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Molecular dipoles and tilted smectic formation: A Monte Carlo study
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We investigate the possibility of forming a tilted smectic liquid crystal phase by suitably positioning two
permanent dipoles in a rodlike molecule. We show, using Monte Carlo simulations, that a tilted smectic is
formed from ellipsoidal Gay—Berne particles with two off-center outboard dipoles when these are directed
along or at 60° from the rod axis where they are located, but not when they are perpendicular to it. The
properties of the phases obtained are studied in some detail.
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I. INTRODUCTION relation to the issue of an effective locking or not of the
molecular dipoles in the biaxial smectstructure. A strong
The smectice (Sc) phase is a layered liquid crystalline freezing of rotations around the long axis of the molecule
phase in which constituent molecules are on average tiltechore or less implicit in the earlier theoretical treatmeisis
with respect to the layer plane, while their centers of massvas ruled out by NMR measurements in the smeCtichase
have no positional ordgl—3] and in this sense it is a tilted [11] and, by neutron scattering, in the smedticphase, a
analog of the smectié phase. Tilted versions exist also for nearly crystalline tilted phase with herringbone structure
the smectid® phase, where a local hexagonal order in the[2,12].
position of the molecules exists. Although there isanriori Although some atomistic simulations of tilted smectics
reason to exclude certain tilt directions, the tilt in a layer ishave appearefl13,14|, the equilibration times are so long
typically found to be along one the lines connecting twothat only small samples preliminarly prepared in a layered
nearest neighborésmectict phas¢ or perpendicular to it situation could be studied and certainly molecular rather than
(smectick phas¢. The same occurs for the crystal-like ana- atomistic level simulations are more appropriate for the type
logs of the smectid@ phase, where the hexagonal order has &f study we are interested in here. The prototype model for
long-range correlation(smecticd, smecticG). Although  the simulation at molecular size resolution of liquid crystals
tilted phases and smecti€phase in particular are of consid- is the so called Gay-Bern&B) potential[15,16], an aniso-
erable importance for electro-optical devices, the moleculatropic, ellipsoidal shape, version of the attractive-repulsive
origin of their somewhat counterintuitive organization is still Lennard-Jones interaction for spherical particles. The GB
largely unknown. model has been shown to be capable of reproducing, by suit-
The first successful theory of smecticdiquid crystals, ably tuning of shape and attractive anisotropies, nematic,
the mean field theory of McMillaf4], related the formation smecticA and smecti® phasegsee Ref[17] for a recent
of the tilted phase to the presence of at least two outwardeview). Extensive simulations of GB particles with an em-
pointing dipoles in the mesogenic molecule. Permanent obedded dipole have been performed by various grélifs
induced dipoles have been the key molecular ingredient 026] and have yielded most of the complex polymorphism for
various other approximate theoretical treatmd®s9|, al-  polar smectics, including stripdd 8], interdigitated and bi-
though there is no consensus on a set of features sufficient tayer phase§19]. However, it is worth noticing that simula-
guarantee tilt. Thus, e.g., van der Meer and Vertof@gh tions of GB systems without or with only one dipole at vari-
considered the induction forces between transverse dipolesus positions and orientations, have never convincingly
and neighboring polarizable centers, while in a recent treatshown tilted phases. Indeed earlier claims of tilted smectics,
ment by Govind and Madhusudana the off-axis position of ebeing observed in systems of apo[@7], transversal21]
single transversal permanent dipole has been considered thed axial22] monodipole GB, are probably due to small and
key feature for tilt{9]. Although it is known, since the syn- fixed size samples and to the too limited duration of the
thetic work of Goodbyet al.[10], that the presence of two or simulations[22,28|.
even one dipole is not a mandatory requirement, and that Other theoretical models considered to try and obtain
smectic€ phase can be formed even without these featuresmecticC phase have been based on molecular shape and in
the vast majority ofC smectogens is polar and it is interest- particular on a zigzag shapg9-34. While a zigzag shape
ing to study to what extent a nonapproximate approach, likés probably important for real molecules with flexible end
the Monte CarldMC) computer simulations employed here, chains[14,31], the simple model particles, built by assem-
can yield or not tilted phases for dipolar systems. In particubling in a zigzag way GB particles, have not shown tilted
lar, if smecticC phase or other tilted phases can be obtainedphase formatiori32]. A zigzag model made of seven soft
it is interesting to establish a relation between molecular fearepulsive spheres with the two terminal ones at an angle of
tures, such as dipole positions and orientations, that can b&° from the five in line core ones showed a sme€tic-
controlled at the synthesis level, and phase behavior. Thieehavior with random tilt orientation, although an elaborate
structure of the dipole based tilted phase is interesting also iequilibration procedure had to be usgg¥]. A zigzag in-
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showing position and orientation of the two permanent dipoles

