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Helix inversion in the chiral nematic and isotropic phases of a liquid crystal
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Measurements of the chirality (2p/pitch! in the chiral nematic phase and of a structural constant propor-
tional to the chirality in the isotropic liquid for a system in which a helix inversion line crosses the chiral
nematic to isotropic phase transition line are reported. While the chirality shows a strong temperature depen-
dence in the chiral nematic phase, it loses all temperature dependence in the isotropic phase. In addition, the
chirality in the isotropic phase is proportional to the chirality in the chiral nematic phase at the phase transition,
and may in fact be continuous across the transition. While molecular field and phenomenological theories can
explain the strong temperature dependence in the chiral nematic phase, including the helix inversion, these
theories predict a strong discontinuity in the chirality at the phase transition that is not supported by experi-
ment. So while a theory that includes short range molecular correlations is called for to understand the behavior
of the chirality across the phase transition, theoretical attempts to explain the chirality of a phase from a
microscopic level must account for the strong role played by long range orientational order.

PACS number~s!: 61.30.2v, 64.70.Md
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INTRODUCTION

The origin of chirality and the transfer of chirality from
the molecules to an anisotropic phase have been the sub
of recent interest. While it has long been known that ch
molecules tend to form chiral liquid cystal phases and t
small amounts of a chiral substance added to an achiral
uid crystal produce chiral phases, the recent interest st
from a desire to understand these effects at the microsc
level. Theoretical calculations, both classical and quan
mechanical, have been performed over the last 25 y
@1–8#, but the inability of the older theories to describe t
complicated behavior uncovered in more recent experim
has been the driving force behind the latest theoretical w

One recent experimental finding that demonstrates
wealth of behavior that must be explained starting at
microscopic level is helix inversion in chiral nematic liqu
crystals@9–17#. The chiral nematic phase is characterized
a preferred direction for molecular orientation~called the di-
rector! that rotates in helical fashion throughout the pha
The distance over which the director rotates through 2p ra-
dians is called the pitch, which can be as small as 0.1mm or
as large as allowed by the container. The chirality of
phaseq0 is defined to be 2p divided by the pitch. Helix
inversion occurs when the chirality of a helix of one han
edness decreases with increasing temperature, becomes
at a certain temperature, and then increases with increa
temperature with a helix of the opposite handedness. T
general explanations for this behavior have been sugge
In one, the statistical distribution of the many molecular co
formations shifts with changing temperature@10,13#. In the
other, the competition between the different temperature
pendences and opposite chiralities of multiple chiral cen
causes the helix inversion@9,12#. Experimental support for
the first explanation comes from nematic systems with ch
dopants@11,16#, whereas experimental results verifying th
second explanation use diastereomeric liquid crystal
compounds@14,15#.

Due to the sensitivity of the chirality to temperatu
PRE 611063-651X/2000/61~5!/5372~7!/$15.00
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changes, helix inversion compounds are excellent system
which to probe the microscropic origin of the chirality i
liquid crystalline phases. While the experimental eviden
indicates that a very complex interplay between molecu
structure and intermolecular interactions is responsible
the chirality of the chiral nematic phase, the theoretical
sults corroborate this by demonstrating that the interacti
are dependent on both long-range orientational order
short-range molecular correlations. Since dramatic chan
in the long-range orientational order occur at some ph
transitions, one way to investigate the influence of lon
range order on the origin of chirality is to investigate t
effect of crossing a phase transition when a helix inversio
nearby. If the short-range molecular correlations are do
nant in determining the chirality of the phase, then the te
perature dependence of the chirality should show li
change as the phase transition is crossed. If the long-ra
orientational order dominates the interactions responsible
the chirality, then one should see a dramatic difference in
chiral behavior on either side of the phase transition.

