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P
olymer nanocomposites (PNCs) have
received considerable interest in
the past few decades due to the dra-

matic property improvements that can be
achieved upon the addition of a relatively
small amount of inorganic nanoparticles
(NPs) to a polymer matrix.1�6 It is now
well-accepted that the critical factor leading
to these unusual properties is the large
surface area inherent in NPs relative to their
micron-sized or larger analogues.7 There are
two issues that are controlled by this in-
creased interfacial area (and hence interfa-
cial interactions) in the system: the spatial dis-
persion of the NPs in the polymer matrix8�13

and the local interfacial properties,14�16 such
as chain dynamics, and from there the glass
transition temperature (Tg) of the nano-
composites. In the community, equilibrium
ideas are used to tailor these interfacial

interactions, for example, grafting NP sur-
faceswith short ligands (e.g., silane coupling
agents)17 orpolymer chains.18 Bansal et al.,18

for example, used grafted polymer chains to
tailor the particle/matrix interface and ob-
served an increase, no change, or decrease
in Tg of the resulting PNCs, depending on
the wetting behavior of the grafted layer/
matrix interface (i.e., wetting, neutral, or
nonwetting, respectively).19

We suggest that, in addition to these
equilibrium ideas, the preparation method
by which these composites are created also
critically affects the effective interfacial in-
teractions between the NPs and the poly-
mers.20,21 To be specific, we consider the
case of nanocomposites cast froma common
solvent. Qualitatively, in a solvent-casting
process, the primary factor determining
the formation of a bound polymer layer is
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ABSTRACT We show that the mesoscale (∼200 nm) thermomechanical properties of

polymer nanocomposites formed from silica nanoparticles (NPs) and poly(2-vinylpyridine)

(P2VP) critically depend on their interfacial structure, which can be controlled by the casting

solvent. The composite films are solvent cast from either pyridine (PYR) or methylethylketone

(MEK), with uniform NP spatial distribution obtained in both cases. In the films cast from MEK,

our previous work has shown that a bound layer of P2VP is formed at the NP surfaces, while no

such bound layer is formed when PYR is used as the casting solvent. In PYR as-cast films,

Brillouin light scattering reveals a single acoustic phonon with its longitudinal sound velocity

increasing with NP loading. This implies a homogeneous mixture of the NP and the polymer on

the mesoscopic scales for all compositions examined. However, in the MEK as-cast films, two longitudinal and two transverse acoustic phonons are

observed at NP loadings above∼20 wt % (or∼11 vol %), reminiscent of two metastable microscopic phases. The dense microphase is attributed to the

bridging of NPs by P2VP chains, whereas for the softer medium, we conjecture that there exists an interfacial lower density P2VP layer whose longitudinal

sound velocity barely changes with NP loading. These solvent-induced differences in the (elastic) mechanical behavior disappear upon thermal annealing,

suggesting that these nanocomposite interfacial structures in the as-cast state (far from equilibrium) locally approach equilibrium (i.e., near equilibrium

after annealing). Consistent with these conclusions, the abrupt decrease of the longitudinal sound velocity with temperature occurs at a single glass

transition temperature for the annealed nanocomposites irrespective of the casting solvent used, which assumes only a slightly higher (∼5 K at 45 wt % or

∼29 vol %) value than that in bulk P2VP. The results emphasize the important role of solvent in determining the interfacial structure of nanocomposites,

which can be used to tailor their thermomechanical behavior.

KEYWORDS: Brillouin light scattering . nanoparticle/polymer interface . thermomechanical properties . polymer nanocomposites .
solvent effect . glass transition temperature
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the relative interaction strength between the particle/
solvent and the particle/polymer, although other fac-
tors, such as the bulk thermodynamics of the polymer/
solvent mixture, might also be important in some
cases. Thus, when the solvent interacts less favorably
with the NP surface than the polymer, then the chains
strongly absorb onto the particle surface, creating a
temporally long-lived bound layer (which can facilitate
NP bridging through the bound polymer chains at high
particle loadings).11,14,22�26 At low loadings, the NPs
are thus sterically stabilized against agglomeration by
the bound layers, leading to uniform NP dispersion. In
the opposite case, for which the solvent energetically
prefers the NPs, the chains are displaced from the
surface, and hence no interfacial bound layer is formed.
The NP dispersion then represents a complicated inter-
play of depletion forces27,28 (caused by the polymer
chains), electrostatic interactions,29 and van der Waals
forces between the NPs.21,30

While the relationship between the effective NP�
polymer interaction and NP dispersion has been
explored to date, in this contribution, we study the
relation between the thermomechanical properties
and different local structures of the silica/poly(2-vinyl-
pyridine) (SiO2/P2VP) interface as obtained by different
PNC processing conditions, such as solvent casting. We
employ Brillouin light scattering (BLS), a noninvasive,
noncontact optical technique with spatial resolution
in the submicron scale, to measure the elastic moduli
(both longitudinal and shear) at different temperatures
in both the glassy and rubbery states in the gigahertz
frequency range. In the relevant temperature and
frequency range, the system behaves as an elastic solid
and hence the longitudinal (M) and shear (G) moduli
sense local packing and interactions in regions of size
comparable to the phonon wavelength (Λg 200 nm).
Going beyond this point, we show that relatively
mild thermal annealing (i.e., 7 days at 80 �C followed

by 10 days at 150 �C, all under vacuum) can eliminate
these solvent effects so that the same, apparently
equilibrated, interfacial structures and properties
emerge independent of the two solvents used in
sample preparation.

