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Origin of spontaneous polarization, tilt, and chiral structure of smectic liquid-crystal phases
composed of bent-core molecules: A molecular model
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A simple molecular model is proposed for novel bent-core smectic phases that enables one to explain the
origin of the experimentally observed chiral structure of B#®ephase composed of nonchiral banana-shaped
molecules. It is shown that in the perfectly ordered smectic phase the distributed dispersion interaction between
banana-shaped molecules stabilizes the spontaneous polarization and may be responsible for the tilt of the
director. The orientation of the spontaneous polarization with respect to the tilt plane is determined by the
balance between the dispersion and electrostatic dipole-dipole intermolecular interactions. In particular, suffi-
ciently strong dipole-dipole interaction promotes Bzphase where the polarization is normal to the tilt plane.

The actual chiral structure of each smectic layer inBRephase appears as a result of the symmetry breaking.

In the case of small molecular dipoles the nonchiral polar smectic phase is formed where the spontaneous
polarization is parallel to the tilt plane. The role of the opening angle and of the axial ratio of banana-shaped
molecules is also considered and a phase diagram is presented.
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I. INTRODUCTION Sm-C* phase the sign oA is determined by the handedness

. . . S of chiral molecules while in th&2 phase the sign oA is

talgesr,r%?\b?\ttgtr:ez?ﬂ antggggﬂgﬁgf t?]radteggr?t'lr? Iéqsu'tg C;%{far ndom. As a result, one finds domains of opposite chirality
! ! Ing p Ind &Fr a “racemic” B2 phase, where chirality alternates from

significant _attention.dug to i.ts fgndamentql importance an ayer to layer[5]. The origin of the spontaneously polar and
due .to various applications in d|splay devices and' tel.eco.méhiral structure of thé32 phase is still unclear. Experimental
munication systems. In conventional ferroelectric I|qU|ddata and general theoretical stud[a€] indicate that there

crystal ph_ase_s, S.UCh as th_e smediicphase, the spontane- may be some relationship between polar and chiral symme-
ous polarization is determined by molecular chirality-3].

The polarization does not appear in a self-consistent way; b%[y breaking in bent-core liquid crystals. On the other hand,
o . ; ) o ' h larizati impl
is induced by the tilt of the directon (that specifies the ne cannot expect the spontaneous polarization simply to be

preferred orientation of long molecular axegth respect to proportional to the tilt as in the SiG* phase. Recently an
. ) untilted polar smectic S/AP, phase has been reported,
the layer normak. The tilt of the director can be character- P A P b

ized by the pseudoscalar=(n-k)[nX k] which is parallel which means that spontaneous polarization may appear with-

. : . ._out a tilt. Moreover, in binary mixtures of bent-core and
to theC, symmetry axis perpendicular to the tilt plane. Itis o jive molecules the tilt angle in thB2 phase decreases
well known since the original work of Meydr] that the

larizati b ional o the tilly with the increasing concentrations of rods, while the polar-
spontaneous polarizatidh may be proportional to the tlt/  j, 4ti5n remains practically constafil]. All these experi-
only if the coupling coefficient is a pseudoscalar, i.e., if it is

d ined b lecular chiralitv. R v h mental results suggest that polar ordering is a fundamental
Ieterm;ne y ml_o epdu arc Ilrarl;ty. becené_y, owever,ha Neroperty of bent-core smectic liquid crystals, while tilt may
class of smectic liquid crystals has been discovédes] that . o "ot occur depending on particular molecular struc-

ture. This conclusion is supported by the results of recent
formed by nonchiral bent-core molecules which have “ba- PP y

. - computer simulations of Lansat al. [12], who have inves-
nana” or more exactly “bow” shaped cores. These new m

. o ' at'lgated the phase diagram of hard spherocylinder dimers with
Ferlals' exhibit a ngmber of smectic phagé} b.Ut the most different opening angles. Lansat al. have found a transi-
investigated one is the so-call@ phase having the same i, from the nonpolar smectia-phase to the polar orthogo-
point symmetry as the conventional _ferroelectrlc smT nal SmAP, phase with increasing opening angle. At the
phase[5]. One notes that th82 phase in the ferroelectric same time no tilted phase has been found. Thus, the polar

