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The Development of Materials, Mixtures and Gels
for Ferroelectric Displays

MICHAEL HIRD, JOHN W. GOODBY and KENNETH J. TOYNE

The Department of Chemistry, The University of Hull, Hull, HU6 7RX, UK

Ferroelectric liquid crystals have developed from the early single component chiral systems,
that brought a wealth of fundamenta} knowledge, to multi-component achiral host systems
with optimised physical properties that have a small quantity of chiral dopant added to pro-
vide the required ferroelectricity. The research into ferroelectric liquid crystals has been
intense, but the technology has not yet proved commercially viable. This paper discusses the
developments in ferroelectric materials and focuses on the ferroelectric mixtures generated
from ortho-difluoroterphenyl host materials and the chiral cyanohydrin dopants which have a
high dielectric biaxiality and are suitable for use in TV ,;, devices. Such ferroelectric mix-
tures have been incorporated into structurally matched diacrylates and polymerised to form a
gel network, and the interesting results of these systems are discussed in comparison with the
conventional ferroelectric mixtures.
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INTRODUCTION

In 1974, Meyer(1] used elegant symmetry considerations to show that
ferroelectric properties could be exhibited by the tilted, low symmetry,
chiral smectic liquid crystal phases (e.g., Sc*). Later in 1980, Clark
and Lagerwall[2] invented the surface-stabilised ferroelectric display
device. Such display devices offer many advantages over conventional
nematic displays, such as much shorter switching times, better viewing
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angles through in-plane switching, and a much greater level of
multiplexability through bistability. The massive commercial potential
of this device resulted in intense research into the synthesis and
physical properties of new materials, and into device engineering.

In terms of materials, the realisation of ferroelectricity simply
requires a non-racemic (scalemic) chiral compound that exhibits the
Sc* phase, such as DOBAMBC (1) used by Meyer in his initial
experiments.[1] However, for any commercial exploitation, materials
would need to be optimised for their mesomorphic and physical
properties, and need to be chemically and photochemically stable,
inexpensive and easy to synthesise. An ideal ferroelectric material
should have a very low melting point with no underlying ordered
smectic phases and a wide range Sc* phase to high temperature for a
wide operating range, and short range Sa and nematic phases above for
good alignment.

c,on,o—O—\\
oL ‘
C 76.0 (Sy" 63.0) S¢* 95.0 55 117.01

-

Equation 1 shows that for a short switching time (t) at minimal applied
voltage (E), a low viscosity (y), a high spontaneous polarisation (Pg),
and a low tilt angle (6) are required. However, for optimum contrast
the tilt angle should be 22.5° (equation 2), and the birefringence (An)
must be matched according to the cell spacing (d). The many
requirements can only be achieved by appropriate design and synthesis
of compounds with the correct combination of structural units. Many
of the requirements are mutually exclusive and so a compromise has to
be reached to enable optimum device performance.
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Pg E

T (1) 1 =1, sin? (48) sin? ("—‘%-A—'l) @



Downloaded by [University of California, San Diego] at 02:46 16 August 2012

MATERIALS FOR FERROELECTRIC DISPLAYS

Early developments of ferroelectric materials involved the ‘all chiral’
approach and centred around increasing the Ps to higher levels than
DOBAMBC (1) which has a very low Pg (4 nC cm-2),[1] this was
achieved by using polar groups at the chiral centre and/or longer chains
to dampen rotation and/or moving the chiral centre closer to the
molecular core; however, this also brought disadvantages, such as
increased viscosity and reduced Sc* phase stability. It became well-
recognised that it was not possible to achieve the correct combination
of mesomorphic behaviour and physical properties from a ferroelectric
mixture composed wholly of chiral compounds.

The 'host-dopant' approach to ferroelectric mixtures is far more
flexible, and enables the mesomorphic behaviour and physical
properties to be tailored through the use of achiral host materials. This
approach particularly favours a low viscosity because the branched
chiral system with a polar group is only present in small quantity (2 to
10%). There are many achiral materials that exhibit a smectic C phase,
but they are far less abundant than nematic liquid crystals.

