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ABSTRACT: This paper presents a thermodynamic inves-
tigation of the benzene physical and chemical organogels,
using differential scanning calorimetry (DSC) and intends to
draw an appropriate relationship between the gel network
structure and the properties. Physical gels, formed by an
aluminium soap of fatty acid, and chemical gels, created by
in situ cross-linking of a siloxane copolymer are investigated.
The effects of the type and quantity of the gelators and their
corresponding network mesh size distribution in the gels on
crystallization, melting, and their kinetics are examined. It
appears that the kinetics of crystallization of the entrapped
solvent is significantly affected by the quality of the gel
network scaffolding and can be treated successfully by the

Avrami equation of crystallization. From the melting behav-
ior of the entrapped solvent crystallites, quantitative infor-
mation about the number of solvent molecules bound per
molecule of the gelator has been extracted. DSC proves to be
a reliable technique to evaluate the population distribution
of solvent molecules trapped in the physical and chemical
organogel network scaffolding. The state of the solvent may
be treated as a probe to understand the structure of the gels.
© 2004 Wiley Periodicals, Inc. J Appl Polym Sci 94: 1253–1264, 2004

Key words: organogels; nucleation; differential scanning
calorimetry (DSC); crystallization; network scaffolding; self-
organization

INTRODUCTION

The hierarchical self-assembly and gelation are areas
of increasing interest due to their importance in poly-
mer technology, biotechnology, food technology,
pharmacology, controlled release applications, surfac-
tant industries, etc. Significant research effort has been
dedicated to the hydrogel networks that are hydro-
philic and can be swollen by water, particularly for
biopolymers in food, pharmaceutical, agricultural,
medicinal, and similar industries.1–3 By considering
the structural features of proteins and their functions,
various amphiphilic copolymers have been designed
and synthesized to develop self-assembly systems es-
pecially in water.4 Their inter-macromolecular self-
associations, nanoparticle formation, pH and temper-
ature sensitivity, and rheological behavior have been
investigated in detail.5–9 On the contrary, very little
attention has been focused on organogels in the past
and is an area of increasing recent interest.10–12

The importance of organogels in everyday life has
increased as it is realized that application of small
quantities of suitable single or multicomponent gel-

ling agents exhibit the ability to gel a vast quantity of
solvents or fuels.13 Such gels could be formed either
by physical thermoreversible aggregation (physical
gel) or by entrapment of liquid in a chemical network
structure (chemical gels). Design and synthesis of new
and simple organogelator has received significant re-
cent attention. A large number of organogelators of
different categories has been identified in recent years
by different investigators.14–22 Physical gel formation
can generally be best understood as resulting from
competition between tendencies of the gelator to dis-
solve in the solvent and tendencies for it to self-assem-
ble.23–31 From the limited studies made on thermor-
eversible organogels using a variety of techniques,
including neutron and X-ray scattering, optical, fluo-
rescence and atomic force microscopy, spectroscopic
and calorimetric investigations, so far no generaliza-
tion on the thermodynamic behavior of the gels could
be made, as it is dependent on the individual gelator–
solvent system.32–35 The nature of the solvent changes
the ratios of inter- and intramolecular bonds and ex-
erts a substantial effect on the structure and elastic
properties of the gels.

Besides physical gelators, specially formulated in
situ cured polymers have emerged as potential chem-
ical gelators with relatively simple application proce-
dures. There is a vast amount of literature on cross-
linked network polymers, but it is only recently that
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an attempt has been directed to confine large amounts
of solvent using chemical gel networks.36–39 It is well
known that the swelling of a preformed network poly-
mer with a solvent results in a network with different
physical properties compared to a network polymer
actually polymerized (or cross-linked) in situ in the
solvent.40–43 The key point remains that changing the
reaction conditions, namely the proportion of re-
agents, the addition of catalyst, and reaction temper-
ature could change the properties of cross-linked poly-
mer networks dramatically.44,45

Thermodynamic and kinetic investigation can pro-
vide much in-depth information into the gel network
structure formation and mechanism, however, only
limited research on hydrocarbon-based gels has been
published. Recently, we have shown that the state of
the solvent in gel network scaffolding may be used as
a probe to understand the structure of the gels.46 The
aim of this research is to investigate the thermody-
namic behavior of benzene organogels to achieve fun-
damental understanding of the relationship between
the gel network scaffolding and the gel properties.

