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Nematogenic laterally fluorinated biphenyls with
polar terminal groups

by S. GREENFIELD*, D. COATES, M. GOULDING and R. CLEMITSON
Merck Ltd., West Quay Road, Poole, BH15 1HX, England

(Received 18 February 1994; in final form 21 July 1994; accepted 26 July 1994)

The physical properties are reported for a series of positive dielectric anisotropy (Ag)
alkylbiphenyls possessing a halogen-containing terminal group and incorporating varying
degrees of lateral fluorination. The nematic range and dielectric and optical anisotropies can be
varied by the appropriate choice of terminal group and extent of lateral substitution. These
materials possess greater stability than the corresponding cyano compounds and are suitable for

use in applications that require high stability.

1. Introduction

Liquid crystal materials with a terminal cyano group
have for many years proved to be essential positive
dielectric anisotropy (Ae) components of mixtures for
simple liquid crystal displays. In recent years however,
there has been a growing interest in complex displays
capable of greater information content, of which the
super-twisted nematic (STN) and the active matrix (AM)
are commercially the most important. These have much
more stringent materials requirements than simple twisted
nematic (TN) displays, demanding, for example, low
viscosity (S§TN) and very high stability and high resistivity
(AM), while retaining a sufficiently high Ae to achieve low
operational voltages. Such parameters cannot be met
solely with cyano-based compounds which tend to have a
relatively high viscosity, high affinity for ionic impurities
(leading to low resistivity) and inadequate chemical and
photochemical stability [1].

To address this problem, new polar materials with
terminal groups other than cyano have recently been
developed. Fluorine [2,3] and fluorinated groups [4-9]
have been widely studied since the high electronegativity
of the fluorine atom gives rise to a strong dipole along the
molecular axis, a factor which contributes to a moderately
positive A¢ in these compounds. In addition the stability
of these groups has been shown to be adequate for AM
applications [2, 8, 10]. We have previously demonstrated
that a terminal chloro substituent attached to a number of
mesogenic cores also produces materials with a positive
Ae, but with higher nematic phase stability and birefrin-
gence than fluorinated terminal groups provide [11]. Such
compounds are also potentially useful for display applica-
tions [12].

* Author for correspondence.

We now report the results of a comparative study on the
effect of various halogen-based polar end groups on the
physical properties of trans-4-n-alkylcyclohexylethyl-
biphenyls. We have also investigated the effect of lateral
fluorination in the same system, and by combining the two
features sought to optimise the properties of these
materials.

2. Experimental

The compounds were prepared by the standard syn-
thetic techniques outlined in the scheme and purified by
column chromatography on silica gel, eluting with
petroleum spirit (b.p. 40-60°). The products were then
recrystallized to > 99-5 per cent purity as determined by
reverse phase HPLC using a Hewlett—Packard 1050
instrument with diode array detector.

Phase transition temperatures were measured using a
Du Pont 1090 differential scanning calorimeter and by
polarising optical microscopy using a Mettler FP52 hot
stage to control the temperature of the sample. Physical
measurements (dielectric anisotropy and birefringence)
were made on a 10% w/w solution of the test compound
in a chemically related mixture of medium dielectric
anisotropy (Ae) at 20°C, and values for the pure materials
obtained by extrapolation. The birefringence (An) was
measured using an Abbé refractometer and Nap light
(589-7nm) at 20°C and the dielectric anisotropy was
measured by an electrical capacitative method at 20°C and
1 kHz.

Holding ratio measurements were performed on
15% w/w solutions of the test compound in a chemically
stable mixture (Merck ZLI 3086). 100 mV was applied to
the thin film of the liquid crystal solution under test in a
glass cell. 100ms after the field had been removed, the
charge remaining across the cell was remeasured, and the
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Scheme. The general synthetic route to the rrans-4-alkyl-
cyclohexylethylbiphenyls 1-36. Reagents: (i) AlCl;,
CHzClz, C6H5Br; (11) N2H4.H20, KOH, HOCHzCHzOH,
(iii) n-BuLi, THF ( —70°)/B(OCH;)/H"; (iv) n-BuLi,
THF; (v) Pd-charcoal, Hy; (vi) Toluene, ethanol, 2M
NBQCOj{, Pd(pph3)4

final value expressed as a percentage of the initial value
(100mV) to give the percentage holding ratio. The filled
glass cells were then either UV irradiated for 2h using a
Heraeus ‘Suntest’ apparatus, or heated to 100°C for 2h
and the holding ratio measured again.

