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Abstract

A new organogelator, benzyl (4-methyl-1-oxo-1-(2-hexadecanoylhydrazinyl)pentan-2-yl)carbamate (designated as
Cbz-Leu-HdHz), was designed and synthesized, which could self-assemble in many organic solvents and form the ther-
mally reversible physical supramolecular organogels. The gel-sol phase transition temperatures (7¢) were determined
as a function of gelator concentration and the corresponding enthalpies (AH,) were extracted. SEM, FT-IR and XRD
were used for the investigations of the morphology and formation mechanism of organogels in the presence of the
Cbz-Leu-HdHz. Based on the XRD data and molecular modeling, it was possible to propose packing modes for the for-

mation of organogelator aggregates.
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1. Introduction

In recent years low-molecular-mass organogelators
(LMOGs) and their thermally reversible organogels have
received increasing attention due to their unique features
and potential applications.'* The LMOGs exhibit intere-
sting self-assembly phenomena and form three-dimensio-
nal (3D) networks. Owing to their unique behavior, the
development of inexpensive and efficient organogelators
is of great interest. They could be applied in a wide-range
of industrial fields, which includes cosmetics, chiral chro-
matography and nanotechnology development such as op-
toelectronics, photovoltaicsf’6 as well as in the areas like
drug delivery,”"! tissue engineering,'”'* sensing and soft
lithography, etc.'?

Generally speaking, these organogels are materials
which consist of an organic liquid and a small amount of
LMOG.'® The gelator molecules self-assemble into na-
noscale superstructures, such as fibers, rods, ribbons and
sheets through hydrogen bonding, m—m stacking, van der
Waals’ forces, coordination and charge-transfer interac-
tions to create 3D networks which lead to the gelation of
organic solvents.'” In amide compounds, such as amino

acids,'®?? urea % and dihydrazide derivatives,?® hydro-

gen bonding is for gelation. In the recent years, some gel-
lators, which can be prepared easily and at low cost, have
been reported to show good gelation ability for many or-
ganic solvents and oils,””*® such as small peptides or
pseudo-peptides®***=! and N-lauroyl L-alanine (LA) and
N-stearoyl L-alanine (SA) were obtained after alkaline
hydrolysis of the methyl ester derivatives.’* Despite the
numerous trends in gelling process as well as the impres-
sive variety of gelators, it is difficult to predict the mole-
cular structure of a potential gelator.

To further this research, we have developed a new
chiral gelator benzyl (4-methyl-1-oxo-1-(2-hexadeca-
noylhydrazinyl)pentan-2-yl)carbamate (Cbz-Leu-HdHz
(5) on ) based on the L-leucine and cetane hydrazide de-
rivative, which can assemble through intermolecular inte-
ractions such as hydrogen bonding and complementary
hydrophobic interactions in solution induce the gelation
of organic solvents. We studied their gelling behaviors in
different organic solvents and investigated the strength of
the resulting gels by using the dropping ball method. The
results showed that the gelator has excellent gelation abi-
lity in many organic solvents. Infrared spectroscopy (FT-
IR) was used to study the driving forces of intermolecular
interactions of the gelator to form gels. Scanning electron
microscopy (SEM) revealed a great difference of xerogel
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in different solvents, besides providing a comparative vi-
sual technique to assess the impact of the spacer unit on
the mode of self-assembly. The results from X-ray dif-
fraction (XRD) showed that wet gel, xerogel and gelator
had different crystalline states. On the basis of XRD data,
we discuss the possible model of aggregation of Cbz-
Leu-HdHz.

2. Experimental

2. 1. Materials and Methods

L-Leucine methyl ester hydrochloride (1), carbo-
benzoxy chloride (Cbz-Cl) and n-hexadecanoyl chloride
(4) were purchased from Yangzhou Baosheng Biochemi-
cal Co., Ltd. Hydrazine hydrate was obtained from Tianjin
Bodi Chemical Co., Ltd. The other chemicals were of the
highest commercial grade available and used without furt-
her purification. All solvents used in the syntheses were
purified, dried, or freshly distilled to meet the experimen-
tal requirement.

