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Calcium carbonate (CaCOs3) thin films with periodic surface
patterns are formed on thin film matrices of a polysaccharide de-
rivative from a solution containing poly(acrylic acid) (PAA).
The morphologies of the patterned films have been tuned by
the change of molecular weights of the PAA.

Natural inorganic/organic composites called biominerals
form self-organized and hierarchical structures, which provide
them with outstanding material properties such as mechanical
toughness and unique optical properties.! Organisms produce
these elaborate structures using organic matrices interacting with
inorganic substances. Synthetic approaches inspired by bio-
mineralization to morphological control of CaCOs crystals have
been performed and a variety of shapes were obtained in the
presence of organic substances.'™®

Herein, we present CaCOj3/polymer composite films with
regularly patterned structures with periodicities from submi-
crometer to micrometers in width. These self-organized struc-
tures can be tuned by the change of molecular weight and con-
centration of an acidic polymer used as a soluble additive.

CaCQOs thin film composites with smooth surfaces have been
obtained by cooperative effects of insoluble thin film matrices
having OH groups and soluble acidic polymers.’*3¢ Recently,
we have reported that the use of modified polysaccharides as thin
film matrices has resulted in the formation of thin film crystals of
CaCOj; with regular surface-relief structures.’ The submicrom-
eter scale structures are spontaneously formed* on the matrix of
cholesterol-bearing pullulans (CHP)® (Figure 1) in the presence
of poly(acrylic acid) (PAA) with average molecular weight of
2.0 x 10® (PAA2k). However, it is not easy to control the perio-
dicity of the relief structures. We expected that the molecular
weight of PAA affects the morphologies of the patterned sur-
faces.

In the present study, we have examined the effects of PAAs
with different average molecular weights on the formation of the
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Figure 1. Structure of cholesterol-bearing pullulan (CHP).
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Figure 2. SEM images of CaCOj crystals grown on the CHP
matrices in the presence of PAAs (2.4 x 107> wt %): a) PAA2K,
b) PAA4k, and c) PAA30k. The white arrows indicate crystal
growth directions.

patterned CaCO3 grown on the matrices of CHP that has four
cholesteryl groups per 100 glucose units of pullulan.'® The mo-
lecular weights of 2.0 x 103 (PAA2k), 3.8 x 10° (PAA4k), and
2.9 x 10* (PAA30k) were used for this study.!' CaCO; crystal-
lization was performed by slowly diffusing ammonium car-
bonate vapor into a 10 mM of calcium chloride solution contain-
ing PAAs for two days at 20 °C.!?

Figure 2 shows the SEM images of the CaCOj thin films ob-
tained in the presence of PAAs with three different molecular
weights. The concentration of PAA was 2.4 x 1073 wt % be-
cause in our previous study’! PAA2K at this concentration gave
the most regular structures. These PAAs have induced the for-
mation of CaCOj; films with periodic surface grooves that align
perpendicular to the crystal growth direction. The molecular

Table 1. Morphology and the distances between the surface
grooves for the patterned CaCO3 formed in the presence of PAA

Concentration/1073 wt %

Polymer

1.0 24 5.0 12.0
PAA2k 12 1-2b¢ 18 1° 12, 0.8° —d
PAA4k 12, 1-3bc 12, 1b 12, 1-3be —d
PAA30k random 12, 2-3be 12 2b ll€, 0.4°

2The surface grooves align perpendicular to the crystal growth
directions. PThe distances between the surface grooves (um).
“The distances for several samples vary in the range indicated.
However, the same sample shows the same distance. YNo pre-
cipitation. “The surface grooves align parallel to the crystal
growth directions.
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Figure 3. SEM image of CaCO; crystals grown on the CHP
matrix in the presence of PAA30k (1.2 x 1072 wt %). The arrow
indicates crystal growth direction.

weight of PAA has exerted effects on the periodicity of the pat-
terned CaCOj3. The use of PAA2k has resulted in the formation
of regularly patterned CaCO3 with a periodicity of about 1.0 um
(Figure 2a). These films are spherulites of calcite. PAA4k has
also induced the formation of patterned films with 1.0 um perio-
dicity (Figure 2b). In the presence of PAA30k, the patterned
crystals with 2-3 um periodicity between grooves with more
rough shapes have been formed on the matrices (Figure 2c).

The effects of the concentrations of these PAAs on the peri-
odically patterned CaCOs3 have also been studied. The results are
summarized in Table 1. In the presence of PAA2k, CaCO; films
with periodic surface grooves which align perpendicular to the
crystal growth directions have developed at the concentration
range of 1.0 x 1073 t0 5.0 x 1073 wt %. The most regularly pat-
terned crystals are obtained at the concentration of about 2.4 x
1073 wt %. For higher concentrations (more than 6.0 x 1073
wt %), no crystals are obtained because the inhibition of PAA
becomes more effective.’ The morphologies with PAA4k are ba-
sically very similar to that observed for PAA2k. It is of interest
that in the presence of PAA30k, the directions of the patterned
surface grooves on CaCOs films are parallel to the direction of
the crystal growth at higher concentration. Figure 3 shows the
SEM image of the CaCOj films obtained from the solution con-
taining a higher concentration of PAA30k (1.2 x 1072 wt %).
Formation of CaCOs crystals at this concentration of PAA30k
indicates that the inhibiting effect of PAA30k on the crystalliza-
tion is weaker than those of PAA2k and PAA4k. Imai et al. re-
ported that higher molecular weights of PAA showed different
effects on the morphologies of CaCOj crystals.® The periodicity
of the surface grooves on the films is about 400 nm (Figure 3),
which is the shortest that we have ever obtained in that of
patterned CaCO; crystals.

We assume that the pattern formation in this study belongs
to a self-organization process in the reaction—diffusion systems,
in which competition between precipitation and ion diffusion oc-
curs.* It was reported that various kinds of patterned structures
such as concentric rings and dense branching morphology occurs
in these reaction—diffusion systems.!? Differences in molecular
weights and concentrations of PAA may change the parameters
such as the level of supersaturation and diffusion of ions,3d'6"4
which has resulted in modification of self-organized structures
based on CaCOs.

In conclusion, for the formation of novel regularly patterned
CaCOs; crystals, their regular structures have been tuned by
changing the molecular weight and concentrations of PAAs that
are present in aqueous solution. These results suggest that mor-
phology and hierarchical structures of self-organized inorganic/
organic materials obtained by solution processes can be control-
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led by change of the chemical structures and molecular weights
of soluble polymers.
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