RESULTS AND DISCUSSION

The system consists of bare silica NPs with an
average core diameter of 14( 4 nm and P2VPmatrices
with a weight-averaged molecular weight of 105 kDa.
Films with different NP loadings are solvent cast from
either pyridine (PYR) or methylethylketone (MEK), with
somesamples subjected toa thermal annealing following
the procedure described in the Materials and Methods.

NP/Polymer Interaction. Figure 1 presents the hydro-
dynamic diameter obtained from quasi-elastic light
scattering (DLS) from SiO2/P2VP dispersions in either
MEK or PYR as a function of P2VP concentration (CP2VP)
at 25 �C. All NP dispersions have the same silica con-
centration (0.13 wt % or ∼0.048 vol %). In the case of
pure NPs mixed with solvent (i.e., no polymer), we
found that the average hydrodynamic diameter (2Rh)
obtained from the peaks of inverse Laplace transform
(ILT) of the DLS signal is ∼23 ( 1 nm in both MEK
and PYR, but the width of the size distribution varies
due to different sensitivities of the ILT. In MEK, the
apparent NP size increases abruptly with the addition
of P2VP but then remains virtually insensitive to further
increases of CP2VP up to 1.08 g/L (Figure 1a). We
conjecture that, in solution, the relative interaction
between SiO2/polymer and SiO2/solvent determines
if a bound polymer layer is formed. Thus, as SiO2/P2VP
interacts much more favorably than SiO2/MEK, the
silica particle adsorbs amonolayer of P2VP chains, with
the adsorption being self-limiting due to the lack of
additional adsorption sites. The apparent increase in
the silica diameter,∼16nm,matches thediameter (∼2RG)
of the P2VP ideal coils with RG = 6�1/2bN1/2 (b = 0.6 nm

Figure 1. Intensity-averaged hydrodynamic sizes of suspended particles in composite dispersions of (a) MEK and (b) PYR as a
function of P2VP concentration, as indicated in the plots. The arrow in (a) denotes a size shift of ∼16 nm (∼2RG of 105 kDa
P2VP) due to the adsorption of P2VP chains with thickness ∼RG, and the vertical dotted lines are guides for the eye.
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and N = 1000). The validity of this calculation relies on
the fact that MEK is close to a θ-like solvent for P2VP
(Figure S1 in Supporting Information).24 Over a similar
P2VP concentration in PYR, the hydrodynamic diam-
eter of silica remains invariant (Figure 1b), implying
negligible polymer absorption. Apparently, P2VP
chains are displaced away from the silica surface due
to stronger SiO2/PYR interactions.

At CP2VP above ∼2.50 g/L in MEK or ∼3.15 g/L in
PYR, the observed decrease in the hydrodynamic size is
apparently due to the progressively larger “free” poly-
mer contribution to the scattering signal. An additional
solvent specific behavior is, however, discernible in
the size distribution of SiO2/P2VP in MEK, revealing the
presence of larger species with a size larger than
140 nm (dotted red line in Figure 1a) at the two highest
polymer concentrations. Since this second population
is absent at all P2VP concentrations in PYR and at low
P2VP concentrations in MEK, it probably represents
silica aggregates, which presumably result from NP
bridging through P2VP-bound layers. In fact, when the
composite solutions in MEK are left under ambient
conditions for long enough time (several weeks), the
silica-rich phasewith bridging P2VP chains precipitates
out from the solution and forms a white layer on the
bottom of the glass vial (see Figure S2 in Supporting
Information). In contrast, the same silica dispersions in

PYR are temporally stable and transparent after several
months.

To better understand the different effective inter-
actions between SiO2/P2VP inMEK and PYR, we refer to
our previous work10 in which we used FTIR, showing
that adding a small amount of PYR into a SiO2/P2VP/
MEK system can nearly remove all the MEK from the
silica surface. That is, PYR will displace the MEK as it
interacts much stronger with the silica surface. Thus,
we have strong evidence clearly identifying the differ-
ent effective interactions between silica and P2VP in
the two solvents. Below, we shall investigate these
solvent-induced effects in SiO2/P2VP films solvent cast
from either MEK or PYR by probing the propagation of
hypersonic thermal phonons using BLS.

