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Abstract

Small-angle neutron scattering (SANS) is used to characterize self-assembled nanocomposites. Thermo-reversible block-copolymer cubic
crystals (Pluronic® F127) are used as three-dimensional templates to control the spatial arrangement of silica nanoparticles. The particles are
dispersed in the block-copolymer phase and are organized by excluded volume interactions as they are driven into the interstitial cavities of the
micelle cubic crystal. The technique of contrast variation is used to evaluate the structure of the templated nanoparticle array and the micelle crystal
as a function of relative size, relative concentration and temperature. We show that shearing the samples results in macroscopic alignment of both
the micelle cubic crystal and the templated particles. We use this highly ordered state to verify the feasibility of this templating approach. Through
a study of control parameters, we find that templating is most effective at silica concentrations below the stoichiometric ratio of one particle per
available template site. Higher polymer concentrations in the matrix and temperature above, but near, the order—disorder transition are also found
to be favorable conditions for nanoparticle templating. The level of order of the cubic template is also found to be affected by the addition of
the particles. At low silica concentrations, particle addition increases the long-range cubic order while at higher concentrations particle addition
promotes disorganization. At a high polymer concentrations (30 w%), the addition of silica nanoparticles is also shown to trigger a change from a
face-centered cubic (FCC) to a body-centered cubic (BCC) lattice of the micelle crystal. Through this work, we demonstrate the feasibility of this
templating approach and also provide design criteria for developing structured thermo-reversible nanocomposites.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Amphiphilic block-copolymers will form self-assembled
structures when dispersed in solvents that are selective to some
subset of the blocks [1]. The geometry and long range order
of these structures depends on the chemistry of the polymer
and the solution conditions among other controllable param-
eters [2—4]. Long range order in these systems occurs when
the number of micellar aggregates (spherical, cylindrical or pla-
nar) exceeds the crystallization volume fraction. The repulsion
between monodisperse spherical micelles drives the formation
cubic phases (face-centered cubic or body-centered cubic) with
order that persists over macroscopic length scales [1,3,5-9].
Since the observation of these phases, they have been consid-
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ered for use as templates to impart order to materials that lack
this ability to self-associate and organize. Examples of meth-
ods to template discrete and continuous structures have been
described [10,11]. This contribution focuses on the organization
of discrete nanoparticles in thermoreversible block-copolymer
cubic crystals, an approach that has not been utilized in the
past.

Block-copolymer mesophases in the presence of dispersed
additives lead to composite systems that are used in a variety of
fields including photonics [12], catalysis [13], bio-separations
[9,14,15] and drug delivery [16]. In all of these applications, the
internal structure of the materials at the nanometer scale plays a
key role. For instance, the optical properties of block-copolymer
composites containing templated gold nanoparticles are strongly
influenced by changes in the interparticle distance [12]. Prox-
imity effects, that could impact data storage applications, have
also been observed in arrays of magnetic nanoparticles [17].
It is important that these effects, due to collective interactions,
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are accurately controlled since they define the desired material
properties.

Although examples of particle templating in block-
copolymer mesophases are found in the literature [10], there
is a lack of systematic work devoted to understanding the influ-
ence of experimentally controllable parameters on the particle
array and on the polymer template itself. The reason for this gap
in understanding is that most examples of successful templat-
ing have been based on the synthesis of the templated materials
inside the ordered matrix. This restricts the systematic evaluation
of the effect that variables such as relative size and relative con-
centration have on templating. These difficulties are in part due to
variability between samples and because the synthesized phase
will be thermodynamically driven to form stable structures.
Additionally, the synthesis of particles inside the ordered phase
severely reduces the applicability of templating to a handful
of systems. A templating method that would be better suited for
these studies and also expand its applicability is the dispersion of
previously synthesized particles into the structured matrix. How-
ever, this type of templating is usually prevented by the large vis-
cosity of the structured materials and the surface incompatibility
of the particles with the polymers. Recently, we have shown
that these problems can be circumvented by the use of thermo-
reversible block copolymers and hydrophilic colloids [18,19].

Gels of polyethylene oxide (PEO) and polypropylene oxide
(PPO) block copolymers, commercially known as Pluronic® or
Poloxamer®, have been extensively studied over the past decade
[3,6,8,9,20]. Both blocks of these copolymers are water soluble
at low temperatures (<5 °C) and concentrated fluid dispersions
are easily created. When the temperature is raised to values near
room temperature the middle PPO block becomes increasingly
dehydrated and the polymers self-associate into micellar aggre-
gates. At large polymer concentrations, the spherical micelles
pack into micelle cubic crystals and the viscosity of the samples
increases by over four orders of magnitude. This transition is
fully reversible on repeated heating and cooling. Pluronic® F127
is known to only form cubic structures of spherical micelles with
a solid PPO core and a hydrated PEO corona [3]. We use this
model system in our work because its solution behavior has been
characterized extensively [3,6,8,9].

The thermo-reversible ordering behavior of these polymers
and their water solubility make them ideal template materials
for the incorporation of pre-made particle additives of nanome-
ter size. We have used these templates to incorporate silica and
gold nanoparticles as well as globular proteins [18]. The par-
ticles are incorporated at low temperatures while the matrix
viscosity is low and the block copolymer phase is disordered.
Repulsive forces between the nanoparticles are crucial to achieve
a stable dispersion in this concentrated polymer solution. The
temperature is then raised and the ordered cubic gel is formed
around the dispersed particles. The particles remain trapped in
the interstitial cavities of the cubic crystal and form an ordered
array because these cavities also follow the crystal lattice. How-
ever, the order of the templated particles is less than that of the
micelle crystal because there is significant freedom for transla-
tional motion inside the cavities and because defects (vacancies,
overloaded cavities) are expected to occur. The crystal struc-

ture of these nanocomposites is expected to be analogous to the
NaCl crystal. This crystal structure consists of an FCC crystal
of smaller atoms (particles) intercalated in an FCC crystal of
larger atoms (micelles). Although the stability of this phase in
binary hard sphere mixtures has been predicted by simulations
and theory, [21,22] it was only recently observed experimen-
tally in colloidal systems [23,24]. Although other binary crystal
superlattices (ZnS and CsCl) could also occur, the theory of
hard-sphere mixtures predicts a higher stability for the NaCl
superlattice [21].

We have observed that this templating method is quite general
and can be applied to many particle systems as long as they can be
initially dispersed in the concentrated polymer solution. Osmotic
stresses in concentrated polymer solutions can be significant and
electrostatic and/or hydration repulsive forces are essential to
maintain particle stability.

