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Abstract

First order transitions of a solvent in a gel differ from those of the solvent alone. In particular, the existence of either several endothermic

peaks, or of a broad one is a common feature. In this respect, melting of a solvent sorbed in a polymer matrix presents a phenomenology

similar to that of a semi-crystalline polymer. In this work temperature modulated differential scanning calorimetry (TMDSC) has been

applied to study the melting behaviour of benzene in a poly(ethyl acrylate), PEA, network. A strong frequency dependence is found both of

the real and imaginary part of the complex heat capacity in the transition regions. The kinetic response of the material to the temperature

modulation is analyzed with the model proposed by Toda et al., developed for the kinetic melting behaviour of crystalline polymers, which

seems to be applicable also to the system studied in this work. q 2002 Published by Elsevier Science Ltd.
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1. Introduction

Temperature modulated differential scanning calorim-

etry (TMDSC), is a relatively new technique [1,2] that

superposes an oscillating temperature profile on a conven-

tional DSC scan. TMDSC has been a useful tool in the study

of the glass transition [3–6] and for improving the

knowledge about the kinetics of melting and crystallization

of polymers [7–12]. For this purpose, the conventional

kinetic analysis of first order transitions usually needs

certain specific data that most of the times are not available.

For example, the Avrami equation [13] involves the

morphology of the crystals. Recently Toda et al. proposed

an alternative way to manage the problem through a

phenomenological model that explains the kinetics of

melting and crystallization of polymers based on the

evolution of the rate of transformation [14–20]; the model

is correlated with TMDSC experiments. This work analyses

the application of this model for explaining the kinetic

behaviour of the melting of benzene, a non-polar low

molecular weight substance, in a PEA network.

Due to the phase lag, w, between the calorimeter response

function (i.e. the heat flow) and the time derivative of the

modulated temperature program, a complex apparent heat

capacity is defined, C p, whose modulus is

lCpl ¼
_Qa

vTa

ð1Þ

Here _Q a is the amplitude of the first harmonic of the

periodic component of the heat flow, Ta is the amplitude of

the temperature wave, and v is the modulation frequency.

Thus, data treatment is done through a Fourier analysis that

assumes a linear response of the process, i.e. in the case a

sinusoidal temperature modulation is programmed a pure

sinusoidal response should be obtained in the heat flow.

Once these inconveniences have been overcome (selecting

the adequate combinations of values of underlying heating

rate, frequency and temperature amplitude), three tempera-

ture dependent magnitudes are obtained as representatives

of a TMDSC experiment [21–23]

Cb ¼
_Qu

b
; ð2aÞ

C0 ¼ lCplcos w; ð2bÞ

C00 ¼ lCplsin w: ð2cÞ

Eq. (2a) describes the heating rate dependent heat capacity

obtained from the underlying component of the heat flow,
_Qu; i.e. the frequency independent component in the Fourier

analysis, and is equivalent to the trace of a conventional

DSC analysis at the average heating rate, b. Eq. (2b) gives
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the real part of the complex heat capacity, the component in

phase with the heat flow, and Eq. (2c) the imaginary part,

the out of phase component that appears when time

dependent processes take place in the sample.

Melting of polymer crystals is a complicated phenom-

enon that has been widely studied by TMDSC. Polymer

crystals have a distribution of non-equilibrium melting

points [24], which gives rise to a broad endothermic peak in

a DSC scan. In this respect the phenomenology of melting

of a solvent in a gel is similar to that of a polymer. In

particular, for the system studied in this work, on heating in

a DSC scan, melting starts a few degrees above the glass

transition of the swollen polymer and it continues (there are

also processes of recrystallization and reorganization) up to

values near the melting temperature of pure benzene [25].

This represents a temperature interval of almost 50 8C, as it

is clearly seen in Fig. 1. However, it is well known that

melting is a fast process that takes place with low

superheating. It seems likely that a fraction of crystals

having melting points slightly lower than sample tempera-

ture melts in a time interval comparable to the modulation

period, and so a frequency response in a TMDSC

experiment is expected [18].

This work is a first attempt at understanding the melting

kinetics of a solvent absorbed in a gel by TMDSC. A system

has been chosen where no polar interaction between the

polymer chains and the molecules of the solvent exists. The

physical picture could be imagined as that of small crystals

of benzene molecules, which form a separate phase, trying

to melt and diffuse in a polymer matrix, which is a

homogeneous polymer gel.

