CHAPTERR VI

STUDIBS ON BINARY MIXTURRS WHAICH EXHIBIT A
MAXIMUM AS WELL AS A MINIMUNM IR PHE A ~N
TRARSITION BOURDARY

6.1 Introduotion

Studies on binary mixtures Of mesomorphic
gompounds have been of considerable interest, FOr
example, in the identification of meecphase types.
when two nematogens are mixed together, usually the
mixtures exhidbit only the nemmtic phase. !‘M. the
nematio-isotropie transition temperature of such miztures
vuries linearly with composition %o a gnod-agprnx&nation."&
In such syotems, the depemdence of the melting point of
the z0lid on the composition can do desorided by the

Sohréder~-Van Laar eguation. °

However, | N the recent pust, ncw types of phose
diagrams have been found in binary mixturee of some
nematogens. 7?0 nese mixtures show the smectioc A
phase (and sometimes other smeotics) in some range of
componitions (medium conpentratime) even when neither
component in the pure state exhibits the smectic A phase.
Qonfining our attention to such an ‘induced smeotic A*



phase (Or induoed A phase)}, the A~N tranzition boundary
sharacteristically exhibits A mximum for & certain
composition which 1s wewally 50 mole# of the components
(ngcfgn,b). St 48 OV known M at the induced A phase IS
observed in some ocompoaition rance of the mixtures when
One eof the ocmponents has the strongly polar eyane «@
nitro end group while the other component has NO such
group., Thus interactions between pexmanent dipole moment
of the strongly poliar moleeyle and the induced dipole
momenit ol the weakly poler moleoule wppesr 40 be impoxtant
far the coeurrence ¢f the induced 4 phase. e must,
however, mention that Domon and Billard®! and Surech®
have found the induced A phase in some eystems even when
rnel ther ocomponent has the oyane Ol nitro end group.

Park et al" suggested trot induoed A phase is
formed by wvirtus Of a charge tranafer interaction of tho
components of & bisary mixture containing strongly polar
and weakly polar molgoules. fa such mixtuwes, charge
tranefer complex formation dakse place Letween the
molecules of the two kinds, the highly polar component
acting as the acoepter while the other component acts
like o domor. Evidence far such an interaction has heen
found by Sharma st al®’ who detected an additional
absorption sand with negative dichroism | N the visible/UV
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speotrus of some miztures exhibiting the induced i
phase. This interaction results in & strong laterl
attraction hetwesn the %wo types of moleovies and in
turn can lead {a the formation of A layered arrange-
wont charscteristic of smectic phases,

A= disoussed i N the earlier chapters (I, IIX
and 1Y}, the i phase exhibited by highly polar compounds
will be of a bBilaysr varisty, the layer spacing being
gonsiderably greater than the molecular 1@:&@%’!1‘2‘ This
structure arizes due (O the strong antiparallel corre~
lations betwean the neighbowring wmolecules of ftermiml
polar awpwnds.as In binary mixtures of such gompounds
with weakly polar compounde, it is found in some cases
tha: $the ilayer opectio f2 Jomiooible with the induced
A phaau% (fiz.6.2). ti the bilayer correspenis to nearly
two molsoular lengths (L.e., &, phase), one gets a phase
transition from a bilayer A phaze to 2 monulayer A phase
(4, phane) (as dinouceed in chapter I ).27

The antiparailel sorrelations between the wmole-
cuies of the polar component ON one hand, and the charge
transfor complex formation detwedn the two types Of
molecules on the cther lead to significant influences on
the phyeieal propertiee of the mixtures, For exaaple,
rark et al'’ hawe obzerved ntrong positive deviations in
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F1G.6.2: Phase dlagram of mixtures of 4-~n-pentylphenyl-—
At~n~00tyloxybenzoate {(8.0.5) with N~p~cyanobenzylidene~
pt-n-octyloxyaniline (CBOQA). {Reproduced from ref.26).



the value of dielectric anisotropy (A€). A 50-50 mole
per cent of ¥-(pe-methoxybensylidene)=p-n-dutylanilive
(MBBA) and 4-oyano-4'~pent ylbiphenyl (CFB) has a Ae

of 7.7 whereas s eimple additive law implies a wvalue of
5.8. The interactions aleo ¢ause changer in vizvosities
and slastlc cometante of the nixtures.-®

Az WA saw  in the previow chapter, smectio-like
short range order in the medium influences conduativity
anlsotropy to a considerable extent. Book et &1%° have
maasured the electrloal conluotivity of two 2iguid erystal
piztures exhibiting Ainduoed L phases. 2Dhelr resulte
show that gsoniwetivity anisotropy of the mixtures, whioh
ie negntive at lower coumcentrations of the peolar ecmponent,
inereanes and beoumes positive with ixorsasing concentrae
tion of the polar waponent. They have attributed this
to the growing dbilayer etructure of the polar component.

From the above diascussicn if i1: clesr that speoific
molecular interactions influsnuce the phyrical properties
Of the mixtures omsiderably. We have studied several
binary mixtures whioh exhibit the induced & phase or a
nopmatic gap between Aq and induced pheses.



Exemples for aystem: exhibiting induced A phase

1

Ex

4gyanophenyl=3 ‘twme thyl-4 '«{4M=n~dodecylbenzoyloxy)
bengoate (12 OPMBR) and 4-biphenylyl«i"-n-undecyloxy
Benzoate (BG1i).

(2-nydroxy )~p-ethoxydensylidene~p ~butylaniline
(OH-XBBA) and p'‘~n-ootyloxyep-cyancbiphenyl (8 OCB).

B011 and p'~nltrophenyl-p-n=octyloxybengoate (NFOOB),.

Bult and B-{p~cyanobenzyliidene)-p'~o0tyloxyaniline
{apom ).

amples for syntees exhibiting & nematic gap

1

2

‘‘‘‘‘

CBOCA and CH-EBEA

trans-4-propyleyolohexyl=4~( trano ~4~pentyloyelohexyl)
bensoate and CHOOA.

