
Introduction

It is well known that most patterns in nature and in
experiments in the laboratory are formed via self-orga-
nization in the course of dissipation of free energy and
in the non-equilibrium state. Among the many factors
for the free-energy dissipation, evaporation and the
convection induced by the earth’s gravity would be very
important for the pattern formation.

Colloidal crystallization phenomena in a closed
container (which are not dissipative structures but
typical examples of three-dimensional self-organization
in the thermodynamic 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 colloidal crystals are influenced strongly by the
electrostatic inter-particle repulsion via the electrical
double layers around the particles, by the shape of

colloidal particles, and by the interaction between the
particles and the cell wall of a sample container. For
example, the most dense crystal planes, 111 and 100
crystal planes for the face-centered-cubic (fcc) and
body-centered-cubic (bcc) lattices, always orient paral-
lel to the cell wall [11]. Furthermore, colloidal crystal-
lization rates are much higher for the plane cell than
those for the curved tube cell [11].

Several papers on the pattern formation in the course
of drying of the monodispersed colloidal suspensions
have been reported so far [12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27]. Most of the papers have
studied the liquid-like suspensions containing more or
less ionic species. As the important factors of dissipative
structures, electrostatic inter-particle interactions have
been pointed out. Hydrophobic and hydrophilic inter-
actions are also demonstrated to be important for the
drying process [17, 25, 26]. Gelbart et al. [15, 16, 18]
examined the mechanism of solvent dewetting in annular
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Abstract Macroscopic and micro-
scopic dissipative structural patterns
formed in the course of drying the
deionized aqueous colloidal crystal
suspensions of monodispersed poly-
styrene spheres (diameter: 88 nm) on
a cover glass have been observed.
Spoke-like and ring-like crack pat-
terns are formed in the macroscopic
scale. The broad ring patterns of the
hill accumulated with spheres are
also formed around the outside edge.
The pattern area, drying time,
neighbored inter-spoke angle,
thickness of the film, and other
morphological parameters have been
discussed as a function of sphere

concentration and concentration of
sodium chloride. Fractal patterns of
the sphere association are observed
at the microscopic scale. Capillary
forces between spheres at the air-
liquid surface and the relative rates of
water flow at the drying front and
the convection flow of water accom-
panying the movement of spheres
are important for the pattern
formation.
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ring structures formed by drying a diluted metal colloid
on a substrate. Shimomura et al. have studied intensively
the dissipative patterns in the processes of film forma-
tion by drying the polymer solutions [28].

In a previous paper from our laboratory [29], the
dissipative patterns have been observed in the course of
drying colloidal crystal suspensions of silica spheres,
which are hydrophilic in their surfaces, on a cover glass.
The colloidal crystals are undoubtedly one of the most
simple and convenient systems for study of the dissipa-
tive structures on laboratory scale. For example, the
structural information in the processes of the dissipative
pattern formation from the colloidal crystal suspensions
is available from the reflection spectroscopy in real time
and in detail. In this work, the experiments concerned
the colloidal crystals of hydrophobic polystyrene spheres
in order to study what patterns are common and/or
special for each colloidal sphere.

Experimental

Materials

Monodispersed polystyrene spheres, D1W52 were manufactured
by Dow Chemical (Indianapolis, IN). The diameter, standard de-
viation (d) from the mean diameter, and the polydispersity index
(d/do) were 88 nm, 6.2 nm, and 0.07, respectively. The colloidal
sample was first purified several times using an ultrafiltration cell
(Model 202, Diaflo-XM300 membrane, Amicon), and then deion-
ized by coexistence with a mixed bed of cation- and anion-exchange
resins [Bio-Rad, AG501-X8 (D), 20–50 mesh] for more than seven
years before use. They released an amount of alkali from their
surfaces. It takes such a long time before complete deionization is
achieved because 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 surface density of
strongly acidic and weakly acidic charges of these spheres were
determined tobe1.14 lC/cm2and1.7 lC/cm2by 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-RO5 plus and Milli-Q plus,
Millipore, Bedford, Mass.).

