This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Tricritical behaviour of the smectic A to smectic C transition for binary
liquid crystal mixtures

Thilo Dollase®; B. M. Fung®

2 Department of Chemistry and Biochemistry, University of Oklahoma, Norman, OK, U.S.A.

To cite this Article Dollase, Thilo and Fung, B. M.(1996) 'Tricritical behaviour of the smectic A to smectic C transition for
binary liquid crystal mixtures', Liquid Crystals, 21: 6, 915 — 921

To link to this Article: DOI: 10.1080/02678299608032910
URL: http://dx.doi.org/10.1080/02678299608032910

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678299608032910
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:40 26 January 2011

Downl oaded At:

Liouib CrysTaLS, 1996, VoL. 21, No. 6, 915-921

Tricritical behaviour of the smectic A to smectic C* transition for

binary liquid crystal mixtures
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OK 73019-0370, U.S.A.

(Received 20 November 1995, in final form 14 August 1996, accepted 14 August 1996)

The tricritical behaviour for the smectic A (S,) to chiral smectic (S¥) or smectic C (S¢) phase
transition of four binary liquid crystal systems was investigated by 3C NMR spectroscopy.
The compounds 4'-(2-chloro-3-methylpentanoyloxy)-4-hexyloxy-1,1’-biphenyl (denoted C6)
and 4'-(2-chloro-3-methylpentanoyloxy)-4-octyloxy-1,1-biphenyl (C8) were used in their
enantiomeric (L) and racemic (DL) forms. L-C6 and L-C8 exhibit a chiral smectic C (S¥) to S,
phase transition, and DL-C6 and DL-C8 exhibit a S.. to S, transition, which are first order.
Information about the orientational ordering of the aromatic core of C6 and C8 was obtained
from measurements of **C chemical shifts. C6é displays a significant jump at the phase
transition, whereas the discontinuity of C8 is much weaker. The enantiomeric and racemic
forms have similar order parameters and phase behaviour. Various mixtures of Cé6 and C8
with 4-butyloxyphenyl-4'-decyloxybenzoate (1004), which has a second order S¢ to S,
transition, show a crossover from a first order to a continuous second order transition via a
tricritical point. The tricritical mole fraction Xy¢p of 1004 in the mixtures was found to be
0-14 + 0-01 for pL-C6 and 0-13 £+ 0-01 for L-Cé. For mixtures containing C8, the tricritical

mole fractions were much smaller, and it was found that X7ep < 0-02 for pL-C8 and Xqcp < 0-03

for L-C8.

1. Introduction

The phase transition behaviour of the nematic (N)
phase to the smectic A (S,) phase has been studied
extensively [ 1]. The S, to smectic C {S;) phase transition
has been of considerable interest also [1-12]. Besides
the nematic phase, the S, and the S, phases are the
most common thermotropic liquid crystalline phases.
These phases can be formed by rod-like molecules in a
temperature range that is specific for each compound.
In nematic and smectic phases, on average, the molecular
long axes align in the same direction in small domains.
To describe this phenomenon, a director n was intro-
duced to denote the average direction of molecular
alignment. Referring to this director, an order parameter
S was defined. For biaxial flexible molecules this order
parameter has to be described by the Saupe ordering
matrix [13]

1
Suﬂ=5<3lalﬁ+5aﬁ>‘ (1)

Here [,l; denotes the product of the direction cosines of
angles between two molecular axes o,  and the director,
and .4 is the Kronecker delta. The angular brackets
characterize time and ensemble average. Expansion of

* Author for correspondence.

the potential of mean torque in terms of the spherical
harmonics results in up to five different order parameters
that have to be used to describe the total orientational
ordering of certain molecular segments. However, for
molecules of molecular segments having a D, symmetry,
only two order parameters S, and S,, — S,, have to be
considered. Smectic phases have partial positional order
in addition to the orientational order found in nematics;
i.e. the molecules arrange in layers so that a mass density
wave parallel to the layer normal is formed. This addi-
tional positional ordering was explained in a theory by
McMillan [14]. In the S, phase the director and the
mass density vector are parallel, whereas in the S phase
the director is tilted away by an angle 0. Molecules that
contain a chiral centre form the chiral smectic C (S%)
phase instead of the S phase, in which the director
precesses around the mass density vector. One complete
rotation is called the pitch p, which is a compound-
specific property. However, the microscopic ordering in
Sc and S§ is the same.

