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Effect of enantiomeric excess on surface structures and phase sequences in free-standing
liquid-crystal films
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We present differential optical reflectivity and null transmission ellipsometry data from several mixtures of
MHPBC enantiomers. From this data, we have determined the chiral smectic phase sequence as a function of
enantiomeric excess. The data suggest a change in the structure of the smectic-Ca* phase and the surface tilt
state as the enantiomeric excess is reduced. The results also show that the intermediate phases, smecticCFI2* ,
smecticCFI1* , and smecticCa* , disappear sequentially on reducing the net chirality.
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I. INTRODUCTION

The chiral smectic~Sm! liquid-crystal phases exhibited b
rod-shaped molecules have remained of great interest in
densed matter physics not only for their technological pro
ise in electro-optic devices, but for their appeal to research
studying molecular interactions. The basic orientatio
structures of these phases have been studied extensive
optical experiments@1–4#, dielectric measurements@5,4#,
resonant x-ray diffraction@6#, etc. Meanwhile, phenomeno
logical models have been developed and refined to desc
the stability of the phases@8,7#. The models assume sever
interlayer interactions, which bias the molecules to al
with their tilt orientations parallel, antiparallel, or perpe
dicular to each other in adjacent layers. The relative stren
of these interactions drive the complicated chiral sme
phase sequence. Common to all the phases is a helical m
lation of the tilt direction of the order of optical wavelength
that exists on top of the shorter, e.g., 1-, 2-, 3-, or 4-la
repeat units. The optical pitch results from interactions
tween layers mainly due to molecular chirality. The molec
lar chirality sets the handedness of the optical pitch in
Sm-C* phase and most likely determines the handednes
the incommensurate short helical pitch~ISHP! in the Sm-Ca*
phase.

In order to provide additional information for the ph
nomenological models and to understand what interact
give rise to particular phases, it is necessary to study
tems, for which the phenomenological parameters can be
termined or systems that can be continually adjusted thro
the appropriate parameter space. Several studies have
performed, which to some extent yield values for the p
nomenological parameters. A particular example of this
been experiments on the temperature evolution of the IS
in the Sm-Ca* phase@9,10#. In this phase, the ISHP mainl
results from competition between nearest-neighbor~nn! and
next-nearest-neighbor~nnn! interactions. The relative
strengths of these interactions have been ascertained in
periment. Furthermore, the existence of two very differ
temperature evolutions of the ISHP have been shown
consecutive members of two homologous series. One IS
1063-651X/2002/66~6!/061704~6!/$20.00 66 0617
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decreases by a rather small amount, e.g., 6.5–5.5 laye
10OHFBBB1M7, on cooling while the ISHP observed
11OHFBBB1M7 appears to evolve continuously between
Sm-Ca* phase and the Sm-C* phase@10#. Resonant x-ray
scattering experiments have shown a similar continu
change in another compound@11#. In a continuing effort to
understand this behavior, we have studied mixtures of va
ing enantiomeric excess~ee! of the liquid-crystal compound
MHPBC. Here ee5(uMR2MSu/uMR1MSu)3100%, where
MR (MS) is the mass of theR- (S-) enantiomer in the
sample. In its optically pure form (ee5100%), MHPBC ex-
hibits a Sm-Ca* phase with an ISHP that varies with temper
ture similar to the pitch in 10OHFBBB1M7 o
10OTBBB1M7 @2,6,10#. The chemical structures of all th
compounds discussed are presented in Fig. 1.

Recently Goreckaet al. @12# have studied a similar sys
tem by varying the ee of the compound MHPOBC. Th
results address a historical issue regarding the chiral sme
variant phases. When first discovered, the phases exhib
by MHPOBC, were named sequentially on cooling: Sm-Ca* ,
Sm-Cb* , and Sm-Cg* @13#. Their results show that the Sm
Cb* phase is the Sm-CFI2* phase in the optically pure sample
and was possibly misidentified as Sm-C* due to partial ra-
cemization of samples. Their results are interpreted in
context of a phenomenological model that includes a te

FIG. 1. Chemical structures of compounds discussed in the t
~a! MHPBC, ~b! MHPOBC, ~c! 10- and 11-OHFBBB1M7 withn
510 and 11, respectively, and~d! 10OTBBB1M7.
©2002 The American Physical Society04-1
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proportional to ee. Other noteworthy studies on mixtures
MHPOBC have included ac calorimetry@14#, differential
scanning calorimetry@13#, and dielectric measurements@15#.
The phase diagram presented by Goreckaet al. @12# is a
much more complete study of the importance of ee a
includes the Sm-CFI* phases and the Sm-CA* phase.

