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HYDROCARBON SEPARATION USING LIGANTI 
EXCHANGE REACTIONS 

G.  D. Davis and E.  C. Makin, Jr. 
Monsanto Polymers and Pe t rochemica ls  Company, 
800 N. Lindbergh Blvd., S t .  Louis ,  M o .  63166 

INTRODUCTION 

Organometal l ic  complexes b r i d g e  t h e  gap between o r g a n i c  and 

inorganic  chemis t ry  o r  f o r  t h a t  m a t t e r ,  between t h e  world of  t h e  

l i v i n g  and non- l iv ing .  L i f e  on t h i s  p l a n e t  may w e l l  have been i n -  

i t i a t e d  by t h e  i n t e r a c t i o n  of  coord ina ted  l i g a n d s  of complexed 

metal  ions .  The abundance of  carbon monoxide, ammonia and a "hot  

soup" of meta l  ions  i n  t h e  absence of o x i d i z i n g  a g e n t s  make i t  en- 

t i r e l y  f e a s i b l e  t h a t  o rganic  molecules  f i r s t  became s y n t h e s i z e d  i n  

t h i s  manner. The presence  of  organometa l l ic  complex molecules  i n  

t h e  l i f e  s t ream of  p l a n t s  and animals  a t t e s t  t o  t h e  f a c t  of  t h e i r  

n e c e s s i t y  i n  l i f e  s u s t a i n i n g  processes .  

Today w e  f i n d  t h a t  organometa l l ic  compounds are of e v e r  i n -  

c r e a s i n g  importance i n  t h e  " l i f e  stream" of  t h e  Chemical Process-  

ing I n d u s t r y .  Homogeneous c a t a l y t i c  processes  based on coordina-  

t i o n  compounds a r e  becoming well e s t a b l i s h e d  i n  t h e  I n d u s t r y  a s  

primary s y n t h e s i s  r o u t e s .  Many of our  p r e s e n t  processes  which are 

o p e r a t i n g  i n e f f i c i e n t l y  w i l l  be rep laced ,  i n  t h e  f u t u r e ,  w i t h  pro-  

c e s s e s  which conver t  raw m a t e r i a l  t o  f i n i s h e d  product  a t  g r e a t e r  

s e l e c t i v i t y  and y i e l d s .  It i s  o n l y  l o g i c a l  t h a t  companion p u r i -  

f i c a t i o n  processes  based on c o o r d i n a t i o n  compounds of  metal com- 

plexes w i l l  be  developed t o  r e p l a c e  convent iona l  systems. The 

mot iva t ion  f o r  development of such processes  is p r i m a r i l y  econom- 

i c s ;  b u t  improved product  q u a l i t y ,  h igher  e f f i c i e n c y  and reduced 
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DAVIS AND MAKIN 

p o l l u t i o n  through lower energy requirements  a r e  o f t e n  c i t e d  as 

j u s t i f i c a t i o n  f o r  do ing  r e s e a r c h  on any s e p a r a t i o n - p u r i f i c a t i o n  

problem. 

It i s  w e l l  known t h a t  c e r t a i n  meta l  i o n s  of complexes i n  an-  

hydrous s o l u t i o n s  form coord ina ted  compounds w i t h  t h e  *-bonds of  

a romat ics  and o l e f i n s .  The chemical  bonds which a r e  formed be- 

tween t h e  metal i o n  and t h e  hydrocarbon a r e  o f t e n  weak enough t o  

a l low exchange o r  d i sp lacement  r e a c t i o n s  w i t h  compounds of  s i m i l a r  

type i n  e q u i l i b r i u m  wi th  t h e  complex s o l u t i o n .  A process  of t h i s  

n a t u r e  is a powerful t o o l  f o r  s e p a r a t i n g  compounds which have 

W-bonds from those  which do not .  For  example, i n  hydrocarbon 

systems, s i n c e  t h e  meta l  i o n  can  r e a c t  o n l y  wi th  a n  o l e f i n  o r  a n  

a romat ic ,  s a t u r a t e d  hydrocarbons a r e  r e j e c t e d  and e x t r a c t i o n  sel- 

e c t i v i t y  approaches i n f i n i t y .  I n  a d d i t i o n ,  a l i p h a t i c  o l e f i n s  a r e  

s e l e c t i v e l y  e x t r a c t e d  from aromat ics .  No simple organic  s o l v e n t  

can make such a s e p a r a t i o n ,  economical ly .  

Areas where l igand  exchange e x t r a c t i o n  techniques  have proved 

u s e f u l  a r e  i n  t h e  e x t r a c t i o n  of a romat ics  from non-aromatics ,  o l e -  

f i n s  from aromat ics ,  o l e f i n s  from p a r a f f i n s ,  o l e f i n s  from o t h e r  

o l e f i n s  and carbon monoxide from o t h e r  g a s e s .  

unique s e p a r a t i o n s  i s  t h a t  of  e x t r a c t i n g  c i s  o l e f i n s  from t r a n s  

o l e f i n  isomers. Another  i s  t h e  e x t r a c t i o n  of v i n y l  s u b s t i t u t e d  

a romat ics  from o t h e r  c l o s e  b o i l i n g  a romat ics .  These l igand  ex- 

change processes  involve  very low o r d e r s  of energy requirements  

w h i l e  y i e l d i n g  p u r i t i e s  and r e c o v e r i e s  of  d e s i r e d  s p e c i e s  d i f f i c u l t  

o r  impossible  t o  a t t a i n  by convent iona l  p h y s i c a l  p rocesses .  

One of t h e  most 

S i n c e  Zeise's o b s e r v a t i o n  i n  1827"lI t h a t  e t h y l e n e  formed a 
s o l i d  compound w i t h  c e r t a i n  plat inum sa l t s ,  many i n v e s t i g a t o r s  

have s t u d i e d  t h e  r e a c t i o n  of  unsa tura ted  hydrocarbons w i t h  a v a r i -  

e t y  of  inorganic  sa l t s .  However, p r a c t i c a l  a p p l i c a t i o n  of t h e s e  

compounds h a s  been l i m i t e d .  Cuprous ammonium a c e t a t e  complex, 

which is used t o  recover  butad iene  from crude  C4 s t reams,  is a 

c l a s s i c  example of a p r a c t i c a l  commercial a p p l i c a t i o n .  
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I n  1946, Anderson[2] d e s c r i b e d  t h e  e f f e c t  of  o l e f i n  s u b s t i t u -  

t i o n  on complex s t a b i l i t y .  K h a r a ~ c h [ ~ ]  r e p o r t e d  a g e n e r a l l y  ap-  

p l i c a b l e  method of r e p l a c i n g  b e n z o n i t r i l e  r e s i d u e s  of  PdC12 w i t h  

mono, d i  and o l i g o  o l e f i n s .  This  l a t t e r  r e a c t i o n  was of  cons id-  

e r a b l e  i n t e r e s t  t o  t h e  a u t h o r s  i n  t h a t  i t  presented  t h e  p o t e n t i a l  

oppor tuni ty  f o r  developing h i g h l y  s p e c i f i c  techniques  f o r  s e p a r a t -  

ing o l e f i n s  from mixed hydrocarbon s t reams.  The r e l a t i v e  s t a b i l -  
i t i e s  of var ious  o l e f i n  complexes of  pal ladium sal ts  have been de- 

termined by Sparke14]. Fea thers tone  and Sorrie[’I have d i s c u s s e d  

the  e f f e c t  of s i l v e r  s a l t  c o n c e n t r a t i o n  on c o o r d i n a t i o n  of  o l e f i n s  

and t h e  e f f e c t  of  hydrocarbon s t r u c t u r e  on complex s t a b i l i t y  i n  

some d e t a i l .  Wins te in  and L u c a ~ [ ~ ]  s t u d i e d  t h e  c o o r d i n a t i o n  of  

s i l v e r  i o n  w i t h  u n s a t u r a t e d  compounds and noted t h a t  s o l i d  s i l v e r  

complexes were formed w i t h  b i a l l y l  and cyc lopentadiene .  

S i l v e r  n i t r a t e  has  been used e x t e n s i v e l y  i n  a n a l y t i c a l  chem- 

i s t r y  f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  of  o l e f i n s  i n  s a t u r a t e d  

hydrocarbons a f t e r  being pa ten ted  by Hors ley  i n  1928. 
e r g i e s  of o l e f i n s  and d i o l e f i n s  w i t h  s i l v e r  complexes have been 

measured by H. W. Quinn and  coworker^[^^^,^^; J. G. Traynham and 

J. R. O l e ~ h o w s k i [ ~ ~ ~  and J. W. Kraus and E .  W. S t e r n [ ” ] .  

and Quinn improved t h e  p r e p a r a t i o n  of s i l v e r  t e t r a f l u o r o b o r a t e [  121 
i n  1960 and s i n c e  t h a t  t i m e  i t  has  been used i n  aqueous and non- 

aqueous e x t r a c t i o n  s t u d i e s .  W i l l i a m  F e a t h e r s t o n e  of I m p e r i a l  Chem- 

i c a l  I n d u s t r i e s  has  pa ten ted  a process  f o r  e x t r a c t i n g  s t y r e n e  from 

ethylbenzene us ing  aqueous s i l v e r  t e t r a f l u o r o b ~ r a t e [ ’ ~ ] .  Kreke ler ,  
Hischbeck and Schwenk r e p o r t e d  t o  t h e  S i x t h  World Petroleum Con- 

g r e s s [  141 t h e  advantages of s i l v e r  t e t r a f l u o r o b o r a t e  and e t h a n o l -  

amine-copper -n i t ra te  complexes f o r  e t h y l e n e  and propylene recovery.  

Bonding en- 

Olah 

The p r e p a r a t i o n  of cuprous t e t r a f l u o r o b o r a t e  complex has  been 

descr ibed  by J. C.  Warf[l51. Unlike t h e  s i l v e r  complex which c a n  

be prepared i n  anhydrous c r y s t a l  form, t h e  copper  complex must be 

prepared i n  t h e  presence  of c o o r d i n a t i n g  l i g a n d s  and cannot  be i s o -  

l a t e d  a s  a s t a b l e  s a l t .  
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DAVIS AND MAKIN 

D. A. M c C a ~ l a y [ ~ ' ]  h a s  d e s c r i b e d  t h e  p r e p a r a t i o n  and use of  a 

cuprous t e t r a f l u o r o b o r a t e  a romat ic  complex f o r  e x t r a c t i n g  a romat ics  
from non-aromatics. McCaulay's complex conta ined  two aromat ic  

molecules  p e r  copper  ion .  

Our i n v e s t i g a t i o n  has  improved the  p r e p a r a t i o n  of some cu- 

prous and s i l v e r  complexes and e s t a b l i s h e d  t h e i r  composi t ion.  We 

have extended these  improved complex composi t ions t o  g r e a t e r  po- 

t e n t i a l  u t i l i z a t i o n .  Ligand exchange techniques  have made poss- 

i b l e  t h e  p r a c t i c a l  a p p l i c a t i o n  of t h e s e  complexes t o  i n d u s t r i a l  

s e p a r a t i o n  problems. 

EXPERIMENTAL 

Cuprous t e t r a f l u o r o b o r a t e  is b e s t  prepared by t h e  method of 

Warf[15] w i t h  only  s l i g h t  m o d i f i c a t i o n  of  h i s  o r i g i n a l  technique.  

Cupric  f l u o r i d e  and powdered copper  metal a r e  r e a c t e d  w i t h  BF3 i n  

a n  excess  of  r e f l u x i n g  toluene:  

CuF2.2H20 + Cuo + 2BF3 xs llooc b 2CuBF+[ to luene13 + 2HzOr 

I n  t h i s  p r e p a r a t i v e  technique,  gaseous BF3 i s  c o n t i n u o u s l y  passed 

i n t o  a f l a s k  equipped wi th  a n  a g i t a t o r  and a r e f l u x  condenser .  

