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dynamics simulation and NMR

Dick Sandstrom
Division of Physical Chemistry, Arrhenius Laboratory, Stockholm University, S-106 91 Stockholm, Sweden

Andrei V. Komolkin
Physics Institute, St-Petersburg State University, 198904 Saint Petersburg, Russia

Arnold Maliniak?®
Division of Physical Chemistry, Arrhenius Laboratory, Stockholm University, S-106 91 Stockholm, Sweden

(Received 27 December 1995; accepted 6 March 1996

We have studied the orientational order in a liquid crystalline mixture consisting of benzene and
4-n-pentyl-4-cyanobiphenyl (5CB) employing molecular dynamics simulation and NMR
spectroscopy. The temperature-dependent order parameters obtained from the NMR experiments
were used to determine the average benzene—5CB and 5CB-5CB interaction parameters. It was
found, using mean field theory, that the benzene—5CB interactierdE% of that between the
solvent particles. This analysis is based on a cascade of approximations. The validity of some of
these assumptions was tested in the computer simulation. Various pair correlation functions were
also calculated. ©1996 American Institute of PhysidsS0021-960606)50822-9

I. INTRODUCTION Molecular dynamic§MD) simulations of liquid crystals
using atomic models constitute a challenge in the field of
Liquid crystals are characterized by long-range orientagomputational chemistry. It is so, not only because the cal-
tional order. This order originates from the anisotropic naturg, jations require large computer power, but also due to the
of the intermolecular_ intera<_:tions_. Detai_led informatiqn chemical complexity of these systems. Several MD simula-
about these complex interactions is not directly aCCess'bl‘taons of thermotropic liquid crystals using realistic interac-

from experiments. Such knowledge, is, however, e:ssentietlon models have been repor®d® Recently. computer
for the understanding of physical and chemical properties o P ' Y, b

liquid crystalline systems. Therefore, there is a considerabltg."mL‘IatIons of benzerié and hexan® dissolved in Gay—
interest in developing and improving theoretical models foreMe solvents were performed. The result from an MD
inter- as well as for intramolecular interactions which can beSimulation relies completely on the physical input, i.e., on
employed in the analysis of experimental data. the molecular force field parameters and on the specification
Nuclear magnetic resonand®MR) spectroscopy has Of the system in terms of temperature, density, etc. The
proven to be a powerful tool for mesophase studies since &trength of the method is the wealth of information available
can provide important information about molecular structurefrom the generated trajectories.
orientational order, and dynamic processes. Furthermore, pa- In this paper we report MD and NMR investigations of a
rameters reflecting various interactions may be extractedinary liquid crystalline mixture containing8 mol % ben-
The experimental data set must often, as indicated above, bene dissolved in #-pentyl-4-cyanobiphenyl(5CB), see
interpreted using a specific model. A theoretical frameworkrijg 1. Neat 5CB forms a nematic phase between 296 and
of particular interest is the mean field thedFT). Strictly 305 i The temperature range is convenient for experimental
speaking, there is a whole range of MFTs, but they are algtudies, which has made 5CB one of the most investigated

based on the assumption that each molecule reorients in trr‘ﬁesogenic compounds. The temperature-dependent orienta-

average potential field of all its neighbors. In the pioneering,. . :
work of Maier and Saupe a simple system of uniaxial, rigié]nonal ordering qf both solute and. solvent was determined
from NMR experiments. The resulting second-rank order pa-

particles was treatetiThis is clearly only an approximate ' ) s !
description of a real liquid crystal since all mesogenic mol-rameters are interpreted employing mean field theory to yield

ecules discovered so far exhibit internal motion. The mea@verage interaction parameters. In the analysis of the MD

field theory was subsequently extended to more generdimulation we focus our attention on the relationship be-
forms in which molecular flexibility was taken into tween intermolecular interactions and the molecular organi-

account™ Due to the strong correlation between orienta-zation in the anisotropic phase. In addition, the validity of
tional order and internal conformational degrees of freedomsome of the approximations made in the mean field theory is
the description of flexible molecules in a mesophase is by ninvestigated. The rest of the article is organized in the fol-
means trivial. Mean field theory of liquid crystalline mix- |owing way: In Sec. II, experimental and computational de-

tures has also been considefet. tails are outlined. Different manifestations of orientational
order are presented in Sec. Ill. Finally, various aspects of

