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Abstract

Biominerals such as bones and teeth have elaborated nanostructures composed of aligned
anisotropic hydroxyapatite (HAp) nanocrystals, which results in high mechanical properties.
Construction of such ordered structures of HAp nanocrystals is challenging in synthetic materials.
Recently, we found that HAp-nanorods-based colloidal liquid crystals are obtained. In the present
study, the static structure and dynamics of liquid-crystalline (LC) colloidal dispersions of HAp
nanorods are investigated by small-angle X-ray scattering (SAXS) and X-ray photon correlation
spectroscopy (XPCS). The SAXS results reveal that the interparticle distance decreases with
increasing a certain HAp concentration, ¢ya,, and the decrease of the interparticle distance for the
short-axis direction is significantly smaller in the LC phase than the interparticle distance in the
isotropic phase. In the dynamical studies of the LC phase using XPCS, we observe the diffusive
motion of the HAp colloids, with the diffusion coefficient being dependent on the wave number.
The diffusive motion slows down with increasing ¢ya,. We observe anisotropic dynamics after
long-term storage (160 days after sealing), whereas only isotropic dynamics are observed in the
initial XPCS measurements after short-term storage (14 days after sealing). Moreover, we have

found that the dynamics slows down with increasing storage time.
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Introduction

In nature, biominerals such as bones and teeth have well-organized structures composed of
anisotropic hydroxyapatite (HAp).12 It is interesting to achieve such sophisticated assembled and
hybrid structures of nanocrystals for development of new functional materials.>*> Recently, we
reported new colloidal liquid crystals based on HAp nanorods, which form aligned films of HAp
nanorods.® This liquid crystal is a biocompatible ordered material. Detailed analyses for the
liquid-crystalline (LC) ordered structures and dynamics are important for control of the properties
of these HAp-based hybrid materials.

Here we report the static structure and dynamics of colloidal LC dispersions of HAp nanorods
investigated by small-angle X-ray scattering (SAXS) and X-ray photon correlation spectroscopy
(XPCS). The evaluation of the correlation between the static structure and dynamics in a
concentrated anisotropic particle dispersion system is described.

The static structure and dynamics of anisotropically shaped particles dispersed in a liquid
provide important information as models of anisotropic systems such as polymers and viruses.”?
The diffusive behavior of rod-like particles has been investigated by various techniques such as
time-resolved fluorescence video microscopy,’!%!! dynamic light scattering (DLS),'? depolarized
DLS, and multipolarization DLS.!3!415 Extensive numerical simulation studies have also been
performed using Brownian dynamics, molecular dynamics,!®!7!® and Monte Carlo methods.
19.2021 Tn most of these experimental and simulation studies, the diffusion coefficients were
evaluated separately in the long- and short-axis directions under various conditions, and in some
of these studies, the rotational behavior was thoroughly discussed. Although the diffusion
coefficients were evaluated as constant values in most of these studies, the diffusion coefficient
in a concentrated dispersion system is not constant but depends on the wave number ¢, owing to
the influence of interparticle correlation as has been discussed for spherical particles.
22,23,24.25,26,2728 To observe such behavior in optically opaque samples, it is necessary to monitor
the fluctuation of the particles for a sufficiently large range of ¢. X-ray scattering techniques are
powerful tools owing to the high penetration depth of X-rays into materials. Information regarding
the static structure and dynamics can be obtained by SAXS measurements and XPCS, respectively,
two techniques with a very similar measured g range. The principle of XPCS is basically the same
as that of DLS and this method permits the dynamics to be measured up to a relatively high ¢ for
concentrated particle dispersion systems using partially coherent X-rays. Several pioneering
studies investigating the dynamics of anisotropic particles by XPCS have been performed.
Holmgqvist et al. investigated the dynamics of concentrated charged gibbsite platelets and
successfully evaluated the rotational modes.?’ Wagner et al. investigated the diffusive motion of
magnetic rod-like particles in an external magnetic field and discussed the dependence of the

anisotropic diffusion coefficient on the aspect ratio.3? In these studies, since the measured ¢ range
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was relatively narrow or a dilute dispersion was used, there was no need to consider the influence

of interparticle correlation on the diffusion coefficient.

