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Resume : La tendance former un v e r r e  au re f ro id i ssemen t  depuis 1  'ambiante 
jusqu'a t r e s  basse temperature e t  l a  s t a b i l i t e  de l ' e t a t  to ta lement  amorphe au 
rechauffement o n t  etC mesurees sur  des s o l u t i o n s  aqueuses de p o l y a l c o o l s  d 4  
carbones. Pour de mkmes concen t ra t i ons  en so lu tes ,  l e  1,3-butanediol  s t a b i l i s e  
l e  p l u s  l ' e t a t  v i t r e u x ,  presque auss i  b i e n  que l e  1,2-propanediol ,  l e  s o l u t e  
l e  p l u s  e f f i c a c e  connu j u s q u ' i c i .  Ceci p o u r r a i t  pe rme t t re  d o e t e n d r e  l a  g a m e  
des p r o d u i t s  d i spon ib les  pour l a  c r yop rese rva t i on  de c e l l u l e s  par  
v i t r i f i c a t i o n  t o t a l e .  La c i n e t i q u e  de c r i s t a l l i s a t i o n  de l a  g lace a  e t e  
comparee avec un modele t heo r i que  a l a  f o i s  au re f ro id i ssemen t  e t  au 
rechauffement, pour ces s o l u t i o n s  e t  des s o l u t i o n s  e tud iees  anter ieurement.  
L ' acco rd  e s t  t r e s  s a t i s f a i s a n t .  Le 1.2- e t  l e  1,4-butanediol  f a v o r i s e n t  de 
facon surprenante  l a  f o rma t i on  oe g lace cubique. 

Abs t rac t  : The g lass - fo rm ing  tendency on c o o l i n g  f r om room tepe ra tu re  t o  very  
l o w  temperatures and t h e  s t a b i l i t y  o f  t h e  w h o l l y  amorphous s t a t e  an rewarming 
have been measured on aqueous s o l u t i o n s  o f  4  carbons po l ya l coho l s .  Fo r  same 
s o l u t e s  concen t ra t i ons ,  1,3-butaf iediol  most f avou rs  t h e  v i t r e o u s  s ta te ,  a lmost 
as w e l l  P S  1.2-propanediol ,  t h e  most e f f i c i e n t  known t i l l  now. New s o l u t i o n s  
w i l l  be a v a i l a b l e  f o r  c r yop rese rva t i on  o f  c e l l s  by complete v i t r i f i c a t i o n .  The 
k i n e t i c s  o f  i c e  c r y s t a l l i z a t i o n  have been compared w i t h  a  t h e o r e t i c a l  model 
bo th  on c o o l i n g  and on rewarming, f o r  t h e  present  s o l u t i o n s  as w e l l  as f o r  
p r e v i o u s l y  s tud ied  so lu t i ons .  There i s  a  ve ry  good agreement. 1.2- and 1.4- 
Butaned io l  s u r p r i s i n g l y  f avou r  cub i c  i c e  c r y s t a l l i z a t i o n .  

I - INTRODUCTION 

The p resen t  s tudy i s  t h e  c o n t i n u a t i o n  o f  a  sys temat ic  i n v e s t i g a t i o n  of low 
t o x i c i t y  s o l u t e s  which most f avou r  t h e  complete v i t r e o u s  s t a t e  a t  low temperature i n  
t h e i r  aqueous s o l u t i o n s ,  even a t  low concen t ra t i on  (1 -9 ) .  The aim of t h e  s tudy i s  t o  
f i n d  t h e  most s u i t a b l e  so lu tes  f o r  c r yop rese rva t i on  o f  c e l l s ,  t i s s u e s  o r  organs o r  
l i v i n g  be ings by complete v i t r i f i c a t i o n  i n  l i q u i d  n i t r o g e n  ( 1 0 ) .  I n  t he  presence o f  
a d d i t i v e s  c a l l e d  c r yop ro tec tan ts ,  t he re  are  two ways o f  p rese rv ing  c e l l s  w i t h o u t  
damage. I n  t h e  f i r s t  case, t hey  a r e  surrounded w i t h  i c e .  On c o o l i n g  pure i c e  f i r s t  
c r y s t a l l i z e s  o u t s i d e  t h e  c e l l s .  Water i s  then a t t r a c t e d  o u t s i d e  by  osmot ic pressure.  
A t  an optimum c o o l i n g  r a t e ,  c e l l s  may s u r v i v e  : t h e  shr inkage i s  s u f f i c i e n t  t o  avo id  
i n t r a c e l l u l a r  i c e  c r y s t a l l i z a t i o n  b u t  i s  n o t  y e t  damaging i n  i t s e l f  (11-13) .  A  g rea t  
v a r i e t y  o f  i s o l a t e d  c e l l s ,  i n c l u d i n g  r e d  b lood c e l l s ,  lymphocytes, f i b r o b l a s t s ,  
svrmatozoa,  e tc . .  . have been s u c c e s s f u l l y  f rozen a t  t h e  optimum c o o l i n g  r a t e  ( 1 4 ) .  
l iavever, i t  has n o t  y e t  been p o s s i b l e  t i l l  now t o  f r e e z e  t h e  major organs such as 
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t h e  hear t ,  t h e  k idneys,  etc. . .  o f  rnan and l a r g e  mainmals b y  t h i s  method. The problem 
i s  t h a t  t h e  i n t e r i o r  o f  t h e  organ i s  coo led more s l o w l y  t han  t h e  surface, and t h a t  
an organ may be c o n s t i t u t e d  o f  severa l  k i n d s  o f  c e l l s  which r e q u i r e  d i f f e r e n t  
optimum c o o l i n g  r a t e s .  The second way t o  preserve c e l l s  o r  organs i s  t o  avo id  any 
i c e  c r y s t a l l i z a ~ i o n  even o u t s i d e  t h e  c e l l s  and o b t a i n  a  comple te ly  v i t r e o u s  s t a t e .  
Unfor tunate ly  with t h e  commonly used c r y o p r o t e c t a n t s  such as g l y c e r o l  o r  d ime thy l -  
su l fox ide,  t h i s  r e q u i r e s  t o o  l a r g e  so lu tes  concen t ra t i ons  which a r e  t o x i c ,  o r  t o o  
f a s t  c o o l i n g  r a t e s ,  which cannot be reached f o r  l a r g e  samples. 

