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A b s t r a c t

S o l i d / L i q u i d  Phase  T r a n s f o r m a t i o n s

by

James H. Whittam

A d v i s e r :  P r o f e s s o r  H e n r i  L. Rosano

Evidence  o f  t h e  im p o r ta n c e  o f  phase  t r a n s f o r m a t i o n s  

and t h e  s o l i d / l i q u i d  i n t e r f a c e  i s  o b se rv e d  from s t u d i e s  

on t h r e e  model sy s te m s :

A. Aqueous S o l u t i o n s

In  d e p th  e x p e r i m e n t a t i o n  on th e  d e n d r i t e  i n t e r f a c e  

s t r u c t u r e  o f  aqueo us  s o l u t i o n s  h a s  e s t a b l i s h e d  

t h a t  n o t  o n l y  a r e  d i f f u s i o n  and c o n c e n t r a t i o n  

f a c t o r s  i m p o r t a n t  t o  t h e  i n t e r f a c e  c o n f i g u r a t i o n  

b u t  t h e  r a t e  o f  h e a t  e x t r a c t i o n  from t h e  i n t e r f a c e  

( h e a t  t r a n s f e r )  and a s s o c i a t e d  w a t e r  p l a y  im p o r t a n t  

r o l e s .

B. Enzyme Systems

The change i n  t h e  a c t i v i t y  o f  C( amylase  i s  con­

t r o l l e d  by t h e  r a t e  o f  f r e e z i n g ,  r a t e  o f  th aw in g  

and t h e  c o n c e n t r a t i o n  o f  s o - c a l l e d  p r o t e c t i v e  

a g e n t s .  T h i s  a p p e a r s  t o  be due t o  t h e  s o l u t e  

b u i l d i n g  up a t  t h e  s o l i d / l i q u i d  i n t e r f a c e .  Very 

sm a l l  c o n c e n t r a t i o n s  o f  sm a l l  m o le c u l a r  w e igh t  

p r o t e c t i v e  a g e n t s  lo w e r  t h e  a c t i v i t y  o f  t h e  enzyme



a f t e r  a  g iv en  f r e e z e  thaw  c y c l e  more th a n  th e  

u n p r o t e c t e d  enzyme sy s tem  would do u n d e r  s i m i l a r  

c o n d i t i o n s .

S a t u r a t e d  Monoacid T r i g l y c e r i d e s

T r i g l y c e r i d e s  were chosen  a s  a  t h i r d  a r e a  o f  s t u d y  

s i n c e  t h e y  e x i s t  _n a lm o s t  a l l  f a t t y  m a t e r i a l s  and 

t h e i r  po lym orph ic  s t a t e s  a r e  due t o  t h r e e  p r i n c i p l e  

c r o s s  s e c t i o n a l  a r r a n g e m e n ts  o f  l o n g  c h a i n s  d  . 73* 

and  73. T h is  d i s s e r t a t i o n  p r e s e n t s  e v id e n c e  on th e  

p h y s i c a l  a g i n g  o f  pure  monoacid  t r i g l y c e r i d e s .  A 

t e c h n iq u e  i s  a l s o  d e s c r i b e d  u s i n g  a  p o l a r i z i n g  

m ic rosco p e  and a  t e m p e r a t u r e  g r a d i e n t  m ic ro sco p e  

s t a g e  which s u p p l i e s  s u p p l e m e n ta r y  i n f o r m a t i o n  to  

compliment t h e r m a l ,  x - r a y  I . R .  and NMR m ethods .  T h is  

a p p a r a t u s  may a l s o  be u s e d  a s  a  s im p le  d e v ic e  t o  

d e te rm in e  t h e  t e m p e r a t u r e  s t a b i l i t y  o f  v a r i o u s  f a t t y  

s y s te m s .  More i m p o r t a n t ,  i t  e l i m i n a t e s  many t h r e e  

d im e n s io n a l  h e a t  t r a n s f e r  p ro b lem s  a nd  p r o v i d e s  a 

d i r e c t  method f o r  o b s e r v i n g  t h e  phenomena o f  p h y s i c a l  

a g i n g  o f  t r i g l y c e r i d e s .

P h y s i c a l  a g in g  o r  s o l i d / s o l i d  phase  t r a n s f o r m a t i o n s  

o c c u r s  a s  a  r e s u l t  o f  t h e  f o r m a t io n  o f  t h e  meta­

s t a b l e  c (  and ■>3' po lym orphs .  P r e v e n t i o n  o f  

p h y s i c a l  a g in g  may be a c c o m p l i s h e d  by  s o l i d i f y i n g  

t h e  t r i g l y c e r i d e  below t h e  c r i t i c a l  r a t e  o f  f r e e z i n g  

f o r  f o r m a t io n  o r  by t h e  a d d i t i o n  o f  low m e l t i n g  

t r i g l y c e r i d e  i m p u r i t i e s  ( su c h  a s  t r i l a u r i n ) .
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F i n a l l y ,  n u c l e a t i o n  d a t a  i s  p r e s e n t e d  f o r  t h e s e

pure  s a t u r a t e d  monoacid  t r i g l y c e r i d e s .  E s t i m a t e s

o f  , t h e  s u r f a c e  f r e e  e n e r g y ,  f o r  t h e s e  t r i -
2

g l y c e r i d e s  i s  o f  t h e  o r d e r  o f  l^t-17 e rg s / c m  .
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P r e f a c e

Many i n d i v i d u a l s ,  p u r s u i n g  a  p r o j e c t  o f  t h i s  m agn i tude  

a lo n e  and a c c o m p l i s h i n g  i t s  g o a l ,  f e e l  t h e y  a c h i e v e  u l t i m a t e  

s a t i s f a c t i o n .  To t h i s  a u t h o r  few i n d i v i d u a l s  r e a c h  t h i s  

p i n n a c l e  o f  s u c c e s s  and e n jo y  i t  w i t h o u t  t h e  h e l p  o f  soire 

e x c e l l e n t  s u p p o r t .

L ik e w is e ,  t h i s  d i s s e r t a t i o n  a t  hand i s  t h e  p r o d u c t  o f  

one p e r s o n  s t r i v i n g  t o  a t t a i n  fo rm a l  acknowledgment in  th e  

f i e l d  o f  C h e m is t ry ;  how ever ,  t h e  s u p p o r t  which s e r v e d  a s  

th e  f o u n d a t io n  and g u id a n c e  o f  t h i s  i n d i v i d u a l  e f f o r t  must 

n o t  go u n r e c o g n i z e d .  To a l l  t h o s e  i n d i v i d u a l s  i n v o l v e d ,  I 

e x p r e s s  my d e e p e s t  a p p r e c i a t i o n .

I  am e x t r e m e ly  g r a t e f u l  t o  my f a m i ly  who t h r o u g h o u t  th e  

y e a r s  h a s  h e lp e d  g u i d e ,  a d v i s e ,  s u p p o r t ,  and "p u t  up" w i th  

my many a n t i c s  and  a c t i v i t i e s  t h a t  have b ro u g h t  me t o  t h i s  

ve ry  p r o m is in g  f r o n t i e r  o f  my l i f e .  To them I  a lw ay s  w i l l  

be i n d e b t e d .

Beyond no r e a s o n a b l e  d o u b t ,  t h e  n e x t  most i n f l u e n t i a l  

pe rson  in  my l i f e  h a s  been P r o f e s s o r  H en r i  L. Rosano.  S in c e  

my u n d e r g r a d u a t e  days  h i s  p e r s i s t a n c e  " t o  s o l v e  zee problum" 

combined w i th  h i s  o v e r a l l  dynamic p e r s o n a l i t y  h a s  l e f t  an 

i n d e l i b l e  mark i n  my mind.  I  have l e a r n e d  much and b e n e f i t e d  

g r e a t l y  from h i s  b ro a d  knowledge and e x p e r i e n c e  n o t  o n ly  in  

c h e m is t r y  bu t  i n  a l l  a s p e c t s  o f  l i f e .  A c c o rd in g  t o  t h e  words 

o f  G ib r a n ,  "he who i s  w ise  does  n o t  b i d  you e n t e r  t h e  house 

o f  wisdom b u t  r a t h e r  l e a d s  you t o  t h e  t h r e s h o l d  o f  y o u r  own 

m ind ."  T h is  sums up my e d u c a t i o n  w i t h  H e n r i  L. Rosano.
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To th a n k  in  one l i n e  a l l  t h e  o t h e r  p e o p le  whom I  have 

had t h e  f o r t u n e  t o  meet d u r i n g  t h e  deve lopm ent  o f  t h i s  t h e s i s  

would be a g r o s s  i n j u s t i c e  s i n c e  no one would r e a l i z e  th e  

r o l e  t h e y  p l a y e d .  The f o l l o w in g  i s  a b r i e f  a c c o u n t  o f  t h r e e  

y e a r s  a t  C i ty  C o l l e g e .

The g e n e s i s  o f  t h i s  t h e s i s  f i r s t  "saw l i g h t "  d u r i n g  t h e  

summer o f  1971 a t  C.C.N.Y. At t h i s  t im e  I  was d o in g  r e s e a r c h  

a s  an u n d e r g r a d u a t e  w i th  H.L.R. in  t h e  M a r l i e s  Lab o f  Old 

B a s k e r v i l l e  H a l l .  My summer p r o j e c t  was s u g g e s t e d  by Mr. R. 

P f l u g e r  o f  t h e  Maxwell D i v i s i o n ,  G e n e ra l  Foods C o r p o r a t i o n  

and i n v o lv e d  a  s tu d y  on t h e  f r e e z e  drying o f  c o f f e e .  The 

f o l l o w in g  academic  y e a r  I  a s s i s t e d  Mr. M. Freedman (who was 

w ork ing  on h i s  M a s t e r ' s  t h e s i s )  w i th  r e s e a r c h  i n v o l v i n g  th e  

f r e e z i n g  o f  aqueous  s o l u t i o n s .  Along w i th  th e  d e l i g e n t  h e l p  

o f  Dr. K.A. Ja ck so n  and Mr. W. M i l l e r  o f  t h e  B e l l  Te lephone  

L a b o r a t o r i e s ,  Murray H i l l ,  New J e r s e y  we d e s ig n e d  a u n ique  

m ic roscope  f r e e z e  d r y i n g  s t a g e .  Dr. J a c k s o n ' s  e x p e r t i s e  

i n  th e  f i e l d  o f  s o l i d i f i c a t i o n  a l s o  s e r v e d  a s  a  bank o f  

knowledge where I  c o u ld  o f t e n  r e f e r  f o r  d i s c u s s i o n  i n  my 

c u r r e n t  work.

In  June  1972 I  made an i m p o r t a n t  d e c i s i o n  i n  my e d u c a t i o n a l  

c a r e e r .  I  had j u s t  g r a d u a t e d  w i th  my b a c h e l o r ' s  d e g re e  in  

c hem ica l  e n g i n e e r i n g  when I  d e c id e d  ( w i t h  some c o n v in c in g  

from H .L .R .)  t o  a c c e p t  a  t e a c h i n g  f e l l o w s h i p  a t  t h e  C i ty  

U n i v e r s i t y  o f  New York and p r o g r e s s  on to w a rd s  a  Ph 'D in  

P h y s i c a l  C h e m is t ry .  At t h i s  t ime i t  was a l s o  d e c i d e d  t h a t  I  

c o n t in u e  my work on aqueo u s  s o l u t i o n s .  In  a d d i t i o n ,  t h e  i n ­
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v e s t i g a t i o n  o f  aqueous  enzyme sys te m s  ( t h e  second  phase  o f  

t h i s  work) was provoked  i n  d i s c u s s i o n s  by Dr.  C. J .  Cante  

and Dr.  R. G u a rd ia  o f  t h e  G e n e ra l  Foods C o r p o r a t i o n ,  T a r r y -  

town, New York and Dr. Rosano. As a  r e s u l t ,  oL amylase  was 

chosen  a s  a  model sys tem  which co u ld  be r e l a t e d  t o  a  p r a c t i c a l  

p rob lem  namely ,  f r e e z i n g  o f  fo o d s .

Dur ing  t h e  summer o f  ' 7 2 ,  I  was f o r t u n a t e  enough t o  be 

employed w i th  th e  L ev e r  B ros  Co. i n  E d g ew a te r ,  New J e r s e y .  

Under t h e  d i r e c t i o n  o f  Dr.  E. D. Goddard (now w i t h  Union 

C a rb id e )  I  l e a r n e d  some o f  t h e  t e c h n i q u e s  t o  s t u d y  f a t s  and 

f a t  em uls ion  s y s te m s .  T h i s  e x p e r i e n c e  was i n v a l u a b l e  s i n c e  

I  c o u ld  r e l a t e  some o f  t h e  c o n c e p t s  I  l e a r n e d  i n  c o l l e g e  t o  

s o lv e  some p r a c t i c a l  p ro b lem s .

That  Sep tem ber ,  t h e  s t a r t  o f  th e  new sc h o o l  y e a r  I  was 

a d m i t t e d  i n t o  t h e  PhD Program. I began t o  e x te n d  my s tu d y  

on f r e e z i n g  and s o l i d i f i c a t i o n  p rob lem s  in  s o l u t i o n s  and 

enzyme s y s te m s .  D ur ing  t h i s  y e a r ,  t h o u g h t s  on t h e  t h i r d  

sys tem  d i s c u s s e d  i n  t h i s  t h e s i s  were d e v e lo p ed  by my good 

f r i e n d  Dr. C a n te ,  Dr. Rosano and m y s e l f .  The c r y s t a l  b e ­

h a v i o r  o f  t r i g l y c e r i d e  sy s te m s  was chosen b eca u se  o f  th e  

im p o r ta n c e  o f  s o l i d i f i c a t i o n  p r o c e s s e s  on t h e i r  c r y s t a l  form 

and b ecau se  o f  t h e  many i n h e r e n t  p rob lem s  a s s o c i a t e d  w i th

p r o d u c t s  c o n t a i n i n g  f a t s .  With t h e  h e l p  o f  my u n d e r g r a d u a t e  

f r i e n d s  H. R a g in ,  M. P e tk o  and A. Garuba a  g r e a t  d e a l  o f

i n f o r m a t i o n  was c o l l e c t e d  on th e  k i n e t i c s  o f  ph ase  t r a n s ­

f o r m a t io n s  a l s o  r e f e r r e d  a s  p h y s i c a l  a g in g .
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The f o l l o w i n g  y e a r s  a t  C i t y ,  I had t h e  r e a l  f o r t u n e  

o f  w ork ing  w i t h  some f i n e  p e o p le .  Dr.  W il l ia m  G e rb a c ia  who 

r e c e i v e d  h i s  PhD in  F e b r u a r y  197^ ,  and i s  now w ork ing  f o r  

Chevron O i l  F i e l d  R e s e a rc h  Co, i n  La Habra  C a l i f o r n i a ,  en 

r i c h e d  my e d u c a t i o n a l  background  in  t h i s  f i e l d  o f  m ic ro ­

e m u l s io n s .  Today he i s  u s i n g  t h e s e  sy s te m s  i n  hope o f  de ­

v e l o p i n g  an e c o n o m ic a l ly  f e a s i b l e  p r o c e s s  f o r  t e r t i a r y  o i l  

r e c o v e r y .  B i l l  and I  a l s o  p la y e d  a  f i n e  game o f  t e n n i s  t o ­

g e t h e r  e s p e c i a l l y  when o u r  o p p o n e n ts  d i d n ’ t  show up .  When 

t h e  o t h e r  team d i d  manage t o  p l a y  u s  o u r  u s u a l  e m u l s i f i e d  

c o n t i n u i t y  would r a p i d l y  b r e a k  down. Then t h e r e  was Shu 

Hsien  Chen (The O r i e n t a l  F lower)  who e n l i g h t e n e d  me in  th e  

f i e l d  o f  m o n o lay e rs  t o  su c h  an e x t e n t  t h a t  we p u b l i s h e d  t h e  

"w o r ld  famous t h e o r y "  on S u r f a c e  Drag V i s c o s i t y .  The o r i g i n a l  

d u b io u s  t h e o r y  was d e v e lo p e d  by a  B u l g a r i a n  s c i e n t i s t  and 

smuggled ou t  o f  t h a t  c o u n t r y  by Dr. Rosano who was w ork ing  

f o r  t h e  F re n ch  government  which i n  t u r n  was p a i d  by t h e  C . I .A .

One o f t e n  h e a r s  t h a t  t h e  e n v i ro n m en t  f o r  a  PhD must have 

a  c e r t a i n  c r i t i c a l  mass.  In  R o san o ’ s l a b ,  I ’m s u r e  we a lw ays  

r a n  above t h i s  c r i t i c a l .  I  t h e r e f o r e  w ish  t o  e x te n d  t h a n k s  

t o  a l l  t h e  o t h e r  members o f  o u r  l a b ;  E. LaGamma, M, M u g h e l l i ,  

S. S c h e c t e r ,  A. W eiss ,  T. Forman and  L. Kennberg .  I f  t h e r e  

i s  a n y t h i n g  we w i l l  a l l  remember,  i t  i s  t h a t  we had t h e  b e s t  

l u n c h  h o u r s  i n  t h e  e n t i r e  c o l l e g e .  T h is  g roup  a l s o  e x h i b i t e d  

t h e  g r e a t e s t  e n th u s ia s m  f o r  h a v in g  a  p a r t y .  No m a t t e r  what 

t h e  s i t u a t i o n  was we c o u ld  a lw ay s  f i n d  an e x cu se  t o  c e l e b r a t e .
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I

I n t r o d u c t i o n

T h is  d i s s e r t a t i o n  c o n c e n t e r s  on t h e  s t u d y  o f  phase  

t r a n s f o r m a t i o n s  and t h e  s o l i d / l i q u i d  i n t e r f a c e .  The 

e x p e r i m e n t a l  work was c o n d u c te d  on t h r e e  model sy s te m s  

( aq u eo u s  s o l u t i o n s , enzyme sy s te m s  and s a t u r a t e d  monoacid  

t r i g l y c e r i d e s ) . A l th ou g h  s i m i l a r  sy s te m s  have been s t u d i e d ,  

l i t t l e  i n f o r m a t i o n  e x i s t s  on t h e  k i n e t i c s  o f  phase  t r a n s ­

f o r m a t i o n s  ( e s p e c i a l l y  i n  f a t s )  i n  s p i t e  o f  t h e  t e c h n o l o g ­

i c a l  im p o r ta n c e  o f  t h i s  phenomena.

W i l l a r d  J .  Gibbs ( 1878) d e v e lo p e d  a  c o n s i s t a n t  phenome­

n o l o g i c a l  ( therm odynam ic)  t r e a t m e n t  o f  th e  e q u i l i b r i u m  

prob lem  ( 1 ) ,  which  i s  s t i l l  e s s e n t i a l  a s  an i n t r o d u c t i o n  

t o  t h e  s t u d y  o f  c r y s t a l  g ro w th .  T h i s  t r e a t m e n t  i s  made 

p o s s i b l e  t h r o u g h  t h e  e x i s t e n c e  o f  t h e  p r i n c i p l e s  o f  th e rm o ­

dynamics  and does  n o t  c o n s i d e r  t h e  a tom ic  s t r u c t u r e  o f  

m a t t e r .  U n f o r t u n a t e l y ,  t h e  thermodynamic t r e a t m e n t  does  

n o t  e x p l a i n  a l l  t h e  f a c e t s  o f  c r y s t a l  g ro w th ,  t h e r e f o r e  

i t  i s  n e c e s s a r y  t o  u se  more i n v o l v e d  methods o f  s t a t i s t i c a l  

m e c h a n ic a l  methods and t h e  a to m ic  s t r u c t u r e  i n  o r d e r  t o  

d e v e lo p  a  com ple te  t h e o r y  and t o  b r i n g  o u t  t h e  p o s s i b l e  

a to m ic  p r o c e s s e s  f o r  t h e  c r y s t a l  g row th .

The te rm  f r e e z i n g  i s  "synonymus" w i th  s o l i d i f i c a t i o n .  

The fo rm er  t e rm  i s  u s u a l l y  a p p l i e d  t o  aqueous  s y s t e m s .

These  t e r m s  im p ly  t h e  f o r m a t io n  o f  a  c r y s t a l l i n e  phase  

from i t s  m o l te n  o r  l i q u i d  form. The phase  t r a n s f o r m a t i o n  

i s  d r i v e n  by t h e  e x t r a c t i o n  o f  h e a t  from t h e  l i q u i d  s t a t e ,
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and t h e  p r o g r e s s  o f  t h e  t r a n s f o r m a t i o n  i s  p r o p e r l y  s e p a r a t e d  

i n t o  two p a r t s :

1) th e  i n i t i a l  n u c l e a t i o n  o f  c r y s t a l s

2) t h e  growth o f  t h e s e  n u c l e i  by t h e  a c c r e t i o n  o f  

a toms from t h e  l i q u i d .

In  a d d i t i o n ,  some t r a n s f o r m a t i o n  p r o c e s s e s  must  i n c l u d e  a  

t h i r d  s t e p :

3) s o l i d / s o l i d  c r y s t a l  changes

One o f  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i th  s t u d y i n g  s o l i d /  

l i q u i d  t r a n s f o r m a t i o n s  i s  t h a t  t h e  d i f f e r e n c e  i s  s t r u c t u r e  

between th e  l i q u i d  and t h e  s o l i d  p h a s e s  o f  a  s u b s t a n c e  i s  

f a r  l e s s  d r a m a t i c  t h a n  t h e  d i f f e r e n c e  between t h e  s o l i d  and 

t h e  g a se o u s  p h a s e .  L iq u i d  m e t a l s  occupy on ly  ab o u t  l+% 

more volume th a n  do s o l i d  m e t a l s  and t h e  i n t e r n a l  e n e rg y  o f  

a  l i q u i d  m e ta l  e x c e e d s  t h e  i n t e r n a l  e n e rg y  o f  t h e  c r y s t a l  

by o n ly  ^ t o  5% o f  t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o n  ( i n  t h e  

case  o f  c o p p e r ,  th e  h e a t  o f  f u s i o n  i s  3»1 k c a l . / m o l e ;  t h e  

h e a t  o f  v a p o r i z a t i o n  i s  80 k c a l . / m o l e ) . S ince  l i q u i d s  and 

s o l i d s  a r e  e n e r g e t i c a l l y  a l i k e ,  th e  n e a r e s t  atom n e ig h b o r  -  

d i s t a n c e  i s  s i m i l a r  i n  t h e  l i q u i d  and i n  th e  s o l i d ;  most o f  

t h e  a toms o f  t h e  l i q u i d  have a  c o n f i g u r a t i o n  v e ry  much l i k e  

t h a t  o f  t h e  s o l i d .

D e s p i t e  a l l  t h e  h y p o t h e s i s ,  and t h e o r i e s  which maybe 

d e v e lo p e d  on t h i s  s u b j e c t  t h e  end r e s u l t  must be backed  up 

by e x p e r i m e n t a l  e v id e n c e .  O f t e n ,  however ,  new and improved 

t h e o r i e s  must w a i t  t o  be t e s t e d  by new and improved e x p e r i ­

m e n ta l  a p p ro a c h .  T h i s  t h e s i s  combines  new t e c h n i q u e s  t o  

e x p l a i n  v a r i o u s  t h e o r e t i c a l  h y p o t h e s i s  a t  th e  s o l i d / l i q u i d  

i n t e r f a c e .
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C h a p te r  I  

S o l i d i f i c a t i o n  i n  G e n e r a l



k

1 . 1  On t h e  N a tu re  o f  S o l i d s  and L i q u i d s

A c r y s t a l l i n e  s o l i d  may be c o n s i d e r e d  a s  a  r e g u l a r  

d i s p l a y  o f  a tom s which  may o r  may n o t  be i d e n t i c a l .  Each 

a tom ic  s i t e  i s  s p e c i f i c a l l y  d e f i n e d  in  sp a c e  so  t h a t  e l e c t r o ­

s t a t i c  and m a g n e t i c  f o r c e s  a r e  b a l a n c e d  t o  p ro d u ce  minimum 

r e p u l s i o n s .  The t h e r m a l  e n e r g y  o f  t h e  c r y s t a l  would s im p ly  

be t h e  sum o f  t h e  i n d i v i d u a l  v i b r a t i o n s  o f  a l l  t h e  a to m s .

A co m p le te  d e s c r i p t i o n  o f  t h e  c r y s t a l l i n e  s t a t e  would a l s o  

i n c l u d e  t h e  i m p e r f e c t i o n s  t h a t  e x i s t  i n  t h e  c r y s t a l s .

L i q u i d s  a r e  much more d i f f i c u l t  t o  d e s c r i b e  on an 

a tom ic  s c a l e  a s  can be s e e n  by t h e  d i v e r g e n c e  o f  o p in io n  

on t h e i r  s t r u c t u r e .  C ha lm ers  (2)  d e s c r i b e s  t h e  l i q u i d  a s  

a  random a r r a y  o f  a tom s a l l  u n d e r g o in g  t h e r m a l  v i b r a t i o n .

The c o n f i g u r a t i o n  when a v e r a g e d  o v e r  t im e s  t h a t  a r e  l o n g  

compared t o  ^ /V * ( t im e  o f  one v i b r a t i o n )  a p p e a r s  t o  be 

random. The random a p p e a r a n c e  i s  r e s t r i c t e d  however i n  

t h e  s e n s e  t h a t  no two c e n t e r s  may be c l o s e r  t o g e t h e r  th an  

t h e  a to m ic  d i a m e t e r .  T h i s  s p e c i f i c a t i o n  would e x p l a i n  th e  

l a c t  o f  c r y s t a l l i n i t y  a s  d e te r m i n e d  by Xray d i f f r a c t i o n  

p a t t e r n s  however s h o r t  r a n g e  o r d e r  c o u ld  e x i s t  i n  t h e  s e n s e  

t h a t  e a c h  a tom may be r e l a t e d  t o  some o f  i t s  n e i g h b o r i n g  a tom s.

1 . 2  The S o l i d / L i q u i d  I n t e r f a c e — F re e  E nergy

S o l i d i f i c a t i o n  may be d e f i n e d  a s  a  p r o c e s s  by which  a  

s o l i d  grows a t  t h e  ex p en se  o f  a  l i q u i d  w i t h  which  i t  i s  i n  

c o n t a c t  ( 3 ) .  E q u i l i b r i u m  i s  o b t a i n e d  when t h e r e  i s  no



f u r t h e r  change i n  t h e  s o l i d / l i q u i d  i n t e r f a c e  b o u n d a ry .

T herm o dy n am ica l ly ,  a t  e q u i l i b r i u m  a  p u re  m a t e r i a l  can 

e x i s t  i n  two p h a s e s  when t h e  f r e e  e n e r g y  i s  e q u a l  i n  e ac h  

p h a s e :

E l i q u i d  = ES o l i d

~ TE SL = ES “ TE SS 1 -1

where T£ = e q u i l i b r i u m  t e m p e r a t u r e

(El  -  Es ) = Te  (SL "  SS)

b u t  (E^ -  Eg) i s  t h e  change  o f  i n t e r n a l  e n e r g y  on m e l t i n g  

and i s  t h e r e f o r e  t h e  l a t e n t  h e a t  o f  f u s i o n .  At t e m p e r a t u r e s  

o t h e r  t h a n  t h e  e q u i l i b r i u m  t e m p e r a t u r e ,  t h e  d i f f e r e n c e  o f  

f r e e  e n e rg y  p e r  u n i t  mass i s  c a l c u l a t e d  a s  f o l l o w s :

A F  = AE -  T A S  1 - 2

T h i s  i s  e q u a l  t o  z e r o  when T = TE t h e  m e l t i n g  p o i n t .

T h e r e f o r e  A S = AE 1 -3- m -
E

I f  i t  i s  assumed t h a t  t h e  l a t e n t  h e a t  o f  f u s i o n  (AE) and 

t h e  e n t r o p y  o f  f u s i o n  ( A S )  d o e s  n o t  change w i t h  t e m p e r a t u r e  

t h e n :

A F  = AE -  T = AE (Te  -T)  = ( a E) ( A T )

1 .4

where AT i s  t h e  d e p a r t u r e  from t h e  e q u i l i b r i u m  t e m p e r a t u r e .

1 . 3  N u c l e a t i o n  from t h e  Melt

The n u c l e a t i o n  o f  c r y s t a l s  i n  a n  u n d e r c o o l e d  m e l t  can
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o c c u r  by a  v a r i e t y  o f  p r o c e s s e s .  E s s e n t i a l l y  t h e s e  

p r o c e s s e s  a r e  r e l a t e d  i n  two c a t a g o r i e s ;  1) homogeneous 

n u c l e a t i o n  2) h e t e r o g e n e o u s  n u c l e a t i o n .  I n  t h e  fo rm er  

c a se  n u c l e a t i o n  o c c u r s  b e c a u s e  o f  c o n f i g u r a t i o n a l  f l u c t u a t i o n s  

i n  an  o t h e r w i s e  homogeneous l i q u i d .  The n u c l e i  i n  t h i s  p r o ­

c e s s  a r e  s m a l l  t r a n s i e n t  a g g r e g a t e s  o f  a toms o r  m o le c u le s  

which s p o n t a n e o u s l y  form i n  t h e  m e l t .  H e te ro g e n e o u s  n u c l e a ­

t i o n  i s  a l s o  c a u se d  by c o n f i g u r a t i o n a l  f l u c t u a t i o n s  i n  a  

l i q u i d  b u t  i n  t h i s  c a se  t h e  f l u c t u a t i o n s  o c c u r  a t  a  s u r f a c e .

The t h e o r i e s  on n u c l e a t i o n  g e n e r a l l y  answer  two s e p a r a t e  

q u e s t i o n s :  1) what  i s  t h e  s i z e  o f  t h e  c r i t i c a l  n u c l e u s  and

what i s  t h e  p r o b a b i l i t y  o f  o c c u r r e n c e  o r  2) t h e  r a t e  o f  

f o r m a t io n ?

D u r in g  t h e  n u c l e a t i o n  p r o c e s s ,  n u c l e i  grow by a d d in g  

s i n g l e  a toms t o  a  g row ing  c l u s t e r  (embryo) o f  a toms h a v in g  

th e  c o n f i g u r a t i o n  o f  t h e  s o l i d .  T h i s  may happen homogene­

o u s l y  somewhere i n  t h e  volume o f  t h e  l i q u i d  o r  h e t e r o g e n e ­

o u s l y  on t h e  s u r f a c e  o f  a  f o r e i g n  s o l i d .  S in c e  t h e  l a t t e r  

u s u a l l y  o c c u r s  i n  p r a c t i c e  and  due t o  t h e  f a c t  t h a t  homo­

geneous  n u c l e a t i o n  can be a p p ro x im a te d  a s  one ex trem e  o f  

h e t e r o g e n e o u s  n u c l e a t i o n  one e x p l a n a t i o n  can s e r v e  f o r  

b o t h  e xam p les .

Pound (if) d e s c r i b e d  t h e  n u c l e a t i o n  p r o c e s s  a s  a  c a p ­

sh a p ed  embryo fo rm in g  on a  p e r f e c t  s u b s t r a t e .  F i g u r e  I .

I t  e x i s t s  a t  a  t e m p e r a t u r e  T be low t h e  m e l t i n g  t e m p e r a t u r e  

Tm. Assuming an e q u i l i b r i u m  d i s t r i b u t i o n  e x i s t s  among



s u r f a c e
e n e r g y

b a l a n c e
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embryos c o n t a i n i n g  i  a tom s and t h o s e  c o n s i s t i n g  o f  one 

a tom , t h e  f a m i l i a r  r e l a t i o n s h i p  be tween  t h e  c o n c e n t r a t i o n  

n ( i )  o f  embryos o f  s i z e  i  and Gibbs F re e  Energy  o f  Forma­

t i o n  AG; i s  g iv e n  a s

-  a

n c«) a 7i ci) e  1-5
where n (1)  i s  t h e  number o f  s i n g l e  a tom s o f  t h e  s u p e r ­

s a t u r a t e d  p h a se  i n  c o n t a c t  w i t h  1 cm o f  s u b s t r a t e  s u r f a c e .

