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Colloidal crystals formed by two types of polystyrene particles of different sizes (94 and 141 nm) at
various number ratios (94:141 nm) are studied. Experiments showed that the formation time of crystals
lengthens as the number ratio of the two components approaches 1:1. The dependence of the mean
interparticle distance (Dg), crystal structure and alloy structure on the number ratio of the two types of
particles was studied by means of Kossel diffraction technique and reflection spectra. The results showed
that as the number ratio decreased, the mean interparticle distance (Do) became larger. And the colloidal
crystal in binary mixtures is more preferably to form the bcc structure. This study found that binary
systems form the substitutional solid solution (sss)-type alloy structure in all cases except when the
number ratio of two types of particles is 5:1, which results instead in the superlattice structure.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The colloidal crystal is a useful model for studying metals and
protein crystals. Since the units in colloidal crystals are several
orders of magnitude larger than those of atomic or molecular crys-
tals, it is possible to observe and analyze colloidal crystals by
much simpler optical methods. The mechanism of colloidal crys-
tal growth has hitherto been studied by many researchers for the
two groups of colloidal crystals: diluted and deionized aqueous
suspension (soft crystal) [1-16] and concentrated suspension in
refractive-index-matched organic solvents (hard crystal) [17-20].
Early studies focused on the colloidal crystals formed by monodis-
persed particles, meaning that both the material and the size of
the particles in the colloidal crystals were the same. Significant
attention has also been paid to the colloidal crystals in binary sys-
tems. When particles with two different sizes and surface charges
are mixed together, the situation becomes more complicated than
in single-component suspensions. For the single-component sus-
pensions, crystal properties depend on the radius, the surface
charge density and concentration of the particles, the salt con-
centration, as well as the temperature. For binary-component sus-
pensions, there are two additional parameters, namely, the diam-
eter ratio (to the charged sphere the diameter includes the Debye
screening length) and fraction of each species. The resulting struc-
tures and properties can be manifold, as both the sizes and pro-
portion of the two types of particles can be varied.
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Among studies of the colloidal crystals in binary systems, most
dealt with hard-sphere or hard-sphere-polymer mixtures of large
size differences, where superlattice formation, phase separation
and crystallization kinetics were observed [21-24]. For deionized
aqueous suspensions, there exist only a few reports concern-
ing their phase behavior [25-27] and other properties, for in-
stance, rigidity and crystallization kinetics [28-31]. Studies con-
cerning their crystal structures are even fewer. Among these ef-
forts, Hachisu and Yoshimura studied alloy structures formed by
binary systems consisting of two types of latex particles of differ-
ent sizes (270 and 550 nm) [32,33] by metallurgical microscope.
However, the results revealed only some local information. Shi-
nohara observed the structure of colloidal crystals in mixed sedi-
menting dispersions of latex and silica particles (55.8 and 170 nm)
by means of the Kossel diffraction method [34]. As the density
of silica particles is 2.2 g/cm>, gravity made the silica particles
sedimentate quickly. Thus the number ratio of the two types of
particles at different cuvette heights could be different. Further-
more, silica particles are segregated upward by the small latex
particles. These factors made it difficult to study the influence of
varying the number ratio on the colloidal crystal structure from
Shinohara’s results. To solve this problem, ideally, the experiments
should be performed under microgravity conditions to avoid the
effect of sedimentation or by using appropriate particles with a
density matched medium to minimize the sedimentation effect.

Since the density of polystyrene particles is close to that of
water, if particles are smaller, the sedimentation effect should
not be significant. Therefore, we chose binary systems consisting
of polystyrene (PS) particles of different sizes (diameters 94 and
141 nm). By analysis via UV-vis spectrophotometer, we found that
the turbidities at different heights of the sample cell were approxi-


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcis
mailto:sunzw@imech.ac.cn
http://dx.doi.org/10.1016/j.jcis.2008.07.017

262 L. Liu et al. / Journal of Colloid and Interface Science 326 (2008) 261-266

mately the same after three days. This result implies that the effect
of gravity is not noticeable in our experiments. Therefore, the two
types of PS particles can be blended symmetrically, which makes it
possible to more accurately examine the influence of the number
ratio on the crystal structure. Since microscopes cannot be used
to observe such small particles, the Kossel diffraction method and
reflection spectra were adopted in our experiment to study the de-
pendence of formation time, interparticle distance (Dg), and alloy
structures on the number ratio of two types of particles at the
same volume fraction. We found in the binary systems that the
crystal structure is dependent not only on volume fraction but also
on the number ratio of two types of particles.

