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The phase behaviours of a lamellar diblock copolymer/nanorod composite under steady shear are investigated

using dissipative particle dynamics. We consider a wide range of nanorod concentrations, where the nanorods each

have a preferential affinity to one of the blocks. Our results suggest that shear not only aligns the orientations of the

diblock copolymer templates and nanorods towards flow direction, but also regulates the distribution of the nanorods

within the polymer matrix. Meanwhile, the shear-induced reorientation and morphology transitions of the systems also

significantly depend on the nanorod concentration. At certain nanorod concentrations, the competitions between shear-

induced polymer thinning and nanorods dispersion behaviours determine the phase behaviours of the composites. For

high nanorod concentrations, no morphology transition is observed, but reorientation is present, in which the sheared

nanorods are arranged into hexagonal packing arrays. Additionally, the orientation behaviour of nanorods is determined

directly by the applied shear, also interfered with by the shear-stretched copolymer molecules.
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1. Introduction

Recently, block copolymer/nanoparticle com-
posites have attracted considerable attention as
nanoscience and advanced engineering materials, since
such polymer /particle mixtures can constitute ideal
self-assembling systems for creating high-performance
The block copolymer (BCPs) can

self-assemble into a variety of periodic mesoscale

nanocomposites.

structures such as spheres, cylinders, and lamellae
when cooled below a certain temperature (order—
disorder transition temperature TODT).[” Then, the
self-assembled phases of BCPs can provide a “tem-
plate” to organize the nanoparticles (NPs) into three-
dimensional (3D) ordered arrays within the polymer
matrix, such as nano-planes, -wires, or -spheres, and
thereby tailors the properties of the composites. Con-
versely, the presence of particles is not passive and
can also change both the orientation and the mor-
phology of the copolymers’ microdomains. Therefore,
the final morphology of nanocomposites is determined
by a complex interplay between entropy and enthalpy
within the system. This interplay can be tuned by
controlling the particle size, shape, concentration, sur-
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face properties, etc., which especially depends on the
shapes of the NPs from isotropic to anisotropic.
Different from spherical NPs, the particles with
nonspherical shape display anisotropic behaviour
in optical and electric properties,[?3! which results
mainly from the additional orientation entropy. Es-
pecially, the nanorods (NRs) are concentrated since
their properties depend on their transversal and lon-
gitudinal sizes. In organized NRs superlattices, it may
be possible to simultaneously and independently op-
timize photoelectric properties by varying the rod di-
ameter (such as band gap) and length (total absorp-
tion, cross section, or conductivity).[4] For example,

Huynh et al.l”!

blended inorganic NRs and organic
polymers (P3HT) to fabricate solar cells that pos-
sessed greater efficiencies than conventional organic
photovoltaic cells, since the long axis of the rod pro-
vided a continuous channel for transporting electrons,
an advantage over spherical particles where electron
hopping between particles is required. Hence, the ex-
ploration of methods of controlling the distribution
and orientations of NRs in a polymer matrix, are con-

ducive to the improvement of the photoelectric prop-
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erties of nanocomposites.

Some recent studies, whether in experiment, in
theory or in simulation, have focused on utilizing the
self-assembly characteristics of block copolymers melts
to regulate the phase behaviours of NRs in the poly-
mer matrix.5=8] Zhang et all® experimentally de-
scribed the phase behaviours of CdSe nanorods in a di-
block copolymer template, PS-b-PMMA, with lamel-
lar nanoscopic channels and cylindrical nanoscopic
pores. By choosing the NR dimensions relative to
the channel or pore width, they could control the

6] Tn

orientations and lateral positions of the NRs.
our previous simulation studies on diblock copolymers
(DBCPs)/NRs mixtures, we varied parameters such as
the affinity between the NRs and blocks, the NRs size
and concentration, and we observed rich self-assembly
structures of nanocomposites and peculiar phase be-
haviours of NRs within the polymer matrix. Those
results can be further rationalized on the basis of the
interplay between enthalpy involving interactions be-
tween blocks and NRs, and entropy involving the ori-
entational entropy of NRs, the configurational entropy
of the chains, and the spatial confinement of phase-
separated domains.!®!

