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Molecular theory of ferroelectric ordering in enantiomeric mixtures of smectic-C* liquid crystals
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A molecular theory of ferroelectric ordering in smec@¢- liquid crystals composed of left and right
enantiomers is developed taking into account the effects of chiral discrimination. The recently observed
nonlinear dependence of the spontaneous polarization on the enantiomeric excess is explained in the frame-
work of a molecular model that takes into consideration the strong electrostatic interaction between effective
atomic charges in the chiral centers of the two enantiomers. This nonlinear dependence is determined by a
difference of interaction energies between the pairs of chiral molecules with equal and opposite handedness,
respectively. A relation between the molecular structure of different ferroelectric sm€étiand the depen-
dence of the polarization on the enantiomeric excess is discussed in (&t863-651X99)10312-X]

PACS numbds): 61.30—v, 77.80—¢

[. INTRODUCTION example[6]). Recently, however, strongly nonlinear depen-
dence of the spontaneous polarization on the enantiomeric
Ferroelectricity in smecti€* liquid crystals is observed excess has been observed in mixtures of right- and left-
only if the material is chiral. In the case of mixed smecticshanded molecules with a sulfinate group as a unique chiral
C*, however, only a part of the components need to besource 7]. These new chiral mesogenic molecules have been
chiral. For example, a popular way to obtain new ferroelecshown to exhibit rather large values of the spontaneous po-
tric liquid crystals is to induce ferroelectricity using a small larization[8]. The schematic structure of this chiral molecule
amount of chiral dopant added to a nonchiral smeCticest  is presented in Fig. 1 and the experimentally observed non-
phasd 1,2]. Another interesting type of ferroelectric smectics linear dependence of the reduced polarizattyi® on the
C corresponds to enantiomeric mixtures composed of leftenantiomeric excesAx is presented in Fig. 2 for three dif-
and right-handed chiral molecules. In enantiomeric mixturegerent temperatures. One can readily see that the molecule in
the number density of left molecules is generally different o
from the number density of right moleculpg and thus the Hoo o~©—/<
chirality of the mixture is characterized by the enantiomeric e OS//O
excessAx=(pr—pL)/ po, Where po=p_ —pgr is the total o—C.H
number density. e
The importance of enantiomeric mixtures is related to the
unique possibility to vary the chirality of the phase continu-
ously by changing the value of the enantiomeric excess. The OOO
spontaneous polarization and other ferroelectric properties of o
the smecticS* phase strongly depend on the enantiomeric = Jd o
excess while the nonchiral parameters of the phase are only
weakly affected by the nonzerdax. For example, the =N
smectic€C—smecticA transition temperature does depend on chr©—<\: r\{>_°>_(—<
the enantiomeric exce$8—5| but the maximum shift of the d g
transition temperaturdAT 5 is typically within 5% of T¢.
Thus enantiomeric mixtures provide a possibility to change
ferroelectric properties of the smect* phase practically H1500>/_(—<
without affecting othefnonchira) parameters of the liquid-
crystal material. © c
Experimental data indicate that usually the spontaneous
polarization of an enantiomeric mixture is a linear function ®)
of enantiomeric excesg3-5]. This behavior has been ob- G, 1. Structure of chiral mesogenic molecules used in the
served in several ferroelectric smectiCs with moderate  stydy of the ferroelectric properties of enantiomeric mixtigss7];
and large spontaneous polarization. The linear dependence @ smectic liquid crystal material with the sulphinate group as a
the polarization oM x seems to be reasonable and is con-unique chiral source which yields a nonlinear dependence of polar-
firmed by an elementary lattice thedly]. Moreover, some ization on the enantiomeric exces®) other chiral liquid crystal
authors claim that this linear dependence is a general featureaterials which yield a linear dependence of polarization on the
that follows from some general physical argume(sese, for  enantiomeric excess.
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determined by some pairwise interactions between chiral and
polar molecules. Then, in the first approximatig, can be
written as a quadratic form of the molar fractiong
=p./po, Xg=pr/po Of the two enantiomers:

154 AT=12.5°C
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4r>on
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Mp= LKL+ 2 RXRXRT URRXR T L XL T uRXR,  (2)

