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E� ect of chirality on phase transitions in re-entrant liquid crystals
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The phase diagrams for enantiomers and their racemic counterparts have been compared in
order to determine the in¯ uence of chirality on re-entrant phenomena. It has been found that
chirality a� ects the location of the partially bilayer SmAd and monolayer smectic SmA1 phase
areas, while the position of the smectic X phase remains nearly unchanged. This result shows
that the N± SmA phase transition is in¯ uenced by a molecular chiral discrimination e� ect.
Moreover, in enantiomeric systems, a N*

re1 ± N*
re2 phase transition has been detected by DSC

within the re-entrant nematic gap which is limited by the smectic Ad and the SmX phases.
Based on preliminary data, the SmX phase seems to be either a weakly tilted SmCÄ antiphase
or an incommensurate orthogonal mesophase.

1. Introduction indices etc are of the order 10 Õ 4 [3]. The e� ect can
profoundly increase in systems with orientational orderIt is well known that molecular chirality induces a
of the molecules. It is known that the energies of thespontaneous twist of the director in the nematic (N)
crystal latices, and consequently the melting points, ofphase leading to a helical superstructure. On the other
enantiomers and the corresponding racemates can di� erhand, in a smectic A phase the twist deformation is
signi® cantly [3].entirely expelled which causes either destabilization of

For our studies, we chose liquid crystals that exhibitthe smectic phase in favour of the nematic phase [1] or
partial orientational ordering. To diminish the in¯ uenceformation of a highly dislocated TGB phase [2]. In the
of the twist deformation on the phase transitions, thus® rst case the temperature of the N± SmA phase transition
allowing us to observe nearly pure CD e� ects, materialsis lower than the transition temperature in the non-
with a re-entrant nematic phase were studied. In thesetwisted system in proportion to the accumulated twist
systems, at the stability limit of the smectic Ad phase,energy. Within the mean ® eld calculations, the temper-
the twist director modulation in the N phase mustature shift is D T 2~K2q

2 , where K2 is the twist elastic
vanish as a necessary condition for the continuousconstant and q is the helix wavevector. The temperature
transitions at the Nre ± SmAd ± N double critical endchange is expected to be rather small, D T / T~10 Õ 2 and
(DCE) point. Also, around tricritical points which mightshould decrease when the system exhibits critical ¯ uctu-
exist on Nre ± SmA1 phase transition lines [4], the twistations [1]. The phase transition can also be in¯ uenced
deformation is expected to be small. The preliminary

by the molecular chiral discrimination (CD) e� ect [3]. studies showed a signi® cant in¯ uence of the CD e� ect
Discrimination is broadly understood in terms of electro- on the location of the double critical point [5]. In this
static and dispersive forces which cause unequal inter- communication we describe in detail the re-entrant phase
actions within the pairs of molecules with like- and diagram for highly chiral enantiomers and their racemic
unlike-chirality. The CD is rather small for liquids, since counterparts. We show that the positions of both
the energy of the chiral discrimination greatly diminishes smectic A areas are markedly a� ected by chirality. The
when averaged over all the mutual orientations of the systems studied are the ® rst liquid crystals which clearly
molecules. The typical normalized di� erences between exhibit chiral discrimination. We have also found that
enantiomers and racemates for boiling points, refractive additional subphases within re-entrant nematics are

generated in enantiomeric compounds.

*Author for correspondence.
2. Experimental¶Present address: International Forecasting, Federal Express

The studies were performed with mesogenic phenyl-Corporation, 2003 Corporate Avenue, Memphis TH38194,
U.S.A. butyrates, with di� erent values of n,

0267 ± 8292/97 $12 0́0 Ñ 1997 Taylor & Francis Ltd.
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186 E. Gorecka et al.