Water i s  c o n t i n u o u s l y  removed from t h e  r e f l u x  condensate  i n  a 

water t r a p .  When t h e  d i s p e r s e d  s o l i d s  become d i s s o l v e d ,  t h e  reac-  

t i o n  mixture  i s  cooled t o  room temperature .  The complex phase is  

s e p a r a t e d  from t h e  excess  to luene  and c e n t r i f u g e d  t o  remove sus- 

pended s o l i d s .  The complex i s  u s u a l l y  a p a l e  yellow, c l e a r ,  

s l i g h t l y  v iscous  l i q u i d ;  b u t  extended d e h y d r a t i o n  by a z e o t r o p i c  

r e f l u x i n g  y i e l d s  a to luene  complex which i s  e a s i l y  c r y s t a l l i z e d  by 

lowering t h e  s o l u t i o n  temperature  t o  0°C o r  by adding hexane. 

However, t h e  complex composi t ion i s  not  a l t e r e d  w i t h  r e s p e c t  t o  

t h e  number of coord ina ted  t o l u e n e  l igands .  

Other  aromatics may be used i n s t e a d  of t o l u e n e  i n  t h e s e  prep- 

a r a t i o n s ,  bu t  t h e r e  are p r a c t i c a l  l i m i t a t i o n s .  The r e a c t i o n  i s  

s lower  i n  r e f l u x i n g  benzene [SO"C] and dehydra t ion  i s  not as 

e f f i c i e n t .  Complex y i e l d s  are low when xylenes  a r e  used p o s s i b l y  
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HYDROCARBON SEPARATION 

because of  thermal  i n s t a b i l i t y  o r  lower BF3 s o l u b i l i t y .  Toluene 
provides  t h e  optimum r e f l u x  tempera ture  f o r  complex p r e p a r a t i o n .  
Mixtures  of benzene w i t h  t o l u e n e  and to luene  w i t h  xylenes  have 

been used i n  t h e s e  p r e p a r a t i o n s  w i t h  good success  but  mixed a r o -  

mat ic  l i g a n d s  a r e  not  d e s i r a b l e .  The mixed l i g a n d s  compl ica te  

complex a n a l y s i s  i n  a n a l y t i c a l  s e p a r a t i o n s  and e v a l u a t i o n s .  

The complex prepared i n  pure t o l u e n e  was analyzed and found 

t o  c o n t a i n  t h r e e  t o l u e n e  l i g a n d s .  The complex a l s o  conta ined  from 

0.25 t o  0.5 l i g a n d s  of water depending on how much d e h y d r a t i o n  

occurred dur ing  p r e p a r a t i o n .  

d e n s i t y  of 1 .22 t o  1.26 grams p e r  c c  a t  25°C. 

molecular  weight  i s  426.48. 
d e f i n i t e  c r y s t a l l i z a t i o n  p o i n t ,  b u t  t h e  complex becomes g l a s s y  

around -70°C. 

CuBF+[tolueneI3 l i q u i d  complex has  a 

I t s  c a l c u l a t e d  

Freez ing  p o i n t  d e t e r m i n a t i o n  shows no 

The cuprous t e t r a f l u o r o b o r a t e  complex i s  s e n s i t i v e  t o  oxygen 

and d i s p r o p o r t i o n a t e s  on c o n t a c t  w i t h  mois ture .  Water l i g a n d s  can  

be added t o  t h e  anhydrous complex by exchange from hydrated copper  

sa l t s  [ e.g., CuSO4.5&0] w i t h o u t  caus ing  complex decomposi t ion.  

Cuprous hexafluorophosphate  was prepared i n  t h e  a p p a r a t u s  

d e s c r i b e d  above i n  much t h e  same manner as t h e  f l u o r o b o r a t e  c m -  

plex.  Phosphorous p e n t a f l u o r i d e  was r e a c t e d  w i t h  c u p r i c  f l u o r i d e  

d i h y d r a t e  and f i n e l y  d i v i d e d  copper  meta l  i n  excess  t o l u e n e .  

xs b 2CuPFs[ t o l u e n e I 3  + 2H20 t CuF2.2H20 + CU' + 2PF5 llooc 

S y n t h e s i s  of  t h i s  complex s u f f e r s  from t h e  h i g h l y  compet i t ive  hy- 

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

PFS + 4H20 __1, H3P04 + 5HF 

Cuprous hexafluorophosphate  t o l u e n e  complex i s  a w h i t e  c r y s -  

t a l l i n e  s o l i d  a t  room tempera ture  and d i s p r o p o r t i o n a t e s  r a p i d l y  

upon exposure t o  w a t e r  vapor. The complex s lowly  decomposes on 

s t a n d i n g  i n  s e a l e d  b o t t l e s  a t  room temperature .  It i s  s o l u b l e  i n  

excess  t o l u e n e  and i n  s u l f o l a n e  when hea ted  t o  80". 
Cuprous t r i f l u o r o a c e t a t e  was prepared by adding t r i f l u o r o -  

a c e t i c  a c i d  t o  Cu20 i n  r e f l u x i n g  t o l u e n e .  
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+ 2F3-C-&O-Cu[Toluene]2 + H 2 0  

The r e a c t i o n  i s  e s s e n t i a l l y  i n s t a n t a n e o u s  and does not  r e q u i r e  a n  

i n d u c t i o n  per iod  a s  does the CuBF4 s y n t h e s i s .  While t h e  r e a c t i o n  

proceeds w e l l  a t  room tempera ture ,  t h e  p r e p a r a t i o n  is  conducted a t  

llO°C t o  remove t h e  genera ted  water. 
S i l v e r  t e t r a f l u o r o b o r a t e  complex c a n  be convenient ly  pur- 

chased i n  e i t h e r  anhydrous o r  aqueous form. Aromatic c o o r d i n a t i o n  

complexes were prepared by adding anhydrous AgBF4 t o  t h e  d e s i r e d  

a romat ic  c h i l l e d  t o  0°C. 

0°C AgBF+ + 2Toluene _3 AgBF+[Toluene]2 

The s i l v e r  t e t r a f l u o r o b o r a t e  complex was a l s o  prepared from 

AgF and BF3 i n  n i t romethane  accord ing  t o  t h e  method of  Olah and 

Quinn[17] and i n  l i q u i d  s u l f u r  d i o x i d e  as r e p o r t e d  by R u s s e l l  and 

Sharp['']. The s u l f u r  d i o x i d e  s o l v e n t  produced b e t t e r  r e s u l t s  

than d i d  ni t romethane.  Pure s i l v e r  f l u o r i d e  was prepared from 

Ag2C03 and aqueous HF by t h e  method of Andersen and Bak[lsI .  

Cuprous t e t r a f l u o r o b o r a t e  complex was found t o  be s u p e r i o r  t o  

o t h e r  complexes i n  i t s  a b i l i t y  t o  c o o r d i n a t e  17-bonds. A f t e r  i n -  

i t i a l  e v a l u a t i o n ,  s t u d y  o f  AgBF4, CuPFe and cuprous t r i f l u o r o a c e -  

t a te  complexes was d i s c o n t i n u e d .  Cuprous t e t r a f l u o r o b o r a t e  com- 

p lex  could c o o r d i n a t e  t h r e e  o r  f o u r  l i g a n d s ,  w h i l e  t h e  o t h e r  com- 

p l e x e s  could  c o o r d i n a t e  w i t h  only two l i g a n d s .  

s t a b l e  due t o  s e n s i t i v i t y  of  i t s  an ion  t o  h y d r o l y s i s .  Cuprous 

t r i f l u o r o a c e t a t e  was m i s c i b l e  i n  a l l  p r o p o r t i o n s  w i t h  a l l  hydro- 

carbons and most o r g a n i c  s o l v e n t s .  I m m i s c i b i l i t y  d i d  occur  i n  

some n i t r i l e  s o l v e n t s ,  b u t  a t  t h e  expense of c o n s i d e r a b l e  coor-  

d i n a t i o n  c a p a c i t y .  For  t h e s e  reasons ,  t h e  bulk  of our  i n v e s t i g a -  

t i o n s  concerned cuprous t e t r a f l u o r o b o r a t e  complex and t h i s  d i s -  

c u s s i o n  w i l l  be d i r e c t e d  toward t h e  r e s u l t s  of t h a t  i n v e s t i g a t i o n .  

CuPFe was very  un- 

The s t r u c t u r e  of cuprous t e t r a f l u o r o b o r a t e  complex is  d i c -  

t a t e d  by t h e  e l e c t r o n i c  c o n f i g u r a t i o n  o f  t h e  cuprous ion.  The 

o u t e r  e l e c t r o n  s h e l l  c o n s i s t s  of f i l l e d  3d e l e c t r o n  o r b i t a l s ,  

empty 4s and empty 4p o r b i t a l s .  The cuprous i o n  can  a c c e p t  2 
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HYDROCARBON SEPARATION 

e l e c t r o n s  a t  t h e  4s l e v e l  and 6 a t  t h e  4p l e v e l  f o r  a t o t a l  of  8 
e l e c t r o n s .  Hence, a c o o r d i n a t i o n  number of 4 and t h e  c l o s e d  con- 
f i g u r a t i o n  of  krypton  is  assumed. T h e o r e t i c a l l y ,  t h e  cuprous i o n  

can  c o o r d i n a t e  w i t h  4 l i g a n d s  each of  which donate  2 e l e c t r o n s  t o  

form t h e  c o o r d i n a t i o n  bonds. These bonds are probably formed 

through t h e  empty sp3  hybr id  atomic o r b i t a l s  of  t h e  cuprous i o n  

and t h e  p i  molecular  o r b i t a l s  of  t h e  donor groups [a romat ics ,  ole- 

f i n s ,  e t c . ] .  

manner which would g ive  t h e  ?igands of t h e  c o o r d i n a t i o n  compound a 

t e t r a h e d r a l  s p a c i a l  conf igura t ion .  The t e t r a h e d r a l  c o n f i g u r a t i o n  

f o r  t h e  cuprous i o n  is  assumed w i t h  bonds formed a t  t h e  a p i c e s  from 

t h e  e l e c t r o n  r i c h  w-bond of t h e  donor group. Most l i k e l y  t h e  

t e t r a h e d r o n  i s  d i s t o r t e d  when p o l a r  l i g a n d s  such as water, etc. are 

coord ina ted  i n  c o n j u n c t i o n  w i t h  hydrocarbon l igands.  

was advanced by M. J. S. Dewar i n  1946[20] and e l u c i d a t e d  b y - C h a t t  

and Duncanson i n  lg5;j121]. T h e i r  views have been h e l p f u l  i n  t h e  

i n t e r p r e t a t i o n  of  t h e  bonding of  l i g a n d s  t o  t h e  cuprous i o n  o f  t h e  

cuprous t e t r a f l u o r o b o r a t e  complex. 

The sp3 h y b r i d  o r b i t a l s  a r e  o r i e n t e d  i n  space  i n  a 

The c u r r e n t  view of bonding between p i  bonds and meta l  i o n s  

Something should  be s a i d  about  t h e  f l u o r o b o r a t e  a n i o n  and i t s  

s t a b i l i t y .  

energy of  each boron-f luor ide  bond i s  about  140 k i l o c a l o r i e s .  