8 OUR and tranu-deprepyleyolohexyl-4~(trans—-4-pentyl
oyclohexyl hengoate.

Of these, we have undertuken a syptematic study of phase

dlagravs, temperature variations of layer spacings, statie

dielectric constante, dislectrie relayation ard conducti-

vities of sewaral mixtures of $we bWinary syntems. These
mdxtures eoxhibit » well defined minimum ap well se &

maximm {indicative of induced A phavce) in the sueetic 4~

pematio (A-N) trancition boundary. The results are

dincuered in thiz ohanter.



6.2  Bxperimenmtal

The two componente of the mixture ware weighed
acourately (using an autobalance Perkin Blmer Model AD-2)
into a glass oup provided with A ground glass atopper.
The mixture was heated to the isotropic phase and mixed
thoroughly by mechanical stirring Then it was kept I N
the isctropic phase for a SeW hours, The sample wae
then tranaferred On {0 a slide while it was in the
isotropic phase., The transition temperatures were deter~
mined by ueing a Mettler hot-stage (FP-52) 4in conjunotion
with a polariping miorcscope. The rates of heating and
osoling used for (his purpose were 0.2*/minute. Those
transitions were also confirwed using a differential
seanning calorimeter (Perkin-Elmer DSC-2). Heats of
tranvi tions of various mixtures WarsS aleo determined
frum the D30 studies.

The experimental technijues for the measurement
of layer spacinge, static dieleotrio constante, dieleotric
dlsperaion and conduotivitien have already been desexribed
in the previous chapters,

6.% HReeults and discusmion

{a) Phase disgram studies

The two binary nystems investigated ares



(5) ptenitrophenyl~p-n-gotylaxybensoate (HFO0OB) with

{ 2=bydroxy )-p~ethoxybengzylidene~p'~but ylaniline (OR~EBBA)
and (11) p'-n-cotyloxy-peoyanobiphenyl (8 OCB) with
p~butoxyphenyl~{pt~pentyloxy)bensoate (40.0%5). 8 0CB
was bought from Hoffmann-La Roche and used without
fuprther purifiontiam. 40.05 and QH-EBBA were synthe-
sized in our cheamdetry laboratery and the HPOOB sample
was kindly sent t0o us by Prof. A.C.Sriffin.

The structural formulae of all the compounds are
shown iIn fig.6.3.

1) Mixtures of HFOOB and CH~IBBA (Jyotem I)s The
prase SCA10f the~.mixtures fa shown in tis, 6.4.
BPOOB hea the atrongly polar nitro end group and exhibits
a partially bilayer A phase (Aa) with layer epacing
=~ 1,24, where L is the molecular length., OH-EBBA showe
only a nematio phase. The syatenm exhibitzs & proacunced

maximum | o We a-N Poundary, indicative of an induced A
phase, The peak in the aA-¥ boundary iz observed for
medium concentrations (~ 50% of the polar component).
T™his agrees with several earlier ohm&rmum’mw {see
fig.6.1a,b). The K~I trancition ourve iz alszo influerced
by the A-K boundary &8¢ oan be seen from the dagram.

Hore intereatingly, the A-N boundary exhibits a well
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F1G.6.4. Phase diagram of mixtures of NPOOB with COH EBBA
(system 1). K stands for the crystalline phase.



dafined minimum for a composition rich in the highly
polar component (o744 of BPOOB). We ses that the
temperasture ranges Sf ovexlstence betwesn the A and K,
and B and I phases are fairly narcow. For highew
percentages of UH~EBBA (> 75%), the mixture exhibite
only the X phase.

{41) Eixtures of 8 OCP—mU=407T0Y (Hyste= ll): e
@we diagram of this system is shown in £4g.6.5. 8 am
has the strongly polsr cyans end group while no suoh
strongly polar groupe are present in 40.05. 8 o alH-
bits Q partiaily bilayer & phase wlth layer spucing
1.4 L. Thiz systes also exhibits a well defined maxi~
mam oo woll as a minipum 1o the A-F transition boundary.
Henee 1t is worthwhile comparing the phase dlagrame of
system I and 11 (fige.6.4 and 6.5). ¥row the $wo dlagrams
1% 18 oleaxr that in syntem 15, the tendensy tc form the
induced 4 phase is much s tronger than in 2ystem I. In
the former, the A phese exiwta up LYo very high tempsratures
and near the peak, it translorms directly to the lavtropie
vhase. On the sther hand, the peak iz the induced A-N
boundary of system I 1lu much leass proncunced and lies
well below the B-1 transition doundsry, This zeans that
the intexactioms responsible for the induction of the A
phase ave much stronger | N system II than in system 1.
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Thie ie provably A consejuence of the lateral hydroxyl
group 4n OH-E8BA. As & result of this subetituent, the
average zeparation between OH-EBBA and NPOOB molecules

15 Yikely to be larger than that between 40.05 and 8 OUB
molecules. Thug the mutual interaction etergy responeidle
for the induced A phase in system f is smeller than in
system if. JIn system IX, the minimum in the A~ boundary
oocurs for a mixture contalning ~83%5#4 of 8 B while the
maxiewm Ils obtained for o composition having ~30% 8 0CR.
For very high percentages of 40.05, the mixtures show

only the ¥ phsase.

We have also caleulated the cutectie tempersture
and composition for both the pys tems uszing Sohroder-van

Laar eqyuation:, vize,
FAY: § ,
In EA bl "'ﬁ‘ (!; - i’

Inp, = %g&(t*{u)

whore AKA, m& and Aﬂn. HB are the hgates of melting
transitioneg and the melting temperatures of the purs
componente A aod B wespectively. T is the melting point
of the mixture. butestic tewperuture and componition oan
be esloulated by solvinvg the two ejuations sismuldtanecusly.