within a Gay-Berne ellipsoidal particle. The values ¢fand d* _251 6 20 24 28 32 36 4.0
explored in this work are shown in the table. ' ' ' ) ' ' '
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FIG. 3. Average enthalpyH*)=(U*)+P*(V*), Gay-Berne
FIG. 2. Potential energy contouts’ obtained with a molecule (U®®*) and dipolar(U®*) energy terms per particle), orienta-
at the origin with long axis oriented along laborat@ynd a second  tional (P,)=(R3, and biaxial (R3, order parametergb), and
one parallel to the first exploring thé-Z plane ford* =1, and(a) number density p* )=No2(1V) (c), as a function of temperature
$=90°; (b) #=75°; (c) $=60°; (d) ¢=0°. Molecular dipoles T*, for a system ofN=1000 dipolar GB rods withp=90° and
are laying on theX-Z plane and dimensionless units are used. d*=1.
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FIG. 4. System oN=1000 dipolar GB rods withp=75° and FIG. 5. System ofN=1000 GB rods with¢)=60° andd* =1;
d*=1; see Fig. 3 for additional details. see Fig. 3 for additional details.

quadrupoles can well be due to energetic reasons, as tipole to the already mentioned IRTO model also yielded tilted
potential minimum for two axial quadrupoles, sliding paral- phaseg35].

lel to each other, occurs when the intermolecular vector is Given this large number of works, it is somewhat surpris-
tilted from the molecular normdB8,39. Adding a quadru- ing that the original model of a particle with multiple dipoles
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FIG. 6. System ofN=1000 GB rods with¢s=60° and d* FIG. 7. System oN=1000 GB rods with¢=0° andd* =1;
=1.2; see Fig. 3 for additional details. see Fig. 3 for additional details.

has, to the best of our knowledge, not been studied by conind located at selected positions between the center and the
puter simulations. Here, we have thus considered a system ehd of the molecule. For each case we have investigated
Gay-Berne molecule§l5] with two embedded dipoles at several temperatures corresponding to nematic and smectic
different orientations with respect to the long molecular axisliquid crystal phases, using constant pressure MC simula-
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FIG. 8. Snapshot of the MC sample taken from ¥hdirector frame axiga), radial correlation functiomgy(r) (b), and bond-correlation
function gg(r) (d), for a system with dipolar orientatioh=90°, and positiord* =1 at T*=2.0. The labels on the maxima gf(r)
correspond to the typical organizations shown in the pictures in piate

tions, trying to establish a relation between dipoles configudipole-dipole term:Uji=U;; /es=Ui(j35* +Uidj*. The Gay—
ration and tilting effect. We have also tried to characterizeBerne term has a repulsive and attractive contribution with a
and assign the tilted smectic phases obtained, that are fouri®-6 inverse distance dependence form
to be particularly sensitive to the dipolar configuration.
o 12
r—o(z,z,r+0s

6

USB* :4E(Zi ,Zj ,F)

Il. MODEL

@

lengtho, width o5 ando =3 o5, with two embedded elec-
tric point dipolesu,; and u, located at dimensionless posi-
tion d*=d/og, (0,0d0*), and (0,0,-d*) with orientation .
&, 180°+ ¢ with respect to the long molecular axiig. ).  Wherez and z; are the molecular orierjtations,=rr=rj

The pair potential is the sum of a Gay-Berib,40 and a  —r; is the intermolecular vectokr(z ,z;,r) is the contact

