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We report molecular dynamics simulation results for the single particle and collective orientational
correlations for Gay—Berne fluid of anisotropy parameitet8 and«’=5. The following significant
results are reportedi) The decay of collective orientational relaxation of rank two is found to slow
down appreciably while approaching the isotropic—nem@tit) transition. It eventually becomes
even slower than the single particle orientational relaxation of rank one. Surprisingly, even the latter
shows a marked slowing down near the I1-N transiti6r). Analysis of the long-time behavior
shows a breakdown of the rank dependence predicted by the Debye law in the same(ifglghom.
analysis of the memory functions of the orientational time-correlation functions shows that for the
collective relaxation surprisingly approaches a Markovian behavior near the I-N transition.
© 1997 American Institute of Physids$0021-960807)51403-9

I. INTRODUCTION and collective orientational motions of highly anisotropic
molecules? Answers to these questions are now urgently
Fluids exhibiting liquid crystalline phases are of particu- needed because new experimental techniques such as the
lar interest to study the interplay between single and collectransient grating optical Kerr effect techniGueow allow
tive orientational dynamics at the molecular level. Particu-accurate measurements at faster time scales, thus allowing
larly, in the vicinity of the isotropic to nematic phase detailed probe of molecular motions hitherto impossible. The
transition region, it is well known that long-range orienta- separation of different time scales such as those of director
tional correlations play an important role, and their growthfluctuations from the faster molecular motion is also now
will eventually destabilize the isotropic phas@he dynam- measurablé?
ics of this growth at very large fluctuation lengths is domi- From the theoretical point of view, dynamics of the I-N
nated by defects and domain walls and this appears now toretransitional behavior poses interesting problems because
be relatively well understood in terms of scaling and phasene needs to take into account the intermolecular correla-
ordering kinetic$:® But at the molecular level a theoretical tions, both spatial and orientational, that arise at high
description is still pending. Allen and Frenkélave studied, density>*!In the absence of any detailed microscopic theo-
by molecular dynamics, a system of hard ellipsoids andies, computer simulations of simple model systems can be
shown that the dynamics in the vicinity of the I-N transition particularly useful in providing valuable insight.
is dramatically influenced by the growth of orientational cor- ~ The Gay—BernéGB) fluid'? has been extensively stud-
relations. As far as we know, this is the first microscopicied recently by computer simulatioh$While the GB model
evidence of such dynamical effects. While a considerablenay not be the best or the only choice of the anisotropic
amount of work has been done in theoretical investigation opotential, the modified versidfof the potential does exhibit
the orientational microscopic dynamics in dense liquidssurprisingly rich liquid crystalline phases such as nematic
these investigations are often restricted or applicable to smaéind various smectic phases. In addition, the model is suffi-
anisotropies. ciently general and allows one to study the role of anisotropy
From the point of view of microscopic approach, one and the influence of the attractive part of the potential. In this
can address several questions concerning the dynamics in t@mmunication we shall focus on the GB model with anisot-
vicinity of the I-N transition. For example, is the Debye law ropy parametersc=3 and ' =5 for which the isotropic—
of rotational diffusion still applicable in this vicinity? What nematic transition has been reportedpdt=0.323 for the
is the validity of the phenomenological models such as thésothermT* = 1.25% We report here first- and second-rank
extended Gordon model or the Langevin modéidw many  orientational time correlation functions defined for the single
relaxation times are necessary to describe the single particlgarticle as
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whereg is the unit orientation vector along the major axis of
theith molecule, andP, is the Legendre polynomial of order

|. The symmetry of the GB interaction impose$=C{. We

find here thatC{”(t) decays slower thag€{®(t) when the
density is increased towards the I-N transition density. This
reflects the coupling of the collective motion with the single . ‘ . '
molecular motion as well as the increase of the collective .15 0.19 023 027 0.31
orientational correlations near the 1-N region. We show in P

Sec. Il that this effect is linked to the growing orientational Fig. 1. pensity dependence of the exponential decay times for single-
instability of the isotropic phase which is reflected by theparticle orientation correlations (circles and 7 (squaresand for collec-
divergence of the Kirkwood factor. Similar results were re-tive orientation correlationsy” (diamonds. The line serves as a guideline
ported earlier by Allen and Frenkel for the case of hard/r the eyes.

ellipsoids? In addition, we find here that the correlation

times deviate strongly from the Debye law and that the refor each density in order to ensure proper convergence. The
laxation of the collective orientational correlations becomessingle and collective correlation functions for rdnk 1,2 are
surprisingly Markovian near the 1-N transition. written as

C|(t)=5C|(t)+a exq_t/ﬂ), (3)

where §C,(t) is a time-short-ranged functiome., it decays
faster than 17) and the exponential decay time is deter-

