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ABSTRACT: Semisoft colloidal crystals, which are formed by the work of steric or excluded-volume interactions
among the concentrated polymer brushes (CPBs) afforded on spherical particles, were studied with respect to
their crystalline structure as a function of graft chain length, while the graft density was approximately fixed at
a high value. Rhodamine-labeled, low-polydispersity silica particles (average diameter 590 nm) were synthesized
using the sol-gel chemistry based on the Stöber method and then grafted with a shell of well-defined poly(methyl
methacrylate) high-density brush by surface-initiated atom transfer radical polymerization. The internal structure
of colloidal crystals formed in a liquid suspension of those hybrid particles was directly (in situ) observed by
confocal laser scanning microscopy in fluorescence mode. The crystalline structure was of close-packed type in
all cases, and the nearest-neighbor interparticle distance in the crystal increased with increasing graft chain length.
The crystals consisted of two-dimensional hexagonal close-packed planes which are stacked in a statistical sequence
of hexagonal close-packed (hcp) and face-centered cubic (fcc) lattice arrangements. The probability R of finding
a fcc stacking was about 0.59 in a region of relatively short graft chains and substantially equal to 1.0 (perfect
fcc) in a region of relatively long graft chains, exhibiting a rather narrow intermediate transition region, where
R steeply increased with increasing chain length. This transition of crystalline structure from a nearly random
stacking to the fcc arrangement was ascribed to a qualitative change in graft chain conformation and hence
interparticle potential curve accompanying the previously noted CPB-to-SDPB (semidilute polymer brush) crossover
in the effective graft density of the polymer layer (Ohno et al. Macromolecules 2007, 40, 9143). These results
are the first to experimentally show a greater prevalence of fcc stacking as the interaction becomes of longer
range. Semisoft colloidal crystals of CPB-afforded hybrid particles can thus cover, by simply changing the graft
chain length, a wide range of crystallization concentrations and interparticle potentials between those of typical
hard and soft colloidal crystals.

Introduction

Spherical particles suspended in a closed liquid system can
organize themselves into a colloidal crystal, even when only
repulsive interactions exist between particles (cf. the Kirkwood-
Alder transition1,2). Typically two types of repulsive potentials
have been observed to lead colloidal crystallization. One is the
hard-sphere potential, which is steric and short-range in nature,
inducing crystallization of rigid uncharged particles (hard
colloidal crystals).3–11 The other is the electrostatic potential,
which can be of extremely long range depending on the ionic
strength of the system, inducing crystallization of charged
particles (soft colloidal crystals).12–20

We recently developed a third type of colloidal crystals,
semisoft colloidal crystals, in which the driving force of
crystallization is the excluded-volume interactions between
polymer chains densely grafted on spherical particles.21,22 This
system is distinguished from any of previously observed
colloidal crystals or similar ordered assemblies formed by e.g.
block copolymers and star-shaped polymers. In fact, colloidal
crystals of spherical particles with polymer chains terminally
grafted on the surface have been known since early 1970s, and
it has been speculated that those graft chains would work as a
repulsive interparticle potential, a rather “soft” potential quali-
tatively analogous to the electrostatic one. However, in all of
the previously studied systems of this kind,3,4,7,8,23 the graft
density was so low and, in many cases, the graft chain length
was so small that the graft chains simply played the role of
stabilizing the particles, having no dominant effect on the
interparticle potential, and thus the system essentially showed

the characteristics of a hard colloidal crystal. Using surface-
initiated atom transfer radical polymerization (ATRP),24 we
succeeded for the first time in preparing silica particles (SiPs)
having a shell layer of well-defined polymer chains densely and
thickly end-grafted on the particle surface with no aggregation
of particles caused and the narrow distribution of particle size
maintained throughout the course of preparation.25 The surface
density of the grafted poly(methyl methacrylate) (PMMA)
chains reached some 0.7 chains/nm2, going deeply into the
regime of concentrated polymer brush (CPB). CPBs had not
attracted much attention until recently, when ATRP and other
techniques of living radical polymerization (LRP) proved to be
capable of routinely providing well-defined CPB samples, with
which experiments got started disclosing a number of unique
properties of CPBs,26,27 essentially different from those of less
densely grafted surfaces semidilute polymer brushes (SDPBs).
Important properties of CPBs relevant to colloidal crystallization
include the extremely large thickness of swollen CPB layer,
almost comparable to the fully stretched length of graft
chains,28,29 and the non-interpenetrating or immiscible property
of confronted CPBs even at extremely high compressing
pressures.27 The latter property contrasts to that of confronted
SDPBs, which do interpenetrate or mix with each other beyond
a critical pressure because of the less extended conformation
of SDPB chains. Thus, the brush-brush interaction is suggested
to be qualitatively different between CPB and SDPB systems.

