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Glassy orientational dynamics of rodlike molecules near the isotropic-nematic transition
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We investigate the single-particle orientational dynamics of rodlike molecules across the isotropic-nematic
transition in computer simulations of a family of model systems of thermotropic liquid crystals. Several
remarkable features of glassy dynamics are on display including nonexponential relaxation, dynamical hetero-
geneity, and non-Arrhenius temperature dependence of the orientational relaxation time. In order to obtain a
quantitative measure of glassy dynamics in line with the established methods in supercooled liquids, we
construct a relaxation time versus scaled inverse temperature plot and demonstrate that one can indeed define
a “fragility index” for thermotropic liquid crystals that depends on density and aspect ratio. The values of the
fragility parameter are surprisingly in the range observed for glass-forming liquids. A plausible correlation
between the energy landscape features and the observed fragility is discussed.
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I. INTRODUCTION

Thermotropic liquid crystals exhibit exotic phase behavior
upon temperature variation. In the isotropic phase, liquid
does not have any long-range translational or orientational
order. The nematic phase is rich with a long-ranged orienta-
tional order but lacks translational order. The isotropic-
nematic (I-N) phase transition, which is believed to be
weakly first order in nature with certain characteristics of the
continuous transition, has been a subject of immense atten-
tion in condensed matter physics and material sciences [1,2].
In contrast, the dynamics of thermotropic liquid crystals has
been much less studied, the focus being mostly on the long-
time behavior of orientational relaxation near the I-N transi-
tion [1]. A series of optical Kerr effect (OKE) measurements
have, however, recently studied collective orientational re-
laxation in the isotropic phase near the I-N transition over a
wide range of time scales [3]. The dynamics have been found
to be surprisingly rich, the most intriguing feature being the
power-law decay of the OKE signal at short-to-intermediate
times [3]. The relaxation scenario appears to be strikingly
similar to that of supercooled molecular liquids [4], even
though the latter do not undergo any thermodynamic phase
transition. Although analogous dynamics has been investi-
gated in subsequent studies [5,6], a quantitative estimation of
the glassy dynamics of rodlike molecules near the I-N tran-
sition still eludes us.

The prime objective of this paper is to provide a quanti-
tative measure of the glassy dynamics near the I-N transi-
tion. To this end, we have undertaken molecular dynamics
simulations of a family of model systems consisting of rod-
like molecules across the I-N transition in search of glassy
behavior. Given the involvement of the phase transition to an
orientationally ordered mesophase upon lowering the tem-
perature, we choose to probe the single-particle orientational
dynamics. We have defined a “fragility index” and explored
plausible correlation of the features of the underlying energy
landscape with the observed fragility in analogy with super-
cooled liquids.
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II. MODEL AND DETAILS OF THE SIMULATION

The systems we have studied consist of ellipsoids of revo-
lution. The Gay-Berne (GB) pair potential [7], which is well
established to serve as a model potential for systems of ther-
motropic liquid crystals, has been employed. The GB pair
potential, which uses a single-site representation for each
ellipsoid of revolution, is an elegant generalization of the
extensively used isotropic Lennard-Jones potential to incor-
porate anisotropy in both the attractive and the repulsive
parts of the interaction [7,8]. Indeed, the repulsive part of the
GB potential produces ellipsoidal shape. In the GB pair po-
tential, ith ellipsoid of revolution is represented by the posi-
tion r; of its center of mass and a unit vector e; along the
long axis of the ellipsoid. The interaction potential between
two ellipsoids of revolution i and j is given by
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Here o, defines the thickness or, equivalently, the separation
between the two ellipsoids of revolution in a side-by-side
configuration, r;; is the distance between the centers of mass
of the ellipsoids of revolution i and j, and F;;=r;;/r;; is a unit
vector along the intermolecular separation vector r;;. The
molecular shape parameter o and the energy parameter e
both depend on the unit vectors e; and e; as well as on f‘ij as
given by the following set of equations:
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where the exponents u and v are adjustable parameter and
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with x' =(k""#=1)/(x'"*+1). Here k=0,,/ 0, is the aspect
ratio of the ellipsoid of revolution, with o,, denoting the
separation between two ellipsoids of revolutlon in a end-to-
end configuration, and o,,=0( and k'=¢€,/¢€,,, where €, is
the depth of the minimum of the potential for a pair of ellip-
soids of revolution aligned in a side-by-side configuration
and €, is the corresponding depth for the end-to-end align-
ment. Here ¢, is the depth of the minimum of the pair po-
tential between two ellipsoids of revolution aligned in cross
configuration. The GB pair potential defines a family of
models, each member of which is characterized by the values
chosen for the set of four parameters «, «’, u, and v, and is
represented by GB(k, ', u,v) [8]. Three systems—namely,
GB(3, 5,2, 1), GB(3.4, 5, 2, 1), and GB(3.8, 5, 2, 1)—which
differ in the aspect ratio, have been investigated. Molecular
dynamics simulations have been performed with each of
these systems, consisting of 500 ellipsoids of revolution, in a
cubic box with periodic boundary conditions. Each of these
systems has been studied along three isochors (p=0.31, 0.32,
and 0.33 for k=3.0; p=0.25, 0.26, and 0.27 for k=3.4; p
=0.215, 0.225, and 0.235 for k=3.8) at several temperatures,
starting from the high-temperature isotropic phase down to
the nematic phase across the I-N phase boundary. All quan-
tities are given in reduced units defined in terms of the Gay-
Berne potential parameters €; and oy: length in units of oy,