Elastic Properties of As-Cast PNC Films. Figure 2 displays
representative BLS spectra for a composite film con-
taining 10 wt % silica cast fromMEK (MEK-10%-as-cast)
at 23 �C at various scattering vectors (q) both parallel
(Figure 2b and bottom of Figure 2a) and normal to the
film surface (top of Figure 2a). The amplitude of q is
tuned by the scattering angle (eq 1 for qpara and eq 2
for qperp in Materials and Methods). The VV-polarized
spectra in the bottom part of Figure 2a (black lines)
consist of the expected acoustic longitudinal phonon
(peak I) whose frequency increases linearly with q, as
well as a second peak (peak II) with a q-independent

Figure 2. (a) VV-polarized BLS spectra of MEK-10%-as-cast for both in-plane (black) and out-of-plane (red) phonon
propagation at a series of scattering vectors as indicated inside the figure. I, II, and III represent the acoustic longitudinal,
backscattering, and surface-inducedphonons in the transmission geometry. (b) VH-polarizedBLS spectra ofMEK-10%-as-cast
for the in-plane phonon propagation at a scattering vector of q = 0.0118 nm�1; in (a) and (b), the central Rayleigh peak region
((4 GHz for VV spectra and(2 GHz for VH spectra) have been omitted for visualization purposes. (c) Dispersion relations of
MEK-10%-as-cast andMEK-10%-annealed for both longitudinal and transverse acousticwaves, inwhich the black squares and
triangles represent the BLS frequencies of the longitudinal and transverse waves propagating inside the as-cast film and the
green diamonds and stars relate to the longitudinal and transverse waves within the annealed sample. The solid and dashed
black line is the linear fitting of the phonon frequency f vs q for the longitudinal and transverse component of the acoustic
phonon, respectively.
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frequency; the second peak corresponds to the back-
scattering phonon from the laser beam reflected from
the exit side of the film. An unexpected broad shoulder
(peak III) on the high-frequency side of the acoustic
peak can be unambiguously attributed to the surface
roughness of the examined films (Figure S3 in Support-
ing Information). The VV-polarized spectra in the top
part of Figure 2a (red lines), collected with q normal
to the film surface utilizing the reflection geometry,31

have a single peak structure. Additionally, the finite
optical anisotropy of P2VP allows the measurement of
the much weaker VH-polarized spectra (Figure 2b,
recorded in the transmission geometry). The single
peak spectrum relates to the transverse component
of the propagating phonon.

The BLS spectra collectively demonstrate that there
is a single acoustic phonon (longitudinal in Figure 2a
or transverse in Figure 2b) propagating within this
particular sample, indicating spatial homogeneity over
the ∼200 nm (Λ ∼ 2π/q) length scale that is probed.
Indeed, TEM images (Figure 3a) show that the silica NPs
are individually dispersed in the polymer hosts, with
no obvious large particle aggregates or percolating
structures visible. In addition, using ImageJ (version
1.45s) on TEM micrograph images, we calculated the
average diameter (∼12.4 nm) of the particles shown
in Figure 3a and also the autocorrelation of the
black pixels as a function of distance, C(r) (for details
of these calculations, see Figure S4 in Supporting
Information). The initial slope of C(r) yields an average
particle diameter of ∼16 nm. Both quantities confirm
the homogeneous nature of particle dispersion within
the film.

The linear dispersion relationship for the BLS sig-
nal in Figure 2c is valid for thick films (qh . 1,32 our

thicknesses are h ∼ 100 μm). Thus, the phonon propa-
gation sound velocities in both the longitudinal (cL =
2740 ( 30 m/s) and transverse (cT = 1350 ( 20 m/s)
directions are determined from the slopes of corre-
sponding dispersion relations (eq 3 in Materials and
Methods), where the peak frequencies are obtained
from the representation of the experimental spectra
by a Lorentzian function. Access to both cL and cT
allows estimation of the Poisson ratio, ν = (x/2 � 1)/
(x � 1) = 0.34 [with x = (cL/cT)

2], as well as other
mechanical properties, including shear, Young's, and
bulk modulus (eqs 4�8 in Materials and Methods).
Moreover, since no anisotropy is anticipated for thick
films, the linear phonon dispersion should be the same
for both in-plane (qpara) and out-of-plane (qperp) pro-
pagation directions (Figure 2c). This isotropy allows the
determination of the refractive index n of the propaga-
tion medium, as n affects only the magnitude of qperp
(eq 2 in Materials and Methods). Note that the value of
ν or n can provide structural and compositional infor-
mation on the composite medium with the propagat-
ing phonon.

As already mentioned, MEK promotes the forma-
tion of a P2VP-bound layer in solution, while the
particle surface is nearly bald in PYR.10,24 We now
examine the effect of this solvent-induced interfacial
modification on the thermomechanical properties of
the composite films. Figure 4 shows the longitudinal
sound velocities (cL) in PYR andMEK as-cast samples as
a function of silica loading. For reference, we start with
the elastic properties of neat P2VP. As indicated by the
dashed green and blue lines in Figure 4, there exists a
2.2% difference in cL of pure P2VP cast fromMEK versus
PYR. This intriguing difference probably arises from the
different solvent quality for P2VP in PYR versus MEK,

Figure 3. TEMmicrographs for (a)MEK-10%-as-cast, (b) PYR-45%-as-cast, (c) PYR-45%-annealed, (d)MEK-45%-as-cast, and (e)
MEK-45%-annealed. Also plotted is (f) comparison of autocorrelation function, C(r), of TEM images between as-cast and
annealed MEK-45% films, in which each curve is obtained by averaging the correlations of at least 30 TEM images.
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which might slightly modify chain packing during the
drying process, leading to a small density difference in
the as-cast glassy films.

