
Introduction

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

In a previous paper from our laboratory [1, 2], the
dissipative patterns have been observed in the course of
drying colloidal crystal suspensions of silica and poly-
styrene spheres, which are hydrophilic and hydropho-
bic in their surfaces, on a cover glass. Spoke-like and
ring-like cracks are formed at the macroscopic scale.
The broad ring patterns of the hill accumulated with
spheres are also formed around the outside edge in
most cases. The pattern area, time to dryness, neigh-
bored inter-spoke angle, thickness of the film, and
other morphological parameters were discussed as a

function of sphere concentration and suspension tem-
perature. Fractal patterns from the sphere association
were observed at the microscopic scale. Capillary forces
between spheres at the air–liquid surface and the rela-
tive rates between the water flow at the drying front
and the convection flow of water accompanying the
movement of spheres were important for the pattern
formation [1, 2].

Several papers on the pattern formation in the
course of drying monodispersed colloidal suspensions
have been reported so far [3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18]. Most of the papers have studied
the liquid-like suspensions containing more or less ionic
species. Electrostatic inter-particle interactions have
been pointed out to be important factors of dissipative
structures. Hydrophobic and hydrophilic interactions
are also demonstrated to be important for the drying
process [8, 16, 17]. Gelbart et al. [6, 7, 9] examined the
mechanism of solvent de-wetting in annular ring
structures formed by drying a diluted metal colloid on
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Abstract Macroscopic and
microscopic dissipative structural
patterns formed in the course of
drying a deionized aqueous solution
of cationic polyelectrolyte,
poly(allylamine hydrochloride) on a
cover glass have been observed.
Drying times range from 40 min at
45 �C to 450 min at 5 �C, and are
insensitive to the polymer concen-
tration. Pattern area shrinks toward
the center at the low polymer
concentrations, and increases as the
concentration increases. A macro-
scopic broad ring pattern, where the
polymer accumulates densely, forms
in many cases. Beautiful fractal

patterns are observed at the micro-
scopic scale. The fractal dimension
increases from 1.2 to 1.6 as polymer
concentration increases from
10-6 monoM to 10-2 monoM. The
relative rates between the water flow
at the drying front and the convec-
tion flow of water accompanying the
movement of polymer are important
for the macroscopic and microscopic
pattern formation.
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a substrate. Shimomura et al. [19] have studied inten-
sively the dissipative patterns in the processes of film
formation by drying polymer solutions.

In this work, experiments were made using the
aqueous solution of poly(allylamine hydrochloride), one
of the typical cationic and hydrophobic polyelectrolytes,
in order to study what patterns are common and/or
special for macro-ions as compared with colloidal
spheres.

Experimental

Materials

Poly(allylamine hydrochloride) (PAL) was a gift from Nittobo
(Tokyo). The degree of polymerization was about 1000. The
macro-cation sample was purified further by the dialysis using a
Visking tube against water, which was purified by a Milli-Q reagent
grade system (Milli-RO5 plus and Milli-Q plus, Millipore, Bedford,
Mass.).

The water used for the sample preparation was purified by the
Milli-Q reagent grade system.

Observation of the dissipative structures

Aqueous suspension of PAL (0.05–0.2 mL) was dropped care-
fully and gently onto a micro cover glass (30 mm· 30 mm,
thickness no.1, 0.12 – 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 at zero
volume of 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 mL) on the cover
glass. A pipet (1 mL, disposable serological pipet, Corning) was
used for the dropping. Macroscopic and microscopic observation
was made of the film formed after the solution was completely
dried on a cover glass in a room air-conditioned at 25 �C and
65% humidity. Concentrations of PAL ranged from 1· 10)7 to
0.01 monoM.

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
microscope (type SPA400, Seiko Instruments) and with a trans-
mission electron microscope (Hitachi, H8100).

Results and discussion

Macroscopic patterns

Figure 1 shows the typical patterns formed during dry-
ing of PAL solutions at concentrations ranging from
1 · 10)7 monoM to 0.01 monoM. At low polymer con-
centrations, the pattern area shrank in the center and
the broad ring of polymer regions distributed roundly
in the outer edges. At high polymer concentrations

(0.001 monoM and 0.01 monoM) the transparent films
were formed at the outer ridges and also whole the
pattern regions. These broad ring regions in Fig. 1c–e
were occupied with a large amount of the polymers.
Broad ring patterns became slightly narrower when
polymer concentration decreased as shown in Figs. 1a
and b. It should be mentioned here that the macroscopic
broad ring patterns were also observed for the deionized
aqueous suspensions of colloidal silica [1], polystyrene
spheres [2], and India ink [20].

A main cause for the broad ring formation is
undoubtedly the convection flow of the solvent and the
polymers. Especially, flow of the polymers from the
center area toward the outside edges will be enhanced by
the evaporation of water at the liquid surface of the
outside edges, resulting in lowering of the solution
temperature in the upper region of the liquid area. When
the polymers reach the edges of the drying frontier at the
outside region of the liquid, a part of the polymers will
turn upward and go back towards the center. However,
the movement of most spheres may be stopped by the
solidification at the frontier region caused by the dis-
appearance of water. This process must be followed by
the broad ring-like accumulation of the polymers near
the round edges. It should be noted here that the
importance of the convection flow of polymers in the

Fig. 1a–f Patterns observed with a digital HD microscope for PAL
on a cover glass at 25 �C. In water, 0.1 mL, a 1· 10-7 monoM,
b 1· 10)6 monoM, c 1· 10-5 monoM, d 1 · 10)4 monoM,
e 1· 10)3 monoM, f 0.01 monoM, length of the bar is 1.0 mm
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ring formation has often been reported in the process of
film formation [1 ,2, 11, 21].