Molecular energy versus interannular torsion angle
calculations were performed using NEMESIS V1.1, PC
based version (available from Oxford Molecular Ltd).
Molecular models were constructed and then iteratively
calculated to a minimum molecular energy using the
COSMIC [13] optimized energy calculation. The molecu-
lar energy versus interannular torsion angle calculations
were started with the benzene rings of the biphenyl system
in a co-planar conformation and energy values were
calculated for 1° incremental rotations.

3. Results and discussion

A total of 36 compounds has been prepared with either
cyano, chloro, fluoro, trifluoromethoxy or trifluoromethyl
terminal groups, and varying degrees of lateral
fluorination. The transition temperatures and physical
properties of these materials are given in tables 1-6 and
the effects of both terminal group and lateral fluorination
are discussed below.

Table 1. Transition temperatures (°C) and physical properties

for laterally fluorinated trans-4-propylcyclohexylethyl-
biphenyls with a terminal fluoro group. () relates to a
monotropic transition. In this and subsequent tables:
C = crystal; N = nematic; 1 = isotropic liquid.
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3.1. Nematic phase range

3.1.1. Effect of terminal group

In figure 1 the clearing points of compounds 1-36 are
plotted against the total number of lateral fluorine
substituents and according to type of polar terminal group.
The relative ability of the cyano, chloro and fluoro
terminal groups to stabilizing the nematic phase thermally
is seen to follow the usual order (CN > Cl1 > F) [14]. The
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Table 2. Transition temperatures (°C) and physical properties
for laterally fluorinated frans-4-pentylcyclohexylethyl-
biphenyls with a terminal fluoro group. () relates to a
monotropic transition.

Compound C-NT N-I An Ag

R = CSH‘M-O—CQHA‘

F

10 RF 91.0 (676) 0113 6-1
F
F F

11 RF 40-0 466 0095 86
F
F F

12 FlF 655 (28:8) 0080 149
F F

trifluvoromethoxy group behaves very similarly to a
terminal fluorine, while the trifluoromethyl group is the
least nematogenic,

3.1.2. Effect of lateral fluorination

For a given terminal group, the clearing point shows an
approximately linear decrease with increasing lateral
fluorination. Each additional fluorine depresses the clear-
ing point by between 20°C and 35°C and the effect is
cumulative, although it tends to level off at high levels of
substitution. Osman has shown that in the case of lateral
mono-substitution, the clearing point decreases as the van
der Waals volume of the substituent increases, the points
falling on a smoothly diverging curve. [15]. In the present
case, the total van der Waals volume of the substituents
increases linearly with each successive replacement of a
hydrogen atom by the larger fluorine and the clearing
points are found to decrease in a similar fashion. The
tendency for the decrease to level off at high levels of
substitution is to be expected, since the later fluorines to
be added can be partially accommodated within the
existing cylinder of rotation of the molecule and do not
therefore cause as large a perturbation. An additive effect
of lateral substitution on the stability of the nematic phase
has also previously been demonstrated in a series of
4,4’ -di-( p-alkoxybenzylideneamino)biphenyls [16].

It is noticeable that the effect of the position of lateral
fluorination on the clearing point is small compared to the
degree of lateral fluorination. For example, in the two
series of laterally mono-fluorinated compounds 2, 3, 4

Table 3. Transition temperatures (°C) and physical properties
for laterally fluorinated trans-4-propylcyclohexylethyl-
biphenyls with a terminal chloro group.