where the coefficientg,z, a,8=L,R are determined by
an interaction between the molecules of the componants
and B8 and the coefficientg., describe an interaction with
the rest of the medidi.e., the interaction that does not dis-
tinguish between left and right enantioméis]).
00 02 04 06 08 10 Using the relationship_+xg=1, the linear terms in Eq.
(2) can be rewritten as u X+ urXp= (u +ug)/2
+AuAX, whereAx=x, —Xg is the enantiomeric excess and
FIG. 2. Dependence of the reduced spontaneous polarizatioA u= (u, — ug)/2. Now it is possible to establish some re-
Po=Ps/® on the enantiomeric excess for the new liquid crystallations between the coefficients of E&) using the symme-
material with the sulphinate group presented in Fi¢p).1Solid try properties of enantiomeric mixtures.
curves represent the results of the present thgseg Eq(15)] for First, let us consider one-component smec@ds com-
B=0.74 andA=0.38 and 0.4. posed of pure left-handed or right-handed enantiomers, re-
spectively. These two systems are completely equivalent in
Fig. 1(a) possesses a chiral center that differs significantlytheir properties and can be transformed into each other by a
from the structure of chiral centers in molecules studied bespace inversion. The spontaneous polarization in these two
fore [3-5] [see Fig. 1b)]. This difference, related to the systems must have the same absolute value and possess op-
properties of the sulfinate group, is expected to be resporposite signs,
sible for the anomalous behavior of the new matdiiql We
note that recently a noninear dependence of the spontaneous P(x,=1)=—Py(xg=1).
polarization on the enantiomeric excess has also been ob-
served in ferroelectric liquid-crystal mixtures & enanti-  From Egs.(1) and (2) we conclude thap,(x. =1, xg=0)
omer and its corresponding racemate, based on the Ieucine—,up(xL:O, xgr=1) and therefore
chiral group[9]. In our case, however, the nonlinear depen-
dence is much more pronounced. MLt ML=~ URR™ MR-
The purpose of this paper is to show that the possibility of
a nonlinear dependence of the spontaneous polarization aow let us consider the racemic mixture of the same com-
the enantiomeric excess follows from the general statisticabounds. In this mixture the polarization must vanish, i.e.,
theory of ferroelectric ordering in mixed smecti€s. An- P (x, =xg=1/2)=0, and thusu,=0 for x, =xg. It follows
other purpose is to understand why in some cases the olhen that
served dependence is practically linear. The answer to this
question is obviously related to the specific properties of the st urrt 20 Rt 2(pL+ur)=0.
new chiral center with a sulfinat@r some other specific
group. However, before discussing this point in more detailUsing these relationships and the conditiqn+ xg=1, Eq.
we consider the general qualitative arguments that are use@) can be rewritten as
to prove the universality of the linear dependence of the po-
larization on the enantiomeric excess. 1
According to the phenomenological theory of ferroelectric pp=(prLt ) AX+ Z(NLJFMR—ZMLR)(AX)Z- ()
liquid crystals [10], the spontaneous polarization in the

P/© (nC cm? deg™)

smecticC* phase is given by One notes that the spontaneous polarization of the enantio-
_ meric mixture must be an odd function of the enantiomeric
Ps= X1 1psSin 20, (1) excessbecause the states withx=A, and Ax=—A, can

be considered as mirror image3hen the coefficient in the

where 0 is the tilt angle, the pseudoscalar parametgris  second term in Eq(3) must vanish, i.e., 2 g=pu + ug.
sensitive to molecular chirality, ang, is the transverse di- Finally one ontaingu, | = — urg, #L=— g, andu g=0.
electric susceptibility of the smecti€* phase. Thus we arrive at the conclusion that the reduced sponta-

In the general case all coefficients in H@) depend on neous polarizatior?, should simply be proportional to the
the enantiomeric exess. However, the experimental data coenantiomeric exesAx:
respond to the concentration dependence of the reduced po-
larization Po=P¢/® and therefore there is no need to con- Po= x moAX, (4)
sider the concentration dependence of the tilt arfgtdeast
at small®). It is reasonable to assunt@nd the assumption where wo=pu |+ u1 = — urr— #r- We note that the same
is confirmed by the molecular theory of ferroelectric order-qualitative result has been obtained by Ginzbetal. [5] in
ing in mixed smectic€* [10-12) that the coefficien, is  the framework of a simple model.
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The qualitative arguments presented above seem to tspontaneous polarization of the mixture can be written in the
rather general. However, it is obvious that they are based ogeneral form
the following two main assumptions

(i) The coefficienu, is assumed to be determined by pair
intermolecular correlationdy pair interactions in the mean-
field theory. Thus many-body effects are neglected.

(ii) The dielectric susceptibility, is assumed to be in-
dependent on the enantiomeric exess.