Figures 2 and 3 show the close-up pictures of the
square areas shown in Fig. 1. The length of the bar is
200 lm. The patterns in Fig. 2 are composed of sharp
crosses, which must be formed in the solidification above
the solubility of PAL in the drying process. The polymer
concentration should distribute roundly in the course of
dryness by the dissipative convection flow. Thus, shape
and size differ delicately as a function of the distance
from the center. At rather high polymer concentrations,
1 · 10)4 and 1 · 10)3 monoM (see Fig. 3), beautiful
fractal patterns composed of curved lines were observed.
They seem to be symmetric and circular. Of course, these
patterns must be formed fast (in a semi-equilibrium
state) above the solubility in the gradient polymer

concentration distribution by the dissipative convection
flow of the polymer solution. It should be noted here
that the microscopic fractal patterns were observed in
the range of polymer concentrations 10)6 monoM–
0.01 monoM. No fractal patterns were observed for
extremely diluted or for highly concentrated polymer
solutions.

Figures 4 and 5 show the typical patterns (including
the close-up pictures at the right-hand side) at 5 �C and
45 �C, respectively. The broad ring patterns were also
observed at low and high temperatures. The width of the
broad ring decreased with rising temperature. This can
be explained by the enhanced separation of the polymer
solutes and water towards the outside and inside,
respectively, by the enhanced convection of the polymer
solution. The microscopic patterns became dense and
fine as the amount of the polymer solutes were accu-
mulated at high temperature.

Figure 6 shows the drying times (T) as a function of
the polymer concentration of the initial liquid drop.

Fig. 2a–c Patterns observed with a digital HD microscope for PAL
on a cover glass at 25 �C. In water, 0.1 mL, a 1· 10-7 monoM,
b 1 · 10-6 monoM, c 1· 10-5 monoM, length of the bar is 200 lm

Fig. 3a–b Patterns observed with a digital HD microscope for PAL
on a cover glass at 25 �C. In water, 0.1 mL, a 1· 10-4 monoM,
b 1 · 10-3 monoM, length of the bar is 200 lm
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Clearly,Tdecreased sharply as the temperature increased,
but was quite insensitive to the polymer concentration.

Figure 7 shows the total polymer area (S) after dry-
ness and the fractal area (SF) showing the fractal pat-
terns. SF and S increased as the initial polymer
concentration increased. Interestingly, S increased
slightly as temperature increased, whereas SF decreased
with rising temperature.

Figure 8 shows the fractal dimensions evaluated from
the box-counting method for the area showing fractal
pattern. Clearly, the fractal dimension increased as
polymer concentration increased, and slightly as drying
temperature increased. The former result supports the
fact that the fractal patterns become fine and complex as
polymer concentration increases. The latter result is
consistent with the experimental fact that a large
amount of the polymer accumulates at the raised

temperature, since SF decreased in most cases as
temperature increased (as is shown in Fig. 7).

Concluding remarks

Macroscopic broad ring patterns and microscopic frac-
tal patterns were observed for poly(allylamine hydro-
chloride) solution in this work. The fractal patterns were
determined mainly in the final step of the solidification
of the polymer. These structures were similar to those of
suspensions of colloidal spheres reported previously in
the main course of pattern formation [1, 2], though the
patterns differ at first glance. It should be recalled here
that the surface nature of the spheres was not so essen-
tial for the formation of the dissipative structures of
colloidal spheres. Furthermore, the size of spheres was

Fig. 4a–f Patterns observed
with a digital HD microscope
for PAL on a cover glass at
5 �C. In water, 0.1 mL,
a 1·10)5 monoM, length
of the bar is 1.4 mm, b 1·10)4

monoM, 1.4 mm, c 1·10)3

monoM, 1.4 mm,
d 1·10)5 monoM, 200 lm,
e 1·10)4 monoM,
200 lm, f 1·10)3 monoM,
200 lm

233



Fig. 5a–f Patterns observed
with a digital HD microscope
for PAL on a cover glass at
45 �C. In water, 0.1 mL,
a 1· 10)5 monoM, length of the
bar is 1.4 mm, b 1· 10)4

monoM, 1.4 mm, c 1· 10)3

monoM, 1.4 mm,
d 1x10)5 monoM, 200 lm,
e 1· 10)4 monoM,
200 lm, f 1· 10)3 monoM,
200 lm

Fig. 6 Drying times for PAL on a cover glass at 5 �C (O), 25 �C
(X), and 45 �C (D)

Fig. 7 Polymer area (S, open symbol) and fractal area (SF, solid
symbol) for PAL on a cover glass at 5 �C (s,d), 25 �C (n,m), and
45 �C (h,n)
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not so important for the pattern formation. Instead,
sphere shape itself was essential. For the polymer solu-
tion, however, the specific association between the
polymer chains in the course of drying will play an
important role for the microscopic pattern formation. In
other words, microscopic patterns may differ greatly
depending on the kind and nature of polymers. Work on
the dissipative structures for other polyelectrolytes is
now in progress.
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