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Abstract Drying dissipative structural patterns of the
thermosensitive gels of poly(N-isopropyl acrylamide) were
studied on a cover glass. As the temperature of suspension
and room rose from 25 to 50 °C, the small size of drying
pattern area extended to the beautiful flickering spoke-like
ones transitionally at the critical temperature ca. 35 °C. The
principal patterns at 25 °C were the single or multiple broad
rings of the hill accumulated with the gels. At 50 °C, on the
other hand, the flickering spoke-like patterns were observed
at the inner area of the broad ring especially at the gel
concentrations higher than 1x10 g/ml. These observa-
tions support that the extended gels at low temperatures apt
to associate weakly to each other, whereas the gels at high
temperatures shrink and move rather freely with the
convectional flow of water, though the very weak intergel
attractions still remain. In the presence of sodium chloride
at high temperatures, the cooperative patterns formed
between the gel spheres and the salt. The gravitational
and Marangoni convectional flow of the gels and the very
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weak interactions between the gels and substrate (cover
glass) are important for the flickering spoke-like pattern
formation.
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Introduction

Generally speaking, most structural patterns in nature form
via self-organization accompanied with the dissipation of
free energy and in the nonequilibrium state. Among several
factors in the free energy dissipation, evaporation at the
liquid surface and gravitational and Marangoni convections
are very important. To understand the mechanism of the
dissipative self-organization of the simple model systems
instead of the much complex nature itself, the authors
started to study the convectional, sedimentation, and drying
dissipative patterns of colloidal suspensions as systemati-
cally as possible.

In previous papers from our laboratory [1, 2], drying
dissipative patterns on a cover glass have been studied for
colloidal crystal suspensions of silica and polystyrene
spheres. Quite similar macroscopic and microscopic struc-
tural patterns formed between the two kinds of spheres. The
broad ring patterns of the hill accumulated with spheres in
the outside edges and the spoke-like and ring-like cracks
formed in the macroscopic scale. The existence of the small
circle-like convection cells proposed by Terada et al. [3—6]
was supported. Furthermore, influence of colloidal size
ranging on the drying patterns of colloidal crystal has been
clarified [7]. Structural patterns were observed in the course
of drying Chinese black ink on a cover glass and in a dish
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[8]. The clear broad ring and spoke-like patterns of the rims
formed in the outside edges and in the central region of the
film, respectively. It is interesting to note that the primitive
vague patterns of valleys were formed already in the
concentrated suspensions before dryness and they grew
toward fine cracks in the course of solidification. Branch-
like fractal patterns of the sphere association were observed
in the microscopic scale. The macroscopic drying patterns
of the fractionated and monodispersed bentonite particles
(plate-like in their shape) coexisted with the broad ring and
the round hill accumulated with the particles around the
outside edges of the film and in the center area, respective-
ly, in the macroscopic scale [9]. By the addition of NaCl,
the pattern shifted from the broad ring to the round hill.
The spoke-like cracks, which have been observed for the
spheres so often hitherto, were not observed for the
bentonite particles at all. Wrinkled, branch-like and/or
star-like fractal patterns were observed in the microscopic
scale.

The drying patterns have been studied further for the
linear-type macrocations, i.e., poly(allylamine hydrochlo-
ride) [10]. Macroscopic broad ring patterns were formed.
Furthermore, beautiful string-like fractal patterns were
observed in the microscopic scale. Drying patterns of poly
(ethylene glycol) having molecular weights ranging from
1,000 to 2x 10° in aqueous solution have been also studied
on a cover glass [11]. In addition of the macroscopic broad
rings, the single round hills formed in the center, when the
molecular weight was large. Cross-like fractal patterns
appeared, especially for the diluted solutions in the
microscopic scale. The drying experiments were made for
cationic detergent of n-dodecyltrimethylammonium chlo-
ride [12]. Recently, a series of anionic detergent molecules,
sodium n-alkyl sulfates (n-alkyl = n-hexyl, n-octyl, n-decyl,
n-dodecyl, n-hexadecyl, and n-octadecyl) were used for
study of the drying dissipative patterns [13]. Broad ring
patterns formed in the macroscopic scale. Star-like, branch-
like, arc-like, and small block-like microstructures were
also observed. The convection of water and the detergent
molecules at different rates under gravity and the transla-
tional and rotational Brownian movement of the latter were
important for the macroscopic pattern formation. Micro-
scopic patterns also formed by the translational Brownian
diffusion of the detergent molecules and the electrostatic
and the hydrophobic interactions between detergents and/or
between the detergents and substrate in the course of the
solidification. Recently, macroscopic and microscopic
drying patterns of a series of aqueous solutions of
polyoxyethylenealkyl ethers were studied [14]. The shift
from the single round hill of accumulated surfactant
molecules with rough surface to the broad ring patterns of
the hill with the smooth surface occurred as the HLB
(hydrophile-lyophile balance) of the surfactants increased.
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From these studies on drying structures, very similar
macroscopic broad ring patterns formed irrespective of
kind of solutes and their concentrations. Microscopic
drying patterns such as branch-like, string-like, arc-like,
and small block-like ones were, however, reflected from the
shape, size, and flexibility of the solute molecules.

