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~ 6 s d  - La transfomtim de l a  glace Ih en glace amorphe de haute densite a 77 K 
e t  10 kbar se produit a une pression qui es t  constante avec une precision 
exp6rimentale de 2 5 bars e t  semble ainsi Ctre une transformation du premier ordre 
e t  aussi une nowelle forme de fusion. Qoelques aspects de l a  structure de l a  phase 
amorphe de haute densit6 ont Bte determines A par t i r  du spectre Raman des 
oscillateurs 0-H e t  0-D non couples qui indique les longueurs des liaisons hydrogene 
0 - H - - 4  e t  par l a  fcnction de distribution radiale pm%r6e obtenw par diffraction 
de neutrons. La phase arrrorphe de haute densit6 semble Stre proche du liquide a haute 
t e r a t u r e  e t  5 l a  mihe pression. 

Abstract - The transfomtion £ram ice I h  to high-density mrphous ice a t  77 K and 
10 kbar occurs a t  a pressure that is constant to the experimental precision of + 5 
bar, and so seems to be a first-order transformation, and so to be a new kind of 
melting. Sane aspects of the structure of the high-density m r p h  have been detenni- 
ned from the R m  spectnnn of the uncoupled 0-11 and 0-D oscillators, which te l l s  
b u t  the hydrogen-bonded C-H-4  distances, and from the neutron-weighted radial dis- 
tribution Eunction. The high-density m r p h  seems to be closely relatedtothe liquid 
a t  higher temperatures and the same pressure. 

I - INTRODUCTION 

When i c e  Ih  is squeezed  a t  77 K t o  i t s  e x t r a p o l a t e d  m e l t i n g  p r e s s u r e  of -10 k b a r  
i t  undergoes  what a p p e a r s  t o  be a  s h a r p  t r a n s f o r m a t i o n  t o  a  h i g h - d e n s i t y  amorphous 
p h a s e ,  whose d e n s i t y  is 1.31 g  cm-3 a t  1 0  k b a r  and 1.17 g  a t  low p r e s s u r e  [ I  1. 
The s p e c i f i c  volume of t h e  new phase  a t  10 k b a r  and t h e  s p e c i f i c  volume of l i q u i d  
w a t e r  a t  t h e  same p r e s s u r e  f n  t h e  r a n g e  300-350 K a p p e a r  t o  be on a  s i n g l e  l i n e  [ I ] .  
which s u g g e s t s  t h a t  t h e  two p h a s e s  a r e  r e l a t e d ,  a p p r o x i m a t e l y  a s  a  l i q u i d  and i t s  
g l a s s .  When t h e  h i g h - d e n s i t y  amorph i s  h e a t e d  f rom 77 K a t  low p r e s s u r e ,  i t  s l o w l y  
r e l a x e s  i t s  s t r u c t u r e  u n t i l  t h e  t e m p e r a t u r e  r e a c h e s  -120 K, where i t  t r a n s f o r m s  t o  a  
low-densi ty (0.94 g  ~ r n - ~ )  amorphous form [ 2 ] .  When t h i s  low-dens i ty  amorph is 
squeezed  a t  77 K, it a l s o  t r a n s f o r m s ,  a t  -6 k b a r ,  t o  a  h i g h - d e n s i t y  amorph t h a t  
resembles  t h e  p h a s e  made by t r a n s f o r m i n g  i c e  I  a t  1 0  k b a r  [31. 

T h i s  p a p e r  rev iews  r e c e n t  work on t h e s e  t r a n s f o r m a t i o n s  and t h e  phases  t h e y  
produce.  I n  p a r t i c u l a r ,  t h e  change of p r e s s u r e  w i t h  volume d u r i n g  t h e  
t r a n s f o r m a t i o n  of i c e  I h  t o  t h e  h i g h - d e n s i t y  amorph h a s  been f o l l o w e d  a c c u r a t e l y ,  
t h e  Raman s p e c t r u m  of t h e  uncoupled 0-H and 0-D o s c i l l a t o r s  has  been measured and 
c o n v e r t e d  t o  t h e  d i s t r i b u t i o n  of  0--0 d i s t a n c e s ,  and t h e  s t r u c t u r e  f a c t o r  a s  
measured by n e u t r o n  d i f f r a c t i o n  has been c o n v e r t e d  t o  t h e  n e u t r o n - w e i g h t e d  r a d i a l  
d i s t r i b u t i o n  f u n c t i o n .  
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An o b v i o u s  q u e s t i o n  is:  what is t h e  r e l a t i o n  between t h e  h i g h - d e n s i t y  amorph 
and t h e  l i q u i d  a t  1 0  k b a r  and 300 K? In p a r t i c u l a r ,  c o u l d  t h e  two p h a s e s  be r e l a t e d  
a s  t h e  g l a s s  and t h e  l i q u i d  t h a t  i t  is made from by r a p f d  q u e n c h i n g ?  T h i s  q u e s t i o n  
w i l l  be answered a s  b e s t  we can. 

