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Computer simulation of polar bent-core molecules
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Results are presented from molecular dynamics simulations iN EN€ ensemble of novel bent-core liquid
crystal systems. Following on from a previous study of bent-core steric shape, this study examines the effect
the addition of a transverse electric dipole has on the phase diagram of a bent-core liquid crystal model. A
simple model of the interaction employed a two-site Gay-Berne potential with the sites separatetiTy
reduced units with a central transverse point dipole, for all models investigated. The angle between the sites
180°— vy was varied in a rangg=10° to y=70° suggested by real molecules. The addition of the dipole to
the model tended to stabilize smectic phases and increase the angle of tilted phases. As theénanegesed,
the transition temperature to the first ordered phase decreased markedly. Sieitticl smecticB, and a
spontaneously polarized smecBcphases were observed in the= 10° bent-core model. The=20° model
showed smectié and tilted antiferroelectric smecti® phases. The=40° model showed an antiferroelectric
phase that exhibited unusual packing behavior. Bothyth0° andy=40° models demonstrated a significant
phase biaxiality in the smecti8 phases.
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[. INTRODUCTION point where chirality occurs. This is the arrangement seen in
the most prevalent bent-core phase, B2 phase in both
Bent-core liquid crystalline systems have ferroelectricferroelectric[14] and antiferroelectri¢15] phases. A full re-
propertieg 1] and form chiral phases despite the constituenview is found in Pelzkt al.[16] and includes descriptions of
molecules being achiral. They have been the focus of a ranghe phases found to date including the tilt82 phase,
of experimental, synthetic, and simulation studies because dfexatic-like B3 phase and two-site Gay-Berne “TGB-like”
their unusual properties. Many liquid crystal molecules posB4 phase.
sess polar groups that may have an influence on the types of Simulation studies to date have been reported for hard and
phases observed and the point in the phase space where &t models of apolar bent-core systems. Caetgal. [8]
transition occurs. As such the addition of electrostatic forcestudied a hard rod system composed of spherocylinders
to anisotropic models has been the focus of many computerhere each molecule was modeled by two spherocylinder
simulations e.g., Refd2—4]. Of particular interest here is subunits joined at their ends giving an overall length-to-
the effect the addition of a polar group has on the phaséreadth ratio of 4:1 for the rodlike model. The displacement
behavior of systems of bent-core molecules. The bent-coref the spherocylinders was then kept constant for all values
models, based on the i*PIMB molecule[1], have a strong of the angle of bend studied. For small deviations from the
dipole moment transverse to the long molecular axis, in theodlike model,y=10° and 20°, normal nematic and smectic
direction of bend of the bent core, of the order of two debyesliquid crystal phases were found. For a larger deviation of
Niori et al. [1] proposed that polar alignment of molecules 30°, the smectic phase was destabilised with a transition
constrained to a smectic layer as the structure to explaifrom the nematic phase straight to a biaxial solid. At higher
ferroelectric ordering. degrees of bend, the molecules were found to form interlock-
The relative effects of steric and electric contributif  ing pairs suppressing the formation of any liquid crystal
to the packing of the molecules has been the subject of seyhases. In a second stuf] the bent-core shape was mod-
eral studies, e.g., Refl5,7]. Simulations of apolar bent-core eled using a two-site Gay-Berii&7] potential with the sites
molecules, considered a transverse steric dipole, have showdisplaced to the extremes of the zero potential surface pro-
some of the unusual packing features of real bent-core moducing a model very much like R€f8], but with an overall
ecules[8-12]. length-to-breadth ratio of 6:1 for the rod-like model. The
Theoretical studies have concentrated on the ability ofingle between the “wings” of the bent-core was fixed at
these achiral bent-core shapes to form chiral phases. BraridiO° i.e., y=40°, with the simulations conducted in the
et al.[13] showed how a system of bent-core molecules conisothermal-isobaric ensembl&NPT). Similarly to the hard
strained to smectic layers can be chiral. This happens if theod model an isotropic-smectic phase transition was identi-
bent cores were rotated about their polar axis whilst stillfied and evidence of a chiral superstructure was found, al-
constrained to the smectic layer, creating adjacent smectihough its presence has yet to be confirmed. As the tempera-
layers with either synclinic or anticlinic tilt. In such an ar- ture was decreased a nematic-smectic phase transition was
rangement, the symmetry of the system is reduced to thilentified with no interdigitation and a local phase biaxiality
and polarization. The layer arrangement was that of an anti-
parallel structure. While the model was an apolar electric
*Corresponding author; system it was termed as a transverse steric “polar” system
Email address: m.p.neal@coventry.ac.uk [5]. Both of these models have shown classical liquid crystal
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observed. No steric polar ordering was observed for any of
the models studied. The addition of the electric dipole to this
model, the details of which are explained later, has the effect
of adding additional realism to the model and this study was
undertaken to determine whether the effect of this addition
leads to the development of polar order in the system.

The authors have previously reporfdd] the effect of the
addition of a transverse dipole on the rodlike molecule.
Compared with the apolar rodlike molecule the nematic
phase was destabilised with a transition directly to a smectic
B phase then to a ferroelectric crystal. Several other studies
involving transverse dipoles have been conducted for the
standard rodlike models. Housss al. [19] examined a
model composed of a Gay-Berne site with a transverse di-

