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Nanoscale

Shear-induced liquid-crystalline phase transition behaviour of
colloidal solutions of hydroxyapatite nanorod composites

Satoshi Kajiyama,® Hiroki Iwase,” Masanari Nakayama,® Rino Ichikawa,® Daisuke Yamaguchi,?
Hideki Seto,"c and Takashi Kato™

Liquid-crystalline (LC) bio-inspired materials based on colloidal nanoparticles with anisotropic morphologies such as
sheets, plates, rods and fibers, were found for functional materials. They show stimuli-responsive behaviour by mechanical
force and in electric, and magnetic fields. Understanding of effects of external stimuli on structures of anisotropic colloidal
particles is important for the development of highly ordered structures. Recently, we developed stimuli-responsive
hydroxyapatite (HAP)-based colloidal LC nanorods that are candidates as environmentally-friendly functional materials. In
the present study, ordering behaviour of HAP nanorod dispersions, which show LC states, has been examined with in-situ
small-angle neutron scattering and rheological measurements (Rheo-SANS) under shearing force. The structural analyses
and dynamic viscosity observations provide the detail information about the effects of shear force on the structural
change of HAP nanorods in D,0 dispersion. The present Rheo-SANS measurements unraveled three kinds of main effects
of the shear force; the enhancement of interactions between HAP nanorods, alignment of HAP nanorods to the shear flow
direction, and the formation and disruption of HAP nanorod assemblies. Simultaneous analyses of dynamic viscosity and
structural changes revealed that the HAP nanorod dispersions exhibited distinctive rheological properties accompanying

with their

Introduction

Colloidal particle dispersions are found in nature as sediments
and muds, and they have been also utilized in a wide variety of
fields including daily use in petroleum, paint, cosmetic, and
concreate industries.? In these natural and engineered
contexts, the flow behaviour of colloidal dispersions is often of
central interests, as it may determine the processability in
transportations and applications.’™2 In particular, colloidal
dispersions of rod particles have fluidic anisotropic properties
that potentially induce a drastic change in rheological or
hydrodynamic properties from conventional sphere colloidal
particles, but they have been rarely studied.?-12 Colloidal rod
particles show liquid-crystalline (LC) phases in a certain range
of concentrations, and their orientation in LC states can be
controlled with mechanical shear force.’3-1° Macroscopically
aligned LC colloidal materials with external stimuli including
mechanical shear force have been studied towards a variety of
applications in biomaterials, high strength materials, optical
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ordered structural change.

materials, actuators and sensors.’327 |t is still a challenging
issue to understand the dynamics of structural change of
colloidal LC materials based on rod particles with shear force.

Recently, we achieved the successful synthesis of LC
colloidal nanorods based on hydroxyapatite (HAP)'3 and
CaCO;' through an approach inspired by biomineralization.
The recent development of LC HAP colloidal dispersions!?
enables us to control HAP ordered structures in macroscales
by mechanical shear force. HAP is an environmentally-friendly
resources having potentials of applications to a wide variety of
fields as cell scaffolds?!, catalysts?®, absorbents??, structural
materials3°, optical materials'331, and dielectric materials3233,
these properties significantly depend on the
crystallographic orientation of HAP crystals, numerous efforts
have been devoted to control its crystallographic
orientation.132134-3% Among these techniques for alignment
control of HAP-based assemblies, the shear force alignment is
a particularly useful method because it does not require
special equipments and treatments.!®> Understanding of
ordering behaviour of HAP nanorods in LC states is important
for construction of HAP-based materials with highly ordered
structures that enhance functionalities.

Here our objective is to observe ordering behaviour of HAP
nanorods in LC states with in-situ small-angle neutron
scattering and rheological (Rheo-SANS) measurements. Rheo-
SANS measurements provide information about the structural
change of molecular assemblies under mechanical shear
force.?0%6 The Rheo-SANS technique is a powerful tool for the

Because
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observation of shear-flow-induced structural change
accompanying with the change of rheological behaviour,
especially for one-dimensional
2D radial SANS profiles 2D tangential SANS profiles
Shear
Shear: sh Shear
ear
Shear 0.1-1000 s~ —

Radial beam

Tangential beam

Couette cell containing HAP-based nanocomposites in D,O in 1 mm gap

Fig. 1 Schematic illustration of experimental geometries of Rheo-SANS measurements of HAP-based nanocomposites in D,0 solution. Radial and tangential neutron beams provide

the structural information in two different geometries.

materials that are aligned parallel to the shear flow
direction.*3%6 However, ordering behaviour of almost LC
materials studied with  Rheo-SANS
measurements, including inorganic colloidal LC nanorods.