Molecular tilting requires the presence of a lateral dipole from a
polar moiety, and so esters are common smectic C materials (e.g., 2-
4),[3,4] but the ester group confers a high viscosity.

£ F
(o] [0}
CBH 170 —O_J( CBH 170
0“@‘ OCqgHy7 0‘@' CeHyz
2 3

C63.0S:74.0N91.01 C37.05c49.0N57.01
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C 85.0 (S 43.0) Sc 112.0 S, 148.0N 151.0 |
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The biphenylcyclohexylcarbonitriles (5)[5,6] have an axial nitrile and
the alkoxy substituent to drive the smectic C phase, but the nitrile
group confers a high viscosity. The use of heteroatoms (e.g., 6-8)[7-
10] to generate molecular tilting helps maintain a long, lath-like shape
and so minimise viscosity. The phenylpyrimidines in particular make
excellent ferroelectric host materials because low melting points and
fairly high smectic C phase stability can be generated through just two
rings, thus giving a low viscosity, however, the need for a terminal
alkoxy chain is somewhat disadvantageous.

Fluoro substituents are highly beneficial to the physical properties
of liquid crystals due to their unique combination of small size and
high polarity.[11] A lateral fluoro substituent will disrupt molecular
packing through a steric effect which ensures low melting points and in
some cases eliminates ordered smectic phases, but the disruption is not
sufficient to preclude the generation of liquid crystal phases. The high
polarity of the fluoro substituent facilitates molecular tilting and hence
the smectic C phase is often exhibited over a wide temperature range.
The small size of the fluoro substituent also ensures that the viscosity
is minimised. Fluoroterphenyls (e.g., 9) have very low melting points
and high smectic C phase stability.[12,13]

NN
CgH 170 CeH,, CB80.0Sc167.0N 18201
N
CioHay —C )——O— OC1oHay 7
N € 36.05:73.08,77.01

RF
N 8
CeHre _CN} b OCqhy C43.0Sc 54.01
K
9

C 47.0 (J 40.0) S,53.5 S 116.5 S, 130.0N 155.0 |
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ORTHO-DIFLUOROTERPHENYLS

A wide range of terphenyls has been prepared with two lateral fluoro
substituents inherently fixed on the same side of the molecules (e.g.,
10-13). Two distinct environments are possible for the fluoro
substituents, inner core (e.g., 10 and 11) and outer edge (e.g., 12 and
13).[14]

FOF R OF
CaHnOCan Coto L I~ )~ H-cse
C 48,5 S¢ 915‘.’0 N 14151 C49.0S8,77.0 151 93.0N 108.0|
R F FR F
12 13

C 89.5 S 148.0 S, 151.5N 154.0) C 56.0 Sc105.5 S, 131.0N 136.0 |

This ortho-difluoro arrangement ensures a narrow molecule (no
broader than the monotluoroterphenyls) which ensures low melting
points and wide smectic C ranges to high temperatures, yet the
additional fluoro substituent tends to eliminate the ordered smectic
phases. The narrow molecules ensure that viscosity is minimised and
in some cases it is lower than the analogous monofiuoroterphenyls.
The reinforcing effect of the two fluoro substituents also generates a
high lateral dipole which confers a high dielectric biaxiality, an
important feature in ferroelectric mixtures operating in tVpjn
mode.[15,16] The compounds with the two fluoro substituents in the
outer ring and one alkoxy terminal chain have the highest smectic C
phase stability, but these also have the highest melting points and the
highest viscosity. One of the major advantages of the ortho-
difluoroterphenyls is that the smectic C phase is exhibited over a wide
range to high temperatures through the use of two alkyl chains (e.g., 11
and 13}, which facilitates the formulation of ferroelectric host mixtures
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with low melting points and low viscosity through the avoidance of
any oxygen function.

logt

switching

non-switching

logV

FIGURE 1, the time-voltage characteristic of ferroelectric mixtures
based on ortho-difluoroterphenyls that have a high dielectric
biaxiality.

