DIELECTRIC BTUDIES OF BEVERAL STRUCTURALLY
RELATED SMEUTCGGENIC QOMPOUBLSE

4.1 Introduction

Dielectric properties of liguid oryetale have
been the zubject of sumercus studies since the begl-
nning of the century. MNaler and Meler' were the firet
to systeamaticelly measure the prineijpal dielectcic
aonstants of di-alkoxy substituted axv and agoxy ben:anee,
Since then, there have been many siudies to relate the
dielectric properties with the molecular &tructure.
{¥or a susmary, ses de Jem.zi

Many 1iguid exystals with strong positive dlelectric
anisotropy have hean synthesized and their properties
1nvmt:lgat¢d3" after the discovery of twisted nematic
sffect by Sohadt and Hul:triah.f’ Hore recently, au we
have already discussed in the previow ohapters, the
study of liquid crystalo composed of sirongly polar mole-
cules led to the discovery of two Anteresting phenosena:
6-8 s The liquid
erystalline phases of these compounis are, generally
speaking, characteriged by bllayer structures whioh are

re-entrance and smectio 4 polymorphism.



a conagiuence of interactiom betwesn permansnt dipoles

al the molsoules.'® Dpieleotric studies are impartant

| N underetanding the nature of intermoleculayr interao-
tionn, Henoe, msasurements of static dieloctrig constante
weére taken up in the smectio, Mematic and ilsotropic phases
of several atruoturally related smeotogenie compounds,
thy Xray etudiez on whiloh were discussed in the previous
chapter. The transition Semperatures of ithe cempounds
studied are lizted I N table 4.1. Dielectric rvelaxation
studies {up 1o 13 MHgz) were also made on & few compounds,.
[bleleotric stulles were taken up only on ¢ompourds which
wvere avallable | N sulficicat guantities.] The resalts

are presented and disocussed in this chaptex.

(1) 4tatic dieleotric consstants

Rematic and smecile A phases are optivally uniaxiasl
and hence poSsSess two disloctric commtantss ¢, parallel
to the director and £, in a perpendicular direction.,

The eign and magnitude of the dlelectric anlsotropy
{(agm® g, - ¢4) depend upon thO permanent dipole moments
and polarisabilities of the molecules, Por rod Like
molecules, the polarizsbility anisotropy (Lg = a,, - Q)
|a always positive. Henoe, in the absence of permansnt
dipelar groups the dieleetrie anleotropy 1s positive and
relatively small.



On the other hand, the dieleetric anisotropy
of polay compounds Jepends upon the sign of the dlpelar
contribution. It fa pesitive 4f the net dipole moment
# of the woleculs makes & small angle with the long axis
and is negative if the argle made by A sufficiently
strong p is large. Id4quid eryzstals with both the =igns
and a large range of wvalues of DL have been synthesized.

A semi~guantitative saxplanation of theae widely
varying 4dielsotric pyorerties wae given by Maler and
Ha&ar“ whe sxisnded ﬁmaaar'am thaory of polar liguids
to nematics using the moleouiar fiold wﬁmximmm.w

Maler and Meier's theory gives the following
expresslons for the dielectric constants

€y » 1 + 4xHRY {E + %Am . &-3[1 - (1~3008° ﬁ)iﬂ}

oo {4a1)
€, = 1+4ﬂmﬁ‘{¢-—§aw +§b[1*y(1w5@n& a)s]}
o (4.2)

where A& 4% the anfsotropy Of polarisability of a
psrfeotly oriented medium, & the meun polarizability,

p the angile made By the permanent dipole moment y with
the long moleoular axia, 8 the orientationsl order para-
meter, N the number @6 molesulea per unit voluwe,

h = 38/(28+1) the cavity fleld faotor, F « 1/(1 - &f),



£ w(4u0/3)[(2€~2)/(2€ + 1)) the reaction field fanter
and %, the Boltamsnn constant. We get fez the anlsotropy
of Opr dieleotric constamt,

2
st m e ey m dumr o~ By (1 - 3000% p)s  (4.3)

The widely varying digleetrio properties of the
nermatios can be understood qualitatively on the basias
of this equation, The relative magnitudes of the two
torme within the flower brackets Of the equation {4.7)
determine the oimn of A ¢ , when § e smsller than
%5, the two terne 844 up and the compound has a strong
positive dlelectric anisotrepy. Por § =2 5%°, the second
toerm vani hes and only oa contributes to A¢. For
hgher valuee Of & L€ >0 or <0, depending upon
whethey the Jdipclay contribution ia less O nmore than
the contribution due to polarigadiiity anlsotropy. More
interestingly, if the two terme within the Ilower hrackets
in eguation (4.3} sve practicelly equwal, 1! 1s clear that
Ae can change sign at some temperature T, and beooms
negative at lower temperatures asis indeed found i N
some rystems.l4

From (4.1) and (4.2) we can ocaloulate the mwean
dielectrie conatant (€) I N the nematie phase,



€= (&gj&) = 1 + 4xNRF(E « ﬁg) (4.4)

The dlelectric eonstant in the isotroplc phase can be
obtained by substituting 5 » O in either (4.1) or (4.2)

R
€y * 1+ A + gE;” {4.3)

An €58 density change and hemne the change in K at
Tyy 18 very small (~0.5%) equations

feply that v
at B, .. But € 18 found to goincide with €4, Only for

| should practically coincide with €4

nonpolar wesogenslike p-p'~di-n-alkylascbensenss.'” on
the other hand, m noticeable positive Jusp in € value
has bean observed in several strongly polar compounisz.t,4
The diffesence Can be as high as 4»-5%.*"6 Also, € 48
found to decreane with deorease of temperature In such

4 Mater and Heler's theory

strongly polar am@emzaa.}'
fallz o acoount f O these observatione. The wain Araws
basck of the theory iz that it meglects short range order

affect: i N the wpdium.

