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ABSTRACT: Self-assembly of thiol-terminated polystyrene-tethered Au nanopatrticles in microphase-separated
diblock copolymers composed of poly(styremvinylpyridine) (PS-PVP) as a function of particle concentration

and composition of block copolymers was investigated using anomalous small-angle X-ray scattering (ASAXS)
and transmission electron microscopy (TEM). Results reveal that the self-assembly of nanoparticles in the PS
domain causes swelling and increases the interfacial curvature that, in turn, inducesoodeertransitions. At
intermediate loading, the presence of nanoparticles amplifies the local compositional fluctuations, hence the
roughness at the PS and PVP interface, which creates conditions to induce disorder in the polymer morphology.
The system thus undergoes an orddisorder transition. At high particle loading, packing constraints prevent all
particles from assembling in the PS domain, and the excess nanoparticles undergo macrophase separation. The
present systematic study augments experimental data to the scarce literature on the phase behavior of bulk
nanocomposites. We present a generalized phase map for the bulk composites as a function of effective volume
fraction of PS Fpg) for a given nanoparticle size. We believe that the results from this study will enable comparison

of the phase maps from various studies and will serve to validate the simulation studies of inorganic particle/
block copolymer composites.

Introduction nanoparticles into arrays in an ordered polymer phase will
provide exciting new possibilities on the materials front. Thus,

based nanocomposites to exploit their unique properties. To? deta!led understanding of the effects Of the molecular
properties of block copolymers and nanoparticles on the self-

achieve a higher level of control of the dispersion state of the . i ;
assembled structures of the nanocomposites is essential to

inorganic particles and the morphology of the polymer matrix ) . . . .
in the composites, new synthetic routes are being developed todevelop strategies to fabricate novel composites with unique

manipulate both the inorganic fillers and the polymers at the Structural and functional properties.
nanoscale. Recently, it has been suggested that block copolymers To gain a better insight into the thermodynamic aspects of
with their rich diversity of morphologies arising from their organizing nanoparticles in ordered microphase-separated do-
microphase separation property can provide an effective meansmains, several theoretical and experimental studies have been
to control the particle location and dispersion. This technique, carried out. Using a Monte Carlo simulation and scaling theory,
based on the self-assembly of nanoparticles into one micro-Huh et al?’ investigated the phase behavior of polymer
domain of the block copolymers, is versatile to prepare nanocomposites as a function of particle size and volume
nanocomposites with different polymer morphologies with fraction. These studies showed that equilibrium morphologies
particles organized in a variety of patterns. Such spatially regular form under the excluded volume constraints for the polymer
composites will have high impact in nanotechnology, exploiting chains and nanopatrticles in the strong segregation limit of the
their unique magnetitpptical2-5 electrical®” and mechanicél copolymers and the addition of particles in the preferred domain
properties. Materials with better 2D and 3D ordering of causes phase transformations. However, if the particle sizes are
nanoparticles in ordered polymer-based nanocomposites carcomparable to the radius of gyration of the minority block, a
serve as candidates for future advanced catalysts, selectivemacrophase separation of particles occurs that coexist with the
membranes, and magnetic and photonic band gap mateérials.  fairly disordered block copolymer morphology. Another theo-
A few approaches have been proposed for the incorporationretical model that combines a self-consistent field theory (SCFT)
of nanoparticles selectively into the preferred domain of block for polymers and a density functional theory (DFT) for
copolymers to create 2D and 3D spatial distribution of nano- particled142833 was used to probe the relative entropic
particles in polymer matric€$-26 Since the properties of the  contributions of both the copolymer and particle and the
nanocomposites strongly depend on the nature of dispersion agnthalpic contribution between copolymer and particles on the
well as ordering of particles in the polymer matrix, tailoring microstructure of the composites. From the density profiles, it
was shown that larger particles organize at the center of the
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on the particle sizé Investigations by Chervanyov and Balézs Table 1. Characteristics of PS-PVP Diblock Copolymerst
showed that smaller particles cause a greater shift in the-erder polymer Nes Novp fos PDI
d|sorQer transmon.temperature (ODT) than the larger ONes. ™ o5 byp(24) 133 248 024 111
Detailed phase diagrams of block copolymer/nanoparticle  ps-pvp(57) 510 417 057 1.04
composites as a function of particle size and the relative  PS-PVP(65) 501 295 0.65 1.05
molecular interaction between particles and diblock copolymers ~ PS-PVP(68) 452 229 0.68 1.07
PS-PVP(87) 513 84 0.87 1.03