In this paper, we present results from optical experime
on mixtures of varying ee of the compound MHPBC. Fro
the results, we have constructed a phase diagram for M
PBC as a function of ee. The results presented here serv
an important compliment to previous resulting phase d
grams based on varying ee. More importantly, our differ
tial optical reflectivity~DOR! technique allows us to prob
the details of the ISHP evolution in the Sm-Ca* phase more
carefully. The previous studies on mixtures of MHPOB
have shown that the Sm-Ca* phase is remarkably stable as t
ee is reduced toward a racemic mixture@4,12-14#. Our re-
sults suggest an ISHP in the Sm-Ca* phase that changes it
temperature evolution as the ee of the mixture is reduced
addition, we show that the Sm-CFI2* , Sm-CFI1* , and Sm-Ca*
phases disappear sequentially on reducing the ee. Our ex
mental procedure and data are presented in the follow
section. A discussion of our results is given in Sec. III and
followed by a brief conclusion in Sec. IV.

II. EXPERIMENT

The compound MHPBC, which exhibits several of t
chiral smectic variant phases, has been studied extens
@1,2,4,16#. The chemical structure of MHPBC is shown
Fig. 1. (R)-(2)-2-octanol 99% purity~98% ee/GLC! and
(S)-(1)-2-octanol 99% ~98% ee/GLC! were purchased
from Aldrich chemical company, where GLC stands for ga
liquid chromatography. The final compounds were purifi
by column chromatography on silica gel using hexane a
solvent and repeated recrystallizations using hexane. The
rity of compounds was checked by thin layer chromatog
phy and by normal phase high performance liquid chrom
tography using hexane as a solvent. The purity was foun
be greater than 99.5%. The chemical structures of the M
PBC enantiomers were confirmed by using nuclear magn
resonance spectroscopy, infrared, and elemental analysis
nal compounds showed better than 99.5% purity in eleme
analysis.

The phase sequence of the pure MHPBC is isotro
(109 °C) Sm-A (75.3 °C) Sm-Ca* (70.7 °C) Sm-CFI2*
(66.1 °C) Sm-CFI1* (62.2 °C) Sm-CA* . We have prepared six
mixtures ofSandR enantiomers of MHPBC with ee rangin
from 8.8% to 96.2% by weight. We have also studied
pureS andR enantiomers. By observing a bulk sample in
hot stage under a polarizing microscope, we determined
the enantiomers have roughly equivalent isotropic-SmA
transition temperatures and relatively small coexistence
gions.

The mixtures were prepared by first weighing the ena
omers in crystal form using a balance accurate to 0.2
Then the mixture was heated into the isotropic phase on a
plate and stirred with a glass rod. The temperature of the
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plate was monitored continually with a handheld therm
couple gauge to prevent sample damage from overhea
The results presented here were obtained from samples
ee of 8.860.7%, 29.460.6%, 5061.2%, 71.261.2% 86.6
61.5%, and 100%, in which the majority weight isS enan-
tiomer. We also studied samples with ee values of 9
60.6%, 96.260.3%, and 100%, in which the majority isR
enantiomer@17#. For each sample, we have studied films
several thicknesses using DOR to determine the phase
quence. For the 91.6% mixture, we used null transmiss
ellipsometry ~NTE! to differentiate conclusively the Sm
CFI2* and Sm-CFI1* phases.