FT-IR spectra were recorded on a Nicolet Nexus
470. "H NMR spectra were recorded with a Bruker Avan-
ce 600 MHz spectrometer. Melting points were determi-
ned by a Fukai X-4 digital melting point instrument. SEM
images were obtained by the JEOL JSM-6360LV scan-
ning electron microscope, the accelerating voltage was
10 kV and the emission was 10 mA. The samples for SEM
were prepared in a 0.5 mL bottle and frozen in liquid ni-
trogen. The frozen samples were evaporated by a vacuum
pump, and then the dried samples were coated by gold.
XRD was performed by a Bruker D8 ADVANCE instru-
ment using CuKo radiation in steps of 0.05°. The prepara-
tion of sample was similar to that of the SEM samples.

The critical gelation concentration (CGC) was stu-
died and confirmed by the inverted test tube method.*

Oy

fpclave Cbz-Cl

Me NH,
Me 1

CONHNH,

0
Me— HN—
Me O

Scheme 1. The synthetic route to Cbz-Leu-HdHz (5).

When the tube can be inverted without fluid, we judged it
zgelation’. Thermal stabilities of the gels were studied by
the dropping ball method.*

2. 2. Synthesis of 5

The synthetic route for L-leucine-based organogela-
tor 5 is shown in Scheme 1.

Step 1: L-Leucine methyl ester hydrochloride
(methyl 2-amino-4-methylpentanoate, 1) (8.17 g, 45
mmol) was dissolved in saturated aqueous Na,CO,; then
benzyloxycarbonyl chloride (Cbz-Cl) (7.65 g, 45 mmol)
was slowly added to this solution and stirred at room tem-
perature for 16 h. The solution was extracted by diethyl et-
her for three times (3 x 30 mL), the combined organic
phase was washed by 0.01 mol/L HCI1 (100 mL) solution
and dried over anhydrous MgSO, for 2 h. After filtration,
the solvent was removed by evaporation under reduced
pressure. Finally, the oily liquid of Cbz-L-Leu-OMe (2)
was obtained.

Step 2: A mixture of 2 (6.80 g, 24 mmol) and hydra-
zine hydrate (4.57 g, 90 mmol) was dissolved in methanol
(100 mL) and stirred at room temperature continuously
for 16 h; the solvent was removed under reduced pressure;
the residue was dissolved in chloroform (100 mL); the so-
lution was thoroughly washed three times with brine (3 X
30 mL), and dried over anhydrous MgSO, for 2 h. After
filtration, the solvent was removed under reduced pressu-
re to obtain the white solid hydrazide 3.

Step 3: Hydrazide 3 (6.15 g, 22 mmol) and n-hexa-
decanoyl chloride (4) (6.40 g, 23 mmol) were dissolved in
chloroform; the mixture was stirred at room temperature
for 6 h; the volatile components were removed under re-
duced pressure and then solid product was three times re-
crystallized from methanol to obtain the pure product S in
a yield above 80%.

CO,Me

o
Me— HN—
NH,NH, x H,0
Me 0 2VN.02 2

—_—
2
(@]
o HNH
N{.| CisHaq
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Cbz-Leu-HdHz
(5)
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2. 3. Characterization of 5

FT-IR (KBr) v 3290 (N-H, amide A), 3220 (N-H,
amide A), 3032, 2956, 2920, 2850, 1690 (C=0), 1670,
1600 (C=0, amide I), 1540 (N-H, amide II), 1460, 1283,
1264, 1204, 1111, 1043, 975, 721, 696, 649, 563 cm™".

'H NMR (600 MHz, DMSO-d,) & 9.84 (s, 1H,
NHCO(CH,),,), 9.69 (s, 1H, Leu-NH), 7.42 (d, 1H, J =
8.2 Hz, Cbz-NH), 7.39-7.17 (m, 5H, Ph-H), 5.01 (s, 2H,
Ph-CH,), 4.11 (s, 1H, CHCH,CH(CH,),), 2.08 (t, H, J =
7.1 Hz, CH,(CH,),,CH,), 1.66 (s, 1H, CH(CH,),), 1.49 (s,
4H, CH,(CH,),CH,, CH,CH(CH,),), 1.24 (s, 24H,
CH,(CH,),,CH,), 0.92-0.79 (m, 9H, 3 x CH,).

LC-MS (ESID): m/z 540.8 [M+Nal*, 535.9 [M+NH,|*
and 518.7 [M+H]*.

mp: 124-125 °C.

