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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.

Controlling the dispersion of nanoparticles into polymer
matrices is a significant challenge in achieving the pro-
nounced 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-equilibriumeffects
(especially irreversible agglomeration as in the case of carbon black

1Department of Chemical Engineering, Columbia University, New York, New York 10027, USA, 2Department of Chemistry, Columbia University, New York,
New York 10027, USA, 3Department of Chemistry and Biochemistry, University of South Carolina, Columbia, South Carolina 29208, USA, 4Department of
Materials Science and Engineering, Rensselaer Polytechnic Institute, Troy, New York 12180, USA, 5Skirball Institute for Biomolecular Medicine, New York
University School of Medicine, New York 10016, USA, 6Department of Chemical Engineering and PRISM, Princeton University, Princeton, New Jersey
08544, USA, 7Department of Chemical Engineering, University of Texas, Austin, Texas 8712, USA, 8Advanced Photon Source Division, Argonne National
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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 nowwell 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 amphiphile-
like 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 one-
dimensional 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 well-
dispersed 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

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 5mass% silica.
Subsequently, each sample was annealed under vacuum at 150 ◦C
(well above the glass transition of polystyrene). The resulting
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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 kgmol−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

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 largerM
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 kgmol−1, which show
string-like morphologies in Fig. 2a, and find that the same ‘string-
like’ 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 well-
dispersed particles and sheets, we conjecture that they are
intermediate morphologies.

Next, we consider USAXS data (see Supplementary Informa-
tion), 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 twodominant 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 agree-
ment 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 intensitywithout any low-qplateau: this is consistentwith
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 TEMorUSAXS (note thatwe have
chosen to lump the interconnected objects with sheets); (3) short
strings, where the particles are approximately collinear and the clus-
ter 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

1 10 100
Strain

Sh
ea
r 
st
re
ss
 (
Pa
) Shear stress (Pa)

1,000
0

2,000

4,000

6,000

8,000

10,000

0

200

400

600

800

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 pro-
gression 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 kgmol−1:
one sample has well-dispersed short particle strings (matrix
M = 42 kgmol−1), whereas the other has large self-assembled
particle sheets (matrixM=142 kgmol−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 time-
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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. TEMmicroscopy 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 kgmol−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
polymericmaterials with tunablemechanical 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 2min.
The particle concentration was 5mass% 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)=


∞ r <D

−ε D6 r <λD

0 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 ∗ = kBT/ε= 0.1. Each
simulation is at least 10million Monte Carlo steps of equilibration followed by
100million 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,

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.

Received 1 September 2008; accepted 3 February 2009;
published online 22 March 2009

References
1. Krishnamoorti, R. & Vaia, R. A. Polymer nanocomposites.

J. Polym. Sci. Pol. Phys. 45, 3252–3256 (2007).
2. Mackay, M. E. et al. General strategies for nanoparticle dispersion. Science 311,

1740–1743 (2006).
3. Krishnamoorti, R. Strategies for dispersing nanoparticles in polymers.

MRS Bull. 32, 341–347 (2007).
4. Bansal, A. et al. Quantitative equivalence between polymer nanocomposites

and thin polymer films. Nature Mater. 4, 693–698 (2005).
5. Green, D. L. & Mewis, J. Connecting the wetting and rheological behaviors of

poly (dimethylsiloxane)-grafted silica spheres in poly(dimethylsiloxane) melts.
Langmuir 22, 9546–9553 (2006).

6. Bansal, A. et al. Controlling the thermomechanical properties of polymer
nanocomposites by tailoring the polymer-particle interface. J. Polym. Sci. B 44,
2944–2950 (2006).

7. Wu, C. K., Hultman, K. L., O’Brien, S. & Koberstein, J. T. Functional oligomers
for the control and fixation of spatial organization in nanoparticle assemblies.
J. Am. Chem. Soc. 130, 3516–3520 (2008).

8. Harton, S. E. & Kumar, S. K. Mean-field theoretical analysis of brush-coated
nanoparticle dispersion in polymer matrices. J. Polym. Sci. Pol. Phys. 46,
351–358 (2008).

9. Belkin, M., Snezhko, A., Aranson, I. S. & Kwok, W. K. Driven magnetic
particles on a fluid surface: Pattern assisted surface flows. Phys. Rev. Lett.
99 (2007).

10. Seul, M. & Andelman, D. Domain shapes and patterns—the phenomenology
of modulated phases. Science 267, 476–483 (1995).

11. Tang, Z. Y., Zhang, Z. L., Wang, Y., Glotzer, S. C. & Kotov, N. A. Self-assembly
of CdTe nanocrystals into free-floating sheets. Science 314, 274–278 (2006).

