
CHAPTER I1 

Measurement of Spontaneous 
Polarisat ion 

2.1 Introduction 

Tlie magriitude of the spontaneous polarisation P, is obviously of fundamental im- 

portance i11 deterniinirig tlie operating characteristics of a ferroelectric liquid crystal 

(FLC) 'I'o synthesise FLC materials with large P,, and hence lower op- 

erating voltages, i t  is esse~ltial to kliow the rclationsliil~ hetween magliitude of P, 

and tile ~~iolecular s t r ~ c t u r e . ~ ~ ~  The symmetry considerations wliicll predict1 the ex- 

istence of ferroelectricity in liquid crystals do not give any information co~icerriing 

the magnitude of P,. Despite a number of s t u d i e ~ ~ - ~  in this directio~i, the  delicate 

interplay between the niolecular structure ant1 tlie I'3 values is not well untlcrstood. 

r ,  IIowevc%r, tlicse studies have llelpcd in franiillg soliic c111l)irical rules. l11c major 

factors which have been found to control tlie magnitude of P, are: 

1. tlie size of tlie lateral dipole moment at the cliiral celitrc," 

2. t l ~ e  tlcgree to which the rotatious of the ~llolecules especially the chiral centre 

are ~ii~lcleretl, '~ 



3. tlie degree of tlie coul~lirig between tlie dipole a t  tlie cliiral ce~i t re  with any 

otlier dipoles in tlie ~nolecule," 

4. tlie dista.nce between the clliral centre and the central rigid core,12 

5. tlie alkyl chain lengtli.13-15 

However, not nlaliy systematic experirne~ltal studies had been done t o  check the 

validity of sollie of tliese conclusions. 

This chapter describes systematic measurements of P, on a number of cornpounds 

belonging to four strt~cturally similar honiologues series. The studies bring out the 

influence of several factors like (a)  the length of the alkyl cllairis, (b)  the  ~ l u n i l ~ e r  of 

chiral centres, (c) spacer groups between tlie clliral groul) aritl the core, etc., or1 the 

magnitude of P,. 

The clial>ter begirls witli a detailed description of tlie experimental set-up in- 

cluding the apparatus used to measure P,, the techniques employed for aligtilnent 

of the sample, the temperature control and the llardware/software for programmed 

acquisitiori aritl arialysis of the data, followed by tlie results obtainetl for tlie four 

series of compounds. Finally, some of the features observed are discussed in ter111s 

of a microscol~ic'6~17 theory. 

2.2 Materials 

As tlie aim was to study the effect of subtle cliariges in tlie ~nolecular structure 011 the 

magriit,uclc of P,, care was taken in selecting tlie t~iaterials. ?'lie c o ~ ~ ~ p o u n t l s  chosen 

helong to four different iiomologues series and were synthesised in our l a b ~ r a t o r y . ' ~  

, ,  1 lie cor~i~)ouncls are basically derivatives of tinizs-p-n-a.lkoxy cinnarnate. In  all the 

four series, for co~iveriierice referred to as series A,B,C ant1 D, tlie honiologl~es with n 



= 7 to 12 (wlicre I? clcliotcs tlie ri~r~riber of carbon atollis in tlie cliairi) exlrihit SrliC* 

pliase over a large tc~~ipcra ture  range (riiore tlia~i 10°C). 'L'lie structural forrrlulac, 

j~liase transition temperatures along with tlie heats of transition are given in tables 

2.1 to 2.4. 111 co~npounds of botli series D arid B there are two asynirnetric carbon 

atoms, tlic. difrercr~ce being that in series D the chiral group is attached directly to 

the core, but is separated by a CE-I2 spacer in series B (for all practical purposes the 

COO group at orie end of tlie core is corlsidered to  be a part of the core).lg This 

feature is retained between series C arid A but i11 botli of tlie111 the nu~nber of chiral 

centres is reduced to one. Thus the studies would bring out the different factors 

irifluenci~~g tile riiagnitude of P,, for exanlple, effect of the spacer group wlicri two 

chiral atoms are present (scries D and B) and wlier~ one chiral atom is present (series 

C and A ) ,  effect of all adtlit io~~al cliiral atorn wlieii tlie core is close to  it (scrics L) 

and C) or ~ v j t l ~  a spacer between (series B and A) ,  arid the effect of chain length. 

Arlotlier significant feature of these series of conlpourids is t,lie telriperature range 

of Cllc s ~ ~ ~ c c t i c  A pllasc - wl~icli lias l,ec~i o I > s ( ~ r v e ( l ~ ~ - ~ ~  to c l ( : t v r r ~ ~ i ~ ~ ( ~  t l i ~  ~ i i t t , t ~ r ( \  01' tlie 

SniA-SmC* transitiori - decreases as the chain length increases (see Figs. 2.1.3-2.1~1). 

Not many reports of such beliaviour exists in the literature. Arid prohably this is 

tlie first study where this reverse trend lias been meritiorled with its importance. 

2.3 Experimental 

2.3.1 The sample cell 

Electrically, tlie sample cell can he corlsidered as a parallel plate capacitor. It is 

made up of two tlii~i (tJIiicktiess -0.7 ~ i i m ) ,  flat and trarisparerlt glass plates (Balzers, 

Switzerlaricl) rliacle conclucti~ig by Irldiu~rl tin oxide (I'l'O) coating. The glass plates 

Iiave tlie rccjuired elcctrocle patter11 (see Fig.2.2) etchecl 011 them by using dilute 



Table 2.1 

Transition temperature (OC) and heats of transition 
(kcals/mole) of A,-series 

K-= crystal, C* = chiral smectic C, 
A = smectic A, Ch = chiral nematic and 

I = isotropic phase. 
The temperature in parentheses indicate a 

monotropic transition 
*These compounds exhibit a blue phase. 