A CPB afforded on a spherical surface has the unique feature
that the effective surface density of the brush is not constant
but varies with varying radial distance from the sphere center.
Accordingly, not only the mean thickness of the brush layer
but also the radial concentration profile of polymer segments
and hence the interparticle potential should be a function not
only of the graft density on the core particle surface and core
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particle size but also of the chain length of graft polymer. When
the chain length is small enough, the whole layer of the CPB
afforded on a spherical surface would have properties of “CPB”,
while as the chain length exceeds a crossover value, the outer
surface of the brush layer would begin to show properties of
“SDPB”. In view of the above-noted general properties of CPB
and SDPB, this chain-length-dependent structure of the brush
layer should be reflected not only on the layer thickness and
the critical concentrations of colloidal crystallization but also
on the crystal structure itself.

In a previous work,22 we carried out dynamic light scattering
(DLS), in dilute acetone solution, for a series of narrowly
distributed silica particles with a diameter of 130 nm afforded
with a PMMA CPB. The observed chain length dependence of
hydrodynamic thickness h of the brush layer was interpretable
by a modified Daoud-Cotton-type scaling theory, disclosing
the presence of a crossover chain length of the brush layer from
CPB to SDPB regime. Irrespective of graft chain length, more
concentrated suspensions of the hybrid particles showed a phase
transition from a (disordered) fluid to a fully crystallized system
with a narrow fluid/crystal coexisting regime. The critical
concentration of crystallization decreased with increasing graft
chain length, and the nearest-neighbor interparticle distance Ddis

in the crystal approached to a micrometer scale as the graft
molecular weight reached about 500 000. Good correlation was
observed between Dh and Ddis such that Ddis ) Dh × (1.15 (
0.05). A confocal laser scanning microscopic (CLSM) analysis
of reflection mode suggested that the structure of the colloidal
crystal was not independent of graft chain length but a mixture
of hexagonal close-packed (hcp) and face-centered cubic (fcc)
lattices with the fraction of hcp lattice likely to increase with
decreasing chain length. However, since the resolution of CLSM
of reflection mode was not high enough, especially for small
particle sizes and short interparticle distances, we could not
disclose any more details of the chain length dependence of
crystal structure.

In this work, we have carried out a fluorescene-mode CLSM
anaylysis with a series of fluorescence-labeled silica-CPB
hybrid particles having a larger core diameter (590 nm) and a
wider range of PMMA graft chain lengths (from 75 000 to
1 099 000 in weight-average molecular weight, Mw). In the
literature, structural analysis of colloidal crystals has been
made by scattering methods6,14–17 and microscopic observa-
tions.10,11,17,18,23,30–32 For samples containing microcrystallites
of relatively large size such as colloidal crystals, it is difficult
to obtain accurate structural information by scattering methods
because the scattering volume is usually too small to contain a
statistically sufficient number of crystallites. An excellent work
that overcame this difficulty was done by Pusey et al.,6 who
designed a laser light scattering instrument with a 1 cm3

scattering volume, large enough to obtain statistically accurate
data, and successfully determined the structure of a hard
colloidal crystal. This method, however, is not easily accessible
to all. Microscopic techniques allow direct observation of
crystalline structure in real space. However, conventional optical
microscopy basically provides precise information only of or
near the surface layer of crystallite. When one tries to focus
below the surface plane, one will usually have a mixed image
of multiple out-of-focus planes. In fact, previous conventional
microscopic studies dealt with the observation of only one plane
per crystallite.11,31 Confocal laser scanning microscopy (CLSM),
especially that of fluorescence mode,10,23,30,32 provides a power-
ful and convenient solution to this difficulty. It gives clear
images of not only the surface plane but planes located
micrometers below the surface. Three-dimensional (3-D) struc-
ture can therefore be observed directly in real space.10,23,30,32

Although similar experiments with higher resolution could be

carried out by transmission electron microtomography, it
basically is applicable to dry samples but not to colloidal
crystals.33 Thus, CLSM of fluorescence mode seemed to us to
be most promising for our purpose.

