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Abstract Colloidal single crystals of 
silica spheres (103 nm in diameter) are 
formed in the presence of various 
kinds of salts 1 simple electrolytes, i.e., 
sodium chloride, calcium chloride and 
lanthanum chloride, 2 polyelectro- 
lytes such as 3-6 type ionen polymer 
(polybrene), poly-N-ethylpyridinium 
bromide, a copolymer of N-benzyl 
pyridinium chloride and N-hexadecyl 
pyridinium bromide, and sodium 
polyethylene sulfonate, and 3 cationic 
and anionic detergents, hexadecyltri- 
methylammonium bromide and 
sodium dodecylsulfate. Shape and size 
of their single crystals, phase diagram, 

and the relationship between the two 
parameters among the critical 
concentration of melting, conduc- 
tance and pH of the crystal-like 
suspensions have been studied. 
Colloidal single crystals of positively 
charged spheres have been formed in 
this study by the method of the charge 
reversal of spheres through the strong 
adsorption of cationic polyelectrolytes 
onto the anionic silica spheres. 
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Introduction 

Glittering and brilliant colors of the colloidal single crys- 
tals observed with the naked eye in suspension are quite 
beautiful and exciting. A study of colloidal crystals is 
helpful in understanding the fundamental characters of 
crystallization of matters, phase equilibria and electro- 
static interactions of macroionic systems [1-15]. Quite 
recently, very large size of single crystals have been formed 
for the exhaustively deionized and very diluted aqueous 
suspensions and alco]~olic organic solvents [16-19]. Two 
essentially important factors causing the colloidal crystals 
are an electrostatic intersphere repulsion and an expanded 
electrical double layers around the spheres in the de- 
ionized state. Thus, it will be easily expected that the 
critical concentration of melting increases by the addition 

of the salts, since the thickness of the electrical double 
layers decreases sharply as the ionic concentration of the 
suspension increases. Main purpose of this work is to 
obtain the reliable data on the phase diagrams of colloidal 
crystallization in the presence of various kinds of salts, and 
to support the importance of the electrical double layers 
for the crystal-like structure formation. As is well known, 
most colloidal spheres in aqueous media are negatively 
charged except artificial modification of sphere surfaces, 
and colloidal crystals of the combination of cationic 
spheres and anionic double layers have not been 
reported hitherto. Thus, the second purpose of this work 
is to investigate the colloidal single crystals of posit- 
ively charged spheres by the technique of the charge rever- 
sal of the sphere surface by the strong adsorption of 
cationic polyelectrolytes onto the surface of anionic silica 
spheres. 
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Experimental 

Materials 

Colloidal silica spheres of CS-81 in aqueous suspension 
was a gift fi'om Catalyst & Chemicals Ind. Co. (Tokyo). 
Diameter (d), standard deviation (6) from the mean 
diameter, and polydispersity index (6/d) were 103 nm, 
13.2 nm, and 0.13, respectively. The values of d and 6 were 
determined from an electron microscope (EM400-T, Phi- 
lips Co.) equipped with an image micro-processor by cour- 
tesy of Dr. S. Aotani of Synthetic Rubber Co. (Tokyo). The 
charge density of the spheres was determined by conduc- 
tometric titration with a conductivity meter, model DS-14 
(Horiba Co., Kyoto). Charge density of strongly acidic 
groups was 0.38/~C/cm 2, where sphere surface was as- 
sumed to be rigid and smooth. The sphere sample was 
carefully purified several times using an ultrafiltration cell 
(model 202, membrane: Diaflo-XM300, Amicon Co.). 
Then the sample was treated on a mixed bed of cation- 
and anion-exchange resins [Bio-Rad, AG501- 
8(D), 20-50 mesh] for at least 1 month. Water used for 
the purification and for suspension preparation was 
deionized by using cation- and anion-exchange resins 
[Puric-R, type G10, Organo Co. (Tokyo)], purified 
by a Milli-Q reagent grade system (Millipore Co., Bedford, 
MA), and further treated with the ion-exchange resins 
of Bio-Rad. 