F i g .  1. Disp lacement  of t h e  p i s t o n  
d u r i n g  t h e  t r a n s f o r m a t i o n  of i c e  I h  t o  
t h e  h i g h - d e n s i t y  amorph a t  77 K p l o t t e d  
a g a i n s t  t h e  nominal  p r e s s u r e ,  which is 
c a l c u l a t e d  w i t h o u t  a l l o w i n g  f o r  f r i c t i o n  
i n  e i t h e r  t h e  p r e s s u r e  c e l l  o r  t h e  
h y d r a u l i c  jack t h a t  d r i v e s  t h e  p r e s s .  
Two s e p a r a t e  r u n s  a r e  denoted  by o  and A .  

NATURE OF THE CRYSTAL-AMORPH TRANSFORMATION 

F i g .  2. Raman s p e c t r u m  a t  -12 K of 
t h e  uncoupled  0-D v i b r a t i o n s  of 
h i  gh-densi  t y  amorphous i c e  and t h e  
p h a s e s  made by h e a t i n g  i t  i n  s u c c e s s i o n  
t o  t h e  t e m p e r a t u r e s  a t t a c h e d  t o  t h e  
c u r v e s  and h e l d  t h e r e  f o r  5 min. 

The o r i g i n a l  measurements of t h e  p r e s s u r e  and volume t h r o u g h  t h e  t r a n s f o r m a t i  on  
[ I ]  showed t h a t  t h e  t r a n s f o r m a t i o n  was s h a r p  enough t h a t  it appeared  t o  be of f i r s t  
o r d e r ,  but  t h e y  were n o t  p r e c i s e  enough t o  p r o v e  i t .  S i n c e  t h e n ,  t h i n  samples  of 
t h e  h i g h - p r e s s u r e  amorph h a v i n g  a  d i a m e t e r  of 70 mm have been made i n  a 
p i s t o n - c y l i n d e r  a p p a r a t u s  f o r  e x p e r i m e n t s  by n e u t r o n  d i f f r a c t i o n  [ u n p u b l i s h e d ] .  The 
change of volume w i t h  p r e s s u r e  f o r  one sample ,  when -8 min was a l lowed f o r  
e q u i l i b r i u m  t o  be r e a c h e d  a f t e r  e a c h  p r e s s u r e  change,  is p l o t t e d  i n  F ig .  1.  The 
t r a n s f o r m a t i o n  o c c u r s  a t  a  p r e s s u r e  t h a t  is c o n s t a n t  t o  t h e  p r e c i s i o n  of t h e  
p r e s s u r e  gauge ,  which is 5 -5 b a r  [ u n p u b l i s h e d ] .  The t r a n s f o r m a t i o n  s e e m  s h a r p  
enough t o  be f i r s t  o r d e r .  If i t  were a  r e l a x a t i o n ,  t h e  a c t i v a t i o n  volume would have 
t o  be of t h e  magnitude of -1 L mol-l, and i t  s e e m  u n l i k e l y  t h a t  s o  much c o o p e r a t i v e  
motion can o c c u r  a t  s u c h  low t e m p e r a t u r e s  i n  s u c h  a  b r i t t l e  s o l i d .  