The observed and caloulated values of euteotis



temperature and composition are listed in tsdble 6.1.

wWe find that in system I, the observed and calculated
values of sutectic temperaturey arve eyual while in
sysser P|, the obeerved wlue of the eutectic tempew
rature is lower than the oulculated vulue bg about 7°.
En both the syutews, the observed valuse of euteokic
concentrations of the polar compounde (NrOOB and 8 O(%)
are less thun the oorresponding e¢slonlated valuse.
Similar dewiations have heen fourd | N earller siudieo

on systeme exhibiting Snduced A gimna.w This moy arise

from the formation of oharge Yransfer complexes.

We have oaloulated the entropy of the A~E tranaie
tion from DSC curves. 7The results ave presented for
pynten I in £ig.6.6. It is interesting to note that the
shape of this ocurve is very similar to that of TN oxhi~
hiting & maximus for a composition which also exhibits
the maximum in the phase boundury. Parther, the A-I
trangition is almoat second order in character for the
composition exhibiting the minimum I N the phase doundary.
A very similaxr trend ls found in systew 11, the entrupy
of A=l trancition near tha mexismuwm being very much larger
than the highest wvulue of cystesm 1. It Lo Interesting
to note that iN Both the syeteme, the compositione corre-
spording to the @inima | N the a-N boundaries Mve
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FIG. 6.6: The entropy of the A~N transition of
system | as a function of compositicm.



thnfwﬁt o) 0.94. ‘his vasio 1z puch higher than that
required by the MoMillan thaary.’g ¥lz., § 0.87 for
second grder i-H tranxitions, This once again elearly
shows that the interactions responsible for the induweed
smectic phase in system (I a n much stronger than those
in sgetem I. It is appropriste to mention here that
Buka et 21! have stulled the 4§ tramsition enthalpy

Or a funstion of composition |N mixtuves of EBBA end & OB,
The mixture exhibitz induced A phase for compositions
vanglng from ~ 20% to 604 of 8 OUB, The heat of tramsi-
tion reaches a maximum value for the composzition which
shows the maximum in the A-F tranaition bourdary.

(b) Xray Studies

wWe have moasured the temperature variations of

the layer spacings N the A phase and of the smectic like
short range order [N the K phase close to Pape for various
componitions of systems I and II. The pecults are shown
In £ige. 6.7 and 6,8. Sefore dacusd ng the revults of
our experiments, we brlefly recull the garlier work by
Brgelen st 2146 why have measured the layer spacing as a
Tunction of composition in wixfures ¢f 4-n-pentylphenyl-
4'-n-outyloxybengoute (B.0.5) and S-p-oyancben mylilens-
pi-n-~octyloxyaniline {(H00A)., The layer spacing plotted
ageinoet compouition iN thic aysten 48 shown i N £ig.6.%.
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An the porcentage of OBOCA in the mixiure is Smoreased,
the layey thlokineszs deocreades almost linearly up to

about 504 of 0BGUA. vhen this line is extrapolated to
100 JBOUA, a layer vpacing comparable t 0 the molecular
lengsh of CBOOA is obtained. But actual measurements show
that when the mizture Ms wore than 505 of QBOUA the
spacing inereseaser julte sharply approaching the bilayer
value of CBOUA as the 8.0.%5 concentration fa decrsased to
gero. It Pa intererting to neotiaoe that t he induced
umectiv-nematio transition curve pesks for a composition
with 50. CBuba. droadly similoar $rends gan be noticed in
the gystems studied by ws. e varlation: of laysy
spaoings with componitius are shown i £ige.6.10 and 6,119
at & common relative terperature Tm- L = 250 for the
gjotons [ apd 11 respectively. The molecular lengthe of
the four ecompounde ocaloulated using Lrelding models are
24.0 & (NPOOB), 20.2 A (OH=3BBA), 22.5 & (8 0GB) and
24.9 ; (40.05). Using there dats, we 2e¢ Chat the layer
spaoings (4) for compositions riet in the weakly polax
component correcyond to averaze molecular lengihe ("'ux)
[ealcslated usling the relatlon A, = l,x, + Lok, where
Ly and L, are the moleculur longtne and X, and X, are the
mole fractions of the componeuts]. This seans that suoh
compositions consist of culy the monolayer species, On
thé other hand, eomponitions rieh in the strongly polar
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somponent have both monolayer and hilayer specien

in agroement with rasult= an othor watem.w Calen-
lations at %, -7 = 2.5%show that (4/L) ratio vartes
emoothly from a value neminally lesa thun one for the
woakly polar component %0 0 1.23 iN the cnse of pure
RPOGE in systam I and %6 ~ .42 AN the cose of 8 0B in
system I1. The 4 values of NPOOB and 8 00D agree with

surlier measurenents. 32,24

we 418 not find any evidence of Gy~ 8, transition
in ﬁur Xray studies on the two cystems., The well defined
minima in the phase dlagrame indicate that A, and Ay
(1.6¢, induced smwotic) phases may not be structurally
compatidle (iN vome cases 1% is found that the A, phase
and the induced A phase are 1anxucib1e96), Howewer, the
cooxistence Of both We bimolecular and menomclecular
species for compositions ¢lote ¢o the minima, as Iindie-
coted by a continucus variation i N lattice juremetex,
spears out any poseiblie sharp by = A trangiticn.

we notice from £1g.5.7 that the tveral zerpansion
goglficient of the layer spueing of syodtem 1 facrongeog as
we approeach a composition cwrreaponding to the minimam
in the A=l boundary from eidther »ide. M™ie 1o hrought out
clearly in £ig.6.12. Fuarthor, the exparn ion coelMolent

Increaser with inerease of temperature for ony glven
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gomposition in this region. (N the other hand, sweh
a trerd is not very oonsplouonr In sysiez ll. We
attribute thic difference | N behaviouwr between the two
gyoteme to the large difference fa the strengthe of tho
intermolecular interactions bstwesn the components in
the two cases, Ais discussed earlier, the intersction
detween the strosgly polar and weakly polar
nolecules 12 rvelatively woak in asystex I, mainly becauss
of the lateral hydroxyl group of OH-EBBA moleculem, and
parhaps only =lightly higher than the interaction energy
whioh gives rise to antiparallel eorxelatione between %wo
neighbvouring Nr00B moleoules, dJQonsejuently, as the
temperature iz rajsed, firstly the thermal expansion
ovefficient of layer spacing can be coneidersbic as we
discucssed | N chapter 1I1J i N the case of compounds with
bulky lateral substituents, and further, the strongly
polar-weakly pelar pajre can easlly break up allowing
KrOOB molecules to forn aore antiparallel pairs and thus
the thermal expansion gcosfllicient can be wery large. It
OMm also be noted that for compoeitions rear the minimum,
there are three KPOOB molecules for every UH-EBBA moleoule.
Further, for these ocompositions Ay and Ay structures
coexist and the A-H tramition has Q second order character.
Af A result, the thersal expansion eoefficient atiains
large value for composition close to tho mindmum in the
phase beundary.



