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Polymer nanocomposites can be used to study confinement effects on the polymer glass transition
temperature (7,) in a controlled manner by varying interparticle spacing. Using gold nanoparticles in
polymethylmethacrylate, we show how the polymer T, can be tuned by variation of the nanoparticle-
polymer interface width (o), keeping interparticle spacing fixed. We report the first experimental
observation of a crossover in the sign of T, deviation for confined polymers by variation of ¢ and
propose a model to explain the dependence of crossover width on the spatial extent of cooperatively

rearranging regions.
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Finite size effects on the glass transition of polymers has
been one of the most widely studied areas of condensed
matter physics [1,2]. The glass transition temperature T, of
confined polymers shows both positive and negative devia-
tion, due to a combination of confinement and surface
effects [1-8]. Experiments have been motivated by the
possibility to detect a spatial correlation length correspond-
ing to a cooperatively rearranging region (CRR) ¢ associ-
ated with the glass transition, by tuning the length scale of
confinement to £. The existence of such a length scale has
been predicted by the phenomenological Adams-Gibbs
model [9] whereby the onset of glass transition gives rise
to cooperatively molecular motion within regions of size £.
Recent simulations [10,11] and experiments [12,13] have
also provided evidence of cooperative and heterogeneous
dynamics and an associated length scale in various types of
liquids including polymers, although the precise connec-
tion between the two is still an open question. Experiments
on glass transition of confined liquids have failed to pro-
vide unambiguous evidence for the existence of such a
length scale due to the controversial nature of available
results [1,2,4—7]. This is largely because in the various
experimental systems used to study finite size effects, like
cavities and pores [14], thin films [3-7,15,16], and
nanoparticle-embedded glasses [8,17-20], T, is affected
not only by confinement but also due to surface effects [2—
8,17-20]. The role of surface and interface on T, of
confined polymers has recently been investigated in vari-
ous experiments on thin polymer films [3—7]. A phenome-
nological model was also proposed by de Gennes [21] to
suggest the existence of a surface layer in polymer films
with higher mobility, as compared to bulk, due to reduction
of entanglement. Recent simulations have also pointed to
the role of surface morphology in dictating not only the
magnitude but the sign of 7, deviation as well [2,22-24].
It is evident from recent experiments [8,17—19] on polymer
nanocomposites that 7, decreases with increasing volume
fraction of embedded nanoparticles for a noninteracting
particle-polymer interface while it increases for attractive
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interactions. However, it is not clear whether there is a
possibility of a change in the sign of 7', shift, for the same
polymer-particle interaction (repulsive or attractive).
Evidence for the existence of interfacial layers has also
been presented for polymer nanocomposites [20] although
neither an ability to control this surface layer nor a clear
understanding of how this affects polymer T, has been
demonstrated. The advantage of polymer nanocomposites
is the possibility to control various parameters, such as
average interparticle spacing h, polymer-nanoparticle in-
teractions, and interface morphology in tuning the thermo-
mechanical properties of polymers, in general, and their
glass transition, in particular. The major challenge in ef-
fective utilization of polymer nanocomposites, though, is
to obtain a homogeneous dispersion of the nanoparticles
within a polymer matrix [8,18,25]. In order to have a
homogeneously dispersed nanoparticle-polymer compos-
ite system with controllable interface morphology, we have
synthesized gold nanoparticles of various sizes (6—20 nm)
capped with polymethylmethacrylate (PMMA) and em-
bedded in the same polymer matrix.

In situ synthesis of gold nanoparticles in the presence
of PMMA (molecular weight 120 K, Sigma-Aldrich) was
carried out by the reduction of a HAuCl, (Sigma-Aldrich)
solution in ethanol (Merck), with freshly prepared aque-
ous (18.2 M(), Barnstead) solution of NaBH, (Sigma-
Aldrich), using some modifications to a method used in
[26]. The concentration of capping PMMA was varied by a
factor of ~15 to obtain gold nanoparticles of various sizes.
On addition of NaBH, solution, the color of the HAuCl,
solution instantaneously changed from yellow to brownish
red, indicating the formation of gold nanoparticles which
were stable for several months. Formation of stable gold
nanoparticles in solution was further confirmed from
ultraviolet-visible (UV-Vis) spectroscopy (Fig. 1). The
size and polydispersity of the PMMA-capped nanopar-
ticles were quantitatively estimated from transmission
electron microscopy (TEM) images of nanoparticles. To
prepare nanoparticle-embedded polymer composites the
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FIG. 1. UV-Vis absorption spectra of gold nanoparticles in
aqueous ethanol solution, with diameters of 6 nm (square),
14 nm (triangle), and 20 nm (plus). Inset: TEM images of

gold nanoparticles of diameter 6 = 1 nm and 20 =3 nm in
PMMA.

