SHAPTER VIIL

SOME NEW OBSERVATIOHS OR ELECTROHYDRODYEAHIC
INSTABILITIES IK NEMATIC LIQUID ORYSTALS

introduotion

As mentioned in Chapter I, the sfifest of
slectriec field effects on the alignment of liguid
orystals is somewhat complicated. As early as 1931,
Kast had observed that the alignment of the molecules
in a nematio liquid orystal by a low frequency eleotrioc
field is quite different compared to that by a high
frequency field. JZwetkoff and Mikhailov (1538)
suggested that the alignaent at low frequency ocould be
due to the anisutropic conductivity. Carr (1963)
proved that the sleotric conduction plays an important
role in the molecular alignment.

When disleotric and oconductivity anisotropies
are of opposite sign an eleatrohyirodynanic instability
sets in beyond a threshold voltage in a pematic liquid
orystal tﬁbaacm_ to an elsotrioc field in an appropriate
geomatry., Such an observation was made long back in
1933 by Froederiockss and Zolina.

More recently Williame (1963) observed that when
& thin film of nematio liquid orystal having negative
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dielectric anisotropy, contained detween two
conducting glass plates (figure 68.1) iz sudbjected
to a D.C. or low freguency A4,C. field, striations
are seen beyond a voltage threshold. These striations
are now referred to as ‘'¥Williaws domaina'. 7The
geomatry 1is knmm as the sandwioh geometry. In a
homogeneously alligned sample, the striationn are
normal to the undistorted n . The domains are ssen
in the abeence of polarisers. If inoident light is
pelarized normal to the uniistorted n , the domains
are invisidble _'(Hc).fuah 1569). This suggested that
tho modifications of n take: place in the field
direction. Ae the wltage is inoreased much above
the threshold walue, turbulence sets in. The liquid
orystal is then sald to go over {0 the ‘dynamie
scattering mode' (Heilmeler ot al. 1968).

When an slsotric field is applied to a nematio
liquid eorystal of negative dieleotric anisotropy, the
dielectrically stedle configuraticn is when n 1s
normal to E « Howaver, the space charges inguced dy
the field can give rise t0 anomalous alignment.
Initiated by t:is corslusion of Carr (1963) that the
eleotrical conductivity is an iamportant factor in the
anocsalous alignment, Helfrich (1%46%) gave a model for
the b.C. fleld case $t0 explain such an alignment.
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p ! 8.1

The sandwich geometry for observing william's
domains. The electric fileld is applied along
the Z direotion. The arrow showe the directian
d observation{(parallel to 2 axis).



A nematio liquid erysisl is basically a good
electrical insulator. I[lowever, there always existe
some ionie impurity ir the cample. Usually the conducti-
vity anisotropy is pozitive since it is easier for the
ions to move alomg @ rather than normal to it.

In the 'sandwich' geometry with parallel
to the glass plates, due %o thermal fluctuations mn(x,t)
1s Not strictly mormal to E but fluctuatos about a
mean value. We shall comsider a bend fluctuation as
shown in figure 8.2. A8 a repult of thess fluctuations
and positive conduetivity anisotropy space charges of
opposite eigns are formed at the crests and wroughs as
shown in the figure. While the torques due to dieleciric
anisotropy and elasticity tenmd do stabilise n , the
transverse electrio field due to the space charges
tends fa dietort 4t. A% the same time the exterml
field acts ON the space charges and beyond e certuln
threshold voltage materiscl flow peta in the sample.
On the basis of this model and assuuming the variation
of deformation only i N one direction (X), Helfrich
derived an expression for the threshold woltage for
the formation Sf domains
k” z 3% (841)

th e“{'k,e" G,
(— )(;5; ---) + (e - a)(-;;;;)

v
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Flgure 8.2

Bend fiuctuations in a nematic g_ivinﬁ rize t 0 the
segregation (g opposite charges | N the presence Of
electric fi , eventually resulting in the efectro-

hydrodynamic instability.
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where Ky is the berd slastic constant, ¢, and ¢, ,
and ¢, ad e, the dielectric sonstant and eleotrical
conductivity slong and perpendicular {0 = . X, and
14 8re visacsity coefficlents.

The theory was extended to A.C. fields by
inoluding time dependent solutions (Iumbois-Violette
et al. 1871). At D.0. and low frequensy A.C., the
space charges are able to follow the field. As the
froquency of the cleetrioc field is increased charge
relaxation takes place at a certain freguency Wy
called the cut off frequensy. g, ia fourd to
incrcase linearly with sample conduotivity (Orsay
ILiguid Crystals Croup 1971). 48 the freguency
approaches e, the threskold voltage for Comain
f ormation inoreases sharply. Above w@ anothex
type of pattern is observed beyond a field threshold.
These optical patterms are called ‘chevrons'. This
region corresponds to tho 'fast turn off mode
(Hetlmelexr & Helfrich 1%70).

