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Anisotropic self-assembly of spherical
polymer-grafted nanoparticles
Pinar Akcora1 , Hongjun Liu1 , Sanat K. Kumar1 *, Joseph Moll2 , Yu Li3 , Brian C. Benicewicz3 ,
Linda S. Schadler4 , Devrim Acehan5 , Athanassios Z. Panagiotopoulos6 , Victor Pryamitsyn7 ,
Venkat Ganesan7 , Jan Ilavsky8 , Pappanan Thiyagarajan8 , Ralph H. Colby9 and Jack F. Douglas10
It is easy to understand the self-assembly of particles with anisotropic shapes or interactions (for example, cobalt nanoparticles
or proteins) into highly extended structures. However, there is no experimentally established strategy for creating a range of
anisotropic structures from common spherical nanoparticles. We demonstrate that spherical nanoparticles uniformly grafted
with macromolecules (‘nanoparticle amphiphiles’) robustly self-assemble into a variety of anisotropic superstructures when
they are dispersed in the corresponding homopolymer matrix. Theory and simulations suggest that this self-assembly reflects
a balance between the energy gain when particle cores approach and the entropy of distorting the grafted polymers. The
effectively directional nature of the particle interactions is thus a many-body emergent property. Our experiments demonstrate
that this approach to nanoparticle self-assembly enables considerable control for the creation of polymer nanocomposites with
enhanced mechanical properties. Grafted nanoparticles are thus versatile building blocks for creating tunable and functional
particle superstructures with significant practical applications.

C

ontrolling the dispersion of nanoparticles into polymer
matrices is a significant challenge in achieving the pronounced property improvements promised by polymer
nanocomposites1 . However, it is often difficult to achieve this
goal as inorganic particles are typically immiscible with an organic
phase2–4 . One strategy to overcome this difficulty is to ‘shield’
the particle surface by grafting it with the same chains as the
matrix polymer5–8 . Although this approach for particle dispersion
is successful in some cases, we find instead that the particles
can exhibit self-assembly into highly anisotropic structures. This
process arises because the immiscible particle core and grafted
polymer layer attempt to phase separate but are constrained by
chain connectivity—this is evidently analogous to ‘microphase
separation’ in block copolymers and other amphiphiles. Similar
to these amphiphiles, these particles with a ‘polarizable’ segmental
cloud can self-assemble under a broad range of conditions into a
variety of superstructures. We also show that this type of particle
self-assembly can have strongly beneficial effects on the mechanical
properties of the resulting nanocomposite.
By way of context, we note that there has been considerable
interest in using particle self-assembly as a ‘bottom-up’ route to
material assembly9–17 . The most direct strategy for the creation
of anisotropic assemblies is to use either anisotropically shaped
particles, or spherical particles with directional interactions11,16–18 .
The geometry of the assemblies is thus largely encoded at the level
of a single particle. Similarly, flow and other non-equilibrium effects
(especially irreversible agglomeration as in the case of carbon black

particles) can also be used to assemble particles19–24 . Instead, here
we focus on the quiescent assembly of particles that possess no such
obvious anisotropies, that is, spherical particles with bare isotropic
interactions. It is now well documented that spherical nanoparticles
decorated with short alkanes assemble at high loadings into
stripes on a substrate25 or into non-equilibrium gels in three
dimensions14,26 . Simulations show that the competition between
a short-ranged attraction and a long-ranged repulsive interaction
between nanoparticles can rationalize these experiments27,28 . More
relevant to our work are simulations on aqueous solutions
of hydrophobic fullerenes uniformly grafted with hydrophilic
polyethyleneoxide chains. These simulations show amphiphilelike behaviour and form particle chains and branched objects at
equilibrium13,29 . This phenomenon was interpreted as arising from
the propensity for the hydrophobic particle cores to contact each
other to shield themselves from water. This process is evidently
facilitated by two particles forcing the polyethyleneoxide chains
‘out of their way’, resulting in an effective ‘dipolar’ interparticle
potential, and anisotropic self-assembly. To our knowledge, there
is no experimental verification that such uniformly grafted particles
can exhibit such self-assembly behaviour.

Simulations and theory
To gain theoretical insights into the amphiphile-like behaviour of
grafted nanoparticles, we have used both mean-field theory and
computer simulations. We simulated the self-assembly of particles
uniformly grafted with polymer chains, each chain comprising
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Figure 1 | Theoretical predictions and comparison of theory to experiments. a, Simulation snapshots for particles with six uniformly spaced grafts, going
from bare particles forming spherical aggregates, to flattened cylinders with N = 2; branched cylinders with thinner arms N = 5; sheets with N = 6 (sheet
shown in the detail); long strings with N = 8 (only one string shown); short chains with N = 10 (not shown); and isolated particles with N = 14. The stable
state of the ungrafted particles under these conditions should be a crystal. Thus, the liquid droplet seen here is a metastable state. b, Results of simulations
and theory at different grafting densities. Polytetrahedra, that is, sheets with a tetragonal packing of particles, and sheets with a two-dimensional
hexagonal packing of particles are both designated as ‘sheets’. Lines are predictions of analytical theory; symbols are from simulation. Red symbols:
spheres, dark blue: sheets, light blue: strings, magenta: well-dispersed particles. c, Experimental ‘morphology diagram’ of polymer-tethered particles mixed
with matrix polymers. Red symbols represent spherical aggregates, blue symbols are sheets and interconnected structures, cyan symbols are short strings
and purple symbols are dispersed particles. The lines that separate the different regions are merely guides to the eye.

