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Abstract Drying patterns of poly(methacrylic acid) (HPMA)
and its salt neutralized half with sodium hydroxide
(NaHPMA) were studied on a cover glass, a watch glass,
and a glass dish. The patterns of HPMA and NaHPMA are
compared with the previous observation of sodium salt of
poly(methacrylic acid), NaPMA (Okubo et al. Colloid
Polym Sci 287:1155-1165, 2009). HPMA and especially
NaHPMA are hygroscopic, and only the macroscopic patterns
were observed. However, microscopic patterns were not ob-
served clearly especially for NaHPMA in the room atmo-
sphere. The hygroscopy of the dried films was in the order
NaPMA < HPMA < NaHPMA. Broad rings of HPMA
formed only at the outside edge irrespective of polymer con-
centration. Simplified laurel crown-like patterns appeared on a
cover glass, which supports the strong solute—substrate affin-
ity. On the other hand, the broad ring size of NaHPMA de-
creased sharply at the lower polymer concentrations than the
critical concentration, m*. The results of NaHPMA support
that both the inter-solutes and solute—substrate affinity are
rather weak, and the pattern size was determined with the
excluded volume effects. Sharpness parameter, S, of the broad
rings was in the order HPMA > NaHPMA > NaPMA. The
magnitude of S values of NaPMA was similar to that of poly(-
ethylene glycol) (PEG). HPMA, NaHPMA, and NaPMA were
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grouped into E, A, and A, respectively, among six groups of
solutes A to F.
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Introduction

Most structural patterns in nature form via self-organization
accompanied with the dissipation of free energy and in the
non-equilibrium state. In order to know 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 dissipa-
tive patterns during the course of drying colloidal suspensions
and solutions as systematically as possible, though the three
kinds of patterns are correlated strongly and overlapped to
each other [1-4]. The drying patterns form cooperatively
among the processes of (i) the wetting of suspensions and
solutions with substrate surface, (ii) the evaporation of sol-
vent, (iii) the convection of solvents and solutes, (iv) the
sedimentation of solutes, and (v) the solidification during the
course of dryness.

It should be further noted that information on the size,
shape, conformation, and/or flexibility of particles and poly-
mers, for example, is transformed cooperatively and further
accompanied with the amplification and selection processes
toward the drying patterns [4—7].

Typical convectional patterns are the Benard cell [8, 9], the
hexagonal circulating pattern, and the Terada cell [10—13], the
spoke lines spreading whole the liquid surface accompanied
with the huge number of cell convections in the normal direc-
tion of the spoke lines. Recently, whole processes of the
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convectional patterns have been studied experimentally
[14-21]. These convectional patterns were observed often in
the intermediate and even final step of the drying patterns
[11-19], which supports the cooperation of the five processes,
wetting, evaporation, convection, sedimentation, and solidifi-
cation during the course of dryness.

Sedimentary patterns have been studied in detail, for the
first time, in the author’s laboratory [15-29]. Several types of
the sedimentary patterns, the broad rings, for example, formed
already in suspension state. In most cases, the sedimentary
particles are suspended in a vessel by the electrical double
layers formed around the particles and moved always by the
balancing of the force fields between the convectional flow
and the gravitational sedimentation during the course of ther-
mal diffusion. Dynamic clusters and bundle-like sedimentary
patterns formed cooperatively from the convectional
structures.

The final solidified drying patterns have been studied for
many kinds of solutes, i.e., colloidal particles, linear-type syn-
thetic and biological polyelectrolytes, water-soluble neutral
polymers, ionic and non-ionic surfactants, gels, colloidal
polymer-complex particles, and dyes, for example, by many
researchers hitherto [1-4, 14—49]. The macroscopic broad
ring and spoke-like patterns formed frequently. Microscopic
fractal patterns such as branch-, arc-, block-, star-, cross-,
string-, earthworm-like, and others were often observed espe-
cially in the central and thin area.