2. Materials and methods
2.1. Materials

The charged polystyrene colloidal particles used in the exper-
iments were prepared by emulsion polymerization. The diameters
of latex particles measured by an electron microscope were 94 and
141 nm, respectively. The surface charge density of latex particles
of 9.1 and 10.0 uC/cm? respectively were determined by conduc-
tometric titration.

To increase the electric repulsion between particles, ions other
than H* and OH™ in the solution were largely removed. The PS
suspensions were ultra-filtrated with pure water repeatedly and
treated by anion-and-cation exchange resins (G501-X8 (D), Bio-Rad
Laboratories, USA). The water used for sample suspension was ob-
tained from a Milli-Q water system.

In order to study the influence of the composition ratios of
two types of latex particles on colloidal crystals, the samples of
the different number ratios (the number density of 94:141 nm)
at the volume fraction @ = 0.015, 0.020 and 0.025 are prepared.
The samples form colloidal crystal by self-assembly method after
introduced into regular rectangular quartzes cell with dimensions
1 mm x 10 mm x 45 mm. The Kossel diffraction method and reflec-
tion spectroscopy were used to characterize the colloidal crystals
formed in different situations.

2.2. Kossel diffraction method

Diffraction phenomena were measured using an apparatus sim-
ilar to that employed by Tsuyoshi Yoshiyama [4,35]. A fine laser
beam directed through an incident aperture with a 1.0 mm? pin-
hole randomly interacts with a disordered region that exists be-
tween crystal grains in the suspension so that the region becomes
a point light source of divergent beams. Parts of the divergent
beams from the point light source within the crystal are reflected
by lattice planes only at angles satisfying Bragg’s law. The reflected
beams from a set of planes with the index hkl will then generate
the surface of a cone (Kossel cone) whose central axis is parallel
to the reciprocal lattice vector Gpyj. The magnitude Gy of the re-
ciprocal lattice vector and the semiapex angle oy of the cone are
related by:

2n
Ghul = ~ Cosahul, (1)

where 1 /n is the wavelength of the beam within the crystal and n
is the refractive index of the crystal.

Coordinates of three points on a Kossel line are sufficient to de-
fine the geometry of the Kossel cone within the colloidal crystal.
Therefore, by measuring the coordinates of three points on a Kos-
sel line, we are able in principle to determine the semiapex angle
okt of the Kossel cone and the direction of its axis. Then the mag-
nitude of the reciprocal lattice vector Gy is obtained from Eq. (1),
since the wavelength A of the beam in vacuum and the refractive

index n of the crystal are known beforehand. For crystals with a
cubic structure, the interplanar spacing dpy, which is the inverse
of the magnitude Gy of the reciprocal lattice vector, is given by
the lattice constant I, as:

1 lq
diki = — = ———.
Gha  vhZ2 k2 42
In this experiment, the specimens were examined by laser (He-
Ne: A =532 nm) in a dark box at 25 °C temperature. The direction

of the incident beam was vertical to the broad side of the rectangle
sample cell.

(2)

2.3. Reflection spectroscopy

A fiber optic spectrometer (Avantes, Avaspec-2048, Netherlands)
with a tungsten halogen light source (Avalight-HAL, Netherlands)
and a bifurcated fiber optic cable was used to scan the light inten-
sity reflected from the sample cell over a wavelength range. The
relationship between the peak wavelength and the lattice spacing
d is given by Bragg’s equation,

m\ = 2dsiné (3)

where m is the diffraction order and 6 is the diffraction angle.
Bragg's equation is applied to the colloidal crystals with refrac-
tion relationships between air-glass and glass-sample interfaces.
Considering the colloidal crystals for close-packed lattices, the re-
lationship between particle distance Dexp (s and wavelength A is
given by

m?A% = (8/3)Dfy, (1s) (n% — Nz OS> 6). (4)