Both  t h e  volume f r e e  e n e rg y  change

^  G y ~ A H  ( I "  t  / tv )e 1-6
and t h e  s p e c i f i c  i n t e r f a c i a l  f r e e  e n e r g i e s  Y c o n t r i b u t e  

t o  4  Gj AH i s  t h e  e n t h a l p y  o f  f u s i o n  and. . ©  i s  t h e  e q u i l i b ­

r ium  c o n t a c t  a n g le  o f  t h e  c r y s t a l  C on t h e  s u b s t r a t e  S ( F i g  I I )  

so  t h a t

4 s  ”  * c s  *  C o s  &  x_7
The A  6 , =  A  F r e e  E nergy  o f  t h e  d r o p l e t  s u r f a c e s  

+  A  F r e e  E nergy  o f  t h e  d r o p l e t  volume

He e x p r e s s e d  The F r e e  Energy  o f  d r o p l e t  s u r f a c e s  a s :

A G g  = -  G ;s

The F r e e  e n e r g y  change due t o  t h e  volume i s

A G v -  v-f -  G  v 'i
-  TLg3 ( 2 - 3 C O 5 0 4  Cos3 ©) a G v l-io  

3F i n a l l y

A  G j s  A G  g + A G  y  

= Lrmc_ j t a *  +ttr3 agJCz-3 c o s e  * Cos?e)
3
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which  e x h i b i t s  a  maximum when

^  A S /  s  Q

3 r
The r a d i u s  c o r r e s p o n d i n g  t o  t h i s  maximum i s

1-12

•* = z r m  c
^ e v  ^

S u b s t i t u t i n g  i n  1 - 7
3 2

4 G *  = lb 7rrmC f a  » c o s e ) Q -  Co»e>) i_1Zf
and 3  ^ i G y  ^

^ l C  i /  = 7 i  ( i )  C .  1-15

Note t h a t  when O  t h e r e  w i l l  be co m p le te  w e t t i n g  

o f  t h e  s o l i d  by t h e  c r y s t a l  and O . A t  t h e  o t h e r

ex t rem e  when ©  = 180 t h e r e  i s  no w e t t i n g  and t h e  sy s te m  

i s  a  c a s e  o f  "homogeneous" n u c l e a t i o n .  Then

A  G * =  / fe 7r  y X t a
3  4 G V Z 1 -1 6

I f  t h e  change i n  f r e e  e n e r g y  o f  t h e  s u r f a c e  (1 -9 )  

and t h e  volume o f  th e  d ro p  (1 -1 0 )  were p l o t t e d  a s  a

f u n c t i o n  o f  T  , t h e  t o t a l  A  G j  , c o u ld  s im p ly  be d e t e r ­

mined a s  t h e  sum o f  t h e  i n d i v i d u a l  f r e e  e n e r g i e s .  At th e  

p o i n t  where A  Gj  i s  a  maximum ( p o i n t  B) t h e  d e r i v a t i v e  o f  

f r e e  e n e r g y  w i t h  r e s p e c t  t o  P  i s  z e r o .  D e c r e a s in g  o r  

i n c r e a s i n g  t h e  r a d i u s  from t h i s  p o i n t  c a u s e s  a  d e c r e a s e  

i n  t h e  A  G; o f  t h e  sy s te m  ( F i g u r e  I I I ) ,

The r a t e  o f  n u c l e a t i o n  o f  new c r y s t a l s  I  p e r  A  on
'S e c
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t h e  s u b s t r a t e  i s  g iv e n  a s

I  = V  "n  C i*)
1 -1 7

i s  th e  f r e q u e n c y  a t  which  a  s i n g l e  atom from t h e  

l i q u i d  j o i n s  a  c r i t i c a l  n u c l e u s  t o  form a  s t a b l e  c r y s t a l .  

' i f  h a s  been f o r m u l a t e d  by Pound t o  be

V  = T t s* e  x_18

J l i s  t h e  number o f  a toms o f  l i q u i d  i n  c o n t a c t  w i t h  t h e

s u r f a c e  o f  t h e  c r i t i c a l  n u c l e u s .

£  2 p r o b a b i l i t y  o f  a  g iv e n  a to m ic  jump d i r e c t i o n  

“V / t=  l a t t i c e  v i b r a t i o n  f r e q u e n c y  C *** I O ^  Sac.

A  G o  f r e e  e n e r g y  o f  a c t i v a t i o n  f o r  d i f f u s i o n < ~ a t )

- ( a s p *  + * 0 / j i . t  
" V  £  n  c a )  e  , . 1 9

A q u a l i t a t i v e  v a r i a t i o n  o f  t h e  n u c l e a t i o n  r a t e  o f

new c r y s t a l s  I  a s  a  f u n c t i o n  o f  T i s  g iven  i n  f i g u r e  IV.

The i m p l i c a t i o n s  o f  t h i s  t h e o r y  on n u c l e a t i o n  i s  t h a t  

t h e  d r i v i n g  f o r c e  i n  c r y s t a l l i z a t i o n  i s  t h e  d i f f e r e n c e  

be tw een  t h e  f r e e  e n e r g i e s  o f  t h e  l i q u i d  and s o l i d  s t a t e .

At e q u i l i b r i u m ,  t h e  r a t e  o f  c r y s t a l l i z a t i o n  i s  z e r o .

E x p e r i m e n t a l  e v id e n c e  (5)  i n d i c a t e s  t h a t  t h e  l i q u i d  

phase  most  o f t e n  s u p e r c o o l s  b e f o r e  c r y s t a l l i z a t i o n .  The 

m agn i tude  o f  s u p e r c o o l i n g  i s  d e te r m in e d  by t h e  e n e r g y  

a b s o r b e d  i n  p r o d u c i n g  a  c r y s t a l l i t e  n u c l e u s  by random 

f l u c t u a t i o n .  A c r y s t a l l i t e  i n  e q u i l i b r i u m  w i t h  t h e  

s u p e r c o o l e d  l i q u i d  w i l l  be t e rm ed  th e  n u c l e u s .  I f  a
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c r y s t a l l i t e  i s  l a r g e r  th a n  a  n u c le u s  i t  g row s. T h is  i s  

c a l l e d  a  c r y s t a l l i z a t i o n  c e n t e r .

The above e q u a t io n s  s t a t e  t h a t  th e  number o f  c e n t e r s  

fo rm in g  and t h e i r  g ro w th ,  t h e r e f o r e  s t r u c t u r e  depend on 

th e  l i q u i d  ( 3^  £  ) and  t h e  e x t e r n a l  c o n d i t i o n s  ( T ) .

Removal o f  h e a t  from th e  l i q u i d  i s  th e  e x t e r n a l  f a c t o r  

w hich  p r o v id e s  t h e  c o n d i t i o n s  f o r  c r y s t a l l i t e  fo rm a t io n  

and g row th .

F o r  p u re  m a t e r i a l s  t h e  s u p e r c o o l i n g  i s  u s u a l l y  f a r  

g r e a t e r  th a n  norm al m a t e r i a l s  ( c o n t a i n  i m p u r i t i e s )  b e ca u se  

th e  i m p u r i t i e s  can s e rv e  a s  n u c l e a t i n g  s o u r c e s  f o r  c r y s ­

t a l l i z a t i o n .

Once th e  L i q u i d - s o l i d  i n t e r f a c e  i s  e s t a b l i s h e d  th e  

g row th  r a t e  may be e x p la in e d  i n  te rm s  o f  o t h e r  t h e o r i e s  

b a se d  on v a r i o u s  p h y s ic o  c h e m ic a l  p r o p e r t i e s .

In  o r d e r  t o  d e f i n e  a  s o l i d - l i q u i d  i n t e r f a c e  i t  i s  

n e c e s s a r y  to  have a  c r i t e r i o n  w hich  d i f f e r e n t i a t e s  betw een 

an  atom in  th e  l i q u i d  and  i n  t h e  s o l i d  p h a s e s .  J a c k s o n  ( 6 ) 

s u g g e s t s  t h a t  when a  m e t a l l i c  atom l e a v e s  t h e  l i q u i d  and 

a d d s  i t s e l f  t o  th e  i n t e r f a c e ,  i t s  a m p l i tu d e  o f  v i b r a t i o n  

i s  l e s s  th a n  15% o f  th e  i n t e r a t o m i c  d i s t a n c e .

l . i f  The S o l i d  L iq u id  I n t e r f a c e

F o r  a  c r y s t a l l i n e  s o l i d  u n d i s t o r t e d  r i g h t  up t o  i t s  

s u r f a c e ,  a l l  th e  bonds have t h e  same e n e rg y  w i t h in  th e  

c r y s t a l .  An atom a t  th e  s u r f a c e  ho w ever, may have any 

number o f  n e a r e s t  n e ig h b o r s  t h u s  t h e  e n e r g i e s  o f  t h e s e
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s u r f a c e  atom s w i l l  t h e r e f o r e  be h i g h e r  th a n  th e  a tom s in  

th e  i n t e r i o r .  Knowing th e  s u r f a c e  a r ra n g e m e n t  o f  a tom s 

a l lo w s  one t o  e s t im a t e  th e  m agnitude  o f  e n e rg y  in  th e  s u r f a c e .

The i n t e r f a c e  i s  d e f in e d  i n  t h i s  work a s  th e  s u r f a c e  

w hich  s e p a r a t e s  a l l  t h o s e  a tom s t h a t  occupy l a t t i c e  s i t e s  

from th o s e  t h a t  do n o t .  T h is  g e n e r a l  d e f i n i t i o n  i m p l i e s  

th e  i n t e r f a c e  need  n o t  be a to m i c a l l y  sm ooth .

A smooth i n t e r f a c e  i n v o lv e s  o n ly  one o r  two a to m ic  

l a y e r s  and h a s  a  s m a l l  s p e c i f i c  a r e a ,  w he reas  a  ro u g h  i n t e r ­

fa c e  i n v o lv e s  s e v e r a l  a to m ic  l a y e r s  and  h as  a  much l a r g e r  

s p e c i f i c  a r e a .

The d e g re e  o f  sm o o thn ess  o f  a  s o l i d - l i q u i d  i n t e r f a c e  

can be e v a l u a t e d  by d e r i v i n g  t h e  ch anges  i n  i n t e r f a c i a l  

f r e e  e n e rg y  a s  atom s a r e  added  t o  an i n i t i a l l y  p l a n a r  i n t e r ­

f a c e .  The change i s  g r e a t  i f  t h e  s u r f a c e  i s  ro u g h  and z e ro  

i f  th e  s u r f a c e  i s  p e r f e c t l y  sm ooth.

S o l i d s  i n  e q u i l i b r i u m  w i th  t h e i r  s u p e r s a t u r a t e d  v a p o rs  

a r e  u s u a l l y  c o n s id e r e d  a s  h a v in g  sm ooth i n t e r f a c e s .  ( 7 ) 

However, s o l i d - l i q u i d  i n t e r f a c e s  may e i t h e r  be ro u g h  o r  

sm ooth , and d i f f e r e n c e s  i n  g row th  p a t t e r n s  can  t o  a  l a r g e  

e x t e n t  be a c c o u n te d  f o r  by d i f f e r e n c e s  i n  sm o o th n ess ;  f o r  

exam ple t h e r e  i s  a  s t r i k i n g  d i f f e r e n c e  b e tw een  th e  grow th  

p a t t e r n s  o f  m e ta l s  ( ro u g h  i n t e r f a c e s )  and th o s e  o f  no n -  

m e ta l s  ( r a t h e r  smooth i n t e r f a c e s . )

Rough i n t e r f a c e s  have been s t u d i e d  by B u r to n  and 

C a b re ra  ( 8) and  by M u l l in s  (9 )*  The n e x t  s e c t i o n  w i l l  

d i s c u s s  i n  more d e t a i l  th e  most w id e ly  a c c e p te d  way o f
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c o r r e l a t i n g  i n t e r f a c e  sm o o th n ess  and c r y s t a l  g row th .

1*5 S o l i d / L i q u i d  I n t e r f a c e  K i n e t i c s

The d e g re e  o f  sm oo thness  o f  th e  i n t e r f a c e  i s  r e l a t e d  

to  th e  m agn itude  o f  s o l i d i f i c a t i o n  ^e.ntropy( s m a l l  f o r  ro ug h  

i n t e r f a c e s ,  l a r g e  f o r  sm ooth i n t e r f a c e s . )  a s  h a s  been 

shown by J a c k s o n .  ( 6 ,1 0 ,1 1 )

I n  h i s  s t a t i s t i c a l  m e c h a n ic a l  t r e a t m e n t ,  a tom s random ly  

added  to  an i n i t i a l l y  sm ooth i n t e r f a c e  g iv e  r i s e  to  a  change 

i n  f r e e  e n e rg y  such  t h a t :

A  F s  =  -  A  E -o  “  A  E ,  + T i S . - T A S ,  -  P  el V  1-20

The te rm  PdV a r i s e s  from th e  change in  volume and i s  

n e g l i g i b l e  w i th  r e s p e c t  t o  o t h e r  te rm s  in  th e  l i q u i d - s o l i d  

t r a n s f o r m a t i o n ,  a t  a tm o s p h e r ic  p r e s s u r e .

To d e r i v e  th e  d i f f e r e n t  te rm s  o f  t h i s  e x p r e s s io n  two 

a s s u m p t io n s  a r e  made:

1 .  I t  i s  assum ed t h a t  th e  a tom s w i l l  add  th e m s e lv e s  

t o  th e  s o l i d  p h ase  a s  p a r t  o f  a  s i n g l e  a to m ic  l a y e r .  T h is  

l a y e r  w i l l  be co m p le ted  b e fo re  th e  n e x t  l a y e r  can  be s t a r t e d .  

T h is  i s  r e f e r r e d  t o  a s  th e  " s i n g l e  l a y e r  ro u g h  i n t e r f a c e . "

2 .  I t  i s  fu r th e r m o r e  assum ed t h a t  t h e  d i f f e r e n c e  in

bond e n e rg y  o f  an atom i n  th e  l i q u i d  and th e  same atom in
PL

th e  s o l i d  i s  e q u a l  t o  where L i s  th e  e n e rg y  r e q u i r e d  t o  

t a k e  th e  atom from th e  s o l i d  and p u t  i t  i n  th e  l i q u i d  ( i e .  

l a t e n t  h e a t  o f  m e l t in g  p e r  a to m ) , V i s  th e  t o t a l  number o r  

n e a r e s t  n e ig h b o r s .  The number two i s  u se d  b e c a u se  e v e ry  

bond e n e rg y  i s  s h a r e d  by two a to m s.
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The t o t a l  number o f  n e a r e s t  n e ig h b o r s  o f  an atom  in  

th e  s o l i d ,  V, i s  e q u a l  t o  th e  sum o f  th e  number o f  a tom s 

in  i t s  c r y s t a l  p la n e  (N^) in  th e  c r y s t a l  p la n e  above i t  

(NQ) , and  i n  t h e  c r y s t a l  p la n e  below  i t  (N0 ) . Thus V=N,

+ 2N0 .

^  £ 0  i s  th e  e n e rg y  g a in e d  by a d d in g  a tom s to  th e  

i n t e r f a c e .  A c co rd in g  to  th e  above a s s u m p t io n s :

A Eo * 2_t Na N0
V  1-21

A  E f  i s  th e  e n e rg y  g a in e d  by th e  b o n d in g  o f  some o f

th e  N atom s be tw een  th e m s e lv e s .  I f  N i s  th e  number o f
N A

s u r f a c e  s i t e s  a v a i l a b l e  /  lE  th e  P ™ P ° r t i ° »  o f  o c c u p ie d
s i t e s  a d j a c e n t  t o  th e  added  a tom s.

A E, = . na  . N,
v  n  ~ T  1 -2 2

N(h e re  a g a in  ^  i s  u se d  i n s t e a d  o f  N b e c a u se  e a c h  bond e n e rg y  

i s  e q u a l l y  s h a r e d  by th e  two a d j a c e n t  a to m s .)

A  S 0  i s  th e  e n t r o p y  change c o r r e s p o n d in g  to  t h e  l i q u i d -

s o l i d  t r a n s f o r m a t i o n  o f  a tom s.

A S0 s Na.L
°  = -  1 -2 3

1 E.
■A S j  i s  th e  e n t r o p y  g a in e d  by t h e  random a r ra n g e m e n t  

o f  t h e  N atom s among th e  N a v a i l a b l e  s i t e s .  I f  P i s  th e  

number o f  su c h  a r r a n g e m e n ts .

A S ,  * K Xn. P
' 1 -2 4



I k

With V -  N ,  -**Zl^and w i th  X = N p  = f r a c t i o n  o f  s i t e s
Y

f i l l e d .  (A ppendix  I I )

^  ^  N a  Nj ( l - t t ) X r v  ( l - * - )
N  K T e  N  V K T e  1-25

The q u a n t i t y  i i r ' ^ i s  ( i n w hich  W 4. J )
1S ys y

The f i n a l  e x p r e s s io n  i s  t h e r e f o r e :

^ Fs _ % G-*)-* *xXv n -t- 0 -* )^ ^ /-^ )
N  « T £
These e x p r e s s io n s  r e p r e s e n t  t h e  change i n  f r e e  e n e rg y  

o f  a  p l a n a r  i n t e r f a c e  h a v in g  N a v a i l a b l e  s i t e s  when atom s 

a r e  added  to  i t .  F ig u re  V i s  th e  g r a p h i c a l  i n t e r p r e t a t i o n .

T h is  f u n c t i o n  o f  x  becomes z e ro  when x becomes e i t h e r  

z e r o  o r  o n e . The p l o t  o f  th e  f u n c t i o n  h a s  th e  s t r a i g h t  

l i n e  x= i a s  i t s  a x i s  o f  sym m etry.

The number o f  minima on th e  p l o t  depends on th e  

p o s i t i o n  o f  w i th  r e s p e c t  t o  two.

A minimum o f  change i n  th e  s u r f a c e  f r e e  e n e rg y  ( ^  F j ) 

c o r r e s p o n d s  t o  a  s t a b l e  form o f  th e  i n t e r f a c e .

When ^  ^  Z th e  cu rv e  h a s  two minima _, one c lo s e  t o  

x=0 , and one c lo s e  t o  x = l ,  i . e .  when th e  i n t e r f a c e  h a s  most 

o f  i t s  s i t e s  e i t h e r  v a c a n t  o r  f i l l e d ;  e i t h e r  c a se  i m p l i e s  

a  sm ooth i n t e r f a c e .  T h e r e f o r e ,  th e  s t a b l e  i n t e r f a c e  i s  

sm ooth.

When Hi y  2 ,  t h e  c u rv e  h as  o n ly  one minimum, o b ta in e d  

when x = i ,  i . e .  when h a l f  o f  th e  s i t e s  a r e  f i l l e d .  T h e r e f o r e ,  

t h e  s t a b l e  i n t e r f a c e  i s  ro u g h .
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As th e  q u a n t i t y  o f  Ck i n c r e a s e s  th e  i n i t i a t i o n  o f  new 

l a y e r s  becomes more i m p o r t a n t  u n t i l ,  f o r  l a r g e  Oi ' s ,  t h e  

k i n e t i c s  o f  g row th  a p p l i e s .
j t i ,

I n  th e  te rm  y  ‘ ■— i s  l e s s  th a n  b u t  c lo s e  to

o n e .  T h e r e fo r e  a  s m a l l  i m p l i e s  a  s m a l l  L and  a  l a r g e  

i m p l i e s  a  l a r g e  L. T h is  t r e a t m e n t  c o r r e l a t e s  th e  n a tu r e  

o f  th e  i n t e r f a c e  (sm ooth  o r  ro u g h )  w i th  th e  q u a n t i t y  0( , 

i . e .  w i th  th e  e n t r o p y  L; i n t e r f a c e s  a r e  roug h  where L i s  

s m a l l  ( m e t a l s ) ;  sm ooth where L i s  l a r g e  ( o r g a n ic  compounds.)

As th e  q u a n t i t y  oL i n c r e a s e s ,  t h e  grow th  becomes l e s s  

i s o t r o p i c  and  th e  i n t e r f a c e  becomes more f a c e t e d .  F o r  

ex am p le ,  th e  t e t r a b r o m u r e  o f  c a rb o n  grows v e ry  i s o t r o p i c a l l y  

and  h a s  a  v a lu e  o f  = 0 .8 .  F o r  v e ry  h ig h  ' s  th e  grow th  

t e n d s  t o  be s p h e r u l i c .  T h is  ty p e  o f  g row th  i s  c h a r a c t e r i z e d  

by a u t o n u c l e a t i o n  p r o c e s s e s  and  f r e q u e n t  ch an g es  in  th e  

d i r e c t i o n  o f  g ro w th .

T h is  t r e a tm e n t  h o ld s  f o r  one component sy s te m s  w i th  

th e  " s i n g l e  l a y e r "  a s s u m p t io n s .  Work h a s  been  done on a l l o y s  

and g row th  from s o l u t i o n s .  Cahn c o n s i d e r s  t h a t  th e  i n t e r f a c e  

e x te n d s  a  l a r g e  number o f  l a y e r s  and  em p h as ize s  t h a t  t h e r e  

i s  a  c o n t in u o u s  r a n g e  o f  i n t e r m e d i a t e  p o s s i b i l i t i e s  be tw een 

sm ooth and ro u g h ,  w h e rea s  f o r  J a c k s o n  an i n t e r f a c e  i s  e i t h e r  

ro u g h  o r  sm ooth .

As an a p p l i c a t i o n  o f  t h i s  t h e o r y  th e  p a r t i c u l a r  c a se  o f  

i c e  i s  o f  some i n t e r e s t .  F o r  i c e ,  th e  q u a n t i t y ^  h as  d i f f e r e n t  

v a l u e s  d e p e n d in g  upon th e  c r y s t a l l o g r a p h i c  d i r e c t i o n .  T h is  

i s  due t o  a  d i s t o r t i o n  o f  th e  i c e  l a t t i c e  from i t s  i d e a l
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l a t t i c e .  Thus c{ i s  g r e a t e r  th a n  two i n  th e  b a s a l  p l a n e .

As a  r e s u l t  l a r g e  s h e e t s  o f  i c e  d e n d r i t e  form p a r a l l e l  

t o  t h e  "sm ooth"  b a s a l  p la n e  and  move a lo n g  th e  " ro u g h "  

d i r e c t i o n  p e r p e n d i c u l a r  t o  th e  b a s a l  p l a n e .

1 .6  Normal Growth R a te

The norm al g row th  t h e o r y  assum es t h a t  g row th  can  ta k e  

p l a c e  a t  any s i t e  on th e  i n t e r f a c e  ( i . e .  th e  i n t e r f a c e  i s  

i d e a l l y  r o u g h ) . T u rn b u l l  (12) d e r i v e s  one n e t  r a t e  o f  

f r e e z i n g ,  w h e rea s  W ilson (13) and F r e n k e l  ( l if )  assume t h a t  

th e  r a t e  R i s  th e  r e s u l t  o f  a  dynamic e q u i l i b r i u m  betw een  

f r e e z i n g  and m e l t i n g .  The Ja c k s o n -C h a lm e rs  t r e a tm e n t  o f  

t h i s  t h e o r y  w i l l  be o u t l i n e d  h e r e :

I f  Rj, i s  t h e  r a t e  o f  f r e e z i n g  and R^ th e  r a t e  o f  

m e l t i n g ,  th e  n e t  r a t e  i s  R = Rp -  RM

L e t  th e  c o h e s iv e  e n e rg y  p e r  atom in  th e  s o l i d  be Eg 

and th e  e n e rg y  o f  th e  a c t i v a t e d  s t a t e  (minimum e n e rg y  r e ­

q u i r e d  t o  make th e  t r a n s i t i o n  from s o l i d  t o  l i q u i d )  E ^#

The f r a c t i o n  o f  a tom s a t  th e  i n t e r f a c e  a t  t e m p e r a tu re  

T p o s s e s s i n g  an e n e rg y  e q u a l  to  o r  g r e a t e r  th a n  Ea i s  

exp - (E ^ -E g )  / J iT  where (E^-Eg) i s  th e  th e r m a l  e n e rg y  

r e q u i r e d  p e r  a tom . The (E^ -  Eg) te rm  i s  s im p ly  th e  

a c t i v a t i o n  e n e rg y  f o r  m e l t in g  i n  m o la r  u n i t s .  S i m i l a r l y  Qp 

i s  th e  a c t i v a t i o n  e n e rg y  f o r  f r e e z i n g .

A c co rd in g  t o  t h i s  t h e o r y ,  th e  r a t e  o f  f r e e z i n g  and 

m e l t in g  a l s o  d ep en ds  on th e  number o f  a tom s p e r  u n i t  a r e a  N, 

a  g e o m e tr ic  c o e f f i c i e n t  G and an accom m odation f a c t o r ^ A .
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A. These te rm s  f o r  s i m p l i c i t y  w i l l  be g rou ped  t o g e t h e r  a s  R°,

R = Rf  -  Rm = R°F exp €  * p  ( -
X“ 27

The n e t  r a t e  can t h e r e f o r  be r e w r i t t e n  a s :

O t  v

*■27

I f  L i s  th e  l a t e n t  h e a t  o f  f u s i o n ,

L = Qm -  Qf  1-28

So:d:

K = HV e*P(r«*&T) L*“ % e*P< "ir\ . 29
At e q u i l i b r i u m  RF = R^ ^ g

-  £ , t P ( X t £') 1-30

and  th e  e x p r e s s io n  o f  th e  r a t e  becom es:

r  = a°r (-JSe)r i-<e*e(±- - i o 7
J k " r  S A T £  a t  1 -31

w i th  a  t  =  ( t & -  r )

L. ATTIn  th e  c a s e  where ( s m a l l  u n d e r - c o o l in g s )
• T fi

th e  e x p o n e n t i a l  can be expanded  and  th e  e q u a t io n  becom es:

f t  =  j ^ r £  1-32

E x p r e s s in g  i n  te rm s  o f  R f t  t a k e n  a s  a  v  

( i n t e r a t o m i c  d i s t a n c e  t im e s  a to m ic  v i b r a t i o n  f r e q u e n c y ) ;

f t  --  °  & * p  ( ~ J &  “ J C O  « 3
The r a t e  i s  p r o p o r t i o n a l  t o  th e  u n d e r c o o l in g .

1 .7  H eat T r a n s f e r  a t  t h e  I n t e r f a c e

An im p o r ta n t  f a c t o r  w hich m ust be ta k e n  i n t o  a c c o u n t  

f o r  c r y s t a l  g row th  i s  th e  manner i n  w hich  h e a t  i s  removed



18

from th e  sy s te m .

F o r  a  f l a t  i n t e r f a c e ,  th e  t e m p e r a tu re  a t  which n e i t h e r  

s o l i d i f i c a t i o n  n o r  m e l t i n g  t a k e s  p l a c e  i s  th e  e q u i l i b r i u m  

te m p e r a tu r e  (TE) . I f  th e  i n t e r f a c e  i s  c u rv e d  w i th  r a d i u s  r ,  

t h e  e q u i l i b r i u m  te m p e r a tu r e  w i l l  be d i f f e r e n t  th a n  T^. 

E q u a t io n  (12) can  be a p p l i e d  t o  d e te rm in e  t h i s  new e q u i l i b ­

rium  t e m p e r a tu r e  s i n c e  T& , i n  any  e v e n t ,  th e
r  l

l a t e n t  h e a t  o f  f u s i o n  must be removed from th e  i n t e r f a c e  

t o  m a in t a in  th e  c r y s t a l l i z a t i o n  p r o c e s s .  I f  t h e  l a t e n t  

h e a t  i s  n o t  removed (by  c o n d u c t io n  e t c . )  i t  e l i m i n a t e s  th e  

s u p e r c o o l i n g  and s u p p r e s s e s  th e  p r o c e s s .  T h e r e fo r e  th e  

l o c a l  r a t e  o f  g row th  a t  a n y  p o i n t  on th e  s u r f a c e  depends 

on th e rm a l  c o n d i t i o n s  and th e  o r i e n t a t i o n  o f  th e  s u r f a c e  

s i n c e  t h i s  i n f l u e n c e s  th e  r e l a t i o n s h i p  be tw een  te m p e ra tu re  

and t h e  r a t e  o f  g ro w th .  F o r  a n i s o t r o p i c  m a t e r i a l s  a  v e ry  

c o m p l ic a te d  m orpho logy  can  d e v e lo p  a s  a  r e s u l t  o f  d i f f e r e n t  

h e a t  f lo w s  i n  d i f f e r e n t  c r y s t a l  d i r e c t i o n s .

I f  th e  l a t e n t  h e a t  i s  c o n d u c te d  away from th e  i n t e r f a c e  

th ro u g h  th e  c r y s t a l  t h e  s o l i d  l i q u i d  i n t e r f a c e  w i l l  rem a in  

p l a n a r .  The te m p e r a tu r e  d i s t r i b u t i o n  i n  th e  s o l i d  and 

l i q u i d  can s im p ly  be d e s c r i b e d  by u s i n g  F o u r i e r  Law o f  

C o n d u c t io n .  The t e m p e r a tu r e  g r a d i e n t  i n  th e  c r y s t a l  i s  

t h a t  r e q u i r e d  t o  c a r r y  H + L , where H i s  th e  h e a t  r e a c h i n g  

th e  i n t e r f a c e  by c o n d u c t io n  i n  t h e  l i q u i d  and L i s  th e  

l a t e n t  h e a t .

* d T  
. 0

d T C

H  + L  where Kc i s  th e

"" |C £, th e r m a l  c o n d u c t iv e ly
CAVSTAi. 1 -3 ^
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F o r  th e  l iq u id .
d  T M

1*1 Q u»  O

1 -3 5

From t h i s ,  one can d e te rm in e  th e  t e m p e r a tu re  p r o f i l e  i n  

th e  l i q u i d  and  s o l i d .  '

I f  th e  l a t e n t  h e a t  i s  c o n d u c te d  i n t o  th e  l i q u i d  ( i . e .  

th e  l i q u i d  i s  a t  a  lo w e r  t e m p e r a tu re  th a n  th e  i n t e r f a c e )  

d e n t r i t i c  g row th  i s  o b s e rv e d .  T h is  i s  l o g i c a l  s i n c e  th e  

c r y s t a l  w i l l  grow more r a p i d l y  a s  th e  s o l i d / m e l t  i n t e r f a c e  

i n c r e a s e s  i n  a r e a .  The e x a c t  shape  o f  th e  d e n d r i t e  ( l o n g  

s p i k e s  o r  s h o r t  p r o t r u s i o n s )  depends on how r a p i d l y  th e  

h e a t  i s  c o n d u c te d  away from th e  i n t e r f a c e  and im m edia te  

a r e a .

1 .8  The Growing I n t e r f a c e

A) Some M odels . The s i m p l e s t  model o f  i n t e r f a c e  i s  

a  p l a n a r  i s o t r o p i c  i n t e r f a c e ,  th e  s t a b i l i t y  o f  w hich i s  

i n  F ig u r e  V I.

A " h e a t  s in k "  HH i s  assum ed p a r a l l e l  t o  th e  i n t e r f a c e .  

I f  a  p r o tu b e r a n c e  fo rm s ,  a s  i n  A, th e  t i p  o f  A i s  f a r t h e r  

from HH th a n  th e  r e s t  o f  th e  i n t e r f a c e .  T h e r e f o r e ,  th e  

f l u x  o f  h e a t  a t  th e  t i p  i s  s m a l l e r .  A grows more s lo w ly  

th a n  th e  i n t e r f a c e  and  v a n i s h e s .

I n  r e a l i t y  su c h  an i n t e r f a c e  i s  a f f e c t e d  by th e  p ro x ­

i m i t y  o f  th e  w a l l s  o f  th e  c o n t a i n e r  o r  by  th e  p r o x im i ty  o f  

g r a i n  b o u n d a r i e s .  F u r th e r m o re ,  a  s o l i d  p h ase  i n  c o n t a c t
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w ith  th e  m e l t  h a s  a  s t a b l e  l i q u i d - s o l i d  i n t e r f a c e  i f  th e  

m e l t  i s  an i n f i n i t e  l i q u i d  p h a se  a t  a  u n ifo rm  t e m p e r a tu r e .  

