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Properties of Dyes for Liquid Crystal Displays

Propertics of dyes for liquid crystal displays

Abstract: The required properties of dyes acting as gaest melecules in liquid crystal marrices such as high order parameters, high absorption coefficicnts, high
solubilities and good stabilities are outlined (34 refs.). Particular attention is given to the correlation between dye structure and order parameter.

Introduction

The direction of the orientation of form-
anisotropic molecules forming a liquid
crystal phase can be influenced by an clec-
tric field. If the diclectric constant meas-
ured in the direction of the longest molecu-
lar axes of the rod-like molecules is larger
than the value perpendicular to this direc-
tion, the molecules will be oriented with
rheir longest axes parallel o the field!,
This case of a nematic phasc with posirive
dielectric anisotropy is contrasted by com-
pounds whose molecules have a strong
permanent dipole momenr perpendicular
to the longest axis rendering the dicleetrie
anisotropy negative. The molecules of
such a nemaric pbase, therefore, are orien-
tared perpendicular to the direction of a
sufficiently strong electric field?. Because
of the fact that the optical propertics of ne-
matic phases also depend on the direction
in space, the aforementioned effect can be
exploited for electrooprical devices. These
so-called liquid crystal displays have be-
come indispensible elementy for warches,
pocket calculators, electronic games, data
screens ete. The rechnology currently used
almost exclusively is the rwisted nematic
cell (TNC)**, which requires polarizer
foils for cach of the two glass plates be-
tween which the oriented nematic phase s
sandwiched.

A quite different method of influencing
the intensity of light passing through liquid
crystal layers is based on an idea of G. H.
Heilmeier’!, The order in a nematic phase
causes the molecules of a dye dissolved in
it 1o orient parallel to cach other. Assum-
ing that the ransition moment for the ab-
sorption of visible light is parallel vo the di-
rector T, i.e. the preferred direction of the
longest axes of rhe nematic molecules,
light polarized parallel to § will be ab-
sorbed, as shown in Fig. La. When the mol-
ccules are orented perpendicular to the
glass plates of the cell by an electric ficld,
absorption will be low, as shown in Fig.
1b. The regions of the display thar are in
the on-state of the clectrie field are color-
less whilst the ones in the off-state are

colored. The reverse situation can be
achicved when the same dyes are dissolved
in a host with a negative diclectric aniso-
tropy. In practice, displays having a con-
trast from black to white are required
most. Therefore many species of dye mole-
cules covering the whole region of the vis-
ible spectrum have to be dissolved,

These different types of Hedlmeler cells
still need a polarizer. D. L. Whire and
G. N. Taylor® have shown that dye mole-
cules arranged in a helix, which can be
brought about by doping a nematic host
with chiral additives, can absorb unpolar-
ized hight cffectively. This is due to the facr
that the light propagating in two clliprical-
lv polarized modes 1s absorbed by the dyes
when the height of the helix is sufficiently
small, a low bircfrengence value of the
host material being advantageous. The
planar cbaolesteric arrangement of the mo-
lecules shown in Fig. 2 can be transformed
into a homeotropic nematic one in which
the transition moments of the dyes are par-
allel to the radiation direction of light,
sa thar no absorption occurs, A big advan-
tage of the White-Taylor cell over TNC 15
its almost angle-independent contrast. On
the other hand, the possibility of
multiplexing™ is limittd. The physical
backgrounds relevant ro display parame-
ters have been elucidated elsewhere®,
Guest-host technologies include several
interesting  new  approaches, c.g. the
double layer cell, which eliminates the
need for polarizer foils but which is more
difficult to manutacture?.

In practice, the molecules of the nematic
host and the dyve cannot be assumed to
have a perfect parallel ordering. In con-
sequence, there will be a switching from a
deeply colored 1o a weakly colored starte,
as 1s shown by the residual absorption in
Fig. Ib. In order to obtain a sufficiently
deep coler, a minimum of dye with the
highest possible absorption coefficient
must be dissolved. To prevent the polar
dye crystallizing out at the lower tempera-
tures cncountered in use, great efforts have
been made to synthesize dyes soluble in

common nematic compounds of relatively
low polar character'. Anotiher aspect is
the stability of the dycs towards light.
These aspects are examined in the tollow-
ing sections. Special emphasis is given to
the orientation of the dye molecules in ne-
matic matrices, the understanding of
which is a precondition for the more accu-
rate synthesis of new species with high
order parameters.