We consider a system of uniaxial ellipsoidal particles of _{ Os

r—o(z,z,r+0s
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FIG. 9. Snapshot of a MC sample taken from elirector frame axiga), radial correlation functiomy(r) (b), and bond-correlation
functiongg(r) (d), for a system of GB particles with dipolar orientatign=60° and positiord* =1 atT* =1.8. The labels on the maxima
of go(r) correspond to the typical organizations shown in the pictures in ptate

. A . . , 4 ; — (2. B\12_

distance,e(z ,z;,r) is the interaction energy defined as in dimensionless _momerw*=(,u leso5)~"=1, correspond-
Refs.[15,40, and containing two further tuning parametersing to ~1.3D if we take os=5 A and an energy scale
n and v. Here we employ the GB parametgus=1, v=3 es/kg=100 K. As we shall see, this provides a significant
and potential well anisotropy,/e,=5 that shows a wide but not overwhelming perturbation over the GB potential.

nematic, a smectiéx (S,) and smectid (Sg) phasd40]. The potential energy contouts; , obtained with a mol-
The dipolar energy is a sum of contributions given by theecule at the origin oriented alontjand a second one parallel
classic electrostatic expression: to the first exploring théX-Z plane, are plotted in Fig. 2. In

5 this representation, the shape of the molecules corresponds
dx Os .\« % x 2 5 essentially to the zero potential energy contours. We have
Uj; =ae%ej E[Mha'l‘j,ﬁ_B(ﬂi‘a' ap) (M 5 Tap) ], considered four dipole orientations, keeping the same dipole
“ ) positions @* =1): (a) with dipoles perpendicular to the long
molecular axis,¢p=90°, then(b) with dipoles tilted to¢
wherer .z is the vector joining two point dipole moments =75° and(c) ¢=60°, and eventuallyd) with axial, anti-
m, and g ; on moleculesi andj. We have assumed a parallel dipolesg=0°. An additional set of simulations was
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FIG. 10. Snapshot of a MC sample taken from ¥director frame axiga), radial correlation functiomy(r) (b) and bond-correlation
function gg(r) (d), for a system with dipolar orientatiop=60° and positiond* =1.2 atT*=2.7. The labels on the maxima gf(r)
correspond to the typical organizations shown in the pictures in fdate

performed for dipoles ath=60° moving the dipoles in a semble (constant number of molecule, dimensionless

more terminal position ai* =1.2. pressure P*=Po3/e;=6 and dimensionless temperature
T*=kgT/es), using periodic boundary conditions. The MC
IIl. MONTE CARLO SIMULATIONS AND OBSERVABLES runs were started from well equilibrated isotropic configura-

tions of the dipole-less system and a cubic box with dimen-
We have performed Monte Carlo simulations of a systensionless volumé/* =V/cr§. After switching on the dipoles,
of N=1000 particles in the isobaric-isotherm@PT) en-  the simulations were run in a cooling sequence with equili-
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FIG. 11. Average mean square displaceméhs, (13), and(l%) (a), and autocorrelation function for reorientation around the molecular
axis(C,) at T* =1.8 (b), for the casep=60° andd* =1.0.

bration runs of~300 kcycles, where a cycle corresponds to . . )
N attempted MC moves. The box shape was adjusted durin We c_haracterlz_e the strqctures obtained first of all through
volume update moves. As soon as the ordered phase wie radial correlation functiogo(r)
reached, the whole sample was rotated, together with its pe-
riodic images, in order to have the director axis parallel to 1
the laboratoryZ one; then the equilibration runs were con- Jo(r)= 4
tinued. We have also allowed the dipoles to flip of 180°
around the molecular; andx; axes. In practice, flip moves where the averagé. . .)ij is computed over all molecular
are attempted with probability 0.2. Production runs, duringpairs.
which observables were accumulated for averaging and data In the smectic phases, we have calculated the average tilt
analysis, were usually 200 kcycles long. Runs without flipangle(6), that is the angle between the phase direZtand
moves have also been performed, both as a check and the normah to the layers. The procedure consists in locating
examine dipole reorientation around the long molecular axisthe layer normain by means of a geometrical method. In

