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ABSTRACT: Solvents used for controlling the self-assembly of polymer nanocomposites have a strong influence
on the orderdisorder and orderorder transition temperatures. We have investigated the phase behavior of
complexes composed of poly(styrene€-vinylpyridine) (PS-PVP) and thiol-terminated PS stabilized Au
nanoparticles in toluené{a good solvent for PS) by using small-angle neutron scattering. We observe that the
morphologies of the neat and nanoparticle-containing polymer solutions strongly depend on the concentration of
nanoparticles and temperature. Comparison of the phase diagrams of the neat and nanoparticle-containing polymer
solutions as a function of temperature clearly shows dramatic shifts in the-atiderder and orderorder transition
temperatures. This dramatic effect can be understood by a model wherein the added nanoparticles that sequester
in the preferred PS domains increase the interfacial curvature, leading to the observed changes in the nanostructure
of the complex. Some effects are similar to those of the selective solvent such as toluene on the nanostructure of
PS-PVP. Knowledge gained from these studies on the effects of nanoparticle concentration and temperature on
the phase behavior of the polymer nanocomposites will be valuable for tailoring the physical properties of novel
nanocomposites.

Introduction can be tuned to assume any of the ordered phases such as
lamellar (L), cylindrical (C), gyroid (G), and spherical (S)

Self-organization of nanoparticles in polymer matrices offers truct ith particles in th ferred d in. Eurth
a powerful route to design novel materials as they combine the Structures with particies in the preterred domain. Furthérmore,
the relative location of particles either in the preferred domain

characteristics of both constituents. Furthermore, the properties ) ; . .
of nanocomposites strongly depend on the nature of organizationor at the interface can be controlled by varying the particle size
and the length and density of the polymer grafts on the particles.

of the nanoparticle building blocks in the matrix. As miniatur- H | W th bi £ sol ff h
ization of devices for advanced technologies continues to evolve, owever, only recently the subject of solvent effects on the
anipulation of the morphology of hanocomposites is being

advancement in nanotechnology requires novel approaches ghant 1
engineer composites with nanoparticles well-dispersed as We"con3|deredf..

as organized in defined patterns in a variety of matrices. The addition of a _solvent to block copolymers can expand
Recently, it has been suggested that block copolymers exhibitingthe range _Of accessible self_-gssembled morpholé@Téé.ln

rich phase behavior at nanoscale can serve as versatile platformghese studles., solvent selectivity plays an important role on the
for creating composites with organized nanoparticles in 2D or Phase behavior of block copolymers. In a neutral solvent, the
3D arrays. Strategies for the fabrication of such copolymer/ solvent equally distributes in bqth mlcrodom_a_uns of the copoly-
nanoparticle nanocomposites focus on the direct incorporation mer, Ieadln_g to lO\.Ne.r the ordedisorder transition temperature.

of nanopatrticles in a selective domain of diblock copolymers This bghawor Is similar to the effect of temperature on the phgse
by manipulating the specific interactions between nanoparticles Pehavior of block copolymers. On the other hand, in a selective
with the two segments:il Subsequent thermodynamically solvent, the solvent partitions and gxpands the preferred domain
driven microphase separation of block copolymers can then be@nd causes changes in the interfacial curvature. This spontaneous
used to organize the nanoparticles into well-defined patterns in "nge in interfacial curvature leads to an oretender transition

the polymer matrix. These spatially regular nanocomposites

in the morphology of block copolymers. Similarly, the dilution
could potentially be used in various nanotechnological applica-

by a selective solvent also can cause the reduction in erder
tions exploiting their magnetit optical 1316 electricall”-1#and disorder transition temperature. Strong dependence of solvent
mechanical propertied ’ ' ' selectivity on temperature can potentially be exploited for the
Both theoretical and experimental research have been con-

creation of novel nanocomposites with defined nanoparticle
ducted to understand the effects of nanoparticle %i28%24

organization.
: : In this article, we report the phase behavior of the complex
concentratiorf?-212528 shape’®0 grafts on nanoparticles? : .
and the relative size of b[I)ocks gf the copolyn?g@ on the of poly(styrenes-2-vinylpyridine) (PS-PVP) block copolymer/
morphology of polymer nanocomposites. It has been observed

