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Abstract Poly(methyl methacrylate) films were prepared
by dissolving the polymer in chloroform, toluene and tet-
rahydrofuran, with identical concentrations of 200 mg/mL,
and drop casting the solutions on Teflon surface at room
temperature. The thermal, thermomechanical and structural
properties have been investigated by differential scanning
calorimetry, dynamic mechanical analyzer, and Fourier
transform infrared spectroscopy, respectively. The dynamic
mechanical behavior of the films has been measured over a
temperature range of 30-150 °C, using sinusoidal stress
with a frequency of 2 Hz. The samples prepared from
tetrahydrofuran showed the highest storage modulus,
indicating a higher polymer chain entanglement in that
solvent, whereas the samples prepared from chloroform
showed the lowest storage modulus. The samples prepared
from chloroform, which showed the weakest mechanical
properties, also showed the lowest glass transition tem-
perature, which is evidence of the plasticization and
solvent retention mechanism of chloroform. The spectro-
scopic analysis confirmed the solvent-polymer interactions
giving rise to the above mentioned effects.
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Introduction

Poly(methyl methacrylate) (PMMA) is a wide spread
thermoplastic polymer commonly employed as the main
component of positive resists for both electron and UV
photo-lithography [1, 2], as well as an imprintable material
for soft lithography by hot-embossing [3]. Owing to its
excellent transparency in the visible part of the electro-
magnetic spectrum PMMA is widely used in optical
applications especially as a matrix for non-linear optical
composite materials, as well as in microelectronics, food
packaging, pharmaceutical products, dentistry, and cos-
metics [4, 5].

PMMA samples casted from solutions of different sol-
vents have been extensively studied in the literature, in
order to elucidate how the solvent affects the polymer.
Bistac and Schultz [6] considered the effect of chloroform
and toluene on the temperature of the o-relaxation for bulk
PMMA and drop casted films, explaining the difference as
an acid-base interaction between the basic sites of PMMA
and the acidic character of the solvent. Feng et al. [7]
applied an ultrasonic field to nascent PMMA films obtained
by drop casting, and found that the ultrasonic vibration
decreases the amount of residual solvent in the film to one-
twelfth of the value which occurs by spontaneous evapo-
ration. Other studies focused on the effect of dimethyl
formamide and tetrahydrofuran (THF) on the miscibility in
the liquid phase between PMMA and polyvinyl chloride at
different relative concentrations [8], and the effect of sol-
vents on the morphology of films prepared by either laser
evaporation [9] or drop casting [10].

However, little information is reported in the literature
about the thermomechanical behavior of PMMA obtained
on solvent evaporation from casted concentrated solutions
of PMMA.
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In this study, PMMA samples produced from different
solvents were investigated experimentally. The studied
solvents are chloroform, toluene, and THF, which were
selected based on their widespread use. The techniques
used for sample characterization were differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA),
and Fourier transformed infrared spectroscopy (FTIR),
which allowed the examination of thermal (i.e., glass
transition temperature), thermomechanical (i.e., storage
modulus, loss modulus, creep, and stress relaxation), and
structural properties of the samples (i.e., bonding type and
occurrence), respectively.

Materials and methods

PMMA of M,, ~120 kg/mol in powder form, toluene,
chloroform, and THF of analytical grade were purchased
from Sigma-Aldrich (Milan, Italy) and used without further
purification. The PMMA powder was first dissolved in
three-different solvents considered, with the same
PMMA wt/vol concentration of 200 mg/mL. The mixture
was shaked at room temperature until the polymer
appeared to be completely dissolved and the resulting
solution looked optically clear. The PMMA samples for the
DMA measurements were prepared by drop casting the
PMMA solutions onto clean Teflon surfaces. More pre-
cisely, a Teflon sheet of approximately 27 x 32 mm?
surface area was completely covered by the solution, by
dispensing it until wetting the entire surface. Typically, a
solution volume of ~1.3 mL was required to this goal.
After drying, the anti-sticking property of Teflon allowed
to remove the PMMA film, from which the outer edges
were first cut off, and which was then cut into five pieces of
approximately 6 x 12 mm? surface area to be used for the
DMA measurements. These pieces had a thickness of
~0.25 mm as measured by a digital micrometer (Mitutoyo
USA), which did not change significantly on storing them
at room temperature for 15 days since preparation for best
solvent removal. In the following, the PMMA samples
produced from solutions of different solvents will be
termed shortly as PMMA/solvent.

