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Rigidity of colloidal alloys as studied by
reflection spectroscopy in sedimentation

equilibrium

Abstract Rigidities of colloidal al-
loys of binary mixtures of colloidal
silica spheres (CS82; 103 nm in di-
ameter) with larger silica spheres
(CS91; 110 nm, CS121; 136 nm and
CS161; 184 nm) have been measured
by reflection spectroscopy in sedi-
mentation equilibrium. Substitu-
tional-solid-solution-type alloy
structures are formed for mixtures of
CS82 and CS91 and for CS82 and
CS121. A superlattice, probably
MgCu, type, is formed for CS82 and
CS161 mixtures. The rigidities of the
colloidal crystals of the single com-

ponent of the spheres increase as the
sphere size increases at the same
number density of spheres. The
rigidities of the colloidal alloys
decrease when a comparatively
small number of the larger spheres
are mixed with the small spheres at
the same total sphere number
density.
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Introduction

Recently, keen attention has been paid to the colloidal
crystals, i.e., crystal-like distribution of colloidal parti-
cles in suspensions of aqueous and organic solvents
[1-13]. Many researchers have studied interparticle
interaction, lattice structure, morphology of single
crystals, phase transitions, crystallization kinetics of
nucleation and crystal growth, physicochemical proper-
ties (rigidity, viscosity, etc.), structural changes induced
by external fields such as gravity, centrifugal and electric
fields and shearing forces, for example. The colloidal
crystal has been studied mainly for two groups: dilute
and deionized aqueous suspensions [14-26] and concen-
trated suspensions in refractive-index-matched organic
solvents [27-32]. The former are very convenient models
for both the soft and hard sphere systems depending on
the ionic concentrations of the suspension, i.e., soft
crystals in the exhaustively deionized state and hard
crystals in the presence of rather large amounts of
sodium chloride, for example. Colloidal crystallization
of soft sphere systems takes place for monodispersed
colloidal particles in suspension. Many researchers have

clarified that the colloidal crystals are formed by
Brownian movement of colloidal size of particles
resulting in interparticle repulsion by minimizing the
dead space which is not occupied by the particles [11, 20,
25]. In other words, each system forms a crystal-like
distribution automatically with the help of Brownian
movement of each particle in order to maximize the
packing density. Thus, colloidal crystallization is one of
the typical systems of three-dimensional auto-organiza-
tion.

When the extra repulsive interaction, like electrostatic
repulsion, is effective among colloidal particles in
addition to the repulsion forces from their Brownian
movement, colloidal crystallization takes place easily
even at very low particle concentrations. Most colloidal
particles get negative charges on their surfaces in polar
solvents like water. The ionic groups leave their
counterions and these excess charges accumulate near
the surface forming an electrical double layer. The
counterions in the diffuse region are distributed accord-
ing to a balance between the thermal diffusion forces
(“repulsive’) and the forces of electrical attraction with
colloidal particles. The thickness of the electrical double
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layers is estimated approximately by the Debye screen-
ing length, D,, given by Eq. (1). The Debye length
corresponds to the distance from the colloidal surface,
where the electrostatic potential decreases to 1/2.7
compared to that at the slipping zone.

Dy = (4ne’n/ckgT) '/ (1)

Here, e is the electronic charge and ¢ is the dielectric
constant of the solvent. n is the concentration of
“diffusible” or ‘‘free-state” cations and anions in
suspension; thus, n is the sum of the concentrations of
diffusible counterions (n.), foreign salt (ns) and both
H* and OH™ from the dissociation of water (),
n=n. + ny + ng. The maximum value of D, in water is
about 1 um, which is estimated from Eq. (1) by taking
np=2x 107’ mol/dm3 X Na x 107 cm™, where N, is
Avogadro’s number. It should be noted that the
electrical double layers are always formed in solid-in-
polar-liquid-type colloidal dispersions.