Drying dissipative patterns of poly(ethylene glycol)
(PEG) have been studied on the macroscopic and mi-
croscopic scales [41]. The dissipative crystalline
structures of hedrite and spherulite were observed on
a cover glass, a watch glass, and a glass dish.
Lamellae formed along the ring patterns especially at
high concentrations and molecular weights of polymer.
The coupled patterns of the spherulites and the lamellae
were formed especially in a watch glass. Dissipative
crystalline structures such as hedrites and spherulites
were also observed clearly in the dried film of sodium
salt of poly(methacrylic acid) (NaPMA) [42]. Several
important findings on the drying patterns of NaPMA
were obtained. Firstly, spherulite and hedrite dissipative
crystals were observed in the dried patterns. The crys-
talline structures changed from hedrites to spherulites as
polymer concentration increased. Secondarily, the
coupled structures of the spherulites and the broad rings
were observed for NaPMA at the outside edge of the
broad ring. However, the coupled crystalline structures
of the lamellae and the spherulites, which were ob-
served for PEG [41], were not observed clearly for
NaPMA system. Thirdly, size of the broad ring at the
outside edge of the dried film increased sharply as poly-
mer concentration increased in the concentration range
below the critical concentration m*. Morphological
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change of the crystal structures has been observed on
the drying patterns of biopolymers, i.e., sodium poly(«,
L-glutamate) (NaPGA) [43], poly(L-lysine hydrobromide)
(PLLHBr) [44], «-, -, and y-cyclodextrins [45], sodi-
um salt of deoxyribonucleic acid (NaDNA) [46], potas-
sium salt of poly(riboadenylic acid) (KPolyA), and
others [47—49].

In this work, macroscopic and microscopic drying patterns
of poly(methacrylic acid) (HPMA) and its sodium salt neu-
tralized half (NaHPMA) were studied in order to clarify the
neutralization effects on the drying patterns.

Experimental
Materials

HPMA was synthesized for 24 h at 60 °C from the mixtures of
«,o'-azobisisobutynitrile (AIBN) (58.2 mg), methanol
(35.4 ml), 2-mercaptoethanol (0.125 ml), and methacrylic acid
(3.0 ml). The mixture was purged with nitrogen gas for 30 min
before polymerization treatment. Chain transfer agent of 2-
mercaptoethanol was used in the free radical polymerization
to obtain the HPMA sample of narrow molecular weight
distribution. The product HPMA was dialyzed with the
membrane film (3,500 of molecular weight cutoff
(MWCO), Spectra/Por®, regenerated cellulose,
Spectrum Laboratories, Inc., Rancho Dominguez, CA).
Poly(methacrylic acid) neutralized half, NaHPMA, was
obtained by the neutralization of the part of HPMA with
half of the equivalent amount of the aqueous solution of
sodium hydroxide. Number average (Mn) and weight
average molecular weights (Mw) of HPMA and
NaPMA measured on a gel permeation chromatography
(Shimadzu LC-10AD pump, Kyoto and Waters R401
Differential refractometer) were 9,520 and 12,900 and
9,760 and 14,200, respectively. The ratios Mw/Mn were
1.35 and 1.45 for HPMA and NaPMA, respectively. The
column used was Wakobeads G-30 (Wako Chemicals
Co., Osaka), and the standard samples were Pullulan
from Showa Denko Co. Mobile phase was 0.1 M aque-
ous phosphate buffer (pH=6.8). Flow rate was 0.4 ml/
min. Tacticity of the HPMA was discussed by 1H-NMR
measurements. The triad compositions of rr
(syndiotactic), mr (heterotactic), and mm (isotactic)
were evaluated as 64:31:5, which supports the fact that
HPMA obtained in this work is mainly atactic but con-
taining a small amount of syndiotactic configuration.
Salt neutralized half with NaOH (NaHPMA) (degree of
neutralization=0.5) was obtained by adding 0.1 M
NaOH aqueous solution into the HPMA solution. The
water used for the sample preparation was purified by a
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Milli-Q reagent grade system (Milli-RO5 plus and Milli-
Q plus, Millipore, Bedford, MA).