EXPERIMENTAL

Ingredients

The hydrocarbon used for this investigation is ben-
zene: CAS No [71-43-2], molecular formula/weight of
C6H6 / 78 g mol�1, Tb 80.2°C, Tm �5.5°C, density 0.879
g ml�1, and dielectric constant of 2.2.47 Benzene was
purchased from Aldrich chemicals and was used with-
out further purification. The organogelator used for
physical gels is the commercially available gelling
agent, Calford G-760™, (ALSP) Blachford, Canada.

Organogelator copolymer A, used for chemical ge-
lation, was prepared by copolymerization of linear
poly[(hydrogen methyl) siloxane] or D33 (degree of
polymerization 33), with octamethyl cyclosiloxane
(D4), using a ring-opening acid catalyzed reaction.
Both D4 and D33 were obtained from Dow Corning
Corporation, USA. Solvent THF used for dilution of
Pt-catalyst (Pt-divinyl tetra methyl-di siloxane, Gelest,

USA, used for chemical gels) was distilled and dried
before use.

Preparation of gels

Both physical and chemical types of organogels were
obtained in an identical manner by adding the speci-
fied quantities of ingredients into a known volume of
benzene and mixing them thoroughly using a me-
chanical stirrer. After initial mixing, the reaction was
left for completion in tightly closed containers for
� 24 h prior to further tests. All preparations were
performed at ambient temperature. The gels formed
could be readily detected by failure of the gelled mix-
ture to flow. The detail formulations and their desig-
nations for benzene-based physical (P) organogels are
presented in Table I.

In the chemical gels the components were: copoly-
mer A, cross-linker divinylbenzene (DVB), and the
hydrocarbon of interest. If copolymer A and cross-
linker DVB were mixed together with different quan-
tities of benzene, no reaction occurred. To initiate the
cross-linking reaction, a suitable catalyst was neces-
sary, and Pt-complex was found to be the most effec-
tive at ambient temperatures. The cross-linking reac-
tion of copolymer A with DVB was initiated by addi-
tion of Pt-catalyst (quantity in order of ppm). In this
reaction of cross-linking (also known as hydrosilyla-
tion) ratios between copolymer A and DVB were al-
ways kept the same and their formulations are pre-
sented in Table I. Generally, critical parameters con-
trolling the gelation using chemical organogelators
are: quantity of gelator and cross-linker, temperature
of the reaction, quality of hydrocarbon/solvent, and
type of catalyst used. The in situ reaction and gelation
was monitored by evaluation of the gel point by FTIR,
low oscillation rheology, and measurements of cross-
link density of the so-obtained gel networks and dis-
cussed elsewhere.48

Instrumentation

DSC was carried out using a TA Instrument DSC 2920.
The instrument was calibrated for cell constant and base-

TABLE I
Formulations of Benzene Physical and Chemical Organogels

Physical gels Chemical gels

Formulation
Soap (S)
(% wt)

Benzene (B)
(% wt) Formulation

Benzene (B)
(% wt)

Copolymer A
(% wt)

DVB
(% wt)

B100 0 100 B100 100 0 0
PS2B 2 98 C50B 90.6 5.7 3.7
PS10B 10 90 C30B 85.3 8.9 5.8
PS15B 14 86 C20B 79.5 12.4 8.1
PS30B 25 75 C10B 66 20.6 13.4
PS37B 29 71 C0 0 60.5 39.5
ALSP100 100 0 — — — —
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line with identical experimental conditions as used for
the experimental samples. A weighed amount of sample
(quantity between 6 and 10 mg) was placed in hermeti-
cally sealed A1-pans, to avoid the leakage of solvent and
other volatile ingredients. The furnace was constantly
purged with nitrogen with a flow of 50 ml min�1. In a
typical temperature program the samples were cooled
from room temperature to the desired temperature (nor-
mally to �100°C) with a cooling rate of 5°C min�1. After
reaching the desired low temperature, samples were
held isothermally at that temperature for 5 min (isotrak
segment) to complete crystallization. Subsequently, the
samples were heated linearly with ramp of 1°C min�1

up to 100°C (scan rate was very low to approach the
equilibrium). Experiments with different scanning rates
were also carried out to understand the kinetics of the
crystallization/melting process.49,50 After runs were
completed the weight of the sample was checked and if
the weight agreed with initial weight within 5% the run
was accepted as valid. All runs were performed in trip-
licate with standard error not exceeding 8% in total.

