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bing of dynamic self-organized
columnar assemblies in colloidal liquid crystals†

Taiki Hoshino, ‡*abc Masanari Nakayama, ‡*d Yoshihiro Hosokawa,d

Kohei Mochizuki,d Satoshi Kajiyama, d Yoshiki Kohmurab and Takashi Kato *de

Self-organized supramolecular assemblies are widespread in nature and technology in the form of liquid

crystals, colloids, and gels. The reversible nature of non-covalent bonding leads to dynamic functions such

as stimuli-responsive switching and self-healing, which are unachievable from an isolated molecule.

However, multiple intermolecular interactions generate diverse conformational and configurational

molecular motions over various time scales in their self-assembled states, and their specific dynamics

remains unclear. In the present study, we have experimentally unveiled the static structures and dynamical

behaviors in columnar colloidal liquid crystals by a coherent X-ray scattering technique using refined model

samples. We have found that controlling the size distribution of the colloidal nanoplates dramatically

changed their static and dynamic properties. Furthermore, the resulting dynamical behaviors obtained by

X-ray photon correlation spectroscopy have been successfully decomposed into multiple distinct modes,

allowing us to explore the dynamical origin in the colloidal liquid-crystalline state. The present approaches

using a columnar liquid crystal may contribute to a better understanding of the dynamic nature of

molecular assemblies and dense colloidal systems and bring valuable insights into rational design of

functional properties of self-assembled materials such as stimuli-responsive liquid crystals, self-healing gels,

and colloidal crystals. For these materials, the motion of constituent particles and molecules in the self-

assembled state is a key factor for structural formation and dynamically responsive performance.
1 Introduction

For self-assembled materials such as liquid crystals, a variety of
molecules or particles spontaneously organize into ordered
assemblies.1–7 They show dynamical and responsive functions
that cannot be obtained from a single molecular component. A
colloidal liquid crystal is one of the self-assembled functional
materials.7–12 The components with anisotropic shapes of
particles form ordered and mobile assembled states. Recently
we reported that biomineralization-inspired colloidal liquid
crystals were formed based on calcium carbonate (CaCO3)13,14

and hydroxyapatite15–18 particles complexed with an acidic
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macromolecule, poly(acrylic acid) (PAA). For hydroxyapatite-
based liquid crystals, stimuli responsive properties and bio-
functions, e.g., magnetic eld responsive colloidal liquid crys-
tals composed of nanorods, were reported.16,18,19

There has been an attractive challenge of capturing the
dynamic nature of functional self-organized so materials for
designing their material applications. For further functionali-
zation of these colloidal nanorod liquid crystals, it is important
to understand the dynamic nature of the materials in their self-
organized states. Our intention is to examine the dynamic
behaviors of colloidal columnar liquid-crystalline (LC) phases
displayed by plate-like nanoparticles in aqueous solution. X-ray
photon correlation spectroscopy (XPCS) is a powerful technique
for probing the dynamics of opaque concentrated colloidal
systems and heterogeneous dynamics on a wide range of spatial
scales by analyzing the temporal uctuations of the scattered
speckles obtained by partially coherent X-ray scattering.20–27 We
previously studied the behavior of nematic colloidal liquid
crystals formed by biomineral-based rod-like hybrids by XPCS.28

We observed that they exhibited faster dynamics in the direc-
tion of the director than in the perpendicular direction in the
LC phase when kept for a long period.

Simulation studies on colloidal liquid crystals suggested that
the dynamics of rod-like and plate-like particles are quite
different.29–31 The diffusion in the direction parallel to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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nematic director is faster than the diffusion in the direction
perpendicular to the director in rod-like particles in the liquid
crystal colloid phase, while the opposite tendency can appear in
plate-like liquid crystal colloids. Experimental studies on
dynamics of rod-like colloids in LC phases were
performed;28,32–34 however, the dynamics of plate-like colloids
were only studied for isotropic and lamellar phases.35–37 The
experimental measurement for the columnar colloidal liquid
crystals composed of plate-like particles has not yet been per-
formed. It is expected that the dynamical behavior of well-
controlled plate-like colloids in the LC phase can provide
signicant information for understanding colloidal dynamic
properties.