In this study, we focus on the dispersion of nanosized and
relatively monodisperse silica particles (Ludox®) because their
interaction with the block-copolymers has been previously stud-
ied [25,26]. A stable NaCl phase is predicted in hard sphere
mixtures for size ratios (small/large) 0.20 < @ < 0.42 [21,22]. The
size ratios of the particles used in this study are ¢~ 0.3 and
o~ 1.0. Therefore, the small silica particles (Ludox® SM) are
in the correct range to be well templated in the interstitial cavi-
ties of the cubic crystals while the large silica falls outside this
range. We use this system as a model to evaluate the influence
of various controllable parameters on the nanocomposite struc-
ture. We have already reported on the influence of these variables
on the mechanical properties of these new materials [19]. In this
contribution, we present neutron scattering experiments that sup-
port the structural picture and the results that were previously
presented [18,19]. The use of block-copolymer cubic crystals
in drug and protein delivery [27] and in bio-separations [9,14]
motivates the need for fundamental understanding of these sys-
tems in the presence of particles.

2. Experimental
2.1. Materials and sample preparation

Ludox® silica particles (Ludox® SM-30 and Ludox® TM-50)
are obtained from Grace Davidson (Columbia, MD) and used
as received. These silica particles are dispersed in water at a pH
near 10. At this pH the particles have a zeta-potential of about
—70 mV and remain stable for long periods of time.[28] Ludox®
SM is reported by the manufacturer to have a particle diameter
of 7nm while Ludox® TM has a diameter of 22 nm. However,
these materials have some size polydispersity so the reported
dimensions are average values. Pluronic® F127 is obtained
from BASF (Mount Olive, NJ) and is also used as received.
The reported chemical structure for this Pluronic® material is
PEOg9PPOgPEOgg [9]. All polymer and particle dilutions are
performed using de-ionized water (18 MS2) or 99.8% deuterium
oxide D, O that is obtained from Aldrich Chemical Company
(Milwaukee, WI).

The F127 powder is first allowed to dissolve in a 35 wt.%
stock solution over several days in an ice bath. Polymer stock
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solutions are dissolved in H,O or in D, O to prepare samples with
variable D;O/H;O ratios. The polymer and silica concentration
in the samples is limited by the initial concentration of the silica
stock solutions. Concentration and re-dispersion of the silica
stock is avoided as it leads to irreversible particle flocculation.

A strict order of addition is followed to minimize the particle
destabilization that occurs when large concentration gradients
are formed during mixing. The particle stock solution is first
diluted and mixed with the necessary amounts of H>O and D;0.
The required amount of a 35 wt.% stock solution of F127 (inH, O
or D,0) is then added at low temperatures so that the solution
is fluid. The samples are then vigorously shaken and allowed to
equilibrate in an ice bath. The resulting samples are fluid at low
temperatures and are as transparent as aqueous silica suspen-
sions at corresponding concentrations. In a few cases (largest
silica and polymer concentrations), a small amount of floccu-
lated silica is observed for samples containing high polymer
(30 w%) and silica concentration (above 8 w% silica). In these
cases, the sample preparation is repeated to minimize this effect
and centrifugation at low temperatures is used to separate any
remaining aggregates. Intentional flocculation of the dispersed
particles, through the addition of salt, shows that the amount of
flocculated silica that is removed by centrifugation is a negligible
fraction of the total silica content.

2.2. Small-angle neutron scattering

Neutron scattering experiments are carried out at the NIST
Center for Neutron Research (NCNR) in Gaithersburg, MD.
The data are collected using the 30 m SANS instruments NG3
and NG7. A neutron wavelength of 6 A with a spread AA/A of
0.15 is used at several detector distances (1.1, 4.5 and 12 or
13.1 m) to gather the scattering profiles. While not all detec-
tor distances are used for all the samples, an overall Q range of
0.0035 < 0 <0.4 A1 is accessible. Samples are loaded in quartz
cells with a 1 mm path length. The temperature is controlled
to within 1 °C in a cell block heated by circulating ethylene
glycol. The scattering profiles are appropriately reduced to an
absolute scale by referencing to the open beam neutron flux.
The background incoherent scattering, mostly due to hydrogen
atoms in the solvent and the polymer, is subtracted after mea-
suring at high wavevector values (Q >0.2 A~1). A Couette shear
cell specially designed for SANS experiments is used to shear
align the samples. A gap of 0.5 mm was used in the radial geom-
etry so that the total scattering sample thickness is also 1 mm.
The design and operation of the shear cell has been described
elsewhere [29].

3. Results

To interpret the scattering data from composite materials, the
contributions from individual components was first character-
ized. Fig. 1 shows the circularly averaged scattering profiles
for the silica particles in water. A polydisperse sphere model is
used to fit the data. This simple model successfully represents
the Ludox® TM particles with an average diameter of 24 nm
and a polydispersity index of 0.2 [30]. However, the model is
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Fig. 1. Neutron scattering profiles for silica particles in 15% D,0O. The data
for the 7 nm particles are shifted vertically for clarity. Straight lines represent
a monomodal polydisperse sphere form factor for Ludox® TM and a bimodal
distribution for Ludox® SM.

unable to reproduce the scattering data from the smaller silica
(Ludox® SM). Adequate modeling results are obtained by using
two separate polydisperse modes with average diameters of 16
(20 vol.%) and 6 nm (80 vol.%). This bi-disperse model success-
fully reproduces the data and the particle size are consistent with
that reported by the manufacturer. Since the particles have sub-
stantial polydispersity, there is some uncertainty in the average
particle size and polydispersity that is obtained from SANS for
both types of particles. Therefore, the nominal particle sizes of 7
and 22 nm (obtained from the manufacturer) are used to identify
samples here for consistency in comparison to other published
work. The ramifications of this polydispersity are discussed later.
From the data, it is apparent that larger particles are significantly
more monodisperse than the smaller particle size. The existence
of two particle populations in the 7 nm Ludox® SM is due either
to the synthesis or to a decrease in particle stability and aggregate
formation.

The scattering from a concentrated dispersion of particles
(10 wt.%) is also shown in Fig. 1. Particle—particle interactions
are apparent from the broad peak near 0.025 A~!. The peak
intensity is found to decrease with the addition of salt (20 mM
NaCl). At this silica concentration, the particles are about 10 nm
apart and the Debye screening length (1/«) is on the order of a
nanometer. This salt dependence indicates that this interaction
peak is in part due to electrostatic repulsion between the nega-
tively charged particles. Due to the particle polydispersity, the
form factors for the silica particles are measured at 1 wt.% in
D, O rather than calculated.