RESULTS AND DISCUSSION

Dependence of crystallization behavior on gel
network structures

Figure 1 shows the typical DSC traces for the pure
solvent benzene during cooling (at a rate of 5°C

min�1) from melt and subsequent heating (at the rate
of 1°C min�1). The characteristic crystallization (cool-
ing curve) and melting peaks (heating curve) are
clearly observed for benzene with the distinctive peak
temperatures. The crystallization and melting behav-
ior may be characterized by the heat of crystallization
(�Hc), heat of fusion (�Hm), the peak temperatures (Tc,
Tm), and the peak width at the half height. From
Figure 1 the melting temperature of the solvent crys-
tals at �5.96°C is clearly evident and is in good agree-
ment with the literature values.51 Also in the same
figure limit temperatures, peak maxima as well as
peak width at the half peak height for both crystalli-
zation and melting are recorded. The same methodol-
ogy for extracting the same parameters has been in-
troduced for all benzene physical and chemical gels.

DSC thermograms were also performed for all the
pure raw ingredients used for both physical and
chemical gelation (physical gelator ALSP, monomer
D33, chemical gelator co-polymer A as well as cross-
linker DVB) using identical experimental conditions.
From the DSC traces obtained no significant crystalli-
zation/melting enthalpy could be observed.46 There-
fore, the effect of gel network scaffolding on the crys-
tallization/melting behavior of the solvents entrapped
in the gels can provide in-depth understanding on the
state of the solvent molecules within the gel network
structure and mechanism of gelation. The enthalpy for

Figure 1 Crystallization and melting behavior of pure solvent benzene (B100) with cooling rate 5°C min�1 and heating rate
of 1°C min�1.
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pure solvent benzene, �H, was considered as 100%
free solvent and used for calculations of the number of
bound benzene molecules (� molecules) entrapped
within network.

Figure 2 illustrates the cooling DSC traces of ben-
zene physical gels with different levels of gelling
agents, ALSP (Table I). The DSC thermogram of pure
solvent benzene without gelator is also shown in the
graph, which is sharp and corresponds to the crystal-
lization of the free solvent. The substantial change in
the nature of the solvent crystallization phenomenon,
associated with peak shift, peak widening, and de-
crease in enthalpy with increase in concentration of
gelator ALSP, is clearly evident from the figure. The
beginning (start), peak (Tc), and end of crystallization
exotherm (stop) are derived from the DSC thermo-
grams and the details are given in Table II.

The difference in the benzene crystal structure
formation with increase in the concentration of gel-

ling agent ALSP is apparent from the cooling DSC
traces. The thermograms of the gels exhibit a single
relatively broader exothermic peak compared with
pure benzene (Fig. 1). A progressive increase in
peak width, concomitant with decrease in peak
height is observed with increased gelator level. A
systematic shift in peak temperature Tc toward
lower values with an increase in gelator is also
evident (from �3.8 to �13.2 °C) (Fig. 2, Table II).
The shift of the crystallization temperature of the
confined solvent to lower values has also been re-
ported by other investigators 52–54 in the case of
n-hexane and heptane in elastomer gels. It has been
demonstrated that the Tc of the solvent confined in
the gel is directly related to the radius of the pore of
the mesh of the gel network structure (Rp � �a/�T
� b, where �T � T0 � T; T0 is the triple point
temperature of solvent and a and b are two con-
stants depending on the solvents). In the case of

Figure 2 Summary of the crystallization exotherms for benzene physical organogels.

