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Abstract Phase diagrams of liquid- 
like, alloy crystal-like and amorphous 
solid-like(AS) structures have been 
obtained for the exhaustively 
deionized aqueous suspensions of the 
binary mixtures of polystyrene or 
silica spheres. Diameter, poly- 
dispersity index (standard deviation 
of diameter divided by the mean 
diameter) and size ratio of the binary 
spheres (diameter of small sphere 
divided by that of large one) range 
from 85 to 136 nm, 0.07 to 0.26 and 
0.76 to 0.93, respectively. Close-up 
color photographs of the alloy 
crystals are taken and the crystal 
structure has been analysed from 
reflection spectroscopy. Most of the 
alloy crystals are substitutional solid- 

solution (sss) type and body-centered 
cubic lattice structure. Formation 
of the alloy crystals is attributed to 
the important role of the expanded 
electrical double layers in the 
deionized condition and increase 
toward unity in the effective size ratio, 
which is the effective diameter of small 
sphere including double layer divided 
by that of large sphere. AS structure is 
formed at the rather high 
concentrations of two spheres, where 
the thickness of the electrical double 
layer is thin and the effective size ratio 
is comparatively small. 
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Introduction 

Colloidal crystals are very beautiful and fantastic, since the 
intersphere distance is just in the range of light wavelength 
and they reflect light by the Bragg reflection [1-12]. The 
mechanism of crystal growth and the morphology of collo- 
idal single crystals are quite similar to those of typical 
crystals such as metals and protein crystals. The colloidal 
crystals are ideal systems for model studies of crystals, 
since the crystal structures are analyzed with the optical 
techniques and intersphere interaction are readily manipu- 
lated by controlling the composition of the suspension. 
Furthermore, phase transition phenomena such as crystal- 
lization and melting occur very sharply. 

Generally speaking, crystal structures of monodisper- 
sed colloidal spheres are face-centered cubic (fcc) (or close- 
packing) or body-centered cubic (bcc) lattices in 
suspensions [137. From many data, it may be concluded 
that the fcc lattices are most stable and they transform to 
the bcc lattice (a) at low sphere concentrations, (b) in the 
presence of salts, (c) at elevated suspension temperature, 
(d) for spheres of high charge densities, and (e) at high 
pressure. Coexistence of fcc and bcc structures has often 
been observed. The transformation between the subphases 
of fcc and bcc lattices is highly related to the change in the 
dead space regions, which particles do not occupy. The fcc 
structure gives less dead space compared with the bcc 
form, for example. Note that the ordered distribution of 
anisotropic shaped particles in suspension is determined 
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exclusively by the condition of the minimum dead space 
[14-161. Amorphous solid-like (glass-like) structures have 
been also formed mainly under the influence of the prin- 
ciple of the minimum dead space [17]. 

Alloy structures are formed in colloidal suspensions of 
binary mixtures of spheres of different sizes. The super- 
lattice structures observed in colloidal systems mainly by 
Hachisu et al. are AIB2, NaZnl~, CaCus, MgCu2, NaC1 
and AB 4 types [18-24]. Note that these alloy structures 
are mainly determined by the principle of the minimum 
dead space and then by the changes in the effective size 
ratio, i.e., effective size of small spheres containing the 
electrical double layer thickness against that of large 
spheres [20, 25], and the segregation effect [26]. Recently, 
crystallization of binary mixtures of spheres of diameter 
ratios (including no double layers) of 0.58 and 0.62 have 
been discussed in detail [27, 28]. The amorphous solid-like 
structures have been formed in binary mixtures of large 
and small spheres [10, 29, 30]. 

The region where small ions distribute is called as the 
electrical double layer. Thickness of the electrical double 
layers is approximated by the Debye-screening length, 
1DH given by Eq. (1). 

IDH = (4rce 2 n/~kB r )- 1/2 , ( l )  

where, e is the electronic charge, and e is the dielectric 
constant of the solvent, n is the concentration of "dif- 
fusible" or '~'ee-state" cations and anions in suspension. 
Thus, n is the sum of the concentrations of diffusible 
counterions, foreign salt and both H + and O H -  from the 
dissociation of water. Maximum value of 1DH in water is 
ca. 1/zm, which is estimated from Eqs. (1) by taking 
n = 2x  10 -7 (mol/dm3)XNA x 10 -3 cm -3, where NA is 
Avogadro's number. Formation of the crystal-like order- 
ing is explained nicely with the effective hard-sphere model 
[31-35]. 