The circularly averaged scattering profiles for the neat poly-
mer matrix in the gel state are shown in Fig. 2 for various
polymer concentrations. The small-angle scattering of the neat
micelle crystals has been characterized extensively with neu-
trons and X-rays [3,5,6,8,9]. Samples at concentrations lower
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Table 1
Ratio of the particle diameter to the estimated octahedral interstitial site dimen-
sion (D/OIS) for 7 nm (Ludox® SM) and 22 nm (Ludox® TM) particles
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Fig. 2. Neutron scattering profiles for Pluronic® F127 cubic gel samples in D,0
at various polymer concentrations and temperatures. The 15%, 25% and 30%
F127 curves are shifted vertically for clarity.

than 15 wt.% do not show reversible gelation behavior and there-
fore are not suitable as polymer templates. For concentrations
above 15 wt.%, the profiles show two peaks and a broad shoulder
that are characteristic of SANS profiles of face centered cubic
(FCC) crystals [9]. The position of the first peak shifts to lower
Q values as the concentration of polymer is lowered. The shift
in the peak position indicates that the unit cell size of the cubic
crystal is larger for the lower polymer concentrations. Wu et al.
performed SANS and SAXS experiments on the same Pluronic
F127 samples and showed that the cubic structure of the crys-
tals was indeed FCC [9] and not body centered cubic (BCC)
as previously thought [8]. Neutron scattering experiments have
smearing effects that are larger than those in X-ray experiments
and result in the combination of adjacent peaks into a single
broad peaks. These effects led to a few conflicting results in the
literature and caused some difficulties in the structural interpre-
tation of the scattering patterns. Here, we will base our analysis
on the conclusion that the cubic phase formed is FCC; the result
reached through a combination of SANS and SAXS [9].

Once the gel structure has been identified as FCC, it is pos-
sible to obtain lattice parameters from the peak positions. The
first SANS peak in the data are a combination of the diffraction
from the (1 1 1) and the (200) planes [31]. The position of the
first SANS peak can be approximated as the (1 1 1) peak position
because it dominates the intensity. The second peak in the SANS
patterns is due to the (2 2 0) diffraction plane. Therefore, the unit
cell size (a) and the hard sphere diameter (Dys) are estimated
using the first peak position (Qmax) using,

2 2
a= Q” Vieike+e=",3 )

max max

Dys = . @

From Egs. (1) and (2) and the data shown in Fig. 2 we esti-
mate Dys, the distance between adjacent micelle centers, for the

F127 wt.% D/OIS
Ludox® SM Ludox® TM

15 0.68 2.13

25 0.83 261

35 0.86 2.69

crystals as a function of concentration. This value ranges from
249 nm at 15wt.% F127 to 19.7nm at 35 wt.%. Good agree-
ment (<1 nm difference) is found when the second SANS peak
is used to calculate this distance, which further validates the FCC
model. Therefore, as the concentration of polymer is increased,
the micelles are pushed closer together and the dimensions of the
interstitial cavities are reduced. Additionally, the larger overall
polymer concentration also increases the PEO segment density
in the continuous phase and tightens the space around templated
particles.

The largest interstitial dimension, the diameter of the largest
sphere that will fit into an interstitial cavity, can be estimated
geometrically from the lattice parameter. For an FCC crystal,
this dimension is equal to 41.4% of the size of the micelles for
the octahedral sites and 22.5% of the micelle for the tetrahe-
dral sites. Naturally, this value is only an estimate of the real
dimension of the interstitial cavity. The true cavity size will be
different because micelles are not true hard-spheres and there is
significant interdigitation between the segments of the corona.
Therefore, the sizes of the interstitial cavity mentioned above
provide an upper limit estimate on the space available to a tem-
plated particle. However, these structural dimensions are useful
to approximate the relative dimension of templated particles to
the interstitial sites. Table 1 compares the size of silica particles
to the octahedral sites (OIS).

The generalized scattering equation for a three component
system is given by:

1(Q) = (p1 — ps)* 111(Q) + (02 — ps)* 122(Q)
+2(p1 — ps)(p2 — ps)112(Q). 3)

InEq. (3), p1, p2 and ps are the scattering length densities (SLD)
of component 1, component 2 and the solvent, respectively.
111(Q) and I>(Q) represent the scattering contributions from the
pure components and I12(Q) is a term due to cross correlations
between the two dispersed materials. One useful property of
neutrons is the different interaction with atomic isotopes. This
allows use of isotope solvent mixtures to change the SLD of
solvents without significantly altering the chemistry and inter-
actions in the samples. In a contrast matching experiment, the
SLD of the solvent is matched to that of one component so that
the scattering signal from the second component is recovered,

1(Q) = (p2 — ps)*1(Q) for ps = pi. 4)

The SLD of the pure components is calculated from the atomic
composition and the density of the materials [32]. The contrast
matching solvent compositions are calculated and it is found
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Fig. 3. Experimental determination of the point of minimum intensity (PMI) for
the silica particles and the F127 block copolymer. Open symbols represent the
measured intensities before multiplication by —1 to perform the linear fit (solid
lines).

that the silica particles are matched with a solvent composition
containing 58% D,O (mol/mol). Although it is not possible to
perfectly match the F127 chains because the two blocks have dif-
ferent scattering length densities (SLDpgo =0.572 x 1070A-2
and SLDppo=0.347 x 107° A—z) [4] a point of minimum
intensity (PMI) can be defined. For F127 the PMI is calculated
using the average chemical structure of the chain and it is cal-
culated to be at a solvent composition of 15% D>O (mol/mol).
The SLD of PEO and PPO are so similar that the scattering
intensity at the PMI is negligible and the whole polymer chain
can be regarded as being matched by the solvent.

The values of the PMI for the polymer and the contrast match-
ing point for the silica were also determined experimentally.
Fig. 3 shows the square root of the maximum intensity, /(Q — 0)
for the silica and I(Qmax) for the Pluronic® crystal, as a func-
tion of molar percent of D,O in the solvent. The experimental
values for the PMI are determined to be 60.8% for the silica and
12.2% for the polymer. The 3% discrepancy between the val-
ues used in sample preparation (calculated values) and the true
values does not result in significant error because the residual
intensity is always significantly lower than the signal of interest
(see below). The discrepancy in the PMI value of the polymer is
likely due to larger contribution of the solid micelle core (PPO)
to the total intensity. In the case of the silica, the discrepancy
could be due to unaccounted impurities in the particles or to dif-
ferences in the nanoparticle density with respect to bulk silica
(2.2 g/mL). All measurements, with the exception of the sheared
samples, are performed using the calculated values of the PMI.
Key experiments, including shear-alignment, were verified using
the measured values of PMI which are more accurate.

