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Thermally Driven Assembly of Nanoparticles in Polymer Matrices

Philip J. Costanzo and Frederick L. Beyer*
Army Research Laboratory, Materials &ion, Aberdeen Prang Ground, Maryland
Receied February 20, 2007; Résed Manuscript Receéd March 29, 2007

ABSTRACT: Thermally responsive bulk polymer films utilizing reversible Diefdder chemistry have been
developed. Gold nanoparticles (AuNPs) were passivated with thiol-terminated poly(styeoigfethylene glycol)
(PSH-PEG) copolymer ligand, where the PS and PEG blocks are joined via a13iklsr (DA) linkage. The
ligand-functionalized nanoparticles were dispersed within a microphase-separaigubR8nethyl methacrylate)
(PSh-PMMA) block copolymer. Nanoparticle location was dictated by the compatibility of the external shell
with the block copolymer matrix. As cast, the PEG shell compatibilized the nanoparticles with the PMMA domains.
Subsequent thermal treatment caused the Biglder linkages between the polymer blocks to dissociate, leaving
the AuNPs functionalized by PS ligands. Immiscibility within the PMMA matrix caused AuNP migration to the
PS domains. Migration of the Au nanoparticles was determined using morphological characterization via small-
angle X-ray scattering (SAXS) and cross-sectional transmission electron microscopy (TEM).

Introduction composition from 100% PS to a 1:1 molar mixture of PS and

Uniform dispersion of additives to a polymer matrix has been P2VP ligands, results in the equiliprium Iocatjon of the AuNPs
extensively studied by a large number of research groups forfr(_)m the center of the PS domains to the interface bet_ween
wide variety of applications. By carefully choosing the additive, Microphase-separated PS and P2VP laméfid&e second, in
one can selectively manipulate specific physical properties Which decreasing amounts of only PS-ligand are used, generates
including impact strength, magnetic, electronic, and optical the same resuft In both experiments, the location of the AUNPs

properties, and conductivity. For example, by controlling the is (_jetermined a prio_ri by Iigand ‘?O”_‘P‘?Si“O” and coverage,
composition and molecular weight of corehell polymer which affect particle size, particle miscibility, and the adsorption
nanoparticles, one can manipulate processing parameters fof£N€rgy of the particle at the interface between microphase-
thermoplastic elastomet<Controlling the addition and disper- ~ SeParated domains. _ _ _
sion of CaCQ nanoparticles within PMMA matrices results in In this work, control over the dispersion of nanoparticle

abrasion-resistant polymer coatifgslumina and silica particles ~ 2dditives is sought both in the as-prepared materials and later,
have commonly been utilized to manipulate tensile strength, after the application of an external stimulus. Combining the

glass-transition temperatures, and impact strefigtiddition- thermal responsiveness of the DA-basedd™8EG ligand with
ally, various computer simulations have been employed to AuNPs and a P&-PMMA template should provide control over

predict not only additive location but the potential impact upon the initial particle location by the compatibility between the
physical property characteristiésto outer, PEG shell of the functionalized Au nanoparticles and the

Other research groups have focused on selectively altering aP MMA domains of the microphase-separated block copolymer.
polymer surface instead of the bulk morphology. In particular, Thermall treatment should remove thg compgubﬂgmg shell from
Koberstein and co-workers have employed selective miscibility (€ Particle and render the AuNPs immiscible in the PMMA
to control surface architectut&:15 In those experiments, the = Plock. As illustrated in Figure 1, the particles should then
key driving force for controlling dispersion was the reduction migrate at least to the interface between microphase-separated

