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Invited Article

The effect of the position and configuration of carbon—carbon
double bonds on the mesomorphism of thermotropic,

non-amphiphilic liquid crystals

by S. M. KELLY¥
The School of Chemistry, Hull University, Hull HU6 7RX, England

(Received 8 October 1995; accepted 7 November 1995)

The influence on their mesomorphic behaviour of introducing a carbon—carbon double bond
into the chain, central linkage and alicyclic rings in the core of nematic and smectic liquid
crystals (LCs) is discussed. Mesogens incorporating a trans-carbon—carbon double bond
conjugated with an aromatic ring exhibit high mesophase-isotropic transition temperatures
(1.). However, they are photo-sensitive and can convert to the non-linear, non-mesogenic cis-
isomers under the action of light. Non-conjugated double bonds in the terminal chain of
mesogens can also lead to higher nematic and smectic C transition temperatures than those
of the corresponding materials without a double bond, although the effect is not nearly as
great. The position and trans-cis-configuration (E/Z) of the double bond are seen to be
decisive. The combination of a hetero-atom (dipole effect) and the added rigidity imposed by
the carbon—carbon double bond (steric effect) with a trans-configuration (E) in the terminal
alkyl chain attached to the core of a liquid crystal molecule can give rise to a broad nematic
phase. The double bond in the terminal chain of nematogens advantageously modifies the
elastic constant ratios, as well as other properties of relevance to LCDs, especially for
supertwisted TN-LCDs. The double bond in a central linkage gives rise to a broad spectrum
of effects, sometimes suppressing undesired smectic phases and widening the nematic phase
temperature range. Non-conjugated double bonds in the molecular core in the form of
cyclohexene rings generally lead to lower transition temperatures, although smectic phases
are sometimes suppressed and a nematic phase is observed. A conjugated double bond in a
cyclohexene ring gives rise to a slightly higher Ty;. The effect on the transition temperatures
of the double bond in steroid systems is complex.

1. Introduction

Systematic studies investigating the influence of the
configuration and position of carbon—carbon double
bonds on the liquid crystal transition temperatures of
model systems incorporating various rings and het-
eroatoms in the core and the chains may help to elucidate
the relative merits of the Maier—Saupe theory [1], the
various Hard Rod theories [2] and Combined theories
[3-6] for the nematic mesophase. The preparation of
liquid crystal materials with carbon—carbon double
bonds of a defined configuration in the terminal chain,
central linkage or in alicyclic rings in the core of the
molecules allows the effect of known changes in the
geometry and shape of individual molecules to be correl-
ated with differences in the transition temperatures for
the bulk material. The combination of double bonds
and heteroatoms, especially oxygen atoms, allows polar

1 EPSRC Advanced Fellow.

and steric effects to be varied systematically and their
effects on the liquid crystal transition temperatures to
be studied. A better understanding of the property/
structure relationships of liquid crystals would facilitate
the design and synthesis of optimized mesogens for
electro-optic liquid crystal display devices (LCDs). This
has already been shown to be of direct commercial and
technological relevance for LCDs based on passively or
actively addressed twisted nematic (e.g. TN [7], TFT
[8], MIM [9], etc), or super-twisted configurations
(e.g. SBE [10], STN [11], OMI[12], DSTN [13], BW
STN [14], etc.), sometimes with dichroic dyes (e.g. GH
[157, GHSTN [16], etc. [17]). This has also led to the
development of commercial chiral smectic C (S¥) mix-
tures with improved physical properties for electro-optic
display devices based on ferroelectric effects such as the
surface stabilized (SSFLCDs [ 18, 19]), short pitch bi-
stable (SBFLCDs [20]) and distorted helix (DHFLCDs
[21, 227) ferroelectric liquid crystal displays (FLCDs).

0267-8292/96 $12-00 © 1996 Taylor & Francis Ltd.
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There are many known liquid crystals with a carbon-
carbon double bond as part of a central linkage between
two aromatic rings, such as stilbenes [ 23], cinnamates
[24], cinnamylidene—anilines [25], etc. [26-287, see
table 1. The majority of these mesogens with a trans-
(ie. E) double bond generally exhibit a nematic meso-
phase at high temperatures [ 23-28]. This was attributed
to the rigidity, linearity and polarizability due to the sp?
bonding between the two carbon atoms of the double
bond, giving rise to a high length/breadth ratio and high
molecular polarizability [27, 287. However, the propen-
sity of conjugated carbon-carbon doubles bonds to
isomerize from the trans- to the cis- (i.e. Z) isomers
under the influence of light to form non-linear, non-
mesogenic systems [ 28] limits their use in commercial
mixtures for LCDs. Attempts to stabilize the double
bond by the incorporation of bulky substituents at the
linkage were only partially successful [24, 26-287, see
table 1. The viscosity (y) of such materials is high and
the nematic-isotropic transition temperature (Ty;) low
compared to the parent, non-substituted stilbenes
[26-287. This can be attributed to rotation of the phenyl

rings out of the plane and the consequent reduction in
the degree of conjugation and molecular planarity [237].

The high Ty, and the photochemical and thermal
instability are also found when the double bond is
conjugated with only one, instead of two, aromatic rings,
e.g. when it is situated between the terminal chain of a
mesogen and an aromatic (e.g. phenyl, pyridinyl, etc)
ring in the molecular core, see table 2 [29, 307. The Ty,
is highest for the ethenes (8 and 11) independent of the
polar nature of the end group (CH; or CN) attached to
the double bond. Although this can be clearly ascribed,
as above, to the higher degree of molecular polarizability
and rigidity associated with the double bond with respect
to the ethanes (7 and 10), which exhibit a very low Ty,
the lower Ty, for the ethynes (9 and 12), which should
induce a smaller molecular rotation volume or at least
a higher molecular polarizability, shows that the situ-
ation is not this simple and that other parameters
may well be involved. The related cinnamates
(-CH=CHCO,C,H,, . ,) of intermediate dielectric aniso-
tropy (Ae=¢g, —e¢,) exhibit a similar mesomorphism
with a range of smectic and nematic phases at high

Table 1. Transition temperatures for the compounds (1-6).

CH30~©Z —@-ocm

Compound z Cr—N/1/°C N-1/°C ATyy/°C Reference
1 ~CH=C(CH,)- 122 98s - [24, 26-28]
2 -CH=CHCOO- 118 137 19 [24, 26-28]
3 ~SOCCH=CHCOS- 176 1432 [25-28]
4 —00CCH=CHCOO- 177 1512 [26-28]
5 —(CH=CH),CO(CH=CH),— 168 183 15 [26-28]
6 -CH=CH=CH=N- 168 188 20 [26-28]
2 Represents a monotropic transition temperature.
Table 2. Transition temperatures for the 1-substituted-4-(trans-4-pentylcyclohexyl) benzenes (7-12).
OO
Compound R Cr=N/1/°C S-1/°C N-1/°C AT 4/°C Reference
7 —~_ -9 - —12° [29]
8 L 27 - 92 65 [29, 30]
9 —— 42 65 23 [29]
10 “\cN 44 282 - - [29]
1 NN 41 - 149 108 [29]
12 —=-CN 50 - 129 79 [29]

@ Represents a monotropic transition tcmperature.
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temperatures [ 27, 287]. Thus, the degree of conjugation,
molecular shape and rigidity, as well as the degree of
polarizability («) are seen to be more important than Ae
in determining Ty,;. Cinnamates have been used to help
elucidate the structures of various smectic mesophases
including the chiral smectic C phase, whose ferroelec-
tricity was first found for cinnamates [31]. However
useful as research materials, they were soon found to be
too unstable for mixture development for prototype
FLCD:s.