{e) Statio dlelssirio constants

%hetenperature variations of Phe principal
dielectrio constants (¢, ard €,) in the A ard N
phases ad e, I N the isctropie phase were measured
tor various systoms and are shown N figs.6.13 -622

Xa the case uf pure NPOUB, doth ¢, and ¢,
show A decreare as the sample 18 cooled agross T
(£1g.6.13). Our values are in brosd agreement with
garlier measurementz on this ampwnﬂ.”'“ NEQOE has
a weakly firet order A-N tranuition (£f1g.6.6) and the
inoreane of ¢,, and decrease of ¢, as the sample Lz
sooled in the A phase probably meams that the anti-
parallel correlations 4o not vary mugh with temperature
IN the A phase and the variations are essentially deter-
mined by ¢hat of the orientational orier. The
€ (M) value inoresses with temperature in the
§ phase, injicating a oorresponding deorease of antl~
parallel correlations (as discucaed | N ohapters III and
1¥), As the temperature ia raised [N the isotropio
phase, i exhibite A broad maximum, again due to a
decreaze in antiparallel correlations ot higher tempew
patures. In the mixturs containing $0.2 % EPOOB, as tho
sample is gonled, g,, Adecreases allightly across 'Ew
(£ig.6.14), ettalns a broad zinizum and then increaves
glightly | A the lower temperature range of the A phase.

s
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F1G.6.13: Low frequency dielectric constants (measured at
1592 Hz) of KpooB as functions of relative temperature.

The vertical arrow on the temperature axis indicates T,y.
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¢, remaine practically constant iN the A phase.

€ again inoreases with ‘emperature in the X phase

which 48 due %o a deoreass | N antiparsllel correlations,
Similar trends are observed in the temperature varistion
of ¢, in the mixtures oontaining 76,9/ KPoOB (£4g.6.15),
744 Rp00B (ocorresponding $o0 the minisum | N the A-¥
boundary ){£ig.6.16), 724 NPOCD (£1g.6.17) and €74 NPOOB
(£1g.6.18)., But It ir interesting tO note tmt for

these mixtures ¢, ingresses with deoreasse ol temperature in
the A phase. Thiz oan be easily understoced | N terxe Sf
the ilncreacs |N the number of strongly polar-weakly polar
molesular palire at the expense of U antiparailel
strongly polay solecular pairs. Assuming that the
charge~transfer complexe: are forming, it is ¢lear that
the transverze polarisabllity and hence g, ahould inereane.
A9 oan be seon from the diagrame, the Jdegree of enhance-
ment in ¢, value ivereases with increasing eoncentration
of OB-EBBA. This agaln shows that more numbey of
eonplexes are formed with inorgasing nusber of OH-~-EBEA
woleculas. For these oomposidions € value inoreuses
slightly as the temperatucre ls lowered in the H and 3
phasas, detrsuser vary slightly as the temperature
iz ralsed | N We ieotropie phase. The ousp~like peak
cbserved iN ¢, near 1,, avises {row the strong Sendensy
Oof the director tO orient homeotrapleally in the A phase
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for these aonpouitions” in the neighbourhood of tfm.

In all the mixtures dircussed so far ¢ vhowe a positive
uap at !HI However, the magnitude of the juzmp
deorsanes with inorease Of OM~EBBA component., Such
jugps have been obnerved in several esrliex sxtmuu%’s?
which are now well understood (ae discussed | N chapter IV)
a5 arising frov o deorease in the number of antiparallel
palrs, with the result that the effective contribution
at the dipolar groups of the polar molecules (O the

dielectric conntant s enhanced.

The results for a mixture contalning 54.5# Kpo03
which is¢ & composition near the maximum | N the AN boundary
is shown i N £1g.6.19. as the temperature is decreaced, a
very small decrease in £, valiue i# sbserved mear T AR®
But e, shows a larger jump near Tyqe Dotk &, and g,
increare with devrease of temperature | N the A phase.

Theve resulte are more pronounted in a mixtures containing
44,64 KPOCE which 18 aven closer to the maxisum (£1g.6.20).
Por this compopition we uee yuite A strong reduotion | N
both , and £, ac the sample is cooled acrome ‘:rm. This
may be attriduted (0 the fact that Ma heat of A~ transi-
tion is guite large for thie comnosition (fig.6.6) and

the ovientational order paraweter can B¢ vxpected to Jump
to a higher value in the & phma.so The decrsuse I N ¢,,
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probably arises partly {rom an '1mraaaa in the anti~
parallel correlations of the HFOOB moiecular paire and
partly due (O the tendenoy of ihe director to prefer a
homogereous alignment in this composition range. However,
the strongly poelar~wsuakly polar moleculay palrs should
be VEry large for theno ovumpositions which are olose

to the maxikum i N the phase boundary, and the permanent
dipole moments of the individual moleculez belonging to
such pairs fully contridute to a, wunlike | N the case of
palve of antiparallel §P003 moleculss in which there IS
a :artial compensation of the dipole moment. Further,
the sharge tranafer complex paires increase with decrease
¢f temperature., Thus &, increases subetantially ae the
tem erature {» lovered 4n the A phase. &, also inereases
with decresre of temperature && already 4iscussed for
the somposltions having a highsr eoncentxration of KPOOB.
Fur these compesitions (close to the naximum in the a-R
boundary), no Jump iz cbserved in & value at Tyy. Inie
ig due to the relatively small number Of antiparallel
paire in such compocitions,

