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The surface chemistry of nanoparticles can be modified so that these particles behave like surfactants and localize
at interfaces between two fluids. We demonstrate that small volume fractionsφPof such surfactant nanoparticles added
to lamellar diblock copolymers lead initially to a decrease in lamellar thickness withφP, a consequence of decreasing
interfacial tension, up to a critical value ofφP, beyond which the block copolymer adopts a bicontinuous morphology.
These bicontinuous morphologies have stable domain spacings below 100 nm that further decrease with increasing
φP and offer new routes to nanoscopically engineered polymer films with potential photovoltaic, fuel cell, and battery
applications.

Introduction

Bicontinuous polymeric structures have attracted considerable
interest for use as photovoltaic films,1,2 as membranes for the
transport of ionicspecies in fuel cells/batteriesandsmallmolecules
in barrier films and so forth.3-5 Self-assembled polymeric
materials are particularly appealing in these applications where
co-continuous polymer phases, for example, hydrophobic and
hydrophilic, combine ease of processing, mechanical integrity,
and a high moisture absorption rate and capacity. Polymeric
systems also allow the removal of one phase, creating a porous,
high-surface-area structure that can be used in applications ranging
from separations to thermal management.6 Therefore, it is
important to seek possible routes7-11 to achieve stable bicon-
tinuous structures with domain spacings well below 100 nm,
which would be ideal for optimizing mechanical and transport
properties.

In examining robust strategies for creating and stabilizing these
novel morphologies, traditional approaches based on melt mixing
or casting binary polymer blends from a common solvent typically
lead to gross macrophase separation and nonviable materials.
The quenching of a spinodal decomposition process followed by

trapping of the nonequilibrium structure can produce desirable
bicontinuous microstructures.12Subsequent thermal processing,
however, can destroy the bicontinuous morphology. Similarly
rapid solvent casting can lead to bicontinuous morphologies that
are far from equilibrium. In contrast, microphase-separated block
copolymers can themselves possess equilibrium bicontinuous
morphologies, the most common of which, for AB diblock
copolymers, is the periodic cubic phase termed the double gyroid
(Ia3dspace group).3,4The addition of an A-b-B diblock copolymer
to a binary A-B homopolymer blend can also lead to formation
of a thermodynamically stable bicontinuous microemulsion
similar to oil/water microemulsions stabilized by amphiphilic
surfactants for certain compositions and molecular weights.7,8

The addition of an A-B-A triblock copolymer to the low-
molecular-weight A homopolymer has also been observed to
produce a bicontinuous L3 symmetric sponge phase.11 Recently,
as a result of careful design, polymeric bicontinuous micro-
emulsions have been created by in situ reactive compounding
to form a complex mixture of homopolymers and random graft
copolymers.10

Here we demonstrate that nanoparticles can act as surfactants
forblockcopolymers, leading tostablebicontinuousmorphologies
with characteristic dimensions of less than 100 nm. At low
nanoparticle volume fractions, nanoparticles with controlled
surface chemistry will assemble either in the A/B domains or at
the A-B interface of an A-b-B copolymer and can enhance optical
properties,13 create efficient catalysts,14 or produce chemical/
biological sensors.15Larger surfactant colloids in two-phase fluid
systems can form Pickering emulsions by decreasing the
interfacial tension and stabilizing the liquid film between droplets,
thus preventing coalescence.16 Recent simulations17 and experi-
ments18 suggest that nanoparticle surfactants may stabilize
bicontinuous emulsions of small-molecule liquids as well as
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bicontinuous morphologies in two-phase blends of A and B
homopolymers. These studies assume such emulsions to be
metastable, with an initial bicontinuous microstructure resulting
from spinodal decomposition of the liquid or the polymer mixture
being arrested by the “jamming” of nanoparticles that are strongly
adsorbed to the liquid/liquid or polymer/polymer interfaces.