Sodium chloride, calcium chloride, sodium sulfate, and 
lanthanum chloride were the purest grade reagents avail- 
able commercially in our laboratory. Sodium poly(ethy- 
lene sulfonate) (NAPES) was purchased from Polyscience 
Inc. (Warrington, PA). Aqueous solution of NAPES was 
passed through a column of a mixed bed of cation- and 
anion-exchange resins (Bio-Rad) repeatedly in acid form. 
Sodium salt was obtained by neutralization of the acid 
with sodium hydroxide solution. The 3-6 ionen type 
cationic polymer, Polybrene (PB), 1,5-dimethyl-l,5-dia- 
zaundicamethylene polymethobromide, was purchased 
from the Aldrich Chemical Co. (Milwaukee, WI). The 
details on the preparation and purification of poly-4- 
vinyl-N-ethylpyridinium bromide (C2PVP), and copolymer 
of 4-vinyl-N-benzylpyridinium chloride (95%) and 4- 
vinyl-N-n-hexadecylpyridinium bromide (5%) (C16BzPVP) 
were described in previous papers [20]. The degree of 
quaternization was 0.97. The degree of polymerization 
of poly-4-vinylpyridine (parent polymer) was 3800 
by viscometry. Hexadecyltrimethylammonium bromide 
(CTABr) and sodium dodecylsulfate (SDS) were guaran- 
teed grade reagents purchased from Wako Pure 
Chemicals (Osaka) and used after further purifica- 
tion by recrystallization from ethanol and refluxing 
in n-hexanol. 

Close-up and microscopic photographing 

Phase diagram (critical concentration of melting) between 
the crystal-like and liquid-like structures were obtained 
clearly from the direct observation with the naked eyes. 
Colloidal suspensions were prepared in the test tubes (dis- 
posable culture tube, borosilicate glass, Coming Glass 
Works, Coming, NY, 11 and 13 ram, inside and outside 
diameters) shielded with Parafilm (American Can Co., 
Greenwich, CT) tightly. Photographing of colloidal crys- 
tals 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). Microscopic color photographs were taken 
with a reversed-type metallurgical microscope, type PME3 
(Olympus, Tokyo). The single crystals were observable 
through the bottom and side walls of the test tube cells 
with an objective lens, Neo D Plan (5 x or 10 x ). 

~-Potential, conductance, and pH measurements 

~-Potential measurements were made with an elec- 
trophoretic light scattering spectrophotometer, type ELS- 
800 (Otsuka Electronics, Osaka). Conductance and pH of 
the crystal-like suspensions were measured on a Horiba 
conductivity meter, model DS-14 (Kyoto) with a Horiba 
electrode, type 3552 (cell constant is 1.028), and Beckman 
pH meter ~b-34 (Fullerton, CA), respectively. 

Results and discussion 

Shape and size of the single crystals in the presence of salts 

Figure 1 Shows the microscopic color photographs of the 
colloidal single crystals from the homogeneous nucleation 
mechanism in the aqueous bulk phase of suspensions in 
the presence of sodium chloride. In this experiment 
2 x 10- 5 mol/L of NaC1 was added and the sphere concen- 
tration was also rather high, ~b = 0.0360. Size of single 
crystals was smaller than 1 mm, and shape of the crystals 
was observed with a microscope. Difference in colors be- 
tween (a) and (b) are due to the difference in the angles of 
the incident light and/or the direction of observation 
against the Bragg planes. Color was the same throughout 
the same crystals, and then each crystal is undoubtedly 
single crystals as a whole. Interestingly, separation of the 
single crystals into the flakes was observed especially when 
the sample tubes left to stand on desk more than ten hours. 
This may be due to the faint shearing forces upon the test 
tubes from the very weak mechanical vibration of the desk, 
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Ca) 

and PB, respectively. Width of the picture corresponds to 
the outside diameter of the test tube of 13 mm. All the 
block-like crystals are those from the homogeneous nu- 
cleation mechanism. Change in colors from yellowish to 
reddish in the single crystal seen in the bottom region of 
the test tube in Fig. 2(a) is due to the change in the incident 
angles of light through the curved cell wall. The small red 
spots, which are located along the test tube in the right- 
hand side of the picture 2(a), show the single crystals 
grown up perpendicularly to the cell wall from the hetero- 
geneous nucleation mechanism along the inner surfaces of 
the test tube. Clearly, the salt-containing suspensions of 
colloidal crystals were much turbid compared with the 
salt-free and/or deionized suspensions [16-18]. When the 
suspension is turbid, only the single crystals close to the 
cell wall are observable with the naked eye. The reason 
why color of these single crystals were monochromatic will 
be the fact that the single crystals from the homogeneous 
nucleation close to the cell wall are apt to be oriented 
keeping the (111) planes of the crystal parallel to the cell 
wall [18]. 

