
CHAPTER VII 

HIGH PRESSURE STUDIES ON COMPOUNDS EXHIBITING 

THE CHIRAL SMECTIC C PHASE 

7.1 Introduction 

The s m e c t i c  C phase may be described a s  t h e  t i l t ed  analogue of s m e c t i c  

A: t h e  molecular  cen t r e s  a r e  a r r anged  a t  random in a liquid like fashion within 

each  layer ,  a s  in srnect ic  A, bu t  t h e  prefer red  molecular  axis is t i l t ed  wi th  

respec t  t o  the  layer normal. S m e c t i c  C is optically biaxial. In 1969, Saupe  
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pointed ou t  t h a t  the  srnect ic  C phase  bears  some s imi lar i t ies  wi th  the  n e m a t i c  

phase a s  regard  to  i ts  e las t ic  p rope r t i e s  and the re fo re  a twis ted  fo rm of this 

phase should exist  - resembling n e m a t i c  and its tw i s t ed  analogue (cholester ic) .  

3 
Subsequent  exper imenta l  s tudies  by Arora  e t  a12 and Hel f r ich  and Oh es t a-  

blished t h e  occurrence  of t h e  tw i s t ed  smec t i c  C (also known a s  s m e c t i c  C*) 

in binary mix tu re s  a s  well a s  in pure compounds. In r e c e n t  years  t he re  is a 

considerable in teres t  in t he  s m e c t i c  C* phase owing t o  t h e  discovery of fe r ro-  

e l ec t r i c i t y  in this phase4 and the  adven t  of a bistable,  f a s t  switching e l ec t ro -  

opt ic  light - valve5 based on this property ( for  a comprehens ive  review of 

f e r roe l ec t r i c i t y  in liquid crys ta ls  s e e  ref .  6). 

The  f i r s t  observat ion of f e r roe l ec t r i c i t y  was  in 1974 by R.B.Meyer e t  

4 
al. They experimental ly demons t r a t ed  the  ex i s t ence  of f e r roe l ec t r i c i t y  in 

t 

smec t i c  C *  and H* phases - t h e  H* phase was l a t e r  identif ied a s  I* phase. 
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The  compound s tudied  by them - p-decyloxybenzyl idene-p'-amino-2-methylbutyl- 

c i n n a m a t e  (D0BAMBC)-showed t h e  following sequence  of phase t ransi t ions.  

In t h e  C* phase just l ike in t h e  C phase t h e  molecules  a r e  a r r anged  in 

layers  with the i r  long molecular  axis  t i l t ed  with r e spec t  t o  t h e  layer  normal .  

In addit ion to  this it is s een  t h a t  if a par t icu lar  layer  is cons idered  then  the  

t i l t  d i rec t ions  of t h e  molecules  in t h e  layer d i rec t ly  above  and below t h a t  

a r e  t u rned  through smal l  angles  in opposi te  senses  wi th  r e spec t  t o  t h e  t i l t  

d i r ec to r  of t h e  r e f e r ence  layer  ( s e e  fig. 7.1). In this  way, t h e  t i l t  d i r ec to r s  

f o r m  a helical dis tr ibut ion on moving f rom layer  t o  layer.  In t he  I* phase 

t h e  molecules  a r e  again t i l t ed  in t he i r  layers  but  a r e  hexagonally close packed. 

The  non-chiral C and  I phases  have  monoclinic syrnmetry  for  which the  

syrnmetry  e l emen t s  a r e  a two-fold ro t a t i on  axis paral lel  t o  t h e  layers  and normal  

t o  t h e  long molecular  axis,  a re f lec t ion  plane normal  to  t h e  two-fold axis  and 

a c e n t r e  of inversion. I f  t h e  ma te r i a l s  a r e  composed of chiral  molecules ,  i.e., 

those  which cannot  be superimposed on their  mir ror  images,  t h e  mir ror  plane 

and  t h e  c e n t r e  of inversion a r e  e l imina ted ,  which leaves  only a two-fold axis. 

T h e  absence  of a mir ror  plane resu l t s  in an a rb i t r a ry  d i rec t ion  fo r  t he  molecular  

dipole momen t  and hence  a component  parallel t o  t h e  two-fold axis  thus pro- 

ducing a ne t  polar isat ion,  usually a f e w  Debye  per molecule.  



Figure 7.1 Schemat ic  diagram of t h e  C* phase showing the  molecular  ar range-  
ment  in different  layers (from ref. 8) 



E f f e c t s  o f  Pressure on Smec t i c  C Phases 

I t  has long been recognised t h a t  the  temperature  va r ia t i on  o f  the t i l t  . 
angle i n  the C phase depends very much  on the type o f  phase tha t  exists imme-  

d ia te ly  a f t e r  it a t  a h igher temperature. 
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I f  the  h igh temperature  phase 

is  srnect ic  A then the t i l t  angle would be temperature  dependent and goes 

t o  zero a t  the C-A transit ion. O n  the other hand, i f  the  C phase precedes 

a n e m a t i c  phase then the tilt angle is temperature independent and goes t o  

zero a t  the C-N transit ion. Recent ly ,  de vriesl' has observed a t h i r d  k ind  

o f  smect ic  C phase where in  even though the higher temperature  phase is a 

srnect ic  A phase, the t i l t  angle i n  the .  C phase does no t  change s ign i f i cant ly  

w i t h  temperature. Ir l  add i t ion  t o  this, the t i l t  angle remains f i n i t e  i n  the A 

phase also. I n  order t o  see whether the pressure behaviour of the  C phases 

is r e l a t e d  t o  the temperature  var ia t ion  o f  the t i l t  angle a t  r o o m  pressure, 

13 
K a l k u r a  e t  a1 ca r r i ed  out  pressure studies on th ree pure compounds, the C 

phase i n  each case belonging t o  a d i f f e ren t  class men t ioned  above. I n  a l l  the 

cases they  found that  pressure destablises the smect ic  C phase resu l t ing  i n  

i t s  suppression. The supression occur red i r respect ive o f  the  type o f  C phase. 

