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Induced and spontaneous deracemization in bent-core liquid crystal phases and in other phases
doped with bent-core molecules
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Recently discovered chiral properties of several bent-core smectic liquid crystal phases are summarized and
discussed in detail under the assumption that typical bent-core molecules may exist in chiral conformational
states and are achiral only on average. Results of atomistic computer simulations are presented which indicate
the existence of strongly chiral conformational states for typical bent-core mesogens. A theory is developed
which describes a possible shift of equilibrium between left- and right-handed conformations in a macroscopi-
cally chiral phase. The theory describes a chirality induction inBédent-core phase and a reduction of the
helical pitch in cholesteric and chiral &h phases doped with bent-core molecules. Finally, the possibility of
spontaneous deracemization in bent-core smectic phases is discussed in detail.
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[. INTRODUCTION tional stated12]. In these cases the molecules can be con-
o . . _ sidered as achiral only on average. It has been proposed that
Ch|ra_I|ty_|s a subject Qf great interest to _Ilqmd crystal the presence of a macroscopically chiral structure may in-

(LC.:) smennsts[l]: In add|t_|on to the conventional choles- duce a nonzero average enantiomeric ex¢esticed chiral-
teric phase,. a variety of chiral phases such as the blue phasl.%;) which can change the properties of the system. More-
(BP’s) [2,3] including the smectic BP’s4—6], chiral smectic der f bl diti ti .
hases such as Sh [7] and Sne, [8], and the twist grain over, under favorable conditions an enantiomeric excess may
E darv(TGB) 191 ph h A t.’ v b ih p.appear spontaneously, in a self-consistent y&ppontaneous
oundary( ) [9] phases have continuously been the su ‘deracemizatiop) and as a result chiral domains are likely to

ject of significant interest. The discovery and study of thesebe formed. It has also been found experimentally that doping
phases has led to new breakthroughs in science and fr%hiral host LC’s. such as cholesteric. 8m and SncC
L] 1 ? A

quently_to new_appllicatiqns.in t_echnological devices. Furtherphases with bent-core molecules enhances the chirality of the
Interesting topics in chirality in LC's have been brought ystems, which is another example of induced chirality
about by the discovery of bent-core liquid crystals compose 13,14, In this paper we summarize some of the recently

of achiral bow-shaped moleculg$0]. In these phases there discovered chiral properties of bent-core smectic phases and

SX'St.S a dSpomegmiﬁ pollar orderkpf Sh]?[)t mtolecular ?Xesl d%’resent results of atomistic computer simulations which in-
ermineéd mainly by the close packing ot beént-coré MOleCU'ey;.»6 the existence of strongly chiral conformational states.

In a smectic layef10]. If the long molecular axes are tilted We then develop a semiphenomenological theory to explain
with respect to the smectic layer normal, the resulting struc-

) L chiral induction effects and other unusual phenomena ob-
ture may be macroscopically chiral if the spontaneous pOIaréerved in bent-core LC’s
ization is normal to the tilt plane, as in tH&2 bent-core ’

phase 11].

In addition to the polar order and the macroscopically Il. EXPERIMENTAL OBSERVATIONS
chiral structure of theB2 phase, a variety of interesting
chirality-related phenomena have been discovered and hayg,
become increasingly important. Some of these are quite u
usual. For instance, there are experimental indications th
achiral bent-core molecules may exist in chiral conforma

At least seven phase81-B7, have been identified in
nt-core LC's[15]. The phase most extensively studied is
The B2 phase, where bent-core molecules tilt from the smec-
e layer normal. According to the interlayer correlation of
“clinicity and polarity,B2 phase structures are classified into
four types: Srﬁ:S,AP;’F [11], where the subscript S or A
specifies synclinic or anticlinic and F or A specifies ferro-
*FAX: +44-141-552-8657. electric or antiferroelectric order. Chirality of bent-core LC’s
Electronic address: osipov@maths.strath.ac.uk was pointed out to appear in tf82 phase, where the tilt of
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FIG. 1. (Color online Microphotographs of P-8-O-PIMBtop)
in the B2 phase in the presence and absence of an electric field.
Several domains with opposite chirality can be recognized as
indicated.

the bent-core molecules breaks the symmetry of the system
and induces Iayer chiralityl1]. Here molecules are not nec-
essarily chiral in their conformations. Thus 8pP, and
SMCgP;- have structures with uniform chiralitthomochiral
layer structurh whereas SiBsP, and SnC,Py have struc-
tures with alternating layer chiralityracemic layer struc-
ture). In unperturbed cells, SByP,, with a racemic struc-
ture, usually emerges as the most stable state iB2hghase Apart from chirality due to the tilt of bent-shaped mol-
because of interlayer steric interactidd$]. The application ecules, spontaneous chiral segregation occurs, even in the
of a rectangular field sometimes helps to nucleate thewontilted B4 phase, as shown in Fig. 2. Different chirality
SMC,P, structure[17,18. One of the striking features of can be recognized by decrossing an analyzer to a polarizer.
this state is the occurrence of two homochiral layérg18|. Similar observations have been made in many phases in
The coexistence of two homochiral laydm domaingis a  bent-core mesogerjd9-22. Under crossed polarizers, two
consequence of spontaneous chiral segregation. We can othiral domains cannot be distinguished. By decrossing the
serve both homochiral domains, that exhibit electro-optigpolarizers, however, two chiral domains exhibit either a dark
switching in opposite ways. Figure 1 shows microphoto-or bright view and the brightness of the views interchanges
graphs of theB2 phase of one of the conventional bent-coreby decrossing the analyzer to the opposite direction. In the
LC's, 1,4—phenylene Hig-(4-8-alkoxyphenyliminomethyl B4 phase, chirality originates from chiral molecular confor-
benzoat§ P-8-O-PIMB (see top. In the absence of an elec- mations, since no layer chirality exigi23]. Actually, NMR