3Author for correspondence. E-mail: arnold@physc.su.se molecular pair correlations are discussed in Sec. IV.
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4 6 10 12 teraction parameters are identical to those used in our previ-

15 16 17 18 19 ous simulation of neat 5CE. The torsional parameters in
N=C CH,CH,CH,CH,CH Eq. (1) for the three diqedral angles in the chain were;
1 2 3 8 9 14 V;=V,=V5=8.4 kimol'~ and the same phase andlg
5 7 1 13 =180° was used for all three terms. These values were de-

termined from a conformational and dynamical analysis of
FIG. 1. Chemical structure of A-pentyl-4-cyanobipheny(5CB) showing  the trajectories generated in a set of short simulations of
the atomic labeling. hexane in the isotropic phase. The rotation about the inter-
ring bond was in this study modeled using a potential func-
tion of the form

V(®)=V,(1—cos D)+V, cos B, (2
with force constant®/,=5.85 andV,=5.10 kJ mol™. This

purchased from Merck and used without further purification.rpo(:fg:g'glj \:\:]a‘sl (r?;?r:r;ig’zfgngﬂbﬁ;hzgil(}fglng)NZ';AExcchE)a;

The solution was prepared by adding a weighed amount o j B - g

C.D. into a knownpqurz)intity ofythe megsogen ?Nhich resultedggr the absence of partial charges, all interaction parameters
66 y oy o. . .

in a concentration of _7.6 mo_l %. Th_e width of the k_Jiphfasic Sﬁ;g”ibr:ng CbanEZr::i asrgl\ll((j-:‘irt]tlrg;llé%t;reoscir?ssii(tjsf%rf t?g F;ri]tggyl

region, where nematic and isotropic phases coexist, is fo\fvhile 6 united atoms are used for the solute. The total num’-

this mixture~3 deg. All NMR experiments were performed '

on a Bruker MSL 200 spectrometer equipped with a standar er of interacting sites in the simulation cell is thus 2150.
10 mm high-resolution probe. The carbon-13 spectra wer he rectangular periodic boundary condition, together with

recorded in a single-pulse experiment combined with modu['}:cn'r?ulr; énge conventllt_)ndand ?hnog_b?nded, sl;pr:\fzvrlcal fﬁt
lated proton decoupling as described in Ref. 16. The decol!" © -2 A, Were applied on the distances between the

. toms. The size of the simulation box was 323.5x52.0
ler field strength to a f f 10.4 kHZ
pler field strength corresponded to a frequency of 10 783 which corresponds to a density of 0.95 g ¢mThe 5CB

and the recycle delay was 30 s. THE peak assignment was L . .

taken from the literatur&’*® Deuterium NMR spectra were molecul_es were initially placed in thr.ee layers .Wlth ma

acquired employing the quadrupole echo sequineith a axes oriented parallel to thg long axis of the S|mul.at|on t_)ox.

90° pulse length of 7.%s. The temperature was controlled In order to prevent a net dipole moment, the vertical orien-
tations of the 5CB molecules were altered. Neglecting the

using a Bruker B—VT 1000E unit and was calibrated by e . :
measuring the'H chemical shift difference in ethylene presence of benzene, thIS'InItIa| configuration corresponds to
glycol 20 a perfectly_ ordered smectic A phase. The equations _of mo-
tion were integrated using the Verlet leap frog algorithm
with a time step of 3 fs. This high value was chosen after a
careful analysis in which the effect of the integration step on
The MD simulation was performed in a rectangular cellthe kinetic and potential energies was investigated. The total
containing 110 5CB and 10 benzene molecules yielding dngth of the simulation was 1.5 ns and a trajectory of 510 ps
CgHg mol fraction of 8.3%. The simulation was carried out in was used in the final analysis.
the nematic phase at 290 K, and the temperature was kept A simulation of neat isotropic liquid benzene at 300 K
constant(NVT ensemblg by using a weak coupling to an was also performed. The same force field as described above
external heat bath: The coupling parametéB6 fs) was cho- ~ was used with 216 benzene molecules in the cell. The liquid
sen to be long compared to the integration step and showas equilibrated for 100 ps, followed by a 100 ps production
compared to the length of the trajectory. The mesogens wergin during which trajectory was collected. The shape of the
modelled using the conventional potential energy functiorsimulation box was cubic with a side length of 31.8 A, cor-