That i s  why a sys temat ic  i n v e s t i g a t i o n  o f  o t h e r  p o s s i b l e  c r yop ro tec tan ts  has 
been done. Po l ya l coho l s  have been f i r s t  s t u d i e d  because they  are  g e n e r a l l y  o f  low 
t o x i c i t y  and s t r o n g l y  d i s t u r b  t h e  o r g a n i z a t i o n  o f  water  molecules by t h e i r  hydrogen 
bonds. There fore ,  . f i r s t ,  aqueous s o l u t i o n s  c o n t a i n i n g  po l ya l coho l s  w i t h  2  o r  3  
carbons o r  one o f  these po l ya l coho l s  and one monoalcohol have been s t u d i e d  (1 -9 ) .  
I t  was found t h a t  among t h e  b i n a r y  systems water -po lya lcoho l ,  f o r  same water  
contents ,  t h e  g l  ass-forming tendency on c o o l i n g  and t h e  s t a b i l i t y  o f  t h e  whol l y  
amorphous s t a t e  on rewarming was t h e  h i g h e s t  w i t h  1,2-propanediol (1,5) and t h a t  t h e  
s t a b i l i t y  o f  t h e  amorphous s t a t e  was s t i l l  h i g h e r  i n  t h e  t e r n a r y  system water-1,2- 
propaned io l -1  -propano1 w i t h  15 % 1 -propano l / (  l,2-propanediol+l-propanol ) (1,8).  

t lore r e c e n t l y ,  t h e  aqueous s o l u t i o n s  o f  t h e  l i n e a r  po l ya l coho l s  w i t h  4 carbons 
have been i n v e s t i g a t e d  ( 9 ) .  The numerous exper imenta l  da ta  concern ing these so lu -  
t i o n s  and t h e  p r e v i o u s l y  s t u d i e d  ones have been compared w i t h  a  semi -empi r ica l  
t heo ry  o f  t h e  k i n e t i c s  o f  i c e  c r y s t a l l i z a t i o n  on c o o l i n g  o r  on rewarming (15) .  The 
main r e s u l t s  o f  t hese  s tud ies  a r e  presented here .  Fo r  d e t a i l s ,  j u s t i f i c a t i o n  o f  t h e  
na tu re  o f  t h e  phases observed and o f  equat ions,  see r e f  ( 9 )  and (15) .  

I 1  - MEASUREMENTS 

As u s u a l l y ,  t h e  phase t r a n s i t i o n s  were observed on c o o l i n g  o r  on rewarming 
g e n e r a l l y  between -153°C and a  temperature above t h e  end o f  m e l t i n g  u s i n g  a  Pe rk in -  
Elmer DSC-2 c a l o r i m e t e r  a t  programmed r a t e s  v a r y i n g  f r o m  2.5 t o  about 300°C/min. The 
s t a t e s  between t h e  t r a n s i t i o n s  were observed by X-ray d i f f r a c t i o n .  

