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Abstract
Some cobalt(III) complexes with a potentially tetradentate unsymmetrical NNOS Schiff base ligand have been synthe-

sized and characterized using IR, 1HNMR, UV-Vis spectroscopy and elemental analysis. The equilibrium constants we-

re measured spectrophotometrically for 1:1 adduct formation of the cobalt(III) complexes with some cyclic amines in

acetonitrile as solvent at constant ionic strength (I = 0.1 M NaClO4), and at various temperatures. In addition, the ground

state geometries of the complexes were optimized using density functional theory (DFT) at B3LYP/6-311G** level.

Binding energy, thermodynamic parameters, structural parameters and electronic structures of complexes are investiga-

ted. The theoretical investigations were done for comparing with the experimental results. Our comparison between the

computational and experimental results revealed that the cobalt(III) complexation process is spontaneous, exothermic

and entropically unfavorable.

Keywords: Cobalt complexes; Unsymmetrical Schiff base; Thermodynamic parameters; computational methods; expe-

rimental data.

1. Introduction
Synthetic oxygen carriers are of great interest as

models to mimic oxygen caring metalloenzymes1 and
oxygenases, such as hemoglobin and cytochrome P-450,2

which play important roles in the catalytic oxygenation
mechanism of organic substrates.3 

The Schiff base ligands and their complexes represent
one of the most widely utilized classes of ligand in synthe-
tic oxygen carrier compound. This usually arises from their
structural similarity to those found in biological systems.4

The Co(III) Schiff base complexes have been extensively
used to mimic cobalamin (B12) coenzymes,5 dioxygen car-
riers and oxygen activators and for enantioselective reduc-
tion.6 These complexes are an important class of coordina-
tion compounds not only because being interesting B12 mo-
dels but also due to their interesting magnetic properties,
spectroscopic characteristics and catalytic aspects.7 Co(III)
complexes with the tetradentate Schiff base ligands have
shown specific hypoxic radiosensitization and thermosensi-
tization as well as antitumor activity in vivo.8 These cobalt
complexes with two amines in axial positions have also
been used as antimicrobial and antiviral agents.9

Many studies have been focused on the thermodyna-
mic, kinetic, theoretical and catalytic aspects of this class
of compounds.10,11 The thermodynamics and kinetics of
complex formation, stability and mechanistic behavior of
five-coordinate square-pyramidal or trigonal bipyramidal
complexes of first-row transition metals have received
significantly less attention although such five-coordinate
complexes can exhibit significantly different ligand sub-
stitution behavior since they are, in principle, able to coor-
dinate an additional nucleophile in the transition state. In
contrast six-coordinate complexes undergo dissociative li-
gand substitution reaction. Thus, the study of their beha-
vior is of fundamental importance to the understanding of
complex formation and ligand substitution reaction in ge-
neral. 

Base on this experience and in order to contribute to
a better understanding of the properties of five and six
coordinated cobalt(III) Schiff base complexes, we report
here the synthesis and characterization of some novel ap-
parently five-coordinated complexes with apical tertiary
phosphines as complex [Co(Chel)(PBu3)]

+ where Chel:
methyl-2-{N-[2-(acetone)ethylidynenitrilo]ethyl}amino-
1-cyclopentenedithiocarboxylate, (cdacacen), methyl-2-
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{N-[2-(acetone)phenylidynenitrilo]ethyl}amino-1-cyclo-
pentenedithiocarboxylate, (cdacPhen), methyl-2-{N-[2-
(acetone)triflourolidynenitrilo]ethyl}amino-1-cyclopen-
tenedithiocarboxylate, (cdacCF3en). 

The thermodynamic parameters of five-coordinated
complexes with cyclic amine groups at constant ionic
strength and at various temperatures with the goal of eva-
luation of solvent effect and of the effect of equatorial li-
gand on electronic and steric properties have been studied.
Also, we describe the results of theoretical calculations on
the title compounds. The optimized structure, molecular
orbital diagram and relative energies of cobalt(III) com-
plexes have been calculated with density functional theory
(DFT). A comparison between the calculated results
(structure, formation constant, thermodynamic parameter)
and experimental results are used to validate the conclu-
sions. 

2. Experimental

2. 1. Chemicals and Instruments 
Benzoylacetone, acetylacetone, 1,1,1-trifluoroace-

tone, 1,2-ethelendiamine, ammonia solution, carbon di-
sulfide, dimethylsulfate, cyclopentanone, methanol, etha-
nol, acetonitrile, chloroform, hydrochloric acid, cobalt
acetate tetrahydrate, tributylphoshine, imidazole, 2-
methyl imidazole, 2-ethyl imidazole, benzimidazole, so-
dium perchlorate monohydrate were purchased from
Merck and Fluka. All chemicals and solvents were of
analytical reagent grade and were used without any furt-
her purification. The solvents used for thermodynamic
measurements were dried over molecular sieves (3 Å).
The Schiff base ligands (H2cdacacen, H2cdacPhen,
H2cdacCF3en) were prepared by following published pro-
cedures.19

Elemental analyses were performed on Termo Fi-
ninngan-Flash 1200 analyzer. The 1H NMR spectra were
obtained on a Bruker Avance DPX 400 MHz spectrometer
in DMSO-d6 using TMS as an internal standard. Electro-
nic spectra were recorded on a Perkin Elmer (LAMBDA
2) UV-Vis spectrophotometer with an appropriate quartz
cell for complex solution. The temperature was controlled
by electronic thermostate through the compartment sur-
rounding the cell. The IR spectra of the compounds were
carried out as KBr discs on a Shimadzu FTIR 8300 infra-
red spectrophotometer. The molar conductance ca. 10–3 M
solutions of the complexes in DMF were measured by
means of a Jenway 4310 conductivity meter and a diptype
cell with a platinized electrode.