Figure 3 shows the microscopic observation of col- 
loidal crystals of CS-81 spheres from the homogeneous 
nucleation mechanism in the presence of the various 
amounts of NAPES, anionic polyelectrolyte. Shape of the 
single crystals was quite similar to that of NaC1 or PB 
containing suspensions shown in Fig. 1. Separation into 
flakes was observed again. The slipping planes of the flakes 
would be (111) lattice planes of the fcc crystal structure. 

(b) 

Fig. 1 Microscopic observation of colloidal single crystals of CS-81 
spheres in the presence of NaCI at 25 ~ q~ = 0.0360, [NaCI] = 
2.00 • 10- ~ mol/L. Frame size = (a) 1.2 mm x 1.76 ram, (b) 0.82 mm 
x 1.2 mm 

though the exact reason is not clear yet. The single crystals 
in Fig. 1 were block-like and were crystallized from the 
homogeneous nucleation mechanism in the bulk phase far 
from the cell wall [16-19]. It should be noted here that 
these single crystals were melted away quite easily into the 
super-cooled liquid-like structures, when the suspension 
was mixed invertedly. However, the crystallization occur- 
red ~igain when the test tube left ~o stand. This kind of 
melting and crystallization Processes occurred every time 
when the suspension was mixed. However, shape of the 
single crystals formed differed greatly. Size of the single 
crystals formed also differed largely for each experiment. 

Figures 2(a) and (b) are close-up color pictures of single 
crystals grown up in the salt containing suspensions, NaC1 

Phase diagram 

Figure 4 shows the phase diagram between crystal-like 
and liquid-like structures in the presence of sodium chlor- 
ide. Five different sizes of open circles in the figures indi- 
cate the round size of the single crystals which appeared, 
i.e., smaller than 0.1 mm (shown by the smallest open 
circles in the figures), 0.1 to 0.5 mm (secondary small open 
circles), 0.5 to 1.5 mm (medium size), 1.5 to 2.5 mm (sec- 
ondary large open circles) and larger than 2.5 mm (largest 
open circles), respectively. In this figure the ~ values 
with and without ion-exchange resins were given at 
2 x 10 -7 mol/L and 1 x 10 - 6  mol/L of sodium chloride, 
respectively. Clearly, the critical sphere concentration of 
melting, ~r increased substantially by the addition of 
a small amount of sodium chloride. Furthermore, it is 
interesting to note in the figure that rather large single 
crystals were formed even in the presence of large amount 
of sodium chloride close to 10 - 4  mol/L. 

According to the effective hard-sphere model [21-27], 
colloidal crystal is formed when the effective diameter 
(deff) of the colloidal spheres, which includes the Debye 
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Fig. 2 Close-up color 
photographs of CS-81 spkeres 
in the presence of NaC[ (a) and 
PB (b) at 25 ~ Width of the 
picture = 11 ram, 
(a) ~b = 0.0120, 
[NaC1] = 2.86 x 10 -6 tool/L, 
7 min after vertical mixing, 
exposure = 2 s, iris = 22, 
(b) ~b = 0.0360, [PB] = 1.71 • 
10 -s equiv/L, 12 rain after 
virtical mixing, 
exposure = 0.7 s, iris = 27 

(a) fb) 

screening length (Dr), is close to or larger than the observed 
intersphere distance (D), i.e., d~fe [ =  2 • Dt + diameter 
(d)] > D. In crystal-like structures, the spheres fluctuate 
around their equilibrium points. When d,ff is compar- 
able to or a bit shorter than the D value, the distribution 
of the spheres is usually liquid-like, and the spheres 
move without keeping their positions. When deft is 
much shorter than D, a gas-like distribution is observed. 
Note here that the observed intersphere spacing (D) 
was always close to the calculated mean intersphere 
distance (Do). The Debye-screening length, D~ is given 
by Eq. (1). 