Experimental

Six aqueous HAp colloidal dispersions with different concentrations were prepared.
These were obtained by mixing aqueous CaCl, and K;PO, solutions in the presence of
poly(acrylic acid) (PAA; M,, = 2.0 x 103) as an additive; the preparation method was
described in detail in the previous paper.® The colloidal particles produced by this method
form nanorods consisting of HAp and PAA with a length of approximately 100 nm and a
width of approximately 20 nm. The concentrations of HAp, s, in the prepared
dispersions were 3.8, 5.0, 6.3, 6.5, 7.5, and 8.7 vol %, and the concentrations combined
with PAA were 5.6, 7.3, 9.2, 9.6, 11.0, and 12.7 vol %, respectively, as determined by
thermogravimetric measurements. Polarized optical microscopy revealed that the
dispersions existed as the isotropic phase at ¢ya, = 3.8, 5.0, and 6.3 vol % and as the LC
phase (nematic phase) at ¢ya, = 6.5, 7.5, and 8.7 vol %. For the X-ray scattering
measurements, the samples were sealed in 10-um-thick quartz capillary tubes with a
diameter of 2 mm. All of the X-ray scattering measurements were conducted at room
temperature.

The SAXS measurements were performed on beamline BLO5SXU at SPring-8 (Hyogo,
Japan). The undulator source and Si(111) monochromator were tuned to an energy of 8.00
keV, the X-ray beam was focused around the detector position, and higher harmonic X-
rays were removed using Rh-coated mirrors. The scattered X-rays were detected using a
PILATUS 1M detector (Dectris, Switzerland) mounted approximately 4.4 m downstream
of the sample. To investigate the static structure change depending on the stationary
period, the SAXS measurements were performed twice. The first measurements were
conducted for short-term storage samples (15 days after sealing) and the second
measurements were conducted for long-term storage samples (185 days after sealing).

The XPCS measurements were conducted on beamline BL29XUL at SPring-8.3! The
undulator source and Si(111) 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 obtained by passing the beam through 20 x 20
um? slits, and the scattered X-rays were detected using an EIGER 1M two-dimensional
detector (Dectris, Switzerland) mounted approximately 5.4 m downstream of the sample.
During the XPCS measurements, the fluctuation of the scattering intensity, 1(q,t), at a
scattering vector q was obtained in a time series, #, and the intensity time autocorrelation

function g,(g,f) was evaluated as
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92(q.t) = (1(q)1(qt + O)/{1(q)):, (1)

where g = |q| and the angle brackets indicate time averaging. To investigate the change
in dynamics due to the storage period, the XPCS measurements were performed for both
short-term storage samples (14 days after sealing) and long-term storage samples (160
days after sealing). Since the relaxation of g,(g,f) in the isotropic phase was faster than
the measurable time range, only the data for the LC phase is presented. For both the SAXS
and XPCS measurements, data were acquired for multiple (10-20) irradiation positions
within the range of 5 mm, all of which were located more than 5 mm from the bottom of
the capillary tube. Since the irradiation position was found to have a negligible influence
on the measurements, the data presented herein were obtained by averaging the
measurements at multiple irradiation positions, except for the scattering images and
profiles thereof. The error bars depicted in the subsequent graphs were obtained from the

data deviations of those multiple measurements.

Results and discussion
Static structure

Figure 1 presents representative scattering data obtained from the short-term storage
samples. The scattering image obtained from the sample with @ya, = 5.0 vol % is shown
in Fig. 1(a). The isotropic pattern of the SAXS image indicates that the particles have no
preferential orientation (Fig. 1(b)), and the g value of the ring-shaped peak corresponds
to the average interparticle distance. Similar isotropic scattering images with shifts of the
peak position were observed for the other two samples existing as isotropic phases with
Prap = 3.8 and 6.3 vol %. Figure 1(c) shows the circularly averaged intensity profile with
respect to g obtained from Fig. 1(a), revealing a maximum at g ~ 0.15 nm %, and from
this, the average interparticle distance was estimated as d = 42 nm.