2. 2. Synthesis of Ligands and Cobalt(III)
Complexes 
The Schiff base ligands were prepared according to

the literature by condensation of the half units methyl-2-

(N-2'-aminoethane)amino-1-cyclopentenedithiocarboxy-
late (Hcden) with acetylacetone, benzoylacetone and
1,1,1-trifluoro-2,4-pentanedione in methanol at room
temperature and were purified from methanol/chloroform
2:1 (V:V).12 The novel [Co(cdacacen)(PBu3)]ClO4 · H2O,
[Co(cdacPhen)(PBu3)]ClO4 · H2O and [Co(cdacCF3en)
(PBu3)]ClO4 · H2O were synthesized as follow: To a reflu-
xing solution of the unsymmetrical ligands (H2cdacacen,
H2cdacPhen, H2cdacCF3en) (0.1 mmol) in 10 mL of chlo-
roform/methanol mixture (2:1) under N2 atmosphere, was
added a solution of Co(CH3COO)2 · 4H2O (1 mmol) in
methanol (10 mL) dropwisely. The deep brown or red so-
lution of Co(II)(L) complexes were precipitated, then the
tributylphosphine (0.1 mmol) was added and the reaction
mixture was refluxed for 5–6 hours. The formed Co(II)
complex was oxidized by blowing air into the solution for
2 hours, and the solution was filtered. An appropriate
amount of sodium perchlorate (0.1 mmol) was added to
the filtrate. The resulting green crystals were formed after
staying for 48 h. They are collected by filtration and was-
hed with portions of distilled water and methanol. The re-
sulting green crystals were purified by recrystallization in
50:50(V/V) methanol/ water, and were finally dried in va-
cuum at 30 °C for 24 h.

Caution: Although no difficulties were experiences,
cobalt(III) complexes were isolated as their perchlorates,
and therefore, they should be handled as potentially ex-
plosive compounds.

2. 3. Thermodynamic Studies

The adduct complexes were obtained from the reac-
tion of the acceptors with the donors, according to equa-
tion (1)

[Co(Chel)(PBu3)]
+ + Amine ↔

[Co(Chel)(PBu3)(amine)]+ (1)

where Chel = cdacacen, cdacPhen, cdacCF3en, and Amine
= Im, 2-MeIm, 2-EtIm, BzIm. 

The formation constant measurements were perfor-
med by spectrophotometric titration at 283, 293, 303 and
313 K. In a typical titration, 2.5 mL of solution (from each
complex (10–5–10–4 M) with a constant ionic strength (I =
0.1 M; by adding sodium perchlorate in CH3CN) was ti-
trated with the amine solution in the same solvent. The ti-
tration was carried out by adding aliquots of the amine
with a Hamilton microlitre syringe. The donor concentra-
tions varied in the range of 1–10 folds in excess, which
was low enough to avoid substitution of PBu3 by amine.

The absorption measurements were carried out at
various wavelengths in 660–760 nm where the difference
in absorption was the maximum after the equilibrium was
assessed, since this is the optimal range for detecting the
difference between the product and the substrate, while
the donors show no absorption at those wavelengths. As
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an example, the variation of the electronic spectra for
[Co(cdacacen)(PBu3)]ClO4 · H2O titrated with Im at 293 K
in CH3CN is shown in Figure 1. The isosbestic points for
this system show that there is only one reaction in equili-
brium. The same are valid for the other systems. 

2. 4. Computational Details

The fully gas geometry optimization and the relative
stability and molecular properties of the structures under
investigation were carried out at density functional theory
level13 using gradient technique14 and 6-311G** basis
set.15 The DFT calculations were carried out with the
B3LYP functional, in which Becke’s nonlocal exchange16

and the Lee-Yang-Parr correlation functional17 were ap-
plied. After the completion of the optimization the Hes-
sian (second derivatives of the energy as a function of the
nuclear coordinates) was calculated and checked for posi-
tive definiteness to assess whether the structures are true
minima.13,18 The harmonic vibrational frequencies were
then derived from the numerical values of these second
derivatives and used to obtain the thermodynamic proper-
ties Gibbs free energy contributions at 283 K. All the
computation in the present study was performed using
Gaussian03 for windows program.19

3. Results and Discussion

3. 1. Spectral Studies

3. 1. 1. The Elemental Analyses and Molar 
Conductivity

The cobalt(III) complexes were characterized by
elemental analysis and molar conductivity (Table 1). The
results of CHNS analysis are in good agreement with

theoretical values. The analytical data show that the metal
to ligand ratio is 1:1 in all complexes. This is supported by
molar conductivity measurements of the complexes. All
of the complexes are stable at room temperature in air and
are insoluble in water and nonpolar solvents. However,
they are soluble in an acetonitrile, methanol, ethanol,
DMF and DMSO completely. The solution conductivity
measurements were performed to establish the electrolyte
type of the complexes. The molar conductivity at 10–3 M
for the complexes in DMF are in the range expected for
their formulation as 1:1 electrolytes20 as shown in Table 1. 

3. 1. 2. 1H NMR Spectra

To further confirm the bonding pattern in these com-
plexes, 1H NMR spectra of the cobalt(III) complexes were
recorded in DMSO-d6 using TMS as an internal standard
and show that the cobalt in these complexes is low spin,
the data was collected in Table 1. The 1H NMR spectra of
the ligands show OH and NH protons signal at δ
12.39–12.45 and 10.93–11.57 ppm. Disappearance of the-
se signals due to –OH and –NH protons in the spectra of
the cobalt(III) complexes indicates the deprotonation of
these groups which supports the coordination of ligand
through oxygen and nitrogen atoms with cobalt atom.21 A
singlet peak at 2.19–2.36 ppm with three proton integra-
tion has been assigned to the methyl group of the acetyl
moiety. The proton chemical shifts for the coordinated
PBu3 appear at 0.71–2.06 ppm and are in agreement with
the previous results observed for metal complexes of
phosphine as axial ligand.22

3. 1. 3. Mode of Bonding and IR Spectra 

The IR spectra of the complexes were compared
with those of the free ligands in order to determine the
coordination sites that may be involved chelation. The
broad bands in the range of 2947–3338 cm–1 is assigned to
the stretching frequencies of the ν(OH) of the water mole-
cules associated to the complexes.23 The weak bands at
2939–2966 cm–1 in the ligands are attributed to the stretc-
hing vibration of CH modes. In cobalt complexes contai-
ning PBu3 these bands were very strong, assignable to
C–H vibrations of PBu3.

