CHAPYIR 3

BETHE CLUIZER MONEL CALCULAZICHS ON
HEMATIC LIYID CRYSPALS: IX. POLAR MOLECULLS

3.1 Introduction

The part played by permunent dipoles in determining
nematic ocrystalline properties has besn the subject of
conciderable discussim. Indeed the firet theory of nematic
1iguid crystals by Max Born (1916) was developed by treating
the pedium as an oriented asgsembly of permanent electric
dipoles, or in other vords, as a ferroelectric medium. It
predicts a second order transition from nematic to isotropie
phase., The experinentss (Saivesay 1926) to detect free
charges on the surlace of the ligquld eryetal carried ous
with a wiew to testing Burn's theory yielded negative
resalts. Purther it is now well established that perma-
nent dipole moments are nut necessary for the otourraence
of the liguid crystulline phasde. MM?Matmniwmplc
(HI) transition iz always of first order mature evea wien
the molecules are polar. Indeed av we dlscussed in the
previous chopter, the firct successful molecular theory
of NI transidtion by Maier amt Saupe was developed without
taking into acocunt the polar character of the molecules.
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However a wvast majority of neuatogens are polar
moleculea. In particular thare are a larger hRumber of
nematogenic compounda with a nitrile (-G&H) group fixed
to one end of the moleocule. In such a case, the nitrile
group with a dipole moment of ~ 4 debye points nearly
parallel to the major molecular axis (see Chandrasekhax,
1977). The mesophase itself is non-ferroelectric, l.e.,
the nematio director is apolar and hence there is an egual
prodadility for the dipeles %o point in elther direction.
Because of this 1t is generally assumed that the permanent
dipolar contridution to the orfentationsl axder is negllgibly
small. However, a simple calculation shows that thio is
certainly not a walid ssaumption, particularly for strongly
polar naterialn, mx such molecules the interaction enexrgy
between neighbouring dipoles is comparable with the diepersion
energy. Thic suggesta an antiparallel ordering of neigh-
bouring molecules as wos Lirst pointed out by Madhusudana
and Chandrasexhar (1973a).

Zor simpliolity, the molecules are segumed to be
cylindrically symmetric rods and the dipole moment is taken
to be along the major molsoular axis. How if a dipole i
fixed at 0 as shown in figure 1, I and IXI represent situa—
tions of minimum froe energy for a neigbbouring dipole in
the aide-on and end-om positions respectively. Ewidently
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PIG.1: Preferred orientation of neighbouring dipoles i n the
end-on and br oadai de- on positions. MNwewexrs Because
of the ani sotropic shape of tho nol ecul es, situation I
is much more i nportant than II i N the nematic structure
and there results a net antiparallel correl ation
bet waen neighbouring dipoles.
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by virtue of the anlsotrgple shape aof the nvleculie,
situation I will be zmch more lmportant thun situstion IL
in the nematic structure and hence there will be a greater
tendenoy for the nearest Reighbours to asaume an anti-
parallel orlentation. However, the abosence of long range
dranslational oxder in the nematic phase precludes the
possibility of antiferrcoelectric long range order. LThe
nexr neighbour sorrelations giving rise to antiparallel
short range ordexr will extend over a certain correlation
length.,. But az far as a distant malecule is concerned, its
orientation with thias antiferrcelectric cluster will clearly
be apolar in mature. In other words, it will be fully
equivalent whether the malecule io pointing ‘up' or ‘dom’.

Direct  X~zay evidence for antiparallel loocal
oprdering in the nematic and isotropic phases of 4'-n-
pentyl and 4'-n~heptyl-4~cyanobiphenyle (5B and 7¢D)
both of which are strangly polar campounds huve been glven
by Leadbetier ot al (1975). They found that the meridional
reflections corresponding to a repeat distance awlong the
preferred axis is about 1.4 times the molecular length.
This has been interpreted ad due W an overlapping headw
towtull arrangenaent of the neighbouring molecules (ses
figure 2). 3Similar conclusion was drawn zn:s?’gatyl
compound 8@ (Lydon and Coakley, 1975). Im!;ad using
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FIG.2: Schemtic diagram of antiparallel |ocal structure
in 5CB (and 7CB) resulting in a repeat distance along
the texture axis of 1.4 times the molecular length
(proposed by Leadbetter et al, 1975).
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neutron diffractl on measurenents on 8CB, Leadbetter

et al (1979) pocitively confirmed and quantified the
bilayer structure mving overlapping molecular cores at
the layer centre.