The electrostatic energy has been evaluated using the rgractice, a molecular layer is defined as the set of particles
action field method41] that has been extensively tested by for which the first-neighbors distanceris<1.30. For each
other researcherf23,24 and by us[19,25,26 in previous layer planek, that can be expressed by the equatiyx
simulations of dipolar systems and found to be satisfactorys+ B,y+ C,z+D,=0, the direction cosined,, B,, andC,
with results similar to those of full Ewald summations, for are determined with a least-squares method. Hence, the nor-
samples as big as the present ones. mal n is obtained from the averages B, and C of these

We have determined from the  simulations |ocal cosines for a single MC configuration. The tilt angle is
the usual thermodynamic quantities, average enthalpyalculated as an average over all configuratiolig)
(H*),  energies (U®®*) and (U™), and =(cos Yz -n)).
orientational order parameters appropriate for a poten- We also calculate, where necessary to characterize the
tially biaxial system [42,43, ie., (Rjop=(P,)  smectic phases obtained, the global hexatic order parameter
=((3 cogp—1)/2), (R3)=(+/3/8sirfBcos Z), and(R5,)  (is), average of the parametgs for one MC configuration
=((1+ cogpB)(cos 2vcos 2y)/4— (cosBsin 2 sin 2y)/2), [44]:
wherea, B, andy are the Euler angles giving the orientation N
of the molecular axis systenxy,z) in the laboratory frame 1 &

Vo= X Yem (4)

(X,Y,2). Ny =4

Notice that the biaxial order parametd3 ,) is different
from zero only for biaxial molecules and phases, whilewith N, the number of molecules in the layer, which is in
<R§’0> is in principle different from zero also for a biaxial turn the sample average of the local hexatic order and
phase of uniaxial molecules. In all the systems studied, N
(R3¢ was zero within our statistical error, thus we do not 1 2’" 60,11 .
explicitly report it. This is probably due to the fact that even %m_N_m = € ®)
for phases with small tilt angle, the director is very close to
the layer normal, so thgB~0° giving a very small(R%O) with the sum running over thi, nearest neighbors of mol-
order parameter even for high biaxiality. eculem, and 4, the angle between position vectgy, and

(S(r=rij))ij 3

7Tr2p
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FIG. 12. Snapshot of a MC sample taken from ¥adirector frame axiga), radial correlation functiomg(r) (b), and bond-correlation
function g4(r) (d), for a system with dipolar orientatiop=0° and positiond* =1 at T*=2.0. The labels on the maxima gf(r)
correspond to the typical organizations shown in the pictures in piate

an arbitrary fixed axis passing through The correlation short range, and the more crystal-like smeéticG, I, J
between the local hexatic order of two particlendj sepa-  phase, whergg(r) should be long range.

rated by a vector;; at various positions in the same layer is
measured by the bond-orientational correlation function

IV. RESULTS

ge(N)={ > s W 5(f—fij)> / <E 5(f—fij)>- We plot in Figs. 3—7, the temperature dependence of av-

i#] 1#] erage enthalpy and energies per particles, uniaxial and biax-

(6) ial order parameters, and number density for the five systems

studied, while numerical tables of the observables and phase
This will be particularly useful to differentiate between assignments are reported in subsequent tables. From the plots
the case of smecti€- phase, whergg(r) is expected to be we see at once that all systems studied have ordered phases.
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TABLE I. Results from MC-NPT simulations at pressuré* =6 for a system oN=1000 GB rodlike
molecules with two dipoles with orientatiogp=90°, positiond* =1, and moduleu* =1. We report the
average Gay- Bern(eUGB*> and the dlpolar<Ud*> energies per particle, the orientatiof@>,) and the
biaxial <R22> order parameters, as well as the hexatlc order parafgter at temperature$* correspond-
ing to isotropic (), nematic(N) and smecti® (Sg) phases as indicated. All quantities are dimensionless.
The average layer normal tilt ang{@) was zero at all temperatures studied.

