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Computer simulations of bent-core liquid crystals
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The phase behavior of model linear and bent-core molecules has been studied using isothermal-isobaric
Monte Carlo computer simulations. The molecular model consists of seven Lennard-Jones spheres rigidly
arranged in a “V” shape, with external bond angle, With y=0° (linear moleculeg we find isotropic,
nematic, untilted smectid, and two layered phases in which the molecules are tilted with respect to the layer
normal. The latter two phases correspond to distinct branches in the equation of state, and possess different
types of ordering within and between the layers; these phases are tentatively assigned as bein® smectic
crystal. Apart from the possible existence of a tilted smeBtithe phase behavior of this system is broadly in
line with earlier simulation studies on related linear molecular models. Iny/th20° system, isotropic, nem-
atic, and tilted smecti® phases are observed. Interestingly, the range of stability of the nematic phase is
enhanced compared to the=0° system. In simulations of thg=40° system, nematic phases are absent, and
only isotropic and tilted phases are in evidence. The in-layer structure of the tilted phases shows a very clear
change from smectiB-to smecticA ordering upon increasing the temperature. In all instances of a tilted
phase, the degree of molecular tilt is in the region of 30+£5°, with respect to the smectic layer normal, which
corresponds closely to typical experimental observations in real bent-core liquid crystals. In our model, the tilt
provides efficient packing of the spheres and favorable attractive interactions between molecules. The rel-
evance of the present simulation model to real bent-core liquid crystals is discussed critically.
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I. INTRODUCTION layer polarizations are aligned; antiferroelectric means that
Th f | f liquid all ¢ the polarizations of neighboring smectic layers are antiparal-
€ emergence of a new class of iquid crystaline mateyy,. superparaelectric means that although the layers are po-

rials was signaled by the synthesis of achiral bent-core mOIfarized, there is a random distribution of polarization direc-

ecules that are able to form chiral ferroelectric or annferro-tions in the plane of the layers; and finally, paraelectric

electric smectic phased]. Typically, the molecules are c_)f fenotes a disordered distribution of tk® axes, i.e., the
Ca, syrrltmetry,”aln? o;‘;en ppssesls a plerm?ez:e;t electn(; dipo g\yers are not individually polarized. In addition, in tilted
mqmin pgral €0 Ie pfrln(;lpa molecu | 2 Isymmhe 'Y ferroelectric and antiferroelectric phases, synclinic ordering
?('S'l t_?_/ﬁ'ca %xa_mp € QR‘?} ) er|1:t.-COI;Le molecule IIIS S .ot:/vn "Mmeans that molecules in neighboring layers are tilted in the
19. o Ikel %uHstltuenlts 'IT( 'g'o) ﬁ're usu2a Y either  same direction with respect to the layer normal, whereas an-
simpie a _y( n 2”*.1)[ ] or alkoxy ( _C” 2n+1) [ ]groups.. ticlinic ordering means that the molecules in neighboring
In biaxial smectic phases, the dipoles are preferentlall3{ayers are tilted in opposite directions.
oriented perpendlcyla_r to the layer norma_l, Iarg_ely as aresult "t phase behavior of hard-spherocylinder dimers was
of the molecular b|aX|aI|_ty and the way in which Fhe mol- <t died in preliminary work by Campt al. [4], and more
ecules pack. The formation of ferroelectric and ant'ferroelecthoroughly by Lansaet al. [5]. Referring to this latter work
tric phases is also seen to be accompanied by the moleculegyiropic, uniaxial nematic, paraelectric smediicantiferro-
being tilted with respect to the layer polarizations. Thereforegeciric smectiod, columnar, paraelectric crystalline, and an-
ferroelectric and antiferroelectric phases may exhibit chiraliterroelectric crystalline phases were found. In neither of
order if the molecules within each layer are tilted in the samghase studies were tilted phases in evidence. Lapsa.
sense with respect to the layer polarizati¢s3. also examined the relative thermodynamic stabilities of
To date, several models of rigid bent-core molecules havegygelectric and antiferroelectric smecficphaseg5]. For
been studied using Monte CaxlbC) and molecular dynam-  gimers with an external bond angle 9£60°, and at a pack-
ics (MD) computer simulations. In the work summarized be-jng fraction of about 0.45, the antiferroelectric phase was
low, the molecules posse€s, symmetry, with the "Steric”  cjcylated to be(0.0035+0.000%sT lower in Gibbs free
or actual dipole parallel with th€, symmetry axis. In.what energy than the ferroelectric phase. This can be rationalized
follows, whether the molecules carry an electric dipole OTusing a “sawtooth model” in which the molecules in neigh-

npt, thz termslferrpele.cl:ltrl;c, antl(l;errodelect.rgc, shupergargelecFormg layers can partially interdigitate in the antiferroelec-
tric, and paraelectric will be used to describe the ordering of;. phase, but not in the ferroelectric phase.

