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he potential to impart novel and en-

hanced properties to polymer materi-

als without sacrificing the advantag-
eous formability of the polymer matrix has
fueled both academic and industrial interest
in polymer nanocomposites during the past
20 years." 7 For example, particle fillers are
used to enhance thermo-mechanical prop-
erties or to engineer tailored electrical, op-
tical, or transport properties of polymer thin
films for applications ranging from elec-
tronic packaging to barrier and protective
coatings.®~ '3 Although the details of how
a physical property is affected by the pre-
sence of particle fillers is dependent on
the nature of the underlying interactions,
a common observation is that properties
of polymer nanocomposites intimately
depend on the morphology of the particle
dispersion.'® To establish the governing
parameters that control dispersion mor-
phologies as well as process strategies to
facilitate the engineering of prescribed
morphologies is thus a focal point of na-
nocomposite research."””™'® In many in-
stances, such as for the modulation of
optical, dielectric, or thermo-mechanical
properties, uniform particle dispersions
are typically desired in order to prevent
scattering, conductive pathways, or to
efficiently capitalize on interfacial interac-
tions. Applications deriving from these
properties are therefore often linked to
the ability of fabricating uniform particle
dispersions at high concentrations of the
inorganic component. In athermal parti-
cle/polymer blends this presents a formid-
able challenge because entropic interac-
tions (typically) counteract particle disper-
sion for the majority of technologically
relevant composite formulations.?® The
need for viable routes for the prepara-
tion of thermodynamically stable, uniform,
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ABSTRACT The in-plane and out-of-plane elastic properties of thin films of “quasi-one-
component” particle-brush-based nanocomposites are compared to those of “classical” binary
particle—polymer nanocomposite systems with near identical overall composition using Brillouin
light scattering. Whereas phonon propagation is found to be independent of the propagation
direction for the binary particle/polymer blend systems, a pronounced splitting of the phonon
propagation velocity along the in-plane and out-of-plane film direction is observed for particle-brush
systems. The anisotropic elastic properties of quasi-one-component particle-brush systems are
interpreted as a consequence of substrate-induced order formation into layer-type structures and
the associated breaking of the symmetry of the film. The results highlight new opportunities to
engineer quasi-one-component nanocomposites with advanced control of structural and physical
property characteristics based on the assembly of particle-brush materials.
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and concentrated particle dispersions has
motivated research in alternative strate-
gies of nanocomposite preparation.

One promising path toward thermody-
namic stable particle dispersions with con-
trolled microstructure is based upon the
grafting of polymer chains to the surface
of particles and the subsequent assembly of
the polymer-grafted particles (in the follow-
ing denoted “particle brushes”) into array
structures. Polymer-like mechanical charac-
teristics of the particle-brush assembly can
be expected if the architecture of the poly-
mer shell allows for substantial chain en-
tanglements.?’ Conditions to realize chain
entanglements can be evaluated by con-
sidering the conformational transitions of
chains grafted to a particle surface. In gen-
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eral, densely polymer-grafted particles are
categorized depending on the polymer
grafting density and degree of polymeri-
zation.??? In the limit of high grafting
densities, the concentrated particle-brush
(CPB) regime is observed when segmental
interactions give rise to extended chain
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Figure 1. lllustration of scattering geometry. (a) Transmis-
sion scattering geometry for recording spectra from a
supported film on transparent substrate at a scattering
angle twice the incidence angle o. The scattering wave
vector q is parallel to the film surface. (b) Reflection scat-
tering geometry. The optical path of the incident and
scattered light in a film at a scattering angle 6 = 7 — 2a
where a is the angle of incidence. The scattering wave
vector q is perpendicular to the film surface.
conformations. As the chain density decreases a transi-
tion to the semidilute particle-brush (SDPB) regime is
observed in which reduced segmental interactions
give rise to more relaxed chain conformations.?#?*
On the basis of this CPB/SDPB model, polymer-like
mechanical properties of particle-brush assemblies can
be expected if the length of the relaxed segments of
the grafted chains exceeds the critical segment length
for entanglements. Recent studies have documented
the potential of particle-brush systems in the SDPB
regime to assemble into quasi-one-component nano-
composites with polymer-like thermomechanical
properties. In particular, Vaia and co-workers reported
the bottom-up synthesis of nanocomposites by assem-
bly of sparse grafted particle systems that exhibit
polymer-type elasticity despite a high filling fraction
of inorganic particles (~60 wt %).2° More recently, Choi
et al. reported that the grafting of polymeric chains can
facilitate the formation of (short-range) ordered yet
plastic-compliant particle array structures in which
chain entanglements give rise to increased mechanical
strength and fracture through polymer-like crazing
processes.”’ However, while these previous studies
have established the principal feasibility of particle—
brush based nanocomposites with polymer-like me-
chanical attributes, the implications of the architecture
of the particle-brush constituents on the interactions
and properties of the nanocomposites remain an open
question. This is of significant relevance to not only the
development of advanced particle-based nanocompo-
site materials but also the fundamental understanding
of the interrelationship between molecular architec-
ture, interactions, and properties of polymer nanocom-
posite materials.