Recently, we have observed very large single crystals, 
2 to 8 mm in size for the very diluted aqueous suspension 
(ca. 0.0002 in volume fraction) and also exhaustively de- 
ionized suspension with ion-exchange resins more than 
three weeks in a test tube of 13 mm in outside diameter 
[36-39]. In this report, the phase diagram is obtained for 
the binary mixtures of spheres in the exhaustively deionized 
suspensions with the ion-exchange resins for three to four 
weeks. 

D1C27, D1B76, D1P30 and D1K88 were polystyrene 
spheres purchased from Dow Chemical Co. Diameter (d), 
standard deviation (6) from the mean diameter, and poly- 
dispersity index (6/d) are listed in Table 1. The values 
of d and 6 were determined from an electron microscope. 
The charge densities of the strongly acidic groups of 
spheres, which are originated mainly from the silanol 
groups at the sphere surfaces, were determined by conduc- 
tometric titration with a Wayne-Kerr autobalance pre- 
cision bridge, model B331, mark II (Bogner Regis, Sussex) 
or a Horiba conductivity meter, model DS-14 (Kyoto). All 
these spheres 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 at least 1 month. 
Water used for the purification and for suspension prep- 
aration was deionized by using cation- and anion-ex- 
change resins [Puric-R, type G10, Organo Co. (Tokyo)] 
and further purified by a Milli-Q reagent grade system 
(Millipore Co., Bedford, MA). Colloidal suspension 
was prepared by pouring two deionized stock suspensions 
and the deionized water with the resins into a disposable 
culture tube (borosilicate glass, Corning Glass Works, 
Coming, N.Y., 11 and 13 mm, inside and outside dia- 
meters) shielded tightly several ten layers with Parafilm 
(American Can Co., Greenwich, CT). The sample suspen- 
sions were treated with a small amount of Bio-Rad resins 
more than 3 weeks with up-and-down mixing several 
times a day. 

Close-up photographing 

Phase equilibria between the crystal-like and liquid-like 
structures were observed clearly with the naked eyes. 
Close-up photographing of colloidal crystals in a test tube 
was made with a Canon EOS10 camera, macro-lens 
(EF50mm, f =  2.5) and life-size converter EF. Velvia 
film(Fujichrome, RVP135, ISO = 50) was used. Light 
source was a pocket-type flash light (Xenon type, BF-775, 
National). 

Table 1 Properties of spheres used 

Sphere d (nm) 3 (nm) g)/d Charge density (/~C/cm 2) 
strong acid weak acid 

Experimental cs-81 

cs-121 
Materials D 1 C25 

D1C27 
Colloidal silica spheres of CS-81 and CS-121 were gift D1B76 

D1P30 
from Catalyst & Chemicals Ind. Co. (Tokyo). D1C25, 

103 13.2 0.13 0.38 - 
136 10.9 0.08 0.40 
85 6 0.07 1.5 1.0 
91 6 0.066 2.0 1.4 

109 3 0.0028 2.1 0.71 
109 27.8 0.26 0.62 0.32 
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Reflection-spectrum measurements 

The reflection spectra at an incident angle of 90 ~ were 
recorded on a multichannel photodetector, MCPD-110B, 
Otsuka Electronics, Hirakata, Osaka, connected to a Y- 
type optical-fiber cable. 

Results and discussion 

CS121 and CS81 mixtures 

First, we discuss the crystal formation for the binary mix- 
tures of CS121 and CS81 spheres at 0.76 in the size ratio, 
7 ( = dB/dA, where dA and dB are the diameters of large and 
small spheres in the mixture). The width for the picture of 
Fig. 1 corresponds to the outer diameter of the observa- 
tion cell, 13 mm. Very large and beautiful single crystals 
have been observed at rather low sphere concentrations 
(q5 A = 0.000435, qSB = 0.000575) and in the exhaustively 
deionized suspension. The suspensions exhibiting brilliant 
single crystals were rather transparent. In this picture 
a background is dark, but the suspension must be full of 
single crystals surrounded with grain boundaries. With 
a slow rotation of the cell, bright patterns of single crystals 
changed rapidly. Change in colors from bluish to reddish 
is due to the change in the incident angles of light through 
the curved wall of the test tube. Crystal planes are recog- 
nized for some crystals clearly. Two kinds of single crys- 
tals, i.e., block-like ones in the bulkphase far from the cell 
wall and pillar-like ones along the cell wall, are observed. 
These are formed from the homogeneous- and hetero- 
geneous-nucleation mechanisms. These features of 
the alloy single crystals are quite similar to those ob- 
served for the aqueous suspension of single kind of 
spheres [36 38]. 