on BCPs

BCPs/NPs systems are limited to equilibrium con-

Most previous studies melts or

ditions. However, the complex behaviours of these
materials applied by external fields cannot be over-
stated, such as shear flow, given that the nonequi-
librium conditions are commonly encountered in ex-
periments and manufacturing processes. Especially
for BCP melts, the shear flow has been regarded as
an effective approach to producing favourable effects
which include the inducements of long-range order
and order—disorder or order—order structural transi-
tions, as well as the orientation of self-assembled struc-
tures. Meanwhile for the nanocomposites, there is
increasing interest in the studies on how the shear
flow affects the dynamic behaviours of block copoly-
mer /nanoparticle composites.9~11 Mendoza et al.l*]
experimentally utilized shear flow to fabricate 3D pe-
riodic ordered arrays of gold NPs in a spherical, cylin-
drical, or lamellar structure of PS-b-P4VP diblock.
Compared with the case of BCPs/NPs systems sub-
jected to shear flow, studies on the hybrid systems of
block copolymers and nanorods under nonequilibrium
conditions are comparatively rare, whether in experi-
ment, in theory or in simulation.

Recently, we studied the microphase transitions
of block copolymer/nanorod composites under shear

flow, where the NR concentration is fixed to be lower
than 15%.1"2l We obtained the interesting results that
the self-assembly of composites and phase behaviours
of NRs in a polymer matrix not only are dependent
on the shear flow, but are also significantly affected
In the
present work, we utilize the dissipative particle dy-

by the locations of NRs in phase domain.

namics (DPD) simulations to investigate the effects of
shear on the mixtures of symmetric DBCPs/NRs with
a wider range of NR concentrations. Take the selec-
tive NRs into consideration, which have a preferential
With the increase of
NR concentration, we first obtain the rich morpholo-

affinity to one of the blocks.

gies of block copolymer/nanorod composites without
shear. Then, by applying a shear flow over a range
of shear rate, we investigate the phase behaviours of
the nanocomposites, also including the orientations
and distribution of NRs in the polymer matrix. From
these simulations we aim to address three questions,
(i) how anisotropic NRs affect the self-assembly of
DBCPs melts either in equilibrium (without shear)
or in nonequilibrium (with shear) conditions; (ii) how
the shear flow induces the orientation and morphol-
ogy transition of the composite system, including the
phase behaviours of NRs (i.e., the positional distribu-
tion and spatial orientation); (iii) how the NR concen-
tration affects the morphology transition and rheolog-
ical property of the system. Our ultimate goal is to
elucidate the nonequilibrium conditions under which
even greater control of the highly ordered arrays of
NRs is realized.

2. Theory and model

The DPD method is typically considered as a
coarse-grained simulation technique, in which the
DPD ‘beads’ or particles represent a cluster of atoms
or molecules. The pairwise interactive force acting
on a particle i by the particle j contains three parts:
conservative force (Fg), dissipative force (F}}), and

random force (F}Y), and it is expressed as

fi:Z(FngFi?’JfFil})v (1)
i#5
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The conservative force Fg is a soft interaction poten-
tial within a certain cutoff radius 7¢. a;; is a maximum
repulsion between beads i and j, r;; = r; — r;, and
rij = |rij|, 7ij = 7ij/rij. For the weight function
w(ry;), we adopt the commonly used form: w(r;;) =
1 — 7 for rij < 1 and w(ry;) = 0 for r;; > 1. The
other two forces (F} and F}¥) each act as a heat
source, which effectively combines to thermostat the
system. v;; = v; — v;, and 0;; is a randomly fluctu-
ating variable with Gaussian statistics: (0;;(t)) = 0
and (0;;(t)0k(t')) = (i 01+ 0:10;5)3(t —1'). Also, the
fluctuation—dissipation theorem requires that the fric-
tion coefficient v and the noise amplitude o are related
by 02 = 2vkgT, where kg is the Boltzmann’s constant
and T is the temperature. Here we set v = 6.57, so
o = 3.63.131 The radius of interaction, the particle
mass, and the temperature are all set to be unity, i.e.,
re = m = kgT = 1. Additionally, for modeling poly-
mers, the chains are constructed by connecting the ad-
jacent particles via an extra spring force ff =) Cr;,
J

