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Fg Various factors affecting the anisotropic

and dynamic scattering (DS) characteristics
of a 3-component eutectic mixture of phenyl

¢ benzoates are investigated in detail. The

é effects of dopant, surface alignment,

L% signal, cell thickness, and temperature are

; studied, Different dopant structures give
conductivity anisotropy values in the 1.0l

to 1.60 range and this has the largest
5 effect on the DS threshold voltage at room
y temperature. However, cell thickness also
changed the threshold slightly and has a
large effect on the magnitude of the
scattering obtained above threshold.
Thinner cells give higher DS levels, higher
multiplexing capabilities, and greater off-
angle scattering. The optical density of
. scattering increases linearly with the
) reciprocal of cell thickness. At elevated
temperatures the conductivity anisotropy,
viscosity and elastic constant values all
decrease. However, with the increasing
temperature the DS threshold voltage
decreases, indicating that changes in
viscosity and elastic constants with
temperature are more significant than the
decrease in conductivity anisotropy.
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*Presented at the Fifth International Symposium on
Liquid Crystals and Ordered Fluids, American Chemical
Society Meeting, St. Louis, MO, April 9-13, 1984.
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J. DAVID MARGERUM, ANNA M. LACKNER, et al

1. INTRODUCTION

We are interested in using the dynamic
scattering (DS) mode! in liquid crystal (LC)
devices such as pictorial matrix display32-3'“.
reticle devices5:6, and automobile dashboard
displays?. Phenyl benzoate ester mixtures of
negative dielectric anisotropy are of interest
for DS, because they are colorless, can be
purified adequately for controlled dopings, show
good dc¢ stability when used with redox
dopants9:10 and have relatively gooc¢ thermal
stability at elevated temperatures". In many
of these applications it is desirable t> have a
low threshold voltage (vth) for the DS mode.

The present study is designed to evaluate, in
detail, the factors affecting the th and
scattering levels of a phenyl benzoate LC
mixture, These factors include the conductivity
dopant, resistivity, temperature, surface
alignment, applied signal and cell thickness. A
simple LC eutectic mixture (HRL-2N2S5) containing
just three phenyl benzoate components (s used
for these studies, and its properties are also
characterized as a function of temperature.

2. EXPERIMENTAL

Most of the experimental techniques employed
here have been described!'»'2., The ester LC
components are synthesized and purified by
standard methods. Liquid chromatography

-
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FACTORS AFFECTING DYNAMIC SCATTERING

analysis indicates that these components have
less than 0.1% impurity. The room temperature
resistivity of the undoped LC mixture is greater
than 101! ohm-cm, typically about 4 x 10!
ohm-cm. The dopants are prepared in the
following ways: Tetracyanoethylene (TCNE) from
Aldrich is recrystallized from methylene |
chloride and then sublimed at 70°C.
Tetrabutylammonium trifluoromethanesulfonate
(TBATMS) 13 prepared as previously reportede.
Ethylpyridinium tetraphenylboride (EPTPB) and
tetrabutylammonium tetraphenylboride (TBATPB)
are prepared in the manner described by Mann13,

with recrystallization from acetone/water

solutions before drying. Dibutylferrocene (DBF)
from Research Organic Chem. is distilled at
1159C at 0.3mm. (2,4,7 Trinitrofluorenylidene)-
malononitrile (TFM) from Aldrich is
recrystallized from acetonitrile.
(2,4,5,7T-Tetranitrofluorenylidene)malononitrile
(T4UFM) is synthesized by reacting 2,4,5,7-
tetranitro-9-fluorenone with malononitrile; the
reactants are from Aldrich, and the product is
recrystallized from acetonitrile. Dodecyl-
(ethyl)dimethylammonium p-hexyloxybenzoate
(ZLI-235) is used as obtained from E. Merck.

