
CHAPTER IV 

Determination of Rotational Viscosity in 
the Smectic C* and Smectic A Phases 

4.1 Introduction 

Ferroelectric liquid crystals1 (FLC) have attracted attenti011 owing t o  their fast elec- 

trooptic switclii~lg propert,ies, two or three orders of magnitude faster than  those of 

rlelllatic liquicl c r j ~ s t a l s . ~  'l'lius for certain ap~)lications which require fast electrooptic 

switchillg cliaracteristics FLCs arc extretriely useful. Otie of tlie important rrlaterial 

properties which controls tlie speed of this switching is the rotational viscosity (Y+) 

associatecl with tlie ~ n o t i o ~ i  aroulitl t lie srilectic C' cone." 

Scvcral ~nctliocls"-'~ have been developetl to tleterlriirie 76 .  IIowevcr a tietailed 

con~l)ariso~i of t Ile values obtni~~c.tl 1)y t llc cliff(.~clit tccliliicluc~ c1oc.s 11ot s t%t~ t i  t,o liave 

11ee1i madc. hioreover, there are harclly any syste~llatic as a function 

of the alkyl cliairi lerigth of the ~nolccule. Iiccpi~lg this i l l  view we have rrieasured 

r 1 

tlic rotatio~ial viscosity h j ~  cliffere~it tecliniques. I lie rc3s11lts show that  under proper 

( ~ x p ( ~ r i ~ i i ( ~ ~ ~ t  i i I  co~i(li t io~Is, all t I I V  I I I V ~  l~o(ls givv t I I V  s ( r r 1 r (  V:IIII(> ol' I oi,i~i io11c11 vis(.osil,y 

witlii~i 1111. experi~net~tal  errors. hlcas~~rements ~rlatle on diffrrcnt r11enlI)c.r~ of a 



I io~ i~o logo~~s  series sliow a syste~iiatic variatio~i with c l i a ~ l g i ~ ~ g  alkyl chai~i  le~igtll. We 

have also nieasuretl the soft 11iode rotatio~ial v i s c ~ s i t ~ " " ~ ~  by dielectric ~tictliotls. 

r > 1 Iic sc. l~c~l~c of ~)~.csc.r~t,;lt iori i r i  tliis c.I~al)t,cs is as follows. I:irsl,, a 1)ric.f clc~scril,t,ior~ 

of the concept of rotational viscosity of nematic liquid crystals is given, followed by 

the origin of different rotational viscosities of the ferroelectric snlectic C* phase. The 

various ~tiethods employed for the determination of rotatio~lal viscosities are then 

described in detail arid the experimental set u p  used in tliffc:rent cases are explained. 

A c o n ~ p a r i s o ~ ~  between the values ol~tai~ied by the differelit methods is given. 

Itcst~lts of L11c cJfcc.t of a lk~ ' ]  cIiai11 I('tlgtli 011 the r~lagtiit t i ~ l ~  i l ~ ~ t l  t , (~~ i i l~c ra t~ rc>  varia- 

tion of yb are presented. F i ~ ~ a l l y  the tlic.r~nal variatio~i of the soft ~ r ~ o d e  viscosity y, 

in the A phase is discussed. 

4.2 Rotational viscosity in the smectic C* phase 

Consider first a ~ieriiatic liclui(l  crystal iri which tile director is 1,otating by the appli- 

cation of an electric or ~i iag~iet ic  field rotating about Y-axis. Tlie resistance of the 

system to such a rotation can be clescribed by the torque ec1uation1" 

wlicrc I'" is tlic torclue rccllrircc-I to rrlaintain an angular velocity d $ / d t  arid y is tlie 

associatctl rotatio~lal viscosity coefficient. 4 is tlie angle the clirc~ctor makes with the 

initial director position as shown in Fig. 4.1. 

r '  I Ilc ~)roI)lcrii is ~ilorc c.o~i~l)licatctl irl tlic s~iicctic 1)lias~ dlie to tlic p~.c.sc%rlcc. of 

layering. Hut for tlie type of viscosities that we are interestecl in, a mucli siltil~ler 

approacli has becn taken ancl a t,lieory has 1)een developed or1 ttie lines of t,hc ne- 

rtiat,ic viscosity cocflicicnts. 170r this tlic ~liajor assu~~i l ) t io~i  tliat is niatlt. is tliat the 



4 . 1 .  Director re-orientatio~i in the nematic pllase under the influence of a field. 

Fig.4.2. Definition of rot,at,ionaI viscosity rorlfirir~,t,s ill t,hc s n i ~ c t i c  C* pllase. 



rc3sl)o~~s(' of t11c syst,crr~ is 1)111.c' l~r co~~f i~ iv ( l  1 0  ( l i ~ . ( ~ t o r  rotatioli witllollt any trarlsla- 

tio11a1 11iot im~.  

'i'o tlclinc. Ilic rotat ior~al visc.osity cocflicic~rits i l l  s t ~ l c ~ t  i c -  (:* pllasc. c.ot~sitl(~r Fig. 

4.2, whrre n is the director, 0 the tilt angle, c the in-plane smectic C director, $J its 

phase and n.yz are the rectangular coordinates. 

Just like in the nematic case, tlie viscous torque is given by 

wliere y is a general viscosity coe!liciellt. k'roln tlie synilnetry of tlie sr~iectic C* 

pliase it is clear that one of the principal axes of y rrlust he in the layer plane and 

perpellclicular to the tilt direction. 'l'lle c~rres~~ondir lg  torclue is denoted by 1'0 and 

the viscosity is yo. Ye is tlie viscosity associated with the change in the magnitude 

of 0, and describes the tilt amplitude fluctuations. ?'he transition between A atid 

C* phases is second order or at most weakly first order. As such close to  the transi- 

tion a tilt fluctuation mock call be observed in tlie A pl~ase. Tllis r~lode softells on 

approaclling tlie transitio~l poi~lt. Therefore ye is called tlie soft rnode viscosity (7,). 