I 1 1  - NATURE OF THE PHASES OBSERVED WITH 4 CARBONS POLYALCOHOLS AQUEOUS SOLUTIONS 

A. Systems w i t h  o r  w i t h o u t  h y d r a t e  
With 1,3-butanediol ,  1,2,3- o r  1 ,2 ,4-butanet r io l ,  o n l y  i c e  c o u l d  be observed 

on c o o l i n g  o r  on rewarming. Wi th  45 % (w/w) o f  any o f  these so lu tes ,  t h e  s o l u t i o n s  
are  w h o l l y  amorphous a f t e r  c o o l i n g  a t  t h e  f a s t e s t  r a t e s  (F ig .  4) ; t h e  s o l u t i o n  i s  
mos t l y  amorphous w i t h  35 % (w/w) 1,3-butanediol .  On rewarming these s o l u t i o n s  a f t e r  
quenching, t h a t  i s  a f t e r  c o o l i n g  a t  t h e  f a s t e s t  r a t e  a v a i l a b l e  o f  about 30O0C/min on 
t h e  DSC-2, o n l y  t h e  g l a s s  t r a n s i t i o n ,  t h e  d e v i t r i f i c a t i o n  o f  i c e  ( c r y s t a l l i z a t i o n  on 
rewarming) and t h e  i c e  m e l t i n g  a r e  observed (F ig .  1  ). Wi th  35 % (w/w) 1,2,3- o r  
l , 2 ,4 -bu tane t r i o l ,  a f t e r  c o o l i n g  a t  any r a t e ,  o r  w i t h  t h e  o t h e r  above s o l u t i o n s  
a f t e r  c o o l i n g  s l o w l y  enough t o  a l l o w  i c e  c r y s t a l l i z a t i o n  on coo l i ng ,  o n l y  t h e  g l a s s  
t r a n s i t i o n  o f  an amorphous r e s i d u e  and t h e  i c e  m e l t i n g  peak a re  observed on rewar-  
ming. I t  was conf i rmed by  X-ray d i f f r a c t i o n  t h a t  i c e  i s  f i r s t  c u b i c  ( 1 b ) t h e n h e x a -  
gonal as 1,3-butanediol  s o l u t i o n s  a r e  rewarmed f rom t h e  w h o l l y  v i t r e o v s  s t a t e ,  as 
f o r  p r e v i o u s l y  s t u d i e d  s o l u t i o n s  (1-9) .  

Hydrates have been observed w i t h  1,2-, 1,4- and 2,3-butanediol  ( 9 )  (F ig .  1  ) .  
With 35 o r  45 % 1,2- o r  1,4-butanediol ,  o n l y  i c e  c r y s t a l l i z e s  on coo l i ng .  Hydrate 
c r y s t a l l i z e s  o n l y  on rewarming (F ig .  1 ) .  Wi th  35 o r  45 % 1,2-butanediol, o n l y  
ephemeral hyd ra te  c r y s t a l l i z a t i o n  i s  observed : hyd ra te  m e l t s  as soon as i t  has 
formed (F ig .  1 ) .  The incongruent  m e l t i n g  o f  t h e  hyd ra te  o f  I ,$ -butaned io l  occurs  a t  
-3Z°C. A t  warming r a t e s  h ighe r  t h a n  20°C/min, t h e  hyd ra te  has n o t  enough t i m e  t o  
c r y s t a l l i z e .  Wi th  45 % o f  t h i s  so lu te ,  on rewarming a f t e r  f a s t  coo l i ng ,  where t h e  
s o l u t i o n  remained whol l y  amorphous (F ig .  41, i c e  a l s o  c r y s t a l l i z e s  on rewarming, a t  
a  s e n s i b l y  lower temperature than t h e  hyd ra te  (F ig .  1 ) .  With 35 o r  45 % 2,3- 
butaned io l ,  i c e  and hyd ra te  c r y s t a l l i z e  s imul taneous ly  e i t h e r  on c o o l i n g  (F ig .  3  and 
4 )  o r ,  if c o o l i n g  was t o o  f a s t ,  on rewarming (F ig .  1 ) .  The hyd ra te  m e l t s  a t  about 
12-13°C f o r  35 o r  45 % so lu te .  

Supplemented phase diagrams showing t h e  phases observed on rewarming a f t e r  
quenching a r e  g i v e n  f o r  1,3- and 2,3-butanediol s o l u t i o n s  i n  Ref. ( 9 ) .  



d C - 
Fig.  1 : Warming thermograms a t  low warming & 2 - 1 3 ~ k ~ ~ d d  r a t e s  a f t e r  quenching f o r  aqueous s o l u t i o n s  w i t h  
45 % (w/w) bu taned io l .  Peaks ID and IM 
correspond t o  i c e  d e v i t r i f i c a t i o n  and me l t i ng ,  
HD and HM t o  hyd ra te  d e v i t r i f i c a t i o n  and m e l t i n g  
and IHD t o  d e v i t r i f i c a t i o n  o f  bo th  i c e  and 
hydra te .  G i s  a g lass  t r a n s i t i o n .  Peaks D and M 
may correspond t o  hyd ra te  d e v i t r i f i c a t i o n  and 
m e l t i n g  f o r  t h e  1,2-butanediol  s o l u t i o n  ; f o r  
t h a t  w i t h  2,3-butanediol ,  t h e  i c e  disappears as 

