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Enantiomeric excess dependence of the phase diagram of antiferroelectric liquid crystals
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The phase diagram of the prototype antiferroelectric liquid crystal1l-ethylheptyloxy-
carbony)phenyl-4-octyloxybiphengl-4-carboxylat¢éMHPOBC) in dependence of enantiomeric excess was
measured. It was shown that the &j-phase in very pure samples is the &y, phase with a four-layer
structure, and only after small racemization it transforms into the ferroelectri€Srphase. The phase
diagram was theoretically explained by taking into account longer range bilinear and short range biquadratic
interlayer interactions, that lead to the distorted clock structures and first-order transitions between them.
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In some systems chiral prqperties can be transferred frorghase transforms into the S@t,, phase upon increasing
a molecular to a macroscopic level. The best examples Qdptical purity. The result solves the long known controversy
such ;ystems are Ilqwq crystals that form chiral phasbe— why the smectic SnG} phase in MHPOBC was first re-
lesteric, blue, twist grain boundary, or polar smectic phases ported as a typical ferroelectric phd€d and later also as the
if built of chiral molecules. The variation of the enantiomeric phase having antiferroelectric propert/@d. We show here
excess influences macroscopic properties of these phasggy this system is a nice example of intermediate phases,
such as the penpd of the modulation and the phase transitiogpich appear between main phases because of the cancella-
temperature or it can even change the phase sequence. T, of short range interactions and consecutive relevance of
striking example of the last phenomenon are antiferroelectrigma| chiral and/or longer range interactions. We present a
L'.qu'd ;:ryslt:als v;]/'hehre SC)tmeI pha;;es d'iapp?ﬁrw\?”tht rlacem'z"i’ﬁfferent phenomenological model, which takes into account
clg?bo[n].) hgrrl | Lg octml)olfabi F;]lg;yl f-célrpbeoxylatip (yM0|i|<y- longer range bilineak5] and short range biquadrafi6] in-
POBchrc))m gund th{a ?/otcl?t egantiferroelgctric material terlayer interactions and allows for correct enantiomeric ex-

P T P yp * «  cess dependent phase sequence with first-order transitions
the sequence of tilted phases SI@HSmCﬁHSmCy b . .
etween experimentally consistent structures.

* . .
t?esmacrt/i\al\?va?aze:r?\ir;ee?j Vg;ndfecrg?f 'nt%vgergf f;igk Ir?ases SeveralS-enantiomer rich7] mixtures of MHPOBC were
P y P y P studied by differential scanning calorimet(ipSC), dielec-

* * H * H
SmCy and SmE,, remained. The Sr, phase is the o 50y optical methods. The DSC measurements were per-
p_hage W'_th the_ ant|ferroel_ectr|c P“’P_e”'es and antlparalleiormed using Perkin Elmer DSC-7 calorimeter in the cooling
tilts in neighboring layers, i.e., anticlinic phase. The 8-  5q heating runs at scanning rates 0.2—1 K/min. In the di-
phase has been recognized as the ferroelectric synclinigecric measurements the glass cells of various thickness,
Sm-C* phase. Almost ten years later structures of the Oth?\r/vith 25-mn? indium-tin oxide (ITO) electrodes coated by
subphases have been found by resonant x-ray scatteringimide, were used. Dielectric spectroscopy studies were
in a different compound f4-{[1(*)-methyllheptycarboxy  performed with HP 4192A impedance analyzer. In each
pheny)carboxyiphenyl-4-decyloxy-1-benzencarbaticaté0  phase the dielectric spectra were fitted with Cole-Cole equa-
OTBBB1M?) [3]. In this compound the phase sequence Withiio, The selective reflection measurements were performed
decreasing temperature is the E)-phase with the periodi- i transmission mode at normal incidend&himadzu
cal modulation of a tilt direction and with five- or more, in 3101PC Spectrophotome}e‘or one surface freémade on
general incommensurate, number of layers, the G-  the quartz plateor film samples. These studies allowed us to
phase with four-layer modulation, the SBf;; phase with  determine the helical pitch in S@% and SmC* phases. In
three-layer modulation, and the S@}; phase with two-layer  the SmcC¥,, and SmC¥,, phases the pitch was estimated by
structure. The SnGf,; phase in the 100TBBB1M7 com- the direct microscopic observations of periodicity of the line
pound corresponds to the Sﬁ’t phase in MHPOBC mate- defects in 40um homogeneously aligned cell. The thick
rial. So far theoretical considerations failed to account for thg250 wm) film samples were used for the optical rotatory
correct phase sequences in dependence of enantiomeric epewer (ORP) measurements, in which a standard setup was
cess as well as experimentally consistent structures of someed where the analyzer is rotated against the polarizer to
phases. obtain a minimum of the light630 nm) transmission.