The seco~i~l  prilici~~al axis of y is parallcl to the director. 'l'liis 111ode corresponds 

to the rotation ol  tlie ri~olcculc aGout its lorig ~~lolecular  axis ant1 the associated 

viscosity value is very srnall. The remai~ling principal axis must be in the  tilt plane 

and ~>erj)eridict~lar to the director n and the polarization P,. The corresponding 

viscosit,y is found to be similar to the nematic rotational viscosity and is denoted by 

~ c .  In t,he case of the C* phase the director 11 rotati011 is clarr~ped by a viscous force 

ivl~icl~ is tlie z-cornl~one~it of tlie viscous torclue actilig on tlie director 11. One can 

oI,t,ain a n  txprcssion for this tosql~e ancl I~cnce for ?(: l>y consitlering eqn.(3.2), i.e., 



To find tlic value of iz co1isicler the compone~lts of 11 alo~ig x, y and z axes. 

1 7 ,  = 71 sin 8 cos 4 t~iercfore i z ,  = - 1 1  4 sin 0 sin 4 

I ? ,  = l e  sin O sin 4, il, = sin O cos 4 

I?., = i t  cos 0, it., = 0 

, I  I lierefore il = n 4  sin 0 

and 

G I? = - 7 ~ 1 1  114 sin O =  - y ~ 4  sin 8 (4.3) 

'l'he z compo~ient of this torque is I': = 1'' x sin 0, i.e., 

.G I ,  = - 7 ~  sin 8 x 4 x sin 0 = --yo sin2 84 (4.4) 

Usually one i~itrocluces another viscous torclue I?, for the rotation of the c-director 

about the layer normal, i.e., z-axis (see Fig.4.2). Tlie corresponding viscosity is 

yb associated with tile rotation of c-dil.ector al~otlt  z-axis wllicfi is s in~ilar  to the 

rotati011 of the director n al~out  tlic layer normal witl~in the srnectic cone. Olie can 

obtain ari expression for 74 I I J ~  cor~sicleri~tg the c o ~ ~ ~ p o t ~ e l ~ t s  of c-director ant1 using 

the torque equation as 

7 C' I ,  = - 3 * c .  i:= -y*d (4.5) 

Comparing Eqs. (4.4) and (4.5) 

3* = 7Gsi~t '0  



, , I Ilougli 76 is the viscosity associated ivit,h the rotation of the clirector 11 ahout the 

layer normal, I ~ u t  it lias bee11 argued1' that y c  is the riiore furldarnental rotational 

viscosity as i t  dcfirlcs t,lic. rotation of n aljorrt all axis l)crl)c~litlicr~lar to I)ot,li 11 arid 

P, lying in tlie tilt plarie. In co~itrast y4 is a derived quantity corilposed of yc  

aritl 0. 'I'lius the ternperatuse dependence of y6 not only involves the tenil)c.rature 

depe~idence of y c  hut also the ternperatuse variation of 0. Further if one wants to  

cornpare /', arlcl rotatiorial viscosity, i t  is yc; which Iias to Ile corisidered ant1 riot yd, 

as P, arid y6 coriil~arison nliglit include a mutual relation between P, and 0 .  

As 7~ is rc.la!c~(l wit 11 t l ~ c  rotati011 of 11 ;~l)out tlic 1ayc.r. I I ~ I . I I I ~ \ ~ ,  i t ,  is also call(~1 as 

the Goldst,one mode rotational viscosity ( i n  analogy with tlie syrnrnetry recovering 

C;olclsto~ie mode stutlied i l l  clielectrics, Cllal~ter I I  I ) .  A ~~ic tor ia l  represc~~tatiorl of 

rotatio~ial viscosities, i r i  ncmatic,SmA ant1 SmC*, is give11 in Fig.4.3. 

I<otatiorial viscosity i l l  srlrectic C* pliase is rneasured by methods based on 

~ n e c l i a l i i c a l , ' ~ ~ , ~  roc~lectr ic5~'~and e l e ~ t r i c a l " ~ ~  tecli~iicjues. Tlie mechanical 1net11- 

otls i~lvolvc tIistur1)arice of tlie liclix i l l  tlic. s~liectic C* 111iase by a11 alternating sliear 

or Poisseuille flow wliicll gives information on the viscoelastic coefficients. However, 

these rnet.liods are not comriionly usetl l~ccause of tlie conil)licat,etl exl~erimental set 

, >  
I .  I I I P  ~)yroclectric ~irctl~otl Iias bc>c~i succcssfr~lly errll)loyctl t,o dcterriiirie 11otll y, 

and 76. In this method usirig a sllort laser pulse tlie liquid crystal layer is heated; 

clric to this hcatir~g tlie clirc*ctor tilt c.l~ar~gcs arid thus tllc. I', reosierits giving rise 

to an irltluced ~>yroelectric currcnt. By studying tliis trarisie~it current decay, y, 

value car1 be obtained. This technique also needs a sophisticated set up. I11 tlie 

clcctrical 111c.t llotl t Ilc rotat iorial viscositic.~ can I)e clctc~r~~~iriccl c.it11cr ( a )  11y st~~tlyirlg 

the crrrrc.r~t'-~ or ol)iical' I.clsl,orlse to arl ap~)licd al tcrr~ati l~g electric field or ( I ) )  

by t l i c l c~ t r i c .~* '~  rneasurelnc~its. \\.c Iia~.e enlploj.ed tlie electrical rnethotl aritl used 



Nematic 

Smectic A 

Smectic C 

Fig.4.3. The sitiglc rotatiolial viscosity ill  the lieliiatic and s~nectic  A ptlase will 

be split into two i l l  tlie srncctic (: pliase, associatctl with rnotion 011 tlie 

cone and tilt-angle variations, resl>ectivcly. (From I(. Skarp, Ref.3). 



r \ 

tccI11ii(1u(~ ( a )  for t I I V  I I I ( > ~ S I I ~ C > I I ~ ( > I ~ ~ ,  of 76 a11c1 t c~c l~~~i ( l t l (~  ( I ) )  for ( l c t ( ~ r ~ ~ ~ i ~ ~ i ~ i g  Y.~. I lie 

principles i~ivolvecl a ~ i d  tlie expcri~nerital set up are described i11 detail below. 