In this experiment, setting m =1 or 2, § = 90°, ng = 1.333 and
ng =1.0003, the following equation holds:

DEXp (rs) = 0.459 m. (5)
3. Results

3.1. Dependence of the formation of crystals on the composition ratios
of two types of latex particles

In our experiment, the formation time of samples of the binary
systems with different number density ratios were studied at the
volume fractions @ = 0.015, 0.020 and 0.025, respectively. Our re-
sults showed that when the volume fraction was kept the same,
the formation time could be quite different for different number
ratios. Taking @ = 0.02 as an example, the samples with number
ratios 1:0, 5:1, 1:5 and 0:1 displayed iridescence before their in-
troduction into the cuvettes, implying that crystallization already
occurred, while for the mixtures of 2:1, 1:1 and 1:2 no crystalliza-
tion was observed within such a short period of time. As soon as
they were introduced into the cuvettes, the mixtures of 1:0 and
0:1 immediately began to display iridescence throughout the con-
tainer. The mixtures of 5:1 and 1:5 began to display iridescence
within a few minutes after their introduction into the cuvettes. For
the mixtures of 2:1, 1:1 and 1:2, crystallization appeared until the
third day, the tenth day, and half a day, respectively, after their
introduction into the cuvettes. At @ = 0.015, 0.020 and 0.025 the
formation times of the samples are shown in Table 1. From Ta-
ble 1, we can see that the formation times of crystals increases as
the number ratio approaches 1:1. This result demonstrates an ob-
vious dependence of the colloidal crystal formation time on the
polydispersity indices, which include the size polydispersity index
(SPD) and the charge polydispersity index (CPD).

The SPD and CPD are quantified in terms of the standard devia-
tion of the size and charge with respect to their mean respectively.

SPD = ((d) — (d)?)'"*/(d),
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Table 1
The formation time of the mixture of the various number ratio at ¢ =0.02

1:0 5:1 2:1 1:2 1:5 0:1
0.015 A few seconds A few minutes 2 days 9 days A few minutes A few seconds A few seconds
0.020 A few seconds A few minutes 3 days 10 days Half a day A few minutes A few seconds
0.025 A few seconds 4 h 4 days 11 days Half an hour A few seconds A few seconds

Fig. 1. (a) The image of Kossel pattern of the mixture of the number ratio 5:1 at ¢ =0.02. (b) The sketch map of Fig. 1a. The threefold symmetry of the pattern shows that
the colloidal crystal has the normal FCC structure. Indices of Kossel lines are shown in Fig. 1b.

and
cPD = ((2) - (2)%)"* /(2),

where (d) and (Z) are the average diameter and average charge
number respectively.

The charge polydispersity index was determined by the surface
charge density of the particles and the size of the particles. Since
the interparticle distance is several times larger than the particles’
diameters in the colloidal crystal, the charge polydispersity index
plays a more important role than the size polydispersity index
[36]. Considering that the charge polydispersity indices increased
as the number ratio approached 1:1, our experiments showed that
the formation of colloidal crystals became more difficult as the
charge polydispersity indices increased.

However, the crystallization times of the number ratio 1:2 and
1:5 are, respectively, longer than those of the number ratio 2:1
and 5:1. A probable explanation for the results is that longer dif-
fusion times are required for the site exchanges of different sized
or charged particles for accomplishing their crystallization. At the
same volume fraction, the total number densities of the number
ratio 1:2 and 1:5 are, respectively, more than those of the number
ratio 2:1 and 5:1. So the longer diffusion times are required for the
number ratio 1:2 and 1:5.