were generated using discontinuous molecular dynamics simula-
tion.1> Recently, by using mean field SCFT calculations Reisler ~ @HereNpsandNpyp are the degrees of polymerization of PS and PVP,
and Fredricksoft investigated the phase behavior of a blend respectivelyfps is the volume fraction of PS in P?VP, and PDI is the
of polymer-tethered nanoparticles and diblock copolymer and POYdisPersity index.

showed the pronounced effect of overall size of the particles

including the shell on the region of microphase separation and | : Althouah th nitial studies h 4
ways to increase the loading of the nanoparticles in an orderedCOPOlymer system. ough these initial studies have demon-

phase without macrophase separation by tuning the length anclstra’red the effectiveness of leveraging the rich phase behavior

the number of tethered polymer chains in the shell. Experimental of the block _copolymer n _orderln_g the nanopa_rtlcles .W'th'n
data are required to validate the results from the above polymer matrices, systematic studies are scarce in the literature

theoretical studies on the phase behavior of the diblock on the effects of molecular properties of nanoparticles as well

. . : : as block copolymers on the morphology of nanocomposites.
copolymerfinorganic nanoparticle composites. Fundamental understanding of the morphology as a function

On the experimental front, a few studies have been published of properties of nanoparticles and block copolymers is essential
recently on ways to control the location of nanoparticles in the for fabrication of highly ordered nanocomposites with hierarchi-
polymer matrix by tailoring their surfaces with different g structures.
ligands>1921.20.34\e have studied the phase behavior of diblock | the present study we systematically investigated the effects
copolymer/nanoparticle complex in a selective sol\?éﬁ%Our_ of the molecular properties of the block copolymers (e.g.,
studies show that mixing the solvent with the composites composition), particle loading and homopolymer content on the
provides an additional degree of freedom to manipulate the phase behavior of block copolymer/nanoparticle composites. The
microstructure of the composites. Favorable interaction betweentnig|-terminated polystyrene (PSSH) tethering of nanoparticles
the ligand and one segment of the block copolymer enables protects them from self-aggregation in the polymer phase. The
sequestering of the nanoparticles in the preferred domain nangparticles were mixed with block copolymer solutions to
constituted by that segment. Size-selective organization of form polymer nanocomposites. We considered composites of
particles has been validated by Bockstaller e &.significant poly(styreneb-2vinylpyridine) (PS-PVP) and Au nanoparticles.
size difference between the two inorganic nanoparticles in their The structural characteristics of the nanocomposites were
study revealed that the entropy is the driving force for the large getermined by anomalous small-angle X-ray scattering (ASAXS)
partiCleS to Segregate in the favorable domain, while small and transmission electron microscopy (TEM) We present a
particles to remain at the interface and this is consistent with genera"zed experimenta| phase map on po|ymer/inorganic
the theoretical predictiori$:?®-31 However, if the nanoparticle  nanocomposites as a function of effective volume fraction of
size is comparable to the lamellar period of the block copoly- ps in the diblock copolymelFeg) that will enable comparison
mers, local deformation will occur. In addition, distortion of \ith the phase maps from both simulation and experimental
the copolymer structure will occur at higher nanoparticle stydies. Given that the literature is scarce with the experimental
loading® Kramer's group have investigated the effects of areal gata on the phase behavior of diblock copolymer-based nano-
density of homopolymers on the nanoparticles on their location composites we believe that this paper will be valuable to the
in diblock copolymer compositésand nanoparticle induced polymer and nanoscience communities.
phase transitions in bulk diblock/inorganic particle composdites.