where the constant of C is 4.0.
For modeling the rigid NRs, referring to the ap-

[8:14] i can be

proach taken by the previous studies,
successfully constructed by a number of DPD beads
(Np) arranged in a straight line, with a fixed small dis-
tance (Dp—p) between consecutive beads, where the
length of a rod is expressed equivalently as Lr =
(Np — 1) x Dyp—p. In order to avoid undesired pen-
etration of fluid particles into the NRs and overlap
between NRs, the number density of the DPD parti-
cles in a nanorod is larger than that of the fluid. Here,
we select N = 6 and Dp_j, = 0.3. Then the range ra-
tio of Ly /Lo (NRs length/period width of DBCPs) is
about 0.33,18] comparable to the experimental range
ratio of Lgr/Lo = 10 nm~60 nm/60 nm=0.17~1.0.!
Additionally, for the NR motion, a constraining rou-
tine is used to keep the inner particles aligned and
equidistant during the simulation. In short, the forces
on the DPD particles of a rod are converted into a net
force on the two end DPD particles, and the equations
of motion for these two DPD particles are solved, us-
ing the standard SHAKE routine to keep them at a
fixed distance. The positions of the N, — 2 interme-
diate DPD particles are then readily calculated by a
linear interpolation at the end of each timestep.4
The Newton equations for all particle positions and
velocities are integrated by a modified version of the
velocity Verlet algorithm in steps of At = 0.047, where
7 is the natural unit of time, defined as r. /m/kpT.

Our model system consists of the symmetric di-
block copolymers (A5;Bs5) and NRs (R). The number
density of the fluid is p = 5, and then the repulsive
parameter a;; in Eq. (2) relates to the Flory-Huggins
X-parameter, via

Qi P = 75]€BT, (5)
(p=5), (6)

where the repulsion parameter between particles of

aij ~ ai; + 145)(”

the same type a;; = 15kpT correctly describes the
compressibility of the water. Here, the values of a;;
between the three types of DPD beads (represented by
A, B, and R), are given by aaa = app = aar = 15,
and aap = agrrg = agr = 30. This choice of inter-
actions aar = 15 and agr = 30 ensures the affinity
between block A and NRs (i.e., A-selective NRs).

To impose the external oscillatory shear flow, we
use the SLLOD (so named because of its close rela-
tionship to the Dolls tensor) algorithm so that the

equations of motion are modified as follows:[15]
r=p;/m+ ﬁryi, (7)
pi = F, — Apyi, 8)

where r; and p; are the position and the momentum
of particle i, respectively, ¢ is the unit vector in the
z-axis direction, and ¥ = dv,/0r, is the shear rate.
The flow direction is parallel to the = axis, the y axis
refers to the velocity gradient, and the z axis rep-
resents the transverse direction. Meanwhile, we em-
ploy the Lees—Edwards periodic boundary condition
to maintain the steady and linear velocity gradient,
wherein two opposing periodic images are incremen-
tally moved in opposite directions consistent with the
applied shear. The maximal value of shear rate used
here is ¥ = 0.21 in reduced units, which is not too large
and can avoid the potential microturbulence, and even
distortion.

One of the most important parameters character-
izing rheological properties is the shear viscosity, di-
rectly related to the pressure tensor P, which is mea-

sured by[1!

1 Di,aPi B 1 C
Pap = V<Z m.> + V<ZZFij,arij,a : (9)
i ' i §>i
where o and (8 are the Cartesian indices. Shear vis-

cosity in association with the only nonvanishing off
diagonal component P, = —P,, is given by

n=—-——, (10)

where 7 is the non-Newtonian shear viscosity.
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The simulations are performed in a cubic box of
constant volume V = 11 x 11 x 11, with periodic
boundary conditions applied in all three directions.
The simulated systems contain Np = 6655 polymer
DPD beads and ¢grNp/(1 — ¢r) rod DPD beads for
the number density p = 5, where ¢g represents the NR
concentration. Before being subjected to shear flow,
firstly, A5sBs melts and NRs are randomly dispersed in
the simulated box, the stable lamellar (LAM) phases
of A5sB5/NRs composites are obtained at least over
1.0x 108 timesteps and independent of the initial state.
Then, the equilibrium structures of the nanocompos-
ites are placed in the direction transverse to the shear
direction (i.e., the lamellar normal is parallel to the ve-
locity direction), which is defined as the starting state.
After application of the shear flow, the system evolves
at least 2.0 x 10% timesteps in the nonequilibrium until
a finally stable state is achieved.