Here, we report new colloidal liquid crystals formed by
biomineralization-inspired hybrid plate-like nanoparticles and
their dynamical properties using XPCS (Fig. 1). We also show
that acidic molecules of sodium dodecyl sulfonate (SDS) and
Fig. 1 Schematic illustration of the synthesis of a columnar colloidal
liquid crystal and characterization. (a) Synthetic approach towards
CaCO3 nanoplates using organic templates combining SDS and PAA
molecules inspired by biomineralization. (b) Size fractionation of
narrow-disperse nanoplates from wide-disperse nanoplates by
centrifugation and characterization using X-ray scattering techniques.

© 2023 The Author(s). Published by the Royal Society of Chemistry
PAA are available as a new synthetic template mixture for the
preparation of colloidal CaCO3 nanoplates (Fig. 1a).
2 Results and discussion

We have developed a biomineralization-inspired method for
synthesizing CaCO3 nanoplates (Fig. 1a). Furthermore, narrow-
disperse nanoplates were fractionated from wide-disperse
nanoplates by centrifugation processes, and the static struc-
tures and dynamical behavior were characterized using X-ray
scattering measurements (Fig. 1b).
2.1 Synthesis of nanoplates

The nanoplates were obtained by crystal growth of CaCO3 in
new bilayer templates. The procedure for preparing templates
using SDS and PAA molecules and subsequently synthesizing
nanoplates is shown below.

In the initial synthetic procedure, SDS and PAA molecules
were dissolved in an aqueous CaCl2 solution. The electrostatic
interactions among these molecular components and Ca2+ ions
resulted in the formation of layered structures of Ca2+ ions
covered with dodecyl sulfonate (DS−) bilayers that functioned as
a template for two-dimensional (2D) crystal growth of CaCO3.
The 2D morphologies of layered templates were conrmed by
scanning electron microscopy (SEM) observation (Fig. S1†). The
X-ray diffraction (XRD) measurements of the layered templates
revealed an interlayer distance of 30.1 Å, which was consistent
with the value previously reported (Fig. S2†).38 On the other
hand, no change of the interlayer distance was observed by
varying the concentration of PAA in the XRD patterns (Fig. S2†),
which suggests that PAA molecules existed outside the
templates. Thermogravimetric (TG) analysis showed the pres-
ence of organic compounds together with Ca2+ ions in the
template (Fig. S3†), and energy-dispersive X-ray spectroscopy
(EDS) analysis revealed a 1 : 2 molar ratio of Ca2+ ions to
sulfonate groups (Fig. S4†), which is well in accordance with the
layered structures.

The addition of Na2CO3 aer template formation was ex-
pected to induce dissociation of a part of the DS− molecules
from the Ca2+ ions in the template and replacement with the
CO3

2− ions, which induced the crystallization of CaCO3. We also
expected the residual DS− molecules to act as a template for 2D
crystal growth. In the time course of crystallization tracked by
XRD measurements and Fourier-transform infrared (FTIR)
spectroscopy (Fig. S5†), the peaks attributed to calcium dodecyl
sulfonate crystals were observed before the addition of Na2CO3,
whereas the peaks characteristic of calcite, which is a poly-
morph of CaCO3 crystals, appeared 1 h aer the addition of
Na2CO3. In 72 h, only the peaks for calcite crystals were iden-
tied, which shows that the crystal growth of CaCO3 was
completed in the templates.

Fig. 2 shows the SDS concentration dependence of the
morphology of the precipitates at a PAA concentration of
0.14 wt%, which was observed by SEM. When the SDS concen-
tration was over 80 mM, plate-like crystals were obtained. For
a concentration below 80 mM, no plate-like particles but thick
Nanoscale Adv., 2023, 5, 3646–3654 | 3647