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A. NMR experiments

The solute(C¢Dg) and solvent(5CB) compounds were

B. Molecular dynamics simulation

composed of intra- and intermolecular interactions: responding to the experimental density 0.87 g ¢nAll cal-
v culations were carried out on an IBM RISC6000/355 com-
Eo= > Ky (o— 00)2+ 2 ?ﬂ [1—cosn(®—1y)] puter using an optimized code written in this laborattty.
angles dihedrals
Ai; Bj iq; Ill. ORIENTATIONAL ORDER AND AVERAGE
+2 2| Ty — | (1) INTERMOLECULAR INTERACTIONS
i<j r” I’Il ’Tl'Eor”

where the first two covalent terms represent bond bendin@' Order parameters and MFT analysis of the NMR
and torsional motion. Note that the bond stretching term in ata
Eq. (1) is missing since the SHAKE algorithm was used. We have studied the orientational order of both the sol-

The last sum includes nonbonded interactions where the parte and solvent molecules as a function of temperature in the
rametersA;;, Bj;, andq; are related to Lennard-Jones and binary mixture described in Sec. Il A. Nuclear magnetic

electrostatic energies. The CH, gHand CH groups were resonance spectroscopy is well suited for this kind of inves-
treated as single interaction centétmited atoms Except tigations since it is possible to obtain the order parameters of
for the inter-ring and alkyl chain torsional potential, all in- both constituent molecules independently. The second-rank
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exactly as described above, and no significant difference in

08 ' | - ' temperature dependence between the two samples is ob-
064 % ° ewwal - served. The higher ordering of the solvent molecules as com-
0.4 o S5¢B (mixture) Q+*°++9 L pa_red tg the solutes is clearly_seen. Note tha_t the limiting
s 02 + S5 (neat) i orientational or_der parameters_ in a perfectly aligned system
zz composed of disks and rods differ by a factor-e1/2. Due
04 ve o to supercooling effects, the nematic range for the liquid crys-
N R talline mixture is apparently broader than for neat 5CB. The
o4 sb, clearing point of the mixture was observed-a297 K which
“29 25 20 15 10 5 0 5 agrees \évith the value of298 K reported previously for this
Ty /K system?

It is interesting to analyze the temperature dependence of
FIG. 2. Variation ofS,, with the shifted temperatur&—Ty, . Order param- the order parameters using simple mean field theory. In order
eters of neat 5CHcrossesare included. to do so, the solvent molecules will be treated as rigid, axi-

ally symmetric objects which allow us to use 8 °® values

in Fig. 2 as unigue molecular order parameters. This assump-
orientational order parameter of benzgfée-slz’z was ex- tion is clearly not strictly valid, but has proven to be a rea-
tracted from theH quadrupolar splitting, where@?B was sonable approximation for 5CB.We will further discuss
measured by recording the carbon-13 chemical shifts othis approximation in the following sections. According to

5CB. Maier—Saupe theory for binary mixtures of cylindrically
For a GD, molecule undergoing fast reorientation aboutsymmetric molecules, the potential of mean torduk)
its Cg axis the quadrupolar splittingv is given by may be written &%
Av=30coS,,, ) Ui(6)=— (3 cog -1), ®)

whereqcp=183 kHz is the static quadrupolar coupling con-
stant. To obtain Eq(3), the director is assumed to orient
along the external magnetic field. The signﬁ; cannot be

determined from théH NMR spectrum since only the abso-
lute value of the quadrupolar splitting is observed. Howeve
if the liquid crystalline solvent consists of rodlike particles it

is known that the normal of a disklike solute molecule ori-

where 6 is the angle between the molecular symmetry axis
and the nematic director, ariddenotes the two molecular
species. The interaction parametedetermines the strength

of the anisotropic ordering potential. The second-rank order
rparameter can be expressed in terms of the potential of mean
torque by the relation

ents perpendicular to the directdrin the following we will i N
therefore assume th&, is negative. This assumption will S,=(Q) f 3(3cos 6-1)
be verified in the next section. , .
The orientational ordering of the nematic solvent was xexp{—U'(6)/RT}sin 6 do, (6)

studied at different temperatures by means3af chemical whereQ' is the orientational partition function
shift measurements. It is in general difficult to extract the
order parameters from the chemical shif{s. observed in a
mesophase. The reason for this is that the magnitude and

