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Abstract The sedimentation and drying dissipative struc-
tural patterns were formed during the course of drying
binary mixtures among colloidal silica spheres of 183 nm,
305 nm, and 1.205 μm in diameter in aqueous suspen-
sion on a watch glass, a glass dish, and a cover glass,
respectively. The broad ring-like sedimentation patterns
were formed within several hours in suspension state for
all the substrates used. Colorful macroscopic broad ring-
like drying patterns were formed for the three substrates.
In a watch glass, macroscopic drying patterns were com-
posed of the outer and inner layers of small and large
spheres, respectively. The two colored layers were ascribed
to the Bragg diffractions of light by the dried colloidal
crystals of the corresponding spheres. The width ratio of
the layers changed in proportion to the mixing ratio of
each spheres. In a glass dish, wave-like macroscopic drying
patterns were observed in the intermediate areas between
the outside edges of the broad ring and the inner wall of
the cell. On a cover glass, the sphere mixing ratios were
analyzed from the widths of the drying broad rings of the
small spheres at the outside edge. High and distinct broad
rings of small spheres and the low and vague broad one

formed at the outer edges and in the inner area, respectively.
Drying dissipative pattern was clarified to be one of the
novel analysis techniques of colloidal size in binary col-
loidal mixtures.

Keywords Dissipative structure . Sedimentation pattern .

Drying pattern . Binary suspension . Colloidal silica spheres .

Colloidal size characterization . Broad ring pattern

Introduction

Most structural patterns in nature are formed via self-
organization accompanied with the dissipation of free
energy and in the non-equilibrium state. Among several
factors in the free energy dissipation of aqueous colloidal
suspensions, evaporation of solvent molecules at the air–
solvent interface, and gravitational convection are very
important. To understand the mechanisms of the dissipative
self-organization of the simple model systems, instead of
the much complex nature itself, the authors have studied the
convectional, sedimentation, and drying dissipative patterns
of suspensions and solutions.

Several papers on the drying pattern formation of the
colloidal suspensions were reported so far [1–20]. Elec-
trostatic interparticle interactions have been pointed out as
one of the important factors for the dissipative structures.
Hydrophobic and hydrophilic interactions between spheres
were also demonstrated to be important in the drying pro-
cesses [13–16]. Gelbart et al. [5, 7] examined the mecha-
nism of solvent evaporation in the broad ring formation.
Haw [17], Narita et al. [18], and Russel et al. [19] have
studied the dynamic and phase transitional processes in dry-
ness. Shimomura et al. and other researchers have studied
the dissipative patterns in drying polymer solutions [20].
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Recently, drying, sedimentation, and convectional dissipa-
tive patterns have been reported by authors for many kinds
of suspensions and solutions, i.e., colloidal silica spheres,
polystyrene spheres, plate-like fractionated bentonite par-
ticles, green tea, Chinese black ink, simple electrolytes,
linear-type synthetic polyelectrolytes, water-soluble non-
ionic polymers, biopolymers, thermosensitive gels, deter-
gents, and dyes for example [21–42]. The macroscopic
broad ring patterns of the hill accumulated with solutes
in the outside edges were always formed. For the non-
spherical particles, the round hill was formed in the central
area in addition to the broad ring. Macroscopic spoke-like
cracks or lines were also observed for many solutes. The
convectional flow of water and the solute molecules under
gravity and the translational and rotational Brownian
movement of the latter were important for the macroscopic
pattern formation. Furthermore, so many types of beautiful
microscopic fractal patterns such as branch-like, arc-like,
block-like, star-like, cross-like, and string-like ones were
observed on the microscopic scale. These microscopic
drying patterns were reflected from the shape, size, and
flexibility of the solute molecules themselves. Microscopic
patterns also supported the importance of the electrostatic
and the hydrophobic interactions between solutes and/or
between the solutes and substrate during the course of
solidification. One of the important findings in our ex-
periments was that the primitive vague patterns formed
already in the suspension state by convection before
dryness, and they grew toward fine structures in the course
of solidification.

The broad ring-like sedimentation patterns were formed
so often in suspension state at room temperature by the
convectional flow of water and the colloidal particles. The
important finding in this study was that the sedimentary
particles were suspended above the substrate and always
moved in balancing the convectional flow with the sedi-
mentation of the particles under the gravity.