3.2. Dependence of crystal structure on the composition ratios of two
types of latex particles

The crystal structure and the mean interparticle distances of
the binary systems with different number density ratios at the
volume fractions @ = 0.015, 0.020 and 0.025, respectively, were
determined through analysis of the Kossel line diffraction image
of the samples. At @ = 0.02 the colloidal crystals of the different
number ratios, 1:0 and 5:1 showed FCC structures, while those of
2:1, 1:1, 1:2 and 1:5 had BCC structures. As typical examples, the
Kossel line diffraction images of @ =0.02, 5:1 and 1:5 mixtures
are shown in Figs. 1 and 2, respectively. The threefold symmetry

of the pattern in Fig. 1 shows that the colloidal crystal has a nor-
mal FCC structure, while the twofold symmetry of the pattern in
Fig. 2 shows that the colloidal crystal has a BCC structure. However,
from the Kossel pattern of the 0:1 mixture, we discovered the co-
existence of the FCC structure and the BCC structure in the same
crystal grain. In order to study the dependence of crystal struc-
ture on the composition ratios of two types of latex particles, we
analyzed the crystal structures of samples of the different num-
ber density ratios at the volume fraction ¢ = 0.015 and 0.025. We
found the crystal structures of the different number density ratios
at @ = 0.015 and 0.025 are the same as that of @ = 0.020 ex-
cept that of the 0:1 mixture. At @ = 0.015 the crystal structure of
the 0:1 mixture is BCC. At @ = 0.025 the crystal structure of the
0:1 mixture is FCC. This result is consistent with the fact that the
colloidal crystal in monodispersed system will tend to form FCC
structure for large volume fraction. The crystal structures of the all
samples are shown in Table 2. From Table 2 the colloidal crystal in
binary mixtures is easy to form the BCC structure.

We assume that this result is correlated to the formation pro-
cess of colloidal crystals in binary mixtures. As mentioned in the
last section, the different sized or charged particles have to prop-
erly exchange their positions in order to form colloidal crystals in
binary mixtures. Therefore, some particles that did not fit their
crystal sites would not be able to join the formation of colloidal
crystal. This may result in a reduction of volume fraction in which
the particles form colloidal crystals. As the volume fraction de-
creased, the colloidal crystal has the tendency to form BCC struc-
ture [7], as shown in Table 2.

3.3. Dependence of the mean interparticle distance on the composition
ratios of two types of latex particles

The mean interparticle distance is an important feature of the
colloidal crystal. We studied the influence of the number ratio
of two types of particles on the mean interparticle distance by
analysis of Kossel diffraction and reflection spectra. As mentioned
above, for the Kossel line diffraction method, the lattice con-
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Fig. 2. (a) The image of Kossel pattern of the mixture of the number ratio 1:5 at @ = 0.02. (b) The sketch map of Fig. 2a. The twofold symmetry of the pattern shows that

the colloidal crystal has the BCC structure. Indices of Kossel lines are shown in Fig. 2b.

Table 2
The crystal structure of the mixture of the various number ratio at ¢ = 0.015, 0.02
and 0.025

1:0 5:1 2:1 1:1 1:2 1:5 0:1
0.015 fcc fcc bec bec bec bcc bcc
0.020 fcc fcc bcc bec bcc bec fcc and bec
0.025 fcc fcc bcc bcc bcc bcc fcc

stant (lg) and the interplanar spacing (dpy) can be obtained from
Egs. (1) and (2). The relationship of the mean interparticle distance
(DExp (y) and the lattice constant (I) or the interplanar spacing
(dnki) can be approximated as [2]:

for FCC:
for BCC:

Dixp (k1)/0.707 =3 2dpq =1, (6)
Dexp (k1)/0.866 = 3'2dp = . (7)

For the reflection spectra method, the mean interparticle distance
can be obtained from Eq. (4).

The mean interparticle distances evaluated by analysis of the
Kossel line and the reflection spectroscopy are summarized in Ta-
ble 3. From Table 3 we can see that the mean interparticle dis-
tances increase as the number ratio of the two types of particles
decrease.

As have known, the crystal properties depend on the radius,
the surface charge density and the concentration of the particles,
the salt concentration, and the temperature. In our experiment, the
ions other than H* and OH™ in the solution had been removed
to the extent that the salt effect in the suspension could be ne-
glected. The total concentration of the two types of particles and
the temperature were kept constant in the experiments. Therefore,
the mean interparticle distance was determined by the radius and
the surface charge density of the particles.