FIG. 1. Schematic representation ) a two-site bent-core Pole moment of varying strength. They found that for a sig-
molecule and(b) the addition of a dipole to the polar bent-core hificantly strong dipole moment the normal phase transition
molecule. of isotropic to nematic to smectiB was disrupted, and a

transition straight to the smecti® phase was observed. Gil-

phases rather than the more unusual phases that the bent-cifiegas et al. [20] undertook a study of a system of hard
molecules display. A recent report by i al. [10] used a rods with transverse point dipoles. The dipolar potential was

multisite Lennard-Jones-type model arranged such that the€n to stabilize the smecti phase with respect to the
bend in the molecule was the same as that in R@f.an  nematic phase, as in R¢fL9]. At higher temperatures in the
angle ofy=40°. They also found chiral symmetry-breaking smecticA region the dipoles lay in the plane of the smectic
behavior with the molecules tilting with respect to the layerlayers and were orientationally degenerate. At lower tem-
normal in the crystalline phase, however, the direction of thePeratures the dipoles formed into ringlike domains and
tilt was not aligned or alternating from layer to layer unlike chains arranged so as to produce no overall spontaneous po-
the packing seen in the real molecules. Upon heating the tilarization. Similar results have been reported by Kachel and
disappeared and there was a phase transition to the smectidGburski[21], and Berardiet al. [2] for transverse dipoles. A
phase. The simulation was undertaken in KT ensemble recent study by Berardit al. [22] found ferroelectric nem-
which may affect the packing density. While the total volumeatic and smectic phases using a combination of a longitudinal
was kept fixed, the aspect ratio was allowed to fluctuatesteric dipole(“pear” shape and an off-center longitudinal
Maiti et al. [11] examined a hard rod mixture of bent-core electric dipole.
and rodlike molecules. The rodlike molecules were modeled To date no studies have been reported where a dipolar
with a spherocylinder, length-to-breadth ratio of 5:1 and thepotential has been included in the simulation of bent-core
bent-core molecules had an overall length-to-breadth ratio ofystems. In the study reported here we employ the a two-site
either 5:1 or 10:1. They found that in the smectic phase, th&ay-Berne potential with a central transverse point dipole.
presence of a small quantity of length-to-breadth ratio 10:1 This paper is organised as follows: in Sec.ll the model
bent-core molecules caused an anticlinic tilt to develop proand details of the simulation are described, Sec. Il contains
viding y was less than 80°. For values 9f>80° the bent- the results and conclusions are presented in Sec. IV.
core molecules arranged themselves between the smectic
layers and no tilt was observed. No tilt was observed in the
mixture of rodlike molecules and length-to-breadth ratio 5:1 II. MODEL AND SIMULATIONS
bent-core molecules. No evidence of tB2 phase or any
steric polar ordering has been reported to date. It is therefore A. Model
of considerable interest to observe the effect of a transverse The bent-core molecular shape was modeled, as in the
dipole on the phase diagram of a bent-core model. apolar study employing a two-site Gay-Beld&]. The cen-
The study presented in this paper will investigate the eftres of mass were displaced 1y0.5 reduced units to give an
fect of the addition of a transverse electric dipole to theoverall length-to-breadth ratio of 4:1 in the case of the rod-
transverse steric dipole shape. A previous st{iti§] was Jike, y=0°, model, comparable to the real bent-core me-
undertaken by the authors of a two-site bent-core moleculgogens, e.g., B-PIMB [1]. The total potential is the sum of

shown in Fig. 1a), modeled by two Gay-Bernl7] sites at  the Gay-Berne potentiaMsg) and the dipole-dipole inter-
varying angles ofy. For a rodlike model normal nematic, action V.0,

smecticA and smectiB phases were observed. As the value

of y was increased, the nematic phase was initially destabi- Viota= Vet V- 1)
lised with a transition directly to a smecticphase. Asy was

increased further the nematic phase was stabilised and tilted

smectic phases were observed. For a valueyef40°, a  The total potential energy is referred to as the polar Gay-
biaxial “TGB-like” phase was found but no in-layer tilt was Berne potential. The Gay-Berne potential is defined as

(a) Y (b) A
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wherey; and ﬁ,— are the orientational unit vectors angl is -0
the site-site intermolecular vector linking the centres of  ,
mass. The strength of the interaction is given by the strengtr 05 1 15 2 25 3 35 4 45
anisotropy functiong ™

Aa A VN AN s s 3) FIG. 2. The distance dependence of the potential energy calcu-
€(Ui, Uj,Tij) = o€ (Uj ,Uy) €5(Uj U 1), lated from the combined Gay-Berne and transverse dipole-dipole
potential for side-to-sidests) and end-to-endd-e) configurations

# andw are adjustable exponents arglis a constante, is of all models with respect to one another. The arrow represents the

defined by direction of the electric dipole.
NNV =T1— v2(1. .21 12
€1, U) = [ =x (- up) "] “) €./es=0.2 andu andv set to 2 and 1, respectively, to allow
ande, by for comparison of the results obtained from the apolar bent-
2 core study.
12/~ ~ ~ ~ H . . . . . .
C e X (rij'ui+rij'uj)2 A I'I'he interaction potential due to a pair of dipoles is given
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x' quantifies the anisotropy in the attractive forces and idVNere mi=pmi, M is the un_it vector pe_rpendicular to the
defined in terms of the well depths, in the side-to-side Molecular long axisy;, andu is the magnitude of the dipole

configuration anck, in the end-to-end configuration. moment. The relevant axes are shown in Fi¢)lLong
range correction to the dipole-dipole potential is accom-
1—(€o/ €)M plished in the present study by the reaction field me{i2ad

!

(6)  This method has been shown to be equivalent to the better
known Ewald sun29] method(see e.g. Refd.30,31) yet

Information about the shape of the molecule is then incorpog:omputationally more efficient. The reaction field method

rated into the potential via the orientation-dependent rangt\é\'ork.S by sprrouqd|ng the particles m;udp the potenua! cut-
parameter off with a dielectric continuum. The pair interaction is given

by

X I (ealegte’

Bt 02
SO RAUE Vi 2ene—1) o my
1+ xui-y; Vur=Vouu™ 2epetl 3 (10
[

o(U;,Uj 1)) = 04| 1—

X
2

(7)  wherer is the potential cut-off distance. Fog>r., V,,, is

- ~ ~ ~ 71/2
+(rij'ui_rij'uj)2
AR B M L , i

1_XG|C|]

zero. A reduced dipole moment pf* = u?/(4meeqos)*? of

the parametey is defined by 1.5 was employed in this study. The reaction field method
has been used witkgg set tooo (tin-foil boundary condi-

(oolog)?—1 tions). This value was chosen because, like the real mol-

(8) ecules, it provided the model with a strong transverse dipole
moment of 2.27 D. This value was obtained by setting
€0/k=302 K and 0,=3x10m following Luckhurst

et al. [27] in a study of mapping the Gay-Berne potential

onto p terphenyl.