Existence of the small circle-like cell convections
(“Saibo-uzu” in Japanese), was proposed by Terada et al.
for the first time [43–45]. Cell convections were observed
by the authors for the suspensions of Chinese black ink on
a cover glass. The spoke-like convectional patterns were
observed for Chinese black ink on a water surface [43–45],
Chinese black ink [25], and poly (methyl methacrylate)
spheres (Okubo T, publication in preparation) on a cover
glass. The convectional patterns of colloidal silica spheres
in 100% ethyl alcohol changed dynamically with time [33].
Hexagonal circulating cells (“Bernard” cell) are also well
known as one of the macroscopic convectional dissipative
patterns [46].

It should be mentioned in this study that distinction of
microstructures and macrostructures is arbitrary in our work
hitherto because the dissipative patterns are stratified on

microscales to macroscales. However, the authors often say
that the patterns in the order larger than and smaller than
1 mm are macrostructures and microstructures, respectively.

In this work, sedimentation and drying dissipative
patterns of the binary mixtures among the colloidal silica
spheres, 183 nm, 305 nm, and 1.205 μm in diameter, have
been studied on a watch glass, a glass dish, and a cover
glass in the macroscopic and microscopic scales. One of the
main purposes of this work is to develop a novel technique
for size analysis of the colloidal mixtures from the dis-
sipative structural patterns. It is highly plausible that the
dissipative pattern method is developed as a unique and
convenient technique of colloidal characterization in the
near future.

Experimental

Materials

CS161, CS300, and CS1000A silica spheres were kindly
donated from Catalysts and Chemicals (Tokyo). Diameters,
SDs from the mean diameter, and polydispersity indices of
the spheres were 183±18.6 nm and 0.10, 305±9.1 nm and
0.030, and 1.205 μm±14 nm and 0.012, respectively. These
size parameters were determined from an electron micro-
scope (Hitachi, H8100) in Gifu University. The CS300 and
CS1000A spheres were carefully purified by repeated
decantation more than 30 times. Then the samples
including CS161 were treated on a mixed bed of cation-
exchange and anion-exchange resins [BioRad, AG501-X8
(D), 20–50 mesh] more than 6 years before use because
newly produced silica spheres always released a consider-
able amount of alkali ions from the porous sphere surfaces
for a long time. Water used for the sample preparation was
purified by a Milli-Q reagent grade system (Milli-RO5 plus
and Milli-Q plus, Millipore, Bedford, MA, USA).

Observation of the dissipative structures

Of the aqueous suspensions of the silica samples, 4, 5, or
0.1 ml were put carefully and gently into a medium size
watch glass (70 mm in diameter; TOP, Tokyo), a glass dish
(42 mm in inner diameter and 15 mm in height, code 305-
02; TOP, Tokyo), or a cover glass (30×30 mm, thickness
no. 1, 0.12 to 0.17 mm; Matsunami Glass, Kishiwada,
Osaka) set in a glass dish (60 mm in diameter and 15 mm in
depth; Petri, Tokyo), respectively. The sedimentation and
drying patterns were observed for the suspensions on a desk
covered with a black plastic sheet until dried up completely
in a room air-conditioned at 24±1 °C. The humidity of
the room air was between 45% and 60%, which was not
regulated. Total concentrations of the mixtures were kept to
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be 0.01374 in volume fraction. The mixing ratios (x) of the
two sphere components were 0, 0.2, 0.35, 0.5, 0.65, 0.8,
and 1 for each combination.

Macroscopic dissipative structures were observed on a
Canon EOS 10D digital camera (Canon, Tokyo) with a lens
(EF 28–200 mm, f=3.5–5.6 USM, Canon). Microscopic
structures were observed with a metallurgical microscope
(PME-3, Olympus, Tokyo). Thickness profiles of the dried
films were measured on a laser 3-D profile microscope
(type VK-8500, Keyence, Osaka). Reflection spectra of the
dried film were recorded on a High-sensitivity Spectrum
Multi-channel Photo-detector (MCPD-7000 G3, Otsuka
Electronics, Osaka) with a Y-type optical fiber. AFM (Atomic
Force Microscopy) measurements were made on a Nano-
scale Hybrid Microscope (type VN-8000, Keyence).