T (U™ (U™ (R3o) (R3) () Phase
1.6 —20.7x0.2 —5.8¢0.1 0.98:0.01 0.26:0.02 0.73£0.02 Sg bx
2.0 —19.2¢0.2 —4.8£0.1 0.97-0.01 0.18-0.02 0.68-0.02 Sg bx
2.2 —17.7£0.2 —4.0£0.1 0.97-0.01 0.08-0.02 0.63:0.02 Sg
2.4 —15.6£0.2 —3.4%£0.1 0.96-0.01 0.04-0.02 0.61-0.02 Sg
2.6 —12.3£0.2 —2.70.1 0.91-0.01 0.55-0.02 Sg
2.8 —9.1+x0.2 —2.0£0.1 0.82-0.01 N
3.0 —8.0=0.2 —-1.7+-0.1 0.75:0.01 N
3.1 —6.2+0.2 —15+0.1 0.65-0.01 N
3.2 —4.7+0.2 —1.4+0.1 0.2£0.01 |
3.4 —4.4+0.2 —1.3+0.1 0.1x0.01 |
4.0 —-3.2£0.2 —1.1+0.1 0.1+0.01 |

However, the number and type of these phases vary signifarder, with{)~0.7 at the two biaxial temperatures studied
cantly. In particular, tilted phases are only obtained when thésee Table )l as we can also see from the analysis of the
two dipoles make an angkt<60° with the long molecular peaks in the radial distribution, shown in FiggbBand §c),
axis. In Figs. 8a), 9(a), 10(a), and 12a), we show typical and from the bond-orientational correlation function in Fig.
snapshotgsuitably rotated with the directat along the ver-  8(d). Although we have previously seen biaxial smectics
tical direction of the low temperature smectic phases ob-(and nematigsfor GB particles with biaxiality in their attrac-
tained ford*=1 and $=90°, ¢=60°, ¢=0°, andd* tive and repulsive interactiorjgt3], we notice that here the
=1.2, $=60°. From the plots of the polar and Gay-Berne biaxiality comes exclusively from the presence of the di-
contributions to the energyFigs. 3a)—7(a)], we see that in  poles. Examining a typical snapshé&ig. 8a)] and the radial
none of the cases studied the dipolar contribution is domidistributiongy(r) [Figs. 8b)], we see that the smectic struc-
nant and represents at most a 30% of the Gay-Berne energyre is not interdigitated and shows a pronounced peak at
We now briefly comment on each of the various systems* =3 corresponding to two molecules, one on top of the
studied. other. For an angles=75°, all the ordered phases observed
For ¢=90°, the phase sequenfigig. 3(b)] is similar to  are uniaxia[Fig. 4(b) and Table I]. A smecticB phase with
the dipole-less GB one with isotropic, nematic, and smectichexatic order()=0.6 is obtained forT* =2.2. Figures
B phase but with the addition of an orthogonal biaxial smec-3(a) and 4a) show that in the two cases where a tilted phase
tic phase (SB) at low temperature. This phase has hexaticis not observedg=90° and 75°, the dipolar contribution to

TABLE II. Results from MC-NPT simulations of dipolar rodlike molecules with=75°, positiond*
=1, and moduleu* =1. See Table | for additional details. The biaxial order paran(été{) and the layer
normal tilt angle(#) were zero at all temperatures studied.

T (UF™) (Ui (R (e) Phase
2.1 —17.6£0.2 —3.8£0.1 0.97£0.01 0.67-0.02 Sg
2.2 —19.2£0.2 —3.5£0.1 0.97£0.01 0.65-0.02 Sg
2.3 —17.7+0.2 —3.30.1 0.96-0.01 0.640.02 S
2.4 —13.0+0.1 —-3.1+-0.1 0.96-0.01 0.63:0.02 S
2.5 —12.6x0.1 —2.9+0.1 0.95-0.01 0.60:0.02 S
2.6 —8.8+20.1 —2.3:0.1 0.85-0.01 N
2.7 —7.7£0.1 —2.0£0.1 0.83£0.01 N
2.8 —6.8£0.1 —1.8+£0.1 0.79:0.01 N
2.9 —6.3+0.1 —-1.7+-0.1 0.75£0.01 N
3.0 —5.2£0.1 —1.6£0.1 0.68-0.01 N
3.1 —3.220.1 —15+0.1 0.2£0.01 |
3.2 —3.0=0.1 —1.4+0.1 0.1+0.01 |
3.3 —2.8+0.1 —1.3+0.1 0.1+x0.01 |
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TABLE Ill. Results from MC-NPT simulations of a system of dipolar rodlike molecules wiik 60°,
positiond* =1, and moduleu* =1. See Table | for additional details.