TABLE II
Summary of Crystallization and Melting Data for Benzene Physical Organogels

Sample Crystallization parameters Melting parameters

Designation
Benzene
(% wt)

Start
(°C)

Stop
(°C)

Peak width
(°C) Tc (°C)

Start
(°C)

Stop
(°C)

Peak width
(°C) Tm (°C)

ALSP100 0 — — — — — — — —
PS37B 71 �7.2 �29.9 8.5 �13.2 �5.9 8.8 3.4 4.8
PS30B 75 �5.5 �23.7 9.6 �11.4 �6.5 8.4 3.3 5.0
PS15B 85 �5.6 �22.3 4.0 �6.2 �1.0 9.1 3.0 5.8
PS10B 90 �7.5 �19.9 3.2 �5.9 �5.9 10.5 3.1 6.8
PS2B 98 �6.2 �21.9 4.6 �4.5 1.6 8.7 2.3 6.2
B100 100 �1.5 �20.6 1.3 �3.8 2.8 8.6 1.2 5.9
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benzene physical gels investigated, the peak broad-
ening rather than appearance of distinct new crys-
tallization peak/s for the confined solvent indicates
that solvent benzene has heterogeneity in distribu-
tion of confinement. Therefore, there is broadness in
the distribution of the mesh size of the pore in the
gel network scaffolding.

Figure 3 reveals the cooling DSC traces of benzene
chemical gels with different levels of copolymer A
gelling agent (formulations also given in Table I). With
an increase in gelator A level, a similar trend, as
observed in the case of physical gels, is also recog-
nized. The crystallization peak shifts to the lower tem-
perature, the exothermic peak becomes broader, en-
thalpy of crystallization decreases concomitantly with
a wider distribution of the crystal formation. The de-
tails of the peak position, width, and crystallization
enthalpies are given in Table III.

Properties and quality of solvent entrapped within
gel network

The variation in crystallization enthalpies of the
trapped solvents in the presence of gelling agent
yields important information about the physicochem-
ical processes that govern the behavior of the gel
systems. In Figure 4 the enthalpy of crystallization
(�Hc) for benzene physical and chemical gels has been
plotted against the weight percent of solvent present
in both types of organogels to evaluate their quality of
entrapment. The enthalpy of crystallization of benzene
physical and chemical gels shows a negative deviation
from linearity. This behavior reveals that the total
amount of solvent that is confined in the gel network
scaffolding does not crystallize. The dashed line rep-
resents 100% free solvent. The higher negative devia-
tion is related to the higher quantity of bound solvent

Figure 3 DSC thermogram of the dynamic cooling crystallization of benzene chemical gels: effect of concentration of gelling
agent.

TABLE III
Melting and Crystallization Parameters for Benzene Chemical Organogels

Sample Crystallization parameters Melting parameters

Designation
Benzene
(% wt)

Start
(°C)

Stop
(°C) Peak width Tc (°C)

Start
(°C)

Stop
(°C) Peak width Tm (°C)

C0 0 — — — — — — — —
C10B 66 �9.5 �25.0 8.6 �16.4 �13.0 3.1 4.6 1.6
C20B 79 �9.3 �25.6 5.2 �11.8 �10.1 5.5 4.4 3.4
C30B 85 �7.3 �23.2 3.5 �7.3 �5.0 5.5 3.1 3.8
C50B 91 �6.8 �20.7 3.9 �6.9 �3.3 7.2 2.9 4.6
B100 100 �1.5 �20.6 1.3 �3.8 2.8 8.6 1.2 5.9
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entrapped within gel network scaffolding that is not
crystallizable. A very close range of deviations at each
concentration of solvent, regardless of the type of the
gels, indicates that the effect of gelation on the molec-
ular dynamics of the solvent molecules is independent
of the types of gel network scaffolding.

The hydrated polymer systems have been widely
investigated using DSC and various populations of
the water fraction depending on the water–polymer
interaction have been identified.55,56 For pure solvent
the large �Hc observed may be ascribed to the crys-
tallization of 100% bulk/free solvent. In the case of the
gels the exotherms may be ascribed to the crystalliza-
tion of only the total freezing solvent in the gel. The
total solvent content, St in the gels may be given by

St � Sf � Sfb � Snf (1)

where Sf, Sfb, and Snf are the freezing bulk, the freez-
ing-bound, and the non-freezing-bound solvent con-
tent, respectively. The quantity of solvent, whose
melting/crystallization is not significantly different
from those of the bulk solvent, may be called free
solvent. Those solvent species exhibit a large differ-
ence in transition enthalpies and temperature from the
bulk, or those for which no phase transition can be
detected calorimetrically may be referred to as bound
solvent. It is frequently impossible to observe crystal-
lization exotherms or melting endotherms for the sol-
vent fraction, which is very closely associated with the
gelator matrix. This solvent fraction may be desig-
nated as non-freezable bound solvent. Thus, the en-
thalpy of crystallization in the gels may be considered
to be consisting of three contributions, and total �Ht
may be written as

�Ht � wf �Hf � wg �Hg � wfb �Hfb (2)

where �Hf is the contribution of the free solvent, �Hg
is the contribution of the gelator, �Hfb is from the
freezing-bound solvent, and wn are corresponding
weight fractions. In the case considered here the con-
tribution of gelator is zero, since at the temperature
region of interest the gelators do not crystallize. It is
evident from Figure 4 that the nonfreezing solvent
progressively increases with an increase in gelator
concentration.