Experimental Section

Materials. Ethyl 2-bromoisobutyrate (2-(EiB)Br, 98%) and (3-
aminopropyl)triethoxysilane (APS, 97%) were purchased from
Nacalai Tesque Inc., Osaka, Japan. 4,4′-Dinonyl-2,2′-bipyridine
(dNbipy, 97%) and rhodamine B isothiocyanate (RITC) were
obtained from Aldrich. Tetraethyl orthosilicate (TEOS) was kindly
donated by Chisso Corp., Yokohama, Japan. These reagents were
used as received. Methyl methacrylate (MMA, 99%) was obtained
from Nacalai Tesque Inc. and purified by passing through a column
of activated basic alumina to remove inhibitor. 1,2-Dichloroethane
(99%), cholorobenzene (99%), 1,2-dibromoethane (99%), chloro-
form (99%), and o-dichlorobenzene (99%) were used as received
from Nacalai Tesque Inc.

Synthesis of Rhodamine-Labeled SiP Grafted with Concen-
trated PMMA Brush. Following the procedure of van Blaaderen
et al.,34 rhodamine-modified triethoxysilane (APS-RITC) was
synthesized by stirring a solution of RITC (56 mg) and APS (45
mg) in dry ethanol (3.7 g) for 24 h in a glovebox purged with argon.
To this solution of APS-RITC in ethanol, TEOS (14.6 g) and dry
ethanol (21.5 g) were added, and then, this mixture was added
dropwise over 1 h into a mixture of ammonia solution (28% aqueous
solution, 30.3 g) and ethanol (120 g) under mechanical stirring.
Thus, generated silica particles were cleaned by five cycles of
centrifugation and dispersion in ethanol to remove residual
APS-RITC and TEOS. Finally, an ethanol solution containing 3.9 g
of rhodamine-labeled silica particles (RhSiPs) was obtained.

RhSiPs were surface-modified with a triethoxysilane derivative
having an atom transfer radical polymerization (ATRP)24 initiating
site and grafted with well-defined PMMA concentrated brushes by
surface-initiated ATRP of MMA mediated by a copper complex
Cu(I)Cl/dNbipy in the presence of free initiator 2-(EiB)Br, as
reported previously.25 The characteristics of RhSiPs grafted with
PMMA brushes (PMMA-RhSiPs) are summarized in Table 1.

Praparation of PMMA-RhSiP Suspensions for Colloidal
Crystal Formation. The PMMA-RhSiP hybrid particles were
dispersed in a mixed solvent, whose density was slightly (by 0.05
g/cm3)smaller thantheoverall (average)densityofthePMMA-RhSiPs
(see Table 1) and whose refractive index was equal to that of the
bulk PMMA (n ) 1.49). The density matching reduces the effect
of gravity, which is essential for the system to achieve a
thermodynamic equilibrium, and the adjustment of refractive index
provides a clear CLSM image of RhSiP core.3–5,21,30 The composi-
tions of the mixed solvents are given in Table 2.

Confocal Laser Scanning Microscopic Observations of
PMMA-RhSiP Suspensions. A PMMA-RhSiP suspension (ca. 0.5
mL) was put into a glass cell (0.8 cm in diameter and 1.5 cm in height)
whose bottom was made of a coverslip and whose top was sealed off
after the sample was set. Observation was made on an inverted type
CLSM (LSM 5 PASCAL, Carl Zeiss, Germany) with a 543 nm
wavelength Ar laser and a 63 × objective (Plan Apochromat, Carl

