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Rotational viscosity in a nematic liquid crystal: A theoretical treatment
and molecular dynamics simulation
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The rotational viscosity coefficient; of 4-n-pentyl-4’-cyanobiphenyl in the nematic phase is investigated
by combination of existing statistical-mechanical approad3#8As), based on a rotational diffusion model
and computer simulation technique. The SMAs rest on a model in which it is assumed that the reorientation of
an individual molecule is a stochastic Brownian motion in a certain potential of mean torque. According to the
SMAs, y, is found to be a function of temperature, density, rotational diffusion coefficient, and a number of
order parameter€OP9. The diffusion coefficient and the OPs were obtained from an analysis of a trajectory
generated in a molecular dynamics simulation using realistic atom-atom interactions. In addition, a set of
experimentally determined diffusion coefficients and OPs was used for evaluatipn Bleasonable agree-
ment between calculated and experimental valueg, 66 obtained. It is shown that near the clearing paint
is proportional toﬁg, where P, is the second-rank OP. This limiting value of is in agreement with
mean-field theory[S1063-651X%99)05206-X]

PACS numbegps): 61.30.Cz, 64.70.Md

[. INTRODUCTION tigations using nuclear magnetic resonaritéMR) [5] on
deuterium[6-8], carbon-13[9,10], and proton[11] nuclei

During the past decade thermotropic liquid crystals havéhave been reported studying the molecular structure and dif-
attracted considerable scientific attention. This attention caftision processes of 5CB. These processes have also been
be partly ascribed to many spectacular technical applicationgivestigated using computer simulation methods for a num-
A particular effort has been made to establish relationshier of interaction potentials3,12-14.
between macroscopic liquid crystallifeC) properties and The present paper is organized as follows: A description
molecular structure. A useful approach in these studies i€ the statistical-mechanical formulas for the rotational vis-
provided by combination of theoretical aspects of statisticaf°Sity iS given in Sec. II. Simulated liquid crystal and rota-
mechanicg1] and computer simulation techniqii]. tional self-dlffl_Jsmn are d|:.scussed.|r.1 Sec. Il Numer!cal re-

In the present paper we combine these methods in ord&“'ts for. rota.tlonal viscosity coefficient and conclusion are
to investigate rotational viscosity of ®A-pentyl-4- summarized in Sec. IV.
cyanobiphenyl5CB) (see Fig. 1in the nematic phase. Here
we use order parametei®P9 and rotational diffusion coef-
ficients obtained from experiments and from an analysis of a
trajectory generated in a molecular dynamit4D) simula- The rotational viscosity of LCs is an extremely important
tion. This simulation was performed using realistic atom-property whose fundamental physics is far from being com-
atom interactions in order to facilitate the analysis of mo-pletely understoofi15-23. Two different frameworks have
lecular structure and dynamics. The details of the simulatiof€€en used in the theoretical treatment of this condgpthe
are provided elsewher§8,4]. 5CB has served as a model Microscopic(“structural”) approaches based on the detailed
system for many theoretical and experimental investigationsdescription of motion of the individual particl¢g4—26 and
The reason is a simple phase diagram, nearly uniaxial synfl!) “Phenomenological” approaches for uniaxial nematic
metry and a convenient temperature range of the LC phas&CS (NLCs) in the framework of the Ericksen-Lesli€L)

namely, between 295 and 307 K. In particular, many inves[27.28 theory, which is based on continuous hydrodynamics
of nematic liquid crystals, where the macroscopic viscous
stress tensowy; is given by
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II. STATISTICAL-MECHANICAL FORMULAS
FOR THE ROTATIONAL VISCOSITY
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transformed to a form that was obtained by Kuzuu and Doi
[20] using other method. In particular, the expression for the
+ agNAyi, (1) RVC takes the fornj21]