Kinetics of crystallization: effect of gel network
structure

The temperature and pressure, among all other exper-
imental conditions, are the principal factors in deter-
mining the state of any substance: solid, liquid, or
gaseous. Usually the former has a more dominant
effect than the latter. With heating substance can melt
or boil and discontinuity in the volume, temperature,
enthalpy related to changes, and heat capacity are
identified as a signature of the phase change. These
changes take place at a constant temperature and are
reported as characteristic phase or first order transi-
tions. In case of crystalline and semicrystalline mate-
rials, the shape of the heat of crystallization peak in
DSC is directly related to the kinetics (time and tem-
perature dependence) of crystallization. Crystalliza-
tion is a two-step process, where crystal growth (step
2) takes place at nucleation sites whose appearance
(step 1) is controlled by both time and temperature.
For isothermal crystallization, the most popularly
used equation is

Figure 4 Observed �Hc as a function of percent solvent benzene entrapped in the gel network scaffolding.

1258 MARKOVIĆ, GINIĆ-MARKOVIĆ, AND DUTTA



�1 � Xt� � exp (�ktn) (3)

where (1 � Xt) is the fraction of the crystallizable
polymer not yet crystallized at the time, t and k is the
crystallization rate constant related to the number of
nuclei per unit volume, the rate of their formation, and
crystal geometry.57,58 The Avrami exponent, n, repre-
sents the nucleation and growth dimension and de-
pends on the type of nucleation and growth process.
Equation (3) was independently derived by a series of
authors and is popularly known as the Avrami equa-
tion.59–63

Many investigators have used successfully Avra-
mi’s expression to model nonisothermal crystalliza-
tion.64–66 Particularly, it is useful for systems with a
very high rate of crystallization (subject of this inves-
tigation), where isothermal crystallization experi-
ments are very difficult to perform precisely. The evo-
lution of the relative crystallinity of the different ben-
zene physical and chemical gels is illustrated in
Figures 5 and 6, respectively. The solid lines in both
plots represent the predictions obtained using Avra-
mi’s eq. (3). An excellent convergence between the
experimental and predicted values for both benzene
gels clearly indicates that the model equation is ap-
propriate to describe the nonisothermal crystallization
kinetics of the experimental benzene gels. Nonlinear
regression analyses fitting eq. (3) to the experimental
data were carried out using the statistical software
Sigmastat/Sigmaplot, SPSS, Chicago, IL. The software
uses the Marquardt–Levenberg algorithm to find the
coefficients of the variables that give the best fit be-
tween the equation and the experimental data. This

algorithm seeks the parameter values that minimize
the sum of the squared differences between the ob-
served and predicted values of the dependent vari-
ables by an iterative process, until convergence with a
predefined tolerance is obtained. The correlation coef-
ficient R2 for the regression was � 0.99. From the
simulation the best set of kinetic parameters, k and n
for the crystallization of solvent molecules in the gels
were determined and listed in Table IV for both ben-
zene physical and chemical organogels.

The most important parameter, exponent n, pro-
vides qualitative information about the nucleation
mechanism and growth process. The n value of close
to 1 for bulk solvent benzene indicates primarily one-
dimensional homogenous crystal growth (radiating
array of rod-like fibrils) (Table IV). The fraction values
of n for all the benzene physical gels are in the range
of 1 	 n � 2, indicating a heterogeneous nucleation
with 1-dimensional growth-units.67 The value of n � 1
indicates rod-like growth from instantaneous nuclei
and n � 2 indicates rod-like growth from sporadic
nuclei. It is clearly observed that the n value system-
atically increases between 1.26 to 2.0 as the gelator
concentration increases and become sporadic (n � 2)
at very high gelator levels. In comparison to benzene,
cis-decalin and its gels showed on n value of 3 	 n 	 4,
indicating three-dimensional spherulitic growth
units.46 The crystallization growth process depends
primarily on the bulk material investigated, however,
the gelator concentration appears to introduce inho-
mogeneity in the nucleation and distribution in crystal
size.68,69 Based on the Avrami equation and values of
n, Sharples70 presented a summary table that could

