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ABSTRACT: Modulated differential scanning calorimetry was used to probe the thermal behavior of
poly(methyl methacrylate) (PMMA) adsorbed onto silica from solution and subsequently dried. Changes
in the glass transition were studied as a function of the adsorbed amount and solvent system used to
deposit the polymer. The glass transition temperature (Ty) of PMMA was found to increase from 108 °C
for the bulk polymer to 136 °C for the polymer adsorbed on silica from toluene (1.0An). For the polymer
adsorbed at approximately half that amount (0.6An), the glass transition temperature increased to 158
°C. The breadth of the transition also increased from 11 °C for bulk to 61 and 58 °C for the 1.0A, and
0.6An samples, respectively. When PMMA was adsorbed from a mixed solvent system (5:1 benzene/
acetonitrile solution), the transition temperature and its breadth increased even further. For a sample
with 0.5A, adsorbed amount from the mixed solvent system, the Ty was increased to 167 °C and the
width of the transition was increased to 65 °C. The change in thermal behavior was attributed to polymer
chain confinement, resulting in a distribution of segmental mobilities different from that of the bulk
polymer. Upon aging for 328 days from the original analysis date, the polymer chains in the 0.6A,, sample
adsorbed from toluene rearranged, resulting in thermal behavior which was more like that of the 0.5An,
sample adsorbed from the mixed solvent system.

Introduction

The number of studies of thin polymer films has
increased in recent years,» 15 and their findings have
taken on more significance as technological devices
incorporate the use of thin polymer-containing films. An
understanding of the interaction between the polymer
and substrate is especially needed as the thicknesses
of the films approach molecular dimensions. In polymer-
coated materials, thin layers may constitute only a small
volume or weight fraction of the system studied, but
they may have a significant impact on the behavior of
the system.6 Very sensitive instrumentation is needed
for characterization of such small components.

Some techniques used to examine bound-polymer
behavior are sensitive to segmental dynamics (or mo-
lecular motion) in the film such as electron spin
resonance (ESR),121718 nuclear magnetic resonance
(NMR),34 and dielectric measurements.® Other tech-
niques are used to relate the local structure or thickness
changes in the polymer layer, such as positron lifetime
spectroscopy,>® spectroscopic ellipsometry,”8 X-ray,10.11
and neutron!?13 reflectometry. Even though various
studies have attempted to characterize polymer thin
films, the effects resulting from the interactions between
the polymer and the substrate are still not sufficiently
understood.

The above studies showed that polymer/substrate
interactions and film thicknesses could significantly
change the characteristics of polymer films. It may be
that, in addition to the different polymer/substrate
interactions, the different experiments themselves may
be sensitive to different attributes of the polymer/
substrate system. Although several techniques have
been used to study these films, uncertainty still remains
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about how adsorbed amounts influence polymer mobil-
ity. Therefore, it is valuable to conduct additional
studies and explore other methods for determining the
onset of large-scale segmental motion (which we use as
our working definition of the glass transition temper-
ature).

Differential scanning calorimetry (DSC) is the most
widely used method for studying the T of bulk polymer
systems.1® Until recently, typical laboratory instrumen-
tation was not sensitive enough to adequately resolve
the thermal transitions of very thin films. Temperature-
modulated DSC (MDSC) is a modified version of regular
DSC which uses an oscillatory heating ramp that results
in increased instantaneous heating rates.!®2° This
change in heating rates, combined with other enhance-
ments, can increase the instrument’s sensitivity so that
it can be used to characterize very thin films.

This paper reports the use of modulated differential
scanning calorimetry to examine the glass transition
behavior of poly(methyl methacrylate) adsorbed on
silica. We varied the amount of polymer adsorbed, as
well as the solvent from which the polymer was ad-
sorbed, and found that the glass transition region
increased with decreased coverage. To our knowledge,
this is the first reported analysis of such very thin
polymer films using DSC.

