CHAPTER 11
THEORIES OF THE DIELECTRIC PROPERTIES OF NEMARICS

The dielectrie anisotropy of a nematic is
determined by two factors: (i) the polarizability
anisotropy { Aa) which, for clongated molecules
always makes a positive contribution and (11) the
permnent dipole moment (p). The sign and value of
Ae 15 determined by the relative strengths of these
two f actoxs. The aim of the theory 18 t o relate
tho dielectric constante of the medium t 0 the
polarizability anisotropy and the permanent dipole

monent of the moleouls.

dleleotric anisobzopy

‘

Maler and Mefer' extended the Onsager's
theox‘yz of dieleotrio pemittivity to nematics using

the moloocular field approxime uon.5 Onsager derived

the theory for isotropic polar liquids by assuming



a moleoule, represented by a polarizable point
dipole of moment y, in a spherical oavity of
nolecular dimensions surrounded by a continucua

diclectrio mediun of dlelectric conatant ¢.

We choose XY2 as the aspace-fixed ccordinate
syntem, 2 being parallel to the miqnq axis of the
mediun and E ng as the nmolecula-fixed cooxrdimate
nyﬁm, the f axis coinciding with the long axie
of the molecule, the angle betwoen Z and f being O.
Let v be the Bulerian angle be tweent the j axis
and the line of interscotion of the XY and f 7
planes and »' the angle between this line and X.
Purther wo assume that the dipole moment p is making

an angle 7 with the long molecular axie.

| f «y and @, are the molecular polarizabilities
along and perpendicular to the long molecular axis,

then the mean polaxi zability

b

x = %(ctl + 2a,) . (2.1)
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The effective induced dipole moment per molecule

along the unique axis is given by

- 2 2
B ["1 0os” © + a, 810" 8)ME , (2.2)

where h = ;:3-‘- is the oavity field factor,
{ I

E[= -%(s” + 25 }] the mean dlelectric constant,

Po—t ., £ud®, P02 -2) . resction fiela
1 - af (2 + 1)
factor, £ the denaity, M the molecular woight, EA

the Avagadro mumbor and E" the applicd field parallel

% the unique axis.

Heking use of the definition of the order parameter

8 given by (1.1) and (2.1) we can rowrite

B = [&+%scalnrs (2. 3)

1l "

where Aaq = “3. - Gye Por nenatics Ag is always
positive. Similarly the effsotive induced dipole
moment per moleoule perpendiocular to the unique axis

is given by

5w [Ew%Aﬂ]bﬂi. C (2.4)
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Acoording to Onsager's theory the potential

energy of the dipoles duwe to the external field
U = «h(p + E)

quite small sinoe only low ficlds are involved.
To this we have t0 add the orientational enexgy (Ui)
of the muas

Uy = = d(z0ca® e, - 1)s. @ %)
Haking use of the approximation that

exp(~(U + U, )/x?] = (1 = U/kT)exp(-U,/kT)

wo can write the sffentive dipole moments along the

field dirsoctions as

gﬂ
-l

S S [1 & (uh2 /xm)]n, V{e)un«e ae &» 4~
0

.. » 2‘9 (2.6)
§ S U + (u,hﬂ,,/k“uw(amw as dv 4>’
)
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N

% 2%
S} {1+ (p2E AD)]p, w(6)sin @ a0 a4 Y8

i3
b o= §n FID ' s (2-7)
§ § [1+ (p;hsl/xmnw(e)am a6 4 » 4 '

By * Mlcos 5 008 ¢ #in p sin~ sin @] |

(o S

L= S}

vhere

By = P08 3 aln~ ¢ sin @ + sin p(cos»! cosv ~ainw sin~'ooee)|

and W(e) = exp(-%/k%) is the probability of a moleculs

having an orientation between Gand @ + 49 . |

The integration of (2.6) and (2.7) leads to

ﬁ'“ = -zgtzm" 14 -<ain26>) * ainzﬁ <ain2-6> ],hF"’E“ (2.8)
and

i?l - &g[omz{z (m:”e} + ainz_a(i - % <a1n29> );1!11'~"2E1 . £2.9)

