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Long-time relaxation dynamics in nematic and smectic liquid crystals of soft repulsive colloidal rods
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Understanding the relaxation dynamics of colloidal suspensions is crucial to identifying the elements that
influence the mobility of their constituents, assessing their macroscopic response across the relevant time and
length scales, and thus disclosing the fundamentals underpinning their exploitation in formulation engineering. In
this work, we specifically assess the impact of long-ranged ordering on the relaxation dynamics of suspensions
of soft repulsive rodlike particles, which are able to self-organize into nematic and smectic liquid-crystalline
phases. Rods are modeled as soft repulsive spherocylinders with a length-to-diameter ratio L* = 5, interacting
via the truncated and shifted Kihara potential. By performing dynamic Monte Carlo simulations, we analyze the
effect of translational and orientational order on the diffusion of the rods along the relevant directions imposed
by the morphology of the background phases. To provide a clear picture of the resulting dynamics, we assess its
dependence on temperature, which can dramatically determine the response time of the system relaxation and
the self-diffusion coefficients of the rods. The computation of the van Hove correlation functions allows us to
identify the existence of rods that diffuse significantly faster than the average and whose concentration can be
accurately adjusted by a suitable choice of temperature.
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I. INTRODUCTION

The study of the dynamical properties of colloidal sus-
pensions has generated an exceptional insight into multiple
fields of science and technology, shedding light on processes
such as self-assembly and nucleation [1], and systems such as
active matter [2] and liquid crystals (LCs) [3-5], whose key
mechanisms are dramatically influenced by the particle dy-
namics over time. The relatively recent development of
experimental techniques for the synthesis of a fascinat-
ing spectrum of particle shapes [6] has boosted interest in
extending to anisotropic particles methods that have been
predominantly used to study dynamic arrest and glass tran-
sition in suspensions of spherical particles [7]. These methods
include the use of hard-core models to mimic the essential
features of a spectrum of colloidal systems, including LCs. As
Onsager demonstrated in his seminal theory, these relatively
simple models are indeed able to predict the isotropic-to-
nematic transition of infinitely long rodlike particles, as
verified later on by computer simulation [8,9]. Nevertheless,
van der Waals and long-range electrostatic forces modify
the phase diagram and introduce important effects in the
thermodynamic and structural properties of these systems,
particularly in the location of phase boundaries, such as
isotropic-nematic and nematic-smectic transitions [10,11].
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A wide variety of hard- and soft-core models have been
used to gain a better insight into the behavior of thermotropic
(molecular) and colloidal LCs [12]. In the case of spherical
particles, Medina-Noyola and co-workers demonstrated that
structural properties and diffusion coefficients of spheres in-
teracting with a repulsive Sutherland potential can be mapped
onto the corresponding properties of hard-sphere (HS)
systems, using effective diameters dependent on density and
temperature [13,14]. More recently, Jackson and co-workers
obtained an effective soft-repulsive potential based on the
Mie model in order to reproduce structural properties of the
HS system [15], a procedure that has been extended to square-
well potentials [16] and applied successfully in molecular
simulations of colloidal systems [17]. The approach of using
potential models with soft repulsive and attractive interac-
tions of variable range, such as the Mie model for chain
molecules [18,19], has had important implications in the pre-
diction of a wide variety of phase diagrams for molecular
fluids [20].

When investigating the dynamics of hard-core particles,
the usual simulation techniques of choice, namely Molecular
Dynamics (MD) and Brownian dynamics (BD), cannot be
directly applied, as the form of the interaction potential does
not allow one to integrate the equations of motion. Addition-
ally, while MD can accurately reproduce the deterministic
dynamics of atoms and molecules, it is not suitable to mimic
the Brownian motion of colloids unless both dispersed and
continuous phases are explicitly incorporated, resulting in
a very computationally demanding system to study. On the
other hand, BD relies on stochastic equations of motion that
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implicitly incorporate the presence of a solvent, but it faces,
along with MD, the limitation of an integration time step
that should be sufficiently small to guarantee precision at the
cost of missing the long-time relaxation dynamics. This is not
a major problem in sufficiently dilute colloidal suspensions,
but it is indeed a challenge in dense colloids, including LCs,
whose structural relaxation completely unfolds over relatively
long timescales. These limitations can be bypassed by the
dynamic Monte Carlo (DMC) method, which is able to cap-
ture the Brownian dynamics of colloids without employing
stochastic or deterministic equations of motion. Based on the
standard Metropolis algorithm [21], DMC can quantitatively
and qualitatively reproduce BD simulation results in the limit
of small displacements [22-29].