Experimental Section

Adsorption. Atactic PMMA was obtained from Aldrich
Chemical, Milwaukee, WI. From 3C and *H NMR analysis,?*
the polymer was estimated to have 50% rr, 40% mr, and 10%
mm triads. The My, was 90 kg/mol, and the polydispersity was
1.5, as measured in our laboratory using gel permeation
chromatography in tetrahydrofuran. PMMA solutions of vari-
ous concentrations were prepared using either toluene or a
5:1 benzene/acetonitrile (v/v) solvent system. After dissolution,
the solutions were allowed to equilibrate with known quanti-
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Figure 1. Adsorption isotherm for PMMA (M,, = 90 kg/mol,
PD = 1.5) adsorbed onto silica from toluene and dried. The
arrows indicate the samples from this solvent system which
were analyzed with MDSC and reported in this study.

ties of amorphous fumed silica (M-5 grade, Cabot Corp.,
Tuscola, IL) which was heat-treated at 400 °C for at least 12
h. The nonporous silica had a surface area of 200 m?/g. The
samples were shaken in a mechanical shaker for 48 h at 22
°C. Initial and steady-state solution concentrations were
determined gravimetrically after drying a known volume of
the supernatant solution. The adsorbed amounts were calcu-
lated from the changes in the concentration before and after
adsorption. The adsorbed amounts of polymer in several
samples, which were checked, were close to those measured
using thermal gravimetric analysis, with an experimental
error of 7% or less. The treated silica was centrifuged and
rinsed three times with the appropriate solvent system to
remove any excess polymer (beyond a monolayer in the
dispersion) present. The PMMA/silica samples were then dried
under vacuum at 70 °C for 12 h and stored in a desiccator
until used.

Characterization. A TA Instruments model 2920 MDSC
(New Castle, DE) was used to thermally analyze the coated
silica samples. The reference pan was loaded with roughly the
equivalent amount of silica as was in the sample pan to
emphasize the thermal behavior of the adsorbed polymer. The
heat flow curves were normalized to the mass of the polymer
only and not to the mass of the total sample. Two heating scans
and one cooling scan were taken from 25 to 240 °C, at a rate
of 2.5 °C/min, a modulation amplitude of +1 °C, and a period
of 60 s. The total run time per sample was approximately 4 h.
The mass of the sample was approximately 7—8 mg, and the
cell was purged with nitrogen gas at 50 mL/min during the
scans.

The second heating scan was used to determine the glass
transition data from the reversing heat flow curves so that
all of the samples were subjected to a similar thermal history.
The reported T4 was found by using the half-height temper-
ature of the transition step. Ty values from at least two
separate experiments were averaged for the bulk and all
surface samples. A difference of no more than +2 °C was
observed for experiments performed on different samples of
the same material. The thermograms shown in the figures
were purposely shifted vertically on the heat flow axis to aid
in comparing the transitions of the different samples. The
behaviors of the samples in the plateau region were basically
independent of the sample studied.

Results and Discussion

Coverage Effects. Figure 1 shows the adsorption
isotherm from gravimetric data for PMMA adsorbed
onto silica from toluene. The plateau region revealed
that the maximum adsorbed amount (defined as 1.0An,
coverage) was approximately 0.80 mg/m2. This value
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Figure 2. MDSC thermograms (rate = 2.5 °C/min, amplitude
= +1 °C, period = 60 s) of PMMA in bulk and adsorbed onto
silica. Thermograms are from (a) bulk PMMA, (b) 1.0An, and
(c) 0.6Am coverage. The arrows show estimates of the center
of the transitions. The positions on the vertical axis are shifted
to distinguish between the different curves.

was comparable to those found in other PMMA adsorp-
tion studies that used thermodynamically poor solvents.
In these studies, the maximum adsorption amounts
ranged from 0.6 to 1.5 mg/m?2.1722-25 The adsorption at
lower coverages was reported relative to this maximum
amount (1.0An) using the isotherm values. Data points
from TGA experiments that corresponded to the samples
that were subjected to thermal analysis were also
included in the isotherm. On the basis of the difference
between the isotherm values and the TGA data, we
estimated the error for the different coverages to be
roughly +0.1A. An adsorption isotherm was not mea-
sured for the mixed-solvent system. For this system,
concentrations believed to yield plateau coverages were
used to prepare the adsorbed samples.

The thermograms for PMMA in bulk and on silica
(1.0An and 0.6An) are shown in Figure 2. The glass
transition temperature for bulk PMMA was about 108
°C, and the Ty span from the onset to the end was about
11 °C. These values are close to the accepted values?®
for atactic PMMA using the standardized heating rate
of 10 °C/min (105 and 10 °C for the transition’s midpoint
and breadth, respectively).