The effect of two adjacent trans-double bonds on
transition temperatures is well illustrated by considering
the alka-2, 4-dienoic acids (13-16) [32], see table 3.
Hydrogen bonding between the two hydroxyl groups of
two neighbouring acid molecules simulates one ring,
while the trans-double bonds in a diene configuration
can impose a semi-rigid half-ring structure on the rest
of the chains. This results in a very conformationally
mobile, quasi three-ring structure. There is still a high
degree of flexibility and the possibility of free rotation
about carbon—carbon single bonds. Indeed, quantum
mechanical calculations indicate that the all trans-con-
formation may well not be the most thermodynamically
stable conformation. A combination of these factors
mitigates against the effects of the pseudo three-ring
core of the dimers and leads to what would be a very
low T for three-ring structures. The stability of these
unsaturated acids is insufficient for commercial applica-
tions. The corresponding saturated alkanoic acids are
non-mesomorphic due to the large number of non-linear
conformations that the saturated alkyl chain can adopt
[27,28].

In order to produce stable liquid crystals incorporat-
ing carbon—carbon double bonds it was necessary to
reduce substantially, or eliminate entirely, the degree of
conjugation between the double bond and aromatic
rings in the molecular core. Non-conjugated carbon-—
carbon double bonds absorb light at shorter wavelengths
than conjugated double bonds [28]. Therefore, they are
photo- and thermally stable under the conditions speci-
fied for LCD applications. Important exceptions are
mono- and di-acrylates, methacrylates and vinyl ethers

attached to long aliphatic chains (i.e. spacers) [33, 341.
In this case the terminal double bond without additional
substituents is activated by the adjacent carboxy (ester)
group or

0,7
N QCHzn0 @—coo -@— 00C —@ oc,,uhoy_/
0

oxygen (ether) atom. They are capable of being polymer-
ized, sometimes spontaneously, under the influence of
light, heat or catalyst and are the precursors for many
side group liquid crystal polymers and anisotropic net-
works [33,34]. This is even more the case for the
analogous aromatic acrylates and diacrylates used to
prepare the first liquid crystalline anisotropic net-
works from nematic, smectic and chiral nematic (N¥)
monomers [ 35-39].

X o)\J
\_4o—©— CH=N —@-N=CH —~ )0
0

2. Carbon—carbon double bonds in the terminal chain
2.1. trans-4-Alkenylcylohexyl-substituted compounds
The effect of introducing a carbon—carbon double

bond (C=C) in a defined position and configuration into
the terminal chain of a model liquid crystal 4-(trans-4-
pentylcyclohexyl)benzonitrile (17) [40] on the transition
temperatures is shown in table 4 for the compounds
(18-24) [41-43]. Steric effects due to different config-
urations and therefore conformations of the terminal
chain were cited as the prime reason for the very large
differences in the observed transition temperatures for
isomers with the double bond in the same position, but
with a different configuration (E or Z) [41-43]. A
cylindrical shape for the molecule was assumed with an
alternating trans-cis-conformation of the terminal alk-
enyl chain. These results were shown to agree qualitat-
ively with the results obtained from molecular modelling,
not of single compounds, but of ensembles of molecules
[43]. This is also consistent with the higher birefringence

Table 3. Transition temperatures for th¢ alka-2,4-dienoic acids (13-16).

0--H-0
CnHzn+1 Y/ ¢ / CnHzn+1
V<o H-- {)w
Compound n Cr—=N/1/°C N-1/°C ATyy/°C Reference
13 1 44 46 2 [32]
14 3 23 54 31 [32]
15 4 49 70 21 [32]
16 5 32 63 31 [32]
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Table 4. Transition temperatures for the 4-(trans-4-substituted cyclohexyl)benzonitriles (17-33).

Rl Y )-CN

Compound R Cr=N/1/°C N-1/°C AT, /°C Reference
17 N/ 30 55 25 [40]
18 (E)y v 16 59 43 [41]
19 (Z) 4 - —144° _ [41]
20 () \=/" 16 —67° - [41]
21 (Z) =/ -8 54° - [41]
22 (E) N/ 60 74 14 [41]
23 Z)y N/ 33 —14 - [41]
24 =/ 30 108 - [41]
25 (E,E) ~ Ny 74 147 73 [44]
26 02" 60 - - [46, 51]
27 o 23 - - [46, 51]
28 o/ 42 - - [46, 51]
29 -0, 52 55 3 [46, 511
30 (E) T_"~ 84 - - [51]
31 (Ey O g 66 594 - [51]
32 N 56 - - [54]
3 (E) _\\—«O_ 128 119° - [54]

* Represents a monotropic transition temperature.

" Represents a virtual (extrapolated) transition temperature.

An (<30%) and higher Ty, observed for alkenyl com-
pounds compared to values found for the corresponding
materials without a double bond in the chain. The effects
of conjugation and additional molecular rigidity are
illustrated by comparing the very high Ty; of the diene
(25) [44] with the more modest values for the alkenyl-
substituted benzonitriles (18 and 22) [41].

The elastic constants (ki;, k,, and k,q; splay, twist
and bend, respectively) and dielectric constants (g, and
¢, ) also differ greatly (a factor of 2) depending on the
position and configuration of the double bond. This is
of direct commercial and technological relevance for
TN- and STN-LCDs. These display types require nem-
atic liquid crystals of positive dielectric anisotropy
(Ae>0). As the threshold voltage (Vo) for a TN-LCD

is given [42,437 by
K 1/2
p/ -
100C<A£>

it is clear that the dielectric anisotropy should be as
great as possible for a low threshold voltage as most
LCDs are battery powered. However, the threshold
voltage is also dependent on the elastic constants via
the elastic expression [42,43]

K= kyy + (kys—2ky,)/4

and « should also be as low as possible. The response
times, defined as switch-on, ¢, and switch-off, .4 times,
should be as short as possible. Apart from the rotational
VISCOSity y,, t.g 18 also strongly affected by the elastic
expression k. A low viscoelastic ratio y, /x leads to short
tore times [42,43].

"1
toff oC
K

The high elastic constant ratios ki3 /k and low i values
of many alkenyl-substituted compounds give rise to very
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steep contrast curves and fast response times especially
for STN-LCDs [42,43]. A plethora of alkenyl-
substituted cyclohexyl compounds for LCDs based on
nematic materials has been prepared and consistently
similar trends in the transition temperatures found.
These are to be found in many commercial nematic
mixtures for a variety of LCD types.

Similar trends werc also found for the transition
temperatures of smectic compounds on the introduction
of a trans-double bond into a terminal chain attached
to the trans-14-disubstituted cyclohexane ring, for
example, see the data for the esters (34-38) in table 5.
However, whereas the double bond has the tendency to
suppress the smectic B (Sg) phase of nematogens, the
smectic C transition temperature (T ) is increased mod-
estly [45]. There is no discernible difference in y of the
smectic C phase corrected for a slightly larger tiit angle,
0 [45]. 0 is an important parameter, as the response
time, 7, is defined by

/leff

"TPE
and the relation between v and @ is given by
Yett = Yo Sin* 0

However, the presence of the double bond can lead
to the disappearance of ordered smectic phases and to
a broader smectic C phase than that observed for the
corresponding compound without a double bond in the
chain. Thus, fortuitously, the temperature range of the
smectic C phase can be increased. This is of relevance
to electro-optic display devices (FLCDs) based on the
ferroelectric properties of the chiral smectic C phase
[17-22].

