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ABSTRACT: We previously reported that monodisperse silica particles (SiPs) afforded with a high-density brush
of poly(methyl methacrylate) (PMMA) and suspended in a good solvent for PMMA formed a colloidal crystal
in a certain concentration range (Macromolecules2006, 39, 1245). Here we investigated similar hybrid particles
with respect to the influence of graft chain lengthLc on their hydrodynamic diameterDh in dilute suspension and
on colloidal crystallization in more concentrated suspension. The average radiusr0 of SiPs was 65 nm, and the
surface densityσ0 of PMMA grafts at the SiP surface was about 0.7 chains/nm2 (about 36 000 chains per particle).
The hydrodynamic thickness of the swollen brush layerh ()Dh/2 - r0) was qualitatively interpretable by a
modified Daoud-Cotton-type scaling model. Namely, for short graft chains,h obeyed the universal relation,h[1
+ (h/2r0)] ∼ Lcσ0

1/2, applicable toconcentrated polymer brusheson flat as well as spherical surfaces, and for
chains longer than a critical length,h showed positive deviations from this linear relation, indicating the brush
layer getting into thesemidilute polymer brushregime. 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 (melting point) decreased with increasing graft chain length, and the nearest-
neighbor interparticle distanceDdis in the crystal approached to a micrometer scale as the graft molecular weight
reached 500 000. Good correlation was observed betweenDh andDdis such thatDdis ) (1.15( 0.05)Dh. Confocal
laser scanning microscopic observation suggested that the colloidal crystal generally include both hexagonal
close-packed (hcp) and face-centered cubic (fcc) lattice arrangements with the fcc arrangement likely to increase
with increasing chain length.

Introduction

Colloidal crystals have attracted much attention for funda-
mental understanding of condensed matter crystallization1-13

as well as for their potential applications, in particular, as
photonic crystals which are characterized by alternating domains
of higher and lower refractive indices with a periodicity on the
order of the wavelengths of visible lights.14-16 Typical colloidal
crystals are formed by spherical particles suspended in a liquid.
Driving forces for the formation of colloidal crystals are believed
to be repulsive potentials working between colloidal particles,
of which typically two types are known. One is the hard-sphere
potential, which is steric and short-range in nature, inducing
crystallization of rigid uncharged particles (hard colloidal
crystal).3-6,9,10 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 crystal).7,8,17,18

Recently, we have identified a colloidal crystal for a suspen-
sion of hybrid particles having a spherical silica core and a shell
of well-defined poly(methyl methacrylate) (PMMA) chains
densely grafted on the silica surface.19 This system is new and
distinguished from any of previously observed colloidal crystals
or similar ordered assemblies formed by polymers of special
architecture such as block copolymers and star-shaped polymers.
As a matter of fact, colloidal crystals of spherical particles with
polymer chains terminally grafted on the surface have been
known since the early 1970s, and it has been speculated that
those graft chains would work as a repulsive interparticle

potential barrier, a rather “soft” potential qualitatively analogous
to the electrostatic one. However, in all of the previously studied
systems of this kind,3,4,6,9,10,12the 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
dispersed in a liquid and had no significant effect on the
interparticle potential. Namely, all of them showed the char-
acteristics of hard colloidal crystals, and the speculated effect
of graft chains on interparticle potential had never been clearly
demonstrated experimentally before the mentioned work by us.19

