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Abstract Macroscopic and micro-
scopic dissipative structural pat-
terns formed in the course of drying
the deionized aqueous colloidal
crystal suspensions of silica spheres
(diameter: 103 nm) on a cover glass
have been observed. Spoke-like and
ring-like patterns are formed in the
macroscopic scale; the former is the
crack in the sphere film and the
latter is the hill accumulated with
spheres formed around the outside
edge. The neighbored inter-spoke
angle, thickness of the film, and
other morphological parameters
have been discussed as a function
of sphere concentration, concentra-

tion of sodium chloride, and the
inclined angle of the cover glass.
Fractal patterns of the mud cracks
are observed in the microscopic
scale. Capillary forces between
spheres at the air-liquid surface
and the relative rates between the
water flow at the drying front

and the convection flow of spheres
are important for the pattern for-
mation.
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Introduction

It is well known that most patterns in nature and ex-
periments in laboratory are formed via self-organization
in the course of dissipation of free energy and in the non-
equilibrium state. Among the so many factors for the
free energy dissipation, evaporation and convection in-
duced by the earth gravity are very important for the
pattern formation.

Colloidal crystallization phenomena, which are not
dissipative structures but typical examples of the three-
dimensional self-organization in the thermodynamically
equilibrium state, have been studied intensively by many
researchers including the authors’ group [1, 2, 3, 4, 5, 6,
7, 8,9, 10]. It has been clarified that the structural and
kinetic properties of the colloidal crystals are influenced
strongly by the electrostatic inter-particle interaction via
the electrical double layers around the particles, shape of
colloidal particles, and the interaction between the par-

ticles and the cell wall of a sample container. For ex-
ample, the most dense crystal planes, 111 and 100 crystal
planes for the face-centered-cubic (fcc) and body-cen-
tered-cubic (bce) lattices, always orient parallel to the
cell wall. Furthermore, colloidal crystallization rates are
much higher for the plane cell than those for the curved
cuvette cell.

Several papers on the pattern formation in the course
of drying of the monodispersed colloidal suspensions
have been reported so far [11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26]. Most of the papers have
studied the liquid-like suspensions containing more or
less ionic species. As the important factors of dissipation
interactions, electrostatic inter-particle interactions have
been identified. Hydrophobic and hydrophilic interac-
tions are also demonstrated to be important for the
drying process [16, 24, 25]. Gelbart et al. [14, 15, 17]
examined the mechanism of solvent dewetting in annular
ring structures formed by drying a diluted metal colloid
on a substrate. Shimomura et al. and other researchers
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have studied intensively the dissipative patterns in the
processes of film formation by drying of the polymer
solutions [27].

In this work the dissipative patterns have been ob-
served in the course of drying colloidal crystal suspen-
sions of monodispersed silica spheres on a cover glass.
The colloidal crystal suspensions are undoubtedly one of
the most simple and convenient systems for study of the
dissipative structures on a laboratory scale. For exam-
ple, the structural information in the processes of the
dissipative pattern formation from the colloidal crystals
is available by reflection spectroscopy in detail as is
shown in this work.

Experimental

Materials. Colloidal silica spheres, CS-82 were kindly donated from
Catalyst & Chemicals Co. (Tokyo). The diameter, standard devi-
ation (0) from the mean diameter, and the polydispersity index (J/
d,) were 103 nm, 13.2 nm, and 0.13, respectively. The colloidal
sample was first purified several times using an ultrafiltration cell
(Model 202, Diaflo-XM300 membrane, Amicon Co.), and then
deionized by coexistence with a mixed bed of cation- and anion-
exchange resins more than five years before use. They released an
amount of alkali from their surfaces. It takes a long time before
complete deionization is achieved, since the deionization proceeds
between the two solid-liquid phases one after another, i.e., between
colloidal spheres and water and then between water and the resins.
The values of 6 and d, were determined through the courtesy of
Nippon Synthetic Rubber Co. (Tokyo) by electron microscopy.
The surface density of strongly acidic charges of these spheres was
determined to be 0.38 pC/cm? by the conductometric titration with
a Horiba Model DS-14 conductivity meter (Kyoto).