These c o n d i t i o n s  w i l l  n o t  be f u l f i l l e d  i n  th e  p re s e n c e  

o f  s o l u t e .

1 . 9  R e d i s t r i b u t i o n  o f  S o lu t e  D u r in g  S o l i d i f i c a t i o n

S o lu te  r e d i s t r i b u t i o n  i s  an in v o lv e d  and c o m p l ic a te d  

a r e a  o f  s t u d y .  M e t a l l u r g i s t s  i n  p a r t i c u l a r  have been  

s tu d y i n g  t h i s  p r o c e s s  f o r  o v e r  a  c e n t u r y .  T ex tb ook s  in  

t h i s  f i e l d  by F r e n k e l  (3 )  and  P fann  (16 ) d i s c u s s  th e  v a r i o u s  

t y p e s  o f  s o l i d i f i c a t i o n  p r o c e s s e s .

F o r  th e  s o l i d i f i c a t i o n  p r o c e s s e s  s t u d i e d  i n  t h i s  work 

d i f f u s i o n  p l a y s  t h e  m a jo r  r o l e  o f  m ix in g  in  th e  l i q u i d .  A 

r e v ie w  o f  th e  p ro b lem  i s  g iv e n  be low .

C l a s s i c a l l y ,  e q u i l i b r i u m  be tw een  a  c r y s t a l l i n e  s o l i d  

and a  l i q u i d  i s  c o n v e n i e n t l y  r e p r e s e n t e d  on a  b i n a r y  phase  

d iag ra m  by two l i n e s ;  t h e  l i q u i d u s  l i n e  above w hich th e  

l i q u i d  i s  s t a b l e  and  th e  s o l i d u s  below  w hich  th e  s o l i d  i s  

s t a b l e .  The p h a se  r u l e  f o r  a  N component sy s te m  s t a t e s  

t h a t  t h e r e  w i l l  be N d e g r e e s  o f  freedom  f o r  t h i s  two com­

p o n e n t  sy s te m .

The s a l i e n t  f e a t u r e s  o f  th e  s o l i d  l i q u i d  e q u i l i b r i u m  

r e l a t i o n s h i p  i s  e x p r e s s e d  i n  te rm s  o f :  c o n c e n t r a t i o n ,  c ; 

e q u i l i b r i u m  d i s t r i b u t i o n  c o e f f i c i e n t ,  k 0 , w hich  i s  th e  

e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  th e  s o l i d  and l i q u i d  (C s / cl  ) 

and  t h e  e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  Wh ic h  i s

g iv e n  by cs /Co where Cs i s  th e  s o l i d  c o n c e n t r a t i o n  and c 0



21

i s  a v e r a g e  l i q u i d  c o n c e n t r a t i o n .

F ig u r e  V II d e p i c t s  t h e  d i s t r i b u t i o n  o f  s o l u t e  d u r in g  

u n i a x i a l  s o l i d i f i c a t i o n .  The i n i t i a l  c o m p o s it io n  o f  th e  

l i q u i d  i s  C0 and kg = Cg /  Cq. The s o l u t e  r e j e c t e d  a t  

t h e  i n t e r f a c e  d i f f u s e s  i n t o  th e  l i q u i d  and i t s  d i s t r i b u t i o n  

i s  r e p r e s e n t e d  by c u rv e  D.

Under s t e a d y  s t a t e  c o n d i t i o n s ,  th e  amount o f  s o l u t e  

r e j e c t e d  a t  th e  i n t e r f a c e  i s  j u s t  b a la n c e d  by th e  amount 

t h a t  d i f f u s e s  away from i t ;  th e  d i f f u s i o n  c o e f f i c i e n t  

f o r  th e  s o l u t e  i s  D cm / s e c .  The s t e a d y  s t a t e  d i s t r i b u t i o n  

o f  s o l u t e  a h ead  o f  th e  i n t e r f a c e  was found by T i l l e r  (1 7 )•

F o r  a  s m a l l  e le m e n t  o f  t h e  d i s t r i b u t i o n  cu rv e  a  n e t  f low
2 2o f  s o l u t e ,  D (d  c / d  x ) ,  p e r  u n i t  volume d i f f u s e s  i n t o  a  

volume e le m e n t .  I f  th e  s o l i d  l i q u i d  i n t e r f a c e  i s  ta k e n  

a s  th e  o r i g i n ,  and s o l i d i f i c a t i o n  i s  r e p r e s e n t e d  by moving 

th e  s o l u t e  d i s t r i b u t i o n  a t  a  r a t e  o f  R cm /sec  th e n  th e  

n e t  f lo w  o u t  o f  th e  same e le m e n t  i s  R ( d c / d x ) .

Hence:

Ca  = i n t e r f a c e  c o n c e n t r a t i o n  

X' = d i s t a n c e  from th e  i n t e r f a c e  t o  

th e  p o i n t  where th e  c o n c e n t r a t i o n  i s  Cg

I f  th e  c o m p o s i t io n  o f  th e  s o l i d  i s  C0 th en  c a  must be

+ R —  = 0
dx 1 -3 7

The s o l u t i o n  o f  T i l l e r  i s

CL = Ca  exp ( -  |  X ')  + C0 1-38



Figure 
V

II

I N T E R F A C E

21A



22

C0 /  k Q and th e  e x p r e s s io n  f o r  becomes

CL = Co f  1 + 1“K°  '  exp  ( -  |  X ' )  J
K° 1 -3 9

In  a c t u a l i t y  th e  p ro b lem  o f  s o l u t e  r e d i s t r i b u t i o n  

i s  more in v o lv e d  b e ca u se  a  l i q u i d  i n  w hich  t e m p e ra tu re  

g r a d i e n t s  e x i s t  i s  l i k e l y  t o  be s u b j e c t  t o  c o n n e c t io n .

The e f f e c t  o f  m ix in g  by f l u i d  m otion  h a s  been  exam ined 

by Wagner ( 66) who assum ed t h a t  th e  s o l u t e  moves p u r e ly  

by d i f f u s i o n  th ro u g h  a  l a y e r  o f  l i q u i d  o f  t h i c k n e s s  d 

beyond w hich  t h e r e  i s  s u f f i c i e n t  c o n v e c t io n  to  i n s u r e  

u n i f o r m i t y .  The d i f f u s i o n  l a y e r  i s  th e  r e g i o n  c lo s e  to  

th e  i n t e r f a c e .  I n  h i s  s t u d y  Wagner shows t h a t  th e  t h i c k ­

n e s s  o f  th e  s t a g n a n t  l a y e r  i s  s u f f i c i e n t  to  i n c l u d e  n e a r l y  

th e  whole d i f f u s i o n  l a y e r  when th e  l i q u i d  m o tion  i s  due t o  

c o n v e c t io n .  When th e  m o tio n  o f  th e  l i q u i d  i s  more v i o l e n t ,  

th e  s t a g n a n t  l a y e r  i s  n o t  t h i c k  enough to  accommodate th e  

whole d i f f u s i o n  zone .

As a  r e s u l t  o f  t h i s  d i f f u s i o n  th e  l i q u i d  i n  c o n ta c t  

w i th  th e  a d v a n c in g  s o l i d  l i q u i d  i n t e r f a c e  w i l l  i n  g e n e r a l  

have a  c o m p o s i t io n  t h a t  d i f f e r s  from t h a t  o f  th e  b u lk .  

T h e o r e t i c a l l y ,  t h i s  i m p l i e s  t h a t  th e  l i q u i d  ah ead  o f  th e  

a d v a n c in g  i n t e r f a c e  can  be c o n s t i t u t i o n a l l y  s u p e r c o o le d  

w i th  l a r g e  &  T 'S .  However b e f o r e  t h i s  o c c u r s  th e rm a l  and 

c o n c e n t r a t i o n  i n s t a b i l i t i e s  a lo n g  th e  i n t e r f a c e  r e s u l t ,  

w hich  l e a d s  t o  a  d e p a r t u r e  from s t e a d y  s t a t e  c o n d i t i o n s .

As a  r e s u l t  th e  sm ooth i n t e r f a c e  b r e a k s  up and d e n d r i t e  

g row th  t a k e s  p l a c e .
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I t  was shown by R u t t e r  and C halm ers  (18) t h a t  a  

p l a n a r  i n t e r f a c e  would be u n s t a b l e  when ex posed  t o  a  

g r a d i e n t  o f  s u p e r c o o l i n g  b e c a u se  th e  g row th  r a t e  would 

be i n c r e a s e d  in  any  l o c a l i z e d  r e g i o n  t h a t  ad vanced  ahead  

o f  th e  g e n e r a l  i n t e r f a c e .  The t h e o r y  o f  s o l u t e  r e d i s t r i ­

b u t i o n  o f  T i l l e r ,  J a c k s o n ,  R u t t e r  and  C halm ers  (18) q u a n t i ­

t a t i v e l y  p r e d i c t s  th e  c o n d i t i o n s  t h a t  d e te rm in e  w h e th e r  

c o n s t i t u t i o n a l  s u p e r c o o l i n g  e x i s t s  a h ea d  o f  a  p l a n a r  

i n t e r f a c e .
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2 .1  T em p era tu re  G ra d ie n t  M ic ro scope  S ta g e

I n  th e  p a s t ,  th e  m a j o r i t y  o f  work on f r e e z i n g  o r g a n ic  

m a t e r i a l s  u n d e r  th e  m ic ro sc o p e  h a s  been  c a r r i e d  o u t  u s i n g  

an i s o t h e r m a l  m ic ro sc o p e  s t a g e .  W alton and Ju d d  ( 1 9 ) ,  

H a r r i s o n  and T i l l e r  ( 2 0 ) ,  M ack lin  and  Ryan ( 2 1 ) ,  MacKenzie 

( 2 2 ) ,  and  C h a u f fa rd  (25) have d e s ig n e d  many o f  th e  n o t a b l e  

i s o t h e r m a l  s t a g e s  u se d  i n  r e s e a r c h  to d a y .

A lth o u g h  t h i s  ty p e  o f  s t a g e  i s  s u i t a b l e  f o r  n u c l e a t i o n  

and p h ase  i d e n t i f i c a t i o n  e x p e r im e n t s ,  i t  i s  o f  l i t t l e  u se  

f o r  th e  i n v e s t i g a t i o n  o f  k i n e t i c  and dynamic p r o c e s s e s .

When an i s o t h e r m a l  s t a g e  i s  u se d  g row th  r a t e s  a r e  o f t e n  

d i f f i c u l t  t o  c o n t r o l  and t e m p e r a tu r e  g r a d i e n t s  must e s ­

s e n t i a l l y  be z e r o .  N e v e r t h e l e s s ,  i t  i s  known t h a t  b o th  

th e  g row th  r a t e  and te m p e r a tu r e  g r a d i e n t s  i n  a  sam ple  a r e  

im p o r t a n t  f a c t o r s  in  d e te r m in in g  how a  m a t e r i a l  s o l i d i f i e s .  

W ith t h i s  i n  m ind , H un t,  J a c k s o n  and Brown (2/f) a t  th e  B e l l  

T e lephone  L a b o r a t o r i e s ,  M urray H i l l ,  New J e r s e y ,  d e v e lo p e d  

a  t e m p e r a tu r e  g r a d i e n t  m ic ro sc o p e  s t a g e  f o r  th e  s tu d y  o f  

p u re  sy s te m s  and th e  e f f e c t  o f  t r a c e  am ounts o f  i m p u r i t i e s  

on th e  s o l i d i f i c a t i o n  p r o c e s s .  The s t a g e  i s  p i c t o r i a l l y  

d e s c r i b e d  i n  F ig u r e  V I I j  The spec im en  c e l l  c o n s i s t s  o f  

two t h i n  g l a s s  s l i d e s  (22  x 22 x  0 .2  mm) s a n d w ic h in g  a  

t h i n  f i lm  o f  th e  sam ple  t o  be s t u d i e d .  One end o f  th e  c e l l  

r e s t s  on a  c o ld  p l a t e  w h i le  th e  o p p o s i t e  edge s e r v e s  a s  a  

h e a t  r e s e r v o i r  o r  h e a t  s i n k .  The t h i n  f i lm  o f  s o l u t i o n  

i s  e s s e n t i a l l y  i n  a  two d im e n s io n a l  h e a t  t r a n s f e r  p la n e
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and a  u n i d i r e c t i o n a l  t e m p e r a tu re  g r a d i e n t .  T h is  a r r a n g e ­

ment e l i m i n a t e s  many o f  th e  t h r e e  d im e n s io n a l  h e a t  t r a n s f e r  

p ro b le m s .  A c o n t r o l l e d  f lo w  o f  d r y  a i r  i s  f l u s h e d  th ro u g h  

th e  sy s tem  in  o r d e r  t o  p r e v e n t  f r o s t  fo rm a t io n  on th e  c e l l  

and c o ld  p l a t e .

F o r  th e  p r e s e n t  work on p u re  and complex sy s te m s  

su ch  a s  e m u ls io n s ,  a  number o f  m o d i f i c a t i o n s  were n e c e s s a r y .  

S in c e  we a r e  i n t e r e s t e d  i n  b o th  s o l i d i f i c a t i o n  and m e l t in g  

o r  f r e e z i n g  and th a w in g ,  t h e  p r e s e n t  s t a g e  i s  e q u ip p e d  

w i th  a  r e v e r s i b l e  and v a r i a b l e  D.C. m o to r  t o  move th e  c e l l  

a t  any r a t e  betw een .0 1  mm/sec and  .0 5  mm/sec. T h is  a l lo w s  

th e  s tu d y  o f  th e  i n d i v i d u a l  p r o c e s s e s  o r  a s  a  c o m b in a t io n  

o f  f r e e z i n g  and th aw in g  c y c l e s .  F r e e z e - th a w  c y c l e s  a p ­

p e a r  t o  be im p o r ta n t  when th e  s t a b i l i t y  o f  a  sy s te m  i s  

b e in g  exam ined  (25)#  In  a d d i t i o n  b o th  th e  h o t  p l a t e  and 

c o ld  p l a t e  have been  m o d if ie d  to  i n d i v i d u a l l y  c o n t r o l  th e  

p l a t e  t e m p e r a tu r e  above th e  r e s e r v o i r  t e m p e r a tu r e .  T h is  

a l lo w s  f o r  a  wide c h o ic e  o f  t e m p e r a tu re  g r a d i e n t s .

F o r  t h e  p r e s e n t  w ork , i t  i s  im p o r ta n t  t h a t  t h e  te m p e r­

a t u r e  p r o f i l e  be known a t  e v e ry  p o i n t  on th e  c e l l .  The 

use  o f  a  f i n e  th e rm o co u p le  i s  i m p r a c t i c a l  f o r  a c c u r a t e  

work e s p e c i a l l y  when th e  g r a d i e n t  i s  o f  th e  o r d e r  o f  10°C/mm. 

I n  a d d i t i o n ,  i f  th e  th e rm o co u p le  i s  p l a c e d  i n  t h e  sam ple  

i t  s e r v e s  a s  a  s i t e  f o r  h e te ro g e n e o u s  n u c l e a t i o n  w hich  may 

i n f l u e n c e  th e  e x p e r im e n ta l  r e s u l t s .

To a l l e v i a t e  t h i s  p ro b lem , th e  t e m p e r a tu re  p r o f i l e  

o f  t h i s  c e l l  was c a l i b r a t e d  by u s i n g  v a r i o u s  s a l t  s o l u t i o n s
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w hich form w e l l  d e f in e d  e u t e c t i c  c o m p o s i t io n s  and 

f r e e z i n g  p o i n t s .  (T ab le  I ) .  When e q u i l i b r i u m  i s  a t ­

t a i n e d  th e  d i s t a n c e  from th e  t i p  o f  th e  c o ld  p l a t e  to  

th e  e u t e c t i c  l i q u i d  i n t e r f a c e  i s  r e c o r d e d  f o r  e a c h  s o l u ­

t i o n .  C o r r e l a t i o n  o f  th e  d i s t a n c e  v s  e u t e c t i c  t e m p e r a tu re  

w i l l  th e n  y i e l d  th e  t e m p e r a tu re  p r o f i l e  o f  t h e  c e l l .  Above 

0°C p u re  s o l i d s  w hich have w e l l  d e f in e d  m e l t in g  p o i n t s  

and d id  n o t  e x h i b i t  po lym orphism  were u sed  t o  g iv e  d a t a  

p o i n t s .  These s o l i d s  were i n i t i a l l y  m e l te d  and  s p r e a d  

on th e  g l a s s  s l i d e s  t o  p ro d u ce  a  t h i n  f i l m .  Then th e y  

were s o l i d i f i e d  by r a p i d l y  c o o l in g  and th e n  p l a c e d  on 

th e  g r a d i e n t  s t a g e .  At e q u i l i b r i u m ,  th e  s o l i d  above th e  

e q u i l i b r i u m  te m p e r a tu re  on th e  g r a d i e n t  had m e l te d  l e a v i n g  

th e  w e l l  d e f i n e d  s o l i d / l i q u i d  i n t e r f a c e .  ( F ig u r e  ' TIX ) .

Once th e  c e l l  h a s  been  c a l i b r a t e d  f o r  a  g iv en  g r a d i e n t ,  

t h e  t e m p e r a tu re  i s  known a t  e v e ry  p o s i t i o n  o f  th e  c e l l  

a t  e q u i l i b r i u m .  A c a th e to m e te r  i s  u se d  t o  m easu re  th e  

c e l l  p o s i t i o n  w i t h in  +_ .0 1  mm. The u n iq u e  f e a t u r e  o f  

t h i s  m ic ro sc o p e  s t a g e  a l l o w s  th e  o b s e r v a t i o n  o f  a  g row ing  

i n t e r f a c e  t o  be o b s e rv e d  a t  a l l  t im e s  a t  a  p a r t i c u l a r  

t e m p e ra tu re  and w i th  a  d e f i n e d  t e m p e r a tu re  g r a d i e n t .  The 

m ic ro sc o p e  u se d  i s  a  R e i c h e r t  "Z e to p an "  r e s e a r c h  m ic ro sc o p e  

e q u ip p e d  w i th  a  p h o to g r a p h ic  s e t  u p . T h is  s im p le  and 

e x a c t  m ethod was found t o  be s u p e r i o r  to  th e  u se  o f  t h i n  

th e rm o c o u p le s .

F ig u r e  X i s  a  s e r i e s  o f  c a l i b r a t i o n  c u r v e s  a t  e q u i l i b ­

r ium  and a t  d i f f e r e n t  r a t e s  o f  m e l t in g  and s o l i d i f i c a t i o n .
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T ab le  I

S a l t  E u t e c t i c I n t e r f a c e  T em p era tu re
C

KC1 - 1 0 .7

NH, Cl - 1 5 .3

NH.NO* 4 3 - 1 6 .7

NaCl - 21.0

O rgan ic  S o l i d s M e l t in g  P o in t

C

L aurophenone +Zf6 . 5

C e ty l  A lco h o l +50

p -D ic h lo ro b e n z e n e +53

D ocosanol +62
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S in c e  th e  r a t e  o f  h e a t  t r a n s f e r  a l s o  ch an g es  w i th  th e  

r a t e  a t  w hich  th e  s t a g e  i s  moved, th e  c a l i b r a t i o n  c u rv e s  

s h i f t s  t o  th e  r i g h t  o f  th e  e q u i l i b r i u m  c u rv e  when th e  

r a t e  o f  m e l t in g  i n c r e a s e s  and t o  th e  l e f t  o f  th e  cu rv e  

when th e  r a t e  o f  f r e e z i n g  i n c r e a s e s .  The s lo p e  o f  th e  

c a l i b r a t i o n  c u rv e s  r e m a in s  e s s e n t i a l l y  c o n s ta n t . .

2 . 2  T em p era tu re  G r a d ie n t  F re e z e -D r y in g  M ic ro scope  S ta g e

L ik e  f r e e z i n g ,  t h e  p r o c e s s  o f  f r e e z e  d r y in g  i s  n o t  

a  new on e . F o r  th e  p a s t  t w e n t y - f i v e  y e a r s  i t  h a s  assum ed 

a  r o l e  i n  th e  l a b o r a t o r y  f o r  t h e  rem ova l o f  w a te r .  Only 

r e c e n t l y ,  how ever, h a s  e x t e n s i v e  deve lopm en t o f  th e  t h e o r y  

b e h in d  f r e e z e  d r y in g  and  i t s  a p p l i c a t i o n  t o  l a r g e  com m erc ia l  

f i e l d s  su c h  a s  th e  food  and d ru g  i n d u s t r y  been  u n d e r ta k e n  

a s  m a jo r  r e s e a r c h  p r o j e c t s .

To u n d e r s t a n d  t h i s  p r o c e s s  i t  i s  o f  ex trem e  im p o r tan c e  

to  p h y s i c a l l y  o b se rv e  s t r u c t u r a l  ch an g es  u n d e r  a c t u a l  con­

d i t i o n s .  W ith t h i s  i n  mind a  s t a g e  was d e s ig n e d  by Rosano 

e t a l  (26) t o  s tu d y  t h i s  p r o c e s s  u n d e r  th e  m ic ro s c o p e .

The s t a g e  i s  e s s e n t i a l l y  composed o f  1) a  c o m p le te ly  

w e t t a b l e  s l i d e  i n s e r t e d  i n t o  2 ) a  c i r c u l a r  c o ld  p l a t e  and 

c o n n e c te d  t o  3) a  vacuum cham ber. The s t a g e  i s  shown in  

F i g u r e  XI ;. i t  h a s  a  d i s t i n c t  a d v a n ta g e  o v e r  th e  conven­

t i o n a l  i s o t h e r m a l  s t a g e s  i n  t h a t  a  r a d i a l  t e m p e r a tu r e  

g r a d i e n t  e x i s t s  p e r p e n d i c u l a r  t o  th e  o b s e r v e r .  T h is  a l lo w s  

th e  v ie w e r  t o  exam ine th e  f r e e z i n g  f r o n t  a s  i t  s t a r t s  a t
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th e  c i r c u m f e r e n c e  o f  th e  v ie w in g  a r e a  and p r o p a g a t e s  

i n  a  r a d i a l  d i r e c t i o n  t o  th e  c e n t e r  o f  th e  sa n d  b l a s t e d  

s l i d e .

A sand  b l a s t e d  g l a s s  s l i d e  i s  u se d  s i n c e  th e  l i q u i d  

s o l u t i o n  w i l l  e a s i l y  s p r e a d  on i t s  s u r f a c e  t o  p ro d u ce  a  

t h i n  t r a n s p a r e n t  f i lm  o f  u n ifo rm  t h i c k n e s s .  No c o v e r  

s l i p  i s  u se d  t o  c o v e r  th e  spec im en  s u r f a c e .

The sand  b l a s t e d  s l i d e  f i t s  i n t o  a  r e c e s s  on th e  

c o p p e r  s l a b  w hich  s e r v e s  a s  th e  c o o l in g  medium. One 

end o f  t h e  c o p p e r  s l a b  i s  p l a c e d  i n t o  a  c o ld  r e s e r v i o r  

( i . e . ,  d ry  i c e - a c e t o n  m ix tu re  o r  l i q u i d  n i t r o g e n ) .  A t­

t a c h e d  to  th e  c o ld  p l a t e  i s  a  h e a t i n g  c o i l  w hich  r e g u l a t e s  

th e  t e m p e r a t u r e .

The c o ld  p l a t e  r e s t s  on t h e  to p  o f  th e  vacuum cham ber. 

H o le s  i n  th e  c o ld  p l a t e  s e r v e  a s  vacuum p o r t s  w hich  c o n n e c t  

th e  vacuum cham ber and t h e  specim en  s u r f a c e .

P l e x i g l a s  p l a t e s  a r e  u se d  t o  s e a l  th e  to p  o f  th e  c o ld  

p l a t e  and  th e  b o tto m  o f  t h e  vacuum chamber w h i le  s t i l l  

a l l o w in g  l i g h t  t o  be t r a n s m i t t e d  to  th e  specim en  o r  th e  

san d  b l a s t e d  s l i d e .  Only th e  c o p p e r  p l a t e  s u r r o u n d s ,  

s u p p o r t s  and c o n d u c ts  h e a t  away from th e  s l i d e .

To p r e v e n t  c o n d e n s a t io n  on th e  windows d ry  n i t r o g e n  

i s  g e n t l y  f l u s h e d  a c r o s s  t h e  t o p  o f  th e  c e l l .

P ro c e d u re  f o r  th e  S ta g e  C a l i b r a t i o n

1) A m ic ro sc o p e  sa n d  b l a s t e d  g l a s s  s l i d e  i s  p l a c e d  

on th e  c o ld  p l a t e .  The p l e x i g l a s  to p  i s  p l a c e d  on th e  c e l l  

t o  p r e v e n t  c o n d e n s a t io n  be tw een  th e  c o ld  p l a t e  and g l a s s
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s l i d e .  The sy s te m  i s  a l lo w e d  t o  come t o  e q u i l i b r i u m .

2) One d ro p  o f  th e  s a l t  s o l u t i o n  i s  s p r e a d  on th e

s l i d e .  Care  must be ta k e n  t o  p r e v e n t  any  l i q u i d  from

s e e p in g  be tw een  th e  c o ld  p l a t e  and th e  san d  b l a s t e d  s l i d e  

t h u s  a l t e r i n g  th e  h e a t  t r a n s f e r .

3) When th e  sy s te m  r e a c h e s  e q u i l i b r i u m ,  th e  d i s t a n c e

betw een  th e  c o ld  edge and  s o l i d  e u t e c t i c  f r o n t  i s  m easu red .

if) R e s u l t s  a r e  g rap h e d  on p o l a r  c o o r d i n a t e  p a p e r .

U sing  a  d r y  i c e - a c e t o n e  m ix tu re  f o r  th e  c o ld  r e s e r ­

v o i r  and e u t e c t i c  s o l u t i o n s  o f  NaCl, K I ,  NH^CNS, NaBr 

and Zn (NO-^) a  c a l i b r a t i o n  was made. The p o s i t i o n s  o f  

th e  s o l i d  e u t e c t i c  f r o n t s  when p l o t t e d  on p o l a r  c o o r d in a te  

p a p e r  p ro d u ce d  a  s e r i e s  o f  i s o th e r m s  shown in  F ig u r e  Xj[

I t  i s  e v id e n t  t h a t  th e  i s o th e r m s  a r e  c i r c u l a r  on th e  c o ld

s i n k  s i d e  w h i le  b e in g  egg  shaped  on t h e  O.D. a x i s .  T h is  

i s  p r i m a r i l y  due t o  th e  e n v iro n m e n ta l  c o n d i t i o n s  and  i t s  

e f f e c t  on th e  s h o r t e r  s i d e  o f  th e  c o ld  p l a t e .  The am b ien t 

t e m p e r a tu r e  d u r in g  t h i s  e x p e r im e n t  was 21 C.

Good r e p r o d u c i b i l i t y  e x i s t s  f o r  t h i s  c a l i b r a t i o n  and  

s i m i l a r  o n e s  a t  d i f f e r e n t  c o ld  p l a t e  t e m p e r a tu r e s  p r o v id e d  

th e  s l i d e  s i t s  e v e n ly  i n  i t s  r e c e s s  and no l i q u i d  e x i s t s  

be tw een  t h e  c o ld  p l a t e  and  s l i d e .  The am b ien t  c o n d i t i o n s  

can  v a ry  a s  much a s  l+°C w i th o u t  any  s e r i o u s  e r r o r .

The o v e r a l l  c e l l  d im e n s io n s  a r e  r e l a t i v e  t o  t h e

m ic ro sc o p e  b e in g  u s e d .  The o n ly  two d im e n s io n s  w hich

s h o u ld  be o f  g r e a t e s t  c o n c e rn  a r e  1 ) th e  d ia m e te r  o f  th e  

h o le  i n  th e  c o ld  p l a t e  and  2 ) t h e  w o rk in g  d i s t a n c e  o f  th e
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m ic ro sc o p e  o b j e c t i v e .  The c o ld  p l a t e  h o le  i s  im p o r ta n t  

s i n c e  i t  w i l l  r e g u l a t e  th e  s i z e  o f  th e  t e m p e ra tu re  

g r a d i e n t .  I n  o u r  c a s e  a  13 mm d ia m e te r  h o le  p ro d u ced  

a  10°C g r a d i e n t  from th e  c o ld  p l a t e  edge to  th e  c e n t e r  

o f  th e  v ie w in g  a r e a .

Our e x p e r im e n ts  a r e  c o n d u c te d  u s i n g  a  R e ic h e r t  

•■Zetopan" r e s e a r c h  m ic ro s c o p e .  An u p p e r  p l e x i g l a s  c o v e r  

3 mm t h i c k  and a  0 . 5  mm r u b b e r  g a s k e t  a l lo w s  u s  a  7 .5  mm 

w o rk in g  d i s t a n c e  from th e  o b j e c t i v e  t o  t h e  p l a t e  to p  a t  

1+0 X m a g n i f i c a t i o n .  At a  m a g n i f i c a t i o n  o f  30 X t h e  work­

in g  d i s t a n c e  i s  21 mm.

I t  h a s  been  found  t h a t  th e  n a t u r e  o f  f r e e z i n g  p l a y s  

a  d e te r m in a n t  r o l e  on t h e  f i n a l  s t r u c t u r e  o f  th e  f r e e z e  

d r i e d  p r o d u c t .  System s have been  s t u d i e d  u s i n g  f r e e z i n g  

r a t e s  a s  f a s t  a s  5 mm p e r  m in u te  and  a s  s low  a s  5 mm p e r  

60 m in u te s .  These r a t e s  o f  f r e e z i n g  a r e  m a n ip u la te d  by 

th e  ty p e  o f  c o ld  r e s e r v o i r  and  th e  u se  o f  th e  h e a t i n g  c o i l .

The h ig h  r a t i o  s u r f a c e /m a s s  o f  t h e  f r o z e n  f i lm  when 

combined w i th  a  vacuum o f  50 m ic ro n s  o f  m ercu ry  p ro d u c e s  

sy s te m s  w hich  a r e  f r e e z e  d r i e d  i n  a p p ro x im a te ly  t h i r t y  

m in u te s  ( t h i s  g e n e r a l l y  r e f e r s  t o  s a l t s  s o l u t i o n s  w hich 

w i l l  f r e e z e - d r y  m ark ed ly  f a s t e r  th a n  s u g a r  s o l u t i o n s ) .

The r a t e  o f  f r e e z e  d r y in g  may a l s o  be v a r i e d  by c h a n g in g  

th e  vacuum r e a d i n g s  u n t i l  th e  d e s i r e d  c o n d i t i o n  i s  a t t a i n e d .

2 .3  F r e e z i n g  o f  V a r io u s  Aqueous System s

A. E x p e r im e n ta l

S o l u t i o n s  o f  KC1 ( 0 .0 5  M -  3*3 M), NaCl ( 0 .0 5  M - 5 . 2  M),
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S u c ro se  ( 0 .0 3  M - 2 . 0  M), PVP G e n e ra l  A n i l i n e  and F ilm  

C o r p . ,  N. Y . , N. Y . ; Avg. H.W. AO,000 ( l  gm/50cc -1 2  gm s/50cc) 

and  s i l i c a  s u s p e n s io n s  ( 0 .2  gm s/50cc -  3«0 gm s/50cc) were 

s t u d i e d .

®he T .G .M .S . c o ld  p l a t e  was c o o le d  by a  d ry  i c e / a c e t o n e  

m ix tu r e  and  th e  h o t  p l a t e  was m a in ta in e d  a t  21 + 0 . 5 °  C.