The experimental setup of DOR has been described e
where@18#. The main advantage of using DOR for this e
periment is its clear-cut ability to discern the Sm-Ca* phase
in free-standing films with a reasonably fast data acquisit
rate. Other identifications of this phase have been made
electro-optical response@19#, conoscopy@4,5#, ellipsometry
@2,9#, dielectric spectroscopy@12#, and resonant x-ray dif-
fraction @6,11#. The Sm-Ca* phase appears to be nearly im
possible to identify with polarizing microscopy on bu
samples because it is uniaxial in bulk samples and, to
best of our knowledge, is always below the uniaxial SmA
phase. Despite this difficulty, it should be noted that La
et al. @20# have been able to identify the Sm-Ca* phase by
observations of Friedel fringes on free surfaces of liqu
crystal drops demonstrating that under special circumstan
the phase can be optically resolved in bulk samples. O
possible method of identifying this phase in free-stand
films has been depolarized reflected light microsco
~DRLM!. Here, one can identify the Sm-Ca* phase by the
dynamics of the film texture arising from surface reorien
tions, which have been previously described@2#. One draw-
back of such a method is that it relies heavily on the prese
of defects in the film texture, e.g., 2p walls, and temperature
gradients in the film. For this reason, the transition tempe
tures determined in this way are not as precise as desire

Figure 2 shows typical DOR data obtained from the M
PBC mixtures.I p andI s are the intensities of reflected beam
having the orthogonalp ands polarizations, respectively. In
Fig. 2~a!, the data are from a 100-layer film of the 71.2
mixture. In Fig. 2~b!, the data are from a 51-layer film of th
91.6% mixtures. The temperature ranges of the phases
labeled in the figure. Typically, the Sm-A phase shows up in
DOR data as a relatively flat signal. The data collected un
opposite orientations of the field are separated by a disc
ible amount, indicating a synclinic surface structure,
which the molecules at the top and bottom free surfaces
tilted in the same direction. The tilt directions in adjace
layers at the surfaces are also parallel to each other. In
mixtures, the synclinic surface structure occurs through
most of the Sm-A phase. In the mixtures with ee.86.6%,
there is a transition from synclinic to anticlinic between t
two outermost surface layers. This is shown in Fig. 2~b! as
the data in gray and black show a step and lie almost on
of each other in the lower temperature of the Sm-A phase.
This feature always occurs at the same temperature for e
mixture and does not depend on film thickness, thus we
4-2
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EFFECT OF ENANTIOMERIC EXCESS ON SURFACE . . . PHYSICAL REVIEW E 66, 061704 ~2002!
cribe it to a surface transition.
The Sm-Ca* phase is present directly below the SmA

phase in the 71.2% and 91.6% mixtures as characterize
oscillations in the DOR signal. These oscillations have b
described previously@2# and arise from the rotation of biax
ial surface layers caused by the evolution of the ISHP w
temperature. They always occur in free-standing films exh
iting the Sm-Ca* phase unless the film is too thin. There a
two important distinctions between the data from the 71.
mixture and the 91.6% mixture. In the 71.2% mixture, t
oscillations in the Sm-Ca* phase are separated by a sm
amount on reversal of the applied electric field, which
consistent with synclinic surface ordering. In the 91.6% m
ture, these oscillations lie roughly on top of each other un
opposite orientations of the field indicating anticlinic surfa
structures. The other difference is in the frequency of os
lations in temperature space. In the greater ee mixture,
frequency is roughly constant in temperature for all film
studied. In the lower ee 71.2% mixture, the frequency
oscillations increases as the sample is cooled toward the
C* phase. The transition between different Sm-Ca* phase
behaviors occurs between the 86.6% mixture and the 71
mixtures. This remarkable variation in the temperature e
lution of the ISHP is most likely due to the change of n
polarizations between different chiral mixtures.

In both the 71.2% mixture and the 91.6% mixture, t
Sm-C* phase forms directly below the Sm-Ca* phase. This
phase is known to be ferroelectric and thus the DOR data
well separated under opposite orientations of the app
electric field. Nonetheless, there is a clear difference in
two sets of data in the Sm-C* phase. In the 71.2% mixture
the evolution of the structure is smooth for all films studie

FIG. 2. ~a! shows DOR data from a 100-layer film of the 71.2
mixture. ~b! shows DOR data from a 51-layer film of the 91.6
mixture. Both sets of data were acquired on cooling at 80 mK/m
under opposite orientations@a50° ~gray lines! or 180° ~black
lines!# of E'3 V/cm in the plane of the film and in the incidenc
plane. See Fig. 3 for the definition ofa.
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whereas in the 91.6% mixture, there is a steplike pattern
the data as the sample is cooled into the lower-tempera
phase. This pattern occurs in the 91.6% mixture, which
the Sm-CFI2* phase below the Sm-C* phase. On cooling
through the Sm-C* phase, the surface layers transform in
antiferroelectriclike arrangements, and the growth of surf
layers increases significantly on cooling. This effect has
cently been noted in NTE studies of another compound@21#.
Such surface-layer growth is consistent with the stepl
pattern.