With further decresse of RFUOR concentration
{304 NpOOB, f£ig.6.21), the effwots vbosrved fov the 44611
KPQUB mixture get leus prencunced and ander: tandably the

increase of ¢, with lowering of temperature bvecomes weank.
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FI6.6.21: Lav frequency dielectric constants (measured
at 1592 Hz) of a mixture of 30 mole # of NrOUB with

70 mole % of OH-EBBA as functions of relative tempe-
rature. The vertical arrow indicates 2,y



the privoipal dieleoctric conplants of CH-EBBA ave

shown | N £1£.6.22, As ocap de seen from the Figure,
O%-EBEA itnelfl hae a negutive dielevtrie sniaotrepy,

asS the net dipole moment of the moleculs makes a lnrge
angle with the long axis. ¢, increasesz and ¢, dearsaces
with drcresse of temperaturs. ¢ and £, , Jocrease
almost lineorly with fnsrease of temperaturve. All

these trends can be understood | N terms of the Haler

and Meier's theory {(see chapter IV) as applied to g
compound with negative AL,

The dieleotrin anisetroplies of all $he mixtures
that we have studiad ave collected in fig.5.27%. It le
quite elesr that the tesperature variation of AL N
tho 4 phase is nuite 4iffersnt for comporiticnc elose
to the mintmum in the AN boundary compared to those

close to the maximanm,

In comporitions cloge to tho minimum, the AN
trancition 1S wesk and henve the smeetic order inoreases,
a8 the tempersture is loversd |a the A phase with a
corresponding increase | N the dipolar cerrelation factor
N the layersd structure which tends tO Qevreasy e,, .
This would compancate for any inorease is t,, dus to
stronger charge iranaler interactions and hence e, does

Not increase much a2 lower temperatures. iHenee AR
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deorsases at | ONEr temperatures,

Naar the maximum in the phase boundary (54.5%

KPOOB or #4.6% RPOUE), the aA-N transition has mtrong
first order chavacterietics, and the iLincreane in the
antiparallel dipolar correlation factors would lead to
a deorease with a juwp of £, (£ig.6.19 & £1g.6.20) at
the A-N ¢ransitions. The jump | a the orientational
ovder parmreter would lead to a deoreuse in ¢, also
ab thiv colnt. 3ut a8 the cwectic order Is already
atrouy at Tyy, 1% dows not waey muoch with a furthey
lowerin: 7 temperature. The invreaze in the number of
gharge travsfer paire would lead %o an incrsave of €,,
Que ¢ the mors effective contribution of HQ, 4ipoles
in sueh palre, Thie effect appear:z to be stronger thun
the Increard of €, dus to the inoresse N the transverse
polerisusbility of the oharge trangfer paire and At
acturlly inorpnamer with dsoresse of temperature. Ve
nay aleo point sut two umeeunl featuress (1) the mixture
with 74 HPOCR has 2 lower value of A¢  than that of

the micture with 72% NPQOB N the R phase close tO T
(ii) teguuse of the oppemite variation of Ae with tempe~
rabture 1N the A phaze of the mixtures with 54.53 KP00B
compared 8¢ mixtures with higher nercentages of RPOOB,
ah suffieciently | OW temperatures, the former hae higher



A€t walues $han many mixtures of the latter type.

It is al SO interesting tO oompare the measured
values of op and T of the mixtures with the corre-
sponding numbers caloulated on the basis of sn addltive
law of the typs agy,, = Pyoe, + ¥y Aty whae Py s
the mole fraction of the firs¢ component, etc. The
results are shown | N table 6.2.

It iz olear that aa“'“/zsceﬂe is largex than
unity (in agreement with some eurlier owamumsw)

&nd inoreases With inereasing percentage of CH-EBBA.
Thia i s mainly because the prodability o btresking Up
of antiparallel asacolations between NPoOB moleocules
increases With inoreasing percentage ¢f (H-EBRA molecules.
Consequently, the RO, group Can more effevtively contri-
bute to £, « A8 oun be easlly seen Ifrom the diagrans
6.13= 622, &, of mixtures ir much higher thon what an
additive law would dnve given (%adle 6.3). The ¢, value
doss not ohange very much between NPOUB and UH-EBBA and
nense dOES mot contribute muck {0 the deviation of the
above ratio from unity. Enm/zaala shows values which
are greater than one by ~u 10=20 4

"~ We have also meavsured the teuperature varintions of
static dieleotric constants for a mixture of 63.548 0B



Zable 6.2

Comparison of the messured and csloulated valusm of Ae

and £ of various mixturss at O 20°

Ratio o

Kole moasured to
percent Calouiated walue WMeasured wvalue ealoulated
§§O o8 - - e vw.):na!

& € Ae € #(ae) ’(3)
100.0 - - 14.80 14,41 = -
0.2 12.22  13.52 14.45 13.%0 1.09 1.03
76.8 11.03 12472 14,50 15490 1.30 1.9%
74.0 10.58  12.07 14.10 13.25 .33 1.10
72.0 10.25 14,89 14.20 13.35 1.3% Toi2
6T.0 Y44 11,44 13.80 12,80 1.46 1.12
54.5 T«di 10.32 12.85 11.70 1.73 1.1%
44.6 5.80  9.44  10.55 10.50  1.82 1,11
30,0 D43 B.13 7.60 S50 2,22 1.17
CH=-EEBA - - - -

«1445

G.44

i ke .



