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Owing to the improvement of properties including conductivity,
toughness and permeability, polymer nanocomposites are slated
for applications ranging from membranes to fuel cells"*. The
enhancement of polymer properties by the addition of inorganic
nanoparticles is a complex function of interfacial interactions,
interfacial area and the distribution of inter-nanofiller distances.
The latter two factors depend on nanofiller dispersion, making
it difficult to develop a fundamental understanding of their
effects on nanocomposite properties. Here, we design model
poly(methyl methacrylate)-silica and poly(2-vinyl pyridine)—
silica nanocomposites consisting of polymer films confined
between silica slides. We compare the dependence of the glass-
transition temperature (7) and physical ageing on the interlayer
distance in model nanocomposites with the dependence of silica
nanoparticle content in real nanocomposites. We show that
model nanocomposites provide a simple way to gain insight
into the effect of interparticle spacing on 7, and to predict the
approximate ageing response of real nanocomposites.

The effect of nanoscale confinement on T, has been
studied in polymers since the mid 1990s*>>. With ultrathin films,
deviations from bulk T, (T, pu) as large as 45-50K in supported
films*!! and 70K in free-standing films® have been reported. In
supported films, the thickness dependence of T, is affected by
polymer—substrate interactions®**®!? and the free surface>>'*'""?,
the impact of which increases as the ratio of interfacial
area to volume increases. At the free surface, T, is reduced
compared with T pux, as revealed by fluorescence measurements'.
This effect propagates into the film', reducing the T, of
ultrathin free-standing films and supported films lacking attractive
polymer—substrate interactions. Thus, the T, reduction originates
with the free-surface effect; as shown recently'®, nanoconfinement
itself only affects the magnitude of the T, gradient within
the film. With moderate-to-strong attractive polymer—substrate
interactions, for example, hydrogen bonds between oxygen
atoms in poly(methyl methacrylate) (PMMA) or nitrogen atoms
in poly(2-vinyl pyridine) (P2VP) and hydroxyl groups on
silica surfaces, T, increases with decreasing thickness***'?. In
nanocomposites with well-dispersed nanofiller, T, can exhibit
substantial deviations relative to the bulk polymer'®?', decreasing
when polymer—nanofiller interfaces yield free surfaces'®* and
increasing when wetted interfaces with attractive interactions
result?’. These outcomes in nanocomposites were predicted
through simulation® before their experimental demonstration'®?'.
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In contrast to the many studies of the T,-confinement effect’",
fewer studies have addressed the effect of confinement on physical
ageing of neat polymers®”™ or polymer nanocomposites at
low nanoparticle loadings (Physical ageing is the change
in properties as a function of annealing time below T, that
accompanies the spontaneous relaxation of a non-equilibrium
glass towards equilibrium.) In films or nanocomposites without
attractive interfacial interactions, for example, polystyrene
(PS)-silica systems, there is in general no significant effect
of confinement on ageing at a constant quench depth below
T, (ref. 23). An exception occurs at temperatures near but
below T, pux, where bulk polymer ages but ultrathin films with
reduced T, values are at equilibrium®?°. In contrast, ageing is
suppressed in confined films or nanocomposites with attractive
interfacial interactions?>***%.

Here, we compare the T, values of ‘model’ and ‘real’ polymer—
silica nanocomposites. Model nanocomposites are made from
doubly supported films lacking a free surface. This structure is
achieved by spin-coating two films supported on silica slides, laying
one atop the other, and annealing to heal the interface. This yields
a consolidated film with a constant interlayer distance between
silica surfaces. Model nanocomposites allow for quantitative
determination of the effect of silica interlayer distance on the
polymer T,. We find that model and real nanocomposites with
identical T, deviations yield similar dramatic suppressions of
physical ageing. This indicates that model nanocomposites can be
broadly useful in studying amorphous polymer nanocomposites
with wetted interfaces.

Fluorescence has been used to characterize T, and ageing
in confined polymers®****** and is used here to characterize
these properties in model and real nanocomposites. Figure la
shows the temperature dependence of the fluorescence of
1,10-bis(1-pyrene)decane (BPD) doped at trace levels into bulk
PMMA and a 0.4 vol% silica-PMMA nanocomposite. The T is
identified by the intersection of linear fits in the liquid and glassy
states. The T, of the nanocomposite is increased by 5K relative to
that of bulk PMMA.