It is well known that approximately symmetrical linear
molecules which contain terminal polar groups and
chain branching on one side and a long alkyl or alkoxy
chain on the other are likely to exhibit a S¢ phase [15].
The existence of a chiral centre leads to the forma-
tion of the SE phase, the ferroelectricity of which was

0267-8292/96 512-00 © 1996 Taylor & Francis Ltd.
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predicted by Meyer et al. [16]. In the S& phase, the
lateral dipole moments of the molecules will align macro-
scopically along the same direction under the influence
of an external electric field. This property makes chiral
smectogens suitable for the surface stabilized ferroelectric
liquid crystal (SSFLC) display [17], a new type of
electro-optic device which has bistability and very short
switching times.

Since the early 1970s, the S, to S¢ phase transition
has attracted considerable attention. Initially it was
unclear whether this transition is helium-like, as it was
first proposed by de Gennes [18], or mean-field-like.
Later-on, extensive calorimetric studies by Huang and
coworkers confirmed that not only the S, to S¢ [19],
but also the S, to SE [20] phase transition can be
characlerized more accurately by the mean-field model.
As a result, in analogy to the Landau model, the free
energy density g in the vicinity of a S, to S; transition
can be expanded in terms of an order parameter ¢ [21]

T 2 4
g:(T —1>¢ + byt + cy® (2)

trans

where b and ¢ are expansion coefficients, and s has the
form

Y = Oexp(ig). (3)

Here, 0 is the tilt angle and ¢ is the azimuthal direction
of the director. According to Huang and Viner [21],
h >0 describes a second order transition and » <0 a
first order transition. At the crossover, b = 0 character-
izes a tricritical point (TCP) [21]. It has been found
that the S, to S¢ or SE transition for most compounds
is a second order transition.

In 1986, two research groups discovered a new series
of ferroelectric liquid crystals with very promising electric
properties, such as extremely high spontaneous polariza-
tion and dielectric constants in their Sg phase [4, 22-297.
These liquid crystals are esters of differently branched
a-chloro acids and 4-n-alkoxy-4'-hydroxybiphenyl. Since
the discovery of these new liquid crystals, a lot of work
regarding orientational ordering of these compounds
and the nature of the S, to Sc (S&) phase transition
have been performed [5, 6,8-117. From these results,
relations between order parameters, molecular structures
and phase behaviour have been obtaincd. In this laborat-
ory, one and two dimensional "*C NMR spectroscopy
has been used for both kinds of investigations. Sevcral
studies on the behaviour of these chloroesters have been
carried out, in which cither the chiral part was modified
or the length of the alkoxy chain was varied [ 12, 30-32].
In particular, the homologous series of 4'-(2-chloro-
4-methylpentanoyloxy)-4-alkyloxybiphenyl and 4'-(2-
chloro-3-methylpentanoyloxy)-4-alkyloxybiphenyl are of

considerable interest because some members in this
series show first order S, to S¥ transitions [ 5, 24]. For
simplicity, they are denoted as Brn and Cn, respectively
[24], where n is the number of carbon atoms in the
alkyl chain (see figure 1). The (2S,3S) compounds are
referred to as L isomers for Cn, and their racemic
mixtures as DL isomers.

It has been found that mixing these compounds with
a liquid crystal that displays a continuous S, to S¢
phase transition leads to a crossover from discontinuous
to continuous behaviour via a critical point [11, 327.
This provides the possibility to obtain insight about
tricritical behaviour in general. For this purpose, binary
mixtures of Bn and Cn with 4-butyloxyphenyl-4'-decy-
loxybenzoate, denoted 1004 (see figure 2), have been
studied [ 11, 32-347.

In a previous investigation [32], we have used °C
NMR spectroscopy to observe the behaviour of the S,
to S¢ phase transition of pL-B7 and p1-C7 and their
mixtures with 1004. In this work, results of a study on
the S, to S¢ phase transition of pL-C6 and pDL-C8 as
well as the S, to S phase transition of 1-C6 and r-C8
and their mixtures with 1004 are reported and com-
pared with those obtained for pL-C7.

