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’ INTRODUCTION

A central issue in the development of reinforced and multi-
functional organic�inorganic nanocomposites has been the
ability to disperse and control the three-dimensional arrange-
ment of the nanoparticles.1,2 In particular, the crystallization of
dilute quantities of nanoparticles with exquisite control of the
interparticle distance is an important technical challenge.3,4

Colloidal crystals have been formed at high concentrations and
more recently at low concentrations with the aid of polymer
grafted colloidal particles dispersed as concentrated, semidilute,
or dilute solutions.2,5,6 In such grafted colloidal particles, crystal-
lization is thought to occur by a soft repulsive potential due to the
grafted chains, unlike the case of usual colloidal crystals wherein
crystallization is thought to occur either by short-range hard-
sphere interactions or by long-range electrostatic interactions.3,6

In this paper we report a strategy to create crystals of spherical
∼15 nm diameter silica nanoparticles, with as little as 0.7 vol % of
silica nanoparticles, stabilized with a high density of nearly
monodisperse polymer chains grafted from the surface by the
use of atom transfer radical polymerizationmethods.7�9 Further-
more, these hybrid materials provide an ideal framework to
examine the structural behavior of highly grafted polymers at-
tached to a convex surface and challenge the theoretically
predicted behavior of such systems.10,11 Such hybrids, combining
the behavior of linear polymer chains and hard-sphere character
of nanoparticles, are capable of bridging much of our under-
standing of colloidal dispersions and that of star polymers.12

Finally, we demonstrate a soft repulsive interaction potential
between the grafted nanoparticles is indeed responsible for the
observed crystallization behavior.

’EXPERIMENTAL SECTION

Materials. n-Butyl acrylate (BA, Acros, 99%), styrene (S) (Aldrich,
99%), and acrylonitrile (AN) (Acros, 99%) were purified by filtration
through a basic alumina column to remove inhibitors before the synthesis.
The procedure for the synthesis of 1-(chlorodimethylsilyl)propyl 2-bro-
moisobutyrate and the subsequent functionalization of the silica (30 wt %
silica in methyl isobutyl ketone, effective diameter D = 16.5 nm, MIBK-
ST, Nissan) was derived from a previously described method.9 Bis(2-
pyridylmethyl)octadecylamine (BPMODA), tris(2-pyridylmethyl)amine
(TPMA), and tris(2-(dimethylamino)ethyl)amine (Me6TREN) were
synthesized according to the literature.13 CuBr (Aldrich, 99%) was pur-
ified via several slurries in acetic acid followed by filtration and washing
with methanol and ethyl ether and was stored under nitrogen before use.
CuBr2 (Aldrich, 99.999%), CuCl2 (Acros, 99%), polyoxyethylene (20)
oleyl ether (Brij 98, Aldrich), hexadecane (Aldrich), L-ascorbic acid (AA,
Aldrich, 99%), dimethyl-2,6-dibromoheptanedioate (DMDBrHD, Aldrich,
97%), N,N,N0,N0,N00-pentamethyldiethylenetriamine (PMDETA, Aldrich,
99%), ethyl 2-bromoisobutyrate (EBiB) (Acros, 98%), 2,20-bipyridine
(bpy), 4,40-dinonyl-2,20-bipyridine (dNbpy) (Aldrich, 97%), tin(II)
2-ethylhexanoate (Sn(EH)2) (Aldrich), anisole (Aldrich), and hydro-
fluoric acid (50 vol % HF, Acros) were used as received.
Synthesis. Poly(n-butyl acrylate) homopolymer brushes were

synthesized by activators generated by electron transfer (AGET) ATRP
of BA from 2-bromoisobutyrate functionalized silica particles in mini-
emulsion under conditions similar to those reported previously14 or in
solution. The detailed reaction conditions are listed in Table 1.When BA
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hybrids were synthesized in solution, a Schlenk flask was charged with
TPMA ligand (149.2 mg, 0.575 mmol), CuCl2 catalyst (69.2 mg, 0.575
mmol), and silica macroinitiator (504.0 mg, 0.288 mmol of Br); then
3.5 mL of anisole and 2.0 mL of acetone were added, and the contents
were stirred until a homogeneous solution formed. Next n-butyl acrylate
(22.0mL, 172.8mmol) was added to the flask. The resultingmixture was
degassed by four freeze�pump�thaw cycles. After melting the mixture,
a solution of Sn(EH)2 (55.94 μL, 0.173 mmol) in anisole (0.5 mL) was
added. The sealed flask was placed in thermostated oil bath at 60 �C.
Samples were taken at timed intervals to follow the progress of the
reaction. The polymerization was stopped by opening the flask and
exposing the catalyst to air. The hybrid material was purified by
precipitation into cold methanol several times.