Pens and Pord (1972) made computer ocaloulations
to explain D.C. and low frequency instsbility, taking
I Nk, account the Jdeformation varying along undistorted
M as well as along the applied field direction. The
resulting vortices are shown in figure 8.3 along with
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Figure 8.3

Cross~gsectional view Of the electrochydrodynamic
flow patterns I n the sandwieh geometry. The top
figure shows the velocity veotor whilé the | ower
one shows the molecular aligrments. The stars
show positions of bright lines in the field of
view as'seen from top Or bottom.
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the orientation patterns of n . The motionin
adjacent vortices are of cppocite sense. Furely
from geometrio ocomnsiderations, ome can see that the
domain width 1s comparable to the sanple thiclkness
(also the eleotrode separation). |

Electrohydrodynanic inctabilities can also
otour in materials with positive dielectric anisotropy
under certaln conditions ac have been observed by
De Jeu e% al. (1971), Gruler and Meler (1972) and

Grulerx ( 1974) °

In another experiment
williams (1672) applied on electric f£ield %o

a negktio with negative diclectric anisctropy by

aeing two parallel strips of conducting conting. The
molecules Were indtlally aligned parallel to the strips
and hence normal to the &leciric field. WVhe observation
vac made normal to the sample plane. Deyond a voltape
threshold striations normal to the undivtoried T are
seen. The domains were seen only in polarised light.

in thiv geometry the sample thlckness was suell

compared Lo the eleotrode separation. Noreover the

threshold woltage was large ( ~ 2000 V).

A new pattern

We have found AX& electrohydrulynamic flow
patterne 1n a gifferent geometry im which the

282



undistorted director .is perpendicular to the
electric field, l'he direction of abaervatien/bﬁna
slong n and mormal to £ . Cbservations using a
sinilar geometry have been indepoendently reported by

chang (1873).

Exggziucntal

(1) Set up I ;: The schematic diagrams of the
set up are shown in figure 8.4. 2Zwo strips of copper

Of plaxtinum folls were hold between two rectangular
blocks of torlon: In these blocks roctangular holes
wore ocut so that two omall glass plates could pe
placed on both sides of the metal folls. The strips
of folls were adjucted to be parallel (to ~ & 10 um),
80 that they formed the electrodes. The whole mssembly
wae enclosed between two copper bloeks. To avold
prcblem arising due to temperature gradient the
experiments were done using a room tempeorature nematio,
¥BBA. The figures 8.4a and 8.4b glve the crosa=-
sectional view of the experimental set up in two

dif ferent planes.

Homeotropic alignment of t he sample was achleved
by treating the surfzces Of the glass plates with
lecithin. The sample was injected into the space
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Pigure 8.4: Sectional views of the set up used | N the present
study to observe the flow patterns. Direction of observation
IS along X axis. Field is flied along & axis. The striped
areas represent t he metal fo electrodes. The sample 1is
contained between plane glass plates. Electrode separation
is d and sanple thic¢kness is x. Homeotropically aligned
sanpl e is indicated by dots in (a) and discontinuous |ines

in (b).
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between the glass plates and the elestrodes by

means of a capillary tubde.

4o ghown | N the figure 8.4 the electric field
is applied along Z. The undistorted director is along
X. The observatiung are made through a polarizing
microscope in the same direotion. The fleld in this
case is not gitrictly homogeneous because of the fringe
effects. lowever since the compound used for tho
experiment wae conduecting, thie effect should be
ersll. Hevertheless, to avelid any uncertainty in the
internretntion of the cbaervation it was felt worthwhile
to sercnt the cbgervations in a truly unifors £iald and
to cozpare thenm with the ahove resultn., Por this resson

anciher sct up was used.

(11} Set wp II 3 The scheretic diagrans are
shown in figure H.5. Two reotanguleor pleces (2 mm x 8 mu)
of & microsecpe cover slip whose sdges were polighed,
Wer e pasted onto two wider (% mm) conducting glass
plates. They could be assembled with an open gap of
rectangular arose gection (figure B.5). 7The assenbly
was placed in a rectangular groove cut in a copper
block. The distance between the coveralips could be
adjusted by simply shifting one of the glams plates
parallel to, ita breadth. This distance forms the
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Pigure 8.5: Sectional viewe of tho set up

t 0 observe electro~

hydrodynazic patterns using uniform el ectric fiold applied

along the 2 axis.
thickness | S X.
(X axis).

The electrode separationis d and
Arrow shows the direction of observation
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thickness of the sample (x). The cover elip
thickness decides the dlstance between the electircdes

(), Flgures 8.5a and 8.5b show the orcss sections
in difforent plares.

Rel atively $apure HBBA which had a resiativity

—~

Q
107 ohm ¢m was uged 1n theese experiments.

Chservations
We shall first present the observations made

in set up 1. BDoth copper and plagtinum electrodes
wore used i N these studies. when observed between
crossed polarxizersas, in the absence of any applied
field, the field of view i S dark. ¥We shall now
describe in dotall the oboervations made with 350 um
thick copper elecircdes separated Dy a distance of

150 pm. The electyrochydrodyrasmic patterns are
1llustrated | N figure B.6.

when a D.Ce fleld is applied, turbulence slowly
sets i N at ~ 35 V. After some time ( ~ 10 minutes)

these motions®BEEAS+8%0ve a complicated periodic
pattern (figures 5.6a and 5.6b).

