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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(stryrene-b-2-vinylpyridine) (PS-PVP) and
Au nanoparticles. Contrast variation near the L3 absorption 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 theQ-2.4 power law scattering in the lowQ and a liquid-like
peak at the highQ regions of the scattering signal from the nanoparticles.

Introduction

Nanocomposites offer as future advanced materials exploiting
the unique electronic,1,2 magnetic,3 and mechanical properties4

of the nanoparticles, and their synthesis requires the ability to
control the state of dispersion and ordering of nanoparticles in
appropriate matrices. Recently, block copolymers have been
shown to serve as versatile platforms for dispersing nanoparticles
in polymer matrices. This technique, based on the self-assembly
of nanoparticles in one microdomain of the block copolymer
followed by its microphase separation, enables the preparation
of nanocomposites with particles organized in a variety of
polymer morphologies. Although several theoretical5-8 and
experimental studies have been recently reported,9-15 the
morphologies of the polymer phase and the nature of dispersion
of nanoparticles in the composites prepared at different condi-
tions have not been thoroughly studied using neutron and X-ray
scattering techniques that can provide more relevant statistically
averaged information on the hierarchical nanostructural features
in the composites.

The small-angle scattering techniques using X-rays (SAXS)
and neutrons (SANS) are powerful tools to probe the nanoscale
structural features in complex materials. Although the basic
principles of scattering are the same, the contrasts are quite
different for these probes. The differences between the scattering
length densities in SANS and the electron densities in SAXS
of particles and the surrounding matrix determine the scattering
contrasts. The scattering contrast can be varied in SANS by
manipulating the deuteration levels of either the solvent/matrix
or solute or both. In multicomponent systems, contrast variation
SANS with deuterium labeling enables the determination of the

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
latex particles.16 However, only limited systems are amenable
to this SAXS method.

Another contrast variation method that is unique to SAXS
exploits the variation in the atomic scattering factor of elements
near their X-ray absorption edges, and this is useful for the
characterization of systems with high atomic number elements.
In the vicinity of a characteristic X-ray absorption edge of an
atom phase shift occurs between the absorbed and emitted rays.
The magnitude of the phase shift depends on the power of its
absorption that varies as a function of X-ray energy, known as
the anomalous dispersion. In X-ray crystallography, multiwave-
length anomalous diffraction (MAD),17,18 wherein diffraction
intensities are measured at different energies in the vicinity of
an absorption edge of an element, has been widely used. The
variation of intensities of reflections associated with the
anomalous scatterer as a function of X-ray energy enables
solving the phase problem.

The anomalous dispersion when applied to the SAXS region,
anomalous small-angle X-ray scattering (ASAXS),19 allows
contrast variation that is useful for the characterization of
nanostructured materials. On the basis of the extensive use of
MAD technique in protein crystallography, it is reasonable to
expect that the ASAXS was also widely used. However, its
applications in materials research have been fairly limited due
to the following reasons: (1) Unlike the MAD technique in
protein crystallography with Se-labeled amino acid residues, the
ASAXS can be applied only to a limited systems with highz
(atomic number) elements intrinsic to the systems such as
metallic alloys and composites wherein labeling is usually not
an option. (2) Nanocomposites are complex; the measured data
are convoluted by the form factors of multiple phases, and it is
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more difficult to deconvolute the form factors than the structure
factors in the diffraction regime as in the MAD technique. (3)
The structures in the nanocomposites are less ordered or
disordered, and since the measured wave vector space in SAXS
is quite small, the data are useful more as a tool to vary the
contrast to infer the presence of a given element rather than for
detailed structural analysis. (4) Limited facilities that can provide
high-energy resolution and precision to accurately measure both
the absorption and scattering data as well as adequate data
collection, data reduction, and analysis tools for the ASAXS
experiments.

Recently, Dingenouts et al.20 reported an ASAXS study of
aqueous ionic solution of spherical polyelectrolyte brush
composed of a solid polystyrene (PS) core and a shell consisting
of densely grafted linear poly(acrylic acid) chains and rubidium
counterions. They presented experimental and theoretical meth-
odologies for a quantitative analysis of the structure factor
associated with the core and shell as a function of X-ray energy
that led to the determination of the electron density distribution
along the radial direction from the particle core. Characterization
of hybrid materials such as bulk copolymer/inorganic nano-
composites is far more challenging due to the fact that they
have several scattering centers with different length scales and
disorder. Depending on the structural features in these materials,
different formalisms will be necessary to delineate the partial
scattering functions of different species from the ASAXS data
as described below.

Here we report the application of ASAXS to investigate the
morphology of the polymer phases and the nature of dispersion
of PSSH (thiol-terminated PS) tethered Au nanoparticles in bulk
poly(styrene-b-2-vinylpyridine) (PS-PVP) diblock copolymer
composites. We present a method to separate the partial
scattering signals from the Au nanoparticles and the polymer
phases from the measured ASAXS data of the nanocomposites.
To demonstrate the efficacy of our ASAXS methodology, we
use two nanocomposites with different Au loading as examples
that represent two distinctly different organizations of particles
in block copolymer matrices.