aij = anininn A+ aoniNj+ azniN; + @A + asnin Ay

and kT
n=5-a). @
. €
Ni=ni—Wijnj, 2Wij=vi,j_vj,iv o
where g;(y) = ty*%expy, andy=JyP,/kT, T is the tem-
. dn v, peraturek is the Boltzmann constanly=4.5 T, according
2Ai=vijtoji, N=ge. vig Tax to mean-field theory, witfT, the clearing temperatur®, is
the second-rank OP, aridl, is a RSC corresponding to the
Here the unit vecton denotes the nematic directdy,is the  molecular tumbling. The functiog; in Eq. (3) is a result of
angular velocity of the director relative to that of the fluid, an assumption that the relaxation time of the molecular rota-
and A;; is symmetric part of the second-rank tensor of thetion about then axis (the azimuthal angle) is much smaller
velocity gradient. The coefficienta; to ag in Eq. (1) are  than the time of reorientation with respect to the polar angle
Leslie viscosity coefficients and satisfy the general Onsageré. In fact, the anisotropic nature of the rotational dynamics
Parodi relationa,+ a3=ag— as. The coefficienty,=a3  of the 5CB molecule was demonstrated in relevant time cor-
— a, is called the rotational viscosity coefficie(RVC) and  relation functiongFig. 7 in Ref.[3]). So, assuming the sta-
plays a crucial role in a number of applicatiofsee, for tionary reorientation process in the field; , the distribution
example,[16]). The main aim of our investigation is to function can be considered as being averaged gveAl-
present theoretical calculations of in the framework of though the problem of the term in the kinetic equation has
existing microscopic approachfk8,21-23, using the rota- been pointed ouf30-32, only recently has a systematic
tional self-diffusion coefficientRSO determined in the MD  analysis of the subject been presenited].
simulation. The OT approximation was corrected by Nemt3d3]

An efficient microscopic approach to the dynamical prop-and Zakharo22] (NZ) in the framework of an approach
erties of the LC is based on the rotational diffusion model,that is based on the random walk theory together with some
which assumes that the reorientation of an individual moldideas of the Zubarev nonequilibrium statistical oper&di.
ecule is a stochastic Brownian motion in a certain potentiallThe essence of this correction is that not only autocorrelation
of mean torqug29]. In such a treatment the system is deter-of the microscopic stress tensor as in R&f] is considered,
mined by the time-dependent single-particle orientationabut also additional correlation of the stress tensors with the
distribution function(ODF) governed by an appropriate ki- director and fluxes with the OP tensor are taken into account.
netic equation. Calculations of these correlations in the NLC show that they

A theory that relates the macroscopic viscous stress tensg@ive significant contributions to the viscosity coefficients
Terentjev[21]. This theory is formulated using an EL-type hydrodynamlcal flow of the fluid and the molecular orienta-
equation and rests on thermodynamic assumptions abotiPns. The procedure for constructing the R\ for the
changes of the free energy. The main feature of the theory i@éMatic phase has been described in Ref2,35. As a re-
in the form of the nonequilibrium ODF(a,t), whereais the ~ SUll: ¥1 can be written as a function of temperatielensity

orientation of the unit vector of the long axis of the mol- #=N/V, and second-rank OP;:

ecule. They have proposed a model where the flow of the

fluid breaks the cylindrical symmetry of the NLC and sug- 71=£gz(52) (4)
gest, within the assumption of low velocity gradients, that D, '

the nonequilibrium ODF can be written in the foris f(1
+h), wheref is the local equilibrium ODF and the small
correctionh is determined by the velocity gradients com- —
bined with the components of the directorand another gx(P,)=3P2 _ 3.181+0.75/, _
vector e, perpendicular to the director. The general expres- 22 25 881+ P,+ 12.563§+4.693_32—O.7433‘2"
sion forh has the form21]

Wheregz(Ez) is a rational function

Recently, a general method for calculation of the viscosity

h=c0nininj+clnieinj+czniejAf’}+c3eieinj )] coefficients in a biaxial NLC was proposed by Fiatkowski
[23]. It is also based on change in the Helmholtz free energy

whereA;”} is an asymmetric part of the velocity gradient and caused by the shear flow. Here the kinetic equation is written

c; are correction functions dependent only on the argle in the approximation of the low velocity gradient field,

between the director and the orientation of the moleculewhich rotates each molecule with a certain average angular

After averaging of the microscopic equivalent of the macro-velocity. In the limiting case, when appropriate biaxial OPs
scopic viscous stress tensof;=[fo;;da and comparing vanish and the system becomes uniaxial, one can rewrite the

with the formula(1), the final expressions for all Leslie co- eXpression for the RVC in the forii23]
efficientse;(i=1, . .. ,6) have been obtained. KT

It should be pointed out that the expressions for the Leslie 71=p—93(52,54), (5)
coefficients in the Osipov-Terenjed©®T) approach can be Dy
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where 5 l . T
AL [ 1
93l 2 ) P+ 5P, + 14 qe

whereP, is the fourth-rank order parameter. Thus, according L
to Egs.(3)—(5), y; is found to be inversely proportional to
the rotational self-diffusion constant in the nematic liquid
crystal.

