoxetine hydrochloride.

3. 11. 2.  Determination of Drug Ions in Urine and 
Serum

Atomoxetine has high aqueous solubility and biolog-
ical membrane permeability that facilitates its rapid and 
complete absorption after oral administration. Absolute 
oral bioavailability ranges from 63% to 94%, which is gov-
erned by the extent of its first-pass metabolism.61 A small 
fraction (<3%) of the dose is excreted as unchanged drug 
in the urine indicating minor role of renal excretion of the 
drug.62 Calculation shows that the concentration of the 
drug in the blood and the urine is within the range covered 

Table 3: Recovery of atomoxetine hydrochloride from pharmaceutical preparations and 
spiked biological fluids samples by ATM-TPB and ATM-PTA electrodes.

Samples Taken (M) Found (M) X% R.S.D % F-value t-values

ATM-TPB electrode 

Capsules 
 1.00 × 10–6 1.01 × 10–6 101 1.11 2.51 1.22
 1.00 × 10–5 9.96 × 10–6 99.6 1.05 2.13 1.56
 1.00 × 10–4 9.79 × 10–5 97.9 0.94 1.85 1.40
Tablet 
 1.00 × 10–6 1.03 × 10–6 103 1.41 1.98 1.38
 1.00 × 10–5 9.89 × 10–6 98.9 1.08 1.56 1.87
 1.00 × 10–4 9.72 × 10–5 97.2 1.45 2.18 2.31
Urine 
 1.00 × 10–6 1.05 × 10–6 105 1.76 2.08 2.14
 1.00 × 10–5 1.02 × 10–5 102 1.48 2.39 1.98
 1.00 × 10–4 9.91 × 10–5 99.1 1.64 3.76 2.39
Serum 
 1.00 × 10–6 1.06 × 10–6 106 1.38 4.15 3.17
 1.00 × 10–5 1.04 × 10–5 104 1.67 3.62 2.87
 1.00 × 10–4 1.01 × 10–4 101 1.44 5.98 3.28

ATM-PTA electrode 

Capsules 
 1.00 × 10–6 9.86 × 10–7 98.6 1.28 1.25 1.30
 1.00 × 10–5 9.91 × 10–6 99.1 1.02 1.58 1.52
 1.00 × 10–4 9.87 × 10–5 98.7 1.86 1.98 2.23
Tablet 
 1.00 × 10–6 1.01 × 10–6 101 1.07 1.77 2.45
 1.00 × 10–5 9.94 × 10–6 99.4 1.39 1.23 2.13
 1.00 × 10–4 9.81 × 10–5 98.1 1.26 2.24 1.95
Urine 
 1.00 × 10–6 1.03 × 10–6 103 1.12 3.21 2.58
 1.00 × 10–5 1.01 × 10–5 101 1.18 2.58 2.84
 1.00 × 10–4 9.97 × 10–5 99.7 1.51 3.79 3.11
Serum 
 1.00 × 10–6 1.07 × 10–6 107 1.22 4.52 3.29
 1.00 × 10–5 9.73 × 10–6 97.3 1.42 4.76 3.44
 1.00 × 10–4 9.91 × 10–5 99.1 1.36 3.95 3.08

X: recovery, M: the molar concentration of atomoxetine samples (taken), RSD relative stand-
ard deviation, the number of replicate measurements = 3. The critical value of F = 9.28 and the 
critical value of t = 3.707.
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by the present electrodes suggesting that they will be use-
ful tools to assess the drug in biological samples. Experi-
ments were conducted by spiking urine and serum sam-
ples with appropriate amounts of ATM ions. Low volume 
urine (1.0 mL) and serum (0.5 mL) samples gave results 
with best recovery suitable for low interference. The meas-
ured potentials were used to calculate the corresponding 
concentrations using the calibration curve. As can be seen 
in Table 3, the results were acceptable and reproducible 
with quantitative recovery of atomoxetine showing that 
the proposed sensors can be employed for quantification 
of the drug in biological fluids.

3. 11. 3.  Titration of Atomoxetine Hydrochloride 
Solution with Na-TPB Solution

Potentiometric titrations involve detection of the 
end-point at a drastic change in the concentrations of the 
reactants causing a big shift in the electrode potential. 25.0 
mL-samples of 1.0 × 10−3 M of atomoxetine hydrochloride 
solution were titrated successfully against 1.0 × 10−3 M Na-
TPB standard solution using the present electrodes ATM-
TPB and ATM-PTA. The data, plot in Fig. 6, clearly show a 
steep potential jump at the end point indicating complete-
ness of the titration. Na-TPB reacts with the drug forming 
an ion-pair complex and causes its gradual depletion in 
solution and concomitant drop in the corresponding 
measured potential. ATM-PTA sensor provided a better 
response (a steeper titration curve with sharper end point), 

a reasonable result for having a higher molar mass and less 
solubility in the test solution. In brief, the present elec-
trodes can be dependently used as indicators in determi-
nation of atomoxetine drug in solutions.

3. 11. 4 Statistical Treatment of Results
The results obtained for the above method were 

compared with the values obtained from the values from 
the published method.63 F-test was used for comparing the 
precision of the two methods and t-test for comparing the 
accuracy.64 The estimated F and t-test values in Table 3 
were less than the critical (tabulated) ones. Therefore, 
there is no significant difference between the precisions or 
the accuracies of the methods at 95% confidence levels and 
the obtained results indicated a reasonably fair agreement 
of the present and official methods.

4. Conclusions
Two carbon paste atomoxetine-sensitive electrodes 

were fabricated that employ the various desired character-
istics of the composite materials. Their properties com-
prise lower detection limits 8.0 × 10–7 M and 9.2 × 10–7 M, 
wider concentration ranges 1.2 × 10–6–1.0 × 10–2 M and 
2.7 × 10–6–1.0 × 10–2 M, less interferences, and better se-
lectivity. Importantly, these electrodes utilize small parti-
cle size, large surface and better conductivity, the favorable 
characteristics of TiO2 nanoparticles to effectively improve 
the electrode response. These electrodes effectively join 
the characteristics of the composite materials to fulfil the 
intended target, fabrication of atomoxetine-sensitive elec-
trodes that were successfully used for determination of 
atomoxetine in pharmaceutical and biological samples.
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Povzetek
Opisujemo raziskavo za izboljšanje mej zaznave pri elektrodi, selektivni za atomoksetin. Najbolje sta se izkazali prepros-
ti potenciometrični elektrodi z ogljikovo pasto (CPE), osnovani na atomoksetinu, derivatiziranem z tetrafenilboratom 
(ATM-TPB) ali s fosfovolframovo kislino (ATM-PTA) kot ionskima paroma, z dodanimi nanodelci TiO2 in z natrijevim 
tetrafenilboratom (Na-TPB) kot aditivom. Raziskali smo parametre, ki vplivajo na odgovor electrod, kot so: sestava 
paste, vrsta plastifikatorja, vrsta elektroaktivnega materiala in moteče zvrsti. Elektrodi sta imeli dobre karakteristike, saj 
so se meje zaznave spustile do 8,0 × 10–7 M in 9,2 × 10–7 M, imeli sta široko linearno območje 1,1 × 10–6–1,0 × 10–2 M in 
1,75 × 10–6–1,00 × 10–2 M, naklon 58,7 ± 0,5 mV/dekado in 67,2 ±0 ,8 mV/dekado. Pomembno je tudi, da je odčitek 
potenciala postal bolj stabilen in je bil hitreje dosežen v prisotnosti aditivov. Selektivnost za učinkovino nasproti drugim 
zvrstem, kot so anorganski in organski kationi, pa tudi različne pomožne snovi, ki so lahko prisotne v farmacevtskih 
pripravkih, je bila visoka in njihov učinek na odgovor elektrod je bil zanemarljiv. Senzorja smo kot indikatorski elektrodi 
uspešno uporabili za določitev učinkovine v farmacevtskih pripravkih, urinu in serumu z dobro točnostjo, izvrstnim 
izkoristkom in učinkovitostjo.
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Abstract
In this study mulberry leaf extract biocompounds were encapsulated with sodium carboxymethyl cellulose (0.55%, 
0.70%, and 0.75% w/v) or maltodextrin (8%, 10%, and 12% w/v). The outcome of this work demonstrated that malto-
dextrin showed the highest encapsulation efficiency towards the phenolic acids and 1-deoxynojirimycinin whereas the 
flavonols and gamma-aminobutyric acid were best encapsulated by sodium carboxymethyl cellulose. Moreover, the anti-
oxidant properties of the encapsulated powders were found to be associated with their nutraceutical constituents. In ad-
dition, the powders produced with sodium carboxymethyl cellulose were typified by suitable hygroscopicity, wettability 
time, glass transition temperature, and bulk properties than those obtained with maltodextrin which was characterized 
by desirable porosity, water solubility, moisture content, water activity, color, particle, and flowability properties. 

Keywords: Freeze drying, mulberry leaf; encapsulation; sodium carboxymethyl cellulose; maltodextrin

1. Introduction
Morus plant species possess enormous importance 

in economic, industrial, and domestic fields.1 In Asia the 
plant is grown chiefly for their leaves as food for silkworms 
(Bombyx mori L.).2 With the development of sericulture 
production and advancement in biotechnology, new mul-
berry varieties are increasingly in demand. However, a 
huge amount of the leaves are wasted by the end of the silk 
production cycle.2 Recent studies have highlighted the 
health benefits of the leaf in the treatment of human ail-
ments.3,4 Nevertheless, the leaf is mostly harvested season-
ally, thus making it hard to be utilized by the food and nu-
traceutical industries, because of their delicate structure, 
susceptibility to spoilage and low stability in storage. 
Hence, considering, the fragile nature of the leaves and the 
large quantities lost during postharvest handling, mulber-

ry leaf could be processed into powder to increase its eco-
nomic value.

The potential industrial application of mulberry leaf 
powder as a functional ingredient for the food and pharma-
ceutical industries as an alternative solution for its post-har-
vest conservation of mulberry leaf is limited due to its high 
perishability and postharvest handling costs (storage, pack-
ing, and transport). Moreover, the high content of nutraceu-
ticals in mulberry leaf makes its powder less soluble in water 
and unstable during processing, therefore leading to techni-
cal hitches in its industrial utilization,5 In addition, bioactive 
compounds are highly susceptible to degradation when ex-
posed to environmental conditions thus, reducing their bio-
availability.6 In this sense, production of an encapsulated 
powder from mulberry leaf extract might be an alternative 
to reduce the technical difficulties in its industrial applica-
tion and ensure product availability.



824 Acta Chim. Slov. 2018, 65, 823–835

Tchabo et al.:   Carrier Effects on the Chemical and Physical   ...

From a food engineering perspective, encapsulation 
is an effectual process frequently employed in the pharma-
ceutical and food industries to preserve the functionality 
of biomolecules by entrapping the active agents in wall 
materials.7 Encapsulation of plant extract enhance the fi-
nal product quality and process capability, low-cost deliv-
ery, easy maintenance, and protect active compounds 
against physical and chemical stress.8 

Encapsulation using freeze drying is a suitable pro-
cess employed to improve the stability of thermosensitive 
biocompounds while preserving their biological activi-
ties.9 Several encapsulating agents such as carbohydrates, 
cellulose derivatives, and gums have been applied in freeze 
drying owing to their low viscosity and high solubility.10 
However, each wall material has advantages and draw-
backs in terms of their characteristics, which influence the 
properties of the encapsulated powder.11 

In the last decade, encapsulation of herbal extract has 
been investigated by numerous scientists and it has been es-
tablished that entrapment efficiency of biocompounds de-
pends on the encapsulation conditions, such as the type and 
concentration of the wall material.12 As reported by Da 
Rosa et al.,13 the type of encapsulating agent is a key deter-
minant of the functional properties of an encapsulated mi-
croparticle. Moreover, the polarity, molar mass, and func-
tionality of the carrier significantly influence the chemical 
stability, solubility, physical state, and entrapment of nutra-
ceutical compounds.14 Individual nutraceutical compo-
nents from different groups differ in structure, properties 
and may have different encapsulation trends during 
freeze-drying.15 However, most research conducted in liter-
ature focus on the entrapment efficiency of the total poly-
phenol content. Howbeit, these scientific contributions are 
pertinent but, none of them utterly covers the encapsulation 
efficiency of individual nutraceuticals of the herbal extracts. 
Despite, numerous scientific reports on encapsulation of 
herbal extracts, there is still scarcity of knowledge on the 
impact of carrier materials on entrapment efficiency of indi-
vidual nutraceutical compounds in the herbal extracts and 
the physical characteristics of encapsulated extract powder. 

To the best of our knowledge, there are limited stud-
ies on mulberry leaf extract encapsulation. Hence, the 
present investigation sought to assess the effects of encap-
sulating materials (sodium carboxymethyl cellulose and 
maltodextrin) and fractions of carrier materials to core 
ratio on the chemical (individual nutraceuticals retention, 
encapsulation efficiency, and antioxidant) and physical 
(particle, packing, reconstitution, shelf-life, and chromat-
ic) characteristics of encapsulated mulberry leaf extract 
powder. The scientific contribution of this investigation 
was to valorize mulberry leaf by the development of a 
powder with nutraceutical value, while the technological 
application of encapsulating mulberry leaf extract was to 
preserve the physical characteristics of the powder that 
define its behavior during processing, storage, and han-
dling to ensure its industrial utilization.

2. Materials and Methods
2. 1. Materials 

Mulberry leaf (Morus alba) was acquired from Zhen-
jiang mulberry variety nursery base (Jiangsu, China). 
Maltodextrin 13-17DE (MD, ~1200 DA), sodium car-
boxymethyl cellulose (CMC, ~90000 DA), nutraceutical 
standards, and other reagents of AnalaR grade were ob-
tained from Sigma-Aldrich (St. Louis, USA).

2. 2. Experimental Methodology
2. 2. 1. Nutraceuticals Extraction 

The extraction of nutraceutical compounds was con-
ducted following the methodology described by Tchabo et 
al.16 using a two-step extraction. Concisely, the fresh leaf 
was lyophilized (48 h, –60 °C, 0.02 mbar, FD-1A-50, Bo-
yikang Laboratory Instruments, Beijing, China) and pow-
dered using a jet miller (0101S Jet-O-Mizer Milling, Fluid 
Energy Processing and Equipment Company, Telford, 
USA). Subsequently, 10 g of the powder (500 mesh) was 
added to warm distilled water (70 °C, 400 ml) and stirred 
for 40 min at 300 rpm using a rotary water bath (isother-
mal shaker DK-600B, Jianqiao Testing Equipment, Guang-
dong, China). Afterward, the mixture was centrifuged (15 
min/6000 g/4 °C, Beckman Avanti J-26 XP Coulter, Fuller-
ton, California, USA), and filtered (whatman #1 paper). 
Then, the nutraceutical extract (NE) was kept at 4 °C in an 
amber flask prior to encapsulation. 

2. 2. 2. Nutraceutical Extract Encapsulation
The addition rate of encapsulating agents was cho-

sen based on trials with respect to the feed mixture stabil-
ity, processing cost, and encapsulated powders quality 
(unpublished data). Concisely, the NE and different ratio 
of CMC (0.55%, 0.70%, and 0.75% w/v) or MD (8%, 10%, 
and 12% w/v) were homogenized (Ika-Ultra-Turrax T25, 
China) at 25 °C for 5 min at 12000 g. The feed mixtures 
were then poured into a petri dish (1 cm depth), frozen at 
–29 °C for 24 h, and lyophilized (FD-1A-50, Boyikang 
Laboratory Instruments, Beijing, China) for 72 h (0.02 
mbar, –60 °C). Afterwards, the freeze-dried cake was 
powdered (50 g/10 s/40 rpm) with a laboratory blender 
Mixomat mini (Fuchs  Maschinen  AG, Switzerland) and 
the encapsulated nutraceuticals powder (ENP) was stored 
(at 25 °C) in a vacuum sealed aluminum bag and kept in a 
desiccator containing silica gel prior to assay (within 2 
weeks). 

2. 3. Nutraceuticals Assay
The free nutraceuticals supernatant (non-encapsu-

lated) and the total supernatant (within and outside the 
microparticles) were obtained as reported by Akbas et al.17 
Briefly, for the free nutraceuticals supernatant, the ENP 

http://www.bio-equip.cn/enshow1manufacture.asp?manuid=bilon
http://www.bio-equip.cn/enshow1manufacture.asp?manuid=bilon
http://www.bio-equip.cn/enshow1manufacture.asp?manuid=bilon
http://www.bio-equip.cn/enshow1manufacture.asp?manuid=bilon
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(500 mg) was dissolved in an ethanol and methanol mix-
ture (1:10, 50 ml). For the total supernatant, the ENP (500 
mg) was added to an ethanol, acetic acid and distilled wa-
ter mixture (50:8:42, v/v, 50 ml). The mixtures were stirred 
(10 s) and centrifuged (9056 g/5 min/4 °C). The superna-
tants were used to assay the contents of nutraceutical com-
pounds. The contents were expressed as milligram per 
gram of sample on a dry basis.

Nutraceuticals assays were carried out according to 
Tchabo et al.16 using an HPLC system (Shimadzu Corpo-
ration, Kyoto, Japan) constituted of a SCL-10A system 
controller, LC-20AB pump, DGU-20A5R degasser, SIL 
20AC autosampler, CTO-20AC column oven, SPD-M20A 
photodiode array detector coupled with a ZORBAX-SB 
C18 (250 mm × 4.6mm, 5-μm) column (Agilent, Santa 
Clara, USA). 

2. 3. 1. Phenolics 
Chlorogenic acid (CHA), caffeic acid (CA), kaemp-

ferol-7-O-glucoside (K7G), quercetin-3-rutinose (Q3R), 
quercetin-3-O-glucoside (Q3G), kaempferol 3-(6-rham-
nosylglucoside) (K3R), quercetin 3-(6-malonylglucoside) 
(Q3M), kaempferol-3-glucoside (K3G) and kaempferol 
3-(6-malonylglucoside) (K3M) were measured as de-
scribed by Tchabo et al.16 Concisely, the supernatant (10 
µl) was eluted (60 min, 1 ml/min, 40 °C) with a mobile 
phase of acetonitrile and 0.1% formic acid (20:80). The 
data was recorded at 280 nm for phenolic acids and 370 
nm for flavonols. 

2. 3. 2. 1-deoxynojirimycin 
1-deoxynojirimycin  (DNJ) was measured as de-

scribed by Tchabo et al.16 Concisely, the supernatant (500 
µl) was mixed with potassium borate buffer (0.4 M, pH 
8.5, 50 µl) and 9-fluorenylmethyl chloroformate (5 mM in 
acetonitrile, 100 µl). The mixture was held at 20 °C for 20 
min after which glycine (50 µl) and acetic acid (17.5 mM, 
4.3 ml) were added. Then, 10 µl of the mixture was eluted 
(30 min, 1 ml/min, 25 °C) with a mobile phase of acetoni-
trile and 0.1% acetic acid (50:50). The data was recorded at 
254 nm.

2. 3. 3. Gamma-aminobutyric Acid 
Gamma-aminobutyric acid (GABA) was measured 

as described by Tchabo et al.16 Concisely, the supernatant 
(400 µl) was mixed with potassium borate buffer (0.5 M, 
pH 8.5, 100 µl) and 9-fluorenylmethyl chloroformate (3 
mM in acetonitrile, 500 µl). The mixture was held at 25 °C 
for 10 min after which acetic acid (1 M, 100 µl) was added. 
Then, 20 µl of the mixture was eluted (0.5 ml/min, 40 °C) 
with a mobile phase constituted of eluent (A) sodium ace-
tate buffer (0.1 M, pH 5.8, 0.05% triethylamine) and eluent 
(B) acetonitrile (80%). The gradient was as follows: 20-

50% B (0–5 min), 50–100% B (5–10 min), 100% B (10–20 
min), 100–20% B (20–25 min) and 20% B (25–35 min). 
The data was recorded at 262 nm.

2. 3. 4. Nutraceutical Retention 
Nutraceutical retention (NR) was assessed according 

to Du et al.18 as the ratio between the total content of each 
nutraceutical compound present in the ENP to that pres-
ent in the NE. The NR was calculated as follows:

%NR = ((total content of ENP*100)) ⁄ 
(total content)  of NE

2. 3. 5. Encapsulation Efficiency 
Encapsulation efficiency (EE) was determined ac-

cording to Akbas et al.17 as the difference between the total 
content and the free content of each nutraceutical com-
pound. The EE was calculated as follows:

%EE = ((total content-free content)) ⁄ 
(total content) × 100 

2. 4. Antioxidants Assay
The antioxidant assays were performed according to 

Tchabo et al.16 using the total supernatant. The cupric ion 
reducing capacity (CUPRAC), 2,2-azino-bis-(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS), 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH) and ferric reducing antioxidant pow-
er capacity (FRAP) were expressed as mM of Trolox 
equivalent per gram of sample on dry basis.

2. 4. 1. ABTS 
The supernatant (125 µl) was mixed with 5 ml of 

ABTS solution which was constituted of 2.45 mM ABTS in 
ammonium persulfate (incubated in darkness for 16 
hours). The mixture was held for 15 min at 25 °C and the 
absorbance read at 734 nm.

2. 4. 2. CUPRAC 
The supernatant (100 µl) was mixed with 4 ml of a 

solution which was constituted of neocuproine (7.5 mM), 
copper(II) chloride (10 mM), ammonium acetate (1M) 
and distilled water (1:1:1:1). The mixture was held for 60 
min at 25 °C and the absorbance read at 450 nm.

2. 4. 3. DPPH 
The supernatant (1 ml) was mixed with 6 ml of 

DPPH  solution (60 mM in methanol). The mixture was 
held for 30 min at 25 °C (in darkness) and the absorbance 
read at 517 nm.

http://central.oak.go.kr/journallist/journaldetail.do?article_seq=20489&tabname=abst&resource_seq=-1&keywords=null
https://en.wikipedia.org/wiki/Ammonium_persulfate
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2. 4. 4. FRAP 
The supernatant (200 µl) was mixed with 6 ml of a 

solution which was constituted of acetate buffer (300 mM, 
pH 3.6), iron(III) chloride (20 mM), TPTZ (10 mM in 40 
mM HCl) (1:10:1) and distilled water (600 µl). The mix-
ture was held for 30 min at 37 °C and the absorbance read 
at 593 nm.

2. 5. Particle Properties
Particle size (PS) and particle density (PD) were 

measured according to Santhalakshmy et al.19

PS of the ENP was measured using a Master-Sizer 
3000 (Malvern Instrument Ltd, Worcestershire, UK) and 
expressed as geometric mean (d50). For the determination 
of the PD, the ENP (1 g) was added to petroleum ether (5 
ml) in a graduated cylinder and stirred (5min). The cylin-
der was washed with petroleum ether (1 ml) and the total 
volume (suspended particle and petroleum ether) record-
ed. The, PD of the ENP was calculated as follows:

 PD = powder weight/total volume of suspended 
particle and petroleum ether-6

2. 6. Packing Properties
Bulk density (BD), tapped density (TD), Hausner ra-

tio (HR), Carr index (CI), and porosity (PO) were mea-
sured as described by Santhalakshmy et al.19 Briefly, the 
ENP (2 g) was loaded into a graduated cylinder (10 ml) 
and the ratio of the mass of the ENP and the volume occu-
pied was determined as the BD. The TD was determined, 
by vortexing the cylinder for 1 min and the volume occu-
pied was used to calculate the TD. The HR, CI, and PO of 
the ENP were calculated as follows:

HR=tapped density/bulk density (4)

CI = (tapped density-bulk density/
tapped density) × 100 (5)

PO = (particle density-tapped density/
particle density) × 100                                      (6)

2. 7. Reconstitution Properties
Water solubility index (WSI) and wettability time 

(WET) were measured according to Santhalakshmy et al.19 
Briefly, the ENP (2.5 g) was added to distilled water (30 ml, 
30 °C), vortex (15 min), and then centrifuged (9056 g, 10 
min). The supernatant was collected in a petri dish and 
oven dried (105 °C, 8 h). The WSI of the ENP was expressed 
as a percentage according to the following equation:

WSI = (dry weight of  supernatant/dry weight 
of ENP) × 100                                          (7)

WET was determined by recording the time for 
complete wetting of the ENP (1 g) deposited on the surface 
of the distilled water (400 ml, 25 °C). 

2. 8. Shelf-life Properties
Moisture content (MC), hygroscopicity (HG), glass 

transition temperature (GT), and water activity (WA) were 
measured according to Santhalakshmy et al.19

MC of the ENP was measured gravimetrically (105 
°C, 24 h) and expressed as a percentage of dry basis. For 
the determination of the HG, the ENP (1 g) was stored (at 
25 °C) for 7 days in a container containing a saturated 
solution of NaCl (75% relative humidity). The HG of the 
ENP was expressed as a percentage of 1 g of adsorbed 
moisture per 100 g of the sample on dry basis. The GT of 
the ENP was measured using a Differential Scanning Cal-
orimeter (DSC S-650, Scinco, Seoul, Korea) calibrated 
with indium (156.6 °C) and purge with dry nitrogen (50 
ml/min). The test was conducted from –20 °C to 200 °C 
(heating rate of 10 °C/min) using an empty aluminum pan 
as a reference. The glass transition midpoint was reported 
as the GT. The WA of the ENP was measured at 25 °C using 
a water activity meter Aqualab 4TE (Decagon Devices, 
Washington, USA). 

2. 9. Chromatic Properties
The chromatic properties of the ENP were measured 

using a Hunterlab colorimeter (Color Quest XE, Reston, 
USA) and expressed as L* (lightness/darkness), a* (red-
ness/greenness), and b* (yellowness/blueness). The chro-
ma (C*) and hue (H°) were calculated as follows:                           

C* = (a*2 + b*2)(1/2)  (8)

H° = tan–1 (b*/a*)  (9)

2. 10. Statistical Analysis
All experiment and assays were done thrice. Tukey 

test for statistical difference and Pearson correlation were 
assessed at 5% level using OriginPro 2017 (OriginLab, 
Northampton, USA). 

3. Results and Discussion
3. 1.  Influence of Carrier Materials  

on Chemical Properties
3. 1. 1.  Influence of Carrier Materials  

on Nutraceuticals Retention
In order to assess the effect of the encapsulating 

agents on the level of NR, a comparative analysis was done 
between the biocompounds content of the NE and the 
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ENP. The ENP had similar nutraceuticals profile (phenolic 
acids, flavonols, DNJ and GABA) to that of the NE (Table 
1). All the ENP assessed in this work presented high NR 
(ranging from 66.09 to 97.86%) of the targeted bioactive 
compounds (Fig. 1). Similar retention of phenolic com-
pounds through freeze drying have been reported in liter-
ature.20–22

With respect to the wall material, the type of carrier 
was noted to have significantly (p < 0.0001) altered the nu-
traceutical content. As graphically illustrated in Fig. 1, en-
capsulation using MD provided the highest NR of pheno-
lic acids (96.16 to 97.86% for CHA; 88.89 to 90.45% for 
CA) and DNJ (95.57 to 97.80%) as compared to the CMC 
which resulted in the highest NR of flavonols (83.87 to 
88.35% for K3M; 75.93 to 82.75% for K3R; 84.39 to 85.75% 
for K3G; 80.27 to 83.85% for K7G; 87.97 to 90.88% for 
Q3R; 91.67 to 92.89% for Q3M; 95.03 to 97.75% for Q3G, 
and GABA 86.67 to 92.45%). Stoll et al. 23 also observed 
differences in the retention of individual anthocyanins 
with different wall materials during freeze-drying of grape 
pomace extract. This discrepancy in NR could be attribut-
ed to the formation of complexes between the biomolecule 
and polysaccharides. As stated by Laine et al.,24 biocom-
pounds may form complexes with polysaccharides de-
pending on the nature of the core compounds (hydrophil-

ic/hydrophobic character, and positive/negative charge), 
and the chemical structure of the carrier agent (conforma-
tional mobility and molecular size). Hence, the hydropho-
bic properties of CMC25 could explain its better retention 
of flavonols and GABA, while the hydrophilic properties 
of MD26 could account for its better retention of DNJ and 
phenolic acids. A similar observation has been reported by 
Stănciuc et al.27

Regarding the effect of addition rate of the encapsu-
lating agent, the carrier concentration was found to have a 
significant effect (p < 0.0001) on the nutraceutical content. 
In line with Oberoi et al.28 an increase in carrier concen-
tration resulted in a decrease in NR (Fig. 1). This might 
have resulted from the dilution of the nutraceutical con-
tent, due to the addition rate of wall material since the 
amount of NE was kept constant. 

Moreover, the two-way ANOVA analysis highlighted 
a significant interactive effect between the type of wall ma-
terial and the carrier concentration (p < 0.0001 CHA and 
K3G; p < 0.001 CA, K3R, Q3R, and Q3M; p < 0.05 K3M, 
K7G, and GABA) on the NR. This implies that significant 
quantity of the nutraceuticals remained at the surface of 
the capsules and were probably degraded during the freeze 
drying. As stated by Rajabi et al.8 and Garofulić et al.,15 the 
interaction between wall material and carrier concentra-

Table 1. Nutraceuticals and antioxidant properties of encapsulated freeze-dried mulberry leaf extract powders

Parameters
   CMC (%)   MD (%)  

NE  0.55 0.70 0.85 08 10 12 

Phenolic acids (mg/g db)        
 CHA 58.86 ± 0.03e 58.52 ± 0.04f 58.37 ± 0.02g 60.77 ± 0.03b 59.96 ± 0.04c 59.72 ± 0.02d 62.10 ± 0.06a

 CA 28.25 ± 0.01e 28.14 ± 0.03f 27.93 ± 0.01g 29.13 ± 0.02b 29.00 ± 0.04c 28.63 ± 0.04d 32.21 ± 0.06a

Flavonols (mg/g db)        
 K3M 44.33 ± 0.07b 43.18 ± 0.04c 42.09 ± 0.06d 41.04 ± 0.04e 39.92 ± 0.05f 39.06 ± 0.06g 50.18 ± 0.12a

 K3R 35.19 ± 0.06b 33.69 ± 0.07c 32.29 ± 0.05d 31.16 ± 0.09e 29.98 ± 0.05f 28.10 ± 0.06g 42.52 ± 0.09a

 K3G 56.83 ± 0.05b 56.55 ± 0.07c 55.93 ± 0.07d 51.47 ± 0.05e 50.64 ± 0.07f 49.73 ± 0.03g 66.27 ± 0.06a

 K7G 16.18 ± 0.04b 15.81 ± 0.05c 15.49 ± 0.06d 14.68 ± 0.04e 14.09 ± 0.06f 13.77 ± 0.05g 19.30 ± 0.04a

 Q3R 14.26 ± 0.09b 14.04 ± 0.05c 13.80 ± 0.05d 13.26 ± 0.09e 12.81 ± 0.08f 12.29 ± 0.06g 15.69 ± 0.07a

 Q3M 60.55 ± 0.04b 60.23 ± 0.06c 59.76 ± 0.05d 59.61 ± 0.04e 58.99 ± 0.05f 58.76 ± 0.04g 65.19 ± 0.06a

 Q3G 31.65 ± 0.07b 31.17 ± 0.07c 30.77 ± 0.08d 30.36 ± 0.06e 29.96 ± 0.05f 29.67 ± 0.05g 32.38 ± 0.11a

Other nutraceutical compounds (mg/g db)      
 DNJ 14.56 ± 0.03e 14.30 ± 0.04f 14.10 ± 0.05g 15.24 ± 0.03b 15.09 ± 0.04c 14.89 ± 0.05d 15.58 ± 0.07a

 GABA   4.67 ± 0.01b   4.48 ± 0.02c   4.38 ± 0.04d   4.24 ± 0.01e   4.14 ± 0.03f   4.04 ± 0.04g   5.05 ± 0.04a

Antioxidant activities (mM/g db)      
 ABTS   31.58 ± 0.09e   30.05 ± 0.20f   29.18 ± 0.17g   37.56 ± 0.08b   37.04 ± 0.12c   35.16 ± 0.12d   39.98 ± 0.14a

 CUPRAC   53.44 ± 0.22b   51.98 ± 0.24c   50.95 ± 0.12d   48.38 ± 0.18e   47.80 ± 0.18f   46.07 ± 0.12g   58.93 ± 0.21a

 DPPH   89.25 ± 0.03e   85.23 ± 0.03f   83.27 ± 0.06g   95.02 ± 0.06b   94.74 ± 0.07c   92.56 ± 0.08d 101.33 ± 0.10a

 FRAP 219.46 ± 0.28b 211.69 ± 0.33c 205.26 ± 0.16d 201.67 ± 0.13e 200.07 ± 0.15f 193.63 ± 0.17g 233.77 ± 0.23a

Values with different letters in the same row are significantly different at p < 0.05 (Anova, Tukey’s test)
CHA-chlorogenic acid, CA-caffeic acid, K3M-kaempferol-3-(6-malonylglucoside), K3R-kaempferol-3-(6-rhamnosylglucoside), K3G-kaemp-
ferol-3-glucoside, K7G- kaempferol-7-O-glucoside, Q3R-quercetin-3-rutinose, Q3M-quercetin-3-(6-malonylglucoside), Q3G-quercetin-3-O-glu-
coside, DNJ-1-deoxynojirimycin, GABA-gamma-aminobutyric acid, ABTS-2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid), CUPRAC-cu-
pric ion reducing capacity, DPPH-1,1-diphenyl-2-picrylhydrazyl, FRAP-ferric reducing antioxidant power capacity, CMC-sodium carboxymethyl 
cellulose, MD-maltodextrin, and NE-nutraceutical-dried extract
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tion significantly influence the layer formation around the 
particles during encapsulation. 

3. 1. 2.  Influence of Carrier Materials  
on Encapsulation Retention

The encapsulation data (Fig. 2) shows that the en-
trapment of the nutraceuticals inside the matrix was sig-
nificantly (p < 0.05) dependent on the type of encapsulat-
ing agent and carrier concentration.

In terms of the carrier type, MD was more capable in 
encapsulating phenolic acids (94.37 to 95.79% for CHA; 
91.35 to 94.00% for CA) and DNJ (68.70 to 71.54%) as 
compared to the CMC which had a greater ability to en-
trap the flavonols (87.58 to 89.64% for K3M; 80.82 to 
82.36% for K3R; 86.06 to 87.87% for K3G; 84.41 to 86.82% 

for K7G; 92.68 to 93.51% for Q3R; 94.45 to 95.99% for 
Q3M; 96.32 to 97.83% for Q3G) and GABA (67.82 to 
69.15%). As reported in literature29,30 the EE of biocom-
pounds depends on the class of biocompounds and the 
type of coating material. Hence, this dissimilarity in EE 
could be ascribed to the chemical morphology of each wall 
material. The presence of several hydrophilic groups and 
shorter chains of MD makes it more appropriate for the 
encapsulation of the hydrophilic biocompounds (phenolic 
acids and DNJ) owing to the formation of solid network 
through electrostatic interaction.15,24 Besides, the affinity 
of the CMC towards the flavanols and GABA might be as-
cribed to the formation of hydrophobic interactions which 
might have resulted in an increase in their solubility due to 
the disruption of their crystal structure.31 This behavior 
was more evident in the entrapment of quercetin glyco-

a) c)

b)

Figure 1. Phenolic acids (a), flavonols (b), and other nutraceutical compounds (c) retention of encapsulated freeze-dried mulberry leaf extract powders

CHA-chlorogenic acid, CA-caffeic acid, K3G-kaempferol-3-glucoside, K3M-kaempferol-3-(6-malonylglucoside), K3R-kaempferol-3-(6-rhamno-
sylglucoside), K7G- kaempferol-7-O-glucoside, Q3G-quercetin-3-O-glucoside, Q3M-quercetin-3-(6-malonylglucoside), Q3R-quercetin-3-ru-
tinose, DNJ-1-deoxynojirimycin, GABA-gamma-aminobutyric acid, CMC- sodium carboxymethyl cellulose, and MD-maltodextrin
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sides (91.68 to 97.83%) than kaempferol glycosides (80.92 
to 89.64%) because of the quercetin planar three-dimen-
sional structure.15

Furthermore, the addition rate of the carriers (p < 
0.0001) and the interactive effect of the carrier concen-
tration and the carrier type (p < 0.0001 for CHA, CA, 
K3M, K3R, K3G, Q3M, Q3G, and GABA; p < 0.001 for 
K7G and Q3R; p < 0.05 for DNJ) significantly impact on 
the EE. According to Peanparkdee et al.,12 an increase in 
carrier concentration results in an increase in EE due to 
the addition of more functional groups (hydrophobic/
hydrophilic) which leads to more interactions (electro-
static/hydrogen bonding) between the polymer and the 
active compounds. Furthermore, the sublimation of wa-
ter during freeze drying results in pore formation in the 
particles, thus resulting in a premature release of en-

trapped nutraceuticals hence their degradation.22,29 As 
reported by some researchers,11,32,33 the type of carrier 
affects the viscosity of the feed mixture, thus impacting 
on the freezing rate which is related to ice crystals forma-
tion. The larger the ice crystals, the bigger the pore diam-
eters of the freeze-dried particles.34 Therefore, as por-
trayed in Fig. 2, an increase in MD concentration resulted 
in a higher EE of the nutraceutical compounds. On the 
contrary, increasing the CMC concentration more than a 
threshold of 0.70% w/v led to a decrease in the EE of the 
biocompounds (Fig. 2). This behavior could be ascribed 
to the long-term aeration of the sample due to the high 
molar mass of CMC, which might have modified the vis-
cosity of the feed mixture, thereby elongating the forma-
tion of ice crystals. Similar behavior was reported by 
Ogrodowska et al.35

Figure 2. Phenolic acids (a), flavonols (b), and other nutraceutical compounds (c) encapsulation efficiency of encapsulated freeze-dried mulberry 
leaf extract powders

CHA-chlorogenic acid, CA-caffeic acid, K3G-kaempferol-3-glucoside, K3M-kaempferol-3-(6-malonylglucoside), K3R-kaempferol-3-(6-rhamno-
sylglucoside), K7G- kaempferol-7-O-glucoside, Q3G-quercetin-3-O-glucoside, Q3M-quercetin-3-(6-malonylglucoside), Q3R-quercetin-3-ru-
tinose, DNJ-1-deoxynojirimycin, GABA-gamma-aminobutyric acid, CMC- sodium carboxymethyl cellulose, and MD-maltodextrin

a) c)

b)
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3. 1. 3.  Influence of Carrier Materials  
on Antioxidant Properties

The antioxidant activities (AA) of the ENP are shown 
in Table 1. The type of wall material (p < 0.0001), the core 
to wall ratio (p < 0.0001), and their interaction significantly 
(p < 0.0001 for ABTS, DPPH and FRAP; p < 0.05 for CU-
PRAC) altered the AA of the ENP. This might be attributed 
to the direct correlation between the retained nutraceuti-
cals and AA as reported by others authors.21,29 This asser-
tion was buttressed by the strong significant correlation 
noted between the AA and CHA (ABTS: r = 0.971 and 
DPPH: r = 0.940); CA (ABTS: r = 0.990 and DPPH: r = 
0.964); K3M (CUPRAC: r = 0.990 and FRAP: r = 0.981); 
K3R (CUPRAC: r = 0.987 and FRAP: r = 0.984); K3G (CU-
PRAC: r = 0.972 and FRAP: r = 0.894); K7G (CUPRAC: r = 
0.990 and FRAP: r = 0.947); Q3R (CUPRAC: r = 0.984 and 
FRAP: r = 0.940); Q3M (CUPRAC: r = 0.967 and FRAP: r 
= 0.964); Q3G (CUPRAC: r = 0.989 and FRAP: r = 0.983); 
DNJ (ABTS: r = 0.991 and DPPH: r = 0.992) and GABA 
(CUPRAC: r = 0.988 and FRAP: r = 0.988). Similar correla-
tions have been reported for freeze-dried powder.29,30

3. 2.  Influence of Carrier Materials  
on Physical Properties

3. 2. 1.  Effect of Carrier Materials on Particle 
Properties

According to Kuck et al.,22 PS of encapsulated pow-
ders depends on the concentration and the type of wall 
material. In agreement with this, the type of carrier agent 
(p < 0.0001) and the addition rate of carrier (p < 0.0001) 
significantly impacted on the PS of the ENP. As depicted in 
Fig. 3a, an increase in carrier concentration led to larger 
particle size. This could be as a result of the enhancement 
of the aggregation of the particles resulting from the for-
mation of bridges between molecules due to the increase 
in total solid content.11,17,22 The effect of the carrier type on 
PS may be attributed to their molecular weights which 
could have altered the freezing point, thereby impacting 
on the ice crystal size and sublimation rate hence the dif-
ference in the PS.11,32,33

PD has been reported to be related to the viscosity 
and occluded air density.36 Therefore, the significant effect 
of the carrier type (p < 0.0001) on PD of the ENP could be 
attributed to the differences in their molar mass, which 
might have modified the viscosity of the feed mixture.37 In 
this study, the PD was significantly influenced (p < 0.0001) 
by the addition rate of the carrier. In line with Seerangura-
yar et al.,11 increasing the concentration of the wall mate-
rial resulted in lower PD (Fig. 3a). This might have resulted 
from the increment in occluded air in the particle, due to 
the increase in feed viscosity which could have resulted in 
particulate inflation-ballooning.38,39 This statement was 
buttressed by the significant positive correlation between 
PS and PD (r = 0.868). 

3. 2. 2.  Effect of Carrier Materials on Packing 
Properties

The type of encapsulating agent (p < 0.0001), addi-
tion rate of the carrier (p < 0.0001), and their interaction (p 
< 0.001 for BD; p < 0.0001 for TD) showed significant ef-
fect on the BD and TD of the ENP. According to Celli et 
al.,40 the effect of encapsulating agents on BD may be as-
cribed to their impact on crystals formation during lyo-
philization. As illustrated in Fig. 3b, the BD and the TD 
increased with increasing proportion of the encapsulating 
agents. Caliskan et al.,41 reported that, the residual MC of 
freeze-dried powder influences the BD, as particulates 
with higher MC might lead to incomplete dry agglomerate 
with bigger particles, thus resulting in a lower BD. Fur-
thermore, the increase in TD with an increase in carrier 
concentration may be accredited to size enlargement of 
powder particles, as smaller particles could easily occupy 
inter-particle voids during tapping.11 These assertions 
were buttressed by the significant negative correlations 
found between MC and BD (r = –0.989) as well as PS and 
TD (r = –0.853). 

The wall materials (p < 0.0001), carrier concentra-
tion (p < 0.0001), and their interactive (p < 0.0001) effects 
were found to have significantly impacted on the HR and 
the CI of the ENP. In line with earlier reports,11, 41 the HR 
and the CI decreased with increasing addition rate of the 
wall material (Fig. 3b & c). Based on the classification of 
powder flowability expressed as CI (very bad: >45%, bad: 
35–45%, passable: 20–35%, good: 15–20%, and excellent: 
<15%) and powder cohesiveness expressed as HR (high: 
>1.4, intermediated: 1.2–1.4, and low: <1.2),11,41 the ENP 
were found to be highly cohesive with fair flowability. Ac-
cording to Caliskan et al.,41 increase in flowability proper-
ties of lyophilized powder could be ascribed to the impact 
of the encapsulating agents on the MC. Moreover, the in-
crease in PS which is related to molar mass of carrier tends 
to reduce the cohesion due to the reduction in particle sur-
face area per unit mass, thus inducing lower surface area 
for inter-particle interactions and bonding, thereby lessen-
ing HR and resulting in an upsurge in CI.38 These state-
ments were supported by the significant positive correla-
tion between MC (r = 0.975; 0.972) and PS (r = 0.834; 
0.833) with HR and CI, respectively.

The type of wall material (p < 0.0001), addition rate 
of the carrier (p < 0.0001), and their interaction (p < 0.05) 
significantly impacted on the PO of the ENP. PO is associ-
ated with BD since it assesses the fraction of total volume 
which is occupied by air.11,42 According, to Seerangurayar 
et al.,11 an negative relationship between PO and BD indi-
cates that the amount of air incorporated into the feed 
mixture promoted air accumulation within the dried par-
ticles, thereby making them more porous.11 Therefore, the 
effect of the carrier type on the PO may be credited to their 
skin-forming abilities. This statement was supported by 
the significant negative correlation between PO and BD (r 
= –0.994). Moreover, as mentioned above, the ice crystal 
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size which is related to the type of carrier has been report-
ed to be associated with PO.40 Hence, as shown in Fig. 3c, 
increasing carrier concentration led to a decrease in PO. 
According to Seerangurayar et al.,11 high levels of carrier 
can cause substantial size enlargement and heavier parti-
cles, thereby filling the void spaces between agglomerates. 

3. 2. 3.  Effect of Carrier Materials  
on Reconstitution Properties

The encapsulating materials (p < 0.0001), proportion 
of the carriers (p < 0.0001), and their interaction (p < 0.05) 
significantly alter the WSI of the ENP. According to Kuck 
et al.,22 high WSI is related to small PS owing to the large 
surface area available for moisturizing. MC has been re-
ported to be among the main factors that impacts on pow-
der solubility, thus a lower MC results in high WSI.39 
Therefore, the increase in WSI with an increase in the car-
rier concentration (Fig. 3d) may be ascribed to the effect of 

the addition rate of the encapsulating agent on PS and MC 
of the ENP. This was supported by the negative significant 
correlations between WSI and PS (r = –0.820) as well as 
MC (r = –0.998). Besides, the WSI of plant extract powder 
in an aqueous phase depends on the structure of the wall 
material.41 Therefore, as depicted in Fig. 3d, the effect of 
the carrier type on the WSI may be due to their inherent 
aqueous solubility and ability to withstand hydrophobic/
hydrophilic conditions.43 Moreover, increase in molar 
mass reduces diffusivity, hence materials with low diffusiv-
ity usually have low solubility.44 

Large particles form wide pores, high porousness, 
and small contact angles between penetrating solvent and 
powder surface, which swift wetting by boosting solvent 
penetration into agglomerate.42,45 Selomulya et al.36 re-
ported that granulation positively impacts on WET. There-
fore, reduction in PD that occurred at high carrier concen-
tration leads to reduction in powder compactness which 
accelerated infiltration of solvent in agglomerate, thus 

Figure 3. Effect of carriers on particle, packing and reconstitution properties of encapsulated freeze-dried mulberry leaf extract powders

PS-particle size, PD-particle density, BD-bulk density, TD-tapped density, HR-Hausner ratio, CI-Carr index, PO-porosity, WSI-water solubility in-
dex, WET-wettability time, CMC-sodium carboxymethyl cellulose, and MD-maltodextrin

a) b)

c) d)
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causing an increase in WET.46 Furthermore, caking which 
usually happens in powders with high MC may contribute 
to WET since it eases the passage of water through the 
pores.47 Hence, the significant effect of the type (p < 
0.0001) and addition rate of the wall material (p < 0.0001) 
on WET of the ENP could be attributed to their effect on 
PS, PO, PD, and MC of the ENP. This was supported by the 
negative significant correlations between WET and PS (r = 
–0.899), PO (r = –0.996), PD (r = –0.995), as well as MC (r 
= –0.973). In line with Caliskan et al.,41 increasing in the 
carrier concentration resulted in an increment in WET of 
the ENP (Fig. 3d).

3. 2. 4.  Effect of Carrier Materials on Shelf-life 
Properties

The encapsulating agents (p < 0.0001), addition rate 
of wall material (p < 0.0001), and their interaction (p < 
0.05) had a significant effect on the MC of the ENP. A sim-

ilar observation has been reported.11, 48 An increase in the 
addition rate of wall material resulted in a decrease in MC 
(Fig. 4a). This could be ascribed to the higher level of car-
rier concentration, which led to an increment in total sol-
ids of the feed mixture, thereby decreasing the amount of 
free water available for sublimation.38 This finding is con-
sistent with earlier reports on freeze dry powders.11,28,48

The HG of freeze dry powder has been reported to be 
related to PS. The smaller the PS, the larger the surface area 
exposed to the ambient air, thus leading to more water ab-
sorption.22 Furthermore, carrier materials have been prov-
en to be less hygroscopic due to their high GT.45 Moreover, 
reduction in HG is linked to the carrier’s molecular 
weight.11,38 Hence, the significant effect of the type (p < 
0.0001), the addition rate of wall material (p < 0.0001), and 
their interaction (p < 0.0001) on the HG may be related to 
their effect on PS and GT of the ENP. This was supported 
by the negative significant correlations between HG and 
PS (r = –0.939) as well as GT (r = –0.997). Further, in ac-

Figure 4: Effect of carriers on shelf-life and chromatic properties of encapsulated freeze-dried mulberry leaf extract powders

MC-moisture content, WA-water activity, HG-hygroscopicity, GT-glass transition temperature, L*-lightness/darkness, a*-redness/greenness, b*-yel-
lowness/blueness, C*-chroma, H°-Hue, CMC-sodium carboxymethyl cellulose, and MD-maltodextrin

c)

a) b)

d)
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cordance with others authors,38,45 a decrease in HG was 
observed with an increase in the type and concentration of 
encapsulated agent used (Fig. 4b).

The type (p < 0.0001) and addition (p < 0.0001) of 
carrier significantly alter the GT of the ENP. According to 
Kuck et al.,22 GT is affected by molecular weight of encap-
sulating agent. Consequently, the addition rate of the car-
rier led to an increase in the GT.49 Therefore, in agreement 
with previous authors,38,49 an increase in the ratio of en-
capsulating agents resulted in a higher GT (Fig. 4b). How-
ever, MC depresses GT by acting as a plasticizer,20 thus a 
decrease in GT resulted from an increase in the MC (Fig. 
4a & b). Similar behavior was reported for freeze-dried 
mango pulp using maltodextrin as wall material.50 Fur-
thermore, the decrease in GT may also be attributed to the 
high content of nutraceutical component in encapsulated 
powders.40

The type of wall material (p < 0.0001), addition rate of 
carrier (p < 0.0001), and their interaction (p < 0.05) signifi-
cantly affected the WA of the ENP. WA has been linked to 
MC, through sorption isotherms.49 According to Bitar et 
al.,51 the moisture sorption isotherm highlights that initial 
absorbed water molecules could interact with binding sites 
of wall materials. Therefore, the impact of the carrier type 
on the WA may be due to their differences in water-binding 
capacity which is related to their chemical structure.11 This 
assertion was supported by the significant positive correla-
tion between MC (r = 0.982) and WA. Furthermore, in line 
with previous reports,11,41 a decrease in WA was observed 
with an increase in carrier concentration (Fig. 4a). 

3. 2. 5.  Effect of Carrier Materials on Chromatic 
Properties

The type of encapsulating agent (p < 0.0001), carrier 
concentration (p < 0.0001 for L*, b*, C*, and H°; p < 0.001 
for a*), and their interaction (p < 0.001 for L*; p < 0.0001 
for b* and C*) showed significant effect on the chromatic 
indices of the ENP. An increase in addition rate of encap-
sulating agent resulted in an increase in L* and H° (Fig. 4c) 
conversely to a*, b*, and C* (Fig. 4d). This behavior may be 
ascribed to the inherent white color and dilution effect in-
duced by the higher addition rate of the coating materi-
al.45,52 Similar results have been reported by other re-
searchers.28,38,45,52,53

4. Conclusion
Encapsulation of nutraceutical compounds from 

mulberry leaf extract with sodium carboxymethyl cellu-
lose or maltodextrin as encapsulating agents efficiently re-
duced the loss of nutraceuticals. The results from this 
study demonstrated that the use of sodium carboxymethyl 
cellulose was more suitable for the retention of flavonols 
and gamma-aminobutyric acid, resulting in highest en-

trapment efficiency of these bioactive components inside 
the matrix as compared to the maltodextrin which had a 
greater retention ability for the phenolic acids and 1-de-
oxynojirimycinin. Moreover, due to the effect of carriers 
on ice crystal formation, the core to wall ratio was found to 
be crucial with regards to the physical properties of the 
ENP. Regardless of the type of wall material, increasing the 
carrier concentration resulted in an increase in particle 
size, bulk density, tapped density, water solubility index, 
wettability time, and glass transition temperature con-
versely to the particle density, Hausner ratio, Carr index, 
porosity, moisture content, water activity, and hygroscop-
icity. The chromatic indexes of the ENP were mainly af-
fected by the type of carrier material which led to the for-
mation of a lighter and more greenish powder with an 
increase in addition rate of the carrier. 

The current study demonstrated that sodium car-
boxymethyl cellulose and maltodextrin could be used as 
wall material for the production of a nutraceutical mulber-
ry leaf powder with adequate characteristic to be utilized 
as a bioactive additive for the development of functional 
products in the food and nutraceutical industries. From an 
economic aspect and industrial level, the proposed encap-
sulation process was found to improve the physical prop-
erties of the powder which significantly influence the pro-
cessing, storage, handling, packing, shipping, and 
commercialization cost.
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Abstract
Antifungal activity of suberic acid monomethyl ester (monomethyl suberate) was investigated in a growth inhibition 
assay comprising of 11 different fungi and 3 Phytophthora oomycetes strains relevant in agriculture. In comparison to 
standard antifungal hymexazol, monomethyl suberate showed moderate antifungal effects at a concentration range of 
100–300 µg/mL. Alternaria alternata, Fusarium equiseti, Fusarium fujikuroi and Phytophtora infestans GL-1 were the 
most sensitive fungi showing inhibition rates up to 100%. Physico-chemical descriptors of monomethyl suberate re-
vealed its low toxicity profile. Molecular docking analysis comprising several known antifungal targets points to the 
N-myristoyltransferase as the most probable site of interaction.

Keywords: Monomethyl suberate; antifungal activity; molecular docking; drug-like descriptors

1. Introduction
In continuation of our search for highly effective nat-

ural antifungal agents among trihydroxy fatty acids with 
low toxicity, the starting reagent in synthesis of pinnelic acid 
(9,12,13-trihydroxy-10-octadecenoic acid),1 namely, suber-
ic acid (octanedioic acid) (Figure 1) attracted our interest.

To our knowledge, reports on physiological role(s) 
and potential biotechnological application(s) of suberic 
acid or its derivatives are scarce. Staphylococcus aureus and 
Candida albicans were shown to be sensitive to a chloro-
form extract of Polysiphonia denudate f. fragilis (Rhodo-
phyceae), which contained suberic acid dimethyl ester 
(0.2%) among other biologically active substances.7 The 
latter was also detected by GC-MS in the larval and pupal 
internal lipids of medically important flies Calliphora vici-
na (0.15–0.20 µg/g) and Sarcophaga carnaria (0.14–0.21 
µg/g).8 In the same study it was shown, that the substance 
itself slightly inhibited the growth of entomopathogenic 
fungi of Beauveria bassiana (Dv-1/07), B. bassiana 
(Tve-N39), Lecanicillium lecanii, Metarhizium anisopliae, 
Paecilomyces fumosoroseus and Paecilomyces lilacinus with 
a minimal inhibitory concentration (MIC) of 512 µg/mL. 
Antimicrobial tests carried out with diverse gram-positive 
and gram-negative bacterial strains, as well as with the 
fungi Candida albicans and Candida tropicalis, were with-
out any positive results.8

Recently, Iornumbe et al.9 investigated the antifungal 
activity of suberic acid organotin derivatives against Mi-
crosporum gypseum, M. audounii, M. distortum, M. galli-
nae and Trichoephyton: mentagrophytes and T. equinum. 
They found a decreasing average activity according to  
diverse octandioate rests: potassium triphenyltin(IV) oc-

Figure 1. Chemical stucture of suberic acid.

Suberic acid is known to be obtained along with aze-
laic acid through oxidation of ricinoleic acid2 or as a com-
ponent isolated from oil extracted from Vernonia gala-
mensis.3 Antonova et al. described its synthesis by 
oxidation of cyclooctane-1,2-diol.4 Suberic acid (4.13%) 
and its monomethyl ester (2.38%) were also detected by 
gas chromatography-mass spectrometry (GC-MS) in 
methanolic extracts of Hibiscus micranthus stem along 
with 56 other compounds.5 Furthermore, monomethyl su-
berate was found by GC-MS in an ethylacetate/hexane ex-
tract of Pestalotiopsis JCM2A4, an endophyte growing on 
Chinese mangrove plant Rhizophora mucronata.6



837Acta Chim. Slov. 2018, 65, 836–841

Antypenko et al.:   Monomethyl Suberate Screening for Antifungal   ...

tanedioate > potassium tributyltin(IV) octanedioate > po-
tassium dibutyltin(IV) octanedioate > potassium dip-
henyltin(IV) octanedioate. The activities were comparable 
to standard antifungals fulcin and fluconazole. The leading 
compounds MICs were found to be 25 μg/mL. The free 
suberic acid or its monopotassium salt exhibited a weaker 
antifungal activity than synthesized organotin com-
pounds, inhibiting growth of only M. distortum and T. 
equinum. This fits to the observation that many biological-
ly compounds enhance their activity upon complexation.10

Only few suberic acid derivatives were reported to 
have non-pharmacological applications: octacalcium 
phosphate carboxylates as bone reconstructors for bio-
medical applications;11 suberate as thermotropic liquid 
crystalline polymers;12 poly(propylene suberate)s13 and 
poly(butylene suberate)s14,15 as biodegradable polyesters 
for sutures, implant materials for tissue engineering, and 
biologically active controlled drug-release devices; anhy-
drous copper suberates as polymers with extended bridged 
structures, which are interesting materials to study spin 
exchange and charge transfer between metal ions.16 Inter-
estingly, in a very different context suberic bishydroxamate 
was found to be a potent agent in overcoming resistance of 
melanoma to “TNF-related apoptosis-inducing ligand”, 
which induces apoptosis by acting as a histone deacetylase 
inhibitor.17

Here we present an investigation of antifungal activ-
ity of monomethyl suberate.

2. Results and Discussion
2. 1. Antifungal Activity

We decided to work on monomethyl suberate, be-
cause dimethyl ester was already described having only a 
moderate antifungal activity (512 μg/mL MIC).8 Further-
more, the monoethyl ester of azelaic acid, which bears a 
molecular scaffold structure very similar to suberate, 
showed a pronounced antifungal activity against Pyricu-
laria oryzae with an MIC50 of 50 µg/mL (free acid: MIC50 
at 95 µg/mL).18,19 This observation is probably due to high-
er lipophilicity of the monoethyl ester form.20 Thus, anti-
fungal studies of shorter in one carbon dicarboxylic acid, 
namely, suberic, seemed promising with enhancing its li-
pophilicity in monomethyl ester form.

Eleven fungi and three Phytophtora strains were 
probed with methyl suberate at 50, 100 and 300 µg/mL. 
Hymexazol (50 µg/mL) was included used as standard an-
tifungal. The findings are summarized in Figure 2. At the 
lowest concentration (50 µg/mL) four strains showed a 
moderate sensitivity to monomethyl suberate: Altenaria 
alternata (21.3%), Phytophtora infestans GL-1 (16.3%), Fu-
sarium oxysporum (13.1%) and F. equiseti (12.8%). At this 
concentration hymexazol was effective against each strain 
with a higher inhibition activity (17–100%) than mono-
methyl suberate.

At 100 µg/mL P. infestans GL-1 was the most sensi-
tive strain showing 100% of inhibition. A nearly 50% inhi-
bition was observed to Altenaria alternata and F. equiseti. 
Only moderate effects were detected against P. infestans 
p-3 (4/91; R+) and F. fujikuroi, with approximately 27% of 
inhibition. Antifungal activities were even lower against P. 
infestans p-4 (4/91; R-) (18.5%), F. oxysporum (16.2%), 
Verticillium lecanii (13.3%), Colletotrichum higginsianum 
(8.0%) and F. graminearum (7.4%). Aspergillus niger, 
Botrytis cinerea, Mucor indicus and Penicillium digitatum 
were completely insensitive to the monomethyl suberate at 
the studied concentration. At a concentration of 300 µg/
mL only two fungi remained resistant: M. indicus and P. 
digitatum. Interestingly, against A. alternata and F. equiseti 
the antifungal effect remained practically unchanged (54–
60% of growth inhibition). Antifungal activity against all 
other fungi became stronger with elevated concentrations. 
The most sensitive strain was F. fujikuroi (72.9%). Fungi F. 
oxysporum, F. graminearum, Verticillium lecanii, and 
strains p-3 (4/91; R+) and p-4 (4/91; R-) of P. infestans 
were only moderately inhibited (40–56%). Lower inhibi-
tion effects were found against C. higginsianum (33.5%), 
Botrytis cinerea (16.2%), and Aspergillus niger (16.2%).

2. 2.  Drug-Likeness Physico-Chemical 
Parameters and Promiscuity Score
Considering the found moderate antifungal activity 

of monomethyl suberate at 300 μg/mL, its physico-chemi-
cal parameters were calculated by Molinspiration engine21 
(Table 1) in order to predict the level of drug-likeness, tox-
icity22–24 and substance promiscuity.25 These properties 
may be of value if monomethyl suberate will be considered 
as a compound in human medical care, food processing or 
as an antifungal in agriculture. For comparison, corre-
sponding data for the standard antifungal hymexazol are 
also shown (CHEMBL244877).26

As it is seen from the Table 1, monomethyl suberate 
complies to all presented criteria for molecular properties, 
that influence the oral bioavailability of drug candi-
dates,22–24 except of molecular polar surface area (TPSA). 
Its surface is larger (63.30 Å2) than that of hymexazol 
(42.26 Å2), which implies its penetration of the blood 
brain barrier is less likely. Calculating the promiscuity of 
biological activity of monomethyl suberate with “bioactiv-
ity data associative promiscuity pattern learning engine” 
(Badapple),25 no data were found in the database, which 
means a neutral result with respect to toxicity prediction. 
At least the predicted promiscuity was not found to be 
high. For hymexazol the pScore was shown with a moder-
ate true value (238) based on reported biological activity 
data of drugs with isoxazole scaffold. So, the reference an-
tifungal hymexazol demonstrated higher level of poten-
tially binding to a variety of bimolecular targets, and there-
by may have higher level of toxicity than tested natural 
monomethyl suberate.27
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Figure 2. Growth inhibition of studied fungal strains by hymexazol (hym) in 50 μg/mL and monomethyl suberate (ms) in 50, 100 and 300 μg/mL. 
Mucor indicus and Penicillium digitatum were insensitive in all tests.

Table 1. Calculated parameters of lead-like & structure optimization and promiscuity scores

Substance / SMILES MW* log P TPSA nrotb HBA HBD pScore

Monomethyl suberate
COC(=O)CCCCCCC(O)=O 188.2 1.67 63.30 8 4 1 no data
Hymexazol
CC1=CC(=NO1)O 99.1 0.73 42.26 0 2 1 238
Drug lead-like criteria ≤ 500 ≥ –0.5 ≤ 5 ≥ 75 ≤ 140 ≤ 10 ≤ 10 ≤ 5 –

*MW – molecular weight; log P - octanol/water partition coefficient; TPSA – molecular polar surface area; nrotb - number of rotatable bonds; HBA 
– hydrogen bonds acceptors; HBD – hydrogen bonds donors; pScore – promiscuity score.
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2. 3. Molecular Docking
A literature survey did not give us any indication 

with respect to a biological target, to which monomethyl 
suberate may bind and thereby reveal a mode of action of 
growth inhibition. Only PubChem BioAssays (CHEM-
BL1162491)26 reported suberic acid to be an antagonist of 
the retinoid-related orphan receptor gamma, farne-
soid-X-receptor, thyroid hormone receptor beta and NFkB 
signaling pathways. All these reports are related to human 
health studies. So, investigations to elucidate antifungal 
mechanism(s) of suberate’s with respect to fungi of agri-
cultural importance are worth to study.

Analysis of in silico molecular docking predicted af-
finity scores28 to six common fungal targets (enzymes)29 
and showed, that monomethyl suberate may interact with 
them with higher probability, than hymexazol (Table 2).

The highest affinity score (–6.0) of monomethyl sub-
erate was calculated to N-myristoyltransferase (NMT). In 

Figure 3 it is shown how it fits into the active site of this 
enzyme. 

Two conventional hydrogen bonds are formed with 
HIS B:227 (3.05 Å) and ASN B:392 (3.04 Å) due to carbon-
yl oxygen in methyl ester residue of suberate. A further 
hydrophobic Pi-sigma bond build up between PHE B:240 
(3.76 Å) and MeC(O)CH2 fragment. Thus, N-myristoyl-
transferase (NMT) should be among priority antifungal 
targets for further in vitro enzymatic studies.

3. Experimental
3. 1. Antifungal Studies

The mycelial growth rate assay was used for antifun-
gal studies.30 Strains of filamentous fungi were obtained 
from the following sources: Asperillus niger DSM 246, Alte-
naria alternata DSM 1102, Fusarium equiseti DSM 21725, 

Table 2. Calculated affinities of monomethyl suberate and reference hymexazol to common antifungal enzymatic targets, 
Kcal/Mol

Target enzyme
 PDB Affinity for Affinity

 code monomethyl suberate for hymexazol

N-Myristoyltransferase (NMT) 1IYL –6.0 –4.9
Topoisomerase II (Topo II) 1Q1D –5.5 –4.7
Sterol 14α-demethylase (CYP51) 5TZ1 –5.3 –4.3
UDP-N-acetyl-muramoyl-L-alanine: 
D-glutamate ligase (MurD) 

1UAG –5.1 –4.4

Secreted aspartic proteinase (SAP2) 1EAG –4.8 –3.9
L-Glutamine: D-fructose-6-phosphate 
aminotransferase (GlcN-6-P) 

1XFF –4.7 –4.8

Figure 3. Visual representation (3D and 2D) of the monomethyl suberate showing bonds formation and position in the active site of N-myristoyl-
transferase (NMT) of Candida albicans.29
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F. graminearum DSM 1095, F. fujikuroi DSM 893, Verticil-
lium lecanii, Mucor indicus DSM 2185, Penicillium digi-
tatum DSM 2731 from DSMZ (Braunschweig, Germany); 
Fusarium oxysporum 39/1201 St. 9336 and Botrytis cinerea 
from the Technische Universität Berlin (Germany); Colle-
totrichum higginsianum MAFF 305635, originally isolated 
in Japan, via the Department of Biology, Friedrich-Alex-
ander-Universität (Erlangen, Germany); oomycetes Phy-
tophtora infestans GL-1 01/14 wild strain, p-3 (4/91; R+) 
and p-4 (4/91; R-) strains were kindly donated by Julius 
Kühn-Institut (Quedlinburg, Germany). Potato Dextrose 
Agar (PDA) were purchased from C. Roth (Karlsruhe, 
Germany). Hymexazol (98%) was obtained from Prosper-
ity World Store (Hebei, China). Monomethyl suberate 
(97%) was purchased from Jinan Yudong Trading Co., Ltd. 
(Jinan, China). Strains were cultivated on PDA for 6 d at 
25°C. Spores from each strain were gently harvested with a 
sterile glass rod from plate surfaces with deionized water. 
Spore concentration numbers in suspension were deter-
mined microscopically and adjusted to 7.5*106 spores/mL. 
A clear stock solution of 5 mg/mL was made of 0.050 g of 
reference substance hymexazol in 10 mL of deionized ster-
ile water as solvent. 1 ml of each stock solution was mixed 
in situ into 99 ml of PDA prior to solidification to obtain a 
final concentration of 50 µg/mL. In the same way mixtures 
of PDA with monomethyl suberate were prepared with fi-
nal concentrations of 50, 100 and 300 µg/mL. 9 mL of each 
mixture were poured into 6 cm diameter petri dishes. Af-
ter solidification central hole (diameter: 2.5 mm) was cut 
out and inoculated with 6.5 µL spore suspension. Plates 
were incubated at 25 °C (+/– 1 °C) for 6 d. Control plates 
containing only PDA and water were prepared in the same 
way. Inhibitory effects (I %) were determined by analyzing 
growth zone diameters and calculated as described by 
Tang et al.: 

I % = [(C-T) / (C – 2.5 mm)])*100,    (1)

where C (mm) represents the growth zone of control PDA, 
and T (mm) the average growth zone in presence of meth-
yl suberate.30 All growth experiments were carried out in 
triplicate. Means and standard deviations were calculated 
with software “Exel 2016” (Microsoft, USA).

3. 2. Molecular Docking
Macromolecular data was downloaded from the 

Protein Data Bank (PDB),31 namely, the crystal structures 
of sterol 14α-demethylase (CYP51) 5TZ1, topoisomerase 
II (Topo II) 1Q1D, L-glutamine: D-fructose-6-phosphate 
amidotransferase (GlcN-6-P) 1XFF, secreted aspartic pro-
teinase (SAP2) 1EAG, N-myristoyltransferase (NMT) 
1IYL, and UDP-N-acetylmuramoyl-L-alanine: D-gluta-
mate ligase (MurD) 1UAG. As reference hymexazol (3-hy-
droxy-5-methylisoxazole) was chosen according to report-
ed antifungal analysis.30

Ligand preparation. Substances were drawn using 
MarvinSketch 6.3.0 and were saved in mol format.32 After-
wards they were optimized by program Chem3D using 
molecular dynamics MM2 algorithm and saved as pdb-
files. Molecular mechanics was used to produce more real-
istic geometry values for the majority of organic molecules 
owing to the fact of being highly parameterized. By using 
AutoDockTools-1.5.6 pdb-files were converted to PDBQT, 
and number of active torsions was set as default.28

Protein preparation. PDB files were downloaded from 
the protein data bank.31 Discovery Studio 4.0 was used to 
delete water molecules and ligand from the crystal. The pro-
teins were saved as pdb-files. In AutoDockTools-1.5.6 polar 
hydrogens were added and saved as PDBQT. Grid box was 
set as following: center_x = 70.728, center_y = 65.553, cen-
ter_z = 3.865, size_x = 20, size_y = 20, size_z = 20. Vina was 
used to carry out docking. For visualization Discovery Stu-
dio Visualizer v17.2.0.16349 was applied.33

4. Conclusion
The antifungal spectrum of monomethyl suberate 

was investigated against 11 different fungi and 3 Phytoph-
thora oomycetes strains of agricultural importance. The 
monomethyl ester derivative revealed a significantly high-
er activity than the dimethyl ester8, but an average lower 
activity than reference antifungal hymexazol. Neverthe-
less, an extraordinary activity was observed against strain 
GL-1 of the devastating oomycete P. infestans. Further-
more, monomethyl suberate as a naturally occurring sub-
stance has a more environmentally friendly structure with 
less promiscuity score than conventional antifungals with 
heterocyclic ring systems. Therefore, we expect to have at 
hand an antifungal drug with an attractive profile with re-
spect to potential toxicity and mutagenicity.
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Povzetek
Protiglivno aktivnost monometil estra suberne kisline (monometil suberata) smo preučevali preko inhibicije rasti 11 
različnih gliv in 3 oomicetnih sevov Phytophthora pomembnih v kmetijstvu. V primerjavi z referenčnim fungicidom 
himeksazolom, je monometil suberat izkazoval zmerno protiglivno aktivnost v koncentracijskem območju 100–300 
µg/mL. Vrste Alternaria alternata, Fusarium equiseti, Fusarium fujikuroi in Phytophtora infestans GL-1 so bile najbolj 
občutljive, saj je povzročil tudi 100 % inhibicijo rasti. Fizikalno-kemijski deskriptorji monometil suberata kažejo niz-
ko toksičnost. Analiza molekularne umestitve, ki je vključevala sedem znanih protiglivnih tarčnih pozicij, je nakazala 
N-miristoil transferazo kot najverjetnejše mesto interakcije.
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Abstract
We have recently shown that erythropoietin receptor (EPOR) protects cancer cells from tamoxifen (TAM)-induced cell 
death in the absence of erythropoietin (EPO). In this study, we analyzed the effect of EPOR silencing and EPO treatment 
on the response to TAM in human ovarian adenocarcinoma cells A2780. We demonstrated that the EPOR siRNA silen-
cing decreases cell proliferation and sensitizes and/or potentiates the anti-proliferative effect of TAM on A2780 cells. 
Similarly, the combined effect of EPO and TAM treatment significantly reduced cell proliferation compared to TAM 
alone. Our in vitro results indicated the need for further investigation of EPO effects on a similar in vivo model.

Keywords: Erythropoietin receptor; erythropoietin; tamoxifen; A2780; cancer cell line

1. Introduction

Erythropoietin (EPO) is a glycoprotein, the biologi-
cal effects of which are mediated through the binding to the 
EPO receptor (EPOR). EPOR is expressed not only in 
erythroid cells, but also in many non-hematopoietic cells 
including vascular endothelial and cancer cells.1 Several 
scientists have proved the presence of EPOR expression in 
ovarian cancer cells,2–4 with contrasting results regarding 
its localization and functionality. Solár et al.5 uncovered 
only a poor EPOR signal in A2780 cells, where EPOR pro-
tein was found in the cytoplasm as an intracellular mem-
brane-associated rather than a soluble protein. Silencing of 
EPOR expression resulted in reduced A2780 proliferation 
as well as a reduction of EPO-induced ERK1/2 phosphory-
lation.5 Indeed, the formation of EPO-EPOR complex re-
sulted in the activation of many proteins,6 such as Janus 
kinase (JAK), Signal transducer and activator of transcrip-
tion (STAT),7 as well as other signal pathways involved in 
cell proliferation, survival and/or gene expression control.8 
The presence of EPOR in tumor cells question its possible 
negative effects on both tumor cell proliferation and the in-

hibition of apoptosis. In fact, these effects might be induced 
by recombinant human EPO or its analogs (e.g., erythro-
poiesis-stimulating agents, ESA) in cancer patients who 
suffer from chemotherapy-induced anemia.9

Tamoxifen (TAM) is classified as a selective estrogen 
receptor modulator (SERM)10 that exerts its anti-prolifera-
tive action by binding to the estrogen receptor (ER) and 
blocking the mitogenic effect of estradiol.11 Although it has 
been used extensively in the treatment of ER positive breast 
cancer,12 its effectiveness was also shown in the treatment 
of estradiol-independent neoplasia, such as ER-negative 
breast cancer13 and ovarian cancer.14 However, the mecha-
nism underlying the anti-proliferative action of TAM in 
tumor cells has not been completely clarified, as the induc-
tion of apoptosis could also mediate its cytotoxic effect.15 
Moreover, many studies have demonstrated that TAM acts 
in both cytostatic (arrest of G0/G1 phase) and cytotoxic 
(inducing apoptosis) manners.16,17 It was shown that 1 µM 
of TAM induced cell cycle arrest in G1 phase,18 whereas 
concentration between 5 and 50 µM TAM induced apopto-
sis.17 This dual effect suggests that TAM can be used as a 
checkpoint between the cell cycle arrest and apoptosis.

mailto:peter.solar@upjs.sk
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Based on our previous results which showed that 
EPOR protects cancer cells against TAM-induced cell death 
even in the absence of EPO.19 In this study, we aimed to 
analyze the effect of EPOR silencing as well as the effect of 
EPO treatment on the anti-proliferative potential of TAM 
therapy in human ovarian adenocarcinoma cells A2780. 

2. Experimental
2. 1. Cell lines and Cell Culture

Human ovarian adenocarcinoma cell line A2780 was 
obtained from the American Tissue Culture Collection 
and grown in RPMI-1640 medium (Life Technologies, 
Carlsbad, CA, USA) supplemented with 10% fetal calf se-
rum (FCS) (Life Technologies) and the antibiotic/antimy-
cotic solution (100 U/ml penicillin, 100 μg/ml streptomy-
cin, and 25 μg/ml amphotericin B, Life Technologies). The 
cells were maintained in the incubator under standard 
tissue culture conditions at 37 °C, 95 % air/5 % CO2.

2. 2. IncuCyte ZOOM System
We performed the experiments using an IncuCyte 

ZOOM system (Essen BioScience, Ann Arbor, MI, USA), 
which consists of a microscope with a 20 × objective 
(Nikon) placed inside the incubator and a networked ex-
ternal controller hard drive that gathers and processes im-
age data. The A2780 cells were seeded in the antibiotic 
free medium in tetraplicates in 96-well plates at 5000 cells/
well (as 100 µl cell suspension/well) and placed in the In-
cuCyte ZOOM system. After the initial 24 h of incuba-
tion, medium was removed, the siRNA prepared by Dhar-
maFECT general transfection protocol (http://www.mo-
lecularinfo.com/MTM/K/K1/K1-1/K1-1-16.pdf) at the 
concentration of 2 μM (in the total volume of 100 µl anti-
biotic free medium) was added and followed by the incu-
bation of cells for 48 h. After this period, cells were treated 
with 12.5 µM TAM and/or EPO (10 IU/ml and 100 IU/
ml) in the antibiotic free medium (200 µl medium/well) 
and incubated for 72 h. The IncuCyte ZOOM system au-
tomatically monitored the cell confluence in each well ev-
ery 2 h up to 72 h of TAM treatment. The experiment was 
performed three times. The data from three independent 
experiments are presented as the mean normalized Cell 
Index curves ± SD.

2. 3. Western Blotting
The A2780 cells were seeded in antibiotic free medi-

um (3 ml/well) in 6-well plates at 4.5 x 105 cells/well. After 
24 h, siRNA prepared by DharmaFECT general transfec-
tion protocol was added and cells were incubated for addi-
tional 96 hours at 37 °C in 5 % CO2. The medium was re-
placed with new antibiotic free medium and cells were in-
cubated with TAM, EPO, and TAM+EPO for 15 min, fol-

lowed by cell lysis and protein isolation. The cells were 
lysed for 10 min in lysis buffer on ice and the soluble pro-
teins were recovered in the supernatant followed by cen-
trifugation at 12,000 × g for 10 min. The protein samples 
were separated on 12% SDS-PAGE gels, electroblotted 
onto Immobilon-P transfer membrane (Millipore Co., Bil-
lerica, MA, USA), and incubated overnight with primary 
antibodies: anti-p44/42 MAP kinase (#9102, 1:1000, Cell 
Signaling Technology, Danvers, MA, USA), anti-phos-
pho-p44/42 MAP kinase (#9102, 1:1000, Cell Signaling 
Technology), anti-EPOR A82 (1:1250; Amgen, Inc., CA, 
USA, donated from Amgen), and anti-β-actin (clone AC-
74, 1:10000, Sigma). The membranes were then incubated 
with secondary horseradish peroxidase-conjugated anti-
bodies, Goat anti-Rabbit IgG F(AB’) 2 (1:10000, PI-31461, 
Thermo Fisher Scientific, Loughborough, UK) and Goat 
anti-Mouse IgG F(AB’) 2 (1:10000, PI-31436, Thermo 
Fisher Scientific), for 1 h and subsequently visualized with 
ECL Western blotting substrate (PI-32106, Pierce) using 
Kodak Biomax films (#1788207, Sigma-Aldrich). Protein 
bands were quantified using ELLIPSE software version 
2.0.7.1 (ViDiTo, SR). 

3. Results and Discussion
Both downregulation of EPOR as well as TAM ther-

apy reduced cell proliferation of A2780 cells compared to 
controls. Moreover, their mutual combination reduced cell 
proliferation in greater extent compared to TAM treat-
ment alone (Fig.1A). On the other hand, while siRNA 
against EPOR decreased the phosphorylation of ERK1/2 
proteins, conversely TAM increased the phosphorylation. 
Interestingly, the combination of siRNA against EPOR and 
TAM therapy reduced the phosphorylation of ERK1/2 
proteins compared to TAM treatment alone (Fig.1B).

We therein confirmed our previous results, indica-
ting that EPOR plays a significant role in the proliferation 
of A2780 cells. Many other studies have also indicated that 
EPO/EPOR plays a role in tumor progression20 mainly 
through the stimulation of cell proliferation and/or inhibi-
tion of apoptosis. On the other hand, some studies have 
claimed that despite of EPOR presence in cancer cells, its 
biological activity is weak4 and does not lead to increased 
tumor cell proliferation after EPO stimulation.21 

Our results correlate with in vivo study of the Paragh 
et al.4 in which inhibition of EPOR expression led to abro-
gated A2780 tumor xenograft growth with reduced EPOR 
signaling. Our current and previous EPOR silencing 
study,5 together with Paragh et al.,4 yielded identical re-
sults, showing reduced cell proliferation of A2780 cells. On 
the other hand, Swift et al.2 found no effect of EPOR 
knockdown on the viability of A2780. Application of dif-
ferent cell lines and different culturing (inactivated or re-
gular serum) and/or experimental conditions could also 
account for inconsistent EPOR results. 
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The incubation of A2780 cells with pharmacological 
concentrations of EPO (10 IU/ml or 100 IU/mL) resulted 
in proliferation comparable to that of the control; however, 
EPO did potentiate the anti-proliferative effect on TAM 
exposed cells (Fig. 2). 

Our study showed for the first time that EPOR siRNA 
silencing sensitizes and/or potentiates the anti-prolifera-
tive effect of TAM on A2780 cells (Fig. 1A). This finding is 

consistent with our recent study in which EPOR overex-
pression showed a protective effect on rat mammary ade-
nocarcinoma cells RAMA 37-28 against TAM without the 
addition of EPO. In this regard, although the proliferation 
potential of parental RAMA 37 (low/no EPOR expression) 
was higher under the control conditions, the treatment 
with TAM affected RAMA 37 cells more and resulted in a 
greater inhibition of proliferation and more significant cell 

Figure 1. The effect of siRNA against EPOR and/or TAM exposure on the proliferation and signaling of A2780 cells. Four groups of A2780 cells were 
set: control cells (C), cells incubated with siRNA against EPOR (siRNA), cells incubated with tamoxifen (TAM, 12.5 µM), and cells incubated with 
EPOR siRNA in combination with TAM (TAM+siRNA). A. Cell proliferation data were normalized through the cell index curves ± standard devia-
tions of three independent experiments. Asterisk (*) designates statistically significant difference in cell proliferation between TAM+siRNA versus 
TAM at p <0.05. B. Western blott analysis of EPOR, ERK1/2, and phosphorylated ERK1/2 (p ERK1/2). Ratios ± standard deviations from quantita-
tive densitometric analysis of p ERK1/2 were normalized to ERK1/2. Equal loading was confirmed by detection of β-actin. Ratio of C was arbitrari-
ly set to 1. **p <0.01; ***p <0.001 versus C (three independent experiments; one-way ANOVA tests).

A B

Figure 2. The effect of EPO and/or TAM on the proliferation of A2780 cells. The A2780 cells were incubated with erythropoietin (EPO) at concen-
trations of 10 IU/ml (EPO 10) or 100 IU/ml (EPO 100), with tamoxifen (TAM, 12.5 µM), or with their combinations TAM+EPO 10 or TAM+EPO 
100. Data are normalized through the cell index curves ± standard deviations of three independent experiments. Asterisk (*) designates statistically 
significant difference in cell proliferation between TAM+EPO 10 versus TAM at p <0.05 and two asterix (**) indicates significant difference in cell 
proliferation between TAM+EPO100 versus TAM at p<0.01.
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death than in EPOR overexpressed RAMA 37-28 cells.19 
Moreover, the same study demonstrated early (5 min after 
TAM addition) response of RAMA 37 and RAMA 37-28 
to TAM treatment with the activation of RAS/MAPK sig-
naling pathway and ERK1/2 phosphorylation. In this re-
gard, TAM-activated phosphorylation of ERK1/2 was 
slightly faster and more powerful in parental RAMA 37 
than in RAMA 37-28 cells.19 Similarly, ERK1/2 signaliza-
tion together with other cascades were also involved in 
ER-positive and -negative as well as cisplatin-resistant and 
-sensitive ovarian cancer cells’ response to TAM therapy, 
which led to the cell-cycle arrest in the G1 phase.20 On the 
other hand, TAM activated ERK2 and JNK1 in HeLa cells21 
as well as in ER-negative MDA-MB-231 breast cancer cells 
in which the expression of dominant-negative JNK pre-
vented TAM-induced apoptosis.22 Similarly, the combina-
tion of TAM with inhibitors of PKCα and ERK could pro-
mote TAM-induced apoptosis in breast cancer cells.23 In-
terestingly, EPOR down-regulation potentiated the an-
ti-proliferative effect of TAM therapy and reduced TAM 
activated ERK1/2 phosphorylation in A2780 cells (Fig. 
1B). Based on mentioned above results it seems that 
ERK1/2 proteins may have a dual function in TAM in-
duced tumor cells, as both anti-proliferative as well as 
cell-protective effects are observed. Indeed, further studies 
are needed to explain when a particular effect of Erk1/2 is 
manifested.

Furthermore, our current study revealed also that 
pharmacological concentrations of EPO 10 IU/ml and 100 
IU/ml increase the effect of TAM, so the combination of 
EPO and TAM significantly reduces the proliferation of 
ER-negative A2780 cells compared to TAM therapy alone 
(Fig. 2). Rasedee et al.,24 demonstrated the synergistic ef-
fect of EPO and TAM combination which was capable of 
reducing the clonogenicity of the cancerous cells and cell 
viability significantly more than TAM alone. Moreover, the 
combination of EPO and TAM resulted in a 90% tumor 
regression in mammary tumor-induced Sprague Dawley 
rats, which was 20% more than that obtained with TAM 
alone.25 Recently, EPO-conjugated TAM-loaded lipid 
nanoparticles enhanced the in vitro cytotoxicity of TAM to 
MCF-7 cells and showed that EPOR expressed on cancer 
cells is a potential receptor for drug-targeted therapy.26 Al-
though EPOR has been detected with specific A82 anti-
body in A2780 cells (Fig. 1B), neither the effect of 10 IU/
ml nor the effect of 100 IU/ml of EPO on the proliferation 
of these cells was observed. On the contrary, 100 IU/ml of 
EPO suppressed cell proliferation of A2780 cells by 30% 
more than TAM alone (Fig. 2). 