P=P_+Pg, (5)

whereP, andPg are the contributions from left-handed and
right-handed molecules, respectively. These contributions
are expressed as

The assumptiofii) seems to be reasonable. In the general PL=pox (L. ),
case there can be some contribution from many-body corre- (6)
lations to the spontaneous polarization, but this contribution Pr=poXr{MRL )

is not expected to be large enough to account for the strongly . i
nonlinear concentration dependence of the reduced polariz#heré X, +xg=1, po is the total number density of mol-
tion observed in the experiment. At the same time the asecules in the smectiC* phase andu, is the transverse
sumption (i) is not justified because we cannot exclude amole_(:ular dipole. The brackets denote the statistical av-
sufficiently strong dependence of the transverse dielectri€’@ding. _ o _
susceptibility on the enantiomeric excess. We note that an%/ The average molecular dipole can more explicitly be writ-
dependence on the square of the enantiomeric exgess €N as
= x.[(Ax)?] will not be in contradiction with the symmetry
properties (_)f enantiomeric mixtures. Qne can argue that usu- (g, )= f o o f1,00dx, 7)
ally nonchiral parameters of enantiomeric mixtures only
weakly depend on the enantiomeric excess. At the same tiﬁ‘{ﬁ
it is possible to present simple contradicting examples. F
example, the excluded volumes for the two left-han¢ed
right-handegl molecules can differ significantly from the ex-
cluded volume for a pair composed of one left-handed an
one right-handed molecule if the molecular shape is strong|
chiral.

In this paper we show that the strong dependencgof
on (Ax)? can be determined by a strong discrimination in

o herea=R, L, andf,,(X) is the orientational distribution

function. The variable specifies the molecular orientation.
General expression for the one-particle distribution func-

ion can be obtained using the density-functional approach

%4]. For the case of mixtures of liquid crystals, this ap-
roach is described in Appendix &ee alsg12]). As shown

in Appendix A, the one-particle distribution function can be

written in the form

interaction between the molecules of equal and opposite flL(X):Z[leXF[XLCLL(X)+XRCLR(X)],
handedness, respectively. For new chiral molecules with a )
sulfinate group this discrimination mainly results from elec- flR(X)=Z§16XFIXLCLR(X)+XRCRR(X)]

trostatic forces between effective atomic charges. Numerical

calculations show that the separation of charges in the vicinyhere the effective one-particle potentials are expressed as

ity of the chiral sulfur is much stronger than that in the chiral

centers of common ferroelectric smecti€$ which have ~

been investigated before. Caﬁ(xl):POJ Cap(X1,X2) f15(X2)dXz, ©)
This paper is arranged as follows. In Sec. Il we present

the general statistical theory of ferroelectric ordering in enangnd wheref:aﬁ(xl ,X,) is the direct pair correlation function

tiomeric mixtures using the approach developed by one ofor the molecules of the compoundsand 3, averaged over

the authors beforgl2] and derive a general expression for the relative position of the two molecules in the sme€tfc-

the spontaneous polarization as a function of the enantigphase(see Appendix A

meric excess. In Sec. Ill we consider a chiral discrimination At small tilt ang]es@ the Spontaneous po|arizati0n is also

that is responsible for the nonlinear dependence of the polagmall and in this domain one can expand the effective poten-

ization on the enantiomeric excess. In Sec. IV electrostatigg|s C.p(b) in powers of the vector order parameter of the

interactions between chiral molecules in the smeCtiaéyer  smecticC* phasew and the spontaneous polarizatiBn
are considered in detail and the estimates are given for the

parameter that is responsible for the nonlinear dependence of Caﬁ(b)=C§B+ (So W) +(Gp- Pﬁ)xg1+ o
P on Ax. Finally, Sec. V contains discussion and conclu-

sions. In Appendix A we consider the density-functional ap-where

proach to the theory of ferroelectric liquid-crystal mixtures

and derive some general expressions that are used in Sec. II. w=(n-e)[nxe],

- (10

and whereC’iB (a,B8=L,R) are the effective one-particle

potentials in the smectié- phase, the unit vectar is in the

direction of the smectic plane normal, ands the director.

In Eqg. (10) we have taken into account only the first-order
Let us consider a mixture of two enantiomeric smectic-terms in® (we note thatvx® andP ;= ® at small®). The

C* liquid crystals with the molar fractiong, andxg (for ~ quantitiesS and G, depend on the short axis and are

left-handed and right-handed compounds, respeciivélye  functions of the molecular parameters.

Il. THEORY OF FERROELECTRIC ORDERING
IN A MIXTURE OF TWO ENANTIOMERS
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We note that the second term in E40) is sensitive to One can readily see that the results of the statistical theory
molecular chirality. The order parameteris a pseudovector confirm the results of the phenomenological consideration
and therefore the quantitg, must also be a pseudovector and the assumptions discussed in the Introduction. Indeed,
because the potential itself is a true scalar. Thus the quantigccording to Eq(13) the spontaneous polarization is propor-
S, represents somehow the chirality of the mixture. tional to the enantiomeric exceax. At the same time, the

Substituting Eq(10) into Eqgs.(7) and(8) and expanding transverse dielectric permittivityy appears to be a quadratic
the exponent in powers of small order parameteaind po-  function of Ax. As a result, the reduced polarizatidt,
larization P, we obtain the following equations for the two =P/sin 20 also appears to be a nonlinear function of the

contributions to the total spontaneous polarization: enantiomeric excess:
PL=3 poX [XL(SL s 1)+ XR(Sr- ) W AAx
+3 poX[GLLPL+GLrPRI, a PO:l—B(AX)Z' 49
11