In this work, we apply the DMC method to study the
dynamics of nematic (N) and smectic (Sm) LCs of colloidal
rodlike particles. Rods are represented here as soft repulsive
spherocylindrical (SRS) particles interacting via the Kihara
potential, which has been used in the past to investigate the
behavior of prolate [30,31] and oblate [32] spherocylinders.
We stress that the present manuscript does not contain fur-
ther developments of the already established DMC simulation
technique, and the reader is referred to former works for
details [24-29]. We are specifically interested in assessing the
effect of temperature on the long-time relaxation dynamics
of SRS particles in N and Sm phases. While the former are
characterized by a mere orientational order with the rods ap-
proximately aligned along a common direction, but randomly
positioned, the latter also exhibit translational ordering with
the rods arranged in contiguous layers parallel to each other.

This paper is organized as follows. In Sec. II, we de-
scribe the SRS model, provide the main details of the DMC
simulation method applied in this work, and introduce the
observables calculated to characterize the dynamics in N
and Sm LCs and its dependence on long-range ordering and
temperature. In Sec. III, we discuss the ability of SRS to
diffuse in these LC phases and the structural relaxation of
the systems over time. Finally, we draw our conclusions in
Sec. IV.

II. MODEL AND SIMULATIONS

As mentioned above, colloidal rods are modeled here as
SRS particles interacting via the Kihara potential. In particu-
lar, we studied systems of N, = 1000 prolate spherocylinders
of a length-to-diameter ratio L* = L/o = 5, where L and o
are, respectively, the length and diameter of a cylindrical body
capped by two hemispheres of identical diameter. The total
length of the rod is thus L 4+ o. The interaction between parti-
cles is described by a repulsive, truncated, and shifted Kihara
potential that reads

o \12 o \0 6
U 4de[(£) = (&) +3]  du <20, "
i =
0, d, > 20,

where U;; = U;j(r;j, 0;, ;). The subscripts i and j refer to a
pair of interacting spherocylinders, r;; is the center-to-center
distance between them, € is their interaction strength, @i; and
0; indicate the particles’ orientation, and d,,, = d,, (r;;, 0;, @1;)

is the minimum distance between i and j. The interested
reader is referred to Ref. [33] for additional details on
the computation of the minimum distance between prolate
spherocylinders. All simulations have been performed in the
canonical ensemble at a constant number of particles, tem-
perature (T), and volume (V). N and Sm phases have been
simulated in cubic boxes with periodic boundary conditions of
size Ly =L, =L, =20270,L, =L, =190,and L, = 180,
respectively. The density, p, of N and Sm phases was set
according to the phase diagrams of Kihara spherocylinders
reported in Ref. [31]. In particular, p{, = 0.12 and pg,, = 0.15
for N and Sm phases, respectively, with p* = N,a3/V. To
equilibrate N and Sm phases at these values of density, we
melted the initial configurations of perfect crystals at the
desired temperature by performing standard MC simulations.
In particular, rotational and translational movements of ran-
domly selected particles were accepted or rejected according
to the Metropolis algorithm [21]. The systems were consid-
ered to be at equilibrium when the potential energy of the
system had reached a steady value within moderate statis-
tical fluctuations. More specifically, equilibration runs took
between 10° and 3 x 10°® MC cycles.