In the present study, we have conducted Rheo-SANS
measurements on HAP nanorod dispersions with various
concentrations in isotropic or LC states in order to clarify the
effects of mechanical shear force on ordered structures of
HAP-based nanorod composites in D,O dispersion. Two-
dimensional (2D) SANS profiles in the parallel and
perpendicular directions to the shear flow provided significant
information on the structures of alighed HAP nanorods (Fig. 1).
The correlation between their structures and rheological
behaviour disclosed unusual phase transition behaviour of the

HAP nanorod dispersions.

has not been

Experimental methods

All chemical reagents used for the synthesis of HAP crystals
were obtained from commercial sources. Calcium chloride
(CaCl,) and tripotassium phosphate (K3PO,;) were obtained
from Fujifiilm Wako Pure Chemical Corporation Ltd., (Osaka,
Japan). Poly(acrylic acid) (PAA, My, = 1.8 x 103) and deuterium
oxide (D,0, 99%) was purchased from Sigma-Aldrich (St Louis,
MO, USA). All chemicals were used as received without further
purification.

HAP-based nanorod composites showing an LC behaviour
were synthesized in accordance with previously reported
procedures.’® A CaCl, (100 mM) aqueous solution containing
PAA (Mw = 2.0 x 103, 7.2 x 107! wt%) was mixed with an equal
volume of a K;PO,; (100 mM) aqueous solution. The mixed
solution was stirred for 1 day at 60°C and then centrifuged.
The supernatant was decanted. The collected precipitates
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were washed using purified water and centrifuged. Then, the
sediments were washed with D,0 at twice to exchange the
solvent to D,O. The HAP nanorods in D,O dispersion were
obtained with dilution of the sediments with D,0 after
centrifugation.

A rheometer (Anton Paar MCR302) (Graz, Austria) was set
up at the small- and wide-angle neutron scattering instrument
(TAIKAN) installed on the BL15 beamline at Materials and Life
Science Experimental Facility (MLF) in Japan Proton
Accelerator Research Complex (J-PARC). A double-cylinder-
type (Couette) cell of quartz glass inner rotor with 20 mm®
and quartz glass outer stable cylinder with 22 mm® of inner
diameter was employed, as shown in Fig. 2. Information of
SANS both radial, using 10 mm® neutron beam, and
tangential, using a 0.5 mmx10 mm beam, were collected in the
static colloidal solution states without shear rate, and with
shear rate of 0.1-1000 s at 30
temperature is controlled with a gas flow. Using the pulsed
neutrons in the wide range of wavelength (1 = 0.1-0.78 nm)
based on a time-of-flight method and four area detector
banks, TAIKAN can cover a wide Q-range from 5x10-2 to 150
nm-! simultaneously, where the magnitude of the scattering
vector Q is defined by Q = 4nsin(6/2)/A ,where A and &
represent the wavelength and the scattering angle,
respectively. This Q-range corresponds to 0.004 nm < d < 125
nm in real space. The observed Q range was limited to 5x1072
nm= < Q < 50 nm~%, corresponding to 0.1 nm < d < 125 nm in
real space, due to an increasing background level by
incoherent scattering from hydrogen atoms in a higher Q
range. The SANS data were collected from D,0 suspensions in
the rheometer under the shear rate at 0 s™! (static) and 0.1—
1000 s7! by the radial or tangential geometry. Background
spectra in radial and tangential geometries were recorded

°C. The measurement
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using D,0 solvent in the couette cell. The absolute SANS
intensity was obtained by using a secondary standard of glassy
carbon.*” The radial and tangential geometry observations
offer us the structural information parallel and perpendicular
to the shear direction, respectively.

Thermogravimetric (TG) measurements of HAP nanorod
dispersions were performed up to 1000°C at a heating rate of
10 °C min~! under air flow (100 mL min) using a TG-8120
(Rigaku, Tokyo, Japan), in order to measure the concentration
of HAP nanorods in D,0 dispersion. Optical properties of the
HAP nanorod dispersions were investigated using a polarizing
optical microscope (BX51, Olympus Co., Tokyo, Japan). For
transmission  electron microscopy (TEM) observation,
hydroxyapatite-based nanocomposites were located on Cu
microgrids with a 100 mesh. TEM characterization was
performed using a JEM-2800 (JEOL, Tokyo, Japan) operated at
100 kv.

Results and discussion
Analyses of 2D SANS profiles

Morphologies of HAP nanorods that were obtained through
previously reported procedure’®> were observed with
transmission electron microscopy (TEM) (Fig. 2). Mean size of
HAP nanorods was ca. 100 nm in length and ca. 20 nm in width,
respectively (Fig. 2a). TEM observation revealed that one HAP
nanorod was not a single crystal but an assembly of nanorod
crystallites 20-40 nm in length and 5 nm in width (Fig. 2b,c).
To observe the LC behaviour of the HAP nanorod colloidal
dispersions in D,0, the concentration of HAP nanorod
dispersion was adjusted to 3.3, 4.4, 6.7, 8.7, and 9.7 vol%. On

() P (°)
L2
7 {' Nanorod
i\ crystallite
'}”\ ~ Length:
i 20-40 nm
Width:
5nm

Fig. 2 (a) TEM images for HAP-based nanorod composites (Scale bar: 100 nm). (b) High-
magnified TEM image showing nanocrystallites with 20-40 nm length and ca. 5 nm
width (Scale bar: 20 nm). (c) Schematic illustration of HAP-based nanorods composed
of nanocrystallites.

