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Fast switching near a smectic-to-nematic phase transition

Sebastian Gauza®, Amanda Parish?®, Shin-Tson Wu®, Anna Spadto® and Roman Dabrowski®
“College of Optics and Photonics, University of Central Florida, Orlando, FL 32816, USA; ’Institute of Chemistry, Military

University of Technology, 00-908 Warsaw, Poland
(Received 5 March 2008; final form 10 April 2008 )

We have designed, synthesised and evaluated the physical properties of high-birefringence (An) isothiocyanato
phenyl-tolane and terphenyl liquid crystals. These compounds exhibit a An~0.36-0.52 at room temperature and
wavelength /=633 nm. A different mesomorphic sequence was observed depending on the terminal alkyl chain
length. Compounds with a longer chain show smectic and nematic phases, whereas short-chain homologues only
exhibit a nematic phase. In the vicinity of the nematic-to-smectic transition, the viscoelastic coefficient decreases,
instead of increases, as the temperature decreases. The observed change is as large as 75% for the 4'-(3,5-difluoro-
4-isothiocyanatophenylethynyl)-4-pentylbiphenyl compound studied. This behaviour is useful for improving the
response time of a liquid crystal device, if the operating temperature can be controlled accurately.

Keywords: high birefringence; isothiocyanato phenyl-tolanes; smectic-nematic phase transition

1. Introduction

It is highly desirable that liquid crystal (LC)
compounds and mixtures exhibit a wide range of
mesomorphic phase depending on the specific appli-
cation. Such a mesomorphic phase is achieved either
by a single compound or by a eutectic mixture.
Numerous reports have been published regarding
binary or multicomponent LC systems that exhibit
induced smectic A (specifically Ag), re-entrant
nematic and also ferroelectric and antiferroelectric
phases (/-3). These induced phases are often attrac-
tive for phase transition boundary studies. The close
proximity of the phase transition typically introduces
unexpected deviations of the major physical proper-
ties, e.g. dielectric permittivity, elastic constants, flow
viscosity or rotational viscosity, as the order para-
meter of the LC changes drastically (4-/0). The phase
transition between nematic phase (which has orienta-
tional order) and smectic phase (which has both
orientational and positional orders) has long been
studied for subtle effects that arise from the intrinsic
coupling of their order parameters (/7). To combine
the typical nematic behaviour observed by different
experimental techniques (polarising optical micro-
scopy, miscibility studies and dielectric spectroscopy)
and the smectic-like fluctuations (short-range posi-
tional order) in the systems with smectic and nematic
phase, the term cybotactic nematic has been used. It
is known from X-ray diffraction patterns that small
domains with a local smectic organisation appear in
the nematic phase just above the transition point, and
the domains are cybotactic clusters (/2).

Recently we have reported some new high-
birefringence (An>0.4) single compounds (/3-15)
and formulated high-birefringence mixtures for laser
beam steering and optical shutter applications (/16—
18). These applications require fast (millisecond)
response time. In order to achieve fast response
time, a straightforward approach is to employ a thin
cell filled with a high-birefringence mixture and
operated at an elevated temperature (/9-217). To
avoid ambient temperature fluctuations, the LC
device is enclosed in a temperature-stabilised cham-
ber. High-birefringence LCs are typically identified
with long conjugated rigid cores linked with a highly
polar group, e.g. cyano (CN). For instance, a
structure like 5CB (pentylcyanobiphenyl) has a
linear m-electron conjugation extending over the
biphenyl rigid core and the polar terminal cyano
group. As a result, its optical and dielectric
anisotropies are relatively high.

Our research focuses on elongated molecular rigid
cores, such as tolane, terphenyl and phenyl-tolane,
with isothiocyanato (NCS) terminal polar group
instead of cyano. The major advantage of using
NCS group over CN is mainly on the lower
rotational viscosity. The CN group has a larger
dipole moment (x=3.9D) than NCS (u=3.7D)
because of its linear structure. However, due to the
very strong polarisation of the carbon—nitrogen triple
bond the Huckel charges of carbon and nitrogen are
high and well localised (22). Accordingly, dimers are
formed by strong intermolecular interactions between
the nitrile groups. Due to the longer n-electron
conjugation, the NCS-based LC compounds exhibit
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a larger birefringence than the corresponding CN
compounds. However, the NCS compounds tend to
exhibit smectic phases (/4). Because it is difficult to
suppress the smectic phase without sacrificing the
electro-optical performance of the LCs, here we
investigate an intrinsic phenomenon of smectic-to-
nematic (Sm-N) transitions.

In this paper, we present some high-birefringence
single LC compounds exhibiting an enhanced figure-
of-merit (FoM) when operated at a temperature near
the Sm—N transition. The measured viscoelastic
coefficient was significantly reduced near the Sm-N
transition temperature resulting in ~75% increase in
FoM. Here, FoM is linked directly to the response
time of the LC cell used for laser beam steering and
light modulators: the higher the FoM, the faster the
response time.