Figures 2(a) and 2(b) show the phase diagram of CS 121 
and CS81 mixtures in the low and high ranges of 
q~A and/or qSB, respectively. The open and solid circles in 
Fig. 2(a) are the crystal-like and liquid-like structures, re- 
spectively. Five different sizes of open circles in the figures 
indicate the round size of the single crystals which ap- 
peared, i.e., smaller than 0.1 mm (shown by the smallest 
open circles in the figures), 0. i to 0.5 mm (secondary small 
open circles), 0.5 to 1.5 mm (medium size in Fig. 2(b)), 1.5 
to 2.5 mm (secondary large open circles) and larger than 
2.5 mm (largest open circles in Fig. 2(b)), respectively. Fig- 
ure 2(a) shows that the critical concentrations of melting 
for this binary system, ~bA, o and qS~,c are also quite low. 
However, these values were larger than the mean values of 

0 0 ~bB.c, which the critical concentrations of ~bA.c and are 
melting for the suspensions of single kind of spheres 

4A, c in the and locate just on the line connecting o 

Fig. 1 A close-up color picture of CSI21 (q5 = 0.000435) + CS81 
(~b = 0.000575) mixture 20 rain after inverted mixing the suspension 
which has been treated with Bio-Rad resins for 4 weeks in the cell. 
Exposure = 2 s, iris = 22 

X-axis and qS~ in the Y-axis of Fig. 2(a). As was de- 
scribed above, the very large single crystals are formed 
at the low sphere concentrations in the binary mixture, 
lower than 0.001 in volume fraction as is seen in 
Fig. 2(a). 

Here, let us discuss the effective size ratio, ])eff including 
the electrical double layers, which coat the spheres and 
move simultaneously with the spheres. ~ is given by 
Eq. (2). 

7eff = dB, eff/dA, eff = ( d B  + 2 x 1DH)/(dA + 2 X 1Dn) �9 (2) 

The n-value in Eq. (1) is the sum of the concentrations of 
diffusible (or free state) counterions (no), foreign salt (ns) 
and both H + and O H -  from the dissociation of water (no). 
In the deionized suspension, ns is zero and then n is 
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Fig. 2A Phase diagram of CS121 +CS8t  mixtures at 23 ~ Open 
and solid circles show the "crystal" and "liquid" phases, respectively; 
B Phase diagram of CS121+CS81 mixtures at 23~ Open and 
dotted circles show the "crystal" and "amorphous solid" phases, 
respectively 

given by Eq. (4). 

n = no + ns + no (3) 

n = {2 x 10 -7 + (QAfiAOA/1.606dA) 

+ (QBfiBd)B/1.606dB)} x NA X 10 3 . (4) 

Here,  QA and QB are the surface charge densities of strong- 
ly acidic groups of spheres, A and B. fiA and fib are the 
fi'action offi'ee state counterions. The fi-values of all the 
spheres used in this work were estimated to be 0.1 
[2, 40~42]. Using Eq. (4), IDH and 7err were estimated to be 
885 nm and 0.98 at @ a  = ( ~ B  ~ -  0.0003. This value of 7off in 
the range of sphere concentrations bit higher than the 
critical concentration of melting in Fig. 2(a), is very close 
to unity, and this means that the difference in the effective 
diameters of large and small spheres is quite small, ca. 2 %. 
Clearly, the apparent high monodispersity in the effective 
diameters is essential for the formation of giant single 
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Fig. 3 Peak wavelengths in the reflection spectra of CS121 4-CS81 
mixtures at 23~ Codes 11: ~bA =0.000846, 4B = 0.00686, 
12: 0.00169, 0.00686, 13: 0.00338, 0.00686, 14: 0.00508, 0.00686, 
15: 0.00676, 0.00686, 16: 0.00676, 0.00490, 17: 0.00676, 0.00294, 
18: 0.00423, 0.00858 

crystal at low sphere concentrations in the binary system. 
Crystal structure of the alloy crystals is now easily deduced 
to be substitutional solid solution (s.s.s.)-type (or mixed 
crystals), since the effective diameter of two spheres are 
very close to each other within two percent. 

The peak wavelengths in the reflection spectra of sev- 
eral alloy crystals are compiled in Fig. 3. Length of the 
bars in the figure shows the sharpness and strength of the 
intensity of the reflection peaks very roughly. Most peaks 
have belonged to the (110), (200), (211) and (220) planes of 
bcc lattice structure as is shown in the figure. However, 
mixture of the bcc and fcc lattices were sometimes and fcc 
only were seldom observed. Scattering vectors at the 
observed peaks, which are calculated using the peak 
wavelength, agreed with the calculated ones from the sec- 
ond form of Miller indices excellently. 