tric field, the extinction direction is parallel to the layer nor- measurements indicate asymmetrically twisted conforma-
mal. The rotation of the extinction brushes to the right andtions of bent-core molecules in ti82l phasd12,24]. Several

left is observed in two different circular domains, with posi- experimental observations, such as NIMR,24] and Fourier

tive and negative chiralities, respectively. transform infraredFTIR) [25], also suggest chiral conforma-

FIG. 2. (Color onling Microphotographs of P-8-O-PIMB in the
B4 phase. Two chiral domains can be recognized as bright and dark
views by decrossing an analyzer clockwise and counterclockwise.
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nantly selected and effectively behave as chiral dopants, re-
sulting in the shortening of the pitch. The same behavior was
observed in SIB* and SnC, phaseq14]. The addition of
bent-core molecules destabilizes Stand stabilizes SiG,

due to the packing of bent-core molecul&2l], and at the
same time shortens the helical pitch in these phelsgsThe
pitch change is also proportional to the fraction of achiral
dopant, as shown in Fig.(18). A theoretical explanation was
successfully made by considering the attractive van der
Waals forces between mesogenic branches of bent-core mol-
ecules and rodlike molecules in nearest neighboring layers
forming SmC* or SmC,, phases. We should note a distinct
difference in the power of chirality enhancement(dn), in
cholesteric and tilted chiral smectic phases. Namelfp)/

is one order of magnitude larger in &h phases than in

4 cholesteric phasesee Fig. 3.

Ill. SIMULATIONS OF BENT-CORE MOLECULES

There has been considerable interest in techniques to cal-
I 5 3 7 culate helical twisting poweréHTP’s) for chiral molecules
(b) fraction of dopant (%) [35—47. In a recent papel35], an atomistic Monte Carlo
simulation approach, coupled with calculations of the chiral-
FIG. 3. Twisting power(inverse helical pitchas a function of ity order parametef36—3§, was used to study a range of
fraction of bent-core molecules. Chiral hosts g a cholesteric  flexible chiral molecules. The results of these studies dem-
liquid crystal and(b) a SnC* liquid crystal. onstrated good agreement with experimentally observed
HTP’s and were able to explain a temperature dependent
tions are adopted, even in tB2 phase. The fact that chiral- helical twist inversion in a cholesteric liquid crystalline ma-
ity is preserved during the transition between B®2andB4  terial. The approach was also applied to three achiral bent-
phaseg26] supports the existence of conformational chiral-core molecules in the gas phase. In this section we analyze
ity in the B2 phase. In addition to chiral properties observedresults from Monte Carlo simulations of the 2,7-naphthalene
in linear optics such as circular dichroism and optical rota-bis[(4-12-alkoxyphenyliminomethyl benzoat¢ (N-12-O-
tory power[26], chiral nonlinear optic effects have also beenPIMB) bent-core molecule and identify chiral conformations
observed. ElectrogyratioEG) effects [27], i.e., electric- With extremely high helical twisting powers. When chiral
field induced rotatory power, and second-harmonic generaholecules are added to an achiral nematic LC phase a chiral
tion circular differencéSHGCD) [28] have been observed in nematic phase results. The HTP of a chiral dopant is defined
the B4 phase. Recently, the signs of chirality related nonlin-as By =1/(pnr) wherep is the pitch of the chiral nematie,
ear optic coefficients were confirmed to be opposite in twds the weight concentration of chiral dopant, ands the
chiral domaing28]. Thus many experimental results unam- enantiomeric purity.
biguously indicate deracemization both in tilted and nontilted Here we employ the chirality order parameter approach of
bent-core LC phases. Another striking observation is théNordio, Ferrarini, and co-workers to calculate HTP’s of in-
emergence of helical filaments in tB& phase when it forms dividual conformations. A detailed description of the ap-
from the isotropic phas§29-33. Filaments with left and proach is provided elsewhef86—38, and for the purposes
right handedness exist, suggesting deracemization. of this work it is sufficient to note that it has been shown to
Another unexpected effect is an enhanced twisting poweprovide good predictions of the sign and magnitude of HTP’s
in chiral systems doped with achiral bent-core moleculesfor relatively rigid chiral molecule§n comparison to experi-
When a cholesteric LC is doped with bent-core moleculesmental daty and has recently been extended to the study of
the helical pitch becomes shortgt3]. Figure 3a) repro- flexible molecules by some of the authdB5]. In this ap-
duces reported data using 1,4-phenylene[4ki4-12— proach the chirality order parametethas the same sign and
alkoxyphenyliminomethyl benzoat¢ (P-12-O-PIMB as a is proportional to the HTP of a chiral molecule. For flexible
dopant, showing that the twisting power, i.e., inverse helicamolecules, many conformations will contribute to the aver-
pitch, 1/p, increases in proportion to the molar fractiopnpof ~ age chirality order parameter. Consequently, a statistically
achiral dopanf13]. This is quite unusual, since the addition significant and independent number of conformations, gener-
of achiral molecules generally dilutes the chirality of a sys-ated from an internal coordinate Monte Carlo simulation, are
tem, as in the case of rodlike molecules. The effect wasieeded in order to predict an accurate HTP. Such an ap-
qualitatively interpreted as follows. Bent-core molecules areproach has been shown to provide excellent sampling of con-
achiral but can adopt chiral conformational structures. Wherfiormational spac¢48].
bent-core molecules are dissolved in a chiral environment, The bent-core molecule N-12-O-PIMB, that had previ-
chiral conformations of the bent-core molecules are predomieusly been found to behave as a chiral dopant when added to
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2000 1 — tiomers in a twisted nematic host solvgdD,41]. The free
energy is lower when an enantiomer which wants to induce a
helical twist in the same direction as the host is present. We
therefore expect conformations of bent-core molecules with
HTP’s of the same handedness as the host to have a slightly
lower free energy in a chiral LC phase. Consequently, we
might expect preferential selection of chiral conformations to
occur for the achiral bent-core molecules studied here.