4.3 Electrical methods of measuring 7 4  

In this nlctliod yd is ~isually tlcter~ni~iccl i l l  tllill sa~iij)les Ily applyi~ig an oscillatirig 

electric field a ~ l d  eitlier ~iicasuring tlie ti~tie recjuired for all optical transltiittance 

c l~a~ igc  - Ill(. ol)ticaI rcsl)olisc. ~iicd,liotl or 1)y ~ i i easur i~~g  1 lit. currc.~it ilitlr~cccl duca to 

reversal of the polarisation - the field reversal metliod. Usually optical tra~is~nission 

~~ictlio(l is dollc r ~ s i ~ ~ g  a square wave, \\~licrcas i l l  tlic ficltl scvc>rsal ~iictliotl one can 

e~n l~ loy  a square wave or a triangular wave or a sine wave. Depending on tlie type 

of tlie inl)iit wave tlicre are tlifkre~lt field reversal ~netliocls for rtieasuri~ig 74. A11 

these ~iictliods are tlescril)ctl i l l  the following. 

4.3.1 Optical response method 

IIe1.e a low freque~lcy st1rlar.e wave of sufficier~tly l~igll a~liplitude is applied to a Iiotno- 

geneously aligned snlectic C* saniple alicl the temporal variatio~i of the traris~nitted 

part of all incident polarised light is used as a Ineasure for tlie calculation of tlie 

respo~isc t,iri~c T ,  a~icl ya is calculated tlsilig all empirical for~nula yh = TP,E, where 

P, is the spontaneous polarisation, E is the applied electric field. 

'I'o fi11d T consider an alig~ietl smectic C* sa~nple. Let all the dipoles he in the 

up st ate \vl~eri tlie applied voltage is +V at any instant of ti~ilc.  When tlie clircction 

of the al)l)lictl voltage c1ia11gc.s f1.0111 +I' to -V,  tlic tlil)olcs will rotate by an angle 

20 and tlic. dipoles will align i l l  the tloiv~i state. Because of tlie viscosity a tlcfi~iite 

time is l~cctlccl for tlic tlil)olcs to orient from t P s  to -Ps a~it l  this tinie is callc<l the 

switchi~ig t i ~ i i c .  T .  Tlic optical s~vitcliirig t inlc T is tlcfineti as tlic rticasuretl response 



time for a fu l l  reorientation of tlie optic axis. (Note that for tlisplay dcvices17 T is 

givc~i as the tirlic rec~liirecl for a11 ol~tical transrnittarice change froni 10% to  90% 

when the al,j)lictl field ~)olarily is rc~vcrsctl. 1Iowevcr we llavc co~isitlered tlie full 

switching tiriie, i.e., the time for optical transmittance change from 0 t o  100 % .) A 

typical optical response curve is shown in Fig. 4.4. With this ~iieasuretl value of T 

orie can calculate y, using the relation 

4.3.2 Field reversal method 

r -  I l ie  hasis of these  neth hods is that when the polarity of a drivilig electric fielcl is 

reversed a trarisielit curre~it is inducecl clue to tlie reorientation of tlie dipoles. 'l'liis 

currt~rit co~ltailis tlie illforrilat,iori al)olit, the dyrlarriics of tlit: ~)olarization reversal and 

r 1 thus about t,lle rotat,ional viscosity. Il ie expressions used to  determine y, clepend 

on the sliape of the applied field. 

Field reversal using square wave field 

'l'lle first att,enlpt to measure yd by this nietliocl was done by Skarp The 

response tiliie T was defiiled as tlie time between the scluare wave pulse edge arid 

tlie peak position of tlie transient current. y, was evaluated usi~ig the relation, 

T = y4/(I'$ E ) .  I,ate~. I\i~iil~ril ~ i n l . , ' ~  11t ilising t , h c x  ccluat ion givc.11 I)y Xuc-.Jic r i ~ l . ' ~ ,  

i~itroduced a correctioli factor and T is given by T = rW/1.76, where rw is tlie full 

width a t  half ~r iaxi~i ia  (F\VHAI) of the current peak. Now several sirnplifiecl analytic 

switcl i i~~g n ~ o t l c l s ' ~ - ~ ~  exist enal)ling the evaluation of yd from the polarisatioli sever- 

, , sal cllrrc.11t. 1 licsc lnodcls ir~rlr~tlc cor~sitlcrnt ions of tlie clast ic (hountlary) e f I c ~ t , s , ~ ~  

tlielec-tric torque,1g fluctuat ions2' and laycr tilt.22 Of these niodcls the riiotlel i l l  which 
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Fig.4.4. Optical response curve 



elastic forces are corisitlcrc~tl j~rcclicts j)roj)c>rIy t 11' j>ositiori of the peak on t,Iic ti~rie 

axis alitl it also accoulits for tlic sa~iiplc aligririiclit alid tlilis one call dctcrliiilic y+ 

fairly accurately. Therefore w e  have atloj)t,etl this   nod el for the analysis of our field 

reversal cl~rrent peak tlata. 