Quite recently, the sedimentation dissipative patterns
formed in the course of drying colloidal silica spheres and
green tea (Ocha) have been studied in a glass dish and in a
watch glass, for example [15-17]. The broad ring patterns
were formed within several 10 min in suspension state by
the convectional flow of water and the colloidal particles.
The sedimentary particles were suspended above the
substrate and always moved by the external fields including
convectional flow. The convectional dissipative structures
were also studied for the 100% ethanol suspensions of
colloidal silica spheres [18]. Vigorous cell convectional
flow was observed with the naked eyes, and the patterns
changed dynamically with time. In this work, drying
dissipative patterns of the thermosensitive gels, poly(N-
isopropyl acrylamide) were studied. Unexpectedly, the
authors observed the characteristic thermosensitive change
in the drying patterns.

Experimental
Materials

Poly(N-isopropyl acrylamide) gel spheres (PNIPAAm)
were prepared in the same manner as described in the
previous papers [19, 20]. The gel concentrations ranged
from 1x107"" to 0.02 g/ml. The size of PNIPAAm gel
spheres was evaluated from the DLS measurements
between 15 and 55 °C [21]. The hydrodynamic diameter
decreased from 72 nm at 20 °C to 28 nm at 50 °C, which
corresponds to a volume change by a factor of 17. The
diameter decreased transitionally at ca. 35 °C. The size
changed reversibly when the temperature increased and
then decreased [21]. The water used for the sample
purification and preparation was purified by a Milli-Q
reagent grade system (Milli-RO5 plus and Milli-Q plus,
Millipore, Bedford, MA, USA).

Observation of the drying dissipative structures

Approximately 0.05 ml of the aqueous suspension of
PNIPAAm gels was dropped carefully and gently on a
micro cover glass (30x30 mm, thickness No. 1, 0.12 to
0.17 mm, Matsunami Glass, Kishiwada, Osaka, Japan) in a
dish (60 mm in diameter, 15 mm in depth, Petri, Tokyo,
Japan). The cover glass was used without further rinsing in
this work. The extrapolated value of the contact angle for
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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 pl) on the cover
glass. A pipet (1 ml, disposable serological pipet, Corning
Lab. Sci.) was used for the dropping. Observation of the
macroscopic and microscopic drying patterns 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% in humidity of the air. Macroscopic
dissipative structures were observed with a digital HD
microscope (type VH-7000, Keyence, Osaka Japan) and a
Canon EOS 10 camera with macrolens (EF 50 mm, f=2.5)
and a life-size converter EF. Microscopic structures and
the thickness profiles of the dried film were observed with
a laser 3D profile microscope (type VK-8500, Keyence), a
digital microscope (type VHX-500, Keyence) and a
metallurgical microscope (Axiovert 25CA, Carl-Zeiss,
Jena GmbH).

Results and discussion
Influence of the gel concentration

Figure 1 show the typical patterns formed in the course of
drying the suspensions of PNIPAAm gel spheres at 25 °C
and at the gel concentrations ranging from 1x10'" to
0.02 g/ml. The small broad ring patterns were always
observed in the central part of the initial suspension area
irrespective of gel concentrations. Two causes are consid-
ered for the small film formation of gel spheres; one is the
rather large contact angle between the gel suspension and
the substrate at 25 °C and the suspension area moved to the

central part of the initial suspension area when the
suspension is concentrated by the evaporation of water
molecules with time. The other, probably main cause will
be due to the weak entanglement of the extended gels in the
course of the concentration processes resulted in the
accumulation of the gels in the central area only. A main
cause for the broad ring formation in the small film is due
to the convection flow of water and the gel spheres in the
different rates, where the rate of the latter is much slower
than that of the former under gravity. Especially, flow of the
gels from the center area toward the outside edges in the
lower layer of the liquid drop, which was observed on a
digital HD microscope directly from the movement of the
very rarely occurred aggregates of the particles, is important
[8]. The convectional flow is enhanced by the evaporation
of water at the air-liquid surface, resulting to the lowering
of the temperature in the upper region of the suspension.
When the gel spheres reach the edges of the drying frontier
at the outside region of the liquid, a part of the gels will
turn upward and go back to the center region. However, the
movement of most gels may stop at the frontier region by
the disappearance of water. This process must be followed
by the broad ring accumulation of the gels near the round
edges. It should be noted that the broad ring formation in
the drying patterns has been observed for most of the
suspensions and solutions examined by our group [I, 2,
7—-14] and further by other researchers [22-24]. Recently,
microgravity experiments were made for the observation of
the drying dissipative patterns of deionized suspension of
colloidal silica spheres (Tsuchida et al., publication in
preparation). It is surprising to note that the broad ring
patterns did not disappear even in microgravity. This