The scattering image obtained from the sample with @y, = 8.7 vol % is presented in
Fig. 1(d). This image exhibits an anisotropic pattern due to the orientation of the particles
(Fig. 1(e)), unlike the scattering images obtained for the isotropic phase. Considering the
anisotropy of the particle shape, the directions ¢, and q, (indicated in Fig. 1(d))
correspond to the long- and short-axis directions, respectively. The scattering intensity
profiles obtained by averaging in the regions of ¢, and q, are shown in Fig. 1(f). The
profile in the g, direction contains a peak at g, ~ 0.19 nm ~!, which corresponds to
an interparticle distance of d = 33 nm in the short-axis direction. The profile in the g,
direction contains two peaks at g, ~ 0.07 nm 1 and 0.19 nm . The peak at the

lower value of ¢ is considered to correspond to the interparticle distance in the long-axis
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direction. The peak at the higher value of ¢ is considered to originate from the interparticle
distance in the short-axis direction in the minor domains with different orientations within
the beam irradiation volume, since the peak position is almost identical to that observed
for the peak in the g, direction.

Figure 2 shows the concentration dependence of the interparticle distance obtained
from analysis of the SAXS images. For the isotropic phase with low concentration,
interparticle distances of d = 49.0, 42.4, and 37.6 nm were obtained for @ya, = 3.8, 5.0,
and 6.3 vol %, respectively. Thus, the interparticle distance clearly decreased with
increasing concentration. In contrast, for the LC phase, the values of d in the short-axis
direction were determined to be 34.8, 34.4, and 32.9 nm for @ya, = 6.5, 7.5, and 8.7 vol %,
respectively, the variation of which is relatively small. Moreover, the values of d in the
long-axis direction did not exhibit a clear dependence on the concentration, with d =93 .4,
87.7, and 93.2 nm for ¢yap, = 6.5, 7.5, and 8.7 vol %, respectively.

SAXS measurements were also performed for the long-term stationary samples. As
with the short-term stationary samples, isotropic scattering images were obtained for the
samples with @yap, = 3.8, 5.0, and 6.3 vol % and anisotropic images were obtained for the
samples with @yap, = 6.5, 7.5, and 8.7 vol %. The interparticle distances obtained from the
peak positions at each concentration are plotted in Fig. 2. For the isotropic phase, the
values of d were found to be almost identical to those for the short-term stationary samples.
In contrast, for the LC phase, the values of d in the short-axis direction were slightly lower
than those for the short-term stationary samples for all of the measured concentrations.
These results indicate the progress of particle packing in the short-axis direction in the
LC phase. On the other hand, the values of d in the long-axis direction did not exhibit a
clear dependence on the length of the stationary period. However, the error bars of d for
the long axis in the LC phase show quite a clear difference depending on the length of the
stationary period, which were obtained from the deviation of the data from the multiple
measurements at the different positions. The error bars of d for the long axis in the LC
phase for the short-term stationary samples were relatively large such as 1.4, 4.5 and
2.7 % for guap = 6.5, 7.5, and 8.7 vol %, respectively, whereas those for the long-term
stationary samples were 0.5, 0.6 and 0.4 % for ¢ya, = 6.5, 7.5, and 8.7 vol %, respectively.
Additionally, the error bars of d for the short axis in the LC phase for the short-term
stationary samples were 0.3, 0.5 and 0.4 % for ¢ya, = 6.5, 7.5, and 8.7 vol %, respectively,
whereas those for the long-term stationary samples were 0.2, 0.1 and 0.1 % for @y, =
6.5, 7.5, and 8.7 vol %, respectively. These significant decrease of error bars of d with
long-term stationary indicate the reduction of heterogeneity in the LC structure and the

progress of particle packing in both of the short- and long- axis direction in the LC phase.
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Moreover, the concentration dependence of d in the LC phase appears to become clear by
the long-term stationary, namely the value of d decreases with increasing @ya,, in both of
the long- and short- axis direction. Discussing only the long-term stationary samples, the
concentration dependence of d is larger in the long axis than in the short axis.