In the case of synthesis of PBA homopolymer, the polymerization was
carried out at 70 �C. DMDBrHD (56.6 μL, 0.26 mmol), PMDETA
(54.4 μL, 0.26mmol), BA (11mL, 78mmol), and anisole (1.1 mL) were
added to a 25 mL Schlenk flask equipped with a magnetic stir bar.
The flask was sealed, and the resulting solution was subjected to three
freeze�pump�thaw cycles. After equilibration at room temperature,
CuBr (37.3 mg, 0.26 mmol) was added to the solution under nitrogen
flow, and the flask was placed in preheated oil bath. Aliquots were
removed by syringe in order to monitor molecular weight evolution.
After a predetermined time, the flask was removed from the oil bath and
opened to expose the catalyst to air. The polymerization solution was
diluted with CHCl3 and passed over an alumina (activated neutral)
column to remove the catalyst. Solvent was removed by rotary evapora-
tion, and the polymer was isolated by precipitation into cold methanol.

Poly(styrene-co-acrylonitrile) copolymer brushes were grafted from
2-bromoisobutyrate functionalized silica particles via normal and AR-
GET (activators regenerated by electron transfer) ATRP. The detailed
reaction conditions are listed in Table 1. In a typical normal ATRP
of styrene and acrylonitrile (Table 1, entry 8), a Schlenk flask was
charged with bpy ligand (155.6 mg, 0.996 mmol) and silica macroinitiator
(470.4 mg, 0.166 mmol Br), then anisole (5.50 mL) was added, and the
contents were stirred until a homogeneous solution formed. Next,
styrene (4.0 mL, 0.0349 mmol) and acrylonitrile (1.52 mL, 0.0231
mmol) were added to the flask. After three freeze�pump�thaw cycles,
the flask was filled with nitrogen; then while the mixture was immersed
in liquid nitrogen, 71.4 mg (0.498 mmol) of CuBr was added. The flask
was sealed with a glass stopper, evacuated, and backfilled four times with
nitrogen. After melting the reaction mixture and warming to the room
temperature, the sealed flask was placed in thermostated oil bath at
70 �C. Samples were taken at timed intervals to follow the progress of the

reaction. The polymerization was stopped by opening the flask and
exposing the catalyst to air. The hybrid material was purified by
precipitation into methanol with several times.

ARGET ATRP of S and AN was used for the synthesis of high-
molecular-weight PSAN copolymer brushes from silica surfaces (Table 1,
entry 10). Styrene (4.0 mL, 0.0349 mol), acrylonitrile (1.52 mL, 0.0231
mol), and anisole (4.52 mL) were added to a dry Schlenk flask. Then, the
silica macroinitiator (50.3 mg, 0.0177 mmol Br) and a solution of CuCl2
(0.238 mg, 1.77 μmol)/Me6TREN (0.47 μL, 1.77 μmol) complex in
anisole (0.8 mL) were added. The resulting mixture was degassed by four
freeze�pump�thaw cycles. After melting the mixture, a solution of
Sn(EH)2 (5.73 μL, 0.0177 mmol) and Me6TREN (4.20 μL, 0.0159
mmol) in anisole (0.2 mL) was added. The sealed flask was placed in
thermostated oil bath at 80 �C. Samples were taken at timed intervals to
follow the progress of the reaction. The polymerization was stopped by
opening the flask and exposing the catalyst to air. The hybrid material was
purified by precipitation into methanol several times.
Characterization. Molecular weight (Mn) and molecular weight