Observation of the dissipative structures

Samples of 0.05 ml to 0.2 ml of the aqueous suspension of D1W52
spheres were dropped carefully and gently onto a micro cover glass
(30 mm·30 mm, thickness No.1, 0.12 to 0.17 mm, Matsunami
Glass, Kishiwada, Osaka) in a schale (60 mm in diameter, 15 mm
in depth, Petri, Tokyo). The cover glass was used without further
rinsing in this work. The extrapolated value of the contact angle for
pure water was 31±0.2� from the drop profile of a small amount of
water (0.2, 0.4, 0.6, and 0.8 ll) on the cover glass. A pipette (1 ml,
disposable serological pipette, Corning Lab. Sci.) was used for the
dropping. Macroscopic and microscopic observation was made of
the film formed after the suspension was completely dried on the
cover glass in a room air-conditioned at 25 �C and 65% humidity
of the air. Concentrations of the colloidal spheres and sodium
chloride ranged from 8.9·10–9 to 0.066 in volume fraction and from
1·10–6 mol/l to 1·10–4 mol/l, respectively.

Macroscopic dissipative structures were observed with a digital
HD microscope (type VH-7000, Keyence, Osaka) and a Canon
EOS 10 camera with macro-lens (EF 50 mm, f=2.5) and a life-size

converter EF. Microscopic structures were observed with a laser
3D profile microscope (type VK-8500, Keyence) and a metallur-
gical microscope (Axiovert 25CA, Carl-Zeiss, Jena). Observation of
the microscopic patterns was also made with an atomic force mi-
croscope (type SPA400, Seiko Instruments).

Reflection spectroscopy

Reflection spectra were taken perpendicularly 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, Hirak-
ata, Osaka).

Results and discussion

Macroscopic patterns

Figure 1 shows the typical patterns formed in drying the
suspensions of D1W52 spheres at sphere concentrations
ranging from 8.85·10–6 to 0.0221 in volume fraction. At
low sphere concentrations, several fine circles and/or
islands of sphere regions distributed roundly in the outer
regions. On the other hand, at high sphere concentra-
tions of 0.0199 and 0.0221 in volume fraction, the spoke-
like cracks were formed from the outside edge toward
the center. Surprisingly, these macroscopic patterns for
polystyrene spheres are very similar to those observed
for the colloidal silica spheres [29], though the former
are hydrophobic from the styrene groups at the colloidal
surface and differ from the latter that are hydrophilic
from the silanol groups. Clearly, the cracks were formed
in the process of shrinkage of the wetted films [29, 30,
31]. For polystyrene sphere systems, several macroscopic
cracks at right angles to the spoke-like cracks were also
observed, as is clear in Fig. 1d. These ring-like cracks
were not observed for colloidal silica spheres [29]. There
remained few spheres in the central region, whereas the
broad ring-like region was occupied with a large number
of the spheres in the outside region of Figs. 1c and d.
Broad ring patterns became narrow when sphere con-
centration decreased as is shown in Figs. 1c and d. It
should be mentioned here that the macroscopic spoke-
like and the broad ring patterns were also observed for
the deionized aqueous suspensions of India ink [32].

A main cause for the broad ring formation is due to
the convection flow of the solvent and the colloidal
spheres. Especially important is the flow of the colloidal
spheres from the center area toward the outside edges in
the lower layer of the liquid drop, which was observed
directly from the movement of the very rare aggregates
of the spheres [29]. The flow is enhanced by the evapo-
ration of water at the liquid surface, resulting in lower-
ing 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, a part of the spheres
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will turn upwards and go back to the center region.
However, the movement of most spheres may stop at the
frontier region because of the disappearance of water.
This process must be followed by the broad 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 been often reported in the process of film formation
[20, 33].

The area (S) of the dried film agreed with that of the
initial state of the drop when the sample liquid with

sphere concentrations higher than 0.01 in volume fraction
(/) was set on a cover glass. The S-values shown in Fig. 2
with other parameters increased slightly as / increased.
This is beautifully interpreted by the slight decrease in
surface tension of polystyrene sphere suspensions as
sphere concentration increases [34]. The angles between
the adjacent spoke-like cracks (h) increased as sphere
concentration increased. The h-values correlate deeply
with the convection flow of water and then of the spheres,
as described above, and further with the rigidity of the
dried film separating from the cover glass. Interestingly,

Fig. 1. Patterns formed for
D1W52 spheres on a cover glass
at 25 �C. (a) /=8.85·10–6, (b)
8.85·10–4, (c) 0.0199, (d) 0.0221.
In water, 0.1 ml, length of the
bar is 1.0 mm