3. Results and discussion

Firstly, we perform the simulations on the self-
assembly of DBCPs/NRs systems without shear flow
(i.e., under equilibrium conditions). With the increase
of NR concentration, the system experiences a series
of self-assembly phases, consistent with the previously
obtained phase diagrams.[®! As shown in Figs. 1(a)-
1(d), when ¢r = 6% and 15%, the ordered LAM struc-
tures are preserved. As ¢g increases to 30% and even

35%, the LAM phase transits into ribbon and cylin-
The
ribbon phase has been reported in previous studies,®!

drical structures shown in Figs. 1(c) and 1(d).

which can be taken as a transient phase between
lamellar and cylindrical morphologies. From Fig. 1,
we can clearly see that the A-selective NRs are basi-
cally located within the compatible A domains. Obvi-
ously, an increase in the concentration of A-selective
NRs, equivalently enhances the effective A block com-
position (fa), therefore it causes the typical morpho-
logical transition from lamellar to cylindrical phase,
corresponding to the theoretically predicted phase di-
agram for pure DBCPs melts.!'”! These simulation re-
sults are also in agreement with those of mixtures of
lamellar DBCPs and spherical NPs.['8] Then, the equi-
librium structures of nanocomposites are placed in the
direction transverse to the shear direction (i.e., the
lamellar normal is parallel to the velocity direction),
which is defined as the starting state. Imposed by the
shear over a range of shear rates, the composites will
undergo a series of orientation and morphology tran-
sitions. Here, our aim is to indicate the self-assembly
processes of nanocomposites under shear. Here, we
consider a wide range of NR concentrations, which
is roughly divided into three regions: low NR con-
centration (¢r = 5%), moderate NR concentration
(pr = 15% and 30%), and high NR concentration
(pr = 35%).

(c)

Fig. 1. (colour online) Morphologies of DBCPs/NRs composites with ¢r = 6% (a), 15% (b), 30% (c), and 35%
(d), where the NRs are preferentially located in A phase domains.

3.1.Low NR concentration

Here we investigate the effects of steady shear on
the self-assembly of lamellar DBCPs and NRs mix-
tures, with a low NRs concentration of ¢ = 5%.
In Figs. 2(al)-2(d1l), we show simulation pictures of
nanocomposites at different shear rates of ¥ = 0,

0.01, 0.05, and 0.08, corresponding to the initial trans-

verse LAM, parallel LAM, diagonal LAM, and per-
pendicular LAM morphologies, respectively. Similar
to the case of DBCP melts under shear, an excellent
agreement with experimental observations is found,
that is, at low shear rates, the LAM phase prefer-
entially aligns in the direction parallel to the shear
direction, and at high shear rates, the LAM phase
preferentially aligns in the direction perpendicular to
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the shear direction.['”) Additionally, there is a tran-
sient LAM phase between parallel and perpendicular
orientation, i.e., diagonal LAM structure (with the
lamellae oriented in the shear direction but diago-
nally between a parallel and perpendicular alignment,
see Fig. 2(cl)), which is also observed frequently in
the case of steady shear.??) As already discussed by
Lisal and Brennan,2 values of the potential energy
and entropy production for the diagonal LAM phases
lie between the corresponding values for the paral-
lel and perpendicular lamellar phases. In these LAM
phases of nanocomposites (Figs. 2(b1)-2(d1)), on the
one hand, the NR orientation is highly sensitive to
the imposed external field and immediately oriented

to the flow direction, owing to the additional orienta-
tional entropy of the NRs; on the other hand, the NRs
are exclusively distributed within the A phase domain,
owing to the preferentially attractive interaction be-
tween NRs and A monomers of the blocks. The latter
case is further confirmed by the densities of blocks
A, B, and NRs, plotted in Figs. 2(b2)-2(d2). In a
word, despite the block copolymers incorporated with
anisotropic NRs being subjected to the shear, the in-
terplay between entropy and enthalpy involving blocks
A, B, and the affinity of NRs, still remains dominant
for directing the equilibrium location of NRs within

polymer matrix.
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Fig. 2. (colour online) Morphologies and densities for DBCPs/NRs composites (¢r = 5%) at the shear rates of ¥ = 0,
0.01, 0.05, and 0.08. Panels (al)—(b2) show the views in the direction perpendicular to the shear direction, while panels
(c2) and (d2) show the views in the direction parallel to the shear direction.

3.2. Moderate NR concentration

Then we turn to consider the systems of
DBCPs/NRs with moderate concentrations of ¢r =
15% and 30%. Before imposition of the shear flow,
the corresponding initial structures of the nanocom-
The im-
posed shear rate % ranges from 4 = 0 to 0.21 in in-
tervals of 0.005/0.01 at the lower rate and in inter-
val of 0.02 at the higher rate. For ¢g = 15%, figure
3 presents the typical simulated pictures of compos-
ites at shear rate 4 = 0, 0.01, 0.03, 0.05, 0.06, 0.09,
0.13, and 0.21, corresponding to the transverse LAM,
parallel LAM, diagonal LAM, ribbon, cylindrical, rib-
bon, diagonal LAM, and perpendicular LAM struc-

posites are shown in Figs. 1(b) and 1(c).