The two-dimensional scattering profiles for a gelled sample
containing 25 wt.% F127 in the matrix and 3 wt.% 7 nm silica
particles are shown in Fig. 4. The scattering signal due to the par-
ticles (polymer matched) is shown in the top (A and B) while the
scattering from the polymer micelles (silica matched) is shown in

the bottom profiles (C and D). The scattering data were collected
atrest (A and C) and under an applied shear rate of 10s~! (B and
D). The samples were loaded as a fluid at low temperature and
then heated to 25 °C in the shear cell. Therefore, the micelle crys-
tal initially forms with no preferential orientation and the scatter-
ing is consistent with that of a polycrystalline powder. Diffrac-
tion in a powder sample is observed as concentric rings like those
seen in Fig. 4C. In this state, the polymer template shows clear
rings and the dispersed particles also show an isotropic scatter-
ing pattern. When the samples are sheared at a rate of 10s~!
(B and D), macroscopic orientation of the sample results in the
formation of discrete peaks. This alignment results in a hexag-
onally symmetric pattern that develops at the appropriate wave
vector value (Q=0.035A"") in the polymer scattering. The
same symmetry is also seen in the templated silica particles. As
expected, this six-fold symmetry appears at a similar wavevector
(0=0.035A"") in both the polymer micelles and the disperse
silica. These results verify that the particles are indeed tem-
plated by the micellar cubic phase and the spacing is consistent
with the picture of nanoparticles partitioned to the interstitial
spaces in the block-copolymer cubic phase. The structure of the
nanocomposite is analogous to that of a NaCl crystal with the sil-
icaparticles occupying the octahedral sites between the micelles.

When FCC cubic crystals are sheared, they orient with the
(111) plane parallel to the wall of the shear cell. In this con-
formation, the crystal can be described by a set of hexagonally
close packed particle layers that are stacked along the shear
gradient direction. The scattering from the flowing crystals is
consistent with a model of sliding hexagonal layers [33]. For
well templated nanocomposites, the crystal orientation and the
lattice spacing of the micelle crystal and the templated particles
is the same. Therefore, the scattering from both phases presents
a hexagonal pattern with the same orientation and Q position.
The hexagonal pattern in the silica scattering (Fig. 4B) is blurred
due to the form factors and because the lattice is significantly
more defect ridden than that of the polymer template. Still, the
formation of a hexagonal pattern is evident. A more detailed
description of shear alignment in these nanocomposites will be
provided in a future article. Here, we perform an extensive eval-
uation of the design parameters using nanocomposite samples
at rest. To effectively probe a number of variables, samples are
studied only at rest, without the alignment provided by shear,
therefore the samples are in powder (polycrystalline) form and
the isotropic scattering patterns are circularly averaged to assess
the quality of the templating.

Fig. 5 shows the circularly averaged scattering profiles for
a sample containing 20 wt.% F127 and 4 wt.% 7 nm silica with
the solvent “matched” to the silica particles (58% D»0). At low
temperatures, the samples are fluid because the polymer chains
are hydrated and behave like random coils. As the temperature is
raised to 11 °C, micelles begin to form and this is reflected in the
changing scattering profile. Although there is no micelle interac-
tion peak, the scattering profile and the rheology [19] indicate the
onset of micellization. Unlike small molecule surfactants these
systems do not have a sharp micellization transitions and there
is a small region of coexistence between micelles and hydrated
coils.
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Fig. 4. Two-dimensional scattering profiles for a nanocomposite sample containing 25 wt.% Pluronic F127 in the matrix and 3 wt.% 7 nm silica particles. Top profiles
represent the scattering from the silica particles (12% D,0) at 0 (A) and 10 s~ (B). Bottom profiles represent the scattering from the polymer micelles (61% D,0)

at 0 (C) and 10s~! (D). The intensity is doubled between two contour lines.

At 35 °C micelles form and pack into a cubic structure. The
structural transition of the pure block copolymers [5,7,8] and
the nanocomposites [19] has been previously studied with rheol-
ogy. Although these phases are commonly called gels, in reality
they are viscoelastic materials with long relaxation times [34].
The scattering from the cubic crystal in the presence of parti-
cles is similar to that of the neat polymer matrix but there is an
increased scattering at low Q and the diffraction peaks are some-
what broadened. When the temperature is increased further, the
scattering at low Q increases and the peaks are broadened fur-
ther. The second diffraction peak is also observed to decrease in
magnitude with increasing temperature. The residual scattering
intensity from the particles is also shown in Fig. 5. While the
residual scattering shows some Q dependence, the intensity is
so low that it is a negligible contribution to the scattering from
the nanocomposites.

The scattering arising from the silica particles (solvent con-
taining 15% D,0) is shown in Fig. 6 as a function of temperature.
This sample also contains 4 wt.% of 7 nm silica particles and
20 wt.% F127 in the continuous matrix. At low temperatures

the scattering profile for the particles is similar to the scattering
from silica particles in water (Fig. 1). This shows that particles
are primarily randomly dispersed in the solvent. When the tem-
perature is increased, and the polymer forms an ordered matrix,
the scattering from the particles is significantly altered. A dip
in the profile is observed at the Q position corresponding to the
peaks of the polymer cubic template (Q = 0.035 A~!). The resid-
ual scattering intensity from the polymer is also included in the
plot. In this case, the residual intensity is even lower than that
shown in Fig. 5 and the difference in signal intensity (silica) to
residual intensity (polymer) is close to two orders of magnitude.

The scattering from solid spherical particles is often separated
into two terms arising from the particle shape P(Q) and the
interparticle correlations S(Q),

1(Q) = N(p — ps)*S(Q)P(Q) + bkg. ®)

The form factor P(Q) is measured directly at low particle con-
centrations (Fig. 1). The structure factor S(Q) is then obtained
from samples with interacting particles by normalizing the data
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Fig. 5. Temperature dependence of quiescent samples containing 20 w% F127
and 4 w% 7 nm silica particles. The scattering length density of the solvent (58%
D,0) is matched to that of the silica particles. The curves for the 64 °C and 46 °C
are shifted vertically for clarity.

with P(Q) and the different concentrations. We use this sim-
ple approach to extract structural information about the silica
nanoparticles dispersed in the structured Pluronic® gel. S(Q)
approaches unity for randomly dispersed particles in dilute con-
ditions.