3.2 Theoxy

To exprecs the {deas in a mathematically tractable
form, Bethe's cluster model is exployed (see chapter II).
The pair potential betwssn the central molecule 1 and
one of ite neighdours J is now written as

E(cos 8,4) = A", (cos 84) - B*P, (cos 8, (1)
where P,(cos 9“) and P,{cos ai-.‘i) are the firet and
second order Legendre polynomials. The positive sign of
A® favours an antiparallel arrangement of the parmanent
dipoles. Madhusudana and Chandrasekhar (1973a,b) made
oalcalations by assuming the long rangze potential to be
of the form |

V(o,) = = ByF,(cos 6,) . (2)
As wae havae discussed in the previcus chgpter retalning
only Fa(coa 93) tera in the long range potential does
not yield satisfactory results, [Hence we refine thelr
calonlat! ons by using the following potential: ‘
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"(93’ - e Bapz(cml 93) - 3543?4(608 aj) (3)

To deternine the coefficients B./k? and B g’w the Krisger-
James (KJ) approximation was used, l.e.,

a(@)/? % @) = ocanstant. 4)

whera

g(9;) = exp {[azra(caa 8,) + B,2,(cos 91)}/!:?}
and |

?(9,) = “t(wa 61-3) g(ej) d{oos 84)dy

where f{cos Bu) - oxp{[a'rz(cos 0, 3) - A"p, {cos 9“)3/1:*1.},
2 i the mmber of nearest neighbours and ¢ = 9, - Py
To locate "'HI’ we have used the two-zite cluster free energy:

(2/5xT)pp = (8-1)1n32-a21n 3, ,

[e/Mt]y,, = - #/21n 23, (5)
vhere

2/ (a=1
i, = S[s(a)] (a=1) d(cos 8) |

Z,, = ”j.t(eoa 9, 4)5(8,)8(6,)d(cos 8, )d(con §,)dg
and
22, = g exp[ { 3%, (cone, ) - 4%p,(con 9 ,)}/x7]d(00s0, )

ees  (6)



The hest of tramsition is given by

AU w Uy = Uego {7}

whoxe

Upom ™ = %ﬂa“ (pylo0s ;) - & (p(con a,_i)) i,

Ugag = = B (2yl008 0,400, - &% yleon 93]
(x@gy)) = e ([[ x(ay)e(00m8, )aly ds(0y)a(c0u8; )aloosay e
and

<x(813)7 § - %g; gx(an)mp[{ﬁ"?z (cons, , ) (cos@y 43} /K]
d(cos 3“)

The specific heat at constant volume i given by

-ﬁ' - (33/3! )7 . (8)

The detailed expresalion of Gv ie given in appendix II .
As in the previous chapter, the hypothetical second oxder
translition point 7® 1 obtained by usiyg the condition

1
w1

{pzcuwa)w[ { 8%, (00s6) ~ &*p, (cas ©)}/kTjd(con 8)

{@xpl {8%p,(con 8) - %, (con 5)}/kZ]d(vos @)
ees 9)
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Sonadt (1972) measured the dielesctric conmtants
(¢, and ¢,) of some cyans compounds and found that the
mean dielectric constant E(= (¢, + 2¢,)/3) goes wp at Ty..
Madhusudana and Chandrasekxhar (1977) pointed out that
their model can acomnt for this observation. e now
derive the expressions for the diglectric coanstants of
such sompounds.

We follow olosely the treatment of Maler and Melerx
(1961) who have applied the Onsager theory to take liuto
acoount the effect of caviity field produced in the mediwm.
The effective induced dipole nomente per molecule along
and perpendicular to the unique axis of the rediun are
respectively

(ay = [a+f8a () 12nz, ,

(m,) = [au%ha {(Py) JZh B, (10)

whers h = 32/(2€ + 1) i3 the cavity factor. 7 = 1/(1=af)
13 the reaction field factor, « the average poilarisability,
£ = 4lif(2c ~ 2)/34(2E + 1), © the density, 1 the mole-
cular waight and 3 the applied sleciric fieid. Aa 48

the anicotropy of the polarizability of a perfectly
ordered system. In pri::wipg;a we should apply tone correc—

tiona in factors lilke 7 and ,to allow for the andsotropic
. b



dielectric constant, but a8 we are interosted only in
the order of mesgnitude of the dielectric anlsotropy, we
ghall neglect thess corrections.

