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ABSTRACT: The concurrent evaluation of the vibration
eigenfrequencies in densely polymer-tethered particle systems
(“particle brushes”) by Brillouin light scattering and
elastodynamic theory reveals a distinctive change of acoustic
eigenmode formation associated with polymer graft mod-
ification of colloidal particles. The eigenfrequencies of particle
brushes reveal a characteristic red-shift compared to uniform
core-shell particles that can only be rationalized by assuming
imperfect boundary conditions and anisotropic elastic proper-
ties of the graft layer. The distinct characteristics of vibration
modes in particle brush materials provide direct evidence for
the implications of chain confinement on the nanomechanical
properties of tethered chains. The results highlight a rich and
hitherto unexplored parameter-space for controlling properties and interactions in particle−brush based systems that could spur
the development of hybrid materials with novel functionalities.

Recent progress in surface-initiated controlled radical
polymerization has dramatically expanded the control

over structural parameters such as grafting density, degree of
polymerization, or molecular weight distribution of surface-
bound chains.1,2 The resulting ability to tailor the structural and
dynamical constraints of tethered chains has fueled research on
the structure-property relations of polymer-tethered particle
systems and their application as hybrid materials with novel
functionalities.3−6 For densely grafted particle systems (here
called “particle brushes”), the interplay between excluded
volume interactions and geometrical constraints (such as
particle surface curvature) gives rise to conformational
transitions within the “shell” of tethered chains. The more
stretched conformations of the chains in the vicinity of the
particle surface sensitively affect the structure and interactions
of particle brushes in solution and the solid state.7−11 The
elucidation of the role of chain conformational transitions on
the physicochemical properties of brush particles therefore not
only promises novel insights into the physics of micro-
structured colloidal systems but also holds opportunities for
the design of hybrid materials with novel functionalities.

In this contribution we demonstrate that acoustic eigenm-
odes in brush particles distinctively differ from those of uniform
spherical or core-shell particle systems.12−15 In particular, for
elastically soft or hard colloidal spheres the acoustic vibrations
are localized within the particle; their eigenfrequencies depend
on the materials’ thermomechanical properties and are inversely
proportional to the bare particle diameter.12−15 For core-shell
(silica-poly(methyl methacrylate)) particles with different
polymer shell thickness but with homogeneous density, the
low frequency particle resonances are mostly localized within
the soft shell. The acoustic eigenvibrations in this case are well
captured by elastic multipole scattering theory assuming perfect
boundary conditions (PBC) that describe the propagation of
elastic waves in media containing bounded objects.14,16,17 The
situation distinctly changes in the case of particle brushes,
where good agreement between theoretical and experimental
behavior requires the introduction of a contact stiffness
(through the use of imperfect boundary conditions, IBC) to
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describe the coupling of the discontinuous elastic displacement
field across the interface between inorganic core and polymeric
shell.18 Here, we use both (PBC and IBC) models (see
Supporting Information) to evaluate the coupling of the
displacement field and to estimate the corresponding contact
stiffness. This contact stiffness is attributed to the stretching of
densely surface-tethered chains and hence provides direct
evidence for the implications of chemical confinement on the
dynamical properties of brush particle systems that should be of
fundamental relevance to understand (and tailor) interactions
in particle-brush based materials.
The material system in our study consists of polystyrene

(PS)-grafted silica particles (of radius R0 = 57±6 nm
determined by electron imaging) with systematically varied
polymer graft architecture, synthesized using surface-initiated
atom transfer radical polymerization (SI-ATRP).9 The grafting
density σ, degree of polymerization N(= 0−630) of the surface
tethered chains and MW/MN of all particle brush systems are
summarized in Table 1 (Sample ID: 57SiO2-SN). Procedures
for synthesis and characterization are given in the Supporting
Information.

Figure 1a−d depicts electron micrographs of the various
particle brush systems used in the present study. The
interparticle distance d = 2h is found to scale with the degree
of polymerization of tethered chains as d ∼ N0.8±0.1, hence,

confirming the pronounced stretching of surface-tethered
chains. The stretched chain conformation can be rationalized
as a consequence of excluded volume interactions in dense
brushes and is consistent with predictions based on a scaling
model that has been used in the past to describe chain
conformational transitions in densely polymer-tethered particle
systems.8,9

Acoustic eigenmodes of particles can be studied by BLS,
Raman scattering, and time-resolved spectroscopy, depending
on their dimensions.12−15,19,20 BLS relies on the interaction
between single-mode incident photons with wave vector ki and
thermally excited phonons along a specified direction that is
determined by the scattering geometry q = ks − ki (with ks
being the wave vector of the scattered photons and q the
scattering vector). For strongly multiple scattering systems (as
in the present case), all possible values of q contribute to the
observed BLS spectrum and the strongest contribution is due
to qbs = 4πnm/λ (nm being the refractive index and λ the
wavelength of the laser light). Hence, the number of spheroidal
elastic vibrations (n, l), each characterized by the number n of
vibration antinodes in the radial direction and by the angular
momentum l, that can be resolved by BLS for particles of size R
depends on the magnification qbsR.