with the result that the temperature range of thein which the asymmetric centre placed within the meso-
re-entrant nematic phase is enhanced. Assuming thegenic core ensures a high twisting ability of the molec-
screw parabolic shape [5] for the phase boundariesules. The strongly polar NO2 group (electric dipole
( y/yo Õ 1)=A( y/yo Õ 1)+B (x/xo Õ 1)1/2 where y= T ,moment 3 8́ D) was introduced into the molecular struc-
x=n or y=n and x= T for the Ad and A1 phases,ture as a terminal group in order to develop the
respectively; it is found that the apex of the Ad area isre-entrant phenomenon. The synthesis of the relevant
moved from the no=11 9́6 Ô 0 0́5 To=107 5́ Ô 0 2́ ß C pointcompounds has already been described [6]. The 1H
in the racemic compounds, to the no=12 4́4 Ô 0 0́5 To=NMR spectra (JEOL-4H-100) and IR spectra (using
106 7́Ô 0 2́ ß C point in the enantiomeric compounds. TheKBr pellets or ® lms) for the synthesized compounds
calculated position of the critical points qualitativelywere consistent with the expected molecular structure.
agree with those experimentally determined for theThe optical purity of the enantiomers was controlled by
binary mixtures [6, 7].checking the optical rotation of the ® nal products, as

The corresponding shift of the SmA1 apex is from thewell as of R-(-)-3-phenylbutyric acid and its ester with
no=11 0́1 Ô 0 1́ To=91 7́ Ô 0 2́ ß C to the no=11 2́ Ô 0 3́(1R,2S,5R)-(-)-menthol which were used in the synthesis.
To=82 6́ Ô 0 2́ ß C point. An important feature of theThe phase transition temperatures were determined by
topologies of the phase diagrams studied is that theDSC (DSC7 Perkin-Elmer), complemented by micro-
chirality only slightly a� ects the position of the otherscopic methods (Nikon-Optiphot2 and Mettler HP82
smectic phases, SmCd and SmX. As a consequence, thehot stage). The scanning rate of 5 K min Õ 1 was used in
narrow (e.g. 3 3́ K in compound ( Ô )-15) nematicthe DSC studies unless slower scans were needed for
re-entrant gap separating the SmA1 and SmAd (Cd )better resolution. The phase identi® cation was con® rmed
phases in the racemic compounds ( ® gure 1 (b)) signi® c-by X-ray studies performed with a Siemens X-1000
antly broadens in the enantiomers (e.g. 16 3́ K in com-system equipped with a two dimensional positional
pound R-(-)-15) and appears either between the SmA1sensitive area detector and graphite monochromater.
and SmAd phases as for compound R-(-)-13 or betweenThe X-ray measurements were performed with powder
the SmX and SmAd (Cd ) phases (compounds R-(-)-n,samples.
17 > n > 14) ( ® gure 1 (a)).

3. Results 3.2. SmX phase
3.1. Phase diagrams The SmX phase was detected in both enantiomeric

The phase transition temperatures for the pure enanti- and racemic systems for long chain homologues (n > 14).
omeric compounds and their racemic counterparts are Its appearance is accompanied by an easily detectable
collected in the table and presented in ® gure 1. The enthalpy (e.g. DH=0 2́6 J g Õ 1 in compound R-(-)-15). At
mesophase identi® cation was con® rmed by X-ray meas- the SmX± Nre phase transition on thermograms a sharp
urements. In the range of chiral SmC*

d phase, typical for peak without noticeable pretransitional anomalies in
ferroelectric mesophases bistable electrical switching was speci® c heat was found ( ® gure 4), while at the SmX±
observed; apparent tilt angle ~5ß . The phase transition SmA1 (Cd ) phase transition, pretransitional e� ects are
temperatures determined by DSC agreed with results detected in both SmX and SmA1 /Cd phases ( ® gure 3).
from microscopic measurements except for the materials In microscopic observations, the SmX phase appears as
with a narrow nematic range. In the R-(-)-17 compound, a faint fan texture, indicating a rather low birefringence
in thin homeotropically aligned samples, fast cooling of the phase. This type of texture has been detected
scans gave the phase sequence SmAd ± SmCd ± SmX with- when cooling a freely suspended ® lm of the SmA1 phase.
out a Nre phase on some occasions, while on fast heating At the Nre ± SmX phase transition, a texture with ® la-
the SmX± Nre ± SmAd phase sequence could be observed. ments, typical for the cholesteric± smectic phase trans-

The most striking di� erence between the correspond- ition, was observed. Although the texture of the SmX
ing phase diagrams for the enantiomers and racemates reminds one of that observed in the chiral SmCÄ *
is the location of the smectic A areas. In the chiral antiphase [8], neither spontaneous polarization
system, both smectic A phases, the partially bilayered (Ps<1 nc cm Õ 2 ) nor electrical switching was detected

even with a high electric ® eld (up to 20 V mm Õ 1 ). SinceSmAd and monolayer SmA1 , are strongly destabilized,
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188 E. Gorecka et al.

