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ABSTRACT: The thermal properties (thermal diffusiv-
ity, thermal effusivity, thermal conductivity, and specific
heat capacity) of poly(methyl acrylate), which was ob-
tained by ultrasonochemical polymerization, were mea-
sured experimentally with photoacoustic and other tech-
niques. In addition, the thermal expansion of poly(methyl
acrylate) was measured experimentally with an indige-
nously modified Fizeau’s apparatus and is reported here
for the first time to an accuracy of 0.05%. The results were
compared with the available literature values and exam-

ined. Sinclare’s apparatus was used to determine the spe-
cific heat capacity and matched well with differential
scanning calorimetry measurements. The method-of-
mixtures technique was an alternative method of deter-
mining the specific heat capacity. © 2004 Wiley Periodicals,
Inc. J Appl Polym Sci 93: 1071–1076, 2004
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INTRODUCTION

Knowledge of the thermal conductivity (�) and ther-
mal expansion of polymers aids in the selection of a
candidate for engineering applications, such as com-
puters and automobile engines. The ability to transfer
heat away from hot parts and allow them to cool
makes a candidate useful. Similarly, wear and tear can
be minimized when a suitable polymer is chosen to
draw heat away from friction-heated parts. Expanded
polystyrene (Styrofoam) and polyacetal are used in
many applications in which thermal insulation plays a
vital role. Engineering polymers typically used as ma-
terials in engines are evaluated for their insulating or
conducting properties. The thermal effusivity (e) is the
property that dictates the initial interfacial tempera-
ture when two semi-infinite bodies come into contact.

When such polymers are synthesized, ultrasound
can initiate and activate the process. For example,
potassium peroxodisulfate (PDS) has been used as a
mild oxidizing agent1 and as an initiator for the poly-

merization of vinyl monomers. PDS is used as a lone
initiator for the polymerization of acrylamide.2,3 PDS
has also been used in a redox couple for vinyl poly-
merization.4 Radicals capable of initiating polymeriza-
tion are usually produced by thermal or photochemi-
cal decomposition of either the pure monomer or the
added initiator component. The possibility of using
ultrasound to initiate polymerization has been ex-
plored for the formation of polyacrylonitrile in aque-
ous solutions,5 and Price et al.6 used ultrasound to
initiate the polymerization of methyl methacrylate
(MMA). These studies have shown that ultrasound is
an alternative method of initiation for vinyl polymer-
ization and offers a great deal of control over the
process. Ultrasonic initiation may produce polymers
with predetermined structures and properties, such as
the molecular weight, polydispersity, and tacticity. In
the presence of ultrasound, the polydispersity is al-
tered because of the following combined effects: en-
hanced molecular motion and the possibility of initi-
ation occurring evenly throughout the system through
mixing and producing more chains at the same rate.7

High-frequency, low-intensity ultrasound has been
used for following the course of polymerization reac-
tions8 and for monitoring conformational changes in
polymers.9

The viscoelastic properties, optical properties, and
thermal properties of poly(methyl methacrylate)
(PMMA) synthesized by conventional methods have
been reported in the literature.10–15 Still, a complete
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thermal study on poly(methyl acrylate) (PMA), in-
cluding the thermal diffusivity (�), �, the specific heat
capacity (Cp), and the thermal expansion is lacking.
Therefore, we report here our measurements on the
aforementioned properties for the study of electrically
conducting polymers. The photoacoustic (PA) tech-
nique is the simplest tool for studying the electrical
conductivity and � values of polymers. Also, e mea-
surements are possible with this technique, and such
studies are in progress for vinyl monomers.

The heat-transfer properties of polymer PMA (syn-
thesized with an added initiator and very low power
ultrasound) are reported here.

EXPERIMENTAL

Preparation and characterization of PMA

A solution of methyl acrylate (MA) and initiator
PDS was prepared and then was characterized by
bromometry16 and iodometry after the initial clean-
ing and purification of the materials and the appa-
ratus.

Polymerization was performed in a thermostable,
double-walled metallic cell of an ultrasonic inter-
ferometer, which could provide ultrasound at a fre-
quency of 1 MHz (with a measured power of 0.7
mW/cm2) continuously to the reaction solution. MA
(0.1M) was mixed with PDS (0.01M) in a ratio of 8:2
(the total volume was 10 mL) in a thermostable cell,
and water was circulated through the outer jacket of
the cell with a thermostat maintained at 30°C (with
an accuracy of � 0.1°C). The total volume of the
reaction contents in the cell was 10 mL. Ultrasound
of a predetermined frequency and intensity was
continuously passed through the solution for a pe-
riod of 45 min. Exactly at the end of 45 min, the
reaction mixture was poured into pure methanol for
precipitation. After a precipitation interval of 48 h, a
semicrystalline, solid, semitransparent, noncon-
ducting polymeric material (PMA) was obtained in
the solution. The solid mass was filtered with a
0.45-�m filter and was washed with distilled water
and dried under atmospheric air.