The t e m p e r a tu r e  g r a d i e n t  was d e te rm in e d  from th e  s lo p e  o f  

th e  c a l i b r a t i o n  c u rv e  t o  be if °C/mjm. I n  t h i s  e x p e r im e n t ,  

t h e  t im e  i n  s e c o n d s  f o r  th e  i c e  f r o n t  t o  p a s s  betw een  two 

f i x e d  p o i n t s  i n  th e  t e m p e r a tu re  g r a d i e n t  ( a t  -  28° C and 

-  25°  C r e s p e c t i v e l y )  was m easu red .

B R e s u l t s

The a v e r a g e  r a t e  o f  f r e e z i n g  (V) was d e te rm in e d  

b e tw een  th e  two f i x e d  p o i n t s  on th e  c e l l .  These r e s u l t s  

( F i g u r e x i l i  i n d i c a t e  t h a t  th e  r a t e  o f  f r e e z i n g  d e c r e a s e d  

a s  t h e  c o n c e n t r a t i o n  o f  KC1 and NaCl i n c r e a s e d .  As th e  

s a l t  s o l u t i o n s  became more d i l u t e  th e  r a t e  o f  f r e e z i n g  

a p p ro a c h e d  t h a t  o f  p u re  w a te r :  0 .2 7  mm/sec f o r  t h i s  c e l l .

The r e s u l t s  o b t a i n e d  w i th  PVP and s u c r o s e  s o l u t i o n s  

w ere  m ark e d ly  d i f f e r e n t  from  th e  KC1 and  NaCl s o l u t i o n s .

I t  was o b s e rv e d  t h a t  f o r  th e  e n t i r e  r a n g e  o f  c o n c e n t r a t i o n s  

s t u d i e d ,  th e  r a t e  o f  movement o f  th e  i c e  f r o n t  rem a in e d  

e q u a l  t o  t h a t  o f  p u re  w a t e r .  F o r th e  s i l i c a  s u s p e n s io n s  

th e  r a t e  o f  f r e e z i n g  rem a in e d  e q u a l  t o  p u re  w a te r  and 

in d e p e n d e n t  o f  th e  c o n c e n t r a t i o n .  In  a d d i t i o n ,  i t  was 

o b s e rv e d  t h a t  t h e  sh ap e  o f  th e  i n t e r f a c e  o f  th e  s u s p e n s io n  

was g r e a t l y  d i f f e r e n t  from KC1, NaCl, PVP o r  s u c r o s e .
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C. D is c u s s io n

The grow th  o f  d e n d r i t e s  i n  aq ueous  s o l u t i o n s  and 

s u s p e n s io n s  i s  a  c o m p l ic a te d  phenomenon. Among th e  v a r i a b l e s  

w hich  must be a c c o u n te d  f o r  a r e :

1 .  d i f f u s i o n  o f  th e  s o l u t e

2 .  c o n c e n t r a t i o n  b u i ld u p  a t  th e  S o l i d / l i q u i d  i n t e r f a c e

3* h e a t  o f  c r y s t a l l i z a t i o n

/+. a s s o c i a t e d  o r  bound w a te r

The diffusivity constants of NaCl and KC1 are 20°C are
— 5 2 —5 23 x 10 cm / s e c  and 1 . 6  x 10 J  cm / s e c  (33) r e s p e c t i v e l y

w h i le  t h a t  o f  s u c r o s e ,  PVP and g l y c e r o l  a r e  a lm o s t  an o r d e r
—6 2o f  m agn itude  lo w e r  .5x10 cm / s e c ) .  A cco rd in g  t o  

F i c k ' s  Law o f  D i f f u s i o n  and  e q u a t io n  1 -3 8  th e  s m a l l e r  th e  

d i f f u s i v i t y  th e  g r e a t e r  th e  s o l u t e  b u i ld u p  a t  th e  S/L  i n t e r ­

f a c e .  In  t u r n ,  t h i s  g r e a t e r  s o l u t e  b u i ld u p  f o r  th e  g l y c e r o l ,  

PVP and s u c r o s e  i n t e r f a c e s  s h o u ld  d e p r e s s  th e  f r e e z i n g  p o i n t  

t o  a  g r e a t e r  d e g re e  t h u s  s lo w in g  down th e  v e l o c i t y  o f  den­

d r i t e  g row th . Note t h a t  even  when th e  Van’ t  H o ff  f a c t o r  

i s  i n c lu d e d  i n  th e  f r e e z i n g  p o i n t  d e p r e s s io n  fo rm u la ,  &T= 

Kmi, to  c o r r e c t  f o r  th e  d i s s o c i a t i o n  o f  th e  s a l t s  one would 

e x p e c t  an e q u i v a l e n t  u n d e r c o o l in g  and t h e r e f o r e  s lo w e r  

p r o p a g a t io n  v e l o c i t y  f o r  th e  non s a l t s  a t  h i g h e r  con cen ­

t r a t i o n s .  T h is  was n o t  o b s e rv e d .

A more l i k e l y  e x p la n a t i o n  i s  t h a t  d u r in g  th e  f r e e z i n g  

o f  PVP and s u c r o s e  s o l u t i o n s  and  s i l i c a  s u s p e n s io n s  t h e r e  

i s  no s i g n i f i c a n t  h e a t  e v o lv e d  o r  a b s o rb e d  t o  a f f e c t  th e  

r a t e  o f  f r e e z i n g  o f  t h e s e  aqu eo us  s y s te m s .  On th e  c o n t r a r y



3 k

s i g n i f i c a n t  am ounts o f  h e a t  a r e  p ro d u ce d  d u r in g  s a l t i n g  

o u t  o f  KC1 and NaCl, t h e r e b y  d e c r e a s i n g  th e  r a t e  o f  

f r e e z i n g .  H e a ts  o f  d i l u t i o n  g iv e n  i n  th e  I n t e r n a t i o n a l  

C r i t i c a l  T a b le s  (26) f o r  1 mole o f  a  s o l u t e  /2 5  m oles 

o f  w a te r  upon th e  a d d i t i o n  o f  25 m oles  o f  w a te r  a t  20°c 

f o r  s a l t s  a r e  o f  th e  o r d e r  o f  500-800  j o u l e s  w h i le  g l y c e r o l  

and PVP a r e  c o n s i d e r a b l y  lo w e r  ( 50 j o u l e s ) . The

n e g a t iv e  o f  t h i s  v a lu e  i s  u se d  t o  i n d i c a t e  th e  h e a t  o f  

c r y s t a l l i z a t i o n .

S in c e  h e a t  i s  b e in g  w ithd raw n  to  t h e  c o ld  p l a t e ,  

p r o d u c t io n  o f  h e a t  o f  c r y s t a l l i z a t i o n  i n  th e  a r e a  b e h in d  

th e  i n t e r f a c e  p r e v e n t s  t h e  l a t e n t  h e a t  g iv e n  o f f  a t  th e  

i n t e r f a c e  from b e in g  w ithd raw n  a s  r e a d i l y .  In  t h e  c a se  

o f  s i l i c a ,  th e  r a t e  o f  i c e  f o rm a t io n  i s  in d e p e n d e n t  o f  th e  

s i l i c a  c o n c e n t r a t i o n  b e c a u se  th e  l a t e n t  h e a t  i s  r a p i d l y  

w ithd raw n  to  t h e  c o ld  s i n k ; t h e  s i l i c a  p a r t i c l e s  th e m s e lv e s  

p l a y i n g  no p a r t  i n  t h e  f r e e z i n g  p r o c e s s .

An a d d i t i o n a l  c o n t r a s t  be tw een  PVP, s u c ro s e  s o l u t i o n s ,  

s i l i c a  s u s p e n s io n s  and  NaCl and KC1 s o l u t i o n s  i s  t h e  number 

o f  w a te r  m o le c u le s  a s s o c i a t e d  w i th  s o l u t e  compared to  th e  

t o t a l  number o f  w a te r  m o le c u le s  i n  th e  sy s te m . The n a tu r e  

o f  th e  i o n i c  a tm o sp h e re  i n  a  p o l a r  s o l v e n t  i s  d e s c r ib e d
ti

by B r e s c i a  e t a l  (27) a s  an io n  s u r ro u n d e d  by a  s h e a t h  o f  

s o l v e n t  m o le c u l e s . "  The cou lom bic  f o r c e s  h o ld in g  t h i s  

com plex t o g e t h e r  i s  made o f  s t r o n g  i o n - d i p o l e  i n t e r a c t i o n s .  

In  t h e  c a s e  o f  th e  o t h e r  s o l u t e s  t h e  f o r c e s  a re  much w eaker 

s i n c e  i t  i s  e s s e n t i a l l y  d i p o l e - d i p o l e  i n t e r a c t i o n .  The
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more w a te r  bound t o  th e  s o l u t e  and th e  s t r o n g e r  th e  bond 

th e  more d i f f i c u l t  i t  w i l l  be t o  c r y s t a l l i z e  o r  f r e e z e  

t h e  i c e .  The e x c e p t io n  o f  c o u rs e  i s  when th e  s o l u t e  

o r i e n t s  t h e  w a te r  m o le c u le s  t o  form th e  c r y s t a l l i n e  i c e  

s t r u c t u r e .

2.q. I n t e r f a c e  C o n f ig u r a t io n

A. E x p e r im e n ta l

The d e n d r i t e  s t r u c t u r e  o f  aq u eo u s  s o l u t i o n s  o f  NaCl,

KC1 g l y c e r o l ,  e th y l e n e  c h l o r i d e  and  PVP were s t u d i e d .

The PVP was p r o v id e d  by G e n e ra l  A n i l i n e  and  F i lm  C orp .

N. Y . ,  N.Y. and had  an a v e ra g e  m o le c u la r  w e ig h t  o f  ^ 0 ,0 0 0 .  

A l l  o t h e r  r e a g e n t s  were m a n u fa c tu re d  by F i s h e r  S c i e n t i f i c  

Company, F a irL aw n , New J e r s e y  and were o f  c e r t i f i e d  A .C .S  

q u a l i t y .  The w a te r  was d i s t i l l e d  i n  a  S to k e s  S t i l l  t o  

remove any i m p u r i t i e s ,  0 . 2  - 3 . 0  m o la l  s o l u t i o n s  were 

p r e p a r e d  e x c e p t  f o r  PVP s o l u t i o n s  i n  w hich  th e  w e ig h t  

p e r  c e n t  was v a r i e d  be tw een  5 and 15%« T h is  r a n g e  was 

com parab le  t o  th e  m o la l  s o l u t i o n s .  The te m p e r a tu re  

g r a d i e n t  m ic ro sc o p e  s t a g e  w i th  th e  same c o n d i t i o n s  a s  i n  

s e c t i o n  2 .  3A was u s e d .  The r a t e s  o f  f r e e z i n g  were v a r i e d  

from .0 1  -  , 0 k  mm/sec w hich  c o r r e s p o n d s  to  f r e e z i n g  r a t e s  

be tw een  Z , k  and 9*6 ° c /m in .

B. R e s u l t s

I n  t h i s  s e r i e s  o f  e x p e r im e n ts  th e  peak  t o  p eak  d i s t a n c e  

and  t h e  w id th  o f  th e  d e n d r i t e s  ( 0 .6  mm from th e  d e n d r i t e  

t i p )  were m ea su re d .  The r e s u l t s  a r e  t a b u l a t e d  i n  T ab le  

I I  and I I I  and p l o t t e d  i n  F ig u r e  XIV -  X V II4
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T A B L E  II  P E A K  P E A K  D I S T A N C E  O F  I C E  D E N D R I T E S

NaCl KCl Ethylene Glycol Glycerol PVP

wt. % 5.5 10.4 14.8 6.9 12. 18.2 5.8 11 15.7 5 8.4 15.5 5 10 15
Modality 1 2 3 1 2 3 1 2 3 .58;, 1 2 - - -

Rate Width (microns)

■'3*•
CM 193 155 134 155 125 115 129 114 108 121 124 125 42 47 52

4.8 175 148 123 135 120 110 110 106 108 118 120 120 39 40 41

7.2 143 135 115 130 112 105 106 105 106 100 102 105 28 30 35

35E



T A B L E  I I I  I C E  D E N D R I T E  W I D T H

NaCl KC1 Ethylene Glycol Glycerol PVP

wt. % 5.5 10.4 14.8 6.9 12.9 18.2 5.8 11 15.7 5 8.4 15.5 5 10 15

Modality 1 2 3 1 2 3 1 2 3 .58 1 2 _

Rate pfidth (microns)

2.4 141 102 70 105 64 60 102 95 94 79 70 68 42 47 52

4.8 87.5 70 52.5 70 43 39 68 64 62 72 62 62 39 40 41

7.2 69 53 51 48 39 36 64 63 64 56 54 53 28 30 35
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E xcep t f o r  PVP th e  d e n d r i t e s  become more n e e d le  l i k e  

a s  th e  r a t e  o f  f r e e z i n g  i n c r e a s e s .  F o r  PVP th e  d e n d r i t e s  

do become s h a r p e r  a s  th e  f r e e z i n g  r a t e  i n c r e a s e s ,  b u t  th e y  

a r e  e x t r e m e ly  c lo s e  t o  one a n o th e r  w i th  l i t t l e  s o l u t i o n  

in  betw een them .

In  g e n e r a l  th e  peak  t o  peak  d i s t a n c e  d e c r e a s e s  a s  

th e  r a t e  i n c r e a s e s .  The d e n d r i t e  w id th  a l s o  a p p e a r s  t o  

d e c r e a s e  a s  th e  r a t e  i n c r e a s e s .  In  t h e  c a se  o f  th e  s a l t s  

NaCl and KC1 th e  d e n d r i t e  s p a c in g  a p p e a r s  to  be i n v e r s e l y  

p r o p o r t i o n a l  t o  th e  s q u a re  r o o t  o f  t h e  f r e e z i n g  r a t e .  For 

th e  n o n io n ic  s o l u t e s  th e  d i s t a n c e  d e c r e a s e s  l i n e a r l y  w i th  

i n c r e a s i n g  r a t e .  The p eak  t o  peak  w id th  a l s o  d e c r e a s e s  

l i n e a r l y  w i th  i n c r e a s i n g  r a t e .  In  t h e  sy s te m s  where th e  

f r e e z i n g  r a t e  i s  c o n s t a n t  th e  peak  t o  peak  d i s t a n c e  d e c r e a s e s  

l i n e a r l y  w i th  i n c r e a s i n g  c o n c e n t r a t i o n  o f  s a l t  s o l u t i o n s  

(NaCl and KC1). A much s m a l l e r  d e c r e a s e  i s  seen  w i th  

e th y le n e  g l y c o l  and g l y c e r o l .  The PVP peak  to  peak  d i s t a n c e  

on th e  o t h e r  h an d , a p p e a r s  t o  i n c r e a s e  w i th  i n c r e a s i n g  con­

c e n t r a t i o n .  The d e n d r i t e  w id th  a l s o  fo l lo w s  t h i s  o r d e r .

I t  was a l s o  found t h a t  th e  g r e a t e s t  ch anges  in  p e ak  

t o  peak  d i s t a n c e s  and d e n d r i t e  w id th  i s  seen  in  d i l u t e  

s o l u t i o n s .  As th e  s o l u t i o n s  become more c o n c e n t r a t e d  (2-3m) 

th e  ch an g e s  become l e s s  p ro n o u n ce d . The s a l t  s o l u t i o n s  in  

a l l  c a s e s  show th e  g r e a t e s t  change in  d e n d r i t e  s i z e .

C. D is c u s s io n

In  r e a l i t y ,  th e  " h e a t  s in k "  p o s t u l a t e d  in  s e c t i o n  1 .8
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do es  n o t  e x i s t .  A p r o tu b e r a n c e  c r e a t e d  by a  p e r t u r b a t i o n  

i n  t h e  h e a t  f lo w  d e v e lo p s  b e c a u se  th e  t i p  o f  th e  p r o t u b e r ­

an ce  m ee ts  a  h i g h e r  s u p e r c o o l i n g  and becomes a  s p ik e ,w h ic h  

i n  t u r n  grows and becomes l e s s  s t a b l e .  The r a d i u s  o f  

c u r v a t u r e  o f  th e  t i p  d e c r e a s e s  and  th e  s p ik e  d i v i d e s .  The 

d i f f e r e n c e  i n  a s p e c t s  o f  th e  b r a n c h in g  on b o th  s i d e s  o f  

th e  d e n d r i t e  i s  v e ry  l i k e l y  due t o  ch ang es  i n  c r y s t a l l o -  

g r a p h ic  o r i e n t a t i o n s .

D e n d r i t e s  grow p r e f e r e n t i a l l y  i n  c e r t a i n  c r y s t a l l o -  

g r a p h ic  d i r e c t i o n s  (100 in  f . c . c .  and b . c . c . ,  f o r  exam ple) 

and ch an g es  i n  o r i e n t a t i o n  g iv e  r i s e  t o  d r a m a t ic  ch an g es  

i n  t h e  g row th  p a t t e r n .  I n  a  l a r g e  v e s s e l ,  i c e  d e n d r i t e s  

a r e  f r e e  t o  grow i n  th e  p r e f e r r e d  c r y s t a l l o g r a p h i c  o r i e n t a ­

t i o n .  But i n  t h i s  e x p e r im e n t  th e  sam ple i s  v e ry  t h i n .  The 

w a l l s  o f  th e  c e l l  c o n t a i n i n g  th e  w a te r  i n t e r a c t  w i th  th e

d i r e c t i o n s  o f  g row th .

A b a s i c  s t u d y  o f  d e n d r i t e  g row th  was done by P a p a t r e a u  

( 28) who fo re s a w  th e  s t a b i l i t y  sh ape  o f  t h e  t i p  o f  a  d e n d r i t e .  

The s t a b i l i t y  t h e o r y  d e a l s  w i th  th e  s t a b l e  sh ap e  o f  th e  

t i p  o f  th e  d e n d r i t e s ,  u s i n g  a s  m odels i s o t h e r m a l  s u r f a c e s  

w hich  grow w i th o u t  d e fo r m a t io n .  I t s  m ethod c o n s i s t s  o f  

s o l v i n g  th e  d i f f u s i o n  e q u a t io n  f o r  a  p re -a s su m e d  sh a p e  o f  

i n t e r f a c e ,  th e n  a p p ly in g  a  p e r t u r b a t i o n  and  c a l c u l a t i n g  

w h e th e r  o r  n o t  t h e  p e r t u r b a t i o n  i s  s t a b l e .  (29)

A s p h e r i c a l  t i p  was t o  be e x c lu d e d  b e c a u se  su c h  a  

sh ape  l o s e s  h e a t  u n i f o r m ly ,  and  t e n d s  t o  i n c r e a s e  i t s  

r a d i u s  o f  c u r v a t u r e .



38

I v a n t s o v  (30) shows t h a t  th e  c o r r e c t  s o l u t i o n  f o r

th e  shape  o f  th e  t i p  i n  an i s o t h e r m a l  f r e e z i n g  p r o c e s s

was a  p a r a b o l o id  o f  r e v o l u t i o n ,  th e  r a t e  o f  grow th  b e in g

p r o p o r t i o n a l  t o  ( a t ) "
TT

A  T: u n d e r c o o l in g

r :  r a d i u s  o f  c u r v a t u r e  o f  th e  t i p  

T » > l :  f o r  u s u a l  u n d e r c o o l in g s

Horvay and Cahn (31 ) p ro v e d  i t h a t  a  p a r a b o l o id  o f  

e l l i p t i c a l  c r o s s - s e c t i o n  was a l s o  a  c o r r e c t  s o l u t i o n .

B o l l i n g  and  T i l l e r  (32) s l i g h t l y  m o d if ie d  th e  a p p ro a c h  

by i n t r o d u c t i n g  h e t e r o g e n e i t i e s  o f  t e m p e r a tu re  on th e  s u r ­

f a c e  o f  th e  d e n d r i t e s .

A lth o u g h  num erous t h e o r i e s  e x i s t  t h e r e  i s  s t i l l  no one 

t h e o r y ;which may e x p la in  a l l  t h e  a s p e c t s  o f  d e n d r i t e  g ro w th .  

However th e  q u a n t i t y  D/R ( a s  se e n  i n  s e c t i o n  1 .9  e q u a t io n  1 -3 )  

seems to  be a  good i n d i c a t i o n  o f  i n t e r f a c e  s t r u c t u r e .

F o r  a  v e ry  s m a l l  th e rm a l  d r i v i n g  f o r c e  f o r  s o l i d i f i c a t i o n  

th e  f r e e z i n g  r a t e  w i l l  be s low  enough t o  a l lo w  s o l u t e  r e ­

j e c t e d  a t  th e  s o l i d / l i q u i d  i n t e r f a c e  t o  d i f f u s e  c o m p le te ly  

i n t o  th e  m e l t .  In  p r a c t i c e ,  how ever t r u e  e q u i l i b r i u m  

s o l i d i f i c a t i o n  i s  se ldom  a p p ro a c h e d  and th e  s o l u t e  r e j e c t e d  

a t  th e  a d v a n c in g  i n t e r f a c e  c a n n o t  un derg o  i n f i n i t e  d i f f u s i o n  

i n t o  th e  b u lk  m e l t .  A s o l u t e  r i c h  r e g io n  i n  th e  l i q u i d  

p h a se  th u s  d e v e lo p s  a d j a c e n t  t o  th e  i n t e r f a c e .

As d e s c r i b e d  by R u t t e r  and  C halm ers ( 1 8 ) ,  "an y  sy s tem  

w i th  a  t e m p e r a tu re  g r a d i e n t  im posed on a  g row ing  l i q u i d / s o l i d  

i n t e r f a c e  i n  th e  p re s e n c e  o f  a  s o l u t e  may c o n s t i t u t i o n a l l y
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s u p e r c o o l . "  T h at i s  t h e  p re s e n c e  o f  th e  s o l u t e  r e s u l t s  

i n  th e  b o u n d a ry  l a y e r  d e p r e s s in g  th e  i n t e r f a c e  t e m p e r a tu re  

so  t h a t  l i q u i d  f a r  from t h e  i n t e r f a c e  i s  be low  i t s  f r e e z i n g  

t e m p e r a tu r e .  D epending  on how s t e e p  th e  c o n c e n t r a t i o n  

g r a d i e n t  i s  a t  th e  i n t e r f a c e ,  th e  s o l i d i f i c a t i o n  te m p e ra ­

t u r e  o f  th e  s o l u t i o n  t h e o r e t i c a l l y  sh o u ld  i n c r e a s e  s h a r p l y  

from a  v a lu e  c o r r e s p o n d in g  t o  th e  i n t e r f a c e  c o n c e n t r a t i o n  Cj 

a s  compared t o  th e  b u lk  c o n c e n t r a t i o n  I n  a c t u a l i t y  th e  

t e m p e ra tu re  d i s t r i b u t i o n  i n  t h a t  s m a l l  i n t e r f a c e  r e g i o n  

p ro b a b ly  c a n n o t  change t h a t  q u i c k ly  t h e r e f o r e  th e  te m p e ra ­

t u r e  p r o f i l e  i n  th e  n e ig h b o rh o o d  o f  th e  i n t e r f a c e  i s  be low  

th e  s o l i d i f i c a t i o n  p r o f i l e .  T h is  a c c o u n ts  f o r  t h e  s u p e r ­

c o o l in g .

D u rin g  c o n s t i t u t i o n a l  s u p e r c o o l i n g  p a r t  o f  th e  i n t e r ­

fa c e  a d v an c es  ah ead  o f  th e  r e s t  o f  i n t e r f a c e  i n t o  a  r e g io n  

o f  g r e a t e r  s u p e r c o o l in g  where i t  e x p e r i e n c e s  a  g r e a t e r  

d r i v i n g  f o r c e  f o r  f a s t e r  g row th . T i l l e r  e t  a l  (17) b e l i e v e s  

t h a t  th e  p l a n a r  i n t e r f a c e  t a k e s  on a  c e l l u l a r  mophology in  

an a t t e m p t  t o  e l i m i n a t e  c o n s t i t i o n a l  s u p e r c o o l i n g .  I f  th e  

s u p e r c o o l in g  becomes to o  e x t e n s i v e  d e n d r i t e s  a p p e a r  i n  a  

f u r t h e r  a t t e m p t  t o  e l i m i n a t e  th e  s u p e r c o o l i n g .

In  a  s tu d y  by T i l l e r  and R u t t e r  (35) th e y  found  th e  

i n t e r f a c e  m orphology o f  t i n  l e a d  m ix tu r e s  t o  be i n f l u e n c e d  

by th e  D/ R r a t i o .

The q u a n t i t y  ^  i s  th e  d i s t a n c e  a t  w hich  th e  co n ce n ­

t r a t i o n  i n  s o l u t e  (C^) f a l l s  t o  i  o f  i t s  v a lu e  a t  th e
_  R Pi n t e r f a c e .  ( F ig u r e  V II )  I f  D = 5 x  10“ ^ cm / s e c .  and 

R = 0 .1  c m . /  s e c . ,  t h e n  ^  i s  f i v e  m ic ro n s .  T h is  means t h a t
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th e  s o l u t e  d o es  n o t  d i f f u s e  away from th e  i n t e r f a c e  a s  

th e  s o l i d  r e j e c t s  i t .  The s o l u t e  form s a  r i p p l e  p a r a l l e l  

to  t h e  i n t e r f a c e .  The l a r g e  D/ R th e  more s t a b l e  th e  

i n t e r f a c e .  I n  t h i s  p r e s e n t  s t u d y ,  th e  i n t e r f a c e  a l s o  

a p p e a r s  t o  become more d e n d r i t i c  f o r  a  g iv e n  sy s tem  a s  

R, th e  r a t e  o f  f r e e z i n g  i n c r e a s e s .  However, th e  con cen ­

t r a t i o n  p r o f i l e  c a n n o t  e x p la in  th e  e n t i r e  e f f e c t .  From 

th e  e x p e r im e n ts  i n  S e c t io n  2 .3  th e  amount o f  h e a t  l i b e r a t e d  

a t  t h e  i n t e r f a c e  i s  an im p o r t a n t  f a c t o r .  F o r  t h i s  r e a s o n  

th e  g r e a t e s t  ch an g es  i n  peak  t o  p e ak  w id th  and  d e n d r i t e  

w id th  i s  s e e n  f o r  t h e  s a l t  s o l u t i o n s .

In  a  s tu d y  by R o h a tg i  and Adams (36) on d i l u t e  s a l t  

s o l u t i o n s  f r o z e n  a s  d r o p l e t s  and i n  Tygon t u b i n g ,  th e y  

found th e  d e n d r i t e  s p a c in g  o f  th e  f ro z e n  s o l u t i o n s  a p p e a r s  

to  be i n v e r s e l y  p r o p o r t i o n a l  t o  th e  sq u a re  r o o t  o f  th e  

f r e e z i n g  r a t e .  T h is  s tu d y  on th e  p eak  to  peak  d i s t a n c e  

o f  t h e  i c e  d e n d r i t e s  a t  t h e  i n t e r f a c e  a l s o  f o l lo w s  th e  

r e l a t i o n

P .P .  =-K • R + C 2 - 1

however f o r  th e  non e l e c t r o l y t e s

P .P .  = - K '  R + C 2 - 2

In  t h e  s t u d y  o f  R o h a tg i  and  Adams (36 )  th e  b r i n e  l a y e r  

was f r o z e n  ( i . e .  be low  t h e  e u t e c t i c  t e m p e r a t u r e ) .  The 

peak  t o  peak  d i s t a n c e  was m easured  a t  th e  i c e  i n t e r f a c e  

t h e r e f o r e  th e  b r i n e  l a y e r  was s t i l l  l i q u i d .

The e f f e c t  o f  s o l u t e  c o n c e n t r a t i o n  shows a  l i n e a r  

change i n  th e  p e ak  to  p e ak  and d e n d r i t e  w id th .  Assuming 

th e  e f f e c t s  o f  c o n c e n t r a t i o n  and  r a t e  a r e  a d d i t i v e  ( a s
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i t  a p p e a rs  from th e  c r o s s p l o t s  o f  F ig u r e s  X II -XV) th e  

f o l lo w in g  r e l a t i o n  i s  o b t a in e d :

P - P - S a l t s  = K • + K2 C ♦ C (3)

P ,P ' non e l e c t r o l y t e s  = K ' R + K2C + C (/f) 

The d e n d r i t e  w id th  seem s to  f o l lo w  e q u a t io n  h f o r  a l l  

sy s te m s  s t u d i e d .

The f a c t  t h a t  PVP h a s  s l i g h t l y  p o s i t i v e  s l o p e s  does 

n o t  i n v a l i d a t e  o u r  p r e v i o u s  e x p l a n a t i o n  b u t  has  t o  be 

t r e a t e d  a s  a  c o m p le te ly  d i f f e r e n t  sy s tem  s i n c e  th e  number 

o f  k i n e t i c  u n i t s  a r e  few due t o  th e  h ig h  m o le c u la r  w e ig h t  

o f  P .V .P .  A ls o ,  e n t a n g l i n g  o f  th e  m o le c u le s  can p rodu ce  

a r t i f a c t s  due t o  v i s c o s i t y .

T h is  work a l s o  c o n c lu d e s  t h a t  w h i le  h e a t  t r a n s f e r  

i s  assumed t o  o c c u r  much more r e a d i l y  th a n  mass t r a n s f e r

( i . e .  d i f f u s i o n  c o e f f i c i e n t s  o f  NaCl i n  w a te r  i s  o f  th e
—5 2o r d e r  o f  10_> cm / s e c )  w h i le  th e rm a l  d i f f u s i v i t i e s  o f

-2  2/  i c e  and w a te r  a r e  o f  th e  o r d e r  o f  10 and 10 ^ cm ' s e c

r e s p e c t i v e l y )  th e  o v e r a l l  f r e e z i n g  r a t e  i s  gov e rn ed  by

th e  r a t e  and amount o f  h e a t  e x t r a c t i o n . To s o l i d i f y _ i

a t  th e  r a t e  r e q u i r e d  by th e  h e a t  flow , i c e  c r y s t a l s  grow

a s  a r r a y s  o f  p a r a l l e l  p l a t e s  o r  d e n d r i t e s .
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3*1 I n t r o d u c t i o n

A. Enzymes

When enzyme s o l u t i o n s  a r e  f r o z e n ,  h e a t e d  o r  s u b j e c t e d  

t o  v a r i o u s  c o n d i t i o n s ,  t h e y  a r e  found  to  un d e rg o  a  p a r t i a l  

o r  co m p le te  l o s s  o f  e n z y m a tic  a c t i v i t y .  As s t a t e d  by 

M e ln ick  (37)> "enzym es a r e  c h e m ic a l ly  a c t i v e  p r o t e i n  

m o le c u le s  t h a t  depend on a  p r e c i s e  s t r u c t u r e  f o r  t h e i r  

s p e c i f i c  a c t i v i t y .  T h is  s t r u c t u r e  i s  com plem en ta ry  t o  th e  

s t r u c t u r e  o f  th e  s u b s t r a t e  on w hich  th e y  a c t " .  D e n a tu r a t io n  

o f  an enzyme can t h e r e f o r e  be i n t e r p r e t e d  a s  a  change i n  th e  

enzyme s t r u c t u r e s  a c t i v e  s i t e s  even th o u g h  th e  p r o t e i n  m ole­

c u le  i s  c h e m ic a l ly  i n t a c t .  T h is  d e f i n i t i o n  i s  some what 

d i f f e r e n t  th e n  t h a t  o f  N e u ra th  e t a l  ( 38) who d e f i n e d  d e ­

n a t u r a t i o n  a s  "an y  non p r o t e o l y t i c  m o d i f i c a t i o n  o f  th e  

s t r u c t u r e . "  A p r o t e o l y t i c  change o c c u r s  when h y d r o l y t i c  

d e g r a d a t io n  t a k e s  p l a c e :  -CO -  NH -  + COOH +

The main f a c t o r s  t h a t  b r i n g  a b o u t  p r o t e i n  d e n a t u r a t i o n  

and inactiva td£& i ( i f  t h e  p r o t e i n  i s  an enzyme) a r e  1) h e a t

2) h ig h  p r e s s u r e  3) f r e e z i n g  and th a w in g  k)  r a d i a t i o n  

5) u l t r a s o n i c  waves and  6 ) c h e m ic a l  r e a c t i o n s .  T h is  t h e s i s  

w i l l  o n ly  be c o n c e rn e d  w i th  t h e  f r e e z e - t h a w  c h a n g e s .

