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Biomineralization-inspired approach to the
development of hybrid materials: preparation of
patterned polymer/strontium carbonate thin films
using thermoresponsive polymer brush matrices

Yulai Han, Tatsuya Nishimura and Takashi Kato

Thermoresponsive poly(N-isopropylacrylamide) (PNIPAm) brushes have been synthesized and employed as the crystallization

matrices for the development of polymer/strontium carbonate hybrid materials. The use of PNIPAm brush matrices results in

the formation of patterned polymer/strontium carbonate hybrid thin films in the presence of poly(acrylic acid) additives.

Moreover, the conformational change in the thermoresponsive PNIPAm brush matrices induces the change in the surface

morphologies of the obtained polymer/SrCO3 hybrid thin films. The strategy of using stimuli-responsive polymer brush matrices

is expected to be a promising method for controlling the surface morphology of two-dimensional hybrid thin film materials.
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INTRODUCTION

Biominerals such as nacre and bone are organic/inorganic hybrid
materials with hierarchical structures and excellent mechanical
properties.1–3 The biomimetic synthesis of artificial hybrid materials
via environmentally benign processes has attracted a great deal of
attention for decades, aiming for the development of functional
hierarchical structures under mild conditions.4–8 Extensive studies on
the biomineralization of calcium carbonate have provided insight into
the development of polymer/mineral hybrid materials.9–16 Inspired by
the layered-brick-and-mortar structure of the nacre of abalone shell,
two-dimensional polymer/CaCO3 crystal thin films have been
developed.4,7,17–25 The synergistic effects of insoluble polymer
matrices and soluble acidic polymer additives play key roles in the
development of polymer/inorganic hybrid thin film materials.4

Recently, dynamic polymer materials such as polyrotaxanes26–28

and stimuli-responsive polymer brushes29 have been used to tune the
morphologies of CaCO3/polymer hybrids. We used carboxylated
polyrotaxanes as dynamic acidic polymer additives.25 Polymer
brushes exerted great effects on CaCO3 crystallization.30,31 For
example, we reported the use of poly(N-isopropylacrylamide)
(PNIPAm) brush matrices for the formation of calcium carbonate
crystal fibers.30 PNIPAm is a thermoresponsive polymer that exhibits
a lower critical solution temperature (LCST) in water at B32 1C.32

Crystallization of CaCO3 at temperatures above and below the LCST
of the thermoresponsive PNIPAm brush matrices induced the

formation of vaterite thin films with different crystallographic
orientations.31 Polymer brushes have found applications as
crystallization matrices for inorganic minerals.30,31,33 It is of interest
to control the surface patterns of the biomineralization-inspired
hybrid thin films developed on polymer brush matrices.

Inorganic minerals such as hydroxyapatite,34–36 BaCO3 (see Yu
et al.37) and SrCO3 (see Homeijer et al.38; Sastry et al.39) have also
been developed using biomimetic strategies over the past decades.
Strontium carbonate, one of the representative alkaline earth
carbonates with aragonitic crystal structure, has been found in coral
skeletons.40 Moreover, SrCO3 has found various applications in
functional optical materials41,42 and biosensor materials for the
detection of ethanol vapor.43 SrCO3 crystals with helical44 and
fibrous45 shapes have been synthesized.

Herein, we report the synthesis and surface morphological control
of polymer/SrCO3 hybrid thin films using thermoresponsive PNIPAm
brush matrices (Figure 1) and poly(acrylic acid) (PAA) additives.

EXPERIMENTAL PROCEDURE

Materials
PAA (Mw ¼ 2.0� 103) and 2-chloropropionyl chloride (97%) were purchased

from Aldrich (St Louis, MO, USA). Triethylamine (99%), (3-aminopropyl)

triethoxysilane (99%) and N-isopropylacrylamide (NIPAm, 97%) were

purchased from Tokyo Kasei (Tokyo, Japan). Copper(I) chloride (CuCl,

99.7%), dimethyl sulfoxide (99.5%), strontium chloride, ammonium
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carbonate and ethanol (anhydrous, 99.5%) were obtained from Wako (Tokyo,

Japan). NIPAm was purified by vacuum sublimation before use.