The water used for the sample preparation was purified by a
Milli-Q reagent grade system (Milli-ROS plus and Milli-Q plus,
Millipore, Bedford, Mass.).

Observation of the dissipative structures. A volume of 0.2 ml of the
aqueous suspension of CS-82 spheres was dropped carefully and
gently on a micro cover glass (30 mmx30 mm, thickness No.1,
0.12-0.17 mm, Matsunami Glass Co., Kishiwada, Osaka) in a
schale (60 mm in diameter, 15 mm in depth, Petri Co., Tokyo). The
cover glass was used without further rinse. The contact angle for
the pure water was 31 £0.2° from the drop profile of water on the
cover glass. The drop formed within a closed box made of thin glass
coexisted with water in the bottom of the box. The experiments on
the rinsed cover glasses having various contact angles are now in
progress in our laboratory. The influence of the rinse on the dis-
sipative patterns is significant from our preliminary experiments. A
pipette (1-ml, disposable serological pipette, Corning Lab. Sci. Co.)
was used for the dropping. Macroscopic and microscopic obser-
vation was made for the film formed after the suspension was dried
up completely on a cover glass in a room air-conditioned at 25 °C
and 65% humidity in air. To incline a cover glass, several sheets of
the cover and slide glasses were inserted under one end of the
schale. The degree of the inclination changed from 0° to 8°. Con-
centrations of the colloidal spheres and sodium chloride ranged
from 1.33x10~ to 0.05 in volume fraction and from 1x10°° mol/I to
1x10~* mol/l, respectively.

Macroscopic dissipative structures have been observed with a
video camera recorder (CCD-V800, Sony) and a Canon EOS 10
camera with macro-lens (EF 50 mm, f=2.5) and a life-size con-
verter EF. Microscopic structures were observed with two digital
HD microscopes (type VH-7000, Keyence Co., Osaka), a laser 3D

profile microscope (type VK-8500, Keyence) and a Metallurgical
microscope (Axiovert 25CA, Carl-Zeiss, Jena GmbH). Observation
with an atomic force microscope (type SPA400, Seiko Instruments)
was also made.

Reflection spectroscopy. Reflection spectra were taken perpendicu-
larly to the colloidal films developed on a cover glass. A light beam
from a halogen lamp (Hayashi LA-150SX, Tokyo) hits the sample
using a Y-type optical fiber cable and the reflected light is measured
on a multi-channel photo detector (type MCPD-7000G3, Otsuka
Electronics, Hirakata, Osaka).

Results and discussion
Macroscopic patterns

Figure 1 shows the typical patterns formed in the drying
the suspension of CS-82 spheres at the sphere concen-
trations ranging from 1.33x1077 to 3.33x10 2 in volume
fraction. At low sphere concentrations the islands of
sphere regions, which distribute roundly, appeared. On
the other hand, at high sphere concentrations at 0.0133
and 0.0333 in volume fraction the spoke-like cracks were

Fig. 1a—f Patterns formed for CS-82 spheres on a cover glass at
25°C: a ¢=1.33x10"; b 1.33x10°%; ¢ 1.33x10°3; d 6.67x10%; e
1.33x1072; £ 3.33x107%. In water, 0.1 ml, length of the bar is 2.0 mm
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formed from the outside edge toward the center. Clearly
the cracks were formed in the process of shrinking of the
wetted films [28, 29].

There were quite a few spheres in the central region in
Fig. 1f, whereas broad ring-like region was occupied
with the spheres. Narrow ring patterns were observed
when the amount of the drop was low, 0.01 ml, for ex-
ample, though the picture showing this was omitted in
this paper. The authors observed that the spoke-like and
the ring patterns were also observed for the deionized
aqueous suspensions of monodispersed polystyrene
spheres and India ink [30, 31].