G e n e r a l ly  when b i o l o g i c a l  sy s te m s  a r e  c o o le d  above 0°C, 

th e  p h y s i c a l  c h e m ic a l  p r o p e r t i e s  g e n e r a l l y  rem a in  r e v e r ­

s i b l e .  However below  0°C two main c o n se q u e n c e s  o c c u r :  

M e ch a n ica l  i n j u r y  due to  volume c h a n g e .

T h is  o c c u r s  when w a te r  f r e e z e s  t o  form i c e .  I t s  d e n s i t y  

ch an g e s  from 0 .9 9 9  g / c c  t o  0 .9 1 7  g / c c  on o v e r a l l  8% i n c r e a s e  

i n  volum e.
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2 . B io c h e m ic a l  in . ju ry  due t o  d e h y d ra t io n  

T h is  i n j u r y  may d e v e lo p  i n  t h e  f o l lo w in g  ways.

a) When a  p r o t e i n  i s  i n  s o l u t i o n  a  c e r t a i n  number 

o f  s o l v e n t  m o le c u le s  c o n t r i b u t e  t o  th e  f r e e  e n e rg y  i n ­

v o lv e d  i n  th e  s t a b i l i z a t i o n  o f  th e  p r o t e i n  s t r u c t u r e .

When i c e  i s  form ed d u r in g  th e  f r e e z i n g  p r o c e s s ,  some o f  

t h e s e  "bound’1 s o l v e n t  m o le c u le s  can a c t u a l l y  be removed 

and c o n s e q u e n t ly  th e  p r o t e i n  i s  i r r e v e r s i b l y  damaged.

(B ruce e t a l )  (39)

b) D e h y d ra t io n  can  c au se  i n j u r y  t o  enzyme sy s te m s  

a s  a  r e s u l t  o f  c h an g e s  i n  pH. F in n  (JfO) i n v e s t i g a t e d  th e  

d e n a t u r a t i o n  o f  ox m usc le  j u i c e  c a u se d  by f r e e z i n g .  He 

o b se rv e d  t h a t  th e  maximum r a t e  o f  d e n a t u r a t i o n  (m easu red  

by l o s s  o f  s o l u b i l i t y ) , o c c u r r e d  a t  -3°C and t h a t  a  

f u r t h e r  lo w e r in g  o f  t e m p e r a tu re  r e s u l t e d  i n  a  r e d u c t i o n  

r a t h e r  th a n  an i n c r e a s e  i n  t h i s  r a t e .  pH m easu rem en ts  o f  

th e  u n f ro z e n  l i q u i d  r e m a in in g  i n  f r o z e n  sam p le s  showed a  

c o r r e l a t i o n  be tw een  l o s s  o f  s o l u b i l i t y  and  pH w hich f e l l

to  l e s s  th a n  6 a t  -3°C  and r o s e  a g a in  a t  lo w e r  t e m p e r a tu r e s .  

I n  o r d e r  t o  c o n f i rm  t h a t  th e  l o s s  o f  s o l u b i l i t y  i s  due 

t o  pH ch an ges  and  n o t  due to  a  lo w e r in g  o f  th e  t e m p e r a tu r e ,  

th e  p r o t e i n  was shown t o  be d e n a tu r e d  a t  t e m p e r a tu r e s  

above f r e e z i n g  when ex p o sed  t o  e l e c t r o l y t e  c o n c e n t r a t i o n s  

a t  a  pH below  6 .

c) P r o t e i n - p r o t e i n  i n t e r a c t i o n  w hich  can  come a b o u t  

a s  a  r e s u l t  o f  d e h y d r a t io n  a l s o  may c au se  i n j u r y  t o  b i o ­

l o g i c a l  s y s te m s .  L o v e lo c k ,  ( l \ l )  u s i n g  J ^ - l i p o p r o t e i n
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(extracted from human plasma) found that for this particular 
system there was no relationship between denaturation and 
pH or denaturation and the concentration of salt in the 
suspending medium. Samples of lipoprotein were frozen 
in various salt solutions which had eutectic temperatures 
ranging from - 4 °  to -8 6 °C . More denaturation was observed 
the higher the eutectic temperature. It was concluded 
that the denaturing factor in this experiment was the pro­
gressive removal of water which concentrated the lipoprotein 
molecules until they will interact with each other. The 
denaturation of the protein coincided with the removal of 
the last traces of water from the suspending medium as the 
eutectic solutions crystallized. It was shown that very 
low concentration of methanol and glycerol were enough to 
protect the protein from freezing injury. This small amount 
of additive is necessary to prevent an amount of water from 
freezing which is close to the minimum amount necessary to 
maintain the protein in fluid suspension. The reason why 
the molecular contact causes denaturation is that it permits 
formation of undersirable cross linkages between molecules 
leading to distortion or rupture of the protein on rehydration. 
According to this reasoning, the protective effect of these 
additives is simply to fill the space between structures 
and prevent contact between molecules and active groups
during freezing.

d) Dehydration can cause denaturation by breaking 
stabilizing hydrogen bonds in a protein that prevent inter-



action between molecules. The fact that urea is often 
found to imitate the effects of freezing lends support 
to the hypothesis that disruption of hydrogen bonds in 
a protein is a frequent mechanism for freezing injury.
Urea forms strong hydrogen bonds and might be expected to 
break hydrogen bonds on a competitive basis as much as 
perhaps dehydration does. Kloth (i+2) has proposed that 
the denaturing effect of urea may be due to its ability 
to dissolve the structured water which gives stability to 
certain amino acid sidechains. This type of denaturation 
could also presumably result from dehydration.

Chilson (̂ 3) etal,suggests that the effects of freez­
ing on certain enzymes (e.g. lactic dehydrogenase-LDH) are 
primarily the result of dissociation of subunits. The 
enzyme is found in heart tissue (H-type) and muscle tissue 
(M-type) and each type contains identical subunits - 
(M̂ , H^). Enzymes which consist of subunits have been 
found to be considerably less stable on freezing when 
compared with enzymes which consist of only one polypeptide 
chain.

The lowering of pH and the concentration of salts may 
induce this dissociation. The reassociation of subunits 
is a slow and incomplete process and the loss of enzyme 
activity may be a failure of normal reassociation. The 
subunits may interact in the wrong position forming abnormal 
polymers which do not have catalytic potential (enzymatic 
activity). In order to minimize this detrimental effect of
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pH and  h ig h  s a l t  c o n c e n t r a t i o n ,  q u ic k  f r e e z i n g  and q u ic k  

th a w in g  do n o t  a l lo w  th e  enzyme to  he ex posed  t o  c r i t i c a l  

pH and  s a l t  c o n c e n t r a t i o n s  lo n g  enough f o r  t h i s  d i s s o c i a t i o n  

to  o c c u r .

B. C r y o p r o t e c t io n

To p r e v e n t  damage t o  enzymes o r  b i o l o g i c a l  c e l l s  

due t o  s o l i d / l i q u i d  p h ase  t r a n s f o r m a t i o n s  c r y o p r o t e c t i v e  

a g e n t s  a r e  o f t e n  u s e d .  T h is  c o n c e p t  was r e c o g n iz e d  a s  f a r  

ba ck  a s  1913 when K e i th  (44) r e p o r t e d  th e  im proved  s u r v i v a l  

o f  m ic ro o rg a n ism s  f r o z e n  a t  -20°C i n  m i lk ,  g lu c o s e ,  s u c r o s e ,  

o r  g l y c e r o l .  The t h e o r y  o f  c r y o p r o t e c t i o n  w i l l  depend on 

th e  t h e o r y  o f  f r e e z i n g  i n j u r y  t o  w hich  one s u b s c r i b e s .  S in ce  

s e v e r a l  t h e o r i e s  f o r  th e  l a t t e r  have  been  a d v a n c e d , one c o u ld  

e x p e c t  a t  l e a s t  a s  many t h e o r i e s  f o r  th e  mechanism o f  c ry o ­

p r o t e c t i o n .  F i r s t ,  ho w ever ,  i n  o r d e r  t o  u n d e r s t a n d  th e  

b e h a v io r  o f  aqueou s  s o l u t i o n s ,  i t  m ust be r e a l i z e d  t h a t  

w a te r  i s  a  h i g h ly  a s s o c i a t e d  l i q u i d  c o n t a i n i n g  a  l a r g e  

number o f  hydrogen  b o n d s .  (45) • A c c o rd in g  t o  F ra n k  and h i s  

a s s o c i a t e s ,  ( 46) a  s o l u t e  w i l l  go i n t o  t h i s  hydrogen  bonded 

s o l v e n t  i n  e s s e n t i a l l y  one o f  t h r e e  ways: by i n c r e a s i n g  th e

s t r u c t u r i n g ,  d e c r e a s i n g  t h e  s t r u c t u r i n g  o r  more o r  l e s s - ;n o t  

c h a n g in g  th e  s t r u c t u r i n g  o f  th e  w a te r  sy s te m . The l a s t  can  

o c c u r  by b r e a k in g  some h y d ro g en  b onds be tw een  w a te r  and 

r e p l a c i n g  them by n e a r l y  e q u i v a l e n t  new h yd rogen  bonds

be tw een  w a te r  and  r e p l a c i n g  them by n e a r l y  e q u i v a l e n t  new 

h y d ro g en  bonds be tw een  s o l u t e  and  w a t e r .  From th e  s t u d i e s  

o f  N a s h , (47) i t  i s  l i k e l y  t h a t  h yd rogen  bond c a p a c i t y  i s
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most important. The more hydrogen bonding sites per 
molecule the greater the protective capacity. Ionic 
groups bind water molecules in a near layer but break 
down water structure further away, while nonpolar groups 
orientate water molecules and probably interfere with 
adjacent hydrogen bonding. Both types of groups, in an 
otherwise cryoprotective molecule reduce protective 
activity. (48).

Among H-bonding solutes one may further distinguish 
several subclasses (49,50). Rowlinson (51) using excess 
thermodynamic functions has interpreted the behavior in 
solution of these different kinds of H-bonding solutes. 
Formation of few or weak hydrogen bonds fail to provide 
cryoprotective activity. As more numerous or stronger 
hydrogen bonds become possible in a molecular structure, 
excess enthalpy of mixing for water-solute becomes in­
creasingly negative. Excess entropy becomes less negative 
thus the excess free energy becomes negative. This implies 
that the more numerous and stronger are the solute hydrogen 
bonds with water, the more soluble the compound and the 
more stable the solution at any temperature (i.e. complete 
miscibility).

Cryoprotective activity is also attributed to colligative 
properties and water binding. Although all solutes will de­
press the freezing point of water, some are more effective 
than others. The colligative properties of a solute will 
vary depending upon its concentration according to Rauolt's 
Law in which the mole fraction of solute is equal to the
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proportional reduction of solution vapor pressure compared 
to pure solvent. In its simplest form the relationship 
is expressed as n-j/ (n-̂ + n2) =&&'■ - p)/po in which n-̂ + 
n2 a ê the number of moles of solvent and solute and pS 

and p are the vapor pressures of solvent and solution, 
respectively. This simple relationship rarely exists in 
practice because of interactions between solute and solvent 
molecules which tend to increase or decrease the fluidity 
(vapor pressure) of the solvent. (52) With most solutes, 
the actual reduction in vapor pressure exceeds that which 
would be predicted on the basis of Raoult's law and when 
one calculates the amount of water necessary to produce 
the experimental vapor pressure depression, one finds that 
it is less than the amount of water actually present. The 
excess water which is apparently making no contribution 
to vaper pressure, has been termed "bound water". An 
example is rarely found in which only a specific portion 
of the water present makes no contribution whatsoever to 
the vapor pressure. It should be realized that in most 
biological solutions, all water molecules are probably 
being ordered to a greater or lesser degree. To say that 
10% of the water is bound should be viewed only as a figure 
of speech. The fact is that many or most water molecules 
have been restrained to varying degrees by imposed forces 
resulting in a mean reduction in vapor pressure by 10%.

Regardless of the above limitation, it is of interest 
to determine the ability of a solute to influence its solvent
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e n v i r o n m e n t .  I n  a  s t u d y  by Meryman ( 5 3 ) ,  i t  was found 

t h a t  t h e  w a t e r  b i n d i n g  a b i l i t y  o f  t r i m e t h y l a m i n e  a c e t a t e  

(TMAA) and ammonium a c e t a t e  was e x t r a o r d i n a r i l y  h ig h  

compared t o  o t h e r  m a t e r i a l s  s t u d i e d  ( e . g . g l y c e r o l ,  e t h y l e n e  

g l y c o l ,  m e t h a n o l ) .  The manner i n  which t h e  " w a t e r  b i n d i n g  

c a p a c i t y "  i s  r e f l e c t e d  i n  c o n v e n t i o n a l  m e l t i n g  p o i n t  c u r v e s  

o f  t h e s e  s u b s t a n c e s  was a l s o  s t u d i e d .  Meryman's  f i n d i n g s  

c o n c lu d e :  1) m e th an o l  a p p r o x i m a t e s  an i d e a l  s o l u t e ,  2) Both 

e t h y l e n e  g l y c o l  and e t h a n o l  a r e  e x c e p t i o n a l  up t o  concen­

t r a t i o n s  o f  20 m o la r .  Above t h i s  c o n c e n t r a t i o n  e t h y l e n e  

g l y c o l  becomes to o  v i s c o u s  t o  f r e e z e  f u r t h e r  d u r i n g  a  s h o r t  

te rm  e x p e r i m e n t .  The e t h a n o l  s im p ly  becomes i n e f f e c t i v e .

3) G l y c e r o l  and DMSO a r e  b o th  more e f f e c t i v e  t h a n  an i d e a l  

s o l u t e  i n d i c a t i n g  some w a t e r  s t r u c t u r i n g  o r  " b i n d i n g "  c a p a ­

c i t y .  T r im e th y lam in e  a c e t a t e  a g a i n  showed t h e  g r e a t e s t  de ­

p a r t u r e  from i d e a l i t y ,  r e a c h i n g  a  l i m i t i n g  v i s c o s i t y  a t  -35°C .

From t h i s  d a t a  i t  i s  e v i d e n t  t h a t  t h e r e  a r e  two i m p o r t a n t  

ways i n  which  c o l l i g a t i v e  c h a r a c t e r i s t i c s  o f  a  compount can 

make i t  more o r  l e s s  d e s i r a b l e  a s  a  c r y o p r o t e c t i v e  a g e n t :

1) I t s  w a t e r  b i n d i n g  c a p a c i t y  can make i t  p o s s i b l e  t o  a c h i e v e  

c r y o p r o t e c t i o n  w i t h  b o th  a  s m a l l e r  i n t i a l  and f i n a l  c o n cen ­

t r a t i o n .  The w a t e r  b i n d i n g  c a p a c i t y  f o r  e t h a n o l  becomes 

so p o o r  a t  l o w e r  t e m p e r a t u r e s  and  h ig h  c o n c e n t r a t i o n s  t h a t  

i t  e s s e n t i a l l y  h a s  no p r o t e c t i v e  e f f e c t  a t  a l l .  2) The 

deve lopm en t  o f  e l e v a t e d  v i s c o s i t y  w i th  c o n c e n t r a t i o n  and 

re d u c e d  t e m p e r a t u r e  can e f f e c t i v e l y  r e d u c e  t h e  f i n a l  con­

c e n t r a t i o n  a c t u a l l y  a c h i e v e d  on f r e e z i n g  even th o u g h  f u r t h e r  

c o n c e n t r a t i o n  m igh t  t h e o r e t i c a l l y  be e x p e c t e d .
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3 . 2  E f f e c t s  o f  t h e  F r e e z e  Thaw P r o c e s s  on ok Amylase

I t  i s  common knowledge t h a t  t h e  f r e e z i n g  and thaw ing  

o f  an enzyme may a f f e c t  i t s  a c t i v i t y .  The q u e s t i o n  i s  n o t  

o n ly  t o  know how g r e a t  an a c t i v i t y  change w i l l  t a k e  p l a c e  

b u t  even  more i m p o r t a n t ,  can t h e  f r e e z e  thaw e f f e c t  be 

c o n t r o l l e d  t o  p roduce  a  minimum o f  damage. Heber  (5*f) has  

s t a t e d  t h a t  most s o l u b l e  enzymes f r o z e n  a t  a  n e u t r a l  pH, 

m odera te  r a t e  and i n  p r e s e n c e  o f  s o l u b l e  s u b s t a n c e s  show 

l i t t l e  change i n  a c t i v i t y  even  i n  t h e  a b se n c e  o f  p r o t e c t i v e  

s u b s t a n c e s  su c h  a s  s u g a r s .  On t h e  o t h e r  han<ii " p u r i f i e d "  

enzymes such  a s  c a t a l a s e  (55)»  l a c t a t e  dehy d ro g e n ase  (56-58)  

g l u t a m a t e  d e h y d ro g e n a s e  and g l y c e r a l d e h y d e ,  p h o sp h a te  

d e h y d ro g e n ase  (59) l o s e  some o f  t h e i r  a c t i v i t y  d u r i n g  th e  

f r e e z e - t h a w  p r o c e s s .  I n  t h i s  s t u d y  t h e  e f f e c t s  o f  t h e  r a t e  

o f  f r e e z i n g ,  r a t e  o f  t h a w in g ,  enzyme c o n c e n t r a t i o n ,  and th e  

e f f e c t s  o f  a d d i t i v e s  on " p u r i f i e d "  amylase  have been u n d e r t a k e n .

3 . 2  A E x p e r i m e n t a l

o( Amylase i s  an enzyme wlplch o c c u r s  i n  n e a r l y  a l l  p l a n t s ,  

a n i m a l s ,  and m ic r o o r g a n i s m s .  I t s  m o le c u l a r  w e ig h t  i s  i f5 ,000.  

C r y s t a l l i n e  am ylase  ( sw in e  p a n c r e a s )  s u s p e n s i o n s  i n  sod ium - 

c a l c iu m  c h l o r i d e  were p u r c h a s e d  from W o rth in g to n  B io c h e m ic a l  

Company ( F r e e h o l d ,  New J e r s e y )  and u se d  a s  t h e  s t a r t i n g  

m a t e r i a l .

C o n c e n t r a t i o n s  o f  0 . 2 5  and 0 . 5 0  ml o f  t h e  s u s p e n s i o n  

were d i l u t e d  i n  1 l i t e r  o f  b u f f e r  s o l u t i o n  pH 6 . 9  ( b u f f e r  

c o m p o s i t i o n  0 . 0 6  m NaCl and 0 . 0 2  m sodium p h o s p h a t e ) .  Mea-
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su rem en t  o f  a c t i v i t i e s  was b a se d  on t h e  ch anges  o f  o p t i c a l  

d e n s i t y  o f  a  b u f f e r e d  1% s o l u b l e  s t a r c h  and 3*5 d i n i t r o -  

s a l i c y c l i c  a c i d  a t  5^0 mm and a  c o n t r o l l e d  t e m p e r a t u r e  

o f  25°  C. A u n i t  o f  a c t i v i t y  i s  t h a t  l i b e r a t i n g  1 mole 

o f  r e d u c i n g  g ro u p s  c a l c u l a t e d  a s  m a l to s e  p e r  m inu te  a t  25° C.

The p r e p a r e d  2-ml sam p les  were f r o z e n  i n  Nalgene  t e s t  t u b e s  

(115 x 16 mm). The low t e m p e r a t u r e  b a t h s  were m a i n t a i n e d  

a t  t e m p e r a t u r e s  o f . . -20  and - 7 0 °  C. The f r o z e n  s u s p e n s i o n s  

were thawed by one o f  t h r e e  ways:  1) 30°C w a t e r  b a t h  (2)

25°  C a i r  c o o l e r ,  (3)  s e r i e s  o f  w a t e r  b a t h s  from 60 t o  

3 0°  C w i t h  c o n s t a n t  a g i t a t i o n .

3 . 2  B R e s u l t s

The a c t i v i t y  o f £ ( am ylase  s o l u t i o n s  f r o z e n  i n  an aqueo u s  

b u f f e r  was s i g n i f i c a n t l y  h i g h e r  (86 v s  76% a c t i v i t y )  f o r  t h e  

f a s t  f r e e z e  p r o c e s s  o v e r  t h e  s low  f r e e z e  p r o c e s s .  F o r  t h e  

f a s t  f r e e z e ,  t h e  t e m p e r a t u r e  t im e  p r o f i l e  ( n o t  shown) from 

25° C u n t i l  com p le te  s o l i d i f i c a t i o n  to o k  a p p r o x i m a t e l y  2 

m in u te s  w h i l e  t h e  s low  f r e e z e  m o n i to r e d  o v e r  t h e  same c o n d i t i o n s  

l a s t e d  a p p r o x i m a t e l y  15 m i n u t e s .  The th aw in g  p r o c e s s  was a c ­

c o m p l i sh ed  by p l a c i n g  t h e  specim en t u b e s  i n  a  30°  C the rm o­

s t a t e d  w a t e r  b a t h  f o r  10 m in u t e s .  To d e m o n s t r a t e  t h e  e f f e c t s  

o f  some w i d e ly  u se d  a d d i t i v e s  F i g u r e  XVIIIA,B was p l o t t e d  

a s  p e r c e n t a g e  o f  a c t i v i t y  v s  c o n c e n t r a t i o n  o f  a d d i t i v e  f o r  

b o t h  t h e  f a s t  f r e e z e - t h a w  (A) and s low  f r e e z e - t h a w  (B) p r o c e s s e s .

A minimum a c t i v i t y  f o r  some s o l u t i o n s  w i t h  an a d d i t i v e  

h a s  been  o b s e r v e d .  T h i s  minimum i s  below t h e  a c t i v i t y  o f  t h e
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enzyme w a t e r  s y s te m .  I n  e ac h  c a se  t h i s  phenomenon 

o b s e r v e d  when t h e  a d d i t i v e  c o n c e n t r a t i o n  i s  a p p r o x i m a t e ly  

0.01%. For  t h e  s lo w  f r e e z e  ( ' - -15  m in ) - th a w  p r o c e s s e s  

g l y c e r o l  and p l y v i n y l p y r o l i d o n e  (PVP) a d d i t i v e s  p roduce  

no minimum b u t  e t h y l e n e  g l y c o l  and s u c r o s e  y i e l d  minimum 

p o i n t s  be low t h e  o b s e r v e d  enzyme w a t e r  a c t i v i t i e s .  P r o ­

t e c t i o n  o c c u r r e d  f o r  t h e  enzyme when e t h y l e n e  g l y c o l  and 

s u c r o s e  were added  i n  e x c e s s  o f  0.1%. G l y c e r o l  p r o t e c t e d  

when t h e  c o n c e n t r a t i o n  was g r e a t e r  t h a n  0.01% and PVP 

a p p e a re d  t o  p r o t e c t  f o r  c o n c e n t r a t i o n  a s  low a s  0.0001%.

I n  th e  c a s e  o f  t h e  f a s t  f r e e z e - t h a w  p r o c e s s ,  PVP 

was t h e  o n ly  a d d i t i v e  t o  p ro d uce  no minimum. The o t h e r  

t h r e e  a d d i t i v e s  p r o d u c e d  minima which  were w e l l  be low 

t h e  a c t i v i t y  o f  an  enzyme w a t e r  s o l u t i o n  e x p e r i e n c i n g  a 

com parab le  f r e e z e - t h a w  c y c l e .  I t  s h o u l d  a l s o  be n o t e d  

t h a t  e t h y l e n e  g l y c o l  d i d  n o t  p rod u ce  any p r o t e c t i o n  f o r  

c o n c e n t r a t i o n s  up t o  20%.

F i g u r e  XIX d e s c r i b e s  t h e  e f f e c t  o f  t h e  r a t e  o f  thaw 

on an enzyme sy s te m  w i t h  s u c r o s e  p r o t e c t i o n .  Each o f  th e  

spec im en s  were f r o z e n  s lo w l y  t o  - 2 0 °  C. Thawing was con­

d u c t e d  a t  t h r e e  r a t e s :  1) r a p i d l y  by a  s e r i e s  o f  w a t e r

b a t h s  from 60 t o  3 0 °  C w i t h  c o n s t a n t  a g i t a t i o n  o v e r  a  

p e r i o d  o f  2 m in u t e s  2) thaw a t  30 °  C i n  a  w a t e r  b a t h  f o r  

f o r  10 m in u t e s .  3) thaw a t  25°  C a i r  c o o l e r  f o r  m in u te s .  

Rap id  th aw in g  p ro d u c e d  t h e  b e s t  r e s u l t s  f o r  p r o t e c t i o n  

w i t h  s u c r o s e  w h i l e  t h e  a i r  c o o le d  thaw d r a s t i c a l l y  red u c e d  

t h e  enzyme p r o t e c t i o n .  The minimum p o i n t  a p p e a re d  i n  each
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5*f
o f  t h e  e x p e r i m e n t s  and was most n o t i c e a b l e  i n  t h e  c a se  o f  

t h e  a i r  thaw .  The th a w in g  r a t e s  were d e te r m in e d  o v e r  t h e  

t e m p e r a t u r e  ra n g e  from -  20°C t o  0°C.

3*2 C. D i s c u s s i o n

The e f f e c t  o f  a d d i t i v e s  on t h e  s t a b i l i t y  o f  b i o l o g i c a l  

m a t e r i a l s  i s  c o n s t a n t l y  b e i n g  s t u d i e d .  Ashwood-Smith and 

Warby (60) s t u d i e d  f r e e z i n g  and th a w in g  o f  c a t a l a s e  i n  t h e  

p r e s e n c e  o f  PVP, d e x t r a n  and g l y c e r o l .  They found t h a t  PVP 

worked most  e f f e c t i v e l y .  D o e b b le r  ( 6 1 ) ,  L ov e lo ck  e t a l  (62) 

and L uy e t  (63) a l s o  summarize some o f  t h e  a s p e c t s  o f  c r y o ­

p r o t e c t i v e  compounds. G e n e r a l l y  t h e  r o l e  o f  t h e  a d d i t i v e  

i s  t o  p r e v e n t  i c e  c r y s t a l l i z a t i o n  ( e s p e c i a l l y  i n  t h e  c a se  

o f  c e l l u l a r  m a t e r i a l s )  and t o  p r e v e n t  s a l t  c o n c e n t r a t i o n  

e f f e c t s .  However, t h e  phenomenon o f  an a d d i t i v e  p r o t e c t i n g  

t h e  enzyme a t  h ig h  c o n c e n t r a t i o n s  w h i l e  ha rm ing  i t  a t  l o w e r  

c o n c e n t r a t i o n s  a p p e a r s  t o  be a  r a r i t y .

As d i s c u s s e d  by t h e  r e v i e w  a r t i c l e s  on enzyme a c t i v i t y  

(61 -6 3 )  th e  e x a c t  mechanism which g o v e rn s  enzyme p r o p e r t i e s  

i s  s t i l l  u n c e r t a i n .  Whether a l l  enzymes a r e  a f f e c t e d  i n  

t h e  same manner a p p e a r s  d o u b t f u l .  F o r  t h i s  r e a s o n  a l o n e  no 

one c r y o p r o t e c t i v e  a g e n t  i s  u se d  u n i v e r s a l l y .  O f te n  m i x t u r e s  

o f  t h e s e  a g e n t s  ( c r y o p r o t e c t i v e  c o c k t a i l )  a r e  added t o  an 

enzyme sy s te m  i n  hope o f  m in im iz in g  a c t i v i t y  l o s s .  However, 

a s  m en t io n ed  b e f o r e  most e v id e n c e  f o r  enzyme d e n a t u r a t i o n
i

a f t e r  f r e e z e  thaw c y c l e s  i s  r e l a t e d  t o  s o l u t e  c o n c e n t r a t i o n .

From t h e  r e s u l t s  o f  t h i s  s e c t i o n  t h e  f o l l o w i n g  h y p o t h e s i s  

i s  s u g g e s t e d .  At low c o n c e n t r a t i o n s  o f  " p r o t e c t i v e  a g e n t "  

t h e  aq u eo u s  s o l u t i o n  t h a t  forms i n  be tween  t h e  i c e  c r y s t a l s .
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i s  r i c h  i n  s o l u t e  ( m a in ly  s a l t s )  which w i l l  d e s t r o y  a c t i v e  

s i t e s  on t h e  enzyme. The more c o n c e n t r a t e d  t h e  s o l u t i o n  

i s  and th e  l o n g e r  t h e  t im e  o f  i n t e r a c t i o n ,  t h e  g r e a t e r  t h e  

l o s s  o f  a c t i v i t y .  I n  a d d i t i o n ,  t h i s  sm a l l  amount o f  " p r o ­

t e c t i v e  a g e n t "  ( -^ .01% ) p o s s i b l y  may a c t  t o  f l o c c u l a t e  

t h e  enzyme m o le c u le s  t o g e t h e r  i n c r e a s i n g  enzyme-enzyme and 

s o lu t e - e n z y m e  i n t e r a c t i o n s  which r e s u l t  i n  a  g r e a t e r  l o s s  

o f  a c t i v i t y  t h a n  an enzyme w a t e r  s y s te m .  F o r  exam ple ,  a t  

low s u g a r  c o n c e n t r a t i o n  more amylase  m o le c u l e s  w i l l  com­

p e t e  t o  i n t e r a c t  w i th  s u g a r  m o le c u le s  t h u s  f a v o r i n g  enzyme 

s u g a r  enzyme f l o c c u l a t i o n .  At h i g h e r  s u g a r  c o n c e n t r a t i o n  

oi amylase  w i l l  be s u g a r  s a t u r a t e d  m in im iz in g  enzyme-enzyme 

i n t e r a c t i o n .  At h ig h  c o n c e n t r a t i o n s  o f  " p r o t e c t i v e  a g e n t "  

th e  s o l u t i o n  t h a t  now forms be tween  th e  i c e  c r y s t a l s  i s  

a  w a t e r  i n  s o l u t e  ( i . e . ,  w a t e r  i n  s u c r o s e )  sy s te m .  S in c e  

t h e  m a j o r i t y  o f  s o l u t e  i s  t h e  p r o t e c t i v e  a g e n t  ( n o t  s a l t ) ^  

a c t i v i t y  l o s s  i s  much l e s s  t h a n  i n  t h e  enzyme w a t e r  sy s te m .

The loss of activity with increasing thawing time is 
not as an uncommon a phenomena. Mazur (65) also sites 
examples where slow thaw rates may be more damaging to 
cell survival than a faster rate of thaw. In our case it 
appears that the slower the enzyme is thawed, the longer 
it is subjected to solute-enzyme and enzyme-enzyme inter­
actions which will permanently destroy the activity. Ad­
dition of "protective agents" at high enough concentrations 
serves to dilute the solute effects and protect the enzyme
activity.
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C h a p te r  IV

Po lym orph ic  Phase  T r a n s f o r m a t i o n s

on

S a t u r a t e d  Monoacid T r i g l y c e r i d e s
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J f . l  I n t r o d u c t i o n

An i m p o r t a n t  c l a s s  o f  o r g a n i c  m a t e r i a l s  where th e  

p r o c e s s e s  o f  s o l i d i f i c a t i o n  and m e l t i n g  assumes a  s i g ­

n i f i c a n t  r o l e  i n  d e t e r m i n i n g  t h e i r  p h y s i c a l  p r o p e r t i e s  

a r e  f a t s ,  f a t t y  a c i d s  and t h e i r  n a t u r a l  d e r i v a t i v e s ,  t h e  

g l y c e r i d e s .

