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ABSTRACT: We demonstrate the versatility of anomalous small-angle X-ray scattering (ASAXS) to investigate
the morphology of bulk multicomponent composites comprising poly(strybeRednylpyridine) (PS-PVP) and

Au nanoparticles. Contrast variation near thgdbsorption edge of Au enables the separation of the partial
scattering functions of the polymer and nanoparticle phases. Theoretical and experimental methodologies developed
for our ASAXS analysis of the composites will be useful for the investigation of other such multicomponent
systems with heavy elements. This study shows that at 8.8% Au loading the Au nanoparticles remain well dispersed
in the lamellar polymer matrix, while at 27.0% Au loading the polymer morphology transforms to a hexagonal
packed cylinder phase due to the change in the curvature caused by the higher concentration of the dispersed
nanoparticles in the PS domain. In the case of 27.0% Au nanocomposite we also observe strong concentration
fluctuations of nanoparticles in the polymer phase, with a hierarchical structure containing mass fractal aggregates
and particle-particle correlation as evidenced by tQe?4 power law scattering in the lo® and a liquid-like

peak at the higlQ regions of the scattering signal from the nanoparticles.

Introduction shapes and densities of the individual components by making a
certain component visible or invisible to neutron scattering. A
similar contrast variation can be done with SAXS by manipulat-
ing the electron density of the solvents using glycerol or sucrose,
as done in the study of aqueous dispersion of ionic PS/PMMA

Nanocomposites offer as future advanced materials exploiting
the unique electroni®2 magnetic and mechanical properties
of the nanoparticles, and their synthesis requires the ability to
control the state of dispersion and ordering of nanoparticles in | icleds H v limited bl
appropriate matrices. Recently, block copolymers have been atex. particles” However, only limited systems are amenable
shown to serve as versatile platforms for dispersing nanoparticlesto this SAXS method.
in polymer matrices. This technique, based on the self-assembly Another contrast variation method that is unique to SAXS
of nanoparticles in one microdomain of the block copolymer €xploits the variation in the atomic scattering factor of elements
followed by its microphase separation, enables the preparationnear their X-ray absorption edges, and this is useful for the
of nanocomposites with particles organized in a variety of characterization of systems with high atomic number elements.
polymer morphologies. Although several theoreficaland In the vicinity of a characteristic X-ray absorption edge of an
experimental studies have been recently repdttéd,the atom phase shift occurs between the absorbed and emitted rays.
morphologies of the polymer phase and the nature of dispersionThe magnitude of the phase shift depends on the power of its
of nanoparticles in the composites prepared at different condi- absorption that varies as a function of X-ray energy, known as
tions have not been thoroughly studied using neutron and X-ray the anomalous dispersion. In X-ray crystallography, multiwave-
scattering techniques that can provide more relevant statisticallylength anomalous diffraction (MADY,8 wherein diffraction
averaged information on the hierarchical nanostructural featuresintensities are measured at different energies in the vicinity of
in the composites. an absorption edge of an element, has been widely used. The

The small-angle scattering techniques using X-rays (SAXS) variation of intensities of reflections associated with the
and neutrons (SANS) are powerful tools to probe the nanoscaleanomalous scatterer as a function of X-ray energy enables
structural features in complex materials. Although the basic solving the phase problem.
principles of scattering are the same, the contrasts are quite The anomalous dispersion when applied to the SAXS region,
different for these probes. The differences between the scatteringanomalous small-angle X-ray scattering (ASAXSallows
length densities in SANS and the electron densities in SAXS contrast variation that is useful for the characterization of
of particles and the surrounding matrix determine the scattering nanostructured materials. On the basis of the extensive use of
contrasts. The scattering contrast can be varied in SANS by MAD technique in protein crystallography, it is reasonable to
manipulating the deuteration levels of either the solvent/matrix expect that the ASAXS was also widely used. However, its
or solute or both. In multicomponent systems, contrast variation gpplications in materials research have been fairly limited due
SANS with deuterium labeling enables the determination of the to the following reasons: (1) Unlike the MAD technique in

protein crystallography with Se-labeled amino acid residues, the
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more difficult to deconvolute the form factors than the structure + nyfy(E), where C and H correspond to carbon and hydrogen
factors in the diffraction regime as in the MAD technique. (3) atoms. The electron densities of PS and PVP are 0.340 and 0.366
The structures in the nanocomposites are less ordered orA~3, respectively, and they are energy-independent at X-ray
disordered, and since the measured wave vector space in SAXSnergies near the L edges of Au. On the basis of a face-centered-
is quite small, the data are useful more as a tool to vary the cubic phase of Au with a unit cell dimension of 4.078 A and
contrast to infer the presence of a given element rather than forna, ~ 0.059 A3, its electron density is-4.66 A3 at energies
detailed structural analysis. (4) Limited facilities that can provide far away from its absorption edge where the anomalous
high-energy resolution and precision to accurately measure bothdispersion is negligible.

the absorption and scattering data as well as adequate data In the vicinity of an absorption edge of an element, the atomic
collection, data reduction, and analysis tools for the ASAXS scattering factor strongly depends on the X-ray eneBy (
experiments.