3. Results and Discussion

3. 1. Gelation Properties

A weighted amount of gelator 5 was weighted and
a selected organic solvent (2 mL) was added, the solu-
tion was heated in a sealed test tube (15 mm in diameter)
until becoming clear, and then stored at 25 °C for 2-6 h.
If there was no fluid in the test tube when turned upside
down, the organogel has formed. In a given solvent, ge-
lation occurred at a critical concentration, which is cal-
led critical gelation concentration (CGC). Table 1 sum-
marizes the gelation behavior of Cbz-Leu-HdHz (5) in
various solvents. It was found that Cbz-Leu-HdHz (5)
(at concentration < 3.0 wt %) could form stable organo-
gels in many solvents, such as vegetable oil, 1,2-dichlo-
roethane, n-octane, esters, n-pentanol, CCl,, cyclohexa-
ne, n-hexanol, etc. These gels were stable toward sha-
king and they were also stable for a few weeks at room
temperature (25 °C). It also indicated that Cbz-Leu-Hd-
Hz (5) acted as a versatile gelator for various organic
solvents. However, this gelator 5 cannot gelatinize DMF,

methanol, ethanol, acetone and chloroform, maybe their
strong polarity destroys the hydrogen bonding interac-
tions between amide-amide groups. Generally, the gela-
tion ability of the gelator was related to the interaction
between gelator and solvent molecules, governed by mo-
lecular polarity and the respective structural factors. So,
it is implied that some relationship exists between pola-
rity, aromaticity, and gelation ability, although the gel
stability was directly proportional to the concentration
of the gelator.®

The organogels formed by Cbz-Leu-HdHz (S) are
variable in color, such as white opaque for ethylene glycol
gels (CGC = 0.47 wt %), light yellow transparent for cas-
tor oil gels (CGC =0.73 wt %) and completely transparent
for 1,2-dichloroethane gel (CGC = 1.12 wt %). In addi-
tion, Cbz-Leu-HdHz (5) dissolved in butyl acetate (CGC
= 1.87 wt %) and ethyl acetate (CGC = 2.15 wt %) formed
white opaque gels. According to previous work, it is as-
sumed that the optical aspect is related to the crystallinity
of the gels.

3. 2. Gel Stability Studies

In this test, a small stainless steel ball (diameter 3
mm) was placed on the top of the gel in a test tube (10 mm
diameter). The tube was slowly heated (1 °C min™) in a
thermostatic oil bath until the ball fell from the surface of
the gel to the bottom of the tube. The temperature at this
point was recorded. The whole procedure was repeated
three times and the average temperature was taken as the
T of the system. However, the gelation ability was not
affected, which suggested that these organogels possess
thermoreversible properties.

From our results we know that the thermal stabili-
ties of these gels increase upon increasing the concentra-
tion of the gelator in different solvents. The gel-sol pha-
se transition temperatures (7 ;) of Cbz-Leu-HdHz (5) in
ethylene glycol, 1,2-dichloroethane and chlorobenzene
are plotted against the gelation concentration in Figure

Table 1 Gelation ability of Cbz-Leu-HdHz (5) in organic solvents

Solvent CGC State Solvent CGC State AH /K] mol’
soybean oil 0.98 TG chlorobenzene 1.98 TG 30.00
castor oil 0.73 TG ethylene glycol 0.47 oG 138.10
olive oil 0.88 TG n-pentanol 247 oG

benzene 2.99 oG n-hexanol 2.61 oG

toluene P ethyl acetate 2.15 oG

chloroform P butyl acetate 1.87 oG

acetone P cyclohexane 2.50 oG

p-dioxane 2.98 oG tetrachloromethane 2.32 oG

DMF Sol 1,2-dichloroethane 1.12 TG 33.14
ether Ins n-octane 1.59 oG

Note: critical gelation concentration in wt % (CGC, wt %). TG: transparent gel; OG: opaque gel; P: partial ge-
lation; Sol: solution; Ins: insoluble (not fully soluble at 3.0 wt %).
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Figure 1. (a) T as a function of concentration of Cbz-Leu-HdHz (§) and (b) van’t Hoff plots of Cbz-Leu-HdHz (5) in ethylene glycol (W), 1, 2-
dichloroethane (O) and chlorobenzene ('V), respectively.