Synthesis of PNIPAm brush matrices
PNIPAm brushes were synthesized via atom transfer radical polymerization

(ATRP). First, 2-chloro-N-[3-(triethoxysilyl)propyl]propanamide (ATRP

initiator) was synthesized by the condensation of (3-aminopropyl)triethox-

ysilane and 2-chloropropionyl chloride. Oxygen plasma-treated glass and

silicon slides were immersed in a 10 mM solution of ATRP initiator in

anhydrous ethanol for 48 h at 25 1C. The initiator-deposited substrates were

dried with a stream of nitrogen. As an ATRP catalyst, tris[2-(dimethylamino)

ethyl]amine (Me6TREN) and CuCl were employed. A typical ratio of

monomers and catalysts was as follows: (NIPAm)/(CuCl)/(Me6TREN)¼
1000:1:1. A solution of NIPAm (3.7 g) and dimethyl sulfoxide (5 ml) in a

Schlenk tube was degassed by three freeze-pump-thaw cycles, and CuCl

(3.0 mg) and Me6TREN (8.0 mg) were added to the deoxygenated solution.

The solution was subsequently transferred into a reaction vessel containing the

ATRP initiator-modified substrates. After polymerization, substrates grafted

with PNIPAm brushes were thoroughly washed with large quantities of

methanol and deionized water.

Crystallization of SrCO3

The vapor diffusion method was employed for crystallization of SrCO3.

Purified water for the crystallization was obtained from an Auto Pure WT100

purification system (Yamato, Tokyo, Japan; relative resistivity: maximum

1.8� 107 O cm). Strontium chloride aqueous solution ([Sr2þ ] ¼ 5 mM)

containing PAA (2.5� 10�3 wt%) was used. Crystallization was allowed to

proceed in an incubator using the synthesized PNIPAm brushes as the

crystallization matrices. Ammonium carbonate was placed in the incubator.

Crystallization of SrCO3 at temperatures above and below the LCST of the

PNIPAm brushes have been carried out in this study.

Characterization
Fourier transform infrared spectra were recorded on a Jasco FT/IR-6100

spectrometer (Jasco, Tokyo, Japan). The thickness of the PNIPAm brushes was

measured using a Jasco M-500 ellipsometer (Jasco) working with a helium–

neon laser (l¼ 632.8 nm). The thickness was also examined by tapping-mode

atomic force microscopy (AFM) measurement (Bruker, Santa Barbara, CA,

USA). Scanning electron microscopy (SEM) images of the hybrid samples were

measured on a Hitachi S-4700 field-emission SEM (Hitachi, Tokyo, Japan)

operated at 3–5 kV. Before SEM measurements, the hybrid samples were coated

with a layer of platinum using a Hitachi E-1030 ion sputter coater (Hitachi).

Polarizing optical microscopy images of the PNIPAm/SrCO3 hybrids were

obtained with an Olympus BX51 polarizing optical microscope (Olympus,

Tokyo, Japan). X-ray diffraction patterns of the hybrid samples were recorded

with a Rigaku SmartLab Intelligent X-ray Diffraction System (Rigaku, Tokyo,

Japan) with filtered Cu Ka radiation (l ¼ 1.5406 Å, operating at 40 kV and

40 mA).

RESULTS AND DISCUSSION

The living polymerization technique allows the bottom-up synthesis
of polymer brushes from initiator-deposited surfaces.46–49 In this
study, the surface-initiated ATRP technique was employed for the
synthesis of PNIPAm brushes. The formation of the PNIPAm brush
layer on glass and silicon substrates was confirmed by infrared
measurement (Figure 2a), with characteristic absorption peaks at
3300 and 1650 cm attributable to the stretching of the amide N-H
and C¼O, respectively. AFM measurements performed across the
scratched and unscratched boundaries show that the brush layer has a
thickness of B250 nm (Figures 2b and c).