At Aiscussed in ochapter 11X, Madhusudans ucd
Qhamlmmmmrw have proposed that in suck compounie
the neighbouring molecules have antiparallel gorrelations.
They luoluded apn antiparallel short range order term in
the Antevaction potential and uwsing 1t in the Maler and



Meler's theory of dielectric anisotropy, showed
theoretically that € in the nemaii¢ phsse should de

less than the extrapolated vulue from {he isotrople
phase., [NE theoretical eurve is reproduced in fig.4.1.
The positive jump N the value of € cbserved at Ty, is
interpreted aa due to a disocntinuous detsrease in the
antiparallel correlations betlween nelighdouring molecules.
The dedrease of € with decrease of Semperature is
evidently due {0 the fncrease in the antiparsllel
ordering at lower temeratures.

{14} Dlelecvtrie relaxation

It is well known that dleleotris ooustants are
frojuency dependent. In the nematio and smectic phases,
the relaxation of ¢, eorresponding {0 reorientuation
about the long molecular axis, oeturs in the UHz reglon
whils relaxation of 2, ,» arizing from mo)scuisr reoriento-
tions about the short melecular axis, occoure in ¥ias or
romotimes even in Kiis reglon. This difference | N frequency
dependences of &, and &; o¢an Ye enslly urderstood on
the basis of the fuol that il liguld evryetule podaess
orientational order ani hence the molecular reorienta-
tioms about the zhort axis of the rod like molacule will
be strenzly hindeged. The low frequenty relaxation of
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Theoretical variation of the dielectric constants € 5 €
€;o and € = (&yt 2¢)/3 evaluated for A */8* = 05

(Reproduced from ref.17).



€,, was first observed Ly Maler and %q:urw In

several meabers of the p-ssoxyanisols (PAi) serieas.
They corrsotiy attributed 1t to the effwet 2f the nomaite
potential .

The dipole moment ¥ of A moleculs making an angle
¥ with the long molecular axis haws components i, = pgoed
I N the lougitudiaal direotion and By ™ peing in the %0ran.—
verae direction. The reorientation of 00 is hindered by
the nematia order resulting in a low frequeacy relazatiom
of ¢, « ©n the other hand, @, Oan reorient sors easily
about the leng axis and scrrsepondingly ¢, relaxer usaslly
In the 482 or |a some cases IN 10 - LOO Mz region. 4ip
the orientational order i N the medium f A less than one,
By al20 gontributes t0 INe reisxation of ¢,. leading to
a secend relaxation of €,, IN the high freguency (LO Mis ~

gz} region.

Heler and Jaupe and later Martin at al.}? extendes

20 model Of dielectric reimxation N Liguids toO

the Dabye
nasatiagn. They defined O retardation factor g = tﬂ,f Ty
where s, 1s the observed relaxation time of ¢,, in the
nenntic phase and 1, the ordinary Debye relaxation time
in the imotropic phase. Assuming that the aslecule has
only the longitudinal oomponent 2f the digole moment,

they were able 60 relate the rotardation faotor for ¢,



with the nematio potential (q). The relationship
between g and ¢ ie given by the expression

- ®
g = Elemp(e/igh - 12 2 exple/igD)

In the fsotropic phase, the bhindrance to the molecular
reorientations IS mainly due to the viscosity of the
medium. The temperature dependence sf the vizoosity is
exprecsed as n of up{qn/’knﬂ, where 4, 38 the activa~
tion enczgy due (O visgonity effects: and in the ilsotropic
phase T, o n/itg T From the definition of ¢he returda-
tion factor We have, o 8y ang hense

gy ok expl{a « 4 ) k1]

Therelore, w = g+ 2, iz the total activation energy for
dislaectrio relaxation Iin the nematic phave., %The rela
wation froquency £, = 1/2at; and hence 49 &axp{w/kni‘).
A plot of Infy ve. 1/0 should glve & atraight line, the
slope of which gives the actlvation enerpy w. Thur the
aetivation energy oun Lo determined by nenvurirg £ of €

&t variousn tomperalures.

the freyuensy dependencs of the dlelsetric oonw
stant means that e, 46 actually complex and is given by
K, ® €1 + de where the real part €, describes the ordiw
nary dleloatric constant and the imaginaxry part e, the



lopaen nencointed with the relazxation proocesses.

Cole and 391021

gontation (novw oalled the (ole-(ole plot) which indioates

suggented & graphioal repre-

the nature of relaxation. It in obtained by plotting
the sxperimental valuea of €'(w) againet thome of &' (W),

Per the oase 3f single relaxation time, €' and ¢'' are

given by
€ -t (e - € Jwx
4 L} (w } - < e — ¥ t i‘(w ) " dm-wmw-vut%.u-‘-"
@ T 22 1+ wex”

and the polnte (g', €' lie on O gemiocirole with the
contre AN the ¢ axis snd intersecting this at ¢' = ¢
and ¢* = g

where ¢ and €, are the sintic and high

o o
Trequency dlelegtrio eonstants, Deviationg froz the
semioirale plOt indtioate A distridution of rel axation

tinen.

Zarlier observations on nematio axd smeotio A
liguid orystals ghow that the Jole-Cols plot ia usually
& semicirele in the onse of £,, relaxation while it ias
not #0 in the case of &, indionting s distribution of

ralaxation freguenciss in the latter aaao.za



4.2 Experimental
(1) Maseriale
All the compounds otudied were synthesised in
our ohemistry Mhomtm.aa*“ The transition tempe-
ratures and heate of transitlion are listed In table 4.1.
The structural formulas along with the acrouyns are
given in Lig.4.2.