Using the dafinition of the order parameter we can

reduce (2.8) and (2.%) to

2
B o= gz (1= (1 = 300? p)ajnr®s (2. 10)
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and
2 ,
i o= ghg [1+ 300« 30057 p)alnr’s . (2.11)

How the principal dieleotric constant along the

unique axis can be determined fron

€ =1 8, f _ -
peant LR Sl CHATARE (2.12)

Substituting for ﬁ' and i;” 2rom (2.7%) and (2.10) we

!

eot

N0 nr|_ | 2 2
€ = 1 + 4% -A;--»{a + %Am * %{ 1~-(1=3c08“s)8] ¢, (2.13)
Similarly

e ~1 P _
‘B s Ar@E i), (2.14)
Substituting for i’ﬁl and ;‘,“;l fron (2.4) and (2,11) we got

N, ¢ nr

cl = 1+4n..éﬁ_.~

Therefore the dielectric anisotropy

- 2
{a - %Aaa + %[1 + %(1 -~ 3008%3)8) (2.15)

4K, P hy 2
LremE -€ = ---i—m— ra - '?k'i’ (1 = 300&%)]& . (2.16)



The widely warying dielectric properties of
nematio liquid orystals can be explained qualitatively
on the basis of this eguation. The valus of Ac can
be negative or ponitive depending on the relative
strengths of the two terms in the square brackets.

If § is goro or very saall the two terms add wp to

give a strong positive dieclectric anisotropy.  when
g~ 55, the second texm vanishes and the contribution
to Az is only from Aa. For higher values of 3,

Ae will be nogative or positive depending on whother
the dipolar contridution is grenter or less than the

polarizability anisotropy contridution,

Haler and rwier’ measured the principal dielectric
constants of p-agoxyanisole (PAA) auld found the
dielectric anisotropy to be negative. Ve have reproduced
their measurements in figure 2.1. 7They also caloulated
Ae from (2.16). The molecular polarizabilities of PAA

were estimated from the refractive index measurenents
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Principal dielectxic conatants of p-azoxyanisole.
e, and € are the values for measuring fields
parallel and perpendicular to the optic axis and
e, the isotropic value. (After Mater and Meter')
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in the 801id phase, The values of p and § were
estimated to be 2,2 Debye and 62.5° respectively
from Kerr constant msasurements in dilute solutions
and dielectric measurssents in the isotropic phase.
The valup of Ae, caloulated using these values and
the theoretical value of 8, turned out to dbe negative

in fair agreeent with the experimental data,

From (2.13) and (2.15) we can also calculate

the mean dielootrzio constant in the nematic phase.
- R.Phy _ 2
€ -%(e" 4a¢l) - «tn-%-»-— (c+%‘3) (2.17)

The isotropic value of the dielectric cone tant can

be obtained by putting s = § in either (2,13) or (2.15).

N PhR 2
€, ® 144:-5;—-—('&";%) (2.18)

(2.17) and (2,18) imply that € and ¢,, thould coincide
Tyy for all nematics. but € 1s found to coincide
with ¢, only for the nonpolar p,p'~di~n-alkylazobenzenes.4d

However in compounds in whioch the molecule has a composent



" of the dipole moment along the long moleoular axis,

€ 18 experimentally fourd to be less than e, . 1n

the case of paat the a1fference bétwm € and e, was
found to be ~ 14 Por strongly polar molecules® the
difference can be as much as 4-54 as we shall see in
ohapters III and IV. 7The Haler and Meler squation is
not able to account for this differance betwoen € and
s because it complotely negleote the near neighdbour

corrolations.