A system of 243 prolate Gay—Ber€B) particles was mined by fitting numerically the _Iong-time behayior of
studied using standard molecular dynamicgviD) Q(t). The dens_|ty dgpendencg of smgle and collective decay
technique<® Both translational and rotational equations of imes thus obtained is plotted in Fig. 1 asAh{s p*. One
motion were solved using leap-frog-type algorithinour ~ S€€s immediately that betweph=0.2 andp*=0.26 the De-
simulation results for various static and dynamic quantitieY® relationf 7017 = 3]s well-obeyed; but this relation
were successfully checked for consistency against those offeaks down aftep*=0.28. In addition to this, we see that
tained by de Miguekt al’® We have used the same simula- the coIIective relaxation tim_e(2°) also becomes greater than
tion parameters as these authors, in particular the reduc&th the single relaxation times, the cross over occurring at
time stepAt* was taken to be 0.0015. We have concentrated®” =0-27, and the difference grows faster for higher densi-
on the isothernT* = 1.25 for which we found that the I-N ties. We find it more appropriate to look at the relaxation
transition takes place betwegh = 0.323 ang* = 0.331, in time 7, defined by Eq.(3) rather than the integrated time,
good agreement with the previously reported resdlts. 7 = Jodt Ci(t), which is often used in the literature. The

Special attention was paid to extract accurately the |0ngmain reason for our choice is that the time correlation func-
time dynamics from the orientational correlation functions.tions are not exponential at all time especially in the inter-
For that purpose it was found that runs longer than thosé&ediate density range, and they do have a clear exponential
reported in Ref. 13 were required mainly close to the |-Ndecay as defined by E¢B) at longer times.
transition region. For all the simulations reported here, In order to understand the long-time dynamics, it is in-
equilibration runs were made over6teps and the trajec- structive to look at the time relaxation kernel as defined by
tories were recorded during furthers2 10 time steps. This the relation
allowed a thorough sampling of the time correlations which 9 t
were necessary in order to isolate properly the exponential EC'(I): jodr M,(t—7)Ci(7). (4)
decay of the orientational time correlation functions at long
times. Nearp* =0.32 the system has strong tendency to osdn a purely diffusive regimeM,(t) would simply become
cillate between the isotropic and the nematic phases, thug *5(t).The kernelM,(z) can be easily extracted from the
care was taken to discard any statistics related to the nematiaplace transform of the above relation. One needs to take
phase. For densities between 0.25 and 0.32, the exponentiphecial care of the long-time decay so that the smnalk-
decay of the orientational correlations sets in only afterpendence of the Laplace transfoivh(z) can be accurately
t*=8, which is already above the time scale reported in Refanalyzed. This might give valuable information of the exist-
13. For the case of the collective orientational correlationence of the scaling laws, if any, &, (t) in the large time
function C(ZC)(t), at least four independent runs were madelimit. We have found here no special scaling law, in the

In{t)

II. SIMULATION METHODS AND RESULTS
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FIG. 2. Correlation function€{’(t) (solid line) andC{(t) (dashed line  FiG. 3. Memory kemeld,(z) associated with the orientation correlation
for single-particle orientation, arﬁ(2°)(t) (dotted ling for collective orien- functions. Symbols and conventions as in Fig. 2.
tations. Lower panel is fop* =0.25 and upper panel fgi* =0.32.

sense that in the limiz—0, M,(z) — M(0) ~ 27, with y=1  pjgh densities, although the decay of the correlation func-
as from a Taylor expansion ‘M'((ZC))' This is to be expected jong are exponential. Another interesting result is that even
since we find that at long t'm@ (1) decqy aImost_ EXPO~  the first-rank correlation function shows a significant slowing
nentially for alll values. The time-correlation functions are .0 o< the |-N transition is approached

plotted in Fig. 2 for two densitie,” =0.25 andp” =0.32, The breakdown of the Debye mechanism can only be
chosen before and after the crossover as observed in Fig. 1, . . .