temperature in units of —0 and time in units of (%:1)”2, m
being the mass of the elhpsmds of revolution. The mass as
well as the moment of inertia of each of the ellipsoids of
revolution has been set equal to unity. The intermolecular
potential is truncated at a distance r.,, and shifted such that
U(r;j=r.)=0, r; being the separation between two ellip-
soids of revolutlon i and j. The equations of motion have
been integrated using the velocity-verlet algorithm with inte-
gration time step dr=0.0015 [9]. Equilibration has been done
by periodic rescaling of linear and angular velocities of par-
ticles. This has been done for a time period of 7,, following
which the system has been allowed to propagate with a con-
stant energy for a time period of ¢, in order to ensure equili-
bration upon observation of no drift of temperature, pressure,
and potential energy. The data collection has been executed
in a microcanonical ensemble. At each state point, local po-
tential energy minimization has been executed by the conju-
gate gradient technique for a subset of 200 statistically inde-
pendent configurations. The landscape analysis has been
done with a system size of 256 ellipsoids of revolution,
which is large enough for having no qualitative change in the
results due to the system size [10]. Minimization has been
performed with three position coordinates and two Euler
angles for each particle, the third Euler angle being redun-
dant for ellipsoids of revolution.
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FIG. 1. Time evolution of the single-particle second-rank orien-
tational time correlation function C5(r) in a log-log plot for the
system with aspect ratio k=3. The time dependence is shown at
several temperatures (7=3.5, 3.25, 3.0, 2.75, 2.5, 2.25, 2.0, 1.88,
1.82, 1.78, 1.65, and 1.5) across the isotropic-nematic transition
along the isochor at density p=0.33. The solid lines denote the
curves for the high-temperature isotropic phase and the dashed lines
for the low-temperature nematic phase. The inset shows the average
orientational order parameter (S) as a function of temperature.

III. RESULTS AND DISCUSSION

The single-particle second-rank orientational time corre-
lation function (OTCF) C5(¢) is defined by

(2, PaA&(1) -&,(0))
(1) = " NG (7)
<EiP2(ei(O) -€,(0))

where P, is the second-rank Legendre polynomial, €; is the
unit vector along the long axis of ith ellipsoid of revolution,
and the angular brackets stand for ensemble averaging.
Figure 1 shows the time evolution of the single-particle
second rank OTCF for one of the three systems considered
here as the temperature is lowered along an isochor from the
high-temperature isotropic phase down to the nematic phase
across the I-N phase boundary. In the inset, the average ori-
entational order parameter (S) is shown as a function of tem-
perature along the isochor [11]. The variation of (S) with
temperature serves to locate the I-N phase boundary. In the
present study, the I-N transition temperature 7y is taken as
the temperature at which (S) of the system is 0.35. For each
aspect ratio, three isochors at different densities have been
considered. The qualitative behavior has been found to be the
same for all the three systems along all the isochors studied
(data not shown). The emergence of the power-law decay in
the isotropic phase near the I-N transition is evident in all the
cases as a universal characteristic of I-N transition [12]. As
the I-N phase boundary is crossed upon cooling, the advent
of two power-law decay regimes separated by an intervening
plateau at short-to-intermediate times imparts a steplike fea-
ture to the temporal behavior of the second rank OTCF. Such
a feature bears remarkable similarity to what is observed for
supercooled liquids as the glass transition is approached
from the above [13,14]. While for the supercooled liquid the
emergence of the steplike feature in the OTCF is well under-
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FIG. 2. (a) The orientational correlation time 7 in the logarith-
mic scale as function of the inverse of the scaled temperature, the
scaling being done by the isotropic to nematic transition tempera-
ture 7, y. For the insets, the horizontal and vertical axis labels read
same as that of the main frame and are thus omitted for clarity.
Along each isochor, the solid line is the Arrhenius fit to the subset
of the high-temperature data and the dotted line corresponds to the
fit to the data near the isotropic-nematic phase boundary with the
VFT form. (b) The fragility index m shown as a function of density
for different aspect ratios. The dashed lines are guide to the eye to
illustrate the fact that the dependence of the fragility index on the
density is becoming stronger as the aspect ratio becomes smaller.

stood as a consequence of S relaxation, the origin of such a
feature observed for liquid crystal defied a reliable explana-
tion.