Fig. 2 SEM images of precipitates prepared at different SDS concentrations of (a) 160 mM, (b) 80 mM, (c) 40 mM, and (d) 0 mM with the
corresponding shape illustrations. All the precipitates were obtained at a PAA concentration of 0.14 wt%.
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aggregates and dumbbell-shaped crystals were formed due to
the absence of 2D templates. The effects of the concentration of
PAA were examined as shown in Fig. S6,† the SEM images of the
precipitates at an SDS concentration of 80 mM. In the absence
of PAA, larger plates were formed (Fig. S6a†), which suggests
that PAA molecules suppressed excessive crystal growth of
CaCO3 and imparted a uniformity in the particle size. When the
PAA concentration increased from 0.14 to 0.29 wt%, no dened
crystal morphologies were observed (Fig. S6c†) probably
because PAA interfered with DS− binding with Ca2+ ions, and
inhibited the formation of 2D templates. The inorganic/organic
composite structures of nanoplates were examined by TG
analysis. Organic compounds and CaCO3 decomposed at
around 200 and 600 °C, respectively, and the weight fraction of
organic components in the template was estimated to be
11.4 wt% (Fig. S7†). The EDS analysis revealed a molar ratio of
Ca2+ ions to sulfonate groups of 1 : 0.04 in the nanoplate
particles (Fig. S8†). This ratio means that 4.84 DS− molecules
per 1 nm2 were adsorbed on the surfaces of the nanoplates. The
dense DS− molecules can form bilayers on the nanoplate
surfaces. Indeed, the zeta potential of the particle surfaces was
−23.4 ± 6 mV, and the negative electrostatic forces stabilized
colloidal dispersion (Fig. S9†).

Tuning the SDS concentration to 80 mM and the PAA
concentration to 0.14 wt%, we have successfully achieved the
synthesis of plate-like CaCO3 crystals as shown in the SEM
image in Fig. 3a. The CaCO3 nanocrystals affected by the
organic matrix exhibit thin nanoplate morphologies. In the
synthetic processes, SDS and PAA played signicant roles in the
morphological control of the CaCO3 nanoplates. Although the
shape of the nanoplates was inhomogeneous, the maximum
3648 | Nanoscale Adv., 2023, 5, 3646–3654
widths and the thicknesses were estimated to be 118 ± 40 nm
and 17.4 ± 3.5 nm, respectively, based on the SEM observations
(Fig. 3b and c). The relative standard deviations of the
maximum width sw and the thickness st were 34% and 20%,
respectively. The nanoplates had a broad width distribution and
were named as wide-disperse nanoplates. If nanoplates with
a narrower size distribution were obtained, deeper analysis of
the structure and dynamical behavior would be expected. By
further centrifuging the supernatant of the wide-disperse
nanoplates, nanoplates with a narrower width distribution
were fractionated (Fig. 3d), and were namednarrow-disperse
nanoplates. In this case, the maximum widths and the thick-
nesses were estimated to be 97 ± 22 nm and 14.9 ± 3.7 nm,
respectively (Fig. 3e and f) and the relative standard deviations
of the maximum width sw and the thickness st were 23 and
25%, respectively, indicative of the signicant reduction in the
polydispersity of the maximum width compared with that of
wide-disperse nanoplates. The polydispersity changes were also
observed as the difference in optical transparency for the
colloidal dispersions of wide-disperse and narrow-disperse
nanoplates (Fig. S10†).
2.2 Static and dynamic characterization by X-ray scattering
measurements

The self-assembly of dispersed nanoplates resulted in the
formation of specic morphologies. While forming a specic
morphology, the nanoplates are not completely stationary, but
dynamically uctuate due to the thermal motion of the solvent
molecules. Both static structures and dynamic properties are
important for their functional properties. To investigate these
properties, we conducted coherent X-ray scattering
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Characterization of wide-disperse nanoplates in comparison with narrow-disperse nanoplates. (a) and (d) SEM images of (a) wide-
disperse and (d) narrow-disperse nanoplates after size fractionation. (b) and (e) The histograms for the maximum widths and (c) and (f) thick-
nesses of (b) and (c) wide-disperse and (e) and (f) narrow-disperse nanoplates.

Paper Nanoscale Advances
measurements in the small-angle X-ray scattering (SAXS)
geometry (see Section 4.3 for details). This setup enabled us to
analyze both the static structure and dynamic properties under
the same conditions. By analyzing scattering images obtained
from a certain exposure time, we could evaluate the static
structures through SAXS proles. Meanwhile, we performed
Fig. 4 POM images of colloidal dispersions of (a) wide-disperse nanop
narrow-disperse nanoplates at different concentrations of 18.8 vol%, 21.