tures, respectively, where NRs are located in A do-

mains. From Fig. 3, we can clearly observe that the
commonly shear-induced reorientations of transverse-
to-parallel at low shear rates from 4 = 0.001 to 0.02
in Fig. 3(b), and transverse-to-perpendicular at high
shear rates from 4 = 0.15 to 0.21 in Fig. 3(h). A
transverse-to-diagonal reorientation of lamellae takes
place at ¥ = 0.03 and ¥ = 0.13 shown, respectively, in
Figs. 3(c) and 3(g) where the diagonal LAM (i.e., with
the lamellae oriented in the shear direction but diago-
nally between a parallel and perpendicular alignment)
can be taken as a transient phase between parallel and
perpendicular LAM.[2% Interestingly, besides the re-
orientations in lamellae, the shear-induced morphol-
ogy transitions of lamellae-to-ribbon and lamellae-
to-cylinder appear at intermediate shear rates from
4 = 0.05 to 0.09 shown in Figs. 3(d)-3(f). Compared
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with the case of nanocomposites with ¢r = 5%, the
shear not only aligns the orientation of LAM along
the flow direction, but also induces a series of mor-
phology transitions of DBCPs/NRs composites. The
latter contribute to the increase of A-selective NR con-
centration. Overall, figure 3 suggests that the shear-
induced phase behaviours of mixtures experience a
symmetrical and reversible process: from lamellar to
ribbon to cylindrical phase with 7 increasing from 0.01
to 0.06 shown in Figs. 3(b)-3(e), and then inversely,
from cylindrical to ribbon to lamellar structure with

4 increasing from 0.06 to 0.21 shown in Figs. 3(e)—
3(h). These results are similar to the symmetric phase
transitions caused by the block composition f, cor-
responding to the phase diagram of diblock copoly-
mer melts,'”) suggesting that within a certain range
of selective NR concentrations, which are subjected
to shear flow, the effective block composition (fes)
in composites can be equivalently influenced, thereby

causing the phase transitions between lamellae and
cylinder, which will be illustrated by the NR distribu-

tion in the polymer matrix.

Fig. 3. (colour online) LAM reorientations and phase transitions of DBCPs/NRs composites (¢r = 15%) at ¥ = 0 (a),
0.01 (b), 0.03 (c), 0.05 (d), 0.06 (e), 0.09 (f), 0.13 (g), and 0.21 (h). Panel (a) shows the view of the initial lamellar
structure in the direction perpendicular to the shear direction, while panels (b)—(h) show the views in the direction

parallel to the shear direction.

The positional distribution of particles within the
polymer matrix can be measured by the pair correla-
tion function g(r), which is related to the probability
of finding the position of a particle at a given dis-
tance from another particle. For short distances, this
is related to how the particles are packed together; for
large distances, it is related to the density—a more
dense system has more particles. Therefore, the pair
correlation function g(r) is normalized by the density
and defined as/?!]

o) = yp( Z o)

where N is the number of particles, §(r) is the Dirac
delta function, and () means the ensemble average.
Here, for the case of NRs well oriented to shear di-

rection (i.e., x axis), we calculate the two-dimensional
(2D) pair correlation function g(r,.) by counting the
position of the rod head-particle projected in the yz-
plane. The pair correlation function g(r,.) at different
shear rates of 4 = 0.01, 0.03, and 0.06 are displayed
in Fig. 4, corresponding to the parallel LAM, diagonal
LAM, and cylindrical structures shown in Figs. 3(b),
3(c), and 3(e), respectively. The right shift of peaks in
g(ry) curves suggests the NRs become more and more
dispersed. Moreover, within the three phases (paral-
lel LAM, diagonal LAM, and cylindrical), the corre-
sponding values of average distance inter-NRs d,. are
calculated to be d,, = 2.26, 2.43, and 2.55, respectively,
which also indicates the NRs immersed in cylindrical
phase are more dispersed than that in LAM phase.
Moreover, although applied by shear, the NRs still
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tend to be located within the preferential A domain.
Additionally, the pair correlation function g(r,.) for
homopolymer (A;9)/NRs composites at shear rates of
4 =0.01, 0.06, and 0.09 are also depicted in the inset
of Fig. 4, which also means that the dispersion of NRs
is improved first as the shear rate 4 increases, and
consequently is stabilized at a high shear rate or even
higher, which is in accordance with the simulations on
the NPs dispersion in shear-flow polymer fluids.!!
For the case of ¢r = 30%, with the increase of
shear rate 7, the system also experiences the orien-
tation and morphology transitions. Figures 5(a)-5(c)
present three typical simulated pictures of nanocom-
posites at ¥=0, 0.05, and 0.15, corresponding to the
initial ribbon, sheared cylindrical, and sheared ribbon
structures, respectively, where NRs are still located
within A domain. Detailed observation and compar-
ison reveal that the shear-induced self-assembly of
composites similarly experiences a symmetrical and
reversible transition process: from initial ribbon to