Fig. 7 shows the structure factor for various samples at differ-
ent temperatures corresponding to the fluid state (3 °C) and the
gel state (7>25 °C). The structure factor for the sample con-
taining 7 nm particles in a matrix of 20 wt.% F127 (Fig. 7A)
approaches unity at 3 °C because the micelle crystal has not
formed. When the temperature is increased to 35 °C, a broad
peak is formed near Q0 =0.03 A~! and the value at low Q

E F127 20% + 4% Ludox SM in 15% D,0
1 * ® 3C m 35C (shifted) A 64 C (shifted)
7 *'*-...,,_‘_ O 11C (shifted) O 46 C (shifted)
100 - A F127 25% with no silica in 15% D,0
s 3
7]
- ]
O -
(@) 4
o
= 10 3
< E
£ 4
= 1
= E
@ 7
2 7
g ]
€ i
0.1 A
0.01 = I : !
8 9o 01 2 3 4 5 6 78 90 2
’ -1
QA"

Fig. 6. Temperature dependence of quiescent samples containing 20 wt.% F127
and 4 wt.% 7 nm silica particles. The scattering length density of the solvent
(15% D-0) is matched to that of the polymer. The curves from data at 11, 35,
46 and 64 °C are shifted vertically for clarity.
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Fig. 7. Structure factors for the silica particle correlations as a function of tem-
perature for 7 nm particles in a matrix of (A) 20% F127 and (B) 25% F127 and
(C) 22 nm silica in a matrix of 20% F127 at 3C () 25 or 35°C (@) and 64 °C
(D).

decreases. At a larger temperature, the peak in the structure
factor decreases again. When the matrix contains 25 w% F127
(Fig. 7B) an interaction peak is observed at all temperatures. This
indicates that even at 3 °C, where the samples are still fluid, there
are some spatial correlations between the silica particles. When
the temperature of this sample is increased to 25 °C, we observe
an increase in the S(Q) peak near Q =0.035 A-landa lowering
of the values at low Q. As the temperature of this sample is raised
to 64 °C the intensity of the broad peak decreases and it is shifted
to lower Q. The sample that contains the 22 nm silica particles
(Fig. 7C) also shows structure factor effects (especially at low
Q). However, these features are much shallower than those on
the samples containing the smaller silica. More importantly, the
features are independent of temperature indicating that the parti-
cles are not templated by the matrix because they are larger than
the interstitial cavities. The fact that the particle—particle struc-
ture factors are the same in the fluid (3 °C) and gelled states
(25 °C) suggest that this is due to interparticle interactions that
already exist in the fluid state and that gelation only causes the
kinetic trapping of this average particle distribution.

The scattering from the 7 nm silica particles in the nanocom-
posites is also collected as a function of particle concentration.
Previous rheological experiments show that the silica concentra-
tion significantly affects the mechanical and optical properties
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Fig. 8. Scattering profiles for quiescent samples containing variable amounts of
7nm silica and F127 at 25 °C. The solvent is matched to the polymer micelles
(D20 15%). The curves from samples with 3%, 5% and 8% silica are shifted
vertically for clarity.

of the nanocomposites [19]. Although the SANS data indicates
that the 7 nm silica particles (Ludox SM) have two particle size
modes (6 nm and 16 nm), the structure and mechanical proper-
ties of the nanocomposite samples are dominated by the smaller
particle fraction. This is because the small particles exist in a
much larger fraction (96% by number) and because large par-
ticles have been shown to have significantly less influence on
the structure and mechanical properties of these samples [19].
Fig. 8 shows the scattering profiles for nanocomposites con-
taining variable concentrations of 7 nm silica particles with two
different polymer concentrations in the matrix (25 wt.% and
30wt.%) at 25 °C. The templating effect of the polymer is evi-
dent as the scattering is compared to that shown in Fig. 1 for
the particles in water. At low particle concentrations, the scat-
tering is similar to that of Fig. 1 with the exception of the peak
that occurs at 9 =0.037 A~!. The scattering at larger silica load-
ings (3-8 wt.%) is significantly different from the scattering in
dilute solution (Fig. 1). The main differences are an increased
scattering at low Q and the deformation of the profile near
0=0.035A"1. The increase in intensity at low Q values is
evidence of phase separation and is discussed in detail in the
following sections.

To gain insight into these changes, the structure factor for
these samples in the gelled state is calculated and shown in
Fig. 9 as a function of composition. The primary peak of the
structure factors at low particle concentrations (Fig. 9A) occurs
at the same Q value of the corresponding cubic crystal template
(arrows). This is a clear indication of effective particle templat-
ing. At this silica concentration (1 wt.%) the ratio of particles
to octahedral interstitial cavities is low (0.15 particle/site). It
is important to note that this occupancy ratio is calculated for a
homogeneous dispersion of nanoparticles. Phase separation into
particle-rich and particle-poor phases will result in larger and
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Fig. 9. Structure factors of quiescent samples as a function of 7 nm silica con-
centration in a matrix of 25% F127 (@) and 30% F127. A hard sphere (solid line)
and a paracrystal (dashed line) models are shown for the sample containing 8%
silica. Arrows point to the relative Q position of the first peak in the scattering
from the polymer micelles (25 wt.% F127).

lower local occupancy ratios that can have a significant effect
on the scattering signal. No secondary peaks can be reliably
obtained from the data due to the significant incoherent scat-
tering at high Q. This lack of higher order peaks complicates
the identification of the crystal lattice of the templated particles.
Although the possibility that the nanocomposites follow other
crystal structures (CsCl, ZnS) cannot be excluded based on the
powder scattering, the scattering peaks in the shear-aligned runs
are consistent with a crystal lattice that is analogous to the NaCl
structure.

The structure factor at 3 wt.% silica (Fig. 9B), correspond-
ing to 0.52 particles/site, shows a diffraction peak that is larger
and sharper than that of Fig. 9A. The peak also shows a com-
plex functionality towards low Q (the peak is asymmetrical).
The increased amplitude at low Q also indicates the forma-
tion of large domains with different scattering contrast. This
increase develops at lower silica loadings for samples contain-
ing 30 wt.% F127 in the matrix. The samples containing 5 wt.%
silica (0.95 particle/site) also show the formation of sharp peaks
around 0 =0.035 Al (Fig. 9C). At this silica concentration, the
25 wt.% and the 30 wt.% F127 samples show the same form of
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Fig. 10. Neutron scattering profiles for quiescent samples containing 7 nm silica
particles. The samples contain 58% D,O and the scattering signal is due to the
polymer matrix. All curves, with the exception of the 10% silica sample, are
shifted vertically for clarity.

