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N O T IC E  T O  A U T H O R S

I. General Considerations
The Journal of Physical Chemistry is  d ev o te d  to  rep ortin g  

b o th  e x p e r im e n ta l a n d  th e o r e tic a l resea rch  d e a lin g  w ith  
fu n d a m e n ta l a sp e c ts  o f  p h y s ic a l c h e m istry . S p a c e  l im it a 
tio n s n e c e ss ita te  g iv in g  p re feren ce  to  resea rch  artic les d e a l
in g  w ith  p re v io u sly  u n a n sw e re d  b a s ic  q u e stio n s in  p h y sic a l  
c h e m istry . A c c e p ta b le  to p ic s  are th o se  o f  gen era l in terest  
to  p h y s ic a l c h e m is ts , e sp e c ia lly  w ork  in v o lv in g  n ew  c o n 
c e p ts , te c h n iq u e s , a n d  in te r p r e ta tio n s . R e sea rch  th a t m a y  
le a d  to  r e e x a m in a tio n s  o f  g e n e ra lly  a c c e p te d  v iew s is , o f  
cou rse , w e lc o m e .

A u th o rs  rep o rtin g  d a ta  s h o u ld  in c lu d e  an  in terp reta tio n  
o f th e  d a ta  a n d  its  re le v a n c e  to  th e  th eories o f  th e  p roperties  
o f m a tte r . H o w e v e r , th e  d iscu ssio n  s h o u ld  b e  co n cise  a n d  
to  th e  p o in t  a n d  ex cessiv e  sp e c u la tio n  is  to  b e  d isco u ra g e d . 
P a p ers  re p o rtin g  re d e te r m in a tio n s  o f  e x istin g  d a ta  w ill be  
a c c e p ta b le  o n ly  if  th e re  is re a so n a b le  ju s tif ic a tio n  for re p e ti
tio n : for  e x a m p le , i f  th e  m o re  recen t or m o re  a c cu ra te  d a ta  
le a d  to  n ew  q u e stio n s  or to  a  re e x a m in a tio n  o f w ell k n ow n  
th eories. M a n u s c r ip ts  th a t  are e sse n tia lly  a p p lic a tio n s  o f  
c h e m ic a l d a ta  or rev iew s o f  th e  lite ra tu re  are , in  g en era l, n o t  
su ita b le  for p u b lic a tio n  in  The Journal of Physical Chem
istry. D e ta ile d  c o m p a riso n s  o f  m e th o d s  o f d a ta  a n a ly sis  
w ill b e  co n sid ered  o n ly  if  th e  p a p e r  a lso  c o n ta in s  origin al 
d a ta , or if  su c h  c o m p a riso n  lea d s to  a  gen esis  o f  n ew  id e a s .

A u th o rs  sh o u ld  in c lu d e  a n  in tro d u c to ry  s ta te m e n t  o u t
lin in g  th e  sc ie n tific  ra tio n a le  for  th e  research . T h e  s ta te 
m e n t s h o u ld  c le a r ly  s p e c ify  th e  q u e stio n s  for w h ich  an sw ers  
are so u g h t a n d  th e  c o n n ec tio n  o f  th e  p resen t w ork  w ith  
p reviou s w ork  in  th e  f ie ld . A ll  m a n u sc r ip ts  are s u b je c t  to  
cr itic a l rev iew . I t  is to  b e  u n d ersto o d  th a t  th e  f in a l d ecision  
re la tin g  to  a m a n u s c r ip t ’s  s u ita b ility  rests  so le ly  w ith  th e  
ed itors.

S y m p o s iu m  p a p ers  are s o m e tim e s  p u b lish e d  as a  grou p , 
b u t on ly  a fter  sp e c ia l a r ra n g e m e n t w ith  th e  ed itor .

A u th o r s ’ a t te n tio n  is c a lle d  to  th e  “ H a n d b o o k  for A u 
th o r s ,”  a v a ila b le  fro m  th e  S p e c ia l Issu es  S a le s  D e p a r tm e n t , 
A m e r ic a n  C h e m ic a l S o c ie ty , 115 5  S ix te e n th  S t . ,  N .W . ,  
W a s h in g to n , D . C . 2 0 0 3 6 , in  w h ich  p ertin e n t m a te r ia l is  to  
b e  fo u n d . II.

II. Types of Manuscripts
The Journal of Physical Chemistry p u b lish e s  tw o  ty p e s  

o f m a n u sc r ip ts : Articles a n d  Communications.
A. Articles s h o u ld  co ver t h e n  su b je c ts  w ith  th o ro u g h 

n ess, c la r ity , a n d  c o m p le te n e ss . H o w e v e r , au th o rs  sh o u ld  
a lso  str ive  to  m a k e  th e ir  Articles as  co n cise  as p o ssib le , 
a v o id in g  u n n e c e ssa ry  h isto ric a l b a c k g ro u n d . A b s tr a c ts  to  
Articles s h o u ld  b e  b rief— 3 0 0  w ord s is a m a x im u m — a n d  
sh o u ld  serv e  to  s u m m a r iz e  th e  s ig n ific a n t d a ta  a n d  c o n 
c lu sio n s . T h e  a b str a c t sh o u ld  c o n v e y  th e  e ssen c e  o f th e  
Article to  th e  rea d er.

B. Communications are o f  tw o  ty p e s , Letters a n d  Com
ments. B o th  ty p e s  are restr icted  to  th re e -q u a rte rs  o f  a p ag e  
(7 5 0  w ord s or th e  e q u iv a le n t)  in c lu d in g  ta b le s , figu res, an d  
te x t , a n d  b o th  ty p e s  o f  Communications are s u b je c t  to  cr iti
c a l review , b u t  sp e c ia l e ffo rts  w ill b e  m a d e  to  e x p ed ite  p u b 
lic a tio n .

Letters sh o u ld  rep ort p re lim in a r y  re su lts  w h ose  im m e d i
a te  a v a ila b ility  to  th e  sc ie n tific  c o m m u n ity  is d e e m e d  im 
p o r ta n t , a n d  w h ose  to p ic  is t im e ly  e n o u g h  to  ju s t i fy  th e  
d o u b le  p u b lic a tio n  th a t  u su a lly  re su lts  fro m  th e  p u b lic a tio n  
o f a  Letter.

Comments in c lu d e  s ig n ific a n t re m a rk s  on  th e  w ork  o f  
oth ers. T h e  ed ito rs  w ill g e n e ra lly  p e r m it  th e  au th o rs  o f  th e  
w ork b e in g  d isc u sse d  to  re p ly .

T h e  ca tego ry  o f  Notes h a s  b e e n  d isc o n tin u e d  sin ce  th e  
h a n d lin g  o f su c h  m a n u sc r ip ts  w a s p re c ise ly  th e  sa m e  as th a t  
o f Articles sa v e  for th e  re q u ire m e n t o f  an  A b s tr a c t , a n d  
sin ce  e v e n  a  sh o rt Article w ill n e e d  an  A b s tr a c t  u lt im a te ly , 
it  se e m s as w ell to  a sk  th e  a u th o r  to  p ro v id e  th is . S h ort  
Articles w ill o f  co u rse  c o n tin u e  to  b e  w elc o m e  co n tr ib u tio n s .

III. Introduction
A ll  m a n u sc r ip ts  s u b m itte d  s h o u ld  c o n ta in  b r ie f  in tro 

d u c to ry  rem a rk s d esc rib in g  th e  p u rp o se  o f th e  w ork  an d  
g iv in g  s u ffic ie n t b a c k g ro u n d  m a te r ia l to  a llo w  th e  reader  
to  a p p re cia te  th e  s ta te -o f -k n o w le d g e  a t  th e  t im e  w h en  th e  
w ork w as d o n e . T h e  in tro d u c to ry  re m a rk s  in  a n  Article 
sh o u ld  c o n stitu te  th e  first se c tio n  o f th e  p a p e r  a n d  sh ou ld  
b e  la b e le d  a c c o rd in g ly . In  Communications, th e  in tro 
d u c to ry  m a te r ia l sh o u ld  n o t b e  in  su c h  a se p a ra te  se c tio n . 
T o  ju d g e  th e  a p p ro p ria ten e ss  o f  th e  m a n u sc r ip t for The 
Journal of Physical Chemistry, th e  ed ito rs  w ill p la c e  co n 
s id era b le  w eig h t on  th e  a u th o r ’s in te n tio n s  as s ta te d  in  th e  
In tro d u c tio n .

IV. Functions of Reviewers
T h e  ed itors re q u e st th e  sc ie n tific  a d v ic e  o f  review ers w ho  

are a c tiv e  in  th e  area  o f research  co vered  b y  th e  m a n u sc r ip t . 
T h e  review ers a c t  o n ly  in  a n  ad v iso ry  c a p a c ity  a n d  th e  fin a l  
d ec isio n  co n cern in g  a  m a n u sc r ip t  is th e  re sp o n sib ility  o f  
th e  ed ito rs . T h e  rev iew ers are a sk e d  to  c o m m e n t n o t on ly  
on  th e  sc ie n tific  c o n te n t, b u t  a lso  o n  th e  m a n u s c r ip t ’ s su it
a b ility  for The Journal of Physical Chemistry. W i t h  re 
sp e c t to  Communications, th e  review ers are a sk e d  to  c o m 
m e n t s p e c ific a lly  on  th e  u rg e n cy  o f  p u b lic a tio n . A u th o rs  
are en cou rag ed  to  su g g e st, w h en  s u b m itt in g  a m a n u sc r ip t , 
n a m e s  o f  sc ie n tists  w h o  c o u ld  give  a d is in te re ste d  a n d  in 
fo rm e d  a n d  h e lp fu l e v a lu a tio n  o f  th e  w ork . A ll  review s are  
a n o n y m o u s  a n d  th e  rev iew in g  p ro cess is m o s t  e ffec tiv e  if  
review ers d o  n o t rev ea l th e ir  id e n titie s  to  th e  a u th o rs . A n  
e x c e p tio n  arises in  c o n n e c tio n  w ith  a m a n u sc r ip t s u b m itte d  
for p u b lic a tio n  in  th e  fo r m  o f a c o m m e n t  on  th e  w ork  o f  
a n o th e r  a u th o r . U n d e r  su c h  c ir c u m sta n c e s  th e  first  a u th or  
w ill, in  gen era l, b e  a llo w e d  to  rev iew  th e  c o m m u n ic a tio n  
a n d  to  w rite  a re b u tta l, if he so  ch o o se s . T h e  r e b u tta l an d  
th e  orig in al c o m m u n ic a tio n  m a y  b e  p u b lish e d  to g eth er in  
th e  sa m e  issu e  o f th e  jo u r n a l. R e v ise d  m a n u sc r ip ts  are  
g e n e ra lly  se n t b a ck  to  th e  orig in al rev iew ers, w h o  are ask ed  
to  c o m m e n t  on  th e  re v isio n s . I f  o n ly  m in o r  rev ision s are  
in v o lv e d , th e  ed ito rs  e x a m in e  th e  rev ised  m a n u sc r ip t in  
lig h t o f th e  r e c o m m e n d a tio n s  o f  th e  review ers w ith o u t seek 
in g  fu rth er  o p in io n s . F or th e  c o n v en ien ce  o f review ers, 
a u th o rs  are a d v ise d  to  in d ic a te  c le a r ly , e ith er in  th e  m a n u 
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sc r ip t or in  a  co v erin g  le tte r , th e  sp ec ific  rev ision s th a t  h ave  
b een  m a d e .

