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The self-assembly of polymer-grafted nanoparticles (PGN) has drawn interest as a platform approach for

the fabrication of hybrid materials in which novel functionalities, such as photonic or phononic band gap

formation, arise from the interplay of microstructure regularity and brush interactions. However, the

complex dynamical processes associated with polymer and particle constituents render PGN assembly

structures susceptible for the arrest of metastable states and impart sensitivity of physical properties to

process conditions. For the case of poly(methyl methacrylate) (PMMA)-grafted silica particles, the use of

volatile solvents (such as tetrahydrofuran) during film formation results in metastable microstructures with

reduced effective medium sound velocity but increased width of the band gap as compared to equili-

brated films cast from toluene solution. The linear acoustic dispersion obtained from Brillouin light spec-

troscopy combined with elastodynamic calculations suggest that the use of volatile solvents increases the

free volume of PMMA, while maintaining the local order of particles within the film. Surprisingly, stop-

band formation was more pronounced in metastable microstructures. The origin for this unusual behavior

resides in the hybridization mechanism underlying the gap formation. Thus, the increased contrast of

elastic constants ‘overcompensates’ the loss of long-range positional order and amplifies the hybridization

gap that originates from the dipolar (ℓ = 1) resonance of the SiO2 cores coupled to the polymer grafts of

neighboring PGNs.

Introduction

Colloidal self-assembly has emerged as a facile method to
realize materials for the controlled propagation of light.1–11

The long-range order of these materials, known as ‘artificial
opals’, is responsible for the appearance of structural colors
(via a mechanism akin to Bragg diffraction). Since physical
properties of crystal structures are directional, such inter-

ference-induced structural colors depend on parameters like
the angles of incidence and observation. Under certain con-
ditions, such as suitable optical characteristics of constituents,
structural color can be preserved in the disordered state. Such
photonic glasses feature isotropic structural color that arises
from Mie resonances of particles and short-range positional
correlations manifested in the structure factor of the colloidal
assembly.7,8 Colloidal photonic crystals and glasses can also
control the flow of sound over a broad frequency range.12–15 In
particular, hypersonic (GHz) phonons commensurate with
photons in the visible spectrum and structures with submi-
cron spacing can host strong photon-phonon interactions.16–18

While Bragg diffraction is the primary mechanism of the stop
band formation in both photonic and phononic crystals, the
formation of a second, so called hybridization phononic stop
band (HG) at lower frequencies, that has been reported for
both colloidal crystals and glasses,19–23 has no straightforward
analogy to colloidal photonics. The additional HG stopband
emerges due to hybridization of propagating waves with a local
resonance.19,24 A common feature with colloidal photonics is
the association of the Mie resonance and vibration eigenfre-
quencies with the photonic and hybridization phononic stop
bands, respectively. The phononic HG occurs at higher fre-
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quency than the quadrupolar (ℓ = 2) mode of the single par-
ticle and full elastodynamic calculations have revealed the
importance of interparticle contacts on the nature of the par-
ticle vibration resonance-induced HG.24 The grafting of poly-
mers on nanoparticle surfaces alters the properties of contact
and thus the characteristics of HGs.25 Local order in colloidal
glasses has also been shown to impact the phononic band
diagram, depending on the elastic and density contrast as well
as the topology of the system (solid/liquid or solid/solid).24

Besides regular crystalline and glassy systems, stop band for-
mation has also been predicted for disordered hyperuniform
structures (featuring the suppression of long wavelength fluc-
tuations and the absence of long-range order)26 and gradient
morphologies (featuring, for example, a gradual transition of
particle size).9,27

Polymer-grafted nanoparticles (PGN) have recently emerged
as a new class of hybrid material28,29 in which both assembly
and interactions can be controlled via the degree of polymeriz-
ation (N), density (σ) and dispersity (Đ) of tethered chains as
well as the particle core radius (Rc).

30–32 The presence of a
polymer canopy alleviates core-core contacts, dictates the local
structure and determines the characteristic spacing in self-
assembled PGN solids.25 In PGN solids formed by solution
casting of polystyrene (PS)-grafted silica (SiO2) in the dense
grafting regime (σ > 0.5 nm−2), the phononic band diagram
revealed a local-resonance induced HG with longitudinal
polarization. It was assigned to the dipole resonance (ℓ = 1) of
the core interacting with the brush canopies of neighboring
PGN’s, assuming anisotropic elasticity across the polymer/core
interface, through imperfect boundary conditions.25,33 The
role of brush interdigitation between adjacent PGN’s, and its
impact on phonon propagation, was not considered in the
theoretical analysis. Variation of short-range positional corre-
lations in the same PGN assembly via processing is needed for
an unambiguous correlation to the opening of HG in PGN
solids.

In densely grafted systems, the two-layer model (TLM) pre-
dicts interdigitation to be limited for N < N* where N* denotes
the degree of polymerization at which the stretching energy
per chain assumes a maximum value.31,32 Due to the slow
kinetics of PGNs in the melt state, PGN solids are prone to
defect formation and the persistence of metastable assembly
structures that depend on process conditions. We have recently
shown that the molecular friction impacts on interdigitation
and glass formation in the dry powder state of poly(methyl
methacrylate) (PMMA) grafted SiO2 solids compared to SiO2-PS
analogues with similar molecular characteristics and glass
transition.34 The differences were related to the high molecular
friction coefficient of MMA which reduced brush interdigita-
tion and prolonged the fusion of metastable PGN cluster struc-
tures prepared by precipitation from aqueous solution.35 Here,
we harness the sensitivity of phonon propagation in the high
frequency-range to local density fluctuations and PGN inter-
actions to evaluate the effect of solvent processing on the
hypersonic phonon dispersion characteristics of PGN solids.
The dispersion relations recorded by angular–dependent

Brillouin light scattering (BLS) reveal that both the effective
medium sound velocity and the opening of propagation HG
stopband in SiO2-PMMA PGNs with N = 553 and N = 1244 are
process- and solvent-dependent of the PGN glassy films. A
more metastable PGN assembly structure results when films
are cast from volatile solvents (THF) as compared to high
boiling point solvents such as toluene, for which near-equili-
brium structures were formed. The process-dependent HG
stopband for the same PGN is not robust to disorder
suggesting dependence on short-range positional correlations.
Theoretical analysis of the dispersion relation illuminates the
impact of solvent processing on the microstructure of PGN
assemblies.