© 2023 The Author(s). Published by the Royal Society of Chemistry
XPCS analysis on the uctuations of scattering images obtained
through time-resolved measurements to evaluate dynamics.

2.2.1 SAXS measurements of the colloidal LC structures.
The self-assembly of wide-disperse and narrow-disperse nano-
plates into colloidal solutions was investigated by polarizing
optical microscope (POM) (Fig. 4) and SAXS measurements
lates at different concentrations of 27.4 vol% and 29.8 vol%, and (b)
9 vol% and 23.7 vol%. A: analyzer; P: polarizer.

Nanoscale Adv., 2023, 5, 3646–3654 | 3649



Fig. 5 (a) and (b) Structure factors S(q) of colloidal dispersions of (a) wide-disperse nanoplates at 29.8 vol% and (b) narrow-disperse nanoplates at
21.9 vol% with a fitted baseline at around q = 0.1 nm−1. The inset presents the concentration (4) dependences of correlation lengths. (c) and (d)
Schematic illustrations of the self-assembled LC states of (c) wide-disperse and (d) narrow-disperse nanoplates in the colloidal dispersions at
29.8 vol% and 21.9 vol%, respectively, with the correlation lengths da, db, and dc estimated from the peak of S(q).

Nanoscale Advances Paper
(Fig. 5, S11 and S12†). In the POM observations in their dilute
colloidal dispersions, uidic birefringence was partially
observed at a concentration of 27.4 vol% for wide-disperse
nanoplates and at a concentration of 18.8 vol% for narrow-
disperse nanoplates, respectively. These observations show
that nanoplates gained orientational orders in their concen-
trated colloidal dispersions, forming coexisting isotropic/LC
phases. LC textures were observed in the whole area at higher
concentrations over 29.8 vol% and 21.9 vol% for the wide-
disperse and narrow-disperse nanoplates, respectively, indica-
tive of the formation of homogeneous LC phases.

In the SAXS measurements, isotropic 2D images were ob-
tained at all the measured concentrations for both wide-
disperse and narrow-disperse nanoplates (Fig. S11a and
S12a†). It indicates that even in the LC phase, the domain size is
sufficiently smaller than the X-ray irradiation volume (ca. 0.02×
0.02 × 2 mm3). The intensity proles I(q), where q is the scat-
tering vector, showed differences between wide-disperse and
narrow-disperse nanoplates (Fig. S11b and S12b†). The struc-
ture factor S(q) can be obtained by dividing I(q) by that for the
diluted dispersion (Fig. S11c and S12c†). The representative S(q)
for wide-disperse nanoplates at 29.8 vol% and narrow-disperse
nanoplates at 21.9 vol% is shown in Fig. 5a and b, respectively.
S(q) for the wide-disperse nanoplates has only one peak at q =

0.067 nm−1. This suggests that the LC phase of the wide-
disperse nanoplates was a discotic nematic (ND) phase, with
3650 | Nanoscale Adv., 2023, 5, 3646–3654
an average interparticle distance (da) of 94 nm as schematically
shown in Fig. 5c. On the other hand, for the narrow-disperse
nanoplates, S(q) has a peak and a shoulder at different q
values of around 0.220 nm−1 and 0.103 nm−1, respectively. This
suggests that the LC phase of narrow-disperse nanoplates was
a columnar nematic (NC) phase, with an intra-columnar
distance (db) of 29 nm and an inter-columnar distance (dc) of
61 nm as schematically shown in Fig. 5d.39–41 Reasonably, the
intra-columnar and inter-columnar distances were larger than
the thickness and the minimum width of the nanoplates,
respectively. db decreased on increasing the concentration
although dc had no clear concentration dependence (Fig. 5b
inset). The lack of a clear concentration dependence of dc can be
due to the inhomogeneous in-plane morphologies of the
nanoplates.