V. Submission of Manuscripts
All manuscripts must be submitted in triplicate to ex

pedite handling. Manuscripts must be typewritten, 
double-spaced copy, on 8%  X  11 in. paper. Legal sized 
paper is not acceptable. A u th o rs  s h o u ld  b e  ce rta in  th a t  
co p ies  o f th e  m a n u sc r ip t are c le a r ly  rep ro d u c ed  a n d  re a d 
a b le . Authors submitting figures must include the 
original drawings or photographs thereof, plus three 
xerographic copies for review purposes. These repro
ductions of the figures should be on 8%  X 11 in. paper. 
G r a p h s  m u s t  b e  in  b la c k  in k  on  w h ite  or b lu e  p a p e r . F ig 
ures a n d  ta b le s  sh o u ld  b e  h e ld  to  a m in im u m  c o n siste n t  
w ith  a d e q u a te  p re se n ta tio n  o f in fo r m a tio n . A ll  origin al 
d a ta  w h ich  th e  a u th o r  d e e m s  p e r tin e n t m u s t  b e  s u b m itte d  
a lo n g  w ith  th e  m a n u sc r ip t . F or e x a m p le , a p a p e r  re p o r t
in g  a  c ry sta l stru ctu re  sh o u ld  in c lu d e  stru c tu re  fa c to r  ta b les  
for u se  b y  th e  review ers.

All references and explanatory notes, formerly set up 
as footnotes on individual pages, are now grouped at the 
end of the article in a section called “ References and 
Notes.”  T h e y  sh o u ld  b e  n u m b e r e d  c o n sec u tiv e ly  in  th e  
order in  w h ich  th e y  are first m e n tio n e d  in  th e  te x t , a n d  th e  
c o m p le te  lis t o f  n o tes  a n d  litera tu re  c ita tio n s  sh o u ld  a p p ea r  
a t  th e  e n d  o f th e  m a n u sc r ip t . N o m e n c la tu r e  sh o u ld  c o n 
fo rm  to  th a t  u se d  in  Chemical Abstracts a n d  m a th e m a tic a l  
ch a ra cte rs  sh o u ld  b e  u n d er lin e d  for ita lic s , G reek  letters  
sh o u ld  b e  a n n o ta te d , an d  su b sc rip ts  a n d  su p erscr ip ts  d e a r 
ly  m a rk e d .

P a p e r s  s h o u ld  n o t d e p e n d  for th e ir  u se fu ln ess  on  u n p u b 
lish e d  m a te r ia l, a n d  ex cessiv e  referen ce  to  m a te r ia l in  p ress  
is d isc o u ra g e d . R e fe re n c e s  n o t re a d ily  a v a ila b le  (e.g., p r i
v a te  te c h n ic a l rep o rts , p re p rin ts , or a rtic les  in  p ress) th a t  
are n e ce ssa ry  for a c o m p le te  review  o f th e  p a p er  m u s t  be  
in c lu d e d  w ith  th e  m a n u sc r ip t for use  b y  th e  review ers.

VI. Revised Manuscripts
A  m a n u sc r ip t  se n t b a c k  to  an  a u th o r for rev isio n  sh o u ld  

b e  re tu rn e d  to  th e  ed ito r  w ith in  6  m o n th s ; oth erw ise  it w ill 
b e  co n sid ered  w ith d ra w n  a n d  tr ea te d  as a n ew  m a n u sc r ip t  
w h en  a n d  if  it  is re tu rn e d . R e v ise d  m a n u sc r ip ts  retu rn ed  
to  th e  ed itor  m u s t  b e  s u b m itte d  in tr ip lic a te  a n d  a ll ch a n ges  
sh o u ld  b e  m a d e  b y  ty p ew riter . Unless the changes are 
very minor, all pages affected by revision must be re
typed. I f  rev ision s are so e x te n siv e  th a t  a n ew  ty p e sc r ip t o f  
th e  m a n u sc r ip t  is n e ce ssa ry , it  is re q u e ste d  th a t  a c o p y  o f  
th e  orig in al m a n u sc r ip t be  s u b m itte d  a lo n g  w ith  th e  revised  
o n e .

VII. Supplementary Material
F ro m  tim e  to  t im e  m a n u sc r ip ts  in v o lv e  e x te n siv e  ta b le s , 

g ra p h s, sp ec tra , m a th e m a t ic a l  m a te r ia l, or o th er “ s u p p le 
m e n ta ry  m a te r ia l”  w h ich , th o u g h  o f v a lu e  to  th e  sp ec ia lize d  
reader w h o n e ed s a ll th e  d a ta  or all th e  d e ta il, d oes n o t h elp  
a n d  o fte n  h in d ers th e  e ffec tiv e  p re sen ta tio n  o f th e  w ork  
b e in g  re p o rte d . T h e  A m e r ic a n  C h e m ic a l S o c ie ty  h a s  in 
s t itu te d  a p o lic y  o f  in c lu d in g  su ch  su p p le m e n ta ry  m a te ria l  
in  th e  microfilm e d it io n s  o f  its  jo u r n a ls , w h ich  are a v a ila b le  
in  m a n y  sc h o la r ly  lib ra ries ; in  a d d itio n , in terested  readers  
w ill b e  a b le  to  o b ta in  th e  m ic ro film  m a te r ia l d ire c tly  a t

n o m in a l c o st. A u th o rs  are e n co u ra g ed  to  m a k e  u se  o f  th is  
reso u rce , in  th e  in terests  o f sh orter a rtic les (w h ic h  m e a n  
m o re  ra p id  p u b lic a tio n )  a n d  clearer, m o re  re a d a b le  p re sen 
ta tio n .

S u p p le m e n ta r y  m a te r ia l for in c lu sio n  in th e  m ic ro film  
ed itio n  sh o u ld  a c c o m p a n y  a m a n u sc r ip t a t  th e  t im e  o f its  
orig in al s u b m iss io n  to  an  ed ito r . I t  sh o u ld  b e  c lip p e d  t o 
geth er a n d  a tta c h e d  a t  th e  en d  o f th e  m a n u sc r ip t , a lo n g  
w ith  a  s lip  o f  p ap er c le a r ly  in d ic a tin g  th a t  th e  m a te r ia l is 
“ su p p le m e n ta r y  m a te r ia l for th e  m ic ro film  e d it io n .”  A  
p a ra g ra p h  sh o u ld  a p p ea r a t  th e  en d  o f th e  p a p er  in d ic a tin g  
th e  n a tu re  o f th e  su p p le m e n ta ry  m a te r ia l a n d  th e  m e a n s  b y  
w h ich  th e  in terested  reader m ig h t b e  a b le  to  o b ta in  co p ies  
o f th e  d a ta  w ith o u t u se  o f th e  m ic ro film  e d itio n  itse lf. T h e  
fo llo w in g  is a n  e x a m p le .

Supplementary Material Available. A  lis tin g  o f s tr u c 
tu re fa c to r  a m p litu d e s  w ill a p p ea r fo llo w in g  th e se  p ag es in  
th e  m ic ro film  e d itio n  o f th is  v o lu m e  o f th e  jo u r n a l. P h o to 
co p ies o f  th e  su p p le m e n ta r y  m a te ria l fro m  th is  p a p e r  on ly  
or m ic ro fich e  (1 0 5  X  1 48  m m , 2 0 x  re d u c tio n , n e g a tiv e s)  
c o n ta in in g  a ll o f  th e  su p p le m e n ta r y  m a te r ia l fo r  th e  p a p ers  
in  th is  issu e m a y  b e  o b ta in e d  fro m  th e  J o u rn a ls  D e p a r t 
m e n t, A m e r ic a n  C h e m ic a l S o c ie ty , 115 5  1 6 th  S t . ,  N .W . ,  
W a s h in g to n , D . C . 2 0 0 3 6 . R e m it  ch eck  or m o n e y  ord er for  
$ 0 .0 0  for p h o to c o p y  or $ 2 .0 0  for m ic ro fic h e , referrin g to  
code n u m b e r  J P C -0 0 -0 0 0 0 .

T h e  a m o u n t o f  m o n e y  to  b e  in d ic a te d  in  th e  b la n k s  w ill 
b e  fille d  in  b y  th e  E d ito r ia l O ffic e  a t  E a s to n , P a .,  a fter  th e  
a c c e p ta n c e  o f an  a rtic le .