D1 = ( 4 ~ z e 2 n / ~ k B r )  - 1 /z ,  (1) 

where e is the electronic charge, e is the dielectric constant 
of the solvent, kB is the Boltzmann constant and n is the 
concentration of free-slate cations and anions in suspen- 
sion, and given by n = n~ + n~ + no, where nc is the concen- 
tration (number of ions per cm 3) of diffusible counterions, 
n~ is the concentration of foreign salt, sodium chloride, for 
example, no is the concentration of both H + and O H -  
from the dissociation of water. In order to estimate n~, the 
fraction of free-state counterioas (fl) must be known. Note 
that the maximum value of Dt observed hitherto was ca. 
1 #m in water. The similar value of Dr, i.e., 1.0 #m, is also 
estimated from Eq. (1) by taking no = 2 x 10 -7 (mol/dm 3) x 
N a x  10 .3  cm -3, where NA is Avogadro's number. It 
should be mentioned here that/~-values are very small for 
typical colloidal particles [2, 28 30]. 

Table 1 compares the Ot values calculated and observed 
in NaCl-containing suspensions. The observed values of 
the Debye-screening length, DL.ob, are given by Eq. (2), 

D~,ob~ = (Do - , / ) / 2 ,  (2) 

where D~ is the intersphere distance calculated at the 
critical sphere concentration of melting, 4o. c~ in the table 
indicates the critical salt concentration of melting, and 
n* is the total concentration of diffusible simple ions given 
by the unit of mol/L. Here, fl was assumed to be 0.1 
irrespective of the ionic concentration of the suspension, 
though fl is expected to decrease slightly with increas- 
ing concentration of NaC1 1-28]. Clearly, for the salt- 
free suspensions, the calculated values of the Debye-length 
agreed with or larger than the observation, which 
supports strongly the vahdity of the effective hard sphere 
model for the salt-free systems with and without ion- 
exchange resins. 

For  the NaCl-containing systems the calculated D1 
value was smaller than the observed one. This means, for 
the first glance, that the suspensions are liquid-like instead 
of crystal-like. However, it will be recalled that the adsorp- 
tion of sodium chloride onto the surface of the cottoidaI 
spheres is influential as will be discussed later in detail. 
D~,~t~ values are clearly underestimated for the NaCl-con- 
taining suspensions by the adsorption effect. Thus, the 
agreement of Dl,calc with D~.ob~ will be good, when the 
adsorption effect of sodium chloride on colloidal sphere is 
taken into account. 
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(a) (b) 

(c) (d) 
Fig. 3 Microscopic observat ion of colloidal single crystals of CS-81 spheres in the presence of NAPES at 25~ q~ = 0.0360, 
(a) [NAPES] = 1.36 • 10- 5 equiv/L, (b) 1 70 • 10-  5 equiv/L, (c) 2.40 • 10- 5 equiv/L, (d) 2.38 • 10- 5 equiv/L. F rame  size = 1.2 m m  x 
1.76 mm 
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Fig. 4 Phase diagram of colloidal crystals of CS-81 spheres in the 
presence of NaC1 at 25 ~ Open and solid circles show the crystal- 
like and liquid-like structures 

Table 1 Parameters  in the effective hard-sphere  model  for NaC1- 
containing suspension 

q~c Ce ~* Dl,ealr Dl,ob s 
(mol/L) (equiv/L) (nm) (nm) 

0.00045" 0 ~ 3 • 10-v 780 560 
0.004 0 2.1 • 10 -6  300 240 
0.012 5 .8•  -6  1.4• 10 -5  115 150 
0.024 1.6 • 10 -5 3.7 x 10 -5 70 110 
0.036 2.9 • 10 5 6.6 x 10- 5 53 90 
0.048 4.0 • 10- s 9.1 • 10- 5 45 77 
0.066 6.5 • 10 - s  1.45 • 10 -4  36 64 

a Deionized suspension, taken from ref. [18]. 
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Fig. 5 Phase diagram of colloidal crystals of CS-8I spheres in the 
presence of NaCI(O), CaCI2(X), LaC13(A), PB(a), C2PVP(b), 
C16BzPVP(c), CTABr(d), NaeSO4(e), and SDS(g) at 25 ~ 