Fig. 2. The S, h, dmax and hmax

values of D1W52 spheres as a
function of sphere concentra-
tion at 25 �C. In water, 0.2 ml
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the cracks were introduced in the final stage of drying the
colloidal suspensions along the outer edges first, where
the dryness proceeds in advance. Then the cracks curved
and then developed straight toward the center of the film.
It is impressive that the new cracks developed successively
keeping the same angle with the adjacent old cracks. The
h-value should increase as the rigidity of the wetted film
increases. It should be noted here that the h-values
increased as the sphere concentration of the suspension
drop increased, as is clear in Fig. 2. This observation can
also be explained by the increased rigidity of the film,
since the area of the film increased only slightly as the
sphere concentration increased.

The thickness of the film (d) is shown in Fig. 3 as a
function of the distance from the center, r. An arrow
shows the outer edge of the film formed. The measure-
ments were made using the laser microscope. Clearly,
film was thickest in a part slightly in from the outside
edge and thinnest in the center, as has been discussed
above. The distances of the neighboring ring-like crack
(h) are also shown as a function of r in Fig. 3. Inter-
estingly, profiles of the r-dependencies of h and d are
quite similar to each other. The maxima in the d-values,
dmax and in the h-values, hmax increased as sphere
concentration increased as is shown in Fig. 2.

Figure 4 shows the influence of salt on the macro-
scopic patterns. Clearly, the shape of the outer edge
changed greatly from smooth to rough with the addition
of sodium chloride, which is quite similar to silica
spheres [29]. The reason for this observation is not clear
yet. A slight increase in the air-suspension interface
tension by the addition of sodium chloride to the sus-
pension will be one of the main reasons. Table 1 shows
the influence of the salt concentration on several pa-
rameters. The time for completion of the drying ob-
served with the naked eye, T, increased significantly with
the addition of NaCl. It should be noted that the film at
time T is still wet and not dried completely, as will be
discussed in the section on reflection spectrum mea-
surements. Interestingly, the area (S) decreased in the
presence of sodium chloride. This is explained by the
increase of surface tension in the presence of sodium
chloride. The h-values increased greatly with the addi-
tion of sodium chloride. This is also quite similar to the
observation for colloidal silica spheres [29] and is due to

Fig. 3. Thickness of the film and the width between the neighbor-
ing circle cracks formed for D1W52 spheres as a function of the
distance from the center at 25 �C. In water, /=0.0221, 0.2 ml

Fig. 4. Patterns formed for
D1W52 spheres in the presence
of sodium chloride on a cover
glass at 25 �C. In water, /
=0.0221, 0.2 ml. (a)
[NaCl]=0 mol/l, (b) 1·10–5
mol/l, (c) 1·10–4 mol/l,
(d) 1·10–3 mol/l. Length of the
bar is 2.0 mm
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the decrease in the nearest-neighbored inter-sphere dis-
tance with sodium chloride through thinning of the
electrical double layers around colloidal spheres fol-
lowed by an increase in the elastic modulus of the film. It
should be mentioned further that the dmax values in-
creased with the addition of sodium chloride. The reason
for this observation is not clear yet. The h-values
also increased substantially as the salt concentration
increased.

Microscopic patterns

Figure 5 shows the typical patterns observed for the
films from suspension of comparatively low sphere
concentration at /=8.85·10–4. White parts are occupied
with the colloidal spheres and the black regions are va-
cant of spheres on a cover glass. These microscopic
patterns seem to be fractal. These patterns must be made
by the movement of spheres to associate with each other,
especially in the final stage of the drying processes. The
atomic force microscope observation clarified that a
large number of colloidal spheres associate on a cover
glass making the fractal pattern, though the picture
showing this was omitted in this report. The driving

force for the association will be the van der Waals
and further hydrophobic inter-sphere attraction. This is
because the sphere concentration in the final stage is
extremely high, even close to the close-packing concen-
tration (0.72 in volume fraction) and the inter-sphere
surface distances become very close. The concentrations
ranging from 4·10–4 to 4·10–3 in volume fraction were
most appropriate for formation of the fractal patterns.
The fractal dimensions of the patterns, estimated by
counting the number of squares covering colloidal
spheres [35], were 1.45 irrespective of the sphere
concentration. These values are similar to those of
colloidal crystals of silica spheres, between 1.3, and 1.9
[29], and slightly larger than the fractal dimension of
Koch curve, 1.26.