(11) Heatex

A sohemmtio diagram of the heater tr shown in
fig.4.3a. The heater oonsisted of a oopper rod having
a rectangular slot along its length. Hiehrome heater
wires were wound at both the ends (CC) of the heater (o
avoid temperature gradients in the sample. Glase wine
dows (W) were provided at the centras fa make visual
observations of the sample alignment. The heater
conld be rotated about & vertical axis and its ponition
aould be read on a oiroular scals(s) attached to its
bottom to an accuracy of C.1%. Phis enables un to make
botht,, and ¢, measursments on the sams sample by rota-
ting the sample by 90", The heater ie mounted on a
stand batween Me pole pleces (N3} of a etrong eleatro=
magnet. The current supply to the heater is Jdrswn frowm
a stabilized sourae (Digireg 16%5).
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CnH?rHl

4 -cyanophenyt-3-methyl- -4'—(4’-—n# alkyl benzoyloxy) henzoates

(nCPMBBI

N(‘—{}—-—C —wo;{‘>~c~—- 0— O CnHona

CHj
4 -n—alkylphenyl —3— methyl 4~ (l.‘—-cyanobenzoyloxy] benzoales
(nPMCBB)

OZN—4{:j>~m@——0——€i;§}w—E——O—M<::>—anH2n+1
CHy

4-n-alkytpheny! ---3 - meihyl —-IJ—(L"» rmtrohenzoyloxy) benzoates
(n PMNBB)

0OCH3,

4-n -alkylpheny! - 3- melhoxy - 4 - (4 - bromobenzoyloxy} benzoates

{nPMeOBRrBB)

NC __<i:>. c—0 "—'Q_L-'"O — / N ~CnHon 4

QCH3
4 - - alkylphenyl - Y- rnethoxy 4 - ( 4 cyanobenzoyloxy)bmzootes
{nPMeoCBB
I
CnHzm-r—{>~‘é'_0 - —o@v CN

CHy
4 ~cyanophenyl -3 methoxy - 4 ~(l.”--n - alkyl benzoyloxy ) benzoates
(nCPMe(OBB)

FIGURE 4.2. Structursl formulae and acronyms of various
compounds used in our studies,



{111) Dielectriec Cell

The dlelectiric gmatante vers Adsternined by
measurlisg the capacitance of a parallel plats oapacitor
without and with the ssmple. The scheantic diagram of
the dielectriec cell used i N shown in f£ig.4.3b. The ogell
consisted of two tin oxide coated plates (0) which
served ap oleotrodes. They were peparated by aylar
sonaers () of thickness LU0« 12% ym. Oare wap taken
to ensurs that the mylar spacsrs wers outside the active
arsn. The two elsagtrodes were offset along thelr leugthse
and connscted $o copper lends (uL) via platinum folls ()
which ensure good electriosl eontaot. The cell was held
rigidly in a eopper frame (¥} uasing sorewe 8 and B, an
shown N Pig.4.3b. Tho f{rame eould bs inaerted into the
haater saoh that the oell was positioned at the centre
of the heater and magneile pole pieces and held in place
by means «f four brass sorews. The cell holder had
provisions for evacuntion of the eystem (¥hrough the

noxzie N¥) and fasertion 5f a thermooouple {(T) .

(1v) Temparature measurenent
The temperature of the sample was measpured
using & ealibrated agoppor-consianten thermocouple (1)
and a Meithley 174 Algital sultimeter. Ths itsmperature
of the sasple could be saintained to an agcuracy of

ﬁa*l“a over long periods.
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FIGURE 4.3

Schematic diagram of (a) Heater (%) dielectric aell.

C ~ Circular parts over which the heater is wound
W = Window for the visual observation of the sample.
NS = Pole pieces of a permanent magnet

S = Circular scale M = Mylar spacers
P ~ Platinum foil ¢ -~ Liquid Crystal
G - Glass plates F = Metal frame

S, & 8, ~ Serews used for holding the glass plates
IN poaition

L = Lead wires (shielded)
T - Copper-Congtanton thermocouple
N = Nozzle.



{r) Measurement of stativ dieleetrie constante

A8 the sample alignment iz known to be affected
by surface coniitions, the electrodes were cleansd
thoroughly first with & detergent (Teepel) and then
with freshly prepared ohrcmie acid. The plates were
dipped in u dilute solution of sodium bicarbonnte %o
remove any aold trace and then thoroughly washed with
dintilled water.

wAas

The unzuauhrated ueing standard organio
liguids (dengene, toluene snd chlorobenzene), The
values obtained for threse ligquids always agreed with the
standard values within 1% whick it therefore comsidered
to be the abesolute scvurscy ¢of our measurements.

The sell wae filled with the semple while Xt
was in the nematic phase. The oell was {han ineerted
into the heater assembly which waz evacuated and then
f1lled with nitrogen. Uare was taken to ensure that
there weres no air bubdbles in the sample.

A magnetic field of atrangth = 14 LGause wae
used tor the sample alignuent., For the measuwremcnt of
€y, : the sample war aligned homevtroploally and the
electrio field was applied along the director (E "ng Je
e, was mensured by aligning the sample homogeneously



and applying the eleotric field perpendieular to the
director ( ® 4 @ ). In the absence of the magnetic
field the director valres from point to point and the
measured diclectric constant has & value between the two
principal dielectric constants, As the magnetie field
ie inoreased, the measured values of ¢, and g, change
until ‘saturation’ walues are reuched when the oriemtation
is uniform throughout the sample. This saturation test
wag made | N a22 cur meazurements. A field strength of
~ 14 EGaues woe found to yield saturationr values in wll
the compounds studied.

The low frequency dlelectric consianis were
mearured Ly using A Wayne Zerr bridge, modol BE4RZ, at
e frejuency of 1582 Ha Tie oapacitances were measured
t0 an acourccey bedter than 0.14 and henes thia could de
taken as the acewracy | a the relative vartation of ¢,
and €4 values. The seasured oapacitance was alwaye
coprrested for the lead eapacitanve.

Neavurengnts of the priseipal dielsctric conw
stante wore made in the isotroplo, nematic and soeetio 4
phases. The alignment in the smectic 4 phases was obtained
by slowly sooling the sample from the nematic t¢ the
spectie A phase in the presence of the magnetio field.