Even  though many o f  the i r  propert ies have been extensively investigated, 
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there  has been only one deta i led  pressure study1' on  ma te r ia l s  exh ib i t ing  the 

C* phase. The resul ts  o f  th is  study seem t o  ind ica te  tha t  the C* phase is 

n o t  destabi l ised by the  app l ica t ion  o f  pressure (we  w i l l  discuss these resul ts  

i n  de ta i l  a t  a l a te r  stage). To see i f  th is  is  t rue f o r  a l l  l i qu id  c rys ta ls  exh ib i t i ng  

the  C* phase, the  author undertook h igh pressure studies on three such ma te r ia l s  

( inc idental ly ,  a l l  the three compounds are we l l  known fe r roe lec t r i c  l iqu id  



crystals). The resul ts  o f  these studies f o r m  the subject m a t t e r  o f  th is  chapter. 

7.2 Materials and Methods 

The appearance o f  C* phase depends highly on the  chemica l  s t ruc tu re  

o f  the  molecule. l 9  The chemica l  s t ruc ture  o f  a t yp i ca l  molecu le  exh ib i t i ng  

C* phase would be 

where X i s  a l inkage group l i ke  an ester, sch i f f  base etc. C*  is the ch i ra l  

carbon a t o m  (also known as asymmetr ic  carbon atom). I t  is w e l l  known tha t  

the  presence o f  a transverse dipole moment  enhances the s tab i l i t y  o f  the C 

phase. 20 The ch i ra l  phases are  obtained by the inclusion o f  a ch i ra l  center  

w i th in  the molecular  st ructure.  

The studies tha t  are repor ted i n  th is  chapter  have been done on compounds 

comprised o f  molecules wh ich  have a sch i f f  base (CH=N) as the l inkage group. 

We have studied the  e ighth  and t e n t h  homologues o f  p-n-alkoxybenzy1idene-p'- 

amino-2-methylbutylcinnamate (OOBAMBC and D O B A M B C )  and p-n-hexyloxy-  

benzylidene-p'-amino-2-chloro- cc -propylc innamate (HOBACPC).  I t  m a y  be 

reca l led  here tha t  D O B A M B C  was the f i r s t  l iqu id  c rys ta l  po in ted out
4 

t o  be 

fe r roe lec t r ic .  The molecu lar  s t ruc tures  o f  a l l  the  th ree compounds studied 

are g iven in fig. 7.2; the i r  t rans i t ion  temperatures a t  atmospher ic pressure 



HOBACPC 

Figure 7.2 Chemical formulae of 
1. p-n-alkoxybenzylidene-p'-amino-2-methylbutylcinnamate (nOBAMBC) 
2. p-n-hexyloxybenzyl idene-p'-amino-2-chloro- a-propylcinnamate (HOBACPC) 



are  l i s ted  i n  Table 7.1. A l l  the three compounds exh ib i t  smect ic  A, C *  and 

I* phases. The phase t ransi t ions a t  h igh pressures were detec ted using the  

h igh pressure opt ica l  c e l l  described in chapter 11. Pressures were  main ta ined 

and measured t o  an accuracy o f  + 2  bar  while the t rans i t ion  temperature  could 

be determined to  b e t t e r  than +0.5OC. 

7.3 Results  and Discussion 

OOBAMBC 

The P-T diagram o f  th is  compound is shown i n  f ig. 7.3. I t  is seen that  

the  range o f  the C* phase which  is 27OC a t  atmospher ic pressure decreases 

a t  the r a t e  o f  15OK/kbar resu l t ing  i n  a complete suppression o f  th is  phase a t  

1.7 kbar  and 115OC. A t  the I*-C*-A t r ip le  po in t  the I*-C* phase boundary 

is col l inear w i t h  the I * - A  phase boundary (dT/dP = 23OKlkbar) wh i le  the  C*-A 

l ine  approaches the t r i p l e  po in t  w i t h  a dT/dP o f  a lmost  zero (see Table 7.2). 

D O B A M B C  

The global features o f  the phase diagram o f  this compound, shown i n  

fig. 7.4 are very s imi la r  to  tha t  o f  OOBAMBC: 

1. The values o f  dT/dP fo r  the I*-C* phase boundary a t  1 bar as w e l l  as a t  

the t r i p le  point  f o r  th is  compound are the same as those fo r  OOBAMBC. 