The DSC measurements were performed by Pyris Dia-
mond SII (Perkin-Elmer, USA), by scanning the tempera-
ture from 20 to 150 °C with a ramping rate of 10 °C/min,
operating in a nitrogen atmosphere at a flow rate of
20 mL/min. The DSC instrument was calibrated using
indium as the standard material. The amount of sample was
about 10 mg in all the experiments, and each temperature
scan was repeated for six successive cycles.

The DMA measurements were performed by Q800 (TA
Instruments, USA), with apparatus compliance of less
than 0.2 um N™' as determined by a prior instrument

calibration in tension mode. The tests were carried out in
tension mode, using sinusoidal stress with a frequency of
2 Hz and amplitude of 5 pm. The temperature was ramped
from 30 to 150 °C at a ramping rate of 5 °C/min. From the
measurements, we could determine the storage modulus E,
that describes the elastic response to the deformation, the
loss modulus E” that describes the plastic response to
the deformation, and the ratio tand = E”/E’, a measure of
the damping behavior responsible for determining the
occurrence of molecular mobility transitions such as the
glass transition.

Isothermal creep test were also carried out in tension
mode at constant temperature of 30 °C and maintaining a
constant load of 2 MPa for 10 min during the displace-
ment, whereas the subsequent recovery period after load
removal was 20 min long. Stress relaxation measurements
were performed at constant strain of 0.02% for 10 min,
starting from an initial load of 0.001 N.

The FTIR spectra were acquired by VERTEX 70
(Bruker, USA), in the range of 400-4000 cm~'. The
samples were analyzed in attenuated total reflection con-
figuration, with an aperture diameter of 3 mm and a
spectral resolution of 4 cm™'. For an optimal signal-to-
noise ratio, 50 scans were averaged per sample spectrum,
and apodized by applying the Blackman-Harris 3-term
correction for the Fourier transformation. The interfero-
grams were corrected using a zero-filling factor of 2. All
the spectra were baseline-corrected by third-order polyno-
mial and were normalized thereafter.

Results and discussion
Thermal behavior

Figure la shows the DSC heating curves of six cycles for
the as received PMMA powder, vertically shifted with
respect to each other for the sake of clarity, from the
bottom to the top. A wide endothermic peak appears in
the first heating cycle at ~72 °C. This peak can be
ascribed to water absorbed by the PMMA because of the
hygroscopic nature of the material; as expected, it dis-
appears in the subsequent heating cycle, due to the release
of the adsorbed water moisture. In all the six curves, a
peak corresponding to the glass transition temperature
(Ty) of PMMA appears, which starts from 7, ~98.2 and
undergoes a slight increase on the subsequent cycles of up
to AT, ~4.2 °C, probably approaching a plateau since the
amount of increase on the successive cycles is progres-
sively decreasing. This effect is due to the condensed
structure of the polymer, which spontaneously reassem-
bles into a slightly more stable configuration after each
heating cycle.

@ Springer
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Fig. 1 DSC curves acquired in
six successive heat-exchange
cycles, for a as received PMMA
powders, and PMMA films
prepared from the different
solvents considered:
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One common feature of all the PMMA/solvent mea-
surements (Figs. 1b—d) is a significant difference in T,
between the first DSC scan and the subsequent ones, which
is not the case for the PMMA powder in Fig. la. The first
possible reason for this is that the structure of the con-
densed state of the polymer is affected by the interaction of
its molecules with the solvent molecules used in the ori-
ginal liquid phase. A second reason can be the presence of
residual solvent in the dried polymer. A third reason can
finally be that during solvent processing the polymer chains
become distorted. Accordingly, it is evident that the com-
patibility of the solvent with the particular polymer plays
an important role.