cylindrical phase with 4 increasing from 0 to 0.05
shown in Figs. 5(a) and 5(b), and then conversely,
from cylindrical to ribbon structure with 4 increasing
from 0.06 to 0.21 shown in Figs. 5(b) and 5(c).

16
——y=0.01
=006
\W—+—y=0.09
121 \
\X
~ 8r . i
\g 10 15 20
[S))
4 —
O —
1 1 1 " 1 1 1
0 4 3 12 16 20

Fig. 4. (colour online) NR pair correlation function g(ry.)
for pr=15% at ¥=0.01, 0.03, and 0.06, corresponding to
the parallel lamellar, diagonal lamellar, and cylindrical
phases, respectively. The inset corresponds to the A1g/NR
composites (¢r = 15%) at 4 = 0.01, 0.06, and 0.09.

Fig. 5. (colour online) Morphologies of DBCPs/NRs composites (¢r = 30%) at ¥ = 0 (a), 0.05 (b), and 0.15 (c).

In Fig. 6, we also investigated the function rela-
tionship between shear viscosity 1 of the system and
shear rate 4 for the two cases of ¢r = 15% and
or = 30%. Take ¢r = 15% for example, the curve
with square points can be divided roughly into three
regions, directly corresponding to the morphologies
shown in Fig. 3. The first region corresponds to the
low shear rates for 7 < 0.05, where the shear viscosity
7 decreases dramatically with shear rate increasing,
followed by the two reorientations of transverse-to-
parallel and transverse-to-diagonal shown in Figs. 3(b)
and 3(c).
and decreases again from 4 = 0.05 to 0.12 and displays

Then, the shear viscosity 7 first increases

the local convexes. Corresponding to Figs. 3(d) and
3(f), in this region no reorientations in LAM are in-
duced, but the morphology transitions of lamellar-to-
ribbon and lamellar-to-cylindrical structures are ob-

served. After that, the shear viscosity n decreases
gradually with shear rate in the third region increas-
ing from 4 = 0.13 to 0.21, where the diagonal LAM
is found again, and finally the perpendicular LAM
phase is obtained, corresponding to Figs. 3(g) and
3(h).

shear rate increases, corresponding to shear thinning,

Generally, the shear viscosity 1 decreases as

in which the layer width slightly decreases so that
transverse LAM can take parallel or perpendicular
orientations.??) However, the local convexes in viscos-
ity correspond to the shear-induced thickening, where
the LAM is transformed into ribbon and cylindrical
phase, whose width/diameter is larger than the width
of the layer. For the case of ¢g = 30%, it presents
the same trend as for the case of ¢r = 15%, which is
clearly shown in Fig. 6.
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Fig. 6. (colour online) Values of shear viscosity n each as
a function of shear rate.

Based on the above figures (Figs. 3-6), we
can make a summary that the respective phase be-
haviours of shear-induced DBCP melts and NRs are
co-responsible for the final morphology of composites.
For pure DBCP melts, as the shear rate increases, the
transverse LAM is oriented into a parallel alignment
at low shear rates, and then reoriented into a per-
pendicular alignment at high shear rates. Fraser et
al.?? found that the perpendicular LAM is always
associated with a lower potential energy, thus pro-
viding an energetic reason for favouring such a tran-
sition from transverse to perpendicular arrangement
at higher shear rates. Moreover, the energetically
favoured perpendicular LAM structure has a reduc-
tion in LAM spacing d, compared with that of the
parallel LAM structure, which is also in consistence
with the previous results for high shear rates %, the
shear flow reduces the LAM spacing.23] For the case
of pure NRs, we infer the two main influences of shear
on NR phase behaviours. Firstly, shear guides the ori-
entation of NRs to rapidly turn to shear direction; sec-
ondly, shear drives NRs to disperse with the increased
average inter-rod distance d, at low rates, and with
the stabilized d, at high rates. Finally, for the case
of DBCPs/NRs mixtures, the final orientations and
morphologies of composites depend on the competi-
tion between the two former phase behaviours. Also
take ¢r = 15% for example; at low shear rates from
4 = 0 to 0.02, both favoured parallel alignment of
DBCPs and well shear-oriented NRs together help the
system transform from transverse to parallel LAM. In
the range from 4 = 0.03 to 0.06, on the one hand,
the copolymers tend to adopt the perpendicular LAM
with a lower potential energy; on the other hand, NRs
tend to disperse within the preferential A domain.
The latter is responsible mainly for phase transitions