Table 2.2 

Transit ion temperature ( O C )  and heats of transition 
(kcals/mole) of B,-series 



Table 2.3 

Transition temperature ( O C )  and heats of tr,ansition 
(kcals/mole) of C,-series 



Table 2.4 

Transition temperature ( O C )  and heats of transition 

(kcals/mole) of D,-series 



Fig.2.1. Rarlge of the srrlectic A pliasr as a functioll of alkyl cliaiti le~lgth for (a) 

series D, (b )  series B, (c) series C and (d)  series /i 



G, , G 2  - I T 0  coated glass plates 

Hatched portion - Etched part of the glass plates 

Fig.2.2. Schematic dia.gram of the sample cell. 



liydrocl~loric acid and zilic dust. 'I'lle two plates, with ~ny la r  spacers t o  define the 

th ick~~css  of the sall~plc, were glued together by a no~i-co~itlucting ant1 11011-reactive 

epoxy (Itliodorsil Silicones CAF4) and cured a t  suitable temperature in an  oven. 

('rllis clmxy was fon~ld to l ~ e  clfective ever1 1111 t,o 200°C.) Wl~i lc  l ) re l )a r i~~g tllcx sa11ll)lc: 

cell, care was taken to  see that neither the mylar spacer nor the epoxy enter the  active 

area. This ensures the proper determination of the active area of the  sample. After 

preparing tlie cell its thickness was measured to a high precision (<0.1 pwz) by optical 

interference O~i ly  those cells which had unifor~rl thickness throughout 

tlie active area were chosen for the experiments. For accurate P, measure~nerits 

arl accrrrate valtrt. of t l ~ c  active arca of tlic cell is necessary. For this pur1)osc tlic 

capacitance technique was eliiployed. T h e  capacitance of the empty cell C,, was 

accurately measured by an i~npedalice analyses (I-IP 4 1'32 A ) .  'l'he area 'A' of tlie cell 

was calculated knowing tlie value of C,, the thickness d obtained by the  i~iterfererice 

Cod n l e t l ~ o d ~ ~  and using tlie relation A = -, where c;, is the permittivity of the free 
€0 

space. Usirlg this ~)rocc.clurc tllc accuracy i l l  tlic d c t c r ~ ~ l i ~ i a t i o ~ l  of tl~c: area is reckorled 

to  be better than f 2% of the actual value. 

2.3.2 Sample cell holder and heater assembly 

Since tlie transitions studied were a t  teniperatures liigller tllari the arrlhierit t e n  

perature, an efficicllt but  collvenierlt cell liolder and heater asse~iibly was necessary. 

LVliile cons t ruc t i~~g  such an assc~~lb ly  certain factors had to bc I ~ o r r ~ e  in rni~ltl. 

1. tlie temperature over the entire area of tlie sample sliould be  very unifor~n,  

2. it sliould be possible to raise or lower the sample tennperature over a. wide 

range (rooni ternperatuse to 150°C), 

3. the s a~np le  te~nperature sliould be measured ~vitl i  high precision, 

' 3  2s 



4. tlie heater asseriibly slioulcl be able to liold the sa~nl>le te~riperature over peri- 

otls of - 10 I ~ I ~ I I I I ~ , ( \ S  witli riii1ii1iir71 ~Irifl,, 

5. it should be convenient,ly possible to apply a niagrietic field for sample align- 

111erit. 

Keeping these facts in lriilicl a cell holder heating assembly was designed and con- 

structed. The scliematic diagram of the heater is show11 in Fig. 2.3. The heater 

is rnade up of a rectangular copper block. At the centre of this block a slot was 

~i lade  along its length for tlie saniple cell. I{apton based therrnofoil heater (Minco ) 

strips were wral>l,cd aror~ritl tllc copl>cr block l>y takirig care to see that t,llc ttlerr~lal 

power would be uniformly spread out. This ensures a uniform heating of the block 

and lielice that of the sample cell placed inside the block. The copper block was 

covered 011 all sides by thick PTFE (Teflon) sheets which provide very good thermal 

insulation. A srnall circular hole (diameter .v 3 mrn) running through tlie body 

of tllcl hcatcr served as ari optical window to clieck the align~~ierit of tlie sa~np le  as 

well as to monitor the tra~isitiori te~ilperature. Both tlie elitra~ice and exit sides 

of tlie wiritlow are covered by thin mylar strips to avoid any air currents affecting 

tlie sarnple temperature. A screw threaded into the body and positioned near the 

openirig made to i~itroduce the glass cell, holds the cell flush with the surface of 

the copper block and ensures uniforrn lieatirig of the cell. The tip of this screw is 

~ ~ i a d e  of an insulating material to rrli~lirriise the heat losses. ?'lie foil heaters provided 

a11 effective heating capacity of a l ~ o t ~ t  50 watts. 'I'llc power illput to  tlic foils was 

controlled using a program~nal>le high stal~ility DC power supply (Ilewlett I'ackard, 

Model li03SA). 



FLC 

Sectional View 

CB : Copper block S : Screw b f i x  the 
Sample cell 

TS: Teflon shield 
W : Window for optlcal 

FLC : Sample cell observation 

Fig.2.3. Cross sectional victw of the sa~nple oven assembly. 



