
Effect of Dispersion of Inorganic Nanoparticles on
the Phase Behavior of Block Copolymers in a
Selective Solvent

Chieh-Tsung Lo,† Byeongdu Lee,†
Randall E. Winans,†,‡ and P. Thiyagarajan*,§

X-ray Science DiVision, Chemistry DiVision, and
Intense Pulsed Neutron Source, Argonne National
Laboratory, 9700 S. Cass AVe., Argonne, Illinois 60439

ReceiVed April 19, 2006
ReVised Manuscript ReceiVed July 6, 2006

Introduction. Controlled ordering of nanoparticles in block
polymer matrices has been exploited to synthesize novel
composites for a variety of applications such as catalysis,
semiconductors, photonic materials, electricity, and biological
and medical fields.1-3 Recently, a novel strategy4-7 has been
developed to organize nanoparticles in polymer matrices with
controlled patterns by exploiting microphase separation of block
copolymers, and it is observed that the confinement of nano-
particles in organized patterns improves the optical8,9 and
mechanical properties10 of the nanocomposites. To gain better
insight into the physical properties of these functional materials,
significant effort is being devoted to understanding the mor-
phologies of nanocomposites both theoretically and experimen-
tally.11-15

Since solvent selectivity is an important parameter that
determines the phase behavior of block copolymer solutions,16-19

its role has to be considered in solution-based synthetic routes
for tailoring morphologies of nanocomposites. It has been found
that order-disorder (ODT) and order-order (OOT) transition
temperatures are correlated to the polymer concentration in
solution, and the composition profiles and dimensions of
microdomains vary with dilution.19-21 In a selective solvent,
the solvent expands only the favorable block, causing shifts
along both temperature and composition directions in the phase
diagram. Effects similar to this can also be obtained by
sequestering nanoparticles in the favorable domain. By using
solvents with different selectivity and concentration of polymer
and nanoparticles, it would be possible to tune the morphologies
in the microdomains and consequently the nanocomposites.

In this Communication, we report the phase behavior of PS-
PVP copolymers in a selective solvent as a function of
temperature and concentration of nanoparticles using SANS.
In contrast to X-ray scattering (SAXS) in which gold nanopar-
ticles dominate the scattering signal and swamp the contribution
from copolymers, SANS of samples in deuterated solvents
provide good contrast for the scattering from copolymers. Our
goal is to understand how the loading of nanoparticles affects
the phase behavior of block copolymers in solvents, and this
information will be useful in the processing of bulk nanocom-
posites.

Experimental Section.We followed established procedures
for the synthesis of Au nanoparticles22 and polymer nanocom-
posites.7 Briefly, hydrogen tetrachloroaureate(III) trihydrate
(Aldrich Chemical Co., Inc.) and thiol-terminated PS (Mn )

1500 g/mol, PDI) 1.10, Polymer Source, Inc.) with a molar
ratio of 1 were mixed in THF (g99.9%, Aldrich Chemical Co.,
Inc.). A 1.0 M lithium triethylborohydride in THF (Aldrich
Chemical Co., Inc.) was added dropwise to reduce Au ions to
nanoparticles. The nanoparticles were purified using methanol
(g99.8%, Aldrich Chemical Co., Inc.) to remove the residual
ions and unbound thiol groups. SAXS showed that the purified
nanoparticles in THF have a diameter∼3.6 nm.23 To prepare
nanoparticle/copolymer complexes in solution, Au nanoparticles
with thiol-terminated PS was mixed with PS-PVP (Mn )
96 800, fPS ) 0.57, PDI ) 1.04, Polymer Source, Inc.) in
d-toluene (99.6% D, Aldrich Chemical Co., Inc.), which is
selective to PS but nonselective to PVP.

SANS experiments were performed on samples sealed in 1
mm path length quartz cells using the time-of-flight SAND
instrument at the Intense Pulsed Neutron Source at Argonne
National Laboratory. Data were collected and reduced in theQ
[(4π/λ) sin θ, θ is half the scattering angle andλ is the
wavelength] range of 0.004-0.3 Å-1. Correction for the
background from the empty cell, parasitic scattering, and
absorption was carried out following routine procedures.

Results and Discussion.Figure 1 shows SANS data of neat
PS-PVP (volume fraction) 34.2%) and its complexes with
PS-grafted Au nanoparticles (here after referred to as PS-PVP/
Au) in d-toluene as a function of temperature. For the neat
polymer solution at low temperatures (Figure 1a), distinct peaks
are observed in the SANS data atQ* (first-order peak position)
values with a ratio of 1:x7, suggesting that the system has
hexagonally packed cylindrical structure. The intermediate order
peaks are missing presumably due to less ordered nature of the
polymer in solution. Since toluene is a good solvent for PS,
but a poor solvent for PVP, it swells the PS domains in the
ordered microstructure, leading to a transformation from the
preferred lamellar in the bulk to a cylindrical morphology. At
higher temperatures the molecular repulsion between PS and
PVP decreases due to the upper critical solution temperature
behavior of PS-PVP.24 Consequently, this decreases the solvent
selectivity for the PS domain, causing the solvent to distribute
in the PVP domain which progressively reduces the interfacial
curvature with increasing temperature. At 70°C an order-order
transition occurs, and the copolymer solution exhibits a lamellar
structure (Figure 1a). This picture is consistent with the phase
behavior of poly(styrene-b-isoprene) in solvents with different
selectivity.17,19,20,25,26