T (U™ (U™ (R3o (R%) () (Ye) Phase
1.7 —14.7£0.2 —-3.7£0.1 0.98-0.01 0.09-0.02 4.70.2 0.73£0.02 S;
1.8 —14.5£0.2 —3.4x0.1 0.97-0.01 0.070.02 4.8-0.2 0.72£0.02 S;
1.9 —14.2-0.2 —3.1+x0.1 0.97-0.01 0.06:0.02 4.6-0.2 0.70£0.02 S;
2.0 —13.8£0.2 —2.8x0.1 0.97-0.01 0.05:0.02 4.6:0.2 0.69-0.02 S;
21 —13.4+0.2 —2.6+0.1 0.970.01 0.04£0.02 3.8:0.2 0.670.02 S;
2.2 —13.0+0.2 —2.4+0.1 0.96:0.01 0.04£0.02 3.6:0.2 0.62:0.02 S;
2.3 —9.6+0.2 —2.2+0.1 0.91%0.01 N
2.4 —8.9+0.2 —1.9*+0.1 0.89-0.01 N
2.5 —8.2+0.2 —1.8+x0.1 0.87-0.01 N
2.6 —7.7£0.2 —-1.7£0.1 0.85-0.01 N
2.7 —7.1+0.2 —1.6x£0.1 0.81-0.01 N
2.8 —6.6x0.2 —15+0.1 0.79-0.01 N
2.9 —5.6x0.2 —1.4+0.1 0.65-0.01 N
3.0 —3.1+0.2 —1.3+0.1 0.2:0.01 I
3.2 —3.0=0.2 —-1.2+0.1 0.+0.01 I

the energy varies smoothly across the isotropic-nematic anfactor of four[Fig. 6(@)] and correspondingly a large biaxi-
nematic-smectic transitions, while the GB curve shows, imality [Fig. 6(b)] is also observed. Examining the radial dis-
correspondence of the phase changes, a significantly motebution gy(r) of these¢=60° case$Figs. 9b) and 1@b)],
marked variation. Thus, the molecular reorganization accomwe see that three peaks appear betweer0 andr* =3
panying the transitions does not correspond to a relevar(excluded at d* =1, while an additional peak at*=2.8
change of arrangement of the dipoles. appears ford*=1.2. The assignment of thgy(r) peaks,
When the dipole point at 60° from the rod axis, tilted reported in Figs. @) and 1@c), indicates that the origin of
smectic phases are eventually obsen(&igs. 9a) and the peaks corresponds to an interdigitated arrangement. We
10(a)]. Ford* =1, we have a nematic followed by a tilted also see from Figs.(8) and 1@c) that the tilted phase has a
smectic(see Fig. 5, while just moving the dipoles toward local hexagonal structure, making it more similar to a tilted
the terminal part of our ellipsoidal molecule, to the positionsmecticB phase than to a tilted smect#cphase: the hexatic
*=1.2, the nematic phase is not observed anymore and warder for thed* =1 case afl* =1.8 is{yg)~0.7, while for
have a direct isotropic-tilted smectic transition, with a strongthe d*=1.2 case aff* =2.7 is ()~0.8 (see Tables llI,
smectic stabilizatior(Fig. 6). This seems to be due to the 1V). The hexagonal structure does not have only local char-
easier possibility of interdigitation and to the related dipolaracter, as we can see from the hexatic correlagigm) [Figs.
pairing allowed in this case. Indeed in this instance, the di9(d) and 1@d)], that does not decay to zero, indicating a
polar contribution to the energy is greatly increased by ghase with long-range hexatic order. An analysis of the

TABLE IV. Results from MC-NPT simulations of a system of dipolar rodlike molecules wik 60°,
positiond* = 1.2, and modulex* =1. See Table | for additional details.