Recently, Dingenouts et &.reported an ASAXS study of fAu(E) = fo.au + fau(E) + ifx,(E)
aqueous ionic solution of spherical polyelectrolyte brush .
composed of a solid polystyrene (PS) core and a shell consisting =1 alB) T ifRu(E) )

of densely grafted linear poly(acrylic acid) chains and rubidium
counterions. They presented experimental and theoretical methwherefo is the nonresonant term afitlandf " are the energy-
odologies for a quantitative analysis of the structure factor dependent real and imaginary parts of anomalous dispersion.
associated with the core and shell as a function of X-ray energy In the case of ASAXS experiments of the PBVP/Au
that led to the determination of the electron density distribution composites the scattering contrast can be varied by measuring
along the radial direction from the particle core. Characterization the SAXS data using different incident X-ray energies in the
of hybrid materials such as bulk copolymer/inorganic nano- Vicinity of the Ls absorption edge of Au. To obtain the partial
composites is far more challenging due to the fact that they Scattering functions from the measured ASAXS data of the
have several scattering centers with different length scales andcomposites, we develop formalisms for two scenaricase |:
disorder. Depending on the structural features in these materialsPSSH tethered Au nanoparticles are dispersed only in the PS
different formalisms will be necessary to delineate the partial domain of the block copolymer (see Figure 1a); case Il: particles
scattering functions of different species from the ASAXS data do not disperse in the polymer matrix but form macrophase-
as described below. separated domains (see Figure T}

Here we report the application of ASAXS to investigate the ~ Case I. For the bulk composites with well-dispersed Au
morphology of the polymer phases and the nature of dispersionnanoparticles in the PS domain of PBVP (see Figure 1a),
of PSSH (thiol-terminated PS) tethered Au nanoparticles in bulk the conventional SAXS intensity can be expressed as
poly(styreneb-2-vinylpyridine) (PS-PVP) diblock copolymer

composites. We present a method to separate the partial 1(Q) = S,(Q)lp,Fp(Q) + ngg(Q)|2
scattering signals from the Au nanoparticles and the polymer
phases from the measured ASAXS data of the nanocomposites. = S(Q(o, Fy + 2pp0gFoFg + Py Fy) (3)

To demonstrate the efficacy of our ASAXS methodology, we
use two nanocomposites with different Au loading as examples whereS,(Q) is the structure factor of the block copolymeg:
that represent two distinctly different organizations of particles (Q) is the scattering amplitude of the copolymer, d&Q) =
in block copolymer matrices. F14Q)Y e ' is the scattering amplitude of the dispersed Au
nanoparticles, wher is the number of Au particles in the PS
Theory domain,d; is the relative distance dth particle from the center
In general, the contrast that contributes to the SAXS signals of mass of the PS domain, aifid ((Q) is the form factor of a
is the square of the electron density difference between thesingle Au nanoparticle.
particles and the matrix. The electron density of the particles  For the ASAXS experiments near the absorption edge of Au,

or matrix at an X-ray energf can be calculated using eq 3 can be expressed as a function of nonresonant and resonant

terms:
N
pe= D MHQ=08) @) QE) = S(Q(Fyr + Mafan(ENF(Q) — vaFo( QI

_ 2 q

where the scattering vect@ = 4 sind/l; 26 is the scattering SQFwR+ ZnA”FNR[Fzg(Q) vA“Fb(Q)]fA”(E);_

angle andi the wavelength of X-rays, and andf; are the M TF(Q) — vadFo(QIfa“(E) (4)

number density and the scattering factori®bfatom amongN

types of atoms in a domain. In the case of polymers; NipNa/ whereFnr = pb,oFb + (Naufo,au — pe,pd(Fg — vauFb) andfo ay

M, whereN; andM are the number df" atoms in a monomeric is the nonresonant term of the scattering factor of Au. It can be

unit and total molecular weight of the unit, respectivayis seen that eq 4 is similar to eq 12 in Dingenouts et%xcept

the bulk density, antla is the Avogadro number. In PSPVP for the imaginary term of the anomalous dispersion that has