Experimental
Materials

Methyl methacrylate (MMA, 99%, Aldrich) was purified by
passing through a column filled with basic alumina to remove
the inhibitor. Tris(2-dimethylaminoethyl)amine (Me6TREN,
99%, Alfa), anisole (99%, Aldrich), tetrahydrofuran (THF, 99%,
VWR), methanol (99%, VWR), N,N-dimethylformamide (DMF,
99%, VWR), copper(II) bromide (CuBr2, 99%, Aldrich), tin(II)
2-ethylhexanoate (Sn(EH)2, 95%, Aldrich), 48% hydrofluoric
acid aqueous solution (HF, >99.99%, Aldrich), ammonium
hydroxide aqueous solution (NH4OH, 28.0–30.0%, Fisher). The
tethered ATRP initiator 1-(chlorodimethylsilyl)propyl-2-bromoi-
sobutyrate and surface modified silica (SiO2-Br) were prepared
using previously reported procedures.36,37

Synthesis of SiO2-PMMA particle brushes via ARGET ATRP

The synthetic procedure followed previously published
reports.38 In short, initiator-modified SiO2 nanoparticles stock
solution, monomer (MMA), solvents (anisole), CuBr2, and
Me6TREN were mixed thoroughly in a sealed Schlenk flask.
Meanwhile, a stock solution of Sn(EH)2 in anisole was pre-
pared. Both mixtures were degassed by nitrogen purging, then
the Sn(EH)2 solution was injected into the Schlenk flask to
activate the catalyst complex and the flask was immediately
placed into an oil bath set at 60 °C. The conversion and mole-
cular weight (MW) of the polymer were monitored by gravi-
metric analysis and size exclusion chromatography (SEC),
respectively.

Film preparation

All films were prepared via solvent casting at room temperature
on a 2 × 2 cm2 substrate of borosilicate glass. The substrate
was cleaned with isopropanol and was air-dried prior to the
film preparation. Particle brush in toluene solutions were used
to prepare the films. The film thickness was approximately
15 µm. To obtain the powder samples, drops of PGN solution
(∼0.1 mL of 10 mg mL−1) were added to the methanol vial
(∼20 mL) and were quickly agitated using vortex mixer. The
precipitates were gathered and vacuum dried in the oven for
24 h without thermal annealing.
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Brillouin light spectroscopy (BLS)

BLS is a powerful, non-contact, non-destructive all-optical tech-
nique that probes phonon propagation at GHz frequencies.
Utilizing the photoelastic interactions between incident light
and thermally activated phonons, BLS records the spectra of
inelastically scattered light by phonons with wave vector q,
which (for spatially homogenous phononic crystals, there is a
reciprocal lattice vector q ± G)39 equals to the scattering wave
vector k = ±q = ks − ki with ks and ki being wave vectors of the
scattered and incident light, respectively. In the transmission
geometry employed in this work, the magnitude of q = 4π/
λ sin α is tuned by the incident angle and is independent from
the refractive index n as α(= θ/2) is half of the scattering angle
θ. For the wavelength of the incident light λ = 532 nm q varies
in the range (0.007–0.024) nm−1. Higher q’s in the range
(0.027–0.035) nm−1 are accessible in the reflection geometry,
where the knowledge of the medium’s refractive index is
required as q ¼ ð4π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � sin2 αÞ

p
=λ depends on both α and

n.38 The phonon-matter coupling is manifested in the dis-
persion relation, f (q), where the phonon frequency f is in the
hypersonic (GHz)range and is resolved by a high-resolution
tandem Fabry–Perot interferometer (JRS Instruments). In the
simple case of homogeneously disordered materials, f (q) is
linear in the long-wavelength regime (wavelengths much
longer than the interparticle distances) with the slope yielding
the longitudinal or transverse effective medium sound vel-
ocities (depending on polarization).40 In this work, we used
two PGN samples with N = 553 and N = 1244 with spacing in
the submicron range to commensurate q of BLS necessary to
record the phonon band diagram.34

Theoretical methods

For the calculation of the dispersion curves f (q) of the elastic
eigenmodes of the PGN assemblies of silica particles
embedded in a solid host (here PMMA), we employed a first-
principles full elastodynamic formalism.41,42 The formalism is
based on a multipole expansion of the elastic field and takes
into account all interactions between particles, assuming them
to be non-overlapping (i.e., almost touching), for close-packed
structures. In this study, ordinary (perfect) boundary con-
ditions (PBCs) are adopted across the particle-matrix interface.
Band structure calculations were performed along the [111]
(ΓL) direction of a face-centered cubic (fcc) crystal, assuming a
spherical scatterer per unit cell, defined by three primitive

lattice vectors, a1 ¼ dð1; 0; 0Þ; a2 ¼ d
2
ð1; ffiffiffi

3
p

; 0Þ; and

a3 ¼ d
6
ð3; ffiffiffi

3
p

; 2
ffiffiffi
6

p Þ, where d is the first neighbour distance.

The fcc packing has been found to be a relevant packing struc-
ture for PGN assemblies similar to those presented in this
paper. We also note that the choice of crystallographic direc-
tion is not expected to appreciably affect our conclusions since
calculations along the ΓL direction yield similar results to, for
example, the ΓM direction that describes better the experi-
mental situation.12,33 Density-of-states (DOS) calculations43 are
also performed for individual particles embedded in a host

matrix, to obtain the additional virtual bound states induced
in these systems with respect to those of the homogeneous,
infinitely extended host matrix. In this work, we model the
PGN films by considering the grafted polymer as a homo-
geneous host medium in which silica cores are embedded by
applying perfect boundary conditions across the silica-polymer
interface to describe the grafting. The above scheme has been
successfully used to reproduce effectively the experimental
phonon dispersion.25,33 In these systems the boundary con-
ditions can be either perfect or imperfect (assuming disconti-
nuity for the displacement to take into account an interphase
between the two materials), but for long chains perfect bound-
ary conditions are sufficient to describe these grafting-particle
crystals. Variation of the elastic parameters of the polymer
with the distance to the core has been assumed in the case of
THF-casted films (see discussion in Fig. 4c below) by introdu-
cing a homogeneous PMMA shell coating the core, embedded
in a softer PMMA host matrix.