la. The thermodynamic analysis for the gel-sol transi- aggregates structure, which looks like hemp rope, section
tion was carried out by using a van’t Hoff relationship. by section, intertwined with each other, the thinnest be-
From the relationship between T and the correspon- ing more than 200 nm, the thickest more than one micro-
ding concentration, the gel-sol transition enthalpy (AH) meter. On the other hand, Figure 2c exhibits a sheet ag-
was determined from the slope of In ¢, versus (Tge) - gregation mode, with some ribbon structure. The sheets
The plots are represented in Figure 1b and the resulting are longer than 6 um, wider than 4 pm and as thick as
enthalpy values in various solvents are summarized in hundreds of nanometers.

Table 1. Previous research has shown® that the light tran-

smittance of a gel depends upon its crystallinity, and the
nature of the solvent can affect the degree of disorder of a
gel. From the research of morphology, we can see that the

3. 3. Scanning Electron Microscopy (SEM)

Studies gelator has self-assembled into 3D structure but the aggre-

To gain visual insight into the morphologies of the gates are different in various solvents. Despite all the ag-
aggregates, the xerogels prepared by freeze-drying of gregates differences, they have got two things in common:
gels prepared by 5 in CCl,, cyclohexane and butyl aceta- larger size and lower porosity. From Table 1 we can see
te were studied by SEM. As shown in Figure 2a, the gela- that the Cbz-Leu-HdHz (5) in organic solvents can form
tor self-assembled into a bunch of curly flake aggregates gels but requires higher CGC and most of the resulting
with the minimum thickness of dozens of nanometers and gels are opaque gels, this may be caused by the same rea-
width of several micrometers. Figure 2b represents the son as described above.

Xle, a8 1 8dkn

Figure 2. SEM images of Cbz-Leu-HdHz (5) xerogels formed by (a) 3.0 wt % in CCl,, (b) 2.5 wt % in cyclohexane, and (c) 2.3 wt % in butyl ace-
tate. Magnitudes are 10,000x, respectively.
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3. 4. FT-IR Measurements Studies

We measured the FT-IR spectra to evaluate the dri-
ving forces for gelation. Figure 3 shows the FT-IR spectra
of Cbz-Leu-HdHz (5) in 1,2-dichloroethane solution and in
1,2-dichloroethane gel respectively. In 1,2-dichloroethane
solution, the typical IR bands, arising from non-hydrogen
bonded amide groups, were observed at 3290, 3221 cm™
(amide A), 1690 cm™ (amide I), and 1541 cm™ (amide II).
The IR spectra of 1,2-dichloroethane gel showed the bands
at 3280, 3218 cm™ (amide A), 1647 cm™ (amide T), and
1535 cm™ (amide II), characteristic for hydrogen bonded
amide groups. In addition, the IR bands of urethane group
appeared at 1670 cm™ in 1,2-dichloroethane solution and
1687 cm™ in 1,2-dichloroethane gel. Such IR shifts indica-
te the formation of the intermolecular hydrogen bonding in-
teraction between the amide and the urethane groups.’’~*
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Figure 3. FT-IR spectra, (a) 1,2-dichloroethane gel of Cbz-Leu-
HdHz (5) (1.39 wt %) and (b) 1,2-dichloroethane solution of Cbz-
Leu-HdHz (5) (0.44 wt %).

Furthermore, in 1,2-dichloroethane gel the absorp-
tion bands of the antisymmetric (v,)) and symmetric (V,)
stretching vibration appeared at low wave numbers, 2918
cm™ (v,, C-H) and 2847 cm™ (v,C-H), comparable with
those of the analogous Cbz-Val-HdHz in 1,2-dichloroet-
hane solution. These suggests that the alkyl groups of
Cbz-Leu-HdHz (5) are organized in a self-assembled na-
nostructure via hydrophobic interactions.?® ¥’ The results
indicate that the driving forces for the formation of the or-
ganogel are mainly hydrogen bonding and complemen-
tary hydrophobic interactions.

3. 5. X-Ray Powder Diffraction (XRD)
Studies

The XRD pattern of tetrachloromethane wet gel is
shown in Figure 4. Accordingly, this wet gel is amorphous

as shown by the broad peak form of its X-ray diffraction
pattern; this may be due to the heavy scattering of the sol-
vent molecules, although the whole state of the gel forms
an orderly network structure.