Por 20 iz A.C., @S the voltage is inereased,

the field of view begins to brighten Up at ~ 24 V,

N
oo
=3



l‘iﬁura 8.6

Eleoctrohydrodynamio patterns in MBBA. The set up

ie a8 i N figurer 8.4. The electric field applied
between copper electrodes is vertical and the

direcctor in the undistorted sample is nlong the
direotion of observation. 7The arrowe on the right
hand side indicate the settings of the micols.

x 36 pym, 4@ 150 pm. (@) and (b) D.C. 35 Vy
(e¢), (a) and (e) 20 Hz, 32Vvy (f) and (g) 100 Hz, 45Y.
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As the voltage reaches 26 V domains ttard foralng.
These domaing are not very distinet and do not have
& regalar periocdieity. &t 30 ¥V the domaline are
clecrly seen and the bigger domalns gplit up inte
sm&li: cnes. “he domain width i S neacrly uniform and
approximately half the distunce between the eclectrodes.
in the avsence of the analyser A and with the
polarizer P set parsllel to E s eguidistant lines
parallel to -ﬁ are gseer (flgure &.,6¢). Fipgures £.64
1@ £.,6e show the cellular patterus for diffcrent

scttings of $he P and A

How St tho fregquency of the applied field is
increased 4o 100 Re, tho threshold voliaue Vc at which
the domaine gtart fommlng increapes. Whel o regelar
pattern is obtained 4t | 0 wavy in nature {figure &.68).
when viewed in the absence Of the anslymer wnd with
polarizer axis set parallel LO L the pattern looks
as chown I N figure 6.68. it the frequency PO irereased
8tl1ll further, the asmpllitude ol the wavy pattern
decreases and for high freguencies ( ~ 2 Wia) no

pattern i seon.

For D.C. and low Lrequenty dev., i the voltage
is increased, turbulence siarts slowly and wWith further

inerecee in voltage, dynemic scatiering scts in.
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The experiments with 40 pm thick platinuam
electrodes 200 pn apart glve alallaer sejuence
of patterns as described above for a freguency Sf

50 Hz.

In order to study the motion inside the
patterns we chose a bigger met up with 100 pa thick
platinum electrodes ~ 3500 pm apart. At 50 Hp V,

18 ~ 27 V (figure B.7b). if there are tiny dust
particles present in the pample one can sce them
noving | N opposite direoctions parallel to T in
adjacent domains, When the dust particles reach the
electrodes they drift 1rreéu1arly normal to i;to the
next domain snd then move parallel to E?towarda the
other electrode. Now 11 a dust particle moves along

§ very near ong of the bourdarieg between two domains,
it sometimes goea over to the adjecent domain, midway
between 1ts path and sturts movipg in tho opposite

direction.

When the cross seection of the incident beam
is large, even if the polarizer 486 kept parzllel to
E ad the analyser 4 is renoved, the: field of view
looks uniformly bright. liowever if the incident bean
width 4s cut down, dark and bright equidictant patches

-3

show up. Now if P is kept normal to I the contrast | a
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Electrohydrodynamio patterns in MBBA. Set up as in
figure 8.4 with plantinum electrodes. x 100 pum,
4 500 uym. Nicol settings are shown on wight hand
;’,“;‘ (a) 0V, (b) S0 Hs 27 ¥V, (c) and (8) SO Hs,



reduced &lthough the patches coculd still de seen.

Az the voltege is increased to 33V complicated
patterns Ore seen (figures &.7c¢ and 8.74). The gharp
boundary between two cellular domains meen at | ow
voltages now transforme into a nusber of coaxial
ellipses (figure E.70) in the central reglon between
the clectrodes. The dust particles moving nmidway
between two sets of ellipses continue to move almost
parcilel to E a8 befure. MHowever if it comes near the
slliptic pattern, i t moves aleng one of the ellipses.
Movenent of dupst particles in slternateo sets of
elliptic pattern: phow that they involve motions in

oppocite senses.

Kow with P porallel to'ﬁ'and A removed, bright
regular ctrecke {(similar to figurec 8.6¢) are seen.
These streuks are visible for any setting of P and A
both orossed and parallel and cven in the abaence of

P and 4.

In all the cet ups considered above, thin folls
of zetal are used as electrodes. Hence i N XZ plane
the fiec¢ld ie not uniform because of fringe ¢ffects. 1In
order to ascertaln whether the esbove patterrs are due
to this effect or not we have repeated the cxporiments

usins unifors fields (figure B.5).
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We have made observations con twu déifferent
sanple thicknesses and electrode geparations (74U pa
ganmple thicknese (x) with electrode separation (&)
~ 200 pm, and x ~ 100 paa, & ~ 750 pm). As the
electric field 18 increased cellular domains are seen
when 35 Volts (50 Hg) are applied between the clectrodca.