Au nanopatrticle in toluene, a PS selective solvent. Recently,
that the specific distribution of particles in block copolymers we demonstrated that the addition of nanoparticles into the PS
depends on the volume fraction of two microdomains and

domain produces significant effects on the phase behavior of
1
particle concentration, and the morphology of nanocomposi'[esthe PS-PVP b!OCk copolymef: TO understand how the solvgnt
and nanoparticles, together, influence the phase behavior of
_ block copolymers, we extended our investigation on the phase
+ To whom all correspondence should be addressed: thiyaga@anl.gov- hehavior of block copolymer/nanoparticle complexes as a
X-ray Science Division, Argonne National Laboratory. . .
* Chemistry Division, Argonne National Laboratory. function of the concentration of copolymers and the volume
8 Intense Pulsed Neutron Source, Argonne National Laboratory. fraction of nanoparticles in a selective solvent. This study clearly
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0.01 . 0.1 Figure 2. Representative SANS data of neatH8/P and its complex
Q@A) with nanoparticles in toluené-(¢ps-pvriau = 43—44%) at 25°C
. - . (scattering patterns have been shifted to increase clarity, and the
Flgurfe 1 t_SAN?tdata of r;eat PSPVP (@ps-pve = 8.0%) in toluened numbers in the plot show the ratio of the peak positions toQhe
as a function of temperature. value of the first-order peak).

shows the effects of nanoparticles in causing dramatic shifts in Viouene are the volumes of PSPVP, PS grafted Au nano-
the order-disorder and orderorder transition temperatures of particles, and toluend; respectively) exhibiting a broad peak,
the polymer/nanoparticle complex. This effect can be understoodimp|ying the presence of interparticle correlation between
by a model wherein the temperature-dependent difference inicelles formed. The intensity of the peaks decreases with
the ability of the solvent and the nanoparticles to distribute increasing temperature and the peak disappears at higher
between the polymer domains of the block copolymer causing temperatures, indicating the reduction in the interaction between
interesting changes in the interfacial curvature leading to the icelles. The increase in the scattering signal in the @w
observed phase behavior of the complex. region is a signature for their association. ¢s-pyp (volume
fraction of neat block polymers in toluer®-and¢ps-pvp/au >
15%, ordering in the organization of the micelles starts as
Au nanoparticles were synthesized by the addition of 1.0 M indicated by the presence of higher order peaks in the scattering
lithium - triethylborohydride (Aldrich Chemical Co., Inc.) to a data. Figure 2 shows the representative SANS patterns of neat
solution of hydrogen tetrachloroaureate(lll) trihydrate (Aldrich ps-pyp and its complex with PS grafted Au nanoparticles in

Experimental Section

Chemical Co., Inc.) and thiol-terminated P8,(= 1500 g/mol, toluened at 25 °C. The volume fraction of the complex in
PDI = 1.10, Polymer Source, Inc.) in THF=09.9%, Aldrich o o is 43-449% and the volume fraction of nanoparticles

Chemical Co., Inc.§*5The thiol-terminated PS grafts, in addition . . -
to providing good protection for nanoparticles from aggregation, (¢au) is defined agpay = Vau/(Ves-pvp + Vau) x 100%. From

enables their confinement in the PS domain of the block copolymer the SANS data the morphologies, such as lamellar, cylinder,

matrix. The purified nanoparticles using metharo®9.8%, Aldrich gyroid and disordered, in the P®VP/Au complex in toluene-

Chemical Co., Inc.) have an average diameter8f6 nm. The can be characterized by using tQevalues of the first-order

Au nanoparticles were then mixed with PBVP (M, = 96 800, Q* and the higher order peaks and the interplanar spacing of

fps= 0.57, PDI= 1.04, Polymer Source, Inc.) in tolueg99.6% the systemd*) can be calculated using thH@* value in eq 1.

D, Aldrich Chemical Co., Inc.). The solution of P®VP/Au

complex was stored for at least 3 days prior to the small-angle 21

neutron scattering (SANS) measurements to ensure complete a* == (1)

equilibration. As pointed out in our earlier pagéthe presence of Q

Au nanoparticles produces strong SAXS signals that mask the . .

scattering signals from the polymer phase and hence we used SANSThe morphology and domain spacing of both neat-PSP

to investigate the phase behavior of the-®/P/Au complexes ~ and the complex in tolueng-as a function ofpau, ¢ps-pvriaw

in tolueneel. and temperature are compiled in Table 1. In Figure 2agt=
SANS experiments were performed using the time-of-flight 0%, the strong diffraction peaks correspond to the L phase. It

SAND instrument at the Intense Pulsed Neutron Source in Argonneis likely that there may exist a very small fraction of other