In this article, we report an entirely different approach to
achieving a fine scale bicontinuous polymeric morphology that
does not rely on jamming of the nanoparticles. We show that
increasing volume fractions of Au nanoparticle surfactants,
designed to segregate to the interfaces of the lamellar diblock
copolymer PS-b-P2VP (a single component), first cause a decrease
in the lamellar period and then beyond a critical volume fraction,
which decreases as the molecular weight of the block copolymer
increases, give rise to stable bicontinuous block polymer
microstructures with characteristic dimensions well below 100
nm. Bicontinuous microstructures with such small dimensions
are ideally suited for many of the emerging applications discussed
above. The initial shrinkage of the lamellar spacing is directly
caused by the decrease in block copolymer interfacial tension
that results from nanoparticle segregation, and the magnitude of
the shrinkage is qualitatively predicted by the recent strong
segregation theory of Pryamitsyn and Ganesan, a theory that
also predicts that the lamellar-to-bicontinuous transition is caused

by a decrease in the bending modulus of the lamellae as
nanoparticles are added to the interface.

Experimental Procedures

Synthesis of Polymers and Polymer-Coated Gold Nanopar-
ticles.Thiol-terminated PS (PS-SH) with a molecular weight (Mn)
of 2.5 kg/mol and a polydispersity index (PDI) of 1.1 was synthesized
by living anionic polymerization and characterized as described
elsewhere.19,20Thiol-terminated random copolymers of styrene and
2-vinylpyridine (PS-r-P2VP-SH) were synthesized by reversible
addition fragmentation transfer (RAFT) procedures,21 a dithioester
RAFT agent, and AIBN at 70°C. The polymer end group was
converted to a thiol group by reaction with hexyl amine. The
conversion during RAFT polymerization was kept as low as 0.12
to prevent the composition drift caused by the difference in the
reactivity ratio of the styrene and 2-VP monomers. TheMn and PDI
of PS-r-P2VP were 3.5 kg/mol and 1.1, respectively, with the mole
fraction of styrene in PS-r-P2VP found to be 0.52 by1H NMR. The
synthesis of PS-coated Au nanoparticles was accomplished using a
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Figure 1. Effect of nanoparticle location on the morphology of a symmetric PS-b-P2VP block copolymers (Mn ) 196 kg/mol). (a) PS-b-P2VP
mixed with 0.20 volume fraction (φP) PS-Au 2.38 gold nanoparticles (Σ ) 2.38 chains/nm2) that segregate to the PS domains. Lamellar
domains with a low volume fraction of gold nanoparticles are seen together with macrophase-separated gold-nanoparticle-rich regions (very
dark). (b) PS-b-P2VP mixed withφP ) 0.14 PS-Au 0.92 gold nanoparticles (Σ ) 0.92 chains/nm2) that segregate to the PS/P2VP domain
interface. A bicontinuous PS-b-P2VP morphology on the sub-100-nm length scale is observed. The histograms show the nanoparticle positions
of PS-Au 2.38 (top) and PS-Au 0.92 (bottom) within PS-b-P2VP domains forφP ≈ 0.035. Because the lamellar thickness of the PS domain
is normalized to 0.5, the center of the PS domain is at 0, and the interfaces of the PS domain are at-0.25 and+0.25.
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two-phase system22consisting of toluene and water with two different
initial mole feed ratios of PS ligands to gold atoms of 0.33 and
0.0625. As a result, two kinds of PS-coated Au nanoparticles were
obtained with different areal densities (Σ) of PS chains on Au
nanoparticles. (Σ ) 2.38 and 0.92 chains/nm2 (PS-Au 2.38 and PS-
Au 0.92)). The synthesis of PS-r-P2VP-SH-coated Au nanoparticles
was performed using a one-phase method with THF as described
elsewhere.23

Preparation of the Block Copolymer/Nanoparticle Composite
Film. Three different symmetric poly(styrene-b-2-vinyl-pyridine)
(PS-b-P2VP) diblock copolymers with various molecular weights
(Mn) of ∼114, 190, and 380 kg /mol (Polymer Source, Inc.) were
used as the block copolymer templates. For each block copolymer,
a 1 to 2 wt % block copolymer solution in dichloromethane, which
is a neutral solvent for the PS and P2VP blocks,24 was mixed with
gold nanoparticles to produce various volume fractions ranging from
0.01 to 0.53 in the final block copolymer/nanoparticle film. A
nanoparticle/block copolymer composite film was prepared by solvent
casting this mixture of gold nanoparticles and PS-b-P2VP block
copolymer onto an epoxy substrate and then annealing under a
saturated solvent atmosphere at 25°C for at least a day. All solvent
in the sample was allowed to evaporate very slowly over an additional

day. Samples were subsequently dried in air overnight and further
under vacuum for 4 h tomake sure that no solvent was left in the
sample.