Figure 1b summarizes the effect of nanoparticle loading on
the T, values of P2VP-, PMMA-~ and PS-silica nanocomposites.
Within experimental uncertainty, adding 0.5vol% silica (10- to
15-nm-diameter nanoparticles) has no effect on the T, of PS. This
is in accord with a study' of bulk PS bilayer films showing that
a 14-nm-thick layer at the silica substrate interface exhibits T} .
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Figure 1 T, data from bulk polymer and polymer nanocomposites determined
via fluorescence. a, Temperature dependence of the normalized fluorescence
integrated intensity of BPD dopant (< 0.2 wt%) in a bulk PMMA film (open squares)
and in a 0.4 vol% silica-PMMA nanocomposite film (open circles). Inset: The
molecular structure of BPD. (The data have been normalized to 1 relative to the
intensity at 7, and arbitrarily shifted vertically.) b, Deviations from Ty« as a
function of silica nanofiller content in three polymer nanocomposites: P2VP (open
squares), PMMA (open circles) and PS (open triangles). The error bars (1K)
represent the inherent error due to the fitting of the data required to obtain 7.

We note that a recent study®® reported a decrease in T, of ~11K
when 40 wt% (~18vol%) silica nanoparticles identical to those
used here were added to PS; this T, reduction was ascribed to
the presence of free surfaces at the non-wetted interfaces of the
PS and silica nanoparticles that were not well dispersed. When
nanoparticle loading was reduced to 2 wt% (~0.9vol%), near the
concentrations used here, there was no change in T, from that of
bulk PS, consistent with our results. In contrast, the P2VP- and
PMMA-silica nanocomposites exhibit enhancements in T, at silica
loadings as low as 0.1-0.3vol%. The apparent maximum 5 and
10K enhancements in the T, values obtained with 0.4—0.5vol%
silica in the PMMA and P2VP nanocomposites, respectively, are
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Figure 2 Deviations of T, from Ty, of ultrathin films supported on silica and
‘model’ nanocomposites. a, Thickness dependence of the T, deviation of P2VP
supported films (open circles: data from ref. 4; filled circles: data from ref. 8) and
pyrene-doped P2VP ‘model’ nanocomposites (open squares). (In the case of the
P2VP supported films, the error bars are from refs 4,8 and in the case of the P2VP
‘model’ nanocomposites, the error (1K) in the data is due to the fitting required to
obtain 7, and is smaller than the symbol size.) b, Thickness dependence of the T,
deviation of TC1-labelled PMMA supported films (open circles) and ‘model’
nanocomposites (open squares). The error bars (1 K) represent the inherent error
due to the fitting of the data required to obtain 7.

hypothesized to result from decreases in nanoparticle dispersion
achieved at higher loadings.

It is well known that PMMA and P2VP experience hydrogen-
bonding interactions with silica surfaces containing hydroxyl
groups*”**, whereas PS does not. The enhanced T, values observed
in the PMMA-silica nanocomposites in Fig. 1b arise from these
attractive polymer—nanoparticle interfacial interactions that reduce
cooperative segmental mobility. Similar effects are expected in
P2VP-silica nanocomposites. (We note that recent studies**
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Figure 3 Interlayer spacing (film thicknesses) in ‘model’ nanocomposites that yield the same T, deviation as 0.4 vol% silica-PMMA and silica-P2VP
nanocomposites. T, deviations of P2VP ‘model’ nanocomposites (open squares) and PMMA ‘model’ nanocomposites (open circles). Right and left: Transmission electron
microscopy images of 0.4 vol% silica—P2VP (right) and 0.4 vol% silica-PMMA (left) nanocomposites (scale bars = 100 nm). The error bars (1 K) represent the inherent error

due to the fitting of the data required to obtain 7.

indicate that nanoparticle—polymer interactions lead to internal
stresses within polymer nanocomposites. We do not discount the
possibility that such stresses may affect relaxation dynamics in
nanocomposites, including those associated with T.)

There are two complications in developing a fundamental
understanding of the effects of nanoparticle loading and
interparticle distance on T, in well-dispersed nanocomposites.
First, there is a wide distribution of interparticle distances, and,
second, the T, dynamics of polymer segments may be impacted
by any number of nanoparticles located within a radius of tens to
even hundreds of nanometres. To eliminate these complications,
we developed model nanocomposites with a known constant
interlayer spacing by confining polymer films between silica slides.
Figure 2 shows T,—T,u as a function of thickness for both
ultrathin films supported on silica and model nanocomposites
of P2VP and PMMA. As illustrated in Fig. 2, replacement
of the free surface in the films by a silica interface (model
nanocomposites) with attractive interfacial interactions leads to
an increase in the length scale at which T,-confinement effects
are observed. For example, a 21 K enhancement of T, is observed
in both a 200-nm-thick P2VP-silica model nanocomposite
and a 30-nm-thick P2VP film supported on silica (one free
surface). Similarly, a 4-5K enhancement of T, is observed in
both a 130-nm-thick PMMA-silica model nanocomposite and a
55-nm-thick PMMA film supported on silica (one free surface).