What underlies such potentiating effect of EPO on 
TAM therapy? In theory, it might be ERK1/2 and/or PKC 
signalization induced by both EPO and TAM exposure5,23 
but also EPO activated JAK2/STAT5 or PI3K.9 Future 
study should identify specific signal pathway(s) which is 
(are) responsible for the potentiating effect of EPO on 
TAM therapy of A2780 cells.

4. Conclusions
Finally, siRNA against EPOR confirmed our previ-

ous results, which supported the role of EPOR protein in 
the proliferation of human ovarian adenocarcinoma cells 
A2780. In addition, we outlined the potentiating effect of 
EPO on TAM therapy in A2780 cells in vitro, which could 
benefit future investigations on the EPO effects in similar 
in vivo model and to indicate a possible relationship to the 
clinic. 
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Abstract
The quaternary ammonium salt Aliquat 336 (A336; R4N+Cl−) and the azo dye 4-(2-thiazolylazo)orcinol (ТАО) were 
examined as constituents of a water-isobutanol extraction-chromogenic system for vanadium(V). Under the optimum 
conditions (cTAO = 1.6×10–3 mol dm–3, cA336 = 1.3×10–2 mol dm–3 and pH 5.0), vanadium(V) is extracted as a ternary 
complex which can be represented by the formula (R4N+)[VO2(TAO2−)]. The key extraction-spectrophotometric char-
acteristics were determined. The interfering effect of foreign ions was studied as well. The wavelength of maximum 
absorption (λmax), molar absorptivity (εmax), constant of extraction (Kex) and fraction extracted (E) were found to be λ = 
547 nm, ε = 3.1 × 104 dm3 mol–1 cm–1, Log Kex = 2.8 and E = 90.2%, respectively. Beer’s law was obeyed in the range of 
0.084–2.0 µg cm–3 and the limit of detection was 25 ng cm–3 of vanadium(V).  

Keywords: Vanadium(V); 5-methyl-4-(2-thiazolylazo)resorcinol; ternary complex; solvent extraction; spectrophoto-
metric determination; room temperature ionic liquid

1. Introduction
Ionic liquids (ILs) possess fascinating properties that 

are rather different from those of conventional molecular 
solvents. This make ILs of fundamental interest to special-
ists in various areas of chemistry and physics.1,2 The IL Ali-
quat 336 (A336; R4N+Cl−) finds applications as a surfac-
tant, phase-transfer catalyst and ion-association reagent.3 
The methyltrialkyl(C8-C10)ammonium cations it contains 
can form hydrophobic ion-associates with various anions 
and the obtained compounds can be separated by ex-
traction methods, such as liquid-liquid extraction (LLE) 
and cloud-point extraction. In LLE procedures, A336 is 
dissolved in organic solvents, which improve its physical 
properties, such as viscosity and surface tension. The fol-
lowing solvents have been used: carbon tetrachloride,4,5 
benzene,6,7 toluene,8 xylene,9 chloroform,5 cyclohexane,5 
1-оctanol10 and kerosene + higher alcohols.11–15 Unfortu-
nately, many of them are highly toxic which limits the ap-
plication of the developed methods. 

The present paper aims at to study the LLE of VV in a 
chromogenic system containing 5-methyl-4-(2-thi-
azolylazo)resorcinol {4-(2-thiazolylazo)orcinol, ТАО} and 
A336, dissolved in isobutanol (2-methylpropan-1-ol). This 
solvent is among the least toxic butanols.16 It is not as vol-
atile or corrosive as lower alcohols,16 can be produced 
from renewable resources17 and is either added as a flavor-
ing agent or present naturally in food and drink systems, 
such as cognac, whiskey, wine, brandy, arrack, Chinese 
quince fruit, nectarine, hog plum, etc.18 

It should be mentioned that the LLE of TAO-con-
taining complexes is an almost unexplored area.19,20 Chlo-
roform-extracted VV-TAO ternary complexes with tetra-
zolium cations were recently investigated in our 
laboratory.20,21 It was found that their structures differs 
from the structures of the ternary complexes of VV with 
similar ligands, such as 4-(2-thiazolylazo)resorcinol (TAR) 
and 4-(2-pyridylazo)resorcinol (PAR), due to the influ-
ence of the -CH3 group of TAO, which is capable to form a 
H-bond with an oxygen atom of the -VO2 group.21
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The list of related studies can be extended by the 
chloroform extraction of VV as a ternary complex with 
PAR and methyltrioctylammonium chloride,22 which is 
one of the main components of A336.23 Ligandless LLE of 
VV with A336 in acidic11,12,14 and alkaline12 medium was 
studied as well. However, in the absence of a chelating re-
agent, the extraction equilibrium is established slowly and 
there are practical problems with the formation of a third 
phase.24

2. Experimental
2. 1. Reagents and Apparatus

Vanadium(V) solution (2 × 10–4 mol dm–3) was pre-
pared by dissolving NH4VO3 (puriss. p.a., VEB Laborche-
mie Apolda, Germany) in water. TAO (95%, Sigma-Al-
drich Chemie GmbH) was dissolved in the presence of 
KOH (1–2 pellets per 100 cm3); the obtained slightly alka-
line aqueous solution (pH 8–9) was at concentration of 5.3 
× 10–3 mol dm–3. Aliquat 336 was purchased from Sig-
ma-Aldrich Chemie and dissolved in isobitanol (p. a. Mer-
ck). Solutions with concentrations of 1.6 × 10–2 and 1.3 × 
10–2 mol dm–3 were used; the calculations were based on 
the average molar mass of A336, 432 g mol−1.3 The acidity 
of the aqueous medium was set by the addition of buffer 
solution, prepared by mixing 2.0 mol dm–3 aqueous solu-
tions of CH3COOH and ammonia. pH was checked by a 
Hanna HI-83141 (Romania) and a WTW InoLab 7110 
(Germany) instruments. Absorbance measurements were 
performed by using a Camspec M508 and a Ultrospec3300 
pro UV-Vis spectrophotometers (UK), equipped with 1 
cm path-length glass cells. Distilled water was used 
throughout the work. 

2. 2.  Determination of the Optimum  
LLE-Spectrophotometric Conditions 
Solutions of VV, TAO and buffer were placed into 

separatory funnels. The aqueous phase volume was made 
up to 10 cm3 with water. Then A336 solution was added 
and the organic phase was made up to 5 cm3 or 10 cm3 
with isobutanol. The funnel was shaken for a fixed time 
interval. After separation of the phases, the aqueous phase 
was discarded, the organic phase was transferred into a 
beaker and dried with a pinch of anhydrous Na2SO4. Fi-
nally, the dried extract was poured into the spectropho-
tometer cell and the absorbance was measured against 
isobutanol or simultaneously prepared blank solution.

2. 3.  Determination of the Coefficient  
of Distribution
The coefficient of distribution D was calculated by 

the formula D = A1/(A3 – A1), where A1 is the absorbance 
obtained after a single extraction (under the optimal ex-

traction conditions, Table 1), and A3 is the absorbance ob-
tained after a triple extraction under the same conditions. 
The final volume of the solutions in both cases was 25 
cm3.21,25,26

2. 4.  Investigation of the Influence  
of Foreign Ions
Solutions of VV (1 cm3, 2 × 10−4 mol dm–3), foreign 

ion, TAO (3 cm3, 5.3 × 10−3 mol dm–3) and buffer (1 cm3, 
pH 5) were successively placed into a separatory funnel. 
The aqueous phase volume was made up to 10 cm3 with 
water. Then A336 solution (5 cm3, 1.3 × 10−2 mol dm–3) 
was added and the funnel was shaken for 30 sec. After sep-
aration of the phases, the organic phase was transferred 
into a beaker, dried with a pinch of anhydrous Na2SO4 and 
poured into the spectrophotometer cell. The absorbance 
was measured at 547 nm against isobutanol. For control, 
samples prepared in the absence of the foreign ion or VV 
were also run. 

3. Results and Discussion 
3. 1. LLE-Spectrophotometric Optimization

It is known that VV forms a red complex with TAO in 
aqueous ethanolic medium.21,27 It has a composition of 1:1 
and cannot be extracted in chloroform, due to its anionic 
nature.21 Our preliminary studies on the VV-TAO-wa-
ter-isobutanol system showed that the red complex can 
partially pass into the organic phase (Fig. 1, spectrum 1). 
This can be explained by the existing equilibrium between 
anionic and neutral (protonated) complex species.28,29 

Figure 1. Absorption spectra in isobutanol of complexes against 
blanks (1–3; cV = 2 × 10−5 mol dm−3) and blanks against isobutanol 
(1’–3’). (1, 1’) cTAO = 1.6 × 10−3 mol dm−3, pH 5.0, extraction time t 
= 120 sec; (2, 2’) cTAO = 2.0 × 10−4 mol dm−4, pH 5.0, cA336 = 1.3 × 
10−2 mol dm−3, extraction time t = 30 sec; (3, 3’) cTAO = 1.6 × 10−3 
mol dm−3, pH 5.0, cA336 = 1.3 × 10−2 mol dm−3, extraction time t = 
30 sec.
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Upon addition of A336, the rate of extraction increases 
sharply due to the formation of a ternary complex (Fig. 1, 
spectra 2 and 3). At that, the absorption maximum shifts 
hipsochromically by several nanometers. The profile of the 
absorption band of the ternary complex and the exact po-
sition of the maximum depend on the concentration of the 
reagents. At high concentrations, ensuring VV fraction ex-
tracted close to 90%, the profile of the absorption band is 
asymmetric (Fig. 1, spectrum 3) and the absorption maxi-
mum lies at 547 nm. 

The effect of pH on the absorbance of the extract is 
shown in Fig. 2. The results were obtained in the presence 
of ammonia-acetate solutions (1 cm3), which provide buff-
ering around pH 4.75 (the pKa of acetic acid) and pH 9.25 
(the pKa of ammonium).30 In the absence of the buffer, a 
stable emulsion is formed and the phase separation is slow. 

Fig. 2 shows that the absorbance of the complex is 
maximal in the pH range of 4.9–5.2. Тhis range is close to 
the pKa value of acetic acid, indicating that the buffer used 
is suitable. The decrease in absorbance at pH-values less 
than ca. 4.9 can be attributed to incomplete complex for-
mation due to the prevalence of protonated TAO species in 
the solution.31 The decrease in absorbance at pH-values 
higher than ca. 5.2 can be explained by the formation of 
non-extractable negatively charged vanadium-containing 
species of the type [V(O)x(TAO)y]n− (where n > 1 and va-
nadium oxidation state is +5). Another reason can be the 
simultaneous extraction of the TAO-A336 ion-pair, which 
reduces the effective reagents concentrations with increas-
ing pH (see Fig. 2, series 2). A change in the oxidation state 
of vanadium under the reaction conditions is not expect-
ed.20,21

Further optimization experiments were directed to 
the selection of working concentrations of the reagents, 
TAO and A336 (Fig. 3), and the time of extraction. The 
optimization ranges and the set of optimal values are sum-
marized in Table 1. 

When comparing the optimal TAO concentrations 
in this work and in our previous studies with tetrazolium 
salts,20,21 it is clear that the TAO concentration in the pres-
ent system should be higher {1.6 × 10–3 mol dm–3 vs. (3.0 
–4.5) × 10–4 mol dm–3}. The same is valid for the concen-
tration of the cationic ion-association reagent {1.3 × 10–2 
mol dm–3 vs. (3.9–9.4) × 10–4 mol dm–3}. This disadvan-
tage can be attributed to the lower stability of the ternary 

Figure 2. Absorbance of the VV – TAO – A336 complex (1) and the 
blank (2) vs. pH of the aqueous phase. cV = 2 × 10−5 mol dm−3, cTAO 
= 1.6 × 10−3 mol dm−4, pH 5.0, cA336 = 1.3 × 10−2 mol dm−3, extrac-
tion time t = 120 sec.

Figure 3. Effect of TAO (1) and A336 (2) concentration on the ab-
sorbance. (1) cV = 2 × 10−5 mol dm−3, pH 5.0, cA336 = 1.3 × 10−2 mol 
dm−3, extraction time t = 120 sec.; (2) cV = 2 × 10−5 mol dm−3, cTAO 
= 1.6 × 10−3 mol dm−4, pH 5.0, extraction time t = 120 sec.

Table 1. LLE-spectrophotometric optimization of the VV – TAO – Aliquat 336 – water – isobu-
tanol system. 

Parameter Optimization range Optimal value

Wavelength, nm Visible range 547 
pH 4.0–7.0 5.0
Concentration of TAO, mol dm–3 (0.08–2) × 10–3 1.6 × 10–3

Concentration of Aliquat 336, mol dm–3 (0–1.56) × 10–2  1.3 × 10–2 
Extraction time, seconds 5–240  30

complex, provoked by the shape of the cation used and 
localized charge in it.32,33

It is important to be mentioned that the extraction 
time in the present work does not affect the absorbance in 
the entire investigated range (5–240 sec). No decrease in 
absorption was observed by increasing the extraction time 
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as reported in the literature34 on the extraction of VV with 
PAR into similar solvents, such as n-pentanol and n-buta-
nol. We extracted for 30 seconds in our further investiga-
tions. This contact time is slightly shorter than the times 
for VV extraction by TAO and tetrazolium salts (several 
minutes)20,21 and much shorter than the times for VV ex-
traction by Aliquat 336 in the absence of chelate re-
agents.11,12,14 

3. 2.  Molar Ratios, Complex Composition  
and Extraction Characteristics
The molar TAO-to-VV ratio was determined by the 

method of Asmus35 (Fig. 4a) and the mobile equilibrium 
method36 (Fig. 5, line 1). The molar Aliquat 336-to-VV ra-
tio was determined by the same methods (Fig. 4b and Fig. 
5, line 2). The results show that the composition of the ter-
nary complex is 1:1:1. Such a composition was reported for 
the chloroform extracted VV-PAR-methyltrioctylammoni-
um complex.22 There are no signs of dimerization in the 

organic phase, as in the extraction of the VV-TAO anionic 
complex [VO2(TAO)]− with tetrazolium salts.20,21 

The formation of the binary complex in the aqueous 
phase can be represented by equation 1. It is based on in-
formation concerning the state of VV 37 and TAO29 at the 
reaction conditions.

VO3
−

(aq) + HTAO−
(aq)  [VO2(TAO)]−

(aq) + 
+ OH−

(aq)         (1)

The next steps, ion-association and extraction, are 
represented by equation 2.

[VO2(TAO)]−
(aq) + R4NCl(org)  

(R4N+)[VO2(TAO)−](org) + Cl−(aq)   (2)

In it, A336 and its cation are denoted as R4NCl and 
R4N+, respectively. The conditional equilibrium constant 
characterizing equation 2 was calculated by the mobile 
equilibrium method36 (Fig. 5, straight line 2). The obtained 
value was Log Kex = 2.8 ± 0.1. The coefficient of distribu-
tion D was found by comparison of the absorbance values 
obtained after single and triple extractions as described 
above: Log D = 0.97 ± 0.04 (three replicate measurements). 
The fraction extracted, E = (90.2 ± 0.8)%, was calculated 
by the formula E% = 100 × D / (D +1). 

3. 3. Beer’s Law and Analytical Characteristics
The dependence between the concentration of VV in 

the aqueous phase and the absorbance of the extracted 
complex was studied under the optimum conditions (Ta-
ble 1). The volumes of the aqueous and organic phase were 
set to 10 and 5 cm3, respectively. A good linearity was ob-
tained in the range of 0.084–2.0 μg cm–3 (r2 = 0.9994, N = 

Figure 4. Determination of the TAO/VV (a) and A336/VV (b) molar 
ratios by the straight-line method of Asmus. The experimental con-
ditions are given in Fig. 3.

Figure 5. Determination of the TAO/VV (1) and A336/VV (2) molar 
ratios by the mobile equilibrium method. The experimental condi-
tions are given in Fig. 3.

a)

b)
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9). The linear regression equation was A = 0.615γ – 0.0067, 
where A is the absorbance and γ is the concentration of VV 
(μg cm–3). The standard deviations of the slope and inter-
cept were both equal to 0.005. The limits of detection 
(LOD) and quantitation (LOQ), calculated as 3 and 10 
times standard deviation of the intercept divided by the 
slope, were LOD = 25 ng cm–3 and LOQ = 84 ng cm–3. The 
molar absorptivity (ε) and Sandell’s sensitivity (S) at λmax = 
547 nm were ε = 3.1 × 104 dm3 mol–1 cm–1 and S = 1.6 × 
10–3 μg cm–2, respectively.

3. 4. Effect of Foreign Ions
Various ions which are often found together with va-

nadium in environmental and industrial samples were 
used to test the selectivity of the developed procedure. 
Their effect at λ = 547 nm is presented in Table 2. CoII, 
CuII, NiII and FeIII form intensively colored extractable 
complexes with TAO. They cause serious positive errors in 
the spectrophotometric determination of VV. MoVI, AlIII, 
CrIII, ReVII and WVI can cause negative errors, however 
their interfering effect is smaller. When present in moder-
ate amounts, alkaline and alkaline earth cations and the 
most of the anions studied do not significantly affect the 
absorbance. VIV causes an increase in absorption as if it 
were VV. Most likely, it is oxidized to VV by the air oxy-
gen38,39 in the initial step of the procedure when the slight-
ly alkaline TAO solution is added to the vanadium.

4. Conclusions
The ternary complex formed in the liquid-liquid ex-

traction-chromogenic system VV-TAO-A336 has a com-
position of 1:1:1 and can be represented by the formula 
(R4N+)[VO2(TAO)]. Its anionic part [VO2(TAO)]− has an 
intense red coloration, while the bulky cationic part R4N+ 
is responsible for the easy extraction of the target metal ion 
(VV) into organic phase. The organic solvent, isobutanol, is 
less toxic than the solvents commonly applied is methods 
involving Aliquat 336. Additional advantages of the pro-
posed procedure are its simplicity and rapidity. Disadvan-
tages in comparison to similar extraction systems, con-
taining tetrazolium salts (instead of Aliquat 336), are the 
need for higher concentration of the reagents and smaller 
fraction extracted. These disadvantages can be attributed 
to the lower stability of the ion-associate, provoked by the 
shape of the cation and localized charge in it. 
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Povzetek
Proučevali smo možnost uporabe kvarterne amonijeve soli Aliquat 336 (A336; R4N+Cl−) in azo barvila 4-(2-tiazolilazo)
orcinol (ТАО) kot komponenti ekstrakcijsko-kromogenega sistema za vanadij(V) v zmesi voda-izobutanol. Pod opti-
malnimi pogoji (cTAO = 1,6 × 10–3 mol dm–3, cA336 = 1,3 × 10–2 mol dm–3 in pH 5,0) smo ekstrahirali vanadij(V) kot ter-
narni kompleks s formulo (R4N+)[VO2(TAO2−)]. Določili smo ključne ekstrakcijsko-spektrofotometrične karakteristike. 
Proučili smo tudi interferenco nekaterih ionov. Valovna dolžina maksimalne absorpcije (λmax), molska absorptivnost 
(εmax), konstanta ekstrakcije (Kex) in delež ekstrakcije (E) so λ = 547 nm, ε = 3.1 × 104 dm3 mol–1 cm–1, log Kex = 2.8 in E 
= 90.2 %. Beerov zakon velja v območju 0,084–2,0 µg cm–3, meja detekcije za vanadij(V) je 25 ng cm–3. 
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Abstract
Synthesis of some novel tricyclic compounds bearing thienodipyrimidine moiety by the reaction of ethyl 6-amino-1,3-di-
methyl-2,4-dioxo-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidine-7-carboxylate (1) with different types of aromatic amines 
to give the corresponding carboxamide derivatives 2–11, which cyclized with triethyl orthoformate in acetic anhydride 
to afford thieno[2,3-d:4,5-d’]dipyrimidine derivatives 12–15 is described. Similarly, thieno[2,3-d:4,5-d’]dipyrimidine 
derivative 17 was also prepared via the reaction of carboxamide derivative 2 with chloroacetyl chloride in chloroform 
to give thieno[3,2-d]pyrimidine-7-carboxamide derivative 16, followed by a cyclization in boiling acetic anhydride. The 
structure of these compounds was confirmed on the basis of their spectral and analytical data such as IR, 1H-NMR, 
13C-NMR spectroscopy and mass spectral data. The synthesized compounds were screened for their cytotoxic activity.

Keywords: Thienopyrimidine; thienodipyrimidine; cytotoxic activity

1. Introduction 
Thienopyrimidines represent structural analogues for 

biogenic purines and potential nucleic acid antimetabolites.1 
In particular, they are currently an important group of com-
pounds that display anticancer activity, especially against 
solid tumors (e.g., breast and ovarian).2–4 On the other hand, 
the classes of tricyclic compounds bearing thienopyrimidine 
scaffolds have been the focus of great interest because of 
their pharmacological activities, such as antitumor,5–9 anti-
allergic, anti-inflammatory, analgesic, antifungal and anti-
bacterial activities.10–20 Consequently, thienopyrimidines 
have become an important class of compounds in drug dis-
covery programs and the medicinal chemistry.21–25 

In continuation of our previous work on biologically 
active nitrogen and sulfur heterocycles,26–29 it was of inter-
est to synthesize some novel thieno[2,3-d:4,5-d`]dipyrimi-
dine derivatives and evaluate these compounds for their 
cytotoxic activity.

2. Experimental
All melting points are uncorrected and were deter-

mined on Gallenkamp electric melting point device. Pre-

coated Merck silica gel 60F-254 plates were utilized for 
thin-layer chromatography (TLC) and the spots were visu-
alized under UV light (254 nm). The infrared (IR) spectra 
were recorded (KBr disk) on Pye Unicam SP 1000 IR spec-
trophotometer (Thermoelectron Co. Egelsbach, Germany. 
The 1H-NMR spectra were obtained on Varian Gemini 
400 MHz (Varian Co., Cairo university, Egypt), and 13C-
NMR on the same instrument at 100 MHz. Deuterated 
DMSO-d6 was used as the solvent, tetramethylsilane 
(TMS) was used as the internal standard and chemical 
shifts were measured in δ ppm. Mass spectra were deter-
mined on a GC-MS.QP-100 EX Shimadzu (Japan). Ele-
mental analyses were recorded on Perkin-Elmer 2400 Ele-
mental analyzer at the Micro-analytical Center at Cairo 
University, Cairo, Egypt.

General Procedure for the Reaction of Compound 1 with 
Different Aromatic Amines 

An equimolar amount of compound 1 (2.83 g, 0.01 
mol) and different aromatic amines namely, 2-aminopyri-
dine (0.94 g, 0.01 mol), 4-aminobenzenesulfonamide (1.72 
g, 0.01 mol), 2-aminothiazole (1.00 g, 0.01 mol), 4-amino-
N-(thiazol-2-yl)benzenesulfonamide (2.55 g, 0.01 mol), 
4-aminoantipyrine (2.03 g, 0.01 mol), creatinine (1.13 g, 

mailto:Saeed201691@yahoo.com
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0.01 mol), 6-amino-2-thioxo-4-(p-tolyl)-1,2,3,4-tetrahy-
dropyrimidine-5-carbonitrile (2.44 g, 0.01 mol), ethyl 
5-acetyl-4-amino-2-(phenylamino)thiophene-3-carbox-
ylate (3.04 g, 0.01 mol), 2-amino-4-hydroxyquinoline-
3-carbonitrile (1.85 g, 0.01 mol), or 2,6-diaminopyridine 
(1.09 g, 0.01 mol), in the presence of freshly fused AcONa 
were heated on an oil bath for 1 h, then dil. HCl was added 
to the mixture, the formed solids were collected by filtra-
tion, washed with water, dried and crystallized from 
EtOH/DMF to give compounds 2–11, respectively. 

6-Amino-1,3-dimethyl-2,4-dioxo-N-(pyridin-2-yl)-1,2, 
3,4-tetrahydrothieno[3,2-d]pyrimidine-7-carboxa mide 
(2)

Deep brown crystals; yield (68%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3435–3415 (NH2), 
3385 (NH), 1671 (3C=O); 1H-NMR (400 MHz, DMSO-
d6) δ (ppm): 3.20 (s, 6H, 2N-CH3), 7.34 (s, 2H, NH2), 
7.22–8.36 (m, 4H, Ar-H), 10.67 (s, 1H, CONH, D2O ex-
changeable); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 
27.5, 30.3, 114.5, 116.8, 118.5, 121.2, 136.4, 143.2, 145.7, 
146.6, 151.4, 155.6, 166.8, 171.6; MS (EI, 70 eV) m/z = 331 
(M+). Anal. Calcd for C14H13N5O3S (331.35): C, 50.75; H, 
3.95; N, 21.14; S, 9.68. Found: C, 50.71; H, 3.89; N, 21.09; 
S, 9.64.

6-Amino-1,3-dimethyl-2,4-dioxo-N-(4-sulfa moy lphen yl) 
-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidine-7-carbox-
amide (3)

Brown powder; yield (78%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3476–3453 (2NH2), 3343 
(NH), 1653 (3C=O); 1H-NMR (400 MHz, DMSO-d6) δ 
(ppm): 3.24 (s, 6H, 2N-CH3), 6.84 (s, 2H, NH2), 7.33 (s, 
2H, NH2), 7.61 (d, 2H, J = 7.50 Hz, Ar-H), 8.25 (d, 2H, J 
= 7.50 Hz, Ar-H), 10.67 (s, 1H, CONH, D2O exchange-
able); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 27.6, 
30.5, 114.3, 117.5, 121.4, 131.4, 136.3, 143.5, 145.2, 151.8, 
155.2, 166.7, 171.5; MS (EI, 70 eV) m/z = 410 (M++1). 
Anal. Calcd for C15H15N5O5S2 (409.44): C, 44.00; H, 3.69; 
N, 17.11; S, 15.66. Found: C, 44.68; H, 3.64; N, 17.15; S, 
15.61.

6-Amino-1,3-dimethyl-2,4-dioxo-N-(thiazol-2-yl)-1,  
2,3, 4-te tra hydrothieno[3,2-d]pyrimidine-7-carboxami-
de (4) 

Brown powder; yield (67%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3446–3422 (NH2), 3381 
(NH), 1681 (3C=O); 1H-NMR (400 MHz, DMSO-d6) δ 
(ppm): 3.25 (s, 6H, 2N-CH3), 7.35 (s, 2H, NH2), 7.42 (d, 
1H, J = 7.10 Hz, Ar-H), 7.58 (d, 1H, J = 7.10 Hz, Ar-H), 
10.67 (s, 1H, CONH, D2O exchangeable); 13 C-NMR (100 
MHz, DMSO-d6) δ (ppm): 27.5, 30.4, 114.7, 118.9, 121.2, 
138.4, 143.3, 151.7, 155.5, 160.8, 166.5, 171.3; MS (EI, 70 
eV) m/z = 337 (M+). Anal. Calcd for C12H11N5O3S2 
(337.37): C, 42.72; H, 3.29; N, 20.76; S, 19.01. Found: C, 
42.67; H, 3.23; N, 20.72; S, 18.94.

6-Amino-1,3-dimethyl-2,4-dioxo-N-(4-(N-(thiazol-2-yl)
sulfamoyl)phenyl)-1,2,3,4-tetrahydrothieno[3,2-d]pyri-
midine-7-carboxamide (5)

Brown powder; yield (62%); mp 283–284 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3456–3475 (NH2), 3234 
(2NH), 1627 (3C=O); 1H-NMR (400 MHz, DMSO-d6) δ 
(ppm): 3.21 (s, 6H, 2 N-CH3), 7.36 (s, 2H, NH2), 7.40 (d, 
1H, J = 7.10 Hz, thiazole H4), 7.55 (d, 1H, J = 7.10 Hz, 
thiazole H5), 7.72 (d, 2H, J = 7.50 Hz, Ar-H), 8.28 (d, 2H, J 
= 7.50 Hz, Ar-H), 10.66, 11.84 (s, 2H, 2NH, D2O exchange-
able); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 27.7, 
30.6, 114.7, 117.3, 118.6, 121.5, 131.5, 136.4, 138.9, 143.6, 
146.2, 151.6, 155.7, 166.4, 168.6, 171.6; MS (EI, 70 eV) m/z 
= 492 (M+). Anal. Calcd for C18H16N6O5S3 (492.54): C, 
43.89; H, 3.27; N, 17.06; S, 19.53. Found: C, 43.81; H, 3.23; 
N, 16.98; S, 19.44.

6-Amino-N-(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihy dro-
1H-pyrazol-4-yl)-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetra-
hydrothieno[3,2-d]pyrimidine-7-carboxamide (6) 

Brown powder; yield (78%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3447–3423 (NH2), 3384 
(NH), 1680, 1650 (4C=O); 1H-NMR (400 MHz, DMSO-
d6) δ (ppm): 2.34 (s, 3H, CH3), 3.21 (s, 6H, 2 N-CH3), 3.26 
(s, 3H, N-CH3), 7.43 (s, 2H, NH2), 7.27–7.70 (m, 5H, Ar-
H), 10.64 (s, 1H, NH, D2O exchangeable); 13 C-NMR (100 
MHz, DMSO-d6) δ (ppm): 14.6, 27.4, 30.3, 32.8, 108.4, 
114.5, 121.6, 122.8, 124.9, 127.7, 130.2, 137.3, 143.4, 151.8, 
155.7, 163.7, 166.8, 171.5; MS (EI, 70 eV) m/z = 441 
(M++1). Anal. Calcd for C20H20N6O4S (440.48): C, 54.54; 
H, 4.58; N, 19.08; S, 7.28. Found: C, 54.49; H, 4.60; N, 
18.99; S, 7.25.

6-Amino-1,3-dimethyl-N-(1-methyl-4-oxo-4,5-dihydro- 
1H-imidazol-2-yl)-2,4-dioxo-1,2,3,4-tetrahy dro thie-
no[3,2-d]pyrimidine-7-carboxamide (7) 

Brown powder; yield (60%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3447–3422 (NH2), 3249 
(NH), 1637 (4C=O); 1H-NMR (400 MHz, DMSO-d6) δ 
(ppm): 3.16 (s, 3H, N-CH3), 3.19 (s, 3H, N-CH3), 3.22 (s, 
3H, N-CH3), 3.60 (s, 2H, imidazole H5), 7.31 (s, 2H, NH2), 
9.51 (s, 1H, NH, D2O exchangeable); 13 C-NMR (100 MHz, 
DMSO-d6) δ (ppm): 27.6, 30.3, 38.3, 61.6, 114.6, 121.5, 
143.4, 151.8, 153.2, 155.6, 163.8, 166.7, 171.4; MS (EI, 70 
eV) m/z = 351 (M++1). Anal. Calcd for C13H14N6O4S 
(350.35): C, 44.57; H, 4.03; N, 23.99; S, 9.15. Found: C, 
44.56; H, 4.03; N, 23.97; S, 9.13.

6-Amino-N-(5-cyano-2-thioxo-6-(p-tolyl)hexahydropy-
rimidin-4-yl)-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahy-
drot hieno[3,2-d]pyrimidine-7-carboxamide (8) 

Brown powder; yield (69%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3447–3422 (NH2), 3380, 
3249 (3NH), 2218 (CN), 1641 (3C=O) 1383 (C=S);  
1H-NMR (400 MHz, DMSO-d6) δ (ppm): 2.18 (s, 3H, CH3), 
3.13 (m, 1H, pyrimidine H5), 3.21 (s, 6H, 2N-CH3), 3.67 (d, 
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1H, J = 7.50 Hz, pyrimidine H6), 3.77 (d, 1H, J = 7.50 Hz, 
pyrimidine H4), 7.68 (s, 2H, NH2), 7.50 (d, 2H, J = 6.90 Hz, 
Ar-H), 7.89 (d, 2H, J = 6.90 Hz, Ar-H), 8.96, 10.15, 10.36 (s, 
3H, 3NH, D2O exchangeable); 13 C-NMR (100 MHz, DM-
SO-d6) δ (ppm): 18.3, 27.4, 30.5, 45.6, 58.8, 78.4, 114.8, 
117.6, 121.5, 126.4, 130.3, 134.2, 140.3, 143.4, 151.6, 155.3, 
166.7, 171.5, 176.8; MS (EI, 70 eV) m/z = 483 (M+). Anal. 
Calcd for C21H21N7O3S2 (483.57): C, 52.16; H, 4.38; N, 
20.28; S, 13.26. Found: C, 52.08; H, 4.32; N, 20.21; S, 13.18.

Ethyl 5-Acetyl-4-(6-amino-1,3-dimethyl-2,4-dioxo-1,2,3, 
4-tetrahydrothieno[3,2-d]pyrimidine-7-carboxamido)-
2-(phenylamino)thiophene-3-carboxylate (9)

Brown powder; yield (71%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3446–3418 (NH2), 3221 
(2NH), 1703, 1683, 1641 (5C=O); 1H-NMR (400 MHz, 
DMSO-d6) δ (ppm): 1.33 (t, 3H, J = 7.10 Hz, CH3), 3.14 (s, 
6H, 2N-CH3), 3.77 (s, 3H, COCH3), 4.43 (q, 2H, J = 7.10 
Hz, CH2), 7.47 (s, 2H, NH2), 7.27–7.58 (m, 5H, Ar-H), 
9.31, 10.25 (s, 2H, 2NH, D2O exchangeable); 13 C-NMR 
(100 MHz, DMSO-d6) δ (ppm): 14.6, 26.2, 27.8, 30.6, 61.3, 
114.3, 118.6, 121.4, 124.3, 126.6, 128.4, 139.5, 140.6, 143.5, 
145.3, 151.6, 155.7, 160.2, 162.3, 166.3, 171.4, 186.3; MS 
(EI, 70 eV) m/z = 541 (M+). Anal. Calcd for C24H23N5O6S2 
(541.60): C, 53.22; H, 4.28; N, 12.93; S, 11.84. Found: C, 
53.18; H, 4.25; N, 12.88; S, 11.77.

6-Amino-N-(3-cyano-4-hydroxyquinolin-2-yl)-1,3-di-
methyl-2,4-dioxo-1,2,3,4-tetrahydrothieno[3,2-d]pyrim-
idine-7-carboxamide (10) 

Brown powder; yield (64%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3417–3331 (NH2, OH), 
3222 (NH), 2219 (CN), 1676 (3C=O); 1H-NMR (400 MHz, 
DMSO-d6) δ (ppm): 3.21 (s, 6H, 2N-CH3), 7.37 (s, 2H, 
NH2), 7.68–8.46 (m, 4H, Ar-H), 10.21 (s, 1H, OH), 10.67 
(s, 1H, NH, D2O exchangeable); 13 C-NMR (100 MHz, 
DMSO-d6) δ (ppm): 27.6, 30.4, 79.8, 110.6, 114.5, 117.3, 
120.0, 121.6, 124.6, 126.4, 134.3, 143.8, 148.6, 150.2, 151.7, 
155.9, 161.4, 166.2, 171.3; MS (EI, 70 eV) m/z = 422 (M+). 
Anal. Calcd for C19H14N6O4S (422.42): C, 54.02; H, 3.34; 
N, 19.90; S, 7.59. Found: C, 53.96; H, 3.38; N, 19.84; S, 7.51.

N,N’-(Pyridine-2,6-diyl)bis(6-amino-1,3-dimethyl-2,4-
dioxo-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidine-7-car-
boxamide) (11) 

Reddish brown powder; yield (61%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3574–3475 (2NH2), 
3368 (2NH), 1687 (6C=O); 1H-NMR (400 MHz, DMSO-
d6) δ (ppm): 3.21 (s, 6H, 2N-CH3), 3.25 (s, 6H, 2N-CH3), 
7.46 (s, 4H, 2NH2), 7.21–7.64 (m, 3H, Ar-H), 10.74 (s, 2H, 
2CONH, D2O exchangeable); 13 C-NMR (100 MHz,  
DMSO-d6) δ (ppm): 27.8, 30.5, 114.2, 116.8, 121.3, 136.6, 
143.5, 145.4, 151.6, 155.7, 166.5, 171.3; MS (EI, 70 eV) m/z 
= 585 (M++2). Anal. Calcd for C23H21N9O6S2 (583.60): C, 
47.34; H, 3.63; N, 21.60; S, 10.99. Found: C, 47.28; H, 3.59; 
N, 21.55; S, 10.92.

General Procedure for the Reaction of Compounds 2, 4, 5, 
7 and 1 with Triethyl Orthoformate

To a solution of compound 2 (3.31 g, 0.01 mol), com-
pound 4 (4.09 g, 0.01 mol), compound 5 (3.37 g, 0.01 mol), 
compound 7 (4.40 g, 0.01 mol) or compound 1 (2.83 g, 
0.01 mol) in acetic anhydride (20 mL) triethyl orthofor-
mate (1.48 g, 0.01 mol) was added. The reaction mixture 
was heated on water bath for 8–10 hours, then poured 
onto iced water and the formed solid product was collect-
ed by filtration, and crystallized from EtOH/DMF to give 
compounds 12–15 and 23, respectively. 

1,3-Dimethyl-8-(pyridin-2-yl)thieno[2,3-d:4,5-d’]dipy-
rimidine-2,4,9(1H,3H,8H)-trione (12) 

 Brownish blue powder; yield (67%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 1667 (3C=O); 1H-
NMR (400 MHz, DMSO-d6) δ (ppm): 3.01 (s, 3H, N-CH3), 
3.09 (s, 3H, N-CH3), 7.26–8.46 (m, 4H, Ar-H), 8.56 (s, 1H, 
pyrimidine-H7); 13 C-NMR (100 MHz, DMSO-d6) δ 
(ppm): 28.2, 30.3, 114.4, 118.3, 122.6, 130.3, 136.5, 143.2, 
145.3, 146.6, 148.5, 151.6, 155.5, 166.4, 168.6; MS (EI, 70 
eV) m/z = 341 (M+). Anal. Calcd for C15H11N5O3S (341.35): 
C, 52.78; H, 3.25; N, 20.52; S, 9.39. Found: C, 52.74; H, 
3.22; N, 20.46; S, 9.41.

4-(1,3-Dimethyl-2,4,9-trioxo-1,2,3,4-tetrahydrot hie-
no[2,3-d:4,5-d’]dipyrimidin-8(9H)-yl)benzenesulfon-
amide (13) 

Yellowish brown powder; yield (70%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3476–3445 (NH2), 
1668 (3C=O); 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 
3.01 (s, 3H, N-CH3), 3.09 (s, 3H, N-CH3), 6.82 (s, 2H, 
NH2), 7.63 (d, 2H, J = 7.10 Hz, Ar-H), 8.16 (d, 2H, J = 7.10 
Hz, Ar-H), 8.54 (s, 1H, pyrimidine-H7); 13 C-NMR (100 
MHz, DMSO-d6) δ (ppm): 27.5, 30.6, 114.5, 117.3, 130.8, 
131.9, 136.8, 143.7, 145.2, 148.3, 151.7, 155.4, 166.5, 168.8; 
MS (EI, 70 eV) m/z = 419 (M+). Anal. Calcd for 
C16H13N5O5S2 (419.43): C, 45.82; H, 3.12; N, 16.70; S, 
15.29. Found: C, 45.73; H, 3.06; N, 16.63; S, 15.22.

4-(1,3-Dimethyl-2,4,9-trioxo-1,2,3,4-tetrahydrothieno 
[2,3-d:4,5-d’]dipyrimidin-8(9H)-yl)-N-(thiazol-2-yl)
benzenesulfonamide (14) 

Gray crystals; yield (68%); mp > 300 °C (DMF-EtOH 
(1:2)); IR (KBr): ν/cm–1 = 3245 (NH), 1667 (3C=O); 1H-
NMR (400 MHz, DMSO-d6) δ (ppm): 3.01 (s, 3H, N-CH3), 
3.09 (s, 3H, N-CH3), 7.45 (d, 1H, J = 7.10 Hz, thiazole H4), 
7.62 (d, 1H, J = 7.10 Hz, thiazole H5), 7.74 (d, 2H, J = 7.50 
Hz, Ar-H), 8.24 (d, 2H, J = 7.50 Hz, Ar-H), 8.52 (s, 1H, 
pyrimidine-H7), 11.68 (s, 1H, NH, D2O exchangeable); 13 

C-NMR (100 MHz, DMSO-d6) δ (ppm): 27.8, 30.4, 114.8, 
116.5, 118.8, 130.6, 131.7, 136.4, 138.3, 143.8, 145.2, 148.1, 
151.5, 155.3, 166.7, 168.5, 170.2; MS (EI, 70 eV) m/z = 502 
(M+). Anal. Calcd for C19H14N6O5S3 (502.54): C, 45.41; H, 
2.81; N, 16.72; S, 19.14. Found: C, 45.32; H, 2.73; N, 16.66; 
S, 19.06.
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8-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyra-
zol-4-yl)-1,3-dimethylthieno[2,3-d:4,5-d’]dipyrimidine-
2,4,9(1H,3H,8H)-trione (15) 

Red powder ; yield (72%); mp > 300 °C (DMF-EtOH 
(1:2)); IR (KBr): ν/cm–1 = 1667, 1655 (4C=O); 1H-NMR 
(400 MHz, DMSO-d6) δ (ppm): 2.26 (s, 3H, CH3), 3.01 (s, 
3H, N-CH3), 3.09 (s, 3H, N-CH3), 3.23 (s, 3H, N-CH3), 
7.38–7.78 (m, 5H, Ar-H), 8.51 (s, 1H, pyrimidine-H7); 13 

C-NMR (100 MHz, DMSO-d6) δ (ppm): 14.6, 27.6, 30.5, 
35.8, 105.6, 114.3, 118.1, 122.8, 128.6, 130.5, 131.7, 136.5, 
143.3, 148.4, 151.6, 155.8, 163.7, 166.8, 168.6; MS (EI, 70 
eV) m/z = 450 (M+). Anal. Calcd for C21H18N6O4S (450.47): 
C, 55.99; H, 4.03; N, 18.66; S, 7.12. Found: C, 55.97; H, 
3.97; N, 18.59; S, 7.06.

Ethyl 6-((Ethoxymethylene)amino)-1,3-dimethyl-2,4-di-
oxo-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidine-7-car-
boxylate (23). 

Yellowish brown crystals; yield (63%); mp 123–125 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 1708, 1659 (3C=O); 
1H-NMR (400 MHz, DMSO-d6) δ (ppm): 1.22 (t, 3H, J = 
7.50 Hz, CH2CH3), 2.93 (t, 3H, J = 7.10 Hz, CH2CH3), 3.01 
(s, 3H, N-CH3), 3.09 (s, 3H, N-CH3), 3.71 (q, 2H, J = 7.10 
Hz, CH2CH3), 4.15 (q, 2H, J = 7.50 Hz, CH2CH3), 8.45 (s, 
1H, N=CH); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 
18.5, 18.9, 27.5, 30.4, 67.6, 68.7, 115.4, 123.4, 143.5, 151.8, 
155.6, 158.5, 163.4, 169.5; MS (EI, 70 eV) m/z = 340 (M++1). 
Anal. Calcd for C14H17N3O5S (339.37): C, 49.55; H, 5.05; N, 
12.38; S, 9.45. Found: C, 49.48; H, 4.97; N, 12.31; S, 9.37.

Synthesis of 6-(2-Chloroacetamido)-1,3-dimethyl-2,4-di-
oxo-N-(pyridin-2-yl)-1,2,3,4-tetrahydrothieno[3,2-d]
pyrimidine-7-carboxamide (16) 

To a solution of compound 2 (3.31 g, 0.01 mol) in 
chloroform (25 mL) chloroacetyl chloride (1.12 g, 0.01 
mol) was added at room temperature overnight. The reac-
tion mixture was concentrated under reduced pressure 
and cooled. The obtained solid product was collected by 
filtration, dried and crystallized from EtOH/DMF to give 
compound 16. Purple powder; yield (88%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3421 (2NH), 1698, 
1671 (4C=O), 756 (C–Cl); 1H-NMR (400 MHz, DMSO-
d6) δ (ppm): 3.01 (s, 3H, N-CH3), 3.09 (s, 3H, N-CH3), 3.65 
(s, 2H, CH2), 7.24–8.44 (m, 4H, Ar-H), 10.67, 11.54 (s, 2H, 
2NH); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 27.4, 
30.5, 51.6, 114.3, 116.8, 118.6, 121.3, 136.5, 143.2, 145.7, 
146.5, 151.6, 155.3, 166.9, 168.4, 178.8; MS (EI, 70 eV) m/z 
= 407 (M+). Anal. Calcd for C16H14ClN5O4S (407.83): C, 
47.12; H, 3.46; N, 17.17; S, 7.86. Found: C, 47.11; H, 3.40; 
N, 17.09; S, 7.82.

Synthesis of 7-(Chloromethyl)-1,3-dimethyl-8-(pyridin-
2-yl)thieno[2,3-d:4,5-d’]dipyrimidine-2,4,9-(1H,3H, 
8H)-trione (17) 

A solution of compound 16 (4.07 g, 0.01 mol) in 
acetic anhydride (20 mL) was refluxed for 6 h (TLC, mob. 

phase petroleum ether/ethyl acetate (8:2)). The reaction 
mixture was poured onto crushed ice water and the solid 
separated was collected by filtration, dried and crystal-
lized from EtOH/DMF to give compound 17. Pink pow-
der; yield (78%); mp > 300 °C (DMF-EtOH (1:2)); IR 
(KBr): ν/cm–1 = 1657, 1645 (3C=O), 760 (C–Cl); 1H-NMR 
(400 MHz, DMSO-d6) δ (ppm): 3.01 (s, 3H, N-CH3), 3.09 
(s, 3H, N-CH3), 4.45 (s, 2H, CH2), 7.32–8.45 (m, 4H, Ar-
H); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 27.8, 30.6, 
48.5, 114.5, 118.3, 122.2, 130.4, 136.5, 143.2, 145.3, 146.7, 
151.4, 155.8, 158.5, 164.8, 168.3; MS (EI, 70 eV) m/z = 389 
(M+). Anal. Calcd for C16H12ClN5O3S (389.81): C, 49.30; 
H, 3.10; N, 17.97; S, 8.22. Found: C, 49.24; H, 3.06; N, 
17.92; S, 8.17.

General Procedure for the Reaction of Compound 16 with 
Piperidine and Morpholine 

To an equimolar amount of 16 (4.07 g, 0.01 mol) and 
piperidine (0.85 g, 0.01 mol) or morpholine (0.87 g, 0.01 
mol) in dry xylene (20 mL) DMF (5 drops) was added. The 
reaction mixture was refluxed for 3 h, then poured onto 
iced water and the formed solid products, in each case, 
were collected by filtration and crystallized from EtOH/
DMF to give compounds 18 and 19, respectively. 

1,3-Dimethyl-2,4-dioxo-6-(2-(piperidin-1-yl)aceta-
mido)-N-(pyridin-2-yl)-1,2,3,4-tetrahydrothieno[3,2-d]
pyrimidine-7-carboxamide (18) 

Greenish brown crystals; yield (64%); mp 270–272 
°C (DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3435 (2NH), 
1665 (4C=O); 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 
1.13–1.45 (m, 6H, 3CH2), 2.27 (t, 4H, 2NCH2), 3.01 (s, 3H, 
N-CH3), 3.09 (s, 3H, N-CH3), 3.46 (s, 2H, COCH2N), 
7.29–8.56 (m, 4H, Ar-H), 10.86, 11.46 (s, 2H, 2NH, D2O 
exchangeable); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 
22.3, 25.5, 27.8, 30.7, 54.3, 67.6, 114.5, 116.2, 118.6, 121.4, 
136.3, 143.3, 145.3, 146.5, 151.8, 155.6, 166.7, 168.5, 178.6; 
MS (EI, 70 eV) m/z = 456 (M+). Anal. Calcd for 
C21H24N6O4S (456.52): C, 55.25; H, 5.30; N, 18.41; S, 7.02. 
Found: C, 55.19; H, 5.27; N, 18.33; S, 6.96.

1,3-Dimethyl-6-(2-morpholinoacetamido)-2,4-dioxo-N-
(pyridin-2-yl)-1,2,3,4-tetrahydrothieno[3,2-d]pyrimi-
dine-7-carboxamide (19)

 Brown crystals; yield (61%); mp 258–260 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3433 (2NH), 1656 (4C=O); 
1H-NMR (400 MHz, DMSO-d6) δ (ppm): 2.29 (t, 4H, J = 
6.88 Hz, 2NCH2), 3.01 (s, 3H, N-CH3), 3.09 (s, 3H, N-CH3), 
3.47 (s, 2H, COCH2N), 3.78 (t, 4H, J = 6.88 Hz, 2OCH2), 
7.31–8.44 (m, 4H, Ar-H), 10.87, 11.42 (s, 2H, 2NH, D2O 
exchangeable); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 
27.4, 30.6, 54.6, 65.3, 67.8, 114.3, 116.7, 118.8, 121.5, 136.5, 
143.4, 145.5, 146.7, 151.3, 155.5, 166.5, 168.6, 177.2; MS 
(EI, 70 eV) m/z = 458 (M+). Anal. Calcd for C20H22N6O5S 
(458.49): C, 52.39; H, 4.84; N, 18.33; S, 6.99. Found: C, 
52.36; H, 4.86; N, 18.25; S, 6.94.
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Synthesis of 6-Amino-1,3-dimethyl-2,4-dioxo-1,2,3,4-tet-
rahydrothieno[3,2-d]pyrimidine-7-carboxylic Acid (20) 

A solution of compound 1 (2.83 g, 0.01 mol) in DMF 
(15 mL) and NaOH (25 mL, 0.5%) was refluxed for 3 h. 
The reaction mixture was allowed to cool. The obtained 
solid product was collected by filtration, washed by water, 
dried and crystallized from EtOH/DMF to give compound 
20. Brown powder; yield (81%); mp 251–253 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3435–3417 (NH2), 3387 
(OH), 1698, 1671 (3C=O); 1H-NMR (400 MHz, DMSO-
d6) δ (ppm): 3.01 (s, 3H, N-CH3), 3.09 (s, 3H, N-CH3), 7.34 
(s, 2H, NH2), 11.85 (s, 1H, OH); 13 C-NMR (100 MHz, 
DMSO-d6) δ (ppm): 27.3, 30.2, 114.6, 123.7, 143.8, 151.7, 
155.4, 163.5, 169.6; MS (EI, 70 eV) m/z = 255 (M+). Anal. 
Calcd for C9H9N3O4S (255.25): C, 42.35; H, 3.55; N, 16.46; 
S, 12.56. Found: C, 42.30; H, 3.49; N, 16.38; S, 12.48.

Synthesis of 1,3,7-Trimethyl-9H-pyrimido[4’,5’:4,5]thie-
no[2,3-d][1,3]oxazine-2,4,9(1H,3H)-trione (21) 

A solution of compound 20 (1.4 g, 0.005 mol) in 
Ac2O (10 mL) was refluxed for 5 h. The reaction mixture 
was allowed to cool. The obtained solid product was col-
lected by filtration, dried and crystallized from EtOH/
DMF to give compound 21. Gray crystals; yield (68%); mp 
> 300 °C (DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 1732, 
1657 (3C=O); 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 
2.12 (s, 3H, CH3), 3.01 (s, 3H, N-CH3), 3.09 (s, 3H, N-CH3); 
13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 21.4, 28.5, 30.6, 
114.2, 130.3, 143.6, 151.6, 155.5, 158.3, 164.5, 168.1; MS 
(EI, 70 eV) m/z = 279 (M+). Anal. Calcd for C11H9N3O4S 
(279.27): C, 47.31; H, 3.25; N, 15.05; S, 11.48. Found: C, 
47.25; H, 3.31; N, 14.96; S, 11.38.

Synthesis of 1,3,7-Trimethyl-8-(pyridin-2-yl)thieno[2,3-
d:4,5-d’]dipyrimidine-2,4,9(1H,3H,8H)-trione (22)

A solution of compound 21 (2.79 g, 0.01 mol) in ace-
tic acid (15 mL) and 2-aminopyridine (0.94 g, 0.01 mol) 
was refluxed for 4 h. The reaction mixture was allowed to 
cool. The obtained solid product was collected by filtra-
tion, dried and crystallized from EtOH/DMF to give com-
pound 22. Brown powder; yield (66%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 1671 (3C=O); 1H-
NMR (400 MHz, DMSO-d6) δ (ppm): 2.30 (s, 3H, CH3), 
3.01 (s, 3H, N-CH3), 3.09 (s, 3H, N-CH3), 7.45–8.37 (m, 
4H, Ar-H); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 
21.8, 28.6, 30.7, 114.3, 118.4, 122.5, 130.5, 136.3, 143.8, 
145.6, 146.8, 151.9, 155.6, 158.4, 166.8, 168.5; MS (EI, 70 
eV) m/z = 355 (M+). Anal. Calcd for C16H13N5O3S (355.37): 
C, 54.08; H, 3.69; N, 19.71; S, 9.02. Found: C, 54.00; H, 
3.61; N, 19.63; S, 8.98.

General Procedure for the Reaction of Compound 23 with 
Aniline, Phenylhydrazine and Hydrazine Hydrate 

To a solution of compound 23 (3.39 g, 0.01 mol) in 
dry xylene (20 mL), aniline (0.93 g, 0.01 mol) or phenylhy-
drazine (1.08 g, 0.01 mol) or hydrazine hydrate (0.50 g, 

0.01 mol) was added. The reaction mixture was refluxed 
for 3 h, then poured onto iced water and the formed solid 
products, in each case, were collected by filtration and 
crystallized from EtOH/DMF to give compounds 24, 26 
and 27, respectively. 

Ethyl 1,3-Dimethyl-2,4-dioxo-6-(((phenylamino)methy-
lene)amino)-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidi-
ne-7-carboxylate (24) 

Gray fine powder; yield (61%); mp 180–182 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3285 (NH), 1701, 
1653 (3C=O); 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 
3.00 (t, 3H, J = 7.10 Hz, CH3), 3.01 (s, 3H, N-CH3), 3.09 (s, 
3H, N-CH3), 3.71 (q, 2H, J = 7.10 Hz, CH2), 6.80–7.48 (m, 
5H, Ar-H), 8.44 (s, 1H, N=CH), 10.47 (s, 1H, NH, D2O 
exchangeable); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 
18.3, 27.6, 30.2, 67.5, 115.3, 116.5, 121.5, 123.1, 130.1, 
143.4, 145.8, 151.5, 155.4, 158.6, 163.2, 169.4; MS (EI, 70 
eV) m/z = 386 (M+). Anal. Calcd for C18H18N4O4S (386.43): 
C, 55.95; H, 4.70; N, 14.50; S, 8.30. Found: C, 55.89; H, 
4.62; N, 14.44; S, 8.25.

1,3-Dimethyl-8-(phenylamino)thieno[2,3-d:4,5-d’]dipy-
rimidine-2,4,9(1H,3H,8H)-trione (26)

Orange crystals; yield (77%); mp > 300 °C (DMF-
EtOH (1:2)); IR (KBr): ν/cm–1 = 3283 (NH), 1652 (3C=O); 
1H-NMR (400 MHz, DMSO-d6) δ (ppm): 3.01 (s, 3H, 
N-CH3), 3.09 (s, 3H, N-CH3), 6.82–7.74 (m, 5H, Ar-H), 
8.45 (s, 1H, pyrimidine H7) and 10.24 (s, 1H, NH, D2O 
exchangeable); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 
28.7, 30.1, 114.5, 116.3, 122.4, 128.5, 131.2, 143.2, 145.4, 
148.6, 151.3, 155.8, 166.7, 168.5; MS (EI, 70 eV) m/z = 355 
(M+). Anal. Calcd for C16H13N5O3S (355.37): C, 54.08; H, 
3.69; N, 19.71; S, 9.02. Found: C, 54.00; H, 3.62; N, 19.68; 
S, 9.05.

Ethyl 6-((Hydrazinylmethylene)amino)-1,3-dimethyl-2, 
4-dioxo-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidine-
7-carboxylate (27) 

Yellowish red crystals; yield (71%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3448–3419 (NH2), 
3285 (NH), 1701, 1649 (3C=O); 1H-NMR (400 MHz, DM-
SO-d6) δ (ppm): 3.00 (t, 3H, J = 7.10 Hz, CH3), 3.01 (s, 3H, 
N-CH3), 3.09 (s, 3H, N-CH3), 3.71 (q, 2H, J = 7.10 Hz, 
CH2), 4.45 (s, 2H, NH2), 5.63 (s, 1H, NH), 8.49 (s, 1H, 
N=CH); 13 C-NMR (100 MHz, DMSO-d6) δ (ppm): 18.5, 
27.4, 30.5, 67.4, 115.2, 123.4, 143.2, 151.7, 155.6, 158.4, 
163.5, 169.3; MS (EI, 70 eV) m/z = 325 (M+). Anal. Calcd 
for C12H15N5O4S (325.34): C, 44.30; H, 4.65; N, 21.53; S, 
9.85. Found: C, 44.24; H, 4.59; N, 21.46; S, 9.76.

Synthesis of 8-Amino-1,3-dimethylthieno[2,3-d:4,5-d’]
dipyrimidine-2,4,9(1H,3H,8H)-trione (28) 

To a solution of compound 27 (2.79 g, 0.01 mol) in 
DMF (20 mL) TEA (5 drops) was added. The reaction 
mixture was heated for 5 hours then poured into iced wa-
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ter and the formed solid product was collected by filtra-
tion, and crystallized from EtOH/DMF to give compound 
28. Greenish brown powder; yield (78%); mp > 300 °C 
(DMF-EtOH (1:2)); IR (KBr): ν/cm–1 = 3443–3385 (NH2), 
1649 (3C=O); 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 
3.01 (s, 3H, N-CH3), 3.09 (s, 3H, N-CH3), 5.45 (s, 2H, 
NH2), 8.43 (s, 1H, pyrimidine H7); 13C-NMR (100 MHz, 
DMSO-d6) δ (ppm): 28.1, 30.8, 114.3, 131.4, 143.7, 148.8, 
151.4, 155.6, 166.8, 168.3; MS (EI, 70 eV) m/z = 279 (M+). 
Anal. Calcd for C10H9N5O3S (279.27): C, 43.01; H, 3.25; N, 
25.08; S, 11.48. Found: C, 43.05; H, 3.20; N, 25.00; S, 11.47.

2. 1. Cytotoxic Activity 
The potential cytotoxicity of the tested compounds 

was evaluated using the MTT assay. The cell lines were 
plated in 96-multiwell plate (104 cells/well) for 24 h before 
treatment with the prepared compounds to allow the at-
tachment of cells to the wall of the plate. The tested com-
pounds were dissolved in dimethylsulfoxide (DMSO) and 
diluted 1000-fold in the assay. Different concentrations of 
the tested compounds ranging from 1 to 50 µg/mL, were 
added to the cell monolayer. The monolayer cells were in-
cubated with the compounds for 48 h at 37 ºC, in atmo-
sphere of 5% CO2. After 48 h, cells were fixed, washed and 
stained for 30 min with 0.4% (wt/vol) sulforhodamine B 
(SRB). The excess stain was washed with 1% acetic acid 
and attached stain was recovered with base tris-
(hydroxymethyl)aminomethane (tris-EDTA) buffer, color 
intensity was measured in a plate reader at 570 nm, the 
relation between surviving fraction and drug concentra-
tion was plotted to get the survival curve of tumor cell line 
and the IC50 was calculated. The obtained IC50 values are 
illustrated in Table 1.

3. Results and Discussion
The synthetic procedures adopted to obtain the tar-

get compounds are depicted in Schemes 1–3. The reaction 
of ethyl 6-amino-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetra-
hydrothieno[3,2-d]pyrimidine-7-carboxylate (1),29 with 
equimolar ratio of different types of aromatic amines, 
namely 2-aminopyridine, 4-aminobenzenesulfonamide, 
2-aminothiazole, 4-amino-N-(thiazol-2-yl)benzenesulfo-
namide, 4-aminoantipyrine, creatinine, 6-amino-2-thi-
oxo-4-(p-tolyl)-1,2,3,4-tetrahydropyrimidine-5-carbo- 
nitrile, ethyl 5-acetyl-4-amino-2-(phenylamino)thi  op-
hene-3-carboxylate and 2-amino-4-hydroxyquinoline-
3-carbonitrile in the presence of a catalytic amount of 
freshly fused sodium acetate furnished the corresponding 
carboxamide derivatives 2–10. Analytical and spectral 
data for compounds 2–10 were in agreement with the pro-
posed structures. In general, the IR spectra of these deriva-
tives showed the absorption bands at 1687–1641 cm–1 for 
C=O amide groups instead of C=O ester groups. 

Also, compounds 8 and 10 showed the absorption 
bands at 2218–2219 cm–1 due to CN groups. Whereas 1H-
NMR spectra revealed singlet signals at 3.21, 7.68 and 
10.67 ppm assignable to two N-CH3, NH2 and NH pro-
tons. In addition, the 1H-NMR spectrum of 9 exhibited a 
triplet signal at δ 1.33 ppm due to CH3 and a quartet signal 
at 4.43 ppm due to CH2 of ester group. Also, the mass spec-
tra of these compounds 2–10 showed the molecular ion 
peaks at m/z = 331 (M+), 410 (M++1), 337 (M+), 492 (M+), 
441 (M++1), 351 (M++1), 483 (M+), 541 (M+) and 422 
(M+), respectively, which are in agreement with their mo-
lecular formula. 

Compound 1 reacted with 2,6-diaminopyridine to 
give N,N’-(pyridine-2,6-diyl)bis(6-amino-1,3-dimeth-
yl-2,4-dioxo-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidine-
7-carboxamide) (11). The assignment of structure 11 was 
supported by elemental analysis and spectral data. The IR 
spectrum showed absorption bands at 3574–3475, 3368, 
1687 cm–1 due to two NH2, two NH and six CO groups. Its 
1H-NMR spectrum revealed singlet signals at 3.21, 3.25, 
7.46 and 10.74 ppm assignable to two N-CH3, two NH2 
and two NH protons. The mass spectrum showed the mo-
lecular ion peak at m/z = 585 (M++2), corresponding to 
the molecular formula C23H21N9O6S2.

Next, we aimed to prepare the tricyclic compounds 
bearing thienopyrimidine scaffolds, being the focus of 
great interest because of their pharmacological activities. 
Thus, treatment of carboxamide derivatives 2, 3, 5 and 6 
with triethyl orthoformate in acetic anhydride afforded 
thieno[2,3-d:4,5-d’]dipyrimidine derivatives 12–15. Struc-
tures 12–15 were established on the basis of elemental and 
spectral analyses. In general, the IR spectra showed ab-
sorption bands at 1667–1655 cm−1 due to carbonyl groups. 
Its 1H-NMR spectra revealed singlet signals at 3.01 and 
3.09 assignable to two N-CH3 protons, in addition to a sin-
glet signal at 8.51–8.56 ppm assignable to pyrimidine-H7. 
The mass spectra of these compounds showed the molecu-
lar ion peaks at m/z = 341 (M+), 419 (M+), 502 (M+) and 
450 (M+) respectively, which are in agreement with their 
molecular formulas. 

Also, the reaction of carboxamide derivative 2 with 
chloroacetyl chloride in chloroform at room temperature 
gave 6-(2-chloroacetamido)-1,3-dimethyl-2,4-dioxo-N-
(pyridin-2-yl)-1,2,3,4-tetrahydro-thieno[3,2-d]pyrimi-
dine-7-carboxamide (16). The assignment of structure 16 
was supported by elemental analysis and spectral data. The 
IR spectrum showed absorption band at 3421 cm−1 due to 
two NH groups, in addition to the stretching vibration of 
four carbonyl groups at 1698 and 1671 cm−1 and showed a 
band at 756 cm−1 due to C–Cl group. Its 1H-NMR spec-
trum revealed singlet signals at 3.01, 3.09, 3.65, 10.67 and 
11.54 ppm assignable to two N-CH3, CH2 and two NH 
protons. Also, 13C-NMR spectra showed a signal at 51.6 
ppm due to CH2Cl. The mass spectrum showed the mo-
lecular ion peak at m/z = 407 (M+), corresponding to the 
molecular formula C16H14ClN5O4S.
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Scheme 1
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Cyclization of compound 16 in acetic anhydride af-
forded the corresponding 7-(chloromethyl)-1,3-dimethyl-
8-(pyridin-2-yl)thieno[2,3-d:4,5-d’]dipyrimidine-2,4,9- 
(1H,3H,8H)-trione (17). The assignment of structure 17 
was supported by elemental analysis and spectral data. The 
IR spectrum showed bands at 1657 and 1645 cm−1 due to 
three carbonyl groups. In addition a band at 760 cm−1 due 
to C–Cl group was observed. 1H-NMR spectrum of 17 re-
vealed singlet signals at 3.01, 3.09 and 4.45 ppm assignable 
to two N-CH3 and CH2-Cl protons. The mass spectrum 
showed the molecular ion peak at m/z = 389 (M+), corre-
sponding to the molecular formula C16H12ClN5O3S. 

In contrast to the behaviour of compound 16 toward 
heterocyclic secondary amines, piperidine or morpholine 
in DMF reacted with 16 to furnish ethyl 1,3-dimethyl-2,4-
dioxo-6-(2-(piper idin-1-y l)acetamido)-1,2 ,3 ,4-
tetrahydrothieno[3,2-d]pyrimidine-7-carboxylate (18) 
and ethyl 1,3-dimethyl-6-(2-morpholino- acetamido)-2,4-
dioxo-1,2,3,4-tetrahydrothieno[3,2-d]pyrimidine-7-car-
boxylate (19), respectively. The assignment of structures 
18 and 19 was supported by elemental analysis and spec-
tral data. The IR spectra showed absorption bands at 
3433–3435 and 1656–1665 cm−1 due to two NH and four 
CO groups. Their 1H-NMR spectra revealed singlet signals 
at 3.46, 10.86 and 11.46 ppm assignable to COCH2N and 
two NH protons. Also, 13C-NMR spectra showed signals 
in the region 22.3–65.3 ppm due to the cyclic CH2 groups 
and in addition a signal at 67.6 due to NHCOCH2. The 
mass spectra of compounds 18 and 19 showed their mo-
lecular ion peaks at m/z = 456 (M+) and 458 (M+), respec-
tively, which are in agreement with their molecular for-
mula. 

Thieno[2,3-d][1,3]oxazine heterocyclic frameworks 
have been found to be associated with diverse biological 
activities. Therefore, hydrolysis of o-aminoester derivative 
1 in aqueous sodium hydroxide afforded the correspond-

ing 6-amino-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahy drot-
hieno[3,2-d]pyrimidine-7-carboxylic acid (20). The as-
signment of structure 20 was supported by elemental 
analysis and spectral data. The IR spectrum showed bands 
at 3435, 3417 and 3387 cm−1 due to NH2 and OH groups, 
in addition to the stretching vibration of three carbonyl 
groups at 1698 and 1671 cm−1. Its 1H-NMR spectrum re-
vealed singlet signals at 3.01, 3.09, 7.34 and 11.85 ppm as-
signable to two N-CH3, NH2 and OH protons. The mass 
spectrum showed the molecular ion peak at m/z = 255 
(M+), corresponding to the molecular formula C9H9N3O4S. 

Refluxing of the amino acid derivative 20 with acetic 
anhydride seemed to be a logical method for the prepara-
tion of the corresponding 1,3,7-trimethyl-9H-pyrimi-
do[4’,5’:4,5]thieno[2,3-d][1,3]oxazine-2,4,9(1H,3H)trione 
(21). The assignment of structure 21 was supported by el-
emental analysis and spectral data. The IR spectrum 
showed the disappearance of NH2 group and presence of 
the three carbonyl groups at 1732 and 1657 cm−1. Its 1H-
NMR spectrum revealed singlet signals at 2.12, 3.01 and 
3.09 ppm assignable to three CH3 protons. Also, 13C-NMR 
spectra showed signals at 21.4, 28.5 and 30.6 ppm due to 
three CH3. The mass spectrum showed the molecular ion 
peak at m/z = 279 (M+), corresponding to the molecular 
formula C11H9N3O4S. 

1,3,7-Trimethyl-8-(pyridin-2-yl)thieno[2,3-d:4,5-d’]
dipyrimidine-2,4,9(1H,3H,8H)-trione (22) was obtained 
through the reaction of 21 with 2-aminopyridine in acetic 
acid. The assignment of structure 22 was supported by el-
emental analysis and spectral data. The IR spectrum 
showed the three carbonyl groups at 1671 cm−1. Its 1H-
NMR spectrum revealed singlet signals at 2.30, 3.01 and 
3.09 ppm assignable to three CH3 protons. In addition, the 
mass spectrum showed the molecular ion peak at m/z = 
355 (M+), corresponding to the molecular formula 
C16H13N5O3S.

Scheme 2
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Refluxing of compound 1 in acetic anhydride and 
triethyl orthoformate formed ethyl 6-((ethoxymethylene)
amino)-1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydrot hie-
no[3,2-d]pyrimidine-7-carboxylate (23). The assignment 
of structure 23 was supported by elemental analysis and 
spectral data. The IR spectrum showed absorption bands 
at 1708 and 1659 cm−1 due to the three carbonyl groups. Its 
1H-NMR spectrum revealed triplet signals at 1.22, 2.93 
ppm assignable to two CH3 protons, quartet signals at 3.71, 
4.15 ppm assignable to two CH2, two singlet signals at 3.01 
and 3.09 ppm assignable to two N-CH3 and a singlet signal 
at 8.45 ppm assignable to N=CH proton. The mass spec-
trum showed the molecular ion peak at m/z = 340 (M++1), 
corresponding to the molecular formula C14H17N3O5S.

We studied the reactivity of N-ethoxymethino group 
with different types of amines. Thus, treatment of com-
pound 23 with aniline gave ethyl 1,3-dimethyl-2,4-dioxo-
6-(((phenylamino)methylene)amino)-1,2,3,4-tetra hydro-
thieno[3,2-d]pyrimidine-7-carboxylate (24). The assign-
ment of structure 24 was supported by elemental analysis 
and spectral data. The IR spectrum showed an absorption 
band at 3285 cm−1 due to NH group, in addition to the 

stretching vibration of three carbonyl groups at 1701 and 
1653 cm−1. Its 1H-NMR spectrum revealed a triplet signal 
at 3.00 ppm assignable to CH3 protons, a quartet signal at 
3.71 ppm assignable to CH2, two singlet signals at 3.01 and 
3.09 ppm assignable to two N-CH3, a singlet signal at 8.44 
ppm assignable to N=CH and a singlet signal at 10.47 ppm 
assignable to NH proton. Also, 13C-NMR spectra showed 
signals at 18.3, 67.5 and 158 ppm due to OCH2CH3 and 
N=CH. The mass spectrum showed the molecular ion 
peak at m/z = 386 (M+), corresponding to the molecular 
formula C18H18N4O4S. We tried to obtain the cyclic com-
pound 25 by refluxing the compound 24 in DMF and TEA 
but failed.

On the other hand, the compound 23 was treated 
with phenylhydrazine to give 1,3-dimethyl-8-(phe-
nylamino)thieno[2,3-d:4,5-d’]dipyrimidine-2,4,9(1H, 
3H,8H)-trione (26). The assignment of structure 26 was 
supported by elemental analysis and spectral data. The IR 
spectrum showed absorption bands at 3283 and 1652 cm−1 
due to NH group and carbonyl group. Its 1H-NMR spec-
trum revealed two singlet signals at 3.01 and 3.09 ppm as-
signable to two N-CH3, a singlet signal at 8.45 ppm assign-

Scheme 3
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able to pyrimidine-H7 and a singlet signal at 10.24 ppm 
assignable to NH proton. Also, 13C-NMR spectra showed 
a signal at 148.6 ppm due to C7 of pyrimidine ring. The 
mass spectrum showed the molecular ion peak at m/z = 
355 (M+), corresponding to the molecular formula 
C16H13N5O3S. 

Moreover, compound 23 reacted with hydrazine hy-
drate to afford ethyl 6-((hydrazinylmethylene)amino)-1,3-
dimethyl-2,4-dioxo-1,2,3,4-tetrahydrothieno[3,2-d]py-
rimidine-7-carboxylate (27). The assignment of structure 
27 was supported by elemental analysis and spectral data. 
The IR spectrum showed absorption bands at 3448, 3419 
and 3285 cm−1 due to NH2 and NH groups, in addition to 
the stretching vibration of three carbonyl groups at 1701 
and 1649 cm−1. Its 1H-NMR spectrum revealed a triplet 
signal at 3.00 ppm assignable to CH3 protons, a quartet sig-
nal at 3.71 ppm assignable to CH2, two singlet signals at 
3.01 and 3.09 ppm assignable to two N-CH3, a singlet sig-
nal at 4.45 ppm assignable to NH2, a singlet signal at 5.63 
ppm assignable to NH and a singlet signal at 8.49 ppm as-
signable to N=CH proton. The mass spectrum showed the 
molecular ion peak at m/z = 325 (M+), corresponding to 
the molecular formula C12H15N5O4S. 

Finally, cyclization of compound 27 in DMF and 
TEA to afford the corresponding 8-amino-1,3-dimet-
hylthieno[2,3-d:4,5-d’]dipyrimidine-2,4,9(1H,3H, 8H)-
tri o ne (28) succeeded. The assignment of structure 28 was 
supported by elemental analysis and spectral data. The IR 
spectrum showed absorption bands at 3443, 3385 cm−1 
due to NH2 groups, in addition to the stretching vibration 
of three carbonyl groups at 1649 cm−1. Its 1H-NMR spec-
trum revealed two singlet signals at 3.01 and 3.09 ppm as-
signable to two N-CH3, a singlet signal at 5.45 ppm assign-
able to NH2 and a singlet signal at 8.43 ppm assignable to 

pyrimidine-H7. Also, 13C-NMR spectra showed a signal at 
148.8 ppm due to C7 of pyrimidine ring. The mass spec-
trum showed the molecular ion peak at m/z = 279 (M+), 
corresponding to the molecular formula C10H9N5O3S.

3. 1. Cytotoxic Activity
The newly synthesized target compounds were eval-

uated for their in vitro anticancer effects via the standard 
MTT method,30–32 against a panel of four human tumor 
cell lines namely; Hepatocellular carcinoma (HePG-2), 
Colorectal carcinoma (HCT-116), Mammary gland (MCF-
7) and Epitheliod Carcinoma (Hela). The cell lines were 
obtained from ATCC via the Holding company for bio-
logical products and vaccines (VACSERA), Cairo, Egypt. 
5-Fluorouracil (5-FU) was used as the standard anticancer 
drug for comparison. The data of cytotoxic activity are re-
ported in Table 1. 

The results are expressed as IC50 (inhibitory concen-
tration 50%), the concentration of compounds which in-
hibits the tumor cell growth by 50%. The obtained results 
revealed that eight of the tested compounds namely; 2, 3, 
5, 7, 9, 10, 26 and 27 exhibited variable degrees of inhibi-
tory activity towards the four tested human tumor cell 
lines. The compounds 2, 3 and 26 showed the highest cy-
totoxic activity against all four cell lines. In addition, com-
pounds 5, 9, 10 and 27 exhibited a strong cytotoxic activity 
against the four cell lines, whereas, compound 7 had a 
moderate activity against HePG-2 cell line and a strong cy-
totoxic activity against remaining three cell lines. Finally, 
the rest of compounds showed the lowest activity against 
all four cell lines. On the other hand, compound 2 showed 
activity better than that of the standard drug against 
HePG-2 (IC50 = 6.9 ± 0.69), and the most potent activity 

Table 1. In vitro cytotoxic activity of some new compounds against four cell lines

Compounds                           In vitro Cytotoxicity IC50 (µg/ml)*
 HePG2 HCT-116 MCF-7 Hela

      5-FU 7.9 ± 0.41 5.5 ± 0.28 5.3 ± 0.38 4.8 ± 0.31
         1 70.0 ± 4.78 32.7 ± 2.54 30.1 ± 2.79 48.9 ± 3.75
         2 6.9 ± 0.69 9.5 ± 0.99 8.2 ± 0.87 8.7 ± 0.73
         3 7.8 ± 0.80 5.6 ± 0.47 5.6 ± 0.59 9.7 ± 1.10
         4 46.2 ± 3.64 34.9 ± 3.05 37.5 ± 3.12 27.6 ± 2.54
         5 20.7 ± 1.86 20.1 ± 1.85 17.7 ± 1.58 18.8 ± 1.66
         6 49.9 ± 3.21 40.3 ± 3.67 47.8 ± 4.15 30.3 ± 3.80
         7 31.1 ± 2.57 13.2 ± 1.18 12.3 ± 1.03 19.8 ± 1.58
         8 59.3 ± 4.31 49.2 ± 3.60 51.2 ± 4.35 39.9 ± 3.14
         9 20.0 ± 1.52 22.8 ± 2.06 15.8 ± 1.24 16.1 ± 1.28
       10 16.0 ± 1.35 15.8 ± 1.23 10.7 ± 1.37 14.9 ± 1.34
       11 89.4 ± 5.10 62.9 ± 4.70 62.2 ± 5.30 87.1 ± 5.47
       19 >100 94.1 ± 6.34 94.3 ± 5.89 >100
       24 93.0 ± 5.12 79.9 ± 5.16 80.1 ± 5.45 94.3 ± 6.34
       26 9.8 ± 0.84 7.7 ± 0.56 8.9 ± 0.57 10.8 ± 0.97
       27 13.1 ± 1.04 11.4 ± 1.10 9.1 ± 0.98 12.2 ± 1.53

*IC50 (µg/ml): 1–10 (very strong). 11–20 (strong). 21–50 (moderate). 51–100 (weak) and above 100 
(non-cytotoxic), 5-FU = 5-Fluorouracil
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against Hela (IC50 = 8.7 ± 0.73), whereas compound 3 had 
the most potent activity against HCT-116 and MCF-7 
(IC50 = 5.6 ± 0.47) and (IC50 = 5.6 ± 0.59), respectively. 

Regarding the structure–activity relationship we can 
reveal that compounds, such as 2, containing a pyridine 
ring besides a thienopyrimidine ring and as the number of 
heterocyclic rings increases, especially when a six mem-
bered ring which contains one heteroatom is present, pos-
sess a high potency and their activity increases in compar-
ison with the other compounds. In addition, compound 3 
showed a more potent activity due to the presence of a 
sulfonamide moiety that was shown to be able to selec-
tively concentrate in tumor tissues in addition to playing a 
unique role in carbonic anhydrase inhibition.33,34

 Also, compound 26 has a strong activity due to the 
presence of phenylhydrazinyl moiety and compound 27 
has a very good activity due to the hydrazenyl group. 
Moreover, compounds 5, 9 and 10 showed very good ac-
tivities due to the presence of sulfathiazole, thiophene and 
hydroxyquinoline rings, respectively; as a heterocyclic ring 
increases the activity otherwise, not very strong like com-
pound 2 due to steric hindrance. Finally, compound 7 has 
a moderate activity due to the introduction of dihydro-
imidazol-4-one ring beside the thienopyrimidine reducing 
the activity towards the four cell lines.

4. Conclusion
 The present study describes the synthesis of a series 

of novel tricyclic compounds bearing thienopyrimidine 
scaffolds having been the focus of great interest because of 
their promising pharmacological activities. This work has 
advantages of cheap starting materials, excellent yields, 
mild reaction conditions and simple experimental proce-
dures. The compounds 2, 3 and 26 showed the most potent 
antitumor activity against HepG2, HCT-116, MCF-7 and 
Hela cell lines.
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Povzetek
Opisujemo sintezo nekaterih novih tricikličnih spojin, ki vsebujejo tienodipirimidinski fragment. Sinteza temelji na 
reakciji etil 6-amino-1,3-dimetil-2,4-diokso-1,2,3,4-tetrahidrotieno[3,2-d]pirimidin-7-karboksilata (1) z različnimi vr-
stami aromatskih aminov 2–11, ki daje ustrezne karboksamide, ki ob prisotnosti trietil ortoformata in acetanhidrida 
ciklizirajo v tieno[2,3-d:4,5-d’]dipirimidinske derivate 12–15. Podobno smo pripravili tudi tieno[2,3-d:4,5-d’]dipirimi-
dinski derivat 17, ki je nastal s ciklizacijo v vrelem acetanhidridu iz tieno[3,2-d]pirimidin-7-karboksamidnega derivata 
16, ki smo ga pripravili iz karboksamida 2 z obdelavo s kloroacetil kloridom v kloroformu. Strukture pripravljenih spojin 
smo potrdili na osnovi njihovih spektroskopskih in analitskih podatkov, kot so IR, 1H-NMR, 13C-NMR spektroskopija in 
masna spektrometrija. Pripravljenim spojinam smo določili tudi njihove citotoksične aktivnosti.
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Abstract
Microwave assisted synthesis is a well established method in organic and inorganic chemistry. It is also used in material 
science to realize novel carbon nanoparticles exhibiting fluorescence properties. The results presented here are related to 
a microwave driven solvothermal process used for the conversion of amino acid and 1,2-diaminoethane into fluorescent 
solutions. Arginine, lysine and glycine are used as amino acids. The process temperatures are set in the range of 80° to 
140 °C and the maximum process pressure is 4.5 bar. The process duration is set from 5 to 30 minutes. The fluorescence 
effect is increased with increasing temperature. The prepared aqueous fluorescent solutions can be used as media to in-
troduce fluorescence in textile substrates. The current study can be understood as a first proof-of-concept of a very simple 
microwave-assisted solvothermal synthesis of fluorescent compounds useful for the modification of different substrates. 

Keywords: Microwave synthesis; solvothermal process; fluorescence; carbon nanoparticles

1. Introduction
Nanoparticles made from metals or semi-metals are 

well known and intensively investigated during the last de-
cades.1–8 In comparison, the investigations of nanoparti-
cles made from carbon started only recently. The fluores-
cence properties of carbon nanoparticles are discovered in 
2004 during the investigation of carbon nanotubes.9 Car-
bon nanoparticles with diameters below 10 nm are named 
carbon quantum dots or more simply C-dots.10 These 
C-dots are counted together with the other carbon modifi-
cation of the fullerene type to the zero-dimensional car-
bon nanomaterials.11,12 Various different applications are 
suggested for C-dots, as e.g. biosensing, photocatalytic or 
fluorescent materials.13 The combination of C-dots into 
mesoporous materials is reported to be an innovative and 
interactive platform for new functional applications.14

It is suggested that the fluorescence properties of car-
bon nanoparticles are caused by defects of the particle sur-
face.12,15 An important influence on the fluorescence is 
caused by presence of amino groups onto the carbon par-
ticle surface.16 It is reported that the nitrogen content in-
fluences the intensity and duration of luminescence of car-

bon nanoparticles. Especially the preparation of carbon 
nanoparticles starting from nitrogen containing educts is 
expected to lead to high fluorescence components.11 Con-
ventional fluorescence dyes often have the disadvantage of 
low light stability. With this background, the development 
of new fluorescent carbon particles is of high interest, es-
pecially to realize long-term stable fluorescent compo-
nents.17,18

The preparation of carbon nanoparticles can be 
achieved by several methods and especially the use of bio-
material precursors is prominently reported in literature. 
Carbon dots can be prepared e.g. by treatment of chicken 
egg substrate with a plasma beam or by hydrothermal 
treatment of tomato extract.12,19 Microwave assisted 
preparations are well known in organic chemistry and are 
also applied for the preparation of carbon dots.15,20 The use 
of microwave assisted devices is very well known in organ-
ic chemistry to prepare new compounds with higher yield 
and high purity.21–25 For the synthesis of inorganic materi-
als, microwave assisted procedures are also developed. 
Platinum nanoparticles are prepared by using a microwave 
assisted solvothermal technique.26 Metal particles of cop-
per, silver and gold are available from microwave assisted 
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solvothermal processes.27,28 Compounds such as titanium 
dioxide or calcium hydroxyapatite can be obtained with 
microwave processes.28,29

A very simple experiment shows the formation of 
carbon dots by the treatment of yogurt in a household mi-
crowave oven at 800 W for 30 min. The carbon dots ob-
tained by this method are reported to have a size of 2 nm 
and a significant content of nitrogen and oxygen.30 Bioma-
terials like the mentioned chicken egg, tomatoes or yogurt 
are attractive examples to show how simple the preparation 
of carbon dots is. However, the reproducibility of such 
preparations is limited, because of the possible variation in 
material composition of substances from natural resources. 

Other scientists report the preparation of carbon 
nanodots using the precursors citric acid and tetraoc-
tylammonium ions or several types of carbohydrates treat-
ed in a domestic microwave.31,32 Further, carbon quantum 
dots can be prepared by microwave treatment of very sim-
ple organic molecules such as the amino acid arginine and 
ethylendiamine in water.15,33,34 This preparation has been 
reported to be done in a domestic microwave oven with 
700 W and duration of 3 min. As result of this procedure a 
brown solid is obtained, which has to be cleaned by cen-
trifugation, dialysis and freeze drying.15

With this background, the aim of the present investi-
gation is to support a synthesis of fluorescent carbon 
nanoparticles under defined and controlled microwave as-
sisted conditions. To reach this aim, an aqueous solution of 
an amino acid is treated in a synthesis microwave original-
ly developed for organic synthesis. This microwave device 
is a closed system, so the preparation can be carried out 
under solvothermal conditions, which is one main differ-
ence to a conventional domestic microwave. Also the pro-
cess temperature and pressure can be controlled during 
the preparation. By this microwave assisted process it is 
possible to prepare stable and transparent solutions with 
fluorescence properties. The correlation between process 
parameters and the gained fluorescence properties is clear-
ly determined. 

To give an example for a first application of these flu-
orescent solutions in a first proof-of-concept study, they 
are applied in a simple padding process onto textile sub-
strates made from cotton.