The packing behavior of colloidal particles may correlate to their orientation in the
LC phase. When evaluating the degree of orientation, the azimuthal scattering intensity
profile is conventionally discussed, the width of which should decrease with increasing
degree of orientation.?? Figure 3 shows the azimuthal scattering intensity profiles for the
peak of /(g) obtained at the high-g side and low-g side for the samples with @yap, = 6.5,
7.5, and 8.7 vol %. For the low-q side, the widths of the profiles hardly varied, as shown
in Figs. 3(a)—(c). For the high-¢ side, the profile width became smaller after long-term
storage for the samples with ¢ya, = 6.5 and 7.5 vol %, whereas it became larger for the
sample with @yap, = 8.7 vol %, as shown in Figs. 3(d)—(f). Based on these results, it appears
that the degree of orientation decreased for the sample with ¢ya, = 8.7 vol % and
increased for the samples with @yap, = 6.5 and 7.5 vol %. However, it should be noted that
the scattering images were obtained not from a single domain but from multiple domains
within the irradiation volume (~100 pm X 200 pm X 2 mm) because the orientation was
not deliberately induced but determined by gravity and the shape of the capillary tube.
The anisotropy of the SAXS images reflects the orientation of the domains with a
relatively large volume fraction. Thus, it cannot be definitively concluded that the degree
of orientation decreased for the sample with @yap, = 8.7 vol % solely based on the
increased width of the azimuthal intensity profile. Rather, considering that the
interparticle distance in the short-axis direction decreased, there exists the possibility that

the orientation in each domain was enhanced.

Dynamics in the LC phase
Figure 4 shows the measured time autocorrelation functions g,(q,t) at q =3.76 X
10 72 nm ~!, which were obtained from the XPCS measurements, for the short-term
stationary samples with ¢gya, = 6.5, 7.5, and 8.7 vol % in the LC phase. To evaluate the
anisotropy of the dynamics, g,(q / /,t) and g,(q ,,t) are depicted separately. All of the
g2(q,t) functions could be well fitted by a simple exponential function,
g2(qt) = Aexp (—2I't) + 1, (2)
where 4 is the speckle contrast (~ 0.04) and I' is the relaxation rate. Although g,(q / /,t)
and g,(q.,t) are plotted separately, the curves for the two functions were almost
identical throughout the measured range of ¢ values and no significant differences were

observed. This is probably because the orientation of the particles was not enough to
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observe the difference of the dynamics between in the long- and short-axis directions.
Since no anisotropy of the dynamics was observed for the short-term stationary samples,
the circularly averaged g,(q,t) data are analyzed in the following discussion for the
short-term stationary samples.

Figure 5 shows the ¢ dependence of I" obtained by fitting analysis using Eq. (2). The
plots reveal that I" exhibited the fastest relaxation for the sample with @ya, = 6.5 vol %.
The relaxation rate decreased with increasing concentration and I' monotonically
increased with ¢ for all of the measured concentrations, although a downwardly convex
hump was observed at approximately ¢ ~0.19 nm™! for the sample with ¢ya, = 8.7 vol %.
Figure 6(a) shows the g-dependent diffusion coefficients D(q), which were obtained
using the formula D(q) =T/q? For the sample with @y, = 8.7 vol %, D(q)
significantly decreased in the high-g region, and a minimum was observed at
approximately g = 0.2 nm™!. This minimum almost coincides with the position of the peak
observed in the SAXS profile shown in Fig. 6(b). Since the peak in the SAXS profile
represents the interparticle correlation of the nanorods in the short-axis direction, it can
be considered that the decrease in D(gq) due to the interparticle correlation was
successfully observed. In the intermediate-g region, slight decreases in D(q) were
observed at approximately ¢ = 0.07 nm™! for all of the measured concentrations. These
are also considered the effects of interparticle correlation in the long-axis direction.

At all of the measured concentrations, D(q) was constant in the low-g region
(g < 0.05 nm ~1); that is, I” was proportional to ¢ in the region of negligible interparticle
correlation. Because of this, and because g,(q,t) could be fitted with a simple
exponential function (Eq. (2)), the observed relaxation behavior is assumed to originate
from simple Brownian motion of the colloidal particles. In the case of rod-like particles,
the diffusion coefficient can be expressed as Do = (D;, +2D ,)/3, where D;, and D
are the diffusion coefficients in the long- and short-axis directions, respectively.’? In the
present case, D, was estimated as 5.32 x 10%, 2.94 x 10% and 0.94 x 10* nm? s!
for the samples with @ya, = 6.5, 7.5, and 8.7 vol %, respectively.