Theory

In general, the contrast that contributes to the SAXS signals
is the square of the electron density difference between the
particles and the matrix. The electron density of the particles
or matrix at an X-ray energyE can be calculated using

where the scattering vectorQ ) 4π sinθ/λ; 2θ is the scattering
angle andλ the wavelength of X-rays, andni and fi are the
number density and the scattering factor ofith atom amongN
types of atoms in a domain. In the case of polymers,ni ) NiFNA/
M, whereNi andM are the number ofith atoms in a monomeric
unit and total molecular weight of the unit, respectively,F is
the bulk density, andNA is the Avogadro number. In PS-PVP
nanocomposites with Au particles dispersed solely in the PS
domain SAXS signals arise from two different scattering
sources: the electron density difference between Au and the
surrounding PS,Fg(E) ≡ Fe,Au - Fe,PS, and that between PS and
PVP in the block copolymer,Fb ≡ Fe,PVP - Fje,PS/Au ) Fb,0 -
VAuFg, whereFb,0 ≡ Fe,PVP - Fe,PS and Fje,PS/Au is the average
electron density of the PS domain containing Au whose volume
fraction isVAu in the domain. The electron densities of Au and
PS respectively areFe,Au(E) ) nAufAu(E) andFe,PS(E) ) nCfC(E)

+ nHfH(E), where C and H correspond to carbon and hydrogen
atoms. The electron densities of PS and PVP are 0.340 and 0.366
Å-3, respectively, and they are energy-independent at X-ray
energies near the L edges of Au. On the basis of a face-centered-
cubic phase of Au with a unit cell dimension of 4.078 Å and
nAu ∼ 0.059 Å-3, its electron density is∼4.66 Å-3 at energies
far away from its absorption edge where the anomalous
dispersion is negligible.

In the vicinity of an absorption edge of an element, the atomic
scattering factor strongly depends on the X-ray energy (E)

wheref0 is the nonresonant term andf ′ andf ′′ are the energy-
dependent real and imaginary parts of anomalous dispersion.
In the case of ASAXS experiments of the PS-PVP/Au
composites the scattering contrast can be varied by measuring
the SAXS data using different incident X-ray energies in the
vicinity of the L3 absorption edge of Au. To obtain the partial
scattering functions from the measured ASAXS data of the
composites, we develop formalisms for two scenariosscase I:
PSSH tethered Au nanoparticles are dispersed only in the PS
domain of the block copolymer (see Figure 1a); case II: particles
do not disperse in the polymer matrix but form macrophase-
separated domains (see Figure 1d).19,21

Case I. For the bulk composites with well-dispersed Au
nanoparticles in the PS domain of PS-PVP (see Figure 1a),
the conventional SAXS intensity can be expressed as

whereSb(Q) is the structure factor of the block copolymer,Fb-
(Q) is the scattering amplitude of the copolymer, andFg(Q) )
F1,g(Q)∑i

Ne-iQdi is the scattering amplitude of the dispersed Au
nanoparticles, whereN is the number of Au particles in the PS
domain,di is the relative distance ofith particle from the center
of mass of the PS domain, andF1,g(Q) is the form factor of a
single Au nanoparticle.

For the ASAXS experiments near the absorption edge of Au,
eq 3 can be expressed as a function of nonresonant and resonant
terms:

whereFNR ) Fb,0Fb + (nAuf0,Au - Fe,PS)(Fg - VAuFb) and f0,Au

is the nonresonant term of the scattering factor of Au. It can be
seen that eq 4 is similar to eq 12 in Dingenouts et al.,20 except
for the imaginary term of the anomalous dispersion that has
been neglected due to its extremely small contribution to the
scattering signal. For a well-dispersed system the structure factor
of the block copolymer (Sb(Q)) convolutes (see eq 4) with both
the scattering intensity of the Au particles and the cross-terms
involving the scattering amplitudes of the Au particle (Fg) and
the polymer matrix (Fb). Since the cross-term has information
on the relative position of particles in the matrix, its extraction
is the key to delineate information on the nature of dispersion
of the particles.