2. Experimental

Several techniques were used to measure the physical
properties of the single compounds and mixtures.
Differential scanning calorimetry (DSC, TA
Instrument Model Q-100) was used to determine
the phase transition temperatures. Results were
obtained from 3-6mg samples in the heating and
cooling cycles at a 2°Cmin~ ' scanning rate. The
electro-optical properties of the LC compounds and
mixtures were measured using 5 um homogenous cells
with indium tin oxide (ITO) electrodes coated in the
inner sides of the glass substrates. A thin polyimide
layer was overcoated on ITO and buffed in antipar-
allel directions to produce a small pretilt angle (~2°).
A linearly polarised He—Ne laser with 2=633 nm was
used as the light source for the electro-optical
measurements. Experimental setup and measurement
technique were the same as those reported elsewhere
(23).

The physical properties of the single compounds
were measured at several temperatures within their
nematic phase and results were used to fit with
theoretical models. In this study, we focused on the
birefringence (An), viscoelastic coefficient (y;/K;;)
and figure-of-merit, which is defined as (24):

H(F) H(F) H(F)

L=

H(F)
Structure |

FoM =K An’ /yy, (1)

where Kj; is the splay elastic constant and y; the
rotational viscosity. The temperature-dependent bire-
fringence of an LC can be described as follows:

An=An,(1—-T/T.,)", (2)

where An, represents the birefringence at 7=0K, f is
a material constant and 7 is the clearing temperature
of the LC. By fitting the experimental data using
equation (2), we can obtain An, and f. Once these
two parameters are determined, the birefringence of
the LC at room temperature can be extrapolated.
Similarly we fit FoM with following equation (24):

FoM =a(An,)* (1 — %) 3ﬁexp <;—7{5>, (3)

where a is a fitting parameter. The extrapolated
viscoelastic coefficient at room temperature can be
calculated from equation (1).

3. Results

Compounds with phenyl-tolane (structure I) and
terphenyl (structure II) rigid cores were chosen for
detailed investigation. Both structures exhibit a high
optical anisotropy and are used for formulating high-
birefringence mixtures. To widen the varieties we also
synthesised compounds with different lateral fluor-
inations on the rigid cores (Scheme 1).

For isothiocyanates, homologues with a longer
alkyl chain usually possess both smectic and nematic
mesophases, whereas the shorter chain homologues
tend to have only nematic phase.

Table 1 lists all the compounds included in the
experiment with detailed molecular structures and
phase transition temperatures. Also included for
comparisons are two sets of fluorinated phenyl-
tolanes (compounds la—1c¢ and 2a-2b) and two pairs
of fluorinated terphenyls (compounds 3a-3b and 4a—
4b). The alkyl chain length was intentionally chosen

H(F) H(F) H(F)
Sete St
H(F)

Structure 11

Scheme 1. Compounds with phenyl-tolane (structure I) and terphenyl (structure II) rigid cores.
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Table 1. Single compound structures and phase transition temperatures.

1D No. Structure

Phase tfransition temperatures /°C AH (Cr-N)/calmol !

F
: orAA =i
F

C3PPTP(35F)NCS

F
1b
A= e
F

CSPPTP(3SFINCS

F
2a
Ay v

C2PP(23F)TP(3F)NCS

F F F
2b
oAy = e

C3PP(23F)TP(3F)NCS

F F F
2¢
A=

C5PP(23F)TP(3F)NCS

F
3a
oA s
F

C3PPP(35F)NCS

3b
oA ) prres

F
CSPPP(35F)NCS

F F F
4a
osA Ay
F

C2PP(23F)P(35F)NCS

F F F
4b
e res
F

C5PP(23F)P(35F)NCS

:

it

Cr 1220 N 233.6 1 6263

Cr 55.0 S119.0 N 208.5 1 3770

Cr 737N 22331 5452

Cr822S 892N 24051 5814

Cr53.5S 1350 N 218.0 I 3359

Cr 106.9 N 202.6 1 3359

Cr96.9S112.4 N 188.6 I 2174

Cr 1220 N 15201 7040

Cr90.7S 1379 N 173.0 1 4089

to display different mesomorphic sequences within
the compared sets. The difluoro-substituted isothio-
cyanato phenyl-tolane compounds 1a and 1b exhibit
a wide nematic range with clearing temperature over
200°C. The propyl homologue shows a relatively high
melting point (122°C). The pentyl homologue (com-
pound 1b) shows a much lower melting point
temperature of 55°C, but smectic phase appears at

119°C. The fusion enthalpy (AH) is quite different for
the C3 and C5 homologues. The AH value (6.3 kcal -
mol ™ !) of compound 1a is nearly twice as high as that
of compound 1b.