Madhusudans and Chandrasexhar® heve proposed

a theory of antiparallel noar neighbour gorrelations
| N pematica composed of strongly polar molecules.
They have included an antiparallel short range order
tern in the interaction potential. Using thin modi-
fled form of the potential in the Maler~Meler thoory
of dielectric anisotropy, they showed theoretically
that g should be |ess than the extrapolated isotropic

value. Let us briefly discuss their theory.
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Theory of antiferroeleotric short range arder

theory is dased AN a method developed
originally by Bethe' for treating order-disorder
effects in binary alloys. Ve choose a space fixed
coardinate system XYZ, with the Z axis parsllel to
the unique axis of the medium. It is assumed that
eaoh molecule is surrounded by g nearest nsighdbours
(g > 3) and that no two of them are nearest neighdbourse
of each other. This implies that in writing down the
interzction between the central molecule and its 2
nearest neighbours, we neglect the interaction detween
any two of the » neighbours. Lat ﬁ(om) be the
orientational enexrgy of internction between the
central moleocule O and one of its meareot neighbowrs J.
90: is a funotion of the sphorical coordinates 8,, ¢,
63 and 70 Similarliy let v(ea) be the interaction
enorgy between J and the remaining molecules of the
uniaxial medium., The relative weight for a given
configuration of a cluster of (s + 1) molecules is
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given by

Jj; 2(054) &(0,) (2.19)
where  £(8,,) = exp[~E(8,,)/kT] ,

6(8,) = exp(-V(8,)/k1] .
The relative prodability that the central moleocule O
and one of 1ts nearest neighdbours, say 1, are oriented

along go, 9o and 91. 94 respectively is

4)(600?0’310?1) - 1‘(001)8(01)Jiggf(eoa)a(ﬂg)d(cwﬂd)dﬂ .
(2023)
Since this prodability should be the same lrrespective

of which molecule is regarded as the central oneg
\P(egtvol 930?‘) -~ \l}(‘%v?,! 903?0) s (2.21)
which 18 the eonoistency relation due to Krieger amd

Jama.s {(2.21) can bde reexpressed in the foram
K(Q_Q)

| (2tongetepacacs oa0,]

57 = oconstant , (2.22)
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which has t0 be satisfied for all wvalues of & and g.

liow wo have t0 conoidexr the form of the orienta-
tion potentials n(ao’) and 7(63). For simplicity let
us asgume that the molecules are oylindrically symmetrio
and that the dipole moment is along the long molecular
axip. Evidently by virtue of the anisotropic shape
of the moleculs the nearest neighdbowrs will have a
tendency t0 assume an antiparallel orientation. lowever,
the absence of long range translatiomal order in the
nenatic phase preocludes the possibility of antlforro-
slectric long range order. Under these oconditions we

can assune the palx potentials to be of the form
50y,) = A%y(00s @5,) - B"2 (008 9,)  (2.23)
and

7(83) L -BPa(eoa 0:) . {2.24)

The firot term in (2.23) signifies entiparallel

ordering. P, and 2’2 are Legendre polynomials of the
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first and second order, AT, B® and B are the

interaction parameters. Using (2.23) and (2.24) in

(2422) we geot the oonsistenay relation

am[ﬁre(ca- 90)/):5]

= gonstant .
Bg {-u /xa)e4 (008 8y,) + (B%/k2)P,(00n o9

+ (B/M‘)?a(ew 83)} 4(con "ej)a@{l

(2.25%)
This relation has to be satisficd for all values of

?z(ooa 6,). 1If A%/8® 1o known, the parameter

influencing the loxng range ordexr can be determined in

torms of B® at all tempemturéu.

The short range order parmeters are given by

1’:‘““‘oamau"’e“’a'vj)“("‘”90’“‘90 d(owea)d@;‘

<1” (0”903)> .S
S P(85190194:94)a(0008,) dp, d(c0886,)dg,
- (2.26)

mmg/\

?2(003903}.|J(90.90163.93)d(00860)d¢0 d(cosO:)dqa

(», (ooa903)> ug

)

CINTN Qa,qva)d(cw%)&pe d(oow’)dga

“ﬂf@

(2.27)



The long range order paranmeter

) S‘ .Sr,‘,(moomog.vow,.%)a(owee)a@o d(o020,)d9 4

S. : S\PMO"D’ 8419 4)(c0s 8y)dgy alcos 6,)dp,
(2. 28)
The ourves for the short range order parameters
<P.‘(oon 903)> and <?2(uw 903)> and long range
order parametor s as funotions of tanper ture are given
in figure 2.2 for a repxon«tative value of A’/‘B” ® 0e5e
All the curves show discontimity at mm; 8 drops %o
gero dl the transition, but the short range order
perolets oven in the isotropie phuse, The negative
value of (P (oo %3)> signifies antiparallel

ordexing.