increase at low Q. A sample containing 8 wt.% silica (1.53 par-
ticle/site) in a 25 wt.% F127 matrix is also analyzed and shows
a significantly different structure factor (Fig. 9D). This sample
shows a larger but significantly broader peak and a flat low QO
scattering. The low Q functionality at high silica concentration
indicates that the nanoparticle distribution is more homogeneous
throughout the sample. The structure factor peak of this sample
is more intense than those of lower silica concentrations. How-
ever, the peak is significantly broader and the Q position deviates
from the position of the peak in the scattering of the polymer
micelles. This suggests a lower degree of templating order.
The scattering patterns resulting from the polymer matrix
(58% D»0) of nanocomposites containing variable amounts of
7 nm silica nanoparticles is shown in Fig. 10. The patterns are
characteristic of Pluronic® cubic crystals but they contain fea-
tures that develop with the addition of silica. The most evident
change in the scattering patterns is a variation in the relative
intensity of the secondary peak with respect to the primary peak
as the concentration of silica is increased. When silica is added
up to 4 wt.% the intensity of the second peak increases relative to
the first peak. As the concentration of silica is increased further,
there is a decrease in the relative intensity of the second peak.
The ratio of the second peak intensity to that of the first peak
is shown in Fig. 11 and the non-monotonic change becomes
more evident. The top axis in Fig. 11 shows the relative num-
ber of particles to octahedral interstitial cavities calculated with
the nominal particle diameter (7 nm) and the scattering from the
polymer templates. Interestingly, the largest changes appear to
occur as the concentration of particles is changed around the esti-
mated value of 1 particle per site. Fig. 11 also shows the position
of the primary peak with the addition of silica. This value also
shows a non-monotonic change around silica concentration of
4 wt.%. At this silica concentration the shift in Q is equivalent to
an increase of 1.3 nm in the nearest neighbor distance between
micelles (Dpy). Fig. 11 also includes the ratio of the peaks for
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Fig. 11. Ratio of the intensity of the second diffraction peak to the first (I2/I;)
at 25°C (@) and 50 °C () for data series shown in Fig. 9. The position of the
first diffraction peak (Q) is also shown for the samples at 25 °C (H). Top axis
shows the calculated relative number of particles to the octahedral interstitial
sites (Np/Nors)-

samples at 50 °C and shows that, at this temperature, the values
are smaller than those at 25 °C for all silica concentrations.

4. Discussion
4.1. Nanoparticle templating

The feasibility of using self-assembled micelle cubic crystals
to template nanoparticles is demonstrated by the scattering pro-
files arising from the silica nanoparticles. The scattering data
and the interaction between the silica and the PEO segments
of the Pluronic® block copolymer suggest that the particles are
located in the continuous PEO-water matrix. The PEO blocks of
the Pluronic® chains have been found to absorb in small amounts
to silica surfaces (<0.4 mg/m?) while the PPO segment adsorp-
tion is even less [25,26]. Additionally, we do not believe that the
particles are located in the core of the micelles because the mag-
nitude of the peaks in the structure factors would be significantly
larger as the nanoparticle correlations would be similar to those
of the micelle crystal template. The scattering profiles shown
for the silica phase compared to that of the micelle phase indi-
cate that there is still significant disorder and less than perfect
organization.

In an attempt to quantify the nanoparticle order we attempted
to fit the measured structure factors (Fig. 9) to a paracrys-
tal model [35,36] and to a hard sphere fluid model [37]. The
paracrystal model starts from a perfect crystal lattice and pro-
vides a variable degree of distortion (g parameter) in the “atom”
positions in the crystal. This can simulate the distortion that
is caused by particle motion in the crystal, lattice defects and
smearing observed in the experimental data. When the lattice
(FCC, BCC or SC) is known, the two adjustable parameters in
this model are the unit cell dimension and the distortion param-
eter (g). The adjustable parameters in the hard-sphere model are
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the effective volume fraction (volume fraction of hard spheres)
and the effective hard sphere diameter.

The complex S(Q) waveform at 1-5 w% could not be repro-
duced by either a hard sphere model or a cubic paracrystal
model. Therefore, the interparticle structure of the silica in
these nanocomposites is significantly more complex than that
which is predicted from fluid (hard-sphere) or crystalline models
(paracrystal). This suggests that the scattering in these samples
can only be successfully modeled after the inclusion of more
realistic complexities including particle-rich particle-poor phase
separation, finite crystal domains and lattice defects. Although
some of these effects can be included in the models, [35] the
influences of other complex effects like particle polydispersity
cannot be easily included.

These two models were also tested on the data at a large silica
concentration. The model predictions are shown in Fig. 9D. For
this sample, the low Q region of the structure factor could be
successfully reproduced by a hard sphere model with an effec-
tive hard-sphere diameter Dys =22.8 nm and a volume fraction
¢ =0.15 but the model under-predicted the height of the peak.
When the model was forced to reproduce the peak position and
height (D =20.4 nm, ¢ =0.30), the low Q scattering was under-
estimated and the high Q region was misrepresented. An FCC
paracrystal model with nearest neighbor distance Dyp =24 nm
and distortion parameter g=0.26 was also used to model the
structure factors but did not result in acceptable reproduction
of the data. Although the high Q oscillations were reproduced
somewhat better than the hard-sphere model, the model fails at
low Q. Therefore, the fluid and crystal models also fail in the
limit of high silica concentrations and more realistic models are
required to successfully reproduce the data.

The neutron scattering results are also consistent with the
structural model that we previously proposed to explain their
mechanical behavior [19]. At low concentrations of 7 nm silica
particles, the samples were found to be mostly transparent and
their temperature dependent mechanical properties are similar to
those of the neat cubic crystal. At intermediate silica concentra-
tions (2 < wt.% < 8), the samples become increasingly turbid and
the rheological properties change drastically with silica concen-
tration. At large concentrations (>8 wt.%) the samples become
transparent again and flow more easily. We postulated that this
behavior is due to the changes in the ratio of dispersed parti-
cles to available interstitial cavities. At low particle loadings the
crystal structure is only slightly perturbed and particles are well
templated by the crystal. At intermediate silica loadings there
is a phase separation between regions of crystal that are rich in
particles and regions of neat micelle crystal. It is important to
note that the measured scattering profiles include contributions
from all the coexisting phases that contain the scattering com-
ponents. This point is more important in the scattering profiles
from the polymer crystal (silica matched) because the polymer
is distributed nearly equally in both the particle-rich and the
particle-poor regions. In the case of the silica scattering (polymer
matched), the profiles are predominantly due to scattering from
the particle-rich regions which contain most of the particles. For
these samples, the low Q increase of the structure factor is related
to the size and shape of the particle-rich domains. Experiments

that probe the structure at lower values of Q, like USANS, are
better suited to characterize this phase separation. At even larger
silica loadings, the number of particles exceeds the number of
available template sites and the structure is rich in defects. At
this point the crystalline nature of the materials is lost and the
structure resembles a kinetically hindered but locally disordered
amorphous fluid phase.

This phase behavior is not due to polymer adsorption on par-
ticles because this amount is small in comparison to the total
polymer concentration. Additionally, samples prepared with
polyethylene oxide homopolymer of similar molecular weight
do not show any phase separation in the same temperature and
concentration range. In our rheological experiments, the appear-
ance of a coexisting fluid phase also resulted in significant
weakening of the nanocomposites [19].