Figure 5 Calculation of Avrami parameters for benzene physical organogels.
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explain different crystallization patterns regarding
their nucleation model and growth. In a recent review
Sajkiewicz71 compared crystallization behavior be-
tween polymers and low molecular weight materials
and confirmed that for the later the steady-state rate of
nucleation is reached without any time lag of isother-
mal crystallization.

The values of k listed in Table IV should be consid-
ered to be an average value over a certain temperature
range as the rate constant may vary with the temper-
ature. Avrami’s rate constant, k, depends on nucle-
ation and growth-rate constants and in principle pro-
vides a qualitative check on the course of crystalliza-
tion. Growth rate is a characteristic of the material
investigated and depends on crystallization tempera-
ture. If it is assumed that growth rate is not influenced
by the nucleation, Avrami’s constant may be used to
compare the nucleating ability. It is clearly observed
from Table IV that increased physical gel network
scaffolding significantly decreases the nucleation abil-

ity of hydrocarbon benzene (rate change from 6.55 to
1.24 min�n).

In the case of benzene chemical gels with freezable
solvent, the n values were observed to be in the range
of 1 	 n � 2, similar to the physical gels, indicating
predominantly heterogeneous nucleation with one-di-
mensional growth. The k values in these gels were also
decreasing systematically (from 6.55 to 2.80 min�n)
with an increase in network scaffolding. Therefore,
irrespective of the type of the gel network scaffolding,
crystallization of benzene occurs in a one-dimensional
fibrillar pattern, however, the nucleation becomes in-
creasingly heterogenous with increased gelator con-
centration; and finally, at very high concentrations of
gelator, it becomes sporadic in nature.

Kinetics of melting: effect of gel network structure

In Figures 7 and 8 the DSC thermograms of the gel
fusion for benzene physical and chemical gels, with

Figure 6 Evolution of the relative crystallinity of chemical benzene gels. The solid lines represents the fitted line using the
Avrami equation.

TABLE IV
Avrami’s Exponent (n) and Avrami’s Constant (k) for Benzene Physical and Chemical Organogels

Benzene physical gels Benzene chemical gels

Designation Exponent n k (min�n) Designation Exponent n k (min�n)

B100 1.22 6.55 B100 1.22 6.55
PS2B 1.33 5.78 C50B 1.33 3.33
PS10B 1.54 4.62 C30B 1.32 3.74
PS15B 1.46 3.77 C20B 1.63 2.86
PS30B 1.74 1.41 C10B 2.16 2.80
PS37B 2.08 1.24 N/A N/A N/A
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increasing weight fraction of gelators, are presented.
The melting curves of the different experimental gels
were obtained at a heating rate of 1°C min�1. The
beginning of melting, peak, and end of melting tem-
perature as well the width at the half height for both
physical and chemical organogels are presented in

Tables II and III, respectively. In all the benzene phys-
ical gels a single endothermic melting peak is ob-
served and the Tc is not significantly affected by gel
network structure. The most concentrated benzene gel
sample (PS37B) displayed melting peak of 4.8°C and
an insignificant shift compared to benzene itself

Figure 7 Summary of endothermic peaks of melting for benzene physical organogels.

Figure 8 DSC thermogram of the dynamic heating melting endotherm for benzene chemical gels, effect of concentration of
gelling agent.
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(5.7°C, B100). However, with an increase in network
scaffolding, the broadness of the endotherm progres-
sively increases concomitant with a decrease in peak
height; and melting enthalpies associated are signifi-
cantly different. This observation indicates the in-
crease in the broadness of the distribution of the crys-
tal thickness with an increase in scaffolding, which in
turn is attributed to the broadness of the pore size
distribution and the quality of the solvent entrapment.
A similar observation has also been noted for hydro-
carbon gels based on cis-decalin.46 However, Wille-
men et al. 14, using alkyl derivatives of cholic acid as
the organogelators, observed an increase in the melt-
ing points of the gels with an increase in the concen-
tration of the gelators. The dynamic heating melting
endotherm of chemical gels (Fig. 8) showed a similar
trend as for the benzene physical gels, except the
endotherm peak, Tm, shows a marginal negative shift.
The details of the peak characteristics are presented in
Table III.