Table 6,3

Comparison of caloulated and cbserved valuse of

€4 Ga_ﬁﬂxa‘ﬂ = 5 for vurlous mixtures of System I
Mixture Values of g,
eota” °f hearved (ool
Palen),
100 24,2 -
$0.2 22. 4 223
76.8 20,9 19.7
T4.0 20.4 1941
72.0 2044 18.7
67.0 18.6 17.7
54.5 18,0 15.%
44.6 15.7 3.4
0 12,8 16,5
QH=-EBBA 4.64 -




and 36.5% 40.05 of system II which is eloue (o the
maximum Of the AN transitiem boundary. The results
are shown in fig.6.24 and are basiocally similar to
those for a similar compoeition of system I.

{d) Dieleotric reluxation etudies

The dieleotric dispersl ON Wax measured up to
13 . In figes. 6.25-8.29, we have plotted the
dlelectrie loss ¢}, as funotion of frejuoncy et diffe-
rent temperatures for HPOOE and its mixtures with
9.8% 26% and 45.5% of OH-EBDA. For the mixture vone
taining $4.5% NPOOB, the measurvements [N the N and A
phases are shown geparately (fige.6.28 end 6.9 penpec-
tively).

Por all the systems Studled, the peak value Of
€, deoreases with increase of temperature while the
relaxation frequenoy (f,) given by the maximum value of
, inoreanss. The peak value of g, decreases slowly
with temperature in the A phase, and more rapidly in
the § phase, ezsentially reflecting the variation of
orientational oxrder parameter in the two phases.

the Cole~Cele plot (&%, wvo. &) ) i N the ouse Of
NPOOR is shown | N £1g.6.30 for A few temperatures,
Though the Taw frequency part of the plot lies on a
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semicirole, there are coneiderable deviatione at

higher fregquenties. This result is in jualitative
agresment with an earlier study On this eompound by

Bata et alw and indicates O higher frejueney relaxa-
tion, ‘the latter relazation may possibly be analOgous

to the high freguency shoulder found | N the €, relaxation
of TCB and / OB by Buka et nl-w This has been attri-
buted by them 10 @ partial recrigntation within short
range ordered groups and later reproduoced | N A numerioal
ealoulation on the basis of o model of Broweien motien.4?
Ancther possible origin fox? the shoulder lizs in the
librational and reorientationsl motien of the $rane
verse 4ipole moment of ithe gster group. Thiz reluxation
frequency liee at v 97 Mz aocording tO reference 8,

The latter contribution cun be expected {0 besome More
important when the orientational order paraxeter deoreases,
and indeed a2 oan De seenin £1g.6.30, the high freyuency
deviations fron the semiciroular plot are more cbvlous

st hf gher temperatures.

An deseribed in ochapter IV, the relaxation time
is glven by the equation ¥, = A uxg;(w/kn’r) where
%, - 1/3:1‘&. Weq+q is the total activation energy
where 3 is the nematic potentiul, qn is the activation
energy due te viecous effects wnd A IS a constant,



Asoording to this equation, a plot of 1n £, vs. 1/7
gives A gtraight Iine the clope of whieh ie the astivation
energy. A plot of lu £, ve. 1/2 for NPOOB f& givenin
£4g.6.31 and the activation snergies in the A and K phaces
(ealoulated as desoxribed above) are given in tadle 6.4.
‘The valuee broadly agres with those obtalned by Bata
et al.>4

The Cole-Cole plot for the mixture with $S0.24
HPOOB ix shown in £4g.6.32. The peak , value i
8llghtly lower then N puve HPUOB (fig. 6.30). The lole~
Cole plot ean he better fitted 1O semiviroles at lower
temperatures. But considerable deviations are seen at
higher temperatures and at hlgher frequsnoies. The
activation energy {(£1g.6.33) in the A phase does NOt
ohange much compared to that of pure NPOOB (tsble 6.4)
but that in the ¥ phane shows some increase.

fhe Cole-Cole plots for the mixture with T4¥
NPOUB are shown IN £1g.6.34 and are bdroadly similar
to those of the previous mizture. The activation energy
(£1g.6.%5) of the A phase is slightly higher than that
of 90.27% minture, while that for the N phawse is lovered
considerably., Indeed, the activation energy ©f the K

phase has the lowest walue (table 6.4) for this mixture
whileh corresponds 1O the mintmum in the phase boundary.
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PI1G.6.48: Composition-dependence of the relative
cross over temperatures of the conducti-
vities of mixtures of HPOOB with GH-EBBA



ecouposltions close to the maximum Iin the A-N transition
boundary, especially at lower temperatures (see table
6.5), The fuot that the A-N fransition iis very weak for
the composition corresponiing to the minlsum in the A-K
boundary and becomes wironger on either side of this
composition in reflected In the cross over temperature
(Eﬁr) of the conductivity anizotropy. A% meen in
£13.6.48, %ar - ?53 shows o strong peak for the compow
sition corresponding to0 the sinimum in the, A-N boundary,
sinoe the smectic like short renge wwder fluctuations
are very strong in this case even at tesperstures a few

degrees above @*n.

In gonclusion, the competitiuvn betwesn two types
of interavtions, wvig., charge tranmfer complex formation
between the highly polar and weakly polar moleocules and
the sntiparallel interaction between the highly polar
rolecules gives rice %0 mome intereeenting wvariations of
phyeical properties of the mixture that we have studied.
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FIG.6.47: The ratios of the principal cenductivities

= 0y/0, of various mixtures of NPOOB with CH EBBA
functions of relative temperature. The fir st number
again: ¥ each symbol is the mole percentage of Np00B and
the second numbe the moan specific conductivity

K x 109 (oh. cm)q at 76°C. The arrows indicate Ty.
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18 £ig.6.47. The diagram is somewhat complicated,

zainly because of the peouliar shape of the i~E boundary.
Further, as mentioned in ebapter V, op dependas on the
nature and oconcentration of the comdueting impuritles,
the walue of O generally golng up 4f the wedium has
highey amd:nmivity»“'w The conduoating fmpurities

I N our samples are unknown, and in £ig.6.47 we have
given the wvalues of the mean ppecific conduetivity