12. Van Workum, K. & Douglas, J. F. Symmetry, equivalence, and molecular
self-assembly. Phys. Rev. E 73, 031502 (2006).

13. Bedrov, D., Smith, G. D. & Li, L. W. Molecular dynamics simulation study of
the role of evenly spaced poly(ethylene oxide) tethers on the aggregation of C60

fullerenes in water. Langmuir 21, 5251–5255 (2005).
14. Shay, J. S., Raghavan, S. R. & Khan, S. A. Thermoreversible gelation in aqueous

dispersions of colloidal particles bearing grafted poly(ethylene oxide) chains.
J. Rheol. 45, 913–927 (2001).

15. Fejer, S. N. & Wales, D. J. Helix self-assembly from anisotropic molecules.
Phys. Rev. Lett. 99, 086106 (2007).

16. Glotzer, S. C. & Solomon, M. J. Anisotropy of building blocks and their
assembly into complex structures. Nature Mater. 6, 557–562 (2007).

17. Lee, J. Y., Balazs, A. C., Thompson, R. B. & Hill, R. M. Self-assembly of
amphiphilic nanoparticle-coil ‘tadpole’ macromolecules. Macromolecules 37,
3536–3539 (2004).

18. Sciortino, F., Bianchi, E., Douglas, J. F. & Tartaglia, P. Self-assembly of patchy
particles into polymer chains: A parameter-free comparison betweenWertheim
theory and Monte Carlo simulation. J. Chem. Phys. 126, 194903 (2007).

358 NATUREMATERIALS | VOL 8 | APRIL 2009 | www.nature.com/naturematerials

© 2009 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nmat2404
http://www.nature.com/naturematerials


NATURE MATERIALS DOI: 10.1038/NMAT2404 ARTICLES
19. Rabani, E., Reichman, D. R., Geissler, P. L. & Brus, L. E. Drying-mediated

self-assembly of nanoparticles. Nature 426, 271–274 (2003).
20. Gupta, S., Zhang, Q. L., Emrick, T., Balazs, A. C. &Russell, T. P. Entropy-driven

segregation of nanoparticles to cracks in multilayered composite polymer
structures. Nature Mater. 5, 229–233 (2006).

21. Kammler, H. K., Beaucage, G., Mueller, R. & Pratsinis, S. E. Structure
of flame-made silica nanoparticles by ultra-small-angle X-ray scattering.
Langmuir 20, 1915–1921 (2004).

22. Oberdisse, J. Aggregation of colloidal nanoparticles in polymer matrices.
Soft Matter 2, 29–36 (2006).

23. Ogawa, K., Vogt, T., Ullmann, M., Johnson, S. & Friedlander, S. K. Elastic
properties of nanoparticle chain aggregates of TiO2, Al2O3, and Fe2O3

generated by laser ablation. J. Appl. Phys. 87, 63–73 (2000).
24. Pratsinis, S. E. Flame aerosol synthesis of ceramic powders. Prog. Energy

Combust. Sci. 24, 197–219 (1998).
25. Sear, R. P., Chung, S. W., Markovich, G., Gelbart, W. M. & Heath, J. R.

Spontaneous patterning of quantum dots at the air-water interface. Phys. Rev. E
59, R6255–R6258 (1999).

26. Dinsmore, A. D., Prasad, V., Wong, I. Y. & Weitz, D. A. Microscopic
structure and elasticity of weakly aggregated colloidal gels. Phys. Rev. Lett. 96,
185502 (2006).

27. Sciortino, F., Mossa, S., Zaccarelli, E. & Tartaglia, P. Equilibrium cluster phases
and low-density arrested disordered states: The role of short-range attraction
and long-range repulsion. Phys. Rev. Lett. 93 (2004).

28. Starr, F. W., Douglas, J. F. & Glotzer, S. C. Origin of particle clustering in a
simulated polymer nanocomposite and its impact on rheology. J. Chem. Phys.
119, 1777–1788 (2003).

29. Hooper, J. B., Bedrov, D. & Smith, G. D. Supramolecular self-organization in
PEO-modified C60 fullerene/water solutions: Influence of polymer molecular
weight and nanoparticle concentration. Langmuir 24, 4550–4557 (2008).

30. Li, C., Han, J., Ryu, C. Y. & Benicewicz, B. C. A versatile method to prepare
RAFT agent anchored substrates and the preparation of PMMA grafted
nanoparticles.Macromolecules 39, 3175–3183 (2006).

31. Bates, F. S. & Fredrickson, G. H. Block copolymers—Designer soft materials.
Phys. Today 52, 32–38 (1999).

32. Ilavsky, J., Allen, A. J., Long, G. G. & Jemian, P. R. Effective pinhole-collimated
ultrasmall-angle x-ray scattering instrument for measuring anisotropic
microstructures. Rev. Sci. Instrum. 73, 1660–1662 (2002).

33. Beaucage, G. Approximations leading to a unified exponential power-law
approach to small-angle scattering. J. Appl. Crystallogr. 28, 717–728 (1995).