After the sample was prepared, the basic character-
ization was performed as follows.

Density (�) measurements

The � value of the PMA sample was determined by
a floatation method with a mixture of p-xylene (�
� 856 kg/m3) and carbon tetrachloride (CCl4; �
� 1590 kg/m3). p-xylene and CCl4 were used be-
cause they are miscible and have very different �
values. In a beaker, about 10 mL of CCl4 was placed,
and a PMA sample was added to this liquid; the
mixture was stirred gently. The PMA sample was
observed to determine if it completely sank or

floated on the surface. If � of the solution was equal
to that of the sample, then it floated in the middle
(level in the beaker) of the solution; that is, it neither
sank nor floated. This liquid was placed in a specific
gravity bottle for � measurements. Thus, � of the
PMA sample was found to be 1187 kg/m3.

Because the exact number of repeat monomer units
of PMA is not known, this floatation method is ideal
for � measurements.

Differential scanning calorimetry (DSC)
measurements

Even though the specific heat of the PMA sample could
be measured with the method of mixtures, an accurate
way of the estimating specific heat was DSC. DSC mea-
surements from 20 to 110°C are shown in Figure 1. At
47.33°C, there was a maximum heat flow of 1054 J/kg.
The area enclosed by this graph of the flow of heat
versus the temperature provided the enthalpy. Taking
two such temperature intervals, T1 and T2, we could
determine enthalpies H1 and H2 with the graph. The
change in the enthalpy, at a constant pressure, provided
the internal energy (U). From the DSC spectrum, Cp of
the PMA sample was determined as follows:

Cp � ��U
�T�

P

(1)

where T is the absolute temperature and p is constant
pressure.

Cp was found to be 101.72 J kg�1 K�1.
Cp of the PMA sample was also determined by the

method of mixtures with Sinclare’s apparatus, the
maximum accuracy being obtained with Barton’s ra-
diation correction. The Cp value obtained with this
method (101.92 J kg�1 K�1) agreed well with the DSC
measurement.

The purified PMA was sliced into thin wafers with
a maximum size of 2 mm � 2 mm � 0.45 mm. The
sample was then ready to be investigated by the PA
technique.

PA measurements

The principle of PA spectroscopy is that a fraction of
incident chopped optical radiation, absorbed by a
sample, raises the molecules of the sample from the
ground electronic state to the excited electronic state
and these excited molecules relax to the ground state
through nonradiative de-excitation (i.e., periodic heat
emission). This periodic heat emission produced in the
sample is diffused through an air medium in front of
the sample. This temperature variation produces a
variation in the pressure in the sample, which is de-
tected as an acoustic signal by a microphone. Al-
though the effect has been known for over a decade,
there has been increased interest in it recently both in
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theoretical and experimental studies,17,18 particularly
with respect to electrically conducting polymers. PA
measurements for the determination of �, �, Cp, and e
for both vinyl and conducting polymers of different
molecular weights are of interest to researchers.

The PA spectrometer for the thermal studies was set
up with a xenon lamp (450 W; Spex, Brookhaven, Inc.,
New York, UK), a monochromator (100–1000 nm;
Spex), an electromechanical chopper, a PA cell (model
601-1, EG&G), a condenser microphone, a lock-in am-
plifier (model 7225, EG&G), and a digital storage os-
cilloscope (DSO; 20 MHz; Gould, Brookhaven, Inc.).

For our experiments, the PA cell was made from an
airtight glass funnel with a stem diameter of 0.8 cm
and a length of 3.0 cm with a perfect internal lamp
black coating that prevented any leakage of the acous-
tic signal. The purified PMA wafer was placed inside
this cell, and the condenser microphone was placed
very close to the sample but was not touching it. The
light absorbed by the PMA sample generated thermal
waves, and then the sensitive condenser microphone
detected the acoustic waves. The weak signal was fed
into the lock-in amplifier for amplification and also
into the DSO. The frequency of the chopper could be
varied from 15 to 100 Hz. This experimental setup is
shown in Figure 2.

RESULTS AND DISCUSSION

The PA spectra of the PMA sample were recorded in
the following two ways.

Depth profile analysis

The wavelength was fixed, and the chopping fre-
quency was varied. The data are plotted in Figure 3.

Figure 3 shows that when the chopping frequency
was varied for the opaque PMA sample, there was a
peak around 20 Hz. This was the point at which the
PMA sample changed from being thermally thin to
being thermally thick; that is, the PA signal varied as
the reciprocal of the frequency with the chopping
frequency after this peak as required for a thermally
thin sample.19,20 This frequency is called the charac-
teristic frequency (fc), and we estimated it to be 20 Hz
for this PMA sample.

Because the PA signal amplitude was measured
through the tracing of the waveform obtained in the

Figure 1 DSC spectrum of PMA.

Figure 2 Schematic diagram of the PA experimental setup.
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DSO, the experimental error was �2%, and so the
peak was as shown in Figure 3.