Fe ) ∑
i

N

nifi(Q)0,E) (1)

fAu(E) ) f0,Au + f′Au(E) + if′′Au(E)

) f1,Au(E) + if′′Au(E) (2)

I(Q) ) Sb(Q)|FbFb(Q) + FgFg(Q)|2

) Sb(Q)(Fb
2Fb

2 + 2FbFgFbFg + Fg
2Fg

2) (3)

I(Q,E) ) Sb(Q)(FNR + nAuf′Au(E)[Fg(Q) - VAuFb(Q)])2

) Sb(Q)(FNR
2 + 2nAuFNR[Fg(Q) - VAuFb(Q)]f′Au(E) +

nAu
2[Fg(Q) - VAuFb(Q)]2f′Au

2(E)) (4)
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Case II. In composites consisting of a polymer phase and a
macrophase-separated domain of nanoparticles (see Figure 1d),
the SAXS signal is the sum of the contributions from the
polymer phase and the PSSH tethered Au particles:

Equation 5 as a function of nonresonant and resonant terms
relevant to the ASAXS experiments becomes

where INR ) Fb,0
2Sb(Q)Fb

2(Q) + (nAuf0,Au - Fe,PS)2Fg
2. It can

be seen that eqs 4 and 6 are second-order polynomials off ′,
but with different coefficients. In eq 6Sb(Q) does not convolute
with the scattering signal of Au particles. Hence, the scattering
signals for the polymer and nanoparticle phases can be separated
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
negligible.

Intermediate situations such as particles dispersed at the
interfaces of the microphase-separated PS and PVP domains
(Figure 1b), random distribution of the nanoparticles in the
polymer matrix (Figure 1c), and particles existing as dispersed

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.

I(Q) ) Fb,0
2F0

2(Q) + Fg
2Fg

2(Q) (5)

I(Q,E) ) INR(Q) + 2nAu(nAuf0,Au - Fe,PS)Fg
2(Q)f′Au(E) +

nAu
2Fg

2(Q)f′Au
2(E) (6)

Macromolecules, Vol. 40, No. 12, 2007 Block Copolymer/Nanoparticle Composites4237



in the polymer phase as well as macrophase separated (Figure
1e) can be dealt with using the formalisms for cases I and II.
The major difference between cases I and II is the existence of
correlation between the structure of block copolymer and
positions of nanoparticles. Models in Figure 1a,b belong to case
I, those in Figure 1c,d to case II, and that in Figure 1e to the
combination of both case I and case II. Below we show that
ASAXS can readily elucidate the structural characteristics of
the particle and polymer phases with the complex system in
Figure 1e.

Analysis

Equations 4 and 6 are quadratic forms off ′ whose values
can be measured experimentally (see next section) or taken from
McMaster tables,22,23 and the coefficients off ′ can be derived
by fitting the measured scattering intensity values at different
X-ray energies at a givenQ. For the fitting method with a
quadratic equation to work well, the measured scattering
intensities as a function off ′ in a given energy range should
exhibit a nonlinear behavior. It should be noted thatf ′ varies
strongly only at energies very close to the edge andf ′′ hardly
varies below the edge (see Figure 2 in Dingenouts et al.20). If
the f ′ values are taken from the McMaster tables, they have to
be smeared for the finite energy resolution of the monochro-
mator, and the effectivef ′ values as a function of incident X-ray
energy should be used for fitting the ASAXS data. However,
the extracted coefficients should be associated with either eq 4
for the correlated structures (case I) or eq 6 for the uncorrelated
structures (case II) on the basis of the proposed models for the
system. In addition, if the intensities at a givenQ as a function
of effectivef ′ values do not exhibit a nonlinear behavior, then
one has to resort to subtraction methods developed in this paper
described below. It should be borne in mind that subtraction
methods usually lead to poor statistics, and hence the measured
ASAXS data should have high statistical precision.

The decomposition of the ASAXS data into partial scattering
functions requires subtraction of measured intensities at different
X-ray energies by two methods: (1) subtraction after the
normalization for the contrasts,Is,1, and (2) subtraction with no
normalization for the contrasts,Is,2. It will be seen that the former
(Is,1) will lead to the scattering function associated with the form
factor of the polymer phase (Fb

2) while Is,2 with the nanoparticle
phase (Fg

2).
Case I. Subtraction can be done using the SAXS data

measured at an energyE1 that is far away from the edge and at
an energyE2 near the edge in order have the maximum contrast

Equations 7 and 8 show that with a single subtraction method
the extraction ofFg

2 and Fb
2 is still not possible due to the

convolution of the structure factor of the polymer phase and
the cross-terms involving the scattering amplitudes of the
polymer and particles. However, it is possible to extractFb

2

using a double-subtraction method by using SAXS data
measured at an intermediate energyEi that satisfies the condition
Fg

-1(E1) - Fg
-1(Ei) ) Fg

-1(Ei) - Fg
-1(E2), or Fg(Ei) is the

harmonic mean ofFg(E1) and Fg(E2) [Fg(Ei) ) 2Fg(E1)Fg(E2)/
(Fg(E1) + Fg(E2))]. A double-subtraction leads to

whereFR ≡ Fb
2(E1)Fg

-2(E1) + Fb
2(E2)Fg

-2(E2) - Fg
2(Ei)Fg

-2(Ei).
Extraction ofFg

2 is possible whenVAu , 1 and thusFb ∼ Fb,0.
In this work,VAu < 0.01. Likewise, delineation ofFg