(,t,.Butandd t he  peak M i s  crossed. The warming r a t e  i s  
2.5"C/min except f o r  t he  s o l u t i o n  w i t h  45 Z 
2,3-butanediol  where i t  i s  10°C/min. dC/dt i s  

* the  d e r i v a t i v e  o f  t h e  s p e c i f i c  heat  vs t h e  t ime 
; i t s  sca le  i s  n o t  represented. 

B. 1,2- and 1.4-butanediol  f avou r  c u b i c  i c e - g i g a n t i c  g l a s s  t r a n s i t i o n  w i t h  
1,2-butanediol  

When a 35 % 1,2-butanediol  s o l u t i o n  i s  coo led  i c e  c r y s t a l l i z e d  i s  cub i c  a t  a 
c o o l i n g  r a t e  o f  more than 4O0C/min, cub ic  and hexagonal between 10 and 4O0C/min, 
hexagonal below 10°C/min ( 9 ) .  Th is  i s  t h e  f i r s t  t ime  t h a t  we have observed cub i c  i c e  
c r y s t a l l i z a t i o n  on c o o l i n g .  I n  t h e  o the r  s o l u t i o n s  w i t h  po l ya l coho l s  o r  
d ime thy l su l f ox ide ,  cub i c  i c e  was always observed o n l y  on rewarming f rom t h e  who l l y  
amorphous s t a t e .  With 45 % 1.2-butanediol ,  t he  s o l u t i o n  remains who l l y  amorphous on 
c o o l i n g  a t  20°C/min o r  more and cub i c  i c e  c r y s t a l l i z e s  on rewarming ; hexagonal i c e  
c r y s t a l l i z e s  on c o o l i n g  a t  2.5OC/min. I n  t h e  p r e v i o u s l y  s t u d i e d  s o l u t i o n s ,  i t  was 
observed (10 )  t h a t  t h e  k i n e t i c s  o f  t h e  t r a n s i t i o n  f r om cub i c  i n t o  hexagonal i c e  was 
very  s i m i l a r  t o  t h a t  i n  pure  water ( 9 )  (F ig .  2 ) .  I t  i s  a l i t t l e  s lower on rewarming 
a 35 % 1,2-butanediol  s o l u t i o n  (F ig .  2 ) .  

F i g .  2 : S t r u c t u r e  observed by 
X-ray d i f f r a c t i o n  o f  t h e  i c e  f o r -  
med on rewarming w h o l l y  amorphous 
aqueous s o l u t i o n s  ; comparison 

104 w i t h  the  case o f  pure wa te r  
100 ( 1 6 ) : h e x a g o n a l i c e ( ~ ) , c u b i c  

o r  c u b i c  and a few hexaqonal i c e  
( ), cub i c  and hexagonal i c e  

20 ( (1. Abscissa : app rox ima t i ve  
14. 2 temperature d u r i n g  the  photos ; 

o r d i n a t e  : d u r a t i o n  o f  t h e  photos.  
14. - 5 L ines  x=0.1, ~ ~ 0 . 5  and x= 1 c o r -  

e 

- 2 respond t o  t he  donvers ion of  10, 
50 and 100% o f  c u b i c  i n t o  hexa- 

- 1 gonal i c e  i n  pure  wa te r  ( 1 0 ) .  The 
f numbers f rom 1 t o  8 correspond t o  

s o l u t i o n s  w i t h  a l coho l s  w i t h  2 
o r  3 carbons o r  d i m e t h y l s u l f o x i d e  
(see r e f .  10 f o r  t he  d e t a i l e d  - enumera t~on  o f  these s o l u t i o n s )  . 
Numbers 12, 13 and 14 correspond 
r e s p e c t i v e l y  t o  aqueous s o l u t i o n s  
w i t h  35 % (w/w) 1.2-butanediol ,  

-120 -100-90 -80 -70 -60-50 4 0  T F C  ) 40 % (w/w) 1,3-butanediol  and 
45 % (w/w) 1 ,4-butaned io l .  F i l l e d  

cubes and hexagons a r e  used f o r  these t h r e e  s o l u t i o n s  f o r  a b e t t e r  v i s u a l ~ z a t i o n .  
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Hexagonal i c e  c r y s t a l l i z e s  on c o o l i n g  a  35 % 1,4-butanediol  s o l u t i o n .  Wi th  45 
% of t h i s  solute,when i c e  c r y s t a l l i z e s  on coo l i ng ,  i t  i s  cub i c  even a t  a  c o o l i n g  
r a t e  as low as 10°C/min. On rewarming, a f t e r  more than  15 hours a t  - 50°C, i c e  i s  
s t i l l  m a i n l y  cub ic ,  w h i l e  t h e  t r a n s i t i o n  occurs i n  about 2  min  w i t h  t h e  o t h e r  
so lu tes  a t  - 50°C ! (F ig .2) .  

