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Bioinspired selective synthesis of liquid-crystalline
nanocomposites: formation of calcium carbonatebased composite nanodisks and nanorods†
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Here we report new organic/inorganic hybrid colloidal liquid crystals that consist of colloidal calcium
carbonate (CaCO3)/poly(acrylic acid) (PAA) hybrid nanodisks. We selectively synthesized anisotropic
liquid-crystalline CaCO3-based nanodisk and nanorod composites in water/methanol mixtures, which
formed discotic and calamitic nematic liquid crystals in their colloidal dispersions, respectively. The
vaterite nanodisks and calcite nanorods were selectively synthesized in methanol-rich and water-rich
solutions, respectively. The observation of these materials with transmission electron microscopy
clariﬁed the atomic-scale structures of these nanodisks and nanorods, revealing the self-organized
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CaCO3/PAA hybrid structures with the ability to form colloidal liquid crystals. The liquid crystals were
prepared under mild and aqueous conditions by methods using acidic polymers inspired by the
biomineralization process. The present approach provides new insights into the design of organic/
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inorganic hybrid colloidal liquid crystals and development of environmentally friendly functional hybrid
materials.

Introduction
Liquid crystals are dynamic ordered molecular assemblies.1,2
They have been intensively studied as functional materials for
a broad range of applications in elds including energy, information, environment, and medicine. Normal liquid crystals
consist of molecular components. Recently, a variety of colloidal
liquid crystals have been developed3,4 that are composed of
materials
such
as
biomacromolecules,5–7
viruses,8–10
11–13
14
minerals,
and organic/inorganic hybrids. For example,
hydroxyapatite/polymer hybrid nanorods exhibit colloidal
liquid-crystalline (LC) states that are responsive to magnetic
elds and biocompatible properties.15–17
Development of sustainable materials is important to
address global environmental issues. Biominerals are structurally controlled biological hard tissues such as nacre from
seashells and egg shells, which are good models for sustainable
materials.18–22 These biominerals are composed of biopolymers
and CaCO3 and formed by energy-saving processes that involve
self-organization of inorganic and organic components to form
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intricate nanostructures.23–25 ACC precursors have been formed
in the presence of biopolymers26–28 and then the crystallization
has been precisely controlled to form uniform nanocrystals with
well-tuned crystal morphologies, polymorphs, sizes, and
orientations under mild conditions.29–33 For example, in
seashells, uniform rod-shaped calcite crystals form in the prismatic layer,34 whereas disk-shaped aragonite crystals form in
the nacreous layer.35 Although crystallization of ACC is yet to be
fully understood, it has been proposed that ACC can crystallize
through diﬀerent pathways depending on the conditions.36–40
Anisotropic CaCO3 particles with plate-like or ellipsoid-like
morphologies were synthesized by simple solution-based
methods of controlling concentrations of salts and molecular
additives, mixed solvent compositions, pH values, temperature,
and mixing speed and time of the reaction solutions.41–44
However, it is still challenging to obtain LC CaCO3-based
particles having large aspect ratios and high colloidal stability.
Our intention is to develop new LC nanocomposites by applying
the bioinspired crystallization control using ACC precursors to
the formation of anisotropic colloidal mesogens. In our
previous study, calamitic CaCO3 liquid crystals consisting of
calcite nanorods were synthesized from amorphous CaCO3
(ACC) precursors stabilized with poly(acrylic acid) (PAA).14
In this paper, we report the rst synthesis of discotic CaCO3
liquid crystals consisting of vaterite nanodisks by tuning the
crystallization conditions for the ACC precursors. The vaterite
nanodisks and calcite nanorods were selectively synthesized by
tuning methanol concentration of colloidal dispersions of ACC
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precursors. Transmission electron microscopy (TEM) analyses
of the nanodisk and nanorod composites are also described.

Results and discussion
We synthesized LC CaCO3-based composite nanodisks and
selectively synthesized discotic liquid crystals consisting of
CaCO3-based nanodisks and calamitic liquid crystals consisting
of CaCO3-based nanorods through crystallization control of
ACC precursors by changing the composition of the crystallization solution (Fig. 1 and 2).
ACC precursors were dispersed in Na2CO3 solution to induce
their crystallization (Fig. 1). Poly(acrylic acid) (PAA) was used as
a macromolecular additive to stabilize ACC.45 Crystallization of
the ACC precursors was tuned by changing the solvents. We
found that CaCO3-based composite nanodisks selectively
formed in methanol/water (7 : 3) solution (Step 1A in Fig. 1),
whereas CaCO3-based composite nanorods selectively formed
in water (Step 1B in Fig. 1). Concentrated colloidal dispersions
of these colloidal nanoparticles exhibited LC states (Step 2A and
2B in Fig. 1). TEM observations of the nanodisk crystals showed
that they selectively formed aer crystallization of the precursors in 25 mM Na2CO3 methanol/water (7 : 3) solution (Fig. 2a).