Conditions for high order parameters

A good contrast of guest-host displays
implies high dichroic ratios R of the dis-
solved dyes. R = Aw/A| means the ratio of
the absorbances of light polarized parallel
A, and perpendicular A| to the director 1.
The order paramerer S is the quanticy most
commonly used to charactenize the mean
oricntation of the guest molecules, Nor-
mally, an optical order paramerer

:A—‘[‘\ﬂ- Z‘:le 23 cos® @ — 17
is calculated, © being the angle berween @
and rhe transition moment fixed by the
geometry of the dye molecule. By roday’s
standards, S should be above 0.73. The di-
rection of orientation of the dyc molecules
has been assumed to be largely determined
by their shape!!: '¥, and, of course, by the
order parameter of the host material. It
often happens that the degree of order of
the guest molecules exceeds that of the
host molecules'. This has been plausibly
explained in terms of the normally greater
length of the dye molecules which tend to
balance out the more extreme deviations
of the smaller host molecules from 1.

According to the theory of W. Maier
and A. Saupe' the dispersion interac-
tions with the hest molecuies can be re-
garded as optimum with cylindrical mole-
cules having high length to diamecter
ratios'", The results obtained with mone,
bis and tris azo compounds such as 1'%,
2" and 3" can be interpreted in this
way. The order parameters of some an-
thraquinone dyes as 4*" and 572 still
seemed 1o be in accord with this interpre-
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tation under the condition thar the dirce-
tion of the longest molecular axis is almost
coincident with the direction of the transi-
tion moment as well as with W, However,
the difficuiry in obiaining an agreement
berween the order parameter, estimared
according to the theory of W. Maier and
A. Sanpe, and the measured order parame-
ter of the transition moments for plare-like
molecules sueh as cerrain anthraquinenc
compounds has already been pointed
out'™", The order parameters of anthraqui-
none dyces of types 6 to 8 have recently
been determined??. A look at the molecu-
lar shape must give rise to doubts as o
whether preferred cylindrical envelopes
can be rationalized in these cases and, in
the special case of 8, as to which of the
axes through the plane of the anthragqui-
none system should give preferred dve-
host interactions. Recently, some perviene
dyes with relatively small ratios of mole-
cular length to width were tested in guest-
host displays. The oprtical order parame-
ters are reported to be very high?*,

The question arises whether other ex-
planations for the order of plate-like mole-
cules can be applied. The mean field lattice
model proposed by £, ], Flory®, which is
based on Owsager's theory™ of hard rods,
has becn applied to mivtures of rod-like
and plate-like molecules’™. Minimizing
the excluded volume leads ro the assump-
tion of biaxial nematic states, in which the
plate-like molccules are oriented parallel
to cach other. It has been concluded that
such mixtures can have elevated transition
remperatures between the nematic stares
and the isotropic states when compared to
the original nematic phase?¥. To find our
whether there are similar effects with dye
molecules, the tris azo dye 3 and an an-
thraquinone dye of type 6 were dissolved
in rwo hosts of different polarity (Fig. 3).
The straight lines obtained for the azo dye
are not surprising for a rod-like addirive,
Clearly, there are no deviations from line-
artty due to the formanon of molecular as-
sociations. The behavior of the anthragqui-
none dye is quite different, showing a fea-
ture similar to other plate-like malecules
in nematic phascs™. It can concluded that
the planes of the plare-like molecules are
parallel to ™ resulting in higher Ty values,
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Figure 1: Path of light throug a Heilmejer cell.
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Figure 2; Planar cholesteric arrangement of
dye molecules in a White-Tayor cell.
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Figure 3: Ty, values in ° C for solutions of the tris azo dye F 264 (3) and
the anthraquinone dye F190 (6} in ZLI 1840 gopen symbols, mean dielec-
tric constant, € = 8.0) and in ZLI 1957/5*” (solid symbols, € = 5.0)
vs. concentration (percentage by mass).

Figure 4: Solubility of the anthraquinone dye F1 (6) and F3 (7) in
ZLI 1840 (open symbols) and ZL1 1957/5 (solid symbols};
common logarithm of concentration (percentage by mass) vs. reciprocal

temperature (10° - K').
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although ir is hard to understand why, at
concentrations of the order of one per cent
of an anthraquinone dye, the normals to
the plates should also be parallel. Quite re-
cently, the energics of intcractions be-
tween rod-like molecules and anthra-
quinone dyes have been refined by the ad-
ditional assumption of dipole-induced di-
pole forces*™. As an alternative to the ex-
planations given above, the order of guest
moelecules in liquid crystalline matrices
can be deduced from the variational prin-

ciple of maximum flux of energy™.

