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ABSTRACT: We systematically compare the dispersion and self-assembly of
silica nanoparticles (NPs) grafted with either a sparse monomodal long chain
length polystyrene (PS) brush or a bimodal brush comprised of a sparse grafting
of long PS chains and a dense carpet of short poly(2-vinylpyridine) (P2VP)
chains. These two diﬀerent types of NPs are placed in pure PS matrices of varying
molecular weights in a series of experiments. We ﬁrst show that NP dispersion is
generally improved in the case of bimodal brushes. More interestingly, at low PS
grafting densities the bimodal brushes give diﬀerent self-assembled structures
relative to the monomodal brushes; we conjecture that the presence of the short
P2VP chains in the bimodal brush reduces the eﬀective core−core attractions and
thus allows these bidisperse NPs to display self-assembly behavior that is less
likely to be kinetically trapped by the strong intercore attractions that control the
behavior of monomodal NPs. In this low PS grafting density limit, where we
expect the spatial coverage of the brush to be the most nonuniform, we ﬁnd the
formation of “vesicular” structures that are representative of highly asymmetric (“tadpole”) surfactants. Our results therefore
show that reducing the inter-NP attractions gives rise to a much richer ensemble of NP self-assemblies, apparently with a smaller
inﬂuence from kinetic traps (or barriers).

P

chains were of the same chemistry. These bimodal polymer
grafted NPs were found to be well-dispersed across a broad
range of matrix molecular weights, a fact that is attributed to the
signiﬁcant reduction in attraction between the particles due to
the presence of the short chain brush.22 In a slightly diﬀerent
vein, Ferrier et al.23 reported that the dispersion states of gold
nanorods grafted with bidisperse mixed polymer brushes are
markedly improved relative to those coated by monodisperse
grafts or bidisperse grafts with the same chemistry. While this
bimodal brush idea is therefore an eﬀective, well-appreciated
strategy for improving NP dispersion, there remain unresolved
questions: (i) Does the anisotropic NP self-assembly seen for
monomodal brushes still occur in the bimodal grafted system?
This is interesting because these anisotropic superstructures
help to optimize the mechanical properties of the polymer
melts.11 (ii) Is this bimodal idea general, that is, do mixed
bimodal brushes also help improve the dispersion of spherical
NPs when the long, sparse brush is chemically identical with
the matrix, while the other short, dense one energetically

olymer nanocomposites (PNCs), mixtures of nanometersized particles and polymer matrices, have attracted
continuing interest over the past few decades, primarily because
they oﬀer the promise of signiﬁcant property improvements
relative to the pure polymer.1−6 The mixing of inorganic
nanoparticles (NP) with typically hydrophobic polymers,
however, is challenging because of their strong energetic dislike
for each other. One common strategy to improve their
miscibility is to covalently graft the NP surface with polymer
chains possessing the same chemistry as the matrix.7−9 Initially,
monomodal10−12 brushes were used to control particle/
polymer miscibility. Interestingly, in these systems, anisotropic
NP morphologies (strings, sheets, or connected structures)
were observed when the NPs were sparsely grafted with
polymer chains.11,13,14 This ﬁnding was reconciled by the fact
that lightly grafted NPs act akin to surfactants, that is, some
parts of the particle surface are covered by the grafted chains
(“hydrophobic”), while the other hydrophilic parts are exposed
to the matrix.15,16 Very recently bimodal brushes, consisting of
a densely grafted, short brush (enthalpic screening for core−
core attraction) and a sparsely grafted, long brush (favorable
entropic interactions with the matrix chains) have been studied
as a route to further improve NP dispersion.17−21 Again, all the
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Table 1. Grafting Characteristics of Mixed Bimodal PS-P2VP Grafted Silica NPs
P2VP brush

PS brush

Mn (kg mol−1)

Đ

σP2VP (chains/nm2)

Mn (kg mol−1)

Đ

σPS (chains/nm2)

nomenclature

7
6
7.5

1.14
1.09
1.15

0.18
0.18
0.18

155
157
104

1.4
1.4
1.4

0.11
0.05
0.02

BM-0.11-155
BM-0.05-157
BM-0.02-104

Figure 1. TEM micrographs for bimodal PS-P2VP grafted silica NPs in PS matrices of varying molecular weights. The grafting characteristics and
matrix molecular weights are indicated inside the graph. Note that the scale bar is shown inside each micrograph. All nanocomposites contain 5 wt %
in silica core. For representative TEM images of BM-0.02-104 particles in PS matrices of other molecular weights, please refer to Figure S4 in
Supporting Information.