N monomers, in an implicit solvent using the Monte Carlo
method (see the Methods section). In our control study, we find
that particles form spherical clusters when there are no grafted
chains: this reflects the minimization of the contact area between
the particle-rich and the implicit solvent-rich phases formed by
phase separation (Fig. 1a). The grafting of even six uniformly
spaced dimers (N = 2) yields assemblies with a flattened shape.
Increasing the length of the grafted chains (to N = 6) changes
the form of self-assembly into hexagonal sheets, followed by onedimensional strings for N = 8. Eventually, for large enough N ,
we find sterically stabilized isolated particles (N = 14). Figure 1b
then shows a composite ‘morphology’ diagram obtained from
the simulations. In addition to spherical aggregates and welldispersed particles, we see the formation of short strings, and
sheet-like structures with different particle packings. These results
are complemented by the predictions of an analytical theory that
has the following two essential ingredients. We assume that there
is an extremely short-ranged (‘point’) interparticle attraction. This
is counteracted by the entropy of distorting the polymer brush
chains when two particles approach each other. The minimization
of the resulting free energy (see the Methods section) enables us
to predict different nanoparticle morphologies (Fig. 1b). The fact
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that both the simulations and theory yield similar results suggests
that the polymer-grafted nanoparticle amphiphiles should readily
assemble into morphologies that balance core–core attractions and
the elasticity of the grafted layer.

Experimental study of morphology
In our experimental study of this type of self-assembly, we used
14-nm-diameter spherical silica particles grafted with polystyrene
chains. Our previous work4 showed that unfunctionalized
silica particles agglomerate into large spherical structures (with
diameters in the range 1–100 µm) when they are mixed with
polystyrene. Given this obvious ‘dislike’ between the polymer
and the particles, these polystyrene-grafted spherical particles
should behave akin to amphiphiles as anticipated theoretically.
Both the molecular mass (Mg ) and the number of chains
grafted on a particle were varied in a series of experiments (see
Supplementary Table S1)30 . The silica particles were mixed with
monodisperse (ungrafted) polystyrene, the ‘matrix’ polymer (see
Supplementary Table S2). The polystyrene matrix has the role of
a (selective) solvent5,6,8,31 . All samples contained 5 mass% silica.
Subsequently, each sample was annealed under vacuum at 150 ◦ C
(well above the glass transition of polystyrene). The resulting
355
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Figure 2 | Experimental study of particle self-assembly. a, TEM-determined temporal evolution of particle structuring. In all cases, 5 mass% silica grafted
with a Mg = 106 kg mol−1 polystyrene brush with 37 chains per particle (0.05 chains nm−2 ) is mixed with polystyrene matrices of different M: 17, 42, 142
and 272 kg mol−1 , respectively, and annealed at 150 ◦ C for a range of times as noted in the figure. Sheet formation was observed in the composite with
matrix M = 142 kg mol−1 sample after 3 days of annealing and in the matrix M = 272 kg mol−1 after 19 days. The scale bar in all cases is 0.5 µm, and the
sections were cut normal to the film surface. b,c, Effect of variations in grafting density and molecular weight of tethered chains (Mg ) on particle dispersion
and self-assembled structures after annealing for 5 days at 150 ◦ C. Increased brush molecular mass (Mg ) and increasing grafting density have similar
effects on the aggregation process: with increasing graft polymer coverage, we thus progressively go from spherical clusters, to thick sheets, thin sheets,
strings and finally well-dispersed particles. The thick to thin sheet transition is continuous and hence we classify them both as sheets. The matrix
homopolymer is 142 kg mol−1 in b and 42 kg mol−1 in c. d, USAXS data (symbols) and unified fits (solid lines) of samples shown in the first row and in the
second row of b, respectively. The fit parameters are reported in Supplementary Table S3.

time-dependent assemblies were characterized by transmission
electron microscopy (TEM), ultrasmall-angle X-ray scattering
(USAXS) and in a few cases by small-angle neutron scattering (see
Supplementary Information).
We first focus on the TEM results. Figure 2a shows the temporal
evolution of particle dispersion for a fixed brush molecular mass
(Mg = 106 kg mol−1 ) and grafting density (37 chains per particle)
within various molecular mass (M ) polymer matrices. It seems
that nearly spatially uniform, apparently time-independent, particle
dispersion is achieved when the matrix M is smaller than Mg
(ref. 5). A more detailed analysis shows that the particles form
short ‘strings’, that is, particle clusters that are typically only one
particle wide and contain more than one particle but are finite
356