In this contribution the in-plane and out-of-plane
elastic properties (i.e., the mechanical moduli parallel
and normal to the film surface at hypersonic
frequencies) of thin films of particle brush-based
nanocomposites are compared to those of classical
binary particle—polymer blend systems with near
identical overall composition using Brillouin light
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TABLE 1. Characteristics of Binary Particle/Polymer and
Quasi-One-Component Particle-Brush Nanocomposites

M, (g/mol)* M, (g/mol)®  wyp  Wso,
sample ID  of grafts of matrix ~ (%)° (%)° ¢ ©®)° h@om)
Si0,-5150 15550 100.0 3000 1386 221410
Si0,-S770 80400 1000 1200 500 227415
$150/PS52k 15550 52000 33.0 1000 403 284410
S770/PS52k 80400 52000 100 120 049 175£10

“Molar mass of tethered PS. ®Molar mass of homopolymer PS matrix. © Mass
fraction of PS-grafted silica particles.  Mass fraction of silica core particles.  Volume
fraction of silica core particles. "Film thickness of the samples.

scattering (BLS) performed in transmission and reflec-
tion mode as depicted in Figure 1. This technique
utilizes inelastic scattering of incident laser light by
thermally activated hypersonic (GHz) elastic (acoustic)
waves in the matter. By analyzing the spectral compo-
sition of the inelastically scattered light, the informa-
tion about the elastic wave propagation and hence the
elastic properties of the film can be obtained. The two
scattering geometries of Figure 1 allow the selective
probing of the phonon propagation with wave vector
either parallel (q = gi) or perpendicular (q = g,) to the
film surface.

The unique capability of our BLS to probe the
direction dependent elastic properties without pertur-
bation of the sample structure facilitates novel insights
into the effect of molecular architecture on the me-
chanics of nanocomposite thin films. In particular, a
pronounced anisotropy of phonon propagation is ob-
served for particle-brush systems that contrasts the
isotropic characteristics of classical composites based
on binary polymer/nanoparticle blends. The anisotro-
py of phonon propagation in particle-brush systems is
interpreted as a consequence of substrate-induced
order formation of the particle brushes into layer-type
structures that break the symmetry of the film. The
results highlight the relevance of molecular architec-
ture on the properties of polymer nanocomposites and
suggest new opportunities to engineer quasi-one-
component nanocomposites with advanced control
of structural and property characteristics based on
the assembly of particle-brush materials.

RESULTS AND DISCUSSION

The system in our study consists of binary blends of
polystyrene and polystyrene-grafted silica nanoparti-
cles as well as neat polystyrene-grafted silica particle
thin films. The average particle (core) radius was
determined by transmission electron microscopy
(TEM) as ro = 7.7 &= 2 nm, and surface-initiated atom
transfer radical polymerization (SI-ATRP) was applied
to synthesize particle model systems with the following
graft characteristics: o0 = 0.84 nm 2 N = 149, My,/M,, =
1.21 (sample ID: Si0,-S150); o = 0.5 nm 2, N = 773,
M/M,, = 1.32 (sample ID: SiO,-5770). Here, o denotes
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the density, M\,/M, is the distribution of graft molec-
ular weights, and N is the degree of polymerization of
surface-grafted chains. Binary particle composites
were prepared by dispersion of appropriate amounts
of PS-grafted particles within linear PS (N =500, M, =52
kg/mol). Films were prepared by spin coating and
subsequent thermal annealing at T = 120 °C for 24 h.
The characteristics of binary polymer/particle blend
and particle-brush systems are summarized in Table 1.