Disk-like crystals were also observed by scanning electron
microscopy (SEM) (Fig. S1†). The average diameter of the
nanodisks estimated from TEM images was 320  74 nm. The
thickness of the nanodisks was 137  80 nm, which was estimated by atomic force microscopy (AFM) observation (Fig. 2b, c,
and S2†). The aspect ratio of the nanodisks was around 2.5.
When the crystallization solution was changed from methanol/
water (7 : 3) to pure water, the same ACC nanoparticle precursors transformed into nanorods (Fig. S3a–c†). The nanorods
were 419  89 nm long and 126  25 nm wide, giving an aspect
ratio of around 3.3.14 The shape anisotropy of the nanodisks
induced LC properties in concentrated colloidal dispersions.
Aqueous colloidal dispersions of nanodisks with various
concentrations were observed by polarizing optical microscopy
(POM). When the volume fraction of nanodisks was 1.7 vol%,
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a dark image was observed (Fig. 2d), indicating that the nanodisks formed an isotropic state in the colloidal dispersion. At
a concentration of 16 vol%, the dispersions partly showed
uidic birefringence (Fig. 2e). When the dispersion concentration was raised to 22 vol%, LC texture was observed over the
whole region under crossed polarizers (Fig. 2f). These observations suggest that the nanodisks self-assembled into LC states
at concentrations above 16 vol%. Concentrated colloidal
dispersions of the composite nanorods also showed LC states
caused by their shape anisotropy (Fig. S3d†).14 Interestingly,
colloidal stability was observed for the nanodisks and nanorods
without surface modication (Fig. S4†). The zeta potentials
measured for the nanodisks and nanorods were 17.4  6 and
14.7  6 mV, respectively (Fig. S5†). Therefore, the surfaces of
these materials were negatively charged. It is considered that
PAA covered the nanoparticle surfaces to provide colloidal
stability, which is important for the formation of colloidal LC
states.15
To obtain further insight into the LC properties of the
nanodisks and nanorods, we analyzed their structures using
conventional TEM, aberration-corrected high-resolution TEM
(HRTEM), and cryogenic HRTEM (cryo-HRTEM) (Fig. 3). The
polycrystalline structures of the nanodisks were observed by
TEM. The nanodisks were composed of nanocrystallites with
a size of around 5 nm (Fig. 3a). This was in accordance with
dark-eld TEM observations (Fig. S6a–c†). The crystalline
polymorph was identied as vaterite from its corresponding
selected-area electron diﬀraction (SAED) pattern (Fig. 3b). This
polymorph characterization was also supported by the X-ray
diﬀraction (XRD) pattern (Fig. S7†) and Fourier transform
infrared (FTIR) spectrum (Fig. S8†) of the nanodisks. Despite
their polycrystalline structure, an arched pattern was observed
in the SAED analysis (Fig. 3b), indicating that the nanodisks had
a preferred crystallographic orientation. The direction of the caxis of vaterite was vertical to the in-plane direction of the
vaterite nanodisks. We then obtained atomic-level structural
information for the vaterite nanodisks. Fig. 3c shows a cryoHRTEM image of the part of a nanodisk indicated in a low-

Fig. 1 Schematic illustration of biomineralization-inspired methods for selective synthesis of discotic and calamitic liquid crystals through
crystallization control of poly(acrylic acid) (PAA)-stabilized amorphous calcium carbonate (ACC) precursors by changing the concentration ratio
of methanol to water in the crystallization solution. The purple spheres in the nanodisk and the yellow tetrahedrons in the nanorod show vaterite
and calcite nanocrystallites, respectively. The red curved lines represent PAA molecules.
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Fig. 2 (a) TEM image of CaCO3-based nanodisks obtained after crystallizing the ACC precursors in methanol/water (7 : 3) solution in the
presence of 25 mM Na2CO3. (b) AFM image of a CaCO3-based nanodisk on an Si substrate. (c) The height proﬁle of the nanodisk. POM images of
aqueous colloidal dispersions of CaCO3-based nanodisks with concentrations of (d) 1.7 vol%, (e) 16 vol%, and (f) 22 vol%. A: analyzer. P: polarizer.