2. Experimental Section
2. 1. Preparation

For the preparation, two types of chemicals are used: 
1.2-diaminoethane (ethylenediamine) C2H8N2 and L-ar-
ginine monohydrochloride (arginine HCl) C6H14N4O2 
HCl both from Carl Roth GmbH (Karlsruhe, Germany). 
First, 21.4 mL ethylenediamine is mixed into 160 mL dis-
tilled water. Second, 67.4 g L-arginine monohydrochloride 
is dissolved in this solution. After stirring for 5 minutes, a 
colorless clear solution results. This solution is treated in a 

microwave synthesis device (Discover LabMate, CEM 
GmbH, Kamp-Lintfort, Germany). Detailed information 
concerning this device are available in the literature.35,36

Each preparation is performed with heating power 
of 250 W. The process temperatures are set in the range 
from 80° to 140 °C. The process vessel is a closed system, 
so the preparation is done under solvothermal conditions. 
Process pressures are determined by the chosen process 
temperatures. The relation of process pressure to process 
temperature is depicted in Figure 1. 

Figure 1. Process pressure as function of the set process tempera-
ture in the used solvothermal arrangement. The error bars indicate 
the range of process pressures observed during the whole process 
time of 5 minutes. 

A typical temperature / pressure diagram as a func-
tion of time for a process temperature of 140 °C is present-
ed in Figure 2. After the set process temperature is reached, 

Figure 2. Process temperature and process pressure as a function of 
the process time. In this example the set temperature is 140 °C and 
the process duration is 15 min. This set temperature is reached after 
a run time of around 6 min.
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the process duration starts. Process temperatures of higher 
than 140 °C are not tested, because of the pressure limits of 
the used device. For all process temperatures, the process 
duration is set to 5 min. For the highest process tempera-
ture of 140 °C, also longer process durations of 15 and 30 
min are evaluated. 

After microwave treatment the gained solutions ap-
pear clear and transparent. With treatment for 5 min dura-
tion, the solutions exhibit a light yellow color. Both sam-
ples prepared with heating to 140 °C and longer process 
duration, exhibit deeper yellow color and also a significant 
smell. The received solutions are subjected to dialysis 
against distilled water. For dialysis a tube with an average 
pore size of 2.5 to 3 nm is used (Nadir-Dialyseschlauch, 
Carl Roth GmbH, Karlsruhe, Germany). After dialysis 
solutions are colorless and their smell disappeared. 

Further, the described microwave process is used to 
evaluate, if also other kind of amino acids beside L-argi-
nine HCl are suitable precursors for the preparation of the 
fluorescent solutions. For this, the amino acids glycine 
C2H5NO2 and L-lysine monohydrochloride C6H14N2O2 
HCl are used as precursors. The amino acids are supplied 
by Carl Roth GmbH (Karlsruhe, Germany). For prepara-
tion of the starting solutions the amino acids are solved in 
mixtures of 21.4 mL ethylenediamine and 160 mL distilled 
water. 18 g glycine or 44 g L-lysine are used. For these 
preparations the process temperature is set to 140 °C and 
the process duration is set to 15 minutes. Also the use of 
L-histidine and L-tryptophan is evaluated. However, here 
unstable solutions with strong precipitation occur which 
are not further used in solvothermal microwave synthesis. 

Solutions obtained after cleaning with dialysis are 
used for textile treatment. For this, cotton substrates with 
a size of 6 cm X 3 cm and a weight per area of 388 g/m2 are 
used. Cotton fabrics are chosen for the investigations due 
to the hydrophilic properties of cotton fibers. The up-take 
of the water based fluorescent solution is expected to be 
higher compared to hydrophobic synthetic fibers. Of 
course, also the application onto other textile fiber materi-
als is possible. The textile treatment is done by dipping of 
the textile samples into the solutions. A subsequent drying 
is performed at room temperature or at 120 °C in an oven.

2. 2. Analytics
The first evaluation of the prepared solutions is done 

visually by illumination with a UV-lamp with a maximum 
intensity around 365 to 370 nm (Philips Lighting Holding 
B.V.). Further, the optical properties of the solutions are 
investigated using UV/Vis spectroscopy in transmission 
arrangement. For this, a UV-2600 spectrometer of Shi-
madzu is used. 

Fluorescence properties are examined with a SPARK 
fluorescence well plate reader equipped with monochro-
mators (Tecan Deutschland GmbH, Crailsheim, Germa-
ny). All measurements are performed by placing the sam-

ples in 96-multiwell cell culture plates from TPP (Techno 
Plastic Products AG, Trasadingen, Switzerland), using 30 
flashes per wavelength, an integration time of 40 µs and a 
lag time of 0 µs. For the investigation of liquids, 100 µL per 
well are applied, measuring excitation spectra from 280 to 
400 nm (in steps of 2 nm) at an emission wavelength of 
440 nm. Emission spectra are recorded from 380 to 600 
nm (4 nm steps) at an excitation wavelength of 360 nm. In 
each case, measurements are performed as top reading 
with a Z-position of 15,500 µm, excitation and emission 
band widths of 5 nm, and a manual gain of 100. For the 
investigation of textile samples, 5 mm diameter disks are 
prepared by a conventional hole puncher, and analyzed in 
bottom reading mode with the Z–position manually set to 
31,000 µm and a manual gain of 50. Excitation spectra are 
obtained from 280 to 400 nm (steps of 10 nm, excitation 
and emission band widths of 5 nm) measuring the emis-
sion at 440 nm. Emission spectra are recorded from 410 to 
600 nm (10 nm steps, excitation and emission band widths 
of 10 nm) at an excitation wavelength of 360 nm. 

3. Results and Discussion
3. 1. Properties of Prepared Solutions

The prepared solutions are at first investigated sim-
ply by illumination with a UV-lamp emitting UV-A light. 
For all prepared samples, the fluorescence is obvious upon 
illumination with UV-A light (Figure 3). Even for the 
solution prepared with the lowest process temperature of 
80 °C and a short process duration of 5 min, a fluorescence 
effect is observed. However, only the low fluorescence ef-
fect of the sample prepared at 80 °C is clearly indicated 
(Figure 3).

The optical transmission of the prepared liquid sam-
ples is different for the UV-range from 230 to 400 nm (Fig-
ure 4), especially for the samples prepared with higher 
process temperature exhibiting a light yellow color, which 
is related to a lower optical transmission of these solutions 
for visible light in the range of 400 to 450 nm. The sample 
prepared at 100 °C exhibits two minima in the transmis-

Figure 3. Solutions after preparation under illumination with a UV 
lamp. The process temperature and process duration is indicated for 
each solution.
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sion spectrum at 290 and at 358 nm. For the samples pre-
pared at 120° or 140 °C, around 370 nm only a shoulder is 
detected in the transmission. However, the second mini-
mum around 290 nm is more significant for these two 
samples. For UV-light below 240 nm, all samples exhibit 
no transmission. The samples are cleaned by dialysis with 
a tube containing a pore size of 2.5 to 3 nm. After the dial-

values are still low (compare Figures 4 and 5). This ob-
servation indicates that during microwave synthesis 
UV-absorbing particles with diameters larger than 3 nm 
are formed. 

The fluorescence spectra of the prepared solutions 
are presented in Figure 6. The activation of fluorescence is 
done with UV-light of 360 nm. The fluorescence is cor-
related to the used process temperature for sample prepa-
ration. The lowest fluorescence is found for samples pre-
pared at 80 °C (Figure 6). The strongest fluorescence is 
reached after preparation at 140 °C. Using a process tem-
perature of 100° or 120 °C leads to solutions with similar 
mean fluorescence values. After cleaning by dialysis, the 
fluorescence is strongly decreased but for samples pre-
pared at 140 °C it is still significant (Figure 6). It can be 
assumed that fluorescent compounds are formed by the 
used microwave synthesis. These components have differ-
ent particle sizes higher and lower than 3 nm. The larger 

Figure 4. UV/Vis-transmission spectra of the prepared solution 
recorded directly after preparation (image above) and after treat-
ment by dialysis (image below). Presented are spectra from solu-
tions prepared at different process temperatures with a process 
duration of 5 min.

ysis, the samples are non-smelling and the yellow color is 
disappeared, which is also confirmed by the optical trans-
mission spectra shown in Figure 4. 

The optical transmission spectra of the solutions 
prepared at 140 °C at different process durations are 
compared in Figure 5. Compared to the sample obtained 
after 5 min, a longer process duration leads to lower 
transmission values in the range of 250 to 400 nm. The 
lowest values are determined for the sample with 15 min 
process duration. Even after dialysis, the transmission 

Figure 5. UV/Vis-transmission spectra of the prepared solution re-
corded directly after preparation (image above) and after treatment 
by dialysis (image below). Presented are spectra from solutions pre-
pared with different process duration under a process temperature 
of 140 °C.
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fluorescence particles are still present in the solution after 
the dialysis. 

The fluorescence emission spectra of samples pre-
pared at 140 °C and with increasing process duration are 
compared in Figure 7. It is clearly seen that the process 
duration has a significant influence on the gained fluores-
cence. Highest fluorescence values are received for the 
sample prepared at 140 °C with 15 minutes process dura-
tion in the microwave. For fluorescence activation with 
light of 360 nm, the maximum fluorescence emission is 
found to be at 428 nm. After performing the dialysis, the 
intensity of the fluorescence decreases but is still signifi-
cant. The strongest fluorescence is gained for the sample 
prepared at 140 °C with a process duration of 30 min. For 
these preparation conditions the fluorescence emission 
maximum is observed at 436 nm for an activation with 
light of 360 nm. 

The activation spectra for an emission at 440 nm are 
recorded in Figures 8 and 9. For samples prepared at 80°, 
100° or 120 °C, the activation of fluorescence is mainly 

supported by UV-light in the range of 360 to 380 nm (Fig-
ure 8). In contrast, the activation spectrum for the sample 
prepared at 140 °C is totally different. In addition to the 
activation in the area of 360° to 380 °C, for this sample the 
activation spectrum exhibits a strong maximum at 324 
nm (Figure 8). After dialysis, no fluorescence activation 
around 320 nm or below is recorded. The fluorescence for 
that spectral area is obviously related to lower molecular 
mass compounds or small particles with diameters small-
er than 3 nm. However, the fluorescence in the range of 
340 to 380 nm is still present after dialysis, so this fluores-
cence is probably related to particles with diameters larger 
than 3 nm. 

For many practical applications, as e.g. on textile 
substrates, a fluorescence activation in the range of 360 to 
380 nm is required, while an activation at lower wave-
lengths of around 320 nm is of lower relevance. An optical 
brightener transfers UV-light into visible blue light and 
gives the treated textile a whitened appearance.37,38 For 
this application a fluorescence activation in the range of 
360 to 380 nm is important, because the UV-content in 

Figure 6. Fluorescence emission spectra of the prepared solutions. 
For activation, light with 360 nm is used. Presented are spectra from 
solutions prepared at different process temperatures with a process 
duration of 5 minutes.

Figure 7. Fluorescence emission spectra of the prepared solutions. 
For activation light with 360 nm is used. Presented are spectra from 
solutions prepared with different process duration under a process 
temperature of 140 °C.
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sunlight filtered by glass is mainly present in this range and 
not at lower wavelength of 320 nm.39,40

The fluorescence activation spectra for an emission of 
440 nm of samples prepared at 140 °C and different process 
durations are presented in Figure 9. The fluorescence activa-
tion is strong over the whole range from 280 to 400 nm. For 
a process duration of 5 or 30 min a prominent activation 
maximum around 320 nm is recorded. For the intermediate 
duration of 15 min a broad activation plateau from 320 to 
360 nm is observed. After dialysis, the activation is decreased, 
especially for wavelengths smaller than 340 nm. The sample 
prepared after 30 min exhibits after dialysis a significant flu-
orescence activation with UV-light around 360 nm.

3. 2. Properties of Prepared Textile Samples
Cotton samples treated with the solutions prepared 

at 140 °C and cleaned by dialysis are presented in Figure 
10. Under illumination with UV-A light, these samples ex-
hibit the emission of a blue fluorescence. 

Figure 8. Fluorescence activation spectra of the prepared solutions. 
The activation is recorded for fluorescence light emitted at 440 nm. 
Presented are spectra from solutions prepared at different process 
temperatures with a process duration of 5 min.

Figure 9. Fluorescence activation spectra of the prepared solutions. 
The activation is recorded for fluorescence light emitted at 440 nm. 
Presented are spectra from solutions prepared with different pro-
cess duration under a process temperature of 140 °C.

Figure 10. Textile samples treated with the different solutions under 
illumination with a UV-lamp. The process temperature of 140 °C 
and process duration for solution preparation is indicated for each 
sample. After application of the solution, the textile samples are 
dried at 120 °C.

The fluorescence activation spectra of the textiles are 
given in Figure 11. These activation spectra are recorded 
for fluorescence light emitted at 440 nm. In Figure 11, sam-
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ples with different process duration for solution prepara-
tion and different drying procedures of the treated textiles 
are compared. All samples exhibit a significant activation 
maximum for UV-light with 380 nm. A slightly stronger 
activation is determined for the sample with process dura-
tion of 15 min. The drying of textile samples at 120 °C does 
not lead to a decrease of the fluorescence, so the fluorescent 
components are obviously stable under these thermal con-
ditions. As mentioned above, from the point of view of 
practical applications, both the activation maximum 
around 380 nm and the thermal stability are important.

The fluorescence emission spectra of the treated tex-
tiles (380 nm activation) are summarized in Figure 12. The 
maximum of the fluorescence emission is around 450 nm. 
Samples prepared from solutions with process durations of 
5 or 30 min exhibit nearly the same intensity of fluores-
cence. In comparison with the intermediate process dura-
tion of 15 min a higher fluorescence emission is observed. 

For both drying procedures of the treated textiles (at room 
temperature or at 120 °C) the same high fluorescence val-
ues are determined.

3. 3.  Modification of Recipe with Different 
Amino Acids
Taking the both amino acids glycine and lysine as 

precursors, fluorescent solutions can be prepared by the 
used microwave assisted process using a process tempera-
ture of 140 °C with a duration of 15 minutes (see Figure 
13). Under the chosen conditions, different fluorescent 
coloration results depending on the type of amino acid 
used as precursor. By using lysine, blue fluorescent color-
ation results, which is similar to the result gained with the 
precursor L-arginine (compare Figures 3 and 13). In com-
parison, the use of glycine leads to a fluorescent coloration 
that can be described as yellow to white (Figure 13). 

Figure 11. Fluorescence activation spectra of the prepared textiles. 
The activation is recorded for fluorescence light emitted at 440 nm. 
Presented are textiles prepared with solutions realized with differ-
ent process duration under a process temperature of 140 °C. After 
solution application the textile samples are dried at room tempera-
ture or at 120 °C.

Figure 12. Fluorescence emission spectra of the prepared tex-
tiles. For activation light with 380 nm is used. Presented are tex-
tiles prepared with solutions realized with different process dura-
tion under a process temperature of 140 °C. After solution 
application the textile samples are dried at room temperature or 
at 120 °C.
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The fluorescence emission spectra of solutions pre-
pared with the amino acids glycine or lysine are shown in 
Figure 14. With lysine as precursor a stronger fluorescence 
can be reached compared to lower values gained with gly-
cine. The maximum of fluorescence for preparations with 
lysine can be determined at 452 nm after preparation and 
at 436 nm after dialysis of the solutions. This spectroscopic 
result corresponds well to the observed blue coloration 
(Figure 13). The preparation with glycine leads to fluores-
cent maxima at lower wavelength – 440 nm after prepara-
tion and 424 nm after dialysis of the solutions. Compared 
to the emission intensity at the fluorescence maximum for 
solutions from lysine as precursor, the fluorescence de-
creased stronger at higher wavelength. At 600 nm only 
around 9 % of the emission intensity of the fluorescent 
maximum is determined, for solutions from lysine as pre-
cursor. For glycine prepared solutions, at 600 nm a higher 
ratio of around 13 % emission intensity of the fluorescent 
maximum is observed (Figure 14). This more intensive flu-

Figure 13. Solutions after preparation with the precursors glycine 
or lysine under illumination with a UV lamp. The process tempera-
ture is 140 °C and the process duration is 15 minutes.

Figure 14. Fluorescence emission spectra of solutions prepared 
with the amino acids glycine or lysine. For activation, light with 360 
nm is used. Presented are spectra from solutions prepared with a 
process temperature of 140 °C and a process duration of 15 minutes.

Figure 15. Fluorescence activation spectra of the solutions prepared 
with the amino acids glycine and lysine. The activation is recorded 
for fluorescence light emitted at 440 nm. Presented are spectra from 
solutions prepared with a process temperature of 140 °C and a pro-
cess duration of 15 minutes.
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orescence emission at higher wavelength is in relation with 
the yellow coloration of this solution, as seen in Figure 13. 

The fluorescence activation spectra of solutions pre-
pared with the amino acids glycine or lysine are shown in 
Figure 15. The activation spectra of both solutions exhibit 
different activation intensity but a similar shape of the 
spectra with two dominating maxima at 320 nm and 372 
nm. After dialysis, especially the glycine based solution ex-
hibits a strong decrease in fluorescence activation. This 
decrease could be explained by the formation of fluores-
cent molecules and particles smaller 3 nm, which are re-
moved by dialysis from the prepared solution.

4. Conclusions
A microwave process driven under solvothermal 

conditions can be used for the preparation of fluorescent 
solutions based on the thermal conversion of simple ami-
no acids, which are arginine, lysine and glycine. The effec-
tivity of conversion is determined by the process tempera-
ture used in the solvothermal process. Best results are 
gained for a process temperature of 140 °C. The fluorescent 
components can be distinguished into components with 
different particle sizes smaller and larger than 3 nm in di-
ameter. The solutions are suitable for application onto tex-
tiles, e.g. as optical brighteners or as fluorescence marker. 
The fluorescence activation is driven mainly with UV-light 
in the range of 360 to 380 nm which fits to the UV-light 
present in sunlight. Also the thermal stability necessary for 
drying and fixation processes is given. A first proof-of-
concept is provided that by microwave synthesis the con-
version of amino acids into fluorescent particles is possi-
ble. These particles present in homogeneous, transparent 
and aqueous solutions can be used as finishing agent for 
textiles. 
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Povzetek
Sinteza z uporabo mikrovalov je že dobro uveljavljena metoda v organski in anorganski sintezni kemiji. Prav tako se 
uporablja na področju materialov za pripravo novih ogljikovih nanodelcev, ki izražajo fluorescenčne lastnosti. V tej 
raziskavi je predstavljena z mikrovalovi spodbujena solvatotermna sinteza, ki je bila uporabljena za pretvorbo amino 
kislin in 1,2-diaminoetana v različne fluorescenčne raztopine. V študiji so kot modelne amino kisline uporabili arginin, 
lizin in glicin, v temperaturnem območju reakcije od 80° do 140 °C in pri tlaku 4.5 bar. Reakcije so potekale od 5 do 
30 minut. Fluorescenčni efekt se povečuje s višanjem temperature. Pripravljene vodne fluorescenčne raztopine lahko 
uporabimo kot medij za indukcijo fluorescence na tekstilnih substratih. Študija je prvi primer potrditve koncepta pre-
proste, z mikrovalovi asistirane solvatotermne sinteze fluorescenčnih raztopin, ki je uporaben za modifikacijo različnih 
substratov.
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Abstract
Acridine derivatives were first used as antibacterial and antiparasitic agents, later as antimalarial and anti-HIV drugs, 
and now as potentially anticancer agents due to their high cytotoxic activity. Due to their serious adverse effects, new 
synthetic derivatives were introduced and tested based on modified naturally occurring substances, such as acridone 
derivatives, which also exhibit potential anti-tumor activity. Most of them are DNA-damaging substances, causing rel-
atively strong and selective destruction of tumor cells. We have tested in vitro anti-proliferative effects of newly-synthe-
sized tetrahydroacrid derivatives, namely tacrine-coumarin hybrid molecules, on various human and mouse cancer cell 
lines. Our results showed that tacrine-coumarin hybrids with seven, eight, and nine methylene groups in spacer reduce 
proliferation of cancer cells. A hybrid with nine methylene groups had the most significant anti-cancer effect.

Keywords: Tacrine-coumarin hybrid molecules; cancer cells; antiproliferative effects

1. Introduction
Coumarin and coumarin derivatives are well known 

anticancer agents. The anticancer activity of coumarin de-
rivatives, 3-, 4-, 7-, 8- substituted biscoumarins and fused 
coumarins, has been described according to the type and 
position of the side chain of the coumarin core structure.1 
The number, location, and length of the side chain have 
important effects on anti-tumor activities.2 Fig. 1 shows 
the chemical structure of 4-substituted coumarins that re-
veal interesting anti-cancer activity. 

Basanagouda et al.3 synthesized a new series of io-
dinated-4-aryloxymethyl coumarin derivatives 1 (Fig. 1). 
These compounds were screened for their in  vitro anti-
cancer activity against two cancer cell lines, MDA-MB 
human adenocarcinoma mammary gland and A-549 hu-
man lung carcinoma. The compounds in which the chlo-
rine was in C-6 and C-7 position on coumarin ring and 
iodine was in C-4 position on phenoxy moiety exhibited 
significant anti-cancer activity (MIC = 1.56  μg/mL).3 
Bana et al.4 designed and synthesized a novel couma-

rin-quinone inhibitor 2 (SV37, Fig. 1), the structure of 
which is based on both coumarin and quinone moieties as 
a potent CDC25 inhibitor. An analytical in vitro approach 
shows that this compound efficiently inhibits all three pu-
rified human CDC25 isoforms, CDC25A, B, and C, with 
IC50 between 1 and 9 µM. Moreover, 2 isoforms had supe-
rior antiproliferative activity against MCF-7 and MDA-
MB-231 cells (IC50 = 1–11 µM) versus hTERT-HME1 
(IC50 = 18 µM).4 Puttaraju et al.5 designed and synthe-
sized a new series of coumarin substituted dihydroben-
zo[4,5]imidazo[1,2-a]pyrimidin-4-ones derivatives 3. 
The coumarin derivative with i-Pr in C-3 position on di-
hydrobenzo[4,5]imidazo[1,2-a]pyrimidin-4-one and chlo-
rine in C-6 position on coumarin ring was found to be the 
most potent cytotoxic compound (88%) against Dalton’s 
Ascitic Lymphoma cell line.5

Sequences of 4-(1,2,3-triazol-1-yl)coumarin deriva-
tives 4 were synthesized and their anti-cancer activities 
against human cancer cell lines, including human breast 
carcinoma MCF-7 cell, colon carcinoma SW480 cell, and 
lung carcinoma A549 cell, were subsequently studied in 

mailto:peter.solar@upjs.sk
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vitro. Among them, 4-(4-(4-fluorophenoxy) methyl)- 
1,2,3-triazol-1-yl)-7-methoxycoumarin 4 exhibited excel-
lent broad spectrum anti-cancer in vitro activity against 
MCF-7, SW480, and A549 (IC50 = 5.89, 1.99, and 0.52 μM, 
respectively).6 

In general, the dimeric coumarin tends to show 
greater efficacy against cancer cells compared to the mo-
nomeric one.2 Some bis-coumarine dimers with the an-
ti-cancer activity are shown in Fig. 1. Novel bis-coumarin 
polysulfides as di-, tri-, and tetrasulfides 5 were synthe-
sized and tested in the HCT116 colorectal cancer cell line 
to assess their ability to induce cell growth inhibition and 
apoptosis. The coumarin polysulfides effectively reduced 
cell viability (around 50%) in a concentration and time 
dependent manner and reduced cell viability more effi-
ciently compared to the corresponding diallyldisulfide.7 

Tan et al.2 designed and synthesized novel dimers of 
triphenylethylene-coumarin hybrid 6 containing one 
amino side chain. These dimeric substances were subject-
ed to anti-proliferative tests against four tumor cell lines, 
MCF-7, A549, K562, and HeLa, and exhibited significant 
anti-proliferative activity at IC50 concentrations approach-
ing 10 µM.

Since the anti-cancer activity of hybrids in which the 
coumarin ring is connected with tacrine has not yet been 
reported, based on the knowledge that coumarin func-
tional groups as well as tetrahydroacridine derivatives 
have anti-tumor effects, we decided to test such effects us-
ing newly synthesized tacrine-coumarin hybrids 7a-g (Fig. 
2). Both the synthesis and the biological activity of relevant 
tacrine-coumarin hybrids, except for anti-cancer ones, 
have already been published.8

Figure 1. Structures of 4-substituted coumarin derivatives 1-4 and bis-coumarines 5, 6 revealing anticancer activities
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Little work has been done on the anti-tumor effects 
of tacrine. However, published results clearly demon-
strated that only high concentration of tacrine can induce 
apoptosis via lysosome- and mitochondrial-dependent 
pathway in HepG2 cells.9,10 On the other hand, despite 
high concentration, tacrine did not show any cytotoxic 
effect on the promyelocytic leukemia HL-60 cell line.11 In 
this study, we decided to test the anti-cancer effects of ta-
crine-coumarin hybrids on highly invasive (4T1), less 
invasive (A549, HCT) and non-invasive (MCF-7) cell 
lines. To reinforce the hypothesis of different effects of 
tacrine-coumarin hybrids on cancer cells compared to 
normal ones, we compared human cancer cell lines 
(MCF-7, A549, HCT) with normal HUVEC cells and 
mouse tumor cell line 4T1 with the normal mouse cells 
NMuMG.

2. Experimental
2. 1. Cell lines and Cell Culture 

Human colorectal carcinoma HCT116 (HCT), hu-
man breast adenocarcinoma MCF-7, human A549 lung 
carcinoma, and mouse mammary carcinoma 4T1, as well 
as non-cancer mouse mammary gland cells NMuMG  
and human endothelial cells isolated from umbilical vein 
HUVEC, were used in our experiments. The HCT, MCF-7, 
and 4T1 cell lines were cultured in RPMI medium (Sig-
ma-Aldrich, St. Louis, MO, USA), A549 and NMuMG in 
DMEM medium with high glucose (4.5 g/l), and L-gluta-
mine (GE Healthcare, Little Chalfont, UK) and HUVEC 
cells in HMEC medium (Sigma-Aldrich) with added vas-
cular endothelial growth factor and bovine fibroblast 
growth factor. All media contained 10% fetal bovine se-
rum (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
and antibiotics (Sigma-Aldrich), except 4T1 and NMuMG 
cells, which did not contain antibiotics. The cells were in-
cubated at 37 °C in a humidified 5% CO2 (v/v) atmo-
sphere. Dr. Hamuľaková of the Institute of Chemistry, 
Faculty of Science, Pavol Jozef Šafárik University in 
Košice, synthesized Tacrine-coumarin derivatives. 

2. 2. MTT Assay 

HCT, MCF-7, A549, 4T1, NMuMG, and HUVEC cells 
were seeded into 96-well cell culture plates at a density of 5 × 
103 per well. MTT (3-(4.5-dimethylthiazol-2-yl)-2.5-diphe-
nyl tetrazolium bromide; Sigma-Aldrich Co.) was added at 
the final concentration of 0.2 mg/ml after 72 h incubation at 
the concentration ranging from 0.001 to 10 µM of ta-
crine-coumarin hybrid molecules [Fig. 1; synthesized and 
characterized by Hamuľaková et al.,8 followed by 4 h incuba-
tion at 37 °C and solubilization of MTT-formazan product 
using 3.3% sodium dodecyl sulphate (Sigma-Aldrich Co.)]. 
The absorbance was measured using a universal microplate 
reader (FLUOstar Optima, BMG Labtechnologies GmbH, 
Offenburg, Germany) and expressed as a percentage of the 
dye extracted from untreated control cells [(OD value of 
treated cells/mean OD value of control cells) × 100%].

2. 3. Cell cycle Analysis 
Flow cytometric DNA analysis was used to estimate the 

distribution of monitored cancer and normal cells at different 
stages of the cell cycle. All the cell lines were harvested after 
72 h incubation at 10 µM concentration of 1b/sh_7, 1c/sh_8 
or  1d/sh_9, washed with phosphate-buffered saline (PBS), 
fixed in 70% ice cold ethanol, and stored at 4 °C for 24 h. 
Fixed cells were centrifuged, washed with PBS, stained with 
staining solution [20 µg/mL propidium iodide, 137 µg/mL 
RNAse A,  and 0.1% Triton X-100 (Sigma-Aldrich Co.) in 
PBS] in the dark for 30 min, and measured with a flow cy-
tometer (FACSCalibur, Becton Dickinson, San Diego, CA, 
USA). For each sample, a minimum of 15 × 103 cells was eva-
luated and analysed using FlowJo software (FLOWJO, LLC; 
Ashland, OR, USA). Cells characterized by DNA content 
lower than diploid (subG0/G1 population) were considered 
as apoptotic cells.

2. 4. IncuCyte ZOOM System 
Experiments were performed using an IncuCyte 

ZOOM system (Essen BioScience, Ann Arbor, MI, USA), 

Figure 2. Structures of tacrine-coumarin hybrids 7a-g
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which consists of a microscope gantry that resides in a hu-
midified incubator at 37 °C and 5% CO2, and a networked 
external controller hard drive that gathers and processes 
image data. The cells were seeded in 96-well plates in sex-
tuplicates at 5000 cells/well (as 100 µl cell suspension/well) 
and placed in the IncuCyte ZOOM system. After attach-
ment (24 h), the cells were treated with 1b/sh_7, 1c/sh_8 
a 1d/sh_9 test substances (dissolved in media). The cells 
growing in media without tested substances were used as 
controls. The IncuCyte zooM system automatically moni-
tored the cell confluence in each well through a 4X objec-
tive (Nikon) every 2 h up to 130 h of the substance treat-
ment. The experiment was performed two times. 

2. 5. Statistical Analysis 

Data were analyzed using one-way ANOVA followed 
by Tukey’s multiple comparison tests in ORIGIN analysis 
software (OriginLab Co., Northampton, MA, USA).

3. Results and Discussion
In the view of biological significance of tacrine and 

coumarin derivatives, potential cytotoxic and/or anti-can-
cer activities of tacrine-coumarin heterodimers 7a-g were 
tested using tumor as well as normal cell lines. In this re-

Figure 3. The effect of 7b-d tacrine-coumarine derivatives on the metabolic activity of 4T1, MCF-7, HCT, A549, NMuMG, and HUVEC cells. The 
metabolic activity of 4T1, MCF-7, HCT, A549, NmuMG, and HUVEC cells was analyzed by MTT assay after their treatment with 7b-d derivatives 
for 72 h. Data are expressed as mean ± SEM (% of control) across three independent experiments. The statistical significance is designated as follows: 
* p < 0.05 and ** p < 0.01 for 7b derivative vs. control (C); x p < 0.05 and xx p < 0.01 for 7c derivative vs. C; and °°° p < 0.001 for 7d derivative vs. C.
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gard, the responses of 4T1 (mouse mammary carcinoma), 
MCF-7 (human breast adenocarcinoma), HCT116 (hu-
man colorectal carcinoma), A549 (human lung carcino-
ma), NMuMG (normal mouse mammary gland cells), and 
HUVEC (human endothelial cells isolated from umbilical 
vein) were compared. Application of compounds 7a and 
7e-g did not show toxic effects on either cancer or normal 
cells (not shown). Thus, only 7b-d compounds were in-
cluded in further analysis. The concentrations of 7b-d hy-
brids used in both cell cycle as well as cell proliferation 
assays were derived based on the extensive screening of the 
cell metabolism and/or cell growth response (MTT). The 
concentrations of 7b-d derivatives inhibiting 50% (IC50) of 
the metabolic activity and/or the cell growth are shown in 
supplementary data (Table S01). Based on IC50 values, the 
synthesized compounds showed moderate to significant 
activity in the µM range from 5.7 to > 100 µM. The effect 

of chain lengths linking tacrine and coumarin skeleton 
was examined. Compounds 7d and 7c showed significant 
anti-metabolic activity against 4T1 cell lines, with IC50 val-
ues of 5.7 µM and 7.0 µM, respectively (Fig. 3). The com-
pound 7d also showed promising activity against MCF-7 
cell line, with IC50 value of 6.0 µM (Fig. 3). Furthermore, 
derivatives 7b and 7c showed stronger effect compared to 
7d in the reduction of HUVEC cells metabolism (Fig. 3). 
Interestingly, based on MTT results, HCT, A549, and 
NMuMG cells did not respond to the effect of 7b-d com-
pounds (Fig. 3). These results demonstrate that the length 
of the alkyl spacer influences, at least to some degree, the 
metabolic activity and/or the cell growth of breast cancer 
cell lines 4T1 and MCF-7. 

Flow cytometric analysis was performed to evaluate 
the cell cycle progression in all monitored cell lines after 
their incubation with 7b-d derivatives at the concentration 

Figure 4. The cell cycle distribution of 4T1, MCF-7, HCT, A549, NmuMG, and HUVEC cells after treatment with 7b-d tacrine-coumarine deriva-
tives. 4T1, MCF-7, HCT, A549, NmuMG, and HUVEC cells were treated with 7b-d derivatives at the concentration of 10 µM for 72 h. Data from the 
three independent experiments are expressed as mean ± SEM. The statistical significance is designated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001 
for sub G0/G1 fraction of 7b-d vs. control cells (C); + p < 0.05, ++ p < 0.01, +++ p < 0.001 for G1 fraction of 7b-d vs. C; # p < 0.05 for S fraction of 
7b-d vs. C and ° p < 0.05 for G2 fraction of 7b-d vs. C.
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of 10 µM. Data showed that 7d hybrid had the most signi-
ficant effect on the cell cycle progression (Fig. 4). This 
compound increased apoptotic sub G0/G1 population in 
4T1, MCF-7, HCT, and HUVEC cells and reduced G1 
population in 4T1 and MCF-7. On the other hand, all de-
rivatives 7b-d increased G1 and decreased S population of 
HUVEC cells (Fig. 4). Without the change in the cell cycle 
progression stayed cancer A549 and normal NMuMG 
cells (Fig. 4). 

The synthesized compounds 7b-d were also evalu-
ated for their in vitro anti-proliferative activity monitored 
by IncuCyte system. The most sensitive tumor cell line was 
the MCF-7 (Supplementary data, Fig. S01), for which the 
decrease of proliferative activity depended on the increase 
of carbon number in the tested compounds 7b-d. HCT 
(Supplementary data, Fig. S02) and 4T1 (Supplementary 
data, Fig. S03) tumor cell lines showed lower sensitivity to 
the tested hybrids 7b-d with similar responses. On the 
other hand, A549 tumor cells (Supplementary data, Fig. 
S04) proved to be the most resistant, with proliferation not 
significantly different from other cell lines after the admi-
nistration of the above-mentioned three tacrine-coumarin 
derivatives. In addition, HUVEC cells (Supplementary 
data, Fig. S05) responded only to the 7d derivative while 
the normal mouse mammary gland cells of NMuMG 
(Supplementary data, Fig. S06) did not demonstrate a de-
crease in proliferation after the application of the tested 
substances. 

Among the synthesized compounds, the tacrine-cou-
marin heterodimer 7d with nine methylene groups be-
tween the two amino groups in the side chain exhibited 
the greatest efficiency. According to the results, in the case 
of tacrine-coumarin heterodimers 7e-g with longer side 
chains, replacing some methylene groups with amine moi-
ety dramatically decreased the anti-cancer activity. 

Emami et al.1 have also confirmed that the anti-pro-
liferative activity depends on the presence of the quinone 
skeleton. The structure-activity relationship of compound 
4-(4-((4-fluorophenoxy)methyl)-1,2,3-triazol-1-yl)-7-me-
thoxycoumarin 4 (Fig. 1) suggested that - C-4 position of 
1,2,3-triazole core is the optimal position for CH2-O- 
bridge because of its bioactivity. A hydrogen bond accep-
tor at C-4 position of phenyl is indispensable for the im-
provement of the potency while a hydrogen bond acceptor 
at C-7 position of coumarin can positively contribute to 
the activity. 6

For bis-coumarin derivatives possessing one amino 
side chain 6 (Fig. 1), the length of the linker (dicarboxylic 
acid) had profound effects on their anti-proliferative acti-
vities. Compounds linked by the malonic amide (three 
carbons) showed the best anti-proliferative activities 
against MCF-7, A549, K562, and Hela cell lines; however, 
as the linker increased to five, six, or ten carbons, their an-
ti-proliferative activities clearly decreased. In this regard, 
the incorporation of the aromatic or heterocyclic ring into 
the chain also decreased anti-proliferative activity.2

4. Conclusions
In conclusion, structural modification of natural sub-

stances can yield new analogues, the biological efficacy of 
which can be higher compared to that of the parent com-
pounds. In our experimental study, we found that ta-
crine-coumarin hybrids with seven, eight, and nine methy-
lene groups in spacer have significant anti-cancer activity in 
all cancer cell lines tested, with the exception of A549 cells. 
Indeed, hybrid with nine methylene groups had the most sig-
nificant anti-cancer effect. Interestingly, the sensitivity of tu-
mor cells was greater compared to the sensitivity of normal 
cells, which points to the importance of further research on 
the anti-tumor effects of tacrine-coumarin hybrid molecules.
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Povzetek
Derivati akridina so bili prvič uporabljeni kot antibakterijsko sredstvo in sredstvo proti parazitom, kasneje pa tudi kot 
zdravila proti malariji in HIV. Zaradi njihove visoke citotoksične dejavnosti jih uporabljajo tudi kot potencialna zdravila 
proti raku. Zaradi njihovih resnih škodljivih učinkov so bili uvedeni in testirani novi sintetični derivati, ki temeljijo na 
spreminjanju naravno prisotnih snovi, kot so derivati akridona, ki kažejo tudi potencialno aktivnost proti tumorjem. 
Večina od teh spojin lahko poškoduje DNA, kar povzroča razmeroma močno in selektivno uničenje tumorskih celic. 
Testirali smo in vitro antiproliferativne učinke na novo sintetiziranih tetrahidroakridinskih derivatov, in sicer takrin-ku-
marinskih hibridnih molekul. Naši rezultati so pokazali zmanjšano deljenje rakavih celic ob izpostavitvi takrin-kumari 
hibridom s sedem, osem in devet metilenskimi skupinami v distančniku. Najmočnejši učinek proti raku je pokazal hibrid 
z devetimi metilenskimi skupinami.
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Abstract
In this research, first graphene oxide (GO) was synthesized using modified Hummers method and thence via a mul-
ti-step procedure, surface of GO was decorated with Fe3O4 nanoparticles (GO-Fe3O4). Thereafter, developed nanoparti-
cles were characterized using FTIR, XRD and SEM analyses and their magnetic properties confirmed using VSM anal-
ysis. Moreover, performance of the GO-Fe3O4 for the removal and adsorption of Erythrosine dye from the aqueous 
solution under variable conditions including pH, phosphate buffer solution (PBS), adsorbent content, stirring time, 
electrolyte concentration, solution content and temperature were examined. In this regard, for obtained solutions from 
the chicken slaughterhouse and hospital sewage disposal system containing 20, 50 and 70 mg mL–1 Erythrosine dye, GO-
Fe3O4 nanoparticles adsorbed from approximately 94% to 97% of the total dye, respectively. What is more, the highest 
adsorption capacity was obtained at 149.25 mg/g by means of Langmuir model. The obtained results clearly showed that 
GO-Fe3O4 nanoparticles present a fabulous performance for the absorption and removal of dyes form disposal systems.

Keywords: Adsorption; dye removal rate; erythrosine; graphene oxide; iron oxide

1. Introduction
Erythrosine or Acid Red 51 (C.I. 45430, E127) is a 

xanthene class and water soluble synthetic dye that fre-
quently use as a food colorant.1 Erythrosine is a common 
dye in various industries and has wide range of applica-
tions in numerous fields including cosmetics, drugs, food 

industry especially for biscuits, chocolate, luncheon meat, 
sweets and chewing gums.2 Several biodegradability eval-
uations on dyes revealed that azo dyes are not likely to be 
biodegradable under aerobic condition.2,3 In this matter, 
more and more studies were performed to determine the 
adsorption capacity and capability of natural and treated 
vegetal materials including peat,4 sugar cane bagasse,5 bio-

mailto:mousavi.nano@gmail.com
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mass,6 eucalyptus bark7,8 and other biological materials 
with animal sources such as chitin and chitosan.8

Erythrosine (C20H6I4Na2O5) or 2-(6-Hydroxy-2,4,5, 
7-tetraiodo-3-oxo-xanthen-9-yl) benzoic acid mixture 
with industrial or civil wastewater can highly affect the na-
ture and cause severe damages to the public health,9 there-
by it is very essential to detect and remove these kinds of 
impurities from the sewage disposal systems. However, ap-
plication of multivariate analyses in adsorption studies is 
rather limited.10 What is more, high toxicity of Erythrosine 
is one of the basic reasons for many environmental studies 
to remove this harmful dye from wastewaters. In this case, 
various materials and techniques were used to minimize 
these kinds of impurities from wastewaters including pho-
tochemical degradation using TiO2 nanoparticles,11 bio-
chemical degradation12 and adsorption process.11,13–16

In addition, the adsorption isotherms indicated that 
phenol and methylene blue presenting a better adsorption 
rate compared with the erythrosine dye which is attributed 
to the large structure and the negative charge of dye mole-
cules.13 Generally speaking, adsorption of erythrosine by 
activated carbon is acceptable with a maximum capacity of 
89.3 mg/g at 40 °C and pH = 7. The reported adsorption 
capacity is modest when compared to adsorption capacity 
of positively charged methylene blue (C.I. 52015).17

Magnetic nanoparticles proved to be an effective re-
moval agent for various kinds of wastes.18,19 Herein, 
graphene oxide (GO) was first synthesized using modified 
Hummers method and then fabricated GO was enhanced 
via Fe3O4 nanoparticles to improve their magnetic perme-
ability and absorption rate. Afterward, fabricated GO-
Fe3O4 nanoparticles were used to remove erythrosine dye 
from the treated deionized water, hospital and chicken 
slaughterhouse sewer output under variable conditions.

2. Materials and Methods
2. 1. Materials

Natural graphite flakes with average particle size of 
150 μm and purity of >98% were supplied from Merck. 
Moreover, all of required materials including concentrated 
sulfuric acid (H2SO4) (A.R., 98%), hydrochloric acid (HCl) 
(A.R., 36%), hydrogen peroxide (H2O2) (A.R., 30%), po-
tassium permanganate (KMNO4) (A.R.), phosphoric acid 
(H3PO4), FeCl3 6H2O, FeSO4 7H2O, phosphate buffer solu-
tion (PBS), ammonia (NH3), sodium hydroxide (NaOH) 
and erythrosine dye were supplied by Merck.

2. 2. Preparation of Erythrosine Solution
For preparation of erythrosine solution, first 0.1 g of 

erythrosine dye poured into a 1000 mL volumetric flask 
along with deionized water (100 µg mL–1) and then dissolved 
to reach homogenous solution. This solution was used to 
prepare other solutions with different concentrations.

2. 3.  Preparation of Phosphate Buffer Solution 
(PBS)

For preparation of (PBS), 100 mL phosphoric acid 
(0.1 molar) poured in a beaker and then the pH of the sus-
pension was set on 7 using pH meter and 1 mL solution of 
sodium hydroxide and hydrochloric acid. 

2. 4. Preparation of Graphene Oxide (GO)
In this study, GO nanoparticles were fabricated using 

modified Hummers method.20,21 In this case, first 10 g 
graphite poured into a round-bottom flask and then 2 L 
H2SO4 was added to the vessel and stirred for 30 min (500 
rpm) at room temperature (RT). Thence 110 mL H3PO4 
was added to the suspension, stirred for further 30 min 
(500 rpm at RT) and thereafter the temperature of the sus-
pension was decreased to less than 5 °C using ice bath. 
Next, 50 g KMnO4 was slowly added to the suspension and 
stirred (500 rpm) for 30 min. In the next step, the tempera-
ture of the suspension was smoothly increased to about  
50 °C and then stirred for (500 rpm) 72 h. Afterward, the 
suspension was poured in a vacuum Erlenmeyer flask and 
some pieces of ice cubes (made from deionized water) 
were poured into the flask. Thereupon, 10 mL H2O2 was 
poured in the suspension very slowly and then the vacuum 
Erlenmeyer flask was filled with deionized water. The re-
sulting suspension was kept without stirring for 48 h for 
further fillers sedimentation. Afterward, the suspension 
was filtered and washed with HCl for removal of metal 
ions, and then remained fillers on the filter paper were 
washed with deionized water in order to set their pH at 7. 
Filtered and washed nanoparticles were dried for 1 h at   
80 °C in a heating oven and thence placed in a humidity 
absorbing chamber for 48 h. 

2. 5.  Preparation of Decorated Graphene 
Oxide with Iron Oxide Nanoparticles 
(GO-Fe3O4)
For the production of GO-Fe3O4 nanoparticles, first, 

3.89 g FeCl3 and 4.55 FeSO4 poured into 320 mL deionized 
water and stirred for 1 h at 80 °C. Thence, 0.0844 g ultra-
sonicated GO in 100 mL deionized water (at 300 W for 10 
min) were added to the previous suspension and stirred 
for further 1 h at 80 °C. Thereafter, 40 mL NH3 was slowly 
added to the resulting suspension and thereafter stirred for 
24 h at 80 °C. Next, finalized suspension was vacuum fil-
trated and washed with deionized water to neutralize the 
fabricated GO-Fe3O4 nanoparticles. 

2. 6. Nanoparticles Evaluation Methods
For evaluation of developed fillers performance for 

removal of erythrosine dye from aqueous solutions, first 
15 mL erythrosine dye (100 µg mL–1) and 2 mL PBS (with 
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pH = 7) poured into a 50 mL volumetric flask and then 
filled with deionized water. Thereafter, 0.2 g of GO-Fe3O4 
poured into the resulting suspension and then stirred for 2 
min at 500 rpm. Afterward, the beaker containing the re-
sulting suspension was put on a strong magnet for 1 min 
for sediment of GO-Fe3O4 nanoparticles. Experimental 
evaluation showed that erythrosine dye has a peak at 523 
nm in visible light region (can be seen in section.3.1). In 
this case, for determination of erythrosine removal rate, 
the adsorption rate by fillers were examined at 523 nm 
wavelength. In the final stage, the dye removal rate (%) was 
calculated using the following equation:22

Removal (%) = ((Ci –Cf)/Ci) × 100                          (1)

Where the Ci and Cf are the initial dye concentration 
(before reaction with GO-Fe3O4) and the final dye concen-
tration (after reaction with GO-Fe3O4), respectively. 

2. 7.  Choosing the Maximum Wavelength 
(λmax)
Maximum wavelength peak related to the erythro-

sine dye was determined via UV-vis spectroscopy in the 
visible-light region ranging from 400 to 700 nm. In this 
matter, the maximum wavelength for the erythrosine dye 
was saw at 523 nm. Therefore, the final adsorption rate by 
developed fillers was measured at the fixed wavelength of 
523 nm during all processes. 

2. 8. Characterization
In order to examine developed fillers, various instru-

ments were used including Fourier-transform infrared 
spectroscopy (FTIR) (Bruker model VECTOR22), X-ray 
diffraction (XRD) (Brucker model D8-ADVANCE), vi-
brating sample magnetometer (VSM), scanning electron 
microscope (SEM) (Tescan model VEGA3) and UV-vis 
Spectrophotometer (Shimadzu model UV-1800). 

3. Results and Discussions
3. 1.  Examination of Fabricated GO-Fe3O4 

Nanoparticles

In this section, specifications of fabricated GO-Fe3O4 
nanoparticles were evaluated using FTIR, XRD, VSM and 
SEM analyses. In Fig. 1 (a), FTIR results of Fe3O4, GO and 
GO-Fe3O4 can be seen, respectively. As can be seen in the 
spectrum of Fe3O4 (red color), peaks in region between 
530–630 cm–1 are correspond to the stretching vibration 
mode of Fe-O. In this case, broad and strong peak at 575 
cm–1 is correspond to the Fe3O4 and indicate the success-
ful synthesize of Fe3O4 nanoparticles.23–25 Moreover, peaks 
at 923 and 1108 cm–1 are related to the sp2 alkene C-H 

band (disubstituted-E) and stretching vibration of in-
plane C-H, respectively. Besides, peak with wavenumber 
1616 cm–1 is belong to the FeOO–,24 while peaks in region 
between 2838–2921 cm–1 are belong to the C-H stretching 
vibration (sp3 stretching of hexyl aliphatic side). Weak 
peaks in the region between 3500–3700 cm–1 are belong to 
the amine N-H. Furthermore, broad and strong peak at 
3424 cm–1 is correspond to the hydroxyl functional group 
(–OH).24 In addition, as shown in the GO spectrum (Fig-
ure 1 (a) green color), GO was successfully synthesized 
with compatible functional groups including carboxyl 
(1715 cm–1), hydroxyl (3398 cm–1) and epoxide (1057 cm–1) 
which provide the possibility of molecular attachment be-
tween GO and Fe3O4 nanoparticles. In GO spectrum, 
peaks with wavenumbers 584, 854, 891, 1006, 1165 and 
1632 are correspond to the C=O in amides, C-H sp2, ger-
minal disubstituted, vibration of a p-disubstituted phenyl 
group υc–H in plane bending), C-OH in alcohols and C=C 
bonds (sp2 C-X double bonds) in aromatic ring, respec-
tively.18 

Figure 1. (a) FTIR and (b) XRD results of Fe3O4, GO and GO-
Fe3O4.

a)

b)

https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
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In Fig. 1 (a) (blue color), it can be seen that GO-
Fe3O4 was successfully synthesized. In this case, strong 
peak at 577 cm–1, which known as the fingerprint of 
Fe3O4,23–25 along with peak at 1627 cm–1 that correspond 
to the FeOO–,24 clarify the molecular attachment of Fe3O4 
nanoparticles on the surface of GO. Furthermore, peaks 
with wavenumbers 940 and 3422 cm–1 are correspond to 
the sp2 alkene C-H bond and hydroxyl functional group, 
respectively. Appearance of peaks at 577 and 1627 cm–1 
along with disappearance of carboxyl and epoxide func-
tional groups related peaks and decrease in the intensity of 
hydroxyl functional group in the GO-Fe3O4 spectrum com-
pared with GO and Fe3O4 spectrums, confirm whether the 
successful decoration of GO with Fe3O4 or molecular at-
tachment of Fe3O4 on the surface of GO. In fact, decrease in 
the intensity of hydroxyl functional group and disappear-
ance of carboxyl and epoxide functional groups clarify the 
interaction between functional groups of GO and Fe3O4.

In addition, in Fig. 1 (b), XRD results for GO, Fe3O4 
and GO-Fe3O4 can be seen, respectively. As can be seen in 
this figure, XRD results shows that GO nanoparticles were 
successfully synthesized, while they show a peak (2Ѳ) 
around 12.3 which is correspond to the inter planer spac-
ing of 0.84 nm.26 On the other hand, in Fig. 1 (b) it can be 
seen that related XRD peaks for Fe3O4 and GO-Fe3O4 are 
the same as each other, which are in accord of previous 
studies outcomes.26–28

In this regard, the diffraction peaks (2Ѳ) at 30.2, 
35.4, 43.2, 57.2 and 62.7 are correspond to the (111), (220), 
(311), (222), (400) and (422) planes of the Fe3O4 which 
have appeared in the spectrum of GO-Fe3O4 and it is cor-
respond with pure spinel Fe3O4 (no. 89–3854) (Xie et al. 
2012; Hur et al. 2015; Ai et al. 2011). Moreover, decoration 
of GO with Fe3O4 nanoparticles did not cause any shifts in 
diffraction peaks. Achieved data from FTIR and XRD 
analyses clearly confirmed the successful modification of 
GO flakes with Fe3O4 nanoparticles.

What is more, In Fig. 2 (a), VSM magnetization of GO-
Fe3O4 nanoparticles can be seen. As can be seen in this fig-
ure, hysteresis loop of developed GO-Fe3O4 is S-like curve, 
while its specific saturation magnetization (Ms), remanence 
(Mr), coercivity (Hc), squareness ratio (SQR=Mr/Ms) and 
switching field distribution (SDF=∆H/Hc) are 51.84 emu g–1, 
14.81 emu g–1, 176.4 Oe, 0.285 and 1.945, respectively. Addi-
tionally, GO-Fe3O4 is an intermediate magnetic material 
with anisotropic behavior, which has presented fantastic 
magnetic performance. In fact, GO-Fe3O4 can improve the 
removal rate of the erythrosine dye from any kind of waste-
water due to its intermediate magnetic properties. Further-
more, In Fig. 2 (b), (c) and (d), SEM images of GO, GO-
Fe3O4 and Fe3O4 can be seen, respectively. As can be seen in 
these figures, GO nanoparticles were successfully decorated 
and modified with magnetic Fe3O4 nanoparticles which is in 
accord with obtained data from FTIR and XRD analyses.

Figure 2. (a) VSM results for GO-Fe3O4 nanoparticles and SEM images of (b) GO, (c) GO-Fe3O4 and (d) Fe3O4.
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3. 2.  Examination of Erythrosine Dye 
Removal Rate

3. 2. 1.  Effect of pH on the Erythrosine Removal 
Rate

Solution pH is one of the most important factors on 
the adsorption of pollutants. In this section, the effect of 
variable pH (ranging from 3–9) on the dye removal rate 
and final adsorption rate of Erythrosine dye from aqueous 
solution were examined. In this case, the final pH of the 
solution containing Erythrosine dye was fixed and regulat-
ed via addition of hydrochloric acid and sodium hydroxide. 
Moreover, in order to achieve the optimal pH, 15 mL of 
Erythrosine dye (100 µg mL–1) was poured into a 50 mL 
volumetric flasks and thence variable volumes of a solution 
containing hydrochloric acid and sodium hydroxide was 
added to the primary solution to regulate the pH on the 

desirable value. Afterward, 0.2 g of GO-Fe3O4 was poured 
into the dye solution and stirred for 2 min (500 rpm) and 
then placed on a strong magnet for further sediment of fill-
ers and adsorption of the dye by magnetic fillers. Thereaf-
ter, the level of dye adsorption rate was measured at wave-
length of 523 nm. In Fig. 3 (a) and (c) the effect of variable 
pH on the dye removal rate and final adsorption of Eryth-
rosine dye can be seen, respectively. As can be seen in this 
figure, increase in the pH of the suspension and neutraliza-
tion of the suspension can enhance the dye removal rate, 
thus pH = 7 was selected as the optimal pH for the solution.

3. 2. 2.  Effect of PBS Content on the Erythrosine 
Removal Rate

In this section, effect of variable buffer content on 
the removal rate and final adsorption of the dye was eval-

Figure 3. (a) The effect of variable pH and (b) PBS volume on the dye removal rate; and (c) the effect of variable pH and (d) PBS volume on the final 
adsorption rate of Erythrosine dye.

b)a)

c) d)
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uated. In this regard, various volumes of PBS were added 
to the solution containing Erythrosine dye (at pH = 7), 
while the dye removal rate and final adsorption were re-
corded at 523 nm wavelength. Figure 3 (b) and (d), show 
the dye removal rate and final adsorption of the dye at 
various contents of PBS. Obtained results revealed that 
increase in the content of PBS up to 2 mL can lead to sig-
nificant improvement in the dye removal rate, while the 
dye removal rate was levelled off at contents more than 2 
mL. Therefore, 2 mL PBS was considered as the optimal 
buffer volume.

3. 2. 3.  Effect of GO-Fe3O4 Content on the 
Erythrosine Removal Rate

In this section, effect of adsorbent content on the 
dye removal rate and final adsorption rate of dye was ex-

amined. In this regard, 15 mL of Erythrosine dye (100 µg 
mL–1) along with 2 mL PBS (with pH = 7) were poured 
into a 50 mL volumetric flask and then the flask was filled 
with deionized water. Afterward, same amount of the re-
sulting suspension was poured into six different beakers 
and various amount of GO-Fe3O4 ranging from 0.05 to 
0.3 g was added to the suspension and sonicated for 2 min 
(500 rpm). Then, the resulting suspension was placed on 
a strong magnet for further 1 min and after fillers sedi-
ment, the dye removal rate and final adsorption rate of 
Erythrosine dye were measured at wavelength of 523 nm. 
In Fig. 4 (a) and (c), the effect of filler content on the dye 
removal rate and final adsorption can be seen, respective-
ly. Obtained results showed that increase in the content of 
fillers up to 0.2 g can lead to significant improvement in 
the dye removal rate, while the level of removal rate was 
levelled off in contents more than 0.2 g, thereby 0.2 g GO-

Figure 4. The effect of (a) magnetite filler content and (b) stirring time on the color removal rate; and the effect of (c) magnetite filler content and 
(d) stirring time on the final adsorption of Erythrosine dye.

a)

d)

b)

c)



888 Acta Chim. Slov. 2018, 65, 882–894

Mousavi et al.:   Erythrosine Adsorption from Aqueous Solution   ...

Fe3O4 was considered as the optimal amount of adsor-
bent.

3. 2. 4.  Effect of Stirring Time on the Erythrosine 
Removal Rate

In this section, effect of diverse mixing times (40–
180 s) on the dye removal rate and final adsorption of dye 
at wavelength of 523 nm were examined. In this case, pro-
duced solution containing 2 mL PBS (pH = 7) along with 
0.2 g GO-Fe3O4 was stirred at different selected times. In 
Fig. 4, obtained results can be seen, which parts (b) and (d) 
showing the dye removal rate and final adsorption of dye 
from aqueous solution. Achieved results showed that by 
increase in the stirring time up to 2 min, the final dye re-
moval rate remains at balanced amount. Therefore, 2 min 
stirring was considered as the optimal mixing time.

3. 2. 5.  Effect of Electrolyte Concentration  
on the Erythrosine Removal Rate

In this section, the effect of the electrolyte concentra-
tion on the dye removal rate and final adsorption of dye at 
wavelength of 523 nm was evaluated. For this matter, 15 
mL of Erythrosine solution (100 µg mL–1) along with 2 mL 
PBS (pH = 7) and variable amount of 1 molar sodium 
chloride were poured into a 50 mL volumetric flask and 
afterward the flask was filled with deionized water. Thence, 
0.2 g GO-Fe3O4 was added to the suspensions containing 
various concentrations of electrolyte. Then, each beaker 
was placed on a strong magnet for 1 min and after sedi-
ment of fillers, the dye removal rate and final adsorption 
were calculated at wavelength of 523 nm, which can be 
seen in Figure 5 (a) and (c), respectively. Achieved results 
revealed that increase in the concentration of electrolyte 
has negligible effects on the dye removal rate and final ad-

Figure 5. The effect of variable (a) electrolyte concentration and (b) solution content on the dye removal rate; and the effect of (c) electrolyte con-
centration and (d) solution content on the final adsorption rate of Erythrosine dye.

a)

c) d)

b)
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sorption rate. Moreover, addition of electrolyte to the sus-
pension containing absorber and dye neutralizing the sur-
face of the absorber that can furtherly decrease the 
absorption of dye molecules by the absorber’s surface. On 
the other hand, electrolyte can lead to decrease in the ion-
ization of dye molecules. This process ease the extraction 
of non-ionic compositions and leads to higher absorption 
of neutral dye molecules compared with ionic molecules 
with whether positive or negative charges.

3. 2. 6.  Effect of Solution Content on the 
Erythrosine Removal Rate

In this section, various volumes of solution (ranging 
from 50–250 mL) containing 1500 µg Erythrosine dye 
were examined to evaluate the effect of solution content on 
the dye removal rate and final adsorption of Erythrosine 
dye, which can be seen in Fig. 5 (b) and (d), respectively. 
Achieved results showed that increase in the solution con-
tent to more than 100 mL can lead to significant decrease 
in the percentage of dye removal rate and final adsorption. 
Furthermore, the maximum dye removal rate was ob-
served at 50 mL solution volume.

3. 2. 7.  Effect of Temperature on the Erythrosine 
Removal Rate

In this section, effect of variable temperature (rang-
ing from 5 to 60 °C) on the dye removal rate and the final 
adsorption of Erythrosine dye from aqueous solution was 
examined. A view of these results can be seen in Fig. 6 (a) 
and (b), respectively. Obtained results showed that in-
crease in the temperature to more than 15 °C can highly 
enhance and improve the final dye removal rate.

3. 3. Isotherm of Adsorption Process

In this section, adsorption performance of devel-
oped GO-Fe3O4 nanoparticles was described through iso-
therm. In this case, distribution of metal ions between 
both liquid and solid phases were examined using Lang-
muir and Freundlich isotherm models via obtained results 
from experimental data. 

In this regard, for examination of adsorption process 
isotherm by developed adsorbents, different solutions 
containing various amount of Erythrosine dye (30, 35 and 
40 µg mL–1) were poured into a 50 mL volumetric flask 
along with 2 mL PBS (pH = 7). Afterward, each prepared 
solution was added to several beakers and then 0.2 g GO-
Fe3O4 was added to each beaker. Thence, the resulting sus-
pension was stirred for 150 s and placed on a strong mag-
net for further sediment of fillers. Thereafter, adsorption 
rate of each prepared sample was evaluated at wavelength 
of 523 nm. Obtained data from experimental evaluation 
can be seen in Fig. 7 (a).

What is more, the Langmuir isotherm consider 
monolayer adsorption for a surface which containing a fi-
nite number of adsorption sites of uniform strategies with-
out transmigration of adsorbate in the plane surface,29–31 
which is defined as follow:

                                                                                                                          (2)

Where Ce/qe, Ce, constant b and qmax are the specifi-
cation of adsorption, equilibrium concentration, maxi-
mum adsorption capacity and energy of adsorption, re-
spectively. The liner plot of the adsorption specification 
(Ce/qe) versus the equilibrium concentration (Ce) can be 

Figure 6. The effect of variable temperature on the (a) dye removal rate and (b) final adsorption of the Erythrosine dye.

a) b)
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seen in Fig. 7 (b). Obtained results show that Langmuir 
isotherm model is perfectly compatible with experimental 
data. On the other hand, the Freundlich isotherm is an 
empirical model which can be defined as follows.32

                                                                                                                                  (3)

Where qe, Ce, Kf and n are the amount of adsorbed 
per amount of adsorbent at the equilibrium (mg/g), 
equilibrium concentration (mg/L), parameters that de-
pend on the adsorbate and parameters that depend on 
the adsorbent, respectively. Mentioned equation ca be 
linearized and temperature dependence parameters such 
as Kf  and 1/n can be transformed into the liner form as 
follows:33

                                                                                                                  (4)

Where Kf and n are the Freundlich constants based 
on the adsorption capacity and intensity, respectively. Fre-
undlich equilibrium constants can be determined from 
plot of  against, which can be seen in Fig. 7 (c). Achieved 

results from both Langmuir and Freundlich isotherm 
models shows that the experimental data are more com-
patible with Langmuir model than Freundlich model. 
Moreover, the related equations for Langmuir and Freun-
dlich are as follow:

Y = 0.0067 X + 0.0072 and R2 = 0.9982   (5) 

Y = 0.1791 X + 1.9355 and R2 = 0.9734   (6)

In addition, obtained results from both experimental 
evaluation and simulation via Langmuir and Freundlich 
isotherm models indicated that increase in the concentra-
tion of adsorbent can lead to significant improvement in 
the final adsorption rate. Additionally, smaller correlation 
coefficient (R2) of Freundlich isotherm than Langmuir iso-
therm shows that the Langmuir isotherm model is proper 
to predict the behavior of adsorption process. It also shows 
that the adsorption of dye on the adsorbent is monolayer. 
Additionally, the maximum adsorption capacity obtained 
by Langmuir isotherm model was obtained at 149.25 mg/g 
which is a considerable amount. 

Figure 7. Adsorption isotherm of Erythrosine dye from aqueous solution obtained from (a) experimental evaluation, (b) Langmuir isotherm mod-
el and (c) Freundlich isotherm model.

a) b)

c)
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3. 3. 1. Kinetic Study of the Adsorption Process
In this section, the kinetic of GO-Fe3O4 adsorption 

process was examined at variable time ranging from 0.5 to 
3.5 min. Figure 8 (a), indicating that the adsorption pro-
cess reached the balanced situation after 2.5 min, while 
increase in the concentration of adsorbent can highly im-
prove the adsorption rate. Furthermore, adsorption pro-
cess of Erythrosine dye via GO-Fe3O4 was also examined 
using the pseudo-first order equation (Figure 8 (b)) and 
pseudo-second order equation (Figure 8 (c)).34,35 Accord-
ing to the correlation coefficient of these two models, the 
dye adsorption process follows both pseudo-first order 
model and pseudo-second order equations; however, the 
pseudo-second order model is much more compatible 
with the experimental outcomes than the pseudo-first or-
der model, which indicate the mechanism of chemical ad-
sorption. The obtained line equations via these models and 
the correlation coefficients are as follow:

30 μg mL–1 → log (qe-qt) = –1.5614t +2.4655, 
r = 0.9753      (7) 

35 μg mL–1 → log (qe-qt) = –1.1282t + 2.134, 
r = 0.9941      (8) 

40 μg mL–1 → log (qe-qt) = –0.8352t + 2.002, 
r = 0.9602      (9)

In addition, in order to examine the kinetic based on 
the pseudo-second order model, the diagram of t/qt chang-
es was illustrated based on t, which can be seen in Fig. 8 
(c). The obtained line equations and the correlation coeffi-
cients are as follow:

30 μg mL–1 → t/qt = 0.01t + 0.0067, R2= 0.9918     (10)

35 μg mL–1 → t/qt = 0.0092t + 0.0045, 
R2= 0.9990                      (11)

40 μg mL–1 → t/qt = 0.0086t + 0.003,    
R2 = 0.9984                   (12)

3. 4.  Performance of Fillers for Removal  
of Erythrosine dye From Real Samples
In this section, performance of developed GO-

Fe3O4 nanoparticles for removal of Erythrosine dye from 
real samples obtained from chicken slaughterhouse and 
hospital sewage disposal system was evaluated. In this 

Figure 8. (a) The effect of the contact time and the concentration of Erythrosine dye solutions on the adsorption rate of the Erythrosine by the ad-
sorbent, (b) The examination of the kinetic based on the pseudo-first order model and (c) The examination of the kinetic based on the pseudo-sec-
ond order model (d) Average dye removal rate of Erythrosine dye from real samples obtained from chicken slaughterhouse and hospital.

a) b)

c) d)
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case, various concentrations of Erythrosine dye (20, 50 
and 70 mg mL–1) were added to two real samples that were 
obtained from chicken slaughterhouse and hospital, re-
spectively, and thence the adsorption rate of dye via mag-
netic fillers was investigated. For this matter, in two turns, 
0.2, 0.5 and 0.7 mL of Erythrosine dye (10 µg mL–1) was 
added to two different volumetric flasks, respectively, 
which were filled with wastewater obtained from chicken 
slaughterhouse and hospital, respectively. Then, prepared 
solutions were passed through an adsorbent pillar, while 
the washing action was performed with 2 mL of 2 molar 
ammonia (NH3) buffer (pH = 7). Afterward, the adsorp-
tion rate was measured at wavelength of 523 nm using 
UV-vis spectrophotometer. Achieved results can be seen 
in Table 1 and Fig. 8 (d). Calculated data within the Table 
1 was measured based on the method that explained in 
the section 2.6.

Furthermore, one of the most important parts of an 
adsorption study is to investigate the possible disturbance 
role of each ion during the adsorption process, which 
could be used to develop the research for real samples. By 
evaluation of possible disturbance factors, we can figured 
out whether a method is practical or not. In this regard, 
possible disturbance effect of various kinds of cations and 
anions were investigated. If a considered ion create more 
than 5% systematic error during the calculation, we con-
sider that ion as the annoying ion which should be re-
moved from the system. In order to examine the current 
adsorption process, 1 mL of Erythrosine dye (5 µg mL–1) 
was added to a volumetric flask, while the pH was set on 7. 
Thereafter, various amount of annoying ions were poured 
into a 100 mL beaker and then the beaker was filled with 

deionized water. Thence, via vacuum pump, each solution 
was passed through a pillar containing 0.1 g of adsorbent. 
List of annoying kinds during the process can be seen in 
the Table 2.

Besides, in order to evaluate the standard deviation 
and repeatability of current method, the limit of detection 
(LOD) and relative standard deviations (RSD) were mea-
sured, respectively. The standard deviation can be calculat-
ed via the following equation:

                                                                                                                      (13)

Where the calculated Sb and X–  are 5.67 and 0.0071, 
respectively. On the other hand, LOD can be measured via 
the following formula:

                                                                                                                                   (14)

Where K, m and Sb are constant factor with value 3, 
standard curve slop and standard deviation, respectively. 
The measured value of LOD was determined to be 1.82 mg 
mL–1. In addition, in order to evaluate the repeatability of 
the adsorption procedure, the final adsorption of solutions 
containing 100 and 250 mg mL–1 Erythrosine dye were re-

Table 1. Adsorption of Erythrosine dye from chicken slaughter-
house and hospital wastewaters.

 Sample Added dye  Adsorbed dye Adsorption 
  (mg mL–1)  (mg mL–1) (%)

 Chicken  20 16 94
 slaughterhouse  50      47.75      95.5
 wastewater 70 67 96

 Hospital 20 18 96
 wastewater 50 49 97
  70 67 98

Table 2. Disturbance effect of various kinds of ions during the ad-
sorption process.

 Concentration of  Annoying kind
 Ion or dye (mg/mL) 

 1500 S2O3
2–, C2O4

2–, F– , Cl– , Br–, 
  I–, Pb2+, Zn2+, Hg2+–, Na+

 500 Cu2+, K+, Mn2+, Mg2+, NO3
–, Cr3+, 

  CO3
2–, HCO3

–, Ni2+, Ca2+, Fe3+, Fe2+

Table 3. Results of repeatability at concentration 100 mg mL–1.

 Number Adsorption  Concentration 
  (%) (mg mL–1)

   1 0.048 45.28
   2 0.048 45.28
   3 0.050 47.43
   4 0.050 47.43
   5 0.050 47.43
   6 0.048 45.28
   7 0.048 45.28
   8 0.050 47.43
   9 0.049 46.35
 10 0.048 45.28

Table 4. Results of repeatability at concentration 250 mg.mL–1.

 Number Adsorption  Concentration 
  (%) (mg mL–1)

   1 0.242 252.99
   2 0.277 232.78
   3 0.262 274.44
   4 0.258 270.12
   5 0.255 266.91
   6 0.250 261.56
   7 0.244 255.13
   8 0.239 249.78
   9 0.240 250.85
 10 0.250 261.56
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peated for ten times and then measured with respect to the 
line equation of various concentrations. Obtained results for 
100 and 250 mg mL–1 concentrations can be seen in the Ta-
bles 3 and 4, respectively ,while the RSD for concentrations 
100 and 250 mg mL–1 was determined to be 2.3 and 4.79%, 
respectively. In this case, all of absorption rates were calcu-
lated based on the procedure that mentioned in section 2.6.

4. Conclusions
In this study, GO was fabricated via modified Hum-

mers method and thence decorated with magnetite 
nanoparticles (Fe3O4) through a multi-step manufacturing 
procedure. Thence, fabricated GO-Fe3O4 nanoparticles 
were evaluated using FTIR, XRD, VSM and SEM analyses, 
and these analyses confirmed the successful synthesize of 
GO-Fe3O4 and their fantastic magnetic properties. There-
after, performance of developed fillers for the removal of 
Erythrosine dye from aqueous solutions under variable 
conditions and at variety of concentrations were examined 
and studied. Afterward, obtained experimental outcomes 
were used to evaluate the adsorption isotherm and kinetic 
of GO-Fe3O4 nanoparticles. Finally, performance of devel-
oped magnetic nanoparticles for the removal of Erythro-
sine dye from real samples obtained from chicken slaugh-
terhouse and hospital sewerage disposal system were 
investigated. Achieved results revealed the fantastic per-
formance of GO-Fe3O4 nanoparticles for removal of 
Erythrosine dye from various kinds of aqueous solutions 
under variety of conditions.

5. Funding
This research did not receive any specific grant from 

funding agencies in the public, commercial, or not-for-
profit sectors 

6. Conflicts of Interest
The authors declare that they have no conflicts of in-

terest.

7. References
  1.  R. Bernstein, H. Haugen and H. Frey, Scandinavian journal of 

clinical and laboratory investigation 1975, 35, 49–52.
 DOI:10.3109/00365517509068004
  2.  S. Bonan, G. Fedrizzi, S. Menotta and C. Elisabetta, Dyes and 

Pigments 2013, 99, 36–40.  DOI:10.1016/j.dyepig.2013.03.029
  3.  E. V. Hess, Toxicology 2002, 181, 65–70.
  4.  I. Poulios, D. Makri and X. Prohaska, Global Nest: Int. J 1999, 

1, 55–62.

  5.  Y. Ho and G. McKay, Process safety and environmental pro-
tection 1998, 76, 313–318.  DOI:10.1205/095758298529678

  6.  I. El-Thalouth, M. Kamel, K. Haggag and M. El-Zawahry, 
American Dyestuff Reporter 1993, 82, 36–36.

  7.  J. A. Laszlo, American Dyestuff Reporter 1994, 83, 5.
  8.  L. Morais, O. Freitas, E. Goncalves, L. Vasconcelos and C. G. 

Beca, Water Research 1999, 33, 979–988.
 DOI:10.1016/S0043-1354(98)00294-2
  9.  M. Hasnat, I. Siddiquey and I. S. Saiful, 2003.
10.  J. I. Álvarez-Uriarte, U. Iriarte-Velasco, N. Chimeno-Alanís 

and J. R. González-Velasco, Separation Science and Technolo-
gy 2011, 46, 2239–2249.  

 DOI:10.1080/01496395.2011.594847
11.  R. Jain and S. Sikarwar, Journal of hazardous materials 2009, 

164, 627–633.  DOI:10.1016/j.jhazmat.2008.08.043
12.  Y. TONOGAI, M. IWAIDA, M. TATI, Y. OSE and T. SATO, 

The Journal of toxicological sciences 1978, 3, 205–214.
13.  Z. Hu and M. Srinivasan, Microporous and Mesoporous Mate-

rials 2001, 43, 267–275.
 DOI:10.1016/S1387-1811(00)00355-3
14.  Z. Jin, X. Wang, Y. Sun, Y. Ai and X. Wang, Environmental 

science & technology 2015, 49, 9168–9175.
 DOI:10.1021/acs.est.5b02022
15.  S. Yu, X. Wang, Y. Ai, X. Tan, T. Hayat, W. Hu and X. Wang, 

Journal of Materials Chemistry A 2016, 4, 5654–5662.
 DOI:10.1039/C6TA00890A
16.  G. Zhao, L. Jiang, Y. He, J. Li, H. Dong, X. Wang and W. Hu, 

Advanced materials 2011, 23, 3959–3963.
 DOI:10.1002/adma.201101007
17.  Y. S. Al-Degs, R. Abu-El-Halawa and S. S. Abu-Alrub, Chem-

ical engineering journal 2012, 191, 185–194.
 DOI:10.1016/j.cej.2012.03.002
18.  S. M. Mousavi, S. A. Hashemi, A. M. Amani, H. Esmaeili, Y. 

Ghasemi, A. Babapoor, F. Mojoudi and O. Arjomand, Physi-
cal Chemistry Research 2018, 6, 759–771.

19.  S. M. Mousavi, S. A. Hashemi, H. Esmaeili, A. M. Amani and 
F. Mojoudi, Acta Chimica Slovenica 2018.

20.  S. A. Hashemi, S. M. Mousavi, R. Faghihi, M. Arjmand, S. 
Sina and A. M. Amani, Radiation Physics and Chemistry 
2018, 146, 77–85.  DOI:10.1016/j.radphyschem.2018.01.008

21.  S. M. Mousavi, S. A. Hashemi, M. Arjmand, A. M. Amani, 
F. Sharif and S. Jahandideh, ChemistrySelect 2018, 3, 7200–
7207.  DOI:10.1002/slct.201800996

22.  F. S. Khoo and H. Esmaeili, J. Serb. Chem. Soc. 2018, 83, 237–
249.

23.  F. Entezari Juybari, A. Kamran-Pirzaman and M. Ghorbani, 
Inorganic and Nano-Metal Chemistry 2017, 47, 121–126.

 DOI:10.1080/15533174.2016.1149733
24.  Y. Wei, B. Han, X. Hu, Y. Lin, X. Wang and X. Deng, Procedia 

Engineering 2012, 27, 632–637.
 DOI:10.1016/j.proeng.2011.12.498
25.  S. Baharin, N. Muhamad Sarih and S. Mohamad, Polymers 

2016, 8, 117.  DOI:10.3390/polym8050117
26.  G. Xie, P. Xi, H. Liu, F. Chen, L. Huang, Y. Shi, F. Hou, Z. 

Zeng, C. Shao and J. Wang, Journal of Materials Chemistry 
2012, 22, 1033–1039.  DOI:10.1039/C1JM13433G

https://doi.org/10.3109/00365517509068004
https://doi.org/10.1016/j.dyepig.2013.03.029
https://doi.org/10.1205/095758298529678
https://doi.org/10.1016/S0043-1354(98)00294-2
https://doi.org/10.1080/01496395.2011.594847
https://doi.org/10.1016/j.jhazmat.2008.08.043
https://doi.org/10.1016/S1387-1811(00)00355-3
https://doi.org/10.1021/acs.est.5b02022
https://doi.org/10.1039/C6TA00890A
https://doi.org/10.1002/adma.201101007
https://doi.org/10.1016/j.cej.2012.03.002
https://doi.org/10.1016/j.radphyschem.2018.01.008
https://doi.org/10.1002/slct.201800996
https://doi.org/10.1080/15533174.2016.1149733
https://doi.org/10.1016/j.proeng.2011.12.498
https://doi.org/10.3390/polym8050117
https://doi.org/10.1039/C1JM13433G


894 Acta Chim. Slov. 2018, 65, 882–894

Mousavi et al.:   Erythrosine Adsorption from Aqueous Solution   ...

27.  J. Hur, J. Shin, J. Yoo and Y.-S. Seo, The Scientific World Journal 
2015, 2015.

28.  L. Ai, C. Zhang and Z. Chen, Journal of hazardous materials 
2011, 192, 1515–1524.  DOI:10.1016/j.jhazmat.2011.06.068

29.  M. B. Desta, Journal of thermodynamics 2013, 2013.
30.  B. Hameed, A. M. Din and A. Ahmad, Journal of hazardous 

materials 2007, 141, 819–825.
 DOI:10.1016/j.jhazmat.2006.07.049
31.  S. Mohammad Beigi, A. Babapoor, V. Maghsoodi, S. M. 

Mousavi and N. Rajabi, Iranian Journal of Chemistry and 
Chemical Engineering (IJCCE) 2009, 28, 81–89.

32.  A. Teimouri, H. Esmaeili, R. Foroutan and B. Ramavandi, Ko-
rean Journal of Chemical Engineering 2018, 35, 479–488.

 DOI:10.1007/s11814-017-0311-y
33.  B. S. Zadeh, H. Esmaeili and R. Foroutan, Indonesian Journal 

of Chemistry, 18, 265–271.
34.  W. Rudzinski and W. Plazinski, Adsorption 2009, 15, 181.
 DOI:10.1007/s10450-009-9167-8
35.  X. Li, Y. Liu, C. Zhang, T. Wen, L. Zhuang, X. Wang, G. Song, 

D. Chen, Y. Ai and T. Hayat, Chemical Engineering Journal 
2018, 336, 241–252.  DOI:10.1016/j.cej.2017.11.188

Povzetek
V tej raziskavi smo s pomočjo modificirane Hummersove metode sintetizirali grafen oksid (GO), ki smo mu nato v 
večstopenjskem postopku površino modificirali z nanodelci Fe3O4 (GO-Fe3O4). Material smo karakterizirali z nasled-
njimi metodami: infrardečo spektroskopijo (FTIR), rentgensko praškovno difrakcijo (XRD) in vrstično elektronsko 
mikroskopijo (SEM). Magnetne lastnosti materiala smo preučili z merilnikom namagnetenosti s tresočim se vzorcem 
(VSM). Preučevali smo tudi učinkovitost GO-Fe3O4 za odstranjevanje in adsorpcijo barvila eritrozin iz vodne raztopine 
pod različnimi pogoji kot so: pH, dodatek fosfatnega pufra (PBS), vsebnost adsorbenta, čas mešanja, koncentracija el-
ektrolita in temperatura. Za ta del raziskav smo uporabili vzorce iz sistema za odstranjevanje odplak v obratu piščančje 
klavnice in bolnišnice, ki so vsebovali 20, 50 in 70 mg/ml barvila eritrozin. Od 94 % do 97 % celotnega barvila smo uspeli 
adsorbirati z uporabo nanodelcev GO-Fe3O4. Najvišjo adsorpcijsko zmogljivost smo določili s pomočjo Langmuirjevega 
modela in je znašala 149,25 mg/g. Dobljeni rezultati so jasno pokazali so nanodelci GO-Fe3O4 primerni za absorpcijo in 
odstranjevanje barvil iz odplak.
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Abstract
Two polynuclear zinc(II) complexes, [Zn2(L1)2(OH2)2] (1) and [ZnL2(μ1,1-N3)]n (2), where L1 is the dianionic form of 
N,N’-bis(3,5-difluoro-2-hydroxybenzylidene)-1,3-diaminopropane, and L2 is the monoanionic form of 2-[(2-dimethyl-
aminoethylimino)methyl]-4,6-difluorophenol, have been prepared and structurally characterized by elemental analyses, 
IR and UV-Vis spectroscopy, as well as single-crystal X-ray diffraction. In complex 1, the Zn atom is in octahedral 
coordination, with the donor atoms of the Schiff base ligands L1 and one water O atom. In complex 2, the Zn atom is in 
trigonal-bipyramidal coordination, with the three donor atoms of the Schiff base ligand L2 and two azido N atoms. The 
complexes have strong antibacterial activity against B. subtilis and S. aureus. 

Keywords: Schiff base; zinc complex; hydrogen bonds; crystal structure; antibacterial activity

1. Introduction
The rational design and preparation of new coordi-

nation compounds have attracted remarkable attention in 
coordination chemistry.1 Azide anion is an interesting li-
gand in the self-assembly of new structures of complexes. 
A variety of azido complexes with discrete or one-, two-, 
and three-dimensional polymeric structures have been re-
ported.2 Schiff bases derived from salicylaldehyde and its 
derivatives usually possess two or more donor atoms, 
which can chelate to transition metal atoms, to form a va-
riety of complexes.3 Metal complexes with Schiff base li-
gands have attracted much attention in the fields of mag-
netic, catalytic, as well as biological materials.4 Zinc 
complexes with Schiff base ligands are reported to have 
interesting antibacterial activities.5 As a continuation of 
the work on Schiff base complexes, and to explore new and 
effective antibacterial materials, we report here the synthe-
sis, characterization, and self-assembly of two new zinc(II) 

complexes, [Zn2(L1)2(OH2)2] (1) and [ZnL2(μ1,1-N3)]n (2), 
where L1 is the dianionic form of N,N’-bis(3,5-difluo-
ro-2-hydroxybenzylidene)-1,3-diaminopropane, and L2 is 
the monoanionic form of 2-[(2-dimethylaminoethylimi-
no)methyl]-4,6-difluorophenol. The antibacterial activi-
ties of the complexes were investigated. 

2. Experimental
2. 1. Materials and Physical Measurements

3,5-Difluorosalicylaldehyde, propane-1,3-diamine 
and N,N-dimethylethane-1,2-diamine were purchased 
from Aldrich. All other reagents and solvents used in the 
synthesis were procured commercially and used without 
subsequent purification. The Schiff bases were synthesized 
according to the literature method.6 Microanalyses 
(C,H,N) were performed using a Perkin-Elmer 2400 ele-
mental analyzer. Infrared spectra were measured on KBr 
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disks with a Hitachi I-5040 FT-IR spectrophotometer. 
Electronic spectra were measured with a Lambda 35 spec-
trophotometer. Single crystal X-ray data were collected on 
a Bruker SMART APEX II diffractometer.

Caution! Azide complexes of metal ions are poten-
tially explosive. Only a small amount of material should be 
prepared, and they should be handled with caution.

2. 2. Synthesis of Complex 1
A methanol solution (10 mL) of zinc(II) bromide 

(0.10 mmol, 22.5 mg) was added to the methanol solution 
(10 mL) of H2L1 (0.10 mmol, 35.4 mg) and NaN3 (0.10 
mmol, 6.5 mg). The reaction mixture was magnetic stirred 
for 1 h at ambient temperature to give colorless solution. 
Single-crystals suitable for X-ray diffraction were obtained 
from the filtrate by slow evaporation in a refrigerator. 
Yield: 205 mg, 47%. λmax (nm) [εmax (L mol–1 cm–1)] in 
methanol: 270 (16,550), 365 (12,070). IR data (KBr, cm–1): 
3454 (OH), 1638 (CH=N), 1461, 1362, 1259, 1155, 952, 
853, 532. Anal. calcd. for C34H28F8N4O6Zn2 (%): C, 46.86; 
H, 3.24; N, 6.43. Found (%): C, 46.67; H, 3.33; N, 6.54. 

2. 3. Synthesis of Complex 2
A methanol solution (10 mL) of zinc(II) bromide 

(0.10 mmol, 22.5 mg) was added to the methanol solution 
(10 mL) of HL2 (0.10 mmol, 22.8 mg) and NaN3 (0.10 
mmol, 6.5 mg). The reaction mixture was magnetic stirred 
for 1 h at ambient temperature to give colorless solution. 
Single-crystals suitable for X-ray diffraction were obtained 
from the filtrate by slow evaporation in a refrigerator. 
Yield: 173 mg, 52%. λmax (nm) [εmax (L mol–1 cm–1)] in 
methanol: 270 (17,380), 377 (11,025). IR data (KBr, cm–1): 
2052 (N3), 1642 (CH=N), 1556, 1469, 1353, 1289, 1254, 
1123, 989, 820, 781, 753, 578. Anal. calcd. for C11H13F-
2N5OZn (%): C, 39.48; H, 3.92; N, 20.93. Found (%): C, 
39.27; H, 4.03; N, 20.72. 