On c o o l i n g  a t  20°C/min o r  more a  45 % 1,2-butanediol  s o l u t i o n ,  i t  remains 
who l l y  amorphous. A g i g a n t i c  g l a s s  t r a n s i t i o n  i s  observed i n  c a l o r i m e t r y  on coo l i ng ,  
o r  on rewarming a t  40°C/min o r  more ( 9 )  ( a t  lower warming r a t e s ,  t h e  c r y s t a l l i z a t i o n  
and me1 t i n g  o f  t h e  hyd ra te  i s  superimposed t o  t h a t  t r a n s i t i o n ) .  It has a  peak l i k e  
shape and i t s  s i z e  i s  comparable t o  t h a t  o f  t h e  i c e  m e l t i n g  peak ! ( 9 )  . It i s  s t i l l  
sens ib l y  h ighe r  t han  t h e  a l ready  l a r g e  g lass  t r a n s i t i o n  observed w i t h  45 % 1,2- 
propaned io l  ( 5 ) .  

I V  - QUANTITY OF ICE CRYSTALLIZED ON COOLING POLYALCOHOL SOLUTIONS, GLASS FORMING 
NCY, C- 

A. Exper imenta l  r e s u l t s  . 
Experimental  heats  o f  s o l i d i f i c a t i o n  versus c o o l i n g  r a t e  v  a r e  g i v e n  i n  F i g .  3  

f o r  aqueous s o l u t i o n s  w i t h  35 % o f  va r i ous  3  o r  4 carbons po l ya l coho l s  and F i g .  4  
f o r  aqueous s o l u t i o n s  w i t h  45 % s o l u t e s  accord ing t o  d a t a  g i ven  i n  r e f .  (1-9, 17) .  
1,2- bu taned io l  i s  n o t  represented on F ig .  4.  Wi th  45 % o f  t h i s  s o l u t e  q = 0  f o r  v  = 

20 o r  more "C/min, q  = 20.6 f o r  v = 2.5 "C/min and c o u l d  n o t  be determined f o r  v  = 5  
and 10 OC/min s i n c e  t h e  c r y s t a l l i z a t i o n  peak ove r l ap  w i t h  t h e  g l a s s  t r a n s i t i o n .  

F i g .  3 : V a r i a t i o n  w i t h  
c o o l i n g  r a t e  o f  t h e  hea t  
o f  c r y s t a l l i z a t i o n  q  f o r  
aqueous s o l u t i o n s  w i t h  35 
% (w /w)  a l coho l .  It i s  
hexagonal i c e  which c r y s -  

,x, t a l l i z e s  except f o r  t h e  
1,2-butanediol  s o l u t i o n  
where cub i c  o r  hexagonal 

1,2.3-BUTANETRIOL 1 ~ 1  i c e  o r  bo th  c r y s t a l  1  i ze 
depending on c o o l i n g  r a t e  
(see t e x t )  and t h e  two 
s o l u t i o n s  w i t h  2,3 butane- 
d i o l  where i c e  and hyd ra te  
c r y s t a l l i z e  s imultaneous- 

t2-BuTANEolo~ 0 l y .  The heats  o f  s o l i d i -  
10 - f i c a t i o n  a r e  represented 

by t h e  mumbers q  o f  grams 
o f  i c e  whose s o l  i d i f i -  

14% 2.3-BUTANEDIOL 1.3-BUTANEDIOL I$( c a t i o n  a t  0°C would li- 
b e r a t e  t h e  same amount o f  
hea t  as t h a t  f r om 100 g  of 
s o l u t i o n  on c r o s s i n g  t h e  

COOLING RATE ("C/min ) cor respond ing peaks (Ref. 
8, p  554)  ; q  i s  c l o s e  t o  

t h e  r e a l  q u a n t i t y  o f  i c e  c r y s t a l l i z e d  (17)  i n  % (w/w) o f  t h e  s o l u t i o n  when i t  i s  i c e  
which c r y s t a l l i z e s .  I s o l a t e d  p o i n t s  : exper imenta l  p o i n t s ,  cont inuous 1  i n e s  : 
t h e o r e t i c a l  curves, --- : exper imenta l  cu rve  ob ta ined  by  i n t e r p o l a t i o n .  