In the 71.2% mixture, the Sm-CFI1* phase exists at the
lower-temperature side of the Sm-C* phase. In DOR data
this phase is mainly characterized by a large amplitude n
that does not have a clear dependence on the orientatio
the applied electric field. Since noise is not a clear-cut way
identify a specific phase, we have strengthened this argum
for the presence of the Sm-CFI1* phase with NTE studies
which are discussed in more detail below. In the 91.6% m
ture, both the Sm-CFI2* phase and the Sm-CFI1* phase form
on cooling below the Sm-C* phase. We conclude that th
phase directly below the Sm-C* phase is the Sm-CFI2* phase
by the observation of a minute effect on the DOR data w
reversal of the applied electric field direction. A defect-fr
sample in an antiferroelectric phase such as the Sm-CFI2*
should yield'180° symmetry with respect to the applie
electric field. This phase is also generally less noisy than
Sm-CFI1* phase@22#. We use the same argument to identi
the Sm-CA* phase at low temperatures in both mixture
There were no additional detectable phase changes on c
ing between the Sm-CA* and crystal phases.

The experimental setup of NTE has also been descri
elsewhere@1#. NTE was performed on free-standing film
with an applied electric fieldE of '22 V/cm. With eight
electrodes equally spaced around the film,E can be rotated
through 360° in the plane of the film. By recording the e
lipsometric parametersD andC, as described below, at eac
angle a, we can determine the optical symmetry of th
phase. In this technique, the Sm-CFI1* and Sm-CFI2* phases
can be distinguished quite easily as has been previously
ported @1#. NTE runs were performed by holding the fre
standing film at a constant temperature, and rotatingE
through 360° with between 16 and 32 steps.

In general, the ellipsometric parametersC andD describe
the orientation and ellipticity of polarized light. Free
standing liquid-crystal films alter the polarization of light a
it is transmitted. If for instance, linearly polarized light
incident on the film, the transmitted light is usually ellipt
cally polarized. In NTE, the opposite scenario is exploite
that is, polarized light with proper ellipticity and orientatio
is incident on the film so that the transmitted light is linea
polarized. Specifically, thenC is the orientation of the outpu
linearly polarized light andD is phase lag between thep and
s components of the incident light necessary to produce o
put linearly polarized light. Physically,C represents the ef
fect of the film on the orientation of polarized light andD is
related to the biaxiality of the film.

Figure 3 shows NTE data acquired on a 65-layer film
the 91.6% mixture. The NTE data is plotted as the two ell

n
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sometric parametersD and C, versusa. With such an ap-
proach, the symmetry of different liquid-crystal phases c
be easily determined. A discussion of how the symmetry
the data is related to the structure has been given elsew
@1#. Here, we present data to show that the conclusions
reached with DOR data on the identification of the Sm-CFI2*
and Sm-CFI1* are correct. In Figs. 3~a! and 3~b!, the data
were acquired in the temperature region identified as S
CFI2* by DOR. BothC andD show a roughly 180° symme
try with respect to the applied electric field. In Figs. 3~c! and
3~d!, the data were obtained in the Sm-CFI1* phase, and there
is no definitive symmetry in the data, aside from the requi
360° rotational symmetry. Such results are common to th
phases in all NTE studies. To further substantiate the ab
to distinguish these phases in NTE, we have plotted the
in Fig. 3 asC versusD in Fig. 4. The characteristic shape
shown in Figs. 4~a! and 4~b! correspond to the Sm-CFI2* and

FIG. 3. C andD versusa data acquired from a 65-layer film o
the 91.6% mixture.k i is the projection of the direction of inciden
laser light onto the film plane anda is defined as the angle betwee
k i and the direction of the applied electric fieldE, as shown in the
inset. The lines are aids to the eye.