Similar SAXS proles suggesting two short-range orders were
previously observed in columnar nematic phases for plate-like
particles such as Al(OH)3 nanoplates,39 Sb3P2O14

3− nano-
sheets,40 and CeF3 nanodisks.42 A Schlieren texture similar to
that in Fig. 4b was also observed by POM in a columnar nematic
phase of lyotropic discotic liquid crystals.43 These previous
reports support the presence of the columnar nematic phase for
narrow-disperse nanoplates, which were analyzed combining
POM and SAXS.

2.2.2 XPCS measurements of colloidal liquid crystals. The
dynamical behavior of the colloidal liquid crystals was studied
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 (a) and (b) Time autocorrelation functions g2(q, t) at q = 0.0426
nm−1 for the colloidal dispersions of wide-disperse nanoplates at
different concentrations of 27.4 vol% and 29.8 vol% (a), and narrow-
disperse nanoplates at different concentrations of 18.8 vol%, 21.9 vol%
and 23.7 vol% (b). (c) Laplace transform of the g2(q, t) for the colloidal
dispersions of narrow-disperse nanoplates at different concentrations.
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by XPCS measurements. In the XPCS measurements, the uc-
tuation of the scattering intensity I(q, t) at a scattering vector q
was obtained over a time series t, and the intensity time auto-
correlation function was calculated as

g2(q, t) = hI(q, t′)I(q, t′ + t)i/hI(q, t′)i2, (1)

where q = jqj and the angle brackets indicate time averaging.
Fig. 6a shows g2 at q = 0.0426 nm−1 as representative data for
the colloidal dispersions of wide-disperse nanoplates at
different concentrations of 27.4 and 29.8 vol%. All themeasured
g2 were well expressed with the following expression

g2(q, t) = b exp [−2(Gt)a] + 1, (2)

where b is the speckle contrast (∼0.05–0.06) determined by the
experimental condition, and G and a are the relaxation rate and
stretched exponent (a < 1), respectively. The obtained G and
a show no clear concentration and q dependence (Fig. S13†).
The ND phase formed from wide-disperse nanoplates showed
extremely stretched relaxations, probably due to the size poly-
dispersity and the less ordered structure.

Fig. 6b shows the plots of g2 at q = 0.0426 nm−1 as repre-
sentative data for the colloidal dispersions of narrow-disperse
nanoplates at different concentrations of 18.8, 21.9, and
23.7 vol%. The relaxation slowed down on increasing the
concentration. The signicant slowdown on increasing the
concentration, despite the small change in the interparticle
distance, is a similar feature to that of our previously reported
nanorod colloidal liquid crystals.28 Focusing on g2 at 23.7 vol%,
inection points that indicate the existence of several relaxation
modes were found, rather than extremely stretched relaxation
as observed in the wide-disperse systems. Therefore, we per-
formed Laplace transform analysis to decompose the relaxation
modes. The Siegert relationship relates g2 to the intermediate
scattering function g1,44

g2(q, t) = b[g1(q, t)]
2 + 1. (3)

We performed the Laplace transform via CONTIN analysis
for the experimentally obtained g2.45 In the analysis, g1 was
expressed by using the following function with a continuous
distribution of exp(−gt) given by

g1(q, t) = A
Ð
H(q, g)exp(−gt)dg, (4)

where A is a constant value and H(q, g) is the spectral density
function. As shown in Fig. 6c, the number of peaks in H(q, g)
transformed from g2 at q = 0.0426 nm−1 increased from one to
three on increasing the concentration from 18.8 vol% to
23.7 vol%. The concentration dependence on the peak number
was common in all the other measured q ranges.

Based on the results of the Laplace transform analysis, we
performed the tting analysis by substituting the following g1
into eqn (3),

g1ðq; tÞ ¼
Xp

i¼1

Ci exp½ �ðGitÞai � (5)
© 2023 The Author(s). Published by the Royal Society of Chemistry
where Ci is the constant value, Gi is the relaxation rate, ai is the
stretched or compressed exponent, and i = 1, 2, and 3 repre-
sents the number of individual dynamics in the order from the
slowest to the fastest rate at each concentration, respectively.