We estimate the orientational correlation time 7 as the
time taken for C5(r) to decay by 90%—i.e., C5(t=7)=0.1.
Figure 2(a) shows 7 in the logarithmic scale as a function of
the inverse temperature along the three isochors for each of
the three systems considered. We have scaled the tempera-
ture by 7,y in the spirit of Angell’s plot, which displays the
shear viscosity (or the structural relaxation time, the inverse
diffusivity, etc.) of glass-forming liquids as a function of the
inverse of the scaled temperature, the scaling being done in
the latter case by the glass transition temperature T, [15,16].
For all three systems, two distinct features are common: (i)
in the isotropic phase far away from the I-N transition, the
orientational correlation time 7 exhibits the Arrhenius tem-
perature dependence—i.e., ™(T)= 7, exp[E/(kgT)], where the
activation energy E and the prefactor 7, are both independent
of temperature; (ii) in the isotropic phase near the I-N tran-
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sition, the temperature dependence of 7 shows a marked de-
viation from the Arrhenius behavior and can be well de-
scribed by the Vogel-Fulcher-Tammann (VFT) equation
T(T)=7y exp[B/(T-Tygr)], where 7y, B, and Typr are con-
stants, independent of temperature. Again these features bear
remarkable similarity with those observed for fragile glass-
forming liquid. A non-Arrhenius temperature behavior is
taken to be the signature of fragile liquids. For fragile lig-
uids, the temperature dependence of the shear viscosity fol-
lows the Arrhenius behavior far above T, and can be fitted to
the VFT functional form in the deeply supercooled regime
near T, [15,16].

The striking resemblance in the dynamical behavior de-
scribed above between the isotropic phase of thermotropic
liquid crystals near the I-N transition and supercooled liquids
near the glass transition has prompted us to attempt a quan-
titative measure of glassy behavior near the I-N transition.
For supercooled liquids, one quantifies the dynamics by a
parameter called the fragility index which measures the ra-
pidity at which the liquid’s properties (such as viscosity)
change as the glassy state is approached. In the same spirit
[17] that offers a quantitative estimation of the fragile behav-
ior of supercooled liquids, we here define the fragility index
m of a thermotropic liquid crystalline system as

dlog(T)

AT | s ®

It is clear from the above equation that if 7(7) follows an
Arrhenius temperature dependence, m will be constant
throughout the whole temperature range. Figure 2(b) shows
the density dependence of the fragility index for the three
systems with different aspect ratios. For a given aspect ratio,
the fragility index increases with increasing density, the nu-
merical values of the fragility index m being comparable to
those of supercooled liquids. For the range of aspect ratios
studied here, the dependence of the fragility index on the
density is becoming stronger as the aspect ratio becomes
smaller.

Another hallmark of fragile glass-forming liquids is spa-
tially heterogeneous dynamics [ 18] reflected in non-Gaussian
dynamical behavior [19]. It is intuitive that the growth of the
pseudonematic domains, characterized by local nematic or-
der, in the isotropic phase near the I-N transition would re-
sult in heterogeneous dynamics in liquid crystals. We have,
therefore, monitored the time evolution of the rotational non-
Gaussian parameter (NGP) [20], 5(z), which in the present
case is defined as

4
O T
where
1 N
(Agp™ (1)) = z_v,zl (|pilt) — #,(0)|*™). (10)

Here ¢; is the rotation vector analogous to the position vec-
tor r; appears in the case of translational NGP of ith ellipsoid
of revolution, the change of which is defined by Ad,(r)
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FIG. 3. Time evolution of the rotational non-Gaussian parameter
ag(t) in a semilogarithmic plot for the system with aspect ratio «
=3. The time dependence is shown at several temperatures (7
=3.5,3.25,3.0,2.75, 2.5, 2.25, 2.0, 1.88, 1.82, 1.78, and 1.5) across
the isotropic-nematic (I-N) transition along an isochor at density
p=0.33. (a) On a different scale along the vertical axis (appearing
on the right), the time evolution of the mean-square angular devia-
tion (A *(1)) is shown in a log-log plot for three temperatures: the
highest temperature studied in the isotropic phase (7=1.5) and the
other two temperatures (7=3.0 and 2.75) that are closest to the I-N
transition on either side along with the time evolution of ag(t). (b)
On a different scale along the vertical axis (appearing on the right),
the time evolution of the single-particle second-rank orientational
time correlation function C%(¢) is shown in a log-log plot for the two
temperatures (7=3.0 and 2.75) that are closest to the I-N transition
on either side along with the time evolution of ag(t). Solid and
dotted lines are used for the same purpose as in Fig. 1.