A quick review of two mean field theories is first pre
sented, to show~1! that they can explain helix inversion i
the chiral nematic phase and~2! that they predict a
temperature-independent chirality in the isotropic pha
Second, experimental evidence on a system in which
helix inversion temperature can be moved to the transit
between the chiral nematic and isotropic liquid phases
described. Third, chirality measurements in the chiral ne
atic phase and optical activity measurements in the isotro
phase are used to investigate the chirality on both sides o
phase transition. These experiments show that the chirali
strongly temperature dependent in the chiral nematic ph
and temperature independent in the isotropic phase. In c
tradiction to the predictions of the two mean field theorie
the constant chirality in the isotropic phase is proportiona
the chirality in the chiral nematic phase at the phase tra
tion and may in fact be continuous across the transition. T
these experimental results demonstrate the importance o
long-range orientational order in the origin of chirality
5372 ©2000 The American Physical Society
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PRE 61 5373HELIX INVERSION IN THE CHIRAL NEMATIC AND . . .
liquid crystal phases, while strongly suggesting that a the
including short-range molecular correlations is necessary
even a qualitative understanding of chiral liquid crystalli
systems.

THEORY

There are two general theoretical approaches to un
standing the nematic phase that have proven to be hi
informative for many years, the molecular statistical a
proach represented by the Maier-Saupe theory@18# and the
phenomenological approach represented by Landau
Gennes theory@19#. These two theories have been the sta
ing point for a myriad of modifications and extensions duri
the latter part of this century, with many of these aiding t
understanding of liquid crystal phases and phase transiti
The molecular statistical approach starts with a molecu
field potential that depends on at least one order param
Since the order parameter itself is a statistical quantity
self-consistent equation can be generated with the order
rameter being the only unknown. Solving this equation giv
the order parameter as a function of other variables, for
ample, temperature. The phenomenological approach be
with the realization that near the phase transition to the
tropic liquid, the order parameter of the nematic phase
small. This allows the free energy to be expanded in a po
series of the order parameter, with only those terms allow
by symmetry appearing. Finding the minimum of the fr
energy for a set of variables yields the value of the or
parameter.

Since both of these theories pertain to achiral syste
they must be modified to include chirality. In the extensi
of the Maier-Saupe theory proposed by van der Meeret al.
@1#, cylindrically symmetric chiral molecules interact via
potential based on the electric multipole expansion, prod
ing a molecular field potential containing two order para
eters^P2(cosu)& and ^P4(cosu)&, whereP2 and P4 are the
second and fourth Legendre polynomials, respectively,u is
the angle the long axis of the molecule makes with the
rector, and the brackets denote a thermal average. Minim
ing the resulting free energy with respect to the two or
parameters and the chiralityq0 yields values for all three
quantities. The expression for the chirality is

q05qIF 11aS ^P4&

^P2&
D 2

11bS ^P4&

^P2&
D 2G , ~1!

whereqI , a, andb are constants that depend on the stren
of the various intermolecular interactions and the aver
distance between molecules. Since the ratio of the two o
parameters appearing in Eq.~1! goes to zero as each ap
proaches zero, the parameterqI is the chirality in the isotro-
pic phase and is temperature independent. In principle,^P2&,
^P4&, and q0 should be determined self-consistently. Ho
ever, sinceq0 times the average distance between molecu
is very small, theq0 dependence of̂P2& and^P4& should be
extremely weak. To a good approximation, therefore,^P2&
and ^P4& can be found via the conventional Maier-Sau
theory and these values substituted in Eq.~1! to find q0. Of
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course, the values forqI , a, andb are unknown, so all tha
can be done is to determine them by fitting the theory
experimental data.