FIG. 4. TheC versusD plot to demonstrate the characterist
shapes of the data for the~a! Sm-CFI2* and~b! Sm-CFI1* phases. The
lines are aids to the eye.
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Sm-CFI1* phases, respectively. The data acquired in the S
CFI2* phase typically shows two overlapping rings of da
corresponding to its 180° rotational symmetry. The data
tained in the Sm-CFI1* phase has a clearly different shape d
to its different symmetry. This clear-cut method of identif
ing the phase works even though these phases often
significant defects as evidenced in temperature-ramp N
and DOR studies as well as in DRLM observations.

After studying from 3 to 14 films of each mixture of MH
PBC, we have developed the phase diagram shown in Fig
The phase transition temperatures are plotted versus th
For clarity, only the phase sequences for ee>71.2% have
been included. The error bars in the figure are the calcula
standard deviations of the distributions of transition tempe
tures for many different films of each mixture studied. In t
cases, where the data point overlaps the error bar, the err
<0.1 K. In the range 50.0%,ee,71.2%, the Sm-CFI1*
phase disappears and in the range 29.4%,ee,50.0%, the
Sm-Ca* phase disappears. Thus, near the racemic mix
(ee50%), the only remaining phases are the Sm-A, Sm-
C* , and Sm-CA* phases. Between the 71.2% and 86.6% m
tures, the Sm-CFI2* phase disappears. With 91.6%,ee
,96.2%, the Sm-C* disappears, and the Sm-Ca* phase has a
direct phase transition into the Sm-CFI2* phase for ee
>96.2%. In Fig. 5, the gray lines are drawn in places wh
the exact disappearance of the given phase is not known

III. DISCUSSION

The phase diagram shown in Fig. 5 for the compou
MHPBC clearly demonstrates how dependent the ch
smectic phase sequence is on the optical purity or ee
sample. The phase diagram shows how the Sm-CFI2* , Sm-
CFI1* , and Sm-Ca* phases disappear sequentially on reduc
ee. In MHPBC as in MHPOBC, the Sm-C* phase disappear
as the ee approaches 100%. The phase diagram is qu

FIG. 5. The phase diagram for MHPBC as a function of en
tiomeric excess. The solid lines are aids to the eye, and the
lines indicate possible phase boundaries that terminate at inte
diate values of ee. For clarity, the phase sequences for value
ee,71.2% have been omitted.
4-4
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EFFECT OF ENANTIOMERIC EXCESS ON SURFACE . . . PHYSICAL REVIEW E 66, 061704 ~2002!
tively similar to the results of Goreckaet al. However, in
MHPOBC, the Sm-CFI1* is absent in the phase sequence
ee,82% whereas in MHPBC, the SmCFI1* is stable even for
ee,71.2% @12#.

Our results indicate that the ee also affects the surf
structure in free-standing films. For ee.86.6%, there is a
synclinic to anticlinic surface transition in the Sm-A phase,
whereas for ee,86.6%, the surfaces appear to remain s
clinic into the Sm-Ca* phase. As demonstrated in Fig. 2, th
ISHP evolution changes for 71.2%,ee,86.6%. At lower
ee, the data are consistent with the ISHP evolution in co
pounds that exhibit a continous evolution of ISHP into t
Sm-C* phase. The crossover in ISHP evolution will requ
a large amount of additional study. More generally, thou
the results show that the Sm-Ca* phase is stable to low value
of ee. This is in agreement with other studies@12,14# and
supports the model for the Sm-Ca* phase arising from com
petition between nn and nnn interactions.

With respect to the interlayer interactions, further wo
needs to be done. For example, the reduction in ee ha
least two effects on the interlayer interactions reflected in
phenomenological models. First, the models include ch
interactions between nearest neighbors. Second, decre
the ee of the sample will reduce its polarization@23#. This, in
turn should affect the electrostatic interactions reflected
nn, nnn and other interaction terms in the models.