Results and discussion
Quasi-equilibrium and metastable states

In the following, PGN films cast from toluene will be identified
with the prefix ‘PT’ while THF-cast films will be identified with
‘P’, respectively. Two exemplary BLS spectra of PT-553 transpar-
ent film, recorded far from (qd[111]/π < 1 ) and near (qd[111]/π ≈
1) the Brillouin zone (BZ) edge assuming a fcc with 〈111〉 out-
of-plane orientation, are shown in the upper panel of Fig. 1a.
The dispersion plot f (q) (deduced from the ensemble of such
spectra) is depicted in Fig. 1b (filled symbols). At first glance,
the two spectra display very similar patterns to those obtained
for toluene-cast SiO2-PS PGNs reported before,33 i.e., a single
longitudinal acoustic peak far from the BZ edge (q =
0.0167 nm−1) and a double peak near the BZ edge (q =
0.0204 nm−1) occurring in the bandgap region. The latter
manifests itself as a q-independent BLS intensity dip (indica-
tive of a reduced DOS) at about 10.3 GHz (Fig. 1a, q =
0.0204 nm−1) and corresponds to the middle of the gap in
Fig. 1b. However, the characteristic flat band near the lower
frequency limit of the gap, which was observed in toluene-cast
SiO2-PS

25,33 is not discernible in the PMMA analogues PT-553
(Fig. 1a) and PT-1244 (Fig. 3a). Rather, the contribution of this
localized mode, mainly to the depolarized light scattering, was
faint for SiO2-PMMA PGNs due to their weak anisotropic
scattering.

In contrast to the rather transparent appearance of the
toluene-cast films, films cast from THF were opaque (e.g.,
P-553, inset to Fig. 1b) indicating strong elastic light scattering
due to a more heterogeneous microstructure that features an
increased defect density (which could be formed, for example,
by void or defect formation due to the rapid evaporation of
solvent during the film casting process). Electron microscopy
images of PGN monolayers support the formation of more
metastable film structures when cast from THF solution. For
example, the consistently larger apparent size of PGNs in THF-
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cast films as compared to the toluene analogues (Table 1), for
which the average size is close to the TLM prediction, is indica-
tive of frozen-in stresses and consistent with more metastable
states. We note that the TLM values are mentioned as an esti-
mation of the deviation from the thermal equilibrium.
However, the scattering wave vector q in both systems is well
defined and the BLS spectra for P-553 at two q’s, far from and
near the Brillouin zone are shown in the lower panel of
Fig. 1a. The BLS spectra and the dispersion relation of P-553
in Fig. 1b (open symbols, left panel) are distinctly different
from that in PT-553, both at low q’s and at bandgap region.
Comparison of the spectra for the two films reveals a red shift
in the case of P-553, i.e., a slow-down of the effective medium
longitudinal phonon (corresponding to the single acoustic
peak), at q = 0.0167 nm−1 with phonon wavelength Λ = 2π/q ≃

376 nm. Near the BZ edge (q ≃ 0.0214 nm−1), the BLS intensity
dip at about 9.5 GHz (Fig. 1a, lower panel) is also red-shifted.
More importantly, with increasing q, the single peak evolves
into a triple, composite peak, below the gap region, suggesting
the presence of three modes. The high-frequency peak at
about 11.3 GHz (upper branch in the gap region) is less pro-
nounced than in the case of PT-553, likely due to the stronger
contribution of backscattering for P-553.

The dispersion plot for both N = 553 films in Fig. 1b fea-
tured a material softening concerning the first acoustic
phonon branch, yielding to lower sound velocity in P-553 com-
pared to PT-553. At low q’s, the effective medium sound vel-
ocity, ceff, is slower (= 2590 ± 60 m s−1) in the opaque P-553
film (d = 187 nm) than in the transparent PT-553 film (ceff =
3000 ± 60 m s−1, d = 178 nm), suggesting a reduced packing

Fig. 1 (a) Polarized BLS spectra far from and near the Brillouin zone edge for films cast from THF-(P-553) and toluene-(PT-553) solution with φSiO2

= 0.31. The vertical line in the low panel and the spectrum at 0.0214 nm−1 indicates the frequency at the minimum (density of states) intensity. The
numbers next to the spectra indicate the values of q. (b) The hypersonic phonon dispersion for the films in (a) as indicated in the legend. Insets:
optical images of the films. (c) The vibration spectrum of SiO2-PMMA-553 powder (in air). Dashed line indicates the relation of the dip in the vibration
spectrum to mid-gap frequency (≈ 10 GHz) in the dispersion diagram of toluene casted PT-553 (grey solid points). The flat modes in the dispersion
of P-553 solid film (blue open squares) compare well (three dashed lines) with the eigenfrequencies of the vibration spectrum of the SiO2-
PMMA-553 particles in air. Note the two flat modes in PT-553 film at q > 0.02 nm−1 (solid symbols).