In the second series, we investigated different
lateral fluorinations, as represented by compounds
2a, 2b and 2c¢. Triple fluorination in this case was
done by introducing fluorine into the second and
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Figure 1. Temperature-dependent birefringence measured for (a) difluorinated phenyl-tolane isothiocyanates and (b)

trifluorinated phenyl-tolane isothiocyanates.

third positions of the middle phenyl ring. The phenyl
ring with a polar terminal group was single fluori-
nated at the position adjacent to the NCS terminal
group. The measured melting temperature was
significantly lower than the difluorinated compounds
1a and 1b. Only the ethyl homologue (C2) does not
show a smectic phase; both propyl (C3) and butyl
(C5) homologues exhibit a Sm—N transition at 89.2°C
and 135.0°C, respectively. Also in this series, the
pentyl homologue exhibits an exceptionally low AH
value (3.4kcalmol !). The presence of a smectic
phase in the propyl and pentyl homologues was
particularly attractive for investigating the Sm-N
transition phenomenon. Similar to phenyl-tolane
compounds, we intended to choose the same rigid
core compounds but with different polymorphism.
Compound 3a, a short-chain homologue of the 3",5"-
difluoro-4"-isothiocyanato-4-alkyl-[1,1";4,1"]terphe-
nyl series, exhibits only a nematic phase, whereas the
pentyl homologue (compound 3b) also possesses a
smectic phase with transition to nematic at 96.9°C. A
similar mesomorphic situation is observed for the
ethyl (C2) and pentyl (C5) homologues of 2’,3",3",5"-
tetrafluoro-4"-isothiocyanato-4-alkyl-[1,1";4,1"]ter-
phenyl series. Compound 4a with a shorter alkyl
chain exhibits only a nematic phase, whereas
compound 4b with a longer chain exhibits both
nematic and smectic phases. All the four sets reveal
a lower melting temperature for the longer alkyl
chain compounds, whereas smectic phase appears
within the mesomorphic sequence. Compounds
without a smectic phase have significantly higher
melting temperatures. Therefore, their potential
application for mixture formulations is limited
because of their poor miscibility.

The measured temperature-dependent birefrin-
gence of these compounds follows the theoretical
prediction by equation (3) regardless of their phases
or mesomorphic sequence. Results are shown in
Figure 1 for phenyl-tolanes and Figure 2 for terphe-
nyl compounds. All phenyl-tolane compounds exhibit
a birefringence slightly higher than 0.5 when An is
extrapolated to the room temperature (~25°C). The
only exception here is compound 2¢, for which
An~0.48 under the same conditions. This can be
explained on the basis of longest (C5) alkyl chain and
triple lateral fluorination, which pulls electrons out of
the conjugation within the rigid molecular core (25).

As for the terphenyl isothiocyanates investigated
in our experiment, their birefringence is lower than
that of phenyl-tolane compounds. This effect
originates from the shorter conjugated rigid core
as there is no carbon—carbon triple bond linking the
terphenyl structure. Within the terphenyl series, the
laterally difluorinated structures has a higher extra-
polated birefringence (An~0.45 and 0.42, respec-
tively, for compounds 3a and 3b) than their
tetrafluorinated counterparts (An~0.38 and 0.35,
respectively, for compounds 4a and 4b). Prior to
determining the electro-optical performance of
single compounds by calculating their figure-of-
merit according to equation (1), we need to know
the viscoelastic coefficient through the relaxation
time measurements of a homogenous LC cell. As
expected, the compounds with pure nematic phase
(1a, 2a, 3a and 4a) show exponential increase in
viscoelastic coefficient as the temperature decreases.
However, an abnormal behaviour near the phase
transition boundary is found for the compounds
with smectic-nematic sequence.
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Figure 2. Temperature-dependent birefringence measured for (a) difluorinated terphenyl isothiocyanates and (b)

trifluorinated terphenyl isothiocyanates.
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Figure 3. Temperature-dependent viscoelastic coefficient of (a) difluorinated phenyl-tolane isothiocyanates and (b)

trifluorinated phenyl-tolane isothiocyanates.

Figure 3 shows the temperature-dependent viscoe-
lastic coefficients of both phenyl-tolane sets. Here, we
observed, obvious for compounds with smectic phase
(1b, 2b and 2c¢), that the viscoelastic coefficient values
resulting from relaxation time measurement do not
follow the theoretical prediction at temperatures near
the smectic to nematic transition. On the contrary, the
viscoelastic coefficient decreases substantially as the
temperature decreases, leading to
a lower (~33%, 16% and 45%) y,/K;; than the
value expected from theoretical fitting at the same
temperature for compounds 1b, 2b and 2¢, respectively.
Similar behaviour was also observed for the terphenyl
series. Compounds 3b and 4b exhibit a viscoelastic
coefficient of about 35% and 34% from the one
expected theoretically. Meanwhile, the viscoelastic
coefficient of compounds 3a and 4a (without smectic
phase) follows the theoretical prediction closely.