in length (see, for example, Supplementary Fig. S4a). In contrast,
composites with higher M matrices spontaneously self-assemble
into highly anisotropic objects that typically fill the TEM field of
view along at least one direction and are 2–10 particles wide. Two
facts are noted about these anisotropic structures (the two larger M
in Fig. 2a). First, it is apparent that the kinetics of domain formation
is slower with increasing matrix M . Second, at a given M , these
objects grow with increasing annealing time, t . This rules out that
the casting process might have created these structures. We have
roughly characterized the domain growth kinetics and find that
the characteristic sizes increase roughly as t 1/3 (see Supplementary
Fig. S1). These images clearly show that the sizes of these large
structures are kinetically controlled.
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The TEM data in Fig. 2a were taken from slices normal to
the surfaces. We have taken 15 adjacent ≈100-nm-thick slices
from a film with a matrix of M = 142 kg mol−1 , which show
string-like morphologies in Fig. 2a, and find that the same ‘stringlike’ structure is seen in each slice (see Supplementary Fig. S4b).
Consequently, these objects are sheet-like. We have also analysed
slices parallel to the casting surface and found qualitatively
similar results (see Supplementary Fig. S4c). Evidently, these
particles spontaneously assemble into sheets that are 2–5 particles
(<100 nm) wide with lateral dimensions in the 1–10 µm range. A
point to note here is that we see only hexagonal particle packings
in the sheets (see Supplementary Fig. S5d). We do not see the other
packings predicted by the theory/simulation.
We now proceed to other graft densities and graft lengths
(Fig. 2b,c). In all cases, the particles assemble into spheres at
minimal polymer grafting. A variety of other superstructures form
with increasing (grafted) polymer coverage on the particles, with
the particles being well dispersed for large polymer coating layer
thicknesses. In particular, we see the formation of interconnected
structures (for example, the first two samples in the second row in
Fig. 2b), which clearly are not predicted by the theory/simulation.
As these structures occur in the parameter space between welldispersed particles and sheets, we conjecture that they are
intermediate morphologies.
Next, we consider USAXS data (see Supplementary Information), which verify and complement the TEM measurements32 .
Figure 2d shows USAXS patterns for the samples shown in the TEM
images in the first two rows of Fig. 2b. In cases where the particles
form compact clusters, we have found that the TEM and USAXS
give consistent cluster size estimates. For example, the USAXS on
the sample corresponding to the first TEM image in Fig. 2b, when
fitted using the unified model of Beaucage33 , suggests that there are
scattering centres of two dominant length scales (see Supplementary
Table S3). Assuming the objects to be spherical yields diameters of
12 and 225 nm, respectively. The first number is in reasonable agreement with TEM estimates of the nanoparticle diameter, 14 ± 4 nm.
However, the TEM images suggest that the particle aggregates
(which presumably correspond to the larger USAXS-derived scale)
are circular objects with a diameter of 133 ± 40 nm. We reconcile
the USAXS and TEM by noting that the USAXS-determined cluster
sizes are larger than the typical thickness of a TEM slice (100 nm).
Consequently, TEM will sample only slices of these clusters. A
correction for this geometric factor, still assuming spherical particle
agglomerates, yields a TEM-derived mean diameter of ≈250 nm, in
reasonable agreement with the USAXS. We now consider USAXS
of sheet-like morphologies (the middle and right samples in the
second row in Fig. 2b). In addition to the high-q feature, which
refers to the particle size, we see a strong upturn in the low-q
scattering intensity without any low-q plateau: this is consistent with
structures that have characteristic sizes that are larger than can be
measured by this technique (that is, greater than ≈1 µm). This is in
agreement with TEM estimates of sheet size.
Our attempt to reduce the TEM/USAXS-derived morphology
data to a ‘universal’ picture is presented in Fig. 1c. We have
restricted our ‘morphology’ classification into four broadly defined
categories: (1) compact objects, such as spheres or platelet-like
objects, for which the dimensions can be determined by TEM and
the USAXS; (2) sheets and interconnected objects that are at least
two particle diameters wide and have at least one dimension that is
larger than the field of view of the TEM or USAXS (note that we have
chosen to lump the interconnected objects with sheets); (3) short
strings, where the particles are approximately collinear and the cluster size is larger than one particle but smaller than the image field of
view; and (4) isolated particles. The x axis that is chosen in Fig. 1c
is different to that in the theoretical plot (Fig. 1b). We rationalize
this choice as follows. In the theory, the solvent is implicit and hence
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Figure 3 | Shear-stress response to steady-shear application at 180 ◦ C at
a shear rate of 0.1 s−1 for composites with matrix M = 42 kg mol−1
(black) and 142 kg mol−1 (red) and of pure homopolymers. Each particle,
on average, has 37 chains grafted to it, where each grafted chain was of
molecular mass of 106 kg mol−1 . The blue symbols are for a matrix with
142 kg mol−1 but for particles that have six chains grafted to them, with
each of them of 158 kg mol−1 . The left axis is for the M = 142 kg mol−1 and
the right axis is for the 42 kg mol−1 matrix. The open symbols are for the
homopolymer and the filled symbols are for the nanocomposite.

monomeric, whereas the solvent in the experiments is polymeric. In
the limit where the matrix is monomeric, the experimental and the
theoretical x axis, thus become equivalent. It is apparent that all of
our data fall into four clearly distinct regions in Fig. 1c, qualitatively
consistent with both the theory and the simulations. Thus, these
grafted particles seem to behave like amphiphiles and assemble into
a range of superstructures. We have also observed a similar progression in supramolecular assemblies in poly(methylmethacrylate)
composites (images not shown) suggesting that these findings are
not specific to the polystyrene-silica system.
Although some of the self-assembled structures seem to be
time independent and hence well defined in size (such as the
strings in the two left panels in Fig. 2a, and the spheres shown in
the two left panels in the top row in Fig. 2b), the predominant
conclusion is that the domain sizes are time dependent (especially
in the case of most of the sheet-like and interconnected structures).
These superstructures, thus, are also polydisperse (see, for example,
Supplementary Fig. S4c). These conclusions have clear parallels
to the behaviour of conventional surfactants that can form highly
monodisperse spherical micelles, but can also result in highly
polydisperse worm-like micelles under different conditions34–36 .
We, however, do emphasize that each of the results shown in Fig. 2
and in Supplementary Information has been verified on several
independently prepared samples (using two batches of particles
that were separately functionalized with the grafted chains): the
reproducibility of these results points to the robustness of the
phenomena reported.