2.3.3 Temperature control and measurement 

For tlie r~ieasurcnierit arid colitrol of tlic sa~liplc tc111pc:rature a11 c111l)c~d(lc~I CIISOII~CI -  

constantan thermocouple was used. There are two reasons for the selection of this 

thermocouple - (1) both cliro~nel and coristaiitarl are nori-mag~~etic materials arid 

so the ten~perature calibration is valid in the presence of a magnetic field also, 

(2)  The tl~erlno e.m.f. for this particular thermocouple is I-iigli (z GOpV/"C) and 

tlierefore the teri1l)erature can be ~r~easured witli a very liigli degree of accuracy. 

'I'lie ther~riocouple was located at tlie ce~itre of tlie copper block and was lixcd in 

position with a Iiigh teniperature adhesive. The t hermo e.m.f, of the ttiermocouple 

was nicasurecl usi~lg a liigli resolution, low drift digital rial~ovoltrlieter (l<eitliley 181) 

whicli was interfaced to a ~nicrocolnputer through the IEEE 455 bus. 

The large thermal capacity of the heater corilbilled with better i~isulatioll enabled 

tlic te11il)crat~ure to be maint,ained to a constancy of \letter than f 3 mI< over short 

~~criocls (-1 0 11lillut CS). 

2.3.4 Temperature calibration of the cell 

Calihratio11 of the thermocouple was carried out using several liquid crystalli~ie ma- 

terials that were of high che~riical purity ancl exhibited sharp pliase transitions. The 

c o ~ l ~ ~ ) o ~ ~ ~ i ( l s  11scd along wit11 tlicir transition temperatures, as measurccl using a po- 

larizing rnicrosco~>e in colljurlction with a co~~imercially available programniable hot 

stage (hlcttler FI352), tlie tlicrniocoul>lc output are listed i n  tlie table 2.5. A plot 

of the hlettler trarisitiori temperatures vs. the correspo~ldi~ig thermo emf (niV) is 

sliow~i i l l  Fig.2.4. I t  is krio1~11 t,llat the te1nl)craturc vs. tlicrrno ernf cr~rvc.s call be 

dcscril,ccl by polynoli~ials. Figure 2.4 also s l ~ o ~ v  tlie fit of the data to  a poly~iomial 

of the type 7' = A, + A,,Y + /\2.i-2 + A3,Y3 + A4X4 (where T is tlie t,erril>crature in 



Table 2.3 

Compounds used in the temperature calibrat,ion of the sample oven and 

their nematic-isotropic transition temperature 

Compound Mettler Thermocouple 
Temp ("C) emf (mV) 

5CB 33.44 2.003 

7CB 40.5 2.4688 

9CB 49.95 3.0784 

408 77.7 4.873 

70PDOB 88.32 5.582 

CBOOA 107.8 6.918 

PAA 135.75 8.8667 



emf (mV) 

Fig.2.4. Temperature calibration curve of the sample oven u s i ~ ~ g  the  substances 

listed in Table 2.5; . Squares represent experimental points and the line 

fit to a polynomial. 



OC arid X tlie tllermo emf i11 (niV) using a least square fit programme. The values 

ol,t,air~c.cl for  tll(> c.orrsl,;lr~l.s ;IIT lisl.c.tl I )c l lo~v.  

1. A, = 6.7084 

2. Al = 10.9SS 

3. A2 = 1.5856 

4. A, = -0.2248 

5. A4 = 1.03E-2 

2.3.5 The sample alignment 

A convenie~it wa.y of measuring P, of a FLC is to have the sample aligried in the 

homogeneous (planar) I~ookslielf geo~~letry.2 Ilere the s~iiectic layers will be perpen- 

dicular to the glass plates (electrodes) and thus tlie field is applied parallel to the 

s~nectic layers and perpendicular to the director n (see Fig. 2.5). A proven method24 

for realising well oriented samples is by surface treaterlient of the substrate. For this 

purpose, tlie I T 0  coated plates were treated with polyimide solution and rubbed 

u~iidirectionally, after wliicli the cell was assembled as described earlier. The sarnple 

was filled into the cell i l l  the isotropic state by capillary action. Care was taken 

to see that tlie sample is filled uniformly witliout any air bubbles. As a last step 

towartls obtainirlg good alignment,, the sarnple was heated to a temperature slightly 

above the isotropic point arid cooled slowly, across the Iso-SrriA or Iso-Cli-SrrlA, at  

a rate of 2 -- 3"C/liour. This procedure generally resulted in a nioriodornain smec- 

tic A ~>llase. EIowever, i l l  a few cases application of a rnagnetic field, while cooling 

from the isotropic pliasc, was also necessary. The directiori of the magrietic field 

. - - - -  - .- 
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Glass 

Smectic layers 

Fig.2.5. Schematic diagram of the alignment of molecules in the "book shelf ge- 

ometry". 



(~naxi~iiulii strengtli 2.4 T obtainetl by a Bruker BE25 elcctrorriagnet) was parallel 

to tlie ~)laric of tlie glass platcs ant1 the rul)l>ilig tiirection (set. Fig. 2.5). 

2.3.6 Measurement of spontaneous polarisat ion (P,) 

Several rncthotls clril)loyctl for tlic ~~ieasiiro~iicnt of Ps in solitl ferroelcctrics, have 

been used in tlie case of FLCs also.25-27 111 additioli, a few techniques liave been 

devclol)cd specifically for liquid ~ r y s t a l s . ~ ~ - ~ ~  Alllong these a successful and very 

versatile ~iietliod is tlie Dialnant ~iietliod. We liave aclopted tliis riio(1ificd 

form of the Sawyer-To~rer~%rid~e,  the pririciple of wliicli is described briefly. 111 the 

Sawyer-Tower circuit (Fig. 2.6a) a low frequency sine-wave a.c. field of sufficiently 

high aniplitude is applied to tlie ferroelectric sample. A plot of the input versus 

output signals produces a Iijsteresis loop c h a r a c t e ~ i s t i c ~ ~  of a fcrroeltctric ~~ia ter ia l .  