The DS is measuredd in transmission at
normal incidence and the Vth is obtained by
extrapolation back to the baseline of no
scattering, using unpolarized green light

centered at 525nm. In the scattering angle
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A
J* measurements the light is incident normal to the
.;; cells, and the detector system is rotated off-
- normal. With no DS the light intensity reaching

the detector is 1% of normal transmission

intensity at + 4.5°9, Several different surface

S ek
P s

;;3 alignment techniques are used. Cells with

32 surface-parallel LC alignment are made by

- rubbing ITO (indium tin oxide) electrode

Mf surfaces, or by rubbing a1 thin coating of

ég polyvinyl alcohol (PVA) on ITO after drying in
5§‘ an oven, or by shallow angle ion beam etching of
' ITO, or by medium angle deposition (MAD) of Si0

Vg on ITO'4, The surface-perpendicular LC

%% alignment is made by bonding a long chain

%E alcohol (C,gH370H) onto a thin (150%) coating

‘ of MAD-Si0 on ITO, except in the field effect

é%% measurements (no DS) where the C,g alcohol

3% treatment is used on a SiO2 (800 %) coating in
g order to minimize the tilt anglel!5. cCell

4 thickness variations are made using various

.ﬁi Mylar films as perimeter spacers for normal

thickness. The actual thickness of the thinner

jﬁ LC cells is calculated from the resistance

B measurements of each cell and the resistivity of
each LC sample in thicker cells (50.8 or 127

ey um). The width of the Williams domains!$ is

hE measured with a Zeiss Standard WL polarizing

- microscope, using minimum applied voltages in

the range of 1.04 to 1.23 times Vth-

'd"f\."-ﬂ;'f\¥"-ﬂ".'.' __-.'_-.!_;.':.
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FACTORS AFFECTING DYNAMIC SCATTERING

3. RESULTS AND DISCUSSION

3.1 LC Eutectic Mixture

A three component eutectic ester mixture,
identified as HRL-2N25, is formulated using
p-ethoxyphenyl p-propylbenzoate (20-3),
p-hexyloxyphenyl p-butylbenzoate (60-4),

and p-hexyloxyphenyl p-methoxybenzoate (60-01)
as shown in Table I. The ratio of components is
calculated with the Schroeder-van Laar equation.
The actual nematic range, observed by
differential scanning calorimetry, has both a
lower melting point and clearpoint than the
calculated values. Several other properties of
the mixture are also summarized in Table I,
including the average moliecular length (L)
which is determined from measurements of
molecular models in the extended
configuration'2, The dielectric anisotropy {Ae)
is more negative than mixtures of 100% RO-R'
(e.g 20-3, 60-4, etc.) components'!2 due to the
RO-OR' (60-01) component. The capillary flow
viscosity (n) is relatively high due to the
medium size C and the presence of 60-01 as

shown by other studies of RO-R'/RO-OR'
mixtures!?. The viscositv data fit the

expression n = A exp(En/RT) quite well.

3.2 Dopants and Conductivity Anisotropy

Purified mixtures are usually not conductive and
will show DS effects only if ionic species are
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J. DAVID MARGERUM, ANNA M. LACKNER, et al

Table I. HRL-2N25 Eutectic Mixture

Component L np Clpt. AH Mole
Code (A) (°C) (°C) kcal;mole Fraction
20-3 19.67 76 68 6.72 .132
60-4 25.78 29 48 1.20 .640
60-01 23.60 55 80 6.19 .228

Properties

Calc. nematic range: 13° to 57°C

Obs. nematic range: 0° to 54°C

Av. molecular length: L = 24.48 A

Dielectric anisotropy: de = =0.39 (24°C, lkHz)
Birefringence: 4n = 0.14 (23°, 589nm)
Freedericks transition: Vpp = 7.0 Vv (23°C)
Density: d = 1.059 g/ml (25°C)

Flow viscosity: n = 48.5 cP (25°C)

Viscosity activation energy: E. = 9.3 kcal/mole

present or are generated by the applied field.
Both the ionic conductivity and its anisotropy
depend upon the structure of dopant as well as
the LC8-18'19. The seven dopants in this study
are chosen to provide a wide range of
conductivity anisotropy (o,/0,) values. 1In this

ester mixture the o"/a of each dnpant except

1
TBATMS is nearly independent of concentration,

as indicated in Figure 1. Except for EPTPB and
TUFM, these dopants have been studied in various
other LCs and similar results are found here,.