Hovever, i N this case V, iz slightly higher.

A possible interpretation of the observed
pattern is givem below. | N the usual sanduich
geometry, the distunce beotween the electrudes ls a
small fraction of the length avalleble perpendicular
to the fleld (X direction) and it s well known that
the repeat distance in the cellular fiow patiern i@
determined by the distance between the eleectrodis.
Therefore several cells are formed with a periodiei ty
along X axis,. (Here uniistorted ® is along X and
field is along 2 (figure 8.1).) with vortices in
nelghbouring domaing having opposite sense. liswever
in the present configuration the dlgitance beitwsen the
electrodes 18 ~ 5 timee the spoce svailable in the
lateral direction (X). Hence it is not possidle t0o
have more than one c¢ell to be formed at ony given

value of the ¥ coordinate. It appears thual in such
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a case the neighdbouring domalns along ¥ direction
assume opposite senses of rotation for low values

of the applied voltage. In other words, under these
conditions wheress in the usual geometry nelighdbouring
domains with opposite senses of t he vortices meet as
shown in figure 8.8a, due to phyaical restrictions
imposed by the present configuration they meet as
shown | N figure 8.5b,

Immediately above V,» obs sees domains of
large widths., As mentioned earlier, as the field is
increazed bigger domains sSplit up into smaller ones.
It was observed that always a single domaln eplits up
to form three domalne. 48 the field is incressed the
cellular domains give way to complioated patterns.
The movement af the cdust particles shows that in
addition to the opponite vortiocecse mentioned above,
there is also moticn fa the plane Y%, whose sense iz

also opposite | N alternate domains.

Reoently Xai et al. (1¢75) observed that in the
usual sandwich geometry, a new type of pattern called
*the grid pattern' can be seen scmetime after the
application of the field. They attributed this to a
a thyee dimensional flow patterns. Cur observations

also confirm such &8 conclusion.



(a)

[} / J/
(b)
Figure 8.8

(a) Tho vortices in the sandwich geometry.

(b) Suggested disposition of the vortex patterns
I N the NEW geometry.
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We shall sumsarise some of the features of the
patterns seen hers as compared t o the ones cbserved by
other workers. In the first place, we observe that
the tlrechold voltage ( ~ 25 V) iS much greater than
that {n the sandwieh geometry. Fhis could be due to the
larger separation between the electrodes. We might
mention here that williame (1572) observed a 2000 V threshold
when the electrode peparation was ~ 1 mm. The patterns
observed here can be seen for any setting of the
polarizers - parallel or crossed - and even in the
absence of the polarizer and analyser. Noreover the
D.C. field gives rise to oomplicated patterns. Thie

could be duo to the charge injection.®

We now degeribe anothexr interesting observation
made ON nematic droplets of MBBA under the influence of

electric fields.

Distortions of nematic dropleata

If the temperature of the sample (relatively
Impure MiBA) is maintained at the nematie~isotropic
transiticn point (THI)' neuatic droplets can De seen
sugpended 1n tho isotropic phase. In the absence of
any external fie¢ld they lock circular in ¢cross section
(figures 8.%). (In the actual situation, sinoce the

®)fter this work was completed, we came across a report
by Cheng (1873} where espentially similar observations

have bteen described.
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Plgure 8.9

£lectrohydrodynamie distortions of nenatlc dropicts
of MBEA suspemded i N the Lsotroplie phase at, the
transition temperalure. (3) undistorted droplets
under gerc fields (b) 100 Hz, &0 ¥ ; (¢) Lo Kz,
100 V3 (d) 10D Hg, 25C VY, (e) 500 Hz, 100 V; and
{£) 1 Kllz, 100 V.,
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sample thickneas is small, the droplets are disos

of nematic in the isctropic medium,)

The same experimental set up as described
sarlier | N this Chapter was used., The effects of
uniform fleld (set up II) as well as the non-uniform
field (eet up XI) are similar,

If a D.Ce or a lOW frequency is.0. electric
field is applied, the droplets get deformed t 0 elliptic
shapes as the voltage exgesds a threshold value (figure
8.5b). However this threshold could not be detescted
singe the deformntion of the drdpleta woe gradual.
The ma jor axis of the ellipse was always found to bte
perpendicular $o the slectric field dixcotion. ¥ith
the increase in the voltage, the ellipticity increase
(figure 8.%). However it wes found that for any
voltage, t he ellipticities of different drops wers
not urniform. 1In addition to the deformations the
droplets thouselves aove along E from one electrode
to another. If two tiny droplets are found to move
| a opposite directions and &ppear La move along one
line parallel to E , they move poet each other without
touching each other. This indicates that there is a
“vortex motion in the XZ plane. As the voltage 1s
inoreased, the velocitles of the drops also increase.
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If & dust particle ie present | N one of the droplets,
it is found to move inside the droplet in vortices.
Hence it appesars that there are two kinds of vortices -
one confined to the 3Z plane in the isotropic bulk,
which causes the movement of the drops, and another

vortex inside each nemutic droplet,

As the voltage is incressed consilderably, the
drops take peouliar, quickly changing shapes (figure
8.94). Yow the droplets move in ell sorte of dircctions.