Table 1. Characteristics of Rhodamine-Labeled Silica Particles
Grafted with Concentrated Poly(methyl methacrylate) Brusha

sample code Mw
b Mw/Mn

c graft density (chains/nm2) F (g/cm3)d

R1e 75 000 1.32 0.55 1.68
R2 159 000 1.21 0.65 1.51
R3 355 000 1.21 0.71 1.37
R4 620 000 1.25 0.75 1.31
R5e 1 099 000 1.40 0.88 1.26

a The diameter of the rhodamine-labeled silica particle core was 590
nm. b Weight-average molecular weight of poly(methyl methacrylate)
(PMMA) grafts. c Polydispersity index of PMMA grafts. d Calculated value
of the overall (average) bulk density of the hybrid particles. e The mean
diameter and relative standard deviation as observed by TEM were 690
nm and 3.7% for R1 and 1310 nm and 3.9% for R5, respectively (cf.
Figure 1).
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Zeiss) in fluorescence mode. The distance of the focal plane from the
inside surface of the coverslip was no less than 20 µm. The image
analysis software Imaris (Bitplane AG, Zurich, Switzerland) was used
to construct a three-dimensional image with CLSM data.

Results and Discussion

Particle Synthesis. Fluorescent dye-labeled silica particles were
prepared by the two-step procedure. In the first step, a rhodamine
derivative bearing a triethoxysilane moiety (APS-RITC) was
synthesized. The second step was the sol-gel reaction of a mixture
of TEOS and APS-RITC using the Stöber method35 to obtain
spherical rhodamine-labeled silica particles (RhSiPs). Transmis-
sion electron microscopic (TEM) observations revealed that the
average diameter of these RhSiPs and its relative standard
deviation were 590 nm and 6.8%, respectively (Figure 1). The
RhSiPs were functionalized with ATRP initiators and then
grafted with a well-defined PMMA high-density brush by
surface-initiated ATRP of MMA as reported previously.25 Thus,
we prepared a series of hybrid particles (PMMA-RhSiPs) with
a fixed diameter of RhSiP core, nearly the same graft density,
and various chain lengths of PMMA grafts (see Table 1). It
was difficult to carry out dynamic light scattering measurements
with these (R-series of) samples to determine their hydrody-
namic diameters and size distributions because of the particles
sedimentation (due to their large sizes) and the fluorescence

labeling. However, since the method of sample preparation was
exactly analogous to the one used in the previous work,22 we
can expect that they should have similar characteristics to those
of the previous (P-series of) samples: in particular, we can expect
a fairly narrow size distribution also for them. To confirm this,
we made TEM observation of two samples (Figure 1) to find
their mean diameters and relative standard deviations to be 690
nm and 3.7% for sample R1 and 1310 nm and 3.9% for sample
R5, respectively. Incidentally, the diameters of these hybrid
particles (in the dry state) calculated with the numerical data in
Table 1 and the known bulk density of PMMA were 675 nm
for R1 and 1300 nm for R5, in good agreement with the TEM
data.

Colloidal Crystallization. By virtue of the density matching,
all studied hybrid particles dispersed in the solvent mixture gave,
despite their large sizes, an isotropic suspension without showing
(positive or negative) sedimentation, allowing us to observe
thermodynamically equilibrium or nearly equilibrium phenom-
ena. At a certain narrow range of particle concentrations, where
isotropic and crystalline phases coexisted, the suspension
exhibited tiny iridescent flecks of crystallites soon after the onset
of experiments, and the crystallites very slowly sedimented
toward the bottom of the cell, forming, in several days, a sharp
boundary between the isotropic and crystalline phases. The
volume fraction of crystalline phase increased with increasing
particle volume fraction, and the whole suspension was a
crystalline phase at the melting volume fraction φm. This
behavior of the R-series samples is essentially similar to what
we previously observed for the P-series of samples,21,22 remind-
ing us of the Kirkwood-Alder transition.1,2 Values of φm are
listed in Table 2. The table shows that φm decreases with
increasing graft chain length from 0.218 for sample R1 to 0.041
for sample R5, thus covering a wide range of crystallization
concentrations between those of typical hard and soft systems.