of surface energy. Using selective miscibility as a method to PS @nd PMMA domains, reducing unfavorable enthalpic
control additive dispersion and migration, Costanzo et al. INtéractions. In this manner, therefore, it is hoped that a
functionalized AUNPs with a PB-PEG copolymer in which thermally responsive, hierarchically ordered material can be
the PS and PEG blocks were joined via a DiefMder (DA) developed.
linkage!® The functionalized nanoparticles were initially dis-
persed in a PEG matrix, but thermal treatment severed the DA Results and Discussion
linkages and resulted in the PS-functionalized AuNPs prefer- ] ) ]
entially migrating to the air/film interface. Control experiments ~ Figure 2 illustrates the structure of a gold nanoparticle
conclusively showed that immiscibility of the AuNPs in the functionalized with the DA block copolymer and the changes
polymer matrix dictated particle migration. in the ligand that occur with temperature. Below 80, the
Recently, research groups have began to employ block PEG exterior will dictate mlSCIbIth with a polymer matrix.
copolymers as templates to control the location of nanoparticle Above 90°C, cleavage of the DA linkage occurs, severing the
additives within the polymer matri¥-23 In particular, Kramer ~ PEG shell from the Au nanoparticle, resulting in a PS exterior.
and co-workers have shown that the location of AUNPs in a The ability to change the miscibility of an additive should allow
PSh-poly(2-vinyl pyridine) (PSa-P2VP) copolymer can be discrete control of initial additive location and later migration

elegantly controlled by two routes. The first, adjusting the ligand Properties. To prove this hypothesis, a B&MMA block
copolymer was employed as a templating matrix. After room-

temperature film formation, the PEG shell of the nanoparticle
* Correspondence should be addressed to Dr. F. Beyer, Army Research . . . . .
Laboratory, Attn: AMSRD-ARL-WM-MA, Building 4600, Aberdeen should dictate particle location within the PMMA domains.
Proving Ground, Maryland 21005-5069. E-mail: floeyer@arl.army.mil. ~ Subsequent thermal treatment would then result in a PS-coated
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Figure 1. Schematic for particle migration process. (A) Homogeneous
distribution of diblock copolymer structure within phase A of AB
diblock copolymer. (B) Stimulation of the thin film witiA, which
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Figure 3. Cross-sectional TEM micrographs of a B®*MMA block
copolymer M, 38kh-37k, PDI < 1.05) with 5 wt % of DA-
functionalized Au nanoparticle additive after RT film formation (A,
C, and D) and annealing at 12@ for 24 h (B). Micrographs (C) and
(D) exemplify defects caused by the addition of nanoparticles. After
annealing, approximately 82% of the AUNPs were in the correct phase.

PMMA provide a strong driving force for the particles to
preferentially segregate to PMMA. The Flofiduggins binary

releases the shell from core. (C) Compatible shell disperses within phasesegmental mixing parameter for PS and PEggg/ps is 0.0644

A, while the incompatible core migrates to phase B.

b B

1-DA-3-Au

2 B
90°C 1(0«%.}5 N Q“o ﬁs
RT - 60 °C ° o "
polymer 1

Figure 2. Functionalized Au nanopatrticle with thermoresponsive block
copolymer ligand based upon Dieldlder chemistry.

polymer 3-Au

nanoparticle that will migrate to the PS domains to reduce
interfacial energy.

Synthesis of the block copolymer-functionalized Au nano-
particles (-DA-3 Au) has been previously reportéd.Au
nanoparticles had a mean diameter of £ nm and were
functionalized with ax-mercaptow-furfyl PS linker (M, 4600
g/mol; PDI 1.14). Aa-maleimidoew-methoxy PEG linker N,
630 g/mol; PDI< 1.05) was then utilized in a DA linkage to
prepare the DA-functionalized AuNPs. Polymer films were then
prepared by dissolving a FSPMMA block copolymer in CH-

Cl, and adding a stock solution @fDA-3-Au to yield various
additive loadings. Slow evaporation of solvent-reduced drying
defects and resulted in bulk polymer films with thicknesses
ranging from 175 to 30xm. Additionally, these conditions

at room temperature, whilgpecpmma is —0.005 at room
temperaturé>26 After thermal treatment, the Au nanoparticles
should migrate to the PS domains because of the loss of the
PEG blocks from the ligands. Final particle location within the
PS domains will be dictated by the immiscibility of the PS ligand
shell on the nanoparticles and the PMMA domains; af@0
ypsiPMma iS approximately 0.01837 Although each micrograph
may contain only 2630 particles, at least 170 particles were
counted for each sample to provide statistically representative
data.