2 requires
measured data at three energies such thatFg(E1) - Fg(Ei) )
Fg(Ei) - Fg(E2), or Fg(Ei) is the arithmetic mean ofFg(E1) and
Fg(E2) [Fg(Ei) ) (Fg(E1) + Fg(E2))/2]. A double subtraction of
the data with no normalization for the contrast leads to

whereFs ≡ Fg(E1) - Fg(Ei) ) Fg(Ei) - Fg(E2). Equation 10
shows that the intensity resulting from the double subtraction
corresponds to the form factor of the nanoparticle phase [Fg

2-
(Q)] convoluted by the structure factor of the polymer matrix
[Sb(Q)], but the cross-term involving the scattering amplitudes
of the matrix and the nanoparticles in eq 8 gets removed.
Elimination of form factor is critical as in any scattering
experiment the convolution of form factors of multiple scattering
species especially with similar size will make it difficult to
characterize the system. SinceSb(Q) will have peaks corre-
sponding to the polymer morphology and oscillates about 1 at
higherQ, it can be identified and separated to yield the scattering
signal for the nanoparticle phase.

Case II. In contrast to case I, the single subtraction method
for the macrophase separated system (Figure 1d) yields both
Fg

2 andFb
2 as follows:

A double-subtraction method under the same conditions used
for case I for the three energies leads to

Equations 9 and 13 show thatIds,1 ∼ Sb(Q)Fb
2 in both cases I

and II (either correlated or uncorrelated). When the distribution
of the particles is uncorrelated with the structure of the block
copolymer (case II),Ids,1(Q) ∼ Is,1(Q) andIds,2(Q) ∼ Is,2(Q). Of
course, for a completely phase-separated system in Figure 1d a
double subtraction for case II is only an academic exercise as
it is usually not necessary as the single-subtraction method
already yields the scattering functions for the two distinct phases.
However, if the intensities from the single- and double-
subtraction methods are different, as observed in the case of

Is,1≡ I(Q,E1)

Fg
2(E1)

-
I(Q,E2)

Fg
2(E2)

) Sb(Q) [(Fb
2(E1)

Fg
2(E1)

-
Fb

2(E2)

Fg
2(E2)

)Fb
2 + 2(Fb(E1)

Fg(E1)
-

Fb(E2)

Fg(E2))FbFg]
(7)

Is,2≡ I(Q,E1) - I(Q,E2)

) Sb(Q)[(Fg
2(E1) - Fg

2(E2))Fg
2 + 2(Fb(E1)Fg(E1) - Fb

(E2)Fg(E2))FbFg + (Fb
2(E1) - Fb

2(E2))Fg
2] (8)

Ids,1≡ [I(Q,E1)

Fg
2(E1)

-
I(Q,Ei)

Fg
2(Ei)] - [I(Q,Ei)

Fg
2(Ei)

-
I(Q,E2)

Fg
2(E2)]

) FRSb(Q)Fb
2 (9)

Ids,2≡ [I(Q,E1) - I(Q,Ei)] - [I(Q,Ei) - I(Q,E2)]

) Sb(Q)Fs(Fg(E1) - Fg(E2))Fg
2 (10)

Is,1 )
(Fg

2(E2) - Fg
2(E1))Fb,0

2

Fg
2(E1)Fg

2(E2)
Sb(Q)Fb

2 (11)

Is,2 ) (Fg
2(E1) - Fg

2(E2))Fg
2 (12)

Ids,1) FRS(Q)Fb
2 (13)

Ids,2) 2-1(Fg(E2) - Fg(E1))
2Fg

2 (14)
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27.0% Au nanocomposite discussed later, it gives clues to the
complexity in the system in its organization.

Experimental Section

Sample Preparation.For the synthesis of Au nanoparticles and
PS-PVP/Au composites we follow the procedure developed by
Yee24 and Chiu et al.,15 respectively. Briefly, Au nanoparticles were
synthesized by the reduction of hydrogen tetrachloroaureate(III)
trihydrate (Aldrich Chemical Co., Inc.) using 1.0 M lithium
triethylborohydride in THF (Aldrich Chemical Co., Inc.). To
stabilize nanoparticles, PSSH (Mn ) 1500 g/mol, PDI) 1.10,
Polymer Source, Inc.) is used as a protecting agent. Particles were
purified by using methanol (g99.8%, 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 nm.25 To prepare PS-PVP/Au composites, Au
nanoparticles were redispersed in a THF solution containing PS-
PVP [Mn (total molecular weight)) 71 000,fPS (volume fraction
of PS in PS-PVP) ) 0.68, PDI (polydispersity index)) 1.07,
Polymer Source, Inc.]. The enthalpic interactions between the PS
grafts and the block copolymer allow them to sequester in the PS
domain. We prepared PS-PVP/Au composites with two concentra-
tions of the PSSH-Au particlesφAu ) 8.8% and 27.0% (φAu )
VAu/(VPS-PVP + VAu), whereVPS-PVP and VAu are the volumes of
PS-PVP and PSSH-Au nanoparticles, respectively), representing
two distinctly different particle distribution. Corresponding average
volume fractions of pure Au in PS-PVP from TGA are 0.15%
and 0.46% for the two samples. Composites with a film thickness
of ∼20µm were cast on mica and epoxy substrates for the ASAXS
and TEM measurements, respectively. Samples were then annealed
at 150°C for 3 days.