Their studies show that nanoparticles with an areal density of Experimental Section

tethered polymer less than 1.3 chainshsegregate at the block Sample Preparation.We followed the procedure in Yee et4l.
copolymer interface and those with higher coverage locate {5 synthesize the PS tethered Au nanoparticles. An equimolar
within the preferred domain. Furthermore, the variation in the volume of hydrogen tetrachloroaurate(lll) trihydrate (HAUGH;O,
solvent evaporation along the depth direction of the film of 100 Aldrich Chemical Co., Inc.) and thiol-terminated Pg,(= 1500

um thickness causes variation in the nanoparticle loading andg/mol, PDI = 1.10, Polymer Source, Inc.) were mixed in THF
hence the polymer morphology varies as a function of depth (=99.9%, Aldrich Chemical Co., Inc.). After 30 min, a reducing
from the air/polymer interface. Jain et“dlstudied the order agent 6 1 M lithium triethylborohydride in THF (Superhydride,
disorder transition of nanocomposites as a function of filler Aldrich Chemical Co., Inc.) was added dropwise in the mixture to
dimensionality. They found that, in addition to the energetic produce Au nanoparticles. As prepared Au nanoparticles were stored

and entropic effects upon the addition of nanoparticles. the at ambient condition for 1 day to ensure that the reaction is
P P P ' complete. Further purification of nanopatrticles involved methanol

geometric effect also plays an important role on the morphology 5 remove the residual ions and thiol groups. Agglomerates of
of the composites. For instance, it has been shown that thepanoparticles that formed due to solubility issues were collected
depression of ODT is not a simple function of dimensionality, by centrifugation and the samples were dried at room temperature
and in fact, the rodlike fillers induce the largest depression in (weight ratio of Au to polymer~0.2).

ODT. To prepare nanocomposites, a 2% (w/v) polymer solution

Yeh et al**-45 studied the selectively dispersed CdS quantum COMPrising Au nanoparticles and PBVP block copolymers with
different compositions of diblocks (Polymer Source, Inc) was

dots in block copolymers. I\./Iorpholo.glcal transforma_nons have dissolved in THF. Table 1 provides the molecular properties of
been observed with the introduction of nanoparticles from ese copolymers. Upon mixing, the PS tethered nanoparticles self-
hexagonally packed cylinders (C) to lamellar structure (L) and assemble in the PS domains of the-F/P. The solutions were
from C to body centered-cubic packed spheres or simple-cubiccast on mica and epoxy resin to make bulk composites. After 1
spheres. Similar phase transformations from C4band from day of drying at ambient condition, the films were annealed at 150

L to C3 have been found in the Au nanoparticles/block
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°C for 3 days. In the Results and Discussion section, we will address .

that these annealing conditions are adequate for the composites tc 10
reach conditions close to thermodynamic equilibrium as well as to o
maintain the stability of the dispersion of Au particles in them. 5

Small-Angle X-ray Scattering (SAXS). SAXS experiments

were performed at Sector 12ID-C at Advanced Photon Source in =~
Argonne National Laboratory to characterize the nanostructural =
morphology of PSPVP/Au composites. Samples on mica were .=,
measured at room temperature with a sample to detector distance=~ 10°

2+

of ~2 m. The data were corrected for incident flux, absorption, ef Fit to Schultz polydisperse core spherical shell
detector sensitivity variation, and dark current. e z| |Scale Factor 12767 + 19.89 A

In the_ SAXS _experiments, signals from the scatte_ring of ; f,ﬂ;i::::?g%ﬁiﬂggz:
nanoparticles dominate that of the block copolymers and this makes scattering length density ratio 13.7 + 0
it difficult to determine the morphology of the block copolymers. 21 |ms core radius spread 6.6827 + 0.035891 A
To delineate the partial scattering signal from the polymer phase Background 0+ 0
of the composite we used ASAXS wherein multiple measurements 10°
were made using X-rays with different incident energigsriear g9 2 i 4 5 87839 H
and below the b edge of Au, 11.919 keV and the data were 0.01 Q (Al) 0.1
analyzed using the procedure in Lee et*faln ASAXS, the
scattering signal from the Au particles is strongly dependent on (a)

the X-ray energy while that from the polymer is energy independent.
The scattering data measured at different energies were normalizec
at the high Q (4(sin 6)/A where 2 is the scattering angle and
is the wavelength of X-rays) region that is mainly contributed by
the nanoparticles.