With the addition of silica NPs, in the case of PYR as
the casting solvent, there is only one propagating
phonon observed for all compositions (see Figure 4
and Figure S6b in Supporting Information). The propa-
gation velocity of this single phonon, cL (solid blue
squares in Figure 4), is reasonably described byWood's
law33 (solid blue line in Figure 4; see eqs 9 and 10 in
Materials and Methods). This indicates that the materi-
al follows effective medium theory, implying a uniform
film with good “adhesion” between the silica and the
P2VP. We conjecture that, even though no P2VP chains
adsorb onto the silica surface in the initial solution,
P2VP chains gradually approach the particle surface
during the drying process as the surface-bound PYR
molecules start to be stripped away from the surface.
This process apparently leads to a homogeneous
mixture of the NPs and the polymer, at least on length
scales of ∼200 nm. Credence for this statement
comes from TEM micrographs (Figure 3b). Clearly, the
NPs are almost uniformly distributed in the matrix,
with only a small number of particle-sparse regions
(indicated by the red circles; the dimension of these
white regions is smaller than 200 nm). These small NP-
depleted regions (and also presumably aggregates in
the same sub-200 nm scale) should be caused by the
P2VP-induced depletion forces. However, we believe
that the negatively charged nature of the colloidal
silica NPs in the initial formulation (with a ζ-potential
of�17.8 mV), the short mixing time in solution (∼2 h),

as well as the increasing viscosity at the later stage
of solvent evaporation guarantee a relatively good
dispersion throughout the drying process, as ob-
served by Meth et al.29 Unfortunately, due to (i) a
relatively poor contrast between silica and P2VP, (ii)
the small size of the NPs, and (iii) a two-dimensional
projection of multiple layers of particles (the thickness
of microtome slices for TEM is∼60 nm), it is difficult to
directly visualize the local NP organization in the TEM,
especially in the highly loaded samples. In this sense,
BLS is a useful indirect tool to help examine the
homogeneity of NP dispersion over submicron length
scales. To summarize, in PYR as-cast films, the lack of a
bound P2VP layer in the solution state, together with
the uniform spatial NP distribution, guarantees a sin-
gle, homogeneous medium for phonon propagation.

In contrast, in MEK as-cast films, cL (solid green
squares in Figure 4) does not depend significantly on
the silica loading. Further, at high silica loadings (e.g.,
30 and 45 wt %), a second independently propagating
phonon is observed;this phonon travels much faster
than the first phonon but with a sound velocity nearly
independent of the silica loading (top part in Figure 4).
Specifically, taking MEK-45%-as-cast as an example, as
shown in Figure 5a, we clearly observe two indepen-
dent phonons for both the in-plane and the out-of-
plane spectra, which are normally anticipated only for
anisotropic films.31,34 These phonons are indicated by
peaks “I” and “II” inside the plot; peaks “III” and “IV”
represent their backscattering counterparts, respec-
tively. This intriguing finding is also supported by the
presence of a double-phonon feature in the VH-polarized
spectra (see Figure S5 in Supporting Information).
Additionally, the recorded dispersion relations for the
two different longitudinal and transverse phonons in
Figure 5b further confirm the existence of these two
different acoustic phonons. Note also that this rules out
any anisotropy in the films, which would otherwise
scramble the polarization, and the longitudinal pho-
non scattering will appear in the VH-polarized spectra.
Such scrambling is not seen in Figure S5 in Supporting
Information. Instead, we conjecture that the presence
of two acoustic phonons implies spatial inhomogene-
ities over a length scale larger than 200 nm for phonon
propagation in the MEK as-cast nanocomposites. In
such cases, BLS instead acts as amicroscopy tool probing
regions larger than the phonon wavelength.34,35 As a
result, two longitudinal and two transverse phonons are
observed in the VV-polarized and VH-polarized spectra,
respectively.

To quantitatively understand the nature of this
heterogeneity, we take the sample MEK-45%-as-cast
as an example and perform the following three calcu-
lations. (i) We find that the Poisson's ratio ν ofmedium I
(corresponding to phonon I in Figure 5) is 0.32, which is
close to the value of the pure P2VP (∼0.34), while that
for medium II (corresponding to phonon II in Figure 5)