ASAXS. A quantitative ASAXS analysis requires information
on the atomic scattering factor of Au that can either be measured
or rigorously calculated. We measured its value using an EXAFS
standard Au foil composed of Au particulates. Scattering data were
measured for the Au foil and the PS-PVP/Au nanocomposites with
φAu ) 8.8% and 27.0% in a transmission geometry at 12-ID SAXS
beamline27 at the Advanced Photon Source at Argonne National
Laboratory. For the Au foil, ASAXS was performed with 0.1 s
exposure time in the range of 11.8-12 keV in 1 eV steps. For the
nanocomposites, the ASAXS data were measured for 10 s per
exposure at 14 different X-ray energies near the Au L3 edge, 11.919
keV. Routine procedure was followed to reduce the scattering
data by taking into account of the incident flux, absorption, dark
current of the monitors, and the position-sensitive CCD area detector
and sample thickness. Although it is desirable to have the ASAXS
data placed on an absolute scale, the methodologies presented here
can be used on data with no absolute calibration.

SAXS data on Au foil composed of Au particulates exhibits a
power law scattering behavior in the lowQ region (Figure 2). Since
the scattering contrast for particle scattering isf1,Au

2(E), the
scattering intensity at a given energy below, but in the vicinity of
the edge, can be described to be proportional to the intensity at a
reference energyEL, as follows:26

wherem) Fg
2(E)/Fg

2(EL); hereFg (electron densities of Au particle
with respect to its surrounding matrix PS) is the contrast ratio and
F the the fluorescence signal that isQ-independent in the range of
this experiment. Since the matrix of the Au particulates in the
EXAFS foil is air, them value of the foil isf1,Au

2(E)/f1,Au
2(EL).

TEM. TEM images on the morphology of composites were
obtained using a JEOL 2000 FX II microscope operated at 200
kV. Thin film samples cast on epoxy were cross-sectioned, followed
by selective staining of the PVP domains using iodine vapor prior
to the measurements.

Results and Discussion

Atomic Scattering Factor. Figure 2 shows representative

SAXS patterns of the Au foil at three energies near the L3 edge
of Au. The measured data exhibit aQ-3.8 power law scattering
in the low Q region. As expected, the scattering intensity at a
given Q in the low Q region monotonically decreases with
increasing energy, and the lowest intensity occurs at an incident
X-ray energy close to the edge. On the other hand, the flat
background signal, dominated by the fluorescence, at the high
Q region has the lowest intensity up until the edge energy and
shoots up and remains high at and above the edge. It should be
noted that while the SAXS intensity is proportional to the
number density and square of the volume of particles, the
fluorescence signal is proportional to the number density of the
anomalous scatterers in the system.

The contrast ratiom and the fluorescenceF as a function of
energy for the Au foil were obtained by fitting eq 15 using the
measured scattering intensities atQ ) 0.02 Å-1 at over 200
incident X-ray energies [I(Q,E)] and that at the reference energy
EL ) 11.8 keV [I(Q,EL)]. The values form derived from the fit
are shown in Figure 3a. By using the energy-dependent
theoretical scattering factor for Au from the McMaster table,
we also calculated the contrast factorm ) f1,Au

2(E)/f1,Au
2(EL)

and the theoretical curve is also shown. The excellent agreement
between the measured and calculatedmvalues at the absorption
edge indicates that the energy resolution of the monochromator
is adequate for this study. In Figure 3b, we show the fittedF
values and the fluorescent background along with the absorption
spectra. It is clear that the measured fluorescence background
data resemble the absorption spectra. Minor deviations between
them at energies above the edge presumably are caused by the
self-absorption.

While the ASAXS contrast for the Au particulates in the
EXAFS foil will be constant at allQ values, regardless of their
size, for the PS-PVP/Au composites it will be different and
strongly depend on the sizes of the polymer phase and the Au
nanoparticles. For instance, if Au particles are much smaller
than the structure of block copolymer and are homogeneously
mixed in the PS domain, one can neglectFg in eq 3, and
therefore the contrast would be the difference betweenFe,PVP

I(Q,E) ) mI(Q,EL) + F(E) (15)

