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HIGH-PRESSURF: DIFFEFSNTIAL SCANNING CALORI- 

METRY INVESTIGATIONS AT LOW TEMPERATURES: 

SOLID-SOLID PHASE TRANSFORMATIONS O F  THE 

MOLECULAR CRYSTAL T-BUTYL CHLORIDE U P  TO 

1 750 BAR 

(Submictted for Publication December 28,  1981) 

U .  WENZEL and G.M. SCHNEIDER 

Department o f  Chemistry,  P h y s i c a l  Chemistry 

Labora to ry ,  U n i v e r s i t y  of Bochum, Bochum, FRG 

ABSTRACT W i t h  a h igh -p res su re  low-tempera- 
t u r e  d i f f e r e n t i a l  scanning  calor imeter  (d . s .c .1  
developed by Arn tz ,  measurements w e r e  p e r f o r -  

med on t h e  molecu la r  c r y s t a l  t - b u t y l  c h l o r i d e  

(2-chloro-2-methyl-propane) i n  t h e  t empera tu re  

range  from abou t  165 K t o  260  K a t  normal and 

h igh  p r e s s u r e s  up t o  1750 b a r ;  so f a r ,  h igh  
p r e s s u r e  i n v e s t i g a t i o n s  on t h i s  subs t ance  are 
unknown. A t  normal p r e s s u r e ,  t w o  s o l i d - s o l i d  
phase  t r a n s i t i o n s  e x i s t ,  t h e  t r a n s i t i o n  tempe- 
r a t u r e s  be ing  182.8 K (s,+ s 2 )  and 219.2 K ( s ,  
+ s  ) r e s p e c t i v e l y .  With i n c r e a s i n g  p r e s s u r e  
t h e s e  t r a n s i t i o n  t empera tu res  i n c r e a s e .  Addi- 

t i o n a l l y  a new p res su re - induced  solid phase s4 

w a s  folmd above 800 b a r ;  t h e  t r i p l e  p o i n t  where 
t h e  t h r e e  s o l i d  phases  s.,, s 2  and s4 c o e x i s t  i s  
a t  abou t  805 b a r  and 232 K .  Fur thermore ,  t h e  

t r a n s i t i o n  e n t h a l p i e s  w e r e  de te rmined  as a 
f u n c t i o n  o f  pressure a long  t h e  c o e x i s t e n c e  

l i n e s .  

1 

INTRODUCTION I n  t h e  l a r g e  group o f  o r g a n i c  sub- 
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256 U. WENZEL and G. M. SCHNEIDER 

s t ances  wi th  p l a s t i c  c r y s t a l l i n e  phases  t-buy1 

c h l o r i d e  i s  a well-known example. I n  1 9 3 9  t h e  s o l i d  

r o t a t o r  phase ( s , )  of t h i s  substance was found by 

Baker and Smyth’ from measurements of  t h e  d i e l e c t r i c  

cons t an t .  S i n c e  then i t  has been used f o r  numerous 

i n v e s t i g a t i o n s  on t h e  mob i l i t y  of molecules i n  p las -  

t i c  phases .  The a i m  of t h e  p re sen t  work w a s  t o  in -  
v e s t i g a t e  t h e  thermodynamic behaviour of t h i s  p la -  

s t i c  c r y s t a l  under p re s su re .  

EXPERIMENTAL A l l  measurements were performed with 

a high-pressure low-temperature d i f f e r e n t i a l  scan- 
ning calorimeter (d. s .  c. ) developed by Arntz.  The 
appara tus  and t h e  measuring technique have been 

descr ibed  elsewhere2 3 .  Under p re s su re  mercury w a s  
used as i n t e r n a l  s tandard .  The t r a n s i t i o n  tempera- 

t u r e s  w e r e  t aken  from hea t ing  runs,  because t h e  

s o l i d - s o l i d  t r a n s i t i o n s  of t -bu ty l  c h l o r i d e  super- 

cool .  The hea t ing  rate under p re s su re  w a s  0 .15  K 

min . T-butyl ch lo r ide  was obta ined  from Fluka AG 

( p u r i t y  > 99.5%) and w a s  u s e d w i t h o u t f u r t h e r  p u r i f i c a -  

- 1  

t i o n .  

RESULTS Figure 1 shows t h e  T(p )  phase diagram of 

t - b u t y l  c h l o r i d e  (without  mel t ing curve)  obtained 

from t h e  p r e s e n t  measurements. A t  normal pressure  

t -bu ty l  c h l o r i d e  undergoes t w o  t r a n s i t i o n s  i n  the  

s o l i d  s ta te .  The t r a n s i t i o n  temperatures  were de te r -  
mined t o  be 182.8 K ( s ,+s2)  and 219.2 K ( s 2 + s , )  

r e s p e c t i v e l y  (where s3 i s  monoclinic o r  poss ib ly  

orthorhombic , s2 ( p l a ~ t i c ) ~  t e t r a g o n a l  , s ,  (p la -  

s t i c )  face-centered cubic  ) . These va lues  are i n  

4 4 

4 
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T-BUTYL CHLORIDE UNDER HIGH PRESSURE 257 
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F I G U R E  1 .  T (p )  phase diagram of t -bu ty l  ch lo r ide  

( t h e  mel t ing  pressure  curve i s  omit ted)  

good agreement wi th  those  repor ted  i n  l i t e r a t u r e 4  
6-9 .  Above about 800 ba r  a new pressure-induced so- 
l i d  phase s4 appears .  The t r i p l e  p o i n t  where t h e  

t h r e e  s o l i d  phases s , ,  s2 and s4 c o e x i s t  i s  a t  about 

805 ba r  and 232  K.  With inc reas ing  pressure  a s h i f t  

of t h e  t r a n s i t i o n  temperatures  t o  higher  va lues  was 
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258 U. WENZEL and C.  M. SCHNEIDER 

observed for all four solid-solid phase transi- 
tions. The limits of experimental error in the va- 
lues of the transition temperatures were ? 0.5 K. 