In HRL-2N25 at 259C the o,/o0, value is 4 to 6%
higher for TBATMS, TBATPB, and DBF/TFM than in

> - - P
O - ‘Pt o

VPPt L A L
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7592 -3R1
16} - —— ZLI-235(7) 1
[ ]

s T4FM (6)
15+ 1
14} A < —Aa. <2 DBF/TFM (5) ]

oo ———————— o—o- TBATPB (4)
1.3 [ — - - EPTPB (3) ’
12 -\-._ ]
- o - TBATMS (2)
11} i
10 ——ar -— TCNE (1)
8.6 9.0 95 10.0
LOGﬂ
FIGURE 1 Conductivity anisotropy of dopants

in HRL~-2N25 at 23°C as a function
of resistivity (p) at 100 Hz).

the HRL-2N10 ester mixturea, is 5% lower for
ZLI-235 than in a Schiff base-ester mixture20,
and is 3% lower than TCNE in an azoxy LC21,
Although changes in the dopant structure often

have a larger effect on the conductivity
anisotropy of nematic mixtures than changes in
the LC structure, much larger variations of o“/ol
are observed in other LC mixtures in which
cybotactic nematic characteristics are
present11,12,22,
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3.3. Effects of Dopant, Alignment, and
Frequency on vth

Figure 2 shows plots of Vth for ac-DS (30 Hz for
both surface-perpendicular and surface-parallel
cells) and for dc-DS (surface-parallel), each as
a function of the conductivity anisotropy of the
seven dopants in HRL-2N25. The dopants are
identified by the number indicated in Figure 1.
In these samples the DS cutoff frequency is
greater than 250 Hz, so that approximately cons-
stant V., values are observed for dopants 2-7 in
the 10-30 Hz range. In dopant 1 (TCNE) the value

of vth is orogressively lower in goinc from 30 ¥z

to 20 Hz and to 10 Hz, indicating that in this

A% case some electrochemical reactions are lowering
e the V., value at the low frecuencies. The conduc-
ﬁi tivity anisotropy has a very large effect on Vth

in both types of surface alignments and with
dc-DS as well as ac-DS. (The dc-DS measurements
are less reproducible, but typical Vin values
are shown here. The relatively high dc-vth for
dopant 7 may be due partly to its strong ten-
dency to cause surface-.L alignment). For a

o given dopant the DS thresholds here follow the
F e

ig pattern: ac-Viy (1) > ac-Vep(||) > de=Vep ().

. This supports earlier observations discussed

regarding other LC/dopant system323. Charge

A injection effects!0 appear to play a dominant

t . role in the dec-activated cells. In contrast to
ac-activation, the microscopic patterns of the
instability under dc-activation vary with the

R T T S R e N R R Lo ypay
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7532-1R2

40

< p =2 x 109 OHM-CM
30 - -

— Vih 20 |-
P,

30Hz (1)
,30Hz (")

—

2 10 -

A DC (1)

', 0 | ! | | ! |
10 11 12 13 14 156 16 17

o /a'l

L
! FIGURE 2 Dynamic scattering threshold
£ voltage as a function of the con-
' ductivity anisotropy and surface
alignment of HRL-2N25 containing

eN the dopants _in Table 1. (23°C,
VoS p] = 2 X 109 o-cm, m -surface-|,
1 ® and A-surface-1 ).
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individual dopants., The general appearance of
these patterns are similar to a wallpaper
pattern while the ac-activated Wwilliams domains
consist of many parallel line domains. The dc-
Vi.p decreases with increasing oy/0y » but the
values do not fit the correlation derived by
Helfrich2¥ for the Williams domain threshold

variation with °M/°l' even though the expression
was derived for dc fields. It should be noted
ggg that the values of conductivity anisotropy are

' obtained with ac measurements at 100 Hz. This
gives the o"/ol for the ionic species present in
the bulk of the LC from the dopant under
equilibrium conditions. It does not measure the

conductivity anisotropy of eléctrochemically
%? generated ionic species which are formed by dc
%) H .

<5,

activation, and such ions could have a larger
anisotropy than the initial dopants. This is
the case for T4FM, whose Vip values (both ac and
dc) decrease after periods of dc-activation. If
the ionic transport in the dc cells is carried
by both dopant ions and dc-generated ions of
higher conductivity anisotropy, then this could
explain the observed dc results.