T h i s  t r a n s f o r m a t i o n  of a  c r y s t a l  t o  a n  amorphous s o l i d  a p p e a r s ,  t h e r e f o r e ,  t o  
be thermodynamica l ly  of f i r s t  o r d e r  and s o  seems t o  be e x a c t l y  a n a l o g o u s  t o  t h e  
m e l t i n g  of a  c r y s t a l  t o  i t s  f l u i d .  The p r i n c i p a l  d i f f e r e n c e  between t h e  phenomena 
d e s c r i b e d  h e r e  and m e l t i n g  seems t o  be t h a t  i n  t h e s e  e x p e r i m e n t s  t h e  m e l t i n g  o c c u r s  
below t h e  g l a s s  t r a n s i t i o n  of t h e  m e l t .  The o n l y  s i m p l e  e x p l a n a t i o n  of t h e  n a t u r e  
of t h e  t r a n s f o r m a t i o n  is t h a t  i t  o c c u r s  by an i n s t a b i l i t y  a t  t h e  s u r f a c e  of t h e  
c r y s t a l ,  which is t h e  u s u a l  mechanism of m e l t i n g .  The t r a n s f o r m a t i o n  is n o t  
e x p e r i m e n t a l l y  r e v e r s i b l e ,  a s  s e e n  i n  F ig .  1 ,  p r o b a b l y  because  n u c l e i  of t h e  c r y s t a l  
form much t o o  s l o w l y  a t  t h e s e  low t e m p e r a t u r e s .  



F u r t h e r  e x p e r i m e n t s  a r e  b e i n g  done t o  t e s t  t h e  n a t u r e  of t h e  t r a n s f o r m a t i o n  by 
m e a s u r i n g  t h e  e f f e c t  of r e p l a c i n g  hydrogen  by d e u t e r i u m  on t h e  t r a n s f o r m a t i o n  
p r e s s u r e ,  and  s i m i l a r  e x p e r i m e n t s  a r e  b e i n g  done on t h e  t r a n s f o r m a t i o n  of t h e  low- 
d e n s i t y  amorph t o  t h e  h i g h - d e n s i t y  phase.  

111. STRUCTURE OF THE AMORPHOUS PHASES BY RAMAN SPECTROSCOPY 

D i f f r a c t i o n  methods a r e ,  of c o u r s e ,  t h e  most g e n e r a l  f o r  d e t e r m i n i n g  t h e  
s t r u c t u r e  of s o l i d s .  However, t h e  most d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  of 
hydrogen-bonded p h a s e s  l i k e  i c e  can p r o b a b l y  be o b t a i n e d  from t h e  Raman s p e c t r u m  of 
t h e  uncoupled  0-H and 0 - D  o s c i l l a t o r s .  The f r e q u e n c i e s  of t h e s e  o s c i l l a t o r s  a r e  
p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  0--0 d i s t a n c e ,  and  a r e  much l e s s  s e n s i t i v e  t o  o t h e r  
s t r u c t u r a l  f a c t o r s ,  s u c h  a s  t h e  l i n e a r i t y  of t h e  0-D--0 bonds,  and t h e  s c a t t e r i n g  
i n t e n s i t y  d o e s  n o t  change g r e a t l y  w i t h  0--0 d i s t a n c e .  C o n s e q u e n t l y ,  t h e  Raman 
s p e c t r u m  of t h e  uncoupled  0-H and 0-D o s c i l l a t o r s  h a s  been u s e d  t o  d e t e r m i n e  t h e  
d i s t r i b u t i o n  of hydrogen-bonded 0--0 d i s t a n c e s  i n  t h e  h i g h - d e n s i t y  amorph and t h e  
p h a s e s  made by h e a t i n g  i t  c o n t r o l l a b l y  [ u n p u b l i s h e d ] .  

I n  o r d e r  t o  measure  t h e  Raman s p e c t r u m ,  c l e a r  s a m p l e s  of t h e  h i g h - d e n s i t y  
amorph embedded i n  s m a l l  c o p p e r  c h a n n e l s  were made i n  a  p i s t o n - c y l i n d e r  a p p a r a t u s  a t  
77 K and 1 6  k b a r .  Excess  i c e  was c l e a r e d  away and t h e  s u r f a c e s  of t h e  i c e  were  
p o l i s h e d .  The sample  was t h e n  mounted on t h e  t a i l  of a  D i s p l e x  c l o s e d - c y c l e  
r e f r i g e r a t o r  w i t h o u t  i t s  t e m p e r a t u r e  r i s i n g  above  77 K. The Raman s p e c t r u m  a t  -12 K 
was r e c o r d e d  of t h e  sample  a s  r e c o v e r e d  and a f t e r  h e a t i n g  i t  I n  t h e  D i s p l e x  t o  8 0 ,  
90,  . . . . , K f o r  5  min and c o o l i n g  i t  t o  12 K. R e p r e s e n t a t i v e  s p e c t r a  s o  o b t a i n e d  
a r e  p l o t t e d  i n  F i g .  2. The c o o l i n g  f rom 7 7  t o  1 2  K h a s  o n l y  a  s m a l l  e f f e c t  on t h e  
f r e q u e n c i e s  b e c a u s e  of t h e  t h i r d  law. 