Next, the XPCS data obtained for the long-term storage samples are discussed. Figure
7 shows g,(q / /,t) and g,(q,,t) for the long-term stationary samples at q = 4.76 X
10 2nm L. For all of the measured concentrations, g,(q / /,t) exhibited faster
relaxation than g,(q , ,t), which indicates the occurrence of faster dynamics in the long-
axis direction than in the short-axis direction. Although satisfactory fitting of g,(q / /,t)
and g,(q .,t) could not be obtained using Eq. (2), the two functions could be well fitted

using the following stretched exponential function:
g2(q;t) = Aexp [ -2(Tt)"] + 1, 3)
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where the averaged stretching value y was 0.7, 0.6, and 0.4 for the samples with @yap, =
6.5, 7.5, and 8.7 vol %, respectively. The finding that g,(q,t) could be fitted using Eq.
(3) but not Eq. (2) suggests that the observed dynamical behavior is no longer simple
Brownian motion. It is considered that a change in the packing or orientation of the
particles upon long-term storage may have affected the dynamical behavior of the
particles.

Figure 8 shows the ¢ dependence of I" obtained by fitting analysis using Eq. (3). The
plots reveal that the I" obtained from q,, was faster than the I" obtained from ¢, atall
of the measured concentrations and throughout all of the measured range of g. Figure 9
shows the behavior of D(q) calculated using T'/q?. The plots reveal that D(q / /) > D(
q.), and a local minimum due to the interparticle correlation was observed at
approximately ¢ = 0.2 nm ™! for the sample with ¢ya, = 8.7 vol %. In previous studies, the
diffusion coefficients were separately evaluated for the long- and short-axis directions of
the nematic phase. %10-3435 Compared with these previous results, the difference between
D(q;/) and D(q,) obtained herein is much smaller. This may be because the dynamics
observed in this study originated not from a single domain but from the multiple domains
present within the irradiation volume (~20 pm X 20 uym X 2 mm).

Compared with D(q) obtained from the short-term storage samples, slower
dynamics were observed for the long-term storage samples. The degree of slowing down
was dependent on the concentration. Although the change in D(q) was relatively small
for the sample with @ya, = 6.5 vol %, D(gq) reduced by about half for the sample with
Puap = 7.5 vol %. Moreover, for the sample with ¢ya, = 8.7 vol %, D(q) became an
order of magnitude smaller compared with the short-term storage sample. This
phenomenon of slower dynamics over time has been previously reported for LC polymer
melts by Gochanour and Weinberg.’® They investigated the variation in rheological
properties as a function of time at constant temperature and found that the viscosity
increased with time. Although a coherent explanation for this phenomenon was not
provided, one possibility noted by the authors is that the crystalline structure became
larger or more perfect over time.

Considering that the difference in D(q) between the short-term storage samples and
long-term storage samples increases with increasing @uap, it can be assumed that
cooperative motion occurs in addition to the individual diffusive motion. From this
perspective, it is possible to rationalize the behavior of D(q) at high g for the sample
with @yap = 8.7 vol %, which was higher than at low g. It can be assumed that D(q) at
low ¢ is sensitive to the cooperative motion, whereas D(q) at high ¢ reflects the

individual dynamics of the particles and exhibits fast behavior.
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Conclusions

The static structure and dynamics of aqueous HAp colloids, which undergo a phase
transition between the isotropic and LC phases above a certain concentration, were
investigated by SAXS and XPCS. We performed measurements for short-term stationary
samples and long-term storage samples and examined the changes observed in the
samples depending on the storage period.

In the studies of the static structure, the concentration dependence of the interparticle
distance was evaluated. For the isotropic phase, the interparticle distance noticeably
decreased with increasing particle concentration. In contrast, for the LC phase, the
concentration dependence of the interparticle distance was relatively minor in the short-
axis direction and no clear trend was observed in the long-axis direction. After long-term
storage, we observed a decrease in the interparticle distance in the short-axis direction,
which implies an improvement in the colloidal packing in the short-axis direction.