We note that some changes in the conformational distri-
bution would be expected in a liquid crystal, in cases where
‘ ) certain conformations are able to align better with the direc-

0 1x10° x10° 3x10° 4x10° tor of the host phase. An extension of the work to take this
(@) Monte Carlo step no. effect into account, would be to simulate the chiral dopant in
the presence of a condensed phase, with the latter repre-
07— T T T T 1 1 sented by hard or soft nonspherical potentiads example,
spherocylinder$49] or Gay-Bernd50] particles. However,
this would be very computationally expensive at the current
mln time, as extremely long simulations would be required in
M order to obtain accurate conformational averaging. Compu-
tational techniques to speed up the conformational averaging
in these systems are currently being developed in our labo-
ratory to attempt to quantify this effect.

2000

1000

No. of conformations

IV. CHIRALITY INDUCTION IN THE B2 BENT-CORE
PHASE

R0 300 R0 300 0400 S0 150~ 1600 As discussed in the previous two sections, there are many
) © A% experimental gnd_ theoretical |nd|cat|0ns tha'F bent-core mol-
ecules may exist in strongly chiral conformational states. Let

FIG. 4. (@ Chirality order parametey plotted against the US assume that each bent-core molecule exists, for simplicity,
Monte Carlo step number in our simulatidb) Histogram showing N one of two states which are characterized by opposite

the distribution ofy for N-12-O-PIMB. chirality, i.e., they are enantiomers. In the isotropic phase the
probability to find a given molecule in one state is exactly

a cholesteric phagd 3], was simulated for 4 million Monte the same as in the other state, and thus the whole system is

Carlo attempted moves, with calculations of the chirality or-2chiral. However, in each layer of B2 phase, which pos-
der parametery, conducted at 200 step intervals, so thatSESses a chiral structure, the balance between the two enan-

20 000 conformations contributed to the overall avergge tOMeric conformations may be shifted, and as a result, on
for the molecule.y is plotted as a function of the Monte average, there may be a nonzero induced enantiomeric ex-

Carlo step number in Fig.(d). The approximately random C€SS in every smectic layer. Let us denote the average molar
and symmetrical distribution of chirality about 0 was ex- fractions of bent-core molecules in the left- and right-handed

pected, as was the overall average chirality order paramet&Pnformational states by, andxg, respectively. One notes
(x)=—2.0+11.5 B (achiral within statistical errgr How-  thatx +xg=1, and in an achiral phase one always kas
ever, the extremely large magnitude of the twisting power:XR' .

associated with some of the conformations that the bent-core HOWEVer, in theB2 phase the balance between the two

molecule adopted was very surprising. As a comparison tgonformational states may be shifted Iopally pe_cause the
experimental helical twisting powers, a molecule wg structure of the phase is at least locally chiia., within one

=100 um™t is considered to have a high twisting power. In domain or within one smectic layer in the “racemic” sjate
our previous study we found tha, is approximately equal Such partial induced deracemization, which corresponds to
to 2xy umLA3, so y=50A3 corresponds to By X_# Xg, Will be favorable if the free energy of such a chiral

~100 um™L. The vast majority of conformations sampled by state is lower than that of the racemic mixture of the two
the bent-core molecule hafy|>100 A3, many had |y| conf(_)rmatlons: Thg mduced enantiomeric excess can be de-
~500 A% and a few percent hdg|> 1000 A2. A histogram term|ned by minimization of the frge energy of tB2 phase,
showing the distribution of chirality order parameters for theWhICh depends on the molar fractiors andx:
conformations sampled by N-12-O-PIMB in our simulation
is shown in Fig. 4b). Figure 5 shows two different views of
the N-lZ-O-PIM%moIecule in highly £3hiral conformations .
with (a) x=1287 A°, and(b) y=-1187 A’. In these confor- ) 2, 2 _
mations the exceptionally high values appear to arise from TP 0GrRR * POCLRXXR + p(X4 = XRIPSO),
the molecule itself adopting a helical structure. 1)