The qualitative expressions derived by
Helfrich2d for the Venp of Williams domains
(corresponding here to the ac-V,, of DS)
indicate that the correlations shown in
equations 1 and 2 should be followed if small

a-~ . of conductivity dopants in HRL-2N25
ci only {ts °H/°L' and do not affect the
10

o’y o
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Y
i d values of A, B, C and D.
- ! |
-, e Surface-i: V2 aa -1) +B (1)
th OL ' ;
3 |
.ﬁf KIE. K€,
X where, A = Ae - ) B =
o 41" Kqq 1 4n” kyy
3
% 4 -2 g "
] - . - — 2
o | e Surface-) : V. =C (°1) +D , (2)

_ K,e K,e,
vhere, C = 1 (Ae + -2——’-'-) ; D = —2

3
4n k4 4w kll n,

The expressions of Vep with ac
activation25+26 contain extra terms of frequency
dependence. However, these terms drop out if
the frequency applied is substantially below the
cut-off frequency, which is the case in the
present studies. Using the ac data from Figure
2, there is a good fit of the surface-parallel
data with Equation 1, and of the surface-
perpendicular data with Equation 2, as shown by
the least-square plots in Figure 3. These
results indicate that in each of these surface
alignment boundary conditions the effects of

various dopants on the ac-Vth is determined
i largely by the conductivity anisotropy of the
dopant in the LC.
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AC (10 Hz)
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A
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al- oc A o
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2 —00 -
B 4 D—D‘OB‘ —O%— @
0 | ]
8 9 10 1
LOGRL
FIGURE 4 Effect of resistivity (p, at 100 Hz)
on dynamic scattering V of doped
HRL-2N25 in 12.7 um thifR cells
with surface-1! alignment, rubbed ITO.
O, ® - TBATPB (4); A,A - TBATMS (2);
0,8 - DBF/TFM (5).
dopants 2, 4, and 5. In each case the ac-\l‘:h

increases as p increases.

In the TBATMS

samples, the change in ac-vth is partially

accounted for by the changes of its conductivity

anisotropy with p which are shown in Figure 1.

However, since the o,/0, values of TBATPB and

13
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— ——

{\ DBF/TFM are constant with p some other (unknown)
& factor causes their Vth to change with p. The

dc-V,, effects vary with the electrochemical
f properties of the dopants. The dc-Vth of
TBATMS~doped samples decreases markedly as p
increases. This dopant is more
electrochemically stable than the LC, and the LC
probably reacts under a dc field to give LC* and
4 LC™ species?+'0 which may have relatively high
conductivity anisotropy. At a p of 109 ohm-cm
the LC contains about 10~YM TBATMS, giving an

; ionic concentration of approximately 1079M. As

' uf
as0anE.

the ionic concentration is decreased, the

concentration of the positive ions in the

WY,

vicinity of the positive electrode and of the
negative ions in the vicinity of the negative
electrode will be decreased as a result of

N S

coulombic interaction. Thus dc¢ generated LC
ions would be expected to contribute to the

Egss

ionic transport current, and this becomes more

2":_{ «

significant as p is increased. The o of the
R TBATMS-doped cells under continuous dc-DS
' decreases significantly only after hours of
) activation9, presumably due to irreversible
‘ﬁ reactions of the LC* and LC~ species. On the
other hand, the p of TBATPB-doped samples
changes fairly rapidly (in 10 minutes) with dec-
activation, indicating that the dopant itself
%f reacts readily and irreversibly at the
s electrodes, These reactions of TBATPB appear to

result in species of high o,/0 giving low dc-

l'
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FACTORS AFFECTING DYNAMIC SCATTERING

Vep values for the short lifetime period of the
samples. The DBF/TFM dopant pair is a redox
system chosen to protect the LC by reacting
readily and reversibly at the electrodesg'10.
For a p of 109 ohm-cm the neutral DBF and TFM
compounds are each added in about 3 x lO'ZM. so
that there are larger concentrations of these
redox dopants present than in the case with the
salt dopants. Because of their electrochemical
stability and the amounts of DBF and TFM
present, the dc-V., is relatively stable for
very long periods of dc activation. The
variations of de-V,, for DBF/TFM in Figure 4 may
be due to some differences in the surface
adsorption of these dopants on the electrodes.

3.5 Effects of Cell Thickness

The ac-V,, of DS is not constant with the thick-
ness of the cell, as shown by the upper plot in
Figure 5. There is a V., minimum at thicknesses
of approximately 25 um. 1In thicker cells the
Vth increases appreciably, possibly due to the
increase in the /A term as shown by egquation 3
and the lower curve in Figure 5 (where & is the

12
. 2 k3y/eq
Vin '(l xqye :‘;. 1 ,Qi (3)
m ('ll 'ﬂ:) Ry

cell thickness and A is the Williams domain
periodicity). However, in cells thinner than