Characterization. The size of the polymer-coated gold nano-
particles and the location of the Au nanoparticles in the PS-b-P2VP
block copolymer were determined by transmission electron mi-
croscopy (TEM) using a FEI Tecnai G2 microscope operated at 200
kV. To characterize the size of the gold nanoparticles, they were
dissolved at a very low concentration in dichloromethane or THF.
A TEM grid coated with a 20-to-30 nm thick carbon film was dipped
into the solution for 1 s, dried in air, and then examined by TEM.
The gold-core diameter distribution obtained from TEM image
analysis was used to calculate the average surface area per gold
nanoparticle. Weight fractions of gold and polymer ligands were
measured by thermal gravimetric analysis. These numbers were
confirmed by elemental analysis. The areal densities of polymer
chains (Σ) on Au nanoparticles were estimated as described
elsewhere.19,20 Samples of gold nanoparticle-block copolymer
composites were prepared for cross-sectional TEM by microtoming
epoxy-supported thick films into 25-40 nm slices that were then
stained by exposing them to iodine vapor that selectively stains the
P2VP domains. The thicknesses of the lamellar block copolymer
morphology with and without nanoparticles as well as domain sizes
of the bicontinuous morphology were determined by image analysis
of multiple TEM micrographs for each sample. Tilt sequence images
were taken at intervals of 1° tilt from -50 to+50° and 2.5° tilt from
both-65 to-50° and+50 to+65°, respectively, of samples with
suspected bicontinuous morphology to be sure that the morphology
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Figure 2. Cross-sectional TEM images of PS-b-P2VP block copolymer (Mn ) 196 kg/mol) containing PS-Au 0.92 nanoparticles at various
nanoparticle volume fractions (φP): (a) 0.04, (b) 0.07, (c) 0.09, and (d) 0.28. The scale bar is 100 nm. A well-ordered lamellar micro-
structure is seen with the gold nanoparticles (dark dots) segregated at the interfaces between the PS and P2VP domains in part a. As the
volume fraction of PS-Au 0.92 nanoparticles is increased, the microstructure of the PS-b-P2VP diblock copolymer changes dramatically.
Part c shows that when 9% by volume of the PS-SH-coated nanoparticles is added, the microstructure of the PS and P2VP domains becomes
bicontinuous.
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was in fact bicontinuous. (See Supporting Information for a video
of a typical tilt sequence.)

Results

The key to forming surfactant nanoparticles is the modification
of the nanoparticle surface to create a “neutral” surface relative
to the polystyrene (PS) and poly(2-vinylpyridine) (P2VP) blocks
of the PS-P2VP block copolymer, resulting in strong nanoparticle
localization at PS-P2VP interfaces. Such Au nanoparticles are
tailored by coating them with short polymer chains using a
“grafting-to” method with thiol linkages. Because P2VP segments
are preferentially attracted to the bare gold nanoparticle surface
over PS segments, attaching short PS chains to the nanoparticles
at a low areal density exposes bare Au to the surrounding medium
and leads to favorable interactions of the adsorbed PS chains
with the PS block and favorable interaction of the bare Au with
the P2VP block.25 As a result, the strong adsorption of such
partially PS-coated nanoparticles to the interface occurs,19 and
if diffusion of the thiol-bonded PS chains on the gold nanoparticle
surface is possible,26,27 then even stronger adsorption to PS/
P2VP interfaces may well occur by redistribution of PS-thiols
on the nanoparticles, creating “Janus” nanoparticles at the
interface.

Exploiting this strategy, 1.42 ((0.40) nm radius Au nano-
particles with grafted thiol-terminated PS (PS-SH) chains (Mn

≈ 2.5 kg/mol) at an areal density (Σ) of 0.92 chains/nm2 (PS-Au
0.92) were synthesized. Such nanoparticles are strongly localized
at PS-P2VP interfaces. A second batch of nanoparticles with a
larger areal density of PS-SH, 2.38 chains/nm2 (PS-Au 2.38),
were also prepared and were found to localize inside PS domains
rather than at PS-P2VP interfaces. The two samples of gold
nanoparticles were independently mixed into a symmetric PS-
b-P2VP (Mn ) 196 kg/mol) copolymer by a solvent casting
procedure, and the bulk morphologies were examined by cross-
section transmission electron microscopy (TEM).