Room-temperature film formation resulted in a homogeneous
dispersion of Au nanoparticles within the BPS2MMA block
copolymer. No selectivity was observed as the ratio of particles
located in the correct phase to the incorrect phase is 22 to 25,
or approximately 47%. The lack of selectivity may be explained
by the size of the particles relative to the size of the microphase-
separated block copolymer domains. Inclusion of a particle
within a polymer domain would require significant polymer
chain rearrangement as the particle diameter, approximately 10
nm, is similar to the size of the PS and PMMA domains,
approximately 15 nm each, increasing chain stretching and
decreasing conformational entropy. A previous model study
supports this hypothesis in addition to observed experimental

allowed for phase separation to occur. The films were annealeddata®?? At room temperature, the interfacial energy between

at 120°C for 24 h, then characterized by cross-sectional TEM
and SAXS to explore the migration of the functionalized Au
particles within the P®&-PMMA block copolymer matrix. The
PS domains were selectively stained with @s@por, increasing

the PS and PMMA domains may be greater than the energy
required to include the particles within the domains, which

would cause the nanoparticles to be excluded from the matrix
and act as point defects. In addition, the room-temperature film

contrast between the PS regions (dark) and the PMMA domainsformation will kinetically trap the block copolymer in a

(light). TEM micrographs of the block copolymer materials
without DA block copolymer functionalized Au nanoparticles
are available in the Supporting Information.

Figure 3 displays cross-sectional TEM micrographs of a PS-

b-PMMA block copolymer i, 38k+b-37k; PDI < 1.05) with
5 wt % of DA-functionalized Au nanoparticles after (A) room-
temperature film formation and (B) annealing at T20for 24
h. After room-temperature film formation, the DA block

nonequilibrium state, which will reduce the likelihood of correct
particle location. Last, the molecular weight of the PEG shell,
approximately 630 g/mol, may not be large enough to demand
efficient phase separation. As has dependence upon the
molecular weight of the respective blocks, a low-molecular-
weight shell may lowey and reduce the main driving force in
controlling the initial particle locatiof?

Annealing the films at 120C for 24 h cleaves the PEG shell

copolymer functionalized Au nanoparticles should be located from the nanoparticle, resulting in PS exterior, driving the

within the PMMA domains. Immiscibility of the PEG-func-
tionalized particles in the PS domains and their miscibility in

particles to phase separate from the PMMA domains to reduce
interfacial energy. After annealing, 82% of the particles are
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BCP+AuNPs annealed
BCP+AuNPs as cast
Neat BCP annealed
Neat BCP as cast

Figure 5. Cross-sectional TEM micrographs of a B®*MMA block
copolymer M, 90k-b-90k, PDI < 1.05) with 5 wt % of DA-
functionalized Au nanoparticle additive after (A) RT film formation;
(B) annealing at 120C for 24 h. After annealing, approximately 88%
of the AuNPs were in the correct phase.

Intensity [a.u.]

consistent with the increase in PS domain thickness noted in
Figure 3. This increase in domain spacing indicates that the
particles are being incorporated into the lamellar morphology
where previously they were excluded, rather than simply moving
from one lamella to another. In the latter case, the total volume
of the lamellar period would not change because volume
: : removed from one phase would be added to the other. Here,
T P I e the increase in period indicates a corresponding increase in total
0.00 0.04 0.08 0.12 0.16 volume, which can only occur with the addition of volume to
A-l the morphology, as has been demonstrated by blending ho-
alA’] mopolymers or even nanoparticles with block copolyni&?8:30
Figure 4. SAXS data for a P&PMMA block copolymer i, 38k- The nanoparticles initially serve as defect points, which can be
b-37k, PDI < 1.05) after RT film formation (army green) and 120 observed in the TEM micrographs as multiple domains, are