This journal is © The Royal Society of Chemistry 20xx
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(a)

Fig. 3 Polarizing optical microscope images of colloidal HAP nanorod composites in D,0
solution with various concentrations; (a) 3.3, (b) 4.4, (c) 6.7, (d) 8.7 and (e) 9.7 vol%.
Scale bar: 100 um, A: analyzer, P: polarizer.
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Fig. 4 Representative (a,c) radial and (b,d) tangential 2D SANS profiles of HAP nanorod
composite dispersions without shear rates in (a,b) isotropic (4.4 vol%) and (c,d) LC (8.7
vol%) states.

the basis of polarizing optical microscopy (POM) observations,
the dispersions with 3.3 — 6.7 vol% were isotropic phases,
while HAP nanorod dispersions with 8.7 and 9.7 vol% were LC
phases (Fig. 3).

Static structures
withSANS measurements without mechanically shear force.
For 3.3 — 6.7 vol%, 2D SANS profiles were isotropic in both
radial and tangential directions (Fig. 4a,b and Fig. S2-S7), while
8.7 and 9.7 vol% HAP nanorod dispersions showed anisotropic
2D SANS profiles in the radial direction (Fig. 4c,d and Fig. S8-
S11). In LC states of 8.7 and 9.7 vol% HAP dispersions, the HAP
nanorods were aligned under shear force during sample
setting into the 1-mm-gap couette quartz cell.

To evaluate the isotropic static structures without shear
force, the observed results of Rheo-SANS measurements were
fitted with simulated patterns. The scattering intensity
functions for nanorod is given by

of HAP nanorods were examined

J. Name., 2013, 00, 1-3 | 3
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1@ = @p)*’nV?P@S@ (1)

where Ap is the scattering contrast, n and V are the number
density and the volume of nanorods, respectively, P(Q) is the
form factor, and 5(Q) is the structure factor. For the simulation
of P(Q) and 5(Q), we used simple models of HAP nanorod or
ellipsoid dispersions as shown in Fig. 5. No significant
difference was observed in simulated SANS profiles between
nanorod and ellipsoid models of HAP morphologies for the
simulation P(Q). Therefore, only simulation results with a HAP
nanorod model are shown in the present study. P(Q) for rod
particles with a cross-sectional radius Rc and length L oriented
by the angle 8 with respect to the reference axis is given by*3

(a) PAA/HAP core-shell nanorod model for P(Q)

Shell CO_fe
thickness radius
L R: HAP PAA
Core
length
Ly

Effective

diameter o
Debye
length

Average
interparticle
distance dm

Fig. 5 Schematic illustration of used structural models for simulation of SANS profiles.
(a) Core-shell nanorod model of HAP-based nanocomposites for simulation of P(Q). (b)
Surface-charged colloid model for simulation of S(Q). (c) Paracrystal model for
simulation of $(Q).

2/1(QRsin B) sin (Q(L/2)cos ) 17
(QResinp)?  Q(L/2)cosp

Proa@f) = | @
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where J1(x) is the first-order Bessel function of x. The model
of randomly oriented rod particles was used for fitting of
simulated SANS profiles with averaged SANS curves in radial
directions of 3.3—6.7 vol% HAP nanorod dispersions, where 2D
SANS profiles were observed as ring patterns (Fig. S2-S7). For
the randomly orientation, the form factor is given by

_ (n/2[21(@Rsin ) sin (Q(L/2)cos B) 1
PTOd(Q) - fo (QR.sin B)? Q(L/2)cos B

sinfdp  (3)

Taking into account the composite nanostructures of HAP-
based nanorods,’* a core-shell model comprising a HAP
nanorod covered with PAA was applied for the simulation of
form factor P(Q) (Fig. 5a). In the diluted system without
interparticle interactions, the structure factor S(Q) s
considered to be 1. In this case, the SANS profiles that were

(@) 1000
O observed results
1004 — core-shell model
I(Q) -- core-shell model P(Q)
101
/cm™
14
0.14
(b) 1000
O observed results
100 + s — core-shell model
I(Q) -- core-shell model P(Q)
10
/em™!
1]
0.1
0.01 0.1 1
Q/ A
(c) 1000
O observed results
100 | R — core-shell model
Q) -- core-shell model P(Q)
104
[ cm™
1,
0.1