In recent works a number of authors have investigated the
free energy difference between chiral dopants and their enanvhere p, is the average number density of bent-core mol-

1
AF(XL,XR) = kTpOXL In X+ kTpOXR In Xgpt+ EngLLXE
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(b)

FIG. 5. (Color onling Snapshots from our simulation of N-12-O-PIMB showing two viewgafa right-handed highly chiral confor-
mation with y=1287 A, and(b) a left-handed highly chiral conformation witp=-1187 A3,
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ecules,Pq is the spontaneous polarization of tB2 phase,

and® is the tilt angle. The first two terms in E€l) describe

the mixing entropy of the molecules existing in one of the layer
two conformational states. This entropy is maximal in the chirality
racemic mixture, and thus it does not favor deracemization.

The third, fourth, and fifth terms in Eq1) represent an

- = + +
interaction between molecules in different conformational CA D C B < DD
states. Here the coefficien® | and Ggrg describe the effec- Vg{ @
tive interaction energy between two left-handed and two [ ) \

right-handed molecules, respectively. The enantiomers are

absolutely equivalent and th& | =Grgr=G. The coefficient
G r characterizes an effective interaction energy between
two molecules of opposite handedness, and thus in the gen-
R L R L

eral case the chiral discrimination parametds=G, g—G
# 0. Finally, the last term in Eq(l) describes a coupling

between the local enantiomeric exceSg=x, —Xg, the spon- conformational .
taneous polarization, and the tisee, for example, Refs. chirality i Sxfi=b
[51,52). Here the coupling constani, is a pseudoscalar bY/™% R conformational chirality

coefficient which changes sign under space inversion, and

which is determined by the chiral properties of the confor- k|G, 6. Layer chirality(+ and—) and conformational chirality
mations. One notes thatxf # Xg, there exists a local excess (R and L). There are four combinations,(A,R), B(-,L), C(+,R),

of chiral molecules. These molecules play the role of a chirahnd D+,L) and also the ones with opposite polarization direction
dopant and induce some additional polarizatid® (E to H).

=2xupAX® where y is the transverse dielectric susceptibil-

ity. This polarization is expected to be much smaller than th‘%aking 1, 10 be of the same order @&, one estimates\x
spontaneous polarization of &2 phasePs, because it is 102 Thus one can expect deracemization on the order of
proportional to the enantiomeric exceds, which is ex- only a few percent.
pected to be very smalas we will see beloyv One notes e can conclude that the induced enantiomeric excess is
that the coefficientu, is related to the maximum possible rather small. However, even a small deracemization may af-
polarization obtained in the hypothetical tilted phase com+ect the behavior of th2 phase in an external electric field.
posed of the conformers of the same handedn®§3. |ndeed, let us first assume that there is no deracemization at
~ xup®. As discussed in Sec. Il, typical conformations of g1 |n this case the free energy of tB phase is invariant
bent-core molecules are strongly chiral, and thus the polafnder the sign reversal of the spontaneous polarization in
ization Pray (@and alsop, which is proportional toPna) IS each layer provided the orientation of the director in every
expected to be rather large. Importantly, in the presence of gyer remains the same. This means that the two states of the
nonzero enantiomeric excess there exists a linear coupling),stem' which differ only by the sign of the polarization in
between the _polarization and_the tilt which is the same as idach layer, possess the same free energy. At the same time, if
any conventional ferroelectric 3bi. The corresponding  induced deracemization occurs, the two states of the system
coupling constant is approximately proportional &x at  ng |onger possess the same free energy because there is a
smallAx. The theory of ferroelectricity in enantiomeric mix- |inear coupling term between the polarization, tilt angle, and
tures of SnC* phases is considered in detail in RES1]. enantiomeric excess in the free energy expression. Now, the
One may assume that the spontaneous polariz&j@md o states which do possess the same energy are character-
the tilt angle® in Eq. (1) do not depend on the enantiomeric jzeq py the opposite signs of both the polarization and the
excessAx in the first approximation because they are mainlyjngyced enantiomeric excess in each smectic layer. To make
determined by nonchiral intermolecular interactions. Now, itthe discussion clearer, let us define the conformational chiral-
can readily be seen from E({) that macroscopic chirality of ity in addition to the layer chirality, as shown in Fig. 6.
the phase, i.e., the chiral structure of the layer which is charcgnsider for simplicity a single smectic layer in tiB2
acterized by the spontaneous polarization perpendicular tghase. If the polarization of such a layer is reversed by an
the tilt plane, induces some nonzero differedoebetween  external electric field without any rotation of the director in
the molar fractions of bent-core molecules in the two conforype layer(for instance A to @, the free energy of the final

mational states. Minimizing the free energy in E#j) with  state is reduced if the enantiomeric excess changes sign. This