2. Experimental

According to procedures in the literature
[22-25,35-37], C6 and C8 were synthesized using L-
and DL-isoleucine, 1,1’-biphenol and 1-bromohexane or
l-bromooctane as starting materials, which were pur-
chased from Aldrich Chemical Co. and used without
further purification. The amino acids were transformed
to a-chloro acids by diazotization and coupled with the

a O 3v2v 2 3
4) 1'1 4
O OCHon,y
Bn

Cl 0 3 L 2 ) 2 3
4 1'1 4
Cn

Figure 1. Molecular structures of the liquid crystals Bn and
Cn (n=6, 7 and 8).

ono O
)—@— OC1qHyy
o)

Figure 2. Molecular structure of 1004, used for the prepara-
tion of binary liquid crystal mixtures.
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monoalkylated biphenol using dicyclocarbodiimide
(DCC) as carbonyl activator and dehydrating agent and
4-pyrrolidinopyridine as nucleopbhilic catalyst. The liquid
crystals were purified by column chromatography using
silica gel as stationary phase and chloroform as eluent,
and were recrystallised from hexane. The purity of L-C6,
DL-C6, L-C8 and pL-C8 was verified by proton NMR
in isotropic solutions and by examining their transition
temperatures under the polarizing microscope.

Information about the core parameter was obtained
from >C NMR experiments on bulk liquid crystal
samples at 1257 MHz on a Varian VXR-5008 spectro-
meter equipped with a Sun/360 workstation. A 5mm
indirect detection probe, manufactured by Nalorac
Cryogenics Corp., was used to obtain optimal proton
decoupling. The sample tube was spun at 8 Hz to avoid
the development of a spinning vortex. In every experi-
ment, the temperature was lowered from the isotropic
phase of the liquid crystal until the sample started to
crystallize. Spectra were acquired in temperature inter-
vals of 0-1°C in regions of phase transitions and in 0-5°C
steps otherwise. For each temperature two sets of spectra
were taken, one with 24transients to equilibrate the
system to the new temperature, and another with
72 transients for the actual chemical shift measurements.
Data processing was performed on a Sun 3/60 workst-
ation and also on a Sun Sparc Station 5.

The ®C NMR experiments were performed for 20
and 22 different compositions for pr-Cé6 and 1-C6,
covering a mole fraction of X(1004).

3. Results and discussion

Because of the large positive diamagnetic anisotropy
of the biphenyl unit, the director of the studied liquid
crystals aligns parallel with the magnetic field B,,. This
means that the layer normals are orthogonal to B, for
the S, phase. It was shown in this laboratory before
that the director in the Sc phase also aligns with the
magnetic field so that the layers are tilted with respect
to B, [36]. As a resuit, the tilt angle # cannot be
observed directly. Due to this phenomenon, the complex
order parameter ¥ is not used to describe the ordering
of the Sc phase aligned in a high magnetic field. Instead,
the orientational ordering can be simply described in
analogy to the S, phase by the Saupe order parameter
matrix, where S=1 refers to perfect alignment in a
crystal and S =0 an isotropic liquid [13].

Because of the macroscopic alignment of the director
with respect to B, the '*C NMR signals for the aromatic
carbons are relatively sharp, with linewidths on the
order of about 65Hz in the S, phase. The peaks also
remain relatively sharp in the S; phase. However, the
S¢ phase of 1-C7 seems to retain the alignment of the
layer normal of the S, phase due to its unusually tight

pitch p, so that even the high magnetic field (11-07 T) of
our NMR instrument was insufficient to unwind the
helical structure of the S¥ phase [12, 327]. As a result,
the **C NMR spectrum shows very broad and overlap-
ping peaks due to partial powder pattern character-
istics [37].

It is known that many physical properties of homolog-
ous liquid crystals, such as phase transition temperatures,
show one trend for compounds with alkyl chains con-
taining odd numbers of carbon atoms, and show a
different trend for compounds with even numbered
chains (the odd—even effect). Thus, L-C6 and L-C8 exhibit
a S& phase which have longer pitches and, unlike L-C7,
their helical alignment of the director is unwound by
the high magnetic field of the NMR instrument because
of the inverse proportionality between B, and p [38].
Therefore, the *C peaks remain sharp in the S% phase
for L-C6 and L-C8, displaying about the same linewidths
as the corresponding racemic mixtures in their S phase.

For 1L-C6 and L-C8, the linewidths of the 3’-carbon
peak in the S phase is about 90 Hz and could be readily
used for chemical shift measurements (figure 3). The
slightly larger linewidth in the S phase compared to
the S, phase may be related to a decrease in the
relation times.