BF4 anion  h a s  a t e t r a h e d r a l  s t r u c t u r e  and b e i n g  e q u a l  each boron- 

f l u o r i d e  bond h a s  a bonding energy o f  150 t o  158 k i l o c a l o r i e s  p e r  

mole. 

mole upon formation. It i s  b e l i e v e d  t h a t  t h e  cuprous i o n  t e t ra -  

hedron and t h e  f l u o r o b o r a t e  t e t r a h e d r o n  e x i s t  i n  t h e  anhydrous 

s o l u t i o n  as an i o n  pa i r .  The toluene-cuprous t e t r a f l u o r o b o r a t e  

complex i s  ext remely  s t a b l e  i n  t h e  absence  of  a i r  and mois ture  and 

has  a very  long s h e l f  l i f e  when s e a l e d  i n  g l a s s .  

Genera l  Reac t ions  of  CuBF4 Complex 

BF3 h a s  a t r i g o n a l  p l a n a r  s t r u c t u r e  and t h e  bonding 

The 

Therefore ,  t h e  BF4 a n i o n  g a i n s  40 t o  70 k i l o c a l o r i e s  per  

For  t h e  purpose o f  o r i e n t a t i o n ,  t h e  bonding energy o f  coord i -  

n a t i o n  compounds i s  compared t o  t h o s e  o f  o t h e r  p h y s i c a l  s e p a r a t i o n  
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DAVIS AND MAKIN 

processes i n  Figure 1. 
compounds ranges from about 2 t o  20 k i l o c a l o r i e s  per mole. 

energy range spans the  s c a l e  from weak so lu t ion  e f f e c t s  t o  the a d -  

sorp t ion  of hydrocarbons on c r y s t a l  sur faces  such a s  z e o l i t e s  o r  

s i l i c a  ge l s .  

u l a r  co-valent bonds. Ligand t o  metal ion  bond d i s t ance  va r i e s  

from 2 t o  2.5 Angstroms. Thus it can be seen t h a t  coordination 

compounds occupy an  enviab le  pos i t i on  and may be c l a s s i f i e d  as 

l i qu id  adsorbents a s  opposed t o  s o l i d  adsorbents o r  super  s e l e c t i v e  

so lvents  when compared t o  conventional s e l e c t i v e  so lvents .  

The l igand bonding energy of coordination 

This 

The upper energy range approaches t h a t  of weak molec- 

0 
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FIGURE 1. 

Some as soc ia t ion  energ ies  f o r  s i n g l e  bond formation. 
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HYDROCARBON SEPARATION 

As prepared t h e  CuBF*[TolI3 complex is n o t  very s t a b l e  because 

a romat ics  are  r e l a t i v e l y  poor  complex s t a b i l i z e r s .  

Cuprous i o n  s t a b i l i z a t i o n  c a n  be i n c r e a s e d  by adding l i g a n d s  

w i t h  s t r o n g e r  c o o r d i n a t i o n  power t h a n  a romat ics .  Ligands such  as 

o l e f i n s ,  ke tones ,  s u l f o n e s ,  e t h e r s ,  dioxane or t e t r a h y d r o f u r a n  are 
very good s t a b i l i z e r s .  These compounds are l i s t e d  i n  o r d e r  o f  de- 

c r e a s i n g  c o o r d i n a t i o n  s t r e n g t h  as  determined by l igand  d isp lacement  

s t u d i e s  . 
R,&=O~CIRO€I~~RC=O > RCzN> c y c l i c  o l e f i n s  > &S> olef ins-ke tones)  

tetrahydrofuranddioxane> e t h e r s - s u l f o n e s  > aromat ics  

It c a n  be s e e n  t h a t  a r m t i c s  are  d i s p l a c e d  by s u l f o n e s ,  e t h e r s ,  

e t c .  and t h a t  t h e s e  compounds a r e  i n  t u r n  d i s p l a c e d  by o l e f i n s .  

Ni t r i les  comple te ly  d i s p l a c e d  a l l  hydrocarbons and a l l  o t h e r  or- 

g a n i c  compounds s t u d i e d .  

Sul foxides ,  a l c o h o l s ,  a ldehydes and amines cause copper  i o n  

d i s p r o p o r t i o n a t i o n  when added d i r e c t l y  t o  t h e  CuBF4[Tol]3 complex. 

As shown t h e r e  are l i g a n d s  which s t a b i l i z e  t h e  CuBF4 complex 

and s t i l l  allow l igand  exchange r e a c t i o n s  t o  t a k e  p l a c e .  O l e f i n s  

and aromat ics  o r  o l e f i n s  and some organic  compounds were found t o  

exchange very  r a p i d l y  when brought  i n t o  c o n t a c t  wi th  t h e  complex. 

S u l f o l a n e ,  f o r  example, was found t o  be a v e r y  good r e a c t i o n  sol- 

v e n t  because it func t ioned  both  as a s t a b i l i z i n g  l i g a n d  and mutual  

s o l v e n t  which d id  not  i n t e r f e r e  w i t h  exchanging l i g a n d s .  

C y c l i c  o l e f i n s  form c o o r d i n a t i o n  compounds which a r e  t o o  

s t a b l e  t o  a l l o w  l i g a n d  exchange r e a c t i o n s  t o  proceed a t  reasonable  

rates. It i s  p o s s i b l e  t h a t  t h e  shape of t h e  c y c l i c  o l e f i n  com- 

b i n e s  w i t h  i t s  c r y s t a l  s t r u c t u r e  t o  make it r e s i s t a n t  t o  l igand  

exchange. 
a b l e  of  exchanging t h e  c y c l i c  o l e f i n  coord ina ted  l igands.  

N i t r i l e s  were t h e  o n l y  compoundsin t h e  t e s t  s e r i e s  cap- 

When ar ranged  on t h e  bond energy scale as shown i n  F i g u r e  2 

i t  can be seen  t h a t  t h e  bond energy of l i g a n d s  p r e f e r r e d  i n  l igand  

exchange r e a c t i o n s  ranges  from about  8 t o  12 k i l o c a l o r i e s  per  mole. 

O l e f i n s ,  CO, v i n y l a r o m a t i c s  and s u l f o l a n e  l igand  bond e n e r g i e s  

f a l l ,  convenient ly ,  i n  t h i s  range. These l i g a n d s  a l l  have v e r y  
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DAVIS AND MAKIN 

s m a l l  d i f f e r e n c e s  i n  bonding energy and were s e l e c t e d  t o  demon- 

s t r a t e  t h e  performance of  t h e  CuBF4 complex i n  making s e l e c t i v e  

s e p a r a t i o n s .  

The e f f e c t  of molecular  geometry on l igand  bond energy is  

shown by t h e  range  covered by v a r i o u s  s u b s t i t u t e d  aromatics .  

w i l l  be d iscussed  i n  d e t a i l  l a t e r .  

T h i s  

O l e f i n s  are  more s t r o n g l y  coord ina ted  t h a n  a romat ics  and are 

exchangeable w i t h  o t h e r  o l e f i n s .  The only d r i v i n g  f o r c e  f o r  t h i s  

exchange r e a c t i o n  is  concent ra t ion .  An excess  of t h e  d i s p l a c i n g  

o l e f i n  i n  t h e  hydrocarbon phase w i l l  s h i f t  t h e  c o n c e n t r a t i o n  of  

< SULFOXIOES, ALDEHYDES 
ACETONITRILE, AMINES , CYCLIC OLEFINS, CYCLIC DlOLEFlNS 

< ACETYLENES 
< PENTENE-1, HEXENE.1, CO, ETHYLENE < DlOLEFlNS 
< STYRENE < KETONES 
< SULFONES, ETHERS, OIOXANL. THF 

< O-XYLENE 
< TOLUENE < pXYLENE, ETHYLBENZENE 

< m-XYLENE 
< BENZENE 

< n.PROPYLBENLENE 

< 1WJTYLBENZENE 

< *c4MYLBENZENE 

80 
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W 

so 

40 
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20 
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g 
8 
7 
6 
6 

4 

3 

2 

1 

FIGURE 2. 

Bond e n e r g i e s  f o r  some l igands  on CuBF4 complexes. 
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HYDROCARBON SEPARATION 

t h e  c o o r d i n a t e  s p e c i e s  i n  t h e  complex phase u n t i l  a n  e q u i l i b r i u m  

composi t ion i s  a t t a i n e d .  This  e q u i l i b r i u m  c o n c e n t r a t i o n  i s  depend- 

e n t  upon t h e  s t r e n g t h  of t h e  bond formed between t h e  o l e f i n  and t h e  

copper atom. The bond energy i s  c l o s e l y  r e l a t e d  t o  molecular  

weight  [vapor  p r e s s u r e ,  a c t i v i t y ]  and molecular  c o n f i g u r a t i o n  

[ a c c e s s i b i l i t y  o f  t h e  double  bond] which determines t h e  bond 

length.  The a s s o c i a t i o n  e n e r g i e s  of o l e f i n - m e t a l  complex bonds are 

comparable t o  t h o s e  of chemisorbed molecules  on c a t a l y s t  s u r f a c e s ,  

z e o l i t e s  and s i l i c a  gel .  

C y c l i c  o l e f i n s  a r e  more s t r o n g l y  bonded t o  CuBF4 complex than 

a l i p h a t i c  o l e f i n s .  They form c r y s t a l l i n e  g e l  o r  polymeric  complex- 

es i n  v a r i o u s  c o l o r s  [e .  g., brown, purp le ,  v i o l e t ,  b l u e ,  etc. ]. 

Cyclohexene complex i s  p u r p l e  and s lowly  c r y s t a l l i z e s  a f t e r  t h e  i n -  

i t i a l  g e l  formation. 

and s l i g h t l y  s o l u b l e  i n  toluene.  It i s  more of a v i s c o u s  l i q u i d  

t h a n  a gel .  

c r y s t a l l i z e s .  C y c l i c  olefin-CuBF4 complex bonds a r e  t h e  s t r o n g e s t  

formed by hydrocarbons and can only  be broken by compounds forming 

bonds through n i t r o g e n  o r  some oxygen atoms. 

Vinylcyclohexene and d icyc lopentadiene  form polymeric  com- 

The 4-methylcyclohexene complex i s  dark  b lue  

Cyclopentene forms a brown, g e l  complex which s lowly  

p lexes ,  and bonding s t r e n g t h  appears  t o  be about  t h e  same a s  c y c l i c  

o l e f i n s .  Vinylcyclohexene complex i s  a very tacky ,  polymeric  g e l  

which i s  i n s o l u b l e  i n  hydrocarbons. Dicyclopentadiene complex i s  

a v e r y  hard  amorphous s o l i d  which i s  a l s o  i n s o l u b l e  i n  hydrocar-  

bons. 

The bond s t r e n g t h  f o r  hydrocarbons may be a r ranged  i n  t h e  

o r d e r  of  d e c r e a s i n g  s t r e n g t h  a s  fo l lows:  

C y c l i c  d i o l e  f i n d c y c  l i c  o l e f  i n s  > a c e t y l e n e s  > a l i p h a  t i c  

d i o l e f  i n s d  a l i p h a t i c  monole f i n s  -aroma t i c s  =- c y c l i c  

and a l i p h a t i c .  p a r a f f i n s .  