Particles with a densely grafted surface are expected to show
qualitatively different properties from those with a moderately
or sparsely grafted surface. To see this, a brief introduction to
“polymer brushes (PB)” may be due:20,21 Analogous to the
notions of dilute, semidilute, and concentrated solutions of free
chains, the assemblies of polymer chains end-grafted on a solid
surface and swollen in a good solvent can be categorized into
three regimes according to graft density (and chain length).
When graft density is so low that the grafted chains do not
overlap each other, the system is in the “dilute brush” regime,
where the chains take the conformation of “mushroom” (a
swollen coil somewhat deformed by the influence of the
surface). When graft density exceeds a threshold value or region,
the chains will overlap each other, and in order to avoid mutual
interference, they will get stretched away from the surface. Such
a system is termed a “semidilute polymer brush (SDPB)”, in
which the intermolecular segmental interactions are important,
but both the volume fraction and deformation free energy of
chains are still low enough that they can be approximated by
the “binary segmental interaction” and the “Gaussian elastic free
energy”, respectively. As graft density further increases, the
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system will ultimately get into the “concentrated polymer brush
(CPB)” regime, where higher-order segmental interactions and
the non-Gaussian nature of stretched chains become important.
Theoretical studies have been carried out at varying levels of
approximations for SDPBs (and CPBs, in some cases) on both
flat22-25 and curved26-29 surfaces. On the other hand, experi-
mental studies had been virtually limited to SDPBs because of
the unavailability of CPB samples until recently, when living
radical polymerization (LRP) proved to be capable of routinely
providing well-defined polymer brushes with graft densities up
to 0.3-0.5 in surface coverage.20,21 These graft densities are
more than 1 order of magnitude higher than those of typical
SDPBs, going deep into the CPB regime. Systematic experi-
mental studies of CPBs got started then, disclosing many unique
properties of them, such as unusually high glass transition
temperature,30 high plate compressibility in swollen31,32and dry33

states, sharp size-exclusion effects by swollen34 and dry21 CPB
layers, extremely large thickness of swollen CPBs,31,32 and
pressure-independent ultrahigh lubricity of confronted swollen
CPBs.21

The last two properties of CPBs are particularly interesting
with regard to the present work. The extremely large thicknesses
of swollen CPBs, almost comparable to fully stretched chain
lengths, would suggest an interparticle potential of that long
range and its controllability by controlling chain length (and
graft density). The mentioned ultrahigh lubricity of confronted
CPBs comes from thenon-interpenetratingor demixinginterac-
tion between them, originating from the highly extended chain
conformation of CPB chains. This suggests a hard-sphere-type
potential between CPB-afforded particles. Of course, the ef-
fective 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 functions of the surface density
and chain length of graft polymer as well as the size of the
core particle. These important and interesting features of CPB-
afforded particles and their colloidal crystallization had never
been studied previously, and this has motivated us to conduct
a series of systematic experimental studies to elucidate details.

In the previous paper,19 we have demonstrated the colloidal
crystallization of the hybrid particles with a particular silica core
(diameter 130 nm) and a particular PMMA CPB (graft density
about 0.7 chains/nm2 and graft chain molecular weight about
180 000). A very long range of interparticle potential afforded
by the graft chains was suggested by the low particle concentra-
tion at colloidal crystallization and the large size of the
crystalline unit lattice. In this work, we will study similar hybrid
particles of varying PMMA chain lengths with the same core
diameter and nearly the same (high) graft density as in the
previous work. By changing the graft chain length from short
to long ones, the effective surface density will go from CPB to
SDPB regimes. The central aim of this work is at quantitatively
studying the chain length dependence of the mean thickness of
brush layer and the critical concentration of colloidal crystal-
lization and elucidating possible correlation between them.
Another important and interesting problem of possible chain
length dependence of colloidal crystalline structure will also
be studied by the in situ observation of crystals on a confocal
laser scanning microscope.

Experimental Section

Materials. SiP (SEAHOSTER KE-E10, 20 wt % suspension of
SiP in ethylene glycol) was kindly donated by Nippon Shokubai

Co., Ltd., Osaka, Japan. The mean diameter of the SiP was 130
nm with a relative standard deviation of 10%, as measured by
transmission electron microscopy. The hybrid particles (PMMA-
SiPs) were synthesized by surface-initiated atom transfer radical
polymerization (ATRP)35 of MMA, as reported previously.36 The
characteristics of PMMA-SiPs used in this work are summarized
in Table 1. Chloroform (99.5%), 1,2-dichloroethane (99.5%),
cholorobenzene (99%), ando-dichlorobenzene (99%) were used
as received from Nacalai Tesque Inc., Osaka, Japan.