In order to determine the order parameters of indi-
vidual molecular segments in a liquid crystal, knowledge
about their symmetry is required. For our compounds,
the aromatic core is rigid and thus can be used to define
the axis system in the molecular frame. Since the biphenyl
group contains a twofold rotational axis, only two
elements of the Saupe order parameter matrix have to
be considered to describe the orientational ordering of
each phenyl ring, namely S, and S, —§,, component
does not show a significant temperature dependence
(391, S,. is sufficient for the description of the change
in orientational ordering with temperature in the
observed liquid crystalline phases. It was shown in this
laboratory previously [ 12,39] that the order parameter
S, of the aromatic core of liquid crystals, which is often
simplified as S, is related to the **C chemical shift by

§= Ol((sobs - 6'150) + .B (4)

where . is the observed *C chemical shift and &;,,
chemical shift of the respective atom in the isotropic
liquid. Thus, the empirical constants o and B describe
the orientational ordering of particular atoms corres-
ponding to an observed chemical shift. Their values have
been determined for all four different aromatic carbon
atoms in A7, B7 and C7 [ 12, 32, 33] using a procedure
combining the techniques of variable angle spinning and
separated local field spectroscopy (VAS/SLF) [40]. It
was found that S values for both rings in each compound
at a given temperature were the same within experi-
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mental error. This is expected because the C, axes of
the two phenyl rings are colinear. Therefore, in this
study, only the data for the 3’ carbon was used for
calculations of the order parameter. For the previous
work by Briuniger [32, 33] the constants in equation
(4) for the 3' carbon are a=0028 +0004 and f=
—0-01 + 0:01. These values are assumed to be the same
for L-C6, pL-C6, 1-C8 and pL-C8. For all the four
compounds it was found that the order parameter
incteases with decreasing temperature, lying in the range
between 0-64 and 0-70 for the S, phase, and between
(0-70 and 0-78 for the Sc (SE) phase. The temperature
dependence is larger in the Sc (S§) phase than in the
S4 phase.

The values of S were plotted as a function of temper-
ature for each mixture. Examples of these plots are given
in figures 4-7. For the S, to Sc (S¥) phase transition,

51.69C

|
f

51.79C

51.80C WM o

51.99C -M . —

52.00C M —

52.10C s M -
M

5220C  ~pwerens ‘ e
52.30C  wimerrmnns M srmtpecomnany
52.49C -
52,50C  wenpme
52.6°C - > v e
AN EMALR LR SR L AL DAL BRI ILAMSLELS S AL RSt LN A B RS SO
180 160 140 120 ppm

Figure 3. S, to S¢ phase transition in pL-C6, monitored by
13C NMR. The coexistence of the two phases over a small
temperature range, as predicted for first order transitions
by the Landau-de Gennes theory, is verified by the
coexistence of two peaks at different chemical shifts for
the same corresponding carbon atom.

0.8 ! { /
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Figure 4. Temperature dependence of the core order para-
meter for pure L-C6, exhibiting a first order S, to S§
phase transition.
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° 0.68 L
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Figure 5. Temperature dependence of the core order para-
meter for a mixture of X(1004) = 0142 in L-C6, showing
a second order Sg to S¢ phase (ransition.

the change in the order parameter is designated AS. The
value of AS is larger than zero for first order transitions,
and decreases with addition of more and more 1004
until it reaches zero for a continuous second order
transition. Usually a range of coexistence of the S, and
Sc (8&) phases, predicted by the Landau-de Gennes
model for first order transitions, appeared over a temper-
ature range of about 1K for the pure compounds (see
figure 3). In these cases, the transition lemperature was
determined as the arithmetic average of the first and last
temperature of the range of coexistence. To be more
quantitative, the curve for the temperature dependence
of the order parameter in the S¢ (S¢) phase for each
mixture was then fitted to an empirical relation known
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Figure 6. Temperature dependence of the core order para-
meter for pure DL-C6, exhibiting a first order S, to S¢
phase transition.
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Figure 7. Temperature dependence of the core order para-
meter for a mixture of X(1004) = 0-145 in pL-C6, showing
a second order S, to S phase transition.

as the Haller equation

TV
S=SO(1—?O). (5)