X (oalog?il’

where o/ is the ratio of separations when the potential
V=0, o, for the end-to-end configuration ane, for the
side-to-side configuration. In this casg=o. Since its in-
troduction, the Gay-Berne potential has been well character-
ized and successfully modeled a variety of liquid crystal
phases e.g., Ref$17,23-27. The parameters used in the  The distance dependence of the potential energy calcu-
study here are the same as in Rdf2], with o./0s=3 and lated from the polar Gay-Berne potentials in the side-to-side

B. Simulations
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oF T T end-to-end configuration is therefore explained by the con-
= sistent reduction of the length-to-breadth ratio as the value of
2 v increases.
The molecular dynamics simulation study reported here
AF uses the same set of parameters as in a previous study of
S sk | bent-core steric shapé2] to allow direct comparison. It was
undertaken in the isothermal-isobaric ensentblET) to best
8+ y=00 —— o reflect realistic conditions and for systems of 1024 particles
y=10° —=wen . . . .. . .
=200 -amone with periodic boundary conditions in a rectangular box with
A0 et Sl fixed aspect ratio of 1:1:2. The details of the isothermal-
12 1 | ] i 1 f 1 isobaric molecular dynamics simulations have been reported

0.5 1 15 2 25 3 35 4 45 elsewherg 6,12,33. Following Brown and Clarké32] the
” pressure was calculated from the diagonal terms of the pres-
FIG. 3. The distance dependence of the potential energy calc®Ur® tensor. For phases that appeared to be filted the com-
lated from the Gay-Berne potential for side-to-sigesf and end-  Plete pressure tensor was calculafgd],
to-end -e) configurations of all bent-core models with respect to

one another. The arrow represents the direction of the steric dipole _- T in. )
for y>0°. (P)ap=y; ;1 o (P a(Pi)g
N 2 N 2
and end-to-end configurations for all of the models studied +2 2 E E (Fik_l)a(R:gl)B , (11)
with respect to one another is shown in Fig. 2. The minimum BN RN .

value of the potential energy can be seen to become less

negative as the deviation is increased from $he0° case, WhereF!‘j' is the force and?!‘j' the separation between sitles
presented for comparison, o= 70° for the side-to-side con- andl on molecules andj, respectivelyp; is the momentum
figuration, shown in Fig. 2. As the value ¢fis increased the of moleculei, mbeing the mass and being the box volume.
intermolecular separation at which the minima in the potenThis enabled three diagonal components of the pressure ten-
tial energy occurs gradually increases. This is due to th&0r to be compared and the off-diagonal terms to be moni-
“wings” of the bent-core shape preventing close alignment.toréd checking for anisotropic stress. _

If we compare the plots of the parallel interacting polar Gay- Al models were equilibrated in the isotropic phase and
Berne models with those of the apolar modéig. 3 we see  then cooled in steps aF* (=kT/ep)=0.1 or 0.2, the former

the potential energy has more negative minima in the pola“I
case for the side-to-side configurations. This is due to thi[he pressure was kept constant at a value Rf

dipole acting transverse to the long molecular axis. We als =Po’leo) of 2.0 an_d the S|mL_|Iat|o_ns were continued at
: ) ) . , . each temperature until consecutive simulation runs produced
see that the curve is steeper in the side-to-side configurati

Mot L ; ; .
ST . Identical results, within error. The final simulation run was
for all models indicating a “harder” total potential. No clear

: . . . . then taken as the production run. Typical run lengths were
difference is seen in the end-to-end configuration betweeBetween 400000 and 600000 steps. A reduced timestep of
the polar and apolar models as expected because of the Celr* — 0 0005 was used. reduced Ad* ;0 000 15 when ap-

tral position (_)f the dipole._ The effect of the dipole is more proaching a phase transition point, where\t*
clearly seen in the potential energy contours for parallel 'n'EAt(maS/eo)l’z. All systems were cooled until a solid or

teracting two-site Gay-Berne potentials with an additional,o golid state was attained, determined from the second

central transverse electric dipole as a function of their S€P3ank orientational order paramet@ﬁo

ration, orientation and angle between the sites, shown in The orientational order was analyzed using standard

Figs. 4a) to 4(e). We see the bent-core shape appearing afethods described in Refi34,35. The tensoQ™ used to
y=10°, Fig. 4b). The bent-core shape is clearly visible in neasure orientational order is defined by
the y=20° model shown in Fig. @). This is further en-

hanced as the value ofis increased fromy=20° [Fig. 4(c)] 1 N3 x5

to y=40°, shown in Fig. &). In the y=40° model, we see QY= > Zellp e (12)
that the length-to-breadth ratio has become less than in the N =1 2

rodlike case ¢=0°) and in the final modely=70° [Fig.

4(e)] the bent-core shape has a much smaller Iength-towhere%i is a unit vector pointing along one axis of molecule
breadth ratio than is commonly found in bent-core liquidi; Q¥ and Q** are defined similarly in terms of unit vectors
crystal molecules. The addition of the dipole is evident in all)“,i andii pointing along the other molecular axes. To obtain
the polar models with the enhancement of the potential eng system director, the dominant eigenvalue of eac)tf
ergy contours perpendicular to the long molecular axis comQY, andQ?%, was found, and the system director was iden-
pared to the apolar moddil2]. In the rodlike case ¥ tified with the eigenvector associated with the largest of
=0°), this leads to a clearly noticeable “waisted” shape.these dominant eigenvalues; if necessary the molecule axes
The shifting of the pair potential minimérig. 2) for the  were relabeled so that this was an eigenvalu®&t This
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FIG. 4. Potential energy contours calculated for parallel molecules interacting via the Gay-Berne and transverse electric dipole potential
as a function of their separatidnoordinates ok andy are expressed in units of;) and their orientation with respect to the intermolecular
vector for(a) y=0°, (b) y=10°, (c) y=20°, (d) y=40°, and(e) y=70° in thexy plane.