In order to check validity of the effective hard-sphere 
model for the binary systems, the effective mean diameter, 
dm, eff in Eq. (5) was compared with the mean intersphere 
dis tance,  lm given in Eq. (6) in the alloy crystal at the 
border of the transition between liquid and crystal in 
Fig. 4. 

d i n ,  e l f  = dax § dB(1 -- x) + 2IDH (5) 

l m = [qbA/0.68 d 3 q- q~,/0.68 d~]-  1/3, (6) 

where x is the fraction of large sphere concentration given 
by qSa/(qbA + qSB). For the deionized suspensions of single 
spheres, the validity of the effective hard-sphere model has 
been supported strongly [38]. It is clear in the figure that 
the relation of din, eel -> lm holds also for the binary systems. 

The dotted circles in the high sphere concentrations 
in Fig. 2(b) indicate the amorphous solid-like (AS) 
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distribution, which was recognized with the naked eyes 
from the faint iridescent color. Figure 5 shows the changes 
in the reflection spectra in the region of phase transition 
between crystal-like and AS structures. Reflection peaks of 
the crystal-like suspensions from curves 1 to 4 and 7 to 
8 were not very sharp, since crystals was small for these 
conditions. However, reflection peaks corresponding to 
the AS structures were quite broad and their intensities 
were also very weak. It should be noted in Fig. 5 that the 
intensities of the reflection light from the AS structure were 
highly amplified compared with the peaks attributed to the 
crystal. The peak profile of the AS structure is very similar 
to that of liquid-like distribution. AS structures have been 
often observed for the deionized suspensions of highly 
polydispersed particles hitherto [43, 44]. It should be 
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Fig. 4 Comparison of dra,et-f and Ira. �9 CS121+CS81, X: 
D1C27 + D1C25, A: D1B76 + D1C25, [3:D1P30 + D1C25 

noted here that the radial distribution function, g(r) of the 
amorphous solid-like distribution resembles the liquid-like 
patterns, the broad peak appears for the two structures. 
However, the difference between them is quite distinct; 
particles in the liquid-like distribution move vigorously 
and comparatively freely, but the distances between adja- 
cent particles are similar. On the other hand, particles in 
the amorphous solid-like structure does not move far and 
move only vibrationally around their equilibrium points. 
It should be mentioned here that shift in the peak 
wavelengths in Fig. 5 is nicely explained with Eq. (6). The 
values of IDH and 7~ff at ~bA = q~B = 0.017 in the phase of 
amorphous structure but close to the region of the crystal- 
like distribution was evaluated to be 292 nm and 0.95 by 
using Eq. (2). Thus, it may be concluded that the AS 
structure is formed when ~)eff is smaller than 0.95. When 
]3ef f is between 0.95 and 0.98, crystal-like structure are 
formed, 

D1C27 and D1C25 mixtures 

The true size ratio, ?' of D1C27 and D1C25 mixture is 0.93, 
close to unity compared with the preceding system of 
CS121 and CS81. However, both D1C25 and D1C27 
spheres are small in sphere size and high in monodispers- 
ity. Figure 6 shows the phase diagram of D1C27 and 
D1C25 mixtures. Open and solid circles indicate the crys- 
tal-like and liquid-like distributions, respectively. At a 
glance, the diagram is quite similar to that of CS121 and 
CS81 mixtures shown in Fig. 2(a), though the critical con- 
centration for the suspension of D1C25, qS~ is much 
high (ca. 0.0014). As has been reported previously [38], the 
large critical concentration is due to the fact that the 
D1C25 spheres are not def in i te ly  large enough compared 
with the hydronium ions which form the electrical double 
layers, and the thermal movement of spheres are too 
vigorous to form the stable double layers around the 
spheres. 

Fig. 5 Reflection spectra of 
CSl21 + CS8t mixtures at 
23 ~ Curves 1: qSA = 0.00212, 
0B = 0.0172, 2: 0.00423, 0.0172, 
3: 0.00845, 0.0172, 4: 0.0127, 
0.0172, 5: 0.0169, 0.0172, 
6: 0.0169, 0.0123, 7: 0.0169, 
0.00735, 8: 0.0169, 0.00367 
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From the analysis of the reflection spectra crystal struc- 
ture of most of the alloy crystals were sss-type and bcc, 
though the graph demonstrating this was omitted in this 
paper. The effective size ratio, ~ef~ at ~bA = q~B = 0.001 were 
calculated as 0.99 (/DH value was 262 nm). It is interesting 
to note that the similar value of ~eff to CS121 + CS81 
system was obtained. 