In the deionized state, the electrical double layer is
very thick, and the interparticle repulsive forces prevail
to a long distance, as long as micrometers, though the
forces come to be very weak. Formation of the crystal-
like ordering is explained nicely with the effective soft-
sphere model. The effective diameter, d.g, of spheres
includes the Debye screening length and is given by the
diameter plus twice the Debye length. When d.gz is
shorter than the observed intersphere distance, D, a
gaslike distribution is observed. When d, is comparable
to or a bit shorter than the intersphere distance, the
distribution of spheres is usually liquid-like. When the
effective diameter is close to or larger than the observed
intersphere distance, crystal-like ordering occurs. The
effective soft-sphere model has been shown to be good
by many researchers from the systematic comparison
between d. and D values [11, 20, 25].

For binary mixtures of monodispersed colloidal
spheres, alloy structures have been studied by Hachisu
and Yoshimura [33, 34]. The superlattice structures
observed hitherto are AlIB,, NaZn 3, CaCus, MgCus and
ABy4 types. These structures have been analyzed success-
fully based on the effective soft-sphere model. The
structure type was determined beautifully by the ratio (y)
of the effective diameters, including the Debye screening
length of the constituent spheres [33-35]. This work
reports the rigidity of colloidal alloys of colloidal silica
spheres in soft-sphere systems.

Experimental

Materials

Colloidal silica spheres of CS82, CS91, CS121 and CS161 were gifts
from Catalyst & Chemicals Ind. Co. (Tokyo). The diameter (dy),
the standard deviation (6) from the mean diameter and the

polydispersity index (d/dy) of these spheres are compiled in Table 1.
The values of dy and 6 were determined using an electron
microscope. The charge density of the spheres was determined
for strongly acidic groups by conductometric titration with a
Horiba model DS-14 conductivity meter. The sphere samples were
carefully purified several times using an ultrafiltration cell (model
202, membrane: Diaflo-XM300, Amicon Co.). Then, the samples
were treated on a mixed bed of cation- and anion-exchange resins
[Bio-Rad, AG501-X8 (D), 20-50 mesh] for more than 4 years
before use, since newly produced silica spheres always released a
considerable number of alkali ions from the sphere surfaces for a
long time. The water used for the purification and for the
suspension preparation was purified using a Milli-Q reagent grade
system (Milli-ROS5 plus and Milli-Q plus, Millipore Co., Bedford,
Mass.).

Reflection spectroscopy

Quartz optical cells (10 mm x 10 mm X 70 mm high) with long
necks and screw caps were used. A purified suspension of mixed
spheres was introduced into the cell with a mixed bed of ion-
exchange resins [Bio-Rad, AG501-X8(D)]. Before the start of the
measurements of the sedimentation equilibrium, the suspension in
the cell was deionized with the resins coexisting for a week by
mixing the suspension gently a few times a day. Then, the cells were
left to stand for 1-2 months. The reflection spectra at various
heights at an incident angle of 90° were recorded on a multichannel
photodetector (MCPD-110B, Otsuka Electronics, Hirakata, Osa-
ka) connected to a Y-type optical fiber cable. The instrument was
operated by a microcomputer (MC800, Otsuka Electronics).

Results and discussion
Reflection spectroscopy in sedimentation equilibrium

Generally speaking, the shape of a reflection spectrum
profile of colloidal crystals is a single peak, a double
peak or a single peak with a shoulder [36]. The two-
wavelength peaks were always close together, with a
difference of only 1.025 in the ratios of their wave-
lengths. This difference supports the idea that the peak
appearing at the longer wavelength is ascribed to the
face-centered cubic (fcc) lattice, while the shorter
wavelength corresponds to the body-centered cubic
(bee) lattice in the crystal structures. The broken and
one-dot broken lines in Fig. 1 show two peaks, with a
difference of 1.03 in the ratio of their peak wavelengths
in the reflection spectra. Thus, the peaks appearing at
the longer and shorter wavelengths are ascribed to the

Table 1 Properties of the colloidal spheres used

Sphere d (nm) J (nm) o/d Charge
density
(uCJem?)
CS82 103 13.2 0.13 0.38
CS91 110 4.5 0.041 0.48
CS121 136 10.9 0.008 0.40
CS161 184 18.6 0.10 0.47
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Fig. 1 Height dependence in
the reflection spectra of colloi-
dal alloys of CS82 and CS91
mixtures (1:1 in volume frac-
tion) in a sedimentation equi-
librium at 25 °C, 45 days after
setting the suspension,
$ess2= Pesor =0.01

(arb.)