The phenomenological theory can be extended to incl
chirality by simply adding terms allowed by symmetry to th
conventional free energy expression. There are several te
that are good candidates, but knowing which ones are lik
to dominate is difficult to ascertain. Since the results
qualitatively the same regardless of which terms are add
one example is given here. It is based on assuming that
chirality in a simple extension of the phenomenologic
theory depends linearly on the order parameter. The free
ergy in a chiral system can be written as@20#

f 5
1

3 Fa0~T2T* !2
3

4
bq0

2GS22
2

27
mS31

1

9
lS4, ~2!

where a0 , b, m, and l are temperature independent co
stants,T* is a second order transition temperature,S is the
order parameter, andq0 is the chirality. If the chiralityq0 is
allowed to depend linearly onS as follows:

q05qI~11aS!, ~3!

then the free energy can be minimized as a function of te
perature for any set of parametersT* , a0 , b, m, l, qI , and
a. Notice that this form ofq0 introduces terms in the free
energy of the formqI

2S2, qI
2S3, andqI

2S4. Notice also thatqI

is the temperature independent chirality of the isotro
phase sinceS is zero in the isotropic phase. Since the para
eters in the free energy are not known, they must be de
mined by a fit to experimental data.

EXPERIMENT

Three liquid crystals were used in this study. The he
inversion compound, 4-@~S,S!-2,3-epoxyhexyloxy#-phenyl-4-
~decyloxy!-benzoate or ~S,S!-EPHDBPE, was purchase
from Aldrich and used without further purification. The liq
uid crystal added to~S,S!-EPHDBPE to move the helix in-
version to the transition to the isotropic phase was cho
teryl myristate ~CM!. It was purchased from Kodak an
recrystallized several times in ethanol. Finally, a chi
compound, S-4-~2-methylbutyl!phenyl-4-decyloxybenzoate
~CE6!, available both as a pure entaniomer and as a race
mixture, was used to verify a theoretical prediction crucial
this investigation. Both forms of CE6 were purchased fro
EM Chemicals and used without further purification. A
three of these compounds along with their transition te
peratures are shown in Fig. 1.

The chiral nematic phase of (S,S)-EPHDBPE exists from
78 to 96 °C with a helix inversion at 83 °C. At temperatur
below the helix inversion, the chiral nematic structure is le
handed, while above the helix inversion the structure is ri
handed. Since CM forms a left-handed chiral nematic str
ture and possesses a transition to the isotropic phase
lower temperature than (S,S)-EPHDBPE, adding smal
amounts of CM to (S,S)-EPHDBPE causes the helix inve
sion temperature to increase and the transition to the iso
pic phase to decrease. As shown in Fig. 2, the helix invers
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5374 PRE 61HUFF, KRICH, AND COLLINGS
line and isotropic transition line meet at about 12 wt. % C
in (S,S)-EPHDBPE.

To measure the chirality in the chiral nematic phase,
sample was introduced into a 10mm glass cell with rubbed
polyimide surfaces. The resulting planar texture with an
teger number of half twists of the helix appeared unifo

FIG. 1. Structure and phase transition temperatures for the
terials used in this investigation. Cry: crystal, Sm-I: smectic
Sm-C: smectic-C, N* : chiral nematic, BPs: blue phases, I: isotrop

FIG. 2. Phase diagram of the CM-EPHDBPE system. fil
circles: chiral nematic-isotropic transition. filled squares: helix
version. The lines are linear least square fits to the data. The ar
denote where optical activity measurements were made. The h
inversion line is vertical in the isotropic phase.
e

-

and highly colored under a polarizing microscope, except
a temperature interval surrounding the helix inversion wh
the sample appeared black. As the temperature was va
and the chirality changed, the number of half twists of t
helix would change by one as disclinations passed across
field of view. Since the free energy densities of two textu
are equal as the disclination separating the two textu
passes, this allows the ‘‘natural’’ chirality of the sample
be measured. If there aren half twists across a spaced, then
the ‘‘constrained’’ chiralityq is given by

q5
2p

pitch
5

2p

2d/n
5n

p

d
. ~4!

The free energy density of a texture with ‘‘constrained
chirality q when only twist distortion is present can be e
pressed as

f 52k2q1
1

2
k22q

2, ~5!

wherek2 andk22 are twist elastic constants@21#. The ‘‘natu-
ral’’ chirality q0 is found by minimizingf,

q05
k2

k22
. ~6!