from transverse LAM to diagonal LAM, ribbon, and
even cylindrical structures. Because the average inter-
rod distance d, of NRs dispersed in the preferential
A domain increases, it equivalently enhances A-chain
composition f4, and then induces the phase transi-
tions of lamellae-to-ribbon and lamellae-to-cylinder.
Conversely, in a range from 4 = 0.07 to 0.12, the dis-
persion of NRs is not further enlarged, and meanwhile
DBCPs still favour perpendicular LAM with lower po-
tential energy and lower viscosity.?2l However, the
time and the phase behaviours of DBCPs are responsi-
ble mainly for the reverse phase transitions from trans-
verse LAM to cylindrical, ribbon, and diagonal LAM
structures. The perpendicular LAM associated with
shear thinning is manifested as a reduction in period
spacing d,, which narrows the dispersions of NRs, and
equivalently reduces the composition f4, and then in-
duces the above reverse phase transitions. Finally,
at high shear rates from 4 = 0.13 to 0.21, the per-
pendicular LAM is dominant for the final morphol-
ogy of nanocomposites, with reducing layer spacing
dp, which not only narrows the NR distribution but
also confines the orientation freedom of NRs within A
domain, which has been suggested in Fig. 3(h). Fi-
nally, we can conclude that the shear can not only
induce the orientation of self-assembled structure, but
also arrange the ordered distribution of NRs in the

polymer matrix.

3.3. High NRs concentration

Finally, we investigate the phase behaviours of
DBCPs/NRs composites with a high NR concentra-
tion, ¢r = 35%, in comparison with the cases of low
and moderate NR concentrations, respectively. As
shown in Fig. 1(d), the initial phase of nanocompos-
ites with ¢r = 35% is typically cylindrical structure.
Interestingly, as shear rate increases from ¥ = 0 to
0.21, the cylindrical morphology is maintained in the
entire range of shear rates, just followed by the re-
orientation of the cylindrical phase. Comparatively,
figures 7(a) and 7(b) present the two typical pictures
for DBCPs/NRs composites at shear rates of 4 = 0
and 0.05. There is no morphology transition, but only
shear orients the cylindrical phase along the flow di-
rection. As expected, shown in Fig. 7(b), NRs are
also basically limited to the preferential A domain.
Despite the cylindrical morphology maintained in the
entire range of shear rates, the shear significantly in-
fluences the phase behaviours of NRs in two aspects:
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spatial orientation and positional distribution. On the
one hand, the NRs are oriented into the direction of
shear flow, so only the head particles of rods are seen
from Fig. 7(b). On the other hand, the shear regulates
the distribution of NRs in the self-assembled DBCPs
phase. To visualize the positional distribution of NRs
within diblocks more clearly, the individual NRs are
shown in Figs. 7(c) and 7(d), which are extracted from
the self-assembled structures in Fig. 7(b). The NR su-
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perlattices in Fig. 7(c) demonstrate that the NRs with
a high concentration applied by shear flow can assem-
ble into ordered NRs arrays. Furthermore, as shown
in Fig. 7(d), NRs are arranged in a hexagonal packing
array, marked with connection lines between NR su-
perlattices. The hexagon equivalently consists of three
diamonds serving as basic cells, in each of which the

natural ratio side length and diagonal length is 1 : v/3.
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Fig. 7. (colour online) Morphologies of DBCPs/NRs composites (¢r = 35%) at ¥ = 0 (a) and 0.05 (b). NR superlattices
with hexagonal packing array ((c) and (d)). NR pair correlation function g(ry.) versus distance ry. between NRs (e).

