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Liquid c r y s t a l s  a r e  s t a t e s  of mat te r  t h a t  

a r e  in te rmedia te  between t h e  c r y s t a l l i n e  s o l i d  and 

t h e  i s o t r o p i c  l i q u i d .  2hey a r e  s t rong ly  an i so t rop i c  

i n  some of t h e i r  p r o p e r t i e s  ( f o r  example, they  a r e  

b i r e f r i n ~ e n t  and diamagnetical ly an i so t rop i c )  and 

a t  t h e  same time they have t h e  a b i l i t y  t o  flow. 

Br iedel  (1922), a f t e r  a c a r e f u l  s tudy of t h e  o p t i c a l  

p r o p e r t i e s  of t h e  'mesophasest, c l a s s i f i e d  them i n t o  

t h r e e  types: nematic, emectic and cho le s t e r i c .  

1 )  2he nematic l i q u i d  a r y s t a l  has long  range 

o r i e n t a t i o n a l  o rder  bu t  no t r a n s l a t i o n a l  o rder  

(Bigure l a ) .  A monodomain sample of a nematlo i s  

o p t i c a l l y  un i ax i a l ,  p o s i t i v e  and s t rong ly  b i r e f r i n g e n t .  

The b i re f r ingence  decreases  gradual ly  wi th  r i s e  of 

tddmperature and drops ab rup t ly  t o  zero at t h e  nematio- 

i ao t rop io  t r a n s i t i o n  temperature. 

2) Smectia l i q u i d  c r y a t a l e  have s t r a t i f i e d  

s t r u c t u r e s .  Depending on t h e  molecular arrangement 

wi th in  each l a y e r ,  mnectioa a r e  c l a s s i f i e d  i n t o  

smeatic A ,  smectic B ,  smectio C ,  e t c .  Zn smect ic  A 

t h e  long  a x i s  of t h e  molecules a r e ,  on t h e  average, 
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normal t o  the layers  with t h e i r  centres dis tr ibuted 

a t  random within eaoh layer  (Pi$ure f b ) .  Smeotiic B 

resembles smeotic A except t ha t  the molecules a re  

hexagonally close packed i n  each layer.  Smeotic 0 

i s  a t i l t e d  form of smectic A (Figure 10) r Beoently 

it has been shown $ha$ smectic C may also ocour i n  a 

twisted fo rm ,  i .e , ,  with a t w i s t  imposed on the 

s tructure about sm axis normal t o  the layers  (Figure 

14). 9he other smectio modification@, e,g., D, E, F, 

eto. have more oomplioated molecular s t ructures  which 

a re  not yet f u l l y  eluaidated. 

3) Cholesteric l iquid  c rys ta l s  a r e  a l so  nematic 

type of l iquid  crys ta ls ,  except that  they a r e  composed 

of opt ical ly ac t ive  moleoules. Thus, the s t ructure  

has a spontaneous hel ica l  t w i s t  superimposed about an 

axis  perpendicular t o  the preferred molecular direct ion 

(Bigure l e ) .  B o r  the purpose of optical  calculations 

the s t ruature  may a l n o  be described a s  a p i l e  of  very 

t h in  birefringent layers ,  the  principal axes of the  

successive Layers turned through a s m a l l  angle. This 

s p i r a l  s t ructure  gives r i s e  t o  some remarkable 

optical  properties,  When white l i g h t  i s  incident on 

the surface of  a plane texture preparation ( i n  which 

the he l ica l  axis i s  normal t o  the glaes surfaces),  



e e l e o t i v e  r e f l e o t i o n  t a k e s  p l ace  over a small reg ion  

of t h e  spectrum, t h e  wavelength of max imum r e f l e o t i o n  

varying wi th  angle of inoidenoe i n  acoordanoe with 

Bragg's law. A t  normal inoidenoe,  t h e  r e f l e o t e d  

l i g h t  i s  c i r c u l a r l y  po l a r i s ed t  one o i r o u l a r  oomponent 

i s  t o t a l l y  r e f l e c t e d  over a epeotra l range of some 

0.02 pm while t h e  o the r  passes  through unohanged. 

h r t h e r  i n  c o n t r a s t  t o  the  case  of r e f l e o t i o n  from 

normal d i e l e c t r i c s ,  t h e  r e f l e c t e d  wave has t h e  same 

senee of c i r o u l a r  p o l a r i s a t i o n  a e  t h a t  of the' i nc iden t  

wave. Along t h e  h e l i c a l  a x i s ,  the  medium e x h i b i t s  

o p t i c a l  r o t a t o r y  power of t h e  o rder  of s e v e r a l  

thousands of degreeas p e r  mi l l imet re .  I n  t h e  n e i a b o u r -  

hood of t h e  reg ion  of r e f l e o t i o n ,  the  r o t a t o r y  d i spe r s ion  

i s  anomalous and t h e  s i g n  of the  rotaCion opposi te  on 

opposi te  s i d e s  of t h e  r e f l e o t i o n  band. 