Subsitutingq0k22 for k2 and eithernp/d or (n11)p/d for
q, and then equatingf /k22 for textures withn and (n11)
half twists, leads to a relation that can be used to determ
the ‘‘natural’’ chirality q0 when the disclination passes

q05
p

d
~2n11!. ~7!

By keeping track of how many disclinations have pass
since the helix inversion, the number of half twistsn is
known. Of course the heating and cooling must be done
tremely slowly, so the sample remains close to equilibriu
as the disclination moves across the field of view. In ad
tion, to measure accurately the thickness of the celld, inter-
ferometric methods were used@22#. This method of measur
ing chirality was tested by comparison with chirali
measurements utilizing the Cano lines in a wedge sha
cell, and the results from both methods were always con
tent.

Optical activity measurements in the isotropic phase w
obtained using a 1 cmpath length glass cell. The system
capable of measuring optical rotation angles with an ac
racy of one millidegree and has been described elsew
@23#. In all cases the sample was heated just above the t
perature of the chiral nematic to isotropic transition and th
optical rotation angles were measured over a 20– 30 °C
terval in the isotropic phase in steps of 0.2– 0.25 °C. Te
perature homogeneity across the sample was better
0.1 °C.

RESULTS

Chirality measurements on various mixtures of CM
(S,S)-EPHDBPE allowed the phase diagram shown in Fig
to be determined and produced data on chirality as a func
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,

-
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of temperature in mixtures of 0.0, 6.0, 8.1, 12.1, 13.0, a
16.0 wt. % CM in (S,S)-EPHDBPE. These data are shown
Figs. 3 and 4 along with least square fits to the exten
Maier-Saupe and Landau–de Gennes theories, respecti
Notice that the data, which includes an actual inversion
some cases, agrees with the theory if the proper set of
rameters is chosen.

In the fits to the extended Maier-Saupe theory, the par
eterb has been set to zero to keep things as simple as
sible. It should be pointed out, however, that from the sta
point of the electric multipole expansion, there is no reas
to suspect thatb should be much smaller thana.

In addition, reasonable values for the phenomenolog
parameters have been assigned for the fits to the Landa
Gennes theory using the following strategy. Ifq050 in Eq.
~2!, then the temperature dependence of the order param
for a nematic liquid crystal can be written as

S5
3

4
SCF11

1

3
A128

T2TC

TC2T*
G , ~8!

FIG. 3. Chirality measurements in the chiral nematic phase
five CM-EPHDBPE mixtures. The lines are least square fits to
extended Maier-Saupe theory withb50.

FIG. 4. Chirality measurements in the chiral nematic phase
five CM-EPHDBPE mixtures. The lines are least square fits to
extended Landau–de Gennes theory withb/a051.8310211 cm2K,
m/a05180 K, andl/a05160 K.
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whereSC is the transition value of the order parameter

SC5
1

3

m

l
, ~9!

and whereTC is the phase transition temperature. Values
SC and TC2T* that give good agreement with the ord
parameter measurements in 4-n-pentyl-48-cyanobiphenyl
~5CB! @24#, a typical nematic liquid crystal, are 0.38 and 7
K, respectively. Values ofm/a0 and l/a0 are then deter-
mined by

m

a0
5

9~TC2T* !

SC

and

l

a0
5

3~TC2T* !

SC
2

. ~10!

The parameterb/a0 can be determined by realizing it is re
lated to the correlation length in the isotropic phase at
phase transitionjC , which measurements show is abo
equal to 15 nm@25#

b

a0
5jC

2 ~TC2T* !. ~11!

It should be noted that the temperature dependence of
order parameter in the fits to the data depends on the va
of b/a0 , qI , anda, but the effect is quite weak~a decrease
of about 4% compared to the data from 5 CB!.

Whetherb is set to zero or not or whether or not th
phenomenological parameters are varied from the assig
values, good agreement between the theories and the da
the chiral nematic phase is possible. More important,
Tables I and II show, in all cases the chirality jumps to
signigicantly higher value in the isotropic phase according
both theories. The fact that these theories cannot predi
continuous chirality across the transition or even a prop
tionality in the chirality on either side of the transition, re
gardless of the parameters used, is evident from Eqs.~1! and
~3!, where the discontinuity in the order parameters force
non-proportional discontinuity in the chirality.