Consequences of self-assembly on properties
To delineate the practical usefulness of particle self-assembly,
we have measured the linear and nonlinear rheology of these
nanocomposites following ideas presented in refs 37, 38. Initially,
we select two samples corresponding to the images in Fig. 2a where
the particles are grafted with 37 chains each of Mg = 106 kg mol−1 :
one sample has well-dispersed short particle strings (matrix
M = 42 kg mol−1 ), whereas the other has large self-assembled
particle sheets (matrix M = 142 kg mol−1 ). The linear rheology data,
which are discussed in Supplementary Fig. S2, indicate that only
the latter sample yields solid-like behaviour at low frequencies.
Consistent with this notion, we find a maximum in a time357
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dependent plot of shear stress when a constant steady-shear rate
is applied (‘start-up’ of steady shear, Fig. 3) to the latter sample.
Apparently, the solid-like nature of this system, which we presume
to be caused by the self-assembled sheets of particles, is altered
under the application of steady shear and produces the yield-like
phenomenon. TEM microscopy results (see Supplementary Fig. S3)
show that the connected structures orient and ‘coarsen’ after the
application of large-amplitude strain. No such shear maximum is
observed in the low-molecular-weight sample where the particles
do not form large structures (Fig. 3). Similarly, as we observe
no such stress maxima in the pure 142 kg mol−1 homopolymer
sample (Fig. 3), we suggest that the reinforcement observed is due
primarily to particle self-assembly into large objects. Although
it is apparently well known in the nanocomposite39–43 and filled
polymer community44–46 that particle ‘agglomeration’ facilitates
the solid-like reinforcement of a polymer’s mechanical properties,
more surprising here are results obtained from another sample
comprising percolating particle sheets (shown in the right panel in
the first row in Fig. 2b). Figure 3 shows that, although this sample
yields significant reinforcement there is no stress drop-off with
increasing strain: the gel-like structures that are formed owing
to attractive core–core contacts in this case of reduced polymer
grafting apparently do not give large stress overshoots47,48 . Our
ability to control the interparticle attraction through the use of
grafted polymers thus provides us with the unique ability to create
polymeric materials with tunable mechanical properties.

Methods
Synthesis. Spherical silica particles (14 ± 4 nm diameter; Nissan Chemicals)
were grafted with polystyrene chains by the reversible addition–fragmentation
chain transfer polymerization technique30 . The graft molecular weights and
graft densities (0.01, 0.05 and 0.1chains nm−2 corresponding to 6, 37 and 74
chains per particle) are listed in Supplementary Table S1. The grafting densities
were measured using a thermal gravimetric analyser and ultraviolet–visible
spectroscopy. Matrix homopolymers were purchased from Polymer Laboratories
(see Supplementary Table S2).
Processing the nanocomposites. Particles in solution (either benzene or
tetrahydrofuran) were sonicated for 15 s and then mixed with the matrix
polystyrene homopolymers. This was followed by sonication for another 2 min.
The particle concentration was 5 mass% of the silica core in all of the dried samples.
The composites, in solution, were cast onto glass Petri dishes, dried to remove
the solvent and then annealed for varying times (1–19 days) in a vacuum oven
under a pressure of 10−4 torr at 150 ◦ C. The resulting samples were characterized
by TEM, USAXS, rheology and small-angle neutron scattering: we specifically are
very concerned about experimental artefacts. More details of these issues are in
Supplementary Information.
Simulation. Monte Carlo simulations are carried out on a system consisting of
100 nanoparticles with uniformly grafted polymer chains in an implicit solvent.
The polymer chains are modelled as bead necklace chains with the bead diameter
of σ , with bond lengths in the range of 1.02–1.1σ and a nanoparticle is a sphere
of diameter, D = 7.5σ . A square-well potential is used to represent the interaction
between two nanoparticles,
∞

u(r) = −ε

0

r <D
D 6 r < λD
r > λD

where ε is the attractive well depth and λ (= 1.1) is the attraction range.
Monomer–monomer and nanoparticle–monomer interactions are modelled
by hard-sphere potentials. Canonical ensemble (NVT) simulations are carried
out using the Metropolis algorithm. The number density fraction of the (bare)
nanoparticles is 0.001. The simulation box is a cube with periodic conditions.
Five types of Monte Carlo move, which are attempted with a probability
(0.3:0.1:0.4:0.1:0.1), are translations and rotations of grafting nanoparticles,
translations of monomers and translations and rotations of the cluster of grafting
nanoparticles, respectively. The simulation temperature is T ∗ = kB T /ε = 0.1. Each
simulation is at least 10 million Monte Carlo steps of equilibration followed by
100 million Monte Carlo steps (production). We investigated a series of systems
with the chain length of the polymer varying from 0 to 16. Five independent
runs were carried out for each case. With increasing length of the grafted chains,
we find that the particle assemblies go from spheres to flattened cylinders,
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branched cylinders and sheets: we believe that these structures correspond to the
self-assembly of phase-separated nanoparticles. In sheet-like structures, we see that
the particle packings are either tetragonal or two-dimensional hexagonal rings,
as also observed in the experiments. We report the sheets in these two categories,
which denote local particle packings. For even longer chains, the particles no
longer phase separate from the solvent: rather they self-assemble into linear chains.
Beyond this, the particles are miscible in the solvent.
Theory. When two particles covered by long polymer brushes aggregate, a
redistribution of the polymer chains occurs, resulting in an increase of polymer
density outside the contact region. This density increase makes the ‘dimer’ more
protected against aggregation with another particle, with it being most susceptible
to aggregation with another particle at the point diametrically opposite to the first
contact point. The transition from a stable suspension of isolated particles to the
necklace structure can be estimated by balancing the energetic contact gain δε per
particle against the polymer brush free-energy increase on the redistribution of
brush chains around each particle to a cylindrical brush-like structure around the
aggregated necklace. For even stronger contact energies, the particles may prefer to
aggregate into a flat sheet-like morphology, for which case it gains an energy of 2δε
for square lattices or an energy of 3δε for hexagonal lattices. This is balanced by
an increased entropy loss: the interplay between the preceding effects controls the
transition between strings to (first) the square lattice sheets and then to hexagonal
lattice sheets. For even stronger interactions, the particles prefer to aggregate
into spherical aggregates where they can gain energies ranging from 3δε to 6δε
(face-centred-cubic dense packing). However, in that process the grafted chains are
squeezed in the pockets between particles. By estimating the free energy of the latter
phase (using ideas from the theory of the coil–globule transition), we quantify the
transition to spherical aggregate phases. We have treated δε/kT as a fit parameter.
The results in Fig. 1c are for δε/kT = 0.05.
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Supplementary Information
Sample Information
Supplementary Table 1. Brush molecular weights (Mg), polydispersities (PDI)
and grafting densities () of polymers grafted on silica particles.
PS-grafted-Silica
=0.05
=0.1
Grafting
=0.01
2
2
density ()
(chains/nm )
(chains/nm2)
(chains/nm )
Mg
(kg/mol)
25
51
115
158