2.2. (E )-[trans-4-Cyclohexyl-substituted Jallyl ethers

The effect of the combination of a carbon—carbon
double bond and a dipole moment associated with an
oxygen atom is revealed by considering the thermal data

recorded in table 4 for the ethers (26-29) [46, 517. Only
the methoxypropyl-substituted benzonitrile (29) with an
oxygen atom at some distance from the core and without
a double bond in the chain exhibits an enantiotropic
nematic phase [46, 51]. However, as T,, is higher than
that of the unsubstituted benzonitrile (17), the nematic
range is narrower. The other ethers (26-28) do not
exhibit an observable nematic phase [46,51]. The
smaller angle made by the carbon-oxygen—carbon bond
(CH,OCH,) than that (CH,CH,CH,) with a methylene
unit instead of the oxygen atom may be responsible for
these differences, as a greater non-linear shape is induced.
The differences may also be a consequence of the
enhanced flexibility of the alkoxyalkyl chain due to the
lower steric hindrance of rotation about the carbon-
oxygen bond compared to the carbon—carbon bond.
They may also be the result of repulsive interactions due
to the isolated dipole associated with the non-conjugated
oxygen atom or a combination of some or all of these
factors. This effect on the transition temperatures has
been found for a variety of mesogens incorporating an
alicyclic ring and a non-conjugated atom with a lone
electron pair (e.g. nitrogen or oxygen) [ 25, 47-50].

At one time, organic chemists believed that in cases
in which alicyclic rings lead to lower Ty, values than
those of the corresponding aromatic compounds with a
phenyl ring instead of the alicyclic ring, this could be
attributed to a lower molecular polarizability and this
seemed to be in agreement with the Maier—Saupe theory
[1] and the general belief at the time that an aromatic
molecular core strongly supported mesomorphism in
non-amphiphilic compounds. This was despite a growing
number of exceptions, some already referred to earlier
in this article. It has since been demonstrated unequivoc-
ally by physical chemists, mathematicians and physicists
that this theory is an oversimplification and that the
anisotropy of polarizability is only a minor factor in
determining absolute transition temperatures and the
tendency for nematic mesophase formation. This is also

Table 5. Transition temperatures for the 4-(5-decylpyrimidin-2-yl)phenyl trans-4-alkenylcyclohexyl-1-carboxylates (34-38).

RI'-O—COO—O—(E}Q oH21

Cr-5/ S5—S4/ S4—Ss/

S3:Sc/ SBO_CSC/ Sc—N/ N-T/

Compound R °C °C C °C °C Reference
34 A 40 - - - 82 99 160 [45]
35 N 71 - - - - 92 162 [45]
36 N 64 - - - 85 104 161 [45]
37 A 71 - - - - 97 150 [45]
38 Y 52 56 64 69 - 92 170 [45]




09: 09 26 January 2011

Downl oaded At:

498 S. M. Kelly

illustrated qualitatively by many of the results in this
article. It is now evident that the length/breadth ratio
and isotropic attractive forces, such as molecular polariz-
ability, dipolar forces, etc., are primarily responsible for
mesomorphic behaviour. It has been postulated that the
lower Ty, of the ethers (26-28) was the consequence of
a non-conjugated, isolated dipole [49, 50]. The difficulty
in estimating the contribution of these competing effects
on the mesogenic tendencies of compounds is illustrated
by combining two functional groups exerting a combina-
tion of polar and steric effects in different positions of
the constitutional isomers (30 and 31). For one ether
(30) [ 46, 517 no mesomorphic behaviour could be deter-
mined, although this may be due to the high T, masking
a monotropic phase at a relatively low temperature.
However, a monotropic nematic phase for the second
ether (31) [51] could be observed at a temperature
higher than that of the reference substance (17) [40].
The effect on the transition temperatures of introdu-
cing an oxygen atom and/or a double bond into the
pentyl side chain of a model apolar (alkyl/alkoxy) com-
pound to produce the 3-methoxypropyl-, (E)-pent-1-
enyl- and 3-methoxy-(E)-propenyl-substituted com-
pounds (39-42) is illustrated by the data collated in
table 6 [ 51, 527]. Similar results for Ty, but not for T,
to those for the polar analogues (see table 4) are
observed. The incorporation of an oxygen atom into the
ether (39) to produce the 3-methoxypropyl-substituted
ether (40) results in a much lower T, and a lower Ty;.

However, as T, is decreased much more than Ty, a
relatively broad nematic phase, just above room tempet-
ature, is observed. The incorporation of a carbon—carbon
double bond instead of an oxygen atom into the ether
(39) [55] to produce the 1-pentenyl-substituted ether
(41) resuilts in a lower T,,, but a higher Ty;. The result
is also a relatively broad nematic phase, but at higher
temperatures. The introduction of an oxygen atom and
a carbon-carbon double bond into the ether (39) to
produce the allyl ether (42) leads to a nematic phase
with the widest temperature range just above room
temperature. The results in this table serve to illustrate
once again the point that the thermal range of a meso-
phase is also dependent on T, as well as on the Ty or
temperature of transition to another phase. This must
also be taken into account in the design of new mesogens,
although the effect of molecular changes on T, is much
more difficult to predict.

The effect of the 3-methoxy-(E)-propenyl-side chain
on smectic phases is revealed by consideration of the
thermal data in table 7 [52]. The ether (43) only exhibits
a smectic B phase, while the intermediate alkyl/alkenyl
derivative (44) exhibits both a smectic B and a nematic
mesophase at elevated temperatures. However, the nem-
atic phase for the compound (45), containing a second
double bond and an oxygen atom, is much wider than
that of the ether (44). This is due to the absence of a
smectic phase above room temperature, although the
T of both compounds are comparable. Only other

Table 6. The transition temperatures for the trans-1-(4-ethoxyphenyl)-4-substituted cyclohexanes

(39-42).

Compound R Cr-N/1/°C N-1/°C AT,/°C Reference
39 TN 52 47 - [55]
40 -0~ 18 38 20 [52]
41 N~ 32 55 23 [52]
2 O~ 19 46 27 [52]
* Represents a monotropic transition temperature.
Table 7. Transition temperatures for the bicyclohexyl compounds (43-45).

Compound R! R? Cr—Sg/N/°C S —N/I/°C N-I/°C AT /°C Reference
43 -0 — 25 85 - - [52]
44 -~ e N 38 73 95 22 [52]
45 N e — 10 - 92 82 [52]




09: 09 26 January 2011

Downl oaded At:

Position/configuration of C= C bonds 499

methyl (E)-allyl ethers (46—-49) with a short alkenyl
chain, with the second double bond in a position and
with a configuration (E) known to promote nematic
behaviour, possess a broad nematic phase with a high
Ta, see table 8. Longer alkenyl chains induce the
smectic B phase typical for bicyclohexyl compounds of
this kind. As the presence of a smectic B phase defines
the lower temperature limit of commercial mixtures
for LCDs, it is vital that the smectic B transition
temperatures are as low as possible.

Although the analogous polar two-ring methyl (E)-
allyl ethers (e.g. with a terminal cyano or halogeno
group instead of an alkyl or alkoxy chain) often exhibit
a low T, they are not generally mesomorphic (an
exception is compound (31) in table 4, where a mono-
tropic nematic phase i1s observed). The corresponding
polar three-ring methyl (E)-allyl ethers exhibit higher
T,,, but also high Ty;. This leads to broad nematic
phases often due to the strong suppression of smectic
phases observed for related compounds. These results
for polar methoxy (E)-allyl ethers and the thermal
data for the analogous apolar ethers tabulated in tables
6-8 suggest that synergetic effects due to the presence
of both an oxygen atom and a carbon—carbon double
bond can lead to wide nematic temperature ranges.
These methyl (E)-allyl ethers are easy to synthesize as
pure trans-isomers, as, no isomerization of the carbon-
carbon double bond is necessary, as the trans-isomer is
by far the predominant product of the Wittig-Horner
reaction used to create the double bond. Traces of the
undesired cis-isomer are removed by recrystallization.

Some of the methyl (E)-allyl ethers exhibit longer
switch-off times in TN cells, due to a high value of the
ratio y,/k, than those of analogous liquid crystal mat-
erials incorporating either a methyl propyl ether or a
1-(E)-propenyl chain instead of the methyl (E )-allyl ether
chain, see § 2.3. However, they are still useful components
for nematic mixtures, especially where a wide temper-
ature range is required or a steep contrast curve is
required due to the high elastic constant ratio ki3/k,;.
The higher degree of linearity and rigidity of the methyl

(E )-allyl ether chain is probably the cause of these effects
[51, 52].