I11 tliis   nod el,^' the flesoelectric efFect and the effect of variation in the dielectric 

constant cluririg tlie polarization revcrsal are neglected. The elastic torque is defined 

in sucli a way that i t  is 0 for 4 = ~ / 2 ,  (\vIiel.e 4 is tlie angle hetween the electrode 

norlnal ant1 the direction of P, see Fig.4..5) ivliich corresl>oncls to the unifor~ri ori- 

elitation of f', ancl it is non-zero for d, = 0 ancl K .  Sucli all elastic torque car] be 

assulncd to be prol>ortiolial to cos 4 as for 4 = n/2 ,  cos d, = 0 and for d, = 0 and 

n, cos 4 is lion-zero. 74, tlie viscosity wliicli opposes tlie r(~orientatiori of the P, in 

an altcrnatilig electric fieltl is assunled to he prol)ort,io~ial to ad,/dt. Thus one can 

ivritc tllc. toicj~ic. c.clriat iori for c~clliilil)rii~r~l as 

where I< is an effective elastic constant. 

I3y solvilig this cquatioli one call get a rclatioli for y4 as2' 

wliere 

wliere / 3 = e s l > ( ~ ~ , ) .  

Tlie tcrriis T,, T+ arid T- are dcfinctl il l  Fig. 4.6. Usilig tlie sarrie pararrleters one car1 



~ ~ ~ u i l i b r i u m  direction for  the 
Ps with field present 

I 
d - Cell thickness 

Fig.4.5. Gcometry of the cell defi~ii~ig paral~ieters rlscd to dcrive et11i. (3.9). (After 

llahl et al., Ref.20). 



Time ( p s )  

Fig.4.6. Clirsc~lt sesl)ollsc to all applied square wave fielcl cxl)erilnclltal curve for 

U S -  



obtain a11 expression for tlic. elastic co~ist,a~it I i  

Field reversal using triangular wave field 

r~ l o  extract irifor~~iation about y* from tlie transient current due to  an applied trian- 

gular wave field we have adopted tlie ~iioclel give11 by Esclier et In this 111otlel 

tlie thermal fluctuations and interactions with tlie walls enclosi~ig the liquicl crystal 

arc ~ i o t  co~isi<lerc~<l. 

Colisitlcr an u~iiformly aligned C" sa~iil~le. Let XI be the director and 0 tile tilt 

angle between 11 arid layer normal z-axis. Let xz be the substrate plane (see Fig. 

4.7). k\'l~en a field E is applied alo~ig y-directioli the I', coul)les with the fielcl and a 

torque E e, x P, is set ~vliicli rotates tlie ~iiolecuie allout the z-direction and this 

rotation is opposed by tlie viscosity. 

r 1 1 lic torclue balance equation is 

wliere L is the time derivative of tile angular ~nonlentoln I,, wliicll comes due to the 

~ l io~ncn t  of inertia of the ~nolecules. As L is snlall it can be neglected. 

I-Iere e, is tlie unit ~lcctor alo~ig tlic y-axis. PtOt is tho total (sl)o~lta~~eous+illcl~~ced) 

electric ~~olarization. Since the magnitutle of tlie applied field is not large, PtOt is 

al l j )roxj~~~ated I* Ps, 



N - Normal to  ~ m e c t i c  layer 



ilcr 
Y4i)t 

+ I-', x Ee, = 0 

i)a i)a I), E sin a - yb- + P,E sin cr = 0 or - - 
at at ~b 

As both E and a are functions of time t ,  

If J is the current density due to t,his spontaneous ~>ola,risation P, one can write 

as P, = I', cos a e, in the field direction 

da 
J = -P, sin a ( t ) -  

at 

aa 
Putting value of - we get 

at 

According to Escher et  ~ l . , ~  for the determination of 7 4 ,  it is sufficient to  find 

J,,,,, tI1e ~liaxilillllii \:slue of J .  It, is givcri l,y 



I3ut J ,,,,, = I,,,/A, where A is tlie active a.rea of tlie electrode. 

1le11c.c 

Tlie out,l~ut wave of the forni sliowri in Fig. 4.8 gives the value of niaxirl~um current 

I,,,, arltl the corrcspor~<lir~g electric field En,,, is t,akc~i fro111 the input field a t  that 

i~istarit. 

Tra~lsient current response to an applied sine wave field (The hysteresis 

loop method) 

r 7 1 he rricthod is l~asecl on the well known Sawyer-'rower 111ethod~~ or tllc hystcrmis 

loop method, which was ~nodified I>y Dia~nant et  Tlie details of this ~riethod 

are already given in chapter 11. Now we explain how yb can be deterrlliried by the 

hysteresis loop r n e t h o ~ l . ~  

Consider tlie Diamant bridge circuit shown in Fig. 4.9. When a sine wave U, = 

U, sin wt is applied to the sarnple a hysteresis loop as shown in Fig. 4.10 is obtained. 

Tlie amplitude of the output voltage lJ, developecl across the capacitor C (C=Cf 

of Fig. [I.!)) givt.s the valuc of P,. [Notc tliat, wlicl~ tlic bridge is balancc>tl, tlie 

linear electric elenlents like ionic a~i(l  capacitive induce(1  current,^ arc I)alaricetl by 

the corn~>erisat ing resistor Rc arid capacitor Cc.] 

If A is tlie active electrocle area t l ~ c ~ i  



Time ( ms ) 

Fig.4.8. Cr~rrent response to an al,l~lietl triangular wave field - experi~nental  curve 

for LIs. 



Fig.4.9. (a)  Experimental set-up on Diamant bridge technique. S: Sigrial source; 

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

nation; C, : Fixed capacitor; OSC : Dual channel storage oscilloscope; 

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

F'C : Personal Computer. A11524 is a programmable gain instrumenta- 

tion operational amplifier. 



Time 

Fig.4.10. Current responsc t,o all applied s ine  wave field atid the hysteresis loop - 

experimental curve for U s .  