respect talx and assumingix<1 one obtains is natural because polarization reversal without any change
of the director orientation results in sign inversion of the
AX ~ 2u,Ps0 2) macroscopic chirality of the laydr- to + in this examplg
kTpO—AGpSIZ' determined by the relative orientation of the polarization,

director, and layer normal. In this case the induced confor-
where AG=G, -G is the chiral discrimination coefficient. mational chirality in the system of flexible bent-core mol-
The strength of the induced deracemization can be estimatextules should also change sigb to H in this example By
from Eq. (2). For ®=30°, assuming?s~400 nC/cnd and  contrast, if the polarization reversal is accompanied by the
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rotation of the director around the coffer instance A to E, N =No— Xphg + (X = Xp)\p, (5)

the macroscopic chirality of the layer remains the same as . . .

does the induced enanatiomeric excess. It is known fronf'h€réo is the value of in the pure cholesteric phase and
experiment that the actual dynamical behavior of B2 XL andxg are the average molz:;\r fractions of Igft— and right-
phase in an external electric field is rather complex and del@nded bent-core conformers in the cholesteric solvent. One
pends on the magnitude of the field. Thus in a general thed20t€s thal_+Xg=x, wherex, is the total molar fraction of -
retical description of the switching dynamics one may als ent-core molecules. Thus the molar fraction of cholesteric

take into consideration the relaxation of the induced enantio?©St molecules is;,=1-x,. The second term in Eq5) de-
meric excess. scribes the dilution effect which leads to a decrease of the

One notes that the induced enantiomeric excessnay pseudoscalar coefficient with increasing total molar frac-
be much larger if the chiral discrimination coefficien@ is 10N of bent-core molecules. The third term in K@) leads
close to XTp," in Eq. (2), i.e., if the denominator in Eq2) to an increase il due to a nonzero average enantiomeric

becomes small. However, this requires very high values ofXC€SS of bent-core conformationsx=x_—xg, induced by

AG which must be of the order &T (per moleculg which N interaction with chiral host molecules. This term is sup-
seems to be too high for most systems. In this semibosed to be predominant over the second one in the case of
phenomenological description the chiral discrimination coef-Strongly chiral conformations of bent-core molecules. The

ficient AG is considered as a parameter. In principle it can bdnduced enantiomeric excess can be determined by minimi.-
estimated using atomistic simulations similar to those preZation of the free energy, similar to that considered in Sec. I:

sented in Sec. lll, or from a detailed molecular model. Ex- 1, )
isting theoretical models indicate tha&G is strongly in- AF (X1, Xg) =KTpgx In X+ KTppXg In XR+§POG|_LX|_
creased in the conditions of a confined geomg#dy, i.e., if

the interacting chiral molecules are confined to a smectic 1
: + = pAGRR%& * PEGLRX XR + PaX XcnU
layer, as in a Si@* or B2 phase. 5POCRRR T POPLRXLXR F PoXi Xen YLK
V. INFLUENCE OF BENT-CORE MOLECULES + poXeXcnURm, (6)

ON THE CHOLESTERIC PITCH . . .
where the last two terms describe the interaction between

Let us consider a cholesteric phase doped with bent-corehiral bent-core conformers with chiral host molecules.
molecules. In such a system bent-core molecules interact We first assume that the total molar fraction of bent-core
with chiral host molecules, and generally the interaction enmoleculesyx,, is small. Then, in the first approximation, one
ergy U_y between a left-handed bent-core conformation andnay neglect all terms in the free energy in E6). which are
the chiral host molecule is different from the interaction en-quadratic inx, and xgz keeping only the linear terms. This
ergy Ury between a right-handed conformation and the sameneans that at small concentrations of bent-core dopant mol-
host molecules. Thus in this case the solute-solvent intera@cules one may neglect a direct interaction between dopants
tion is also characterized by a chiral discrimination param-f the average distance between them is sufficiently large. In
eterAUyp=U, y—Ugy# 0. The corresponding chiral interac- this case the free energy can be rewritten in a simplified
tion may also induce an enantiomeric excess in the system é6rm:
bent-core molecules. As a result, the effective concentration
of chiral molecules in the whole system will increase, and
this will cause a reduction of the helical pitch in the choles- + paxgUrp- (7)
teric phase. On the other hand, one has to take into account
the ordinary dilution effectbecause not all bent-core mol- Minimization of the free energy in Eq7) yields the follow-
ecules become chifawhich in itself leads to an increase of iNg expression for the induced enantiomeric excess of bent-
the pitch. Let us now consider these effects using the sam@ore conformations:

AF(x,%g) = KTpox, I X +KTpoXe In Xg + pix Uy

simple theory as in the previous section. oAU
The distortion free energy of the cholesteric phase is ex- AX =Xy tanl‘( 0 ) (8)
pressed as 2kT

1 For simplicity we use the shorthand notatiab =AUy in
Fq=\(ncurln) + =K,,(ncurin)?, (3)  Eg.(8) and thereafter.
2 Substitution of Eq.(8) into Egs.(4) and (5) yields the
where the coefficien is determined by molecular chirality. final expression for the inverse pitch:

In the first approximation it is proportional to the number of poAU
chiral molecules. Minimization of the distortion energy Ao+ Xp )\btanr( ZkT)—)\d

yields the well known expression for the cholesteric pipch T _ (9)
PN p K22
= Koo (4) Equation(9) describes a decrease of pitch with increasing
b 22 molar fraction of bent-core molecules,x,, if

In a cholesteric phase doped with bent-core molecules thi, tanHp,AU/2KT) > \g. In this case the inverse pitch grows

chiral constani can be expressed as linearly with an increasing concentration of bent-core mol-
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ecules which corresponds to the experimgsee Fig. 8a) also depends on the enantiomeric exc&gsThis distortion
and Ref[13]]. One notes that the pitch decreases only if theenergy, however, is much smaller than other terms contrib-
constant\,, which is proportional to the helical twisting uting to the free energy in E¢6) which are not proportional
power of chiral bent-core conformers in the cholesteric hostio the gradients of the director. This means that chiral induc-
is sufficiently large compared with the constaqt which  tion caused by the existence of the macroscopic helical struc-
characterizes the strength of the dilution effect. ture should be very weak. In qualitative terms this means that
One notes that in this description we have neglected thgent-core molecules embedded in the cholesteric solvent
dependence of the twist elastic constéi on the dopant  hracically do not “feel” the existence of the macroscopic

concentrationx,. In general one may assume that the influ-pqjica) structure because the period of this structure is much
ence of a dopar(chiral or achiral on the elastic constants of larger than their dimensions.

the nematic solvent is rather weak for small dopant concen-
trations. Recently, however, a significant decrease of the

bend elastic constar;; has been observed in a nematic VI. INFLUENCE OF BENT-CORE MOLECULES
material doped with bent-core moleculés3]. Presently, no ON THE PITCH OF THE FERROELECTRIC
information about the twist elastic constant of such a mixture SMECTIC-C* PHASE

is available. One notes that theoretical estimates presented in

Ref. [53] indicate that the twist elastic constant may also be The reduction of the pitch in a SBf phase doped with
reduced in this case, but the corresponding change is edbent-core molecules can be explained qualitatively in the
pected to very small, i.e., of the order of a few percent. Suclsame way as in the cholesteric phase. The balance between
a small reduction in the twist elastic constant will contributeleft- and right-handed conformations of bent-core molecules
to the decrease of the cholesteric pitch but, on its own, camay be shifted due to an interaction with the chiral host
hardly be responsible for the observed effect. On the othemolecules of the S@* phase, and the resulting enantiomeric
hand, it has been shown experimentally by Naltal.[54]  excess of bent-core conformations will cause a decrease in
that a relatively small concentration of bent-core moleculeshe helical pitch. This effect must overcome the dilution ef-
may even induce the blue phase. This effect has been intefect to explain the experimental results. At the same time
preted in terms of chirality enhancement and possiblehere are some differences caused by the different structure
changes of the elastic constants due to the presence of bewnf-the SnC* phase compared to that of the cholesteric phase.
core molecules. Thus the influence of bent-core dopants on The general expression for the pitch in the Gnis more

the elastic constants of the nematic phase deserve furtheomplex than the corresponding expression in the cholesteric
investigation. Theoretical estimates presented in R&3) phase[52]:

are based on a simple model of the interaction potentials

between a bent-core dopant and rodlike host molecules, in- 27 _ N+ X s (10)
corporated into the mean-field free energy, which is then ex- p KZZ—XL,ufZ

panded in powers of the gradients of the director. Such an . . I .
approach may give a reasonable first estimate of the effec\f‘.’here)‘ IS a pseydoscalar quantity .Wh'Ch IS det(_armlned by
At the same time, there exist at least two additional ef“fecté“Olecmar chirality, .and, the .coeff|C|ernp determines the
which may further contribute to the reduction of the bendfpontan_eous polarization in the unwound phast,
and splay elastic constants in the presence of a bent-cofeXLp sin(26). X1 1S the transverse SUS.C?pt'b'“ty of the
dopant. First, it is well known that the elastic constants ar phase andl is the flexoelectric coefficient. One notes

renormalized by the flexoelectric effect. This renormalizationthat Eq.(10) is a general result_o_f the phe_nomenological
andau—de Gennes theory, and it is determined only by the

leads to a decrease of the bend and splay constants prop f the SB* oh . bl h
tional to the square of the corresponding flexoelectric coefSYMmetry of the phase. It is reasonble to assume that
he symmetry of the phase is not affected by the dopant.