2. Experimental

A poly(ethyl acrylate), PEA, (monomer from Aldrich

99% pure) network was polymerised via ultraviolet light

using ethylenglycol dimethacrylate, EGDMA (Aldrich,

98% pure) as crosslinking agent (1 wt%) and benzoine

(Scharlau 98% pure) as photoinitiator (0.13 wt%). Low

molecular weight substances were extracted from the

polymer network by boiling in ethanol for 24 h and then

drying it in vacuum to a constant weight.

Samples for DSC were cut from a PEA network plate and

were introduced in a saturated benzene atmosphere at room

temperature until equilibrium was reached (weight fraction

of benzene, massbenzene/massswollen gel, 0.51). TMDSC was

performed in a Pyris 1 apparatus (Perkin–Elmer). Dry

nitrogen gas was let through the DSC cell with a flow rate of

20 ml/min. The temperature of the equipment was cali-

brated by using indium and benzene. The heat of fusion of

indium was used for calibrating the heat flow.

Before the modulated scan, the sample was subjected to a

DSC cooling scan from ambient temperature down to

250 8C at a rate of 10 8C/min. The modulated temperature

program was a tooth-saw temperature profile with an

average heating rate of 1.5 8C/min, 0.1 8C of amplitude

and different modulation periods, P (24, 48, 60, 80 s). A

modulated base line with the same conditions was

performed immediately after each scan and was later

subtracted from the measured oscillating heat flow in

order to obtain the TMDSC parameters. The temperature

programs were selected so as to comply with a heating

condition always, i.e.

dTs

dt
. 0 ð3Þ

This is achieved in the equipment used in this work

selecting the adequate input parameters that define the

temperature cycle (T1, T2, T3 and b1), taking into account

that

TsðtÞ ¼

T1 þ b1t for 0 # t # P=2

ð2T2 2 T3Þ þ
T3 2 T2

T2 2 T1

b1t for P=2 # t # P

8><
>:

ð4aÞ

b ¼
b1ðT3 2 T1Þ

2ðT2 2 T1Þ
ð4bÞ

Ta ¼
1

2
T2 2

T1 þ T3

2

� �
ð4cÞ

P ¼
2ðT2 2 T1Þ

b1

ð4dÞ

Finally, five TMDSC measurements were performed

keeping the same period (48 s), temperature amplitude

(0.1 8C), but varying the underlying heating rate: 0.75, 1,

1.5, 2, 2.5 8C/min.

3. Results

Fig. 1 shows a conventional DSC scan performed on the

system studied in this work at a heating rate of 10 8C/min

Fig. 1. DSC thermograms, obtained on heating at 10 8C/min after cooling at

the same rate, for the pure benzene, PEA and PEA swollen in benzene.
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from 2100 8C up to room temperature. The glass transition

of the swollen network gel (Tg < 2 65 8C) is followed by

the melting of benzene which had previously crystallized on

cooling. The melting region starts at temperatures immedi-

ately above the glass transition, and the TMDSC exper-

iments were performed, based on this result, from 250 to

20 8C. A sharp peak can be seen in the thermogram of the

swollen gel that correspond to melting of benzene that is not

homogeneously mixed with the polymer. However, the area

of this peak is negligible and so the amount of benzene

involved in it.

Fig. 2 shows the TMDSC measurements on heating with

four different modulation periods. The heating rate

dependent heat capacity, Cb, equivalent to that of a

conventional DSC measurement, is depicted in Fig. 2a.

Two endothermic peaks separated by an exothermic one are

clearly seen. The four curves, corresponding to the four

modulation periods used in this work, are superposed,

showing, as expected, no frequency dependence. The

magnitude of the complex heat capacity is shown in Fig.

2b. A strong frequency dependence is observed, and the

magnitude of the peak increases as the frequency is reduced.

Finally the real and imaginary parts of the complex specific

heat, calculated from the magnitude of the complex heat

capacity and the phase lag through Eqs. (2b) and (2c), are

displayed in Fig. 2c and d, respectively. Both of them show

strong frequency dependence with the same tendency as the

magnitude of the complex heat capacity. It is interesting to

note that the absolute value of the real part is always higher

than the imaginary one, indicating that the phase lag has low

values (under 258). Fig. 3 shows the underlying heat

capacity, Cb, obtained from five TMDSC scans with the

Fig. 2. Results of TMDSC with four different modulation periods, (X) 24 s, (W) 48 s, (B) 60 s, (A) 80 s, versus temperature. (a) Underlying heat capacity, Cb.