distribution (Mw/Mn) were determined by GPC equipped with an
autosampler (Waters, 717 plus), HPLC pump with THF as eluent at
1 mL/min (Waters, 515), and four columns (guard, 105 Å, 103 Å, 100 Å;
Polymer Standards Services) in series. Toluene was used as internal
standard. Calculations of molar mass were determined using PSS
software using a calibration based on linear polystyrene standards.
Polymers were analyzed after etching silica with HF. On the basis of
elemental analysis there was 4.1 and 2.8 wt % Br, i.e., 0.5106 mmol Br/1 g
silica or 0.3530 mmol Br/1 g silica, corresponding to ∼1500 and
∼1000 initiating sites per silica particle, providing ∼600 and ∼400
tethered chains per silica particles after polymerization, respectively.

’RESULTS AND DISCUSSION

The structure of the polymer tethered silica hybrid nanopar-
ticles is characterized using small-angle X-ray and neutron
scattering (SAXS and SANS, respectively) and corroborated
using transmission electron microscopy (TEM). The SAXS data
for a series of poly(n-butyl acrylate) (PBA)-based silica hybrids
(grafting density σ ∼ 0.8 chain/nm2; d0 ∼ 16.5 nm; 600 chains
per nanoparticle) (Figure 1a) indicates the presence of an orde-
red structure with the clear presence of both first- and second-
order intensity peaks, whose q-values, as noted in Table 2,
decrease with increasing chain length of the attached polymer.
The SAXS data for these melt-state PBA-based hybrids are

Table 1. ATRP of BA and SAN from Functionalized Silica Particles or from Small Molecular Weight Initiator

entrya media initiation [BA]:[S]:[AN]:[initiator] Mn,SEC (g/mol) Mw/Mn no. of tethered chains/particle

1 solution, 20% vol solvent AGET 600:0:0:1 3 900b 1.20 ∼600

2 miniemulsion AGET 200:0:0:1 24 700b 1.27 ∼600

3 miniemulsion AGET 600:0:0:1 53 500b 1.25 ∼600

4 miniemulsion AGET 600:0:0:1 79 400b 1.29 ∼600

5 solution, 10% vol solvent normal 150:0:0:1 21 100 1.07

6 solution, 50% vol solvent normal 300:0:0:1 55 000 1.23

7 solution, 50% vol solvent normal 400:0:0:1 79 600 1.09

8 solution, 50% vol solvent normal 0:200:130:1 1 800b 1.08 ∼400

9 solution, 50% vol solvent normal 0:200:130:1 22 000b 1.21 ∼400

10 solution, 50% vol solvent ARGET 0:2000:1300:1 137 200b 1.34 ∼400
a Entry 1, AGET ATRP in solution; [SiO2-Br]:[CuCl2]:[TPMA]:[Sn(EH)2] = 1:2:2:0.6, 60 �C, acetone/anisole. Entries 2�4, AGET ATRP in
miniemulsion; [SiO2-Br]:[CuBr2]:[BPMODA]:[AA] = 1:0.5:0.5:0.2, 80 �C, hexadecane 5 wt % based on monomer, Brij 98�14 wt % solid content.
Entries 5�7, normal ATRP; [SiO2-Br]:[CuBr]:[PMDETA] = 1:1:1, 70 �C, anisole. Entry 8, normal ATRP; [SiO2-Br]:[CuBr]:[bpy] = 1:3:6, 70 �C,
anisole. Entry 9, normal ATRP; [SiO2-Br]:[CuBr]:[dNbpy] = 1:4:8, 80 �C, anisole. Entry 10, ARGET ATRP; [SiO2-Br]:[CuCl2]:[Me6TREN]:
[Sn(EH)2] = 1:0.1:1.0:1.0, 80 �C, anisole. b Polymers were analyzed after etching silica with HF.
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virtually independent of temperature between 20 and 180 �C and
reflect the well-equilibrated nature of the structure and the
possible thermodynamic origins for the development of the
structure. We note that repeated annealing in the presence of
solvent vapors and at high temperatures did not yield any change
in the nature of the small-angle peak or the electron microscopy
images. While these data indicate that q1*:q2* :: 1:

√
3 for all the

hybrids examined, extremely weak higher order scattering peaks
at ∼√

7q1* are discernible and suggest an ordered liquid lattice

with weak FCC or random close packed ordering.15 The A15
lattice can be eliminated based on the absence of a (5/2)1/2

reflection, and BCC can be eliminated due to the absence of the√
2 reflection. Similar FCC crystalline order has been reported

by Ohno et al. for 300�850 nm diameter SiO2 particles grafted
with PMMA and dispersed in a good solvent.6

We further employ the empirical Hansen�Verlet criterion,
which states that the value of the structure factor S(q) at q1* is
∼2.85 at the melting transition,16 to test if indeed these hybrids
crystallize or form liquidlike order. From the SAXS and SANS
data, the values of S(q=q1*) were calculated (Table 2) by dividing
the measured intensity by the form factor corresponding to
individual spherical particles obtained from dilute solution scatter-
ing measurements, and they indicate that as per the Hansen�
Verlet criterion the PBA based hybrids are crystalline. We further
note that linear viscoelastic stress�relaxation measurements pre-
viously published on these samples,17 with a dynamic time range of
0.1�100 000 s (significantly longer than the polymer relaxation
time which range from milliseconds to 0.1 s for the molecular
weights examined here), indicate the presence of an elastic solid
for all of these samples, consistentwith the notion of the crystalline
arrangement of the silica nanoparticles.

TEM (Figure 1b) of bulk samples (sections created by cryo-
microtoming) and from thin films deposited from solution indicate
agreement with the scattering measurements and the Hansen�
Verlet criterion.16 The presence of a hexagonal arrangement of the
silica nanoparticles with significant polycrystallinity is clearly ob-
served. Such ordering has been previously observed in several
other material systems: in colloidal and nanoparticle dispersions
at high volume fractions of the nanoparticles, in block copolymer
solutions and melts with microphase separation, and in high-arm
content star polymer systems among other soft matter systems.2,6,18

Similar to the block copolymer systems, in the absence of attractive
interactions between the nanoparticles, the origins of the crystalline
ordering for the hybrid nanoparticles result from entropic repul-
sion, connectivity, and volume filling constraints.19 Nevertheless,
the unique features in the hybrids described here are (a) the low
volume fraction of the silica nanoparticles (as low as 0.027
corresponding to the pure hybrid with 80K chains attached and
extendable down to 0.007 corresponding to the PBA80K hybrid
diluted by 75% by free 80K chains as shown below) where we
observe ordering and (b) the core and corona size scales are
comparable and the core and corona are sharply separated with no
interpenetration of the core by the corona chains.

From the scattering data, we estimate the minimum distance
between silica nanoparticles, h, as

h ¼ a
2π
q1�

 !
� d0 ð1Þ

where a is 1.22 for an FCC lattice or 1.23 for structures dominated
by two-body correlations, and d0 corresponds to the diameter of

Figure 1. (a) Small-angle X-ray scattering data for three PBA�SiO2

hybrids with varying molecular weight of the grafted PBA chains. The
nanoparticles employed and the surface density of initiators on the silica
particle are identical in each case. The intensity data were shifted for
clarity. (b) TEM of an unstained 80K-based PBA�SiO2 hybrid thin film
(sectioned by cryo-microtoming) that is consistent with the SAXS data
and demonstrates a well-ordered structure. (c) The minimum distance
between the spherical nanoparticles, h (obtained from eq 1), is a good
measure of the brush height and is shown for the PBA�SiO2 and
PSAN�SiO2 hybrids (with 16.5 nm diameter SiO2 nanoparticles and
containing ∼1000 chains/nanoparticle) as a function of molecular
weight of the nearly monodisperse polymer chain attached to the silica
nanoparticles.