2. The C*-A phase boundary has a pronounced curvature  towards the pressure 



T A B L E  7.1 

Trans i t ion  Temperatures ( O C )  o f  the  Compounds Studied 

Compound K I * C* A I 

OOBAMBC . 74.5 . (67.0) . 94.2 . 118.7 

D O B A M B C  . 74.6 . (62.0) . 94.0 . 117.0 

H O B A C P C  

Abbreviat~ions Uscd 

K - Crys ta l ,  I* - C h i r a l  Smect ic  I, C *  - Ch i ra l  Smect ic  C, 

A - Smect ic  A, I - Iso t rop ic  

The parentheses ind ica te  monot rop ic  t ransi t ions 



Temperature (OC) 
Figure 7.3 P-T diagram o f  OCIBAMBC showing the I*-C*, C * - A  and A-I phase 

boundaries. The I*-C*-A t r ip le  point  occurs a t  1.7 kbar and 115OC 



TABLE 7.2 

dT/dP values f o r  the various transit ions 

Compound Phase dT/dP a t  1 bar dT/dP a t  the Tr ip le  Po in t  
Transi t ion K/kbar  K l k b a r  

OOBAMBC 

DOBAMBC 

HOBACPC 

I* - C *  

C* - A 

A - I  

I* - C *  

C - A  

A - I 

I* - C* 

C" - A 

A - I  



Temperature (OC) 
Figu re  7 .4  P-T d i ag ram o f  DOBAMBC showing t h e  I*-C*, C*-A and  A-I phase  

boundaries.  The  I*-C*-A tr iple  point  o c c u r s  a t  3.8 kba r  and  162OC 



axis. 

3. The I* phase becomes enant iot ropic a t  higher pressures. 

However,  i n  D O B A M B C  the range o f  the C *  phase decreases a t  a much  

slower r a t e  (about 8OK/kbar!. As  a consequence the I*-C*-A t r i p l e  po in t  is 

observed a t  a h igher pressure, viz., 3.8 kbar and 162 OC. This somewhat surpri-  

sing since the t rans i t ion  temperatures a t  1 bar  fo r  the t w o  compounds are 

a lmost  exact ly  the same. The slope o f  the  smect ic  A - iso t rop ic  (A- I)  phase 

boundary is 21°K/kbar fo r  OOBAMBC and 26OK/kbar fo r  DOBAMBC.  These 

values are s imi la r  t o  those observed i n  other smect ic  compounds. 22 1t must 

be ment ioned that  Gu i l lon  et  a l l 8  have also studied D O B A M B C  a t  h igh  pressures. 

We shall discuss now the i r  results and then compare the i r  P-T d iagram w i t h  

ours. These authors have measured the layer spacing d as a func t i on  o f  pressure 

a t  four constant temperatures i n  the A, C* and I* phases. The var ia t ion  o f  

layer  spacing obtained fo r  one o f  the temperatures (96OC) is  shown i n  fig. 7.5. 

The ma in  features seen which are common a t  a l l  the four  temperatures  are 

1. d has no var ia t ion  w i t h  pressure in the A phase. 

2. I n  the C *  phase, d exhib i ts  a st rong decrease, the r a t e  o f  decreasing be- 

coming somewhat s lower a t  higher pressures. 

3. I n  the I* phase, d is e i ther  constant or  shows a very smal l  increase w i t h  

increasing pressure. 

They also determined the P-T diagram o f  D O B A M B C  by opt ica l  microscopic 



P ( k  bar) 

Figure 7.5 Variation of  layer spacing a s  a function of pressure a t  96OC for 
DOBAMBC (from ref .  18) 



technique. This d iagram is shown i n  fig. 7.6. I t  is seen tha t  there is no indica-  

t i o n  o f  the suppression o f  the  C *  phase seen b y  us i n  the same compound. 

I n  fac t ,  i n  the P-T d iagram o f  Gu i l lon  e t  al, there is a s l ight  increase i n  the 

range o f  the  C* phase w i t h  increasing pressure. To ascerta in th is  descripancy 

we computed the P - T  diagram o f  D O B A M B C  f r o m  the X r a y  data  o f  Gu i l lon  

e t  a1.I8 That  is, we took  the t rans i t ion  pressures f o r  four  d i f f e r e n t  tempera-  

tures using the  d versus pressure curves given by t h e m  (fig. 7.5 shows one such 

curve obtained a t  96OC). The phase diagram obtained i n  this manner is repro- 

duced i n  fig. 7.7. This phase diagram i n  f a c t  agrees w i t h  ours; the  range 

o f  the  C *  phase is seen t o  reduce w i t h  increasing pressure. A n  ex t rapo la t i on  

o f  the  phase boundaries t o  higher pressures would g ive a I*-C*-A t r i p l e  po in t  

a t  about 3.3 kbar. This descripancy i n  the P-T diagram of  Gu i l lon  e t  a1 obtained 

by  op t i ca l  microscopy and X r a y  scat ter ing  methods could be due t o  the  impure  

samples used in  the fo rmer  study - the C*- A  t rans i t ion  ' temperature a t  1 bar  

o f  the  sample used i n  the  opt ica l  study appears (see fig.7.6)to have been more  

than 10°C lower  than t h a t  used i n  the X ray  measurements. 

H O B A C P C  

The pressure behaviour o f  this compound (see fig. 7.8) is ve ry  d i f f e r e n t  

f r o m  tha t  o f  nOBAMBC. Even though the pressure range o f  t he  C *  phase is 

only 5OC a t  atmospher ic pressure, it decreases only ve ry  slowly (about O.S°C/kbar) 

w i t h  increase i n  pressure. Hence the I*-C*-A t r i p l e  p o ~ n t  i n  th i s  compound 

is expected to  occur only around 8 kbar, a pressure wh ich  is beyond the capabi-  

l i t y  o f  t he  pressure ce l l  t h a t  was used for  the experiments. 