Compound C-N N-I An Az

R = CyH,— )—CyH,

13 R H-Ccl 1012 1582 0169 35
F
14 RCI 647 1206 0170 56
F
15 RCI 467 1160 0178 43
F
16 RCI 721 1200 0170 53
F F
17 RCI 550 966 0168 90
F
18 383 797 0150 4.3

_Q
@

19 R Y H-ci 612 873 0166 122

o2

20 R N> d-c1 472 720 0151 134
F

(with a terminal fluorine) and 14, 15, 16 (with a terminal
chlorine), the clearing point varies by less than 5°C. In the
corresponding difluorinated compounds, the spread of
clearing points is higher, mainly due to the particularly low
values for compounds 6 and 18. This is clearly seen by
comparing 6, 7 and 10, all of which have two lateral
fluorine substituents between the biphenyl rings, but in 7
and 10 the substituents are located on the same ring (a
‘forked’ 2,6-disubstitution pattern); however, in 6 they are
on different rings (2,2'-disubstitution). This latter arrange-
ment results in a clearing point some 10°C lower than 7
and 10 (which have nearly identical clearing points).
As well as causing an increase in molecular breadth,
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Table 4. Transition temperatures (°C) and physical properties
for laterally fluorinated trans-4-pentylcyclohexylethyl-
biphenyls with a terminal chloro group. () relates to a
monotropic transition.

Compound C-N/1  N-1 An Ag

R = CSH11_<:>_CZH4

F
21 RCI 650 1228 0169 68

22 Cl 50-5 987 0:155 10-3

AT
F
23 pam 540 91.0 0145 76
F

L RC' 472 745 0128 88
F
FF

25 ch 660  (60-8) 0-105 143
FF

lateral substitution in biphenyls can also increase the
interannular torsion angle leading to a reduction in the
conjugation between the two rings and a lower molecular
polarizability [17]. This reduces the attractive intermolec-
ular forces and results in a lowering of the clearing point.
This rationale has been used to explain the effect of
fluorine substitution on the transition temperatures of
terphenyls [18]. The influence of lateral fluorine substi-
tution on the interannular torsion angle is illustrated in
figure 2 for the terminal chloro compounds 13, 16, 18 and
23. These plots were generated using NEMESIS mole-
cular modelling software and were obtained by first
calculating the overall minimum energy conformation for
each structure and then plotting the energy as a function
of increasing torsion angle. Although figure 2 relates only
to isolated molecules, and so must be treated with caution,
a number of interesting observations can be made.

For all four compounds, the minimum energy is
calculated to occur at a torsion angle of 43 * 1° and in each
case the energy is similar. For compound 18, there are two
distinct minima, one for the transoid conformation in
which the fluorines are located on opposite sides of the
molecular and one for the cisoid, where they are on the
same side. The transoid minimum has a slightly lower

energy than the cisoid and occurs at a smaller torsion
angle, 44° compared to 49°. Previous calculations based
on the van der Waals radii of the substituents have
suggested torsion angles of 54° for 2,2'-difluorinated
biphenyls and 41° for 2-monofluorinated biphenyls [19],
whereas NMR studies on 2,6-difluorinated biphenyls have
indicated an angle of 51°C [20]

While generally the plots are all very similar, they
diverge as the planar conformations (torsion angle = 0°
and 180°) are approached and the steric interactions
between the substituents become more pronounced. The
energy of the planar conformations increases with the
increasing degree of substitution in the order
13 <16 <23 =18 rrans <18 cis. The very close simi-
larity of the curves for compound 23 and compound 18 in
the rransoid conformation would lead us to anticipate near
identical clearing points for the two materials. (Compound
23 might even be expected to have the lower clearing point
due to the greater average molecular breadth resulting
from the two fluorine substituents being fixed 180° apart).
In fact 18 has a clearing point some 11° lower than 23
which can be accounted for if it is the cisoid conformation

Table 5. Transition temperatures (°C) and physical properties
for laterally fluorinated t#rans-4-alkylcyclohexylethyl
biphenyls with a terminal trifluoromethyl/trifluoromethoxy
group. { ) relates to a monotropic transition.