After equilibration, we performed DMC simulations to
study the relaxation dynamics of N and Sm phases. In DMC
simulations, to realistically mimic the Brownian motion of
colloidal particles, unphysical moves, such as swaps or cluster
moves, are not performed. An insightful description of the
DMC method applied in this work is available elsewhere
[24-29]. Here we only provide a brief overview of the main
features of the method, and we refer the interested reader to
these works for details. DMC simulations were performed in
N and Sm phases at scaled temperatures 7* = 5, §, 10, 12, 15,
and 20, with T* = kT /€, and kg the Boltzmann constant. We
selected o, €, and T = 02/D as units of length, energy, and
time, respectively, where Dy = kgT /o is a diffusion con-
stant and p is the viscosity of the implicit solvent. One DMC
cycle consists of N, attempts at simultaneously displacing and
rotating a randomly selected particle. These moves are ac-
cepted according to the probability min[1, exp(—AU /kgT)],
where AU is the energy difference between new and old con-
figurations. The magnitude of elementary displacements and
rotations is defined according to the Einstein equations and the
particle diffusion coefficients at infinite dilution. More specifi-
cally, displacements in the direction of @1; and perpendicular to
it were randomly selected from uniform distributions that sat-
isfy the conditions |X;| < /2D dtmc and |X, | < /2D tmc,
respectively, where 8tyic is the arbitrarily set MC time step,
while Dy and D, correspond to the translational diffusion
coefficients at infinite dilution along #; and perpendicular to
it, respectively. A similar approach was used to calculate par-
ticle rotations, where the vector @; changes to @; + §i;, with
o0, =Y, 1W; +Y,oW;>. The two randomly chosen vectors
W, are perpendicular to each other and to ;. Finally, Y,, | and
Y, > are random numbers selected from uniform distributions
that satisfy the condition |Y,, ,,| < \/2D,dtmc, where Dy, is the
rotational self-diffusion coefficient of the rod.

Translational and rotational diffusion coefficients of rod-
like particles at infinite dilution have been estimated by
applying the analytical expressions based on the induced-
forces method by Bonet Avalos and co-workers [34]. In
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TABLE 1. Translational and rotational diffusion coefficients at
infinite dilution as obtained from Egs. (2)—(4) at different values of
the reduced temperature.

T Dy /Dy Dy /Dy D, /Dy
5 0.223 0.177 0.029
8 0.357 0.284 0.047
10 0.446 0.355 0.059
12 0.536 0.427 0.071
15 0.670 0.533 0.089
17 0.759 0.605 0.101
20 0.893 0.711 0.119
particular,
D, InQ/y)—1/2-1" .
DO - 27'[/]/ ’
D“ _ 1n(2/)/)—3/2—1” (3)
Dy /y ’
D, In(2 —11/6 = I'"
Dy _ 4 n(2/y) / 3 , @
Dy no?/Q2y)
where 1/y =2(L*+1), I"=1['dxlnhx), I"=

%fll dxx*Inh(x), and h(x) = (1 —x¥)"/?". The function
h(x), applied to model particles with revolution symmetry,
approximates very well the shape of a spherocylinder
when n = 8. Under these conditions, 1" >~ —0.0061 and
I'" >~ —0.017. The translational and rotational diffusion
coefficients at infinite dilution used in our DMC simulations
are given in Table I for different values of the reduced
temperature. We note that the value of the three sets of
diffusion coefficients are different from those employed in
Ref. [24], especially at T* = 20. Such a difference is due to
the fact that Ref. [24] made use of the analytical expressions
available for prolate spheroids, whose geometry is roughly
similar, but not identical, to that of spherocylinders.

To obtain the actual timescale for Brownian dynamics, we
have rescaled the MC timescale via the acceptance rate using
the following relation:

A
D = gCMCSIMCs )

where fgp is the Brownian time after Cyc cycles, A is the
average acceptance rate over this number of cycles, and Styic
is the corresponding MC time. This result allows one to
rescale the dynamical properties and consistently compare the
structural relaxation of N and Sm phases across the spectrum
of temperatures studied here. More specifically, we evaluated
the mean-squared displacement (MSD), the self-part of the
Van Hove correlation function (s-VHF), and the self-part of
the intermediate scattering function (s-ISF). Each of these
functions has been calculated in the direction of the nematic
director and in planes perpendicular to it. The number of tra-
jectories used to obtain accurate statistics was approximately
100. In particular, the parallel and perpendicular MSDs read