The T4 for the adsorbed polymer, approximately 136
°C at saturation coverage in toluene (1.0An), was higher
than that of bulk. The temperature span associated with
the transition broadened significantly to about 61 °C
for the 1.0A,, sample (Figure 2). The glass transition
temperature increase for the 0.6An, coverage was even
higher, at about 158 °C, and had roughly the same span
as the 1.0A, sample (approximately 58 °C). These
results are summarized in Table 1.

Polymer composites,?6=28 polymer blends,?%3° and
interpenetrating polymer networks3! have also been
known to show trends similar to that reported here in
the glass transition behavior when compared to bulk.
Pallikari-Viras et al.?® have shown a broader and
increased T4 in PMMA/gel silica glass composites using
regular DSC. They reported a T4 span of 35 °C for bulk
that increased to 60 °C for the composite which was
centered 60 °C higher than bulk. Dynamic mechanical
studies by Tsagaropoulos and Eisenberg?® found that
various filled polymers exhibited a second thermal
transition peak for polymer regions that were reduced
in mobility. These glass transitions were found at higher
temperatures and were broader than their correspond-
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Table 1. Glass Transition Data (in °C)for Bulk and
Surface-Adsorbed PMMA

glass transition  transition transition  width of
sample temp? onsettemp endtemp transition
bulk 108 103 114 11
1.0AnP 136 106 167 61
0.6Am° 158 129 187 58
0.5Am¢ 167 134 199 65
0.6An¢ 164 138 190 52

a Defined as the temperature associated with the half-height
of the transition. ® Adsorbed from toluene, 1.0An, corresponds to
0.80 mg/mZ. ¢ Adsorbed from 5:1 benzene/acetonitrile solution.
d Aged sample from toluene (328 days from original analysis date).

ing bulk values. In these studies no attempt was made
to focus on the behavior of the initial (primary contact)
layer.

While the above studies did not focus on a molecularly
thin film, other spectroscopic studies have. Keddie et
al.” used ellipsometry to study PMMA spin-coated onto
native oxide silicon and found that T increased slightly
as the thickness decreased. Grohens et al.® also used
ellipsometric techniques to analyze glass transition
differences of stereospecific PMMA films on silicon and
aluminum. For both surfaces they found that thin films
of isotactic and atactic PMMA have a higher T4 com-
pared to bulk whereas syndiotactic PMMA films have
a lower Tq. Wu et al.'?13 using neutron reflectivity found
amore pronounced increase in the T4 of PMMA on silica.
While they attempted to interpret their data in terms
of a two-state model, they speculated that a broader
distribution might be possible. All of these authors
attributed their findings to strong interfacial interac-
tions. The increase in glass transition temperature we
found was consistent with those studies cited above, but
the magnitude of the increases in Ty and its breadth
were much greater in our study. This difference may
be due to the following reasons: (i) A recent study by
Kahle et al.®2 showed that the index of refraction of
silicon is temperature dependent. Inclusion of the tem-
perature-dependent index may somewhat alter the
values Ty estimated from ellipsometry. (ii) In the ellip-
sometry and neutron analysis, a linear relationship
between the measured thickness and temperature was
assumed before and after Tyg. The Ty values were
basically determined by the intersection of two lines. Our
MDSC data clearly show that the heat capacity changes
over a broad range of temperatures, which, we believe,
result from a distribution in segmental mobility. This
effect should also be present in the ellipsometry data,
but it may be masked because of the inflection and
uncertainty in the ellipsometry data. Presently, it is
unclear whether the inflection point measured by ellip-
sometry correlates with the onset of large-scale seg-
mental motion for some portion of the sample or the
whole sample.