state s cha_ra_cterized by very large second-_order non“neq{rdering in bent-core phases may be directly determined by
pptlcal coefﬁments{?'—g],. and'thus these matenals are prom'strongly polar molecular shape. Spontaneous polarization
ising for future applications in nonlinear optical devices. may occur due to polar excluded volume effects as in the
Th_e local structural chirality of thB2 phase can be char- model of Lansaet al. [12], or/and it may be determined by
acterized by the pseudoscalar quantlty=(w-Py. In the 5 compination of repulsion and attraction between banana
molecules as discussed below. At the same time, the experi-
mentally observed chiral structure of tB2 phase should be
*URL: http://polly.phys.msu.ratemel/ stabilized by some additional intermolecular interactions. In
"Electronic address: osipov@maths.strath.ac.uk this paper we consider a simple model of a bent molecule
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A i possesses a pair of permanent parallel dipoles located at the
a centers of both “arms{’see Fig. 1. These dipoles are parallel
8 to the symmetry axi®; of the molecule.

As shown by Lansaet al.[12], rigid banana molecules of
the type presented in Fig. 1 can form polar smectic phases
simply due to packing effects. Thus, we assume that the
smectic phase exists and consider a simple case of the perfect
orientational and translational order. In this case the molecu-
lar centers are located in the same plane within one smectic
layer and the long axes are parallel to the local director. For
simplicity one may neglect the interaction between the op-
posite “arms” of moleculesi.e., the “arms” located in dif-
ferent half-spaces with respect to the layer mid-pjasice
both dispersion and dipole-dipole interactions strongly de-
crease with the increasing distance between the interaction
centers. Then the total interaction potential between mol-
ecules 1 and 2 can be expressed as a following sum:

U= U7, + UD, 2

where U7, are the sums of dispersion and dipole-dipole in-
teractions between the corresponding “arms” of molecules 1
FIG. 1. Simple model of a bent-core molecule. and 2(i.e., the “arms” located in the same half-space with
respect to the layer mid—plahe

M2
dty—5—— 6 T[(bl' by) - 3(u - by)

model total interaction between such molecules includesY 12—
€12 P+( 1 2) 12

short-range steric repulsion, interaction between permanent
dipoles and the dispersion interaction with interacting centers X(u-by], (3)
distributed continuously along the molecule. We show that in

the limiting case of perfect orientational and translationalVh€ré is one of the molecular dipole moments, is the
order a combination of these interactions stabilizes the mtedntermolecular vector that joins the midpoints of both corre-
polar and chiral structure which corresponds toB2ephase. sponding “arms” of molecules 1 and 2, the unit veatois

In the case of small molecular dipole a nonchiral smecnéjef'”ed as'1,/11, parameter is the length of the banana

phase is stabilized which corresponds to one of the structure&™m" (i-€., the length of one rod in the dimer presented in
suggested by Brandt, Cladis, and Pleift3]. Fig. 1), both parameters;, andt, are equal to zero in the
midpoints of the corresponding “arms,” and the consthnt

characterizes the strength of the dispersion attraction interac-
Il. MOLECULAR MODEL tion. The dimensional factal* has been introduced for con-
venience, wherel is the diameter of the rod.
In the present model the banana molecule is represented The first term in Eq(3) describes the dispersion interac-
by a rigid dimer composed of two equal rodarms”) with  tjon between the corresponding “arms” of molecules 1 and 2.
the opening angler—2a (see Fig. 1 The orientation of an  The vectorp.(t1,t;) connecting point, of the first molecule

the direction of the long axis which points from one end of

the molecule to the other, and by the unit vedbprin the p:(ty,t) =T+ 1S, — 1ys]. 4)
direction of the short molecular axis which is parallel to the,

symmetry axis of the dimer. The orientations of the tWojog molecular axes; anda, are assumed to be parallel to
"arms” of banana moleculeare given by the vectors and  {he nematic directon. The second term in E@3) represents

s determined by the electrostatic interaction between the dipoles located in
the corresponding “arms” of molecules 1 and 2.