[Nol.c tliat (1, is. tlie ~iiaxi~iiuni of tlie output as tlie al)l)licd field goes tlirough a 

cycle.] 'l'liese para~~ieters  call l ~ e  used i r i  the following way to obtain yd usi~ig tlie 

relat>ion (4.15).  

If J,, is the ~naximuiil current density, then I,, = A J,, 

a ~ ,  a cu, c au, 
- - Also J,, = - - -- - -- 

at. a t  A A at 

Substituting for U,, 
all, - - 
at 

- w (1, cos wt 

a UY Im  = AJ, = CwU, cos wt - au, 

Since U, = U, sin wt 

[I; 2 2 
- = sill wt = 1 - cos wt 
u,z 

r 1 I lierefore the maxinir~~n curre~lt I,, is given by 

( l l j  - v;)ll2 all, 
I,, = c w  CJ,, uo au, 



I'uttir~g this ill  ecl~i. (4.15) wc gct 

c2u; IT:" 
But 1': = - 

A 
and En, = - 

d ' 

where d is the tliick~iess of the cell. 

c2u; IT"" I 

Thus ys is expressed ill  ternis of the known l>arameters of the hysteresis loop as 

shown in Fig. 4.10. Here U," = U, at U, = 0 and Uy is the maximum value of U,. 

d UY From the liysteresis loop one can get tlie values of Uy, U, at U,  = 0, - and the 
d u x  

amplitude of the applied field, I / ,  and lierice ya can be determined. An advantage of 

this method over the polarisation reversal methods is that the contribution coming 

from the linear electric elements is eliminated by the balance condition of the bridge. 

A more appealing advantage is that in the same experiment one can sinlultaneously 

determine P,, yd and tlie coercive field E,. 

4.4 Materials 

ICleasurcr~ients were clolic 011 six ho~nologs ( n  = 7 to 12) of the series [2S,3S]-4'-(2- 

chlor0-3-1~1ethyl1>entanoyloxy)phenyl tr,arls-4"-11-alkoxy c i n ~ i a r n a t e s . ~ ~  The structural 

for~lllrla ar~tl tra~isition te~~~j>era tures  in ("C) for these co~npounds (short form D,) 



are alrc-atly give-11 i l l  'l'al~le 2.1. 'l'11(. rcasoll for clloosi~~g this series of c o ~ l ~ l ) o u ~ l d s  

is that ,  as alreacly observetl in clial>ter 11, the I-', value of tliese colllpouncls is lligh 

and the terr11)erature range of smectic C* phase is also large for all the homologs. 

F r~ r t l~e r  tile critical field, necessary for u~iwindirig tlie helix, is srrlall (z  10 kV/crn) 

for all the ho~nologs even a t  Tc - T = 10°C. 

Experimental 

4.5.1 Preparation of the sample cell and alignment 

'I'lle ~) repara t io~l  of t l ~ e  sal11j)le cell and the  neth hod ertlployccl for oi>tairiir~g good 

sample aligrlrne~~t have alreatly heen descrit~ed in clia~)ter 11. Durir~g any measure- 

~i icnt  tlie tcrnpe~.attrre of the cell was kept co~~s tar i t  to  l ~ e t  tcr t l i a~ i  f 5?1?1i'. 

r 7 I he difkrc~i t  esperirr~c*rital set,-ups usecl for the rrleasurctiierlt of ya are  clcscrihcd 

below. 

4.5.2 Optical transmission method 

, 7  I he exl)cririie~~tal set up ~ ~ s c ( l  for this experiment is sllown in figure 4.11. A 110- 

~rlogeneously well aligned sariq)le cell is placetl between a polariser and an analyser. 

A IIc-Nc lases (Spectra Pllysics 120s) witli a low a~nl)litu<le clrift was used as the  

source. 'l'he translnittetl intensity was detected with a fast response (rise t ime - 
10 11s) and low (lark current phototliode (('entronics OSI5). A square wave pulse 

applied to  the sa~nple  switches the director by an angle 20 (0 being the tilt angle) 

wlieri its polarit). is reverseel. The  output of the pl~otodiocle aricl the applied square 

wave sigr~al were fed to a storage oscilloscoj~e (I'hilips PhI220:3) which was triggered 

by tlic posit ivc Icacling eclgc of the al)l)licd s i g ~ ~ a l .  'I'lie data  acciuirecl was t l lc~l  trans- 

ferred to  a ~iiicroco~iiptlter for stforage ant1 analysis. By setting tlie polariser and  



Fig.4.11. Set-up for optica.1 response tirrie ~neasurc~nents .  



arialystxr l)ro1)el.Iy pufcct light nio(lulatio~i call I>e ol>tailletl fro111 wliicll the exact 

switclii~lg t i~i ie  call be cleter~iiincd. A typical resl)olise curve is sliow11 ill tlle figure 

4.4. Since our interest is to colnpare optical and no11 optical methods of obtaining 

yb valrlcs,wc took t l ~ c  0-100% ilitcrisity variatio~i time as tlie switclli~ig time T ratlier 

tliall the usually used 10-90% tirne. 

4.5.3 Transient current response to an applied square 
wave field 

' i ' l i ~  cxl)erimclital set up usctl is show11 i n  figure 4.12. l'tie function generator used 

(111' 8116) coulcl deliver a nnaxinill~~i amplitucle 32 V ~ e a k  to  peak (wliicll was 

srlfficic.lit to gcrierate ficltls as high as ~ 3 0  kV/cm). The square wave fic3lcl wlieri 

applied to tlie sa11il)le causes a reversal of tlie dipoles \vliell its polarity is ~cvcrsed. 