0.01

Fig. 6 Fitting results of sector-averaged SANS curves of (a) 3.3, (b) 4.4, and (c) 6.7 vol%
HAP nanorod dispersions without shear force. The core-shell nanorod model and
surface charge colloid model were used for simulation of P(Q) and S(Q), respectively.
White circle: observed curve; black line: simulated curve considering P(Q) and $(Q); red
line: simulated P(Q) curve with a core-shell model.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 12

Table 1 Parameters for the production of simulated SANS profiles with a core-shell rod-

Volume fraction

Parameter 3.3vol% 4.4vol% 6.7vol%

Core radius R; (A) 82.23 82.23 82.23

Core length L; (A) 993.3 668.41 518.8
Core contrast Ap; (A2) -1.27 x 1076 -1.27 x 1076 -1.27 x10°®

Shell thickness L, (A)? 13.04 9.42 9.42
Shell contrast Ap, (A-2)? -0.95 x 1076 -2.53 x 107 -2.53 x 10

Debye length (A) 374.7 287.6 265.2

Effective diameter o (A)® 210.6 174.6 162.1

Background (cm~)? 0.06 0.07 0.075

particle model for P(Q) and a surface-charged colloid model for 5(Q)

For the simulation of SANS profiles, temperature, dielectric constant of solvent,
and molecular weight is constant as 303 (K), 78 (-), and 1000 (g mol™),
respectively

9 Considered to be constant parameters upon the curve fitting.

b Considered to be variable parameters upon the curve fitting.

¢Considered to be a constant parameter, but varied for curve fitting.

simulated with a core-shell model P(Q) did not show any peaks
in the Q region 0.011 — 0.022 A-1, shown as dotted red line in
Fig. 6. SANS Simulated P(Q) supported the assumption that
HAP nanorod particles have specific interactions each other.
For the simulation of structure factor S(Q), the function for
ionic surfactant micelles interacting through a repulsive
screened Coulomb potential*®> was applied because the
colloidal states of HAP nanorods were stabilized by the
electrostatic repulsion force of negative surface charge,3

which is derived from PAA on the surface of HAP nanorods (Fig.

5b). Therefore, structure factor S(Q) was given by

1
S = 1 apen @

where ¢ is the volume fraction, o is the effective particle
diameter, and the a(Qo) was analytically given by Hayter and
Penfold,*® and depended on both the volume fraction and the
Debye length. Using the form factor of equation (3) and
structure factor of equation (4), the fitting with observed SANS
curves were performed (Fig. 6). The simulated curves
explained the observed profiles at Q < 0.025 AL

The fitted parameters using the model of the HAP/PAA
core-shell in Table 1. Background
parameters were set to be fitted with the Q > 0.1 A region,
where only incoherent scattering was observed. Upon the
fitting, core contrast Ap, values were underestimated, which
may be caused by the irregular shape of HAP-based rod
particles as well as nanocrystalline features. Determination of
precise chemical composition is difficult for nanosized HAP
particles because defective HAP structures are easily formed,*®
thereby the simulation of SANS profiles were conducted with
the core contrast Ap; value of -1.27 x 106 A-2. Additionally,
scattering contrast Ap, in the region of PAA shell is also
variable because of the swollen properties of PAA.5%>2 |In D,0

structures are shown

This journal is © The Royal Society of Chemistry 20xx
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dispersion, PAA surface accommodated D,O molecules,
resulting in decrease of absolute values of the shell contrast
Ap, and increase of shell thickness L,. Parameters for effective
diameter o and Debye length represented the interparticle
interaction force. These changes suggest a fact that the
repulsion force among particles was reduced with increasing
the concentration (Table 1). However, for fitting of simulated
SANS curves with experimental results, core length L; was
needed to be decreased with increasing the concentration
(Table 1). These results suggest that the interactions among
HAP nanorods were not only local and isotropic forces such as
van der Waals interactions and electrostatic repulsion forces.
In dense solution, colloidal particles have a variety of
interactions in short and long-range order, even in the case of
spherical colloidal particles.’® As for rod particles, Brownian
rotation motion generate a particular repulsion force among
particles, such as steric repulsion or excluded volume effects.
In the present study, these interactions should be considered
in order to simulate SANS profiles with a model based on
particle interactions.

Because the interaction among HAP nanorods is too
complicated to be defined, another model called as the
Hosemann paracrystal model was used for the calculation of

(a) 1000
o observed results
100 1 — paracrystal model
I(Q) 101
/cm™
1 -
0.11
(b) 1000
o observed results
1001 — paracrystal model
Q) 101
/ cm™
1 4
0.11
0.01 0.1 1
Q/A
(€) 1000
o observed results
100 4 — paracrystal model
I(Q) 10;
/cm™
1 4
0.1
0.01 0.1 1
QA
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Fig. 7 Fitting results of sector-averaged SANS intensity curve of (a) 3.3, (b) 4.4 and (c)
6.7 vol% HAP nanorod dispersions without shear force using $(Q) of Hosemann
paracrystal model. white circle: observed profile; black line: fitted curves.