34. Israelachvili, J. N., Mitchell, D. J. & Ninham, B. W. Theory of self-assembly
of hydrocarbon amphiphiles into micelles and bilayers. J. Chem. Soc. Faraday
Trans. II 72, 1525–1568 (1976).

35. Nagarajan, R. & Ruckenstein, E. Theory of surfactant self-assembly—a
predictive molecular thermodynamic approach. Langmuir 7,
2934–2969 (1991).

36. Zana, R. & Talmon, Y. Dependence of aggregate morphology on structure of
dimeric surfactants. Nature 362, 228–230 (1993).

37. Goel, V. et al. Viscoelastic properties of silica-grafted poly(styrene-acrylonitrile)
nanocomposites. J. Polym. Sci. Pol. Phys. 44, 2014–2023 (2006).

38. Solomon, M. J., Almusallam, A. S., Seefeldt, K. F., Somwangthanaroj, A. &
Varadan, P. Rheology of polypropylene/clay hybrid materials.Macromolecules
34, 1864–1872 (2001).

39. Kashiwagi, T. et al. Relationship between dispersion metric and properties of
PMMA/SWNT nanocomposites. Polymer 48, 4855–4866 (2007).

40. Kashiwagi, T. et al. Nanoparticle networks reduce the flammability of polymer
nanocomposites. Nature Mater. 4, 928–933 (2005).

41. Kausch, H. H. &Michler, G. H. Effect of nanoparticle size and size-distribution
on mechanical behavior of filled amorphous thermoplastic polymers. J. Appl.
Polym. Sci. 105, 2577–2587 (2007).

42. Ma, C. C. M., Chen, Y. J. & Kuan, H. C. Polystyrene nanocomposite materials:
Preparation, morphology, and mechanical, electrical, and thermal properties.
J. Appl. Polym. Sci. 98, 2266–2273 (2005).

43. Putt, K., Krishnamoorti, R. & Green, P. F. The role of interfacial interactions in
the dynamicmechanical response of functionalized SWNT-PS nanocomposites.
Polymer 48, 3540–3545 (2007).

44. Warrick, E. L. Rheology of filled siloxane polymers. Industrial Eng. Chem. 47,
1816–1820 (1955).

45. Payne, A. R. Effect of dispersion on dynamic properties of filler-loaded rubbers.
J. Appl. Polym. Sci. 9, 2273 (1965).

46. Kluppel, M. Structure and properties of fractal filler networks in rubber.
Kautsch. Gummi Kunstst. 50, 282–291 (1997).

47. Salaniwal, S., Kumar, S. K. & Douglas, J. F. Amorphous solidification in
polymer-platelet nanocomposites. Phys. Rev. Lett. 89, 258301 (2002).

48. Kumar, S. K. & Douglas, J. F. Gelation in physically associating polymer
solutions. Phys. Rev. Lett. 87, 188301 (2001).

Acknowledgements
The authors acknowledge financial support from the National Science Foundation
(through the Division of Materials Research, DMR-0804647 (S.K.K.), a Nanoscale
Science and Engineering Center, NSF Award Number DMR-0642573 (P.A., S.K.K.,
Y.L., B.C.B., L.S.S.) and a Materials Research Science and Engineering at Princeton
(A.Z.P.)). D.A. is a member of the New York Structural Biology Center, which is a
STAR Center supported by the New York State Office of Science, Technology, and
Academic Research. Work benefited from the use of the Advanced Photon Source
supported by the US Department of Energy, Office of Science, Office of Basic Energy
Sciences, under Contract No. DE-AC02-06CH11357. V.G. and V.P. acknowledge
partial support from the Welch Foundation, the US Army Research Office under
Grant No. W911NF-07-1-0268 and funds made available through the CONTACT
program from AFOSR. S.K.K. thanks M. Olvera (Northwestern), T. Russell (U Mass),
R. Krishnamoorti (Houston) and S. Sen (Kolkota) for useful discussions and for critical
comments on this paper.

Author contributions
P.A. conducted most of the experiments in the research; S.K.K. planned the research
and supervised it along with L.S.S. The paper was written by S.K.K. and J.F.D. Y.L. and
B.C.B. made the functionalized particles. H.L., S.K.K., A.Z.P., V.G. and V.P. conducted
the theoretical calculations reported. J.M. carried out the rheology experiments in
collaboration with R.H.C. and S.K.K. D.A. helped with the TEM measurements, and J.I.
and P.T. carried out the USAXS experiments and analysis.

Additional information
Supplementary Information accompanies this paper on www.nature.com/naturematerials.
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions. Correspondence and requests for materials should be
addressed to S.K.K.

NATUREMATERIALS | VOL 8 | APRIL 2009 | www.nature.com/naturematerials 359
© 2009 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nmat2404
http://www.nature.com/naturematerials
http://npg.nature.com/reprintsandpermissions
http://npg.nature.com/reprintsandpermissions
http://www.nature.com/naturematerials