Pr=13 PoXrlXr(Sk* s R) +XL(SL- pR) W
+3 poXrl GrrPr*+ GrPL],

where

whereG 5= (G5 1. p)- A= 3 poG/(1-3poG)(1—3poAG),

Now it is possible to establish some relations between the (16)
quantitiesS_ andSg andG_ |, G, g, andGgg, respectively, 12 N N
using the general symmetry properties of the enantiomeric B= 2 poGAG/(1~3peG)(1=2poAG).
mixture. The symmetry arguments, that are used here, are
similar to the ones discussed in the Introduction. First on
notes that the systems with =1 andxg=1, respectively,
can be considered as mirror images, and therefor

PL(x = 1):__ Pf(lxl'zz 1%' On tre olthgr hand, in ?‘r:acem'g experimental values d®, are presented as a function of the
mixture (x =x; = . ) the total polarization vanishes and g5 niomeric excess for four different temperatures not very
therefore one again arrives Bt = —Pg. These relations are ¢, fom the smectidd* —smecticC* transition point. The
compatible with Eqs(11) only if two solid curves in Fig. 2 represent the results of the present
theory[Eqg. (15)] for B=0.74 andA=2.8;4. One can readily

®he dependence of the reduced polarization on the enantio-
meric excess, given by E@15), has qualitatively the same
form as that observed in the experiméi. In Fig. 2 the

(S p)=—(Sr mur); see that Eq(15) provides a reasonably good description of
the experimental nonlinear dependencégfon the enantio-
(S, R) +(Se ) andG, | — G r+Ggr.— Grr=0. meric excess for all temperatures used in the experiment. The

We note that the paramete®s, ; are true scalars and thus experimental values oP, for AT=4.5°C, AT=10.5°C,
G, =Grg because the two enantiomers are completelyand AT=12.5°C have been fitted by Eq15) using the

equivalent. It follows then from Eq¢11) that G, g=Gg, . same valyes of parameteﬁsand_B. We note that forAT
Introducing the notationsC=(S - u, )= —(Sk- #.R), =3.0°C(i.e., closer to the transition pointhe dependence
G=G, =Grr, =G;=G r=Gg., one can rewrite Egs. 0f Py on Ax can also be described by E(L5 (see the
(11) in the following simple way: second solid curve in Fig.)Dut with a slightly higher value
of the coefficientA=4. This indicates that there may be
P, =1 pox, [CW+GP+AGAP], some additional dependence of the reduced polarization on
L=z poxil ! the tilt angle® which is not accounted for in the present
theory.
Pr=13 poXgl —Cw+GP—AGAP], (12
where AP=P_—Pg, G=(1/2)(Go+G,), AG=(1/2)(G, !l CHIRAL DISCRIMINATION IN RACEMIC MIXTURES
~-G,). OF SMECTICS C
The system of the two equationd2) can readily be The nonlinear dependence of the reduced polarization on

solved to yield the expression for the total polarization: the enantiomeric excess is determined by the parameter
AG=(1/2)(Ggrr— G r) that characterizes the difference in

P= 3 xopoCAXW, (13) interactions between the molecules of the same handedness
(parameteiGgg) and the molecules of the opposite handed-
ness(parameteiG, g). The parameteAG is nonzero in the

where general case but its absolute value strongly depends on the
. . . Lo 5 chiral molecular structure. In this section we obtain some
Xo =(1=3poG)(1-3poAG)—71p5GAG(AX)%, estimates ofAG in the mean-field approximation.

(14 General expressions for the coefficie@gg and G,  in
the case of perfect nematic and smectic ordering are derived
whereAx=x, — xg is the enantiomeric excess. in the Appendix[see Eq.(A10)]:



PRE 60 MOLECULAR THEORY OF FERROELECTRIC ORDERING ... 6859

1 ~ -0.23
GRR:TJ Crr(b1,02)(p; 1+ p, 2)dbydb,, O
2mpu’ +0.09
(17) +0.30
1 ~ O Cl
GLR:?J Crr(by,b2)(py 1 py2)dbydby, -0.31 -0.07
2mput (a) '
where Crr(b;,b,) and C (b, ,b,) are the effective direct 080
correlation functions for th&-R andL-R pairs, respectively, /y
which depend on the orientation of the short ake@ndb, S
of the molecules “1” and “2.” These correlation functions +1.53 \O—C H
have already been averaged over all relative positions of the o 8 17
neighboring molecules in the ideal smectic strucfsee Eq. (b) ‘

(A7) of the Appendiy. FIG. 3. Distribution of effective atomic charges around the chi-

Simple estimates for the quantiti€gg and G g can be . . . ;
btained in th herical imati In thi ral center in the molecule with the sulphinate group as a unique
obtained n theé mean-spherical approximation. In this ap?:hiral source(a@) and in a chiral molecule with an asymmetric car-

proximation the d|rec_:t co_rrelatlon funcnqn IS ex_pressed Inbon(b). Note that the charge separation in the chiral center is much
terms of the attraction intermolecular interaction eNer9¥sironger in the casé).