Intensity

1.6 cm

740

fcc and bec lattices, respectively. The intersphere spacing
()) is determined from the peak wavelength [37] and is
listed in Tables 2, 3 and 4. For both fcc and bec lattices
the distance at a scattering angle of 180° is given by

1 =0.6124(7p/ny) )

where n,, is the refractive index of the sphere suspension
(taken as that of water in this work) and 4, is the peak
wavelength.

Typical examples of the reflection spectra of CS82
and CS91, CS82 and CS121 and CS82 and CSl161
mixtures at various heights in sedimentation equilibriu-
mare shown in Figs. 1, 2 and 3, respectively. In these
figures, the initial concentrations of the four kinds of
spheres were 0.01 in volume fraction. All the suspensions
displayed brilliant iridescence and the crystallites began

800
A (nm)

to flicker several minutes after the suspensions had been
prepared with the mixed beds of cation- and anion-
exchange resins in the observation cells. The states of the
sedimentation equilibrium achieved 45, 31 and 31 days
after the suspensions were set in the observation cells.
Clearly, all the alloy crystals were compressed under the
gravitational field.

The mean intersphere distance (/y), when the spheres
were distributed homogeneously as the substitutional
solid solution (sss) and bcc structures, was calculated
using Eq. (3) [35, 38] and is also cited in Tables 2, 3 and 4.

Iy = [(¢,/0.68d3,) + ($,/0.68d3)] " (3)

where ¢; and dy; denote the volume fraction and diameter
of sphere i, respectively. As is clear from Tables 2 and 3,
[ was very close to /[y for CS82 and CS91 and for CS82

Table 2 Characteristics of the

alloy crystals of CS82 and CS91 ~ Pcss2 $csol Jp (am) [ (nm)  lp (nm)  Dyops (nm)  y GPa) g
0.005 0 574.4 529 541 239 (0.99) 17.9 0.045
0.00333 0.00166 613.3 564 537 256 0.99 21.9 0.040
0.0025 0.0025 615.9 567 544 257 0.99 14.9 0.047
0.00166 0.00333 607.1 559 552 253 0.99 11.8 0.0052
0 0.005 617.6 568 582 257 (0.99) 12.8 0.048
0.02 0 744.2 342 343 145 (0.98) 140 0.032
0.0133% 0.00667 754.3 346 342 147 0.98 165 0.029
0.0133° 0.00667 775.4 356 342 152 0.98 152 0.030
0.01% 0.01 754.7 347 344 147 0.98 180 0.027
0.01° 0.01 774.0 356 344 151 0.98 154 0.029
0.00667 0.0133 754.0 346 348 146 0.98 147 0.029
0 0.02 777.0 357 367 151 (0.98) 114 0.032
0.05 0 550.0 252 253 100 (0.98) 421 0.029
0.0333 0.0167 564.4 258 251 103 0.98 462 0.027
0.025 0.025 564.6 258 254 103 0.98 450 0.027
0.0167 0.0333 570.1 261 257 104 0.98 315 0.032
0 0.05 581.3 266 270 106 (0.98) 403 0.027