magnication TEM image (Fig. 3d). Crossed lattice fringes were
clearly observed, which were assigned to vaterite crystals based
on their fast Fourier transform (FFT) pattern (Fig. 3e). The
crystallographic orientation was maintained between adjacent
nanocrystallites. The vaterite disks were easily damaged at the
atomic scale by electron irradiation at 120 kV and room
temperature, probably because vaterite is the most unstable of
the CaCO3 crystalline polymorphs. We explored the use of cryoHRTEM with a cryo-TEM holder under low electron dose. This
approach suppressed electron irradiation damage and enabled
structural analyses of nanodisks with atomic resolution. In
addition, atomic-level structural information was obtained
using a negative spherical aberration imaging technique of
HRTEM, which was optimized to display brighter contrast at
atom positions.46,47 The oriented structure of nanocrystallites
shown in Fig. 3c suggests that the nanodisks formed through
oriented attachment of nanoparticles, which is widely observed
in biomineralization and bioinspired crystallization.48,49 An
amorphous layer with a thickness of around 1–2 nm was
observed on the surfaces of the nanodisks. Thermogravimetric
(TG) analysis revealed that the vaterite nanodisks were hybridized with 7.9 wt% PAA molecules (Fig. S9†) and the surfaces of
the nanodisks were negatively charged (Fig. S5†). These results
suggest that the amorphous layer consisted of PAA molecules.
The vaterite nanodisks complexed with PAA molecules were
stable in aqueous phase at least for one month.
TEM observation showed that the nanorods possessed polycrystalline structures composed of nanocrystallites with a size of
around 20 nm (Fig. 3f). Dark-eld TEM observation also showed
the polycrystalline structure of the nanorods (Fig. S6d–f†). Based
on the SAED pattern, the polymorph was identied as calcite
(Fig. 3g), which was consistent with the XRD pattern (Fig. S7†) and
FTIR spectrum (Fig. S8†) of the nanorods. The polycrystals had
a preferred orientation with the c axis of calcite directed along the
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long axis of the calcite nanorods (Fig. 3g). Atomic-scale observations of the calcite nanorods were conducted using HRTEM at
room temperature because of their higher stability against electron
dose than that of the nanodisks. An HRTEM image (Fig. 3h) was
collected in the region of a nanorod indicated in Fig. 3i. The
observed lattice fringes corresponded to the (006) of calcite
according to the FFT pattern (Fig. 3j). Connection of two adjacent
nanocrystallites was also observed. The crystallographic orientations of these two nanocrystallites were the same, suggesting that
the oriented attachment of nanoparticles was involved in the
formation mechanism of the nanorods.48,49 The surfaces of the
crystalline structures were covered with amorphous layers with
thicknesses of around 1–2 nm. The amorphous pattern of the
surface layer was probably observed more clearly for the nanorods
compared with for the nanodisks because of the higher electron
dose and lower signal-to-noise ratio for the observation of the
former compared with that of the latter. As for the nanorods, the
amorphous layers are considered to be composed of PAA molecules based on the results of TG analysis (Fig. S9†) and zeta
potential measurements (Fig. S5†).
These atomic-scale structural analyses using state-of-the-art
HRTEM techniques revealed that both of these diﬀerent types
of LC materials have similar CaCO3/PAA hybrid structures with
preferred crystallographic orientations although they have
diﬀerent morphologies and polymorphs. The organic layer of
PAA on the surface of these mesogenic nanoparticles provided
the colloidal stability (Fig. S4 and S5†). It is presumed that the
preferred crystallographic orientation of CaCO3 crystals within
the nanocomposites led to the optical anisotropy observed by
POM (Fig. 2f and S3d†) because of the intrinsic birefringence of
calcite50 and vaterite crystals.51,52 Our ndings indicate that
biomineralization-inspired self-organization of CaCO3 and PAA
is a promising approach for design of diﬀerent types of organic/
inorganic hybrid colloidal liquid crystals.
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(a) TEM image of a calcium carbonate (CaCO3)-based nanodisk. (b) Selected-area electron diﬀraction (SAED) pattern of the nanodisk. (c)
Cryogenic high-resolution TEM (cryo-HRTEM) image of a CaCO3-based nanodisk corresponding to the red square in (d). (d) TEM image of
CaCO3-based nanodisks at low magniﬁcation. (e) Fast Fourier transform (FFT) pattern corresponding to the black square in (c). (f) TEM image of
a CaCO3-based nanorod. (g) SAED pattern of the nanorod. (h) HRTEM image of a CaCO3-based nanorod corresponding to the red square in (i). (i)
TEM image of CaCO3-based nanorods at low magniﬁcation. (j) Fast FFT pattern corresponding to the black square in (h). Amorphous layers are
surrounded by red dashed lines.