Figure 1. Phase diagram for
enantiomeric ( left) and racemic
(right) compounds. In the inset
the chirally-induced shift of the
SmAd and SmA1 areas is indi-
cated. Filled circles denote the
Nre1 ± Nre2 phase transition, the
® lled triangle denotes the
SmX± SmX phase transition
(see the text).

the value of the spontaneous polarization is to a ® rst the di� use Lorentian-type peak is similar to that detected
in SmA-type phases and does not exceed 30 AÊ . Theapproximation related to the value of the tilt angle [9],

the lack of a measurable Ps might suggest a weakly or observed X-ray scattering pattern can be interpreted as
arising from a SmCÄ antiphase if the existence of anuntilted smectic structure.

X-ray measurements performed with compound R-(- additional unresolved peak close to the direct beam is
assumed. However, we cannot exclude the possibility)-16 in the temperature range of the SmX phase ( ® gure 2)

revealed two quasi-Bragg low angle re¯ ections, corres- that the SmX is an orthogonal mesophase with liquid-
like in-plane order in which two collinear incommensur-ponding to the monolayer d/L ~0 9́8 and partially

bilayer d/L~1 3́ (d is the layer spacing, L is molecular ate density modulations coexist. Careful high resolution
X-ray studies with aligned samples are necessary beforelength) distances, and single high angle di� use scattering,

pointing to a liquid-like molecular order within the incommensurability of the mesophase can be established
conclusively [10, 11].smectic layers ( ® gure 2). The range of the in-plane

translational correlations calculated from the width of Studies of the phase transition in binary mixtures of

Figure 2. 2h scan in the low angle
region obtained for the powder
sample of R-(-)-16 in the temper-
ature range corresponding to the
SmX phase. In the inset wide angle
(a) and small angle (b) X-ray patterns
obtained in separate runs are shown.
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189Chirality and re-entrant phase transitions

enantiomer R-(-)-17 with its racemic counterpart show transition might be parabolic defects [12, 13] caused by
a small discontinuity of the helical pitch p, preliminarythe presence of an additional SmX ¾ subphase ( ® gure 3).

Strong destabilization of the SmX ¾ phase with decreasing optical rotary power measurements did not reveal any
noticeable anomaly at the N*

re1 ± N*
re2 phase transition.enantiomer concentration provides evidence for the

chiraly induced nature of this subphase. Systematic helical pitch measurements at the N*
re1 ± N*

re2

phase transition could not be performed since the selective
re¯ ection is in the UV range where strong molecular3.3. N*

re± N*
re phase transition

In the enantiomeric system, an additional phase trans- absorption bands appear. Tentative observations of
Cano± Grandjean steps on nematic droplets gaveition has been found within the temperature range of

the re-entrant nematic phase. The N*
re1 ± N*

re2 phase trans- p~0 2́ mm and showed that the helical pitch critically
increases when approaching smectic boundaries. As aition was observed for enantiomers 14 < n < 16 in which

the nematic gap is limited by SmAd and smectic X result, within the re-entrant nematic gap two temperature
regions of selective re¯ ection of visible light were detected.phases. On thermograms, this phase transition was

observed as a double peak accompanied by a heat The small texture changes and the lack of a strong
helical pitch discontinuity at the N*

re1 ± N*
re2 phase trans-capacity jump for two higher homologues R-(-)-15 and

R-(-)-16 and as a broad bump in the R-(-)-14 enantiomer, ition suggest that the nematics deviate in their short
range order. It might be assumed that the phase trans-where the re-entrant gap is widest ( ® gure 4). The N*

re1 ±
N*

re2 phase transition is also detectable in careful micro- ition takes place between nematic phases with di� erent
types of ¯ uctuations induced by the neighboring SmAdscopic observations. In homogeneously well aligned thin

samples, when approaching the transition temperature and SmX phases. To date, the existence of two distinct
re-entrant nematic phases separated by a ® rst ordera net of square defects appears. Below and above the

transition temperature a texture with a few oily streaks, transition line has been predicted [14] and recently
con® rmed [15] for systems with a narrow nematic gaptypical for the cholesteric phase, is observed. Although

the square defects observed at the N*
re1 ± N*

re2 phase limited by smectic A1 and Ad phases.