Tlie Ps is extracted by extrapolati~ig tlie liriear part of the loop to E = 0 (see Fig. 

2.6b). Tlie main drawback of tliis simple method is that if the output corisists 

even a snlall part of ionic and linear capacitive colitributions then tlie loop gets 

distorted (Fig .2 .6~)  n ~ a k i ~ i g  it difficult to iileasclre Ps accurately. A modified version 

of tliis, proposccl I>y L)ialiia~it et  a!.," overcollles this proble~ii. In tliis rnetliod, also 

usually referred to as tlie liysteresis loop metllod, two l>arallel Sawyer-Tower circuits 

are usecl, one contai~iing tlie sa~nple ant1 tlie otlier a resistor capacitor co1ri1>iriation, 

I~otli of wliicli call I)c i~~tlcl)c~liclc~it ly varied. 'l'lic latter c~~al>les  coriii~elisatio~i of io~iic 

and linear capacitive portions of tlie outpttt signal. This is achieved by fcctlillg t,lle 

output fro111 the sa~iiple ant1 tlie c o ~ i ~ p e ~ i s a  ti~ig Sawjrer-'l'ower circuit to  a cliffere~ice 

The Diamant bridge circuit along with a sclieliiatic diagrarn of the da ta  ac- 

quisition systelri used is sllown in the Fig.2.7a. Tlie bridge is balanced l>y the 



Fig.2.6. (a) Circuit diagram of the Sawyer Tower bridge. Hysteresis loop from: 

( I ) )  all ideal sarnple, ( c )  sa111l)lc liavirig finite ioriic contributiorl. 
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coniy>ensating capacitors and resistors Cc & Rc. A six decade variable resistance 

(s~iiall(.sl s l c b ~ )  0.1 I t S 2 )  box (I<c) \Y;M co~~sl~.iiclc~cl lor tllis j)r~~.j)osc. Wl~il(a t11c cn.j);lc:- 

itor was a comn~ercially available variable five decade capacitor (HP 4440B) made 

of silvered mica sheets (smallest step 2 pi). Two fixed value capacitors (0.1 p F )  

form the other two arms of tlie bridge. A function generator (EJP 8116) delivers 

the sine waves whose amplitude was amplified by a higli voltage high fidelity ampli- 

fier (Kepco BOP 1000M) and thus the required voltage was applied to  the sample. 

I3y tuning Rc ancl Cc values the conductivity and capacitance distortions could 

be completely corrected. Tlie outputs from the sasrzple arnt and the conzpelasating 

ni-n,  of t l ~ c  hriclgc wcrc fctl to a ~)rogranilnal)lc gain dilfcrc~ice arriplificr (Arialog Dc- 

vices, AD.524) to ~)roduce a perfect hysteresis loop (see Fig. 2.7b). The applied and 

tlie amplifier output sigrlals are then digitised using a digitiser-cum-data acqr~isitiori 

systerr~ (111'7090A). This is a 3 channel lligli resolution (12 bit) and low drift, wide 

range input (0.1 liiV to 100 V)  digitiser having a, maximum sampling rate of 33,000 

sa~nples/sec for each chan~iel and an onboard memory 21 kbytes, enough to  hold 

3000 data-points. The data thus collected was tralisferred to an online co~riputer 

r 1 (III'8GI3) for storage. I lic data acquisilion system ar~c-l tllc teri~pcrature 111easurirlg 

rlanovoltmeter were interfaced to tlie computer througli HPIL3 (IEEE 488) Bus (see 

Fig.2.7a). By ~rieasuring the am~>litutle V, of the outl>ut wave, P, call he calculated 

usi~ig tlie sclatio~l 

where C (Cf i l l  tlie Fig. 2.7a) is tlie value of tlie s ta~idard capacitor and A tlie active 

area of thc sample cell. Al~llost full automation of data accjuisition arid ternl)erature 

rnollitori~~g enabled collectiori of data at very close ir~tervals of teniperature. 



Fig.2.7. (a)  Experimental set-up on Diamant bridge technique. S: Signal source; 

X,Y : Sanlple leads; R,, C, : Compensating resistor, Capacitor combi- 

nation; Cj  : Fixed capacitor; OSC : Dual chanr~cl storage oscillosco~>e; 

ADC + DAS : Analog-Digital Converter and Data Acquisition System; 

PC : I'ersorlal Colnputcr. A1).524 is a prograrnrl~al)lt: gain inst,ru~nenta- 

tion operational amplifier. 



E(arbitrary units 1 

(13) A typical hysteresis loop. 



2.3.7 Calibration of the Diamant bridge 

'l'lie set up was cliecked electrically as well as by ~iieasuring I: as a futlctiori of 

temperature for two ferroelectric licluid crystallirie materials (MCP70B and CE8) for 

which such results have already bee11 reported, by Ballr and Heppke13 for MCP70B 

and by Spruce and P ~ i n ~ l e ~ ~  for CE8. The data obtained using our set up agrees 

to  within 5% of the values reported for RICP70B and within 10% for CE8 over the 

entire tenil>erature range in both cases, as seen iron1 Figs. 2.8.3 and 2.8b. 