To determine the microstructure of the binary and
particle—brush nanocomposite materials the particle
dispersion morphology of all samples was determined
using electron microscopy as shown in Figure 2. As
revealed by the micrographs of bulk samples shown in
Figure 2a,c (and in agreement with prior theoretical
predictions), both particle systems (Si0,-S770 and
Si0,-S150) are compatible with the polystyrene (PS)
host polymer.'727-28

The particle dispersion is also illustrated by cross-
sectional images of the thin film samples shown in
Figure 2b,d that reveal the homogeneous distribution
of particles across the film transverse direction. In
contrast, a more organized arrangement of particles
is observed for Si0,-S770 and SiO,-5150 particle-brush
samples both in-plane (Figure 2e,g) as well as normal to
the film direction (Figure 2fh) that suggests short-
range order as well as accumulation of particle centers
near the film interface. The structure formation in
particle-brush systems will be discussed in more detail
in the context of the elastic properties of particle-brush
films.

Elastic Properties along In-Plane Film Direction. Figure 3
depicts representative BLS spectra /(g,w) obtained in
VV-polarized transmission geometry (see Figure 1a) to
probe in-plane elastic excitations in SiO,-S150 (see
Figure 3a) and SiO,-S150/PS (see Figure 3b) at wave
vectors g = 0.0118 and 0.0167 nm ™, respectively. The
amplitude of the wave vector gy is determined and
tuned by the scattering angle (see Methods section).
For better visualization, the central Rayleigh peak
around 6 GHz has been omitted in both spectra.

From the experimental data the frequencies corre-
sponding to Brillouin peaks are determined by curve-
fitting with a Lorentzian function. The observed Bril-
louin lines reveal the various film-guided phonons
consistent with expectations for thin film samples with
g1 = h". As in the simplified case of a homogeneous
and isotropic plate, these phonons exhibit, along any
direction parallel to the film, the form of plane waves
propagating with a wave vector g; along the normal
direction they have to respect the boundary conditions
applied on both surfaces of the film (see next section).
The film-guided modes are confined within the film,
reflected back and forth between the two plate sur-
faces. Of course they can leak into the surrounding
media (air and/or glass substrate). The film-guided
modes are polarized in the sagittal plane defined by
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Figure 2. Transmission electron micrographs revealing
microstructure of nanocomposite films after 24 h of thermal
annealing at T = 120 °C. (a) Cross-sectional TEM of SiO,-
S$770/PS bulk sample revealing uniform particle dispersion.
(b) Cross-sectional TEM of SiO,-S770/PS thin film confirming
uniform particle dispersion. Inset shows magnification.

(c) Cross-sectional TEM of SiO,-S150/PS bulk sample reveal-
ing uniform particle dispersion. (d) Cross-sectional TEM of
Si0,-S150/PS thin film confirming uniform particle disper-
sion. (e) Top-view of Si0,-S770 particle film (approximately
monolayer). (f) Cross-sectional TEM of SiO,-S770 particle thin
film (approximately eight particle layers). (g) Top-view of
Si0,-S150 particle film (approximately monolayer). (h) Cross-
sectional TEM of SiO,-S150 particle thin film (approximately
15 particle layers). Scale bar is 100 nm.