4 Body-centered-cubic lattice structure
® Face-centered-cubic lattice structure



574

Table 3 Characteristics of the

alloy crystals of CS82 and bessa besian Jp (m) [/ (nm)  l(nm)  Diops (nm) y G(@Pa) g

csi2l 0.005 0 5744 529 541 239 (0.95) 17.9 0.045
0.00333 000166 3935 546 564 246 0.95 20.1 0.039
0.0025  0.0025 626.1 576 597 260 0.95 31.1 0.028
0.00166  0.00333 6553 603 616 272 0.95 8.3 0.053
0 0.005 659.6 607 715 270 (0.95) 139 0.034
0.02 0 7442 342 343 145 0.92) 140 0.032
00133 000667  811.0 373 358 159 093 114 0.032
0.01 0.01 8283 380 372 162 093 138 0.028
0.00667  0.0133 871.7 400 391 171 0.93 54.3 0.041
0 0.02 1019.3 468 452 200 094) 872 0027
0.05 0 5500 252 253 100 0.90) 421 0.029
0.0333  0.0167 5993 274 264 110 091 240 0.035
0.025 0.025 618.6 283 275 113 091 395 0.026
0.0167  0.0333 6629 303 288 122 091 187 0.035
0 0.05 7042 322 334 127 092) 283 0.024

Table 4 Characteristics of the

alloy crystals of CS82 and Pessa $csien Jp (m) [(nm)  ly (am) = Diops (nm)  y G (Pa) g

Csi1el 0.005 0 5744 529 541 239 0.88) 179 0.045
0.0025 00025 8675 798 638 370 0.91 12.9 0.040
0.0025 00025 9092 837 638 389 0.92 17.1 0.035
0.00166  0.00333 8844 814 687 376 0.91 6.7 0.050
0.00166  0.00333 9040 832 687 385 0.92 6.0 0.052
0 0.005 7155 659 987 283 (0.89) 3.7 0.041
0.02 0 7442 342 343 145 (0.83) 140 0.032
0.0133 000667 7189 330 373 138 0.82 482 0.046
0.01 0.01 773.1 355 397 149 083 109 0.028
0.01 0.01 9389 431 397 187 0.85 74.0 0.034
0.00667  0.0133 7967 366 435 152 0.83 323 0.045
0.00667  0.0133 9587 440 435 189 0.86 39.9 0.040
0 0.02 6313 580 612 244 (0.88) 232 0.033
0.05 0 5500 252 253 100 0.79) 421 0.029
00167 00333 7743 354 321 146 083 259 0.025
0 0.05 9733 445 451 177 085 122 0.023

Fig. 2 Height dependence in
the reflection spectra of colloi-
dal alloys of CS82 and CS121
mixtures (1:1) in a sedimenta-
tion equilibrium at 25 °C,

31 days after

setting the suspension,

d)CSSZ: ¢CS121 =0.01

(arb.)

h=0cm

Intensity

A (nm)

and CS121 mixtures, which strongly suggests that the was also obtained and is compiled in the tables. The
alloy crystals are formed by the electrostatic intersphere D) s values were very close to the calculated values of
repulsion. The Debye screening length observed, D ops, the Debye length from the number ratio of two spheres
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Fig. 3 Height dependence in
the reflection spectra of colloi-
dal alloys of CS82 and CS161
mixtures (1:1) in a sedimenta-
tion equilibrium at 25 °C,

31 days after setting the sus-
pension, ¢cssz = Pesier =0.01

(arb.)

Intensity

700

for the binary mixtures using Eq. (2), where the fractions
of free-state counterions (ff) were assumed to be 0.15,
0.13, 0.12 and 0.07 for CS82, CS91, CS121 and CS161
spheres, respectively. However, the D s values are not
cited in Tables 2, 3 and 4 since too many thermodynamic
quantities would have to be cited. As shown in Table 4
the / values, which were estimated from the main peaks,
especially for the 1:1 CS82 and CS161 mixtures, did not
agree with the corresponding /; values but were scattered
around the calculated values. This is clearly due to the
fact that the superlattice structures are formed as
described later.