nanocomposites with Au particles dispersed solely in the PS been neglected due to its extremely small contribution to the
domain SAXS signals arise from two different scattering scattering signal. For a well-dispersed system the structure factor
sources: the electron density difference between Au and theof the block copolymer$,(Q)) convolutes (see eq 4) with both
surrounding PSeg(E) = peau — pe,ps and that between PS and  the scattering intensity of the Au particles and the cross-terms
PVP in the block copolymerp, = pepvp — Pe.psiau= Pbo — involving the scattering amplitudes of the Au partickg)(and
vauPg, Whereppo = pepvp — pe,psand pepsiauiS the average  the polymer matrix ). Since the cross-term has information
electron density of the PS domain containing Au whose volume on the relative position of particles in the matrix, its extraction
fraction isva, in the domain. The electron densities of Au and is the key to delineate information on the nature of dispersion
PS respectively argeau(E) = nNaufau(E) andpe pE) = ncfc(E) of the particles.
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Figure 1. Schematic of the structural models of block copolymer/nanoparticle composites. Nanoparticle locations and the structure of the block
copolymer are correlated: (a) particles are dispersed homogeneously in one domain of the block copolymer; (b) particles are located at the interface
between the two phases of block copolymer. Nanoparticle locations and the structure of the block copolymer are uncorrelated: (c) particles randomly
distributed in the matrix; (d) particles macrophase separated from the block copolymer. (e) Nanoparticles are well dispersed in one domain of the
block copolymer, and the excess form macrophase-separated domains.

Case II. In composites consisting of a polymer phase and a wherelng = pb,FSH(Q)F?(Q) + (Naufo.au — pepd?Fg?. It can
macrophase-separated domain of nanoparticles (see Figure 1dhe seen that egs 4 and 6 are second-order polynomidls§ of
the SAXS signal is the sum of the contributions from the but with different coefficients. In eq 8,(Q) does not convolute

polymer phase and the PSSH tethered Au particles: with the scattering signal of Au particles. Hence, the scattering
signals for the polymer and nanoparticle phases can be separated
1(Q) = pb’OZFOZ(Q) + pnggz(Q) (5) by a simple subtraction of the SAXS data measured at two

different X-ray energies, for example, one near and another

. . ~200 eV below the edge where the resonance effect is
Equation 5 as a function of nonresonant and resonant terms

relevant to the ASAXS experiments becomes negligible.
Intermediate situations such as particles dispersed at the
I(QE) = 14r(Q) + 2na,(Masforu — Pep gng(Q)f"Au(E) + interfaces of the microphase-separated PS and PVP domains

2 D) e 2 (Figure 1b), random distribution of the nanoparticles in the
NauFg (Qfa(E) (6) polymer matrix (Figure 1c), and particles existing as dispersed
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in the polymer phase as well as macrophase separated (Figureising a double-subtraction method by using SAXS data
1le) can be dealt with using the formalisms for cases | and Il. measured at an intermediate enegthat satisfies the condition
The major difference between cases | and Il is the existence of pg X(E1) — pg YE) = pg XE) — pg YE2), or py(Ei) is the
correlation between the structure of block copolymer and harmonic mean opy(E1) and pg(E2) [pg(Ei) = 2p4(E1)pg(E2)/
positions of nanoparticles. Models in Figure 1a,b belong to case (pg(E1) + pg(E2))]. A double-subtraction leads to

I, those in Figure 1c,d to case Il, and that in Figure 1e to the

combination of both case | and case Il. Below we show that I(QE) I(QE) I(QE) I(QE,)
ASAXS can readily elucidate the structural characteristics of ds1= |3 ) I YN
the particle and polymer phases with the complex system in Py (Ey) Pg (E) Pg (E}) Pg (E)
Figure 1e.

’ = P SQFy’ (©)
Analysis

Equations 4 and 6 are quadratic formsféfwhose values ~ Wherepa = sz(El_)pgfz(El_) + poA(Epg (E2) — pg’(Ei)pg *(E).
can be measured experimentally (see next section) or taken fromEXtraction ofFq® is possible whema, < 1 and thusgb ~ Poo
McMaster table€223and the coefficients of’ can be derived !N this work, va, = 0.01. Likewise, delineation df,” requires
by fitting the measured scattering intensity values at different Measured data at three energies such pgdy) — pg(E) =
X-ray energies at a give®. For the fitting method with a  Po(E) — po(E2), or pg(Ei) is the arithmetic mean qdg(E,) and
quadratic equation to work well, the measured scattering Po(E2) [Po(E) = (pg(Er) + pg(E2))/2]. A double subtraction of
intensities as a function df in a given energy range should the data with no normalization for the contrast leads to
exhibit a nonlinear behavior. It should be noted thavaries

strongly only at energies very close to the edge &inthardly lgs 2= [(Q.E) — I(QE)] — [(QE) — HQE)]
varies below the edge (see Figure 2 in Dingenouts &) alf . 2
thef’ values are taken from the McMaster tables, they have to = S(Qeslpg(Er) — py(E)Fy (10)