Table 1 Molecular characteristics of PMMA grafted SiO2 PGNs

Sample ID σ/nm2 N d/nm (TEM) d/nm (TLM) h/nm (TEM) h/nm (TLM) hdry/nm (TLM) hinter/nm (TLM)

P-553 0.551 553 187 ± 14 176 34 ± 10 28 25 6
P-1244 0.495 1244 280 ± 27 210 80 ± 18 45 40 10
PT-553 0.551 553 178 ± 10 176 28 ± 10 28 25 6
PT-1244 0.495 1244 234 ± 28 210 55 ± 17 45 40 10

The thickness hdry of the dry (stretched) PGN region in which interdigitation is restricted, the interpenetration layer thickness, hinter, and the
PGN radius, Rtot, can be estimated from the two-layer model (TLM)31,32 using monomer length, lm = 0.26 nm, Kuhn length, lK = 1.7 nm, NK =
monomers/Kuhn segment = 6.5, ρK = 1.1 Kuhn segments per nm3 and core size, Rc = 59 nm. Rtot

3 = Rc
3 + 3Rc

2σNK/ρK, Rtot = 87 nm for P-553 and
Rtot = 105 nm for P-1244. φSiO2

= [1 + 3σNMmon/(RcρNA)] yields 0.31 and 0.18 for P-553 and P-1244, respectively. Note that these values are approxi-
mated by φ*

SiO2
¼ ½RSiO2=ðd=2Þ�3 ¼ 0:31 for PT-553 (d = 178 nm) and φ*

SiO2
¼ 0:14 for PT-1244 (d = 234 nm), whereas thermogravimetry led to

higher volume fraction values, 0.46 for N = 553 and 0.30 for N = 1244.34
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density and/or phonon scattering from PGN “clusters”.44 The
latter, however, would lead to a different dispersion relation.45

Assuming Wood’s rule of mixtures with φSiO2
= 0.31 and the

elastic parameters of bulk PMMA (ρ = 1190 kg m−3, cPMMA =
2900 m s−1)46 and silica (ρ = 2000 kg m−3, cSiO2

= 5480 m s−1)
—as determined from DOS calculations of the powder
vibration spectra— the computed c = 3080 m s−1 captures
within less than 5% the value of ceff in PT-553, however, is
about 20% higher than the value of ceff in P-553. Consistent
with the opaqueness of the P-553 film (inset to Fig. 1b), its low
ceff suggests a more porous structure, potentially caused by
rapid solvent evaporation that reduced equilibration of the
PGN microstructure.

At high q’s, the position of the band gap at about 10.3 GHz
for PT-553 (shaded area in Fig. 1b), decreases to ∼9.5 GHz for
P-553, consistent with its larger interparticle distance (d values
in Table 1) and lower ceff. Also, the frequency at the intensity
dip scales as ∼ceff/d suggesting the impact of the short-range
positional correlations. We note that due to the short phonon
mean free-path (of the order of 1–2 μm), the local structure of
near PGN neighbors is probed. In addition, the phonon dis-
persion for P-553 displays three localized (q-independent)
modes (open squares in Fig. 1b, see also the BLS spectrum in
Fig. 1a) near the edge of the BZ. Notably, these localized
modes are also present in the vibration spectra of the P-553
powder (Fig. 1c). The localized modes should not be related to
the eigenmodes of the individual PGN’s, since the lowest (BLS
active) PGN eigenmode corresponding to the quadrupolar (ℓ =
2) is predicted at about 12.5 GHz (see Fig. 2).34 Instead, these
modes (three in P553 and one in PT553, Fig. 1b) are assigned
to collective vibrations of nanoparticle clusters.34,47 Moreover,
the low-DOS intensity dip in this vibration spectrum, occurring
at ∼10.3 GHz, coincides with the midgap frequency in PT-553
(Fig. 1b). The presence of the gap also in the PGN powder pre-
pared by solution precipitation, implies clustering of PGNs

with a local order similar to that of the P-553 films. Further,
the presence of a HG corroborates the notion that the crystal-
line structure is not necessary for hypersonic colloid-based
phononics25 like in close-packed hard sphere colloids.19

However, like in photonic glasses,7,8 disorder reflected in the
structure factor of the metastable states matters. In this
context, PGN solids can be a platform for fabrication of dis-
ordered hyperuniform structures.26,48,49

Given the similar thermomechanical properties of PMMA
and PS grafts, we concluded that it is the structural differences
between the films prepared from toluene and THF which
determine the superposition of their respective f (q) (Fig. S2).
We recall that in the reduced dispersion plot ( fd/ceff vs. qd ),
the acoustic branch, representative of the effective medium,
should coincide for the different systems, whereas the first
Bragg gap (assuming a fcc packing structure) should occur at
fd[111]/ceff = 0.5 and qd[111]/π = 1, where d[111] = d√6/3 ≈ 0.816d
is the spacing between consecutive (111) particle planes. Using
d = 187 nm for the P-553 and d = 176 nm (almost the TLM
value, Table 1) for PT-553, the reduced representations of fd/
ceff vs. qd yield a good superposition only for the acoustic
branch, and the gap in PT-553 appears at fd/ceff ≃ 0.65 and qd
≃ 3.8. Instead, for the superposition of the flat modes, the
TLM PGN diameter value d (= 176 nm) for both films needs to
be assumed (Fig. S2c). We note that the superposition of the
acoustic branch (long wavelength regime of f (q)) appears to be
insensitive to the particular choice of PGN diameter (Fig. S2),
since only the experimental ceff matters. We hypothesize that
the sensitivity to the choice of particle size needed to obtain
superposition of the short wavelength regime of f (q) reflects
the impact of the distinct levels of metastability in P-553 and
PT-553 (the latter representing a more ‘equilibrium-type’ struc-
ture). The different short-range positional arrangement (local
structure) between the two systems of identical PGN is
reflected in the HG bandwidth (Fig. 1b and Fig. S2c). For the

Fig. 2 The experimental vibrational spectra (black curves) of (a) P-1244 (brush particle diameter d = 210 nm) and (b) P-553 (brush particle diameter
d = 176 nm) powders, fitted (red line) as a sum of Lorentzian contributions (green curves). A possible contribution of backscattering should be
expected at ∼14.4 GHz. The resolved Lorentzian peaks are compared to the individual spherical particle eigenmodes (vertical lines) obtained by DOS
calculations assuming perfect boundary conditions (PBC) for silica cores (Rc = 59 nm) coated by PMMA shell (P-1244: h = 28 nm and P-553: h =
45 nm, Table 1). The ℓ-numbered vertical lines are color-indexed to denote different eigenmode families (see text). (c) Variation of the eigenmode
frequencies of the individual brush particles (see inset) with the thickness h of the grafted PMMA obtained by DOS calculations under PBC along
with the experimental data (symbols).
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localized modes, the need for the use of the same TLM value
for particle size suggests that the individual PGN assumes
similar a structure irrespectively of the film fabrication
process. Overall, the metastability in PGN films seems to result
from non-equilibrium graft configurations between neighbour-
ing PGNs which impacts the phonon dispersion of the
assembled PGN films.