12 The ν(C=N) stretching vibra-
tion was found at 1600–1640 cm–1 in the free ligand12 and
this band was shifted to lower wave numbers in the com-
plexes, indicating the participation of the azomethine ni-
trogen in thecoordination.24

The medium sharp bands corresponding to ν(C–O)
stretching vibration appeared at 1281 cm–1 and are shifted
by about 25–30 cm–1 to lower energy region in the cobalt
complexes compared to that of the free ligands. This phe-
nomenon appears to be due to the coordination of oxygen
(CO group) to the cobalt ion.25 The very strong, sharp and
single bands at 1091–1093 cm–1 gives evidence for the
presence of ionic perchlorate in all the complexes.26 Also,

Figure 1. The spectral titration curve of [Co(cdacacen)(PBu3)]
+

with Im in CH3CN (I = 0.1 M ClO4, T = 293K).
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coordination of Shiff base ligand to the cobalt ion through
the sulfur atom is expected to reduce electron density in
the thiol bond and lower the ν(C-S) absorption frequency
in complexes.27

New bands in the range of 570–581 cm–1 and
427–436 cm–1 which are not present in the free Schiff ba-
se are due to ν(M–O) and ν(M–N) vibrations,25 and the
appearance of these vibrations support the involvement of
the nitrogen and oxygen atoms of the azomethine and
C–O groups in the complexation with the cobalt ion under
investigations.

3. 1. 4. Electronic Absorption

The UV-Vis spectrum of Schiff base ligands in
CH3CN consists of a relatively intense band centered at
337 nm assigned to π → π* transition and a second band
at 362–365 nm corresponding to n → π* transition excita-
tion.12 After complexation with Co(III) the band at
362–365 nm did not change appreciably in all the reac-
tions studied. Moreover, an intense d → π* charge trans-
fer band appears in the 670–700 nm region in the spectra
of the five-coordinated complexes studied (Table 1). The d
→ π* absorption band vanished to the adduct formation
and the six-coordinated product species show a new ab-
sorption band at 450–470 nm region that is a shoulder28

(See Figure 1).

3. 2. Thermodynamic Parameters 
and the Formation Constant

3. 2. 1. Thermodynamic Interpretations

The formation constants of the various cobalt(III)
unsymmetrical Schiff base complexes were calculated by
Ketelaar’s equation (2).29

(2)

where C°
A and C°

D are the initial concentrations (mol L–1)
of the acceptor and the donor, respectively. A is the optical
density of the solution including the acceptor, the donor
and the adduct complex, A°

A and A°
D are the optical densi-

ties of the pure acceptor and the pure donor in the solution
of concentrations A°

A and C°
D; εC, εA and εD are the molar

extinction coefficients (mol–1 L cm–1) of the complex, the
acceptor and the donor, respectively. K is the formation
constant of the formed complex and the cell optical path
length is 1 cm. 

The linear plots of P = C°
A × C°

D  / (A – A°
A – A°

D ) vs.
C = C°

A + C°
D) should produce a straight line if only a 1:1

complex is formed; while a mixture of 1:1 and 1:2 or only

Ta
bl

e 
1.

 P
h
y
si

co
ch

em
ic

al
 d

at
a 

fo
r 

C
o
(I

II
) 

S
ch

if
f 

b
as

e 
co

m
p
le

x
es

[[ C
o(

cd
ac

ac
en

)(
P

B
u 3)

]] C
lO

4
· H

2O
[[ C

o(
cd

ac
P

he
n)

(P
B

u 3)
]] C

lO
4

· H
2O

[[ C
o(

cd
ac

C
F

3e
n)

(P
B

u 3)
]] C

lO
4

· H
2O

(Ω
–

1
cm

2
 m

o
l–

1
)C

o
m

p
le

x
es

 M
.F

 
C

2
6
H

4
7
N

2
C

lO
5
C

o
S

2
P

·H
2
O

C
3
1
H

4
9
N

2
C

lO
5
C

o
S

2
P

·H
2
O

C
2
6
H

4
4
N

2
C

lO
5
C

o
S

2
P

·H
2
O

[F
.W

.]
6
5
5
.9

3
7
1
7
.9

3
7
0
9
.9

3

IR
 (

K
B

r,
 c

m
–

1
)

5
7
6
 ν

(M
–
O

),
 4

2
7
 ν

(M
–
N

),
 7

2
0
 (

ν C
–
S
),

  
5
7
0
 ν

(M
–
O

),
 4

3
6
 ν

(M
–
N

),
 7

0
0
 (

ν C
–
S
),

 
5
8
1
 ν

(M
–
O

),
 4

3
5
 ν

(M
–
N

),
 7

1
2
 (

ν C
–
S
),

 

1
0
9
3
(ν

C
lO

4
),

 1
2
8
1
 (

ν C
–
O
),

 1
4
4
4
 (

ν C
=

C
),

 
1
0
9
3
(ν

C
lO

4
),

 1
2
8
0
 (

ν C
–
O
),

 1
4
5
5
 (

ν C
=

C
),

 
1
0
9
1
(ν

C
lO

4
),

 1
2
8
1
 (

ν C
–
O
),

 1
4
6
0
 (

ν C
=

C
),

1
5
7
4
, 
1
5
8
5
 (

ν C
=

N
),

 2
9
6
3
 (

ν C
–
H
),

 3
3
3
0
 (

ν O
–
H
).