The influence of particle concentration on the templating abil-
ity of the crystal is clearly observed in Fig. 9. At low particle
loadings there is a strong correlation between the position of
the silica structure factor peak and that of the polymer crys-
tal (arrows). When the concentration is larger the correlation
between the structure factor and the polymer peak is less and
less. The increase of the magnitude in the structure factor peak
is not necessarily due to increased ordering but to the larger
volume fraction of particles. The agreement between the peak
position of the polymer template scattering and the silica scat-
tering is a better parameter to evaluate templating quality. The
non-monotonic change (increase then decrease) of the low Q
scattering intensity with the particle concentration is also a clear
indication of the phase separation into regions that are rich in
templated nanoparticles and regions that are poor. At the largest
silica concentration, the structure factor becomes flat at low Q
indicating that the sample is again homogeneous. The upturn at
low Q also occurs first when the polymer concentration is larger.
This suggests that the particle-poor particle-rich phase separa-
tion is due to the stress caused by lattice incompatibility and this
is expected to be larger for more concentrated samples.

Improved nanoparticle templating is obtained at larger con-
centrations of polymer in the matrix. Fig. 9 shows that 25 wt.%
and 30 wt.% F127 result in similar correlation peaks. However,
in Fig. 7 we observe that the correlation peak from the sample
containing 20 wt.% F127 deviates from the position of the peak
in the scattering due to the micelles (arrow). The lower polymer
concentrations in the matrix also showed significant weakening
of the rheological properties of the nanocomposites [19]. There-
fore, a larger polymer concentration in the matrix is desirable
for successful templating and to maintain the mechanical prop-
erties of the matrix material. Silica particles that are larger than
the interstitial cavity were found to have little effect on the rhe-
ology of the nanocomposites. It is also apparent in Fig. 7 that the
relative location of these particles in space is not affected by the
formation of the crystal structure around them. The scattering of
the large particles in the fluid sample and the crystal is identical.

The effectiveness of the templating of the silica nanoparticles
is also influenced by the absolute temperature of the samples.
The temperature dependence of S(Q) for the templated parti-
cles is shown in Fig. 7. It is found that temperature has a large
effect for samples containing low polymer concentrations in the
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matrix. As the temperature is raised from 35°C to 65 °C the
structure factor of the sample containing 20 wt.% F127 becomes
flat for most of the Q range with the exception of a small valley
around Q=0.034 A~!. The existence of this valley is attributed
to the presence of the micelles that affect the average separation
distance between the nanoparticles. The sample that contains
25 wt.% in the matrix also shows a decrease in templating, as
judged by the correlation of the S(Q) peak with the peak of the
polymer matrix. When the temperature of this sample is raised
from 25 °C to 65 °C the peak shifts significantly to lower Q val-
ues and deviates from the peak of the polymer crystal (arrow).
The stiffness of the cubic crystals is non-monotonic at temper-
atures above the order—disorder transition [19]. The modulus
increases up to its maximum value at ~45 °C and then begins
to decrease. This temperature was found to be independent on
polymer or silica concentration and we believe that it is related
to the dehydration and collapse of the PEO corona. Although
the template stiffness changes non-monotonically, the thermal
motion of the nanoparticles increases steadily with temperature.
Therefore, the temperature dependence is due to two competing
effects, the increase in nanoparticle and micelle thermal motion
and the dehydration of the PEO corona. From the data we con-
clude that the optimal temperature for nanoparticle templating
is the lowest possible temperature above the gel transition.

Superlattices in binary hard sphere mixtures have been stud-
ied theoretically [21,22] and experimentally [23,24] with good
agreement between models and observations. Although the par-
ticles (micelles and silica) in these nanocomposites are inter-
acting, it is instructive to compare the observed phase behavior
with that predicted for hard sphere mixtures. Deviations from
hard-sphere interactions can shift the phase diagrams but the
predictions should be roughly comparable to our system. This
is because excluded volume interactions are the dominant factor
in our system.

For the nanocomposites studied here, the hard sphere volume
fraction of micelles lies between the freezing fraction and the
close-packed fraction 0.54 < ¢1, <0.74 (FCC). Although deter-
mination of the exact hard-sphere fraction of micelles is not
possible, we expect that this value is close to the upper limit
(¢ ~0.74). This is suggested by the weak dependence of the
lattice spacing of the neat micelle crystal (Fig. 2) with polymer
concentrations above 20 w%. The range of studied volume frac-
tions for the silica is known to be 0 < ¢s <0.05. Comparison of
our data to the phase diagram presented by Trizac et al. [22] for
a hard sphere mixture with size ratio «=0.414 (¢ =0.3 in our
system) shows that the expected stable phases in this concen-
tration region are L + Fluid, LS + L, LS + L + Fluid, LS + Fluid,
LS +S +Fluid and LS + S. Here, L is a pure FCC crystal of large
particles, S is a pure crystal of small particles, LS is a NaCl-type
crystal of large and small particles and Fluid is an amorphous
fluid phase of large and small particles. For this size ratio or
lower (a < 0.414), no region of crystal phases with LS lattice is
predicted.

At low concentrations of small particles (silica) the stable
phase in the phase diagram is LS + L. For the size ratio « =0.414,
this phase persists up to ¢s ~ 0.05 where the fluid phase begins
to appear in coexistence with the others. However, lowering the

size ratio to o =0.3 (that of our experiments) would change
the transition boundary to lower concentrations of small par-
ticles [23]. Therefore, the predicted phase transition between
the L+ LS phase and a coexisting fluid phase would be in bet-
ter quantitative agreement with the transition observed in our
system (¢s ~ 0.03) [18]. Although the systems cannot be com-
pared exactly, the observed behavior is qualitatively consistent
with that predicted by theory. It is interesting to point out that
phase coexistence occurs at all concentrations in this region.
Experiments carried out in a larger colloidal system over a wide
composition space showed that amorphous fluids dominated the
phase space (a ~ 0.4) with the exception of the limits of many
large or many small particles [23]. Phase separation in binary
crystals can occur spontaneously to minimize the interfacial area
when the crystal lattices are very different and interfacial ten-
sion is high. In fact, pure LS phase (purely NaCl crystal) does
not occur as a region and is only present as a short line between
the LS + L and the LS + S phases. This is a common property of
nanocomposites made by mixing pre-made particles. In contrast,
a purely LS phase could be created with relative ease by synthe-
sizing the particles inside the ordered micelle crystal phase.

The work of Hunt et al. also highlights the importance of
crystallization kinetics [23]. These authors point out that dis-
crepancies between models and experiments are likely due to the
exceedingly long equilibration times. For their relatively large
particles (200—500 nm), crystallization and phase evolution was
observed over several months. In contrast, the appearance and
evolution of turbidity in our nanoscale system is observed in
timescales of minutes to hours.