Particle vibrations in PGN powder

The contacts between PGNs through the grafted chains can
modify the vibration spectrum of individual PGNs.34 The
eigenmode spectra of PGN powder, depicted in Fig. 2a and b,
show rather unexpected features, which are absent in the
vibration spectra of their equivalent SiO2-PS (N = 600 and
1300)50,51 counterparts. First, they exhibit an intensity dip at
∼7.5 GHz and 10.3 GHz for P-1244 and P-553 that relates to
the low DOS, which is the fingerprint of the band gap, e.g.,
Fig. 1b for P-553. Second, we observe resolved modes with fre-
quencies below the dip. The eigenmodes of independent PGNs
(Fig. 2c) are expected at frequencies above the gap frequency,
near the upper frequency branch of the band (Fig. 1b),25,33 as
confirmed by theoretical DOS calculations.43 The frequency
positions of the calculated spheroidal eigenmodes of an indi-
vidual spherical particle (diameter dc = 2Rc = 120 nm) coated
by a homogeneous PMMA shell of thickness h, immersed in
air, are indicated by small vertical lines at the top in Fig. 2a
and b.

The eigenmodes are characterized by the angular momen-
tum number ℓ assigned to each line. The calculations assume
perfect boundary conditions (PBC) across the silica-PMMA
interface, and the position of each mode is extracted from the
Lorentzian peaks representing the density of states (DOS) of
the elastic field of a single scatterer. The spheroidal eigen-
modes belong to three subfamilies50 which are distinguished
by different colors in the spectra of Fig. 2a and b. The shell-
localized, mostly radial vibrations (red lines), are usually well
discernible in the BLS spectra of PGN powders. In contrast,
the mostly tangential vibrations localized in both shell and
core (blue lines) are not discernible in the BLS spectra. The
isotropic monopolar (ℓ = 0), breathing vibration is also present
(orange line). For both P-1244 and P-553 powder spectra, the
DOS-calculated eigenmodes of the individual spherical SiO2-
PMMA particles in air occur just above the frequency of the
dip, at 7.5 GHz and 10.3 GHz, respectively. They coincide with
the broad frequency peaks in these spectra (e.g., centered at f
≈ 15 GHz in Fig. 2b), for which, however, a fine structure (ℓ =
2, 3, …) can clearly be discerned in the spectra. Therefore,
these individual particle eigenmodes cannot be assigned to
the experimentally resolved peaks of the powder spectra occur-
ring below these dips. The difference between PMMA-PGNs as
compared to the earlier SiO2-PS PGNs50,51 is indeed surprising
given their similar structure and glass transition temperature,
Tg, and indicative of a more profound impact of brush compo-
sition on PGN interactions in the film state.

Alternatively, the low-frequency modes in I( f ) vibration
spectrum and a broad peak at ∼8.7 GHz in the power f2I( f )

spectrum of P553 (Fig. S3) should result from interactions
between individual PGNs and fall below the mid-gap frequency
in Fig. 1b. The assignment of the low frequency modes to PGN
clusters is also supported by the position of the calculated
eigenfrequencies of the individual particles (Fig. 2a and b).
The appearance of the low frequency flat modes in the dis-
persion of P-553 film (Fig. 1b) implies PGN clustering, similar
to the powder. We note that the vibration spectrum of the
powder corresponds to a backscattering q, due to the opaque
sample.27 The evolution of the frequency-resolved peaks of the
vibration spectra with the variation of the shell thickness h is
depicted in Fig. 2c for the three particle powders, P-1244,
P-553 and P-337 (the latter is characterized by N = 337, σ =
0.557 nm−2, d = 158 ± 7 nm and h = 19 nm), together with the
DOS-calculated spheroidal eigenfrequencies for the first three
lowest frequency modes (ℓ = 1,2, and 3). For all three systems,
the experimentally resolved peaks are organized into two sub-
groups, separated by a region without modes in it (the so-
called dip), whose center follows the general shape of the
theoretical dispersion lines h( f ), and more surprisingly the
upper frequency limit of this region coincides with the first
spheroidal calculated line.

Given the metastability of the present PGN films, we record
the dispersion relation and the vibration spectra of the powder
after heating the different solvent-cast films at 410 K, above Tg
= 383 K of PMMA. As seen in Fig. S3, the vibration spectrum is
robust to the thermal annealing implying reversible GPN inter-
actions due to trapped configuration as opposed to SiO2-PS
PNG with similar N and σ, for which the spectrum reflects a
bulk PS structure through melting and entanglement of the PS
grafts after heating above Tg.

34 Given the similar Tg of PS and
PMMA, and the similar graft characteristics, we conclude that
the differences are due to much slower dynamics of PMMA as
inferred from both lower entanglement molecular weight for
PMMA (13.6 kDa) compared to PS (18.1 kDa)52 and the signifi-
cantly larger molecular friction between MMA repeats.53

Moreover, the two polymers display different non-Arrhenius
temperature dependence of the monomer friction
coefficient.34,53 In a similar context, polymer brush configur-
ation leads to a reduced thermal expansion as compared to
spin-cast film of the same polymer of similar thickness that
renders the evidence of Tg in the former weaker.34,54 The sig-
nificantly lower mobility in PMMA renders thermal annealing
less effective to equilibrate the film microstructure.33 Thus,
the phonon dispersion relation of the annealed P-553 film
remains unchanged apart of the increase of ceff (= 2700 m s−1)
which can be attributed to an increased packing density com-
pared to the as-cast counterpart. However, the increase of ceff
(∼5%) is still well below the expected value (ceff = 3080 m s−1)
which is measured in PT-553 suggesting a less distinctive
structural change upon annealing.