CLSM Measurement. CLSM observations of the semisoft
colloidal crystals in fluorescence mode were carried out for the
crystalline phase in the coexisting region of each system (hence
the volume fraction φ of observation was φm). Figure 2a shows
the three-dimensional (3-D) images of the ordered arrays of
RhSiPs formed by sample R4. The crystalline structure can be
analyzed by slicing the 3-D image on desired planes. Figure 2b
shows the two-dimensional (2-D) close-packed (cp) plane
extracted from Figure 2a, corresponding to the (001) plane in
the description of Miller index for the hexagonal system, in
which the cp plane is defined as an x-y plane of a unit lattice.
For example, parts c and d of Figure 2 are the (100) and (110)
planes, respectively.

Figure 3 collects the CLSM images of the 2-D cp planes of
the crystals formed by the hybrid particles with varying graft
chain lengths. In all images, the RhSiP cores can be seen as
red circles having a mean diameter and diameter distribution
in good agreement with those observed by TEM (Figure 1a),
regularly dispersed throughout the plane. The PMMA brushes
which should be surrounding the RhSiP cores are invisible, as
they are not fluorescence-labeled. Noteworthy are not only the
high degree of positional order of the RhSiP cores but also the
strong dependence of the interparticle distance on the chain
length of PMMA grafts. The mean nearest-neighbor center-to-
center distance Ddis between particles were measured to be 1230,
2360, and 3190 nm in parts a, b, and c of Figure 3, respectively.
Values of Ddis for all studied systems are listed in Table 2.

The distance Ddis can also be estimated from the melting
concentration φm of the crystals, according to the following
relation valid for closed-packed structures22

Figure 1. TEM images of (a) rhodamine-labeled silica particles
(RhSiPs) and samples (b) R1 and (c) R5.

Table 2. Experimental Conditions and Values of Ddis and r
samplea solvent volume ratiob φm (φm,silica)c Ddis

d (nm) Re

R1 A/B/C ) 47/14/39 0.218 (0.151) 1050 0.59
R2 A/B/C ) 49/25/26 0.161 (0.073) 1230 0.60
R3 A/D/E ) 36/23/41 0.119 (0.030) 1760 0.58
R4 A/B/E ) 57/4/39 0.088 (0.014) 2360 0.76
R5 A/B/E ) 52/25/23 0.041 (0.004) 3190 0.89
P3f (35/37)
P5g (26/26)
a See Table 1. b A: 1,2-dichloroethane; B: chlorobenzene; C: 1,2-

dibromoethane; D: chloroform; E: o-dichlorobenzene. c Melting volume
fraction of PMMA-RhSiP hybrid pariticles suspended in the mixed solvent,
where CLSM observations were made. Value in parentheses is melting
volume fraction of silica core. d Nearest-neighbor center-to-center distance
of the hybrid particles in the crystal. e Probability of fcc (face-centered
cubic) stacking. f The diameter of the silica core was 130 nm, Mw ) 188 000,
and the scaled Mw ) Mw × (590/130) ) 853 000 (see text). 35 fcc
arrangements were found out of 37 of stacking data (the 90% confidence
limit of R is 0.85-0.98). g The diameter of the silica core was 130 nm, Mw
) 518 000, and the scaled Mw ) Mw × (590/130) ) 2 350 000 (see text).
26 fcc arrangements were found out of 26 of stacking data (the 90%
confidence limit of R is 0.92-1.00).
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Ddis,cal ) 21/6(Vp/φm)1/3 (1)

where Vp is the particle volume, in units of nm3, of PMMA-RhSiP
in the dry state (the specific particle volume was approximated
by that in the dry state). Figure 4 shows the plot of Ddis and
Ddis,cal as a function of Mw of the graft polymer. A few points
may be noteworthy with the figure. The generally good
agreement of Ddis and Ddis,cal will confirm the uniformity of the
crystals as well as the consistency of relevant experimental
procedures. We previously observed22 for the P-series of
samples that the values of Ddis,cal similarly estimated from the
φm data had a good correlation with the hydrodynamic diameters
Dh of the hybrid particles determined in dilute suspension, such
that Ddis,cal (≈Ddis) ≈ 1.15Dh. Although determination of Dh

for the present particles was experimentally difficult (see above),
we can expect a similar correlation between Ddis (or Ddis,cal)
and Dh, and accordingly, the previous discussion about the
dependence of brush layer thickness and colloidal crystallization
on graft chain length should be valid also for the present system.
We will come back to this point later.