F igu re  7.6 P-T diagram o f  DOBAMBC obtained by  Gui l lon  e t  a1 (ref .  18) 
using the  opt ica l  technique 





The higher s tab i l i t y  o f  the C *  phase in th is compound as compared t o  

nOBAMBC compounds may  be because o f  the  s l ight  enhancement o f  the trans- 

verse dipole m o m e n t  due t o  the presence of a chlor ine a t o m  i n  the branch. 

I t  shouid also be ment ioned tha t  the  he l ica l  axis i n  H O B A C P C  used for  these 

exper iments is r i g h t  handed whi le bo th  nOBAMBC have l e f t  handed helix. 

The A-I phase boundary could n o t  be determined fo r  this compound since 

the  sample had a tendency t o  decompose on repeated heat ing  i n t o  the isotropic 

phase. The dT/dP values for  the I*-C* and C*-A t ransi t ions are  l i s ted  i n  Table 

As already mentioned, Ka lku ra  e t  a1 have shown tha t  the non- ch i ra l  smect ic  

C phase also gets bounded a t  h igh  pressure in many mater ia ls,  regardless of 

the  phases which  exist  above and below the C phase. 
13 

Shashidhar and 

chandrasekharZ3 as we l l  as Gui l lon  e t  a l l 8  have observed t h a t  i n  the  case 

o f  4,4'-bis heptyloxyazoxybenzene, i n  wh ich  the C phase is suppressed above 

6.67 kbar, the layer  spacing i n  the C phase is independent o f  b o t h  temperature  

and pressure.Z4 Also, X ray  studies o f  Gu i l lon  et  a l l 8  on D O B A M B C  have shown 

tha t  the pressure dependence (a t  constant  temperature)  o f  t h e  layer  spacing 

i n  the C phase of this compound is s imi la r  to  i t s  temperature  dependence a t  

constant  pressure. Hence the suppression o f  the C or  C* phase is  n o t  d i rec t l y  

re la ted  t o  the t i l t angle variat ion. 



Temperature ( O C )  

F i g u r e  7.8 P-T diagram o f  HOBACPC showing t h e  I*-C* a n d  C*-A p h a s e  
liries 
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APPENDIX 

HIGH PRESSURE STUDIES OF PHASE TRANSITIONS 

IN TWO PHOSPHATIDYLCHOLINES 

1. Introduction 

Lipids fo rm an  essential  p a r t  of biornembranes. Studies of t he  liquid 

crys ta l l ine  proper t ies  and phase behaviour of t h e  lipid molecules  a r e  useful 

fo r  an  understanding of t h e  s t r u c t u r e  and dynam.ics 'of na tura l  biomembranes.  
1 

Phosphatidylcholine ( leci thin)  is a major  phospholipid of biomembranes.  

The chemica l  s t ruc tu re  of a phosphatidylcholine is given in fig.1 (R r e fe r s  

t o  a hydrocarbon chain). In most  naturally occuring m e m b r a n e  lipids, the  

acyl  chains a r e  even numbered. If R is of t h e  fo rm C H J  (CH2)IZ,  i t  is r e f e r r ed  

t o  by the  prefix di-myristoyl and the  molecule is cal led dimyristoyl  phosphati- 

dylcholine (DMPC). The molecule having CHJ(CH2)14 chain is ca l led  dipalmi- 

toy1 phosphatidylcholine (DPPC). DMPC and D P P C  a r e  the  most  widely studied 

phospholipids, and we  shall be concerned  only wi th  these two in this  chapter .  

I f  one replaces  N (CH ) group a t  one  end of t h e  molecule ( s e e  fig. 1) by 3 

(NH?) group the  resul t ing molecule is cal led phosphatidylethanolamirie which 

is a major  phospholipid of bac t e r i a l  membranes.  We will not be  deal ing with 

these  here. The  s c h e m e  of presenta t ion  is a s  follows: 

A de ta i led  discussion of t he  d i f f e ren t  phase t rans i t ions  exhib i ted  by DMPC 

- Water  and D P P C  - Water  sys tems is given fol lowed by a descr ip t ion  of t he  



C-O - CH, 

0 
I I 
C-0-CH 

I 
H2C- O 

Figure 1 Chemica l  s t r u c t u r e  of phosphatidylcholine : R re fe r s  t o  t h e  
hydrocarbon chains 



s t ruc tures  o f  these phases as g iven by  the X r a y  studies o f  Janiak e t  al. 2 

Final ly ,  the exist ing pressure data on these t w o  phospholipids are sumrnarised 

and then the resul ts  o f  our h igh  pressure studies are discussed in  detai l .  

2. Phase Transitions in DMPCIWater and DPPCIWater Systems 

Phosphatidylchol ines exh ib i t  r i c h  polymorphism i n  the presence o f  water. 

I n  the case o f  DMPC, f o r  w a t e r  concentrat ions greater  than 20 we igh t  %, 

t w o  the rma l  t ransi t ions are observed -T2, the l o w  enthalpy p re t rans i t i on  and 

T3, the  h igh enthalpy chain m e l t i n g  "Main" transit ion. F o r  concentrat ions 

less than 20% water, T is no longer observed bu t  instead a new transi t ion 
2 

T is seen p r io r  to T A t  s t i l l  l ower  concentrat ions (less than 15% water )  1 3' 

T is  broadened and sh i f ted  t o  higher temperatures. This t rans i t i on  is now 
3 .  

accompanied b y  an overlapping t rans i t ion  T 4' The temperature  dependence 

o f  these t ransi t ions (observed by  DSC)  as a func t ion  o f  hydra t ion  is summarised 

i n  fig. 2. 