To obtain a more detailed insight into the lat-
tice distribution of NRs in a diblock matrix, it is
necessary to investigate the pair correlation function
g(r) between NRs.

correlation function g(r,.) as a function of distance

Figure 7(e) gives the 2D pair
ry. between NRs. The first peak occurs at about
ry. = 1.08 (DPD units), and the second peak appears
at about r,, = 1.87 (DPD units), namely, their ra-
tio of 1.87/1.08 = 1.73 (approximately 1:1/3), is com-

pletely consistent with the natural side-to-diagonal ra-

tio of the diamond as mentioned above. Figures 7(d)
and 7(e) together confirm the 3D assembly of NRs
arranged in a hexagonal close-packed structure, show-
ing both orientational and positional order of NRs. A
similar self-assembly of NRs into ordered arrays has
been observed in a few recent experiments. For ex-
ample, Mitamura et al.l?¥ fabricated the hydropho-
bic gold NRs, and investigated their 2D or 3D assem-
bly in hexane solvent, which also depended on the

concentration of NRs. At a high concentration, NRs
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stood on the substrate and were arranged vertically
in a hexagonal packing array. It was explained as fol-
lows: the interaction between NRs could be caused by
the induced dipole moment in addition to the steric
Consequently, the dipole—dipole interac-
In that
case, the side-by-side interaction was more preferen-

hindrance.
tion was generated between adjacent NRs.

tial than the edge-to-edge one since the induced dipole
moments could be more effectively compensated in the
former type.

Additionally, we indicate the effects of shear on
the spatial orientation of NRs, which can be measured
quantitatively as follows:

(P(cos0)) = {(3cos®0 — 1)/2), (12)

where 6 is the angle of NR orientation with respect
The
average NR orientation (P(cosf)) will take values of

to the shear direction (i.e., z-axis direction).

—0.5, 0, and 1 for rods that are perpendicular, ran-
domly oriented, and parallel to x axis respectively.!®!
Figure 8 shows the values of average NR orientation
(P(cos(h))) each as a function of shear rate 4 for dif-
ferent DBCPs/NRs systems with ¢r = 5%, 15%, 30%,
and 35%, respectively. Overall, as the shear rate in-
creases from 4 = 0 to 0.21, the value of (P(cos(f))) is
stable at the former stage and decreases obviously at
the latter stage. Specifically, take ¢r = 15% for ex-
ample, corresponding to the morphologies of the sys-
tem shown in Fig. 3, when shear rate 4 is lower than
0.13, (P(cos(#))) is nearly a constant of 1.0, indicating
the NRs are well oriented to shear direction. Interest-
ingly, when the shear rate increases up to 0.13 or even
more, the value of (P(cos(#))) then drops dramatically
and finally decreases little with shear rate increasing.
As expected, the NRs would be well oriented to the
direction of applied shear, while here the NRs orien-
tation (P(cos(f))) decreases obviously at high shear
rates, which suggests the orientation behaviours of
NRs are interfered with by the shear-induced copoly-
mer chains. As shear rate increases, the chains will
be stretched, tilted, and even oriented. The stretched
chains will energetically constrain the NR behaviour
freedom, leading to a decrease in (P(cos(6))). More-
over, from Fig. 8, it can be seen that the higher the
NRs concentration, the less the influence of shear on
It is attributed to the instinc-
tive liquid crystalline behaviours from the anisotropic

NRs orientation is.

rods. However for the low NR concentration with

¢r = 5%, the value of (P(cos(f))) is more sensitive

to the applied shear rate, indicating that NRs are dis-
persed in a diblock matrix with a relatively free ori-
entation space.
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Fig. 8. (colour online) Values of average NR orientation
(P(cos(0))) each as a function of shear rate.

4. Conclusions

We have conducted DPD simulations to ascer-
tain how steady shear affects the phase behaviours of
lamellar diblock copolymer/nanorod composites. The
rich orientation and morphology transitions are in-
duced by the shear flow. We consider a wider range
of NR concentrations, which is further divided into
three cases: low, moderate, and high NR concentra-
tions. Especially for the moderate NR concentration
(such as ¢r = 15%), the shear not only aligns the ori-
entation of morphology along the shear flow, including
the NRs, but also induces the composites to experi-
ence a symmetrical and reversible phase transition.
The latter is determined by the competition between
shear-induced NR dispersion and polymer thinning
behaviours, also significantly depends on the concen-
tration of NRs. For the high NR concentration (such
as ¢r = 35%), the morphology of composites is main-
tained but oriented to the shear flow, surprisingly, in
which shear-induced NRs are arranged in hexagonal
packing arrays. Meanwhile, the orientation behaviour
of NRs in the block matrix is indicated by the av-
erage NR orientation (P(cos(6))), which not only di-
rectly depends on applied shear, but also is signifi-
cantly influenced by the shear-stretched alignment of
chain molecules.
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