� was then calculated as follows:

� � fc12 �m2 s�1� (2)

where l is the thickness of the sample.
Knowing Cp, �, and � of the sample, we could

calculate � and e as follows:

� � ��Cp�W m�1 K�1) (3)

e � ���Cp�W s1/2 m�2 K�1) (4)

where � is thermal conductivity.

Wavelength scanning

The chopping frequency was fixed, and the wave-
lengths were varied. The spectrum is given in Figure
4. The nature of the curves confirms that PMA was a
thermally nonconducting polymer.

Figure 4 Dependence of the PA signal amplitude on the wavelength.

Figure 3 Dependence of the PA signal amplitude on the frequency.
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The curves were analyzed for �, �, and e, and the
results are given in Table I.

As mentioned earlier, no such thermal measure-
ments have been reported in the literature for PMA.
To justify these PA measurements, we report here the
available thermal measurements for PMMA, poly-
mer/carbon-fiber composites, and an acetal resin ho-
mopolymer obtained by techniques other than the PA
technique (Table I).

� can be obtained as follows:

� � Specific heat capacity

� Density � Thermal diffusivity.

In our measurements, � of the sample was of the same
order as that of typical polymers, but Cp was one order
lower in magnitude and � was one order higher in
magnitude than those of typical polymers. However, �

of the PMA sample was of the same order of magni-
tude as that of typical polymers.

The orders of magnitude for � and e for the PMA
sample were the same as those of PMMA and other
similar polymers. This confirmed our measurements
for PMA by the PA method.

Thermal expansion

The thermal expansion coefficient for this PMA
sample was also determined with Fizeau’s method
in the direction of higher symmetry. This method is
an accurate (�0.05% error) optical method for de-
termining the linear thermal expansion coefficient
for metals and alloys by forming interference
fringes. This method was used here for the first time
to measure the thermal expansion coefficient for a
polymer. We used our PMA sample for the mea-
surements. The experimental setup is shown in Fig-
ure 5.

Figure 5 Fizeau’s apparatus.

TABLE I
Thermal Data Obtained for PMA by the PA Technique and from Other Sources

Sample
Thickness
(�g/�m)

fc
Hz � (m2 s)

�
(W m�1 K�1)

e
(W s1/2 m�2 K�1) Reference

PMA 300 20 1.8 � 10�6 0.2173 161.98 This work
PMMA 0.40 — — 0.16 — 21
Polymer–carbon

fiber composites 175 — 25 � 10�6 — — 22
Acetal resin

homopolymer 5000 — — — 492 23
PMMA acrylic — — — 0.17 — 24
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Fizeau’s apparatus

AB and AF were two optically plane glass plates
whose ends were tied together at one end A. Hence,
these two glass plates formed an air wedge between
themselves. The other end of the AF plate rested on a
carbon rod RR. This carbon rod actually had two
segments, RR� and RR�, and between the segments,
the sample was placed as shown in Figure 5. The PMA
sample was heated to a steady temperature through
the passage of an electric current through the coil of
wire CC wound around carbon rod RR. The polymer
expanded, increasing the angle of the air wedge, and
so the fringe width (�) decreased. The linear expan-
sivity of the polymer depended on the rise in the
temperature:

Linear expansivity

�
Increase in length

Initial length � Rise in temperature (5)

With Fizeau’s experimental technique, the increase in
the length of the PMA sample was calculated from the
original length (0.3 mm) of the PMA sample. The
height of the air wedge (h) was calculated as follows:

h �
L�

2�
(6)

where L is the length of glass plate AB and � is the
wavelength of light. In the experimental setup, a 0.3-
mm-high PMA sample with a 2 mm � 2 mm square
base was used. The measurements are shown in Table
II. The average thermal expansion coefficient at 45–
75°C for the PMA sample was 75.61 � 0.03 � 10�6/°C.
The literature value for the thermal expansion coeffi-
cient for PMMA was 70 � 10�6/°C.24 Proper correc-
tions for the expansion of the carbon rod were carried
out.

CONCLUSIONS

To the best of our knowledge, PA measurements for
PMA (obtained by ultrasonochemical polymerization)

with respect to its thermal properties have been re-
ported here for the first time. To check the correctness
of the Cp value measured by DSC, we adopted the
method-of-mixtures technique, and the two values
agreed well. The thermal expansion coefficient for the
PMA sample was determined with Fizeau’s method to
an accuracy of �0.05% and has been reported here for
the first time. The calculated thermal expansion coef-
ficient for the PMA sample was of the same order as
the already reported value for PMMA. These results
for PMA are the first in the literature. We are also
continuing our efforts in reporting similar results for
other nonconducting polymers.
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TABLE II
Evaluation of the Thermal Expansion Coefficient

of PMA by Fizeau’s Method

Trial
Temperature

(°C)

Thermal expansion
coefficient � 10�6

(°C)

1 45 72.31
2 55 77.38
3 65 73.23
4 75 79.53
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