Wliile conducting the lneasurenlelits of P, we have always cooled the satnple 

.v 10°C below the A-C* tralisition ter~iperature and the P, rneasure~nents were clone 

or1 the heati~ig rnode. Tlirougl~out the measurement, the sllaj>e of tlie hysteresis 

loop was r~lonitored using a dual cliannel storage oscilloscope (I'hilips I'h4220:3) a.nd 

the bridge was kept in a ba la~~ced condition by adjusting Itc and Cc. 'l'he rate of 

Iicat,i~ig was .v G"C/lio~~r away fro111 T, alitl - 1°C.'/liour closc to T,. 'I'hc. sample 

aligl~ment was corista.ntly cllecked by a polarising microscope. 

2.3.8 Measurement of tilt angle 

As already p o i ~ ~ t e d  out in chapter I ,  for FLCs P, is the secoiidary order pararrieter 

arid tlie tilt arigle is the primary order para~neter.g To compare the da ta  with the 

prcdict,io~is of tlic cxistitig tlic~orc.lic;\l ~iioclcls it. \voulcl I)c Iicccssary to ktlow the 

telnperature variation of tilt angle also. For this ure measured the tilt angle by the 

X-ray (liffraction ~iiethod. I3y mcasrlri~~g tlic srl~cctic 1ayc.r spaci~ig d A  in SrnA ~ ) l ~ a s e  

and dc. ill SmC* phase the tilt angle is evaluated using the relation 8 = 

Here dA is the layer spacing value in the SmA phase as ~neasured just before the 

tralisitiol~. For the layer spacing ~rieasureme~it i11 StriA aritl SniC* phases ari existing 

exper i~~~cn ta l  set u113' was U S C ~ ,  a scI~~l~ia t , ic  diagrar~i of ~ v l r i ~ l i  is giver] i l l  Iig.2.9. 



Fig.2.8(a). Comparison of P, values obtained for MCP70B from our set-up ( 0 )  with 

those (+) reported by Bahr and Heppke13. 

Fig.2.8(b). Comparison of P, value obtained for CE8 from otlr set-up (0) with those 

by Spruce and  P r i r ~ ~ l e . ~ ~  



Fig.2.9. Block diagram showing the experimental set-up used for Xray diffraction 
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'Flie sarilple was taken in a Li~lde~r lan~i  capillary (0.7 mrn diameter) both tlie ends 

of wliicli are sealetl. A copper capillary holder was  laced inside a te11il)erature 

coritrolled oven. A11 aligned SmA pliase was obtained by cooli~ig the  sample a t  a 

slow rate of 3°1i/liour fro111 tlic isotrol)ic pliasc. i l l  tlic ~ ) r c ~ s ( ~ ~ i c c  o f  a 2.4 'I' ~ ~ i i ~ g ~ i ( : t , i ~  

field. The  aligned sample was then transferred along with the oven to  the goniometer 

head of the diffractorneter. Measurements were done using a corriputer co~itrolled 

Guiriier tliffracto~iieter (1Iul)er 644).  Copper Ir'crl and I(az lines were sellarated and 

only ICcrl was used for the experiment. During ally ~neasure~nent  tlie te111l)erature 

was kept constant to f lOinI<. 

2.4 Results 

2.4.1 Series D: Compounds with two chiral centres and 
without spacer group 

Fig.2.10 shows the thermal variatioli of P, for the six hornologues of this series (n=7 

to  12). As expected, for all the compounds P, is found to  decrease with increasirig 

temperature and goes to zero continuously at Tc (T, is the SmA-SmC* transition 

temperature). A notable feature is that  as the chain length increases, there is a 

substantial decrease in tlie magnitude of P,. In addition, the  rate  a t  which P, 

decreases with tenlperature, close to Tc, clecreases as the chain length is increased. 

Fig. 2.11 sliows a plot of I's a t  T - Tc = -10°C versus chain length. I t  is seen tha t  

for t.hc 7th Iioniolog~~c P, is al)or~t, 1500 l r C / n ~ 2  wlic~.cas for 1,11(' 12tli 11or11olog11c it, 

reduces to  about 750 pC/1i~2. 



Fig.2.10. 'l'hernial variation of sporltarieolls polarisation P, for 11 = 7 (O), n = 8 

(O), n = 9 (v), n = 10 (@), n = 11 (a) and n = 12 (A) of series D. 

Fig.2.11. P, at 7', - T = 10°C as a function of cliain lerlgth 11. 



2.4.2 Series B: Compounds with two chiral centres and 
with a CH2 spacer group 

Fig. 2.12 is a plot of P8 vs. T - Tc for the six liomologues of this group (11=7 to  

12). The features observed are very siniilar to that of series D, viz., P8 decreases 

with i~icrcase in teltlpcrat~lre ancl goes to zero co~ltinuously at T,, the value of P, 

decreases substaritially as 11 iricreases (see Fig.2.13). IIowever, tlie overall rriagriitude 

of P8 itself is ~nucli smaller for series B as co~iipared to series D. For example, a t  

T - Tc = -10°C for 7th lio~i~ologue it is 1500 C i C / ~ n 2  in series D and 650 fiC/~7z2 

for series B (compare Figs. 2.11 and 2.13). As we see later, this appears to  be due 

to the addition of a spacer group. 

2.4.3 Series C: Colnpourlds with one chiral centre without 
CH2 spacer 

The plots of II8 vs. T - Tc for tile six holnologues (n = 7 to 12) of this series and 

tlie variation of IJ8 at T - T, = -10°C vs. chain length are given in Figs. 2.14 and 

2.15. Tlie beliaviour observed is in agreement with those of series D and B. Itesults 

for this series sliow tliat reducing tlie nu~uber of asyrrilrietric carbon ato~iis decreases 

the value of lJs. At T - ?', = -lO°C, tlie 7th homologue of series C has l', value 

960 /iC/nz2 as against P8 = 1500 f~C/~iz2 for series D. ( A  Iriore detailed discussion 

of the effect of the second chiral at0111 is given later.) 