T at & common temperature (76°C) for all the aystems
atudded. ¥ = (('/4)¢ where L'/4 the geowetrical parse
weter of the oell wes determined from Yhe measured value
of the capscitence of the empty eell und ¢ | a the measured
oonduotivity i the mediusm %6 | N the Lsotropie phase, OF
aa {6, + 20,)/5, ¢ it 18 in the N phase. It iSclear
that NPOOB has A much higher value of D than OHEBEA, the

wixtures having some Intermediate values,

de can notice a few features: (i) Understandly,
¥g Talls more ateeply in the cases where the A-N trunsi-
tion 4s of first oxrder gharvaocter Compuvred to the ones
where it hae & second order nmature. (11) For a wide range
of compositions (between 76.8% 10 44.6% KpoUB), ap value
shows a brosd minimum St %, =7 32%and etarts inoreasing
a8 the temperature is lowered further. 7Thie 1z probably
connscted with decrense of £ tO very ilow valuas for
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becoming negative a fow degrees above iﬁm as is tO

be ex;wtndw'“ (lor an introduction and disouseion Of
earlier resulte 2n conductivity studles OS liquid
oryutele, see chapter V). As diseuseed in the previocus
chapter, in the A phass fons can flow more easily In
the plane o! the layers than perpendisular (O the
planes. Therefore, the condustivity perpendiocular to
the direstor (o) is greater than the conduotivity
parallel to the director (o, ) Su the A phase. g,
exhibite *Jump' at 'I‘u fox both #poos (f£ig.6.44) and
the mixture with 44.6 4 NPOOB (£1g.6.46). This i¢ caused
by the faet that the A-N transition has a firast order
character in both the ¢ases (£fig.6.6). U{n the othay
hand, o,, falls steeply Up {0 T,4 IN the vase of fhe
mixture With 747 KPOOB and then levels off in the 4 phase
(£15.6.45), =ince ths A-F trancition 4in this caxe is
almost Of second order oharacter. Om ths other hand,
g wvaries smoothly moross T, far all the easpositions
studied. This Jdifference in the wvariationz of ¢, am
3 has already been discussed i{n ohaptexr ¥V inN tems Of
the permeation provess dus to the layering i N the A
phase which contributes 4o & lowering o2 0,

The temperature wvarlaticns of the gonductivity
ratio gy = 0 /o, are shown for all the mystems atudied,



€, ia the 4 phase gompared %0 that in the A phamse
leade %0 & lower amotivation energy I N the lLatter
phage; a0 (b) possible influence of animotropie
packing effects in the 4 phage.

Indeed in systen I, the smaliset dilfersnce
between the sotivation energies Of ihe A and K phanmen
occure for the alxiure with 74 x0le par vent of RpOOB
gainly because of the low vaiue in the ¥ phnse. Further,
ax We Rave seen earliisr {f£ig.5.12), this mixture hun
the anxinum theraal expansion coefficient of layer
sparoing. Am we discupmed | N ohapter IV, in such a
oase the anipotropisc pasking is less effective i
lovering the activation energy N the A phase. 7This
oculd alpo gontridute to a reduction in the differonce
in setivation energzies betwoon the A and N phasam of

this aizture.

(2) Conduckivity Htudies

nompeiritoua TR ey o T o A

The prineipal comduetivities (¢,, and o,) of
three reurepentamtive compositions are shown N figs.
pedd « H.46. (de have neamred oonducsivities N 211
the gystems mentioned sarliier, but only three repre-

sentative disgrans &re pragented here.)

In all the capes, ag the gaaple is cooled, the
eoaductivisy anisotropy (A¢ = 0,, ~ 9,) ohanzes elim



in the ouse of eysten I (RPOUB-OHEBBA). Thus ithe
induced A phase is sitable over a much wider range of
temperatures 4in aystem 11 ihan in syetem I, The
Intoractione are strong at lower tempsraitures, and the
activation enorgy has a high vaiwe. a8 the teupersiture
is raised, the fnteractions are weakened giving a lower
aotivation energy. FRurther, ithe reorientation process
takes non~Uebye characterietics (fig.6.41) indlosting a
complex nmechaniam. The envirvnwgot of 8 LU0 molatuies s

prebably no longer ek well defined as ab lower tasmpsratures.

he aoctivation energy i N the B phase 18 lowent

for the mixture correspouding to the minimam | N the A-R
boundary. Thie le probably a gonseguence of the nearly
second order A-N transition in this case (£ig.6.6). The

¥ phase will have atrong smeotic like short range order

in this case which i refleoted in the law activation
energy Of the B phase. As we have discussed | N chapter IV,
layering leads %o a lowering of the antivation energy.

4 ip oiher systems disoussed | a chapter 1V, the
aeiivetion encegdes in those systems also am lowver in
the 4 phase than Ln the N phane, ihe origin of this
phenomencn has been discussed in ohapter IV in terms of

4

(a) a recent theory Of Liwarde and Hadden . aceording to

whieh the larger teaperature vaviation of low freyuency



fair to aesuwe that the = trongly polar HPOOR molecules
contribute almost entirely to the observed dleleciric
relaxation of the miztures. Thus the observed Inoresse
in the activation energy of the mixture compared o

that of pure BPOUD should be attridbuted to the formation
of HPQUB-UHEBBA pairs. This interaction is alnme responsible
for the large reduction of the relaxation froeguency
iteelf i N the mixtures (see table 65). Im order to
participate in the relauxation process, an NPOUB molecule
han to either oavyy the OHIBBA moleocule with which it
has formed a molacular cownler or braak sway £ror the
palr, rther, the (els-Oole plots phow that ot lower
tenperatures the nixtures devizate very 1ittle from a
Debye relsxation (fig.6.36). Thus the short range order
effeots in NPOUR-OHEBBA palrs 4o nod laad to auy tuil
in the high frequency zegion. As the Sempecrature is
incroasad, more APQUB-HPOIB palrs are lormed and further,
the orientational order parome$or deoresces thas
ntn-mwiemmimm notion better visible in the ¢,
measurement and the high frejuency $all fe again
noticeudle.