Benzene molecules (�) bound to monomers in
physical and chemical gels

The amount of bound solvent in the gels may be
calculated from the plot of dependence of their melt-
ing enthalpies on the quantity of solvent present using
the extrapolation method proposed by several inves-
tigators.72–75 The mathematical model used may be
represented as follows:

�Hs � �Hos
1 � Xp�1 � ��Ms/Mp��
 (4)

where �Hs is the measured solvent enthalpy in the gel
system, �Hos is the melting enthalpy of the pure sol-
vent, Xp is the gelator concentration (wt/wt), Ms and
Mp are the solvent and the gelator molecular weights,
respectively. Figure 9 illustrates the melting enthalpies
as a function of concentrations of gelators for both
benzene physical and chemical organogels. An extrap-
olation of the plot to the zero value of melt enthalpy
(�Hs � 0) provides information about the number of
solvent molecules � bound to monomer molecules
using the equation:

� �
�1 � X0�Mp

X0Ms
(5)

where Mp is the molecular weight of soap ALSP (for
physical gels) or monomer D33 (for chemical gels) and
Ms is the molecular weight of solvent benzene. The
value X0 was calculated by the extrapolation method
for both physical and chemical gels, respectively, and
is presented in Figure 9.

From Figure 9 the linear dependence between gela-
tor concentration and melting enthalpy for both types
of the benzene gels is clearly evident (R2 � 98%).
Extrapolations to zero value of melt enthalpy (�Hs

� 0) provided values for X0 of 37.17 for chemical and
73.28 for physical gel respectively. Using eq. (5) it is
revealed that almost 3 solvent molecules are bound to
each ALSP molecule in benzene physical gels; on the
other hand, almost 46 molecules of benzene are bound
to the monomer D33 of the chemical gels.

Figure 9 Summary for evaluation of solvent benzene molecules bound to monomer units calculated by extrapolation
method for both types of gels.
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Effect of heating rates on dynamics of melting

The evolution of melting of crystallites may depend
strongly on the heating rates and were studied in two
representative benzene samples using heating rates of
1, 2, 5, and 10°C min�1. Figure 10 depicts the evolution
of melting with elapsed time for pure solvent benzene
(B100) as well as for the representative sample of
physical gel (PS2B), respectively. It is observed that
the melting enthalpies are independent of the heating
rate (absolute values are within �/�5%) within the
experimental range. However, with increase in heat-
ing rate, the Tm shifted to the higher temperature,
which may be considered to be a superheating effect.
The rates of melting may be calculated from the slopes
of the straight-line portions of the individual plots and
are shown in Table V for both samples.

From Table V, an increase in rate of melting with
faster heating ramps (from 1 to 10°C min�1) is clearly
evident for both samples. However, if compared to
each other at a specific heating ramp, the absolute
rates of melting of the trapped benzene crystals within

the gel network scaffolding (PS2B) are slower than the
crystals of the bulk/free benzene solvent (B100). This
observation confirms that crystallites from solvent
molecular species entrapped in gel network scaffold-
ing need higher energy and/or a longer time to melt.

CONCLUSIONS

In this study an investigation of the effect of gel net-
work scaffolding on the population of solvent benzene
in the physical and chemical organogels and in turn
on the entrapped solvent crystallization, melting, and
evaporation is performed using DSC. The extent of
crystallization of benzene in the gels, obtained by
cooling at constant rate, provides quantitative infor-
mation about the free, freezable-bound, and non-
freezable-bound solvent population in the gels. The
nonisothermal kinetic process of nucleation mecha-
nism and its growth are derived using the Avrami
equation. The crystallization of neat solvent benzene
appears to be primarily homogenous in nucleation
and one-dimensional in growth. The heterogeneity in
nucleation increases with increased network scaffold-
ing, however, the growth process remains unaffected.
From the melting behavior quantitative information
about the number of solvent molecules bound per
molecule of the gelators has been extracted success-
fully. The rate of melting of the crystallites entrapped
in network scaffolding is slower compared to that of
the free crystals.
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