Reflection spectroscopy in the course of drying

Interestingly, the single crystals were observed whole
during the drying processes. Figure 6 shows the close-up
color pictures of the single crystals appearing in the
center region at t=0 min, 20 min, 100 min, and
120 min. The drying time, T, was 190 min for this sys-
tem. At time T, the film looked completely dry to the
naked eye. However, the peak wavelength of the film in
the reflection spectroscopy at t=T was larger than that
of the completely dried film at t=12 days, as is described
below. This fact indicates that the film at t=T is still wet
and some water is included in the vacancies of the film.
These films at t=T are, therefore, called ‘‘wet’’ film
in this work. The size of the single crystals increased
in the course of drying, which clearly shows that the

Table 1. Influence of salt on T, S, h, dmax, and hmax. /=0.0221,
0.2 ml

[NaCl] T S h dmax hmax

(mol/l) (min) (mm2) (degree) (lm) (mm)

0 216 183 2.3 63 0.3
1·10–5 267 142 4.3 93 2.7
1·10–4 282 106 9.0 127 3.0
1·10–3 258 122 9.1 100 4.1

Fig. 5. Patterns formed for D1W52 spheres on a cover glass at
25 �C. In water, /=8.85·10–4, 0.1 ml. (a) by metallurgical
microscope, (b) laser microscope. Length of the bar is 10 lm

Fig. 6. Single crystals observed in the drying process of D1W52
spheres on a cover glass at 25 �C. In water, /=0.0332, 0.05 ml,
r=0 mm. (a) t=0 min, (b) 20 min, (c) 100 min, (d) 120 min.
Length of the bar is 200 lm
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contamination of the suspensions with air, especially
with carbon dioxide, progresses with time. It is well
known that the crystal size becomes largest at the salt
concentration slightly lower than the critical salt con-
centration of crystal melting [10, 11]. The crystal size
began to decrease after passing the maximum as time
proceeded. This is ascribed to the decrease in the crystal
size as sphere concentration further increases. The single
crystals were not recognized in the wet drying state at
t=190 min. However, the peak appeared even for the
wet film and for the completely dried film after 12 days
in the reflection spectroscopy, as will be described below.

It should be mentioned here that the drying time (T)
was shown to be sensitive to the room temperature and
humidity, amount of liquid drop, sphere concentration,
ionic concentration, and the degree of rinse of a cover
glass. The mean evaporation rates of water in the course
of drying were estimated from the T-values, and ranged
from 0.23 ll/min to 0.93 ll/min.

Figure 7 shows the reflection spectra in the course of
drying at the center of the pattern. The peak wave-
length (kp) decreased with time, especially drastically in
the final stage of drying between 160 min and 180 min,
as is clear in Table 2. It should be noted here that the
kp values at r=2.7 mm and 3.5 mm shifted slightly to
the longer wavelengths at the beginning stage of drying,
as is shown in Table 2. These observations show that
the sphere concentration decreases slightly at the initial
stage and then increases. Just before completion of
drying at the center, the reflection spectra become
broad. However, the reflection peaks remained even at
the state of dryness at t=180 min. These observations
clearly show that almost all the spheres at the center

region go away towards the outside by convection flow.
It is interesting to note that the dried film still shows
the reflection peaks indicating the existence of the
crystal-like structures in the film. The crystal-like ar-
rangement of polystyrene spheres that had dried com-
pletely in a cover glass has been reported in a previous
paper [36].

The most reliable inter-sphere distances (lobs) were
obtained in Table 2 by the repeated calculations from
the observed kp value and the old n value using Eq. 1
and Eq. 2.

lobs ¼ 0:6124kp=n ð1Þ

n ¼ /� refractive index of polystyrene½ � þ 1� /ð Þ
� refractive index of water or air½ � ð2Þ

Here, the refractive indices of polystyrene, water, and air
were assumed to be 1.7, 1.33, and 1.0, respectively.