It should be pointed out that the three microscopic theo-
ries proposed for the description of the rotational viscosity
and characterized by the functiogs, g,, andg; are based
on different physical models. The original OT theory was
significantly improved by NZ by including the effects of L
correlations of the stress tensor with the director and fluxes
with OPs tensors. The averaging in the framework of
Fiatkowski’'s approach, on the other hand, is based on using
an explicit form of the nonequilibrium ODF. We note that in L
the high temperature limit both NZ's and Fiatkowski's theo-

f(cos)

ries predict thaty;~P3. The limiting value of the OT ap- ofF | | | |
. . |
proach isy;~ VP5. 0.0 0.2 0.4 0.6 0.8 10

Equations(3)—(5) allow us to calculatey; provided the
temperature dependenceRy, P,, andD, is known. While
values of the order parameters for various LCs are usually FIG. 2. Singlet orientational distribution function for 5CB,
fairly easily found, the determination of motional constantscalculated from the MD simulation ar=300 K, and density
for rotational diffusion constitutes a formidable task. 1gem™.

cos 6

— (1
lll. SIMULATED LIQUID CRYSTAL P,= J = (3co2 6— 1)f(cosd)sin 0 do, @
AND ROTATIONAL SELF-DIFFUSION 2

The details of the simulation procedure, force field param- __ 1
eters, and an extended analysis have been provided else- P4= f 5(3% coé 6—30cos 9+ 3)f(cosf)sing d6.
where[3,4,14. Here we only summarize general aspects and ®)
give some properties of the simulated liquid crystal. The MD

simulation was carried out on a system consisting of 110rhe following results were obtained for the lowest OPs:

5CB molecules in a rectangular cell, assuming a density of D _ o i
1g cm 3. The total length of the simulation was 1.5 ns and 0.658-0.01, P4=0.292+0.01, and the biaxiality param

. eterS,,—S,,=0.05. HereS,,,, with a=X,y,z, are the diag-
%nal elements of the OP tensor. For a rigid uniaxial molecule
Stis possible to define a molecular fixed frame in which the
rotational diffusion tensor is diagonal with principal compo-

entsD, andD|, whereD describes the spinning motion of
the molecule about its symmetry axis.

Several theoretical approaches for the description of the
rotational diffusion have been proposed. In particular, for
1 1 _ _ uniaxial molecules in the nematic phase two models were

gfzﬁ E E(3 cosé’, cosoJZB— Sup), (6) considered(i) extension of random walk theof$7] and(ii)
i=1 a rotational Brownian motion in a mean-field potential using
) . the above-mentioned OT theofg21] for the appropriate ki-
where N is the number of 5CB molecules ar, is the  petic Fokker-Planck equation. The first model is based on the
angle between the long molecular axiand an axisy fixed  assumption that molecular reorientation proceeds through a
in the simulation box. The diagonalization Qf, gives three  random sequence of large-amplitude jumps. Of course, it is a

eigenvalues; the eigenvector associated with the largest ejrastic approximation, but as a result one can write a simple
genvalue corresponds to the nematic director. expression foD, as

Figure 2 shows the single-particle ODFcosé), obtained
from the MD simulation by the method described in Ref. o KT |12 o
[14]. Here 6 is the angle between the molecular symmetry D= 27, fl cos5 . ©
axis and the nematic director. The order parameters can be
calculated by averaging appropriate functions over all molwherel, =7.41x 103" g cn? is the molecular moment of
ecules at every time step of the simulation or by using theénertia corresponding to the short axis of 5CB and
ODF f[cos@/2)] is the value of the ODF afi= /2, which cor-

mesogens were modeled using the potential functions pr
sented in Ref[14], which include intra- and intermolecular
interactions. The temperature was kept at 300 K using a
algorithm corresponding to thidVT ensemble. The instan-
taneous orientation of the directowas determined from the
Cartesian ordering matri®,, [36],
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responds to the molecular orientation orthogonal to the di-  1.00
rector. Using the ODF obtained in the MD simulation and

plotted in Fig. 2, we estimated the RSC to bg =0.8

x 10! s71. In the framework of the second approach, the
expression for the RSC [21,3§