The obtained q dependences of Gi and ai are shown in Fig. 7.
For a concentration of 23.7 vol%, three relaxation modes were
obtained. The q dependences of Giwere G1f q1.28 and G2f q1.19

for the two slow modes, and G3 had no clear q dependence for
the fast mode (Fig. 7a). Note that the exponents of ai (i = 1, 2, 3)
should be regarded as ai > 1 although they approximately take 1
because ai could be reduced by the effect of the particle size
Nanoscale Adv., 2023, 5, 3646–3654 | 3651
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polydispersity which was more than 20% even in the narrow-
disperse systems as shown in Fig. 3. The behaviors of Gi f qn

(n < 2) and ai > 1 (i = 1, 2) can be attributed to hyperdiffusive
motions, which have been frequently observed in concentrated
particle systems such as colloidal glasses and gels, due in part to
a series of discrete rearrangement events.46 On the other hand,
Fig. 7 XPCS analyses of the dynamics of NC phases for narrow-
disperse nanoplates. q dependences of relaxation rates G with the
fitted curves for colloidal dispersions of narrow-disperse nanoplates at
different concentrations of 23.7 vol% (a), 21.9 vol% (b), and 18.8 vol%
(c). q dependences of exponents a are shown in the insets. Some of
the downward error bars are omitted in 21.9 vol% (b) to avoid
complicating the drawing.

3652 | Nanoscale Adv., 2023, 5, 3646–3654
G3, which is q-independent and much faster than the other two
modes, may originate from a rotational diffusion, in reference
to past studies for plate-like colloids.36,37

For 21.9 vol%, two different types of motion were observed.
The faster dynamics (G2) behaved as G2 f q4.85, a2 < 1 as shown
in Fig. 7b. The behavior of G2 f qn (n > 2) and a2 < 1 can
represent the subdiffusive motions which have been observed
in systems where particle motions are constrained.47–50 On the
other hand, the slower dynamics (G1) behaved as G1 f q2.15, a1
∼ 1, representing almost simple diffusive motion. These
behaviors are quite different from those for 23.7 vol%. The
differences may arise from the increased inter-particle distance.
As the inter-particle distance increases, the effect of the elec-
trostatic interaction increases relative to the effect of excluded
volume due to particle collisions. In such a situation, individual
nanoplates can be trapped in cages, keeping a constant distance
from the neighboring nanoplates under an electrostatic repul-
sive force. Such a cage effect based on inter-particle interactions
suppresses diffusive motions of the particles, resulting in sub-
diffusive behaviors.48,50,51 The behaviors of the individual
nanoplates changed from hyperdiffusive to subdiffusive
dynamics when the concentration decreased from 23.7 to
21.9%, as with the case of a dense colloidal ellipsoid system.34

The subdiffusive dynamical behavior observed at 18.8 vol%, G1

f q3.44, a1 < 1 (Fig. 7c), is also understood to be due to the effect
of trapping by the electrostatic interactions. The change from
hyperdiffusive to subdiffusive motion with increasing inter-
particle distance might be universal in certain dense colloidal
systems. There are only a few reported studies, and further
investigation is needed.

The dynamics of anisotropic colloidal particles is governed
by a complex interplay of factors such as particle shape, size,
interparticle distance, excluded volume effects, electrostatic
interactions, and hydrodynamic interactions. Despite the
limited experimental data available on the dynamics of aniso-
tropic particles, simulation studies have been vigorously con-
ducted with the developing calculations of interparticle
interactions.29–31,52,53 Combined with ndings from experiments
and simulations, it would be possible to gain a deeper under-
standing of anisotropic particle dynamics.

3 Conclusions

In conclusion, we have prepared CaCO3 nanoplates with
uniform thickness by a bio-inspired method using organic
molecular templates combining SDS and PAA for 2D crystal
growth of CaCO3. The narrow-disperse nanoplates were isolated
through size-fractionation using centrifugation. The POM and
SAXS measurements revealed that the narrow-disperse nano-
plates formed the NC phase instead of the ND phase without
columnar structures. In the NC phase, three distinct non-
diffusive dynamics were claried with the XPCS-based analyt-
ical techniques combined with the Laplace transform for the
designed colloidal liquid crystals with simpler and slower
dynamics than molecular liquid crystals. These dynamical
behaviors were analyzed in association with the relaxation rates,
the q dependences of the relaxation rates, and the magnitudes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the stretched or compressed exponents. We believe that our
experimental analyses will disclose underlying mechanisms in
the dynamic and responsive phenomena of self-organized
supramolecular columnar assemblies, contributing to their
further functionalization.