be smeared for the finite energy resolution of the monochro-
mator, and the effectivEl values as a function of incident X-ray ~ Where ps = pg(E1) — pg(Ei) = pg(E) — po(E2). Equation 10
energy should be used for fitting the ASAXS data. However, shows that the intensity resulting from the double subtraction
the extracted coefficients should be associated with either eq 4corresponds to the form factor of the nanoparticle phige [
for the correlated structures (case 1) or eq 6 for the uncorrelated(Q)] convoluted by the structure factor of the polymer matrix
structures (case Il) on the basis of the proposed models for the[S(Q)], but the cross-term involving the scattering amplitudes
system. In addition, if the intensities at a giv@ras a function ~ of the matrix and the nanoparticles in eq 8 gets removed.
of effectivef ' values do not exhibit a nonlinear behavior, then Elimination of form factor is critical as in any scattering
one has to resort to subtraction methods developed in this pape€xperiment the convolution of form factors of multiple scattering
described below. It should be borne in mind that subtraction species especially with similar size will make it difficult to
methods usually lead to poor statistics, and hence the measuregharacterize the system. Sin&(Q) will have peaks corre-
ASAXS data should have high statistical precision. sponding to the polymer morphology and oscillates about 1 at
The decomposition of the ASAXS data into partial scattering higherQ, it can be identified and separated to yield the scattering
functions requires subtraction of measured intensities at differentsignal for the nanoparticle phase.
X-ray energies by two methods: (1) subtraction after the Case Il. In contrast to case |, the single subtraction method
normalization for the contrastk,1, and (2) subtraction withno ~ for the macrophase separated system (Figure 1d) yields both
normalization for the contrasts,». It will be seen that the former ~ F¢? andFy? as follows:
(Is,2) will lead to the scattering function associated with the form

factor of the polymer phas&¢?) while |s» with the nanoparticle 2(E) — p (E 2
hase F 2) S, I — (pg ( 2) pg ( 1))pb,0 SO(Q)F 2 (11)
p g sl 2E o AE b
Case |. Subtraction can be done using the SAXS data Py (Edrg (E2)
measured at an ener@y that is far away from the edge and at ) ) )
an energyE; near the edge in order have the maximum contrast ls2= (pg (E)) — pg (Ex)Fy (12)
_IQE) 1QE) A double-subtraction method under the same conditions used
1= '
s PgZ(El) pgz(Ez) for case | for the three energies leads to
. sz(E1) sz(Ez) 2 Po(ED)  po(Ep) lgs 1= PagQ)sz (13)
-5Q 0 AE)  piE) L +2P(E)_P(E2) oo
1 9 _
’ ’ ’ ls2= 2 (og(ED) — pED)Fy (14)
(7)
ls2=1QE) — 1(QE) Equations 9 and 13 show thii 1 ~ S,(Q)F2 in both cases |
_ 2 2 2 and Il (either correlated or uncorrelated). When the distribution
= S(Qllpg (ED) — pg (B)Fg™ + 2(0(EDrg(ED) — of the particles is uncorrelated with the structure of the block

(BDpy(Ex))FyFy + (pr(El) - pr(EZ))ng] (8) copolymer (case Il)lgs Q) ~ 1s,1(Q) andlys {Q) ~ 152(Q). Of
course, for a completely phase-separated system in Figure 1d a
Equations 7 and 8 show that with a single subtraction method double subtraction for case Il is only an academic exercise as
the extraction ofFg? and Fy? is still not possible due to the it is usually not necessary as the single-subtraction method
convolution of the structure factor of the polymer phase and already yields the scattering functions for the two distinct phases.
the cross-terms involving the scattering amplitudes of the However, if the intensities from the single- and double-
polymer and particles. However, it is possible to extriagt subtraction methods are different, as observed in the case of
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27.0% Au nanocomposite discussed later, it gives clues to the E — T
complexity in the system in its organization. ] F

Experimental Section

Sample Preparation.For the synthesis of Au nanoparticles and
PS-PVP/Au composites we follow the procedure developed by >
Yee** and Chiu et al'? respectively. Briefly, Au nanoparticles were 4
synthesized by the reduction of hydrogen tetrachloroaureate(lll) &2
trinydrate (Aldrich Chemical Co., Inc.) using 1.0 M lithium
triethylborohydride in THF (Aldrich Chemical Co., Inc.). To @
stabilize nanoparticles, PSSHA{ = 1500 g/mol, PDI= 1.10,

Polymer Source, Inc.) is used as a protecting agent. Particles weremy
purified by using methanot(99.8%, Aldrich Chemical Co., Inc.)

to remove the residual ions and unbound thiol groups. SANS of

the purified PSSH tethered Au nanoparticles in THF yielded a
diameter of~3.6 nm2® To prepare PSPVP/Au composites, Au
nanoparticles were redispersed in a THF solution containing PS

PVP M, (total molecular weightj= 71 000,fps (volume fraction

of PS in PS-PVP) = 0.68, PDI (polydispersity indexy 1.07,
Polymer Source, Inc.]. The enthalpic interactions between the PS
grafts and the block copolymer allow them to sequester in the PS Figure 2. Representative SAXS data of an EXAFS standard Au foil
domain. We prepared PFVP/Au composites with two concentra-  composed of Au particulates measured at incident X-ray energies of
tions of the PSSHAU particlesga, = 8.8% and 27.0%d{x, = 11.§3(83quare), 11.919 (circle), and 12.0 keV (triangle). The data exhibit
Vaul(Vps_pvp + Vau), WhereVps pyp and Va, are the volumes of a Q38 power law, and the intensity at a givéhin the low Q region