2. 4. X-ray Crystallography
Data collection for the complexes was performed 

with a Bruker Apex II CCD diffractometer at 298 K using 
Mo Kα (λ = 0.71073 Å) radiation. The structures were 
solved by direct methods with SHELXS-97 and refined by 
full-matrix least squares (SHELXL-97) on F2.7 All non-hy-
drogen atoms were refined anisotropically. The water H 
atoms of complex 1 were located from an electronic densi-
ty map and refined isotropically, with O‒H and H···H dis-
tances restrained to 0.85(1) and 1.37(2) Å, respectively. 
The remaining hydrogen atoms were placed geometrically 
and refined with a riding model, with isotropic displace-
ment coefficients U(H) = 1.2 U(C) or 1.5 U(Cmethyl). Crys-
tallographic data for the complexes are summarized in 
Table 1. Selected bond lengths and angles are listed in Ta-
ble 2. 

Table 1. Crystallographic data for the complexes

 1 2

Empirical formula C34H28F8N4O6Zn2 C11H13F2N5OZn
Formula weight 871.34 334.63
Crystal system Triclinic Monoclinic
Space group P–1 P21/c
a /Å 6.9736(8) 20.034(2)
b /Å 10.8352(12) 10.1610(17)
c /Å 11.3007(13) 6.7339(12)
α /º 75.958(2) 90
β /º 89.667(2) 92.477(2)
γ /º 79.652(2) 90
V /Å3 814.26(16) 1369.5(4)
Z 1 4
Dcalc /g cm–3 1.777 1.623
Crystal size /mm 0.33 × 0.30 × 0.28 0.16 × 0.15 × 0.15
μ(Mo Kα) /mm–1 1.574 1.819
F(000) 440 680
Number of reflections 4324 4580
Unique reflections 3004 1946
Observed reflections 
(I > 2σ(I)) 

2527 1055

Parameters 250 183
Restraints 3 0
Rint 0.0125 0.1137
Goodness of fit on F2 1.047 0.971
R1, wR2 (I > 2σ(I)) 0.0345, 0.0739 0.0863, 0.1668
R1, wR2 (all data) 0.0455, 0.0792 0.1553, 0.2087

Table 2. Selected bond lengths (Å) and angles (º) for the complexes 
with estimated standard deviations (e.s.d.s) in parentheses 

1

Zn1–O1 2.0519(18) Zn1–O2 2.0073(17)
Zn1–N1 2.091(2) Zn1–N2 2.126(2)
Zn1–O3 2.201(2) Zn1–O1A 2.560(2)
O2-Zn1-O1 89.14(7) O2–Zn1–N1 176.20(8)
O1–Zn1–N1 87.05(8) O2–Zn1–N2 88.87(8)
O1–Zn1–N2 170.55(9) N1–Zn1–N2 94.91(8)
O2–Zn1–O3 90.32(8) O1–Zn1–O3 96.92(9)
N1–Zn1–O3 90.00(9) N2–Zn1–O3 92.33(8)
N1–Zn1–O1A 86.31(9) N2–Zn1–O1A 88.72(9)
O1–Zn1–O1A 82.17(9) O2–Zn1–O1A 93.31(9)
O3–Zn1–O1A 176.24(9)  

2

Zn1–O1 2.024(8) Zn1–N1 2.055(8)
Zn1–N2 2.280(9) Zn1–N3 2.053(8)
Zn1–N3B 2.097(8)  
O1–Zn1–N3 94.2(4) O1–Zn1–N1 88.7(3)
N3–Zn1–N1 127.6(3) O1–Zn1–N3B 92.5(3)
N3–Zn1–N3B 108.5(3) N1–Zn1–N3B 123.6(3)
O1–Zn1–N2 169.8(3) N3–Zn1–N2 93.1(4)
N1–Zn1–N2 81.2(3) N3A–Zn1–N2 91.8(3)

Symmetry codes: A: –x, 1 – y, 1 – z; B: x, ½ – y, ½ + z.
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2. 5. Antibacterial Activity

The antibacterial activities were tested against B. sub-
tilis ATCC 6633, E. coli ATCC 35218, P. putida TS 1138 
and S. aureus ATCC 25923 using MH medium (Mueller–
Hinton medium: casein hydrolysate 17.5 g, soluble starch 
1.5 g, beef extract 1000 mL). The MICs (minimum inhibi-
tory concentrations) of the test compounds were deter-
mined by a colorimetric method using the dye MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide]. A stock solution of the synthesized compound 
(50 μg mL–1) in DMSO was prepared and quantities of the 
test compounds were incorporated in specified quantity of 
sterilized liquid MH medium. A specified quantity of the 
medium containing the compound was poured into mi-
crotitration plates. A suspension of the microorganism 
was prepared to contain approximately 105 cfu mL–1 and 
applied to micro-titration plates with serially diluted com-
pounds in DMSO to be tested and incubated at 37 °C for 
24 h. After the MICs were visually determined on each of 
the micro-titration plates, 50 μL of PBS (phosphate buff-
ered saline 0.01 mol L–1, pH 7.4: Na2HPO4 2.9 g, KH2PO4 
0.2 g, NaCl 8.0 g, KCl 0.2 g, distilled water 1000 mL) con-
taining 2 mg of MTT per mL–1 was added to each well. 
Incubation was continued at room temperature for 4–5 h. 
The content of each well was removed and 100 μL of iso-
propanol containing 5% HCl (1 mol L–1) was added to ex-
tract the dye. After 12 h of incubation at room tempera-
ture, the optical density (OD) was measured with a 
microplate reader at 550 nm.

3. Results and Discussion
3. 1. Synthesis

The complexes were prepared by reaction of equim-
olar quantities of the Schiff base ligands with zinc bromide 
and sodium azide in methanol. It is interesting that the 
azide anion did not coordinate to the Zn atom in complex 

1, and the bromide anion did not coordinate to the Zn 
atom in complex 2. Crystals of the complexes are stable in 
air, and soluble in methanol, ethanol, DMF and DMSO, 
insoluble in water. The molar conductance of the complex-
es is 27 Ω–1 cm2 mol–1 for 1 and 19 Ω–1 cm2 mol–1 for 2, 
indicating that the complexes are non-electrolytes. 

3. 2. Description of the Structure of Complex 1
Complex 1 is a phenolate oxygen bridged dinuclear 

zinc(II) compound, with the Zn···Zn distance of 3.492(2) 
Å (Figure 1). The molecule of the complex possesses crys-
tallographic inversion center symmetry, with the inver-
sion center located at the midpoint of the two Zn atoms. 
The Zn atom is in octahedral coordination, with the phe-
nolate oxygen and imino nitrogen of one Schiff base li-
gand defining the equatorial plane, and with the pheno-
late oxygen of the other Schiff base ligand and one water 
O atom occupying the axial positions. The Zn–O and 
Zn–N bond lengths in the equatorial plane involving do-
nor atoms from the Schiff base ligand are Zn1–O1 
2.0519(18) Å, Zn1–O2 2.0073(17) Å, Zn1–N1 2.091(2) Å, 
and Zn1–N2 2.126(2) Å. The Zn–O bond lengths in the 
axial positions are Zn1–O3 2.201(2) Å and Zn1–O1A 
2.560(2) Å, which are much longer than those in the 
equatorial plane. The Zn–O and Zn–N bond lengths in 
the complex are comparable to those reported for Schiff 

Table 3. Hydrogen bond distances (Å) and bond angles (º) for com-
plex 1

D–H∙∙∙A d(D–H) d(H∙∙∙A) d(D∙∙∙A)
 Angle  

    (D–H∙∙∙A)

O3–H3A∙∙∙F1# 0.85(1) 2.27(2) 3.057(3) 155(3)
O3–H3A∙∙∙O1# 0.85(1) 2.44(3) 3.099(3) 135(3)
O3–H3B∙∙∙O2# 0.85(1) 1.96(2) 2.746(3) 155(3)
O3–H3B∙∙∙F3# 0.85(1) 2.52(3) 3.119(3) 128(3)

Symmetry code for #: 1 – x, 1 – y, 1 – z. 

Figure 1. Molecular structure of complex 1, with 30% thermal probability. Unlabeled atoms are at the symmetry position –x, 1 – y, 1 – z. 
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base zinc(II) complexes.8 As is apparent from Table 2, 
there are only slight deviation from an ideal octahedral 
geometry, with all cis angles within 7 ° of 90 °, with the 
exception of the chelating O1–Zn1–O1A angle of 
82.17(9)°. The four atoms in the equatorial plane, O1, O2, 
N1 and N2, are approximately in a plane, with mean devi-
ation of 0.082(3) Å, and with the Zn atom being 0.086(2) 
Å from the plane in the direction of O3. 

In the crystal structure of the complex, the water li-
gands participate in the hydrogen bonds with the pheno-
late oxygen and fluorine groups of the Schiff base ligands. 
The molecules are linked through O–H···O and O–H···F 
hydrogen bonds (Table 3), to form chains running along 
the a axis (Figure 2). 

3. 3.  Description of the Structure  
of Complex 2
Complex 2 is an end-on azido-bridged polynuclear 

zinc(II) compound, with the Zn···Zn distance of 3.533(2) 
Å (Figure 3). The Zn atom is in a trigonal bipyramidal co-
ordination, with the imino nitrogen of the Schiff base li-
gand and two azido nitrogen defining the basal plane, and 
with the phenolate oxygen and amino nitrogen occupying 
the axial positions. The Zn–N bond lengths in the basal 
plane involving donor atoms from the Schiff base and 
azide ligands are Zn1–N1 2.055(8) Å, Zn1–N3 2.053(8) Å, 

and Zn1–N3B 2.097(8) Å. The Zn–O and Zn–N bond 
lengths in the axial positions are Zn1–O1 2.024(8) Å and 
Zn1–N2 2.280(9) Å. The Zn–O and Zn–N bond lengths in 
the complex are similar to those of complex 1, and also 
comparable to those reported for Schiff base zinc(II) com-

Figure 2. The hydrogen linked structure of complex 1, viewed along the axis-b direction. Hydrogen bonds are shown as dashed lines. 

Figure 3. Molecular structure of complex 2, with 30% thermal 
probability. Unlabeled atoms are at the symmetry position x, ½ – y, 
½ + z. 
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plexes.9 As is apparent from Table 2, there are only slight 
deviation from an ideal trigonal bipyramidal geometry, 
with the angles at the basal plane within 12° of 120°. The 
three atoms in the basal plane, N1, N3 and N3B, are coplar, 
and with the Zn atom being 0.060(2) Å from the plane in 
the direction of O1. The [ZnL2] moieties are linked 
through end-on azido bridges, to form chains running 
along the c axis (Figure 4). 

The question arises as to whether the coordination 
polyhedron around the five-coordinated zinc atom can be 
described as a distorted square pyramid or a distorted 
trigonal bipyramid. Further information can be obtained 
by determining the structural index τ which represents the 
relative amount of trigonality (square pyramid, τ = 0; 
trigonal bipyramid, τ = 1); τ = (β – α)/60o, α and β being 
the two largest angles around the central atom.10 The val-
ues of τ is 0.70. The coordination geometry of the zinc 
atom in this complex is therefore approximately described 
as a trigonal bipyramid. 

3. 4. Spectral Characterization
In the infrared spectra of the complexes, the bands 

corresponding to the azomethine (CH=N) groups are ob-
served at 1638 cm–1 for 1 and 1642 cm–1 for 2.11 The typi-
cal absorptions for the azide ligand in 2 is located at 2052 
cm–1.12 The appearance of the band at 1353 cm–1 indicates 

the asymmetric nature of the azide groups in complex 2. 
The weak and broad band centered at 3512 cm–1 for 1 is 
ascribes to the O–H vibrations of the water ligands. The 
weak bands in the region of 420–570 cm–1 for the com-
plexes can be assigned to ν(Zn–N) and ν(Zn–O). The elec-
tronic spectra of the complexes were recorded using the 
methanol as solvent. The absorptions appear in the range 
270–380 nm are most likely due to the π→π* transitions 
and ligand-to-metal charge transfer.

3. 5. Antibacterial Activity
The complexes were screened for antibacterial activ-

ity against B. subtilis ATCC 6633, E. coli ATCC 35218, P. 
putida TS 1138 and S. aureus ATCC 25923 by the MTT 
method. The MIC values of the complexes against these 
bacteria are presented in Table 4. The antibiotic Penicillin 
was included as a reference. In general, the two zinc com-
plexes have effective activities against the bacteria B. subti-
lis and S. aureus, medium activity against E. coli, and weak 
activity agaist P. putida. It is interesting that for B. subtilis, 
complex 1 has the most activity with MIC value of 0.39 μg 
mL–1, and for S. aureus, complexes 1 and 2 have effective 
activity with MIC values of 0.39 and 0.78 μg mL–1, respec-
tively. So, the complexes showed a wide range of bacteri-
cidal activities against the bacteria, more potent than, or 
similar with, commercial antibiotic Penicillin. 

Figure 4. The end-on azido bridged polynuclear structure of complex 2, viewed along the axis-a direction.  



900 Acta Chim. Slov. 2018, 65, 895–901

Peng and Sunet:   Syntheses, Characterization and Crystal   ...

4. Conclusion
A new phenolate oxygen bridged dinuclear zinc(II) 

complex and a new end-on azido-bridged polynuclear 
zinc(II) complex have been prepared and structurally char-
acterized in this article. The dianionic Schiff base ligand in 
the phenolate oxygen bridged complex coordinates to the 
Zn atom through the phenolate oxygen and imino nitro-
gen. The monoanionic Schiff base ligand in the end-on az-
ido bridged complex coordinates to the Zn atom through 
the phenolate oxygen, imino nitrogen and amino nitrogen. 
During the self-assembly of the complexes, the bis-Schiff 
base zinc complex choose the neutral water molecule as 
co-ligand, while the mono-Schiff base zinc complex choose 
the azide as co-ligand. The complexes have strong antibac-
terial activity against B. subtilis and S. aureus. 

5. Supplementary Data
Crystallographic data for the analysis have been de-

posited with the Cambridge Crystallographic Data Centre, 
CCDC Nos. 1848822 (1) and 1848823 (2). Copies of this 
information may be obtained free of charge from CCDC, 
12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223 
336 033; e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk). 
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Abstract
Dehydration of ethylene glycol-water mixture was carried out in a laboratory pervaporation unit using a flat sheet mem-
brane test cell. Polyvinyl alcohol-polyether sulfone (PVA-PES) composite membranes were synthesized and cross linked 
with two different concentrations, viz 0.2 and 0.5% of disodium tetraborate (borax). The derived membranes were exten-
sively characterized for their morphology, intermolecular interactions, thermo-mechanical stability, and physicochem-
ical properties using field emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), Fourier 
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC) and water uptake studies. The membrane performance was evaluated in terms of pervaporation 
flux, separation factor, selectivity, permeability and solute diffusion coefficients of EG-water mixture at varying feed 
flow rate. Both in terms of flux and separation factor PVA-PES-0.2% borax composite membrane was found superior to 
PVA-PES-0.5% borax crosslinked and its uncrosslinked counterpart. Cross-linking the composite with borax produced 
a membrane with lower crystallinity and a smaller swelling degree, but having improved thermostability and mechanical 
properties. 

Keywords: Pervaporation; membrane; swelling, flux; selectivity; separation factor, diffusion coefficient

1. Introduction
Pervaporation is much touted as an efficient and en-

vironmentally benign separation process both as a stand-
alone unit and a supplementary to the distillation. It has 
been the focus of basic and applied research encompassing 
the membrane modification, process performance evalua-
tion and exploration of newer areas of applications for 
more than three decennia. Herein we report the dehydra-
tion of ethylene glycol (EG) − a widely used precursor in 
organic chemical industries for the manufacturing of un-
saturated polyester resins, polyacetate fibers, plasticizers 
antifreezing agents, lubricants, non-ionic surfactants, 
brake fluid, solvent and so on. Currently, direct hydration 
of ethylene oxide, i.e. the pressurized hydration process is 
the preferred route for the commercial production of EG.1 
The process entails the addition of excess amount of water 
(about 10–25 times the molar quantity of ethylene oxide) 
to raise the selectivity of ethylene oxide to the EG. There-

fore, the concentration of the EG obtained after comple-
tion of the reaction is at most around 10–20% by weight. 
EG (boiling point: 198 °C) dehydration by traditional mul-
tistage evaporation and distillation is highly energy inten-
sive, requiring high pressure steam for reboiler. Here 
comes the importance of an alternative dehydration proto-
col for EG-water mixture. Several recent studies have eval-
uated a number of pervaporative dehydration processes of 
EG using an assortment of polymeric or ceramic mem-
branes. Some of these recently used membranes include 
polyvinyl alcohol/hyper-branched polyester,2 polyvinyl 
alcohol/polypropylene,3 polyamide/polydopamine,4 poly-
benzimidazole/polyetherimide,5 polyvinyl alcohol-Na-ze-
olite mixed matrix membrane,6 γ- alumina-Na-zeolite,7 
Na-A zeolite,8 polyvinylamine/polyvinyl alcohol-carbon 
nanotube9 and so on. Wu et al. (2015) reported a novel 
polymer of intrinsic microporosity for the separation of 
EG – water with separation factor of 24.2.4 Rao et al. (2007) 
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prepared a cross-linked chitosan membrane with a very 
high separation factor of 234 in the pervaporation of 
EG-water mixture at 30 °C.10 In essence, most of these 
works underscore the need for the optimization of the 
membrane formation conditions for solute transport 
which is largely a function of the binding interface be-
tween active and support layers. 

Modification of the support layer surface of a thin 
film composite membrane towards a more facile perme-
ation of the solute poses a technical challenge in the per-
vaporation membrane fabrication. Typically water perm-
selective composite membranes consist of a hydrophilic 
active layer imparting permeability and selectivity on a 
hydrophobic support layer having swelling resistance pro-
pensity.11 Alleviating the surface tension and improving 
the interfacial interactions between these two layers have 
become a standard approach of the tailor-made membrane 
fabrication. Imparting hydrophilicity on the surface of the 
support layer as well as on to the bulk,12,13 incorporation of 
a coupling agents or surfactants14 are some of the ways in 
order to reap the benefit of trans-layer interfacial interac-
tion. Additionally a strong adhesive strength between ac-
tive and support layers is another prerequisite of an effi-
cient composite membrane failing which the support layer 
may get peeled off and dissolve into aqueous solution. For 
polyvinyl alcohol (PVA) based pervaporation membranes 
incorporation of an interfacial cross linking agent can not 
only counter the inherent swelling susceptibility of PVA to 
ensure that the contaminants in water can be retained, but 
also minimize compaction under pressure while used in 
other pressure driven processes.15 There is a challenge for 
any membrane to achieve high permeate flux but not at 
expense of its stability and mechanical properties. 

Although a growing body of literature in recent 
years has investigated the structural, mechanical, and 
thermal properties of different polymeric hydrogels, diso-
dium tetraborate (borax) cross-linked polyvinyl alcohol 
composite membrane for pervaporative separation of 

EG-water solution has not been extensively focused so far 
to the best of our knowledge. The impetus for the present 
work was stimulated firstly by the potential advantage of 
pervaporation for efficient concentration of EG from 
wastewater, and secondly to obtain a further insight into 
the permeation properties of a novel type cross linked 
composite membrane. The rationale of incorporating bo-
rax as a cross linking agent for PVA stems from the prem-
ise of its di-diol complexation reaction with PVA resulting 
in significant enhancement of its malleability. Disodium 
tetraborate acts as cross linking agent to bind PVA chain 
together. This results in the solidification of polyvinyl al-
cohol and trapping of water molecules, forming a slimy 
mass. Sodium borate dissolve in water to form boric acid, 
which then accepts a hydroxide from water to become B 
(OH)4

– .

H3BO3 + 2H2O → B(OH)4
– + H3O +

B(OH)4
–  then reacts in a condensation reaction with 

polyvinyl alcohol as indicated in Fig. 1 Water from this 
condensation reaction as well as the excess water from the 
two solution gets trapped in the cross linked polymer 
which produces slimy, flexible properties. Polyvinyl alco-
hol- polyether sulfone (PVA-PES) composite membranes 
were synthesized using two different concentrations of bo-
rax as cross linking agents. The as-prepared membranes 
were characterized by X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), scanning elec-
tron microscopy (SEM), Atomic force microscopy (AFM), 
mechanical testing, moisture absorption, thermogravi-
metric analysis (TGA) and differential scanning calorime-
try. The membrane performance was evaluated in terms of 
pervaporation flux, separation factor, selectivity, permea-
bility and solute diffusion coefficients of EG-water mixture 
at varying feed flow rate. An attempt has been made to es-
tablish their structure-property correlation. The results 
obtained in the present study could provide additional in-

a)

b)

Fig. 1. Cross linking condensation reaction of polyvinyl alcohol with borax
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put to the fundamental aspects of PVA-PES composites 
doped with borax for dehydration of EG on a commercial 
scale.

2. Experimental 
2. 1. Chemicals 

Polyvinyl alcohol (Average molecular mass 125,000 
g/mol and degree of hydrolysis 99%) granules, ethylene 
glycol and disodium tetraborate (borax) (AR grade) was 
purchased from S D. Fine-Chem, Mumbai, India and were 
used as received without additional processing. Stock solu-
tions were prepared with deionized water obtained from a 
reverse osmosis system, having conductivity of 20 µS/cm. 
Poly ether sulfone (PES) support membrane swatch was 
kindly provided by M/s Permionics Membrane Pvt. Ltd, 
Baroda, India. The PES ultrafiltration membrane (molecu-
lar weight cutoff of 25,000) was of asymmetric structure 
supported by nonwoven polyester fabric.

2. 2.  Preparation and Cross Linking  
of Membrane
The 4% by weight PVA solution was prepared by 

slowly stirring 4 g of polyvinyl alcohol powder into 96 mL 
of hot distilled water at approximately 80 °C using mag-
netic stirrer. The solution was then allowed to stand in a 
covered container. At the same time 0.2% and 0.5% by 
weight sodium borate solutions were prepared by dissolv-
ing requisite amount of sodium borate decahydrate (bo-
rax) in distilled water. The as-prepared PVA solution was 
poured into a styrofoam cup and stirred in the sodium 
borate solution. The PES ultrafiltration support mem-
branes were soaked in double distilled water for 24 h to 
remove any adherent solvent and then fully dried. The 
dried PES support layer was then dipped into PVA-Borax 
slime for 15 min to enhance the hydrophilicity and was 
subsequently pressed through a heated roller to give the 
uniform thickness. Dip-coating was repeated twice to en-
sure a complete coverage of the support layer and to min-
imize morphological defects. The as-prepared composite 
membrane was finally dried for around 24 h at ambient 
temperature.

2. 3. Pervaporation Experiment 
Pervaporation experiments were conducted in a 

small laboratory set-up the schematic representation of 
which is described elsewhere.16 The model feed solution 
was prepared by making four different (50, 60, 70 and 80% 
by volume) concentrations of EG in deionized water. The 
as-prepared feed was allowed to circulate continuously in 
contact with the membrane using a peristaltic pump from 
a feed tank provided with a thermostat to maintain the 
constant temperature of 60 °C. 

Effect of flow rate on permeation flux, separation 
factor and diffusion coefficient were investigated by vary-
ing feed flow rate but at constant initial feed concentration 
and temperature. Prior to the pervaporation experiment, 
the membrane was allowed to equilibrate for 3 h. The sam-
ple was collected after 2 h and the pervaporate composi-
tions were analyzed by measuring its water content using 
an automated Karl Fisher Apparatus. Each of the pervapo-
ration experiments was repeated two times and the results 
were averaged to minimize error. The experimental data 
points were reproducible with errors less than 5%.

2. 4. Contact Angle Measurement
The wettability of the prepared membranes used in 

the present study was analyzed by measuring contact angle 
using the sessile drop method with an optical Tensiometer. 
Water droplet of about 2 µL of distilled water with a tight 
syringe was placed on the clean and dry membrane sam-
ples and the droplet was imaged. Each equilibrium contact 
angle was the average of the left and right contact angles, 
and the reported values are the average of three equilibri-
um contact angles.

2. 5.  Thermogravimetric Analysis (TGA)  
and Differential Scanning Calorimetry
The thermal degradation propensity of the as-pre-

pared membranes were assessed as a function of increas-
ing temperature with a TGA 2050 ‘Thermogravimetric 
Analyzer (TA Instruments)’, with a ramp of 5 oC/min at 
the temperature ranging from 40 to 900 °C, under nitro-
gen atmosphere. The weight of the samples taken was 
around 10 mg. The glass transition temperature Tg was 
measured by means of the extrapolated onset temperature 
using an in-built data analysis software.

2. 6.  Fourier Transform Infrared Spectroscopy 
(FTIR)
The presence of organic functional groups on the 

membrane surface was analyzed by the Fourier transform 
infrared spectroscopy (Perkin Elmer Spectrum GX) using 
a wave number range of 400–4000 cm–1 at a resolution of 
4.0 cm–1 with an acquisition time of 1 min. The test cham-
ber was nitrogen purged at a flow rate of 10 mL min–1 to 
avoid signal interference from the surrounding moisture 
and CO2. At least 2 replicates were obtained for each sam-
ple type without applying any baseline corrections.

2. 7. AFM Analysis
Atomic force microscopy (AFM) was carried out us-

ing a NT-MDT NTEGRA Aura Autoprobe CP atomic 
force microscope. Measurements were performed on dry 
membrane samples under ambient atmospheric condi-
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tions. Silicon cantilevers with integrated pyramidal tips 
were used to image membrane surface topography. The 
membrane surfaces with a scan size of 5 µm × 5 µm were 
imaged in tapping mode. After image acquisition the sur-
face roughness parameter in terms of root mean square 
(RMS) roughness was calculated from the AFM images 
using an AFM image processing toolbox.

2. 8. FESEM Analysis
The topology of the top surface and the cross section 

of the prepared membranes were investigated via field 
emission scanning electron microscopy (FE-SEM) using 
JEOLFE-SEM (JSM-6701F) at 5kV under different magni-
fications. For cross sectional analysis, cryogenically frac-
tured membrane samples under liquid N2 were freeze-
dried overnight and sputtered with a thin layer of platinum 
using JEOL JFC-1600 auto fine coater.

2. 9. XRD Analysis
The crystallinity of the composite polymer mem-

branes were examined using X-Pert-MPD (Philips, Hol-
land) X-ray diffractometer (XRD) with Cu K radiation of 
wavelength λ = 1.54056 °A in the range 5o ≤ 2θ ≤ 50o.The 
X-ray generator was operated at an excitation voltage of 45 
kV and a current of 40 mA. 

2. 10. Mechanical Properties
Tensile strength, elongation at break and modulus of 

elasticity of the membranes used in the present work were 
measured using Universal Testing Machine (UTM) (Si-
madzu AG 100 KNG, Japan) tested at room temperature. 
Rectangular strips of 6 mm width were cut out from the 
polymer membrane. The strips were well gripped using 
thick paper during the measurement of tensile strength. 
The length of the specimens was 250 mm, the thickness of 
the specimens was around 0.1 mm and the thickness was 
uniform to within 5% of the thickness between the grips. 
The load was set to maximum with a constant cross head 
speed of 1 mm/min.

2. 11. Degree of Swelling Measurement
Percent degree of swelling of the prepared mem-

branes were determined by dipping the membrane speci-
mens into the feed solution having different concentration 
of EG at ambient temperature kept overnight to ensure 
equilibrium. The membrane specimens were then taken 
out and the residual surface water was wiped out smoothly 
by a tissue paper. The degree of swelling (DS) was estimat-
ed using Eq (1)

  (1)

where W1 and W2 are the weight of swollen and dry mem-
branes respectively.

2. 12. Flux and Separation Factor
The performance of pervaporation process can be 

determined by mainly two parameters, namely, the separa-
tion factor and the permeant flux. Using a general ap-
proach of mass transport through membranes, the flux for 
the compound i (Ji) is expressed as compound i in volume 
or mass divided by the permeating time and the mem-
brane area. In gas separation, flux is normally given as a 
molar flux (ji) with units cm3 (STP)/cm2 s or m3(STP)/m2 
s. Ignoring simple numerical conversion terms (m2 to cm2, 
h to s), it is expressed as Eq (2)

  (2)

Where νi is the molar volume of component i (22.4 l 
(STP)/mol) and Mi is the molecular weight of component 
i. The separation factor (β) can be defined as the ratio of 
the molar component concentrations in the fluids on ei-
ther side of the membrane. Hence:

  (3)

Where ‘xi’ and ‘yi’ represent the feed and permeate 
concentrations of the faster permeating component i 
which is water in the present case. 

2. 13. Permeability and Membrane Selectivity 
The volumetric permeability (Pm,i), (or permeability 

coefficient) and selectivity (α) (or ideal membrane separa-
tion factor) are the intrinsic properties of membranes un-
der study and are independent from operating conditions 
(feed composition, feed stream, fluid dynamics, and per-
meate pressure). Following the solution-diffusion mecha-
nism, it is defined as the transport flux of material through 
the membrane per unit driving force per unit membrane 
thickness, given as Eq. (4)17

  (4)

Where Pm,i is the membrane permeability, δ is the 
membrane thickness and g is the activity coefficient, 
which may be calculated using Van Laar eqation. The 
mole fraction in the feed solution is denoted as x, Ps is the 
saturated vapor pressure calculated with Antoine’s equa-
tion, y is the mole fraction in the permeate and Pp is the 
permeate pressure obtained for the component during 
the PV experiment. It is generally denoted as Barrers (1 
Barrer = 1 × 10−10 cm3(STP)cm/cm2 s cm Hg) for the gas 
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separation. Alternatively, when the membrane thickness 
is not known, membrane permeance (Pm,i/δ), ratio of 
membrane permeability to membrane thickness can be 
used. Permeance is most commonly reported as gas per-
meation unit (gpu) (1 gpu = 1 × 10−6 cm3(STP)cm/cm2 s 
cm Hg). 

The membrane selectivity is defined as the ratio of 
the permeabilities or permeances of components i and j 
through the membrane is given by Eq. (5)

  (5)

Both selectivity and separation factor parameters 
quantify how compound i is preferably permeated through 
a certain membrane material when compared to the per-
meation of compound j.

2. 14. Diffusion Coefficient
In a binary mixture, Fick’s law is often used to de-

scribe the binary diffusion, which can be expressed as

  (6)

where Ji is the permeation flux of component i per unit 
area (kg/m2h), Di is the diffusion coefficient of component 
i (m2/s), C is the concentration of permeant (kg/m3) and δ 
(m) is the diffusion length or the thickness of the PVA ac-
tive layer only, as diffusion is assumed to take place through 
this layer only.The concentration profile in this study is as-

sumed to be linear along the diffusion length. As a result, 
transport Eq (6) can be rewritten as16

  (7)

3. Results and Discussion 
3. 1. FTIR Analysis

The systematic interpretation of the FTIR spectrum 
can be of great help in determining the presence of func-
tional groups in the test samples. FTIR spectra of the cross 
linked composite membranes with two different concen-
tration of borax over wave numbers of 4000–400 cm–1 are 
presented in Fig. 2. In the indicated wave number range, 
both the PES support-layer and PVA skin layers of the 
composite membranes could be sampled due to the rela-
tively deep penetration depth (> 300 nm). Principal band 
assignments of FTIR spectra are presented in Table 1. For-
mation of PVA-PES composite membranes is modulated 
by the addition of a cross-linking agent, borax in the pres-
ent study, which leads to the formation of esters with hy-
droxyl groups on the polymer network.18 A close inspec-
tion of the FTIR spectra as presented in Figure 2 indicates 
the presence of a number of sharp, medium and broad 
peaks in the entire range of 400-4000 cm−1. The sharp 
peaks at 3438.52 and 3452.92 cm−1 were observed due to 
O–H stretching vibration – an indicative of the presence of 
unreacted OH group, but this was partly broadened as a 
result of H-bonding interaction. The characteristic bands 
between 2925 and 2934 cm−1 are due to symmetric and 

Fig. 2. FTIR spectra of PVA-PES composite membrane specimens cross linked with 0.2% and 0.5% borax as cross-linking agent used in the present 
study
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asymmetric C–H stretching vibrations. There was no ma-
jor visible influence on peak intensity of C–H stretching 
bands in any of the composites. The spectra of the 0.2% 
and 0.5% borax cross-linked PVA-PES composites show a 
number of additional bands between 400−1400 cm−1. Two 
types of complexes can be formed between PVA and bo-
rate; trigonal and tetrahedral.19 The band near 1409.19 
cm−1 is presumably due to the asymmetric stretching re-
laxation of B–O–C linkage in trigonal BO3 group, whereas 
that near 1324-1364 cm−1 is due to asymmetric stretching 
relaxation of B–O–C in tetrahedral BO4 group. A rough 
comparison of peak of the two B–O–C stretching indicates 
that that trigonal complex have sharper and larger peaks 
and are more prominent within the membrane than their 
tetrahedral counterparts. The free hydroxyl groups on 
trigonal complexes for potential hydrogen bonding with 
PVA-PES composite leading to a dominant interaction 
system within the hydrogels. The bands in the vicinity of 
1073–1103 cm−1 are due to asymmetric stretching vibra-
tion of B4–O bonds. The bands near 873.47–873.96 cm−1 
and 854-853 cm−1 are due to symmetric stretching of B3–O 
and B4–O bonds respectively.20 This band correlates to hy-
droxyl groups that have complexed (formed crosslinks) 
with borate ions and those involved in intermolecular hy-
drogen bonding. The peak at 2924 cm−1 was attributed to 
CH stretching of the CH2 group.18 A perusal of the spectra 
indicates the presence of certain principal bands in the 
cross-linked membranes, although some of them were di-
luted significantly or shifted to relatively to lower wave 
numbers as a result of cross linking complexation reaction. 
Although borax crosslinked PVA-PES composite mem-
brane with two different proportion of borax exhibited 
peaks in the range of 1324–1409 cm−1, confirming cross-
link formation, a considerable amount of the borate within 
these hydrogels appeared to preferentially form networks 
amongst themselves.

3. 2. Thermogravimetric Analysis 
Heat resistance and thermal stability of the polymer-

ic membranes as a function of increasing temperature 
(with constant heating rate) were studied using thermo-
gravimetric analysis. 

TGA characterizations of the cross-linked composite 
membranes having 0.2% and 0.5% borax cross linking are 
shown in Fig. 3. A perusal of TGA thermograms show that 
the weight loss for both the composite membranes started at 
about 380 °C. There were two consecutive stages of weight 
loss. The first weight loss starting at about 380 oC was main-
ly due to desorption of the adsorbed water molecules while 
the 2nd stage of weight loss from 400 oC to 450 °C was plau-
sibly contributed by the elimination of the side groups or the 

thermal desulfonation. The first stage of weight loss 
was very small about 1.07% but the weight loss at second 
stage was significant (about 42.15%). A further weight loss 
of about 33.97% took place at the 3rd stage in the vicinity of 
500 °C. This was corresponding to the degradation of the 
polymeric backbone.21,22 At this temperature range, the 
degradation of PVA occurs, leading to the formation of 
water, acetaldehyde, acetone, ethanol, etc. In general the 
primary structural decomposition of PVA membranes oc-
curs in the vicinity of 275 °C temperature but it shifted to 
nearly 380 °C for cross-linked PVA sample, suggesting 
considerable stability enhancement due to the formation 
of homogeneous cross linked layer. Clearly, cross linked 
PVA membrane used in the study imparted sufficient ther-
mal stability. This was due the restriction of the amount of 
water inside the membrane network as a result of cross 
linking. Additionally, we notice that the difference in 
weight loss of the used PVA membrane after a repeated 
cycle of operation was not much different from the origi-
nal membrane. Taken together, these findings implicate 
that that both the membranes possess considerable ther-
mal stability over a wide temperature range. 

Table 1. Principal band assignments of FTIR spectra over wave number 4000-400 cm–1

                         Wave numbers (cm−1) 
 Crosslinked with  Crosslinked with Band Assignments
 0.2% borax 0.5% borax 

 3438 3452 O – H stretching vibration
 2925 2968 C-H Stretching vibration
 1738 1776 H–O–H bending (lattice, interstitial water)
 1409.19 1409.06 Asymmetric stretching relaxation of B–O–C (Trigonal BO3 group)
 1364.24 1324 Asymmetric stretching relaxation of B–O–C (Tetrahedral BO4 group)
 1103.86, 1013.01 1106.07, 1073.52 Asymmetric stretching vibration of B4–O
 873.47 873.96 Symmetric stretching of B3–O
 854 853 Symmetric stretching of B4–O
 832 834 B–O stretching from residual B(OH)4
 688.61 691.18 Bending of B–O–B linkages within borate network
 834.33 877.92 In-phase out-of-plane hydrogen deformation of para-substituted phenyl groups
 735 716 Out of plane bending of B–O–H
 688 691 Symmetric pulse vibration of triborate and hexaborate anion.
 558 565 Bending of B3–O and B4–O
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3. 3. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was used to 
investigate the response of polymers to heating. The ana-
logue differential scanning calorimetry study can be used 

to predict the miscibility behavior for the blending of poly-
mer by measuring their heat of mixing.23,24 In the present 
study it was applied to determine the melting temperature, 
glass transition temperature and latent heat of melting of 
the prepared composite membranes. In semi-crystalline 

Fig. 3. TGA thermograms of PVA-PES composite membrane specimens cross linked with 0.2% and 0.5% borax as cross-linking agent used in the 
present study.

Fig. 4. Differential Scanning Calorimetry thermograms of the prepared composite membranes used in the present study.
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polymer of any type the glass transition is the best indica-
tor of material properties. As the glass transition changes 
due to either different degrees of polymerization or modi-
fication by additives, the physical properties of the materi-
al change. DSC thermograms of the prepared composite 
membranes are presented in Fig. 4. There were two exo-
thermic up-peaks and one down-peak found in the ther-
mogram of uncrosslinked membrane specimen, while in 
the borax cross-linked membranes one endothermic up 
and two down peaks were observed. The endothermic 
peaks indicate that the heat of mixing of polymer is posi-
tive.25 The first, second and third peaks were the indica-
tions of Tg (glass transition temperature), Tc (crystalline 
temperature) and Tm (melting temperature) respectively. 
The glass transition temperature of the uncrosslinked 
PVA-PES membrane was found out to be 87.86 °C, while 
the same for 0.2% and 0.5% borax cross-linked mem-
branes were 100 °C and 110  °C respectively. Increase in the 
Tg value confirms the cross-linking of borax with polyvi-
nyl alcohol (PVA) as the polymers can not be blended be-
low their glass transition temperatures.26 Crosslinking the 
membrane with borax restricts the segmental motion of its 
chain resulting in enhancement of glass transition tem-
perature.27 It was also observed from the thermogram that 
after around 480 °C, the behavior of the peaks became ran-
dom. The crystallinity temperature of the three mem-
branes were found out to be 251.1 (uncrosslinked), 248.49 
(0.2% borax crosslinked) and 261.89 °C (0.5% borax cross-
linked) respectively. On the other hand the melting tem-
peratures of the same were 315, 435.29, and 477.99 °C re-
spectively. The melting temperature (Tm) in a DSC indi-
cates not only the onset of melting but also the peak tem-
perature, which corresponds to complete melting in or-

ganics and the energy that the melting transition needs in 
order to occur. This is the enthalpy of the transitions, and 
it is associated with the crystallinity of materials.

3. 4. XRD Analysis
The X-ray diffraction measurement was carried out 

to observe the crystallinity of the composite polymer 
membrane. The sharp diffraction maxima in the X-ray dif-
fractogram indicate the presence of crystalline region of 
the polymer while the broad maxima are the representa-
tive of semi-crystalline to amorphous phases. Fig. 5 rep-
resents the wide angle 

X ray diffraction pattern of the borax cross-linked 
PVA-PES composites membranes used in the present study 
with two different borax concentrations viz 0.2% and 0.5%. 
The X-ray diffractogram reveals the presence of a sharp 
peak at 2q = 15° and a minor peak at 2q = 25° correspond-
ing to the borate ions, originated from the borax in aque-
ous solution. Na2B4O7 hydrolyzes in solution to produce 
B(OH)4

−. This reacts with the –OH groups on PVA to gen-
erate a cross linked structure. XRD pattern of un-
cross-linked PVA membrane is also given in Figure 5 for 
comparison. The un-crosslinked pristine PVA membrane 
shows diffraction peak at 2θ =20° due to the mixture of {1 0 
1} and {2 0 0} crystalline plane Bragg reflections, typical for 
an orthorhombic lattice.28 For pure PVA, the crystallinity 
was high due to the hydroxyl groups in its side-chain. 
When borax content was lower (0.2%) the steric effect and 
hydrogen bonding between PVA and borax in the 
cross-linking network interfered the ordered packing of 
PVA polymer chains, which resulted in a compression of 
amorphous region and thereby prevented from the forma-

Fig. 5. Wide angle X ray diffraction pattern of the borax cross-linked PVA-PES composites membranes used in the present study with two different 
borax concentrations viz 0.2% and 0.5%.
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tion of crystalline region. Crystallinity of polymeric mem-
branes is closely linked with the solute transport proper-
ties. 

The permeability in a semi crystalline polymer mem-
brane is substantially lower than that in an amorphous due 
to reduction of spaces available for diffusion and the tortu-
ous path around the crystallites.29 Thus, an overall decrease 
in the relative crystallinity was observed in PVA-PES com-

posite membrane crosslinked with 0.2% borax as com-
pared to that crosslinked with 0.5% borax.

3. 5 Surface Morphology by SEM Analysis
Scanning electron micrographs of the top surface as 

well as cross sections of the uncrosslinked PVA-PES com-
posite, and PVA-PES composite membrane specimens 

Fig. 6. Scanning electron micrographs of the top surface and cross sections of the uncrosslinked PVA-PES composite, and PVA-PES composite 
membrane specimens doped with 0.2% and 0.5% of borax crosslink (a: uncrosslinked PVA –PES top surface, magnification: 3500; b: uncrosslinked 
PVA-PES cross section, magnification: 250; c: PVA-PES-0.2% borax top surface, magnification: 2500; d:PVA-PES-0.2% borax cross section, magni-
fication 250; e: PVA-PES-0.5% borax top surface, magnification: 2500; f: PVA-PES-0.5% borax cross section, magnification: 350)

a) b)

c) d)

f)e)
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doped with 0.2% and 0.5% of borax crosslinker respec-
tively are presented in Fig. 6. A perusal of the SEM micro-
graphs reveals that the surface topography of the 
un-crosslinked PVA-PES membrane appears smooth and 
dense having continuous matrix without much visibility 
of pores or fissures and with good structural integrity. 
SEM images of the high and low molecular weights poly 
(vinylidene fluoride) blend membranes revealed asym-
metric structures with finger- like macro-voids and 
sponge-like layer.30 The granules shape of PVA indicates 
some crystalline behavior occurring in the uncrosslined 
PVA-PES composite polymer (Fig.6-a). On the other 
hand the surface morphology of the cross linked compos-
ite polymer sample shows many different sizes of aggre-
gates or chunks that are randomly distributed on the top 
surface. The cross-section of the SEM image shows some 
more void space in the borax crossliked membrane. The 
presence of this void space might have contributed to the 
high flux of the membrane.31 With increasing the amount 
of crosslinker, the surface of the PVA-PES composite 
membranes tends to become less gritty compared to their 
uncrosslinked counterparts (Fig. 6-b). Apparently, the 
crosslinker gradually densifies the membrane surface. 
Nevertheless, small defects were visible in the structures 
of the cross linked membranes. The cross sections of the 
composite membranes showed a compaction and densifi-
cation with increasing amount of crosslinker. From the 
SEM micrographs the total thickness of the PVA-PES 
membranes was estimated to be approximately 105 ± 10 
mm and that of the active layer thickness was 34.60 mm. 
Both the membranes exhibited a porous cross-section at 
higher magnification. The support materials successfully 
helped the coating layer maintain the pore channel Struc-
ture.32 By increasing the amount of crosslinker up to 0.5 
wt%, the structure became denser and uniform (Figure 
6-c). This confirms the result obtained for the surface 
analysis of the membrane. It is flat and compact with very 
sparsely distributed small particles without any phase 
separation.

3. 6. Surface Topography by AFM Analysis
Atomic force microscopy (AFM) was used to analyze 

the surface topography and roughness of the prepared 
composite membranes. Roughness is one of the most im-
portant surface properties having strong influence on ad-

hesion as well as membrane transport. Adhesive force be-
comes larger for membranes with high roughness com-
pared to the smoother ones. AFM images of the uncross-
linked and cross linked PVA-PES membranes are present-
ed in Fig. 7. A close inspection of the images recorded for 
PVA/PES composite membranes confirm that borax cross 
linking has imparted rougher surfaces. The virgin PVA/
PES membrane has smoother structure than the modified 
membranes with borax. Root-mean-square (RMS) height 
is a key physical parameter obtained from the AFM analy-
sis, and defines as the mean of the root for the deviation 
from the standard surface to the indicated surface. The 
high RMS means high surface roughness. RMS roughness, 
average roughness and the contact angles of the membrane 
specimens from the present study are presented in Table 2. 
It indicates that RMS roughness of the uncrosslinked PVA-
PES composite was 44.63 nm which increased to 52.24 and 
53.17 nm in the specimens cross linked with 0.2% and 
0.5% borax respectively. 

Data presented in Table 2 reflect higher standard de-
viation for borax crosslinked membrane. Higher standard 
deviation represents higher surface roughness of compos-
ite membranes.33 Similar observations were reported by 
Rana et al (2012)34 for the cellulose membrane by the ad-
dition of 3 wt% additives of charged surface modifying 
macromolecule and poly(ethylene glycol). The membrane 
thus prepared was reported to decrease the surface con-
tact angle and increase the roughness of membrane.34 

Contact angle, which is an indication of hydrophilicity of 
the membrane, was also high for the un-crosslinked PVA-
PES composite membranes. Hydroxyl-terminated poly-
butadiene (HTPB) blended poly(ether sulfone) (PES) 
membranes also showed the decreasing trend of contact 
angles by adding solvents such as N-methyl-2-pyrrolidi-
none (NMP) and N,N-dimethylacetamide (DMAc).31 On 
the other hand, the increase in RMS and average rough-
ness parameters was accompanied by the decrease in con-
tact angles. This implies that unmodified PES-PES com-
posites had less hydrophilicity compared to their cross-
linked counterparts. 

3. 7. Mechanical Properties
The mechanical properties of the PVA-PES compos-

ite membranes cross linked with borax are presented in 
Table 3. The values indicate that the tensile stress and the 

Table 2. Roughness parameters and contact angles of the membrane specimens in AFM image analysis (Sam-
pling area 5 µm × 5 µm) (The figures in the bracket in column 4 indicate standard deviation.)

Membrane specimens
 RMS roughness Average roughness Contact angle

 (nm) (nm) (o)

PVA-PES 44.63 41.69 52.5 (± 0.43)
PVA-PES-Borax 0.2% 52.24 38.25 49.4 (± 0.58)
PVA-PES-Borax 0.5% 53.17 43.16 45.6 (± 0.76)
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percent elongation of the membrane increased significant-
ly after cross linking with borax. Maximum tensile strength 
of the uncrosslinked PVA-PES composite membrane was 
2.15 N/mm2 which rose to 2.29 and 2.54 N/mm2 for PVA-

PES, composite membranes with 0.5% and 0.2% Borax re-
spectively. Modulus of elasticity of the borax cross-linked 
composite membranes was marginally higher than their 
uncross-linked counterpart. Similar observation for ten-

Fig. 7. AFM images of the uncrosslinked and cross linked PVA-PES membranes used in the present study (a: PVA-PES uncrosslinked; b: PVA-
PES-0.2% borax; c: PVA-PES-0.5% borax)

a)

b)

c)
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sile properties were reported in case of Ethylene 1-Octene 
Copolymer film on addition of Metallocene in the blend of 
Metallocene and Ziegler–Natta catalysts.35,36 In another 
study, the elongation at break was found to increase linear-
ly to about 50 wt% of metallocene polyethylene content in 
the blend of high-density polyethylene (HDPE)-metallo-
cene polyethylene (MCPE) and polypropylene (PP)–
metallocene polyethylene (MCPE).37 It is noteworthy to 
mention that there is a small decrease in the tensile 
strength of 0.5% borax cross-linked composite membrane 
as compared to 0.2% borax cross-linked one. This was 
plausibly due to sub-microscopic cracks developed from 
internal stresses as a result of shrinkage or thermal chang-
es after cross-linking.38 However, further investigations 
need to be carried out to ascertain the observation. 
Cross-linking results in the increase of strength and re-
duced mobility of the molecular segments. Theoretically it 
is expected that tensile strength increases with cross-link-
ing density as weak van der Waals’ bonds being replaced 
by strong covalent bonds. It is noteworthy to mention that 
a little cross-linking may increase the tensile strength, but 
high degrees of cross-linking could drastically decrease 
tensile strength and make the polymer very brittle. There-
fore, an optimum dose of the cross linker should be care-

fully chosen to obtain a suitable composite membrane for 
pervaporation.

3. 8 Swelling Study 
Swelling of dense polymeric membrane plays a key 

role in the transport of molecules during pervaporation by 
increasing the free volume. The greater the affinity be-
tween solvent and polymer, the higher is the swelling. As a 
result, the membrane becomes more open and facilitates 
more liquid to move through, which in turn influences 
both permeability and selectivity. 

Hence it is worth analyzing the swelling behavior of 
the composite membranes in feed solutions to study its 
chemical characteristics. Fig. 8 represents the degree of 
swelling of both cross linked and uncrosslinked compos-
ite membranes used in the present work as a function of 
feed water concentration (by volume%) at a fixed tem-
perature of 30 °C. The figure indicates that the degree of 
swelling increased almost linearly with increasing water 
content in the feed mixture. Uncross linked PVA-PES 
membrane exhibited as high as 59.4% degree of swelling 
at 80% feed water concentration. But the water uptake 
propensity substantially reduced in the borax crosslinked 

Table 3. Mechanical Property of PVA-PES composite membranes cross linked with borax. (The figures in the 
bracket in column 5 indicate standard deviation.)

 Max Tensile Max 
% Elongation

 Modulus
Membrane Name strength  Strain 

at Max
 of Elasticity

 (N/mm2) (%)  (N/mm2)

(PVA-PES) 2.15  9.46  8.84 17.565 (± 0.54)
(PVA-PES-Borax 0.5%) 2.2916 10.678 10.678 21.4616 (± 0.37)
(PVA-PES-Borax 0.2%) 2.5416 12.438 12.438 20.4347 (± 0.39)

Fig. 8. Percentage degree of swelling as a function of feed water concentration at a constant temperature.
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membranes. At 80% feed water concentration the degree 
of swelling was found out to be 58.2% and 48.7% for PVA-
PES –0.2% borax and PVA-PES-0.5% borax membranes 
respectively. 

During swelling the polymer structure expands as 
the trapped solution occupies the free volume in the ma-
trix and penetrates into the network of the polymer chains 
to swell them. The effect of swelling may give rise to two 
situations. Firstly, expansion of membrane free volume 
presumably facilitates the larger molecules to pass, thereby 
increasing permeability and reducing selectivity. Addi-
tionally compaction of membrane pores could also occur 
leading to an increase in selectivity and reduction in per-
meability. However, our subsequent studies of flux and 
permeability with the borax cross-linked composite mem-
branes corroborate the former assumption as pervapora-
tion membranes are mostly dense in nature. Degree of 
swelling of 0.2% borax cross linked composite was less 
than that of 0.5% borax cross linked counterpart. This was 
probably due to the fact that addition of more cross-linker 
might have reduced membrane free volume resulting in 
restricted segmental motion.39

3. 9. Flux and Separation Factor
Flux and separation factors are the two important 

performance indices of pervaporation membranes. In ad-
dition to the membrane structure and morphology, these 
indices are influenced by the physico-chemical parameters 
of the process such as temperature, feed concentration and 
feed flow rate. However, in the following section we report 
the effect of only feed flow rate on total flux and separation 
factor at a constant temperature and feed concentration. 
Fig. 9 represents total pervaporation flux and separation 
factor as a function of feed flow rate. 

For all the membranes, cross linked or otherwise, to-
tal pervaporation flux was found to increase with feed flow 
rate whereas the separation factor decreased. At a flow rate 
of 0.06 m3/h total pervaporation flux was estimated to be 
8.81 m3(STP)/m2h and 7.21 m3(STP)/m2h for 0.2% and 
0.5% borax cross linked PVA-PES composite membranes 
respectively, while for the uncrosslinked PVA-PES com-
posite the flux was 7.85 m3(STP)/m2h. Separation factor 
was found to be 3.50 at a flow rate of 0.02 m3/h for 0.2% 
borax crosslinked membrane, which reduced to 2.45 at 
0.06 m3/h flow rate. For 0.5% borax cross-linked mem-
brane the highest separation factor was only 1.54 at a flow 
rate of 0.02 m3/h and it dropped to 1.05 when flow rate was 
increased to 0.06 m3/h. Both in terms of flux and separa-
tion factor PVA-PES-0.2% borax composite membrane 
was found superior to PVA-PES-0.5% borax crosslinked 
and its uncrosslinked counterpart. Doping of excess cross 
linkers led to the reduction in the membrane free volume 
as discussed in the earlier section. A drop of the separation 
factor with increased borax loading could also be reasoned 
from the poor interfacial adhesion between the borax par-
ticles and the polymer matrix. Increase of feed flow rate 
results in the increase in turbulence at the membrane sur-
face facilitating augmentation of pevaporation flux. As the 
turbulence increases, the boundary layer thickness de-
creases and the likelihood of concentration polarization 
on the upstream side of membrane diminishes as well. 
This implies that the water concentration near membrane 
surface approaches to that in the bulk phase 9 with swellable 
hydrophilic channels of PVA matrix providing available 
paths leading to facile permeation flux as feed water con-
tent increases.6 Moreover, Jafari et al. (2012) demonstrated 
by a computational fluid dynamics (CFD) study that in-
creasing feed flow rate can enhance feed kinetic energy 
substantially which in turn increases the extent of turbu-

Fig. 9 Total pervaporation flux and separation factor as a function of feed flow rate in the pervaporation of EG-water system (Temperature: 45 °C, 
Feed concentration: 80% Ethylene glycol by volume)
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lence.7 But at the same time a reverse trend was observed 
in case of separation factor plausibly due to the less pro-
nounced coupling effect between EG and water molecules 
at the prevailing feed concentration of the present study. 
Further this could be due to the weaker EG-water hydro-
gen bonding interactions leading to low mutual drag be-
tween water and EG molecules and decelerating transport 
of EG molecules.3,11 However, literature reports contradic-
tory observations of separation factor behavior with 
changing feed flow rate in the pervaporation. While a host 
of studies observed the decreasing trend of separation fac-
tor with increasing feed flow rate,6,9 a few other reported 
the reverse trend.7,11 Therefore, it is imperative to carry out 
further rigorous experiment in this direction to ascertain 
the effect of flow rate on the flux and separation factor us-
ing a wide concentration of feed mixture.

3. 10.  Permeability, Selectivity and Diffusion 
Coefficient

Water permeability and selectivity of the membranes 
used in the present study as a function of feed flow rate are 

presented in Table 4. Water permeabilities of all the mem-
branes were found to increase with the increasing feed 
flow rate while the membrane selectivities decreased. 
Highest water permeability of 14.56 barrer was exhibited 
by PVA-PES-0.2% borax membrane at a flow rate of 0.6 
m3/h, whereas at the same flow rate the water permeabili-
ties of PVA-PES-0.5% and PVA-PES uncrosslinked mem-
branes were 10.02 and 11.12 barrer respectively. Selectivity 
of PVA-PES-0.2% borax composite membrane was found 
out to be 3.65 at 0.02 m3/h feed flow rate. 

The reason for the increasing water permeability 
with increasing flow rate can be attributed to the promo-
tion of turbulence at the membrane surface and which was 
most effective in 0.2% borax cross linked membrane com-
pared to 0.5% borax cross-linked and the uncrosslinked 
ones. The increase in turbulence of feed solution resulted 
in the decrease of boundary layer thickness. Therefore, 
mass transfer resistance of boundary layer on the upstream 
of membrane decreased as well, leading to increased water 
permeability. Transport of solute during pervaporation is 
predominantly governed by solution diffusion mechanism 
and therefore estimation of diffusion coefficients of both 

Table 4. Water permeability and selectivity of the membranes used in the present study as a function of feed flow rate. (Each experimental data point 
is the average of three readings; the figures in the bracket from column 2 to column 7 indicate standard deviation.)

  (PVA-PES–0.2% Borax) (PVA-PES–0.5% Borax) (PVA-PES, Uncrosslinked)
Feed flow Water Membrane Water Membrane Water Membrane
rate (m3/h) Permeability (Barrer) selectivity Permeability (Barrer) selectivity Permeability (Barrer) selectivity

0.02   9.97 (± 0.35) 3.65 (± 0.19)   5.36 (± 0.21) 1.61 (± 0.32)   8.66 (± 0.27) 2.15 (± 0.42)
0.03 11.73 (± 0.41) 3.34 (± 0.24)   7.29 (± 0.17) 1.42 (± 0.30) 10.29 (± 0.22) 1.82 (± 0.30)
0.04 13.06 (± 0.29) 3.06 (± 0.35)      8.61 (± 0.0.40) 1.26 (± 0.28) 10.91 (± 0.34) 1.56 (± 0.28)
0.05 14.09 (± 0.32) 2.86 (± 0.14)   9.32 (± 0.31) 1.18 (± 0.13) 11.32 (± 0.18) 1.45 (± 0.23)
0.06 14.56 (± 0.27) 2.58 (± 0.22) 10.02 (± 0.25) 1.10 (± 0.26) 11.12 (± 0.15) 1.32 (± 0.14)

Fig. 10. Water and ethylene glycol diffusion coefficient as a function of feed flow rate in the pervaporation of EG-water mixture (Temperature: 45 oC, 
Feed concentration: 80% Ethylene glycol by volume)
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EG and water assumes importance. Water and EG diffu-
sion coefficients as a function of feed flow rate are present-
ed in Fig. 10. As shown in the figure both the EG and water 
diffusion coefficients increased with increasing feed flow 
rate. However the magnitude of water diffusion coeffi-
cients was higher than EG diffusion coefficients under all 
experimental conditions. At a feed flow rate of 0.06 m3/h 
diffusion coefficients of water were estimated to be 1.51 × 
10−10 m2/s and 1.19 × 10−10 m2/s in the PVA-PES-0.2% and 
PVA-PES-0.5% composite membranes respectively. But 
diffusion coefficients of EG at the same flow rate were 0.61 
× 10−10 m2/s and 1.12 × 10−10 m2/s for PVA-PES-0.2% and 
PVA-PES-0.5% membranes respectively. The higher diffu-
sion coefficient of water compared to EG may be ascribed 
to the smaller size (kinetic diameter) of water molecules 
than EG.27 It was also observed that the diffusion coeffi-
cients of water decreased as borax content in the PVA-PES 
composite increased from 0.2 to 0.5%. This was probably 
due to the reduction of membrane free volume resulting in 
restricted segmental motion of the diffusing water mole-
cules through the composite membrane network.39 In ad-
dition the mutual interaction between EG-water mole-
cules presumably reduced plasticization effect, which in 
turn suppressed the sorption as well as diffusion.

3. 11. Effect of Feed Temperature 
Intrinsic membrane permeability of ethylene glycol 

and water as a function of feed temperature and with a 
fixed feed concentration of 80% (vol) ethylene glycol for all 
three prepared membrane is presented in Fig.11. 

A perusal of Fig. 11 indicates that permeability of 
both water and ethylene glycol increase with increase in 
temperature, although the magnitude of permeability of 
water was higher than that of ethylene glycol. It was also 

observed (data not shown) that the membrane selectivity 
decreased with increase in temperature. The PVA-
PES-0.2% borax cross linked membrane shows highest 
water permeability and lowest ethylene glycol permeabili-
ty than other two membranes at any feed temperature. The 
processes involved in permeation, sorption and diffusion 
are activated processes and the temperature effect can be 
described by Arrhenius type relationship.12 The relation-
ship of flux or permeance of a penetrant across a mem-
brane with operating temperature can be described by the 
Arrhenius equations as follows:

  (8)

where X is the pervaporation flux (J), X0 is the pre-expo-
nential factor (permeation rate constant) R is the universal 
gas constant (J/mol K), T is the operation temperature (K), 
and EX is the apparent activation energies of permeance 
(kJ/mol). The apparent activation energy of water perme-
ation (EPW) and ethylene glycol permeation (EEG) for all 
three membranes are presented in Table 5. The results indi-
cate that the activation energy of water permeation through 
PVA-PES-0.2% borax cross linked membrane was signifi-
cantly lower than those of ethylene glycol permeation, sug-
gesting a higher separation efficiency of the membranes. If 
the activation energy is positive, the permeation flux in-
creases with an increase in temperature, which has also 
been reported in most pervaporation experiments in the 
literature.40,41 The present study also corroborates the same 
observation. Due to its molecular size and shape, the acti-
vation energy of diffusion for ethylene glycol will be greater 
than that for water. As the water content in the feed de-
creases the polymeric membrane become less swollen and 
the mobility of chain segments decreases, thus increasing 

Fig.11. Water and ethylene glycol permeability as a function of feed temperature
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the energy required for the diffusive jump of ethylene gly-
col molecules. The interaction between permeants is 
thought to have an enhancing effect on the permeation ac-
tivation energy because associated molecules require more 
energy for permeation than isolated molecules. In contrast, 
the plasticization action diminishes the activation energy 
by making the polymeric chain segments more flexible.

CART) for their valuable help to carry out certain analy-
ses. Suggestions by the anonymous reviewers to improve 
the manuscript are also gratefully acknowledged.

5. 1. Nomenclature
EG   ethylene glycol
TG   thermogravimetry
FTIR   Fourier transformed infrared 
AFM   Atomic force microscopy
FE-SEM  Field Emission Scanning electron microscopy
PVA   Polyvinyl alcohol
PES   Polyether sulfone
Wwet   weight of swallow membrane (g) 
Wdry   weight of dry membrane (g)
 Pm,i   membrane permeability (cm3(STP)cm/cm2  

s cm Hg)
Ji   mass flux (kg/m2h)
x  mole fraction of feed
y   mole fraction of permeate
Pp   permeate pressure
Ps

   saturated vapor pressure
ji   molar flux (cm3 (STP)/cm2 s) of component ‘i’
vi

G   molar volume of gas i (22.4 l(STP)/mol)
Di   diffusion coefficient (m2/s)

Greek letters
β  Ideal separation factor
α  Membrane selectivity
γ  Activity coefficient 
δ  membrane thickness (mm)
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Povzetek
Preučevano je bilo odstranjevanje vode iz etilen glikol (EG) – vodne mešanice na laboratorijskem preduparjalniku z 
uporabo različnih ravnih membran. Polivinil alkohol-polieter sulfonska (PVA-PES) kompozitna membrana je bila sin-
tetizirana in premerežena z uporabo dveh različnih koncentracij dinatrijevega tetraborata (0.2 in 0.5 %). Pripravljenim 
membranam so okarakterizirali morfologijo, medmolekularne interakcije, termo-mehansko stabilnost ter fizikalno kem-
ijske lastnosti z uporabo vrstične elektronske mikroskopije (FESEM), mikroskopije na atomsko silo (AFM), fourierjeve 
transformacijske infrardeče spektroskopije (FT-IR), rentgenske difrakcije (XRD), termogravimetrične analize (TGA), 
diferenčne dinamične kalorimetrije (DSC) in sposobnosti adsorpcije vode. Poleg tega so bile lastnosti membran ovred-
notene s faktorjem ločbe, selektivnostjo, propustnostjo in difuzijskim koeficientom topljenca v EG-vodni mešanici pri 
različnih pretokih napajanja. Tako glede fluksa kot selektivnosti se je PVA-PES membrana zamrežena z 0.2 % bora-
ta izkazala boljša od membrane zamrežene z 0.5 % borata oziroma nezamrežene membrane. Zamreženje kompozitne 
membrane z boratom se je odrazilo v nižji kristaliničnosti in manjšem nabrekanju, a z izboljšano termično stabilnostjo 
in mehanskimi lastnostmi.
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Abstract
In this work, a novel ternary magnetic nanocomposite namely Ag/CuFe2O4/rGO was produced by a facile solvothermal 
route. The reduction of graphene oxide (GO) to reduced form (rGO) and the in-situ deposition of CuFe2O4 and Ag 
nanoparticles on rGO occurred simultaneously in a one-pot reaction. The structure, composition and morphology of 
the as-prepared nanocomposite were characterized by FT-IR, XRD, VSM, FESEM, EDX, TEM, and BET analyses. The 
results indicated that the Ag and CuFe2O4 nanoparticles were successfully loaded on the surface of rGO. The catalytic 
performance of the Ag/CuFe2O4/rGO nanocomposite was evaluated for the reduction of nitroarenes to corresponding 
amines in the presence of sodium borohydride (NaBH4) as a reducing agent. The nanocomposite exhibited the high 
performance in the reduction of the reduction of nitroarenes with 100% conversion within 10–30 min. The catalytic 
activity of the Ag/CuFe2O4/rGO was enhanced compared with Ag/CuFe2O4, Ag/rGO and CuFe2O4/rGO samples due to 
easier electron transfer process. Furthermore, the adsorption data revealed that cationic methylene blue (MB) dye could 
be removed almost completely on the Ag/CuFe2O4/rGO composite within 2 min and the composite could also selec-
tively adsorb MB from the mixed solution with anionic methyl orange (MO). Due to the existence of magnetic CuFe2O4 
nanoparticles, the Ag/CuFe2O4/rGO nanocomposite can be magnetically separated and reused without any change in 
structure and performance.

Keywords: Graphene oxide nanosheets; Silver nanoparticles; Ternary magnetic nanocomposite; Nitrophenols reduction; 
Dyes adsorption

1. Introduction
Nitroarenes are one of the most common pollutants 

that often exist in industrial wastewaters, while aromatic 
amines are of various commercial importance as an inter-
mediate for the production of pharmaceutical ingredients, 
various polymers and dyes.1–3 In fact, synthesis of amino-
arenes from the corresponding nitro compounds is an im-
portant process in the chemical industries and several 
methods for preparation of them were found, such as stoi-
chiometric reducing agents and catalytic hydrogenation.4–7 
A large amount of industrial wastewaters also contain or-
ganic dye pollutants. Organic dyes are one of the main 
causes of the pollution of industrial wastewater that re-
moval of them through different technologies such as ad-
sorption is of great importance in environmental process-

es.8–15 Hence, there is a need to find a new desirable 
material, which not only has the capacity of reducing the 
nitroarenes but also can achieve adsorption and selective 
separation of organic pollutants. To date, many researches 
have been carried out in the area of metal nanoparti-
cles-based heterogeneous catalysts as they possess a high 
surface to volume ratio and reusability, ease of separation 
and enhanced catalytic properties.16–18 Among them, gold 
and silver nanoparticles are particularly attractive due to 
their high electrical, optical, and catalytic properties,19–21 

but they require suitable supports such as metal oxides, ze-
olites or graphene derivatives to immobilize them and pre-
vent aggregation during the reaction.22–25

Graphene, single-layer carbon atoms densely packed 
into a two-dimensional (2D) lattice, has high surface area, 
excellent electrical conductivity and high mechanical 
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strength.26 It can be used as a promising catalyst support 
on which the metal nanocatalysts can be stabilized and re-
sult in the further enhanced catalytic performance.27,28 
One of the applications of graphene-based materials is also 
the removal of organic dye pollutants from water.29,30 

Many polymeric and inorganic adsorbents such as car-
bon-based materials,31 porous metal oxides,32 clays,33 chi-
tosan,34 zeolites,35 and metal–organic frameworks 
(MOFs)36 have developed for adsorption removal of pol-
lutants from aqueous solutions. Among them, carbonous 
materials such as graphene have shown excellent perfor-
mance in adsorption of organic contaminants from water. 
However, such adsorbents are usually separated by tedious 
filtrating from water after the adsorption/catalytic process. 
To overcome this weakness, coupling with magnetic mate-
rials is highly desirable. Spinel ferrites with general formu-
la MFe2O4 (M = Mn, Fe, Co, Ni, Cu, etc.) have been of 
great interest in many magnetic applications.37

Considering the above, in this work, we have synthe-
sized the novel magnetic Ag/CuFe2O4/rGO ternary nano-
composite via solvothermal method which fully character-
ized by various spectroscopic techniques. During the 
formation of the composite, the reduction of graphene 
oxide (GO) to rGO and the in-situ deposition of CuFe2O4 
and Ag nanoparticles on rGO occurred simultaneously in 
a one-pot reaction. Due to high catalytic activity of Ag, the 
nanocomposite displayed excellent performance for cata-
lytic reduction of nitroarenes by using NaBH4 in aqueous 
solutions. Also, owing to the existence of graphene with 
high surface area and adsorption capacity, the Ag/
CuFe2O4/rGO nanocomposite exhibited high perfor-
mance on the removal of dye pollutants from wastewater. 
Moreover, the magnetic properties of CuFe2O4 make the 
separation of the nanocomposite easier, avoiding environ-
mental contamination from processing.

2. Experimental
2. 1. Materials

All reagents including solvents and all materials used 
for the synthesis of nanocomposite, 2-nitrophenol (2-NP), 
4-nitrophenol (4-NP), 2-nitroaniline (2-NA), 4-nitroani-
line (4-NA), sodium borohydride (NaBH4), methylene 
blue (MB) and methyl orange (MO) were purchased from 
Merck or Sigma-Aldrich company with high purity (≥ 
98%) and used without further purification.

2. 2.  Preparation of Ag/CuFe2O4/rGO 
Nanocomposite
Graphene oxide (GO) nanosheets were prepared 

from natural graphite powder by a modified Hummer’s 
method.38 The graphite oxide layers were separated from 
each other through ultrasonication to acquire graphene 
oxide sheets. For synthesis of the Ag/CuFe2O4/rGO nano-

composite, the as-prepared GO (0.1 g), Fe(NO3)3 9H2O (2 
mmol, 0.40 g) and Cu(NO3)2 3H2O (1 mmol, 0.12 g) were 
dispersed in 30 mL of ethylene glycol (EG) to form a clear 
solution, followed by the addition of sodium acetate (45 
mmol, 3.10 g ) and AgNO3 (1.2 mmol, 0.20 g).The mixture 
was ultrasonicated for 120 min. Subsequently, the obtained 
suspension was transferred into a Teflon-lined stain-
less-steel autoclave. The autoclave was sealed and put into 
the oven, which was heated and maintained at 200 °C for 
9 h, then taken out and allowed to cool naturally at room 
temperature. Finally, the black product was magnetically 
collected and washed thoroughly with water and ethanol, 
followed by drying at 50 °C for a few hours. It was denoted 
as Ag/CuFe2O4/rGO nanocomposite with 23 wt% Ag as 
confirmed by ICP-AES analysis. For comparison, Ag/
CuFe2O4, Ag/rGO and CuFe2O4/rGO samples were syn-
thesized under the same conditions in the absence of rGO, 
CuFe2O4 and Ag, respectively. Also, the samples of rGO 
and Ag nanoparticles were prepared via the reduction of 
GO (0.1 g) and AgNO3 (0.2 g), respectively, in 30 mL of 
ethylene glycol (EG) as solvent and reducing agent under 
hydrothermal conditions at 200 °C for 9 h.

2. 3. Characterization Techniques
X-ray diffraction (XRD) measurements were carried 

out on a Rikagu D-max X-Ray diffractometer using Cu Kα 
radiation (λ = 1.540 Å). Fourier transform infrared (FT-
IR) spectra were recorded using Shimadzu FT- IR 160 
spectrometer over the wavenumber range from 4000 to 
400 cm–1. Raman spectra were obtained using a Raman 
microscope with laser wavelength of 785 nm. The mor-
phology and size of the nanocomposite particles were 
characterized by Mira3 Tescan, scanning electron micro-
scope (FESEM) outfitted with energy field dispersive X-ray 
analyzer (EDX) for the elemental analysis of the sample. 
TEM images were obtained on the electron microscope 
(Philips CM120) at the accelerating voltage of 100 kV. The 
magnetic properties were measured using a vibrating sam-
ple magnetometer (Model: MDKFD, Magnetic Daneshpa-
joh Kashan Co., Iran) with a maximum magnetic field of 
10 kOe. The Brunauer-Emmett-Teller (BET) surface area 
was measured by N2 adsorption measurements at 77 K us-
ing Belsorp mini apparatus. UV-visible spectra were ob-
tained from a Cary 100 Varian spectrophotometer in a 
wavelength range of 200–800 nm. The concentration of 
metals in the filtrate was determined by inductively cou-
pled plasma atomic emission spectroscopy (Perkin Elmer 
ICP-AES).

2. 4. Catalytic Reduction Tests
In order to study the catalytic performance of as-syn-

thesized Ag/CuFe2O4/rGO nanocomposite in reductive 
processes, the reduction of some nitroaromatic com-
pounds to corresponding amino derivatives by excess 
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NaBH4 in aqueous solution was investigated. For this 
work, freshly prepared aqueous solution of NaBH4 (0.5 
mL, 20 mM) was mixed with as-prepared aqueous solu-
tion (3 mL, 0.2 mM) of the nitroaromatic compounds, in 
the quartz cell (1.0 cm path length and 4 mL volume). 
Then, 3 mg of the Ag/CuFe2O4/rGO nanocatalyst was add-
ed into the solution and the progress of reduction was 
monitored by UV-Vis spectrophotometer in the range of 
200–800 nm, with cycling over definite time intervals at 
room temperature.

2. 5. Dye Adsorption Tests
The adsorption experiments were performed as fol-

lows: 50 mg of the Ag/CuFe2O4/rGO nanomaterial was 
added into 50 mL of dye solution (25 mg/L) under stirring. 
At predetermined time intervals, the concentrations of dye 
solutions, from which the adsorbent was removed by mag-
netic separation, were determined by measuring the ab-
sorbance of dye solution (MB,MO) using a Cary 100 Vari-
an UV–Vis spectrophotometer. A similar experiment was 
also done with 50 mL of MB solutions with different con-
centrations (25, 50, 75 and 100 mg/L). Moreover, the UV–
Vis spectroscopy was performed to determine the selective 
adsorption ability of Ag/CuFe2O4/rGO nanocomposite at 
given time intervals. The amount of dye removal efficiency 
was calculated by the following equation:

Removal efficiency (%) = (C0-Ct)/C0 × 100, where C0 
and Ct are the dye concentrations (mg/L) at the initial and 
t time, respectively. In all aqueous solutions containing dye 
and Ag/CuFe2O4/rGO nanocomposite, the residual con-
centrations of Ag and Cu after removing the adsorbent 
were detected to be less than 0.1 wt% by ICP-AES analysis.

3. Results and Discussion
3. 1.  Characterization of the Ag/CuFe2O4/rGO 

Nanocomposite

The XRD analysis was used to investigate the com-
position and structure of the products. Figure 1 shows the 
XRD patterns of GO, rGO, CuFe2O4, Ag and Ag/CuFe2O4/
rGO samples. Figure 1(a) and (b) shows the XRD patterns 
of pure GO and GO after it was reduced in EG solvent un-
der hydrothermal conditions. Figure 1(a) shows that GO 
exhibited a sharp and high-intensity diffraction peak at 
about 2θ = 11.5°. This result shows that a highly organized 
layer structure with an interlayer distance (d spacing) of 
0.80 nm along the (002) orientation was produced. The 
(002) peak shifted to 2θ = 21.5 with d-spacing of 0.35 nm 
after reduction; thus, the d-spacing decreased from 0.80 
nm to 0.35 nm. This decrease in d-spacing was caused by 
the elimination of oxygen-containing functional groups 
and H2O molecules from the graphite interlayers during 
the reduction process. As seen in Figure 1(c), the diffrac-

tion peaks indexed at 2θ = 30.2°, 35.6°, 43.2°, 53.6°, 57.1°, 
62.7° and 74.2° are attributed to (220), (311), (400), (107), 
(511), (440) and (533) planes of cubic spinel structure of 
CuFe2O4 (JCPDS-34-0425).39 The XRD pattern of Ag 
nanoparticles in Figure 1(d) shows peaks at 2θ values of 
38.3°, 43.5°, 64.6° and 77.5° which could be assigned to the 
(111), (200), (220) and (311) planes of metallic silver 
(JCPDS-04-0783).40 From the XRD pattern of the Ag/
CuFe2O4/rGO nanocomposite (Figure 1(e)), it is clear that 
all appeared peaks can be attributed to CuFe2O4 and Ag 
phases. No characteristic diffraction peaks for rGO ap-
peared in the pattern indicating that rGO nanosheets are 
not stacked during the nanocomposite formation process. 
The reason can be attributed to the fact that Ag and 
CuFe2O4 nanoparticles anchored on the surface of rGO 
nanosheets prevented the exfoliated rGO nanosheets from 
restacking.41 The average particle size of nanocomposite 
was calculated to be about 27 nm using the classical Scher-
rer equation: DXRD = 0.9λ/(βcosθ), where DXRD represents 
the crystallite size, λ is the wavelength of Cu Kα (0.154 
nm), β is the full width at half maximum of the diffraction 
peak, and θ is the Bragg angle.

Figure 1. XRD patterns of (a) GO, (b) rGO, (c) CuFe2O4, (d) Ag and 
(e) Ag/CuFe2O4/rGO samples.

FT-IR spectra of GO, rGO, CuFe2O4 and Ag/
CuFe2O4/rGO samples are shown in Figure 2. In FT-IR 
spectrum of GO (Figure 2(a)) obvious characteristic bands 
of GO could be seen, including C=O stretching vibrations 
of COOH groups (1727 cm–1), graphitic C=C stretching 
vibrations (1618 cm–1), O-H deformation vibrations of 
tertiary C-OH (1398 cm–1), and C-O stretching vibrations 
of epoxy/alkoxy groups (1027 cm–1).42 After hydrothermal 
treatment of the pure GO in EG solvent, the band of C=O 
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was eliminated and the intensity of O-H and C-O bands 
were considerably decreased, which indicated the removal 
of oxygen-containing functional groups and reduction of 
GO (Figure 2(b)). In the case of pure CuFe2O4 (Figure 
2(c)), the two characteristic bands appeared at 565 and 

445 cm–1 are related to the stretching vibrations of M−O 
(M = Fe and Cu) bonds in the tetrahedral and octahedral 
sites of spinel-type oxide, respectively.43,44 As can be seen 
in Figure 2(d), the characteristic band of rGO at 1615 cm−1 
related to the graphitic C=C bond and the vibrational 
bands of CuFe2O4 in the range of 600–400 cm−1 were all 
observed in the IR spectrum of the nanocomposite sample 
which demonstrate the coexistence of rGO and CuFe2O4 
in this hybrid nanomaterial. Moreover, the disappearance 
of the characteristic bands of GO confirms the formation 
of rGO in the nanocomposite and the restoration of a gra-
phitic structure in graphene.42

The morphology and microstructure of pure GO and 
Ag/CuFe2O4/rGO nanocomposite were investigated by 
SEM analysis. The SEM micrograph of pure GO in Figure 
3(a) shows the highly porous and layered structure of GO 
having large stacks, possibly consisting of hundreds of GO 
nanosheets. It should also be noted that the surfaces of the 
GO sheets are quite flat and smooth. Figure 3(a) shows the 
SEM of GO nanosheets which stacked together due to the 
dispersive forces between them.45 As can be seen in Figure 
3(b), the surfaces of graphene nanosheets were covered 
with the agglomerated Ag and CuFe2O4 nanoparticles. It 
should also be noted that the pores between the graphene 
sheets were evenly filled up with the Ag and CuFe2O4 
nanoparticles. In addition, the image of the nanocompos-
ite clearly indicated that the surface properties of the mod-
ified GO product were strongly affected. Compared to 
pure GO, the surfaces of rGO nanosheets in the nanocom-
posite are rough, and the edges are highly crumpled.

Further investigation was carried out by energy dis-
persive X-ray spectroscopy (EDX) to characterize the 
composition of as-prepared Ag/CuFe2O4/rGO nanocom-
posite. The existence of Ag, Cu, Fe, C and O elements in 
the nanocomposite could be proved by the EDX elemental 

Figure 2. FT-IR spectra of (a) GO, (b) rGO, (c) CuFe2O4, and (d) 
Ag/CuFe2O4/rGO nanocomposite.

Figure 3. SEM images of (a) pure GO and (b) Ag/CuFe2O4/rGO nanocomposite.

a) b)
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spectrum as shown in Figure 4(a). Figure 4(b) shows a rep-
resentative SEM image of the nanocomposite with corre-
sponding EDX elemental mappings. The distribution of 
corresponding elemental mappings confirmed that the el-
ements were uniformly distributed over the nanocompos-
ite, confirming the homogeneity of the sample. The EDX 
results further indicated that the Ag and CuFe2O4 nanopar-
ticles were successfully loaded on the surface of rGO.

Figure 5 shows the TEM images of Ag/CuFe2O4 and 
Ag/CuFe2O4/rGO samples. Figure 5(a) shows the typical 
TEM image of the Ag/CuFe2O4, displaying that the sample 
consists of a large quantity of nearly uniform spheres 

nanoparticles which loosely aggregated. As can be seen in 
Figure 5(b), the almost transparent graphene sheets are fully 
exfoliated and decorated homogeneously with Ag and 
CuFe2O4 nanoparticles having an average diameter of 30 nm 
in consistent with the average particle size calculated from 
Debye-Scherer formula. No obvious aggregation was seen in 
Figure 5(b). The rGO sheets could not only prevent agglom-
eration of the Co3O4 nanoparticles and enable a good dis-
persion of these spherical particles, but also substantially 
enhance the specific surface area of the composite.

Raman analysis is a powerful technique to monitor 
significant structural changes of GO nanostructures 

Figure 4. (a) EDX spectrum and (b) a representative SEM image with corresponding EDX elemental mappings of the Ag/CuFe2O4/rGO nanocom-
posite.
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during the reduction and composite formation. Figure 6 
presents the Raman spectra of GO, rGO and Ag/CuFe2O4/
rGO nanocomposite samples. Figure 6(a) and (b) shows 
the Raman spectra of the pure GO and GO sample after its 
reduction in EG solvent under hydrothermal conditions. 

According to the Raman spectra of GO and rGO, the two 
characteristic bands at about 1318 and 1589 cm−1 can be 
attributed to the disordered structure (D band, sp3 carbon 
atoms of disorders and defects) and graphitic structure (G 
band, sp2 carbon atoms in graphitic sheets) of GO 
nanosheets, respectively.46 As can be seen in Figure 6(c), 
the D and G bands still exist in the Raman spectrum of Ag/
CuFe2O4/rGO composite, besides a broad band around 
600 cm–1 related to the A1g stretching vibrartion of Fe-O 
bond in the FeO6 groups of CuFe2O4 nanoparticles.47 
Then, this finding demonstrates the coexistence of 
CuFe2O4 and rGO in the nanocomposite. Compared to 
pure GO and rGO samples, the position of D and G bands 
slightly shifted likely due to the strong interaction of the 
Ag and CuFe2O4 nanoparticles with the rGO nanosheets. 
Furthermore, the D band to G band intensity ratios for 
rGO (ID/IG = 1.48) and Ag/CuFe2O4/rGO (ID/IG = 1.41) 
are larger compared with that of pure GO (ID/IG = 1.09), 
which can be attributed to the increase in the degree of 
disorder and defects, and also the decrease in the average 
size of sp2 domains.48 The increase in the ID/IG ratio also 
confirms that the GO has been deoxygenated and reduced 
to rGO.

The magnetic properties of CuFe2O4 and Ag/
CuFe2O4/rGO samples were examined using a vibrating 
sample magnetometer (VSM) at ambient temperature. 
From Figure 7(a) and (b), the saturation magnetizations 
(Ms) of the CuFe2O4 and Ag/CuFe2O4/rGO were found to 
be 68 emu/g and 48.2 emu g−1, respectively. The slope de-
fined as S-like shape of the magnetic hysteresis loops as 
well as the fact that both materials exhibit zero coercivity 
(Hc) and very low remanence (Mr) at ambient tempera-

a) b)

Figure 5. TEM images of (a) Ag/CuFe2O4 and (b) Ag/CuFe2O4/rGO nanocomposite.

Figure 6. Raman spectra of (a) GO, (b) rGO and (c) Ag/CuFe2O4/
rGO.
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(silver and graphene) in the nanocomposite. From the in-
set Figure 7, it is evident that homogeneous black Ag/
CuFe2O4/rGO suspension can be easily separated from 
solution under an external magnet influence.

Figure 8 shows the nitrogen adsorption–desorption 
isotherms and corresponding pore size distributions 
curves (the inset) of rGO and Ag/CuFe2O4/rGO samples. 
As seen in Figure 8(a) and (b), the isotherms of GO and 
Ag/CuFe2O4/rGO nanocomposite can be classified to 
type-IV with H4-type hysteresis loop for rGO and H3-type 
hysteresis loop for the nanocomposite at high relative 
pressures according to the IUPAC classification, which in-
dicate the presence of mesopores.50 The BET surface area 
(SBET) of the Ag/CuFe2O4/rGO nanocomposite is 90.20 
m2/g with the total pore volume of 0.261 cm3/g, which are 
greater than the values of rGO (SBET = 79.15 m2/g and total 
pore volume = 0.123 cm3/g). It can be concluded that im-
mobilizing Ag and CuFe2O4 nanoparticles on the suface of 
graphene nanosheets increases the surface area and poros-
ity which are favorable factors for improving the catalytic 
and adsorption performances.