061702-5



JOHNSTON, LOW, AND NEAL PHYSICAL REVIEW E66, 061702 (2002

direction defined th& axis,Z. The order paramet&3, was 03— ' ‘ ‘

then defined a¢Z-Q?-Z), which coincides with the usual 028 - 7
nematic order parametéiP,) calculated from experiment 0.6 L . i
and simulation. To identify the axis, the largest dominant » o +

eigenvalue ofQ* and Q¥Y was considered, and the associ- %% P < ® 5 5 Ty 7
ated eigenvector taken; again, relabeling the molecule axes i#" g2 |- x s o + -
necessary so that this direction is given by an eigenvector o ODg *+

QY. As this direction was not, in general, orthogonal to zhe 02r A 9 |
axis, it was projected to the plane orthogonaZttm give the 0.18 - A A A o +
Y axis, Y. Finally, theX axis was simply chosen to complete 016 L 2 J
a right-handed system. i 1’5 2‘ 2'5

Biaxiality was measured by considerifgd] ™
N PN A A A A N FIG. 5. Average scaled densit as a function of scale
2 1 o v v - g led densit{p* ) fi i f led
Q22:§<X'Q X+Y-QY- Y =X QY- X=Y-Q%-Y). temperaturel™ for the polar bent-corey/=10° (+), y=20° (O),
(13) vy=40° (X), andy=70° (A) models forN=1024.

This measures the extent to which thandy molecular axes 1 N

are ordered in the plane orthogonal to the system direZtor, 1:N E (18)
The layer normal in tilted systems was determined using -

simulated annealin{j7,36]. Simulated annealing is particu-

larly useful in situations where close minima occur. The

method initially involves separating the system inttayers

that will be analyzed to find the average layer norﬁnaThis
is accomplished by calculating the molecules projection onto v

the director and “picking out” layers, based on these values. *y_ * _p*

Once the layers have been separated the best normal to the 9(r™) 2 Z ; o(r* =rip) (19
plane is obtained by minimizing the objective functign

shown below:

Structural information was obtained via the orientational
averaged pair distribution functiog(r*), the longitudinal
g”(r"‘*), and transversg, (r7) pair distribution functions.

9(rf)z=—

N2 j#I

<2 , | (r* —r>Z|> (20)

m
=; 2, (Ax+By+Cz—(d))?, (14)
whereA, B andC are the directional cosines of the normal to g.(r7) N2 < Z JZ*I 8l(r* — ri’})><2|> ' (21)
the planef). The longitudinal pair distribution function re-

solved parallel to the system normal(rf);, can then be A spherical cutoff was used fay(r*) and a cylindrical vol-
found via ume was used in the calculation gf(r) andg, (r7), the
axis of the cylinder being aligned along the directarfur-

\ ~ ther details of the simulation technique can be found in pre-
g”(rﬂ*)g,:m Z & ol(r*—ri)-pl). 19 yious work[12].
The angle of tilt,¢ is then given by > xwxg ﬁﬁmggég+++i
[m]
A A 0.8 - 1
$p=cos Yp-2). (16)
0.6 - i
To characterize the magnitude and sign of any chirality in gz
the system following Xuet al.[10], the chiral order param- 04 b ]
eter
LN 021 x + e
A A A A A +
(=5 2 LX) 1P 0] 17 Y W ' S
N i=1 1 1.5 2 2.5
Tt

was calculated. This order parameter is invariant under the . .
FIG. 6. Average second rank orientational order param@ggr

Sy[nmetry operations— —u; and p;— —p; but not ui— as a function of scaled temperatufé for the polar bent-corey
— M. =10° (+), y=20° (d), y=40° (X), andy=70° (A) models for
The polar ordeKP,) is then given by N=1024.
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5 T T T T | — 5 T T T T T .
T* =26 —— T =26(Z) —
T* =25 - T* = 2_5(2) R
ar T Tr =238 === 1 7rr=232) -
T* =22 T*=232(p) -~
3 | 4 T* =21 = 4 T*=21(B) - -
& o | ‘\E n > -
-
0 "’r\-:m 1
0 1 2 3 4 5 6 6
™ T
FIG. 7. Pair distribution functions for the polar=10° bent- FIG. 9. Pair distribution functions for the polar=10° bent-
core model resolved parallel to the director for a range of temperacore model resolved parallel to the directd) (or layer normal )
tures. for a range of temperatures.
[ll. SIMULATION RESULTS AND DISCUSSION Fig. 7, indicating a layered system. The first transition is

. between an isotropic liquid phase and a smea&tjghase.
Results are presented here for a series of polar bent-core Comparing the result for the first ordered phase of the
models of varying angle between the sites. steric only mode[12], the polary=10° bent-core model has
undergone the same first phase transition as the apolar
A. y=10° model model, from the isotropic phase to a smectic A phase. How-
Figure 5 shows the variation in density as the system&Ver, the temperature at which this occurs is higher for the
were cooled and Fig. 6 shows the corresponding variation iffolar bent-core modeT* =2.5, compared witf™ = 2.3 for
the second rank orientational order parame!n%() for y the apolar bent-core model. Quehtatlvely there appears to be
=10°, y=20°, y=40°, andy=70°. an enhancement of the layers in the polar bent—_core model,
Two phase transitions were seen to occur in the polafiétected by the greater magnitude of the oscillation and
rodlike (y=0°) system[18]. At temperatures greater than Iesser WIdth of the d|st'r|but|on, seen in t'he longitudinal pair
T*=2.6, the system was seen to be fluid. As the temperatu@'smb“t'on function, Fig. 7 compared with the apolar bent-
was reduced two phase transitions were seen, the first was §9"¢ model12]. _ e
a smecticB phase, the second to a dense ferroelectric crystal. AS the temperature is reduced further a transition is seen
In comparison, the apolar system underwent a phase trandf Occur atT*=2.2, where an increase in the order param-
tion to nematic, smectid and smectid3 phases. eter (Fig. 6) to 0.942+0.004 from 0.914:0.004 atT*=2.3
As the y=10° system is cooled from the isotropic phase!S @ccompanied by a discontinuity in the densiig. 5.
a discontinuity is seen in the density, Fig. 5, at a reduced=*amination of the radial pair distribution functiog(r*)
temperatureT* =2.5. For temperatures greater thar SDOW” in Fig. f shows a split in the second peak between
=2.5, the value of the second rank orientational order pal. =2.08 andr* =2.28, indicate a hexagonal packing iden-
rameterQ2, is not significant. No structure is seen in the t¥ing this as a smecti® phase.