5 p? 1 ((33)1’2 p( G+I0) 19
=———-—|—| exp-— ,
T 1001—c)p2st KT\ Iy kT

wherec is the volume fraction of ellipsoidal moleculgs,is
the number density of molecules;€0.5-0.6 for dense mo-
lecular liquidg, p=I/s is the molecular length-to-width ra-
tio, assumed to be 3 for 5CB molecule. In RE21] the
intermolecular pair potential was chosen to be the sum of
two contributions, one isotropiG and the other anisotropic
I, with G>1,. According to the electro-optical meth§ag],
the value ofG for the 5CB molecule was estimated to be
1.74x10 '3 erg, which leads to the value db, =0.8
X 10'? s~ . The corresponding values obtained from experi-
ments using deuteriunj6] and carbon-139] NMR are
(0.5-1.5x10° s and 3.5¢10° s~ ?, respectively. Thus 00 T e 40 &0 80
the motional constants for 5CB derived from the theoretical
models are several orders of magnitude too high.
Rotational dynamics of molecules in anisotropic phase F|G. 3. Normalized orientational time correlation function
can also be described by the small step diffusion modedpt) for 5CB in the nematic phase, calculated from the MD simu-
[39,40. This model is based on the assumption that molecutation atT=300 K.
lar reorientations proceed through a random sequence of in-

finitesimal angular jumps. where the coefficients,,,, which depend o, andP,, are

In general, however, the molecular rotational motion isizpylated in Ref[41]. We note that the TCF witm=n
conveniently characterized using normalized orientational g g solely determined by the tumbling motion ang is

time correlation functio TCF) related toD, by

0.95

Time correlation function @, (t)

100 120 140 160
Time (ps)

(DE(Q(0)DF,(Q(1))) w [, 7rsP1 -1
(DE(©(0)DF,(Q(0))) 7007 B L 0P, + 18P, 35P2

(blr_nn(t):

(14)

where Dhm(Q) is the Wigner rotational matrix element of The time correlation functiod o, calculated from the trajec-
rank L and Q=(a,ﬁ,'y) is a set of time_dependent Euler tory is shown in Flg 3. It should be pointed out that in the
angles, which define the orientation of the molecular axignfinite limit the TCF is®oo(2) =(Dg3 (Do), which simply
system relative to the director frame. We calculate the TCForresponds to a product of two second-rank order param-
from the MD trajectory. The molecular coordinate system iseters. Thus the limiting valué ,,=0.45. We fitted®q, to a
defined using the eigenvectors of the moment of the inertigingle exponentidlEq. (12)] in the time interval 50-150 ps,
tensor. In the following we focus our attention on the which resulted in an average value of the correlation time
second-rank TCFL(=2). In general, the correlation func- 79;=1080 ps. The RSC derived from Ed14), at T
tions may be written as infinite sums of decaying exponen=300 K, with 32=O.658 and54=0.292 from our MD
tials. Here, we employ a single exponential approximationsimulation, isD, =0.8x10° s !, which is in good agree-
[2] ment with experimentafH NMR (0.5-1.5)x 10 s [6]
values. The reason for the range indicated is that the value of
t the RSC depends on the dynamic model used for the inter-
q)mn(t)zq)mn(oc)+[(Dmn(0)_q)mn(oo)]exi{ - T—) pretation of nuclear spin relaxation rates. According to one
mn (12) of the models used if6], the temperature dependencdxf
can be expressed in on Arrhenius form Bs =D®exp

Several physical models have been proposed for the interpré-_El,/If;-)’ where D®*=576<10"" s™%, and E;=0.92
tation of the correlation times,,,,, [41—43 in terms of rota- X107 erg.

tional diffusion constants for a uniaxial molecule. These ap-

proaches give, in fact, identical results for the correlation IV. NUMERICAL RESULTS