anneal for 24 h (green). Data for RS?MMA block copolymer with . . . :
5 wt % of DA-functionalized Au nanoparticle additive after RT film evident and exist without long-range order. In particular, parts

formation (red) and 120C anneal for 24 h (blue). Note: Data have C and D of Figure 3 have been selected to focus on the
been offset for clarity. Additionally, not all data points are shown. correlation between particle location and the abundance of grain

boundaries and defects. Additionally, recent work from Bock-

located in the correct phase (46 to 10), indicating significant staller et al. demonstrated that grain boundaries and defects can
migration occurred. Additionally, the PS domains appear to have be stabilized by nanoparticle additivés.
increased in width. As previously noted, the relationship between patrticle size

Figure 4 displays SAXS data for the BSPMMA copolymer and polymer domain size is likely to effect initial particle
both with and without the Au nanoparticle additive. For the location and selectivity within the block copolymer template.
neat block copolymer after room-temperature film formation, In the first set of samples, the particles were large relative to
a single Bragg peak diffraction gt= 0.0201 A is observed, the size of the microphase-separated domains. If the particles
corresponding to a real-space dimension of 31.2 nm. Annealingwere small relative the domain size, the entropic penalty for
the neat block copolymer at 120C for 24 h results in a incorporating the particles into the microphase-separated do-
sharpening of the primary Bragg peak and a slight decrease inmains would likely be offset by the enthalpic gains and reduction
domain size to 29.4 nm. A second Bragg reflection is observed of surface energy. To further probe this hypothesis, abPS-
at g = 0.0608 AL, indicating long-range order typical of a PMMA block copolymer matrix with higher molecular weight
symmetric lamellar morphology. (For a lamellar morphology, was employed. Increasing the molecular weight of the block
Bragg reflections occur at integer multiples of the primary copolymer template should increase domain size and should
scattering maximum; alternating lamellae of equal thicknessesimprove the selectively of the initial particle location.
result in the systematic absence of the even Bragg refleciipns. Figure 5 shows representative cross-sectional TEM micro-
For the PS-PMMA block copolymers containing the DA-  graphs of the P&PMMA block copolymer M, 90k-b-90k;
functionalized AuNPs, the as-cast material displays a primary PDI < 1.05) with 5 wt % of DA-functionalized Au nanopatrticle
Bragg maximum corresponding to a domain size of 31.3 nm, additive after (A) room-temperature film formation and (B)
consistent with the neat block copolymer after room-temperature annealing at 120C for 24 h. After room-temperature film
film formation. formation, 54% (20 to 17) of the particles were located in the

Scattering from the AuNPs is also evident. As discussed correct phase (PMMA), a modest improvement over the lower-
previously® the contribution to the scattered intensity from the molecular-weight block copolymer matrix. Annealing the films
form factor for 10 nm spherical particles appears beginning at 120°C for 24 h results in significant and more efficient
aroundq ~ 0.03 A1 and includes the Guinier “knee” and one particle migration, with 88% (22 to 3) of the particles in the
additional fringe aig ~ 0.08 A1, The strong contribution to  correct phase (PS). This increase in segregation efficiency
the scattering data from the AuNPs masks the effect of supports the argument that the relative size of the nanoparticle
incorporating the AuNPs on the long-range order of the block is an important factor in the degree to which particles are located
copolymer matrix. However, comparison of the micrographs in the domain in which they are miscible.
in Figure 3 with those for the neat block copolymer given in SAXS data for larger-molecular-weight REPMMA block
the Supporting Information indicate that the long-range order copolymer matrix containing functionalized AuNPs is shown
is moderately diminished as a result of nanoparticle addition. in Figure 6. Characterization of the neat B®MMA block