PDI
1.20
1.20
1.28
1.50

Mg
PDI
Mg
PDI
(kg/mol)
kg(mol)
17
1.05
24
1.04
34
1.05
45
1.06
106
1.07
100
1.10
160
1.21
154
1.25

Supplementary Table 2. Matrix molecular weights (M) and homopolymer
polydispersities (PDI) used in the preparation of nanocomposites.
PS matrix homopolymers
M (kg/mol)
PDI
17
1.04
42
1.08
142
1.06
272
1.08
TEM Analysis of Particle Morphology: Annealed samples were embedded in an
epoxy resin and the resulting sample blocks were microtomed using a Leica UCT
microtome to yield samples of approximately 100 nm thickness. Single slot grids
(2 x 1 mm slot size), which were coated with a formvar membrane, were used for
the analysis of structures through consecutive sections. The sections were
microtomed both normal and parallel to the sample surface. The resulting particle
morphology was examined using a JEM-100 CX transmission electron
microscope (TEM). We have also conducted TEM tomography using a Tecnai
F20 (200kV FEG) electron microscope at the New York Structural Biology
Center. Microtomed samples were carbon coated to provide stability against the
200kV electron bombardment.

nature materials | www.nature.com/naturematerials

1

supplementary information

doi: 10.1038/nmat2404

USAXS Characterization of Particle Morphology: Ultra-small angle x-ray
scattering patterns were measured at the Advanced Photon Source at the 32ID-B
beamline using a Bonse-Hart camera. Samples were approximately 2mm in
diameter. Since the thicknesses varied from sample to sample (and sometimes
within each sample, due to limitations in sample amounts), we do report
scattering intensity in absolute units. The data were fit to the Beaucage unified
p

  qRgi  i
equation: I (q) =  Ai exp[q R /3] + Bi erf
 where q is the wavevector, and
i
  3 
1

2

2
gi

we assume several levels of structure (typically 2 or 3) to fit the data. When one
assumes that the objects are spherical we can derive their radius from the

3
relationship: Rg2 = R 2 . The results obtained by fitting the data from the samples
5
shown in the first two rows of Fig. 2b are presented in Supplementary Table 3.
The USAXS gives the size of the primary particles, and also indicates the
existence of larger scale mass fractal structures (with fractal dimension ~ 3). It is
unclear why the particle sizes vary in the last three rows, while they remain
relatively constant for the first three rows. We conjecture that this might represent
local particle clustering. USAXS does not provide the dimensions of the large
scale clusters seen in the second row of Fig. 2b (samples with brush molecular
mass of 34 and 106 kg/mol. respectively). This indicates that the cluster sizes are
larger than 1 μm.

2
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Supplementary Table 3. Primary particle and cluster sizes obtained from
Beaucage unified fits to the USAXS data at different q regions for data shown in
Fig. 2d.
2

Brush Mg

High q-Primary

Low q-Cluster

(kg/mol)

particle Rg (Å)

Rg (Å)

Intermediate q Low q-Power
Rg (Å)