1
5
9
0
, 
1
6
0
0
 (

ν C
=

N
),

 2
9
4
7
 (

ν C
–
H
),

 3
3
4
2
 (

ν O
–
H
).

1
5
7
7
, 
1
6
0
0
 (

ν C
=

N
),

 2
9
5
4
 (

ν C
–
H
),

 3
3
3
8
 (

ν O
–
H
).

U
V

–
V

is
 λ

m
ax

 (
C

H
3
C

N
, 
n
m

)
4
4
3
, 
6
7
4

4
3
0
, 
6
8
3

4
4
0
, 
6
9
7

1
H

N
M

R
 (

4
0
0
M

H
z,

 D
M

S
O

-d
6
, 
↔

p
p
m

)
0
.8

2
 (

9
H

, 
t,

 P
–
C

H
3
),

 1
.5

6
–
1
.7

5
 (

1
8
H

, 
m

, 
0
.7

1
 (

9
H

, 
t,

 P
–
C

H
3
),

 1
.8

0
–
2
.0

6
 (

1
8

H
, 
m

, 
0
.8

1
 (

9
H

, 
t,

 P
–
C

H
3
),

 1
.8

9
–
2
.0

3
 (

1
8
H

, 
m

,

P
–
(C

H
2
) 3

),
 1

.8
4
 (

3
H

, 
s,

 C
H

3
),

 2
.1

9
 

P
-(

C
H

2
) 3

),
 2

.3
6
 (

3
H

, 
s,

 C
H

3
),

 2
.7

9
  

P
–
(C

H
2
) 3

),
 2

.2
7
 (

3
H

, 
s,

 C
H

3
),

 2
.7

6
 

(3
H

, 
s,

 C
H

3
),

 2
.7

4
 (

3
H

, 
s,

 S
M

e)
, 

(3
H

, 
s,

 S
M

e)
, 
3
.6

1
–
3
.7

8
 (

4
H

, 
m

, 
H

en
),

(3
H

, 
s,

 S
M

e)
, 
3
.5

5
–
3
.7

8
 (

4
H

, 
m

, 
H

en
).

3
.4

9
–
3
.8

8
 (

4
H

, 
m

, 
H

en
).

7
.4

0
–
7
.8

1
 (

5
H

, 
m

, 
C

6
H

6
).

C
H

N
 a

n
al

y
si

s:
C

: 
4
5
.9

8
 (

4
6
.2

5
);

 H
: 

6
.9

4
 (

7
.3

1
);

C
: 

5
0
.8

3
 (

5
0
.5

1
);

 H
: 

6
.6

7
 (

6
.9

7
);

 
C

: 
4
2
.4

6
 (

4
2
.8

3
);

 H
: 

6
.7

0
 (

6
.3

6
);

fo
u
n
d
 (

C
al

c.
) 

(%
)

N
: 

4
.2

8
 (

4
.1

5
);

 S
: 

9
.8

3
 (

9
.5

0
).

N
: 

3
.5

6
 (

3
.8

0
);

 S
: 

8
.3

3
 (

8
.7

0
).

N
: 

4
.0

2
 (

3
.8

4
);

 S
: 

8
.6

9
 (

8
.7

9
).

M
o
la

r 
co

n
d
u
ct

iv
it

y
 (

Ω
–

1
cm

2
 m

o
l–

1
)

9
6

9
8

9
6



355Acta Chim. Slov. 2016, 63, 351–362

Esmaielzadeh et al.:  Experimental and Computational Study   ...

1:2 complexes in a system would lead to a curve. The for-
mation constants of the studied cobalt(III) Schiff base
complexes were calculated from the ratio of the slope to
the intercept. The linear plot of P vs. C for [Co(cdaca-
cen)(PBu3)]ClO4.H2O titrated with Im at 283–313 K in
CH3CN is shown in Figure 2 which signify that only a 1:1
adduct is formed. Similar plots are obtained for the other
systems.

The thermodynamic parameters of the studied co-
balt(III) unsymmetrical Schiff base complexes were calcu-
lated by using of the well-known van’t Hoff equation (3):

lnK = –ΔH°/RT + ΔS°/R (3)

where K is the formation constant, R is the gas constant
and T is the temperature.

Thermodynamic parameters of the studied comple-
xes were obtained from the linear plots of lnK vs. 1/T. The
linear plots for [Co(cdacacen)(PBu3)]ClO4 · H2O with Im
are shown in Figure 3. The similar plots are obtained for
other systems.

The values of ΔH° and ΔS° were obtained from the
slope and the intercept, respectively. The ΔG° of adduct for-
mation was obtained according to equation (4) (Table 3).

ΔG° = ΔH° – TΔS° (4)

3. 2. 2. The Equatorial Schiff Base Ligands
on the Acceptor Property 
of Cobalt(III) Complexes Effect

It is assumed that when cobalt ion is chelated in a
macrocycle having delocalized electronic structure, the
complex loses its transition character and might be kineti-
cally labile. The extent to which this happens is likely to
be strongly dependent on the structure of the Schiff base
chelating system acting as acceptor of the donated charge.
The equatorial ligands play important role in stability and
reactivity of their complexes. This reactivity is affected by
the steric and the electronic effects of the Schiff base li-
gands. For investigation of these properties of Schiff bases
on the acceptor properties of cobalt(III) complexes, the
thermodynamic study of these complexes with amines as
donors in CH3CN were carried out. On the bases of the re-
sults (Table 2) the formation of adducts follow the sequen-
ce below:

[Co(cdacacen)(PBu3)]
+ > [Co(cdacPhen)(PBu3)]

+ >
[Co(cdacCF3en)(PBu3)]