Results and discussion

Macroscopic sedimentation patterns of binary sphere
mixtures

Figure 1 shows the sedimentation patterns of the mixtures
of CS1000A and CS161 in a watch glass (a–e), a glass dish
(f–j), and a cover glass (k–o). In a watch glass, the sedi-
mentation areas of large spheres were small compared with
those of small spheres in the suspension state 10 h or more
after setting the suspensions. The gravitational sedimenta-
tion of the large spheres should be faster than that of small
spheres. Furthermore, the convectional flow of the small

spheres from center to the outside edges in the lower layers
of the liquid should be fast compared with that of large
spheres. Thus, the size segregation of the large and small
spheres into the inner and outer regions is quite under-
standable. In a watch glass, the clear-cut broad ring-like
sedimentation patterns were not observed with the naked
eyes. However, the broad ring accumulation of the spheres
in the suspension state is highly plausible from the broad
ring formation in the drying patterns as described below
and also from the broad rings observed in the sedimentation
state for the single component sphere suspensions [32, 39,
40]. The broad ring-like sedimentation patterns were
formed clearly in a glass dish (Fig. 1f–j). However, segre-
gation of the small and large spheres cannot be observed
with the naked eyes in the sedimentation state. On a cover
glass, the broad ring-like sedimentation patterns where
color changes from pinkish white to blue as the mixing
ratio of the small spheres increased were observed clearly
with the naked eyes (see Fig. 1k–o). Sedimentation patterns
of binary mixtures of CS1000A+CS300 and CS300+CS161
were also observed and similar results to those of CS1000A+
CS160 described above were obtained on a watch glass, a
glass dish, and a cover glass. The pictures showing these
were, however, omitted in this paper.

A main cause for the broad ring formation is due to the
convectional flow of water and colloidal spheres in the
different rates where motion of colloidal spheres are slower
than water molecules under gravity. Furthermore, the
convectional flow is clearly faster for smaller spheres.
Especially, flow of the spheres from the center area toward

Fig. 1 Sedimentation patterns of mixed spheres CS1000A (compo-
nent 1) + CS161 (3) in a watch glass (a to e, after 10 h and 30 m), a
glass dish (f to j, after 44 h) and a cover glass (k to o, after 3 h) at

24 °C. a, f, k �1=0.0137, �3=0; b, g, l �1=0.0089, �3=0.0048; c,
h, m �1=0.0069, �3=0.0069; d, i, n �1=0.0048, �3=0.0089; e, j, o
�1=0, �3=0.0137
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the outside edges in the lower layer of the liquid, which was
observed for suspensions of Chinese black ink [25] in a
glass dish and poly (methyl methacrylate) (Okubo T,
publication in preparation) on a cover glass, is important.
The convectional flow in a watch glass, for example, is
enhanced by the evaporation of water at the liquid surface,
resulting in the lowering of the suspension temperature in
the upper region of the suspension. When the colloidal
spheres reach the outside edges of the liquids, a part of the
spheres will turn upward and go back to the center region.
However, most of spheres will be accumulated at the
outside edges by the downward flow of the spheres caused
by gravitational sedimentation. Thus, the broad rings are
formed at the outside edges.

It should be noted that the broad ring-like sedimentation
patterns in the glass dish reported in this study were
observed, for the first time, in a previous paper from the
author’s laboratory [32] as the authors know. However, the
broad ring formation in the dried patterns has been so often
observed for most of the suspensions and solutions
examined so far by our group [21–42] and other researchers
[1–20], irrespective of the cells used. It should be men-
tioned that the microgravity experiments were made for the
observation of the drying dissipative patterns of deionized
suspension of colloidal silica spheres [47]. It is surprising to
note that the broad ring patterns still appeared even in
microgravity. This supports strongly that both the gravita-
tional and the Marangoni convections contribute to the
broad ring formation on earth, and the latter is still impor-
tant in microgravity.

We should note that the broad ring patterns are formed
already in the process of convectional flow of water and
solutes in suspension state. The broad ring-like sedimenta-
tion patterns have been observed in a polystyrene dish [31],
in a watch glass [31], and even in a deep bowl [34]. It
should be further noted that the sedimentary spheres,
especially in a deionized suspension, are surrounded with
the extended electrical double layers and move keeping
apart from the cell wall, which is also surrounded by the
electrical double layers.