Annealing the same sample at 120 for 24 h results in a copolymer after room-temperature film formation yields Bragg
significant increase in domain size, to 37.6 nm, which is reflections aty = 0.0101 A and 0.0304 AZ, corresponding
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Control annealed
Control as cast

Neat BCP annealed
Neat BCP as cast

=7 500 nmis

Figure 7. Cross-sectional TEM micrographs of a B®*MMA block
copolymer M, 170kb-168k, PDI < 1.05) with 5 wt % of DA-
functionalized Au nanoparticle additive after (A) RT film formation;
(B) annealing at 120C for 24 h. After annealing, approximately 90%
of the AuNPs were in the correct phase.

Intensity [a.u.]

Two primary conclusions may be drawn from the set of data
presented above. First, the relative size of the particles has a
significant effect on their inclusion in the microphase-separated
domains of the block copolymer. For the highest-molecular-
weight matrix, the particles were easily less than half the size
of either the PS or PMMA domains; accordingly, the particles
i 5 : dispersed well and the fraction incorporated into the PS domains
NEREERIFEREEENERENE RN ERE R RN after annealing was the highest observed despite the kinetic

0.00 0.04 0.08 0.12 0.16 limitations on particle migration in a high-molecular-weight
[ Al] matrix. However, when the particle size was large relative to
q the domain size, as for the lowest-molecular-weight block
Figure 6. SAXS data for a P®-PMMA block copolymer (1, 90k- copolymer, the initial dispersion was essentially random and
b-90k, PDI < 1.05) after RT film formation (army green) and 120 improved only slightly with annealing. As noted above, a large

anneal for 24 h (green). Data for RS?MMA block copolymer with - .
5 wt % of DA-functionalized Au nanopatrticle additive after RT film number of particles were observed at defects in the block

formation (red) and 126C annealing for 24 h (blue). Data have been COpolymer morphology, highlighting the limited ability of the
offset for clarity. microphase-separated polymer matrix to incorporate the particles
into the lamellar domains. Moreover, the domain size of the
to a lamellar period of approximately 62.2 nm. Annealing the lowest-molecular-weight PB-PMMA block copolymer ¥,
block copolymer at 120C for 24 h results in a sharpening of  38k-b-37k; PDI < 1.05) actually increases after annealing. If
the primary Bragg maximum and the appearance of a third the particles were always incorporated into the block copolymer
Bragg reflection aij = 0.0525 Al The observation of the ~ morphology, a change in domain size would not be expected
fifth order Bragg reflection indicates a very well-ordered because of incompressibility constraints. If material migrates
morphology. The lamellar period decreases slightly to 58.7 nm, from one phase to another, then the loss of volume of one phase
a change typical of an annealed block copolymer sample. will be offset by the gain in volume in the other, and no net

Analysis of the PS-PMMA block copolymer containing the shift should be observed. Indeed, for the two higher-molecular-
DA-functionalized AuNPs generated from room-temperature weight matrices, the lamellar period is unchanged by annealing.

film formation yields a Bragg peak corresponding to a domain Anl mcreasg t;n the Iatr;:ellarlﬁ)enc:d m;zllcate:‘h an |Increa§e Iln
size of approximately 61.8 nm, consistent with the block ;{O ume,lgnd i efr?use elrma reatmen v;/allst G'Ehortl ¥hmir\"?\lupa'
copolymer without the additive after room-temperature film ;(r)g sgg Iee c(I) d:ds%?m t?],eotg]lgcia:opgls ?ngreat rzomeierr? ers
formation; however, significant broadening of the peak is also ature alng in)((:luléled after annealin HeFr)e )':he effects of incre%sed
observed, indicating that the nanoparticles disrupt long-range ~, . . 9. - X
. . R . ¥~ chain stretching and decreased conformational entropy outweigh

order. Additionally, scattering from the individual AuNPs is . ) : . . .

i . the enthalpic benefits of incorporating the particles into the
again apparent. Annealing the sample at T2Dfor 24 h