An important characteristic of ferroelectric mixtures based on the
ortho-difluoroterphenyls is the minimum produced in the response
time-voltage curve (figure 1), the minimum is generated through high
dielectric biaxiality and a low spontaneous polarisation (Ps).

de P
Tmin &< %;f 3 Vmin “EES‘ @

Ideally, the minimum should be moved so that it occurs as close to the
origin as possible, i.e., low voltage and short switching time. The
movement to lower voltage (equation 4) can be achieved by reducing
the Pg or by increasing the dielectric biaxiality (8¢), but such moves
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will cause the minimum to move towards longer switching time (x)
(equation 3). However, the switching time is affected by Ps2 and so it
is possible to use a higher Pg as long as the dielectric biaxiality is high.
Of course, the best way to reduce the switching time is to employ a
low viscosity (y) ferroelectric mixture which would not affect the
minimum voltage. In reality a compromise must be reached to bring
the minimum in the time-voltage curve towards low voltage and short
switching time. The ortho-difluoroterphenyls are ideal in respect of
ferroelectric mixtures for Vi, devices because they have a high
negative dielectric anisotropy which confers a high dielectric biaxiality
and they are of low viscosity.

The synthesis of the ortho-difluoroterphenyls (schemes 1-3)[14]
was accomplished through the sequential exploitation of the two
equivalent acidic protons in 1,2-difluorobenzene with butyllithium at
low temperature. Palladium-catalysed cross-coupling reactions
involving arylboronic acids and aryl bromides were then employed to
generate the aryl-aryl bonds.

£ F R F £ F

14 15 17
R(O B
( )‘< >" r l’a

FF R F
20 R(O) «O— B 18
19

Scheme 1
1a ... {i) n-BuLi, THF; (ii) (MeO)3B, THF; (i} 10% HCI.
1b ...Pd(PPhy),, 2M NaCO3, DME.
Scheme 1 shows the generation of boronic acid 15 which was coupled
with an aryl bromide. The other acidic proton was then converted into
a boronic acid (18), and a coupling reaction with a different aryl
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bromide generated unsymmetrical (or symmetrical) difluoroterphenyls
(20) with the fluoro substituents in the centre ring. Conversion of
boronic acid 15 to the phenol 21 (scheme 2) was followed by O-
alkylation to provide the desired intermediate with an alkoxy chain
(22). Exploitation of the acidic proton of 22 generated boronic acid 23
which was then coupled to a bromaobipheny! (24), which can itself be
prepared through palladium-catalysed cross-coupling methodology, to
give difluoroterphenyls (25) with the two fluoro substituents in the
alkoxy end ring.

ROF
%}a(on 2. @-OH — RO-@ o—%;§-|3(0|—1)2

2a ...H0,, THF.
2b ... RBr, K,CO,4, butanone.

2c ... (i) n-Bubi, THF; (i) (MeO)sB, THF; (iii) 10% HC.
2d ... Pd(PPha)s, 2M Na,CO3, DME.

Scheme 2

R F R F R F

3 HO
a s T e -0

14 26 27

RO} Q Q ar——-i

.. (i) n-BuLi, THF: (il) R"CH,CHO, THF; (iil) NH,C.
(i) POs; (ii) Hp, PAC,

.. (i} n-Buli, THF: (i) (MeO)sB, THF; (iii) 10% HCL.
.. Pd(PPhy)s, 2M Na,CO,, DME,

grey
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For the difluoroterphenyls with the two fluoro substituents in the alkyl
end ring (29), the difluorophenyllithium was quenched with an
aldehyde to yield the benzylic alcohol (26) which was dehydrated and
hydrogenated to generate the necessary alkyl chain (compound 27).
The remainder of the synthetic route is analogous to that described for
scheme 2.