Clearly in the figures, the single peaks appeared for
mixtures of CS82 spheres with CS91 or CS121 spheres,
whereas several peaks appeared for mixtures of CS82
and CS161 spheres. As is clearly seen in the tables, the
ratios (y) of the effective sizes of two spheres including
the Debye screening length were 0.98, 0.93 and 0.83 for
CS82 and CS91, CS82 and CS121 and CS82 and CS161
mixtures, respectively, at each sphere concentrations of
0.01 in volume fraction. It is well known that the y
values for the sss-type alloy structures of metals are
larger than 0.85 [39]. Thus, the single peaks for the
former two kinds of mixtures will be attributed to the
sss-type alloy structure. On the other hand, the complex
peak profiles having several peaks in the reflection
spectra of the CS82 and CS161 mixture shown in Fig. 3
are attributed to the superlattices formed. The exact
kind of the superlattices is not clear yet. The observed vy
value (0.83) was smaller than 0.85, which is also
consistent with the superlattice alloy structure being
formed in the mixture [39]. A highly plausible structure
would be a MgCu,-type superlattice, y values of which
were reported by Yoshimura and Hachisu [34, 40] to be
0.77-0.84.

It should be mentioned here that the segregation
effect, i.e., large spheres are segregated upward and

1000
A (nm)

small ones downward in normal gravity, is significant for
binary mixtures of colloidal and powder spheres [41-46].
We have studied microscopically the two-dimensional
structure of the bottom layers for binary colloidal
mixtures of different sizes and densities in sedimentation
equilibrium [47]: the segregation effect was substantial.
A slight segregation effect has also been observed for the
two-dimensional structure of the vertical plane by
reflection spectroscopy [35, 37]. In this work, however,
the clear-cut segregation effect was not observed, which
is mainly due to the fact that the polydispersity indices
of the colloidal silica spheres used in this work were
comparatively high compared with monodispersed poly-
styrene spheres, for example.

Rigidity of colloidal alloys

The nearest-neighbor intersphere spacing, /, is given by
Eq. (4) [48],

/- lm = (peffglmd)m/G)(h - hm) ) (4)

where /,, and ¢,, indicate the lattice spacing and the
sphere concentration at the midplane, &, respectively.
¢m 1s therefore equal to the initial concentration. py is
the effective density given by the specific gravity of the
spheres minus that of the solvent, and ¢ is the
gravitational constant. G is Young’s elastic modulus
(rigidity) for the colloidal crystals and was obtained
from the slopes of / (or reflection peak wavelength, 4,
using Eq. 1) versus /& shown in Fig. 4, for example. The
values of G thus estimated are compiled in Tables 2, 3
and 4.

The logarithms of the G values of the colloidal
crystals formed from single components of spheres are
shown as a function of the logarithm of the number
density (N) of the spheres in Fig. 5. The rigidities of the
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Fig. 4 Reflection peak wave- 1000
lengths (/) of the mixtures (1:1) =
as a function of height at 25 °C. \g/
O: CS82 and CS91 ((b(jggz =
(f)csg] =001), X: CS82 and /
CS121 (¢pcssr = dpesia =0.01);
A: CS82 and CS161 (¢pesgr = 9200 —
$csi61=0.01)
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Fig. 5 Log G plotted as a function of log N. O: CS82, X: CS91, A:
CS121, O : CS161. Solid, dotted and broken lines show the calculation
at g=1, 0.1, and 0.01, respectively

three kinds of mixtures at various mixing ratios in
volume fraction are shown in Figs. 6, 7 and 8. The
order of magnitude of G is written in terms of the
magnitude of the thermal fluctuation, J, of a sphere as
[5, 48]

2 4
h (cm)
< \
) /
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/
/
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3— , |
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;
/
/ (o]
/
/
/
/ X
/
/
O g g
,
o 2 / X —
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~ /
/
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1+ _|
A |
12 13 14 15
Log N (cm™)

Fig. 6 Log G of the mixtures (2:1) as a function of log N. O (body-
centered cubic, bec), @ (face-centered cubic, fec): CS82 and CS91, X:
CS82 and CS121, A: CS82 and CS161. Solid, dotted and broken lines
show the calculation at g=1, 0.1 and 0.01, respectively

G~ f/l~ (kaT/(6*)/1 (5)

where f is the force constant and ¢ is the thermal
fluctuation of a sphere in the effective potential valley.
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Fig. 7 Log G of the mixtures (1:1) as a function of log N. O (bcc), @
(fcc): CS82 and CS91, X: CS82 and CS121, A: CS82 and CS161.
Solid, dotted and broken lines show the calculation at g=1, 0.1 and
0.01, respectively