: : : monotonically decreases with increasing energy toward trezle of
PS-PVP and PSSHAU nanoparticles, respectively), representing Au due to the decrease in the number of electrons contributing the

two distinctly different particle distribution. Corresponding average gcattering contrast. On the other hand, the scattering intensity at the

volume fractions of pure Au in PSPVP from TGA are 0.15%  highQ region increases with increasing X-ray energy due to monotonic
and 0.46% for the two samples. Composites with a film thickness increase in the fluorescence background.

of ~20um were cast on mica and epoxy substrates for the ASAXS

and TEM measurements, respectively. Samples were then anneale§AXS patterns of the Au foil at three energies near thedge

at 150°C for 3 days. of Au. The measured data exhibitRr38 power law scattering
ASAXS. A quantitative ASAXS analysis requires information i the low Q region. As expected, the scattering intensity at a

on the atomic scattering factor of Au that can either be measured given Q in the low Q region monotonically decreases with

or rigorously calculated. We measured its value using an EXAFS . 044ing energy, and the lowest intensity occurs at an incident
standard Au foil composed of Au particulates. Scattering data were X- | ! to the ed On the other hand. the flat
measured for the Au foil and the P®VP/Au nanocomposites with ray energy close to the edge. n the other hand, the Tla
dau = 8.8% and 27.0% in a transmission geometry at 12-ID SAXS background signal, dominated by the fluorescence, at the high

beamliné” at the Advanced Photon Source at Argonne National Q region has the lowest intensity up until the edge energy and
Laboratory. For the Au foil, ASAXS was performed with 0.1 s shoots up and remains high at and above the edge. It should be
exposure time in the range of 182 keV in 1 eV steps. Forthe  noted that while the SAXS intensity is proportional to the
nanocomposites, the ASAXS data were measured for 10 s pernumber density and square of the volume of particles, the
exposure at 14 different X-ray energies near the Aedge, 11.919  fluorescence signal is proportional to the number density of the
keV. Routine procedure was followed to reduce the scattering anomalous scatterers in the system.

data by taking into account of the incident flux, absorption, dark  The contrast ration and the fluorescende as a function of

current of the monitors, and the position-sensitive CCD area detector . . s :

and sample thickness. Although it is desirable to have the ASAXS energy for the Au .fO'l were qptalnei by f|tt|n91eq 15 using the
easured scattering intensities@t= 0.02 A1 at over 200

data placed on an absolute scale, the methodologies presented here ™. :
can be used on data with no absolute calibration. incident X-ray energied (Q,E)] and that at the reference energy

SAXS data on Au foil composed of Au particulates exhibits a E. = 11.8 keV [(Q,E)]. The values fom derived from the fit

power law scattering behavior in the Id@wegion (Figure 2). Since ~ are shown in Figure 3a. By using the energy-dependent
the scattering contrast for particle scattering fis(E), the theoretical scattering factor for Au from the McMaster table,

scattering intensity at a given energy below, but in the vicinity of we also calculated the contrast factar= f1 Al(E)f1ad2(EL)
the edge, can be described to be proportional to the intensity at aand the theoretical curve is also shown. The excellent agreement

reference energg., as follows?® between the measured and calculatedhalues at the absorption
edge indicates that the energy resolution of the monochromator
I(QE) =mIQE) + F(E) (19) is adequate for this study. In Figure 3b, we show the fifted

, , N _ values and the fluorescent background along with the absorption
wherem = p¢*(E)/pg*(EL); herepq (electron densities of Au particle  gpectra. It is clear that the measured fluorescence background
with respect to its surrounding matrix PS) is the contrast ratio and a4 resemble the absorption spectra. Minor deviations between
F the the fluorescence signal thaiQsindependent in the range of  yon) ot energies above the edge presumably are caused by the
this experiment. Since the matrix of the Au particulates in the self-absorption

EXAFS foil is air, them value of the foil isf; a2(E)/f1,a%(EL). ) . .
TEM. TEM images on the morpholog;A(l)Jf(cér;’sggitlé)s were  While the ASAXS contrast for the Au particulates in the
obtained using a JEOL 2000 FX Il microscope operated at 200 EXAFS foil will be constant at alQ values, regardless of their
kV. Thin film samples cast on epoxy were cross-sectioned, followed size, for the PSPVP/Au composites it will be different and

by selective staining of the PVP domains using iodine vapor prior strongly depend on the sizes of the polymer phase and the Au

to the measurements. nanoparticles. For instance, if Au particles are much smaller
. . than the structure of block copolymer and are homogeneously
Results and Discussion mixed in the PS domain, one can neglégtin eq 3, and