The sma l l e r  t h e  c o o l i n g  r a t e s  when t h e  q u a n t i t y  o f  i c e  decreases then reaches 
zero, t h e  h i g h e r  i s  t h e  g lass - fo rm ing  tendency o f  t h e  s o l u t i o n .  Fo r  a  g i v e n  so lu te ,  
t h e  g lass - fo rm ing  tendency increases r a p i d l y  w i t h  t h e  concen t ra t i on .  F i g .  3  and 4 
a l l o w  t o  c l a s s i f y  t h e  s o l u t e s  accord ing t o  t h e i r  g l ass - fo rm ing  tendency. Among t h e  
s o l u t i o n s  where o n l y  i c e  c r y s t a l l i z e s ,  w i t h  35 % s o l u t e  t h e  1,2-propanediol 
s o l u t i o n  i s  t h e  most e f f i c i e n t  f o l l o w e d  by t h a t  w i t h  1,3-butanediol ,  and 1,2; 
bu taned io l  which has a  p a r t i c u l a r  behaviour,  w h i l e  w i t h  45 % so lu te ,  1,3-butanediol  
i s  t h e  f i r s t  f o l l o w e d  by 1,2-propanediol. The who11 amorphous s t a t e  i s  p a r t i c u -  
l a r l y  easy t o  o b t a i n  w i t h  35 % 2 ,3-butaned~ol ,  i u t  l a r g e  q u a n t ~ t ~ e s  o f  i c e  and 
hyd ra te  c r y s t a l l i z e  on slow c o o l i n g  o r  on rewarming . T h i s  disadvantage can be 



Fig. 4 : Var ia t ion  w i t h  
cool ing r a t e  o f  t h e  
heat o f  c r y s t a l l i z a t i o n  
q f o r  aqueous solu- 
t i o n s  w i t h  45 % (w/w) 
alcohol.  I t i s  hexa- 30 
gonal i c e  which crys-  
t a l l  izes except w i t h  
1,4-butanediol where i t  
i s  cubic i c e  and w i t h  
2,3-butanediol where 20 
i c e  and hydrate crys-  
t a l l i z e  simultaneously. 

l.3-PROPLHEDIOL I WI 

The same comments h o l d  ETHYLENE GLYCOL 
as f o r  F ig .  3  

12-PROPANEDIOL IX 

- 
COOLING RATE (OC/min ) 

p a r t i a l l y  suppressed by using ternary systems w i t h  both 1,2-propanediol and i,3- 
butanediol  w i t h  s t i l l  h igher  glass-forming tencencies (Fig.3).  

8. Comparison w i t h  theory 

Four semi-empirical models have been compared w i t h  experiment (15). Only one o f  
them, c a l l e d  the  f o u r t h  model o r  "spher ica l  c r y s t a l s  w i t h  an l - x  term" model f i t s  
the experiments (15). I n  t h i s  model, the r a t i o  x  o f  the  t o t a l  q u a n t i t y  o f  i c e  
c r y s t a l l i z e d  on coo l ing  t o  the  maximum c r y s t a l l i z a b l e  i c e  ( 0  < x < 1) i s  r e l a t e d  t o  
the cool ing r a t e  v  by (15) : 

- Loge (1  -x''~) + 4 Loge ( 1+x1"+x") + fi Arctg 6 x l n  

where k4 i s  a  constant.  
( + .1/3) '= 

The theore t i ca l  curves on F igs  3 and 4 have been ca lcu la ted  i n  the f o u r t h  model 

using Eq. [I] assuming, i n  a f i r s t  approximation, t h a t  x  = q/q,,,, where q i s  the  ...-.. 
heat o f  s o l i d i f i c a t i o n  and qmax i t s  maximum value. The on ly  ad justable parameter k4  

has been chosen t o  f i t  t o  one o f  the  experimental po ints .  The agreement between 
theory and experiment i n  very good no t  on ly  fo r  t h e  so lut ions where hexagonal i c e  
c r y s t a l l i z e s ,  bu t  a lso  fo r  those o f  2,3-butanediol where both i c e  and hydrate crys-  
t a l l i z e .  Experiment i s  i n  disagreement w i t h  theory f o r  the  1,2-butanediol so lu t ion .  
This i s  normal since cubic o r  hexagonal i c e  c r y s t a l l i z e s  according t o  coo l ing  ra te .  
The agreement i s  poor f o r  t h e  35 % 1,3-butanediol so lut ion,  where a lso  the d isper-  
s ion o f  t h e  experimental po in ts  i s  large.  Indeed t h e  experiments have been repeated 
several t imes a lso f o r  a l l  the  other  so lut ions bu t  the  dispersions are very 
small.0ne notes t h a t  agreement between experiment and theory i s  less good a t  "160" 
and "320""C/mi n programmed cool i n g  rates.  This i s no t  su rp r i s ing  since the  r e a l  
cool ing r a t e s  are smaller.  