then compare their phase behavior with that of the monomodal
PS and bimodal PS-PS analogs in common PS matrices.
Particle dispersion in solution: Before investigating the
spatial organization of bimodal PS-P2VP grafted silica NPs in
PS matrices, we ﬁrst need to ensure that they are individually
dispersed in THF solution. To that end, we performed small
angle neutron and X-ray scattering experiments on suspensions
of these particles in THF (0.1 wt % in silica core); since the
primary contrast is between the silica core and the grafts/
solvent, we are primarily sensitive to the core size and spatial
dispersion of the NPs. We ﬁnd that the scattering curves are
well represented by a polydisperse sphere form factor with a
radius of ∼7 nm and a log-normal dispersity of 0.25−0.3
(Figure S1 and Table S1 in Supporting Information). This is
consistent with the value measured by TEM (∼7 ± 2 nm in
radius) and manufacturer speciﬁcations (10−15 nm in
diameter), indicating homogeneous dispersion of silica NPs.
Dispersion of bimodal PS-P2VP grafted NPs in polymer
matrices: Figure 1 presents TEM images of nanocomposites
loaded with bimodal PS-P2VP brush coated silica NPs with
varying graft densities of the long PS chains in PS matrices of
diﬀerent molecular weights. We ﬁrst show that, as expected, the
dispersion of NPs is greatly improved with an increase in the PS
grafting density (σPS). For instance, in a 42 kg mol−1 PS matrix
(ﬁrst column in Figure 1), we observe thick strings mixed with
vesicle-like structures at a low grafting density (σPS = 0.02
chains/nm2 or ∼12 chains per particle; Figure 1c1); at σPS =

dislikes the matrix? We address both of these questions in this
contribution. In particular, we have synthesized mixed bimodal
polystyrene-poly(2-vinylpyridine) (PS-P2VP) brush coated
silica NPs and investigated their dispersion behavior in PS
matrices. By comparing the results of the monomodal and
bimodal PS grafted NPs, we give insights into these questions.
Sample preparation: We synthesized three mixed bimodal
PS-P2VP (sparse grafting of long PS chains and a short dense
carpet of P2VP chains) grafted silica (with a core diameter of
14 ± 4 nm) NPs,18 with the grafting characteristics (chain
length Mn and dispersity Đ) presented in Table 1. Note that for
the synthesis of these particles we have adopted a two-step
“grafting from” strategy; thus, we expect the P2VP and PS
brushes to be randomly mixed on the silica surface instead of
being phase-separated into discrete domains. There, however, is
no currently available experimental technique that allows us to
characterize this mixing. We then studied their dispersion
behavior in PS matrices of varying molecular weights (Mw =
17.7, 42, 65, 106, 592, and 1050 kg mol−1, with Đ = 1.04, 1.05,
1.03, 1.06, 1.09, and 1.08, respectively). The PNC samples were
prepared by solvent casting from tetrahydrofuran (THF),
followed by thermal annealing for 5 days at 150 °C under
vacuum. For a detailed protocol of sample preparation and
processing, please refer to Supporting Information. In this
paper we shall ﬁrst discuss the dispersion states of the mixed
bimodal PS-P2VP coated silica particles in PS matrices and
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form when BM-0.05-157 is placed in 42 or 106 kg mol−1 PS
matrices (Figure 1b1,b2). These results are new since previous
work on bimodal grafted NPs found only particle dispersion or
macrophase separation (see below for more on this topic).17,19
In the previous work, the short brush, the long brush, and the
matrix were chemically identical. The short brush therefore
serves to (strongly) reduce the eﬀective core−core attraction.
In our case, as in this previous work, the P2VP brush also
mediates core−core attractions by increasing the minimum
approach distance of the NPs.24 However, as we shall show
below (Figure 4), the repulsion between the P2VP chains and
the PS matrix serves to increase the eﬀective intercore
attractions, but not as much as to be comparable to the bare
silica case. These relatively stronger attractions yield these new
self-assembled structures.25 Another interesting point is that the
large agglomerates formed by BM-0.05-157 particles in a 1050
kg mol−1 matrix have more open, loosely packed morphologies
compared to the ones consisting of BM-0.02-104 particles
(Figure 1b4 vs c4). This is presumably a consequence of the
balance between the enthalpy gain from core−core contacts
and the entropy loss due to deformation of the long PS brushes.
In other words, at σPS = 0.05 chains/nm2, the number of grafted
PS chains is still large enough to create an energy barrier for
particles to collapse into a compact cluster. In contrast, at σPS =
0.02 chains/nm2, the core−core interaction dominates so that
the small numbers of PS brush chains can be more readily
squeezed into the interparticle spaces. Alternatively, other
factors associated with nonuniformity of the grafting process
might play a role. One possibility is the ﬂuctuation in the
number of PS brush chains among various silica NPs (especially
at σPS = 0.02 chains/nm2), as discussed by Hakem et al.26 A
second possibility is the anisotropic coverage of the NP by the
grafted chains, an eﬀect that causes these NPs to act akin to
Janus particles.15
Self-assembly of monodisperse versus bidisperse grafted NPs:
Based on the TEM micrographs shown in Figure 1, we
construct a morphology diagram for bimodal PS-P2VP silica
NPs in PS matrices (Figure 2). Depending on the grafting
density of the PS brush and the grafted/matrix PS chain length
ratio (N/P), the NP structures formed in the PS matrices are
classiﬁed as dispersed, clump & string, thick string & vesicle,