Let uo now apply this model to investigate the
dielectric properties of the ordered phase. e follow
closely the trestmert of Maler and Heler dlscussed
earlier. Here the Haler-Saupe distribution function

w{®) 48 roploced by \p(em.%;er@:) to get the modified
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Short range order parameters <P1(ooa 903)> and <Pg(cca 903)>

and the long range order parameter a versus B /T, The

curves are for A""/ﬁi’l w 0.5,
Chand maekhws) .

(After Madhusudana and



fawn of (26 &nd (27).
g . g [ Ch gy #0gIBE, /T30 b (85,09 136 409 3)

) X oing, a8, dg, siné, dg, 49, Ay vy

i
! g [‘H(uwﬂz“)hﬁ-’h/m]\{J(Go.tpas%.@j)

. ?

"

and

S’" T '§{1*(uxuﬂ3 a)hﬁ f’k‘l‘iuw&[)(%,%;& :‘?3)
_ X 811190 690 ﬁ@o sin@s ﬁaj 393 d’x)j &’3’9

po= T
1
S:. . 'g{1*(“xamx3)w JET] \]J(%.@QWJ.QJJ
¢ K
X sing, de, dg, aing, 884 dgy dvy A%,

)

where Bgo = u¥ cos GO

, ¥
and = pF 8in 9, sin”> .

B0
After intoegration the wbove intograls reduce to

%7“ o [<°0ﬂ 8°> + <eo=s: 8, con €J>1L

and

- nroy®
b= “ s

AV

(2.29)

{2.30)

(2.31)

—-<a1n“ 0> <ain'9 sin>, eind mn%a> JK (2e32)
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Substituting in (2.12) for @ and i from (2.3)
and (2031) we ged

€ =1 44x -—Aﬁ-——-[a 4»-3(3«5 + 2 (254-1) *E%—<omo 00863>J

, (2. 33)
Similarly from (204); (20 14) and (2,.32) we get

B, O hy¥
e =1 143—5;~{&~%Au+§§§(1-a)

* ﬁ: <amv; Mm’; RN ain63> 1. (2.34)

The temperature variation of ¢ , € amd €
caloulated from (2,33) and (2.34) is shown in figure
2,35. The parametors used in the caloulations are
Pe1.2, am»28x 10”'2‘ ms, A s 15 x 10"34 om’.

# = 5.0 Debye and the theoretically dorived value of

s from figure 2.2, Ve notice that € inoreases by &
few per cent on golng Ifrom the nematic to the isotropic
phase because of the diminutionin <I’1 (oo 603)>

Also e nagnituie of the dielectric anisotropy agroes

well with the values of Ae nmezsured for strongly

polar
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After Madhusudana and Ghmdmwkhar ).
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It was found that vhen V(G;) given by (2.24)
was used thoe consistenoy relation wae satinsfied
only to about 2-3% in the neighbourhood of 8~ n/2,
In prineiple, this can bde improved by including
higher ordexr terms in (2.24). Indeed, o marked

improvesent in the accursoy was obamadg by taking
v(e,) = -BP,(cos &) ~ CP,(o0s 93) . (2.35)

Thio saticfied the consistency relation to better

than 0; 1% at Ty for 8 = 8,

Dershanski and Petrov'' have also extended

Maler-Heler theory by taking t he snisotropic
shape of the molecule into account, replacing the
Onsager's spherical cavity by an ellipsoidal
This leads to equations that are essentially the
same ag (2.,13) and (2.15) except that h and £ are
now dependtent an the order parameter and the ratio
of the axes of the moleoular ellipsold.