. . . . t
ficient. Normally this effect is considered to be rather small. S
However, typical bent-core molecules possess very larg&nen qu'(lol) should gllso bef Vﬁ“.d mtthel lprest_ence of{hbent-
transverse steric dipoles, and therefore they should strong rel m(l) eCllj es rr]ggarr] essmsj:) t e'; ac u: OC? |o|n on t? lmo-
contribute to the flexoelectric coeffcient of the mixture. As a'ccular level within the structure. A particular spatia

result, the corresponding reduction of the elastic constantg's'[][]'(_bl_‘t'on 9f bhent-core rlnolecule§ may only influence the
may be abnormaly large. It should be noted, however, that?efficients in the general expression, EEp). .
In Eqg. (10 the constants\ and u, are determined by

the flexoelectric effect does not influence the twist elastic lecular chirall d theref h hould be affected b
constant because the flexopolarization contains only benfo'ecular chirality, and therefore they should be affected by

and splay terms. The second effect is also related to the sp@rl induced gnantiomeric excess .Of bent-core conformations.
cific bent shape of the dopant molecules. Such dopants mal'€S€ coefficients can be written in the same general form as
induce “bend correlations” into the solvent, determined by ar EQ- (5),
interaction of two rodlike host molecules with the bent-core A =X = Xohg + (X_ = Xg)\p (12)
dopant. The latter effect can be taken into account only in the
context of a molecular theory which goes beyond the meanand
field approximation.

It sr?guld be noted that in principle one should also con- Hp = Hpo = Xpftat + (XL = XR) epi, (12
sider the energy of twist deformatiok(n curln), in the total where we have used the same notations as in the previous
free energy of the doped cholesteric phase because this tegaction. The coefficientdy and ny in Egs. (11) and (12
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describe the dilution effect while the third term represents anay also depend on the molar fraction of bent-core mol-
contribution from the induced enantiomeric excess in theecules. Bent-core molecules possess a strongly polar shape
system of flexible bent-core molecules. The enantiomeric exwhich may make a significant contribution to flexoelectricity.
cessAx can be determined by minimization of the free en-This contribution may also be strongly affected by the loca-
ergy of the same type as in the previous section. The onlyion of bent-core molecules between the layers. The corre-
important difference is determined by the fact that theC3m sponding mechanism of the pitch reduction in the@m
phase possesses a local chiral structure determined by tiphase related to an increase of the flexoelectric coeffigient
mutual orientation of the director, layer normal, and thein Eqg.(10) has recently been proposed by Gorekal.[14].
spontaneous polarization. As a result, the bent-core mol- As mentioned in Sec. |, the reduction of the pitch in the
ecules are embedded in a chiral environment similar to th&mC* phase is much larger than that in the cholesteric phase.
B2 phase, which may also induce some enantiomeric excesk the context of the present theoretical approach this differ-
Thus there are two different effects which induce a shift inence may be attributed to two different factors. First, as dis-
the balance between left- and right-handed bent-core confocussed above, the nonzero enantiomeric excess in ti@& Sm
mations: an interaction between bent-core molecules and chphase may be induced by two different effects: an interaction
ral host molecules, and the coupling between the enantidsetween bent-core and chiral host molecules and the cou-
meric excess, tilt, spontaneous polarization similar to the oneling between the enantiomeric excess, tilt, and the sponta-
described in Sec. I. The latter effect is absent in the cholesaeous polarization. The latter effect is absent in the choles-
teric phase. teric phase. As a result, there exists an additional term in the
The part of the free energy in the &h phase which exponential function in Eqg14) and(15) which leads to an
depends on the enantiomeric excésscan be written in a additional decrease of the pitch in the Ghphase. Second,
form similar to Eq.(5), also taking into account a coupling the chiral discrimination parametefU is expected to be
between enantiomeric exceAg, tilt angle ®, and the polar- larger in the Sr&* phase compared with the cholesteric one.
ization Pg discussed in Sec. I As discussed in more detail in Rg¢b1], this is related to a
confined geometry of a smectic layer. Generally, the differ-
ence between the averaged interaction energies for the pairs
+ poXRUrH + upAXPO. (13)  of molecules of equal and opposite handedness is enhanced
L i , if the molecules are confined to a thin layer. In contrast, the
Minimization of the free energy in Eq13) yields the fol-  gnergy discrimination is partially averaged out in the choles-

AF(XL,XR) = kTpoXL In X+ kTpOXR In Xgt P(Z)XLULH

lowing equation forAx which is similar to Eq/(9): teric phase due to the translational disorder. One notes that,
poAU + PO according to Eq(15), the pitch is very sensitive to both the
Ax=x tan T : (14 value of the discrimination parametat) and the spontane-

ous polarizatiorP.
Substituting Eq.(14) into Egs.(11) and (12) and then into
Eq. (10) one obtains the final expression for the helical pitch

of the SnC* phase as a function of the molar fractiag of VII. DISCUSSION

bent-core molecules: It has been shown in this paper that there exists a large
27 Xo . X poAU + 1 PO\~  ~ body of_ experlmentql and fheoretlcal data which !nd!cate_s:
— =+ | tanH /"= |\, — N\q|, (15 that typical mesogenic bent-core molecules may exist in chi
P Ky Ky 2KT ral conformational states. This means that bent-core mol-