5CB

orientation of the shift tensor components in someF h 4 val 8, and lculat
molecular-fixed reference frame must be known. Forty- OM th€ Measured values o}, and>,, We can calculate

nately, it has been shown for 5CB that there exists a simplé and e ¢ using Eq?'(? an((jj (6).' Tr?e mtgractlon param-
semi-empirical correlation between théC chemical shifts eters are functions of the order in the system

Qizf exp{—U'(9)/RT}sin ¢ dé. )

iR
and the order parameter according’t& €0 = XU+ (1— X, JUPCBSICE, ®)
Aoc=aS;P+b, 4
S @ €5CB=x, UPPBSL + (1 — x,,) USCBoCESCE, 9)

where Ao=0c—0,. The empirical constanta andb are — ) .

different for each nonequivalent carbon in the molecule andvhereu” are average values of the pair potentials over the

are tabulated in Ref. 27. All ring carbons excepfOfere  intermolecular separations, ang} is the mole fraction of

used for calculating an average valueS3f® at each experi- benzene. The'! values measure the anisotropic interaction

mental temperature. For a flexible molecule like 5CB, allStrengths between molecules of spediemd . In order to

order parameters will depend on the molecular conformationProceed with the analysis we have to make some additional

The quantityS:S® does consequently not describe the orien-25Sumption$Egs. (8) and(9) contain three unknown param-

tational order of the entire solvent molecule, but refers to théterd: Two different cases will be comparefirst case For

local ordering of thepara axis in the core fragment. an infinitely dilute solutior(x,~0) Eqgs.(8) and(9) reduce to
The temperature dependences3f andS><® is shown in b= ISCBGECB (10)

Fig. 2. For comparison, the order parameters of neat 5CB are z

included. These were obtained frdfiC chemical shift data and
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8 . . L tested by the MD simulation discussed in the following sec-
tions. Another problem is that the NMR experiments are per-

- 67 ese | formed at constant pressure, while the Maier—Saupe theory
5 44 = refers to a constant volume situation. This issue has been
£ L] i addressed by several authr® and it is well established
-f) that molecular ordering is both temperature and volume de-

0 i pendent. The extent and precise form of the volume depen-

-2 €’ = dence is however not yet fully understood.

-4 | | : : . ks

00 01 02 03 04 05 06 07 B. Order parameters and distribution functions from

g5¢cB the MD simulation
zz

The first step in the analysis of the MD trajectories is to
FIG. 3. The strength parametéras a function of the solvent order param- define a molecular-fixed fram&l. Computer simulations
eter. provide a unique possibility to evaluate the effect of different
definitions of the molecular frame. For a flexible molecule,
the most convenient choice bf is that corresponding to the
65CB:USCB5CB§§B- (11 principal axis system of the moment of inertia tenkof his

By plotting & and B versus the solvent order parameterframe is det.ermined for every molecule at gach time step,
(cf. Fig. 3 one obtains the following average interaction 2"d thez axis corresponds to the smallest eigenvalue.of
parameters; UPB=—51 kJmol! and U5CB5CB_11 3 On the other hand, the axis relevant for the experimental

i ' ' 5CB order parameters discussed in Sec. lll A, coincides with

kJ mol L. The same value ai°*“®%“Bwas found in a previ- A < of the binhenv| { : ous MD
ous MFT analysis of quadrupolar splittings obtained in neafl€ Para axis of the bip eny ragme.nt. N Our previous
study of 5CB, several liquid crystalline properties were cal-

H-labeled 5CB* There however, the measurements were

performed at a constant volunié,,=0.243 dri mol™%). The c#lated usin_g”thesedtwoddg;initi_onls, anéjﬁ i_t”\]/yas kf)ound that
opposite signs oFP>CE andu®CB5CE reflect the perpendicular 18Y essentially produced identical resdftsThis observa-

orientation of the benzene molecules with respect to the qu’Elon was confirmed in the present simulation and we wil

uid crystalline directori.e., thatSEZ<0), and should not be therefore use the inertial frame definition of the molecular

interpreted in terms of attractive/repulsive interactions. Thicceordinate system. The uniqaeaxis of a benzene molecule

simple mean field analysis indicates that the benzene—SCEOm_Icf;:jeS with th%IS'XfO.Id syrprr:jetrﬁ/ a;qs. f f th
interaction is~45% of that between the 5CB molecules. e next problem is to find the director frame of the

