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CHAPTER I

INTRODUCTION

The o b je c tiv e  o f  t h i s  re s e a rc h  was to  study  th e  u se  o f h igh  p re s 

s u re  and i t s  in f lu e n c e  in  in o rg a n ic  and o rg a n o m e ta llic  s y n th e s is .

The c h ie f  system s chosen fo r  d e ta i le d  s tudy  in c lu d e  reac on o f 

th r e e  d i f f e r e n t  phase p a i r s .  The t r a n s i t i o n  m eta l o x id e  phosphorus 

t r i f l u o r i d e  system  s tu d ie s  g a s - s o l id  in te r a c t io n s  a t  h ig h  p re s s u re .

The phosphorus t r i f l u o r i d e  -  Group VIA elem ents system  combines gas-gas 

w ith  g a s -s o lid  in te r a c t io n s  a t  h ig h  p re s s u re .  The f i n a l  h ig h  p re s su re  

sy stem , th e  h y d ro ly s is  o f  flu o ro ch lo ro m eth an es , in v o lv e s  gas-gas  and 

g a s - l iq u id  in t e r a c t io n s  and i s  perhaps th e  most u n u su a l p re s s u re  system .

The f i n a l  s tu d y  d e a ls  w ith  th e  photochem ical s u b s t i t u t i o n  o f PF^ 

fo r  CO on ClgSi-Co(CO)^ under an autogenous p re s s u re  o f  40 atm ospheres 

o f  PFg. This g a s - l iq u id  s u b s t i t u t i o n  r e a c t io n  re p re s e n ts  a p re lim in a ry  

s tu d y  to  show th e  u se  o f pho tochem ical s u b s t i tu t io n  i n  in o rg a n ic -o rg a n o - 

m e ta l l ic  system s w here th e rm al s u b s t i tu t io n  has n o t been  s u c c e s s fu l .

The f i r s t  s e c t io n  g iv e s  a d e ta i le d  d is c u s s io n  o f  th e  expected  in 

f lu e n c e s  o f p re s s u re  on chem ical system s.

A. Chemical R eac tio n s  a t  Hieh P re s s u re .

The fo llo w in g  d is c u s s io n  i s  a q u a l i t a t iv e  a n a ly s is  o f  th e  e f f e c ts

o f  h igh  p re s su re  on chem ical r e a c t io n s  in  th e  l iq u id  and gas p h ases .

1



As s ta te d  by Dodge^^ in  "High P re s s u re  P hysics  and C hem istry", " th e  r i g 

orous c a lc u la t io n  o f  th e  e f f e c t  o f  p re s s u re  i s  r a th e r  im p ra c tic a l a t  

th e  p re s e n t tim e , p r im a rily  fo r  two re a so n s : (1) th e  n ecessa ry  P,V,T,Y

(mole f r a c t io n )  d a ta  a re  no t a v a i la b le  fo r  any system  and (2) th e  c a l 

c u la t io n  would be an exceed ing ly  te d io u s  one assuming th e  d a ta  were 

a v a i la b le " .

1. G eneral Thermodynamic R e la t io n s h ip s . I t  w i l l  be m ost in 

s t r u c t iv e  to  b e g in  w ith  th e  b a s ic  thermodynamic d i f f e r e n t i a l  energy 

127e x p ress io n s  ,

dE = Tds -  PdV (1)

dH = TdS + VdP (2)

dC = -SdT + VdP (3)

As a l l  th e  q u a n t i t ie s  a re  s t a t e  fu n c tio n s  and a re  th e re fo re  p e r f e c t  

d i f f e r e n t i a l s ,  we can s e le c t  th e  d i f f e r e n t i a l  th a t  w i l l  be most in 

s t r u c t iv e  in  in te r p r e t in g  the  e f f e c t  o f  p re s su re  on a chem ical r e a c t io n .  

That r e la t io n s h ip  w i l l  be th e  change o f  G (Gibbs f r e e  energy) w ith  

p re s su re  a t  c o n s ta n t te m p era tu re , as

I f  we d e f in e  a new f r e e  energy  term  as th e  " p a r t i a l  m olal f r e e
127

energy" such  t h a t ,

'  =1 <=>

where P = p re s s u re ,  T = tem pera tu re  and n̂  ̂ » moles o f component ( i )  

and ^ th e n  we can ta k e  th e  d e r iv a t iv e  o f th e  p a r t i a l  m olal f r e e  

energy w ith  re s p e c t  to  p re s su re  a t  c o n s ta n t tem p era tu re  and com position ,



„ „„ „
<3T> = ■ 3^^ <âp>T '  â 5 [ ( ' )  " ' i

where we have used th e  f a c t  th a t  th e  o rd e r  o f d i f f e r e n t i a t i o n  i s  im

m a te r ia l  and have om itted  s u b s c r ip ts  in d ic a t in g  com position  v a r ia b le s  

h e ld  c o n s ta n t .  We have now d e f in e d  a new term , th e  " p a r t i a l  m olal 

volum e", w hich i s  th e  m easure o f th e  r a t e  of change o f p a r t i a l  m olal 

f r e e  energy .

The p h y s ic a l meaning o f th e  p a r t i a l  m olal q u a n t i t i e s  can b e s t  be 

v is u a l iz e d  by using  the  volume as an example. The d e r iv a t iv e  (9V/3nu) = 

i s  th e  r a t e  o f change o f  th e  t o t a l  volume o f  th e  s o lu t io n  (gas o r 

l iq u id )  w ith  th e  amount o f  component ( i ) .  For exam ple, i f  we s t a r t

w ith  a la rg e  amount o f th e  s o lu t io n ,  th e  i s  equal to  th e  in c re a s e

o r d ec re a se  in  i t s  volume when one mole o f su b stan ce  ( i )  i s  added. I t  

i s  w orth  n o tin g  th a t  can be p o s i t i v e  o r n e g a tiv e .

The p a r t i a l  m olal volum e, an e x p e rim en ta lly  m easurab le q u a n tity  

can th en  be  used to  p r e d ic t  th e  in f lu e n c e  o f  p re s su re  on a  chem ical
3

re a c t io n .  P a r t i a l  m olal volumes a re  exp ressed  in  u n i t s  o f  (cm /m ole) 

which r e f e r s  to  the  volume change o f  1 Kg o f s o lu t io n  when 1 mole o f

component ( i )  i s  added. N um erical v a lu es  fo r  a re  commonly in  the

3 3range o f  -25  cm /mole to  (+) 25 cm /m ole.

In  e q u a tio n  5 , th e  p a r t i a l  m olal f r e e  energy i s  in  a d d i t io n  to  th e

normal f r e e  energy o f  th e  sy stem , i . e .

dG = SdT + VdP + ZGj, dn^ (7)

For so lu tio n s  th e  p a r t i a l  m ola l f r e e  energy i s  a ls o  th e  chem ical 

p o t e n t i a l .



>‘1 ■ '=1 ■ ( % ) p . T , n j

In  c l a s s i c a l  thermodynamics a n e g a t iv e  AG* f o r  a chem ical r e a c tio n  

in d ic a te s  a spontaneous r e a c t io n  (therm odynam ically) and a  p o s i t iv e  

AG® in d ic a te s  a non-spontaneous r e a c t io n .  From th e  r e la t io n s h ip ,  

(3G ^/9P)^ = a n e g a tiv e  p a r t i a l  m o la l volume would g iv e  a n e g a tiv e  

p a r t i a l  m o la l f r e e  energy and a  more n e g a tiv e  o v e r a l l  AG th u s  making 

th e  co rre sp o n d in g  r e a c tio n  more f a v o ra b le .  A p o s i t iv e  p a r t i a l  m olal 

volume would g iv e  a p o s i t iv e  p a r t i a l  m olal f re e  energy and a more 

p o s i t iv e  o v e r a l l  AG making th e  co rresp o n d in g  r e a c t io n  le s s  fa v o ra b le .

2. Gas Phase R e a c tio n s . A d e ta i le d  d is c u s s io n  o f  th e  in -

41f lu e n c e  o f  h ig h  p re s su re  on gas phase  re a c tio n s  i s  p re se n te d  by Dodge 

w ith  em phasis on an e n g in e e r in g , o r  a p p l ic a t io n s  p o in t  o f view . T h is 

p r e s e n ta t io n  w i l l  be l im ite d  to  th e  q u a l i t a t i v e  c o n s id e ra tio n s  o f gas 

phase r e a c t io n s  a t  e le v a te d  p r e s s u re .

The c l a s s i c  example o f th e  am m onia-synthesis r e a c t io n  w i l l  i l l u s 

t r a t e  th e  p r in c ip le s  in v o lv ed .

At 25° and one atm osphere th e  r e a c t io n  m ix tu re  o f  and is  

therm odynam ically  u n s ta b le ,  v i z .

Ng + 3H^ = 2NH3 (9)

U sing s ta n d a rd  themodynamic t a b l e s , a n  AG* o f - 8 .0  K cal/m ole can be 

c a lc u la te d  f o r  th e  r e a c t io n .  R e la t in g  AG* to  th e  e q u ilib r iu m  co n s ta n t

AG* = -nRTlnK (10)

where K = —— — —% (11)



th e  e q u ilib r iu m  c o n c e n tra tio n  o f MĤ  sh o u ld  be 94 mole %. However, 

t h i s  i s  n o t so ; no a p p a re n t fo rm ation  o f  NH  ̂ can be d e te c te d , even 

a f t e r  long p e r io d s  o f  tim e . In  t h i s  r e a c t io n  th e n ,  i t  i s  k in e t i c  o r 

r a t e  c o n s id e ra tio n s  and n o t e q u ilib r iu m  o r  thermodynamic c o n s id e ra tio n s  

which c o n tro l  th e  r e a c t io n .  The u su a l method o f  in c re a s in g  th e  r a t e  

i s  to  in c re a s e  th e  te m p era tu re  o r  employ a c a ta ly s t  o r b o th . No 

reaso n ab le  amount o f  p re s s u re  in c re a s e  w i l l  do any good, s h o r t  o f 

p re s su re s  h ig h  enough to  a f f e c t  th e  k in e t i c  energy o f  th e  v a len ce  

e le c tro n s .  I f  th e  te m p era tu re  i s  r a is e d  to  450“ w ith  th e  p re s s u re  o f 

1 atm osphere and a c a t a ly s t  i s  added th a t  i s  known to  prom ote th i s  

r e a c t io n ,  v e ry  l i t t l e  re a c t io n  ta k e s  p la c e ,  j u s t  as b e fo re .  W ith s u f 

f i c i e n t  the rm al energy  to  r e a c t ,  th e  r e a c t io n  i s  now e q u ilib r iu m  con

t r o l l e d .  F in a l ly ,  th e  f a c to r  o f p re s s u re  can be b rou g h t in to  a c t io n

and th e  c o n c e n tra t io n  o f NH  ̂ in c re a s e  r a p id ly  as p re s su re  in c r e a s e s .

38A study  by Comings shows th a t  th e  optimum p re s s u re  and tem p era tu re  

a re  1000 atm ospheres and 200“ producing  abou t 97% co nvers ion  to  NH^.

I t  i s  w orth  em phasizing  th a t  w hat i s  a c tu a l ly  observed  i n  any 

chem ical r e a c t io n  i s  a  r e s u l t  o f  th e  in te r p la y  o f th e  two f a c to r s  o f 

r a t e  and e q u ilib r iu m  and , in  o rd e r  to  i n t e r p r e t  observed r e s u l t s  co r

r e c t ly ,  th e  e q u i l ib r iu m  p o in t must be known. F o r tu n a te ly ,  t h i s  can 

be  r ig o ro u s ly  c a lc u la te d  w ith  thermodynamics and does n o t in v o lv e  

d o u b tfu l assum ptions excep t as they  may be made because o f  th e  la c k  

o f  n ece ssa ry  th e rm al and c o m p re s s ib il i ty  d a ta .

In  g e n e ra l ,  a r e a c t io n  in  th e  gas phase  i s  p re s s u re  fav o red  i f  

a d ec re ase  in  volume o c c u rs . P re s su re  can g e n e ra lly  on ly  in c re a s e  th e  

r a t e  o f a  r e a c t io n  i n  th e  gas phase by in c re a s in g  th e  c o n c e n tra tio n



of th e  r e a c ta n t s .  The e q u ilib r iu m  c o n s ta n t o f th e  r e a c t io n  I s  a fu n c tio n  

o f th e  thermodynamics o f  th e  o v e r a l l  r e a c t io n .

3. R eac tions Having Condensed P h a se s . S e v e ra l d e ta i le d  d is 

c u ss io n s  a re  a v a i la b le  on th e  e f f e c t  o f  h ig h  p re s s u re  on re a c tio n s

63hav ing  condensed p h ases . S. D. Hamann has an e x te n s iv e  d is c u s s io n

on b o th  chem ical e q u i l ib r i a  In  condensed phases and chem ical k in e t i c s ,

89In  g e n e ra l ,  a t  h igh  p re s s u re .  W. J .  l e  Noble has r e c e n t ly  review ed 

re a c t io n s  In  so lu tio n s  under p re s s u re  w ith  prim ary  em phasis on o rg a n ic  

sy s te m s .

In  g e n e ra l,  t r a n s i t i o n  s t a t e  th e o ry  o f r e a c t io n  r a t e s  I s  th e  b e t t e r  

s u i te d  th eo ry  fo r  a n a ly s is  o f  th e  r o l e  o f p re s s u re  In  chem ical k in e t i c s  

In  s o lu t io n .

D if f e r e n t  au th o rs  u se  d i f f e r e n t  n o ta t io n  In  t h e i r  d is c u s s io n  o f

th e  th e o ry  o f  re a c tio n s  In  s o lu t io n  a t  h igh  p re s s u re .  The n o ta t io n  

89used  by l e  Noble w i l l  be fo llow ed  In  t h i s  t e x t .

In  t r a n s i t i o n  s t a t e  th eo ry  I t  I s  assumed th a t  th e  m ajor l im i t a t io n  

on a  r e a c t io n  I s  th e  r a t e  o f  fo rm a tio n  o f  an a c t iv a te d  In te rm e d ia te  

o r  so c a l le d  t r a n s i t io n  s t a t e .  The same p r in c ip le  a p p l ie s  a t  h ig h  

p re s s u re  w ith  the  added c o n s id e ra t io n  th a t  th e  volume o f  th e  p ro d u c ts  

sh o u ld  be le s s  than  th a t  o f  th e  r e a c ta n ts  so  th a t  p re s s u re  d o e s n 't  r e 

ta r d  th e  r a t e  o f fo rm atio n  o f  p ro d u c ts .

U sing t r a n s i t io n  s t a t e  th e o ry , a  r e a c t io n  o f  th e  g en e ra l ty p e

aA + bB +• • • - >■ X IL + njM + •• •  (12)
*

w here X I s  a d e f in i t e  m o lecu la r s p e c ie s  In  e q u ilib r iu m  w ith  th e  r e 

a c ta n ts  and p ro d u c ts . Using t h i s  assum ption . I t  i s  p o s s ib le  to  s e p a ra te  

th e  f a c to r s  c o n s t i tu t in g  a r a t e  c o n s ta n t In to  k in e t ic  and thermodynamic
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term s. In  t h i s  way, G la ss to n e , L a id le r  and E yring d e r iv e d  th e  r e la 

t io n

k^T *

k = K -%-(K ) (13)
n

where k i s  th e  s p e c i f i c  r a t e  c o n s ta n t , kg i s  Boltzm ann’s  c o n s ta n t ,

h i s  P lan ck ’s c o n s ta n t and K i s  a f a c to r ,  c lo se  to  u n i ty ,  which defin es
*

th e  p ro b a b i l i ty  t h a t  th e  t r a n s i t io n  s t a t e  X w i l l  decompose in to  the
*

p roducts  r a th e r  th a n  th e  r e a c ta n ts .  The q u a n tity  K i s  d e fin e d  by

* tx*]
K ----------   r  (14)

*
where [] deno te  c o n c e n tra tio n  not a c t i v i t y .  K i s  th en  th e  eq u ilib riu m

product fo r  th e  fo rm atio n  o f th e  t r a n s i t i o n  s t a t e ,  u n c o rre c te d  by
*

a c t iv i t y  c o e f f i c i e n t s .  I t  i s  im portan t th a t  k and K m ust be based

on th e  same c o n c e n tra tio n  s c a le .

I f  i t  i s  now assumed th a t  th e  r a t i o  of co n v ers io n  to  p roducts

from th e  t r a n s i t i o n  s t a t e  (K) i s  independent o f  th e  te m p era tu re  and 
49

th e  p re s s u re  , a new r e la t io n s h ip  can be developed , where

* Kkn
In k = In K + In T + ln (~ ^ )  (15)

such th a t

.  I Q - r Ù  (16)
3P 3P  ̂ ^

63In  a p p l ic a t io n s  a t  h ig h  p re s su re  th e  d e r iv a t iv e  assumes a  form 

to  account fo r  th e  c o m p re ss ib ili ty  o f  th e  s o lv e n t as w e ll  as th e  p a r t i a l  

m olal volume, such  th a t

9(RTlnk. )c = -(AV ) + (1—a—b—• • • )RIk (17)



where V = V^* -  aV^ -  bV^, and d en o te s  th e  c o m p re s s ib il i ty  co

e f f i c i e n t  o f th e  so lv e n t .  As Guggenheim^^ has p o in ted  o u t ,  only fo r  a

f i r s t  o rd e r  r e a c t io n  where a = 1 , b , c   = 0 in  th e  r a t e  d e term in ing

s te p  does th e  second term  drop  o u t .  I t  has remained common p r a c t ic e  

to  ig n o re  th e  second term  on th e  r i g h t  s id e  o f th e  eq u a tio n  y ie ld in g  

th e  assumed r e la t io n s h ip ,

3(RTlnk ) *
 = -AV (18)

which in t e r p r e t s  the  in f lu e n c e  o f p re s s u re  on by th e  excess in  

p a r t i a l  m o la l volume o f t r a n s i t i o n  s t a t e  over th e  p a r t i a l  m o lal volume 

o f th e  i n i t i a l  s p e c ie s .

The q u a n ti ty  AV i s  u s u a lly  c a l le d  a  "volume of a c t iv a t io n "  a l 

though i t  i s  c le a r ly  a com posite fu n c t io n .  The only  j u s t i f i c a t i o n
"'•'k  00

f o r  id e n t i f y in g  i t  w ith  (AV ) l i e s  i n  th e  f a c t  th a t  th e  e r r o r s  in 

volved  i n  m easuring r a te  c o n s ta n ts  under p re s su re  a re  s u f f i c i e n t  to

3 ^
in tro d u c e  an u n c e r ta in ty  o f a  few cm /m ole in to  AV and th i s  i s  u s u a lly  

g r e a te r  th a n  th e  f a c to r  RT k^.
it

In  a c tu a l  p r a c t ic e ,  AV i s  n o t independen t o f p re s s u re  and i t s
*

i n t e r p r e t a t i o n  i s  n o t s t r a ig h tfo rw a rd .  Thus, ta b u la te d  v a lu e s  o f  AV 

can be a t  a lm ost any s p e c if ie d  p r e s s u re .  For com parison p u rp o se s , 

most chem ists  have adopted th e  p r a c t i c e  o f  l im i t in g  th e i r  c o n s id e ra tio n s
it it

to  AV̂  w hich i s  th e  v a lu e  o f  AV a t  zero  p re s s u re ,  which f o r  a l l  in t e n ts  

and purposes i s  th e  same as  th e  v a lu e  a t  one atm osphere.
it

The v a lu e  o f AV̂  can be e s tim a te d  by e x tra p o la t in g  th e  p lo t  o f  

In  k v s  P to  zero p re s su re  fo llo w in g  th e  g e n e ra l c u rv a tu re  o f th e  

h ig h e r  p re s s u re  p o in ts .  The s lo p e  o f  th e  curve a t  zero  p re s su re  i s



eq u a l to  AV^/RT. Hyne^^ has in v e s t ig a te d  th e  problem  o f f i t t i n g  th e  

d a ta  to  a curve and has concluded th a t  a p a ra b o l ic  e x p re s s io n  f i t s  th e  

d a ta  b e s t ,  v iz .

In  k = a  + bp + cp^ (19)

89le  Noble has ta b u la te d  e s tim a te d  v a lu e s  f o r  th e  p a r t i a l  m olal

volume of th e  t r a n s i t i o n  s t a t e  f o r  v a r io u s  m e c h a n is tic  f e a tu r e s  in  th e
*

r a t e  de term in ing  s te p  a t  zero  p re s s u re  (AV^). T ab le  I  l i s t s  l e  N o b le 's  

e s tim a te s .

A sh o r t d is c u s s io n  o f  th e  c o n tr ib u t io n  o f  each m e c h a n is tic  f e a tu r e
*

and i t s  c o n t r ib u t io n  to  AV  ̂ w i l l  e x p la in  th e  s ig n if ic a n c e  o f  th e  v a lu e s .

(A) Bond C leavage. T h is r e f e r s  to  c leav ag e  in  a c o v a le n t fa sh io n

to y ie ld  two n e u t r a l  s p e c ie s .  As ex p ec ted , th e  t r a n s i t i o n  s t a t e  w i l l

c o n ta in  a bond s t r e t c h in g  in te rm e d ia te  and th u s  a  s l i g h t l y  p o s i t iv e

(+10) AV*. o

(B) Bond D efo rm ation . Most o f  th e  re p o r te d  work has been on 

ra c e m iz a tio n s . As expec ted  w ith  an in tra m o le c u la r  rearran g em en t th e re  

i s  very  l i t t l e  volume in c re a s e  ('V/0) in  th e  t r a n s i t i o n  s t a t e .

(C) Bond Form ation  w ith  N e u tra l  S p e c ie s . An example o f  t h i s  type

o f r e a c t io n  (o th e r  th a n  p o ly m e riz a tio n s )  would be th e  D ie ls -A ld e r  type .

With th e  com bination  o f  two m olecu les o r  r a d ic a ls  to  form one th e re  i s
*

a s ig n i f i c a n t  n e g a t iv e  AV̂  ( -2 5 ) .

(D) D isp lacem ent R eac tio n s  In v o lv in g  N e u tra l  M o lecu les . The 

re a c tio n s  invo lved  h e re  in c lu d e  m ostly  f r e e  r a d ic a l  in te rm e d ia te s .  One 

ty p ic a l  example m igh t be th e  io d in e -c a ta ly z e d  e q u ilib r iu m  o f c i s -  and 

t r a n s -1, 2-d ic h lo ro e th e n e .
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TABLE I
*

F ac to rs  in  E s tim a tio n  o f  AVo

M echan istic  F ea tu re  C o n tr ib u tio n , cm^/mole

Bond C leavage +10

Bond D eform ation 0

Bond Form ation -10

D isp lacem ent -  5

D iffu s io n  C o n tro l +20

C y c liz a t io n 0

Io n iz a t io n -20

S te r ic  H indrance -  0

N e u tr a l iz a t io n +20

Charge D is p e rs a l + 5

Charge C o n c e n tra tio n -  5
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H H H Cl ü
I + c=c ; f  i  +  I  .G—c- I ,  +  .c -c  (20)

Cl Cl Cl Cl Cl

The r e a c t io n  shou ld  depend upon the  fo rm atio n  of I* w ith  th e  n e t a c t iv a 

t io n  volume b e in g  s l i g h t l y  p o s i t iv e .  P o la r  a d d i t io n s  a re  c h a ra c te r iz e d
A ^3

by much la rg e r  AV̂  ( - 10)

(E) D if fu s io n  C o n tro l. This problem i s  on ly  a p p a re n t a t  very 

high p re s su re s  fo r  l iq u id  phase r e a c t io n s .  At th e se  p re s su re s  some 

so lv e n ts  become " g la s s y "  where d if fu s io n  o f  th e  r e a c ta n ts  i s  slow er 

than  th e  r a t e  d e te rm in in g  s te p .  The p re s s u re  must u s u a l ly  be in  th e
it

30 to  40 thousand atm osphere range w ith  la rg e  v a lu e s  o f AV̂  (> +20).

(F) C y c l iz a t io n . This m ech an is tic  f e a tu r e  i s  p a r t i c u la r ly  im-
* 3

p o r ta n t  to  o rg a n ic  ch em is try  where AV̂  i s  as h igh  as +20 cm /m ole. In

g en e ra l th i s  i s  th o u g h t to  be because th e  sm all r in g s  d o n 't  in te r tw in e

so th a t  th e  r in g  c e n te r  i s  dead volume.

(G) I o n iz a t io n . Io n iz a tio n  i s  one o f  th e  m ost m e c h a n is tic a lly

favored  f e a tu r e s  a t  h ig h  p re s su re . S ince th e  p ro cess  im p lie s  bond
*

f i s s io n ,  i t  m igh t be  expected  th a t  a  p o s i t iv e  v a lu e  o f  AV̂  would 

fo llo w . However, th e  s im ultaneous appearance o f  a  p a i r  o f  charges 

a l t e r s  th i s  i n t e r p r e t a t i o n .  Each of th e  charges e x e r ts  a pow erful 

a t t r a c t i v e  fo rc e  on nearby  p o la r  o r  p o la r i z ib l e  s o lv e n t m olecules re 

s u l t in g  in  th e  d e n s i ty  i n  th e  im m ediate neighborhood o f  ions i s  ap p rec i

ab ly  h ig h e r th a n  i n  th e  b u lk  s o lv e n t. The volume d e c re a se  on io n iz a -

42t io n  i s  r e f e r r e d  to  as é l e c t r o s t r i c t i o n  .
it

For weak a c id s  th e  v a lu e  of AV̂  i s  always n e g a t iv e  and in  th e

3 ^o rd e r  o f  -15  cm /m ole . I t  i s  an in t e r e s t in g  phenomenon th a t  AV̂  fo r
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3
weak bases in  w a te r averag es  about -25  cm /m ole. The e x ac t e x p la n a tio n  

i s  s t i l l  i n  doub t.

46T here a re  ex ce p tio n s  to  th e  above tre n d . C arbonic ac id  and 

47su lfu ro u s  a c id  have u n u su a lly  la rg e  volumes o f  io n iz a t io n  (-27 and
3

-20 cm /m ole, r e s p e c t iv e ly ) .  The e x p la n a tio n  g iven  a t t r ib u t e s  th e  

la rg e  v a lu e s  to  two e q u i l i b r i a  o c c u rr in g , th a t  o f  h y d ra tio n  and io n iz a 

t i o n ,  b o th  o f which in v o lv e  volume d e c re a se s , v iz .

HgO + COg HgCOg + Ĥ O ;z± + HCĜ " (21)
*

In  summary, fo r  many s o lv o ly s is  r e a c t io n s ,  AV̂  tends to  be r a th e r
3

la rg e ,  o f th e  o rd e r  o f  -1 5  to  -20 cm /m ole.

(H) I o n iz a t io n  w ith  Bond Form ation . As in  th e  p rev io u s  p a ra g ra p h s ,
*

io n iz a t io n  c o n tr ib u te s  to  a la rg e  n e g a tiv e  AV^. When two n e u t r a l  sp e c ie s
*

r e a c t  to  form io n ic  and co v a len t p ro d u c ts , th e  v a lu e  o f  AV̂  shou ld  s t i l l  

be a la rg e  n e g a tiv e  number.

( I )  Io n iz a t io n  w ith  D isp lacem ent. Io n iz a t io n  w ith  d isp lacem en t 

r e f e r s  to  r e a c t io n s  w here two sp e c ie s  r e a c t  to  form an io n ic  p ro d u c t 

w ith  some atom ic d isp la c e m e n t. An example would be th e  r e a c t io n  o f an 

amine w ith  a su b s ta n c e  c o n ta in in g  an a c id ic  p ro to n  y ie ld in g  an amine 

s a l t .  With io n ic  p ro d u c ts  th i s  r e a c t io n  shou ld  be  h ig h ly  p re s s u re
ie 3

favored  w ith  AV  ̂ v a lu e s  i n  th e  range o f -20  cm /m ole and g r e a te r .  The

126s tu d ie s  on t h i s  ty p e  o f r e a c t io n  In d ic a te  th a t  th e  developm ent of 

charges in  th e  t r a n s i t i o n  s t a t e  in v a r ia b ly  causes p re s s u re  to  in c re a s e  

th e  r a t e  of r e a c t io n .  For h a lo g e n s , l e  Noble summarizes th a t  w here th e  

a p p ro p r ia te  d a ta  a re  a v a i la b le ,  th e  a c t iv a t io n  volume becomes more 

n e g a tiv e  th e  sm a lle r  th e  atom, which shows th a t  th e  in c ip ie n t  n e g a tiv e  

charge i s  lo c a te d  th e re .
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(J )  S te r ic  H in d ran ce . There i s  some in d ic a t io n  th a t  p re s su re  

can overcome s t e r i c  h in d ra n c e  a t  r e a c t io n  s i t e s .  The argument most 

e le g a n tly  p re sen te d  by G onikberg, Z hu lin  and E l'yanov^^  i s  th a t  " i f  in  

a g iven  t r a n s i t i o n  s t a t e  th e  r e a c tin g  s i t e s  have been a b le  to  g e t to 

g e th e r  only a t  th e  c o s t o f  in te r p e n e t r a t io n  o f  s e v e ra l  in te r f e r in g  

g roups, i t s  m olar volume w i l l  be sm a lle r  th an  i t  would o th e rw ise  b e , 

and such re a c tio n s  a re  o f  co u rse  a c c e le ra te d  more (o r re ta rd e d  le s s )  

than  unh indered  r e a c t io n s " .

(K) R eac tions D ependent on P r io r  I o n iz a t io n . These re a c tio n s

should  and g e n e ra lly  do proceed  w ith  n e g a tiv e  a c t iv a t io n  volumes 
*

AV̂  ( -2 0 ) . There i s  a coupled e f f e c t ,  one o f th e  io n iz a t io n  and th en

a f u r th e r  d ec re ase  due to  bonding.

121Nozaki has s tu d ie d  th e  c a ta ly z ed  is o m e r iz a tio n  o f d ie th y l  

m a lea te  which i s  second o rd e r  in  secondary amine ( c a t a ly s t ) .  The 

volume change i s  f o r  th e  p ro c e s s ,

6— 5+
2 EtgNH + E t2(Mal) + [Etg NH-------------E t2(M al) HNEt2] (22)

A
The la rg e ,  n e g a tiv e  v a lu e  o f  AV̂  (-25) i s  in  q u a l i t a t iv e ,  agreem ent w ith

th e  fo rm ation  o f t h i s  d ip o la r ,  compact t r a n s i t i o n  s t a t e .

(L) N e u tr a l iz a t io n  R e a c tio n s . As m ight be  ex p ec ted , n e u t r a l iz a t io n

re a c tio n s  being  j u s t  th e  o p p o s ite  o f  io n iz a t io n  re a c tio n s  c o n tr ib u te  
*

to  a p o s i t iv e  AV̂  (+ 5 ). I t  i s  no t as la rg e  as th e  s e l f - i o n i z a t io n  r e 

a c t io n  because th e re  a re  io n s  rem aining in  s o lu t io n  (a c id  + b a se  ■>

H2O + " a  s a l t " ) .

(M) Charge D is p e r s a l . When an io n ic  su b s ta n c e  i s  q u i te  la rg e  

such  th a t  th e  charge  can be d i s t r ib u te d  over s e v e ra l  atom s, i t  i s  found
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th a t  th e re  i s  a much sm a lle r  AV  ̂ (+5) on Io n iz a t io n .  T h is  i s  g e n e ra lly

a t t r ib u t e d  to  th e  sp read in g  o u t o f th e  p o la r  o r p o la r i z ib l e  s o lv e n t

m olecu les r e s u l t in g  in  l i t t l e  o r  no s ig n i f i c a n t  in c re a s e  i n  s o lv e n t

d e n s ity  around th e  d e lo c a liz e d  io n .

(N) Charge C o n c e n tra tio n . I f  on th e  o th e r  hand a  la rg e  io n

b reak s  a p a r t  to  y ie ld  a n e u t r a l  s p e c ie s  and a sm all io n ,  t h i s  should
*

r e s u l t  i n  a s l i g h t  d ec re a se  in  th e  volume such th a t  AV  ̂ shou ld  be

s l i g h t l y  n e g a tiv e .

A lthough th e re  a re  e x ce p tio n s  to  th e  above argum ents p re se n te d
*

by l e  N oble, they can be  used to  e s t im a te  v a lu es  o f  AV  ̂ o r  to  e s tim a te  

m e c h a n is tic  fe a tu re s  o f known r e a c t io n s .

B. Phosphorus T r i f l u o r id e .

94P re p a ra t io n . Moissan  f i r s t  p rep a red  PF^ in  1884 by th e  r e a c t io n

95of CUgPg w ith  PbFg. L a te r  sy n th e se s  invo lved  PbFg and P (re d ) and 

AsFg w ith  PClg^^^. Z inc f lu o r id e  was employed in  th e  f lu o r in a t io n  o f 

PBr_^^ and P C l-^^^ . S i lv e r  f lu o r id e  was a ls o  used in  th e  f lu o r in a t io n

Most o f  th e  m e ta th e t ic a l  r e a c t io n s  on PClg a re  o f a g e n e ra l n a tu re  

and can be used fo r  th e  f lu o r in a t io n  o f o th e r  phosphorus h a l id e s .

T yp ica l f lu o r in a t in g  agen ts  in c lu d e  SbF^, CaF^ and NH^F a t  room tem

p e ra tu re  under autogenous p r e s s u re ,  v iz .
99

PClg + SbFg 4- PF^ + SbClg (23)

PClg + CaFg ■> PFg + CaClg (24)

PClg + NH^F + PF^ +  NH^Cl (25)
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O ther f lu o r in a t in g  re a g e n ts  in c lu d e  po tassium  f lu o r o s u l f in a te ^ ^ ^ ’^^^, 

benzoyl f lu o r id e ^ ^ ^ ,  NaF in  te tra m e th y le n e  su lfo n e^ ^ ^ , ( e f f e c t iv e

a t  room te m p era tu re  w ith o u t a  c a t a ly s t )  and m olten a l k a l i  o r  a lk a l in e  

e a r th  m e ta l f lu o r id e s ^ ^ ^ ’^^^.

The above methods r e p re s e n t  u s e fu l  sy n th eses  o f  PF^, b u t  PF^ i s  

a lso  observed  as a  p roduct o f  numerous re a c tio n s  in v o lv in g  phosphorus 

and f lu o r in e  compounds. Some exam ples in c lu d e  th e  r e a c t io n  o f SbF^
TOO ICO

w ith  PClg , th e  r e a c t io n  o f  PgO^ w ith  CaFg and th e  r e a c t io n  of

NOSOgF and PC l^. Phosphorus t r i f l u o r i d e  was observed  as a decom position

103p ro d u c t o f  th e  ad ducts o f t r i a lk y lp h o s p h i te s  w ith  BF^ . F ive  p e rc e n t

PFg was ob serv ed  from h e a tin g  P (re d )  and A m ig ra tio n  o f f lu o r in e

from C to  P was observed in  th e  p y ro ly s is  o f (CF^)2F0P(CF^)2(250° /14

d ay s)^^ . The r e a c t io n  o f  P(N(CHg)2)g  and BFg^* gave PF^ in  a 91% y ie ld .

122The r e a c t io n  o f  excess PC1_ and MoF- formed PF_ and i t  was claim ed0 0  J

to  be formed in  th e  e l e c t r o l y t i c  s y n th e s is  of Mn where manganese ox ides

a re  d is s o lv e d  in  m olten  CaFg and th e  carbon anode i s  co n v erted  in to

CF^. I t  was proposed th a t  th e  CF^ th e n  re a c te d  w ith  phosphorus or

146phosphide con tam inan ts y ie ld in g  PF^

Chem ical P ro p e r t ie s  o f  PF^. PF^ i s  a c o lo r l e s s ,  non-combus tab le

gas o f low b o i l in g  p o in t ( -1 0 1 ° ) .  I t  i s  h ig h ly  to x ic  and o d o rle ss  in  

to x ic  c o n d i t io n s ,  i f  in  a  v ery  p u re  s t a t e ,  b u t has a  p e n e t r a t in g ,  

musty odor a t  h igh  c o n c e n tra tio n s .

PFg i s  re p o r te d  n o t to  a t ta c k  g la s s  a t  room tem p era tu re  b u t a t  

500° a r e a c t io n  i s  ob serv ed ,

4 PFg + 3 SiÜ2 ->■ 2 P2O3 + 3 SiF^ (26)

The P-F bond i s  much s tro n g e r  th an  th e  P-Cl bond as in d ic a te d  by
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th e  h e a ts  o f fo rm a tio n  o f  and a t  -189 k ca l/m o le  and -7 3 .2 2

k ca l/m o le  r e s p e c t iv e ly .