In the neat copolymer solution, the phase behavior is governed
by the polymer/polymer and polymer/solvent interactions. On
the other hand, in the PS-PVP/Au complex solution an
additional long-range interaction due to the presence of nano-
particles in PS domains arises. The thermodynamic equilibrium
in this solution, therefore, is governed by the balance between
the interactions between the PS and PVP blocks and their
interaction with the solvent and the confined nanoparticles.
Figure 1b shows the SANS data of 34.2% PS-PVP/Au complex
[φPS-PVP/Au ) (VPS-PVP + VAu)/(VPS-PVP + VAu + Vtoluene) ×
100%, assuming additivity of volumes, whereφPS-PVP/Au is the
volume fraction of PS-PVP/Au complex ind-toluene and
VPS-PVP, VAu, and Vtoluene are the volumes of PS-PVP, PS-
grafted Au nanoparticles, andd-toluene, respectively] with
17.9% Au nanoparticles [φAu ) VAu/(VPS-PVP + VAu) × 100%,
whereφAu is the volume fraction of Au nanoparticles in the
PS-PVP/Au complex] ind-toluene. The confinement of nano-
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particles causes swelling of the PS domains, reminiscent of the
behavior of the selective solvents. However, with increasing
temperature while the solvent distributes to PVP domain the
nanoparticles will remain confined to the PS domain presumably
due to entanglement. Consequently, this limits the changes in
the overall interfacial curvature during the distribution of the
solvent, causing slow transitions in the block copolymer phase
behavior. While a transition between cylindrical to lamellar
morphology occurs between 55 and 70°C for the neat polymer
solution (Figure 1a), we observe a cylindrical structure at 70
°C for the PS-PVP/Au solution, a coexistence of lamellar and
cylindrical structures at 85°C, and a complete phase transfor-
mation to lamellar structure at 100°C (Figure 1b). It should be
noted that the data below 85°C show only weak peaks atx4Q*
that correspond to the cylindrical microstructure. At 36.8% Au
a different phase behavior occurs as shown in Figure 1c.
Depending on the concentration of the confined nanoparticles

the rate of the temperature-dependent transitions to different
morphologies is affected. The higher the concentration, the
slower the rate is. At this particle concentration, an order-order
transition appears to occur from cylindrical to gyroid structure
at 70 °C and the gyroid structure retains even at 100°C.
Interestingly, with increasing particle concentration, the phase
behavior of the PS-PVP/Au complex in solution exhibits
cylindricalf gyroid transition at 70°C (Figure 2) that differs
from the order in the sequence of phase transitions of bulk block
copolymers from lamellarf gyroid f cylindrical f spherical
structures with increasing volume fraction of one block. It has
to be pointed out that the solvent and the grafted nanoparticles
compete for the available space in the PS domain. Although
both nanoparticles and solvent partition into the PS domain,
solvent cannot swell the nanoparticles whose presence ef-
fectively decreases the swelling volume. At relatively higher
nanoparticle loading, when the available volume in the PS
domain is filled within the limits of the packing constraints,
the excess solvent might be pushed either to the PS-PVP
interface or to the PVP domain. Consequently, the rate of change
of interfacial curvature might be significantly altered, and the
system shows cylindricalf gyroid transition. At high nanopar-
ticle loading they screen the long-range order in the complex,
causing the microdomains to spatially disorder.14,23,27With the
addition of nanoparticles, the higher order peaks corresponding
to the gyroid phase become broader and weaker.

Conclusions.We investigated the phase behavior of block
copolymer and polymer/nanoparticle complexes in a selective
solvent using SANS. The morphology of both polymer and
complex solutions shows a strong function of temperature. This
behavior is consistent with the fact that the selective solvent
swells the preferred domain of the block copolymer causing
phase transformations. As temperature increases, the repulsive
interaction between the PS and PVP reduces, weakening the
interfacial tension. Comparison of the phase behavior of neat
and nanoparticle loaded copolymer solutions (Figure 2) shows
pronounced variations in the resulting morphologies. When
nanoparticles are sequestered in one domain, they swell that
domain and increase the interfacial curvature, causing the
changes in the morphology of the copolymer/nanoparticle
complex. In contrast to the solvent, the inability of the
nanoparticles to readily diffuse out of the favorable domain at
elevated temperatures constrains the interfacial curvature, caus-
ing slow transitions in the block copolymer phase behavior.

To our knowledge this is the first experimental study on the
phase behavior of block copolymer/nanoparticle complexes in
solution. A dramatic effect of nanoparticles on the phase diagram
of PS-PVP/Au in a selective solvent was found. Detailed

Figure 1. SANS profiles of (a) neat and PS-PVP complexes with
(b) φAu ) 17.9% and (c)φAu ) 36.8% nanoparticle ind-toluene
(φPS-PVP/Au ) 34.2%) as a function of temperature. (Scattering patterns
have been shifted to increase clarity, and the arrows and numbers in
the plots show ratio of the peak positions to theQ* value of the first-
order peak.)

Figure 2. Phase diagram of PS-PVP in toluene as a function of
temperature and nanoparticle concentration. L, C, and G denote lamellar,
cylindrical, and gyroid microphases.
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investigations of nanocomposites with respect to the volume
fraction of nanoparticles and molecular properties of copolymers
in both selective and neutral solvents are underway.
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