D1B76 and DIC25  mixtures 

True size ratio, 7 is 0.78 for D1B76 and D1C25 mixtures. It 
is interesting to note that most of the single crystals look 
like the associates of small blocks (association-type), 
though a picture showing this was omitted here. The 
lozenge-shaped (rhombic) crystals, though they are not so 
perfect in shape, were also observed. These features are 
quite similar to those of D1C25 suspensions [38]. Figure 7 
is the phase diagram of D1B76 and D1C25 mixtures. 
Open-, solid- and dotted-circles indicate the crystal-like, 
liquid-like and amorphous  solid-like structures, respec- 
tively. Several characteristic features have been observed. 
First, size of the single crystals were not so large. Medium 
size was the largest among the crystals. Secondly, crystalli- 
zation was disturbed effectively when large spheres were 
added into the suspension of small spheres. The critical 
concentration of melting of the suspension of the single 
component  of spheres, D1B76, ~b~ was 0.00016, whereas 
the critical concentration, ~bA, o of the mixture was ca. 0.008 
in the largest case, ca. 50-fold large. On the other hand, the 
disturbing effect of small spheres of D1C25 was not so 
significant, i.e., ~b~.c = 0.0014 and the largest value of 
qSB, c was 0.0055. So, the ratio is ca. 4-fold only. 

Effective size ratios at the several points at the crystal 
phases close to the critical curve of melting were calculated 
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Fig. 8 Phase diagram of D1P30 + DIC25 mixtures at 23 ~ Open, 
solid and dotted circles show the "crystal", "liquid" and "amorphous 
solid" phases, respectively 

using Eq. (4) to be 0.93, 0.92 and 0.94 at ~bA = qSB = 
0.005, q~A = 0.01; ~bs = 0.005, and ~bA = 0.005; qSB = 
0.0025, respectively. Thus, the mean value of the effective 
size ratio is 0.93. Furthermore,  the effective size ratios at 
the crystal-AS transition points were calculated as 0.90, 
0.90 and 0.90, at ~b A = 0.01; ~b B = 0.025, ~ba = qSB = 0.02 
and ~bA = 0.03; q~B = 0.01, respectively. The crystal phase is 
observed in the narrow range, 0.90 < ~eff ~ 0.93, and 
the amorphous  solid phase is formed when 7elf is smaller 
than 0.90. Lattice structure of the alloy crystals formed 
in the D1B76 + D1C25 mixtures has been assigned to be 
bcc from the reflection peak analyses. Furthermore,  
it is highly plausible that some super lattices such 
as MgCu2 and CaCus types are formed in the narrow 
region among the AS phase as was reported in a previous 
paper [24], though such lattices were not detected in 
this work. 
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D1P30  and D I C 2 5  mixtures 

A m o n g  the spheres used in this work  polydispersity of 
D1P30  is quite large, ~/d = 0.26 (see Table 1). Surprisingly, 
alloy crystals of sss-type were formed for the binary mix- 
tures containing D1P30  spheres. As is clear in Fig. 8, phase 
diagram of D1P30  and D1C25 mixture is also similar to 
that  of D1B76 + D1C25, though  the area of the liquid 
sub-phase for the former is more  expanded compared  with 
that of  the latter. Fur thermore,  crystal region of the former 
was more  nar row than the latter, since the border  region of 
the crystal and amorphous  solid subphases shifted toward  
the lower concentra t ions  of both  spheres. The ~eff value at 
the crystal phase close to the liquid were evaluated to be 

0.94 and 0.94 at q~A=~bB=0.005 and q~A=0.018; 
qbB = 0.0025, respectively. Furthermore,  ~eff values at the 
border  of crystal and amorphous  solid were 0.92, 0.92 and 
0.91 at ~A = 0.02; ~bB = 0.13, ~A = ~bB = 0.015 and 
4~A ---- 0.005; ~bB = 0.025, respectively. Thus, crystal and 
amorphous  solid subphases are formed in the ranges 
0.92 _< ~eff ~ 0.94 and ~2eff < 0.92, respectively. It  is inter- 
esting to note that  the alloy single crystals are formed also 
in the nar row region of  ~/eff, from 0.92 to 0.94. Crystal 
lattice structure of the D1P30  + D1C25 mixture was 
mainly bcc lattice, and sometimes bcc + fcc mixtures. 
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