Transmission Electron Microscopy (TEM). Bulk nanocom-
posites embedded in epoxy resin were sectioned80 nm with
an Ultracut S microtome (Reichert, Leica, MI). To distinguish
between the PS and PVP domains, specimens were stained by iodin
vapor for 24 h. lodine adsorbs to PVP that reveals as dark regions
in TEM. A JEOL 2000 FX Il transmission electron microscope
operated at 200 kV was used to obtain images on the morphology
of composites.

Results and Discussion

Au Nanoparticles. Figure 1la shows the SAXS data of the
purified PS-tethered Au nanoparticles dispersed in THF. The
data were fitted using the form factor of a spherical shell nf8del
yielding a mean core radius of 10.8 A corresponding to the Au
and a polymer shell thickness of 7.3 A. The root-mean squared
spread of the core radius from the Shultz distribution is 6.7 A.
The mean overall diameter of PS-tethered Au nanoparticles is L
~36.2 A. We also derived the size of the Au core of the Au (b)
nanoparticles in the bulk composites using the partial scattering
funcon of Au molety derved ffom the ASAXS of the = TOEL (0 SAXE o S etired d tenopanii n e
composites that yielded a mean _radl_us (.)f 1 nm and a similar spheﬁcal shell model. (b)YI'EM i%age of Au nar?op).{artiges in the-PS
rms spread® TEM of the composite in Figure 1b confirmed  pyvp nanocomposite.
the SAXS result that the Au nanoparticles in the polymer phase
are unaggregated as in solution. enable the composites to reach conditions close to thermody-

Phase Behavior of PSPVP/Au Nanocomposites.To namic equilibrium.
illustrate and establish that the annealing temperature of Figure 2a compares the SAXS data of the neat P8P
150°C and 3 days time are optimal for the composites to reach sample annealed at 15C for 3 days and that subjected to
conditions close to thermodynamic equilibrium and that the bare additional annealing at higher temperature. As expected, both
Au particles free of alkanethiol attached PS are well dispersed samples exhibit over 6 orders of diffraction peaks corresponding
in the polymer matrix, we carried out SAXS experiments on to a highly ordered lamellar phase. In Figure 2b, we show SAXS
three samples, a neat PBVP fps = 0.57 (psis the volume data for the PSPVP sample withpa, = 17.9%. It is clear from

fraction of PS in PSPVP) and the same polymer with, = Figure 2b that these samples also exhibit a lamellar order, but
17.9%, and that witlpa, = 27.2% @pau is the volume fraction we can see only three diffraction peaks that appear to be slightly
of Au nanoparticles in PSPVP/Au composite, defined as,, broadened, implying the decrease in the ordering of the polymer

= Vau/(Vps-pvp + Vau), WhereVps pypandVa, are the volumes  phase. Another reason for the higher order peaks being invisible
of PS-PVP and PS-tethered Au nanopatrticles, respectively). in the SAXS data might be due to the masking by the strong
We used one set of the above-mentioned samples as controkcattering signal from the Au particles in the highregion.

and annealed them at 18C for 3 days. An identical set of  Since thiol bonds attached to Au nanoparticles are expected to
samples were annealed first at 13D for 3 days, followed by break down during the above annealing temperatures for
annealing at 180C for 1 day and back at 15TC for 1 day. extended period it is of interest to learn about whether the bare
We believe that the additional annealing at higher temperature Au particles aggregate during the anneal. Samples annealed at
will increase the kinetics of relaxation of the polymers and both conditions have similar scattering@t> 0.04 AL where
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Figure 2. (a) Comparison of the SAXS data of PBVP (rs= 0.57)
samples at two annealing conditions: (1) at 280for 3 days and (2)
at 150°C for 3 days, followed by further annealing at 180 for 1
day and back at 156C for 1 day. Both samples show the expected
high degree of lamellar ordering. (b) SAXS data of-FS/P/Au
nanocompositesf{s = 0.57, pau = 17.9%) for the above annealing
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Figure 3. (a) SAXS data of PSPVP/Au nanocomposite$:= 0.57)

using X-rays withE = 11.919 keV. (b) patterns after the subtraction
of nanoparticle scatterings. (Scattering patterns have been shifted to
increase clarity, and the arrows and numbers in the plots show the ratio
of the peak positions to the value of the first-order peak.)