radial and longitudinal pair distribution functions shown int d'_A‘S ;che eys(;_ertn_kl)s teoolefd futr_ther t:e maxima of the I_(t)ngl-
Figs. 8 and 7, respectively. udinal pair distribution functions decrease in magnitude,

At T*=2.5 the value of the second rank orientationalsfhown in Fig. 7. This paf[tern of behavior is often seen in
order parameter increases to a value of 0.80®05 from a tilted .sys'tem's where t'he tilting of the molecules smooths out
value of 0.204-0.033 atT* =2.6. An oscillation is seen in the d|str|but|(_)n functu_)n. To_ confirm yvhether or not the
the longitudinal pair distribution functiorg(ri), shown in phase was t||ted,_ a simulated annealing analysis was per-

g P YILr, formed to determine whether a better plane normal than the
system director could be found. The longitudinal pair distri-

8

L I T bution functions, resolved parallel to the layer normal,

6 _ ;zigﬁg . g”(rﬁ‘),g. after the eimu_lated annealing analysis was per-

T* =22 e formed, are shown in Fig. 9 foF* =2.2 and 2.1. After the

ir T T=2 e simulated annealing a clear increase in the maxima of the
s 4r 1 oscillation in the longitudinal pair distribution function was

3 . seen(Fig. 9 for T*=2.2 andT* =2.1, confirming a better

2F 1 plane normalp, than the system directd@ has been found,

1 e showing the presence of a tilt&lphase. Abovd™* =2.2 no

0

1 increase in the maxima of the oscillation was seen. Compar-
ing this result with the apolay=10° bent-core model result
[12] we see a subtle change. In the apolar case an increase in

FIG. 8. Pair distribution functions for the polar=10° bent- the layer spacing was detected as the system underwent a
core model for a range of temperatures. phase transition to a smeccphase from a smectis phase.
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FIG. 10. Average electric polar order paramétes) from a set
of adjacent(@) odd and(b) even layers for the polay=10° model,
calculated every 1000 simulation steps fo# 150 atT* =2.1.

However, no tilting of the molecules or unusual in-plane or-
der was found. With the addition of a transverse electric FIG. 11. A snapshot of a section of layers from the production
dipole the transition has been from a smediphase to a run atT*=1.5 for the polary=10° bent-core model for adjacent
tilted smecticB phase. A potential problem of the fixed as- (8 odd and(b) even layers. The centers of mass are represented by
pect ratio box is that it may affect equilibrium layer forma- the spheres, the line vector,, indicates the polar axis of the mol-
tion. However, this would be indicated by an off axis com- ecule-
ponent in the pressure tensor and unequal diagonal . . .
components. This is not present in any of the studies unde!YNereNseps IS the total number of steps in the production
taken here. run. The analysis of the polar order parametBy,) is shown

To determine whether there was any odd or even strud? Fig- 10 for T*=2.1. No significant value ofPy),
ture, the layers were separated and analyses performed seffa)even OF (P1)oaq Was found in the smectiB phase de-
rately. This was accomplished as follows; for each stép, spite the addition of a transverse electn.c dipole. Comparison
the simulation the first layer with more than 50 molecules,0f the results of the simulated annealing for the separated
termed the “even layer” and the adjacent “odd” layer were ©dd and even layers shows the direction of tilt is the same in
identified. 150 molecules from each layer were then used tgdiacent layers indicating the phase is synclinic in tilt. Hence

calculate the polar order parameter for the layer from the effect of a combination of steric and electric transverse
dipole has been shown, in this case, to result in the produc-
Nseps 150 tion of a tilted smectid phase. These tilted phases persist
<P1>even=W E > MY, (22)  down to the lowest temperature studi@d,= 1.5, with a tilt
seps =1 oven tayers angle in the range 6.2°1.1° to 9.5%0.2°. The results of
=1 the tilt analysis are shown in Table I.
Nieps 150 As_ the tempe(;aturle is reduced Il;urtfrer'l’[?= 1H5 theI sys-d
_ Ry tem is seen to develop an overall value for the polar order
(P1)odd 150Ng1eps (<1 dd2| #y Y @3 parametel P,)=— 0.4+ 0.5 shown in Table | indicating the
° j:aiers phase has some overall polarization which changes in direc-

tion during the simulation. A snapshot of two adjacent layers
TABLE |. Results for the electric polar order parametér;) and the results of the odd or even analysis are shown in Figs.
and angle of tilt for theN=1024 simulations in th&lPT ensemble

for the polary=10° bent-core model. “ 0‘; [ T T o o <
T (Py) Tilt (deg (Pioaa O =
05 | i
2.7 0.0000.024 D i O S
2.6 0.0090.025 0 20000 40000 60000 80000 100000
25 0.0150.033) . | e |
2.4 0.01%0.039 o 05 SR S + g T
2.3 —0.014(0.041) (Pi)ewen 0 F i
2.2 0.0210.069) 6.20(1.11) o5k J
H o et
2.1 0.0040.047 7.780.09 1 fl . h . Lt
20 0.00%0.058 9.460.24) 0 20000 40000 60000 80000 100000
. . . .4400. s
18 ~0.019(0.117) 8.60.91) *
1.6 0.0360.1549 7.980.03 FIG. 12. Average electric polar order parametey) from a set
15 —0.437(0.550) 7.61.16 of adjacenta) odd and(b) even layers for the polag=10° model,

calculated every 1000 simulation steps k=150 atT* =1.5.
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FIG. 13. Pair distribution functions for the polas=20° bent- FIG. 14. Radial pair distribution functions for the polar
core model resolved parallel to the director for a range of tempera=20° bent-core model for a range of temperatures. Radial pair

tures. distribution functions displayed in the region of =2.0 to r*

=3.0 for the polary=20° bent-core model for a range of tempera-
11 and 12, respectively. From Fig. 11 the overall polarizatiortures.