Process-dependent hypersonic phonon dispersion

The BLS spectra of P-1244 (opaque film) at two q values close
to the BZ edge are shown in the lower panel of Fig. 3a, reveal-
ing a q-insensitive double peak which is reminiscent of proxi-
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mity to a bandgap with flattening of the dispersion curve.
Accordingly, the dispersion plot (Fig. 3b, open symbols)
reveals ceff = 2530 ± 50 m s−1 and a bandgap opening at ∼7.5
GHz. Both frequency position and width coincide with those
of the dip of the powder vibration spectrum (Fig. 3c). The gap
appears at lower q-values than in the case of P-553 (Fig. 1b)
due to the larger (≃ 60%) spacing for the P-1244 film (d =
280 nm, Table 1). In comparison, the main peak of the BLS
spectrum of PT-1244 (transparent) at a similar q, shown in the
upper part of Fig. 3a, is attributed to the acoustic branch, as it
increases linearly with q. In contrast, the dispersion of
PT-1244 in Fig. 3b (filled symbols) displays a single longitudi-
nal acoustic phonon with no discernible bandgap; the absence
of bandgap is not direction-dependent as verified through
rotation of the film. This is an unexpected observation in view
of the ordered PT-1244 film, that is evident from the presence
of the Bragg branch ω = c(− q + 2π/d[111])55 with c = 2900 ±
60 m s−1 and d = 234 nm; note that the slope of the linear
acoustic branch (solid points) in Fig. 3b yields ceff = 2960 ±
60 m s−1. A probable explanation of the absence of bandgap is
the low φSiO2

(0.18) in the PT-1244 film and the lower elastic
impedance mismatch between pristine PMMA (E = 6 GPa vs. 4
GPa for PS)46 and SiO2 compared to the corresponding SiO2-PS
PGNs.25,33 However, this assertion does not apparently apply
to the THF-cast analogue, P-1244, which displays a bandgap at
∼7.5 GHz (Fig. 3b). Hence, we attribute the distinct dispersion
characteristics between P-1244 and PT-1244 to fabrication-
induced differences in their local structure.

Observation of the two acoustic branches (open and filled
symbols) in Fig. 3b reveals that ceff in the opaque P-1244 film
is about 15% lower than that of the transparent PT-1244 film.

The latter is well captured by Wood’s rule of mixtures with
φSiO2

= 0.18 yielding c = 2960 ± 50 m s−1, which exceeds (by
17%) the experimental value in P-1244 (THF casted) film.
Consistent with the opaqueness of this film (inset in Fig. 3b),
its low ceff suggests a more porous structure (as compared to
P-553, Section Quasi-equilibrium and metastable states), poss-
ibly caused by the higher vapor pressure of THF that could
promote void formation during solvent evaporation. Notably,
ceff of the metastable P-553 and P-1244 films deviated by the
same amount (∼20%) from the quasi-equilibrium PGN films
for both N values. Here, it is noted that TEM analysis of PGN
monolayers (see Fig. S1) revealed a larger average diameter of
PGNs in films cast from THF (d = 280 nm) as compared to
toluene (d = 234 nm).

The formation of a large HG in the THF-cast P-1244 film
compared to the very narrow (almost closed) band gap in the
more uniform PT-1244 is notable and underscores the role of
interactions that overcome the periodic order for the formation
of HGs. Recall that the HG in SiO2-PS PGNs was assigned to
the dipole (ℓ = 1) mode of the SiO2-core and its coupling to
neighboring cores.33 Hence, HG formation is expected to be
influenced by the local structure as well as the impedance mis-
match due to the presence of voids between core and brush
components. As in the case of P-553 (Section Quasi-equili-
brium and metastable states), we conclude that, in systems
featuring suitable short-range positional correlations the for-
mation of defects (such as voids or nanoporosity) can actually
promote band gap formation, for example, by amplification of
the impedance mismatch (as evidenced by the reduced ceff ).
This surprising observation counters the established view of
structural regularity being a prerequisite of band gap for-

Fig. 3 (a) Polarized spectra far below and near the BZ edge for THF-cased (P-1244) and toluene-casted (PT-1244) SiO2-PMMA-1244 with φSiO2
=

0.18. (b) The hypersonic phonon dispersion for the films in (a). Insets: optical images. (c) The vibration spectrum of SiO2-PMMA-1244 powder (in air).
Dashed line indicates the relation of the dip in the vibration spectrum to the midgap frequency (at 7.5 GHz) in the dispersion diagram of PT-1244
(grey solid points). The flat modes in the dispersion of P-1244 (open red squares) compare well (one dashed line) with the eigenfrequencies of the
vibration spectrum in (c).
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mation and provides new opportunities for the use of self-
assembly for the fabrication of phononic band gap materials.
We recall that, assuming equal packing structure, in the nor-
malized representation fd/ceff vs. qd, a Bragg gap should occur
at the same position (i.e., fd/ceff ≃ 0.65 and qd ≃ 3.8, Fig. S3)
irrespective of the sample composition. Variation of d using a
trial-and-error approach to better match experimental results
for P-1244 did not yield satisfactory results (Fig. S4). Using as a
benchmark the reduced band diagram of PT-1244 (d =
234 nm), which displayed a very narrow gap at almost the
same loci ( fd/ceff ≃ 0.65 and qd ≃ 4) as the PT-553 counterpart
( fd/ceff ≃ 0.65 and qd ≃ 3.8), none of the assumed d values
(280 nm and 234 nm, Table 1) was capable of reproducing
results for P-1244, as shown in Fig. S4a and b. The gap in
P-1244 occurs at fd/ceff ≃ 0.82 and qd ≃ 5.0 for d = 280 nm, sig-
nificantly higher than in PT-1244. The discrepancy in the
reduced band diagram, which also manifests itself in the lack
of superposition of the upper branch in both P-1244 and
PT-1244 PGN solids, might imply an even smaller effective
local dloc. In fact, a successful superposition (Fig. S4c) is
obtained using a reduced dloc (∼210 nm) for P-1244, close to
the TLM prediction (Table 1). Unlike P-553 and PT-553 which
both featured a bandgap with different width (Fig. 1b and
Fig. S2c), the absence of a stop band in PT-1244 implies a
different local structure than for P-1244. This conclusion was
further supported by the discrepancy in the bandwidth and
the midgap frequency of the HG gap (Fig. 3c) Thus, in the case
of N = 1244, we find that processing impacts both local and
global structure. Similar to P-553, the reduced ceff is suggestive
of a porous structure. As for the lower molecular analogue, the
preparation of films in toluene (PT-1244) results in more equi-
librated film microstructures with higher ceff and a virtually
closed HG.