Au particles in the polymer phase remain well dispersed as in
solution. Similar features are seen in Figure 2c that shows the
SAXS data for the PSPVP sample withpa, = 27.2%. In this
case also both samples annealed at different conditions exhibit
similar ordering in the polymer phase and well dispersed Au
particles. On the basis of these results we conclude that the
annealing time of 3 days at 15Q€ seems adequate for thePS
PVP/Au nanocomposites to attain conditions close to thermo-
dynamic equilibrium.

Figure 3a shows the SAXS patterns of the nanocomposites
with fes = 0.57 fpsis the volume fraction of PS in PSPVP)
measured using X-rays with = 11.919 keV. Distinct peaks
in the low Q region corresponding to the copolymer phase are
observed only for the composites with, < 27.2%. However,

conditions. Both exhibit lamellar ordering and the Au nanoparticles sjnce higher order peaks are not visible in the data due to the

are nicely dispersed as in solution (see the SAXS data in Figure 1). (c)
SAXS data of PSPVP/Au nanocomposite§§ = 0.57,¢a, = 27.2%)
for the above annealing conditions. These also exhibit lamellar ordering

dominant SAXS signal from Au particles, partial scattering
functions of the block copolymer phase were deconvoluted from

and the Au nanoparticles are nicely dispersed. The patterns are shiftedhe ASAXS data measured at different energies below the L
to increase the clarity.

edge of Au using the method in Lee et‘@éThe partial scattering
functions for the composites witha, < 27.2% exhibit higher

the SAXS signal from the Au particles dominates. Comparison order peaks as shown in Figure 3b. The ratio of the higher order
of SAXS data in Figure 2b and Figure 1 clearly shows that the peaks to the first-order peal)(Q*, where Q* is the position
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(a) (b) (©)

Figure 4. TEM images of PSPVP/Au nanocompositedpé = 0.57). Key: (a)paus = 13.3%; (b)pau = 27.2% at 4008; (C) pau = 27.2% at
150000« .