In the studies of the dynamics, for the short-term storage samples, simple Brownian
motion was observed in the low-¢q region, and the diffusion coefficients were estimated
as constant values at each concentration. In contrast, in the high-¢ region where the
interparticle correlation is considerable, decreases in the diffusion coefficients were
observed. Thus, we obtained the diffusion coefficients depending on q. For the long-term
storage samples, we observed anisotropic dynamics, which implies an enhanced degree
of orientation in each domain after long-term storage. Moreover, we observed slower
dynamics, the degree of which was dependent on the concentration. This is also assumed
to be attributable to the enhancement of the colloidal packing and degree of orientation.

In this study, the anisotropy of the dynamics was observed for the particle orientation
induced by gravity or the cell shape. This degree of orientation was not sufficient to
permit a quantitative discussion of the individual diffusion coefficients in the short- and
long-axis directions. It has been reported that the orientation of HAp nanorods can be
controlled using an external magnetic field.® The utilization of such a method to forcibly
orient the particles would be expected to allow a more sophisticated discussion of the

degree of orientation and g-dependent diffusion coefficient.
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Fig. 1. Representative scattering data obtained for the short-term stationary samples. (a)
Scattering image, (b) schematic illustration of HAp nanorods in aqueous colloidal
dispersion and (c) circularly averaged intensity profile /(g) for the sample with @ya, = 5.0
vol %. (d) Scattering image, (e) schematic illustration of HAp nanorods in aqueous
colloidal dispersion and (f) circularly averaged intensity profile /(g) for the sample with
Prap = 8.7 vol %. The black and red lines in (f) were obtained by averaging in the regions
of gyand q, shown in (d), respectively.
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Fig. 2. Concentration dependence of the interparticle distance obtained from the SAXS
measurements. The black circles and red triangles indicate the data for the short-term
stationary (15 days after sealing) and long-term stationary (185 days after sealing)

samples, respectively.
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Fig. 3. Azimuthal scattering intensity profiles for the peak of /(¢g) obtained at (a)—(c) the

low-g side and (d)—(f) the high-g side for the samples with @yap, = 6.5, 7.5, and 8.7 vol %.
The black circles and red triangles indicate the data for the short-term stationary and long-

term stationary samples, respectively.
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Fig. 4. Measured time autocorrelation functions g,(q,t) at q=3.76 x 10 2 nm !

obtained from the XPCS measurements for the short-term stationary samples with @ap, =
(a) 6.5, (b) 7.5, and (c) 8.7 vol %. The red squares and black circles indicate the data for
g2(q / /,t) and g,(q ,,t), respectively. The solid lines represent the fitting curves

obtained using Eq. (2).
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Fig. 5. g dependence of I" obtained by fitting analysis using Eq. (2) for the short-term
stationary samples with @y, = 6.5, 7.5, and 8.7 vol %. The solid lines represent the fitting

lines proportional to ¢> at g < 0.05 nm L.
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Fig. 6. (a) g-dependent diffusion coefficients D(q), obtained by dividing I by ¢? for the
short-term stationary samples with @ya, = 6.5, 7.5, and 8.7 vol %. (b) Scattering intensity
profiles obtained from the circularly averaged SAXS images for the samples with @ap, =
6.5, 7.5, and 8.7 vol %.
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Fig. 7. Measured time autocorrelation functions g,(q,t) at q=4.76 x 10 2 nm !

obtained from the XPCS measurements for the long-term stationary samples with @yap, =
(a) 6.5, (b) 7.5, and (c) 8.7 vol %. The red squares and black circles indicate the data for
g2(q / /,t) and g,(q ,,t), respectively. The solid lines represent the fitting curves
obtained using Eq. (3).
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Fig. 8. ¢ dependence of I" obtained by fitting analysis using Eq. (3) for the long-term
stationary samples with ¢ya, = 6.5, 7.5, and 8.7 vol %. The open and closed symbols
correspond to the I' obtained from q,, and q ., respectively. For clarity, only typical

error bars are depicted.
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Fig. 9. Variation of D(q), obtained by dividing I" by ¢?, for the long-term stationary
samples with @y, = 6.5, 7.5, and 8.7 vol %. The open and closed symbols correspond to
the D(q) obtained from q,, and q,, respectively. For clarity, only typical error bars
are depicted. The dashed lines indicate the diffusion coefficients for the short-term

stationary samples at g < 0.05 nm ~1.
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