respective powders were obtained after addition of the
required amount of PMMA to the gold nanoparticles in
either a good (acetone, toluene) or a bad solvent (acetone:
water, 1:10). The color of the powders obtained by con-
trolled evaporation does not change significantly from that
of the solution, indicating the absence of major particle
aggregation. We were able to readily disperse these gold
nanoparticles of different sizes into a PMMA matrix at
various fractions from 0.002—0.08. Modulated differential
scanning calorimetry (MDSC) measurements (TA
Instrument) were used to characterize the glass transition
of polymer nanocomposites, as described below. Initial
heating up to 150 °C followed by cooling down to 50 °C;
heating at a constant underlying rate of 3 °C/min up to
150 °C; cooling at the same rate down to 50 °C; reheating
at the same rate up to 150 °C with modulation period of
100 sec and amplitude of 1°C followed by modulated
cooling down to 50°C. The measurements on all the
samples were repeated under identical conditions, at differ-
ent times, and only the reproducible data sets were used in
our analysis. Conditions for reproducibility were assessed
by measurements on PMMA and other polymer standards.

The large range of T, observed, as shown in Fig. 2(a), is
quite remarkable for a particular type of polymer-particle
interaction. More significantly, we see both an increase and
a decrease of T, with respect to the neat PMMA. We have
used this data to also estimate the value of &, using the
following equation [27],

_ kgT*(1/CF)(ICy/dT)
B pAT?

'S (1
Here, AT and AC, are the width of the glass transition

region and the magnitude of change in specific heat across
the transition region, respectively, p is the density of
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FIG. 2. (a) Complex specific heat for neat PMMA and several

gold nanoparticle-embedded PMMA nanocomposites. Indicated
numbers are (7, o). (b) The size of CRR § at different volume
fractions ¢ of gold nanoparticles in a PMMA matrix. The dashed
line indicates the mean £.

polymer, T is T,, and kg is the Boltzmann constant. It
was found that for all the nanocomposite samples & varied
from 25-30 A (Fig. 2(b)), which is typical of PMMA.

As has been indicated earlier [8,18,19,25], nanoparticle-
polymer interface morphology plays a crucial role in de-
termining the thermomechanical properties of polymer
nanocomposites. We have used small angle x-ray scatter-
ing (SAXS), a widely used technique [28—30] to determine
interface morphology, to characterize our polymer nano-
composite samples. SAXS data were collected on a Kratky
collimation based system (Hecus) coupled to a sealed tube
generator. All measurements were performed under vac-
uum with Ni filter on the incident side to ensure mono-
chromatic Cu-K,, (wavelength A = 1.54 A) radiation with
a wide open slit height of 10 mm, to ensure complete
desmearing, and width of 250 pwm, at a fixed sample to
detector [one dimensional position sensitive detector with
pixel size of 54 um] distance of 268 mm. For data collec-
tion the samples were sandwiched between two mica
sheets of known thickness and background were subtracted
from blank mica sheets.

It is well known that in the high g [ = (47 sinf/A), 26 is
the scattering angle] Porod region of a SAXS scattering
curve the intensity decays as [28-30] I, % K/gq*"*
(oo < K'/ g>*® for slit smeared data, where K is the
Porod constant, K’ ~ 7K /2, and I’ represents the smeared
intensity). Depending on the value of this exponent «
interface can be fractally rough (a < 0), smooth (a = 0),
or diffuse (a > 0). The slopes were determined by linear
fits in the Porod region. For all the analysis presented here,
to estimate the exponent «, scattering intensity multiplied
by ¢° was used. It has been verified that within the error
bars the value of « extracted from smeared (¢°I) and
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desmeared (g*I), smoothed, data are identical. Hence the
smeared data have been used for analysis. From Porod
analysis of SAXS data, shown in Fig. 3(a), we found that
a >0, indicating a diffuse gold-PMMA interface. The
interfacial width o is proportional to «, and various meth-
ods [29,30] can be used to extract this width numerically
from the measured exponent. However, the best fit to the
deviation from Porod law turned out to be power law also,
for which no standard method exists to extract the real
space interface density profile analytically. Hence we have
used numerical fast Fourier transform (FFT) of the power
law decay in the Porod region to extract the real space
density profile, as shown in Fig. 3(b). To check the con-
sistency of the inversion scheme we have generated scat-
tering curves with different types of interface density
profiles, like linear and exponential, and found that our
numerical FFT scheme does indeed give the same width for
the above profiles, within numerical errors.

In the inset of Fig. 3(b) we have also shown the depen-
dence of o on the parameter @, /R that, in some ways,
represents the surface density of adsorbed PMMA chains
on gold nanoparticles. Here ¢, is the polymer concen-
tration and R is the radius of the gold nanoparticle.
However, this is a subtle point since o does not depend
merely on the surface density of adsorbed chains but more
specifically on the surface segmental density, which, apart
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FIG. 3. (a) Porod plot of SAXS data. The value of « in the
Porod region for the respective data on several nanocomposite
samples is indicated alongside each profile. (b) Corresponding
interface density profile. Inset: o vs gopoly/R. (c) Schematic
explaining our model for T, deviation based on the relative
values of ¢ (indicated by the shaded region around nanopar-
ticles) and €&, (solid line) in extreme cases of o < & (left panel)
and o > ¢ (right panel).

from the chain density, also depends crucially on the
solvent conditions, as discussed later.