Macroscopic drying patterns of binary sphere mixtures

Figures 2, 3, and 4 show the drying patterns of the bi-
nary mixtures of CS1000A+CS161, CS1000A+CS300 and
CS300+CS161, respectively, in a watch glass (a to e), a glass
dish (f to j), and a cover glass (k to o). In Fig. 2a–e, the main
dried areas of large (CS1000A) and small spheres (CS161)
were white and small and blue and large, respectively, in a
watch glass. The dried patterns of the binary mixtures were
composed of the outer broad layer of small spheres and the
inner layer of large spheres. It is interesting to note that the
width ratio (r) of each layers changed roughly in proportion
to the mixing ratio (χ) of the small and large spheres as is
shown in Fig. 5a. The r values increased in proportion to x
for the three kinds of mixtures, though the experimental
errors were rather large. Thus, analysis of the mixing ratio of
each sphere is possible using a watch glass. The wave-like
and slightly iridescent colored structures were formed in the
intermediate areas between the outside edges of the broad

Fig. 2 Drying patterns of mixed spheres CS1000A (1)+CS161 (3) in
a watch glass (a to e, after 33 h and 25 m), a glass dish (f to j, after
58 h and 40 m) and a cover glass (k to o, after 5 h) at 24 °C. a, f, k

�1=0.0137, �3=0; b, g, l �1=0.0089, �3=0.0048; c, h, m �1=0.0069,
�3=0.0069; d, i, n �1=0.0048, �3=0.0089; e, j, o �1=0, �3=0.0137
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ring and the inner wall of a glass dish as is shown in Fig. 2g.
The similar patterns were observed for the diluted suspen-
sions of CS300 spheres for the first time [39]. The drying
frontier started at the center of the glass dish and moved
toward the outer cell wall with time. These wave-shaped
patterns appeared only when the concentration of the spheres

is not high enough to cover the spheres over the cell sur-
faces. On a cover glass, rather sharp broad rings were formed
at the outside edges (see Fig. 2k–o). The broad rings at
the outside edges in Fig. 2l–n are blue and their widths look
to increase as the fraction of small spheres (χ) increases.
Macroscopic observation of the dried film clarified that the

Fig. 3 Drying patterns of mixed spheres CS1000A (1)+CS300 (2) in
a watch glass (a to e), a glass dish (f to j) and a cover glass (k to o) at
24 °C. a, f, k �1=0.0137, �2=0; b, g, l �1=0.0110, �2=0.00275; c,

h, m �1=0.0069, �2=0.0069; d, i, n �1=0.00275, �2=0.0110; e, j, o
�1=0, �2=0.0137

Fig. 4 Drying patterns of mixed spheres CS300 (2)+CS161 (3) in a
watch glass (a to e, 4ml), a glass dish (f to j, 5 ml) and a cover glass
(k to o, 0.1 ml) at 24 °C. a, f, k �2=0.0137, �3=0; b, g, l �2=0.0110,

�3=0.00275; c, h, m �2=0.0069, �3=0.0069; d, i, n �2=0.00275,
�3=0.0110; e, j, o �2=0, �3=0.0137
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width of the broad ring increases in proportion to the x
values, which will be discussed later in detail using Figs. 9
and 10 for microscopic observation. Furthermore, in
Fig. 2m, a very wide and white broad ring was observed in
the inner area of the dried film besides the sharp and blue
broad ring at the outside edges.

Drying patterns of the binary mixtures of CS1000A+
CS300 spheres in a watch glass are shown in Fig. 3a–e. The
main dried areas of CS1000A and CS300 were white and
small and pink and large at the inner and outer layers,
respectively. The width ratios again changed in proportion
to the mixing ratios (see Fig. 5). In a glass dish, the broad
rings were formed at the inner areas apart from the inner
cell wall irrespective of the mixing ratio of CS1000 and
CS300. On a cover glass, the rather sharp broad rings were
observed irrespective of the mixing ratio. Again, sharp
pink and very wide white broad rings were formed at the
outside edge and inside area of the dried film in Fig. 3m.
Coexistence of two broad rings was again supported by the
width profile of the dried film, though the graph showing
this was omitted here to save space.

Figure 4 shows the drying patterns on a watch glass, a
glass dish, and a cover glass, respectively, as a function of
the mixing ratio between CS300 and CS161. Size segrega-
tion on a watch glass is again clear, i.e., blue and pink (or
whitey pink) layers were separated at the outside and
inside, respectively. The reflection spectra of the dried films
of CS300 and CS161 were taken on a watch glass as is
shown in Fig. 6. Though the graphs showing the profiles
are omitted in this paper, the peak wavelengths at the outer
layer of the film of the mixtures of CS300+CS161 (code
371 corresponding to Fig. 4e, �2=0, �3=0.0137 where
� denotes the sphere concentration in volume fraction), at
the outer layer of CS300+CS161 (code 373, �2=0.0048,
�3=0.0089), at the inner layer of code 373, at the inside
region of the inner layer of code 377 (corresponding to
Fig. 4a, �2=0.0137, �3=0), and at the outside region of the
inner layer of code 377 were 415, 560, 665, 665, and
665 nm, respectively. The nearest-neighbored intersphere
distance (D) is estimated from the peak wavelengths (1p)
using Eq. 1 [48]:

D ¼ 0:6124 1p=nð Þ ð1Þ
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Fig. 6 Reflection spectra of the
dried films of CS161 (1) (a),
CS161 (1)+CS300 (2) (b, c) and
CS300 (2) (d, e) in a watch glass
at 25 °C. a Outside region, code
371, �1=0.0138, �2=0; b outer
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Here, the refractive index of dried film (n) is given by
Eq. 2.

n ¼ 0:74� refractive index of silica½ � þ 0:26

� refractive index of air½ �

ð2Þ

Refractive indices of silica and air were assumed to be
1.5 and 1.00, respectively. Furthermore, the spheres in the
dried film are assumed to be attached to each other and
distribute in the closed-packed colloidal crystal structure.
The D values of the dried film evaluated to be 180 and
288 nm using Eq. 1 from the values of 1p, 415 and 665 nm,
respectively. These D values agreed excellently with the
diameters of CS161 and CS300 spheres, 183 and 305 nm,
respectively. This agreement supports that the neighbored
spheres are almost in contact to each other, keeping a
crystal structure. Thus, the peak wavelengths of 415 and
665 nm are attributed to the colloidal crystal films of
CS161 and CS300 spheres, respectively. Furthermore, the
inner layer of the mixture (code 373) is occupied mostly
with CS300 spheres, but also with CS161 in part. However,
the outside layer is occupied with CS161 exclusively.

On a cover glass, two broad rings were also observed for
the mixtures of CS300 and CS161 as is shown in Fig. 4m.
The sharp and white broad ring at the outside edge and the
wide and pinky white broad ring at the inner area are
assigned to the accumulation of CS161 and CS300 spheres,
respectively, again with help of the thickness profile of the
dried film. However, peak wavelengths in the reflection
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Fig. 7 Thickness profiles of the dried films of mixed spheres
CS1000A (1)+CS161 (3) on a cover glass at 24 °C. a �1=0.0137,
�3=0; b �1=0.0110, �3=0.0027; c �1=0.0089, �3=0.0048; d �1=
0.0069, �3=0.0069; e �1=0.0048, �3=0.0089; f �1=0.0027, �3=
0.0110; g �1=0, �3=0.0137

Fig. 8 AFM observation of the dried films of mixed spheres
CS1000A (1)+CS300 (2) on a cover glass at 24 °C. a �1=0.0137,
�2=0; b �1=0.0110, �2=0.00275; c �1=0.0089, �2=0.00480; d �1=
0.0069, �2=0.0069; e �1=0.00482, �2=0.0089; f �1=0.00275, �2=

0.0110; g �1=0, �2=0.0137. Top frames air–film interface area of the
inner broad ring, scan area=10×10 μm; middle frames outer edge
broad ring, scan area=10×10 μm; bottom frames outer edge broad
ring, scan area=5×5 μm
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spectroscopy supported existence of the dried crystals of
CS161 spheres only, though the peak profiles showing this
are omitted in this report. This will be partly due to the fact
that the colloidal crystals of CS161 coexist even in the area
of the wide broad ring of CS300 spheres.

Thickness profiles of the dried film for CS1000A and
CS161 mixtures on a cover glass are shown in Fig. 7. The
sharp broad ring of small CS161 spheres, approximately

30 μm in height (see Fig. 7g) appeared at the outside edges.
On the other hand, the height of the broad ring of large
CS1000A spheres was low, approximately 10 μm or lower,
and the large spheres distributed almost everywhere besides
the broad ring area (see Fig. 7a). For the mixtures,
coexistence of the rather sharp principal broad rings and
low and wide ones is clear at the outside edges and the
inner area, respectively. It is interesting to note that the

Fig. 9 Microscopic drying patterns of mixed spheres CS1000A (1)+
CS161 (3) in a watch glass (a to e, after 33 h and 25 min, 4 ml), a
glass dish (f to j, after 58 h and 40 min, 5 ml) and a cover glass (k to

o, after 6 h and 10 min, 0.1 ml) at 24 °C. �1= �3=0.0069, from the
center (a, f) to the right edge (e, j), from the left edge (k) to the right
edge (o), full scale is 0.2 mm