Va(1,2) and the molecular shape:

1 dence ofP¢ on enantiomeric exce$8-5|) the separation of
—_ T \jaB _ caB charges around the chiral center is much weaker. In fact, the
Cop= kTVa“(l'2)®(r12 62)- (18 charge separation along t&& = O bond in the chiral center
of the molecule in Fig. @) is about 1.8, while the separa-
Here ©(r,,— &%) is a step function which describes the tion along theC*-Cl bond in the chiral center of the mol-
so-called steric cutoff. The functio® (r;,— g;“f)zo if the  ecule in Fig. 8b) is less than 0& This difference is becom-
molecules penetrate each otliee., if r1,<£%) and®(r,, ing even more important if we take into account that
— £48)=1 otherwise. Her&{% is the minimum distance of electrostatic forces depend quadratically on charges.
approach between the centers of the two molecules with The data presented in Fig. 3 enable one to understand in
fixed relative orientation. Thus the functig? depends on Principle why some properties of ferroelectric smectics com-
the relative orientation of the molecules. posed of molecules with a sulfinate group in the chiral center
We note that only intermolecular interactions of a particu-differ signi.ficar_]tly from those of common_ferroelectric liquid
lar symmetry contribute to the parameteBs,;. One can crystgls Wlth different structure of t_he (_:hlral center. We now
readily see from Eqg17) that the integrals ove, andb, pon&dey in more deta|ll the contribution frpm 'elgctrpstatlc
do not vanish only if the attraction potentmgt’f(bl,bz) is  interaction between chiral centers to the discrimination pa-

odd both inb, and inb,. Thus the interaction is supposed to "@MeterAG. For this purpose we estimate the quantitis
be polar. and G i taking into account the interaction between effec-

tive charges in the chiral centers of the two molecules. In
these estimates we will use the simple molecular model pre-
sented in Fig. 4.

In this simple model the molecular chirality is determined

IV. ELECTROSTATIC INTERACTION BETWEEN
CHIRAL CENTERS IN THE SMECTIC- C LAYER

The parameteA G=G, g— G, | that characterizes the chi-
ral discrimination[see Eqs(17)] can be sufficiently large
only if the interaction between two equal chiral molecules
differs significantly from the interaction between molecules
of the opposite handedness. In this paper we assume that this
discrimination is mainly determined by electrostatic forces
between effective atomic charges in the vicinity of a chiral
center. This assumption is confirmed by numerical MNDO

calculations of the parameters of the molecular structure in- * y y D7+
cluding effective charges. The effective atomic charges : : : :
around the chiral center are shown in Fig. 3 for different | | | |
molecules of ferroelectric smecti€*. One can readily see : dLL ' ! dLR[

from Fig. 3a) that in the molecule of the new ferroelectric
smecticC* with the sulfinate group as a unique chiral sourceé iz 4. Two pairs of neighboring chiral molecules in the
(that shows nonlinear dependencerafon the enantiomeric  gmecticc layer. In this model the molecular chirality is determined
excesgthere exists a strong separation of charges around thg; the negative charge that goes out of the molecular plain. Note
sulfur atom in the chiral center. In particular, the oxygen thatnat in the first pair, which is composed of molecules of the same
goes out of the molecular plane possesses a large effectiyRindedness, the distance between the negative charges is larger than
negative charge of about0.8e. By contrast, in molecules in the second pair composed of molecules of the opposite handed-
of common ferroelectric smectid¢ghat show a linear depen- ness.
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by the effective charggassociated with the oxygen atom in M= b+ pyC. (21)
Fig. 3(@)] that goes out of the plane of the rings. Thus, in the

estimate of the chiral discrimination it is sufficient to take _— : :
) 7 > Substituting Eqs(20) and (21) into Eqg. (17), assumin
into account the electrostatic interaction between these 9 Eqs(20) (21) g (17) ity

A =0, and averaging over the orientation of the short dxes
charges. Other charges in this molecular fragment are Iocate‘,ﬂ1d b, we obtai?l tﬁe estimate D4

in the plane and therefore they do not contribute to the dis-
crimination of the interaction betwednL andL-R pairs.