The mean interparticle distance can be embodied by the ef-
fective diameter of particles. The effective diameter of particles
(including the Debye screening length) is given by the diameter
plus twice the Debye screening length [37]. When the effective
diameter is shorter than the observed interparticle distance, a gas-
like distribution forms. When the effective diameter is close to or
slightly shorter than the observed interparticle distance, a liquid-
like distribution occurs. When the effective diameter is comparable
to or larger than the observed interparticle distance, the distri-
bution of sphere is a crystal ordering [37]. The Debye screening
length, D, is given by the equation

D; = (4men/ckp T)fl/z, (8)

where e is the electronic charge, ¢ is the dielectric constant of
the solvent, and n is the concentration of diffusible or free-state
cations and anions in suspension. Thus, n is the sum of the con-
centrations of diffusible counterions (n.), foreign salt (ns) and both
H* and OH™ from the dissociation of water (ng).

n=nc+ns+ng=(2x10"7 +(QaBa®s/1.606d4)
+ (QBPE®5/1.606dp)) x Na x 1072, (9)

where A and B are the different particles, respectively, Q4 and Qp
are the surface charge density of particles A and B, respectively,
@ is the volume fraction, and g is the fraction of free-state coun-
terions. In our case, 84 and Bp were assumed to be 0.1. The Debye
screening length D; from Egs. (8) and (9) becomes larger when
increasing the number of particles of the larger size. The result
is consistent with the experimentally evaluated Debye screening
length, D; = (Dgxp (1s) — (da +dp)/2)/2, listed in Table 3. Thus, the
mean interparticle distance became larger as the number ratio de-
creased.

3.4. Dependence of alloy structure on the composition ratios of two
types of latex particles

We also studied colloidal crystal alloy structures and the mean
interparticle distance of the samples by reflection spectroscopy.
Fig. 3 shows the reflection spectra of the samples at ¢ = 0.02.
In Fig. 3 the colloidal crystals of different number ratios, 1:0 and
2:1, have one reflection peak, respectively. Because the mixtures of
1:0 and 2:1 have the FCC and BCC structures respectively, the re-
flection peaks of the mixtures of 1:0 and 2:1 were assigned to the
primary peak of 111 and 110 planes. In the mixtures of 1:1, 1:2
and 1:5 two reflection peaks appeared. As the mixtures of 1:1, 1:2
and 1:5 have the BCC structures, the peaks show the primary and
secondary Bragg’s reflections peak of 110 planes.

Generally speaking, if the wavelengths of two peaks were al-
ways close together, with a difference of only 1.025 in the ratios
of their wavelengths, the longer wavelength is associated with
the face-centered cubic lattice and the shorter wavelength corre-
sponds to the body-centered cubic lattice [28]. Hence, three re-
flection peaks for the spectrum of the mixtures of 0:1 at 459.39,
878.89 and 909.07 nm are related to the primary peak of the face-
centered cubic (fcc), body-centered cubic (bcc) and the secondary
peak of the face-centered cubic (fcc) lattices, respectively. Surpris-
ingly, we found that several little peaks, except for the primary
peak of the face-centered cubic appeared for the mixtures of 5:1.
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Table 3
The mean interparticle distance of the mixture of the various number ratio at ¢ =0.02
1:0 5:1 2:1 1:1 1:2 1:5 0:1

Dcalc 313.45 339.56 368.18 393.12 415.25 435.70 466.84
A

m=2 425.73 434.43 429.98 475.48

m=1 552.90 624.37 690.81 836.12 855.08 852.41 937.24
DExp (rs)

m=2 390.82 398.81 394.72 436.49

m=1 253.78 286.59 316.71 383.78 392.48 391.26 430.19
Dexp (k) 263.71 300.47 330.05 385.75 388.88 390.77 419.07
Dy 79.50 86.05 99.61 134.90 139.07 137.75 157.92
y - 0.85 0.86 0.89 0.89 0.89 -

rs: reflection spectra; kl: Kossel diffraction; Dcyic: the calculated mean interparticle distance from Egs. (10), (11) and (12); Dexp (rs): the experimentally evaluated mean
interparticle distance by reflection spectroscopy analysis; Dgxp (k): the experimentally evaluated mean interparticle distance by Kossel line analysis; A: the wavelength
from the reflection spectroscopy; m is the diffraction order; D;: the experimentally evaluated Debye screening length; y: the effective size ratio of two types of particles

(ps94/ps140).
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Fig. 3. The reflection spectra of the mixture of the various number ratio at ¢ = 0.02.