of adjacent layers can be seen to be in the same direction and

this is confirmed by the values 0P1)oqq and(P1)e,en Cal-  the density, Fig. 5, however, the second rank orientational
culated for adjacent laye&ig. 12. The polarization oscil-  grder parameteiQ?, increases from 0.9180.004 at T*

lates between approximatety0.6, however, adjacent layers _ 1 g9 0.93% 0.003 afT* =1.7. The longitudinal pair dis-
tend to align in the same direction at the same step, i.

a th | direct f bolarizati h h_etribution functiong”(rﬁ*) (Fig. 13 has a slight reduction in
swapping the overall direction of polarization together. Thisihe amplitude of its oscillation indicating a disruption of the
is attributed to the low value ofy allowing free rotation yers with respect to the higher temperatlife=1.8. Over
about the long molecular axis, and therefore the direction of,, rangeT* =1.7 to T*=1.5, the radial pair distribution

polarization to change. In contrast, a spontaneously polarizefa

crystal was seen for the polar rodlike mod#8]. Here the
polarized phase is seen in a tilted smectic B phase. The be
core has had the effect of allowing the development of

spontaneous polarization whilst remaining fluid albeit in ag,
dense smectic phase. This model has therefore reproduc?ﬁi1

the tilted ferroelectric phase of tH®2 phase, however, no
hexagonal ordering is seen in the r8& molecular systems.

B. y=20° model

As the y=20° system is cooled from the isotropic phase,
a discontinuity is seen in the density Bt =2.2, shown in
Fig. 5. For temperatures greater than this the valu@3sfis
less than 0.0510.019, as we would expect for an isotropic

nctiong(r*) develops a split in the second peak showing a
hange in the in-plane structure from liquidlike to hexagonal.
his is more clearly seen in Fig. 14 which shows only the
egion around the second peak in the radial pair distribution
ction. This region is identified as a tilted smectic region,
wever, it is not clearly hexagonal but some hexagonal
character may be appearing as pretransitional order with a
small discontinuity occurring in the density betwe@
=1.6 andT* =1.5. Examination of the longitudinal pair dis-
tribution functions shown in Fig. 13 reveals a trend seen
previously in the apolay=20° bent-core moddll2] and in

the polary=10° bent-core model described earlier in this
report. As the temperature is reduced, the amplitude of
g”(rﬁ‘) is decreasing in magnitude. These results were ana-

system. Furthermore, no structure is seen in the pair distril-yzed using the simulated annealing technique to see whether

bution functions. The first transition is identified by a discon-
tinuity in the density aff* =2.2, as shown in Fig. 5, and an
increase in the second rank orientational order parartil%@r
(Fig. 6) which increases from 0.0510.019 atT*=2.3 to
0.881+0.005 atT* =2.2. An oscillation occurs at this tem-
perature in the longitudinal pair distribution functigﬁ(rﬁ‘)
shown in Fig. 13. The radial pair distribution functigfr*)
remains liquidlike showing this to be a smecfiphase.
Comparing the simulation of the apolar=20° model
[12] and the polary=20° bent-core model presented here,

we see an increase in the temperature of transition from the

isotropic to the first ordered phase froi=2.0 to T*
=2.2, respectively. Furthermore we see the first transition
has changed from between the isotropic and nematic phas
for the apolary=20° model to between the isotropic and
smecticA phase for the polay=20° model[12].

A second transition is seen for the polar bent-core

any difference existed between the director and the layer

T NN

g)r

Prats
et

YL

FIG. 15. Pair distribution functions for the polas=20° bent-

core model resolved parallel to the directén) (or layer normal f))

=20° model afT* =1.7. No clear discontinuity is visible in for a range of temperatures.
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TABLE II. Results for the electric polar order parame{é;) 1 T — T ST

and angle of tilt for theN=1024 simulations in th&l PT ensemble

for the polary=20° bent-core model. 08 | 4
T (Py) Tilt (deg 06 L i
2.3 —0.010(0.018) Q3
2.2 0.0010.033 04| + .
2.1 —0.014(0.040) goofal
2.0 —0.008(0.041) 02 .
1.9 —0.012(0.060) o o °
1.8 0.0540.053 0 ' 0y THRLAAE: SR, S
1.7 —0.013(0.044) 4.41.1) ! 15 -~ 2 25
1.6 0.0140.044 7.2(3.2)
15 —0.032(0.020) 8.1(2.2) FIG. 17. Average biaxial order parame(eé2 as a function of
1.3 —0.038(0.024) 10.4(0.9) scaled temperatur@* for the rod (¢) and bent-corey=20°
1.1 —0.097(0.013) 14.5(1.0) (+) andy=40° (OJ) models forN=1024.

Examination of the values for th@5, biaxiality parameter

normal. The results of the analyses are shown in Fig. 15. Wehow an increase as the temperature is reducdd to1.3,
can see that for temperatur€$=1.7 toT* =1.5 the peaks from —0.010-0.060 atT*=1.5 to 0.294-0.038 atT*

have become better defined and have increased in magnitudej 3 jllustrated in Fig. 17. For temperatures abové

The angles of tilt,¢=cos‘1(|f)- Z), are presented in Table Il. =1.3 the values oQ%2 are nonsignificant. Interestingly there
The phases in the regioi* =1.7 toT* =1.1 are identified is no sign of a “TGB-like” phas€g12] formed by the steric

as tilted smectid phases with angles increasing from 4.1° model where a difference in the minor eigenvalues was ap-
+1.1° atT*=1.7 to 14.5%¢1.0° atT*=1.1. We have al- parent due to the formation of ‘striped’ regions with different
ready seen that the addition of a transverse electric dipolecal directors. In this case, for the polar20° model, the
can lead to a tilted phase when combined with a transversdifference in the minor eigenvalues is very small. Here the
steric dipole fory=10°. Here we see that the the addition of biaxiality is due to the alignment of the subsidiary molecular
a transverse electric dipole has led to a greater maximum tikixes in the plane orthogonal to the director. As such this can
angle compared with the apolar c44€] where tilt angles of be considered a uniform biaxial phase.