Preparation of PMMA )SiP Suspensions for Colloidal Crys-
tal Formation. The PMMA-SiP hybrid particles were dispersed
in mixed solvents matching both their refractive indexn and density
F. Sample P1 (see Table 1) was dispersed in a mixture of 1,2-
dichloroethane/chloroform/o-dichlorobenzene of volume composi-
tion 76/1/23. Then andF of this solvent mixture, approximated by
composition-averages of those of the pure solvents, were 1.47 and
1.27 g/cm3, respectively, and approximately equal to those of P1.
Similarly, samples P3 and P5 were dispersed in mixtures of 1,2-
dichloroethane/chlorobenzene/o-dichlorobenzene of 53/20/27 (ap-
proximaten andF: 1.49 and 1.24 g/cm3) and 31/69/0 (approximate
n andF: 1.50 and 1.15 g/cm3), respectively. The refractive index
matching provides nearly transparent suspensions, which is essential
for optical observations, and the density matching reduces the effect
of gravity, which is essential for the system to achieve a
thermodynamic equilibrium.2-5

Dynamic Light Scattering. Dynamic light scattering (DLS)
measurements were made in acetone solvent at 30°C on a DLS-
7000 photometer (Otsuka Electronics, Japan) with a He-Ne laser
(wavelength 633 nm and power 10 mW) as a light source. The
scattering light intensity was measured at a scattering angle of 90°.
The intensity correlation functiong(2)(τ) can be given by a single-
exponential function, as follows,

whereΓ is the characteristic rate for the translational diffusion and
τ is the correlation time.Γ is related to the translational diffusion
coefficientDdif by

whereq is the scattering vector. The hydrodynamic diameterDh

can be calculated by the Stokes-Einstein equation

whereη is the solvent viscosity,kB is the Boltzmann constant, and
T is the absolute temperature.

Table 1. Characteristics of Silica Particles Grafted with
Concentrated PMMA Brusha

sample
code Mw

b Mw/Mn
c

graft density
(chains/nm2)

Dh
d

(nm)
ds

e

(%)

P1 88 000 1.28 0.59 300 5.3
P2 126 000 1.24 0.62 350 5.2
P3 188 000 1.19 0.73 450 5.1
P4 293 000 1.27 0.71 580 4.5
P5 518 000 1.20 0.71 840 4.9
V1 126 000 1.36 0.59 350f

a The diameter of the silica particle core was 130 nm.b Weight-average
molecular weight of PMMA grafts.c Polydispersity index (PDI) of PMMA
grafts.d Average hydrodynamic diameter determined by dynamic light
scattering in acetone at 30°C, except for sample V1.e Relative standard
deviation determined by dynamic light scattering.f Estimated from the
intrinsic viscosity [η] determined in tetrahydrofuran at 30°C, according to
[η] ) (5πNADh

3)/(12M), whereNA is the Avogadro’s number, andM is
the mass per hybrid particle. Since the size distribution of the hybrid particles
is generally small (cf. the values ofds given in this table), and since the
difference of the two (good) solvents should have no important effect on
the swollen thickness ofconcentratedbrushes (see text), this viscosity data
for sample V1 may reasonably be compared to the DLS data for sample
P2.

g(2)(τ) ) 1 + exp(-2Γτ) (1)

Γ ) Ddifq
2 (2)

Dh ) kBT/3πηDdif (3)
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Confocal Laser Scanning Microscopy (CLSM).CLSM ob-
servation of the colloidal crystals was made on an inverted type
microscope (LSM 5 PASCAL, Carl Zeiss, Germany) with a 458
nm wavelength Ar laser and 63× objective (Plan Apochromat, Carl
Zeiss) in reflection mode. Other experimental details were as
described previously.19