law
exponent

25

45

869

3.6

51

53

847

4.0

158

56

6034

17

150

7150

34

139

3.5

106

227

3.6

499

3.1
3.6

Eliminating other artifacts: At this juncture it is important to rule out other obvious
experimental artifacts. First, in previous work, we have determined that the level
of sonication used to facilitate dispersion in solution causes very little changes in
the molecular weights of the polymers. For a polystyrene of 92 kg/mol we found
that sonication for 2 min reduced the molecular mass to 90 kg/mol.3 We have
also conducted dynamic light scattering of polymer grafted particle suspensions
in benzene (0.256 mg/ml) after various sonication times (up to 6 min). We find
that there is no measurable change in the hydrodynamic radii of the particles
especially up to 2 min, which is the maximum time to which we subject our
samples to sonication (Rh is 53 nm at 0min, 50 nm at 1 min and 54 nm at 2 min).
We also rule out spatial anisotropies in the grafting of the polymer chains to the
particles. Our previously published work,3,4 which was obtained by casting a drop
of tetrahydrofuran solution containing only the PS brush-grafted nanoparticles
onto a TEM grid and then evaporating the solvent, shows no hint of any “stringlike” or compact “dot-like” structures: rather, the particles appear to order into
quasi-hexatic structures in spite of the relatively significant polydispersity in bare
particle sizes (14±4 nm). Electrophoretic mobility measurements show that the
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functionalized particles carry no measurable charge, and hence there are
essentially no long-ranged charge effects.
We also tentatively rule out brush scission during the long annealings to which
these nanocomposites are subject: in addition to the DLS experiments on the
solution of particles (discussed above), we have redissolved the nanocomposites
in solvent. GPC analysis of this solution gave no peak corresponding to the
grafted chains that may have detached from the surface.
Characterization of Domain Growth from TEM Studies: The temporal change in
dispersion is quantified by plotting g(r), the difference in pair correlation function
between the annealed sample and the unannealed composite (Supplementary
Fig. 1 is derived from Fig. 2a: the miscible case is for the 42 kg/mol matrix, while
the immiscible case is for the matrix with M=142 kg/mol). These analyses are
approximate in that we clearly have an anisotropic structure for the larger M
matrix. Treating it as an isotropic structure, as is inherent in any analysis which
only examines structures as a function of radial distance, loses any inherent
anisotropy. With this caveat, in all cases, there is a slight negative feature close
to contact: we conjecture that the particles are “squeezed” together in the casting
process and move apart to allow the grafted chains to relax. Apart from this, the
miscible case shows that g(r)~0 (Supplementary Fig. 1b) implying that particle
dispersion does not change with annealing time. In contrast, the immiscible case
shows a positive value of g(r) immediately after contact, with the height of the
peak increasing with increasing annealing time. It is clear that the g(r) goes to
zero at a characteristic distance, which is a measure of the size of particle
agglomerates at that time. Supplementary Fig. 1c shows that the cube of this
characteristic distance varies linearly with time, consistent with early time phase
separation. (Note that the characteristic sizes presented here are corrected for
the thickness of the TEM slice,  100 nm).

4
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Supplementary Figure 1. Difference in pair correlation functions, g(r),
calculated from TEM images between a. 4h, 24h and 120h annealed and
unannealed composites in 142 kg/mol PS matrix b. 120h annealed and
unannealed composites in 42 kg/mol PS matrix. c. Cube of the distance between
aggregating particles increases linearly with time in 142 kg/mol composite.

a

b

c

Rheology: Composites containing 5 mass% silica particles were prepared as
discussed in the Methods section and then annealed for 5 days at 150oC under
vacuum. Subsequently, they were kept in a vacuum oven at 70oC for two weeks
to ensure that they were fully dried. After this, they were compression molded
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with a vacuum assisted fixture at 150oC for an hour. Steady shear and dynamic
oscillatory experiments were performed using a TA Instruments ARES rheometer
under nitrogen with 8 mm parallel plates. The linear rheology data from three
temperatures (130, 150 and 180oC) were superposed following the timetemperature superposition principle.
Supplementary Figure 2. Comparison of the storage (G’) and loss (G”) modulus
of the PS composites containing 0 and 5 mass% silica particles in a matrix M=42
kg/mol (black) and M=142 kg/mol (red) as a function of the shifted frequency.
Filled symbols refer to nanocomposites and open symbols are for matrix
homopolymers. Master profile is obtained by time-temperature superposition at
the reference temperature T=180oC.

We select two samples corresponding to the images in Fig. 2a in the main text
where the particles are grafted with 37 chains of Mg= 106 kg/mol: one with well
dispersed short particle strings (matrix M= 42 kg/mol) and the other where there
are large self-assembled particle sheets (matrix M=142 kg/mol). The linear
rheology of these nanocomposites (Supplementary Fig. 2) shows that the lower
molecular weight matrix nanocomposite is analogous to a blend of linear and star
polymers.5 The relaxation at tens of rad/s is that of the linear homopolymer matrix
and the relaxation at tenths of rad/s is that of (essentially) isolated spherical

6

nature MATERIALS | www.nature.com/naturematerials

doi: 10.1038/nmat2404

supplementary information

nanobrushes, analogous to a slower relaxing star polymer. Thus, the storage
modulus for example decreases strongly with decreasing frequency. The larger
molecular weight matrix in stark contrast does not relax in the frequency range
studied, instead exhibiting a much slower dependence on frequency. These
results, which suggest that this latter sample behaves akin to a reversible gel,
cannot be attributed to changes in polymer glass transition temperature due to
the addition of particles: the Tg changes by less than 3K in all nanocomposites
that we have measured.
Supplementary Figure 3: TEM micrographs of grafted nanoparticles with 37
chains/particle with Mg= 106 kg/mol mixed with a homopolymer with M=142
kg/mol. The samples were only dried at 700C after solution casting and not
annealed at high temperatures. The left TEM is before the application of steady
shear. The picture to the right has experienced a net strain of 270, which is well
beyond the shear stress maximum.