Figure 4 shows the detailed temperature-dependent
viscoelastic coefficient data for both terphenyl pairs. A
decreased viscoelastic coefficient was observed span-
ning over 10-30°C. A lower than predicted viscoelastic
coefficient was observed within a wide temperature
range for compounds 1b, 2¢ and 3b. These compounds,
regardless of the degree of fluorination, have the same
long five-carbon alkyl chain.

Unexpectedly compound 4b, which also has a
pentyl chain, shows the discussed phenomenon only
in a narrow temperature range, similar to short-alkyl
chain compound 2b. Consequently, the figure-of-
merit calculated for the compounds with smectic-to-
nematic phase transition is affected. In addition to
decreased viscoelastic coefficient, birefringence
slightly increases as the temperature decreases when
the smectic-nematic transition temperature is
approached from the nematic side. Both parameters
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Figure 4. Temperature dependent viscoelastic coefficient of (a) difluorinated terphenyl isothiocyanates and (b) trifluorinated

terphenyl isothiocyanates.

involved in FoM (An and v,/K;;) change in the
favourable directions, resulting in pronounced FoM
near the smectic to nematic boundary. Phenyl-tolane
compounds 1b, 2b and 2¢ show a 75%, 32% and 38%
higher FoM than their theoretically predicted values.
In contrast, terphenyl compounds 3b and 4b show a
71% and 65% higher FoM than their theoretically
predicted ones. Moreover, the FoM at vicinity of the
Sm-N phase transition exceeds its maximum value at
the optimal operating temperature by 23%, 44%, 39%
and 33% for compounds 1b, 2¢, 3b and 4b,
respectively. An analogous situation does not take
place in the case of terphenyl or phenyl-tolane
compounds having only nematic liquid crystal phase.
Figures 5-6 show the measured temperature-depen-
dent FoM data for the phenyl-tolane and terphenyl
series, respectively.

200
180
160
1430

1] S0 100 150 200 250
Temperature [*C]

(a)

4. Conclusion

The phenomenon of opposite change of viscoelastic
coefficient reported here has been observed for the first
time for high-birefringence terphenyl and phenyl-tolane
isothiocyanates. Very detailed studies of flow viscosities,
dielectric anisotropy and elastic constants of the
cyanobipheyl systems near smectic-nematic transitions
are known for cyanobiphenyl-type liquid crystals and
have been widely described and discussed by many
authors (5-10). The conclusion of some of these experi-
ments shows that at the temperatures slightly higher
than the smectic-to-nematic transition there is a signi-
ficant, but opposite to theoretical, change of the splay
elastic constant K;;. At the same time, rotational visco-
sity remains rather unaffected (26). Comparison of our
results on viscoelastic coefficient from measured optical
relaxation time with the results for cyanobiphenyl

160
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20

[} 50 100 150 200 250 300
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Figure 5. Temperature-dependent figure-of-merit of (a) difluorinated phenyl-tolane isothiocyanates and (b) trifluorinated

phenyl-tolane isothiocyanates.
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Figure 6. Temperature-dependent figure-of-merit of (a) difluorinated terphenyl isothiocyanates and (b) trifluorinated

terphenyl isothiocyanates.

compounds shows good agreement. Investigation of
isothiocyanato phenyl-tolanes and terphenyl com-
pounds shows dramatic decrease of viscoelastic coeffi-
cient at the vicinity of a nematic-to-smectic phase
transition. Typically, for the described phenyl-tolane
and terphenyl isothiocyanates with smectic and nematic
mesophases, the value of y/K;; measured at the
temperatures close to a phase transition corresponds
to the value obtained at 10-40°C higher temperature.
Moreover, the figure-of-merit achieves values higher
than measured at the optimum operating temperature,
according to equation(3). However, to utilise the
observed phenomenon, the device temperature should
be controlled within 1-4°C. We will continue to investi-
gate application possibilities of these high-birefringence
isothiocyanato phenyl-tolanes and terphenyl com-
pounds and their mixtures. Mixtures, based entirely on
laterally fluorinated phenyl-tolane isothiocyanates and
terphenyl isothiocyanates are in the scope as initial high
figure-of-merit and therefore short response time is
expected (/7). Although previously reported experi-
ments indicates adequate thermal stability of similar
materials (/6, 27), the temperatures at which we operate
single LCs for this experiment could be too high for
reliable long-term operation. Therefore, new compound
structures or mixtures for which the smectic to nematic
transition temperature is close to the room temperature
will be beneficial from the thermal stability viewpoint.
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