fl!hese p r o p e r t i e s  a r e  genera l ly  wel l  understood 

t h e o r e t i c a l l y  and have been ex tens ive ly  s tud i ed  

experimentally.  However, t h e  experimental and t h e o r e t i c a l  

s t u d i e s  have not  been f u l l y  explored i n  c e r t a i n  s p e c i a l  

oases. This  t h e s i s  desor ibes  i n v e s t i g a t i o n s  oa r r i ed  

out on suoh problems. The work has  l e d  t o  some 

s i g n i f i o a n t  new r e s u l t s .  

The first two ohapters  dea l  w i t h  s t u d i e s  i n  t h e  



regime of la rge  pitoh,  much l a rge r  than the wave- 

length of l i g h t .  These s tudies  hsve established 

conclusively t h a t  the  opt ical  propert ies  i n  t h i s  

regime cannot be described adequately by a d i reo t  

appl icat ion of the etandard de Vries equation ae has 

been done by previoue workers (Baessler a. 1969, 

Teucher e t  a l .  1971 ) . The experiment8 were carr ied 

out on a mixture of r i gh t  handed and l e f t  handed 

cholester ics .  Such a mixture, referred t o  as a 

comwensated mixture, adopts tho he l i ca l  s t m a t u r e  of 

er oholester ic  but the pitoh i s  sens i t ive  t o  composition 

and temperature. Por a given composition, there  i s  a 

temperature (say ply) at whioh the pitoh becomes 

i n f i n i t y ,  i . e . ,  s t ruc ture  goes over t o  the nematic 

s t a t e  ( lh iede l ,  1922). A t  temperatures above and below 

TN the  s t ruc tu re  is oholesterio but of opposite 

handedness. The pa r t i cu la r  compensated oholesterio 

used i n  the present work was a 1.6:1 by weight mixture 

of cholesteryl  chloride and choleateryl  myristate (CM) , 
which hae a nematio temperature 'EN * 48OC. Some 

measuremente of the  rotatory power ae a funct ion of 

temperature/pitch fo r  t h i s  mixture (but of composition 

1.75: 1) have been reported previously by Baessler ~ &. 
(1  969), who interpreted the  observations on the basis  

of the  de Vriee equation, 



where ? i s  the opt ical  rotatory power, I) i s  the 

pitch of t he  he l ix ,  a = ( e l  - e2)/2e, r.? a d  t2 a r e  

the pr inc ipa l  d i e l ec t r i c  constants of t he  untwisted 
h s t ruc ture ,  e = $el + c2), 8 - 7 and h i s  the 
Pt 

wavelength i n  vacuum, 

I n  chapter I we present systematio measurements 

of the rotatory power a s  a function of temperature/ 

pitch f o r  samples of thicknese 3 ,  6.4 and 12.7 pm. 

These measurements were carr ied out using a s l i gh t l y  

modif ied  Winkel-Zeiss (Oottingen) Polarimeter. Phe 

experimental curves a r e  ahown i n  f igure 2. It can be 

seen t h a t  t he  rotatory power (i .e. ,  the opt ica l  

ro ta t ion  per un i t  thickness) aa well as i t s  var ia t ion  

with tenperature/pitch i s  a function of the thickness 

of the sample. It i s  evident t h a t  t h i e  behaviour aannot 

be explained i n  terms of equation (1) .  According t o  

t h i s  equation the rotatory power f should approach 

i n f i n i t y  as temperature T tends t o  TN (or p i t ch  tends 

t o  i n f i n i t y )  and should be independent o f  sample 

thickness, whereas experimentally tends t o  zero i n  

the v io in i ty  of TH and i s  very much dependent on the 

sample thickness. The experimental r e s u l t s  a r e  



F i g u r e  2: Exper imental  r o t a t o r y  power as a f u n c t i o n  
of  t empera tu re  f o r  a 1.6:l  by weigh t  m i x t u r e  
o f  c h o l e s t e r y l  c h l o r i d e  and c h o l e s t e r y l  
m y r i s t a t e .  Sample t h i c k n e s s e s :  M 3 pnn, 

6.4 pm and 12.7 pm. 



disaussed i n  t h e  light of t h e  r igorous  theory  of 

l i g h t  propagation i n  o h o l e s t e r i c s  of l a r g e  p i t  oh 

developed r e c e n t l y  by K i n i  and o the r s  ( s ee  K i u ,  1977). 