2.3. trans-4-Substituted-cyclohexyl (E )-alk-2-enoates

Compounds containing a terminal chain incor-
porating an ester group (COO) and a carbon—carbon
double bond, ie. the (E)-alk-2-enoyloxy group
(C.Hz,+1CH=CHCOO) and especially the (E)-2-but-
enoyloxy moiety (CH;CH=CHCOQO) generally exhibit a
high Ty, (e.g. 33, see table 4), especially when compared
to the corresponding aliphatic esters without an addi-
tional carbon—carbon double bond (e.g. 32, see table 4)
[53,54]. The fact that the butanoate (32) without a
carbon—carbon double bond is not mesomorphic, while
the corresponding {E)-but-2-encate (33) with a trans-
carbon—carbon double bond exhibits a T at a much
higher temperature than that of the reference benzonitrile
(17), illustrates once more how complex the relationship
is between structure and transition temperatures.

This is illustrated by the thermal data in table 9,
where the effect of systematically introducing oxygen
atoms (O) and double bonds (C=0O and C=C) into the
fully aliphatic compound (50) [53], to yield the inter-
mediate products (51-53) [42, 53,56] and finally the
(E)-but-2-enoate (54) [53], on the transition temper-
atures is shown. Increasing the polarity of the chain by
introducing an oxygen atom or a ketone group (C=0)
does not induce a nematic phase. The added stiffness
(ie. the reduced number of non-linear conformations)
and increased dispersion forces due to the presence of
the carbon—carbon double bond in the chain give rise
to a nematic phase at high temperatures. However, a
smectic B phase is still present, also at high temperatures.
Only the combination of all these elements to produce
the (E)-but-2-enoate (54) yields a very high T and a
wide nematic phase without an observable smectic phase.
The effects of individual building blocks (e.g. oxygen
atoms, double bonds, etc.) on the transition temperatures
are clearly not additive. Therefore, some co-operative
effects due to the combination of exactly these groups
in these positions and configurations must be respons-

Table 8. Transition temperatures for the methyl (E)-[trans-4-(trans-4-alkenylcyclohexyl)cyclohexyl ]allyl ethers (46-49).

oy O<Orn

Compound R Cr—Sg/N/°C Sg—N/1/°C N-1/°C AT, /°C Reference
46 RN 9 18 36 18 [52]
45 . 10 - 92 82 [52]
47 N4 —-17 67 75 8 [52]
48 N 39 71 100 29 [52]
49 ™~ 13 89 - - [52]
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Table 9. Transition temperatures for the trans-4-(trans-4-propylcyclohexyl)cyclohexyl-substituted compounds (50-54).

Rl O

Compound R Cr—Sg/N/°C Se—N/1/°C N-1/°C ATy, /°C Reference
50 NS 23 96 - - [53]
51 0 32 74 - - [36]
52 —\“{)_ 56 92 - - [53]
53 N 44 75 96 21 [42]
54 AN 77 172 95 [53]

ible. There is no conjugation between the ester group
and the cyclohexane ring. Thus, the explanations given
for the aromatic alkenoates [57, 587, see §2.7, which
invoke a high degree of conjugation between the double
bond, the ester function and the adjacent benzene ring
cannot be valid for alicyclic, e.g. cyclohexyl, alkenoates.

The diester (58), see table 10, is symmetrical and the
dielectric anisotropy may be assumed to be close to
zero. Due to the aliphatic nature of the molecular core,
the molecular polarizability is also probably not consid-
erable. The resultant dipole of the carboxy group of the
other aliphatic (mono) ester (57) is at an angle to the
molecular axis. Therefore, the dielectric anisotropy will
also be close to zero and may even be negative. Thus,
the very high T, and wide nematic ranges of such esters
are very difficult to explain using the Maier-Saupe
theory of the nematic phase [1]. Hard rod theories [ 2]
which neglect all attractive forces would not explain the
differences in Ty for isomers, which are almost identical
in shape, incorporating oxygen atoms at different posi-
tions in the chain, e.g. compounds (30 and 31), see table
4, or in the linkage [49, 50]. Although the Boltzmann
distribution of the various conformers of the two chains
of the ethers (30 and 31) may be responsible for the
differences in mesomorphic behaviour, this is less likely
for compounds incorporating dipoles in the central
linkage, where the difference in Ty, can be considerable

(>150°C) [49,50]. This would presume a bent, non-
linear conformation of the molecule. Combined theories
[3-6] or theories modified for strong intermolecular
dipole-dipole interactions may be more appropriate.

It is evident from the thermal data collated in table
10 that at least two rings are required for mesophase
formation, despite the high nematic tendencies of the
benzonitriles incorporating the (E)-but-2-enoyloxy
moiety [53]. Despite the very high Ty of the two-ring
ester (56), the one ring (E)-but-2-enoate (55) and (E)-
but-2-enoate (57) do not exhibit mesomorphic behavi-
our. The replacement of the propyl chain in the two-
ring mono-ester (56) by an (E)-but-2-enoyloxy chain to
yield the di-ester (58) results in an increase in the already
high Ty;. This would suggest that a central core of at
least two rings is necessary for mesophase formation
above room temperature. However compounds with no
ring at all or with only one ring have been found to
form liquid crystals [26-28,32]. The nematic phases
observed for simple unsaturated aliphatic acids, see table
2, (with two trans-double bonds and no rings [32]) can
be rationalized by invoking stabilization effects due to
increased rigidity of the terminal chain. However, on the
basis of these explanations a mesophase could have been
expected for at least one of the one-ring (E)-but-2-
enoates (55 and 57).

The effect of replacing one of the cyclohexane rings

Table 10. Transition temperatures for the trans-4-substituted cyclohexyl (E)-but-2-enoates (55-58).

—\_\P'{O};'R
6]

Compound R n Cr-N/1/°C N-1/°C AL, /°C Reference
55 C;H, 1 <25 - - [53]
56 C,H, 2 77 172 95 [53]
57 CH;CH=-CHCO, 1 93 - - [33]
58 CH,CH=CHCO, 2 168 202 34 [53]
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in the (E)-but-2-enoate (56) with a benzene ring to 30 T r r
produce the (E)-but-2-enoate (59) is shown clearly in 29 F > (1d,CCPGF3CPOd, 1) 4
table 11. Although the T, values are similar, the T; of ;g - ° (1O3CCPFF'37CPOd31) ]
the phenyl substituted ester (59) is lower, resulting in 26 e v (101d,CCPF,3CPOd, 1)
the formation of a monotropic nematic phase. 25 F \A " (14,ECCRLIN3CPOd,1)
Increasing the polarity by replacing one methylene unit 24 F e . 3CPO. 1 7
in the propyl chain by an oxygen atom to yield the (E)- 23 ;-v » e ]
but-2-enoate (61) leaves T, almost unchanged, but Nz 21 —f\v 3
increases the Ty, considerably, resulting in an enanti- T 20 F \H\\ .
otropic nematic phase. The effect is normal, but unusu- 2 19t ~ ]
ally large. Introduction of an additional cyclohexane ™~ ig 1 ~ ]
ring into the two-ring (E)-but-2-enoate (61) to yield the T LN ]
three-ring (E)-but-2-enoate (62) increases the T, slightly, g 15 33:;; e, .
but increases the Ty, drastically. As no smectic meso- L ]
morphism could be observed, this results in an unusually g g 3 TR i
wide range nematic phase. © 9tk ]

The direct dependence of the physical properties of 2 10f 4
four strongly related compounds on small differences in g 9F ]
the steric and polar effects of the terminal chains is = 3 e e ]
shown by reference to figures 1-7 [54]. The four 6 [T T ]
difluoro-substituted liquid crystal materials incorporate 5 F 3
the (E)-methoxypropenyl (code: 101d,CCPgF), the 1r b
methoxypropyl (code: 103CCP.F), the 1-(E)-propenyl g ] ]
chain (code; 1d;CCPgF) and the (E)-but-2-enoyloxy L L i
(code: 1d;ECCPgF) terminal groups. Binary mixtures 0 1 - 1