Figure 2. Representative SAXS data of an EXAFS standard Au foil
composed of Au particulates measured at incident X-ray energies of
11.8 (square), 11.919 (circle), and 12.0 keV (triangle). The data exhibit
a Q-3.8 power law, and the intensity at a givenQ in the lowQ region
monotonically decreases with increasing energy toward the L3 edge of
Au due to the decrease in the number of electrons contributing the
scattering contrast. On the other hand, the scattering intensity at the
highQ region increases with increasing X-ray energy due to monotonic
increase in the fluorescence background.
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andFje,PS/Auin theQ range of this experiment. Since the length
scales of the polymer and the nanoparticles are different as in
the present case (domain spacing of block copolymer is∼50
nm and the radius of Au particle is∼1.0 nm), scattering signals
from those features appear at differentQ ranges. The scattering
intensity from the PS-PVP is dominant atQ < 0.02 Å-1 while
that from the Au nanoparticles atQ > 0.05 Å-1. Thus, the
ASAXS contrast for the Au species at the highQ region isFg-
(E) ) Fe,Au - Fe,PS, whereas that at the lowQ region would be
Fb(E) ) Fe,PVP- Fje,PS/Au, 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 energyEL )
11.758 keV atQ ∼ 0.07 Å-1, where nanoparticle scattering
signal is dominant, and plottedm andF values in parts a and b
of Figure 3, respectively. We also present the calculatedm
values for the composites assumingFg(E) ) Fe,Au - Fe,PS in
Figure 3a. It can be seen from Figure 3a that the fittedmvalues
are independent of the concentration of Au nanoparticles.

We determine thef1,Au values by using the fittedm values of
the composites in Figure 3a and the theoreticalf1,Au value of
66.537 from the McMaster tables23,28 at the reference energy
11.758 keV. This experimentally derivedf1,Au(E) values come
out as smeared by the energy resolution of the beamline
monochromator,20 and we hereafter will refer to them asfeff-
(E). The effective dispersion termf′eff can be calculated using
the feff(E) and f0 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 energy,EL (11.758 keV)
vs f′eff. Intensities at two representativeQ positions are shown:
Q ) Q* ) 0.0132 Å-1 [Q* ) 2π/d*, whered* is d-spacing of
PS-PVP] andQ ) 0.073 Å-1, 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
f′eff is high, and it increases with decreasing incident X-ray energy
where the effect off′eff will monotonically decrease (see Figure
4). Contrary to expectation based on eqs 4 and 6, the curves in
Figure 4 exhibit only a linear behavior. The significant slope
exhibited by the data atQ ) Q* in Figure 4 where the polymer
scattering is dominant suggests that Au particles do make
significant contribution to the scattering intensity corresponding
to the polymer phase. Thus, the Au particles, by virtue of their
distribution in the PS microdomain, are correlated with the
morphology of PS-PVP [see eqs 3 and 5, wherein the scattering
intensity consists of a term involving a product ofFg andSb(Q)
in eq 3 but not in eq 5]. However, the slopes corresponding to
Q* are smaller than that atQ ) 0.073 Å-1 where the signal
from Au is dominant. This is because the scattering contrasts
for the Au-containing polymer phaseFb(E) ) Fb,0 - VAuFg (when
Au is homogeneously mixed with PS) and the Au particlesFg-
(E) ) Fe,Au - Fe,PSare quite different. It can be seen in Figure
4 that the slopes in them values vsf′eff data corresponding toQ
) 0.073 Å-1 are identical for both composites. However, the
slopes corresponding toQ ) Q* for the Au-containing polymer
phase are similar, but smaller. Similar slopes are unexpected
for the two composites as at thisQ 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

Figure 3. (a) Contrast ratiom values as a function of incident X-ray
energy for the EXAFS standard Au foil (open square) obtained by using
the measured scattering intensities atQ ) 0.02 Å-1 at ∼200 incident
X-ray energies [I(Q,E)] and a reference energyEL ) 11.8 keV [I(Q,EL)]
to fit eq 15. By using the data from the McMaster table, we also
calculated the contrast factorm) f1,Au

2(E)/f1,Au
2(EL), and the theoretical

curve is shown as a solid line. Fittedm values for the PS-PVP
composites with 8.8% and 27.0% Au loading (filled squares and circles)
from the measured SAXS data atQ ∼ 0.07 Å-1 using 14 incident
energies and a reference energyEL ) 11.758 keV. The dotted lines
are calculatedm ) (Fg(E)/Fg(EL))2 values for the composites assuming
Fg(E) ) Fe,Au - Fe,PS. (b) 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.

Figure 4. Ratio of intensities at a givenQ for different incident X-ray
energies with respect to a reference energyEL as a function of the
effective scattering factorfeff: We chose intensities atQ ) Q* (0.0132
Å-1) (closed) for the PS-PVP phase and atQ ) 0.073 Å-1 (open) for
composites with 8.8% (square) and 27.0% (triangle) Au loading.