Compound C-N/1. N-I dn Ae

R = CaH;— »—C,H,
F

26 ROCFa 36:0 891 0130 66

F

-0

27 80-4 (684) 0-138 12.3

a
m
w

28 ROCF3 359 930 0127 95
29 ROCF3 490 658 0086 91
F

F
30 RCFa 930 (48.0) 0112 114
F
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Table 6. Transition temperatures (°C) and physical properties
for laterally fluorinated trans-4-alkylcyclohexylethyl-
biphenyls with a terminal cyano group. S = smectic A.

Compound C-N N-IL An  As
R = CaH;—~ )—CyH,
311 R ¢ )N 740 1880 — @ —

F

32 R’CN 746 1530 021 166

F

33+ RCN 631 1597 021 20-0

R = CSH11—Q_CQH4

341 R I DHcN  CT79S, 1840 023 240
87N

F

35¢ RCN 710 1580 018 19:3
F

36 RCN 1230 1310 017 224
F

+ Compounds previously reported in [25].

which is actually adopted in the nematic phase, in line with
the findings of a previous study of 2,2’-disubstituted
biphenyls [16]. In the cisoid conformation the energy
minimum occurs at a larger torsion angle, reducing the
conjugation between the aromatic rings and hence the
molecular polarizability, so leading to the lower observed
clearing point.

Moreover, in the nematic phase, intermolecular forces
may result in the biphenyl ring system being forced
towards a more planar conformation, the torsion angle
being as small as 20° in the absence of lateral substituents
[19]. Free rotation about the interannular bond probably
does not occur and the interannular angle adopted is a
balance between the repulsive forces between the sub-
stituents and the residual forces from the crystalline state
tending to make the system coplanar [19,21]. For
compound 18, the very steeply rising energy as the
cis-planar conformation is approached means that any
reduction of the torsion angle in the nematic phase will be
less than is the case for 23, so accentuating the difference.

Changing the terminal alkyl group from propyl to pentyl

200 T T T T T |
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180 N
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Figure 1. The dependence of the clearing point on the number
of lateral fluorine substituents for the trans-4-alkylcyclo-
hexylethylbiphenyls 1-36.

increases the clearing point by only 2-3°C (for example,
16 and 21, 17 and 22). Accordingly, for a given terminal
group, the clearing point is determined firstly by the
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Figure 2. The calculated molecular energy (kcalmol ') as a
function of the interannular torsion angle for components
13, 16, 18 and 23.
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number of lateral fluorine substituents and secondly by
their position, the terminal alkyl chain length being of
minor importance.

Melting points generally decrease with increasing
fluorination, although some compounds (10, 12, 25, 30,
36) exhibit anomalously high values. These are all
materials with a symmetrical pattern of substitution which
can be presumed to aid efficient packing within the crystal
lattice. As far as terminal groups are concerned, the fluoro
and OCF; compounds have the lowest melting points, and
the cyano and CF; the highest.

3.2. Birefringence (4n)

3.2.1. Effect of terminal group

As expected, the cyano group promotes the highest
birefringence due to the high polarizability of the
carbon-nitrogen triple bond, while the three fluorinated
groups give rise to very similar low values. Chlorine is
intermediate between the two extremes and provides
materials of moderately high An.

3.2.2. Effect of lateral fluorination

Generally birefringence falls with increasing
fluorination, which may be attributed to a decrease in
density resulting from the increased molecular breadth.
However, there is a significant effect associated with
difluoro substitution between the rings of the biphenyl,
leading to a substantial decrease in An. Compare, for
example, the difluorinated chlorobiphenyls 17, 18, 19 and
23, where compounds 18 and 23 which have interannular
substitution have a considerably lower An than com-
pounds 17 and 19. Similarly in the series of laterally
difluorinated fluorobiphenyls, 6, 7 and 10 exhibit a lower
An than compound 5, where only one of the substituents
is between the rings.

The presence of the interannular difluoro substitution
also magnifies the effect of adding additional fluorines into
the end ring. Compare the large fall in An for the ‘forked’
difluoro series 23, 24, 25 with the much smaller decrease
for the equivalent monofluoro series 16, 17, 20 and the
negligible change in 13, 14, 19 where there are no fluorines
between the biphenyl rings. This pattern is also seen in the
series of compounds with a terminal fluoro group.