Figure 1a shows the result of mixing the PS-Au 2.38 gold
nanoparticles with PS-P2VP at a nanoparticle volume fraction
(φP) of 0.20. The TEM image and corresponding histogram show
that the lamellar mesophase of the neat block copolymer is
preserved and that the nanoparticles are localized in the PS
domains of the block copolymer. However, large regions of
aggregated nanoparticles are also present at this nanoparticle
loading, indicating coexistence between a macrophase that is
highly enriched in nanoparticles and a lamellar mesophase with
a much lower nanoparticle concentration.

In contrast, Figure 1b shows that the interfacially active
nanoparticles, PS-Au 0.92, cause a dramatic change in the
morphology of the composite. At a nanoparticle loading ofφP

≈ 0.14, there is no sign of macrophase separation, and the
nanoparticles are seen to be strongly localized at the PS-P2VP
interfaces. Moreover, the nanoparticles have caused a uniform
disruption of the block copolymer lamellar phase, instead creating
a bicontinuous morphology of interpenetrating PS and P2VP
domains that resembles a microemulsion. This bicontinuous
structure is remarkable both in its uniformity and in the fine
scale,∼25 nm, of the domains. The histogram in Figure 1b,
obtained from a corresponding TEM image at a much lower
nanoparticle loading (φP≈ 0.035), shows that virtually all of the
nanoparticles are segregated to the PS/P2VP interfaces.

It is particularly remarkable that bicontinuous microstructures
are found over an extremely wide range of experimental
conditions. For the system shown in Figure 1b, the microstructure
remains bicontinuous asφP varies from 0.07 to 0.52.

Representative TEM images of PS-b-P2VP domains with
variousφP values are shown in Figure 2 and demonstrate that
a dramatic change in the morphology of PS-b-P2VP from a well-
aligned lamellar phase to a bicontinuous structure occurs asφP

is increased from 0.04 to 0.09; even atφP≈ 0.40, the bicontinuous
structure remains surprisingly uniform. Note that the scale of the
bicontinuous morphology decreases asφPincreases. As described
below, a decrease in the domain size of the block copolymer
with φP, even within the lamellar morphology, reflects a decrease
in interfacial tension upon surfactant nanoparticle addition and
a concomitant increase in the block copolymer interfacial area.

To further illustrate the generality of this novel method for
producing bicontinuous morphologies, a series of symmetric PS-
P2VP diblock copolymers withMn ranging from 114 to 380
kg/mol were blended with PS-Au 0.92 nanoparticles over a range
of φP values.

Figure 3 shows a 2D phase diagram for the mixture plotted
ash/ho versusφP, whereho is the lamellar thickness (half of the
lamellar period) without added nanoparticles andh is the
corresponding value at nanoparticle volume fractionφP.

For all three PS-b-P2VP polymers, the lamellar thickness
decreases dramatically asφP is initially increased from zero,
followed by an abrupt transition in morphology from lamellar
to bicontinuous at a value ofφP that decreases with an increase
in Mn. The decrease in domain thickness in both the lamellar and
bicontinuous morphologies creates additional interfacial area to
accommodate more gold nanoparticles along the block copolymer
interface. This increase in interfacial area cannot be due to
nanoparticle jamming because even if one assumes that all
nanoparticles are localized at the interface, nanoparticle area
fractions af never exceed 0.6 before the transition to the
bicontinuous morphology occurs and large increases in interfacial
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(27) Shan, J.; Nuopponen, M.; Jiang, H.; Viitala, T.; Kauppinen, E.; Kontturi,
K.; Tenhu, H.Macromolecules2005, 38, 2918-2926.