0.80 0.85 0.90 0.95 1.00

are required in order that measurements can be carried
out in the temperature range of the instruments [54].
The binary mixtures M1—4 are formed from a weakly
polar standard nematogen (E)-3-pentenyl 4-(trans-4-pro-
pylcyclohexyl)phenyl ether (code: 3CPOd;1) and the
four difluoro-substituted (polar) bicyclohexanes [ 54].
The mixtures M1-4 exhibit broadly similar plots of
the elastic constants (k;=ks;, k,; and k,;) against
reduced temperature (T/Ty), see figure 1. Therefore, the
plots of the ratios kj3/k(; and k,,/k,, against T/Ty, for
the binary mixtures are also similar, see figures 2 and 3.
The values of the elastic constants k35 and k,, are highest
and k;, is the lowest for mixtures containing the ester
(code; 1d;ECCPgF). This non-linear behaviour results in
steep voltage—transmission characteristics in STN-LCDs,
where high values of ki3/k,; are required [ 10—147.

Reduced Temperature T/TNI

Figure 1. Plots of the elastic constants k;; against reduced
temperature T/Ty; for the pure compound 3CPOd,1
and the binary mixtures 1d,CCPgF/3CPOd,1,
103CCPF/3CPOd;1  101d,CCP¢F/3CPOd;1  and
1d,ECCP¢F/3CPOd;1.

The plots and also the absolute values of x against
1/T for the four mixtures are similar, see figure 4. The
clastic expression x and Ae determine the threshold
voltage of twisted nematic TN-LCDs [42, 43]. A¢ of the
mixture M4 containing the ester 1d;ECCP.F is the
second lowest for the four mixtures. This indicates a
lateral contribution from the ester (carboxy) group as is

Table 11. Transition temperatures for the trans-4-substituted cyclohexyl (E)-but-2-enoates (59-62).

2 Yy {OHO:

Compound R n m Cr—N/1/°C N-I/°C AT,/°C Reference
59 C;H, 1 1 71 47 - [53]
60 3H, 2 0 77 172 95 [53]
61 OC,H; 1 1 78 110 32 [53]
62 OC,H; 2 1 86 275 189 [53]

* Represents a monotropic transition temperature.
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Reduced Temperature T/T

Figure 2. Plots of the elastic constant ratio ks;;/k,; against
reduced temperature T/Ty, for the pure compound
3CPOd;1 and the binary mixtures 1d;CCPgF/
3CPOd,;1, 103CCPF/3CPOd;1 101d,CCPLF/3CPOd, 1
and 1d,ECCPgF/3CPOd;1.

seen in the value for ¢, . This combination of x and Ae
results in the highest threshold voltage for the mixture
containing the ester.

The plot of the rotational viscosity y, against 1/T of
the mixture M4 containing the ester 1d;ECCP.F, as
shown in figure 5, is higher than those of the other
mixtures M1-M3. This is not surprising, as esters
normally possess a higher y than alkanes or ethers.
Although comparisons of viscosity and viscoelastic ratios
should be made at constant temperatures (e.g. 22°C), this
is not possible in this case due to crystallization problems
close to room temperature. However, the general trends
observed at higher (reduced) temperatures are certainly
indicative of the behaviour at room temperature.

The plots of the viscoelastic ratio v, /x of all the binary
mixtures have a very similar shape, see figure 6. The
values for the binary mixture M4 containing the ester
1d;ECCPgF are a little higher than those of the other
binary mixtures M1-M3. The ratio y, /x essentially deter-
mines the switch off times, t gocy, /k in TN-LCDs cells.

2.0 — , —
> (1d,CCP,F,3CP0d,1)
e (103CCPF.3CP0d, 1)
» (101d,CCP,F,3CP0Od,1)
» (1d,ECCP,F.3CP0d, 1)
15k s 3CPOd,1 ]
Z
~ 10} 1
o
o~
— ey ——— Ve —;—_;:—-ﬁli;
0.5 e i e e
L eES TS
OO 1 1 1
0.80 0.85 0.90 0.95 1.00

Reduced Temperature T/T,

Figure 3. Plots of the elastic constant ratio k,,/k;, against
reduced temperature T/Ty for the pure compound
3CPOd;1 and the binary mixtures 1d;CCP.F/
3CPOd;1, 103CCPF/3CPOd;1 101d,CCPgF/
3CPOd;1 and 1d;ECCPF/3CPOd;1.

The ratio y; /x and thus t,¢ are similar for the two binary
mixtures M1 and M2 incorporating the compounds
101d,CCP¢F and 103CCPgF with an oxygen atom in
the chain, see figures 6 and 7. The response times of the
mixture M3 incorporating the (E)-propenyl-substituted
compound (1d,CCPgF) are shorter due to the smaller
chain length. However, the unusually low value for the
mixture M4 incorporating the ester {1d;ECCP&F) cannot
be rationalized in this way, see figure 7. The absolute
values and ratios of the physical properties of all of the
compounds containing a carbon—carbon double bond
render them more than suitable as components of nematic
mixtures for STN-LCD applications [54].

2.4. Alkyl ( E )-(trans-4-Substituted-
cyclohexyl jacrylates
The thermal data collated in table 12 for the propriol-
ate (63) and the acrylates (64 and 65) show that the
combination of two trans-carbon—carbon double bonds
and the dipole moment associated with the ester group
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Figure4. Plots of the elastic expression k=
kyy + (k33— 2k;,)/4 against the temperature reciprocal
for the pure compound 3CPOd;1 and the binary
mixtures 1d,CCP¢F/3CPOd;1, 103CCP:F/3CPOd;1
101d4,CCP:F/3CPOd;1 and 1d;ECCPgF/3CPOd,1.

results in broad nematic mesophases with a high Ty, for
two-ring compounds [52]. The transition temperatures
of a number of ethyl (E)-(trans-4-[trans-4-alkenyl cyclo-
hexyl Jcyclohexyl)acrylates (63-69) recorded in tables
12 and 13 indicate that this combination strongly sup-
presses the smectic B phase in favour of the nematic
phase. Even the acrylate (69) with a terminal double
bond, known to promote smectic phases, still exhibits a
nematic phase above the smectic B phase [52]. These
results reveal that the incorporation of dipoles in the

T T T T =T =T T

100 | //

_.
=
Ll
~N
N,
L

Rotational Viscosity 7, / cP

s (1d,CCP,F,3CP0Od,1)
s (103CCP,F,3CP0d,1)
» (101d,CCP,F,3CPOd,1)
» (1d,ECCP,F.3CP0Od,1)

o 3CP0d,1

1 1 L o 1 . A 1
27 28 29 30 3.1 32 33 34 35
11/ 10 K

Figure S. Plots of the rotational viscosity y; against the
temperature reciprocal for the pure compound
3CPOd;1 and the binary mixtures 1d,CCPgF/
3CPOd,1, 103CCP¢F/3CPOd;1 101d,CCP¢F/
3CPOd;1 and 1d,ECCPF/3CPOd,1.

form of hetero-atoms and double bonds of a defined
configuration into a substance possessing only smectic
phases can convert the mesomorphic behaviour to nem-
atic. However, the high viscosity found for these acrylates
precludes their use in normal LCDs, where short
response times are essential.

2.5. Halovinyl compounds
The effect of introducing a dipole moment along the
molecular axis in a terminal position of a 1-propenyl

Table 12. Transition temperatures for the ethyl esters (63-65) below.