Results and Discussion

Hydrodynamic Thickness of Brush Layer: Experimental
Results. DLS measurements were conducted for a series of
hybrid particles with a fixed diameter of silica core of 130 nm,
nearly the same graft density, and various chain lengths of
PMMA grafts. The characteristics of the hybrid particles
including their hydrodynamic diametersDh and standard devia-
tionsds determined by DLS are given in Table 1. The intrinsic
viscosity measurement made for one PMMA-SiP sample
(sample V1) having nearly the same characteristics as sample
P2 gave aDh value consistent to that of P2 determined by DLS
(see Table 1). Figure 1 shows the plot ofDh as a function of
weight-average molecular weightMw of the PMMA grafts. The
diameters of the compact core-shell model19,37 and the fully
stretched core-shell model19,37 are also shown in the figure.
The former model consists of a SiP core and a PMMA shell of
bulk density, and the latter one consists of a SiP core and a
PMMA shell whose size is equal to that of the PMMA chains
radially stretched in all-trans conformation. TheDh value
increases with increasingMw, being intermediate between the
diameters of the two models. The hydrodynamic thicknessh of
the brush layer may be calculated by the equationh ) (Dh -
D0)/2, whereD0 is the diameter of the SiP core (130 nm). The
values ofh are generally very large compared to the dimensions
of the (free) graft chains. The double logarithmic plot ofh vs
Mw (not shown) gave an approximately linear relation, showing
that h was proportional toMw

b with b ) 0.83.
Theoretical Analysis of Brush Layer Thickness.In order

to understand the observed values ofh and the exponentb, we
will consider the scaling-theoretical model due to Daoud and
Cotton26 (DC) by somewhat modifying it. The numerical

coefficients of the scaling results26,27 have been elaborated by
more recent and elegant treatments.28,29 However, our concern
here is not to discuss the numerical terms but, as suggested in
Introduction, to address the brush regimes and estimate the
concentrated to semidilute (CPB to SDPB) crossover chain
length by the aid of theory. For this purpose, the simple scaling
treatment giving analytical results will be useful and sufficient.
The notion of CPB and SDPB itself comes from the scaling-
theoretical picture, as noted in Introduction. The more recent
treatments28,29 pay little attention to this notion or, more
precisely, to the region of CPB.

The DC model is for symmetrical star-shaped chains, consist-
ing, in our terms, of a spherical core of radiusr0 ()D0/2), from
which f graft chains of the same length are radially extended
out. The effective graft densityσeff decreases with increasing
radial distance according toσeff ) σ0(r0/r)2, whereσ0 is the
graft density on the core surface in unit of chains/nm2, andr is
the distance from the core center (Figure 2). Whenσeff is large
enough, we are in the CPB regime, where the excluded-volume
effect is screened out (the chain expansion factorR ) 1). As r
increases beyond the crossover radiusrc, we get into the SDPB
regime, whererc is given by

In eq 4, V* ) (4π)1/2V, where V is the excluded-volume
parameter as defined by DC,26 and σ0* is the dimensionless
graft density (surface coverage) given byσ0* ) σ0sm, where
sm is the cross-sectional area of graft chain. The DC model with
its core of star chains reinterpreted asa foreign spherical particle
of arbitrary size including no star-chain moietyandσ0* being
approximated byσ0* ) flm2/4πr0

2, wherelm is the chain contour
length per monomer unit, leads to the following expressions
for the thicknessh of the brush layer on the particle for three
different cases.

Case 1: r0 < rc and r < rc. The whole brush layer is in the
CPB regime, where we have

Figure 1. Plot of average hydrodynamic diameterDh of silica particle
densely grafted with poly(methyl methacrylate) (PMMA-SiP) as a
function of weight-average molecular weightMw of the PMMA graft
chains. TheDh values were determined by dynamic light scattering in
dilute acetone suspension at 30°C. The diameter of SiP core is 130
nm. The broken and dotted lines represent the diameters of the fully
stretched and compact core-shell models, respectively (see text).19,37

The open circles show the nearest-neighbor center-to-center distance
Ddis between particles at the melting concentration of the crystal, as
observed by confocal laser scanning microscopy (CLSM: see Figure
7), and the open squares show values ofscDh, wheresc is the space
parameter of hard crystals (sc ) 1.11; see text).