Interestingly, in a related study of lateral fluorination in
chloroterphenyls, this interannular disubstitution effect is
not seen [22]. This may be because in the larger, more
highly polarizable terphenyl system, the effect of the
substituents on only one of the two interannular bonds has
a proportionately smaller effect. It should be noted that this
observed effect does not merely arise from the birefrin-
gence being measured at a constant absolute temperature,
rather than at the same reduced temperature. Thus, for
example, compounds 20 and 24 have very similar clearing

points, yet the influence of the interannular fluorines on the
birefringence is clearly seen. It must be stressed however,
that the birefringence values discussed above were
obtained by extrapolation of results from measurements
made on mixtures in a nematic host and therefore minor
discrepancies may result from such factors as variation in
clearing point or non-linearity of mixing. Such measure-
ments are useful however for comparing the relative effect
of each compound in a mixture, but should not be taken
as absolute values which can be precisely related to the
molecular structure. A similar caveat also applies to the
dielectric measurements discussed below.

3.3. Dielectric anisotropy Ae

3.3.1. Effect of terminal group

The influence of the terminal group on dielectric
anisotropy can be seen in the series of monofluorinated
compounds 4, 16, 26, 27 and 33. As expected the
cyano group gives rise to the largest dielectric anisotropy
(Ae=20), followed by CF; (Aeg=12) and then OCF;
(Ae = 6). Significantly, chlorine as a terminal group has
much the same effect as fluorine (Ae=3), despite the
greater electronegativity of the latter, but in line with the
similar bond dipole moments [6].

3.3.2. Effect of lateral fluorination

Generally, increasing the number of lateral fluorine
substituents pointing in the same direction as the polar
terminal group increases the dielectric anisotropy, al-
though the position of substitution is important. Thus,
introducing the fluorine ortho to the polar group is the most
efficient way of increasing Aeg, and again the interannular
‘forked’ 2,6-difluoro substitution is found to be not very
beneficial.

For example, considering the chloro and fluoro
biphenyls, the introduction of the first fluorine (for
example, compounds 2, 4, 14, 16) increases A by
approximately 2—-3 compared to the unsubstituted com-
pounds, while the additional effect of a second fluorine in
the other ring (i.e., compounds 5, 17) shows a slightly
larger increase, suggesting some cooperative interactions
between the dipoles. If however the second fluorine is
placed in the same ring as the first, then the picture is very
different. Forked difluoro substitution between the rings
(compounds 10 and 23) leads to a much lower Ae than
forked difluoro substitution in the terminal ring (com-
pound 19). In the latter case, where fluorine substituents
occupy both sites ortho to the terminal group, a particu-
larly high value of Ae can be obtained. Comparing, for
example, 19 and 23, in both compounds the symmetrical
disposition of the fluorines with respect to the long axis of
the molecule minimises their contribution to ¢, . The large
observed difference in Ae can then be attributed to a
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synergistic interaction between the terminal group and the
fluorines which is maximised in the case of 19, but
hindered in 23, possibly because of an increase in the
interannular torsion angle reducing the effect through
bond interactions, or because of the greater spatial distance
between fluorines and terminal group. Previous studies on
the effect of lateral fluorination on A¢ in cyanobiphenyls
have also shown that the highest dipole moment is
obtained when a fluoro substituent is ortho to the cyano
group [23].

As would be expected, the introduction of a lateral
fluorine substituent pointing away from the terminal group
tends to reduce Az (compare 1, 3, 4), although the effect
is rather small. Thus, compound 7 with two ‘backward’
pointing substituents has a dielectric anisotropy only
slightly less than compound 10 which has both sub-
stituents ‘forward’ pointing. However, a combination of
substituents pointing in both directions, as in 6, leads to a
lower Ag, again possibly due to excessive disruption of the
biphenyl coplanarity.

Progressing to tri- and tetra-fluoro substitution, the
same factors can be seen to operate; increasing the extent
of ‘forward’ pointing substitution increases Ag, with the
largest effects being observed ortho to the terminal group.
This can lead to multisubstituted compounds with high
dielectric anisotropies for example, 12 and 25.