Table 2. Structural Characterization of Silica�Poly(n-butyl
acrylate) Nanocomposites

sample mol wt Mn ϕSiO2
� 100 q1* q2* q2*/q1* S(q1*)

PBA4K 3 900 33 0.334 0.571 1.71 5.4( 0.2

PBA25K 24 700 8.5 0.212 0.363 1.71 9.9( 0.3

PBA53K 53 500 3.9 0.177 0.305 1.72 9.3( 0.2

PBA80K 79 400 2.7 0.163 0.281 1.72 8.4( 0.2
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the silica nanoparticles, in this case estimated on the basis of
scattering andmicroscopy data to be 16.5( 1.5 nm.15Considering
that the hybrids here consist of polymer melts with no dispersing
lowmolecular weight solvent or dispersant, the value of h is a good
measure of the size of the polymer chains tethered to the silica but
is not equivalent to the radius of gyration of the polymer or the
brush height. The molecular weight dependence of the scaling of h
is shown in Figure 1c for the PBA series of hybrids and for a
comparable series of poly(styrene-co-acrylonitrile) (PSAN) hy-
brids. For these PSAN hybrids the measurements reported here
are in the melt state of the polymer (T = 150 �C). The extent of
ordering as observed by the value of the peak intensity of the
primary correlation peak and the presence and intensity of the
second-order reflections for the PSAN-based system are signifi-
cantly poorer, possibly due to the lower graft density and the high
glass transition temperature in the PSAN case, than those reported
for the PBA hybrids. Nevertheless, the values of h scales as∼Mn

α,
with α = 0.50 ( 0.04 for the PBA series and 0.51 ( 0.06 for the
PSAN series over roughly 1 decade in molecular weight, with the
values for h for the PSAN series being somewhat lower than that of
the PBA series for comparable molecular weights. We note,
however, that in spite of the observed scaling behavior of the
distance between particles with molecular weight is similar to
unperturbed chains in the melt, the chains are indeed stretched:
For example, for the 80K sample, the value of h is∼30 nm while a
calculation of the unperturbed Rg indicates a value of∼8 nm and,
even assuming no interpenetration, a chain stretching of ∼2, at
the least.

The “blob model” of Daoud and Cotton for star polymers and
curved brushes in their melt state provides a reasonable theore-
tical framework to consider the results presented here, although
the thickness of the studied brushes (h = 4�30 nm) is compar-
able to the core diameter d0 = 16.5 nm.10,20 The Daoud and
Cotton model suggests that for the case of dense melts of stars
with significant overlap between branch chains the brush height
scales as approximately f1/2 + N1/2, where f is the number of
branches and N is a measure of the degree of polymerization.
Thus, for a star polymer melt with significant branch overlap and
with constant number of branches, we predict that the radius of
the star polymer scales with molecular weight of arm molecular
weight as ∼Mn

1/2 and that the chains are indeed stretched as
compared to homopolymers of comparable molecular weight.
While previous experimental studies for ∼125 arm star polymer
(polybutadiene)melts indicated a rough scaling exponent of 0.35
for the size of the stars with molecular weight,15 our current
results for the case of polymer brushes on a silica nanoparticle
with a particle diameter comparable to the brush height yields a
scaling of N1/2. We note that in the case studied here the mea-
surements allow for a direct measure of the distance beween
particles and not directly the size of the polymer chains. Further,
the extended nature of the polymer chains near the particle and
the directionality of the polymer necessitated by the pinning of
one end of the polymer at the nanoparticle must distort the
conformational statistics of the polymer. Nevertheless, while the
scaling observed is temptingly similar to that expected for melt
brushes with significant interpenetration, we caution that such a
scalingmight purely fortuitous as the number of branches is quite
large and the range of molecular weights studied and their
comparable length with the particle size would suggest that we
are not truly in the limit of melt stars. It is entirely possible that
the systems studied are in the crossover regime between flat
brushes (i.e., brush height , particle size) and those of true

stars (i.e., brush height . particle size). One final note in the
comparison between the results presented here and those of the
PB stars reported previously,15 the PB stars do not exhibit a
second-order scattering peak, except for the lowest molecular
weight sample, and examination of the scattering intensity
suggests a failure to meet the criteria of Hansen and Verlet to
classify those materials as crystalline ordered materials.