Figure 3. Phase diagram of PS-b-P2VP morphologies plotted as
normalized lamellar domain size vs volume fraction of gold
nanoparticles strongly bound to the interface. PS-Au 0.92 nano-
particles are dispersed into three different PS-b-P2VP diblock
copolymers withMn values of 114 kg/mol (blue squares), 196 kg/
mol (red circles), and 380 kg/mol (green triangles). As the volume
fraction of nanoparticles is increased, the nanoparticle/PS-b-P2VP
morphology changes from lamellar (open symbols) to bicontinuous
(filled symbols). The lines (blue, 114 kg/mol; red, 196 kg/mol; green,
380 kg/mol) correspond to the predictions of strong segregation
theory.29 Macrophase separation is not observed atφP ) 0.52 for
PS-b-P2VP (Mn ) 196 kg/mol) andφP ) 0.43 for PS-b-P2VP (Mn
) 114 kg/mol).
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area and decreases in lamellar thickness are observed at anaf

value as low as 0.2. Of particular interest is that the critical
nanoparticle volume fraction necessary to induce the bicontinuous
phase (φP,BC) increases dramatically from 0.04 (af ≈ 0.2) to 0.3
(af ≈ 0.55) as the PS-b-P2VPMn is decreased from 380 to 114
kg/mol. Cross-sectional TEM images of the lowest molecular
weight PS-b-P2VP block copolymer (Mn ) 114 kg/mol) blended
with PS-Au 0.92 in Figure 4 clearly show that the morphology
changes from well-ordered lamellar to fully bicontinuous asφP

increases from 0.28 to 0.32, providing evidence that the
bicontinuous structure is in equilibrium rather than kinetically
trapped.

Discussion

“Strong segregation” models28of block copolymer morphology
can help explain the decrease in lamellar thickness and increase
in interfacial area on adding surfactant nanoparticles. The free
energy per chain of a lamellar AB diblock copolymer includes
two additive terms: an entropy loss caused by stretching of the
blocks from the interface that increases ash2 and a term
representing the interfacial area per chain times the AB interfacial
energy γAB, which scales ash-1. This model leads to an

equilibrium value forh ≈ (γABa2N2/(3FokBT))1/3, wherea is the
polymer statistical segment length,N is the polymerization index,
Fo is the segment density,kB is Boltzmann’s constant, andT is
temperature. A segregation of surfactant nanoparticles to the
interface leads to a decrease in interfacial tension and a
corresponding decrease inh, allowing the stretching of the blocks
to be decreased. Conversely, the decrease inh observed as
nanoparticles adsorb to the interface is evidence of their action
as surfactants. Significantly, a strong segregation theory treatment
of surfactant nanoparticles in block copolymers that qualitatively
predicts many of the features that we see in our experiments has
recently been developed.29 This treatment by Pryamitsyn and
Ganesan predicts that the decrease inh is dependent only on
R/ho, where R is the radius of the nanoparticles For our
nanoparticles, the predictions shown by the lines in Figure 3 are
in qualitative agreement with our experiments. Most importantly,
ash/ho decreases, the bending modulus of the lamellae decreases,
producing an instability that ultimately results in the formation
of bicontinuous morphology. It is notable that their calculation29

suggests that the lamellar-to-bicontinuous transition is driven by
a vanishing of the bending modulus for mean curvature,K, rather
than variations in the saddle splay modulus,Kh , as is invoked in

(28) Semenov, A. N.Zhurnal Eksperimentalnoi I Teoreticheskoi Fiziki1985,
88, 1242-1256. (29) Pryamitsyn, V.; Ganesan, V.Macromolecules2006, 39, 8499-8510.