Using the synthesized PNIPAm brushes as a matrix and PAA with a
concentration of 2.5� 10�3 wt% as a soluble additive, SrCO3 has
been crystallized at 20, 31 and 40 1C. The formation of crystal thin
films on PNIPAm brush matrices at these temperatures is observed in
the polarizing optical microscopy and SEM images (Figure 3). For
thin films developed at a temperature below the LCST (20 1C) in the
presence of PAA after crystallization for 8 h, the polarizing optical
microscopy image shows a cross-extinction birefringence pattern
because of the ordered alignment of the c axis (Figure 3a). In the
cross-sectional SEM image of thin-film SrCO3 crystals with polymer
brushes (Supplementary Figure S1), the boundary between the
polymer brush layer and the crystal layer is not observed, indicating
that the thin film is hybrid. SEM observation shows that the hybrids
formed below the LCST have dendritic surface morphologies
(Figure 3b).

In contrast, crystallization at 31 1C, a temperature close to the
LCST of PNIPAm brushes, resulted in the formation of crystal films
with distinctly different birefringence patterns (Figure 3c). Concentric
birefringence patterns are observed, and the corresponding SEM
image shows that the thin film surface has periodically aligned relief
patterns (Figure 3d) with a distance between two neighboring relief
rings of B5mm.

Figure 1 Structure of poly(N-isopropylacrylamide) (PNIPAm) brushes

synthesized through atom transfer radical polymerization.

Figure 2 Surface-initiated poly(N-isopropylacrylamide) (PNIPAm) brush layer immobilized on a silicon substrate: (a) infrared (IR) spectrum of the brush

layer, (b) cross-sectional tapping-mode atomic force microscopy (AFM) image and (c) cross-sectional thickness profile along the line in (b). A full color

version of this figure is available at the Polymer Journal online.
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Crystallization at a temperature above the LCST (40 1C) also
resulted in the formation of thin films with surface relief structures
(Figures 3e and f). However, a decreased periodic distance is

observed compared with that on the thin films developed at 31 1C
(Figures 3c and d). The approximate distance between two concentric
rings is B1mm. X-ray diffraction measurements indicate that the
crystals developed at temperatures above and below the LCST have
strontium carbonate crystal structure (Figure 4) with diffraction peaks
at 25.21, 29.61 and 36.51, corresponding to the (111), (002) and (130)
planes, respectively, in strontium carbonate crystals.

AFM measurements were conducted on the thin films with relief
structures that were developed on the PNIPAm matrices at 31 and
40 1C to further study the surface morphologies of the hybrid thin
films (Figure 5). The concentric relief patterns on the surfaces of the
hybrid films developed at 31 and 40 1C are observed on the AFM
images (Figures 5a and c) that is consistent with the results obtained
by SEM observation. For the thin films developed at 31 1C, the depth
curve (Figure 5b) shows that the depth between the ridge and valley
areas is B50 nm. In contrast, the thin film developed at 40 1C has a
relief depth of B250 nm (Figure 5d).

Although it is difficult to fully understand the mechanism for the
development of concentric relief patterns on PNIPAm brush matrices
at 31 and 40 1C, it is assumed that periodic patterns formed on
PNIPAm matrices are induced by a self-organization process. The
concentration oscillation of ions and precursors in the polymer
brushes is assumed to be essential in the formation of concentric

Figure 3 Crystallization of SrCO3 on poly(N-isopropylacrylamide) (PNIPAm) brush matrices with a thickness of 250 nm in the presence of poly(acrylic acid)

(PAA) with a concentration of 2.5�10�3 wt%. (a, c, e) Polarizing optical microscopy images of hybrids developed at 20 1C, 31 1C and 40 1C, respectively.

(b, d, f) Corresponding scanning electron microscopy (SEM) images.

Figure 4 X-ray diffraction (XRD) patterns of crystal thin films developed at

(a) 20 1C, (b) 31 1C and (c) 40 1C on poly(N-isopropylacrylamide) (PNIPAm)

brush matrices with a thickness of 250 nm. A full color version of this

figure is available at the Polymer Journal online.
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patterns, as has been observed for crystallization in gel media.21,50–53

In the presence of PAA additives, crystallization of SrCO3 is a
reaction–diffusion system. For the crystallization of SrCO3, Gower
and colleagues38 reported that PAA additives favor the formation of
amorphous precursors or polymer-induced liquid precursor phases.
These precursor phases could diffuse onto the surface of the PNIPAm
brush matrices and lead to crystal nucleation and growth. The
diffusion and consumption of the precursor phases induces the
fluctuations in the concentration of the amorphous precursor
phase. It is assumed that the concentration fluctuation together
with the effect of polymer brush matrices results in the formation of
concentric relief patterns.