According to the above criterion, the several little peaks were nei-
ther the secondary peaks of the face-centered cubic (fcc) lattices
nor the peak of the body-centered cubic. From Ref. [28] it can be
concluded that the superlattice structures occurred.

In order to confirm the alloy structure of the samples, we com-
pared the calculated mean interparticle distances (Dc,c) to their
experimental values (including Kossel diffraction Dgyp 1y and re-
flection spectra Dgxp (5))- The mean interparticle distance, when
two different types of particles were distributed in the substitu-
tional solid solution (sss) or body-centered cubic (bcc), is calcu-
lated using Eq. (10) [29]

Deae = [(@1/0.68d3) + (#,/0.6843)] ">, (10)

where @1 and @, are the volume fractions of particles 1 and 2,
respectively, and d; and d, are the diameters of each particle.

When the monodispersed particles had a face-centered cubic
(fcc) distribution, the calculated values of the mean interparticle
distance (Dc,ic) were obtained as [7]:

Dcale = 0.905d® /3. (11)

When the monodispersed particles had a body-centered cubic
(bcc) distribution, the calculated values of the mean interparticle
distance (Dcac) was obtained as [7]:

Deate = 0.875d® /3, (12)

where @ are the volume fractions of particles and d are the diam-
eters of the sphere.

The calculated mean interparticle distance (Dc,c) from Egs. (10),
(11) and (12) are listed in Table 3. From Table 3 we found the cal-
culated values are larger than the experimentally evaluated values.
This is due to the existence of the long range weak attraction in
addition to the short range strong repulsion among colloidal par-
ticles [7]. The ratio (y) of the effective diameters of two types
of particles is the crucial factor in determining alloy structure. Bi-
nary mixtures of hard-sphere colloidal particles with the ratio of
the effective sizes [37] (including no the Debye screening length)
of two types of particles y =0.58 were observed to form AB; and
AB13 superlattice structures [21]. For soft-sphere colloidal particles,
when the ratio of the effective sizes (including the Debye screen-
ing length) of two types of particles y =0.77 —0.84 and y > 0.85,
MgCu,-type superlattice structure and substitutional solid solu-
tion alloy structure are formed, respectively [28]. From Table 3 we
found that the ratios (y) of the effective sizes of two types of par-
ticles including the Debye screening length were larger than 0.85,
except when the number ratio of two particles was 5:1. Thus, our
experimental result was consistent with the conditions of form-
ing the superlattice structure and the substitutional solid solution
alloy structure.

4. Summary

We observed binary systems consisting of two types of latex
particles of different sizes (94 and 141 nm). When the two disper-
sions were mixed together with different number ratios, they can
form crystal structures. However, when the number ratio of the
two parts approaches 1:1, the formation time of crystals lengthens.
This result shows an obvious dependence of the colloidal crystal
formation time on polydispersity indices.

Based on analysis of the Kossel diffraction and the reflection
spectra, our experiments showed that:

(a) The colloidal crystal in binary mixtures is more preferably
to form the BCC structure. This is because some particles may not
be in a proper position to join the crystal structures, making the
actual volume fraction to form the crystals smaller.

(b) The mean interparticle distance becomes larger as number
ratio (94:141 nm) decreased. This supports the assumption that
the mean interparticle distance is more likely to take the Debye
screening length.

(c) The binary systems in this study generally form the sss-
type alloy structure except forming the superlattice structure for
the case that the number ratio of two types of the particles is 5:1.
The calculated ratios of the effective diameters (y) of two types
of particles show that our experimental result was consistent with
the conditions for forming the superlattice structure and the sub-
stitutional solid solution alloy structure.
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