T (U™ (U™ (R3o) (R3) (0) (Ye) Phase
2.4 —13.0+£0.2 —-17.2-0.1 0.98:0.01 0.3%0.02 7.6:0.2 0.81-0.02 S;
2.5 —129+0.2 —-16.8-0.1 0.98:0.01 0.380.02 7.6:0.2 0.80:0.02 S;
2.6 —12.8:0.2 -16.5+0.1 0.98:0.01 0.380.02 7.7#0.2 0.79:0.02 S;
2.7 —-12.7+0.2 -16.1+01 0.97#0.01 0.3#0.02 7.7#0.2 0.79:0.02 S;
2.8 —-12.6£0.2 —-157+01 0.97#0.01 0.36:0.02 7.5-0.2 0.78:0.02 S;
2.9 —125+0.2 —-152+0.1 0.96:0.01 0.34:0.02 7.3:0.2 0.77#0.02 S;
2.95 —12.4+0.2 —14.6-0.1 0.94:-0.01 0.29-0.02 7.xx0.2 0.770.02 S;
2.98 —3.8£0.2 —6.2£0.1 0.20£0.01 I
3.0 —1.9%£0.2 —6.1+-0.1 0.13-0.01 I
3.2 —1.8+0.2 —6.0£0.1 0.1x0.01 I
3.3 —1.7x0.2 —5.6£0.1 0.1x0.01 I
3.4 —1.6+0.2 —4.5+0.1 0.1+0.01 I
3.6 —1.6+0.2 —4.0=0.1 0.1+x0.01 I
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TABLE V. Results from MC-NPT simulations of a system of dipolar rodlike molecules wifl=0°,
positiond* =1, and moduleu* =1. See Table | for details. Th¢R3,) order parameter was zero at all
temperatures studied.

T (UFe (U™ (R3o (0) (Ya) Phase
1.9 —14.4x0.2 —4.3+0.1 0.98:0.01 8.1£0.2 0.88-0.02 Sr
2.0 —14.2+0.2 —4.2+0.1 0.98:0.01 8.2£0.2 0.870.02 St
2.1 —14.0£0.2 —4.1+0.1 0.98-0.01 8.1-0.2 0.85£0.02 Sy
2.2 —13.8£0.2 —4.0£0.1 0.97:0.01 8.0:0.2 0.84-0.02 St
2.3 —8.70.2 —-1.1+0.1 0.91-0.01 N
2.4 —8.2+0.2 —1.0£0.1 0.89-0.01 N
2.5 —8.0£0.2 —1.0£0.1 0.870.01 N
2.6 —7.5+0.2 —0.9+0.1 0.85:0.01 N
2.7 —7.1+0.2 —-0.9+0.1 0.83:0.01 N
2.8 —6.70.2 —0.8+0.1 0.8G-0.01 N
2.9 —6.2+20.2 —0.8+0.1 0.77#0.01 N
3.0 —5.5£0.2 —0.7£0.1 0.69-0.01 I
3.1 —3.1£0.2 —0.6£0.1 0.10:0.01 I
3.2 —2.8+0.2 —0.6£0.1 0.10:0.01 I
3.4 —2.6+0.2 —0.5£0.1 0.10:0.01 I

samples shows that the tilt is in the direction of a vertex oftions and mean square angular displacements to see if spin-
the hexagon formed by the nearest neighbors. On the whol@ing takes place or if accepted moves are essentially frozen
we thus assign these phases as smdcpbase 35]. with respect to this type of motion. Thg* =1 system is
The fluidity of the systems is monitored by the meanfairly fluid in the nematic[Fig. 11(a)] but not much in the
square displacements of centers of mds3, (Iy) and(l;)  smectic, even if dipole reorientation around the long axis is
and the angular correlation function, associated with thestill possible as we see from the angular correlation function
spinning motion around the molecular long axi€,(n.))  (Cy(nc)), shown in Fig. 11b).
=(x(0)-x(n.)), wherex is a transversal molecular axis and  The final case treated of antiparallel axial dipoles (
n. is the number of elapsed cycles. Even if we do not have=0°) shows yet another different picture. The dipolar con-
the true dynamics of the system available since we perforrtribution to the energy is fairly constant in the isotropic and
MC simulations, we can still consider these as useful indicanematic phases and jumps on going to the tilted sméfetie
tors. Thus, if the Markov process updating the configuratiori7(a)], even if the total contribution is much smaller than in
is made of physical move®.g., if we perform runs where the previous case and comparable to that of ¢he60°,
orientations are updated only by small angular steps and nat* =1 case. As we can see from the snapshot in Figa)12
also by 180° flipg, we can use orientational correlation func- and from the radial distribution, Fig. 19, the structure of

0.5 1.0
T*=2.0
0.4 1 0.8 ]
0.3 1 ",‘0'6
O

0.2 : Vo4
0.1 ] 0.2
0.0 : : : : 0.0 . .