{vi) Dielectric relaxation stulies

The experimental sed up was the same ap that
uged in static measuren¢ntes. However, the tin oxide
coated plates ocould not be used decause of the high
losvses involved. Instead aluminium cceted glass plates
wan wsed,

The dispereion was messuwred up to 135 Mis ueing
Hew2886 Packard L¥ impedance analyser (Model 41924).
The measured capacitences and conduotances wogre corrected
for lead inductanse. For each compound, the raal and
imsginary parts of both g, and ¢, were mearured at
vavious temperatures. The temperature wae ntabllized
at the desircd value for at least hzlf-an~hour bdefore
taking weasuresmenty. In opder te cheok our experimental
cet ap for dlspesreion messurements, we coaxried osut studles
on p~heptyloyanchiphenyl {(7UB). Our experimental vresulls
wore in agreement with the ssrlier Aata availadle I N the

11termﬁumn.22'3§

€, vedaxed in the measured frequency range for
all the compounds studled while a broad relaxation of
¢, was observed i N the compount 4-n-undecylphenyl=s =
methoxy~4 '«{4{"~oyanchenzoyloxy)benzoate {11 PMaLInN).



4.3 Resulte and Dicoussion

(A | Btatic dlelectric covutants
The principal dieleotric oonstante g, and €4,

the average value £, imotropio value &y, and the
dielectric anivotropy (Ae) are zhown in figwre 4.4
for 12 PMOBB. The sallent featurss are (a) ¢, increases
with the deorease of temperature N the memmtic phase
but atarts deersssing fairly rapidly as the temperature
iz lowered IN the smectic A phave. Jhe rate of devrease
goes down at lower temperatures; (b) €, has exactly
the opposite trend though the rate of wvariitfon is
zomewhat epaller Shan that of €, ¢ (a) the two curves
croos at B, -0 0% a0 that At changes sign from
positive {0 negative At that temperatures d4) © inoreasen 2°
the temperature iz lowered in the isotropic phuce and
decreases i N the mesophases. The variatlon of € appears
to show a ocusp at i'm, the nemntic-isetrepic transition

tenperature.

These interesting results can be unierstood as
follows. & have shown the eignificent dipole moments
of various bonde (fuken from Ref.26) of an nPKOSH molecule
N fig. 4.5. The conformation all the molecule Lo not
known bhut the three phenyl ringe are very unlikely to
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FIGURE 4.5

The most important dipole moments of different groups
of an n-PMCBB molecule
(taken from referenoe 26)



of
be coplunar. The valuews/p; and u,, the components

paralleland perpengioular to the long axis of the net
d4pole p depend on the moleounlar conformation. From
eyn.{4.3), we doe thas Aa»({mx - (mzf’?kn!‘)(‘l-* 3008% ﬂ)}ﬁ
and 1f the two term within the flower bracketz are of
similar magnituie, the dlelectric aniroiropy ean be

very small and oan even ghange siin at some temperatures
becoming pouitive at higher temperatures. Thus Mailer
and Meier's theory predicts the reversal of Ac [N the
B phase which has heen fndeed observed I N some syntems,
This mechaniom could iandeed he contributing to the
reversnl of the cign of A¢ In 12 PMCLE alszo, but we

14

sucd note some additional polnts: 4f 1t is the only
mechanism, € should have decreased Wth incresse of
temperature (see eyn.4.4).¢ actually waries in the
opposite wanner, which could be attributed to an inores-
sing antiparaliel short range order between nelghbouring
molecules at lower tamycraturaa.'7 In addition, the
reversal cooeurs in the A phase which har a layexed
strueture. ﬁamgnigu127 has shown that in sueh & onse,
the dipole correlation factors far u, and p, will be
such ae to lower ¢, and evhanve &;.

We get u natural explanation for the obrerved
temperature variation of € on the basis of the model



proposed in chapter III 1O understand the therml
variation of vilayer spacinge | N nPHCEB and other
similar compounds. The model zhowing the Interdigh-
tation in the bilayer ls chowm N fig.4.6. In 2PKOBR
compounds an overlap Of the aromtic cores (4.6b)

would result | A ptrong wrepulsive intersetions between
the dipole moment of the cyano group of one wolecule

and that of one of the ester groups of the other. The
dipolar dontxibution to the interceotioOn energy would

be nmininum when the overlap ocourred only near the

cyano end groups we shown in fig. 4.6e. Thus, as the
temperature iy lowered, more and more number 45 molew
oules forp antipsrallel acssoviations aw chown in fig.
4.60 (for a detuiled dincuseion see chapter 1II). This
leads to an encmous expansion of the layer ¢pucing

with the loweriny of tespersture. Thic mechanioem
aceounts for the dislectric propertics oS 12 PHODB
also. A% lower tepperatures, a large numbsr of wmolecules
sre associated Iin palrs nesr the cyano group and the
contribution of the dipole moment Of the eyano end group
te the polarizability is wore sffectively reduced. This
gives rise to a faster rvedustion of €,, as the Yo@we-
rature fu lowered, compered t¢ the increaue of &, predicted

by eun.(4.2). Thus € deoreases with deorease of tempe-
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(a) (b} (c)

FIG.4.6: Schematic diagrams showing the disposition of
various dipolar groups of a pair of (a) n-CPMBB,
(b) n-PMCBRB molecules with an overlap of the aromatic
cores, and {c¢) a pair. of n-FHMCBEB molecules with an
overlap of the polar cnd groups.



rature. These trends in g, and &; varistione lead

to the reverzal of as.

We make un further remark regarding the increase
of €, Wth decrease of teuporature. A2 we will vee
later, the relaxation of €, in the case of related
sompound 11 PHeOCEB indisztes that the palre gsscciated
Bear the oyane groups reorient as a aingle unit under
the action of the cxternal AC fleld acting perpendiouliar
to the long axig. IT the dipolar groups sontridbuting
to p, of the two molecules in the pair are favoursbly
oriented, the polarizstion of the medlum perpendioular
to the long axis cun increase dye to the pair fwmation.
X0 thiz case, gs the temperature {8 lowered, the number
of osuch paire inoresvee leadlng to an insreace of €4
The reverssal 05 the towperature varlations of bvoth e,
and e, in the A phase vompared %o those in the ¥ phasze
shows the lmportant influence of luyerisg and the
variaztion of its structure on the dieledtrie moperties

0f these compounds.