times FOR RVC AND CONCLUSIONS

. 5 The temperature dependence of the rotational viscosity
Tmn=CmnD . +N°(Dj—D,), 13 coefficienty, is shown in Fig. 4. The experimental values
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I ' ' wherego=1.02x103 [P] is the proportionality constant,
___________ E,~3 G=5.23x10 13 ergs is the activation energy, and
o T .. T Jo/KT,=2.59.
Note that in Eq(15) the rotational viscosity is no longer
. explicitly dependent on the diffusion constdnt . This is so
T because a macroscopic friction coefficient was introduced in
_______ [38], while the OT theory rests on a microscopic, molecular
L . e | interpretation.
~~~~~~~~~~ The agreement between the experimental, and calculated
. . . [using Eq.(15)], viscosity is very good. The other theories,
o ""'\f:}:‘ expressed in Eq$4) and(5), show a greater deviation from
05 N - the experimental data. In fact, the NZ the¢Bg. (4)] under-
- .. estimatesy, slightly, while the viscosity derived by applying
B . 7 the Fiatkowski mode[Eg. (5)] is somewhat too high. Using
e, Egs. (4) and (5) together with the parameteBs, and OPs,

- determined from the MD simulation, we obtained the viscos-
ity values in close agreement with experiments. It should be
noted that the FiatkowsKEq. (5)] and NZ[Eq. (4)] theories
exhibit a different dependence on the OPs, which is mani-
fested in the factorg; andg,. This difference originates in
00 T [ the averaging procedures applied to the balance equations. In

208 300 302 304 306 308 the high-temperature limit, i.e., close to the isotropic transi-
tion, both theories predict tha11~5§. Such behavior of the
Temperature (K) RVC is in agreement with the mean field approximation,
] _ which in fact was pointed out by de Gennes and P(ssé
FIG. 4 Tempera_ture dependencz_a)qf at fixed density ca_lcu- Ref. [1]).
lated using Eq(4) (circles, Eq. (5) (triangles, and Eq.(15) (dia- We believe that this paper shows some simple and useful
mondg and measured by means of electro-optical methodq, a5 for the estimation of the rotational viscosity coeffi-
(squares The RVC calculated using quﬂ,) and(5) ‘.N'th D, and cient. Thus the combination of theory, computer simulation,
the OPs, obtained from the MD simulation, are indicated by the . . . S
open circle and open triangle, respectively. and experiments pr(_)wdes a po_werful tool for investigations
of rotational viscosity. In particular, the two approaches
éFiaikowski and NZs enable one relate a macroscopic prop-
eérty (rotational viscosity of a liquid crystalline phase to mo-
l%cular parameters, such as diffusion constants.

Rotational viscosity coefficient (poise)

were determined using electro-optical method and wer
taken from[38], while the OT, NZ and Fiatkowski models

were employed to estimate the other curves. The temperatu
dependence dD, and of the OPs was obtained from deute-
rium NMR experiment$6]. In addition, these parameters at
300 K were determined from the MD simulation. First we ACKNOWLEDGMENTS

noted that the original OT theorj21] [Eq. (3)], predicts One of us(A.V.Z.) gratefully acknowledges the Russian
viscosity that is one order of magnitude too high. In fact, agngs for Fundamental Resear@@®rant No. 98-03-32448
modification of this equation, by takindy/kT as the fitting  5nq for Natural Research Fun@Srant No. 97-9.3-37 His
parameter, based on experimental results, was recently preray in Sweden was supported by the Wenner-Gren Founda-
posed]38]: tions. Finally, the Physical Chemistry Division of Stockholm

4 3/ 4 =\ 12 — University is thanked for hospitality. This work was also