To caleulate the effective permanent dipole moments,
wa choose a space fixed coordinate systom L¥Z, Z being
parallel to the unique axis of the medium, and gng a8
the molecular fixed coordinate systew, G coinciding with
the long axis of the moleouwie. Let Y be the Eulerian
angle batween the § ~-axis and the line of intersection
of the XY and . £5 - planes, and ' . the angle botween this -
line and thae X-axis, Vg assuae a8 bdefore that the molecules
are cylindrieally symmetric and that the pormanent dipole
moment p ias parallel to the long molecular axia. The
potantial energy of the d4ipoles due to the external field
is small. Hence the Boltsman foctor is expanded and
retained only up t? ‘mmﬂ torn.

The elffective dipole moments slong and perpendicular
to the field direction are then given by
<V‘| '> = <“z>
[ D1+ tuggmy MmEy/x2ln, £(coe, )a(d, )6(9,)8 (co88, )a(c0sm, )ap

(( (14 (g B /xT]2 {0080, 4 )86, }8(04)d(cony Ja(cond, )dg
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( ( f [1 *(p,nq-p.,n )h’h‘xf k’ﬂ]pux(coaﬁi 3)6(91)8(93 .)d(ooaei)d (cw&a pL.7Y

H j [1 "'(“xi"“x 3 )h:sxx"krjr(cmﬁi 3 )g (91)3(93 Ja(cosd, )d (coﬁej pL™

s (11)

Vg = p? cos ﬁi

Myy ™ p? sin 9; cos g, (12)

Prom eqo. (11) and (12), we get
h#pl 2 asN T
CH% -‘E’EE"[ Ceos® ;> + (cos 8, com 93) iz,

( hl’z&lz[ ainz 2 _ . ]
) = (sin®9; cos®p;) + (ning, 8ine, conp, cosp,)]E

ee  (13)
But
€, - 1 K¢
—— 5, = "g‘((m..) + Cugd)
and
€ = 1 . E? | 1
4 oy = 3 (a,> + <&&x’>) (14)

Substituting for <u3> ang <p.x\> Lfrom equationg (13)

in the cquations (14), we et ¢, and &, a8
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4ndi $hP

€ = 1 & Ia+3Aa <P>+§--——;—;(2<E’>+1)

2L

M
2 .
+ mw <mﬂ1mﬁi>i

433 © WP 2
e, = 1+ - [a - %Au (12) * % <ain"3 By con® @1)

2
+ P (s1n 9, sin 9; 005 8; coe 6,5 ]
= {15)

5.3 Regsults and Diseuszsion

20 make numericsl calculations on the propertics
af the nematic and isotropic phasaes, we arowsed that
™ o 0.5, Pora given value of z, we nade the calou~
lations as follows. Assuming a certa’n value of 3%/xg
(and hence 4 /KT) we iterate on B,/KT and B " &2 to satiscfy
%iie KJ approximation (eq. 4) as acourately as possible
at 32 values of © manging from O to %/2. 7The integrals
are ovalunted by 3Z2-palnts Gaussian quadrature nethod.
The iteration wap done by adapting a least sguare Titting
procedure. The calculationsg have been carried out in
double precision on an IBH-360 computer. The free energiea
of both nemautic and isotropice phases are calculated by
using the eguation (5). The differcnce between them
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is made equal to zero by iterating on the assumed value
of B%/k2. The heat of transition AU (eq. 7), 7T (eq. 9)
and the gpecific heat at constant wolume a,, are caloue
lated. %his procedure has been repeated for 3 = 3,4 and 8
ani the results are tabulated in table 1.

The short range order parameters, Vid., (1’2(.(:03 e’m))
and (2,(con 91.1)> of both nematic and isotropie phases
are plotted as functions of if,-”'zM in figure 5. ‘he long
range order parasetars (?2(%:3 8))> and (z*‘t(caa 8))
are plotted in figures 4 and 5 respectively for n = 3, 4, &
and o (mean field |imit), Zhe specific heat at cunstant
volune Gv is also plotted for buth the phaven In £ig. 6.

2o ealeulata €, and g, for a strongly polar
(nitrile) compound of the type studied by Schadt, we acsune
that M = 300, £ = 10, Pu 1, a = 28 x 10" ow’,

N w152 107% en’, pmsSD. e,,€, ond € are
calculated in both nematic and isotropic phases for

g = 4 and 8 and are shown In figure 7.

As scen from table |, the ratio (ﬁm._ - ‘B’)f’i‘m
decreases as 2 is decreased. Dnis trend is similar to
what we have notad in the previous chapter for non~polar

molecules.
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fhe long range order parameter (P,) of p-n-pentyl-
pt-cyanobiphenyl (50B), which 18 a strongly polar mterial
(Miyano, 1578) agreeswell with the theoretical values for
2 = 3 and 4. (eesxigavecdds Experimentally <P4> val ue
of 5B changes sign clowve o 2y and is negative at Ty.
Howaver our theury camnct account for such negative values

of (?4} .

before the specific heat O (figare 6) at
oonstant volume al all teuwperatures and A!::v -~ the jump
in Ov at %NI incrasase systematically &8 g decreases from
o (mean field limit) to 4, but drop to lower values for
2 = 3. 4 osimilar trend was also found in the previous
chapter for the aystex of nolr-polar moleculss.