3. Characterisation of Phases 

2 
Using X r a y  d i f f rac t i on  i n  conjunct ion w i t h  DSC, Janiak e t  a1 chara- 

c ter ised the d i f f e r e n t  phases in DMPC.  Here  a b r i e f  account  o f  the  c lassi f ica-  

t i o n  is given. We w i l l  discuss the region where the t ransi t ions are independent 

o f  composi t ion (greater  than 30% water). The phase tha t  exists a t  tempera-  

tures greater  than T shows only la lmel la r  re f lec t ions  together w i t h  a d i f fuse 
3 

d i f f r a c t i o n  band in  the h igh angle region. In  th is  phase the acy l  chains are 



Figure 2 Thermal  t ransi t ions TI (O), T (01, T (0) and T !&) observed  in 
2 3 4 

hydra ted  DMPC a s  a  funct ion of composition. 

Solid symbols: t ransi t ion onse t  t empera tu re  

Open symbols: t e m p e r a t u r e  of endotherm (DSC) max ima  ( f rom ref .  2 )  
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conformat iona l ly  disordered and conta in  a large number  of gauche  conformers .  

The  in te rcha in  s t e r i c  repulsion is thus higher, due t o  t he  l a rge r  hard co re  

radii of t h e  chains. This phase  is t e rmed  a s  liquid c rys ta l l ine  phase or  L 
c% 

phase.3 A s c h e m a t i c  r ep re sen ta t i on  of this  phase is given in fig. 3a. 

Below t h e  liquid c rys ta l l ine  phase ( t e m p e r a t u r e  < T ) a "gel" phase ex is t s  3 

in which a two-dimensional l a t t i c e  probably a r i ses  f r o m  periodic d is tor t ion  

of t h e  lamellae,  i.e., the  s t a c k e d  lamel lae  a r e  d i s to r t ed  by a periodic "ripple" 

in t h e  plane of t h e  lamel lae  (fig. 3b). The  hydrocarbon chains a r e  in a re la-  

tively o rde red  s t a t e  and t i l t ed  wi th  respec t  to  t h e  bi layer  normal  and packed  

in a regular  hexagonal la t t ice .  This phase is ca l led  Gel I o r  P phase. B' 

As the  sys t em is fu r the r  cooled,  it undergoes ano the r  t rans i t ion  a t  a 

t e m p e r a t u r e  T t o  a phase t e r m e d  a s  L o r  Gel  I1 phase. H e r e  t h e  hydro- 
2' 6' 

carbon chains a r e  fully ex t ended  and  t i l t ed  wi th  r e s p e c t  t o  t h e  plane of t h e  

bi layer ,  bu t  packed  in a d i s to r t ed  quasi hexagonal l a t t i c e  ( s e e  fig. 3c). Increa-  

sing the  t e m p e r a t u r e  resu l t s  in packing a l t e r a t i ons  such t h a t  t h e  hexagonal  

l a t t i c e  becomes  less dis tor ted.  The  average  angle  of t i l t  of t h e  hydrocarbon 

cha ins  dec reases  with increasing t empera tu re .  

Recen t ly ,  a third t ransi t ion (Gel  I1 - Gel 111) has  been observed  a t  -60°C 

using R a m a n  s p ~ c t r a s c o p y . 4  T h e  s t ruc tu re  of t he  Gel  I11 phase  is s t i l l  t o  

be elucidated.  



Figure 3 Schemat i c  representa t ion  of  t h e  s t ruc tu re s  of t h e  liquid crys ta l  (b) 
Gel  I (PBl) and Gel  11 (L ) phases of ~ ~ ~ C l w a t e r  s y s t e m  ( f r o m  ref.2) 8' 



The phase transit ions i n  D P P C  have been s im i la r l y  i den t i f i ed  using calo- 

r i m e t r y  and Xray  d i f f rac t ion .  The so cal led "main  t ransi t ion"  between the 

l i qu id  c rys ta l l ine  phase and a ge l  phase and the p re  t rans i t ion  between t w o  

ge l  phases have been thermodynamica l ly  character ised by  Chapman e t  a l  
5 

and others. 6'7 The con fo rma t ion  o f  the b i layer s t ruc tures  have been studied 

8 
b y  deta i led  X ray  di f f ract ion.  Recent ly ,  a t h i r d  phase t rans i t ion  has been 

observed by  Chen e t  aL9 Te rmed  as "sub t ransi t ion"  th is  phase t rans i t ion  

has been character ised by  ca lo r ime t ry  and Xray d i f f r a c t i o n  and P NMR 

studies. 10'11 The new phase be low the sub t rans i t ion  temperature  is g iven 

the symbol  LC. F r o m  the exper iments  ment ioned above, i t  appears that  the  

L phase adopts a complex hyb r id  or thorhombic sub ce l l  w i t h  precisely def ined 
C 

hydrocarbon chain conformat ions and mutua l  orientat ions. I t  is probable t h a t  

the i n te r  b i layer region i n  the LC phase i s  occupied exclusively by  t i gh t l y  

bound, H-bonded water  molecules provid ing a coupl ing between adjacent b i layer  

po lar  groups. 