15

Figure 2 depicts an optical image of a typical particle brush
film (Figure 2a), as well as a scanning electron micrograph
(Figure 2b) revealing the random microstructure of particle
deposits. Only films with a thickness in the tens of micron
range were evaluated to avoid substrate effects. Figure 2c−f
depicts representative BLS spectra for pristine (Figure 2c) and
brush particle systems (Figure 2d−f), recorded at a scattering
angle of θ = 60° along with their multi-Lorentzian
representation. Consistent with previous reports on the
acoustic eigenspectra of (unfunctionalized) colloidal particles,
the spectrum of the pristine SiO2 particle system (Figure 2c)
reveals two modes that can be attributed to the (1, 2) and (1,
3) spheroidal mode, respectively.13,14 The peak positions reveal
a systematic red-shift of eigenmodes with increasing degree of
polymerization of surface grafted chains (see Figure 2d−f). The
theoretical calculation of these two eigenfrequencies under
assumption of perfect boundary conditions (PBC) leads to the
estimation of the longitudinal cLs (= 4910 m/s) and transverse
cTs (= 3090 m/s) velocity using the core radius and the mass

Table 1. Characteristics of Polystyrene-Tethered Silica
Particle Systemsa

Sample
ID

σ (chains/
nm2)

MN,GPC
(kg/mol)

MW/
MN

wt %
SiO2

hTEM
(nm)

hcalc
(nm)

57SiO2-
S0

− − − 100 − −

57SiO2-
S130

0.61 13 1.08 81.1 7 ± 3 11

57SiO2-
S400

0.61 41 1.12 38.8 30 ± 2 26

57SiO2-
S630

0.52 65.5 1.25 23.9 44 ± 4 33

aThe average radius of pristine silica colloids is R0 = 57±6 nm; the
layer thickness (hTEM) was obtained from transmission electron
microscopy (TEM) of particle monolayers, hcalc was determined
assuming constant mass density (ρ = 1.05 g/cm3) of the PS shell.

Figure 1. Characterization of 57SiO2−SN particle brush systems. (a−d) Transmission electron micrographs of 57SiO2−SN particle monolayers from
which the brush height values hTEM are obtained (Table 1): (a) N = 0 (pristine particle reference system); (b) N = 130; (c) N = 400; and (d) N =
630, respectively. Scale bar is 300 nm (a) and 200 nm (b−d). Insets show magnified image (width is 200 nm). (e) Scaling relation between hTEM and
N.
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density ρSiO2
(= 1.85 g/cm3) as fixed parameters. In agreement

with previous reports, these values are somewhat lower than
those for dense amorphous glass (cLs = 5970 m/s, cTs = 3760
m/s, and ρSiO2

= 2.2 g/cm3).14 The Poisson’s ratio ν = (x2/2−
1)/(x2 − 1), where x ≡ cLs/cTs assumes a similar value (0.17) as
for bulk glass.
The eigenfrequencies were determined by fitting of BLS

spectra with Lorentzians (solid lines) and their values are given
in Figure 2c−f. With increasing brush thickness, the BLS
spectrum becomes richer due to the increasing magnification
qbsR.
To reconcile the experimental eigenfrequencies of the

particle brush systems, theoretical predictions for two distinct
scattering configurations, corresponding to perfect (PBC) and
imperfect (IBC) boundary conditions, respectively, were
considered, using elastic scattering theory.16,17 In the case of
PBC, the density and the two sound velocities for the pristine
silica core (obtained from Figure 2c) were assumed fixed. To
further reduce the number of adjustable parameters the
corresponding quantities for the PS brush were assumed
equal to those of PS colloidal particles cLPS (= 2350 m/s), cTPS
(= 1210 m/s) with ν = 0.32 and ρPS = 1.05 g/cm3 that were
determined previously.14 The thickness h of the polymer brush
was used as adjustable parameter to capture the experimental
eigenfrequencies for PBC.
Figure 3a displays the theoretical prediction of the two low

frequency spheroidal (1, 2) and (1, 3) modes based on the
DOS spectra under PBC assuming a uniformly PS-coated silica
(R0 = 57 nm) as a function of the shell thickness, h, along with
the experimental frequencies for all three particle brush
systems.17 To account for partial collapse of tethered chains
in the case of isolated particles the thickness hcalc was estimated

assuming a constant density of the brush layer (ρPS = 1.05
g/cm3) resulting in a somewhat weaker scaling of hcalc ∼ N0.64