Fig. 1 Drying patterns of PNIPAAm at 25 °C. In water, 0.05 ml, a w=1.0x10""" g/ml, b 1.0x10™° g/ml, ¢ 1.0x10"7 g/ml, d 1.0x10> g/ml,
e 1.0x107° g/ml, £ 7.5x107 g/ml, g 0.01 g/ml, and h 0.02 g/ml; length of the bar is 0.5 mm
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supports that both the gravitational and Marangoni con-
vections contribute for the broad ring formation on earth
but the latter is still important in microgravity. Quite
recently, the authors observed that the broad rings were
formed already in the sedimentation patterns in the liquid
phase [15, 16]. The film surfaces were rough, as observed
with the naked eyes in the low gel concentrations, whereas
they came to be smooth and the single and multiple
broad rings were formed especially above 7.5x10° g/ml
(see Fig. 1).

Figure 2 shows the thickness of the dried film of PNIPAAm
formed at 25 °C. Clearly, there appeared a round hill in the
center region in addition of the broad ring in the outside
edges. These hills in the central area have not been
observed for the suspensions of any kind of spherical
particles hitherto. The rotational movement must be highly
restricted for the gel spheres because they are hairy, very
soft, interactive with the substrate, and the restricted sliding
movement will be major especially in the area close to the
substrate plane. This restricted Brownian movement must
be correlated deeply to the appearance of the hill in the
center area. Similar hill formation has been observed for the
anisotropic-shaped particles like plate-like fractionated
bentonite particles [9].

Influence of temperature

Figure 3 shows the drying patterns at the lowest gel
concentration of w=1.0x10"> g/ml and at various temper-
atures ranging from 25 to 45 °C. It is surprising to note that
the patterns changed drastically when the temperature rose
above the transition temperature. Above the transition
temperature, around 35 °C, patterns spread widely and
multiple broad rings were observed as is shown in

subpanels b—d of Fig. 3. Measurements of the thickness
of the film dried showed only the single broad ring in the
outside area of the film, though the film formed from the
suspension at w=1x10"> g/ml was too thin, smaller than
1 um, to estimate the thickness precisely. Extension of the
drying patterns above the 35 °C supports the fact that the
gel spheres at higher temperatures than 35 °C shrink and
becomes rather hard compared with the extended and soft
ones at 25 °C below the transition temperature. Thus, it is
highly plausible that the spheres at high temperatures are
now able to move much easily both transitionally and
rotationally. However, the gel spheres at high temperatures
still cannot move so freely compared with the typical solid
spheres like colloidal silica and polystyrene spheres.
Affinitive interactions inducing very slight entanglement
between the neighbored gel spheres may still remain
because the surfaces of the gels must be still covered with
the soft and linear-type single chains of PNIPAAm.

Figure 4 shows the drying patterns as a function of the
temperatures when the gel concentration increased at w=
1x107% g/ml, 100-fold high compared with that of Fig. 3.
Now, the pattern extension covering whole the initial
suspension area is clear above the transition temperature.
The broad rings, fine multiple rings, and spoke-like patterns
are clearly observed at high temperatures (see subpanels c,
g, d and h of Fig. 3). It should be mentioned int his study
that these patterns were also observed clearly for Chinese
ink [8], which is made from soot and glue and has been
used for writing for a long time in China and Japan. These
colloidal particles are called protective colloids and
composed of the hydrophobic carbon spheres covered with
hydrophilic glue. Thus, Chinese ink and PNIPAAm gels at
high temperatures are similar to each other in the characters
of affinitive interactions between the gels.

Fig. 2 Thickness of the =
dried film of PNIPAAm g_
at 25 °C. In water, 0.05 ml, ~ 30 -
aw=1.0x10" g/ml, b 5.0%
10* g/ml, ¢ 1x107° g/ml, d
7.5%107% g/ml, e 0.01 g/ml, and
£0.02 g/ml

20

i
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0
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Fig. 3 Drying patterns of
PNIPAAm at 25 °C. In water,
0.05 ml, w=1.0x10"> g/ml,

a and e 25 °C, b and f 35 °C,
cand g 40 °C, d and h 45 °C;
length of the bar is 2.0 mm for
a, b, ¢, and d and 0.5 mm for e,
f,g and h