Remarkably, the length scale at which confinement effects
are observed in model nanocomposites can be hundreds of
nanometres. In particular, P2VP model nanocomposites show a
5K enhancement of T, relative to bulk at a thickness (interlayer
spacing) of 500 nm. This is the largest length scale for which an
effect of confinement on T, has been reported and indicates that
these effects can be microscale when strong attractive interactions
are present.

Figure 3 shows micrographs of 0.4 vol% silica nanocomposites
indicating good nanoparticle dispersion. From the T, comparison
between real and model nanocomposites presented in Fig. 3, the
T, enhancement in the real P2VP nanocomposite is equal to
that of a model nanocomposite with an approximately 300 nm
interlayer spacing, whereas the T, enhancement in the real PMMA
nanocomposite is equal to that of a model nanocomposite with
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an approximately 130 nm interlayer spacing. Consistent with the
fact that the nanoparticles have diverse interparticle spacings,
the 130 and 300nm ‘effective average’ interlayer spacings are
greater than the ~50 nm theoretical interparticle distance (silica
surface to silica surface) determined assuming an ideal cubic
dispersion of nanoparticles. These ‘effective average’ interlayer
spacings determined by comparison with model nanocomposites
provide a simple approach for quantifying the extent to which
confinement effects involving attractive interactions at nanofiller
interfaces modify polymer T, behaviour.

Likewise, model nanocomposites can also be useful in roughly
predicting the physical ageing behaviour of real nanocomposites.
Figure 4 shows the results of fluorescence studies characterizing
ageing in bulk P2VP and real and model nanocomposites, the
latter two exhibiting the same 10K confinement-induced T,
enhancement. During ageing, an increase in fluorescence intensity
correlates with a several orders-of-magnitude smaller increase
in density”>**. The roughly linear increase in intensity with
logarithmic ageing time in bulk P2VP is consistent with the manner
in which physical ageing leads to changes in properties, including
density. When aged at 303 K, bulk P2VP exhibits a 35% increase
in fluorescence intensity over 8h. However, both model and
real P2VP-silica nanocomposites exhibit dramatically suppressed
physical ageing, meaning that model nanocomposites can serve as
an appropriate system for studying a range of glassy-state behaviour
in real nanocomposites.

These results are consistent with a study showing a near
elimination of ageing in interfacial layers of a bulk PMMA film
supported on silica®. These results also indicate that interfacial
interactions that yield significant increases in T, in nanocomposites
may yield much more significant effects on other glassy behaviour
such as physical ageing. This suggests that nanocomposites may
lead to the production of glassy-state polymeric systems with
properties that are nearly stable during long-term use.

The technological importance and significant scientific
questions associated with the very long-range, confinement-
related enhancements in T}, and the suppression of physical ageing
observed in polymers undergoing attractive interfacial interactions
provide further impetus to study confinement effects in polymer
nanocomposites. Model nanocomposites with silica and other
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Figure 4 Physical ageing of bulk polymer and polymer nanocomposites
monitored by fluorescence. Normalized fluorescence intensity of TCJ dopant
(<0.2wt%) as a function of logarithmic physical ageing time after a quench from
above T, (413K) to below T, (303 K): bulk P2VP film (open squares), 0.4 vol%
silica—P2VP nanocomposite (open circles), and 300-nm-thick P2VP ‘model’
nanocomposite (open triangles). The physical ageing rates are related to the slopes
of the data sets.

substrates yield well-designed systems for such investigations.
Further studies are underway.