If the ee affects the achiral interlayer interactions, it
important to understand how or to what extent it influenc
these interactions. To examine these interactions, we pre
a summary of the molecular arrangements observed in
chiral smectic phases along with the possible type of in
actions that correspond to the arrangements in TableP
refers to molecules having parallel tilt directions, and A
refers to molecules having antiparallel tilt directions. In t
Sm-Ca* phase, the structure consists of an ISHP as discu
previously.

In the Sm-C* phase, all molecules are tilted in the sam
direction, whereas in the Sm-CA* phase, the molecules ar
tilted in opposite directions in adjacent layers if the optic

TABLE I. This table summarizes the experimentally observ
nn and nnn arrangements and the most likely type of interac
associated with each arrangement in the smectic-C* variant phases.
Here, we ignore the effect due to the long optical pitch found
most of the phases.

Molecular arrangement Type of interaction

Phase nn nnn nn nnn
Sm-Ca* ISHP ISHP F AF
Sm-C* P P F F a

Sm-CFI2* 1/2'P AP 'F AF
1/2'AP or 'AF

Sm-CFI1* 1/3'P 1/3'P AF AF or weakF
2/3'AP 2/3'AP

Sm-CA* AP P AF F a

aAn AF-nnn interaction that is weak compared to the nn interact
is also possible.
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pitch is disregarded. In between these phases, the mole
arrangement is complicated. The structure of the Sm-CFI2*
phase is distorted such that the nn arrangements are half'P
and half'AP while the nnn arrangement is AP. On coolin
into the Sm-CFI1* phase, the nn and nnn arrangements ar
mix of P and AP. It should be noted that in order to obta
the three-layer repeat unit in the Sm-CFI1* phase in the phe-
nomenological model, one has to include a third nn coupl
term.

Overall, the table shows the usually observed phase
quence upon cooling. It is clear that the nn interacti
changes from beingF ~ferroelectric! to weaklyF before be-
coming AF ~antiferroelectric!. On decreasing temperatur
there are the following effects: the tilt angle and the pol
ization increase, and the layer fluctuations should decre
With large layer fluctuations, which one expects at high te
peratures, parallel tilt orientations should be favored st
cally. As these fluctuations decrease, antiparallel tilt orien
tions may occur. The decreasing layer fluctuations coinc
with the increased tilt, and the higher polarization favors
AF nn interactions that correspond with AP arrangement

The nnn interactions evolve less clearly. In the pure en
tiomers or in the mixtures with a large value of e
(>91.6%), the nnn interaction appears to be strongly
such that the sample displays the following phase seque
Sm-A–Sm-Ca* –Sm-CFI2* –Sm-CFI1* –Sm-CA* with the Sm-
C* phase absent. Upon reducing the ee, the Sm-C* phase
appears, and its continually increasing temperature range
quentially squeezes out the Sm-CFI2* , Sm-CFI1* , and Sm-Ca*
phases. Meanwhile, the transition into the Sm-CA* phase also
moves to lower temperatures as the ee decreases. Fo
<8.8%, all three intermediate phases disappear, and
phase sequence becomes: Sm-A–Sm-C* –Sm-CA* .

One should note that the Sm-Ca* phase disappears a
lower chiralities than the Sm-CFI* phases. This is consisten
with other proposals that the ISHP is mainly caused by co
petition between nn-F and nnn-AF interactions. At this lowe
chirality, it appears that the ISHP may evolve continuou
into the Sm-C* phase. Previously, we have noted@10# that
this type of ISHP corresponds to a nnn-AF interaction t
approaches zero as temperature is reduced. The effect o
duced polarization on achiral interlayer interactions m
cause the change in the ISHP evolution in the Sm-Ca* phase
as a function of ee.

IV. CONCLUSION

In this paper, we have presented results from optical
vestigations on mixtures of varying ee of MHPBC. The r
sults demonstrate the ability of DOR and NTE to ident
accurately all of the chiral smectic variant phases in fr
standing films. The data shown are consistent with previ
experimental results on mixtures of the compound MHPO
presented by Goreckaet al. @12#. One difference is the de
gree of mixing required to eliminate the Sm-CFI1* phase. In
addition, we have shown how ee may affect the surface tr
sitions in the Sm-A phase and the ISHP temperature evo
tion in the Sm-Ca* phase.
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