the normal to the film and g, having a mixed long-
itudinal-transverse character, in analogy to the well-
known corresponding case of generalized Lamb
modes of homogeneous and isotropic plates (see
discussion below).?' Their major characteristic is that,
in contrast to the linear (w = cqy) relationship expected
for acoustic-like phonons, these film-guided modes are
dispersive: the phase velocity ¢ = w;/q depends on gy,
where w; = 2xaf; is determined by the respective
frequency f; of the spectral peaks. Cheng et al. demon-
strated that the identification of the various modes
proceeds through the calculation of the dispersion
relation f versus g which requires g-dependent mea-
surements of /(q,w).?? The frequencies of film-guided
modes usually fall between the transverse phonons in
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Figure 3. (a,b) Polarized (VV) BLS spectra of SiO,-S150 film
for in-plane phonon propagation at a scattering wave vector
g1 =0.0118 nm ™" and Si0,-5150/PS film at g; = 0.0167 nm .
Red lines represent Lorentzian fits. (c) Dispersion relation f
versus gy for SiO,-S150 supported film. The two dashed lines
indicate the transverse modes in the glass substrate (c,g =
3390 m/s) and the bulk neat PS (c,, = 1150 m/s).

bulk PS and glass (or generally the substrate), as
indicated in the dispersion plot of Si0,-S150 film in
Figure 3c by the two dashed lines with the experimen-
tally determined phase velocities ¢, = 1150 m/s and
Ctg = 3390 m/s, respectively.

It has been well established that the surface excita-
tions probed by BLS in thin films are the guided Lamb
modes that can be calculated using a single set of bulk
elastic parameters, with no adjustable parameters3°>'
For supported PS films, the numerous guided modes
have been well represented by the theoretical calcula-
tions using the values of the transverse (c¢;) and long-
itudinal (¢;) phase velocities of bulk PS, glass and air as
well as their densities (0).3' We note that the calculation
of the dispersion in the present films is based on the
assumption that the structure is homogeneous on the
length scales probed by the BLS experiment (271/q) =
200 nm). Figure 4 compares the experimental and
calculated dispersion diagrams for all nanocomposite
thin film samples. The diagrams display the phase velo-
city w/q) as a function of gih (ie, the product of the
wavenumber and the film thickness) as it is the relative
magnitude of the phonon wavelength 277/g and the film
thickness that determine the details of the film-guided
modes. In Figure 4 the red solid lines represent the
theoretical dispersion relations (w/qy versus qh) for the
guided Lamb modes in a neat PS film, and the horizontal
dashed lines represent the elastic sound phase velocities
Cp (= 2350 m/s) and ¢, determined for a thick (qih > 50)
PS film, that is, when the phonon wavelength becomes
sufficiently shorter than the film thickness. The solid black
lines present the best theoretical fit to the experimental
modes.

Figure 4a reveals that the experimental dispersion
relations of the polymer/particle binary blend film
Si0,-S770/PS are well captured by the theoretical
predictions (red lines with fixed p,, ¢ip, and ¢, to their
values in PS). The excellent agreement between theo-
retical and experimental values supports the assump-
tion of isotropic elastic characteristics of both film

3000
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g s e e
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Figure 4. Phase velocity of the in-plane elastic excitations
with wave vector g in the supported nanocomposite films
of Si0,-S770/PS (a) and SiO,-S150/PS (b) and the supported
particle films of Si0,-S770 (c) and SiO,-S150 (d) at ambient
temperature. The solid symbols and lines correspond to the
experimental data and the theoretical predictions for the
propagation of the general Lamb modes, respectively. The
red solid lines represent the theoretical dispersion relations
of a neat PS, the solid black lines are the best theoretical fit
to the experimental modes, and the dashed lines denote the
phase velocities (¢, and c;p) for linear polystyrene.

samples consistent with the homogeneous morphol-
ogy on the probed length scales. This is in accord with
the expectation that no significant property changes
are expected at small concentrations of inorganic
additive (wsjo, = 0.012 for Si0,-5770/PS). For the binary
particle polymer film SiO,-5150/PS with wsio, ~ 0.1,
Figure 4b suggests that the theoretical dispersion
(solid black lines) better captures the experiment when
assuming ¢ (=1.04cp) rather than ¢, of neat PS (red
solid lines) thus indicating “stiffening” of the film
associated with particle addition. Interestingly, the
experimental dispersion curves are found to deviate
significantly from the theoretical prediction for both
particle-brush samples SiO,-S770 (Figure 4c) and SiO,-
S150 (Figure 4d); the deviation increases with inorganic
content. Since for sample SiO,-5770 the composition is
nearly identical to the binary nanocomposite SiO,-
S150/PS (¢ = 0.1) the disagreement between calcu-
lated and experimental values suggests that the as-
sumption of structural and mechanical uniformity on
probing length scales is not applicable in the case of
particle-brush systems. This is an unexpected result
since the dimensions of individual brush particles are
only a small fraction of the probing phonon wave-
lengths and confirm that particle interactions have a
prominent influence on the elastic characteristics of
particle-brush thin films. In the following section it will
be shown that the elastic properties of particle-brush
films are indeed anisotropic.