G l y c e r i d e s  i n  g e n e r a l  s e r v e  a s  t h e  p r i n c i p l e  c o n s t i t ­

u e n t  o f  f a t .  T h e i r  p r e s e n c e  i s  found i n  most l i v i n g  m a t t e r  

from p l a n t s  t o  human b e i n g s .  The f u n c t i o n s  o f  t h e s e  l i p i d s  

e s p e c i a l l y  in  t h e  c a se  o f  s h o r t e n i n g s ,  c o n f e c t i o n a r y  p r o ­

d u c t s  and b i o l o g i c a l  membranes depend on t h e i r  c r y s t a l l i n e  

s t r u c t u r e  o r  more a p p r o p r i a t e l y ,  t h e i r  po lym orph ic  form. 

Because  o f  t h e i r  i m p o r t a n c e ,  g l y c e r i d e s  and t r i g l y c e r i d e s  

in  p a r t i c u l a r  have been s t u d i e d  f o r  o v e r  a  c e n t u r y  t o  

d e te r m in e  t h e  v a r i o u s  po lym orph ic  forms which e x i s t .  How­

e v e r  few p e o p le  have been c o n ce rn e d  w i t h  t h e  k i n e t i c s  o f  

t r a n s f o r m a t i o n  from one s o l i d  t o  a n o t h e r  ( o r  more s im p ly  

a g in g )  and t h e  s o l i d i f i c a t i o n  o f  t h e  m e l t  t o  t h e  v a r i o u s  

c r y s t a l l i n e  fo rm s.  Yet t h e s e  dynamic p r o c e s s e s  have g r e a t  

t e c h n o l o g i c a l  c o n se q u e n c e s  su ch  a s  t h e  m o u th f e e l  p r o p e r t i e s  

and s t a b i l i t y  on e v e ry d ay  p r o d u c t s .

In  a d d i t i o n ,  i t  i s  a l s o  i m p o r t a n t  t o  d e te r m in e  t h e  

d e g re e  o f  s t a b i l i t y  t h a t  each  form e x h i b i t s .  Some forms 

seem t o  be t h e rm o d y n a m ic a l ly  s t a b l e  o v e r  a  g iven  t e m p e r a t u r e  

and p r e s s u r e  ra n g e  w h i l e  o t h e r s  a r e  n e v e r  t h e rm o d y n a m ic a l ly  

s t a b l e  b u t  e x i s t  a s  a  r e s u l t  o f  t h e  k i n e t i c s  o f  f o r m a t io n  

and t r a n s f o r m a t i o n .
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Obviously this presents a problem since a product 
could be prepared in one form with the desired properties 
but as a function of storage, temperature and pressure 
(Physical Aging Process) a transformation may take place 
from an unstable polymorph to one of greater stability.
The end result is the deterioration of the product quality 
and its original properties. For this reason, it is of 
interest to understand the laws involved in the kinetics 
of transformations or more simply aging.

k»2 Background

The po ly m o rph ic  b e h a v i o r  o f  f a t t y  m a t e r i a l s  was f i r s t  

o b s e r v e d  o v e r  a  c e n t u r y  ago when H e i n t z  (67) o b se rv e d  t h a t  

t r i s t e a r i n  when r a p i d l y  s o l i d i f i e d  would m e l t  a t  52°C th en  

r e s o l i d i f y  and e x h i b i t  a  second  h i g h e r  m e l t i n g  p o i n t  a t  

65°C. In  1853 D uffy  (68) r e p o r t e d  t h a t  t r i s t e a r i n  co u ld  

have t h r e e  m e l t i n g  p o i n t s .  In  t h e  f o l l o w i n g  y e a r s ,  numerous 

s c i e n t i s t s  (6 9 -7 2 )  d i s p u t e d  t h e  v a r i o u s  m e l t i n g  p o i n t s  and 

forms o f  t h e  t r i g l y c e r i d e .  In  one r e p o r t  t r i s t e a r i n  was 

found t o  have seven  t r a n s f o r m a t i o n  t e m p e r a t u r e s  (72) a t  

which t im e  i t  was s p e c u l a t e d  t h a t  th e  m u l t i p l e  m e l t i n g  p o i n t s  

were due t o  some form o f  i s o m e r i s .  I t  was r e a l l y  Malkin  and 

C la rk s o n  (73) who u se d  X -ra y  d i f f r a c t i o n  p a t t e r n s  t o  demon­

s t r a t e  t h a t  t h e  m u l t i p l e  m e l t i n g  was due t o  d i f f e r e n t  c r y s ­

t a l l i n e  forms o f  a  s i n g l e  compound (po ly m o rp h ism ) .  In  

t h e i r  work (7  k)  t h e y  c la im e d  however t h a t  f o u r  po lymorphs  

o f  t r i s t e a r i n  e x i s t e d  i n c l u d i n g  a  " g l a s s y "  form f i r s t
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o b s e r v e d  by Rav ich  (7 5 ) •  The p e r i o d  between 19^5 and 1955 

was open t o  many d e b a t e s  by M alk in  and h i s  s u p p o r t e r s  and 

a  g roup  l e a d  by L u t t o n  (76)  and  B a i l e y  (77) who o n ly  a c ­

c o u n te d  fqr t h r e e  fo rm s .  Today i t  i s  a c c e p t e d  t h a t  s a t u r a t e d  

mono a c i d  t r i g l y c e r i d e s  e x h i b i t ,  w i t h  r a r e  e x c e p t i o n ,  o n ly  

t h r e e  c r o s s  s e c t i o n a l  s t r u c t u r e s  ( e ^ ,  

t o  t h e  p a c k i n g  o f  t h e  h y d ro ca rb o n  c h a i n .  The s u b s c r i p t  L 

r e f e r s  t o  L u t t o n ' s  c o n v e n t i o n .  These forms can be o b se rv e d  

u s i n g  t e c h n i q u e s  su ch  a s  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s ,  

x - r a y  s i n g l e  c r y s t a l  s t u d i e s ,  i n f r a  r e d  s p e c t r o s c o p y  and 

n u c l e a r  m ag n e t ic  r e s o n a n c e ,  A summary o f  t h e  v a r i o u s  

p h y s i c a l  c o n s t a n t s  u se d  t o  d i f f e r e n t i a t e  t h e  po lymorphs 

a p p e a r s  i n  T ab le  IV. The t r a n s f o r m a t i o n  o r  m e l t i n g  p o i n t s  

f o r  t h e  s a t u r a t e d  monoacid  t r i g l y c e r i d e s  i s  g iv e n  i n  T ab le  V.

if .3 E x p e r i m e n t a l  T e c h n iq u e s  f o r  S tu d y in g  t h e  Phase 

T r a n s f o r m a t i o n s  o f  T r i g l y c e r i d e s  

A .M ic roscopy

The t e m p e r a t u r e  g r a d i e n t  m ic ro sc o p e  s t a g e  a s  d e s c r i b e d  

i n  s e c t i o n  2 . 1  was u se d  f o r  a l l  v i s u a l  o b s e r v a t i o n s .  A 

t e m p e r a t u r e  g r a d i e n t  o f  10°C/mm was u s e d .  The t e m p e r a t u r e  

v a r i e d  o v e r  t h e  r a n g e  o f  -20°C to  +90°C. O b s e r v a t i o n s  were 

made t h r o u g h  c r o s s  p o l a r s  t o  d i f f e r e n t i a t e  t h e  v a r i o u s  

p o ly m o rp h s .  The m a g n i f i c a t i o n  u n l e s s  o t h e r w i s e  s p e c i f i e d  

i s  80X. A p p ro x im a te ly  /f mgms o f  t h e  sample  was p l a c e d  

be tw een  t h e  m ic ro sc o p e  s l i d e s .  T h i s  s m a l l  amount p ro d u ce d  

a  t h i n  f i l m  when m e l t e d  and th e n  s o l i d i f i e d  t o  c o v e r  th e

Bj.) which r e f e r



Polymorphic Forms of Saturated Mono Acid Triglycerides

O C n > ' 13
Sub Cell Hexagonal Orthorhombic TriclinicPacking a = b f  c a f  b f  c a ? B f  Y

a = B = 90° a = B = Y = 90° a  ̂ b 5* c
Y = 120

X-ray Short*181 4.15 s 4.2 vs 4.6 vs
Spacing 2.40 3.8 s 3.84 s

2.53 m 3.68 s
2.26 m 5.24 m

2.85 m
i.r .'15>
Spectrum Single band doublet singlet band

at 720 cm ^ 719 at 727 cm"1 717
nmr<16>
Line Width 6.8 gauss 13
Second Moment 11.1 22

(12)Micrscope Data spherulite spherulite(+) or no spherulites
(-) elongation (-) elongation

extinction oblique extinction
crystals
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TABLE V

M e l t i n g  P o i n t s  (34)  (+ «5°C)

T r i l a u r i n 15 34 4 6 . 4

T r i m y r i s t i n 32.8 45 5 8 .0

T r i p a l m i t i n 45 56.6 66

T r i s t e a r i n 5 4 .7 63 7 3 .5

T r i a r a c h i d i n 61 • 8 69 78

T r ib e h e n i n 68*2 75 8 2 .5
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e n t i r e  specimen c e l l .  The f i l m  was t h i n  enough t o  a l l o w  

o p t i c a l  i d e n t i f i c a t i o n  o f  t h e  c r y s t a l l i n e  m a t e r i a l  and 

a l s o  p ro d u ce  good r e p r o d u c i b i l i t y .

X-Ray D i f f r a c t i o n  P a t t e r n s

X-Ray s t u d i e s  s t i l l  s e r v e  a s  t h e  f o u n d a t i o n  f o r  de ­

t e r m i n i n g  d i f f e r e n t  po lym orph ic  fo rm s .  The com ple te  s t r u c ­

t u r e  o f  a  p a r t i c u l a r  p o ly m o rp h ic  form can a l s o  i n  p r i n c i p l e  

be o b t a i n e d .  The l a t t e r  however ,  depends  on t h e  p r o d u c t i o n  

o f  l a r g e  enough s i n g l e  c r y s t a l s .  As o f  t h i s  d a t e  o n ly  one 

s i n g l e  c r y s t a l  s t u d y  h a s  been made. (83) T h i s  gave i n f o r ­

m a t io n  on t h e  form o f  t r i l a u r i n  grown from a  s o l u t i o n  

o f  benzene  by e v a p o r a t i o n  a t  room t e m p e r a t u r e .

From t h e  d i f f r a c t i o n  p a t t e r n s  o f  l o n g  c h a in  m o le c u le s  

e s s e n t i a l l y  two s e t s  o f  d a t a  may be o b t a i n e d .  The lo n g  

s p a c i n g  d a t a  r e l a t e s  t h e  d i s t a n c e  between p l a n e s  formed by 

m e th y l  o r  p o l a r  g r o u p s .  The l o n g  s p a c i n g  i s  u s u a l l y  a  

l i n e a r  f u n c t i o n  o f  t h e  number o f  ca rbo n  a tom s.  The s h o r t  

s p a c i n g  d a t a  r e l a t e s  t h e  c r o s s  s e c t i o n a l  a r r a n g em e n t  o f  t h e  

c r y s t a l  and i s  p r a c t i c a l l y  i n d e p e n d e n t  o f  c h a in  l e n g t h .  

Polymorphism i s  t h e r e f o r e ,  i n d i c a t e d  by t h i s  s h o r t  s p a c i n g  

i n f o r m a t i o n .

The s h o r t  s p a c i n g  d im e n s io n s  f o r  each  form a r e  t h o s e  

o f  L u t t o n  and a r e  summarized i n  T ab le  IV. The sys tem  t o  be.- 

s t u d i e d  was p l a c e d  i n  a  f i n e  c a p i l l a r y  tu b e  ( . 7  mm d i a ,  w a l l  

t h i c k n e s s  -̂ qq mm. G e n e ra l  Rand Corp .  E d i s o n ,  N . J .  08817) 

which was t h e n  h e a t e d  above t h e  t r i g l y c e r i d e  m e l t i n g  p o i n t  and
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r a p i d l y  quenched t o  form t h e  oC p h a s e .  The tu b e  was th e n  

p l a c e d  i n  a  t h e r m o s t a t e d  b a t h  a t  t h e  d e s i r e d  a g i n g  t em p era ­

t u r e  f o r  a  g iv e n  i n t e r v a l .  A f t e r  t h e  a g i n g  i n t e r v a l  t h e  

sample  t e m p e r a t u r e  was k e p t  some 20°  below t h e  oC t r a n s i t i o n  

t e m p e r a t u r e  and an x - r a y  d i f f r a c t i o n  p a t t e r n  was t a k e n  in  

a  t e m p e r a t u r e  c o n t r o l l e d  camera  t o  d e t e r m i n e  i f  a  phase  

change o c c u r r e d .

C. D i f f e r e n t i a l  Thermal  A n a l y s i s

The method o f  d e t e r m i n i n g  a  p a r t i c u l a r  phase  u s i n g  

t h e  DuPont DTA 900 was most c o n v e n i e n t  s i n c e  t h e  t e s t  

c o u ld  be c o n d u c te d  q u i t e  r a p i d l y  ( h e a t i n g  r a t e  15°C/M in .)  

and  sample  p r e p a r a t i o n  was m in im a l .  The s t a r t i n g  t e m p e ra ­

t u r e  f o r  each  o f  t h e  sample  was a p p r o x i m a t e l y  20°C below 

t h e  o t  t r a n s i t i o n .

15• I n f r a  Red S p e c t r o s c o p y

Chapman (78) was one o f  t h e  f i r s t  s c i e n t i s t s  t o  use  

IR t o  c l a s s i f y  t h e  forms o f  t h e  t r i g l y c e r i d e .  H is  r e s u l t s  

a r e  summarized i n  T ab le  IV. The r e g i o n  o f  i n t e r e s t  h a s  t o
Q,

do w i t h  t h e  CH-, -GE^ r o c k i n g  m o t io n .  The s p e c t M o f  t h e s e  

m o le c u l e s  was found t o  v a r y  a c c o r d i n g  t o  t h e  po lym orph ic  

form i n  which t h e y  o c c u r .  Among o t h e r  s p e c t r a l  d i f f e r e n c e s  

a  s i n g l e  band o c c u r s  a t  1 3 .9  M- (720 cm - 1 )  i n  t h e  sp e c t ru m  

o f  t h e  oL form; a  d o u b l e t  a t  719 and 727 cm” '*' i n  th e  

s p e c t ru m  o f  t h e  form and a  s i n g l e t  band a t  717 cm”’*' f o r

The sample  t o  be s t u d i e d  was p l a c e d  be tw een  two NaCl 

s a l t  p l a t e s  and  m e l t e d  u s i n g  a  t e m p e r a t u r e  c o n t r o l l e d  IR
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c e l l .  Rapid  c o o l i n g  was o b t a i n e d  by p l a c i n g  t h e  c e l l  i n  

a  r e f r i g e r a t e d  sy s te m .  P r e c a u t i o n s  must  be t a k e n  t o  p r e v e n t  

w a t e r  from c o n d e n s in g  on t h e  c o ld  p l a t e s  and u l t i m a t e l y  

fo g g in g  them. A lso  c a r e  must  be t a k e n  i n  c o o l i n g  t h e  p l a t e s  

s i n c e  r a p i d  c o o l i n g  w i l l  c r a c k  t h e  p l a t e s .  Once th e  t r i ­

g l y c e r i d e  was i n  t h e  c t  form t h e  sy s tem  was aged  a t  th e  

d e s i r e d  t e m p e r a t u r e  w h i l e  c o n t i n u o u s l y  s c a n n i n g  th e  I . R .  

s p e c t ru m .  The t e s t s  were c o n d u c te d  on a  P e r k i n  Elmer 621 

High R e s o l u t i o n  S p e c t r o p h o t o m e t e r .

T h i s  t e c h n i q u e  was o n ly  u s e d  t o  c o n f i rm  t h e  e x p e r i m e n t s  

c o n d u c ted  on t h e  i n s t r u m e n t s  m en t ion ed  above s i n c e  t h e  a g in g  

t e m p e r a t u r e  c o u ld  n o t  be c o n t r o l l e d  a c c u r a t e l y  and due t o  

t h e  s i z e  o f  t h e  I - R  c e l l  a  t e m p e r a t u r e  g r a d i e n t  a lw ays  

e x i s t e d .

E. L i g h t  S c a t t e r i n g

The d e t e c t i o n  o f  c r y s t a l  s t r u c t u r e  c h ang es  may be 

o b s e r v e d  by e x am in in g  t h e  l i g h t  s c a t t e r i n g  p r o p e r t i e s  o f  

t h e  v a r i o u s  c r y s t a l s .  T h i s  t e c h n i q u e  h as  been used  by 

S a n to r o  and E s p o s i t o  (79) t o  d e t e c t  l i q u i d  c r y s t a l  sam ples  

i n  t h e  b u l k .  B a r r a l l  and G uffy  (80) have a l s o  used  a  

s i m i l a r  t e c h n i q u e  u s i n g  a  p o l a r i z e d  l i g h t  s o u r c e .

Our i n s t r u m e n t  combines t h e  a d v a n t a g e s  o f  t h e  above 

a u t h o r s  i n  a d d i t i o n  t o  h a v in g  t h e  a b i l i t y  t o  measure  t h e  

a b s o r p t i o n  o f  u l t r a v i o l e t  and v i s i b l e  l i g h t  on t h i n  f i l m  

sa m p le s .

The q u a r t z  m i c r o s p e c t r o p h o t o m e t e r  i s  i l l u s t r a t e d  i n  

F i g u r e  XX . The i n s t r u m e n t s  b a s i c  d e s ig n  was o r i g i n a l l y
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c o n s t r u c t e d  a t  t h e  N a t i o n a l  I n s t i t u t e  o f  H e a l t h  u n d e r  th e  

d i r e c t i o n  o f  Dr.  W. E a ton  and Dr.  T. Lewis  o f  th e  C i t y  

C o l l e g e  o f  New York. The main v i r t u e  o f  t h e  i n s t r u m e n t  

i s  i t s  a b i l i t y  t o  measure  h ig h  o p t i c a l  d e n s i t i e s  on v e ry  

sm a l l  c r y s t a l s .  I t  i s  b u i l t  a ro u n d  a  L e i t z  O r th o lu x  Po l  

p o l a r i z i n g  m ic ro s c o p e .  Monochromatic  l i g h t  i s  o b t a i n e d  

by p a s s i n g  l i g h t  from an Osram 150w Xenon a r c  so u rc e  

t h r o u g h  a  J a r r e l l  Ash g r a t i n g  monochromator  (model 82-ZflO 

1 6 . 5 A /m m -d isp e r s io n ,  1mm s l i t s ) .  The monochromatic  l i g h t  

i s  p l a n e  p o l a r i z e d  a t  t h e  e x i t  s l i t  o f  t h e  p r i sm  monochroma­

t o r  w i t h  a  Gian p r i sm  ( K a r l  Lambrecht  C r y s t a l  O p t i c s ,  Chicago 

I l l i n o i s . )  A no th e r  Gian p r i sm  may be i n s e r t e d  in  t h e  m ic ro ­

scope  tu b e  i n  o r d e r  t o  a l i g n  c r y s t a l s  by e x t i n c t i o n  on th e  

r o t a r y  m ic ro sc o p e  s t a g e .  The l i g h t  d e t e c t i o n  sy s te m  con­

s i s t s  o f  a  RCA 1P28 p h o t o m u l t i p l i e r  t u b e ,  F lu k e  power su p p ly  

and K e i t h l e y  Model 41^5 p i c o a m e t e r .  The s t a g e  c o n t a i n s  a  

s i l i c o n  ox id e  c o a t i n g  which a c t s  a s  a  h e a t  r e s i s t o r  when 

a  v o l t a g e  i s  p u t  a c r o s s  i t .  T h i s  a l l o w s  t h e  t e m p e r a t u r e  

o f  t h e  t h i n  f i l m  t o  be r e g u l a t e d .  A th e rm o co u p le  i s  used  

t o  d e te r m in e  t h e  t e m p e r a t u r e  o f  t h e  i s o t h e r m a l  s t a g e .

Crystal thicknesses may be determined form refractive 
index measurements using oil immersion methods and from 
measurements of relative retardation. A LeitzBrace Koehler 
compensator is used to measure the retardation effect.

F.N.M.R.

Wide line N.M.R. can be used to define some of the 
polymorphic forms of glycerides. Chapman, Richards and York
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(81) d e te r m in e d  l i n e  w id t h s  f o r  t r i s t e a r i n  and t r i p a l m i t i n .  

The a l p h a  form m e a su r in g  7 g a u s s  and t h e  b e t a  form 13 g a u s s .  

The l i n e  w id th  f o r  t h e  b e t a  p r im e  form was n o t  d e te r m in e d  

f o r  t h e s e  s y s te m s .

I n  o u r  s t u d y ,  a  J e l c o  Wide L in e  NMR (kO Hz) was u sed  

t o  s t u d y  a g i n g .  A d e r i v a t i v e  c u rv e d  was p e r i o d i c a l l y  t a k e n  

and t h e  l i n e  w id th  measured  t o  d e te r m in e  i f  a g in g  had ta k e n  

p l a c e .  The sam p les  were o r i g i n a l l y  p r e p a r e d  in  t h e  0( forms 

by m e l t i n g  t h e  t r i g l y c e r i d e  and t h e n  q u e n c h in g  t h e  sam ple .  

Once a g a i n  t h e  main p rob lem  w i t h  t h i s  t e c h n i q u e  i s  due t o  

h e a t  t r a n s f e r  w i t h i n  t h e  sample s i n c e  t h e  sample  tu b e  h as  

a  d i a m e t e r  o f  15 mm. I t  must be r e a l i z e d  t h a t  any b u lk  

sample  w i l l  t h e r e f o r e  have a  t e m p e r a t u r e  g r a d i e n t  e x i s t i n g  

from t h e  tu b e  w a l l s  i n t o  t h e  c e n t e r  o f  t h e  sam p le .  T h is  

t e m p e r a t u r e  g r a d i e n t  was m in im ized  by p l a c i n g  a  h o l lo w  

g l a s s  r o d  e v e n l y  sp a ce d  i n  t h e  t u b e  t o  form an a n n u lu s .

The sample  was p l a c e d  i n  t h e  a n n u lu s  and a  th e rm ocou p le  used  

t o  d e t e r m i n e  t h e  t e m p e r a t u r e .

Reagents

E s s e n t i a l l y  pu re  (99% ) monoacid  ( even )  t r i g l y c e r i d e s  

were p u r c h a s e d  from A p p l i e d  S c i e n c e  L a b o r a t o r i e s  Inc. ,  S t a t e  

C o l l e g e  Pa .  w i t h  t h e  e x c e p t i o n  o f  t r i a r a c h i d i n }whi ch was 

p u r c h a s e d  from Hormel I n s t i t u t e  M i n n e a p o l i s ,  Minn. The p u r i t y  

was ju d g ed  by g as  c h rom a tog raphy  on a  H e w le t t  P a c k a rd  5750 

Chrom atograph  w i t h  a r e a  a n a l y s i s .  20mg sam p les  d i s s o l v e d  

i n  c h lo r o f o r m  were i n j e c t e d  (as / 5  p i  p l u g s )  i n t o  a  1 0 ' - l / 8
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column c o n t a i n i n g  <l+-5% OV-1 on a  c h ro n o s o r e  Q s u p p o r t .  

T r i g l y c e r i d e s ,  p u r c h a s e d  from Eastman C h e m ic a l s ,  R o c h e s t e r ,  

N. Y. o f  s l i g h t l y  l e s s  i m p u r i t y  (95%) were a l s o  u s e d .

i f .4  F o rm a t io n  o f  Po lym orph ic  . Forms and t h e  E f f e c t

A m a t e r i a l  which may form more t h a n  one k in d  o f  

c r y s t a l ,  e ac h  h a v in g  d i f f e r e n t  p h y s i c a l  and thermodynamic 

p r o p e r t i e s  i s  s a i d  t o  be p o ly m o rp h ic .  I n  g e n e r a l  t h e  

p o ly m o rp h ic  form s o f  a  s u b s t a n c e  a r e  d i s t i n g u i s h e d  by a) 

o r i e n t a t i o n  o f  m o le c u l e s  a t  l a t t i c e  s i t e s  b) c r y s t a l  

s t r u c t u r e  o r  a r r a n g e m e n t  o f  m o le c u l e s  i n  a  l a t t i c e .  E i t h e r  

o r  b o t h  o f  t h e s e  f a c t o r s  may g iv e  r i s e  t o  polymorphism.

The t r a n s i t i o n  from one polymorph t o  a n o t h e r  may be 

t h e r m o d y n a m ic a l ly  d e s c r i b e d .  At t h e  t r a n s i t i o n  p o i n t  th e  

G ibbs  F re e  Energy  o f  t h e  p h a s e s  i n  e q u i l i b r i u m  a r e  e q u a l  

and t h e  f r e e  e n e r g y  c u r v e s  a t  c o n s t a n t  p r e s s u r e  i n t e r s e c t .  

The t r a n s i t i o n s  which o c c u r  a r e  e i t h e r  e n a n t r o t r o p i c  o r  

m o n o t r o p i c .  I n  t h e  fo rm er  c a se  e ac h  phase  i s  s t a b l e  w i t h i n  

a  g iv e n  r e g i o n  o f  t e m p e r a t u r e  and p r e s s u r e  w h i l e  t h e  o t h e r  

p h a s e s  a r e  u n s t a b l e .  F o r  t h i s  c a se  t h e  u s u a l  thermodynamic 

r e l a t i o n  a r e  v a l i d  i . e .  G= H-TS

I n  a d d i t i o n  t h e  change from low t e m p e r a t u r e  t o  h ig h  tem­

p e r a t u r e  form t a k e s  p l a c e  w i t h  t h e  a b s o r p t i o n  of l a t e n t  h e a t .

o f  Thermal  H i s t o r y
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From t h i s  i t  f o l l o w s  t h a t  t h e  p r e s s u r e  on t h e  t r a n s i t i o n  

t e m p e r a t u r e  i s  d e t e r m i n e d  by t h £  C lapeyron  e q u a t i o n :

I n  t h e  l a t t e r  c a s e  one o r  more forms a r e  u n s t a b l e  u n d e r  

a l l  c o n d i t i o n s .  The p h a se  d iag ram  i s  p i c t u r e d  i n  F i g u r e  

XXI] . Fo r  t h i s  sy s te m  t h e  v a l i d i t y  o f  t h e  above the rm ody­

namic e q u a t i o n s  i s  i q u e s t i o n e d .

The t r a n s i t i o n s  f o r  t h e  t r i g l y c e r i d e  a r e  c o n s i d e r e d  

m o n o t ro p ic  o r  a s  a  c o m b in a t io n  o f  m ono trop ic  and e n a n t r o -  

t r o p i c  t r a n s i t i o n s .  The o b s e r v a t i o n s  i n  t h e  f o r th c o m in g  

s e c t i o n s  q u a n t i t a t i v e l y  i n d i c a t e  t h a t  t h e  and p o l y ­

morphs a r e  u n s t a b l e .  Only t h e  ^  form a p p e a r s  t o  be s t a b l e  

be low t h e  s o l i d  l i q u i d  t r a n s f o r m a t i o n  t e m p e r a t u r e .  In  

a d d i t i o n ,  s o l v e n t  r e c r y s t a l l i z a t i o n  o n ly  y i e l d s  t r i ­

g l y c e r i d e  c r y s t a l s .  I n  no c a se  a r e  t h e  t r a n s i t i o n s  from 

one s o l i d  t o  a n o t h e r  r e v e r s i b l e .  However i t  i s  p o s s i b l e  

t o  go from t h e  m e l t  t o  any  form ( t h i s  may t a k e  c o n s i d e r a b l e  

t i m e .  See  N u c l e a t i o n  s e c t i o n . )  From t h e  d a t a  o b t a i n e d  

t h e  f o l l o w i n g  r e l a t i o n  between t h e  p h a s e s  i s  p ro p o se d :

I I  “ V-I
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4*5 R e s u l t s  o f  t h e  M ic roscope  E xam ina t io n

A. G e n e r a t io n  o f  a  Phase Diagram

A phase  d iag ram  o f  t h e  monoacid  t r i g l y c e r i d e s  showing 

t h e  v a r i o u s  i n i t i a l  c r y s t a l l i n e  forms and t h e  t e m p e r a t u r e s  

t h a t  t h e y  form a t  can be p roduced  on t h e  same m ic ro sc o p e  

s l i d e .  The t r i p a l m i t i n  phase  d iag ram  i s  shown i n  F i g u r e  

XXII . The sample  was i n i t i a l l y  m e l t e d  on t h e  s l i d e  and 

t h e n  p r e s s e d  t o  form a  t h i n  l i q u i d  f i l m  f r e e  o f  a i r  

b u b b l e s .  The g l a s s  sandw ich  was t h e n  quenched r a p i d l y  t o  

0°C p r o d u c in g  t h e  0^p h a se  s p h r u l i t e s .  T h i s  was d e t e d t e d  

by o b s e r v i n g  t h e  sys tem  th r o u g h  c r o s s  p o l a r s .  D i f f e r e n ­

t i a l  th e r m a l  a n a l y s i s  and x - r a y s  were used  t o  v e r i f y  th e  

O k  phase  by t h i s  method o f  s o l i d i f i c a t i o n .  The sample  

was t h e n  p l a c e d  on t h e  m ic ro sco pe  s t a g e  where t h e  c o ld  

r e s e r v o i r  c o n t a i n e d  d r y  i c e / a c e t o n e  m ix tu r e  and t h e  h o t  

p l a t e  was m a i n t a i n e d  a t  + 20°C. The h o t  r e s e r v o i r  was 

th e n  i n c r e a s e d  t o  p roduce  th e  d e s i r e d  t e m p e r a t u r e  g r a d i e n t  

m en t ioned  above .  As t h e  g r a d i e n t  c h an ged ,  t h e  of  s p h e r u l i t e s  

m e l t e d  r e c e d i n g  tow ard  t h e  c o ld  p l a t e  i n  a  u n i fo rm  m e l t i n g  

f r o n t  l e a v i n g  b e h in d  t h e  l i q u i d  ( S e c t i o n  D ) , phase  

( S e c t i o n  C) J jf  phase  ( S e c t i o n  B) i n  t h e  a p p r o p r i a t e  t e m p e ra ­

t u r e  r e g i o n .  The m e l t i n g  f r o n t  s t o p p e d  a t  t h e  e q u i l i b ­

r ium  t e m p e r a t u r e  ( ^ 5 °C . )  I f  t h e  sample  i s  h e a t e d  t o  m e l t  

a l l  t h e  c r y s t a l s  and im m e d ia te ly  p l a c e d  on t h e  same t e m p e r a ­

ture  g r a d i e n t  s p h e r u l i t e s  form and p r o p a g a t e  i n t o  t h e  

warmer r e g i o n  a s  a  c o n t i n u o u s  f r e e z i n g  f r o n t .  The i n t e r e s t -
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i n g  f e a t u r e  o f  t h i s  e x p e r im e n t  i s  t h a t  th e  s p h e r u l i t e  

f r e e z i n g  f r o n t  s t o p s  below t h e  e x p e c te d  aC-jP* e q u i l i b r i u m  

t e m p e r a t u r e .  I n  t h e  c a s e  o f  t r i p a l m i t i n  t h e  e q u i l i b ­

r ium  t e m p e r a t u r e  g iv e n  i n  t h e  l i t e r a t u r e  and a s  s e en  i n  

t h e  f i r s t  e x p e r im e n t  i s  45°C. I n  t h i s  e x p e r im e n t  t h e

f r o n t  s to p p e d  a t  3 8 .5 °C .A  l i q u i d  s e c t i o n  i s  n e x t  

o b s e r v e d  i n  t h e  t e m p e r a t u r e  r e g i o n  from 38 .5°C  t o  52°C 

b u t  i s  f o l lo w e d  by a  second  c r y s t a l  r e g i o n  which  i s  

o p t i c a l l y  d e f i n e d  a s  a  r e g i o n .  Im m e d ia te ly  f o l l o w i n g  

t h i s  r e g i o n  i s  t h e  l i q u i d  p h a s e .  The l i q u i d  s e c t i o n  i n  

t h e  3 8 .5 -5 2 °C  s lo w ly  s o l i d i f i e s  ( a f t e r  ' v  Zf80 s e c t i o n s )  

i n  t h e  form o f  l a r g e  c o l o r e d  and f e a t h e r l i k e  s p h e r u l i t e s .