(b) Magnitude of the complex heat capacity lC pl, real (c) and imaginary (d) parts of the complex heat capacity.

Fig. 3. Underlying component of the heat capacity, Cb, obtained from five

TMDSC scan performed with the same modulation period (48 s) and

temperature amplitude (0.1 K) and different underlying heating rate: 0.75,

1, 1.5, 2 and 2.5 8C/min.
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same period and temperature amplitude, but modifying the

average heating rate.

In respect to the shape of the programmed temperature

profile it might be thought that due to the non-sinusoidal

waveform a high number of harmonics could be generated,

and the analysis would be more difficult. However, for the

experimental conditions chosen in this work, the apparatus

rounds the cusps of the programmed waveform, and the

temperature profile to which finally the sample is subjected

is quite similar to a pure sinusoidal: a Fourier analysis of the

temperature waveform shows a negligible presence of

higher harmonics, as is clearly seen in Fig. 4a, where the

experimental sample temperature is compared with a pure

sinusoidal of the same frequency. The presence of higher

harmonics in the heat flux, though more important than in

the temperature wave, which indicates the presence of non-

linear phenomena, is also negligible (Fig. 4b), and an

analysis of the experimental data based on the linear

response theory is adequate.

4. Discussion

Melting of benzene in a PEA network starts a few

degrees after the glass transition of the swollen network. As

temperature is raised, benzene suffers some process of

melting and crystallization on heating and finally melts at a

temperature a few degrees lower than the pure solvent does.

Fig. 1 shows a melting endotherm that starts at 250 8C but

is interrupted by reorganization and crystallization pro-

cesses that take place in the sample around 215 8C. When

these exothermal events (around 58 wide) finish, a large

melting peak is observed. It has been checked that the sum

of the areas (i.e. enthalpy) of the exothermal peaks

(including crystallization on cooling, reorganizations and

crystallizations on heating) equals the area of the endother-

mal ones. However, all these phenomena do not show a

frequency dependence when a TMDSC is performed on the

sample. Fig. 2b and c show a small low temperature

endothermic peak that shows no frequency dependence. For

the imaginary part of the specific heat capacity, C 00 (Fig. 2d),

there is also a small peak at the same temperature interval

that is not sensitive to the frequency of the modulated

temperature. Exothermal events on heating, i.e. reorganiz-

ations and crystallizations, do not show a characteristic trace

in the modulated magnitudes. On the contrary, the final

melting, at higher temperatures, of the crystallites present in

the sample (coming from crystallizations on cooling and on

heating) shows a strong frequency dependence both of the

magnitude of the specific heat capacity (Fig. 2b) and of the

phase lag between the modulated temperature and the heat

flow (not shown). This gives rise to a frequency-dependent

peak in the real and imaginary parts of the specific heat (Fig.

2b and c). The frequency dependence of the high

endothermic peak and the lack of frequency dependence

of the low endothermic peak and the exothermal peak can be

followed numerically through the evolution of the peak

height at different frequencies and it has been resumed in

Table 1. The analysis of the frequency dependence of this

peak can provide information about the kinetics of the

melting process. It seems that the exothermal events on

heating are, to a great extent, independent of frequency.

Fig. 3 shows five curves corresponding to the underlying

linear part of the TMDSC scan (Cb) performed at the same

frequency and temperature amplitude but varying the

underlying heating rate. The shift of the low temperature

region of the curves to lower temperatures is due to

crystallizations on heating and reorganizations, and it

Fig. 4. (a) Comparison of the experimental temperature profile (W) with a

sinusoidal function of the same period and amplitude (continuous line). It

has been represented, also, the oscillating component of the temperature

(i.e. the average heating rate has been subtracted) for a better comparison.

(b) Amplitude of the second harmonic of the heat flow. The heating rate was

1.5 8C/min, modulation period 24 s.

Table 1

Peak height of the high endothermic frequency dependent peak and of the

two lower frequency independent peaks (endothermic and exothermic) for

the real and imaginary parts of the complex heat capacity

Period (s) High endother-

mic peak

Low endother-

mic peak

Exothermic

peak

C 0

(J/K)

C 00

(J/K)

C 0

(J/K)

C 00

(J/K)

C 0

(J/K)

C 00

(J/K)

24 12.86 2.88 12.14 1.75 11.96 0.99

48 16.81 5.83 12.70 1.79 12.62 0.93

60 19.12 7.22 12.52 1.37 12.51 0.97

80 23.20 9.52 13.01 1.29 12.87 0.89
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coincides with the region of the curve that is not sensitive to

frequency. However, the high temperature endothermal

peak is not heating-rate dependent (Fig. 3) and corresponds

to the region where strong frequency dependence was

found. The phenomenological model developed by Toda

et al. [18] can be an adequate tool for understanding this

behaviour. A brief exposition of the model follows,

particularized for this system, and a discussion of its

application and interpretation.