16 20 24 28 32 36 0 5 130 15 20
@ ™ (b) 10" n,

FIG. 13. Averages mean square displacemghfs, (I%), and(l3) (a) and autocorrelation function for reorientation around the
molecular axigC,) at T* =2.0 (b), for the casep=0° andd* =1.0.
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10 ; ; correspond to the point quadrupole only if we let the sepa-
o ¢=60°, d*=1 ration of the dipoles tend to zero. Two separated, off-center
o ¢=60°, d*=1.2 dipoles offer possibilities of interdigitation, with pairing of
8 j o $=0°, d*=1 ] opposite dipoles across layers, that we have already shown to
T’ be important here and even in determining phase organiza-
6 ! 1 tion in the case of single dipol¢48]. Indeed, as the separa-

tion gets larger, the phase behavior changes. Figs. 5 and 6
exhibit this: ford* =1, the system shows isotropic, nematic,
and smectic} phases, while an incrementation of the sepa-
ration tod* = 1.2 suppresses the nematic phase and the sys-
tem goes directly from isotropic into the smeciighase.
Finally, Fig. 14 shows the averagé) tilt angles, we have

observed, as a function of temperature. In all systems, we
have studied the tilted phase was an alternative to the upright

16 20 24 28 32 36 4.0 smecticB phase, as in no case both were observed. For all
T models, the tilt angle observed was smaller than 10° and
with little dependence on temperature.
FIG. 14. Average tilt angl€ ) (measured in degreesf the We notice that in no case a truly smec@icphase, with no

layers with respect to the director as a function of temperature fostructure inside the layers, is observed. This might be due to

the casesp=60°, d*=1.0 and¢p=60°, d*=1.2, and¢$=0°, d* our choice of parameters or to a limitation of the rigid GB

=1.0. model with two dipoles. In fact, if on one hand the long-
range nature of dipolar interactions might provide the struc-

the tilted phase is now strikingly changed. Neighboring lay-turing, on the other, in mosf smectogens the structure con-

ers are strongly interdigitated and the peak*at 3 of go(r)  sists of a core with a chain at each end which might help in

is now disappeared showing the little relevance of end-toreducing the coherence of mesogens in the plane by effec-

end configurations compared to the not interdigitated onetively “insulating” them. It should be interesting to test this

shown in Figs. @8 and 1@a). Moreover, the local layer hypothesis by adding terminal chains although this would

structure is now tetragonal, with four rather than six neigh-considerably increase the complexity of the model.

bors in the first and second shelig. 12c)], that we have

indicated with smectid phase &;). We can introduce a V. CONCLUSIONS

tetragonal bond order parametgr analogous to thesg de-

fined in Eqs.(4) and(5) and again by analogy with E¢6) a We have simulated systems of molecules with two out-

tial lati We find th ite hiah val f board permanent dipoles at various angles from the axis. We
spatial correlatiorg,(r). We fin € quite high vValues ol 1, ove observed tilted smectic phases for a Gay-Berne system

(4,) reported in Table V and the correlati@n(r) in Fig. : : I . . -
12(d). Figure 13a) shows a mean square displacement Simi_W|th two tilted outward-pointing dipoles when the dipole ori

: . ) entation is sufficiently close to the long molecular axis. The
lar tq that of F.'g' 1), and F'g' 1%0) ewdencgs an autocor- smectic phases show in all cases some layer structuring that
relation function{C,(n.)) which decays noticeably faster

than the¢—60° casdcf. Fig. 11b)]. is hexagonal when dipoles are at 60°, indicating a smektic-

It is worth mentioning the case of tilted smectics obtainedphase’ and tetragonal smeclighase for axial dipoles.
from axial quadrupolar GB particles by Neal and co-workers
[37], particularly since our two separated dipoles do give a
guadrupole contribution when a multipole expansion of their We are grateful to EU TMR(Contract No. FMRX-
charge distribution is performed. We notice, however, thatCT97-012], University of Bologna, CNR, and INSTM for
our GB dipolar potential is significantly different and can financial support towards the computer resources employed.
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