A main cause for the ring formation is due to the
convection flow of the solvent and the colloidal spheres.
In particular, flow of the colloidal spheres from the
center area toward the outside edges in the lower layer of
the liquid drop, which is induced by the evaporation of
water at the liquid surface, resulted in lowering of the
suspension temperature in the upper region. When
the spheres reach the edges of the drying frontier at the
outside region of the liquid, part of the spheres will turn
upward and go back to the center region. However,
when most of the spheres reach the frontier region, the
movement of the spheres may stop with the disappear-
ance of water. This process must be followed by the ring-
like accumulation of the spheres near the round edges. It
should be noted here that the importance of the con-
vection flow of colloidal spheres in the ring formation
has often been observed in the process of film formation
[19, 32].

The angles between the adjacent spoke-like cracks (0)
increased linearly as sphere concentration increased,
though the graph showing this was omitted in this paper.
Increase in sphere concentration will result in the
increase in the elastic modulus of the film, and then in
the increase in the f-value. At 0.2 ml of ¢=0.0333, for
example, O-values were 11.1°+0.2°, which means 32
(=360/11.1) spoke-like cracks are formed in the pattern.
The 0-values increased as the amount of the suspension
drop increased, i.e., 6=6.0°, 6.8°, and 11.1° were
observed for the drop amounts of 0.1 ml, 0.15 ml, and
0.2 ml. This observation will also be explained with the
increased elastic modulus of the film, since the area of
the film increased only slightly as the amount of the
liquid drop increased. The area (S) values were 12, 41,
77, and 95 mm? when the liquid amounts at ¢ =0.0333
were 0.01, 0.1, 0.15, and 0.2 ml, respectively.

Figure 2 shows a typical example of the process of
the crack formation in the final stage of drying the col-
loidal suspensions via the wetted film. Interestingly, the
cracks were introduced along the outer edges first, where
dryness proceeds in advance, and the cracks curved and
then developed straightforward toward the center of the
film. It is also impressive that the new crack developed
successively keeping the same angle with the adjacent
old crack. The distance between the adjacent cracks, 0

e (©) B

Fig. 2a—d An example of crack formation process for CS-82
spheres on a cover glass at 25°C: a 220 min after dropping
suspension; b 220 min 40 s; ¢ 220 min 50 s; d 221 min. In water, ¢
=0.0333, 0.3 ml;, length of the har is 1.0 mm

Fig. 3a—d Patterns formed for CS-82 spheres in the presence of
sodium chloride on a cover glass at 25 °C. In water, ¢ =0.0333,
02ml: a [NaCll=0mol/l; b 1x10°mol/l; ¢ 1x107> mol/l;
d 1x107* mol/l, length of the bar is 2.0 mm

should increase as the elastic modulus of the wetted film
increases.

Figure 3 shows the macroscopic patterns formed for
the salt-containing suspensions. Clearly, shape of the
outer edge changed greatly from the comparatively
smooth and round shape to the bumpy one by the
addition of sodium chloride. The reason for this obser-
vation is not yet clear. However, increase in the
air-suspension interface tension by the addition of
sodium chloride to the suspension will be one of the
main reasons. It should be noted here that the area
decreased a bit in the presence of sodium chloride, i.e.,
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the S-values were 95, 91, 88, and 89 mm?>, when the salt
concentrations were 0, 10°°, 107>, and 107 mol/l, re-
spectively. This decrease is also explainable by the in-
crease of the surface tension in the presence of sodium
chloride.

Table 1 shows the influence of the salt concentration
on the #-values. Clearly, the 6-values dropped greatly by
the addition of a tiny amount of sodium chloride, 10~
mol/l, and were quite insensitive to the further addition
of sodium chloride. This will be due to the decrease in
the nearest-neighbored intersphere distance with sodium
chloride by the thinning of the electrical double layers
around colloidal spheres followed by the increase in the
elastic modulus of the film. It is interesting to note that
the decrease in the 6-values results from the increase in
sphere concentration and/or salt concentration. It
should be mentioned further that the d,,,.-values de-
creased by the addition of sodium chloride. The reason
for this observation is not yet clear. However, the ac-
cumulation of the spheres by the convection may be
retarded by the weakened inter-sphere repulsion.