It i s  shown that  t h e  observed behaviour i s  i n  oonformity 

with t h e  p red i c t i ons  of  this exac t  theory.  

Chapter I1 d e a l s  w i t h  an absorbing compensated 

mixture. Saeva and Wysoaki (1 971 ) demonstrated t h a t  

when l i n e a r l y  d iohroio  molecules a r e  d issolved i n  a 

c h o l e s t e r i c  l i q u i d  c r y e t a l  t h e  medium e x h i b i t s  o i r o u l a r  

dichroism i n  t h e  reg ion  of t h e  absorp t ion  band of t h e  

s o l u t e  molecules. I n  t h e  p resen t  work, we have oa r r i ed  

out d e t a i l e d  measurements of t h e  o i r o u l a r  dichroism 

as a funo t ion  of temperature/pitch of t h e  CM mixture 

i n  which was dissolved 1.38g by weight of l i n e a r l y  

d i ch ro i c  p-oarotene. The c i r c u l a r  dichroism w a 8  

determined by accura te  measurements of t h e  i n t e n s i t y  

of r i g h t  and l e f t - c i r c u l a r  po la r i sed  l i g h t  t r ansmi t ted  

by t h e  sample, using a photomul t ip l ier  and a lock-in- 

ampl i f i e r .  A s  is t o  be expeoted t h e  c i r c u l a r  diohroism 

changes s i g n  on c ros s ing  i n  a manner somewhat 

s i m i l a r  t o  t h e  behaviour of t h e  r o t a t o r y  power of a 

non-absorbing sample. However, meaeuremente on samples 

of th icknesses  4 ,  6.3, 8, 9.5 and 12.7 microns y ie lded 

a most unexpected r e s u l t ;  t h e  d iohroio  power ( i . e . ,  



v i l  

t h e  c i r a u l a r  dichroism pe r  u n i t  th ickness  of t h e  

sample) was found t o  decrease wi th  i nc rea s ing  sample 

O h i c k n w  (see  Figure 3) .  These f e a t u r e s  cannot 

be i n t e r p r e t e d  on t h e  b a s i s  of Sackmann and Vosa 
A (1972) equations obtained i n  t h e  l i m i t s  P (< A5 and 

X 
P)) flC1 ( i s  t h e  wavelength of l i g h t  i n  vacuum and 

A @ is t h e  b i re f r ingence) .  It i s  ahown t h a t  t h e  

observed f e a t u r e s  can b e  p roper ly  acaounted f o r  on the  

basis of an extens ion of the r igorous  theory t o  

absorbing systems (Kini , 1977). 

Ohapters 111 and I V  a r e  concerned with t h e  

o p t i a a l  p r o p e r t i e s  i n  t h e  regime of wavelengths 

comparable t o  the  p i t oh .  The exact  theory  of l i g h t  

propagation akcng t h e  h e l i c a l  axis of a c h o l e s t e r i c  

was developed by Mauguin ( 1  91 I), Oseen (1  933) and 

de Vries  (1951) and has been d i ~ o u s s e d  i n  vwiouo, 

forrns by o the r  authors  ( ~ a t s  1971, l i t yananda  1973, 

J o l y  1972, Aihara and Inaba 1971, Marathay 1971). 

An a l t e r n a t e  approach t o  t h e  problem was put forward 

by Ghirndrasekhar and Sr in ivasa  Rao (1  968). This 

theory  i s  o lose ly  analogous t o  Darwin's dynamlcal 

theory of X-ray d i f f r a c t i o n  from c r y s t a l s  (1914). 

I n  chap te r  I11 we der ive  t h i s  theory  i n  a complete 
minor 

form avoiding c e r t a i n  i n c o n e i ~ t e n c i e s  t h a t  were p resen t  
i 





i n  t h e  o r i g i n a l  formulation. We a l s o  g ive  d e t a i l e d  

numerical c a l cu l a t i ons  of t h e  r e f l e c t i o n  c o e f f i c i e n t ,  

r o t a t o r y  power, e tc .  f o r  t h e  semi- inf in i te  medium as 

wel l  as f o r  f i n i t e  f i l m  and oompare them with  t h e  

values  computed from t h e  exac t  e l e c t r o m ~ g n e t i o  theory. 