2
The electrostatic interaction between the two charges of p _ E ﬂ( i _ 1
the neighbor molecules is written as OPLL "6 kT Ry Rp—2h+I,)’
(22)
2
U l:q_ G 1 O'q2 1 1
e 1 ~—_—— - —_—
Ri2 POSLR™ 2 kT (Rp—2h  Ro+1, )’

whereRy, is a complicated function of the relative orienta-

tion and position of the two molecules in the smectic layer. .
To perform simple estimates we assume that the planes &ated n the same smectitlayer.

the rings of the two neighbor molecules are parallel and the Assum_mg thah<F_20 an.O”LéRO' '_[he parameteA_G that

average distance between rings is equaRgo We also as- characterizes the chiral discrimination can be estimated as

sume the perfect nematic ordering of the long molecular

axes. In this case the distance between the chdRgesan AG aq’h

be written as Po BRSkT'

where o is the fraction of nearest neighbors which are lo-

(23

R =Ryu;,+li(a;—ay)+1, (by—by) +h,c;—hge,,
12 othztl(2=2) 4. (b b v 2(19) We note that the parametAiG is mainly determined by the
value of the effective chargg and the distancé from this

whereu,, is the unit vector pointing from the center of the charge to the molecular plane. The distafcean be esti-
ring system of the molecule “1” to that of the molecule Mated as 1 A while the average distarigbetween mol-
“2,” the unit vector a is in the direction of the long molecu- €cules in the smectic layer is of the order of 10 A . Thus the
lar axis, and the unit vectois andc are in the direction of ratioh/Rq in Eq.(23) is of the order of 10*. Now the value
the two short molecular axesp{c)=0. The vectorb is  Of AG is determined by the value of the dimensionless pa-
taken to be parallel to the molecular plane. In Etf), the  rameterg®/kTR,, which grows as a square of the effective
vectorayl|+b, !, points from the center of the ring system to chargeq. In the molecule with a sulfinate group in the chiral
the projection of the charge on the same plane and therefofé@nter, the effective charge of the oxygen atom is rather
|, andl, are the corresponding coordinates of the projectiodarge,q~0.8. In this case the parameigf/k TR,~40 and
point in the molecular frame. Finallyn,, is the distance from the chirality discrimination parametepoAG~1 for o

the charge to the plane. Heee 3=L,R and the parameters = 3/4. By contrast, in the molecules of common ferroelectric
ha,hs possess opposite signs for left and right molecules. IrfmecticsC*, presented in Fig. 3, the effective charges

the case of the perfect nematic ordering the long moleculafuch smaller and the parametg/k TRy~0.6. In this case
axes are parallel to the director and thereforea=»n,  PoAG~1072

where p=+1,— 1 is the discrete variable. Equationg22) can also be used to obtain a crude estimate
Now we substitute Eq(19) into the expression for the Of the coefficientG. Taking |, =1 A, one obtainsp,G
electrostatic energy and then into the general @d). We  ~0.5. Now the coefficienB in Eq. (15) can be estimated

then perform the averaging over the intermolecular vectopising the estimates of the quantitigsA G andpoG. Taking
u;, and over the orientations of the short axes of the twapoAG=poG=1 we obtainB=1, which is rather close to
molecules. The averaging over the short akgsand b, is the value 0.75 which has been obtained by fitting the experi-
simplified in the case when the molecular planes are alwaygental data. We note, however, that the estimates§@
parallel. In this casel-b,)=1 or (b;-b,)=—1. andB are rather crude and should not be taken too seriously.
We note that the distance between the charges strongifhe coefficientG is mainly determined by the average polar
depends on the orientation of the intermolecular unit vectointeraction between different molecular pairs in the enantio-
Ugs. The integra| over;, can be estimated by using a linear meric mixture. This coefficient is a sum of various contribu-
interpolation between the orientations,=b; and u;,=¢;. tions, some of them being not sensitive to molecular chiral-

In this case one can use the effective interaction energy ity- In the context of the present simple model we can
estimate only one particular contribution, which may not be

12 1¢ the predominant one. The coefficieBtstrongly depends on
U5 —+ 35—, (20) G and, in addition, it is very sensitive to the particular nu-
2Ry, 2Ry merical values ofp,G and poAG when bothp,G~1 and