The kp and lobs values for the completely dried films at
r=0 mm and at t=12 days are compiled in Table 3.
Clearly, the lobs values at r=0 mm decreased from the
initial one of 225 nm at /=0.0332 to that of the com-
pletely dried film, i.e., 98.8 nm as is shown in Tables 2

Fig. 7. Reflection spectra of the film formed for D1W52 spheres
on a cover glass at 25 �C. In water, /=0.0332, 0.05 ml, r=0 mm.
Curve (1) t=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, (10) 180 min,
(11) 12 days

Table 2. Change in the reflection peak wavelength and the nearest-
neighbored intersphere distance in the course of drying of D1W52
spheres from reflection spectroscopy. /=0.0332, r=0 mm,
0.05 ml, T=190 min

r=0 mm r=2.7 mm r=3.5 mm

t kp lobs kp lobs kp lobs
(min) (nm) (nm) (nm) (nm) (nm) (nm)

0 489 225 478 220 482 222
20 485 224 480 221 473 218
40 471 217 469 216 456 210
60 457 210 457 211 437 201
80 440 203 438 202 422 194
100 422 194 422 194 406 187
120 398 183 401 185 393 181
140 372 171 379 175 370 170
160 324 149 357 164 351 162
180 257 118 243 112 239 110

Table 3. Reflection peak wavelength and the nearest neighbored
intersphere distance of the completely dried film of D1W52 spheres
at t=12 days from reflection spectroscopy. /= 0.0332, r=0 mm,
0.05 ml

/ T kp lobs
(min) (nm) (nm)

0.000885 219 243 98.0
0.00221 216 241 97.2
0.00443 202 243 98.0
0.00885 210 242 97.6
0.0332 190 245 98.8
0.0498 186 245 98.8
0.0664 170 242 97.6
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and 3. This value of the dried film is slightly larger by
about 10% than the diameter of the colloidal spheres
(88 nm). This shows that the neighbored spheres are
very close but not in contact with each other keeping
crystal-like structure. The reason why a slight difference
occurs between the observed inter-sphere distance and
the diameter is not clear yet. However, several reasons
will be suggested. First, the film at t=12 days still con-
tains some water in the cavities of the film. Second, inter-
sphere repulsive forces via electrical double layers in the
suspension are still effective in the film. Third, expansion
of the sphere size by the hairy chains of polystyrene at
the sphere surfaces will occur in suspension. Fourth, the
size determined with an electron microscope is smaller
than the real size in suspension. Fifth, rather large errors
must be considered for the assumption of several pa-
rameters, especially the dielectric constant of polystyrene
spheres when Eq. 1 is used. It should be noted here that
the spheres in the dried film of polystyrene spheres have
been reported to distribute in the sphere contact and the

closed-packed structure confirmed by the transmitted-
light intensity measurement [36].

Figure 8 shows the change in the size of the single
crystals in the course of drying, observed from the CCD
pictures directly (open circles) and from the reflection
spectroscopy using the half-width of the reflection peaks
shown in Fig. 7. The former method gave L-values that
were not so sensitive to time. However, the two methods
gave values quite similar in magnitude to each other. It is
interesting to note that the maximum values are observed
in crystal size in the course of drying processes. The
reason for this is the contamination of the sample drop
with the surrounding carbon dioxide in air. It is highly
plausible that the maximum peak exists for the film at
r=3.5 mm at a time less than the 20 min in Fig. 8.

Concluding remarks

Macroscopic spoke-like and ring-like cracks, broad ring
patterns, and microscopic fractal patterns were observed
for colloidal crystal suspensions of monodispersed
polystyrene spheres in this work. These structures were
surprisingly similar to those of colloidal crystal suspen-
sions of silica spheres reported previously [29]. The
former and the latter spheres are hydrophobic and hy-
drophilic, respectively, in their surface nature in aqueous
suspensions. Thus, it is clear from this work that the
surface nature of the spheres is not so essential for the
formation of the dissipative structures. Recent work on
the size dependency of the dissipative structures in the
drying process [37] also supports the finding that the size
of spheres is not so important for the pattern formation.
Spherical shape itself will be essential instead.
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Fig. 8. Crystal size in the drying process of D1W52 spheres at
25 �C. In water, /=0.0332, 0.05 ml. Circles from CCD observa-
tion, r=0 mm, crosses from MCPD, r=0 mm, triangles from
MCPD, r=2.7 mm, squares from MCPD, r=3.5 mm. Arrow
shows the T value
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