In Ref. [12] it was shown that steric repulsion of bent
The “arms” cannot penetrate into each other, and there is als@olecules may also lead to the polar ordering of molecular
a dispersion interaction between such molecules with the inshort axes; andb,. Here we show that dispersion interac-
teraction centers distributed continuously and homogetion distributed along the axes of such molecules will act in
neously along the axes of “arms.” Let the variatieandt,  the same direction increasing the polar order. This can be
specify the positions of the interaction centers along theseen from the dependence of the averaged dispersion inter-
“arms” of random banana molecules 1 and 2, respectivelyaction potential on the anglg between the short axds and
The dispersion interaction between any two poijtandt, b,. In the case of perfect orientational and translational order
of molecules 1 and 2 decays a¥(t;,t,), wherep(ty,t;) is  the dispersion interaction enerdyqsp (1,2 [i.e., the first
the distance between these points. In addition every molecukerm in Eq.(3)] should be averaged over all relative positions

composed of two rigid rods with permanent dipoles. In this f"’Z ot f“z
1

€12

ere the vectors; ands, are given by Eq(1), where the

S’ =ta cosa+b; sina. (1)
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One can see from Fig. 2 that the average dispersion interac-
-0.6 4 tion between banana molecules has a deep minimug at
=0. The minimum becomes deeper for larger angle®ne
notes that the casp at=0 is related to the fact that the
interaction energy is averaged with the steric cut-off function
which is discontinuous. As a result, the average energy has a
discontinuous first derivative at the point of minimum.
] Packing of bent rods simulated [ih2] and the behavior of
094 2 the average dispersion interaction presented in Fig. 2 give a
strong indication that the short axes of banana molecules
1 with sufficiently large anglesx should be ordered in the
-1.04 i smectic phase. In the rest of this paper we assume for sim-
\/ 3 plicity that the ordering of transverse dipoles of such mol-
A1 ' ' ' ' ecules is also perfect. In this case a number of important
T3 5 _'1 0 i 2 3 results can be obtained analytically. It should be noted that
perfect ordering of short molecular axes implies that the
spontaneous polarization is nearly temperature independent.
{aor real bent-core mesogens this is not always the case. In
molecules located in the same smectic layer as a function of th ct, temperature variation of the spontaneous polarlz_atlc_)_n
angle between the short molecular axes and b, in the case depends on the molecular structure. For exgmple, a signifi-
(€ cosa)/d=1.5:(1) @=0; (2) a=m/10; (3) a=m/7. The energy is cant temperature dependgnce_of the polar!ze}tlon has been
normalized by that for two corresponding rod-like moleculesfound by Jaklle't .al. (see Fig. 5 in Ref[14]) within 5°—1Q°
(Ujep- below the transition point in thB2 phase. At the same time,
on a bent-core material with a wid&2 phase a very weak

of the two molecules in the smectic layer plane specified b)}emperature variation of the polarization has been found

the intermolecular vector,, also taking into account the more than 5 be.'OV.V the transition t_emperat[jla. A weak
tgmperature variation of the polarization has also been re-

excluded volume effects at close contact. Then the avera orted by Schrodeet al. [11] for a pure chlorine-substituted
dispersion interaction between the corresponding “arms” C?E y ' P ) .
ent-core mesogen. On the other hand, the binary mixture of

two banana molecules can be written as - . i
the same bent-core and a calamitic mesogen is characterized
. 2m o 2 2 Jod* by a temperature-dependent spontaneous polarizgtea
(Ugisp) = = de [ ridry dt
0 é12

o
3
1

*

<Udisp> /<IU dispI>
s .
[o 4]
1

vy (radians)