1
(Arﬁ(l)) = E<Z{[rj(t) —r;(0)]- n}2>, (6)

(Ar} () = ]HZ{[W) —1;(0)] x n}2>, (7

where (...) denotes ensemble average, and n is the nematic
director. Similarly, the pair-distribution functions parallel and
perpendicular to the director are given by

1
gi(2) = ﬁzzaq(ri —rj)-n|— z)>, ®)

1
gi(r) = ﬁ<228(|(ri —rj) x| - r)>, ©)

where z and r = /x% + y? are the particle center-to-center
distances in the direction of n and perpendicularly to it, re-
spectively, and ¢ is the Dirac delta function. Additionally, the
probability distribution of the particles at time #, given by the
self-part of the van Hove Function, reads

1 N
Gi(z, 1) = ]7<28(z— [Zj(t+t0)_zj(t0)])>» (10
r =1

1 N
Gy(r1) = ]7< > 80— [t +10) — r,-(ro>])>. (11)
r j:l

The s-VHFs provide insight into the presence of particles
that are significantly slower or faster than the average particle
over the same timescale. This scenario is not necessarily the
same in the direction of the nematic director and perpendicular
to it. Finally, the s-ISF gives a measure of the structural relax-
ation of the system over time and quantifies the decay of its
density fluctuations. As noticed for the s-VHFs, this behavior
is not expected to be isotropic. In this case, we also estimate
the parallel and perpendicular contributions as follows:

| N,
F.()= ]7<Zexp{iq e+ o) — 15(10)] -n}>, (12)
r =1

1|
Fiy(t) = ]7<Zexp{iq S+ t0) — 15(10)] X n}>, (13)
r j=1

where the wave vector q = q; + q is defined at the main
peaks of the static structure factor, taking values of |q|o >~ 1
and |q, |0 = 6 for the parallel and perpendicular components
with respect to the director, respectively.

III. RESULTS

Before presenting and discussing the relevant observations
on the dynamics of SRS rods in N and Sm phases, we first
analyze the structural properties that help us distinguish be-
tween positionally and merely orientationally ordered phases.
To this end, we computed the pair-correlation functions g, (r)
and g (z), shown in Figs. 1 and 2, respectively. The former can
be considered as an in-layer pair-correlation function for the
case of Sm phases, where positional ordering in the direction
of n exists. Our results indicate the existence of a typi-
cal fluidlike behavior in the perpendicular direction of both
N and Sm phases, with the first peak occurring at a distance
of approximately one diameter length, and the amplitude of
oscillations decaying exponentially to 1 at relatively short
distances. Upon increasing temperature from 7* = 5 to 20,
all peaks tend to flatten, and fluctuations decay at progres-
sively shorter distances. As far as the parallel pair-correlation
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FIG. 1. Pair-correlation functions in the direction perpendicular
to the nematic director as computed in N (top) and Sm (bottom)
phases at different temperatures. Insets (a) and (b) in the bottom
frame correspond, respectively, to N (p* = 0.12) and Sm (p* = 0.15)
phases at 7* = 10.

function, g;(z), is concerned, the pronounced periodic cor-
relations of Fig. 2 confirm the layered structure typically
observed in Sm LCs. In particular, the position of each peak
corresponds roughly to the location of each smectic layer,
where particle density is maximal. By contrast, the interlayer
spacing is almost completely empty, the probability of ob-
serving particles in between layers being very low. Increasing
temperature has a significant effect on the density distribution
in the Sm phase, but a practically negligible effect in the N
phase, which shows no evidence of positional order at all
temperatures studied.

3.5 T T T

.

FIG. 2. Pair-correlation functions in the direction parallel to the
nematic director at 7* = 5, 10, 15, and 20. Lines and symbols refer
to Sm and N phases, respectively. Plots with larger amplitudes cor-
respond to lower temperatures. Equilibrium densities are p* = 0.12
for the N phases and p* = 0.15 for the Sm phases.
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FIG. 3. Mean-square displacement in the Sm phase at 7* = 10 in
the direction parallel to the nematic vector. Dotted, dashed, and long-
dashed lines refer to independent DMC simulations at §tyic/7 =
107%, 1073, and 1072, respectively. Solid lines have been obtained
by rescaling the corresponding dashed lines according to Eq. (5).