An alternate mechanism to control the distance between the
hybrid nanoparticles was achieved by blending the hybrids with
the untethered (free) polymers of similar (matched) or higher
(mismatched) molecular weight. Such a study as outlined below
not only allows us to test ideas of homopolymer miscibility with a
brush but also enables the elucidation of the melting of the
crystalline structure adopted by the hybrid nanoparticles. For the
matched blend systems, as observed in Figure 2, with increasing
amount of added homopolymer the value of q1* decreases,
implying a swelling of the interparticle distance, and a second-
order peak at∼√

3q1* is observed for all blends. We note that at
even at the highest quantities of added homopolymer the
intensity at small angle is well-behaved and does not show any
divergence, suggesting that at all compositions the blends remain
homogeneous. We examine two issues concerning such matched
blends in Figure 3.

First, the values of S(q1*) for these matched blends, like those
for the pure hybrids, are large and decrease with increasing
homopolymer content. Applying the Hansen�Verlet criterion
for the melting transition, the data in Figure 3a suggests that for
volume fractions of hybrid material ϕhybrid(=(1—ϕhomopolymer))
> 0.25, the blends are crystalline, and only for cases where they
are diluted with more than 75 vol % homopolymer do they

Figure 2. (a) SAXS data for a series of matched blends of a homo-
polymer of PBA (25K) with the PBA25K�SiO2 hybrid. With increasing
homopolymer content, the interparticle distance increases (swelling of
the lattice) with the crystalline order persisting to high homopolymer
addition. The intensity data were shifted vertically to improve clarity. (b)
TEM of a 40% PBA80K�SiO2 hybrid blended with 60% PBA (80K)
homopolymer indicating the presence of a well-defined crystal structure
for such blends.
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undergo melting. The full width at half-maximum (fwhm) of the
primary scattering peak increases slightly with increasing homo-
polymer content and undergoes a significant change for mixtures
with more than ∼75 vol % homopolymer, consistent with the
application of the Hansen�Verlet criterion described above.
This crystalline order, even at relatively high homopolymer
content, is further supported by electron micrographs shown in
Figure 2b. Interestingly, the melting composition does not show
strong molecular weight dependence.

Second, the variation of the minimum distance between two
silica particles, h, that is a direct measure of the brush height
(Figure 3b) with matched molecular weight dilution is examined.
While h increases with increasing homopolymer content in each
case (approximately described by ϕhybrid

∼�(0.44 ( 0.05)), plotting
the data with respect to the bare silica content (i.e., the inorganic
core volume fraction) allows for a simple superpositioning of all
the values of h onto a single master plot. Considering that the
initiator grafted silica nanoparticles used in each of these experi-
ments come from the same batch, and the virtually identical
polymerization conditions employed,8 the appropriate invariant
to employ is indeed the silica amount (volume or weight
fraction). For the matched blends, the scaling with silica volume
fraction, suggested by Figure 3b, is

h � ϕSiO2

�ð0:40 ( 0:02Þ ð2Þ

Such a scaling relationship suggests that the addition of matched
molecular weight free chains to the highly grafted curved brushes
leads to a swelling of the interparticle distance. If the free chains
of matched molecular weight incorporated into the brush
behaved as ideal chains, we would expect the brush height to

scale with molecular weight with a �1/3 exponent. This would
suggest that the hybrid nanoparticles are acting as good solvents
for the homopolymer chains and result in an expansion of the
matched molecular weight chains.

On the other hand, we have also examined the case where the
free chains are larger than the grafted chains. Specifically, we
blend the 53K and 80K homopolymers to the PBA25K-based
hybrid material and examine the structures formed. While the
addition of the 53K homopolymer leads to a brush height scaling
that is similar to that of the matched systems, the mixtures of 80K
homopolymer and the PBA25K-based hybrid lead to a somewhat
lower brush height and a scaling that is given as

h80K=PBA25K�hybrid � ϕSiO2

�ð0:28 ( 0:03Þ ð3Þ
and indicating that the 80K homopolymer is akin to a poor
solvent for the PBA25K-based silica hybrid. Such dewetting
behavior of highly grafted brushes with high molecular weight
homopolymers is quite similar to the behavior of spherical block
copolymers, where a molecular weight discrepancy of a factor of
5 is tolerated prior to demixing.21

We return to the observation of the crystalline ordering
observed in these hybrid materials for silica volume fractions
down to 0.007 (PBA80K hybrid diluted with 75% 80K PBA
homopolymer). As noted previously and demonstrated in a
previous publication,17 these hybrid materials exhibit an elastic
response in linear viscoelastic measurements whose time scales
far exceeds the longest relaxation time of the polymer chains. The
time-independent elastic moduli (G�) observed from linear
stress�relaxation measurements are an excellent tool to probe
the interparticle interactions in such hybrids and their blends
via22