Second caseAnother approach, which avoids the assump_mesophase. In a computer simulation the instantaneous ori-
tion about infinite dilution, is to invoke the geometric mean entation of the directon can be determined from a general

rule® Cartesian ordering matri®,,.>* Assuming that only the sol-
vent molecules determine the orientationmpfthe elements
UPPCB= — (yPByPCRsCR) 12 (120 of Q,, may be written
The negative sign comes from the fact that the mixture is Noq . .
composed of disk-like and rod-like particles. If this expres- §f=ﬁ 2 > (3 cosb), COS b5~ 8,p), (15
sion is inserted in Eq¥8) and (9) one finds that =1
b £5CB whereN is the number of solvent particles, am, is the
— —F5TP = —SCEECED (13)  angle between the long molecular azisand an axisx fixed
(U T (uPEREE) in the simulation box. The diagonalization @, gives three
or eigenvalues, and the nematic director is the eigenvector as-
b —5b |12 —B5CB sociated with the largest eigenvalue. In practice, the director
%: — (_;:_BSCB) :_l;CBSCB. (14)  never deviated more than 9° from the long axis of the simu-
€ u u lation cell.
Equation (14) predicts that the ratio betweesf and B We are now in a position of defining the molecular or-

should be constant for all compositions and temperature$lering matrixS, whose principal values are given by
This rather surprising result has also been pointed out by 1

others?® Moreover, it is interesting to note that both the Sea=(2(3 008 05—1)), (16
above cases give identical res(iff. Egs. (10), (11), and where the angular bracket indicates an ensemble average,
149)]. - and 6, is the angle between and the molecular-fixed prin-

It must be emphasized that the calculationsubfare  cipal axisa(a=x,y,z). SinceSis traceless, it is sufficient to
based on several approximations. In addition to the ones abpecify two of the three diagonal elements. The time devel-
ready mentioned, it is assumed thé the distribution of opments of the various order parameters are shown in Fig. 4.
intermolecular vectors is spherically symmetric, dingitis ~ The trajectory was divided into 15 ps intervals, and each
allowed to truncate the potential of mean torque after thgoint corresponds to an average within the interval. We see
second-rank term. These assumptions can, at least partly, leat the orientational ordering is constant during the simula-
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FIG. 4. The time dependence of the second-rank order parametef@ for FIG. 5. The singlet orientational distribution functions describiag the
5CB and(b) benzene. Each point represents an average of a 15 ps intervaertial andpara axes of 5CB andb) the G axis of benzene. Fitted distri-
and the error bars indicate one standard deviation. butions are also showfsee the tejt

tion which indicates that the system is in equilibrium. Theterms of the second-rar,, parameters. The most complete
poor statistics of the solute order parametdr Fig. 4b)] is  description of the order is however provided by the singlet
due to the small number of benzene molecules in the simuwsrientational distribution functiorf.®” For an axially sym-
lation cell. It is nevertheless clear that the solutes prefer tenetric molecule in a nematic phasewill only depend on
orient perpendicular to the director. The averageder the  the angled between the unique molecular axis and the direc-
trajectory of 510 psorder parameters can be compared withtor. The knowledge of the distribution function enables ac-
the NMR results discussed in the previous section. The teneess to the statistical average of any observable in the me-
perature in the simulatiof290 K) is ~8 deg below the clear- sophase. A computer simulation offers a unique opportunity
ing point of the real mixturé® The experimental order pa- to obtainf(6) directly. In Fig. 5 the distribution functions for
rametersS,, at this shifted temperature are 0.52 anf.18 5CB and benzene are shown. The distribution of plaea

for 5CB and benzene, respectively. The corresponding valaxis of 5CB(defined by a unit vector between carbon atoms
ues obtained from the simulation are 0:6617 and—0.17 3 and 14 is also included. As indicated above, the inertial
+0.20. The agreement can be regarded as satisfactory, esgeame andpara axes exhibit essentially identical distribu-
cially keeping in mind all approximations introduced in an tions. We have once again treated the mesogen as a uniaxial
MD simulation of a liquid crystal. In particular, the force particle. The distribution function describing the solvent
field used in the simulation is not calibrated with respect topeaks, as expected, at 0° while the solute function has a
the real transition temperatures of the mixture. The densitynaximum at 90°.