Absorbance

Having shown that dyes can be made
available with a high dichroic ratio, the
question has to be pur forward as w
whether the concentration of the dyes in
the nemaric solution can be made high
enough to obrain a sufficient absorbance
foralayer of about 10 wm. The selution to
this problem depends on:

1) The solubility of the dyes at the lowest
rcmperature occurring in practice. For
multi-dyc mixtures, the mutual influence
on solubility has to be taken into account.
it) The molecular absorption coefficient
in relation to molecular weight and the
width of the absorption curve of a single
dyc.

i) Display technique, i.c. whether trans-
missive of reflective mede is preferred.

Mecasurements of the solubilites of a
varicty of dyes in different hosts have been
madc in the past, Unfortunately, it was
often found that the values of the concen-
trations were not taken from equilibrated
solutions. An appropriate mcthod of
measuring solubilinies at low temperatures
has to make sure that a thermodynami-
cally stable system is achieved®, Fig, 4
shows typicat plots of the solubilities for
some anthraquinone dyes in hosts of dif-
ferent polarity. If the dye exists in different
crystal modifications, it shouid be ensured
that the least soluble one is examined. En-
couraging resulrs with respect to soluhility
at 20°C havc recently been reporred for
compeounds of type 7 with a tertf.-butyl
substituent™. Fig, 4 emphasizes the de-
pendence of solubility on the polarity of
the host material, The obvious feasibility

of high dye concentrations in very polar
hosts, however, is restricted by the higher
viscosities of such mixtures increasing the
switching time of the displays.

The dependence of the molar absorp-
tion coefticients and of the absorption
INAXIMAat,,,, of chromophoric systems on
chemical structure can he obrained from
gencral works®®, Tab, 1 gives a compari-

DyeCode | Type | Al | Ama | A
{E. Merck) [nm]

F 264 3 882 | 560 | 144
F1 6 605 | 640 95
F3 7 216 | 463 80
F2 8 240 | 555 76

Tabde 1: Pracrical absorbance A} ™, in cloroform,
absorption maxima {nm) and widths of the ab-
sorption curve at half of the maximum vaiue, by,

tnm}, in ZL1 18407,

son of some dyes which can be used for
guest hosr displavs. A { ™, mcans the prac-
tical abserbanc of a anc per cent by mass
isotrocpic solution in chloroform with a
thickness of 1cm. In order to obrain a
good appecarance of a display swirching
between black and white it is necessary to
have a good absorbance over the entire
spectrum of visible light. Therefore a
broad absorption curve of a single dye, re-
presented by the valuek; in Tab. 1. is ad-
vantageous. Also with regard o the quali-
ty of the contrasting black and white
which both must be free from colored tin-
ges, the composition of the dyes has to be
optimized. This is complicated by the fact
that values of R for diffcrent dyes are not
identical?.

Stability

Whereas the fastness of the dyes discus-
sed for displays technology rowards reac-
tions with oxygen, moisture and the liquid
crvstalline solvent itself can be regarded as
sufficient, light-fastness is still the determi-
ning factor for the lifetime of guest-host
displays. It is difficult to predict the light-
fastness of dyes on the basis of their chemi-
cal structure, Although there are rough
empirical rules, the influence of the matrix
on the fate of an excited n-n7ransition
state cannot be easely forseen. Therefore,
lifetime tests under conditions thar permit
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the extrapolation to real conditions are es-
sential,