The (powder) eigenmode spectrum of P-1244, shown in
Fig. 2, exhibited the same unexpected features, as its P-553
counterpart (Fig. 2b), i.e., an intensity dip at ∼7.5 GHz
(compared to 10.3 GHz for P-553) and resolved modes with fre-
quencies below this dip (gap). The different frequency posi-
tions of the dip scale as 1/d for the two systems. The powder
spectrum of P-1244 (Fig. 2a) corroborates the conclusions for
the case of P-553: first, the vibration peaks below the gap fre-
quency do not correspond to eigenfrequencies of isolated
P-1244 PGN, which would be expected at frequencies above the
upper gap limit (Fig. 3b). Second, the low frequency modes in
I( f ) vibration spectrum or a broad peak at ∼6.5 GHz in the
power f2I( f ) spectrum should result from the interactions
between PGNs47 falling below the midgap frequency in
Fig. 3b.24,29

Since the P-1244 film is also metastable, we follow similar
steps to reveal the dependence of its dispersion response to
heating. We recorded the dispersion relation and the vibration
spectra of the powder after heating of the solvent casted films
at 410 K (>Tg). The vibration spectrum is robust to the thermal
annealing thus confirming the reduced mobility of PMMA
chains that was concluded from the low molecular P-553/
PT-553 analogues. This implies reversible PGN interactions

due to weak graft interpenetration since otherwise the spec-
trum would reflect a bulk PMMA film. The phonon dispersion
relation appears unchanged after thermal annealing both in
the case of P-1244 as for PT-1244, which is remarkable given
the high PMMA volume fraction in both PGN systems. The
smooth dispersion relation in Fig. 1b and 3b for in-plane (q <
0.025nm−1 in transmission) and out-of-plane (q > 0.025nm−1

in reflection geometry) is strong evidence of the absence of
structural anisotropy.

Calculating band structures in metastable PGN Solids

For the theoretical calculation of band diagrams, PBC are
assumed to avoid additional free parameters in the absence of
the flat mode fLO in the experimental dispersion, in contrast to
SiO2-PS PGN films.33 In Fig. 4 we show the calculated dis-
persion relation f (q) along the [111] direction12,33 of a fcc
packing of silica particles (Rc = 59 nm) with nearest neighbor
distance d, and embedded in homogeneous PMMA host, for
both PT-553 [Fig. 4a, d = 176 nm] and PT-1244 [Fig. 4b, d =
218 nm]; the utilized elastic parameters are: ρ = 2000 kg m−3,
cL = 5480 m s−1, cT = 3450 m s−1 for SiO2 and ρ = 1190 kg m−3,
cL = 2900 m s−1, cT = 1450 m s−1 for PMMA, as determined
from the powder BLS spectra.34 The theoretical calculations
provide a plethora of eigenmodes along the ΓL high symmetry
line of the BZ which are classified into three symmetry
families: longitudinal modes (Λ1 symmetry, dark-blue solid
lines) that are usually active in BLS experiments; transverse
modes (Λ3 symmetry, light-blue solid lines) which are difficult
to observe in BLS spectra due to weak amplitude,33 and deaf
modes (Λ2 symmetry, blue dotted lines), whose lowest fre-
quency band —centered at about 9.5 GHz in (a) and 7.7 GHz
in (b)— is a flat dipole rotational mode observed previously in
some SiO2-PS PGNs systems.33 In the present case, neither
transverse, nor deaf modes were detected experimentally; the
absence of the latter is probably due to low anisotropic light
scattering and the rich low frequency branch (Fig. 2a and b) in
the present PGNs which is absent in their PS analogues.
Focusing only on the longitudinal eigenmodes of these crystal
films, the theoretical picture reveals an effective-medium
acoustic branch (with linear dispersion at the long wavelength
limit) followed by a frequency gap region (blue-shaded area),
as a result of an avoided-crossing of a dipole-resonant band of
individual particles with the collective effective medium
band.33 Under the assumption of a fcc crystalline structure for
PT-553 and PT-1244, the origin of the HG as well as the flat
band fLO (dotted lines in Fig. 4a and b) are theoretically
assigned to dipole core modes; the theoretical predictions
capture the experimental low frequency band branch and
approximate the bandwidth. The bandwidth decreases (from
∼1.4 GHz to 0.5 GHz) with decreasing filling fraction of silica
(PT-553: φSiO2

= 0.31; PT-1244: φSiO2
= 0.18). This is in qualitat-

ive agreement with the experimental data, for the toluene-cast
films.

However, the main experimentally resolved dispersion fea-
tures, ceff, and the position (center fG = ( fmax + fmin)/2) and
width of the gap, Δf = fmax − fmin, are not consistently repro-
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duced for both toluene-cast films. In Fig. 4a, the theoretical
dispersion replicates rather well the PT-553 experimental data.
We calculate ceff = 3150 m s−1 and [fmin, fmax] = [9.2, 10.6] GHz
compared to the experimental values ceff = 3000 ± 60 m s−1

and [9.0, 11.7] GHz. In the case of PT-1244 (Fig. 4b) the calcu-
lated and experimental ceff accounts to 3020 m s−1 and 2960 ±
60 m s−1, respectively. A minor overestimation of ceff and fmin

is observed, suggesting a particle spacing close to the TLM
d-value. The experimentally detected gap seems to be wider
than the theoretical one, since the predicted flat, longitudinal
band centered at about 11 GHz is absent in the BLS spectra.
Similarly for Fig. 4b, the theoretical dispersion is found to
slightly overestimate both ceff and the gap width for the
PT-1244 film assuming d = 218 nm. Here, we note that d =
218 nm (close to the TLM prediction) has been selected to
provide a BZ edge value at qBZ = π/d[111] = 3π/(√6d ) =
0.0176 nm−1, very close to the experimental estimate (inter-
section of two linear dispersion curves emerging at q = 0 and q
= 2qBZ, with positive and negative slope, respectively, see
dashed lines in Fig. 4b and c). The choice of d = 218 nm used
in the calculations is the result of a fine tuning between the
two available d-values d = 234 nm (TEM value) or d = 210 nm
(TLM value) as shown in Fig. S5. We note that the conformity
of the d[111] value to the lattice parameter for a fcc packing
rather than for a bcc packing56 is in favor of the assumed fcc
lattice in the simulations. The underestimation of the theore-
tical bandwidth, Δf, however, indicates deviation of the real
local structure from that assumed in the simulations also sup-

ported from the process-dependent experimental dispersion
relations in the two PGN’s (Fig. 4a and b).