. lamellar domains, resulting in significant exclusion of the
sharpens the Bragg peak, but in contrast to the lower-molecular- articles from the lamellar moroholo
weight PSb-PMMA block copolymer matrix, no shift is P P 9y

observed. indicating that the maiority of AUNPS Were incorno- The second significant observation is that, as hypothesized,
AN Y Jority « . P using ligands incorporating a Dieta\lder linkage allows the
rated into the lamellar morphology prior to annealing.

dispersion of the nanoparticles to be altered by simply annealing
Finally, a third block PS>-PMMA block copolymer with a  the materials. When annealed at 9D, the upper end of the
domain size of approximately 110 nm was utilized as a matrix. temperature range over which the Dielslder linkage dissoci-
Figure 7 shows cross-sectional TEM micrographs of théPS-  ates, a significant fraction of the AuNPs migrate from the
PMMA block copolymer ¥, 170kb-168k; PDI < 1.05) with PMMA domains in which they were originally dispersed to the
5 wt % of DA-functionalized Au nanoparticle additive after (A) PS domains. To ensure particle migration was being directed
room-temperature film formation and (B) annealing at 220 by compatibility between the nanoparticle ligand and polymer
for 24 h. After room-temperature film formation, 62% (73 to matrix, control experiments in which Au nanoparticles were
45) of the functionalized Au nanoparticles are observed in the passivated witho-methoxy«-mercapto PEG polymers were
correct (PMMA) phase, a substantial improvement over the performed. Here, the PEG ligands should direct alignment within
behavior for the two lower-molecular-weight block copolymer the PMMA domains regardless of the processing conditions.
matrices. Approximately 90% (32 to 4) of the particles were Figure 8 depicts cross-sectional TEM micrographs of the PS-
observed in the PS domains, the highest efficiency of the threeb-PMMA block copolymer ¥, 38k-b-37k; PDI < 1.05) with
samples characterized. 7 wt % of DA-functionalized Au nanoparticle additive after (A)
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Control annealed
Control as cast

Neat BCP annealed
Neat BCP as cast

nn . . : . 250 nm
Figure 8. Cross-sectional TEM micrographs of a B®*MMA block
copolymer M, 38kb-37k, PDI < 1.05) with 7 wt % of PEG-
functionalized Au nanoparticle additive after (A) RT film formation;

(B) annealing at 120C for 24 h. After annealing, approximately 55%
of the AuNPs were in the correct phase.

Intensity [a.u.]

room-temperature film formation and (B) annealing at 220

for 24 h. Again, after room-temperature film formation, a
homogeneous dispersion of particles within the PBMMA
block copolymer is observed. An improvement is observed for
initial selectivity as the ratio of particles located in the correct
phase to the incorrect phase is 123 to 1353%. The larger
molecular weight of a-methoxye-mercapto PEG ligands : :
compared to the PEG shell employed for the DA-functionalized v b b b
Au nanoparticles, 5000 vs 630 g/mol, respectively, increases 0.00 0.04 0.08 0.12 0.16
phase separation. Overall, the selectivity is still limited due to q [Al]

the domain size and film-processing conditions. )
. . Figure 9. SAXS data for a P®-PMMA block copolymer i, 38k-

One would expect annealing the sample to increase long- .37k, pPDI < 1.05) after RT film formation (army green) and 120
range order and increase particle selectivity; however, this is anneal for 24 h (green). Data for RESPMMA block copolymer with
not observed. After annealing the sample at 120for 24 h, 7 wt % of PEG-functionalized Au nanoparticle additive after RT film
minimal improvement upon the selectivity is observed as the formation (red) and 126C annealing for 24 h (blue). Data have been
ratio of particles within the correct phase to incorrect phase is offset for clarity.
89 to 74, approximately 55%. As previously mentioned, thermal
treatment of the functionalized AuNPs releases a low-molecular-
weight PEG polymer into the matrix, which can plasticize the
matrix and improve particle mobility. The PEG-functionalized
Au nanoparticles do not release a plasticizing agent to improve
particle mobility. Without significant particle migration, the
polymer domains do not swell, as evident from the TEM
micrographs and SAXS analysis, Figure 9.

phology has a period of110 nm, the as-cast materials show
a significant improvement in the location of the PS-b-PEG
ligand passivated AuNPs, which also subsequently migrate to
the PS domains upon annealing. Control experiments verified
that the PS-ligand fragment left on the particle after the Biels
Alder linkage is broken is required for particle migration.