4. E a r l i e r  Pressure Studies on  DMPC and DPPC 

There have been some pressure studies on both  D M P C  - Water and DPPC 

- Water systems, ''-I6 b u t  a l l  o f  t hem (except tha t  o f  Wong e t  a l l 5  i n  the 

case o f  D M P C  and Plachy16 i n  the  case of DPPC) have been concerned w i t h  

14 
the ma in  t rans i t ion  only. The P - T  diagram o f  th ree phosphatidylchol ines, 

viz., DMPC,  D P P C  and DSPC - showing the Ge l  I - L C  boundary - wh ich  is 

t yp i ca l  i n  a l l  the above ment ioned experiments ''-I6 is given i n  fig. 4. I t  

may  be reca l led  tha t  Wong e t  a l l 5  have repor ted measurements on D M P C  



TEMPERATURE ( K )  

Figure 4 P-T diagram obtained b y  Russell and ~ o l l i n ~ s ~ ~  for  t h e  Gel  I-LC 
transi t ion of t h ree  phosphatidylcholines 



for  al l  the th ree  t ransi t ions,  namely ,  Gel  111 - Gel  11, Gel  I1 - Gel  I and Gel  

I - LC,  but  the  da t a  a r e  not adequa te  to cons t ruc t  a  c o m p l e t e  P-T diagram. 

The P-T d iagram obtained by t h e m  is given in fig. 5. 

We shall now present  t he  resu l t s  of our de ta i led  pressure  s tudies of t h e  

t rans i t ions  in hydra ted  DMPC and  D P P C  (containing 95 weight  % of water) .  

5. Detailed Pressure Studies on DMPC/Wa ter and DPPC/Water Systems 

5.1 Exper imenta l  

DMPC and D P P C  were  purchased from Avanti Po la r  Lipids, Alabarna 

and used without  fu r the r  purif icat ion.  50 rng of t he  phospholipid was  dissolved 

in chloroform. The solvent was  removed by drying overnight  in vacuum (Irnrn). 

The phospholipid was  then dispersed in I c c  of 0.1 rnolar KC1 in wa te r ,  warmed 

t o  a  t e m p e r a t u r e  slightly above  the  chain mel t ing  t rans i t ion  and ag i t a t ed  

gently until t he  sample  b e c a m e  milky white. Both  t h e  samples  contained 

95 wt.% of water .  Dif ferent la l  scanning ca lor imet ry  runs, par t icu lar ly  of t h e  

pre t rans i t ion ,  showed tha t  t he  sample  was  well homogenised. Also, the transi-  

tion t empera tu re s  a t  1 bar  a g r e e d  very well with those r epor t ed  in l i te ra ture .  

6. Methods 

The  phase transi t ions were  d e t e c t e d  by the  optical  t ransmission technique. 



P ( k  bar) 

Figure 5 P-T diagram o f  DMPC obtained b y  Wong e t  a1 15 



The  de t a i l s  of t h e  pressure  cel l  used a r e  described in C h a p t e r  11. Pressures  

w e r e  measu red  t o  a precis ion of + 1.5 b a r  using a Bourdon type  (HEISE) gauge 

while  t h e  t e m p e r a t u r e s  were  de t e rmined  t o  an a c c u r a c y  of ?0.05°C. Typical 

runs of t h e  t r ansmi t t ed  light in tens i ty  obtained fo r  Gel  111 - Gel  11, Gel  I1 

- Gel I and  Gel I - LC t rans i t ions  of DMPC a r e  shown in fig. 6. I t  is known 

t h a t  t h e  change  in order  a t  t h e  pretransi t ion is sharp  only in t h e  increasing 

t e m p e r a t u r e  mode  while i t  becomes  r a t h e r  s m e a r e d  ou t  if one  s t a r t s  f rom 

t h e  f luid phase. Sackmann e t  a l l 7  assoc ia ted  this  with a high d e f e c t  densi ty 

ex is t ing  in freshly fo rmed  L I - phase. In order  t o  obtain c l e a r  intensi ty 
B 

changes  we have  per formed these  expe r imen t s  only in t he  hea t ing  mode. 

6. R e s u l t s  a n d  Discussion 

A. DMPC 

T h e  t rans i t ion  t e m p e r a t u r e s  a t  I b a r  a r e  given in Table  1. Both t h e  

pre t rans i t ion  and the  main t rans i t ion  could be fol lowed a s  func t ions  of pressure 

s t a r t i ng  f rom a tmosphe r i c  pressure.  However, i t  w a s  not  possible to  observe 

t h e  Gel  111 - Gel I1 t ransi t ion a t  lower pressures (As  men t ioned  ea r l i e r  this 

t ransi t ion occurs  a t  -60°C a t  1 bar).  This was because  t he  pressure  cell  could 

riot be  used below b°C, t h e  '0' rings used in t he  cell  losing the i r  seal ing pro- 

pe r ty  below this  t empera tu re .  However ,  it was  found t h a t  by keeping t h e  

s ample  a t  room t e m p e r a t u r e  and a t  a pressure of 3 kbar  for  abou t  1 2  hours, 

t h e  ma te r i a l  f o rmed  t h e  Gel 111 phase,  and the Gel  I11 - Gel  I1 t rans i t ion  could 

be c lear ly  observed. Having o n c e  observed this  t ransi t ion,  t h e  s ample  had 



Figure 6 R a w  t r a c e s  showing t h e  change  in t h e  t r ansmi t t ed  light in tens i ty  a t  t h e  t rans i t ion  in DMPC- wate r  
sys t em ( a )  Gel  111-Gel 11, 3.10 kbar, (b) Gel  11-Gel I ,  3.10 kbar and  ( c )  Gel  I-LC, 3.12 kbar. The  
intensi ty s c i l e s  f o r  (a) ,  (b) and ( c )  a r e  d i f f e ren t  



T A B L E  1 

Transi t ion Ternpertures (a t  I ba r )  o f  hydra ted 

D i m y r i s t o y l  Phosphatidylchol ine (DMPC)  

Transi t ion Temperature (OC) 

Ge l  I1 - Ge l  I 

Ge l  I - L i q u i d  Crys ta l  



t o  be prcssure annealed once again i n  order to  re-observe the transit ion. 