In this paper we present the complete phase diagram for In the optically pure samplegenantiomeric exces
the antiferroelectric system MHPOBC with respect to the=cg—cr=*1 wherecg andcg are corresponding concen-
enantiomeric excess. We show that the synclinic G- trationg four tilted smectic subphases with historical names
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FIG. 1. DSC scans for MHPOBC mixtures with various percent-
age ofR enantiomer measured in heating scans with 1-K/min rate.
For concentration 1.5% the cooling scan is also shown.

SmC;, SmCy;, SmC}, and SmE, appear below the

Sm-A phase(Fig. 1). Two phases that appear between the
Sm<C* and SmE} phase, have rather long helical pitch.
The periodicity of disclination lines that could be observed in

the thick planar cell, is about 2..xm in higher temperature
phase(denoted as Srﬁ:—;) and about 1.6um in the lower
temperature phas@enoted as Srﬁ:—’;). No selective reflec-
tion in a visible range, which is encountered in the lower
purity MHPOBC materials, could be detected at any tem-
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perature. Both intermediate phases have a pronounced opt
cal activity, +35/um and —10°/um in SmC} and
Sm-C3% , respectively, that is only slightly temperature depen-
dent in the each phase temperature interval. Except for thi
temperature region of SiI@3, the results of ORP measure-
ments agree with those presented in R&f. Dielectric spec-
troscopy measurgments C*Iearly equude the presence of the FIG. 2. Dielectric losses vs temperature and frequency in
ferroelec.trlc synpllnlc Snt phase[Flg_. 2a)]. In the. SmA SMHPOBC enantiomefa) and its mixture with 1.5% oR enati-
phase, single, high frequency relaxation process is observqﬁner(b).
that softens, e.g., the mode frequency decreases and its am-
plitude increases, when approaching the Sfnphase. In the ) ] )
Sm<C* phase a single mode at60 kHz was observed. In SM-C}, phase is not well defined. The parameteiin the
the Smcg phase Weakm_s~4), high frequen(_:)(350 kHz_) CoIe—C_oIe formula, _that. characterizes the distribution of the
mode was detected, typical for the phase with an antiferro€/@xation frequencies, is anut 0.3. The presence of a broad
electric order. Similarly as in the S@Z, phasg9] this mode ~ M0de is inherent to the ST phase. The dielectric permit-
is either related to the distortion of the crystallographic unittiVity 8gain decreases in the SB phase, in this phase two
cell or to the rotation of the molecules around their mainWeak modes4e<1) could be seen in megahertz frequency
axes. Absence of the Goldstone mode excludes tha€$m- region. Above results show that the So- phase is the fer-
phase is the ferroelectric S@* phase. rielectric phase identical as the Sohy; and the Sncj
Dielectric permittivity increases upon entering the phase is the antiferroelectric phase, biaxial thus optically ac-
phase. Here the main contribution to the dielectric susceptiive and distinctly different than the S@3 phase. Thus we
bility comes from the low frequency relaxation process atconclude that the Sr@% phase has the distorted clock four-
1-2 kHz, sometimes called the ferrielectric Goldstone modédayer structure of the SrGf, phase.
[10]. The relaxation frequency of the mode detected in the In the samples with a slightly lower optical purity (
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FIG. 4. (a) The SmC¥,, phase andb) the SmC,; phase ob-
O o tained for the optically pure material=1 and the set of parameters
= o/ 1 expressed in KEq. (6), Ref. [5]]: a;=(—4.1+906%), c,=0.6, u
% . 2077, b0:2, b1=b0/5, b2=b0/100, fl:O, and fOer:_177
= 119p C . Corresponding set of effective parameters expressed in s is
Cop =73.5,2;=—7.41,2,=0.65,T,=—231,7,=23.1, andf;=2.02.
— The tilt angle is taken from Ref8] for (a) #=12.5° and therefore
i o a,=—69.6 mK and for(b) 9=13.2° anda, =137 mK.
us C,. . . ;
- O0—0O o—o - ~
1 Gint=13 Z (2 ai(§j'§j+i)+2 fi(&X&541)
C ] i=1 i=1
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purity.

~0.97) five subphases could be identified below Sphase
from the DSC thermograni§ig. 1) and microscopic studies.
An additional phase, which appears between theCSrand

steric and on van der Waals interactions NN layers, on elec-
trostatic interactions to NN and next nearest-neighboring lay-
ers, on intralayer chiral piezoelectric, and NN flexoelectric
coupling. They are given by E@6) in Ref.[5]. We assume
that for the racemic mixture parametey is negative favor-

the SmECE,, phases, gives selective reflection in the visibleing synclinic tilts at higher temperatures and becomes posi-
light range. Selective reflection wavelength changes fromive favoring anticlinic tilts at lower temperatures. In chiral
450 nm to 600 nm within the phase temperature intervalsamples it gains additional positive contribution proportional
Since the temperature range of the 8, phase in this to x2, thus changes the sign at higher temperature. Parameter

miXtUre iS rathel‘ narrow |t iS d|ff|CU|t to Observe a." fiVe 52 is positive and does not depend on the enantiomeric ex-
phases in the dielectric measurements. Due to the small terdess considerably. Quadrupolar NN interactisare ex-
perature gradients that are hard to avoid in the sample witBess independent. All parameters are expressed in degree
the big electrode area, the S@f,, phase always coexists kelvin [5].