National Laboratory. A series of solution samples in Suprasil cells morphology based on the faint feature in the data. On the basis

with 1 mm path length were loaded in a sample changer that canof the dominant peaks we assign only the L phase for that

be maintained at c_;ll_fferent temperatures. At each temperature theparticular condition. At some conditions (e.ga = 8.8% and

samples were equilibrated for at leash prior to SANS measure- 17.9%) coexistence of morphologies has been observed. The

ments. At this concentration range the phase behavior is thermo-ass. nment of coexistin hases is based on comparable
dynamically driven. Data were collected and reduced irQhienge assignm xisting p s np
0.004-0.3 AL, whereQ = (4/2) sin 6, 26 is the scattering angle, intensities _of the p_eaks in the SANS pattern for different
and1 is the wavelength. Corrections for the background from the mMorphologies. Details of the phase behavior of the system and
empty cell, parasitic scattering and absorption were carried out the associated mechanism will be discussed in the following

following routine procedures. sections.
) ) Peak Intensity. The structure factoi(Q), of block copoly-
Results and Discussion mer in a nonselective solvent is given‘h§”
Figure 1 shows the SANS data fa@fps pvpiau ~ 8.0%
¢ps-pvriau = (Vps-pvp + Vau)/(Vps-pvp + Vau + Violiend x 1 _2% [F(Q) — 24*N] )

100%, assuming additivity of volumes, aiMds-pvp, Vay and SQ) IN
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Table 1. Morphology and Interplanar Spacing of Neat PS-PVP and PS-PVP/Au Complex in Toluened from SANS data at Different aq,

dps-pvpiau, @and Temperatures

¢Au = 0% ¢Au =8.8% ¢Au =17.9% ¢Au =27.2% ¢Au = 36.8%
temp  ¢ps-pvpiau a* a* a* a* a*
(°C) (%) morphology  (nm) morphology  (nm) morphology  (nm) morphology  (nm) morphology  (nm)
25 16-17 c 50.4 c 45.0 c 46.3 c 47.6 D
40 C 47.6 D D D D
55 c 46.3 D D D D
70 D D D D D
85 D D D D D
100 D D D D
25 25-26 c 51.9 c 50.4 c 49.0 c 50.4 c 51.9
40 c 49.0 c 49.0 c 47.6 c 49.0 c 50.4
55 C 47.6 C 47.6 D D D
70 C 47.6 c 47.6 D D D
85 c 47.6 c 46.3 D D D
100 D D D D
25 34-35 c 53.4 C 51.9 C 54.9 c 51.9 c 54.9
40 C 51.9 c 50.4 C 54.9 c 50.4 c 54.9
55 c 50.4 c 49.0 c 53.4 &C 49.0 c 53.4
70 L 49.7 C 49.0 C 53.4 GC 47.6 G 51.9
85 L 49.0 L 47.6 L+C 51.9 G+C 47.6 G 50.4
100 L 47.6 D L 50.4 GrC 46.3 G 49.0
25 43-44 L 51.9 L+C 53.4 L+C 59.8 C 54.9 c 56.5
40 L 50.4 L 51.9 L+C 58.1 C 53.4 c 54.9
55 L 49.0 L 50.4 L+C 56.5 C 53.4 c 54.9
70 L 47.6 L 50.4 L+C 54.9 C 51.9 G 53.4
85 L 47.6 L 49.0 L 53.4 C 50.4 G 51.9
100 L 47.6 L 51.9 GrC 50.4 D
0.07 ——— 24—25%) in toluened. It is clearly seen that while the curve is
——0% Au slightly nonlinear with temperature for the neat block copolymer
0.06 - =-8.8% Au solution, its nonlinearity monotonically increases with increasing
17.9% Au nanoparticle concentration and temperature, indicating the
0.05 - 597 2% Au enhanced compositional fluctuations in the solution of the
T — 36.8% Au complex?® These fluctuations are significant at higher temper-
5 0.04 1 R atures because the solvent becomes more neutral to the system,
g due to the upper critical solution temperature behavior of PS
=003 - and PVP20 and it redistributes to the PVP domain. Similarly,
= at these temperatures, the interaction energy between the PS
0.02 grafted nanoparticles and PVP domains also reduces that
increases the potential for its redistribution. However, their
0.01 diffusion will be very low when compared to the solvent due
to entanglement between chains in the grafts and matrix and
0 ' ' ! the additional entropic penlal}. These fluctuation effects
0.0024 0.0028 . r (K") 0.0032 0.0036 significantly influence the equilibrium properties of the mi-

Figure 3. SANS peak intensity &) = Q* as a function of temperature
for neat PS-PVP and its complex with nanoparticles in toluehe-
(¢ps-pvpiau = 24—25%).