0.05 chains/nm2 (or ∼31 chains per particle), small aggregates
consisting of 3−6 primary particles form (Figure 1b1), while at
σPS = 0.11 chains/nm2 (or ∼68 chains per particle), the silica
NPs are nearly individually dispersed (Figure 1a1). Note that
similar trends in NP dispersion were also found in the other PS
matrices (second to fourth columns in Figure 1). To quantify
the change in NP dispersion as a function of PS grafting
density, we also digitized the TEM images, appropriately
thresholded them, and then calculated their pixel−pixel
autocorrelation function, C(r) (Figure S2 in Supporting
Information). This image analysis shows that, as σPS decreases,
the deviation from the initial slope in C(r) occurs at a shorter
distance, indicating increased NP clustering. In general, our
ﬁndings can be attributed to the fact that, as the grafting density
increases, the eﬀective PS surface coverage of the NP surface
increases. Thus, core−core attraction is increasingly screened
and improved miscibility results. Here we note that the BM0.02-104 has shorter PS brushes than the other two particles.
Previous work has shown that equivalent behavior results across
silica NPs with diﬀerent grafting densities and chain lengths so
long as we examine trends as a function of σPS√N (where N is
the grafted chain length).4 The lower molecular weight of the
PS brush in the last bimodal particle, relative to the other two
NPs, could possibly enhance the degree of NP aggregation but
should not yield new physics.
We have also examined the eﬀect of matrix chain length on
the spatial distribution of NPs. As shown in Figure 1 (ﬁrst row),
at σPS = 0.11 chains/nm2, the NPs show increasing clustering
with increases in the matrix PS molecular weight. This
structural evolution as a function of matrix chain length is
more pronounced at σPS = 0.05 chains/nm2 (second row in
Figure 1). In this case, small clusters (or clumps) form in low
molecular weight matrices (Figure 1b1,b2); strings appear at
intermediate chain length (Figure 1b3), and micron-sized
agglomerates are observed for even longer matrix chains
(Figure 1b4). These trends in NP dispersion versus matrix
chain length are supported by C(r) calculations (Figure S3 in
Supporting Information). As shown there, in matrices with
smaller molecular weights (42 and 106 kg mol−1), we see a
depletion “hole” at short distances, indicating repulsion
between the particles or small clumps of the particles. In
contrast, in higher molecular weight matrices (592 and 1050 kg
mol−1), C(r) is essentially positive for all distances covered,
indicating increased agglomeration. These ﬁndings are entropically driven, that is, as a result of the autophobic dewetting of
the matrix from the brush. Inspired by arguments presented in
the case of planar brushes, we suggest that when σPS√N < (N/
P)2 (where P is the matrix chain length), the favorable entropy
resulting from mixing the matrix with the long PS brush leads
to an eﬀective repulsion between the particles, as indicated by a
correlation hole in C(r). In the opposite case, where σPS√N >
(N/P)2, particles are attracted to each other as the brush chains
are not soluble in the matrices. In this same spirit, at σPS = 0.02
chains/nm2, the NP assemblies evolve from thick strings and
vesicles in a 42 kg mol−1 matrix (Figure 1c1) to large spherical
aggregates at higher molecular weights (Figure 1c3,c4).
Going further, two more interesting things are noted from
Figure 1. First, we see a variety of new structures formed by
these bimodal grafted NPs. For example, strings form when
bimodal brush coated silica NPs (BM-0.05-157) are placed in a
592 kg mol−1 PS matrix (Figure 1b3); thick strings and vesicles
form when BM-0.02-104 is placed in 42 or 65 kg mol−1 PS
(Figure 1c1 and Figure S4 in Supporting Information); clumps