+

The electron π-acceptor qualities or donor ability of
the substituents group on the ketones moiety on the Schiff
base can influence the ability of the acceptor properties of
the complexes. The cdacCF3en ligand is stronger acceptor
than cdacacen and cdacPhen, and the presence of phenyl
withdrawing group causes the cdacPhen being a weaker
Schiff base than cdacacen. So, the cobalt ion in [Co(cdac-
CF3en)(PBu3)]

+ has more acceptor properties than the co-
balt ion in other complexes. Accordingly, [Co(cdac-
CF3en)(PBu3)]

+ forms more stable adduct with the water
or solvent molecule (equation 5), in the six-coordinated
complex a water or a polar solvent molecule occupies the
sixth position, the interaction with the incoming donor is
very weak30 and the reaction is shifted to the right by de-
creasing the electron donating power of Schiff base. The-
refore, their tendency for the reaction with amines (as a
donor) decrease, hence their formation constants with do-
nors are lower.31

[Co(Chel)(PBu3)]
+ + S ↔ [Co(Chel)(PBu3)S]+ (5)

where S = H2O or solvent molecule. 

3. 2. 3. The cyclic Amine Donor Effect

In this part of the report, four donors Im, 2-MeIm,
2-EtIm and BzIm have been examined as donors. We
tried to investigate the steric and the electronic effects of
these bases on their interaction with the newly synthesi-
zed complexes. The electron donating groups in the base
increase the tendency of the organic bases toward the
small acids like H+. On the other hand, the binding ten-
dency of the organic bases toward the cobalt(III) centre is
almost compatible with their steric rather than their basi-

Figure 2. The Ketelaar plots of variable P vs. C for [Co(cdaca-

cen)(PBu3)]
+ with Im at different temperatures (°C) in CH3CN,

where, P = C°
A × C°

D  / (A – A°
A – A°

D ) and  C = C°
A + C°

D).

Figure 3. The plots of lnK vs. 1/T for [Co(cdacacen)(PBu3)]
+ with

Im in CH3CN.
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city character when the size of acids were increased.32

Although the basic constants, Kb, of the donor amines ap-
plied in this study are increased according to the trend:
Im, 2-MeIm, 2-EtIm, BzIm have the pKa = 6.73, 7.52,
7.86, 5.12,33 the formation constants for these bases with
[Co(cdacacen)(PBu3)]

+, [Co(cdacPhen)(PBu3)(PBu3)]
+

and [Co(cdacCF3en)(PBu3)]
+ complexes were increased

according to the following trend: Im > 2-MeIm > 2-EtIm
> BzIm.

This trend shows that the steric factor is more im-
portant than electronic factor for each donor toward a gi-
ven acceptor. When the steric hindrance of the entering li-
gand is increased, the formation constant is lower for all
systems (See Table 2).

3. 2. 4. The Solvent Effect on Formation 
Constant 

To study the effects of the solvent on the equili-
brium of five- and six-coordinated Schiff base cobalt
complexes we determined the formation constants of
[Co(cdacacen)(PBu3)]

+ with Im in four solvents i.e. ace-
tonitrile, THF, DMF and ethanol. The formation constant
in solvent are dependent on many factors, one of them is

Gutmann donor number.34 The Gutmann donor number
for solvents is shown in Table 3. It seems that the forma-
tion constants are decreased with increasing donor num-
ber of solvents (see Table 3). These results show that the
five-coordinated complexes were found to be more stab-
le in a solvent with higher donor number. In other words,
a solvent with higher donor number can coordinate to a
five-coordinated complex and stabilizes it toward a hig-
her coordination number. Therefore, the trend of the inf-
luence of the solvent on the reactivity of the studied
complex toward a given Im donor is: CH3CN > THF >
DMF > EtOH.

3. 2. 5. The Temperature Effect on Cobalt(III)
Complex Formation

The thermodynamic parameter such as ΔH° and ΔS°
are dependent to temperature indirectly. In this work,
equilibrium constants were carried out at various tempera-
tures. Because of bond formation, by increasing the tem-
perature, the formation constants were decreased.

In general, the ΔH° value and its sign, is dependent
on two factors: The solvation effect and the heat of ad-
duct formation.35 According to the results (Table 4) the

Table 3. The formation constants, (10–2 × Kf (M–1)) and the thermodynamic parameter values, ΔH°, ΔS°, ΔG° for [Co(cdacacen)(PBu3)]ClO4 · H2O

with Im in different solvents at different temperature (K).

CH3CN THF DMF EtOH
Donor No 14.1 20.0 26.1 32

283 44.4 ± 1.2 23.6 ± 1.0 13.7 ± 0.9 10.4 ± 1.6

293 32.1 ± 1.4 15.8 ± 0.5 9.8 ± 0.6 8.7 ± 1.5

303 29.4 ± 1.4 12.4 ± 0.8 7.7 ± 0.8 6.6 ± 1.5

313 24.0 ± 1.1 10.2 ± 1.1 5.3 ± 0.2 4.8 ± 1.4

ΔH°/(kJ mol–1) –56.9 ± 3.2 –39.6 ± 4.6 –27.0 ± 1.8 –14.7 ± 1.2

ΔS°/(J K–1mol–1) –96.6 ± 4.5 –50.6 ± 6.8 –23.6 ± 2.7 –6.5 ± 3. 8

ΔG°/(kJ mol–1)a –22.3 ± 1.3 –20.8 ± 2.2 –20.2 ± 0.4 –13.70 ± 2.6

a at T = 303 K

Table 2. The formation constants, (10–2 × Kf (M–1)), for Co(III) Schiff base complexes with various cyclic amines in CH3CN at different tempera-

ture (K).