It is be l ieved ,  bu t  no t  proven, t h a t  s a t u r a t e d  molecules  do 

n o t  form c o o r d i n a t i o n  compounds with complexes. But, they a r e  

s o l u b l e  t o  some e x t e n t  i n  most complexes and are  g iven  t h e  lowest  
o r d e r  i n  t h e  series of  bond s t r e n g t h  s i n c e  s o l u b i l i t y  i m p l i e s  some 

secondary a s s o c i a t i o n .  
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DAVIS AND MAKIN 

These compounds were arranged i n  o r d e r  by e q u i l i b r i u m  s t u d i e s  

and measurement of h e a t s  of r e a c t i o n  f o r  a few key compounds which 

a r e  shown i n  Table  I. The h e a t s  of r e a c t i o n  a r e  f o r  t h e  exchange 

of one g iven  l igand  f o r  one to luene  ligand. The b inding  energy of 

t h e  to luene  l igand  was taken  t o  be 6 k i l o c a l o r i e s  per  mole a s  

measured by r e a c t i n g  to luene  with s o l i d  AgBF4 and t h i s  amount of 

energy m u s t  be added t o  t h e  v a l u e  shown t o  o b t a i n  t h e  t o t a l  l igand  

b inding  energy. The v a l u e s  obta ined  i n  our  l a b o r a t o r y  compare w e l l  

with t h o s e  obta ined  by Chr is tensen  and I z a t t  of Brigham Young Uni- 

v e r s i t y  [ p r i v a t e  communication]. The v a l u e  given f o r  CO was ca lcu-  

l a t e d  from thermal  d i s s o c i a t i o n  curves  a t  c o n s t a n t  CO loading which 

w i l l  be d iscussed  l a t e r .  CO i s  very  similar t o  e t h y l e n e  o r  propy- 

lene  i n  i t s  bonding c h a r a c t e r i s t i c s .  

This  b inding  energy i s  f o r  t h e  f i r s t  l igand  t o  exchange. We 

have evidence which l e a d s  us t o  b e l i e v e  t h a t  each a d d i t i o n a l  l igand  

i s  bound l e s s  s t r o n g l y .  T h i s  i s  r e f l e c t e d  i n  vapor  p r e s s u r e  

measurement and thermal  s t a b i l i t y  curves  f o r  v a r i o u s  c o o r d i n a t i o n  

compounds. 

TABLE I 

Heats of  Reac t ion  f o r  CuBF4 Toluene Complex 

-~ React ion:  CuBF4[Tol], + L CuBF4[TolI2L + To1 

AH, Kcal/mole_>or Reac t ion  - 
t Our Work Others  -- Ligand, L 

Ace t o n i  t r i  l e  -9.9 -11.0 

Pentene-1, Hexene-1 -5.5 - 6. O 

S tyrene  -4.2 - 4 . 3  
Sulfo lane  -4.0 - 3.8 
Carbon Monoxide -5.4 - 

'J. J. C h r i s t e n s e n  and R. M. I z a t t ,  B.Y.U., Provo, Utah 

P r i v a t e  Communication 
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HYDROCARBON SEPARATION 

The a p p a r a t u s  used i n  our  h e a t  of r e a c t i o n  measurements, a s  

shown i n  F igure  3, was a smal l  c e l l  w i t h  evacuated walls which was 

mounted i n s i d e  a second vacuum b o t t l e  f o r  double  i n s u l a t i o n .  The 

c e l l  was equipped wi th  a h e a t e r ,  s t irrer,  c a p i l l a r y  t u b e  and t h e r -  

mal sensor .  

t h e  c e l l  and v igorous ly  a g i t a t e d .  A measured  impulse o f  e l e c t r i c a l  

energy was passed through t h e  h e a t e r  c o i l  and t h e  response of t h e  

s e n s i n g  d iode  was recorded. A q u a n t i t y  of  r e a c t a n t  was i n j e c t e d  

through t h e  c a p i l l a r y  w i t h  a micro-syr inge  and t h e  r e c o r d e r  d e f l e c -  

t i o n  was a g a i n  noted. By comparing t h i s  d e f l e c t i o n  w i t h  t h e  c a l i -  

b r a t i o n  h e a t ,  t h e  h e a t  of r e a c t i o n  was c a l c u l a t e d .  

A t o l u e n e  s o l u t i o n  o f  CuBF4[tolueneI3 was charged t o  

I n  t h e  displacement  r e a c t i o n s  shown i n  Table  11, CuBF+ 

[ t o l u e n e I 3  complex was r e a c t e d  wi th  v a r i o u s  o r g a n i c  compounds and 

t h e  r e s u l t i n g  c o o r d i n a t i o n  compound was, i n  t u r n ,  r e a c t e d  w i t h  a n  

- TORECORDER 
P 

1.35V 

A 4 7 0 0  

SENSING 
DIODE 

CIRCUIT DIAGRAM 

CAPILLARY 
1 TUBE 

CALORIMETER CELL 

FIGURE 3. 
Apparatus f o r  measurement of  r e a c t i o n  e n t h a l p i e s .  
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DAVIS AND MAKIN 

TABLE I1 
React ion of Compounds With CuBF4.Toluene Complex 

Compound 

S u l  f o l a n e  

Te  t rahyd r o  f u r a  n 

Dimethyl s u l f o x i d e  

Dioxane 

Tri-n-  butylphospha te 

Dimethyl s u l f o n e  

E thoxysu 1 f o l a n e  

N-Me thylmorphol ine 

A c e t i c  anhydride 

R e s u l t i n g  React ion 

S t a b l e ,  yellow 

s o l u t i o n  

Orange p r e c i p i t a t e  

p l u s  l i g h t  g r e e n  

s o l u t i o n  

Heated r e a c t i o n ,  Cu 

m i r r o r  , black  pre-  

c i p i t a t e  p l u s  green  

s o l u t i o n  

Heated r e a c t i o n ,  

w h i t e  g e l ,  v i o l e t  

s o l u t i o n  

Complete decomposi- 

t i o n  of complex Cu 

m i r r o r ,  b lack  pre-  

c i p i t a t e  

Same as s u l f o l a n e  

Same as s u l f o l a n e  

Mixture  of brown 

and orange p r e c i p i -  

t a t e  p l u s  c l e a r  

hydrocarbon l a y e r  

Blue and lavender  

p r e c i p i t a t e  p l u s  

v i o l e t  co lored  

complex s o l u t i o n  

Addi t ion  of  O l e f i n  

O l e f i n  coord ina ted  

O l e f i n  coord ina ted ,  

p r e c i p i t a t e  d i s -  

solved 

I n s o l u b l e ,  no 

c o o r d i n a t i o n  

Olef  i n  coord ina ted  , 
g e l  d i s s o l v e d  , 
c o l o r  changed 

O l e f i n  coord ina ted  

O l e  f i n  coord ina ted  
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HYDROCARBON SEPARATION 

- TABLE I1 [Cont'd.] 

- React ion of  Compounds With CuBF4.Toluene Complex 

Die thyl  d i s u l f i d e  

Diphenyl s u l f i d e  

Nitrobenzene 

Compound R e s u l t i n g  Act ion  

A c e t i c  anhydr ide  p l u s  c l e a r  hydro- 

[ Cont'd. ] carbon phase 

Carbon d i s u l f i d e  Brown v iscous  com- 

p l e x  p l u s  hydro- 

carbon l a y e r  

Light  green  s t a b l e  

complex p l u s  hydro- 

carbon l a y e r  

Slowly r e a c t s  t o  

form whi te  c r y s t a l s  

[ l i q u i d  p 0 i n t , ~ 6 0 ' c ] ,  

decomposed by water 

Deep red ,  l i q u i d  

complex 

Addi t ion  of  O l e f i n  

O l e f i n  r e a c t e d  a t  

4 5 ° C  t o  form s t a b l e  

l i q u i d  complex 

O l e f i n  coord ina ted  

and s o l u t i o n  became 

c o l o r  less 

o l e f i n ,  u s u a l l y  pentene-1 o r  hexene-1, t o  determine i f  l igand  ex-  

change would occur. 

CuBF4 w i l l  form c o o r d i n a t i o n  compounds w i t h  o r g a n i c  compounds 

c o n t a i n i n g  n i t r o g e n ,  oxygen o r  s u l f u r  atoms. When two f u n c t i o n a l  

groups are a v a i l a b l e  i n  t h e  same molecule, t h e  one t h a t  forms t h e  

s t r o n g e s t  bond w i l l  dominate t h e  r e a c t i o n .  Genera l ly ,  n i t r o g e n  

forms t h e  s t r o n g e s t  bond w i t h  Cu[I ]  c a t i o n  followed by s u l f u r  and 

oxygen. This o r d e r  does n o t  always apply  when d i f f e r e n t  a r r a n g e -  

ments of t h e  atoms are poss ib le .  For  example, s u l f o x i d e ,  s u l f o n e  

and s u l f a t e  groups have d i f f e r e n t  bonding s t r e n g t h s .  

pounds, such a s  a ldehydes,  a l c o h o l s  and amines d e s t r o y  t h e  complex. 

Some com- 
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DAVIS AND MAKIN 

One compound of s p e c i a l  i n t e r e s t  i s  d iphenyl  s u l f i d e  because 

Addi t ion  of  s m a l l  of  i t s  unusual  and unique behavior  w i t h  CuBF4. 

q u a n t i t i e s  of  d iphenyl  s u l f i d e  t o  CuBF4[tolueneI3 forms a l i q u i d  

compound, and t o l u e n e  i s  d i s p l a c e d  forming a s e p a r a t e  phase. 

t r o d u c i n g  a d d i t i o n a l  d iphenyl  s u l f i d e  t o  t h e  complex has  no immedi- 

a te  e f f e c t .  Then, a f t e r  a s h o r t  i n d u c t i o n  per iod ,  c r y s t a l s  begin  

t o  form a t  a r a p i d  r a t e ,  s t a r t i n g  from numerous p o i n t s  throughout  

t h e  s o l u t i o n .  C r y s t a l  formation,  which i s  accompanied by n o t i c e -  

a b l e  h e a t  e v o l u t i o n ,  cont inues  u n t i l  t h e  e n t i r e  s o l u t i o n  s o l i d i -  

f i e s .  

and r e c r y s t a l l i z e s  upon cool ing.  

i n  t h i s  complex u n t i l  i t  i s  h e a t e d  t o  about  45°C. 
a r e  s o l u b l e  a t  room temperature .  

I n -  

The diphenyl  s u l f i d e  complex l i q u i f i e s  when hea ted  t o  6 0 ° C  
A l i p h a t i c  o l e f i n s  a r e  n o t  s o l u b l e  

Cycl ic  o l e f i n s  

It i s  suspec ted  t h a t  i n  those  r e a c t i o n s  which gave green  pro-  

d u c t s ,  t h e  r e a g e n t  conta ined  t r a c e s  o f  peroxide and,  i n  f a c t ,  t h e  

cuprous complex has  been used t o  d e t e c t  peroxides  i n  o l e f i n s .  It 

can be g e n e r a l l y  s t a t e d  t h a t  t h e  complex can c o o r d i n a t e  a l a r g e  

v a r i e t y  of compounds c o n t a i n i n g  s u l f u r  and/or  oxygen and s t i l l  ex-  

change w i t h  o l e f i n s .  

t o  b e t t e r  d e f i n e  t h e  r e a c t i o n s  of  o r g a n i c  compounds wi th  CuBF4. 

P h y s i c a l  p r o p e r t i e s  and s t r u c t u r a l  de te rmina t ions  would be bene- 

f i c i a l  t o  t h e  unders tanding  o f  r e l a t e d  CuBF4 complexes. 

Obviously, more work is needed i n  t h i s  a r e a  

The r e a c t i o n  of CuBF4[tolueneI3 complex wi th  v a r i o u s  n i t r i l e s  

i s  shown i n  Table  111. 

A s  s t a t e d  previous ly ,  t h e  cuprous complex r e a c t s  w i t h  n i t r i l e s  

t o  form very  s t a b l e  c o o r d i n a t i o n  compounds. When f u l l y  coord ina ted  

w i t h  f o u r  n i t r i l e  l igands  t h e  complex i s  unable  t o  r e a c t  w i t h  o l e -  

f i n s .  However, when only  one n i t r i l e  l igand  i s  coord ina ted ,  t h e  

complex i s  a b l e  t o  exchange o t h e r  l i g a n d s  and i t s  s t a b i l i t y  i s  much 

improved. The b e n z o n i t r i l e  and p h e n y l a c e t o n i t r i l e  complexes a r e  

s t a b l e  i n  a i r  and water. 

t h e  p h e n y l a c e t o n i t r i l e  cuprous complex i s  due t o  i t s  non-wett ing 

c h a r a c t e r i s t i c .  

l i q u i d  and moderately s o l u b l e  i n  water. The cuprous i o n  appears  t o  

be s t a b l e ,  bu t  t h e r e  i s  some doubt about  t h e  BF+- a n i o n  s t a b i l i t y .  