Many of the anthraquinone dyes test-
ed?'~""under visible and U. V. light prov-
ed to be sufficiently stable. Although in the
past there have been many doubrs regard-
ing the applicability of azo dyes in displays
encouraging results were obrained with
yellow, orange, red and even bluish-purple
azo dyes 17 A UL V. cut filter on the dis-
plays was, however, indispensible.
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Licristal®
Flisssige Kristalle MERCK
A. Einzelsubstanzen 15038 Licristal® ZLI 1223 (HH 53) [trans-4- 15238 Licristal* ZLI 1563 (D 402} [4-Ethoxy-
13858 Licristal®*ZLI 1236 (PCH 2) [trans-4- Propyleyclohexyl-4-(¢rans-4-pentyley- phenvl-trans-4-butyleyclohexylcarbo-
Ethyl-(4-cyanophenyl)-cyclohexan] clohexyl)-benzoar] xvlat]
11864 Licristal® ZLI 1103 (PCH 3) [trans-4- 15039 Licristal* ZL1 1224 (HH 33) [trans-4- 16096 Licristal® ZLY 1906 (PDX 3} [trans-5-
Propyl-(4-cyanophenyl)-cyclohexan] Propyleyclohexyl-4-(trans-4-propylcy- Propyl-2-{4-cyanophenyl)-1,3-dioxan)
clohexyl)-benzoat]
13859 Licristal* ZLI 1188 (PCH 4) [trans-4- 16097 Licristal® ZLI 1907 (PDX 4] [trams-5-
Butyl-(4-cyanophenylj-cyclohexan] 15151 Licristal* ZL1 1232 (HH 23) [trans-4- Butyl-2-{4-cvanophenyl}-1,3-dioxan]
Propyleyclohexyl-4-(trans-4-cthyley-
11879 Licristal® ZLI 1114 (PCH 5) [trans-4- clohexvl)-benzoat] 16098 Licristal® ZI.I 1908 (PDX 5) [trans-3-
Penyl-{4-cyanopheayl)-cyelohexan] Pentyl-2-(4-cyanophenyl)-1,3-dioxan]
15153 Licristal® ZLI 1273 (HH 43} [frans-4-
11880 Licristal® ZLI 1115 (PCH 7} [trans-4- Propyleyclobexyl-4-(srans-4-butyleyclo- ) . i
Heptyl-(4-cyanophenyl)-cyclohexan] hexyl)-benzoat] B. Gebrauchsfertige Mischungen fir
_ die verdnllte Zelle
15356 Licristal*ZL1 1484 (PCH 32) [trans-4- 11649 Licristal™ ZLI §11 (DE 608) S-(+)-2- .
Propyl-4-cthylphenyleyclohexan] Octyl-[4-(4-hexyloxybenzoyloxy}-ben- 11878 Licristal®* ZLI 1132 {Nem. P'hase)
zoat] 13786 Licristal® ZLI 1221 {Nem. Phase)
15407 Licristal® ZL1 1476 (PCH 302) [trans-4- o ~
Propyl-(4-cthoxyphenyl)-cyclohexan] New; L3877 Licristal® ZLI 1289 {Ncm, Phasc)
o 11715 Licristal® ZL1 245 (I 105) [{4-Pentylphe- 15241 Licristal™ ZL{ 1565 {Nem. Phase)
15408 Licristal® ZLI 1477 (PCH 304) [trans-4- nyl}-4-methoxybenzoat]
Propyl-{4-butoxyphenyl)-cyclohexan] 15342 Licristal® ZLI 1636 (Nem. Phasc)
Neu:
. icristal® 7. lem, -
11882 Licrissal® ZLI 1131 (BCH §) [4-Cyano- 11716 Licristal® ZL1 1004 (P 605) [(4-Penryl. (3364 Licristal*ZLU1694 (Nem. Phasc)
4’-(trans-4-pentyleyclobexyl)-biphenyl] phenyl)-4-hexyloxybenzoat)
15221 Licristal® 211 1409 (BCH 52) [4-Ethyl 15237 Licristal® ZLI 1495 (D 501} [4-Metho- N
4’-(trans-4-pentyleyclohexyl)-biphenyl] xyphenyl-trans-4-pentyleyclohexylear- 15582 Licristal® ZLI 1957/% (Nem. Phase)
boxylat] o
15359 Licristal® ZLI 1544 (CBC 53) [4-(trans- 16504 Licristal® ZLI 2009 (Nem. Phase]
4-Pentyleyclohexyl)-4"-(frans-4-pro- 15236 Licristal®* ZLI 1496 (D 302) [4-Ethoxy- 15744 Licristal® ZL1 2116-000 (Nem. Phase)
pyleyclohexyl)-biphenyl] phenyl-rrans-4-propyleyclobexylearbo-
xylat] 15743 Licristal® ZL1 2116-100 (Nem. Phase)
15149 Licristal® ZLI 1222 {(HP 33) [4-Propyl- L
’ 16230 Licristal® ZLI 2140- Nem. Phase
phenyl-4-{frans-4-propyleyclohexyl)- 15235 Licristal® Z11 1497 (D 55) [4-Pentylphe- rerisea 000 (Nem. Phasc)
benzoat] nyl-frans-4-pentyleyclohexylearboxylat) 16231 Licrigtal® ZL1 2140-100 (Nem, Phase)