VIII. Proofs and Reprints
G a lle y  p ro o fs , orig in al m a n u sc rip t , cu t c o p y , a n d  rep rin t  

order fo rm  are se n t b y  th e  p rin ter d ire c tly  to  th e  a u th o r  w h o  
s u b m itte d  th e  m a n u sc r ip t . T h e  a tte n tio n  o f th e  au th o rs  is 
d ire cted  to  th e  in stru c tio n s w h ich  a c c o m p a n y  th e  p ro of, 
e sp e c ia lly  th e  re q u ire m e n t th a t  a ll co rrection s, rev ision s, 
a n d  a d d itio n s  b e  en tered  on  th e  p ro o f a n d  n o t  on  th e  
m a n u sc r ip t . P ro ofs sh o u ld  b e  ch e ck e d  a g a in st  th e  m a n u 
scr ip t (in  p a rtic u la r  all ta b le s , e q u a tio n s , a n d  fo r m u la s , 
sin ce  th is  is n o t d o n e  b y  th e  editor) a n d  re tu rn e d  as soo n  
as p o ss ib le . N o  p a p er  is  re leased  for p rin tin g  u n til th e  
a u th o r ’s p ro o f h a s  b e e n  rece iv ed . A lte r a tio n s  in  an  a rtic le  
a fte r  it  h a s  b e e n  se t  in ty p e  are m a d e  a t  th e  a u th o r ’s e x 
p en se , a n d  it  is u n d ersto o d  th a t b y  e n te rin g  su ch  a ltera tio n s  
on p ro ofs th e  a u th o r agrees to  d efra y  th e  co st th e reo f. T h e  
f i lle d -o u t  rep rin t fo rm  m u s t  b e  retu rn ed  w ith  th e  proof, 
a n d  if a p rice q u o ta tio n  is requ ired  b y  th e  a u th o r ’s o r g a n iz a 
tio n  a re q u e st for it  sh o u ld  a c c o m p a n y  th e  p ro o f. S in c e  
rep rin tin g  is g e n e ra lly  d o n e  fro m  th e  jo u r n a l p ress fo rm s, 
a ll orders m u s t  b e  file d  b efore  p ress t im e . N o n e  ca n  be  
a c c e p te d  la ter , u n le ss  a  p revio u s re q u e st h a s  b e e n  m a d e  to  
h o ld  th e  ty p e . R e p rin t s h ip m e n ts  are m a d e  a m o n th  or 
m o re  a fte r  p u b lic a tio n , a n d  b ills  are issu e d  b y  th e  p rin ter  
su b se q u e n t to  sh ip m e n t. N e ith e r  th e  ed itors nor th e  W a s h 
in g to n  o ffice  k eep s a n y  s u p p ly  o f re p rin ts . T h e re fo re , on ly  
th e  au th o rs  ca n  b e  e x p e c te d  to  m e e t  req u ests  for sin g le  
co p ies  o f  p a p ers .

A  p a g e  ch arge  is a sse sse d  to  cover in  p a rt th e  c o st  o f  p u b 
lic a tio n . A lth o u g h  p a y m e n t is e x p e c te d , it is n o t a  c o n d i
tio n  for p u b lic a tio n . A rtic le s  are a c c e p te d  or re je cte d  only- 
on  th e  b a s is  o f  m e rit , a n d  th e  e d ito r ’s d ec isio n  to  p u b lish  th e  
p a p er  is m a d e  b efore  th e  ch arge  is a sse sse d . T h e  ch a rg e  per  
jo u r n a l p ag e  is $ 50 .
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T h e  m e c h a n is tic  s tu d y  o f  th e  w a te r -g a s  s h ift  re a ctio n  over an  iron  ox id e  c a ta ly s t  w as m a d e  u tiliz in g  th e  
iso to p ic  ex ch a n g e  re a ctio n  o f  o x y g e n -1 8 . R e a c t io n  te m p e ra tu re s  ra n g e d  fro m  4 0 0  to  4 5 0 °  a n d  th e  to ta l  
p ressu re  o f  th e  re a c tio n  sy s te m  w as 8 0  m m . T h e  forw ard  a n d  b a ck w a rd  ra tes  o f  th e  r a te -d e te rm in in g  
ste p s  o f  th e  re a c tio n , th a t  is , C O  <=* C O  (a ) (s te p  i) an d  2 H  (a ) «=r H 2 (s te p  v ) w ere c o m p u te d  a n d  c o m 
p a red . T h e  c o m p a riso n  in d ic a te d  th a t  th e  ord er o f  m a g n itu d e  o f  th e  forw ard  ra te  o f  s te p  i is c o m p a ra b le  
w ith  th a t  o f  th e  forw ard  ra te  o f  s te p  v  a n d  th a t  in  th e  e a r ly  s ta g e  o f  th e  re a c tio n , s te p  v  w o u ld  govern  th e  
o v era ll ra te , w h ereas s te p  i b e c o m e s  th e  g o v ern in g  ste p  as th e  re a c tio n  p ro gresses to  a p p ro a c h  th e  c h e m i
c a l e q u ilib r iu m . T h e  re su lts  are in  go od  a g re e m e n t w ith  th o se  o f  earlier in v e stig a tio n s .

Introduction
T h e  m e c h a n is tic  s tu d y  o f  th e  w a te r -g a s  s h ift  rea ctio n  

h as b e e n  g re a tly  a d v a n c e d  b y  th e  u se  o f  iso to p ic  tr a c e r s . 1-5  

In  th e  s tu d y  th e  s to ic h io m e tric  n u m b e r  c o n c e p t in tro 
d u ced  b y  H o r iu t i6 h a s  b e e n  in te n siv e ly  u se d  for th e  d eter 
m in a tio n  o f  ra te -c o n tr o llin g  s te p  or s te p s  in  v a rio u s rea c
tio n  m e c h a n is m s  p ro p o sed . R e c e n tly  O k i a n d  K a n e k o 1-5  

h av e  e m p lo y e d  th ree  d iffe re n t iso to p ic  tracers in c lu d in g  
d e u te r iu m , c a r b o n -1 4 , a n d  o x y g e n -1 8  to  o b ta in  m o re  d e 
fin itiv e  c o n c lu sio n s co n cern in g  r a te -c o n tr o llin g  s te p s  as  
w ell as re a ctio n  m e c h a n is m s  o f  th e  w a te r -g a s  s h ift  re a c 
tio n  over a n  iron  ox id e  c a ta ly s t . T h e ir  e x p e r im e n ta l re 
su lts  in d ic a te d  th a t  re a c tio n  m e c h a n ism s  I  a n d  II  are 
m o s t  p la u s ib le  a n d  th a t  s te p s  i a n d  v  o f  th ese  m e c h a n ism s  
a p p ea r  to  b e  rate c o n tro llin g .

M ec h a n ism  I

C O

HoO

C O (a )  )

I  0 (a )
1 2 H (a )

Ï C 0 2(a ) C 0 2 

- H 2

M ec h a n ism  II

C ° 7  ,C O ( a ) } ^ H C O O ( a ) ^  
H 20  f C H ( a ) /

\ H ( a ) -------------------------------------------

( C 0 2(a )  X  ( 

l  H  ( a )  1  v*.

M o r e  recen tly  M e z a k i  a n d  O k iT re a n a ly z e d  th e  rate  
d a ta  ga th ered  in  th e  e x p e r im e n t4 -5 w ith  o x y g e n -1 8  a n d  
fo u n d  th a t  for th e  e x p e r im e n ta l co n d itio n s e m p lo y e d  th e  
n a tu re  o f  th e  ra te -c o n tr o llin g  s te p  s lo w ly  ch a n g es from  
ste p  v  d o m in a n c e  to  s te p s  i a n d  v  d o m in a n c e  as th e  e x 
p e r im e n ta l co n d itio n s a p p ro a c h  c h e m ic a l e q u ilib r iu m . In  
th is  in v e stig a tio n  o n ly  th e  ra tio  o f  th e  forw ard  a n d  b a c k 
w ard  ra tes o f  s te p  i w ere c o m p u te d  for v a rio u s e x p e r im e n 
ta l  co n d itio n s to  fin d  th e  re la tiv e  im p o r ta n c e  o f  s te p  i to  
th e  ov era ll re a ctio n . I t  w as n o t y e t  k n o w n  h o w  th e  forw ard  
a n d  b a c k w a rd  ra tes  o f  s te p s  i a n d  v  ch a n g e  a s  th e  rea ctio n  
c o n d itio n s a p p ro a c h  c h e m ic a l e q u ilib r iu m .

T h e  p re sen t s tu d y  th u s  a im s  to  c a lc u la te  th e  forw ard  
a n d  b a c k w a rd  ra tes  o f  s te p s  i a n d  v  e m p lo y in g  e x p e r im e n 
ta l  d a ta  o b ta in e d  w ith  o x y g e n -1 8  a n d  to  e x a m in e  w h eth er  
th ese  ra tes d ecrease  or in crease  w ith  ch a n g e  in  e x p e r im e n 
ta l co n d itio n s , in  p a rtic u la r  w ith  d ec rea se  in  th e  o v erall

(1) Y. Kaneko and S. Oki, J. R es . Inst. C atal., H ok ka id o  Univ., 13, 55 
(1965).

(2) Y. Kaneko and S. Oki. J. R es . inst. C atal., H ok ka id o  Univ., 13, 169 
(1965).

(3) Y. Kaneko and S. Oki J. R es . Inst. Catal., H ok ka id o  Univ., 15, 185 
(1967).

(4) S. Oki, Y. Kaneko, Y. Arai, and M. Shimada, S hokubai, 11, 184 
(1969).

(5) S. Oki, J. Happel, M. A. Hnatow, and Y. Kaneko, P roc . Int. C ongr. 
Catal., 5th, 1972, in press.

(6) J. Horiuti and M. Ikushima, P roc . Im p. A ca d . Jap., 15, 39 (1939).
(7) R. Mezaki and S. Oki, J. Catal., in press.
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rate  o f  th e  w a te r -g a s  sh ift  re a c tio n . I t  w a s  h o p e d  th a t  th e  
a b o v e  in v estig a tio n  w o u ld  p ro v id e  a m u c h  c learer in sig h t  
in to  th e  c h a n g e  o f  ra te -c o n tr o llin g  ste p  or s te p s  o f  th e  
re a ctio n  if  th a t  c h a n g e  occu rs w h en  th e  re a c tio n  c o n d i
tio n s p a ss  fro m  on e  e x tre m e  to  a n o th er.

Mathematical Analysis

w+iii/u—in =  1  a n d  u + i v /t - i v  =  1  ( 1 0 )

H e n c e  eq  9  red u ces  to

V*' _ ¿co ~  ^ c o 2 

U-i ¿co — ^  Zco
T h e  ov era ll rea ctio n  ra te  V o f  eq  1 1  ca n  b e  o b ta in e d  fro m

In  th is  se c tio n  w e d ev e lo p e d  m a th e m a t ic a l  exp ression s  
b y  w h ich  th e  forw ard  a n d  b a c k w a rd  ra tes  o f  o x y g en  p a th s  
o f  m e c h a n is m s  I  a n d  IE are c a lc u la te d .