In Fig. 1b the same curves are shown for the PMMA/
chloroform sample. The glass transition temperature
appearing in each heating cycle of Fig. 1b is the lowest (at
same cycle number) among all the four cases considered
here (Fig. la: PMMA powder, Fig. 1c: PMMA/toluene,
Fig. 1d: PMMA/THF). The lowest starting T, observed on
the first cycle (T, ~ 57.2 °C) and the overall low increase
in T, during the subsequent cycles in Fig. 1b
(AT, ~ 8.5 °C) are due to the strong interactions between
the PMMA macromolecules and the CI atoms of chloro-
form. This clearly indicates the presence of residual solvent
inside the polymer, which did not evaporate from the
sample at room temperature, as it would probably be the
case with more volatile solvents. It is reasonable to think
that on performing the DSC cycles, during heating at the
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highest temperatures chloroform molecules occluded inside
the PMMA film are activated, and chlorine atoms react
with polymer macro radicals trapped in the solid polymer
matrix with restricted molecular mobility, finally escaping
from the polymer cage.

In Fig. lc the DSC analysis of a PMMA/toluene sample
is presented. Similar to PMMA/chloroform (Fig. 1b), the
first cycle exhibits a glass transition at much lower tem-
perature than PMMA powder (T, ~ 60.7 °C), with a
subsequent low increase (ATg ~ 6.5 °C). In addition, in
the first curve some more features appear at much higher
temperatures (~ 140 °C). These features are weak and
irregular shaped, and are probably due to the relaxation of
internal stresses in PMMA occurring on removal of most of
the residual solvent during the first heating cycle. Both
these features and the weaker increase in T, between the
subsequent scans are probably associated with a weaker
interaction between residual toluene molecules and PMMA
with respect to the case of chloroform. This result is sup-
ported by the value of R, distance of PMMA from the
different solvents in the Hansen space of solubility
parameters [11, 12], which is larger for toluene
(~10.7 MPaO'S) than for chloroform (~ 7.8 MPaO'S).

Finally, In Fig. 1d the results of similar measurement on
a PMMA/THF sample are shown. Compared to the
PMMA/toluene sample (Fig. 1c) exothermic irregular
features appear also at high temperature in the first heating
curve, even though less marked. The starting T, is also
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lower than for PMMA powder (T, ~ 59.5 °C). However,
the subsequent increase is much higher than for chloroform
and toluene (AT, ~ 27.2 °C), even if still quite lower than
for the PMMA powder (final PMMA/THF T, ~ 87.7 °C
instead of final PMMA powder T, ~ 102.4 °C, and also
lower than the initial PMMA powder T, ~ 98.2 °C). This
means that the lowering effect of the solvent on the T, of
PMMA is weaker for the less volatile and polar solvent
(i.e., THF with respect to both chloroform and toluene).

Dynamic mechanical behavior

DMA results are expressed by three main parameters,
namely the loss modulus E” that describes the plastic
response to the deformation, the storage modulus E’, that
describes the elastic response to the deformation, and the
ratio thereof, tand = E'/E’, a measure of the damping
behavior responsible for determining the occurrence of
molecular mobility transitions such as the glass transition.

In Fig. 2a the storage modulus E' decreases monoto-
nously with the temperature for all the PMMA samples.
The intermediate 70-90 °C region where E' decreases
most drastically is obviously related to the PMMA tran-
sition from the glassy to the rubbery state. However,
among the PMMA/solvent samples, at each temperature in
the transition region E' is lowest for PMMA/chloroform
(black curve), highest for PMMA/THF, and intermediate
between the two for PMMA/toluene. In particular, the
relative difference between PMMA/THF and PMMA/tol-
uene is moderate, with a maximum of +0.2 GPa (4+25%)
for THF at ~77 °C, whereas PMMA/chloroform performs
significantly worse from a mechanical point of view, with
a maximum difference with respect to PMMA/toluene of
—0.56 GPa (—44%) at ~73 °C. Obviously the solvent has
a strong effect on the elastic properties of the PMMA. The
difference in storage modulus E' is marked around the
glass transition and is roughly proportional to the polar
nature of the solvent, as this determines the solvent ability
to hold the polymer chain intact around this critical
temperature.