Theoret ical c r y s t a l l i z a t i o n  peaks on coo l ing  have been ca lcu la ted  i n  the  f o u r t h  
model f o r  a  35 1 1,2-propanediol and f o r  a  50 % g lycero l  (15) aqueous so lut ion.  
The theore t i ca l  peaks are very s i m i l a r  t o  the experimental ones (15) .  ko can be 

considered as c a r a c t e r i s t i c  o f  t h e  glass-forming tendency. : the  smaller i s  k4, the  

la rger  i s  the  glass-forming tendency. Values o f  k4 and o f  o ther  constants ki are 

given i n  Refs (71, (9) and (15). 
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V - CRYSTALLIZATION ON REWARMING AND STABILITY OF THE WHOLLY AMORPHOUS STATE 

F ig .  5 : Comparison o f  t h e  v a r i a t i o n  o f  Tm-Td w i t h  t h e  warming r a t e  a f t e r  

quenching f o r  d i f f e r e n t s  s o l u t i o n s  w i t h o u t  
hyd ra te  w i t h  45 % (w/w) s o l u t e .  A : 

90 a lcoho l  w i t h  two carbons . a : a l coho l  
w i t h  t h r e e  carbons ; x : a l coho l  w i t h  

f;T:f~la,l,,d four  carbons ; : d imethy l  su fox ide.  

1 ELhllrn Glycol 

For  t h e  aqueous s o l u t i o n s  o f  4 
carbons po l ya l coho l s  (9 )  as w e l l  as f o r  

O M S 0  iY.* SO) 
t h e  p r e v i o u s l y  s t u d i e d  s o l u t i o n s  ( 1  -81, 
t h e  temperature  Td cor respond ing t o  t h e  

\ x  maximum o f  i c e  c r y s t a l l i z a t i o n  v e l o c i t y  
'c ,3-BUL""d'01 d u r i n g  d e v i t r i f i c a t i o n  v a r i e s  l i n e a r l y  

w i t h  l o g  v, i n  agreement w i t h  t h e o r y  ( 2 )  
(except,  as expected, when T, i s  v e r y  

I 8 I a I rate- c l o s e  t o  t h e  temperature im ofuthe  end o f  
2 5  5 10 20 U )  80 ( . c , m i n )  

m e l t i n g ) .  On F i g .  5 i s  represented t h e  
v a r i a t i o n  o f  t h e  d i f f e r e n c e  Tm-Td f o r  aqueous s o l u t i o n s  w i t h  45 % s o l u t e s  where no 

. - 

hydra te  i s  observed i n  ou r  exper iments and f o r  t h e  45 % 1,2 bu taned io l  s o l u t i o n s  
s ince hyd ra te  c r y s t a l l i z a t i o n  has n o t  enough t i m e  t o  occur  on rewarming a t  40 OC/min 
o r  more (1 -9 ) .  C r i t i c a l  warming r a t e s  v,, above which c r y s t a l l i z a t i o n  has no more 

enough t i m e  t o  occur  on rewarming have been c a l c u l a t e d  f r o m  t h e  v a r i a t i o n s  o f  Tm-Td 

w i t h  v ( 9 ) .  By convent ion ,  t h e  sma l l o r  i s  v t h e  l a r g e r  i s  t h e  s t a b i l i t y  o f  t h e  c r '  
amorphous s t a t e  ( 1 - 9 ) .  By comparison w i t h  ~ i ~ .  3 and 4 one sees t h a t  t h e  o rde r  o f  
t h e  s o l u t e s  i s  a lmost  t h e  same on c o o l i n g  o r  on rewarming. I n  a l l  cases, 1,2- 
propaned io l ,  1,3- bu taned io l  and 1,2-butanediol  a re  t h e  t h r e e  most e f f i c i e n t  
so lu tes .  

On rewarming a l so ,  t h e  exper imenta l  c r y s t a l l i z a t i o n  peaks have been compared 
w i t h  t h e o r y  (15 ) .  I n  t h e  f o u r t h  model, t h e  t h e o r e t i c a l  peaks a r e  ve ry  s i m i l a r  t o  t h e  
exper imenta l  ones. Yet t h e  i n d i v i d u a l  v a r i a t i o n s  f r o m  one s o l u t i o n  t o  another a r e  
n o t  t h e  same. Values o f  ki on rewarming a re  g i ven  Ref (7,  9, 15).  

V I  - CONCLUSION 

There a r e  t h r e e  conc lus ions.  two o f  i n t e r e s t  t o  ~ h v s i c i s t s  and one t o  . - 
b i o l o g i s t s .  