A p h o to m ic ro g ra p h  o f  t h i s  s o l i d i f i c a t i o n  p r o c e s s  f o r  

t r i p a l m i t i n  i s  g iv e n  i n  F i g u r e  XX III .

B. Aging

F ig u r e  XXIv i s  an a g in g  cu rv e  o f  t h e  t r i g l y c e r i d e s .  

T h i s  i s  o b t a i n e d  i n  a  manner s i m i l a r  t o  t h a t  d e s c r i b e d  

i n  S e c t i o n  A. The t r i g l y c e r i d e  t o  be s t u d i e d  i s  i n i t i a l l y  

s o l i d i f i e d  i n  a  d  form. I t  i s  t h e n  p l a c e d  on t h e  t e m p e r a ­

t u r e  g r a d i e n t  s t a g e  and  m e l t i n g  o f  f r o n t  r a p i d l y  t a k e s  

p l a c e  a s  t h e  c e l l  a p p r o a c h e s  e q u i l i b r i u m .  When t h e  r e ­

s o l i d i f i c a t i o n  f r o n t  r e a c h e s  t h e  a t - t f  e q u i l i b r i u m  t e m p e ra ­

t u r e  t h e  v e l o c i t y  o f  t h e  f r o n t  a p p e a r s  t o  be z e r o .  However 

a c c u r a t e  m easu rem en ts  w i t h  t h e  c a t h e t o m e t e r  o v e r  a  p e r i o d  

o f  t im e  i n d i c a t e  movement o f  t h e  f r o n t  beyond t h e

e q u i l i b r i u m  t e m p e r a t u r e .  The a g i n g  c u rv e  can t h e r e f o r e



F i r u r e  XXII I
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be made by d e t e r m i n i n g  t h e  t e m p e r a t u r e  o f  t h e  f r o n t  

a s  a  f u n c t i o n  o f  t im e .

Our o p t i c a l  i d e n t i f i c a t i o n  o f  t h e  v a r i o u s  p h a se s  

and t h e  ph a se  d ia g r a m s  p rod u ced  c o r r e l a t e  q u i t e  w e l l  

w i t h  t h e  r e s u l t s  o f  Quinby ( 1 2 ) .  The 0(  phase  c o n t a i n s  

" b r i g h t  s p h e r u l i t e s "  h a v in g  ( - )  e l o n g a t i o n  and a r e  n o t  

c o l o r e d  when viewed be tween  c r o s s  p o l a r s  w i t h  a  h a lo g e n  

lamp. The i s o g y r e s  a r e  p e r p e n d i c u l a r  t o  one a n o t h e r  

and q u i t e  s h a r p .  T h i s  p a t t e r n  i s  som etim es r e f e r r e d  

t o  a s  a  " M a l t e s e  C r o s s " .

The + o r  -  b i r e f r i n g e n c e  c h a r a c t e r  i s  d e te r m in e d  by 

u s i n g  a  t i l t i n g  c o m p e n sa to r .  The t r i g l y c e r i d e  c r y s t a l s  

a r e  u n i a x i a l  which  i s  d e te r m i n e d  by th e  M a l t e s e  C ross  

p a t t e r n .  The p o s i t i o n  o f  t h i s  a x i s  d e t e r m i n e s  th e  c r y s t a l  

o p t i c a l  a x i s  . The c r o s s  i s  a l s o  su r r o u n d e d  by f a i n t  

i n t e r f e r e n c e . r i n g s .

When t h e  com p e n sa to r  p l a t e  i s  t i l t e d  t h e  r i n g s  i n  

two o p p o s i t e  q u a d r a n t s  o f  t h e  c r o s s  move e i t h e r  tow ard  

t h e  c e n t e r  o r  t h e  p e r i p h e r y  o f  t h e  c r y s t a l .  The o p t i c a l  

c h a r a c t e r  i s  deduced  from t h i s  movement.

The most  d i f f i c u l t  d i s t i n c t i o n  t o  make i s  t h a t  b e ­

tween t h e  <X s p e r u l i t e  and t h e  s p h e r u l i t e s .  The JjJ* 

i s  d i s t i n g u i s h e d  by a  c o l o r e d  and f e a t h e r l i k e  s p h e r u l i t e .  

The two i s o g y r e s  a r e  n o t  a s  w e l l  d e f i n e d  a s  t h o s e  i n  t h e  

Oi  p h a s e .  The ^  phase  i s  e a s i e s t  t o  d i s t i n g u i s h  s i n c e  

i t  l a c k s  t h e  s p h e r u l i t i c  p a t t e r n  w i th  t h e  M a l te s e  C ro ss  

F i g u r e  XXVII.
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The ph ase  d iag ram  i s  most e a s i l y  p roduced  by f i r s t  

fo rm in g  o( s p h e r u l i t e s  o v e r  t h e  e n t i r e  s l i d e  and th en  

i n t r o d u c i n g  t h e  t e m p e r a t u r e  g r a d i e n t .  The r e a s o n  f o r  t h i s  

becomes e v i d e n t  when e x p e r i m e n t s  a r e  c o n d u c ted  u s i n g  t h e  

r e v e r s i b l e  motor  t o  s t u d y  i n t e r f a c e  s o l i d i f i c a t i o n .  The a  

p h a se  forms q u i t e  r e a d i l y  from th e  l i q u i d  once t h e  t em p era ­

t u r e  i s  be low t h e  o b s e rv e d  e q u i l i b r i u m  t e m p e r a t u r e .

C u r r e n t l y  e x p e r i m e n t s  a r e  b e i n g  c o n d u c te d  t o  r e l a t e  t h e  

d e g re e  o f  s u p e r - c o o l i n g  t o  t h e  r a t e  o f  f r e e z i n g  and t h e  

t e m p e r a t u r e  g r a d i e n t .  These r e s u l t s  w i l l  be d i s c u s s e d  

a t  a  f u t u r e  d a t e .  and p h a s e s ,  on t h e  o t h e r  hand t a k e

a  much l o n g e r  t im e  t o  s o l i d i f y  from th e  m e l t .  However 

t h e  t r a n s f o r m a t i o n s  from a n d ^ -  J3 and t a k e s

p l a c e  a lm o s t  t h e  i n s t a n t  t h e  t e m p e r a t u r e  r e a c h e s  th e  

e q u i l i b r i u m  t r a n s f o r m a t i o n  t e m p e r a t u r e .

The a g i n g  phenomena d e s c r i b e d  i n  s e c t i o n  B a p p e a r s  

t o  be q u i t e  s i g n i f i c a n t  s i n c e  i t  r e a l l y  q u e s t i o n s  t h e  

t r u e  meaning o f  t h e  * r W  and t r a n s i t i o n  t e m p e r a t u r e  

from one phase  t o  a n o t h e r  a s  g iv e n  i n  t h e  l i t e r a t u r e .

q..6 A d d i t i o n a l  T ec h n iq u e s  f o r  O b s e rv in g  t h e  P h y s i c a l  

Aging o f  T r i g l y c e r i d e s

A. D .T .A .

F i g u r e  XXIX d e s c r i b e s  t h e  e f f e c t  o f  t e m p e r a t u r e  on 

t h e  t im e  r e q u i r e d  f o r  t h e  t r i g l y c e r i d e  t o  t r a n s f o r m  from 

t h e  QL form t o  e i t h e r  o r  T h i s  method was most  con ­

v e n i e n t  f o r  l o n g  ra n g e  s t o r a g e  s i n c e  th e  sample  c o u ld  be
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p r e p a r e d  and  s t o r e d  i n  an e x t e r n a l l y  c o n t r o l l e d  t e m p e r a t u r e  

b a t h  and t h e n  t e s t e d  a t  g iv e n  i n t e r v a l s .

To d e t e r m i n e  i f  t h e  sy s tem  had aged i t  i s  n e c e s s a r y  

t o  know t h e  thermogram o f  t h e  v a r i o u s  t r i g l y c e r i d e s  in  

t h e  form. A t y p i c a l  s e r i e s  o f  a g in g  c u r v e s  i s  g iven  

i n  F i g u r e  XXV f o r  t r i m y r i s t i n .

B. X - r a v . I . R .  and N.M. R. t e c h n i q u e s  can be used  

t o  r e a f f i r m  t h e  a g i n g  c u r v e s  and  t o  d e te r m in e  which phase  

t h e  sample  t r a n s f o r m s  t o  i e  o r  . Wide l i n e  NMR

d a t a  i s  s e e n  i n  F i g u r e  XXVI*

C. M i c r o s p e c t r o p h o t o m e t e r

T h i s  i n s t r u m e n t  a l s o  p r o v i d e s  q u a n t i t a t i v e  i n f o r m a t i o n  

on t h e  t r a n s f o r m a t i o n .  I t  i s  e s p e c i a l l y  c o n v e n i e n t  s i n c e  

t h e  o u t p u t  s i g n a l  can be r e c o r d e d  on an x - y  r e c o r d e r .

The r e s u l t s  a g r e e  w i t h  t h o s e  o f  f i g u r e  XXIV*

k»7  P h y s i c a l  Aging vs  S t o r a g e  T em pera tu re

The i n f l u e n c e  o f  t e m p e r a t u r e  on t h e  a g i n g  t im e  i s  

p r e s e n t e d  i n  F i g u r e  The r e s u l t s  o b t a i n e d  from D.T.A.

s t u d i e s  and t h e  TGMS t e c h n i q u e  show good c o r r e l a t i o n

e s p e c i a l l y  w i t h  a g in g  t i m e s  g r e a t e r  t h a n  t e n  m in u t e s .

D.T.A. r e s u l t s  t e n d  t o  be somewhat s c a t t e r e d  f o r  a g in g  

t im e s  u n d e r  t e n  m in u t e s .  T h i s  i s  most l i k e l y  due t o  h e a t

t r a n s f e r  i n  t h e  sample  and t h e  t im e  l o s t  ( **• 5 m in u te s )

i n  o b t a i n i n g  t h e  thermogram.
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A s e r i e s  o f  a g i n g  c u r v e s  f o r  t r i m y r i s t i n  s t o r e d  a t  

26°C a r e  shown i n  F i g u r e  XXX. The h e a t i n g  r a t e  was 

programmed a t  15°  C/min and t h e  s t a r t i n g  t e m p e r a t u r e  was 

s e t  a t  l e a s t  10°C below t h e  a l p h a  t r a n s i t i o n  t e m p e r a t u r e .

I t  s h o u l d  be n o t e d  t h a t  t h e  h e a t i n g  r a t e  i s  an i m p o r t a n t  

f a c t o r  i n  d e t e r m i n i n g  t h e  thermogram f o r  t r i g l y c e r i d e s .  

A l th o ug h  s lo w e r  h e a t i n g  r a t e s  w i l l  y i e l d  s h a r p e r  endo o r  

e x o th e rm s  and can l o c a t e  an e q u i l i b r i u m  t r a n s f o r m a t i o n  

t e m p e r a t u r e  more a c c u r a t e l y ,  t h e  a l p h a  t r a n s i t i o n  i s  

n o t  a  thermodynamic e q u i l i b r i u m  t r a n s i t i o n .  T h e r e f o r e  

a  h ig h  h e a t i n g  r a t e  must  be u sed  t o  d e te r m in e  t h e s e  

m e t a s t a b l e  s t a t e s .  I f  a  h e a t i n g  r a t e  o f  l ° C /m in  was 

u s e d ,  t h e  t r i m y r i s t i n  would a u t o m a t i c a l l y  have aged  i n  

t h e  DTA r e g a r d l e s s  o f  t h e  p r e v i o u s  t h e r m a l  h i s t o r y .  T h is  

can be p r e d i c t e d  from F i g u r e  XXIX which i n d i c a t e s  t h a t  

t h e  s t o r a g e  t e m p e r a t u r e  o f  t r i m y r i s t i n  a t  31 °C A )

f o r  a p p r o x i m a t e l y  one m inu te  w i l l  cau se  t h e  a l p h a  phase  

t o  t r a n s f o r m .

P h y s i c a l  a g in g  a s  n o t e d  e a r l i e r  can a l s o  be o b s e r v e d  

u s i n g  wide l i n e  N.M.R. F i g u r e  XXXI i s  an example  o f  

t r i p a l m i t i n  a g i n g  a t  Zf0.5°C. The f i e l d  s t r e n g t h  was s e t  

a t  l cA  g u a s s  w i th  a  m o d u la t io n  f r e q u e n c y  o f  280 c p s  and 

a  m o d u la t io n  w id th  o f  k  g a u s s .  The e f- form  h a s  a  l i n e  w id th  

o f  6 . 8g a s  f i r s t  o b s e r v e d  by Chapman e t  a l  ( 8l ) .  I n  a  

s i m i l a r  manner a s  s e e n  w i t h  t h e  D.T.A. work ( F i g u r e  XXX) 

t h e  t r i g l y c e r i d e  c h an g es  from t h e  o(-polymorph o v e r  a  

p e r i o d  o f  t im e  t o  t h e  more s t a b l e  p h a s e .  The r a t e  i s
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d ep en d e n t  on AT£ . I n  t h i s  c a se  t h e  l i n e  w id th  con­

t i n u o u s l y  w idens  u n t i l  t h e  w id th  i s  o b t a i n e d .  I t  i s  

a l s o  i n t e r e s t i n g  t o  n o t i c e  t h e  deve lopm ent  o f  t h e  na r ro w  

l i n e  component a s  t h e  sy s te m  a g e s .

The seco n d  moment o f  t h e  p r o t o n  r e s o n a n c e  i s  p r i m a r i l y  

due t o  th e  l o n g  c h a i n  h y d r o c a r b o n .  The C-H group  o f  t h e  

g l y c e r o l  and t h e  t e r m i n a l  CH-  ̂ group  a r e  assumed t o  make 

a  r a t h e r  s m a l l  c o n t r i b u t i o n  t o  t h e  wide l i n e  s p e c t r a  and 

w i l l  be m a in ly  p red o m in an t  i n  t h e  na r ro w  l i n e .  The s m a l l e r  

t h e  second  moment o r  l i n e  w id th  (p e a k  t o  peak  w id th  o f  t h e  

d e r i v a t i v e  c u rv e )  f o r  t h e  a l p h a  form i n d i c a t e s  t h a t  th e  

h e x a g o n a l  s t r u c t u r e  a l l o w s  a  c o n s i d e r a b l e  amount o f  

m o le c u l a r  m o tion  and  would be l e s s  s t a b l e  t h a n  th e  )S polymorph.

4 .8  R e l a t i o n  o f  Chain  L en g th  and t h e  S t a b i l i t y  o f  

t h e  d  Hexagonal  Po lym orph ic  Phase

The r e s u l t s  i n d i c a t e  t h a t  t h e  a l p h a  form i s  most s t a b l e  

f o r  t h e  h i g h e r  c h a i n  t r i g l y c e r i d e s  ( ^ 2 2 '  ^20^ w^ en t h e  

t e m p e r a t u r e  i s  k e p t  a t  an e q u i v a l e n t  number o f  d e g r e e s  

below t h e  a l p h a  t r a n s i t i o n  t e m p e r a t u r e .  Curve f i t t i n g  t h e  

d a t a  p r o d u c e s  t h e  g e n e r a l  f o rm u la :

KAT
T = e E - 1  4*1

*here 4 ¥ < V v a ' T> ^
The v a l u e s  o f  K a r e  g iv en  i n  T ab le  VI.

The f a c t  t h a t  t h e  s t a b i l i t y  o f  t h e  CL form i n c r e a s e s  

a t  a  g iv e n  A t  w i t h  i n c r e a s i n g  c h a in  l e n g t h  can be e x p l a i n e d



Table VI

T r i l a u r i n

T r i m y r i s t i n

T r i p a l m i t i n

T r i s t e a r i n

T r i a r a c h i d i n

T r ib e h e n i n

K U e g - 1 )

.<t5

.ij-6

.672  

• 92 

.95  

2 .3 0

H~*~ ( k c a l /m o l e )

42

76

152

175

182

228
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by t h e  e n e rg y  d iag ram  i n  F i g u r e  XXVII. The a l p h a  form 

e x i s t s  i n  a  h i g h e r  e n e rg y  l e v e l  t h a n  th e  more s t a b l e  ^  

form. C h a rbo n ne t  and S in g le to w n  (81) have c o n f i rm ed  t h i s  

e x p e r i m e n t a l l y  by d e t e r m i n i n g  h e a t  o f  t r a n s i t i o n s  from 

f o r  t r i m y r i s t i n  ( 9»1°K c a l / m o l e ) ,  t r i p a l m i t i n  

( 1 0 . 7  K c a l /m o le )  and t r i s t e a r i n  ( 1 2 . 2  K ca l /m o le )  t o  

be e x o th e r m i c .  However A H o f  t r a n s i t i o n  i s  n o t  a  measure  

o f  t h e  s t a b i l i t y  o f  t h e  sys tem  b u t  o r  t h e  e n e rg y  o f  

a c t i v a t i o n  i s .  C l a s s i c a l l y  t h e  r a t e  can be e x p r e s s e d  

a s  f o l l o w s :
t  t

cC—» T r a n s i t i o n  A QS /R  Q -H /RT
Time 2+̂ 3

F o r  a  g iv e n  t r i g l y c e r i d e  l e t  u s  assume t h a t  t h e  e n t r o p y  
S/Rf a c t o r ,  e '  , i s  a p p r o x i m a t e ly  c o n s t a n t  and t h e  d a t a  i n

F i g u r e  XXIV i s  u se d  t o  d e te r m in e  t h e  e n e rgy  o f  a c t i v a t i o n .  

These  r e s u l t s  (Table VI) i n d i c a t e  t h a t  th e  e n e rg y  o f  a c t i v a ­

t i o n  i s  h i g h e s t  f o r  t h e  most s t a b l e  a l p h a  phase  ( t r i b e h e n i n ) . 

The m agn i tude  o f  t h e  e n e rg y  o f  a c t i v a t i o n  (10 -228  k c a l /m o l e )  

i s  r e a s o n a b l e  s i n c e  i t  i s  assumed t h a t  t o  b r e a k  CH2-CH2 

i n t e r a c t i o n  r e q u i r e s  250 t o  300 c a l / m o l e .  For  t r i l a u r i n  

(C 1P c h a in )  i n  t h e  unsymmetr ic  t u n i n g  f o r k  o r i e n t a t i o n ,
t

we e s t i m a t e  H n e c e s s a r y  t o  b r e a k  a l l  Van d e r  W a a l ' s  

a t t r a c t i o n  i s  **2.0 k c a l / m o l e .  As t h e  c h a i n s  i n c r e a s e  i n  

c a r b o n  c o n t e n t  i t  i s  r e a s o n a b l e  t o  assume t h a t  n o t  o n ly  

s h o u l d  t h e  e n e r g y  o f  a c t i v a t i o n  i n c r e a s e  due to  t h e  a d d i ­

t i o n a l  c a r b o n s  b u t  a l s o  b e ca u se  t h e  c h a i n s  become more 

e n t a n g l e d  i n  t h e  c r y s t a l  s t r u c t u r e  ( t h e r e f o r e ,  g r e a t e r  

Van d e r  W a a l ' s  i n t e r a c t i o n s ) .  The a b s o l u t e  e n t r o p y  i n  t h e
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o i o r  73 s t a t e  w i l l  be l a r g e r  a s  t h e  ca rbo n  c o n t e n t  i n c r e a s e s  

b u t  t h e  e n t r o p y  te rm  (S^) in  t h e  a c t i v a t e d  s t a t e  w i l l  be 

lo w e re d  s i n c e  i t  i s  assumed t h a t  t h e  c h a i n s  a r e  o r d e r e d  

and u n t a n g l e d  i n  t h i s  h ig h  e n e rg y  s t a t e .

In  l i g h t  o f  t h e  above i n f o r m a t i o n  i t  must be c o n c lud ed  

t h a t  t h e  a  t r a n s i t i o n  t e m p e r a t u r e  d oes  n o t  r e p r e s e n t  therm o­

dynamic e q u i l i b r i u m  t r a n s i t i o n s  b u t  r a t h e r  non e q u i l i b r i u m

k i n e t i c a l l y  c o n t r o l l e d  t r a n s i t i o n .  The a g in g  t im e  h a s  been
KATq u a n t i t a t i v e l y  d e s c r i b e d  by t h e  e q u a t i o n  t= e  C” l .  The 

g r e a t e r  s t a b i l i t y  o f  t h e  h i g h e r  c h a i n  t r i g l y c e r i d e  

po lymorphs can be a t t r i b u t e d  t o  t h e  g r e a t e r  e n e rg y  o f  

a c t i v a t i o n  needed  f o r  t h e  t r a n s i t i o n  t o  o c c u r .  Simply 

s t a t e d  when t h e  c h a i n s  o f  t h e  t r i g l y c e r i d e  a r e  l o n g e r  th an
t

12 c a r b o n s  c h a in  e n t a n g l i n g  s lo w s  down t h e  t r a n s f o r m a t i o n  

t o  more s t a b l e  c r y s t a l l i n e  s t r u c t u r e s ,

/+.9 Mixed T r i g l y c e r i d e s

M ix tu r e s  o f  two monoacid  t r i g l y c e r i d e s  were s t u d i e d  

t o  see  t h e  e f f e c t  o f  i m p u r i t i e s  on t h e  a g in g  p r o c e s s  and 

phase  p r o p e r t i e s  o f  t h e  base  t r i g l y c e r i d e .  E s s e n t i a l l y  

two c a t e g o r i e s  a r e  c o n s i d e r e d  h e r e .

1) HMTGI -  h ig h  m e l t i n g  t r i g l y c e r i d e  i m p u r i t i e s  

added t o  a  lo w e r  m e l t i n g  t r i g l y c e r i d e .

2) LMTGI -  low m e l t i n g  t r i g l y c e r i d e  i m p u r i t i e s  

added t o  a  h i g h e r  m e l t i n g  t r i g l y c e r i d e .

The c h o ic e  o r  c o m b in a t io n  o f  t r i g l y c e r i d e s  i s  somewhat
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l i m i t e d  s i n c e  D.T .A. s t u d i e s  a r e  d i f f i c u l t  t o  a n a ly z e  i f  

t h e  m e l t i n g  and t r a n s i t i o n  t e m p e r a t u r e s  o f  t h e  i n d i v i d u a l  

t r i g l y c e r i d e s  o v e r l a p .  F o r  exam ple ,  t r i p a l m i t i n  has  a n ® t  

t r a n s i t i o n  a t  Jf5°G, a  t r a n s i t i o n  a t  55°C and a  ^ t r a n s ­

i t i o n  a t  66°C, T r i s t e a r i n  on t h e  o th e r h a n d  has  an ok 

t r a n s i t i o n  a t  55°C, t r a n s i t i o n  a t  65°C and a j B

t r a n s i t i o n  a t  7 2 °C. O b v io u s ly  t h e  cK  form o f  t r i s t e a r i n  

and  t h e } 8* form o f  t r i p a l m i t i n  have t h e  same t r a n s i t i o n  

t e m p e r a t u r e s  and  w i l l  t h e r e f o r e  have s i m i l a r  thermograms 

i n  t h a t  a r e a .  The same i s  t r u e  f o r  t h e  form o f  t r i p a l ­

m i t i n  and t h e  ]}* form o f  t r i s t e a r i n .  T h i s  makes i t  e x t r e m e l y  

d i f f i c u l t  t o  d e t e c t  what  t r i g l y c e r i d e  t h e  thermogram peak  

b e lo n g s  t o .  S eco n d ly  b e c a u se  o f  th e  m i x t u r e s ,  t h e  t r a n s i t i o n  

t e m p e r a t u r e s  and  m e l t i n g  p o i n t s  t e n d  t o  d e c r e a s e  o r  become 

b r o a d e r  on t h e  thermogram making i t  even more d i f f i c u l t  t o  

d i f f e r e n t i a t e  two o r  more c l o s e  p e a k s ,  ( i e  £  Jf°C).

A n o th e r  p rob lem  which  o c c u r s  when s t u d y i n g  m i x t u r e s  in  

t h e  s o l i d  s t a t e  i s  how t o  p rod uce  and m a i n t a i n  a  homogeneous 

m ix t u r e  t h r o u g h o u t  t h e  e x p e r i m e n t .  In  many c a s e s  i t  c o u ld  

be o b s e r v e d  t h a t  when t h e  t r i g l y c e r i d e s  were d i s s o l v e d  i n  a  

s o l v e n t  which  was l a t e r  e v a p o r a t e d  two d i s t i n c t  t y p e s  o f  

c r y s t a l s  would p r e c i p i t a t e .  Slow s o l i d i f i c a t i o n  o f  th e  

m ix t u r e  m e l t  a l s o  p ro d u ce d  sam p le s  which y i e l d e d  i n c o n s i s t e n t  

d a t a .  The g e n e r a l  p r o c e d u r e  was t o  form a  m e l t  some 20°C 

above t h e  h i g h e s t  m e l t i n g  t r i g l y c e r i d e  phase  ( t h i s  i n s u r e d  

t h a t  no n u c l e a t i n g  s i t e s  would be l e f t )  and th e n  r a p i d l y  c h i l l .
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I n c o n s i s t e n c e s  were s e en  w i t h  t h e  DTA and TGMS 

t e c h n i q u e s  a f t e r  r e p e a t e d  f r e e z e  thaw c y c l e s .  T h i s  i s  

most  l i k e l y  due t o  s o l u t e  r e d i s t r i b u t i o n .  An example o f  

t h i s  i s  seen  i n  F i g u r e  XXVIII where a  20% t r i b e h e n i n  i n  

T r i p a l m i t i n  m ix t u r e  was s u b j e c t e d  t o  t e n  f r e e z e - t h a w  

c y c l e s .  (+30^***+ 85°C) G r a d u a l l y  a t  t h e  s o l i d / l i q u i d  

i n t e r f a c e  t h e  " i m p u r i t y ” a c c u m u la te d  e s t a b l i s h i n g  a  

d e f i n i t e  ' l i n e  o f  d e m a r c a t io n "  between t h e  two t r i g l y c e r i d e s .  

M a g n i f i c a t i o n  i s  80 x .

a )  M ic ro scop y

In  a d d i t i o n  t o  t h e  o b s e r v a t i o n s  made d u r i n g  t h e  

f r e e z e  thaw c y c l e s ,  i n c r e a s i n g  t h e  i m p u r i t y  c o n t e n t  a l s o  

p ro d u c e d  a  d e f i n i t e  e f f e c t  on t h e  t r i g l y c e r i d e  t e x t u r e .

F i g u r e  XXIX i l l u s t r a t e s  t h e  t e x t u r e  o f  p u re  t u b e h e n in

a nd  25% t r i m y r i s t i n  i n  a  t r i b e h e n i n  m i x t u r e .  In  each  c a se  

t h e  m a t e r i a l  was s o l i d i f i e d  a t  a  r a t e  o f  15°C /m in .  At 

t h i s  r a t e  o f  f r e e z i n g  o n ly  t h e  oC form o f  t r i b e h e n i n  fo rm s .

b) D .T .A .

These  o b s e r v a t i o n s  were made on v*.e f o l l o w i n g  mixed 

t r i g l y c e r i d e  s y s te m s :

1) t r i m y r i s t i n  i n  t r i b e h e n i n

2) t r i l a u r i n  i n  t r i b e h e n i n

3) t r i l a u r i n  i n  t r i s t e a r i n

Zf) t r i b e h e n i n  i n  t r i m y r i s t i n

5) t r i a r a c h i d i n  i n  t r i m y r i s t i n

F i g u r e s  XXX-XXXIII a r e  t y p i c a l  therm ogram s f o r  t h e s e
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s y s te m s .  E s s e n t i a l l y  t h e  f o l l o w i n g  i n t e r e s t i n g  e f f e c t s  

sh o u ld  be n o t e d :

1 .  The LMTGI a p p e a r  t o  form r a t h e r  e a s i l y  i n  B1 

form when s o l v e n t  p r e p a r e d .  The B1 form o f  t h e  

b u lk  phase  a l s o  forms more r e a d i l y  d u r i n g  a  

t r a n s i t i o n  from t h e  po lym orph .  The therm o­

gram o f  t h e  p u re  t r i g l y c e r i d e  would g e n e r a l l y ,  

show l i t t l e ^ *  when a  t r a n s f o r m a t i o n  f r o m o c c u r s .

2 .  A d e f i n i t e  s h i f t  i n  t h e  exo therm  DTA peaks  o c c u r s  

a s  a  f u n c t i o n  o f  t h e  t r i l a u r i n  i m p u r i t y  concen­

t r a t i o n .  Use o f  h i g h e r  m e l t i n g  t r i g l y c e r i d e s  a s

an i m p u r i t y  d oes  n o t  e x h i b i t  a  s i g n i f i c a t n t  p eak  s h i f t .

3 .  R e c r y s t a l l i z a t i o n  o f  th eo C  b u l k  phase  i s  ^ 1 0 ° C  

be low t r a n s i t i o n  p o i n t  f o r  c o o l i n g  r a t e s  between 

5 -15°C /m in .

The change i n  p r o p e r t i e s  ( s h i f t  o f  DTA p e a k s ,  

d i s a p p e a r a n c e  o f  a  p e ak s )  o f  t h e  t r i g l y c e r i d e  

upon t h e  a d d i t i o n  o f  LMTGI do es  n o t  a p p e a r  t o  be 

c o l l i g a t i v e  i n  n a t u r e  b u t  r a t h e r  d e p end en t  on t h e  

t r i g l y c e r i d e s  u s e d .  For  i n s t a n c e  t h e O (  polymorph 

o f  t r i a r a c h i d i n  o r  t r i b e h n i n  can be p r e v e n t e d  from 

fo rm in g  when t r i l a u r i n  i n  e x c e s s  o f  15 w e igh t  

p e r  c e n t  i s  u se d  a s  an i m p u r i t y .  O th e rw is e  a d d in g  

t r i m y r i s t i n  i n  e x c e s s  o f  25% does  n o t  c o m p l e t e ly  

e l i m i n a t e  t h e  forms o f  t h e  l a r g e r  t r i g l y c e r i d e s .

5* A d d i t i o n  o f  HMTGI does  n o t  d r a s t i c a l l y  a f f e c t  t h e  

DTA thermogram o f  t h e  lo w e r  m e l t i n g  t r i g l y c e r i d e .
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systems# E s s e n t i a l l y  t h e  f o l l o w i n g  i n t e r e s t i n g  e f f e c t s  

sh o u ld  be n o t e d :

1 .  The LMTGI a p p e a r  t o  form r a t h e r  e a s i l y  i n  B1 

form when s o l v e n t  p r e p a r e d .  The B' form o f  t h e  

b u lk  phase  a l s o  forms more r e a d i l y  d u r i n g  a  

t r a n s i t i o n  from t h e  po lymorph.  The the rm o­

gram o f  t h e  p u re  t r i g l y c e r i d e  would g e n e r a l l y  

show l i t t l e ^ *  when a  t r a n s f o r m a t i o n  f r o m «( o c c u r s .

2 .  A d e f i n i t e  s h i f t  i n  t h e  exo the rm  DTA p e ak s  o c c u r s  

a s  a  f u n c t i o n  o f  t h e  t r i l a u r i n  i m p u r i t y  concen ­

t r a t i o n .  Use o f  h i g h e r  m e l t i n g  t r i g l y c e r i d e s  a s

an i m p u r i t y  does  n o t  e x h i b i t  a  s i g n i f i c a t n t  p eak  s h i f t .

3 .  R e c r y s t a l l i z a t i o n  o f  t h e O f  b u l k  phase  i s  ^ 1 0 ° C  

below t r a n s i t i o n  p o i n t  f o r  c o o l i n g  r a t e s  between 

5-15°C /m in .