FIG. 2. Average dispersion interaction energy between untilte

dt;— ; Fig. 8 in[11]). As far as we know, temperature variation of
2oz pa(tyt) the tilt angle in theB2 phase is generally weaker than that of
(5)  the polarization. Variation of the tilt angle can qualitatively
be characterized by the variation of the layer spacing. Ex-
erimentally the layer spacing is nearly constant, for ex-
mple, for the pure bent-core mesogen studiefllij, and
for one of the mesogens investigated by Wiehal. [16].
Thus one concludes that the approximation of perfect orien-
. o ; tational order is rather crude, in particular with respect to the
the ave_raged dlsper5|9n Interaction between molecules 1 a dering of short molecular axes. Some consequences of
2 (that is @ sum okUgsp and (U;sp) With respect to the g, oh any approximation are discussed in the last section. From
angle ¢. However, taking into account that the tilt angle is e thermodynamical point of view this approximation
usually small, one may estimate the average dispersion intefyeans that thermal fluctuations are not expected to be very
action in the untilted smectic phase. In this cagét;,t,) important. In this case the free energy is dominated by the
may be expressed as internal energy ar|2d in the mean-field approximation it can be
2 _ _ _ _ Y written asF/V=p=U;,/2, where the angular brackets de-
pe(tat) =112 ¥ [t COS g + y/2) ~ty codp ~ yf2)] sina} note the integration over the intermolecular veatgrtaking
+ [t sin(@ = yi2) =ty sin(e + Y2)  sir a into account the steric cut-off. Hegeis the number density
2 of molecules.
+(t—t) cos'a © One notes that in the present simple model there is still a
One notes, however, that the intega) cannot be taken significant amount of freedom. The spontaneous polarization,
analytically even when the distangé(t,,t,) is determined in principal, may point in any direction and the director may
by Eq. (6). The minimum distancé&;, also depends on the or may not be tilted. It is shown in Sec. Il that the actual
anglese and ¢, and, as a result, only the integral with re- chiral structure of theB2 phase determined by the unique
spect to the intermolecular separatiog can be calculated relative orientation of the director, spontaneous polarization
analytically. Taking this integral and calculating the otherand the smectic layer normal, may be obtained by minimiza-
three integrals in Eq5) numerically, one obtains the aver- tion of the sum of the average dispersion and dipole-dipole
age dispersion interaction energy as a function of the agfigle interaction energies. In addition it is shown that in the case of
between the short molecular axes that is presented in Fig. 8mall molecular dipoles the most stable tilted structure is the

where the angle specifies the orientation of the unit vector
u, &1, is the minimum distance between molecules 1 and
with parallel long axes, and the vectpr(i;,t,) is deter-
mined by Eq.(4).

In the general case it is difficult to find the minimum of

021704-3



A. V. EMELYANENKO AND M. A. OSIPOV PHYSICAL REVIEW E 70, 021704(2004

5

(€)) (b)

nonchiral one with the polarization parallel to the tilt plane. k4
Such a phase has been suggested by Brandl. [13] on n
phenomenological grounds.

Ill. STRUCTURE OF THE TWO BENT-CORE TILTED
PHASES

The structure of an ideal smectic phase composed of ba
nana molecules is determined by the minimum of the aver-
age interaction energy that includes the dispersion and the
dipole-dipole parts. In the case of perfect orientational order
(i.e., a1,85=N,Nz and b; =b,=m) the interaction between FIG. 3. The coordinate systeta) and orientation of the bent-
the corresponding “armgthat are parallel to each othesf o6 molecule in the tilted amectic layes).
the two neighboring banana molecules is determined by the

following expressiorfsee Eq(3)]: the basis in the plane perpendicular to the dirento€hoos-

. . ¢ €= At w2 5 ing these vectors as shown in Fig. 3 one obtains the follow-
U=~ Jud f d(A)———+5[1-3u-m?], (7)  ing expressions for the vectomsand m:
-t ps(At) 13,
whereAt=t,~t, and where the distange(At) [see Eq(4)] U=wcose+csine, 11
is given by .
m=w cosB+1sing, (12
PE(AY =1+ (At+Ary)?. ®)

where the vector specifies the orientation of the intermo-

Here Ar,=ry,(u-s,), ri=r%,-ArZ, and the unit vectors, |ecular vector in the layer plane and the vegBmspecifies the
=x+n cosa+m sina. The total dipole-dipole and dispersion orientation of the spontaneous polarization which is always
interaction between molecules 1 andtBat is equal to the perpendicular to the director in the present simple model.
sum ofU7, andU7,) should be averaged over all orientations Then the scalar products - u) and(m-u) may be expressed
of the intermolecular vector,=r,u within the smectic gs:
layer.

The minimum distancé;, between banana molecules 1 (Uu-n)=singsiné, (13
and 2 is equal to ma¥,, £ ], where&, and £ are the mini-
mum distances between the “upper” and “lower” “arms” of a (u - m)=cose cosB+singsinBcosé , (14
pair of banana molecules, respectively. These distances can ) )
be expressed in the following way. For exampe,is the ~ Where 6 is the tilt angle. In the casef-n/2<6<m/2,
minimum distance of approach between the centers of two™/2<p<w/2} and {m/2<60<3m/2,m/2<p<3ml2}
equal rods which are both paralleldp In contact the vector One obtains from Eqg10), (13), and(14):
r 1, connecting the centers of such rods is giverr bz &, u,

and the minimum distance between the axes of the rods is LE>E ifO0<es= T +Aop,
equal to the rod diametat. On the other hand, the same 2
distance is given by the projection of the vectqp on the (15