Figure 4. Longitudinal sound velocity (cL) as a function
of silica loading for nanocomposites cast in MEK or PYR.
The green (also red) and blue symbols correspond to the
nanocomposite films cast in MEK and PYR, respectively.
The solid and hollow symbols represent as-cast films and
those annealed for 10 days, respectively. The dashed green
and blue lines denote the sound velocities of neat P2VP
films cast in MEK (cL = 2710 m/s) and PYR (cL = 2650 m/s),
respectively. The solid blue line is the effective medium
prediction for the sound velocities in the PYR-based films.
The red diamonds correspond to the fast phonon propagat-
ing in the phase of bridged NPs in MEK as-cast films and the
red dashed line as a good estimate of the average sound
velocity inside this new medium.
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is ν = 0.26; note that for normal glass ν ∼ 0.22. This
implies that medium II is predominantly silica, while
medium I is pure P2VP. (ii) The refractive indices n

related tomedia I and II are calculated (eq 2 inMaterials
and Methods) to be 1.578 and 1.535, respectively. This
suggests that medium I should be rich in P2VP as its
refractive index is within experimental error of neat
MEK as-cast P2VP. With n for silica being approximately
1.46, the lower n formedium II implies that it contains a
higher fraction of silica. In fact, assuming the n of the
composite to be the volumetric average of the com-
ponents yields a silica loading in medium II of∼54 wt %.
(iii) According to the dispersion relation in Figure 5b,
the cL of phonons I and II is estimated to be 2720 and
3200 m/s, respectively. Again, the sound velocity of
the phonon I is very close to that of neat MEK as-cast
P2VP (cL = 2710m/s, as shown in Figure 4). The larger cL
of phonon II indicates a more dense material, that is,
more silica. In fact, if effective medium behavior can be
assumed, the effective loading of silica in medium II
is predicted to be ∼55 wt %. These calculations, in
total, consistently suggest a two-phase heterogeneous
nature in MEK as-cast high loading films, even though
the NP dispersion appears to be nominally uniform
(Figure 3d).

Next, we address the organization of the NPs within
medium II of these heterogeneous composite films.
From the DLS solution experiment (Figure 1), we
anticipate that NPs in MEK solution are favorably
bridged by P2VP chains at high silica loadings. Thus,
we assume that the silica-rich medium II in the dry
film is inherited from these bridging structures in the
solution. Substantiation for this bridging picture comes
from the observation that phonon II is only observed
for silica loadings larger than 20 wt % (or ∼11 vol %)

(Figure S6a in Supporting Information). At about this
loading, the interparticle separation becomes less than
twice the bound layer thickness, that is, 2RG ∼ 16 nm
(see Table S1 in Supporting Information).

Our results suggest the following picture. At low
particle loadings, NPs are isolated from each other
(Figure 3a), phonon propagation bypasses the NPs
and is restricted to the more compressible polymeric
phase with a sound velocity approximately equal to
that of the neat P2VP (Figure 4) with negligible influ-
ence of the harder silica NP component. This also
applies to the transverse sound velocity, which thus
leads virtually to the same Poisson's ratio as bulk P2VP
(e.g., ν ∼ 0.34 for the 10 wt % film). Since the sound
velocity also depends on the adhesion between
the individual components,36 that is, the force in the
harmonic oscillator picture, a virtually composition-
independent cL of phonon I supports the assumption
of poor interfacial adhesion between NPs with irre-
versibly adsorbed polymer chains and the free chains
in the bulk. A possible physical picturemight be that, at
the later stage of solvent evaporation, MEK prefers to
go to the bound layer as this will maximize the mixing
entropy. At higher loadings, the particle microphase
starts to percolate, resulting in a second faster acoustic
phonon, which propagates only in the NPs which are
locally bridged by the surface-bound P2VP chains. We
therefore conclude that the morphology experienced
by the acoustic waves corresponds to a “microphase-
separated” state, as illustrated in Figure 5b. In the
dense NP bridged microdomains, phonons propagate
faster (black thick lines) compared to the phonons
in the less dense polymer-rich microdomains (red
thick line). Thus, the propagation of short wave-
length (hypersonic) phonons in nanocomposites can

Figure 5. (a) VV-polarized BLS spectra of MEK-45%-as-cast for both in-plane (black, left panel) and out-of-plane (red, right
panel) phonon propagation at a series of scattering vectors as denoted by the scattering angles inside the figure. For both in-
plane and out-of-plane components, the spectra recorded by shining the incident laser beam from both sides of the film are
identical. (b) Dispersion relations ofMEK-45%-as-cast for both phonons I and II. The black and blue symbols represent the BLS
frequencies of the phonons I and II in (a), respectively. The solid and hollow symbols denote the longitudinal and transverse
component of the phonon. The solid and dashed lines denote the linear fits of the frequency of the phonons f vs q for the
longitudinal and transverse component of the acoustic phonon, respectively. The illustration in the inset of (b) describes the
proposedmechanism of an inhomogeneous microseparated structure enabling two phonon propagation with the same q in
the film of MEK-45%-as-cast, in which only bridging chains (white thin lines) are shown, the black spheres are silica NPs, the
black thick lines represent the fast phonon (II) propagation, and the red thick line is the propagating pathway for the slow
phonon (I).
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sensitively discern microregions with large elastic im-
pedance (Z = FcL).37