2.4.4 Series A: Compounds with one chiral centre and a 
CH2 spacer group 

l'lots of l $  versus te11il)erature ant1 I.', vc~sus cliairi lengtli arc give11 ill Figs. 2.1G 

arid 2.17. l'lie observed variations are in co~lforrriity with tlie behaviour of series D, 

I3 arid C. The r ts~ll ts  on this series sliow the co~nbined effect of reducirig a cliiral 



Fig.2.12. 'I'liernial variation of spolitaneous polarisatiori for ri = 7 (v), n = 8 

(O), n = 9 (O), n = 10 (v), n = 11 (a) and n = 12 (0) of series B. 

Fig.2.13. I'$ at 7: - T = 10°C as a function of chairi le~igt~h n .  



Fig.2.14. Therma,l variation of spontaneous polarisation Ps for n = 7 (v), n = 8 

(o), n = 9 (n), n = 10 (a), n = 11 (m) and n = 12 (A) of series C. 

Fig.2.15. P, a t  T, - T = 10°C as a function of chain length n. 



Fig.2.16. Tl ie r~na l  variat,ion of spo~italieous polarisatio~l P, for n = 7 (v), n = 8 

(u), 11 = 9 (O), 11 = 10 (O),  o = 11 (A)  a,irtl 11 = 12 (a) of series A 

Fig.2.17. P, a t  T, - T = 10°C as a functiorl of chair1 length 11. 



aton1 and introducing a spacer group. 

2.5 Discussion 

111 t l ~ i s  sectioli we a~ialyse our results ill ternis of tlie clfcct of different p a r a ~ ~ i e t e r s  

like, ler1gt11 of the alkyl cliai~i, nun~I>er of asyrnrrletric carbon a t o ~ n s  and  the role 

played by spacer groups, on the ~riag~ii tude of P,. 

2.5.1 Effect of alkyl chain length 

From Figs. 2.1 1, 2.13, 2.15 and 2.17 it is obvious that  P, is strongly dependent on the 

length of tlie alkyl chain. In all the four series of colilpou~ids studied, tlie I'3 value is 

found to  decrease witch increasing chain length. This behaviour is in agree~rient with 

earlier observations (though an excel~t io~i  to this, viz., P, increases with i~icreasir~g 

cliai~i length has also bee11 reported earlier15). The  decrease in P, with increasing 

12 call be accountetl for by the "zig-zag" conformation of tlie molecules37 (see Fig. 

2.18). According to  this model the value of P, is controlled by the effective tilt angle 

0 ,  of tlie tail portion of tlie ~nolecule. As the effective tilt angle Ot decreases with 

increasing 1 1 ,  P, should also decrease as the chain length is increased. 

2.5.2 Effect of the number of chiral groups and their loca- 
t ions 

As seer1 from tal~les  2.1 to 2.4, the selected hornologucs series provide tliffcrcrit 

mutual colnhi~lations of numher and location of cliiral carbor~ atoms. T h e  results 

obtai~ied,  tlescribed in tlie previous section, call be used to  understand the  effect of 

these subtle changes on the n~agnitude of l',. The  salient features wliicli collie out 

of suc l~  all analysis are ~iientio~ied below. 



Fig.2.18. A zig-zag rnoclel for the ruolecular packing in the C* phase. 



1. If a spacer group (CH2 group in our case) is introduced between tile core 

and t,lic c.liiral carl>oli at,oriis, it worlld decrease tlie rriagriituclc of /'I,. rl'liis is 

found to be true for both single chiral group (series C arid A) and two chiral 

gro~~l)(scrics 1) a~icl 13)  structures. 'l'lle clccrcasc i l l  tlic ~iiag~iiturlc is sr~l)st,an- 

tial, being - .50%. I11 fact such large changes occurririg due t o  the i~iclusion 

of a spacer group iias been ohserved by Yoshino et n1.,.12 One possible expla- 

~ i a t i o ~ i  for this type of I~ehaviour is that the presence of the spacer weakens 

tlie couplitig between the dipole and the cliiral centre etiabling tlie dipole to  

rotate freely thus clecreases the value of P,. 

2. It would appear that a si~iiple way of increasilig tlie rilagriitude of I.', is to  

increase the number of chiral carboll atoms. Although this is true, the relative 

increase is not very liigli. Otily - 30% cliatiges have beeti observecl between 

series I) and C and series B and A. This  nay be compared to the role played by 

tlie spacer group mentioned above. This shows that although the enhancement 

of steric Iiindrance, got by tlie addition of a second chiral group, increases P,, 

it may not be the only key factor. Thus it appears that to  obtain higher P, 

values it is better to position the chiral centre close to the core rather than 

having Inany clliral centres located anray from tlie core. 

111 addition to tile above two important factors wliicli decide tlie rrlagnitudc of l',, 

we have noticed that the presence of ally bridging group between phenyl rings also 

plays a role. To see this let us co1111>arc tlic results for series D with those sy~itlicsised 

for example, by l3ahr and I Ie l> l~ke '~ (h~ lCPnOB series). (Note tliat the ~~iolccular  

structure of serics I )  is vcry siliiilar to tliat of hlC:1'11013 series givc~~i i l l  Fig. 2.19.) 