of the simulated system is another source of uncertainty. A The potential of mean torque arf(6) are related to
careful adjustment of the density could improve the agreeeach other according to

ment between the simulation and experiment. However, i i i

given the approximate nature of the force field and the un- fl(e?:(Ql) "exd —U'(O)/RT], (a7
known phase diagram associated with this potential energwhereQ' is defined in Eq(7). If the second-rank truncated
function, no such adjustments were attempted. We estimaferm of U'(6) is employed[cf. Egs.(5), (10), and(11)] we
the difference in density between the real and simulated mixean fit the curves in Fig. 5 to E417), and obtain the inter-

ture to be no more than a few percent. action parametera®©® and u®“®°“E This nonlinear fitting
From the simulation we find the ratj¢S,,—S,,)/S,J to  procedure gaver®*®**®*=13.2 kJ mol'* andu™°® = -3.7

be 0.06 for 5CB, which is somewhat lower than values obkJ mol X, As can be seen in Fig. 5, the agreement between

served in NMR investigations of neat 5Gf:3 fitted and computedfrom the trajectory distributions is al-

So far, we have expressed the molecular ordering iimost perfect. In addition, the parameters derived from the

J. Chem. Phys., Vol. 104, No. 23, 15 June 1996
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TABLE I. Intermolecular interactions calculated in the computer simulation
(kJ mol).

Type of interaction 5CB-5CB 5CB-benzene Benzene—benzene

Lennard-Jones —96.1+0.8 —5.4+0.2 —-0.1+0.1
Electrostatic —0.6+0.1

fitting are close to those determined experimentally
(UPCB5CB=11 3 andu®°B = —5.1 kJ mol'}) in the previous
section.

In order to quantify how well the fitted distribution func-
tions describe the real MD distributions, we have calculated
the order parameters using E(f) and the fitted values Density: 0
of u®°B°CB and uP>E, The following result was obtained:;
S:B = 0.68 ands?,=—0.17 which clearly agree with the av-
erage values in Fig. 4. Additional consistency tests were per-
formed by calculating order parameters of higher rank. The
averages of the fourth-rank Legendre polynonyigl,), were
found to be 0.32 and 0.02 for 5CB and benzene, respectivelyy, paArR CORRELATION FUNCTIONS AND PHASE
The corresponding values computed directly from the trajeCsTRUCTURE
tory were 0.31 and 0.03. We may therefore conclude that the
second-rank truncated potential of mean torque provides a Molecular organization in isotropic liquids as well as in

FIG. 6. The cylindrical distribution function in neat liquid benzene.

reasonable description of true distribution functions. anisotropic systems is conveniently examined using pair cor-
_ o _ ) relation functions. The most general form of this function,
C. Interaction energies in the MD simulation expressed in the laboratory frarheis g(r;,Q,,r,,€,). This

Average pair interaction energies calculated in the MDpair distribution represents the probability of finding particle
simulation are given in Table I. All contributions have beenl at positionr; with orientation{2,, when particle 2 is at,
normalized by the total number of molecules in the simulaWith orientation€2,. Q; is a set of Euler angles specifying
tion box. Electrostatic interactions involving benzene are abth€ Orientation of particle with respect to the laboratory axis
sent, because there are no partial charges on the solute m§¥Stem- By invoking the cylindrical symmetry of the nematic
ecules. Clearly, the Coulombic energies between the solvefi1ase, and treating the molecules as uniaxial objects, the
molecules are of limited significance. The importance of UMber of degrees of freedom is reduced by six. Further

electrostatic interactions in nematic phases have previous mplification ofg is ach!eved by using the relative values

been investigated in MD simulatiofig® It was found that 12 and &1,,, together with an average procedure over al
. ' : . molecular orientations. The result is a function which only

the effect of the corresponding forces on orientational order

is weak, whereas the dynamic propertigmnslational and

depends on two variableg and D= (X2+Y?)Y2 Thus, a
lindrical distribution function(CDF) i ined. Th
rotational diffusion are affected by the choice of charge dis- cylindrical distribution function (CDF) is obtained ©
tribution.