Co(III) complexes amine 283 293 303 313
[Co(cdacCF3en)(PBu3)]

+ Im 20.0 ± 0.4 18.7 ± 0.8 15.3 ± 1.2 12.1 ± 0.3

2-MeIm 17.2 ± 0.3 16.4 ± 0.2 14.8 ± 0.4 11.2 ± 0.8

2-EtIm 15.1 ± 0.2 12.7 ± 0.1 10.2 ± 0.7 7.7 ± 0.4

BzIm 8.5 ± 1.4 5.2 ± 0.2 3.6 ± 0.3 2.3 ± 0.2

[Co(cdacPhen)(PBu3)]
+ Im 25.7 ± 0.9 20.7 ± 1.1 17.4 ± 0.3 14.7 ± 1.5

2-MeIm 21.8 ± 0.2 18.5 ± 0.7 16.3 ± 0.9 13.6 ± 0.4

2-EtIm 17.2 ± 1.3 15.6 ± 0.8 13.8 ± 0.4 12.1 ± 0.2

BzIm 12.7 ± 0.4 10.1 ± 0.6 7.2 ± 0.2 5.4 ± 0.6

[Co(cdacacen)(PBu3)]
+ Im 44.4 ± 1.2 32.1 ± 0.4 29.4 ± 1.4 24.0 ± 0.1

2-MeIm 37.7 ± 0.8 28.9 ± 0.2 26.1 ± 0.6 21.4 ± 0.7

2-EtIm 30.1 ± 0.3 26.8 ± 0.5 21.3 ± 0.3 18.9 ± 1.1

BzIm 19.8 ± 1.7 15.20 ± 1.2 12.1 ± 0.6 10.1 ± 0.4
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enthalpy change values are negative because of bond for-
mation in all reactions. The solvation effect for five- and
six-coordinated complexes is not very different due to
the same charge but it seems that the five-coordinated
complex is better solvated because it is smaller and more
polar than the six-coordinate complex. The solvation
contribution for enthalpy change can be negative after
the equilibrium. In all systems ΔH ° values are negative
(Table 4).

The value of the ΔS° and its sign are dependent on
two factors: the difference in the number of the particles
of the initial substances and the product complexes, and
the liberation of the solvent molecules from the solvation
shells.35 On the bases on first factor, the n for all studied
system is –1. Concerning this factor the entropy decreases
and its sign is negative. According to the second factor,
the entropy change is increased, but the net entropy chan-
ges for all reactions are negative, which indicate that the
both factors are important. 

3. 3. Density Functional Analysis of the
Cobalt(III) Complexes

3. 3. 1. Thermodynamic Parameters With 
Theoretical Calculation 

Now, theoretical investigations have much applica-
bility in the investigation of chemical reactions and identi-
fication of the chemical compounds.36,37 The effect of the
molecular structures on the chemical reactivity has been
object of great interest in several disciplines of chemistry.
The quantum chemical calculations have been widely
used to study the reaction mechanism and to interpret the
experimental results as well as to solve chemical ambigui-
ties. They could be considered as complementary to or re-
placement for experimental method. This is useful ap-
proach to investigate the mechanism of reaction in the
molecule and its electronic structure level and electronic

parameters can be obtained by means of theoretical calcu-
lations using the computational methodologies of quan-
tum chemistry. The advancement in methodology and im-
plementations has reached a point where predicted pro-
perties of reasonable accuracy can be obtained from den-
sity functional theory (DFT) calculations. In the literature
the DFT has a great accuracy in reproducing the experi-
mental values in geometry, kinetic and thermodynamic
properties of a molecular system.38,39

In order to have a better understanding of the ther-
modynamic properties of complexation between
[Co(Chel)(PBu3)]

+ and some cyclic amines, it is useful to
consider the stability energy, enthalpy and entropy chan-
ges to these reactions by DFT methods. As mentioned be-
fore, the geometry optimization of the five- and six-coor-
dinated cobalt(III) complexes was performed using DFT
methods with B3LYP functional and the 6-311G** basis
set in the gas phase. The optimized structure of [Co(cda-
cacen)(PBu3)]

+ and [Co(cdacacen)(PBu3)(Im)]+ complex
along with labeling of atoms is shown in Figure 4. The re-
sults of the computation reported in Tables 5 and 6 de-
monstrate the H, S, G and ΔH, ΔS, ΔG thermodynamic pa-
rameters for each cobalt(III) complexes against the four
cyclic amines.

On the basis of the theoretical results, the formations
of the six-coordinated complexes follow the sequence be-
low: 

[Co(cdacCF3en)(PBu3)(amine)]+ > [Co(cdacPhen)
(PBu3)(amine)]+ > [Co(cdacacen)(PBu3)(amine)]+ and for
the amine donor are: Im > 2-MeIm > 2-EtIm > BzIm.

From these results, the following conclusions can be
made:

i) The formation constant value (ΔEf) decreased
from (–105.42) – (–99.84) J/mol in [Co(cdac-
CF3en)(PBu3)(amine)]+ to (–42.17) – (–35.91) in
[Co(cdacacen)(PBu3)(amine)]+, suggest that the
trend of stability depend upon the donor or accep-
tor group on the ketones moiety.

Table 4. The experimental Thermodynamic parameter values, ΔH°, ΔS° and ΔG° for Co(III) Schiff base complexes with various cyclic amines in

CH3CN.