It was suggested by Terghanakld and Potrov”
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that the difference between & and e;, Observed

by Haler and Meiex'

in PAA i pxobably due to plego-
eleotric clamping since the measuremonts were carried
out in the radio frequency range., ¥#e now know that
the differemne exists even when the meassuring

frequency is as low as 1 XHz.

BordewiJk'2 extended the Kirkwood-Frohlich
theory for isotropic liquids to nematics DY teking
INnto connideration the dilelectric anisotropy. This
model differs Lrom that of Cnaager's in that it
ineludes the short range order effocts via a corre-
lation factor. fhe maln drawback of this theory fa
that the polariszability anisociropy, which ip an
important property of a liguild ¢rystal, has been

ignored.

Dlelectric relaxation

The dlelectric constants of a liquid eryotal

are frequency dependent. All the theories diccussed
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8o far dealt with the behaviour of a nematic

| N the presence of a Btatio eleotric field. V¥hen the
applied static fiold is removed, the orientation
polarization decresagses exponentially with a charactexri-
stic time T known as the relaxation time. Imstead

14 we uze an altammating fleld a ¢ime lag between

the applied fleld and the orientation polarization
will de introduced which beccmes notioeable for
frequencies of the arder of s '. when the Irequency
i groater than 1‘"" the dipole moment will not be able
to follow the ficld and the moasured dlslectrioc

constant is due to the induced polarization only,.

The mechanism of diepersion in & nematic is
,complicated. Due to the presence of the molocular
order e and £ have different frequency dependences
&g ‘ax}ubita an}.y‘tne normal Debyes relaxation which
ugually occurs in the GHg region. On the othexr hand,

€ showe an additlional dispersion in the MHg region



or even in the KHg region. The low frequency
relaxation of € was Lirst cbeerved in alkoxyezoxy-
bengenca by Maler and Heter. !’ They also worked out
theorectically the expected forms of the dispersion
curves for nematios (figure 2.4) and showed that in
the radio-frequancy roegion £ oxhibits a dispersion

while € reuaine comtamt,

The low-fregquenocy relexation of e is due to
the reorientation of the parallel component ¢f the
diiao’le noment hindered by the nematic potentiel.
Hartin et al.,'® extenied the Debye model' for dielectric
relaxation in isotropls liguids to nemptics. Shey
showed that the relaxation time (%) corresponding to
the recrientation of By is largey than the relaxation
time (to) in the isotropic phase by a rotardation
factor 'g' amd ovsloulated 'gY as e function of the
nenatic potentinl 'q' by taking into account the strong

intermoleoulny potential.



Frequency (Hz)

Fiqure 2.4

Expected forms of the dispersion curves for e

and € of 4,4'-di-n-alkoxyazoxybenzenes,

1l
(After Maier and Meier ).



in Lebye's thoory, uwhich is buoed con
Linstein's theory of Brownlan motion, it ic wusumed
that the rotation of a molecule due to an applied
field is hindered Dy collisione with its neighbours.
Consider a nematic in WH ch the dipocle nmoment p is
along the long molecular axis. In the ypresence of
an external eleotric field &, the molecule rotates

with an sngalar velocity

@ . 1, (2:36)

wiere M = - %g ic the torque acting on the nolooule

and vy ic the resistive conctant. U lu the total

potentlial energy givern by

U = = pE 0086 - %’g (300° & ~ 1) . (2e37)

The firot term ic due to the applied fleld while the

second terz is the nematic potential given by (2.5).

The orxiehtationy) dlsirivution of the nmulecnles

at a tlme t can be desgeridbed by a disixibution function

Al



£(9,t) such that d¥ = 2xfaind 46 is the fraction of
molecules having an orientation between € and € + d0.
The orientation of the molecules changes gontinuously
due La dlffusion as well aa the appliocd field %111 an
ejquilibrium state iz renched. I£ J ie tho number of

nolecules going through O-orientation in unit time then
J m =K -%—5 + £ <-g~% ) (24 33)

whero the firat tern represeats the diffusive procese

ond the second texm 1o the effect of the applied field.
. ‘ 08 .