Hereg is the volume fraction of polymer solutiol the segment
length of the block copolymer and N, the degree of polymer-
ization.F(Q) is related to the radius of gyration and composition
of the block copolymer, ang* is the effective interaction

crophase separation behavior of the complex in solution.

Domain Spacing. Since the nanoparticles and the solvent
can swell the PS domain, it would be interesting to analyze the
domain spacing as a function of both nanoparticle concentration
and the volume fraction of the P$VP/Au complex. In neutral
solvents, both experimentaPl-52and theoretical predictioffs®3
revealed the following relationship betwedhand ¢ at high
polymer volume fraction:

parameter between the monomers. In a selective solvent, the

effective segregation described pyN, can be modified &8
X*N= ¢y + oxIN 3)

Heredys is the difference in interaction parameter between the

o~ ¢ @

In selective solventsg* strongly depends on the solvent
selectivity. In a highly selective solvent* increases in the
lamellar phase due to chain stretching to reduce their interfacial

selective solvent and the two monomers. The value is assumedarea with the added solverisSelf-consistent theoP§ reveals

to be 0 for a neutral solvent and 0.05 for poly(styrdne-
isoprene) in dir-butyl phthalate that is a good solvent for
isopren€”’ y is the interaction parameter of two monomers of
the blocks, that is inversely proportional to the temperature.
Equation 2 implies that(Q*) 71, is proportional to T! in a
neutral solvent, wher€ is the temperature. Figure 3 shows the
SANS peak intensity aQ = Q* as a function of inverse
temperature for neat PSPVP and the complexpbs-pvpiau =

that the exponent in the lamellar phase in a neutral solvent vary
from 0.4 in the strong segregation regime to 0.2 in the weak
segregation regime. As the selectivity decreases with increasing
temperature, the scaling law approaches that of the neutral
solvent as shown in eq 4. Banaszak and Whitrffosdso
described the scaling law of block copolymers in a selective
solvent using self-consistent theory. They reported that the
exponents change from 0.2 in the weak segregation regime to



644 Lo et al. Macromolecules, Vol. 40, No. 3, 2007

60 - 100 . 1004 . . .
Q‘fu - - - - Q(.-_), - - - -
» B0 @ B0
=1 - - L] - =1 - - - -
y = 64.401x> 1515 ‘g 09 . 4 . . ‘550' e o« w4
56 - E 404 - N u . £ 40+ - = . -
X & 20 - . . i . | . | S 204, ] | " . " . - .
10 20 30 40 50 10 20 30 40 50
N bps.pypiay (%) dps-pypim (%)
© 52 | y=5788%""" " -
100~ . . . . 100+ . . . -
L ol % e e N
o @
a 3 - - - L] E " " » -
48 y=61.01271° * 0% Au ﬁeo- « u & O L L . .
4 . - B2 - -
% 27.2% Au £ - £ 40 oo
[ [ ] [ ] L] - ] [ [ [
+36.8% Au 04 - = " 20 —_———
44 . . . 10 20 30 40 50 10 20 30 40
0.1 02 0.3 04 05 Srs e () bra-rirmu ()

bt b

8

P ps-PvPAu

Figure 4. Domain sized* for the cylinder phase at 25 as a function
of polymer concentrationfes-pve/al) at different particle loading. The
lines are fits using an exponential function.

S

.
(=]

P T
I T

Temperature ("C)
o
(=]

(%]
(=1

0.03 in the strong segregation regime, and these values : : : : .
significantly differ from those for a neutral solvent. This v (%)
decreasing segregation in a selective solvent allows the chains @

to increase their stretching normal to the interface. To quantify Figure 5. Phase diagram of P&VP/Au in toluened as a function

d* in a selective solvent, Lai et &. modified eq 4 using the ?g)tfpmperag%rs a?o)lgolymir?cgogce(r&t)r;mon: 2(?)2r3/eat b'é"zk)‘;c’po'yme”
. . . . . P . Au = ©.070; (C)Pau = 970, Au = .270; and (epau =
dimensionality of the latticen) and the microdomain interfacial 34 gy, Key: ®) L: (solid triangle pointing left) L+ C; (a) G: (solid

area per chainAg) triangle pointing right) G+ C; (m) C; () D.