Figure 2. Schematic representation of the radiusr0 of core particle,
the radiusr of hybrid particle, the thicknessh of brush layer, and the
concentrated-to-semidilute (CPB-to-SDPB) crossover radiusrc.

rc ) r0σ0*
1/2V*-1 (4)

h[1 + (h/2r0)] ) aLcσ0*
1/2 (5)
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In eq 5,a is a proportionality constant of order of unity (vide
infra), andLc is the full length of graft chain,Lc ) Nlm with N
being the degree of polymerization. Equations 4 and 5 along
with the conditionr ) r0 + h < rc give the criterion for the
concentrated brush regime in terms of chain length:

For the special case in whichh/r0 ) 0 (flat surface), eq 5 reduces
to19,26

Thus, the model predicts that the “universal” plot ofh[1 + (h/
2r0)] againstLcσ0*1/2 will give a straight line for any chain
length, graft density, and surface curvature, insofar as the system
is in the CPB regime. (We incidentally note that a simple
extension of the model to CPBs on a cylinder of radiusr0 gives

which, for small values ofh/r0, can be cast into the same form
as eq 5 with itsh/2r0 term on the left-hand side replaced by
h/4r0.)

Case 2: r0 g rc. The whole brush layer is in the SDPB
regime, where we have

with

For the special case in whichh/r0 ) 0 (flat surface), we recover
the classic relation22,23,27

Case 3: r0 < rc < r. The brush layer has a CPB-to-SDPB
crossover forLc g (r0/2aσ0*1/2)(σ0*V*-2 - 1) (cf. eq 6), where
we have

Since the systems that we experimentally study here should be
related to either case 1 or case 3, we attempted to fit our data
to eq 5 or 11 witha andV* as adjustable parameters. Figure 3
shows the double logarithmic plot ofh[1 + (h/2r0)] vs Lc,wσ0*1/2,
according to eq 5, where the subscript “w” attached toLc denotes
the weight-average31 contour length of the chain. The solid curve
in the figure demonstrates eq 5 calculated witha ) 1.15, which
fits the data points for the smallest three samples but shows
deviations from those for the largest two samples. The broken
curve shows eq 11 witha ) 1.15 andV* ) 0.3, which can
explain the deviations, suggesting that the deviations may
originate in the excluded-volume effect.

This result suggests that the excluded-volume effect onh is
insignificant forσ*eff larger than about 0.03. In fact, thisσ*eff

value corresponds to a “blob” size of about 5 nm or a PMMA
molecular weight of about 10 000, for which the excluded-
volume effect should be insignificant, and the relevant system
may be considered to be in the CPB regime. This criterion of
CPB (thatσ*eff be larger than about 0.03) seems to be consistent
with the published experimental data for a flat surface.20,32 In
Figure 4, two types of experimental data which meet this
criterion of CPB are collected and plotted according to eq 5.

One type of data are for brushes on a spherical surface (Savin
et al.38 and this work), and the other type are for brushes on a
flat (h/r0 ) 0) surface (Yamamoto et al.31,32). As eq 5 demands,
both types of data are well represented by straight lines of unit
slope witha ) 1.11 (particle surface) and 1.51 (flat surface).
The difference ina is attributed to the difference in the
experimental methods to estimateh. The hybrid particleh was
commonly estimated by DLS, which gives the hydrodynamic
thickness of the brush, while the flat-surfaceh was estimated
by atomic force microscopy (AFM), which is believed to give
the equilibrium thickness of the brush layer. The mentioned
result suggests that the AFM equilibrium thickness is signifi-
cantly (some 30%) larger than the DLS hydrodynamic thickness.

Lc < (r0/2aσ0*
1/2)(σ0*V*-2 - 1) (6)

h ) aLcσ0*
1/2 (7)

(2r0/3){[(1 + (h/r0)]
3/2 - 1} ) aLcσ0*

1/2 (cylinder)

(h + r0)
5/3 - r0

5/3 ) A (8)

A ) (5/3)aLcr0
2/3σ0*

1/3V*1/3 (9)

h ) aLcσ0*
1/3V*1/3 (10)

(h + r0)
5/3 ) A[1 + (5 + σ0*V*-2)(r0/10aLcσ0*

1/2)] (11)

Figure 3. Double logarithmic plot ofh[1 + (h/2r0)] againstLc,wσ0* 1/2,
whereLc,w is the weight-average contour length (full length) of the
graft chain, andσ0* is the dimensionless graft density (surface
occupancy) of the brush on the core surface,σ0* ) smf/4πr0

2 with f
being the number of graft chains per particle. The circles are
experimental data for PMMA-SiP hybrid particles (data from Figure
1). The cross-sectional areasm of PMMA unit was estimated to be
0.54 nm2 by using the partial specific volume data45 and the chain
contour length,lm, per monomer unit of 0.25 nm. The solid straight
line shows the theory for concentrated polymer brushes (CPBs) (eq 5
with a ) 1.15), and the dotted curve is the one for brushes with a
CPB-to-SDPB crossover (eq 11 witha ) 1.15 andV* ) 0.3; see text).
For other symbols, see Figure 2.