poAG~1. By contrast, the coefficie®G is determined by
where the distanceR;, andRy, are given by Eq(19) with  molecular chirality and is much more specific th@n We
u,=Db; anduq,=c,, respectively. assume that in the present cas@ is mainly determined by
Finally the transverse molecular dipgle[that enters Eq. the electrostatic interaction between effective charges around
(17)] can be expressed as the chiral centers of molecules presented in Fig. 1. Thus the
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value of the parameteXG seems to be a reasonable measurdic layer, chiral molecules possess less translational freedom
of the chiral discrimination in different ferroelectric smectics and thus it is more difficult for them to avoid configurations
Cc*. with large energy that contribute to the chiral discrimination.
We note that the nonlinear dependence of the spontaneoly contrast, in three-dimensional systems the positional av-
polarization on the enantiomeric excess can be sufficientlgraging is more complete and the contribution from these
strong only if the parametexG is of the order of 1. Accord- discriminating configurations is expected to be smaller. Thus
ing to Eq.(29) this is achieved only if the effective charge we conclude that the dependence of various macroscopic pa-
is sufficiently large. This explains why the nonlinear depen-rameters on the enantiomeric excess is expected to be stron-
dence ofP, on the enantiomeric excess has been observed iger in quasi-two-dimensional systems such as smectic layers,
ferroelectric smectics composed of molecules with a sulfiLangmuir-Blodgett films, and surface structures. This con-
nate group that is characterized by a strong effective charggusion is supported by the recent observation of the phase
separation around the chiral sulfur. separation in the mixture of two enantiomers in a Langmuir
monolayel{16]. We note that phase separation of left-handed
and right-handed molecules is a very unusual chirality effect
V. DISCUSSION that requires a very strong chiral discrimination. As far as we
In this paper we have considered in detail the dependenddoW. such separation has not been observed in real three-
of the spontaneous polarization in the sme@fcphase on imensional systems without any additional phase_ transition
the enantiomeric excess. Both phenomenological argume:jgﬁgigtrﬁg:g’ induces the separatiguch as crystallization,

and the results of the molecular-statistical theory confir ol di diff | . fth i
that the polarization is always proportional to the enantio- nally we discuss a different explanation of the nonlinear

meric excesAx. The same result has been obtained beforéjep_endence of the spontaneous polarization_on the enantio-
by Ginzburget al. [5] using a simple lattice model. We note MeriC excess proposed by Galeti&’]. According to Gal-

that this result is not related to any molecular model. Actu-£7N€: the nonlinear dependence of the polarization may result

ally, it follows from the general fact that the spontaneousfrom long-range spatial fluctuations of the densities of left-

polarization must vanish in a racemic mixture and must posfimd right-handed enantiomers in the sme€icliquid crys-

sess opposite signs in the systems composed of pure |e‘tg_1l. These fluctuations can be taken into account if one con-

handed and right-handed enantiomers, respectively. How2ders the local polarizatioy(r) which is related to the

ever, according to the molecular theory, presented in Sec. If€nsities of left-handed and right-handed molecules by the
there exists an additional dependence of the polarization on@Me Phenomenological relation),

the square of the enantiomeric excess. This additional non-
linear dependence is determined by the chiral discrimination,
i.e., by a difference in interaction between the pairs of chiral
molecules with equal and opposite handedness, respectively.

Similar ideas have been used in the qualitative explanation gf/here the local concentrationg(r) andx,(r) are now the

the nonlinear dependenég(Ax) observed recently for mol- - fluctuating quantities. The average spontaneous poalrization

(;Cl.]yes with a different structure of the chiral cenfig}. In Ps=x, ol (Xr—%)) Will now be equal to the linear term
ef.[9], however, the authors take into consideration a dif-, * Ay bius some fluctuation corrections that are nonlinear

72

ference between host-host, host-dopant, and doPant'dOP"‘Yﬁtthe average enantiomeric exce’ss. We note, however,
mtzra_atctlons, whtere_ or:e e?adnnomer play?]_thel LOIetOfTidOpt";‘]%at these fluctuation corrections are expected to be suffi-
and 1ts racemate 1s treated as a nonchiral host. Thus ently large only if the system is close to a local separation
mode_l IS more suitable for a desgnpﬂon .Of the.dependence etween left and right enantiomers. Such separation can take
pg?rgﬁnon on thh_e Ienantlt(écmﬁrlc igceﬂ;s chiral dopant place only if the chiral discrimination is particularly strong
added to a nonchiral smect¢-host[15]. even in comparison with the effects described in the present

We note that the difference in interaction energy betweel?)aper In other words, this mechanism requires an even
two ena}nthme.rs.|s nonzero for any chiral molecules. H_OW'stronger influence of molecular chirality on the parameters of
ever, this discrimination will result in any noticeable nonlin- he system. In addition, this phenomenological explanation is
ear dependence on the enantiomeric excess only if the d'fhcomplete because one still has to explain why in some

ference in intermolecular interaction energies is sufficientlyCases the dependence is practically linear. To answer this
large. We note that generally this difference is expected to b‘auestion, one has to consider explicitly some specific inter-

rather small and thus the effects of the chiral discrimination‘,ictionS between chiral molecules in a similar way, as has
will be sufficiently important only if there exist some specific been done in Sec. IV '

strong interactions between chiral molecules. In this paper

we have concluded that the observed nonlinear dependence

of the polarlzanon orm_( can bg related to the fgct tha_lt in ACKNOWLEDGMENTS
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APPENDIX A: DENSITY-FUNCTIONAL APPROACH 1
TO THE THEORY OF FERROELECTRIC f o (X)= fﬁ}z—exp( xﬁpof Cpa(X1,X2) A 5(X5)dXy
LIQUID-CRYSTAL MIXTURES @