quantityg(Z,D) gives the probability of finding a molecule
Before closing this section we want to comment on an-

at (Z,D) relative a molecule chosen as origin. We calculate
- - he intermolecular vector distributions in the director frame,
other aspect of molecular interactions. In order to ensure thq_te_’ Z is a distance along while D is a distance perpen-
the MD simulation is performed on a system in equilibrium, gjc jar ton. Computational details of CDFs are given in Ref.
various contributions to the total kinetic energy have beenyg
analyzed. Details of such considerations have been presented The CDF for isotropic liquid benzene is shown in Fig. 6.
elsewheré? and below only the important conclusions are The vertical axis of the picture coincides with one of the
summarized. According to the equipartition theorem, thenree equivalent box axes. The white area corresponds to an
translational and rotational energies should be equal, and inyrientational average of excluded volumes of the central
deed we found the rati&,/E;=0.98. The total number of molecule. As expected for an isotropic system, the distribu-
internal degrees of freedomVj,,, for the entire system is tion of neighboring molecules is spherically symmetric,
3470(31in 5CB and 6 in gHg) compared td\,,=N;=360  demonstrating thag(Z,D) reduces tay(R) (the radial dis-
whereN,; andN;, are the numbers of degrees of freedom fortribution function in a simple liquid. The positions of the
rotational and translational motions, respectively. The ratidirst maximum and minimum are at 5.7 and 7.7 A which
Ninro/Niy=9.7 and the simulated energy rafig,,/E,=10.1  agree with values found in a previous Monte Ca(dC)
are in good agreement. We may therefore conclude that the&imulation of benzene in which a different interaction poten-
system is at equilibrium during the trajectory sampling. tial was used?® At larger intermolecular distances the distri-
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Density: |0 :

FIG. 7. The cylindrical distribution functions in the nematic mixtu@: 5CB—5CB andb) 5CB—benzene.

bution approaches unity. The central line in Fig. 6 is anlation along different directions in the liquid crystal. This
artefact due to the small volume of cylindrical segmentsfunction gives the probability of finding a molecule with a
close to theZ axis. Consequently, a small number of eventsdisplacement along a certain direction from another molecule
is registered and a noisy region is observed. chosen as origifi® The pair correlations between the solvent
The 5CB-5CB and 5CB-benzene CDFs are displayednolecules along the director are shown in Figp)8During
in Figs. 7a) and 7b), respectively. The vertical axes coin- the first picosecond of the simulation, the liquid crystal cor-
cide with the director. The two maxima on either side of theresponds to a smectic phase with a layer separation of 17.4
central molecule in Fig.(3) reveal the tendency of the 5CB A. The flat distribution, which is an average over the produc-
molecules to form a side-by-side arrangement. In contrast tdon run, demonstrates clearly that the layered structure is
the liquid benzene distribution in Fig. 6, the average ex-absent in the nematic mesophase. Pair correlations orthogo-
cluded volume of the central 5CB molecule is no longernal to the director were also calculatédot shown, and
spherical. This is due to the orientational order with respectvere found to be essentially flat. The corresponding pair cor-
to the director. Note that none of the distribution functionsrelations between the benzene molecules are shown in Fig.
exhibits true spherical symmetry. This is in accordance witt8(b). In the beginning of the MD simulation the solutes are
MC*® and MD* investigations of Gay—Berne liquid crystals arranged in a layer-like structure. No such behavior is ob-
in which anisotropic intermolecular vector distributions wereserved during the production run. It is however obvious that
observed. The orientation dependence of the pair correlatiothe benzene molecules are not uniformly distributed along
function is indeed important. In particular when discussed irthe director. The reason for this partial aggregation is not yet
conjunction with mean field theory. A very important as- clear to us, but may be a statistical artefact or an effect of the
sumption made in many molecular field theories is that theemployed force field.
intermolecular vectors are spherically distribuféd® This
approximation is clearly not strictly valid, and constitutes
therefore an additional source of uncertainty in an MFT
analysis of experimental data. As discussed by Emerson The objective of this article has been to study orienta-
et al,*! the deviations from spherical symmetry are probablytional order in a binary liquid crystalline mixture consisting
correlated with electrostatic energy contributions to the poof benzene and 5CB. This investigation was performed by
tential of mean torque. means of NMR spectroscopy and MD simulation.
We conclude this section by considering the pair corre-Temperature-dependent order parameters of both solute and

V. CONCLUSIONS
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compared to the Lennard-Jones terms. Moreover, the average
(a) interaction parameters derived from the MFT analysis of the
i experimental data set and from the simulated trajectory agree
2_ initial ps L fairly well to each other. Yet another important result was

f 2 that the orientational distribution functions of the 5@Bra
production run axis, and of the long axis defined by the moment of inertia
11 H tensor were essentially equivalent. This is of practical impor-

"' ’1- tance in NMR studies of similar mesogens, since we usually
measure the molecular order of a fixed vector in the molecule
0 5 10 15 20 25 (e.g., thepara axis), and not of the whole molecule.
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