Experimental

Conclusion Materials. All materials were purchased from commercial
) ) ) sources and used without further purification. Au nanoparticles
Gold nanoparticles with a mean diameter of 10 nm were functionalized with PEG-PS block copolymers containing DA
passivated with P8-PEG block copolymer ligands in which  linkages were prepared as previously repotfed.
the PS and PEG blocks were joined via a Diefdder (DA) Instrumentation and Analysis. Bulk films were prepared by
linkage. Using P$-PMMA block copolymers as a templating  slow solvent evaporation from dilute solutions of B&RMMA
matrix, the DA-functionalized AuNPs were dispersed within the copolymers with various wt % loadings of functionalized Au
block copolymers. The location of the particles in the as-cast Nanoparticles in dichloromethane. Bulk films were embedded in
films was determined by interactions between the ligand shell EPOFix, epoxy-based resin, which cures at room temperature.
of the AUNPs and the PBPMMA copolymer and the size Specimens for transmission electron microscopy (TEM) were
disparity between the nanoparticles and the lamellar domainsprEp""rec}I by cutting sections approximately 30 nm thick using a

Leica Ultracut UCT microtome and a diamond knife utilizingQH

of the microphase-separated matrix. Where the particle dlameterwas a trough liquid. Sections were collected upon Formvar-coated

was comparable to the lamellar thickness, the AuNPs were tgp grids and stained with Os@or 1 h. Bright-field TEM data
randomly dispersed with no preference for either the PS or were obtained using JEOL 200CX operated at 120 kV accelerating
PMMA domains in the as-cast bulk films. After annealing, a voltage. Small-angle X-ray scattering (SAXS) data were collected
majority of the AuNPs were found either in the PS domains or using the Army Research Laboratory SAXS instrument, which
at the interfaces between the PS and PMMA domains. Annealingconsists of a Rigaku Ultrax18 rotating Cu anode X-ray generator
cleaves the PEG from the Au nanoparticle, creating a PS- (operated at 45 kV, 100 mA), a customiz& m three-pinhole-
functionalized nanoparticle exterior. The AUNPs then migrated collimated camera, and a Molecular Metrology multiwire area
to the PS phase to reduce interfacial energy. Particle Iocation?e.ltef.cltor' (ihziractensnlg CU(;]KX-rays lwere dseleCted d.usmg a Ni
and migration was dependent upon the composition and oil filter (4 = 1.542 A). The sample-to-detector distance was

. . L approximately 1.5 m. The raw 2D data were corrected for
molecular weight of the ligands employed. Additionally, a background and detector noise prior to azimuthally averaging.

swelling of the polymer domains was observed when a corrected 1D data are presented as intenkig), as a function of
significant number of functionalized Au nanoparticles were the magnitude of the scattering vectqr,whereq = 4-sin(6)/4,
localized within a single domain. For a higher molecular weight 20 is the scattering angle, arids the X-ray wavelength. Absolute
PSb-PMMA copolymer matrix, for which the lamellar mor-  scaling was achieved using type-2 glassy carbon as a secondary
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standarc? All data correction and analysis were performed using (13) Jalbert, C. A.; Koberstein, J. T.; Hariharan, A.; KumarMacro-
Wavemetrics Igor Pro v. 5.04B. moleculesl997 30, 4481-4490.
(14) Mason, R.; Jalbert, C. J.; O'Rourke-Muisener, P. A. V.; Koberstein,
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