Compound R Zz Cr-Sg/N/°C Sg-N/°C N-I/°C ATyy/°C Reference
63 N AN 38 64 - - [52]
64 N ™ 32 - 76 44 [52]
65 N ™ 39 - 94 55 [52]
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Figure 6. Plots of the viscoelastic ratio y,/k against the
temperature reciprocal for the pure compound
3CPOd;1 and the binary mixtures 1d;CCPRF/
3CPOd;1, 103CCP:F/3CPOd;1 101d,CCPF/
3CPOd;1 and 1d;ECCPRF/3CPOd,1.

chain of a bicyclohexyl compound (71) to produce the
corresponding halovinyl compound (72) is shown in
table 14. The fluorovinyl substituted material (72) [59]
possesses a lower T, smectic B transition temperature
and Ty, than the corresponding alkenyl compound (71).
However, the corresponding totally saturated substance

s (1d,CCP,F,3CP0Od,1)
« (103CCP,F,3CP0d,1)
(101d,CCP,I" 3CPOd,1)
(1d,ECCP_F,3CPOd, 1)

Q

100

<

10 T -7 ~

toss (IN-LCD) / ms
\

vr /10 TR

Figure 7. Plots of the switch off times ¢, against the temper-
ature reciprocal for the binary mixtures 1d,CCPgF/
3CPOd;1, 103CCPF/3CPOd;1 101d,CCPEF/3CPOd;1
and 1d;ECCPF/3CPOd,1.

('70) only exhibits a smectic B phase. The addition of a
second fluorine atom in a terminal position on the
double bond eliminates the problem of cis-/trans-separa-
tion and purification, but Ty; and Ae are reduced signi-
ficantly and y can be supposed to be increased. These
fluoroviny! substituted materials and related chlorovinyl
[60} substituted compounds exhibit intermediate Ae

Table 13. Transition temperatures for the ethyl (E)}-[trans-4-(trans-4-propylcyclohexyl)cyclohexyl Jacrylates (66—69).

OO g
0

Compound R Cr—Sg/N/°C Sg—N/°C N-1/°C ATy,/°C Reference
66 T 2 - 43 41 [52]
65 4 39 - 94 55 [52]
67 \ s 15 - 80 65 [52]
68 NS 34 - 94 60 [52]
69 N/ 7 44 70 26 [52]
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Table 14. Transition temperatures for the trans-4-(trans-4-pentylcyclohexyl)cyclohexyl-substituted compound (70-72).
—~_M IR
Compound R Cr=8g/°C Sg~N/I/°C N-1/°C ATv,/°C Reference
70 - 23 96 - - [53]
71 ™ 38 73 95 22 [53]
72 Y —2 49 62 13 [59]

values useful for reducing the threshold voltage in nem-
atic mixtures of high resistivity for actively addressed
LCDs (e.g. TFT-LCDs). Many chlorovinyl substituted
compounds possess a nematic phase at high temper-
atures [607]. The high Ty, values of these compounds
allow the incorporation of several lateral substituents,
especially fluorine atoms, into the core of the molecule
in order to produce a higher As without complete
elimination of the nematic phase [60]. Thus, it is not
necessary to resort to the use of polar terminal groups
such as the cyano group, which are known to lead to
insufficiently high resistivity values for actively-
addressed LCDs [8,9].

2.6. Alkenyloxy-substituted compounds

A carbon—carbon double bond at or beyond position 3
in an alkenyl or alkenyloxy chain attached to an aro-
matic ring is also non-conjugated and therefore suffi-
ciently stable for LCD applications. Similar effects to
those observed in an alkenyl chain attached to cyclohex-
ane rings are found for alkenyloxy compounds (76 and
78), see table 15[ 61, 62]. It is evident that the incorpora-
tion of a trans-double bond at position 3 and 4 in the
pentyl or pentyloxy chain of the esters (73 and 74) [62]
to yield a number of phenyl trans-4-pentylcyclohexa-
noates (75 and 76) [61], differing only in the nature of
the group R, leads to a significant increase in Ty;. The

introduction of a terminal double bond into the esters
(75 and 76) to yield the esters (77 and 78) leads to a
decrease in Ty; in both cases, as is generally observed.

A carbon—carbon double bond was introduced in a
terminal position or in a cis-configuration in the middle
of an alkoxy chain of a wide variety of phenyl benzoates
[63-66] and phenylpyrimidines [67], which exhibit a
chiral smectic C phase. In all cases, this often led to a
substantial decrease in the transition temperatures of all
the observed mesophases. However, T,, was often
decreased more than T _leading to a broadening of the
smectic C temperature range (sometimes at or just above
room temperature). The ester group and/or chain
branching at the chiral centre led to a high y and
relatively long © [68].

More significant changes in the transition temper-
atures and other physical properties of relevance for
FLCDs were observed for non-chiral, alkenyloxy-
substituted phenylpyrimidines/pyridines [ 69-74 ], where
the position and configuration of the double bond were
varied systematically, see table 16 and figures 8 and 9
for the ethers (79-92). The trans-carbon—carbon double
bond at an even number of carbon atoms from the
molecular core results generally in a higher Ty, lower
smectic A transition temperatures, an increase in 6 and
P, and in longer 7. A cis-double bond at an odd number
of carbon atoms from the molecular core suppresses the

Table 15. Transition temperatures for the 4-substituted-phenyl trans-4-pentylcyclohexanoates (73—78).
Compound R Cr—N/1/°C N-1/°C AT, /°C Reference
73 NS 36 48 12 [62]
74 0/~ 49 81 32 [621
75 N 42 75 33 [61]
76 Y 48 93 45 [61]
77 NS 33 220 - [61]
78 0= 35 62 27 [61]

* Represents a monotropic transition temperature.
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all-trans- double alternating Transition TS¢ Tc
conformation model  bond cis-trans - predicted exp.)  exp
all-?r. cis/tr. oC oC

with cis- or trans- double bond cOntig. madel

(Ey2 high  high 63 72
T m

@2 _O\_)/ ow  low . 17

(E}-3 --z-------=TT"= high low - 42

N @3 A\ ow meh s s

@r4 —O\J_\> bow low - 46

Figure 8. Two possible notations that model the conforma-
tions of the hexenyloxy chain of the two-ring ethers
[73]: on the left it is seen that the all-trans-model
leads, for every position of the double bond, to the
straightest chain and the highest smectic C transition
temperature Ts_ (Sc—S,) and clearing point T, (S,-1
or N-T). The alternating cis-trans-notation also pre-
dicts higher values for Ts_ and T, for the (Z)-hex-3-
enyloxy-substituted ether than for the (E)-hex-3-
enyloxy-substituted  ether, as is  observed
experimentally.

nematic phase in favour of smectic phases, decreases 6
and P, and shortens 1. Other positional combinations
strongly reduce the transition temperatures. These obser-
vations were related to a linear, alternately trans-cis-
configuration and conformation of the alkenyloxy chain
[70, 73, 74]. However, the position and number of nitro-
gen atoms are also crucial in determining the type of
phases observed, their absolute transition temperatures
and temperature ranges. Similar, if not identical, trends
have been found for related three-ring fully aromatic
ethers, as well as ethers incorporating cyclohexane
[64-68] or dioxane rings [75] in place of one of the
phenyl rings.