The u n c o u p l e d  0-H and  0-D f r e q u e n c i e s  were c o n v e r t e d  t o  hydrogen-bonded 0--0 
d i s t a n c e s  by u s i n g  a  r e l a t i o n  between t h e  peak f r e q u e n c i e s  of t h e  uncoupled  0-H band 
and t h e  0--0 d i s t a n c e  t h a t  was o b t a i n e d  f rom t h e  i n f r a r e d  s p e c t r u m  of i c e  VII  a t  295 
K i n  t h e  r a n g e  20-185 k b a r  141.  T h i s  r e l a t i o n  was s c a l e d  t o  t h e  uncoupled  0-D 
f r e q u e n c y ,  and bo th  were  s c a l e d  t o  low t e m p e r a t u r e  t o  make them a g r e e  w i t h  t h e  peak  
Raman f r e q u e n c i e s  of t h e  uncoupled  0-H and 0-D bands of i c e  I 1  and IX. The f i n a l  
e q u a t  i ons a r e  

and 

2  uOD/cm-' = 2786.16 - 1015.2 e x p [ - ~ / ( 1 . 1 9 0  A ) ]  - 353 1 2 0  e x p [ - ( ~ 1 0 . 9 5 5  A) 1. ( 2 )  

The d i s t r i b u t i o n  of 0--0 d i s t a n c e s  i n  t h e  h i g h - d e n s i t y  amorph is r e p r o d u c e d  i n  
t h e  f i r s t  column of Pig. 3 ,  of t h e  low-dens i ty  amorph i n  t h e  s e c o n d ,  and of i c e  I c  
and  I h  i n  t h e  t h i r d .  The d i s t r i b u t i o n  i n  t h e  h i g h - d e n s i t y  amorph is v e r y  broad ,  . t h e  
most p r o b a b l e  d i s t a n c e  b e i n g  2.83 A and t h e  d i s t a n c e s  a t  h a l f  t h e  peak h e i g h t  b e i n g  
2.94 and  2.76 A ,  and t h e  d i s t r i b u t i o n  nar rows  s i g n i f i c a n t l y  when t h e  amorph is 
a n n e a l e d .  Setween 110 and  120 K,  t h e  i c e  t r a n s f o r m s  t o  t h e  low-dens i ty  amorph and 
t h e  d i s t r i b u t i o n  of d i s t a n c e s  n a r r o w s ,  and i t  na r rows  f u r t h e r  when t h e  sample  is 
h e a t e d  t o  1 5 0  K and  t r a n s f o r m s  t o  i c e  I c .  

The r e l a t i o n  between t h e  h i g h - d e n s i t y  amorph a t  77 K and t h e  l i q u i d  can  be 
e x p l o r e d  by comparing t h e  uncoupled  0-H a n d  0-D Raman f  requer lc ies  of t h e  l i q u i d  
u n d e r  p r e s s u r e  151 and of t h e  h i g h - d e n s i t y  amorph t h a t  h a s  been s c a l e d  t o  1 0  k b a r .  
The 0--0 d i s t a n c e  of t h e  amorph a t  z e r o  p r e s s u r e  was s c a l e d  t o  1 0  k b a r  by t h e  cube  
r o o t  of t h e  r a t i o  of d e n s i t i e s ,  and t h e  f r e q u e n c i e s  were c a l c u l a t e d  f rom Eq. ( 1 )  and 
( 2 ) .  They a r e  3236 and 2392 cm-l r e s p e c t i v e l y ,  which a r e  lower t h a n  t h e  f r e q u e n c i e s  
3380 and  2490 cm-1 r e s p e c t i v e l y  i n  t h e  l i q u i d  a t  298  K and  1 0  k b a r  (51 by 144 a n d  9 8  
cm-l The d i f f e r e n c e  is of t h e  magni tude  e x p e c t e d  f o r  t h e  d i f f e r e n c e  of t empera-  
t u r e ,  and s o  t h e  h i g h - d e n s i t y  amorph and t h e  l i q u i d  a p p e a r  t o  be c l o s e l y  r e l a t e d .  
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F i g .  3. D i s t r i  b u t t o n  of hydrogen-bonded 
0--0 d i s t a n c e s  i n  h i g h - d e n s i t y  amorphous 
i c e  a t  -12 K. The samples  were r e c o v e r e c  
a t  77 K and were h e a t e d  i n  s u c c e s s i o n  t o  
t h e  t e m p e r a t u r e s  a t t a c h e d  t o  t h e  c u r v e s  
and h e l d  t h e r e  f o r  5 min. 