3. 2.  Catalytic Reduction of Nitroarenes over 
the Ag/CuFe2O4/rGO Nanocomposite
The catalytic activity of the Ag/CuFe2O4/rGO nano-

composite was evaluated for the reduction of 2-nitroani-
line (2-NA), 4-nitroaniline (4-NA), 2-nitrophenol (2-NP) 
and 4-nitrophenol (4-NP) in the presence of sodium boro-
hydride (NaBH4). In the reduction process, the initial con-
centrations of NaBH4 and nitroaromatics were 20 mM and 
0.2 mM, respectively. Figure 9(a)-(d) shows the typical 
UV-visible spectra and concentration changes of nitroaro-
matic compounds in the presence of Ag/CuFe2O4/rGO 
nanocomposite and NaBH4. All compounds have an ab-
sorbance peak at about 400 nm under alkaline condi-
tions.51–56 The intensity of this peak decreases when the 
reduction proceeds in the presence of Ag/CuFe2O4/rGO 
nanocatalyst. The characteristic absorption peaks of 2-NA, 
4-NA, 2-NP and 4-NP were disappeared in 25, 30, 10 and 
15 min, respectively. Since the reductive reactions were 
carried out under the same experimental conditions, the 
different rates can be related to the structures of organic 
compounds. The pseudo first-order kinetics can be applied 
to evaluate the rate constants in the reduction process, be-
cause the concentration of NaBH4 is higher compared to 
that of nitroarenes and it can be considered as a constant 
during the reaction time. The concentration of mentioned 
compounds at time t is defined as Ct and the initial con-
centration of them at t = 0 is regarded as C0. The Ct/C0 is 
measured from the relative intensity of absorbance (At/
A0). As shown in the insets of Figure 9(a)-(d), the linear 
relationship of ln[A]/[A0] versus time (t) indicates that the 
reduction of nitrophenols and nitroanilines over Ag/
CuFe2O4/rGO nanocomposite follows the pseudo first-or-
der kinetics.

Figure 7. Magnetic hysteresis loops of (a) pure CuFe2O4 and (b) Ag/
CuFe2O4/rGO at room temperature. The inset image shows the Ag/
CuFe2O4/rGO suspension in the absence and presence of an exter-
nal magnetic field.

Figure 8. N2 adsorption-desorption isotherms and pore-size distri-
bution curves (the insets) of (a) rGO and (b) the Ag/CuFe2O4/rGO 
nanocomposite .

a)

b)

ture allowed ranking them as superparamagnetic.49 The 
lower range of magnetization (emu g−1) for the Ag/
CuFe2O4/rGO can be related to the decrease of CuFe2O4 
content due to the presence of non-magnetic components 
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As shown in Figure S1 (Supporting Information 
(SI)) Ag/CuFe2O4, Ag/rGO and CuFe2O4/rGO samples 
showed lower activity for the reduction of 4-NP com-

pared to the ternary Ag/CuFe2O4/rGO nanocomposite, 
and they could not be regarded as effective catalysts for 
this reaction. Moreover, no considerable change in the ab-

a) b)

c) d)

Figure 9. UV−visible absorption spectra of reaction solutions containing (a) 2-nitroaniline (b) 4-nitroaniline (c) 2-nitrophenol (d) 4-nitrophenol. 
The insets show plots of ln[A]/[A0] against time.

Table 1. Comparison of the results obtained for the reduction of 4-NP in the present work with those obtained by 
some reported catalysts.

Entry Catalyst Conditions Time Ref.

    1 Ni-PVA/SBA-15 H2O, NaBH4, r.t. 85 min [57]
    2 Hierarchical Au/CuO NPs H2O, NaBH4, r.t 80 min [58]
    3 Cu NPs THF/H2O, NaBH4, 50 °C 2 h [59]
    4 PdCu/graphene EtOH/H2O, NaBH4, 50 °C 1.5 h [60]
    5 Au-GO H2O, NaBH4, r.t. 30 min [61]
    6 CoFe2O4 NPs H2O, NaBH4, r.t. 50 min [62]
    7 FeNi2 nano-alloy H2O, NaBH4, r.t 60 min [63]
    8 NiCo2 nano-alloy H2O, NaBH4, r.t. 30 min [64]
    9 CdS/GO H2O, NaBH4, r.t. 30 min [65]
  10 dumbbell-like CuO NPs H2O, NaBH4, r.t. 12 min [66]
  11 Ni NPs H2O, NaBH4, r.t. 16 min [67]
  12 CuFe2O4 NPs H2O, NaBH4, r.t. 14 min [68]
  13 Au NPs H2O, NaBH4, r.t. 4 min [69]
  14 Pd/RGO/Fe3O4 NPs H2O, NaBH4, r.t. 1 min [70]
  15 Cu/Fe3O4 NPs H2O, NaBH4, r.t. 55 sec [71]
  16 Cu NPs/Perlite H2O, NaBH4, r.t. 2.5 min [72]
  17 Ag/CuFe2O4/GO H2O, NaBH4, r.t. 15 min This work
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sorbance band of 4-NP at 400 nm was observed in the 
absence of Ag/CuFe2O4/rGO, confirming that the reduc-
tion is mostly catalyzed by the Ag/CuFe2O4/rGO nano-
composite. In the presence of Ag/CuFe2O4/rGO nano-
composite and NaBH4, the nitroarenes are easily reduced 
in aqueous solutions.

The study of the reaction mechanism helps to design 
a catalyst with better output. Figure S2 shows the catalytic 
mechanism of 4-NP reduction by the Ag/CuFe2O4/rGO 
nanocomposite in the presence of NaBH4. During the hy-
drogenation reduction process, BH4

– and 4-NP are first 
adsorbed on the surface of the catalyst, and then the Ag 
nanoparticles transfer electrons from BH4

– to 4-NP, lead-
ing to the production of 4-aminophenol (4-AP).21 After 
the reaction is completed, the Ag/CuFe2O4/rGO nanocat-
alyst can be separated easily from the solution by a magnet 
and applied for next reaction.

The obtained results in the reduction of 4-NP with 
NaBH4 over the Ag/CuFe2O4/rGO nanocatalyst were com-
pared with some reported catalysts in the literature (Table 
1).57–72 It is clear that with respect to the reaction condi-
tions and/or reaction times, the present method is more 
suitable and/or superior (Table 1, entries 1-9). The reac-
tion in the presence of most reported catalysts required 

longer reaction times. However, compared with some 
these reports, the Ag/CuFe2O4/rGO catalyst also present-
ed close or lower catalytic activity for the reduction of 
4-NP (Table 1, entries 10–16). Nevertheless, the Ag/
CuFe2O4/rGO can be easily prepared and reused without 
the use of harsh, toxic and expensive chemicals which is 
very important in practical applications.

3. 3.  Adsorption Performance of the Ag/
CuFe2O4/rGO Nanocomposite
There are some methods on the effective elimination 

of hazardous substances from aqueous solutions, such as 
photo and sonocatalytic degradation, oxidation and ad-
sorption that among them, adsorption is a good choice 
due to its higher efficiency and simpler operation.73 In this 
context, considering the structure of the packed sp2-bond-
ed carbon atoms of rGO and magnetic property of 
CuFe2O4, it is expected that the Ag/CuFe2O4/rGO can be 
used as a novel and effective adsorbent for the removal of 
organic aromatic pollutants from wastewaters. The ad-
sorption capacity was evaluated using two dyes: positively 
charged methylene blue (MB) and negatively charged 
methyl orange (MO). As indicated in Figure 10(a), the 

Figure 10. The adsorption capacity of Ag/CuFe2O4/rGO toward different organic dyes: (a) MB, (b) MO and (c) mixed dyes (MB + MO). Experimen-
tal conditions: dosage of adsorbent = 50 mg, [dye] = 25 mg/L, temperature = 25 °C and pH=7.

a) b)

c)
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characteristic UV-vis absorption band of MB at 664 nm, 
decreased and disappeared within only 2 min. The ex-
traordinary removal of MB could be largely ascribed to the 
π-π stacking between dyes and rGO nanosheets.40 The 
electrostatic interactions between the positively charged 
dye and negatively charged residual oxygen-containing 
functional groups of rGO, were also effective in the ad-
sorption process. The Ag/CuFe2O4 nanaoparticles could 
be acted as spacers to minimize the agglomeration of the 
rGO nanosheets. The adsorption ability of Ag/CuFe2O4/
rGO nanocomposite towards MO dye was also investigat-
ed (Figure 10(b)). From the figure, the absorbance of MO 
at 463 nm decreased slightly after 60 min and the removal 
efficiency of MO was about 61%. Moreover, to confirm the 
ability of the Ag/CuFe2O4/rGO nanocomposite to separate 
MB and MO dye molecules, a mixed dye solution was se-
lected to determine the selective adsorption capacity of the 
solid composite. From Figure 10(c), the absorption peak of 
MB disappeared quickly; just leaving the absorption peak 
of MO, indicating that Ag/CuFe2O4/rGO composite could 
selectively adsorb the cationic MB dye when exposed to 
the mixed solutions of MB+MO. The finding indicates that 
the Ag/CuFe2O4/rGO nanocomposite also possesses selec-
tive adsorption ability towards the cationic dyes in waste-
water.

3. 3. 1. Effect of the Initial Concentration of MB
As shown in Figure 11(a), the effect of the initial con-

centration of MB solution on adsorption efficiency was 
studied. Accordingly to the obtained results, the adsorp-
tion percentage of the nanocomposite towards MB can 
reach up to about 100% at lower initial concentrations (15 
and 25 and 75 mg/L). However, for MB with concentration 
of 100 mg/L, adsorption percentage decreased to 70% 
within 30 minutes and the Ag/CuFe2O4/rGO nanocom-
posite could not adsorb more dye molecules due to satura-
tion of adsorption capacity.

3. 3. 2. Effect of Type of Adsorbent
Figure 11(b) represents the adsorption capacities of 

Ag/CuFe2O4, rGO and Ag/CuFe2O4/rGO samples toward 
MB dye. As seen, the removal efficiency of MB by rGO and 
Ag/CuFe2O4 nanoparticles are 78% and 25% respectively. 
The high adsorption performance of graphene sheets 
mainly is due to the large surface area and graphitized bas-
al plane structure of it, which could provide excellent con-
ditions for adsorption of dyes.31 However, in the presence 
of Ag/CuFe2O4/rGO nanocomposite, the removal efficien-
cy of MB is increased to 100% indicating the as-prepared 
nanocomposite is more suitable and superior. The Ag and 
CuFe2O4 nanoparticles on the surface of graphene prohib-
it the restacking of its layers and thus increase the surface 
area and adsorption capacity of the composite. This result 
is consistent with BET analyses.

3. 3. 3. Effect of Adsorbent Dosage

The influence of the adsorbent dosage on MB ad-
sorption in Figure 11(c) indicates that with the increase of 
the adsorbent dosage from 25 to 35 mg, the removal effi-
ciency of MB is enhanced to 78%, and when the dosage is 
50 mg, it reaches 100% within 2 min. The finding indicates 
that 50 mg is the suitable dosage for the adsorption of 
25mg/L MB solution.

3. 3. 4. Effect of pH
As shown in Figure 11(d), the initial solution pH 

plays an important role in the adsorption of MB on the 
surface of Ag/CuFe2O4/rGO nanocomposite. The adsorp-
tion of MB increases gradually as pH value increases from 
2 to 7 and finally maintains the high level with increasing 
pH. In acidic pHs, the surface of Ag/CuFe2O4/rGO nano-
composite is positively charged due to protonation reac-
tion. Thus, the electrostatic repulsion between positively 
charged MB dye and Ag/CuFe2O4/rGO nanocomposite 
leads to the low adsorption of MB in this pH range. How-
ever, at pH ≥ 7, the surface of the adsorbent is negatively 
charged and more available to retain the cationic MB dye, 
resulting in the increase of MB adsorption. In the pH 
range of 7-11, the removal of MB reaches maximum and 
remains approximately constant.

3. 3. 5.  Recyclability of the Ag/CuFe2O4/rGO 
Nanocomposite

To evaluate the stability and reusability of the Ag/
CuFe2O4/rGO nanocomposite which are important fac-
tors for practical applications, recycling experiments were 
performed. The composite was separated from the reac-
tion mixture by an external magnet after the first use in the 
adsorption of MB and washed thoroughly with ethanol. 
The recovered nanocomposite was found to be reusable for 
at least five runs without significant loss in activity. As 
shown in Figure S3, the slight decrease of performance 
could be observed after five runs.

The amounts of Ag and Cu metals in aqueous solu-
tion after each run were analyzed by ICP-AES. It was 
shown that the leaching of these metals from the catalyst 
is negligible, confirming the stability of the composite. 
Furthermore, the structural stability was investigated by 
XRD, FT-IR, EDX and SEM analyses after five runs. As 
shown in Figure S4, these results did not show significant 
change after the fifth run in comparison with those of the 
fresh sample.

4. Conclusions
In summary, the Ag/CuFe2O4/rGO nanocomposite 

was prepared through a facile one-top solvothermal route. 
The Ag/CuFe2O4 nanoparticles were loaded on the surface 
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of GO and the nanocomposite displayed magnetic proper-
ty. The catalytic performance of this composite was excel-
lent for reduction of nitroarenes in the presence of NaBH4. 
The adsorption capacity of MB and MO dyes was also in-
vestigated and indicated that the removal efficiency of MB 
was 100% within only 2 min. Interestingly, due to the fast 
adsorption of MB molecules, the Ag/CuFe2O4/rGO nano-
composite could be used as effective and selective adsor-
bent for the removal of MB molecules from the mixed 
MB+MO dye solution. The Ag/CuFe2O4/rGO was separat-
ed from solution for reusing by simply applying an exter-
nal magnetic field. Results obtained in this work open a 
way to the fabrication of effective nanomaterials for serv-
ing as an ideal platform to study the various heterogeneous 
catalytic processes and wastewater purification.
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Povzetek
Z razmeroma enostavno solvotermalno sintezo smo pripravili ternarni magnetni nanokompozit Ag/CuFe2O4/rGO. Re-
dukcija grafen oksida (GO) do reducirane zvrsti (rGO) in “in-situ” depozicija CuFe2O4 in nanodelcev Ag na rGO je po-
tekala hkrati. Za določanje strukture, sestave in morfologije pripravljenega nanokompozita smo uporabili naslednje teh-
nike: infradrečo spektroskopijo (FT-IR), rentgensko praškovno difrakcijo (XRD), merilnik namagnetenosti s tresočim se 
vzorcem (VSM), vrstično elektronsko mikroskopijo s poljsko emisijo (FESEM), energijsko disperzijsko spektroskopijo 
rentgenskih žarkov (EDXS), presevno elektronsko mikroskopijo (TEM) in meritve površine (BET). Rezultati so poka-
zali, da so se nanodelci Ag in CuFe2O4 uspešno vezali na površino rGO. Katalitsko učinkovitost nanokompozita Ag/
CuFe2O4/rGO smo določali z rekacijo redukcije nitroarenov do ustreznih aminov v prisotnosti natrijevega borohidrida 
(NaBH4) kot reducenta. Nanokompozit je pokazal visoko učinkovitost pri redukcije nitroarenov s 100% konverzijo v 
10-30 minutah. Katalitska aktivnost Ag/CuFe2O4/rGO je bila izboljšana v primerjavi z vzorci Ag/CuFe2O4, Ag/rGO in 
CuFe2O4/rGO zaradi lažjega prenosa elektronov. Poleg tega so podatki o adsorpciji pokazali, da lahko kationsko barvilo 
metilensko modro (MB) skoraj v celoti odstranimo z uporabo kompozita Ag/CuFe2O4/rGO v 2 minutah. Postopek je 
selektiven, kar smo preverili z uporabo kompozita za adsorpcijo barvila MB iz mešane raztopine z anionskim barvilom 
metil oranž (MO). Sestava nanokompozita, v katerem so tudi magnetni nanodelci CuFe2O4, nam omogoča, da lahko po 
uporabi kompozit enostavno ločimo in ponovno uporabimo.

http://www.sciencedirect.com/science/article/pii/S0021979715303842
http://www.sciencedirect.com/science/article/pii/S0021979715303842
http://www.sciencedirect.com/science/article/pii/S0021979715303842
http://www.sciencedirect.com/science/journal/00219797
http://www.sciencedirect.com/science/journal/00219797
http://www.sciencedirect.com/science/journal/00219797/465/supp/C
http://www.sciencedirect.com/science/article/pii/S0927775714008073
http://www.sciencedirect.com/science/article/pii/S0927775714008073
http://www.sciencedirect.com/science/article/pii/S0927775714008073
http://www.sciencedirect.com/science/article/pii/S0927775714008073
http://www.sciencedirect.com/science/article/pii/S0927775714008073
http://www.sciencedirect.com/science/article/pii/S0927775714008073
http://www.sciencedirect.com/science/article/pii/S0927775714008073
http://www.sciencedirect.com/science/journal/09277757
http://www.sciencedirect.com/science/journal/09277757/465/supp/C
http://www.sciencedirect.com/science/article/pii/S0021979715303702
http://www.sciencedirect.com/science/article/pii/S0021979715303702
http://www.sciencedirect.com/science/article/pii/S0021979715303702
http://www.sciencedirect.com/science/journal/00219797
http://www.sciencedirect.com/science/journal/00219797
http://www.sciencedirect.com/science/journal/00219797/465/supp/C


932 Acta Chim. Slov. 2018, 65, 932–938

Akçay et al.:   Study on Synthesis and Biological Activity   ...

DOI: 10.17344/acsi.2018.4590

Scientific paper

Study on Synthesis and Biological Activity  
of Some Pyridopyridazine Derivatives
Sevilay Akçay,1 Mahmut Ülger,2 Fatma Kaynak Onurdağ3  

and Yasemin Dündar1,*

1 Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Gazi University, Ankara, Turkey.

2 Department of Pharmaceutical Microbiology, Faculty of Pharmacy, Mersin University, Mersin, Turkey.

3 Department of Pharmaceutical Microbiology, Faculty of Pharmacy, Trakya University, Edirne, Turkey.

* Corresponding author: E-mail: yasemina@gazi.edu.tr, akkocysmn@gmail.com 
Phone: +90-312-2023237; Fax: +90-312-2235018

Received: 06-07-2018

Abstract
In this study, new pyrido[3,4-d]pyridazine derivatives were synthesized and evaluated for their in vitro antibacterial, an-
tifungal and antimycobacterial activities. Among the synthesized compounds, compound 10 (1-(4-benzylpiperazin-1-yl)
pyrido[3,4-d]pyridazin-4(3H)-one) and compound 12 (1-(4-benzylpiperidin-1-yl)pyrido[3,4-d]pyridazin-4(3H)-one) 
were found to have the highest antimycobacterial activity. However, all compounds were found ineffective against tested 
Gram-positive, Gram-negative bacteria and fungus.

Keywords: Pyrido[3,4-d]pyridazine derivatives; pyrido[3,4-d]pyridazin-4(3H)-one; pyrido[3,4-d]pyridazin-1(2H)-one; 
antimycobacterial activity.

1. Introduction
Tuberculosis (TB) is a chronic and often deadly in-

fectious disease caused by the Mycobacterium tuberculo-
sis.1 According to the World Health Organization (WHO) 
Global Tuberculosis Report 2017, in 2016, there were an 
estimated 1.3 million TB deaths among HIV-negative 
people and an additional 374.000 deaths among HIV-pos-
itive people.1 Standard TB therapy involves taking isonia-
zid (INH), rifampicin (RIF), pyrazinamide (PZA) and 
ethambutol (EMB) for two months (intensive phase), 
prolong treatment with INH and RIF for four months 
(continuation phase).2 In patients with RIF-resistant TB 
or multidrug-resistant TB, treatment regimens with at 
least five effective antituberculosis agents during the in-
tensive phase is recommended, including PZA and four 
group second-line antituberculosis drugs. The regimen 
may be further strengthened with high dose INH and/or 
EMB.3 

INH, the first-line drug, is a key component in all TB 
therapy regimens recommended by the WHO.1–3 PZA is 
also an important first-line drug which has sterilizing ac-
tivity against semi-dormant tuberculin bacilli.4 Hence, re-

searchers have modified the INH and PZA scaffolds to 
develop novel compounds to obtain better antitubercular 
activity. Additionally, many researchers have worked on 
hybrid molecules of INH and other antitubercular 
drugs.5–12 Therefore, our group decided to study pyr-
ido[3,4-d]pyridazine ring system which has INH and PZA 
like scaffold (Figure 1).

Figure 1. INH, PZA and the general structure of the synthesized 
compounds.
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2,3-Dihydropyrido[3,4-d]pyridazin-1,4-dione (1) 
and its derivatives are generally synthesized by the reac-
tion of hydrazine hydrate with 3,4-pyridinedicarboxylic 
acid derivatives, such as 3,4-pyridinedicarboxylic anhy-
dride, 3,4-pyridinedicarbonitriles, dimethyl or diethyl 
pyridine-3,4-dicarboxylate, 1H-pyrrolo[3,4-c]pyridine-1,3 
(2H)-dione.13–17 In this study, 3,4-pyridinedicarboxylic 
acid was used as the starting material and then converted 
to 3,4-pyridinedicarboxylic anhydride via acetic acid an-
hydride, followed by the cyclization with hydrazine hy-
drate. Subsequent to chlorination of pyridazinone ring with 
phosphorus oxychloride and hydrolysis to monochloro de-
rivatives, the final compounds were obtained via nucleop-
hilic aromatic substitution reaction. Synthesized novel 
4-substituted pyrido[3,4-d]pyridazin-1(2H)-one deriva-
tives and 1-substituted pyrido[3,4-d]pyridazin-4(3H)-one 
derivatives were evaluated for their antimycobacterial, anti-
bacterial, and antifungal properties.

2. Experimental
2. 1. Chemistry

All chemicals and solvents were purchased locally 
from Merck AG and Aldrich Chemicals. The microwave 
reaction was carried out in a MicroSYNTH Microwave 
Lab station (Milestone S.r.l.). Flash chromatography was 
performed with a Combi-flashRf automated flash chroma-
tography system with RediSep columns (Teledyne-Isco, 
Lincoln, NE, USA). Melting points were determined with 
an Electrothermal-9200 Digital Melting Point Apparatus 
and are uncorrected. Fourier-transform infrared attenuat-
ed total reflectance (FTIR-ATR) spectra were recorded on 
Perkin Elmer Spectrum 400 FT-IR and FT-NIR spectrom-
eters with a Universal ATR sampler. 1H NMR spectra were 
recorded in DMSO-d6 on a Varian Mercury 400, 400 MHz 
High Performance Digital FT-NMR spectrometer at the 
NMR facility of the Faculty of Pharmacy, Ankara Univer-
sity. All chemical shifts were recorded as δ (ppm). Micro-
analyses for C, H, and N were performed on a Leco-932 at 
the Faculty of Pharmacy, Ankara University, Ankara, Tur-
key, and they were within the range of ±0.4% of the theo-
retical value. HRMS spectra were taken on a Waters LCT 
Premier XE orthogonal acceleration time-of-flight (oa-
TOF) mass spectrometer using ESI (+) or ESI (–) methods 
(Waters Corporation, Milford, MA, USA). The syntheses 
of 2,3-dihydropyrido[3,4-d]pyridazin-1,4-dione (com-
pound 1),13 1,4-dichloropyrido[3,4-d]pyridazine (com-
pound 2),13 4-chloropyrido[3,4-d]pyridazin-1(2H)-one 
(compound 3),13,14 1-chloropyrido[3,4-d]pyridazin-4(3H)- 
one (compound 4)13,14 were previously reported.

2,3-Dihydropyrido[3,4-d]pyridazin-1,4-dione (1)
8.61 g (0.05 mol) 3,4-pyridinedicarboxylic acid was 

added to 30 mL (0.31 mol) acetic acid anhydride, and the 
mixture was heated to reflux and stirred for 1 h. After cool-

ing to room temperature, 30 mL hydrazine hydrate was 
added and the mixture was refluxed and stirred for 4 h. 
The product was collected by suction filtration, washed 
with water and dried. Crystallized from ethanol/water to 
yield 98.6%; mp >300 °C; FTIR-ATR: 3404 (O–H), 3300–
2200 (N–H), 1668 (C=O) cm–1; 1H NMR (DMSO-d6): δ 
9.34 (1H, s, H5), 9.03 (1H, d, J7–8 = 5.6 Hz, H7), 7.90  
(1H, d, J8–7 = 5.6 Hz, H8); HRMS calcd. for C7H6N3O2 
[M–H]+: 164.0460. Found: 164.0455. Anal. Calcd. for 
C7H5N3O2·1/3H2O: C, 49.71; H, 3.38; N, 24.84. Found: C, 
49.78; H, 3.27; N, 25.06%. 

1,4-Dichloropyrido[3,4-d]pyridazine (2)
A mixture of 6.52 g (0.04 mol) 2,3-dihydropyr-

ido[3,4-d]pyridazin-1,4-dione and 18.6 mL (0.19 mol) 
phosphorus oxychloride in 6.46 mL (0.08 mol) pyridine 
was heated to reflux and stirred for 5 h. The mixture then 
was poured into a slush of 200 g of ice and then neutralized 
with NaHCO3 and then extracted with 3 × 100 mL ethyl 
acetate. Organic phase was separated, washed with water, 
dried with Na2SO4 and evaporated to dryness (yield 45%). 
1,4-Dichloropyrido[3,4-d]pyridazine was subsequently 
used without further purification.

4-Chloropyrido[3,4-d]pyridazin-1(2H)-one (3) and 
1-Chloropyrido[3,4-d]pyridazin-4(3H)-one (4)

1,4-Dichloropyrido[3,4-d]pyridazine (5 g, 0.025 mol) 
was heated up to reflux temperature in 150 mL diluted HCl 
(1%) for 2 h. After cooling, the precipitate formed was fil-
tered off, dried and crystallized from acetic acid to obtain 
4-chloropyrido[3,4-d]pyridazin-1(2H)-one with yield of 
52%. The remaining reaction medium was neutralized 
with ammonium hydroxide to precipitate the 1-chloropyr-
ido[3,4-d]pyridazin-4(3H)-one, which was isolated by fil-
tration, washed with water, dried and crystallized from 
water (yield 34%).

4-Chloropyrido[3,4-d]pyridazin-1(2H)-one (3)
Crystallized from acetic acid to yield 52%; mp 236 °C; 

FTIR-ATR: 3220–2400 (N–H), 1678 (C=O) cm–1; 1H NMR 
(DMSO-d6): δ 13.14 (1H, s, NH), 9.32 (1H, d, J5–8 = 0.8 Hz, 
H5), 9.10 (1H, d, J7–8 = 4.8 Hz, H7), 8.11 (1H, dd, J8–7 = 5.2 
Hz, J8–5 = 0.8 Hz, H8); HRMS calcd. for C7H5ClN3O  
[M–H]+: 182.0121. Found 182.0116. Anal. calcd. for  
C7H4ClN3O: C, 46.30; H, 2.22; N, 23.14. Found: C, 46.11; 
H, 2.22; N, 23.04%. 

1-Chloropyrido[3,4-d]pyridazin-4(3H)-one (4)
Crystallized from water to yield 34%; mp 172 °C; 

FTIR-ATR: 3400–2400 (N–H), 1682 (C=O) cm–1; 1H 
NMR (DMSO-d6): δ 13.13 (1H, s, NH), 9.45 (1H, s, H5), 
9.13 (1H, d, J7–8 = 5.2 Hz, H7), 7.84 (1H, dd, J8–7 = 5.6 Hz, 
J8–5 = 0.8 Hz, H8); HRMS calcd. for C7H5ClN3O [M–H]+: 
182.0121. Found 182.0114. Anal. calcd. for C7H4ClN3O: C, 
46.30; H, 2.22; N, 23.14. Found: C, 46.12; H, 2.28; N, 
23.23%. 
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General Procedure for the Synthesis of 4-Substituted Pyr-
ido[3,4-d]pyridazin-1(2H)-one Derivatives or 1-Substi-
tuted Pyrido[3,4-d]pyridazin-4(3H)-one Derivatives

0.003 mol 4-chloropyrido[3,4-d]pyridazin-1(2H)- 
one or 1-chloropyrido[3,4-d]pyridazin-4(3H)-one in 5 mL 
diethylene glycol was treated with 0.015 mol piperazine or 
piperidine derivatives. The reaction mixture was heated to 
140 °C (only exception compound 11: 125 °C) for appro-
priate time under microwave irradiation. Reaction mix-
ture was poured into ice-water mixture and then extracted 
with CH2Cl2. Organic phase was separated, washed with 
water, dried with Na2SO4, and evaporated to dryness and 
the crude product thus obtained was purified by flash 
chromatography.

4-(4-Methylpiperazin-1-yl)pyrido[3,4-d]pyridazin- 1(2H) 
-one (5)

Reaction time: 120 min. The crude product was pu-
rified by column chromatography using dichlorometh-
ane-methanol gradient system. Yield: 17.94%; mp 199 °C; 
FTIR-ATR: 3330–2400 (N–H), 1678 (C=O) cm–1; 
1H-NMR (DMSO-d6): δ 12.43 (1H, s, NH), 9.22 (1H, s, 
H5), 8.97 (1H, d, J7–8 = 4.8 Hz, H7), 8.06 (1H, d, J8–7 = 4.8 
Hz, H8), 3.14 (4H, m, piperazine H2, H6), 2.58 (4H, m, 
piperazine H3, H5), 2.27 (3H, s, CH3); HRMS calcd. for 
C12H16N5O [M–H]+: 246.1355. Found 246.1351. Anal. cal-
cd. for C12H15N5O·1/3H2O: C, 57.36; H, 6.28; N, 27.87. 
Found: C, 57.69; H, 5.93; N, 27.53%. 

4-(4-Benzylpiperazin-1-yl)pyrido[3,4-d]pyridazin-1(2H) 
-one (6)

Reaction time: 60 min. The crude product was puri-
fied by column chromatography using dichlorometh-
ane-methanol gradient system. The collected product was 
crystallized from ethanol to yield 23.75%; mp 245 °C; 
FTIR-ATR: 3200–2700 (N–H), 1656 (C=O) cm–1; 1H 
NMR (DMSO-d6): δ 12.42 (1H, s, NH), 9.22 (1H, s, H5), 
8.97 (1H, d, J7–8 = 5.2 Hz, H7), 8.06 (1H, dd, J8–7 = 4.8 Hz, 
J8–5 = 0.8 Hz, H8), 7.35–7.27 (5H, m, C6H5), 3.58 (2H,  
s, CH2), 3.15 (4H, m, piperazine H2, H6), 2.62 (4H, m, 
piperazine H3, H5); HRMS calcd. for C18H20N5O [M–H]+: 
322.1668. Found 322.1667. Anal. calcd. for  
C18H19N5O·1/5H2O: C, 66.53; H, 6.02; N, 21.55. Found: C, 
66.82; H, 5.96; N, 21.53%. 

4-(4-Methylpiperidin-1-yl)pyrido[3,4-d]pyridazin-1(2H) 
-one (7)

Reaction time: 60 min. The crude product was puri-
fied by column chromatography using ethyl acetate. The 
collected product was crystallized from ethanol to yield 
40.93%; mp 218 °C; FTIR-ATR: 3300–2700 (N–H), 1669 
(C=O) cm–1; 1H NMR (DMSO-d6): δ 12.37 (1H, s, NH), 
9.19 (1H, s, H5), 8.96 (1H, d, J7–8 = 5.2 Hz, H7), 8.05 (1H, 
dd, J8–7 = 5.2 Hz, J8–5 = 0.8 Hz, H8), 3.47–3.44 (2H, m, 
piperidine H2, H6), 2.76 (2H, td, piperidine H2, H6), 1.76–
1.72 (2H, m, piperidine H3, H5), 1.57–1.54 (1H, m, piperi-

dine H4), 1.45 (2H, m, piperidine H3,H5), 0.99 (3H, d, 
CH3); HRMS calcd. for C13H17N4O [M–H]+: 245.1402. 
Found 245.1407. Anal. calcd. for C13H16N4O·1/5H2O: C, 
62.99; H, 6.67; N, 22.60. Found: C, 63.26; H, 6.49; N, 22.53%. 

4-(4-Benzylpiperidin-1-yl)pyrido[3,4-d]pyridazin-1(2H) 
-one (8)

Reaction time: 30 min. The crude product was puri-
fied by column chromatography using n-hexane-ethyl ac-
etate gradient system. The collected product was crystal-
lized from ethanol to yield 18.42%; mp 225 °C; FTIR-ATR: 
3300–2700 (N–H), 1685 (C=O) cm–1; 1H NMR  
(DMSO-d6): δ 12.37 (1H, s, NH), 9.18 (1H, s, H5), 8.96 
(1H, d, J7–8 =5.6 Hz, H7), 8.05 (1H, d, J8–7 = 5.2 Hz, H8), 
7.32–7.19 (5H, m, C6H5), 3.49–3.46 (2H, m, piperidine 
H2, H6), 2.74–2.68 (2H, m, piperidine H2, H6), 2.61 (2H, 
d, CH2), 1.72–1.69 (3H, m, piperidine H3, H5, H4), 1.51–
1.49 (2H, m, piperidine H3, H5); HRMS calcd. for C19H-
21N4O [M–H]+: 321.1715. Found 321.1708. Anal. calcd. 
for C19H20N4O·1/2C2H5OH: C, 69.95; H, 6.75; N, 16.31. 
Found: C, 69.78; H, 6.54; N, 16.53%. 

1-(4-Methylpiperazin-1-yl)pyrido[3,4-d]pyridazin-4(3H) 
-one (9)

Reaction time: 60 min. The crude product was puri-
fied by column chromatography using dichlorometh-
ane-methanol gradient system. The collected product was 
crystallized from ethanol to yield 20.38%; mp 206 °C; 
FTIR-ATR: 3300–2600 (N–H), 1670 (C=O) cm–1; 1H 
NMR (DMSO-d6): δ 12.41 (1H, s, NH), 9.42 (1H, s, H5), 
9.01 (1H, d, J7–8 = 5.2 Hz, H7), 7.75 (1H, d, J8–7 = 5.6  
Hz, H8), 3.09 (4H, m, piperazine H2, H6), 2.55 (4H, m, 
piperazine H3, H5), 2.26 (3H, s, CH3); HRMS calcd. for 
C12H16N5O [M–H]+: 246.1355. Found 246.1360. Anal. cal-
cd. for C12H15N5O·1/6H2O: C, 58.05; H, 6.22; N, 28.21. 
Found: C, 58.36; H, 6.16; N, 27.95%. 

1-(4-Benzylpiperazin-1-yl)pyrido[3,4-d]pyridazin-4(3H)- 
one (10)

Reaction time: 30 min. The crude product was puri-
fied by column chromatography using n-hexane-ethyl ac-
etate gradient system. The collected product was crystal-
lized from ethanol to yield 45.13%; mp 230 °C; FTIR-ATR: 
3200–2300 (N–H), 1672 (C=O) cm–1; 1H NMR  
(DMSO-d6): δ 12.37 (1H, s, NH), 9.38 (1H, s, H5), 8.98 
(1H, d, J7–8 = 5.6 Hz, H7), 7.71 (1H, dd, J8–7 = 5.4 Hz, J8–5 = 
0.4 Hz, H8), 7.32–7.23 (5H, m, C6H5), 3.54 (2H, s, CH2), 
3.07 (4H, m, piperazine H2, H6), 2.58 (4H, m, piperazine 
H3, H5); HRMS calcd. for C18H20N5O [M–H]+: 322.1668. 
Found 322.1666. Anal. calcd. for C18H19N5O: C, 67.27; H, 
5.96; N, 21.79. Found: C, 67.31; H, 6.14; N, 21.77%. 

1-(4-Methylpiperidin-1-yl)pyrido[3,4-d]pyridazin-4(3H) 
-one (11)

Reaction time: 45 min. The crude product was puri-
fied by column chromatography using n-hexane-ethyl ac-
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etate gradient system. Yield: 14%; mp 186 °C; FTIR-ATR: 
3300–2700 (N–H), 1673 (C=O) cm–1; 1H NMR  
(DMSO-d6): δ 12.36 (1H, s, NH), 9.41 (1H, s, H5), 9.01 
(1H, d, J7–8 = 5.2 Hz, H7), 7.71 (1H, d, J8–7 = 5.2 Hz, H8), 
3.42–3.39 (2H, m, piperidine H2, H6), 2.74–2.69 (2H, m, 
piperidine H2, H6), 1.75–1.72 (2H, m, piperidine H3, H5), 
1.56–1.54 (1H, m, piperidine H4), 1.45–1.36 (2H, m, 
piperidine H3, H5), 0.99 (3H, d, CH3); HRMS calcd. for 
C13H17N4O [M–H]+: 245.1402. Found 245.1406. Anal. cal-
cd. for C13H16N4O·1/6H2O: C, 63.14; H, 6.66; N, 22.66. 
Found: C, 63.44; H, 6.61; N, 22.25%. 

1-(4-Benzylpiperidin-1-yl)pyrido[3,4-d]pyridazin-4(3H)- 
one (12)

Reaction time: 30 min. The crude product was puri-
fied by column chromatography using n-hexane-ethyl ac-
etate gradient system. The collected product was crystal-
lized from methanol-water to yield 23.51%; mp 147 °C; 
FTIR-ATR: 3200–2700 (N–H), 1660 (C=O) cm–1; 1H 
NMR (DMSO-d6): δ 12.35 (1H, s, NH), 9.41 (1H, s, H5), 
9.01 (1H, d, J7–8 = 5.2 Hz, H7), 7.71 (1H, d, J8–7 = 5.6 Hz, 
H8), 7.32–7.19 (5H, m, C6H5,), 3.44–3.39 (2H, m, piperi-
dine H2, H6), 2.69–2.64 (2H, m, piperidine H2, H6), 2.60 
(2H, d, CH2), 1.71–1.68 (3H, m, piperidine H3, H5, H4), 
1.51–1.46 (2H, m, piperidine H3, H5); HRMS calcd. for 
C19H21N4O [M–H]+: 321.1715. Found 321.1719. Anal. cal-
cd. for C19H20N4O·1/5H2O: C, 70.43; H, 6.35; N, 17.29. 
Found: C, 70.66; H, 6.25; N, 17.09%. 

2. 2. Biological Activity
2. 2. 1.  Antibacterial and Antifungal Activity18,19

Microorganisms
Standard strains of Escherichia coli ATCC 35218, 

Pseudomonas aeruginosa ATCC 10145, Staphylococcus au-
reus ATCC 6538, Enterococcus faecalis ATCC 29212, Candi-
da albicans ATCC 10231 and clinical isolates from Trakya 
University Health Center for Medical Research and Practice 
Microbiology Laboratory were included in the study.

Microdilution Method
Mueller Hinton Agar (MHA), Mueller Hinton Broth 

(MHB), Sabouraud Dextrose Agar (SDA), Sabouraud Liq-
uid Medium (SLM) and RPMI-1640 medium with L-gluta-
mine (Sigma) buffered with MOPS (Sigma) (pH 7) were 
used in the study. MHA, MHB, SDA and SLM were steril-
ized with autoclave at 121 °C for 15–20 minutes and RPMI-
1640 was sterilized by filtration. Susceptibility testing was 
performed according to the guidelines of Clinical and Lab-
oratory Standards Institute (CLSI) M100-S18 and M27-A3. 
100 µL of MHB and RPMI-1640 medium with L-glutamine 
(Sigma) buffered with MOPS (pH 7) were added to each 
well of the microplates for bacteria and fungi, respectively. 
The bacterial suspensions used for inoculation were pre-
pared at 105 CFU/mL by diluting fresh cultures at McFar-
land 0.5 density. Suspensions of the yeast at McFarland den-

sity was diluted 1:100 and 1:20 respectively and 2.5·103 
CFU/mL were inoculated to the two fold-diluted solutions 
of the compounds. Stock solutions of the tested compounds 
were dissolved in DMSO. Standard antibiotic solutions were 
dissolved in appropriate solvents recommended by CLSI 
guidelines. Stock solutions of the tested compounds and 
standard drugs were diluted two-fold in the wells of the mi-
croplates so the solution of the synthesized compounds and 
standard drugs were prepared at 1024, 512, 256, 128, 64, 32, 
16, 8, 4, 2, 1, 0.5 µg/mL and standard drugs were prepared at 
64, 32, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125 µg/mL 
concentrations. All solvents and diluents, pure microorgan-
isms and pure media were used in control wells. A 10 µL 
microorganisms inoculum was added to each well of the 
microplates. Microplates including bacteria were incubated 
at 37 °C for 16–20 hours and microplates including fungi 
were incubated at 35 °C for 24–48 hours. After incubation, 
the lowest concentration of the compounds that completely 
inhibits macroscopic growth was determined and reported 
as minimum inhibitory concentrations (MICs).

2. 2. 2. Antimycobacterial Activity20,21

Agar Proportion Method
The minimum inhibitory concentration (MIC) values 

of each synthesized compound were tested by agar dilution 
in duplicate as recommended by the Clinical Laboratory 
Standards Institute (CLSI).20,21 Positive and negative growth 
controls were run in each assay. Isoniazid (INH) (Sigma 
I3377) and rifampicin (RIF) (Sigma R3501) were used as 
control agents. M. tuberculosis H37Rv was used as the stan-
dard strain and was provided by Refik Saydam National 
Public Health Agency, National Tuberculosis Reference 
Laboratory, Ankara, Turkey. Stock solutions of synthesized 
compounds and reference compounds were prepared in 
DMSO/H2O (50%) at a concentration of 1000 μg/mL. These 
solutions were then filtered through a 0.22 μm membrane 
filter (Millipore, USA). Middlebrook 7H10 agar medium 
(BBL, Becton Dickinson and Company, Sparks, MD, USA) 
was supplemented with oleic acid-albumin-dextrose-cata-
lase (OADC, BBL, Becton Dickinson and Company, Sparks, 
MD, USA). Synthesized compounds and control agents 
were added to obtain an appropriate final concentration in 
the medium. The final concentrations of INH and RIF were 
0.2–1 μg/mL and 1 μg/mL, respectively. Synthesized com-
pounds were prepared at final concentrations of 5, 10, 20, 40 
and 80 μg/mL. Agar without any references and synthesized 
compounds were used as a positive growth control, and 3 
mL of prepared medium was dispensed into sterile tubes. 
The DMSO concentration in the final solutions was not 
above 1% for antimycobacterial activity.

Inoculum Preparation
H37Rv was maintained in Lowenstein-Jensen medi-

um. A culture suspension was prepared by subculturing in 
Middlebrook 7H9 broth (BBL, Becton Dickinson and 
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Company, Sparks, MD, USA) supplemented with 10% 
OADC at 37 °C for 7–10 days, until a density correspond-
ing to 10–2 to 10–4 dilutions were obtained from McFar-
land standard No. 1. Then 0.1 mL of the diluted suspension 
was inoculated onto the control and the other tubes with 
compounds in different concentrations. The tubes were in-
cubated at 37 °C in an atmosphere of 5% CO2 for 3 weeks. 
The MIC values were defined as the lowest concentration 
that inhibited more than 90% of the bacterial growth and 
the results of INH and RIF were interpreted according to 

the CLSI. The MIC was considered the lowest concentra-
tion that showed no visible colonies in all dilutions.

3. Result and Discussion
The synthetic routes for the synthesized compounds 

are outlined in Scheme 1. The starting compound 2,3-di-
hydropyrido[3,4-d]pyridazin-1,4-dione (1) was readily 
prepared by the reaction of 3,4-pyridinedicarboxylic acid 

Scheme 1. Reagents and conditions: (i) acetic acid anhydride, reflux, 1 h; (ii) hydrazine hydrate, reflux, 4 h; (iii) phosphorus oxychloride, pyridine, 
reflux, 5 h; (iv) dil. HCl, reflux, 2 h; (v) dil. HCl, reflux, 2 h, neutralized with NH4OH; (vi) appropriate piperazine or piperidine derivatives, diethylene 
glycol, and heat under MW. X = N, C; R: methyl, benzyl.

Table 1. Antibacterial, antifungal and antimycobacterial activity of the synthesized compounds

Comp. A B C D E F G H I J K L

   1 256 128 256 128 256 512 256 256 128 128 80  40 
   3 256 128 256 128 256 512 256 256 128 128 80  80 
   4 256 128 256 128 256 512 256 256 128 128 80  40 
   5 256 256 256 128 256 512 256 256 128 128 80  40 
   6 256 256 256 128 256 512 256 256 128 128 80  40 
   7 256 256 256 128 256 512 256 256 128 128 80  40 
   8 256 128 256 128 256 512 256 256 64 128 80  80 
   9 256 128 256 128 256 256 256 256 128 128 80  40 
 10 256 128 256 128 256 256 256 256 128 128 40  40 
 11 256 256 256 128 256 512 256 256 128 128 80  80 
 12 256 256 256 128 256 512 256 256 128 128 40  40 
St1 2 <0.0078 1 2 1 0.03125 1 1 – – – –
St2 0.5 4 – – 0.5 0.5 0.5 0.5 – – – –
St3 >32 4 – – 8 1 – – – – – –
St4 – – – – – – – – 1 1 – –
St5 – – – – – – – – – – 0.2 0.2
St6 – – – – – – – – – – 1 1

A: Escherichia coli ATCC 35218, B: E. coli isolate, C: Pseudomonas aeruginosa ATCC 10145, D: P. aeruginosa isolate, E: Staphylococcus aureus ATCC 
6538, F: S. aureus isolate, G: Enterococcus faecalis ATCC 29212, H: E. faecalis isolate, I: Candida albicans ATCC 10231, J: C. albicans isolate, K: 10–2 
Dilution of M. tuberculosis H37Rv L: 10–4 Dilution of M. tuberculosis H37Rv. St1: Meropenem, St2: Amoxicillin clavulanic acid, St3: Cefuroxime, 
St4: Fluconazole, St5: Isoniazid, St6: Rifampicin. 
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and acetic acid anhydride and subsequent treatment with 
hydrazine hydrate. Compound 1 was then reacted with 
phosphorus oxychloride in the presence of pyridine to ob-
tain 1,4-dichloropyrido[3,4-d]pyridazine (2). Subsequent 
hydrolysis under acid conditions afforded 4-chloropyr-
ido[3,4-d]pyridazin-1(2H)-one (3). The remaining reac-
tion medium was neutralized with ammonium hydroxide 
to precipitate the 1-chloropyrido[3,4-d]pyridazin-4 (3H)-
one (4). 4-Substituted pyrido[3,4-d]pyridazin-1(2H)-one 
derivatives or 1-substituted pyrido[3,4-d]pyridazin-4(3H) 
-one derivatives was readily prepared by the reaction of 
4-chloropyrido[3,4-d]pyridazin-1(2H)-one or 1-chloro-
pyrido[3,4-d]pyridazin-4(3H)-one and appropriate piper-
azine/piperidine derivatives in diethylene glycol under 
microwave irradiation (MW). The structures of the com-
pounds were elucidated by FT-IR, 1H NMR spectral data, 
HRMS and elemental analysis.

All the synthesized compounds were screened for 
their antimycobacterial activities against Mycobacterium 
tuberculosis H37Rv; for their antibacterial activities against 
for Escherichia coli ATCC 35218, Pseudomonas aeruginosa 
ATCC 10145, Staphylococcus aureus ATCC 6538, Entero-
coccus faecalis ATCC 29212 and their clinical isolates; for 
their antifungal activities against Candida albicans ATCC 
10231 and their clinical isolates. The preliminary screen-
ing results of the prepared compounds are shown in Table 
1. Results are expressed as minimal inhibitory concentra-
tion (MIC, µg/mL).

Among the synthesized compounds, compounds 10 
and 12 displayed moderate inhibition activity against My-
cobacterium tuberculosis with 40 µg/mL MIC value (10–2 
dilution). In 10–4 dilution, all tested compounds, except 
compounds 3, 8 and 11 showed moderate antitubercular 
activity with a MIC value of 40 µg/mL. Besides, all com-
pounds were found ineffective against tested Gram-posi-
tive, Gram-negative bacteria and fungus. Only compound 
8 showed poor activity (MIC 64 µg/mL) against Candida 
albicans ATCC 10231.

4. Conclusion
In conclusion, a series of novel pyrido[3,4-d]pyri-

dazine derivatives were designed, synthesized, and evaluat-
ed for their in vitro antimycobacterial activities against My-
cobacterium tuberculosis H37Rv. Among the synthesized 
compounds, compounds 10 and 12 exhibited promising 
antimycobacterial activity with MIC value of 40 µg/mL.
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Povzetek
V tej študiji smo sintetizirali nekaj novih pirido[3,4-d]piridazinskih derivatov in ovrednotili njihove in vitro protibak-
terijske, protiglivične in antimikobakterijske aktivnosti. Med sintetiziranimi spojinami sta spojini 10 (1-(4-benzilpiper-
azin-1-il)pirido[3,4-d]piridazin-4(3H)-on) in 12 (1-(4-benzilpiperidin-1-il)pirido[3,4-d]piridazin-4(3H)-on) izkazali 
največjo antimikobakterijsko aktivnost. Vendar so se vse spojine izkazale kot neučinkovite proti testiranim Gram-pozi-
tivnim in Gram-negativnim bakterijam ter glivam.
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Abstract
A pair of structurally similar new dioxomolybdenum(VI) complexes, [MoO2L1(EtOH)] · EtOH (1) and [MoO2L2(MeOH)] 
(2), where L1 and L2 are the dianionic form of 2-[(2-hydroxyphenylimino)methyl]-6-methoxyphenol (H2L1) and 2-eth-
oxy-6-[(2-hydroxyphenylimino)methyl]phenol (H2L2), respectively, were prepared and characterized by IR and UV-Vis 
spectroscopy, as well as single crystal X-ray diffraction. X-ray analyses indicate that the complexes are dioxomolybde-
num(VI) species. Complex 1 contains ethanol as co-ligand, and complex 2 contains methanol as co-ligand. The coor-
dination geometry around the Mo atoms can be described as distorted octahedron, with one imino-N and two phe-
nolate-O of the Schiff base ligand, and one oxo group defining the equatorial plane, and with the other oxo group and one 
solvent-O occupying the axial positions. The catalytic oxidation property of the complexes with tert-butylhydroperoxide 
in CH2Cl2 was studied. Both complexes have excellent catalytic properties on cyclooctene and cyclohexene, and good 
properties on 1-hexene and 1-octene.

Keywords: Schiff base; Dioxomolybdenum complex; Crystal structure; Catalytic property

1. Introduction
Schiff base complexes have various catalytic proper-

ties, such as ring opening polymerization of cycloalkenes,1 
oxidation of hydrocarbons,2 ring opening of large cycloal-
kanes,3 reduction of ketones to alcohols,4 alkylation of al-
lylic substrates,5 improve enantioselectivity in the cyclo-
propanation reactions.6 The capability of molybdenum to 
formation of complexes with oxygen-, nitrogen-, and sul-
fur-containing ligands led to development of molybde-
num Schiff base complexes which are efficient catalysts 
both in homogeneous and heterogeneous reactions.7 The 
properties of the complexes vary obviously with the differ-
ent types of ligands and coordination sites. Recently, we 

have reported a molybdenum complex with hydrazone li-
gand and its catalytic property.8 In the present work, two 
new dioxomolybdenum(VI) complexes with Schiff base 
ligands 2-[(2-hydroxyphenylimino)methyl]-6-methoxy-
phenol (H2L1) and 2-ethoxy-6-[(2-hydroxyphenylimino)
methyl]phenol (H2L2; Scheme 1), [MoO2L1(EtOH)]·EtOH 
(1) and [MoO2L2(MeOH)] (2), are presented. 

2. Experimental
2. 1. Materials and Methods

3-Methoxysalicylaldehyde, 3-ethoxysalicylaldehyde, 
2-aminophenol and MoO2(acac)2 were purchased from 
Sigma-Aldrich and used as received. All other reagents 
were of analytical reagent grade. The ligands H2L1 and 
H2L2 were synthesized according to the literature method 
with modification.9 Elemental analyses of C, H and N were 
carried out in a Perkin-Elmer automated model 2400 Se-
ries II CHNS/O analyzer. FT-IR spectra were obtained on 
a Perkin-Elmer 377 FT-IR spectrometer with samples pre-
pared as KBr pellets. UV-Vis spectra were obtained on a Scheme 1. H2L1: X = OMe; H2L2: X = OEt
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Lambda 900 spectrometer. X-ray diffraction was carried 
out on a Bruker APEX II CCD diffractometer. 1H and 13C 
NMR spectra were recorded on a Bruker 300 MHz instru-
ment.

2. 2.  Synthesis of 2-[(2-hydroxyphenylimino)
methyl]-6-methoxyphenol (H2L1)
3-Methoxysalicylaldehyde (0.010 mol, 1.52 g) and 

2-aminophenol (0.010 mol, 1.10 g) were dissolved in etha-
nol (50 mL). The mixture was stirred for 30 min to give red 
solution. Then, the solvent was removed by distillation. 
The red solid was recrystallized from ethanol to give the 
Schiff base H2L1. Yield: 2.12 g (87%). IR data (cm–1): 3432 
(O–H), 1628 (C=N), 1277 (Ar–O). UV-Vis data (CH3OH, 
λmax, nm): 267, 346, 451. 1H NMR (500 MHz, DMSO) δ 
14.02 (s, 1H, OH), 9.74 (s, 1H, OH), 8.95 (s, 1H, CH=N), 
7.37 (d, 1H, ArH), 7.20–7.07 (m, 3H, ArH), 6.98-6.84 (m, 
3H, ArH), 3.81 (s, 3H, CH3). 13C NMR (126 MHz, DMSO) 
δ 161.54, 151.80, 150.95, 148.15, 134.47, 127.98, 123.78, 
119.57, 119.48, 119.22, 117.89, 116.49, 115.22, 55.85. Anal. 
calcd. for C14H13NO3 (%): C, 69.12; H, 5.39; N, 5.76. Found 
(%): C, 68.95; H, 5.50; N, 5.83.

2. 3.  Synthesis of 2-ethoxy-6-[(2-hydro-
xyphenylimino)methyl]phenol (H2L2)
3-Ethoxysalicylaldehyde (0.010 mol, 1.66 g) and 

2-aminophenol (0.010 mol, 1.10 g) were dissolved in etha-
nol (50 mL). The mixture was stirred for 30 min to give red 
solution. Then, the solvent was removed by distillation. 
The red solid was recrystallized from ethanol to give the 
Schiff base H2L2. Yield: 2.33 g (91%). IR data (cm–1): 3435 
(O–H), 1628 (C=N), 1275 (Ar–O). UV-Vis data (CH3OH, 
λmax, nm): 270, 345, 450. 1H NMR (500 MHz, DMSO) δ 
13.89 (s, 1H, OH), 9.76 (s, 1H, OH), 8.95 (s, 1H, CH=N), 
7.37 (d, 1H, ArH), 7.20–7.03 (m, 3H, ArH), 6.98-6.84 (m, 
3H, ArH), 4.07 (q, 2H, CH2), 1.33 (t, 3H, CH3). 13C NMR 
(126 MHz, DMSO) δ 161.53, 151.80, 151.02, 147.50, 
134.47, 127.96, 123.81, 118.86, 119.48, 118.83, 117.45, 
116.49, 118.16, 64.87, 14.75. Anal. calcd. for C15H15NO3 
(%): C, 70.02; H, 5.88; N, 5.44. Found (%): C, 70.15; H, 
5.96; N, 5.37.

2. 4. Synthesis of Complex 1
H2L1 (0.010 mol, 2.43 g) and MoO2(acac)2 (0.010 

mol, 2.65 g) were mixed and dissolved in ethanol (50 mL). 
The mixture was stirred for 1 h to give yellow solution. Sin-
gle crystals of the complex, suitable for X-ray diffraction, 
were grown from the solution upon slowly evaporation for 
a few days. Yield: 1.87 g (41%). IR data (cm–1): 3357 (O–
H), 1612 (C=N), 1263 (Ar–O), 929 and 910 (Mo=O). UV-
Vis data (CH3OH, λmax, nm): 273, 330. Anal. calcd. for 
C18H23MoNO7 (%): C, 46.86; H, 5.03; N, 3.04. Found (%): 
C, 46.67; H, 4.89; N, 3.13.

2. 5. Synthesis of Complex 2

H2L2 (0.01 mol, 2.57 g) and MoO2(acac)2 (0.01 mol, 
2.65 g) were mixed and dissolved in methanol (50 mL). 
The mixture was stirred for 1 h to give yellow solution. Sin-
gle crystals of the complex, suitable for X-ray diffraction, 
were grown from the solution upon slowly evaporation for 
a few days. Yield: 2.12 g (51%). IR data (cm–1): 3382 (O–
H), 1611 (C=N), 1267 (Ar–O), 930 and 912 (Mo=O). UV-
Vis data (CH3OH, λmax, nm): 275, 330. Anal. calcd. for 
C16H17MoNO6 (%): C, 46.28; H, 4.13; N, 3.37. Found (%): 
C, 46.10; H, 4.07; N, 3.51.

2. 6. X-ray Crystallography
X-ray diffraction was carried out at a Bruker APEX 

II CCD area diffractometer equipped with MoKα radia-
tion (λ = 0.71073 Å). The collected data were reduced with 
SAINT,10 and multi-scan absorption correction was per-
formed using SADABS.11 The structures of the complexes 
were solved by direct method, and refined against F2 by 
full-matrix least-squares method using SHELXTL.12 All of 
the non-hydrogen atoms were refined anisotropically. The 
hydrogen atoms were placed in calculated positions and 
constrained to ride on their parent atoms. The crystallo-
graphic data and refinement parameters for the complexes 

Table 1. Crystallographic and refinement data for the complexes

 1 2

Formula C18H23MoNO7 C16H17MoNO6
Formula weight 461.31 415.25
Crystal shape/color Block/yellow Block/yellow
T (K) 298(2) 298(2)
Crystal  0.23 × 0.22 × 0.18 0.27 × 0.27 × 0.22
dimensions (mm3) 
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a (Å) 8.3857(11) 10.0718(10)
b (Å) 6.9208(12) 18.1333(12)
c (Å) 34.0235(15) 19.234(2)
β (º) 91.317(2) 97.354(2)
V (Å3) 1967.7(4) 3483.9(6)
Z 4 8
Dcalc (g cm–3) 1.557 1.583
µ (Mo Kα) (mm–1) 0.705 0.783
F(000) 944 1680
Measured reflections 9054 20401
Unique reflections 3611 6469
Observed  2385 5125
reflections (I ≥ 2σ(I)) 
Parameters 251 443
Restraints 1 5
Goodness of fit on F2 1.135 1.093
R1, wR2 [I ≥ 2σ(I)]a 0.0896, 0.1551 0.0395, 0.1001
R1, wR2 (all data)a 0.1393, 0.1742 0.0549, 0.1096

a R1 = Fo – Fc/Fo, wR2 = [∑ w(Fo
2 – Fc2)/∑ w(Fo

2)2]1/2
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are listed in Table 1. Selected bond lengths and angles are 
listed in Table 2. 

2. 7. Catalytic Epoxidation of Olefins

Epoxidation of cyclooctene, cyclohexene, 1-octene 
and 1-hexene catalyzed by the complexes with tert-butyl-
hydroperoxide (TBHP) in CH2Cl2 was carried out accord-
ing to the following general procedure. To a 25 mL round 
bottomed flask equipped with a magnetic stirring bar and 
immersed into water thermo-stated bath, was added 10 
mL CH2Cl2, 1.0 mmol TBHP, 0.01 mmol catalyst and 1.0 
mmol olefin. The mixture was refluxed with vigorous stir-
ring for 2 h at an appropriately chosen temperature. The 
progress of the reaction was monitored by carefully with-
drawing aliquots of the sample at different time intervals 
to determine concentrations of the products by GC analy-
sis, using n-hexane as an internal standard and was left to 
proceed until near complete conversion of TBHP. The con-

centration of the TBHP was determined by iodometric ti-
tration method.13 The yield of epoxide (%) was calculated 
according to the starting amount of olefin. Assignments of 
the products were made by comparison with authentic 
samples. All the reactions were run in triplicates. Control 
experiments showed that no epoxide was formed in a mea-
surable extent in the absence of catalyst.

3. Results and Discussion
3. 1. General

The Schiff base ligands H2L1 and H2L2 were readily 
prepared by the condensation reaction of 2-aminophenol 
with 3-methoxysalicylaldehyde and 3-ethoxysalicylalde-
hyde, respectively. The molybdenum(VI) complexes 1 and 
2 were synthesized by stirring equimolar quantities of the 
Schiff bases with MoO2(acac)2 in ethanol or methanol at 
room temperature. Single crystals of the complexes are sta-

Table 2. Selected bond distances (Å) and angles (º) for the complexes.

1

Mo(1)–O(1) 1.919(6) Mo(1)–O(2) 1.950(6)
Mo(1)–O(4) 2.315(7) Mo(1)–O(5) 1.683(6)
Mo(1)–O(6) 1.708(6) Mo(1)–N(1) 2.255(7)
O(5)–Mo(1)–O(6) 103.8(3) O(5)–Mo(1)–O(1) 98.6(3)
O(6)–Mo(1)–O(1) 100.7(3) O(5)–Mo(1)–O(2) 97.8(3)
O(6)–Mo(1)–O(2) 97.6(3) O(1)–Mo(1)–O(2) 151.7(3)
O(5)–Mo(1)–N(1) 92.7(3) O(6)–Mo(1)–N(1) 162.7(3)
O(1)–Mo(1)–N(1) 81.6(3) O(2)–Mo(1)–N(1) 74.7(3)
O(5)–Mo(1)–O(4) 170.1(3) O(6)–Mo(1)–O(4) 86.0(3)
O(1)–Mo(1)–O(4) 80.8(3) O(2)–Mo(1)–O(4) 79.1(3)
N(1)–Mo(1)–O(4) 77.4(2)  

2

Mo(1)–O(1) 1.975(3) Mo(1)–O(2) 1.951(3)
Mo(1)–O(4) 1.685(3) Mo(1)–O(5) 1.690(3)
Mo(1)–O(6) 2.301(3) Mo(1)–N(1) 2.286(3)
Mo(2)–O(10) 1.684(3) Mo(2)–O(11) 1.691(3)
Mo(2)–O(8) 1.958(3) Mo(2)–O(7) 1.968(3)
Mo(2)–N(2) 2.273(3) Mo(2)–O(12) 2.329(3)
O(4)–Mo(1)–O(5) 104.70(16) O(4)–Mo(1)–O(2) 102.31(14)
O(5)–Mo(1)–O(2) 95.90(14) O(4)–Mo(1)–O(1) 95.52(14)
O(5)–Mo(1)–O(1) 104.44(14) O(2)–Mo(1)–O(1) 148.54(12)
O(4)–Mo(1)–N(1) 90.80(14) O(5)–Mo(1)–N(1) 163.45(14)
O(2)–Mo(1)–N(1) 74.77(12) O(1)–Mo(1)–N(1) 79.32(12)
O(4)–Mo(1)–O(6) 169.69(13) O(5)–Mo(1)–O(6) 84.85(14)
O(2)–Mo(1)–O(6) 80.18(12) O(1)–Mo(1)–O(6) 78.07(11)
N(1)–Mo(1)–O(6) 80.14(12) O(10)–Mo(2)–O(11) 105.69(18)
O(10)–Mo(2)–O(8) 96.57(15) O(11)–Mo(2)–O(8) 100.16(15)
O(10)–Mo(2)–O(7) 102.51(15) O(11)–Mo(2)–O(7) 98.82(14)
O(8)–Mo(2)–O(7) 148.24(12) O(10)–Mo(2)–N(2) 163.87(15)
O(11)–Mo(2)–N(2) 89.44(14) O(8)–Mo(2)–N(2) 74.83(12)
O(7)–Mo(2)–N(2) 80.14(11) O(10)–Mo(2)–O(12) 84.58(15)
O(11)–Mo(2)–O(12) 169.73(14) O(8)–Mo(2)–O(12) 78.56(13)
O(7)–Mo(2)–O(12) 78.24(11) N(2)–Mo(2)–O(12) 80.38(12)
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ble in air at ambient condition. The complexes are soluble 
in methanol, ethanol, acetonitrile, DMSO, DMF, but insol-
uble in water. The chemical formulae of the complexes 
have been confirmed by elemental analyses, IR spectra, 
and single crystal X-ray diffraction.

3. 2. Spectral Characterization
The bands at 1628 cm–1 characteristic of the azome-

thine groups present in the free Schiff bases, were shifted 
to lower wave numbers at 1612 cm–1 for 1 and 1611 cm–1 
for 2, indicating that the involvement the azomethine ni-
trogen atoms in coordination. The bands at 1275–1277 
cm–1 in the spectra of the Schiff bases are ascribed to the 
phenolic C–O stretching vibration. These bands are 
found at 1263 and 1267 cm–1 in the spectra of the com-
plexes. These changes suggest that the hydroxyl groups of 
the Schiff bases took part in the complex formation. The 
Schiff bases and the complexes exhibit broad bands at 
3300–3400 cm–1, which may be assigned to the ν(O-H). 
Further evidence of the bonding is also shown by the ob-
servation that new bands in the IR spectra of the metal 
complexes appear at 450–650 cm–1 assigned to Mo–N 
and Mo–O stretching vibrations. The Mo=O stretching 
mode occur as double bands at 930 and 910 cm–1, as-
signed to the symmetric and asymmetric stretching 
modes of the MoO2 moieties.14

Electronic absorption spectra of the Schiff base and 
the complexes were obtained in methanol solutions. The 
electronic absorption spectra of the free Schiff bases dis-
played three bands at 270, 345 and 450 nm, which are as-
signed for the π→π* and n→π* transitions, respectively. In 
the electronic spectra of the complexes, the strong bands 
centered at 273 nm are attributed to the intra-ligand π→π* 
absorption peak of the Schiff base ligand. The LMCT and 
to some extent π→π* bands appear at about 330 nm.

3. 3. Structural Description of Complex 1

The molecular structure of complex 1 is shown in 
Figure 1. It contains a dioxomolybdenum complex mole-
cule and an ethanol molecule of crystallization. The coor-
dination geometry around the Mo atom can be described 
as distorted octahedron, with one imino-N and two phe-
nolate-O of the Schiff base ligand, and one oxo group de-
fining the equatorial plane, and with the other oxo group 
and one ethanol-O occupying the axial positions. The 
Schiff base ligand coordinates to the Mo atom in a meridi-
onal fashion forming five- and six-membered chelate rings 
with bite angles of 74.7(3) and 81.6(3)°. The dihedral angle 
between the two benzene rings of the Schiff base ligand is 
6.5(3)°. The O=Mo=O angle (103.8(3)º) and the Mo=O 
distances (1.683(3)–1.708(3) Å) are typical for cis-dioxo-
molybdenum(VI) complexes.7 The imino nitrogen and 
ethanol oxygen atoms, which are trans to the terminal oxo 
groups, bond to the Mo(VI) atom with distances of 
2.255(7) Å for nitrogen and 2.315(7) Å for oxygen, respec-
tively. The Mo–O distances vary from 1.919(6) to 1.950(6) 
Å for the phenolate oxygen, which are in accord with these 
types of bonds in hexa-coordinated dioxomolybde-
num(VI) complexes.7

In the crystal structure of the complex, the 
[MoO2L1(EtOH)] complex molecules are linked by ethanol 
molecules through two intermolecular O–H···O hydrogen 
bonds [O(7)–H(7A) = 0.82 Å, H(7A)···O(6)i = 1.91 Å, 
O(7)···O(6)i = 2.725(9) Å, O(7)–H(7A)···O(6)i = 174(5)º; 
symmetry code for i: x, 1 + y, z], to form one dimensional 
chains along the b axis (Figure 2).

3. 4. Structural Description of Complex 2
The molecular structure of complex 2 is shown in 

Figure 3. It contains two dioxomolybdenum complex mol-

Figure 1. A perspective view of complex 1 with the atom labeling scheme. Thermal ellipsoids are drawn at the 30% probability level.
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ecules in the asymmetric unit. The two complex molecules 
are linked through O–H···O hydrogen bonds [O(12)–H 
(12A) = 0.85(1) Å, H(12A)···O(1) = 1.96(2) Å, O(12)···O(1) 
= 2.792(4) Å, O(12)–H(12A)···O(1) = 169(4)º; O(6)–H(6) 
= 0.85(1) Å, H(6)···O(7) = 1.92(1) Å, O(6)···O(7) = 2.776(4) 
Å, O(6)–H(6)···O(7) = 175(2)º]. The coordination geome-
try around the Mo atom can be described as distorted oc-
tahedron, with one imino-N and two phenolate-O of the 
Schiff base ligand, and one oxo group defining the equato-
rial plane, and with the other oxo group and one metha-

nol-O occupying the axial positions. The Schiff base ligand 
coordinates to the Mo atom in a meridional fashion form-
ing five- and six-membered chelate rings with bite angles 
of 74.68(12) and 81.67(12)° for Mo(1) moiety, and 
74.83(12) and 80.14(11)° for Mo(2) moiety. The dihedral 
angles between the two benzene rings of the Schiff base li-
gands are 10.8(5)° and 6.7(5)°. The O=Mo=O angles 
(104.70(16) and 105.69(18)º) and the Mo=O distances 
(1.684(3)–1.691(3) Å) are typical for cis-dioxomolybde-
num(VI) complexes.7 The imino nitrogen and ethanol ox-
ygen atoms, which are trans to the terminal oxo groups, 
bond to the Mo(VI) atom with distances of 2.273(3)–
2.286(7) Å for nitrogen and 2.301(3)–2.329(3) Å for oxy-
gen, respectively. The Mo–O distances vary from 1.951(3) 
to 1.975(3) Å for the phenolate oxygen, which are in accord 
with these types of bonds in hexa-coordinated dioxomo-
lybdenum(VI) complexes.7 In the crystal structure of the 
complex, molecules are stack along the a axis (Figure 4).

3. 5. Catalytic property of the Complexes
Catalytic property of the complexes was investigated 

in the epoxidation of cyclooctene, cyclohexene, 1-octene 
and 1-hexene with TBHP and CH2Cl2 as a solvent at differ-
ent temperatures 25, 45 and 65 °C. The catalytic reactions 
were initially performed in order to test the performance of 
the system under the easiest possible reaction conditions. A 
substrate, oxidant, and catalyst ratio of 100:100:1 was used. 
In general, the epoxide yields are higher for cyclic olefins 
than those for terminal olefins. As seen in Table 3, the order 
of increasing reactivity based on yield% are as cyclooctene 
> cyclohexene > 1-hexene > 1-octene. In addition, the ep-

Figure 2. The hydrogen bonds (dashed lines) linked molecules into one dimensional chains of complex 1, viewed along the a axis.

Figure 3. A perspective view of complex 2 with the atom labeling 
scheme. Thermal ellipsoids are drawn at the 30% probability level. 
Hydrogen bonds are shown as dashed lines.
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oxide yields increase with the rise in temperature. Both 
complexes have similar catalytic properties, because of 
their similar structures. As a comparison, the catalytic 
property of the complexes on cyclohexene is similar to the 
molybdenum complex with tris(hydroxymethyl)amino 
methane as ligand.15 The complexes have in general higher 
catalytic property on the substrates than the molybdenum 
complex derived from the Schiff base ligand N,N’-bis(sali-
cylidene)4,5-dichloro-1,2-phenylenediamine.7d

4. Conclusion
Two new dioxomolybdenum(VI) complexes derived 

from the Schiff base ligands 2-[(2-hydroxyphenylimino)
methyl]-6-methoxyphenol and 2-ethoxy-6-[(2-hydroxy-
phenylimino)methyl]phenol have been prepared and 
structurally characterized. The Mo atoms in the complexes 
are in octahedral coordination. Both complexes have ef-

fective catalytic properties on cyclooctene and cyclohex-
ene.

5. Supplementary Material
CCDC–1849701 and 1849702 contain the supple-

mentary crystallographic data for this paper. These data 
can be obtained free of charge at http://www.ccdc.cam.
ac.uk/const/retrieving.html or from the Cambridge Crys-
tallographic Data Centre (CCDC), 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44(0)1223-336033 or e-mail: 
deposit@ccdc.cam.ac.uk.
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Povzetek
Sintetizirali smo dva strukturno sorodna nova dioksomolibdenova(VI) kompleksa, [MoO2L1(EtOH)] · EtOH (1) in 
[MoO2L2(MeOH)] (2), kjer sta L1 in L2 dianionski obliki 2-[(2-hidroksifenilimino)metil]-6-metoksifenola (H2L1) in 
2-etoksi-6-[(2-hidroksifenilimino)metil]fenola (H2L2), ter ju okarakterizirali z IR in UV-Vis spektroskopijo, kakor tudi z 
monokristalno rentgensko difrakcijo. Strukturna analiza je razkrila, da sta oba kompleksa dioksomolibdenovi(VI) zvrsti. 
Kompleks 1 vsebuje kot ligand tudi molekulo etanola, kompleks 2 pa molekulo metanola. Koordinacijsko geometrijo 
okoli Mo atomov lahko opišemo kot popačen oktaeder z enim imino N-atomom, dvema fenolatnima O-atomoma in eno 
okso skupino, ki skupaj definirajo ekvatorialno ravnino, ter drugo okso skupino in molekulo topila, ki zasedata aksialni 
legi. Proučili smo tudi katalitične lastnosti kompleksov pri reakcijah oksidacije s terc-butilhidroperoksidom v CH2Cl2. 
Oba kompleksa izkazujeta odlične katalitične lastnosti v primeru ciklooktena in cikloheksena ter dobre lastnosti v pri-
meru 1-heksena in 1-oktena.
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Abstract
In this paper, a simple and sensitive electrochemical nano-sensor was developed for the analysis of hydroquinone based 
on sepiolite clay modified carbon paste sensor by using differential pulse adsorptive stripping voltammetry and square 
wave adsorptive stripping voltammetry. Surface morphology of sensors was characterized by using scanning electron 
microscopic technique, electrochemical impedance spectroscopy, and cyclic voltammetry. Electrochemical redox prop-
erties of hydroquinone were investigated by cyclic voltammetry. The oxidation peak current of hydroquinone in differ-
ential pulse and square wave adsorptive stripping voltammetry changes linearly in the concentration range of 0.01–700 
µmolL–1 and 0.01–700 µmolL–1, respectively. Excellent limit of detection (LOD) and limit of quantification (LOQ) values 
were found as 0.01096 µmolL–1 and 0.03654 µmolL–1 for differential pulse, and 0.01031 µmolL–1 and 0.03438 µmolL–1 for 
square wave adsorptive stripping voltammetry, respectively. Additionally, the newly proposed sensor was applied to the 
analysis of hydroquinone in cosmetic cream with satisfying results. 

Keywords: Hydroquinone; sepiolite clay; carbon paste electrode; cosmetic cream; voltammetry

1. Introduction
Hydroquinone (HQ) is a phenol derivative with an-

tioxidant properties that can cause toxicity in several or-
gans, such as the kidneys. It is used as a topical treatment 
for skin hyperpigmentation in various cosmetic products.1 
It is metabolized mainly to  glutathione  conjugates and 
forms mutagenic DNA adducts in in-vitro systems. Due to 
its high toxicity, several methods have been established for 
the determination, such as high performance liquid chro-
matography,2 fluorescence,3 chemiluminescence,4 spectro-
photometry,5–6 gas chromatography-mass spectrometry,7 
capillary electro-chromatography,8 and electrochemical 
methods. 9–13

Most of the methods, in particular chromatographic 
methods, are both time consuming and based on the use of 
organic liquids in excess volumes. Electrochemical tech-
niques for hydroquinone assay are cost effective, fast and 
highly sensitive. The non-destructive nature and extreme-
ly low sample consumption makes them one of the pre-
ferred techniques.11

Electrochemical devices for use in clinical, cosmetic 
and environmental monitoring are developing rapidly.14,15 
Many researchers focused on the design of the electro-
chemical sensors using nano electrode materials to modify 
the electrode so as to improve the quality of signal. Among 
many electrode improvement components, carbon nano-
tubes,16 graphene,17 nano-sized metal oxides,18 and clay 
minerals19 proved to be promising. 

Nanomaterials provide a conductive sensing inter-
face and have catalytic effects on the electrochemical pro-
cess. On the other hand, the clay electrode contributes to 
the electrical conductivity and catalytic effect to elec-
tron-transfer rates. We chose sepiolite (natural clay miner-
al) for our sensor composition because of its high surface 
area and surface activity.19 

Here, we extend the investigations on the use of sepi-
olite clay for the analysis of HQ in cosmetic products. We 
developed a sensitive, selective, and reliable adsorptive 
stripping anodic voltammetric methods for the determi-
nation of HQ with a high precision and accuracy together 
with a wide linear range and low limit of detection. 

https://pubchem.ncbi.nlm.nih.gov/compound/glutathione


947Acta Chim. Slov. 2018, 65, 946–954

Aydar et al.:   A Nano-Sepiolite Clay Electrochemical Sensor   ...

2. Experimental
2. 1. Reagents and Apparatus

Sepiolite clay, graphite powder, mineral oil and all 
solvents were supplied from Sigma. HQ was also supplied 
from Merck and other used chemicals were analytical 
grade. The stock solution of HQ (1.0 × 10–3 molL–1) was 
prepared by dissolving solid HQ in water and kept at +4 °C 
until experiment. 0.04 molL–1 Britton-Robinson buffer 
was used as the supporting electrolyte.

All electrochemical measurements were performed 
by using CHI 660C (from USA) and C3 cell stand (BASi) 
with a solid electrode system. Ag/AgCl (3.0 molL–1 NaCl, 
BAS MF-2052) was used as reference electrode, NSC/CPE 
and BCPE sensors as working electrodes, and platinum 
wire electrode (BAS MW-1032) as auxiliary electrode.

Before all assays, pH was measured with a HANNA 
Instruments HI2211 pH/ORP meter with an accuracy of 
pH ± 0.01. Double-distilled water was supplied mpMINI-
pure system. All assays were carried out at 25 °C. 

Scanning electron microscopic (SEM) images were 
recorded on Carl Zeiss AG, EVO® 50 Series.

2. 2. Sensor Preparation Procedure
Bare carbon paste (BCPE) and modified carbon 

paste (NSC/CPE) electrodes were prepared for compara-
tive purposes. For the preparation of modified carbon 
paste electrodes, the varying proportions of sepiolite 3.3% 
(1.0/30); 5% (1.5/30); 6.7% (2.0/30); 8.3% (2.5/30) with 
proper masses of graphite powder and mineral oil (10 µL), 
making the final weight to 30 mg, were mixed in a mortar 
and ground for 5 min with a pestle. Both the bare contain-
ing 30 mg graphite powder and modified paste were filled 
into the hole of the electrode body and the electric contact 
was made with a copper wire in the center of the cylindri-
cal body. The outward surface of the electrode was pol-
ished with a piece of polishing paper until it had a shiny 
surface. Before all assays, the surface cleaning of carbon 
paste sensors was carried out by washing with water-etha-
nol mixture (1:1) before all experiments.

2. 3. Analytical Procedure
The cyclic, differential pulse and square wave vol-

tammetric experiments were carried out at room tempera-
ture in an electrochemical cell containing BR buffer solu-
tion and the required volume of hydroquinone standard 
solution. CV measurements were recorded by cycling the 
potential between –0.2 and +1.0 V at a scan rate of 0.10 
Vs–1. The adsorptive stripping square wave voltammetry 
(AdsSWV) measurements were performed by scanning 
the potential from 0.2 to +0.8 V at a frequency of 20 Hz, 
pulse amplitude of 0.025 V, and with scan increments of 
0.008 V. The adsorptive stripping differential pulse voltam-
metry (AdsDPV) conditions were given as follows: ampli-

tude: 0.05 V, pulse width: 0.05 s, sample width: 0.0167 s, 
pulse period: 0.5 s; HQ solutions of 8.0 × 10–8 molL–1 in 
the potential range of 0.2 to +0.8 V.

The solution was stirred at 400 rpm at optimum strip-
ping conditions. After the pre-concentration period, the 
stirring was stopped and voltammograms were recorded.

2. 4. Cream Sample Preparation 
Pharmaceutical and cosmetic cream samples (Expig-

ment Cream 4% HQ) were taken from pharmacy. The 
cream was kept at room temperature until assay. Known 
amounts of cream (15 mg) were dissolved in 50 mL distilled 
water. The solution was shaken for 30 min in an ultrasonic 
bath to facilitate the complete dissolution of hydroquinone. 
This solution has served as the stock solution for the prepa-
ration of the samples for analysis. Appropriate volume of 
aliquot was taken from the clear part of solution and trans-
ferred into the working cells. The volume of the working 
solution was completed to 10 mL by BR buffer (pH 2.0).

3. Results and Discussion
3. 1. Optimum Composition of Sepiolite clay

The composition of modified electrodes has a signif-
icant effect on electrochemical signal of modified elec-
trodes by means of changing the sensitivity and selectivity 
of electrodes and redox potential shift.20 For this purpose, 
sepiolite clay electrodes were prepared with the different 
combinations in the range between 3.3% and 8.3% (w/w). 
Then the voltammetric responses of the modified elec-
trodes were studied by CV technique in the presence of 1.0 
× 10–4 molL–1 HQ in BR buffer solution pH 2.0 (Fig. 1).

Fig. 1. Cylic voltammograms of 1.0 × 10–4 molL–1 HQ in different 
compositions of NSC/CPE zoomed to specific composition range 
indicated with arrow in pH 2.0 BR buffer at scan rate: 0.10 Vs–1. 
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As seen in Fig. 1, both obtained anodic and cathodic 
peak currents of HQ on sepiolite clay modified carbon 
paste electrode containing 6.7% sepiolite clay are higher 
than those obtained on sepiolite clay carbon paste elec-
trodes with other percentages of clay. Also, the lowest po-
tential difference between anodic and cathodic peak po-
tential (ΔEp) value was obtained from sepiolite clay 
modified carbon paste electrode containing 6.7% sepiolite 
clay. Herein, the optimal modified electrode composition 
for the sepiolite sensor electrode was found as 6.7% sepio-
lite clay (2.0 mg sepiolite/30 mg paste, 93% graphite pow-
der, and 10 µL mineral oil).

3. 2. Characterization of Sensors 
Cylic voltammetry (CV), electrochemical imped-

ance spectroscopy (EIS) and scanning electron microscop-
ic (SEM) techniques were used for the surface characteri-
zation of the sensors (BCPE, NSC/CPE). Firstly, CV 
voltammograms of 5.0 × 10–3 molL–1 Fe(CN)6

3–/4– in KCl 
(0.1 molL–1) solution were used to compare the electro-
chemical properties of sensors (Fig. 2a). The trial experi-
ments were carried out at a scan rate of 0.10 Vs–1.

Clearly, the modified sensor gives rise to the best CV 
signal with the smaller ∆Ep difference and the best peak 
current signal compared to the bare sensor in the standard 

solution. Then, at different scan rates, CV measurements 
were taken for the comparison of the specific areas of two 
sensors in 5.0 × 10–3 molL–1 Fe(CN)6

3–/4– standard solu-
tion medium. Randles-Sevcik equations were evaluated by 
CV measurements at different scan rates (ip vs υ1/2). The 
active surface areas of NSC/CPE and BCPE were calculat-
ed by the means of ip

a  versus υ1/2 plot’s slope and a known 
diffusion coefficient of Fe(CN)6

3–/4– 7.6 × 10–6 cm2s–1. 21 
The surface area of BCPE was evaluated to be 0.081 ± 
0.0017 cm2 and that of the NSC/CPE was 0.089 ± 0.0013 
cm2. These results show 1.1 times increase in the surface 
areas of sensors. 

The electrochemical impedance measurements were 
also used to compare the surface areas of modified elec-
trode and bare electrode. The same redox couple was used 
as the standard analyte. Fig. 2b displays the Nyquist plots 
obtained with the two electrodes. The diagrams in Fig. 2b 
clearly show that NSC/CPE electrode displays the smallest 
electrical resistance which is indicative of the relatively 
higher surface area. The radius of semicircles is ~4000 Ω 
for NSC/CPE and ~7000 Ω for BCPE. It was attributed to 
accelerate electron-transfer rate of sepiolite clay as stated 
in the literature.19

SEM images of the BCPE and NSC/CPE surfaces ex-
hibit their own characteristics. The BCPE sensor has near-
ly featureless, smooth surface (Fig. 2c), whereas the sur-

Fig. 2 a. Cylic voltammograms of 5.0 mmolL–1 Fe(CN)6
3–/4– in 0.1 molL–1 KCl solution on BCPE and NSC/CPE (v: 0.1 Vs–1). b. Nyquist diagrams 

of BCPE and NSC/CPE in the same conditions (amplitude: 0.005 V, frequency range of 0.05–100000 Hz,). SEM images of (c) BCPE, (d) NSC/CPE 
electrodes. 

a) b)

c) d)
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face morphology of the NSC/CPE sensor exhibit typical 
holes indicating a larger specific surface area (Fig. 2d).

3. 3. Electrochemical Behavior of HQ
Cyclic voltammetry is one of the most suitable meth-

ods to investigate the electrochemical behavior of the ana-
lyte in different modified electrodes. The comparison of 
current and potential responses of HQ on the two elec-
trodes was studied by cyclic voltammetry in 0.04 M Brit-
ton-Robinson buffer (pH 2.0) solution at the scan rate val-
ue of 0.10 Vs–1 (Fig. 3). As can be seen in Fig. 3, using nano 
sepiolite clay modified electrode, the well-defined oxida-
tion peak for HQ was obtained. NSC/CPE electrode pro-
duces almost 1.4 times higher oxidation current signal 
compared to bare electrode. Also, the electrochemical oxi-
dation peak of HQ was obtained at about 0.139 V negative 
potential compared to the bare electrode (Table 1). The 
potential differences between the anodic and cathodic 
peaks (ΔEp) at NSC/CPE are lower than with the BCPE 
sensor. These results indicate that the nano-clay has elec-
tro-catalytic effect on redox signals of HQ.

the electrochemical process were sought for using oxida-
tion peak potentials of HQ in the pH range of 2.0–5.0 with 
1.0 pH unit increments.