Co (III) complexes amine ΔΔH°°/(kJmol–1) ΔΔS°°/(J K–1mol–1) ΔΔG°°/(kJmol–1)a

[Co(cdacCF3en)(PBu3)]
+ Im –27.1 ± 1.7 –33.0 ± 1.4 –17.2 ± 2.1

2-MeIm –25.2 ± 2.3 –22.7 ± 4.1 –18.9 ± 1.8

2-EtIm –18.9 ± 2.8 –20.5 ± 0.9 –17.0 ± 0.8

BzIm –15.3 ± 2.9 –9.3 ± 2.7 –12.5 ± 1.1

[Co(cdacPhen)(PBu3)]
+ Im –43.5 ± 6.8 –77.7 ± 3.2 –20.3 ± 2.5

2-MeIm –33.3 ± 1.7 –52.7 ± 5.1 –17.6 ± 3.1

2-EtIm –27.1 ± 1.0 –33.0 ± 0.7 –17.2 ± 3.9

BzIm –22.9 ± 4.4 –28.1 ± 3.6 –12.5 ± 4.2

[Co(cdacacen)(PBu3)]
+ Im –56.9 ± 3.2 –96.6 ± 4.5 –22.3 ± 2.5

2-MeIm –40.4 ± 3.8 –62.7 ± 4.1 –21.4 ± 2.1

2-EtIm –38.6 ± 2.8 –60.6 ± 4.3 –19.0 ± 3.3

BzIm –31.3 ± 4.7 –53.3 ± 5.2 –15.2 ± 1.6

a at T= 303 K
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Table 5. The computational Thermodynamic parameter values, H/(Hartree), G/(Hartree) and S/J K–1 mol–1 for Co(III) Schiff base complexes, vari-

ous cyclic amines and Co(III)-amines in gas phase.

Thermodynamic 
H G S

Compounds               parameter

[Co(cdacCF3en)(PBu3)]
+ –1568.1871 –1568.3721 240.65

[Co(cdacCF3en)(PBu3)(amine)]+ Co(III) – Im –1894.7561 –1894.9311 280.26

Co(III) – 2-MeIm –1894.7387 –1894.9294 278.73

Co(III) – 2-EtIm –1894.7312 –1894.9214 277.93

Co(III) – BzIm –1894.7068 –1894.9197 275.14

Amines Im 326.5690 326.5590 80.16

2-MeIm 326.5516 326.5573 79.41

2-EtIm 326.5441 326.5493 79.10

BzIm 326.5197 326.5476 76.71

[Co(cdacPhen)(PBu3)]
+ –1426.6741 –1426.8923 231.25

Co(III) – Im –1674.8631 –1674.9711 247.16

Co(III) – 2-MeIm –1674.8489 –1674.9496 245.97

Co(cdacPhen)(PBu3)(amine)]+ Co(III) – 2-EtIm –1674.8410 –1674.9473 245.01

Co(III) – BzIm –1674.8390 –1674.9426 240.43

Amines Im 248.1890 248.0788 80.16

2-MeIm 248.1748 248.0573 79.41

2-EtIm 248.1669 248.0550 79.10

BzIm 248.1649 248.0503 76.71

[Co(cdacPhen)(PBu3)]
+ –1106.3831 –1106.9911 205.17

[Co(cdacacen)(PBu3)(amine)]+ Co(III) – Im –1263.7491 –1263.8998 226.86

Co(III) – 2-MeIm –1263.7126 –1263.8590 221.11

Co(III) – 2-EtIm –1263.7111 –1263.8573 220.19

Co(III) – BzIm –1263.6846 –1263.8495 216.93

Amines Im 157.3660 156.9087 80.16

2-MeIm 157.3295 156.9087 79.41

2-EtIm 157.3280 156.8679 79.10

BzIm 157.3015 156.8662 76.71

Figure 4. The optimized structures of [Co(cdacacen)(PBu3)]
+ (left) and [Co(cdacacen)(PBu3)(Im)]+ (right) complexes within numbering of atoms.
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ii) The negative value of enthalpy changes (ΔH) for
all studied system indicates that the process is
exothermic and suggesting that the bond forma-
tion between Co(III)-amine are fairly strong. From
the theoretical revalues, we can find that the
trends of ΔH and ΔEf for six-coordinated co-
balt(III) complex formation are different than the
experimental values, due to difference of the stu-
died molecular state. The isolated molecules in
gas phase are considered in the theoretical calcu-
lations, while the experimental results are related
to solution state.

iii) The entropy changes (ΔS) values for all reac-
tions are negative, indicated that the entropy
was responsible for the complexation process in
all cases. The negative value of entropy also
confirming that the complexes are formed spon-
taneously.40

iv) The Gibbs free energy (ΔG) in the ground state
for all complexation reactions showed that the
thermodynamic stability trend of studied co-
balt(III) complexes was: [Co(cdacCF3en)(PB-
u3)(amine)]+ > [Co(cdacPhen)(PBu3)(amine)]+ >
[Co(cdacacen)(PBu3)(amine)]+ and for the amine
donor was: Im > 2-MeIm > 2-EtIm > BzIm. Ac-
cording to ΔG, these complexes take place at
room temperature, so the most optimal condi-
tions for stability of complexes relate to systems
of unsaturated chemistry.41 In other hand, all the
complex formation is the spontaneous reaction. 

3. 3. 2. HOMO-LUMO Gap Energies 
and Chemical Hardness

The highest occupied molecular orbital (HOMO)
energies, the lowest unoccupied molecular orbital (LU-
MO) energies and the energy gap for all five and six-coor-
dinated cobalt(III) complexes were calculated with

B3LYP in 6-311G** basis set. The results are given in
Table 7. The molecular HOMO/LUMO picture of the
[Co(cdacacen)(PBu3)(Im)]+ complexes are depicted in
Figure 5. In analogy to other [Co(cdacacen)(PBu3)]

+ (ac-
ceptor) – Im (donor) compounds the HOMO is mainly lo-
cated on the Im moiety, whereas the LUMO is mostly lo-
cates on electron acceptor fragment.

The chemical hardness is useful to rationalize the
relative stability and reactivity of chemical compounds.
There are large HOMO- LUMO gap in the hard com-
pounds and more stable and less reactive than soft com-
pounds having small HOMO-LUMO gap.42 The defini-
tions of universal concepts of molecular structure stabi-
lity and reactivity can be provided using DFT method.
For definition of hardness ç, following equation develo-
ped,43

η = 1/ 2 (I – A) (6)

where I and A are the vertical ionization energy and the
vertical electron affinity respectively. 