Table 2 Parameters for the production of simulated SANS profiles with a core-shell rod-
particle model for P(Q) and Hosemann paracrystal model for S(Q)

Volume fraction

Parameter
3.3vol% 4.4vol% 6.7vol%

Core radius R; (A)? 82.23 82.23 82.23

Core length L; (A) 934.7 934.7 934.7
Core contrast Ap, (A-2)e -1.27 x 107® -1.27 x 107® -1.27 x10°®

Shell thickness L, (A)? 9.31 9.31 9.31
Shell contrast Ap, (A-2)b -2.81x10° -2.81x10° -2.81x10°

Interparticle distance d,, ()2 431.3 380.4 323.6

Dispersion of distance w (-)° 0.404 0.330 0.304

Background (cm™1)b 0.06 0.07 0.075

For the simulation of SANS profiles, temperature, dielectric constant of solvent,
and molecular weight is constant as 303 K, 78 (—), and 1000 (g mol™?), respectively
9 Considered to be constant parameters upon the curve fitting.
b Considered to be variable parameters upon the curve fitting.

(@)

Radius: 2.5 nm
ca. 100 nm

Length: 30 nm

HAP

_ cylinder
ca. 20 nm
HAP/PAA
core-shell nanorod
(b) 1000
O observed results
1001 — core-shell model
— cylinder model P(Q)
Q) 101
-1
/cm 1]
0.1
0.01 0.1
QA

Fig. 8 (a) Schematic illustration of cylinder model for HAP-based nanorods. (b) Fitting
results of averaged SANS profiles of 6.7 vol% HAP nanorod dispersions. white circle:
observed profile; black line: fitted curves; blue line: cylinder model P(Q).

Table 3 Parameters for fitting of SANS profiles with a cylinder model in the Q region
0.05-0.1 A,

st margins

Journal Name

9Determined with the TEM observation results as shown in Fig. 2.

structure factor (Fig. 5c).>3 Hosemann paracrystal model is for
ordered particles as shown in Fig. 5c, and the structure factor
is given by

1
S@ = TS )

where d;, corresponds to the average distance between HAP
nanorods, and w is given with g-factor reflecting a distortion
degree of the interparticle distance by

w = exp(—%gzdszz) (6)

Fig. 7 shows the comparison of simulated profiles with
equations (3) and (5), and observed ones, and fitting
parameters are shown in Table 2. The simulated profiles are
appropriate also at Q < 0.025 AL, The peak position Qu1

O Quradial
0031 m Q radial
O Q«tangential
002] @ Q tangential - 5
Q 0
S A ~
m
0.01 - J
04

0 I5 1.0
HAP concentration / vol%

Fig. 9 Qu: in radial and tangential sector-averaged SANS curves of HAP colloidal
dispersions plotted as a function of various HAP concentrations.

Parameter®
Radius (A) 25
Length (A) 300
Contrast (A-2) -1.27x 10
Scale factor (-) 0.07

6 | J. Name., 2012, 00, 1-3

depended mainly on dp, values, which were decreased with
increasing the HAP concentration from 43 to 32 nm (Table 2).

The simulated profiles with the model of the HAP/PAA core-
shell structure with an ordered rod-particle model depicted as
black line did not coincide with the observed results in the Q
region 0.025 A1-0.1 Al (Fig. 6 and 7). One possible
explanation of this difference is that nanostructures of HAP-
based composite nanorods caused a coherent scattering in this
region. Detail observation for HAP nanorod structures with
TEM revealed that HAP nanorod is not a single crystal but an
assembly of nanocrystallites with 20-40 nm length and ca. 5
nm width (Fig. 2).13 Contribution of the nanostructures to
coherent scattering was briefly estimated by using P(Q) of a
cylinder HAP crystal (Fig. 8a) with equation (3) and parameters

This journal is © The Royal Society of Chemistry 20xx
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shown in Table 3. As shown in Fig. 8b, the simulated scattering
profile for nanocrystalline cylinders coincides with the
observed profile in the Q region 0.05-0.1 AL,

In that way, the peak position Qu; linearly increased with
increasing the concentration of the HAP nanorod dispersions,
suggesting that the interparticle distance was decreased with
increasing the concentration (Fig. 9 and Table 2). Estimated
interparticle distance was in the range of 30 — 50 nm for the
static HAP nanorod dispersions. The correlation between
interparticle distance and HAP nanorod concentration was well
agreed with our previous analyses with small-angle X-ray
scattering®*. The consistency of LC behaviour and structures of
HAP nanorod dispersions suggested that replacement of D,0
to H,0 did not significantly change the physical properties of
HAP nanorod dispersions.