Figure 2. Experimental morphology diagram of bimodal PS-P2VP
tethered silica NPs mixed with PS matrices. The black, red, pink, and
green circles correspond to “Dispersed”, “Clump & string”, “Thick
string & vesicle”, and “Aggregate”, respectively. The blue dotted lines,
indicating the structural boundaries, are guides to the eye. Note that
most of the data points shown here are from Figure 1, with some
others presented in Figure S4 in Supporting Information.
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Figure 3. (a) Comparison of the dispersion morphology diagram of silica NPs coated by monomodal PS and bimodal PS-P2VP brushes in PS
matrices. The blue dotted lines correspond to morphology boundaries in the bimodal system, that is, “Dispersed”, “Clump & String”, “Thick string &
vesicle”, and “Aggregate”. The red dotted lines are for the monomodal PS grafted system from ref 11.: “Dispersed”, “String”, “Connected/sheet”, and
“Aggregate”. (b) Plot of the NP structures of the bimodal PS-PS coated silica NPs in PS matrices (the black diamonds, all well dispersed) from ref 19
in the bimodal morphology diagram constructed in Figure 2.

structures form was previously anticipated by the theoretical
work of Pryamtisyn et al.25
Next we compare the dispersion behavior of bimodal PSP2VP (I) tethered silica NPs and bimodal long PS-short,
densely grafted PS (III) tethered silica NPs in PS matrices. As
shown in Figure 3b (also see Figure 1b1,b2), we observe
clumps when the BM-0.05-157 (PS-P2VP) particles are placed
in a 42 or 106 kg mol−1 PS matrix, while bimodal PS-PS
particles with similar grafting characteristics (for short PS
brush, Mn = 7.2 kg mol−1, σPS = 0.18 chains/nm2; for long PS
brush, Mn = 118 kg mol−1, σPS = 0.047 chains/nm2 from ref 19)
are well dispersed in PS matrices of 190 kg mol−1.19 This result
can be reconciled by the much weaker core−core attractions in
(III) as compared to (I), as shown in Figure 4. Interestingly,
very recently, Ferrier et al.23 have shown that gold nanorods
grafted with mixed, bidisperse polymer brushes are much better
dispersed than their bidisperse homopolymer analogs in the
same polymer matrices. This previous work used the high
grafting density regime for both brushes (>0.24 chains/nm2),
where the inner brush should be completely shielded by the
outer grafts. Also, as the chain length of the two brushes are
comparable, this work suggests that the short grafted chains
force the longer ones to be more stretched and thus promote
miscibility with the matrix chains. In contrast, in our system, as
the PS grafting density is signiﬁcantly smaller and its chain
length is much longer than P2VP, the core−core attraction still
plays an important role and we would expect negligible change
in the conformation of PS chains. Therefore, we believe that
diﬀerent mechanisms control NP dispersion behavior in these
two limits of high and low grafting density, respectively.
Finally, we focus on the formation of the interesting
structures (thick strings and vesicles) when placing BM-0.02104 particles into a 42 kg mol−1 PS matrix (Figure 1c1, also see
Figure S4 where PS matrices of 17.7 or 65 kg mol−1 are used).
The strings (open or closed) formed have a typical thickness of
∼100 nm (∼7−8 NPs wide). Apparently, the particle−particle
attraction dominates even in such cases where the long PS
brush (104 kg mol−1) favorably interacts with the matrix chains.
Also, we believe that this could be due to the inherent
ﬂuctuation in both the number of chains among various
particles as well as the distribution of grafted chains on one
single particle, especially in the limit of sparse grafting. In fact,
recent simulation, theory and experiments suggest that, for
small number of grafts, their spatial distribution on spherical
NPs is anisotropic and asymmetric.15,16,28 On the other hand,