of the first-order peak) is 1:3. This suggests that the system nanoparticles sequestered in the minor domain, the peak
has a lamellar structure and the absence of the second-ordeintensities are fairly stronger and conventional SAXS data are
peak may presumably be due to about 1:1 thickness ratio ofadequate to characterize the polymer morphology in the
the block copolymer lamellae at lower composition of Au and composites. We surmise that this is due to the fact that when
the destructive interference between the weak structure factornanoparticles are confined in the minor domain, their concentra-
and the form factor minima of the corshell type polymer tion when compared to the volume fraction of the polymer phase
phase. At higher particle loading, the system becomes disor-is relatively high and by virtue of their continuous dispersion
dered, based on the disappearance of diffraction peaks, but thevithin the domain they enhance the contrast between the particle
minima are still visible in Figure 3b, suggesting the presence rich PS and neat PVP domains and hence the structure factor.
of core-shell type lamellar phase containing Au. To comple- In contrast, when the nanopatrticles disperse in the major domain,
ment these results we used TEM to determine the structuraldue to lower effective concentration and lack of connectivity
features of these nanocomposites it = 13.3% (Figure 4a), of nanoparticles, they do not contribute constructively to the
nanoparticles are randomly distributed within the PS domains structure factor of the polymer phase.
in a lamellar phase. Apay = 27.2% (Figure 4b), the available From the TEM images of PSPVP/Au with nanoparticles
volume in the PS domains presumably saturates, and mac-in either major or minor domains of the block copolymers, the
rophase-separated regions of nanoparticles can be seen alongesulting morphology with the addition of nanoparticles can be
with distorted lamellar regions. This behavior is consistent with described using a model shown in Figure 7. At low particle
the Monte Carlo simulation that particles segregate from diblock loading, the nanoparticles are well organized in the preferred
copolymers at high particle loadifg.In the presence of  domain of the block copolymer (Figure 7a). As particle loading
nanoparticles in the PS domain, the PS chains surrounding theincreases, the local concentration gradient of nanoparticles
particles have to alter their conformation to accommodate the increases the interfacial roughness between two domains,
nanoparticles that costs additional energy. The PS chains normalnducing distortion in the morphology (Figure 7b). Above a
to the interface have to stretch to release the energy, while thethreshold volume fraction of nanoparticles, the excess particles
PVP chains normal to the interface will contract. Thus, the cannot assemble in the preferred domain, and the system
position of the PSPVP interface strongly depends on the undergoes a macrophase separation of particles coexisting with
balance between the stretching of the PS chains and contractingan ordered polymer/nanoparticle phase (Figure 7c).
PVP chains. This behavior induces local fluctuations and the  On the basis of the SAXS and TEM results, a phase diagram
composite forms distorted lamellar structdfess in Figure 4c. for the nanocomposites as a functionfe§ and ¢, has been
Figure 5 shows TEM images of P®VP/Au with nanopar- generated as in Figure 8a. The results reveal that nanopatrticles
ticles in the minor domain of the block copolymédsd < 0.5). can be incorporated in lamellar and cylinder phases with
Here again, the addition of nanoparticles causes similar changesanoparticles in the major and minor domains of the block
in polymer morphology. Atga, = 9.0% (Figure 5a), the  copolymers. Most of the nanocomposites maintain the morphol-
composite exhibits hexagonally packed cylindrical structure with ogy of neat block copolymers in the presence of nanoparticles
nanoparticles located in the middle of the PS domaingAt up to a particle loading opa, ~ 30%. Above that loading an
= 27.7% (Figure 5b), local fluctuations at the-PBVP interface order—disorder transition occurs, reminiscent of the behavior
cause the formation of distorted cylinders. The SAXS patterns of block copolymers in a solvent. When the block copolymer
in Figure 6 for PS-PVP/Au composites withpa, < 27.7% is dispersed in a solvent, the solvent dilutes the ordered
exhibit peaks withQ/Q* of 1:4/3:2:/7, indicating the presence  microdomains, leading to a reduction in the degree of
of hexagonally packed cylinders. The system becomes disor-segregatioft® 52 The addition of nanoparticles also weakens
dered atgpay, = 37.4%. Interestingly, for composites with the degree of segregation and causes a vertical shift in the phase
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(@) | )

Figure 5. TEM images of PSPVP/Au nanocomposite$e§ = 0.24). Key: (a)pau = 9.0%; (b) pau = 27.7%.
AT ! T T " two peaks aQ/Q* = V413 andv/2, suggesting the occurrence
10* ~.‘ __________________ ] of order-order transition from a cylindrical to a spherical
N i ] structure due to the mixing of the body-centered and face-
] centered cubic packing. This result is consistent with the effect
~ 2 1 of incorporation of homopolymers in block copolymé&#§5.:57
= 2 i 1 From these data, we can confirm that the addition of nanopar-
s 103 — ticles reduces the degree of segregation and induces an-order
6 34 ] disorder transition.
— + e 2 ¥ In the phase diagram (Figure 8a), orderder transitions are
2 v 37 4%Au seen in PSPVP(65) and PSPVP(68) with¢a, = 17.8%, and

2 & 27.7%Au i in PS-PVP(65) with¢a, = 27.1%. Compared to the SAXS
10 amaw + 18_3W LT T T T ""?"""”. e Y patterns Of PSPVP(65) With¢Au — 17-8% an%Au ~ 8.8%
& 90%A i : (data not shown), additional weak peaks appeaQ/@* =

P | I L

780 2 3 i s 6789 2 V/20/6,+/50/6,+/62/6, andv/64/6, indicating the presence of a
0.01 0.1 gyroid phase. The absence of lower order peaks is presumably
Q ( A'l) due to the presence of strong broad peaks corresponding to the
lamellar phase that probably smears the gyroid phase patterns.