The dleleotric propertics of 10 PHeOCHEB and
11 PMeOCED are shown IN fige.4,7 and 4.8 reapeotively.
In bath the compounio, €, inoreares az the temperuture
is decreased from T, . |t attaine g wmaximum, which is
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slightly broader in 10 PReOCEB, a few degrees above

2,y sod then contimously decreases in the A phase.

Thies means that smectliec liise short ranga orier effects
are Telt a fow degrees above &m. sinne the Correspon.
di ng heat of t ransition iz guite small i n both the
aompsunds (see $ubles.y). he deorease of £, IN

14 PMeCCEB is much greater than that in 10 PHeOCHEB.

This | a bur $c the suoh larger range ¢f temperature over
which the A phase | steble | N 11 PMeCUBE. In 10 PMeOCESB,
a2 temperature s lowsrxed ¢, Starts inersssing at &
relatively high temperature ir the H phase, and shows

a small cusp like peak at T,4. This may be caused by
the misalignment olose to T,y which is aleo observed N
sore othar compounds that favour z homaotropic align-
ment?’® close 1O P,y. In 11 PHeOMS, ¢, deeresses with
daorense of temperature in ths H phase, attains A broad
minimun elosze %o ?m and then continuously ifinoreuses in
the A phass with lowering of temperatuce. Bo cusp like
peak | O obmerved in thia case indicating a better align-
ment. In boih the 0ases, € thows & posdtive Juup at Ty,
and decreaser slightly as the temperature i: insressed
in the isotropie phases. § shows A »1light increasing
trond in the tenth zerbiyr while i t remains practiocully
constant in the eleventh homologue with decreawve ¢Ff
temperature | N the lijuid oryatalline phases. ¢, , &,



and § bhave somevhat higher wvaluer 1 nPMeOUBES than in
the vase of 12 PHCBB becauss of the additionnl oxygen
atom which has & high polarisability.

The dielectric constants of O PMNBE, 10U PMUBB and
12 PMEBH (Nitro snaleoguee of nPMCBB compounds) are shown
in fige.4.5~4.11. The dieleotric properties of 9 PMEBY
(£1z.4.%) are broadly similar tO those of 0 PMeCOCBB
(£ig.4.7). As the temperature is lowered, ¢, starts
inersaeing at a Tfalrly high temperature far above T,n.
£,y Btarts decreazing at s soWewhat lower $emperature,
though atill above TAN‘ The decrease of ¢,, becomes very
rapld at LIVE Theese trends may be a reflection of
(a) thort renge order effeots near ¥,,:1 as mentioned
enrlior {ohapter 1) swmeotic A like short rangs order
develope in the ¥ phase leading to Yetter antiparallel
moleculary associntions and more effective sancellation
of lengltuddngl cosmgonents of the dipole moments, and
() Me strong wariation of local field with temperature
which depends on the relutive nusbder of sseociated molew
cules and zingle zelecules. In the case of 10 PHHUBED
(£12.4.13}, &, exhibits a clear negative jJump while &,
shows & less prominent inorease xz the sample IS cooled
QCTO8E T&ﬂ‘ The rates of decrease of €,, and ilacrecse of

€, a8 the temperature is lowered in the A phese are somewhat
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pimilar. Ae decresses contingously in the A phase and
changes sign becoming negative at T, ~ 7= %°C. § shows
a goneral inovease with deorecase of terpereture while
aotuslly € decreased with decvease of tempersture i{n %the
cyano compound (12 PNUBB, fig.4.4). This recult most
probabily means that the caneellation of the lemgitudinal
somponents of the RO, dipele moments of hue, assoolated

(fig.4.60) is, not as effective as in the sase
of oyang compounds because the intaractions bdetween the
lateral componants of the dipole moments ol the NO binds
would be repulesive on the average and would contriduts
$o 2 reduction in the attractive interactionsz detweaen the
exi groups. The influence of ¢, with decxease of teupe~
rature has already been Jivcuseed and its influence
predeminates in the tewperature vuriation of €.

in the cese of 12 PMERB (£ig.4.11), &, increases
and €, deoreases with decreamse of temperature in the B
phase and then ¢, decreases and £, lnoreaces as the
temperatuxe is lowered in the 4 phaee, The aleence of
pretransitional e¢ffectizs above mw is due to the relatively
strong flrest order trancitlion in this compound. The rates
of varjations bevome somewbad stronger at Ty, - T =2 0%
at which temperature aoe itvelf ochanges sign. At stild

lover bemperadures the rates of variation lewvel aff.
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i2 agaln due to the reduotion of numcer of antiparallel
paire as the temperature ic inoreased [N the lsotreplc
pheee. &, Jdeoreasces as the temperature i S lowered N

the A phase. Af we have already discussed, pair formation
is more effevtive at lower tomperatures, and this leads

to an effeotive lowering of the dipols moment along the
long axie at the molecules and hence bo the observed

reduation N €,, «

The dielectyric constanta of 11 PMeOBrBR are shown
in fig.4.i4., The compound exhibits a negative diclectrie
anis otropy, = 0.5 at Ty, =T < 20%c, € doureasing with
inorease of temperature ag ie to be expected in the
absemte of any assoolations between atrongly polar groups.