Figure 4. Double logarithmic plot ofh[1 + (h/2r0)] againstLc,wσ0* 1/2.
The solid straight lines show the theory for CPBs (eq 5 witha ) 1.11
and 1.51): (b) PMMA-SiP hybrid particles (this work); (9) PS-SiP
hybrid particles (ref 38); (O) PMMA CPBs on a flat surface (ref 31);
(0) PMMA CPBs on a flat surface (ref 32). Note thath/r0 ) 0 for flat
surfaces. The cross-sectional areasm of PS chain was estimated to be
0.62 nm2 by using the partial specific volume data45 (for other details,
see Figure 2 and caption for Figure 3).
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Colloidal Crystallization. We previously reported that a
PMMA-SiP hybrid system (sample P3 in Table 2) formed a
colloidal crystal.19 Another two samples P1 and P5 were studied
here to see the effect of graft chain length on crystallization.
PMMA-SiP suspensions in the solvent mixture with differing
sample concentrations were placed in Pyrex glass cells (10×
10 × 40 mm) connected with a glass tube, sealed off at the
glass tube and allowed to stand at 25°C for 2 weeks. Parts
a-c of Figure 5 show the photographs of typical suspensions
(sample P5) after 2 weeks, illuminated from behind by white
light. The results were essentially similar to those previously
observed for P3. Namely, suspensions with a relatively low
particle concentration were an isotropic fluid, slightly turbid
(due to the Tyndall scattering) without causing particle sedi-
mentation, as shown in Figure 5a. On increasing particle
concentration beyond a critical concentration, tiny iridescent
flecks were observed soon after the onset of experiment,
indicating the formation of Bragg-reflecting crystallites. As time
elapsed, the formed crystallites sedimented very gradually under
the effect of gravity, and the boundary between the iridescent-
colored sediment (crystallites) and the slightly turbid supernatant
(fluid phase) became more and more distinct, ultimately giving
a sharp horizontal line, as shown in Figure 5b. This phase
separation may be interpreted as a Kirkwood-Alder transi-
tion.39,40 The sedimentation of the crystalline phase occurred
because the average density of the hybrid particle was set
slightly larger than that of the solvent (see Experimental
Section), so that the density of the crystalline phase was slightly
larger than that of the fluid phase.4,6,19As the particle concentra-
tion was increased, the volume percentage of the crystalline
phase increased, and above another critical concentration, the
entire body of the suspension was filled with crystallites. On
further increasing the particle concentration, the suspension
exhibited heterogeneously iridescent colors, of which three types
were observed. In the first type, strip-shaped colors gradually

developed epitaxially from top to bottom of the sample, as
shown in Figure 5c. In the second type, needlelike crystallites
were formed in part of the suspension. In the third type,
heterogeneous iridescence appeared soon after the sample
setting, which hardly changed throughout the experiment. These
processes of coloring or structure formation are believed to
depend essentially on particle concentration. More systematic
investigation is needed to understand the phenomena observed

Figure 5. Photographs of suspensions of PMMA-SiP hybrid sample P5 (cf. Table 1) in the mixed solvent (1,2-dichloroethane/chlorobenzene)
31/69 volume ratio) illuminated from behind by white light; 2 weeks after sample preparation. The PMMA-SiP volume fractions (φ) were (a)
0.0375, (b) 0.0405, and (c) 0.0511. In sample a, the suspension remained slightly turbid without causing particle sedimentation. In sample b,
crystalline and (random) fluid phases coexist. In sample c, strip-shaped colors gradually developed epitaxially from the top to the bottom of the
suspension.