By introducing a nondimensional parameter, b, for
(0321, the modulus is obtained as a linear function
of N:

G ~ NkgT/b* . (6)

When b=1 Eq. (6) gives the elastic modulus of an ideal
gas having the same sphere concentration. Lindemann’s
law of crystal melting tells us that » < 0.1 holds for a
stable crystal. The solid, dotted and broken lines in
Figs. 5, 6, 7 and 8 represent the values of G when b=1,
0.1 and 0.01, respectively. Clearly, all the G values in the
figures are located between the dotted and broken lines.
The b values estimated are also compiled in Tables 2, 3
and 4.

As is clear from Fig. 5, the rigidity of the colloidal
crystals of the single component of spheres increased
slightly as the size of the spheres increased at the same
number density of spheres, which corresponds to the
fact that the fluctuation parameter, b, decreased as
the sphere size increased. Furthermore, the b values of
the colloidal crystals decreased slightly as the sphere
concentration increased. For example, the b values for
CS82 decreased from 0.045 to 0.029 as is clear from

Fig. 8 Log G of the mixtures (1:2) as a function of log N. O : CS82
and CS91, X: CS82 and CS121, A: CS82 and CS161. Solid, dotted and
broken lines show the calculation at g=1, 0.1 and 0.01, respectively

Table 2. Clearly, stabler and more rigid crystals were
formed as the sphere concentration and/or the sphere
size increased. It should be noted here that generally
speaking, the b values should be insensitive to the
sphere sizes and/or sphere concentrations for the stable
colloidal crystals including alloys. This interesting size
effect observed in this work is explained by the fact that
the volume fraction of the large spheres increases as
their size increases even at the same number density of
spheres and stabler crystals are formed from larger
spheres. The main reason for the sphere concentration
effect is ascribed to the fact that the degree of
deionization with the resins for the diluted suspensions
was not high enough during long measuring periods,
1-2 months.

The rigidities of colloidal alloys of CS82 mixtures
with CS91, CS121 and CS161 with the same mixing ratio
of 2:1 in volume fraction are shown in Fig. 6. Clearly, a
sharp decrease in rigidity occurred when the size of the
spheres mixed with CS82 spheres increased. These
results mean that the colloidal alloys become less stable
with the mixing of a small number of large pairing
spheres, which have been reported in a previous work on
the phase diagram of colloidal alloy [49]. Figures 7 and 8
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show the log G versus log N plots when the volume
fractions of the pairing spheres are 1:1 and 1:2,
respectively. These figures also demonstrate that the
rigidities of the colloidal alloys decrease, but only
slightly, when the size of the pairing spheres with CS82
increases. However, we must omit one datum shown by
the open circle at about 12.9 of log N in Fig. 7 in order
to derive the previous conclusion.

Logarithms of the rigidities for the colloidal alloys of
the mixtures with t various mixing ratios, 1:0, 2:1, 1:1,
1:2 and 0:1, were also plotted against log N, though the
graphs showing these are omitted here. For the binary
mixtures of CS82 and CS91, the rigidity increased as the
ratio of the large spheres increased and then decreased
passing a maximum at a 1:1 ratio. In other words, at the
same total sphere number density the rigidity of the
mixture was higher than that of the crystals of the single-
component spheres. However, for mixtures of CS82 and
CS121 and CS82 and CS161 these tendencies were not so

clear, though the rigidities of 1:1 mixtures were always
higher than the 1:0 mixtures.

In conclusion, sss-type alloy structures and MgCu,-
type superlattice structures were formed for the mixtures
of CS82 and CS91 and CS82 and CS121, and CS82 and
CS161, respectively. The rigidities of the colloidal alloys
decreased when a comparatively small number of larger
spheres (CS91, CS121 or CS161) were mixed with small
spheres (CS82). The latter conclusion is consistent with
the stability of the colloidal alloys clarified with the
phase diagram experiments [49].
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