Elastic Properties in Out-of-Plane Film Direction. Figure 5
depicts the BLS spectra for SiO,-5150 and SiO,-5150/PS
recorded at a transverse scattering wave vector (see
Figure 1b) of magnitude g, =0.035 nm ™' (corresponding
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Figure 5. Polarized BLS spectra measured in reflection
geometry for Si0,-S150 (a) and Si0,-S150/PS (b) films for
out-of-plane phonon propagation at g, = 0.035 nm™". The
red lines represent Lorentzian fits.

to a probing length 277/q, = 170 nm). Similar to the
results of in-plane scattering geometry—but because
of a different physical reason—a multimodal shape of
the spectra is observed. The resolved peaks correspond
to generalized Lamb modes representing standing
acoustic excitations normal to the surface of the film
where the parallel wave vector component g, = 0. This
is consistent with the thin film sample geometries
(27/q, = h) for which a splitting of the (single) long-
itudinal acoustic mode at w = ¢q, (that is observed
for films thicker than 2 um) into a set of equidistant
submodes is expected.>°

The splitting can be understood to be a consequence
of the formation of standing waves of acoustic excita-
tions bounded by the film substrate and film free surface
and the uncertainty Aq = 2z/h. The criterion for the
formation of a standing wave of the order m is given by

gmh = Tm+ /2 (1)

where m is an integer and 77/2 is the phase shift due to
the reflection on the film boundaries. The standing
wave formation and the increasing distribution Ag with
decreasing film thickness gives rise to the splitting into
submodes that occupy the envelope of the broadened
(bulk) longitudinal acoustic phonon mode. The fre-
quency interval Af,, between the peaks of the long-
itudinal submodes can be obtained directly fromeq 1 as

Afy = c1/(2h) (2)

Note that from eq 2 the frequency splitting Af,,
between the adjacent modes of the BLS spectra (such
as Figure 5) is directly related to the longitudinal sound
velocity ¢; normal to the surface of the film. Figure 6
depicts the obtained sound velocities ¢ for all polymer
composite film samples along the in-plane and out-of-
plane directions as a function of the weight fraction of
the inorganic component.

Consistently, the effective sound velocity ¢; normal
to the film surface (open symbols) is found to be

VOUDOURIS ET AL.
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Figure 6. Comparison of the longitudinal phase velocity
measured in the particle-brush and binary particle/polymer
nanocomposite thin films revealing anisotropic phonon
propagation (¢, > ¢,) in particle-brush systems. Blue
squares, Si0,-S150; red squares, Si0O,-S770; green circles,
Si0,-S150/PS; black circles, SiO,-S770/PS. Solid and open
symbols represent in-plane and out-of-plane elastic wave
propagation, respectively. The star symbol corresponds to
PS thin film (no anisotropy). Solid and dotted lines represent
the effective medium prediction for parallel (in-plane) and
normal (out-of-plane) configuration, respectively (¢ = csio,
bsio, + tps (1 — dsio,) and ¢, ' = (¢sio,/€si0,) ' +[(1 — ¢sio,)/
cps)] ! (see ref 30). The phase velocity of the constituents is
assumed to be ¢; = 4000 m/s (SiO;) and ¢; = 2350 m/s (PS),
respectively.’%33

smaller than its in-plane counterpart (solid symbols).
However, whereas the splitting is small (within the
experimental error) for binary particle/polymer blends,
significant disparity between the in-plane and out-of-
plane ¢ is observed for both particle-brush systems;
the anisotropy is found to increase with increasing
concentration of inorganic component (no anisotropy
was observed for neat PS that is represented by the
horizontal dotted line). Note that the splitting in the
case of Si0,-S770 contrasts to the isotropic (within the
experimental error) characteristics of the binary com-
posite system SiO,-S150/PS that exhibits near identical
composition (~10 wt % SiO,).