Figure 6. SAXS data of PSPVP/Au nanocompositespg = 0.24) ; HPY ;
using X-rays withE = 11.919 keV. (Scattering patterns have been We denote the region of the phase map fo P(65) with

shifted to increase clarity, and the arrows and numbers in the plots $au = 17.8% as the coexisting lamellar and gyroid phases. At
show the ratio of the peak positions to the value of the first-order peak.) pau = 27.1%, the morphology transforms to a cylindrical
structure with a broad peak @&Q* = /7 and a weak peak at

map. It should be noted that this phenomenon is different from Q" = V4.

the effect of the addition of similar concentration of homopoly- ~ Huh et al?” performed Monte Carlo simulations to predict
mers in the preferred domain because the homopolymers carthe phase behavior of diblock copolymer/particle composites
only swell the preferred domain and hence not expected to and found that the phase diagram is a function of particle size.
modify the degree of segregati&h.Also, the addition of When relatively large nanoparticles are incorporated in the minor
homopolymers can ease the excess interfacial energy anddomain {es < 0.5), a new structure forms with particles in the
compensate for the deformation caused by the nanopartfcles. core, surrounded by a block copolymer shell. They denote that
To confirm this effect, we added PSSH to PBVP(68) and region as the microphase-separated particles in the phase
the morphology of the composites was investigated using SAXS diagram. It should be noted that this phase is different from the
and the results are shown in Figure 9.¢At-sn < 30% (volume macrophase-separated nanopatrticle phase that is irregular with
fraction of thiol-terminated PS in the composite), distinct peaks some nanoparticles located within the preferred domain. In the
are seen a/Q* = 1:4/3:4/7, indicating the hexagonally packed microphase-separated particle domain, the nanoparticles form
cylinder phase. With an increase in thgs-sy to 40.7% and condensed cylinders or lamellae within the structure of the block
50.7%, an additional broad peak appearQ&* = ~1.30 as copolymer. Another feature in the predicted phase diagram is
well as a dramatic shift irQ of the first-order peak occurs. the coexistence regime of macrophase-separated nanoparticles
This broad feature is presumably caused by the combination ofand block copolymers. When the particle size decreases, the
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Figure 8. Phase diagram of PSP°VP/Au nanocomposites (a) as a
function of fps and ¢ay and (b) as a function of the effective volume
fraction, Fps (L, lamellar; C, cylindrical; D, disordered; G, gyroid).
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Figure 9. SAXS data of PSPVP (rs = 0.68) with the addition of
thiol-terminated PS (Scattering patterns have been shifted to increase
clarity, and the arrows and numbers in the plots show the ratio of the
peak positions to the value of the first-order peak).

Figure 7. Schematics of the morphology of nanocomposites with the shell is 3.6 nm, which is closer to the small particle case in the
Proferred domain. (5 nanopatticlos organized n the modulated domain, S UIation: In our phase diagram, we did not distinguish the
gnd (c) nanopha'ses that h%ve undergone macrophase separation. 'two-phase region (macrophase-separated nanopartlc.les in the
ordered block copolymers) between the ordered and disordered
phases. We identify the ordered and disordered phases based
microphase-separated nanoparticle domain disappears and then the diffraction peaks in the SAXS patterns. Except for this
coexistence regime becomes narrower. In addition, the erder two-phase region, the occurrence of the ord@der and order
disorder transition moves toward lower particle loading due to disorder transitions in the presence of nanoparticles in our
the fact that the smaller particles are more effective in inducing experimental phase diagram is qualitatively consistent with the
an order-disorder transition. In the small particle case in this simulation results in the literatufé.
simulation, orderdisorder transition occurs with increasing In general, the addition of nanoparticles in the preferred
particle concentration regardless 3 and no microphase- domain expands the domain and increases the interfacial
separated phase was found. In our study, the degree ofcurvature, causing an ordeorder transition. In our experiment,
polymerization N (N = Nps+ Npyp) is larger than 500R > however, the increasing interfacial roughness caused by the
7 nm) for all the copolymers and the particle size including the introduction of nanoparticles negates the effect of the swelling
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