H yd ro ly sis  o f  PF^ i s  q u i te  slow , so much so th a t  i t  can be bubbled

through ic e  w a te r  w ith o u t s ig n i f i c a n t  decom position  in  i t s  p re p a ra tio n  

12and p u r i f i c a t i o n  . However, h y d ro ly s is  o f PF^ does occur ra p id ly  in

115th e  p resen ce  o f an aqueous a lk a l i  , v iz .

PF^ + 6 NaOH -> 3 NaF + Na^PO^ + 3 H^O (27)

PF^ i s  r e a d i ly  o x id ized  by e lem en ta l h a lo g e n s , r e a c t in g  w ith

f lu o r in e ,  v iz .

PF^ + Fg + PFg (28)

to  g ive  a yellow  flam e o f m oderate te m p era tu re , and r e a c t in g  w ith  

c h lo r in e ,  v iz .

PF^ + Clg PFgClg (29)

178which acco rd in g  to  a r e c e n t k in e t ic  s tudy  reach es  com pletion a t

0° as th e  r e a c ta n ts  warm from -196®.

There has been  v e ry  l i t t l e  su ccess  u s in g  PF^ as an accep to r m ole-

182c u le . For exam ple, no com bination o ccu rred  when PF^ was passed  over

182KF in  vacuo up to  240®. Some s l i g h t  a b so rp tio n  i s  observed a t  150®

The donor p r o p e r t i e s  o f PF^, e s p e c ia l ly  tow ards t r a n s i t i o n  m e ta ls , 

a t t r i b u t e s  to  an u n u su a lly  s ta b le  adduct. T his s e r i e s  of compounds 

w i l l  be d isc u sse d  in  th e  s e c tio n  on t r a n s i t i o n  m e ta l c o o rd in a tio n  com

p le x es  o f  PFg.

C. Phosphory l F lu o r id e .

P re p a ra t io n . P hosphoryl f lu o r id e  was f i r s t  m entioned as a p ro d u c t

o f th e  i n t e r a c t io n  o f  v a r io u s  m e ta l f lu o r id e s  w ith  P ,0 ,_ ^ ^ ^ . A more4 10
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d e ta i le d  re p o r t^ ^ ^  d esc rib ed  th e  fo rm a tio n  o f OPF  ̂ upon h e a tin g  c r y o l i t e

158
and H ea tin g  P^O^^ and CaFg a t  500° y ie ld s  OPF^ in  p re fe re n c e

to  th e  expected  PF^. Small q u a n t i t i e s  o f OPF^ were found by h e a tin g

Lth f lu e  

158,88

P^OlO w ith  rock  phosphate and w ith  f lu o r o a p a t i t e  a t  700°, and by h e a tin g

m ix tu res o f  NaCl and CaFg ’ . S u lfu r  t e t r a f lu o r id e  was em

ployed as a  f lu o r in a t in g  agen t f o r  P^O^^ to  y ie ld  OPF^^^^ ( a t  e le v a te d  

tem pera tu re  under autogenous p re s s u re  and in  a flow  system ).

M oissan f i r s t  recogn ized  th a t  P^O^g could  n o t be used to  dry  HF

because o f th e  fo rm ation  o f L ikew ise , IF^ r e a c ts  w ith

13P^OlO to  y ie ld  OPF^ , which forms a weak adduct (IF^-GPF^) in  s o lu t io n .

As in  th e  sy n th e s is  o f PF^, th e re  i s  p a r t i c u la r  im portance in  th e  

m e ta th e tic a l  r e a c tio n s  o f th e  o th e r  phosphory l h a lid e s  (Br o r  C l ) . 

D if fe re n t d eg rees  o f f lu o r in a t io n  can be ob ta in ed  under d i f f e r e n t  r e 

a c tio n  c o n d it io n s .  Examples o f  f lu o r in a t in g  agents th a t  can be used 

in c lu d e  ( f o r  OPCl^) ZnF^^®, PbF^^®, SbF^^*, CaFg^* 200° (90%), AgF^°°, 

HF^^^ a t  65° (SbClg -  c a t a l y s t ) ,  p o tass iu m  f lu o ro s u lf in a te ^ ^ ^ ,  benzoyl 

f lu o r id e ^ ^ ^  and NaF in  te tra m e th y le n e  su lfone^^^*^^^’^^^ . The forma

t io n  of OPFg has a ls o  been observed  in  th e  r e a c tio n  of NOF^^,

97and Fg w ith  P^O^q . O ther unu su al sy n th ese s  a re  th e  r e a c t io n  o f PCl^
67 128

and HSOg , th e  re a c t io n  o f RCON-PCl^ and AgF , th e  r e a c t io n  o f
152

(FS020)2 and PF^ and th e  p a r t i a l  h y d ro ly s is  o f PF^Clg.

From s o l id - s o l i d  r e a c t io n s ,  OPF^ i s  ob ta ined  upon fo rm atio n  o f 

f lu o r o a p a t i t e  from  t e r t i a r y  calcium  p h so p h a te , calcium  m etaphosphate 

or calcium  d ip h o sp h a te  and CaFg a t  e le v a te d  tem pera tu re  (300° -*■ 900°) 

1 8 ,33 ,111 ,110 ,93  S tron tium  p hosphate  and SrFg re a c t  ana logously^^^ . 

Sodium m etaphosphate h ea ted  w ith  c e r t a in  f lu o r id e s  o r  f lu o ro a p a tite ^ ^ *
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a ls o  y e i ld s  OPF^.

19Berak and Tomczak determ ined  in  th e  th e rm al a n a ly s is  o f the 

MggP^O^ -  NgFg system  th a t  OPF^ forms from th e  s o l id  phase r e a c tio n  

above 750°. This r e a c t io n  i s  a ty p ic a l  example o f  an i n d u s t r i a l  ap

proach  to  th e  s y n th e s is  o f OPF^.

The above s y n th e t ic  methods of p re p a rin g  OPF^ have no t inc luded  

any o x id a tio n - re d u c tio n  r e a c t io n s ,  a c a p a b i l i ty  phosphorus e x h ib its

by i t s  two s ta b le  o x id a tio n  s t a t e s ,  P ( I I I )  and P (V ). S ev e ra l such

154sy n th e se s  have been s tu d ie d .  In  1963, S tren g  re p o r te d  th e  r e a c t io n  

o f  OgFg and PF^ a t  -148° p roducing  PF^ and po lym eric  (OPFg)^ which 

slow ly  decomposes a t  room tem p era tu re  to  g ive  OPF^. M oissan^^^ r e 

p o rte d  th a t  PF^ and 0^ re a c te d  on a h ea ted  P t  sponge to  form OPF^.

S e v e ra l a u th o rs^ ^ ^ '^ ^ '^ ^ ^ '^ ^ ^ * ^ ^  re p o r te d  in  th e  o ld  l i t e r a t u r e  th a t  

PF^ and 0^ d e to n a te  upon e l e c t r i c  d isc h a rg e  to  y ie ld  OPF^. Wannagat 

and Rademachers^^^ have shown re c e n tly  th a t  PF^ and 0^ r e a c t  in  a 

s i l e n t  e l e c t r i c a l  d is c h a rg e , w ith o u t d e to n a tio n , to  y ie ld  com plicated  

P-O-F p ro d u c ts  w ith  l i t t l e  OPF^. Hagen and FtacDiarmid^^ have shown 

th a t  PF^ and P^O^g r e a c t  a t  4000 atm ospheres and 250° to  g iv e  q u a n t i ta 

t i v e  OPFg.

Chem ical P ro p e r t ie s  o f OPF^. OPF^ i s  a  c o lo r le s s  gas o f p e n e tr a t in g  

odor which does n o t a t ta c k  g la s s  in  th e  absence o f  R eaction

o f  OPFg w ith  HgO i s  slow  a t  low te m p era tu re , y ie ld in g  HF and f lu o ro -  

p h ospho ric  a c id s ,  v iz .

2H,0
OPFg + HgO [HF + HOgPFg] — ^  3 HF + HgPO^ (30)

U n lik e  PF^ and SPF^, OPF^ forms an adduct w ith  BF^^^, b u t i t  i s
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90s t i l l  a v e ry  weak a c c e p to r  m o lecu le . L u s tig  and R uff have re c e n tly

shown th a t  CsF and GPF^ form an ad d u c t, v iz .

2 CsF + 2 CPF- -»• CsPF-O- +  CsPF. (31)j  /  2 o

i l l u s t r a t i n g  fu r th e r  a c c e p to r  p ro p e r t ie s  o f OPF^.

I n  c o n ju n c tio n  w ith  OPF^, a second P-O-F d e r iv a t iv e  o f c o n s id e ra b le

com m ercial im portance as an in te rm e d ia te  to  th e  f lu ro p h o sp h o ric  ac id

s a l t s  found in  to o th p a s te s ,  f e r t i l i z e r ,  e tc .  i s  p -o x o -d iflu o ro p h o sp h o ry l

(PgOgF^^ o f te n  r e f e r r e d  to  as d if lu o ro p h o sp h o ric  a c id  an h y d rid e ).

P r e p a ra t io n . T his compound has p re v io u s ly  been  sy n th e s iz e d  by

i n i t i a t i n g  th e  r e a c t io n  o f  PF^ and 0^ w ith  a s i l e n t  e l e c t r i c a l  d isch a rg e

Robinson^^^ has shown th a t  (F2P0)20 can be p rep ared  by the  dehy-

136d r a t io n  o f  (F^PO)^^ w ith  P^O^^ and Roesky has ex tended  th i s  approach 

by u s in g  ClSOgNCO as a d e h y d ra tin g  ag en t. R ecen tly  an e le g a n t b u t

20sometimes e x p lo s iv e  method of sy n th e s iz in g  (F2PO)2O has been re p o rte d

w hich c o n s is ts  o f p h o to ly s is  o f  OPFgBr w ith  ex cess  Og u s in g  an immersion
o 114

lamp w ith  a  2 .5  w a tt o u tp u t a t  2537 A. Muenow, Uy, and M argrave

have observed  (FgPO)2O as w e ll  as OPF^ and many h ig h  m o lecu la r w eigh t

phosphorus o x y flu o rid e  polym ers when f lu o r in a te d  sam ples o f  reag e n t grade

■ 4^10P.O^n w ere v ap o rized  in to  a  mass sp e c tro m e te r  a t  25*-35*.

R eac tio n s  ; The m ost common r e a c t io n  one o b serv es  w ith  (FgPO)gO

20i s  i t s  in s ta n ta n e o u s  h y d ro ly s is  to  form th e  d l f lu o r o  a c id  (F2P0)0H ,

even w ith  vacuum l i n e s  d r ie d  p re v io u s ly  by v a r io u s  d ry in g  a g e n ts .
136  133

Roesky ’ has shown th a t  i f  (F2PO)2Û i s  a t ta c k e d  by a n u c le o p h ilic

agen t (L , e .g .  Cl o r  SCN ) ,  c leavage o ccu rs  i n  th e  phosphorus-oxygen

b rid g e  form ing (F2P0)L and (F2P0)0 . L ik ew ise , a t ta c k  by a n e u t r a l  

137s p e c ie s  (e .g .  H2O, PC l^ , NH^) w ith  m o dera te ly  easy  d isp la c e d  groups
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y ie ld s  a rep lacem en t r e a c t io n  w ith  P-O-P b r id g e  bond c leavage  on

(FgPOOgO, v iz .

(FgPOOgO + PClg -*■ 2 ClFgPO + ClgPO (32)

80For exam ple, K ongprich and P reu sse  re p o r te d  th a t  in  th e  re a c t io n  of

NHg and (F2PO)20 th e  P -0  bond was ag a in  c leaved  form ing HgNPOFg and

37[NH^jfPOgFg] in  c o n t r a s t  to  th e  r e a c t io n  o f  NH  ̂ and (ClgPOÏgO where 

NH^Cl and [(HgN^gPOj^O a re  form ed. T h is in d ic a te s  th e  r e l a t i v e  d ecrease  

in  bond s tr e n g th  from (P -F ) , (P-0) to  (P -C l) .

D. T h iophosphoryl F lu o r id e .

P re p a ra t io n . The s ta n d a rd  f lu o r in a t in g  agen ts  were f i r s t  used

i n  th e  m e th a th e tic a l  r e a c tio n s  on SPCl^. For exam ple, in  1888 Thorpe 

L62and Rodger f i r s t  sy n th e s iz e d  SPF^, v iz .

SPClg + AsFg ^ ^ S P F ^  + AsClg (33)

in  a  s e a le d  g la s s  tu b e . BiF^ and PbFg w ere a lso  employed in  th i s

f lu o r in a t io n .  T hiophosphoryl f lu o r id e  was l a t e r  p rep ared  by th e  a n a lo -

181gous OPFg s y n th e s is ,  th a t  o f  h e a t in g  m ix tu res  o f P^S^g and PbFg o r  

B iF g lG l ,

129An exchange r e a c t io n  has a ls o  been  employed

PFgCl^ + s -*■ SPFg + CI2 (34)

where PFgCl2 can be p rep a red  by th e  d i r e c t  r e a c t io n  o f  PF^ and CI2 

( s e e  R eactions o f  P F ^).

SbFg has been s u c c e s s fu l ly  employed as a f lu o r in a t in g  agen t f o r  

and SPBr^^^ w ith  th e  b e s t  r e s u l t s  b e in g  o b ta in ed  a t  

atm ospheric  p re s s u re  o r g r e a te r .
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As w ith  OPFg, in  a h ig h  d i e l e c t r i c  c o n s tan t medium, and

141po tassium  f lu o r o s u l f in a te  have a lso  been used as f lu o r in a t in g  a g e n ts .

More r e c e n t ly ,  Hagen and MacDiarmid^^ have re p o rte d  th e  s y n th e s is  

o f SPFg by th e  r e a c t io n  o f P^S^^ and PF^ a t  4000 atm ospheres and 300“ 

in  Au tu b in g .

Chem ical P ro p e r t ie s  o f  SPFg. In  th e  o r ig in a l  p re p a ra t io n  o f  SPF^, 

162Thorpe and Rodger re p o rte d  th a t  th e  compound was flammable in  a i r  

and decomposed when h e a te d  above 300“ y ie ld in g  S and PF^, v iz .

SPFg S + PF^ (35)

SPFg r e a c ts  r e a d i ly  w ith  Cr o r  Mn m e ta l a t  250“ , v iz .^ ^ ^

Or o r Mn + SPF^ CtgSg o r  MnS + PF^ (36)

The r a t e  o f h y d ro ly s is  o f  SPF^ i s  slow  as i s  th a t  o f OPF^, y ie ld in g  

HgS, HF and H^PO^.

25I t  has been shown th a t  SPF^ does n o t adduct w ith  BF^ as does

169
OPFg. Thorpe and Rodgers d id  r e p o r t  t h a t  SPF^ and NĤ  r e a c t  to  g ive

SPFCWHg)^ in  t h e i r  o r ig in a l  s y n th e t ic  p ap e r.

25C av e ll observed  a  s e r ie s  o f  p ro d u c ts  in  th e  r e a c t io n  o f  SPF^ 

and Me^NH, one o f  which was th e  m o n o su b s titu ted  SPFgCNMeg) p lu s  complex 

s a l t s .

90L u s tig  and R uff have re p o r te d  th a t  KF r e a c ts  w ith  SPCl^, v iz .

8 KF + 2 SPClg ■> KPFgSg + KPF^ + 8 KCl (37)

which i s  an analogous r e a c t io n  found w ith  OPF^ w ith  th e  e x c lu s io n  o f  

th e  m e ta th e t ic a l  f lu o r in a t io n .

E. S elenophosphorv l F lu o r id e .

P re p a ra t io n . SePF^ was f i r s t  re p o r te d  in  1969 by Chaigneau and
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31Santarrom ana as a  b y -p ro d u c t o f th e  re d u c tio n  o f  th e  Group VIA non- 

m etal ox ides by PF^, v iz .

SeOg + 2 PFg +  Se + 2 OPF^ (38)

The re a c t io n  was observed  a t  400° in  a system  where PF^ was co n tin u o u sly

flow ing over th e  SeO^. A mass s p e c t r a l  a n a ly s is  o f  th e  v o l a t i l e  p ro 

ducts  in d ic a te d  th e  p resen ce  o f SePF^, w hich was a t t r ib u t e d  to  th e  

secondary r e a c t io n ,  v iz .

Se + PF^ SePF^ (39)

A lthough SePClg^^ has been p repared  and c h a ra c te r iz e d ,  no p rev io u s

re p o r t or c h a r a c te r iz a t io n  o f SePF^ i s  a v a i la b le .

No p h y s ic a l o r  chem ical d a ta  i s  a v a i la b le  on SePF^, b u t one might

expect th i s  compound to  be p h o to s e n s it iv e  becau se  o f  th e  p h o to e le c tro n ic

39and p h o toconductive  p ro p e r t ie s  o f  Se .

F. T e llu ro p h o sp h o ry l F lu o r id e .

There a re  no r e p o r ts  of th i s  compound ev er having  been I s o la te d .

31Chaigneau and Santarrom ana have re a c te d  TcO^ and PF^ a t  450° in  th e  

flow system  p re v io u s ly  d esc rib e d . The on ly  p ro d u c t I s o la te d  was OPFg 

r e s u l t in g  from th e  re d u c tio n  o f  TeOg.

G. T r a n s i t io n  M etal Complexes w ith  Phosphorus T r i f lu o r id e .

105 99P re p a ra t io n . In  1886, Moissan ’ p rep ared  th e  f i r s t  co o rd in a

t io n  compound c o n ta in in g  a flu o rophosph lne  lig a n d  by p assin g  PF^ over 

p la tinum  sponge a t  d u l l  red  h e a t ,  t h i s  v o l a t i l e  su b s tan ce  had th e  em

p i r i c a l  form ula PtPF^ which corresponds to  P tF g 'P Fg . Not u n t i l  1950

34 35was PF^ c o o rd in a tio n  chem istry  in v e s t ig a te d  f u r th e r  when C hatt ’
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p assed  PF^ over P tC lg  a t  200“ p roducing  th e  a u th e n tic  complex PtClg-ZPF^

which d im erizes  a t  a  h ig h e r  te m p era tu re  to  form [P tC lg 'P F g jg .

N i(PF_), has been  p re p a re d  by s e v e ra l  m e ta th e t ic a l  r e a c t io n s  o f J 4

N i(PC lg)^ and f lu o r in a t in g  ag en ts  such as SbF^^^^. The exchange r e -

180
a c t io n  o f  N i(PC lg)^ and PF^ y ie ld s  N i(PFg)^ . S e v e ra l a tte m p ts  have

35 21been made to  exchange PF^ f o r  CO in  Ni(CO)^ b u t on ly  r e c e n t ly  has

th i s  been accom plished. T o ta l  PF^ s u b s t i tu t io n  o f CO i s  d i f f i c u l t  a t

b e s t  in  th e  m eta l ca rb o n y ls .

62H air and Robinson have re p o r te d  th e  fo rm atio n  o f  2 RuO^'PF^

and 2 OsO^'PF^ from th e  r e a c t io n  o f  th e  te tro x id e s  and PF^. They have

a ls o  re p o rte d  th e  r e a c t io n  o f  PF^ w ith  some t r a n s i t i o n  m e ta l f lu o r id e s

to  g iv e  p ro d u c ts  such as F^P-OsFg, F ^P -IrF g , F^P'PdFg and F^P'CoF.

Complexes o f Group VI t r a n s i t i o n  m e ta ls  such as Cr and Mo have

82been o b ta in ed  by a  number o f  methods , v iz .

M(CgHg)2 + 6 PFg -> M(PFg)g + 2 CgHg (M = Cr, Mo, W) (40)

Cr (1^2)3(00) 3 + 3 PF3 + Cr(PF3)3(CO)3 + 3 NH3 (41)

[CgH3(CH3)3]Mo(CO)3 + 3 PF3 » Mo(PF3)3(CO)3 + CgH3(CH3)3 (42)

8JN ic k e l, pa llad iu m  and p la tin u m  have been found to  r e a c t  d i r e c t ly  

w ith  PF3 to  form th e  co rresp o n d in g  te tr a c o o rd in a te  com plexes, v iz .

M + 4 PF3 M(PF3)^ [M = Ni, Pd, P t] (43)

The most im p o rtan t m ethod o f  s y n th e s is ,  p a r t i c u l a r l y  w ith  re s p e c t 

to  s im p l ic i ty  o f th e  s t a r t i n g  m a te r ia ls ,  a p p l i c a b i l i t y  to  a  w ide range 

of m e ta ls , and h ig h  y i e ld s ,  i s  th e  " re d u c tiv e  f lu o ro p h o sp h in a tic n "  of 

m e ta l s a l t s ^ ^ .

In  t h i s  s y n th e t ic  p ro ced u re  an anhydrous m e ta l h a l id e  i s  reduced
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in  an a u to c la v e  by a halogen  a cc ep tin g  m e ta l (g e n e ra l ly  Cu o r  Zn) w ith  

a d d i tio n  o f  PF^ to  th e  m etal l ib e r a te d  under h igh  PF^ p re s s u re  (300 -  

400 atm ospheres) and tem pera tu re  in  th e  100°-300° ran g e .

--------------- >M(PF_) + mCuXPF
MX-m >RT

3 n
-»xM(PF^)^ + (m-1) CuX (44)

Cu L - i/2 — »H^M(PF^)^ + mCuX (y = 1 ,2 )

159Timms has r e c e n t ly  d esc rib e d  v e r y  i n t e r e s t i n g  sy n th ese s  of 

s e v e ra l  m e ta l- t r if lu o ro p h o s p h in e  complexes u s in g  th e  te c h n iq u e  o f co- 

condensing vap o rs  o f t r a n s i t i o n  m etals  (formed a t  tem p era tu re s  between 

1300® and 1700®) w ith  PF^ a t  l iq u id  n itro g e n  te m p e ra tu re . Chromium, 

n ic k e l ,  c o b a l t ,  and i r o n  r e a d i ly  a f fo rd  th e  known PF^ com plexes.

Chem ical P r o p e r t i e s . This c la s s  o f compounds i s  d i s t i n c t i v e ly  

s im ila r  to  th e  co rresp o n d in g  t r a n s i t i o n  m e ta l c a r b o n y l s ^ T h e y  a re  

rem arkably  s t a b l e  tow ards o x id iz in g  agen ts and m o is tu re . Many can 

even be steam  d i s t i l l e d .  These h igh  m o lecu la r w eig h t compounds a re  

d is t in g u is h e d  in  p a r t i c u l a r  by th e i r  h igh  v o l a t i l i t y  w hich probably  

r e s u l t s  from  a  s tro n g  m utual r e p u ls io n  due to  th e  h ig h  e le c t r o n  d e n s ity  

on th e  l ig a n d s .

D ilu te  o r  c o n c e n tra te d  ac id s  a t ta c k  th e  m e ta l tr if lu o ro p h o s p h in e s  

only  when h o t ;  b a s e s ,  on th e  o th e r  hand , ra p id ly  h y d ro ly z e  th e  P-F 

bonds.
140

Ammonolysis o f N i(PFg)^ in  l iq u id  NĤ  le a d s  i n i t i a l l y  to  a 

c o lo r le s s  s o lu t io n ,  v iz .

N i(PFg)^ + 24 NHg + Ni[P(NH2) g ]4 + 12 NH^F (45)

Upon c o n c e n tra t io n ,  th e  complex undergoes p o ly c o n d en sa tio n  w ith  

l i b e r a t i o n  o f  NH  ̂ to  form a  v isco u s  mass which i s  e v id e n tly  th e  h ig h ly
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polym eric n i t r i d e  [N i(PN )^]^. S im ila r  condensa tions have been observed

140w ith  prim ary amines

78S ilico n -C o b a lt-C ârb o n y l-P h o sp h o ru s  T r i f lu o r id e  Compounds. K e tt le

f i r s t  sy n th e s iz e d  a s i l i c o n  c o b a lt te tra c a rb o n y l by th e  r e a c t io n  of

te t r a v in y l  s i la n e  w ith  Co2(C0)g  in  re f lu x in g  pe tro leum  e th e r .  The

m a te r ia l  had th e  p o s tu la te d  com position  H^C^CHSiLCotCOg)]^ and was

b e lie v e d  to  have th e  g e n e ra l form ula RCfCoCCO)^]^. S e v e ra l compounds

32of th e  type RgSiCo(CO)^ (where R=H, C l, H^Co, CgH^) w ere re p o rte d  i n  

1965.

Due to  th e  a c id i ty  o f  a s i l i c o n  hydrogen as compared to  th e  carbon 

hydrogen, Si-Co bonds can be formed by d i r e c t  r e a c t io n  o f s i la n e s  w ith

CogCCOÏg, v iz .

where X = h a logen  o r  R (o rg a n ic  g ro u p ).

78These re a c t io n s  , can u s u a lly  be c a r r ie d  ou t a t  an  autogenous

p re s su re  o f th e  s i l a n e  a t  room te m p era tu re . The s y n th e s is  o f  ClgSiCo(CO)^

32can be c a r r ie d  ou t in  t h i s  manner ,

Co2(C0 )g  + 2 ClgSiH + 2 ClgSiCo(CO)^ + (47)

Another method t h a t  may be used in  th e  p re p a ra t io n  o f  s i l i c o n

c o b a lt te tr a c a rb o n y ls  i s  t h a t  o f  r e a c t io n  of a  s i l a n e  w ith  H-Co(CO)^,

14c leav in g  th e  H-Co bonds

Of p a r t i c u la r  i n t e r e s t  in  th i s  in v e s t ig a t io n  w i l l  be  th e  chem istry  

o f p o ly n u c lea r  s i l i c o n - c o b a l t  carbony ls and phosphorus t r i f l u o r i d e  

system s. Two re s e a rc h  groups have shown e x te n s iv e  i n t e r e s t  in  m eta l 

carbony1-phosphorus t r i f l u o r i d e  system s in  g e n e ra l,  t h a t  o f  Kruck and
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92R. C la rk . As a s i l i c o n  chem ist P ro fe s s o r  A. G. MacDiarmid' has a lso  

e x h ib ite d  an i n t e r e s t  in  s ilic o n -m e ta l-c a rb o n y l-p h o sp h o ru s  t r i f l u o r i d e  

system s.

172W arren, Busch and C lark  have shown th a t  th e  s u b s t i tu t io n  o f PF^

fo r  CO i s  f a c i l e ,  r e s u l t in g  in  a l l  s u b s t i tu t io n  com positions fo r  a

la rg e  s e r i e s  o f  m e ta l carbonyl compounds. The s u b s t i tu t io n  o f PF^ fo r

120CO appears to  be a n ear random p ro c e s s . Nixon has r e c e n t ly  review ed 

th e  v a r io u s  a sp e c ts  o f flu o ro p h o sp h in e  ch em is try , em phasizing NMR 

s tu d ie s  w hich in d ic a te  th a t  e l e c t r o n i c a l ly  a g iven  lig a n d  seems b a s ic a l ly  

in d i f f e r e n t  to  th e  r e l a t i v e  d i s t r i b u t io n  o f CO and PF^ th a t  surround i t .  

Due to  g r e a t  s im i l a r i t y  in  CO and PF^, th e  b ig g e s t e f f e c t  caused by 

s u b s t i tu t io n  o f  PF^ fo r  CO is  th a t  o f  th e  d if f e r e n c e  i n  th e  symmetry 

o f CO and PF^.

There a r e  some changes i n  th e  fo rm a tio n  o f p o ly n u c le a r  complexes

w ith  PFg, p ro b ab ly  due to  th e  i n a b i l i t y  o f PF^ to  b r id g e  bond as CO i s

36known to  do. For exam ple, C lark  has shown th a t  a lthough  u l t r a v i o l e t  

i r r a d i a t i o n  o f  Fe(CO)^ produces FegCCO)^ and Feg(C0) ^ 2» i f  a t  l e a s t  

one PF^ group i s  p re s e n t i n  th e  s t a r t i n g  m a te r ia l  (Fe(CO)^PFg), no 

d i i r o n  o r  t r i i r o n  compounds a re  found a f t e r  e x te n s iv e  i r r a d i a t i o n .

A fte r many hours of i r r a d i a t i o n ,  t r a c e  amounts o f [ (PF^)^Fe(PF2)]2
. ,166 a re  produced

E x ten s iv e  PF^ s u b s t i tu t io n  on RUg(C0)^2 y ie ld s  th e  monomer up to

th e  t o t a l l y  s u b s t i tu te d  Ru(PFg)g^^^.

85Kruck and Lang have re p o r te d  th e  fo rm atio n  o f  th e  cobalt-P F ^  

b r id g e  compound [(PF2)gCo(PF2) ] 2 '  The complex was formed by th e  r e 

a c t io n  o f C0I 2 and PFg, v iz .
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Colg + PF^ (PF2) 2Co(PP2) 2Co(PF2)2 + o th e r  sp e c ie s  30% (48)

The s t r u c tu r e  o f  th e  sp e c ie s  i s  p o s tu la te d  from in f r a r e d ,  N.M.R. , 

e lem en ta l a n a ly s i s ,  and mass s p e c t r a l  d a ta .  The F-19 N.M.R. c o n s is te d  

of two d o u b le ts , one w ith  Jpp=1330 Hz fo r  te rm in a l PF^ and ano ther 

w ith  Jpp=1230 Hz f o r  th e  PF2 b r id g e s .  The chem ica l s h i f t s  were +792 Hz 

and +2820 Hz r e s p e c t iv e ly ,  r e l a t iv e  to  CFCl^.

B im e ta ll ic  hexacarbonyl a c e ty le n e s  have re c e n t ly  been d esc rib ed  

by S ey fo rth  and W hite^^^. S i l ic o n ,  germanium and t i n  s u b s t i tu te d  

a c e ty le n e s  were mixed w ith  equim olar q u a n t i t i e s  o f COgCCO)g in  dry 

hexane under an argon atm osphere. The m ix tu re  was s t i r r e d  o v e rn ig h t 

a t  room te m p era tu re  and f i l t e r e d  a t  -78®. The s t r u c tu r e  of th e se  

complexes i s  b e lie v e d  to  b a s ic a l ly  have a  t e t r a h e d r a l  co re  w ith  th e  

two a c e ty le n e  carbons and th e  two c o b a l ts  a t  th e  co rn e rs  o f  th e  t e t r a 

hedron.

92MacDiarmid h as  re c e n t ly  re p o r te d  in  a p r iv a te  communication 

th a t  ClgSiCo(CO)^ r e a c ts  w ith  PF^ a t  100® to  y ie ld  95% m o n o su b stitu tio n  

and 5% d is u b s t i t u t i o n  o f PF^ fo r  CO. The r e a c t io n  was attem pted  

the rm ally  a t  100® under autogenous p re s s u re .  The F-19 N.M.R. con

s i s te d  o f two d o u b le ts ,  one w ith  J =1361 Hz (m o n o su b stitu tio n ) and 

a second w ith  Jpp=1325 Hz ( d i s u b s t i t u t io n ) .  The chem ical s h i f t s  were 

+1059 Hz and +1032 Hz re s p e c t iv e ly  r e l a t i v e  to  CFCl^, fo r  a  0 .75  m olar 

s o lu tio n  in  CHgClg.

H. O rganic F lu o ro ch lo ro ca rb o n s .

O rganic f lu o ro c h lo ro c a rb o n s  f a l l  in to  two g e n e ra l c la s s e s ,  th o se  

c o n ta in in g  one carbon  and th o se  c o n ta in in g  two o r  more carbons. Both
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c la s s e s  o f compounds a re  ex trem ely  s ta b l e  and n o n - re a c t iv e  w ith  th e

"Freon" gases^^  and po lym eric  "T eflon"^^  b e in g  r e p r e s e n ta t iv e  o f th e

chem ical n o n - r e a c t iv i ty .

64H am ilton p ro v id es  an e x te n s iv e  rev iew  on th e  sy n th e s is  o f th e  

low er carbon co n ten t f lu o ro ch lo ro ca rb o n s  in  in d u s tr y .  B arbour, B e lf 

and Buxton^^ p ro v id e  an e x c e lle n t  rev iew  of th e  sy n th e s is  o f th e  f lu o ro 

ch lo rocarbons by ha lo g en  exchange w ith  em phasis on th e  more e x o tic  

d e r iv a t iv e s .

This d is c u s s io n  w i l l  d e a l w ith  th e  s y n th e s is  o f s in g le  carbon

flu o ro c h lo ro c a rb o n s . The CCI F ,,  . c la s s  o f f lu o ro c h lo ro c a rb o n  i s
X (4-x)

most co n v en ien tly  p rep a red  by th e  f lu o r in a t io n  o f  a  lower f lu o r in e

co n ten t s p e c ie s  w ith  f lu o r in e  re p la c in g  c h lo r in e .  The reason  fo r

125
c h lo r in e  d isp lacem en t by f lu o r in e  i s  d isc u sse d  by P a rk e r . T h is 

argument i s  sim ply t h a t  th e  C-F bond energy i s  much g r e a te r  th an  th e  

C-Cl bond energy  and thus more d i f f i c u l t  to  b re a k  and more thermo

dynam ically  fav o red  to  form. As an exam ple, th e  r e l a t i v e  bond d i s 

s o c ia t io n  e n e rg ie s  o f  m ethyl f lu o r id e  and m ethy l c h lo r id e  a re  +107 and 

81 K cal/m ole r e s p e c t iv e ly ^ ^ .

Many d i f f e r e n t  f lu o r in a t in g  ag en ts  have b een  u sed . I t  has been

92observed  th a t  gaseous HF w i l l  r e a c t  s low ly  w ith  CCl^, v iz .

(4-x)HF + CCl^ 4. (4-x)HCl + (49)

High p re s su re s  and e le v a te d  tem p era tu re  a re  r e q u ire d  fo r  p r a c t i c a l

i n d u s t r i a l  r a t e s  o f  p ro d u c tio n . The p re s e n t  methods o f sy n th e s is  o f

flu o ro ch lo ro m eth an es  in v o lv es  th e  u se  o f numerous c a ta ly s ts  in  th e

f lu o r in a t io n  p ro c e s s . The b e s t  exam ple i s  t h a t  o f  u s in g  HF and 

64
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SbCl F . .
CCl^ + (y -4) HF -------* *^^^y^(y -4) + (y-4)H Cl (50)

The y ie ld  o f v a rio u s  flu o ro ch lo ro m eth an es can be c o n tro l le d  by v ary in g

th e  s p e c i f i c  c a t a ly s t  used  along  w ith  th e  r e a c t io n  c o n d itio n s .

Chem ical P ro p e r t ie s  o f th e  F lu o ro ch lo ro ca rb o n s . The r e a c tio n s  o f

th e  flu o ro ca rb o n s  a re  q u i te  l im ite d .  As in d ic a te d  in  th e  s y n th e t ic

s e c t io n ,  r e a c tio n s  in v o lv in g  th e  d isp lacem en t o f c h lo r in e  by f lu o r in e

a re  q u i te  common and have been  s tu d ie d  e x te n s iv e ly  f o r  com m ercial 

83reaso n s

179W itts tru c k  e t .  a l .  have shown th a t  some flu o ro c a rb o n s  form 

h y d ra te s .  Two examples a re  C C lgF '16.6 H^O and C C lg fg 'l^ .b  H^O w ith  

decom position  te m p era tu res  o f 8 .5° and 12.1° r e s p e c t iv e ly .  This p ro 

p e r ty  o f th e se  flu o ro ca rb o n s  has been used by v a r io u s  r e s e a rc h e r s  i n  

th e  d e s a l in a t io n  of seaw ate r^^^ .

In  1961, Eiseman^^ re p o r te d  th a t  th e  very  s ta b le  "F reons"  r e a c t  

v io l e n t ly  when m olten  A1 i s  dropped in  th e  l iq u id  f lu o ro c a rb o n . The 

A l( l)  burns a t  w h ite  h e a t in  a s e l f  s u s ta in in g  r e a c t io n  when dropped 

in to  CF^Cl^Cl). With CFClg(l) th e  A l( l )  w i l l  s to p  b u rn in g  a  few 

seconds a f t e r  be ing  dropped in to  th e  l i q u id  flu o ro c a rb o n . The p ro d u c ts  

in  th e  r e a c t io n  w ere A lC l^C s), AlF^Cs) and C (s ) .

Homann and MacLeon^^ have re p o r te d  th a t  CFgCl^ and CFCl^ burn  w ith  

Fg a t  1 atm osphere to  y ie ld  h ig h e r  f lu o r in a te d  s in g le  ca rb o n s . W ith 

th e  l im ite d  a d d i t io n  o f  to  th e  flam e a p a r t i a l l y  hydrogenated  f lu o ro 

carbon i s  formed along  w ith  f u l l y  h a lo g en a te d  two carbon p ro d u c ts . 