Substituting for (53 ) frem (2.36) and solving the

differenticl equation we et the diffusion consiond

K = ®/v .

The rato of increasge in the number of molecules having
orientationy bLetween 6 and & + 40 1is given by the
differonce in the number of molecules crosaing oricnta-

tions @ and 8 + 40, le.€.,



Llon eine @8 L) = -g% (on gin & J)ae

of 1 .
=<3 * " 3Fnd sesne d).

Subctitusing for J from {2.38) we get tho Dbebye

differenticl equation (}
¥ 1 5. /*-‘ :
~% = 2“_0 2in e 36 sin (:)( Bt f) 5 (2c3‘.‘~)

where T, = V/2kT i8 the lebye relaxzation time.

In order to golve thic differentiazl eguntion

16 made the sliaplifying assunption that

eler and soupe
the electiric figld & applied olong n is turned off at
atime ¢, and that the yerturbation of lie anguilar
distpidution functlon Dy I hae the form of a cosine
ot all times after the field |lo switched off, Uhis lo
mathenatically reprecented by

£{e,8) = f6(1 + aéi C,t) cot =) {2.40)

where Io ir the undisturbed distribution of the nenatie

48



order. Lect us ascume the sawe fom of f(} talien in

long range order theorygs 1.2y

2
- FAwe
£,(8) = oe (¢/k%)ein” @ . (a.41)

Let us now caloulate the rate at which the clectric
polarization P decays after the removal of the oxternal
¢lectric field. If K I n %he nunmber of meolecules per
cubic oms» the electrie polarization

#

Pﬂﬂcﬁaﬁou £ cos & win © 46 .

Ueing tho distribution functlon given by (2.40) we can

arrive ot the differentiol equution

z.(n/2)
r 1 o
ot %o <|ew 0]> ’ ( )

wvhere <|cw 6|> is the expectotion value of the adbeolute

value of cos O I n the undisturbed distridbution fiﬁ'



The golution of this differenticl cguation is

I} - PQ e-—ﬁ;f“' , (2.43)
[+ ]+ &
where “ i{ ml> LZe)
ru (“/‘2)

According to the definition ¢f the retardation faotar

< o & TO . (20 44)
Therefore
coz ©
fg(n/?)

| N the lsotropic phuse, e volus of both fu{n, )

and <lcﬂa @|> ie 0. giving o volue of unity for g,

In the neaatic phase, where tho nelecular order ie
between complete disorder ond poriect orxder the value

of <|aoa @I>’ia between 0.5 and 1.0, On the other hard
fg(nfz) 1o a very suall guantlty leszs than U5 since the

number ¢f moleculegs having a Y°-orlontation with
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respect to t he dircotion of the applied field is a
very small fraction of the total number of molecules.
Thus the value of g $¢ always greater than 1 in the
nenatic phase indicating that © > T, Uoing the form
of £, given by {(2.41) we can evaluate fo(n/z). The

expeotation value of <]eot3 {é|>can be obtained fron

B
{ cos e £, atn 6 ae

(Joos 8]) = 2o .

g fi) sin 6 do

Then we obtadin the relation bdetween g and q as

"
g = %{@x;: WRT - 1)~ ki/q exp({q/ikT) . {2+ 46)

“he Lebye relazation time in the laotropic phase
can be duetermined by Sreating the mologule as a4 spiere
of radius 'a' rotating in a viscous medium of visoodity
e seeording o stoka’s law the frictional realstunce

vy to rotation expericnced by o molecule Lo

%
y = Sma’



which gives
x - % - 4::%)@43
o "ﬁ""‘“ »
17

Expreasing the temperature dependence of viscosity
as

n ol exp(q /kT) ,

where q, i S the activation energy duo to viscosity

effeots, we got fxon (2.44) and (Z.46)

T ol explq + q;ﬁ)/kT . (2.47)

This 15 a rate eguation with the activation energy

(q + qn). which oan be deteruined by measuring the

tomparature variatlion of the rolaxaticn time of &
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