Figure 3. DSC thermograms for binary R-(-)-17 and (+ )-17 mixtures taken at a 5 K min Õ 1 scanning rate. In the inset part of the
binary phase diagram is shown. Note that the SmX phase is destabilized with decreasing optical purity. The Nre ± SmX
transition points (open circles) were detected microscopically .
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190 E. Gorecka et al.

Figure 4. DSC thermograms
showing SmAd ± Nre1 ± Nre2 ±
SmX phase transitions in the
enantiomeric homologues R-(-)
-14, R-(-)-15 and R-(-)-16. The
arrows indicate the limits of
re-entrant nematic phase
detected microscopically .

4. Discussion generally, might have a stabilizing or a destabilizing
e� ect.The theory of the N± SmA phase transition predicts

that in chiral systems the twist deformation destabilizes In the homologous series studied, the mesophase
behaviour becomes complex when the terminal alkylthe smectic structure in favour of a nematic phase [4].

In re-entrant systems at the Nre ± Ad ± N double critical chains are extended. In both enantiomeric and racemic
compounds, the smectic SmX was found for n > 14.end point, helical superstructure vanishes due to the

continuity of phase transition between nematic and Moreover in the enantiomeric compound R-(-)-17, the
chirality generates a SmX ¾ subphase. It seems that bothsmectic A phases at the DCE point. Thus if the twist

energy is the main factor in¯ uencing the N± SmA phase SmX and SmX ¾ might be either SmCÄ antiphase type
smectics or orthogonal incommensurate type meso-transition, we could expect that the topology of the

re-entrant phase diagram near the DCE point would be phases with liquid-like in-plane order. Since contrary to
the SmAd and SmA1 phases, the SmX phase is onlyonly weakly a� ected by chirality. On the contrary,

experimentally it has been found that the CDE point is slightly destabilized when chirality exists, the phase
sequences detected in racemic compounds and theirstrongly shifted when chirality is there. The same e� ect

is observed for the apex of the SmA1 area. These results enantiomeric counterparts di� er. In racemic compounds
Nre is surrounded by SmA1 and SmAd /Cd phases, whilemight indicate the in¯ uence of molecular chiral discrim-

ination. The in¯ uence of CD on the N± SmA phase in the enantiomers the Nre phase is also observed
between SmX and SmAd /Cd phases. In both enatiomerictransition is pronounced near the critical points where

the bulk properties are extremely sensitive to small and racemic compounds with the Nre gap limited by
SmA1 and SmAd phases, the continuous temperaturechanges in molecular interactions. The destabilization of

the smectic phases shows that in the system studied, the evolution of the re-entrant nematic structure is observed
based on DSC studies. Di� erent behaviourÐ a discon-lateral close packing in the smectic plane of molecules

with unlike chirality is more e� cient than the packing tinuous change of the nematic structure Ð takes place if
the re-entrant nematic phase is enclosed by the SmXof like-chirality molecules. However, it should be noted

that since the origin of the discriminating forces is very and SmAd phases. The N*± N* phase transition is accom-
panied by an easily detectable transition enthalpy, whichcomplex, a reverse situation involving stabilizing of the

smectic phases is also possible for systems in which the for about a 10 K broad nematic gap, is comparable to
that detected at the SmX± N* phase transition. As thechiral molecule interacts more favourably with its stereo-

isomeric twin than with its steromeric mirror image range of the re-entrant nematic phase increases, the
transition enthalpy diminishes, revealing a decreasingmolecule. Thus, while the t̀wist energy’ always destabil-

izes the smectic phase, the c̀hiral discrimination’ e� ect, entropy di� erence between the nematic phases.
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