Next, the influence of inclination of the cover glass
upon the macroscopic pattern formation was examined
to study the effect of the liquid thickness. Besides the 6-
values defined above, the angle of spoke-like cracks from
the lowest position, ¢ and the distance from the center
of the film, r were defined as shown in Fig. 4. Figure 5
shows the dissipative structural patterns formed when
the inclination angles () changed from 0° to 8°. Several
characteristic results were obtained. First, location of

Table 1 Influence of salt on 0 and d,,,,,. $=0.0333, 0.2 ml

Fig. Sa—f Patterns formed for CS-82 spheres on an inclined cover
glass at 25 °C: a «=0° b 1.8° ¢ 3.7°; d 5.3°; e 6.4° f 8°. In water,
¢=10.0333, 0.2 ml, length of the bar is 2.0 mm

the pattern center shifted to the lower position as o in-
creased. Second, the 0-values at the low positions in-
creased substantially as « increased, whereas those at the
high positions decreased as o increased. Table 2 also

E% ‘(’)IC/Q) Emin) (Smmz) (Hdegree) flﬁ'r‘r’l‘) clea'rI.y shows this tendency of the vaal}les. In the low
positions, sufficient spheres are supplied in the course of

0 253 95 11.1 135 dryness and the shear moduli of the film, which are
10°° 263 9l 8.34 110 considered to be the main cause for the crack formation,
%8;1 %gg gg g‘gg H(S) were high compared with those at the higher positions.

i Third, the outside pattern shifted from smooth round to
Fig. 4 Setup of cover glass for i
thg inclinati%n experimgents and 7 sample \\\ slide gl?{SS
definition of «, ¢, 0, and r // cover glass \\ \

/// /// \\ \
-y AN
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Table 2 Characteristics of the film of CS-82 spheres when the
cover glass was inclined in the course of dryness at 25 °C. ¢
=0.0333, 0.2 ml

¢ (degree) 0 (degree) Apax (pm)
a=0°
0 10.6 131
45 17.3 168
90 10.1 158
135 11.7 160
180 13.6 137
o=1.8°
0 13.5 152
45 9.7 144
90 7.9 137
135 5.8 126
180 4.8 115
o=_8"°
0 43.7 126
45 10.1 122
90 5.2 91
135 4.0 108
180 2.2 76

the egg-shaped ones, though the shapes of the total
pattern are not seen in Fig. 5. Table 2 clearly shows that
the d,,,,-values decreased when ¢ increased in a inclined
cover glass. This is also quite understandable since the
spheres flow downward.

Area of the patterns increased as o increased, i.e., the
S-values were 95, 111, 113, 115, 127, and 137 mm? for
a=0, 1.8, 3.7, 5.3, 6.4, and 8°, respectively. This incli-
nation effect is quite reasonable when the downward
flow of the suspensions is taken into account by the
gravity.

The thickness of the film is shown as a function of the
distance from the center, » in Fig. 6. The experiments
were made directly by taking a close-up CCD picture of

the film section, which was stripped off from the cover
glass and the section of the cracks appeared often. Plus
or minus signs of the r-values in Fig. 6 indicate that the
observed position is higher or lower than the center,
respectively. Clearly, the thick ring pattern appeared at
the outside edge irrespective of a-values. When the cover
glass was inclined at «=6.4°, the double peaks in the
thickness height were observed at the upper region as is
clear in the figure.

Microscopic patterns

Figure 7 shows the patterns formed for the films from
the suspensions of comparatively low sphere concen-
tration at ¢=1.33x10 . Black parts are occupied with
the colloidal spheres and the white regions are vacancy
parts of spheres on a cover glass. Clearly, the mud
cracks are formed. The concentrations ranging from 10
to 107 in volume fraction were most appropriate for the
formation of the fractal patterns. These microscopic
crack patterns seem to be fractal. The fractal dimensions
of the patterns at the various concentrations of spheres
and sodium chloride were estimated to be between 1.3
and 1.9 by the counting method of the number of
squares covering colloidal spheres [33]. These values are
larger than the fractal dimension of Koch curve, 1.26.