Elastic Properties of Thermally Annealed PNC Films. We
now consider the role of thermal annealing on the
phonon propagation with particular focus on the two
representative loadings cast in MEK: “low” (10 wt %)
and “high” (45 wt %). Figure 2c compares the phase
velocities of MEK-10%-as-cast andMEK-10%-annealed.
Both longitudinal and transverse sound velocities in
this film barely change upon thermal annealing, sug-
gesting that the residual solvent (if there is any) in the
as-cast film does not affect its intrinsic thermomecha-
nical behavior. In contrast, the thermal history matters
for the high-loading nanocomposites as demonstrated
for the MEK-45% sample in Figure 6a. Here we observe
only one Brillouin peak in each of the in-plane (black
lines) and out-of-plane (red lines) VV-polarized spectra.
In contrast, two distinct acoustic phonons are resolved
in the BLS spectra of the corresponding as-cast film
(Figure 5a). This cannot simply be attributed to the
complete removal of MEK solvent in the annealing
process because, in the case of MEK-10% sample,
annealing has no impact on the elastic properties.
Instead, we conjecture that the relaxation of the bridg-
ing P2VP chains during annealing is at the origin of the
different phonon propagation in high loading as-cast
and annealed PNCs. A direct implication is the improved
mixing of the adsorbed and free chains in the particle�
polymer interfacial region on annealing, leading to a
much more homogeneous medium as probed by the
hypersonic waves. In other words, the local cooperative
chain and NP structural rearrangements during anneal-
ing diminish the elastic impedance contrast between
the two phases in the as-cast films, leading to an
effective medium single phonon observation. The fad-
ing out of the inhomogeneities is illustrated in the inset
of Figure 6b and is supported by the analysis of TEM
micrographs in Figure 3, as discussed below.

In Figure 3d,e, TEMmicrographs show that the silica
NPs are almost uniformly dispersed in the matrices of
both as-cast and annealed samples with no obvious
particle agglomeration. Although it is difficult to di-
rectly characterize the local organization of NPs in the
TEM, due to limitations mentioned earlier, the C(r) of
the TEM images is still instructive. As presented in
Figure 3f, the autocorrelation curves overlap at short
distances, indicating that the primary particle diameter
(∼16 nm) is the same, which further confirms the good
dispersion of NPs. The depletion region, characterized
by the negative correlation, becomes shallower and
wider after annealing, suggesting that the strength of
NP�NP repulsion becomes softer but extends to a
larger range. We interpret this subtle effect as an
indication of the expansion of the adsorbed layer due
to the release of the bridging chains between neigh-
boring particles. Thus, the local interfacial structures
are able to approach their equilibrium states upon
thermal annealing. This is also justified by the nearly
identical sound velocity between MEK-45%-annealed
and PYR-45%-annealed in Figure 6b; note that the silica
NPs are still uniformly dispersed in the P2VP hosts after
annealing, as shown in Figure 3c.

In summary, we have shown that the local inter-
facial structures in both MEK and PYR-cast films can be
relaxed with relatively benign thermal annealing with-
in a reasonable experimental time scale. This, together
with similar particle morphologies in films cast from
these two different solvents, leads to thermomechani-
cal properties that are independent of processing
history. We will next provide more evidence for this
statement by temperature-dependent experiments.

Glass Transitions in Thermally Annealed PNC Films. As
noted above, the annealed SiO2/P2VP nanocomposites
display nearly identical elastic mechanical properties
irrespective of the casting solvent used. In glassy poly-
mers, the value of the high-frequency elastic modulus

Figure 6. (a) VV-polarized BLS spectra of MEK-45%-annealed for both in-plane (black, bottom) and out-of-plane (red, top)
phonon propagation at different scattering vectors as denoted inside the figure. The backscattering modes from in-plane
phonon propagation have been omitted for visualization purposes. (b) Dispersion relation f vs q for MEK-45%-annealed
(green squares) and PYR-45%-annealed (blue circles). The phase velocities in the annealed samples are indicated inside the
figure. The inset cartoon in (b) illustrates the effective medium phonon propagation in the annealed film.
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depends on the local segmental packing, which
changes at the dilatometric glass transition tempera-
ture, Tg. We therefore anticipate that Tg should also be
independent of the choice of solvent. On the other
hand, previous DSC results10,14 surprisingly showed
that nanocomposites consisting of SiO2/P2VP (with
highly attractive interactions) exhibit only a small
increase (less than 10 K) in Tg even for particle loadings
larger than 60 wt %. We note that DSC probes the
relaxation in the specific heat at relatively low rates.
Thus,measuring Tg using a different probe, such as BLS,
which is sensitive to local packing and interactions, and
working at much higher frequencies will provide addi-
tional support of the moderate increase of Tg in this
PNC. Figure 7 (left panel) shows the temperature
dependence of Brillouin peak frequencies (extracted
from the BLS spectra isothermally collected at various
temperatures, e.g., PYR-45%-annealed, as shown in the
right column of Figure 7) in both the glassy and
rubbery states. The Tg is defined as the temperature
at the intersection of the linear dependences of
the longitudinal phonon frequency f(T) in the glassy
and rubbery states. The observation of a small Tg in-
crease (∼5 K) for both MEK-45%-annealed and PYR-
45%-annealed compared to the neat P2VP (Figure 7) is

in agreement with the previous DSC results,14 implying
similar interfacial dynamics after removal of solvent-
induced effects. A small positive deviation in Tg of PNCs
from that of neat polymer was also reported in many
other works.13,29,38,39 Additionally, the annealed bulk
P2VP polymer's Tg by BLS (∼83 �C) is low compared to
its calorimetric value (i.e.,∼95 �C).40,41 Similarly low BLS
estimates have also been observed for PS and PMMA.32