Strong directional dependence of longitudinal and
transverse sound velocity has been recently reported
for highly anisotropic polyimide coatings.>* However,
in the present case all samples are in their quiescent
state. Prior to a rationalization of the unprecedented
mechanical anisotropy of the present polymer nano-
composite films, we should first recall the two main
channels for structural information in such nonperiodic
systems from the BLS spectra: first, the presence of
boundaries with elastic impedance contrast (density,
sound velocities) and, second, heterogeneities with
length scales larger than the probing phonon wave-
length. We attribute the splitting of ¢, in Figure 6 to the
interaction between the particle brushes and the sub-
strate that gives rise to a layer-type organization of
particles near the interface and thus results in breaking
of the symmetry of the film. This argument is sup-
ported by Figure 7 that provides a comparison of the
spatial distribution of particle cores in the out-of-plane
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direction for both the SiO,-S150/PS and SiO,-5770
composite systems (both with weight fraction of inor-
ganic component of about wsjo, = 0.1).

The particle counting analysis shown in Figure 7c
confirms that in the case of the particle-brush sample
Si0,-S770 the particle cores concentrate along the
substrate resulting in alternating regions of high and
low particle density in the vertical film direction
(analogous ordering is observed for SiO,-S150 parti-
cle-brush films, see Figure 2h); a close-packing config-
uration (as indicated in the inset to Figure 7a) would
imply an interparticle distance of /3R = 44 nm along
the vertical (out-of-plane) direction, in good agree-
ment with the experimental value of about 40 nm.
The degree of order formation in vertical direction is
found to decay with increasing distance from the
substrate and a more randomized distribution
(comparable to the bulk structure of the film) is ob-
served at distances corresponding to about four parti-
cle diameters (approximately 150 nm). The layer-
type organization of particle centers contrasts the
uniform particle distribution that is observed in the
binary composite system SiO,-S150/PS as shown in
Figure 2d,f. Figure 7a also reveals the apparent con-
centration of the particle centers in the vicinity of the
substrate in the Si0,-S770 thin film. This observation
was found to be independent of tilt-orientation and
thus cannot be attributed to an imaging artifact. We
interpret the apparent depletion of polymer grafts
from the vicinity of the substrate to be a consequence
of repulsive polymer—substrate interactions that ori-
ginate from the confining effect that the substrate
exerts on the grafted polymer chains. Because for
polymer brushes the grafting of one chain end imparts
additional constraints on the conformation of the
polymer chain, we expect that the confinement effect
imparted by the substrate is more pronounced for
particle-brush systems as compared to the binary
particle/polymer blend system. An alternative (enthalpy
dominated) driving force for the interfacial segrega-
tion of particle cores could be provided by the
residual interaction between the silica particle cores
and the (silica) substrate facilitated through only partial
screening of the inorganic core. However, given the
similar and dense grafting of polymer chains in both
particle-brush systems (6 = 0.84 nm 2 and o =
0.5 nm 2 for Si0,-5150 and Si0,-S770, respectively)
core-substrate interactions are expected to be effec-
tively screened out in both particle systems. The latter
assumption is supported by the absence of any segre-
gation in the SiO,-S150/PS (and similarly SiO,-S770/PS)
system that, in the case of enthalpy dominated segre-
gation, should behave similarly to the quasi-one-
component Si0,-S770 system.