C§—OH ., Br—C:‘}-OH ihi—-Br—C::}-Cl L, Br{}—l
30 a1 32 33

F)
R(O)—-@— B(OH), —14d

3
(Fy (F) F) A
R(O)—G—(’ M-cicR ol R(O)—Q—J' W-Br
- T
37 R*~CiC-H 35
l« 36 l a5
F ® WIS
R(O)—@—(’N}R' R(O)-< }4& B(OH)
N7 39 2
38
ah
F © _ ) F
R(O)—O—(’ D R(O}-—@—(’D—OH
a1 a0
Scheme 4
4a ...Br,, water.
&b . POCI;
4 K

4d ... Pd(PPhg),. 2M Na,CO4, DME.
4e ... (i) 36, n-BuLi, THF; (ii) ZnCly; (iii) Pd(PPhy)s.

4 .. H,, PUC.
4g ... (i) n-BuLi, THF; (ii) (MeO),B, THF; (iii) 10% HCL.
4h ...H,0,, THF.

4i ... R'Br, K,CO3, butanone.

The importance of the low viscosity, two-ring phenylpyrimidines (e.g.,
7 and 8) in ferroelectric mixtures, in particular the ortho-diflucro
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analogues of high dielectric biaxiality for 1V, devices, led to the
development of an efficient, systematic synthetic route (scheme 4).[17]
The route involves the synthesis of 5-bromo-2-iodopyrimidine (33)
which is then used in selective palladium-catalysed cross-coupling
reactions to generate the liquid crystal phenylpyrimidines with the
desired substitution pattern.

CHIRAL CYANOHYDRIN DOPANTS

The dopant required to confer the ferroeleciric properties on the
mixture must be a chiral non-racemic compound, but need not
necessarily be liquid crystalline. The synthesis of the cyanohydrin
dopants (scheme 5) involves the modification a naturally occurring
chiral amino acid (42). The amino function was converted into the
alcohol, which was used as the point of attachment to the core. The
acid group was functionalised to provide the polar cyano moiety at the
chiral centre which ensures a high polarisation for chiral dopant

48.[18}
HO,C 5a  HO.C Sb BnOzc! :
HoN ( HO HO
42 4 “
Ar- COH 5c
a5
O—>‘ Se O—>_ 4__5d O_>-
v > %

A—{  ©oN A—{  CO,H A—{  "cO.Bn

o O & 0 4

48, Ar = 4'-octyloxybiphenyl-4-yl
Cc67.01
Pg = 200 nC cm2 (extrapolated)

Scheme 5
Ba ... NaNOQ, HzSO4.
5b ...BnBr, DMF.
5c ... DCC, DMAP, DCM.
5d ... Ho, Pd/C.

S0 ... (i) (COCI),, DMF:; (i) NHg; (i) SOCI,, DMF.
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The high extrapolated Pg of chiral dopant 48 is beneficial for the tVigin
ferroelectric mixtures even though the Pg is required to be low because
only a very small quantity need then be used (1 to 10%) which helps to
minimise viscosity. Additionally, this type of chiral dopant confers a
long nematic pitch to the ferroelectric mixture to facilitate the
unwinding of the helix.

FERROELECTRIC MIXTURES

Ferroelectric mixtures that are based on the ortho-difluoroterphenyls
and chiral dopant 48 have a wide temperature range smectic C phase,
are of moderate Pg, low viscosity, long nematic pitch and give very
short switching times. A great many such mixiures have been
formulated through collaboration between the University of Hull and
DERA (Malvern), and figure 2 shows a basic example; more recent
mixtures include a greater range of host components to give a much
lower melting point, and only 1 or 2% of the chiral dopant to give a
higher smectic C phase stability and much better overall
performance.[15,16,19]

The ferroelectric mixture shown in figure 2 contains a component
(50) that does not itself exhibit a smectic C phase, nevertheless in
mixtures this compound upholds the smectic C phase stability much
better than expected. The ability to generate good mesomorphic
behaviour from materials that have relatively short terminal chains, and
a compound (50) that has the fluoro substituents in the centre ring
minimises the viscosity of the mixture and hence generates a very short
switching time. It is perhaps surprising that the melting point of the
host mixture (15.5 °C) is so low given the relatively high melting
points of the individual components.