T h e  o v era ll re a c tio n  o f  th e  w a te r -g a s  s h ift  rea ctio n  is 
g iv en  b y  th e  e q u a tio n

C O  +  H 20  ^  C 0 2 +  H 2 (1 )

C o n sid e r  a c losed  c irc u la tin g  rea ctio n  s y s te m  in  w h ich  a  
ga seo u s m ix tu r e  co n sistin g  o f  ca rb o n  m o n o x id e , w ater  
v a p o r, ca rb o n  d io x id e , a n d  h y d ro g e n  is c irc u la tin g  th ro u g h  
a n  iron  ox id e  c a ta ly s t  b e d . W h e n  m e c h a n is m  I  is a s 
s u m e d , th e  fo llo w in g  re la tio n sh ip s  e x is t  for th e  ox y g en  
p a th s  i, ii, iii, a n d  iv  o f  m e c h a n is m  I .

d (n CC,Z Co ) ry „  _  7  „ .
fco = -------------- ^ -------  =  ¿co ^ + i ^CO(a)V-i 'A /

=  ZcO (a)V+»i — •Zc0 2(a)I;-iii ®

d (n H2o 2 Hjo) v  „  _  y  „ . .
f H o = ----------------Jl---------  =  ¿CKa)v-n

d t
=  ^0(a)V*ni ^C02(a)V->ii

(4 )

(5 )

«co, <6)

w here u±i d en o te s  th e  forw ard  a n d  b a c k w a rd  ra tes  o f  step  
i a n d  rij is  th e  n u m b e r  o f  m o le s  o f  th e  i c o m p o n e n t in  th e  
re a c tio n  s y s te m . N o te  th a t  Z\ is  th e  a to m ic  fra c tio n  o f  
o x y g e n -1 8  in  i c o m p o n e n t a n d  th a t  Z^a) is  th e  a to m ic  
fra c tio n  o f  o x y g e n -1 8  in  th e  i sp ec ies  a d so rb e d  on  th e  c a t 
a ly s t  su rfa ce .

S o lv in g  for Zco o i  a n d  Z Co 2<a> in  eq  2  a n d  6 , re sp ec tiv e 
ly , a n d  s u b s t itu t in g  th e  re su ltin g  so lu tio n s in  eq  3 , w e o b 
ta in

¿co =  T. ( Z c o ^ i  — ¿co) — 7, . (ZCQV-iv +  tCCh) (7)O-i o +iv

F or a n  o x y g en  e x c h a n g e  p a th  w h ich  in c lu d e s  s te p s  i, iii, 
a n d  iv , w e d efin e

V = V + i,iii,iv y  i,iii,iv
( 8 )

w here V d en o te s  th e  o v erall rate  o f  th e  w a te r -g a s  sh ift  
re a ctio n  a n d  y + J.JJJ.Jv a n d  y_J.Ju.Jv ar6; re sp e c tiv e ly , th e  
forw ard  a n d  th e  b a c k w a rd  ra te  o f  th e  o x y g en  ex c h a n g e  
p a th .

U s in g  C s u h a ’ s d e fin itio n s8 o f  V + M iU v  a n d  V _J .n i.iv  ancj  
c o m b in in g  eq  7  a n d  8 , w e get

y+i^+iiil-’ +iv

-  VZ~cô tco ~  ^ c° 2̂  +

(a _ iv  1 ) ( t c o  i(X^ }  (9)

A  d e ta ile d  d eriv a tio n  o f  eq  9  is  p re sen te d  e lse w h ere .5

T h e  re su lts  o f  th e  earlier in v e stig a tio n s 4 ’5 w h ic h  w ere  
o b ta in e d  u n d er  e x a c tly  th e  sa m e  re a c tio n  co n d itio n s  as  
th o se  e m p lo y e d  in  th is  w ork  sh ow ed  th a t  th e  forw ard  a n d  
b a ck w a rd  ra tes o f  s te p s  ii, iii, a n d  iv  are e x tr e m e ly  h igh  
c o m p a re d  to  th o se  o f  s te p s  i a n d  v . O n  th is  grou n d  it  is 
a ssu m e d  th a t  th e  fo llo w in g  re la tio n sh ip  a lso  h o ld s  for our 
ca se , th a t  is

V  =  - d r e c o /d f  ( 1 2 )

C o m b in a tio n  o f  eq  2 , 1 1 , a n d  1 2  gives

^ 7  = 1  -  (ZC02 -  z c o ) ( - ^ / n c o ~ a f )  (13 )

F or th e  d ire ct u se  o f  e x p e r im e n ta l d a ta  th e  fo llo w in g  
e q u a tio n  m a y  b e  m o re  a d v a n ta g e o u sly  e m p lo y e d

v+i „ „  , /dpco / d ĉo\
—  = 1 - ( Z C02 Z c o ) (  ^  , / P c o  it )

w here p c o  d e n o te s  th e  p a r tia l p ressu re  o f  ca rb o n  m o n o x 

ide in  th e  sy s te m .
T h e  o v erall n e t  rea ctio n  rate  V is a lso  g iv e n  in  te rm s o f  

u + i a n d i !_ i ,  th a t  is

V = - d p c o / d i  =  u + i -  u - i  ( 1 5 )

N o te  th a t  eq  14  a n d  15  m a y  b e  so lv e d  s im u lta n e o u s ly  to  
give th e  v a lu es  o f  u + i a n d  u _ j  for v a rio u s e x p e r im e n ta l  
co n d itio n s .

W h e n  s te p s  i a n d  v  are ra te  co n tro llin g , th e  c h e m ic a l  
a ffin ity  o f  th e  w a te r -g a s  sh ift  re a c tio n , — A G , m a y  b e  e x 
p ressed  b y  th e  fo llo w in g  re la tio n sh ip s

-  A G (16 )  
I P h2P co2 ’

an d

A G  -  K T {  1„ ( £ )  +  In O }  (17)

in  w h ich  Kp is th e  th e r m o d y n a m ic  e q u ilib r iu m  c o n sta n t  
o f  th e  re a ctio n , T is th e  re a ctio n  te m p e ra tu re , a n d  px is 
th e  p a r tia l p ressu re o f  ga seo u s c o m p o n e n t i. T h u s  th e  
v a lu e s  o f  u + v  a n d  u _ v ca n  b e  re a d ily  o b ta in e d  i f  th o se  o f  
o + i a n d  (j_ i are a v a ila b le .

Experimental Section

H e a v y  w a ter c o n ta in in g  1 0 .9 %  180  w a s  p u rc h a se d  fro m  
th e  R e sea rc h  a n d  D e v e lo p m e n t  L t d .,  R e h o v o th , Isra e l, 
an d  w a s u se d  w ith o u t fu rth er p u rific a tio n . C a rb o n  m o n o x 
ide w as p re p a re d  b y  d e h y d ra tio n  o f  fo rm ic  a c id  a n d  p u r i
fied  b y  p a ss in g  it  th ro u g h  a liq u id  n itrog en  tr a p . C a rb o n  
d io x id e  w as fo rm e d  b y  d e c o m p o sit io n  o f  so d iu m  b ic a r b o n 
ate  a n d  p u rified  b y  v a c u u m  d is tilla tio n . H y d r o g e n  g a s  w as  
su p p lie d  b y  T a k a y a m a  S h o ji C o . F or p u rific a tio n  th e  h y 
d rogen  ga s w as p a sse d  th rou g h  a  s ilic a  gel c o lu m n , a  l iq 
u id  n itrog en  tra p , a p a lla d iu m  th im b le  w h ich  w a s k e p t a t  
3 8 0 ° , a n d  a  liq u id  n itrog en  tr a p . A l l  th e  ga ses fed  in to  th e  
re a ctio n  sy ste m  w ere a n a ly z e d  b y  a m a ss  sp ec tro m e te r  
a n d  th e  a n a ly sis  in d ic a te d  th a t  th e  c o n c e n tra tio n s  o f  a ll  
th e  g a ses  w ere h ig h er th a n .9 9 .9 9 % .

A n  iron ox id e  c a ta ly s t  w as d o n a te d  b y  M its u b is h i  K a s e i  
C o ., L td . T h e  c a ta ly s t  w as cru sh ed  a n d  screen ed  to  a b o u t  
12 m e s h . T h e  a m o u n t o f  th e  c a ta ly s t  u se d  w as 0 .5  g . O n  
p re tr e a tm e n t o f  th e  c a ta ly s t  iron ox id e  in  th e  fo rm  o f  
F e 20 3 w as re d u ce d  to  F e 30 4 . P rior to  th e  e x p e r im e n ts , th e  
c a ta ly s t  w as b a th e d  w ith  a  ga seo u s m ix tu r e  o f  ca rb o n

(8) R. S. Csuhaand J. Happel, AlC hE  J., 17,927 (1971).
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m o n o x id e , w a ter v a p o r  c o n ta in in g  o x y g e n -1 8 , h y d ro g en , 
a n d  ca rb o n  d io x id e , fo r  a p p r o x im a te ly  100  hr a t  5 0 0 ° .  
A fte r  e a ch  e x p e r im e n t, th e  re a c tio n  s y s te m  w as e v a c u a te d  
a t th e  te m p e ra tu re  of t h a t  e x p e r im e n t.

T h e  re a ctio n  te m p e ra tu re  ra n g e d  fro m  4 0 0  to  4 5 0 ° . F or  
a ll e x p e r im e n ts  th e  feed  c o n ta in e d  ca rb o n  m o n o x id e , 
w ater v a p o r, ca rb o n  d io x id e , a n d  h y d ro g e n . T h e  p a rtia l  
pressures o f  th e se  c o m p o n e n t ga ses w ere v a rie d  w id e ly .

In  a b sen c e  o f  th e  c a ta ly s t  a series o f  e x p e r im e n ts  w as  

m a d e  b y  e m p lo y in g  th e  sa m e  e x p e r im e n ta l c o n d itio n s  as  
th o se  u se d  for e x p e r im e n ts  in  th e  p resen ce  o f  th e  c a ta ly s t . 
R e su lts  o f  th e se  b la n k  e x p e r im e n ts  sh o w e d  th a t  n o  ox y g en  
ex ch a n g e  n or w a te r -g a s  sh ift  re a c tio n  occu rred  to  a n y  
m e a su r a b le  e x te n t. T h u s  it  w as e s ta b lish e d  th a t  a ll m e a 
su ra b le  c o n v ersio n s o f  th e se  re a c tio n s  w ere d u e  to  th e  iron  
ox id e  c a ta ly s t .