When a homopolymer is adsorbed onto a substrate,
it is expected to assume a configuration that is composed
of trains, loops, and tails.33 The trains are the segments
that are in direct contact with the surface. Loops and
tails are comprised of segments, which dangle away
from the surface. Two trains terminate the loops,
whereas the tails are bound only at one end. Taking the
configuration of the polymer and a limited number of
surface sites into account, the relative number of trains
would be expected to decrease with increased adsorbed
amounts. At lower surface coverages, the polymer would
be expected to take on a flatter configuration because
of the increased relative number of contacts.
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As a glassy polymer becomes rubbery, the onset of
longer-range segmental motions becomes evident. For
adsorbed polymers that are attracted to the surface
(such as PMMAV/silica), those segments closer to the
surface are anchored and have less mobility compared
to those further away. For PMMA on silica, we expect
that the onset temperature was indicative of the onset
of long-range motions for the regions in the film that
were least restricted (i.e., loops and tails). The end
temperature would be indicative of the more restricted
regions (trains or segments near the trains), requiring
increased thermal energy to become mobile.

Previous studies have shown that the glass transition
temperature can increase and broaden due to polymer
chain confinement that results from intermolecular
interactions,?’:3* in particular, hydrogen bonding.3536
Since it is known that the adsorption mechanism for
PMMA on silica is through hydrogen bonding,26:36:37 it
is reasonable that the Ty elevation was the result of
segmental restrictions due to some of the segments
being bound to silica. Flatter configurations from lower
adsorbed amount samples'* had fractionally more re-
strictions and a higher Tg.

Our findings are also consistent with previous studies
using deuterium NMR on poly(methyl acrylate) (PMA)
on silica. Lin and Blum* found that a distribution of
mobilities existed in the adsorbed polymer layer. At all
of their surface coverages, a small amount of material
with enhanced mobility was observed with an onset
temperature of approximately 5 °C below the bulk NMR
Tgy. The majority of the polymer segments had mobilities
that were more restricted or slower than those of bulk.
At a temperature of about 30 °C above the bulk Tg, fewer
than 10% of the polymer segments were estimated to
be rigid on the deuterium NMR time scale. Lin and
Blum proposed that the lower temperature onset was
due to polymer segments near the polymer—air inter-
face. The more restricted segments were assigned as
those segments closer to the polymer—silica interface.
In other words, the interface was graded in terms of
mobility. Since PMA and PMMA should have similar
affinities for silica through hydrogen bonding, it is
reasonable to believe that a graded interface exists in
our PMMA films as well. Since the amount of highly
mobile species would be expected to be small, it is likely
that our MDSC was not sensitive enough to detect these
segments. Thus, primarily what we observed was the
restricted mobility of the rest of the chain segments.

Solvent Effects. Figure 3 shows the thermograms
of 0.6An and 0.5A,, samples of PMMA on silica that
were adsorbed from toluene and benzene/acetonitrile
solvents, respectively. The polymer adsorbed from tolu-
ene had a glass transition of about 158 °C with a span
of roughly 58 °C while the sample adsorbed from the
mixed solvent system had a T4 of around 167 °C and a
span of approximately 65 °C.

The decrease in the maximum amount of PMMA
adsorbed using the cosolvent system resulted from the
interactions between the polymer, solvent, and sub-
strate. The most significant effect was likely due to an
increase in solvent polarity. Though we have not made
detailed studies on the effects of cosolvent systems, it
seems likely that the increased polarity made the
solvent thermodynamically better for PMMA than tolu-
ene. This may have resulted in an increase the polymer
coil size in solution, and, ultimately, a more extended
configuration of the chain at the surface. Then, upon
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Figure 3. MDSC thermograms (rate = 2.5 °C/min, amplitude
=+1 °C, period = 60 s) of 0.6An and 0.5An, coverages of PMMA
adsorbed onto silica and dried which were adsorbed from
toluene and the mixed solvent system, respectively. (a) Ad-
sorbed from toluene, (b) adsorbed from a 5:1 benzene/aceto-
nitrile solution, and (c) aged sample adsorbed from toluene.
The arrows are estimates of the center of the transitions. Their
positions on the vertical axis are shifted to distinguish between
the different curves.

drying from the mixed-solvent system, an even flatter
configuration might be expected. We believe that the
increased number of segmental contacts resulting
from the more flattened conformation restricted the
mobility of the polymer further and, thus, shifted the
Ty to an even higher temperature with slightly more
broadening.