the moleculaiC, axes and the layer polarizations in Smectic  cqniinuous potentials studied to date include Gay-Berne

and crystalline phases: ferroelectric meansGllaxes and dimers [6-8], and site-site molecular models made up of
purely repulsive soft spherefd]. Memmer carried out
constant-pressure Monte CarldNpT-MC) simulations of

*Electronic address: philip.camp@ed.ac.uk Gay-Berne dimers with external bond angje40°, in a
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0 ) of condensed phases from such simple molecular models, it
/©\ could be argued that a multisite model is more appropriate in
o o the case of bent-core compounds. Attractive interactions
might also be included in models of thermotropic liquid crys-
| | tals; these are omitted from the model studied by etial.

N N
[9].
R/Q/ \©\R With these comments in mind, we set out to study a fam-

ily of model bent-core molecules that may provide a more
FIG. 1. A typical example of a bent-core molec(ild. faithful representation of the essential molecular characteris-

tics of real compounds. The molecular model consists of
cuboidal simulation cell with independently varied box seven Lennard-JongkJ) spheres arranged in a “V” forma-
lengths[6]. These simulations showed nematic and untiltedtion with external bond angle, as illustrated in Fig. 2. We
antiferroelectric smectic phases, and a chiral helical supehave investigated three bond angles;0°, y=20°, andy
structure close to the nematic-smectic transition temperaturez40°. Assuming that the relative locations of the aryl groups
NpT-MD simulations of a similar Gay-Berne model with largely dictate the molecular geometry, the molecule as illus-
varying external bond angles in the ranges99=<70° were trated in Fig. 1 would have an external bond angle closer to
carried out by Johnstomt al. [7]. These simulations were y=60°. It should be remembered, however, that there are
performed in a cuboidal box with fixed aspect ratiol:2.  intramolecular rotations that can reduce this figure consider-
With y=0°, isotropic, nematic, smectid; and smecti® ably, and that in condensed phases, particular conformations
phases were found. With a modest amount of molecular benghay be thermodynamically favored if they lead to improved
(y=10°), the nematic phase was seen to disappear, resultingacking or energetic stabilization. Another factor is the ori-
in a direct isotropic-smectic transition. Upon increasing theentation of the alkyl or alkoxy tail groups, which can influ-
bond angle further toy=20°, the nematic phase was rein- ence the effective molecular elongation and degree of mo-
stated, and a tilted smecti&phase was observed. An inter- lecular nonlinearity. Experimental measurements indicate
esting twisted grain-boundaiTGB) phase was discovered thaty is usually in the range 20°—40°, at least in condensed
in a system withy=40°, while at a quite extreme molecular phases, and so the range of molecular bond angles studied in
geometry (y=70°, no ordered phases were observed.this work is physically relevant. We note that Paolatial.
Johnstoret al. have also carried out a simulation study of the have studied a similar model of linear molecules made up of
same bent-core molecular model, but with a transverse dill purely repulsive soft spher¢s0]; they found isotropic,
pole moment along th€, molecular axis[8]. It was seen nematic, smectiéy, and crystalline chevroftilted) phases.
that with moderate bond anglegy<40° the additional Galindoet al. have recently reported a simulation study of
dipole-dipole interactions destabilize the uniaxial nematicthe vapor, isotropic liquid, and solid phases of linear mol-
phase, and favor the formation of a synclinic antiferroelectricecules made up of three and five Lennard-Jones spfips
smectic phase. however, no liquid-crystalline phases were observed in this

A site-site bent-core model made up of seven soft sphere4Ork. . .

interacting via a Weeks-Chandler-Andersen repulsive poten- [N the present model, the total configurational enegyf
tial was studied by Xet al.[9]. Monte Carlo simulations of the system is given by a sum over all pairs of spheres on
this model were carried out in the canonigdVT) en-  different molecules
semble, using a cuboidal cell of variable shape containing N N N N
four smectic layers. With an external bond angle40°, a _E’“ Em Es 25 B
tilted paraelectric crystalline phase was found that undergoes U= ullrac=rab),
a transition to a paraelectric smecAgshase as the tempera-

ture is raised, or the density is lowered. The stability of the,here N... is the total number of moleculed\.=7 is the
tilted phase was attributed to a favorable close packing of thg,,mper rgf spheres per molecule, andis the p(s)sition vec-
spheres on neighboring molecules made possible by the mgs; of the kth sphere on théth molecule.u(r) is the sphere-

lecular tilt. ; PR :
sphere potential, which in this work we take to be the LJ
From the work that has appeared to date, it should b?fz 6 pgtential

clear that dipole-dipole interactions are not necessary in the

formation of tilted smectic phases. On the other hand, it is

obvious that dipolar forces would help stabilize antiferro- 28§§ ) v
electric phases, since the lowest-energy configuration of A N
neighboring layer polarizations is antiparallel; this has been ¢ A 2
demonstrated in the work on polar Gay-Berne molecules by ‘_Cf