We conclude that our theoretical description, assuming
silica cores in a homogeneous PMMA host, successfully cap-
tures ceff for both PT-553 and PT-1244. However, this modeling
scheme fails to capture the experimental data for the case of
THF-casted samples. Obviously, these metastable films exhibit
a softer collective behaviour that manifests itself by a lowering
in the experimental ceff (P-553: ceff = 2560 ± 30 m s−1; P-1244:
ceff = 2530 ± 50 m s−1), strongly overestimated in the theoretical
calculation shown in Fig. 4a and b, corroborating the existence
of trapped voids (i.e., increased free volume) in the two meta-
stable films. To account for the different levels of free volume
in the simulations, we introduce a PMMA shell with elastic
parameters as those for the toluene-cast films, coating the
SiO2 cores, and embed these complex particles in a softer
PMMA host by assuming it to be porous (Fig. 4d). In practice,
this is realized through a two-step calculation. First, a compo-
site medium of homogeneous PMMA including void spaces
with a size that is small compared to the phonon wavelength
and with volume filling fraction of 38%, was assumed. The
effective-medium elastic parameters of the polymer/air compo-
site were deduced as: ρ = 738 kg m−3 (−38%), cL = 2300 m s−1

(−20%), cT = 1255 m s−1 (−13%).57 The resulting porous
PMMA is lighter and softer than the denser bulk PMMA; the
relative deviation is provided in parenthesis. In a second step,
the softer PMMA medium was considered as a host matrix in
which SiO2 particles were embedded and coated with the

Fig. 4 Calculated band structure for (a) PT-553 (d = 176 nm TLM) and (b) PT-1244 (d = 218 nm) along [111] direction of fcc lattice (BZ limit: vertical
orange dashed line) assuming PBC for silica particles embedded in PMMA host. Dark/light blue solid lines: longitudinal/transverse modes; blue-
dotted lines: deaf modes. Shaded regions: frequency band gaps for longitudinal modes. (c) As in (b), but with d = 210 nm, assuming a PMMA shell
depicted in (d) (shell thickness h = hdry = 45 nm) and a softer PMMA host matrix (mass density and longitudinal and transverse speeds are, respect-
ively, 38%, 20% and 13% lower than those of the PMMA shell) to account for voids (porosity) in the THF casted P-1244 films.
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initial homogeneous PMMA shell of thickness h = hdry =
45 nm; the first-neighbour distance is d = dc + 2hdry = 210 nm.
The softer PMMA constructed in that manner simulated a
porous matrix. The fraction of voids was adjusted to attain
agreement between theoretical and experimental branches.
The corresponding calculation shown in Fig. 4c reproduced
both ceff, gap-width and position of the experimental dis-
persion for the P-1244 film emphasizing the sensitivity of the
bandgap region to the short-range order of PGNs. We note in
passing that these core–shell particles are considered as non-
overlapping, almost touching in the above calculations
(Fig. 4d). If one considers the above particles in contact (i.e.,
with nonzero indentation depth 0.02d ) the corresponding
FEM calculations produce slightly higher ceff values of the
order of 2%, with respect to our multiple scattering calcu-
lations, but they do not modify the overall conclusions from
the dispersion diagram.

Conclusions

Hybrid materials based on PGN assembly structures have
drawn attention due to the opportunities for novel functional
material design. However, the complex dynamical processes,
spanning across a wide range of time- and length- scales,
render PGN assembly structures susceptible for the arrest of
metastable states and impart sensitivity to process conditions.
This work demonstrates that the phonon dispersion in PGN
assembly structures (in the hypersonic frequency regime) sen-
sitively depends on the choice of solvent and thermal process
conditions. The analysis of phonon dispersion in the long (i.e.,
effective medium) and short (i.e., near the Bragg band gap)
wavelength regimes reveals information about the global and
local structure of PGN assemblies. For the case of poly(methyl
methacrylate) (PMMA)-grafted silica particles the results reveal
that casting from THF solution results in metastable films
with reduced effective medium sound velocity, but increased
band gap width as compared to more equilibrated films cast
from toluene solution. The low-q acoustic dispersion suggested
that the use of volatile solvents during film fabrication
increased the fractional free volume of PMMA while maintain-
ing local order of particles within the film. An intriguing
observation was that stop-band formation was more pro-
nounced in metastable microstructures suggesting that the
increased contrast of (effective) elastic constants ‘overcompen-
sated’ any detrimental effect associated with a loss of long-
range order. This confirms prior reports that suggested gap
formation in PGN assembly structures not being tied to long-
range periodicity (as in the case of Bragg gaps) but rather to
the interaction between resonant states of adjacent particles
and the resulting avoided crossing effects (i.e., hybridization
gap formation). Interestingly, the effect of metastable states
was more pronounced for PMMA as compared to (previously
studied) PS analogs under equivalent conditions. This points
to salient consequences of chemical composition (due to, e.g.,
differences in the entanglement molecular weight and local

friction between repeats) that should be considered for the fab-
rication of film structures with deliberately controlled dis-
persion characteristics. Aging experiments would be beneficial
to yield more information on the processing dependent states
of the PNG solid films. In a similar context, an interesting
aspect for future studies would also be the elucidation of the
origin of defect formation in various solvent systems, to differ-
entiate the role of solvent evaporation from external para-
meters such as humidity.
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