lane perpendicular te". Taking this into account one ob- L, T
Fains PP ? E> &, |fE+Ago<¢s77,

d/é, = cosy, =V1-(u-s)? (9  where
where siny,=(u-s,) It follows from Eq.(9) that &, > &_ if Ag = arctaricosé tan ). (16)
(n-w(m-u=>0, 10 |nthe opposite casgsm/2< < 7/2,7/2<B<3mw/2} and
and &> &, otherwise. {ml2<6<3mw/2,-m/2<B< w2} one obtains:
Now let us define the unit vectow in the layer plane
p_erpe_ndicular to both vectors and k. One notes that the £>Eif0<p< K Ag,
direction of any of the three vectoks n, andw does not 2
have any physical meaning because only the corresponding (17
second rank tensons,ng, k. ks andw,w; are fixed by the o
P b i >Eif - +HAp<op=

symmetry of the phase. In addition we define the unit vectors &> & o TRPS =T

c andl in the tilt plane, which are normal to andn, respec-

tively, i.e., (c-k)=(1-n)=0. Now the unit vector& andw  Equations(15)—(17) together with Eq(9) completely define
form an orthogonal basis in the layer plane, the veat@aed  the minimum distance between two banana molecules for
k form the basis in the tilt plane and the vectaraindl form  different values of the parametefisand .
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A. Analytical results for the dispersion interaction
Taking into account that in Eq8) Ar,.<<¢ and that the

distancep, strongly decreases with the increasing parameter

At, one may extend the limits of integration in K@) to the
infinity:

Uljep= = Jod f ’ d(At)ee_ AY (18)
o pa(At)
Substituting Eq(8) into Eg.(18) one obtains:
Ut gt _3ml 1 +A_r§5r§+3Ar§
disp =0 812 202+Ard)2  art (r2+Ar?)?
L 200 arctanAri . (19)

5
+ +

Taking into account that?+Ar2=r2, and Ar,=r,(u-s.,),

one obtains |Ar.|/r.=tany, and r./r;,=cosy, where

siny,.=|Ar.|/r1,=|(u-s.)|. Then Eq(19) can be rewritten as
37 f( 1

d)5

_J —_ — -
8 %d\r,/ [1-(u-5)7°?
1

3(u - s)arcsin(u - s,)
+
[1-(u-s)7P

i o -
Udisp~

2+(u-s)?
[1-(u-s)??

|

+

(20)

Now the total dispersion interaction between molecules 1

and 2, that is equal to the sum dfj, and Uy, should be

averaged over all orientations of tﬁe intermolecular vector
r1,=rqoU in the layer plane. The result strongly depends on

the minimum distance;, between the two molecules. One
notes [see EQs.(15—17)] that the minimum distance is
equal to&, or & depending on the relative values of the
anglesd and 8. Let us assume for simplicity thatm/2< 6
<7/2 and -w/2<B=</2. In this case the minimum dis-
tance is equal t@, if 0 <eo=m/2+A¢p, and is equal t@._ if
ml2+Ap<p=<. From Egs.(13) and(14) one obtains

(u-s)=%(u-njcosa+(u-m)sina==xsine sin f cosa
(21

Taking into account Eq(21), one notes that the functions
Uﬁisp [see EQ.(20)] and &, [see EQ.(9)] are periodic with
respect to the angle with the periodw. Thus, the integral
over ¢ from 7/2 to 3w/2 is the same as the one from

+[cos¢ cosB + sin ¢ sin B cosdlsina.

PHYSICAL REVIEW E 70, 021704(2004
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FIG. 4. Average dispersion interaction energy between parallel
banana molecules located in the same smectic layer as a function of
the tilt angle for (€ cosa)/d=1.5: (1) @=0; (2) a=n/15; (3) «
=/10. The energy is normalized by that for the pair of correspond-
ing rod-like moleculegUy).

1, 2-mlid+ (u-s)?
80 1-(u-s)?

+§ (u - syarcsinu - s,)
87 [1-(u-s)?]?
1. [1-(u-s)’[2+(u-s0)%
+ —
8 [1-(u-s)?P
LR s)?](u - sy)arcsinu - s;)
8" [1-(u-s;)2?