Shear-flow-induced ordering behaviour of HAP nanorods

Effects of mechanical shear force on the ordering of isotropic
and LC HAP nanorod dispersions were evaluated with 2D radial
and tangential SANS profiles (Fig. S2—S11) and sector-averaged
SANS curves (Fig. S12-S16). At the HAP concentration of 3.3
vol%, 2D SANS profiles in both radial and tangential directions

Radial 2D profile

\

L —
Shear
direction

k.
i

(b)
> 3.3vol% P 4.4vol% B 6.7 vol%
B> 8.7 vol% B 9.7 vol%
1.0
0.8-
- W
A (-) > /’
0.4 4 - b
:/
024 &
P 4
o bbb pr b —»t
0.1 1 10 100 1000

Shear rate / s™
Fig. 10 (a) Representative radial 2D SANS profile of HAP nanorod dispersion with a

shear force. (b) Alignment factor A of HAP nanorod dispersions plotted as a function of
a variety of shear rates 0.1 — 1000 s

did not significantly change from ring spots up to the shear
rate of 1000 s (Fig. S2 and S3). From 4.4 to 9.7 vol%, 2D SANS

This journal is © The Royal Society of Chemistry 20xx
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profiles in the radial direction became an anisotropic shape
with increasing shear rates, suggesting shear-induced ordering
of HAP nanorods (Fig. S4-S11). Orientation degrees Afwith
mechanically shear force were estimated /,(Q) and 1;(Q)
values, which are sector-averaged SANS curves perpendicular
and parallel to the shear direction with the azimuthal angle of
+ 10°, respectively (Fig. 10a).

Jamet (@dQ — [gme1(QdQ

A= 7
I7 [ @ag+ 2o @aq )

Qmin and Qmax values were set to appropriate values in the
equation (7). Plots of orientation degree Ay of the HAP
nanorod dispersions under a variety of shear rates are shown
in Fig. 10b. Af > 0 means the ordering of HAP nanorods in the
shear flow direction, and the increasing onset of Af values
indicates the shear-induced phase transition from isotropic to
nematic phases. HAP nanorods in dispersions at 4.4 and 6.7
vol% showed nematic ordering in shear flow, whereas these
solutions were isotropic without mechanical shear force. The
results suggested that HAP nanorod dispersions show shear-
flow-induced transition from isotropic to nematic phases more
than 4 vol%

(@)

Shear rate Shear rate
] Q Qs ] Qwi  e0s™'
10045, P tios 100 *10 5"
A e50 s ©50s™
10NL:  o200s ©200s”
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Fig. 11 (a,b) Sector-averaged SANS intensity curves of 6.7 vol% HAP nanorod
dispersions in (a) parallel and (b) perpendicular to the shear direction, showing the
profile change with increasing the shear rate up to 1000 s™. (c) Peak position Qu;
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plotted as a function of alignment factor A Right part shows enlarged plots of an
isotropic region. (d) Plots of Qy;, values in low-Q-region, suggesting layered ordering of
HAP nanorods in the long-axis direction.

up to 1000 s7. In LC states of 8.7 and 9.7 vol% HAP nanorod
dispersions, the unidirectional orientation was observed under
mechanical shear force. As increasing the concentration, HAP
dispersion was easier in the highly unidirectional orientation
under the shear flow (Fig. 10b and Fig. S17).

Mechanical shear force also affected arrangements of HAP
nanorods in dispersion states, not only their orientation.
Typically, sector-averaged SANS curves of 6.7 vol% HAP are
shown in Fig. 11. These sector-averaged SANS curves showed
two distinct changes. One is the shift of Qy; value, suggesting
the change of the interparticle distance in the short-axis
direction. In sector-averaged SANS curves perpendicular to the
shear direction (Fig. 11b), the peaks around Q = 0.017 A~ were
shifted with the increase of the shear rate, suggesting that the
shear force reduced the interparticle distance in the short-axis
direction (Fig. S18). Correlation between orientation degree
and the interparticle distance is shown in Fig. 11c. With slow
shear rates to isotropic HAP dispersions, which did not align
HAP nanorods, shear force also reduced interparticle distance
in the short-axis direction (Fig. 11c, right part). Further
increase of shear rates aligned the HAP nanorod particles,
which is suggested from the change to anisotropic 2D SANS
profiles. Increasing alignment degree of HAP nanorods
decreased the excluded volume of HAP nanorods, resulting in
decrease of interparticle distance.