Identification of Crystalline Structure. The 2-D cp planes
only exist in crystals featuring face-centered cubic (fcc),
hexagonal close-packed (hcp), or random hexagonal close-
packed (rhcp) structures. The difference between these crystal-
line structures lies in the sequential stacking of cp planes, which
can be made visible by analyzing the plane perpendicular to
the cp plane. Of the several crystalline planes perpendicular to
the cp plane, the (110) plane most clearly exhibits the difference
between fcc and hcp stackings.11 Using this methodology and

the conventional microscopy technique, the crystalline structure
of hard colloidal crystal was determined to be of rhcp type.
This analysis required a very strict adjustment of the micro-
scope focal plane to the (110) plane of the microcrystallite to
be studied. However, in the CLSM analysis combined with the
image analysis software Imaris used here, the (110) crystalline
planes can be extracted from any microcrystallites regardless
of their orientation, and in this regard, it is a much more
powerful and versatile method than the one using conventional
microscopy.

Figure 5 shows an example of the CLSM image of the (110)
crystalline plane (sample R4). As demonstrated in Figure 5b,
the fcc stacking is characterized by a linear arrangement of three
consecutive spheres in the (110) plane, and the hcp stacking is
given by their zigzag arrangement, and therefore these two
stacking modes are easily distinguished in the image of the (110)
plane. The stacking probability R, i.e., the number fraction of
fcc stackings, is given by

R)Nfcc/(Nfcc +Nhcp) (2)

where Nfcc and Nhcp are the numbers of fcc and hcp stackings.
Hence, R ) 0, 0.5, and 1 represent (perfect) hcp, rhcp, and
(perfect) fcc structures, respectively. To obtain sufficient
statistics, we collected, for each sample, about 100 images of
(110) planes randomly sampled at different positions of the
crystalline phase, each image showing the side view of about a
dozen of successive cp planes and hence giving about 10 of
stacking data, and thus we studied a total of about 1000 cp
planes with their (110) stacking modes (Nfcc + Nhcp ≈ 1000).

Figure 2. Confocal laser scanning microscopy (CLSM) images of the colloidal crystal formed by rhodamine-labeled silica particles (RhSiPs)
grafted with poly(methyl methacrylate) (PMMA) concentrated brush (PMMA-RhSiPs) (sample R4, Table 1). The diameter of RhSiP core is 590
nm, and the weight-average molecular weight of the PMMA grafts is 620 000. Part a shows a three-dimensional image for a part of a microcrystallite.
Parts b, c, and d show the images of the (001), (100), and (110) planes, respectively, extracted from (a) by the image analysis software Imaris. Note
that these planes are indexed according to the Miller description for the hexagonal system, in which the two-dimensional close-packed plane (001)
is defined as an x-y plane of a unit lattice.
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To supplement these data, we also examined the colloidal
crystals formed by the P-series of samples which had a SiP
diameter of 130 nm and PMMA Mw of 188 000 and 518 000
(samples P3 and P5, respectively, in ref 22). As they were not
fluorescence-labeled, we used the laborious and time-consuming
reflection mode of CLSM to successfully obtain 37 and 26 of
(110) stacking data for P3 and P5, respectively. Since the graft
densities of P-series of samples were similar to those of R-series
of samples, and since the static or structural properties of such
hybrid particles with the same graft density may be reasonably
assumed to be scaled or normalized by the ratio of graft chain
length to core diameter,22 the data for P-series of samples with
their molecular weights multiplied by the ratio of core diameters
(590/130) may be compared with those for R-series of samples.
The scaled molecular weights of samples P3 and P5 and their
mean values of R and their error ranges are given in Table 2
and its caption, along with the data for R-series of samples.