The dependence of transition temperatures, P, y and
7 on small differences in the position and configuration
of double bonds and nitrogen atoms for structurally
similar compounds exhibiting a smectic C phase is
demonstrated by reference to data for mixtures of the

all-trans- double alternating Transition ~ Ts¢ Tc
conformation model  bond cis-frans - predicted exp,/  exp.f
with cis- of trans- double bond onfig. madel all-tr. cis/ tr.  oC oC

high high 152 208

\ T @2 —O\_} ow low - 1%

(E}-3 --z--------7==- high low 63 176

X \—i“=r— @3 T/ N\ w hgh 112 191

I N T T W/ W A Y S

(Z)4 —O\JW low low 68 180

Figure 9. Two possible notations that model the conforma-
tions of the hexenyloxy chain of the three-ring ethers [ 73]: on
the left it can be seen that the all-tranms-situation leads, for
every position of the double bond, to the straightest chain and
the highest smectic C {ransition temperature T, (Sc—S,) and
clearing point T, (S,—1 or N-I). The alternating cis-trans-
notation also predicts higher values for Ts_and T, for the (Z)-
hex-3-enyloxy-substituted ether than for the (E)-hex-3-enyloxy-
substituted ether, as is observed experimentally.

ethers (8085 and 87-92) in a standard chiral smectic C
mixture as shown in figures 10 and 11. The transition
temperatures of both series of mixtures possess an
odd—even effect. The values for those mixtures containing
ethers (81, 83, 85, 88, 90 and 92) with a cis- or a terminal
double bond (even positions) are lower than those for
the mixtures incorporating ethers (80, 82, 84, 87, 89 and
91) with a trans-double bond. This reflects the trends in
the transition temperatures of the pure compounds, see
table 16. P, and 1 show only a weak dependence on the
position of the double bond. This dependence is related
to the corresponding variation of the chiral smectic
C-smectic A transition temperatures. While the average
values for transition temperatures and P are similar for
both isomer series, t for the mixtures containing the
ethers (87-92) is lower for most mixtures, see figures 10
and 11. This indicates a substantially lower viscosity y
for the ethers (87-92) with the alkenyloxy chain attached
to the pyridine ring.
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Figure 10. Plot of the transition temperatures, spontaneous
polarization (P,) and switching times (r) of the mixtures
containing 15wt % of the ethers (80-85)—see Table 16—and
85wt % of the chiral smectic C mixture SCO 1014 versus the
position of the carbon—carbon double bond in the octenoyloxy
chain; 0 indicates no double bond in the chain.

2.7. Aromatic alkenoates

It has been known for a long time that a small number
of aromatic esters of (E)-alk-2-enoic acids exhibit very
high Ty, [57, 58]. Although this had been explained in
terms of a high degree of polarizability due to conjuga-
tion between the carboxy (ester) group, the carbon-
carbon double bond and the benzene ring [ 57, 587, this
cannot fully explain these results as shown in §2.3. This
is exemplified by more recent results [ 76797 as shown
in table 17 for a number of esters (93-97) of very high
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Figure 11. Plot of the transition temperatures, spontanecus
polarization (P,) and switching times (r) of the mixtures
containing 15wt % of the ethers (87-92)—see Table 16—and
85wt % of the chiral smectic C mixture SCO 1014 versus the
position of the carbon—carbon double bond in the octenoyloxy
chain; 0 indicates no double bond in the chain.

[80-83] more recently. The transition temperatures for
each position of the double bond were lowered compared
to those of the corresponding alkanoates without a
double bond in the terminal chain. This contrasts with
the situation seen for the corresponding alkenyl ethers,
see table 16. The general trends in the transition temper-
atures of the alkanoates and alkenoates investigated are
complicated and, although generally valid, there are
several exceptions to them. This is especially true for the
(E)-alk-2-enoates where the divergence from general
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Table 17. Transition temperatures for the 4-cyano-3-fluorophenyl 4-substituted-benzoates (93-97).

F
R
o hen

Compound R Cr—-N/1/°C N-1/°C ATy, /°C Reference
93 N/ 31 25° - [76, 771
94 —\_0- 72 492 - [76, 77]
95 =_/ 39 - - [78]
9% =_0- 43 50 - [78]
97 (E) _\\—«Q_ 125 195 70 [79]

* Represents a monotropic transition temperature.

> Represents a virtual (extrapolated) transition temperature.

Table 18. Transition temperatures for the 4-(5-[4-pentylphenyl]pyrimidin-2-yl)phenyl butanoate (98) and 4-(2-
[4-pentylphenyl[ pyrimidin-5-yl)phenyl (E)-but-2-enoate (99).

N=—
N R
O>_

Compound R Cr-=S¢/°C S¢=Sa/N/°C Sa—N/°C N-1/°C Reference
98 -/ 143 170 225 229 [83]
99 (E)y — 146 162 - 270 [83]

but-2-enoate (99) does not possess a smectic A phase
and Ty, is much higher. Hence, in special cases (this is
not typical of the general effect) the nature and absolute
transition temperatures of the phases observed can be
influenced to a greater extent than is usuvally observed
for this manipulation. This reflects the very complex
intra-/inter-molecular interactions responsible for the
observed transition temperatures [ 84-86].

The differences between the transition temperatures
of the 4-(5-nonylpyrimidin-2-yl)phenyl (E)-alk-2-
enoates (100-108) [82] and the 4-(5-[4-pentyl-
phenyl ]pyrimidin-2-yl)phenyl (E)-alk-2-enoates (109-
117) [83], differing only in the presence of an
additional 1,4-disubstituted phenylene ring for the latter,
are shown in table 19. All the two-ring esters (100-108)
exhibit a nematic phase at high temperatures for apolar
two-ring compounds and no observable smectic meso-
morphism. In comparison, the three-ring esters possess
wide-range smectic C and A as well as nematic phases
at high temperatures. Ty, is increased much more than
T,,, as usual. This must be due to the greater length/
breadth ratio and the associated higher degree of molecu-
lar polarizability resulting from the additional

1,4-disubstituted phenylene ring. These two- and three-
ring (E)-alken-2-enoates, as well as other alkenoates
with the double bond or nitrogen atoms in different
positions, despite the pure nematic nature of the former,
induce a high Ts_ and a low y in mixtures with other
smectic C materials and a chiral dopant [82, 83].

3. Carbon-—carbon double bonds in the central linkage
3.1. Two-unit linking groups

The effect of a trans-carbon—carbon double bond in
the centre of the molecular core of a mesogen [87-897]
is shown in tables 20 and 21. The introduction of a
double bond into the apolar smectic compound (118}
to yield the compound (119) does not change the
mesomorphism greatly [87], whereas the presence of a
carbon—carbon triple bond in the compound (120)
results in the formation of a monotropic nematic phase.
The danger of extrapolating from one system to another
is illustrated by reference to the thermal data collated
in table 21. The polar nematic compound (122) with a
double bond in the molecular core exhibits a higher Tiy,
lower T, and thus a broader nematic range than the
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Table 19. Transition temperatures for the 4-(5-nonylpyrimidin-2-yl)phenyl (E)-alk-2-enoates (100-108) and 4-(5-
[4-pentylphenyl ] pyrimidin-2-yl}phenyl{E )-alk-2-enoates (109-117).

—N
CsHp— X ‘—<\: »—@O}IC“HmA
N
o (E)

Compound X n Cr—S¢/SA/N/1/°C Sc=SA/N/°C SA—N/°C N-1/°C Reference
100 ~CHg— 1 80 - - 89 [82]
101 —C,Hg 2 89 - - 70? [82]
102 ~C,Hg— 3 68 - - 81 [82]
103 —-C,Hg— 4 47 - - 70 [82]
104 ~C,H,~ 5 49 - - 79 [82]
105 ~C,Hy 6 43 - - 76 [82]
106 ~C Hg 7 50 - - 81 [82]
167 -C,Hg— 8 43 - - 78 [82]
108 -C,Hy~ 9 60 - - 82 [82]
109 -Ce¢H,— 1 157 - 186 260 [83]
110 -C¢H,— 2 149 - 191 246 [83]
111 ~C H,~ 3 131 157 183 242 [83]
112 —CgH,— 4 123 159 184 228 [83]
113 —C¢H,— 5 115 165 166 230 [83]
114 ~CeH,~ 6 108 166 173 219 [83]
115 —Ce¢H,— 7 106 166 - 217 [83]
116 ~C H,~ 8 96 168 174 213 [83]
117 ~CgH,— 9 92 166 - 209 [83]

? Represents a monotropic transition temperature.

Table 20. Transition temperatures for the compounds (118-120).