There fore  by  successive pressure- annealing a t  d i f f e ren t  pressures, i t  was 

possible t o  fo l low the Ge l  I11 - G e l  I1 t ransi t ion fo r  pressures beyond 3 kbar. 

The P-T diagram showing a l l  the three phase t ransi t ions is given in f ig.  

7. I t  is seen tha t  the range o f  the  Ge l  I phase increases w i t h  increasing pres- 

sure, showing thereby tha t  the  interact ions responsible fo r  the fo rma t ion  o f  

the hexagonally ordered Ge l  I phase are probably stabi l ised a t  h igh  pressures. 

The var ia t ion  o f  t.he Gel  I - l i qu id  c rys ta l  as we l l  as tha t  o f  the  Gel I1 - G e l  

I phase boundaries are l inear up t o  about 1.2 kbar beyond wh ich  there is a 

smal l  curvature  towards the pressure axis, a fea ture  wh ich  is commonly obser- 

ved i n  thermot rop ic  l iqu id  c rys ta l  systems. The dT/dP corresponding t o  the  

l inear port ions o f  the phase boundaries are 21.4OC/kbar and 10.6OC/kbar res-  

pect ively.  Since the volume change and the enthalpy change a t  1 bar f o r  

- 3 
the Gel  I - LC t rans i t ion  are  known ( A V = 27 x 10 m l ~ g ~ ~ ,  A H = 6kca l /  

8 
mole  ) dT/dP can be ca lcu la ted f r o m  Clausius - Clapeyron equation. The 

value comes out  t o  be 21.2OC/kbar wh ich  compares very w e l l  w i t h  the exper i-  

men ta l  value o f  21.4OC/kbar. 

The Gel  111 - Ge l  I1 t rans i t ion  l ine when ex t rapo la ted l inear ly  t o  atmos-  

pher ic  pressure gives a t rans i t ion  temperature  of about -60°C, i n  agreement 

w i t h  the value repor ted by Wong and ~ a n t s c h . ~  The Ge l  11 phase decreases 

i n  range w i t h  increasing pressure and u l t ima te l y  gets bounded a t  3.5 kbar; 

beyond this pressure Gel  I11 t rans forms d i rec t ly  t o  G e l  I. We thus have a 



Gel I 

Figure 7 P-T diagram of  hydrated DMPC. 
The Gel 111-Gel 11-Gel I triple point is a t  3.5 kbar, 4I0C 



Gel 111 - Gel I1 - Gel I t r iple  point a t  3.5 kbar, 4 I 0 C .  Table  2 gives t he  dT/dP 

va lues  fo r  t h e  t h r e e  boundaries  a t  t he  t r iple  point. The  dT/dP va lues  derived 

f r o m  t h e  initial l inear  port ions of t h e  Gel I1 - Gel  I and  Gel  I - L C  boundaries  

a r e  also given in t h e  s a m e  Table  f o r  comparison. 

B. D P P C  

Like  in t h e  ca se  of DMPC,  bo th  pre  t ransi t ion and main t rans i t ion  could 

be  fol lowed a s  func t ions  of p re s su re  r ight  f rom 1 bar.  t i oweve r ,  t he  sub transi-  

t ion could not  be  obta ined  even  a f t e r  pressure-anneal ing t h e  sample .  

The  t rans i t ion  t e m p e r a t u r e s  a t  1 bar  a r e  given in Tab le  3. The  P-T 

diagram of D P P C  is given in fig. 8. I t  is seen t h a t  up t o  abou t  930 bar  t h e r e  

a r e  only two transi t ions,  Gel  I1 - G e l  I and Gel  I - L C  bo th  of which  a r e  present  

a t  room pressure. Above a pressure  of 930 bar ,  t h e  Gel  I1 phase  does  not  

go d i rec t ly  t o  Gel  I ,  but  ins tead  to  a  new phase ( h e r e a f t e r  r e f e r r e d  t o  a s  

X). I t  may  be reca l led  t h a t  ~ l a c h ~ , ' ~  using ESR technique  t o  obta in  t h e  P-T 

d iag ram of D P P C ,  had observed t h a t  t h e  pretransi t ion (Gel  I1 - Gel  I) becomes  

unde tec t ab l e  beyond 1 kbar. In ou r  expr iments  w e  no t i ce  t h a t  above  t h e  Gel  

I1 - X - Gel I t.riple point,  t h e  Gel  I1 - X transi t ion which Plachy  might  have  

taken  a s  t he  Gel I1 - Gel I t rans i t ion  does become considerably weak. It  may  

also be no ted  t h a t  Russell  and ~ o l l i n g s ' ~  have r ecen t ly  found, using ad i aba t i c  

compression method,  t ha t  t he  l a t e n t  hea t  of t he  main t rans i t ion  (Gel  I - 1-C) 

shows an  anamoly around 1 kbar. The  value of t h e  l a t en t  h e a t  which s t a r t s  

going down f r o m  about  300 ba r  r eve r se s  t he  t rend  and  increases  around 900 