with the additional phase. In this additional phase the dielec- Numerical analysis of the above model gives the phase
tric permitivity is an order of magnitude stronger than in all diagrams that are in qualitative agreement with the experi-

other phase$Fig. 2(b)] thus typical for the synclinic ferro-
electric SmE* phase.
As the optical purity decreases further, the 8i)» phase

mentally obtained one in Fig. 3. This detailed analysis will
be published elsewhere and here only the basic physical un-
derstanding is given. In racemic mixtures the synclinic nega-

disappears and in the excess range between 0.88-0.97 )¢ 3, term prevails over the anticlinic positiva, term

phase sequence SBf«> Sm-C*«SmCE,;<>SmC} is

directly below the transition from the Sé-to the tilted

observed, that is the phase sequence incorrectly reported ghase and the Si@* phase appears. Upon decreasing tem-

literature for the pure enantiomeric MHPOBC compound

[2]. In mixtures withx<0.88 also Sn=f|; is missing. As
the enantiomeric excess is further reducee(.5), finally
the SmC* disappears, and only SAR- SmC*, and SmE}

perature @, increases and changes its sign at a temperature
where quadrupolar term is already significant. Since this
term favors both synclinic and anticlinic tilts in NN layers,
direct transition from the Sr&* phase to the Sr&) phases

phases are left. Based on above observations the phase di@-gptained. In chiral samples, the anticlinic part of the pa-

gram in dependence on enantiomeric excess as shown in Filg(31
3 is proposed. We believe that this type of the phase diagram

is general for antiferroelectric liquid crystals.

metera, increases and, becomes by its absolute value
comparable to the parameteys directly below the transition

To account for experimental observations theoretically!o the tilted phase. This results in a formation of the Sfp-
we introduce a phenomenological model with bilinear inter-Phase with the short pitch modulation that becomes stable

layer interactions between the tilt vectogs which are of

over a wider temperature range upon increasing enantiomeric

longer rangg5], and with biquadratic quadrupolar nearest- €xcess. It evolves into the S@* phase due to increasing

neighboring(NN) interactions[6], which become more im-

quadrupolar interactions. Due to increased enantiomeric ex-

portant at larger tilts, i.e., at lower temperatures. The intercess also the temperature increases whereathehanges

layer part of the free energy is

sign. Therefore the influence of quadrupolar interactions is
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weaker and cannot prevent the existence of modulateghase cannot evolve and direct phase transition between the
phases. With purification also the temperature range oSm-C’ phase and the Si@f , phase occurs as observed in
modulated phases increases. In the temperature region wheviHPOBC.
a,~0 the structure with two interchanging phase differences To conclude, in this paper we report experimental and
a andB with a+ g~ m, is formed. The quadrupolar terig, theoretical studies, which show that in the optically pure an-
favors values ofx=0 and= = but chiral NN interactions tiferroelectric liquid crystal MHPOBC, the SI@% phase is
increase the value ok and decrease the value gf This  not the ferroelectric SnG* phase but the S, phase
structure obtained by the minimization of the E#)) is con-  with four-layer unit cell and antiferroelectric properties. The
sistent with a tentatively proposed structure for the Sfy,  ferroelectric SmE* phase appears only after a slight racem-
phase[11,12. The structure has the biaxial unit cell, a neg- ization. For antiferroelectric liquid crystals the general phase
ligible polarization and is helicoidally modulated with the diagram with respect to enantiomeric excess is proposed. We
long optical pitch defined by [Fig. 4(a)]. Decreasing the also proposed the free energy for polar smectics that includes
temperature further, the parameter becomes positive and achiral and chiral bilinear interlayer interactions to more dis-
thus simultaneously with th53 parameter encourages the talllnt Iay;ers ?]nd quadrupolar .NN m?eracnons.dThls frdee enirgy
structure where tilts in third neighboring layers are synclinic.a ows for the correct enantlomerlc excess depen ent phase
Due to the up down symmetry. the phase differeaces  Scduence as well as the experimentally consistent structures
p Y Y, p

followed by two equal phase differences where o+ 2 of all phases and first order transitions between them.

~ 2. The obtained unit cell is polar and biaxial. The struc-

ture is helicoidally modulated with the long optical pitch  This work was supported by the Polish-Slovenian ex-
defined by s [Fig. 4(b)]. It can be recognized as the one change program. The financial support for E.G. from Tekni-
proposed for the SiG¢; phasg11,12. In pure samples the kvetenskapliga Forsknings Radet Swedish Research Council
temperature range of the S8t phase and the temperature is acknowledged. E.G. is grateful to Professor S. Lagerwall
range of the modulated phases are so wide that theCSm- for his hospitality during her stay at the Chalmers University.
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