Let F(t ), where t is time, be the part of the heat flow

supplied by the calorimeter that is not inverted in rising the

temperature of the material but in the phase transformation

process. That is, if _Q is the total heat flow to the sample, it

holds

_Q ¼ mcp

dTs

dT
þ FðtÞ: ð5Þ

F(t ) can be expanded about the sample temperature for a

small temperature modulation,

Fðt; TsÞ ¼ �Fðt; �TsÞ þ F0
T ðt; �TsÞTa eiðwtþwÞ ð6Þ

where �F represents the heat flow of the phase transform-

ation, i.e. that would be obtained in a conventional DSC

analysis at the average heating rate, and �Ts is the

temperature that the equivalent DSC scan would have at

that time, i.e. �Ts ¼ T0 þ bt:
Let fðt; TmÞdTm be the fraction of crystallites having, at

time t, the melting temperature in the range from Tm to

Tm þ dTm. The endothermic heat flow of melting can be

expressed as

F ¼ DH
d

dt

ð1

0
fðt; TmÞdTm ð7Þ

where DH is the total enthalpy change of the system on

melting. The model proposed by Toda et al. assumes that the

evolution in time of f(t,Tm) is controlled by a melting rate

coefficient, R, that is a function of superheating, DT ¼

Ts 2 Tm

dfðt; TmÞ

dt
¼ 2RðDTÞfðt; TmÞ ð8Þ

Solving this equation, with a concrete expression for the

superheating dependence of R, allows obtaining via Eq. (6)

an expression for the heat flow of transformation, which can

be related to the complex heat capacity through its first

harmonic in the Fourier expansion.

Since the heating run satisfies the condition of super-

heating always (Eq. (3)), crystallization cannot be due to

temperature drops during the modulated heating scan.

Besides, the model does not consider the presence of

recrystallization or reorganization of the crystallites. In the

case of melting of polymer systems the response of those

processes to temperature modulation is expected to be much

smaller than that of melting [18,24]. For the system studied

in this work there is an exothermic peak during the heating

scan, as it is clearly seen in Fig. 1. However, there is almost

no frequency response of this phenomenon in the complex

heat capacity (Fig. 2b) and our interest is focused at

analyzing the zone of the thermogram that shows a strong

frequency dependence, that is, the final melting of the

crystals in the sample that have been formed either on

cooling, on heating or due to recrystallizations and

reorganizations at lower temperatures. Under these con-

ditions Eq. (7) can be applied, and its solution is

fðt; TmÞ ¼ f0 exp 2
ðt

0
R dt0

� 	
; ð9Þ

where f0 is the initial distribution of crystallite fractions

that is assumed to be uniform. On this basis, considering the

linear expansion of the melting rate coefficient, R, for small

temperature modulation, F 0
T is calculated introducing the

expression obtained via Eq. (9) for f(t,Tm) through the

expanded R into Eq. (7) and considering the first harmonic

of its Fourier series. In this way one obtains [14–16]

Cp ¼ mcp þ
i

v
F0

T ðvÞ; ð10Þ

where the expression for f ðvÞ ¼ ði=vÞF0
T ðvÞ is [18]

f ðvÞ ¼ DHf0b
ð1

0

e2ivx e
2

ðx

0
RðbyÞdy ðx

0
R0ðbyÞeivy dy

2
64

3
75dx: ð11Þ

Depending on the superheating dependence of the melting

rate coefficient, the kinetic response will change. Following

Toda et al. [18–20] three different expressions have been

tested. The first of them is the case of a constant rate

coefficient, independent of superheating (R ¼ R0), the

second one is a linear dependence of the melting rate on

superheating (R ¼ aDT ), and the third one is an exponential

dependence ðR ¼ ða=cÞðecDT 2 1ÞÞ: The last one is the most

general of the three and includes the other two as special

cases. Introducing the exponential dependence in Eq. (11),

the following expression is obtained

f ðvÞ ¼
DHf0

1 þ ivt2

1

t3

ð1

0
ðex=t2 2 e2ivxÞ

exp 2
t2

t3

ex=t2 2 1 2
x

t2

� �� 	
dx ð12Þ

where

t2 ¼
1

bc
; t3 ¼

c

a

(It must be here remarked that in Refs. [18,19] this equation

is printed with a mistake.)