11
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£ F
13
CHys C5H11 € 56.0 S¢ 105.5 S5 131.0N 136.0 |
R F ©
CsHyy CsH“ C 81.0Sc 115.5 S, 131.5N 142,01
F F
50
CsHys Can C60.0 N 12001

host mixture 33.3% 13, 49, 50
C1558c91.55,97.0N 127.01

ferroelectric mixture (90% host + 10% 48)
Sc* 60.0 S,* 105.5 N* 116.0 I; 8 = 21.5°; nematic pitch = 12 um;
An=0.19;Ae=-2.0; Pg=30nCem?;t=3ps (25 °C, 10 Vum™)

FIGURE 2, the composition, mesomorphic behaviour and some
physical properties of a ferroelectric mixture based on ortho-
difluoroterphenyls and a chiral cyanohydrin dopant.

FERROELECTRIC GELS

One reported difficulty of ferroelectric displays is their susceptibility to
shock which destroys the alignment. Ferroelectric polymers have been
investigated as shock-stable systems, but their use is disadvantaged by
slow switching and high voltage requirements. Gel polymer networks
have been developed as a compromise to maintain reasonably short
switching times, but also to have a degree of shock stability.[20,21]
The work on the ortho-difluoroterphenyis was extended to gel
systems, and a significant aspect of this work is that the structures of
the polymerisable gel network and the ferroelectric materials have been
matched to give compatibility and hopefully improved properties.[22]
A ferroelectric host mixture (HM1) was formulated (figure 3) to which
a structurally matched chiral dopant (53) was added to provide a
ferroelectric mixture (FM1). A structurally matched diacrylate (54)
was then added to generate a polymerisable ferroelectric mixture
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(FM2) which was polymerised to give the desired ferroelectric gel
network (FG1). The gel network enhances the smectic C phase
stability and prevents nucleation which makes the smectic C phase
stable to a lower temperature.

C7H,505H“ G 56.0 S¢ 105. 5sA1a1 ON136.01

CeHn C7H15 cssss.nsscnsssuasoN 137.01
52

CeHny C7H‘s C 355 (S 24.0)N 11151

host mixture (HM1) = 13 (25%), 61 (25%) 52 (50%)
C115087.28,97.7N 1231

Q CeHn

Q Q ferroalecmc mixture (FM1) = 90% HM1 + 10% 53

9S 102 N* 1231
CBS.QSA'1290N"1325BP13281 C©295c"85.0 84" 102

0 R F 0
o gy O-L-Oromn -0

ferroelactric mixture (FM2) = 90% FM1 + 10% 54
C39Sc* 71.0 S4" 81.8 N* 117 |
polymerised ferroelectric ge! (FG1)
Sc* 83.0 5, 985 N
FIGURE 3, the composition and mesomorphic behaviour of a
ferroelectric gel network based on ortho-difluoroterphenyls (host,

dopant and polymerisable diacrylate have matched structures).[22]

As can be seen from figure 4, the gel network actually switches faster
than the original ferroelectric mixture (FM1) over a range of applied
voltages.

This remarkable result is thought to arise from the structurally-matched
environment of the ferroelectric mixture within the network. Since the
usual constraints of molecular interaction with the alignment layer are
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not present and the molecules are held within a framework of
compatible structure then switching is faster.

1000
Response
Time
T (us)
—&
@
a|® [
100 .
H—
N g|w ®
® FM1
B FG1
10 %
0 5 10 15 20
Electric Field E (V pm—1)

FIGURE 4, a graph to show the switching times of ferroelectric
mixture FM1 and the analogous ferroelectric gel network (FG1).

SUMMARY

The long-standing collaboration between the University of Hull and
DERA (Malvern) has developed ferroelectric mixtures to a high level
of performance. The ortho-difluorophenyl moiety in terphenyls and
phenylpyrimidines provides some fast-switching ferroelectric mixtures
with a high dielectric biaxiality. The latest investigation into the gel
systems looks very promising, and illustrates the importance of
matching the structures of components in the system.
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