T ("C) . 
Figure  8 P-T diagram o f  hydra ted  DPPC. The Gel  11-X-Gel I t r iple  point  is a t  0.43 

kbar ,  42.5OC and t h e  X-Gel I-LC tr iple  point  is a t  2.87 kbar ,  98.5OC 



TABLE 3 

Transi t ion Tempera tu re s  ( a t  I b a r )  of hydra ted  

Dipalmitoyl  Phosphatidylcholine (DPPC)  

Transi t ion T e m p e r a t u r e  ( O C )  

- 

Gel  I1 - Gel  I 35.2 

Gel  I - Liquid Crys ta l  



bar. In our opinion, th is  change m a y  be due to  the  e f f e c t  o f  molecu lar  order ing  

t h a t  is happening a t  l ower  temperatures. Indeed such e f f e c t s  are known t o  

occur i n  non-amphiphi l ic systems. 
20,21 

A t  pressures above the t r i p l e  point,  the phase boundary invo lv ing  G e l  

I1 phase (i.e. G e l  I1 - X)  continues t o  have p rac t i ca l l y  t he  same slope (dT/dP), 

viz., about a°C/kbar, as a t  lower  pressures. The range o f  the G e l  I phase 

wh ich  increases w i t h  increasing pressure a t  l ower  pressures (i.e.,below the  

G e l  11 - X - Gel  I t r i p le  point)  shows a dramat ic  decrease a t  higher pressures 

and f ina l ly  a t  2.87 kbar, 98.5OC t he  Ge l  I phase gets suppressed. Therea f te r  

the  induced phase X d i rec t l y  goes to  the L C  phase, leading to  the observat ion 

o f  another t r i p le  po in t  X - Gel  I - LC.  The dT/dP values fo r  the various 

t ransi t ions a t  1 ba r  as we l l  as a t  the two t r i p le  points are g iven In  Table 

4. 

Thus the pressure- temperature d iagram o f  D P P C  has a remarkab le  topo- 

logy. The salient fea tures  o f  this d iagram - a l l  o f  wh ich  have been observed 

probably fo r  the f i r s t  t i m e  i n  lec i th ins  - are summarised below: 

i )  A n  induced phase between G e l  I 1  and Gel I. 

i i )  Suppression o f  the G r l  I phase. 

. . . 
111) Exist.ence o f  t w o  t r i p le  points, viz., Gel  I1 - X - Ge l  I and X - G e l  

I - LC.  



TABLE 4 

dT/dP values (in OC/kbar) for  t h e  various 

t rans i t ions  in hydra ted  D P P C  

Transi t ion d ~ / d ~  ~ T I ~ P  d ~ / d ~  
a t  1 ba r  a t  TPI  a t  TP2 + 

Gel I - LC 21.5 - 

Gel I1 - Gel  I 8.5 8.5 

Gel I1 - X - 8.0 

X - Gel I - 23.0 

X - L C  - - 

TPI  r e f e r s  t o  Gel  I1 - X - Gel  I t r i p l e  point 

TP2 r e f e r s  t o  X - Gel  I - L C  t r ip le  point  



As regards the observation o f  a new phase X i n  DPPC,  i t  may  be no ted  

t h a t  Strenk e t  using deuter ium NMR spectrascopy, found evidence f o r  

t he  possible existence o f  a r ipple- r ipple phase transit ion. Accord ing t o  them, 

th is  t rans i t ion  found in  aqueous dispersions o f  DMPC a t  l ow  levels o f  hydrat ion,  

can be explained i n  te rms o f  a spat ia l  modulat ion i n  the or ien ta t iona l  order 

o f  the  water  brought on by the r ipp le  st ructures i n  the l i p id  bi layer. A t  th is  

t ransi t ion,  they observed tha t  the values o f  the  r a t i o  o f  the  ampl i tude t o  

the per iodic length  o f  the  r ipp le  ( A / A  ) as we l l  as the temperature  dependence 

o f  A /  A change discontinuously f r o m  one r ipple s t ruc ture  t o  the other. 

Ruppe l  and ~ackmann, "  using f reeze- f rac ture  e lec t ron  microscopy as 

a too l  observed tha t  t w o  d i f f e ren t  types o f  r ipp le  phases coexist  w i t h i n  the  

P phase. These two coexist ing phases, according t o  them, are c lear ly  d ist in-  
B ' 

guished by  (i) the  distance between the r ipples (wave length  A or  A 121, ( i i )  

the  f o r m  and symmetry  o f  the microscopic sur face pro f i les  and ( i i i )  the  de fec t  

s t ruc ture  o f  the  surface texture.  A charac ters t ic  f ea tu re  o f  t he  A phase is  

the appearance o f  dislocations i n  the r ipple p a t t e r n  o f  s t rength  S = +1/2 and 

S = -112. I n  contrast  the 1\12' phase is character ised by the fo rma t ion  o f  wa l l -  

defects ( t w o  regions o f  r ipples o f  opposite or ien ta t ion  m e e t  a t  the wall). 

I n  the  l i gh t  o f  t he  t w o  observations ment ioned above, we fee l  t ha t  the  

induced phase "X"  m a y  be ar is ing because o f  a r ipp le- r ipp le  t rans i t ion  i n  the  

P phase. Perhaps, as pressure increases the range o f  .one o f  the r ipp le  phases B ' 
grows a t  the expense o f  the  other. H igh  pressure X r a y  studies on D P P C  

can throw l i gh t  on the s t ruc tu ra l  detai ls of this pressure induced phase. 
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