Reflection spectra in the course of dryness

Figure 8 shows the reflection spectra in the course of
dryness at the center of the pattern. Clearly, the peak
wavelength (4,) shifted first to the longer wavelengths,
and then turned to the shorter regions drastically with

Fig. 6 Thickness of the film —~ 200
formed for CS-82 spheres as a g
function of the distance from =
the center at 25 °C. In water,
¢=0.0333, 0.2 ml, O: «=0°,
X: 6.4°
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Fig. 7 Patterns formed for CS-82 spheres on a cover glass at 25 °C.
In water, ¢=1.33x10", 0.1 ml, length of the bar is 20 pm

time, which are also shown in the 4,-values in Table 3 at
r=0. These observations show that the sphere concen-
tration at the center decreases slightly at the initial stage
and then increases monotonously. Just before the com-
pletion of the dryness at the center the reflection spectra
become broad. However, the reflection peaks remained
even after the completion of dryness. These observations
clearly show that almost all the spheres at the center
region go away toward the outside by the convection
flow. The reflection spectra in the course of dryness were
also taken at r=1.5 and 3.0 mm as is shown in Table 3.

In these experiments the spectra kept sharp and shifted
toward shorter wavelengths monotonically in the course
of dryness. It is interesting to note that the dried up film
still shows the reflection peaks indicating the existence of
the crystal-like structures in the film. The crystal-like
arrangement of the polystyrene spheres dried in a cover
glass has been reported [34].

The most reliable inter-sphere distance (/) and ef-
fective sphere concentration-values (¢,;,) were obtained
by the several repeated calculations from the observed 4,
value and the old # value using Eqgs. (1) (2) and compiled
in Table 3:

Lps = 0.6124,/n (1)

n = ¢ x [refractive index of silica] + (1 — ¢)
x [refractive index of water or air] (2)

Here, refractive indices of silica, water, and air were as-
sumed to be 1.5, 1.33, and 1.0, respectively. Clearly the /,
values decreased from the initial one corresponding to ¢
=0.05 to those of the dried film, i.e., 115, 109, and 106 nm
atr=0, 1.5, and 3.0 mm, respectively. These values of the
dried film agree excellently with the diameter of the col-
loidal spheres (103 nm), which shows that the neighbored
spheres almost contact each other, keeping crystal-like
structure. Observation with an atomic force microscope
also supported the contact of the spheres for the dried
films. The spheres in the dried film have been reported to
distribute in the closed-packed structure from the trans-
mitted-light intensity measurement [34]. The ¢,,,-values
of the film were close to but slightly smaller than that of
the close-packed fcc lattice, 0.72.

L in Table 3 indicates the size of the single crystals
observed from the reflection spectroscopy using the half-
width of the reflection peaks or from the CCD pictures

Fig. 8 Reflection spectra of the
film formed for CS-82 spheres
on a cover glass at 25 °C. In an |
water, ¢ =0.05, 0.05 ml, at 30
r=0. Curve (1) =0 min, (2)
20 min, (3) 40 min, (4) 60 min,
(5) 80 min, (6) 100 min, (7)
120 min, (8) 140 min, (9)

160 min

(arb.)

400
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Table 3 Characteristics of the film of CS-82 spheres from reflection spectroscopy. ¢ =0.05, 0.05 ml
t (mln) /1[7 (nm) lobx (nm) ¢0h.v L (Hm) L (Hm)
r (mm)=0 1.5 3.0 0 1.5 3.0 0 1.5 3.0 0 1.5 3.0 0
0 534 534 533 244 244 244 0.056  0.056 0.056 13 10 27 29
20 545 531 509 249 243 232 0.052  0.057 0.064 21 23 41 29
40 534 520 499 244 238 228 0.056  0.060 0.068 29 31 32 32
60 526 503 457 240 230 208 0.058  0.067 0.090 32 31 21 35
80 517 492 423 236 224 192 0.061  0.071  0.114 35 27 19 29
120 480 443 402 219 201 182 0.077  0.099 0.13, 24 15 16 27
160 454 356 391 207 160 177 0.092  0.19 0.14¢ - - - -
10080 238 234 232 115 109 106 0.529  0.61¢ 0.67, 2.3 3.6 4.8 -

“From CCD observation

directly. The latter method gave L-values, being not so
sensitive to the time passed. However, two methods gave
quite similar values to each other.
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