Having established the structural differences between the
N and Sm phases studied here, we now investigate how these
distinctive morphological attributes can in turn determine dis-
tinct dynamical signatures. To start with, we first estimated the
MSD in the direction parallel and perpendicular to the nematic
director and calculated the long-time diffusion coefficients.
To this end, we ran DMC simulations at different values of
the MC time step, between Sfyc/T = 10~3 and 1072, and
then we applied Eq. (5) to rescale the results and recover the
unique BD timescale [24]. The rescaled MSDs collapse into
a single master curve as shown in Fig. 3, where we report
the parallel MSD in the Sm phase at 7* = 10. The rescaling
procedure to obtain the MSD across the whole spectrum of
relevant timescales is the same for all the remaining systems.
The resulting master curve has been obtained by superimpos-
ing three separate rescaled MSDs (dotted and dashed lines)
calculated over DMC simulations at Styc/T = 1073, 1073,
and 1072, The so-calculated MSD exhibits an initial diffusive
regime, mostly determined by the particle geometry, followed
by an intermediate time regime where the presence of neigh-
boring layers, forming a sort of cage around the particles,
slows down diffusion and, finally, a long-time diffusive regime
that fully develops at /7 > 1. Very similar tendencies have
also been detected at 7* = 5, 8, 12, 15, and 20, with some
differences observed in the extension of the cage effect and
the onset of the long-time diffusive regime. In particular,
the effect of temperature on the MSD is clarified in Fig. 4,
where we report parallel and perpendicular MSDs in N (top
frame) and Sm (bottom frame) LCs at 7* = 5 and 20, that
is, the lowest and highest temperatures studied. For the sake
of clarity, we do not show the parallel and perpendicular
MSDs at intermediate temperatures, which exhibit a profile
in between those reported in Fig. 4 for N and Sm phases.
We also notice that, in the N phase, at short timescales the
relationship between parallel and perpendicular MSDs is
such that & = Ar?/ Arﬁ > 1, while it inverts at intermediate
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FIG. 4. Mean-square displacements in N (top frame) and Sm
(bottom frame) LCs at T* =5 (circles) and 20 (triangles). Open
and solid symbols refer to perpendicular and parallel direction,
respectively.

timescales when the parallel MSD becomes larger and stays
so up to the long-time diffusive regime. This behavior has
also been reported in BD simulations of SRS rods at 7* =
1.465 [35], a temperature at which the phase behavior of
soft spherocylinders can be mapped on that of hard sphe-
rocylinders [31]. The dominant character of the long-time
parallel diffusion has also been observed experimentally in
N phases of rodlike viruses [36], but less clear is whether
or not this tendency already exists at short timescales as
observed in simulations. To gain insight into the effect of
temperature on the relative importance, over time, between
one-dimensional diffusion along n and two-dimensional dif-
fusion perpendicular to n, we have calculated the time at
which a crossover from & > 1to & < 1is observed. This time,
referred to as inversion time and indicated with #;, quantifies
the timescale over which this crossover is produced in the N
phase. Interestingly enough, #; changes with the temperature,
as shown in Fig. 5. In particular, we observe that #; is relatively
large at low temperatures and then gradually decreases follow-
ing an exponential law of the type t;/t = A + Bexp(—CT"),
where A = 0.40, B = 1.51, and C = 0.37 are fitting parame-
ters. It is evident that at large enough temperatures, #; tends to
a constant value, approximately equal to 0.407, that will not
change significantly up to the I-to-N transition temperature.
The MSDs are instrumental to calculate the long-time self-
diffusion coefficients and their dependence on temperature.
More specifically, parallel and perpendicular self-diffusion
coefficients in N and Sm phases were obtained from the slope
of the corresponding MSDs in the long-time diffusive regime:

— 2
Dy = lim 1d(¥n () = r(0)] >’
' 2 dt

where [ = 1 or 2 denotes the dimensionality of particle dy-
namics associated with the parallel or perpendicular MSD,
respectively. By contrast, the total self-diffusion coefficient
has been calculated as Dy = (D +2D,)/3. The depen-
dence of the self-diffusion coefficients on temperature in

(14)

T T T T T T T T
0.575f -
- fitted curve
O Simulation data
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~
~
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0.425F -
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1
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FIG. 5. Inversion time between parallel and perpendicular MSD
of the N phase. Symbols are simulation results, and the solid line is
a fitting exponential function.