Although this equation was originally derived for nemat-
ics, it turned out to fit the data of the compounds under
investigation very well. The quantities S,, T, and f were
treated as empirical constants, where T, has a slightly
higher value than T , and characterizes pretransitional
behaviour [41]. The other two constants S, and f can
be attributed to an equilibrium order parameter and how
fast the system approaches equilibrium, respectively.
Evaluation of the empirical constants by a least squares
fit allows us to calculate AS for the transition temper-
ature. Results of AS for mixtures of 1004 with L-C6 and

DL-C6 plotted against the mole fraction are given in
figures 8 and 9. 1t is found that the jump in the order
parameter, AS, is linear for these compounds, and the
intersection of the first linear segment of the plot can
be extrapolated to give the tricritical mole fraction
X1cp(1004). This procedure implies that enough data
points should be available to obtain a reasonable linear
fit. Using this procedure, the values of X1cp(100%) in the
L-C6 and DL-C6 systems were determined graphically in
the plots depicted in figures 8 and 9, respectively. The
scattering of the data points might result from errors
occurring in the Haller fits. Although the individual
errors in the empirical constants S,, T, and f are usually
smaller than 1 per cent, the error in AS mainly depends
on the error propagation and thus can have larger values.
The overall error in X1cp(1004) are determined by the
accuracy of the linear fit and thus is directly related to
the correction coefficients. According to figures 8 and 9,

0.04 1

aS

Q.03 1
XTCP(TOOI) =0.13

0.02 7

0.01 7

0 L B S S B S S R SR A M R it (RN A S Hg et AN A B
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X (7003)

Figure 8. Determinatjon of the tricritical mole fraction of
1004 in the 1-C6 system.
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Figure 9. Determination of the (ricritical mole fraction of
1004 in the DL-C6 system.
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the determination of X7cp(1004) in the L-C6 and DL-C6
systems resulted in  X;p(1004) =013+ 001 and
Xyep(1004) = 0-14 4 0-01, respectively. L-C8 and pL-C8
show a much smaller jump in the order parameter, so
that the tricritical mole fractions were much smaller. As
a matter of fact, experiments with only six different binary
mixtures for each of these two compounds were enough
to pass the tricritical point. The X(1004) value did not
exceed 0-03 for the L-C8 system and 0-025 for the pL-C8
system. Because it was difficult to run more than five
significant mole fraction increments below these values,
the determination of X;¢ep for L-C8 and pDL-C8 was less
accurate. Hence, it was only possible to estimate their
values from the obtained NMR spectra. Thereby, the
tricritical mole fractions were determined to be
Xrcop(1004) <003 for the L-C8 system and
Xrep(1004) < 002 for the pL-C$ system.

4. Conclusions

One-dimensional 3C NMR spectroscopy has been
used to monitor the order parameter of the aromatic
core in several binary liquid crystal mixtures composed
of the smectogens 1.-C6, pL-C6, L-C8 and pL-C8 with
1004. Although the S, to S (S¥) phase transition is
continuous for most systems, the studied compounds
exhibit a weak discontinuous phase transition in their
pure forms. Addition of various amounts of 1004, a
compound that displays a continuous S, to S transition,
leads to a crossover from first to second order trans-
itional behaviour via a tricritical point. The correspond-
ing tricritical mole fractions were determined. They
turned out to be X.p(1004) = 0-13 + 0-01 for the L-C6/
1004 system and X1op(1004) = 0-14 4 0-01 for the DL-
C6/1004 system. The discontinuity of L-C8 and pL-C8
was already small in their pure forms. As a result, it was
found that X;cp(1004) < 0-03 for the L-C8/T004 system
and X;p(1004) < 0-02 for the pL-C8/1004 system. In
comparison, the value of Xqcp (1004) for the DL-C7/
1004 system determined from *C NMR measurements
was 0-13+ 001 [32], which differs slightly from the
value of 0-106 for the 1-C7/1004 system determined
from calorimetric study [ 11]. We were not sure whether
or not this was caused by a slightly different behaviour
of the racemic mixture pL-C7 compared with the optic-
ally pure compound 1-C7 [ 32]. From the present results,
we conclude that X,qp for optically pure compounds
and their racemic mixtures do not differ within experi-
mental error. The difference observed for the C7/1004
system [11,32] possibly reflects the uncertainties in
different experimental techniques.

This work was supported by the U.S. National Science
Foundation under Grant Number DMR-9321114, We
would like to thank T. Brduniger for the synthesis of
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like to acknowledge financial support he received from
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