In c re a s in g  th e  amount of in  th e  m ix tu re  f i n a l ly  le ad s  to  only HCl,

HF and C as p ro d u c ts  o f  th e  com bustion. The a d d i t io n  o f H^ to  th e
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com bustion m ix tu re  in c re a s e d  th e  flam e te m p era tu re  p ro p o r t io n a te ly .

In  1962 i t  was re p o rte d ^ ^  in  th e  form o f a  p a te n t  th a t  th e  u se  of

c h lo ro f lu o ro a lk a n e s , p a r t i c u la r ly  CFCl^, in  an a e ro s o l can when th e

f lu id  to  be sp rayed  c o n ta in s  a prim ary o r secondary  a lco h o l i s  hazardous

because o f th e  p o s s ib le  fo rm atio n  o f a ldehydes o r  k e tones along w ith

h a lo g en a ted  a c id s  (u s u a l ly  H C l). The p a te n t  s t a t e s  th a t  th e  a d d i tio n

of a m onon itroalkane such as n i trom ethane , n i t r o e th a n e ,  2-n itro p ro p a n e

o r 1 -n itro p ro p a n e  to  5% o f th e  t o t a l  w eigh t i n h i b i t s  th e  r e a c t io n  up to  

1336 m onths. Robey r e c e n t ly  re p o rte d  th a t  a m ix tu re  o f e th a n o l and

CFClg was s ta b le  when h ea ted  to  75“ fo r  24 h o u rs  in  a p re s s u re  v e s s e l

(100 a tm o sp h eres).

153S teu d e l has r e c e n t ly  s tu d ie d  th e  p y ro ly s is  o f s e v e ra l  h a lo -  

carbons. In  th e  p y ro ly s is  of CCl^ (900“) C lg , CClg, CgClg, CgCl^, 

and C were determ ined  as  decom position p ro d u c ts . In  th e  p y ro ly s is  

o f CFClg (w ith  Ag a t  700“) tra n s  -  CgFgClg was i d e n t i f i e d  a long w ith  

o th e r  p ro d u c ts . At th e se  te m p era tu re s , mechanisms a re  proposed on 

th e  b a s is  o f th e  i n i t i a l  fo rm atio n  o f CClg ( i d e n t i f i e d  by m a tr ix  i s o l a 

t io n  in f r a r e d  sp e c tro sc o p y ) and subsequen t r e a c t io n s  o f th e  "CClg and 

C l..

Another p ap er by S teude l^^^  re p o r ts  th e  reduced  p re s s u re  (0 .2  to r r )  

e lev a te d  tem p era tu re  (450“ -  600“) r e a c t io n  o f CCl^ w ith  T e, Ag and Br 

to y ie ld  CgClg, MCI and CCl^Br. A m a tr ix  i s o l a t i o n  (CCl^) s p e c t r a l  

study  o f th e  reco m b in a tio n  o f CCI, to  form C„C1, in d ic a te s  t h a t  th e
j  2  O

r e a c t io n  i s  f i r s t  o rd e r .

F e l ls  and Moelwyn-Hughes^^ and H ill^ ^  have s tu d ie d  th e  h y d ro ly s is  

of CCl^ by HgO in  th e  condensed phase below 100“ . They have e s ta b l is h e d
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th a t  th e  h y d ro ly s is  produces CO  ̂ and HCl and i s  f i r s t  o rd e r  w ith  re s p e c t 

to  CCl^. These a u th o rs  c o n s id e r  th a t  th e  decom position  o f CCl^ i s  th e  

r a t e  d e te rm in in g  r e a c t io n  s te p  w ith  th e  fo rm atio n  o f  th e  in te rm e d ia te  

CClgOH w hich ra p id ly  decomposes to  HCl and COg.

Takao^^ has s tu d ie d  th e  h y d ro ly s is  o f CF^CIH in  a  b a s ic  s o lu t io n  

n ear room te m p era tu re . He proposed a mechanism w here th e  b ase  would 

e x t r a c t  th e  a c id ic  hydrogen le a v in g  CF^Cl which would decompose 

ra p id ly  to  rCF^ and Cl w ith  subsequen t b a s ic  h y d ro ly s is .  The high 

s u s c e p ta b i l i ty  to  h y d ro ly s is  o f  CHCIF^ was a t t r ib u t e d  to  th e  e a s i ly  

io n iz a b le  hydrogen atom in  th e  m o lecu le , b u t no d is c u s s io n  was given  

to  th e  o rd e r  o f th e  r e a c t io n ,

52R ecen tly  G aisinov ich  and Ketov have s tu d ie d  th e  h ig h  tem p era tu re  

h y d ro ly s is  o f  carbon te t r a c h lo r id e  and phosgene in  th e  gas p h ase . They 

observed  th a t  a p p re c ia b le  h y d ro ly s is  o f CCl^ beg in s  above 300® ( a t  350® 

th e re  i s  approx im ate ly  5% h y d ro ly s is  p e r h o u r ) . I t  was a ls o  no ted  th a t  

Cl^Co was observed  in  th e  gas phase  h y d ro ly s is  o f  CCl^ w hereas th i s  

p ro d u c t had n o t been re p o r te d  i n  th e  l iq u id  (100®) CCl^ h y d ro ly s is  

The d eg ree  o f  h y d ro ly s is  o f  CCl^ and ClgCO was p lo t te d  a g a in s t  tim e fo r  

s e v e ra l  te m p e ra tu re s . A n a ly s is  o f  th e  p lo ts  shows th e  r e a c t io n s  to  be 

second o rd e r  w ith  re s p e c t  to  CCl^ and Cl^CO. The p lo t  th e  lo g  o f th e  

c o n c e n tra tio n  o f  CCl^ v e rsu s  1/T shows two l i n e a r  s e c t io n s ,  w ith  th e  

p o in t o f  in f l e c t i o n  a t  450®. The e x p la n a tio n  g iv en  i s  t h a t  CCl^ de

composes a t  t h i s  tem p era tu re  g iv in g  CgCl^ and C lg , w ith  th e  r a t e  of 

h y d ro ly s is  o f CgCl^ b e in g  s low er th a n  CCl^. T his slow er r a t e  o f  hy

d ro ly s is  accoun ts f o r  th e  i n f l e c t i o n  in  th e  p lo t .  In  g e n e ra l ,  th e  gas 

phase h y d ro ly s is  i s  m ech an ica lly  d i f f e r e n t  th an  th e  low tem p era tu re
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l iq u id  phase h y d ro ly s is  s in c e  i t  i s  second o rd e r and th e  in te rm e d ia te  

ClgCO i s  m om entarily observed  in  th e  gas phase. The h y d ro ly s is  i s  th en  

considered  to  be a  two s te p  p ro c e s s .

Step 1 CCl^ + H^O ClgCO + 2 HCl (51)

Step 2 ClgCO + H^O ->■ CO  ̂ + 2 HCl (52)



CHAPTER I I

EXPERIMENTAL

A, Vacuum System and T echniques.

The b a s ic  p r in c ip le s  o f vacuum l in e  te ch n iq u e  have been d e sc r ib e d  

elsew here^^ . T h e re fo re , only th e  a sp e c ts  p e r ta in in g  to  t h i s  work a re  

summarized below.

1. Vacuum System ; The vacuum system  was c o n s tru c te d  o f

b o r o s i l i c a te  (Pyrex 7740) g la s s  and equipped w ith  p r e c is io n  ground

g la ss  o r T e flo n  (F isc h e r  and P o r te r  #795-005-0004) s to p co ck s . The

stan d ard  ta p e r  12/30 rem ovable j o i n t s  were lu b r ic a te d  w ith  H alocarbon

g rease  and th e  s to p co ck s were lu b r ic a te d  w ith  Aplezon M g re a s e . The

system  was evacuated  u s in g  a  Model 1400 "Welch D uo-Seal" fore-pum p in

s e r ie s  w ith  a l iq u id  n it ro g e n  t r a p .  The vacuum system  was evacuated  

-3  -4to  10 to  10 t o r r  (1  t o r r  = 1 mm Hg) b e fo re  h an d lin g  a m a te r ia l .

2. P re s su re  M easurem ents; P re s su re  m easurem ents, below 

atm ospheric  p r e s s u re ,  were made u s in g  a  m ercury manometer. The p re s s u re  

was read  w ith  a  m e ter s t i c k  c a l ib r a te d  in  m ill im e te rs  and could be

read  to  approx im ate ly  ± 0 . 3  mm.

3. Tem perature Measurements ; Low te m p era tu re  measurements 

were made u s in g  a p en tan e  in  g la s s  therm om eter (a c c u ra te  to  ± 2° ) .

When h ig h e r  accuracy  was d e s ire d  an iro n -c o n s ta n ta n  therm ocouple was

33
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u sed . A Leeds and N orthup p o te n tio m e te r  (Model 8690) w ith  a  f ix e d  

ju n c t io n  a t  0® was used  w ith  th e  therm ocouple.

Room tem p era tu re  m easurem ents f o r  m o lecu la r w eigh t d e te rm in a tio n s  

w ere made w ith  a therm om eter which could be re a d  to  ± 0.3® suspended 

from th e  vacuum system .

Tem peratures above room tem p era tu re  were m easured w ith  a mercury 

in  g la s s  therm om eter to  ± 0.5® o r w ith  an iro n -c o n s ta n ta n  therm om eter 

to  ± 0.5®.

4. P ro d u c tio n  o f Low T em pera tu res: L iqu id  n it ro g e n  in  Dewar 

f la s k s  was used  to  m a in ta in  tem p era tu res  a t  -196®. T em peratures below 

am bient were m a in ta in ed  by th e  u se  o f " s lu s h "  b a th s  made by p a r t i a l l y  

f re e z in g  a p p ro p r ia te  s o lv e n ts  (T able I I )  and th en  a llow ing  th e  f ro z e n  

m a te r ia l  to  m e lt.

Tem peratures n e a r  th e  su b lim a tio n  p o in t o f  CO  ̂ (-78®) w ere o b ta in ed  

as  e i th e r  ace to n e  o r  iso p ro p a n o l m ix tu res  o f  "d ry  ic e "  and th e  s o lv e n t .

5. S e p a ra tio n  o f  V o la t i le  M a te r ia ls  : M ixtures o f  v o l a t i l e

m a te r ia ls  w ere s e p a ra te d  by f r a c t io n a l  co n d en sa tio n  i n ,  o r  d i s t i l l a t i o n s  

from , tra p s  m a in ta in ed  a t  low te m p e ra tu re s . The n o ta t io n  th a t  w i l l  be 

used  to  f a c i l i t a t e  d e s c r ip t io n s  o f th e  v a rio u s  s e p a ra t io n s  a re  as 

fo llo w s;

RT ~ -96® 'b -196® (n  tim es)
A I

(-23® and RT) ~ -134® ~ -196® (n tim es)
(B) (C)

T his means th a t  a m ix tu re  was allow ed to  warm to  room te m p era tu re  (RT) 

from -196® w ith o u t ap p ly in g  any e x te rn a l  h e a t ,  w ith o u t pumping, and as 

soon as a l l  o f th e  m a te r ia l  had d i s t i l l e d  th e  s topcocks on th e  t r a p s  

w ere c lo sed . In  s p e c ia l  c ircu m stan ces  d i s t i l l a t i o n s  w ere c a r r ie d  o u t
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TABLE I I

aL iqu ids S u ita b le  f o r  C onstan t Low Tem perature Baths

Compound Approximate 
F reez ing  P o in t °C

Benzene + 5 .5

W ater 0.0

A n ilin e -  6.6

Carbon te t r a c h lo r id e -  22.9

Bromobenzene -  30.9

C hlorobenzene -  45.2

Chloroform -  63 .5

Carbon d io x id e^ -  78.0

Toluene -  95.0

Carbon d isu lp h id e - 111.6

M ethylcyclohexane -1 2 6 .3

n -P en tane -13 1 .5

iso -P e n ta n e -16 0 .5

" s lu s h "  b a th  in  which s o l id - l i q u id  e q u ilib r iu m  i s  m a in ta in ed . 

^The -78° b a th  i s  dry  ic e  w ith  ace to n e  o r  iso p ro p an o l as co n ductive
s o lv e n t .  A f re s h  b a th  may reac h  -8 1 ° .
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w ith  pumping. I n  such in s ta n c e s ,  t h i s  i s  s p e c i f i c a l ly  s ta t e d .  The 

symbol s i g n i f i e s  t h a t  th e  m a te r ia l  was d i s t i l l i n g  from a tra p  a t  

one te m p era tu re  to  a  t r a p  o f an o th e r te m p era tu re . In  th e  above i l l u s t r a 

t i o n ,  th e  m a te r ia l  was p assed  through t r a p s  h e ld  a t  -96° and then  con

densed in  a t r a p  he ld  a t  -1 9 6 ° . A v e r t i c a l  arrow  in d ic a te s  th a t  a new 

d i s t i l l a t i o n  scheme was employed. In  th e  above schem e, (-23° and RT)

means th a t  th e  t r a p  was surrounded by a -23° b a th  fo r  a  c e r t a in  p e rio d

of tim e and was then  warmed to  room te m p e ra tu re . A c a p i t a l  l e t t e r  

S ig n if ie s  a f r a c t io n  w hich la s  l a t e r  exam ined. I f  no c a p i t a l  l e t t e r  

i s  p re s e n t  under a t r a p ,  th i s  s i g n i f i e s  t h a t  e i t h e r  th e  f r a c t io n  in  

th a t  tr a p  was n o t examined o r  th a t  th e re  was no m a te r ia l  i n  th e  t r a p .

The "n  tim es"  s ig n i f i e s  th e  fo llo w in g  o p e ra tio n s  upon th e  u n d e rlin e d  

tra p  :

KT 'v -96° ~ -196° (n=l)
If
RT 'V, -96° ~ -196° (n=2)

RT ~ -96° ~ -196° (n=3)
(A) (B)

The p ro cess  ends when n i s  reach ed , th a t  i s ,  idien no more m a te r ia l  i s  

observed  in  th e  -196° t r a p .  The p ro cess  was then  co n tin u ed  u n t i l  no 

a d d i t io n a l  m a te r ia l  i s  found in  th e  -196° t r a p .

(B)

RT ~ -96° ~ -196°

RT % -96° ~ -196°

RT ~ -96° ~ -196°

---------------- > (A) (B)

F ra c tio n s  w ith  th e  same c a p i ta l  l e t t e r  a re  combined.
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6. M o lecu lar Weight M easurem ent; The m o lecu la r w eight (MW) 

o f v o l a t i l e  compounds was c a r r ie d  ou t u s in g  th e  method o f  Dumas. In  

such d e te rm in a tio n s  th e  gas was assumed to  fo llow  th e  id e a l  gas e q u a tio n  

as the  p re s s u re  d id  n o t exceed 0 .5  a tm ospheres. T h e re fo re , th e  w eig h t 

of th e  gas a t  a  known te m p era tu re , p r e s s u re ,  and volume p e rm itte d  th e  

c a lc u la t io n  o f th e  m o lecu la r w eigh t from th e  equation  o f s t a t e  f o r  an 

id e a l  g as,

PV = nRI = & : RT 
MW

th u s , MW = gRT/PV

Where P = P re s su re  in  atm ospheres 
V = volume in  l i t e r s
R = Gas c o n s ta n t 0.08205 i a tm o s/“K mole 
g = Weight o f  sample in  grams 
T = T em peratu re , “K

MW = M olecu lar w eight

M olecular w e ig h ts  of a two component m ix tu re  ("mixed m o lecu la r 

w eigh t") was de term ined  by use  o f th e  eq u a tio n :

M = f^MW  ̂ + f^MWg 

where fj^, f^  = Mole f r a c t io n  o f  component

MŴ ,MWg = M olecu lar w eight o f 1 and 2 

M = Average m o lecu la r w eigh t.

Care was ta k e n  n o t to  c a rry  o u t m o lecu la r w eight d e te rm in a tio n s  a t  

th e  s a tu r a t io n  v ap o r p re s s u re  a t  room tem p era tu re  o f th e  m a te r ia ls  

under s tu d y . In  such  circum stances th e  m o lecu la r w eight could  be made 

erroneous due to  a d so rp tio n  on th e  g la s s  s u r fa c e s  o f  th e  m o lecu la r 

w eight b u lb .

7. C r i t e r i a  of P u r i ty : The p u r i ty  o f  m a te r ia ls  used i n  th i s

re se a rc h  was checked by a t  l e a s t  two o f th e  fo llo w in g  p ro ced u res :
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a . M olecu lar w eight so  th a t  th e  e r ro r  i n  th e  d if fe re n c e  

betw een th e  c a lc u la te d  and ex p erim en ta l v a lv e  d id  n o t exceed 1% o f th e  

c a lc u la te d  v a lu e .

b . Vapor P re ssu re  a t  a  known tem p era tu re  to  w ith in  1% 

o f th e  c a lc u la te d  (o r  l i t e r a t u r e )  v a lu e  o r  to  w ith in  approx im ate ly  

± 2.0 t o r r ,  w hichever was th e  l e a s t .

c. In f ra re d  spectrum  to  ag ree  w ith  a p u b lish e d  spectrum  

o r to  a spectrum  p re v io u s ly  determ ined  in  th i s  la b o ra to ry  on th e  pure 

m a te r ia l .

d. Mass s p e c tr a l  fra g m e n ta tio n  p a t te r n .  The mass s p e c tr a

o f mixed o r  pu re  compounds were f re q u e n tly  reco rded  in  o rd e r  to  d e te r 

mine w hether th e  frag m en ta tio n  p a t te r n  was c o n s is te n t  w ith  th a t  o f  th e  

m ix tu re  o r  pure  compound from l i t e r a t u r e  v a lu es  o r  s ta n d a rd  "b lank" 

s p e c tr a .  When f e a s ib l e ,  th e  i d e n t i f i c a t i o n  o f  th e  p a re n t m o lecu la r

ion  when s tu d y in g  a pu re  compound was co n sid ered  to  be o f  c o n s id e ra b le  

im portance . I f  fragm ents o f  h ig h e r mass number th a n  th a t  o f th e  mole

c u la r  io n  o f  a presum ably pu re  compound w ere o b ta in ed  then  th e  p resen ce  

o f h igh  m o lecu la r w eigh t im p u r it ie s  cou ld  be assumed.

Due to  th e  h ig h  s e n s i t i v i t y  o f th e  mass sp e c tro m e te r , i t  was used 

e x te n s iv e ly  fo r  q u a l i t a t i v e  and g ross  q u a n t i t a t iv e  in t e r p r e ta t io n s  o f 

p u r i ty  f o r  r e a c ta n ts  and p ro d u c ts .

e . N uclear m agnetic resonance  spectrum : agreem ent w ith

th e  expected  r a t i o  o f  th e  a re a  under th e  resonance s ig n a l s ,  th e  p o s i t io n

of chem ical s h i f t s  and th e  n a tu re  o f th e  f in e  s t r u c tu r e  observed  i n  th e

s ig n a l s .  In  a d d i t io n ,  th e  absence o f  ex traneous s ig n a ls  in d ic a te s  th e  

p u r i ty  o f a compound.
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f .  M eltin g  p o in t  d e te rm in a tio n s  to  ± 0.5® o f th e  l i t 

e r a tu r e  v a lu e  and a range n o t exceed ing  1.5®.

B. P re s s u re  Equipment and T ech n iq u es .

The use o f  p re s s u re  equipm ent as a r o u t in e  to o l  f o r  s y n th e s is  has

n o t been  e x te n s iv e ,  th e re fo re  th e  ap p a ra tu s  and new te ch n iq u es  used

in  t h i s  re s e a rc h  w i l l  be d e sc rib e d  in  d e t a i l .

1• G eneral D e sc r ip tio n  o f  H igh P re s s u re  A pparatus ; The

high  p re s s u re  system  was modeled a f t e r  one designed  by Dr. J .  J .  Moscony

112and P ro fe s so r  A. G. MacDiarmid s p e c i f i c a l l y  to  be used in  c o n ju n c tio n

w ith  a h ig h  vacuum system . The i n t e n s i f i e r  and m ic ro re a c to rs  w ere

purchased from  HIP -  A utoclave E n g in e e rs , E r i e ,  P en nsy lvan ia . The

d e t a i l s  on th e  model system  have been p u b lish e d  by Moscony, H arker and 

113MacDiarmid . A diagram  o f th e  model system  i s  shown in  Appendix A.

The plum bing in  th e  system  a llow s f o r  th e  u se  o f  one o r  more m icro

r e a c to r s  s im u lta n e o u s ly  w ith  th e  s im p le  a d d i t io n  o f Tee f i t t i n g s .

The p re se n c e  o f  v e ry  h igh  p re s s u re s  compels th e  ex p erim en te r to  

e x e rc is e  ex trem e c a u tio n  a t  a l l  tim e s . The i n t e n s i f i e r  used  in  t h i s  

r e s e a rc h  was en c lo sed  in  one q u a r te r  in ch  s t e e l  p la t e .  The m ic ro re a c to rs  

were ra te d  a t  4000 atm ospheres and 600® and th e  plum bing had a s im i la r  

room te m p era tu re  r a t i n g .  S a fe ty  g o g g le s , le a th e r  g loves and a l e a th e r  

ja c k e t  w ere a v a i la b le  to  th e  ex p erim en te r.

In  th e  o r ig i n a l  ap p ara tu s  one o f  th e  r e a c ta n ts  was loaded  d i r e c t l y  

in to  th e  m ic ro re a c to r  and th e  o th e r  r e a c ta n t  (gaseous) was used  as a 

p re s s u r in g  medium. This o p tio n  was a ls o  a v a i la b le  on th e  ap p a ra tu s  

used in  th i s  work b u t was n o t used because  o f  th e  h ig h  c o s t o f  th e  

r e a c ta n t  gas and i t s  r e a c t iv i t y  w ith  m e ta ls  a t  h ig h  p re s s u re  and e le v a te d



40

te m p era tu re . T h is  re s e a rc h  was c a r r ie d  o u t u s in g  th e  te ch n iq u e  o f 

e n c a p su la tin g  th e  r e a c ta n ts  in  a n o n - r e a c t iv e ,  m a lle a b le  m a te r ia l .

U sing th i s  te c h n iq u e , th e  p re s s u r in g  medium could  be gas o r l iq u id  

w ith  th e  p re s s u re  b e in g  t r a n s f e r r e d  to  th e  r e a c ta n ts  th rough  th e  m a lle 

ab le  ca p su le  w a ll .

The p ro ced u re  used  in  th is  r e s e a rc h  was developed by Hagen^^ u s in g  

gold tu b in g  as th e  en c a p su la tin g  m a te r ia l  and n it ro g e n  gas as a p re s 

su r in g  medium.

U sing t h i s  p roced u re  th e  r e a c ta n ts  w ere s e a le d  in  vacuo in  gold 

tu b es  a t  -1 9 6 ° . The gold tu b e  was th en  t r a n s f e r r e d  to  a m ic ro re a c to r  

cooled  to  -196° and p re ssu re d  to  3000 a tm ospheres. The m ic ro re a c to r  

was th en  h e a te d  to  th e  d e s ire d  te m p e ra tu re  and p re s s u re  (ex cess  p re s s u re  

was b le d  o f f ) .

For exam ple, i n  s e c t io n  G-2, a m ix tu re  o f PF^ and 0^ was s e a le d

in  a gold  tu b e  and p re ssu re d  a t  4000 atm ospheres and 300° f o r  12 h o u rs .

The tube  was th e n  opened to  th e  vacuum system  and th e  v o l a t i l e s  (86% 

based  on i n i t i a l  PF^) reco v ered .

The o p e ra t io n s  invo lved  in  p re p a r in g  a  sam ple in  a go ld  tu b e  w i l l  

be  dem onstra ted  by an exam ple. C onsider th e  r e a c t io n  o f PF^ and Og 

m entioned above.

(1) A le n g th  o f go ld  tu b in g  (3 .0  mm o . d . ,  2 .9  mm i . d . , 25. cm long) 

was f la t te n e d  fo r  1 cm a t  one end w ith  a  p a i r  o f p l i e r s  hav ing  ta p e  on 

th e  jaws so th e  gold  would no t be  c re a se d . The f la t t e n e d  end o f  th e

tu b e  was th e n  h ea ted  in  a CH^/Og g la s s  b low ers to rc h ,  m e ltin g  th e  gold

and s e a l in g  th e  end o f th e  tu b e .

(2) The open end o f  th e  gold tu b e  was th e n  In s e r te d  in to  th e  low er



41

BLACK WAX

LAYER OF ASBESTOS 
TAPE
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SOLID SAMPLE

F ig u re  1. Gold Tube P rep ared  f o r  S e a lin g
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end of a $ 12/30 m ale j o i n t  (F ig u re  1 ) . The g la s s -g o ld  ju n c t io n  was 

th en  h e a te d  l i g h t ly  in  an open flam e. A fte r  removal from th e  flam e, 

"b la c k  wax" (p ic e in  wax) was a p p lie d  to  th e  h o t ju n c t io n  w hich upon 

co o lin g  formed a vacuum t i g h t  s e a l .

(3) At t h i s  tim e s o l id  r e a c ta n ts  could  be added to  th e  go ld  tube  w ith  

th e  amount added being  de term ined  by w eight d if f e re n c e s  from a w eighing 

b o t t l e .  I f  n e c e ssa ry , th e  a d d i t io n  could be c a r r ie d  o u t in  a n it ro g e n  

bag o r s u i ta b le  i n e r t  atm osphere.

(4) The assembly was th en  evacu a ted  and allow ed to  s ta n d  open only 

to  th e  manometer f o r  one h o u r. I f  no p re s su re  was observed  on th e  

manometer th e  tube  was d e c la re d  le a k  f r e e .  At t h i s  p o in t ,  a le n g th  

of a sb e s to s  tap e  was m oistened  and wrapped around th e  s e a l  to  in s u re  

t h a t  th e  b la c k  wax d id n 't  m e lt w h ile  s e a lin g  th e  gold tu b e  (s te p  7 ) .

(5) The v o l a t i l e  m a te r ia l  was th e n  condensed in to  th e  gold  tu b e  a t  

-1 9 6 ° . The amount o f  m a te r ia l  condensed in to  th e  tu b e  was determ ined 

u s in g  th e  id e a l  gas law w here th e  volume (V) was a c a l ib r a te d  volume 

on th e  vacuum l i n e ,  th e  p re s s u re  (P) was th e  p re s s u re  re a d  on th e  mano

m eter and th e  tem p era tu re  (T) was th e  room te m p era tu re  m easured w ith  a 

therm om eter hang ing  from th e  vacuum l in e .  Amounts o f  r e a c ta n ts  having 

no vapor p re s s u re  a t  -196° w ere determ ined  by s u b tr a c t in g  n^ = 0 .0  

(where i s  zero  a t  -196°) from some n̂  ̂ (where P^ i s  th e  p re s su re  o f 

th e  c a l ib r a te d  volum e). For r e a c ta n ts  having some v apo r p re s s u re  a t  

0196° (such  as 0^) th e  amount o f r e a c ta n t  gas was determ ined  by sub

t r a c t i n g  th e  amount o f gas l e f t  in  th e  c a l ib r a te d  volume Ug ( a t  some 

?2 a t  -1 9 6 °) from th e  amount o f  gas p re s e n t i n i t i a l l y  a t  a tm ospheric  

p re s s u re ,  n^ ( a t  a tm ospheric  p re s s u re ,  P ^ ) .
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(6) The tu b e  was th e n  squeezed f l a t  w ith  th e  padded p l i e r s  f o r  3 cm 

about 10 cm from th e  bottom  of th e  tu b e . Care was tak en  to  crimp th e  

tube f l a t  a t  th e  edges n ear th e  m iddle o f  th e  s e a lin g  a re a . The 

f la t te n e d  p o r t io n  o f th e  tube was th e n  s e a le d  u sing  a Hg/Og hand to r c h .  

This o p e ra tio n  re q u ire d  a very  ho t flam e about 6 cm in  le n g th . The 

gold tube was h ea ted  red  h o t a t  th e  m idpo in t o f th e  f la t te n e d  p o r t io n  

to  allow  th e  two f l a t  gold s u rfa c e s  to  s e a l .  T his was achieved  by 

ho ld ing  th e  to rc h  back from th e  tu b e . The to rc h  was then  b rough t c lo s e r  

to  cu t th e  gold  tu b in g  a t  th e  top o f  th e  s e a l .  The s e a l  was made as 

c lo se  to  th e  l iq u id  n itro g e n  as p o s s ib le  and th e  tube was h e ld  below  

th e  s e a l  w ith  a p a i r  o f  tw eezers . A 99% s e a lin g  success can be o b ta in e d  

i f  done a p p ro p r ia te ly .

(7) The gold  tube  was th en  removed from  th e  -196° Dewar and i t s  le n g th  

recorded  in  th e  re s e a rc h  notebook fo r  f u r th e r  id e n t i f i c a t i o n .  The tube  

was s to re d  in  l iq u id  n it ro g e n  u n t i l  p r e s s u r iz a t io n .

(8) The tube  ( a t  -196°) was in s e r te d  in to  th e  m ic ro re a c to r , w hich 

had been corked and cooled  to  -196°.

(9) The m ic ro re a c to r  was then  c lo sed  and p re s su r iz e d  and th e  r e a c t io n  

was c a r r ie d  o u t a t  a s p e c i f ic  p re s su re  and tem p era tu re .

(10) A fte r  s u f f i c i e n t  r e a c t io n  tim e , th e  m ic ro re a c to r  was quenched 

in  w a te r , th e n  to  -196° b e fo re  r e le a s in g  th e  p re s s u re .

(11) W hile s t i l l  a t  -1 9 6 ° , th e  m ic ro re a c to r  was removed from th e  

p re ssu re  system , clamped in  a v is e ,  opened , and th e  gold tu b e  dumped 

in to  a -196° b a th .  The tube was u s u a l ly  f l a t ,  excep t w here th e  s o l id  

m a te r ia l  was p o s it io n e d .

(12) The gold  tu b e  opener (F ig u re  2) was connected to  th e  vacuum l i n e
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F ig u re  2 .  S e a le d  Tube O pener
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th rough  th e  s id e  arm. G lass beads w ere p o s it io n e d  in  th e  lower p o r tio n  

of th e  op en er to  in s u re  th a t  th e  top  end o f th e  gold  tu b e  was p o s itio n e d  

w ith in  th e  b o re  o f th e  la rg e  s t r a ig h tb o r e  stopcock .

(13) The g la s s  cap was removed from th e  top o f th e  o p en er, th e  gold 

tube  dropped in  and th e  cap re p la c e d . The opener was th e n  evacuated  

w ith  i n t e r m i t t e n t  pumping to  check fo r  gold tu b e  l e a k s . I f  no le ak  

was observed  on th e  manometer, th e  H^O was pumped o f f  th e  o u ts id e  of 

th e  tu b e  th rough  a -196° tra p  ( t h i s  H^O th a t  in v a r ia b ly  g e ts  on th e  

co ld  g o ld  tu b e  when exposed to  a i r  i s  th e  most l im i t in g  f e a tu re  o f t h i s  

r e s e a r c h ) .

(14) The go ld  tube  was opened by tu rn in g  th e  s t r a ig h tb o r e  stopcock  

th ro u g h  th e  gold tu b e , s l i c in g  i t  in  two. T h is can be  done w ith  o r 

w ith o u t l iq u id  n i t ro g e n  su rro u n d in g  i t .  As th e  tu b e  i s  s l i c e d  the  

v o l a t i l e s  a re  trap p ed  in  th e  f i r s t  t r a p  a t  -196° w ith o u t pumping. 

I n te r m i t t e n t  pumping through th e  second and th i r d  t r a p  a t  -196° can 

th en  be  used to  remove noncondensib les  such as Og.

(15) A t t h i s  p o in t  th e  v o l a t i l e  m a te r ia l  was i d e n t i f i e d  u s in g  s ta n d a rd  

h igh  vacuum te c h n iq u e s .

C. G lass P re s su re  V e s se ls .

I t  was found th a t  p re s s u re  re a c tio n s  up to  50 atm ospheres ( id e a l

132gas) co u ld  be  c a r r ie d  ou t in  a  g la s s  p re s s u re  r e a c to r  s im i la r  to  

th a t  i l l u s t r a t e d  i n  F ig u re  3. The maximum p re s s u re  i s  a fu n c tio n  o f 

th e  w a l l  th ic k n e ss  (Appendix B) and th e  t e n s i l e  s t r e n g th ,  th u s  a v e s s e l  

hav ing  an o u ts id e  d iam ete r o f  14 mm and an in s id e  d iam ete r o f 8 mm shou ld  

w ith s ta n d  a p re s s u re  o f  98 atm ospheres.



46

TEFLON KEY

BUNA SEAL

TEFLON SEAL

F ig u re  3. G lass P re s su re  R eactor
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T his ty p e  o f  r e a c to r  was made from  a F ish e r  and P o r te r  (W arm inster,

P a .)  4 mm q u ick  opening ang le  v a lv e  ( c a t .  No. 795-005-004). The au to 

genous p re s s u re  c re a te d  by a known q u a n t i ty  o f gas in  a  known volume of 

th e  p re s s u re  v e s s e l  a t  a given te m p era tu re  was c a lc u la te d  u s in g  th e  

id e a l  gas e q u a tio n . In  u s in g  such a  v e s s e l  a t  e le v a te d  te m p e ra tu re s , 

th e  v e s s e l  was immersed in  the  b a th  up to  about 3 cm from th e  bottom  of 

th e  T eflo n  sto p co ck . The same p ro ced u re  was ap p lied  when co o lin g  th e  

v e s s e l below 0°.

A second g la s s  r e a c to r  v e s s e l  was designed  (F ig u re  4) to  do re 

a c tio n s  ^  o r  n ea r a tm ospheric  p r e s s u re .  The maximum p re s s u re  r a t in g  

o f th e  bu lb  was 10 atm ospheres b u t e x te n s iv e  s h ie ld in g  was used even 

a t  th e  1 atm osphere maximum p re s s u re  o f  any o f  th e  a ttem pted  r e a c t io n s .  

With a volume o f one l i t e r  40 mmoles o f  re a c ta n ts  could be used a t

25° o r 20 mmoles of r e a c ta n ts  could  be  used a t  300° w ith o u t exceed ing

th e  s p e c if ie d  1 atm osphere p re s su re  l i m i t .

The m ajor advantage o f  t h i s  v e s s e l  i s  th a t  e x te n s iv e  q u a n t i t i e s  

o f gaseous r e a c ta n ts  can be used a t  e le v a te d  tem pera tu re  w ith o u t h igh  

p re s s u re s .  A nother advantage i s  t h a t  th e  c o ld fin g e r  can be h ea ted  to  

h igh  tem p era tu res  (dependent on th e  g la s s  used) w ith o u t h e a t in g  th e  

T eflon  S topcock. T eflo n  stop co ck s have a l im ite d  u s e fu l  tem p era tu re  

range when used  fo r  vacuum o r  p re s s u re  s e a ls  because th ey  c o n tra c t  when 

cooled and flow  when h ea ted .

D. S p ec tro sco p ic  Equipment and T echn iques.

1. In f ra re d  A bso rp tion  S p e c t r a ; In f ra re d  a b so rp tio n  s p e c tr a  

were o b ta in e d  fo r  v o l a t i l e  m a te r ia ls  by en c lo s in g  a gaseous sam ple in
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a c e l l  (10 era p a th  le n g th )  f i t t e d  w ith  KBr windows (32 nnn d iam ete r 

X 4 .0  mm th ic k )  which were se a le d  w ith  b la c k  rubber 0 - r in g s .  In f ra re d  

s p e c tr a  of s o l id  m a te r ia ls  were tak en  w ith  th e  s o l id  d is p e rs e d  in  a 

m ull (N ujol m in e ra l o i l )  o r a KBr p e l l e t .  When th e  o i l s  w ere used th e  

samples w ere examined as a smear betw een KBr p l a t e s .

A b so rp tion  s p e c t r a  were o b ta in ed  in  th e  2.5p to  4Op re g io n  u sin g  

a Beckman Model IR -10 double beam, g r a t in g  sp ec tro p h o to m ete r. The 

c a l ib r a t io n  o f th e  in s tru m en t was checked a f t e r  each s p e c t r a  w ith  

p o ly s ty re n e  f i lm .

2. Mass S p e c tra ; Mass s p e c t r a l  c rack in g  p a t te r n s  w ere ob

ta in e d  u s in g  a H ita c h i-P e rk in  Elmer RMÜ-6E Mass S p ec tro m ete r. The in 

strum en t was o p e ra te d  a t  an io n iz a t io n  c u r re n t o f 40 m icroam peres. The 

am bient o p e ra t in g  tem p era tu re  was 150*, b u t a low tem p era tu re  o f  40“ 

could be o b ta in e d  fo r  th e rm ally  u n s ta b le  compounds.