N and Sm phases is presented in the two frames of Fig. 6. In
agreement with previous MD simulation of rodlike molecular
liquid crystals [37], we find that the three sets of long-time
self-diffusion coefficients exhibit a dependence on 7* that is
well-described by an Arrhenius-like exponential law, which
reads D/Dy ~ D* exp(—E*/T*), with the preexponential fac-
tor D* and activation energy E* fitting parameters. We also
observe that the dependence of D, on temperature is very
similar in both N and Sm phases. At a given temperature,
most likely due to the packing difference between the two
LC phases, the numerical value of D is slightly larger in the
N phase than in the Sm phase, but otherwise D, = D, (T*)
exhibits the same exponential trend, with very similar fitting
parameters, in both frames of Fig. 6. On the other hand, the
diffusion along the director is significantly slower in the Sm
phase (E* ~ 42) than in the N phase (E* =~ 11) by almost one
order of magnitude, most likely due to the layered structure
that hampers the penetration of the rods and thus delays their
diffusion along the nematic director. These findings are in
qualitative agreement with former theoretical, simulation, and
experimental works that clarified the existence of free-energy
barriers hampering the diffusion of rodlike particles through
Sm layers [38—43]. Therefore, while SRS particles in the N
phase preferentially diffuse in the direction of the nematic
director, in the Sm phase they are essentially constrained in
a two-dimensional space, especially at 7* < 10, where Dy is
almost negligible.

In light of these considerations, we now turn our attention
to the probability of observing particles that displace signif-
icantly shorter or longer distances than the average particles
over the same period of time. The existence of such parti-
cles, here referred to as fast or slow, is corroborated by the
computation of the s-VHFs along the nematic director and
perpendicular to it, as given, respectively, in Eqs. (10) and
(11). To illustrate this, we show the s-VHFs at /7 = 104, a
time that is sufficiently long to observe the relevant dynamical
features of both N and Sm phases across the whole spectrum
of temperatures studied. In particular, the parallel s-VHFs of
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FIG. 6. Total (D), parallel (D)), and perpendicular (D) self-
diffusivities, represented with triangles, diamonds, and circles,
respectively, as a function of the reduced temperature in the N (a) and
Sm (b) phases. Solid lines are exponential fits of the type D/Dy ~
D*exp(—E*/T*), with D* = {0.0621, 0.0196, 0.0328} and E* =
{11.5901, 12.1927, 11.6009} for parallel, perpendicular, and to-
tal self-diffusivities, respectively, for the nematic states, and D* =
{0.0308, 0.0167, 0.0129} and E* = {42.243, 12.1584, 12.948} for
parallel, perpendicular, and total self-diffusivities, respectively, for
the smectic states.

Sm LCs, shown in the top frame of Fig. 7, display periodically
peaked profiles that follow the typical layered structure of this
phase. At increasing temperatures, from 7* = 5 to 20, these
peaks become less and less pronounced, suggesting a more
uniform probability of finding particles at any distance along
the nematic director. Nevertheless, at relatively low temper-
ature, with the smectic layers well-defined and less prone to
density fluctuations, the profiles unambiguously suggest that
particles preferentially jump from layer to layer, and almost
no particles are observed in between. For instance, at T7* = 5,
while most particles are still in their original layer (primary
peak), there exist especially fast particles that succeeded in
diffusing, over the same period of time, to a contiguous layer
(secondary peak). This is also observed at larger tempera-
tures, but the difference between the height of primary and
secondary peaks gradually softens and eventually disappears
at T* = 20.

10-5 I I | | | I
0 10 20 30 40 50 60 70

z/o

©
o

FIG. 7. Self-part of the van Hove function at a time ¢/t = 10* in
N (bottom) and Sm (top) phases along the nematic director at scaled
temperatures 7* = 5, 8, 10, 12, 15, 17, and 20.