It should be  noted t h a t  t h e  s t a b i l i t y  o f  

The methoxypropioni t r i le  c o o r d i n a t i o n  compound i s  
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HYDROCARBON SEPAFATION 

TABLE 111 

React ion  of Ni t r i les  With CuBF4.Toluene Complex 
-- 

Compound 

A c e t o n i t r i l e  

B e n z o n i t r i l e  

P h e n y l a c e t o n i t r i l e  

Methoxypropioni t r i le  

R e s u l t i n g  Reac t ion  

White c r y s t a l s ,  un- 

s t a b l e  i n  a i r  o r  water  

Liquid  complex, s t a b l e  

i n  a i r  and water 

White c r y s t a l s ,  s t a b l e  

i n  a i r ,  i n s o l u b l e  i n  

water, decomposed i n  

MeOH-water mixtures  

Liquid complex, s t a b l e  

i n  a i r ,  moderately s o l -  

ub le  i n  water  and Cuf 

r e t a i n e d  b u t  BF4- 

s t a b i l i t y  i n  doubt  

Addi t ion  of O l e f i n  

O l e f i n  not  r e a c t i v e  

O l e f i n  not  r e a c t i v e  

O l e f i n  not r e a c t i v e  

O l e f i n  not  r e a c t i v e  

The c r y s t a l l i n e  a c e t o n i t r i l e  d e r i v a t i v e  of  t h e  CuBF4[toluene]3 

complex was e x t e n s i v e l y  s t u d i e d  because of i t s  s t a b i l i t y  and homo- 

geneous composi t ion.  E lementa 1 a n a l y s i s  confirmed t h e  composi t ion 

t o  be CuBF4[ CH&N]4. 

The CuBF*[ CHSCN]~ c o o r d i n a t i o n  compound i s  a c o l o r l e s s  c r y s -  

t a l l i n e  m a t e r i a l  of moderate s t a b i l i t y .  It slowly t u r n s  green  i n  

a i r  and i s  n o t  r e a d i l y  decomposed by water. It  has a m e l t i n g  p o i n t  

of 161 t o  171°C by s e a l e d  tube tes ts .  Some decomposi t ion was sus- 

pected a t  t h i s  tempera ture ,  s i n c e  t h e  compound r e c r y s t a l l i z e d  a t  a 

lower temperature  and changes i n  i t s  p h y s i c a l  appearance were 

noted.  

a t  2 4 O C .  X-ray a n a l y s i s  showed t h e  c r y s t a l  t o  be monocl inic  w i t h  

u n i t  c e l l  dimensions of 24.64 x 8.55 1 [Vc=4407.6 A3]. 
Molecular  weight  of  t h e  u n i t  c e l l  was c a l c u l a t e d  t o  be  955 amu. A 

u n i t  c e l l  c o n t a i n i n g  3 molecular  weight  u n i t s  of  CuBF4[CH3CN]4 

I t s  d e n s i t y  was determined by f l o a t a t i o n  t o  be 1.466 gm/cc 

x 20.92 
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DAVIS AND MAKIN 

would have a molecular  weight  of 942 amu. 

c o o r d i n a t i o n  compound i n d i c a t e s  t h a t  copper  has  a t e t r a h e d r a l  

s p a c i a l  arrangement. 

The s t a b i l i t y  of  t h i s  

The s t a b i l i t y  and well  d e f i n e d  composi t ion of t h e  a c e t o n i t r i l e  

c o o r d i n a t i o n  compound suggested a c e t o n i t r i l e  could be used as a re- 

a g e n t  t o  de te rmine  CuBF4 complex c o n c e n t r a t i o n  i n  unknown s o l u -  

t i o n s .  

i n s o l u b l e  c r y s t a l l i n e  phase which s e r v e s  as  a n  i n d i c a t o r .  We were 

a b l e  t o  confirm complete composi t ion of complexes c o n t a i n i n g  mixed 

l i g a n d s  by t i t r a t i o n  w i t h  a c e t o n i t r i l e  followed by VPC a n a l y s i s  of 

t h e  d i s p l a c e d  l i g a n d s .  

The r e a c t i o n  of  a c e t o n i t r i l e  w i t h  CuBF4 complex y i e l d s  a n  

The exchange r e a c t i o n  of CuBF4[toluene], complex w i t h  var ious  

hydrocarbons i s  shown i n  Table  I V .  Our purpose was t o  compare t h e  

TABLE IV 
React ion  of Hydrocarbons W i t h , C u B F ~ [ T o l ] 3  Complexes 

Ole f i n s  

E thy1  ene 

Prop y l e  ne 

Butene-1 

Pentene- 1 

Hexene- 1 

Heptene- 1 

Dodecene- 1 

Tetradecene-1 

Hexadecene-1 

Aroma t ics  

Toluene 

Benzene 

E thy  lbenzene 

0- Xy le ne 

m-Xylene 

p-Xylene 

Mes i t  y lene 

"Wet" CuBF4[ T o l l g  

immiscible  l i q u i d  c r y s t a l l i n e  

"Dry" CuBF4[ T o l l g  

I t  I t  It 

11 11 m i s c i b l e  l i q u i d  
11 I 1  11 11 

II I t  11 11 

m i s c i b l e  l i q u i d  I t  I t  

11 I t  s o l i d  a t  O°C 

s o l i d  a t  21'C 11 I t  

11 I1 s o l i d  a t  32°C 

immiscible  l i q u i d  
11 11 

11 11 

11 I t  

11 11 

11 11 

s o l i d  

c r y s t a l l i z e s  from s o l u t i o n  

m i s c i b l e  l i q u i d  
11 I 1  

c r y s t a l l i z e s  from s o l u t i o n  

m i s c i b l e  l i q u i d  
11 11 

c r y s t a l l i z e s  from s o l u t i o n  
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HYDROCARBON SEPARATION 

type  of  phases  formed w i t h  "wet" and "dry" complexes. 

complex can  a c c e p t  l i g a n d s  up t o  hexene b e f o r e  complete m i s c i b i l i t y  

occurs ,  w h i l e  t h e  ''dry" complex becomes m i s c i b l e  upon c o o r d i n a t i n g  

w i t h  butene-1. 

c o n t r o l  t h e  complex m i s c i b i l i t y  w i t h  hydrocarbons. 
does not form a n  immiscible  l i q u i d  phase wi th  hydrocarbons a s  it 

forms only c r y s t a l l i n e  o r  m i s c i b l e  l i q u i d  phases .  I f  two l i q u i d  

phases  are d e s i r e d ,  a l igand  from t h e  group of o r g a n i c  compounds 

j u s t  d i s c u s s e d  may be added t o  t h e  system. A d d i t i o n  of a p a r a f -  

f i n i c  hydrocarbon t o  t h e  system can achieve  t h e  same r e s u l t  i n  some 

c a s e s  involv ing  low molecular  weight  o l e f i n s .  

The "wet"  

The water l igand  on t h e  "wet" complex a p p e a r s  t o  

The d r y  complex 

The "dry" complex appears  t o  be  less s t a b l e  i n  s t o r a g e  t h a n  

t h e  "wet" complex and does  not  o f f e r  any advantages i n  performance 

o r  c a p a c i t y .  

p l e x  was p r e f e r r e d  i n  most of o u r  i n v e s t i g a t i o n s .  

S ince  i t  i s  more d i f f i c u l t  t o  prepare ,  t h e  " w e t "  com- 

Various systems used t o  t e s t  t h e  s e l e c t i v i t y  of  t h e  CuBF4 can- 

p l e x  f o r  s e p a r a t i n g  hydrocarbons a r e  shown i n  Table  V. 

c l a s s e s  of o l e f i n - a r o m a t i c ,  o l e f i n - o l e f i n  and o l e f i n - p a r a f f i n  sys-  

tems were t e s t e d  f i r s t  by l i q u i d - l i q u i d  c o n t a c t  i n  small v i a l s  t o  

o b t a i n  a n  estimate of  t h e  6 - f a c t o r .  The @ - f a c t o r  i s  a measure of 

t h e  r e l a t i v e  s e l e c t i v i t y  o f  t h e  complex f o r  one component as d e t e r -  

mined from c o n c e n t r a t i o n  d i s t r i b u t i o n  between t h e  two l i q u i d  
phases .  The r e l a t i v e  s e l e c t i v i t y  is  analogous t o  r e l a t i v e  vola-  

t i l i t y  i n  vapor- l iqu id  systems.  It  was noted t h a t  t h e  s e p a r a t i o n  

f a c t o r s  were very l a r g e  compared t o  t h o s e  obta ined  w i t h  common or -  

g a n i c  s o l v e n t s .  I n  some c a s e s  t h e  s e p a r a t i o n s  obta ined  were impos- 

s i b l e  by o r d i n a r y  p h y s i c a l  methods. The pentene-1, to luene  equi -  

l i b r i u m  i n d i c a t e s  t h e  o l e f i n  i s  coord ina ted  2: 1 over  t h e  a romat ic .  

S t y r e n e  c o o r d i n a t e s  10: 1 over  e thylbenzene which has  t o  compete 

w i t h  to luene  f o r  t h e  c o o r d i n a t i o n  s i t e  and probably occupies  t h e  

weakest p o s i t i o n .  O l e f i n - o l e f i n  e q u i l i b r i a  i n d i c a t e  t h a t  terminal 
o l e f i n s  a r e  coord ina ted  more s t r o n g l y  t h a n  t h o s e  w i t h  i n t e r n a l  
u n s a t u r a t  ion. 

The broad 

O l e f i n s  wi th  a c i s  c o n f i g u r a t i o n  are coord ina ted  almost  as 

'ngly as terminal o l e f i n s .  Molecular  weight  seems t o  have 
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DAVIS AND MAKIN 

TABLE V 

Hydrocarbon Separa t ions  With Cu BF4 Complex 

System 

Olefin-Aromatic 

Pentene-1; Toluene 

Styrene;  Ethylbenzene 

Olef in-Olef i n  

Pentene-1; c-Pentene-2 

Pentene-1; t -Pentene-2 

c-Pentene-2; t -Pentene-2 

Hexene- 1; Pentene- 1 

Olef in-Para f f i n  

Pentene-1; Hexane 

Hexene-1; Heptane 

Dodecene-1; Dodecane 

f a c t o r  

2.33 
-.10.00 

1.41 

4.39 
3.11 
1.00 

l i t t l e  e f f e c t  on c o o r d i n a t i o n  u n l e s s  i t  produces a m i s c i b l e  system. 

S ince  p a r a f f i n s  have now-bonds wi th  which t o  form a c o o r d i n a t i o n  

bond, t h e  o l e f i n - p a r a f f i n  systems provide t h e  most s p e c t a c u l a r  

p - f a c t o r s .  It was observed t h a t  t h e s e  s e p a r a t i o n  f a c t o r s  can 

v a r y  cons iderably  wi th  t h e  r a t i o  of  o l e f i n  t o  complex. 