Figure 4. Cross-sectional TEM images of a PS-b-P2VP block copolymer (Mn ) 114 kg/mol) containing PS-Au 0.92 nanoparticles at various
nanoparticle volume fractions (φP): (a) 0.23, (b) 0.28, (c) 0.32, and (d) 0.42. The scale bar is 100 nm. These results provide strong evidence
that the bicontinuous structure is not kinetically trapped but is nearly in equilibrium. AtφP ) 0.23 and 0.28, well-ordered lamellar morphology
accommodating densely packed gold nanoparticles at the interface is observed with almost no defects within a large area of a few tens of
square micrometers. With a slight increase inφP from 0.28 to 0.32, the interfaces of the lamellar structure develop some perturbations (e.g.,
at the dashed arrow), and the lamellar domains start to develop interconnections (an example is shown at the solid arrow). Finally, atφP
) 0.37 (not shown) and 0.42 the bicontinuous morphology is fully developed. The transition thus occurs dramatically over a narrowφP range
from a well-aligned lamellar structure without defects atφP ) 0.23 and 0.28, just belowφP,BC. These observations, along with the slow solvent
annealing procedure employed, suggest that the bicontinuous structure observed is at or near equilibrium.
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the LR_to L3 transition of lyotropic surfactants.30 They predict
a critical nanoparticle volume fraction ofφP,BC≈ 0.8(R/ho)1/2 -
0.1R/ho. This approximate relation predictsφP,BC≈ 0.24 for the
114 kg/mol block copolymer, decreasing to a value of 0.16 for
the 380 kg/mol copolymer. Their prediction is in reasonable
agreement with our value for the lower-molecular-weight block
copolymer and qualitatively captures the decrease inφP,C seen
in Figure 3 asMn increases, but the predicted decrease is much
smaller than that seen in our experiments. The discrepancy may
be caused by slight asymmetries in the block copolymer/
nanoparticle system (the theory assumes that the nanoparticles
are strongly adsorbed so that they are situated symmetrically
across the interface) or by various approximations of the strong
segregation calculation. More accurate hybrid particle field31 or
DFT-SCFT simulations32 of these polymer nanocomposites
should yield an improved description of the lamellar-to-
bicontinuous transition.

We have demonstrated the formation of a bicontinuous phase
in PS-b-P2VP induced by Au nanoparticles that are only partially
covered by PS ligands. Theoretically, however, any nanoparticle
with an approximately “neutral” surface relative to the A and B
polymers will bind to the interface as long as the interfacial
tension of the A/B interface is large enough. If the interfacial
binding is sufficiently strong, then it should again be possible
to avoid macroscopic phase separation of nanoparticles and obtain
bicontinuous morphology. To prove this concept, we prepared
Au nanoparticles coated with a thiol-terminated random co-
polymer of styrene and 2-vinylpyridine (PS-r-P2VP-SH). The
PS-r-P2VP-SH ligands, which have aMn of 3.5 kg/mol and a
narrow PDI of 1.1, were synthesized by controlled radical
polymerization.21The PS molar fraction of the random copolymer
was 0.52 to approximate a neutral coating on the nanoparticle
surface, and the areal density wasΣ ≈ 1.61 chains/nm2. The
resulting gold nanoparticles were mixed with PS-b-P2VP (Mn

) 196 kg/mol) at nanoparticle volume fractions (φP) of 0.05 and
0.2, and the sample was solvent annealed as before. Cross-
sectional TEM analysis of the composition atφP ) 0.05 shows
well-ordered lamellar domains with gold nanoparticles localized
at the interfaces, but atφP) 0.20, macrophase-separated domains
of nanoparticles are observed. However, when the random-

copolymer-coated nanoparticles were blended at a composition
of φP≈ 0.15 with the higher-molecular-weight block copolymer
PS-b-P2VP (Mn ) 380 kg/mol), TEM analysis (Supporting
Information, video 1) reveals bicontinuous morphology with no
macrophase separation. By analogy with the findings of Figure
3 based on the PS-coated Au nanoparticles, the threshold for
forming the bicontinuous structure,φP,BC, and the tendency toward
macrophase separation are reduced by increasing the molecular
weight of the host matrix. We think that the reason that the
random copolymer “neutral” surfactant particles are less effective
at inducing bicontinuous morphology than the PS-Au 0.92
particles may be due to a Janus structure of the PS-Au 0.92.

Conclusions

In summary, a general, robust method for the fabrication of
stable bicontinuous polymeric phases with domains below 100
nm has been developed. The method involves blending symmetric
AB diblock copolymers with surfactant nanoparticles whose
surfaces are treated to promote strong binding to the A/B interfaces
while avoiding macrophase separation. The method has implica-
tions for a variety of applications that require a continuous phase
for the transport of molecular species, ions, or electrons and a
second phase for mechanical support or the conduction of a
separate species. Furthermore, the materials that can be fabricated
by this method are potentially enhanced by the electrical, optical,
magnetic, and/or catalytic properties of the inorganic nanoparticles
incorporated into the bicontinuous structure.
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Supporting Information Available: Tilt sequence of TEM
micrographs of a 380 kg/mol PS-b-P2VP block copolymer with a volume
fraction of 0.15 for random-copolymer-coated gold nanoparticles. The
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