Movement of dust particles in the isotropic bulk | a

haphazard.

Fith inereasing frequency, the voltage necessary
to deforsm the droplets increases {figure 8.%s) and for
very high frequencies, no defcrmation ocan be observed

even at high voltazs {(figure 8.%f).

The exisdting theory (Peliol 166Y) for the
electric field induced instsbllities in lsotroplc liquid
based ¢n the charge injection phenomena cannot be applied
here because, the vortex motion i S observed even for
ACo ( ~ 1020 Has)., 1%t is clear that the origin of the
geformntion ie electrohydrodynamie, but we have not

attempted $o give any explanation for the phenomena.
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APPEEDIX 1

POIFRCARE SPHERE

We summarize those features of the Foincare
see
sphere representation s(nnnachandran and Ramaseshan

1661) which have deen made we of i N Chapters I and |f,

Any gensyal state of polarization of a light
beam canh be defined by two gquantities: (i) the
orientation of the major axis of the ellipse called
the azimuth ard is specified by its angle A\ with any
direction in the wavefront, (f1) the ratio of the
axes of the ellipse = (b ( &). The ellipticity w

is given Dby the eguation tan W 3‘2 .

The states of polarigation can be represented
by a point on the surface Of a sphere Of unit radi us,
waose latitude and longitude have values 2 Wand 2 N,
Sush a gphere is called roincare sphere (figure 1)

(Poincare 18%2).

In the figure H and V represent horizontal and
vertical linearly polarized light. 1In general, all
linear estates Sf polarization are represented by points
on the eguator HOVD, the longitude belng ejual to
twice the apgle made with the horizontal direction.

Therefcre the pointe C and D correspond to lincar
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Pigure 1

fPhe Poincare spherec showing the states of polari-
zation of a light veam after it traverses a phaae
retarder.
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vibration at % «» L and i. are the poles of the

gphere ard represent left and right cireular vitrations
respectively. All elliptic states havipg the sase
orientetion () ) of their major axes are reprecented

By points on the meridian LPR of lomgltude 2, . 4ilso
all the elliptic states with the saze ellipticity {(w)
are represented by polnts OmM the latitude elrele ENF

of latitude 2 w.

Pasaage of light through o birefri:sent medium

Let A and &' repreoent the fust and slow axes
of the birefringent plate recpectively. & uzakes an
angle & with the horizontal and hence HA is 260 Let
¢ be the polarigation of the light incident on tho
platoc. 6 1S the phase differencs belwewn extraordinary
and ordinary wibratiouns whea light traverses the plate.
un the Yolincare gphore the polaripation of the esergent
light is represented by the zaint Wy ghizined by
rointing the poind ¢ about the line AA' through an
angle & in the anticlockwise directicn. owever 1f
A is the slow axle, the rotation 1z in the clockwisze

direction.
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APPENDIX I

DETERMIEATION COF THE REFRACTIVE
IRDICES AND ORIENTATICHLL ORDER PARAMETERS
OF KEMATIC LIGUID CRISTALS

In this appendix we give the experimental
details of measuring the refractive indices of nematic
liquid orystals and the method of estimating the
orientational order paramgter and density using the

peasured data.

Orientational order parameter

A nenatic 1iquid crystal has long range orlenta-
tional order which iz intermedicte between that of @
perfectly ordered crystal (S=1) snd of a dlsordered
liguid (Lsotropic liguid: &=0). If 6 is the angle
made Dy any molecule pith the director ¥, then the
order paramater of the medium | a given by (Zwetkoff

1942)

S e e

2

The bar denotes a statliatioal average. Let a, and «

be the polariszabllities parallel and perpendiigular to
the long axis of the molecule. 7Then the polarizabllitles

of the medium ag a whole, along and perpendicular te
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t he director are respectively given by

a, = T+ %(cn - a, )8

L]
@, = @-3s, -e)s (2)
Hence
a - g
S = a:_af (3)

There have been two different approaches to
relate a and a dth B, and B, Viz., lieugebauer's
formula (1950) and Vuks formula (1966). fThe values
of £ ecalculated using these two methods agree very
well (see for example, Subramanysm and Lrishmamurtd
1$735). Vuks. formula is eimpler of the two, HNoreover
we should have an indepcndent measurement of the

the density
temperature variation of / t0 be able to use Neugebauer’s
relation, while |t turns out $hat Vuks formuls itself
can be used to derive this data from the optical
measurenents. Hence we have wed Vuks formula in

all our calculaticns.

Yuks formula
Yuks found that the lLorens-Lorentz formula works
well for the gverage polarizabllity of sirongly anlsotropic

organic (molecular) erysisls

—
e (4)
;?4»2
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vhere

2 2 p,
e o+ 8 4+
ne = g ]
3

G + &, 4+ &
7 = XX e

3

A
refractive indices and polarizabilities reaspeotively and

Y1l a the number of molecules/ce.