We hypothesize that the particle organization im-
parts a layer-type modulation of stiffness within the
particle-brush film that results in distinct phonon
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Figure 7. Cross-sectional TEM and image analysis revealing
layer-type particle organization in particle-brush thin films:
(a) Si0,-S770; (b) SiO5-S150/PS. In both micrographs the
lower film surface is oriented toward the substrate. (c,d)
Out-of-plane particle distribution (distance is with respect
to the substrate interface) revealing layer-type organization
for Si0,-S770 (c) and uniform distribution for SiO,-S150/PS
(d). Scale bar is 100 nm.

propagation characteristics of in-plane and out-of-
plane direction. Specifically, we expect the depletion
of polymer grafts from the surface (that can be dis-
cerned from the micrographs such as Figure 7a) to result
in the softening of the interfacial layer because the
increased concentration of chain ends between the first
and second particle layer should accelerate chain
dynamics.®® Support for this interpretation is provided
by recent numerical simulations of the local mechanical
properties of particle-filled polymers that have revealed
repulsive filler—matrix interactions to result in the low-
ering of the glass transition temperature in the vicinity
regions of particle fillers.3® Since the phonon propaga-
tion along out-of-plane direction is sensitive to the
presence of soft interlayers, a reduction of ¢, in out-of-
plane direction is thus expected.?” However, the ob-
served drop with increasing SiO, particle volume
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fraction cannot be accounted for by the common
effective medium relations (dotted and solid lines in
Figure 6).3”% In contrast, phonon propagation along
the in-plane film direction should be determined by the
elastic properties of the bulk section of the film that is
found to be in semiquantitative agreement with the
effective medium prediction (dashed line) for both the
particle-brush as well as binary particle/polymer blend
systems (see Figure 6); the linear dependence ¢(wsio,)
(solid line) largely overestimates the experiment. The
more significant deviation between the predicted and
experimental phase velocities in the case of Si0,-S150 is
attributed to the short graft length and the CPB char-
acter of Si0,-S150 that will act to reduce entanglement
and thus reduce ¢, below the expected value of neat PS.

Note that since vertical order extends only few
particle diameters within the out-of-plane film direc-
tion and since the effect of particle ordering on the
anisotropy of phonon propagation should depend on
the volume fraction of the ordered region within the
film, the anisotropy is expected to vanish in the limit of
thick films. This trend is indeed observed in films of
Si0,-S770 as demonstrated in Figure 8 that depict the
measured phonon propagation velocity in out-of-
plane direction as a function of film thickness. The
out-of-plane velocity is found to systematically con-
verge to the respective bulk value with increasing
film thickness; films in excess of 3 um in thickness
(corresponding to about 100 particle-brush layers)
were found to be isotropic.

CONCLUSIONS

The assembly of polymer-grafted particles has been
shown to provide a path to quasi-one-component
nanocomposites with bulk elastic characteristics (in
the GHz regime) similar to classical binary particle/
polymer blends with corresponding characteristics
(chain length and composition) of the respective con-
stituents. The short-ranged organization of particle

METHODS

Particle Synthesis. The synthesis of SiO,-5150 and SiO,-5770
particle-brush systems was performed using surface-initiated
atom-transfer radical polymerization (SI-ATRP) as described in a
previous publication.>*° Polystyrene with (number-average)
molecular weight M, = 52000 g/mol (polydispersity index
M/M,, = 1.02) was obtained by Polymer Source and used as
received. Toluene solvent was obtained by Aldrich and used
without further purification. The particle dimensions were
evaluated by transmission electron microscopy (TEM) in the
dry state as well as by photon correlation spectroscopy in dilute
solution. The geometric and hydrodynamic radii were deter-
mined as R = 20 nm and R;, = 29 nm for SiO,-S150 as well as
R =27 nm and R;, = 67 nm for Si0,-5770, respectively.25 From
R/Ry, = 0.68 (5i0,-S150) and R/Ry, = 0.4 (Si0,-S770) the particle
systems can be assigned to the CPB (SiO,-5150) and SDPB (SiO,-
S770) regimes.

Film Preparation and Analysis. Film thickness and composite
morphology were determined by cross-sectional TEM of the
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Figure 8. Dependence of the longitudinal phase velocity in
out-of-plane direction on the thickness of Si0,-S770 films
revealing the decrease of anisotropy with increasing thick-
ness of particle film. Dotted line indicates the phase velocity
of the bulk PS film.