3.3°+£0.9° and 12.5%5.7° were found fory=20°. In both To determine whether any odd or even layer effect existed
cases the angles of tilt is less than that found in real bent-coréne layers were separated and analyses performed on the
phases of approximately 25° to 35°, e.g., Ré87,15. A  separated layers at* =1.5 and below, as before. For sys-
snapshot of the tilted phase &t =1.2 is shown below in tems with temperatures aboVé = 1.5 the layers were found
Fig. 16. to be too disordered to be analyzed using this method. The
separation of the layers often failed to provide any represen-
tative sample of particles in subsequent layers for further
analysis. In the tilted smectB phase the aim was to deter-
mine whether any antiparallel packing existed. Parallel pack-
ing was already excluded due to the nonsignifigaht) cal-
culated for the whole systerfTable Il). The results of the
(P,) analysis for the separated layers of the pojar20°

@ 1 o Koo A H TR AR KX RKRK T T X 7
05 F XXX XUXHXRRXXKXK XXXXXX X

o)
=
R
v A
°
T

_1 I3 1 1 1 1 1 1 ] 1
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Step

(b) 1 T T T T T T T T T
0.5+ .
(Pileven O 4 B
05 F _
Jp e e PPN o AL WAL L

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Step

FIG. 18. Average electric polar order parametey) from a set
FIG. 16. A snapshot from the production run of the polar of adjacenta odd and(b) even layers for the polay=20° model,
=20° bent-core model af* =1.2. calculated every 1000 simulation steps k=150 atT* =1.3.
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FIG. 21. Pair distribution functions for the polas=40° bent-
core model resolved parallel to the director for a range of tempera-
tures.

FIG. 19. A snapshot of a section of layers from the production
run atT* =1.3 for the polary=20° bent-core model for adjacent
(a) odd and(b) even layers. The centers of mass are represented bglose in phase structure to a phase of real bent-core mol-
the spheres, the line vector;, indicates the polar axis of the ecules, however, the bent-core smectic hexagdalpe
molecule. phase, theB3 phase, is not tilted. This type of synclinic

antiferroelectric phase is one of those predicted by Brand
mode| atT* =1.3 are Shown in F|g 18 and iS typ|ca| Of a” et al. [13] to be Chiral. Ful’thel’ COO|ing doeS not produce any
temperatures betweeft = 1.5 andT* =1.1 for this model.  further phase transitions. _ _
It is clearly seen that adjacent layers have value$Ry, This phase may be considered to b(_a racemic and not chi-
(P1)oad, aNd({P1)e,en that are opposite in sign but approxi- ral foIIc_>W|ng the Boulder mode[38]. This is confirmed by
mately the same magnitude. This results in an ave¢@gp  the chiral order parametefh) that has a value of 0.12
for the system that is nonsignificant, although each layer is-0.13 and is not significant.
polarized. The value ofP,) in adjacent layers is approxi-
mately = 0.6 indicating a strong polarization. A snapshot of C. y=40° model
sections of two adjacent layers is shown in Fig. 19. This  ag the system was cooled, a transition occurred at a tem-
polarization was not seen for the apolar case WH&E,  perature ofT* =1.3. This transition can be seen from the
{(P1)odd, and(Py)e,en Were all zero. Thus for the tempera- giscontinuity in the density shown in Fig. 5 and the increase
ture reg|onT* =15to T =1.1 the phase was |dent|f|¢d 8S in the orientational order paramet&®3, (Fig. 6), to 0.933
an antlferroe_lectrlc tlltgd smectiB phase. A further simu- 5903 atT* =1.3 from 0.194-0.019 atT* = 1.4. Again
lated annealing analysis was performed on the separated layz, see the first transition occurring at a higher temperature
ers to de_termme whether the system was ant|pI|n|c O SYNfor the polar model compared with the apolas 40° model
clinic. Adjacent layers were found to be tilted in the same[lz] which occurred aT* =1.0. Similarly to the apolar case
direction indicating that the phase was synclinic. This is[12] we see the temperature of transition is lower for ghe
=40° bent-core model than for the rodlikg=10° andy
=20° models. The longitudinal pair distribution function
g”(r"‘*)shown in Fig. 21 displays an oscillation indicating the
presence of a layered system. The large maximum value and
narrow width of the oscillations irg(rj) indicate a well
ordered layered structure. The radial pair distribution func-

7 T T T T T
T*=13 ——
6 4 Ir=12 -----
A T*=10 ------
5[ 7" =08
-4ir
S
> 3
2 =
l -
0
FIG. 20. A snapshot of a section of a layer from the production "
run atT* =0.8 for the polary=40° bent-core model. The centers
of mass are represented by the spheres, the black lines vector, FIG. 22. Pair distribution functions for the polas=40° bent-

indicates the direction of the polar axis of the molecule. core model for a range of temperatures.
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(@ 11— ; . T 5 d the polary=20° model, the effect of the dipole on the sys-
(P1>oddo'g ;«:,x i tem has been to produce high degrees of spontaneous polar-
-0»? " % . . . 7 ization within a layer that is, on average, canceled by the
o 20000 40000 60000 80000 100000 next layer, hence(P,) is zero. The value ofP)oqqepen
Step was found to be, approximately 0.5, the sign alternating
between layers. This phase thus is classified as an antiferro-
o 2 T ' ' ' electric smecticX phase. Unlike the polay=20° bent-core
(Pdeven 0T . model studied, the polay=40° model does not have any
08 [ e M s s in-layer tilt of the molecules; confirmed using the simulated
0 20000 40000 60000 80000 100000 annealing analysis hence is racemic. This model has repro-

Step

Fieure 23 duced the main features of a real bent-core phaseBthe
igure 23:

phase in Pelzl's descriptiofil6]. The simulated phase is a

FIG. 23. Average electric polar order parameter) from a set nontilteq smectic p.hase, ha§ polar ordering of the molecular
of adjacent(a) odd and(b) even layers for the polay=40° bent- axes with some disorder still present, however, hexagonal
core model, calculated every 1000 simulation stepsNfer150 at  order is not dominant. No further phase transitions are seen
T*=0.8. as the system is cooled.