Fig. 10 Microscopic drying patterns of mixed spheres CS1000A (1)+
CS161 (3) (a to e), CS1000A (1)+CS300 (2) (f to j) and CS300 (2)+
CS161 (3) (k to o) on a cover glass at 24 °C. 0.1 ml, a �1=0.0137, �3=0;
b �1=0.0110, �3=0.00275; c �1=0.0069, �3=0.0069; d �1=0.00275,
�3=0.0110; e �1=0, �3=0.0137; f �1=0.0137, �2=0; g �1=0.0110, �2=

0.00275; h �1=0.0069, �2=0.0069; i �1=0.00275, �2=0.0110; j �1=0,
�2=0.0137; k �2=0.0137, �3=0; l �2=0.0110, �3=0.00275; m �2=
0.0069, �3=0.0069; n �2=0.00275, �3=0.0110; o �2=0, �3=0.0137,
after 6 h and 10 min, dry, at the right edge, full scale is 0.2 mm
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latter looks to locate closer to the center of the film when
the mixing ratio is closer to 0.5. Thus, the broad rings are
composed of the sharp and broad ones corresponding to
the small and large spheres at the outermost edge and the
inner side, respectively, which is further supported from
the macroscopic observation shown in Fig. 2m described
above and further from the microscopic observation of the
dried films as described below. Thickness profiles of the
dried films of CS1000A+CS300 and CS300+CS161
mixtures were also measured. Coexistence of the sharp
and wide, and low broad rings was again observed at the
outside edges and the inner area, and they are assigned
to the accumulations of small and large spheres,
respectively.

Figure 8 shows the AFM observation of the air–film
interface of the dried films of the sphere mixtures CS1000A
and CS300 on a cover glass. The segregation of the large
and small spheres toward the inner and the outside broad
rings is very clear as the authors expected before the
observation. The significant segregation among the two
different sizes of spheres was also supported from the AFM
observations of CS1000A+CS160 and CS300+CS160
mixtures, though the segregation for the latter system was
not so perfect compared with those for CS1000A+CS160
and CS1000A+CS300 mixtures. Showing of the AFM pic-
tures of the mixtures CS1000+CS160 and CS300+CS160
were omitted in this article to save space.

Microscopic drying patterns of binary sphere mixtures

Figure 9 shows the microscopic observation of the
CS1000A+CS161 mixtures on a watch glass (from center
to right edge), a glass dish (from center to right edge), and a
cover glass (from left to right edges). On a watch glass,
clear-cut border between CS1000A at central (pink region
in Fig. 9b) and CS161 (blue region also in Fig. 9b) at
outside regions is observed. Microstructures of fine
multiple rings are shown in Fig. 9c–e. In a glass dish, very
fine layered and array of islands-like patterns were ob-
served. On a cover glass, fine layered structure was formed
at the outside regions. However, assignment of each layers
to the small or large spheres is impossible except the blue
broad rings at the outside edges, which are assigned to the
small CS161 spheres. The microscopic patterns of other
mixtures, CS1000A+CS300, and CS300+CS161 were also
very similar to the patterns of CS1000A+CS161, and the
graphs showing these are omitted in this paper.

Figure 10 shows the typical examples of the microscopic
pictures on a cover glass for CS1000A+CS161 (a–e),
CS1000A+CS300 (f–j) and CS300+CS161 (k–o) mixtures
at the outside areas of the dried films including the broad
rings. It is surprising to note that the broad rings at the
outermost edges are colored corresponding to the smaller

spheres of the mixtures, i.e., blue (CS161) or red (CS300).
Furthermore, the width of the broad rings (L) increased in
proportion to the mixing ratio of the smaller spheres in-
creased. Especially for mixtures of CS1000A and CS300,
the width of the white broad rings corresponding to the
larger sphere CS1000A also decreased as the mixing ratio
of CS1000A decreased (see Fig. 10f–j). Figure 5b shows
the plots of the L values estimated from the microscopic
pictures against χ. The proportionality between L and χ is
excellent. Thus, it is clear that the mixing ratio is also
analyzed from the width of the outermost broad rings, when
the binary mixtures are dried on a cover glass.

Summarizing the results, analysis of the mixing ratio is
possible from (a) the width ratio of the colored layers of
the dried films in a watch glass and (b) the width of the
outermost broad rings corresponding to the smaller spheres
on a cover glass. The coexistence of the sharp broad ring at
the outside edges and wide hill-like one in the inner area
will be also interesting in relation to the mixing ratio
analysis. Careful observation of the dried patterns should
afford further information, which is effective for analyses of
mixing ratio and colloidal size.
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