brushes near the substrate interface into layer-type
structures gives rise to anisotropic elastic properties in
thin film geometries that underline the relevance of
particle-brush interactions on the mechanical proper-
ties of the (quasi-one-component) nanocomposites.
The emergence of anisotropy also highlights novel op-
portunities for engineering polymer nanocomposites
with advanced control of both the particle dispersion
morphology as well as the associated physical proper-
ties based on particle-brush materials. These materials
could find applications, for example, in actuators, robust
self-assembled photonic crystals, directional sound lim-
iters or—if the approach can be extended to semicon-
ductor particle compositions—materials for solid state
lighting. To harness the particle-brush approach as a
route toward “precision engineered polymer nanocom-
posites”, better understanding of the interrelation
between brush architecture and the macroscopic me-
chanical characteristics of particle-brush assembilies,
such as Young's modulus, yield strength, and toughness
will be essential. The evaluation of these parameters is
the subject of our current research.

layer (the particle or the particle-filled polymer film) sandwiched
between poly(acrylic acid) (PAA) layers. Nanocomposite thin
films of about 300 nm thickness were obtained by spin-coating
a 3% particle/polymer solution in toluene on a PAA substrate
and subsequent thermal annealing. PAA film was then placed
on top of the nanocomposite layer by spin-coating, creating a
sandwich structure. Films were microsectioned at room tem-
perature using a LEICA EM FCS cryo-ultra microtome. Spatial
distribution of the particles across the films was analyzed using
Image) software. Table 1 presents a summary of the thickness
and composition of the particle and the particle filled polymer
films used in the present study.

BLS Spectroscopy. Brillouin light scattering was used in order
to evaluate the elastic properties of nanocomposite thin films
because of several reasons: (1) it is a nondestructive technique
that allows for mechanical and subsequent structural character-
ization of thin film samples and (2) it provides access to both in-
plane and out-of plane elastic properties by virtue of the
scattering geometry that is being used.?>3%3*#142 Furthermore,
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BLS provides information about elastic properties at hypersonic
frequencies (GHz regime) that are more sensitive to local
packing and interactions within the test material. In contrast
to the usually encountered backscattering geometry for film
samples, the present BLS setup allows g dependent measure-
ments as described in our previous studies.?**° The scattering
configuration is depicted in Figure 1. In the transmission
geometry (see Figure.1a) with a scattering angle 6 (=2a) twice
the reflection angle o, the scattering wave vector q is parallel to
the film and its magnitude g = (47t/1) sin(6/2) is independent of
the medium refractive index; 1 = 532 nm is the wavelength of
the incident laser beam. In the reflection geometry (see
Figure.1b) with the scattering angle 6 = 7 — 20, q is normal
to the film surface with magnitude g, = (4wn/A) sin(6/2), n being
the medium refractive index. Using these special two geome-
tries, BLS facilitates the selective probing of phonons (thermal
density fluctuations) propagating either parallel (in plane) or
normal (out-of-plane) to the film. The spectrum of the inelasti-
cally scattered light is analyzed by a high resolution (3 + 3)-pass
tandem Fabry—Perot interferometer (FPI) (JRS Instruments,
Switzerland) at hypersonic frequencies (1—50 GHz). Choosing
the polarization of both incident laser beam and scattered light
was selected polarized normal to the scattering plane
(perpendicular to the film) the polarized spectrum /(g,w) with
angular frequency w = 27zf can be recorded. All BLS experiments
were performed at room temperature (T = 23 °C). BLS emerges
as a powerful technique for recording the dispersion diagram of
structured nanocomposites.*'4?

Theoretical calculations. For the theoretical predictions of the
dispersion plots we used the layered-multiple-scattering meth-
od for elastic waves appropriately adapted to calculate the
eigenmodes for layered structures composed by homogeneous
and isotropic plates free or supported on a substrate.*> The
method, in its general form, evaluates rigorously the elastic
properties of composite systems consisting of a number of
different layers having the same two-dimensional periodicity in
the plane parallel to the layers, while no periodicity is required in
the direction perpendicular to them. Here, the procedure was
applied for the simple case where all layers are homogeneous
plates, following the technique described in ref 29 for the
calculation of the dispersion plots w(qu), with g being the wave
vector parallel to the planes.

Electron Microscopy. TEM was performed using a JEOL EX2000
electron microscope operated at 200 kV. Images were taken
using a Gatan Orius SC600 high-resolution camera.
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