These results are consistent with the results of Efremov
et al.,41 who showed that the Tg measured by a nano-
calorimetry (characterized by very high heating and
cooling rates) for an annealed P2VP thin film is
∼84�90 �C).

CONCLUSIONS

In summary, BLS is successfully used to investigate
the influence of processing conditions, particularly the
choice of the casting solvent and thermal anneal-
ing, on the thermomechanical properties of bulk
NP/polymer films. When using PYR as the casting
solvent, the P2VP chains are displaced away from the
particle surface in solution due to the strong interac-
tion between the solvent and the particle. As PYR is
evaporated, a homogeneous NP/polymer mixture is
created, at least at mesoscopic scales (∼200 nm). In
these situations, there is a single phonon propagating
in all the PYR-cast films, with its sound velocity increas-
ing with the increase of the particle content. These
trends are well described by effective medium theory.
In contrast, in MEK, a bound P2VP layer has been found
at the silica surface in solution, which also facilitates
bridging of NPs at higher particle loadings. Due to the
poor mechanical adhesion between the particles with
adsorbed polymer chains and bulk polymer in the as-
cast state, we have found the existence of two propa-
gating phonons, especially at high silica loadings when
the particle phase starts to percolate. One phonon
propagates in P2VP, while the second independently
propagating acoustic phonon is in the region rich in
silica NPs locally bridged by P2VP chains. However,
upon thermal annealing, the local interfacial structures
that are specific to the different solvents used tend to
relax within our experimental time scale, leading to an
intrinsic elastic modulus and similar interfacial dy-
namics (characterized by the same Tg) irrespective of
the solvent used. Finally, compared to the neat P2VP,
the Tg probed by BLS is only slightly increased for
nanocomposites with a loading of 45 wt %, which
agrees well with our previous DSC results.

MATERIALS AND METHODS

Materials. All materials were used as received. Methylethyl-
ketone (HPLC-grade, >99.7%) and pyridine (ACS agent, >99.0%)
were purchased from Sigma-Aldrich. P2VP (Mw = 105 kDa,
Mw/Mn = 1.08) was obtained from Polymer Source. The colloidal

silica NPs (MEK-ST, diameter of 10�15 nm) and the antioxidant
Irganox 1010 used in this work were donated by Nissan
Chemical Industries and Ciba Specialty Chemicals (now BASF
Switzerland), respectively.

Nanocomposite Preparation and Processing. Nanocomposite films
were prepared by cocasting composite dispersions consisting

Figure 7. (Left) Brillouin frequencies as a function of tem-
perature within nanocomposite films of MEK-0%-annealed
(black spheres), MEK-45%-annealed (red stars), and PYR-
45%-annealed (blue diamonds) obtained from temperature
scan measurements. The solid green lines represent the
linear fitting of f vs T in either the glassy or rubbery state.
The dashed green lines indicate the small shift in Tg. (Right)
Representative Brillouin spectra of PYR-45%-annealed re-
corded in a typical T scan measurement.
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of colloidal silica NPs and P2VP dissolved in either MEK or PYR.
First, the as-receivedNissan silica suspensions were dilutedwith
the solvent in a volume ratio of 3:7. In the meantime, as-
received P2VP and antioxidant Irganox (0.2 wt % relative to
P2VP) solutions in MEK or PYR were prepared. Second, appro-
priate amounts of dilute silica dispersion were added to the
polymer/Irganox solution, resulting in silica NP/P2VP formula-
tions with a known weight ratio. The resulting solutions were
vortex-shaken for 2 h and then probe-ultrasonicated for 3 min
using an ultrasonic processor (model GEX-750) operated at 24%
of maximum amplitude with a pulse mode of 2 s sonication
followed by 1 s rest. The solutions were then poured into a PTFE
Petri dish, air-dried in a fume hood for 2 weeks, and stored in a
vacuum oven at room temperature prior to measurements.
Each resulting as-cast sample was split into two parts, with one
directly sent for BLS measurements and the other subjected to
thermal annealing. To provide precisely identical sample history
and complete removal of all residual solvents in the films, a well-
defined annealing procedure was adopted here: 7 days at 80 �C
and then 10 days at 150 �C, both under vacuum. In our notation,
sample ID of “PYR (MEK)-10%-annealed (as-cast)” dictates that
the filmwas cast from PYR (MEK) with a silica loading of 10wt%,
which had been (had not been) annealed.