The bottom frame of Fig. 7 reports similar s-VHFs for the
N phase. In this case, profiles with a maximum at z = 0 and
monotonic decay at relatively long distances are observed.
Most particles are therefore at or very close to their original
position, with few of them fast enough to be displaced sub-
stantially larger distances over the same time window. With
increasing temperature, more and more particles are able to
move longer distances, and, correspondingly, fewer and fewer
are found at their original location. Finally, the perpendicu-
lar s-VHFs shown in Fig. 8 for N (bottom frame) and Sm
(top frame) phases reveal the presence of an interesting va-
riety of particles. At /7 = 10*, most of them have left their
initial position, as indicated by the peak of the distribution.
These particles coexist with others that either remained very
close to their original location or displaced significantly larger
distances. Upon increasing temperature, the probability of

|
0 5

| | e“
5 20 25 30 35
rlo

10 1 40 45
FIG. 8. Self-part of the van Hove function at a time ¢/t = 10*
in N (bottom) and Sm (top) phases in planes perpendicular to the

nematic director for scaled temperatures 7* = 5, 8, 10, 12, 15, 17,
and 20. Symbols as in Fig. 7.
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FIG. 9. Temperature dependence of the self-part of the inter-
mediate scattering function in the N phase along the nematic
director (top frame) and perpendicular to it (bottom frame). Symbols
indicate simulation results, while solid lines are stretched-
exponential fits. All s-ISFs have been calculated at wave vectors
g.0 ~ land /q? + g0 ~ 6. The dashed line corresponds to the 1/e

value where relaxation of iSF is commonly measured.

observing such slow and fast particles becomes more
and more uniform and would eventually become space-
independent at very large temperatures, at which the system
would transform into an isotropic phase.

Temperature also plays a key role in determining the
timescale of the structural relaxation of the system. This has
been estimated by computing the s-ISF in the directions par-
allel and perpendicular to n. The s-ISFs of N and Sm phases
are, respectively, shown in Figs. 9 and 10. In both cases, they
have been calculated at the wave vectors corresponding to the
peak of the static structure factor, which are q = (0, 0, ¢,),
with g.0 =1 for parallel s-ISFs and q = (gx, gy, 0) with

/(g2 + q})o = 6 for perpendicular s-ISFs. Both LC phases

exhibit a relevant difference between parallel and perpendic-
ular relaxation, with the former taking up to two to three
extra time decades. In all the cases studied, the decay of
the s-ISFs closely follows a stretched-exponential function
of the form exp[—(t/t,)?], typically observed in dense flu-
ids [44], with 7, and g fitting parameters. In particular, the
exponent f is approximately between 0.6 and 0.7 for Fj ,,,
and between 0.8 and 0.9 for F; ;, suggesting a more stretched
decay in planes perpendicular to the nematic director than
in the direction parallel to it. These values agree well with
those reported in previous simulation of hard spherocylin-
ders [45,46]. While the dependence of B on temperature is
relatively mild, the relaxation time ¢,, defined as the time at
which Fy; = 1/e, changes significantly with the temperature,
as can be inferred from Fig. 11, where In(¢#,/7) is plotted as a
function of In(7™*). The so-calculated relaxation time exhibits
a power-law dependence on 7* that holds in both Sm and
N phases.
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FIG. 10. Temperature dependence of the self-part of the inter-
mediate scattering function in the Sm phase along the nematic
director (top frame) and perpendicular to it (bottom frame). Symbols
indicate simulation results, while solid lines are stretched-
exponential fits. All s-ISFs have been calculated at wave vectors

¢.0 ~ land  /q? + q?o ~ 6. The dashed line corresponds to the 1/e

value where relaxation of iSF is commonly measured.