Structurally tlic t~vo  are ide~itical except that i l l  hlCl'nO13 series the core is ~riade 

of a biplienyl group (no hriclgitlg group) ant1 in series I) t1iel.e is a polar 1)ridging 



I 1 = 
'nH2n+l 

OOC-CH-CH- CH2-CHg 
* 

Fig.2.19. h,lolecular structure for MCPnOB Series.(13) 

Fig.2.20. Temperature depcntlence of the sponta~leor~s polarisat ion for the MCP- 

nO B Series.(13). 



group CII=CIICOO between the plienyl rings. The P, data of Balir arid IIeppke for 

the ~ I C I ' I ~ O U  series is reproducecl in Fig. 2.20. Co~llpari~lg this witli serics I )  (Fig. 

2.10), we see that - 

1. ?'lie introduction of a bridging group between tlie two phe~iyl rings, albeit a 

polar one, has brought down tlie P, by a factor of two, e.g., the  saturation 

value of P3 of series D for n = 7 is FZ 150OpC/nz2 and for n = 7 of MCPnOB 

series it is about 3000/iC/t1z~. The reason for wliic11 rnay be that  - 

i The COO group in the core tilts one phenyl group with respect to  the other 

thus provi<lillg an increased dcgreo of frcetlorli of rotatio~i for tllc cl~iral part 

about the rest of the molecule. 

ii Though a polar group has been added, the increase in tlie length of the 

niolecule due to tlie additional CII=CHCOO group has overcompensated tlie 

increase i11 the transverse dipole moment. As we see in our studies (Figs. 2.10, 

2.12, 2.14 and 2.16) as well as i11 MCPnOU (Fig. 2.20) increasing the  length 

of the molecule usually brings down P,. 

2. 111 series D as well as in MCPtiOB both P, and the rate of variatio~i of P3 
dPs as a function of temperature, i.e., - at  T, decrease as n increases. How- 
dT 

ever in contrast to t,lic hlCPnOB scrics (ant1 also tlio lactic acid ( lc r iva t ivc~ '~) ,  

the range of the SmA phase decreases with iricreasi~ig chain length (see Fig. 

2.la-d). This is some~vliat surprising for the following reasons. IIigli resolution 

specific heat2' and tilt angle 22 experiments have sliown that one of the param- 

eters controlling tlie nature of tlie A-C* transition is the temperature range of 

tlic A phase. 111 particular, it has 1)ccli shown that tlie rate of variat,iori of 0 
no 

wit11 te~nperature, - increases nrit,li decrcasit~g rarlgc of tlie A phasc. Since 
dT' 



in the proxinlity of the transition, P, can be taken to be linearly coupled to  
d 1: 

0 ,  -- sl~or~ltl also I,cll~;~vc tlic saliic, wliic.li is c o ~ ~ t ~ r a r y  t,o orlr < ~ ~ l ) ( ~ ~ i ~ i i ( ~ l i t , i t l  
d'l' 

results. 

2.5.3 Comparison of P, data with the microscopic model 

The thermodynamic model introduced by Pi kin and Indenbo1n3' and exten- 

sions of it proposed by the Ljullljana gro~~1)39140 and indej~endently by IIuang et 

al.,"' have been quite successful in explaining various experinlental features of 

different physical properties of FLCs. But due to its phenomenological nature, 

the ~xoperties are r~ot  described in tcrnls of ~riicroscol>ic paranieters. With this 

in nlind, Zeks et  ~ l . , ' ~ ? ' ~  proposed a theory based on single particle potentials. 

Ilcrc \vc bricfly tlescribc this niicroscol)ic liiotlcl al~t l  solilcX of tlic co~iscclrrc~rccs 

of it. We also attempt to arialyse the results obtained for series A,B,C and 1) 

in terms of the parameters of this model. 

The theory is based on the assu~liption that the transverse molecular ordering 

is i~iduced by the tilt of the nlolecules only and not due to  the interaction 

between the dipoles of tlie nlolecules (experimental results substantiate such 

an assuniption). 'I'he tilt biases the free rotations of the ~nolecules about their 

long axis and induces ordering of tlie dipoles perpendicular to this axis. The  

degree of dipolar ordering depends on the angle of orientation II, of the dipole in 

a plane perpendicular to the long ~rlolecular axis. The coordinates are chosen 

such that when 111 = 0 the dipole ii is perpendicular to the plane of the tilt 

and parallel to the direction of P,. A single particle potential V (111) for the 

rotation of tllc lllolccl~le arountl its long axis can he expressed as 



Ilere the first term is linear in O and exists only for clliral rnoleculcs ancl is 

a~~ci logot~s t,o t , l ~ ( >  I)ili~l(~as coi~pl i11g ~ , C I . I ~ I  (SCY> C11a p t ~ s  11 I )  i l l  tltc ~ ) I I ~ ~ I I o I I ~ ~ ~ I ~ o -  

logical model. When the coefficient al is positive the tilt tends t o  align the 

transverse dipoles in the direction 11, = 0 and for perfect order tlie first ter111 

would 11e equal to -alO. The second tern1 is quadratic in 0 arid is not of cliiral 

character and exists in all tilted systems, chiral or achiral. If a2 # 0, this 

leacls to a quaclrupolar ortlerirlg i11 tlle direction perpen<licular t o  tlle tilt and 

is alialogous to the biquaclratic c o ~ ~ p l i ~ i g  in t11c plicnon~c~~ological r~loclcl. 'I'lic 

expected relation between the ~riagnitudes of the two parts of the potential is 

n10 << n202 cxcc>l~t, closc to tlic tra~isit ior~, wltc~rc- 0 is vvry srt~all. Agi~ir~ t,l~is 

is true of bili~iear and biquadratic terms. The  thermal average of cosll) at  any 