Observation of the dissipative structures

Aliquot (0.1 ml) of the aqueous solution of HPMA or
NaHPMA was carefully and gently placed onto a micro
cover glass (30 mmx=30 mm, no. 1, thickness 0.12 to
0.17 mm, Matsunami Glass, Kishiwada, Osaka) set in a
plastic dish (type NH-52, 52 mm in diameter, 8 mm in
depth, As One Co., Tokyo). The cover glass was used
without further rinse. Four millimeters of the solution
was set on a medium watch glass (70 mm, TOP Co.,
Tokyo). Five milliliters of the solution was put into a
medium glass dish (42 mm in inner diameter and
15 mm in height, code 305-02, TOP Co.). The dispos-
able serological pipettes (1 and 10 ml, Corning Lab.
Sci., Co.) were used for the putting the solution on
the substrates. The patterns during the course of dryness
were observed for the solutions on a desk covered with
a black plastic sheet. The room temperature was regu-
lated at 25 °C. Humidity of the room was not regulated
and was between 45 and 60 %.

Macroscopic patterns were observed on a Canon EOS
10 D digital camera with a macro-lens (EF 50 mm, f=
2.5) plus a life size converter EF or a zoom lens
(Canon, EF 28-70 mm, 1:2.8) on a cover glass and a
medium glass dish or a medium watch glass, respective-
ly. Microscopic drying patterns were observed with a
metallurgical microscope (PME-3, Olympus Co.,
Tokyo). Polarizing microscopic pictures of HPMA were
taken on a Shimadzu polarizing microscope (type
Kalnew 53255, Shimadzu, Kyoto) with a CCD camera
(type TNC4604J, Kenis Ltd, Osaka).

Results and discussion

Macroscopic drying patterns of HPMA and NaHPMA
solutions

Figure 1 shows the typical macroscopic drying patterns
of HPMA solutions at the concentrations from 0.0067
monoM (d) to 0.1 monoM (a). Frame size of the pic-
tures a to d is 14 mmx14 mm. The broad ring patterns
were recognized irrespective of the initial polymer

Fig. 1 Drying dissipative patterns of aqueous HPMA solution on a cover glass (a—d), a watch glass (e-h), and a glass dish (i-1) at 25 °C. 0.1 ml, a, e, i
[HPMA]=0.1 monoM, b, f, j 0.05 monoM, ¢, g, k 0.02 monoM, d, h, 10.0067 monoM
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Fig. 2 Drying dissipative
patterns of aqueous NaHPMA
solution on a cover glass (a—¢), a
watch glass (d—f), and a glass dish
(g-i)at25°C.0.1 ml,a,d, g
[NaHPMA]=0.095 monoM, b, e,
h 0.048 monoM, ¢, f, i 0.025
monoM

concentrations. However, observation of the broad ring
at 0.0067 monoM was not so easy with the naked eyes,
where “monoM” indicates the polymer concentration
given by the monomer units in moles per liter. The
dried films of HPMA were weakly hygroscopic.
Figure 2 shows typical examples of the close-up pic-
tures of NaHPMA solutions on a cover glass (a—c), a
watch glass (d-f), and a glass dish (g—i). The aqueous
solutions of HPMA and NaHPMA were transparent, and
any precipitation of the solid polymers was not ob-
served throughout the drying processes in the liquid
state. The dried films at room atmosphere were trans-
parent and highly hygroscopic. Therefore, only the
broad rings were recognized with the naked eyes. The
images of camera are observed in the pictures of Figs. 1
and 2 on a watch glass, since the drying patterns are
transparent and not observed so clearly. The hygroscop-
ic strength was in the order NaPMA < HPMA <
NaHPMA. The reason for observing the order in the
hygroscopic strength is not clear yet. Main broad rings
of HPMA formed at the outside edge irrespective of
polymer concentration. Interestingly, simplified laurel
crown type patterns appeared at high concentrations
and on a cover glass (see pictures a and b). Simplified
laurel crown patterns were observed clearly with a
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polarizing microscope as will be described below in
Fig. 7 and supported the strong solute—substrate affinity.
The laurel crown type ring is not so familiar. The pat-
terns have been observed only for a-cyclodextrin, hith-
erto in the author’s laboratory [45].