Atomic Scattering Factor. Figure 2 shows representative therefore the contrast would be the difference betwegse
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Figure 3. (a) Contrast ration values as a function of incident X-ray
energy for the EXAFS standard Au foil (open square) obtained by using
the measured scattering intensitiesQat= 0.02 A1 at ~200 incident
X-ray energiesl{Q,E)] and a reference enerdy = 11.8 keV |(Q,E))]

to fit eq 15. By using the data from the McMaster table, we also
calculated the contrast factor= f; o (E)/f1a2(EL), and the theoretical
curve is shown as a solid line. Fitted values for the PSPVP
composites with 8.8% and 27.0% Au loading (filled squares and circles)
from the measured SAXS data @ ~ 0.07 A™* using 14 incident
energies and a reference eneigy= 11.758 keV. The dotted lines
are calculatedn = (pg(E)/pg(EL))? values for the composites assuming
Po(E) = peau — peps (D) FittedF values (filled squares and circles) of
composites and an EXAFS foil (open square). Solid line is the
absorption of the Au foil as a function of incident X-ray energy.

andpe ps/auin the Q range of this experiment. Since the length
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Figure 4. Ratio of intensities at a giveQ for different incident X-ray
energies with respect to a reference enefgyas a function of the
effective scattering factdes: We chose intensities & = Q* (0.0132
A-Y) (closed) for the PSPVP phase and & = 0.073 A1 (open) for
composites with 8.8% (square) and 27.0% (triangle) Au loading.

We determine th& a, values by using the fitteth values of
the composites in Figure 3a and the theoretfgal, value of
66.537 from the McMaster tabR<8 at the reference energy
11.758 keV. This experimentally derivéda,(E) values come
out as smeared by the energy resolution of the beamline
monochromatof® and we hereafter will refer to them &g
(E). The effective dispersion terffia can be calculated using
the fe(E) andfp values of Au.

ASAXS Analysis. Figure 4 presents the ratio of intensities
at specificQ values for different incident X-ray energies with
respect to the intensity at the reference enegy(,L1.758 keV)
vs ferr. Intensities at two representati@epositions are shown:
Q= Q* =0.0132 A1[Q* = 2x/d*, whered* is d-spacing of
PS-PVP] andQ = 0.073 AL, where the scattering from PS
PVP and Au particles are dominant, respectively. The ratio is
the lowest near the edge where the anomalous dispersion factor
ot IS high, and it increases with decreasing incident X-ray energy
where the effect ofs will monotonically decrease (see Figure
4). Contrary to expectation based on eqgs 4 and 6, the curves in
Figure 4 exhibit only a linear behavior. The significant slope
exhibited by the data & = Q* in Figure 4 where the polymer
scattering is dominant suggests that Au particles do make

scales of the polymer and the nanoparticles are different as insignificant contribution to the scattering intensity corresponding

the present case (domain spacing of block copolymer56
nm and the radius of Au particle 181.0 nm), scattering signals
from those features appear at differ€ntanges. The scattering
intensity from the PSPVP is dominant a@ < 0.02 A~ while
that from the Au nanoparticles & > 0.05 AL Thus, the
ASAXS contrast for the Au species at the hi@tregion ispg-
(E) = peau — peps Whereas that at the lo® region would be
Po(E) = pe.pvp— Pepsiau Provided that the Au particles are quite
small and homogeneously mixed within the PS domain.

We fitted eq 15 using the SAXS data of two composites
measured at 14 energies and that at the reference eBergy
11.758 keV atQ ~ 0.07 AL, where nanoparticle scattering
signal is dominant, and plotted andF values in parts a and b
of Figure 3, respectively. We also present the calculated
values for the composites assumipgE) = peau — pepsin
Figure 3a. It can be seen from Figure 3a that the fittedlues
are independent of the concentration of Au nanoparticles.

to the polymer phase. Thus, the Au particles, by virtue of their
distribution in the PS microdomain, are correlated with the
morphology of PSPVP [see egs 3 and 5, wherein the scattering
intensity consists of a term involving a productfgfandS,(Q)

in eq 3 but not in eq 5]. However, the slopes corresponding to
Q* are smaller than that & = 0.073 A1 where the signal
from Au is dominant. This is because the scattering contrasts
for the Au-containing polymer phagg(E) = pb0— vaupg (When

Au is homogeneously mixed with PS) and the Au partiglgs

(E) = pe.au — pepsare quite different. It can be seen in Figure
4 that the slopes in the values vdes data corresponding Q@

= 0.073 A* are identical for both composites. However, the
slopes corresponding @ = Q* for the Au-containing polymer
phase are similar, but smaller. Similar slopes are unexpected
for the two composites as at th@@ the contrasts for the Au
containing polymer phases should be different due to the
difference in the Au composition in the two composites. The
lack of composition dependence could be due to a combination
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1(0) (a.u.)