4 Experimental
4.1 Synthesis of the nanoparticles

A 160 mM aqueous SDS (obtained from Wako) solution con-
taining PAA (MW = 2.0 × 103, 2.9 × 10−1 wt%, obtained from
Polysciences) was mixed with an equal volume of 200 mM
aqueous CaCl2 (obtained from Wako) solution. Aer 1 h of
vigorous stirring of the mixed solution, an equal volume of
100 mM aqueous Na2CO3 (obtained from Kanto Chemical)
solution was added, and the mixture was stirred for 5 days at
room temperature. The resulting colloidal solution was ltered,
and the residual precipitates were then centrifuged for 15 min
at 10 000 rpm.

To remove excess salts, the precipitates were dispersed in an
equal volume of 40 mM aqueous SDS solution and centrifuged
again for 15 min at 10 000 rpm. Subsequently, an aqueous
solution of 40 mM SDS was added to the precipitates to obtain
colloidal dispersions of wide-disperse nanoplates with adjusted
nanoplate concentrations.

The supernatant aer collecting wide-disperse nanoplates
was further centrifuged for 90 min at 10 000 rpm. Then, the
sediment was dispersed in an equal volume of 40 mM aqueous
SDS solution and centrifuged again for 90 min at 10 000 rpm.
Finally, narrow-disperse nanoplates with adjusted nanoplate
concentrations were obtained by addition of an aqueous solu-
tion of 40 mM SDS to the sediment.

4.2 Characterization of the nanoparticles

XRD patterns were recorded using a SmartLab (Rigaku)
diffractometer with Cu Ka radiation. FTIR spectra were recor-
ded on a Jasco FT/IR-6100 spectrometer (Jasco) with the KBr
method. TG measurements (Rigaku, TG-8120) were performed
up to 1000 °C at a heating rate of 10 °C min−1 under an air ow
(100 mL min−1). The optical properties of the samples were
observed using a POM (Olympus, BX53). The crystal morphol-
ogies were examined using SEM (Hitachi, S-4700) aer applying
conductive treatment with a Hitachi E-1030 ion sputterer.
Transmission electron microscope (TEM) observations were
performed with a conventional TEM (JEOL, JEM-2000EX and
JEM-2800, operated at 200 and 100 kV, respectively). The EDS
analyses were conducted with a selected-area electron probe, for
supporting grid free 2D templates and wide-disperse CaCO3

nanoplates. Zeta potential measurements were conducted with
a Zetasizer (Nano-ZS, from Malvern Instruments Ltd). UV-vis
transmittance spectra were recorded using a JASCO FS-110
spectrometer.

4.3 X-ray scattering measurements

The SAXS and XPCS measurements were conducted on
BL29XUL at SPring-8.54 The undulator source and Si(111)
© 2023 The Author(s). Published by the Royal Society of Chemistry
monochromator were tuned to an energy of 12.40 keV and
higher harmonic X-rays were removed using Pt-coated mirrors.
The sample was irradiated with partially coherent X-rays ob-
tained by passing the beam through 20 × 20 mm2 slits. The
scattered X-rays were detected using an EIGER 1 M 2D detector
(Dectris, Switzerland) mounted approximately 6 m downstream
of the sample. For X-ray scattering measurements, the samples
were sealed in 10 mm-thick quartz capillary tubes with a diam-
eter of 2 mm. All the X-ray scattering measurements were con-
ducted aer 2 or 3 days aer sealing at room temperature.

The SAXS and XPCS data were obtained from the same
sample and setup. The SAXS analysis of the static structure was
performed from scattering images obtained with an exposure
time of 1 s. On the other hand, the XPCS analysis of the dynamic
behavior was performed by the time-resolved measurements of
10 000 frames with an exposure time of 1 ms.
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