These i n i t i a l  e q u i l i b r i a  s t u d i e s  i n d i c a t e  very low v o l a t i l i -  

t i e s  f o r  high vapor  p r e s s u r e  l igands.  This  hypothes is  was checked 

by measuring t h e  evapora t ion  r a t e s  of  pentene-1 and t o l u e n e  from 

a n  excess  of s u l f o l a n e  with and wi thout  CuBF4 complex present .  

r e s u l t s  of  t h e s e  t e s t s  a r e  shown i n  F igure  4. 
25"C, pentene-1 evaporated from t h e  s u l f o l a n e  s o l v e n t  i n  about  two 

hours. Toluene c o n c e n t r a t i o n  dropped s h a r p l y  and l e v e l e d  o f f .  I n  
t h e  system c o n t a i n i n g  CuBF4 complex, i n i t i a l  c o n c e n t r a t i o n s  of  both 

to luene  and pentene-1 were much h igher .  Over t h e  18 hour t e s t  

per iod ,  pentene-1 c o n c e n t r a t i o n  changed very  l i t t l e  while  t h e  t o l u -  

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

The 

A t  100 mm Hg and 
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DAVIS AND MAKIN 

It m u s t  be concluded from t h i s  experiment  t h a t  o l e f i n  bonding 

w i t h  CuBF4 i s  much s t r o n g e r  t h a n  s o l v e n t  e f f e c t s  and t h a t  t h e  re- 

s i d u a l  to luene  molecule i s  a l s o  s t r o n g l y  bonded t o  t h e  copper ion. 

These r e s u l t s  a l s o  show t h a t  t h e  olef in-complex bond i s  s t r o n g e r  

t h a n  t h e  aromatic-complex bond s i n c e  t h e  v o l a t i l i t i e s  of  pentene-1 

and to luene  were reversed.  That  is, t o l u e n e  [b.p. llO°C] was more 

v o l a t i l e  than pentene-1 [b. p. 30°C] i n  t h e  CuBF4-sulfolane system. 

Thermal d i s s o c i a t i o n  s t u d i e s  o f  o l e f i n  complexes have shown 

t h a t  t h e  ethylene-CuBF4 complex begins  t o  d i s s o c i a t e  a t  about  50°C, 

whi le  t h e  propylene complex d i s s o c i a t e s  a t  about  70°C. 

pentene-1 complex was only  s l i g h t l y  d i s s o c i a t e d  a t  t h e  b o i l i n g  

p o i n t  o f  toluene.  Higher temperature  [ > l l O " C ]  l e a d s  t o  thermal  

decomposition of CuBF4, so  thermal  r e g e n e r a t i o n  techniques are n o t  

a p p l i c a b l e  t o  most s e p a r a t i o n  processes  employing c o o r d i n a t i o n  com- 

p lexes  o f  t h i s  type. 

t h e  complex by e thylene .  One o l e f i n  i s  d i s p l a c e d  by a n o t h e r  by 

mass a c t i o n ,  and t h i s  appears  t o  be t h e  o n l y  means capable  of pro- 

ducing a s u b s t a n t i a l  mass t r a n s f e r  i n  high molecular  weight  o l e f i n  

complexes. When a n  o l e f i n  complex is contac ted  w i t h  excess  o l e f i n  

o f  d i f f e r e n t  molecular  weight, t h e  composi t ion o f  t h e  o l e f i n  com- 

p l e x  w i l l  come t o  e q u i l i b r i u m  favor ing  t h e  o l e f i n  t h a t  i s  i n  ex- 

cess .  A number of  such c o n t a c t s  w i l l  cause displacement  of sub-  

s t a n t i a l l y  a l l  t h e  o r i g i n a l  o l e f i n .  This  i s  i l l u s t r a t e d  by t h e  

d a t a  i n  F igure  5. 

The 

However, pentene-1 i s  e a s i l y  d i s p l a c e d  from 

The CuBF4 complex was s a t u r a t e d  wi th  pentene-1 and t h e n  con- 

t a c t e d  wi th  hexene-1 i n  a number o f  s u c c e s s i v e  e x t r a c t i o n s  t o  

demonstrate  pentene displacement  by l igand  exchange. 

An amount o f  hexene-1 e q u a l  t o  the amount of  coord ina ted  

pentene-1 was added t o  t h e  complex. 

the d i s t r i b u t i o n  c o e f f i c i e n t s  were 1 t o  1. The complex showed 

l i t t l e  o r  no preference  f o r  hexene-1 over pentene-1. The r e s u l t i n g  

f i r s t  s t a g e  exchange was about  5@ hexene-1 and 5 6  pentene-1 coor-  

d i n a t e d  w i t h  t h e  complex. Two s u c c e s s i v e  exchanges w i t h  hexene-1 

were made i n  t h e  same manner, E x t r a p o l a t i o n  of  t h e s e  t h r e e  equi -  

A t  equi l ibr ium,  t h e  r a t i o  o f  
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HYDROCARBON SEPARATION 

1 2 3 4 6 6 7 
NUMBER OF EXCHANGE STAGES 

FIGURE 5. 
Change i n  pentene-1 CuBF4 complex composi t ion by hexene-1 exchange. 

l i b r i u m  exchange d a t a  p o i n t s  i n d i c a t e  that i n  about  6 s t a g e s  the 

exchange would be complete. 

I n  p r a c t i c e  t h e  coord ina ted  o l e f i n  would be exchanged w i t h  

propylene o r  e t h y l e n e  t o  release t h e  pentene.  

weight  o l e f i n  would t h e n  be  recyc led  t o  c o n t a c t  t h e  h igh  molecular  

weight  o l e f i n  a t  a temperature  which would c a u s e  t h e  low molecular  

weight  o l e f i n  c o o r d i n a t i o n  complex t o  d i s s o c i a t e .  

would t h e n  be s h i f t e d  i n  f a v o r  of  t h e  h igh  molecular  weight  o l e f i n  

coord ina t ion .  

The low molecular  

Equi l ibr ium 

A q u a n t i t a t i v e  measure of the  s e p a r a t i o n  of pentene-1 from 

pentene-2 isomers is  shown i n  Table  VI. 
r a t i o  of  6 t o  1 was used i n  o r d e r  t o  impose maximum compet i t ion  for 

An o l e f i n  t o  complex mole 
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DAVIS AND MAKIN 

TABLE VI 
S e p a r a t i o n  of  Pentene-1 and Pentene-2 Isomers With CuBF+ Complex 

Analys is  of R e s u l t i n g  Phases 

Component, w t . $  Feed R a f f i n a t e  Complex #-Factors 

Pentene- 1 31-27 27.64 45.27 2.61 

t r -Pentene-2  31.93 37.01 13.80 0.27 

cis-Pentene-2 36.80 35.34 40.93 1.27 

a v a i l a b l e  c o o r d i n a t i o n  s i t e s .  The complex s e l e c t i v i t y  f o r  

pentene-1 over  the  t r a n s  isomer i s  n e a r l y  1 O : l  and over  t h e  c i s  

isomer 2:l .  S e l e c t i v i t y  f o r  c i s -pentene-2  over  t rans-pentene-2  i s  

about  4 : l .  
t o  perform by p h y s i c a l  means because molecular  d i f f e r e n c e s  a r e  

small and t h e i r  b o i l i n g  p o i n t s  d i f f e r  by only  0.6"C. 

t r a t e s  j u s t  how s e l e c t i v e  t h e s e  c o o r d i n a t i o n  complexes r e a l l y  are.  

The s e p a r a t i o n  of  t h e s e  two isomers i s  most d i f f i c u l t  

T h i s  i l l u s -  

The d a t a  i n  F igure  6 show t h e  e f f e c t  of o l e f i n  t o  complex 

mole r a t i o s  on s e l e c t i v i t y  f o r  c i s -pentene-2  over  t rans-pentene-2.  

The p - f a c t o r  d e c r e a s e s  r a p i d l y  when t h e  mole r a t i o  of o l e f i n  t o  

complex drops below j:l where t h e  t r a n s  isomer does not  have t o  

compete f o r  t h e  c o o r d i n a t i o n  s i t e .  

a mole r a t i o  of  1 .5  t o  1. This i s  e q u i v a l e n t  t o  1.5 l i g a n d s  per  

copper ion .  Normally, o l e f i n  loadings  vary from about  1.5 t o  2.5 
coord ina ted  l i g a n d s  per  copper  ion. 

The 4 - f a c t o r  approaches 1 a t  

O l e f i n - p a r a f f i n  s e p a r a t i o n  was demonstrated us ing  pentene-1 

and n-hexane as  model compounds. The r e s u l t i n g  complex perform- 

ance i s  shown i n  Table  VII. A feed mixture  of 6@ pentene-1 and 

4C$ n-hexane produced a complex c o n t a i n i n g  78% pentene-1 r e l a t i v e  

t o  t h e  n-hexane c o n t e n t .  The s o l u b l i z e d  n-hexane can be removed 

by p a r a f f i n  o r  a romat ic  wash. Pentene loading i n  t h e  complex was 

1.91 l i g a n d s  p e r  copper  ion  w h i l e  to luene  occupied 1.16 l i g a n d s  p e r  

copper  i o n  f o r  a t o t a l  of  3.06 l igands .  

92% pentene-1, 8% n-hexane feed ,  a complex was obta ined  c o n t a i n i n g  

99.4$ pentene-1 r e l a t i v e  t o  n-hexane. 

In a second t e s t  using a 

The complex conta ined  2.85 
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HYDROCARBON SEPARATION 

1 2 3 4 5 6 7 8 
MOLE RATIO OF OLEFIN TO CUBF, 

FIGURE 6. 
Separation of pentene-2 isomers with CuBF4 complex. 

TABLE V I I  

Separation of Pentene-1 From n-Hexane With CuBFq[Tol]g 

Feed Ra f f ina te  Complex Moles per 

Component - gms ~3 
Pentene- 1 3.0 25.0 

Hexane 2.0 29.1 

Toluene 3.7 45.2 

2.0 - - C U B F ~  

10.8 

gms wt.qg 
1.27 48.2 

1.48 13.7 
2.38 38.1 

5.10 

gms mole of  CuBFa 

1.78 1.91 
0'. 51 - 
1.41 1.15 
2.0 

5.70 3.06 
- - 
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DAVIS AND MAKIN 

l i g a n d s  of pentene-1, w h i l e  t o l u e n e  was reduced t o  0.54 l igand  

s i tes .  A t o t a l  o f  3.39 l igand  s i tes  per  copper  i o n  were occupied. 

These examples r e p r e s e n t  a s i n g l e  e q u i l i b r i u m  c o n t a c t  and not t h e  

u l t i m a t e  p u r i t y  of product  which could  be obta ined  by washing unde- 

s i r a b l e  components from t h e  complex phase. 

High molecular  weight  o l e f i n s  are a l s o  coord ina ted  by t h e  

CuBF4 complex. Data f o r  a C12 normal o l e f i n ,  normal p a r a f f i n  s y s -  

tem is presented  i n  Table  VIII. The feed mixture  c o n t a i n i n g  14.5% 
o l e f i n  was separa ted  i n t o  a 9 5 . a  p a r a f f i n i c  r a f f i n a t e  and a n  8 9 . 9  
o l e f i n i c  e x t r a c t  i n  a s i n g l e  s t a g e ,  I n  many a p p l i c a t i o n s ,  t h i s  

s i n g l e  s t a g e  upgrading of t h e  o l e f i n  c o n c e n t r a t e  would be  s u f f i c i -  

e n t  f o r  product ion  of  a u s e f u l  in te rmedia te .  Complex c a p a c i t y  f o r  

t h e  CI2 o l e f i n  was about  18$ by weight  compared t o  about  3 6  f o r  

pentene-1 i n  t h e  Cs o l e f i n  complex. 