4240 Lee et al. Macromolecules, Vol. 40, No. 12, 2007



of factors such as finite size of Au aggregates29 whose scattering
signal extends and continues to be dominant atQ ) Q*, disorder
in the polymer morphology, and nonhomogeneous 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 the
derived four subtracted intensities from eqs 7-10 for the 8.8%
Au composite are shown in Figure 5a and those from eqs 11-
14 for the 27.0% Au composite in Figure 5b. Subtracted
intensitiesIs,1and,Is,2were obtained from two patterns measured
at E ) 11.758 (E1) and 11.917 keV (E2), and double subtracted
intensitiesIds,1and,Ids,2 were obtained from three patterns with
two at the above two energies and an intermediate one at 11.893
keV (Ei). The measuredf′eff values of Au nanoparticles at the
above three energies in ascending order are 66.54, 62.93, and
58.95 (correspondingFg values are 3.59, 3.37, and 3.14 Å-3,
respectively), and these values satisfy the condition for both
the double-subtraction intensitiesIds,1andIds,2within ∼5% error.
As expected,Is,1and, Is,2 in Figure 5a,b have better statistics
than Ids,1 and Ids,2. While the former set enables identification
of the morphology of the polymer, the latter set provides
separated partial scattering functions of the phases. The dips in
Is,2 aroundQ ) Q* for both samples suggest that the scattering
signals of the Au particle and the block copolymer are correlated.
In addition, Is,1 helps to identify the higher order peaks (see
Figure 5a) and hence the morphology of the block copolymer.
SinceIds,1(Q) andIds,2(Q) are not proportional toIs,1(Q) andIs,2-
(Q), respectively, for composites with 8.8% (Figure 5a) and
27.0% (Figure 5b) Au loadings, it can be concluded that both
composites contain correlated domains. The structure factor of
block copolymer,Sb(Q), of the 8.8% sample is clearly visible
in Ids,2(Figure 5a), which again evidences the presence of highly
correlated structures. Although it is less visible in theIds,2curve
for the 27.0% Au composite, the presence of a dip in theIs,2-
(Q) curve in Figure 5b is a clear indication of the effect ofSb-
(Q) convolution. It is likely that the presence of the power-law
scattering from the aggregates at the sameQ region asSb(Q)
makes the peak less visible. On the basis of these observations,
we surmise that the 27.0% Au composite resembles the model
in Figure 1e consisting of both correlated (case I) and uncor-
related (case II) features.

Organization of Nanoparticles. The double subtracted
intensitiesIds,2corresponding to the partial scattering functions
of the Au nanoparticle phases in 8.8% Au (Figure 5a) and 27.0%
Au (Figure 5b) are plotted in Figure 6. While 8.8% Au
composite does not show any power law scattering, the 27.0%
Au composite exhibits a power law exponentR of -2.4, which
suggests the existence of aggregates of Au nanoparticles.30,31

According to fractal theory of aggregation,31 the exponents of
-1.75 and-2.08 correspond to a diffusion-limited and reaction-
limited aggregation without rearrangement, respectively, and an
exponent of-2.4 to a reaction-limited cluster-cluster aggrega-
tion with rearrangement. In the aggregated domains, because
of the enthalpy of mixing, the PSSH tethered Au nanoparticles
are segregated into domains and the smaller exponent is likely
due to the large volume occupied by the PS species of the close-
packed Au nanoparticles. The broad peak atQ ∼ 0.08 Å-1 in
the SAXS data of the 27.0% Au composite provides evidence
for the interparticle correlation between the nanoparticles in the

Figure 5. Scattering intensities normalized by them values (lines) atE ) 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.

Figure 6. Partial scattering functions of Au nanoparticle in 8.8% (open
circle) and 27.0% (open square) Au composites. Solid lines are fits
using a form factor for polydisperse spheres and a hard sphere structure
factor. Inset shows the particle size distribution of the pure Au particles
(without accounting for the tethered polymers) with a mean diameter
of 1 nm. The 27.0% Au composite has mass fractal aggregates as
evidenced byQ-2.4 a power law scattering in the lowQ region.
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segregated domains, but such a correlation peak does not exist
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
by fitting the Ids,2 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. Here,Fg

2(Q) )
|F1,g(Q)∑i

Ne-iQdi|2 ∼ c1/QR + c2Pg(Q)Sg(Q) has been assumed,
wherec1 and c2 are relative contributions to scattering from
the aggregates and dispersed particles, respectively,Pg(Q) is
the form factor of Au nanoparticles with a Schultz distribution
of sizes,Sg(Q) is the structure factor of Au particles, andR is
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 theIds,2

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 the Ids,2 data for the 27.0% Au composite by
including the Percus-Yevick hard-sphere structure factor32