In Figure 6, R is plotted as a function of logarithm of Mw (or
scaled Mw for P-series of samples) of the PMMA grafts. The
figure suggests the existence of three regions. In the first region
of relatively small chain lengths, R is nearly constant and equal
to about 0.59. Namely, in this region, fcc and hcp structures
coexist in nearly equal proportion, similar to the rhcp structure
in which R ) 0.5. In the second “transition” region of
intermediate chain lengths, R increases rather sharply and
approaches 1 with increasing Mw. In the third region of large
chain lengths, R is constant and equal to 1.0, i.e., perfect fcc.
Because of the lack of sufficient statistics for the sample with
the largest Mw (sample P5), we are still unable to experimentally
confirm that R is 1.0 for this sample, but the observed trend
strongly suggests that R ) 1 in the third region of larger chain
lengths.

The observed chain length dependence of R seems to go in
parallel with the chain length dependence of brush layer
thickness or graft chain conformation. In the previous work with
the P-series of samples,22 we showed that in a region of small
graft chain lengths the whole graft layer is in a CPB (concen-
trated polymer brush) regime in which the excluded-volume
effect is unimportant, while in a region of large chain lengths,

the brush layer is divided into two regimes by a characteristic
radius rc. In the inside of this radius (r < rc), the brush layer is
in a CPB regime, and in the outside of it (r > rc), it is in a
SDPB (semidilute polymer brush) regime, where the excluded-
volume effect is important. Therefore, the chain conformation
and the interparticle potential curve of hybrid particles with short
grafts should be very different from those of hybrid particles
with long grafts. According to the previous analysis of the
hydrodynamic thickness of brush layers, sample P2 with Mw )
1.26 × 105 was closely situated on the CPB-SDPB boundary
(see Figure 3 in ref 22). In fact, Figure 6 seems to be roughly
dividable into CPB and SDPB regimes by the vertical straight
line corresponding to this chain length (the scaled Mw ) 5.7 ×
105). In more detail, sample P3 (Mw ) 1.88 × 105: the scaled
Mw ) 8.5 × 105) was situated just above this boundary of CPB
and SDPB regimes. Namely, while the most part of the graft
layer of this sample was in a CPB regime, the outermost surface
of it was likely in a SDPB regime. Although this was reflected
only slightly in the hydrodynamic thickness of the brush layer
(cf. Figure 3 in ref 22), even such a small and local change had
a large effect on interparticle potential, hence on crystalline
structure, as the steep increase in R of this sample showed.
Figure 6 shows that sample P3, as well as samples R4 and R5,
whose graft chain lengths are similar, have large values of R,
forming the “transition” region.

As noted above, our system with graft chains in the CPB
regime (or relatively short graft chains) behaved like a hard-

Figure 3. CLSM images of the (001) plane (two-dimensional close-
packed plane) of the colloidal crystals formed by PMMA-RhSiP hybrid
particles. The weight-average molecular weights of the PMMA grafts
are (a) 159 000, (b) 620 000, and (c) 1 099 000. The mean nearest-
neighbor center-to-center distances in the images measure (a) 1230,
(b) 2360, and (c) 3190 nm. For other details, see Figure 2.

Figure 4. Plot of nearest-neighbor center-to-center distance Ddis between
particles at the melting concentration of the colloidal crystal as a
function of the weight-average molecular weight Mw of PMMA grafts.
Ddis and (b): observed by CLSM (cf. Figure 3); Ddis,cal and (O):
calculated with the melting concentration of the crystal (see text and
Table 2). The diameter of SiP core is 590 nm. The broken and dotted
lines represent the diameters of the fully stretched and compact
core-shell models, respectively (see text).

Figure 5. CLSM images of the (001) and (110) crystalline planes of a
colloidal crystal (sample R4). Part a shows the spatial relation between
the (001) and (110) planes, and part b demonstrates the difference of
hcp and fcc stackings appearing in the (110) plane. For other details,
see Figure 2 and text.
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sphere system. This is understandable, since chains in CPB
regime are highly extended. They give a large hydrodynamic
diameter, even comparable to the dimension of the fully
stretched model,21,36 which consists of a silica core and a
PMMA shell whose size is equal to that of the PMMA chains
radially stretched in all-trans conformation (cf. Figure 4). As
already noted, the crystallization concentrations of our semisoft
systems with short (as well as long) graft chains were closely
approximated by that of the hard-sphere system having an
equivalent hydrodynamic diameter. This along with the men-
tioned fact that confronted CPBs never interpenetrate or mix
with each other (see Introduction) suggests that the interparticle
potential between CPB-grafted particles is short-ranged and
closely like that between hard spheres, even though the volume
fractions of crystallization in the semisoft systems are generally
much smaller (cf. Table 2) than that of the hard-sphere system
in which φm ) 0.55. At this stage, we get involved in the
controversy regarding the structure of the hard-sphere system.37