=¢(1)— ¢i(0)=[(dt' o(1"), w; being the corresponding angu-
lar velocity [13,14], and N is the number of ellipsoids of
revolution in the system. The NGP will have a value equal to
zero when the system dynamics is spatially homogeneous
and will have a nonzero value when the system dynamics is
spatially heterogeneous. As a typical behavior, Figs. 3(a) and
3(b) show the time dependence of the rotational NGP for one
of the systems at several temperatures across the I-N transi-
tion along an isochor. On approaching the I-N transition
upon cooling, a bimodal feature starts appearing with the
growth of a second peak, which eventually becomes the
dominant one, at longer times.

We further investigate the appearance of this bimodal fea-
ture in the NGP plot. To this end we calculate the mean-
square angular deviation (MSAD) of the system at different
temperatures starting from the high-temperature isotropic
phase to the low-temperature nematic phase. The appearance
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of the bimodal feature in the rotational NGP is accompanied
by a signature of a subdiffusive regime in the temporal evo-
Iution of the MSAD, the time scale of the short-time peak
and that of the onset of the subdiffusive regime being com-
parable, as shown in Fig. 3(a). We note that the dominant
peak appears on a time scale which is comparable to that of
the onset of diffusive motion in orientational degrees of free-
dom (ODOF) as evident in Fig. 3(a). A similar feature has
been observed recently for supercooled water [20]. We fur-
ther find that the time scale at which the long-time peak
appears is also comparable to the time scale of the onset of
the plateau that is observed in the time evolution of C5(#), as
shown in Fig. 3(b).

A. Mode-coupling theory analysis

This striking similarities of the dynamics between liquid
crystals near I-N transition and supercooled liquid near the
glass transition are also supported by the use of mode-
coupling theory (MCT) to explain the dynamics of both the
systems. While MCT was used first for the supercooled lig-
uid, recently it has been used for liquid crystals also. MCT
developed by Gottke et al. [3] predicts that near the I-N
transition, the low-frequency rotational memory kernel
should diverge in a power-law fashion:

MR(Z)z?;a. (11)

A mean-field treatment gives @=0.5. Invoking the rank (/)

dependence of the memory function, the single-particle
OTCF can be written as [21-24]

Ll 1)/@}-1
Tz +To(2)]

The above equation can be Laplace inverted to obtain a
short-to-intermediate power-law decay in C5(7r) which is a
universal characteristic of the I-N transition for several
model liquid crystals [5,6,12]. Recently, Li et al. [25]
showed that it is also possible to formulate a schematic
model that combines short-to-intermediate-time relaxation
with long-time relaxation. In their model, they have ex-
pressed the total memory function [M(z)] as the sum of the
mode-coupling memory function [M;c(f)] and Landau—de
Gennes (LdG) memory function [M;5(1)]:

M(1) = Mycr(t) + M (1), (13)

Cl(z) = { (12)

where
M yer(t) = Q°K(2), (14)

) is the characteristic frequency, and K(0)=1. The time de-
pendence of K(z) can be expressed in terms of the memory
function m(z) [25], and m(¢) has the form

m(1) = k(1) (1), (15)

where ¢(z) is the autocorrelation function of the anisotropy
of the polarizability and ¢,(¢) is the solution of a F, sche-
matic model for what is referred to as the density correlator,
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x being the coupling constant between them. Now, M ;5(7)
can be written as

My ,6(t) =T 8(t). (16)

Here ™! is the relaxation time (I'~!'=17, ;) and it diverges as
(T-T*)"" as the critical temperature 7* of the I-N transition
is approached from above. Following the calculation of Ref.
[25], one can get two important relaxation equations

bi(1) == Q7 (1) — by (1) - Q?J dt'my(t—1") (1),
0
(17)

with the initial conditions ¢;(0)=1 and ¢,(0)=0, and
B(1) == (O + uD) (1) = (u+ D) 1) - O

XJ dt’m(t—t’)d;(t’)—Qzl"f dt'm(t—1") (1),
0

0
(18)

with the initial conditions ¢(0)=1 and $(0)=-T". Here u,
and u are the damping constants. Equation (17) is identical
to what one gets from a MCT analysis of supercooled lig-
uids. The difference between this schematic model and the
one applied to the supercooled liquid is in Eq. (18). If " is set
equal to 0 in Eq. (18), the supercooled model is recovered.
Equation (18) is the orientational correlation function
coupled to the density correlation function with specific new
terms that account for the long-time portion of the relaxation
profile that has been previously described by LdG theory.