4. The change in  p r o p e r t i e s  ( s h i f t  o f  DTA p e a k s ,  

d i s a p p e a r a n c e  o f  a  peaks )  o f  t h e  t r i g l y c e r i d e  

upon t h e  a d d i t i o n  o f  LMTGI does  n o t  a p p e a r  t o  be 

c o l l i g a t i v e  i n  n a t u r e  b u t  r a t h e r  d e p e n d e n t  on t h e  

t r i g l y c e r i d e s  u s e d .  For  i n s t a n c e  t h e © (  polymorph 

o f  t r i a r a c h i d i n  o r  t r i b e h n i n  can be p r e v e n t e d  from 

fo rm ing  when t r i l a u r i n  i n  e x c e s s  o f  13 w e igh t

p e r  c e n t  i s  u se d  a s  an i m p u r i t y .  O th e rw is e  a d d in g  

t r i m y r i s t i n  i n  e x c e s s  o f  25% does  n o t  c o m p l e t e ly  

e l i m i n a t e  t h e  forms o f  t h e  l a r g e r  t r i g l y c e r i d e s .

5 .  A d d i t io n  o f  HMTGI does  n o t  d r a s t i c a l l y  a f f e c t  t h e  

DTA thermogram o f  t h e  lo w e r  m e l t i n g  t r i g l y c e r i d e .
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c . M i c r o s p e c t r o p h o to m e t r y

The a g i n g  p r o c e s s  o f  t r i g l y c e r i d e  m ix t u r e s  maybe 

c o n v e n i e n t l y  m o n i to re d  by u s i n g  t h e  m ic r o s p e c t r o p h o t o m e te r  

p r e v i o u s l y  d e s c r i b e d .  I n  a d d i t i o n  D.T.A. and X-Ray de ­

t e r m i n a t i o n s  a r e  a l s o  i n c o r p o r a t e d  i n  t h e  s t u d y  t o  i d e n t i f y  

which phase  t h e  form a g e s  t o .

P l o t s  o f  a b s o r b a n c e  v e r s u s  w a v e le n g th  o f  i n c i d e n t  

l i g h t  were made o f  t h e  g l a s s  m ic ro sc o p e  s l i d e s  and o f  

th e  v a r i o u s  t r i g l y c e r i d e  m a t e r i a l s  sandw iched  between t h e  

two s l i d e s .  T h i s  e n a b le d  one t o  d e te r m in e  t h e  optimum 

w a v e le n g th  a t  which t h e  a b s o rb a n c e  due t o  t h e  t r i g l y c e r i d e  

was g r e a t e r  t h a n  t h e  g l a s s  s l i d e s  t h e m s e lv e s .  320 mm 

a p p e a r s  t o  e x h i b i t  t h i s  optimum.

The r e s u l t s  shown on F ig u r e  XXXIV i n d i c a t e  t h a t  a g in g  

o f  t h e  a l p h a  phase  depends  n o t  o n ly  on th e  A  TE b u t  a l s o  

on t h e  amount o f  t r i g l y c e r i d e  i m p u r i t y  and t h e  n a t u r e  o f  

th e  p a r t i c u l a r  t r i g l y c e r i d e .  LMTGI i n  g e n e r a l  a p p e a r  t o  

enhance  c (  s t a b i l i t y  f o r  low c o n c e n t r a t i o n s .  T r i l a u r i n  

i n c r e a s e s  t h i s  s t a b i l i t y  up t o  a  c o n c e n t r a t i o n  o f  15%* For  

t r i m y r i s t i n  s t a b i l i z a t i o n  o f  th e  o( phase  was seen  up to  

26%. Above t h e s e  c o n c e n t r a t i o n s  t h e  b a se  t r i g l y c e r i d e  f a i l s  

t o  form any  p h a s e .  T h i s  was o b s e r v e d  i n  t h e  D.T.A. 

s t u d i e s ,  s e c t i o n  B. Here a g a in  HMTGI i m p u r i t i e s  d i d  n o t  

a p p e a r  t o  a f f e c t  t h e  p h y s i c a l  a g in g  o f  th e  a l p h a  phase  a t  

a l l .
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Discussion
This study demonstrates that mixtures of triglycerides 

generally behave differently than the pure triglycerides. 
More specifically it is the Low Melting Triglyceride 
Impurities which alter the texture, phase properties and 
stability of the triglyceride.

From this evidence it is speculated that the reason 
the LMTGI are murch more influential in altering these 
properties results from the increased mobility of these 
molecules in the crystal lattice. This accounts for the 
broader melting points and the exotherm shift with 
increasing LMTGI.

The enhanced stability of the (t\ polymorph at low 
concentrations of LMTGI is evidence of mixed crystal 
formation. Bailey (98) in his monograph series on fats 
and oils sites several examples of crystal habit differences 
in mixtures. Piper and co workers (99) studied the crystal 
habits of pure saturated fatty acid mixtures and reported 
various physical differences including melting point 
minimums for certain binary mixtures.
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Chapter 5

Nucleation

of

Saturated Monoacid Triglycerides
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5*1 Nucleation
It is known that a liquid can exist for a long time 

at a temperature well below its melting point. Trigly­
cerides are no exception to this rule. Generally a 
condition that must be satisfied in order to supercool 
a liquid is that none of the solid be present.

At any temperature below that of equilibrium, the 
free energy of the solid is less than that of the liquid, 
this is a consequence of the thermodynamics of equilibrium. 
In the case of triglycerides the matter is further com­
plicated since more than one solid phase may form. Further­
more the phase may or may not be thermodynamically stable.

According to standard nucleation theory, (See Section 
1-3)> the stability of a nucleus in an undercooled liquid 
depends on two factors: free energy of the liquid and the 
surface area of the solid. The free energy of the liquid 
decreases when it transforms to solid however for very 
small particles, the surface area is large relative to 
the volume so that the surface energy term dominates.
Small particles can decrease the total free energy of the 
system (liquid plus particles) by shrinking and reducing 
their surface area. Large particles can reduce the free 
energy of the system by growing and creating more crystal.
A balance between these tendencies defines the critical 
nucleus.

The change in free energy of the system due to a 
spherical particle of radius r as derived in section
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1-3 is given by

G = -  4/3 "h/ r 3 A G v + /f T f r 2 Y  ^

where A Gv is the difference between the volume free energy 
of the liquid and solid and V i s  the specific surface free 
energy.

The basis for the rate of formation of nuclei having 
the given critical size has also been discussed in sec­
tion 1-3* Many scientists have used this general relation 
for specific applications on the nucleation of crystals 
(86-89)* Among the best known works are those of Turnbull 
990) who using transition state theory developed an ex­
pression for the rate of homogeneous nucleation in con­
densed systems. His steady state nucleation rate per 
unit volume is given by:

/ =  N 0 C -  E d  / R t )  e a G * / f l r )
' d  t 5 -2

where E ,  i s  t h e  f r e e  e n e rg y  o f  a c t i v a t i o n  f o r  t r a n s p o r t  

a c r o s s  a  l i q u i d  n u c l e u s  b ou n da ry  /X G i s  t h e  f r e e  e n e r g y  

change a s s o c i a t e d  w i th  n u c l e u s  f o r m a t io n  and NQ = MQkT/h  

where MQi s  t h e  number o f  m o le c u le s  p e r  u n i t  volume in  t h e  

l i q u i d ,  h i s  B l a n c k ' s  c o n s t a n t  and k  i s  B o l t z m a n n 's  

c o n s t a n t .  See Appendix I I I  f o r  d e r i v a t i o n .

A c co rd in g  t o  t h i s  t h e o r y ,  t h e  n u c l e a t i o n  i s  e s s e n ­

t i a l l y  c o n t r o l l e d  by two d i f f e r e n t  r a t e  p r o c e s s e s .  A 

p l o t  o f  n u c l e a t i o n  r a t e  v s  I / ?  w i l l  g iv e  a  maximum. At
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t e m p e r a t u r e s  be low t h e  n u c l e a t i o n  r a t e  maximum t h e  p r o c e s s  

i s  d i f f u s i o n  o r  v i s c o s i t y  c o n t r o l l e d .  In  t h i s  r e g i o n ,  

t h e  m o le c u le s  a t  t h e  l i q u i d  c r y s t a l - c r y s t a l  i n t e r f a c e  

have enough e n e r g y  t o  be a c t i v a t e d  ( t o  c r o s s  an e n e rgy  

b a r r i e r  t o  t h e  f a c e  o f  t h e  c r y s t a l ) ;  however ,  t h e  m ic ro ­

s c o p i c  v i s c o s i t y  o f  t h e  medium r e t a r d s  t h i s  m o le c u la r  

r e a l i g n m e n t .  At t e m p e r a t u r e s  above t h e  r a t e  maximum, 

t h e  m ic r o s c o p ic  v i s c o s i t y  o f  t h e  medium i s  low enough so 

a s  n o t  t o  be r a t e  l i m i t i n g  and t h e  t h e r m a l  b a r r i e r  becomes 

r a t e  l i m i t i n g .

E q u a t io n  5 - 2  may be f u r t h e r  r e w r i t t e n  a s :

r  = i n t e r f a c i a l  f r e e  e n e rg y  

I t  sh o u ld  be n o t e d  t h a t  h e t e r o g e n e o u s  n u c l e a t i o n  a l s o

5-3

where

X O
5-4

b
5-5

T

c o n t r i b u t e s  t o  t h e  t e r m .  T h e r e f o r e  A  G sh o u ld  be r e

p l a c e d  by ^  9  ^Afiand from 0 t o  1 .
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S in c e  t h e r e  i s  no a c c u r a t e  way t o  d e te r m in e  i t  i s  

assumed t o  be 1.

5 . 2  E x p e r im e n ta l

The t r i g l y c e r i d e  sa m p le s  were p l a c e d  i n  g l a s s  t u b e s  

( 1 . 0  mm I . D . ) .  The sam p les  were t h e n  h e a t e d  t o  th e  

i s o t r o p i c  s t a t e  in  a  w a t e r  b a t h  20°C above t h e  m e l t i n g  

p o i n t  o f  t r i g l y c e r i d e  f o r  f i v e  m i n u t e s .  T h i s  was t o  

e n s u r e  t h a t  a l l  n u c l e a t i n g  s i t e s  had been d e s t r o y e d .

A f t e r  r o t a t i n g  t h e  g l a s s  t u b e s  t o  p roduce  a  t h i n  l i q u i d  

c o a t i n g  on t h e  tu b e  w a l l s .  The s a m p le s  were p l a c e d  in  

a  t h e r m o s t a t e d  b a t h .  The t im e  was n o t e d  a t  t h e  f i r s t  

v i s u a l  s i g n  o f  c r y s t a l l i z a t i o n  which  a lm o s t  a lw ay s  oc­

c u r r e d  a t  t h e  l i q u i d  a i r  i n t e r f a c e .  These measurements  

o b v i o u s l y  c o n t a i n  a  c o n t r i b u t i o n  from c r y s t a l  growth 

s i n c e  i t  i s  i m p o s s i b l e  t o  o b se rv e  i n i t i a l l y  s t a b l e  n u c l e i .  

In  a d d i t i o n  h e t e r o g e n e o u s  n u c l e a t i o n  i n  t h e  sample  has  

n o t  been t a k e n  i n t o  a c c o u n t  however i t  i s  f e l t  t h a t  

n e i t h e r  e f f e c t  w i l l  a l t e r  t h e  g e n e r a l  t r e n d  o f  d a t a .

The c o r r e c t i o n  f o r  h e a t  t r a n s f e r  from t h e  sample  

tu b e  t o  t h e  b a t h  was e s t i m a t e d  from t e m p e r a t u r e  p r o f i l e s  

f o r  u n s t e a d y  s t a t e  h e a t  c o n d u c t io n  in  a  s l a b  o f  f i n i t e  

t h i c k n e s s  (91) • The t im e  was n e g l i g i b l e  (-'•'-I s e c ) .  See 

a p p e n d ix  IV.
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5 . 3  R e s u l t s  and D i s c u s s i o n  o f  t h e  N u c l e a t i o n  

o f  T r i g l y c e r i d e s

The n u c l e a t i o n  d a t a  f o r  th e  v a r i o u s  s a t u r a t e d  t r i ­

g l y c e r i d e s  i s  p r e s e n t e d  i n  F i g u r e  XXXV A number o f  

i n t e r e s t i n g  f a c t s  emerge from t h i s  i n f o r m a t i o n .

a) There  was no maximum n u c l e a t i o n  r a t e  a s  men­

t i o n e d  i n  T u r n b u l l ' s  e q u a t i o n .  T h is  i m p l i e s  t h a t  th e  

m a jo r  b a r r i e r  i n  t h e  n u c l e a t i o n  p r o c e s s  i s  due t o  th e  

t h e r m a l  f r e e  e n e r g y  o f  fo r m a t io n  o f  a  n u c l e u s .  The d i f ­

f u s i o n  o r  v i s c o s i t y  c o n t r o l l e d  te rm  Ed i s  n e g l i g i b l e .  

Vonnegut (93) a l s o  found t h i s  t o  be t h e  c a se  i n  h i s  

n u c l e a t i o n  s t u d y  o f  t i n .  Skoda and Van den Tempel (9^) 

i n  a  s t u d y  on t h e  c r y s t a l l i z a t i o n  o f  e m u l s i f i e d  t r i g l y ­

c e r i d e s  a l s o  c l a im  Ed t o  be n e g l i g i b l e  compared t o  b.

b) E s s e n t i a l l y  two p o i n t s  o f  d i s c o n t i n u i t y  ( o r  

t h r e e  s e p a r a t e  s l o p e s )  a r e  o b se rv e d  f o r  each  n u c l e a t i o n  

c u r v e .  T h is  i m p l i e s  t h a t  th e  c r y s t a l l i z a t i o n  r a t e s  from 

s u p e r s a t u r a t e d  s o l u t i o n s  depend n o t  o n ly  on t h e  4 T  o f  

s u p e r c o o l i n g  b u t  more i m p o r t a n t l y  on t h e  po lym orph ic  phase  

which  fo rm s .  In  each  t r i g l y c e r i d e  t e s t e d  t h e  p o l y ­

morph n u c l e a t e d  and c r y s t a l l i z e d  much more r a p i d l y  f o r

a  g iv e n  d e g re e  o f  s u p e r c o o l i n g  th a n  t h e  o r  ^  f o r  
an e q u i v a l e n t  A  T.

c) I n c r e a s i n g  th e  c h a in  l e n g t h  o f  th e  t r i g l y c e r i d e  

i n c r e a s e d  t h e  n u c l e a t i o n  t im e  f o r  t h e  o f  phase  a t  a  g iven  

d e g re e  o f  s u p e r c o o l i n g .  A s m a l l e r  a f f e c t  was n o t e d  on 

t h e  p h a s e .
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d) D.T.A# s t u d i e s  o f  v a r i o u s  d a t a  p o i n t s  i n  t h e  

t e m p e r a t u r e  r a n g e  g e n e r a l l y  i n d i c a t e s  t h a t  a  m ix tu r e  of  

)&* and")5 o r  a l l  ^  e x i s t s .  A p o s s i b l e  mechanism i s  t h a t  

i n i t i a l l y  n u c l e a t e s  i n  t h a t  t e m p e r a t u r e  r e g i o n  b u t  

t r a n s f o r m s  o r  a g e s  t o  t h e ^  po lymorph .

E s t i m a t i o n  o f  I n t e r f a c i a l  F ree  Energy

The ^ - l i q u i d  i n t e r f a c i a l  f r e e  e n e r g y  may be e s t i m a t e d  

i n  t h e o r y  from t h e  n u c l e a t i o n  e q u a t i o n  5 -3  and t h e  assump-
6 —  ~Zt i o n  t h a t  d n / d t  * > - 1 0  cm sec  “ * T h is  v a lu e  was de ­

t e r m in e d  by T u r n b u l l  and s e r v e s  a s  a  r e f e r e n c e  f o r  many 

e s t i m a t e s  (9 5 -9 7 )  o f  t h e  number o f  n u c l e i  formed p e r  second

p e r  u n i t  volume. To d e te r m in e  a  g rap h  o f  I n  ( )
2

vs  Tfc , F i g u r e  XXXVI i s  d e v e lo p e d .  The t e m p e r a t u r e  T
FZTT

i n  t h e  l o g a r i t h m i c  term i s  due t h e  p r e  e x p o n e n t i a l  f a c t o r .

Computing t h e  s l o p e  y i e l d s  b .  V  i s  found by r e w r i t i n g

5 - 5 .  ^  __________ __________________________ _

y  =  /  R b  p l ( p w ) *  /  8TT
5-7

A c o m p i l a t i o n  o f  r e s u l t s  a r e  summarized i n  T ab le  

The v a l u e s  o f  V* show a  s l i g h t  d e c r e a s e  w i t h  d e c r e a s i n g  

c h a in  l e n g t h ,  which s h o u l d  be  e x p e c t e d  s i n c e  t h e  s m a l l e r  

c h a in  t r i g l y c e r i d e s  n u c l e a t e  much more r a p i d l y  i n  t h e  form.
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T ab le  VII

E s t i m a t e d  S u r f a c e  F re e  Energy  a t  t h e  ) | / L i q u i d  I n t e r f a c e  

Compound Chain  A  H f  Y
p

L eng th  B form gms/cc  e rg s / c m

T r i b e h e n i n C22 5 9 .1 .830 17.

T r i a r a c h i d i n C20 5 4 .6

00• 1 6 .8

T r i s t e a r i n C18 5 1 .4 . 856 15 .2

T r i p a l m i t i n c 16 4 9 .0 .875 1 4 .6
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5*5 K i n e t i c s  o f  o(  Phase  Fo rm a t io n

In  s e c t i o n  i+.if a  s c h e m a t i c  was d e v e lo p ed  on th e  

t y p e s  o f  po lym orph ic  t r a n s f o r m a t i o n s  which o c c u r  w i th  

s a t u r a t e d  monoacid t r i g l y c e r i d e .  I t  was f u r t h e r  i n ­

d i c a t e d  t h a t  n o t  a l l  t r a n s f o r m a t i o n s  a r e  r e v e r s i b l e .

A n o th e r  q u e s t i o n  which one may a s k  i s ,  What po lym orph ic  

phase  forms most  r e a d i l y ?  The answ er  i s  u s u a l l y  vague 

(8*f-85) and g e n e r a l l y  i n d i c a t e s  t h a t  a  t r i g l y c e r i d e  on 

b e in g  c o o le d  from t h e  m e l t  t o  be low  room t e m p e r a t u r e  

forms t h e  p h a s e .  T h is  i s  t h e  c a se  o n ly  i f  t h e  r a t e  

o f  c o o l i n g  o r  s o l i d i f i c a t i o n  i s  f a s t  e n o u g h . .

One method t o  d e te r m in e  t h i s  r a t e  i s  t o  u se  th e  

t e m p e r a t u r e  g r a d i e n t  m ic ro sco pe  s t a g e .  The p r o c e d u r e  

i s  o u t l i n e d  a s  f o l l o w s :

1. The r e v e r s i b l e  and v a r i a b l e  DC Motor i s  c a l i ­

b r a t e d  i . e .  r a t e  o f  movement o f  s t a g e  v s .  v o l t a g e .

2. The c e l l  must be c a l i b r a t e d  t o  d e te r m in e  th e  

g r a d i e n t  d u r i n g  a  c o n s t a n t  r a t e  o f  f r e e z i n g  and 

a t  a  c o n s t a n t  r a t e  o f  m e l t i n g .  T h is  must be 

done f o r  each  r a t e .  The method i s  t h e  same a s  

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

r ium .  (F ig u r e  X )

3 .  The sy s tem  t o  be s t u d i e d  i s  p l a c e d  on t h e  s t a g e  

and t h e  s o l i d / l i q u i d  i n t e r f a c e  i s  a l l o w e d  t o  

form. Due t o  t h e  polymorphism t h a t  t r i g l y c e r i d e s  

e x h i b i t  one must be s u r e  t h a t  a  t r u e  s o l i d / l i q u i d
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i n t e r f a c e  r e a l l y  e x i s t s  and n o t  a  s o l i d / s o l i d  

o r  s o l i d / l i q u i d / s o l i d  n u c l e a t i n g  s i t e  i n t e r f a c e .

The sy s tem  i s  th e n  s o l i d i f i e d  o r  m e l t e d  a t  a  

g iven  d a t e .

5. One can o b s e r v e  t h e  s o l i d  changes  by o b s e r v i n g  

t h e  sys tem  t h r o u g h  c r o s s  p o l a r s .

R e s u l t s  and D i s c u s s i o n

The p u re  monoacid  t r i g l y c e r i d e s  were s t u d i e d  a t  f i v e  

s e p a r a t e  r a t e s  o f  f r e e z i n g  and th aw in g .

At a  f r e e z i n g  r a t e  o f  2°  C/min o n ly  t r i b e h e n i n  and 

t r i a r a c h i d i n  would form an a l p h a  phase  from t h e  m e l t .  At 

a  f r e e z i n g  r a t e  o f  4°C/min t r i s t e a r i n  would form t h e  a l p h a  

p h a s e .  T r i p a l m i t i n  a p p e a r s  t o  form a  m ix tu r e  o f  a l p h a  

and b e t a  c r y s t a l s .  When t h e  r a t e  was i n c r e a s e d  t o  6°C/min 

o n ly  a l p h a  c r y s t a l s  were o b s e r v e d  f o r  t h e  t r i p a l m i t i n .  At 

a r a t e  o f  li*°C t r i p a l m i t i n  d e f i n i t e l y  formed t h e  cf\ s p h e r u l i t e s .  

T r i l a u r i n  seemed t o  form t h e  phase  when t h e  r a t e  o f  f r e e z ­

in g  was on t h e  o r d e r  o f  l 6 ° / m i n  (See  F i g u r e  XXXVI)

I t  s h o u ld  be emphaxized  t h a t  u n l i k e  many sy s te m s  th e  

t r i g l y c e r i d e s  c r y s t a l l i z e  in  more th a n  one form and t h e r e ­

f o r e  n o t  o n ly  w i l l  t h e  r a t e  depend on t h e  d e g r e e s  o f  s u p e r ­

c o o l i n g  b u t  a l s o  t h e  v a r i o u s  p h a s e s .  Fo r  i n s t a n c e  a t  2°C/min 

t r i l a u r i n  and t r i m y r i s t i n  d i d  n o t  even c r y s t a l l i z e  a t  -10°C .

At a  r a t e  o f  6°C min c r y s t a l s  were seen  b u t  t h e y  were n o t  

d e f i n e d  a s  a l p h a  c r y s t a l s .  When t h e  a l p h a  c r y s t a l s  d i d  

form t h e  d e g re e  o f  s u p e r c o o l i n g  was on t h e  o r d e r  o f  -5°C + 3°»
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From F i g u r e  XXXVII i t  i s  o b v io u s  t h a t  t h e  0^ phase  

forms r e a d i l y  f o r  t h e  h i g h e r  m e l t i n g  t r i g l y c e r i d e s .  On 

t h e  o t h e r  hand t r i l a u r i n  and t r i m y r i s t i n  must  be c o o le d  

c o n s i d e r a b l y  f a s t .  T h i s  i s  why L u t t o n ' s  (8*f) f o r m u l a t i o n  

f o r  p r o d u c i n g  t h e  0(  ph a se  i s  t o  s o l i d i f y  t h e  m e l t  r a p i d l y  

t o  a p p r o x i m a t e l y  20°C below t h e  a l p h a  t r a n s i t i o n  t e m p e ra ­

t u r e .  The im p o r t a n c e  o f  t h i s  i n f o r m a t i o n  i s  t h a t  t h e  

r a t e  o f  s o l i d i f i c a t i o n  may be u se d  a s  a  means o f  p r o ­

d u c in g  o n ly  po lym orphs  o r  e l i m i n a t i n g  t h i s  m e t a s t a b l e  

phase  from fo rm in g  a t  a l l .
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The u n d e r s t a n d i n g  o f  phase  t r a n s f o r m a t i o n s  and th e  

s o l i d / l i q u i d  i n t e r f a c e  h a s  p r o g r e s s e d  immeasurably  s i n c e  

W i l l a r d  J .  G ib b s '  e a r l y  thermodynamic t r e a t m e n t  o f  phase  

e q u i l i b r i a .  However,  i n  o r d e r  t o  i n v e s t i g a t e  and prove  

e x p e r i m e n t a l l y  t h e  v a r i o u s  t h e o r i e s  i n  t h i s  f i e l d  i t  must 

be p o s s i b l e  t o  d i f f e r e n t i a t e  and s e p a r a t e  p rob lem s o f  h e a t  

t r a n s f e r  from t h e  a c t u a l  p h y s i c a l  p rob lem .  U n le ss  t h i s  

i s  a c c o m p l i sh e d  t h r e e  d i m e n s i o n a l  h e a t  t r a n s f e r  p rob lem s 

w i l l  o b sc u re  any e x p e r i m e n t a l  o b s e r v a t i o n .  The work 

p r e s e n t e d  i n  t h i s  d i s s e r t a t i o n  h as  d i f f e r e n t r a t e d  t h i s  

p rob lem  and a l l o w s  one t o  o b se rv e  t h e  im p o r ta n c e  o f  t h e  

s o l i d / l i q u i d  i n t e r f a c e  i n  t h r e e  v i t a l  a r e a s  o f  c o n c e rn .

A. Aqueous S o l u t i o n s

F r e e z i n g  o f  aqueous  sy s te m s  a l t h o u g h  s im p le  i n  f i r s t  

t h o u g h t s  i s  e x t r e m e l y  complex on t h e  m o le c u l a r  l e v e l .  To 

e l u c i d a t e  t h e s e  c o m p l e x i t i e s  a  un ique  m ic ro sco pe  s t a g e  f o r  

s t u d y i n g  t h e  f r e e z i n g  and f r e e z e  d r y i n g  p r o c e s s e s  was d e ­

v e lo p e d .  U s ing  t h i s  s t a g e  i t  was p o s s i b l e  t o  s t u d y  d e n d r i t e  

g rowth  a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  and t h e  r a t e  o f  f r e e z ­

i n g .  U s u a l l y  o n ly  two v a r i a b l e s  ( d i f f u s i o n  and c o n c e n t r a ­

t i o n )  a r e  t a k e n  i n t o  c o n s i d e r a t i o n  when c o n s i d e r i n g  d e n d r i t e  

g row th .  T h is  s t u d y  h a s  d e m o n s t r a t e d  t h a t  t h e  h e a t  e x t r a c t i o n  

from t h e  i n t e r f a c e  and a s s o c i a t e d  o r  bound w a te r  p l a y  a

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

The peak  t o  p eak  d i s t a n c e s  f o r  non e l e c t r o l y t e  s o l u t e s  

h as  been  found t o  be d i r e c t l y  p r o p o r t i o n a l  t o  th e  r a t e  o f
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f r e e z i n g  and c o n c e n t r a t i o n .  D a ta  on t h e  peak  t o  peak

d i s t a n c e s  f o r  s a l t  s o l u t i o n s  a g r e e s  w i t h  t h a t  o f  E o h a tg i
_4-and Adams (36) i e .  p r o p o r t i o n a l  t o  ( r a t e )  “ .

B. Enzyme Systems

The a c t i v i t y  o f  OC am ylase  was found t o  be dependen t  

on t h e  r a t e  o f  f r e e z i n g ,  r a t e  o f  th a w in g ,  and t h e  con­

c e n t r a t i o n  o f  v a r i o u s  s o l u t e s .  E v idence  i s  p r e s e n t e d  which 

i n d i c a t e s  t h a t  s m a l l  c o n c e n t r a t i o n  (1 0 ” ^%) o f  p r o t e c t i v e  

a g e n t s  a c t u a l l y  harm an enzyme. I t  i s  s p e c u l a t e d  t h a t  t h i s  

i s  due t o  i n c r e a s e d  s o l u t e  enzyme and enzyme-enzyme i n t e r ­

a c t i o n s  a t  t h e  s o l i d / l i q u i d  i n t e r f a c e .
/

C. T r i g l y c e r i d e s

T h i s  f i n a l  a r e a  o f  s t u d y  i s  c o n ce rn e d  w i th  phase  

t r a n s f o r m a t i o n s ,  and t h e  k i n e t i c s  o f  phase  t r a n s f o r m a t i o n s .  

I t  i s  known i n d u s t r i a l l y  t h a t  f a t t y  m a t e r i a l s  may p h y s i c a l l y  

age r a t h e r  th a n  a  c h em ic a l  b reakdown. However t h e  how 's  and 

w h y ' s  o f  t h i s  breakdown i s  n o t  known.

Using  t h e  t e m p e r a t u r e  g r a d i e n t  t e c h n i q u e  i n c o r p o r a t e d  

w i t h  x - r a y  d i f f r a c t i o n  p a t t e r n ,  D .T .A . ,  I n f r a  r e d  s p e c t r a  

and wide l i n e  n u c l e a r  m agn e t ic  r e s o n a n c e  i t  can be c o n c lu ­

s i v e l y  proven  t h a t  t h e  and po lymorphs o f  s a t u r a t e d  

t r i g l y c e r i d e s  a r e  th e r m o d y n a m ic a l ly  u n s t a b l e  and t h e i r  f o r ­

m a t ion  depends  on t h e  k i n e t i c s  o f  s o l i d i f i c a t i o n .

F u r t h e r  e x p e r i m e n t a t i o n  h a s  y i e l d e d  q u a n t i t a t i v e  i n f o r ­

m a t io n  r e g a r d i n g  t h e  s t a b i l i t y  o f  t h e  a l p h a  polymorph below 

i t s  t r a n s i t i o n  t e m p e r a t u r e .  The i m p l i c a t i o n s  o f  t h e s e
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o b s e r v a t i o n s  h e l p s  e x p l a i n  why many f a t t y  m a t e r i a l s  

( c o n f e c t i o n a r y  p r o d u c t s ,  c h o c o l a t e ,  p r o d u c t s ,  f a t  e m u ls io n s )  

w i l l  l o o s e  t h e  p h y s i c a l  p r o p e r t i e s  t h e y  o r i g i n a l l y  e x ­

h i b i t e d  a s  a  f u n c t i o n  o f  t im e  and t e m p e r a t u r e  even th ough  

t h e i r  i s  no c h e m ic a l  d e g r a d a t i o n .

To p r e v e n t  any  unwanted  t r a n s f o r m a t i o n  t h e  o b j e c t  i s  

t o  p r e p a r e  t h e  f a t  c o n s t i t u e n t s  i n  t h e i r  most s t a b l e  form. 

T h is  may be a c c o m p l i s h e d  ( a s  seen  i n  C h a p te r  IV) by 

s o l i d i f y i n g  t h e  f a t  a t  a  s low  enough r a t e  o r  a d d in g  low 

m e l t i n g  p o i n t  i m p u r i t i e s  (LMTGI) t o  t h e  b a se  f a t .  In  t h e  

e v e n t  i t  i s  d e s i r e d  t o  enhance  t h e  l i f e t i m e  o f  t h e  u n s t a b l e  

po lym orph ,  c e r t a i n  s m a l l  c o n c e n t r a t i o n s  o f  LMTGI a r e  added .

N u c l e a t i o n  d a t a  f o r  t h e s e  t r i g l y c e r i d e s  h as  shown t h a t  

t h e  c k  polymorph forms more r a p i d l y  t h a n  e i t h e r  t h e  o r  

form f o r  a  g iv e n  A  T^ be low  t h e  t r a n s i t i o n  t e m p e r a t u r e  and 

f o r  a  f a s t  enough r a t e  o f  f r e e z i n g .

The t e c h n o l o g i c a l  im p o r ta n c e  o f  t h e s e  f i n d i n g s  a r e  

v a s t  s i n c e  i t  p i n p o i n t s  t h e  r e a s o n s  why c e r t a i n  m a t e r i a l s  

may p h y s i c a l l y  age  i n  t h e  s o l i d  s t a t e  and why c e r t a i n  

p h y s i c a l  p r o c e s s e s  may p r e v e n t  t h i s  a g i n g  t o  o c c u r  a t  a l l .
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