J1 [ -(u-s)
87 %d[1-(u- )2

In the opposite casé;,=¢&- the signs “+” and “—" are in-
terchanged on the right-hand side of E83). Substituting
Egs. (21) and (23) into Eq. (22) and integrating the result
numerically with respect to the angle one obtains the av-
erage dispersion potentidl . The dependence of the av-
erage dispersion interaction on the tilt angls presented in
Fig. 4 for different anglesr. One can readily see that for
sufficiently large anglest# 0 the minimum of the average
dispersion interaction potential corresponds to a nonzero tilt.
Moreover, in the tilted phase the minimum of the averaged

d‘zf UGegrdr =

+

Jo

(23

-m/2 to w/2. As aresult, the average dispersion interactiorgispersion interaction correspondsfe + /2 and thus the

potential may be written as

ml2+A @ o0
(Ugisp = 2d‘2f d‘PJ Ugisg 120712
0

+

+ 2d‘2f d<PJ Ugisg 120712, (22)
2+A @

7l

where the parameteXe is determined by Eq16). The in-
tegral over the intermolecular distancg in Eq. (22) can be
taken analytically. For example, in the ca&g=¢&, one ob-
tains

spontaneous polarization is parallel to the tilt plane.

B. Analytical results for the dipole-dipole interaction
The dipole interaction between the neighboring parts of
the two banana molecules can be written as
Mz
Uga=27%1 - 3(u-m)?], (24)
EP)
wherer, is the distance between the dipoles. By analogy

with Eq. (22) the average dipole-dipole interaction may be
written in the form:

021704-5
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72+A ¢ 0
(Uga = 2d_2f d@J Ugdr12dr12 1007
0 . ]
+2d_2J d(,Df Uddrlzdrlz. (25) 0.757
w2+A¢p & - ]
<° 3
In the caset;,=&, the integration over, results in %050_ )
o] 2 d N;_ 1
d‘zf Uggrdr = 2%—[1 -3(u-m)?]
: ¢
0.25
2
N PR
=25 V1-(U-s)T1-3u-m)?. (26)
. . . 0.00 T T T T T v T v T T T
In the opposite casé;,=¢. the corresponding integral over 0.0 0.1 0.2 0.3 0.4 0.5
ri» is equal to o (radians)
o 2
d—zf Uggrdr = 2&32[1 -3(u - m)2] FIG. 5. Phase dia}grqm for the system of pe_rfectly ord.ered t_Ja-
& d® & nana molecules. Solid lines corresponding to different axial ratios

9 (1) €/d=1.5;(2) £/d=1.7;(3) £/d=2 separate thB2 phase, where
- 21““_3\;1 -(u- s_)2[1 -3(u- m)z]_ (27) the polarization is perpe.ndi(.:ular' to the tilt plane, frpm the nonchiral
d phase, where the polarization is parallel to the tilt plane. Bie

o . hase | table for large dipoles and small ang|
Substituting Eqs(14), (21), (26), and(27) into Eq.(25) and " o0 '© MOre stable foriarge dipoles and smafl angies

integrating the result numerically over the angleone ob- . , 3
tains the average dipole-dipole potentialy. values of the dimensionless parametef (d2J,). It follows

By contrast to the dispersion interaction, the minimum Offrom Fig. 7 that the tilt angle increases with the increasing

the average dipole-dipole interaction corresponds &o molecular dipole. Similar to Fig. 6, the discp_ntinuity in the
=0+, i.e., the dipole-dipole interaction promotes the per_tllt angle corresponds to the first-order transition between the

pendicular orientation of the spontaneous polarization witf/© Panana phases with different orientations of the polar-
respect to the tilt plane Ization with respect to the tilt plane. TH&2 phase is more
' stable for larger values of the opening angle 2.

C. Phase diagram IV. CONCLUSIONS

If both the dipole-dipole and the dispersion interactions It has been shown that in the smectic phase formed by
are taken into account, the total averaged interaction energyerfectly aligned bent-core molecules the tilt of the director
may have its minimum either aB=+#w/2+7n or at B8