Johnstoret al. [8]. The formation of smectic phases of bent- b

core molecules with polarized layers is, therefore, driven

largely by the molecular shape. With the exception of the FIG. 2. The composite Lennard-Jones moleq@iJM). & and
composite soft-sphere model studied by &tual. [9], how- &, are unit vectors representing the orientations of the two “arms”
ever, the models listed above are all dimer models. Althouglef the molecule. The molecular frame is specified by the unit vec-
a great deal can be learned about the fundamental propertiess a, b, and¢ defined in Eqs(4)—6).

1)

i=1 j>i k=1 I1=1
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o\? [o)\8 rotational moves were effected by the Barker-Watts method
u(r) = € (‘) - ( ) F'<Tcut o) [12]. Volume moves were carried out by samplingMri12];
' in the cuboidal-cell simulations, the dimension to be scaled
0 r=>Teut (Ly or Ly was chosen at random. All maximum displace-

wherer is the pair separatioris the potential-well depthy ~ Ment parameters were adjusted to give respective acceptance
is the LJ sphere diameter, ang,=2.50. Neighboring ratios of 50%. In general, we found_that the equilibration of
spheres on a given molecule are separated by a distanii2e simulations was sluggish, requiringl0® MC sweeps;
equal to Ir. This part of the model represents the fairly rigid after equilibration we carried out production runs of compa-
bent core of real moleculasf. Fig. 1); for brevity we refer ~ rable length. _ _ . _
to these model molecules as composite LJ molecules ISotropic and nematic phases were simulated in a cubic
(CLIMS). simulation cell, whilst smectic phases were accommodated
In this paper we report the resultsipT-MC simulations N @ cuboidal simulation cell. In all simulations, the total
of CLIMs carried out to explore the phase behavior. We willnumber of molecules wals,=400. In the simulations with a
show that this molecular model is sufficient to simulate thecuboidal cell, the molecules were distributed amongst four
formation of nematic and tilted smectic phases. MoreoverSmectic layers of 100 each, with the layer normals aligned
we confirm that the main driving force for the formation of Initially along thez direction. Although no constraints were
tited phases is the favorable interactions arising from the2Pplied to maintain the orientations of the smectic layer nor-
“close packing” of spheres on neighboring molecules. Wwenals along the direction, a visualization of simulation snap-
argue that this scenario is physically relevant, bearing irshots showed that they did not rotate significantly during the
mind that many real bent-core molecules are often made uPurse of the simulations. .
of several aryl groupgsee Fig. 1, and hence are quite The global 0r|e_ntat|onal orderln_g of the_model molecules
“bumpy.” In Sec. Il we detail the simulation methods em- Was assumed to involve preferential ordering of a set of mo-

ployed in this work. The results are presented in Sec. Iil, andecular axes, defined as follows. The unit vec@randé, in
Sec. IV concludes the paper. Fig. 2 describe the orientations of the two “arms” of the

molecule, with&;-&=-cosy. The molecular frame is de-
[l. SIMULATION DETAILS fined by three orthonormal vectors given by

We performed constant-pressure constant-temperature A _a

Monte Carlo(NpT-MC) simulations ofN,, bent-core mol- a=—=, (4)
ecules in a cuboidal or a cubic simulation cell with periodic 8- &
boundary conditions appligd 2]. The cuboidal cell was con-
strained to have a square cross section, i.e., the box dimen- N
sions were.,, X L,y X L,. To check that the cuboidal simula- b=
tion cell did not artificially stabilize untilted solid or smectic
phases, we computed the pressure teri$pgiven by,

N Np Ns Ng c=axh. (6)