as compared to hTEM. We note that these values also agree well
with the estimated layer thickness determined from the
phononic band structure of ordered films of the same particle
brush systems (results not shown here); the error bar in the h
values in Figure 3 reflects the spread of the different estimates.
Surprisingly, PBC calculations (see Figure 3a) systematically

overestimate the experimental frequencies for all particle brush
systems, even if the PS layer is modeled as a “multilayered
shell” with progressively varying elastic parameters. This is in
contrast to uniform silica-PMMA core-shell particles that were
successfully captured by the same theory.14 The disparity
between experiment and theory under PBC is largest for N =
130 and decreases as the brush thickness increases. We note
that particle size disparity cannot account for the observed
trend since its main effect will be peak broadening rather than a
change in peak position.21

The inability of the uniform core-shell model to capture the
experimental eigenfrequencies is rationalized as a consequence
of anisotropy across the particle-polymer interface due to the
stretching of tethered chains. To account for chain stretching
and anisotropy in the existing scattering model imperfect
boundary conditions (IBC) were applied. The assumption of
IBC implies a discontinuity in the displacement field across the
silica-PS interface that is determined by 1/kL and 1/kT, where
kL,T correspond to the effective stiffness coefficients (spring
constants) in longitudinal and transverse (i.e., normal and
parallel to the interface) direction. The IBC model hence
approximates the complex variation of elastic constants within
the brush layer as discontinuity of the displacement field across
the particle/polymer interface. Figure 3b reveals excellent
agreement between the experimental data with the IBC

Figure 2. Photograph (a) and scanning electron micrograph (b) of disordered 57SiO2−S400 particle brush films used for Brillouin light scattering
(BLS) analysis. (c−f) Experimental BLS vibrational spectra of random particle brush solids: (c) N = 0; (d) N = 130; (e) N = 400; and (f) N = 630.
The insets illustrate the size ratio of polymer brushes and inorganic core indicated by the degree of polymerization N. The representation of the BLS
spectra with up to three Lorentzians (red solid lines) to describe the individual contributions (blue) to the vibrational spectrum is shown on the
Stokes side along with the values of the eigenfrequencies. In (c) note the different frequency range for the bare silica; the peak noted by “glass”
indicates the longitudinal phonon of the glass substrate at a scattering angle of 60° visible due to partial transparency of the particular (thin) film.
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predictions (where kL = 0.41 GPa/nm and kT = 0.11
GPa/nm have been assumed for all three particle brush
systems, corresponding to spring constants in the range of 4−
17 μN/nm). The agreement demonstrates that the orientation
of chains (and the associated elastic anisotropy) across the
particle interface profoundly alters the eigenmode formation in
brush particles−a finding that bears similarity to previous
reports on colloids adhered to solid surfaces.22,23 It is
interesting to note that the good fit in Figure 3b is obtained
under the assumption of a unique pair of values, (kL, kT), for
the three distinct brush systems, thus, indicating a similar
“anisotropic shell” of stretched segments in all cases; this
conclusion is in-line with the prediction by scaling theory that
prescribes a transition from stretched to relaxed chain
conformations around a “critical brush thickness” that is fixed
for a given particle radius and grafting density.8

In conclusion, the experimental and theoretical evaluation of
acoustic eigenmodes in densely tethered particle-brush systems
reveals a distinctive red-shift of eigenmode resonances that can
only be rationalized by assuming anisotropic impedance
mismatch across the particle-polymer interface. The particle
resonances thus provide, for the first time, direct experimental
evidence of the anisotropic elasticity of the polymer shell that is
(presumably) caused by the stretching of chains in densely
tethered particle-brush systems. In a future publication we will
demonstrate that these distinctive features of eigenvibrations in

particle-brushes give rise to new phonon-propagation modes in
particle-brush array structures that are nonexistent in uniform
particle-in-polymer systems. The unique acoustic properties of
particle brush materials thus highlight a rich and hitherto
unexplored parameter-space for controlling properties and
interactions in particle-brush based systems that could spur the
development of hybrid materials with novel functionalities such
as high optical and thermal conductance or coupled opto-
mechanical response.

■ EXPERIMENTAL SECTION
Film Casting: Particle films for TEM analysis were prepared by casting
from toluene solution and subsequent thermal annealing at T = 120
°C for 24 h. Amorphous film samples for Brillouin scattering were
prepared by precipitation of particle brushes dispersed in toluene (60−
65 mg/mL) in nonsolvent (water) and subsequent deposition on glass
substrate.

Brillouin light scattering (BLS) was performed using a purpose-built
tandem Fabry-Perot setup.14,15 Typical accumulation time per
spectrum was 60−120 min.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed information about procedures for the synthesis of
particle brush materials, film preparation, and characterization,
as well as simulation of phonon dispersion relations. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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