and aggregates. We compare this self-assembly behavior to NPs
grafted with monomodal PS (II) (Figure 3a).
First, the regions for the extreme cases of well dispersed NPs
(“Dispersed”) and complete phase separation (“Aggregate”) are
similar between these two systems. However, our previous
work has suggested that the sheet-like structure observed for
monomodal brushes in fact corresponds to a directionally phase
separated state.27 In contrast, the BM-0.05-157 NPs selfassemble into strings in a 592 kg mol−1 PS matrix (the
corresponding monomodal analog forms connected sheets or
phase separated state, Figure 3a). This immediately suggests
that the dense P2VP carpet reduces the eﬀective core−core
attraction, making NPs generally more miscible (dispersed)
compared to the monomodal PS brush case. A straightforward
calculation suggests that the London dispersion forces
(“Hamaker interactions”) between a pair of NP cores reduces
from ∼5kBT (monomodal) to ∼0.4kBT (bimodal) at an
interparticle separation of 0.1 nm (Figure 4). These results
suggest that, even though anisotropic NP superstructures can
still form from the bimodal mixed brush coated particles,
apparently the reduced attraction strength between silica cores
reduces the region in parameter space where these structures
form. This “suppression” of the regime where self-assembled

Figure 4. Interparticle core−core London dispersion potential (V/
kBT) as a function of separation (h) between the outer layers of the
particles. The black curve is that between bare silica NPs, the red and
green curves correspond to silica NPs coated with a surface layer of
P2VP and PS, respectively. Note that the surface layer for both P2VP
and PS comprises 7 kg mol−1 chains with a grafting density of 0.18
chains/nm2, yielding shell thicknesses of 1.54 and 2.09 nm,
respectively (see Supporting Information for details).
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Hakem et al.26 reported that, in the case of small number of
functional sites per particle, the distribution in the number of
ligands on various particles signiﬁcantly broadens. Additionally,
we also note that the polydisperse size of the silica core (Table
S1 in Supporting Information) might also contribute to the
polydispersity in the grafting density of diﬀerent particles.
These facts, in combination, allow us to conjecture that the
particles with small number of grafted PS chains prefer to be
placed in the interior of the thick strings or vesicles, while those
with larger number of grafts can favorably interact with the PS
matrix, thus, decorating the outside of the clusters. Moreover,
we recall that these new structures are not observed in the
monomodal system, even at lower grafting densities (e.g., 0.01
chains/nm2, as shown in ref 11). Apparently, the formation of
these more complicated structures require weaker eﬀective
attractions between NP cores, which allows the structures to
reorganize more readily. In contrast, the monomodal PS coated
particles have much stronger core−core attractions and thus are
much more easily kinetically trapped once they touch each
other. Interestingly, similar microscale string-like NP assemblies
were previously observed in side chain fullerene polymers.29
However, the underlying physics responsible for the formation
of these interesting NP morphologies is still not clear. Current
eﬀorts (both experiments and simulations) are in progress to
understand the general mechanisms responsible for these more
complex self-assembly processes.
Conclusions: We have systematically examined the dispersion and assembly of bimodal PS-P2VP grafted silica NPs in
PS matrices. We ﬁrst show that, depending on the PS grafting
density and the ratio of grafted/matrix chain length, the NP
dispersion states in the PS matrices can be tuned from
aggregate, thick string & vesicle, clump & string to dispersed
phases. By comparing to the behavior of the monomodal PScoated silica NPs, we then show that anisotropic NP selfassembly still occurs in the bimodal system. However, there is a
general shift toward better-dispersed phases when the silica
core−core attraction is reduced due to the presence of the
dense P2VP layers around the NPs. However, due to the
relatively stronger core−core attractions (especially at short
distances), these mixed PS-P2VP brush tethered particles are
less dispersed than NPs grafted with bimodal PS-PS brushes in
PS matrices of comparable molecular weights. Finally, we
observe vesicle-like NP structures for mixed bimodal brush
grafted NPs of lower PS grafting density blended with short PS
matrices. This ﬁnding is attributed to the weaker interparticle
interactions, which lead to self-assembly behavior that is less
kinetically trapped than their monomodal analogs. The
relatively large thickness of the walls of these vesicular
structures apparently results from the strong ﬂuctuation in
both the number of chains among various particles and the
distribution of grafted chains on a NP’s surface in the limit of
sparse grafting.
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