Az argued earlier, the Jinteractions bhetween
& UL - 40.uh moleculos of system 11 leading %o the
Toxsmation of the ladwced A phasze are mush atronger than
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FIG.6.43: Plot of 1n £, va. 1/7 in the case of a
mixture of 63.5 mole per cent of & 0GB with
¥6.5 mole per oent of 40.05 where £y is the
frequency corresponding to e¥ peak.
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ester dipole woment adds to the total dipole moment

sf the molecule and gives rise t¢ a higher peak walue,
The avtivation enevgiles caloulated from | n fk ve. 1/%
plots (fige.6.42 wnd 6.4%) are listed in table 6.4 along
with the data of systen 1. Zhe activatiOn energy in

the d phase i S smaller than that in the ¥ phase N 8 CUB
alao. In the case of the mixture of 8 OUB with 40.05
(£1g.6.41) the Cole-Cole plot Lz a good semlolirole with
the oentre lying on the ¢}, axls only at lower tempe~
ratures. &t higher tezperature, the centrs of the cicou=
lay are lles below the ¢ axis whioch indlcutes a reloxa~
Won 4avolving a distridution of relaxatlion tim@s.41
Indeed, the plot of in £, we 1/7 {£ig.5.43) does not
field a straight line a3 in other cusen, bhat A line
surved such that the sofivotlion gnergy whic: is ~ 043 eV
at the lhiphest temperature I N the A phare continuously
inoreases to~ U.8787 a8t the lowest temperature of measure-

mend.

As discumeed in earlier sections, in system I
the RPQUB and OH-EBBA molevulex tend to fornm l{nteracting
pairs (due to chamge~tran:zfer complex formetion and other
intersctions) in the mixturez., The pairs are likely to
break up at higher temperatures, thus allowing HNpoOOB
molecules to forsm antipavallel pairs. It le perhaps
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Table 6.5

Relaxation Preguenoiss

%ew;gzm?m re tR(xm 2)

HPOUB 65.% 3500
635 2850

56 .6 2050

515 1600

47.C 1250

41.0 880

C.274 NPGUB + gca'ﬁ 65.9 2500
OH~ESBA 64.4 30350

63.0 2700

61.8 £5Q0

Sa 1 2140

51.6 1550

47.1 1200

43.0 Y206

T4 NPOOR + 267 OHwERBA T4.4 A400
T2 .0 3600

69,3 3100

66.0 250G

63,2 daly ¥

60.8 1850

55.8 14060

53.0 1450
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47.5 b L
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4w 580C

T4 470
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F716.6.41: Cole-Cole plot for s,, -relaxation in the caee of
a mixture of 63.5 mole % of 8 OB and 36.5 mole #
of 40.05. Centre of the semicircle corresponding,
to 20.7°C lies on the g}, axis while that corre-
sponding to 78.8°C lies below the g, axis.
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FI1Q.6.40: Cole-Cole plots for g,-relaxation in
the case of 8 OCB at 44.5°C (o), 65.1°C (°*)
and 70.7°C(X).
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of 63.5 mole # of 8 OCB and 36.5 mole % of

40.05. 'The numbers against the symbols indicate
temperatures in °c.
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FIG.6.38: Frequency dependence of gff, at various tempe-
ratures {indicated against tha symbols) in the case
of 8 OCB.
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PI1G.6.37: Plot of ln f5 vs. 1/P in the case of a mixture

of 54.5 mole % of HPOOB and 45.5 mole # of OH-EBBA, where
fp 1s the relaxation frequency. The arrow indicates Ty-
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PIG.6.36: Qole-~Cole plots for e,~relaxation in the case of
54.5 mole # of NPQOB with 455 npnle # of OH~EBBA drawn
at different temperatures (°C) indicated agairst the
symbols.



The Cole~Cole plot for a mixture with 54.5/
BP00B which is close to the compomition corrssponding
to the meximam in We 631 voundary is zhown in f£ig.6.36.
fhe £it with a semicirele 1. now very good indicating
that a aingle relazation characterizes the diupersion.
The frequency of tha e pesk 8t~ 40° is ~» 200 KHz far
the 54.5% mixture while it is ~ S00 KHz for pure KPUUB.
The activation energy in the A phase hae incrsased
censiderably for this mixture (£1g.6.37, table 6.4)
compared to that of pure NPOOB.

the ploi: of dieleotric loos (e ) wversus freyuency
for 8 VLB and 1ty mixture with 36.5% of 40.05 one shown
in figs.6.38 and 6.39. ‘the £% peak value generally
decreaases with inersasze of tesperature, excert in the
pixture, the &% peak iz lowered at the muperecoled tempe~
rature of 17.5%¢. We oannmet rule OUt the possibility of
& partial erystullizntion Quring the experiment | N this
case. Tne relaxation froquencies (f,) {corresponding to
the pedk values of €, ] at varioue temperatures ars
iinted in tuble 6.9, Lole~Cole plote for these systems
am shown | N £ige.6.40 and €.41. In 8 G(B, the Cole-
Cole plats are semleireles., 2he peak velue of &), ia
~ 9.4 8t the lowset temparature which is much lOwE than
that in KPOOB (£ig.6.30). In the latter compound the



Table 6.4

RSk

Aotivation shergies in eV in smectic 2 and
nepatic phases
Smeotic A Beratie
NPQOUB 0.47 @77
Glia2 5 KPOUB + Ue4T 0.86
9.8 % OH-ENBA
T4 4 RPOOB + G5t 0.62
26F OH=-ERBA
54454 NPOUS + .87 ),
45,5 % OH-EBBA
8 OCB .49 GeT

63.54 8 608 «+
36,54 40,05

inoreasea gontinuw
ously from C.43% to
0.87 eV with
deorense of tempew
rature

-y
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74 %l NPOOB + 26 °/- OH-EBBA
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A 104 1K)
BG6.35 Plot of 1n fg against 1/T for a mixture of 74 mole % of NPOOB
with 26 pmole % Of

OH-EBBA. The vertical arrow indicates Tm .
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