Figure 5 shows the drying patterns of PNIPAAm gels at
w=0.01 g/ml and at various temperatures. Now, very
beautiful patterns are observed both above and below the
transition temperature 35 °C and they are undoubtedly due
to the gravitational and Marangoni convectional flow of
water and the gel spheres. Extension of the patterns above
35 °C was also observed very sharply. Below 35 °C,

multiple-broad rings formed. However, the thickest ring
(ca. 30 um at the peak) located at the outer edges, which
was observed from the thickness measurements with a 3D-
profile laser microscope VK-8500 (see Fig. 2g, for
example). Furthermore, gel accumulation was observed at
the central area and the shape was round with the height of
ca. 6 um at the central point below 35 °C. Above 35 °C, the
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Fig. 4 Drying patterns of
PNIPAAm at 25 °C. In water,
0.05 ml, w=1.0x10"> g/ml,

a and e 25 °C, b and f 32 °C,
cand g 35 °C, d and h 40 °C;
length of the bar is 2.0 mm for
a, b, ¢, and d and 0.5 mm for e,
f,g and h

flickering spoke-like patterns were observed, which are
due to the traces of the convectional flow including cell
convections, which were observed by T. Terada, for the
first time, for Chinese ink on water surface [3-6]. It
should be further noted in this study that the thicknesses

@ Springer

of the film around the central area were flat and ca. 5 pum,
and that of the broad ring at the outside edges decreased
when the temperature increased, though the picture show-
ing these was omitted in this article. It should be men-
tioned in this study that the flickering spoke-like drying
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Fig. 5 Drying patterns of
PNIPAAm at 25 °C. In water,
0.05 ml, w=0.01 g/ml, a and e
25°C,band f35°C,cand g
40 °C, d and h 45 °C; length of
the bar is 2.0 mm for a, b, ¢ and
d and 0.5 mm for e, f, g, and h

patterns show the traces of the cell convection of water
and PNIPAAm, and somewhat viscous gel suspension,
was helpful to memorize the cell convections in the
drying processes.

Figure 6 shows the drying patterns at w=0.02 g/ml,
highest gel concentration among our experiments. It is
interesting to note that highly fluctuated patterns were
observed at the transition temperature, in this case at 32 °C

(see Fig. 6b,f). These patterns support strongly that the
vigorous flow occurred in the suspension phase before the
solidification.

Influence of salt concentration

Figures 7 and 8 show the drying patterns of PNIPAAm
gels at the concentrations of 1x107> and 1x107° g/ml
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Fig. 6 Drying patterns of
PNIPAAm at 25 °C. In water,
0.05 ml, w=0.02 g/ml, a and e
25°C,band f32°C,cand g
35 °C, d and h 40 °C; length of
the bar is 2.0 mm for a, b, ¢ and
d and 0.5 mm for e, f, g, and h

when the concentrations of sodium chloride were 1x10™*
and 1x10 mol/l, respectively. Extension of the patterns
above 35 °C took place between 0 to 1x10° mol/l irre-
spective of the salt concentration. However, the cooper-
ative pattern formation of gels with NaCl was observed

@ Springer

irrespective of suspension temperature especially in the
extended pictures. In subpanels e to h of Fig. 7, the
cooperative patterns are clear, where black and white parts
are gels and salt, respectively. It should be noted that the
cooperative drying pattern formation has been demon-
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Fig. 7 Drying patterns of
PNIPAAm at 25 °C. In water,
0.05 ml, w=1.0x10"> g/ml,
[NaCl]=1.0x10"* mol/l, a and e
25°C,band f35°C,cand g
40 °C, d and h 45 °C; length of
the bar is 2.0 mm for a, b, ¢ and
d and 0.5 mm for e, f, g, and h

strated much more clearly for the mixtures of colloidal
silica spheres and sodium chloride in a glass dish quite
recently [16]. Discussion on why and how the coopera-
tive pattern formation takes place is exciting and must

be made based on the detailed experimental results in
near future.

The areas (S), covered with the gel particles in the
dried film, at w=1x10"> g/ml increased sharply when
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Fig. 8 Drying patterns of
PNIPAAm at 25 °C. In water,
0.05 ml, w=0.01 g/ml, [NaCl]=
1.0x107 mol/l, a and e 25 °C,
b and f 35 °C, ¢ and g 40 °C,
d and h 45 °C; length of the bar
is 2.0 mm for a, b, ¢ and d and
0.5 mm fore, f, g, and h

sodium chloride was added to the suspensions at 25 and
30 °C, whereas S was quite insensitive to the sodium
chloride addition at high temperatures from 35 to 50 °C.
It is interesting to note that at w=0.01 g/ml the S-
values were quite insensitive to the salt concentration,
though they decreased slightly from 60 to 55 mm? as

@ Springer

temperature increased from 25 to 50 °C. Furthermore,
the drying time (7)) from suspension state to the dried
state at w=1x10" g/ml decreased sharply from ca.
150 to 15 min as temperature increased from 25 to
50 °C. However, T kept constant irrespective of the salt
concentrations.
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