3 . N u c lea r M agnetic Resonance S p e c tra ; F lu o rin e -1 9  n u c le a r  

m agnetic reso n an ce  s p e c t r a  were o b ta in e d  from a V arian  A sso c ia te s  

HA-IOOX sp e c tro m e te r  o p e ra ted  a t  a  f ix e d  frequency  o f 95 .4  MHz.

S p ec tra  w ere o b ta in ed  a t  an am bient o p e ra tin g  te m p era tu re  o f 35“ 

on sp in n in g  sam ples co n ta in ed  in  s e a le d  (5 mm o .d . )  b o r o s i l i c a t e  (Pyrex) 

g la s s  tu b e s .

T rich lo ro flu o ro m e th an e  was used  as an in t e r n a l  s ta n d a rd .

E. R eag e n ts .

Carbon T e t r a c h lo r id e  -  (CCl^, M erck, R eagent Grade) was used as o b ta in e d .

173 3In f ra re d  spectrum  and mass spectrum  I d e n t i c a l  to  t h a t  g iven  in  th e

l i t e r a t u r e .
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Carbon T e t r a f lu o r ld e  -  (CF^, Fréon 14, Matheson) was u sed  as o b ta in ed

a f t e r  degassing  by pumping th rough  a -196“ t r a p .  I n f r a r e d  spectrum ^^ 
2

and mass spectrum  i d e n t i c a l  to  th a t  g iven  in  th e  l i t e r a t u r e .

C h lo ro tr if lu o ro m e th a n e  -  (CF^Cl, F reon 13, Matheson) was used  as ob ta ined

a f t e r  degassin g  by pumping th rough a -196“ t r a p .  I n f r a r e d  spectrum ^^^

149and mass spectrum  id e n t i c a l  to  t h a t  g iven  in  th e  l i t e r a t u r e .

D ich lo ro d iflu o ro m eth an e  -  (CFgClg, Freon 12, Matheson) was used  as ob

ta in e d  a f t e r  d e g a ss in g  by pumping th rough a -196“ t r a p .  I n f r a r e d  

spectrum ^^^ and mass spectrum ^ id e n t i c a l  to  th a t  g iv en  in  th e  l i t e r a t u r e .

F lu o ro tr ic h lo ro m e th a n e  -  (CFClg, F reon 11, Matheson) was used  as ob ta ined  

a f t e r  d eg assin g  by pumping through a -196“ t r a p .  I n f r a r e d  spectrum ^^ 

and mass spectrum ^ id e n t i c a l  to  t h a t  g iven  in  th e  l i t e r a t u r e .

Magnesium -  (Mg, F is h e r  S c ie n t i f i c )  was d r ie d  in  an oven a t  110“ fo r  4 

hours and s to re d  i n  a d e s s ic a to r  when n o t in  u se .

N itro g en  -  (Ng, Big 3 I n d u s tr ie s )  was used  as o b ta in e d  as  an  in te n s ify in g

medium f o r  the  h ig h  p re s s u re  a p p a ra tu s . In  th i s  r e s e a rc h  gaseous n i t r o 

gen fo r  th e  g love  bag was o b ta in ed  from a l iq u id  n i t r o g e n  c y l in d e r .

Oxygen -  (Og, Big 3 I n d u s t r ie s )  was used as o b ta in e d .

Phosphorus p e n ta f lu o r id e  -  (FF^, M atheson) was p u r i f i e d  by d i s t i l l a t i o n :

RT "b -131“ -196“ (3 tim es)
i  (A)
KT ~ -9 6 “ ~ -196“ (3 tim es)

(B) (C)
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F ra c tio n  (C) was r e ta in e d  and f r a c t io n s  (A) and (B) were d isc a rd e d ; 

mol. w gt. c a lc d . 1 2 6 .0 , found 1 2 4 .9 ; th e  in f r a r e d  spectrum  was id e n t ic a l  

to  th e  p u b lish e d  spectrum .

Phosphorus t r i f l u o r i d e  -  (PF^, Ozark-Mahoning C o., L o t. No. KS-7-105)

was p u r i f i e d  by d i s t i l l a t i o n :

RT -V - 9 5 °  % -196°
A 1

KT 'Xi -131° % -196°
B C

F ra c tio n s  (A) and (C) were d isc a rd e d  and f r a c t io n  (B) r e ta in e d :  mol. 

w gt. c a lc d . 8 7 .9 , found 8 7 .8 ; in f r a r e d  spectrum  id e n t i c a l  to  th a t  g iven  

in  th e  l i t e r a t u r e .

P h o sp h o rv lf lu o rid e  -  OPF^ can be o b ta in e d  from th e  r e a c t io n  o f  PF^ 

w ith  b o r o s i l i c a t e  (Pyrex) g la s s  which has been m oistened  w ith  w a te r. 

Phosphorus p e n ta f lu o r id e  (270. mg, 2 .1  mmole) was condensed in to  a  25 

ml g la s s  p re s s u re  v e s s e l  which had been m oistened  w ith  w a te r  and d r ie d  

by sh ak ing  in  th e  a i r  f o r  s e v e ra l  m in u te s . The sto p co ck  was c lo sed  and 

th e  v e s s e l  was allow ed to  s ta n d  o v e rn ig h t a t  room te m p e ra tu re . The 

v o l a t i l e  m a te r ia l  was th en  t r a n s f e r r e d  in to  th e  vacuum system  and d is 

t i l l e d  as fo llo w s:

RT ~ -78° 'u -196° (2 tim es)
A

RT /x, -134° -196° (3 tim es)
(B) (C)

F ra c tio n s  (A) and (C) were d isc a rd e d  and f r a c t io n  (B) r e ta in e d :  GPF^

(129. mg, 1.24 mmole); mol. w gt. c a lc d . 103 .5 ; confirm ed by in f r a r e d  

spectrum .
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Selenium -  (S e , E. H. S arg en t & Co. ) used as  o b ta in e d .

S u lfu r  -  (S , M a llln c k ro d t)  d r ie d  a t  60“ fo r  2 hours and used as o b ta in e d .

T elleu rium  -  (Te, ASARCO, High P u r ity )  used  as o b ta in ed  a f t e r  powdering.

T r ic h lo r o s i ly l  te tr a c a rb o n y l  C obalt ( I )  -  ClgSiCo(CO)^ was o b ta in ed  by 

resub lim ing  a p re v io u s ly  p repared  (Co2(C0)g  + ClgSiH) and r e f r ig e r a te d  

sam ple. A pproxim ately 5 gm o f s to re d  ClgSiCo(CO)^ was t r a n s f e r r e d  to  

a vacuum su b lim er i n  an i n e r t  atm osphere. The su b lim a tio n  appara tus 

was then  evacuated  to  remove any h ig h e r  v o l a t i l e s  th a t  may have r e s u l te d  

from th e  decom position  o f th e  s to re d  p ro d u c t. A fte r  pumping fo r  s e v e ra l  

m in u tes , th e  s to p co ck  on th e  su b lim a tio n  ap p a ra tu s  was c lo sed  and dry  

ic e -a c e to n e  added to  th e  co ld  f in g e r .  The sam ple was th en  allow ed to  

sublim e o v e rn ig h t.

The sublim ed amber c r y s ta l s  had an in f r a r e d  spectrum  and mass 

spectrum  in  c lo se  agreem ent w ith  th e  l i t e r a t u r e  v a lu e s .

T ra n s it io n  M etal O xides -  The fo llo w in g  m e ta l ox ides were used as ob

ta in e d .

CoO -  (V itro  L a b o ra to r ie s )

Cr^Og -  (R esearch  O rg an ic /In o rg an ic  Chemical C orporation)

CrOg -  (V itro  L a b o ra to r ie s )

Fe^Og -  (V itro  L a b o ra to rie s )

MoOg -  (V itro  L a b o ra to r ie s )

NiO -  (V itro  L a b o ra to r ie s )

RuOg -  (R esearch  O rg an ic /In o rg an ic  Chem ical C orporation)

NagMoO  ̂ -  (Merck, Reagent)
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Na^WO  ̂ -  (Elmend and Amend, Reagent)

TaOg -  (R esearch  O rg an ic /In o rg an ic  Chemical C orporation)

TiOg -  (F ish e r  S c ie n t i f i c  -  Amend & Eimend)

VgOg -  (V itro  L a b o ra to r ie s )

WOg -  (V itro  L a b o ra to r ie s )

ZrO -  (V itro  L a b o ra to r ie s )

Gold Tubing -  M atthey B ishop, I n c . ,  M alvern, Pa.

F. The High P re s su re  I n te r a c t io n  o f T ra n s it io n  M etal Oxides w ith  

Phosphorus T r i f lu o r id e .

T his s e c tio n  in c lu d e s  d e ta i le d  in fo rm a tio n  on th e  t r a n s i t i o n  m e ta l 

oxide phosphorus t r i f l u o r i d e  r e a c t io n s .  The r e a c tio n s  a re  summarized 

in  Table II IA  and I I IB .

T yp ica l mass s p e c t r a l  d a ta  a re  re p o r te d  in  the  ap p en d ices . These 

in c lu d e  PF^ (Appendix C) , phosphoryl f lu o r id e s  (Appendix E) and N i, W, 

and Mo -  phosphorus t r i f l u o r i d e  c o o rd in a tio n  compounds (Appendix F ).

1. The R eac tio n  o f N ickel ( I I )  Oxide w ith  Phosphorus T r i 

f lu o r id e  a t  High P re s s u re .

Summary ; I t  was found th a t  th e  r e a c t io n  o f NiO and PF^ o ccu rred  

r e a d i ly  a t  4000 atm ospheres and 300“ fo r  12 hours accord ing  to  th e  

fo llow ing  e q u a tio n ,

NiO + 5 PFg + NKPFg)^ + OPFg (53)

Phosphorus t r i f l u o r i d e  (195. m g., 2 .21 mmole) was condensed in to  

a gold tube w hich had been charged w ith  NiO (20. m g., 0 .267 mmole).

The tube was s e a le d  and h e ld  a t  4000 atm ospheres and 300“ fo r  12 h o u rs .
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The g o ld  tu b e  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as 

fo llow s :

RT ~ -6 3 “ ~ -1 9 6 “ (3 tim es)
A B

Ni

The fo llo w in g  m a te r ia ls  were i d e n t i f i e d :

(P F j)^ :  F ra c t io n  A. (33 .3  m g., 0 .081 mmole; 30.3% y ie ld  based  on

83i n i t i a l  NiO; id e n t i f i e d  by in f r a r e d  spectrum  ; confirm ed by mass 

sp ec tru m ).

PF^ , OPF^: F ra c t io n  B. (1 .80  mmole gas o u t ;  in f r a r e d  spectrum  id e n t ic a l

59 59to  th a t  ex p ec ted  f o r  a  m ix tu re  o f PF^ and OPF^ ; OPF^ (10 .4  m g., 0 .10

mmole); PF^ (150. m g., 1.70 mmole)).

2. The R eac tion  of N ickel ( I I )  Oxide w ith  Phosphorus T r i

f lu o r id e  a t  High P re s su re  in  th e  P resence  o f Magnesium.

Summary : I t  was found th a t  th e  r e a c t io n  o f  NiO and PF^ in  the

p resen ce  o f Mg o ccu rred  r e a d i ly  a t  4000 atm ospheres and 300“ fo r  12 

hours acc o rd in g  to  th e  fo llow ing  eq u a tio n .

NiO + 5 PFg + N i(PFg)^ + OPFg (54)

3 OPFg + Mg -»■ MgFg + PF^ + PgOgF^ (55)

Phosphorus t r i f l u o r i d e  (128. m g., 1 .46  mmole) was condensed in to  

a gold tube c o n ta in in g  NiO (20. m g., 0 .267 mmole) and Mg (24 mg., 1 

mmole). The tu b e  was se a le d  and h e ld  a t  4000 atm ospheres and 300“ 

fo r  12 h o u rs .

The tube  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as fo llo w s:

RT ~ -7 8 “ ~ -196° (3 tim es)
(A) CB)

The fo llo w in g  m a te r ia ls  were I d e n t i f i e d :
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Ni (P F ^)^ ; F ra c tio n  A. (3 3 .3  m g., 0 .081 mmole), i d e n t i f i e d  by in f r a re d

83 9spectrum  ; confirm ed by mass spectrum  ; a 30.3% y ie ld  based on i n i t i a l

NiO.

5.2—3̂ 4 " F ra c tio n  A. (co n tam in a tio n  in  mass spec tru m , i d e n t i f i e d  by
g

th e  r e a c t io n  o f OPF^ and Mg a t  h ig h  p r e s s u r e ) .

PFj ,  OPFg: F ra c tio n  B. (1 .1 6  mmole gas o u t ;  79.5% recovery  based  on

59i n i t i a l  PF^; in f r a r e d  spectrum  c o n s is te n t  w ith  a  m ix tu re  PF^ and 

59
OPFg ; OPFg (10 .4  m g., 0 .1 0  mmole); PF^ (93 .3  m g ., 1 .06 m m ole)).

3. The R eac tio n  o f N ickel ( I I )  Oxide w ith  Phosphorus T r i 

f lu o r id e  in  th e  P resen ce  o f  Magnesium.

Summary : I t  was found th a t  th e  r e a c t io n  o f  NiO and PF^ in  the

p resen ce  of Mg o ccu rred  r e a d i ly  a t  100 atm ospheres and 300° f o r  12 

hours acco rd in g  to  th e  e q u a tio n ,

NiO + 5 PFg + Ni(PFg)^ +  OPF̂  (56)

3 OPFg + Mg + PFj + PgOgF  ̂ + MgFg (57)

Phosphorus t r i f l u o r i d e  (81 .4  m g., 0 .925 mmole) was condensed in to  

a gold  tube c o n ta in in g  NiO (20. m g., 0.267 mmole) and Mg (24. m g.,

1 mmole). The tu b e  was s e a le d  and h e ld  a t  100 atm ospheres and 300° 

fo r  12 h o u rs .

The gold tu b e  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as 

fo llo w s:

RT -V. -78° ~ -196° (2 tim es)
(A) (B)

The fo llo w in g  m a te r ia ls  were id e n t i f i e d :

N i(P F j)^ :  F ra c tio n  A. (3 2 .8  m g., 0 .0 8  mmole); i d e n t i f i e d  by in f r a re d

83 9spectrum  ; confirm ed by mass spectrum  ; 30% y ie ld  based  on i n i t i a l  NiO.



56

PF^ , OPFj! F ra c tio n  B. (0 .60  nmole gas o u t;  65% reco v e ry  based on

59i n i t i a l  PF^; in f r a r e d  spectrum  c o n s is te n t  w ith  a  m ix tu re  o f  PF^ and 

OPFg^^; OPFg (10 .4  m g., 0 .10  mmole); PF^ (44. m g., 0 .50  mmole)).

4. The R eaction  o f  Molybdenum VI Oxide w ith  Phosphorus T r i

f lu o r id e  a t  High P re s s u re .

Summary ; I t  was found th a t  MoO  ̂ and PF^ re a c te d  r e a d i ly  a t  4000 

atm ospheres and 300° fo r  12 hours acco rd ing  to  th e  fo llo w in g  eq u a tio n ,

MoOg + 3 PF^ -»■ Mo + 3 OPFg (58)

Phosphorus t r i f l u o r i d e  (109. m g., 1 .24  mmole) was condensed in to  

a gold  tube c o n ta in in g  MoO  ̂ (20 m g ., 0 .13 mmole). The tu b e  was se a le d  

and h e ld  a t  4000 atm ospheres and 300° fo r  12 h o u rs .

The go ld  tube  was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  

-1 9 6 ° .

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

PF^ and OPF^: (0 .95  mmole o u t;  76% re c o v e ry ; in f r a r e d  spectrum  equ iv a-

59 59le n t  to  th a t  expected  fo r  a  m ix tu re  o f PF^ and OPF^ ; OPFg (31 .2  m g., 

0 .3 0  mmole); PF^ (57 .2  m g., 0 .6 5  mmole); lo s s  o f  v o l a t i l e s  a p p a re n tly  

due to  th e  fo rm atio n  o f PgO^F^ o r o th e r  po lym eric  (POF)^^^^.

5. The R eac tion  o f  Molybdenum VI Oxide w ith  Phosphorus T ri

f lu o r id e  a t  High P re s su re  i n  th e  P resen ce  o f Magnesium.

Summary : I t  was found th a t  MoO  ̂ and PF^ re a c te d  r e a d i ly  in  the

p resen ce  o f Mg a t  4000 atm ospheres and 300° f o r  12 hours acco rd in g  to 

th e  fo llo w in g  e q u a tio n ,

MoOg + PFj -»■ Mo(PFg)g + 3 OPF3 (59)
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3 OPFg + Mg + MgF^ + PgOgF^ + PF^ (60)

Phosphorus t r i f l u o r i d e  (108. m g., 1.23 mmole) was condensed in to  

a gold tube  c o n ta in in g  MoÔ  (20 m g., 0 .1 2  mmole) and Mg (24 m g., 1 

mmole). The tu b e  was s e a le d  and h e ld  a t  4000 atm ospheres and 300° fo r  

12 h o u rs .

The gold tu b e  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as 

fo llo w s ;

RT ~ -131° ~ -196° (1 tim e)
i  (A)

-63° 'b -196° (1 tim e)
(A)

Mo

The fo llo w in g  m a te r ia l  was id e n t i f i e d :

(P F ^)^ : F ra c tio n  B. (31 .2  m g., 0 .05  mmole); id e n t i f i e d  by in f r a r e d

spectrum ^^; confirm ed by mass spectrum ^^; a 38% y ie ld  based  on i n i t i a l

MoOg.

P^OgF^: F ra c tio n  B. (unknown con tam ina tion  in  mass spectrum , l a t e r
g

i d e n t i f i e d  by th e  r e a c t io n  o f OPF^ and Mg ) .

PFj  and GPF^; F ra c t io n  A. (1 .07  mmole gas o u t;  87% re c o v e ry ; i d e n t i -

59f ie d  by in f r a r e d  spectrum  ; OPF^ (3 1 .2  m g., 0 .30  mmole); PF^ (6 7 .8  mg.

0.77 mmole)) .

6. The A ttem pted R eac tion  o f Molybdenum VI Oxide w ith  

Phosphorus T r i f l u o r id e .

Summary : I t  was found th a t  MoOg and PF^ d id  n o t r e a c t  a t  100

atm ospheres and 300° in  th e  p resence  o f Mg f o r  12 h o u rs .

Phosphorus t r i f l u o r i d e  (108. m g., 1 .23 mmole) was condensed in to
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a gold tube c o n ta in in g  MoO  ̂ (20 m g., 0 .13  mmole) and Mg (24. m g.,

1 mmole). The tube was s e a le d  and h e ld  a t  100 atm ospheres and 300° 

fo r  12 h o u rs .

The gold  tube was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  -196°.

The fo llow ing  m a te r ia l  was i d e n t i f i e d :

59PF^: ( id e n t i f i e d  by in f r a r e d  spectrum  ; 83.6 rag., 0 .95  mmole; 86.3%

recovery) .

7. The R eac tio n  o f T ungsten  (VI) Oxide w ith  Phosphorus T r i 

f lu o r id e  a t  High P re s s u re .

Summary : I t  was found th a t  WÔ  and PF^ re a c te d  r e a d i ly  a t  4000

atm ospheres and 300° fo r  12 ho u rs  acco rd in g  to  th e  fo llo w in g  e q u a tio n ,

WOg + 3 PFg + W + 3 OPF  ̂ (61)

Phosphorus t r i f l u o r i d e  (100. m g., 1 .14  mmole) was condensed in to  

a gold tube  c o n ta in in g  WÔ  (35 m g., 0 .15  mmole), The tu b e  was s e a le d  

and he ld  a t  4000 atm ospheres and 300° f o r  12 h o u rs .

The go ld  tube was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  -196° 

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

PFj  and OPF^ : (0 .91  mmole o u t ;  80% reco v e ry ; in f r a r e d  spectrum  i d e n t i 

c a l w ith  t h a t  expec ted  fo r  a m ix tu re  o f  PF^^^ and OPF^^^; OPF^ (3 1 .2  

m g., 0 .30  mmole); PF^ (57 .7  m g., 0 .61  mmole); lo s s  o f  v o l a t i l e  m a te r ia l  

a p p a re n tly  due to  th e  fo rm a tio n  o f  P^O^F^).

8. The R eac tio n  o f  T ungsten  VI Oxide w ith  Phosphorus T r i -  

f lu o r id e  in  th e  P resen ce  o f  Magnesium.

Summary ; I t  was found th a t  WÔ  and PF^ re a c te d  r e a d i ly  in  th e  

p resence  of Mg a t  4000 atm ospheres and 300° fo r  12 hours acco rd ing
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to  th e  fo llo w in g  eq u a tio n ,

WÔ  + PF  ̂ ->• W(PFg)g + 3 OPF̂  (62)

3 OPFg + Mg -> PgOgF  ̂ + PF  ̂ + MgFg (63)

Phosphorus t r i f l u o r i d e  (81 .0  m g., 0 .9 0  mmole) was condensed in to  

a gold  tube c o n ta in in g  WÔ  (34 .7  m g., 0 .1 5  mmole) and Mg (24 m g., 1 

mmole). The tu b e  was se a le d  and h e ld  a t  4000 atm ospheres and 300° fo r  

12 h o u rs .

The gold tu b e  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as 

fo llow s :

RT 'v -131° ~ -196° (1 tim e)
(A)

% -23° ~ -196° (1 tim e)
(B) (A)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d ;

W(PF^)^: F ra c tio n  B. (25 .5  m g., 0 .04  mmole); id e n t i f i e d  by in f r a r e d

spectrum ^^; confirm ed by mass spectrum ^^; 27% y ie ld  based on i n i t i a l  WOg. 

Z-2—3Z4 * F ra c tio n  B. (unknown co n tam in a tio n  i n  mass spectrum , id e n t i -
O

f ie d  l a t e r  by r e a c t io n  of OPF^ and Mg ) .

PF^ and OPF^: F ra c tio n  A. (0 .566  mmole gas o u t;  62.0% rec o v e ry ;

59i d e n t i f i e d  by in f r a r e d  spectrum  ; OPF^ (25 . m g., 0 .24  mmole); PF^

(29. m g., 0 .33 m m ole)).

9. The A ttem pted R eac tio n  o f  T ungsten  (VI) Oxide w ith  

Phosphorus T r i f lu o r id e  a t  High P re s s u re .

Summary : I t  was found th a t  WÔ  and PF^ d id  n o t r e a c t  a t  100

atm ospheres and 300° in  th e  p re sen ce  o f  Mg fo r  12 h o u rs .
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Phosphorus t r i f l u o r i d e  (100. m g., 1 .14  mmole) was condensed in to  

a gold  tube c o n ta in in g  WÔ  (35. m g., 0 .15  mmole) and Mg (24 m g., 1 

mmole). The tube  was s e a le d  and h e ld  a t  100 atm ospheres and 300° f o r  

12 h o u rs .

The gold tu b e  was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  

-1 9 6 ° .

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

59PFg: ( id e n t i f i e d  by in f r a r e d  spectrum  ; 84 m g., 0 .96  mmole; 94.1%

re c o v e ry ) .

10. The R eac tio n  o f I ro n  ( I I I )  Oxide w ith  Phosphorus 

T r i f lu o r id e  a t  High P re s s u re .

Summary : I t  was found th a t  FSgOg and PF^ re a c te d  r e a d i ly  a t  4000

atm ospheres and 300° fo r  12 hours acco rd in g  to  th e  fo llo w in g  e q u a tio n ,

Fe^O^ + XPF3 F e g O ^ g + XOPF^ (64)

Phosphorus t r i f l u o r i d e  (66 .2  m g., 0 .752  mmole) was condensed in to

a gold tube c o n ta in in g  Fe^Og (30 .0  m g., 0 .1 8  mmole). The tube  was

se a le d  and h e ld  a t  4000 atm ospheres and 300° f o r  12 h o u rs .

The gold tu b e  was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  -1 9 6 ° .

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

PFj  and CPF^: (0 .724  mmole o u t;  96.2% re c o v e ry ; I n f r a r e d  spectrum

59 59id e n t i c a l  w ith  th a t  expected  f o r  a  m ix tu re  o f  FF^ and OPF^ ; OPFg 

(1 2 .5  m g., 0 .12  mmole); PF^ (52 .8  m g., 0 .6 0  m m ole)).

11. The R eac tio n  o f  MÔ  w ith  Phosphorus T r i f lu o r id e  in  th e  

P resen ce  o f  Magnesium a t  High P re s s u re .

Summary; I t  was found th a t  MO  ̂ (where M = C r, Ta, Ru, Os, Z r, V,
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T l,  Fe, Co) and PF^ re a c te d  r e a d i ly  a t  4000 atm ospheres and 300® f o r

12 hours acc o rd in g  to  th e  fo llo w in g  e q u a tio n ,

MO + X  PF_ ■> M + X OPF. (65)
X 3 3

3 OPFg + Mg + MgFg + PgOgF^ + PF^ (66)

As shown in  T ab le  IIIA  PF^ (88 m g ., 1 mmole) was condensed in to  a

gold tube c o n ta in in g  MÔ  and Mg (24 m g ., 1 mmole). The tu b e  was s e a le d

and h e ld  a t  4000 atm ospheres and 300® f o r  12 h o u rs .

The tube  was opened and v o l a t i l e  m a te r ia l  d i s t i l l e d  as fo llo w s :

RT -63® ~ -196°
(A)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

: F ra c tio n  A. (unknown p ro d u c t ,  i d e n t i f i e d  by r e a c t io n  o f OPF^

and Mg^; HO^PF^ id e n t i f i e d  by in f ra re d ^ ^  and mass spectrum ^ (h y d ro ly s is  

p ro d u c t) .

59PFg and OPF^: F ra c t io n  B. ( id e n t i f i e d  by in f r a r e d  spectrum  ) .

In  T able I I IA ,  th e  number in  p a re n th e s is  a lo n g sid e  MiÔ  in d ic a te s  

th e  number o f tim es each r e a c t io n  was a ttem p ted  in  th e  s e r ie s  o f r e a c tio n s .  

B efore f i n a l  i d e n t i f i c a t i o n  o f th e  22^3^4 ' s o l id  r e s id u e  in  th e  Au 

tube was known to  fume in  a i r  and to  be  caked by an o i ly  l i q u i d ,  a l l  o f 

which i s  in c o n s i s t e n t  w ith  th e  g e n e ra lly  v ery  u n s ta b le ,  rea so n ab ly  v o la 

t i l e  and i t s  h y d ro ly s is  p ro d u c ts .
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TABLE IIIA

R eaction  o f MO
X

R eac tan ts

w ith  PF^ 

a

a t  4000 ATM and 300° 

P ro d u c ts^

MO +
X

Mg PF3 (OPFg)(PFg) P203^4(c a lc d .)

1. Cr20^ (9) 1 .08 (0 .0 4 4 )(0 .3 9 2 ) 0 .32

2. CrOg (2) 1 .16 (0 .1 2 5 )(0 .7 0 0 ) 0.17

3. RuO^ (2) 1 .41 (0 .0 8 8 )(0 .7 9 4 ) 0.26

4. NagWOj^(1) 1 .35 (0 .0 7 0 )(0 .6 2 4 ) 0.33

5. Na^MoO^d) 1.44 (0 .0 7 0 )(0 .6 3 2 ) 0.37

6. ZrO (1) 1 .26 (0 .0 4 0 )(0 .8 7 2 ) 0.18

7. ^2°5 (1) 1.08 (0 .0 6 1 )(0 .5 7 2 ) 0.22

8. TiOg (1) 0 .966 (0 .0 8 1 )(0 .7 5 3 ) .0 .0 7

9. F e ,0 , (4) 1.18 (0 .0 7 1 )(0 .6 3 1 ) 0.24

10. CoO (1) 0 .966 (0 .0 2 1 )(0 .6 4 5 ) 0 .15

11. OsO,^4 (1) 1.24 (0 .0 8 0 )(0 .7 6 4 ) 0.20

12. TaOg (1) 1 .24 (0 .0 6 2 )(0 .5 3 4 ) 0 .32

13. MnO ( 1) 1 .03 (0 .0 2 0 )(0 .7 6 5 ) 0.12

14. RuOg^ (1) 1 .41 (0 .0 4 4 )(0 .8 3 8 ) 0 .30

The q u a n t i t i e s  a re  g iven  i n  m illim o le s . 

^ R eacted a t  4000 atm ospheres and 200°.
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TABLE rriB

R eac tion  o f MO w ith  PF a t  300“
X  3

R eac tan t^  P roducts^

MO
X

Mg PF3 P ressu re ^ MCPF,)^ (OPF3)(P F3)

1 NiO ---— 2.21 4000 0.08 (0 .1 0 )(1 .7 0 )

2 NiO 1.0 1.46 4000 0.06 (0 .1 0 )(1 .0 6 )

3 NiO 1.0 0.925 100 0 .08 (0 .1 0 )(0 .5 0 )

4 M0O3 ----- 1.24 4000 ——--- (0 .3 0 )(0 .6 5 )

5 M0O3 1.0 1.23 4000 0.02 (0 .3 0 )(0 .7 7 )

6 MoÔ 1.0 1.10 100 ------ (0 .0 ) (0 .9 5 )

7 WO3 1.14 4000 ------ (0 .3 0 )(0 .6 1 )

8 WO3 1.0 0.90 4000 0 .03 (0 .2 4 )(0 .3 3 )

9 WO3 1.0 1.02 100 — — (0 .0 ) (0 .9 6 )

10 Fe^O, ---- 0.752 4000 —— (0 .1 2 )(0 .6 0 )

a The q u a n t i t i e s  a re ; g iven  in  m illim o le s .

b P re ssu re  i s  g iv en  in  atm ospheres.
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G. The High P re s su re  I n te r a c t io n  o f th e  Group VIA Elem ents w ith  

Phosphorus T r l f lu o r ld e  and th e  I n te r a c t io n  o f  Magnesium w ith  P-O-F 

Compounds.

T h is  s e c t io n  in c lu d e s  d e ta i le d  in fo rm a tio n  on th e  Group VIA -  

phosphorus t r i f l u o r id e  in te r a c t io n s  w ith  and w ith o u t magnesium. The 

r e a c t io n s  a re  summarized in  T able IV.

T y p ic a l mass s p e c t r a l  d a ta  a re  re p o rte d  in  th e  ap p en d ices . These 

in c lu d e  PF^ (Appendix C) and th e  phosphory l f lu o r id e  (Appendix E ) .

1. Low P re s su re  S y n th e s is  o f Phosphoryl F lu o r id e .

Summary : The r e a c t io n  o f  PF^ and 0 ^  in  th e  p resen ce  o f Mg m eta l

was found to  occur r e a d i ly  a t  300° and 0 .1  atm osphere p re s s u re  acco rd ing  

to  th e  fo llo w in g  e q u a tio n ,

PF^ + 1 /2  Og + Mg + OPFg + MgFg (67)

Phosphorus p e n ta f lu o r id e  (1 .7 1  mmole, 126 mg) was condensed in to  

th e  co ld  f in g e r  o f  a 1 l i t e r  g la s s  r e a c t io n  v e s s e l  (F ig u re  4) in  which

had been  p la ced  Mg (0 .5  m g .) . The vacuum l i n e  and manometer w ere

purged w ith  0^ and th e  0^ (48 m g., 1 .5  mmole) was condensed as a l iq u id  

in to  th e  r e a c to r  a t  -1 9 6 ° .

The s topcock  was c lo se d  and th e  co ld  f in g e r  was h ea ted  a t  300° 

w ith  an e l e c t r i c a l  fu rn ace  f o r  20 m in u tes . The fu rn a c e  was removed 

from th e  co ld  f in g e r  and when th e  r e a c t io n  v e s s e l  reached room tem

p e ra tu re  th e  m ixture was coo led  to  -196°.

The v e s s e l  was then  opened to  a -196° tr a p  on th e  vacuum l in e .

The ex cess  0^ was pumped o f f  fo r  s e v e ra l  m inutes u n t i l  no more p re s s u re  

could  be observed  on th e  manometer. The l iq u id  n it ro g e n  b a th  was
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removed from th e  co ld  f in g e r  and th e  v o l a t i l e  m a te r ia l  c o l le c te d  on 

the  vacuum l i n e  w ith  in t e r m i t te n t  pumping. The v o l a t i l e  m a te r ia l  was 

d i s t i l l e d  as fo llo w s ;

RT ~ -9 5 “ ~ -196“ (3 tim es)
(A) (B)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :  

ow V o la t i l e s : F ra c tio n  A. (Some sm a ll amount o f m a te r ia l  c o l le c te d

and d is c a rd e d ) .

OPF^: F ra c t io n  B. (1 .59  mmoles, 165 .3  m g ., m ol. w gt. c a lc d . 103.97,

found 1 0 4 .1 ; 80% y ie ld  based  on th e  i n i t i a l  amount o f  PF^; confirm ed

, . r .59 . ,  150.by in f r a r e d  and mass spectrum  ) .

2. High P re s su re  S y n th es is  o f  P hosphory l F lu o r id e .

Summary ; The r e a c t io n  o f PF^ and 0^ a t  4000 atm ospheres and a t

300“ f o r  12 h o u rs  was observed to  o c c u r , form ing OPF^ in  an 86% y ie ld

accord ing  to  th e  fo llo w in g  e q u a tio n ,

2 PFg + 0% + 2 OPFg (68)

Phosphorus t r i f l u o r i d e  (64 .9  m g., 0 .738  mmoles) was condensed 

in to  a gold  tu b e . The c a l ib r a te d  vacuum l i n e  and manometer were purged 

w ith  oxygen and th e  oxygen (32 .0  m g., 1 mmole) was condensed in to  th e  

gold tube w ith  th e  phosphorus t r i f l u o r i d e .  The tu b e  was se a le d  and 

he ld  a t  4000 atm ospheres and 300“ fo r  12 h o u rs .

The gold  tu b e  was opened and th e  ex cess  oxygen was removed by 

pumping th e  v o l a t i l e  substances th ro u g h  two t r a p s  coo led  to  -196“ .

RT ~ -1 9 6 “ (w ith  pumping)
(A)

The fo llo w in g  m a te r ia ls  were i d e n t i f i e d :
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PFj  and OPF^; F ra c tio n  A. (mol. w gt. c a lcd . 1 0 1 .7 ; 85.6% y ie ld  based 

on mixed m o lecu la r w e ig h t; m ix tu re  o f  p roducts  confirm ed by in f r a r e d  

spectrum ^^ and mass spectrum ^^^ (m/e = 104 fo r  OPF^, m/e = 88 f o r  PF^ 

w ith  a p p ro p r ia te  c rac k in g  p a t te r n s  as observed  fo r  pure sa m p le s ) ; OPF^ 

(65 .7  m g,, 0 .632 mmole); PF^ (1 0 .8  m g., 0.123 mmole).

3. A ttem pted High P re s su re  S y n th es is  o f  P hosphoryl F lu o r id e .

Summary : I t  was found th a t  PF^ d id  n o t r e a c t  w ith  0^ a t  4000

atm ospheres and a t  25° w ith in  12 h o u rs .

Phosphorus t r i f l u o r i d e  (8 4 .8  m g., 0.964 mmole) was condensed 

in  a gold tu b e . The vacuum l i n e  was purged w ith  oxygen and an excess 

(3 mmoles, 96 mg.) was condensed in to  th e  gold tu b e . The tube was 

se a le d  and p re ssu re d  a t  4000 atm ospheres and 25° fo r  12 h o u rs .

The gold tube was opened and th e  excess oxygen was removed by 

pumping th e  v o l a t i l e  m ix tu re  th rough  two tr a p s  cooled  to  -196°.

RT ~ -196° (w ith  pumping)
(A)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

PF^: F ra c tio n  A. ( i d e n t i f i e d  by in f r a r e d  spectrum ^^ and confirm ed

by m o lecu la r w e ig h t; m ol. w gt. c a lc d . 87 .9 7 , found 8 6 .0 ; 98% reco v e ry  

o f PF^ (83 .2  m g., 0 .945  mmole).

4 . High P re s s u re  S y n th e s is  of u -O x o -b isd if lu o ro p h o sp h o rv l.

Summary ; The r e a c t io n  o f  PF^ and 0^ in  th e  p resen ce  o f Mg a t  

4000 atm ospheres and a t  300° fo r  12 hours was observed  to  o c c u r, form ing 

OPFg and HOgPFg and HgOgPF acco rd ing  to  th e  fo llo w in g  e q u a tio n ,

PF3 + Og + “ 2°  OPFg + HOgPFg f  RgO^PF (69)
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Phosphorus t r i f l u o r i d e  (8 4 .8  m g., 0 .946 mmoles) was condensed 

in to  a gold tube which con ta ined  Mg (24 ra g ., 1 mmole). The c a l ib r a te d  

vacuum l in e  and manometer were purged w ith  O^, then  0^ (64 m g ., 2 

mmoles) was condensed in to  th e  gold tube  and th e  tube  was s e a le d .