We first discuss the confinement effects visible for our
polymer nanocomposite systems. The average interparticle
spacing, h = 2(;/¢,/¢@ — 1)R, can be calculated using the
known volume fraction ¢ of gold nanoparticles, assuming
a maximum random packing fraction of ¢, = 0.638. Here,
h plays the role of a confinement parameter, as in thin films
or pores, and polymer segments are confined between
neighboring nanoparticles. For systems showing negative
deviation of T,, ATg is found to increase with a decrease in
interparticle spacing h [Fig. 4(a), lower panel]. Similar
trends are found for systems exhibiting positive deviation
[Fig. 4(a) (upper panel)], although this behavior is not
expected for gold-PMMA nanocomposites. The negative
deviation of T, can be explained in terms of confinement
effect. Fourier transform infrared spectra of neat PMMA
and PMMA embedded with gold nanoparticles of various
sizes and fractions are almost identical, indicating very
weak PMMA-gold interaction. For such nonattractive
polymer-surface interaction, it is expected that with de-
crease in &, the confinement effects will become increas-
ingly prominent, leading also to a decrease in T,. The
observed behavior of 7, shift seems to be consistent with
earlier observations, but the positive 7, deviation cannot be
explained. There seems to be a clear crossover region
[Fig. 4(b)] in the interface width (o, ~ 26 A) below which
AT, is negative while above it, it is positive. Hence it is
clear from the above discussion that the interface morphol-
ogy can determine the sign of AT, for polymers under
confinement.

To explain this observation we need to examine, more
closely, the role played by nanoparticle-polymer surface
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FIG. 4. (a) Effect of interparticle spacing h on AT, (AT, =

T g(manocomp) — Tgpmma))- Upper panel: positive AT,. Lower
panel: negative AT,. (b) AT, vs o for fixed values of &, 174 *+
3A (squares) and 209 = 3 A (filled circles) clearly showing the
surface morphology effect at fixed confinement. Crossover from
negative to positive AT, occurs at ~o, (vertical dashed line).
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morphology, specifically interfacial width ¢. The main
parameters controlling ¢, in our polymer nanocomposites,
are the capping polymer concentration in solution and the
solvent used to prepare the composites, as shown clearly in
the inset of Fig. 3(b). Generally, o increases with an in-
crease in polymer concentration for a given type of solvent,
and larger interfacial widths are obtained for bad solvents
than for good solvents at same ¢,,. We propose a model,
based on our experimental observations, to provide a mi-
croscopic understanding of the physics relating the
nanoparticle-polymer interface morphology to the ob-
served crossover in the sign of T, deviation in polymer
nanocomposites, which should also be valid, in general, for
polymers under all forms of confinement. Two competing
effects—modification of polymer segmental mobility due
to decrease in entropy at the surface and reduction in
mobility due to enhancement of interface segmental den-
sity [2,22,23,31] above that of the bulk—come into play at
the nanoparticle-polymer interface in determining segmen-
tal relaxation times and hence the 7,. As has been dis-
cussed earlier, the Adams-Gibbs model of the glass tran-
sition envisages existence of a growing spatial correlation
length within a glass former with decreasing temperature
from above T, within which molecular motion is corre-
lated. For the case of the polymer nanocomposites, this
correlated segmental motion occurs within an approximate
distance ¢ [see Fig. 3(c)] away from nanoparticle-polymer
interface. Simulations [2,22—-24] have shown that the re-
laxation time of segments can be significantly different
from the bulk value at the surface and the segmental
relaxation time approaches the bulk value within a finite
spatial extent from the nanoparticle surface, depending on
the interaction and segmental density. Hence the mean 7',
is decided by the average of the distribution of relaxation
times within a layer spatial extent £. For small o (0 < §)
the interface is very sharp, as shown schematically in
Fig. 3(c) (left panel), and the segmental density decays to
that of bulk PMMA very fast, implying that the mean
relaxation is dominated by that of the surface layer, which
in our case is expected to be enhanced due to the non-
attractive nature of the gold-PMMA interface, and hence a
consequent reduction of T,. For the other extreme of large
o (o> ¢) the interface is very diffuse [Fig. 3(c) (right
panel)] and there is enhancement of segmental density,
even for our nonattractive interface, as has been found
earlier [2,22—24]. In this case the mean interface segmen-
tal relaxation is dominated by slower relaxation of seg-
ments located farther away from the interface and
overcompensates the higher mobility of segments, close
to the interface, leading to an enhancement of 7',. For o ~
¢, AT, ~ 0 and the two effects cancel each other.

We have shown here how the glass transition of poly-
mers can be tuned in a controlled fashion by embedding
nanoparticles which have been coated with an identical
polymer to control their interface morphology. Our results
point to the extensive experimental, simulation, and theo-

retical work necessary to elucidate the role of interfacial
effects on the glass transition of polymers under confine-
ment and a careful interpretation of experiments on finite
size effects. In turn this should also enable a better under-
standing of intrinsic finite size and surface effects on
polymer glass transition.
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