_[NuksT), 1
IT = ( Vv )I * Vgl E glgl = r)fia, () Uniaxial and biaxial ordering of the molecules are described
by the parameter3, and Q3, given by

r r

: (5

wherel is the second-rank unit tensdyy, is the force be-

tween thekth sphere on théh molecule and théh sphere

on the jth molecule, and(ry—-ry) is the corresponding

sphere-sphere separation vector. In particular, we confirmed

that the off-diagonal elements of the pressure tensor fluctuate

about zero, indicating the absence of any significant stressesQ2,= =(1 + cog 6)cos 2p cos 2 — cos 6 sin 2¢ sin 244,

which might otherwise favor the development of a tilted 2

simulation cell. We note that in almost all simulation studies (8)

of bent-core liquid crystals to date, untilted simulation cells

have been employed without any reported pathological efwhere (¢, 6,) are the Euler angles in the rotation matrix

fects [4-9]. In the case of crystalline phases, however, themapping the molecular frame defined by EGB—6) to the

simulation cell should strictly be able to tilt—as in the laboratory framg15]. To identify the laboratory frame, we

Parrinello-Rahman methdd3,14—but these phases are not take the director of the most aligned molecular axis to define

of primary concern in the current study. the laboratoryZ axis. The director of the second-most
The following reduced units are defined in terms of the LJaligned molecular axis is taken to be the laboratgrgxis,

interaction parameters: the reduced presspirepa®/ €, the  and theX axis is orthogonal tor and Z. With this conven-

reduced temperaturd,  =kgT/e, wherekg is Boltzmann's tion, ngzl andQ3,=0 denote a phase with perfect uniaxial

constant; the reduced molecular number density, orientational ordering, whilsQ3,=1 andQ3,=1 describe a

=N,0°/V, whereV is the volume of the simulation cell. phase with perfect biaxial orientational ordering. In the simu-
One MC sweep consisted of one trial translation or ondations, the directors and order parameters were obtained by

trial rotation per molecule, and a single volume move. Thediagonalizing the order tensof%6]

Q3= %(3 cof6-1), (7)
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1 M
Qaa= Nnil (355 - 1), ©)

wherel is the second-rank unit tensor; corresponding defini-
tions hold forQ,, andQ... Diagonalization of each tensor in
turn yields the eigenvalues’=\°=\", and the correspond-
ing orthonormal eigenvectorg;, A%, andii™. The molecular
axis with the largesi* is identified as thez axis of the
molecular frame, and the corresponding eigenve@oec-
tor) defines the laboratorg axis (Z). The molecular axis PY
with the second-largest is the y axis of the molecular L4

frame, and the corresponding eigenvedidirecton defines I .. 1
the laboratoryy axis(Y). The molecular axis with the lowest Tr ®
\* is taken to be the axis of the molecular frame, and the
laboratoryX axis (X) is orthogonal toY andZ. With these
assignments, the order parameters in E@$.and (8) are

equal to FIG. 3. The equation of statégemperature as a function of den-

sity) for CLIMs with external bond angle=0°, along an isobar
QSOZZ Qg2 Z, (10 Wi%ll’)l p =4.0. o ’

T
N w E- )] » ~ o] [{o] o
T

0 1 1 1 1 1 1 1 1
0.08 0.09 010 0.11 0.12 0.3 0.14 015 0.6 0.17
P

ngz 1(x Qu X +Y - Qpy Y =X -Quy X =Y - Qye- Y). neous fluid phasésotropic or nematic We then switched
3 over to a cubic simulation cell and carried out some cooling
(11)  runs to confirm the existence of a transition, as well as per-

o ) ) forming some further heating runs to map out the high-
We note that finite-size errors are apparent in the order Paemperature behavior. Witly=40°, we carried out separate

rameters calculated by diagonalizing order tensors; in the,ns starting from perfectly ordered ferroelectric and antifer-
isotropic phase the errors a®(1/VNy), while in orienta-  gelectric configurations, in order to detect any differences in
tionally ordered phases, the errors &€l/Ny) [17]. the relative mechanical stabilities of the two polarization
In all cases, the full radial distribution functiog(r), was  states. In most case@ntiferroelectric ordering did not per-

computed, but to help characterize smectic phases in a cubaiist for the duration of the runs due to the smectic-layer
dal simulation cell, the correlations between molecules in thgolarizations reorienting in random directions.

same smectic layer were quantified by calculating the in-
layer (two-dimensional radial distribution functiong,(r).

. L . Ill. RESULTS
This latter function is defined by
2 NN A r=0
Oyy(1) = —XLZE > (i - rl-n ), (12) The equation of state of linedry=0°) CLIJMs along an
27N} =1 j#i isobar with p"=4.0 is shown in Fig. 3. Snapshots of the

system afl*=2.0 shown in Figs. @) and 4b) clearly show

' crystalline ordering within the layers, and that the layers are
tilted with respect to the layer normal. This kind of tilt has
been demonstrated in simulations of solid-phase semi-
flexible chains made up of six spheres interacting via a
truncated-and-shifted Lennard-Jones potenfid], in the

whereN,=100 is the number of molecules within the layer
andr; is the position vector of the apical sphere on itie
molecule.