kll! hda I d a  

F ig .  4. N e u t r o n r e i g h t e d  r a d i a l  d i s -  
t r i b u t i o n  f u n c t i o n  of h i g h - d e n s i t y  and 
low d e n s i t y  amorphous i c e ,  which a r e  
l a b e l l e d  hda and I d a  r e s p e c t i v e l y ,  a t  
17 K. 

hda s c a l e d  t o  1 0 . 5  k b a r  a t  
77 K 

9.8 k b a r  

F i g .  5. Neut ron-weighted  r a d i a l  d i s -  
t r i b u t i o n  f u n c t i o n  of h i g h d e n s i t y  
amorphous i c e  r e c o r d e d  a t  z e r o  p r e s -  
s u r e ,  a s  s c a l e d  a p p r o x i m a t e l y  t o  10 k b a r  
by d i v i d i n g  a l l  d i s t a n c e s  by t h e  cube 
r o o t  of t h e  r a t i o  of t h e  d e n s i t i e s  a t  
10 k b a r  and z e r o  p r e s s u r e .  The c u r v e ,  
which i s  t h e  s o l i d  l i n e ,  is compared 
w i t h  t h e  p a i r  c o r r e l a t i o n  f u n c t i o n  of 
D20 w a t e r  a t  321 K and 9.8 k b a r .  

IV. STRUCTURE OF THE AMORPHOUS PHASES BY NEUTRON DIFFRACTION 

The n e u t r o n - d i f f r a c t i o n  p a t t e r n  i n  t h e  range  0-12 A-1 of a  sample  t h a t  was 70 
mm i n  d i a m e t e r  and 1.5 mm t h i c k  and was h e l d  a t  17 K i n  a  D i s p l e x  c l o s e d - c y c l e  
r e f r i g e r a t o r  was measured w i t h  t h e  N5 s p e c t r o m e t e r  a t  t h e  NRU R e a c t o r  i n  Chalk R i v e r  
[ u n p u b l i s h e d j .  I t  was a d j u s t e d  t o  a l l o w  f o r  a b s o r p t i o n ,  m u l t i p l e  s c a t t e r i n g ,  and 
i n e l a s t i c  s c a t t e r i n g ,  and was r n u l t i p I i e d  by a  c o n s t a n t  f a c t o r  t o  c o n v e r t  t h e  
s c a t t e r i n g  a t  l a r g e  momentum t r a n s f e r  t o  t h e  v a l u e  p r e d i c t e d  f o r  randomly 
d i s t r i b u t e d  w a t e r  m o l e c u l e s ,  which i s  0.334. The r e s u l t i n g  c u r v e ,  which i s  t h e  
s t r u c t u r e  f a c t o r ,  was e x t r a p o l a t e d  smooth ly  th rough z e r o  a t  z e r o  momentum t r a n s f e r  
and was F o u r i e r  t r a n s f o r m e d  i n  t h e  u s u a l  way t o  o b t a i n  t h e  n e u t r o n r e i g h t e d  r a d i a l  
d i s t r i b u t i o n  f u n c t i o n .  The d i s t r i b u t i o n  f u n c t i o n  of t h e  h i g h - d e n s i t y  amorph, which 
i s  drawn a s  t h e  s o l i d  l i n e ,  is compared i n  F ig .  4 w i t h  t h a t  of t h e  low-densi ty 
amorph, which i s  drawn a s  t h e  dashed  l i n e .  The d e n s i t y  of t h e  low-dens i ty  amorph is 
0.94 g  cm-3 and i t  was made by h e a t i n g  t h e  h i g h - d e n s i t y  amorph t o  130 K [ 6 ] .  T h e r e  
is l i t t l e  resemblence  between them, e x c e p t  a t  low r a d i i .  I t  is, of c o u r s e ,  no t  
s u r p r i s i n g  because  t h e  d e n s i t i e s  d i f f e r  by 25%. The x-ray d i f f r a c t i o n  p a t t e r n s  of 
t h e  two p h a s e s  a r e  a l s o  q u i t e  d i f f e r e n t  [ 7 ] .  