tion g(r*) shown in Fig. 22 displays an unusual pattern. The D. y=70° model

main peaks appear to have associated with them smaller It has already been commented on that this model is clos-
peaks, particularly, a small peak @t=2.0. A peak at this est to the real bent-core molecules in terms of its valug,of
position was found in the apolay=40° bent-core model however, its length-to-breadth ratio is unrealistic. No transi-
[12] and is attributed to the existence of in-plane T configu-tions are evident from examination of the variation in den-
rations since the overall length-to-breadth ratio of the modesity, p* and second rank orientational order paramegs

is approximately3:1. This was confirmed by visual inspec- shown in Figs. 5 and 6, respectively. Reduction in the re-
tion. A snapshot of the phase Bt =0.8 is shown in Fig. 20 duced temperaturé* results in an increase in the density as
whereT shaped arrangement of the dipoles is apparent. Thexpected but the value @go never attains a significant
different configurations possible for a bent-core system areyalue. Examination of the pair distribution functig{r*)

back-to-back, face-to-face, and back-to-face, as well as and the longitudinal pair distribution functiogy(r)reveal
wide range of T and X configurations. There is no clear splitg structure at any temperature.

of the second peak that would indicate the formation of hex-  Thjs behavior was also seen in the apojar 70° bent-

agonal packing. A split is seen to be developing in the comgore model[12]. The length-to-breadth ratio is no longer a
plex set of peaks at*=2.0, 2.1, and 2.4 indicating a mix of realistic approximation to that of a real bent-core molecule.
Conﬂguraﬂons. This transition is therefore between the |SOThe static value of the second rank orientational order pa-
tropic phase and a smecticphase which does not fall into yameterQ2 at a value of 0.068 0.006 indicates that, as was

the usual classification. The addition of the transverse elegynd for the apolar case, the particles have formed inter-
tric dipole has led to a change in the first ordered phase %cking pairs and frozen into a plastic state.

the y=40° bent-core model. The apolar=40° model un-
derwent a first transition to a “TGB-like phas¢12]. With
the addition of an electric dipole this first transition has
changed to a smectX phase. This complexity of packing is We have undertaken a series of simulations of polar bent-
seen in the real liquid crystal bent-core mesogens whereore molecules. We employed a simple model of the bent-
there remains considerable discussion on the identification afore molecules comprising a two site Gay-Berne potential
phases of real molecules. with a central transverse dipole and we varied the angle
Examination of the biaxial order parame®$, shown in  between the sites from 10° to 70°. The addition of the trans-
Fig. 17 reveals the system has self-organised into a biaxialerse electric dipole to the potential was seen to affect the
phase. Unlike the apolay=40° bent-core model, the polar temperature range and type of phase formed with a trend
model has not formed into a “TGB-like” biaxial phase but towards ordered phases at higher temperatures compared to
has formed a uniform biaxial smect)é phase where the the steric only model. The link between larger steric dipole
subsidiary axes are ordered in the plane perpendicular to ttend lower temperatures of onset of the first ordered phase
system director. The effect of the transverse electric dipoleéemained.
on this model has been to maintain long-range orientation of The polary=10° andy=20° bent-core models under-
the smectic layers which were disrupted by the purely steriovent two phase transitions, the first was to a sme&fihase
shape. The biaxiality parameter remains significant as thand the second to a tilted smecBgphase. The effect of the
temperature is decreased confirming its stability. electric dipole on the polay=10° model was to enhance the
The same odd or even analysis was performed on thiyer structure of the smectiks phase compared with that of
polar y=40° model that was conducted for the previousthe apolary=10° bent-core model. The addition of a trans-
models. The results of the analyses are shown in Fig. 28erse electrical dipole on theg=20° model was found to
from the production run af* =0.8. As was found earlier for destabilise the nematic phase compared to the apolar model

IV. CONCLUSIONS
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with the first transition between the isotropic and a smektic features have been attributed to T configurations of the di-
phase. The tilted smecti® phases of the polay=10° and poles within the layer.

y=20° bent-core models were found to have a synclinic tilt In the case of apolar bent-core models tilting of the mol-
of the molecules with respect to the layer normal reproducecules within the layer was found only @t=20°. With the

ing some of the behavior of the real molecules. They wereddition of the transverse electric dipole to the transverse
racemic and not chiral. However, in real bent-core molecule§teric dipole shape, the structure of the phases changed. The
the in-plane hexagonal ordering, whilst being present in thé?0lar y=10° model formed a tilted phase and the pojar
B3 bent-core phase, is not seen in conjunction with molecu=" 20° bent-core model attained hlgher degrees of tilt than_ln
lar tilt. Upon further cooling of the smectiB phase of the the case of the apolar model. This leads to the conclusion

polar y=10° bent-core model the system developed IOOIaIIhat a transverse electric dipole in conjunction with a trans-

ordering. This was found to alternate in direction, but adja_verse steric dipole shape can lead to tilted phases, although

cent layers were, on average aligned in the same directioH‘.’ithin_ arange (.)f 0< y<40° for the omodels stL_u_jied. For a
On examination of adjacent layers for the polae20° sufficiently biaxial shape, 28<y<70°, the addition of the

model in the smecti@ phase, high spontaneous polarizationeleCtriC dipole leads to the development of antiferroelectric
within each layer was found but adjacent layers spontang?iaxial structures in the lowest temperature phases.

ously ordered to give an antiferroelectric structure with no__| "€ Polar bent-core models have been successful in simu-
overall (P,). lating many of the complex features of real bent-core mol-

The polary=40° model underwent a first transition to a ecules. They have highlighted the. stabilizatiqh of the smectic
homeotropic biaxial smecti¥ phase and a second transition phase and 'F‘Cfe_ased tilt sh_own with the addition of the trans-
to an antiferroelectric biaxial smect phase. This is com- verse electric dipole. The I|nk_ bet_vveen delayed onset of or-
pared with the apolay=40° model which underwent a first dered phases and larger steric dipole, was enhanced by the

phase transition to a “TGB-like phase” and then showed noaddmon of the electric dipole.

further phase transitions. The transverse electric dipole has ACKNOWLEDGMENTS
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