A  d e ta ile d  d e sc r ip tio n  o f  th e  e x p e r im e n ta l a p p a r a tu s  
an d  th e  p ro ced u re  u tiliz e d  in  th is  s tu d y  w a s p re sen te d  
e lsew h ere .2 A  c lo se d -r e c y c lin g  ty p e  rea cto r w a s u se d . T h e  
en tire  a p p a r a tu s  w as m a d e  o f  P y rex  g la ss  b e c a u se  ou r e x 
p e r im e n ts  sh o w e d  th a t  o x y g en  e x c h a n g e  b e tw ee n  th e  w all 
o f  a p p a r a tu s  a n d  o x y g e n -c o n ta in in g  ga ses w a s m in im iz e d  
w h en  P y rex  g la ss  w as u tiliz e d .

G a s  sa m p le s  w ere d ra w n  in to  ga s s a m p lin g  b u lb s  a t  
sp ec ifie d  t im e  in te r v a ls . T h e  a to m ic  fra c tio n s o f  o x y g e n -1 8  
in  ca rb o n  m o n o x id e  a n d  ca rb o n  d io x id e  w ere d e te r m in e d  
b y  a H ita c h i m a ss  s p e c tro m e te r , R M S -3 B  ty p e , w ith  a 
co n sta n t e lectro n  a c c e le r a tin g  v o lta g e  o f  8 0  V .

P re lim in a r y  e x p e r im e n ts  w ere p e r fo rm e d  to  d eterm in e  
th e  e ffe c t o f  ga s flo w  ra te  on  re a c tio n  ra te . U s in g  0 .5  g o f  
th e  iron o x id e  c a ta ly s t , th e  re a c tio n  ra tes  w ere m e a su red  
for v a rio u s flo w  ra tes  o f  g a s  m ix tu r e  a t  te m p e ra tu re s  b e 
tw een  4 0 0  a n d  4 5 0 °  a n d  a t a  to ta l p ressu re  o f  80  m m . T h e  
m ix tu re  in it ia lly  c o n ta in e d  e q u a l p o rtio n s o f  c a rb o n  m o n 
o x id e, ca rb o n  d io x id e , h y d ro g e n , a n d  w a te r  v a p o r . T h e  re 
su lt o f  th e se  p re lim in a r y  e x p e r im e n ts  in d ic a te d  th a t  m a ss  
flo w  ra tes  greater th a n  1 .5  g /m i n  g  o f  c a ta ly s t  h a d  n o  a p 
p recia b le  e ffe c t  on  th e  re a ctio n  ra te . C o n se q u e n tly , th is  
flow  rate  w a s e m p lo y e d  in  th e  p re sen t s tu d y . B y  u sin g  th e  
m e th o d  o f  Y a n g  a n d  H o u g e n 9 w e c a lc u la te d  th e  p a rtia l  
p ressu re d ro p s o f  th e  re a c ta n ts  a n d  th e  p ro d u c ts  b e tw ee n  
th e  gas s tr e a m  a n d  exterior su rfa ce  o f  th e  c a ta ly s t  p a rtic le  
for th e  h ig h est p o ssib le  re a ctio n  ra te . I t  w a s d ete r m in e d  
th a t  th e  d ro p s d o  n o t e x c e e d  0 .2 %  o f  th e ir  a m b ie n t  v a lu e s . 
C o n cern in g  d iffu sio n  in sid e  th e  c a ta ly s t , c a lc u la tio n s 10 

sh ow ed  th a t  th e  v a lu e  o f  th e  e ffe c tiv e n e ss  fa c to r  w as e s 
se n tia lly  u n ity  e v e n  a t  th e  h ig h e st rea ctio n  ra te . In  lig h t  
o f  th e se  e x p e r im e n ta l a n d  c o m p u ta t io n a l resu lts  it  w as  
co n sid ered  th a t  th e  g a seo u s d iffu sio n  in sid e  an d  o u tsid e  
th e  c a ta ly s t  h as n o  e ffe c t  on  th e  re a c tio n  ra te  for  th e  e x 
p e r im e n ta l c o n d itio n s  o f  th is  s tu d y .

Results
T a b le  I 1 1  sh ow s th e  e x p e r im e n ta l d a ta  u sed  for  th e  

c o m p u ta t io n  o f th e  forw ard  a n d  b a c k w a rd  ra tes  o f  ste p  i, 
step  v , a n d  th e  ra te  o f  th e  ov era ll re a c tio n . T h e s e  rates  
w ere c a lc u la te d  b y  a p ro ced u re  d e ta ile d  in  a p re v io u s s e c 

tio n .
F ig u re  1 p re sen ts , as  an  e x a m p le , th e  ra te s  o f  ru n  1. 

S im ila r  re su lts  w ere o b ta in e d  for o th er se ts  o f  e x p e r im e n 
ta l d a ta . A s  ca n  b e  se en  fro m  th e  figu re, th e  forw ard  a n d  
b a ck w a rd  ra tes  o f  s te p  i d ecrease  ra th er m o n o to n o u sly  
an d  th e  d ifferen ce  o f  th e se  tw o  ra te s , th a t  is , th e  n e t o v er
a ll rate  d im in ish e s  c o n tin u o u s ly  as th e  re a c tio n  co n d itio n s  
a p p ro ach  th e  c h e m ic a l e q u ilib r iu m . W h e r e a s  th e  forw ard  
an d  b a ck w a rd  ra tes  o f  s te p  v  se e m  to  in crease  as th e

Figure 1. The forward and backward rates of step i and step v 
(run 1, reaction temperature 400°).

w a te r -g a s  sh ift re a c tio n  p ro c e ed s . T h e  d iffe re n ce  o f  th ese  
tw o  ra tes o f  s te p  v  is a lso  red u ced  s te a d ily , in d ic a tin g  th a t  
th e  rate  o f  in crease  o f  th e  b a c k w a rd  ra te  o f  s te p  v  is h ig h 
er c o m p a re d  to  th a t  o f  th e  forw ard  ra te . T h is  d ifferen ce , 
n eed less  to  sa y , u lt im a te ly  v a n ish e s  w h en  th e  rea ctio n  
reach es c h e m ic a l e q u ilib r iu m . I t  s h o u ld  b e  n o te d  th a t  th e  
forw ard  ra te  o f  s te p  v  goes th ro u g h  th e  m in im u m  v a lu e  to  
a p p ro a ch  e q u ilib r iu m  c o n d itio n s .

In  F ig u re  2 th e  forw ard  re a ctio n  ra tes  o f  ru n  1 are c o m 
p a red . T h e  c o m p a riso n  in d ic a te s  th a t  a t  th e  b eg in n in g  o f  
th e  re a ctio n  th e  forw ard  ra te  o f  ste p  i is h ig h er th a n  th a t  
o f  s te p  v . A s  th e  re a ctio n  p ro gresses to w a rd  e q u ilib r iu m , 
h ow ever, th e  m a g n itu d e s  o f  th e se  ra tes w ere rev ersed .

F ig u re  3 sh ow s re la tio n sh ip s  b e tw e e n  th e  forw ard  rates  
o f  s te p  i a n d  th e  p a r tia l p ressu re  o f  ca rb o n  m o n o x id e  for  
v a rio u s rea ctio n  te m p e ra tu re s . In  F ig u re  4  th e  d ep e n d e n ce  
o f  th e  forw ard  ra te  o f  s te p  v  on  th e  p a r tia l p ressu res o f  
w a ter v a p o r  is p re se n te d . W e  e x a m in e  th e se  figu res m ore  
fu lly  in  D isc u ss io n  se c tio n .

Discussion
I t  c a n  b e  seen  fro m  T a b le  I  th a t  for a ll th e  ru n s Z Co  in 

creases g ra d u a lly  w ith  re a ctio n  t im e  e la p se d , w h erea s th e  
m a x im u m  Z Co 2 occu rs w ith in  th e  first 3 0  m in  o f  rea ctio n  
t im e . T h is  e x p e r im e n ta l re su lt m a y  p ro v id e  e v id e n c e  to  
su p p o rt th e  a d e q u a c y  o f  re a c tio n  m e c h a n is m s  o f  th e

;9) K. H. Yang and O. A. Hougen, C h em . Eng. P rogr., 46, 146 (1950). 
00 ) C. N. Satterfield, "M ass Transfer in Heterogeneous Catalysis,”

M.l.T. Press, Cambridge, Mass., 1970.
(11) Table I will appear following these pages In the microfilm edition of 

this volume of the journal. Single copies may be obtained from the 
Business Operations Office, Books and Journals Division, American 
Chemical Society, 1155 Sixteenth St., N.W., Washington, D. C. 
20036. Remit check or money order for $3.00 for photocopy or 
$2.00 for microfiche, referring to code number JPC-73-1601.

The Journal of Physical Chemistry, Vol. 77, No. 73, 7973



1604 Shoichi Oki and Reiji Mezaki

Figure 2. A comparison of the forward rales of step i, step v, 
and the overall reaction (run 1, reaction temperature 400°).

Figure 3. Relationships between the forward rates of step i and 
the partial pressures of carbon monoxide.

Figure 4. Relationships between the forward rates of step v and 
the partial pressures of water vapor.

w a te r -g a s  sh ift  re a ctio n , w h ich  w ere p ro p o sed  in a n  e a r 
lier se ctio n  o f  th is  a rtic le . T h a t  is , w a ter  v a p o r  c o n ta in in g  
o x y g e n -1 8  is re a d ily  tran sferred  in to  ca rb o n  d io x id e  b e 
ca u se  th e  ra tes o f  s te p s  ii, iii, a n d  iv  are q u ite  h ig h . D u r 
ing th is  p erio d  o f  re a ctio n  ZCo2 in creases sh a r p ly  w ith  
re a ctio n  t im e . T h e  a c c u m u la t io n  o f  o x y g e n -1 8  in  th e  c a r 
b o n  d io x id e  in creases th e  reverse  tra n sfer  ra tes  o f  o x y g e n -  
18 via s te p s  i - i v .  In  p a rtic u la r , a  n o tic e a b le  a m o u n t o f  
o x y g e n -1 8  is tra n sferred  to  ca rb o n  m o n o x id e  b y  w a y  o f  
ste p  i, th e  rate  o f  w h ich  is co n sid ered  to  b e  low  in  th e  fore - 
m e n tio n e d  m e c h a n is m s . T h is  b a la n c e  b e tw e e n  th e  for
w ard  a n d  reverse tra n sfe r  ra tes  o f  o x y g e n -1 8  se e m s  to  e x 
p la in  th e  occu rren ce  o f  th e  m a x im u m  ZCn2 d u rin g  th e  
course o f  th e  re a ctio n .