It is more appropriate to compare the radial distribution functions of the 
liquid at 9.8 kbar and 321 K 181 with the radial distribution function of the 
high-density amorph at 17 K that has been scaled to the density at 10 kbar since the 
high-density amorph was prepared at 10 kbar. The scalfng was done by dividing the 
density by the cube root of the ratio of densities at 10 and 0 kbar and the two 
curves are plotted in Fig. 5. The curves are remarkably similar, except at low 
radii where the scaling is invalid, and they support the supposition that the 
high-density amorph is similar to what we would expect to obtain if we could rapidly 
quench the liquid to the glass at 10 kbar. 

In summary, the high-density amorph appears to be closely related in several 
ways to the (so far) hypothetical solid that would be obtained by quenching the 
liquid at 10 kbar fast enough. 
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COMMENTS 

S. KIRBY 

You might expect the 0-H...O bond angles to be more non-linear in the glassy high 
density amorphous phase compared to the liquid. Could this account for the small 
difference in Raaan frequencies for those two phases via the well-established effect 
of 0-H...O bond angle on the hydrogen-bond length versus 0-H frequency relation ? 
(one might expect the glass to have more bent 0-H...O bond angles than the liquid). 

Answer : 

We have neglected the effect of bending the hydrogen bond on the frequency because 
it is not well known and because it is even in the bending and so may be a second 
order effect. Small differences in frequency may be due to this effect, but ue do 
not know the structure of the high-density amorph well enough to tell. 

T. MATSUO 

The DTA peak is exothermic on the heating run, which means that the high density-low 
density change is irreversible. Is it possible to run the DTA reversibly between the 
two amorphous states ? 
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Answer : 

There is no evidence that the transformation from high-density to low-density amorph 
goes reversibly. The reason may be that the surface of the high-density amorph does 
not become unstable at the surface when the pressure is reduced and so there may be 
no mechanism at such low temperatures. 

J.M. WARMAN 

Could you comment on the similarities and/or differences between the high density or 
low density forms of ice and the structure of the glassy aqueous media formed on 
cooling of high concentration salt solutions (e.q. perchlorates). 

Answer : 

I regret I know little about such glassy materials. The water near the ions may be 
compressed by the electric field of the ions, and so may transform to a high-density 
glass. The density of the glass may tell about this. 

P. BOUTRON 

What are the densities of the high and low densities forms of amorphous ice ? 

Answer : 

The density of the low-density amorphous ice is about 0.94 g cm-3 at zero pressure 
and that of the high density amorph is 1.17 g cm-3. The high density amorph at 10 
kbar has a density of 1.31 g cm-3. 

W.F. KUHS 

From the different ways of preparation one could suspect that your high-density 
amorphous ice is not identical to the high-density amorphous ice produced 
(irreproducably ? )  by Rice et a1 . Can any thing be said about the similarities and 
differences of the two phases ? 

Answer : 

The high-density amorphous ice referred to by Dr. Kuhs was briefly reported by 
Venkatesh, Rice, and Narten in 1974l, was reported more fully by the same authors in 
1 9 7 6 ~ ~  and was withdrawn in the abstract of Ref. 3. 

1 G.C. Venkatesh, S.A. Rice and A.H. Narten, Science 186, 927-928 (1974). 

A.H. Narten, C.G. Venkatesh and S.A. Rice, J. Chem. Phys. 64, 1106 (1976). 

3 T.C. Sivakumar, S.A. Rice and M.C. Sceats, J. Chem. Phys. 3, 3468 (1978). 