te~nperature TOIC is giver1 by, 

ancl can he used to calculate the value of P9, 

wlierc p is the particle density and /L tlie tra~lsverse dipole ~llorrielit of tlie 

tiiolecule. Using eqIi. 2.3 a ~ i d  substituting for V, it has been shown tliat4' P, 

can Ile writte~i as 

F r o  I .  2.5 it is clear that knoiving the te~riperature dependence of P, 

ant1 0 tlie coefficients (11 and n2 car1 be evaluated. In orcler t o  see t11c effect 

of r~iolecular s t ruct l~re 011 the values of (11 and (12 we have calculated tlicse 

paranieters for a rcl)rcse~~tative lio~liologue (11=10) of each series. As, such 



a calculatio~i needs t l ~ c  tilt angle data, we have ~neasured 0 by the X-ray 

clifrraction riietliod, clescribecl earlier. Figures 2.21 to  2.24 are  tlic plots of 0 

vs. (T, - T )  for the four coml~ounds. It is seen from these figures that  the 

tilt angle is almost same for all the four series suggesti~ig tha t  srnall structural 

changes rnay not alter the value of 0. Since tlie fitting to  eqn. 2.5 rieeds 0 arid 

P, a t  the same temperature and experimentally it was riot feasible t o  achieve 

this, we ~rlade use of a fu~ictiorial clescriptiori of tlie 0-data. It  rriay be recalled 

tilt angle in tlie C* phase can be described by tlie expression given by an 

extended rrleari field 11iode1~~ 

T - 1,  
where t = - , R and t o  are ~~a ran ie t e r s  cliaracterising the  trarisition. 

1; 
Figs.2.21-2.2j1 also show thc fit of tllc data to cq11. 2.6. T h e  fittirlg is vcxry 

good and tl~ereforc eqn. 2.6 can be used to calculate values of 8 in ecjri. 2.5. 

Neglecting tlie 0' term, we call rewrite eqn. 2.5 as 

We have fitted our P, data to eclIi. 2.7 usi~ig a lion-linear least square fit 

prograrll based on the inarquardt algoritlirri I>y float,irig the parariieters A1, A2 

and A3 for tlie four cornpounc-1s. Figures 2.25-2.28 are tlie plots of vs. 

(1; - 1') for the four co~iipo~~ncls.  'I'lic solid lilies are tlie fit t o  equaLiori 2.7 

aritl slioiv that tlie fitti~lg is quite good. The  1,alues of /Il ,  A2 aritl A:3 for tlie 

four corii l)ot~~~(ls arc give11 ill  t a l > l ~  2.6. 



T,. - T ( " C )  

Fig.2.21. Thermal variation of tilt angle 8 for Ale; squares represent experimental 

data and the line fit to eyn. (2.6). 



Fig.2.22. Ther~na l  va,riatioll of tilt angle 0 for Blo; squares represent experimental 

da t a  and the line fit to eqn. (2.6). 



Fig.2.23. Thermal va.riation of tilt angle 6 for Clo; squares represent experimental 

da ta  and the line fit to eqn. (2.6). 



T,. - T ( " C )  

Fig.2.24. Thermal variation of tilt angle 6 for Dlo; squares represent experimental 

data and the line fit to eqn. (2.6). 



Fig.2.25. Fit of the P, data to eq. (2.7) given by the microscopic model for Ale; 

squares represent data and the line the fit. 



Fig.2.26. Fit of the P, data to eq. (2.7) given by the microscopic model for Blo; 

sclriarcs rcprcsrr~t data alltl thr l i~ i f :  tllc fit,. 



T, - T ( "C )  

Fig.2.27. Fit of tlie I', data to eq. (2.7) given by tlie ~riicroscopic niodel for 610; 

squares represent data ancl the line the fit. 



T,. - T ( " C )  

Fig.2.28. Fit of the P, data to eq. (2.7) given by the microscopic model for Die; 

squares represent data and the line the fit. 



'l 'i~!)l(~ 2.(i 

Values of coefficicllts obtained from fit to rliicroscopic rllodel 



It is knowll" that close to  the transition, the doniinant coupling term between 

I-', and 0 is the hilinear couplillg coefficient C ,  which can be taken as a rnea- 

sure of P, for any given compou~id, although away frorri tlie transition, the 

biquadratic contribution is quite large. In terllls of the parameters ol~tained 

fro111 cclrl. 2.7, tllc coc.fficicr~t C can hc written as16 

Since p, the number derisity is riot expected to vary drastically between the 

tliffcrent series (A ,D,C ancl D) of compounds, it can he treated as a c o ~ i s t a r ~ t  

and one ca.11 write, 

'I'al~le 2.6 also gives tllr valrlrs of c calculatetl for tllc 10t,li llolnologuc of series 

A,B,C: ant1 D. It is observed that is lowest for series A and highest for series 

L). Afore explicitly 6 for series A < series B < series C < series L). Quite 

irltcresti~~gly, this is the way the P, also varies be t~vee~l  clifLcl.e~lt series. 

Accorcli~lg to tlle t,llc~or3-,"-" close to the transition, tho tlipolar tern1 dotlii- 

nates the potelltial wliile away froln i t  the quat1rill)olar tcrrli takes ovc3r. 'L'l~is 

beliaviour is in fact seen in tlie experimental data also. Listecl in table 2.6 are  

(120 
tlic ratios of cluatlrul)olar to dipolar terins (= -) for tllc lot11 I~o~ i~o logues  of 

(1 1 

tlle four series. Such a feature has heen observed by Buka et  aE.,'L2 also. 
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