Table 2. Freezing and Melting Volume Fractions of PMMA-SiP
Hybrid Particles Suspended in Isorefractive and Isobuoyant Mixture

of Solventsa

sample φf
b φm

c (φm - φf)/φf

P1 0.129 0.136 0.054
P3 0.0795 0.0865 0.088
P5 0.0392 0.0425 0.084
ideal hard-sphered 0.494 0.545 0.103

a For mixed solvents, see text.b Freezing volume fraction.c Melting
volume fraction.d See ref 39.

Figure 6. Phase diagrams showing the volume fraction of crystalline
phase as a function of the volume fraction of PMMA-SiP hybrid
particles P1, P3, and P5 suspended in the mixed solvents (see caption
for Figure 5 and Table 1). Parts a, b, and c show the data for samples
P1, P3, and P5, respectively.
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at those relatively high particle concentrations, which is beyond
the scope of the present work.

Phase Diagram.Figure 6 shows the phase diagrams of the
suspensions of samples P1, P3, and P5, in which the volume
percentage of the crystalline phase is plotted as a function of
the volume fractionφ of the PMMA-SiP particle. In all cases,
the plot shows a linear relationship in the fluid-crystal coexist-
ence region, as is demanded for the coexisting two phases to
be in a thermodynamic equilibrium. Extrapolation of the linear
line to 0% and 100% crystal gives the freezing and melting
volume fractions,φf and φm, respectively. The results are
summarized in Table 2. The melting pointφm decreased from
about 0.14 for the smallest sample (P1) to about 0.04 for the
largest sample (P5). Note again thatφ is the sum of the volume
fractions of the SiP core and grafted chains, and thus these
results suggest that the values ofφm of the present systems
(spherical particles afforded with CPB) can possibly cover the
volume fraction range throughout from typical soft (φm ∼ 0.01)
to hard (φm ) 0.545) systems by simply changing the graft chain
length. The relative width of the coexisting regime, (φm - φf)/
φf, is somewhat smaller than the computer-simulated value39

of 0.103 for the hard crystal that is characterized by an ideal
hard-sphere interparticle potential (see Table 2), presumably
reflecting the difference in the potential curve.

CLSM Observation. The crystalline phase of each sample
was in situ observed by CLSM. Figure 7 shows the CLSM
images of the two-dimensional hexagonal close-packed (2D hcp)
planes or (001) planes of the sample at the melting concentration.
In all images, the SiP cores of the hybrid particles are clearly
visible as yellow circles forming a 2D hexagonal array, while
the PMMA brushes which should surround the SiP cores are
hardly visible because of their much lower reflectivity. The high
degree of positional order of the SiP cores and the strong
dependence of the interparticle distance on the chain length of
PMMA grafts are particularly noteworthy. The mean nearest-
neighbor center-to-center distanceDdis in the images a-c in
Figure 7 were measured to be 350, 560, and 950 nm,
respectively. The distanceDdis can also be estimated from the
melting concentrationφm of the crystals, according to the
following relation valid for closed-packed-type structures

whereVp is the particle volume of PMMA-SiP particle in unit
of nm3. Values ofDdis,calwere 365, 533, and 921 nm for samples

P1, P3, and P5, respectively, in reasonable agreement with the
CLSM values.

The values ofDdis are plotted in Figure 1 to be compared
with the hydrodynamic diametersDh. There is a strong cor-
relation betweenDdis andDh such thatDdis is consistently (about
10-20%) larger thanDh. This suggests that the crystalline
structure at the melting point is not a perfectly close-packed
state of equivalent spheres of diameterDh, but there is a
significant space between particles in the crystal, as in hard
crystals. The volume fraction of an ideal hard-sphere system at
the perfectly closed-packed state relative to that at the melting
point is 0.74/0.545, whose cubic rootsc ()1.11) will measure
the one-dimensional free space in the hard system. If we
multiply Dh by this factorsc, we have values rather close to
Ddis (see the square symbols in Figure 1). This means that insofar
as the crystallization concentrations are concerned, the present
systems are crudely (but not exactly) describable as hard systems
with particle diameterDh.