The optical activity measurements in the isotropic pha
for five mixtures of CM in (S,S)-EPHDBPE are shown in
Fig. 5. The region of the phase diagram in which these m

r
e

r
e

TABLE I. Least square fit parameters using the extended Ma
Saupe theory for four of the six CM-(S,S)-EPHDBPE mixtures
investigated. For simplicity, the parameterb was set to zero for all
fits.

wt. % CM-EPHDBPE qI (mm21) a

0.0 36.467.9 28.0460.06
6.0 17.662.4 29.7260.17
8.1 15.862.8 210.5760.22

12.1 13.363.0 212.7360.64
13.0
16.0
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5376 PRE 61HUFF, KRICH, AND COLLINGS
surements were taken are indicated in Fig. 2. Two findi
are immediately clear from the data. First, there are two c
tributions to the optical activity in this system. There is
‘‘structural’’ part that stems from the short range order in t
isotropic phase. This contribution decreases with increas
temperature and becomes insignificant about 25 °C above
transition. There is also a ‘‘molecular’’ part that is fairl
constant with temperature but does show a small tempera
dependence. Second, the ‘‘structural’’ component decre
the closer the CM concentration is to about 12 wt. %,
point at which the helix inversion line meets the isotrop
transition line, and in fact is almost zero in the 12.1 wt.
mixture. Furthermore, the sign of the optical activity~rela-
tive to the 12.1 wt. % data! is opposite for concentration
above and below 12.1 wt. %.

The theory of short range order in the isotropic phase
chiral nematic liquid crytals predicts that the optical activ
f should vary as follows:

f5
pkBq0

12e0l2Aa0b
F11

c

2bG23/2 T

AT2T1*
, ~12!

wherekB is Boltzmann’s constant,e0 is the permeability of
free space,l is the wavelength of the light in the sample,a0
and b are the same phenomenological parameters as in

TABLE II. Least square fit parameters using the extend
Landau–de Gennes theory for the six CM-/(S,S)-EPHDBPE mix-
tures investigated. Fixed values for the following parameters w
used in all the fits:b/a051.8310211 cm2K, m/a05180 K, and
l/a05160 K.

wt. % CM-EPHDBPE qI (mm21) a

0.0 25.860.1 21.6460.01
6.0 13.260.7 21.8560.02
8.1 11.760.8 22.0360.02

12.1 9.4260.95 22.5360.08
13.0 7.661.3 22.9160.19
16.0 5.761.7 23.5360.49

FIG. 5. Optical activity in the isotropic phase for five CM
EPHDBPE mixtures. The lines are least square fits to Eq.~13!. The
arrows point to where extrapolation of the helix inversion line in t
chiral nematic phase intersects the data.
s
-

g
he

re
es
e

f

q.

~2!, c is an additional phenomenological parameter, andT1*
is the second order transition temperature for the struct
mode most responsible for optical activity in the isotrop
phase@20#. If the assumption is made that the values of t
phenomenological constants do not change significantly
to the small differences in CM concentration, then the fac
multiplying the temperature dependence is proportional
the chiralityq0. For this reason, the optical activity data we
fitted to

f5
AT

AT2T1*
1B1CT, ~13!

where the last two terms allow for a slightly temperatu
dependent ‘‘molecular’’ contribution to the optical activit
(T is in kelvin!. These fits are extremely good and are sho
in Fig. 5.

Theoretically, the fitting parameter A should be propo
tional to the chirality in the isotropic phaseq0. To check this
experimentally, the optical activity of chiral-racemic mix
tures of CE6 with chiral fractions 0.000, 0.050, 0.100, a
0.148 were performed. The results are shown in Fig. 6, al
with fits to Eq.~13!. Since previous measurements on chir
racemic mixtures of CE6 have revealed that the chirality
the chiral nematic phase at the isotropic phase transitio
proportional to the chiral fraction@26#, the inset shows a plo
of the values of A determined from these fits versus ch
fraction, verifying that the parameter A is proportional toq0
in this system.