4.2. Influence of particles on cubic matrix

The effect that nanoparticle additives have on micelle cubic
crystals is of equal importance to potential applications as is the
templating. Although for most samples the cubic structure of the
micelle crystal is maintained, it was found that this structure was
significantly altered by key experimental parameters. The rela-
tive number of particles to template sites was found to directly
affect the relative intensities of the first and second diffraction
peaks (see Figs. 10 and 11). The nonlinear change in the peak
ratio (/»/I1) with particle concentration is a sign of alterations in
the long range order of the micelle cubic crystal. At lower silica
concentrations (<4 wt.%), the second peak intensity increases
relative to the first while the position of the peak moves slightly
toward lower Q. We interpret this as a sign of increased order and
swelling of the micelle crystal due to the intercalated nanopar-
ticles. When the concentration is increased further, we observe
a discontinuous decrease of the peak ratio (I>/I1). At 10 wt.%
silica (Fig. 10) the second “peak’” becomes much softer and less
well defined. This is a clear indication of the loss of long range
structure as fewer areas of the sample satisfy Bragg’s diffrac-
tion law. At this point the scattering is more characteristic of a
fluid state where micelles have little long range order but they
are interacting strongly at small length-scales. Temperature also
has a disordering effect on the micelle crystal as it had on the
silica nanoparticles. This is shown in Fig. 11 as the decrease in
the peak ratio (I/I) for all silica concentrations at 50 °C. The
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Fig. 12. Neutron scattering profiles for quiescent samples containing 30% F127
in the matrix with 1% (OJ) and 3% () dispersed 7 nm silica particles. The
solvent contains 58% D, O so that the scattering from the cubic crystal matrix is
measured. FCC (dashed line) and BCC (solid line) paracrystal models are also
shown in the plots. The curve from the sample with 3% silica is shifted vertically
for clarity.

fact that this ratio decreases more with the addition of silica sug-
gests that the distortion is likely due to the thermal motion of
the silica particles in the interstitial cavities.

An interesting observation was made when the silica con-
centration was increased from 1wt.% to 3wt.% in a sample
containing 30 wt.% F127 in the matrix (Fig. 12). For all sam-
ples discussed up to this point the FCC lattice of the matrix was
maintained. However, in this case we observe a transition from
FCC to BCC with the addition of silica. This is observed as a
change of the number of peaks and their relative position in the
SANS profile. The peak positions in the BCC phase follow the
expected 1:21/2:312 while the FCC peaks are consistent with
the 1:(4/3)Y2:(8/3)"2:(11/3)"2. However, the abundant imper-
fections in colloidal crystals and the instrumental resolution in
SANS lead to a smearing effect that causes the combination of
adjacent peaks into a single peak. This does not affect the BCC
phase because the peaks are sufficiently far apart but it combines
the first two (1 11) (200) and the last two peaks (220) (311)
of the FCC crystal into two broad and asymmetric peaks. In the
past, this effect has lead to a great deal of confusion in the deter-
mination of micelle crystal lattices. Therefore, to better show
this transition we modeled the data using paracrystal structure
factors with FCC and BCC periodicity and a sphere form fac-
tor [38]. The sample containing 3 wt.% silica was modeled with
a BCC paracrystal using a micelle nearest neighbor distance
(Dgs) of 19.5nm, a micelle sphere radius of 5.0 nm (contrast
of 2.1 x 107° A?) and a distortion factor of 0.095. The sample
containing 1 wt.% silica was modeled with an FCC lattice using
a micelle nearest neighbor distance (Dys) of 21.0 nm, a micelle
sphere radius of 5.0 nm (contrast of 2.1 x 1070 A2) and a dis-
tortion factor of 0.12. Although the agreement in the absolute
intensities is not perfect, the peak positions show that these are
indeed FCC (1 wt.% silica) and BCC (3 wt.% silica) lattices. No

combination of parameters was able to provide satisfactory fits
for the 3 wt.% silica sample when either a FCC or simple cubic
(SC) lattice was used. The same was true for the sample contain-
ing 1 wt.% silica when a BCC or SC lattice was used in the model.
Even better model agreement with the data can be expected by
using a micelle form factor that is more realistic (accounts for
the scattering from the diffuse corona) and by accounting for
other effects like finite crystal size and thermal distortions.

The cause for this transition remains unclear. BCC lattices
have smaller interstitial cavities than FCC crystals and therefore
this would seem to be unfavorable for the accommodation of
intercalated particles. However, similar transitions from BCC to
FCC and from FCC to BCC have been found to occur in polymer
micelle cubic crystals as a function of temperature [39,40]. In
these cases, the transitions were due to changes in the length-
scale of the micelle interaction potential as the cores are swollen
or the micelle corona contract. BCC crystals are more frequent in
systems with short-range interaction potentials. Therefore, these
crystal lattices are usually observed in more crowded environ-
ments. Unlike the previous observations of these transitions, the
transition that we observe is due to the incorporation of nanopar-
ticles. It is possible that the incorporation of particles into the
lattice swells the particle-rich fraction of the cubic crystal sam-
ple. This in turn would cause the contraction of the particle-poor
regions assuming that the number of micelles is conserved. This
spatial contraction could trigger the transformation to BCC in
the particle-poor region. Because the concentration of particles
is still relatively low, the particle-poor region of the crystal is
more abundant than the particle rich region and it dominates
the scattering. Although this could be a plausible explanation
for the transition, it puzzles us because the scattering from a
sample containing 35 w% F127 is still consistent with an FCC
periodicity.

5. Conclusions

We have reported on the influence of key design and experi-
mental parameters on the templating of nanoparticles by poly-
meric micelle cubic crystals. The incorporation of significant
quantities of nanoparticles into the interstitial cavities of these
crystals is shown to be feasible. The long-range order of the
cubic crystal is transferred indirectly to the nanoparticles by the
excluded volume as the crystal is formed by raising the tempera-
ture. The thermo-reversible nature of the polymer allowed us to
disperse pre-made charged particles without significant particle
aggregation. We also show that shear can be used to orient the
nanocomposites into a macro-crystal lattice. From these results
we are able to formulate initial guidelines for the design of tem-
plated nanocomposites. It was found that the templating quality
was better when the ratio of particles to interstitial sites is of
order one or less. Above this number, the crystalline order of the
matrix becomes distorted and there is less correlation between
the structure of the particles and the template. It was also deter-
mined, as expected, that particles that are larger or comparable
to the micelles will not be properly templated. Larger concen-
trations of polymer in the matrix resulted in stiffer crystals and
increased nanoparticle organization. Increasing the temperature
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far beyond the disorder—order transition was found to decrease
order. The addition of particles also affected the structure of the
micelle crystal. These initial observations will hopefully help
guide the design of nanocomposite materials with controllable
nanometer scale structure and macroscopic properties.
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