) : - éxplained by the cooperative molecular motions due to the
The corresponding memory functions are shown in Fig. 3,

One sees clearly in Fig. 2 that at=0.32 the orientational increase of orientational long-range order. This effect can be

correlations decay much slower than for the casg*ef0.25 explained semiquantitatively by using a molecular hydrody-
and. in addition. thac(© is dramatically slowed down. For namic theory where the effects of interactions are included
’ l 2 .

the high density, the collective time correlations are found tdhrough a mean-field potential. However, the behavior of the
decay exponentially at almost all times. As a consequencé',rSt'ra”k correlation function is hard to explain by using
one sees that the corresponding memory keMé?(z) is such a simple theory. We are not aware of any theoretical
just a constant, as might be expected from @. However, ~ discussion on this point.

it is clear that this Markovian behavior cannot be explained It is the existence of long-range orientational order that
entirely in terms of Debye-type diffusion, since cooperativegive the I-N transition its weak first-order character. This is
effects tend precisely to breakdown the Debye law at theseertainly linked to the appearance of small prenematic do-
densities. This non-Debye behavior is also apparent in thenains in the I-N region, whose growth leads to an increase
strong nonexponentiality observed at small times for theof the relaxation time of the underlying dynamical processes.

single particle correlation€{¥(t) andC{(t). Such dynamics have been studied recently by Fayat,®*®
both experimentally through fast optical Kerr affect and
Ill. DISCUSSION AND CONCLUSION theoretically through modified Landau—de Gennes-type ap-

Let us first summarize the main results of this Commu-Proach. What is observed in thermotropic liquid crystals and

nication. We have performed MD simulations of orienta-in the I-N pretransition region, is a fashiversalrelaxation
tional relaxation of a dense liquid of anisotropic moleculeslinked to intradomain orientational motion, and slower relax-

interacting via the Gay—Berne potential. Our aim was two-ation due to domain motion which is temperature dependant.
fold. First, we wanted to find the nature of orientational re-The above-mentioned experiments might have probed dy-
laxation in dense anisotropic liquids. Second, we wanted t&amics beyond the linearized hydrodynamics regime and one
find the effects of the impending isotropic—nematic transitionperhaps requires a mode-coupling theory apprzito un-

on the single particle and collective relaxations. It is foundderstand the experimental results of Fayer and co-workers.
that the Debye model of rotational diffusion is not obeyed atWe are currently examining this problem.

J. Chem. Phys., Vol. 106, No. 3, 15 January 1997

Downloaded-17-Aug-2002-t0-144.16.64.4.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpoljcpcr.jsp



Letters to the Editor 1283

ACKNOWLEDGMENTS 8C. A. Veracini and G. N. Shilstone, ifihe Molecular Dynamics of Liquid

. . Crystals edited by G. R. Luckhurst and C. A. Veracitiluwer Academ-
This work was supported in part by the Indo—French ics, Dordrecht, 1994

center CEFIPRA under project No. IFC/1106-1. Institut du A  chandra and B. Bagchi, Physicall9, 246 (1990 B. Bagchi and A.
Developpement et des Ressources en Informatique Scienti-Chandra, Adv. Chem. Phy80, 1 (1991).

fique is acknowledged for CPU time allocation on the CRAY“’D Wei and G. N. Patey, J. Chem. Phgd, 7113(1989.

C98. We also wish to thank Centre de Calcul et de Recher *G. T. Evans, J. Chem. Phy87, 2911(1977).

ches of Jussieu for generous allocation of computation tlmelgg ZGB;:’&E:I‘”?_ PFP;ZTIU":‘: . JK Cgeguggﬁ“z;sjslggv 18 3513

L - (1992.
a)1Un|te associe au C.N.RS. o 4B, J. Berne and P. Pechukas, J. Chem. PHi¢s3316(1981).
P. G. de GennesThe Physics of Liquid CrystaleClarendon, Oxford, 15\ p_Allen and D. J. TildesleyComputer Simulation of Liquid€laren-
1974,

don, Oxford, 198Y.

2 7
K. Binder and D. Stauffer, Phys. Rev. Le®3, 1006(1974. 16D, Fincham, CCP5 Quarterly2, 47 (1984).

3A. D. Rutenberg and A. J. Bray, Phys. Rev5E 5499(1995.

4M. P. Allen and D. Frenkel, Phys. Rev. Lefi8, 1748(1987) 7E. de Miguel, L. F. Rull, M. K. Chalam, and K. E. Gubbins, Mol. Phys.
5B. J. Berne and R. PecorBynamics Light Scatteringdited by J. Wiley 74, 405(199D.

(Wiley, New York, 1975. 18A. Sengupta and M. D. Fayer, J. Chem. PHi@2, 4193(1995.

SF. W. Deeg, S. R. Greenfield, J. J. Stankus, V. J. Newell, and M. D. FayerlgW Gatze and L. Sjgren, Z. Phys. B85, 415(1987.

J. Chem. Phys93, 3503(1990. 203, P. Boon and S. YipMolecular Hydrodynamic§McGraw-Hill, New
7J. P. McClymer and P. H. Keyes, Phys. Rev48, 2838(1993. York, 1980.

J. Chem. Phys., Vol. 106, No. 3, 15 January 1997

Downloaded-17-Aug-2002-t0-144.16.64.4.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpoljcpcr.jsp