According to the Koopman theorem,44 the ionization
energy and electron affinity can be equalized through HO-
MO and LUMO orbital energies (EA = –EHOMO and IP =
–ELUMO). So, the hardness corresponds to the gap between
HOMO and LUMO orbital. Hence, the larger HOMO-
LUMO energy gaps the harder molecule. 

η = 1/ 2 (ELUMO – EHOMO) (7)

As seen from Table 7, The large HOMO-LUMO en-
ergy gaps for [Co(cdacCF3en)(PBu3)(amine)]+ suggests
that good stability and high chemical hardness for the tit-
led complex. Indeed the chemical hardness of the
[Co(cdacacen)(PBu3)(amine)]+ complex is smallest,
which indicates that these complexes is more unstable
than the other studied cobalt(III) complexes in gas phase
respectively. 

Table 6. The computational Thermodynamic parameter values, ΔH°, ΔS° and ΔG° for Co(III) Schiff base complexes with various cyclic amines in

gas phase.

Co (III) complexes amine ΔΔH°°/(kJmol–1) ΔΔS°°/(J K-–1mol–1) ΔΔG°°/(kJmol–1)
[Co(cdacCF3en)(PBu3)(amine)]+ Im –28.1614 –80.7311 –30.5470

2-MeIm –25.6829 –79.7716 –28.8412

2-EtIm –25.2011 –79.0016 –28.7320

BzIm –17.7726 –78.6413 –27.9695

[Co(cdacPhen)(PBu3)(amine)]+ Im –16.8187 –56.0121 –24.0891

2-MeIm –14.9312 –51.4311 –21.9654

2-EtIm –14.0925 –50.9743 –20.9717

BzIm –13.1790 –48.2116 –17.7614

[Co(cdacacen)(PBu3)(amine)]+ Im –10.7277 –42.1615 –17.8417

2-MeIm –8.6364 –38.8050 –14.1618

2-EtIm –8.0012 –36.1209 –13.7893

BzIm –6.1713 –32.9109 –11.9817
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Table 7. The computed electronic properties of Co(III) complexes with B3LYP/6-311G** level.

Co (III) complexes amine HOMO/eV LUMO/eV gap/eV Hardness
[Co(cdacCF3en)(PBu3)(amine)]+ Im –0.264 –0.073 0.191 0.095

2-MeIm –0.238 –0.056 0.182 0.091

2-EtIm –0.221 –0.042 0.179 0.089

BzIm –0.206 –0.028 0.172 0.086

[Co(cdacPhen)(PBu3)(amine)]+ Im –0.198 –0.056 0.142 0.071

2-MeIm –0.183 –0.044 0.139 0.069

2-EtIm –0.176 –0.039 0.137 0.068

BzIm –0.170 –0.035 0.135 0.067

[Co(cdacacen)(PBu3)(amine)]+ Im –0.170 –0.038 0.132 0.066

2-MeIm –0.156 –0.029 0.127 0.063

2-EtIm –0.152 –0.029 0.123 0.061

BzIm –0.148 –0.027 0.121 0.060

Figure 5. Molecular orbital surfaces for the HOMO and LUMO of the [Co(cdacacen)(PBu3)]
+ (a,b) and [Co(cdacacen)(PBu3)(Im)]+ (c,d) compu-

ted at B3LYP/6-311G** level.

a) b)

c) d)
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4. Conclusions

In summary, the formation constants and the ther-
modynamic parameters for the complexation of five-coor-
dinated cobalt(III) complexes as acceptors with imidazol
and their derivatives as donors were determined experi-
mentally based on spectrochemically and theoretically ba-
sed on popular DFT methods including B3LYP and 6-
311G** level of theory. The trend of the reactivity of tit-
led cobalt(III) Schiff base complexes toward a given ami-
ne in experimental and computational studies is as fol-
lows: [Co(cdacacen)(PBu3)]

+ > [Co(cdacPhen)(PBu3)]
+ >

[Co(cdacCF3en)(PBu3)]
+ and [Co(cdacCF3en)(PBu3)]

+ >
[Co(cdacPhen)(PBu3)]

+ > [Co(cdacacen)(PBu3)]
+. This

difference was due to molecular state. The following bin-
ding trend of the donors toward a given cobalt(III) com-
plexes is sequences Im > 2-MeIm > 2-EtIm > BzIm. The
five-coordinated cobat(III) complexes was found to be
more stable in solvent with higher donor number, So the
trend of the reactivity of studied complexes toward donor
according to the different solvents is as follows: CH3CN >
THF > DMF > EtOH. The thermodynamic parameters as
important values for stability index revealed high chemi-
cal reactivity of synthesized compound in chemical reac-
tion. A comparison between the calculated results and ex-
perimental results are used to validate the conclusion.
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Povzetek
Sintetizirali smo nekaj kobaltovih(III) kompleksov s potencialno {tirivezno nesimetri~no NNOS Schiffovo bazo kot li-

gandom ter jih okarakterizirali z uporabo IR, 1HNMR in UV-Vis spektroskopije ter elementne analize. Ravnote`ne kon-

stante so bile dolo~ene spektrofotometri~no kot 1:1 adukt, ki nastane med kobaltovim(III) kompleksom z nekaterimi ci-

kli~nimi amini v acetonitrilu kot topilu pri konstantni ionski mo~i (I = 0.1 M NaClO4) ter pri razli~nih temperaturah. Na-

dalje, geometrije osnovnega stanja so bile izra~unane z uporabo teorije gostotnostnega funkcionala (DFT) na B3LYP/6-

311G** nivoju. Vezne energije, termodinamski parametri, strukturni parametri in elektronske strukture so bile raziska-

ne. Teoreti~no prou~evanje je bilo izvedeno za primerjavo z eksperimentalnimi podatki. Na{a primerjava med ra~unski-

mi in eksperimentalnimi rezultati razkriva, da je kompleksiranje kobaltovega(III) iona spontan, eksotermen proces, ki je

entropijsko neza`elen.