I t  was then  p re s su re d  to  4000 atm ospheres and 300“ f o r  12 h o u rs .

The gold tube  was opened and th e  v o l a t i l e  m a te r ia l  was d i s t i l l e d  

as fo llow s :

RT % -6 3 .5 “ ~ -196° (3 tim es)

The fo llo w in g  m a te r ia ls  were i d e n t i f i e d :

HOmPFn , H„OjP F : F ra c tio n  A. (86% y ie ld  on th e  b a s is  o f  OPF^ p ass in g

th i s  f r a c t io n ;  ex pec ted  h y d ro ly s is  p ro d u c t of and H^O (from

20 8 Au and o p e n e r ) ; i d e n t i f i e d  by in f r a r e d  , confirm ed by mass spectrum  ;

9.813 mmoles, HOgPFg and HgO^PF).

OPFj; F ra c tio n  B. (14 .1  m g., 0 .135  mmoles, id e n t i f i e d  by in f r a r e d

. 50,spectrum  ) .

5. High P re s su re  S y n th es is  o f  u -O x o -b isd if lu o ro p h o sp h o ry l. 

Summary: The r e a c t io n  o f PF^ and 0^ in  th e  p resen ce  o f Mg a t

4000 atm ospheres and 300“ fo r  12 hou rs  was observed  to  o c c u r, forming 

OPFg and PgO^F^ acco rd in g  to  th e  fo llo w in g  eq u a tio n ,

3 PFg + 2 Og + Mg + OPF^ + PgOgF^ + MgF^ (70)

Due to  th e  h ig h ly  w ater s e n s i t i v e  n a tu re  o f  PgO^F^, extrem e p re 

cau tio n s  were ta k e n  to  e l im in a te  a l l  HgO. The gold opener was h ea ted  

to  500“ w ith  a CH^/Og to rc h  and cooled  in  a  d ry ing  oven. The gold 

tu b in g  was h e a te d  red  h o t (900“) b e fo re  lo ad in g  th e  sam ple. The gold 

became ex trem ely  m a lle a b le  and s o f t  a f t e r  h e a tin g  and v apo rs  w ere
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observed to  d i f f u s e  o u t o f th e  open end, in d ic a t in g  th e  p resen ce  o f H^O.

Phosphorus t r i f l u o r i d e  (88 .0  m g., 1 .00 mmole) was condensed in to  

a gold tube which c o n ta in ed  Mg (24 m g., 1 mmole). The vacuum l in e  and 

manometer were purged w ith  O^, th e  0^ (4 .8  mg., 1 .5  mmole) was condensed 

in to  th e  gold tu b e . The tube was se a le d  and p re s su r iz e d  to  4000 atmos

p heres and 300° fo r  12 h o u rs .

The gold tube was opened and th e  v o l a t i l e  m a te r ia l  was d i s t i l l e d  

as fo llo w s:

RT ~ -6 3 .5 °  ~ -196° (3 tim es)
(A) (B)

The fo llow ing  m a te r ia ls  were id e n t i f i e d :
Q

P „0 „F ,, HO„PF„ fit H„0„PF: F ra c tio n  A. (mass spectrum  id e n t i c a l  to
—Z T j - 4  ------- 1-----L--------- Z— —

th a t  expected fo r  t h i s  m ix tu re , m /e 's  a t  186, 167, 102, 100; sample 

r e a c ts  w ith  KBr, so  in f r a r e d  n o t f e a s ib le ;  f lu o ro p h o sp h o ric  ac id  p ro

d u c ts  must be due to  condensed H^O on th e  gold tu b e , ty p ic a l  o f P^O^F^; 

63 .2  m g., 0 .34 mmole; 68% y ie ld  on th e  b a s is  o f i n i t i a l  PF^).

OPFg: F ra c tio n  B. (3 2 .6  m g., 0.314 mmole) id e n t i f i e d  by in f ra re d

^ 59spectrum  .

6. Low P re s s u re  S y n th esis  o f  u -O x o -b isd iflu o ro p h o sp h o ry l. 

Summary : The r e a c t io n  o f  PF^ and 0^ in  th e  p resen ce  o f  Mg was

found to  occur r e a d i ly  a t  300° and 1 atm osphere p re s s u re  accord ing  to  

th e  fo llow ing  e q u a tio n ,

PFg + 1 /2  Og + Mg + OPFg + MgF2 (71)

2 OPFg + 1/2  Og, + Mg + PgOgF^ + MgF^ (72)

Phosphorus p e n ta f lu o r id e  (1.5443 g , 12.25 mmole) was condensed
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In to  th e  co ld  f in g e r  o f  a 1 l i t e r  g la s s  r e a c t io n  v e s s e l  (F ig u re  4) 

in  which Mg (1 .622  g , 62 .6  mmoles) had been p la c e d . The vacuum l in e  

and manometer were purged w ith  0^ and then  0^ (320 m g ., 10 m oles) was 

condensed as a l iq u id  in to  th e  r e a c to r  a t  -196°.

The stopcock  was c lo sed  and th e  cold f in g e r  was h e a te d  a t  300° 

w ith  an e l e c t r i c  fu rn ace  fo r  2 .5  h o u rs . The fu rn a c e  was removed from 

th e  co ld  f in g e r  and when th e  r e a c t io n  v e s se l reached  room tem p era tu re  

th e  m ix tu re  was cooled to  -196°. The v e s s e l  was th e n  opened to  a -196° 

tr a p  on th e  vacuum l i n e .  The excess 0^ was pumped o f f  th rough the  -196° 

tra p  f o r  s e v e ra l  m inutes u n t i l  no more p re s su re  cou ld  be observed  on 

th e  manometer. The l iq u id  n it ro g e n  b a th  was removed from th e  cold 

f in g e r  and th e  v o l a t i l e  m a te r ia l  c o l le c te d  on th e  vacuum l i n e  w ith  i n t e r 

m it te n t  pumping. The v o l a t i l e  m a te r ia l  was d i s t i l l e d  as fo llo w s ;

RT ~ -96° -v- -196°
(A)1

RT ~ -96° ~ -196°
(B) (C)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

HO^PF^: F ra c tio n  B. (330 m g., 1.77 mmole) in d ic a te d  by in f r a r e d

20 8; confirm ed by mass spectrum  ; HOgPFg p re s e n t due to  th e  h ig h  r e a c t iv 

i t y  o f  22^3^4 (se e  in t r o d u c t io n ) .
59OPFg: F ra c tio n  C. (430. m g., 4 .13  mmole) id e n t i f i e d  by in f r a r e d  ;

confirm ed by mass spectrum ^^^.

59OPFj. S iF \ ,  (S iF j)^O: F ra c tio n  A. Determ ined by in f r a r e d  spectrum  ;

common p ro d u c ts  fo r  th e  PF^ r e a c t io n s  in  g la s s .

A w h ite  f la k e y  n o n v o la t i le  s o l id  was observed  on th e  s id e s  o f  th e  

g la s s  c o ld f in g e r .  T his w h ite  f la k e y  powder, d id  n o t fume in  a i r ,  very
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s o lu b le  in  aqueous s o lu t io n  (pH * 1 ) ,  i s  v e ry  c o n s is te n t  w ith  po lym eric  

(POgF)^ d e sc r ib e d  by Wannagat and Rademachers^^^ in  t h e i r  s i l e n t  

e l e c t r i c a l  d isc h a rg e  r e a c t io n  o f PF^ and 0^.

7. H igh P re s su re  S y n th es is  o f  T hiophosphoryl F lu o r id e .

Summary ; The r e a c t io n  o f PF^ and S was found to  occur r e a d i ly  a t  

4000 atm ospheres and 300° acco rd in g  to  th e  fo llo w in g  e q u a tio n

PFg + S + SPFg (73)

Phosphorus t r i f l u o r i d e  (7 7 .0  m g., 0 .875  mmole) was condensed 

in to  a gold tube  c o n ta in in g  S (320 m g ., 10 mmole) th a t  had been  d r ie d  

a t  100° fo r  4 h o u r s . The tube  was s e a le d  and h e ld  a t  4000 atm ospheres 

and 300° fo r  12 h o u rs .

The gold tu b e  was opened and th e  v o l a t i l e  m a te r ia l  tra p p e d  a t  -196°.

The fo llo w in g  m a te r ia l  was i d e n t i f i e d ;

SPFj and PF^; ( id e n t i f i e d  by in f r a r e d ^ * '* ^ ,  confirm ed by mass spectrum

150,79 . m ol. w gt. found 1 1 8 .6 , co rresponds to  95.8% SPF^ and 4.2% 

PFgi SPFg (101. m g., .838 mmole); PF^ (3 .2  m g., 0.037 mmole).

8. Low P re s su re  S y n th e s is  o f  T hiophosphoryl F lu o r id e .

Summary : The r e a c t io n  o f PF^ and S was found to  occur a t  200

atm ospheres and a t  300° acco rd in g  to  th e  fo llo w in g  e q u a tio n .

S + PFg + SPFg (74)

Phosphorus t r i f l u o r i d e  (93 .36  m g., 1 .061 mmole) was condensed in to  

a gold tube  c o n ta in in g  S (320 m g ., 10 mmole) th a t  had been  d r ie d  a t  

100° f o r  4 h o u rs . The tube was s e a le d  and h e ld  a t  200 atm ospheres and 

a t  300° fo r  12 h o u rs .



71

SPF

The gold  tube  was opened and th e  v o l a t i l e  m a te r ia l  trap p e d  a t  -196°, 

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :  

j  and PFg: ( id e n t i f i e d  by in f r a r e d ^ ^ ’^ ^ , confirm ed by mass spectrum

150,79 . m ol. w gt. found 1 0 4 .9 , co rresponds to  52.9% SPF^ and 47.1% 

PFg: SPFg (0 .561  mmole, 67 .3  m g .); PF^ (0 .500  mmole, 44 .0  m g .)) .

9. High P re ssu re  S y n th es is  o f  T hiophosphoryl F lu o r id e .

Summary : The re a c t io n  o f PF^ and S was found to  occur a t  4000

atm ospheres and a t  200° .

S + PFg + SPFg (75)

Phosphorus t r i f l u o r i d e  (103.2  m g., 1.173 mmole) was condensed 

in to  a go ld  tu b e  c o n ta in in g  S (320 m g., 10 mmole) th a t  had been d r ie d  

a t  100° fo r  4 h o u rs . The tu b e  was s e a le d  and h e ld  a t  4000 atm ospheres 

and a t  200° f o r  12 h o u rs .

The gold  tu b e  was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  -196° 

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

PFj  and SPF^: ( id e n t i f i e d  by in f r a r e d  spectrum ^^*^^, confirm ed by

mass 159 79spectrum  ’ ; mol. w gt. ou t 9 2 .2 8 , corresponds to  86. 6% PFL,

13.4% SPFg; PF^ (89 .8  m g., 1 .02  mm ole); SPF^ (1 8 .8  m g., 0.147 mmole).

10. High P re ssu re  S y n th e s is  o f S elenophosphoryl F lu o r id e . 

Summary : The r e a c tio n  o f  PF^ and Se was found to  occur a t  4000 

atm ospheres and 300° fo r  12 hours acc o rd in g  to  th e  fo llow ing  r e a c t io n .

Se + PF^ SePFg (76)

Phosphorus t r i f l u o r i d e  (9 7 .0  m g ., 1 .10  mmole) was condensed in to  

a gold tube  c o n ta in in g  Se (78 m g ., 1 mmole) powder. The tu b e  was
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se a le d  and h e ld  a t  4000 atm ospheres and a t  300° f o r  12 h o u rs .

The gold  tu b e  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as 

fo llo w s ,

RT -V -95° ~ -196° (2 tim es)
(A) (B)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

59SePFj and OPF^: F ra c tio n  A. in d ic a te d  by in f r a r e d  ; confirm ed by

159 7mass spectrum  * ; th e  OPF^ could  be from SeOg o r  r e a c t io n  o f SePF^ 

w ith  w a te r  from th e  gold tu b e ; 50% y ie ld  based on i n i t i a l  PF^; SePF^ 

(83 .5  m g., 0 .5 5  mmole).

59PF^ and OPF^: F ra c tio n  B. (determ ined  by in f r a r e d  spectrum  ; PF^

(44 .0  m g., 0 .5 0  mmole); OPF^ (5 .2  m g., 0.05 mmole).

S e v e ra l a ttem p ts  were made to  o b ta in  an in f r a r e d  spectrum  o f SePF^, 

b u t none w ere s u c c e s s fu l .  The compound decomposed in  th e  in f r a r e d  c e l l  

and in  th e  vacuum l i n e ,  le a v in g  a re d d is h  brown, n o n v o la t i l e ,  i n e r t  

s o l id  b eh in d .

11. High P re s su re  R eac tio n  o f  T e llu riu m  w ith  Phosphorus 

T r i f l u o r id e .

Summary : The r e a c t io n  o f  PF^ and Te a t  4000 atm ospheres and 300° 

d id  n o t o ccu r a f t e r  12 h o u rs .

Te + PFg No R eac tion  (77)

Phosphorus t r i f l u o r i d e  (126 .1  m g ., 1.433 mmole) was condensed 

in to  a  go ld  tu b e  c o n ta in in g  Te (120 m g ., 1 mmole). The tu b e  was sea led  

and h e ld  a t  4000 atm ospheres and a t  300° fo r  12 h o u rs .

The gold tube was opened and th e  v o la t i l e  m a te r ia l d i s t i l l e d  as
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fo llo w s:

RT ~ -9 5 “ ~ -196“
(A) (B)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

59PF^: F ra c tio n  B. ( id e n t i f ie d  by in f r a r e d  spectrum  , q u a n t i ta t iv e  

recovery  of PF^ (126. m g., 1 .43  m m ole)).

147^^0 : F r a c t io n ’A. ( id e n t i f ie d  by mass spectrum ) . The w ate r i s  due 

to  ic e  on th e  o u ts id e  o f th e  gold  tu b e , which forms as th e  tu b e , cooled 

to  -196“ , i s  exposed to  th e  a i r .

12. High P re ssu re  S y n th es is  o f Thiophosphoryl F lu o rid e  

in  th e  P resen ce  of Magnesium.

Summary ; The r e a c tio n  o f  PF^ and S in  the  p resen ce  of Mg was 

found to  occur r e a d i ly  a t  4000 atm ospheres and 300“ acco rd ing  to  th e  

fo llow ing  e q u a tio n ,

PF^ + S + Mg -> SPFg (78)

Phosphorus t r i f l u o r i d e  (94 .5  m g ., 1 .07 mmole) was condensed in to  

a gold tube c o n ta in in g  S (320 m g ., 10 mmole) and Mg (24 m g ., 1 mmole). 

The tube  was se a le d  and he ld  a t  4000 atm ospheres and 300“ fo r  12 h ou rs .

The gold  tube was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  

-196“ .

The fo llo w in g  v o l a t i l e  p ro d u c ts  w ere id e n t i f i e d :

SPFg and PF^: ( id e n t i f i e d  by in f r a r e d  spectrum ^^*^^; confirm ed by

mass 79 159spectrum  ’ ; ave. mol. w gt. found 101 .4 , corresponds to  82%

SPFg and 18% PF^; 102% recovery  on b a s is  o f i n i t i a l  PF^; SPF^ (105. mg..

0.877 mmole); PF^ (17.0 mg., 0.193 mmole)
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13. High P re s su re  S y n th es is  o f  S elenophosphoryl F lu o rid e  a t

500°.

Summary : The r e a c t io n  o f PF^ and Se was observed to  occur r e a d i ly  

a t  500° along w ith  co rrespond ing  a l lo y in g  o f  th e  Au tu b e , v iz .

Se + PF^ -> SePF^ (79)

Se + Au » Au-Se (a l lo y )  (80)

Phosphorus t r i f l u o r i d e  (97.0 m g., 1 .102 mmole) was condensed 

in to  a gold  tube  c o n ta in in g  Se (87. m g., 1 .1  mmole). The tu b e  was 

sea le d  and h e ld  a t  4000 atm ospheres and 500° f o r  12 h o u rs .

The gold tube  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as 

fo llow s :

RT 'o -95° ~ -196°
(A) (B)

The fo llo w in g  m a te r ia ls  were i d e n t i f i e d :

SePFg, OPFg: F ra c t io n  A. Confirmed by mass s p e c t r u m ^ t h e  tube

b u rs t  in  the  opener and some v o l a t i l e s  pumped away, b u t a  v ery  good 

SePF^ y ie ld ;  SePF^ (108. mg., 0 .65 mmole).

P F j: F ra c tio n  B. (3 9 .6  m g., 0 .45  mmole); i d e n t i f i e d  by in f r a re d  

spectrum ^.

14. High P re s su re  R eac tion  o f  T e llu riu m  w ith  Phosphorus 

T r l f lu o r id e .

Summary : The r e a c t io n  o f PF^ and Te d id  n o t occur a t  4000 atmos

pheres and 500° a f t e r  12 h ou rs .

Phosphorus t r i f lu o r id e  (154 m g., 1 .2  mmole) was condensed in to
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a gold  tube c o n ta in in g  Te (120 m g ., 1 mmole). The tu b e  was s e a le d  and 

he ld  a t  4000 atm ospheres and 500“ f o r  12 h o u rs .

The Au tu b e  b u rs t  in  th e  a u to c la v e  and no p ro d u c ts  were i s o la te d .

A Au-Te allow  was observed as w ith  th e  Se.

15. The R eac tion  o f  Oxygen, S u lfu r  and Selenium  w ith  Phosphorus 

T r i f lu o r id e  a t  One Atmosphere and 300“ .

Summary : I t  was found t h a t  PF^ and 0 ^ , S o r  Se d id  n o t r e a c t  a t

300“ under autogenous p re s s u re  f o r  fo u r h o u rs .

Phosphorus t r i f l u o r i d e  (176. m g ., 2 mmoles) was condensed in to  

th e  co ld  f in g e r  o f a one l i t e r  p y rex  g la ss  r e a c t io n  v e s s e l  a t  -1 9 6 “ .

The r e a c ta n ts  w ere allow ed to  warm to  room tem p era tu re  and th e n  th e  

co ld  f in g e r  was h ea ted  to  300“ w ith  a r e s is ta n c e  fu rn a c e . A fte r  fo u r 

h o u rs , th e  fu rn ace  was w ithdraw n and th e  co ld  f in g e r  cooled  to  -1 9 6 “ .

The v o l a t i l e s  were then  t r a n s f e r r e d  to  th e  vacuum l i n e  a t  -1 9 6 “ 

and analyzed  as p re v io u s ly  in d ic a te d  in  th i s  s e c tio n .

No r e a c t io n  was observed  in  e i t h e r  o f th e  th re e  r e a c t io n s  w ith  

q u a n t i ta t iv e  recovery  o f  th e  PF^.

16. Low P re s su re  R eac tio n  o f Magnesium Oxide and Phosphorus 

P e n ta f lu o r id e .

Summary ; The r e a c t io n  o f PF^ and MgO was found to  occur a t  300“ 

and 1 atm osphere acco rd ing  to  th e  fo llo w in g  e q u a tio n ,

PFg + MgO ->• MgFg + OPFg (81)

Phosphorus p e n ta f lu o r id e  (252. m g., 2 .0  mmole) was condensed in to  

th e  co ld  f in g e r  o f  a one l i t e r  g la s s  r e a c t io n  v e s s e l  (F ig u re  4) which
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co n ta in ed  MgO (160 m g ., 4 .0  mmole).

The s topcock  was c lo sed  and th e  co ld  f in g e r  h e a te d  a t  300° and

autogenous p re s su re  w ith  a r e s is ta n c e  fu rn ace  f o r  2 h o u rs . The fu rnace

was removed from th e  co ld  f in g e r  and th e  cold  f in g e r  was cooled to  -196°.

The v e s s e l  was th e n  opened to  a -196° t r a p  on th e  vacuum l i n e ,  the -196°

b a th  was removed from  th e  r e a c to r  v e s s e l  co ld  f in g e r  and th e  v o la t i l e

m a te r ia l  c o l le c te d  on th e  vacuum l in e .

The fo llo w in g  m a te r ia l  was i d e n t i f i e d ;

59OPFj and PF^: ( i d e n t i f i e d  by in f r a r e d  ; 46% co n v ers io n  to  OPF^, based 

on mixed m o lecu la r w e ig h t; PF^ (136. m g., 1 .08  mmole); OPF^ (95.7 mg.,

0 .92  mmole)) .

17. Low P re s s u re  R eac tion  o f  Magnesium Oxide and Phosphoryl

F lu o r id e .

Summary; The r e a c t io n  o f OPF^ and MgO was found to  occu r re a d i ly  

a t  300° and 1 atm osphere acco rd ing  to  th e  fo llo w in g  e q u a tio n ,

2 OPF^ + MgO 4- MgF^ + (82)

P hosphoryl f lu o r id e  (212. m g., 2.04 mmole) was condensed in to  th e  

co ld  f in g e r  o f a one l i t e r  r e a c t io n  v e s s e l  (F ig u re  4) which con tained  

MgO (160 m g., 4 .0  mmole).

The s topcock  was c lo sed  and th e  co ld  f in g e r  h e a te d  a t  300° w ith  

a r e s is ta n c e  fu rn a c e  f o r  2 h o u rs . The fu rn ace  was removed from th e  

co ld  f in g e r  and th e  co ld  f in g e r  was coo led  to  -1 9 6 ° . The v e s s e l  was 

then  opened to  a -196° tr a p  on th e  vacuum l i n e ,  th e  -196° b a th  was 

removed from th e  r e a c to r  v e s s e l  cold  f in g e r  and th e  v o l a t i l e  m a te r ia l  

c o l le c te d  on th e  vacuum l i n e .
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The v o l a t i l e  m a te r ia l  was d i s t i l l e d  as fo llo w s :

RT ~ -6 3 “ ~ -196° (2 tim es)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

20F ra c tio n  A. (5 3 .2  m g., 0 .286 mmole; in d ic a te d  by in f ra re d  ;
g

confirm ed by mass spectrum  ; y ie ld  o f 14% based  on i n i t i a l  amount o f 

OPFg).

59OPF^: F ra c tio n  B. (1 .4 6  mmoles, 152. m g.; i d e n t i f i e d  by in f ra re d  ;

confirm ed by mass sp ec tru m ^^^).

18. High P re s su re  R eac tio n  o f  P hosphory l F lu o rid e  and

Magnesium.

Summary ; The r e a c t io n  o f OPFg and Mg was observed  to  occur a t  

4000 atm ospheres and 300° w ith  a 20% y ie ld  acco rd in g  to  th e  e q u a tio n ,

OPF  ̂ + Mg -»■ PgOgF  ̂ + MgFg (83)

Phosphoryl f lu o r id e  (165. m g., 1 .59  mmole) was condensed in to  

a gold tube  c o n ta in in g  Mg (24 m g., 1 .0  mmole). The gold tube was 

se a le d  and h e ld  a t  4000 atm ospheres and 300° f o r  12 h o u rs .

The go ld  tu b e  was opened and th e  v o l a t i l e  m a te r ia l  d i s t i l l e d  as 

fo llow s :

RT ~ -63° ~ -196° (2 tim es)
(A) (B)

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

20F ra c tio n  A. (60. m g., 0 .32 mmole; in d ic a te d  by in f ra re d  ;
g

confirm ed by mass spectrum  ; a  20% y ie ld  based on th e  i n i t i a l  amount 

o f  OPFg).

OFFg : F ra c tio n  B. (94 .6  m g ., 0 .901 mmole; id e n t i f i e d  by in f r a re d
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TABLE IV

Summary o f PF^ -  Group VIA R eac tio n s

R eac tan t^ (P/T)^ P roducts
Mg PFX

1 o ^ d . s ) 20. PF^(1 .71) 1/300° 0PFg(1.59)

2 OgCi.o) PF^(0.738) 4000/300° 0P Fg(0 .632),PFg(0 .106)

3 OgCs.o) PF^(0.964) 4000/25° PF^(0.964)

4 02(1. 5) 1 .0 PFg(0.946) 4000/300° OPF2(0.135),H02PF2(0'B1)

5 O gCi.s) 1 .0 PFg(l.OO) 4000/300° 0P F g(0 .3 l4 ),P 20gF^(0 .343)

6 OgCio.o) 62 .6 PF^(12.25) 1/300° 0PFg(4 .13),P20gF^(1 .77)

7 S (10 .0) PF^(0.875) 4000/300° SPF3(0 .8 3 8 ) .PFg(0.037)

8 S (10 .0) PF^(1.061) 200/300° SPFg(0 .5 6 1 ) ,PF^(0.500)

9 S (10 .0) PFg(1.173) 4000/200° SPFg(0 .1 5 7 ) .PF^(1.016)

10 S e(l.O ) P F g (l.lO ) 4000/300° SePFg(0 .55),PFg(0 .55)

11 T e(l.O ) PFg(1.433) 4000/300° PFg(1.431)

12 S (10 .0 ) 1.0 PFg(1.07) 4000/300° SPFg(0 .88),PF2(0 .19)

13 S e(l.O ) PF^(1 . 102) 4000/500° SeP Fg(0 .65),PF2(0 .45)

14 T e(l.O ) PFg(1.19) 4000/500° PF2(L o st) ,(A u  Te a llo y )

15 02,S ,S e (1.0) PFg(2 .0 ) 1/300° PFg(2.0)

16 MgO(4 .0 ) PFg(2 .0) 1/300° O PFg(0.92),PFg(1.08)

17 Mg0(4.0) 0PFg(2.04) 1/300° 0PFg(1.46) .PgiOgF^CO.a?)

18 1.0 0PFg(1.59) 4000/300“ OPF^(0 .9 0 1 ) ,?203F^(0.32)

19 0 2 ( 2 . 0 ) 0 .5 PFg(2.0) 1/300° PFg(2 .0)

a  ,Ihe  q u a n t i t i e s  a re g iv en  in  m illim o le s .

b .P ressu re  i s  g iven  in  atm ospheres , tem p era tu re  in  °C.
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59spectrum  ) .

19. The A ttem pted R eaction  o f  Phosphorus T r i f lu o r id e  and 

Oxygen a t  One A tm osphere.

Summary; The r e a c t io n  o f PF^ and 0^ d id  n o t o ccu r in  the  p resence  

o f Mg a t  0 .1  atm osphere and 300“ fo r  1 hour.

PF^ + 0^ + Mg No R eac tio n  (84)

Phosphorus t r i f l u o r i d e  (176. m g., 2 .0  mmole) was condensed in to  

th e  co ld  f in g e r  o f  a one l i t e r  g la ss  r e a c t io n  v e s s e l  (F ig u re  4) in  

which had been p laced  Mg (0 .5  gm). The vacuum l i n e  and manometer were 

pruged w ith  0 ^  and th e n  0 ^  (64 m g., 2 .0  mmole) was condensed as a 

l iq u id  in to  the r e a c to r  a t  -196“ . The stopcock  was c lo sed  and th e  co ld  

f in g e r  was heated  a t  300“ under autogenous p re s s u re  f o r  1 hour. The 

fu rn ace  was removed from th e  co ld  f in g e r  and th e  co ld  f in g e r  was cooled 

to  -196°. The v e s s e l  was th en  opened to  a -196“ tra p  on th e  vacuum 

l in e .  The excess 0^ was pumped o f f  fo r  s e v e ra l  m inu tes u n t i l  no more 

p re ssu re  could be observed  on th e  manometer. The l iq u id  n itro g e n  b a th  

was removed from th e  co ld  f in g e r  and th e  v o l a t i l e  m a te r ia l  c o l le c te d  

on th e  vacuum l in e  a t  -1 9 6 “ w ith  in t e r m i t te n t  pumping.

The fo llo w in g  m a te r ia l  was id e n t i f i e d :

59PFg: (176. m g., 2 mmole; I d e n t i f ie d  by in f r a r e d  spectrum  ; confirm ed

by mass spec trum ^^^).

H. The High P re s su re  H ydro ly sis  o f th e  F lu o roch lo rom ethanes.

This s e c tio n  in c lu d e s  d e ta i le d  in fo rm a tio n  on th e  in te r a c t io n  on 

th e  h igh  p re s su re  h y d ro ly s is  o f  f lu o ro ch lo ro m eth an es. The re a c tio n s
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a re  summarized in  T ab le V.

T y p ica l mass s p e c t r a l  d a ta  o f th e  flu o ro ch lo ro m eth an es i s  rep o rte d  

in  Appendix D.

1. The High P re s su re  R eaction  o f  Carbon T e tra c h lo r id e  and

W ater.

Summary ; The r e a c t io n  o f  CCl^ and H^O a t  4000 atm ospheres and 300° 

was found to  o ccu r r e a d i ly  w ith in  12 hours as g iven  by th e  e q u a tio n ,

CCl^ + 2 HgO ^  COg + 4 HCl (85)

Carbon t e t r a c h lo r id e  (154 mg., 1 .00 mmole) w a s  t r a n s f e r r e d  in to  a 

gold  tube  c o n ta in in g  H^O (119. m g., 6 .7  mmole). The tu b e  was ev acuated , 

se a le d  and h e ld  a t  4000 atm ospheres and 300° f o r  12 h o u rs .

The gold  tu b e  was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  

-196° w ith o u t pumping.

The fo llo w in g  m ix tu re  was id e n t i f i e d :

119 131COL , HCl: ( id e n t i f i e d  by in f r a r e d  spectrum  ’ ; confirm ed by mass

spectrum ^’^ ; 4 .95  mmole gas which corresponds to ;  HCl, 144. m g., 3.96 

mmole; COg, 4 3 .6  m g., 0 .99  mmole; a 99% y ie ld  based on th e  i n i t i a l  

CC l^).

2. R eac tio n  o f Carbon T e tra c h lo r id e  and W ater a t  800 Atmos

pheres .

Summary : The r e a c t io n  o f CCl^ and H^O a t  800 atm ospheres and 300°

was found to  occu r r e a d i ly  w ith in  12 hours as g iven  by th e  eq u a tio n ,

CCl^ + 2 HgO + COg + 4 HCl (86)

Carbon te t r a c h lo r id e  (169 mg., 1 .1  mmole) was tra n s fe r re d  in to
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a gold tu b e  c o n ta in in g  H^O (119 m g., 6 .7  mmole). The tu b e  was ev acu a ted , 

s e a le d  and h e ld  a t  800 atm ospheres and 300“ f o r  12 h o u rs .

The go ld  tu b e  was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  

-1 9 6 “ w ith o u t pumping.

The fo llo w in g  m a te r ia l  was id e n t i f i e d :

119 131COn, HCl: ( id e n t i f i e d  by in f r a r e d  spectrum  ’ ; confirm ed by mass

spec trum ^’^ , HCl, 156.7 m g., 4 .30  mmole; COg, 47 .1  m g., 1.07 mmole; 

a  97% y ie ld  based  on th e  i n i t i a l  CC l^).

3. The A ttem pted R eac tion  o f  Carbon T e tra c h lo r id e  and W ater 

a t  10 A tm ospheres.

Summary : The r e a c t io n  o f  CCl^ and H^O a t  10 atm ospheres and 300“

d id  no t occur w ith in  12 h o u rs ,

CCl^ + 2 HgO ^  No R eac tio n  (87)

Carbon te t r a c h lo r id e  (154 m g., 1 .0  mmole) was t r a n s f e r r e d  in to  

a 25 ml g la s s  ampule co n ta in in g  H^O (119 m g., 6 .7  mmole). The ampule 

was ev ac u a ted , s e a le d  and h ea ted  a t  300“ fo r  12 h o u rs , g e n e ra tin g  

approx im ate ly  10 atm ospheres o f  p re s s u re .

The g la s s  ampule was opened and th e  c o n te n ts  tra p p e d  a t  -196“ 

in  vacuo.

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

CCl^, H .O: ( id e n t i f i e d  by in f r a r e d  spectrum ^^^’^^^ ; confirm ed by

.  3 ,147mass spectrum

4. The High P re ssu re  R eac tion  o f T rich lo ro flu o ro m eth an e

and W ater.

Summary : The r e a c t io n  o f  CFCl^ and H^O was found to  occur r e a d i ly
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a t  4000 atm ospheres and a t  300* w ith in  12 hours acco rd ing  to  th e  f o l 

low ing e q u a tio n ,

2 CFClg + 2 HgO CFgClg + 00^ + 4 HCl (88)

3 CFgClg + 2 HgO + 2 CFgCl + CÔ  + 4 HCl (89)

T rich lo ro flu o ro m eth an e  (252.2  m g., 1 .836 mmole) was condensed 

in to  a gold  tube c o n ta in in g  H^O (59 .4  m g ., 3.33 mmole). The tu b e  was 

s e a le d  and h e ld  a t  4000 atm ospheres and 300* fo r  12 h o u rs .

The go ld  tube  was opened and th e  v o l a t i l e  m a te r ia l  trap p e d  a t  

-196* w ith o u t pumping.

The fo llo w in g  m ix tu re  was i d e n t i f i e d :

CFClg, C F .C l.' CFjCl, C0„ and HCl: (each  sp e c ie s  was id e n t i f i e d  by

in f r a r e d  s p e c tru m ^ * '^ ^ ^ '^ ^ ^ '^ ^ ^ '^ ^ ^ ; confirm ed by mass s p e c tru m ^ '^ '^ * * '^ '^ ;  

y ie ld  2.51 mmole gas which co rresponds to ;  CFCl^, 207. m g., 1 .51  mmole;

COg, 7 .4  m g., 0 .17  mmole; HCl, 24.3  m g., 0 .668 mmole; CFgClg, 20 .2  m g., 

0 .17  mmole; CF^Cl, 4 .2  m g., 0 .04  mmole; a  17.9% y ie ld  based  on th e  

i n i t i a l  amount o f CFCl^).

5 . The R eac tion  o f T rich lo ro flu o ro m eth an e  and W ater a t  

800 A tm ospheres.

Summary : The r e a c tio n  o f CFCl^ and H^O was found to  o ccu r r e a d i ly

a t  800 atm ospheres and a t  300® w ith in  12 hours accord ing  to  th e  e q u a tio n ,

2 CFClg + 2 H^O ->■ CFgClg + COg + 4 HCl (90)

3 CFgClg + 2 HgO ^  2 CFgCl + COg + 4 HCl (91)

T rich lo ro flu o ro m eth an e  (119.7  m g., 0 .872 mmole) was condensed 

in to  a go ld  tu b e  co n ta in in g  H^O (59 .4  m g ., 3.33 mmole). The tube  was
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se a le d  and h e ld  a t  800 atm ospheres and 300® fo r  12 h o u rs .

The gold tube was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  -196® 

w ith o u t pumping.

The fo llo w in g  m ix tu re  was id e n t i f i e d :

CFClg, CF.Cln, CFjCl. COg, HCl: ( id e n t i f ie d  by in f r a r e d  spectrum ^^’^ ^ ^ ’

160 ,119 ,131 . confirm ed by mass spec trum ^’^ ’^^^*^*^; y ie ld  1 .19  mmole 

gas which corresponds to ;  CFCl^, 98 .1  m g., 0.714 mmole; CO^, 3.47 m g., 

0 .079 mmole; HCl, 11 .5  rag., 0 .316  mmole; CF2CI2, 9 .55  m g ., 0.079 mmole; 

CFgCl, 2 .1  m g., 0 .02  mmole; a 17.2% y ie ld  based on th e  i n i t i a l  amount 

o f CFClg).

6. The R eac tio n  o f T rich lo ro flu o ro m eth an e  and W ater a t  200 

A tm ospheres.

Summary : The r e a c t io n  o f  CFCl^ and HgO a t  200 atm ospheres and

300® was found to  occur r e a d i ly  w ith in  12 hours as g iven  by th e  fo llow ing  

e q u a tio n ,

2 CFClg + 2 H2O ->• CF2CI2 + 4 HCl + CO2 (92)

3 CF2CI2 + 2 H2O + 2 CFgCl + 4 HCl + CO^ (93)

T rich lo ro flu o ro m eth an e  (129 .4  mg., 0 .942 mmole) was condensed 

in to  a gold tube  c o n ta in in g  H2O (59 .4  m g., 3 .33  mmole). The tube was 

se a le d  and h e ld  a t  200 atm ospheres and 300® fo r  12 h o u rs .

The gold tube was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  -196®.