3.4. Stability

An essential requirement of liquid crystal materials
destined for use in active matrix addressed devices is a
high resistivity, since a pixel must be capable of retaining
the applied voltage from one addressing cycle to the next.
Therefore the liquid crystal must initially be free of ionic
impurities and also not undergo any degradation due to the
action of heat or UV light during the lifetime of the display.
The ability of a particular material to meet these criteria
is conveniently measured as the voltage holding ratio,
which is defined as the ratio between the voltage remaining
on a pixel after 100 ms and the initial applied voltage [10].

It has been shown that materials containing cyano
groups, such as cyanobiphenyls, do not possess sufficient
stability for AM applications. The difficulty in removing
ionic impurities from such polar compounds leads to a low
initial holding ratio value which further degrades over time
under the influence of heat or UV light [1, 10]. On the other
hand, materials containing fluorinated terminal groups
(-F, —CF;, —OCF;) exhibit much higher stabilities and
have been used as components of mixtures for AM use
[1,8,24]. However, the stability of chlorine containing
materials has not been widely studied.

In table 7 the holding ratio measurements are given for
a number of biphenyls with a terminal chloro or fluoro
group. It can be seen that the chloro materials show a
stability comparable with that of the terminal fluoro

Table 7. Temperature dependence and UV stability of the
holding ratio for trans-4-alkylcyclohexylethylbiphenyls
with a terminal chloro or fluoro group.

Holding ratio/per cent

Terminal
Compound  group

At room After
temperature At 100° 2h UV

5 F 98-5 98.5 95-5
16 C1 98-0 97-3 976
17 Cl 98-0 95-5 —
19 Cl 98-5 — 96-5

compound, and that they are stable to the action of heat and
light. Terminal chloro compounds are therefore ideally
suited for applications which require a higher birefrin-
gence than can be obtained with fluorine containing groups
and where a high degree of stability is important.

4. Conclusions

Cyclohexylethylbiphenyls with halogen-containing ter-
minal groups show a number of advantages over the
corresponding cyano compounds, particularly increased
stability and lower viscosity, and while the nematic range
and dielectric anisotropy are not as great, they are still
sufficient for use in many modern applications. By
combining lateral fluorination with an appropriate choice
of terminal group, it is possible to fine tune the physical
properties in order to achieve the values required for a
particular application. The compounds described here
exhibit clearing points in the range 28-158°, birefrin-
gences between 0-08 and 0-17, and dielectric anisotropies
from 3 to 14. However, it is necessary to strike the correct
balance, as using lateral fluorination to improve one
physical property may have a detrimental effect on
another. For example, multiple fluorination allows high
dielectric anisotropies to be realised, but at the expense of
a greatly reduced clearing point.

In many cases, optimum properties are achieved with
‘forward-pointing’ mono- or di-fluorination, as in for
example the chlorobiphenyls 14, 16 and 17 which offer a
useful nematic range with a moderate dielectric anisotropy
and high birefringence. These are useful components of
liquid crystal mixtures for applications which require a
combination of high birefringence and high stability, for
example, TFT/PDLC displays [26]. On the other hand, a
terminal fluoro or triffuoromethoxy group can provide low
melting point, positive dielectric anisotropy materials with
low viscosities that are potentially suited for use in STN
displays (for example, compounds § and 26).

Generally, the interannular ‘forked’ 2,6-difluorination
was found to be not particularly advantageous in these
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materials. The symmetrical substitution pattern tends to
give high melting points and values of dielectric an-
isotropy that are lower than can be obtained with the
fluorines in other positions. While a single ‘backward-
pointing’ interannular fluorine can be useful (for example,
compound 15), the combination of two opposed inter-
annular fluorines excessively restricts free rotation about
the interannular bond, so reducing the polarizability of the
molecule and leading to particularly low values for the
clearing point and the optical and dielectric anisotropies.

The authors would like to thank Ms E. Brown and
Mrs S. Marden for measuring the physical properties,
and Mr T. Jacob (E. Merck, Darmstadt) for making the
holding ratio measurements.
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