IV. CONCLUSIONS

In summary, we have performed DMC simulations to in-
vestigate the dynamics of soft repulsive rodlike particles in
nematic and smectic LCs. To this end, we have calculated a
spectrum of dynamical properties that helped us characterize
the long-time relaxation decay in the direction of the nematic
director and perpendicular to it. In particular, the MSD was
key to obtaining the self-diffusion coefficients and gaining
an insight into their dependence on temperature, the s-VHF
unveiled the existence of particles able to cover significantly

In(t/T)

O — —
| | ] | | |

]
16 1.8 20 22 24 26 28 3.0
In(T™)

FIG. 11. Relaxation times for Sm (top frame) and N (bottom
frame) phases. Open and solid symbols refer, respectively, to struc-
tural relaxation perpendicular to the nematic director and parallel to
it. Solid lines are fitted functions of the form ¢,/t = b(T*)*, where
a = —1.36and b = 2980.
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longer distances than most of the particles over the same time,
and the s-ISF clarified the timescales of the structural fluctu-
ations’ decay. Our results suggest a similar fluidlike diffusive
behavior in the direction perpendicular to the nematic director
in both N and Sm phases. By contrast, the crystal-like arrange-
ment of the Sm phase along the nematic director determines a
significantly different dynamics in this direction as compared
to that observed in the N phase. In particular, rods struggle
to diffuse from layer to layer as the very low value of their
long-time self-diffusion coefficients reveals. The dependence
of self-diffusivities on temperature follows an Arrhenius-like
exponential law that suggests an especially high activation
energy in the Sm phases at low temperatures. By contrast,
at the same temperatures, the activation energy is up to four
times smaller in the N phase. The dependence on temperature
of the rods’ dynamics in the N phase is also inferred from
the inversion time, #;, which is the time at which the parallel
diffusion becomes faster than the perpendicular diffusion. The
inversion time, which also displays an exponential depen-
dence on temperature, is larger at low temperatures, but then
gradually shorter as the system approaches the transition to
the isotropic phase.

The analysis of the s-VHFs in the direction of the nematic
director suggests the presence of rods that are able to displace
significantly longer distances than the average particle over
the same timescale. While such fast particles are found in
both the N and Sm phases, the probability distribution pro-
files of their parallel displacements in these phases are not
the same. More specifically, periodically peaked s-VHFs are
found in the Sm phases, with the peaks becoming smoother
and smoother at increasing temperature. By contrast, in the
N phase, no peaks are observed, but monotonically decreasing
probabilities can be seen that vanish at sufficiently long dis-
tances. To some extent, the parallel s-VHFs of the N phase are
very similar to those calculated perpendicular to the nematic
director, whose profiles in the N and Sm phases are almost
completely indistinguishable. However, the perpendicular
s-VHFs exhibit a maximum at relatively short distances that
suggests the existence of especially slow particles that, even
at sufficiently long times, have displaced less than one rod

diameter from their original position. The simultaneous pres-
ence of slow and fast particles contributes to determine the
structural relaxation of the systems, which has been assessed
by calculating the s-ISF. As observed in dense liquids, the
s-ISFs exhibit a stretched exponential decay, which can take
up to three time decades more along the nematic director than
in the directions perpendicular to it.

The dynamical properties of the soft repulsive model stud-
ied here can be extended to introduce other effects that are
relevant for the characterization of soft matter phases, such
as polydispersity in viruses [5] and the introduction of elec-
trostatic interactions in models for colloids and proteins [47].
Since the Mie-potential has extended the application of the
Lennard-Jones model to describe the properties of real sub-
stances [20], we can expect that in similar way shifted Kihara
systems of variable range, modifying the exponents 12-6,
could also be relevant in order to describe liquid crystalline
phases.

We finally stress that the long-time relaxation dynamics
of colloidal LCs has interesting common features with that
of molecular (or thermotropic) LCs. The interested reader
is referred to the experiments by Fayer and co-workers to
gain insight into the impact of randomization of pseudone-
matic domains on the long-time relaxation and orientational
dynamics of molecular LCs, especially observed close to the
isotropic-to-nematic phase transition [48—50]. By contrast, at
short timescales, the ballistic regime generally reported in
molecular fluids, with Ar? o ¢2, is never observed in col-
loidal suspensions, where Brownian motion dominates and
determines the short-time diffusive regime, with Ar? ot as
reported in Fig. 4 for both N and Sm phases.
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