The other is a peak emergence with higher shear rates
more than 200 s™tin a low-Q region of the parallel direction to
the shear flow (Fig. 11a). Presumably, these peaks originated
from interparticle distance in the long-axis direction. The peak
position of the low-Q around 0.008 A-1,
corresponding to the d value ca. 80 nm, which is in agreement

region was

with our previous results of static SAXS measurements.>* The
peak position in the low-Q region, Q\, was consistent against
the change of the HAP nanorod concentration and applying
shear rates (Fig. 11d), suggesting the formation of layered
structures in the
direction. The emergence of Qu, peak with the increase of

in HAP nanorod assemblies long-axis
shear rates suggested that shear-flow-induced LC phase
transitions from a nematic phase to a smectic-like phase with
layered ordering. For 6.7 vol % of HAP nanorod dispersion, two
phase transitions,
smectic-like phases, were observed with increasing shear rate
up to 1000 s71. Although it is well known that shear treatment
is one effective approach to the alignment control of LC

isotropic to nematic then nematic to

materials,>>>8 there are only few reports on shear-induced LC
phase transition.>®%% The in-situ observation of the structural
change under shear
transition behaviour of HAP nanorod dispersions.

All tangential 2D SANS profiles obtained under the shear
force in the present study showed ring patterns (Fig. S2—-S11).
The results suggested that the HAP nanorods or their
assemblies can freely rotate around the parallel axis to the
shear flow up to the shear rate 1000 s! within the 1mm-gap

force unraveled uncommon phase

8| J. Name., 2012, 00, 1-3

cell. The change of Qu; values with concentration and shear
rates was in similar trends to those values of the radial SANS
profiles (Fig. $12—-S17).

Dynamic viscosity of HAP nanorod dispersion

Evaluation of mechanical properties of HAP nanorod
dispersions in isotropic, nematic and smectic phases is
necessary for materials design of LC HAP dispersions for the
application in structural materials. Fig. 12 shows dynamic
viscosities of HAP nanorod dispersions under various shear
rates with the phase diagram estimated with the SANS
measurements. The isotropic states showed shear-thickening
behaviour, whereas the LC states showed discontinuous
change of dynamic viscosity in the range of 5-50 s~ and shear-
thinning behaviour in the higher shear rates (Fig. S19 and S20).

This is the first time for the observation of shear-thickening
of colloidal LC materials
involving phase transitions, therefore understanding of this
important for the design of mechanical
responsive LC materials. One possible explanation about
shear-thickening and shear-thinning behaviours of HAP LC
nanorods is that there are competing effects on dynamic
viscosity change, the enhancement of interparticle interactions
causing shear-thickening, and alignment of HAP nanorods
causing the shear-thinning. However, decrease of the dynamic
viscosity change

and shear-thinning behaviour

mechanism is

b, HAP concentration

3 \
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Fig. 12 Dynamic viscosities of HAP colloidal aqueous solutions plotted as a function of
shear rates. Phase diagram estimated with structural analyses by SANS measurements
is also depicted.

upon the nematic-smectic phase transition, where attractive
interactions among particles were much enhanced, cannot be
explained.

Another explanation is that the shear-thickening and shear-
thinning behaviours arose from growing and disrupting
nanorods assemblies, respectively. It is known that shear flow
to the colloidal solutions induces both aggregation of colloidal
particles and disruption of colloidal aggregation, resulting in

This journal is © The Royal Society of Chemistry 20xx
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the increase or decrease of their dynamic viscosities,
respectively,® even what interaction drives aggregation of
colloidal particles is not fully understood yet. The dynamic
viscosities of colloidal solutions largely depend on domain size
of colloidal aggregates.38'? Hence, it is assumed that in the
present study the shear-thickening behaviour was mainly
caused by the formation of nanorod assembling domain
accompanied by the enhancement of interparticle interactions,
while the shear- thinning was caused by the disruption of HAP
nanorod assemblies. For 6.7, 8.7 and 9.7 vol% HAP LC nanorod
dispersions, discontinuous change of dynamic properties was
observed around the shear rates 5 — 50 s7L. In this region the
shear flow simultaneously induced both assembling of
colloidal HAP nanorods and disruption of their assemblies. On

Nanoscale

the basis of combined results of the structural change and
dynamic viscosity, promising effects of mechanical shear force
on the ordering of HAP nanorods are schematically shown in
Fig. 13. The major effect of mechanical shear force on the HAP
nanorods is the decrease of interparticle distance. The
interparticle distance was continuously decreased with
increasing shear rate (Fig. S18). This might be caused by the
interruption of free rotation of individual nanorods by shear
force, resulting in the decrease of excluded volume of particles.
Similarly, alignment degree of HAP nanorods was continuously
increased (Fig. 10b). In contrary to the interparticle distance
and the alignment degree, dynamic viscosity of HAP nanorod
dispersion to the shear rate was not linearly changed (Fig. 12).

Increasing shear force

el
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Fig. 13 Schematic illustration for proposed local and macroscopic structural change of HAP nanorods in D,0 dispersion by shear force. Shear force decreases the interparticle
distance, leading to the formation of nanorod assemblies. In low concentrations and low shear rates, nanorod assemblies can freely rotate in the isotropic dispersion (State ).
Increase of the shear rate restricts rotation of nanorod assemblies, resulting in the phase transition from isotropic to nematic phases (State Ill). In high concentrations and high
shear rates, the HAP nanorod dispersions transites to a smectic-like phase with layered ordering in the long-axis direction (State 1V).