In Fig. 2b one can see that the loss modulus E of the
PMMA samples undergoes an increase for all the solvents
at intermediate temperatures, and reaches a maximum
immediately below the T, values observed in Fig. 1. On
further temperature increase, E” decreases rapidly towards
zero, as the highest temperatures are in all cases well above
the respective T,,. At the maximum, the E” values are even
higher than at room temperature, providing an increase
with respect to the starting cycle temperature of +1% at
78.3 °C, +9% at 71.8 °C, and +19% at 79.2 °C for chlo-
roform, toluene, and THF, respectively. Again, the highest
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Fig. 2 Variation of a storage modulus E' b loss modulus E”, and
¢ damping factor tand as a function of the temperature for PMMA
film prepared from different solvents

enhancement is obtained for THF, which also occurs at the
highest temperature.

Figure 2c finally shows the variation of tand as a function
of the temperature for the PMMA films obtained from dif-
ferent solvents. The peak in the tand curves for toluene and
THF appears at significantly higher temperatures with
respect to the case of chloroform, which means that, as
already observedin Fig. 1, the PMMA T for these samples is
less shifted to lower temperatures. The reason is probably a
hindering of molecular motion due to stronger bond forma-
tion, steric hindrance, and end group rotation. Furthermore, it
is found that the value of tand around the 7, region of
maximum slope on the low temperature side of the peak is
lower for the PMMA/THF and PMMA/chloroform samples
with respect to the PMMA/toluene, and the curves broaden in
the vicinity of the peak. Finally, at the highest temperatures
the tand values are noisy and affected by calculation arti-
facts, since both E' and E"' are quite close to zero and the ratio
tand = E''/E’ is therefore not properly defined.

@ Springer
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Creep behavior and stress relaxation

Figure 3a shows the short-term creep tests performed on
PMMA prepared with different solvents. It is noticed that
the creep compliance is lowest for PMMA prepared from
THF, as expected. On the contrary, creep strain is highest
for PMMA prepared from chloroform and toluene, indi-
cating a softening of the PMMA due to a reduction in
stiffness of the entangled network of the polymer chains.
With PMMA from THF, the creep strain decreases, with
the largest reduction. Overall, the PMMA/THF presents
lower creep strain than both the PMMA/chloroform and the
PMMA/toluene. Of the PMMA tested from different sol-
vents, PMMA/chloroform performed the worst, having the
highest creep strain. The PMMA/toluene provided the
second highest creep strain, and PMMA/THF performed
the best, having the lowest strain. Figure 3a shows the
comparison of the creep compliance for all the samples.
Creep compliance for the different solvents of PMMA is in
the order of THF < toluene < chloroform.

Figure 3b shows the time behavior of the ratio between
the total stress ¢ and the stress due to creep o, over a period
of 10 min, corresponding to the upper level state in Fig. 3a.
This plot describes the short-term stress relaxation occurring
in PMMA prepared with different solvents, and allows
describing the residual elasticity of the material when the
viscous flow is complete. The plots show that the stress-
relaxation modulus o/a, is lowest for PMMA/chloroform
system and highest for PMMA/THF system, which therefore
appear as the less and the most elastic system, respectively.
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Fig. 3 Experimental a creep-recovery compliance and b stress-

relaxation curves of PMMA samples prepared from different solvents,
as a function of the time
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This sequence is the same as observed for the storage
modulus E’ in Fig. 2a. However, in this case at the final time
of 10 min the spacing of both the systems with the PMMA/
toluene one is approximately the same, whereas in Fig. 2a
PMMA /chloroform seems much worse than both PMMA/
toluene and PMMA/THF. Therefore, part of the less desir-
able mechanical behavior of the PMMA/chloroform system
can be assigned to a time dependent transient (see the dif-
ferences between the curves around 5.5 min, more closely
resembling Fig. 2a).