It i s  shown that i n  t h e  neighbourhood of t h e  r e f l e c t i n g  

reg ion  t h e  simple dynamical approach i s  q u i t e  adequate 

f o r  a l l  p r a c t i c a l  c a l o u l a t  ions.  

I n  Chapter I V  we d i s c u s s  a n  e n t i r e l y  new 

phenomenon, namely, t h e  o p t i c a l  analogue 01 t h e  

Borrmann e f f e c t  i n  cho lee te r ics .  The Bormann e f f e c t  

i s  the  anomalous i nc rea se  i n  t h e  X-ray intensity (over 

and above t h a t  due t o  normal absorpt ion)  when a n  

absorbing c r y s t a l  is s e t  f o r  Bragg r e f l e c t i o n  (~o r rmann  

1941). Thie i s  a consequence, of the  dynamical theory  

of X-ray d i f f r a c t i o n  (Ewald 1965). We r e y o r t  h e r e  t h e  

discovery of a s i m i l a r  e f f e o t  i n  absorbing cholelilterics 

i n  t h e  v i c i n i t y  of t h e  r e f l e c t i o n  band? The chap te r  

begins with a d i scuea i  on of t h e  dynaraicd theory  (which 

was t r e a t e d  i n  t h e  previous chap te r )  t ak ing  i n t o  account 

t h e  e f f e c t  of absorpt ion.  It is  shown t h a t  under 

s u i t a b l e  circumstances t h e r e  i s  an enhancement of t h e  

t ransmi t ted  i n t e n s i t y  f o r  l e f t  (o r  r i g h t )  c i r c u l a r l y  

po la r i sed  l i g h t ,  i f  t h e  s t r u c t u r e  i s  l e f t  (or. r i g h t )  

The exact  electromagnetic  theory  of t h e  e f f e o t  was 
first worked out by Nityananda and KSni, 1973. 



handed. This is indeed the analogue of the  

Borrnsrnn effeot .  Physioally t h e  or ig in  of Chi@ 

e f f ec t  oan be explained on the bas i s  of dynomioral 

theory as follows. Sn a l e f t  handed eholeeteric 

standing wares a re  s e t  up ineide the  medium due t o  

the  in*erferenoe between the  primary and the 

ref lected l e f t  oiroular ly polarieed waves, Phe 

phase of the Bragg refleoted wave with respect t o  

the  primary wave var ies  from n to  0 ae A Increases 

i ron  the arhorter wavelength edge of the  re f l eo t ion  

band t o  the longer wavelength edge. Henoe the 

e l eo t r i c  vector i n  the aedium makes an angle 

n/2 with respect t o  the d i rec tor  on the  shorter  

wavelength s ide ,  and 18 along the d i rec to r  on the  

longer wavelength side. Sf the medium were t o  

o o n e l ~ t  of l i nea r ly  diohroio moleoules aligned 

pa ra l l e l  t o  the  loo& direotor  *en the l e f t  

o i roular  wave euf f e r s  minimum absorption at the  

shor ter  wavelength edge and maximum absorption a t  

t h e  longer wavelength edge of the  re f l ec t ion  band. 

2hia r e s u l t s  i n  anomlous increase i n  the transmitted 

in tene l ty  of the l e f t  oiroular  wave on the  ahorter 

wavelength s ide  which Is over and above the  normal 

at tenuat ion due t o  mean abeorption. The ex i s t  enoe 



of this e f fec t  ha6 been experimentally demonatrated 

i n  oholeateryl nonanoate containing s m a l l  quemtitiee 

of p-azoxyaniaole or n-p-methoxybenaylidene-p- 

phony1 azoeniline (which a re  Zineaxly dichroia 

molecules). When the ref lec t ion  band is adjusted 

t o  overlap with the atrongly dichroic band of the 

solute  moleoulee the tranruaiseion and c i rcu la r  

dichroiam (Figure 4) exhibit the f eaturea preaic t ea  

by the theory. A3.80 a r e  presented a detailed 

experimenter2 study of t h i s  e f fea t  i n  th in  films of 

aholeetergl nonanoate canfaining varying mounts of 

p-azoxyanisole. It is ahown tha t  there  is qual i ta t ive  

ergreeraent between the experimental resu l te  and %hose 

caloulated on the basis of the  dynamical theory. 

The l a s t  ohapter desoribee opt ical  s tudies  

on the twisted Wgectio C (TSQ) H a s e  and tihe twisted 

nematio (2EI or cholesteric) phase exhibited by p-n- 

heptyloxyazoxybensene (HOAB) mixed with s m a l l  

quanti t ies  of cholesteryl benntoate. %he 980 phaae, 

l i k e  the  T1SI o r  choleateric phase, a l so  has a very 

high ro ta tory  power f o r  l i g h t  propagation along 

the twiat axis. Detariled measurements have been 

crarried out of @he rotatory power p , pftah P and 

layer  birefringence ( A  p) am functions o f  temperature. 