Nes ss B, amd « . @, a, being the primcipal

We can Write equation {4) as

2 2 2

n 1 no - 3 - g | 4n

X e +-z &+ é u<-’9(a + Cy + & ) (5)
no o+ 2 n2+2 n“*z 3

which iz found to be experimentally valid in several

CaBLE.

In an fsotropic medlum the polarizabllity

Fe2-1.% |
41 where is the applied field.

Alse if ¥ is the internal fleld
—-—y —> 2 < -
?na??-“——»‘«v}"éﬁ

For anisotrople materials

n
?1 & ”%”’“& Ek i.k = x.y.g.



ssouming that the internal f£icld i N the cxyota) 18

the same in all direcctions, we can wrile

_ 5 2 .
Pi - -g(n +2)am£k

From these two equations we get

s

-1
u%&'vai (C)
+ 2

Bl

, ic A .
E;f‘hiezthe Vuks formula. Une caen cee thot this lesds

to the equation (5).

From eguations{?) and (6)

3
- 2 - 312
A S
n - 1
[]
WaCre AG = €, =-a, .

Trom equuation (4)

::.5-1 M&E? -
L IR i mnaaiaa B -+ 4
5 n

2

+ 2

where ¥ ie the Avagodroe number, § is the density and

¥ is the molecular weight. Hence the denoity

W
(e < . B, 1 18 =1 (&)
éx kK c =3B
B+ 2
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We shall now descridbe the experimental set
up to measure the refractive indices of nematic

1liquid crystals.

Experimental

we have used the prisa method (Pellet and
Chatelaln 1950, see also Madh:..:dana, Shashidhar
and Chandrasekhar 1571) by which n, and n, can be
mneasured in a single setting.

Constructlon of the prisa

A small angled glass priem i s cbtained by
placing two rectangular glass plates one over the
vther, with a thin strip S glass placed | n between
them at one end and parallel to the widih of the
plates (figure 1). The sandwiched strlip i s cemented
to the glass plates by praldite (Cibatul (India) Ltd.).
It is important to note that the strip is of uniform
thickneas along its length. This ensures that when
a light beanm is incident on Plate I of the priem
(figure 1) nmormal %o its refracting edge, the raye
reflected by both the plates and the incident ray
all 11e i N the same plane. In order to avold any
contamination of liquid erystals by araldite, care is
taken to see that it does NOt come into contuct with

the sample.
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Figure 1

Small angie prism made of two optieally flat gl ass
plates 1 and 2 cemented together with a sirip of

gl ass (shorn by a striped region) used as spacer
at one end. fThe glass flats are bevelled near the
refracting edge of the prism to facilitate £illing
of the 1igquid, indicated by the region shaded by
dashed lines.
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The glass plates used for the prisa should
have perfectly parallel surfaces, in addition to
being optically flat. For the proper choice of t he
glass plates a gonlometer spectrometer provided with
a gausgian eye-plece 18 uzed. The eye-plece ia
provided with a source Of light, the light beam from
which moves away from the eye-lens along the axis
of the telescope. A glass plate head im front of
the telescope objective reflects this light ard an
illuminnted cross is seen | N the field of view of the
eye-pieca. If the glass plats does NO2 have parallel
purfaces, two crosses reflected Dy the two surfaces
are secn. MNoreover |if the surfaces are NOt optically
fiat, the lmages are blurred. Henoce only those glass
plates are chosen which when held in front of the

telescope glve a single, clear reflected cross.

The angle of the prism used 18 ~ 5° apd its

dimensions are ~ 10 mm x 7 zam.

Oven and sanple helder

The prism is encloesed in a chamder s8¢ as %o
be in good thermal contact with dlocks of copper
(figure 2u). However, in crder %o avoid any contami-

nation Of the sample due to the contact with copper,

,a
{

b
o



(a)

LA

L

(b)

e 2

Pl

for -the prism

(a) Gopper holder

(v)

pper surroundi ng

ocks of co
Striped areas represent
The outer surface of the heater is

ge bl
e holder.

Heater with lar
the sampl

copper.

thermally insulated.
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thin sheets of teflon ( ~ 100 pm) are placed around
the prism 20 that the sample does NOl come into

direct contact with ocopper. The copper chamber |n
turn is placed incide a masaive copper block of
rectangular croas section, through which a hole

(4 am x 4 mm) i drilled to allow light to fall ON

the prism (figure 2b). The light after refracting
through the sample emerges out of the block through a
diverging aperture (figure 2b) to emable us to measure
the angles of deviation. The whole block is placed
inzide an oven with 1 em thick inmner coprer walls.