I t  is e v id e n t fro m  eq  13 a n d  14  th a t  e x p e r im e n ta l m e a 
su rem e n ts  o f  Zco a n d  Zco 2 h av e  a p ro fo u n d  e ffe c t  on  th e  
e stim a te s  o f  v+\, v-u  v + v , a n d  v -v. I t  is a lso  e v id e n t  fro m  
th e  d er iv a tio n  o f  eq  2 -1 4  th a t  th e  re la tio n sh ip  o f  eq  14  is 
d e p e n d e n t u p o n  th e  rea ctio n  m e c h a n is m  o f  th e  re a c tio n . 
In  th e  ca se  w here th e  o x y g en  re a c tio n  occu rs th r o u g h  a  
s c h e m e  or s c h e m e s  o th er th a n  th o se  in c lu d e d  in  m e c h a 
n ism  I or II, th e  resu lts  o b ta in e d  here w o u ld  b e c o m e  
e q u iv o c a l. F or th is  rea son , a c o m p re h e n siv e  s tu d y  w as  
m a d e  on  iso to p ic  ox y g en  ex ch a n g e  rea ctio n  w h ic h  m a y  
p ossess s ig n ific a n t b e a r in g  on  th e  p re sen t in v e stig a tio n . 
S ev era l in v estig a to rs 1 2 -13  14 rep orted  th a t  th e  iso to p ic  o x y 
gen  e x c h a n g e  occu rs b e tw ee n  o x y g en  in re a c ta n t g a ses  a n d  
th e  la ttic e  ox y g en  o f  th e  c a ta ly s t . In  ord er to  d e te r m in e  
th e  e x te n t o f  th e  iso to p ic  o x y g en  e x c h a n g e  re a c tio n , a b o u t  
2 0  m m  o f  w a ter v a p o r  w h ich  co n ta in ed  1 0 .9 %  o f  o x y g e n -1 8  
w as a llo w e d  to  c o n ta c t  th e  iron  ox id e  c a ta ly s t  a t  te m p e r a 
tu res b e tw ee n  4 0 0  a n d  4 5 0 °  to  a tta in  e q u ilib r iu m  o f  th e  
e x ch a n g e  re a c tio n . A  s im ila r  e x p e r im e n t w a s m a d e  b y  
u sin g  ca rb o n  d io x id e  co n ta in in g  o x y g e n -1 8 . N o te  t h a t  th e  
a m o u n t o f  o x y g e n -1 8  e m p lo y e d  w as th e  sa m e  as th a t  u sed  
for th e  ra te  s tu d y . T h e s e  e x p e r im e n ta l s tu d ie s  sh o w ed  
th a t  th e  a m o u n t o f  o x y g en  o f  th e  iron  ox id e  c a ta ly s t  w h ich  
w as re p la c e d  w ith  g a seo u s o x y g e n -1 8  w as a b o u t  1 0 19 

a to m s . In  th e  ra te  s tu d y  a p p ro x im a te ly  2  X  10 22 o x y g e n -  
18 a to m s  w ere in tro d u c e d  to  th e  re a ctio n  s y s te m . A s s u m 
in g  th a t  ca rb o n  d io x id e , ca rb o n  m o n o x id e , a n d  w ater  
v a p o r, re sp ec tiv e ly , ex ch a n g e  th eir o x y g e n -1 8  w ith  th e  la t 
tic e  o x y g en  a to m s  o f  th e  c a ta ly s t  in  p ro p o rtio n  to  th e  p a r 
tia l p ressu res o f  o x y g e n -18  ca rryin g  ca rb o n  d io x id e , ca rb o n  
m o n o x id e , a n d  w a ter v a p o r , it  w a s d e te r m in e d  t h a t  th e  
errors in Z c o 2 a n d  Zco d u e  to  th is  iso to p ic  o x y g en  e x 
ch a n ge  w ere less  th a n  0 . 1 %  u n d er th e  p resen t e x p e r im e n ta l  
c o n d itio n s . T e m k in 1 1  a n d  G la v a c h e k 15  rep o rted  th a t  a R i-  
d e a l-E le y  ty p e  m e c h a n is m  ca n  b e s t  d esc rib e  th e  ra te  d a ta  
o f  th e  w a te r -g a s  sh ift  re a ctio n , o b ta in e d  u sin g  an  ir o n -  
c h r o m iu m  c a ta ly s t . H o w e v e r , th e  resu lts  o f  p rev io u s in 
v e stig a tio n s 1 "5 -7 -16  w ith  d e u te r iu m , o x y g e n -1 8 , a n d  c a r 
b o n -1 4  en tire ly  ru led  o u t th is  re a ctio n  m e c h a n is m . I t  m a y  
also  b e  co n c e iv a b le  th a t  th e  iso to p ic  o x y g en  e x c h a n g e  
ta k e s  p la c e  b y  h o m o g e n e o u s  re a ctio n s . A  ca se  o f  in terest  
is re p resen ted  b y  H 20  +  C 0 2 j=± H 2C 0 3 e q u ilib r iu m . T h e  
c o m p o u n d  H 2C 0 3 ex ists  o n ly  in  th e  liq u id  p h a se . T h u s  it 
se em s im p ro b a b le  th a t  th e  c o m p o u n d  is fo r m e d  a t  t e m 
p eratu res as h ig h  as th o se  e m p lo y e d  in th is  in v e stig a tio n .

(12) O. V. Krylov, Z. A. Markova, I. I. Tret’yakov, and E. A. Fokina, 
Kinet. K ata!., 6, 128 (1965).

(13) C. Wagner, A d van . Catal., 21, (1970).
(14) G. G. Shchibrya, N. M. Morozov, and M. I. Temk n, Kinet. K atal.. 6, 

1057 (1965).
(15) V. Glavachek, M. Marek, and M. Korzhinkova, Kinet. Katal., 9, 

1107 (1968).
(16) S. Oki and R. Mezaki, J. Phy. C h em ., 77,447 (1973).
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O n  th e  b a s is  o f  th e  a b o v e  d iscu ssio n  th e  e x p e r im e n ta l  
m e a su r e m e n ts  o f  ZCo2 a n d  ZCo sh o w s re a so n a b ly  a c cu ra te  
v a lu es  o f  e x c h a n g e d  o x y g e n -1 8  b y  th e  o p e ra tio n  o f  m e c h a 
n ism  I or II  d u rin g  th e  course o f  th e  w a te r -g a s  s h ift  re a c 
tio n .

T h e  foregoin g re su lts  p re sen t v a rio u s in terestin g  fe a 
tu res o f  th e  r a te -d e te r m in in g  s te p s  o f  th e  w a te r -g a s  sh ift  
re a ctio n . F irst , as  sh o w n  in  F igu re  2 , th e  order o f  m a g n i
tu d e  o f  th e  forw ard  ra te  o f  s te p  i is c o m p a ra b le  w ith  th a t  
o f  th e  forw ard  ra te  o f  s te p  v . T h is  is tru e  e v e n  i f  th e  e x 
p e r im e n ta l c o n d itio n s , in  p a r tic u la r , th e  p a r tia l p ressu res  
o f  c o m p o n e n t g a ses , v a ry  ra th er w id e ly . T h e  re su lt w ou ld  
ju s tify  rh a t o f  a n  earlier m e c h a n is tic  s tu d y 5 -16  in  w h ich  
O k i a n d  cow orkers p ro p o sed  th a t  b o th  ste p  i a n d  s te p  v  
are ra te  d e te r m in in g . S e c o n d , for th e  re a c tio n  co n d itio n s  
e m p lo y e d  in  th is  s tu d y  (a p p r o x im a te ly  e q u a l p o rtio n s o f  
ca rb o n  m o n o x id e , w a ter v a p o r , ca rb o n  d io x id e , a n d  h y d r o 
gen w ere in tro d u c e d  in  th e  c lo sed  re a c tio n  s y s te m )  th e  
rate  o f  s te p  i is h ig h er th a n  th a t  o f  s te p  v  in  th e  early  
sta g e  o f  th e  re a ctio n  a n d  th e  rate  o f  s te p  v  in crea ses  ra p 
id ly , y ie ld in g  a  h ig h er ra te  c o m p a re d  to  th e  forw ard  rate  
o f  ste p  i as  e x p e r im e n ta l c o n d itio n s  a p p ro a c h  e q u ilib r iu m . 
T h is  im p lie s  th a t  d u rin g  th e  earlier s ta g e  o f  th e  re a ctio n , 
in  w h ich  th e  p a r tia l p ressu re  o f  ca rb o n  m o n o x id e  is re la 
tiv e ly  h ig h , ste p  v  w o u ld  co n tro l th e  o v era ll rate  a n d  th a t  
ste p  i b e c o m e s  g o v e rn in g  as th e  re a c tio n  p ro ceed s to w a rd  
e q u ilib r iu m . T h e  re su lt p a r tia lly  su p p o rts  th a t  o f  a m ore  
recen t in v e stig a tio n , 7 in  w h ich  M e z a k i  a n d  O k i fo u n d  th a t  
th e  ra te -d e te rm in in g  ste p  o f  th e  w a te r -g a s  s h ift  re a ctio n  
g ra d u a lly  ch a n g es fro m  d o m in a n c e  o f  s te p  v  to  d o m in a n c e  
o f s t e p v a n d  s t e p i .

In  th e se  earlier s tu d ie s 5 -7 th e  r a te -d e te r m in in g  ste p  or  
ste p s o f  th e  rea ctio n  w ere p in p o in te d  fro m  th e  free en ergy  
c h a n g e  a sso c ia te d  w ith  th e  in d iv id u a l e le m e n ta ry  ste p  or  
fro m  th e  a p p a r e n t sto ic h io m e tr ic  n u m b e r  o b serv e d  b y  th e  
e x p e r im e n ts . In  th e  p re sen t s tu d y  w e c o m p u te d  th e  for
w ard  a n d  b a c k w a rd  ra te s  o f  ste p  i a n d  ste p  v  to  e x a m in e  
th e re la tiv e  c o n tr ib u tio n  o f  e a ch  ste p  to  th e  o v era ll ra te . 
T h e  c a lc u la tio n  o f  th e  forw ard  a n d  b a c k w a rd s  ra te s , o b 
v io u sly , p ro v id es  a m u c h  clearer v iew  fo r  th e  c h a n g e  o f  
ra te -d e te rm in in g  s te p , i f  it o c cu rs. I t  m u s t  b e  p o in te d  o u t  
th a t th e  in fo rm a tio n  w h ich  h a s  b e e n  a c c u m u la te d  so  far  
co n cern in g  th e  r a te -d e te r m in in g  ste p  o f  th e  w a te r -g a s  
sh ift re a ctio n  is q u ite  c o n siste n t. F or e x a m p le , as  ca n  b e  
seen  fro m  F igu re  2 , th ere  e x ists  a se t  o f  e x p e r im e n ta l c o n 
d itio n s w h erein  th e  forw ard  ra tes  o f  ste p  i a n d  ste p  v  c o in 
c id e . F or th ese  p a r tic u la r  co n d itio n s  th e  free en ergy  
ch a n g es o f  s te p  i a n d  ste p  v  are e q u a l (see  re f 5  a n d  7) 
a n d , m o reov er , th e  a p p a r e n t sto ic h io m e tr ic  n u m b e r  o b 
served  sh o u ld  b e  2  (see  r e f  5  a n d  *7).