=0zmn depending on the relative strength of these two in- 114

teractions that can be measured by the dimensionless param-

eter u?/(d3Jy). The correspondindw, u} phase diagrams are 1.0

presented in Fig. 5 for different values of the axial ratial 1 3

of the rod in the banana dimer. It follows from the phase 0.9

diagram that the tilted phase with the spontaneous polariza- & 08_'

tion perpendicular to the tilt plane is more stable for large S o

dipoles and small angles. In this phase corresponding to 5 0.7 2

the commonly observeB2 phase the spontaneous polariza- g ; \/’—/

tion breaks the mirror symmetry, and, as a result, every ® 0.6+

smectic layer appears to be chiral. By contrast, the nonchiral 1 1

banana phase, where the polarization is parallel to the tilt 0.5

plane, is more stable for small molecular dipoles and large 0.4_'

anglesa. : , : , . , : , :
The dependence of the equilibrium tilt angteon the 0.0 05 1.0 1.5 2.0

reduced square dipole is presented in Fig. 6 for different
values of the angle.. One can readily see that the tilt angle
increases with the increasing angle The discontinuity in  FiG. 6. Equilibrium tilt angle in a banana smectic phase as a
the tilt angle corresponds to the first-order phase transitiofynction of the reduced square dipole fdrcose)/d=1.5 and for
between theB2 phase which is more stable for large dipole different values ofa: (1) a=#/15; (2) a=/10; (3) a=m/7. For
moments, and the nonchiral phase where the polarization igach curve the dipole moment is normalized separately by the criti-
parallel to the tilt plane. The dependence of the equilibriumcal valueuy=uo(@) that is the value of the dipole at the transition
tilt angle 6 on the anglex is presented in Fig. 7 for different point for a givena.

W/l

021704-6



ORIGIN OF SPONTANEOUS POLARIZATION, TILT,.. PHYSICAL REVIEW E 70, 021704(2004

angles the most stable tilted phase is the one with the polar-
109 ization perpendicular to the tilt plane. This structure corre-
sponds to the most commdB2 phase observed in many
081 bent-core molecular systenig]. In particular, theB2 phase
is stabilized by the electrostatic dipole-dipole interaction be-
oy 0.6 tween banana molecules if the dipoles are located within the
= 1 bent-core structure. The stability range of B2 phase de-
T 044 creases with the increasing axial ratio of the molecule. It is
= well known that theB2 phase is chiral, and the chirality of a
P 0.2 smectic layer can be specified by the pseudoscalar parameter
(Ps-[nXk])(n-k) that changes sign under polarization rever-
0.0 sal. In the present model the chirality appears as a result of
] the spontaneous symmetry breaking, and the two directions
Y R - of the spontaneous polarization are completely equivalent