The fo llow ing  m ix tu re  was id e n t i f i e d :

CFC lj. CF.C l. .  CFjCl. CO.. HCl; ( id e n t i f ie d  by in f r a r e d  spectrum^® 

160 ,119 , 131, confirm ed by mass spectrum ^’^*^^^’^ ’^ ; y ie ld  1.28 mmole 

gas which corresponds to ;  CFCl^, 105. m g., 0 .768 mmole; OO2, 3.74 m g..
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0.085 mmole; HCl, 2 .4  mg., 0 .341  mmole; CFgClg, 10.3 m g., 0 .085 mmole; 

CFgCl, 2 .1  m g., 0 .02  mmole; a 18.6% y ie ld  based  on th e  i n i t i a l  amount 

of CFClg).

7. The R eac tion  o f T rich lo ro flu o ro m e th an e  and Water a t  150 

A tm ospheres.

Summary : The re a c t io n  of CFCl^ and H^O a t  150 atm ospheres and

300“ was found to  occur w ith in  12 h o u rs  as g iv e n  by th e  fo llo w in g  

e q u a tio n ,

2 CFClg + 2 HgO + CFgClg + CO  ̂ + 4 HCl (94)

T rich lo ro flu o ro m eth an e  (104 m g., 0 .761  mmole) was condensed in to  

a 1 ml g la s s  ampule c o n ta in in g  H^O (59 .4  m g., 3 .33 mmole). The ampule 

was se a le d  and h ea ted  a t  300“ fo r  12 h o u rs ,  g e n e ra tin g  approxim ately  

150 atm ospheres o f  p re s s u re .

The g la s s  ampule was opened and th e  c o n te n ts  trap p ed  a t  -196“ in  

vacuo.

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

CFCl], CF.C l. .  HCl. CO.: ( id e n t i f i e d  by in f r a r e d  s p e c t r u m ^ ^ '^ ^ , ! ] ! , ! ! ? .

confirm ed by mass s p e c t r u m ^ y i e l d  0 .838 mmole o f gas which co r

responds to ;  CFClg, 99 .3  m g., 0 .723 mmole; COg, 0 .83  m g., 0 .019 mmole; 

HCl, 2 .8  m g., 0 .077 mmole; CFgClg, 2 .3  m g ., 0 .0 1 9 ; a  5% y ie ld  based  

on th e  i n i t i a l  amount o f  CFCl^)•

8. The A ttem pted R eac tio n  o f  T rich lo ro flu o ro m eth an e  and 

Water a t  10 A tm ospheres.

Summary : The re a c t io n  o f CFClg and H^O d id  n o t occur w ith in  

12 h o u rs ,
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CFClg + H^O No R eac tion  (95)

T rich lo ro flu o ro m e th an e  (157 .9  m g., 1 .15 mmole) was condensed in to  

a 25 ml g la s s  ampule c o n ta in in g  H^O (59 .4  m g., 3 .33 mmole). The ampule 

was ev ac u a ted , s e a le d  and h e a te d  a t  300° fo r  12 h o u rs , g e n e ra tin g  

app rox im ate ly  10 atm ospheres o f  p re s s u re .

The g la s s  ampule was opened and th e  co n ten ts  trap p e d  a t  -196° 

in  vacuo.

The fo llo w in g  m a te r ia l  was id e n t i f i e d :

CFCl^, H^O: ( id e n t i f i e d  by in f r a r e d  spectrum ^^’^^^; confirm ed by mass

s pec t r um^’ ; CFCl^, 147.0  m g., 1 .07 mmole; a 94% y ie ld  based  on th e  

i n i t i a l  amount of CFCl^).

9 . The High P re s su re  Rearrangem ent o f  T ric h lo ro f lu o ro m e th a n e .

Summary : The rearrangem en t o f CFCl^ a t  4000 atm ospheres and 300°

was found to  occur r e a d i ly  w ith in  12 hours to  y ie ld  th e  fo llo w in g  

p ro d u c ts ,

2 CFClg -»■ CFgClg + CCI4 (96)

T rich lo ro flu o ro m e th an e  (166. rag ., 1 .21 mmole) was condensed in to  

a gold tu b e , th e  tu b e  was s e a le d  and h e ld  a t  4000 atm ospheres and 300° 

fo r  12 h o u r s .

The gold  tube  was opened and th e  v o l a t i l e  m a te r ia l  tra p p e d  a t  -196 '

w ith o u t pumping.

The fo llo w in g  m ix tu re  was i d e n t i f i e d :

CFCl^, CFgC lm* CCl^: ( i d e n t i f i e d  by in f r a r e d  spec trum ^^’^ ^^ ’^^^ ; con-

5 6 3firm ed by mass spectrum  * ’ ; 97.5% recovery  o f  a l l  g a se s ; y ie ld s



86

determ ined  on th e  b a s is  of gaseous p ro d u c ts , CFgClg and CFCl^; CFCl^, 

79.7 m g., 0 .5 8  mmole; CFgClg, 36.3 m g., 0.30 m ole; CCl^, 4 6 .1  m g., 0.30 

mmole)

10. The High P re s su re  R eac tio n  o f P ic h lo ro d if lu o r omethane

and W ater.

Summary ; The r e a c t io n  o f CF^Cl^ and H^O was found to  o ccu r r e a d i ly  

a t  4000 atm ospheres and a t  300° w ith in  12 hours acco rd ing  to  th e  f o l 

low ing e q u a tio n ,

3 CF^Cl^ + 2 H^O ^  2 CFgCl + COg + 4 HCl (97)

D ich lo ro d iflu o ro m e th an e  (103.4  m g., 0 .853 mmole) was condensed 

in to  a go ld  tube c o n ta in in g  H^O (59 .4  m g., 3,33 mmole). The tu b e  was 

s e a le d  and h e ld  a t  4000 atm ospheres and 300° fo r  12 h o u rs .

The go ld  tube was opened and th e  v o l a t i l e  m a te r ia l  tra p p e d  a t  -196° 

w ith o u t pumping.

The fo llo w in g  m ix tu re  was i d e n t i f i e d :

CF„C1„. C FjC l, C0„ and HCl: (each  s p e c ie s  was id e n t i f i e d  by in f ra re d

118 ,160 ,119 ,131  . ,  ̂ 6 ,1 4 9 ,4 ,1  . , .spectrum  ; confirm ed by mass spectrum  ; y ie ld

1.67 mmole gas w hich co rresponds t o ;  CFgClg, 27 .1  m g ., 0 .2 2 4  mmole;

COg, 8 .94 m g., 0 .203 mmole; HCl, 29.6 m g., 0 .812 mmole; CF^Cl, 42 .4  m g.,

0 .406 mmole; a 74.0% y ie ld  based  on th e  I n i t i a l  amount o f CFgClg)»

11. The R eac tio n  o f D lch lo ro d lflu o ro m e th an e  and W ater a t

800 A tm ospheres.

Summary ; The r e a c t io n  o f CFgClg and H^O was found to  o ccu r r e a d i ly  

a t  800 atm ospheres and a t  300° w ith in  12 hours to  y ie ld  th e  fo llo w in g  

p ro d u c ts ,
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3 CFgCl^ + 2 HjO -V 2 CF^Cl + 4 HCl + CO  ̂ (98)

D ich lo ro d iflu o ro m eth an e  (114 m g ., 0.943 mmole) was condensed in to  

a gold tube c o n ta in in g  H^O (59 .4  m g., 3 .33 mmole). The tube was se a le d  

and h e ld  a t  800 atm ospheres and 300* fo r  12 h o u rs .

The gold  tube was opened and th e  v o l a t i l e  m a te r ia l  trapped  a t  -196° 

w ithou t pumping.

The fo llo w in g  m ix tu re  was id e n t i f i e d :

CF r i  r v  n  u n i  r n  . t,,r ,131,119 _zy c in .  CF^Cl. HCl. C0_: ( I d e n t i f ie d  by in f r a r e d  spectrum

confirm ed by mass s p e c t r u m ^ y i e l d  2.10 mmole gas which co r

responds to ;  CFgClg: 20.4  m g., 0 .243 m g., 0.243 mmole; COg, 9.73 m g.,

0 .221 mmole; HCl, 32 .2  m g., 0 .883 mmole; CF^Cl, 4 5 .9  m g ., 0.440 mmole; 

a 73.4% y ie ld  based on th e  i n i t i a l  amount o f CF2CI2) .

12. The R eac tio n  o f  D ich lo ro d iflu o ro m e th an e  and Water a t  

200 A tm ospheres.

Summary : The r e a c t io n  o f  CFgClg and H^O a t  200 atm ospheres and

a t  300° was found to  o ccu r r e a d i ly  w ith in  12 hou rs  as g iven  by th e  

e q u a tio n ,

3 CFgClg + 2 HgO + 2 CFgCl + 4 HCl + CO  ̂ (99)

D ich lo ro d iflu o ro m eth an e  (111.9 m g., 0 .926 mmole) was condensed 

in to  a gold  tube c o n ta in in g  H^O (59.4 m g., 3 .33 mmole). The tube  was 

se a le d  and h e ld  a t  200 atm ospheres and 300° f o r  12 h o u rs .

The gold  tube  was opened and the  v o l a t i l e  m a te r ia l  trapped  a t  

-196° w ith o u t pumping.

The fo llo w in g  m ix tu re  was id e n t i f i e d :
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CF.Cl. .  CF^Cl. CO.. HCl; ( id e n t i f ie d  by in f r a r e d

confirm ed by mass s p e c t r u m ^ y i e l d  1 .8 1  mmole gas which co r

responds to ;  CFgClg, 29.4  mg., 0.243 mmole; COg, 9 .73  m g., 0 .221 mmole;

HCl , 32 .2  m g., 0 .883 mmole; CF^Cl, 45.9  m g., 0 .440 mmole; a 73.8% y ie ld

based on th e  i n i t i a l  amount o f CFgClg).

13. The R eac tion  o f  D ich lo ro d iflu o ro m eth an e  and W ater a t

150 A tm ospheres.

Summary : The r e a c t io n  o f CFgClg and H^O a t  150 atm ospheres and

300° was found to  occu r w ith in  12 hours as g iven  by th e  fo llo w in g

e q u a tio n ,

3 CFgClg + 2 HgO + 2 CFgCl + CO2 + 4 HCl (100)

D ich lo ro d iflu o ro m e th an e  (118.7 m g., 0 .982  mmole) was condensed 

in to  a 1 ml g la s s  ampule c o n ta in in g  (59 .4  m g., 3 .33  mmole). The 

ampule was s e a le d  and h ea ted  a t  300° fo r  12 h o u r s , g e n e ra tin g  ap p ro x i

m ately  150 atm ospheres o f p re s s u re .

The g la s s  ampule was opened and th e  c o n te n ts  trap p ed  a t  -196° 

in  vacuo.

The fo llo w in g  m a te r ia l  was i d e n t i f i e d :

CF.Cl. .  CF^Cl. CO.. HCl: ( id e n t i f i e d  by in f r a r e d  spectrum ^^® ‘^ ^ ° ’^ ^^ ’^^^;

confirm ed by mass s p e c t r u m ^ y i e l d  1.02 mmole gas w hich co r

responds to ;  CFgClg, 115. m g., 0 .952 mmole; CO^, 0 .44 m g., 0 .010 mmole; 

HCl, 1 .46  m g., 0 .040 mmole; CF^Cl, 2.09 m g., 0 .02  mmole; a 3% y ie ld  

based on th e  i n i t i a l  amount o f CFgClg).
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14. The A ttem pted R eac tion  o f D ich lo rod ifluo rom ethane  and 

Water a t  10 A tm ospheres.

Summary ; The r e a c tio n  o f  CFgClg and Ĥ O d id  no t occur w ith in  12 

h o u rs ,

CFgClg + «2°  R eac tio n  (101)

D ich lo ro d iflu o ro m eth an e  (137 .8  m g., 1.14 mmole) was condensed 

in to  a 25 ml g la s s  ampule c o n ta in in g  H^O (59.4 m g., 3 .33  mmole). The 

ampule was ev ac u a ted , s e a le d  and h ea ted  a t  300“ fo r  12 h o u rs , g e n e ra tin g  

approxim ately  10 atm ospheres o f p re s s u re .

The g la s s  ampule was opened and th e  c o n te n ts  trap p ed  a t  -196° 

in  vacuo.

The fo llo w in g  m a te r ia l  was id e n t i f i e d  ;

118 1 'in
CF^Cl^ , H^O; ( id e n t i f i e d  by in f r a r e d  spectrum  , ; confirm ed by

mass spec t r um^’ ; y ie ld  139.0 m g., 1.15 mmole CFgClg: 100% reco v e ry ).

15. The A ttem pted High P re s su re  Rearrangem ent o f  D ich lo ro 

d iflu o ro m e th a n e .

Summary : The rearrangem ent o f  CFgClg a t  4000 atm ospheres and 300“

was found to  occu r w ith in  12 h o u rs ,

2  C F 2 C I 2  -»■  C F g C l  +  C F C l g  ( 1 0 2 )

D ich lo ro d iflu o ro m eth an e  (156 m g., 1.29 mmole) was condensed in to  

a gold tu b e , th e  tube was s e a le d  and h e ld  a t  4000 atm ospheres and 300° 

fo r  12 hou rs .

The gold tu b e  was opened and th e  v o l a t i l e  m a te r ia l  trapped  a t  -196° 

w ith o u t pumping.
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The fo llo w in g  p roduct was i d e n t i f i e d :

118CF^C1„: (156 m g., 1.29 mmole; i d e n t i f i e d  by in f r a r e d  spectrum  ;

confirm ed by mass spectrum ^; 100% reco v e ry  o f v o l a t i l e s ;  v e ry  sm a ll 

b u t p e r c e p t ib le  CF^ and CCl^ peaks appeared a t  m/e o f 69 and 117, 119,

121 (3 Cl i s o to p ic  p a t te rn )  in d ic a te  some s l i g h t  rearrangem en t (3 -5

p erce n t)  which could  n o t be p icked  up in  in f r a r e d  m ix tu re .

16. The Attem pted R eac tio n  o f  C h lo ro tr if lu o ro m e th an e  and 

Water a t  4000 A tm ospheres.

Summary ; The re a c t io n  o f  CFCl^ and Ĥ O d id  n o t occur a t  4000

atm ospheres and a t  300° acco rd ing  to  th e  eq u a tio n ,

CFgCl + HgO No R eaction  (103)

C h lo ro tr if lu o ro m e th an e  (177 .7  m g., 1.294 mmole) was condensed

in to  a go ld  tube co n ta in in g  HgO (5 9 .4  m g., 3 .33 mmole). The tu b e

was s e a le d  and h e ld  a t  4000 atm ospheres and 300° fo r  12 h o u rs .

The g o ld  tu b e  was opened and th e  v o l a t i l e  m a te r ia l  tra p p e d  a t

-196° w ith o u t pumping.

The fo llo w in g  m a te r ia l  was id e n t i f i e d :

CFjCl: ( id e n t i f i e d  by in f r a r e d  spectrum ^^^; confirm ed by mass spectrum

149
; y ie ld  1 .27  mmole, 174.4 m g., CF^Cl; 98.5% re c o v e ry ) .

17. The A ttem pted R eac tio n  o f  T e tra flu o ro m eth an e  and W ater 

a t  4000 A tm ospheres.

Summary: The re a c t io n  o f  CF^ and H^O d id  n o t occur a t  4000 

atm ospheres and a t  300° acco rd in g  to  th e  e q u a tio n ,

CF^ + HgO No R eaction  (104)
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Tetra flu o ro m e th a n e  (7 2 .8  m g., 0 .827 mmole) was condensed in to  

a go ld  tube  c o n ta in in g  H^O (59 .4  m g., 3 .33  mmole). The tube was s e a le d  

and h e ld  a t  4000 atm ospheres and 300° f o r  12 h o u rs .

The go ld  tube was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t  -196° 

w ith o u t pumping.

The fo llo w in g  m a te r ia l  was id e n t i f i e d :

55 2CF^: ( i d e n t i f i e d  by in f r a r e d  spectrum  ; confirm ed by mass spectrum  ;

y ie ld  0 .818  mmole, 72.0 m g., CF^; 99% re c o v e ry ) .

18. The R eac tion  o f D ich lo ro d iflu o ro m e th an e  and Water a t  

800 A tm ospheres.

Summary : The r e a c t io n  o f  CF^Cl^ and H^O was found to  occur r e a d i ly

a t  800 atm ospheres and a t  300° w ith in  12 hours to  y ie ld  th e  fo llo w in g  

p ro d u c ts ,

CF^Clg + H^O 4. CCl^ + CFClg + CFgCl + HCl + CO  ̂ + ClgCo (105)

D ich lo ro flu o ro m eth an e  (114 m g., 0 .943 mmole) was condensed in to

a go ld  tube  c o n ta in in g  H^O (36. m g., 2 mmole). The tu b e  was s e a le d  and

h e ld  a t  800 atm ospheres and 300° f o r  12 h o u rs .

The go ld  tube  was opened and th e  v o l a t i l e  m a te r ia l  trap p ed  a t

-196° w ith o u t pumping.

The fo llo w in g  m ix tu re  was i d e n t i f i e d :

CF. C l . .  CF^Cl. CFClj. CCl^. HCl. CO^. Cl.CO: id e n t i f i e d  by in f r a r e d

s p e c tru m llS .160 .6 9 ,1 7 3 ,1 3 1 .1 1 9 .1 1 7 . mass s p e c t r u m * '" * '^ ' : - ! '

y ie ld  2.10 mmole gas o u t;  th e  p ro d u c ts  w ere too  com plicated  ( in  

number) to  le g i t im a te ly  c a lc u la te  y ie ld s .
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TABLE V

Summary of H ydro ly sis

P ressb  PRODUCTS
a

H /

1 CCl^(l.OO) 6.6

2 C C l^(l.lO ) 6.6

3 C C l^(l.O ) 6.6

4 CFC1^(1.84) 6.6

5 CFCl^(0 .872) 6.6

6 CFCl (0 .942 ) 6.6

7 CFCl^(0 .761) 6.6

8 CFCl2(1.15) 6.6

9 CFClg(1.21) -----

10 CF^Cl^(0 .853 ) 6.6

11 CF2CI2(0 .943) 6.6

12 CF2CI2(0 .936) 6.6

13 CF^Cl^(0 .982) 6.6

14 CF2Cl2(1.14) 6.6

15 CF2Cl2(1.29) -----

16 CFgCl (1 .29 ) 6.6

4000

800

COg/HCl CF2CI2 CFgCl CFClg

0 .9 9 /3 .9 6 ——-----

1 .0 7 /4 .3 0 —---- --------

0 .1 6 7 /0 .6 8 8 0.167 0.04 1.51

0 .0 7 9 /0 .3 1 6 0.079 0.02 0.714

0 .0 8 5 /0 .3 4 1 0.085 0.341 0.768

0 .0 1 9 /0 .0 7 7 0.019 0.723

4000

800

200

10---------- ------  -------- “ ““ — 1,07

4000   0 .30    0 .58  0 .3 0 '

4000 

800 

200 

150 

10 

4000

4000 — — ———— 1.28  ————

17 CF^ (0 .827 ) 6.6 4000 —— ———— ———— ----- — 0.828

18 CF2C l2(0 . 943) 2 .0  800 M ix tu re ; HCl.COg.CCl^.CFClg.CFgClg,

——--- 0 .30

0 .2 0 3 /0 .8 1 2 0.224 0.406

0 .2 2 4 /0 .8 9 8 0.246 0.447

0 .2 2 1 /0 .8 8 3 0.243 0.440

0 .0 1 0 /0 .0 4 0 0.952 0.02

1.15 -----—

1.23 0 .03

^ The q u a n t i t i e s  a re  g iven  in  m ill im o le s .

CF^Cl.ClgCO

^ P re s su re  i s  g iven  in  atm ospheres Carbon T e tra c h lo r id e

^ A ll r e a c t io n s  w ere c a r r ie d  o u t a t  300®. ® Carbon T e tr a f lu o r id e
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I . The R eac tio n  o f ClgSiCo(CO)^ and a t  an Id e a l  Gas P re ssu re  

o f 40 A tm ospheres.

Summary ; In  a p re lim in a ry  experim ent i t  was found th a t  a s e r ie s  

o f PF^ s u b s t i tu te d  compounds could  be o b ta in ed  by th e  r e a c tio n  o f PF^ 

w ith  ClgSiCo(CO)^ a t  40 atm ospheres and 50° w ith  u l t r a v i o l e t  i r r a d i a t i o n  

fo r  12 hours acco rd in g  to  th e  fo llo w in g  e q u a tio n ,

ClgSi-CoCCO)^ + nPF  ̂ ^ [Cl^Sl-CoCCOX^CPFg)^^^)]^ ( 106)

a. S y n th e s is ;

Phosphorus t r i f l u o r i d e  (3 .352 g . , 3 8 .1  mmole) was condensed 

in to  a 25 ml g la s s  p re s su re  r e a c to r  w ith  a T e flo n  s topcock  co n ta in in g  

ClgSlCofCO)^ (1 .2258 g . , 4.014 mmole). The s to p co ck  was c lo sed  and 

the p re s s u re  v e s s e l  allow ed to  warm to  room tem p era tu re  w ith  th e  mano

m eter used to  check fo r  a le a k  from th e  p re s s u re  v e s s e l .

A f te r  checking fo r  le a k s ,  a  w a te r ja c k e t  (RT) was p laced  around

th e  p re s s u re  v e s s e l  and th e  uv l i g h t  so u rce  (GE PAR 38 SPOT, code

H100PSP44-4, ASA-H44-4GS) and s h ie ld in g  p o s it io n e d .

The uv lamp was c u t on and th e  co o lin g  w ate r flow  r a t e  ad ju s te d  

so as to  l im i t  th e  maximum tem p era tu re  to  50° so th a t  th e  ClgSlCo(CO)^ 

would be l iq u id  (m.p. 44 .5° -  4 5 .0 ° ) .

A fte r  two h o u rs , th e  uv so u rce  was tu rn e d  o f f  and th e  p re ssu re  

v e s s e l  allow ed to  co o l to  room te m p e ra tu re . I t  was th en  cooled to  -1 9 6 ° , 

w ith  th e  l iq u id  n it ro g e n  le v e l  r i s i n g  to  th e  te f lo n - g la s s  stopcock  

s e a l ,  a llow ing  leak ag e  p a s t  th e  s e a l .  A ll n o n -co n d en sib les  w ere th en  

removed w ith  pumping (assumed to  be d isp la c e d  CO w hich has 400 to r r  

p re s s u re  a t  -1 9 6 ° ) .
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The p h o to ly s is  was rep ea ted  s e v e ra l  tim es u n t i l  l i t t l e  o r  no 

non -co n d en sib le  m a te r ia ls  were observed  on th e  manometer and thus most 

o f  the  CO had been  d is p la c e d . This re q u ire s  12 to  15 hours o f  p h o to ly s is .

A c o lo r  change and p h y s ic a l change a re  observed alm ost im m ediately 

upon i n i t i a l  p h o to ly s is  and h e a t in g , th e  amber c r y s ta l s  tu rn  in to  an 

o i ly  v isco u s  red  l i q u id ,  ty p ic a l  o f some Co complexes.

Some dark  brown decom position p ro d u c t i s  a lso  observed  in  th e  

r e a c t io n  v e s s e l .  This i s  b e lie v e d  to  be  a therm al decom position  p roduct 

as copious q u a n t i t i e s  o f  SiC l^ were d i s t i l l e d  ou t of th e  re a c t io n  

m ix tu re  a t  -3 5 “ . S il ic o n  t e t r a f lu o r i d e  i s  known to  be a therm al de

com position  p ro d u c t o f FgSiCo(CO)^^^.

A f te r  r e a c t io n ,  th e  m ix tu re  can be  s to re d  in  th e  r e a c t io n  v e s s e l  

f o r  s e v e ra l  weeks a t  room tem p era tu re  w ith  on ly  s l i g h t  decom position ,

b . I d e n t i f i c a t io n ;

[(C lgS i)-C o-(C0)^XPF)2 was f i r s t  id e n t i f i e d  by in f r a r e d  

spectrum . A gas phase in f r a r e d  spectrum  c le a r ly  shows th e  p resen ce  

o f c o o rd in a ted  00(2040 cm 2075 cm ^ and 2110 cm ^ ) , co o rd in a ted  

PFg(857 cm 890 cm 910 cm and 8101^(610 cm ^ ) . I t  was obvious 

from th e  in f r a r e d  spectrum  th a t  some PF^ had d isp la c e d  some o f  th e  CO 

in  th e  s t a r t i n g  m a te r ia l .

The f lu o r in e  19 m agnetic resonance spectrum  o f th e  p ro d u c t con

s i s te d  o f s e v e ra l  d o u b le ts  and t r i p l e t s  n o t w e ll d e fin e d  w ith  a t  l e a s t

3 d i f f e r e n t  environm ents where J  _ was in  th e  range o f  1320 Hz to  1350Pr

Hz and an ex tran eo u s peak u p f ie ld  w here J__ would have a v a lu e  o f  1400 

Hz. C oord ina ted  PF^ norm a-ly has a Jp ^  in  th e  1300 Hz to  1350 Hz range 

w h ile  PF^ has a Jpp o f ~1400 Hz. I n  g e n e ra l th e  F-NMR in d ic a te s  th a t
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a P?2 c o o rd in a tio n  compound i s  p re s e n t b u t a more d e ta i le d  s tu d y  would 

be needed to  i n t e r p r e t  th e  complex s p e c tr a  o f an o b v iously  complex 

m ix tu re .

The mass spectrum  o f th e  r e a c t io n  m ix tu re  i n i t i a l l y  in d ic a te d  th e

p re sen ce  o f ClgSiCoCCO)^^?^^)^ ^ and copious q u a n t i t i e s  o f  S iC l^ . The

S iC l. i s  an expected  decom position  p rod u c t and th e  absence o f  p a re n t 4

ions in  th e  ClgSiCo(CO)^(PFg)^ ^ s e r ie s  i s  n o t unexpected because  many

c o o rd in a tio n  complexes do n o t e x h ib i t  a p a re n t io n  peak. I t  shou ld  be

12noted  th a t  a u th e n tic  sam ples o f  ClgSiCo(CO)^ e x h ib i t  a v e ry  weak 

p a re n t io n  { y l%  t o t a l  io n  c u r re n t)  w ith  the  o p e ra t in g  p aram eters  used 

in  t h i s  s tu d y .

A f te r  co o lin g  th e  mass sp e c tro m e te r  to  room te m p e ra tu re , an o th er 

s e r i e s  o f s p e c tr a  w ere ta k en  in  an a ttem p t to  observe  th e  p a re n t io n  

C lgSiCofPFg)^ a t  m/e 545.

The p a re n t  io n  a t  m/e 545 d id  n o t appear b u t  in s te a d  a  s e r i e s  o f 

weak peaks hav ing  a  s ix  Cl is o to p ic  p a t te r n  (m, 50%; Mf2, 100%; m+4,

83%; m+6 , 37%; nri-8, 9.25%; m+10, 1.2%) were o bserved . The v ery  high 

mass number (m/e) and i s o to p ic  p a t te r n  su g g es t a  d im eric  s p e c ie s .  The 

low in t e n s i t y  o f  th e se  h ig h  mass number peaks coupled w ith  th e  f a c t  

th a t  th ey  d isap p ea r when th e  io n  so u rce  on th e  mass sp e c tro m e te r  reaches 

~50° su g g e s t th a t  th e  dim er bond (Co-Co) i s  q u i te  weak.

A ccu ra te  c a l ib r a t io n  o f  mass s p e c tr a  o b ta in e d  w ith  an in s tru m en t 

th a t  does n o t have a  l i n e a r  sweep re q u ire s  c a l ib r a t io n  s ta n d a rd s .

The d a ta  i n  T able VI has been o b ta in ed  u s in g  p e rf lu o ro k e ro se n e  

(PFK.) as an i n t e r n a l  s ta n d a rd . Above m/e = 750 th e  m asses w ere ass ig n ed  

u s in g  e x tra p o la t io n s  and a re  v a l id  to  on ly  abou t ± 5 mass numbers.
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Table VI l i s t s  th e  m/e observed  up to  mass 825 w ith  th e  sp e c ie  

p o s tu la te d . I t  i s  s ig n i f i c a n t  to  n o te  t h a t  th e se  m /e r a t i o s  do no t 

in c lu d e  s ix  c o o rd in a tin g  l ig a n d s  around th e  two Co atom s, bu t only f iv e .  

This does n o t d isc o u n t th e  p resen ce  o f  th e  s ix th  l ig a n d ,  on ly  the 

s t a b i l i t y  o f  t h a t  s p e c ie s  in  th e  mass spectrum  as a  c a t io n .
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TABLE VI 

Mass S p e c tra l D ata 

[ CI , SI C. ( C O ) , >>

m/e I % T .I . e . * S pecies^

824 0.2 1.8 0.19 R2(PF3)5+

784 0 .4 3.3 0 .3 5 R2(PFg)^(00)+

704 0 .4 3 .3 0 .35 ^2 ̂ ^^3^2^^°^ 3^

644 0 .4 3.3 0 .3 5 R2(PF3) 2(00) 3’̂

584 0 .4 3 .3 0 .35 R2(PF3)^(C0)^+

524 0.3 2.7 0 .2 8 RjCCO),*

456 1.0 8.3 0 .85 R-fPFg)]^

395 1 .65 3.7 1 .41 R-CPFgigCCO)^

368 2.8 23.3 2 .38

349 0.6 5 .0 0 .5 R-CPFgi^PFg^

336 1.8 15.0 1 .5 R-(PF3)(C0)2'^

308 3 .2 27.0 2.8 R-fPFgiCCO)*

289 0.8 6.7 0 .7 R-(C0)PF2+

280 2.1 17.0 1 .7 R-fPFg)*

248 3 .3 27.0 2 .7 R-(C0) 2*
220 9 .9 82.0 , 8 .4 R-(CO)+

192 9 .2 77.0 7 .9 C0SICI3*

175 3 .6 30.0 3 .1 Co(CO)(PF3)

157 4 .4 37.0 3 .8 CoSlCl2^

147 12.0 100.0 10.2 CofPFg)*
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[ClgSiCo(C0)^(P F g)2 -  continued

m/e I I / I o % T .I .C .* Species

122 2.0 16.7 1.7 CoSiCl*

94 1 .9 16.0 1.6 CoCi^

88 13 .8 115 11.8 PF3+

87 5 .8 48.0 4 .9 CoSi, CoCO"'

69 17 .1 142 14.5 PF3-

63 7 .9 66.0 6 .7 SiCl*

59 10.8 90.0 9 .2 Co*

50 1.0 8.0 0.8 PF*

31 0 .7 6.0 0.6 P*

^ T .I .C . = t o t a l  io n c u rre n t .

b 35M onolsotoplc mass spectrum  fo r  ^yCl.

^ R = C lgSi-Co.



CHAPTER I I I

DISCUSSION

A. I n te r a c t io n  o f Phosphorus T r i f lu o r id e  w ith  T ra n s it io n  M etal 

O x id es .

T his re se a rc h  was un d ertak en  i n  an a ttem p t to  s tudy  th e  red u c in g  

p r o p e r t i e s  of PF^ a t  h ig h  p re s su re  and e le v a te d  tem p era tu re . The two 

s ta b l e  o x id a tio n  s t a t e s  o f  P ( I I I  and V) coupled w ith  th e  a b i l i t y  o f  PF^ 

to  a c t  as a Lewis base (a-bonded) and Lewis a c id  (ir-accep to r) s im u lta n e 

o u s ly  im p lie s  th a t  under th e  a p p ro p r ia te  c o n d itio n s  PF^ may r e a c t  w ith  

t r a n s i t i o n  m etal ox ides acco rd in g  to  th e  eq u a tio n

MO  ̂ + (x+y)PF^ M(PFg)y + xOPF^ (107)

T his r e a c t io n  i s  analogous to  th a t  d e s c r ib e d  i n  th e  in t ro d u c t io n  as 

th e  " re d u c t iv e  f lu o rophosp h in a tio n "  o f  t r a n s i t i o n  m eta l s a l t s ^ ^ .

1. Summary. As in d ic a te d  i n  T ab le I I IB , th e  r e a c t io n  o f  NiO 

w ith  PFj a t  4000 atm ospheres and 300" proceeded  as proposed , N i(PFg)^ 

and OPFg being  formed. T his was th e  on ly  r e a c t io n  to  proceed d i r e c t l y  

from th e  r e a c t io n  o f PF^ and th e  t r a n s i t i o n  m eta l o x id e .

In  th e  re d u c tiv e  f lu o ro p h o sp h in a tio n  o f  th e  t r a n s i t i o n  m e ta l 

h a l id e s , H ieber^^ had used a  Group IB m e ta l Cu o r a Group IIB  m e ta l 

Zn to  red u ce  th e  m etal h a l id e  to  form  CuCl^ o r  ZnClg. Because o f  th e  

in c re a s e d  s t a b i l i t y  o f th e  t r a n s i t i o n  m e ta l oxides compared to  c h lo r id e s ,

99
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i t  was decided  to  u se  Mg (S tandard  R eduction  P o te n t ia l  -2 .3 7 v .)  r a th e r  

than Cu(S.R .P. + 0 .15  v . )  o r Zn(S .R .P . -  0 .76 v .)  as an added reducing  

agen t.

In  th e  p re sen ce  o f  Mg, NiO, MoÔ  and WÔ  were observed  to  r e a c t

w ith  PF^ a t  4000 atm ospheres and 300® by re d u c tiv e  f lu o ro p h in a tio n ,

accord ing  to  th e  e q u a tio n ,

MÔ  + 9 PF^ M(PFg)^ + 3 OPFg (108)

(m=Mo,W)

As in d ic a te d  in  th e  n e x t s e c t io n ,  OPF^ underw ent f u r th e r  r e a c t io n  w ith  

th e  Mg to  y ie ld  P^O^F^.

However, i f  th e  r e a c t io n  was c a r r ie d  o u t w ith  magnesium a t  100 

atm ospheres and 300° w ith  NiO, MoO  ̂ and WO ,̂ only  NiO r e a c t s  form ing 

Nl(PFg)^ and OPFg. No r e a c t io n  to  any e x te n t was observed  w ith  MoÔ  

o r  W y

As in d ic a te d  i n  Table I I IA , CrO^ and Cr^Og w ere combined s e v e ra l  

tim es w ith  PF^ and Mg a t  4000 atm ospheres and 300° i n  an a ttem p t to  

s y n th e s iz e  Cr(PF2)g . No Cr(PF^)g was i s o la te d  a lth o u g h  s ig n i f i c a n t  

amounts o f OPF^ w ere observed in d ic a t in g  th e  CrgOg and CrOg had been 

p a r t i a l l y  reduced .

Numerous o th e r  t r a n s i t i o n  m e ta l ox ides were combined w ith  PFg and 

Mg a t  4000 atm ospheres and 300°. T ab le  I I IB  l i s t s  th e s e  ox ides and 

th e  p roducts  o f  t h e i r  re a c tio n s  which in c lu d e  PFg, OPFg and PgOgF^ o r 

i t s  h y d ro ly s is  p ro d u c ts .

2. In f lu e n c e  o f P re s s u re . The s ig n if ic a n c e  o f  p re s s u re  in  

the  re d u c tiv e  f lu o ro p h o sp h in a tio n  o f  t r a n s i t i o n  m e ta l ox id es  can b e s t  

be in te r p r e te d  in  l i g h t  o f th e  f lu o ro p h o sp h in a tio n  r e a c t io n .  The
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31in t ro d u c tio n  c i t e s  th e  u se  o f  PF^ to  reduce SO^, SeOg and TeOg in  

a flow  system  a t  h igh  te m p era tu re  (300® -  600®) and low p re s s u re  in 

d ic a t in g  th a t  th e  red u c in g  p ro p e r t ie s  o f PF^ towards ox id es  a re  p r im a r ily  

a fu n c tio n  o f te m p e ra tu re . The in c re a s e  i n  p re s su re  sh o u ld  c e r ta in ly  

in c re a s e  th e  r a t e  o f th e  re d u c tio n  due to  th e  la rg e  in c re a s e  in  concen

t r a t i o n  o f th e  r e a c ta n t s .

The f lu o ro p h o sp h in a tio n  o f th e  reduced m eta l i s  known to  be p re s 

su re  dependent. N ic k e l , P a llad iu m  and p la tin u m  a re  known to  r e a c t

83d i r e c t ly  w ith  PF^ a t  100-200 atm ospheres w ith  th e  m e ta l b e in g  g en era ted  

by therm al decom position  o f  th e  o x a la te ,  v iz .

M(CgO )̂ ■> M + 2 CO2 (109)

M + 4 PFg + M(PFg)^ (m=Ni,Pd o r P t)  (110)

The r e a c t io n  o f th e  m e ta l w ith  PF^ r e s u l t s  i n  a  n e t  lo s s  o f gaseous 

r e a c ta n t  and i s  th u s  t h e o r e t i c a l ly  p re s su re  fav o red .