~1, -1 . o .

d ~ ATy (5) of poly(styreneb-isoprene) in a isoprene-selective solvéhit
] can be seen from Figure 4 that the value of the exponent for

wheren = 1 for lamellae, 2 for cylinders and 3 for spheres of the C phase increases from 0.137 to 0.152 whenincreases

the insoluble block. Assuming thd; is proportional tog~?, from 27.2% to 36.8%. This behavior can be attributed to the
eq 5 can be written as reduced segregation of microdomains in the presence of

a1/ nanoparticleg® as predicted by the self-consistent thedty.

d* ~ ¢ (6)

Phase Behavior.The phase diagrams based on the SANS
Here, a is a function of both the solvent selectivity and data of neat and P&PVP/Au complexes at different Au
morphology, and its value decreases in the order C > S. concentration in toluend-are presented in Figure 5. Figure 5a
Consequently, the exponeit{ 1/n) increases with decreasing Shows the morphology of neat P8VP in toluened as
solvent selectivity and degree of segregation in a selective functions of temperature angbs-pve. Contrary to the lamellar
solvent. Below we discuss the behavior of domain spacing in Morphology expected for the P®VP melt, the solution sample
different polymer phases of the P®VP/Au complex in light ~ With ¢ps-pvp = 16.6% exhibits a cylindrical structure at low
of the above formalism. temperature. Swelling of the PS domain by the selective solvent
Because of the very few L phases observed in our SANS IS the cause for this morphological transformation. At
experiments we could not derive a scaling law for this phase. 70 °C, an order-disorder transition occurs. Furthermore, the
However, we observe that for neat PBVP in a selective presence of solvent increases the degree of freedom for the
solvent,d* decreases with increasingps pvp. Table 1 shows  System to lower its free energy. At very lafs-pvp the system
that, at 70°C, d* = 49.7 nm in 34.7% and 47.6 nm at 44.4% Can undergo a macrophase separation into the solvent-rich
#ps-pypand, at 85C, d* = 49.0 nm in 34.7% and 47.6 nm in  disordered phas® At ¢ps-pyp = 25.5%, it exhibits a cylindrical
44 4% ¢pps pyp, indicating an exponent that is negative for the ~Structure in the entire temperature range considered here. At
neat polymer solution. With the addition of nanoparticles, a this concentration, the density of the chain entanglements with
significant difference in the exponent is observed.¢t = neighbors will become higher and this increases the erder
8.8%,d* increases from 47.6 to 49.0 nm @ss pypauincreases  disorder transition temperature. Afips-pvp = 34.7%, the
from 34.4% to 44.0% at 85C. A similar behavior was observed ~ swelling of the PS domain by the solvent decreases with
for gau = 17.9% ingps_pvpau = 34.1% and 43.7% at 10TC. increasing temperature, due to its decreasing selectivity and
Thus, the addition of nanoparticles increases the value of theredistribution in PS to PVP domains. At> 70 °C, the amount
exponent. Such a behavior is also seen for the C phase. Figuréf toluened required to make a phase transition to cylindrical
4 illustrates the effect of particle loading o for cylindrical phase is insufficient, and thus the system remains in the lamellar
morphology as a function of PSPVP/Au concentration at ~ morphology expected in the bulk. At still higher polymer
25 °C. Although the observed SANS peaks are broad due to concentrationgps-pve = 44.4%), neat PSPVP in toluened
the relatively moderate resolution and the small coherence €xhibits a lamellar structure in a wide temperature range of 25
lengths of the domains, we still can observe definite trends on t0 100°C. The schematic of the mechanism by which the phase
the effect of nanoparticles aff in PS—PVP in toluene. In the transitions occur for the PSPVP in toluened with increasing
case of neat block copolymer solutions the exponent that is temperature is illustrated in Figure 6a.
negative for the L phase becomes slightly positive (0.078) for  Addition of a PS-grafted Au nanoparticle has a significant
the C phase and this is consistent with the experimental resultsinfluence on the phase behavior of PBVP. In the sample with
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’ Figure 7. SANS data of neat PSPVP (pps-pvp = 33.8%) and its
complex with Au @paw = 27.2%) in toluened as a function of
Increasing temperature temperature (scattering patterns have been shifted to increase clarity,
and the numbers in the plot show the ratio of the peak positions to the
Q* value of the first-order peak).