A l l  these quant i t ies  ( f , P and A p) change ~ i scbn t inuoue l  

a t  t he  TSC-TB phame t rans i t ion ,  the  values being higher 



dial~roiam aa a R;mctlon oil wave- 

length~ (a) pure uholesteryl 

nooatnoat e (non-crb sorbing), 

(b) mixture of chultssteryl 

nononoate a d  PAA (0.98fb) (abrrorbing;) . 





i n  the  lower temperature phaae. Fheae etudies 

have a l so  led  t o  the first evidence f o r  a new skew- 

oybotactio (o r  t i l t e d )  form of a choleeferic.  The 

obeerved value of 9 of the  TN phase i m  founa t o  

be incompatible with t h a t  oalculate8 from the  exaot 

theory using the meaeured values of A p arnd P 

when t h e  ortruoture i e s  asraumed t o  be of the  usual 

choleeter ic  type i n  whioh t he  d i reo to r  is normal 

t o  the  helix; the theore t ica l  value of 9 i s  muoh 

higher, indicating t h a t  t h e  moleoules i n  t h i s  phase 

a r e  not normal but inolined t o  the  h e l i c a l  axle. 

%hi@ ha8 been confirmed d i reo t ly  by X - r q  s tud ies  

on th i s  system. The d i f f rao t ion  pa t t e rn  reveals 

an inner  r i n g  (Bigare 5) oharaa ter i s t io  of a akew- 

oybotactio type of oholeeterio s t ruc tu re  i n  whioh 

the preferred moleoular direction i s  t i l t e d  a t  about 

3g8 w i t h  reepetlt t o  t he  he l i ca l  =IS. 

Most of the m e u l t e  deracribed above have 

been reported i n  the following publ ioat iom of whioh 

the  present wr i t e r  i s  a 00-author: 

1. Theory af the  opt ica l  propert ies  o f  non-abeorbing; 
oompensatercl choleeteric l iqu id  oryratals (with 
S. ChanBrasekhar, G,S.Ranga~l(~th, U.R. KiPf), 
Molleculiar Oryetals an8 Liguid Crystals, a, 201 

(1973)- 



Figure 5: X-ray diffraction pattern f o r  
unaligned sample. The sample 
l a  0.9  H O B  + 0.1 cholestergl 
benzoate mixture i n  the twisted 
nematic phase. 



2. Optioal properties of mixtures of r ight-  and 
left-handed cholester ic  l iqu id  c rys ta l s  (with 
G. S. Ranganath, S. Chandrasekhar, U .D. K i n i  and 
S. Ramasearhan), Chemical Physics Le t t e r s ,  19, 
556 (1973). 

3. Circular dichroism i n  absorbing mixtures of 
r ight-  and left-handed cholesterics(with O.S. 
Ranganath, S.R.Rajagopalan snd U.D. Kini ) ,  
Proc, Internat ional  lGiquid Crystals Conference, 
Bangalore, December 3-8, 1973 - Prsunena Supplement 
1 ,P P* 353 

4. Dynamical theory of r e f l ec t ion  from oholester ic  
l iqu id  c rys ta l s  (with S. Chandrasekhar, G. S. 

P roc .  
~angana th )  Liquid Crystals Conference, 

1 ,, p* 341 
Bangalore, 1973 - Pramtdna Supplement 

5. Anomalous transmission (Borrmann e f f ec t )  i n  
absorbing cholester ic  l iqu id  c rys ta l s  (with 
R. Elityananda, U . D . K i n i  and S. Chandrasekhar) -Proc. 
Int ernat ionel  Liquid Cry stalk! Conferenoe, Bangalore, 
December 3-8, 1973 - Pramana Supplement 'l, p. 325. 

6 .  An experimental study of the  anomalous transmission 
(Borrmann e f f ec t )  i n  absorbing oholester ic  l iquid  
c ry s t a l s ,  Molecular Crystalar and Liquid Crystals,  

3, 267 (1976). 

7. Optical and X-ray s tudies  on the twisted smectic 
C and twistea nematic phases: Evidence f o r  a Skew- 
Cybotactic type o f  cholester ic  s t ruc tu re  (with 
S.Ohandrasekhar) - Molecular Crystals and Liquid 
Crystals ( i n  press) .  
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