A weg have indicated, the resulte of dlelectric
studies can be understood in terms of the model of
asscciated pairs breaking up with Lncreass of tomperature.
It is interesting to note that the deorease of Ae with
lowering of temperature in the mmectis phase in all the
sompounds which exhibit large bilayer spaoings, 1 Eomew
what similar in shape te the ingrease of the layer spacing
in the ocorrecponding caces (ohapter I1X), l.e., (.= £,)
varies approximately like &, as can be expected from our
earlier discusaion.
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(11) Dlslectrio relaxatiocn

The dielectric dispersion was moasured up to
13 Mg, In £ig.4.15, ws bave plotied the dieleotrie
loms (z))) as a funstiom of frequenuy for 11 CPMeUBB at
different temperatures. &, relaxes at a freyuency of
=% KHz at the lowest temperature of measurement in the
A phass (~ 80°0), the freguenoy shifting PO higher walues
at nigher temperatures. Ths yeiaxation frequencies At
varicua teoperatures sre also glven in table 4,2. One
of the curious treands ansted far the sompourd is that
the peak of g¥, hae practically the same level at all
temperatures. One WOUId normally expoet o jrogresaive
reduotion | N this level av the %temperature |a inoressed
pinge the orlentation polarisation whiuvh determines the
height of this peak iz reduced at higher vtemperatures
due ko the decrsase of the orientational order paraseter.
A8 war dicoussed [N chapter III, the attractive inter-
aatione hetwesn the nelghbouring 11 CPNeOBBR molevules
are very weak due t0 the presgnce of the dulxy latersl
wnethoxy substituent and hence the bilayer structure with
an overlap of the aromatio cores {as {n flg.4.6a) {5 also
frapgila and the wnolsculss tend to breakaway from such a
structure at Hlghsr Sempgeratures. This means that the
effgootive dipole momant per molecule jnereases with
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Table 4.2

Relaxetion frequanciews

| e Relaxatlon Relaxation
Tenpesature  srequency(kns) _TOUROZSYTe frequency(kds)
11 PMeQCBE 11 GPMeORE
130.6 2600 ' 124.0 1500
| 120.8 1250
126.5 1500 117.5 1050
110.6 710
. 2 e
126.8 1230 100.5 390
124.5 1150 0.8 200
85.5% 140
114.0 580 80,2 90
108.0 400 32 CeMeORE
101.0 260 127.5 2100
125,73 1750
94.5 175 120.5 1400
11448 1500
, 1
87.4 03 110.0 ago

80.4 62 1633 540




inoreasing temperature snd thus the orientational polariza~
tion dees NOt have the normal decreasing trend. Indeed
the Uole~Cole plot which is o semiocirole (fig.4.16) is
practieally identical at all temperatures in the A phase.
Tne same trend is observed fN 12 CPMeOBB also (Lige.4.17
and 4.18). The !, peak | n thisz cure ix 3.8 compared tO
4.9 of 11 OPReOBB as the effective dipole moment per unit
volume is lower fOr the higher homologue. A® iN the Xray
studies (chapter XII), the effect of the breaking up ef
the bilayer structure (now as N f£ig.4.6e) 18 oven more
spectaculay | N the ease of 11 PMeOCBB. The ¢!l peak
actually inoreases with inerease ¢f temperatwre from
~1.16 at 80*0 t0 ~ 1,36 at 114°C in the A phase (fig.
4.1. nthe other hand, | athe ¥ phase, thers is a
#light reduction i N the peak walue Of %!} with inoresce
of temperature (fig.4.20), 4is we have discussed earlier
| N ehapter IXI, the bilayer structure tN this case s
very fragile and thus the number of free molecules is
larger with & oorresponding snhancement Of the effective
dipole moment s% higher temperatures. As is (O be expeoted,
the &€§} pesk | s much smaller than in 11 CPMe0BB singe the
effective long axis ocomponent of the permanent dipole
sozsnt 14 mush smaller | N the cese of 11 PMeOUBS (ses
£ig.4.6), The Cole-CUole plot (figz.4.21) aleo brings
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out the faot that there are additional relaxations at

higher frequencies for this gompound, unlike in ihe case

of 11 QPMe(BB. Phie iz probably cauped by the relaxation

of the reorientational motion of Hy» Yhe component of the
dipole moment perpendicular to the long axis. The equation
fur the overall dipole moment along the direotor whioh
arises due to the Lmperfeet crder in the medium (represented
schematically | a fig.4.22) is given b’29

dy . %vi(i + 28) + i w1 - 8) | (4.6)

where u, and By axe the dipole moments along and perpendi-
c¢ular tO the molecule and £ (aQBanuz e -~ 9/2>) 18 tho
orientational order parameter. A similar eyuation can be
written for the overall dipole moment perpendiculax to the
director

w2y = w0 -9 +di + B (4.7)

The influence of p 42 not usually seen in tho &, relaxa-
tion, eince the reorientational motien Of py ie a auehr
slower process than both the librational motion (about the
director) of the molecules and hha reorientation of p, about
the long axis. €4 of 11 PMeOCHEB shows a very broad rela-
xation (£1z.4.23 and 421)) with a brood maximum ~ 6 ¥Hz,
This appears (O be A particularly |lOw frequensy for the
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relaxation of i, and N oontrast we 4id not see any
indioation of ¢, relaxation [N 11 CPMeOBS in this freyuency
range. Ubviouzly the atructure charscterised by the

large bilayer spacing is responsible for this relaxation.
If the moleculsy paire whioh have un overlapping region
only ngar $he eyano end groups recrient as o single unit,

ws gould expect & lowering of the relaxation frejuenay,
for the moment of fnertis of the pals reorienting sbout
an axis whieh i s tangential {0 the surface of gontuct of
the two molecules 1s puch larger than that for A single
molocule reorienting abOuUt Lta long axis. Further, the
paly Would have smuch greater probability of colliding
aguinst neighbouring pairs or individual moleocules | N the
reorientation process and hence thO effeotive friction
soefficient would also be large. Thus the relaxation ogours
at & falrly low fregquenay. Indeed measuremenie¢ at higherx
frequenvien sun be expected to show ancther relaxation of
due tv the recriensation of the individual molecules
about their long axes. The y, velazation Of pairs ie also
reflooted | N the dispersion of Q, &% WP eav in fig.4.21.
The Gole-Uole DlOt eoxresponding %o ¢, (fig.4.24) also
shows that tho dilapersion 18 charaoterised by A rather
broad distridution of relaxation timee, 4 'broad distri-
bution is indeed expected for the ¢, relaxation as the



libration of the molecules about the short axis
sontributes o this relexstion process. 7The moleculaxr
order and hemse the loonl field ip not well defined | N
thiz direction. The barvier height for recrientation

is 80 szull that only a disteibution of relaxation times
can be axpeataﬁ.w Purther, in the case of |1 FPMeOCBB
there are more than one species (paifrs which overlap

3% the end groups only, those with cvarlap of the entire
aromatio core and indlvidual moleoules) which ¢ould also
contribute to the extremely broad Adlstribution of relaxa=~
tion timer seen in flg.4.24.