(b

At ¢ps-pvpau = 44.0% andpa, = 8.8% and 17.9%, lamellar
and cylindrical phases coexist at 26 (Figure 2), which may

be due to the heterogeneous distribution of the nanoparticles
and solvent in the polymer phase, modifying the interfacial
curvatures to different extents. The coexisting phases cause
packing frustration leading to transitions from gyroid to lamellar
and cylindrical structure$.

For samples withpps-pypiau = 34.1% andpay, = 17.9%
(Figure 5c), additional orderorder transitions occur from
cylindrical to coexisting lamellar and cylindrical phases at
85 °C as well as coexisting lamellar and cylindrical phases to

) ) ) N ) lamellar at 100°C. The additional orderorder transitions in
e, o ( the presence of nanopariles enlarge the range of ordered
PVP/Au with high particle loading in tolueng-(Small circles and big ~ Microdomains in the PSPVP system. A similar behavior was
circles with chains indicate solvent and thiol-terminated grafted Au predicted for the block copolymer in a selective solvent by a
nanoparticles, respectively.) self-consistent mean-field theo#y It was seen that with the
dps-pvpiau= 16.4% andpa, = 8.8% (Figure 5(b)), the order increasing_so_lvent selectivity,_ multiple ordﬂnrQer tran_sitions
disorder transition (ODT) temperature decreases from about 70°CCUr, enriching the phase diagrams. Such increasing ordered
to 40°C. Interestingly, for botlpps-pyp/au= 25.2% and 34.4% and coeX|st|ng.IameIIar and cyllndrlcgl phases are also observed
at similar nanoparticle concentrations, the ODT remains at for samples Withpps-pveiau = 43.7% in the temperature range
100 °C. This indicates that the presence of nanoparticles at 25-70°C.
sufficient concentration can significantly weaken the degree of ~ Figure 5d shows the PSPVP/Au in toluened at ¢ay =
segregation and cause a vertical shift in the phase map. At a27.2%. At higher loading of nanoparticles in PS domains, the
much higher nanoparticle loading, a macrophase separation ofinterfacial curvature increases significantly and the system
nanoparticles occurs, resulting in a decrease in @DThis becomes more asymmetric. The phase behavior of R8>/
effect of nanoparticles is quite different from that caused by Au at low polymer concentration resembles that observed for
the homopolymers that can selectively sequester in the preferredhe sample withpa, = 17.9%. However, up t@ps-pveau =
domain, as unlike the nanoparticles, they do not modify the 33.8%, new coexisting gyroid and cylinder phases are observed
degree of segregation but only affect the volume expansion of at higher temperatures as shown in Figure 7 (broad higher order
the target domain, causing a horizontal shift in the phase peak at 85°C is due to the overlap of peaks corresponding to
diagrame® At ¢ps-pyveiau = 34.4%, the orderorder transition QIQ* = /7 and~/46/6).
temperature (OOT) increases from 70 in neat PSPVP to The phase behavior of P$VP/Au complex in toluene-at
85°C in PS-PVP/Au. This can be attributed to the swelling of ¢ay = 36.8% is shown in Figure 5e. For this sample an order
PS domain by the nanoparticles, which is reminiscent of the to disorder transition occurs at lower polymer concentration in
behavior of the selective solvents. However, while the solvent a wide temperature range. At this high loading of nanopatrticles
can distribute to the PVP domain at higher temperatures asa macrophase separation of nanoparticles and copolymers can
depicted in Figure 6b, the diffusion of the nanopatrticles is much occur as depicted in Figure 6¢c. However, at higher polymer
slower due to the entanglements between the chains in the graftconcentrationsdps-pvr/au > 34%) and higher particle loading,
and the matrix as well as the additional entropic penalty. This we observe the cylindrical and gyroid structures. As expected,
difference in their ability to distribute between the polymer the peak width also becomes larger especially for higher order
domains limits the changes in the overall interfacial curvature, peaks, indicating the lesser order in the system. It has been
causing slow transitions in the block copolymer phase behavior. reported that the gyroid phase is stable only in weakly segregated

Increasing temperature

(a)
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. While the solvent can readily diffuse, the entanglements and

& 0,,70% the additional entropic penalty will constrain the diffusion of
A 0,,8.8% || the nanoparticles. This dramatic difference in their ability to
B, =17.9%]; redistribute in the polymer domains limits the changes in the
0y =27.2%] | overall interfacial curvature, causing the interesting slow transi-
—— ©,,=36.8%); tions in the block copolymer phase behavior.
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