, ,  Ilie current associatecl with this reversal is nncasurctl as a voltage drop across tlie 

current sensor resistor 11, connected in series with tlie sa~iiple. The value of I I ,  

should he carefully sclectc~l such that it niakts a liegligil>lc co~itril)ut,ion to tlie I1C 

time constant of the cell. The output and i111)ut signals were fed to a dual channel 

storage oscilloscope PhI 2203. The data acquisjtion and co~ltrol was handled by a 

~nicrocorn~>uter. Fig. 4.6 is a typical field reversal currel~t peak in which different 

paran~ctcrs ilivolvetl i l l  t l ~ c  calculations of yb are clefiliccl. 

4.5.4 Transient current response to an applied triangular 
wave field 

Uasicallj. t 11c cxl)crit~lcrital set 1 1 ~  al~tl  t 1ic data accl~lisit ion process arc siliiilar to 

tllc sc111ar.c~ wave 11ic-tllotl. 'I'lit. illj,ut n'avc alitl the sa111l)lc rc.sl)ollse arc. sllotvrl i l l  fig. 

4.8. 13y fititling the masiniunl current I,,, and the correspo~ltli~lg applied ficld Em, 

tile valrle of yb was e\.aluatecl. 



5 - signal source 

FLC- Ferroelectric Liquid Crystal Sample cell 

Rs - Current sensor resistor 

OSC - Dual channel memory osci lloscope 

PC - Personal Computer 

Fig.4.12. Block diagram for the field rcversal trcllniclues. 



4.5.5 Hysteresis loop method 

For this nictliod a calil~ratecl Dianlant bridge (described earlier i11 chapter 11) was 

tisetl to obtain the 1)-E Iiystcrcsis loop of tlle san~ple tiue to all a1)plictl sine wave field. 

ljy adjtlsti~lg tlie value of tlie resistor lEc aiid capacitor Cc one can cornpensate for 

tlie ionic and capacitive contributions and obtai~i a hysteresis loop as shown in the 

Fig. 4.10. 'I'lie data acquisition and analysis were ha~idlecl by a high resolution data 

accl\iisitio~i systc~lii ( I I I ' i U ! ) U ~ \ )  ai~tl a co11il)riter as exl>lai~ic~<l i l l  c1ial)tc.r 11. Witli the 

Iielp of tlie liystercsis loop it is possible to ohtain tile different parairleters needed 

to calculate y4 as tlcfinctl in tllc Fig. 11.10. 

Results and Discussion 

4.6.1 Comparison of 74 values obtained by different tech- 
niques 

Figure 4.13 is all arrllc~iius plot of 1i11,,, vs. I/?' for tlie 8tli liotilolog of tho U ,  

series. IIere we have ~>lottecl tlie ?4 valr~es obtairied I>y tlie four cliffererit ~rletliods 

described al~ove. It is clearly seen that tllroughout the range of the ~neasurerrient 

there is excellent agreement between the ?+ values deterniined from tlie different 

tech~iiques. Furtlier it is see11 that except close to the A - C* transition temperature 

7;rc. t l ~ c  I)cl~aviour is of Ai.rlienius tjype. 'I'lius the tc.~iipcrature variation of 74 can 

11c cxpreswc'l as ?,,+, = ydoc''l"?', 1~1101.1. 1,  is t l i ~  activatiorl c.~ic~~.gy. 'I'lic. valr~c of 11 

obtai~led 11y fitting tlie data away fro111 ?Ac* to the above equation is p =l.GiZ eV. 

Close to the tra~lsition tlle I~eliaviour is no~i-Arrlienius and a power law type of 

expressio~i iiiay descrilje tlic data I~ettcr tlian the Arrlie~iius law. IIowever, a single 

exponent does ~ i o t  scem to descril~e the data over a wide range of te~iil>eratrire. 'l'liis 

may pro1)ably hc due to the 1rlc.ari ficltl to tricritical cross-over bellaviour2" generally 
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Fig.4.13. Comparative plot of lny* versus 1/T for D8 obt airiecl by four tecliriiques 

<liscusscd it1 tlic tc.st . 



ol>sc~rvc!tl nc.ar tlic A-C* trarisitio~i. 

4.6.2 Effect of Chain Length 

111 Fig. 4.1'1 we 1iai.e plottecl l 1 1 3 ~  as a f~inctiori of 11'1' for tllc six Iio~i~ologs of the 

series (11 = 7 to 12). 111 this plot Itre present only the results obtained using the 

hysteresis loop method which, as we showed in the previous section, agree very well 

with tlic values cletcrminccl 113. tile other ~nethods. 7'hc rcasons for choosing tile 

hysteresis loop ~iictliod are following: (1) 'l'lie advantage of using tlie hystc~resis loop 

~lietliod as co~nl>ared to the ~)olarization reversal method is that the background 

current c o ~ n i ~ i g  fro111 the linear electric ele~nents rleecl not be take11 into accou~it or 

substractecl nu~nerically which pose i~iconvenierice i11 the exact deterrni~~ation of 74.  

In the hysteresis loop met hoe1 these linear electric elements are elinlirlatccl by the 

balance conclition of the 1)ritlge. (2) 111 the same run one can collect tlie iriforn~ation 

about P, and y+. In Fig.4.14 we have nor~nalised the plots by assuming a single 

T, to facilitate co~~ipariso~i  between different ho~rlologs. Tlie notable featiires are 

(1) t h t ~ c  is a systcrtiatic variation of ya wit11 cliairi Icngtll. (2) S i~r~ i l a r  to t,l~c 8 t h  

Iio~~iolog, tlie overall variation of tlie ya appears to be of power law type. But i f  the 

clata away fro111 the T, is considered it appears to follow Arrlienius law. It is clear 

frorn the Fig.4.14 that away from the transition the slope of the plots and hence tlie 

activation energy is approxirliately the sariie for all tlie hornologs, showi~ig tlicreby 

that all lioi~gli tlic al>soll~tc i.;ll~ic of y4 is vc.rj. 11111~11 I ' I I ~ I u ( ~ I I c c ( I  1)y t,lli' ~ l l i \ i ~ l  1~1igl,li, 

its te~iiperature variatio~l is the same for all the honiologs. This ~>erliaps suggests 

that tlie alkyl chain length is responsible olily for the absolute value of y4 whereas its 

tem~>erature variation is intlel>endcnt of n ant1 co~itrollccl hy the rigid core. Fig.4.15 

S I ~ O M ' S  34 (at 7: - 5°C) as a frrrrction of chain length for all the hornologs 11=7 to 12. 