Aging Effects. The thermal behavior of the treated
samples was investigated after they had been aged at
22 °C. The period of aging was 328 and 231 days for
the toluene-cast and mixed solvent-cast samples, re-
spectively, and 336 days for the 1.0A, sample from
toluene. The thermograms for the 0.5A, sample from
the mixed-solvent system and the 1.0A, sample from
toluene did not differ significantly from the earlier runs
and therefore are not shown. However, after aging, the
thermal behavior of the 0.6A;, toluene-cast sample
became more like that of the mixed-solvent sample (see
Figure 3). The Ty of the sample from toluene increased
from 148 to 164 °C, and the transition’s onset and end
point increased from 129 to 138 °C and from 187 to 190
°C, respectively.

Because of the inherent instability of the glassy state,
over time, the physical nature of polymers below their
T4 gradually change toward equilibrium.® In thin films,
the nonequilibrium state of the polymer at the polymer/
substrate interface is also known to contribute to
unstable configurations.®® It is therefore not surprising
that we observed a change in the thermal behavior dur-
ing prolonged times when the polymer chains rear-
ranged themselves to, presumably, more stable configu-
rations. The significant increase in the transition’s onset
implies that the major effect was the reduction of mobil-
ity of the polymer segments at the polymer/air inter-
face. The only slight increase in the end temperature
suggests that the nature of the segments at the polymer/
substrate interface (trains) were not changed much
with time. However, the relative number of more
restricted segments increased with time. Thus, it ap-
pears that more segments in the 0.6A, toluene-cast
sample may have attached themselves to the surface
with age.

Thermal Characterization of PMMA 7019

Blum et al.*® used AFM to show that a saturation
coverage of PMMA on a silicon wafer did not uniformly
cover the surface when adsorbed from toluene. PMMA's
structure appeared to have aggregates of polymer in
some regions of the surface and other regions where the
polymer did not attach. It is likely that similar struc-
tures would exist on a silica surface. Since our 0.6An
sample from toluene would also have these open regions
of unoccupied surface, it is plausible that the polymer
segments rearranged to more stable configurations,
increasing the number of trains. The unchanged behav-
ior of the mixed-solvent-cast sample and the change in
the 0.6 sample from toluene leads us to believe that the
more extended polymer configuration, with more seg-
ments in trains, was more stable than the original
configuration from toluene.

Heating a polymer sample above T4 can often restore
the preaged state of bulk polymer systems;3¢ however,
the behavior of all of our aged samples did not change
significantly upon further heating. We note that there
seemed to be a slight increase in Ty with an increased
time of annealing when our earlier-tested toluene-cast
sample was heated to 240 °C for 24 h. However, the
significance of this trend is questionable since the Ty
values were within our experimental error (not shown).
In any event, the rearrangement of the polymer seg-
ments to their “relaxed” state must be a slow process,
even at elevated temperatures.

Conclusions

We have reported the use of MDSC to characterize
thin films and have shown that the thermal behavior
of these films of poly(methyl methacrylate) on silica
varied as a function of the adsorbed amount and the
solvent used. The glass transition temperatures of the
1.0Am and 0.6A, coverages from toluene increased from
108 to 136 and 158 °C, respectively, compared to that
of bulk. The breadth of the transitions also increased
from 11 °C for bulk to 61 and 58 °C for 1.0A, and 0.6An
coverages from toluene, respectively. The 0.5A, cover-
age from a thermodynamically better solvent system
also showed a Ty increase to 167 °C with a span of 65
°C. We suggest that the increase and broadening in Ty
resulted from segmental confinement of the attached
polymer. In addition, we believe that the increased Ty
results from a broad distribution of polymer mobility
that is consistent with earlier spectroscopic studies.

An aging effect was also observed for the 0.6An
sample from toluene. When the sample was aged for 328
days from the original date of analysis, the T4 increased
to 164 °C and its breadth changed to 52 °C. At long
times, it seems as though the polymer chains rear-
ranged themselves into more stable configurations with
more segments in trains. These aging results were
consistent with the lower coverage sample adsorbed
from the mixed solvent system having a more extended
configuration compared to those adsorbed from toluene.
In addition, the 0.6An adsorbed amount sample from
toluene appeared to have more extended configurations
than the 1.0A, sample. In other words, there were
higher fractions of segments in trains than the larger
adsorbed amount sample.
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