The average tilt angle® between the moleculaa axes
and the smectic-layer normal was computed using

Npm calculations of Paolinét al. using a soft-sphere modglQ],
costI):—E E? .T|, (13) and in the simulations of three- and five-LJ-sphere linear
mi=1 molecules by Galindeet al. [11]. In our calculations, the
A average tilt angle of the molecules with respect to the layer
wherel is the layer normal, which we took to be thexis of  normal—which develops spontaneously—ds=35°, indi-
the simulation cell, since in simulation snapshots we coulctating the approximately close-packed interdigitation of the
observe no significant rotation dfduring the course of the spheres within each layer. This tilt angle is comparable to the
calculations. range of angles observed in experiments, this being between
For each system considered, we carried out sequences 25° and 35719,2(Q, but in our simulations there is no global
simulations starting fromuntilted configurations on simple tilt direction. Our interest is not in the crystalline phases, but
close-packed lattices in cuboidal simulation cells, with re-we note that a truly long-range ordered solid phase seems to
duced densities of eithef =0.14 orp”=0.15. The reason for be the thermodynamically stable state at temperatiifes
selecting untilted starting points was to ensure that moleculax 3.0. In these simulations carried out in the cuboidal simu-
tilt developed spontaneously. After equilibration, we raisedation cell, the off-diagonal elements of the stress tensor fluc-
the temperature until we detected a transition to a homogeduated about zero, albeit sluggishly. Unsurprisingly, the worst
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FIG. 4. (Color onling Snap-
shots from simulations of CLIMs
with y=0°, along an isobar with
p'=4.0: (8 and (b) crystalline
phase atT"=2.0 (cuboidal celj;
(c) and(d) tilted smecticB phase
at T"=4.0 (cuboidal cel); (e) and
(f) untilted smecticA at T'=6.0
(cubic cel); (g) and (h) tilted
smecticB phase afl” =4.0 (cubic
cell).

(b) () () (h)

case was the low-temperature crystalline ph@e=<3.0) in  the basis of the structural properties indicated in Fig. 4, we
which the root-mean-square fluctuationd bf, I1,,, andIl,, _tentatively assign this as a til_ted smedBghase(since the
were as high as 0éa>. We put this down to the fact that the in-layer short-range ordering is hexagonal
simulation cell comprises only four tilted layers, leading to ~ Continuing along the isobar, we observe antilted
large statistical fluctuations. Our simulation results suggesparaelectric smectic phase at temperatures' ¢f5.5 and
that the uniformly tilted(synclinic) crystalline phase is not 6-0, followed by a uniaxial nematic phase in the range 6.5
strongly favored over a phase with some disorder in the tiliS T =85, and finally the isotropic phase Tﬁfzg.o. The
directions. With regard to this question, we note that a simiin-layer structure of the untilted smectic shown in Fig)4
lar situation holds in solid phases of hard dumbbell m0|_clearly exhibits only short-range ordering, and hence this is a
ecules[21], and in two-dimensional systems of hard-disk SMECtCA. _ _
dimers[22]. It would be interesting to study further the pos- N Fig. 5, the nematic order parametf, is shown as a
sible crystalline phases of CLIMs, particularly in light of function of temperature along the isobar wiph=4.0. The
current research activity in polymorphism. crossover *from tilted smectlc and crystqlll_ne phases is clearly
The low-temperature phase is stable up to a temperatur‘élg'ble atT <b5.0. The t||te_d phases exhibit smaller values of
T'=3.0, above which it undergoes a crossover to a stat&oo than does the nematic phase because the layers are not

which persists over the temperature rangeST5<5.0, as tilted in the same direction. The nematic-isotropic phase
evidenced by the distinct branch in the equation of state 19 ———— 77—

shown in Fig. 3; snapshots of this phaseTat 4.0 obtained 09 | P 1
by heating from the crystalline phase are shown in Fi¢s). 4 ' ° ®

and 4d). In an attempt to assess whether this state is meta: 038 | ° .
stable, a well-equilibrated untilted smecficphase atp’ 07 L L4 i
=4.0 andT =6.0 (p'=0.129 in a cubic simulation celisee

below) was cooled toT"=4.0; snapshots of the untilted 06 o 1
smecticA phase afl*=6.0 are shown in Figs.(d) and 4f). “205¢ ®goe0e ee ® -
Upon cooling, the final equilibrium density was=0.147, 04 | L ]
which corresponds to the same branch of the equation of