 The relation between the anodic peak potential, Ep
a   

and pH was found to be as: Ep
a  = –0.0509 pH+ 0.4989 (R2= 

0.9977). The slope of –0.0509 for oxidation peak is close to 
theoretical Nernstian value of –0.059.22 This result shows 
that the transferred numbers of electrons and protons are 
equal in the oxidation mechanism of HQ.

Fig. 3. Cylic voltammograms of 1.0 × 10–4 molL–1 HQ at BCPE 
(blue line) and NSC/CPE (red line) in 0.04 M BR buffer, pH 2.0, 
scan rate: 0.1 Vs–1.

3. 4. Influence of pH
The effect of pH on the peak current and peak poten-

tial responses of HQ (1.0 × 10–4 molL–1) at NSC/CPE sen-
sor was investigated by DPV method in 0.04 molL–1 BR 
buffer solution (Fig. 4). The number of protons involved in 

Table 1. Comparison of peak potential and peak current of 1.0 × 
10–4 molL–1 HQ on BCPE and NSC/CPE by using CV method, pH: 
2.0 BR buffer, scan rate: 0.10 Vs–1.

Electrode Ep
a / V Ep

k / V ∆Ep / V ip
a / µA ip

k / µA ip
k /ip

a

BCPE 0.561 0.050 0.511 0.42 0.25 0.59
NSC/CPE 0.422 0.140 0.282 0.60 0.62 1.03

Fig. 4. CVs of 1.0 × 10–4 molL–1 HQ at different pH values at NSC 
modifed electrode (Insets are the plots of pH vs Ep and pH vs ip).

3. 5. Influence of Scan Rate
The relationship between the peak currents / poten-

tials and the scan rate gives some important information 
about whether electrochemical process is adsorption or dif-
fusion controlled. We investigated the effect of scan rate in 
between 0.005 Vs–1 and 0.5 Vs–1 on peak current of 1.0 × 
10–4 molL–1 HQ at pH 2.0 by CV (Fig. 5). The linear rela-

Fig. 5. CVs of 1.0 × 10–4 molL–1 HQ at different scan rates at NSC 
modified electrode in 0.04 M BR buffer at pH 2.0 (inset is the plot of 
logip vs logυ).
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tionship between anodic oxidation peak current of HQ and 
scan rate was found according to the following equation:

logip = 0.7255 logv + 0.5496

The slope of the function correlation logip-logv is 
0.72 (between 0.5 and 1.0). This results showed adsorp-
tion-controlled process of electrochemical reaction.11 

Also, the oxidation peak potential values were changing 
with the increasing of scan rate (Fig. 5). This behavior in-
dicates that the electrochemical oxidation of HQ on NSC/
CPE sensor was of a quasi-reversible nature.26

Taking into account pH and scan rate studies, it can 
be said that the hydroquinone was oxidized by 2e–/2H+ to 
give quinone. Our obtained results are in a good accor-
dance with previous literature data.27

3. 6.  Electrochemical Detection of HQ  
on Modified Electrode 
AdsDPV and AdsSWV methods were used for the 

determination of HQ on NSC/CPE surface at optimum 
deposition potential and time. In adsorption studies, it is 
important to optimize the deposition potential and time. 
Fig. 6a shows the changes in the range between −0.2 and 
+1.0 V of deposition potential versus peak current for 3.0 

× 10–5 molL–1 HQ in AdsDPV method. Depositon times 
were changed in the range 0.0−150 s (Fig. 6b). Similarly, 
the same parameters were changed for AdsSWV method 
(Fig. 6c and d). The graphs obtained from AdsDPV meth-
od show that the deposition potential and deposition time 
are −0.2 V and 40 s, respectively. The optimum deposition 
potential and time were chosen as 0.7 V and 45 s, respec-
tively, by AdsSWV. 

3. 7.  Calibration Studies and Validation  
of Optimized Methods
The linear relationship between the HQ concentra-

tions and peak currents was studied by using AdsDPV and 
AdsSWV methods under optimized method and optimum 
medium conditions. HQ concentration changed in the 
range between 0.01 and 700 µmolL–1. Fig. 7a and b show a 
perfect linear relationship among ip

a  and CHQ. The linear 
equations for AdsDPV and AdsSWV are given below: 

ip
a    (µA) = 0.0346CHQ –0.0448, R2 = 0.9993 (Inset of Fig. 7a).

ip
a    (µA) = 0.0459CHQ –0.0222, R2 = 0.9984 (Inset of Fig. 7b).

As can be seen in Fig. 7a and b, linear calibration 
curves were obtained for hydroquinone in the range of 
0.01 – 700 µmolL–1.

a) b)

c) d)

Fig. 6 a. The effect of the deposition potential on the peak current. b. the effect of deposition time on peak current using AdsDPV. c. and d. the graphs 
obtained using AdsSWV (3.0 × 10–5 molL–1 HQ in 0.04 molL–1 BR buffer pH 2.0.
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To calculate LOD and LOQ values, the following 
equations were used:

        (1)

Here, s is the standard deviation for the HQ concen-
tration studied (8.0 × 10–8 molL–1), and m is the slope of 
the calibration graph. According to these equations, LOD 
and LOQ values were found as 0.01031 µmolL–1 and 
0.03438 µmolL–1 for AdsDPV; 0.01096 µmolL–1 and 
0.03654 µmolL–1 for AdsSWV, respectively (Table 2). Ac-
cording to our literature knowledge, these LOD and LOQ 
values are the lowest results found up to now. 

A comparison table of other literature reports about 
HQ (Table 3) with our new voltammetric sensor (NSC/
CPE) and validation parameters of the proposed new 
methods (Table 2) are given below:

It is important to investigate the precision of pro-
posed methods and modified electrode by determining 
the repeatability, reproducibility, and stability of modified 
electrode. The percent relative standard deviation (RSD%) 
values of repeatability of peak current and potential values 
(intra-day and inter-day) were found by using AdsSWV 
and AdsDPV methods and it can be seen in Table 2 that 
the %RSD values are not higher than 5.0%. These results 
show a high repeatability. Furthermore, the reproducibili-
ty of NSC/CPE sensor was tested by using five electrodes 
prepared in the same day. The %RSD values of reproduc-
ibility were calculated to be 3.7% and 4.8% of the mean 
value for AdsSWV and AdsDPV, respectively.

To investigate the ageing of NSC/CPE sensor, the 
signals of HQ were recorded in different days. After ten 
days, the sensor signal was found to have retained 99.3% 
and 99.5% of its initial value. The electrode gave a re-
sponse of 98.1% of the initial response after thirty days. 

Fig. 7 a. AdsDPV voltammograms of the different concentrations of HQ on NSC modified electrode in pH 2.0 Britton Robinson buffer (1) blank , 
(2–14): 1.0 × 10−8, 1.0 × 10−7, 1.0 × 10–6, 5.0 × 10−6, 1.0 × 10−5, 3.0 × 10−5, 5.0 × 10−5, 8.0 × 10−5, 1.0 × 10−4, 2.0 × 10−4, 4.0 × 10−4, 6.0 × 10−4, 7.0 × 
10−4 molL–1; b. AdsSW voltammograms of HQ at different concentrations. (1) blank , (2–14): 1.0 × 10−8, 1.0 × 10−7, 1.0 × 10–6, 5.0 × 10−6, 1.0 × 10−5, 
3.0 × 10−5, 5.0 × 10−5, 8.0 × 10−5, 1.0 × 10−4, 2.0 × 10−4, 4.0 × 10−4, 6.0 × 10−4, 7.0 × 10−4 molL–1.

a)

b)
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After all experiments, the newly proposed sensor was 
kept at +4 °C.

3. 8. Interferences 
In order to confirm the selectivity of the NSC/CP 

electrode, the influence of possible impurities was investi-
gated for proposed methods with NSC/CP electrode. To 
this end, synthetical solutions of 0.1 µmolL–1 HQ were 
mixed with proper amounts of Na+, Co2+, K+, Mg2+, Cl–, 
NO3

–, Cu2+, Fe3+, with the intent of adjusting their concen-
trations to 10 µmolL–1 (100 times higher than HQ); Ni2+ 5 
µmolL–1 (50 times higher than HQ); uric acid (UA) and 
ascorbic acid (AA) 1 µmolL–1 (10 times higher than HQ). 

Peak currents obtained for pure HQ and samples mixed 
with other contaminants were compared. NaCl, Mg(-
NO3)2, KCl, Co(NO3)2, Ni(NO3)2, Fe(NO3)3, Cu(NO3)2, 
AA and UA caused less than 5% interference effect for 
both AdsSWV and AdsDPV methods. The results show 
that both methods with NSC/CP electrode exhibited good 
selectivity. Interference effect was at an acceptable level 
from analytical point of view.

3. 9. Real Sample Analysis and Recovery 
Using the developed electrode, the cosmetic sample 

(Expigment cream) was analyzed for hydroquinone con-
tent. The accuracy of developed methods was tested by re-

Table 2. The statistical results of regression analysis for the determination of HQ 

Regression parameters                                        NSC/CPE
   AdsSWV AdsDPV

Potential, V 0.504 0.448
Linear working range, µM 0.01–700 0.01–700
Slope of calibration graph, µA/µM 0.045 0.034
Intercept of calibration graph, µA 0.022 0.044
Limit of detection (LOD),µM 0.01096 0.01031
Limit of quantification (LOQ), µM 0.03654 0.03438
Regression coefficient (R2) 0.998 0.999
Repeatability of peak potential, RSD*% (intra-day) 0.9 2.6
Repeatability of peak potential, RSD*% (inter-day) 2.8 4.6
Repeatability of peak current, RSD*% (intra-day) 4.7 0.5
Repeatability of peak current, RSD*% (inter-day) 1.8 3.4
Reproducibility of peak current, RSD*% 3.7 4.8
Reproducibility of peak potential, RSD*% 1.7 0.5

*RSD is the relative standard deviation of 5 replications.

Table 3. The comparison of the performances of various electrochemical sensors for HQ analysis.

Sensor Technique Linearity range µmolL–1 LOD µmolL–1 Application Reference

NiO/NPs SWV 0.1–500 0.05 tap and wastewater 18
eosin Y film GCE DPV 1–130 0.14 local tap water 22
GR–TiO2/GCE DPV 0.5–100 0.082 tap and lake water 23
single-walled carbon nanohorn/GCE LSV 0.5–100 0.1 tap water  24
Au-G nanocomposite DPV 1–100 0.2 tap water 25
NSC/CPE AdsDPV 0.01–700 0.01031 Cream This
 AdsSWV 0.01–700 0.01096  paper

(NiO: Nickel oxide nanoparticles; TiO2: Titanium dioxide nanoparticles; NPs: nanoparticle, GCE: glassy carbon electrode, GR: graphene, Au-G: 
gold-graphene)

Table 4. Main recovery results and the relative standard deviations for the determination of HQ in pharmaceutical cream

Method Added (µg) Found (µg) Average Recovery  % RSD %

AdsSWV 0.54 0.56; 0.52; 0.51; 0.55; 0.50   0.53 ± 0.03   98.6 5.58
 3.36 3.52; 3.54; 3. 46; 3.50; 3.57   3.52 ± 0.04 104.6 1.21
 12 10.13; 9.86; 9.94; 10.12; 10.27 10.08 ± 0.17 100.8 1.71
AdsDPV 0.54 0,55; 0,55; 0,57; 0,56; 0,57   0.56 ± 0.01 104.6 1.72
 3.36 3.64; 3.65; 3.62; 3.64; 3.66   3.64 ± 0.01 108.6 0.47
 12 12.15; 11.83; 11.93; 12.24; 12.33 12.09 ± 0.21 105.5 6.56
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covery studies. Recovery studies were performed by ana-
lyzing the cosmetic sample enriched with known amounts 
of HQ using proposed methods (Table 4). The recovery 
data indicate that the proposed methods can be used safely 
in cosmetic samples with presented excipients. According 
to these results, the proposed methods have definite preci-
sion and accuracy. 

3. Conclusion
A simple electrochemical sensor made up of nano-

clay modified carbon paste electrode was developed for 
analysis of hydroquinone in cosmetic sample. The sensor 
has the advantages of high sensitivity, electrocatalytic ef-
fect, ease of preparation, good stability, practical surface 
renewal, high precision, low cost, large linear range, and 
low limit of detection. The electrode proved to be applica-
ble to HQ assay in real sample. The developed methods 
and NSC modified electrode were compared to previously 
reported results.
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Povzetek
V tej raziskavi smo razvili preprost in občutljiv elektrokemijski nanosenzor za analizo hidrokinona, osnovan na s sepioli-
tno glino modificiranem senzorju z ogljikovo pasto, za uporabo pri diferencialni pulzni adsorpcijski inverzni voltametriji 
in pri adsorpcijski inverzni voltametriji s pravokotnimi pulzi. Površinsko morfologijo senzorjev smo okarakterizirali z 
vrstično elektronsko mikroskopijo, elektrokemijsko impedančno spektroskopijo in ciklično voltametrijo. Elektrokemij-
ske redoks lastnosti hidrokinona smo raziskali s ciklično voltametrijo. Oksidacijski maksimalni tok za hidrokinon se 
pri diferencialni pulzni adsorpcijski inverzni voltametriji in pri adsorpcijski inverzni voltametriji s pravokotnimi pulzi 
linearno spreminja v koncentracijskem območju 0,01–700 µmolL–1 za prvo in 0,01–700 µmolL–1 za drugo metodo. Do-
ločili smo odlične meje zaznave (LOD) in meje določitve (LOQ), in sicer 0,01096 µmolL–1 ter 0,03654 µmolL–1 za dife-
rencialno pulzno adsorpcijsko inverzno voltametrijo in 0,01031 µmolL–1 ter 0,03438 µmolL–1 za adsorpcijsko inverzno 
voltametrijo s pravokotnimi pulzi. Dodatno smo razviti senzor uporabili za določitev hidrokinona v kozmetični kremi 
z zadovoljivimi rezultati. 
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Abstract
Molecular structures of two compounds obtained in reactions of alumazene [DippNAlMe]3 (1, Dipp = 2,6-i-Pr2C6H3) 
with substituted quinolinols have been elucidated by the single-crystal X-ray diffraction analysis. Quinolin-8-ol (Hq) 
provides a dinuclear complex [(DippNH)2Al2Me2(q)2] (2) with a central Al2O2 ring and five-coordinate Al atoms. The 
compound 2 . THF crystallizes in the orthorhombic Pbca space group. The molecular structure of a mononuclear com-
plex [(DippNH)Al(Meq)2] (3) obtained in the reaction of 1 with 2-methylquinolin-8-ol (HMeq) possesses a five-coor-
dinate Al center. The structure was solved in a triclinic cell P−1. The dinuclear complex 2 can be considered as a model 
product of alcohol addition on the formal Al−N double bond, while the mononuclear complex 3 represents subsequent 
reaction of remaining Al−Me moiety with proton. Both complexes 2 and 3 are highly luminescent showing emission 
around 500 nm in solid state.

Keywords: Alumazene; crystal structure; quinolin-8-ol; 2-methylquinolin-8-ol; luminescence 

1. Introduction
So far only two examples of synthetic procedures 

leading to cyclic trimeric iminoalane (alumazene-type) 
molecules were published. The first one is a two-step syn-
thesis from trimethylaluminium and diisopropylaniline in 
toluene. Dimeric aminoalane formed in the initial step is 
transformed in the second step by heating to trimeric imi-
noalane [DippNAlMe]3 (1, Dipp = 2,6-i-Pr2C6H3).1–3 The 
second route to an alumazene derivative is a one-pot reac-
tion of (Me3Si)3Al ∙ OEt2 with 2,6-diisopropylaniline. An 
adduct [(Me3Si)3Al ∙ N(H)2(Dipp)] is formed by coordina-
tion of the nitrogen lone pair to the Al center. Refluxing in 
toluene leads to the formation of [DippNAlSiMe3]3 (4).4 
Alumazene in comparison with its isoelectronic analogue 
benzene is not aromatic, its π electrons are not delocalized, 
and the Al-N bonds are highly polar.5,6 Chemical reactivity 
of alumazene reflects this bonding situation. The Al atoms 
are Lewis acidic and are capable of accepting lone pairs of 
Lewis O- and N-bases. Several types of mono-, bis-, and 
trisadducts were reported in the literature.7–11 Stepwise flu-
orination of alumazene 1 by Me3SnF or by BF3 represents 

metathesis reactivity leading to the substitution of the 
methyl groups on aluminium.12 Dealkylsilylation reactions 
of 1 with trimethylsilyl esters of sulfonic, phosphoric, and 
phosphonic acids are another type of alumazene reactivi-
ty.13,14 These reactions are driven by the formation of strong 
Al−O−P/S bonds and elimination of small molecules, such 
as SiMe4. Although all bonds in the planar Al3N3 core of 1 
are of the same length, the ring can undergo reactions that 
can be classified as an addition on a formal double bond. 
This type of transformations can be exemplified by reac-
tions of 1 with silanetriols and isoelectronic triaminosila-
nes. Adamantane-like structures are formed in these reac-
tions by triple proton transfer to the alumazene nitrogen 
atoms and connecting the three Al atoms to oxygens or 
nitrogens of the particular reagent. In the resulting mole-
cules, alumazene ring lost its planarity and both Al and N 
atoms are four-coordinate.15 Cyclopentadienyl Ti(IV) and 
Zr(IV) trifluorides react with 1 under fluorine-nitrogen ex-
change creating adamantane-like cage molecules.16,17 

Quinolin-8-olate complexes of aluminium are wide-
ly investigated because they are suitable materials for use 
in organic light-emitting diodes (OLED). Metal complexes 
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bearing quinolin-8-olato derivatives are applied as the 
emissive and electron transporting materials in electrolu-
miniscent devices.18−20 The most frequently used material 
is Al(quinolin-8-olate)3 (Alq3)18 which has been carefully 
studied and its physico-chemical properties, such as re-
fractive index21,22 and absorption coefficient23,24 have been 
measured. 

Besides the tris(quinolin-8-olato) complexes, other 
types of ligand arrangement are sought as they provide a 
way to control emission wavelength. Bis(2,4-dimeth-
yl-quinolin-8-olato)(triphenylsilanolato)aluminum was 
synthesized from aluminium iso-propoxide and two li-
gands, 2,4-dimethyl-quinolin-8-ol and triphenylsilanol. 
This complex with five-coordinate Al showed no glass 
temperature and no phase transition before the melting 
point and the thermally stable thin films could be easily 
formed.25 The photoluminescence (PL) spectrum of the 
complex shows the largest hypsochromic shift among the 
blue-emitting [q2AlOR]-type complexes. Some complexes 
of Al with polymerizable quinolin-8-olato ligands were 
used in a copolymerization reactions leading to products 
with good PL properties.26 Two new complexes were pre-
pared by the reactions between AlCl3∙6H2O and 5,7-di-
chloro- or 5,7-dibromo-quinolin-8-ol providing homo-
leptic Al(ligand)3 complexes.27 Authors studied their 
electroluminescent properties. A series of 3-, 4-, and 
5-methylquinolin-8-olate complexes of Al and Ga was 
prepared and the photo- and electroluminescence proper-
ties were examined.28 Although methylation improved PL 
quantum efficiency, it also reduced intermolecular inter-
actions and decreased charge transport through the film. 
Complexes of aluminium with 4-(2-arylvinyl)-quino-
lin-8-olates prepared by anhydrous Heck coupling with 
judicious choice of substituents display enhanced PL in-
tensity and quantum yield.29

Quinolin-8-olate complexes of Al are also used as 
catalysts in the ring-opening polymerization (ROP). 
Mononuclear and dinuclear complexes with bulky 
2-(arylimino)quinolin-8-ols were prepared. The dimeric 
complexes were obtained by the stoichiometric reaction of 
AlMe3 with the corresponding ligands in n-heptane. These 
compounds are insoluble in n-heptane and only slightly 
soluble in toluene, THF, CH2Cl2, and CHCl3. The stoichio-
metric reactions of appropriate ligands with AlMe3 in tol-
uene produce molecular compounds Me2AlL and by-prod-
ucts Me2AlL∙AlMe3. The mononuclear complexes exhibit 
high activity towards the ROP reaction of ε-caprolactone 
in the presence of benzyl alcohol, while the dinuclear com-
plexes exhibit no activity in this polymerization reac-
tion.30,31 The complexes of aluminium with quino-
line-based N,N,O-tridentate and N,N,N-chelate ligands 
were used for ring-opening polymerization of ε-caprolac-
tone. Complexes were prepared by simple mixing of ligand 
and AlMe3 at room temperature in toluene.32,33 

The aim of this research was to investigate the reac-
tivity of alumazene 1 towards quinolinols as chelating li-

gands bearing an active proton and a nitrogen donor atom. 
The two ligands used in this study differ in their steric hin-
drance and we expected different products from their re-
actions. We present here the synthesis and characteriza-
tion by single-crystal X-ray diffraction analysis of two 
complexes 2 and 3 displaying a different nuclearity and 
metal-to-ligand ratio.

2. Experimental
2. 1. General Procedures and Characterization

All manipulations were performed under a dry ni-
trogen atmosphere by Schlenk techniques or in MBraun 
Unilab dry box maintained under 1 ppm of both O2 and 
H2O. Solvents were stored and handled under nitrogen 
atmosphere in a glovebox or in Schlenk flasks. Melting 
points were measured on a Buchi B540 apparatus in glass 
capillaries sealed in glovebox. The IR spectra (4000–400 
cm–1) were recorded on a Bruker Tensor T27 spectrome-
ter. Samples were prepared as KBr pellets. EI-MS mea-
surements were performed on a TSQ Quantum XLS mass 
spectrometer. Solid samples of 2 and 3 were introduced 
into the spectrometer via direct insertion probe (DIP) in 
open quartz capillaries and heated from r. t. to 450 °C. 
The source temperature was set to 200 °C and ionization 
energy to 22 eV. Aluminium contents were determined 
on an ICP optical emission spectrometer iCAP 6500 Duo 
(Thermo, UK) equipped with a solid-state generator with 
a frequency of 27.12 MHz and a maximum power input 
1350 W. The measurements of Al were performed at 
308.2, 394.4 and 396.1 nm with RF power of 1150 W; 
analysis pump rate 1 cm3 min–1; nebulizer gas flow 0.65 
dm3 min–1; coolant gas flow 12 dm3 min–1; auxiliary gas 
flow 0.6 dm3 min–1; flush time 30 s; flush pump rate 2 cm3 

min–1; pump stabilization time 5 s; integration time (high 
WL range) 5 s; the number of repeats 3; plasma view ra-
dial.

2. 2. Reagents
Quinolin-8-ol (Hq, Aldrich, 99 %) and 2-meth-

ylquinolin-8-ol (HMeq, Aldrich, 98 %) were dried under 
dynamic vacuum for 2 d prior to use. Solvents were dried 
over and distilled from Na/benzophenone under nitrogen. 
Solvents were degassed prior to use. Alumazene 1 was pre-
pared by a modified procedure from AlMe3 and 2,6-diiso-
propylaniline.3 

2. 3. Synthesis of 2
Quinolin-8-ol (0.023 g, 0.16 mmol) was added to the 

solution of 1 (0.1045 g, 0.1603 mmol) in dry deoxygenated 
heptane (1 mL). THF (5 mL) was added and the reaction 
mixture was stirred for 2 h. The reacting mixture was con-
centrated to ¼ of its starting volume and stored at –25 °C. 
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After six months, colorless crystals were obtained. The 
crystals for the X-ray diffraction analysis were used direct-
ly from the mother liquor. Yield: Crystals 0.013 g, 5.5 %, 
polycrystalline powder 0.140 g, 73 %. Melting point: 
247 °C.

EI DIP MS (22 eV): m/z (int. %) 651.84 (10) [M − 
i-Pr − 2CH3]+; 460.74 (40) [M − Dipp − i-Pr − 4CH3]+; 
333.73 (30) [M − Dipp − i-Pr − 4CH3 − C9H6N]+; 314.90 
(90) [M − Dipp − i-Pr − 4CH3 − C9H6NO]+; 282.49 (70); 
184.03 (100); 144.95 (100) [C9H7NO]+. 

Elemental analysis: Al% Calcd. for C48H62N4O3Al2 
6.77. Exp. 6.44 ± 0.03.

IR (cm−1): ν 3046 w, 2961 w, 2928 w, 2865 w, 1065 m, 
1058 m, 1499 vs, 1470 s, 1385 vs, 1330 m, 1283 w, 1230 w, 
1115 m, 1033 w, 825 m, 805 m, 789 m, 749 s, 649 m, 549 m, 
457 w, 419 m.

2. 4. Synthesis of 3
2-methylquinolin-8-ol (0.024 g, 0.15 mmol) was 

added to the solution of 1 (0.119 g, 0.183 mmol) in dry 
deoxygenated THF (5 mL). The reaction mixture was con-
centrated to ¼ of its starting volume and stored at –25 °C. 
The colorless crystals for the X-ray diffraction analysis 
were used directly from the mother liquor. Yield: Crystals 
0.028 g, 10 %, polycrystalline powder 0.194 g, 68 %. Melt-
ing point: 214 °C.

EI DIP MS (22 eV): m/z (int. %) 343.01 (77) [M − 
HNDipp]+; 176.92 (55) [HNDipp]+; 161.86 (100) [Dipp]+.

Elemental analysis: Al% Calcd. for C32H34N3O2Al 
5.19. Exp. 5.15 ± 0.05.

IR (cm−1): ν 3053 m, 2962 s, 2926 m, 2867 w, 1613 m, 
1578 vs, 1508 vs, 1465 vs, 1432 vs, 1432 vs, 1394 m, 1341 m, 
1332 w, 1274 vs, 1262 s, 1243 w, 1171 w, 1114 vs, 1018 s, 869 
w, 829 s, 795 s, 772 vs, 741 s, 688 m, 675 s, 530 m, 435 w.

2. 5. X-Ray Structure Determination
Diffraction data were collected using a Rigaku X-ray 

diffraction system, equipped with a MicroMax007HF dou-
ble wavelength rotating anode X-ray source (λ = 0.71075 
Å, Mo radiation), VariMax DW optics, a partial χ axis ge-
ometry goniometer, a Saturn 724+ HG CCD detector and 
a Cryostream cooling device. CrystalClear34 software was 
used for data collection.

Processing of diffraction images was carried out us-
ing CrysAlisPro.35 SHELXT and SHELXL programs36 were 
used to solve and refine models (full matrix least-squares 
refinement on F2). All non-hydrogen atoms were refined 
anisotropically. ADPs of nitrogen bonded hydrogen atoms 
were set to 1.2 Ueq of carrier atoms, and respective N–H 
distances were restrained to 0.88 Å. All other hydrogen at-
oms were placed to the calculated positions and refined as 
riding (CH3 hydrogens also rotating), with their Uiso val-

Table 1. Crystal data and structure refinement summary

Compound  2 . THF  3 

Empirical formula  C48H62Al2N4O3  C32H34AlN3O2 
Formula weight  796.97  519.60 
Temperature (K)  120(2)  120(2) 
Crystal system  orthorhombic  triclinic 
Space group  Pbca  P−1 
a (Å)  18.4340(2)  9.25960(10) 
b (Å)  19.5025(2)  12.05340(10) 
c (Å)  24.8159(3)  13.09420(10) 
α (°)  90  97.9350(10)
β (°)  90  97.0130(10) 
γ (°)  90  109.2860(10) 
Volume (Å3)  8921.54(17)  1344.06(2) 
Z  8  2 
ρcalc (g/cm3)  1.187  1.284 
μ (mm–1)  0.110  0.110 
F(000)  3424.0  552.0 
Reflections collected  52737  16096 
Independent reflections (Rint, Rsigma) 8470 5048 
 (0.0201, 0.0102)  (0.0136, 0.0123) 
Data / restraints / parameters  8470 / 244 / 576  5048 / 1 / 352 
Goodness-of-fit on F2  1.017  1.037 
Final R indices R1 = 0.0442 R1 = 0.0358 
[I ≥ 2σ(I)]  wR2 = 0.1171  wR2 = 0.0940 
Final R indices R1 = 0.0477 R1 = 0.0385 
[all data]  wR2 = 0.1205  wR2 = 0.0962 
Largest diff. peak / hole (e Å–3) 0.47/−0.31  0.32/−0.27 
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ues set to 1.2 Ueq (1.5 Ueq for methyl hydrogens) of respec-
tive carrier atoms. Positionally disordered fragments were 
treated by geometric restraints, ADP similarity restraints 
and rigid bond restraints. In these cases, the sum of site 
occupancy factors was fixed to be equal to 100 %. Relevant 
crystallographic data are shown in Table 1.

2. 6. Luminescence Measurements
Samples of 2 and 3 were prepared as powders in 

quartz capillaries (4 mm diam.) and as dilute solutions 
(0.719 mol l−1 for 2 and 0.718 mol l−1 for 3) in CH2Cl2. 
Emission and excitation spectra were measured by steady-
state fluorescence spectroscopy on the Aminco Bowman 
Series 2 spectrofluorometer equipped with 150 W Xe lamp. 
Excitation monochromator was set at 370 nm for both 
samples. Emission monochromator was set at 502 nm for 
sample 2 and 497 nm for sample 3. Quantum yields were 
estimated using secondary method with quinine bisul-
phate in H2SO4 as a luminescence standard. Luminescence 
lifetimes were measured by time correlated single photon 
counting instrument SPC130EM (Becker and Hickl 
GmbH) equipped with 408 nm laser diode (picosecond 
resolution, repeating frequency 150 MHz). All lumines-
cence measurements were recorded at 25 °C.

3. Results and Discussion
3. 1. Synthesis

The compound 2 was prepared as yellow air- and 
moisture-sensitive crystals, by the reaction of alumazene 1 
with quinolin-8-ol in the 1:1 molar ratio (Scheme 1). In 
the first step quinoline adds at a formal Al-N double bond 
in 1. Trimeric iminoalane ring structure is destabilized 
and intermediate substituted aminoalane is probably 
formed. This intermediate dimerizes and aluminium at-
oms are connected by oxygen bridges to form the central 

Al2O2 ring. Aluminium coordination number increases to 
five by bonding to quinoline nitrogen.  

The compound 3 was prepared as air- and mois-
ture-sensitive colorless crystals, by the reaction of 1 with 
2-methylquinolin-8-ol in the 1:1 molar ratio (Scheme 2). 
The first step of the reaction proceeds as in the previous 
case and 2-methylquinolin-8-ol adds at the formal Al-N 
double bond in alumazene 1. However, in the second step 
the intermediate aminoalane reacts with the second mole-
cule of 2-methylquinolin-8-ol by the proton transfer to the 
methyl group and CH4 is eliminated. The resulting mole-
cule is monomeric and the coordination number of alu-
minium atom is increased to five by coordination of two 
quinolinol nitrogens. 

3. 2. Crystal Structures
Single crystals of 2 suitable for the X-ray diffraction 

analysis were grown from the mother liquor. The molecu-
lar structure is displayed in Figure 1, selected interatomic 

Scheme 1

Scheme 2



959Acta Chim. Slov. 2018, 65, 955–963

Kollhammerova et al.:   Alumazene Reactivity with Quinolinols – Addition   ...

distances and angles are listed in Table 2. Molecules of 2 
crystallize in the orthorhombic space group Pbca. Bonds 
between aluminium and oxygen atom are longer in com-
parison with oxoaminoalumosilicates [NH(Dipp)
MeAl]3O3SiR1 with adamantane-like structure, where the 
Al–O bond distance is 1.74−1.75 Å. Also the bond be-
tween aluminum and nitrogen is in comparison with 1 
(1.78 Å) elongated to 1.84 Å. The Al–N bond to quinolinol 
is 2.09 Å long and it is comparable with other donor-ac-
ceptor bonds in alumazene–nitrile adducts and in aluma-
zene–pyridine adducts. The Al–C bond as well N–C bond 
are similar to starting alumazene 1.8,15,37 The aluminium 
atom is five-coordinate and its coordination environment 
lies between trigonal bipyramidal and tetragonal pyrami-
dal shape (τ = 0.53). All nitrogen atoms have coordination 
number three, as is the case for bridging oxygen atoms. 
One molecule of solvent tetrahydrofurane (THF) cocrys-

tallizes within the structure. Packing in the unit cell of 2 is 
shown in Figure 2.   

Suitable single crystals of 3 for the X-ray diffraction 
analysis were grown from the mother liquor. The molec-
ular structure is displayed in Figure 3, selected interatom-
ic distances and angles are listed in Table 3. Molecules 
crystallize in the triclinic space group P−1. The Al–O 
bonds are shorter than in 2, but longer than Al–O bonds 
in oxoaminoalumosilicates [NH(Dipp)MeAl]3O3SiR1 
(1.74−1.75 Å). The Al1–N41 bond is comparable to 2 but 
it is longer in comparison with 1 (1.78 Å). The other 
Al–N bonds are 2.08 Å long and they are comparable 
with Al–N in other alumazene-nitrile and aluma-
zene-pyridine adducts. The coordination number of alu-
minium is five and its environment is close to trigonal 
bipyramidal (τ = 0.76).8,15,37 Packing in the unit cell of 3 
is shown in Figure 4.

Table 2. Selected interatomic distances and angles of 2 ∙ THF

Distances (Å)

Al1–N3 1.8368(13) O1–C10 1.3512(17) Al2–N2 2.1195(13)
Al1–O1 1.8921(11) N3–C21 1.4112(18) Al2–C2 1.9647(18)
Al1–O2 1.9516(11) Al2–N4 1.8283(13) O2–C19 1.3572(18)
Al1–C1 1.9653(17) Al2–O1 1.9769(10) N4–C33 1.4196(18)
Al1–N1 2.0864(13) Al2–O2 1.8778(12)

Angles (°)

O1–Al1–N3 113.80(6) O2–Al2–N4 116.87(6)
O1–Al1–O2 73.85(5) O2–Al2–O1   73.57(4)
O1–Al1–N1 80.01(5) O2–Al2–N2   79.41(5)
O1–Al1–C1 118.68(6) O2–Al2–C2 117.54(7)

Figure 1. Thermal ellipsoid plot of 2 (disordered solvent molecule was omitted for clarity)
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Figure 2. Packing in the unit cell of 2, viewed along b-crystallographic axis (left) and a-crystallographic axis (right), hydrogen atoms were omitted 
for clarity

Figure 3. Thermal ellipsoid plot of 3
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3. 3. Luminescence Properties
Emission spectra display maxima at 502 nm for 2 

and at 497 nm for 3 in solid state (Figure 5). The excitation 
spectrum of 2 in solid state has shown a wide absorption 
region (300−450 nm) with maximum around 370 nm 
while the spectrum of diluted solution of 2 (in CH2Cl2) is 
shifted to higher wavelengths showing several maxima 
(375, 450, 465 nm). The excitation spectrum of 3 in solid 
state has maximum also around 370 nm whereas diluted 
solution of 3 shows at least two distinct peaks (372 and 446 
nm). Emission maxima of complexes diluted in CH2Cl2 
were slightly shifted to shorter wavelengths (500 nm for 
complex 2, respectively 481 nm for complex 3). Lumines-
cence quantum yields were estimated using secondary 
method. We have used quinine bisulphate as a standard. 
Quantum yield of complex 2 was found to be 0.29 whereas 
3 displays a yield of only 0.12. Luminescence lifetime of 
diluted complex 2 was found to be about 17 ns (Figure 6). 

Table 3. Selected interatomic distances and angles of 3

Distances (Å)

Al1–N8 2.0784(11) Al1–O21 1.8039(9) Al1–O1 1.8034(9) 
Al1–N28 2.0782(11) Al1–N41   1.8301(11) N41–C42   1.4057(16) 

Angles (°)

O1–Al1–N8   83.78(4) O1–Al1–N28   89.93(4) 
O1–Al1–O21 116.08(4) O1–Al1–N41 119.44(5)

Figure 4. Packing in the unit cell of 3, viewed along c-crystallographic axis (left) and a-crystallographic axis (right), hydrogen atoms were omitted 
for clarity

Figure 5. Normalized corrected emission spectra of 2 (solid) and 3 
(dashed) complexes in solid state
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Lifetime of complex 3 was measured to be significantly 
longer (27 ns). 

4. Conclusions
New crystalline complexes 2 and 3 were prepared 

and structurally characterized. The alumazen ring 1 be-
haves in these reactions as a structure with alternating 
double and single Al–N bonds, although the calculations 
predict that the free electron pair is localized at the nitro-
gen atom and delocalization energy is minimal in compar-
ison to benzene.5,6,38 Previous reactions of alumazene (1) 
were designed as reactions with N- or O-bases.7-10 In the 
present case we use the ligands with the N-donor site and 
the acidic OH group. The proton is transferred to aluma-
zene imidic nitrogen. In both 2 and 3, the oxygen and ni-
trogen ligand atoms are coordinated to the aluminium in 
chelating fashion. Although the used quinolinols differ 
only in one Me substituent, the final products are quite dif-
ferent. It is well know that the Me group in position 2- on 
the pyridine ring hinders the formation of tris complex-
es.19 The first step of both reactions is identical, addition to 
a formal Al–N double bond and deoligomerization of the 
trimeric Al3N3 ring. In the second step in the case of com-
plex 2, dimerization of an intermediate occurs, while in 
the case of 3, an intermediate undergoes substitution reac-
tion of the remaining Me group at aluminium atom and 
the monomeric product is formed. Both 2 and 3 are inter-
esting precursors for the synthesis of a series of derivatives 
as they still possess reactive moieties, Al−CH3 and Al−
NH−Dipp, capable of further reactions with protic re-
agents, such as alcohols, silanols, and carboxylic acids. 
Both complexes (2 and 3) have relatively high lumines-
cence quantum yields and show greenish-blue (cyan) 
emission in the solid state. The described complexes may 
open routes to the development of cyan-light-emitting 

OLEDs using subtractive colour systems (or subtractive 
CMYK systems).
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Povzetek
S pomočjo monokristalne rentgenske difrakcije smo določili strukturi dveh spojin dobljenih z reakcijo alumazena  
[DippNAlMe]3 (1, Dipp = 2,6-i-Pr2C6H3) z dvema kinolinoloma. Kinolin-8-ol (Hq) tvori dvojedrni kompleks  
[(DippNH)2Al2Me2(q)2] (2) z osrednjim Al2O2 obročem in petkoordiniranima Al atomoma. Spojina 2 ∙ THF kristalizira 
v ortorombski Pbca prostorski skupini. Molekulska struktura enojedrnega kompleksa [(DippNH)Al(Meq)2] (3) izoli-
ranega pri reakciji 1 z 2-metilkinolin-8-olom (HMeq) ima petkoordiniran Al center. Struktura je bila rešena v triklinski 
celici P−1. Dvojedrni kompleks 2 lahko obravnavamo kot modelni produkt adicije alkohola na formalno Al−N dvojno 
vez, medtem ko enojedrni kompleks 3 predstavlja primer nadaljnje pretvorbe preostale Al−Me skupine s protonom. Oba 
kompleksa 2 in 3 imata močno luminiscenco z emisijo okoli 500 nm v trdnem stanju.
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Abstract
A pair of new oxidovanadium(V) complexes, [VOL1L]·EtOH (1) and [VOL2L]·EtOH (2) (L = acetohydroxamate), de-
rived from the aroylhydrazones N’-(5-bromo-2-hydroxybenzylidene)-4-methoxybenzohydrazide (H2L1) and N’-(5-bro-
mo-2-hydroxybenzylidene)-4-methylbenzohydrazide (H2L2), have been prepared and characterized by elemental analy-
ses, FT-IR, 1H and 13C NMR spectroscopy and single-crystal structural X-ray diffraction. The complexes have octahedral 
structures in which the aroylhydrazone ligands behave as binegative donors. Single-crystal structure analyses reveal that 
the V centers are coordinated by the donor atoms of the aroylhydrazone ligands, the acetohydroxamate ligands and the 
oxido groups. Crystal structures of the complexes are stabilized by hydrogen bonds. The complexes function as effective 
olefin epoxidation catalysts. 

Keywords: Aroylhydrazone; oxidovanadium complex; catalytic activity; crystal structure

1. Introduction
In recent years, remarkable attention has focused on 

vanadium compounds because of their biochemical signifi-
cance1 and industrial catalytic processes.2 For instance, the 
use of oxovanadium complexes in asymmetric synthesis,3 in 
C–C bond formation as well as in C–C, C–O and C–H 
bond cleavages,4 catalytic oxidation of various olefins,5 oxi-
dative halogenation and selective epoxidation of unsaturat-
ed hydrocarbons and allyl alcohols.6 Aroylhydrazones bear-
ing typical –CO–NH–N=CH– group are interesting ligands 
in the preparation of various metal complexes which have 
considerable biological and catalytic properties.7 A number 
of vanadium complexes with various types of ligands have 
been prepared, yet, those derived from hydrazones only few 
have been reported with catalytic oxidation on olefins. In 
this paper we are concerned about the structural investiga-
tion and catalytic activity of two vanadium complexes with 
hydrazone ligands, which have similar structures except for 
the terminal substituted groups, Me and OMe. In the pres-
ent work, a pair of new vanadium(V) complexes [VOL1L] · 
EtOH (1) and [VOL2L] · EtOH (2) (L = acetohydroxamate), 

derived from the aroylhydrazones N’-(5-bromo-2-hydroxy-
benzylidene)-4-methoxybenzohydrazide (H2L1) and N’-(5- 
bromo-2-hydroxybenzylidene)-4-methylbenzohydrazide 
(H2L2; Scheme 1), are presented. 

Scheme 1. H2L1 (X = OMe) and H2L2 (X = Me)

2. Experimental
2.1. Materials and Methods

All chemicals and solvents used were of analytical 
reagent grade and used as received. Micro analyses for C, 
H, N were carried out using a Perkin Elmer 2400 CHNS/O 
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elemental analyzer. FT-IR spectra were recorded on a FT-
IR 8400-Shimadzu as KBr discs in the range of 400–4000 
cm–1. 1H and 13C NMR spectra were recorded at 25 °C on 
the Bruker AVANCE 300 MHz spectrometer. X-ray dif-
fraction data were collected using a Bruker Smart Apex II 
diffractometer.

2. 2. Synthesis of the Aroylhydrazones 
An ethanolic solution (20 mL) containing 5-bro-

mo-2-hydroxybenzaldehyde (1.0 mmol, 0.201 g) was add-
ed dropwise to the ethanolic solution of 4-methoxybenzo-
hydrazide (1.0 mmol, 0.166 g) for H2L1, and 
4-methylbenzohydrazide (1.0 mmol, 0.150 g) for H2L2, 
respectively, with constant stirring. The mixtures were re-
fluxed for 30 min, and the resulting precipitate was filtered 
off, washed with cold ethanol and dried in desiccator over 
silica gel. 

H2L1: Yield: 0.29 g, 83%. For C15H13BrN2O3: anal. 
calcd., %: C, 51.60; H, 3.75; N, 8.02. Found, %: C, 51.75; H, 
3.83; N, 7.94. FT-IR (KBr), cm–1: ν(OH) 3455, ν(NH) 
3237, ν(CH) 2810–3120, ν(C=O) 1647, ν(C=N) 1609, 
ν(C–O) 1255. 1H NMR (300 MHz, DMSO-d6, ppm): δ = 
12.08 (s, 1H; OH), 11.38 (s, 1H; NH), 8.59 (s, 1H; CH=N), 
7.94 (d, 2H; ArH), 7.78 (s, 1H; ArH), 7.43 (d, 1H, ArH), 
7.08 (d, 2H; ArH), 6.90 (d, 1H, ArH), 3.86 (s, 3H, CH3). 
13C NMR (75 MHz, DMSO-d6, ppm) δ = 162.24, 156.40, 
145.26, 133.38, 130.58, 129.63, 124.72, 121.32, 118.66, 
113.80, 110.37, 55.46. 

H2L2: Yield: 0.30 g, 90%. For C15H13BrN2O2: anal. 
calcd., %: C, 54.07; H, 3.93; N, 8.41. Found, %: C, 54.23; H, 
4.02; N, 8.35. FT-IR (KBr), cm–1: ν(OH) 3445, ν(NH) 
3229, ν(CH) 2815–3120, ν(C=O) 1647, ν(C=N) 1617, 
ν(C–O) 1280. 1H NMR (300 MHz, DMSO-d6, ppm): δ = 
12.14 (s, 1H; OH), 11.35 (s, 1H; NH), 8.63 (s, 1H; CH=N), 
7.89-7.80 (m, 3H; ArH), 7.47-7.35 (m, 3H, ArH), 6.93  
(d, 1H; ArH), 2.41 (s, 3H, CH3). 13C NMR (75 MHz,  
DMSO-d6, ppm) δ = 162.20, 156.38, 145.31, 142.27, 133.35, 
130.22, 129.54, 126.89, 121.32, 118.66, 113.80, 110.37, 
21.12. 

2. 3. Synthesis of the Complexes
An ethanolic solution (10 mL) of VO(acac)2 (0.1 

mmol, 0.026 g) was added to the ethanolic solution of ace-
tohydroxamic acid (0.1 mmol, 0.0075 g) and H2L1 (0.1 
mmol, 0.035 g) for 1 and H2L2 (0.1 mmol, 0.033 g) for 2, 
respectively, and the resulting orange mixture was refluxed 
for 30 min. After cooling, the solution was filtered and left 
to stand overnight. Orange single crystals suitable for crys-
tallographic analysis separated after a week and dried in a 
vacuum desiccator over silica gel. 

[VOL1L] · EtOH (1): Yield: 0.027 g, 51%. For  
C19H21BrN3O7V: anal. calcd., %: C, 42.72; H, 4.00; N, 7.87. 
Found, %: C, 42.61; H, 3.89; N, 7.78. IR (KBr) cm–1: ν(OH) 
3427, ν(NH) 3217, ν(CH) 2820–3100, ν(C=N) 1610, 

ν(C–O) 1176, ν(VO) 968. 1H NMR (300 MHz, DMSO-d6, 
ppm): δ = 14.05 (s, 1H; NH), 9.05 (s, 1H; CH=N), 7.99  
(d, 1H; ArH), 7.85 (m, 2H; ArH), 7.65 (q, 1H, ArH), 7.03 
(d, 2H; ArH), 6.86 (d, 1H, ArH), 3.80 (s, 3H, OCH3), 2.10 
(t, 3H, CH3).

[VOL2L] · EtOH (2): Yield: 0.022 g, 43%. For C19H-
21BrN3O6V: anal. calcd., %: C, 44.04; H, 4.08; N, 8.11. 
Found, %: C, 43.87; H, 4.22; N, 8.27. IR (KBr) cm–1: ν(OH) 
3434, ν(NH) 3231, ν(CH) 2820–3130, ν(C=N) 1608, 
ν(C–O) 1192, ν(VO) 968. 1H NMR (300 MHz, DMSO-d6, 
ppm): δ = 14.06 (s, 1H; NH), 9.08 (s, 1H; CH=N), 7.99  
(d, 1H; ArH), 7.81 (m, 2H; ArH), 7.65 (q, 1H, ArH), 7.30 
(d, 2H; ArH), 6.86 (d, 1H, ArH), 2.38 (s, 3H, CH3), 2.11 (t, 
3H, CH3).

2. 6. X-Ray structure Determination 
The crystal structures of the complexes were mea-

sured on a Bruker SMART Apex II CCD diffractometer 
using Mo-Kα radiation (λ = 0.71073 Å) and a graphite 
monochromator at 25 °C. Unit cell and reflection data 
were obtained by standard methods8 and are summarized 
in Table 1. The structures were solved, refined, and pre-
pared for publication using the SHEXTL package (struc-
ture solution refinements and molecular graphics),9 and 
using full-matrix least-squares techniques by using F2 with 
anisotropic displacement factors for all non-hydrogen at-
oms. The amino H atoms were located from difference 
Fourier maps and refined isotropically, with N–H distanc-

Table 1. Crystal data and structure refinement for the complexes

Parameters 1 2

Molecular formula C19H21BrN3O7V C19H21BrN3O6V
Formula weight 534.24 518.24
Temperature (K) 298(2) 298(2)
Crystal system Monoclinic Monoclinic
Space group P21/n P21/n
a (Å) 8.3528(5) 8.4310(8)
b (Å) 16.0871(10) 15.1788(14)
c (Å) 16.5986(10) 16.8336(16)
β (°) 95.496(2) 93.271(2)
V (Å3) 2220.1(2) 2150.7(4)
Z 4 4
Dcalc (g/cm3) 1.598 1.600
μ (mm–1) 2.291 2.359
F(000) 1080 1048
Reflections collected 20456 10964
Independent reflection (Rint) 4269 (0.0554) 3996 (0.0242)
Reflections observed  3054 3278
(I > 2σ(I)) 
Data/restraints/parameters 4269/1/287 3996/1/276
Goodness-of-fit on F2 1.028 1.029
Final R indices (I > 2σ(I)) 0.0485, 0.1020 0.0342, 0.0805
R indices (all data) 0.0833, 0.1184 0.0470, 0.0867
Highest peak and deepest  0.447, –0.425 0.428,–0.365
hole (e Å–3) 
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es restrained to 0.90(1) Å. Positions of the remaining hy-
drogen atoms were calculated from the geometry of the 
molecular skeleton and their thermal displacement pa-
rameters were refined isotropically on a groupwise basis. 
Selected bond lengths and angles are reported in Table 2. 
H-bonding distances and angles are shown in Table 3. 

H2O2 (1.1 mmol, 30% H2O2 in water) as oxidant. After the 
reaction was over at 74.5 min, for the products analysis, 
the solution was subjected to multiple ether extraction, 
and the extract was also concentrated down to 0.5 mL by 
distillation in a rotary evaporator at room temperature and 
then a sample (2 μL) was taken from the solution and ana-
lyzed by GC. The retention times of the peaks were com-
pared with those of commercial standards, and chloroben-
zene was used as an internal standard for GC yield 
calculation.

3. Results and Discussion
3. 1. Synthesis and Characterization

The reaction of VO(acac)2 and acetohydroxamic acid 
with the tridentate aroylhydrazone ligands H2L1 and H2L2 
in ethanol led to the formation of the complexes. Crystals 
of the complexes are stable at room temperature and solu-
ble in DMSO, DMF, ethanol, acetonitrile and less soluble 
in other common solvents like dichloromethane, chloro-
form, and insoluble in benzene, n-hexane and CCl4. 

3. 2. 1H NMR Spectra
1H NMR data of the aroylhydrazone ligands when 

compared with the complexes reveal that the ligands serve 
as tridentate binegative ONO donor. The azomethine C–H 
signal in the complexes is shifted up-field from its original 
position in the free ligands upon coordination of the –
CH=N– groups, on account of reduction of electron den-
sity at the azomethine C–H. The aromatic protons also 
show some deviation in the complexes as compared to the 
free ligand since in the complexes they are in direct conju-
gation to the coordinated O and N of the hydrazone li-
gands. 

3. 3. IR Spectra
IR spectra of the free aroylhydrazone ligands show 

bands at 3220–3240 cm–1 for ν(N–H), 1647 cm–1 for 
ν(C=O) and 3445–3455 cm–1 for ν(O–H).10 The ν(C=O) 
bands are absent in the spectra of the complexes as the li-
gands bind in binegative mode losing protons from the 
carbohydrazide groups. The strong peak at about 1610 
cm–1 can be assigned to ν(C=N).11 The complexes exhibit 
characteristic bands at 968 cm–1 for the stretching of V=O 
groups.12 

3. 4. Structure Description
The perspective views of the complexes together 

with the atom numbering schemes are shown in Figs. 1 
and 2. The asymmetric units of the complexes contain one 
complex molecule and one ethanol molecule. The coordi-
nation geometry around each V atom reveals a distorted 

Table 2. Selected bond lengths (Å) and angles (°) for the complexes

1   

Bond lengths (Å)   
V(1)−O(1) 1.861(3) V(1)−O(2) 1.942(3)
V(1)−O(4) 2.216(3) V(1)−O(5) 1.850(3)
V(1)−O(6) 1.581(3) V(1)−N(1) 2.080(3)
Bond angles (°)   
O(6)−V(1)−O(5) 96.64(14) O(6)−V(1)−O(1) 99.49(15)
O(5)−V(1)−O(1) 105.02(12) O(6)−V(1)−O(2) 97.41(14)
O(5)−V(1)−O(2) 90.35(11) O(1)−V(1)−O(2) 155.56(12)
O(6)−V(1)−N(1) 100.73(14) O(5)−V(1)−N(1) 158.40(12)
O(1)−V(1)−N(1) 84.74(11) O(2)−V(1)−N(1) 74.84(11)
O(6)−V(1)−O(4) 172.74(14) O(5)−V(1)−O(4) 76.12(11)
O(1)−V(1)−O(4) 82.16(12) O(2)−V(1)−O(4) 83.30(11)
N(1)−V(1)−O(4) 86.43(11)  

2   

Bond lengths (Å)   
V(1)−O(1) 1.8570(19) V(1)−O(2) 1.9468(19)
V(1)−O(3) 2.2276(19) V(1)−O(4) 1.8444(18)
V(1)−O(5) 1.580(2)  
V(1)−N(1) 2.080(2)  
Bond angles (°)   
O(5)−V(1)−O(4) 96.43(10) O(5)−V(1)−O(1) 99.41(11)
O(4)−V(1)−O(1) 105.00(8) O(5)−V(1)−O(2) 97.60(10)
O(4)−V(1)−O(2) 90.28(8) O(1)−V(1)−O(2) 155.59(9)
O(5)−V(1)−N(1) 100.43(10) O(4)−V(1)−N(1) 158.73(8)
O(1)−V(1)−N(1) 84.99(8) O(2)−V(1)−N(1) 74.79(8)
O(5)−V(1)−O(3) 172.15(10) O(4)−V(1)−O(3) 75.72(7)
O(1)−V(1)−O(3) 82.97(8) O(2)−V(1)−O(3) 82.53(8)
N(1)−V(1)−O(3) 87.20(7)  

Table 3. Hydrogen bonding interactions (Å, °)

D−H∙∙∙A d(D−H) d(H∙∙∙A) d(D∙∙∙A) Angle
    (D−H∙∙∙A)

1    
N(3)−H(3)∙∙∙O(7) 0.90(1) 1.85(3) 2.697(5) 156(6)
O(7)−H(7)∙∙∙N(2)i 0.82 2.00(3) 2.814(5) 176(5)
2    
O(6)−H(6)∙∙∙N(2)ii 0.82 2.02 2.839(3) 172(5)
N(3)−H(3)∙∙∙O(6)  0.90(1) 1.82(2) 2.697(3) 163(4)

Symmetry codes: i) x + ½, –y + 3/2, z – ½; ii) ½ + x, 3/2 – y, –½ + z. 

2. 7. Catalytic Epoxidation of Olefins 

To a solution of olefins (0.28 mmol), NaHCO3 (0.11 
mmol, 9.24 mg) and catalyst (9.4×10−4 mmol) in the mix-
ture of CH3OH/CH2Cl2 (1.2 mL; V:V = 7:3) was added 
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octahedral environment with an NO5 chromophore. The 
ligand molecule behaves as binegative tridentate one bind-
ing through the phenolate oxygen, the enolate oxygen and 
the imine nitrogen and occupies three positions in the bas-
al plane. The fourth donor of the basal plane is furnished 
by the hydroxyl O atom of the acetohydroxamate ligand. 
The oxo group and the carbonyl O atom of the acetohy-
droxamate ligand are located at the axial positions. The V 
atoms are found to be deviated from the corresponding 
mean basal planes by 0.283(2) Å for 1 and 0.279(2) Å for 2. 
The C(8)–O(2) bond lengths are closer to single bond 
length rather than C–O double bond length. However, the 
shorter length compared to C–O single bond may be at-
tributed to extended electron delocalization in the ligand. 
Similarly shortening of C(8)–N(2) bond lengths together 
with the elongation of N(1)–N(2) lengths also supports the 
electron cloud delocalization in the ligand system. The li-
gand molecules form five-membered and six-membered 
chelate rings with the V centers. The bond lengths related 
to the V atoms are similar to those observed in other vana-
dium complexes.13 In the crystal structures of the com-
plexes, the vanadium complex molecules are linked by eth-
anol molecules through hydrogen bonds (Figs. 3 and 4). 

Figure 1. An ORTEP diagram of complex 1 with atom labeling 
scheme and 30% probability thermal ellipsoids for all non-hydro-
gen atoms. Hydrogen bonds are shown as dashed lines. 

Figure 2. An ORTEP diagram of complex 2 with atom labeling 
scheme and 30% probability thermal ellipsoids for all non-hydrogen 
atoms. Hydrogen bonds are shown as dashed lines. 

Figure 3. Hydrogen bonds linked structures of complex 1. 

Figure 4. Hydrogen bonds linked structures of complex 2.

3. 5. Catalytic Property
The reactions were performed in (70:30) mixture of 

CH3OH/CH2Cl2 (1.2 mL) under air at room temperature. 
The molar ratios for catalyst:substrate:NaHCO3:H2O2 are 
1:298:117:1170. The GC conversion (%) is measured rela-
tive to the starting olefin after 74.5 min. The complexes 
show effective catalytic property in the oxidation of various 
olefins to their corresponding epoxides. The details of cata-
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lytic properties with respect to epoxidation of olefins with 
the complexes as catalysts are given in Table 4. Excellent 
epoxide yields and selectivity (> 99%) were observed for all 
aliphatic and aromatic substrates. The results of catalytic 
studies using the catalysts reveal that the efficiency of cata-
lyst toward all the substrates is similar with maximum con-
version, TON, and selectivity. When H2O2 (1.1 mmol, 30% 
H2O2 in water) was used as a sole oxidant the catalytic effi-
ciency is not high, but when NaHCO3 (0.11 mmol, 9.24 
mg) was added as a co-catalyst the efficiency of the system 
increases many times. The key aspect of such a reaction is 
that H2O2 and hydrogen carbonate react in an equilibrium 
process to produce peroxymonocarbonate, HCO4

−, which 
is a more reactive nucleophile than H2O2 and speeds up the 
epoxidation reaction. The catalytic properties of the pre-
sented complexes are comparable to the molybdenum and 
vanadium complexes reported in literature.14 

article. These data can be obtained free of charge at http://
www.ccdc.cam.ac.uk, or from Cambridge Crystallograph-
ic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; 
Fax: +44 1223 336 033; Email: deposit@ccdc.cam.ac.uk. 
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4. Conclusion
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Povzetek
Sintetizirali smo dva nova oksidovanadijeva(V) kompleksa, [VOL1L] · EtOH (1) in [VOL2L] · EtOH (2) (L = acetohi-
droksamat), pripravljenega iz aroilhidrazona N’-(5-bromo-2-hidroksibenziliden)-4-metoksibenzohidrazida (H2L1) in 
N’-(5-bromo-2-hidroksibenziliden)-4-metilbenzohidrazida (H2L2) ter ju okarakterizirali z elementno analizo, FT-IR, 
1H in 13C NMR spektroskopijo in monokristalno rentgensko strukturno difrakcijo. Kompleksa imata oktaedrično struk-
turo, v kateri je aroilhidrazonski ligand dianion. Monokristalna strukturna analiza razkrije, da je V center koordiniran 
z donorskimi atomi aroilhidrazonskega liganda, acetohidroksamatnega liganda in oksido skupino. Kristalna struktura 
kompleksov je stabilizirana z vodikovimi vezmi. Kompleksa sta učinkovita katalizatorja za epoksidacijo olefinov. 
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Abstract
Iridium oxide (IrOx) was electrodeposited onto glassy carbon electrode applying two-step potential cycling procedure. 
The electrocatalytic properties of the modified electrode IrOx/GC were evaluated with regards to electrochemical ox-
idation of nitrite and ascorbic acid (AA). The developed electrode-catalyst have been extensively studied by various 
electrochemical techniques. Differential pulse voltammetry (DPV) experiments indicated that the modified electrode 
possesses excellent electrocatalytic activity towards the oxidation of both nitrite and AA in neutral medium and offers si-
multaneous quantification of these substances. Constant potential amperometry studies also were performed – the IrOx/
GC showed sensitive response to nitrite (159.7 μA mM–1 cm–2) with a wide linear range from 0.002 to 10 mM at 0.77 V 
(vs. Ag/AgCl, 3 M KCl), and to AA (96.2 µA mM–1 cm–2) with a linear range from 0.01 to 3 mM at 0.025 V. The detec-
tion limit was 0.63 μM nitrite and 4 μM AA, respectively, and both of them had fast response within 5 s. Considering 
the simple and rapid electrodeposition procedure for preparation, IrOx/GC is a new electrode-catalyst for sensitive and 
selective quantitative detection of nitrite and AA. The wide linear range, good selectivity, reproducibility of the ampero-
metric response and long-time stability of the IrOx/GC make it a promising sensing material for practical nonenzymatic 
quantitative detection of nitrite and AA.

Keywords: Electrochemistry; electrocatalytic oxidation; sensor; nitrite; ascorbic acid

1. Introduction
Nitrite (NO2

–) is widely used food additive in meat 
products as an antimicrobial agent (prevents bacterial 
growth), a preservative (retards lipid peroxidation) and a 
color fixative.1 Nitrate also has been found in beverages, 
commercially available vegetables and drinking water. The 
concentration of NO2

– is one of the most important param-
eters in water quality – the World Health Organization 
(WHO) recommends a guideline value of 3 mg L–1 (65 μM) 
and a provisional guideline value of 0.2 mg L–1 (4.3 μM) for 
short-term and long-term exposures, respectively;2,3 accord-
ing to the regulation of the European Community the maxi-
mum permissible nitrite content in drinking water is 0.1 mg 
L–1 (2.2 μM).4,5 A serious threat to human health is the over-
weight content of nitrite in food products, as the excessive 
ingestion of nitrites via the dietary intake has potential toxic 
and mutagenic effects. Nitrite consumption has been linked 
with chronic obstructive pulmonary disease,6 methemoglo-

binemia7 – nitrite interacts with the hemoglobin (Fe2+) to 
form methemoglobin (Fe3+) which has no oxygen carrying 
ability, gastric and oesophageal cancer8 – nitrite ion is an es-
sential precursor in the formation of highly carcinogenic ni-
trosamines in the stomach. The acceptable daily intake of 
nitrite is 0–0.07 mg kg–1 (body weight) per day.9 

Classical analytical techniques have been employed 
for quantitative detection of nitrite such as coulometric ti-
tration,10 spectrofotometry,11 chemiluminescence,12 capil-
lary electroforesis,13 high-performance liquid chromatog-
raphy.14 Most of these analytical methods, however, re-
quire complex painstaking procedures for sample 
pre-treatment, as well as involve fairly expensive and so-
phisticated instruments. Therefore, the importance of im-
proved analytical methods for determination of nitrite has 
received considerable attention.

Nitrite ion is an electroactive and can be quantified 
electrochemically. In comparison with the aforementioned 
techniques, electrochemical analysis has been considered 
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as a low-cost and effective way due to its intrinsic simplic-
ity and high sensitivity. The electrochemical sensor devices 
provide the opportunity for an accurate, sensitive, selec-
tive, interference-free, fast, cost-effective and susceptible 
to automation analysis, and are a promising alternative of 
the traditional analytical techniques. 

The electrochemical determination of nitrite can be 
realized based on oxidation or reduction, as oxidation is 
usually preferred because cathodic measurement is prone 
to interference from other easily reducible species such as 
nitrate ion (product of nitrite reduction) and molecular 
oxygen. At the same time detection based on the oxidation 
of nitrite offers some advantages, such as no interference 
from nitrate ion, sulfate ion, and molecular oxygen. Nitrite 
can be oxidased at conventional electrode – bare glassy 
carbon (GC), platinum or gold electrodes, but the direct 
electrooxidation of nitrite ions requires high overpotential 
at the surface of the unmodified electrode and quantifica-
tion suffers from interference from other compounds. The 
process is accompanied by co-oxidation of interfering spe-
cies that present in the real samples. As a result, the regis-
tered signal is higher and does not correspond to the real 
concentration of the analyte. 

In order to improve the oxidation response of NO2
– 

(resp., the selectivity of detection), the applied potential 
should be efficiently lowered. This can be achieved by mod-
ifying the surface of the bare electrode with suitable elec-
trocatalytic active phase, that facilitates electron-transfer 
process – conducting polymer films,15–22 metal particles 
decorated polymers,3,23,24 metal complexes,25–27 metal-or-
ganic frameworks,28 metal or metal oxide patricles,29–35 
bimetallic nanomaterials,36 ionic liquid,29,37 methylene 
blue,38 chemically reduced graphene oxide.39

One of the main interfering substances in the quanti-
tative detection of nitrite in food samples is ascorbic acid. 
Ascorbic acid (AA), also known as vitamin C, is one of the 
most important vitamins that takes part in some important 
biological reactions such as free radical scavenging and can-
cer preventing. This compound exists in plant, especially 
fresh fruits and leafy vegetables, and animal tissues. The 
strong antioxidant activity of AA and its ability to protect 
oxidizable constituents, including phenolic and flavor com-
pounds, is the main factor AA to be frequently used in food 
industry to prevent unwanted changes in color or flavor. Ad-
ditives, based on AA, are widely used in production of sev-
eral foods and drinks such as beer, jam, sweets, fruit juices, 
fish products and meats. AA is used as well as in cosmetics 
(as a skin conditioning agent) and in pharmaceutical indus-
try (as a diet supplement in various forms). Side effects are 
not observed at normal AA intake (about 70–90 mg for 
adults),40 due to the fact that it is water soluble and quickly 
excreted. After single oral doses of vitaminin C greater than 
2 g daily, gastrointestinal distress and diarrhea are the most 
common side effects. However, in individuals with renal dis-
function, production of kidney stones is observed as a seri-
ous side effect with vitaminin C overdose. Due to the crucial 

role of AA in biochemistry and in industrial applications, 
recently there is a considerable research interest to develop 
electrochemical sensors for detection of AA content in vari-
ous samples including foods, drugs and biological fluids.40–51

Among the above-mentioned modified elec-
trodes-catalysts applied for nitrite detection, metal ox-
ide-modified electrodes possess some unique electro-
chemical properties and advantages compared to the other 
– high stability, enhancement of reaction rate due to the 
redox couples of oxide species of two different states, as 
well as weak adsorption or exclusion of hydrogen species 
on an oxide surface.31 Because of the high electron transfer 
rate constant of Ir(IV)/Ir(III) redox couple, IrOx were used 
as an electron transfer mediator and successfully applied 
in electrocatalysis.52–55 The present research reports an 
amperometric sensor for nitrite and AA detection, based 
on modified with iridium oxide GC electrode. As an elec-
trode material, GC is distinguished by its chemical inert-
ness, low background currents, wide potential window 
and low price. Cyclic voltammetry (CV) was applied to 
form iridium oxide layers at the surface of the bare GC 
electrode as the fastest and simplest electrodeposition 
technique, that not requires expensive equipment or spe-
cial experimental conditions (high temperature and pres-
sure). The developed electrode exhibits remarkable elec-
trocatalytic activity in two independent electrocatalytic 
processes – oxidation of nitrite (at an applied potential of 
0.77 V vs. Ag/AgCl, 3 M KCl) and oxidation of AA (at 
0.025 V) and offers simultaneous quantification of both 
substances. The modified electrode has advantages such as 
high sensitivity in a relatively wide range of substrate con-
centrations, selectivity, excellent reproducibility of the 
current signal and long-term stability.

2. Experimental
2. 1. Materials

Na2IrCl6, HCl, H2SO4, NaOH, NaNO2, NaNO3, 
NaOOCCH3, NaCl, Na2CO3, KCl, KBr, KBrO3, KI, MgCl2, 
CuSO4 were purchased from Fluka; Na2HPO4 12H2O, 
NaH2PO4 2H2O, K3[Fe(CN)6], sodium citrate (Na-
3C6H5O7), ascorbic acid (C6H8O6) and glucose (C6H12O6) 
were purchased from Sigma-Aldrich. All chemicals used 
were of analytical grade and double distilled water was 
used to prepare aqueous solutions. Buffer solution, 0.1 M, 
was made of monobasic and dibasic sodium phosphates 
dissolved in double distilled water with pH 7.0 adjusted 
with NaOH. The working electrode was a disc (3 mm di-
ameter) from glassy carbon rod (Metrohm) in Teflon 
holder. 

2. 2. Apparatus and Measurements
All the electrochemical measurements were per-

formed using potentiostat EmStat2 (PalmSens BV, The 
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Netherlands) interfaced with a computer and controlled 
by ‘PSTrace 2.5.2’ software. A conventional thermostated 
three-electrode cell including a working electrode, an Ag/
AgCl (3 M KCl) as a reference electrode, and a platinum 
wire as a counter electrode was used. Before the measure-
ment the background electrolyte was purged with pure ar-
gon for at least 15 min to remove dissolved oxygen. The 
modified electrode was investigated using cyclic voltam-
metry (CV), differential pulse voltammetry (DPV) and 
amperometry at a constant potential. Cyclic voltammo-
grams (CVs) were recorded at scan rates from 10 to 150 
mV s–1. The DPV parameters were chosen as follows: scan 
rate 9 mV s–1, pulse amplitude 50 mV, pulse interval 70 ms. 
Amperometric (i-t) curves were monitored at a constant 
applied potential under hydrodynamic condition. The ex-
perimental data analysis was performed using software 
package ‘OriginPro 8.0’.

2. 3.  Electrodeposition of Iridium Oxide onto 
Glassy Carbon Electrode
Prior to the modification, the glassy carbon elec-

trode surface was polished mechanically using 0.05 µm 
alumina slurry, rinsed, sonicated in double distilled water 
for 5 min and allowed to dry at room temperature. The 
electrodeposition of IrOx onto the GC electrode was carry 
out in two-step procedure as follows: deposition of iridium 
from 2.0 % Na2IrCl6 in 0.1 M HCl solution using CV from 
–0.3 to 0.3 V applying 100 cycles at scan rate of 100 mV s–1 

and subsequent oxidation of iridium applying 100 cycles 
from –0.3 to 1.4 V in electrolyte 0.5 M H2SO4.55 

3. Results and Discussion
3. 1.  Electrochemical Behavior of IrOx/GC 

Modified Electrode

The electrochemical behavior of the IrOx/GC modi-
fied electrode was investigated by cyclic voltammetry. The 

cyclic voltammograms of the bare GC electrode and IrOx/
GC modified electrode registered in PBS pH 7.0 are shown 
in Fig. 1. Compared with the bare GC electrode (curve a), 
the background current of the modified electrode is appar-
ently larger, which indicates that the effective electrode 
surface area is significantly enhanced (curve b). The pair of 
well-defined redox peaks at 0.13 V and 0.02 V, respectively, 
assigned to the redox couple Ir(III)/Ir(IV), proves the suc-
cessful modification of the electrode surface. 

For the evaluation of the electrochemically active 
surface area of the modified electrode, cyclic voltammo-
grams were registered at different scan rates using 
[Fe(CN)6]3–/4– in 0.1 M KCl as a redox probe. The data 
confirm that the IrOx-deposit favors the electron transfer 
rate of the redox probe. A noticeable enhancement in the 
peak magnitude accompanied with decreased peak poten-
tial separation (ΔEp) were observed after the modification 
of bare GC, which indicated that the IrOx-deposit could 
enhance the effective surface area and the conductivity of 
the electrode. 

For the single electron transfer of Fe3+/Fe4+ redox re-
action at a scan rate of 50 mV s–1 for IrOx/GC modified 
electrode was determinated peak potential separation ΔEp 
= 0.09 V, which is 0.07 V lower than that of the bare GC 
electrode (ΔEp = 0.16 V). A linear dependence was ob-
tained between the peak currents and the square root of 
the scan rate, demonstrating that the redox process of fer-
ri/ferrocyanide at the modified electrode surface is diffu-
sion controlled (Fig. 2). The electro-active surface area was 
estimated according to Randles–Ševćik equation:

       (1)

where Ip is the peak current (A), v is the applied scan rate 
(V s–1), n = 1 (number of electrons involved in the redox 
reaction), A0 is the electrode surface area (cm2), D0 is dif-
fusion coefficient (D0 = 7.6 × 10−6 cm2 s−1), C0 is the bulk 
concentration of the substrate (C0 = 5 × 10−3 M). In this 
system, the slope is 243.94, taking temperature T = 298 K, 
molar gas constant R = 8.314 J K−1 mol−1, and Faraday’s 

Fig. 1. CVs of the bare GC electrode (curve a) and IrOx/GC modified 
electrode (curve b) in PBS, pH 7.0, recorded at scan rate of 50 mV s–1.

Fig. 2. CVs of modified electrode IrOx/GC in presense of 5 mM of 
K3[Fe(CN)6] in 0.1 M KCl solution registered at different scan rates 
(10–150 mV s–1). Inset: plot of anodic peak current vs. v1/2.
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constant F = 96480 C mol−1, the effective surface area was 
calculated to be 0.065 cm2. Compared with the bare GC 
electrode (0.036 cm2, calculated analogously), the electro-
active surface area of the IrOx/GC modified electrode was 
increased by approximately 80 %.

3. 2.  Electrocatalytic Oxidation of Nitrite  
and Ascorbic Acid
To study the application of the modified electrode 

IrOx/GC in electrochemical sensing of nitrite and AA, 
electrooxidation and quantitative detection of these sub-
stances in neutral medium were investigated. The perfor-
mance of the modified electrode regarding the sensing of 
each of the substances was evaluated using two electro-
chemical techniques – DPV and constant potential amper-
ometry, according to the sensitivity, linear range, detection 
limit, and stability. 

DPV technique was first employed to study the elec-
trochemical oxidation of AA on IrOx/GC and bare GC 
electrode in PBS, pH 7.0 (Fig. 3A). The electrooxidation of 
AA was shown in the form of peak shaped differential 
pulse voltammogram with maximum current intensity at 
0.25 V on bare GC (black curve) and at 0.025 V (red curve) 
on modified IrOx/GC electrode, respectively. The modified 
electrode possesses a better sensitivity and selectivity in 
comparison to the bare GC – the oxidation peak potential 

of ascorbic acid at the modified electrode is significantly 
shifted (by ~0.225 V) in the negative direction compared 
with the bare GC, and 2.5-fold increase in the peak current 
at the modified IrOx/GC was observed. The oxidation po-
tential value (0.025 V) is significantly lower than the AA 
oxidation potential reported in previous research arti-
cles.40,45–51 The results indicate that the presented modified 
electrode is distinguished by a higher efficiency in the se-
lective detection of ascorbic acid compared to other elec-
trocalysts.

The possibility of the modified electrode for simulta-
neous detection of AA and nitrite was next examined. In 
buffer solution, that contains 1 mM AA and 1 mM nitrite, 
DPV response of the modified electrode IrOx/GC shows 
two well-defined and well-separated oxidation peak cur-
rent responses as presented in Fig. 3B. It is obvious that the 
oxidation potential of AA is much more negative than 
those of nitrite (0.77 V). The peak separation is about 
0.745 V between AA and nitrite, implying it is feasible to 
detect nitrite in the presence of AA by DPV with the IrOx/
GC electrode.

Fig. 4A shows the DPV curves obtained at the IrOx/
GC when the concentration of AA is changed (peak 1) 
while the concentration of nitrite kept constant (peak 2). 
The peak current associated with the oxidation of AA is 
increased linearly with the increase in AA concentration, 

Fig. 3. A) DPV response of modified electrode IrOx/GC for 1 mM 
ascorbic acid in PBS (pH 7.0); B) Simultaneous DPV response of 
IrOx/GC for a mixture of ascorbic acid (1 mM) and nitrite (1 mM) 
in PBS (pH 7.0).

Fig. 4. DPVs response of IrOx/GC in PBS (pH 7.0) containing: A) 1 
mM nitrite (peak 2) in the presence of different concentrations of 
AA (peak 1); B) 1 mM AA (peak 1) in the presence of different 
concentrations of nitrite (peak 2). Concentrations (in mM) as fol-
lows: (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.6, (f) 0.8 and (g) 1.0.
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while the peak height of nitrite remains stable. The ob-
served phenomenon clearly shows that it is possible to de-
tect selectively AA concentration in the presence of nitrite 
ions. An analogous analytical test was also carried out at a 
constant concentration of AA and varying concentration 
of nitrite (Fig 4B). The obtained results prove that the 
modified electrode possesses the ability to detect single 
species separately or to determine the specific concentra-
tions of mixtures of the two species.

3. 2. 1.  Voltammetric and Amperometric 
Detection of Nitrite 

The DPV curves of the bare GC and of the IrOx/GC 
electrode (Fig. 3B) clearly show that the modified elec-
trode exhibits higher electrocatalytic activity towards ni-
trite oxidation. In the presence of nitrite the higher peak 
current and shift towards lower potential indicate better 
catalytic behaviour of the modified electrode.

Fig. 5 presents the DPV curves of nitrite with differ-
ent concentrations (0.2–3.1 mM). The peak current was 
proportional to the nitrite concentration and it can be ex-
pressed in a model such as: y = ax + b, where a is the slope 
of the calibration curve in terms of sensitivity. The linear 
regression equation was as follows: Ip (μA) = 9.419 C (mM) 
+ 0.397 and was accomplished with a correlation coeffi-
cient of 0.998 (Fig. 4, inset). The proposed electrode shows 
good electrochemical sensitivity of 133.2 μA mM–1 cm–2 
(normalized to the electrode geometric surface area) up to 
3.1 mM nitrite.

The reproducibility of the current response of the 
modified electrode is essential for its successful application 
as a sensing element in construction of electrochemical 
sensor systems. In this connection, the reproducibility of 
the DPV current of IrOx/GC to 0.6 mM and 1.2 mM nitrite 
was examined. For 10 successive independent measure-
ments in presence of 0.6 mM nitrite the electrode response 
was 6.099 ± 0.064 μA and the relative standard deviation 
(RSD) was calculated to be 1.05 %. Analogous studies car-

ried out in presence of 1.2 mM nitrite show electrode re-
sponse of 11.659 ± 0.114 μA and RSD of 0.98 %. The re-
sults prove that the modified electrode possesses excellent 
reproducibility of the current signal. 

Selectivity plays a vital role in practical use of sen-
sors. In order to study the selectivity of the modified elec-
trode, the interference effect of various species (in concen-
trations 10 times that of nitrite): Cl–, Br–, CO3

2–, NO3
–, 

SO4
2–, BrO3

–, CH3COO–, Mg2+, Cu2+, glucose and sodium 
citrate, was examined during DPV current response for 
NO2

–, performing an independent DPV measurement for 
each substance, respectively. The response current in-
creased about 6.8 % when Br– was injected into the buffer 
solution, suggesting this anion might have a moderate in-
terference in the detection of nitrite. In the other experi-
ments, no obvious interference was observed – the chang-
es in current response on the modified electrode keep 
within 5 % in the presence of 10 mM Cl–, CO3

2–, NO3
–, 

SO4
2–, BrO3

–, CH3COO–, Mg2+, Cu2+, glucose and sodium 
citrate in 1 mM nitrite solution, indicating that they have 
negligible interference for nitrite detection (Table 1).

Fig. 5. DPVs of modified electrode IrOx/GC in the presence of var-
ious concentrations of nitrite in PBS (pH 7.0). Inset: linear relation-
ship between the peak current and the concentration.

Table 1. Changes in DPV current response on the modified elec-
trode in the presence of several inorganic and organic compounds 
(10 mM of each interferent) in 1 mM nitrite solution.

Interferent Signal change (%) Interference

NaCl –2.6 Negligible
KBr +6.8 Moderate
MgCl2 –3.6 Negligible
Na2CO3     –0.96 Negligible
NaNO3 –1.2 Negligible
CuSO4 –0.66 Negligible
KBrO3 +4.4 Negligible
NaOOCCH3 –0.55 Negligible
C6H12O6 –0.32 Negligible
Na3C6H5O7 –1.3 Negligible

The amperometric response was evaluated for the 
modified electrode with the successive additions of nitrite 
at a fixed potential. Fig. 6 displays the authentic record of 
the amperometric response of IrOx/GC to successive addi-
tions (in 30 s intervals) of NO2

– stock solution at a con-
stant applied potential of 0.77 V under constant stirring. A 
remarkable increase and a fast response of the amperomet-
ric current were observed. Upon addition of nitrite the 
modified electrode shows increasing staircase current re-
sponse, corresponding to the electrochemical oxidation of 
the analyte, which evidences that IrOx/GC efficiently pro-
moted the electrooxidation of nitrite. Steady-state current 
value was reached within 5 s. 

The background subtracted steady-state response of 
the electrode (Fig. 6, inset) was proportional to the nitrite 
concentration up to 10 mM (correlation coefficient of 
0.989) with a sensitivity of 11.294 µA mM–1 (or 159.7 μA 
mM–1 cm–2), calculated on the basis of 49 points. The lim-



975Acta Chim. Slov. 2018, 65, 970–979

Dodevska et al.:   An Electrochemical Sensing Platform Based   ...

it of detection is 0.63 µM (defined at a signal-to-noise ratio 
of 3), which is lower than the drinking water limit quantity 
postulated by the WHO (4.3 µM).2

The selectivity of the modified electrode for nitrite 
was also confirmed by amperometric measurements. For 
interference test, we used the same common interfering 

Fig. 6. Amperometric response of modified electrode IrOx/GC in 
PBS (pH 7.0) for successive additions of nitrite at potential of 0.77 V. 
Inset: the enlarged initial section of the amperometric curve (12 in-
jections of 0.1 mM NO2

– and 1 injection of 0.2 mM NO2
– were add-

ed) and the corresponding calibration plot.

Table 2. Comparison of the proposed IrOx/GC with other reported sensors for determination of nitrite.

Sensing electrodea Techniqueb E, Sensitivity, Linear range, Detection RSD,
  V µA mM–1 cm–2 µM limit, µM %

p-NiTAPc/GC56 DPA 0.82c – 0.5–8000 0.1 2.8 (n = 12)
CDP/GS/MWCNTs/GC19 CV 0.7c 12.68e 5–6750 1.65 3.7(n = 5)
Hb/PLE57 DPV –0.8 c 2.164g 10–220 5.0 2.0(n = 3)
Nano-Pt/P3MT/GC24 DPV 0.78d 222.82 8–1700 1.5 3.4(n = 10)
Thionine/ACNTs/GC58 DPV 0.8d – 3–500 1.12 2.75(n = 5)
AgPs-IL-CPE29 SWV – –  50–1000 3.0 0.3(n = 7)
EAG/SPCE59 Amp 0.8d 126 0.1–16400 0.038 1.4(n = 5)
GR/Ppy/CS/GC20 Amp 0.9c 40.0e 0.5–722 0.1 1.8(n = 10)
Poly-TBO-SWCNT/GC21 Amp 0.92d 84.3e 1–4000 0.37 –
Nano-Au/P3MT/GC60 Amp 0.78c – 10–1000 2.3 3.0(n = 10)
PAOA/GC61 Amp 1.0c 64.3 5–2000 2.0 1.2(n = 6)
CoHCF/CPE27 Amp 0.92d 11.11e 100–2150 1.19 3.27
CR-GO/GC39 Amp 0.8d 0.0267f 8.9–167 1.0 2.29(n = 4)
MWCNTs/MB paper38 Amp 0.83d 400 12–2500 3.6 –
PANI-MoS2/GC22 Amp 0.9c 28.68 4–4834 1.5 –
Fe-HNPs/GC33 Amp 0.73c 19.83e 9–3000 2.6 0.7
AgNPs/GC34 Amp 0.82c – 10–1000 1.2 –
ZnO@rFGO/GC35 Amp 0.9d – 10–5000 41 –
AuNPs/SG/GC62 Amp 0.73c 45.44e  10–3960 0.2 1.92(n = 8)

IrOx/GCThis work DPV  133.2 10–3100 0.63 2.6(n = 5)
 Amp 

0.77d
 159.7 2–10000 5 1.05(n = 10)

aGC – glassy carbon; SPCE – screen printed carbon electrode; CPE – carbon paste electrode; NPs – nanoparticles; MWCNTs – multiwall carbon 
nanotubes, SWCNTs – singlewall carbon nanotubes; p-NiTAPc – polymeric nikel tetraaminothphalocyanine; CDP/GS – poly-cyclodextrin/
graphene; Hb – hemoglobin; PLE – pencil lead electrode; EAG – electrochemically activated graphite; ACNTs – aligned carbon nanotubes; GR/PPy/
CS – graphene/polypyrrole/chitosan; TBO – Toluidine Blue O; P3MT – poly(3-methylthiophene); PAOA – poly(aniline-co-o-aminophenol); 
CoHCF – cobalt hexacyanoferrate; CR-GO – chemically reduced graphene oxide; MB – methylene blue; PANI – polyaniline; IL – ionic liquid; Fe-
HNPs – hollow hematite nano-polyhedrons; rFGO – reduced functionalized graphene oxide;   bDPA – differential pulse amperometry; CV – cyclic 
voltammetry; DPV – differential pulse voltammetry; SWV – square wave voltammetry; Amp – amperometry;   c Reference electrode: saturated 
calomel electrode;   d Reference electrode: Ag/AgCl, 3 M KCl;   e in: µA mM-1;   f in: A M-1;   g in: nA µM-1.

ions and organic substances as reported for our DPV ex-
periments. Amperometric response of IrOx/GC towards 
the additions of these substances, followed by nitrite addi-
tion, were examined at a constant potential of 0.77 V. Fig. 
7 shows the authentic response of electrode IrOx/GC for 
the interval (in 25 s) additions of 0.35 mM nitrite and a 
10-fold concentration of the above mentioned interfering 
substances. The amperometric record clearly shows that 
the tested species had no effect on the quantitative nitrite 
detection. No response was observed for modified elec-
trode in the presence of interfering substances and the 
electrode response for nitrite after adding interfering sub-
stances was not changed. The results reveal the application 
potential of the modified electrode IrOx/GC for precise 
sensing of nitrite in real samples.