Fig. 3

Two diﬀerent types of LC materials, nanodisks and nanorods, were obtained from the same precursors. The precursors
stabilized with PAA molecules were observed by TEM
(Fig. S10a†) and SEM (Fig. S11†). The precursors possessed
spherical morphologies. Dynamic light scattering (DLS)
measurements showed that the average diameter of the
precursors was 23 nm (Fig. S10c†). These results were in good
agreement with TEM (Fig. S10a†) and SEM (Fig. S11†) observations. The polymorph of the nanoparticle precursors was
characterized as ACC (Fig. S7, S8, and S10b†). The surface
potential of the precursor nanoparticles was 12.7  5 mV
(Fig. S5†). According to TG analysis (Fig. S9†), the ACC precursors were composed of 66 wt% CaCO3, 20 wt% PAA, and 14 wt%
H2O. This suggests that the ACC nanoparticles were stabilized
through hybridization with PAA.
Transformation of ACC into crystalline polymorphs is still
far from being comprehensively understood.36–40 Likewise, the
selective formation mechanisms for composite nanodisks and
nanorods in the present study also remain unclear. However, we
assume that these ACC precursors were transformed into
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calcite/PAA hybrid nanorods and vaterite/PAA hybrid nanodisks
through diﬀerent crystallization pathways. During the formation process of nanorods over 3 days, the turbidity of the
colloidal dispersions of ACC precursors disappeared and then
recovered (Fig. S12†). This suggests that dissolution and reprecipitation processes were involved in the transformation of
ACC precursors into nanorods. In contrast, such solution
turbidity changes were not observed during the formation
process of vaterite/PAA hybrid nanodisks. The crystallization
rate of nanodisks was much slower than that of nanorods; it
took one month to complete the transformation of ACC
precursors into nanodisks. The solid-state amorphous–crystalline transition might be dominant in methanol/water mixtures
because of the lower dissolution constant of ACC precursors in
methanol than in water.
We explored the eﬀects of the concentration ratios of
methanol to water in the crystallization solutions on the polymorphs and morphologies of crystals obtained from the ACC
precursors. When the volume ratio of methanol to water was
below 30%, the obtained crystals were calcite (Fig. 4a). Vaterite
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crystals coexisted with calcite crystals in the systems with methanol volume ratios of 40% to 60% (Fig. 4a and S13†). When the
methanol concentration was increased to 70%, vaterite crystals
formed exclusively. These results based on XRD patterns were in
good agreement with FTIR results (Fig. S13†). For the system with
a methanol volume fraction of 80%, crystallization of ACC was not
detected even aer one month. Further increasing the methanol
fraction caused aggregation and sedimentation of ACC nanoparticle precursors. The crystals formed in the mixtures with
various concentrations of methanol were observed by SEM. The
SEM observations showed that nanorods formed when the methanol concentration was below 30% (Fig. 4b–e), whereas both
nanodisks and nanorods formed simultaneously at higher
concentrations of methanol (Fig. 4f–h). When the methanol
volume fraction was increased to 70%, only nanodisks were
observed (Fig. 4i). These results indicate that ne tuning of the
solvent composition of crystallization solutions for ACC precursors
is important for the selective synthesis of composite nanodisks
and nanorods.

Conclusions
In conclusion, discotic colloidal liquid crystals composed of
CaCO3-based nanodisk composites were developed. We achieved selective synthesis of LC nanodisk and nanorod
composites by simply tuning the composition of the crystallization solution containing the PAA-stabilized ACC precursors—
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an approach inspired by biomineralization. Advanced TEM
analyses claried the atomic-scale CaCO3/PAA hybrid structures
of the composites, showing that the self-organized hybrid
structures were suitable for the formation of colloidal LC states.
These CaCO3-based colloidal liquid crystals are promising as
functional green and sustainable materials because of the biofriendliness of CaCO3, their anisotropic properties as LC
materials, and the energy-eﬃcient synthetic procedure. These
CaCO3-based colloidal materials with well-controlled shapes
and sizes would be useful as drug carriers for eﬃcient cellular
uptake.53 In addition, the present methods using amorphous
inorganic precursors stabilized with organic molecules provide
important insights to facilitate design of new colloidal liquid
crystals.