It is easy to show that when t2 @ t3 the frequency

response corresponds to a linear dependence of the melting

coefficient on superheating, and that it corresponds to a

constant value of R in the case when t3 @ t2.
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Fig. 5 shows the frequency dependence of the real and

imaginary parts of the complex heat capacity obtained at

two different temperatures. The experimental points have

been adjusted to the three different kinetic response

functions corresponding to the above mentioned super-

heating dependence of the melting rate. The fit was not good

in the case of constant and linear dependence (results not

shown), and it was satisfactory for the exponential

dependence of the melting rate coefficient. The tempera-

tures chosen in Fig. 5 are representative of the melting

interval taking into account that several fits to the Toda

model of the experimental data were made in the

temperature range of the frequency dependent endothermic

peak (the same exponential dependence was found) and the

width of the peak (from 22 to 7 8C). Fitting an expression

for f(v ) to the experimental results implies to find a set of

parameters (cp,f0,t ) that reproduces, at the same time, and

for a fixed temperature, the real and imaginary kinetic

response of the material. This has been impossible for the

kinetic functions obtained for a constant and linear

dependence of the melting rate coefficient, consistently

with the values of the parameters, t2 and t3, found in the

fitting procedure to Eq. (12). Since the values found for t2

and t3 are quite similar in each fitting, it is not possible to

simplify Eq. (12) to that corresponding to a constant or

linear dependence of the transformation rate. An important

consequence of this is that the heating-rate dependence of

the characteristic time does not depend on temperature, and

t/ b21: This is no longer the case in polymer systems

where at higher temperatures the dependence can be fitted to

t/ b21 while at lower temperatures t/ b21=2 (what

corresponds to a linear dependence of the melting rate

coefficient). The exponential dependence of the melting rate

coefficient on superheating in this case of benzene contrasts

with the linear dependence found for this magnitude in the

case of melting of polymer crystallites. This means that, in

the case of the low molecular weight benzene, melting is a

faster process than melting of polymers. Melting of a

macromolecule implies the disordering of larger structures,

and thus longer times are needed when compared to our

system, where achieving the liquid state seems a priori

easier. On another hand, the exponential dependence of R on

DT found for melting of benzene in the polymer matrix

means a still much lower rate than for melting of pure

benzene, for which the present model would hardly be

applicable since it would correspond to R !1:
As a consistency test of the linear response achieved in

the steady state, needed for the application of the model,

Lissajous diagrams of the modulated heat flow against the

modulated sample temperature showing a couple of cycles

in the melting area have been represented in Fig. 6, which

gives the diagrams in the melting region corresponding to

the four modulated periods used in this work at the same

heating rate. A closed loop can be observed in all cases.

5. Conclusions

Melting of benzene in a PEA network shows two

endothermic peaks separated by an exothermic one that

correspond to melting and crystallization of the solvent in

the polymer matrix as the temperature is raised. Both the

low temperature endothermic peak and the exothermal one

show no frequency dependence and appear superposed

Fig. 6. Lissajous diagrams of two cycles of the modulated component of the

heat flow versus the modulated component of the temperature obtained

from the high temperature melting region. The average heating rate was

1.5 K/min, the period is indicated in each diagram.

Fig. 5. Real (W) and imaginary (A) part of the complex heat capacity versus

the modulation period at two different temperatures (a) 0 8C, (b) 4 8C. The

underlying heating rate was 1.5 8C/min. The continuous line corresponds to

Eq. (10) with the adjustable parameters cp, f0, t2 and t3.
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when a TMDCS is performed. On the contrary, the final

melting process shows a strong frequency dependence that

can be explained on the basis of the phenomenological

model proposed by Toda et al. [18] for polymer systems,

based on the dependence on superheating of the melting rate

coefficient, R, for each fraction of crystallites. An

exponential dependence of R on superheating has been

found, what confirms that melting of benzene absorbed in a

polymer matrix is faster than the process of melting of

crystalline polymers (where a linear dependence has been

found for R ).

A strong frequency dependence was found for those

temperatures where no exothermal phenomena was found

on heating. Exothermal events on heating either do not

depend on frequency or their frequency response cannot be

revealed by the TMDSC technique.
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