18
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e FIGURE 5 Effect of cell thickness on DS-V.p
. and on domain periodicity (A), 38Hz.
sy O rubbed PVA on ITO
: : A rubbed ITO, or ion-beam etched ITO
B

25 um the V also increases while the { /A term
decreases. We do not know the reason for the
increased V., in thin cells. Cells with and
without PVA coatings for surface-|| alignment
gave the same results, so the effect does not
appear to be an artifact related to a voltage
drop across the PVA. Also the resistivity
changes have little effect in the range used
with p between 6.15 x 108 and 1.36 x 109 ohm-cm.
The scattering level of DS (where
% S =100 - $ T, for cells measured in
transmission with light at normal incidence) is

16
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FIGURE 6 The effect of cell thickness on %S

and on Nmax at 70%Ss (23°C).

higher in thinner cells., This is shown in
Figure 6, where the % S is plotted versus cell
thickness at 2 x V., for each thickness. The %
S increases sharply in thin cells (we did not
use cells thin enough to observe the expected

decrease in very thin cells). We find a linear
relationship between the optical density of
scattering and the reciprocal of the cell
thickness as shown in Figure 7. 1In Figures 6
and 7 the maximum multiplexing capability?7

(Npayg) for 70% S is also shown. The Nmax

increases greatly in thin cells, which of course
also have the advantages of having much faster

response times.
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The data in Figures 6 and 7 are from

measurements made with normal incident light

scattered by DS at relatively small off-angles

(about z 49), The effect of cell thickness on
light scattered at larger off-angles is also

examined. As shown in Figure 8, the intensity
of off-angle scattered light in the 4-15° range
is higher for a thin cell than for thicker
cells. (Here the relative intensities are given
as the values measured at 2 x Vth divided by the
intensity at that angle from a one-half

.y Lambertian plate.) Thus, the results from
Figure 8 indicate that the DS efficiency of thin
cells is superior to that of thick cells for

S e A

light scattered at larger (4-15°) angles as well
as at small angles.
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3.6 Temperature Effects

The effects of temperature on several

ol e e i
P ST

anisotropic and electro-optical properties of

0”/01 also decrease in the same temperature

5 HRL-2N25 are shown in Figures 9 and 10. The

T;: Freedericks transition in Figure 9 refers to the
:;a field effect threshold in a surface-) cell. The
W values of (Vth')pT and Ae in Figure 9 are used
2 to calculate the kj; elastic constant shown in
g? Figure 10. The oy/0; and V., values of DS are
§3 measured using TBATPB as a conductivity dopant.
AR The most interesting result in Figure 10 is that
P2 the DS-V, . values decrease with increasing

3%; temperature (at least up to 50°C) while the

o)

range. This is surprising considering the large
effect that o"/ol has on the Vth (see Figure 2).
It indicates that the temperature effects on

other parameters such as elastic constants and

viscosity coefficients are large enough and in
the opposite direction, to offset the decrease
of °“/°l' This is consistant with the large
decreases observed in k33 and n with increasing
temperature.

£ AR
X, A

4., CONCLUSIONS

In brief, our studies with this phenyl benzoate
LC mixture show the following correlations:

1. The Vth for DS is strongly affected by
the choice of conductivity dopant, LC surface
alignment, and the applied voltage frequency.

20
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The effect of dopant conductivity anisotropy on

Ven is well correlated over a wide range by

’;‘g Helfrich's equations for both surface-parallel
?q and surface-perpendicular LC alignment at low ac
&

ff frequencies., A similar trend is observed with

- - dc signals, but the correlation is obscured by
Y electrochemical effects. In general, the lowest

o Vep values are obtained with high conductivity
anisotropy, surface-parallel alignment, and dc

signals.
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i) 2. In this LC the V. is also affected by
< the LC resistivity, cell thickness, and

- temperature. Smaller ac-vth values are obtained
X with lower resistivity, with a cell thickness of
:3 about 25 um, and at higher temperatures up to
%} about 50°C. At these elevated temperatures the
. Vinh is less affected by the decrease in

. conductivity anisotropy than by the offsetting
j decreases in the elastic constant and viscosity
3 of the LC.
; 3. When compared at an applied voltage of
:3 2 x Vin, thinner cells show higher scattering
" levels, higher multiplexing capability and more
:} off-angle scattering than thicker cells. Both
:J the "optical density" of scattering and the
x maximum multiplexing capability increase

% linearily with the reciprocal of the cell

= thickness.
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