Experimental
Synthesis of colloidal dispersions of ACC precursors
A 100 mM aqueous CaCl2 solution containing PAA (Mw ¼ 2.0  103,
7.2  101 wt%) was prepared. A 100 mM aqueous Na2CO3 solution
was also prepared. Equal volumes of these two solutions were
mixed. The mixed solution was stirred for 1 h at room temperature
and then centrifuged at 10 000g for 5 min. The supernatant was
decanted. The sediment was redispersed in deionized water. The
colloidal dispersion was centrifuged at 10 000g for 5 min. The
concentrated colloidal dispersion of ACC nanoparticles was

Fig. 4 (a) XRD patterns for CaCO3-based nanocrystals obtained by crystallization of the ACC precursors in 25 mM Na2CO3 aqueous solution
containing methanol volume fractions of 0%, 10%, 20%, 30%, 40%, 50%, 60%, and 70%. SEM images of CaCO3-based nanocrystals obtained by
crystallization of the ACC precursors in 25 mM Na2CO3 aqueous solution containing methanol volume fractions of (b) 0%, (c) 10%, (d) 20%, (e)
30%, (f) 40%, (g) 50%, (h) 60%, and (i) 70%.
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collected for use as precursors for syntheses of vaterite/PAA hybrid
nanodisks and calcite/PAA hybrid nanorods before drying.
Synthesis of colloidal dispersions of vaterite/PAA hybrid
nanodisks
The collected ACC precursors were dispersed in methanol/water
(7 : 3 in the volume ratio) mixed solution containing Na2CO3
(25 mM). The dispersion of ACC precursors was stirred for 1
month at room temperature. The dispersion was centrifuged at
10 000g for 5 min and then the supernatant was removed. The
sediment was redispersed in deionized water. The colloidal
dispersion was centrifuged at 10 000g for 5 min to obtain the
colloidal liquid crystal. Finally, deionized water was added to
the liquid crystal to adjust the concentration.
Synthesis of colloidal dispersions of calcite/PAA hybrid
nanorods
The collected ACC precursors were dispersed in 25 mM Na2CO3
aqueous solution. The dispersion was stirred for 3 days at room
temperature. The dispersion was centrifuged at 10 000g for
5 min and then the supernatant was removed. The sediment
was redispersed in deionized water. The colloidal dispersion
was centrifuged at 10 000g for 5 min to obtain the colloidal
liquid crystal. Finally, deionized water was added to the liquid
crystal to adjust the concentration.
Characterization
XRD patterns were recorded using a SmartLab (Rigaku)
diﬀractometer with Cu Ka radiation. FTIR spectra were obtained with a JASCO/FTIR-660 Plus spectrometer using the KBr
method. TG measurements (Rigaku, TG-8120) were performed
up to 1000  C at a heating rate of 10  C min1 under air ow
(100 mL min1). The optical properties were investigated using
a polarizing optical microscope (Olympus, BX51) for colloidal
dispersions of vaterite nanodisks and calcite nanorods at
various concentrations. Crystal morphologies were examined
using SEM (Hitachi, S-4700) with prior conductive treatment
using a Hitachi E-1030 ion sputterer. TEM characterizations
were performed using a JEM-2800 (JEOL) electron microscope
operated at 100 kV. The samples for TEM observations were
obtained by drying of diluted aqueous colloidal dispersions of
ACC precursors, vaterite nanodisks and calcite nanorods placed
on TEM grids. HRTEM images were obtained using an
aberration-corrected TEM (JEOL, JEM-ARM200F) at 120 kV. To
optimize a high-contrast structure image at low-electron-dose
observation, we applied the negative spherical aberration
imaging condition.47 Cryo-HRTEM was conducted using a cryoTEM holder (Gatan, 636 cooling holder) lled with liquid
nitrogen. DLS and zeta potential measurements were performed using a Zetasizer (Nano-ZS, Malvern Instruments Ltd.)
for diluted aqueous colloidal dispersions of ACC precursors,
vaterite nanodisks and calcite nanorods. AFM observation was
carried out using an L-trace II (SII NanoTechnology, Inc.)
microscope. The samples for AFM observations were obtained
by drying of spin-coated diluted aqueous colloidal dispersions
of vaterite nanodisks on Si substrates.
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Materials
All chemical reagents used to synthesize CaCO3 crystals were
obtained from commercial sources. PAA (Mw ¼ 2.0  103) was
purchased from Polysciences, Inc. (Warrington, PA, USA). CaCl2
was obtained from Wako Pure Chemicals Industries, Ltd.
(Osaka, Japan). Na2CO3 was purchased from Kanto Chemical
(Tokyo, Japan). All reagents were used as received.
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