Brillouin Light Scattering. BLS was used to probe the elastic
properties of both the as-cast and annealed nanocomposite
films. This technique, operating in the gigahertz frequency
range, is sensitive to local NP packing and NP/polymer interac-
tions and is capable of addressing directional elastic moduli and
dielectric constants,34 due to the wave vector nature of phonon
propagation. The spot size of the incident laser beam is∼50 μm
in diameter. As described in our previous studies,31 the present
BLS setup can operate in two different modes, that is, transmis-
sion and reflection. In the transmission geometry, the scattering
vector q is parallel to the film with its magnitude given by

qpara ¼ 4π
λ

� �
sin(θ=2) (1)

where λ = 532 nm is the wavelength of the incident laser beam
in vacuum and θ is the scattering angle. In the reflection mode,
the scattering vector q is normal to the film surface anddepends
on the medium refractive index n via a more complex expres-
sion, such as eq 12 in ref 42. In this paper, we denote it as eq 2.

qperp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2para þ q2perp

q
cos

1
2

sin�1 1
n
sinR

� �
� sin�1 1

n
sin(Rþ θ)

� � !2
4

3
5

(2)

where R is the incident angle.
These two particular configurations allow BLS to selectively

characterize either the in-plane or out-of-plane phonons pro-
pagating within the test materials. Furthermore, by tuning the
polarization of the scattering light, the transverse (also called
VH-polarized or depolarized) and longitudinal (VV-polarized
or polarized) component of the elastic wave can be decom-
posed and selectively probed. In a typical BLSmeasurement, the
polarized/depolarized spectrum I(q,w) is recorded as a func-
tion of the angular frequency. Following that, the Brillouin
frequency, corresponding to the characteristic frequency of
the motion of acoustic waves inside the materials, can be
extracted by curve fitting the BLS spectra with a Lorentzian
function. For acoustic phonons (just as in our case), a linear
dispersion relation is obtained

ci ¼ (2πfi)=q (3)

where ci and fi are the sound velocity and Brillouin frequency of
the propagating acoustic phonon, respectively; i can represent
either longitudinal (cL) or transverse (cT) modes. From here, the
propagating sound velocity can be directly calculated. Based on
this, othermechanical properties, such as shear, Young's, andbulk
modulus, as well as Poisson ratio can be estimated,43 as given by

cL ¼
ffiffiffiffi
M

F

s
(4)

cT ¼
ffiffiffi
G

F

s
(5)

E ¼ G(3M � 4G)
M � G

¼ 2G(1þ ν) (6)

K ¼ M � 4
3
G ¼ 2G(1þ ν)

3(1 � 2ν)
(7)

ν ¼ M � 2G
2M � 2G

(8)

where M, G, E, K, and ν are the P-wave, shear, Young's, bulk
modulus, and Poisson ratio, respectively.

Note that all the BLS experiments were performed at room
temperature (∼23 �C) except for the temperature scan mea-
surements. In the latter, BLS spectra were isothermally collected
at representative temperatures ranging from 23 to 137 �C
(ΔT ∼ 10 K). Prior to each measurement, the whole setup was
allowed to isothermally equilibrate for at least 20 min.

The effective medium behavior of the composite film is
described by Wood's law, as given by

cL;PNCs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
φsilica=(Fsilicac2L, silica)þφP2VP=(FP2VPc2L, P2VP)

 !
=FPNCs

vuut
(9)

FPNCs ¼ φsilicaFsilica þφP2VPFP2VP (10)

where φsilica and φP2VP are the volume fraction of silica and
P2VP in the composite film, respectively; Fsilica = 1700 kg/m3 and
FP2VP = 1100 kg/m3 are the densities of the silica NPs and the
neat P2VP, respectively; cL,silica = 4500m/s and cL,P2VP = 2650m/s
are the longitudinal sound velocity of pure silica and P2VP
(as-cast in PYR), respectively.

Transmission Electron Microscopy (TEM). To characterize the par-
ticle organization in real space, a strip of bulk PNC film was
embedded in epoxy resin, cured at 80 �C for 8 h, and then cut
into slices with a thickness of around 60 nm using ultramicrot-
omy which were floated on a Formvar-coated copper TEM grid
from deionized water and visualized in a JEOL JEM-100 CX
electron microscope.

Dynamic Light Scattering. DLS measurements were performed
to obtain the hydrodynamic radii as well as the ζ-potential
of suspended particles on a Zetasizer NanoZS (Malvern
Instruments) equipped with a 633 nm HeNe laser and operat-
ing at a scattering angle of 173� (backscattering setup). In a
typical measurement, the stock silica solution (∼31 wt %) was
first diluted to get a final particle concentration of 0.13%
(∼0.048 vol %). Following that, appropriate amounts of P2VP
were added to this solution based on a given weight ratio. The
resulting composite formulation was then stirred on a vortex
mixer for at least 1 day to ensure complete polymer dissolution.
Finally, the NP size in stable suspension was measured using
DLS in a glass cuvette (PCS 1115). Note that the sample was
filtered with a 0.45 μm PTFE filter prior to each measurement.
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