Figure 3 shows the d/d; values of HPMA (circles),
NaHPMA (triangles), and NaPMA (squares). Here, dyand d;
are the sizes of the broad ring on the dried film and the initial
liquid droplet in diameter, respectively. Open symbols show
the values on a cover glass, and solid symbols are on a watch
glass. For HPMA (open and solid circles), the broad rings
formed at the outside edge and d/d; were unity irrespective
of polymer concentration. On the other hand, the d/d; of
NaHPMA and NaPMA decreased sharply at the lower poly-
mer concentrations than the critical concentration, m*. It is
highly plausible that the d,/d; values of HPMA decrease from
unity at the lower concentrations than 0.0005 monoM. These
results in Fig. 3 support the fact that the single broad rings
form and m* values are in the order HPMA < NaPMA <
NaHPMA.

Sharpness parameters of the broad ring, S and §', are eval-
uated from the thickness profiles and the widths of the broad
rings, respectively. The S values are given by the ratio of film
size in diameter (dy) against the full width at half maximum
(FWHM) in Eq. (1).
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Fig. 3 Plots of d/d; of HPMA, NaHPMA, and NaPMA on a cover glass
(circles: HPMA, triangles: NaHPMA, squares: NaPMA) and a watch
glass (solid circles: HPMA, solid triangles: NaHPMA, solid squares:
NaPMA) at 25 °C

S =df /FWHM (1)

When the thickness profile is normal distribution, FWHM
is given by Eq. (2), where s is the corresponding standard
deviation [50].

FWHM = 2.355 s (2)

Another kind of sharpness parameter, S, is also evaluated
simply from the ratio of the dried film size against the width of
the broad ring (WBR) observed macroscopically.

S = (df /WBR) x 2 (3)

Here, FWHM is assumed to be half of WBR, i.e., the thick-
ness profiles are approximated to be isosceles triangle-shaped.
Figure 4 shows the S’ values of HPMA (circles), NaHPMA
(crosses), and NaPMA (triangles) as a function of polymer
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Fig. 4 Sharpness of the broad rings of HPMA (circles), NaHPMA
(crosses), NaPMA (triangles), and PEG20K (squares) on a cover glass
at 25 °C

concentration. For comparison, S and S’ values of poly(-
ethylene glycol) (PEG20K) are also shown in square
symbols [41]. The sharpness parameters of the broad
rings were in the order NaPMA < NaHPMA <
HPMA. S (or S’) is one of the most convenient param-
eters showing the diffusivity of the solutes during the
processes of convection. The magnitudes of S values of
NaPMA were similar to those of PEG20K. Very high §
values observed for HPMA are similar to those for cof-
fee and black tea. The very strong solute—substrate af-
finity is deduced for HPMA, coffee, and black tea. In
conclusion, all the polymers HPMA, NaHPMA, and
NaPMA show the single type broad rings.
Furthermore, very strong solute—substrate affinity exists
for HPMA, whereas weak inter-solute and solute—sub-
strate affinity is clear for NaHPMA and NaPMA.
Recently, all the macroscopic broad rings observed hith-
erto were compiled into six groups from behaviors of
djd; values and sharpness parameters as is shown in
Table 1. HPMA, NaHPMA, and NaPMA are grouped
into E, A, and A, respectively.