A t  th is  p o in t on e  m a y  w on d er in  w h a t m a n n e r  th e  fo r 

w ard  a n d  b a c k w a rd  ra tes  a tta in  e q u ilib r iu m . U n fo r tu 
n a te ly  th e  d a ta  g a th e re d  in  th e  p re se n t s tu d y  m a y  n o t b e  
su ffic ie n t to  p recise ly  p re d ic t  th e  b e h a v io r  o f  th e se  rates  
in  th e  im m e d ia te  v ic in ity  o f  e q u ilib r iu m . H o w e v e r , th e  
forw ard  ra te  o f  s te p  i w c u ld  c o n tin u o u sly  d ec rea se  u p  to  
e q u ilib r iu m , w h erea s th e  forw ard  ra te  o f  s te p  v  w ou ld  
lev el o f f  so m ew h ere  to  rea ch  th e  e q u ilib r iu m  p o in t.

A s  w ill b e  d isc u sse d  b e lo w , th e  forw ard  a n d  b a ck w a rd  
ra tes o f  s te p  i a n d  ste p  v  d e p e n d  s tro n g ly  on  th e  p a rtia l  
p ressu res o f  th e  ga seo u s c o m p o n e n ts . T h u s  th e  a b o v e  p a t 
tern  o f  th e  forw ard  a n d  b a c k w a rd  ra tes  w o u ld  c o m p le te ly  
c h a n g e  w h en  d iffe re n t e x p e r im e n ta l c o n d itio n s  are u sed . 
F ro m  th e  re a ctio n  sc h e m e  p re sen te d  in  a p re ce d in g  se c 
tio n , th e  forw ard  a n d  b a c k w a rd  ra tes  o f  s te p  i a n d  ste p  v  
m a y  b e  w ritten  as

v + i =  fc + iP c o O  -  0 ) ( 1 8 )

v-i = k - f îc 0 ( 1 9 )

<£>>+-0ÌII>+»

( 2 0 )

o-v = A-vPh2(! “  0) ( 2 1 )

w here k+a a n d  k -s are , re sp e c tiv e ly , th e  ra te  c o n sta n ts  o f  
th e  forw ard  a n d  b a c k w a rd  ra tes  o f  s te p  s , 6 is th e  fra c tio n  
o f  to ta l a c tiv e  s ite  o c c u p ie d  b y  ga seo u s sp e c ie s , a n d  B\ is 
th e  fra c tio n  o f  a c tiv e  s ite  o c c u p ie d  b y  sp ec ies  i.

A s  sh ow n  in  F igu res 3  a n d  4  th e  lin ea r re la tio n sh ip s  are 
n o t o b ta in e d  fo r  th e  forw ard  ra te s  o f  s te p  i a n d  ste p  v . 
F u rth erm o re , th e  c a lc u la te d  b a c k w a rd  ra te  o f  ste p  i d e 
creases w ith  in crease  in  th e  p a r tia l p ressu re  o f  ca rb o n  
d io x id e . In  th e  lig h t o f  th e se  e x p e r im e n ta l fin d in g s , a p 
p a r e n tly  th e  forw ard  a n d  b a c k w a rd  ra tes  o f  s te p  i a n d  
ste p  v  c a n n o t b e  d esc rib e d  b y  s im p le  L a n g m u ir -ty p e  a d 
sorp tion  m o d e ls . M o r e  e la b o ra te  m o d e ls  sh o u ld  b e  used  
for  a d e q u a te  re p re se n ta tio n  o f  e x p e r im e n ta l d a ta . P re 
s u m a b ly  th e  co n c e n tra tio n  o f  a d so rb e d  g a seo u s sp ec ies as  
w ell as th e  to ta l c o n c e n tra tio n  o f  e m p ty  a d so rp tio n  sites  
u n d ergo  so m e  c h a n g e  in  th e  cou rse o f  th e  re a c tio n . I t  m a y  
b e  co n c e iv a b le  th a t  th e  fra c tio n  o f  a d so rp tio n  site s  o c c u 
p ied  b y  a to m ic  h y d ro g e n , 0 H, in crea ses  w ith  in crease  in  
th e  h yd ro g en  p a r tia l p ressu re  to  p ro d u c e  a  m o re  red u ced  
s ta te  o f  th e  c a ta ly s t  su rfa ce . B e c a u se  o f  th is  s ta te  o f  th e  
su rfa ce  ca rb o n  m o n o x id e  m o le c u le s  a d so rb e d  on  th e  su r
face  m a y  b e  c o m p e tit iv e ly  d eso rb e d  fro m  th e  su rfa ce  to  
d ecrease  th e  b a c k w a rd  ra te  o f  s te p  i (see  eq  1 9 ) .

F u rth er  e x p e r im e n ta tio n  is v ita lly  n e e d e d  to  exp ore  th e  
tru e co n d itio n s o f  th e  c a ta ly s t  su rfa ce  a n d  to  a n a ly z e  m ore  
rigorou sly  th e  re su lts  o b ta in e d  in  th is  in v e stig a tio n . H o w 
ever, th e  a b o v e  a ssu m p tio n  a b o u t  th e  su rfa ce  w o u ld  b e  
su ffic ien t to  p ro v id e  a  q u a lita t iv e  e x p la n a tio n  o f  ou r e x p e r
im e n ta l resu lts .
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2 .0 0 0 5  a n d  gxx = ; 1 .9 9 6 5 . U s in g  1 7 0 -e n r ic h e d  o x y g en , o n ly  gyy c o u ld  b e  reso lv ed  in to  tw o  c o m p o n e n ts , 
cyyA =  8 4 .5  a n d  cyyB =  6 4 .2  O e , for b o th  sa m p le s  w h ile  th e  oth er c o m p o n e n ts  w ere sh o w n  to  b e  s m a ll  
a n d  u n reso lv ed . T h e  o x y g en  sp ec ies  h av e  b e e n  id en tified  w ith  p ero x y  ra d ica ls  w ea k ly  b o n d e d  to  O  a to m s  
o f  th e  zeo lite  la ttic e .

Introduction

E le c tro n  sp in  reso n a n ce  (esr) s tu d ie s  o f  th e  a d so rp tio n  
o f  o x y g en  o n to  ox id e  su rfa ces h av e  re ce iv ed  co n sid era b le  
a tte n tio n  re c e n tly . D iffe r e n t ch a rg ed  o x y g en  sp ec ies  su ch  
as O 2 — , 1 "4 C>2 + , 5 O - , 6 ’ 7 a n d  C>3 ~ 6-8 h a v e  b e e n  p o stu la te d . 
G e n e ra lly , in d ire c t m e th o d s  b a se d  u p o n  a n a ly sis  o f  th e  g 
te n so r  v a lu es  w ere u se d , a lth o u g h  c o m p a rin g  su c h  v a lu es  
is n o t itse lf  a  re lia b le  m e th o d  o f id e n tify in g  p a r a m a g n e tic  
sp ec ies . H o w e v e r , e x p e r im e n ts  u sin g  iso to p ic  la b e lin g  ( 170  
iso to p e , /  =  % )  sh o u ld  a id  th e  id e n tific a tio n  o f th e  o x yg en  
sp ec ies  c o n sid e r a b ly . In  fa c t , h y p erfin e  in tera c tio n s  are a  
rich  sou rce o f  in fo r m a tio n  on  th e  c h e m ic a l n a tu re  a n d  th e  
e lectro n ic  stru ctu re  o f  th e  ra d ic a l. M o re o v e r , T e n c h  an d  
o th er a u th o rs , u s in g  1 7 0 -e n rich e d  o x y g e n , h a v e  sh ow n  
th a t  0 2 “  ra d ic a ls  w ere p ro d u c ed  b y  a c tio n  o f o x y g en  on  
M g O , 9 Z n O , 10  T i 0 2 , 1 1  a n d  SnC>2 .12 M o r e  re c e n tly , th e  
1 7 0  iso to p e  w as u se d  for th e  s tu d y  o f  O -  13  a n d  0 3 “  1 4 ,15  

sp ec ies  a d so rb e d  on  M g O .
P a rtic u la r  a tte n tio n  h as re c e n tly  b e e n  p a id  on  zeo lites  

b e ca u se  o f  th e ir  use  as c a ta ly sts  a n d  as c ry sta l h o sts . O n  
th e  b a sis  o f  g ten so r v a lu e s  0 2 “  ra d ic a ls  h a v e  b e e n  p o s tu 
la ted  to  e x is t  on  irra d ia ted  N a  Y 16  a n d  d e c a tio n a te d  Y 17 

zeo lite s . T h is  a ss ig n m e n t h as b e e n  d eriv ed  fro m  th e o r e ti
ca l re la tio n sh ip s  g iv en  b y  K a n z ig  a n d  C o h e n 18 a n d  has  
b een  b a se d  e sse n tia lly  u p o n  th e  la rg est v a lu e  o f  th e  g te n 
so r .2 H o w e v e r , as  sh o w n  in r e f  19, ch a n g e s in  c o o rd in a tio n  
in d e x  o f  a su rfa ce  a to m  a n d  ch a n g es in  th e  io n ic  ch a ra cter  
o f  th e  O 2 “ -s u r fa c e  c a tio n  b o n d 20 ,21 m a y  lea d  to  im p o r 
ta n t  sh ifts  in  th e  g v a lu e s .

In  th e  p re se n t w ork  w e h a v e  e x p lo ite d  th e  a v a ila b le  h y 
perfin e  stru ctu re  b y  c o n d u c tin g  e x p e r im e n ts  w ith  1 7 0 -e n -  
rich ed  o x y g en , in  order to  o b ta in  a  m o re  d ire c t id e n tific a 
tio n  o f  th é  p a r a m a g n e tic  ox y g en  sp ec ies . T h is  s tu d y  w as  
c o n d u c te d  on  d e c a tio n a te d  fa u ja site  a n d  H  m o rd en ite . 
F ro m  esr p a r a m e te rs  m e a su r e m e n ts , th e  sp re a d in g  o f  th e  
u n p a ired  e lectro n  ov er th e  en tire  ra d ic a l m o le c u le  cou ld  
b e  e s ta b lish e d .