Intensity
— =
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Figure 4. X-Ray powder diffraction patterns of CCl, wet gel of
Cbz-Leu-HdHz (4.0 wt %).
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Figure 5. X-Ray powder diffraction patterns of (a) Cbz-Leu-HdHz
(5) solid and (b) CCl, xerogel of Cbz-Leu-HdHz (5) (3 wt %). The
marked peaks in (a) and (b) represent three diffraction peaks exi-
sting in both cases.

The XRD of CCl, xerogel is shown in Figure 5; the
diffraction peaks are sharper and the signal-to-noise ratio
(SNR) is higher comparing with the wet gel, the results
demonstrating that the xerogel is a very good crystal ma-
terial. Although some diffraction peaks of dried gel have
similar position to those of the gelator of Cbz-Leu-HdHz
(Figure 5), they belong to different crystalline state. Just
in virtue of the intermolecular interaction by the solvent,
the gelator has been rearranged by self-assembly during
gelation.

Yu et al.:
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3. 6. Molecular Model of a Xerogel

Figure 6 shows the sharp peak at small-angles in the
XRD of the xerogel which is attributed to the sheet organi-
zation of the Cbz-Leu-HdHz (5) aggregates. From the op-
timized HyperChem 8.0 model (Semi-empirical-INDO
method, Polak—Ribiere algorithm), the length of the long
alkyl chain (i.e. CH;,) of Cbz-Leu-HdHz (5) is 1.95 nm,
whereas the length of the whole Cbz-Leu-HdHz (5) mole-
cule is 2.42 nm (Figure 7a). The Bragg distance (d) of the
xerogel of Cbz-Leu-HdHz (5) is 5.13 nm as shown by the
XRD measurements. XRD and FT-IR data indicate the exi-
stence of gel aggregates that consist of a repeating bilayer
unit, which bears the head-to-head packing model with
highly tilted alkyl chains relative to the bilayer normal.
Within the bilayer unit, the amphiphiles are connected by

1200
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Figure 6. X-Ray powder diffraction pattern of the cyclohexane xe-
rogel of Cbz-Leu-HdHz (5) (2.5 wt %).

Figure 7. Energy-minimized structures of Cbz-Leu-HdHz (5) and a
possible model for the aggregates in organic solvents. Dashed lines
represent hydrogen bonding interactions.

intra- and inter-layer hydrogen bonds to form a hydrogen
bonded network. For the random arrangement of the bila-
yer unit, the possible modes are shown in Figure 7b.

4. Conclusions

In this paper, we describe the synthesis and gelation
properties of a new gelator based on L-leucine methyl es-
ter hydrochloride. Through studying the gelling beha-
viors, we have proved that L-leucine dihydrazide derivati-
ve 5 is an excellent gelator. The gelator can in the presen-
ce of various organic solvents self-assemble into orderly
three-dimensional network structures, such as fibers, rods,
ribbons and sheets nanostructures. The state of aggrega-
tion may influence transparency of the gel. We also found
out that the driving forces for the organogelation are
mainly hydrogen bonding interactions between the amide
groups and complementary hydrophobic interactions of
the alkyl chains. Finally, we deduced the simulated mole-
cular structure by the energy minimization and its possib-
le model of aggregation. Further work is being carried out
in this laboratory in particular towards the application of
such organogels in drug delivery.
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Zamislili smo si in pripravili nov organogelator, benzil (4-metil-1-okso-1-(2-heksadekanoilhidrazinil)pentan-2-il)karba-
mat (oznacen kot Cbz-Leu-HdHz). Ugotovili smo, da je ta spojina v mnogih organskih topilih zmoZna samourejanja in
termiCno reverzibilne tvorbe supramolekularnih organogelov. Temperaturo faznega prehoda gel-sol (74) smo dolocili v
odvisnosti od koncentracije gelatorja in iz tega dolo€ili ustrezne entalpije (AH,). SEM, FT-IR in XRD analize smo upo-
rabili za raziskavo morfologije in tvorbenih mehanizmov organogelov v prisotnosti Cbz-Leu-HdHz. Skladno z XRD po-
datki in molekularnim modeliranjem smo lahko predlagali nacine pakiranje pri tvorbi agregatov organogelatorjev.
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