We shall aow return $o & Lurther discussion ON
the dlsperaion of &, It 18 Loterecting o note that

i1 PHeOGRS and 11 CPMeOBE tend t O have the same
value ©f &, @&t frequencies jJust greatar {0 that of
relaxation, the value veing =/% at the lowest temperature
ol meazurement. Thie is understandable, since at these
Irequencies the ocontributionma to ¢,, arise from the
induced dipole momont along the long axes of the molecules
and induced asS well a8 permanent dipoles perpendicular
to the long axes (eqna. 4.6 and 4*7)‘39 Thewe contri-
butione are practically the sase N the twe compounds,
However, fa $he esse of 11 PHeOUER a8 the frequency ls
further ralsed (O ~ 13 Xiz g}, begine %o deorsace again



sines the orientationsl polarization perpendlicular

to the |ong, axes relaxes as we discussed earlier.

By plotting ln £, against 1/t where £, is the
relaxation frejuency correspording o the maximum in
et and T the absolute temperature, we get stralght
line graphs in the ¥ and 4 phases ss shown in fig.4.25
fox 11 PMeOCBB, ond in the A phase of 11 UPMeORB and
12 OpMeORB (fige. 4.26 snd 4.27 respectively). Ihe
neasurenents oould not be made in the ¥ phusp ol the
latter two gompounds bocause of ths vary zhort range of
existence of that phane in both the cases (tadle 4.1).
the slopes of We lines glve the notivetion gnergles
which are listed in %able 4.% for all the three
sompounds studied., 14 L{» interesting {0 nete that the
aetivatlon energy 1z pruetlioally the some in the A phases
of both 11 PNeOBE and 11 PHeRCBB. The aotivation
energy 18 lower in the A phase than in the ¥ phase of
11 PMeCUBB. The latber recult has beem found earlier
| a several atudies oa compounds exnibiting both ¥ and
A.yhaﬁoa.3g”3a The aetivation energy is A sum of both
the rotational potentisl barrier agalinzt flipping about
the short axisz and dissipation due to the friotion

soefficient which iz effective againet such a rotational
diffusion. Hence the lowering of the sotivation energy



In fg

8.0

o

11PMeOCBB

6.0
5.0}
4.0 1 T § | |
24 25 26 27 28
J]_— X 104 (KJ’)
EIGURE 4,25

Plot of 1n fp against 1/T in the smectic A and

nematic phases of 11
relaxation frequency.

PMeOCBB, wheare fa IS the
The arrow mak indicates TAN'



8.0

11CPMeo BB

4.0 I I |
25 26 27 28 29

-%— x 104 U("h

FIGURE 4 6

Plat of 1n fn against 1 /T in the smectic A
phase of 11 CPMeOBB, whore £, is the relaxation

frequency.



{n fR

7.8
- R 12 CPMeo BB
yNA
7.0
6.6
6.2 | 1 1
25.0 26.0 27.0

1 L -1
—T-x‘iO (K™")

FIGIRE 4,27

Plot of in f; against 1/T in the smectic A phase

of 12 CPMeOBB, whare £ 1s the relaxation frequency.



Pable 4.5

Aetivation enaergles in oV in the smectic A& and
rosatic phaaes '

Compound Smectic A Aematic
11 OPMeORB D.75 -
12 OPMe(BB 0.7 -

11 PHeOCBRE .78 1.27




in the A phase is somewhat pusaling Or one would

expect that at least the orientaticmal potential
barzier would he higher Jdue {0 the higher order paraw
neter in fhe A phase. Druon and ﬂnurunier33 have
argued that in the care of bllayer c¢mwotics that the
two neighbouring wmolecules have an asymmwetric potential
energy ourve as & function of the angle boitween their
long axes (fig.4.28). They assumed that in the K phase
the aeymzetry would disappesr (l.e., Wg o Wi,). In
the A phase the layering & supposed tc bring in the
agyspetry such that Wy, > Wi, and Wi Wy If LYY is
very much greater than Néa’ one ¢an expect that the
exfernnl field will net be able to dlsturd the wolecular
pairs 4n the antipazrallel cenfiguration (L.e., with
QGEer gy wa‘}ﬁé and only the wmolecules in the parallel
configuration (witu potential bapriex wga) wimld parti-
sipate in the recrieutatlon. 4s 1% 1s asoured that Wi,
Wap * the activation energy is lowered in the A pheosme.
However, we mant point out thot 1t i8 unlikxely that the
anlectropy of the potential energy will vaninh in the

% phase. Druon and sacrenier’s avrgument s¢ill holds

I T the salsotroples in the two phares are such that
wé#<;wé”¢ Jo othey words, the lsyering of the A phase
helps to Ingresse the rapulnive interaotions between

oyane end groups of parsllel molesules.



Local Energy

FIGURE 428

Schematic diagram depicting the variation of local
energy of a pair of highly polar molecules as a
function of the angle between their long axes
(Reproduced from ref. 33).



Rarther, the lowering of activation enexgy is
found not only in bilayer smeotic A phases but alse
in monolayer ameation’ﬁ I N whish the potential energy
anigotropy is likely 40 ba quite small. Hence the
origin of the phenownsnon s to be sought in the layered
arrangement of the A phase iteelf. In the feollowing
paragraphs, we will try to argue that two different
mechanisme tey be responaible for this effect.

Reogntily Edwaris and Maﬁﬁaﬁ?s havg proposed a
moleculnr thiory of the dlelsetrlic pesrmittivity of
nepstic 1ijuid oryotels in which interzolseulsy dipole-
dlpole correlations are expllioltly taken into acoount.
Foilowing a procedure ﬁa#alﬁpaa eariier by Sulliven and
ﬁeatahgv for lzo¥roplo Aiguide, thay have glven ﬁho
fraquency depentence ¢l the jaerallel end perpondioular
components of the complex dleleoiric oonstunt in terms
of the dipole cuvreiations which are of sburt range and
wador eertaln symplifylng soprocimationg nave derived
etslicld expressions Dov the Uelectric conetants.