state obtained from the heating run; snapshots of this final 03 | T
state are shown in Figs(@) and 4h). Note that the tilt has 02 F i
been re-established spontaneously, and that the short-ranc oo
ordering within the layefshown in Fig. 4h)] is hexagonal, o1 r o

there does not appear to be any crystalline long-range order 0.0 T Y
Without absolute free-energy calculations it is unclear
whether these structures in the temperature ranges 8.5
=<5.0 are representative of a true thermodynamically stable FIG. 5. The order paramet&j, as a function of temperature for
state. However, the distinct branch of the equation of stat€LJMs with external bond anglg=0°, along an isobar wittp"
shows that this phase is at least mechanically stable, and 6#%.0.

T
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10 T T T T T T T T 3 1 1 1 T T
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°® 2 T°=8.0
7t [ 1
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6 ® - o
[ ]
£ 5¢p e E 1 T"=5.0 A
[
4t ® .
[
3F ° .
° 0 ; ; f } ;
2t ) 1
[
1F ° - 8 r 7
%.08 0.09 010 011 012 013 014 015 0.16 0.17 6 .
p* \‘_.} T*=3.0
o -
FIG. 6. Equation of statéemperature as a function of dengity
for CLIJMs with external bond anglg=20°, along an isobar with
p'=4.0. 2 .
T"=1.0
e * 0 L
transition is signaled by the drop @2, betweerT"=8.5 and 0 5
9.0.
With the exception of the tilted smecti®-phase(3.5 S ) )
<T'<5.0), the phase behavior of CLIMs wityr0° is typi- FIG. 8. Radial distribution functions for CLIMs with external

bond angley=20°, along an isobar witp" =4.0: (top) g(r) in the
isotropic phase & =8.0(uppe, and in the uniaxial nematic phase
at T'=5.0 (lower) (functions are displaced by one unit for clayity
(bottom) in-layer radial distribution functionsg,,(r), in the tilted
B. y=20° smecticB phase aff*=3.0 (uppe) and 1.0(lower) (functions are
displaced by four units for clarijy

cal of cylindrically symmetric molecules with aspect ratios
in the region of 10:110].

The equation of state for CILMs witlh=20° along an .
isobar withp"=4.0 is shown in Fig. 6. Three branches areization, P« |=Nm b, -A;|, wheref; is the director of the mo-
apparent in the equation of state in the temperature rangéscularb axes, were seen to decay even during the lowest-
T'<3.0, 4.0<T'<7.0, andT =7.5. The simulation af” temperature simulations, reflecting a low degree of
=3.5 did not converge onto one of the main branches of theorrespondence between neighboring layers. Hence, this
equation of state; the simulation configuration looks veryphase is superparaelectric, since it is the layer polarizations
much like the herring-bone structure shown in Figg)4nd  that are disordered, not the molecular orientations within the
4(d), and may represent a metastable state. layer. From here on we will omit the descriptor “super-

A snapshot from the simulation @t=3.0 is shown in Fig. paraelectric,” since we have not found any stable ferroelec-
7(a). Clearly, the molecules are tilted within the layers; thetric or antiferroelectric smectic phases; the layer polariza-
average tilt angle with respect to the layer normaldis tions almost always rotated during the courses of the
=35°. In addition, the polarizations within the layer remain simulations to point in random directions. A detailed inves-

intact. The biaxial order paramet@éz, and the bulk polar- tigatior_l of the in-layer structure at Iovy temperatures suggests
the existence of a smecti®-phase. Figure 8 shows the in-

layer distribution functiong,,(r) at two temperatures]”
=1.0 and 3.0. At both temperatures, the second pegk(n)
is split, indicative of short-range hexagonal ordering. Neither
of these functions is entirely consistent with long-range hex-
agonal(crystalling ordering, however, and at the higher tem-
perature, in-layer positional order is almost undetectable be-
yond r/o=4. We therefore tentatively assign the low-
temperature branch of the equation of state as corresponding
to a tilted smecti® phase. The alternatives are crystalline,
(b) or crystalline smectic; clearly the former is ruled out by a
casual glance at Fig(d). The differences between a smectic
FIG. 7. (Color onling Snapshots from simulations of CLJMs B and a “crystalline smectic” are subfl23]. In a crystalline
with y=20°, along an isobar with" =4.0:(a) tilted smecticB phase ~ Smectic, the layers possess long-range positional order, and
at T"=3.0(cuboidal celj; (b) nematic phase af =5.0 (cubic cel); obviously bond-orientational order, whereas neighboring lay-
(c) isotropic phase dtf =8.0. ers are not in correspondence. In a sme&jcthe layers
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FIG. 9. The order paramet&j, as a function of temperature for
CLJMs with external bond angle=20°, along an isobar witip"
=4.0.