The heater wire 15 wound uniformly and the oven is
heated Dy lead accumulators go that a steady current
can be drawn from them. On both ends of the heater,
the copper dlock is covered by sheets of bakelite to
avold heat loss and minimise any teuperuture gradients

along the length of the block,

The rubbing technigue |S used to get an oriented
sample. The best resulis are obiained whern a thin
strip of pulythene sheet 18 used to rudb sgainst the
inrer eurfaces ¢f the glass plates unidirectionally.
parallel do the refracting edge. In addition, the

sasaple 3S intrsduced into the prism in the mematic

[EY
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state by means of a caprlllary and is zllowed to flow

I N the direction of rubbimg. Typically the sample
occupies a width of ~ 2-3 mm from the refracting

edge (figure 1). The test for good orientation is
done by observing the sanple between two crossed
polavizers through a low powered microscope. Since
only a part of the aperture is fillled with the sanple,
gtk direct 1ight as well as the light refracted by

the sample can be recelved by the telescope while
peasuring the refractive indices.

Teaperature measurezent and control

The temperature is measured as deseribed in
Chapter I1. The bat junction sSf the thermoecouple is
kept i N contact with the prism. The cold junction e
kept 1n meliing doe formed from distilled water.

Sufficient time is sllowed to elepse between
two sets of readings for different temperastures SO
thagzgemperaturo change is within +0.1°C over ~ 45
minutes which is the time taken for one complete set
of readings. (¥We have made measurements for 3 wave-
lengths. FOr ezeh wavelength 4 sets of readings are
taken. Each set conusists of 4 readings. The scatter

in readings is & 3 sec of are.)
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xgaeureﬁaﬁt_@f refractive indices

The refractive indices were measured by means
of a precision goniometer spectrometer (PRAZISICES

MECHLTIE, Last Germany) reading to 2" of arc.

Before making any measurements the positiom of
the prisa is adjusted so that its refracting edge 18
vertical (i.e., parallel t0 the slit) with the help
of the gaussian eyepliece. The light reflected by
plates 1 and 2 of the prism (figure 3a) form images
of 1lluminzted crosses. The levelling screws 04 the
prisz table mre properly adjusted until the polints of
intersection of the crossss 1lie | N one horisontal
plane. «hen this IS dore the angle between the

cerosoes ie equal %o the angle A of the prism.

The refructive indices were measured by the
norasl incidence method, i.e., the plate 1 of the
priem is set normal %o the incident bean (figure 3b).
How the inecldent wave on entering the sanple, splits
into the crdinary and extroordinary vidratiouns,
travelliing at different veioeitiesizgzézwgwo diztinot
Images in the focal plane of the eyeplece. For a
well oriented ganple, these images are sharp. 20

reduce any apread of the image due to temperature

gradicnt in the sample, the wvertical width of the
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Figure 3a

Schemati ¢ diagram of the setting of the prism
so that plate 1 IS noxrmal to the incident light.
Figure indieates the path of the light beams reflected by

plates 1 and 2.
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Fi e

Refraction of the ordinary and extraordinary
rays through the prism D, and D, are the
respective angl es of deviation.
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incident beam was reduced to ~ 2 amm. whenever a
set Of measurements were taken the check for normal
incidence was done. Each time the angle of the
priem was measured. The readings were taken in the
order I, II (figure 3a), 111 and IV {figure 3b) so
that the error due to backlash wae avoided*

If 4 48 the angle of the prism, B, andeQ. and
o
n, and D, are the refractive index and anglﬁideviation
for ordinary and extraordinary wvibrations respectively

for & wavelength A , then

sin(A + Do)
n = _
° sin A
ain(a + I.)
n, = € (%)
gin A

Ve have measured ﬁhe refractive indices for
three different wavelengths, namely, ) 9461 %.
25893 4 and A 6328 24 .

The data ON refractive indices are given 1in

the relevant chaplers.

Heasureaent of density

In the case of SCB and 7CE we used a small
specific gravity bottle { ~ 6.5 c¢¢ in capacity) to
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weigh ithe sample. The sample was welghed using t he
seminmicrobalence JAIME8 (Ladbor Eustner, East Germany),
the mensitivity of which is 10 micrograms.

In the cape of 6{E, we could not adopt the
above proecedure for lack of sufficlent quantity of
the materizl. Hence a emall length of ( ~ 1 cm)
the sample was taken i n a capillary tube and its
length and wars were determined. The calibratiorn in
all esses was done againat double dlastilled wale .
A1l the meeccurements were mede st room temperature
(2%°C). The accuracy i n speeific gravity bottle
method it ~ #0.15 acd that | N capillary methed

~ i'iu @ f)i”n

In the case of a compound which shows nemztlioc
phase ot teuperatures above the anbient, & small oven

A vichrome wire is evenly woumd

on a thick walled copper tube. The windings are
surrounde: by asbestos. It iz enclosed i N an aluminium
tube which is mounied on & base provided with levelling
screws. The temperature 1s maintalned Dy passing a

gteady current for a long time using lead accumulators.

A& 8lot ~ 2 s in width ic cut along the length
of the tube to eneble us to make measurements on the

sanple contuined in a capillary tube. The length of
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the sample pell et was measured using & iravelling
microscope. The calibration wae done agalnst PL4

for which acourate density dzta are avallable.

US have measured t he Qensity of & UUB, 2 COMOFC
and 8 GNCPC using this sat up. The sceuraey is only
about ~ 0.5%. Tho temperaturé»iccurate to ~ L.5%C.
“he density was assured at anﬁ*_t m: ernbure an& Y%e
teaperature variation of 0 wae derived aﬁing ihe

optieal data (equation (8)).