1,2- and 1,4- bu taned io l  s t a b i l i z e  cub i c  i c e  i n  t h e i r  aqueous s o l u t i o n s ,  w h i l e  
w i t h  most po l ya l coho l  s o l u t i o n s  t h e  k i n e t i c s  o f  t h e  t r a n s i t i o n  f r o m  cub i c  i n t o  
hexagonal i c e  i s  t h e  same as i n  pure  water.  From t h e  behav ior  o f  these l a s t  
s o l u t i o n s  i t  was suggested (10)  t h a t  hexagonal i c e  c r y s t a l s  would be formed by a 
r e o r g a n i s a t i o n  o f  t h e  s t r u c t u r e  o f  p r e e x i s t i n g  c u b i c  i c e .  S t a b i l i z a t i o n  o f  cub i c  i c e  
by 1,2- o r  1,4- bu taned io l  may be due f o r  i n s t a n c e  t o  change o f  i n t e r f a c i a l  
energies.  Takahashi ( 18 )  suggested t h a t  i n  pure  water  c u b i c  i c e  c r y s t a l s  cannot 

exceed 2.4x10-~cm. It i s  perhaps i n e x a c t  w i t h  t hese  s o l u t i o n s .  When c u b i c  i c e  was 
observed on c o o l i n g  t h e  X-ray d i f f r a c t i o n  l i n e s  were s p l i t  i n t o  v i s i b l e  p o i n t s ,  
which was n o t  t h e  case i n  t h e  o t h e r  exper iments.  T h i s  suggests t h a t  t h e  c r y s t a l s  
were l a r g e r  t han  usua l .  It would be t h e r e f o r e  i n t e r e s t i n g  t o  use such s o l u t i o n s  t o  
t r y  t o  grow l a r g e  c u b i c  i c e  c r y s t a l s .  

The p resen t  t h e o r y  of i c e  c r y s t a l l i z a t i o n  i n  s o l u t i o n s  has been c a r r i e d  out. 
assuming t h a t  t h e  speed of advance U o f  a c r y s t a l  edge i s  cons tan t  a t  cons tan t  
temperature and v a r i e s  i n  an Ar rhen ian manner w i t h  temperature.  Though, i n  
so lu t i ons ,  a d i f f u s i o n  c o n t r o l l e d  growth where U depends on t i m e  i s  g e n e r a l l y  



assumed (19) .  It would be i n t e r e s t i n g  t o  understand why t h i s  simple model agrees so 
we l l  w i t h  experiment and t o  observe c r y s t a l l i z a t i o n  k i n e t i c s  i n  a cryomicroscope on 
rewarming a t  a constant ra te .  I n  any case, t h i s  model i s  very convenient t o  rep lace 
numerous experimental data by ana ly t i ca l  expressions more s u i t a b l e  f o r  theore t i ca l  
appl icat ions both i n  physics and i n  cryobiology. To know the  var ia t ions  o f  the 
constants ki w i t h  t h e  solutes and t h e i r  concentrat ions cou ld  have fundamental 
i n t e r e s t .  

Together w i t h  1,2-propanedio.1, 1,3-butanediol w i t h  an almost as h igh glass- 
forming tendency and s t a b i l i t y  o f  t h e  amorphous s ta te ,  2,3- butanediol  w i t h  i t s  h igh  
glass-forming tendency and 1 $2-butanediol which favours both cubic  i c e  and glass 
have i n t e r e s t i n g  physical proper t ies f o r  cryopreservat ion o f  c e l l s  by t o t a l  
v i t r i f i c a t i o n .  
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hydra tes  with  our  photos of  powder spectrums observed by X-ray d i f f r a c t i o n .  But we 
t h i n k  t h a t  it would be very i n t e r e s t i n g  i f  anyone could determine t h e  s t r u c t u r e  of  
polyabutol  hydrates  doing more e f f i c i e n t  X-ray experiments. 

W.F. KUHS 

Do you have an i d e a  what t h e  (atomic s c a l e )  mechanism is, by which 1.2 (1.4) 
butanediol  i n h i b i t s  t h e  growth o f  hexagonal i c e  c r y s t a l s  ? 

Answer : 

With t h e  o t h e r  a l c o h o l s ,  ' t he  k i n e t i c s  o f  t h e  t r a n s f o r m a t i o n  from c u b i c  i n t o  
hexagonal ice is t h e  same than with  pure water.  It sugges t s  t h a t  hexagonal i c e  
c r y s t a l s  nuc lea te  on cubic  i c e  f a c e s  r a t h e r  than i n  t h e  so lu t ion .  Then f o r  t h e  
except ions  observed with  1.2 o r  1.4 butanediol  are very su rpr i s ing .  Perhaps a h igher  
i n t e r f a c i a l  energy between t h e  s o l u t i o n  cond i t ion  hexagonal i c e  n u c l e i  would slow 
hexagonal i c e  c r y s t a l l i z a t i o n .  