F'rori~ tIi(> fig111(\ i t  is s i ~ r i  tlral ?*, (I i~.r~~iiscs rilpi(lly ~ v i i l i  11 for loiv(>r 110111ologs ancl 





I~lit al)pc.ars to rc.acli a 1o1rc.r li~riit a~ltl  stal)ilizc. for lo~igc*r c11;titr Icrlgtlls. Ilowc~vo, 

the I-', variation with 11 is differc~it ill  that it varies li~icarly with 11 as scc.11 fro111 tile 

Fig.4.16. Using tlie relation T = yb/l'sE we have calculatecl for all the  liornologs 

the value of T at 71, - 5 O C I  at  an al)l)lied field value of 50 kV/c~u.  'l'l~e plot of r vs. 

11 is shown in Fig. 4.17. It is clear from tlie figure tliat T is very rnuch se~lsitive to 

the chain length for lower Irornologs a11d it reaches a li~nitirig value for the liiglier 

r \ lrornologs. i hc li~iiiting val11e may ~>erhal>s be i1nl)osetl 1)y the rigicl corc. 'l'his 

suggests that wllilc selccti~lg i~~aterials  for fast res1)olise tlic li~riita tioti i1111)osctl by 

tlic rigicl core should also he kept in n~ind.  

111 order to stutly the effect of subtle cliatiges i11 tllc niolccular structure OII the 

valr~c of rotatiolial viscosity 2b ant1 tlic rise t i ~ n e  T we have nlcasurctl thc yd a ~ ~ d  T 

for 10111 lro~nologs of t l i ~  four series wliicl~ Iiave alnlost sirliilar ~irolecular structure 

(s(>ric>s A,13,C' a ~ i d  I ) )  ~ I i s c ~ i s s ~ ~ ~ I  i ~ r  C11al)tvr 11. 111 Figs. ~1.18a-4.18c1, we Ilavc ~)Iot,tccI 

T vs (T, - 7') for the 10th ho~nolog of the four series o b t a i ~ ~ e d  with a field of 30 

k V / c ~ i ~ .  The figures show tliat in all tlre four series T varies in a nori-linear fasliion 

as tlie te~ril)erature is changed. The variation of T is steeper in series A and B 

co~npared to series C and D. Comparing the values obtainecl a t  T, - T = 5°C we 

scxc 11ta1 sc.ric.s 1) Iras t,11e s ~ ~ ~ a l l t ~ s t  valrir E 25)tscc ant1 scrics C has 45 I ~ S C C  ~ I i c r e a s  

serics A a~itl  l3 I~avc tlic. same value e GO/~sec. Thus one cat1 prol>ably coliclude 

that i r i  orcler to reduce the switcl~ing time it is better to cluster tlie cl~iral groups 

togetlicr arid attach tlrc.111 tlircctlj~ to tllr core. This also hapl~cns to be tlic csitcrion 

for getting liiglrer polarization values as we have seen i11 Chapter 11. 

Figures 4.l!)a-4.l!.)d stiow the plots of 74 ant1 2 G = 3 4 / ~ i ~ ~ 2  0 as a f l l l l ~ l ~ i 0 l l  of 

tc~rrpc~rat l ~ r e  for thc lot li lio~riolog of tlic each scries calculatecl a t  a field of 30 

~ V / C I I I .  It is seen t,liat the values of 74 alicl yc  are not very clifferent for the four 



Fig.4.15. Depende~lce of 74 011 chaiti lengt 11 a t  7: - 5 O C .  
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Fig.4.18. Rrsl)ol~sr t i ~ l ~ r  a s  a f1111ctio11 of ~ C ~ I I I I ) ( I I Y I ~ I I I F  for 11 = 10 of ( a )  series L),, 

( I ) )  series B,, (c)  series (.:, and ((1) series A,,. 



Fig.4.19. Ilotational riscositirs -,G and 76 vcrsus t c~r ipc~~a tn r r  for 11 = 10 of (a) 

serics I),,, ( I , )  solic3s 13,,, ( c )  scric.s C', arld (d )  scrics A,,. 



co~~i lx)~r r~( l s ,  e.g., at 7: - 5"CV, -yb x 40~ul'u,S;. Ilowevcr tlie variatio~i of y~ with 

t e~np(~ra tu re  is differc~it for sc~ies  A arid I3. For series A and il the y c  variation is 

r 7 very s~nal l  with trrril>cratu~e. I his corifirrl~s tile s ta te~r~cri t  niade earlier tha t  y c  is 

~ I I ( *  t ~ ' t l ( ~  t .<>lill  i O l l i ~ 1  V ~ S ( ' ( ) S ~ ~ J '  i111(I O l l t a  I l i l ~  1 0  till<('  7(; ?111(1 1 1 0 1  76  ~ i l i l ( ~  ( ' O l l ~ i ( ~ ( ~ 1  illg l , l l ( '  

te~riperature variatio~i of the rotatio~ial viscosity. (In fact, as we shall see later in 

Fig.4.24, tlie data collectcd at close iritervals of tenipcratures bri~igs out this feature 

I)caut iflrlly.) IIowcvcr for series C' ant1 I) pr; varies iriitially ant1 appears to  attain a 

steady value at  lower te~nperatures. 