Phase diagram in the presence of various kinds of salts 
is shown in Fig. 5. Clearly, the critical salt concentrations 
of melting at the same ~bc value were in the order, 

LaC13 < CaC12 < PB < NaC1 < C2PVP < C16BzPVP 

< CTABr < NazSO4 < NAPES < SDS. (3) 

It should be noted that the order of the critical sphere 
concentration is just opposite order to Eq. (3). The order 
(3) teach us that the colloidal crystals are broken effectively 
by the addition of LaC13, and SDS is weakest in the 
melting action. Thus, the order (3) shows clearly that the 
order of the melting power is following. 

Simple-cations < Poly-cations < Simple-anions 

< Poly-anions. (4) 

When the simple-cations such as LaC13 and CaCI2 are 
added into the crystal-like suspension, the release of the 
hydronium ions, which are originally fixed (bound) to the 
colloidal anionic charges by the counter-ion binding effect, 
occurs and results in the increase in the ionic concentra- 
tion of the suspension and also results in the melting of the 
crystals by the thinning of the electrical double layers. As 
will be discussed later section, the release of the hydronium 
ions induced by the addition of LaC13 and CaC12 was 
supported strongly by the several experimental results in 
this work, i.e., increase in the conductance demonstrated in 
Fig. 6, decrease in pH in Fig. 7, and linear relationship of 
logx with pH with a slope of minus unity in Fig. 8. It 
should be mentioned here that the reversal of the sign of 
the sphere charge from minus to plus may not occur when 
LaC13 or CaC12 are added. This is consistent with the fact 
that the (-potential increased from - 5 3  mV to - 2 0  mV 
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Fig. 6 Specific conductance of the critical suspension of melting for 
colloidal crystals of CS-81 spheres in the presence of NaCI(O), 
CaC12(X), LaCI3(A), PB(a), C2PVP(b), C16BzPVP(c), CTABr(d), 
Na2SO4(e), NAPES(f), and SDS(g) at 25 ~ 
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Fig. 7 pH values of the critical suspension of melting for colloidal 
crystals of CS-81 spheres in the presence of NaCI(O), CaC12(X), 
LaC13(A), PB(a), C2PVP(b), C16BzPVP(c), CTABr(d), Na/SO4(e), 
NAPES(t), and SDS(g) at 25 ~ 

but the charge reversal did not occur as is seen in Table 2 
[31]. Here, the values of the zeta potential shown in the 
second row of Table 2 were observed by the electro- 
phoretic light scattering measurements for the suspen- 
sions, in which the sample suspensions were diluted with 
the hundred-fold amount of water. The zeta potential of 
the sample suspensions themselves were not measured, 
since the sphere concentrations were too high for the 
measurements. The ~-potentials of the sample suspensions 
are, therefore, estimated to be much larger than the obser- 
vation. The zeta-potential values given in the fourth row of 
the table were taken from our previous work for the 
aqueous suspensions containing a tiny amount of colloidal 
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Fig. 8 Relationship between log t~ and pH in the critical suspension 
of melting for colloidal crystals in the presence of NaCI(O), CaC12(X), 
LaCIg(A), PB(a), C2PVP(b), C16BzPVP(c), CTABr(d), Na2SO4(e), 
NAPES(f), and SDS(g) at 25 ~ 

Table 2 Zeta-potential of diluted suspensions of silica spheres in the 
presence of salts 

Salt if-potential [salt]a(equiv/L) l-potential 
(mV) (mV)" 

none - 49 _+ 2 0 - 53 _+ 0.5 
NaCI - 2 x 1 0 - 6 t o  6 x 1 0  - 4  - 5 4 + 1  
CaC12 - 2x10-5 to 8x10 -4 -32__2 
LaC13 - 4 7 + 2  6xl0-Sto 1.2x10 -3 - 2 0 + 1  
PB - 4 3 + 4  lx l0-Tto  3x10 -4 +15to +64 
C2PVP + 4 + 1  2x10-7 to 3x 10 -'~ +10to +60 
C16BzPVP - 35 -+ 3 1 • 10 - 7  tO 3 x 10 -4 + 5 to +62 
Na2SO4 - 6 0 + 8  4x 10-5 to 4x 10 -4 - 5 6 + 3  
NAPES - 59 -+ 4 5 X 10 - 6  to 1 X 10 -4 -- 72 -+ 3 

"Taken from ref. [31]. 

silica spheres and the salts of the concentrations given in 
third row. 