It is noteworthy that dynamic viscosity was increased before
the nanorod alignment, suggesting that HAP nanorods
assembled by the shear force in isotropic colloidal dispersions.
Discontinuous change of dynamic viscosity in the region where
the orientation degree was increasing, and shear-thinning
region at higher shear rates involving the nematic-smectic
phase transition strongly suggested that domain size of HAP

This journal is © The Royal Society of Chemistry 20xx

nanorod assemblies dominated the dynamic viscosity, rather
than the interactions among HAP nanorods playing a minor
role in the change of dynamic viscosity. Under the assumption
that the shear-thickening behaviour of isotropic HAP nanorod
dispersions under low shear rates was caused by growing HAP
nanorod assemblies (Fig. 13, state Il), HAP nanorods were
unidirectionally aligned by the shear flow after growing

J. Name., 2013, 00, 1-3 | 9



Nanoscale

domain to a sufficient size. As growing the domain, its
Brownian motion was suppressed. In this manner, free
rotation of growing HAP nanorod domains was inhibited by the
shear flow, resulting in the alignment of the domains (Fig. 13,
state Ill). Note that entropic interactions may exist the
domains and competes or cooperates with other interactions
to form aligned nanorod assemblies. Thus, shear force
cooperatively worked with interparticle interactions on
ordering of HAP colloidal nanorods. Further alignment by the
shear force decreased the excluded volume of nanorods,
leading to formation of a more-packed structure of nanorods
schematically shown as state IV in Fig. 13.

Present observations are consistent with previous reports
on ordering behaviour of LC materials based on subnano- to
submicro-scaled units by external fields, showing LC phases
have much higher responsivities than their isotropic
phases.136162 These properties might be attributable to
decreased free motion of LC molecules or particles that form a
large-sized domain. Unfortunately, understanding about
ordering behaviour of HAP nanorod dispersions under shear
force has not been completed. Rheo-SANS measurements of
HAP nanorod dispersions with ca. 100 nm length and ca. 20
nm width suggested the possibility that particle assemblies
play important roles in external-stimuli responsivity.
Observation for size and morphological dependence of
ordering behaviour of anisotropic colloidal particles is
important for further understanding of the effects of shear
force on the structural change of colloidal dispersions, as well
as computational studies on flow behaviour of colloidal
dispersions.

Conclusions

Rheo-SANS measurements shed light on shear-induced LC
phase transitions of HAP-based nanorod dispersions involving
with the discontinuous change of their rheological properties.
The analyses of structural and viscosity changes suggested that
three kinds of effects of shear flow on ordered structures of
HAP-based nanorod dispersions; the enhancement of
interparticle interactions, alignment of HAP nanorods to the
shear flow direction, and formation and disruption of colloidal
assembling of HAP nanorods. Considering both of dynamic
viscosity and local structural changes of HAP nanorod
dispersions, the shear flow cannot independently align the
HAP nanorods with ca. 100 nm length and ca. 20 nm width by
the restriction of their Brownian motion, but it cooperatively
works with the interparticle interactions between nanorods,
for example entropic interactions, in the alignment of nanorod
particles. Colloidal HAP nanorods showed a distinctive shear-
thickening behaviour observed through the phase transition
from isotropic to LC phases, which would be utilized in shear-
responsive mechanical materials. And high shear rates to the
HAP nanorod dispersions induced highly ordered structures
with a unidirectional orientation with the disruption of
nanorod assemblies causing shear-thinning. This feature may
be an advantage of shear force for the orientational control of

10 | J. Name., 2012, 00, 1-3

high viscous materials, in comparison of other external stimuli
of electric and magnetic fields.

The definition of interparticle interactions is necessary to
fully understand of the ordering behaviour of nanorod
particles in isotropic and LC dispersions. In the present study,
SANS profiles of HAP nanorod dispersions in dense states
cannot be fitted with simulated curves only with the Hayter-
Penfold model for randomly-oriented rod particles because
the interparticle interaction between HAP nanorod composites
contains many forces across multiple length scales, for
example, electrostatic repulsion force, van der Waals
interactions, hydrodynamic interactions, and entropic
interaction etc. However, Rheo-SANS measurements of LC
materials have a large potential for providing fundamental
insights for the interparticle interactions among anisotropic
colloidal particles because they can provide structural
information of highly oriented particles in three-dimensional
geometries. The interactions among colloidal particles largely
depend on size, morphology and aspect ratio of colloidal
particles, thereby Rheo-SANS measurements of
morphologically controlled colloidal LC materials will provide
significant information leading to the materials design towards
shear-responsive LC materials. In addition, combination with
theoretical calculation for the interparticle interactions would
also help us to understand ordering behaviour of LC materials
with external stimuli.
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