1(0) (a.u.)

Figure 5. Scattering intensities normalized by threvalues (lines) aE = 11.919 (red) and 11.758 keV (black) and single and double subtracted
intensities (open squares) for the (a) 8.8% and (b) 27.0% Au composites.

of factors such as finite size of Au aggregateshose scattering
signal extends and continues to be domina® at Q*, disorder

in the polymer morphology, and nhonhomogeneous distribution
of Au nanoparticles in the PS domains.

Because of the absence of nonlinearity in the curves in Figure
4 that prevents the use of fitting with a polynomial function, ]
we resorted to the subtraction methods discussed above and th w 1004
derived four subtracted intensities from egs1D for the 8.8% [ E
Au composite are shown in Figure 5a and those from egs 11 o ]
14 for the 27.0% Au composite in Figure 5b. Subtracted ey 104
intensitieds ;and,ls o were obtained from two patterns measured ]
atE=11.758 E;) and 11.917 keVHK,), and double subtracted 1
intensitiesl 4s :and, l4s 2 Wwere obtained from three patterns with 15
two at the above two energies and an intermediate one at 11.89: i -
keV (E). The measuredLs values of Au nanoparticles at the oj]l 0.1
above three energies in ascending order are 66.54, 62.93, ant 1
58.95 (correspondingg values are 3.59, 3.37, and 3.14 % Q (A’ )
respectively), and these values satisfy the condition for both
the double-subtraction intensitikg ; andl s 2within ~5% error. Figure 6. Partial scattering functions of Au nanoparticle in 8.8% (open

: . - circle) and 27.0% (open square) Au composites. Solid lines are fits
As expected]siand, ls2 in Figure 5a,b have better statistics using a form factor for polydisperse spheres and a hard sphere structure

thanlgsiandlgsa While the former set enables identification  factor. Inset shows the particle size distribution of the pure Au particles
of the morphology of the polymer, the latter set provides (without accounting for the tethered polymers) with a mean diameter
separated partial scattering functions of the phases. The dips irof 1 nm. The 27.0% Au composite has mass fractal aggregates as
ls »aroundQ = Q* for both samples suggest that the scattering evidenced byQ 24 a power law scattering in the lo® region.

signals of the Au particle and the block copolymer are correlated.  Organization of Nanoparticles The double subtracted

In addition, Is 1 helps to identify the higher order peaks (see intensitieslyscorresponding to the partial scattering functions
Figure 5a) and hence the morphology of the block copolymer. of the Au nanoparticle phases in 8.8% Au (Figure 5a) and 27.0%
Sincelgs Q) andlys {Q) are not proportional tds (Q) andls > Au (Figure 5b) are plotted in Figure 6. While 8.8% Au
(Q), respectively, for composites with 8.8% (Figure 5a) and composite does not show any power law scattering, the 27.0%
27.0% (Figure 5b) Au loadings, it can be concluded that both Au composite exhibits a power law exponendf —2.4, which
composites contain correlated domains. The structure factor ofsuggests the existence of aggregates of Au nanopariftiés.
block copolymer,S,(Q), of the 8.8% sample is clearly visible  According to fractal theory of aggregatiéhthe exponents of

in lgs,2(Figure 5a), which again evidences the presence of highly —1.75 and—2.08 correspond to a diffusion-limited and reaction-

10000 +

1000

correlated structures. Although it is less visible in the curve limited aggregation without rearrangement, respectively, and an
for the 27.0% Au composite, the presence of a dip inlthe exponent of-2.4 to a reaction-limited clustercluster aggrega-

(Q) curve in Figure 5b is a clear indication of the effectSf tion with rearrangement. In the aggregated domains, because
(Q) convolution. It is likely that the presence of the power-law of the enthalpy of mixing, the PSSH tethered Au nanoparticles

scattering from the aggregates at the sa@neegion asS,(Q) are segregated into domains and the smaller exponent is likely

makes the peak less visible. On the basis of these observationsgdue to the large volume occupied by the PS species of the close-
we surmise that the 27.0% Au composite resembles the modelpacked Au nanoparticles. The broad pealQat 0.08 A1 in

in Figure 1e consisting of both correlated (case 1) and uncor- the SAXS data of the 27.0% Au composite provides evidence
related (case ll) features. for the interparticle correlation between the nanoparticles in the
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segregated domains, but such a correlation peak does not exisa
for the 8.8% Au composite wherein the particles are well
dispersed in the PS domain.