The denaity data and the caleulationg are given

in relevant chapters.

srier paraseter

From equation (7) it is evident that for ithe
absolute values 5, we have 1o know ©/Aa. Using
eguation (B), @ can be obtaincd. IL the value cf ©
fer any compound 12 known inderenlently, @/A«  and
hence Aa can bde ealoulated. In order to caleulate
A« fLor other compounds of the homologous series

we adupt the following procedure.

fa a homelogous series of compounis with an
ulkyl end group, in the even members, the final C-C

bond mekes a large angle with the meolecular axis
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vhereas in odd members the final C~-C bond makes a
snzll angle with the molecular axis. The change in
Aa (L.e., 8(Aa)) in going from one to the next
mexzber Of the series can be estimated from the

knowledge of bond polurizabilities.

in estimating &6(Aa) we assume for simplicity
an all trane configuration of the chain (Oee Chapter
I1I, figure . Further we assume that the last

C-C bond in an odd mexber is along the moleculzr axis.

(a) Increment to Aa from an even to the next

higher odd wember

In going from ever t¢ odd member, one C-H bond

is replaced by a C~C boend glong the molecuwlar axis
and three -0 bonds equally inclinsd o the molecular
axie are added. The configuraticn of the end group

is shown in figure 4a.

Contributions froa dlfferent boads to the
polarigabllity in units of 16"2¢ mns are given below.
The bond polarizabilitiecr arve token from Hartshorne

and Sivart (1570).

C=-0 b{}mt ax = 0097’ ay s 60251 az = 0.25- ?hﬁre“

fore polerizability zlomg X, ¢, * & = 0.97, =@
Sy + &

polarizability perpendicular to X, ¢, = ~a—2 & 0.25.
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(a)

Are

(a) Iast segments Of the end chain in_the odd members of
a romologous geried having molecules with alkyl chains.

An all~trans configuration | s assumed with molecular
axis along the final C-C bond.

{b) Last segments of the end chain in the even members
of A homologous series having molecules with alkyl chains,
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G-I bond {rezlaced by C~C bond).

@y = 0.82, & = 0.60, @, = 0.60
a,\ = 0.82, “.L = (.60,

C-H bandsequally inclined to X axis
a, = 0.82 cos? 71 t 0.60 Sin? 71 = 2.62

a, = 0.82 21n 71 + C.60 cos® 71 = C.80

a, = 060

Thercfore

« = 0.52 » R_L = Q-?Qa

Therefore increment in polarizability along X,
Aax) = 0.7 =~ 082+ 3(0.62) = 2,01

ard ineremezt in polarlzadbility perpendicular to X,
Ax, = G.25 = 0,60 + 3(C.T70) » 1,75 .

Jenoce the inorement in Ag on going {rom even to next
hirher odd menmdber is

{b) Incresment to Aa between an odd and the next
higher even member

The configurstion of the end Group ef an even

mesber ie shown in figure 4b.
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C-C bond

a, = 0.97 cos 71 + 0.25 e4n® T1 = .33

« = 0.97 sin2 71 + G.25 cos2 7" = 0.8%

y
a;, = 0.25
Thercfore

a" = 0»33 » GJ_ = 0057.

C-H bond (replaced by C~C boud)

e = 0,62 , «

) = 0,70

1

G-H‘ hond

“n = 0082 » a - 0.60

G~H2 bond

. N - Y SoEIRY

o = 0.82 co82 54.5 £in° 35.5 + 0.60 cose 35.5

+ 0.60 8in° 54.5 8in 35.5 = 0.63

“y = U.B82 cos2 54.5 cosa %5.5 4+ 0.60 ain§ 35.5

+ 0.60 SiN® 54.5 com 355 = (.65

@, = 0.82 8in® 54.5 4 C.60 cos? 54.5 = 0.75 .

Therefore
a“ = ;063 » G._L = L}.?U "

Cimilarly for C-H, bond a, = 0.63, &, =Q7N0
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Hence the ivcrement in polarizability along X axis
Ne, = 0.33 = 0.62 + 0.82 + 2(0.63) = 1.79
ard the increment in polarisability perpendicular to
X axis
Ag, = 0.57 = G.T0 + G.60 + 2(V.70) = 1.87.
Hence the increment in Ao 0N going from odd to next

higher even mesver 8(Aa) = -C.08.

Using these vzlues of £( Aa), the Aa values
for alli mesbers of the zerles can be ecaiculated if

Aa  Tor any asmber Ls known indzpendently.

The & values csleulated weing Aa derived
from the sbove procedure are given in the relevant

chapters.

Latent heat neagurengnis

Lrntent hestz of transitions were seagured using
a Perkir-ilmer DOC-E [USk) differsntianl soanning
calorimeter. G&Sinee the compounis used were falrly
low melting, c¢yclchexane was used as the standard.
Typicully, » mge. of the sample were used in the
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