The fcc structure is favored by the theory,37 but earlier
experiments6,9,10,38,39 indicated a structure close to rhcp. Our
result for those samples that are considered to be in the CPB
regime indicated that R is about 0.59 with no clear chain length
dependence in this region. This will vote for the experimental
faVor of rhcp in hard or quasi-hard systems.

However, our result also indicated that R increased rather
sharply as the chain length increased beyond a critical value
and approached 1 for the perfect fcc. We explain this depen-
dence of R on graft chain length in terms of the qualitative
change in interparticle potential accompanied by the CPB to
SDPB crossover. Systems with long graft chains will be
characterized by the rather “soft” interparticle potential of
SDPBs: as noted above, the crystallization concentrations of
SDPB systems are also approximated by that of the hard-sphere
system with an equivalent hydrodynamic diameter. Since the
hydrodynamic diameter is determined by the average dimension
of graft chains and since graft chains in a SDPB system are
less extended on average and can take numerous conformations
of differing degrees of chain extension, the interparticle potential
between SDPB systems should be, unlike that between CPB
systems, necessarily of long-range nature.

All these observations and discussion suggest that fcc might
be a thermodynamically stable phase in hard as well as semisoft

systems. However, during the crystallization process, some hcp
arrangements might be frozen in irreversibly. This nonequilib-
rium process will be more likely to happen for systems with a
shorter range of interparticle potential like those of the hard-
sphere and CPB systems. The entropy difference between fcc
and hcp phases theoretically deduced37 may be too small to
realize an equilibrium system in usual experimental conditions.
On the other hand, as the interparticle potential range becomes
longer, not only the nearest-neighbor but also the second-nearest
(and higher-order) interactions can play a role in crystallization,
giving much larger energetic and entropic differences between
fcc and hcp phases. Therefore, nonequilibrium processes will
be less likely to occur in systems with a longer range of
interparticle potential.

Ordering of particle-like polymeric architectures such as star-
shaped polymers and block copolymer micelles in solution has
been found by both experiment and computer simulation.40–43

In some cases, structural transformation from fcc to bcc lattice
occurred as the interparticle potential became softer.41,42 In view
of these results, our semisoft systems may, in the limit of large
chain length relative to core diameter, exhibit a fcc to bcc
transition. Thus, we may be able to cover the whole range of
possible crystalline structures including rhcp, fcc, and bcc
structures with a single CPB-core particle system by simply
changing the graft chain length. This remains to be studied as
a future target.

Conclusions

The internal structure of the colloidal crystals formed in a
liquid suspension of concentrated PMMA brush-SiP hybrid
particles was directly observed by CLSM in fluorescence mode
(or reflection mode, for some nonlabeled samples). The crystal-
line structure was of close-packed type in all cases, and the
nearest-neighbor interparticle distance in the crystal increased
with increasing graft chain length. The crystals consisted of two-
dimensional hexagonal close-packed planes which are stacked
in a statistical sequence of hcp and fcc arrangements. The
probability R of finding a fcc stacking was about 0.59 in a region
of relatively short graft chains and substantially equal to 1.0
(perfect fcc) in a region of relatively long graft chains, exhibiting
a rather narrow intermediate transition region, where R steeply
increased with increasing chain length. This transition of
crystalline structure from a nearly random stacking to an fcc
arrangement was ascribed to a qualitative change in graft chain
conformation and hence interparticle potential curve accompa-
nying the CPB-to-SDPB crossover of the effective graft density.
These results are the first to experimentally show a greater
prevalence of fcc stacking as the interaction becomes of longer
range. Thus, semisoft colloidal crystals of CPB-afforded hybrid
particles possibly cover, by simply changing the graft chain
length, a wide range of crystallization concentrations and
interparticle potentials between those of typical hard and soft
colloidal crystals.
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