E x t r a c t i o n  of long c h a i n  o l e f i n s  p r e s e n t s  a s o l u b i l i t y  prob- 

lem, in t h a t  t h e s e  l i g a n d s  cause  t h e  complex phase t o  be p a r t i a l l y  

m i s c i b l e  w i t h  t h e  hydrocarbon phase. Copper loss  becomes s i g n i f i -  

c a n t  due t o  t h i s  increased  s o l u b i l i t y .  The e f f e c t i v e n e s s  of  s u l f o -  

lane  i n  c o n t r o l l i n g  complex s o l u b i l i t y  i s  shown i n  F igure  7. With 

no s u l f o l a n e  p r e s e n t  i n  t h e  complex, copper  l o s s  t o  t h e  hydrocarbon 

phase was about  9 o f  t h a t  a v a i l a b l e .  

l ane  p e r  mole of complex, t h i s  l o s s  was reduced t o  0.8 - 9,000 ppm, 

and when 3 moles of  s u l f o l a n e  were added t h e  l o s s  was reduced t o  

about  2 ppm. S u l f o l a n e  has  about  t h e  same d e n s i t y  a s  the  copper  

complex and they  are  completely m i s c i b l e ,  and, a s  mentioned e a r l i e r ,  

s u l f o l a n e  does not i n t e r f e r e  w i t h  l igand  exchange. 

By adding 1 mole of s u l f o -  

Component 

n-Paraf  f i n  

n-Olef i n  
- 
- 

TABLE V I I I  

Example of C I P  P a r a f f i n - O l e f i n  S e p a r a t i o n  

Feed R a f f i n a t e  Complex Phase 

W d  G r a m s  W d  Grams W d  Grams 
- 

85.5 85.5 95.2 81.5 10.1 0.9 
14.5 14.5 4.8 4.2 89.9 8.2 

100.0 85.7 9.1 
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DAVIS AND MAKIN 

The e x t r a c t i o n  o f  v i n y l  a romat ics  from o t h e r  a romat ics  was 

demonstrated us ing  s t y r e n e  and ethylbenzene as model compounds. 

The number of s t a g e s  r e q u i r e d  t o  e x t r a c t  a l l  t h e  s t y r e n e  from a n  

ethylbenzene mixture  i s  shown i n  F i g u r e  8. 
c o n t a c t  s t a g e s ,  9% of  t h e  s t y r e n e  was e x t r a c t e d ,  w i t h  5% of t h e  

s t y r e n e  being e x t r a c t e d  i n  t h e  f i r s t  s t a g e .  I n  t h e  second s t a g e  

t h e  complex e x t r a c t e d  about  5 6  of t h e  remaining s t y r e n e .  

t rend  was followed i n  t h e  t h i r d  and f o u r t h  s t a g e s .  

I n  f i v e  e q u i l i b r i u m  

This  

S tyrene  p u r i t y  i n  t h e  complex phase was increased  by e x t r a c t -  

ing t h e  ethylbenzene w i t h  a p a r a f f i n  a s  shown i n  F i g u r e  9. I n  f o u r  

s t a g e s  of wash, s t y r e n e  p u r i t y  increased  from 76$ t o  9% whi le  t h e  

complex loading  decreased  from 2.2 moles of s t y r e n e  per  mole of 

CuBF4 t o  about  1.5 moles p e r  mole, The recovery  of s t y r e n e  by t h i s  

technique r e q u i r e s  a n  e x t r a c t i o n  c y c l e ,  a wash c y c l e  and a l igand  

exchange c y c l e .  I n  t h e  l igand  exchange c y c l e ,  a low b o i l i n g  o l e f i n  

1 2 3 4 
NUMBER OF EXTRACTION STAGES 

5 

FIGURE 8. 
Styrene  e x t r a c t i o n  from ethylbenzene wi th  CuBF4. 
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HYDROCARBON SEPARATION 

i s  used t o  d i s p l a c e  t h e  s t y r e n e  from t h e  complex which is  recyc led  

t o  t h e  s t y r e n e  e x t r a c t i o n  c y c l e .  The low b o i l i n g  o l e f i n  i s  d i s -  

t i l l e d  from t h e  s t y r e n e  product .  A process  of  t h i s  s o r t  a l lows  t h e  

d i r e c t  e x t r a c t i o n  of  s t y r e n e  from cracked o i l  streams. 

Equi l ibr ium s t u d i e s  involv ing  t h e  Cu[ I ]  t o l u e n e  complex w i t h  

o t h e r  a romat ics  show a d e f i n i t e  o r d e r  and c o o r d i n a t i o n  p r e f e r e n c e  

e x i s t s  which i s  based t o  a l a r g e  e x t e n t  on molecular  geometry b u t  

i s  a l s o  s t r o n g l y  inf luenced  by t h e  presence of e l e c t r o n  r e l e a s i n g  

groups as shown i n  Table  IX .  The o r d e r  of  d e c r e a s i n g  c o o r d i n a t i o n  

s t r e n g t h  i s  as  fol lows:  

o-xylene =- mesi ty lene  > p-xylene > e thylbenzene  > t o l u e n e  

m-xylene > b e n z e n e >  n-propylbenzene > t e r t - b u t y l b e n z e n e  

t r i - e t h y l b e n z e n e  > sec-amylbenzene 

Since  e l e c t r o n  r e l e a s i n g  groups a r e  p r e f e r r e d  over  benzene one 

would s u s p e c t  t h a t  e l e c t r i c a l  p r o p e r t i e s  of  t h e  molecule  a r e  a 

f a c t o r  i n  s e l e c t i v e  c o o r d i n a t i o n  w i t h  t h e  complex. However, no 

d i s t i n c t  c o r r e l a t i o n  of  s e l e c t i v i t y  w i t h  d i e l e c t r i c  c o n s t a n t ,  d i -  

po le  moment o r  b a s i c i t y  was found. 

[ 13 Order of d e c r e a s i n g  d i e l e c t r i c  c o n s t a n t :  

o-xylene>Ip-xylene > t o l u e n e  > b e n z e n e >  E-xylene 

[ 2 ]  Order of  d e c r e a s i n g  d i p o l e  moment: 

o-xylene > t o l u e n e  =- Ip-xylene > p x y l e n e  > benzene 

[ 3 ]  Order o f  d e c r e a s i n g  b a s i c i t y  toward HF-BF,: 
Mesi ty lene  >m-xylene > o - x y l e n e  >E-xylene > t o l u e n e  

There is  l i t t l e  advantage i n  apply ing  c o o r d i n a t i o n  compounds 

t o  t h e  s e p a r a t i o n  of  a r o m a t i c s  because t h e  e q u i l i b r i u m  r a t i o s  
d i f f e r  by such a small degree. 

and para-xylene a r e  s e p a r a t e d  from ortho-xylene a t  0°C.  A t  t h i s  

temperature ,  o r tho-xylene  c o o r d i n a t i o n  compound c r y s t a l l i z e s  from 

s o l u t i o n .  The enrichment of  or tho-xylene  over  t h e  meta-, para-  

xylenes i s  about  3 : l  p e r  s tage .  The same type o f  e q u i l i b r i u m  was 

obta ined  f o r  t h e  ethylbenzene,  o-xylene system. 

However, t h e  C8 aromat ics  meta- 

CuBF, complex was a p p l i e d  t o  t h e  s e p a r a t i o n  of  a romat ics  from 

p a r a f f i n s  and naphthenes. The r e s u l t s  a r e  shown i n  Table  X. The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



DAVIS AND MAKIN 

+n3 3 l O W  L13d 3N3LIAlS S 3 l O W  

I I I 

x 

n 

J 

n 

b 

M Ly 

Lo 

E 
s 

3 

*)I rn 

Y 
0 

W 
a 
m 

3 
N 

c 

228 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROCARBON SEPARATION 

TABLE I X  

Binary E q u i l i b r i u m  D i s t r i b u t i o n  of Aromatics i n  CUBFQ 

C omp onent  s 

Toluene 

- o-Xylene 

Toluene 

Mes i t y l e n e  

Toluene 

2-Xylene 

Toluene 

Ethylbenzene 

Toluene 

m-Xylene 

Toluene 

Benzene 

Toluene 

- n-Propylbenzene 

Toluene 

te r t -Buty lbenzene  

Toluene 

t r i -Ethylbenzene  

Toluene 

sec-Amy lbe nzene 

technique used i n  

d i n a t i o n  compound 

Raf f i n a t e  -- 
55.4 
44.6 

52.7 
47.3 

53.4 
46.6 

54.5 
45.5 

51.7 
48.3 

43.1 
56.9 

51.9 
48.1 

55.5 
44.5 

57.9 
42.1 

51.2 
48.8 

Complex 

48.4 
51.6 

47.8 
52.2 

49.6 
50.4 

54.2 
45.8 

53.9 
46.1 

46.7 
53.3 

62.5 
37.5 

68.2 
31.8 

73.4 
26.6 

74.9 
25.1 

1.146 
0.864 

1.102 

0.907 

1.060 
0.939 

1.005 
0.994 

0.962 
1.048 

0.923 
1.068 

0.831 
1.309 

0.814 
1.399 

0.789 
1.573 

0.684 
1.953 

D i s  t r  i b u t  i o n  

C o e f f i c i e n t ,  

K +?-Fat t o r  

1.326 

1.215 

1.129 

1.011 

0.918 

0.864 

0.635 

0.582 

0.501 

0.350 

t h i s  separa t ion  u t i l i z e s  a s o l i d  CuBF4[C0I3 coor- 

which is thermal ly  decomposed i n  a mixture  of 

aromatics and paraf f ins .  

CO escapes from the  l i q u i d  phase. 

the complex when CO i s  aga in  brought  i n t o  contact w i t h  the  complex 

A l i q u i d  aromatic complex resu l t s  and the 

The aromatics a r e  recovered from 
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TABLE X 

Aromatics Recovery With CUBF+[CO]~ 

Components, w t .  $ 
Benzene 

Toluene 

Ethylbenzene 

p + m-Xylene 

- o-Xylene 

C s  Aromatics 

P a r a f f i n s  

Grams HC 

Grams CuBF4 

Feed - 
44.1 
26.5 
7.0 
7.9 
3.0 
2.7 
8.8 

Ra f f i n a  t e  

35.9 
39.0 
7.2 
6. 8 
2.2 

2.2 

6.7 

Complex 

32.8 
46.8 

5- 6 
7.8 
3.5 
3- 2 

0.5 

86. o 45.0 41. 0 
25. o - 25. o 

caus ing  i t  t o  c r y s t a l l i z e  leav ing  a n  a romat ic  l i q u i d  phase, This 
s e p a r a t i o n  is e s s e n t i a l l y  s i n g l e  s t a g e  c o n t a c t  f o r  t h e  e x t r a c t i o n  

cyc le  and t h e  r e g e n e r a t i o n  cycle .  A p a r a f f i n  wash between t h e s e  

c y c l e s  d i d  n o t  improve t h e  a r o m a t i c  e x t r a c t  p u r i t y .  The d r i v i n g  

f o r c e  f o r  t h i s  s e p a r a t i o n  is t h e  low energy phase change - l i q u i d  

t o  s o l i d  and v i c e  versa .  

The CuBF4[C0]3 i s  of  i n t e r e s t  i n  o t h e r  s e p a r a t i o n s ,  such a s  

t h e  e x t r a c t i o n  of CO from hydrogen and carbon d i o x i d e  t o  o b t a i n  

pure CO f o r  hydroformyla t ion  r e a c t i o n s .  Thermal d i s s o c i a t i o n  

curves  f o r  t h e  CO complex i n  e q u i l i b r i u m  w i t h  t o l u e n e  a r e  shown i n  

F i g u r e  10. The curves  a r e  des igna ted  1.0, 2.0, and 3.0 moles o f  

CO p e r  mole o f  CuBF4 complex, which does not  n e c e s s a r i l y  c o r r e s -  

pond t o  t h e  number of  CO l i g a n d s  on t h e  complex. Some molecules  

of  complex may have t h r e e  l igands ,  whi le  o t h e r s  may have only one 

o r  none, Thus, t h e  curves  a r e  based on averages.  The h e a t s  of  re- 

a c t i o n  were c a l c u l a t e d  f o r  t h e s e  curves  assuming t h a t  some o r d e r  of  

e q u i l i b r i u m  was achieved. 