ecules are achiral only on average, and thus the chirality of
predominant conformational states may manifest itself
strongly under appropriate conditions. In particular, the bal-
ance between left- and right-handed conformations may be
~ shifted in any chiral liquid crystal phase. In tB2 bent-core
o= Np+ X1 Mppits, 17 smectic phase the existence of a macroscopically chiral
~ structure determines the chiral induction effect which results
Ng= N+ X1 Mkt (18)  in a nonzero average enantiomeric excess of the order of a
few percent according to the estimates presented in Sec. IV.
Thus theB2 phase also becomes chiral on the molecular
Rzzz Koo — XLM?' (19) I_evel._ This effect explains the un_usual switching of polariza-
] ] ) tion in weak electric fields which seems to preserve the
As in the cholesteric phase, the pitch of the @nphase  chjrality of each smectic layer. In conventional cholesteric
decreases with an increase in concentration of bent-core molnq spc* phases doped with bent-core molecules one finds
ecules if a different chiral induction effect which is determined by

where

No=Not X1 Mokt (16)

and

poAU + PO\~  ~ direct interactions between chiral conformations of bent-core
Po=~ " PpTs™ :
tan KT Ap > No. (20) molecules and chiral molecules of the host phase. As a result,

an average enantiomeric excess is again induced in the sys-
Finally it should be noted that in the general EtQ) for ~ tem of bent-core dopant molecules, and the effective concen-
the pitch of the Srf8* phase, the flexoelectric coefficiept;  tration of chiral molecules in the whole system is increased.
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This leads to a decrease of the helical pitch which has been0, which corresponds to the racemic mixture of the two
observed experimentally in both phases. By contrast, dopingonformations. Expanding the free energy in E81) in
the same host phase with achiral rigid molecules results in apowers ofAx one obtains
increase of the pitch13].

At the same time a number of recently discovered chiral
properties of bent-core smectic phases cannot be explained 1 poAG )
by chiral induction. In particular, the existence of two chiral F~SpokT{1-7 — (AX)"+ == (23
domains in the untilte@®4 smectic phase cannot be related to
any macroscopic chiral structure. Indeed, x-ray data ob-
tained, for example, in Ref23] strongly indicate that the
T e nd nereore (he sabity  y G 24T, n ths ermperatre domain E(g2
chiral smectic layer. In the context of the present model this s two additional symmetric so_lutlons_A_xand X W.hICh
effect can only be éxplained assuming that spontaneous dcprrespond to a chlr_al phase with positive or negative spon-

N . faneous enantiomeric excess. At a temperalyrepAG/ 2

racemization occurs in thB4 phase. Spontaneous deracem-

A - .~ the system undergoes a second order phase transition into a
ization, i.e., a spontaneous transition from the racemic mix-

ture of two (or more chiral conformers into a chiral phase spontaneously chiral phase. One notes that this is a symme-
P y breaking phase transition, and therefore the two states

\(l:v;tllh atl)n()znésg?/ifcnhamfg?ﬂ;ne);%es(;:;a; (z)ets)ﬁ?btidﬂtgegges%th positive and negative spontaneous enantiomeric excess,
y by y 9 ' Xg, are fully equivalent. It should be noted that deracemiza-

of our knowledge, it has never been observed in any bulk. ™. S ; ,
liquid. On the other hand, induced deracemization, for exl-flon in the B, phase may, in principle, also be explained in a

amole by crvstallization. is a common phenomenon. It i different way. The results of wide angle x-ray measurements
inteeestirzl toynote thata’s ontaneous en:ntiomeric reéoluti 23] demonstrate the existence of two-dimensional order in
9 P e B4 phase which indicates that tBd phase may be simi-

has recently been observed by Takanghal. in the smectic lar to a highly ordered smectic such as BrThus the dera-

ghgitear?::oatjsradce?rr;]?;[?n?]z.a:i—g:ls Teac%c?: dabn ez)ézallorlgr\)/lii hOf Afheargemization may in principle be induced by the onset of such
P P =ad by - APPAL 4y 0-dimensional order. In this case it will not be spontane-
ently the layered structure of smectic phases promotes thﬁm

It follows from Eq. (23) that the trivial solution loses its

o ) . gus, and would be similar to the deracemization that some-
deracemization. As discussed above, the strongly confine

) . ur n crystallizatigalthough it is not expect
geometry of the smectic layer may lead to an increase of th?0 k?g ggcprjnltj)zﬂcedys a dalthoug S not expected

chiral discrimination parameterU. Finally, one notes that the chirality induction effects in

The spontaneous dergcem|zat|on in B phase can be .bent-core smectic phases strongly depend upon two major
qualitatively described using the same free energy as consid-

; . d arameters: the coefficiept,, which describes the coupling
;e)Iri?l(é] Ivr\]/itﬁetﬁ.elzill’t'bu'[ without the term that describes a COUbetween polarization and tilt for chiral bent-core conforma-

tions, and the chiral discrimination paramet&t, which
1 characterizes the difference in average interaction between
AF(x1,XR) = KTpoX, In X + KTpoXg IN Xg + EngLLXE chiral conformations of equal and opposite handedness. Both
parameters can, in principle, be estimated from computer
R P S Y 21) simulations and,_ toa ce_rtain extent, from molecular models.
oPo RRGR T POSLRXLXR: The corresponding studies are currently under way.

where the molar fractions of left- and right-handed conform-
ersx, andxg depend on the enantiomeric excess x, =(1
+AX)/2 ,Xg=(1-Ax)/2. Minimization of the free energy in
Eq. (21) yields the following self-consistent equation for the
enantiomeric excess:
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