Figure 7 shows a plot of A versusq0 in the chiral nematic
phase at the phase transition temperature to the isotr
phase for the five CM/(S,S)-EPHDBPE mixtures. The linea
relationship between these two quantities coupled with
fact that the fits in Fig. 5, where the chirality for each mi
ture was assumed to be temperature independent, sug
that the chirality in the isotropic phase for a liquid crystal
constant and proportional to the chirality in the chiral ne

d

re

FIG. 6. Optical activity in the isotropic phase for four chira
racemic CE6 mixtures. The lines are least square fits to Eq.~13!.
The inset shows the dependence of the parameter A in Eq.~13!
obtained from these fits on the fraction of S-CE6 in the S-CE
racemic–CE6 mixtures. The line in the inset is a linear least squ
fit to the data.
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atic phase at the phase transition temperature. For this
son, the region above the transition line in Fig. 2 is labe
with one handedness for CM concentrations less than
wt. % and with the other handedness for CM concentrati
greater than 12 wt. %.

DISCUSSION

The abrupt change in the slope of the helix inversion l
at the chiral nematic to isotropic phase transition is an
portant finding. Clearly the origin of chirality cannot b
mainly in the short range molecular correlations, since th
should not change to a great extent in crossing the transi
Such molecular correlations could very well be importa
but obviously the amount of long range orientational ord
plays an important role.

In addition, although the molecular field and phenome
logical theories can explain helix inversion in the chiral ne
atic phase, they predict an abrupt change in the chiralit
the transition that is not supported by experiment. Spec
cally, they predict that the chirality in the isotropic phase
all mixtures should be of one sign and not proportional to
chirality in the chiral nematic phase~see Tables I and II!.
This is not at all surprising, as neither of these theories ta
into account the short range molecular correlations that oc
near the transition in both phases but are the only or
present in the isotropic phase.

FIG. 7. The dependence of the parameter A in Eq.~13!, ob-
tained from the fits shown in Fig. 5, on the chirality in the chir
nematic phase at the transition to the isotropic phase.
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The optical activity measurements are only capable of
termining a quantity that is proportional to the chirality in th
isotropic phase. A direct measurement of the chirality in
isotropic phase is needed, but such measurements are
cult. Light scattering experiments are capable of measu
the chirality in the isotropic phase, and such an experim
has been performed in one liquid crystal system@27#. For
this system, the transition to the isotropic phase was from
third blue phase (BPIII ) not the chiral nematic phase. Th
BPIII to isotropic transition ends at a critical point@23#, and
for the mixture studied by light scattering the critical poi
was probably not far away. So the finding that the chiral
was continuous~to within experimental error! across the
BPIII -ISO transition is not surprising. Unfortunately, this r
sult cannot be assumed to hold for the CM/(S,S)-EPHDBPE
mixtures, where the transition is from the chiral nema
phase and is much more discontinuous. Light scattering
periments to measure the chirality of the isotropic phase
system without blue phases are underway at this time.
results gathered so far seem to indicate that if a discontin
in the chirality exists at the chiral nematic to isotropic tra
sition, it is not large and certainly much smaller than an
thing predicted by the two theories. In fact, at this poin
continuous chirality across the transition cannot be ruled o

CONCLUSIONS

Investigation of a system with a helix inversion line
capable of revealing in a detailed way some of the comp
chiral behavior of liquid crystals. The change in temperat
dependence of the chirality and the proportionality of t
chirality across the chiral-nematic–isotropic-phase transit
are findings that call for a theoretical explanation. Althou
there is no reason to suspect that the CM/(S,S)-EPHDBPE
mixture is a special case, it is important to ascertain just h
general this behavior is. Only additional experiments on d
ferent systems can answer this question.
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