3. Bonding i n  T ra n s i t io n  M etal-Phosphorus T r i f lu o r id e  Com

p le x e s . The t r a n s i t i o n  m e ta l PF^ complexes a re  s im i la r  to  th e  c o rre s 

ponding carb o n y l compounds in  s t r u c tu r e  and p h y s ic a l p r o p e r t i e s .  A

m ajor d i f f e r e n c e  in  th e  two c la s s e s  o f compounds i s  th e  i n a b i l i t y  o f PF^

36to  form b rid g e  bonds betw een th e  t r a n s i t i o n  m e ta ls  as commonly ob

served  w ith  CO. The bonding o f  th e  t r a n s i t i o n  m e ta l and PF^ can be 

re p re se n te d  by th e  fo llo w in g  scheme,

M;=±PF^

I t  should  be n o ted  th a t  th e  double arrow o f th e  M-PF^ bond i s  on ly  a 

symbol fo r  th e  bonding  and does n o t d en o te  a  t r u e  (p -p )n  double bond.

I t  does r e p re s e n t  a  o-bond formed by th e  c o n t r ib u t io n  o f a  lo n e  p a i r  o f

e le c tro n s  from phosphorus to  th e  m e ta l (p -d )o  and a  back d o n a tio n  o f a
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non-bonded p a i r  o f e le c tro n s  from th e  m e ta l to  phosphorus (d -d )? .

4 . D isc u ss io n . This re s e a rc h  has shown th a t  PF^ can be used 

in  th e  re d u c t io n  and f lu o ro p h o sp h in a tio n  o f t r a n s i t i o n  m e ta l oxides 

in  the p re sen ce  o f magnesium. I t  i s  n o t unexpected  th a t  PF^ w i l l  re 

duce t r a n s i t i o n  m e ta l oxides a t  h igh  p re s s u re  and e le v a te d  tem p era tu re . 

T his re d u c t io n  was observed in  a l l  o f  th e  r e a c t io n s  a ttem p ted  w ith  th e  

fo rm atio n  OPF^ and PgO^F^.

The fo rm a tio n  o f Ni(PFg)^ a f t e r  th e  re d u c t io n  o f th e  NiO to  Ni 

su p p o rts  p rev io u s  experim en ta l r e s u l t s  o f  n ic k e l-P F ^  sy n th e se s . The 

most u n u su a l r e s u l t  o f th i s  re se a rc h  i s  th e  re d u c tio n  o f WÔ  and MoÔ  

in  the  p re se n c e  o f Mg w ith  PF^ to  y ie ld  Mo(PFg)^ and WCPF^)^. Since 

th e  r e a c t io n  d o e s n 't  occur w ith o u t th e  Mg, th e  Mg may be inc luded  in  

a proposed r e a c t io n  pathway, v iz .

MOg + 3 Mg + M + 3 MgO (111)

M + 6 PFg + M(PFg)^ (where M=Mo,W) (112)

T his proposed  r e a c t io n  pathway adds W and Mo to  th e  l i s t  o f t r a n s i t i o n  

83m eta ls  (N i,P d ,P t)  th a t  w i l l  r e a c t  d i r e c t l y  w ith  PF^ to  form th e  

co rresp o n d in g  c o o rd in a tio n  compound.

The n ex t s e c t io n  w i l l  d is c u s s  th e  s id e  r e a c t io n s  observed  when 

Mg i s  p r e s e n t  in  a system  c o n ta in in g  P-O-F compounds.

B. I n te r a c t io n  o f Phosphorus T r i f l u o r id e  w ith  Group VIA E lem ents.

T h is  re s e a rc h  was u ndertaken  to  s tu d y  th e  red u c in g  p ro p e r t ie s  o f

178PF^ on th e  e lem en ts 0 ^ , S, Se and Te. I t  has long  been known th a t  

PFg r e a c ts  r e a d i ly  a t  low tem p era tu re  and a tm o sp h eric  p re s su re  w ith  

th e  Group-VIIA e lem en ts , th e  h a lo g e n s , to  form  th e  correspond ing  t r i -
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fluo rophosphorus (V) d ih a l id e ,  v iz .

PF^ + ^2 -> PFgXg (X=F, C l, Br) (113)

w ith  PFgBrg d is p ro p o r t io n a tin g , v iz .  124

5 PFgBrg + 3 PF^ + 2 PBr^ (114)

However, PF^ r e a c ts  w ith  0^ a t  room tem p era tu re  and atm ospheric 

p re s s u re  only  when i n i t i a t e d  by a  s i l e n t  e l e c t r i c a l  d isch a rg e ^ ^ ^ , v iz .

PF3 + Og + OPF3 + PgOgF^ + (POgF)^ (115)

Very l i t t l e  OPF^ i s  formed i n  th i s  r e a c t io n ,  w ith  h ig h e r m olecu lar 

w eigh t s p e c ie s  p redom inating . C orresponding r e a c tio n s  w ith  S and Se 

have n o t been re p o rte d .

1. Summary. I t  was observed  th a t  PF^ d id  n o t r e a c t  w ith  

S o r  Se a t  300° and one atm osphere p re s su re  fo r  4 h o u r s .

As in d ic a te d  in  T ab le  IV , 0^ and PF^ d id  n o t r e a c t  a t  4000 atmos

pheres and 25° fo r  12 h o u rs . T e llu riu m  was n o t observed  to  r e a c t  w ith  

PF^ a t  4000 atm ospheres fo r  12 hou rs  a t  300° o r  a t  500°. The Te d id  

a l lo y  th e  gold tub ing  a t  500°, v iz .

Au +  Te -> (Au-Te) a l lo y .  (116)

However, a t  4000 atm ospheres and 300° fo r  12 h o u rs ,  0^ , S and Se

were observed  to  r e a c t  w ith  PF^, v iz .

PF^ + 1 /2  Og 4. OPFg (117)

PFg + S + SPFj (118)

PFg + Se + SePFg (119)

S u lfu r  was observed to  r e a c t  w ith  PF^ a t  200 atm ospheres and 300° 

w ith  a 53% conversion  b u t a t  4000 atm ospheres and 200° only  14% con

v e rs io n  *"0 SPFg was ach iev ed . At 500° and 4000 atm ospheres Se re a c te d

re a d i ly  w ith  PF^ and w ith  Au, v iz .
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Se + Au ^  (Au-Se) a l lo y  (120)

In  an a tte m p t to  determ ine th e  so u rce  o f a i n  th e  t r a n s i 

t io n  m etal ox id e  -  PF^ r e a c tio n s  p re v io u s ly  d iscu ssed  where Mg was

used as a red u c in g  a g en t, 0^ and PF^ were combined in  th e  p resen ce  of

Mg m etal a t  4000 atm ospheres and 300°.

In  th e  i n i t i a l  a tte m p t, no P2^3^4 a c tu a l ly  i s o l a t e d ,  on ly  the

d if lu o ro -  and f lu o ro -  phosphoric  a c id s .  These a c id s  a re  p ro d u c ts  o f

20the  h y d ro ly s is  of P^O^F^, v iz .

P g O g F ^  +  H g O  +  2  H O 2 P F 2  ( 1 2 1 )

HO2PF2 +  HgO ->■ H2O3PF +  HF ( 122)

The d e s ir e d  p ro d u c t, PgO^F^, was i s o la te d  only  a f t e r  th e  gold 

tub ing  and opener were thoroughly  d r ie d  w ith  a CH^/Og flam e b e fo re  

u se . The gold  tu b in g  was hard  b e fo re  h e a tin g  to  red  h e a t b u t became 

q u ite  m a lle a b le  a f t e r  h e a tin g . Vapors were observed  d i f f u s in g  o u t of 

th e  open end o f  th e  gold tube  d u rin g  h e a tin g .

A fte r  d ry in g  th e  tu b in g , th e  r e a c t io n  p roceeded , v i z .

2 O2 + 3 PF3 + Mg > OPF3 + ?2°3^4 + ^8^2 (123)

The MgF2 i s  proposed as th i s  te ch n iq u e  d o e s n 't  p e rm it read y  a n a ly s is  of

n o n -v o la t i le  s o l id s .  As no 22^3^4 observed in  th e  r e a c t io n  o f Og 

and PF3 w ith o u t Mg, i t  i s  re a so n a b le  to  propose th a t  th e  Mg m e ta l sup

p l ie s  a r e a c t io n  ro u te  fo r  th e  fo rm atio n  o f  92^3^4" f u r th e r  c l a r i f y  

the  r o le  o f  th e  Mg, pure OPF^ was combined w ith  Mg under th e  same r e 

a c tio n  c o n d it io n s ,  y ie ld in g  a sm a ll amount o f P2^3^4" r o le  o f Mg

was s t i l l  u n c e r ta in  because th e  r e a c t iv e  Mg m eta l would be expected  to  

have an o x id e  c o a tin g  which could  s e rv e  as an in te rm e d ia te ,  v i z .

2 OPF3 + MgO -»• ?2°3^4 + MgF2 (124)
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N ext, an a tte m p t was made to  s y n th e s iz e  by th e  same r e 

a c t io n  sequence w ith o u t su c c e s s , SPF^ b e in g  th e  on ly  p ro d u c t.

The s y n th e s is  o f OPF^ i s  most commonly ach ieved  by th e  r e a c t io n  

of PF^ w ith  b o r o s i l i c a te  g la ss  (SiOg) w ith  c a t a ly t i c  amounts o f H^O,

v iz .

2 PF^ + SiOg ^  2 OPFg + SiF^ (125)

This r e a c t io n  i s  b e lie v e d  to  proceed by th e  i n i t i a l  fo rm ation  o f  HF

and OPFg,

PFg + H^O ^  2 HF + OPFg (126)

fo llow ed by th e  a c t io n  of HF on SiOg to  r e g e n e ra te  HgO,

4 HF + SiOg + 2 HgO + SiF^ (127)

In  p r a c t ic e  th i s  method of sy n th e s is  i s  s lo w , re q u ir in g  a t  l e a s t  12 

hours to  p re p a re  a few m illim o le s  o f  OPF^. A f u r th e r  drawback i s  th a t  

th e  d e s ire d  p ro d u c t (OPF^) must be c a r e f u l ly  vacuum d i s t i l l e d  a t  low 

tem p era tu re .

I t  was found in  th i s  re se a rc h  th a t  OPF^ could  be sy n th e s iz e d  in  

good y ie ld  a t  one atm osphere and 300® by th e  r e a c t io n  o f 0^ and PF^ in  

th e  p resen ce  of Mg m e ta l. I f  th e  r e a c t io n  was h e a te d  fo r  15 -  20 

m in u tes , an 80% y ie ld  o f  GPF^ was o b ta in e d  w ith  in s ig n i f i c a n t  amounts o f 

SiF^ and a sm a ll amount o f th e  low er v o l a t i l e  P^O^F^ was a ls o  form ed.

I f  th e  r e a c t io n  was h e a te d  fo r  2 - 3  h o u rs ,  la r g e r  q u a n t i t i e s  o f  P^O^F^ 

may be o b ta in e d  along  w ith  la rg e r  q u a n t i t i e s  o f SiF^ and th e  s i l y l  

e th e r ,  F^SiOSiF^^^^,

F u rth e r  r e a c t io n s  were done a t  1 atm  and 300® to  a ttem p t to  d e te r 

mine th e  r o le  o f th e  Mg. When PF^ was r e a c te d  w ith  MgO f o r  2 h o u rs , 

some OPFg was formed (46% c o n v e rs io n ). A lso , in  th e  r e a c t io n  o f OPF^
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and MgO under th e  same c o n d it io n s ,  sm a ll amounts of w ere ob

se rv ed  (14% co n v e rs io n ).

At low p re s s u re  th e  r o le  of th e  Mg in  th e  re a c tio n s  o f P-O-F 

system s can then  be a t t r ib u te d  to  th e  ox ide  co a tin g  on th e  m e ta l s u r fa c e ,  

r a th e r  th an  th e  m e ta l l ic  s u r fa c e  i t s e l f .  I f  th i s  i s  extended to  th e  

h ig h  p re s s u re  system , a r e a c t io n  ro u te  can be fo rm ula ted  f o r  th e  re 

a c t io n  o f PF^ and 0^ to  y ie ld  PgO^F^. S tep  one would be th e  fo rm ation

of OPFg, v i z .

PF^ + 1/2 0^ ^  OPFg (128)

which has been shown to  occur w ith o u t th e  p resence  of Mg. S tep  two 

would th e n  be th e  r e a c t io n  o f s u r fa c e  Mg/MgO w ith  th e  OPF^ in  excess 

0^ , v iz .

3 OPFg + MgO -> PgOgF^ + MgFg (129)

2. In f lu e n c e  of P re s s u re . T h is  s tudy  has shown th a t  p re s su re

has a d i r e c t  in f lu e n c e  on th e  r e d u c t io n  o f 0^ , S and Se by PF^ a t  300°. 

I t  has a ls o  shown th a t  th e  fo rm atio n  o f  P^O^F^ i s  no t p re s s u re  dependent 

i n  th e  p re sen ce  o f Mg/MgO.

As in d ic a te d  in  th e  in t r o d u c t io n ,  a r e a c t io n  c o n ta in in g  gaseous 

r e a c ta n ts  and p ro d u c ts  w i l l  g e n e ra lly  be p re s su re  favored  i f  th e  volume 

of gaseous p ro d u c t w i l l  be le s s  th a n  gaseous r e a c ta n t .  T his p r in c ip le  

i s  a p p l ic a b le  to  th e  r e a c t io n  o f  0^ and PF^,

2 PFg + Og + 2 OPFg (130)

w here 3 m oles of r e a c ta n t  y ie ld  2 m oles o f  p ro d u c t.

In  th e  r e a c t io n  o f S w ith  PF^, i t  i s  p o s s ib le  to  have two d i f f e r e n t  

m ethods. The f i r s t  would be  th e  r e a c t io n  o f gaseous S a t  300° w ith  

th e  PF^ y ie ld in g  SPF^ w ith  a r e s u l t a n t  d ec re a se  in  gaseous volume. The
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second method would be th e  r e a c t io n  o f PF^ w ith  l iq u id  S where th e  

t r a n s i t i o n  s t a t e  would have a n e g a t iv e  AV̂  because th e  gas (PF^) was 

m om entarily p a r t  o f a l iq u id  s p e c ie s .  The o v e ra l l  volume change would 

no t d e c re a se  from r e a c ta n ts  to  p ro d u c ts .

The r e a c t io n  o f Se w ith  PF^ p re s e n ts  th e  same p re s s u re  in f lu e n c e s  

as th e  s u l f u r  r e a c t io n .  The vapor p re s s u re  o f  Se i s  on ly  a few cm Hg 

a t  300° b u t t h i s  does no t p ro h ib i t  th e  p o s s i b i l i t y  o f  a  gas phase r e 

a c t io n .

The Te has very  l i t t l e  vapor p re s s u re  a t  a l l  a t  300° w hich may 

account fo r  i t s  n o n - r e a c t iv i ty  tow ards PF^.

3. Bonding in  XPF^. The v a le n c e  bond approach to  bonding

p erm its  a t  l e a s t  th re e  d e s c r ip t io n s  o f  th e  PC o r PS l in k a g e . The

2 2 6 2 3e le c t r o n ic  c o n f ig u ra tio n  o f th e  phosphorus atom i s  I s  2s 2p 3s 3p 

which in d ic a te s  th a t  f iv e  e le c tro n s  a re  a v a i la b le  f o r  bonding  in  th e  

v a len ce  s h e l l .  In  a d d i tio n  th e  empty d o r b i t a l s  o f  P a re  c lo s e  in  

energy to  th e  3p o r b i t a l s  making them a v a i la b le  to  a c c e p t e le c t r o n  

d e n s ity  from X(0,S o r  S e).

In  F ig u re  5 th e  c o o rd in a te  c o v a le n t ,  th e  double and th e  s y n e rg ic  

( r e c ip ro c a l  c o o rd in a te  co v a len t)  bonding  schemes a re  o u t l in e d .

Both OPFg and SPF^ a re  b e lie v e d  to  have s ig n i f i c a n t  doub le  bond 

c h a ra c te r .  The novel compound SePF^ should  a lso  have s i g n i f i c a n t  double 

bond c h a ra c te r .

The OPFg i s  s ta b le  in  a i r  and h y d ro ly zes  very  s lo w ly . On th e  o th e r 

hand , SPF^ burns in  a i r  b u t s t i l l  h y d ro ly zes  very  s low ly  as in d ic a te d  

in  th e  in t ro d u c t io n  w ith  th e  P-F  bonds being  a tta c k e d  y ie ld in g  th e  

th io -f lu o ro p h o sp h o ric  a c id s .  T h is  would in d ic a te  t h a t  com bustion in
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a i r  Invo lves th e  fo llo w in g  r e a c t io n ,

2 SPFg + 3 0^ -> 2 SO  ̂ + 2 OPF^ (129)

The compound, OPF^, i s  th e rm ally  s t a b l e  a t  1 atm and 300°, but 

SPFg i s  re p o rte d  to  decompose under th e s e  c o n d itio n s , v iz .

SPFg -> S + PFg (130)

Thus a tre n d  i s  in d ic a te d  where th e  XPF^ d e r iv a tiv e s  become le s s  

therm ally  and chem ica lly  s ta b le  going down Group VIA in  th e  p e r io d ic  

ta b le .

This re se a rc h  ex tends th i s  tre n d  to  th e  n ex t elem ent where X = Se. 

The compound SePF^ was observed to  have on ly  f a i r  s t a b i l i t y  decomposing 

s l ig h t ly  in  th e  vacuum l in e  and th e  in f r a r e d  gas c e l l  w ith  d e p o s itio n  

of a red d ish  s o l id  b e lie v e d  to  be Se. The n a tu re  of t h i s  decom position 

i s  no t understood  a t  t h i s  tim e, b u t i t  i s  b e lie v e d  to  be  r e la te d  to  

the  p h o to e le c tro n ic  c h a ra c te r  o f Se,

SePF^ -> Se + PF^ (131)

This re se a rc h  has shown th a t  h ig h  p re s s u re  can be used to  s y n th e s iz e  

some novel sp e c ie s  by th e  d i r e c t  re d u c t io n  o f a Group VI elem ent by PF^. 

I t  has a lso  been shown th a t  under c o n d itio n s  o f h igh  p re s s u re  and 

e lev a te d  tem p era tu re  th a t  th e  Group VIA elem ents re a c t  s im i la r  to  th e  

Group VIIA e lem en ts, th e  h a logens.

A f in a l  r e s u l t  has been to  show th e  u se  o f  Mg (o r Mg/MgO) to  

sy n th e s iz e  OPF^ and PgO^F^ a t  low o r  h ig h  p re s s u re .  These re a c tio n s  

are  new sy n th eses  f o r  th e se  compounds.

C. H ydro ly sis  of F luo roch lo rom ethanes .

As d iscu ssed  i n  th e  in t ro d u c tio n  th e  fluo roch lo rom ethanes a re
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noted  fo r  t h e i r  n o n - r e a c t iv i ty .  T his s tu d y  was done in  o rd e r to

c h a ra c te r iz e  th e  r e a c t iv i t y  o f th i s  group o f  compounds towards w a te r

a t  h igh  p re s s u re  and to  id e n t i f y  th e  r e a c t io n  in te rm e d ia te s  where

p o s s ib le .  I t  has a ls o  served  as a s tudy  o f th e  s ig n if ic a n c e  o f p re s s u re

on th e  r a t e  o f h y d ro ly s is .

1. Summary. As in d ic a te d  in  T ab le IV, i t  was observed  th a t

s e le c te d  flu o roch lo rom ethanes  do hyd ro ly ze  s ig n i f i c a n t l y  above 200

atm ospheres p re s s u re  a t  300°, v iz .

CF C l . ,  . + 2 H-0 ^  C0„ + 4 HCl + n CF.Cl (132)
X  (4-x) 2 2 3

(where x = 0 , 1 ,2)

CF„C1 and OF, d id  no t r e a c t  a t  th e se  c o n d it io n s .  In  th e  r e a c t io n s  3 4

w ith  a  s to ic h io m e tr ic  excess (4x) o f w a te r  no low er f lu o r in e  co n ten t

s p e c ie s  than  th a t  o f th e  r e a c ta n t  w ere observed  b u t h ig h e r f lu o r in e

c o n te n t s p e c ie s  were observed  w here p o s s ib le ,  i . e .

3 CF2CI2 + H2O ->■ CO2 + 4 HCl + 2 CFgCl (133)

No CF, was observed  in  th e  r e a c t io n s  th a t  o ccu rred  w ith  c o r r e la te s  4

w ith  th e  o b se rv a tio n  th a t  CF^Cl d o e s n 't  h y d ro ly ze .

E x p erim en ta l r e s u l t s  show th a t  CFCl^ re a r ra n g e s  a t  h igh  p re s s u re

a t  300°, v iz .

2 CFClg -> CF2CI2 +  CCl^ (134)

The d eg ree  o f rearrangem ent was 53% a f t e r  12 h o u rs . No experim ents 

w ere ru n  fo r  lo n g e r p e r io d s  o f tim e to  s e e  i f  t h i s  were an e q u ilib r iu m  

p ro c e s s .

Very m inute rearrangem ent was observed  w ith  CFgClg a f t e r  12 h o u r s . 

A gain , no e q u ilib r iu m  s tu d ie s  w ere done. The rearrangem ent was le s s  

th an  5% as determ ined  by mass s p e c t r a l  a n a ly s i s ,  v i z .



I l l

2 CFgClg CFgCl + CFClg (135)

When th e  h y d ro ly s is  o f  CFgClg was attem pted  w ith  one th i r d  the 

norm al w a te r  u sed , a s e r ie s  of d i f f e r e n t  p ro d u c ts  was o b served  in c lu d in g  

HCl, COg, CCl^, CFClg, CFgCl, and ClgCO.

The p resen ce  of CCl^, CFCl^ and Cl^CO i n  th i s  r e a c t io n  w ith  in 

s u f f i c i e n t  w ate r in f e r s  th a t  th ey  a re  re a c t io n  in te rm e d ia te s .  The mass 

spectrum  o f  th i s  r e a c t io n  w h ile  q u i te  complex, showed th e  p resen ce  of 

SiF^ (me/ 85 w ith  S i i s o to p ic  p a t te rn )  which in d ic a te s  th e  e x is te n c e  

o f HF in  th e  r e a c tio n  m ix tu re  s in c e  HF r e a c ts  r e a d i ly  w ith  b o r o s i l i c a te

g la s s  (S iO g), v iz ^ ^ ^ .

4 HF + SiOg -> SiF^ + 2 H^O (136)

As in d ic a te d  in  th e  in t r o d u c t io n ,  ClgCO i s  known to  h y d ro ly ze

ra p id ly  to  CO  ̂ and HCl and i s  a ls o  known to  be an in te rm e d ia te  in  th e

52h y d ro ly s is  o f  CCl^ a t  1 atm osphere in  th e  gas phase above 350“

The e x te n t o f h y d ro ly s is  v a r ie d  w ith  r e a c ta n t .  U sing th e  same 

amount o f H^O in  each in s ta n c e ,  CCl^ was hydro lyzed  100%, CFCl^ was 

hyd ro lyzed  18% and CFgClg was hydro lyzed  75%. The re a so n  f o r  th i s  

ex p e rim en ta l o b se rv a tio n  i s  n o t f u l l y  unders to o d . I t  w ould have been 

expec ted  th a t  CFCl^ would h y d ro ly ze  to  a g r e a te r  e x te n t  th a n  CFgClg 

because of i t s  h ig h e r  c h lo r in e  c o n te n t. T his p e c u l i a r i ty  w i l l  be 

ex p lo red  f u r th e r  in  th e  fo llo w in g  s e c t io n s .

2. S ig n if ic a n c e  o f  High P re s s u re . As th e  h y d ro ly s is  of the  

flu o ro ch lo ro m eth an es  d id  n o t occur below 200 atm ospheres to  any s ig n i

f i c a n t  d eg ree  in  t h i s  iso th e rm a l s tu d y  i t  i s  obvious t h a t  p re s s u re  i s  

needed to  i n i t i a t e  th e  r e a c t io n  a t  300“ .

From th e  v iew po in t o f  th e  n o v ic e , a r e a c t io n  o f  t h i s  ty p e  would
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no t be expected  to  be p re s s u re  fa v o re d . For exam ple, i n  th e  h y d ro ly s is

o f  CFgClg, v iz .

3 CFgClg + 2 H^O ->■ CO g + 4 HCl + 2 CF^Cl (137)

I f  a l l  th e  r e a c ta n ts  and p ro d u c ts  were considered  to  be gaseous 

( c r i t i c a l  tem p era tu re  of H^O is  385°) re p re se n tin g  th e  m ost l im ite d  

p re s s u re  s e n s i t i v e  c a se , 5 moles o f r e a c ta n t  w i l l  y ie ld  7 moles o f 

p ro d u c ts . This i s  c le a r ly  n o t a  p re s s u re  favored  p ro c e ss . However, 

i f  th e  r e a c t io n  i s  co n sid ered  in  l i g h t  o f th e  excess H^O a c t in g  as 

a p o la r  s o lv e n t ,  th e  c o m p a ta b ility  o f  th e  r e a c t io n  a t  h ig h  p re s s u re  

i s  b e t t e r  un d ers to o d . As in d ic a te d  in  th e  in t ro d u c t io n ,  th e  p a r t i a l
3

m olal volum e fo r  CO  ̂ d is s o lv in g  in  H^O to  g ive  HgCO  ̂ i s  -27  cm /m ole
3

and fo r  HCl about -15 cm /m ole o r  g r e a te r .  In  view o f th e s e  e s tim a te s  
is

of AV̂  th e  p a r t i a l  m olal volume of th e se  two components shou ld  s t i l l

89be n e g a tiv e  under th e  r e a c t io n  c o n d itio n s  . The r e a c t io n  can now be 

co n sid e re d  to  be th e  sum o f  two p a r t s ,  v iz .

2 H^O -»■ (4 HCl +  COg) in  H^O (138)

3 CFgClg -»■ 2 CFgCl (139)
*

The n e g a tiv e  AV̂  fo r  HCl and CO  ̂ make th i s  r e a c t io n  p a r t  very  p re s su re  

favo red  w h ile  th e  second p a r t  in d ic a te s  th re e  moles o f  gas going to  two 

moles o f  g as , w hich i s  a ls o  a  p re s s u re  favored  p ro c e s s . The n e t  r e s u l t  

i s  an o v e r a l l  r e a c t io n  th a t  i s  s tro n g ly  p re s s u re  fav o red .

S im ila r  argum ents may be a p p lie d  to  th e  h y d ro ly s is  o f CCl^ and 

CFClg w ith  th e  co n c lu sio n  th a t  th e  r e a c ta n ts  a re  a ls o  p re s s u re  fav o red . 

A summary o f th e  r e a c tio n s  shows th e  observed  p ro d u c ts  o f h y d ro ly s is ,

CCl^ + 2 HgO + COg + 4 HCl (140)

2 CFClg + 2 HgO + COg + 4 HCl + CFgClg (141)
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3 CF^Cl^ + 2 H^O ^  CO  ̂ + A HCl + 2 CF^Cl (142)

The r e a c t io n  o f  CCl^ in d ic a te s  th a t  th e r e  i s  s u f f i c i e n t  w a te r (4X) 

to  accommodate 100% of th e  s to ic h io m e tr ic  amount o f CO  ̂ and HCl p o s s ib le .  

This le a v e s  th re e  p o s s i b i l i t i e s  fo r  th e  g r e a te r  r e a c t iv i ty  o f CFgClg 

over CFClg. The f i r s t  p o s s i b i l i ty  i s  th a t  th e  two re a c tio n s  a re  r a t e  

c o n tro l le d  w ith  CFgClg r e a c t in g  f a s t e r  than  CFCl^. A second p o s s i b i l i t y  

i s  th a t  th e  e q u ilib r iu m  c o n s ta n t in  th e  CFgClg r e a c t io n  i s  l a r g e r  th an  

th a t  o f th e  CFCl^ r e a c t io n .  A f i n a l  p o s s i b i l i t y  i s  th a t  CFCl^ i s  

hyd ra ted  more th a n  CFgClg under th e  r e a c t io n  c o n d itio n s  and unab le  to  

re a c t as r e a d i ly  coupled w ith  removing s o lv a t in g  m olecules from HCl and

COg.

I t  seems th a t  th i s  p re lim in a ry  re s e a rc h  has indeed r a is e d  some

q u e s tio n s  about th e  ease  o f h y d ro ly s is  o f  fluo roch lo rom ethanes a t  h ig h  

p re s s u re . H am ilton^^ comments in  h is  rev iew  o f th e  o rg an ic  f lu o ro -  

chem icals in d u s try  th a t  "CF^Cl^ i s  s i g n i f i c a n t l y  more s ta b le  to  h y d ro l

y s is  th an  CFCl^" w ith o u t c i t in g  a re fe re n c e  o r  in d ic a t in g  th e  r e a c t io n

c o n d itio n s . This re s e a rc h  has shown th a t  th e  h y d ro ly s is  i s  indeed

52p re s su re  fav o red  a t  300®. G aisinov ich  and K etov have shown th a t

s ig n i f i c a n t  h y d ro ly s is  o f  CCl^ beg ins a t  350® (~5%/hcur) a t  a tm ospheric  

p re s s u re  in  th e  vapor p h ase . There i s  no re p o r te d  d a ta  on th e  hy

d ro ly s is  o f CFgClg o r CFClg.

3. Mechanism o f H y d ro ly s is . Mechanisms o f f lu o r in e  d i s -

125placem ent in  o rg a n ic  system s have r e c e n t ly  been  reviewed by P a rk e r 

u s in g  th e  r e l a t i v e  r a te s  o f  d isp lacem en t o f  Cl and F fo r  com parative 

p u rp o ses . He concluded th a t  because o f  th e  much g re a te r  bond s t r e n g th  

and p o la r i ty  in  th e  f lu o r id e  (R-F) th an  in  th e  c h lo r id e  (R -C l), th e
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r e a c t iv i t y  d if f e re n c e  seems to  be u s u a lly  la rg e  and unambiguous in  

d i r e c t io n ,  th e  f lu o r id e  e i th e r  r e a c t in g  very  much more ra p id ly  than  

th e  c h lo r id e ,  o r  very  much more s lo w ly .

The mechanism of halogen d isp lacem en t from an o rg an ic  h a l id e  KK 

by a n u c le o p h ile  Y can be re p re se n te d  by the  e q u a tio n ,

Y + R-X -> Ÿ -  R + x" (143)

T his may be fo llow ed by ra p id  p ro to n  t r a n s f e r  ( i . e .  i f  Y = H^O) and 

i t  may be m odified  i f  th e  reag e n t i s  an an io n , b u t th e  p rocess w i l l  

always be e s s e n t i a l ly  the same, Y becoming one u n i t  more p o s i t iv e ,  X 

becoming one u n i t  more n e g a tiv e , and one bond b e ing  broken and one 

being  formed.

The above re a c tio n  g ives r i s e  to  th r e e  d i f f e r e n t  p o s s ib le  mechanisms.

The R-X bond can be broken b e fo re  th e  Y-R i s  formed. T h is would r e p re -

s ts e n t a s u b s t i tu t lo n -n u c le o p h i l ic -1  O rder (S^^l) r e a c tio n .  The R-X

bond can be broken  j u s t  as th e  Y-R bond i s  b e in g  formed or the R-X bond

can be broken a f t e r  th e  Y-R bond i s  form ed, b o th  o f which re p re se n t

an S„2 mechanism.N

In  c o n s id e rin g  th e  mechanism o f halogen  d isp lacem en t a t  atm ospheric

p re s s u re  two m ajor f a c to rs  must be co n s id e re d . One i s  th e  much s tro n g e r

R-F bond o v er th e  R-Cl bond and th e  o th e r  f a c to r  i s  th e  a b i l i t y  of

f lu o r id e  io n s  to  form s tro n g  hydrogen bonds. As in d ic a te d  in  th e  i n t r o -  

89d u c tio n , l e  Noble summarizes th a t  a t  h igh  p re s su re  th e  d a ta  a v a i la b le
it

in d ic a te  t h a t  th e  a c t iv a t io n  volume (AV^) becomes more n eg a tiv e  th e

sm a lle r  th e  halogen  atom. In  th e  s tu d y  o f r e a c tio n s  having io n ic

126t r a n s i t i o n  s t a t e s ,  P e r r in  and W illiam s have determ ined  th a t  th e  

development of charges in  th e  t r a n s i t i o n  s t a t e s  in v a r ia b ly  causes
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p re s s u re  to  in c re a s e  th e  r a t e  o f r e a c t io n .

The mechanism o f halogen  d isp lacem en t fo r  th e  observed  f lu o ro -  

chlorom ethane r e a c t io n s  can be p re d ic te d  c o n s id e r in g  th e  so lv e n t e f f e c t  

on charged t r a n s i t i o n  s t a t e s  and th e  more n e g a tiv e  a c t iv a t io n  volume 

o f f lu o r in e  over c h lo r in e .

The m e ch an is tic  ro u te s  can b e s t  be e lu c id a te d  by comparing s e ts  

o f r e a c t io n s .  For exam ple, th e  h y d ro ly s is  of (C F j)C l and (CFg)F does 

no t o ccu r. In  o th e r  w ords, Y(H20) does n o t d is p la c e  Cl o r F from 

CF  ̂ = R. As 01 and F a re  s ta b le  sp e c ie s  in  p o la r  s o lv e n ts  a t  h igh  

p re s s u re ,  th i s  n o n - r e a c t iv i ty  i s  in d ic a t iv e  o f th e  i n s t a b i l i t y  o f  th e  

CF^^ m o ie ty , v iz .

CFgX + HgO -»■ [H^O ......................X“ ] (144)

(ch arg es  in  t h i s  t r a n s i t i o n  s t a t e  r e p re s e n t  p a r t i a l  c h a rg e s ) . This 

r e a c t io n  does n o t p roceed  to  any in te rm e d ia te .

From th e  s ta n d p o in t  o f  s t a b i l i t y  o f v a r io u s  f lu o r in a te d  c a t io n s ,

+ +CClg and CF  ̂ may be  used as th e  extrem e com parisons. Due to  th e  s tro n g  

e le c t r o n e g a t iv i ty  o f  f lu o r in e  (4 .0  on P a u lin g 's  s c a le )  compared to  

c h lo r in e  (3 .0  on P a u l in g 's  s c a le )  a  p o s i t iv e  ch arg e  on th e  carbon  shou ld  

be d e s ta b i l i z e d  more by f lu o r in e  th an  by c h lo r in e .  In  f a c t ,  CCl^^ has 

been i s o la te d  by m a tr ix  i s o l a t i o n  a t  -1 9 6 ° . T h u s, from  an e l e c t r o 

n e g a t iv i ty  v ie w p o in t, th e  f lu o ro ch lo ro m e th y l c a t io n s  should  have In 

c rea sed  s t a b i l i t y  w ith  d ec re ase d  f lu o r in e  c o n te n t ,  a s ,

C C l ^  > C f C l ^  > CFgCi* > CF̂ "*" (145)

showing th e  r e l a t i v e  s t a b i l i t i e s .

A second s e t  o f  com parative re a c t io n s  i s  t h a t  o f  (CFgClXK. A gain, 

as Cl and F a re  v e ry  s ta b le  a t  h ig h  p re s s u re  i n  a p o la r  s o lv e n t ,  th e
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n o n - r e a c t iv i ty  o f (CF2C1)F  i s  a g a in  in d ic a t iv e  o f th e  i n s t a b i l i t y  of 

a  second c a t io n  (CFgCl/^^ i . e .

(CFgCiyX + H^o [HgO................ cÿgC l......................X] (146)

T his r e a c t io n  does n o t proceed  by th i s  in te rm e d ia te .  Of th e  two r e 

a c t io n s ,  (CF2C1)F shou ld  be fav o red  over (€ 2̂ 01)01 w ith  th e  same R- 

group because  o f th e  la rg e  AV̂  o f  F . The re v e rs e  o f  th i s  i s  observed .

With th e  p rev ious  c o n c lu s io n s , a th i r d  s e t  o f com parative  re a c tio n s  

can be c o n s id e re d , th a t  o f (CFCl2)F  and (CFCl2)C l. As p re v io u s ly  in 

d ic a te d ,  th e  r a t i o  o f r e a c t i v i t y  o f  (CFClgXF and (CFCl2)C l toward H2O 

i s  abou t 4 :1 ,  v iz .