FIG. 10. The equation of statgemperature as a function of
density for CLIMs with external bond angle=40, along isobars
with p"=2.0 (circles), and p"=4.0 (squares The filled and open
symbols correspond to heating runs beginning from ferroelectric
possess long-range bond-orientational order, but long-ranggnd antiferroelectric configurations, respectivédge text
crystalline order is destroyed by the presence of defects;
typically, the positional order persists over a few hundredmechanically stable than the other. Indeed, during the
angstroms. Of course, in simulations with typical systemcourse of the simulations along the high-density branches, it
sizes of~10® molecules, it is almost impossible to make the was observed that the biaxial order parame®gs, and the

distinction, because the long-range behavior of, §3¢1) IS pojarization,Pe [\ b, -Af|, were seen to decay as the indi-
inaccessible. The snapshot in Figaj/is clearly not sugges- ;qual layer polarizations became uncorrelated. We are there-
tive of a well-ordered crystalline phase, and hence we followgye |ed to the conclusion that there is no strong thermody-
previous workerg7,8] and take the splitting of the second pamic driving force for the formation of either a ferroelectric
peak ing,,(r) as being indicative of a smectigphase. or an antiferroelectric phase, and hence the superparaelectric
The intermediate-temperature branGhO<T <7.0) in  configuration of layer polarizations emerges; in what follows
the equation of state corresponds to a uniaxial nematic phasge do not distinguish between simulations started from dif-
A snapshot from the simulation &t =5.0 is shown in Fig. ferent configurations, since they give almost identical results.
7(b). The radial distribution functiorg(r), for this same state  The individual layers in the layered phases did show signifi-
point is shown in Fig. 8, which reflects the complete lack ofcant molecular tilt; along both isobars, the tilt angle re-
any long-range positional ordering. The nematic-isotropiomained at a value ob =27°.
transition*occurs al =7.0-7.5; a snapshot of the isotropic  Surprisingly, we found no evidence of transitions to nem-
phase af” =8.0 is shown in Fig. ), and the corresponding atic phases along either of the isobars. Instead, we observed
g(r) is shown in Fig. 8. some rather subtle changes in the structural features of the
In Fig. 9 we plot the uniaxial order paramet€?, as a tilted smectic phases—as indicated by/(r)—before they
function of temperature along an isobar wiph=4.0. The  eventually “melted” in to the isotropic phase. This is illus-
nematic-isotropic phase transition, signaled by a sharp drogated in Figs. 11 and 12 for the isobars with=2.0 and 4.0,
in Qfy, is very clear afT"=7.0~7.5. The smectic phase at respectively. Starting with the lower-pressure isolgig.
T"<3.0 exhibits smaller values @3, due to therandomtilt ~ 11), the in-layer distribution functions fof =1.5 and 3.0
directions of the layergsee Fig. {a)]. Once again, the simu- retain a split second peak, which is indicative of a smeBtic-
lation atT"=3.5 is anomalous, and likely reflects some sortphase; this persists up to the transition to the isotropic phase,
of metastable state. which atp”=2.0 is found to occur & =3.5—4.0. The results
for the isobar withp"=4.0 are more interesting. The in-layer
C. vm10° distribution functions indica}e smectig-ordering afT" =3.0,
Y= but smecticA ordering atT =4.5. By performing several
Equations of state for CLIMs wity=40° along isobars independent runs at =3.0, we confirmed that the smec#c-
with p"=2.0 and 4.0 are shown in Fig. 10. For the high-ordering was reproducible. We reiterate that molecular tilt
density, low-temperature branch of tipé=4.0 isobar, two within the layers persisted in all of the smectic phases.
sets of results are presented; one sequence starting from anin Fig. 13 we show the variation of the uniaxial order
untilted ferroelectric configuration, and the other from a cor-parameterQ?,, as a function temperature along isobars with
responding antiferroelectric configuration. On the basis op"=2.0 and 4.0. The smectic-isotropic transition is clearly
these two sets of results, the equation of state does not givesignaled by a drop i@go atT'=3.5-4.0 forp'=2.0, and at
clear indication of whether one polarization state is any mord=4.5-5.0 forp”=4.0.
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FIG. 12. Radial distribution functions for CLIMs with external
bond angley=40°, along an isobar witp" =4.0: (top) g(r) in the
isotropic phase afl*=6.0; (bottom) in-layer radial distribution
functions, g,,(r), in the tilted smectiAA phase afl"=4.5 (uppey,
and in the tilted smecti& phase af" =3.0 (bottom) (functions are
displaced by two units for clariy