4 

3 

2 

1 

500 1000 1500 2 i o o  ' 
plbar  

F I G U R E  2. Transition enthalpies for the solid-solid 
transformations of t-butyl chloride as a 
function of pressure along the coexistence 
lines 

With the 6.s.c. method direct measurements of 
transition enthalpies are possible. Figure 2 shows 
the transition enthalpies f o r  the solid-solid trans- 
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T-BUTYL CHLORIDE UNDER HIGH PRESSURE 259  

fo rma t ions  o f  t - b u t y l  c h l o r i d e  as a f u n c t i o n  of  

p r e s s u r e  a long  t h e  c o e x i s t e n c e  l i n e s .  

A t  normal p r e s s u r e  t h e  e n t h a l p y  change of t h e  

t r a n s i t i o n  i s  11 .77  2 0 . 0 2 )  kJmol-’ and i s  s + s 
found t o  be independent  of p r e s s u r e  w i t h i n  t h e  

l i m i t s  of expe r imen ta l  accuracy  ( +  6 % )  . The t r ans -  
format ion  of t h e  phase s2 i n t o  t h e  phase  s1 occur s  

w i t h  a t r a n s f o r m a t i o n  e n t h a l p y  of ( 5 . 5 5 t  0 . 0 6 )  k J  

mol-I a t  1 b a r  which d e c r e a s e s  t o  a va lue  of  ( 5 . 0 +  

0.3)  kJmol-I a t  a p r e s s u r e  of 775 b a r .  The s2 + s4 

phase t r a n s i t i o n  e n t h a l p y  a l s o  d e c r e a s e s  w i t h  i n -  

c r e a s i n g  p r e s s u r e ,  wh i l e  t h e  AH-value of t h e  s 4 +  s1 
phase t r a n s f o r m a t i o n  i n c r e a s e s  s l i g h t l y  i n  t h e  p r e s -  

s u r e  range  from 820 t o  1750 bar.  Between 1050 and 

1500 bar t h e  t r ans i t i o i i  e n t h a l p i e s  of  t h e s e  t w o  pha- 

se t r a n s f o r m a t i o n s  show l a r g e r  u n c e r t a i n t i e s  ( + l o % ) ,  
because t h e  t r a n s i t i o n  traces of t h e s e  t ransforma-  

t i o n s  o v e r l a p  i n  t h i s  range  of  p r e s s u r e  w i t h  t h e  

m e l t i n g  trace of mercury ( i n t e r n a l  s t a n d a r d ) .  The 
sum of  t h e  t r a n s i t i o n  e n t h a l p i e s  AH (s2 -+ s4 )  and 

A H  ( s 4  + s1 1 i s  also p l o t t e d  i n  f i g u r e  2 .  T h i s  l i n e  
g i v e s  a con t inuous  p l o t  of  t h e  AH-values f o r  t h e  

s 2 +  s1 t r a n s i t i o n .  I n  t a b l e  1 t r a n s i t i o n  temperatu- 
res and t r a n s i t i o n  e n t h a l p i e s  f o r  t h e  s 3 +  s 2  phase 
t r a n s i t i o n  of t - b u t y l  c h l o r i d e  are p r e s e n t e d  as 
f u n c t i o n s  of p r e s s u r e  a long  t h e  c o e x i s t e n c e  l i n e ,  

and i n  t a b l e  2 t h e  cor responding  d a t a  f o r  t h e  
t r a n s i t i o n s  s 2 +  s , ,  s 2 +  s4 and s 4 +  s ,  are g iven .  

3 2  
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260 U .  WENZEL and G .  M. SCHNElDER 

p/bar  

1 

5 3 2  

9 1 9  

1 4 7 3  

Table 1 .  Phase t r a n s i t i o n  temperatures  T and 
e n t h a l p i e s  AH for t h e  s3  + s2 t r a n s i t i o n  

of t - b u t y l  ch lo r ide  as func t ions  of pres-  

s u r e  along t h e  coexis tence  l i n e  

T/K A H / k  Jrno 1- 

1 8 2 . 8  1 . 7 7  

193 .3  I . 7  

2 0 2 . 4  1 . 6  

2 1 1 . 7  1 . 9  

Table 2 .  Phase t r a n s i t i o n  temperatures  T and en tha l -  

p i e s  AH of t -bu ty l  c h l o r i d e  as func t ions  

of pres su re  along t h e  coexis tence  l i n e s  
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T-BUTYL CHLORIDE UNDER HIGH PRESSURE 261 
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