€, » & and Exaa for n (4'=sthoxybensylidene)=4-~
aminobengonitrile (Schadt 1972) are given in figure 8.
Comparing these with theoreticnl resulta given in Lfiguwrse 7,
we find that the variation of calculated dielectric
constant near TESI is not as rapid as the enqxemmal‘
values. It should be emphasized that 1f the volume
variation is also taken into account, we should got a

mich moare rapdd temperature vardiation of the dislectric
gonstants evpecially near TKI" But apart from that it is
clear from a comparison with figure 8 that the dielecinic

anisotropy is of the right order of magnitude.
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An interesting conseguence of the theory i s that
the mean dielectric constant € should increase by a few
per cent ova going from the nematic to the isotropic phase
because of the diminution in (:P‘ (cos eu)> (a8 shown
in figure 3). This is found to be the case experimentally
in a number of strongly positive materials (acts figure B)
(see also Ratna et al, 1976, 1979). Recently wvery accurate
neasurenents on the dialectric consiunts of 705 were
made by Bradshaw and Baynes (1581). [he recults are
raproduced in figure 9. It can be seen that the walue of
€ takes a Jump at Ty,. Purther it is intercsting to uate
that € takes a maximum in the isotropic phase.

The shaxrt rangs antiparallel correlations betwaen
neaxr neighbouring molecules with a cyano end group give
rise 0 ancther interesting phenomenon. Cladis (1975)
discovered that bihary mixtures af certain nesogenic
cyano compounds exhibit the phenmienon of re-entrant
nenstic phase. On cooling, the nematic phase goes usunlly
over to the smectic phase which han one dimensional
translational order. But Cladis obzerved the following
sequence of phase tranaitions;

Isotropic —~—> Hemmtic > Swmectic —> Hematic
rthe second nematic phase which is obiained on cooling the
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spectic phase is called the re-entrant nematic phase, in
analogy with similar re-ecntrant phavcs observed in supor-
conductors, lHe-3, etc. Later Cladis et al (1977, 1978}
also observed the re-entrunt neualiic phase in sowe pure
cvano compounds at elevated presaures. Recently, the
re~entrant nematic phase has Leen observed in some pure
compounds at atmospherie pressure (Madhusudana et al, 197Y%
Hardouin et al, 19793 Tinh and Gasparoaux, 1979). For
sone of the compounds, a re-anirit smecotic phase which
exists at temperatures below those correspomnding to the
re-entrant nematic phace has also been found (see Hardouin

et al, 1979).

Az we mentioned earlier, cyano cawpounds have o hilayer
sgtiueture. 45 the temperature o pressure is varied the
moleculaxr packing is altered zliightly and the resultant
subtle changes in the bilayer structure appear to be respon-
cible for the occurrence of the re-eatrant phases. Thus the
antiparallel arrangemont of polar molecules has an fmportant

consejuence in the mew phenonmenon of the re—~cntrant phuses.

Tpma and Vertogen (1976) buve also studied the
effect of introducing P,{cos 9}_3) type of term in the
near heighbour interactlon. Theyassumed the poieatial

to be of the form
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?(63) - - hg"(cos Sj) - 2:‘2?2(ma 63) .

I%t i interesting to note that they have taken g
‘P'(tmn 93) type of term | N the long range potential V(ej).
Depending upon the sign of J,‘\. the system can exh 1bit either
farroeleciric (positive 31) or antiferroelectric (negative
J4) phases. They have found that gor (J,/3,)< 0.3, the
nematic phmo[h, = Q' goes over t 0 a syston with non-
sero value of (P'(caa %D s 1ee., & {(anti) ferrxoelectric
phase. For (.:,/32) > 2.3, they find that the (anti)ferro-
alectric phase goes direcily vo the iuotropic phase.
Howsver it can be noted that no suoh {anti) ferrcelectrie
phage has been found up to now. durther in the case af
the antiparailel short runge order that we huve discussed,
4t is difficult to luagine the (anti)ferrveicotzio long
range order in the absence of long range trannlational
oxrder. Indeed even ferromagnetism in the liguid atate
is conatdered to De foprobable (cee Honda and Xato, 1973).
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