Microscopic drying patterns of HPMA and NaHPMA
solutions

Figures 5 and 6 show the typical microscopic drying
patterns of HPMA on a cover glass (a—d), a watch glass
(e-h), and a glass dish (i-1) at the polymer concentra-
tions 0.1 monoM and 0.05 monoM, respectively. On a
cover glass, very small inner broad ring appeared in
addition to the main broad ring at the outside edge of
the dried film. However, height of the inner rings is
quite low compared with the ring at the outside edge.
The inner rings will be safely neglected when the types
of the drying patterns are assigned. Multiple fine rings
were observed. The white-colored patterns in picture d
of Figs. 5 and 6 are the simplified laurel crown pat-
terns. The dried film on a cover glass substrate looks
transparent and more hygroscopic compared with the
films on a watch glass and a glass dish. On a watch
glass, spoke-like patterns appeared clearly, and dispatch
of the dried film from the substrate surface is clear in
the figures. Number of spoke lines decreased sharply on
a glass dish, and the dispatch is also clearly observed.

Figure 7 shows typical examples of the polarizing
microscopic drying patterns of HPMA on a watch glass
(a—c) and a cover glass (d). Very clear spoke-like cracks
appeared around the central area on a watch glass. In
picture c, arrayed pipes are recognized through the po-
larizing microscopy. Furthermore, very small and short
rod-like blocks are observed whole the area of picture c.
Assignment of these structures is not available yet at
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Fig.5 Microscopic drying patterns of aqueous HPMA solution on a cover glass (a—d), a watch glass (e-h), and a glass dish (i-1) at 25 °C. [HPMA]=0.1

s

i

monoM, a, e, f to d, h, 1 are the pictures from the center to the right, full scales are 200 pm

present. There seems to form some primitive organized
single crystals.

Figure 8 shows typical examples of the microscopic
drying patterns of NaHPMA at 0.095 monoM on a cov-
er glass (a—d), a watch glass (e-h), and a glass dish (i—
1) from the center (a, e, i) to the right-hand side outside
edge of the dried film (d, h, ). For NaPMA samples,

clear-cut spherulite and/or hedrite crystals appeared, and
the dissipative crystallization coupled with the broad
ring patterns [42]. However, any dissipative crystalliza-
tion phenomenon was not observed for HPMA and
NaHPMA. Main causes for these observations are un-
doubtedly due to the hygroscopic properties of HPMA
and NaHPMA.

Fig. 6 Microscopic drying patterns of aqueous HPMA solution on a cover glass (a—d), a watch glass (e-h), and a glass dish (i-1) at 25 °C. [HPMA]=
0.05 monoM, a, e, fto d, h, 1 are the pictures from the center to the right, full scales are 200 pm
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Fig. 7 Polarizing microscopic
drying patterns of HPMA on a
watch glass (a, b, ¢) and a cover
glass (d). a, b, ¢ [HPMA]=0.1
monoM, d 0.05 monoM, lengths
of the picture frame are 2.6 mmx
3.4 mm

Concluding remarks

In this work, drying dissipative patterns of aqueous solutions
of HPMA and NaHPMA were studied on a cover glass, a
watch glass, and a glass dish on macroscopic and microscopic
scales. Several important results were obtained. Firstly,
HPMA and NaHPMA are highly hygroscopic, and ob-
servation of the microscopic structures was very diffi-
cult. Secondarily, the broad rings were single type for

Fig. 8 Microscopic drying patterns of aqueous NaHPMA solution on a cover glass (a—d), a watch glass (e-h) and a glass dish (i-1) at 25 °C.

HPMA, NaHPMA, and NaPMA. Very strong solute—
substrate and inter-solute affinities were deduced from
the dj/d; values and the sharpness parameters of the
broad ring. For NaHPMA and NaPMA, rather weak
solute—substrate and inter-solute affinities were deduced.
Observation of macroscopic and microscopic structures
in a dry box that coexisted with desiccant is highly
interesting in the future, though the experiments are
not so easy.

[

[NaHPMA]=0.095 monoM, a, e, f to d, h, 1 are the pictures from the center to the right, full scales are 100 um (a—d, i-1) and 200 mm (e-h)
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