111 order to tlo a <luantitat,ive cornparison of the effect of P, on yb we have 

calculated a quar~tity ~vliicli is tlic inverse of tlie l)roduct T E ;  tlie g~:at,cr tlic 

value of P3/7* the better will I)e the switcliir~g. In table 4.1 we have tabulated IJS/y4 

for n = 10 of each series. The  table sliows that series I), havi~ig 2 cliiral groups near 

t2ie core, llas the liigliest value of Ps/yd. ?'he value Ps/y4 = 0.025 C/rn21'aS for r i  = 

10 of series D corrlpares fairly well with the values reported by Otterholm et nl.,27 

and Cliar~tlani cf ~ l . , ~ '  (0.04 and 0.06 C/m21'aS respectively). 

4.6.3 Soft Mode Viscosity 7, 

Unlike l a ,  there are only a few studies"g of y,, the viscosity associatecl with tilt 

an~l>litiide fluct,uat,io~is. I11 111ost of tlie earlier studies ys was cleter~nirlecl by the 

~)yroclcct,ric  neth hod. We liave atlol)tecl the dielectric clispersion rnetliod for tlie de- 

t r r ~ r i i ~ l a l i o ~ ~  of ?$. As I I ; I ~ Y >  S(YII i11 (-11al)tcr I l l  t 1 1 ~  gcr~(~raliz(~tl 111car1 fkld 111ode1 

l~reclicts29 the followirig relatioris for tlie stsength a ~ i d  relaxatio~i frequericy of the 

soft 11iode (rieglecting cp2 term) 



l'3/Ya ratios for tlie 10111 hornologue 

(at l', - T = 5°C) of each series 

Conll>ourid Ps/+yb (C/m2 Pa.S) 

Dl0 

Lactic acid 
derivatives2' 

h111P013C28 



wliere Ac3 arid j3 are the strengtli and relaxation frequericy of tlie soft rriode. C is 

tlie bili~icas c o ~ ~ l ) l i l ~ g  tcr~ii,  li3 all elastic co~ista~it ,  q,-tl~c. liclical wave vector at tile 

tsansitio~i arid a tile coefficient of tlie temperature dependent terrn in tlie Landau 

expansion, c, the permittivity of the free space and E tlie high temperature dielectric 

collstallt. 

h1ultil)Iyirig (4.21) and (4.22) 

We llave rr~easurecl the At,, f, and c hy tlle dielectric metliod a.s described in 

chapter 111. Since the coupling coefficierlt C is riot known we tlefirie a quantity 71 as 

The 11 values computed using ecln. 4.25 are 11lotted in Fig. 4.20 for the 7th and 12th 

homologs of the series. I-Iere we have presented the y, results in srnectic A pliase 

only. Froni the figure it is ol~vious that tlie value of 11 is more for D12 than D7. But 

overall temperature variation of 71 is the same for both tlie compounds iritlicatirig 

that t.11crc is no  significa~it cl~ange ill the rate of variatio~i of 71 with ter~il)csati~se as 

the chai~ilengtli n is increased. 

Figures '1.21 and 4.22 are the arrlie~iius  lots of 111 71 vs. l n ( l / T )  for ]I7 and 

/Il2. Sir~iilar to ?a, 11 also I>cha~.cts in a n o r l - a ~ ~ . h c ~ ~ i l ~ s  fasl~ion close to  the tra~lsition. 







Fig.4.22. Arrlic~lius plot of 11 for DI2. 



I:or tllc. tlata away fro111 7:. ~vc.  have Iittetl a straiglit lilic., the slope of wliicll gives a 

rlic.asuIc of tlic activatio~l eliergy. Withill experiliie~ital errors, the slopes and thus 

tlie activation energies for the two compounds are tlie same, indicating that  the 

tilt fluctuatio~is are liattlly i~if lr~c~~cc~tl  11y tlle i~icrcasc i l l  cliai~i Ictigtli. Silicc the 

coupling coefficierit is ~ i o t  know~i, it was not possible to firid the absolute value of 

y,. Iiowevcr we have deternli~led tlie absolute value of y, for another co~lipourid 

C6 (the Gth homologue of the C series; see Table 2.3). For this cornpou~ld we have 

obtainetl y, by the dielectric method. The value of C was ol>tai~led by the proceclure 

exl>lai~led already in chal>ter 111 which enabled the deternlillation of y,. We have 

plotted In y, vs. T - T, in Fig. 4.23. It is seen that y, tliverges a t  the tralisition. 

We liavc fitted tlie data of y, to an expression of the for111 

where t l ~ e  last term in RIIS is tlie usual arrhenius background contril~ution. Tlie fit 

r 1 gives a value. of x = -0.27. 1 lic value of .r ol)tai~ied for this co~ripou~itl is sariit: as 

that obtai~ied by Gouda et  for another conll)ouncl. 

\Ve liave also deterniil~ecl yb ant1 y c  for this conipouncl hy eniploying tlie hys- 

teresis loop method. A scmilog plot of yd, yc versus Tc - T is shown in Fig. 4.24. 

r 7 1 lie ternperat ure clel>enclence of these two qua11 tities confirrns our earlier conclusion 

that it is 3~ wliicli is of more func-lamcntal ilnpo~tance. Furtliernlore it is seen, frorii 

Fig. 4.23 arttl (1.2 1 ,  I Itat t trc val~lc. of y, is art or~lcr  o f  111ag11i111(1(~ g1~';11('r 1 1 t i 1 1 1  ~ , J I c  

value of 74, wliicli is in a good agreenic~it with the results of Pozhitlayev et.nI.' 



Fig.4.23. Temperature dependence of soft rrlode viscosity qs; squares represent the 

experirne~ltal data and the line shows tlie fit to eqn. (4.26). 



Fig.4.24. Variation of T* (+) and 2~ ( 0 )  as a function of temperature. Note tliat 

YG shows Arrlienius heiiavioul. riglit up  to the transition. 
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