M =z

-1 III\_j——
Compound V4 Cr=8/1/°C S-1/°C N-1/°C Reference
118 - 46 109 - [87]
119 - 53 95 - [87]
120 —_— 52 - 50* [87]

* Represents a monotropic transition temperature.

Table 21. Transition temperatures for the 3,4-diftuorobenzenes (121 and 122).

A OO

Compound Z Cr-N/°C N-I/°C AT /°C Reference
121 ™~ 38 111 73 [88]
122 ™ 31 136 105 [89]

corresponding compound (121) without a double bond
between the two cyclohexane rings [ 88, 897. This is not
consistent with the conclusions likely to be reached from
considering the data in table 20.

3.2. Four-unit linking groups
The transition temperatures collated in tables 22 and
23 for a number of compounds (123-127) incorporating
four-unit linking groups reveal the ability of the double
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Table 22. Transition temperatures for the compounds (123-125).

Compound Z Cr—N/1/°C Sg-1/°C N-1/°C ATy, /°C Reference
123 N/ 27 162 - - [92]
124 Y 25 - 34 9 [92]
125 N 35 - 117 82 [91]

% Represents a monotropic transition temperature.

Table 23. Transition temperatures for the trans-4-(trans-4-pentylcyclohexyl)cyclohexyl-substituted compounds (126 and 127).

F, F

Compound Z Cr-S,/N/°C S,-N/°C N-I/°C ATy /°C Reference
126 P 49 102 138 36 [93]
127 — 0 51 - 140 89 [93}

bond in a central position in the core of a mesogen to
suppress smectic phases [90-93]. Although these results
are not general for all homologues in these particular
series [ 92, 93], they reveal the large differences in meso-
phase type and transition temperatures that can be
observed for certain combinations of chain length
and central linkage (butyl/(E)-but-3-enyl and
3-propyloxy/(E)-allyloxy). The relatively high y values
of many mesogens containing a four-unit linking group
limits their use in LCDs. However, dopants of strong
negative Ag, as shown in table 23 [92, 93], components
of moderately positive Ae and high resistivity [92, 93],
as well as chiral dopants [94], are of commercial interest.

4. Carbon—carbon double bonds in alicyclic rings
4.1. Cyclohexenes

The thermal data collated in table 24 were originally
cited [25,47,48] as confirmation of the Maier-Saupe
theory, which proposed that Ty; should increase with
increasing molecular polarizability [17]. That this is the
case for these diesters (128-131) is evident from the
thermal data collated in table 24. That the situation is
much more complicated than this, as referred to earlier,
is illustrated by the data [40, 95, 96] recorded in table
25 for the benzonitriles (17, 132, 133). Only the cyclohex-
ene (133) with a conjugated double bond possesses a
slightly higher Ty; than the cyclohexane (17). When the

Table 24. Transition temperatures for the diesters (128-131).

cum—@—coo—@—ooc ~)-ocHs

Compound A Cr-N/°C N-I/°C ATy,/°C Reference
128 ~ = - 195 - [25, 47, 48]
129 ) 144 251 107 [25, 47, 48]
130 — ) 205 273 68 [25, 47, 48]
131 — ) - 298 - [25, 47, 48]
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Table 25. Transition temperatures for the 4-substituted benzonitriles (17, 132 and 133).

~ XA

Compound A Cr-N/°C N-I/°C ATy,/°C Reference
17 ~ e 30 55 25 [40]
132 —( ) 48 61 15 [95]
133 — - 35 5 - [96]

double bond is not conjugated as in the cyclohexene
(133), the T; is much lower, although the molecular
polarizability should be marginally higher, than that of
the reference cyclohexane (17) and only somewhat lower
than Ty, for the corresponding cyclohexene (132). This

has been rationalized by the distorted shape of cyclohex-
ene ring in the latter case [96]. This is almost certainly
responsible for the much lower Ty, of the cyclohexenes
(135-137) [97] compared to that of the analogous
cyclohexane (134), see table 26. This confirms more

Table 26. Transition temperatures for the trans-4-alkylcyclohexyl-substituted cyclohexenes (134-137).

Compound A B Cr-Sg/°C Sp—N/1/°C N-1/°C ATy,/°C Reference
134 ~ —~O 31 97 - - [53]
135 —~ ~ ~10 19 22 3 [97]
136 —( ) () —11 12 27 15 [97]
137 ~ e —~ - 4 2 30 9 [97]

Table 27. Transition temperatures for the steroid derivatives (138—-141).
(D
Cy7H35C02 aa

Compound A B Cr-N*/1/°C S-N*/°C N*-I/°C Reference
138 O @ 97 - - [99, 101]
139 @) O 82 - <—20 [100, 1017
140 O @ 77 - <200 [100, 1017
141 O @ 82 742 78 [100-102]

# Represents a monotropic transition temperature.
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recent theoretical explanations citing length/breadth
ratios and isotropic attractive forces as the main factors
responsible for mesophase formation. However, in this
particular case, the smectic B phase has been strongly
suppressed and a nematic phase is now observed. Similar
results were obtained for esters of cyclohexene acids
[98].

4.2. Cholesterics

A wide variety of mesogenic steroid derivatives incorp-
orating a carbon—carbon double bond in various posi-
tions of the molecular core and the aliphatic chain have
been synthesized [27,99-102]. It is very difficult to
identify any clear trends or consistent behaviour in the
transition temperatures. This is partially due to the fact
that data for homologues with the same chain length
often do not exist or due to impurities in the compounds
prepared and measured often many years ago [27]. The
compiexity of the situation is illustrated by the thermal
data collected in table 27. In contrast to the situation
observed for cyclohexanes and cyclohexenes, see §4.1,
the fully saturated 3f-octadecanoyloxy-5«-cholest-1-ane
(138) does not exhibit an observable mesophase [99].
However, other homologues of this series with shorter
chain lengths do exhibit smectic and chiral nematic
phases at lower temperatures than those of the corres-
ponding 3f-octadecanoyloxy-5a-cholest-1-ene with an
additional carbon—carbon double bond. The related 34-
octadecanoyloxy-5«-cholest-1-ene (139) and 3f-octade-
canoyloxycholest-4-ene (140) with the carbon—carbon
double bond in the same ring as the hydroxy group are
also not mesomorphic [100]. Only the 3p-
octadecanoyloxy-5a-cholest-1-ene (141) derived from
cholesterol possesses observable, although monotropic,
phases [102]. The acetate and benzoate of
cholesta-3,4;5,6-dien-3-0l with a double bond in both
rings under discussion possess smectic and chiral nematic
phases. These differences have also been ascribed to
geometric effects [ 100]. However, different sub-classes
of steroid derivatives such as carbonates, thio analogues,
benzoates etc., can exhibit different and apparently
mutually  inconsistent = mesomorphic  behaviour
[27,99-102]. Mesomorphism has been observed for
steroid derivatives with the double bond in a variety of
other positions [27, 99-102]. Chiral mesophases includ-
ing the chiral smectic C phase have also been observed
for esters of a non-racemic cyclohexene acid [ 103].

5. Conclusions
The effects of the configuration and position of a
carbon—carbon double bond, sometimes in combination
with dipoles, in the terminal chain of mesogens have
been studied and some general trends identified,
although many exceptions are still observed. An explana-

tion of these effects beyond simple steric arguments
proposing a linear, alternating frans-cis-conformation of
the chain have yet to be forwarded. Studies of the
property/structure relationships have also been carried
out and the elastic ratios have been found to be of use
for designing optimized mixtures for LCDs utilizing
nematic or smectic liquid crystal mixtures. The situation
with regards to a carbon—carbon double bond in the
central linkage or core of the molecule has been investi-
gated to a lesser extent and much remains to be done
and discovered in these areas.

The author is grateful to Dr M. Schadt and Professor
J. Funfschilling for many helpful and instructive discus-
sions. The useful and constructive comments of the
referee on the interpretation of the data presented are
also gratefully acknowledged.
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