However, this does not necessarily mean that their crystal
structure is the same as that of hard systems. The present systems
should be distinguished from hard systems with respect to
interparticle potentials, as was already suggested by the
dependence of the brush layer thickness on graft chain length.
Namely, when the graft chains are short, they have a highly
stretched conformation forming a CPB layer, and the interpar-
ticle potential between CPB-afforded particles would be rather
“hard”, since CPB layers dislike mixing with each other
primarily for a conformational entropic reason.21,34 However,
as the graft chain length increases, the local conformation of
graft chains near the outer surface of the brush layer would
become more like that of a random coil, and thus the interparticle
potential would become “softer”. This would be reflected on
crystal structure, not only on lattice dimension but on lattice
structure itself.

The 2-D hcp planes ((001) planes) only exist in crystals
featuring face-centered cubic (fcc), hexagonal close-packed
(hcp), or random hexagonal close-packed (rhcp) structure. In
the previous paper,19 we reported that a SiP-PMMA hybrid
particle (sample P3 in this paper) had a fcc structure. This result
was obtained by observing the relative stacking mode of three
successive (001) layers by the reflection mode of CLSM (see
ref 19 for details). We carried out the same analysis here for
more quantitative results. For samples P3 and P5, we succeeded
in collecting 37 and 26, respectively, of independent sets of
three-layer data by observing different positions in the crystals.

Figure 7. CLSM images of the (001) planes of the crystals formed by suspensions of silica particles (SiPs) densely grafted with poly(methyl
methacrylate) (PMMA). Observations were performed using an Ar laser of 458 nm wavelength and a 63× objective in reflection mode. The
distance of the focal plane from the inside of the coverslip was 50µm. Parts a, b, and c show the data for PMMA-SiP samples P1, P3, and P5 (see
Table 1), respectively. The mean nearest-neighbor center-to-center distances in the images a, b, and c are 350, 560, and 950 nm, respectively (see
Figure 1).

Ddis,cal) 21/6(Vp/φm)1/3 (12)
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For sample P3, 35 out of the 37 sets of data indicated an fcc
structure, while the remaining two sets indicated a hcp structure,
meaning that the crystal of this sample is not purely of fcc type
but a mixture of fcc and hcp lattices. (In this regard, the
statement for this sample given in the previous paper that “the
crystal had a fcc structure” should be accordingly corrected.)
For sample P5, no hcp stacking was found, all of the 26 sets of
data indicating fcc. We then attempted to make a similar analysis
with sample P1, which had the shortest chain length. After many
trials, we could get only three sets of stacking data with
unequivocal information. (The resolution of reflection-mode
CLSM is not high enough especially for small particle sizes
and short interparticle distances.) While two sets of the sample
P1 data were for fcc stacking, one was for hcp. These results
suggest that the present systems generally include both hcp and
fcc lattices with the population of hcp lattice probably increasing
with decreasing chain length. This trend seems to be compatible
with the mentioned expectation that the interparticle potential
for shorter chain length would become more like that of hard
systems, combined with the experimental fact that hard systems
form crystals of rhcp type,41-43 i.e., a random mixture of hcp
and fcc.

Clearly, a more systematic and quantitative study using a
more powerful experimental method is needed to comprehen-
sively understand the chain length dependence of the colloidal
crystal structure of CPB-afforded silica particles. We are
currently carrying out a fluorescence-mode CLSM analysis with
fluorescence-labeled hybrid samples with a larger core diameter
and a wider range of graft chain lengths.44

Conclusions

A DLS study of monodisperse SiPs grafted with a CPB of
PMMA in dilute acetone solution revealed that the hydrody-
namic thicknessh of the brush layer increased with increasing
PMMA molecular weight with a large molecular weight
exponent of 0.83. This was interpreted by a modified Daoud-
Cotton-type scaling theory, disclosing the 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 distanceDdis in the crystal approached to a
micrometer scale as the graft molecular weight reached 500 000.
Good correlation was observed betweenDh andDdis such that
Ddis ) Dh × (1.15( 0.05). CLSM analysis suggested that the
colloidal crystal is generally composed of both hcp and fcc
lattices with the fraction of hcp lattice likely to increase with
decreasing chain length.
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