The release of hydronium ions by the addition of the 
poly-cations (PB, C2PVP, C16BzPVP and CTABr) is also 
supported by the increase in conductance (shown in Fig. 6) 
and also by the linear relationship between Iog• and pH 
(in Fig. 8). However, most significant effect was the charge 

reversal from negative to positive (see, Table 2). Further- 
more, the reversal effect was in the order PB > 
C2PVP > C16BzPVP, which tells us that the strongly 
hydrophobic polymers are adsorbed weakly on the surfa- 
ces of the colloidal silica spheres. This supports the notion 
that the hydrophobicity of the silica slSheres is very weak. 
Instead of the hydrophobic interactions the dipole-dipole 
forces between silanol groups of silica surfaces and the 
poly-cations [31] will be effective. Furthermore, the order 
in the strength of the reversal effect among the poly-ca- 
tions supports that the adsorption of the bulky poly-ca- 

tions is not so easy by the stereo-chemical effects [31]. 
Formation of the colloidal crystals of the positively 
charged colloidal spheres is highly interesting. These sys- 
tems have not been reported hitherto as the authors are 
aware of. 

The critical salt concentrations of the suspensions con- 
taining SDS, NAPES and NazSO4 were high. This will be 
due to the fact that these poly-anions do not interact 
specifically with the anionic colloidal particles so strongly. 

Specific conductance and pH of the critical suspensions 
of melting 

In order to examine the ionic nature of the suspensions of 
colloidal crystals, specific conductance (~:) and pH values 
were measured for the critical suspensions of melting. 
Figure 6 shows the ~c values. Clearly, the values for the 
suspensions containing LaC13 and CaC12 were high com- 
pared with others. This is safely ascribed to the release of 
the hydronium ions by the polyvalent simple-cations. 
More than ninety percent of the sphere charges and their 
counter-ions (hydronium ions in most cases) are bound by 
the electrostatic attractive forces between the sphere's 
negative charges and the positive counter-ions [2, 28-30]. 
However, release of the hydronium ions also occurs by the 
strong adsorption of La 3 + or Ca 2 + onto the sphere surfa- 
ces as, 

H3,(Sphere) + n L a  3 + --, La, (Sphere) + 3n H + . (5) 

Figure 7 shows the pH values of the critical suspen- 
sions of melting. By the addition of LaC13 and/or CaC12, 
substantial decrease in pH values was observed, which is 
also explained with the release of the hydronium ions by 
the binding of the multi-valent cations on to the sphere 
surfaces. Figure 7 also supports that the release of the 
hydronium ions by the poly-cations such as PB, C2PVP, 
C16BzPVP and CTABr is significant. It is interesting to 
note that the addition of the poly-anions caused the de- 
crease in pH values. This may support that the adsorption 
effect of the polyanions is not neglected. As is clear in the 
figure, weak adsorption of sodium chloride on to the 
spheres is suggested from the slight decrease in pH by the 
addition of sodium chloride. 

Figure 8 shows the relationship between the logari- 
thum of the specific conductance of the critical suspensions 
of melting and the pH values of the same suspensions. 
Interestingly, the linear relationship was observed with 
a slope of minus unity especially at high values of  these 
parameters except the suspensions containing NaC1 and 
Na2SO4. This relationship supports that the main contri- 
bution for the suspension conductance is ascribed to that 
of hydronium ions. Rowell et al. [32, 33] have developed 
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a new technique of the fingerprinting, which was effective to 
clarify the ionic character of colloidal spheres. In this tech- 
nique, several kinds of experimental parameters such as 
electrophoretic mobility, conductance and pH were meas- 
ured for the same suspension, and the relationship among 
the parameters was analysed. Figure 8 in this work will be 
one of the simple examples of the fingerprinting techniques. 
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