FIG. 11. Radial distribution functions for CLIMs with external
bond angley=40, along an isobar wittp" =2.0: (top) g(r) in the
isotropic phase afl"=4.5; (bottom) in-layer radial distribution
functions, g,(r), in the tilted smecti® phase afT"=3.0 (uppe)
and T'=1.5 (lower) (functions are displaced by four units for

clarity). y=0° system. In the smectiB-phase, the molecular tilt is in

the region of 35° with respect to the layer normal.
With y=40°, the nematic phase is no longer in evidence,
1t_he only phases we could find being isotropic and tilted

In this paper we have presented results from constan : : . )
pressure Monte Carlo computer simulations of model bent-smeCt!C' At h'g.h Pressure, the tilted smectic pha_se showed
smecticA ordering at high temperature, and smed@iorder-

core moleculefCLIMs) made up of seven Lennard-Jones t low t wre: th lecular tilt q 27°
spheres arranged to form a rigid “V"-shaped molecule withN9 at Tow temperaturé, the molecular tit was aroun

| le. We h he oh havi with respect to the layer norma_l. _ _
g})c(tce:rl_r‘l]?vlgc;r;daapugnzftioneofyave surveyed the phase behavior In none of these systems did we find evidence of truly

With y=0° (linear molecules we find evidence for iso- chiral smectic phases, be they synclinic ferroelectric or anti-

tropic, nematic, untilted smecti; tilted smecticB, and 1.0 : : : : . . . .
crystalline phases. The smecBcand crystalline phases ex-

IV. DISCUSSION

hibit a molecular tilt of around 35° with respect to the layer 09

normal, which confirms that, at least in this site-site model, 08 ]
tilted smectic phases are stabilized by a “close packing” of g7 1L

the spheres within a layer, as suggested byeKal. [9]. The 06

observed phase behavior is in broad agreement with previ-

ously published work on linear molecules made up of 11 soft‘“og

sphereqwith repulsive interactions on}y{10], with the ex-

ception of the tilted smectiB- phase. The existence of this 04

phase demands further study, probably with the application 03 |

of absolute free-energy calculations to confirm its thermody- 5 L

namic (metgstability. We note that the cuboidal simulation

cells employed in this work may, in principle, artificially o1 r

destabilize the synclinic crystalline phase, although no sig- 0.0 ' ' ' . ' ' ' .
nificant buildup of nonhydrostatic stresses was observed dur 0 ! 2 8 4 - 5 6 7 8

ing the simulations.
For the system withy=20°, we find isotropic, nematic,

05 |

FIG. 13. Order parametdd, as a function of temperature for

and tilted smecti® phases. The range of stability of the CLIMs with external bond angle=40°, along isobars wittp®
uniaxial nematic phase is enhanced with respect to that in the2.0 (circle and 4.0(squares
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clinic antiferroelectric. In simulations of thg=40° system ecules. On the other hand, it does possess the essential mo-
starting from untilted ferroelectric and antiferroelectric con-lecular  characteristics of bend, interactions, and
figurations, molecular tilt developed spontaneously, but glo*bumpiness;” with regard to this latter point, it is worth re-
bal biaxiality did not persist for the duration of the runs. We membering that the aryl groups in a typical bent-core mol-
note, however, that the range of values for the molecular tilecule are very bulky.

which developed spontaneousi¢p=27-359 compares fa- With regard to further work, we are currently carrying out
vorably with typical experimental —observations®  simulations of closely related molecular models that possess
=25-359. Our molecular model is quite “bumpy,” and it is true dipole moments and flexible tails. Of course, the dipolar
interesting to speculate as to why tilt angles in the region ofnteraction is likely to stabilize antiferroelectric phagés,

30° are favored over more extreme angles. One possibility iyt the specific role of flexible tails in stabilizing or destabi-
that with a high degree of tilt, to take advantage of favorablqizing tilted smectics is, as yet, uncertain. Tail groups are a
attractive interactions, neighboring smectic layers wouldyommon element in bent-core molecules, and so this is likely

have to interdigitate to a greater extent; this would almosy, pq 4 fryitful avenue of research. The results of these stud-
certainly reduce the configurational entropy of each moI—IeS will appear in future papers.

ecule. It may therefore turn out that a tilt angle of30°
represents an optimum balance of energy and entropy. To

explore this issue, one could envisage carrying absolute free- ACKNOWLEDGMENTS
energy calculations for systems with different proscribed tilt
angles. This research was supported by the Engineering and
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