FTIR analysis

Figure 4a—c shows in the main window the room temper-
ature FTIR spectra of the PMMA powder, the bare solvent
(in black), and the PMMA sample prepared from the
solvent.

In the PMMA spectrum the following characteristic
features appear due to the polymer structure: the stretching
peak of C=0 in carbonyl group PMMA at 1725 cm™'; the
peaks of the bend vibration of —-CH, and —CHj group
of PMMA at 1450 and 1388 cm ™', respectively; the peaks
of the stretching vibration of the C-O-C and C-H
group PMMA at 1100-1200 cm™" and 3000-2840 cm ™!,
respectively, [13].

Furthermore, several more peaks can be found due to the
possible different tacticities of PMMA. In particular, the
three absorption peaks at 751, 910, and 1063 cm ™ lare
attributed to the syndiotactic PMMA structure [14]. How-
ever, the steric hindrance of the substituted group -COOCH3;
on the PMMA chain makes the C—C in the end of growing
chain rotate, which is helpful to form syndiotactic and
atactic structures.

Figure 4a shows the FTIR spectra for the PMMA/
chloroform sample. A close-up of the carbonyl band cen-
tered at 1725 cm™ " is shown in the inset. It can be seen that
at 1700 cm ™' a weak shoulder (see arrow) appears inside
the band of the PMMA/chloroform sample with respect to
the PMMA powder. This is due to the hydrogen bonding
contribution directly to the carbonyl fraction. However,
this does not affect the band center position.

Figure 4b shows the FTIR spectra for the PMMA/tolu-
ene sample. In this case, as shown in the inset, close to the
PMMA syndiotactic peak at 751 cm™' two new peaks
appear in the toluene-casted PMMA at ~733 and
~696 cm™ ', as a result of the interaction between toluene
and PMMA. Compared to the original peaks in the toluene,
the peaks in PMMA/toluene are shifted toward higher
wavenumbers, probably due to molecular movement and
group rotation. Furthermore, the PMMA powder band at
2848 cm™' in the figure main window is shifted to
2872 cm™'. This can be a consequence of the steric hin-
drance effect, which is higher for toluene, thus leading to
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Fig. 4 FTIR spectra of the PMMA powder and, for each panel, bare
solvent, and PMMA/solvent sample, for a chloroform, b toluene, and
¢ THF, respectively. The insets show close-up PMMA of peculiar
spectral regions

hindering the molecular interactions inside the PMMA
chains.

Figure 4c shows the FTIR spectra for the PMMA/THF
sample. In this case, as shown in the inset, one new peaks
appear in the THF casted PMMA at ~2920 cm™ ' as a
result of the interaction between THF and PMMA probably
due to methyl moieties being attached by hydrogen
bonding.

The overall knowledge of the thermal and elastic
properties resulting upon use of a given solvent could be of
practical application in smart nanocomposite coatings
based on functional nanocrystals fed into the respective
polymer solutions, which could have consequences both

during manufacturing (e.g., by means of hot-embossing)
and during later operation (e.g., working at high-ambient
temperature or under tough contact wear conditions due to
a high number of operation cycles).

Conclusion

In this study the effect of using chloroform, toluene, and
THEF as the solvent in the preparation of PMMA films drop
casted from concentrated solutions has been addressed. The
thermomechanical properties of the PMMA samples appear
to be strongly influenced by the choice of the solvent used
for the preparation, due to its polarity and to its capability
of forming H-bonds with the polymer. The dynamic
mechanical, creep-recovery and stress relaxation behavior
of the PMMA films prepared from three different solvents
has been studied. Overall, the best performing solvent
appears to be THF for all cases. The optimization of the
thermomechanical properties of these films is of interest in
devices based on nanocomposites, such as organic light
emitting diodes, biochemical sensors or other functional
coatings.
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