The comparison of sensing performance based on 
different electrochemical methods and modified materials 
for the detection of nitrite in previous reports was shown 
in Table 2. We have summarized various nitrite sensors 
with respect to the working potential, sensitivity, linearity, 
detection limit and the reproducibility of the signal. From 
the data presented it can be seen that the proposed 
IrOx-modified glassy carbon electrode possesses superior 
reproducibility of the current response. It is found that the 
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developed electrocatalyst is more preferable than a num-
ber of other electrode-catalysts, employed as nitrite sen-
sors, in one or more categories, particularly because of the 
lower working potential, higher sensitivity and wider lin-
ear range.

3. 2. 2.  Voltammetric and Amperometric 
Detection of Ascorbic Acid

The analytical parameters of the modified elec-
trode IrOx/GC for AA quantitative detection also were 
studied in detail. A clear increase in DPV peak current 
was observed upon increasing the concentration of AA 
and the peak current was found to increase linearly as a 
function of the concentration up to 1.9 mM with a cor-
relation coefficient of 0.999 (Fig. 8, Inset). The sensitivity 
calculated from the slope of the regression line was 9.55 
µA mM–1 (135 µA mM–1 cm–2). Measurements (n = 10) 
done with the presented modified electrode in presence 
of 1 mM AA showed current signal of 9.256 ± 0.084 µA 

featuring extremely high reproducibility (RSD equal to 
0.91 %).

Fig. 9 displays the current-time response of the mod-
ified electrode recorded after successive additions of 0.1 
and 0.2 mM AA into magnetically stirred PBS (pH 7.0) at 
an applied potential of 0.025 V. The electrode reaction is 
fast in reaching a dynamic equilibrium upon each addition 
of AA and the response time was 5 s. The calibration plot 
corresponding to the amperometric current response is il-
lustrated as an Inset of the same figure. The sensitivity was 
96.2 µA mM–1 cm–2 and the linear response was propor-
tional to the AA concentration in the range from 0.01 to 3 
mM (0.994), being wider than those reported for other 
modified electrodes.44,46,48–51 The merits of the presented 
modified electrode IrOx/GC can be evaluated by the com-
parative review presented in Table 3. As can be seen, the 
IrOx/GC exhibits comparable or better analytical perfor-
mance than other published electrochemical sensors for 
AA detection.

Fig. 7. Amperometric i-t curve of modified electrode IrOx/GC for 
the determination of 0.35 mM NO2

– (A) in the presence of 3.5 mM 
of different interfering species (B) CH3COO–, (C) Cl–, (D) Br–, (E) 
CO3

2–, (F) citrate, (G) BrO3
–, (H) NO3

–, (I) SO4
2–, (J) glucose and 

(K) Mg2+, added one by one with an interval of 25 s to 0.1 M PBS 
(pH 7.0) at an applied potential of 0.77 V.

Fig. 8. DPVs of modified electrode IrOx/GC in the presence of var-
ious concentrations of AA in PBS (pH 7.0). Inset: linear relationship 
between the peak current and the concentration.

 Fig. 9. Amperometric response of modified electrode IrOx/GC in 
PBS (pH 7.0) for successive additions of AA at an applied potential 
of 0.025 V. Inset: calibration plot of chronoamperometric currents 
vs. AA concentration.

Several forms of inorganic and organic interference 
were tested to determine whether they could affect the de-
tection of AA with the modified electrode. These interfer-
ences were investigated in 0.1 M PBS (pH 7.0) containing 
0.5 mM AA at constant potential of 0.025 V. The results 
showed that concentrations of 3 mM NaCl, KI, KBr,  
Na2CO3, MgCl2, NaOOCCH3, sodium citrate and glucose 
did not influence the current signal, confirming the high 
selectivity of IrOx/GC in AA quantitative determination.

Since long-term stability is crucial factor when the 
modified material is used in sensor system, the developed 
electrode IrOx/GC was stored at room temperature and 
measured every 4 days. After 20 days storage the current 
response to 1 mM nitrite (measured by constant potential 
amperometry at 0.77 V) retained 94% of the initial value, 
demonstrating the good stability of the electrodeposited 
catalytic active phase.
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4. Conclusion
In summary, applying simple and rapid two-step 

procedure for electrodeposition of iridium oxide onto 
glassy carbon, a new type modified electrode IrOx/GC was 
developed. DPV experiments indicated that the IrOx/GC 
possesses excellent electrocatalytic activity towards the ox-
idation of both nitrite and AA. The proposed modified 
electrode-catalyst, studied by DPV and constant potential 
amperometry, exhibits remarkable analytical characteris-
tics for its use in nitrite and AA sensing applications – 
wide linear range, high sensitivity, good selectivity, fast 
and stable amperometric response with excellent repro-
ducibility and long-term stability. The sensor performanc-
es were unaffected by the presence of variety of inorganic 
and organic interferences make it a promising sensing ma-
terial for sensitive and selective nonenzymatic quantitative 
detection of nitrite and AA.
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Povzetek
Iridijev oksid (IrOx) smo z dvostopenjskim postopkom elektrodepozicije nanesli na elektrodo iz steklastega ogljika. 
Elektrokatalitične lastnosti modificirane elektrode iz steklastega ogljika IrOx/GC so bile ovrednotene v primerih ele-
ktrokemijske oksidacije nitrita in askorbinske kisline. Razviti elektrodni katalizator smo preučevali z različnimi elekt-
rokemijskimi metodami. Poskusi diferencialne pulzne voltametrije (DPV) so pokazali, da ima modificirana elektroda 
odlično elektrokatalitsko aktivnost pri oksidaciji nitrita in askorbinske kisline v nevtralnem mediju in omogoča tudi 
kvantitativno določevanje teh snovi. Izvedli smo tudi amperometrične meritve s konstantnim potencialom. Modificirana 
elektroda iz steklastega ogljika IrOx/GC je pokazala občutljivost na nitrit (159,7 μA mM–1 cm–2) v širokem linearnem 
območju od 0,002 do 10 mM pri 0,77 V (glede na Ag/AgCl, 3 M KCl ) in na askorbinsko kislino (96,2 μA mM-1 cm-2) v 
linearnem območju od 0,01 do 3 mM pri 0,025 V. Meja zaznavnosti je bila v primeru določevanja nitrita 0,63 μM v pri-
meru askorbinske kisline pa 4 μM; v obeh primerih je bil odziv elektrode hiter (5 s). Glede na preprost in hiter postopek 
elektrodepozicije za pripravo modificirane elektrode IrOx/GC predstavlja le-ta nov elektrodni katalizator za občutljivo in 
selektivno kvantitativno detekcijo nitritov in askorbinske kisline. Širok linearni razpon, dobra selektivnost, ponovljivost 
amperometričnega odziva in dolgotrajna stabilnost modificirane elektrode IrOx/GC so obetavne lastnosti novega mate-
riala za senzorje, ki je primeren za kvantitativno detekcijo nitrita in askorbinske kisline.
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Abstract
Flow boiling of degassed double-distilled water in a single 50 × 50 μm and 100 × 50 μm microchannel was investigated 
on the basis of experimental measurements and high-speed visualization. The visualized events during boiling were 
analyzed in terms of the bubble frequencies and boiling front oscillations in microchannels. A digital image sequence 
analysis algorithm was composed to determine the time dependence of bubble and meniscus locations. The results show 
(i) the dynamic characteristics of boiling in microchannels, (ii) the increase of fundamental oscillation frequencies with 
increasing heat flux and temperature of the microchannel bottom, (iii) the amplitudes of the flow boiling oscillations 
are inversely proportional to the fundamental frequencies. The outcomes of the study are important as the oscillations 
during boiling in single microchannels are experimentally confirmed to be predictable in terms of oscillation frequencies 
and amplitudes trends and dependencies. This knowledge is especially significant at constructing efficient two-phase 
micro heat exchangers, micro mixers or micro reactors, as the cross section and the length of the channel become ex-
ceedingly important design parameters in micro devices with boiling.   

Keywords: Microchannels; flow boiling; oscillations; visualization; fundamental frequencies.

1. Introduction
Flow boiling in microchannels has the potential for 

achieving higher heat transfer coefficients compared to the 
single-phase liquid flow. However, boiling in microchan-
nels is hindered by instabilities and early dryouts, which 
prevent wide implementation and overall heat transfer en-
hancement as presented by Kandlikar et al.1 Moreover, the 
incipience of boiling in microchannels requires high ex-
cess temperature difference between the channel wall and 
the bulk fluid as shown by Ghiaasiaan and Chedester2 and 
also Kandlikar.3 Accordingly, at the onset of nucleate boil-
ing (ONB) the emerging bubble grows very rapidly due to 
the highly superheated liquid which was confirmed by 
Edel and Mukherjee.4 As the vapor bubble fills up the cross 
section of the microchannel it encounters all the heated 
walls, which occurs shortly after nucleation due to the 
small hydraulic diameters. The additional heated surface 

accelerates the bubble growth, which results in a highly in-
stable flow with oscillations. The fluctuations of the work-
ing fluid during boiling present a severe challenge, espe-
cially when the vapor backflow becomes distinctive and 
hinders the forward flow of fresh liquid as shown by Bar-
ber et al.5 If the vapor backflow reaches the inlet manifold, 
it obstructs the liquid flow to all the channels connected to 
the manifold. It is therefore crucial to prevent pronounced 
vapor backflows in microchannels during flow boiling.

One of the possible solutions for flow stabilization 
during boiling is the incorporation of inlet restrictors be-
tween the inlet manifold and the microchannels (Kand-
likar et al.,6 Kuo and Peles,7 Wang et al.,8 Sitar et al.9 and 
Szczukie wicz  et  al.),10 which provide higher upstream 
pressure drop, promote the downstream flow of the vapor 
bubble and suppress the vapor backflow.

Another approach to reduce flow instabilities is to 
fabricate potential nucleation sites. This precaution mea-
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sure lowers the fluid superheat required for ONB and 
therefore also slows down the vapor bubble growth, which 
induces less explicit vapor backflows. Nucleation sites can 
be easily etched in silicon, though recent advances in mi-
cro-engineering allow similar feature geometries to be ma-
chined in a wider range of materials as it was demonstrat-
ed by Kandlikar,11 Liu et al.,12 Sabotin et al.13 and 
Balasubramanian et al.14 The dimensioning of the poten-
tial nucleation cavities should consider the nucleation cri-
teria, which were initially modeled by Hsu15 and after-
wards also by Kandlikar et al.16

Several authors have analyzed fluctuations during 
boiling from pressure or temperature measurements (Mu-
wanga et al.,17 Zhang et al.,18 Tuo and Hrnjak,19 Liu et al.).20 
In a single microchannel experiments the boiling instabili-
ties could be distinctly manifested in the pressure measure-
ments, if the pressure sensor is located close enough to the 
boiling process. However, pressure and temperature mea-
surements in a single microchannel unambiguously indi-
cate only the oscillation frequencies, whereas the ampli-
tudes of the oscillating meniscus during boiling are more 
difficult to interpret from the measurements. Consequent-
ly, the boiling front oscillations in the manufactured micro-
channels were analyzed from the results of visualization, as 
the pressure/temperature measurements are insufficient. 

The published experimental results regarding heat 
flux and/or temperature effect on the bubble frequency 
during pool and flow boiling are ambiguous. On one hand, 
Gerardi et al.21 investigated pool boiling of water and 
nanofluids with an infrared camera and found a strong de-
pendence of the bubble departure frequency on the wall 
superheat. Additional confirmation of the heat flux strong 
effect on the departure frequency in pool boiling is seen 
from the experimental results conducted by Dong et al.22 
On the other hand, Kim et al.23 incorporated nanowires to 
the boiling surface and their results show a small to no sig-
nificant effect of heat flux on the bubble detaching fre-
quency on the plain or enhanced silicon surface. Similar 
results of the bubble nucleation frequency with small de-
pendence on the wall superheat in pool boiling was pre-
sented in Hutter et al.24 A small effect of the heat flux on 
the nucleation frequency during vertical subcooled flow 
boiling was encountered by Chu et al.25

The employment of numerical analysis to flow boil-
ing in microchannels is being studied by various research 
groups, however a fully functional numerical model is still 
far from being reached due to the complexity of the boiling 
phenomena. Numerical modelling of pressures, tempera-
tures and velocities is commonly associated with two-
phase non-boiling flows Cioncolini and Thome,26 specific 
flow patterns in predominantly larger circular microchan-
nels Magnini and Thome,27 single bubble growth and bub-
ble merger in larger square microchannels Mukherjee et 
al.28 and Ling et el.,29 single bubble analysis Ferrari et al.,30 
and is therefore not entirely relatable to the solely annular 
flow observed during boiling in our experimental work. 

Another approach is a mechanistic model presented by Pa-
tel et al.,31 which covers a two-phase flow of air and water 
and would need some tailoring to model the bubble shapes 
and heat transfer coefficients during flow boiling.

The current study was focused on detecting the insta-
bilities with high speed imaging, which were afterwards 
analyzed in order to evaluate the amplitudes and the funda-
mental frequencies of the oscillations and the effect of the 
working conditions on flow boiling. Similar research of 
boiling dynamics in microchannels was not found in the 
reviewed literature, moreover some of the published work 
have contradictory conclusions. The presented experimen-
tal work and analysis aim at determining the flow boiling 
characteristics in microchannels to allow an improved con-
struction of the future two-phase micro devices.

2. Experimental Setup and Test Section
A simplified schematic diagram of the experimental 

setup employed for visualization and measurements is pre-
sented in Figure 1, whereas the complete wiring with the 
details of the measurement equipment is available in Si-
tar et al. 9 The visualization system is comprised of a mi-
croscope, a powerful light source and a high-speed cam-
era.

Temperature, pressure, and heat transfer rate were 
measured simultaneously while the visualization system 
acquired dynamics of the bubble nucleation, growth, and 
oscillations during boiling in microchannels. Heat flux q 
was determined from the heater surface Ah and the heat 
transfer rate Qh, which was calculated according to the 
equation 

                              (1)

where Rsh is the electrical resistance of the incorporated 
reference shunt, Uh and Ush are the voltage drops across the 
heater and shunt, respectively. The shunt included had an 
electrical resistance of 0.05 Ω ± 0.25 %. The measured volt-
age signal passed through the amplification module and 
the data acquisition board, both of which introduce a mea-
surement uncertainty in linear dependence of the mea-
sured voltage signal. The combined expanded relative tem-
perature measurement uncertainty W(T) with a 95 % level 
of confidence was determined to be 1.5 % in the range 
from 50 °C to 200 °C, whereas W(Qh) was calculated to be 
from 6.6 % to 4.6 % for the heat rates ranging in between 
6.9 W and 16 W. These heat rates correspond to heat fluxes 
from 150  kW/m2 to 350 kW/m2, respectively. The com-
bined expanded absolute measurement uncertainty of the 
pressure measurements U(p) was 65 mbar up to the mea-
sured gauge pressure of 4 bar in the test section. The details 
of the measurement uncertainty analysis was presented in 
Sitar and Golobič.32
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Degassed double-distilled water was the working flu-
id in all experiments which were conducted in single 50 
× 50 μm and 100 × 50 μm (width × depth) microchannels, 
which is presented schematically in Figure 2. In the micro-
channel test sections the inlet/outlet channel with the 
width of 1 mm was gradually narrowed to the final width 
of 50 µm or 100 µm. Water was pumped through the mi-
crochannels at a constant volumetric flow from the left to 
the right hand side of the microchannel test section.

The used microchannels had smooth walls and bot-
tom without any tailored potential nucleation sites. The 
only additional feature in the single microchannels was the 
inlet restrictor with a cross section of 20 × 50 µm. 

The high-speed visualizations and measurements 
were performed simultaneously at a steady-state, which 

was defined as a state with the measured temperatures 
change of less than 2 K during a 10 min period. The tem-
perature measurements were done at the bottom side of 
the silicon wafer in the middle of the microchannel, 9.7 
mm upstream (inlet temperature) and 9.7 mm down-
stream (outlet temperature) of the middle of the test sec-
tion. The gauge pressure was measured at the inlet of the 
microchannels, whereas the outlet of the test section is 
presumed to be at atmospheric pressure.

3. Digital Image Sequence Analysis
In each experiment sets of up to 100,000 images were 

acquired and stored. In order to determine time depen-

Figure 1. Experimental setup.

Figure 2. Design of a single microchannel with an inlet flow restrictor.

Figure 3. Functional diagram of the digital image sequence analysis.
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dence of the meniscus location, a digital image procedure 
was applied to each set. In Figure 3 the analysis workflow 
is given in the form of a functional diagram, which is to be 
explained in the following. Image analysis was performed 
completely in the Matlab environment.

Due to manipulation of the test section and the cam-
era during experiments a small undesired twist of the mi-
crochannel array coordinate system towards the coordi-
nate system of the camera occurred, which was evaluated 
by using Radon transform and consequently corrected by 
image rotation.

Next task in the workflow diagram (Figure 3) was to 
find the locations of microchannels, which are marked 
with green dots in the Figure 4. Locations were determined 
by locating the darkest points in a single column of the 
image matrix. 

Initially it was based on the straightforward fact that the 
image brightness changes significantly at the border be-
tween the liquid and vapor phase, as it is seen in Figure 5 
(a). In order to decrease brightness variations (noise) 
along the microchannel, a cumulative sum of columns in 
ROI was calculated, which is given in Figure 5 (b). Loca-
tion of the meniscus is then determined by applying a 
threshold and the first point which exceeds the threshold 
is the location of the meniscus.

An improvement of the discussed method is to com-
pute the derivative of the brightness variation, as it can be 
observed in Figure 5 (c). The highest peak is expected to 
correspond to the meniscus location. Several partially un-
avoidable challenges have been found in locating the me-
niscus location: bubbles nucleating upstream of meniscus, 
microchannel surface features, potential dust and stains 
etc. In order to overcome this challenge, an analysis was 
performed on the differences of the consecutive images in-
stead of on just one single image. Brightness variation and 
derivative of image brightness variation was observed. The 
difference of consecutive images from the example pre-
sented in Figure 5 is shown in Figure 6.

Analysis of the meniscus location on the differences 
of images yielded more reliable results. Despite the signifi-
cant improvement, analysis failed to track the meniscus 
properly in cases with many bubbles emerging upstream. 

Figure 4. Labeled microchannels and automatically determined 
centers of the channels (green dots).

After the microchannel centers were known, each 
channel was identified as a region of interest (ROI) deter-
mined by the boundary indexes in the image matrix, which 
were calculated from the microchannel centers and chan-
nel width.

Determination of the meniscus location is the core 
function of image sequence analysis workflow (Figure 5). 

Figure 6. Subtraction of consecutive images.

Figure 5. Identification of the meniscus location – a) ROI of chan-
nel #1 cropped from the complete image (Figure 5); b) brightness 
variation; c) derivative of the brightness variation.

a)

b)

c)
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In those cases all of the image pixel values in ROI were 
summed. If the channel was full of water it was overall 
dark and the sum of all the pixel values was smaller. In-
versely the sum of pixel values was higher if the channel 
was filled with vapor. Consecutive summation values were 
stored in an array for further analysis. This method yielded 
very smooth and reliable results, which can be used for 
fundamental frequency analysis. 

The developed digital sequence analysis is capable of 
tracking meniscus location in an array of microchannels, 
while the operation of the algorithm is simplified during 
image analysis of the single channel experiments. Due to 
better positioning of the experimental setup, rotation cor-
rection was omitted and due to the improved illumination, 
meniscus location was determined based on brightness 
variation detection similar as in Figure 5 (b).

4. Results and Discussion
The primary goal of any two-phase heat transfer de-

vice is an efficient heat transfer as well as a stable and pre-
dictable behavior during operation. Flow boiling in micro-
channels is often accompanied by instabilities and vapor 
backflows, which inhibit constant flow of the working fluid 
and reduce the heat transfer. 

The ONB was achieved at higher temperatures com-
pared to our previous experimental work in an array of mi-
crochannels, due to the smooth walls and bottom of the 
single microchannels. Consequentially, the temperature 
and heat flux were increased until ONB was reached at tem-
peratures from 140 °C to 160 °C in the middle of the micro-
channel. Afterwards, the heat flux was stepwise lowered 
and the data was acquired at a steady-state point along with 
the high-speed image acquisition. The comparison of the 
measured temperatures and pressures for the same volu-
metric flow of 0.2 ml/min in a microchannel with a 

cross-section of 50 × 50 µm and 100 × 50 µm is presented in 
Figure 7. The results are undoubtedly showing lower inlet 
gauge pressure and also temperatures at all three measured 
location in the microchannel with the larger cross-section. 
The inlet gauge pressure was lowered from 2.81 bar to 0.88 
bar during the single-phase flow in the 50 × 50 µm micro-
channel, and was raised up to 3.44 bar at the ONB at 14.6 W 
of heating power. The measured gauge pressure in the larg-
er 100 × 50 µm microchannel was initially 1.26 bar and low-
ered down to 0.51 bar prior to the ONB, which then caused 
the elevation of the gauge pressure up to 2.56 bar.

The results of high-speed visualizations were ana-
lyzed to establish the characteristics of oscillations, espe-
cially the peak to peak amplitude and the frequency of the 
meniscus during boiling. The location of the liquid-vapor 
boundary was determined according to the presented dig-
ital image sequence analysis. Afterwards, the amplitude of 
the oscillations and FFT was derived from the acquired 
data to determine the fundamental frequencies. Figure 8 
depicts a small portion of the performed FFT analysis in a 
50 × 50 µm microchannel at volumetric flow of 0.2  ml/
min. The presented data confirms that the oscillations in 
the single microchannel were periodic at all the presented 
temperatures, as the fundamental frequencies could be 
undoubtedly and accurately determined from the FFT.

The fundamental frequencies and the corresponding 
peak to peak amplitudes of all the observed oscillations in 
single microchannels with a cross section of 50 × 50 µm 
and 100 × 50 µm are presented in Figure 9. The framerates 
of the high-speed visualizations varied from 10,000 to 
100,000 fps and were adapted to allow proper observation 
of the boiling process. The experimental results were ap-
proximated with a first order inverse polynomial function 
and the approximation curve is similar in both micro-
channels. However, a detailed comparison of the experi-
mental results showed a maximum oscillation frequency 
in the 50 × 50 µm microchannel to be above 20 kHz, 

Figure 7. Comparison of temperatures and pressures in a single 50 × 50 µm and 100 × 50 µm microchannel at the same volumetric flow of 0.2 ml/
min.
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Figure 8. FFT analysis of meniscus oscillations during boiling in a single 50 × 50 µm microchannel at temperatures ranging from 152 °C to 130 °C 
in the middle of the microchannel.
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whereas the maximum frequency recorded in the 100 × 50 
µm was 2.65 kHz. 

Despite the difference between the highest funda-
mental frequencies observed at the ONB in single micro-
channels, there is an undeniable similarity in the frequen-

cy-amplitude dependency. The basis of the similar behavior 
of the boiling water originates from the reciprocal nature 
of the frequency-amplitude relationship. The fundamental 
frequencies of oscillations during boiling was found to be 
inversely dependent on the amplitudes by Ivey,33 which is 

Figure 9. Oscillation frequency dependence on oscillation amplitude in a single 50 × 50 µm and 100 × 50 µm microchannel.

a)

b)

Figure 10. Oscillation frequency dependence on wall temperature at various volumetric flows in a single (a) 50 × 50 µm and (b) 100 × 50 µm micro-
channel.
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experimentally validated also for flow boiling in micro-
channels in Figure 9. The largest amplitudes were recorded 
at the lowest frequencies as the meniscus shifts further 
downstream if there is more time available before another 
bubble nucleates. 

The effect of the wall temperature in the middle of 
the microchannels on the fundamental frequencies is pre-
sented in Figure 10. The experiments performed in the 
50  ×  50 µm microchannel are given in Figure 10 (a) at 
three volumetric flows. The highest fundamental frequen-
cy was almost 21 kHz at the ONB at 147 °C with the water 
volumetric flow set to 0.15 ml/min. The wall temperature 
had similar effect on the oscillation frequencies also in the 
100 × 50 µm microchannel, as it is seen in Figure 10 (b).

However, the maximum achieved fundamental fre-
quencies of the boiling oscillations were significantly lower 
in the microchannel with the larger cross-section, which 
implicates that the characteristics of oscillations are fairly 
well connected to the size of the microchannel. Generally, 
the frequencies were lowering with decreasing heat trans-
fer rate and temperature for all of the performed experi-
ments. In addition, the effect of the various mass fluxes on 
the fundamental frequencies is not seen from the experi-
mental results in Figure 10.

5. Conclusions
Flow boiling of degassed water was visualized in sin-

gle 50 × 50 µm and 100 × 50 µm microchannels. The re-
sults confirm periodical oscillations at all the measured 
steady state points. The analysis of the experimental results 
of temperature, pressure and heat transfer rate consistently 
shows that (i) higher volumetric flow; (ii) smaller micro-
channel cross-section and (iii) the presence of boiling are 
followed by a significant increase of the pressure drop in 
the microchannel. The fundamental frequency and peak to 
peak amplitude of oscillations were found to be inversely 
proportional in both single microchannels included in the 
research. The onset of boiling was achieved at relatively 
high wall temperatures from 140 °C to 160 °C due to the 
absence of properly sized nucleation sites. The recorded 
oscillation frequencies reached above 20  kHz in the 
50 × 50 µm microchannel and were the highest at the ONB 
as the heat transfer rate and temperature was afterwards 
gradually decreased. The highest fundamental frequency 
in the larger 100 × 50 µm microchannel at a steady-state 
was approximately 2 kHz, which demonstrates the effect of 
the microchannel size on the boiling characteristics. In the 
presented literature for pool boiling the nucleation fre-
quencies are several orders lower compared to our experi-
mental results in microchannels. The fundamental fre-
quency of boiling was consistently and significantly 
lowering and the amplitude was increasing with decreas-
ing temperature and heat transfer rate for both analyzed 
single microchannels.

The boiling regime observed in the microchannels 
was for the most part limited to annular flow, as the 
cross-section of the channels was too small for the forma-
tion of a bubbly, slug or churn flow. Additionally, the me-
niscus between the liquid and vapor phase was oscillating 
with a frequency related to the bubble nucleation frequen-
cy, which further depends on the working fluid, the avail-
able sizes of the nucleation sites, the temperature, etc.

The effect of the wall superheat and heat flux on the 
characteristics of flow boiling in microchannels is evident 
from the results presented, which is crucial for developing 
and designing future two-phase heat transfer devices. 
Namely, the wall temperature and microchannel size along 
with other working conditions are determining the length 
of the microchannel in which liquid and vapor phase are 
periodically altered. Heat is transferred substantially more 
efficient over this length compared to all the other surfaces 
of the microchannel, as the latent heat of the working fluid 
is exploited solely in this section of the microchannels. 
Therefore, the amplitudes and frequencies of the oscillat-
ing meniscus are important parameters of the perfor-
mance of two-phase micro devices. Higher heat fluxes de-
mand shorter lengths of microchannels for efficient heat 
transfer, which could be achieved with a larger number of 
inlets and outlets. Future work should broaden the con-
trolled working conditions to analyze their effect on oscil-
lations during boiling and consequentially on heat trans-
fer. Researchers in the field of micro two-phase devices 
such as micro heat exchangers or micro reactors should 
consider the effect of the working conditions on flow boil-
ing in microchannels and adapt their designs accordingly.
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Povzetek
Na osnovi eksperimentalnih rezultatov in vizualizacije s hitrotekočo kamero smo analizirali konvektivno vrenje raz-
plinjene redestilirane vode v enojnih 50 × 50 μm in 100 × 50 μm mikrokanalih. Vrenje smo parametrizirali glede na 
vizualizirane frekvence pojavljanja mehurčkov oz. oscilacije vrelne fronte. Izdelali smo računalniški algoritem za zazna-
vanje lokacije mehurčkov in meniskusa med parno in kapljevito fazo. Rezultati kažejo, da (i) je vrenje v mikrokanalih 
dinamičen proces, (ii) se lastne frekvence nihanja povišujejo s povečevanjem gostote toplotnega toka in temperature na 
dnu mikrokanala, (iii) so amplitude nihanja med vrenjem inverzno sorazmerne lastnim frekvencam nihanja. Z raziska-
vo smo eksperimentalno potrdili , da so nihanja med vrenjem v enojnih mikrokanalih predvidljiva z vidika trendov in 
odvisnosti lastne frekvence ter amplitude nihanja. Poznavanje procesa vrenja je še posebej pomembno pri konstruiranju 
učinkovitih dvofaznih mikro prenosnikov toplote, mikro mešalnikov ali mikro reaktorjev. Namreč, v mikro napravah, ki 
vključujejo vrenje, postaneta presek in dolžina kanala izjemno pomembna parametra za uspešno načrtovanje učinkovite 
naprave.

https://doi.org/10.1016/0017-9310(67)90118-4
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Abstract
A dinuclear centrosymmetric copper(II) complex has been prepared and characterized via FT-IR, UV-Visible and elec-
tron spin resonance spectroscopy, electrochemical method, and powder and single crystal XRD techniques. The two 
copper(II) ions are connected by two μ-1,1-O atoms belonging to para-fluorophenyl acetate ligands. Each copper(II) 
ion is coordinated by two other carboxylate ligands in monodentate and a 2,2ʹ-bipyridine molecule in bidentate manner. 
Thus the geometry around each penta-coordinated copper(II) ion is square pyramidal with distortion factor τ = 0.04. 
Purity and uniform crystalline nature of the complex was assessed from powder XRD spectrum. ESR signal consisted of 
partially resolved hyperfine splitting pattern while electrochemical studies revealed diffusion controlled electron transfer 
processes with diffusion co-efficient of 1.628 × 10–7 cm2 s–1. The results of all spectroscopic experiments support each 
other. The complex afforded mixed binding mode with DNA yielding DNA-binding constant values of 3.667 × 104 and 
1.438 × 104 M–1 using cyclic voltammetry and absorption spectroscopy, respectively. The preliminary studies heralded 
good structural and biological importance of the synthesized complex. 

Keywords: Oxygen-bridged copper complex; structure; electrochemistry; DNA-binding study.

1. Introduction 
Binuclear copper(II) carboxylates with 2,2ʹ-bipyri-

dine adopt diverse bridging groups which affect their 
properties. There can be single bridging group such as a 
trans-bidentate ligand like 1,4-dibenzoate ion.1 Such rela-
tively longer spacer ligand precludes the possibility of elec-
tronic interaction between two copper(II) ions of the bi-
nuclear molecule. In such binuclear copper(II) complexes 
the observed EPR signal is typical of monomeric complex-
es with g ~ 2.2 Another common bridging group in binu-
clear copper(II) complexes is chlorine3 where the di-

chloro-bridged dinuclear complexes with 2,2ʹ-bipyridine 
were found catalytically more active than their mono-nu-
clear analogue.3 Some complexes contain water molecules 
bridging the two copper(II) centers4 where the weaker su-
per-exchange interactions in analogues containing 
1,10-phenanthroline and 2,2ʹ-bipyridine have been at-
tributed to the diauqa bridges. 

Carboxylate ligand is known for its versatile binding 
as well as bridging mode. Although the 1,2-bridging mode 
of carboxylate5 as well as thio-carboxylate ligand6 is com-
mon, it is also able to bridge two metal centers of dinuclear 
complexes in 1,1-O-bridging fashion as in phenyl acetate 



990 Acta Chim. Slov. 2018, 65, 989–997

Iqbal et al.:   Dinuclear Ternary Copper(II) Complex:   ...

and maleate derivatives of copper(II) with 2,2ʹ-bipyri-
dine.7,8 The latter type of bridging can be alone7 or in com-
bination with other 1,1-bridging groups. The other 
1,1-bridging groups can be hydroxyl, aquo9 and Cl10 along 
with a variety of 1,2-bridging groups. These groups have 
been found to alter the properties of the resulting com-
plexes considerably. This paper reports the synthesis, char-
acterization and DNA-binding properties of a double 
1,1-O-bridging copper(II) carboxylate containing biologi-
cally important ligand 2,2ʹ-bipyridine. 

2. Experimental
2. 1. Materials and Methods

Anhydrous CuSO4, 4-fluorophenyl acetic acid, 2,2ʹ–
bipyridine, KCl, NaHCO3 and sodium salt of the salmon 
sperm DNA were purchased from Fluka, Switzerland. Sol-
vents like chloroform, methanol and dimethyl sulfoxide 
were obtained from Merck, Germany. Melting point was 
measured using an electro–thermal melting point appara-
tus Gallenkamp, serial number C040281, U.K. FT–IR spec-
trum was recorded in the range from 4000 to 400 cm−1 on a 
Nicolet–6700 FT–IR spectrophotometer, Thermo Scientif-
ic, USA, equipped with attenuated total reflectance (ATR) 
sampling technique. Powder XRD spectrum was obtained 
at 298 K with a PANalytical, XPert PRO diffractometer em-
ploying Cu-Kα radiation (λ = 1.540598 Å). Bruker ESP-300 
spectrometer operating at X-band frequencies (–9.5 GHz) 
was used to obtain the solid state EPR spectrum of the fine-
ly powdered single crystalline sample of the complex. 

2. 2. Single crystal X–ray Crystallography
Diffraction data for the complex were collected at the 

Australian Synchrotron (λ = 0.708457 Å) at 100(2) K on 
beamline MX1.11 XDS software was used for the data re-
duction and indexing of diffraction pattern.12 Direct 
method was used to solve the crystal structure while using 
the program SHELXL–97, it was refined against F2 with 
full–matrix least–squares method.13 Refinement of all 
non–hydrogen atoms was performed with anisotropic dis-
placement parameters. 

2. 3. Electrochemical Study
Voltammetric study was conducted using an SP–300 

potentiostate, serial number 0134, BioLogic Scientific In-
struments, France. Complex was dissolved in aqueous 
DMSO (1:4) solution containing 0.01 M KCl, under an N2 
saturated environment. Measurements were made in a 
conventional three-electrode cell with a thin platinum 
wire as counter electrode, a bare glassy carbon electrode 
(GCE) with a surface area of 0.196 cm2 as the working 
electrode and saturated silver/silver chloride electrode 
(Ag/AgCl) as reference electrode. Prior to each experi-

ment, the GCE was cleaned properly such as polishing 
with alumina (Al2O3) and washing with organic solvent 
and distilled water. All the measurements were performed 
at room temperature (25 ± 0.5  oC).

2. 4.  DNA-Binding Study by Cyclic 
Voltammetry
The salmon sperm DNA (SSDNA) solution was pre-

pared by overnight stirring of the solution after adding 
small amount of its sodium salt to it. Then its absorption 
spectrum was taken and concentration of DNA was calcu-
lated using Beer-Lambert’s law putting molar absorptivity 
= 6600 M−1 cm−1.14 Complex solution was prepared at 3 
mM in aqueous DMSO (1:4) and its voltammograms were 
recorded in pure form as well as with 10, 20, 30, 40, 50 and 
60 μM DNA.

2. 5.  DNA-Binding Study by UV-Visible 
Spectroscopy
The complex was prepared at 6 mM in aqueous 

DMSO (1:4) and its absorption spectra were taken in pure 
from as well as in the presence of 10–90 μM DNA. Succes-
sive additions of SSDNA were made to the reference as 
well as sample cells (1 cm path length) and the spectra re-
corded at room temperature (25 ± 1 °C).

2. 6. Synthetic Procedure of the Complex
4-Fluorophenyl acetic acid (6 mmol, 0.925 g) was 

neutralized via reacting with an equimolar quantity of so-
dium bicarbonate (0.504 g, 6 mmol) in distilled water. Af-
ter neutralization, copper sulphate (0.240 g, 3 mmol) was 
added to the reaction mixture and was stirred for 3 h at 60 
oC as depicted in Scheme 1. This was followed by the addi-
tion of solid 2,2ʹ–bipyridine (0.468 g, 3 mmol) and stirring 
was continued for further 3 h. The final product was 
washed with distilled water and dried in air. A mixture of 
chloroform and methanol (1:1) was used for crystalliza-
tion. 

Light blue crystals; m.p. 150–152 °C; yield (70%). 
FT–IR (cm−1): 1614 ν(OCO)asym, 1421 ν(OCO)sym, ∆ν = 
193, 2955 νCH2, 3084 ν(Ar–H), 1590, 1473 νAr(C=C), 
1217 ν(Ar–F), 421 ν(Cu–O), 506 ν(Cu–N).

3. Results and Discussion
Copper(II) complex with 4-fluorophenyl acetic acid 

and 2,2ʹ–bipyridine has been isolated in quantitative yield 
by following Scheme 1. The complex has been character-
ized by various analytical techniques such as infra-red, 
UV-Visible and electron spin resonance spectroscopy as 
well as powder and single crystal X-ray diffraction while 
the purity level of the complex was confirmed by powder 
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XRD pattern. DNA binding constant for the complex were 
evaluated, using cyclic voltammetry and UV-Visible spec-
trophotometry. 

3. 1. FT–IR Data
FT-IR spectrum of the complex showed all the ex-

pected bands which helped to deduce its structure. The 
bonding mode of the carboxylate moiety was indicated by 
its characteristic stretching frequency observed at 1614 
and 1421 cm−1 corresponding to the asymmetric and sym-
metric OCO stretching vibrations, respectively. The ap-
pearance of a Cu–O absorption band at 421 cm−1 con-
firmed the coordination of the carboxylate ligands through 
oxygen. The values of ∆ν = {νasym(OCO) − νsym(OCO)} = 
193 calculated for the complex indicated bridging biden-
tate mode of coordination of the carboxylate moiety to 
copper(II) ion in the complex.15 In addition, the appear-
ance of C=N stretching band of the complex at 1598 cm−1 
instead of its normally observed characteristic region 
(1610–1625 cm−1)16,17 indicated the involvement of the ni-
trogen atom of bipyridine in bonding with copper(II) 
ion.18 The appearance of a new medium intensity band for 

the complex in the region 506 cm−1, attributable to a Cu–N 
vibration further supported it.19 The aromatic C=C and 
C–H stretching vibrations were observed at 1590, 1473 
and 3084 cm−1, respectively. The methylene C–H stretch-
ing frequency of the complex was observed at 2955 cm−1 
which were supported by the presence of bands at 730 and 
1359 cm−1 corresponding to its rocking and bending vi-
brations, respectively. Methyl C–H stretching frequency 
gave rise to absorption band at 2985 cm−1 supported by the 
band at 1443 cm−1 assignable to the bending vibrational 
motion of this functionality. Aromatic C–F was indicated 
by well-defined peak at 1217 cm−1.

According to the literature, 2,2ʹ-bipyridine and 
1,10-phenanthroline give rise to absorption bands at 756, 
851, 1090, 1138, 1274, 1434 and 3337 cm−1.20 Keeping in 
view these absorption values, the bands appearing at 3329, 
1275, 1167, 1090 and 775 cm−1 have been assigned to the 
coordinated 2,2ʹ-bipyridine molecule. The presence of lat-
tice water molecules was indicated by a broad absorption 
band at 3200–3600 cm−1. 

3. 2. Powder XRD Study
Powder X-ray diffraction spectrum of the synthe-

sized complex has been obtained and compared with the 
respective simulated spectrum of the complex by superim-
posing the spectra. The experimental and simulated pow-
der XRD spectra are in complete agreement mutually as 
shown in Fig. 1, indicating that the complex has been iso-
lated and crystallized in completely pure form.

Scheme 1. Synthetic procedure of the complex

Figure 1. Experimental and simulated powder XRD spectra of the 
complex.

3. 3. ESR Spectroscopy

X-band ESR spectrum of crystalline sample of the 
complex in solid state is shown in Fig. 2A. The spectrum is 
typical of dinuclear copper(II) complexes in triplet state21 
showing partially resolved hyperfine splitting with g⊥ val-
ues 2.23603 and 1.95253 indicating dimeric structure for the 
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complex in solid state.21,22 The low field spectrum shown in 
Fig. 2B indicates the ‘half-filled’ forbidden transition.21 Thus 
the typical ESR signal confirmed the +2 oxidation state of 
copper in the complex and supported the nuclearity and 
structure of the synthesized copper(II) complex.

3. 4. Structural Description of the Complex
The ORTEP diagram with the atom numbering 

scheme of the complex is shown in Fig. 3, while the crystal 
data and refinement parameters are given in Tables 1 and 
2. In the dinuclear complex, the two copper(II) ions are 
connected by two μ-1,1-O atoms belonging to carboxylate 
ligands. Each copper(II) ion is coordinated by two other 
carboxylate ligands in monodentate and a 2,2ʹ-bipyridine 
molecule in bidentate manner. This results in square pyra-
midal geometry for each penta-coordinated copper(II) 
ion. The complex is centrosymmetric in which the metal 
centers are bridged by μ-1,1-O atoms and the center of 
symmetry is lying at the center of the Cu2O2 parallelogram 
core. Constituting the axial position of one square pyra-
mid, each of the bridging oxygen atoms is part of the 
square plane of the other square pyramid. Each pair of the 
copper atoms constitutes a four cornered planar Cu2O2 
core where the two bipyridine molecules are trans oriented 

with respect to the Cu2O2 core making five-membered 
chelate rings with Cu. The distortion factor τ (= β – α/60о, 
where β and α are the largest (174.48(6)о) and second larg-
est (172.31(7)о) angles around the five-coordinated metal 
ion) calculated for the complex was 0.04, which shows a 
slightly distorted square pyramidal geometry for each cop-
per(II).23 The Cu–N bond distances are 1.9999(18) and 
2.0189(18) Å and are similar to the corresponding distanc-
es found in previously reported dinuclear copper-bipyri-
dine complexes.24 

Cu–O distances of the complex are quite asymmetri-
cal. The Cu–O bond distances in the equatorial plane are 
1.9441(16) and 1.9800(15) Å which are typical of the 
Cu–O equatorial distances of the previously reported di-
meric25 and polymeric26,27 complexes. The axial Cu–O dis-
tance is 2.3535(15) Å indicating relatively weaker bond 
with copper. Since copper(II) complexes with square pyra-
midal geometry are Jahn-Teller inactive, the elongation of 
the apical Cu–O bonds is owing to the filled antibonding 
a1 (dz

2-orbital) leading to more electron density of the 
filled antibonding orbital along the apical Cu–O bond 
axis.28 The b1 (dx

2–y
2) orbital is half filled and is not offer-

ing that much repulsion to the four ligands (two Cu–O 
and two Cu–N bonds) present in the basal plane. Such 
elongation of the apical bond has been found typical of the 
previously reported complexes as well.29 The nearly perfect 
square pyramidal geometry around copper has been made 
possible by the asymmetric nature of the Cu–O bond dis-
tance of the bridging oxygen. This Cu–O–Cu asymmetric 
bonding of the bridging oxygen is also typical of other 
copper(II) complexes.25 The smallest angle around Cu is 
N–Cu–N = 80.74(7)о being formed by the copper ion and 
two nitrogen atoms of bipyridine molecule and has been 
found typical of other copper(II) complexes with N- and 
O-donor ligands.30 

Packing arrangement: 
The packing diagram of the complex is shown in Fig. 

4, where the uncoordinated oxygen atoms of the carboxyl-

a)

b)

Figure 2. A, X-Band ESR spectrum of complex showing partially 
resolved hyperfine splitting. B, low field spectrum showing the 
‘half-filled’ forbidden transition.

Figure 3. ORTEP drawing of the complex with atom numbering 
scheme. H-atoms not shown for clarity.
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ate ligand establish weaker interactions with the hydrogen 
atoms of the 2,2ʹ-bipyridine ligand of the side lying dimer 
and those of the lattice water molecule. Additionally, the 
water molecule present in the crystal lattice is responsible 
for strong intermolecular interactions: its oxygen and hy-
drogen atoms are able to interact with the methylene hy-
drogen and the uncoordinated oxygen atoms of the car-
boxylate ligands of the two neighboring dinuclear 
complexes, respectively, thus completing the packing. 
Similarly, one out of two fluorine atoms of each of the two 
asymmetric units of the dimeric molecules of the complex 
is closer enough to attract methylene hydrogen atoms of a 
ligand in the next dimer. 

3. 5.  DNA Binding Study Through Cyclic 
Voltammetry

DNA binding ability of the complex has been ex-
plored using cyclic voltammetry where the shift of peak po-
tential was used to interpret the mode of DNA binding ac-
tivity of the complex. According to literature, shifting of 
potential to the less positive region on addition of DNA 
exhibits electrostatic mode of interaction with complex,31,32 
while to a more positive region indicates intercalative mode. 
However, a mixed DNA-complex binding behavior is usual-
ly observed in practice. Based on the above criteria, a mixed 
binding mode has been observed for the synthesized com-
plex. A shift of 40 mV in the potential to the less positive 
region was observed on addition of DNA to the complex 
solution as shown in Fig. 5A, exhibiting an electrostatic 
mode of interaction with the complex.31 However, after suc-
cessive addition of SSDNA, the potential kept shifting to the 
right side which shows a concomitant intercalative mode of 
binding with SSDNA as well. The intercalative ability of the 
complex is attributed to the homo- as well as heterocyclic 
aromatic rings in the molecular structure of the complex 
while the concomitant electrostatic mode is owing to the 
presence of florine atoms at the para-position of the phenyl 
rings which are able to establish electrostatic interaction 
with DNA base pairs. In short, the presence of polar as well 
as planar groups give rise to a mixed DNA binding mode. 
Since the shift in peak potential towards less positive region 
is far more compared to the shift towards more positive re-
gion, the major mode of binding will be electrostatic. 

The diminution in the peak current as a conse-
quence of DNA addition to the complex solution as evi-
dent from Fig. 5 (inset) is attributed to the decrease in 
concentration of the free complex as a result of the for-
mation of complex-DNA adduct. The slope value of ip vs. 

Figure 4. Packing diagram of complex

Table 1. Structure refinement parameters of the dinuclear complex

Empirical formula  C52H44F4Cu2N4O10
Formula weight (g mol−1)      1088.01
T (K) 100(2)
Crystal system  Monoclinic 
Space group  P21/n
Unit cell dimensions 
a (Å)                        9.948(2)
b (Å) 15.335(3)
c (Å) 15.460(3)
α (°) 90
β (°) 101.58(3)
γ (°) 90
V (Å3) 2310.5(8)
Z 2
ρ (calculated) (Mg/m3) 1.564
μ (mm–1) 1.004
F(000) 1116
Reflections collected 14039
Independent reflections 4035
Data / restraints / parameters 4035 / 0 / 405
Goodness-of-fit on F2 1.077
Final R indices [I >2 σ(I)] R1= 0.0335, wR2 = 0.086
R indices (all data) R1= 0.0375, wR2 =0.0883

Table 2. Selected bond lengths and angles of the dinuclear complex

 Distances, Å

 N1–Cu1 1.9999(18)
 N2–Cu1 2.0189(18)
 O1–Cu1  1.9441(16)
 O3–Cu1 1.9800(15)
 Cu1–O3 2.3535(15)

 Angles, °

 O1–Cu1–O3 91.69(7)
 O1–Cu1–N2  172.31(7)
 O3–Cu1–N2 95.51(7)
 O1–Cu1–N1 91.89(7)
 O3–Cu1–N1 174.48(6)
 N2–Cu1–N1 80.74(7) 
 O1–Cu1–O3 90.41(6)
 O3–Cu1–O3 77.84(6)
 N2–Cu1–O3 93.76(6)
 N1–Cu1–O3 106.33(6)
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v1/2 plot is reduced from 0.066 to 0.030 on addition of 
DNA as shown in Fig. 6 indicating the binding of DNA 
with complex.33,34 This decrease was used as basis for the 
calculation of binding constant of the complex with DNA 
making use of the straight line plot of log 1/[DNA] vs. 
log I/(Io – I) (Fig. 5B), using the following equation 
(equation 3.1):35

log (1/[DNA]) = log Kb + log I/(Io – I)   (1)

where Kb is the binding constant, Io and I are the peak cur-
rents of the complex in the absence and presence of DNA, 
respectively. The value of Kb was found to be 3.667 × 104 
M–1 which is comparable to other structurally related cop-
per(II)36,37 and Rh(II)38 complexes. 

Since the electro-active complex moves to the elec-
trodes via diffusion, its diffusion coefficient Do should 
suffer diminution with DNA addition. Do was calculated 

using the Randles-Sevcik equation39 (equation 3.2) via 
putting various parameters in it and measuring voltam-
mograms at different scan rates before and after DNA ad-
dition.

ip = (2.99 × 105) n(αn)1/2AC* Do
1/2 v1/2    (2)

where ip, n, α, A, C* Do and v denote the peak current in 
ampere, the number of electrons involved charge transfer 
coefficient, surface area of electrode, molar concentration 
of complex, diffusion coefficient in cm2s–1 and scan rate in 
V s–1, respectively.

The slope value was obtained making use of the re-
spective ip vs. v1/2 plots for oxidation and reduction while 
Bard and Faulkner relation40 (equation 3.3) was used to 
calculate αn.

αn = 47.7/[Ep–Ep/2] mV    (3)

Figure 5. A, Cyclic voltammograms of the complex in the absence and presence of 10-60 μM DNA. The peak current decreases and the peak poten-
tial is shifted to the right hand side on successive additions of DNA as shown in inset. B, plot of log. 1/[DNA] vs. log. I/(Io – I) for the calculation of 
binding constant of complex through cyclic voltammetry.

A)

B)

Figure 6. Plots of anodic peak current, ip vs. square root of scan rate, v1/2 before (A) and after (B) DNA addition showing reduction in slope value 
with DNA addition.

A) B)

http://www.google.com.pk/url?sa=t&rct=j&q=randles+sevcik+equation&source=web&cd=1&ved=0CCEQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FRandles-Sevcik_equation&ei=ssaeT6WUDoni4QS9o-GpDg&usg=AFQjCNFttWJJMNxzgfWJ5eT0GJ0n96t_Mw
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where Ep is the peak potential and Ep/2 is the peak potential 
at half of the maximum peak current value. The values of Do 
thus calculated for the complex before and after DNA addi-
tion are 28.255 × 10–8 and 8.413 × 10–8 cm2s–1. The higher 
value of Do of the free complex shows higher mobility of the 
complex before DNA addition which indicates the interac-
tion of complex and DNA.41,42 Thus the voltammetric study 
indicated the potent DNA-binding potency of the complex.

3. 6. Absorption Spectroscopy
The complex showed a broad band in the visible re-

gion of the electromagnetic spectrum with λmax = 680 nm 
attributed to d-d transition of Cu2+ 43,44 which is typical of 
geometrically similar copper(II) complexes and helped to 
confirm the structure of the complex in solution. Such 
broad absorption band with λmax = 680 nm is typical of a 
distorted octahedral geometry in solution as shown in Fig. 
7A (peak a). This indicates the attachment of a DMSO 
molecule to the square pyramidal copper in the complex. 
According to the literature, other copper(II) complexes of 
similar geometry have been found to show absorbance in 
the same wave length region.45,46 Using Beer-Lambert’s 
law, ε of the complex was calculated to be 193 L mol–1 cm–1 
which is of the same magnitude as those of the structurally 
related copper(II) complexes.43

3. 7.  DNA Study Through Absorption 
Spectroscopy
Since the absorption of the complex depends on con-

centration, variation of absorbance of complex is a sensi-
tive method of DNA-binding activity. Shift in λmax as well 
as reduction in absorbance are accompanied with binding 
of the complex with DNA. When λmax is shifted towards 
shorter wavelength side, an electrostatic mode is manifest-
ed while intercalative mode is exhibited by shift towards 
longer wavelengths.47,48 Absorbance of the synthesized 
complex exhibited marked decrease with addition of DNA 

(10–90 μM) along with small red shift of 4 nm as indicated 
in its spectrum shown in Fig. 7A. This type of binding has 
been termed as ‘mixed binding mode’ i.e., partial intercala-
tion with groove binding mode.

The decrease in absorbance as a result of DNA addition 
gave the basis for quantitative affinity of copper(II) complex 
for DNA by calculating its binding constant Kb using the fa-
mous Benesi-Hildebrand equation49 (equation 3.4): 

 
 

       (4)

where A and Ao are the absorbance of the complex in the 
presence and absence of DNA while εH–G and εG are their 
absorption coefficients, respectively. The ratio of slope to 
intercept of the plot of the term on the left-hand side of 
equation 3.4 vs. 1/[DNA] gives Kb as shown in Fig. 7B. 

The binding constant value of the complex was 1.438 × 
104 M–1 which is of the same order of magnitude as that cal-
culated using cyclic voltammetry. The para-fluoro group on 
the phenyl ring and the planar aromatic rings may be respon-
sible for the facile DNA-binding ability of the complex. Sim-
ilar binding potency has been observed for other copper(II) 
complexes as well.50,51 Thus the results of the absorption 
spectroscopy and cyclic voltammetry for the DNA-binding 
potency are in support of each other. The DNA-binding abil-
ity of the complex explored through these two techniques 
heralds the biological relevance of the synthesized complex. 

4. Conclusion
Mixed N- and O-donor ligand copper(II) carboxyl-

ate complex has been synthesized, isolated and purified in 
quantitative yield. Its characterization has been confirmed 
through single crystal XRD while the purity level was eval-
uated by superimposing the simulated and experimental 
powder XRD plots which were found in complete agree-
ment showing that the crystalline sample was composed of 

Figure 7. A, Absorption spectra of complex. Peak a indicates spectrum of pure complex while other peaks (b-j) are after DNA addition (10–90 μM). 
B, Plot of Ao/(A – Ao) vs. 1/[DNA] for the calculation of binding constant of complex through absorption spectroscopy.

A) B)
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the single crystalline phase without any other impurity. 
Crystal structure has shown that the geometry around 
copper(II) ion is square pyramidal in the dinuclear com-
plex with asymmetrically bridging oxygen atom. The DNA 
binding ability of the complex was judged from CV and 
UV-Visible spectroscopy by calculating the intrinsic bind-
ing constant of the complex with DNA from both tech-
niques. Both techniques resulted in Kb values of the same 
order of magnitude such as 3.667 × 104 and 1.438 × 104 
M–1, respectively. Moreover, the reduction of the diffusion 
co-efficient of the complex on addition of DNA further 
supported the DNA binding ability of the complex.

Supplementary material: CCDC 890111 contains 
all the crystallographic information about the synthesized 
complex. The data is accessible at http://www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 
1EZ, UK; fax: +44 1223 336 033; or e-mail: deposit@ccdc.
cam.ac.uk.
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Povzetek
Sintetizirali smo dvojedrni centrosimetrični bakrov(II) kompleks in ga okarakterizirali z FT-IR, UV-vidno in EPR spek-
troskopijo, praškovno in monokristalno XRD analizo ter elektrokemijsko metodo. Dva bakrova(II) iona sta povezana 
preko dveh μ-1,1-O atomov p-fluorofenilacetatnega liganda. Vsak bakrov(II) ion je koordiniran z dvema monodentat-
nima karboksilatnima ligandoma in bidentatno z molekulo 2,2ʹ-bipiridina. Geometrija okoli pentakoordiniranega bak-
rovega(II) iona je kvadratno piramidalna s faktorjem popačenja τ = 0.04. Čistost in uniformnost kristaliničnega produk-
ta je bila ugotovljena z praškovnim XRD posnetkom. EPR signal ima delno razrešljivo hiperfino strukturo, medtem ko 
elektrokemijske študije kažejo na difuzijsko kontroliran prenos elektrona z difuznim koeficientom 1.628 × 10–7 cm2 s–1. 
Rezultati spektroskopskih eksperimentov so si v soglasju. Kompleks se veže na DNA z veznima konstantama 3.667 × 104 

in 1.438 × 104 M–1, kot je določeno s ciklično voltametrijo oziroma absorpcijsko spektroskopijo. Preliminarni rezultati 
kažejo na strukturno in biološko pomembnost pripravljenega kompleksa.
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Abstract
Simultaneous reverse and normal initiation technique for atom transfer radical copolymerization (SR&NI ATRP) of 
styrene and methyl methacrylate in the presence of hexamethyldisilazane (HMDS)-modified silica aerogel nanoparticles 
(H-SAN) and investigating the effect of addition of H-SAN on the copolymerization and thermal properties of the prod-
ucts are discussed. Some unique features of the H-SAN are evaluated using nitrogen adsorption/desorption isotherm, 
SEM and TEM. Conversion and molecular weight determinations were carried out using GC and SEC respectively. Add-
ing of H-SAN by 3 wt% results in decrement of conversion from 94 to 73%. In addition, molecular weight of copolymer 
chains decreases from 19500 to 16000 g.mol-1. However, polydispersity index values increases from 1.29 to 1.65. Linear 
increase of ln(M0/M) with time for all the samples shows that copolymerization proceeds in a living manner. Increasing 
thermal stability of the nanocomposites is demonstrated by TGA. DSC results show a decrease in glass transition tem-
perature from 70.3 to 63.5 °C by addition of 3 wt% H-SAN.

Keywords: Nanocomposite; kinetics study; silica aerogel nanoparticles; poly (styrene-co-methyl methacrylate); SR&NI 
ATRP

1. Introduction
Nanocomposites are new class of materials that can 

combine the inherent properties of the organic phase (such 
as dielectric, ductility and processability) and inorganic 
phase (such as rigidity and thermal stability).1–3 Usage of na-
noscale materials with small size and large interfacial area 
per unit volume results in nanocomposites possess unique 
features in which are not provided by traditional compos-
ites.4–6 For example, polymer layered silicate nanocompos-
ites present improvements in various properties (such as 
strength, thermal expansion coefficient, barrier, flammabili-
ty resistance, environmental stability, and etc) in compari-
son with unmodified polymer.4,7 Due to the unique features 
of the nanocomposites, they can be employed in diverse ap-
plications such as electronics, adhesives, and automotive 
fields.8 In situ polymerization, solution blending and melt 
intercalation are three famous methods for the preparation 
of polymer nanocomposites.9 Incorporation of tailor-made 
polymers (organic phase) for the preparation of nanocom-

posites is an attractive topic since the molecular features of 
the organic phase can be tailored and some specific proper-
ties of the resulting hybrid can be dictated.10

Aerogels are highly porous materials with surface ar-
eas between 500 and 1600 m2/g and densities between 0.002 
and 0.8 g/cm3. Aerogels present unique physical properties 
that have made them attractive and many useful for thermal 
and acoustic insulation, low constant dielectric materials, 
and Cherenkov radiation counters.11–14 Silica aerogels are 
consisting of about 99% air and 1% solid silica in the form of 
highly cross-linked network structure (three-dimensional 
network of nanoparticles).15–17 Large surface area, high de-
gree of porosity, very low bulk density, very low thermal 
conductivity, high optical transmission, low refractive index, 
and low sound velocity are some unique properties of the 
silica aerogels that make them appropriate potential candi-
date for many applications (e.g. thermal insulation, drug de-
livery system, catalysis, adsorption, and etc).11,16,18–21

Application of various initiation techniques can be 
considered as one the main advantages of ATRP over other 
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the controlled living radical polymerization (CLRP) meth-
ods. SR&NI ATRP as an interesting initiation technique 
for ATRP is developed since it can provide many useful 
characteristics such as application low concentration of 
transition metal complex, application of transition metal 
complex in its higher oxidation state (CuBr2), and its abil-
ity to produce pure block copolymer.22–23 Schematic 
mechanism of SR&NI ATRP is presented in figure 1.

Reviewing related literature indicates that some 
studies have been done on the synthesis and investigating 
properties of silica aerogel/polymer nanocomposites.24–28 
Application of various initiation techniques for ATRP in 
the presence of different nano-fillers (e.g. clay and di-
atomite) were also reported previously.29–31 In this study, 
pristine silica aerogel nanoparticles were modified by 
HMDS as a surface modifier agent and hydrophobic silica 
aerogel nanoparticles were obtained. Abundant advantag-
es of SR&NI ATRP were employed to synthesize well-de-
fined poly (styrene-co-methyl methacrylate) nanocom-
posites. Investigating the effect of H-SAN addition on the 
polymerization parameters (conversion, molecular weight, 
and PDI values) are carefully performed. By these results it 
can be concluded that increment of H-SAN in the polym-
erization media how can affect the polymerization kinetics 
(positive effect of negative effect). In addition, thermal 
properties of the prepared nanocomposites are studied in 
detail. By these results it can be comprehended that addi-
tion of H-SAN in the polymer matrix how can improve 
thermal features of the nanocomposites in comparison 
with the neat polymer.

2. Experimental
2. 1. Materials

Styrene (St, Aldrich, 99%) and methyl methacrylate 
(MMA, Merck, 99%) were passed through an alumina 

filled column to remove inhibitors. Copper(I) bromide 
(CuBr, Aldrich, 98%), N,N,Nʹ,Nʹʹ,Nʹʹ-pentamethyldieth-
ylenetriamine (PMDETA, Aldrich, 99%), ethyl alpha-bro-
moisobutyrate (EBiB, Aldrich, 97%), 2,2’–azobisisobutyr-
onitrile (AIBN, Acros), anisole (Aldrich, 99%), tetrahy-
drofuran (THF, Merck, 99%), neutral aluminum oxide 
(Aldrich, 99%), tetraethoxysilane (TEOS, Merck), n-hex-
ane (Merck), Ethanol (EtOH, Merck, 99%), oxalic acid 
(Aldrich, >99%), ammonium hydroxide (Tabriz Petro-
chemical Company) and hexamethyldisilazane (HMDS, 
Merck) were used as received.

2. 2.  Synthesis of Hydrophilic and HMDS-
modified Silica Aerogel Nanoparticles
Pristine and H-SAN were prepared according to the 

procedure as reported previously.20,32

2. 3.  SR&NI Atom Transfer Random Radical 
Copolymerization of Styrene and Methyl 
Methacrylate
Typical batch of copolymerization was run at 110 °C 

with the molar ratio of 200:1:0.2:0.2:0.12 for 
[M]:[EBiB]:[CuBr2]:[PMDETA]:[AIBN] giving a theoreti-
cal molecular weight of 20457 g.mol-1 at final conversion. 
At first, styrene (0.073 mol, 8.34 ml), methyl methacrylate 
(0.058 mol, 6.2 ml), CuBr2 (0.17 mmol, 0.039 g), PMDETA 
(0.17 mmol, 0.03 ml) and anisole (10 ml) were added to 
the reactor. Then, it was degassed and back-filled with ni-
trogen three times, and then left under N2 with stirring at 
room temperature. After that, reaction temperature was 
increased to 110 °C during 5 min. Subsequently, predeox-
ygenated solution of AIBN (0.1 mmol, 0.017 g) in the sty-
rene (0.043 mol, 5 ml) and predeoxygenated EBiB (0.87 
mmol, 0.12 ml) were injected into the reactor to start the 
copolymerization reaction. At the beginning of the reac-

Figure 1. Schematic mechanism for SR&NI ATRP
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tion, copolymerization media was green and gradually 
changed to brown. Samples were taken at the end of the 
reaction to measure the final conversion.

2. 4.  Preparation of Poly (Styrene-co-
methyl Methacrylate)/Silica Aerogel 
Nanocomposites by in Situ SR&NI ATRP
For preparation of nanocomposites, a desired 

amount of H-SAN was dispersed in 7 ml of styrene and the 
mixture was stirred for 17 hours. Then, the remained 1.34 
ml of styrene was added to the mixture. Subsequently, co-
polymerization procedure was applied accordingly. Desig-
nation of the samples with the percentage of modified sili-
ca aerogel nanoparticles is given in table 1.

2. 5. Characterization
Materials porosity was characterized by N2 adsorp-

tion/desorption curves obtained with a Quntasurb QS18 
(Quntachrom) apparatus. The surface area and pore size 
distribution values were obtained with the corrected BET 
equation (Brunauer-Emmett-Teller). Surface morphology 
of the samples was examined by Scanning Electron Micro-
scope (SEM, Philips XL30) with acceleration voltage of 20 
kV. Also, transmission electron microscope (TEM, FEG 
Philips CM) with an accelerating voltage of 200 kV was 
used. Gas chromatography (GC) is a simple and highly 
sensitive characterization method and does not require re-
moval of the metal catalyst particles. GC was performed 
on an Agilent-6890N with a split/splitless injector and 
flame ionization detector, using a 60 m HP-INNOWAX 
capillary column for the separation. The GC temperature 
profile included an initial steady heating at 60 °C for 10 
min and a 10 °C/min ramp from 60 to 160 °C. The samples 
were also diluted with acetone. The ratio of monomer to 
anisole was measured by GC to calculate monomer con-
version throughout the reaction. Size exclusion Chroma-
tography (SEC) was used to measure the molecular weight 
and molecular weight distribution. A Waters 2000 ALLI-
ANCE with a set of three columns of pore sizes of 10000, 
1000, and 500 Å was utilized to determine polymer aver-
age molecular weight and polydispersity index (PDI). 
Thermal gravimetric analysis (TGA) was carried out with 
a PL thermo-gravimetric analyzer (Polymer Laboratories, 
TGA 1000, UK). Thermograms were obtained from ambi-

ent temperature to 700 °C at a heating rate of 10 °C/min. 
Thermal analysis were carried out using a differential 
scanning calorimetry (DSC) instrument (NETZSCH DSC 
200 F3, Netzsch Co, Selb/Bavaria, Germany). Nitrogen at a 
rate of 50 mL/min was used as purging gas. Aluminum 
pans containing 2–3 mg of the samples were sealed using 
DSC sample press. The samples were heated from ambient 
temperature to 220 °C at a heating rate of 10 °C/min.

3. Results and Discussion
Nitrogen adsorption/desorption isotherm of the 

H-SAN indicate that this material can be classified as a 
mesoporous type according to the IUPAC classification 
(figure 2).32

Table 1. Designation of the samples

Sample Method of Proportion of H-SAN Dispersion Time Prior to
 Preparation  (wt%) the Copolymerization (h)
 

PRSM  SR&NI ATRP  0  –
RSMAC 1  In situ SR&NI ATRP  1  17
RSMAC 2  In situ SR&NI ATRP  2  17
RSMAC 3  In situ SR&NI ATRP  3  17

Figure 2. Nitrogen adsorption/desorption isotherm of the H-SAN

According to extracted data from nitrogen adsorp-
tion/desorption isotherm, BET surface area and average 
pore diameter of the synthesized aerogel (modified silica 
aerogel nanoparticles) are calculated 958.67 m2/g and 4.05 
nm respectively.

TEM and SEM images of the H-SAN are displayed in 
figure 3. According to these images, H-SAN present 
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spongy structure and the particles are relatively mono-dis-
persed. In addition, average diameter of the particles is 
estimated around 25 nm.

Figure 3. TEM (A) and SEM (B) images of the H-SAN

a) b)

Figure 4. General procedure for preparation of poly (styrene-co -methyl methacrylate)/H-SAN nanocomposites by in situ SR&NI ATRP

General procedure for the synthesis of tailor-made 
random poly (styrene-co-methyl methacrylate) chains via 
SR&NI ATRP in the presence of H-SAN is shown in figure 4.
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During the copolymerization process, monomer 
conversion with time can present various behaviors. Thus, 
examining the variation of conversion with time for the 
copolymerization system can be considered as an import-
ant parameter. Variation of monomers (MMA and St) con-
version versus time for the neat poly (styrene-co-methyl 
methacrylate) and its different nanocomposites are pre-
sented in figure 5. According to the results, by proceeding 
of the reaction, an increment in the conversion is obtained. 
Also, copolymerization of MMA and St without the mod-
ified silica aerogel nanoparticles results in higher conver-
sion in various time steps. On the other hands, by increas-
ing modified silica aerogel nanoparticles content lower 
monomer conversions are obtained (conversion: RSMAC 
3< RSMAC 2< RSMAC 1<PRSM). These results indicate 
that presence of H-SAN can result in negative effect on the 
copolymerization rate and final conversion of the mono-
mers. Negative effect of the modified silica aerogel 
nanoparticles on the copolymerization may be attributed 
to the three main factors; i) Impurity role of the H-SAN: it 
is demonstrated that existence of some nano-fillers in the 
copolymerization media can disturb the ATRP equilibri-
um and therefore products with lower conversion, lower 
molecular weights, and higher PDI values can be pre-
pared.33–35 ii) Restriction of the mobility: due to the po-
rous structure of the H-SAN, mobility of the radicals and 
growing macro-radicals in the solution can be restricted 

and therefore copolymerization rate and monomers con-
version can be decreased. It is clear that by increasing 
modified silica aerogel nanoparticles content, more re-
striction will be happened and therefore higher decrement 
in the conversion can be obtained.41–43 iii) Irreversible re-
actions: It is demonstrated that growing radicals in the co-
polymerization media can irreversibly react with various 
functional moieties. Thus, growing radicals can irrevers-
ibly react with the moieties (such as un-modified hydroxyl 
groups) on the H-SAN and therefore can present negative 
effect on the copolymerization rate and conversion.33–35

Variation of number-averaged molecular weight 
(Mn) with conversion during the copolymerization is rep-
resented in figure 6. Theoretical line in this figure is dis-
played to present theoretical Mn values for the various 
conversions. As it can be expected, in the neat copolymer 
and different nanocomposites by increasing conversion 
copolymer chains with higher Mn were obtained. Accord-
ing to the results, PRSM has higher Mn values in compar-
ison with the different nanocomposites (RSMAC 1-3). On 
the other hands, addition of the H-SAN in the copolymer-
ization media results in decrement of Mn of the products. 
By increasing H-SAN content, more decrement in Mn is 
observed (Mn: PRSM > RSMAC 1 > RSMAC 2 > RSMAC 
3). This negative effect of the H-SAN on the molecular 
weight of the copolymer chains can be also attributed to 
the three above mentioned reasons (impurity role, restric-

Figure 5. Variation of monomers conversion with time for the PRSM and RSMAC 1-3
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Figure 6. Variation of molecular weight versus conversion for the PRSM and RSMAC 1-3

Figure 7. Variation of PDI values with conversion for the PRSM and 
RSMAC 1-3

tion of the mobility, and irreversible reactions).33–35 By 
precise evaluation of the results an appropriate agreement 
between experimental and theoretical Mn values are ob-
served that this agreement can be considered as a suitable 
evidence for demonstration of the living nature of the co-
polymerization system.

Variation of PDI values with conversion for the neat 
copolymer and its various nanocomposites is displayed in 
figure 7. Since the copolymerization system (SR&NI 
ATRP) is a member of CLRP family, it could be predicted 
that PDI values present a decrement by proceeding of the 
reaction (by increasing of conversion). Although addition 
of nano-fillers can affect CLRP equilibrium, they can not 
change the living nature of the system and therefore a dec-
rement in PDI values by increasing conversion are ob-
served in the pure copolymer (PRSM) and its different 
nanocomposites (RSMAC 1-3). According to the figure 7, 
PDI value of the PRSM is lower than RSMAC 1-3. In the 
nanocomposites, by increasing modified silica aerogel 
nanoparticles content higher PDI values are obtained 
(PDI: PRSM< RSMAC 1< RSMAC 2< RSMAC 3). Incre-
ment of PDI values by increasing H-SAN content can be 
attributed to the impurity role of the H-SAN. The occur-
rence of termination and transfer reactions between the 
propagating (macro)radicals and H-SAN can be consid-
ered as the main reason of emerging high PDI values in the 
nanocomposites samples.33–35

Figure 8 shows pseudo-first-order kinetic plots for 
the synthesized nanocomposites and the neat copolymer. 

Results indicate that the slope of the curves (PRSM and 
RSMAC 1-3) remains fairly constant in the whole of the 
copolymerization and therefore it can be concluded that 
steady-state kinetics for all of the samples is obtained. Ac-
cording to the figure, PRSM and RSMAC 1-3 present lin-
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early increment of Ln(M0/M) with time in which constant 
radical concentration in the copolymerization media can 
be concluded.33–34 Results also indicate that by increasing 
H-SAN content a considerable decrement in the copoly-
merization rate will be obtained.

PRSM and RSMAC 1-3 display monomodal peak in 
their SEC traces (figure 9). According to this figure, PRSM 
presents narrow distribution in comparison with the RS-
MAC 1-3. Also, by increasing H-SAN loading broaden 
distribution are obtained (molecular weight distribution: 
PRSM< RSMAC 1<RSMAC 2<RSMAC 3).

SEC traces demonstrate that SR&NI ATRP of MMA 
and St in the presence of H-SAN results in copolymer with 
broaden molecular weight distribution. On the other 
hands, absence of the H-SAN in the copolymerization me-
dia leads to copolymer with lower PDI values. As it men-
tioned above, H-SAN can disturb the equilibrium of 
SR&NI ATRP due its three main roles (impurity role, re-
striction of the mobility, and irreversible reactions).33–35 
According to the extracted data in table 2, by addition of 3 
wt% of the H-SAN monomer conversion decreases from 

94% to 73%. Meanwhile PDI values present an increment 
from 1.29 to 1.65.

                    (1)

where, [M]0 and [EBiB]0 are initial concentration of the 
monomers and ATRP initiator, respectively. Conversion is 
denoted by Conv. and the symbol of the average molecular 
weight of the monomers is Mw.

TGA thermograms of the PRSM and RSMAC 1-3 in 
the temperature window of 25–700 °C in two different 
styles are displayed in figure 10. Char values at 700 °C are 
also presented in this figure. As expected, by increasing 
H-SAN content, char values of the prepared nanocompos-
ites should be increased (char values: PRSM< RSMAC 1< 
RSMAC 2< RSMAC 3).

Figure 10 indicates that thermal stability of the 
PRSM is lower than various nanocomposites. Also, it can 
be concluded that by increasing H-SAN content, more im-

Figure 8. Kinetic plots with respect to the reaction time Figure 9. SEC traces of the neat random poly) styrene-co-methyl 
methacrylate) and its nanocomposites

Table 2. Molecular weights and PDI values of the extracted copolymers resulted from SEC traces

Sample  Reaction  Conversion                              Mn (g.mol-1)  Mw (g mol-1) PDI
 Time (h) (%) Exp. Theo.  

PRSM  9  94  19757  19230  25487  1.29
RSMAC 1  9  83  18336  16979  26405  1.44
RSMAC 2  9  77  17104  15752  26169  1.53
RSMAC 3  9  73  16268  14934  26842  1.65

Theoretical molecular weight is calculated by using Equation 1:
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provements in thermal stabilities can be obtained (thermal 
stability: PRSM< RSMAC 1< RSMAC 2< RSMAC 3). Ex-
cept the main degradation step in the TGA graphs (at the 
temperatures above 350 °C) that is attributed to the degra-
dation of the synthesized copolymer and its nanocompos-
ites, some other degradation can be also recognized. This 
degradation in the lower temperatures is ascribed by evap-
oration of water molecules and volatile materials such as 
residual monomers and HMDS.

Extracted data from TGA are graphically illustrated 
in figure 11. Degradation temperature of the samples ver-
sus amount of degradation is employed to show that addi-
tion of H-SAN in the copolymer matrix, results in an im-
provement of thermal stabilities of the nanocomposites 
(TX: temperature threshold at which X% of neat copoly-

mer and its nanocomposites is degraded). Char values at 
700 °C are also reported in the figure 10.

TGA results demonstrate that incorporation of 
H-SAN in the copolymer matrix leads to improvements in 
thermal stabilities. This improvement can be ascribed by 
using inorganic nature of the H-SAN. Modified silica 
aerogel nanoparticles as inorganic nano-filler can result in 
higher thermal stabilities of the RSMAC 1-3 in compari-
son with the PRSM.36 Absorption of the introduced gas (in 
oxygen atmosphere) in the porous structure of the incor-
porated nano-filler (H-SAN is classified as mesoporous 
materials) may be considered as another factor for incre-
ment of thermal stabilities of the nanocomposites in com-
parison with the PRSM.33

Improvement in thermal stability may be ascribed by 
inorganic nature of the incorporated nano-filler. H-SAN 
as inorganic nano-filler that are incorporated and dis-
persed within the copolymer matrices can result in im-
provement of thermal stability of the nanocomposites in 
comparison with the neat copolymer.36 Moreover, since 
the synthesized nano-filler is a member of mesoporous 
materials family it can absorb introduced gas (in O2 atmo-
sphere) can also results in increment of thermal stability of 
the nanocomposites. Finally, because of the three-dimen-
sional network structure of the H-SAN, these nanoparti-
cles can not be appropriately dispersed and therefore can 
not significantly improve thermal stabilities of the nano-
composites.37

Evaluation the effect of the H-SAN on the chain con-
finement and also determination of glass transition tem-
perature (Tg) are performed by DSC analysis. DSC curves 
of the PRSM and RSMAC 1-3 are presented in figure 12. 

Figure 10. TGA thermograms of the PRSM and RSMAC 1-3

Figure 11. Graphical illustration of temperature and degradation 
relationship
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Although the samples are heated from room temperature 
to 220 °C to remove their thermal history, cooling path of 
the analysis in the temperature range of 20–170 °C is dis-
played in this figure.

According to the figure 12, an obvious inflection in 
the cooling path are occurred which shows Tg values of the 
PRSM and RSMAC 1-3. In addition, amorphous struc-
tures of the synthesized samples can be also concluded. 
Extracted Tg values of the samples from DSC graphs (in 
the cooling path) are summarized in table 3.

also responsible for more segment mobilities of the copo-
lymer chains which in turn results in Tg reduction. More-
over, according to the table 2, by increasing H-SAN in the 
copolymer matrix an increment in PDI value and also a 
decrement in Mn are observed. These parameters should 
be also considered since decrease in Mn and increment of 
PDI values may cause reduction of Tg values.38–39 Previous 
studies indicate that Tg values can be changed by addition 
of low volume of different nano-fillers.40–41 Reduction of 
Tg value by incorporating alumina nanoparticles as a na-
no-fillers was also reported by Schadler et al.42

4. Conclusions
Tailor-made random poly (styrene-co-methyl meth-

acrylate) and its different nanocomposites in the presence 
of H-SAN were synthesized by in situ SR&NI ATRP. Po-
rous and spongy structure, spherical shape and high sur-
face are some unique properties of the prepared H-SAN. 
SR&NI ATRP of styrene and methyl methacrylate in the 
presence of H-SAN results in a decrease of conversion 
from 94 to 73%. Moreover, molecular weight of the ran-
dom copolymer chains decrease from 19757 to 16268 
g.mol–1 and PDI values increase from 1.29 to 1.65. Im-
provement in thermal stability of the nanocomposites and 
decreasing Tg values from 70.3 to 63.5 °C was also ob-
tained by addition of 3 wt% of the H-SAN.
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Povzetek
Tehniko SR&NI ATRP (polimerizacija s prenosom atoma (ATRP); simultaneous reverse and normal initiation (SR&NI)) 
smo uporabili za kopolimerizacijo stirena in metil metakrilata v prisotnosti aerogela na osnovi nanodelcev silicijevega 
dioksida (H-SAN) in z dodatkom heksametildisilizana (HMDS). Preučevali smo vpliv dodatka aerogela H-SAN na sa-
mo kopolimerizacijo in termične lastnosti produktov. Produkte smo karakterizirali z vrstično elektronsko mikroskopijo 
(SEM) in presevno elektronsko mikroskopijo (TEM) in jim z uporabo dušika določili adsorpcijske in desorpcijske izort-
erme. Konverzijo in molekulsko maso smo določili s plinsko kromatografijo (GC) in velikostno izključitveno kromato-
grafijo (SEC). Dodatek 3 ut% H-SAN je vodil v zmanjšanje pretvorbe s 94 % na 73 %. Molekulska masa polimernih verig 
se je znižala od 19500 g mol–1 na 16000 g mol–1. Indeks polidisperznosti se je povečal z 1,29 na 1,65. Linearno povečanje 
ln(M0/M) s časom za vse vzorce nam daje vpogled v proces kolpolimerizacije. Povečano termično stabilnost nanokom-
pozita smo dokazali s termogravimetrično analizo (TGA). Rezultati diferenčne dinamične kalorimetrije (DSC) kažejo na 
znižanje temperature steklastega prehoda (Tg) s 70,3 °C na 63,5 °C v primeru dodatka 3 ut% aerogela H-SAN.

https://doi.org/10.1007/s10965-017-1405-2
https://doi.org/10.1002/pat.4131
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Abstract
A novel terbium-mercury compound [Tb(IA)3(H2O)2(Hg2Cl4)]n · nHgCl2 · nH2O (1, HIA = isonicotinic acid) was pre-
pared via a hydrothermal reaction and structurally characterized through single-crystal X-ray diffraction technique. This 
compound is characterized by a three-dimensional (3-D) framework. Photoluminescence experiments with solid-state 
samples uncovered that this compound can show yellow light emission with the emission peaks at 490, 545, 586 and 
621 nm, respectively. These photoluminescence emission peaks are originated from the characteristic emission of the 4f 
electrons intrashell transition of the 5D4 → 7FJ (J = 6, 5, 4, 3) of the Tb3+ ions. An energy transfer mechanism is expatiated 
by applying the energy level figure of the terbium ions and isonicotinic acid. This compound possesses a remarkable CIE 
chromaticity coordinates (0.3525, 0.4032). A wide optical band gap of 2.51 eV of the title compound is determined by 
using the solid-state UV/Vis diffuse reflectance spectroscopy.

Keywords: Crystal; hydrothermal reaction; photoluminescence; semiconductor; terbium

1. Introduction
For many years, lanthanide materials have gained 

more and more attention because they can usually show 
interesting magnetic and photoluminescence performanc-
es.1–4 Nowadays, researchers from chemistry and material 
region have accomplished a large number of explorations 
on lanthanide materials, in order to reveal their practical 
applications in the fields such as luminescence probes, 
light-emitting diodes (LEDs), magnetism, electrochemical 
displays, and so on.5,6 Generally speaking, lanthanide ma-
terials could display fine photoluminescence emissions, if 
the f-f electronic transition of the lanthanide ions can oc-
cur. However, this f-f electronic transition is hard to hap-
pen because lanthanide ions usually have a low absorption 
coefficient. It is deemed that some organic ligands can act 
as an ‘antenna’ to absorb UV light and effectively transfer 

the UV light energy to the lanthanide ions; this is so-called 
‘antenna effect’.7,8 To our knowledge, the semiconductor 
performances about lanthanide materials are rarely ex-
plored yet when it is compared to the studies on the mag-
netic and photoluminescence performances.9

Terbium ions possess abundant 4f electrons and or-
bitals, so, coordination compounds containing terbium 
ions are expected to be able to display attractive photo-
luminescence properties.10–12 Group 12 (IIB) elements 
(zinc, cadmium and mercury) have also gained a lot of 
interest due to following reasons: different coordina-
tion numbers, interesting photoluminescence and pho-
toelectric performances, and so forth.10–16 IIB elements 
can also be used for semiconductor materials and, up to 
date, many semiconductor materials with IIB elements 
have been reported.17–20 In recent years, our group keeps 
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studying the magnetism, photoluminescence and semi-
conductor materials. We mainly aim at terbium-IIB-VI-
IA (VIIA = halogen) materials, in order to explore their 
crystal structures, magnetism, photoluminescence and 
band structures. In present work, we report the prepa-
ration, crystal structure, photoluminescence, energy 
transfer mechanism and band structure of a novel ter-
bium-mercury material [Tb(IA)3(H2O)2(Hg2Cl4)]n · 
nHgCl2 · nH2O (1, HIA = isonicotinic acid) with a 3-D 
framework.

2. Experimental
2.1 Materials and Instrumentation

The reagents TbCl3 · 6H2O, HgCl2, isonicotinic acid 
are AR grade and purchased from commercial source. 
Photoluminescence measurements were performed on a 
F97XP photoluminescence spectrometer. UV/Vis diffuse 
reflectance spectrum was conducted on a TU1901 UV/Vis 
spectrometer equipped with an integrating sphere.

2. 2.  Synthesis of [Tb(IA)3(H2O)2(Hg2Cl4)n 
· nHgCl2 · nH2O (1, HIA = Isonicotinic 
Acid)
TbCl3 · 6H2O (2 mmol, 748 mg), HgCl2 (2 mmol, 542 

mg), isonicotinic acid (2 mmol, 246 mg) and 10 mL dis-
tilled water were loaded into a 25 mL Teflon-lined stainless 
steel vessel. The vessel was heated at 433 K for one week. 
When the vessel was slowly cooled down to room temper-
ature, colorless crystals were collected. The yield was 52% 
based on HgCl2.

2. 3. X-ray Structure Determination
A suitable single crystal was adhered onto the tip 

of a glass fiber and mounted to a SuperNova CCD dif-
fractometer. The graphite monochromated Mo-Kα radi-
ation is applied for the measurement. The intensity data 
set was obtained in a ω scan mode. CrystalClear software 
was applied to the data reduction and empirical absorp-
tion correction.21 The crystal structure was solved by us-
ing the direct methods. The final structure was refined 
on F2 by full-matrix least-squares using the Siemens 
SHELXTLTM V5 crystallographic software package.22 
All non-hydrogen atoms were found on the difference 
Fourier maps and refined anisotropically (except the lat-
tice water molecule O3W). Because the O3W was disor-
dered, it had to be splitted into two sites, namely, O3WA 
and O3WB. Both O3WA and O3WB were not refined an-
isotropically and the site occupations were 30% and 70% 
for O3WA and O3WB, respectively. The crystal data and 
details of data collection and refinement are depicted in 
Table 1; selected bond lengths and bond angles are shown 
in Table 2.