The nature of dispersion of Au nanoparticles was determined 10*4
by fitting the l4s > data for both samples in Figure 6 by using a ]
combination of a power law and the polydisperse spherical
particles with a hard-sphere structure factor. H&@(Q) = T
IF1(Q)3Ne Q4|2 ~ ¢)/Q* + CPy(Q)S(Q) has been assumed, =  10°-
wherec; and ¢, are relative contributions to scattering from ™= ]
the aggregates and dispersed particles, respectiPg)) is
the form factor of Au nanoparticles with a Schultz distribution
of sizes,§,(Q) is the structure factor of Au particles, andis 10°
the power law exponent that describes the organization of the ]
particles in the aggregates. The inset to Figure 6 shows the size
distribution of Au particles as derived from the fits to the»
data of the composites. Since this data corresponds solely to
the Au moiety, the average radius of 1.0 nm is quite reasonable.
Analysis of thelys, data for the 27.0% Au composite by
including the PercusYevick hard-sphere structure facter b
yields an average distance of 6.3 nm between the Au particles
and a particle volume fraction of 11.8% in the PS domain. The
average interparticle distance is consistent with a PS shell of
Au nanoparticles with an average thickness of 2.1 nm. However, .
the SAXS-derived volume fraction of 11.8% for the Au moiety == 10
is quite large, given that the macroscopic value of the volume
fraction of Au in the whole sample is about 0.46% from TGA. < 10*
We attribute this large discrepancy to the following: SAXS is ==
sensitive to the size, shape, concentration, and composition of™ .
the inhomogeneities in the samples. The larger the size of the 10
inhomogeneity and its scattering contrast with respect to the
surrounding matrix, the more dominant the scattering signal will 102
be. In principle, if the Au particles are dispersed homogeneously
throughout the polymer matrix as in micelles or proteins in ——— , —————r
solution, then the volume fraction from the SAXS will be similar 0.01 0.1
to that from TGA. However, if the particles aggregate and form 1
large and highly inhomogeneous domains in the sample, then Q (A )
the SAXS signal is sensitive to correlations in those domains
rather than the whole sample. On the basis of this reasoning, o
we conjecture that the Au particles in 27.0% composite are o
highly aggregated, and their dispersion in the polymer phase is
highly inhomogeneous and presumably confined within a small
volume of the PS matrix as discussed below.

Morphology of the Block Copolymer Phase.The peak
positions in thds ; data for the two composites in Figure 5a,b
allow the determination of the morphology of the polymer phase.
The polymer phase for the 8.8% Au composite (Figure 5a) is
lamellar while in the 27.0% Au composite (Figure 5b) it
transforms to a hexagonally packed cylinder (HEX), based on
the peak® at v/3Q* (seeQ* and+/3Q* peaks in the ASAXS Rpvp Res-pvp 1T
data m(_aasu_red at 11.758 z_md 11'919 keV shown using SO“dFi ure 7. (a) SAXS data for the 27.0% Au composite (data shown as
arrows n Figure 7a). Th? Incorporf_sltlon of _PSSH-cc_)ated Au agolid line in Figure 5b) measured Bt= 11.918 (red) and 11.758
pamCleS, n thg PS do_maln causes its swelling, leading to the keV (black). Solid and broken arrows indicate the positions of the
change in the interfacial curvature and hence the morphology. diffraction peaks and the minima of the form factor corresponding to
The diffraction peaks for the HEX morphology of the 27.0% the morphology of the Au-containing polymer phase, respectively. (b)
Au composite are much broader and weaker than those for theSith:?ﬂO“Sf Ofﬁb(Q) (b|aCk)'||Fp(Q)r|]2 (thick ”neS)i "sl?dsn(Q)l':b((l)l2
8.8% Au composite. The-spacing of the 27.0% composite is g Jf‘sggifggo(;)t of gg?zrg?%e Zr']r(‘ﬂtd?d'rfeé: oTS? ﬁf: (Cq‘;g;%’s‘ﬁ’aﬁéf_d
52.2+ 2 nm, which is larger than the 48.3 nm for the 8.8% AU (q) 2 are calculated for two energies of 11.919 (red) and 11.758 keV
composite. Careful examination of SAXS data measurddl at (green) for the model at the top. (c) Schematic of the proposed model
= 11.919 and 11.758 keV identifies two dips that are shown for the 27.0% Au composite depicting the morphology of the polymer
using broken arrows in Figure 7a. When compared to the datgPhase and the nature of distribution of the Au particles.
at 11.758 keV, the first dip seems to shift slightly to the smaller on the following. In general, the first minimum of the form
Q side in the data for 11.919 keV that is close to theelge factor for a cylinder is not expected to occur aQasmaller
of Au. We reason that these dips are associated with the formthan the first-order diffraction peak because the diameter of a
factor of a core-shell cylinder of the block copolymer, based cylinder cannot be smaller than tliespacing. When the Au

a.u.)
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=
=
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which we identified by using the form factor of a cershell
cylinder composed of a PVP core and a PS brush and diffraction
peaks. The nanoparticles seem to aggregate at the bent regions
of the tortuous cylinder shaped PBVP phase while the
aggregated Au nanoparticles are located at the inter-cylinder
domains constituted by the PS.
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