00 02 04 06 08 10 12 14 from the energy point of view. In this case domains of op-
posite chirality, which have been observed experimentally
[5], should always be present in a sufficiently large system.
FIG. 7. Equilibrium tilt angle as a function of the reduced angle One notes that the point symmgtry of 2 banan_a phase_ IS
a for (€ cosa)/d=1.5 and for different values of the dimensionless the same as that of the Ponvem"?nal _fe.rroelecmc Smm'c'
dipole: (1) x2/(d®p)=0.1; (2) w2/ (d33g)=0.2; (3) u2/(d®)=0.5. Phase. However, the microscopic origin of the chiral struc-
For each curve the angte is normalized separately by the critical ture in theB2 phase is completely different from that of the
value ag=ap(u) that is the angle corresponding to the transition SM-C* phase. In the conventional S@* phase spontaneous
point for a givenu. polarization appears only if the molecules are chiral, and the
direction of the polarization is specified by the molecular
may be determined by the dispersion interaction between thehirality. In other words, the opposite directions of the spon-
interaction centers distributed along the molecules. The berianeous polarization are not energetically equivalent, and the
shape appears to be very important as the tilt is stabilizedctual direction is stabilized by some specific interactions
only for banana molecules with sufficiently small openingbetween chiral moleculegl7,18. By contrast, in theB2
angles. In the context of the present model the tilt of thephase the molecules are nonchifal least on averageand
director is further stabilized by the electrostatic interactionthe spontaneous polarization appears in a self-consistent way,
between permanent dipoles located at the centers of twmainly due to excluded volume effedts2,19,2Q. Thus, this
“arms” of different banana molecules, and also by the indis an example of thproperferroelectricity similar to the one
creasing molecular axial ratio. It should be noted that theobserved in solid crystals. The actual chiral structure of the
magnitude of the tilt angle obtained from the present modeB2 phase is then determined by a spontaneous chiral symme-
is significantly larger than typical experimnetal data. Typicaltry breaking. In the simple model considered in this paper the
experimental values of the tilt angle are in the domain be-equilibrium polarization is either parallel or perpendicular to
tween 14-2596,14,13 and 30-40°6,11,22,24. This dis- the tilt plane. In principle the polarization can make an arbi-
crepancy can partly be explained by the geometry of therary angle with the tilt plane, as proposed by de Gennes
molecular model used in this paper. Here the molecule i$21]. There are experimental indications that such a chiral
represented by two rigid rods joined at a certain fixed opensmectic phase which is characterised by @esymmetry,
ing angle. In real bent-core materials the opening angle chaindeed exist§22—25. The present model does not describe
acterizes the bent of the rigid core, while the molecule typi-this phase because it does not correspond to the minimum of
cally possesses also two alkyl tains. As a result the averagbe simple model interaction potential. However, if the ap-
effective bent angler of such a molecule may be signifi- proximation of the perfect orientational order is not used,
cantly smaller than that of the core, and the correspondingne has to take into consideration an entropy term which
experimental values of the tilt angle may be closer to theogenerally possesses a more complex orientational depen-
retical results for smalletr (see Fig. 6 and Fig.)7On the  dence. Then the low symmetry bent-core phase may corre-
other hand, the low values of the tilt angle obtained in thespond to one of the minima of the corresponding free energy
present model may partly be related to the approximation ofinder favorable conditions. This problem deserves a separate
perfect orientational order. Thermal fluctuations are knowrinvestigation.
to decrease the corresponding order parameters including the It should be noted that chirality effects in real banana
average tilt of long molecular axes in smectic phases. liquid crystal materials may be more complicated. For ex-
In the tilted and polar smectic phase the equilibrium di-ample, under application of suitable electric fields the chiral-
rection of the spontaneous polarization is determined by &y of the bent-core phase may be interchanged between ho-
balance between the dispersion and dipole-dipole interaagnochiral and racemifl6]. Moreover, chiral domains appear
tions. As shown on the phase diagrdeee Fig. 5, in the even in the untilted4 phase as clearly indicated by obser-
context of the present simple model there exist two tiltedvations of circular dichroism and microscopic textures
polar phases which differ by the orientation of the spontanef26,27. The chirality is also preserved during the transition
ous polarization with respect to the tilt plane. For sufficientlybetween theB2 and B4 phaseq28]. These effects may be
large dipole moments and/or sufficiently large openingdetermined by a spontaneous deracemization in the system

ola,

021704-7



A. V. EMELYANENKO AND M. A. OSIPOV PHYSICAL REVIEW E 70, 021704(2004

of chiral conformers. The existence of two chiral conforma-polar biaxial phase. Finally it should be noted that the
tions of a typical bent-core molecule is strongly suggested byresent results have been obtained using a molecular model
NMR data[29]. The role of chiral conformations in the ba- with homogeneous distribution of interaction centers along
nana phases will be considered in the future publication. the molecule. The dispersion interaction between real banana
The analysis of the present molecular model indicates thanolecules is mainly determined by the interaction between
if the molecular dipoles are small and/or the opening angléent cores located in the central part of the molecule. Thus it
of the bent-core molecule is small, the most stable tiltedmay be interesting to consider the influence of the distribu-
smectic phase possesses a nonchiral structure with the spdien of interaction centers on the phase diagram. This prob-
taneous polarization being parallel to the tilt plane. Such dem is currently under study.
phase corresponds to one of the structures suggested in Ref.
[13]. One notes, however, that this combination of molecular
parameters is not typical for real bent-core materials. In the
case of small opening angles the shape of a bent-core mol- M.A.O. is grateful to M. Glaser and V. Lorman for valu-
ecule is becoming too biaxial and the smectic layered strucable discussions. The support of the EPSRC through Grant
ture may lose its stability. Instead, such systems may exhibiNo. GR/R71023 is gratefully acknowledged. A.V.E. also
a columnar phasg6]. This enables one to understand why gratefully acknowledges the support of the Ministry of In-
this nonchiral tilted phase should be far less common thanustry and Technologies of the Russian Federation through
the B2 phase. Recently a similar phase has been observed Brant No. MK-4007.2004.2 and the support of the Russian
banana-shaped 4-cyanoresorcinol derivat[@& although it  Foundation for Basic Research through Grant No. 04-03-
is difficult to distinguish it from the orthogonal Sé¥-type  32096.
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