METHODS

MATERIALS SYNTHESIS AND CHARACTERIZATION

PS (Pressure Chemical, M,, = 290,000 g mol ™!, M,, /M, =1.06) was

used as received. PMMA was synthesized by free-radical polymerization

(M, = 355,000 g mol ™', M,,/ M, = 1.54, by gel permeation

chromatography using universal calibration with PS standards).
4-tricyanovinyl-[N-(2-hydroxyethyl)-N-ethyl]aniline (TC1)-labelled PMMA
(M, =509,000gmol™!, M,,/M, = 1.67 by gel permeation chromatography
using universal calibration with PS standards) was synthesized by reacting
methyl methacrylate monomer in the presence of a trace amount of
TCl1-labelled methacrylate monomer. The TC1-labelled monomer was
synthesized following ref. 24. TC1-labelled PMMA contained 1.37 mol%
labelled monomer, as determined by ultraviolet absorbance. After

synthesis, PMMA and TCl-labelled PMMA were washed by multiple
dissolving/precipitating steps in toluene/methanol and dried in vacuo at 410 K
for 24 h. P2VP (Scientific Polymer Products, M, = 200,000 g mol ™) was used
after drying in a vacuum oven at ~383 K to remove residual monomer. The
Ty bulk values measured by differential scanning calorimetry (DSC)
(Mettler-Toledo, second heat, onset method, 10 Kmin~") and by fluorescence
agreed within experimental error: PS Tg pui = 375 K by DSC and 374 K by
fluorescence; PMMA Ty pu = 393 K by DSC and 391 K by fluorescence;
TCl-labelled PMMA T i = 394 K by DSC and 395 K by fluorescence and
P2VP T pu = 373 K by DSC and fluorescence. Three fluorescence dyes, pyrene
(Aldrich Chemical, 99 + % purity), BPD (Molecular Probes) and
4-tricyanovinyljulolidene (TCJ; Molecular Probes), were used as received,
whereas TC1 was synthesized following ref. 24. Silica nanospheres (colloidal
silica in methyl ethyl ketone (MEK), Nissan Chemical Industries, reported
diameter of 10—15 nm) were used as received.

PREPARATION OF BULK FILMS AND REAL NANOCOMPOSITES
Films of neat polymers and polymer nanocomposites were prepared by
spin-coating dilute solutions of polymer and dye in MEK, with or without
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nanofiller, onto quartz slides. Solutions containing nanofiller were sonicated
(Branson 1200 sonicator) for 40 min before spin-coating. The resulting films
contained less than 0.2 wt% dye relative to polymer and were at least 1 um in
thickness (Tencor P10 profilometer). Films were dried for at least two days in a
chemical fume hood before carrying out fluorescence measurements.
Spin-coating a dilute solution is necessary to obtain the differences
observed in Ty with the addition of nanoparticles to the polymer matrix. The
changes in T, reported in this study are not observed when nanocomposite
films are made by solvent-casting instead of spin-coating. Solvent-casting
results in much less nanoparticle dispersion in the nanocomposite film owing
to aggregation that accompanies the slow drying process associated
with solvent-casting.

PREPARATION OF ULTRATHIN FILMS AND MODEL NANOCOMPOSITES

Ultrathin PMMA films were prepared by spin-coating toluene solutions onto
quartz slides. The films were then dried in vacuum at Ty +5K for 8 h. To
prepare model nanocomposites, two films of identical thickness were
spin-coated from dilute solution (PMMA in toluene or P2VP in MEK) onto
quartz substrates and dried as described above. These films were brought into
contact at Ty +25K for 3 h and allowed to anneal, healing a portion of

the interface.

FLUORESCENCE TECHNIQUE TO DETERMINE 7, AND MONITOR AGEING

Fluorescence was measured using a Spex Fluorlog-2DM1B fluorimeter and a
Photon Technology International fluorimeter. Values of T, were measured
using pyrene as the dye in the PS and P2VP nanocomposites, both real and
model. The BPD dye was used to measure Ty in the real PMMA
nanocomposites; the TC1 label was used to characterize T, in the PMMA
model nanocomposites and ultrathin films. The T values were determined
following a procedure outlined in refs 11,21. Physical ageing was characterized
as described in refs 23,24 using TCJ as the fluorescence dye in neat polymer and
polymer nanocomposite films by measuring the maximum emission intensity
of TCJ (at 597-602 nm for P2VP, at 598—-602 nm for P2VP-silica
nanocomposites and at 590-594 nm for the model nanocomposites) as a
function of ageing time after quenching from the rubbery state above

T, to 303K.

TRANSMISSION ELECTRON MICROSCOPY

For transmission electron microscopy (JEOL 100CX) images, dilute solutions
of polymer and nanofiller were spin-coated onto grids to make films that were
50-70 nm thick. Otherwise, the preparation procedure was identical to that
used for preparing the real polymer nanocomposite samples used in the
fluorescence measurements.
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