SANS for Characterization of Polymer Chains: Samples of particles grafted with
a hydrogenated brush of Mg = 130 kg/mol with 37 chains per particle on average,
were mixed with deuterated matrices. Both the amount of silica and the M of the
matrix were varied in a series of experiments. As the neutron scattering length
density of silica (2x1010 cm-2) is relatively close to the hydrogenated PS (1.5x1010
cm-2), SANS essentially measures the size of the particle with the brush chains
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on them. Unfortunately due to the different contrasts in the system it is hard to
unequivocally determine the size of the brush chains: the experiments reported
here are thus only qualitatively indicative of brush dimensions. We have fit our
SANS data, obtained at NCNR at NIST, Gaithersburg, MD, to the Beaucage
model with two levels of structure as discussed above for the USAXS data
analysis. The results indicate that Rg decreases when the matrix molecular
weight is increased, while keeping the other parameters the same (e.g. grafting
density at 0.26 chains/nm2, brush chain length at Mg= 130 kg/mol and particle
loading at 15 mass%) (Supplementary Table 4). These preliminary results
support the idea of brush being “wet” when they are mixed with the lower
molecular weight matrix, but “dewet” (followed by brush compression) for large M
matrices. These findings are consistent with the recent work of Goel et al 6.
Supplementary Table 4. Nanobrush size within wetting and dewetting matrices
measured using SANS.
Mg brush

M matrix

Mass %

Rg

(kg/mol)

(kg/mol)

Silica

(particle+
brush)
(Å)

130

90

15

169

130

200

15

119

Additional Figures:
Supplementary Figure 4. a. Detailed TEM of 5 mass % silica grafted with a 106
kg/mol polystyrene brush, with polystyrene matrix of M = 17 kg/mol annealed for
5 d. It is readily apparent that the particles form short strings. b. TEM
micrographs of the blend of 5 mass % silica grafted with a 106 kg/mol PS in a
142 kg/mol PS homopolymer annealed for 5 d. from consecutive sections. Each
section is approximately 100 nm thick. The numbers on the micrographs refer to
the section number within a series of sections. The minimum lateral dimension of
the sheet is determined by following the same structure in consecutive sections

8
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of the sample: we found that this sheet must be at least as large as 1.4 μm. c.
TEM micrograph of the composite with the 142 kg/mol matrix annealed for 5d. in
Fig. 2a: In contrast to Fig. 2a, where the cutting direction was perpendicular to
the sample surface, these samples were cut parallel to the surface plane of the
sample. The scale bar is 0.2 μm.

a
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b
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Supplementary Figure 5. a. 3-D organization of particles forming sheets within
142 kg/mol polystyrene matrix annealed for 5 d. The particles have 37 chains
attached to them, on average, with Mg= 106 kg/mol. Images represent one part of
the series of slices along the 100 nm section. Particles form sheets with
thickness of 2-3 particles. It is clearly seen that two sheets are stacked together
in image a. b. The tilt view of the projection image. c. The magnified image of the
selected region in B. d. Showing the hexagonal packing of particles.

a

b

c

d

Supplementary Movie. Movie of the same composite represents the sheet
structures within a 100 nm thick section obtained from the construction of TEM
tomograms.
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Anisotropy unnecessary

Anisotropic assembly of isotropic nanoparticles is observed in a polymer nanocomposite system and leads to
considerable improvements in mechanical properties. The relatively simple sample preparation process means
the approach could be used for large-scale manufacture of nanocomposites.

Christopher Y. Li
or anisotropic surface or matrix to guide
the particle assembly. Examples include
block copolymers, interference lithography
and liquid–liquid phase separation3–5. The
second approach takes its inspiration from
bottom-up nanofabrication techniques
and involves encoding nanoparticles with
intrinsic anisotropy to synthesize a variety
of patchy particles, magnetic particles and
nanorods6. The common feature of the
particles produced in this way is that they
are somewhat ‘anisotropic’, either in shape or
properties. This intrinsic anisotropy encoded
in the particle can generate interesting and
potentially useful self-assembled patterns.
Kumar and co-workers had a different
idea2. They grafted polystyrene chains to
silica nanoparticles some 14 nm in diameter.
These particles were then impregnated into
polystyrene matrices of different relative
molecular mass. The particles are isotropic
and so is the polystyrene coating. Therefore,
one would expect that these particles would
either uniformly disperse in the polymer

matrix, or agglomerate. But transmission
electron microscopy and ultra-small-angle
X-ray scattering (USAXS) reveal that
after prolonged annealing, the isotropic
nanoparticles can pack into anisotropic
patterns. This observation was explained
using the balance between the short-range
interparticle attraction and the entropy loss
of the polystyrene coating during the particle
assembly process2,7. The team used computer
simulations to demonstrate that to reach
this delicate balance, the trick is to control
the grafting density of polystyrene and the
relative chain length of the grafted and
matrix polystyrene. They also constructed
a morphological map, which shows that as
the grafting density increases from 0 to 0.1
chains nm–2 and/or the relative molecular
weight increases from 0 to 7 (ref. 2); four
distinct morphologies can be identified
(Fig. 1): (1) compact objects such as spheres
or platelet-like objects; (2) sheets and
interconnected objects that are at least two
particle diameters wide and have at least one