G� ¼ 1
r0

∂
2UðrÞ
∂r2

" #
r¼ r0

ð4Þ

While the values of G� for the three series of matched blends,
described in a previous publication,17 when plotted against r0
demonstrate parallel power-law behavior, we empirically separate
the molecular weight effect and silica contribution and collapse the
curves by a modulus shift factor, bM, that is only a function of
the molecular weight of the grafted chains. We plot the values of
the rescaled bMG� as a function of the interparticle spacing (r0) in

Figure 3. (a) Examination of S(q=q1*) for the different matched blends
in the context of the Hansen�Verlet criterion for crystallization. (b)
Examination of the minimum interparticle separation distance (h), a
measure of the brush height and interpenetration of the brushes by the
free homopolymer chains for the matched (closed symbols) and mis-
matched blends (open symbols), with varying homopolymer dilution.

Figure 4. Dependence of the time-independent linear modulus for the
hybrids and the matched blends as a function of the center-to-center
distance of the lattice responsible for the elastic response. The moduli
values for the three different series were shifted using a vertical shift
factor to collapse the data on to the PBA80K matched series, and these
shift factors are shown in the inset of the figure.
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Figure 4 for all of the hybrids and matched blends studied here.
We note in passing that the modulus scaling with grafted chain
molecular weight is linear and surprisingly much weaker than
those observed for sphere forming block copolymers or star
polymers.23 The interparticle distance dependence of the re-
scaled modulus is adequately represented by a power-law as
bMG� � r0

�(14.5(2.0) and suggesting that the repulsive potential
between the grafted nanoparticles scales as U(r) � r�(12.5(2.0).
This interaction potential lies between those of the two limiting
cases of common crystal formers in colloids and resembles only
somewhat the exponential potential function used often to
understand the behavior of star polymers. The effect of the finite
impenetrable core and the high density of grafting probably
contribute to this functional form of the potential, and under-
standing how this interaction potential changes systematically
with grafting density and diameter of the core�inorganic nano-
particle and its consequences on the structural behavior of the
hybrids and the behavior of the polymer chains in response will
allow us to carefully tailor the ordering behavior of such grafted
nanoparticles.

’CONCLUDING REMARKS

We have examined the structure and dynamics of spherical
nanoparticles of silica grafted with a dense brush of low-poly-
dispersity polymers prepared by living radical polymerization and
have shown that these form ordered crystalline ordered struc-
tures. The brush thickness, measured using the lattice distance
between nanoparticles, scales as the square root of the molecular
weight of the polymer chains. However, comparison to the
unperturbed chain dimensions of untethered polymers indicates
that the tethered chains are indeed stretched. The structural
studies of the blends of the grafted nanoparticles with the
corresponding matched and mismatched molecular weight
homopolymers indicates that the crystalline order persists even
with high amounts of homopolymer added and for systems with
as little as 0.7 vol % silica. In a previous paper we have shown that
the grafted nanoparticles with varying molecular weight of
attached chains (with terminal relaxation times of <1 s, if not
attached to the nanoparticle) and the blends with matched
molecular weight homopolymers and high concentrations of
the grafted nanoparticles demonstrate solidlike behavior for as
long as 100 000 s.17 Interpreting the modulus behavior as a
function of nanoparticle lattice distance indicates that the
potential between such grafted nanoparticles effectively scales
as U(r) � r�(12.5(2.0). This suggests that such grafted nanopar-
ticles are similar to common crystal formers in colloids and
resemble only somewhat the exponential potential function used
often to understand the behavior of star polymers. The effect of
the finite impenetrable core and the high density of grafting
probably contribute to this functional form of the potential, and
understanding how this interaction potential changes system-
atically with grafting density and diameter of the core�inorganic
nanoparticle and its consequences on the structural behavior of
the hybrids and the behavior of the polymer chains in response
will allow us to carefully tailor the ordering behavior of such
grafted nanoparticles.
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