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
is quite large, given that the macroscopic value of the volume
fraction of Au in the whole sample is about 0.46% from TGA.
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
inhomogeneity and its scattering contrast with respect to the
surrounding matrix, the more dominant the scattering signal will
be. In principle, if the Au particles are dispersed homogeneously
throughout the polymer matrix as in micelles or proteins in
solution, then the volume fraction from the SAXS will be similar
to that from TGA. However, if the particles aggregate and form
large and highly inhomogeneous domains in the sample, then
the SAXS signal is sensitive to correlations in those domains
rather than the whole sample. On the basis of this reasoning,
we conjecture that the Au particles in 27.0% composite are
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 theIs,1 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 peak33 at x3Q* (seeQ* andx3Q* peaks in the ASAXS
data measured at 11.758 and 11.919 keV shown using solid
arrows in Figure 7a). The incorporation of PSSH-coated Au
particles in the PS domain causes its swelling, leading to the
change in the interfacial curvature and hence the morphology.
The diffraction peaks for the HEX morphology of the 27.0%
Au composite are much broader and weaker than those for the
8.8% Au composite. Thed-spacing of the 27.0% composite is
52.2( 2 nm, which is larger than the 48.3 nm for the 8.8% Au
composite. Careful examination of SAXS data measured atE
) 11.919 and 11.758 keV identifies two dips that are shown
using broken arrows in Figure 7a. When compared to the data
at 11.758 keV, the first dip seems to shift slightly to the smaller
Q side in the data for 11.919 keV that is close to the L3 edge
of Au. We reason that these dips are associated with the form
factor of a core-shell cylinder of the block copolymer, based

on the following. In general, the first minimum of the form
factor for a cylinder is not expected to occur at aQ smaller
than the first-order diffraction peak because the diameter of a
cylinder cannot be smaller than thed-spacing. When the Au

Figure 7. (a) SAXS data for the 27.0% Au composite (data shown as
a solid line in Figure 5b) measured atE ) 11.919 (red) and 11.758
keV (black). Solid and broken arrows indicate the positions of the
diffraction peaks and the minima of the form factor corresponding to
the morphology of the Au-containing polymer phase, respectively. (b)
Simulations ofSb(q) (black), |Fb(q)|2 (thick lines), andSb(q)|Fb(q)|2
(thin lines) for the two models in the inset. To calculateSb(q), we used
a d-spacing (d) of 53.25 nm and∆d/d ) 0.08. |Fb(q)|2and Sb(q)|Fb-
(q)|2 are calculated for two energies of 11.919 (red) and 11.758 keV
(green) for the model at the top. (c) Schematic of the proposed model
for the 27.0% Au composite depicting the morphology of the polymer
phase and the nature of distribution of the Au particles.
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particles are dispersed well in the PS domain as in the model
at the bottom in Figure 7b, the positions of the minima should
be the same as those for the neat block copolymer (blue curves
in Figure 7b). On the other hand, if the form factor corresponds
to a core-shell cylinder, then theQ position of the first
minimum will be significantly smaller in the SAXS data (Q
position for the first minimum for the cylinder is∼0.032 Å-1

(model at the bottom, blue curve) while for a core-shell cylinder
it is ∼0.011 Å-1, as shown in Figure 7b for the model at the
top, red curve). From the positions of minima and the known
volume fractions of PVP and PS we determine an average radius
of 11.6 nm for the PVP cylinder and a thickness of 16.4 nm for
the PS brush. To illustrate the location of the nanoparticles, we
divide the PS domain into a shell surrounding the PVP cylinder
and a matrix region as in Figure 7b (model at the top). To
resolve the location of the Au nanoparticles either in the shell
or the matrix region of the PS domain, we calculated SAXS
curves for a core-shell cylinder using the average electron
densities of 0.43 and 0.41 Å-3 for two incident X-ray energies,
11.758 and 11.919 keV, respectively. As seen from the
calculation, when the Au particles are located in the matrix,
the first minimum will shift to the smallerQ side as the average
electron density decreases (green and red curves in Figure 7b).
On the other hand, when the particles exist in the PS brush
region, the first mimimum will shift to the largerQ side (data
not shown). On the basis of the agreement between the
simulations and the behavior of the SAXS data in Figure 7a
discussed earlier, we conclude that the Au particles are mostly
confined at the middle of the PS matrix. Furthermore, as seen
in the TEM images in Figure 8 for the composites, the core-
shell cylinders are tortuous in the 27.0% composite as depicted
in Figure 7c, and the aggregates of Au nanoparticles might be
located at the high-curvature regions.

Conclusions

We investigated the nature of distribution of Au nanoparticles
in a PS-PVP diblock copolymer using ASAXS. To analyze
the ASAXS data, we developed theoretical and experimental
methodologies to measure the scattering contrast of Au in a
SAXS geometry and derive the partial scattering functions for
the Au nanoparticles and PS-PVP phase. We considered two
representative composites with different Au concentrations. In
the 8.8% Au composite, the particles disperse well at the middle
region of the lamellar PS domain. However, in the 27.0% Au
composite, the morphology of PS-PVP transforms to HEX,

which we identified by using the form factor of a core-shell
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 PS-PVP phase while the
aggregated Au nanoparticles are located at the inter-cylinder
domains constituted by the PS.
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Figure 8. TEM images of PS-PVP composites with (a) 8.8% and
(b) 27.0% Au nanoparticles exhibiting lamellar and HEX polymer
phases, respectively.
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