4 Dispersed

Grafting density

N

anocomposites have attracted
substantial attention since the first
reports in the 1980s1. Nanofillers
with at least one dimension below 100 nm,
including spheres, tubes/rods/wires, and
plates, have been included in polymeric
matrices at relatively low concentrations
(under 5% by volume), leading to profound
improvements in the polymer’s properties.
Examples of these value-added properties
include reduced permeability, better
electric and thermal conductivity, reduced
flammability, and resistance to oxidation
and ablation. The fascinating properties of
nanoparticles are afforded by their small
particle size, providing a large specific
surface/interface area. Currently it is
common practice to prepare a completely
exfoliated particle dispersion so that one
can take full advantage of the interface
area. On the other hand, controlled particle
aggregation could lead to unexpected
properties. On page 354 of this issue,
Sanat Kumar and co-workers2 report the selfassembly of polymer-grafted spherical silica
nanoparticles into nanocomposites with a
5 wt% particle content. Intriguingly, although
the polystyrene coating on the nanoparticles
is isotropic, the assembly is anisotropic: the
polymer-coated particles form strings and
sheets in polystyrene matrices.
To transfer the properties of nanoparticles
from the nanoscopic to macroscopic
(practical) world, the particles need to be
passivated with surfactants or polymers so
that they can be dispersed in solvents and
polymeric matrices. For the most part, the
field of nanocomposites focuses on varying
the surfactant or polymer coating of the
nanoparticles to achieve complete particle
separation in the matrix. But when these tiny
particles assemble together, the electronic,
optical and mechanical properties of the
ensembles can be very different from those
of the primary particles. The challenge is to
be able to tailor the nanoparticle assembly
within polymer nanocomposites.
In general, two types of approach for
achieving controlled particle assembly have
been adopted3. The first uses a patterned

3 Strings

1 Spherical
aggregates

2 Connected/
sheets

Ratio of grafted chain length to matrix chain length

Figure 1 | The morphology map of polymer-tethered particles mixed with matrix polymers. As the grafting
density and/or the relative molecular weight increases, four distinct morphologies can be identified:
compact objects; sheets and interconnected objects; short strings; and isolated particles.
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dimension that is larger than the field of view
of the transmission electron microscope or
USAXS; (3) short strings, where the particles
are approximately collinear; the cluster size
is larger than one particle but smaller than
the image field of view; and (4) isolated
particles. These nanoparticles seem to behave
like block copolymers, and the assembly
process clearly mimics the microphase
separation of the latter. A series of rheology
tests proves that as the particles assemble
into large objects, the mechanical properties
of the composite are greatly enhanced.
Furthermore, the authors found that in a
particular system when the grafting density
is low and percolating particle sheets are
formed, a significant increase in shear stress
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is achieved without a marked stress drop-off
with increasing strain.
The work of Kumar and colleagues is an
exciting advance for polymer nanocomposite
research. Morphological control could lead
directly to many property enhancements.
Compared with other existing techniques for
controlling nanoparticle assembly, the work
demonstrated by Kumar and co-workers is
simple and elegant, making this a practical
approach for manufacturing large-scale
nanocomposites. The simple analogy
between the grafted nanoparticle and block
copolymers also hints that more complex
morphologies of the particle assembly
could be realized using this approach.
Furthermore, similar methods could be

used to fabricate nanocomposites containing
metal or semiconducting nanoparticles,
making tunable multi-functional
nanocomposites a real possibility.
❐
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Natural waterproofiNg
The natural world leaves no doubt about
the marvellous things that are possible
with superhydrophobic surfaces. Lotus
leaves are self-cleaning because water
droplets simply roll off them, picking
up dirt as they go. And water striders
can literally walk on water, mounting
menisci like ants climbing hills1. These
are behaviours well worth mimicking —
promising, in the first case, self-cleaning
paints (see http://www.stocorp.com/
allweb.nsf/lotusanpage), surfaces and
fabrics, and in the second, waterstriding micro-robots2.
These properties seem to stem
primarily from the micro- and
nanostructured nature of the surfaces.
Lotus leaves are covered with bumps
called papillae, which are themselves
coated with randomly oriented wax
rods or tubules 100 nm or so in
diameter 3. The legs of water striders
also have a hierarchical texture, being
covered with tiny, oriented hairs with
nano-grooved surfaces4.
The consequences of such microroughness have been long studied.
In 1936, Robert Wenzel argued that
surface roughness increases the
resistance to wetting because a droplet
is pinned by being impaled on the
asperities5. And in 1944, Cassie and
Baxter pointed to another effect: the
trapping of air within the asperities,
so that a droplet sits suspended on
the peaks while the surface remains
dry below 6.
Both of these mechanisms may apply
in the superhydrophobicity of microtextured surfaces. But there has been

controversy both over which situation
pertains in different circumstances,
and over whether the equations given
by Wenzel and Cassie for predicting
wetting behaviour as a function of
surface contact area are correct. Lichao
Gao and Thomas McCarthy argued
recently that they are not, stimulating
much debate7. Now Abraham Marmur
and Eyal Bittoun propose that the
experiments on which that claim
was based used droplets too small —
comparable to the wavelength of the
roughness — for the equations to be
valid anyway 8.
Regardless of theoretical disputes,
it seems clear that lotus leaves offer
abundant inspiration for biomimicry.
In the latest example, Bharat Bhushan
and his co-workers have modelled the
hierarchical structure using polymer
moulds to make epoxy resin surfaces
covered with pillars 10 μm across,
simulating papillae, on which they
deposit wax tubules self-assembled
from the extracts of real plant coatings
(from nasturtium and sand ryegrass)9.
The surfaces have contact angles of
about 170°: greater than those of
unstructured wax films or unwaxed
pillars. And the researchers can
physically see Cassie’s microscopic air
pockets under a droplet. What’s more,
the hierarchical surfaces show lotus-like
self-cleaning10.
But Jihua Zhang and co-workers
report that Cassie dewetting can be
undermined on lotus leaves by forcing
water to penetrate under pressure
between the papillae11, something
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observed previously by Lafuma and
Quéré12. This forces the surface into a
less hydrophobic Wenzel state, yet the
transition can be reversed by drying
in a stream of nitrogen. Zhang and
colleagues also show how the details of
the microstructure may tip the balance
between Cassie and Wenzel states —
an important design consideration
in efforts to harness the natural
engineering of wettability.
❐
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