The general expression for the free energy of the smectic- +Xapof Cu(Xq ,X0) AT (Xp) X
C* phase can be obtained using the density-functional ap-
proach to the theory of liquid crysta]l43]. According to the
density-functional approach, the free energy of the systerwherea,B8=L,R.
can be represented as a functional of the one-particle density One can readily see from E(A3) that in the general case
p(X)=pofi(X). In the case of mixtures, the free-energy the distribution function of the left-handed molecule, for ex-
functional depends on the densitigg(x) of all components ample, is determined both by the correlation function
a. This functional can be represented as a sum of two term€, g(X;,X,) between the left-handed and right-handed mol-
F=®+H, where® is the free energy of the system without ecules and the correlation functi@@) , (x;,x,) between the
intermolecular interactions left-handed molecules.
In the case of the perfect nematic order, the distribution
functionsf (x) andfg(x) depend only on the orientation of
O=3 kTpeX, JSdx f (X)[Inf (x)+1], the short molecular axels and c. Then Eq.(A3) can be
rewritten as

: (A3)

wheref ,(x) are the distribution functions of the molecules
of the componenty, and x, are the corresponding molar
fractions. In the case of enantiomeric mixtures, the indices
and B denote left and right molecules, 8=L,R. The func-
tional derivatives ofH are related to the direct correlation
functions of the liquid crystal. For example,

f,(b,c)= Ziexp[ca(b,c)], (A4)

where the effective one-particle potential,(b,c) can be
represented as a sum of two terms:

52H o k 2C Ca(b’c):Xacaﬂ(blc)-‘rxﬁcaﬁ(b,c), (AS)
ST TG A

whereC,;(X1,X;) is the direct correlation function between
the molecules of the componentsand 3. Cag(b,C)ZPof Cop(b.c,by,Co)Afg(by,cp)dby,
This relation enables one to expand the free energy of the
ferroelectric smecti€©€* phase with respect to its value in (A6)
the smecticA phase, using the differencéd , as the expan- _
sion parameters. One can neglect the higher-order terms in Caa(b!c):pOf Caalb,Cby,c0) AT, (by,Co)dby,
the corresponding functional Taylor expansion of the free-
energy functional because for small tilt andglethe differ-

encesAf, are also small. and whereC,,4(b,c,b,,C;) and C,,(b,c,b,,c,) are the ef-
Now the free energy of the induced smedi&-phase can fective direct correlation functions averaged over all posi-
be written as tions of neighbor molecules in the ideal smectic structure:

Ea,B( by,c1,b2,C;)

Fc“FAJFkTPoXLJ dx fe ()IN[fe (X)/faL(X)] ,
:Uf Cap(by,c1,07,6,r19) 8(r12-€)d°r 5

+kTPOXRf dx fer(X)IN[fcr(X)/fAR(X)] 5
+(1_0')f Cap(by,c1,b5,0),€r 1) r7,dry,. (A7)

—(KT/2)p5 2 XuXg
@ R

Here againy,8=L,R and o is the fraction of the nearest

neighbors which are in the same plane with the central mol-
X f dxX10X,C5(X1, %) AT o (X1)Af5(X2), (A2)  ecule. The first term in EqA7) is a contribution from the

correlations between the central molecule and the nearest
neighbor of the corresponding component, which are in the

wheref | (x) andfg(x) are the one-particle distribution func- same smectic plane. For such moleculgs e. The second

tions of left-handed and right-handed molecules, respederm is a contribution from the molecules which are in two

tively, while x,_ and xr are the corresponding molar frac- neighbor planes. In this casej|e.

tions. Equations(A6) contain an averaging with the orienta-

Minimization of the free energ§A2) yields the following tional distribution function of the smectic* phase. The dis-
expression for the distribution functiorig andfy: tribution function depends only on the direction of the short
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molecular axesb and in the vicinity of the Smectic- 1 ~
A—SmecticC phase transition it can be expanded in powers Gaﬁ:—zf Cap(by,by) podb,. (A9)
of the spontaneous polarizati®= pou, (b): TPok L

Afc,(b)= % 1+ p; 2 bP+ - - - |, (A8) Finally, the coefficients$s,,; in Eq. (11) are given by

oML

whereu is the transverse molecular dipole. Substituting Eq. 1
(A8) into Eq. (A6) one obtains the following expression for Gaﬁz_f (AL (A10)
the quantityG,; that enters Eq(10): 2m
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