B. Energy landscape analysis

Several studies have attempted to interpret the fragility of
glass-forming liquids in terms of the features of the underly-
ing energy landscapes [26-31]. Energy landscape analysis
gives the potential energy, which is devoid of any kind of
thermal motion, of inherent structures of the parent liquid
and hence provides a better understanding of the structure
and dynamics of the parent liquid. A recent study of thermo-
tropic liquid crystals has reported the temperature-dependent
exploration of the energy landscapes of a family of the Gay-
Berne model systems across the mesophases [10]. The aver-
age inherent structure (IS) energy (e;s) has been found to fall
as (S) grows across the I-N phase boundary and through the
nematic phase in contrast to its insensitivity to the tempera-
ture in the high-temperature isotropic phase and the low-
temperature smectic-B phase [10]. Such a fall in the average
IS energy is consistent with a Gaussian form for the number
density of inherent structures with energy e;s, which predicts
a linear variation of (e;) with the inverse temperature:
<e,s>(T)=e?S—O'2/ 2NkgT, where e?s and o are parameters in-
dependent of temperature and kjp is the Boltzmann constant
[29]. Note that this has been observed for a glassy system
[29], where the average IS energy also falls over a tempera-
ture range [27]. It is, however, important to recognize that
the non-Gaussian parameter which is used to diagnoze het-
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FIG. 4. The energy landscapes as explored by the system with
the aspect ratio 3 on variation of temperature along three isochors.
(a) The average inherent structure (IS) energy per particle as a func-
tion of the inverse temperature at different densities. The solid line,
dashed line, and dot-dashed line are the linear fits to the data at the
densities p=0.31, 0.32, and 0.33, respectively. (b) The displaced
average IS energy per particle versus a scaled inverse temperature
along the same three isochors. If the Gaussian model for the number
density of the IS energy with a given energy is validated, a collapse
of the data for all densities is expected onto a straight line with
negative unit slope, which is drawn. The data are shown over the
temperature regimes in which the average IS energy is on a decline.

erogeneous dynamics is a measure of the deviation from the
Gaussian behavior in dynamical variables rather than the dis-
tribution of inherent structure energy. In Fig. 4(a), we dem-
onstrate with the original and most studied parametrization
for the GB pair potential GB(3,5,2,1) that the prediction
holds good over the temperature range where (e;) is on a
decline along all three isochors studied. It then follows that a
plot of {(e;)(T) e versus 02/2NkyT would result in a col-
lapse of the (e;s) data for all densities onto a straight line
with negative unit slope. This is indeed found to be true, as
shown in Fig. 4(b), implying the validity of the Gaussian
model in this case as well. It may be noted that when the
distribution of IS energy is Gaussian, the fragility of glass-
forming liquids has been shown to depend on the total num-
ber of inherent structures, the width of the Gaussian, and
the variation of the basin shape with the average IS energy
[29].

IV. CONCLUSION

The origin of the glassy orientational dynamics, both
single-particle and collective, of mesogens near the
isotropic-nematic transition has been addressed in several
publications in recent years [3-5,10]. In these studies, the
similarity between dynamics of supercooled liquids and lig-
uid crystals has been discussed in detail, but no quantitative
measure of the same has been provided. The fragility index
introduced here serves to remove that lacuna. It is indeed
surprising that even the values of the fragility parameter are
in the range observed for glassy liquids as well. This is in
agreement with the observation by Cang et al. [4] that the
values of the power-law exponents observed in the two sys-
tems are quite similar. Further understanding of the relax-
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ation mechanism has been obtained from a closer look on the
heterogeneous dynamics. As Fig. 3 demonstrates, the rota-
tional non-Gaussian parameter shows a dramatic enhance-
ment of heterogeneous dynamics as the I-N phase boundary
is approached upon cooling. Unlike what is found near the
gas-liquid critical point [32], the single-particle dynamics
near the I-N phase boundary is observed to be strongly af-
fected by the approaching thermodynamic singularity. We
have also discussed mode-coupling theory approaches intro-
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duced to understand anomalous dynamics observed in this
problem.
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