Table 1. Crystallographic data and structural analysis 

Formula C18H18Cl6Hg3N3O9Tb
Mr 1393.74
Crystal system monoclinic 
Space group P21/n 
a (Å) 11.9193(4) 
b (Å) 9.5228(3) 
c (Å) 32.7149(7) 
β (º) 94.100(2)
V (Å3) 3703.81(19) 
Z 4 
Reflections collected 19656
Independent, observed reflections (Rint) 6285, 5261 (0.0479)
dcalcd. (g/cm3) 2.499 
μ (mm–1) 14.756 
F(000) 2504 
T (K) 293(2)
R1, wR2 0.0880, 0.2046
S 1.135 
Largest and Mean Δ/σ 0.003, 0 
Δρ (max, min) (e/Å3) 3.376, –3.576

Table 2. Selected bond lengths (Å) and bond angles (º) 

 Bond Lengths (Å) Bond Angles (º) 

Hg(1)–N(1)  2.122(5)  N(1)–Hg(1)–Cl(1)  88.44(13) 
Hg(1)–Cl(1)  2.7920(19)  N(1)–Hg(1)–Cl(2)  164.51(14) 
Hg(1)–Cl(2)  2.3051(15)  N(1)–Hg(1)–Cl(3)  90.83(13) 
Hg(1)–Cl(3)  2.8723(16)  Cl(1)–Hg(1)–Cl(2)  101.75(6) 
Hg(2)–N(2)  2.136(5)  Cl(1)–Hg(1)–Cl(3)  93.76(5) 
Hg(2)–N(3)  2.127(4)  Cl(2)–Hg(1)–Cl(3)  100.00(6) 
Hg(2)–Cl(3)  2.7307(16)  N(2)–Hg(2)–N(3)  160.96(18) 
Hg(2)–Cl(4)  2.8477(16)  N(2)–Hg(2)–Cl(3)  104.78(14) 
Hg(3)–Cl(5)  2.3140(18)  N(2)–Hg(2)–Cl(4)  91.88(14) 
Hg(3)–Cl(6)  2.2943(17)  N(3)–Hg(2)–Cl(3)  94.26(12) 
Tb(1)–O(5)i  2.276(5)  N(3)–Hg(2)–Cl(4)  87.98(12) 
Tb(1)–O(3)ii  2.313(5)  Cl(3)–Hg(2)–Cl(4)  90.46(5) 
Tb(1)–O(6)iii  2.334(5)  Cl(5)–Hg(3)–Cl(6)  176.36(7) 
Tb(1)–O(4)iv  2.354(5)  O(3)ii–Tb(1)–O(1)v  73.87(17) 
Tb(1)–O(1)v 2.360(5)  O(6)iii–Tb(1)–O(4)iv  143.57(19) 
Tb(1)–O(2)  2.375(5)  O(4)iv–Tb(1)–O(2)  73.10(18) 
Tb(1)–O(1W)  2.491(5)  O(4)iv–Tb(1)–O(1W)  69.47(18) 
Tb(1)–O(2W)  2.498(6)  O(1W)–Tb(1)–O(2W)  126.28(18) 

Symmetry codes: (i) –x – ½, y + ½, –z + 1½; (ii) –x – 1, –y + 2, –z + 
1; (iii) x + ½, –y + 2½, z – ½; (iv) x + 1, y, z; (v) –x, –y + 2, –z + 1.

3. Results and Discussion
Compound 1 crystallizes in the space group P21/n 

of the monoclinic system with four formula units in each 
cell, as uncovered by single crystal X-ray diffraction anal-
ysis. The asymmetric unit contains three mercury(II) ions, 
six chloride ions, one terbium(III) ion, three isonicoti-
nates, two coordinating water molecules and one lattice 
water molecule. Its molecular structure consists of one 
[Tb(IA)3(H2O)2(Hg2Cl4)]n moiety, one HgCl2 moiety and 
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one lattice water molecule, as presented in Fig. 1. All crys-
tallographically independent atoms reside at the general 
positions.

Figure 1. A molecular structure of compound 1 with lattice water 
and hydrogen atoms being omitted for clarity. Symmetry transfor-
mations used to generate equivalent atoms: (i) –x – ½, y + ½, –z + 
1½; (ii) –x – 1, –y + 2, –z + 1; (iii) x + ½, –y + 2½, z – ½; (iv) x + 1, 
y, z; (v) –x, –y + 2, –z + 1.

There are three crystallographically independent 
mercury(II) ions existing in compound 1. Hg1 ion is sur-
rounded by one nitrogen atom of one isonicotinate and 
three chloride ions to yield a distorted tetrahedron with 
the bond angles of N–Hg–Cl and Cl–Hg–Cl being of 
88.44(13)°–164.51(14)° and 93.76(5)°–101.75(6)°, respec-
tively. Hg2 ion is coordinated by two nitrogen atoms of 
two isonicotinates and two chloride ions to yield a dis-
torted tetrahedron with the bond angles of N–Hg–N, N–
Hg–Cl and Cl–Hg–Cl being of 160.96(18)°, 87.98(12)°–
104.78(14)° and 90.46(5)°, respectively. Hg3 ion is bound 
by two chloride ions and form a nearly linear mode with 
the bond angle of Cl–Hg–Cl being of 176.36(7)°. The 
Hg–N and Hg–Cl bond lengths locate in the span of 
2.122(5)–2.136(5) Å and 2.2943(17)–2.8723(16) Å, re-
spectively. These bond lengths are normal and compa-
rable with those found in the literature.23–25 The terbium 
ion is coordinated by eight oxygen atoms, of which six 
are from six isonicotinates and two come from two co-
ordinating water molecules, yielding a slightly distorted 
square anti-prismatic geometry. The Tb–O bond lengths 
are located in the range of 2.276(5) Å – 2.498(6) Å, which 
is also normal and comparable with those found in the 
literature.26–28 The neighbouring terbium ions are inter-
linked by four or two isonicotinates to form a one-dimen-
sional (1-D) Tb-(IA)4-Tb-(IA)2-Tb-(IA)4- chain running 
along the b-axis, as shown in Fig. 2. The distances between 
every two neighbouring terbium ions are 4.3996(4) Å and 
5.1233(4) Å. The 1-D Tb-(IA)4-Tb-(IA)2-Tb-(IA)4- chains 
are interconnected by mercury ions to yield a 3-D frame-
work, as shown in Fig. 3.

Figure 2. A 1-D Tb-(IA)4-Tb-(IA)2-Tb-(IA)4- chain in compound 1.

Figure 3. The 3-D framework of compound 1.

In this work, we performed the photoluminescence 
experiments of compound 1 in the solid state and the re-
sults of the photoluminescence spectrum are shown in Fig. 
4. When it was excited by using the 353 nm wavelength 
of UV light, it displays a characteristic photoluminescence 
spectrum of Tb3+ ions. The photoluminescence diagram 
contains four sharp emission bands with the strongest one 
at 545 nm. These peaks reside at 490, 545, 586 and 621 nm. 
They can be ascribed to the characteristic emission of the 
4f electrons intrashell transition of the 5D4 → 7FJ (J = 6, 5, 
4 and 3, respectively) of the Tb3+ ions.29 The CIE (Com-

Figure 4. Solid-state photoluminescence spectra of complex 1 
measured at room temperature. 
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mission Internationale de I’Éclairage) chromaticity coor-
dinates of the title compound are (0.3525, 0.4032) which 
locates in the yellow region, as given in Fig. 5. As a result, 
compound 1 could be expected as a possible yellow light 
emitting material.

In order to reveal the energy transfer mechanism 
of the photoluminescence emission of 1, we also carried 
out the phosphorescence emission spectrum of the ison-
icotinic acid at 77 K, as given in Fig. 6. The onset of the 
emission curve of the isonicotinic acid can be estimated 
to be 434 nm. Therefore, the lowest triplet state energy of 
isonicotinic acid is calculated to be 23041 cm-1. The energy 
difference between the lowest triplet state of isonicotinic 
acid and the resonant energy level of terbium ions (5D4, 
20500 cm-1) is 2541 cm–1 for compound 1, as shown in 
Fig. 7. Based on the intramolecular energy transfer theory 
revealed by Sato and Dexter,30–31 the intramolecular en-
ergy transfer efficiency mainly depends on two processes. 
The first one is the energy transfer from the lowest triplet 
energy levels of the ligands to the resonant energy levels of 
lanthanide centers through the Dexter’s resonant exchange 
interactions. The second on is the reverse energy transfer 
from the lanthanide centers to the ligands through a ther-
mal deactivation process. The reverse energy transfer pro-
cess possibly happens easier once the energy difference is 
small enough. These two energy transfer processes are ob-
viously contrary, even though both of them depend on the 
energy gap between the lowest triplet energy levels of the 

ligands and the resonant energy levels of the lanthanide 
centers. A best energy gap can be estimated to be around 
3000±500 cm–1, as found by the intramolecular energy 
transfer mechanism. As the above discussions, the energy 
gap of the terbium ions in compound 1 is 2541 cm–1; this 
is in the range of 3000±500 cm–1. As a result, compound 
1 can be expected to exhibit ideal photoluminescence 
properties. This prediction is in good line with the photo-
luminescence emission diagram of the title compound, as 
given in Fig. 4. From Fig. 4 it can be easily found out that 
the emission bands are well separated and sharp. There-
fore, the above discussions uncover that isonicotinic acid 
is a good ligand to excite Tb3+ ions for the title compound; 
namely, it is a suitable “antenna”.

Figure 5. The CIE chromaticity diagram and chromaticity coordi-
nate of the photoluminescence emission spectrum of 1.

Figure 6. Phosphorescence spectrum of isonicotinic acid measured 
at 77 K.

Figure 7. A schematic and partial energy level diagram of the main 
energy absorption transfer and phosphorescence processes in 1 and 
the isonicotinic acid.
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Mercury is a well-known element in semiconductor 
materials such as HgxCd1–xTe (i.e. MCT) which is a very 
important infrared detector in military area. Compound 
1 consists of mercury element and, so, it may probably 
display semiconductor performances. Based on this con-
sideration, we carried out its solid-state UV/Vis diffuse 
reflectance spectrum under room temperature. The re-
flectance data set was treated by using the Kubelka-Munk 
function, i.e. α/S = (1 – R)2/2R. The R is the reflectance, α 
is the absorption coefficient, while S means the scattering 
coefficient which is practically wavelength independent if 
the particle size is larger than 5 µm. By extrapolating the 
linear part of the absorption edge of the curve, the optical 
band gap value can be determined as shown in Fig. 8. The 
solid-state diffuse reflectance spectrum shows that com-
pound 1 has an optical band gap of 2.51 eV and, so, this 
compound can be classified as a wide band gap semicon-
ductor material. The solid-state diffuse reflectance spec-
trum diagram exhibits a slow slope of the optical absorp-
tion edge, which means an indirect transition process.32 
This optical band gap of 2.51 eV is clearly smaller than 
5.47 eV of diamond which is one of the third generation 
semiconductor materials; but it is obviously larger than 
that of CuInS2 (1.55 eV), CdTe (1.5 eV) and GaAs (1.4 
eV) which are well-known highly efficient photovoltaic 
materials.33–34

4. Conclusions
In conclusion, a novel terbium-mercury compound 

was prepared via a hydrothermal reaction and structurally 
characterized by single crystal X-ray diffraction technique. 
It is characterized by a 3-D framework. It shows yellow 
light photoluminescence emission with the emission peaks 
at 490, 545, 586 and 621 nm which are originated from the 
characteristic emission of the 4f electrons intrashell transi-
tion of the 5D4 → 7FJ (J = 6, 5, 4, 3, respectively) of the Tb3+ 

ions. An energy transfer mechanism was expatiated by ap-
plying the energy level figure of the terbium ions and ison-
icotinic acid. It possesses a remarkable CIE chromaticity 
coordinates (0.3525, 0.4032). It also shows a wide optical 
band gap of 2.51 eV. So, this compound is a potential can-
didate for yellow light photoluminescence and wide band 
gap semiconductor materials.
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Abstract
The paper demonstrates how the Hard-Soft Acid Base (HSAB) theory can be used as a valuable criterion in the selection 
process of semiconducting metal oxides (MOX) suitable as sensing layers for ammonia detection. Six different cases of 
ammonia detection performed by chemiresistive sensors employing MOX and related nanocomposites as sensing layers 
are identified and discussed. The role of HSAB as an efficient selection tool for appropriate sensing layer (any type of gas), 
is further reinforced by analyzing and discussing literature results on MOX-based trimethylamine sensing layers. By ana-
lyzing the operation of a fiber-optic ammonia sensor, we demonstrate that the HSAB principle can be also successfully 
applied to the selection of sensing layers for detectors employing other sensing principles, different than the chemiresis-
tive one. Changing the sensing paradigm (i.e., the amino groups-based compounds are part of the sensing layer, rather 
than part of the analyte), the paper shows that these types of molecules (polymers, carbon nanotubes, ionic liquids) are 
appropriate constituents of a CO2 sensing layer, in full accordance to the HSAB criteria.

Keywords: MOX; HSAB; ammonia; sensor; nanostructure; carbon dioxide.

1. Introduction
Ammonia (NH3), a natural gas that is present 

throughout the atmosphere, is a highly toxic compound, 
with low odor threshold (20 ppm), corrosive to the 
skin, eyes, throat and lungs. The most widely recog-
nized exposure limits for ammonia are an eight-hour 
TWA (Time Weighted Average) of 25 ppm, with a 
15-minute STEL (Short Term Exposure Limit) of  
35 ppm.1 Strong irritation of the nose and throat occurs at 
500 ppm, while exposure to 1000 ppm or more causes 
lungs injury (pulmonary edema).2–3 Extremely high con-
centrations, around 5000–10,000 ppm, are fatal to humans 
within the first 5–10 minutes of exposure.4

Ammonia, one of the most important industrial 
raw materials in the world, is widely used in many in-
dustries including chemical and petrochemical, 
food/beverage, pulp and paper, fertilizer and the oil 
industry, pharmaceuticals, etc. Its global production 
exceeds 100 million tons per year. Ammonia is also the 
key precursor in the synthesis of many chemical 
compounds with high economic value, such as urea 
(Bosch –Meiser process), hydroxilamine and ammo-
nium carbonate (Raschig process), acrylonitrile (So-
hio process), hydrazine (Olin Raschig process), am-
monium nitrate, hexamethylenetetramine, to name 
but a few.5 Anhydrous ammonia is also extensively 
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used as a coolant in industrial refrigeration systems, 
replacing environmentally unfriendly chlorofluoro-
carbon refrigerants. It is worth mentioning that ammo-
nia is an ingredient in the formulation of many cleaning 
products.6

Given all the above, sensing of ammonia is an im-
portant process in various areas of domestic and industrial 
applications, such as environmental monitoring (monitor-
ing ambient conditions, level of ammonia in stables), auto-
motive (measure NH3 emission from vehicles), chemical 
industry (chemical leakage alarm), medical diagnostics 
(breath analysis), food safety, etc.7 Therefore, the design 
and manufacturing of an NH3 gas sensor has been de-
manded for process control and monitoring in laborato-
ries, factories and public places.

There are many principles and methods described in 
literature for measuring ammonia. Besides conducting 
polymer gas detectors,8 catalytic sensors,9 spectrophoto-
metric and other optical devices,10–11 chemiresistive-based 
sensors employing semiconducting metal oxides (MOX) 
as sensing layers were also widely used in the last de-
cades.12 These types of sensors are typically operated at 
elevated temperature, usually more than 400 °C. The ma-
jor benefits of MOX-based sensors are their signifi-
cant higher lifetime, increased robustness, ease of 
manufacturing, simplicity of measurement, low cost, 
and a wide detection range: from 1 to 1000 ppm. MOX-
based sensors are by far the least expensive type of 
ammonia sensors and are not damaged or consumed 
by prolonged exposure to the analyte. However, be-
cause their output signal is non-linear, they need to 
be calibrated and adjusted for being reliably used in 
the desired detection range.13 Another drawback of 
MOX-based sensors is the significant cross-sensitivi-
ty, particularly with relative humidity.

A plethora of sensing layers based on MOX were 
tested for the NH3 detection, yielding different sensitivity, 
selectivity, and response time performance. Different 
mechanisms and models have been proposed to coherent-
ly explain the sensing capabilities of MOX.

In this paper, we introduce and use, for the first time 
to our knowledge, Pearson’s Hard-Soft Acid-Base (HSAB) 
concept as a possible criterion to assess the sensitivity and 
selectivity of a number of MOX and of their nanocompos-
ites as candidates to ammonia sensing.

To support the conjecture that the HSAB principle 
can be used when selecting the appropriate gas sensing 
layer (in particular for NH3), we will bring into the discus-
sion facts and conclusions related to the following three 
issues:
1) t he results obtained for the MOX based – trimethyl-

amine sensing;
2)  evaluation of fiber-optic ammonia sensor using MOX 

and their nanocomposites, showing that, despite a com-
pletely different detection principle, HSAB interpreta-
tion works and explains sensing mechanism;

3)  changing the sensing paradigm and showing that, using 
the same principle, amino group – based molecules 
(polymers, carbon nanotubes, ionic liquids) can be 
evaluated as appropriate candidates for carbon dioxide 
detection.

2. MOX-based Gas Sensing Layers 
Selection – General Theory

Despite the measurement simplicity required by 
MOX-based gas sensors, their detection mechanism is 
complex and not yet fully understood. Electrophysical 
and chemical properties, catalytic activity, thermody-
namic stability, adsorption ability, the adsorption/de-
sorption properties of the surface (highly dependent on 
materials used and environmental parameters) are just a 
few of the MOX parameters which are responsible for 
the sensing mechanism.14–15 Beyond these aspects, it is 
obvious that recognition of the analyte through a gas-sol-
id interface induces an electronic change of the metal 
oxide surface.16 One of the most used mechanism which 
explains ammonia sensing can be described by the reac-
tions 1–7:17

O2gas ↔ O2ads      (1)

O2ads + e
–↔ O2ads

–      (2)

O2ads
– + e

–↔ 2Oads
–      (3)

Oads
– + e

–↔ Oads
2–      (4)

Once the MOX-based sensing layer is exposed to 
NH3, the reaction between the adsorbed oxygen ions and 
the NH3 molecules releases electrons in the MOX, leading 
to a thinner space–charge layer and a lower potential bar-
rier. Consequently, the resistance of the MOX decreases. 
The process can be understood by using the following set 
of reactions 5–7: 18

NH3 (gas) ↔ NH3 (ads)     (5)

2NH3 (ads) + 3Oads
– ↔ N2 + 3H2O + 3e–   (6)

2NH3 (ads) + 3Oads
2– ↔ N2 + 3H2O + 6e–   (7)

Despite its reasonability (generation of electrons and 
decrease of MOX resistance, presence of adsorbed oxygen 
ions), this mechanism cannot explain the different sensing 
performances of different MOX-based layer. Why some 
MOX are more sensitive towards ammonia than others or 
why some MOX are selective and can discriminate be-
tween certain types of gases, but cannot discriminate be-
tween other types of gases, are some of the issues still un-
clear.
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3. MOX-Based Gas Sensing Layers 
Selection – HSAB Theory

We consider that direct and individual interaction of 
MOX metal cations and ammonia can have a cardinal im-
portance in the sensing mechanism and in answering the 
questions listed above. For this purpose, we introduce and 
use Pearson’s Hard-Soft Acid-Base (HSAB) theory.

The Hard-Soft Acid Base (HSAB) theory is a qualita-
tive concept, developed by Ralph Pearson in the early 
1960s, which justifies, among others, the propensity of 
some chemical species to interact with other species.19 The 
HSAB concept has proven to be a useful investigation tool 
in many areas of chemistry, such as: medicinal chemistry, 
toxicology,20 quantum dot functionalization and design of 
quantum dot solar cells,21 TiO2 functionalization,22 com-
putational chemistry,23 design and synthesis of sensing lay-
ers employed in nano – resonators based CO2 detec-
tion,24–25 design of sensing layer for sulfur dioxide 
detection,26 ethanol gas sensing,27 glucose electrochemical 
sensing,28 NO2 gas sensing,29 corrosion,30 adsorption phe-
nomena.31

The HSAB principle operates with Lewis bases and 
acids; a molecule donating a pair of electrons is classified 
as a base, while a molecule accepting a pair of electrons it 
is classified as an acid. Pearson divides Lewis’ bases and 
acids into hard, borderline, and soft. Hard bases tend to 
have low ionic radii, high HOMO energy level, while 
hard acids have empty orbitals in their valence shells, 
high positive charge and high LUMO energy level. At the 
same time, soft acids exhibit large ionic radii, while soft 
bases have large atoms with high polarizability.32 Border-
line species have an intermediate character between hard 
and soft species. It is worth pointing out that, to be clas-
sified as soft, hard or borderline, a Lewis base or acid 
doesn’t have to possess all the above-mentioned proper-
ties.

Examples of hard, soft and borderline acids and bas-
es are given in Table 1. The large electronegativity differ-
ences between hard acids and hard bases lead to strong 

ionic interactions, while the electronegativities of soft ac-
ids and soft bases are almost the same, hence their interac-
tions are predominantly covalent.33 According to the 
HSAB theory, a hard base prefers to interact to a hard acid, 
a soft base prefers to interact to a soft acid, while a border-
line base tends to bond to borderline acid.

Recently, a new concept, inverse Hard Soft Acid Bas-
es (IHSAB), was introduced and employed for selecting 
and synthesizing gas sensing materials.34–35 This concept, 
based on the reversible interaction of hard‐acid surfaces 
with soft bases and hard‐base surfaces with soft acids, re-
lies, as dominant adsorption process, on physisorption. 
This is a major difference from the HSAB concept, which 
mainly operates with the chemisorption phenomenon. 
Actually, the IHSAB principle introduces the concept of 
electron transduction, which is defined as the transfer of 
electrons to or from an interface without the formation of 
a chemical bond.36

From the HSAB theory perspective, ammonia is 
classified as hard base (in bold in Table 1). Thus, accord-
ing to the HSAB principle, hard acid species (with aster-
isk in Table 1) are feasible candidates for ammonia detec-
tion. Indeed, by investigating the literature, we found that 
most of the MOX exhibiting good performances (in 
terms of sensitivity, selectivity, recovery time, etc.) to am-
monia detection are classified as hard acids according to 
HSAB theory. Six such cases are described and briefly an-
alyzed below.

4. MOX-Based Sensing Layers for 
Ammonia Chemiresistive Detection

4. 1.  The Sensing Layer is Based on One MOX 
with Cations Classified as Hard Acid
TiO2, In2O3, ZrO2, β-Ga2O3, α-Fe2O3, SnO2, which 

are MOX having hard acid cations, were used as sensing 
layer in chemiresistive sensors for ammonia (gas and 
aqueous) detection.

Table 1. Examples of hard, soft and borderline acids and bases

 Soft Borderline Hard

Bases SCN–, C2H4, Aniline (C6H5-NH2) PO4
3–, CH3OH, C2H5OH, C2H5O–, 

 RSH, CO, R3P, C5H5N(pyridine) HO–, ClO4
–, N2H4, CH3COO–, 

 R3As, (RO)3P, N2, Br–, N3
– NH3

*

 CN–  Me-NH2, Me2NH, Me3N, H2N-
 RCN, R3P, C6H6, I–  (CH2)4-NH2, H2N-(CH2)5-NH2,
   H2O, CO3

2–, Cl–

Acids Pt2+, Fe2+, Bi3+, Ni2+ CO2, Sm3+*, Ga3+*,
 Cu+, Au+ Ag+, Pd2+ Zn2+, B(CH3)3, In3+*, BeMe2,
 Metal atoms in zero oxidation state Pb2+, NO+, Cu2+ Gd3+*, Li+, B(OR)3, Mg2+, Al3+, 
   BF3, Fe3+*, Co3+*, BCl3, Ti4+*,
   La3+*, Cr3+*, Zr4+*, AlMe3
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Karuganaran et al. developed a NH3 planar structure 
sensor employing a TiO2 film deposited by a direct current 
(DC) reactive magnetron sputtering technique onto a sili-
con substrate having interdigitated comb shaped elec-
trodes.37 Appropriate annealing temperature of the film 
formation was found to be 873 K, while an operating tem-
perature at 250 °C ensured highest sensitivity to the detec-
tion of the NH3 gas.

Li et al. used single-crystalline In2O3 nanowires for 
NH3 detection at room temperature. Ammonia sensing 
layer based on In2O3 nanowires exhibited “on/off ” ratios 
(i.e., the ratio between the measured currents during and 
before the NH3 exposure) around 50 and response times 
around 20 s, with ambient air initialization for 1% NH3.38 
It has also been found that oxygen has a relatively minor 
effect on the nanowire conductance. The authors explained 
the sensing mechanism based on the electrons transfer 
from the adsorbed NH3 molecules into the In2O3 nanow-
ire, explanation which agrees with the HSAB theory, as 
In3+ is classified as hard acid, while ammonia molecule is 
hard base.

Deshmukh et al. reported on the development of an 
ammonia sensor using ZrO2 thin film as sensing layer. The 
film was prepared using the spray pyrolysis technique.39 
The sensor showed quick response (4 s) and fast recovery 
(10 s).

Pandeeswari et al. used nanocrystallite β-Ga2O3 thin 
films for ammonia sensing at 30 °C.40 In this case, the low-
est detection limit of ammonia was found to be 0.5 ppm. 
The response and recovery times were 40 s and 18 s, re-
spectively (for a 0.5 ppm NH3 level). The authors demon-
strated that the nanocrystallite β-Ga2O3 thin film has a 
comparatively lower sensitivity for toluene, xylene, form-
aldehyde and acetone than for ammonia. This result agrees 
with the HSAB theory. None of the other measurands is a 
hard base, so it is reasonable to explain the preference of 
Ga3+ – a hard acid and part of the sensing layer – for am-
monia (hard base).

Abaker et al. reported on the utilization of α-Fe2O3 
nanoellipsoids thin films for developing a highly sensitive 
chemical sensor for aqueous ammonia.41 The device ex-
hibited a very high and reproducible sensitivity of 
~4.678 µA cm−2 mM−1, a detection limit of ~0.04 nM and a 
short response time (10.0 s).

By far, SnO2 is the most widely used MOX for am-
monia detection. Rout et al. investigated ammonia sensing 
characteristics of SnO2 nanoparticles over a wide range of 
concentrations (1–800 ppm) and temperatures (100–300 
°C).42 No interference with NH3 detection was found from 
H2, CO, nitrogen oxides, H2S and SO2. Experimental re-
sults described in literature revealed that the SnO2-based 
gas sensors exhibit linear dependence between the loga-
rithm of the gas sensitivity and logarithm of the sample 
concentration when detecting both ammonia and metha-
nol, at an operating temperature of 350 °C.43 SnO2 shows 
high sensitivity towards both ammonia and other hard 

bases (such as methanol, for instance), but cannot dis-
criminate between. This, again, is in good agreement with 
the HSAB theory.

4. 2.  The Sensing Layer Comprises 2 Types  
of MOXs, One of them Acting  
as Promoter 

Both MOX contain cations classified as hard acid.
Wang et al. demonstrated that hybrid Co3O4/SnO2 

core–shell nanospheres can be used as sensing layer for 
real-time, rapid-response, ammonia gas sensors.44 The 
core – shell architecture enabled improved flexibility of 
the gas sensor surface compared to commonly used sens-
ing layers. Cations of both metal oxides semiconducting 
are hard acids.

4. 3.  The Sensing Layer Comprises 2 Types  
of MOXs, One of them Acting  
as Promoter 

Only the cations of the promoter are classified as hard 
acid.

Cr2O3-activated ZnO and zinc oxide thin film doped 
with Al2O3, TiO2 are examples for this category.45–46 Here, 
the promoter enhances the sensitivity of the sensing layer 
towards ammonia and trimethylamine molecules. It is im-
portant to emphasize that pure ZnO thick films (Zn2+ being 
a bordeline acid, according to HSAB theory), prepared by 
screen-printing technique, is almost insensitive to NH3. 
However, when pure ZnO thick films - for which the sur-
face was activated with Cr3+ (a hard acid) - were measured, 
experimental results demonstrated that the structure is sen-
sitive and highly selective to 300 ppm of NH3 gas, at room 
temperature. The changed sensitivity could be attributed to 
the presence of hard acid species (i. e., Cr3+ cations).

4. 4.  The Sensing Layer is a Nanostructured 
Composite Material, Comprising:

a.  One semiconducting metal oxide whose cations are 
classified as hard acid and

b. A carbonic material
Examples include SnO2/MWCNTs composite,47 po-

rous indium oxide nanotubes/carbon nanotubes, Fe2O3/
carbon nanotubes. All these nanocomposites were used 
for selective ammonia gas sensing.

4. 5.  The Sensing Layer is a Nanostructured 
Composite Material Consisting of:

a.  One semiconducting metal oxide whose cations are 
classified as hard acid and

b. Another semiconducting material
Examples include p-toluenesulfonic acid doped 

polyaniline-titanium dioxide, SnO2-SnS2 nanocomposite, 

http://www.ingentaconnect.com/content/asp/senlet/2014/00000012/00000001/art00002
http://www.ingentaconnect.com/content/asp/senlet/2014/00000012/00000001/art00002
http://www.ingentaconnect.com/content/asp/senlet/2014/00000012/00000001/art00002
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TiO2-PANI (polyaniline) / PA6 (polyamide 6) composite 
nanofibers. All these nanocomposites were used for highly 
sensitive ammonia gas sensing.48

4. 6.  The Sensing Layer Contains Two Types  
of Semiconducting Metal Oxides, but 
Only the Core Metal Oxide’s Cations  
are Classified as Hard Acid
A good example in this category is the NiO-wrapped 

mesoporous TiO2 microspheres. In comparison with pure 
TiO2, the sensor using 10 wt% NiO-wrapped mesoporous 
TiO2 composite microspheres as sensing layer, exhibits no 
response to other volatile organic compounds (VOCs) and 
an excellent selectivity to detect ammonia in humid air 
with UV illumination at room temperature.49

All the examples presented above demonstrate that, 
at least in the first stage, the interaction between the ana-
lyte (ammonia and aliphatic amines) and MOX acting as 
sensing layer, can be analyzed and interpreted in terms of 
the HSAB theory.

5. MOX-Based Sensing Layers  
for Chemiresistive Detection  

of Other Hard Base Gases
Besides ammonia, there are a several other amino - 

groups based compounds which are categorized as hard 
bases, in accordance to the HSAB theory. Among these, 
one can mention methylamine, dimethylamine and bio-
genic amines, such as trimethylamine, cadaverine, and 
putresceine. Biogenic amines are degradation products 
found in spoiled meat products and are a good indicator 
for bacterial contamination. Trimethylamine is a suitable 
target for the detection of biogenic amines due to its vol-
atility.50

A significant effort has been devoted to design suit-
able sensing layers for trimethylamine monitoring. A 
question arises: if trimethylamine is classified as hard base 
(like ammonia), is it possible to use the same type of rea-
soning when selecting MOX – based trimethylamine sens-
ing layers as that employed for designing ammonia sens-
ing layers? Reviewing the literature data, it can be indeed 
demonstrated that most of the MOXs (either simple or 
composite, with different thickness, morphologies and 
structural architectures) used with promising results in 
trimethylamine sensing, do contain species which can be 
classified as hard acids and that can be used, also, for am-
monia sensing. Branch-like hierarchical heterostructure 
(α-Fe2O3/TiO2), TiO2, ZnO – In2O3 composite nanofibers, 
ZnO – Cr2O3 hetero-nanostructures are just a few exam-
ples supporting the idea that HSAB interaction could play 
an important role in trimethylamine sensing mecha-
nism.51–55

6. MOX-Based Sensing Layers  
for Ammonia Optical Detection
MOXs can be used, as sensing element, in the detec-

tion and monitoring of ammonia in devices employing fi-
ber – optics technics. Examples of fiber optical sensors 
showing good ammonia detection capabilities include 
Gd2O3 nanorods (with thickness ranging from 80 to 
120 nm), thin films based on Ag/SnO2 and nanocrystal-
line SnO2.56–58 All these MOXs contain hard acid species. 
For fiber optic ammonia sensor, the sensing mechanism is 
completely different than the one specific to chemiresistive 
sensors. Here, the sensing principle relies on the change of 
the MOX refractive index upon its reaction with NH3. So, 
it is reasonable to consider that the interaction between 
MOXs cations and ammonia - following the HSAB related 
rules – drives the sensing.

7. HSAB Theory Employed  
as a Sensing Layer Selection Tool
Since the HSAB theory proves to be highly applicable 

in choosing sensing layer and has virtually general validity 
(i.e., not being limited to a certain sensing principle), one 
can anticipate that the roles of the hard acid – hard base 
tandem can be interchanged. It is reasonable to rationalize 
that, if ammonia (a hard base) can be sensed using MOXs 
containing hard acids cations, then amino group-based 
molecules, which are formally derivatives of ammonia, can 
be used as sensing layers for any type of gas classified as 
hard acid. Indeed, CO2 (a hard acid) sensing can be per-
formed with amino group – based molecules, such as poly-
mers, carbon nanotubes, ionic liquids and their matrix 
nanocomposites, thus confirming the interaction predicted 
by the HSAB theory. Among these, one can enumerate CO2 
sensing layers based on polyallylamine, polyallyl-
amine-amino carbon nanotubes (CNTs) matrix nanocom-
posite, polyethyleneimine-amino CNTs matrix nanocom-
posite.24,59–60 All these types of CO2 sensing layers were 
used on Surface Acoustic Waves (SAW) devices, employing 
quartz as a piezoelectric substrate, as depicted in Figure 1.

Figure 1. The structure of SAW device.

The HSAB interaction of CO2 with the above-men-
tioned amino group-based molecules is reversible, yield-
ing to carbamates. A well-known example is the reaction 
of CO2 with polyallylamine (PAA), shown in Scheme 1.

http://www.mdpi.com/1424-8220/12/12/17046htm
http://www.mdpi.com/1424-8220/12/12/17046htm
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Furthermore, a convincing semiquantitative demon-
stration of the validity of HSAB principle in SAW CO2 
sensing with amino groups based compounds, comes from 
comparing the frequency shifts (at 2500 ppm of CO2 expo-
sure), for the three sensing layers: polyallylamine (PAA), 
polyallylamine – amino carbon nanotubes (aCNTs, shown 
in Figure 2) and polyethyleneimine (PEI) – aminocarbon 
nanotubes. As depicted in Figure 3, better results (in terms 
of sensitivity) are obtained when using as sensing layers 
simple polymers (PAA) rather than matrix nanocompos-
ites (polyallylamine-amino CNTs and polyethylenei-
mine-amino CNTs), respectively. The most resonable ex-
planation for these results is related to the type of amino 
groups at the surface of the carbon nanotubes. According 
to HSAB, primary amino groups grafted on the CNT are 
categorized as borderline bases, and their affinity for CO2 
molecules is lower in comparison with that exhibited by 
the aliphatic amino groups which exist in PEI and PAA. 

For this reason, both PAA-amino CNTs and PEI–amino 
CNTs nanocomposites show lower sensitivity than simple 
polymers.61–64

The HSAB principle – based approach can work only 
if there is a direct interaction between ammonia (amine) 
and metal oxides surface. If the surface of the metal oxide 
semiconducting is covered with other molecules, a differ-
ent type of sensing mechanism should be considered. For 
instance, if TiO2 is sensitized with different anthocyanin 
pigments, the following reactions are responsible for the 
changing resistance of the TiO2:

Pigment + RNH2 (g) ↔ Pigment− + RNH3
+  (8)

Pigment + H2O (g) ↔ Pigment− + H3O+   (9)

RNH2 (g) + H3O+ ↔ RNH3
+ + H2O (g)                (10)

In (10), R stands for H and Me. As it can be observed, 
there is a proton exchange (in this case we can discuss 
about Bronsted – Lowry acid and bases) and the presence 
of adsorbed water is a sine qua non condition for dissolv-
ing and diffusing the analyte into the interfacial region.65

8. Conclusions
The paper introduces the Hard-Soft Acid Base 

(HSAB) theory as a valuable tool for the selection of MOX 
– based sensing layers for ammonia and aliphatic amines 
detection. Six case studies of ammonia detection by means 
of chemiresistive sensors employing MOXs – based sens-
ing layers were discussed in the view of this concept. To 
further support the suitability of the HSAB concept in se-
lecting sensing layers, an example of a fiber-optic ammo-
nia sensor using MOX and their nanocomposites as sens-
ing layer was found to also fit HSAB interpretation. Within 
the same HSAB framework, we demonstrate that the same 
MOXs (hard acids) employed as sensing layer for NH3 de-
tection, can be used for trimethylamine detection, given 
that both NH3 and trimethylamine are hard bases. By 
changing the sensing paradigm, the paper shows that, by 
applying the HSAB principle, amino groups-based mole-
cules (formally derivatives of ammonia, thus, hard bases), 
such as polymers, carbon nanotubes and ionic liquids, are 
appropriate sensing layers for CO2 (hard acid) detection.

Obviously, the NH3 – MOX interaction is not the 
only factor influencing the overall performance of the sen-
sor. Aspects such as morphology and thickness of the sens-
ing layer, deposition method, presence of promotors, tem-
perature, humidity, do influence the sensing process. At 
the same time, more refined calculus in terms of electro-
negativity, HOMO and LUMO energy levels and local 
hardness are necessary for better understanding key sens-
ing properties of MOXs and their nanocomposites towards 
NH3 and related molecules.

Scheme 1. Reaction of PAA with CO2.

Figure 2. The structure of amino carbon nanotubes.

Figure 3. Frequency shifts at 2500 ppm CO2 concentration for dif-
ferent sensing layers used to coat SAW devices.



1020 Acta Chim. Slov. 2018, 65, 1014–1021

Serban et al.:   Nanostructured Semiconducting Metal Oxides   ...

9. References
  1.  Good for Gas Instrumentation, https://goodforgas.com/ (as-

sessed: June 11, 2018).
  2.  National Research Council, Acute exposure guideline levels 

for selected airborne chemicals, The National Academies 
Press, USA, 2010.

  3.  R. E. De la Hoz, D. P. Schuetter, W. N. Rom, Am. J. Ind. Med., 
1996, 29(2), 209–214.

 DOI:10.1002/(SICI)1097-0274(199602)29:2<209:
 :AID-AJIM12>3.0.CO;2-7
  4.  R. A. Michaels, Environ. Health Perspect., 1999, 107 (8), 617–

627.  DOI:10.1289/ehp.99107617
  5.  L. Pauling, General chemistry, Courier Corporation, North 

Chelmsford, USA, 1988.
  6.  R. Chang, J. Overby, General chemistry: the essential con-

cepts, Mc Graw Hill, New York, USA, 2000.
  7.  B. Timmer, W. Olthuis, A. Van Den Berg, Sens. Actuators B, 

2005, 107(2), 666–677.  DOI:10.1016/j.snb.2004.11.054
  8.  R. Blair, H. Sheperd, T. Faltens, P. C. Haussmann, R. B. Kan-

er, S. H. Tolbert, B. H. Weiller, J. Chem. Educ., 2008, 85(8), 
1102–1104.  DOI:10.1016/j.snb.2004.11.054

  9.  F. Winquist, A. Spetz, I. Lundstrom, Anal. Chim. Acta, 1984, 
164, 127–138.  DOI:10.1016/S0003-2670(00)85624-X

10.  A. Elamari, N. Gisin, J. L. Munoz, S. Poitry, M. Tsacopoulos, 
H. Zbinden, Sens. Actuators B, 1997, 38/39, 183–188.

 DOI:10.1016/S0925-4005(97)80190-6
11.  G. H. Mount, B. Rumberg, J. Havig, B. Lamb, H. Westberg, D. 

Yonge, K. Johson, R. Kincaid, Atmos. Environ., 2002, 36 (11), 
1799–1810.  DOI:10.1016/S1352-2310(02)00158-9

12.  S. Jain, A. Patrike, S. S. Badadhe, M. Bhardwaj, S. Ogale, ACS 
Omega, 2018, 3(2), 1977–1982.

13.  C. N. Xu, N. Miura, Y. Ishida, K. Matuda, N. Yamazoe, Sens. 
Actuators B, 2000, 65, 163–165.

 DOI:10.1016/S0925-4005(99)00413-X
14.  D. Williams, Sens. Actuators B, 1999, 57, 1–16.
 DOI:10.1016/S0925-4005(99)00133-1
15.  S. R. Morrison, Sens. Actuators B, 1987, 11, 283–287.
 DOI:10.1016/0250-6874(87)80007-0
16.  S. M. Kanan, O. M. El-Kadri, I. A. Abu-Yousef, M. C. Kanan, 

Sensors, 2009, 9(10), 8158–8196.  DOI:10.3390/s91008158
17.  X. Wang, H. Quin, Y. Chen, J. Hu, J. Phys. Chem. C, 2014, 118, 

28548–28561.  DOI:10.1021/jp501880r
18.  X. Liu, N. Chen, B. Han, X. Xiao, G. Chen, I. Djerdj, Y. Wang, 

Nanoscale, 2015, 7(36), 14872–14880.
 DOI:10.1039/C5NR03585F
19.  R. G. Pearson, J. Am. Chem. Soc., 1963, 85, 3533–3539.
 DOI:10.1021/ja00905a001
20.  R. M. Lopachin, T. Gavin, A. Decaprio, D. S. Barber, Chem. 

Res. Toxicol., 2012, 25, 239–251.  DOI:10.1021/tx2003257
21.  B. C. Serban, M. N. Mihaila, V. G. Dumitru, C. Bostan, S. D. 

Costea, Quantum dot solar cell, US Patent Number 8,299,355 
B2, date of patent October 30, 2012.

22.  B. C. Serban, M. N. Mihaila, V. G. Dumitru, C. Bostan, S. D. 
Costea, M. Bercu, Quantum dot solar cell, US Patent Number 
8,148,632 B2, date of patent April 3, 2012.

23.  F. R. Ramos-Morales, S. Durand-Niconoff, J. Correa-Basurto, 
F. J. Meléndez-Bustamante, J. S. Cruz-Sánchez, J. Mex. Chem. 
Soc., 2008, 52(4), 241–248.

24.  B. C. Serban, A. K. Sarin-Kumar, S. Costea, M. Mihaila, O. 
Buiu, M. Brezeanu, N. Varachiu, C. Cobianu, Romanian Jour-
nal of Inf. Sci. & Tech., 2009, 12(3), 376–384.

25.  B. C. Serban, M. Mihaila, C. Cobianu, V. G. Dumitru, O. Buiu, 
Carbon dioxide sensor, US Patent Number 8,826,724 B2, date 
of patent September 9, 2014.

26.  B. C. Serban, C. Cobianu M.N. Mihaila, V.-G. Dumitru, US 
Patent Number 8,230,720 B2, date of patent July 31, 2012.

27.  B. C. Serban, O. Buiu, M. Brezeanu, O. Ionescu, C. Cobianu, 
Romanian Journal of Inf. Sci. & Tech, 2018, 21(1), 93–96.

28.  J. Nai, S. Wang, Y. Bai, L. Guo, Small, 2013, 9(18), 3147–3152.
 DOI:10.1002/smll.201203076
29.  B. C. Serban, C. Cobianu, M. Mihaila, V.-G. Dumitru, O. 

Buiu, US Patent Number 8,563,319 B2, date of patent Octo-
ber 22, 2013.

30.  F. H. Walters, J. Chem. Educ., 1991, 68 (1), 29–31.
 DOI:10.1021/ed068p29
31.  A. Alfarra, E. Frackowiak, F. Beguin, Appl. Surf. Sci., 2004, 

228 (1–4), 84–92.  DOI:10.1016/j.apsusc.2003.12.033
32.  R. G. Pearson, Inorg. Chem., 1988, 27(4), 734–740.
 DOI:10.1021/ic00277a030
33.  R. G. Pearson, Inorg. Chim. Acta, 1995, 240(1–2), 93–98.
 DOI:10.1016/0020-1693(95)04648-8
34.  J. L. Gole, S. Ozdemir, ChemPhysChem, 2010, 11(12), 2573–

2581.  DOI:10.1002/cphc.201000245
35.  J. L. Gole, Gas sensors, methods of preparation thereof, meth-

ods of selecting gas sensor materials, and methods of use of 
gas sensors, U.S. Patent Number 8,573,030 B2, date of patent 
November 5, 2013.

36.  W. I. Laminack, J. L. Gole, Nanomaterials, 2013, 3(3), 469–
485.  DOI:10.3390/nano3030469

37.  B. Karuganaran, P. Uthirakumar, S. J. Chung, S. Velumani, E. 
K. Suh, Mater. Charact., 2007, 58(8–9), 680–684.

 DOI:10.1016/j.matchar.2006.11.007
38.  C. Li, D. Zhang, B. Lei, S. Han, X. Liu, C. Zhou, J. Phys. Chem. 

B, 2003, 107(45), 12451–12455.  DOI:10.1021/jp0361531
39.  S. B. Deshmukh, R. H. Bari, Intl. Lett. Chem., Phys. Astron., 

2015, 56, 144–154.
40.  R. Pandeeswari, B. G. Jeyaprakash, Sens. Actuators B, 2014, 

195, 206–214.  DOI:10.1016/j.snb.2014.01.025
41.  M. Abaker, A. Umar, S. Baskoutas, G. N. Dar, S. Zaidi, 

A. Al-Sayari, S. H. Kim, S. W. Hwang, J. of Phys. D: Appl. 
Phys., 2011, 44(42), 425401–425404.

 DOI:10.1088/0022-3727/44/42/425401
42.  C. S. Rout, M. Hegde, A. Govindaraj, C. N. R. Rao, Nanotech-

nology, 2007, 18(20), 205504–205508.
 DOI:10.1088/0957-4484/18/20/205504
43.  A. Teeramongkonrasmee, M. Sriyudthsak, Sens. Actuators B, 

2000, 66(1–3), 256–259.
 DOI:10.1016/S0925-4005(00)00346-4
44.  L. Wang, Z. Lou, R. Zhang, T. Zhou, J. Deng, T. Zhang, ACS 

Appl. Mat. Interfaces, 2016, 8(10), 6539–6545.
 DOI:10.1021/acsami.6b00305

https://patents.google.com/patent/US8573030B2/en
https://patents.google.com/patent/US8573030B2/en
https://patents.google.com/patent/US8573030B2/en


1021Acta Chim. Slov. 2018, 65, 1014–1021

Serban et al.:   Nanostructured Semiconducting Metal Oxides   ...

45.  D. R. Patil, L. A. Patil, P. P. Patil, Sens. Actuators B,  2007, 
126(2), 368–374.  DOI:10.1016/j.snb.2007.03.028

46.  S. H. Park, J. Y. Ryu, H. H. Choi, T. H. Kwon, Sens. Actuators 
B, 1998, 46(2), 75–79.

 DOI:10.1016/S0925-4005(97)00324-9 
47.  N. Va Hieu, L. T. B. Thuy, N. D. Chien, Sens. Actuators B, 

2008, 129(2), 888–895.  DOI:10.1016/j.snb.2007.09.088
48.  M. O. Ansari, F. Mohammad, Sens. Actuators B, 2011, 157(1), 

122–129.  DOI:10.1016/j.snb.2011.03.036
49.  X. Li, N. Chen, S. Lin, J. Wang, J. Zhang, Sens. Actuators 

B, 2015, 209, 729–734.  DOI:10.1016/j.snb.2014.12.031 
50.  G. Falony, S. Vieira-Silva, J. Raes, Annu. Rev. Microbiol., 2015, 

69, 305–321.  DOI:10.1146/annurev-micro-091014-104422
51.  Z. Lou, F. Li, J. Deng, L. Wang, T. Zhang, ACS Appl. Mater. 

Interfaces, 2013, 5(23), 12310–12316.
 DOI:10.1021/am402532v
52.  Y. Takao, Y. Iwanaga, Y. Shimizu, M. Egashira, Sens. Actuators 

B, 1993, 10(3), 229–234.  DOI:10.1016/0925-4005(93)87011-D
53.  P. M. Perillo, D. F. Rodriguez, J.Alloys and Compd., 2016, 657, 

765–769.  DOI:10.1016/j.jallcom.2015.10.167
54.  C. S. Lee, I. D. Kim, J. H. Lee, Sens. Actuators B, 2013, 181, 

463–470.  DOI:0.1016/j.snb.2013.02.008
55.  H. S. Woo, C. W. Na, I. D. Kim, J. H. Lee, Nanotechnology, 

2012, 23(24), 245501–245504.
 DOI:10.1088/0957-4484/23/24/245501
56.  J. S. Kumar, B. Ranghanatawwwn, D. Sastikumar, in: AIP 

Conference Proceedings Vol. 1832 (1), 2017, 050119.
57.  A. Pathak, S. K. Mishra, B. D. Gupta, Appl. Opt., 2015, 54(29), 

8712–8721.  DOI:10.1364/AO.54.008712

58.  B. Renganathan, G. Gobi, D. Sastikumar, R. Srinivasan, A. C. 
Bose, Sens. Lett., 2010, 8(2), 292–296.

 DOI:10.1166/sl.2010.1266
59.  B. C. Serban, M. Brezeanu, C. Cobianu, S. Costea, O. Buiu, A. 

Stratulat. N. Varachiu, Materials selection for gas sensing. An 
HSAB perspective, in: Proc. IEE International Semiconductor 
Conference (CAS), 2014, pp. 21–30.

60.  V. Avramescu, C. Bostan, B. C. Serban, I. Georgescu, S. 
Costea, N. Varachiu, C. Cobianu, in: Proc. IEEE International 
Semiconductor Conference (CAS), 2009, 27–36.

61.  B. C. Serban, A.K. Sarin Kumar, M. Brezeanu, C. Cobianu, 
O. Buiu, C. Bostan, N. Varachiu, S. Costea, in: Proc. IEEE In-
ternational Semiconductor Conference (CAS), 2011, 127–130.

62.  B. C. Serban, A. K. Sarin Kumar, M. Brezeanu, C. Cobianu, O. 
Buiu, C. Bostan, N. Varachiu, S. Costea, Romanian Journal of 
Inf. Sci. & Tech, 2011, 14(3), 222–231.

63.  B. C. Serban, C. Cobianu, M. Bercu, N. Varachiu, M. N. Mi-
haila, C. G. Bostan, S. I. Voicu, Matrix nanocomposite con-
taining amino carbon nanotubes for carbon dioxide sensor 
detection, US Patent Number 7,913,541 B2, date of patent 
March 31, 2011.

64.  B. C. Serban, C. Cobianu, M.N. Mihaila, V.-G. Dumitru, 
Functionalized monolayers for carbon dioxide detection by 
a resonant nanosensor, US Patent Number 8,230,720 B2, date 
of patent July 31, 2012.

65.  L. Yanxiao, Z. Xiao-Bo, H. Xiao-Wei, S. Ji-Yong, Z. Jie-Wen, 
M. Holmes, L. Hao. Biosens. Bioelectron., 2015, 67, 35–41

 DOI:10.1016/j.bios.2014.05.040

Povzetek
V prispevku je prikazano, kako lahko uporabimo teorijo trdih in mehkih kislin in baz (Hard-Soft Acid base (HSAB)) kot 
koristen kriterij pri izbiri polprevodnih kovinskih oksidov, primernih za pripravo senzorskih plasti za detekcijo amoni-
jaka. Preučili smo šest različnih primerov detekcije amonijaka, pri katerih uporabljajo senzorje na osnovi kovinskih ok-
sidov in sorodnih nanokompozitov. Vlogo teorije HSAB, kot učinkovitega izbirnega orodja za ustrezno senzorsko plast, 
primerno za kakršnokoli vrsto plina, smo dodatno raziskali z analizo literaturnih podatkov trimetilaminskih senzorskih 
plasti na osnovi kovinskih oksidov. Z analizo delovanja senzorja iz optičnih vlaken za detekcijo amonijaka dokazujemo, 
da se lahko HSAB princip uspešno uporabi tudi pri izbiri senzorskih plasti za detektorje, ki uporabljajo druge načine 
zaznavanja. Če spremenimo paradigmo in spojine na osnovi amino skupin postanejo del senzorskega sloja in ne ana-
lizirane spojine, lahko te vrste materialov (polimeri, ogljikove nanocevke, ionske tekočine) uporabimo v senzorskih 
plasteh za zaznavanje CO2, kar je v celoti v skladu z merili HSAB.
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2019

January 2019

18 – 20  2ND INTERNATIONAL JOINT CONFERENCE ON MATERIALS SCIENCE AND 
MECHANICAL ENGINEERING (CMSME 2019)

 Phuket, Thailand
Information: http://www.cmsme.net/ 

29 IYPT2019 OPENING CEREMONY
 Paris, France
Information: http://www.iypt2019.org/

29 IYPT2019 OPENING CEREMONY
 Paris, France
Information: http://www.iypt2019.org/

February 2019

12 EMPOWERING WOMEN IN CHEMISTRY: A GLOBAL NETWORKING EVENT
 Online
Information: https://iupac.org/100/global-breakfast/

18 – 19 GLOBAL SUMMIT ON CHEMISTRY AND CHEMICAL ENGINEERING
 Frankfurt, Germany
Information: https://scientificfederation.com/gscce-2019/

21 – 22 28TH INDUSTRIAL INORGANIC CHEMISTRY - MATERIALS AND PROCESSES
 Frankfurt am Main, Germany
Information: https://dechema.de/dechema_eV/en/28_atc-p-20096142.html

21 – 24  3RD INTERNATIONAL CONFERENCE ON ENGINEERING PHYSICS AND 
OPTOELECTRONIC ENGINEERING (ICEPOE 2019)

 Kuala Lumpur, Malaysia
Information: http://www.icepoe.org/

March 2019

10 – 13 NASCRE 4 – 4TH INTERNATIONAL SYMPOSIUM ON CHEMICAL REACTION 
ENGINEERING
 Houston, Texas
Information: http://iscre.org/nascre4/

11 – 13  2ND INTERNATIONAL CONFERENCE ON MATERIALS SCIENCE AND ENGINEERING 
(ICMSE-2)

 Giza /Cairo , Egypt
Information: https://icmse-egypt2019.org/

KOLEDAR VAŽNEJŠIH ZNANSTVENIH SREČANJ 
S PODROČJA KEMIJE IN KEMIJSKE TEHNOLOGIJE

SCIENTIFIC MEETINGS – 
CHEMISTRY AND CHEMICAL ENGINEERING

http://www.cmsme.net/
http://www.icepoe.org/
https://icmse-egypt2019.org/
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11 – 15  6TH INTERNATIONAL CONFERENCE ON MULTIFUNCTIONAL, HYBRID AND 
NANOMATERIALS

 Sitges, Spain
Information:  https://www.elsevier.com/events/conferences/international-conference-on-multifunctional-

hybrid-and-nanomaterials

13 – 14  591ST INTERNATIONAL CONFERENCEON CHEMICAL AND BIOCHEMICAL 
ENGINEERING(ICCBE)

 Brussels, Belgium
Information: http://theiier.org/Conference2019/Belgium/1/ICCBE/

14 – 15 THE INTERNATIONAL CONFERENCE ON INNOVATIVE APPLIED ENERGY  
 St Cross College, University of Oxford, United Kingdom
Information: http://iape-conference.org/

24 – 28 1ST GHI WORLD CONGRESS ON FOOD SAFETY AND SECURITY (GHI2019)
 Leiden, The Netherlands
Information: https://ghiworldcongress.org/ 

28 – 29 POLYMERS AND ORGANIC CHEMISTRY 2019 (ICPOC 2019)
 Paris, France
Information: https://waset.org/conference/2019/03/paris/ICPOC

31 – Apr. 4 AIChE SPRING MEETING 2019 AND 15TH GLOBAL CONGRESS ON PROCESS SAFETY
 New Orleans, USA
Information:  https://www.aiche.org/conferences/aiche-spring-meeting-and-global-congress-on-process-

safety/2019 

April 2019

9 – 12 26TH CROATIAN MEETING OF CHEMISTS AND CHEMICAL ENGINEERS (26HSKIKI)
 Šibenik, Croatia
Information: http://www.26hskiki.org/en/

May 2019

13 – 17 THE WORLD EVENT IN SUSTAINABLE CHEMISTRY RESEARCH & INNOVATION
 La Rochelle, France
Information:  https://www.isgc-symposium.com/

15 – 16 2ND EUROPEAN CHEMISTRY CONFERENCE
 Amsterdam, Netherlands
Information:  https://europeanchemistry.madridge.com/

19 – 24 14TH IUPAC INTERNATIONAL CONGRESS OF CROP PROTECTION CHEMISTRY
 Ghent, Belgium
Information: https://www.iupac2019.be

22 – 24 PLANT BASED SUMMIT
 Cité De Congrès Lyon. France
Information:  http://www.plantbasedsummit.com/

25 – 31 ICOSSE 2019 : 41TH INTERNATIONAL CONFERENCE ON SOFTWARE ENGINEERING
 Montréal, QC, Canada
Information:  https://2019.icse-conferences.org/home

June 2019 

2 – 6  14TH INTERNATIONAL SYMPOSIUM ON MACROCYCLIC AND SUPRAMOLECULAR 
CHEMISTRY

 Lecce, Italy
Information: https://ismsc2019.eu/

https://www.elsevier.com/events/conferences/international-conference-on-
https://ghiworldcongress.org/
https://www.aiche.org/conferences/aiche-spring-meeting-and-global-congress-on-process-safety/2019
https://www.aiche.org/conferences/aiche-spring-meeting-and-global-congress-on-process-safety/2019
http://www.26hskiki.org/en/
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11 – 13  23RD GREEN CHEMISTRY & ENGINEERING CONFERENCE AND 9TH INTERNATIONAL 
CONFERENCE ON GREEN AND SUSTAINABLE CHEMISTRY

 Reston, Virginia, United States
Information: http://www.gcande.org/

16 – 19 9TH INTERNATIONAL COLLOIDS CONFERENCE
 Sitges, Spain
Information: https://www.elsevier.com/events/conferences/international-colloids-conference

16 – 19 LOSS PREVENTION 2019
 Delft, The Netherlands
Information: http://lossprevention2019.org/

16 – 19 29TH EUROPEAN SYMPOSIUM ON COMPUTER-AIDED PROCESS ENGINEERING
 Eindhoven, The Netherlands
Information: https://escape29.nl/

16 – 20  17TH INTERNATIONAL CONFERENCE ON CHEMISTRY AND THE ENVIRONMENT 
– ICCE2019

 Thessaloniki, Greece
Information:  http://www.euchems.eu/events/17th-international-conference-chemistry-environment-icce2019/

16 – 20 12TH IWA INTERNATIONAL CONFERENCE ON WATER RECLAMATION AND REUSE
 Berlin, Germany
Information: http://efce.info/IWA+Conference+2019.html

26 – 28 THERMODYNAMICS 2019
 Huelva, Spain
Information: http://efce.info/Thermodynamics+2019.html 

26 – 30  6TH EUROPEAN CONFERENCE ON ENVIRONMENTAL APPLICATIONS OF 
ADVANCED OXIDATION PROCESSES (EAAOP-6)

 Portorož, Slovenia
Information: http://eaaop6.ki.si/

26 – 30  6 TH EUROPEAN CONFERENCE ON ENVIRONMENTAL APPLICATIONS OF 
ADVANCED OXIDATION PROCESSES – EAAOP-6

 Ljubljana, Slovenia
Information: http://eaaop6.ki.si/

July 2019

1 – 3 CONGRESS ON NUMERICAL METHODS IN ENGINEERING
 Guimarães, Portugal
Information: www.cmn2019.pt 

3 – 6  8TH INTERNATIONAL CONFERENCE ON EXPERIMENTS / PROCESS / SYSTEM 
MODELING / SIMULATION / OPTIMIZATION

 Athens, Greece
Information: http://www.epsmso.gr/

5 – 12 IUPAC 2019 PARIS FRANCE
 Paris, France
Information: https://www.iupac2019.org/

10 – 11 10TH WORLD CONGRESS ON GREEN CHEMISTRY AND TECHNOLOGY
 Paris, France
Information: https://greenchemistry.chemistryconferences.org/

21 – 26  THE 18TH INTERNATIONAL SYMPOSIUM ON NOVEL AROMATIC COMPOUNDS 
(ISNA-18)

 Sapporo City, Japan
Information:  https://iupac.org/event/18th-international-symposium-novel-aromatic-compounds-isna-18/

http://www.gcande.org/
https://www.elsevier.com/events/conferences/international-colloids-conference
http://efce.info/IWA+Conference+2019.html
http://efce.info/Thermodynamics+2019.html
http://www.cmn2019.pt
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26 – 28  MENDELEEV 150: 4TH INTERNATIONAL CONFERENCE ON THE PERIODIC TABLE 
ENDORSED BY IUPAC

 Saint Petersburg, Russian Federation
Information: http://mendeleev150.ifmo.ru/

30 – Aug. 1  8TH INTERNATIONAL CONFERENCE FOR NETWORK FOR INTER-ASIAN CHEMISTRY 
EDUCATORS (NICE)

 Taipei, Taiwan
Information:  https://iupac.org/event/8th-international-conference-network-inter-asian-chemistry-

educators/

August 2019

4 – 8 36TH INTERNATIONAL CONFERENCE OF SOLUTION CHEMISTRY
 Xining China
Information: http://icsc2019.csp.escience.cn/

25 – 30  6TH INTERNATIONAL CONFERENCE ON THE CHEMISTRY AND PHYSICS OF THE 
TRANSACTINIDE ELEMENTS (TAN 19)

 Wilhelmshaven, Germany
Information: https://www-win.gsi.de/tan19/

September 2019

1 – 5  EFMC-ASMC’19 – EFMC INTERNATIONAL SYMPOSIUM ON ADVANCES IN 
SYNTHETIC AND MEDICINAL CHEMISTRY

 Athens, Greece
Information: https://www.efmc-asmc.org/

2 – 6 1ST INTERNATIONAL CONFERENCE ON NONCOVALENT INTERACTIONS (ICNI)
 Lisbon, Portugal
Information: http://icni2019.eventos.chemistry.pt/

8 – 13 33ND CONFERENCE  OF EUROPEAN COLLOID AND INTERFACE SOCIETY (ECIS)
 Leuven, Belgium
Information: https://kuleuvencongres.be/ecis2019/

8 – 13 INTERNATIONAL SYMPOSIUM ON IONIC POLYMERIZATION – IP ’19
 Beijing, China
Informaation: https://iupac.org/event/international-symposium-on-ionic-polymerization-ip-19/

9 – 13 EUROPEAN CORROSION CONGRESS
 Seville, Spain
Information: https://eurocorr.org/EUROCORR+2019.html

15 – 19  11TH EUROPEAN CONGRESS OF CHEMICAL ENGINEERING – ECCE11 &  
4TH EUROPEAN CONGRESS OF APPLIED BIOTECHNOLOGY – ECAB5

 Florence, Italy
Information: http://efce.info/ECCE12_ECAB5-p-112545.html

25 – 27 SLOVENIAN CHEMICAL SOCIETY ANNUAL MEETING 2019
 Portorož, Slovenia
Information: http://chem-soc.si/slovenian-chemical-society-annual-meeting-2019

2020

July 2020

5 – 9 48TH WORLD POLYMER CONGRESS – MACRO2020
 Jeju Island, Korea
Information: http://www.macro2020.org/

http://mendeleev150.ifmo.ru/
https://www-win.gsi.de/tan19/
https://www.efmc-asmc.org/
http://icni2019.eventos.chemistry.pt/
https://iupac.org/event/international-symposium-on-ionic-polymerization-ip-19/
http://www.macro2020.org/
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August 2020

16 – 21  12TH TRIENNIAL CONGRESS OF THE WORLD ASSOCIATION OF THEORETICAL AND 
COMPUTATIONAL CHEMISTS

 Vancouver, Canada
Information: http://watoc2020.ca/ 

30 – Sept. 3 ECC8 – 8TH EuChemS CHEMISTRY CONGRESS
 Lisbon, Portugal
Information: http://www.euchems.eu/events/ecc8-8th-euchems-chemistry-congress/ 

http://watoc2020.ca/
http://www.euchems.eu/events/ecc8-8th-euchems-chemistry-congress/
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Sub mis sions
Submission to ACSi is made with the implicit under
standing that neither the manuscript nor the essence 
of its content has been published in whole or in part 
and that it is not being considered for publication else
where. All the listed authors should have agreed on 
the content and the corresponding (submitting) au
thor is responsible for having ensured that this agree
ment has been reached. The acceptance of an article 
is based entirely on its scientific merit, as judged by 
peer review. There are no page charges for publishing 
articles in ACSi. The authors are asked to read the 
Author Guidelines carefully to gain an overview and 
assess if their manuscript is suitable for ACSi.

Additional information
• Citing spectral and analytical data
• Depositing X-ray data

Sub mis sion ma te rial
Typi cal sub mis sion con sists of:
•  full manuscript (PDF file, with title, authors, ab

stract, keywords, figures and tables embedded, 
and references)

• supplementary files
 –  Full manuscript (original Word file)
 –  Statement of novelty (Word file)
 –  List of suggested reviewers (Word file)
 –  ZIP file containing graphics (figures, illustra

tions, images, photographs)
 –  Graphical abstract (single graphics file)
 –  Proposed cover picture (optional, single 

graphics file)
 –  Appendices (optional, Word files, graphics 

files)
Incomplete or not properly prepared submissions will 
be rejected. 

Sub mis sion pro cess
Before submission, authors should go through the 
checklist at the bottom of the page and prepare for 
submission.
Submission process consists of 5 steps.
Step 1: Star ting the sub mis sion
•  Choo se one of the jour nal sections.
•  Con firm all the re qui re ments of the chec klist.
•  Ad di tio nal plain text com ments for the edi tor can 

be pro vi ded in the re le vant text field.
Step 2: Up load sub mis sion
•  Up load full ma nus cript in the form of a Word fi-

le (with tit le, aut hors, ab stract, key words, fi gu res 
and tab les em bed ded, and re fe ren ces).

Step 3: En ter me ta da ta
•  First na me, last na me, con tact email and af  lia tion 

for all aut hors, in re le vant or der, must be pro vi ded. 
Cor res pon ding aut hor has to be se lec ted. Full po-
stal ad dress and pho ne num ber of the cor res pon
ding aut hor has to be pro vi ded.

•  Tit le and ab stract must be pro vi ded in plain text.
•  Key words must be pro vi ded (max. 6, se pa ra ted by 

se mi co lons).
•  Data about con tri bu tors and sup por ting agen cies 

may be en te red.
•  Re fe ren ces in plain text must be pro vi ded in the 

re le vant text fi led.
Step 4: Up load sup ple men tary fi les
•  Original Word file (original of the PDF uploaded in 

the step 2)
•  Statement of novelty in a Word file must be up

loaded
•  All grap hics ha ve to be up loa ded in a sin gle ZIP 

fi le. Grap hics should be na med Fi gu re 1.jpg, Fi gu re 
2.eps, etc.

•  Grap hi cal ab stract ima ge must be uploaded 
separately

•  Pro po sed co ver pic tu re (op tio nal) should be up
loa ded se pa ra tely.

•  Any ad di tio nal ap pen di ces (optional) to the paper 
may be uploaded. Appendices may be published as 
a supplementary material to the paper, if accepted.

•  For each uploaded file the author is asked for addi
tional metadata which may be provided. Depending 
of the type of the file please provide the relevant 
title (Statement of novelty, List of suggested re
viewers, Figures, Graphical abstract, Proposed cov
er picture, Appendix).

Step 5: Con fir ma tion
• Fi nal con fir ma tion is re qui red.

Ar tic le Types
Feature Articles are contributions that are written 
on editor’s invitation. They should be clear and con
cise summaries of the most recent activity of the au
thor and his/her research group written with the broad 
scope of ACSi in mind. They are intended to be gen
eral overviews of the authors’ subfield of research but 
should be written in a way that engages and informs 
scientists in other areas. They should contain the fol
lowing (see also general directions for article struc
ture in ACSi below): (1) an introduction that acquaints 
readers with the authors’ research field and outlines 
the important questions to which answers are being 
sought; (2) interesting, new, and recent contributions 
of the author(s) to the field; and (3) a summary that 
presents possible future directions. Manuscripts nor
mally should not exceed 40 pages of one column for
mat (letter size 12, 33 lines per page). Generally, ex
perts in a field who have made important contribution 
to a specific topic in recent years will be invited by an 
editor to contribute such an Invited Feature Article. 
Individuals may, however, send a proposal (one-page 
maximum) for an Invited Feature Article to the Editor-
inChief for consideration.
Scien ti fic ar tic les should report significant and inno
vative achievements in chemistry and related scienc
es and should exhibit a high level of originality. They 

Acta Chimica Slovenica 
Author Guidelines

https://journals.matheo.si/index.php/ACSi/pages/view/citing_spectral_and_analytical_data
https://journals.matheo.si/index.php/ACSi/pages/view/depositing_x_ray_data
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should have the following structure:
  1. Tit le (max. 150 cha rac ters),
  2. Aut hors and af  lia tions,
  3. Ab stract (max. 1000 cha rac ters),
  4. Key words (max. 6),
  5. Intro duc tion,
  6. Experimental,
  7. Re sults and Dis cus sion,
  8. Conc lu sions,
  9. Acknowledgements,
10. Re fe ren ces.
The sections should be arranged in the sequence gen
erally accepted for publications in the respective fields 
and should be successively numbered.
Short com mu ni ca tions generally follow the same 
order of sections as Scientific articles, but should be 
short (max. 2500 words) and report a significant as
pect of research work meriting separate publication. 
Editors may decide that a Scientific paper is catego
rized as a Short Communication if its length is short.
Tech ni cal ar tic les report applications of an already 
described innovation. Typically, technical articles are 
not based on new experiments.

Pre pa ra tion of Sub mis sions
Text of the submitted articles must be prepared with 
Microsoft Word. Normal style set to single column, 
1.5 line spacing, and 12 pt Times New Roman font 
is recommended. Line numbering (continuous, for the 
whole document) must be enabled to simplify the re
viewing process. For any other format, please consult 
the editor. Articles should be written in English. Correct 
spelling and grammar are the sole responsibility of the 
author(s). Papers should be written in a concise and 
succinct manner. The authors shall respect the ISO 
80000 standard [1], and IUPAC Green Book [2] rules 
on the names and symbols of quantities and units. The 
Système International d’Unités (SI) must be used for 
all dimensional quantities.
Grap hics (figures, graphs, illustrations, digital imag
es, photographs) should be inserted in the text where 
appropriate. The captions should be self-explanatory. 
Lettering should be readable (suggested 8 point Arial 
font) with equal size in all figures. Use common pro
grams such as MS Excel or similar to prepare figures 
(graphs) and ChemDraw to prepare structures in their 
final size. Width of graphs in the manuscript should be 
8 cm. Only in special cases (in case of numerous data, 
visibility issues) graphs can be 17 cm wide. All graphs 
in the manuscript should be inserted in relevant places 
and aligned left. The same graphs should be provid
ed separately as images of appropriate resolution (see 
below) and submitted together in a ZIP file (Graphics 
ZIP). Please do not submit figures as a Word file. In 
graphs, only the graph area determined by both axes 
should be in the frame, while a frame around the whole 
graph should be omitted. The graph area should be 
white. The legend should be inside the graph area. The 
style of all graphs should be the same. Figures and 
illustrations should be of sufcient quality for the 
printed version, i.e. 300 dpi minimum. Digital images 
and photographs should be of high quality (minimum 
250 dpi resolution). On submission, figures should be 
of good enough resolution to be assessed by the refer
ees, ideally as JPEGs. High-resolution figures (in JPEG, 

TIFF, or EPS format) might be required if the paper is 
accepted for publication.

Tab les should be prepared in the Word file of the pa
per as usual Word tables. The captions should appear 
above the table and should be self-explanatory.

Re fe ren ces should be numbered and ordered se
quentially as they appear in the text, likewise meth
ods, tables, figure captions. When cited in the text, 
reference numbers should be superscripted, follow
ing punctuation marks. It is the sole responsibility of 
authors to cite articles that have been submitted to 
a journal or were in print at the time of submission 
to ACSi. Formatting of references to published work 
should follow the journal style; please also consult a 
recent issue:
1.  J. W. Smith, A. G. Whi te, Ac ta Chim. Slov. 2008, 

55, 1055–1059.
2.  M. F. Kem me re, T. F. Keu rent jes, in: S. P. Nu nes, 

K. V. Pei ne mann (Ed.): Mem bra ne Tech no logy in 
the Che mi cal In du stry, Wi ley-VCH, Wein heim, Ger-
many, 2008, pp. 229–255.

3.  J. Le vec, Ar ran ge ment and pro cess for oxi di zing an 
aqu e ous me dium, US Pa tent Num ber 5,928,521, 
da te of pa tent July 27, 1999.

4.  L. A. Bur sill, J. M. Tho mas, in: R. Ser sa le, C. Col le la, 
R. Aiel lo (Eds.), Re cent Pro gress Re port and Dis cus-
sions: 5th In ter na tional Zeo li te Con fe ren ce, Na ples, 
Italy, 1980, Gia ni ni, Na ples, 1981, pp. 25–30.

5.  J. Sze gez di, F. Csiz ma dia, Pre dic tion of dis so cia tion 
con stant using mi cro con stants, http://www. che-
ma xon.com/conf/Pre dic tion_of_dis so cia tion _con-
stant_using_mi cro co nstants.pdf, (as ses sed: March 
31, 2008)

Titles of journals should be abbreviated according to 
Chemical Abstracts Service Source Index (CASSI).

Spe cial No tes
•  Com ple te cha rac te ri za tion, inc lu ding cry stal 

struc tu re, should be gi ven when the synthe sis of 
new com pounds in cry stal form is re por ted.

•  Nu me ri cal da ta should be re por ted with the 
num ber of sig ni fi cant di gits cor res pon ding to 
the mag ni tu de of ex pe ri men tal un cer tainty.

•  The SI system of units and IUPAC re com men
da tions for nomenclature, symbols and abbrevia
tions should be followed closely. Additionally, the 
authors should follow the general guidelines when 
citing spectral and analytical data, and depositing 
crystallographic data.

•  Cha rac ters should be correctly represented 
throughout the manuscript: for example, 1 (one) 
and l (ell), 0 (zero) and O (oh), x (ex), D7 (times 
sign), B0 (degree sign). Use Symbol font for all 
Greek letters and mathematical symbols.

•  The ru les and re com men da tions of the IUBMB and 
the In ter na tio nal Union of Pure and Ap plied 
Che mi stry (IUPAC) should be used for abbrevia
tion of chemical names, nomenclature of chemical 
compounds, enzyme nomenclature, isotopic com
pounds, optically active isomers, and spectroscopic 
data.

•  A conf ict of in te rest occurs when an individu
al (author, reviewer, editor) or its organization is 
involved in multiple interests, one of which could 
possibly corrupt the motivation for an act in the 

http://media.iupac.org/publications/books/gbook/IUPAC-GB3-2ndPrinting-Online-22apr2011.pdf
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other. Financial relationships are the most easi
ly identifiable conflicts of interest, while conflicts 
can occur also as personal relationships, academ
ic competition, etc. The Edi tors will make effort 
to ensure that conflicts of interest will not com
promise the evaluation process; potential editors 
and reviewers will be asked to exempt themselves 
from review process when such conflict of inter
est exists. When the manuscript is submitted for 
publication, the aut hors are expected to disclose 
any relationships that might pose potential conflict 
of interest with respect to results reported in that 
manuscript. In the Acknowledgement section the 
source of funding support should be mentioned. 
The statement of disclosure must be provided as 
Comments to Editor during the submission pro
cess.

•  Pub lis hed sta te ment of In for med Con sent. 
Research described in papers submitted to ACSi 
must adhere to the principles of the Declaration 
of Helsinki (http://www.wma.net/e/po licy/
b3.htm). These studies must be approved by an 
appropriate institutional review board or commit
tee, and informed consent must be obtained from 
subjects. The Methods section of the paper must 
include: 1) a statement of protocol approval from 
an institutional review board or committee and 2), 
a statement that informed consent was obtained 
from the human subjects or their representatives.

•  Pub lis hed Sta te ment of Hu man and Ani mal 
Rights.When reporting experiments on human 
subjects, authors should indicate whether the 
procedures followed were in accordance with the 
ethical standards of the responsible committee 
on human experimentation (institutional and na
tional) and with the Helsinki Declaration of 1975, 
as revised in 2008. If doubt exists whether the 
research was conducted in accordance with the 
Helsinki Declaration, the authors must explain 
the rationale for their approach and demonstrate 
that the institutional review body explicitly ap
proved the doubtful aspects of the study. When 
reporting experiments on animals, authors should 
indicate whether the institutional and national 
guide for the care and use of laboratory animals 
was followed.

•  To avoid conflict of interest between authors and 
referees we expect that not more than one referee 
is from the same country as the corresponding au
thor(s), however, not from the same institution.

•  Con tri bu tions aut ho red by Slo ve nian scien tists 
are evaluated by nonSlovenian referees. 

•  Pa pers des cri bing mi cro wa veas si sted reac
tions performed in domestic microwave ovens 
are not considered for publication in Acta Chimica 
Slovenica.

•  Ma nus cripts that are not pre pa red and sub mit
ted in ac cord with the in struc tions for aut hors are 
not con si de red for pub li ca tion.

Ap pen di ces
Authors are encouraged to make use of supporting 
information for publication, which is supplementary 
material (appendices) that is submitted at the same 
time as the manuscript. It is made available on the 
Journal’s web site and is linked to the article in the 

Journal’s Web edition. The use of supporting informa
tion is particularly appropriate for presenting addition
al graphs, spectra, tables and discussion and is more 
likely to be of interest to specialists than to general 
readers. When preparing supporting information, au
thors should keep in mind that the supporting infor
mation files will not be edited by the editorial staff. 
In addition, the files should be not too large (upper 
limit 10 MB) and should be provided in common widely 
known file formats to be accessible to readers with
out difculty. All files of supplementary materials are 
loaded separately during the submission process as 
supplementary files.

Pro po sed Co ver Pic tu re and  
Grap hi cal Ab stract Image
Grap hi cal con tent: an ideally fullcolour illustration 
of resolution 300 dpi from the manuscript must be 
proposed with the submission. Graphical abstract pic
tures are printed in size 6.5 x 4 cm (hence minimal 
resolution of 770 x 470 pixels). Cover picture is print
ed in size 11 x 9.5 cm (hence minimal resolution of 
1300 x 1130 pixels)
Authors are encouraged to submit illustrations as can
didates for the journal Cover Picture*. The illustration 
must be related to the subject matter of the paper. 
Usually both proposed cover picture and graphical ab
stract are the same, but authors may provide different 
pictures as well.

*  The authors will be asked to contribute to the costs 
of the cover picture production.

Sta te ment of no velty
Statement of novelty is provided in a Word file and 
submitted as a supplementary file in step 4 of sub
mission process. Authors should in no more than 100 
words emphasize the scientific novelty of the present
ed research. Do not repeat for this purpose the con
tent of your abstract.
List of sug ge sted re vie wers
List of suggested reviewers is a Word file submitted as 
a supplementary file in step 4 of submission process. 
Authors should propose the names, full afliation (de
partment, institution, city and country) and e-mail ad
dresses of three potential referees. Field of expertise 
and at least two references relevant to the scientific 
field of the submitted manuscript must be provided for 
each of the suggested reviewers. The referees should 
be knowledgeable about the subject but have no close 
connection with any of the authors. In addition, refer
ees should be from institutions other than (and prefer
ably countries other than) those of any of the authors.

How to Sub mit
Users registered in the role of author can start sub
mission by choosing USER HOME link on the top of the 
page, then choosing the role of the Author and follow 
the relevant link for starting the submission process.
Prior to submission we strongly recommend that you 
familiarize yourself with the ACSi style by browsing 
the journal, particularly if you have not submitted to 
the ACSi before or recently.
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Cor res pon den ce
All correspondence with the ACSi editor regarding the 
paper goes through this web site and emails. Emails 
are sent and recorded in the web site database. In the 
correspondence with the editorial ofce please provide 
ID number of your manuscript. All emails you receive 
from the system contain relevant links. Please do not 
answer the emails directly but use the embed
ded links in the emails for carrying out relevant 
actions. Alternatively, you can carry out all the ac
tions and correspondence through the online system 
by logging in and selecting relevant options.

Proofs
Proofs will be dispatched via e-mail and corrections 
should be returned to the editor by e-mail as quick
ly as possible, normally within 48 hours of receipt. 
Typing errors should be corrected; other changes of 
contents will be treated as new submissions.
 
Sub mis sion Pre pa ra tion Chec klist
As part of the submission process, authors are required 
to check off their submission’s compliance with all of 
the following items, and submissions may be returned 
to authors that do not adhere to these guidelines.
  1.  The submission has not been previously published, 

nor is it under consideration for publication in any 
other journal (or an explanation has been provid
ed in Comments to the Editor).

  2.  All the listed authors have agreed on the content 
and the corresponding (submitting) author is re
sponsible for having ensured that this agreement 
has been reached.

  3.  The submission files are in the correct format: 
manuscript is created in MS Word but will be sub
mitted in PDF (for reviewers) as well as in orig
inal MS Word format (as a supplementary file for 
technical editing); diagrams and graphs are cre
ated in Excel and saved in one of the file formats: 
TIFF, EPS or JPG; illustrations are also saved in 
one of these formats. The preferred position of 
graphic files in a document is to embed them close 
to the place where they are mentioned in the text 
(See Author guidelines for details).

  4.  The ma nus cript has been exa mi ned for spel ling 
and gram mar (spell chec ked).

  5.  The tit le (ma xi mum 150 cha rac ters) briefly ex-
plains the con tents of the ma nus cript.

  6.  Full names (first and last) of all authors together 
with the afliation address are provided. Name of 
author(s) denoted as the corresponding author(s), 
together with their e-mail address, full postal ad
dress and telephone/fax numbers are given.

  7.  The ab stract sta tes the ob jec ti ve and conc lu-
sions of the re search con ci sely in no mo re than 
150 words.

  8.  Keywords (minimum three, maximum six)  are 
provided.

  9.  Sta te ment of no velty (maximum 100 words) 
clearly explaining new findings reported in the 
manuscript should be prepared as a separate 
Word file. 

10.  The text adheres to the stylistic and bibliographic 
requirements outlined in the Aut hor gui de li nes.

11.  Text in normal style is set to single column, 1.5 
line spacing, and 12 pt. Times New Roman font is 

recommended. All tables, figures and illustrations 
have appropriate captions and are placed within 
the text at the appropriate points.

12.  Mathematical and chemical equations are provided 
in separate lines and numbered (Arabic numbers) 
consecutively in parenthesis at the end of the line. 
All equation numbers are (if necessary) appropri
ately included in the text. Corresponding numbers 
are checked.

13.  Tables, Figures, illustrations, are prepared in cor
rect format and resolution (see Aut hor gui  de li
nes).

14.  The let te ring used in the fi gu res and graphs do not 
vary greatly in si ze. The re com men ded let te ring 
si ze is 8 point Arial.

15.  Separate files for each figure and illustration are 
prepared. The names (numbers) of the separate 
files are the same as they appear in the text. All 
the figure files are packed for uploading in a single 
ZIP file.

16.  Aut hors ha ve read spe cial no tes and ha ve ac cor
dingly pre pa red their ma nus cript (if ne ces sary).

17.  Re fe ren ces in the text and in the Re fe ren ces are 
cor rectly ci ted. (see Aut hor gui de li nes). All ref
erences mentioned in the Reference list are cited 
in the text, and vice versa.

18.  Permission has been obtained for use of copy
righted material from other sources (including the 
Web).

19.  The names, full afliation (department, institution, 
city and country), e-mail addresses and references 
of three potential referees from institutions other 
than (and preferably countries other than) those 
of any of the authors are prepared in the word 
file. At least two relevant references (important 
papers with high impact factor, head positions of 
departments, labs, research groups, etc.) for each 
suggested reviewer must be provided.

20.  Full-colour illustration or graph from the manu
script is proposed for graphical abstract.

21.  Ap pen di ces (if appropriate) as supplementary 
material are prepared and will be submitted at the 
same time as the manuscript.

 
Pri vacy Sta te ment
The na mes and email ad dres ses en te red in this journal 
si te will be used exc lu si vely for the sta ted pur po ses of 
this jour nal and will not be ma de avai lab le for any ot-
her pur po se or to any ot her party.
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Slovensko kemijsko društvo
www.chem-soc.si
e-mail: chem.soc@ki.si

Wessex Institute of Technology
www.wessex.ac.uk

SETAC
www.setac.org

European Water Association
http://www.ewa-online.eu/

European Science Foundation
www.esf.org

European Federation of Chemical Engineering
https://efce.info/

International Union of Pure and Applied Chemistry
https://iupac.org/

EuCheMS: Brussels News Updates
http://www.euchems.eu/newsletters/

Novice europske zveze kemijskih društev 
(EuCheMS) najdete na:

Koristni naslovi



Donau Lab d.o.o., Ljubljana
Tbilisijska 85

SI-1000 Ljubljana
www.donaulab.si

office-si@donaulab.com

Uniformna disperzija in deaglomeracija
nanomaterialov (CNT, Graphene, drugi)

Dual-Sonic ultrazvočni sistem

Aktivno hlajenje kopeli
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Metabolic network approaches from unstructured models to detailed 
mechanistic models foresee the major fluxes of nutrients, byproducts and 
final products as well as facilitate development of bioreactor operation 
performance. (see page 769)
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LiverSex presents the first multi-tissue and multi-level computational 
metabolic model, which is able to describe the sexual aspects in hepatic 
metabolism. LiverSex is able to provide detailed insights into gender de-
pendent complex liver pathologies in liver-related disease development 
and progression. (see page 253) 
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