[T KT [ JoP2 Ex+JoPo supported by grants to A.M. from the Swedish Natural Sci-
Y1=0o| T~ exp — =/, (19
c

E_z kT, kT ence Research Council and the Carl Trygger Foundation.

[1] P. G. de Gennes and J. ProEhe Physics of Liquid Crystals  [7] R.Y. Dong and G.M. Richards, Chem. Phys. L€i¥1, 389

2nd ed.(Oxford University Press, Oxford, 1985 (1990.

[2] Molecular Dynamics of Liquid Crystaledited by G.R. Luck- [8] P.A. Beckmann, J.W. Emsley, G.R. Luckhurst, and D.L.
hurst and C.A. VeraciniKluwer Academic, Dordrecht, 1994 Turner, Mol. Phys59, 97 (1986.

[3] D. Sandstrm, A. Komolkin, and A. Maliniak, J. Chem. Phys. [9] J.S. Lewis, E. Tomchuk, and E. Bock, Lig. Crys¥, 1507
106, 7438(1997. (1993.

[4] D. Sandstrm, A. Komolkin, and A. Maliniak, J. Chem. Phys. [10] D. Sandstrm and M.H. Levitt, J. Am. Chem. Sod.18 6966
104, 9620(1996. (1996.

[5] R. Y. Dong,Nuclear Magnetic Resonance of Liquid Crystals [11] R. Kollner, K.H. Schweikert, F. Noak, and H. Zimmermann,
2nd ed.(Springer-Verlag, New York, 1997 Lig. Cryst. 13, 483(1993.

[6] R.Y. Dong, J. Chem. Phy88, 3962(1988. [12] S.J. Picken, W.F. van Gunsteren, P.T. van Duijnen, and W.H.



PRE 59

de Jeu, Lig. Cryst6, 357 (1989.

[13] C.W. Cross and B.M. Fung, J. Chem. Phy81, 6839(1994).

[14] A.V. Komolkin, A. Laaksonen, and A. Maliniak, J. Chem.
Phys.101, 4103(1994.

[15] H. Gasparoux and J. Prost, J. Ph{Rarig 32, 953(1971).

[16] W. H. de JeuPhysical Properties of Liquid Crystal Materials
(Gordon and Breach, New York, 1980

[17] S. Hess, Z. Naturforsch. 80, 1224(1975.

[18] V.B. Nemtsov, Teor. Mat. Fiz25 118 (1975 [Theor. Math.
Phys.25, 1019(1975)].

[19] A.N. Semenov, Zh. Esp. Teor. Fiz.85, 549 (1983 [Sov.
Phys. JETP58, 321(1983].

[20] N. Kuzuu and M. Doi, J. Phys. Soc. JiB2, 3486(1983.

[21] M.A. Osipov and E.M. Terentjev, Phys. Lett. A34, 301
(1989; Z. Naturforsch., A: Phys. Scit4, 785 (1989.

[22] A.V. Zakharov, Phys. Lett. A193 471 (1994); Fiz. Tverd.
Tela (St. Petersbung40, 1945 (1998 [Phys. Solid Statel0,
1765(1998].

[23] M. Fialkowski, Phys. Rev. (58, 1955(1998.

[24] R. G. Larson,The Structure and Reology of Complex Fluids

(Oxford University Press, Oxford, 1999Chaps. 10 and 11.
[25] M. Kroger and S. Sellers, J. Chem. Phy83 807 (1995.
[26] L.A. Archer and R.G. Larson, J. Chem. PhyH03 3108

(1995; Lig. Cryst. 19, 883(1995.

[27] J.L. Ericksen, Arch. Ration. Mech. Ana4, 231 (1960.

ROTATIONAL VISCOSITY IN A NEMATIC LIQUID. ..

6807

[28] F.M. Leslie, Arch. Ration. Mech. AnaR8, 265 (1968.

[29] E.N. Ivanov, Zh. Kksp. Teor. Fiz45, 1509(1963 [Sov. Phys.
JETP18, 1041(1964)].

[30] V.I. Stepanov, Z. Naturforsch., A: Phys. Sdit, 625(1992.

[31] M.A. Osipov and E.M. Terentjev, Z. Naturforsch., A: Phys.
Sci. 47, 627 (1992.

[32] M.A. Osipov, T.J. Sluckin, and E.M. Terentjev, Liq. Cry%®,
197 (1995.

[33] A. Chrzanowska and K. Sokalski, Phys. Rev.52, 5228
(1995.

[34] D.N. Zubarev, Nonequilibrium Statistical Thermodynamics
(Consultants Bureau, New York, 1974

[35] V.B. Nemtsov, Mol. Cryst. Lig. Cryst192 229 (1990.

[36] R. Eppenga and D. Frenkel, Mol. Phys2, 1303(1984.

[37] E.T. Brook-Levinson and A.V. Zakharov, Europhys. L&2,
439 (1993.

[38] S.T. Wu and C.S. Wu, Phys. Rev. 42, 2219(1990.

[39] R. Tarroni and C. Zannoni, J. Chem. Ph9§, 4550(1991).

[40] P. L. Nordio and U. SergelThe Molecular Physics of Liquid
Crystals edited by G. R. Luckhurst and G. W. Grafca-
demic Press, London, 19¥%Chap. 18.

[41] N. Kirov, I. Dozov, and M.P. Fontana, J. Chem. Phg§,
5267(1985.

[42] G. Moro and P.L. Nordio, Chem. Phys. Le®6, 192(1983.

[43] A. Szabo, J. Chem. Phy81, 150(1984.