(CFCl2)X + H2O -*■ [H2O C&CI2.................. X] (147)

The f a c t  th a t  th i s  r e a c t io n  proceeds by th i s  t r a n s i t i o n  s t a t e  in 

d ic a te s  th a t  (CFCl2)^  i s  a s ta b l e  io n ic  in te rm e d ia te .  The g re a te r  

r e a c t i v i t y  o f (CFCl2)F under p re s s u re  can b e  e x p la in ed  i f  th e re  i s  more

bond b reak in g  (R-X) than  bond making (Y-R) in  th e  t r a n s i t i o n  s t a t e

ta k in g  advan tage of th e  g re a te r  AV̂  o f f lu o r in e  th a n  o f  c h lo r in e ,  i . e .  

on S ^ l mechanism where th e  r a t e  d e te rm in in g  s te p  i s ,

( C F C l ^ y x  ->- CFCl^*'  + X" (148)

HgO + CFCI2'*’ -*■ 62O-CFCI2 (149)

52 125As in d ic a te d  by o th e r  w orkers * , th i s  r e a c t io n  can th e n  proceed as

fo llo w s ,

H2O-CFCI2 -*■ h'*’ + (HO-CFClg) (150)

w ith  su b seq u en t lo s s  o f HCl o r  HF from th i s  t r i h a lo a l c o h o l ,

HO-CFCI2 -»• HCl + CIFCO (151)

(o r)  HF + CI2CO (152)

fo llow ed  by th e  w e ll known h y d ro ly s is  o f th e  h a lo c a rb o n y ls ,
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ClgCO + HgO + 2 HCl + CO g (153)

(o r)  CIFCO + H^O ^  HF + HCl + CO  ̂ (154)

F in a l ly ,  a  com parison o f th e  r a te s  o f  h y d ro ly s is  o f (CClg)F and

(CClg)Cl can be f r u i t f u l .  The r a t e  o f h y d ro ly s is  o f  (CClg)F a t  h igh

p re s s u re  and 300°. T his in d ic a te s  th a t  th e  in te rm e d ia te  (CCl^)^ i s  a

s ta b le  s p e c ie s ,  v iz .

(CCl^)X + HgO [HgO................ c t l ^ ..................X] (155)

The io n  CCl^ has  been i s o la te d  by tra p p in g  th e  p roducts  o f CCl^ py-

153r o ly s i s  a t  h ig h  tem p era tu re  (900°) in  a -196° t r a p  . The g r e a te r  

r e a c t iv i t y  o f  (CClg)Cl i n  th i s  p a i r  o f r e a c t io n s  can b e s t  be i n t e r 

p re te d  by s im u ltan eo u s bond b reak ing  (R-X) and bond making (Y-R), i . e .  

an mechanism. The S^2 mechanism fo r  th e  h y d ro ly s is  of CCl^ could 

be re p re s e n te d  as fo llo w s ,

CCl^ + HgO + [HgO.............. t c i g ............ Cl] (156)

w ith  subsequen t lo s s  of HCl,

[HgO.............. t c i g ..................C l]+  HO-CClg + HCl (157)

From th i s  s t e p ,  th e  t r ih a lo a lc o h o l  re a rra n g e s  to  HCl and Cl^CO which 

f u r th e r  h y d ro ly ze s  to  HCl and CO  ̂ as in  th e  (CFCl2)F  mechanism.

I t  on ly  rem ains to  propose a mechanism f o r  th e  h y d ro ly s is  o f 

(CClg)F. In  view  o f slow er r a te  o f h y d ro ly s is  of (CClg)F compared to  

(CCl2)C l (Sjj2) and (CFClg^F ( S ^ l ) ,  th e  r a t e  o f  h y d ro ly s is  o f  (CClg)F 

o r  (CFCl2)C l can  b e s t  be exp la in ed  as a l im i t in g  case  o f  th e  S^2 

mechanism. The CCl^^ from (CClg)F s p e c ie s  shou ld  be more s t a b l e  th a n  

th e  CFCI2* s p e c ie s  from (CFCl2)F  because  o f  low er f lu o r in e  c o n te n t,  

thus w ith  F b e in g  th e  o th e r  io n ic  p ro d u c t o f  th e  S^l mechanism p ro 

posed fo r  e ac h , v iz .
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(CClg)F C C l ^  +  F" (158)

and (CFCl2>F CFClg^ + f "  (159)

th e  two should  r e a c t  a t  n e a r  e q u a l r a te s  by an S ^l mechanism, n o t th e

4 :1  r a t i o  observed . T his im p lie s  t h a t  (CClg)F does no t r e a c t  by an

S„1 mechanism.N

I t  only  rem ains to  conclude th a t  (CCl^)F r e a c ts  by an S^2 mechanism, 

th e  same as CCl^, v iz .

(CClg)F + H^O ^  [HgO.............. .......................... F] (160)

w ith  subsequen t r e a c t io n  to  HCl and CO  ̂ as in d ic a te d  by th e  CCl^ 

mechanism.

The slow er r a t e  of h y d ro ly s is  o f  (CClg)F compared to  CCl^ can be 

a t t r i b u t e d  by th i s  mechanism to  slow  cleavage  o f  th e  C-F bond compared 

to  th e  C-Cl bond due to  th e  g r e a te r  bond s t r e n g th  o f th e  C-F bond^^.

The f i n a l  q u e s tio n  to  be  co n s id e re d  i s  why wasn’ t  HF d e te c te d  in  

th e  p ro d u c ts  o f th e  CFCl^ and CFgClg h y d ro ly s is .  As in d ic a te d  in  th e  

summary, SiF^ was observed  in  s e v e r a l  mass s p e c tr a  o f th e  above r e 

a c t io n  p ro d u c ts  which could have been formed from th e  r e a c t io n  o f  HF 

and SiOg. The mass spectrum  o f  HF shou ld  be ex trem ely  weak due to  th e  

h ig h  e le c t r o n e g a t iv i ty  o f f lu o r in e  and th e  r e s u l t a n t  i n s t a b i l i t y  o f  th e  

c a t io n s ,  HF and F in  th e  p o s i t iv e  io n  mass spectrum . A nother pos

s i b i l i t y  i s  th a t  th e  HF formed r e a c te d  w ith  th e  fluo roch lo rom ethanes 

to  form th e  h ig h e r  f lu o r in a te d  d e r iv a t iv e ,  as w ith  CFgClg,

CFgClg + HF + CFgCl + HCl (161)

I t  i s  w e ll e s ta b l is h e d  th a t  HF w i l l  d i r e c t l y  f lu o r in a te  f lu o ro c h lo ro -  

m ethanes under p re s s u re .  In  a  go ld  tu b e , i t  i s  p o s s ib le  th a t  th e  f lu e -
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64r in a t io n  i s  c a ta ly z e d  by th e  Au as AuF^ has been used as a  f lu o r in -  

a t lo n  c a t a ly s t .

The mechanisms proposed a re  in  agreem ent w ith  th e  ex p e rim en ta l r e 

s u l t s .  These re a c tio n s  do need to  be s tu d ie d  in  more d e t a i l  to  d e t e r 

mine i f  th e  mechanisms vary  w ith  te m p era tu re  and to  see  w hat e f f e c t  th e  

amount o f H^O has on th e  r a te s  and e x te n ts  o f  h y d ro ly s is .

D. The Photochem ical S u b s t i tu t io n  o f PF.  ̂ fo r  CO.

The t o t a l  s u b s t i tu t io n  o f  CO by PF^ in  a t r a n s i t io n  m e ta l ca rbony l

36i s  a t  b e s t  a v ery  d i f f i c u l t  ta s k .  C la rk  has s tu d ie d  th e  p re p a ra t io n  

and p r o p e r t ie s  o f th e se  mixed lig a n d  c o o rd in a tio n  compounds e x te n s iv e ly . 

T h e ir s e p a ra t io n  and p u r i f i c a t io n  has in v o lv ed  a l l  phases o f  chrom ato

g raphy , depending on th e  p a r t i c u la r  a i r ,  th e rm a l, and photochem ical

s t a b i l i t y  o f  th e  complex m ix tu re  under s tu d y .

92In  a  p r iv a t e  com m unication, MacDiarmid has  in d ic a te d  th a t  i n  th e  

therm al r e a c t io n  o f ClgSi-Co(CO)^ and PF^ a t  100® under an autogenous 

p re s su re  o f 12 atm ospheres th a t  m o n o su b s titu tio n  of PF^ f o r  CO o ccu rred  

w ith in  4 hou rs w ith  about 5% d i s u b s t i t u t i o n  o c c u rrin g  ( i . e . ,  C l^ S i-  

CoCCO^PFj and ClgSi-Co(C0) 2(PF)2 b e in g  form ed).

1 . Summary. In  an a ttem p t to  form th e  t e t r a - s u b s t i t u t e d  

su b s ta n c e , C lgSi-C o(PFg)^, a p re lim in a ry  experim ent was c a r r ie d  o u t 

where th e  co rresp o n d in g  carbony l compound (ClgSi-Co(CO)^) was combined 

w ith  PFj a t  50" and 40 atm ospheres w ith  uv i r r a d i a t i o n  fo r  a t o t a l  o f 

12 h o u rs . Every two hours th e  r e a c t io n  was quenched in  l i q u id  n it ro g e n  

and th e  evo lved  CO pumped o f f .  The r e a c t io n  was a ttem pted  a t  room 

tem p era tu re  w ith o u t su ccess . As th e  m e ltin g  p o in t o f ClgSiCo(CO)^ i s
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4 5 ° , th e  l iq u id  phase i s  a p p a re n tly  n e c e ssa ry  f o r  r e a c t io n  to  o ccu r.

The r e a c t io n  m ix tu re  changed from a l i g h t  y e llo w  l iq u id  to  a deep red  

l iq u id  i n  le s s  th an  1 h o u r. The deep red  l iq u id  rem ained when th e  

m ix tu re  was cooled to  room tem p era tu re .

The gas phase in f r a r e d  spectrum  in d ic a te s  th e  p resen ce  o f  co

o rd in a te d  CO and in  th e  red  l iq u id .  The p re se n c e  o f th e  SlC l^

group i s  a lso  in d ic a te d .  A p re lim in a ry  F lu o rin e -1 9  NMR agrees w ith

93th e  re p o r te d  chem ical s h i f t  v a lu es  o f MacDiarmid , b u t th e  spectrum  

i s  a p p a re n tly  much more com plica ted  than  h is  re p o r te d  v a lu es  fo r  th e  

mono- and d i-  s u b s t i tu te d  s p e c ie s .

The f i n a l  a ttem p t to  de term ine  th e  e x a c t n a tu re  o f th e  s u b s t i tu 

t i o n  p roduct was a  room te m p era tu re  mass spec trum . When th e  io n  so u rce  

o f th e  mass sp e c tro m e te r  was o p e ra ted  above 50“ , th e  spectrum  o b ta in ed  

was c o n s is te n t  w ith  a  m ix tu re  o f  th e  g e n e ra l fo rm ula  ClgSi-Co(C0)^XPFg)g_2. 

c o n ta in in g  only  th r e e  lig a n d s  in s te a d  o f  th e  u s u a l  fo u r fo r  th i s  c la s s  

o f  c o b a l t ( I )  c o o rd in a tio n  compounds. As in d ic a te d  in  T ab le V I, when 

th e  io n  source  and i n l e t  a re  below 50“ , a  new and unique a d d i t io n  to  

th e  p rev io u s s p e c t r a l  peaks i s  o b served . R a th e r th a n  o b ta in in g  s p e c t r a l  

peaks co rrespond ing  to  fo u r  lig a n d s  on each c o b a l t  as ex p ec ted , a  whole 

new s e r ie s  of peaks appeared  th a t  co rresponded  to  th e  dim er o f th e  

h ig h e r  tem pera tu re  spectrum  co rresp o n d in g  to  [ClgSi-Co(C0)^ (P P g)g_^J2"

As an added in d ic a t io n  o f  th e  proposed  fo rm u la , th e  dim er mass s p e c t r a l  

peaks have th e  i s o to p ic  p a t te r n  o f  6 c h lo r in e  atoms (m, 50%; m f2, 100%; 

mf4, 83%; m+6 , 37%; ntfS, 9.25%; mfS, 1.2%) as compared to  th e  h ig h e r  

tem p era tu re  low er m o lecu la r w eigh t spectrum  w ith  th e  3 c h lo r in e  atom 

(m, 100; m+2, 98%; mt-4, 31%) is o to p ic  p a t t e r n s .  None o f th e  o th e r



121

atoms in c lu d ed  have more th a n  one s ig n i f i c a n t  n a tu r a l ly  o c c u rr in g  

is o to p e .

T h is  p re lim in a ry  s tu d y  su p p o rts  th e  u se  o f photochem ical as w e ll 

as th e rm al means o f  i n i t i a t i n g  s u b s t i t u t i o n  re a c tio n s  in  in o rg a n ic  

and o rg a n o m e ta llic  ch em is try . U n fo r tu n a te ly , th e  r e a c t io n  m ix tu re  was 

th e rm a lly  and p o s s ib ly  pho tochem ica lly  u n s ta b le ,  r e s u l t in g  in  s ig n i 

f i c a n t  decom position  and l im i t in g  s e v e re ly  th e  a n a ly s is  o f  a very  

complex b u t u n u su a l r e a c t io n .



CHAPTER IV

SUMMARY

T his in v e s t ig a t io n  was undertaken  in  o rd e r  to  s tu d y  th e  use of 

h igh  p re s s u re  in  th e  s y n th e s is  o f in o rg a n ic  and o rg a n o m e ta llic  com

pounds. S e v e ra l d i f f e r e n t  ty p es  o f  phase p a i r s  (g a s -g a s ,  g a s - s o lid ,  

g a s - l iq u id )  have been s tu d ie d  in  term s o f th e  f e a s i b i l i t y  o f sy n th e t ic  

r e a c tio n s  w ith  some em phasis on e v a lu a tin g  th e  minimum p re s s u re  nec

e ssa ry  to  ach iev e  u s e f u l  s y n th e se s .

E xperim en tal S tu d ie s .

1. A new method fo r  th e  s y n th e s is  o f N l(P F g )^ , Mo(PF^)^ and 

W(PFg)^ was developed . These c o o rd in a tio n  compounds w ere formed by 

th e  r e a c t io n  o f th e  co rresp o n d in g  t r a n s i t i o n  m e ta l o x id e s  w ith  PF^

in  th e  p re sen ce  o f Mg a t  4000 atm ospheres and 300*. The NiO was ob

served  to  combine a t  100 atm ospheres and 300® to  y ie ld  th e  N i(PFg)^.

2. A method of reducing  t r a n s i t i o n  m e ta l ox id es  a t  h igh  

p re s su re  was developed such  th a t ,

MÔ  + (x-y)PFg -►MOy + (x-y)OPFg (162)

where M = C r, T a, Ru, O s, Z r, V, T i ,  Fe and Co. T h is  s e r ie s  of r e 

a c t io n  was observed  a t  4000 atm ospheres and 300®.

3. Four new sy n th eses  o f OPF^ w ere d ev eloped :

a . The r e a c t io n  o f t r a n s i t i o n  m e ta l o x id es  and PF^ a t

122
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4000 atm ospheres and 300®.

b . The re a c t io n  o f 0^ and PF^ a t  4000 atm ospheres and 300®

c. The r e a c t io n  o f PF^ and 0^ in  th e  p resen ce  o f  Mg 

a t  1 atm osphere and 300® fo r  15 m inu tes.

d . The r e a c t io n  o f PF^ and MgO a t  1 atm osphere and 300® 

fo r  2 h o u rs .

4 . Two un ique sy n th eses  o f ? 2̂ 3^4 * ^ re  developed:

a. The r e a c t io n  o f 0^ and PF^ (o r  OPF^) w ith  Mg a t  4000 

atm ospheres and 300®.

b . The r e a c t io n  o f 0^ and PF^ w ith  Mg a t  1 atm osphere 

and 300® fo r  2 h o u rs .

5. Phosphorus t r i f l u o r i d e  was observed  to  r e a c t  w ith  Group 

VIA elem ents to  y ie ld  th e  p roduct XPF^, (X = 1 /2  0^ , S , Se) a t  4000 

atm ospheres and 300®. T ellu rium  was n o t observed  to  r e a c t  w ith  PF^ 

a t  the  same c o n d i t io n s ,  b u t d id  a l lo y  th e  go ld  tu b in g .

6. S e le c te d  fluo roch lo rom e thanes w ere observed to  hydro lyze  

above 200 atm ospheres a t  300®.

a . The halom ethanes, CCl^, CFCl^, and CF^Clg, re a c te d  

w ith  HgO to  form HCl, CO  ̂ and h ig h e r  f lu o r in e  c o n te n t 

s p e c ie s  up to  CF^Cl. No CF^ was observed .

b . The halom ethanes, CF^Cl and CF^, d id  n o t undergo 

r e a c t io n ,  even a t  4000 atm ospheres and 300®.

7. At 4000 atm ospheres and 300®, CFClg was observed  to  r e 

arran g e  to  CFgClg and CCl^ w ith  60% rearran g em en t in  12 h o u rs . However, 

on ly  5% rearran g em en t o f  CFgClg to  CFClg and CFgCl i s  observed  under 

th e  same c o n d i t io n s .
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8. A p re lim in a ry  s tudy  was a ttem pted  on th e  photochem ical 

s u b s t i tu t io n  o f PF^ f o r  CO in  ClgSi-Co(CO)^ u s in g  PF^ under an au to 

genous p re s s u re  o f 40 atm ospheres to  fav o r th e  PF^ s u b s t i tu te d  d e r iv a 

t iv e  (C lgS i-C o(PFg)^). The p re lim in a ry  r e s u l t s  in d ic a te  th a t  a more 

complex sp e c ie s  i s  o b se rv ed , perhaps a dim er.
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Appendix A.

The f ig u re  below i s  a  sch em atic  d iagram  o f  th e  h igh  p re ssu re -  

h igh  vacuum system  d esigned  by J .  J .  Moscony, R. I .  M arker, and A. G. 

MacDiarmid.

■ y
Somple

Cold T ro p i  

P r i t i u r t  In tensifie r
G a t Density 

Bulb
Cold 

Finger
P re s s u re  Gouge

0 - 7 0 0  ATM.)
C o m p ressio n

Cham berM e r c u ry  
M onom eter

H y d ro u lie  
P um p Volet

Gloss Boll

M eta Socket
IB /» J o in t

G o t C y lin d e r

Duel S e a l  
C heck Volvo

Bourdon
P re s su re  Gouge 

1 0 -7 0 0 0  ATM.)
* ^ M ic re re o e (o ri

0  P um ping  
S v stem

H ydroulie
Pum p

4  MM BORE 
VACUUM STOPCOCKS

' F u rn a c e s

F igure  6. Diagram o f  H ig h -P ressu re  System
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Appendix B

WORKING LIMITS OF GLASS PRESSURE VESSELS

I t  has been  shown th a t  th e  maximum p re s s u re  a v e s s e l  w i l l  w ith 

s tan d  b e fo re  b u r s t in g  i s  a fu n c tio n  o f th e  t e n s i l e  s t r e n g th  o f th e  

c o n s tru c t io n  m a te r ia l  and th e  o b je c t 's  geom etry. For a th in  w alled

c y l in d r ic a l  c o n ta in e r  th e  approxim ate maximum p re s s u re  which th e  s id e

28w a lls  can w ith s ta n d  i s  g iven  by th e  e q u a tio n ,

p - .  [ H :  - 0  (1*3)

where p = p re s s u re

a = t e n s i l e  s t r e n g th

0.D. = o u ts id e  d iam ete r

1.D. = in s id e  d iam ete r

For a  th i n  w a lle d  c y l in d e r ,  i t  can be shown th a t  th e  lo n g i tu d in a l  

s t r e s s  i s  l e s s  th a n  th e  c irc u m fe re n t ia l  s t r e s s ,  th u s  making th e  c i r 

c u m fe re n tia l s t r e s s  th e  l im i t in g  f a c to r  fo r  s a f e  p re s s u re  l i m i t s .  The

t e n s i l e  s t r e n g th  o f  pyrex  g la ss  may be ta k en  as  120 atm ospheres fo r

68tem pera tu res up to  200“ . Table V II p re s e n ts  s e v e ra l  " s a fe "  p re s su re

le v e ls  fo r  g la s s  v e s s e l s ,  however extrem e c a u tio n  sh o u ld  be used when

ever a p re s s u re  d i f f e r e n t i a l  i s  a p p lie d  a c ro ss  a  g la s s  s u r fa c e .

TABLE V II

Id e a l  I n te r n a l  P re s su re  L im its  o f  G lass V esse ls  as Used i n  This R esearch

O.D. I .D . W all P re s s u re
(mm.) (mm.) (mm.) (atm ospheres)

22 19 1 .5  19
22 18 2.0 28
22 14 4 .0  74
14 11 1 .2  28
14 10 2 .0  52
14 8 3 .0  98
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Appendix C 

Mass S p e c tra l  D ata 

Phosphorus T r i f lu o r id e  

m /e I  I / I ^  % T .I .C .*  Species

88 7.5 37.6 37.6 PF^

69 20.0 100.0 62 .1

50 2.7 13.4 8 .3 PF"*"

31 1.7 8.8 5 .6 P+

19

^ T .I .C .

0.2 

= t o t a l

1.0 

io n  c u r re n t

0.6 F+
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Appendix D 

Mass S p e c tra l  Data 

F luorochlorom ethanes 

S p ec tra  1 -  Carbon T e tra c h lo r id e

m/e I I / I o
% T .I .C .* Species

12 1 .3 2.5 0 .7 C+

35 7.6 14 .8 4.3 Cl"^

36 1.7 3 .3 1.0 HCl'^

37 2.5 4 .9 1.4 C1+

38 0 .4 0.8 0.2 HCl'*’

47 12.3 24.0 6.9 CCl"*"

49 4 .2 8.2 2.4 CCl"^

82 15.3 29 .8 8.6 ç a *

84 10.2 19.9 5 .8 C C l ^

86 1 .4 2 .7 0.8 C C l ^

117 51.3 100% 29.0 CClg +

119 48.6 94.7 27.4 CClg+

121 18.0 3 5 .1 10.2 CClg^

123 2.2 4 .3 1.2 CClg+

® T .I .C . = t o t a l  io n c u r r e n t .
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Appendix D 

Mass S p e c tra l  D ata 

F luorochlorom ethanes 

S p ec tra  2 -  T rlch lo ro flu o ro m eth an e

m/e I I / I o % T .I .C .^ S pecies

12 1.1 1 .5 0 .5 C+

31 9.9 13.6 4 .3 cf"̂

35 11.2 15.4 4 .9 Cl'*'

36 2.0 2.7 0 .9 HCl'*’

37 4 .0 5 .4 1 .7 Cl'*'

38 0.8 1.1 0 .3 HCl’’"

47 9 .8 13.4 4 .2 CCl"*"

49 3 .4 4 .7 1 .5 CCl'*'

50.5 2.6 3 .6 1.1 CFClg*

51.5 1.2 1.6 0 .5 CFCl^"^

52.5 0 .4 0 .5 0.2 CFClg**

66 15.9 21.8 6 .9 CFCl'*’

68 5 .3 7 .3 2.3 CFCi^

70 0.6 0.8 0.2 CFCi*

82 4 .6 6 .3 2.0 CClg*

84 3 .2 4 .4 1 .4 C C l /

86 0.8 1.1 0 .3 CClg*

101 72.9 100% 31.5 CFClg*

102 1.2 1.6 0 .5 CFClg^
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T rlch lo ro flu o ro m e th an e  -  con tinued

m/e I % T .I .C .* Species

103 59 .4 81.5 25.7 CFCI2+
104 0.8 1.1 0 .3 CFClg*

105 14 .1 19.3 6.1 CFClg*

117 2.9 4 .0 1 .3 CClg+

119 2 .3 3 .2 1.0 CClg+

121 0.8 1.1 0 .3 CCI3+

^ T .I .C . = t o t a l  io n c u r re n t .
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Appendix D 

Mass S p e c t ra l  D ata 

F luoroch lorom ethanes 

S p e c tra  3 -  D ich lo ro d iflu o ro m eth an e

m/e I % T .I.C .® S pecies

12 1.1 1.4 0 .5 C+

31 9 .0 11.4 4 .4

35 8 .3 10.5 4 .1 C1+

36 1 .3 1.6 0.6 HCl"^

37 2 .4 3 .0 1.2 C1+

38 0.6 0 .7 0 .3 HCl'*’

47 4 .4 5 .5 2,1 CCl'^

49 1.0 1.34 0 .5 CCl"*"

50 16 .2 20.4 7 .9 CF2̂

50.5 0 .7 0 .9 0 .3 CFClg"^

51 0 .5 0.6 0.2 CFClg"*^

51.5 0 .4 0 .5 0.2 CFg*

66 5 .0 6 .3 2 .5 CFCl'*’

68 1.6 2.0 0.8 CFCl*

85 79 .2 100% 38.9 C îjC l*

86 1.8 2 .3 0 .9 CFgCl*

87 46 .8 59.1 23 .0 CFgCl*

101 12.6 15.9 6.2 CFClg*

103 8.0 10.1 3 .9 CFClg*

105 1 .5 1 .9 0 .7 CFClg"^
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D ich lo ro d iflu o ro m e th an e  -  con tin u ed  

m/e I  I / I % T .I .C . ' S pecies

120

122

0.6

0 .5

0.8

0.6

0 .3

0.2

“ 2 ^ 2

CF2Cl2^

T .I .C . = t o t a l  io n  c u r r e n t .
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Appendix D 

Mass S p e c tra l  Data 

F luorochlorom ethanes 

S p e c tra  4 -  C h lo ro tr if lu o ro m e th an e

m/e I I / I o % T .I.C .® S pecies

12 1 .4 1 .4 0 .7 C+

31 5 .1 5 .2 2.6 cf'^

35 9 .1 9 .3 4 .7 Cl"^

36 0 .7 0 .7 0 .4 HCl"^

37 2.2 2.2 1.1 Cl’*'

38 0 .3 0 .3 0.1 HCl"*"

42.5 3 .7 3 .8 1.9 CFgCl"'^

43 .5 1 .4 1 .4 0 .7 CFzCl"*^

47 1.1 1.1 0.6 CFCi^

49 0 .3 0 .3 0.1 CFC1+

50 15.3 15.6 7.9 CF2"
66 0 .7 0 .7 0 .3 CFCl*

68 0.2 0.2 0.1 CFCl*

59 98.1 100% 50.6 c " ? , *

70 2.4 2 .4 1.2 C l3p ,*

85 37 .8 38.5 19.5 CF2CI*

87 12.0 12.0 6.1 CFgCi*

104 2.1 2.1 1.1 CF3C1*

106 0 .5 0 .5 0.2 CFgCi*

^ T .I .C . = t o t a l  io n c u r re n t .



S p e c tra  5
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Appendix D 

Mass S p e c tra l  Data 

F luorochlorom ethanes 

Carbon T e t r a f lu o r id e

m/e I % T .I .C .* Specie

12 2.6 2.9 2.1 C+

19 2.25 2.5 1.8 F+

25 3 .1 3 .4 2 .5 C F -

31 4 .1 4 .5 3.3 cf'*'

34.5 1 .5 1.6 1.2

50 17.1 18 .8 13.7

69 90.9 100% 72.8 CFj*

70 3 .2 3 .5 2 .5

T .I .C . = t o t a l  io n  c u r re n t .
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Appendix E 

Mass S p e c tra l D ata 

Phosphory l F lu o rid e s  

S p ec tra  1 -  Phosphoryl F lu o rid e

m/e I % T .I.C .® S pecies

47 0.7 2.2 1.2 PO'*'

50 0.8 2.5 1 .3 PP"*"

69 3.7 11.4 6.1 PF2̂

85 23.4 72.2 38.3 OPFg*

104 32.4 100% 53.1 OPF +

* T .I .C . = t o t a l  io n  c u r re n t .
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Appendix E 

Mass S p e c tra l  D ata 

Phosphoryl F lu o r id e s  

S p e c tra  2 -  Thiophosphoryl F lu o rid e

m/e I : / : o % T .I .C .^ Specie;

18 2 .5 2.8 1 .4 H2O+

31 1.5 1 .7 0 .9 P+

32 12.3 10.0 5 .1 S+

34 1 .5 1 .7 0 .9 s+

50 3 .5 4 .0 2.0 pf '*’

63 1 .5 1 .7 0 .9 ps'’’

64 3.4 3 .9 2.0 S02^

69 19.5 22.1 11.2 p f /

85 2.9 3 .3 1.7 OPF2+

88 5 .8 6.6 3 .3 PFg

101 21.6 24.4 12.2 SPFg*

103 1.0 1.1 0.6 SPFg*

104 4 .0 4 .5 2.3 OPF^*

120 88.2 100% 50.7 SPFg*

121 1.3 1 .5 0.8 SPFg +

122 6.9 7 .8 4 .0 SPFg+

® T .I .C . = t o t a l  io n c u r r e n t .



137

Appendix E

Mass S p ec tra l Data

Phosphoryl F luorides

S p ec tra  3 -  S elenophosphory l F lu o rid e

m/e I I / I o
% T . I .C .3 Specie

31 0 .7 2.6 1.0

50 3 .2 12.1 4 .6 PF+

69 15.0 56 .8 21.4 PF2-̂

80 7 .0 26.7 10.1 Se"*"

85 3 .9 14 .8 5 .6 OPFg^

88 5 .7 21.6 8.2 PFs-^

104 3 .7 14.0 5 .3 OPFg+

111 0 .5 1 .9 0 .7 SeP"*"

130 0 .3 . 1.1 0 .4 SePF"^

149 3 .5 13.3 5 .0 SePF^

168 26.4 37 .8 100% SePFs'

® T .I .C . = t o t a l  io n c u r re n t .

^ M onoisotopic mass 80spectrum  f o r  _ ,S e .
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Appendix E 

Mass S p e c tra l  Data 

Phosphory l F lu o rid e s  

S p e c tra  4 -  D iflu o ro p h o sp h o ric  Acid

m/e I % T .I .C .* Species

102 13.8 100 27.4

85 12.0 90.6 24.8

83 7.9 57.2 15,7 HOgPF'^

82 2.0 14 .5 4 .0 OgPF^

6 2.7 18.1 5 .0 PF2

63 3.7 26.8 7.3 PÜ2̂

50 1.5 10.5 2.9 pf ”̂

47 3.5 25 .1 6 .9 PO^

31 1.2 8.7 2.4 p+

67 0.8 5 .8 1.6 hopf'*’

66

® T .I .C .

1.0 

= t o t a l  io n

7 .2

c u r re n t .

2.0 gpf’*’
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Appendix E 

Mass S p e c tra l  D ata 

Phosphoryl F lu o r id e s  

S p ec tra  5 -  y -O x o -b isd iflu o ro p h o sp h o ry l

m/e I I / I o % T .I .C .* Species

186 15.6 67.5 24.5 ^ 2 ° 3 V

167 2.5 10.8 3.9 ' '2 ° 3 V

104 3.4 14.7 5 .3 OPFg+

103 3 .5 15.1 5 .5 HgO-POFg* '

102 3 .4 14.7 5 .3 HO-POFg'*' ^

85 23.1 100% 36.3 OPFg^

83 1 .7 7.4 2 .7 O^PF"^

82 2.0 8.6 3 .1 H^O'OP"^ ^

69 3 .5 15.1 5 .5 PF2-"

67 0.2 0.8 0 .3 opf"̂

66 0.8 3.5 1 .3 HgO'OP"^ ^

63 0 .9 3.9 1 .4 P02^

50 0 .7 3.0 1.1 4-
PF

47 1 .9 8.2 3 .0 PO"̂

31 0 .3 1.3 0 .5 P+

16 0.2 0.8 0 .3 0+

^ T .I .C . = t o t a l  io n c u rre n t .

^ R esu lt o f r e a c t io n of H^O in  th e  mass sp e c tro m e te r.
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Appendix F

Mass S p e c tra l Data

S p ec tra  1 -  T e t r a k is ( t r i f lu o ro p h o s p h ln e )n ic k e l

m/e I I/Io % T .I .C .^ Species

58 17.40 57.1 16.9 Ni'*"

127 1.19 3 .91 1.2 NiCPFg)^

146 30.5 100 29.6 N ifP F ])*

165 1.31 4.29 1 .3 N i(PFgF)*

215 3.23 10.60 3 .1 Ni(PFg)PF2*

234 23.04 75.6 22.4 N i(P F ^)2'^

303 5.50 18.04 5 .3 N i(PFg)2PF2

322 19.14 6 .28 18.6 N 1(P F ,),+

410 1.70 5.58 1.6 NiXPFg)^^

^ T .I .C . = t o t a l  ion c u r r e n t .

^ M onoisotopic mass spectrum  fo r  ^gNi,
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Appendix F

Mass S p e c tra l Data

S p e c tra  2 -  H exak is(trifluorophosphlne)m olybdenum ^

m/e I I / I o % T .r .c .® S pecies

626 5 .90 22.78 6.6 MoCPFg)^*

607 0 .4 2 1.62 0 .5 MoCPFgi^PFg^

538 0.88 3.39 1.0 Mo(PFg)g+

519 4 .8 3 18.65 5 .3 Mo(PFg)^PF2+

469 0 .6 2 2.39 0 .7 Mo(PFg)^F+

450 3 .21 12.39 3 .6 Mo(PFg)^+

431 3 .40 13.13 3 .8 Mo(PF2) 2PF2*

362 6 .94 26.80 7 .7 Mo(PFg)2+

343 3 .86 14.90 4 .3 Mo(PF2)2PF2*
274 11.02 42.56 12.2 Mo(PF3>2'^

255 2 .03 7.84 2.2 MbfPFgiPFg^^

186 25.89 100.00 28 .8 Mo(PFg)^+

117 5 .48 21.16 6.1 MoF"̂

98 15.63 60.37 17.4 Mo"*"

^ T .I .C . = t o t a l  io n c u r re n t .

b 98M onoisotopic mass spectrum  fo r  ^ 2̂ *
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Appendix F

Mass S p e c tra l Data

S p e c tra  3 -  H e x a k is ( tr if lu o ro p h o sp h ln e ) tu n g s te n ^

m/e I I / I o % T .I .C .^ S pecies

712 9.62 51.88 13.6

693 2.50 13.48 3 .5 W (PFj)jPF2̂

624 2.20 11.866 3 .1 M(PF3> /

605 5.52 29.77 7 .8 » (p f3) ^ p f ;

536 4.80 25.88 6.8 «(P F j)^ '"

517 3.23 17.42 4 .6 W(PF3) 3PF2‘

467 1.00 5.39 1.4 WCPFjjjF'*'

448 9.18 49.51 13.0 W(PF3) 3+

429 2.13 11.48 3 .0 W(PF2) 2PF2

410 0.28 1.51 0 .4 W(PF2) 2PF+

379 1.16 6.25 1.6 W(PF3) 2F+

360 5.87 31.66 8 .3

291 2.91 15.69 4 .1 W(PFg) F̂ "

272 18.54 100.00 26.3 W(PFg)+

184 1.55 8.36 2.2

® T .I .C . = t o t a l  ion c u r r e n t .

^ M onoiso topic mass 184spectrum  fo r
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Appendix G 

Mass S p e c tra l  D ata 

ClgSlCoCCO)^^

m/e I I / I o % T .I .C .* S pecies

304 0.2 1.02 0.2 ClgSiCofCO)^^

276 3 .8 1 7 .8 3 .4 ClgSiCo(C0) 2*

269 0 .9 4 .7 0 .9 Cl^Si-CoCCO)^'*’

248 7.3 38.0 7.3 ClgSiCo(C0) 2+

241 0.7 3 .6 0 .7 ClgSiCoCCO)]^

220 19.2 100 19.2 Cl^SiCoCCO)'*’

213 0 .4 2.1 0 .4 0128100(00) 2'*'

192 9.7 50.5 9 .7 OlgSlOo^

185 0 .9 4 .6 0 .9 0128100 ( 00)

171 0 .4 2.1 0 .4 Sl-OoCOO)^'*'

157 2.5 13.0 2 .5 OI28IO0+

143 1 .3 6 .7 1.3 8100(00) 2*

133 2.0 10.2 2.0 C lgSl*

121 1 .9 9 .9 1 .9 OlSlOo*

115 5 .3 27.6 5 .3 SlOo(OO)*

98 2.3 12.0 2.3 C l^S i*

94 1.2 6 .3 1.2 OlOo*

87 7.4 38.6 7.4 SlOo*

71 0 .9 4 .7 0 .9 CoC*
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ClgSlCo(CO)^ -  con tinued

m/e I I / I o % T .I .C .* S pecies

63 18.6 97 18.7 S ic i^

59 11.3 58.9 11.3 Co+

35 2.0 10.2 2.0 C1+

® T .I .C . = t o t a l  io n c u rre n t

M onoiso topic mass spectrum  f o r  ^yCl.
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