To examine the role of polymer brush thickness, PNIPAm brush
matrices with a thickness of B25 nm were also employed as crystal-
lization matrices. It is noteworthy that SrCO3 crystal thin films
developed on PNIPAm brush matrices with a thickness of 25 nm at
temperatures above and below the LCST also show distinctly different

surface morphologies (Figure 6). Crystallization at a temperature
below the LCST (20 1C) results in the formation of crystals with
dendritic patterns (Figure 6a), whereas thin films developed at a
temperature above the LCST (40 1C) show concentric patterns
(Figure 6b). Further characterization by AFM shows that the distance
between two neighboring rings is B2mm with a relief depth of
B100 nm (Figures 7a and b). This relief depth is smaller than that for
thin films developed using PNIPAm brush matrices with a thickness
of 250 nm. The thickness of PNIPAm brushes is assumed to be
influential on their aggregation states that probably affects crystal-
lization and ion diffusion behavior.

The use of PNIPAm brush matrices at temperatures above and
below the LCST led to the development of SrCO3/PNIPAm hybrid
thin films with distinct surface morphologies. Although temperature
is an important factor that probably influences crystal nucleation and
growth, the surface morphology changes of the thin films developed
on PNIPAm brush matrices are assumed to be attributable to the

Figure 5 Atomic force microscopy (AFM) images showing the surface morphologies of the crystal thin films developed at (a) 31 1C and (c) 40 1C on

poly(N-isopropylacrylamide) (PNIPAm) brush matrices with a thickness of 250 nm. Corresponding depth curves of the thin films developed at (b) 31 1C and

(d) 40 1C with relief structures on the surfaces. A full color version of this figure is available at the Polymer Journal online.

Figure 6 Crystallization of SrCO3 on poly(N-isopropylacrylamide) (PNIPAm) brush matrices with a thickness of 25nm in the presence of poly(acrylic acid)

(PAA) with a concentration of 2.5�10�3 wt%. Scanning electron microscopy (SEM) images of the hybrids developed at temperatures (a) below (20 1C) and

(b) above (40 1C) the lower critical solution temperature (LCST).
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conformational changes of the PNIPAm chains at temperatures above
and below the LCST. To examine the matrix effect of the thermo-
responsive PNIPAm brushes, chitosan was employed as a nonstimuli-
responsive matrix. Spin-coated chitosan matrices thermally annealed
at 110 1C for 30 min were used for the crystallization of SrCO3. Thin
films developed at 20 and 40 1C on chitosan matrices in the presence
of PAA additives show similar birefringence patterns (Figure 8). In
comparison with chitosan, it is known that the chains in PNIPAm
brushes show a dramatic conformational change from a stretched
state at temperatures below the LCST to an aggregated state at
temperatures above the LCST. The structural variation of polymer
brush matrices may change ionic diffusion behaviors. For instance,
Huang et al.54 studied the interactions between ions and polyethylene
membrane grafted with a PNIPAm layer. They showed a significant
change in the Zeta potential of the membrane across the LCST of
PNIPAm. In the present study, it is assumed that for the PNIPAm
brush in the crystallization system, the change in the Zeta potential
influences its affinity for ions or amorphous precursors, thus resulting
in different crystallization behavior at temperatures above and below
the LCST. Mano and colleagues55 reported the formation of apatite on
PNIPAm-grafted poly(L-lactic acid) matrices only at temperatures
above the LCST, indicating the influence of the PNIPAm
conformational structure on the crystallization of apatite.

CONCLUSION

We have found that thermoresponsive PNIPAm brushes are effective
matrices for the crystallization of SrCO3. PNIPAm/SrCO3 hybrid thin
films with different surface morphologies have been synthesized by
utilizing the thermoresponsiveness of PNIPAm brush matrices in the

presence of PAA additives. This approach of using stimuli-responsive
polymer brush matrices for the tuning of the surface morphology of
hybrid thin films is expected to contribute to new developments in
materials design.
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