Prom thess expreselons one ¢an write for the relazetion

tine paraliel to the direcior

2”-1
gm

1) - {4.8)

Tw ® T, 8l

with & simdlar expression for ¢,. Here ) iz the uswal



Debye rvelaxation timo, £, the retardation factur
aaused hy the nematic potentiml and Introduced by
19 a8 disouseed earlier, and g, *Tthe
gtatic dicleotric vonmetant parallel tO the director
srd ¢ the mean dieleotric conssant., The terze in
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bracketc are new | N this theury and arise fron the
dipole eorrelations in the mdium. A assume thet
relation (4.8) oan be used in the A phase also. The
layering of the A phase gives rise ts inoreased anti-
parallel dipole correlations between the Z0ng axis
components of dizcles. This has been found experi-
mantally for several cages, ineluwding relatively weakly
polary aampaunﬂa.ﬁ?*ﬁa’ﬁg Indeed such vorvelationn

lead SO A lowering of ¢, as the temperature is dee¢rsssed
in the A phage a2 \E cam s¢¢ from fign.4.4 and 4.7-4.13.
Un the other hand, in all these cawes, &,, JNERe30es in
the N phase wish the lowering of tempsrature from xNI'
From relation (4.8) this means that effectively the
relaxation time incrgases MOre rapidly with decresse

of temperaturse in the § phase than that given by the
retardation fastor g,, alone. The opposite teuperature
variation of ¢, in the A phase leads {0 low v,
values in the A phase than in ths B phase even I g,

iz characterized by the caxe potential barrier 4 | N the
twe phanes. Thus the layering order present in the



A phase gives rise to & lowering a4 =, ¢r equivalently
A higher value of the freyuwensy of relaxation. Purther,
as the temperature is lowered in tho A phase, the
spectia order paraseter invcesses and henve this effect
also inoreases. This is cbviously ejuivalent v a
lowering of the activation energy as can De assen, for
example, from £ig 4.25. In summary, the effect of the
{8y~ 1) Serm in equation (4.8) is to inerease the
activation energy in the ¥ phane and lower it in the A
phase, thue leading io a commlderable 4ifference in the
astivation enerxrgles of! the two phanes,

W also believe that A sesond mechanism may
operate in the A phase due (O packing effecta. Az we
discussed earlier i N chapter [II, the thermal expanczion
in the A phaze appears i be considerably anieotropie.
Yeually the layer spacing does not vary mush with
temparature in monoclayer zmeotico, in the abaence of
bulky latersl substituente fa the moleoules. A liquid
8 known 1O have 'voide' or *holes' iz fts struoture.
One can expect that the nesatio phase has A spatially
uniform distribution of the ‘holes'. when the tranaition
tO the A phase takes plave, the fluldity becomes confined
{C the layersz. Hence %h¢ holet can be expuoted to be
trapped within the layera. Congejuently the number of



collisfions that s molecule suffere N the rewienta~
tional motion can de smaller in the i yhauo‘e
relaxation tiz¢ cam De lewer or sffectively tha acti-
vation energy oun be Lower than i N OhS ¥ phase at the

or the

sare density. Jor instance, tUhis effeet nmay bLe fmpore
tant in 4-n-ootyloxyed-cyanobiphenyl (8 CG3) which
exhiblts 2 bllayer A phase with hardly any temperature
dependence of the layer spacing.?! & 0CB also exnibits

& lower activation energy in the i phase than in the ¥
phass (ehapter VI). The pucking ¢ffect nay also explain
the earlisr oherervation of two activation energies i N

11 CPMBB and 12 CPMER"F (figs. 4.29 & 4.30). Ac we
noted earlier in chapter III, these compounds have a
contraotion of the layer spaeing | N the lower tsnperature
wvange of the A phase but =n gzpansion at higher tempe-
ratures (pee figs. %.20 and 3.21). The aotivation energy
IN the %wo regions is distinetly different, bel ng lower

| N the lower temperature range. The layer expansion N
the higher temszerature range would fmply that the thermal
axpaneion is more leotrople in this renge and thus the

packing effecte wonld jnerease the activation energy
compared to that | N the lower temperature range even
though It is st41l smaller than that Of the H phase.

As we divoussed sarlier in chapter 11X, in the
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reentrant nematic transition temperature.
(Reproduced from ref. 32),



cuse Of i1 PMeOBEBB the layer spacing inorenses conui~
derably with temperature. But w4 gould not study the
Influence sf this factor on the activation erexrgles.
Tne long axis component of the dipole momenmt | a mo [OW
in 11 PHeOBYBB that ne 2leperaion of g, ¢ould de

measuraed.

In conclusion, changes tsmking place in the bilayer
structures of strongly pelar gompounds are found to have
a profound influence on their dielectrlo properties.

If the dipole moments of the linkage groups oppose that
of the terminal polar Qroup and the compounds have bulky
lateral substituents, they possess bilayer structures
with lsarge bilayer spaoings which are extremely sensitive
to temperature and can exhibit reverszal sf Ae¢ becoming
negative at lower temperature. These changes [N the
bilayer struoture sre reflected | N the relazation process
also. For instance, ihe peak walue of ¢} in 11 PMeOCBB
inoreaser with inoressing temperature thowzh One would
normally expeot an appouite trend and ¢ 2hows QA broad
relaxatioOn at o 6 Migp which iz A relatively low frejueney
for the relaxatien in this direstion. Murther, the
inoreaced antiparallel corvelation ir the laysred 4 phane
compared {O the H phass and the possible anlmotropy In
the expansion coefficient of the layered A phase appear



to give A lower activuation energy for the low
frequency dieleeotrin relaxstion of g,, in the A phacs
than in the ¥ phase. Murthey Iinvestigations are
necessaxry for a bettsr understanding of the mechanism
leading (O the lowering of motivation enmergy in the

A phase than in Me ¥ phase.
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