4.7 k i l o c a l o r i e s  p e r  mole f o r  t h e  r e s p e c t i v e  CO loadings  of 1.0, 

2.0 and 3.0 moles per  mole of  complex. These v a l u e s  i n d i c a t e  t h a t  

The v a l u e s  obta ined  were 11.4, 7.3 and 
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HYDROCARBON SEPARATION 

two o f  t h e  CO l i g a n d s  would be e a s i l y  removed w h i l e  t h e  t h i r d  would 

be more d i f f i c u l t  and t h e  l as t  traces v e r y  d i f f i c u l t  t o  remove. 

This  is  q u i t e  analogous t o  t h e  recovery  of  compounds adsorbed on 

molecular  s ieves .  S o l i d  phases  a r e  p r e s e n t  i n  t h e  system upon 

a d d i t i o n  of about  two moles o f  CO per  mole of CuBF4 complex which 

complicates  t h e  equi l ibr ium.  A change of  s ta te  i n  t h i s  d i r e c t i o n  

i n c r e a s e s  t h e  complex s t a b i l i t y  as  would be expected. A t  any r a t e ,  

t h e  recovery of CO by t h i s  technique  has  worked w e l l  i n  t h e  labora-  

t o r y  and pre l iminary  estimates sugges t  t h a t  it could be a t  least  

compet i t ive  w i t h  low temperature  d i s  t i 1 la t ion. 

SUMMARY AND CONCLUSIONS - 

New technology i s  needed t o  a c h i e v e  h i g h l y  s p e c i f i c  s e p a r a -  

t i o n s  t h a t  a r e  imposs ib le  or i m p r a c t i c a l  t o  a c h i e v e  by conven- 

t i o n a l  p h y s i c a l  p rocesses  such as d i s t i l l a t i o n  and e x t r a c t i o n .  

Also needed f o r  ecology reasons  are processes  t h a t  involve  v e r y  

low energy requirements .  Chemical complexes s a t i s f y  t h e  r e q u i r e -  

ment o f  s p e c i f i c i t y .  Choice of  a g e n t  and r e a c t i o n  c o n d i t i o n s  can  

provide a v e r y  e f f e c t i v e  t o o l  f o r  s o r t i n g  complex hydrocarbon 

mixtures  on t h e  b a s i s  o f  s t r u c t u r e .  

Low energy p r e r e q u i s i t e s  a r e  more d i f f i c u l t  t o  a t t a i n .  How- 

ever ,  i n c o r p o r a t i n g  phase change analogous t o  l i q u i d - l i q u i d  e x t r a c -  

t i o n  and pseudo chemical  o r  chemical  compound format ion  i n c l u d e s  

t h e  b e n e f i t s  sought .  

p rovide  t h e  chemical  l e v e r a g e  needed, and by t a k i n g  advantage of 

d i f f e r e n c e s  i n  r e l a t i v e  s t a b i l i t y  of  v a r i o u s  o l e f i n  complexes t o  

exchange one hydrocarbon f o r  a n o t h e r ,  t h e  low energy t a r g e t  

appears  a t t a i n a b l e .  

The cuprous and s i l v e r  complexes of  o l e f i n s  

O l e f i n  exchange r e a c t i o n s  and o l e f i n  s e p a r a t i o n  p r o c e s s e s  

u t i l i z i n g  cuprous t e t r a f l u o r o b o r a t e  complexes a p p e a r  f e a s i b l e .  

Equi l ibr ium s t u d i e s  i n d i c a t e  s t e r i c  f a c t o r s  are  most impor tan t  i n  

t h e  s t r e n g t h  of t h e  bond formed between t h e  complex and t h e  o l e f i n .  

Competi t ion f o r  t h e  c o o r d i n a t i o n  s i tes  on the  copper  [I] i o n  i s  
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HYDROCARBON SEPARATION 

l a r g e l y  c o n t r o l l e d  by copper  a v a i l a b i l i t y  - o r  t h e  r a t i o  o f  o l e f i n  

t o  copper  ion .  I f  t h e  r a t i o  of o l e f i n  t o  copper  i o n  is l a r g e ,  then  

t h e  most s t a b l e  o l e f i n  s p e c i e s  w i l l  dominate t h e  complex. I f  t h e  

r a t i o  of o l e f i n  t o  copper i o n  is low, t h e  less s t a b l e  o l e f i n  isomer 

is not  r e j e c t e d  so s t r o n g l y  and l i t t l e  o r  no p r e f e r e n c e  f o r  t h e  

more s t a b l e  isomer is shown. 

Most l i k e l y ,  t h e  complex would not be a p p l i e d  t o  t h e  separa-  

t i o n  of o l e f i n  isomers except  i n  s p e c i a l  cases ;  b u t  r a t h e r  more 

g e n e r a l l y  to  t h e  e x t r a c t i o n  of o l e f i n s  from p a r a f f i n s ,  v i n y l  a r o -  

matics from aromat ics  and carbon monoxide from o t h e r  g a s e s .  These 

processes  o f f e r  t h e  g r e a t e s t  p o t e n t i a l  f o r  s u c c e s s  w i t h  fewer 

a s s o c i a t e d  problems t o  h i n d e r  d i r e c t  a p p l i c a t i o n .  

Aromatic s e p a r a t i o n  w i t h  CuBF4 complex has  been only s l i g h t l y  

i n v e s t i g a t e d ,  b u t  d a t a  which have been obta ined  s t r o n g l y  s u g g e s t  

such processes  a r e  workable. S e p a r a t i o n  o f  a r o m a t i c s  from p a r a f -  

f i n s  w i t h  CO complexes is novel  and e q u i l i b r i u m  is e a s i l y  s h i f t e d  

toward a romat ic  c o o r d i n a t i o n  by i n c r e a s i n g  t h e  temperature .  

a romat ics  are  recovered from t h e  complex by i n c r e a s i n g  CO p r e s s u r e  

a t  lower tempera ture  which f a v o r s  CO c o o r d i n a t i o n .  

The 

S e l e c t i v e  c r y s t a l l i z a t i o n  o f  c e r t a i n  a romat ics  from aromat ic  

mixtures  [ esp.  o-xylene from xylene i somers]  w i t h  e x c e l l e n t  e n r i c h -  

ment was observed.  Toluene, o r t h o  xylene and m e s i t y l e n e  a r e  t h e  

only a romat ics  which have been noted t o  form c r y s t a l l i n e  complexes 

w i t h  CuBF4. Screening  has been l i m i t e d  t o  t h e  c i t e d  systems and 

s p e c i a l  c a s e s  of p o t e n t i a l  a p p l i c a t i o n  may e x i s t  w i t h  p o l y c y c l i c  

a romat ics  , f o r  example. 

CuBF4 complex may n o t  be t h e  u l t i m a t e  complex of  c h o i c e  f o r  a 

s p e c i f i c  s e p a r a t i o n s  process ,  b u t  i t  has  served w e l l  i n  t h e  demon- 

s t r a t i o n  of exchange r e a c t i o n s .  Although a more s t a b l e  complex is 

d e s i r a b l e ,  a more s t a b l e  complex may n e i t h e r  be as r e a c t i v e  nor  

have t h e  d e s i r e d  p h y s i c a l  p r o p e r t i e s .  

proven t o  be a s u i t a b l e  c a t i o n ,  and t h e  BF+ a n i o n  is e q u a l l y  s u i t e d  

t o  i t s  r o l e  i n  t h e  complex. 

I n  any c a s e ,  C u [ I ]  has  
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I n t e r e s t  and a c t i v i t y  i n  t h e  f i e l d  of c o o r d i n a t i o n  chemis t ry  

of  ccxnplexes has mounted i n  t h e  l a s t  few y e a r s  a s  evidenced by pub- 

l i c a t i o n s ,  p a t e n t s  and p r i v a t e  c o n s u l t a t i o n .  For  t h e  most p a r t ,  

t h i s  a c t i v i t y  is  conf ined  t o  homogeneous c a t a l y s i s .  Although o u r  

r e s e a r c h  has  been conf ined  t o  problems r e l a t e d  t o  s e p a r a t i o n s ,  t h e  

uses  f o r  nonaqueous CuBF4 complexes a r e  not  n e c e s s a r i l y  l i m i t e d  t o  

t h i s  f i e l d ,  The d i v e r s i t y  of t h e  Chemical Process ing  I n d u s t r y  may 

o f f e r  many a p p l i c a t i o n  p o s s i b i l i t i e s  f o r  CoBF4 complexes of  which 

we are  not  y e t  aware. 
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t a n t s  - P r o f e s s o r s  W. H. Urry [ U n i v e r s i t y  of Chicago] ,  

M. J. S. Dewar [ U n i v e r s i t y  of Texas] ,  J. Halpern [ U n i v e r s i t y  of 
Chicago and Mathew Van Winkle [ U n i v e r s i t y  of Texas]. 

sugges t ions  and encouragement undoubtedly saved us many hours  of  

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

T h e i r  advice ,  

REFERENCES 

1. W. C. Ze ise ,  Pogg Ann., 2l, 497 [18311. 

2. J. S. Anderson, J. Chem. SOC., 1042 [ 19361. 
3. M. S. Kharasch, R. C. S e y l e r  and F. R. Mayo, J. Am. Chem. SOC., 

- 60, 882 [1938] .  

[ 19651. 
4. M. B. Sparke,  L. Turner  and A. J. M. Wenham, J. Catal., k ,  332 

5. W. Fea thers tone  and A. J. S. S o r r i e ,  J. Chem. SOC.,  5235 [I9641 

234 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROCARBON SEPIWITION 

6. 
7. 
8. 

9. 
10. 

11. 

12. 

13. 

14. 

15. 
16. 

17. 

18. 
19. 
20. 

21. 

S .  Winste in  and H. J. Lucas, J. Am. Chem. SOC., 60, 836 [1938] .  

H. W. Quinn and D. N. Glew, Can. J. Chem., 5, 1103 [1962] .  

H. W. Quinn, Can. J. Chem., 45, 1329 [1967] .  

H. W.  Quinn and D. N .  Glew, Can. J. Chem., 44, 2663 [1966] .  

J. G. Traynham and J. R. Olechowski, J. Am. Chem. SOC., 8l, 
571 [ 19591. 

J. W. Kraus and E.  W. S t e r n ,  J. Am. Chem. SOC., 84, 2893 [1962]  

G. A. Olah and H. W. Quinn, J. Inorg.  Nucl. Chem., 14, 295 
[ 19601. 

W .  Fea thers tone ,  I m p e r i a l  Chemical I n d u s t r i e s ,  U . S .  P a t e n t  

3,347,948 [ 19671. 
W .  K r e k e l e r ,  J .  Hischbeck and U. Schwenk, S i x t h  World 

Petroleum Congress, F r a n k f o r t h a i n ,  June 1963. 
J. C.  Warf, J. Am. Chem. SOC., 9, 3702 [1952] .  

D. A. McCaulay, Standard O i l  of Ind iana ,  U. S. P a t e n t  

2,953,589 [19601. 

295 [ 19601. 
G. A. Olah and H.  W .  Quinn, J. Inorg.  and Nucl. Chem., fi, 

D. R. R u s s e l l  and D. W. A. Sharp,  J. Chem. SOC.,  4689 [19611. 

F. A.  Andersen and B. Bak, Acta .  Chem. Scand., 2, 236 [1953] .  

M. J. S. Dewar, J. Chem. SOC.,  406 [1946] .  

J. C h a t t  and L. A. Duncanson, J. Chem. Soc., 2939 [1953] .  

2 35 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