Experimental Section

D e c a tio n a te d  fa u ja site  (d e n o te d  H Y  z eo lite ) w as o b 
ta in e d  fro m  th e  co rresp o n d in g  N H 4 + fo rm . T h e  N H 4 Y  
s a m p le s , p re p a re d  b y  e x c h a n g in g  N a +  ion s o f  a N a - Y

L in d e  zeo lite  in a c o n v e n tio n a l w a y , w ere p la c e d  in to  esr  
q u a rtz  tu b e s . T h e y  w ere first d eg a sse d  a t  4 0 0 °  fo r  severa l 
h ou rs, th e n  h e a te d  in an  ox yg en  a tm o sp h e re  a t  4 0 0 °  to  re 
m o v e  h y d ro ca rb o n s, a n d  f in a lly  o u tg a ssed  u n d er  v a c u u m  
( 1 0 ~ 5 T o rr) o v ern ig h t. T h e  H  m o rd e n ite , (d e n o te d  H Z  z e 
o lite )  w as su p p lie d  b y  N o rto n  on  a h y d ro g e n  fo rm  an d  w as  
h e a t trea te d  as a b o v e .

T h e  y  irra d ia tio n  w as p erfo rm ed  a t  77  K  in a 60C o  cell 
for d oses o f  a b o u t  5 M r a d s . E sr  sp e c tra  w ere reco rd ed  a t  
77 K  w ith  E 3 or V  4 5 0 2  V a r ia n  sp e c tro m e te rs , u s in g  eith er  
X -b a n d  ( v e  =  9 .4  G H z )  or Q -b a n d  ( ve  =  3 4 .5  G H z )  a c 
cessories. T h e  v a lu e s  o f  th e  g -te n so r  c o m p o n e n ts  w ere  
m e a su red  b y  u sin g  a d u a l c a v ity  a n d  a D P P H  sa m p le  (g =  
2 .0 0 3 6 )  in  th e  X  b a n d  a n d  b y  u sin g  th e  H  a to m s  h yp erfin e  
lin es o f  th e  zeo lite  (g =  2 .0 0 2 4 8 )  in c lu d in g  a se c o n d  order  
co rrection 22 in  th e  Q  b a n d .

In  th e  e x p e r im e n ts , 6 2 %  1 7 0 -e n r ic h e d  o x y g en  or p u re  
16 0 2  ga s w as u se d . M a s s  sp ec tro g ra p h y  m e a su r e m e n ts  in -

(1) J. H. Lunsford and J. P. Jayne, J. C h em . P h ys., 44, 1487 (1966).
(2) J. Vedrine, G. Dalmai, and B. Imelik, P roc . C olloq . AM PER E , 15, 

304 (1969).
(3) M. Che, C. Naccache, and B. Imelik, J. Chim . P h ys.. 65, 1301 

(1968).
(4) V. A. Shvets, M. E. Sarichev, and V. B. Kazansky, J. Catal., 11, 378 

(1968).
(5) R. D. Iyengar, M. Codell, J. S. Karra, and J. Turkevich, J. A m er . 

C h em . S o c ., 88, 5055 (1966).
(6) W. B. Williamson, J. H. Lunsford, and C. Naccache, C h em . Phys. 

L ett., 9,33 (1971).
(7) A. J. Tench and T. Lawson, C h em . P hys. L ett., 7, 459 (1970).
(8) C. Naccache, C h em . P hys. L ett., 11,323 (1971).
(9) A. J. Tench and P. Holroyd, C h em . C om m u n ., 471 (1968).

(10) A. J. Tench and T. Lawson, C h em . P hys. L ett., 8, 177 (1971).
(11) C. Naccache, P. Meriaudeau, M. Che, and A. J. Tench, Trans. Far

a d a y  S o c ., 67, 506 (1971).
(12) P. Meriaudeau, C. Naccache, and A. J. Tench, J. C atal., 21, 208

(1971) .
(13) N-B. Wong and J. H. Lunsford, J. C h em . P hys., 55, 3007 (1971).
(14) A. J. Tench, J. C h em . S o c . ,  F araday Trans. 1, 68, 1181 (1972).
(15) N-B. Wong and J. H. Lunsford, J. C h em . P hys., 56, 2664 (1972).
(16) P. H. Kasai, J. C h em . P h ys ., 43, 3322 (1965).
(17) K. M. Wang and J. H. Lunsford, J. Phys. C h em ., 73, 2069 (1969); 

74, 1512 (1970).
(18) W. Kanzig and M. H. Cohen, P hys. R ev . L ett.. 3, 509 (1959).
(19) E. G. Derouane and V. Indovina, C h em . P hvs. L ett., 14, 455

(1972) .
(20) H. R. Zeller and W. Kanzig, H elv. Phys. A c ta , 40, 845 (1967).
(21) R. T. Shueyand H. R. Zeller, H elv. Phys. A c ta , 40, 873 (1967).
(22) A. Abou-Kais, J. C. Vedrine, J. Massardier, G. Dalmai-lmelik, and 
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dicated the 170 -enriched oxygen to be composed of ap
proximately 15% 13/1802, 35% 1702, and 50% 16/180 170. The 
oxygen was introduced at 77 K after irradiation unless 
otherwise stated.

Results
When decationated H-Y and H-Z zeolite samples were 

7 irradiated at 77 K under vacuum mainly V centers were 
formed. The esr spectra were primarily composed of a 
broad line (g =* 2.046, g ±  =* 1.995, and gav = 2.012) 
upon which a six-line hyperfine structure was superim
posed (aA1 =* 7.5 Oe) (Figure 1). These signals may be at
tributed to an electron hole localized in a p orbital of 
an oxygen atom which bonds either to an aluminum and 
silicon atom (V centers denoted Vi), or to two silicon 
atoms (denoted V2).23

The two previous V centers disappeared instantaneously 
after the samples were exposed to oxygen and new esr sig
nals were obtained. Their spectra are characterized by the 
following g values: gzz =; 2.032, gyy =* 2.0015, gxx = 
1.9995 and gzz ^  2.022, gyy =; 2 0015, gxx = 1.9975 corre
sponding respectively to the Vi and V2 centers of the HY 
zeolite; gyy =; 2.0005, gxx = 1.9985 and gyy ^  2.0005, gxx 
= 1.9965 in the case of the HZ samples. In the two latter 
signals the gzz value could not be determined.

In all of these experiments we did not observe the hy
perfine structure due to the interaction of the unpaired 
electron of the oxygen species with surface aluminum 
atoms as in ref 17. This is in agreement with the adsorp
tion of oxygen molecules on lattice oxygen atoms which 
possess an unpaired electron (V centers).

When irradiation was carried out in the presence of oxy
gen, approximately ten times more paramagnetic oxygen 
species than previously were formed and their esr parame
ters are similar. They probably characterize oxygen mole
cules adsorbed on the same type of sites.

When the samples were warmed up and outgassed at 
room temperature for a few minutes, the oxygen species 
signals disappeared and the underlying V center signals 
reappeared. Thus, oxygen species seem to be only weakly 
adsorbed at the surface.

The adsorption of 170-enriched oxygen on HY and HZ 
zeolites 7 irradiated under vacuum gave a more complex 
esr spectrum than experiments performed with 16C>2 (see 
Figure 2). The spectra given in Figures 3 and 4 were ob
tained when irradiation was carried out in the presence of 
about 0.1 Torr of 170-enriched oxygen to obtain a high 
spin concentration (102° spins/g) and consequently a bet
ter signal/noise ratio. When 170-enriched oxygen was ad
sorbed on samples irradiated under vacuum, we did not 
observe any change in the hyperfine line positions with 
respect to Figures 3 and 4.

The hyperfine patterns in Figures 3 and 4 consisted of 
two sets of six hyperfine lines centered about the gyy 
value. The hyperfine splittings (hfs) values for the two 
sets (denoted A and B) were equal to 84.5 and 64.2 Oe, 
respectively. These two sextets were the dominant feature 
of the spectra but several additional hyperfine lines of low 
intensity were also observed in the spectra. It is inter
esting to remark that the splbtings between consecutive 
hyperfine lines of each sextet are about equal whatever be 
the Mi values and that the center of the hyperfine pat
terns for each value of |M/| are the same in both the X 
and Q bands. In other words, no second-order corrections 
must be included. Consequently the correction for the y 
axis, known to be equal to

Figure 1. Esr X-band spectrum of HZ zeolite 7 -irradiated under 
vacuum at 77 K.

1.9995

Czz2 +  cxx2 1_
2 2 H 0

is negligible, i.e., czz and cxx are small compared to cyy. 
This was confirmed by the fact that the hyperfine struc
ture corresponding to the gxx and gzz values are not re
solved in the spectra.

When 170-enriched oxygen was adsorbed on HZ zeol
ites, the hyperfine esr structure was similar to that ob
served in HY zeolites. It consisted of two sextets centered 
about gyy = 2.0005 with CyyA = 84.5 and cyyB = 64.2 Oe.

Analysis of the Esr Spectra. The signal of Figure 2 
was observed only after oxygen adsorption, with the hy
perfine lines appearing when 170 -enriched oxygen was 
used. Consequently, one can conclude that the signals are 
due to paramagnetic oxygen species. Upon adsorption of 
O2 on the zeolites, species such as O- , 02+, C>2~, C>3_, or 
peroxy radicals might be formed.

Although the formation of two distinct 0~ radicals 
characterized by different hfs constants could explain the 
two sets of six lines, one can rule out this assignment be
cause the additional hyperfine lines shown in Figures 3 
and 4 would not be explained, and also on the basis of 
theoretical and experimental grounds (gl; < g x for  O-  
adsorbed on MgO6).
(23) A. Abou-Kais, J. C. Vedrine, J. Massardier, G. Dalmai-lmelik, and 

B. Imelik, submitted for publication in J. Phys. Chem.
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Figure 3. X-Band spectrum of HY zeolite irradiated in the presence of 170-enriched oxygen (p =* 0.1 Torr) at 77 K. T represents either 
Si or Al atom.

The adsorption of oxygen molecules on V centers, which 
are electron holes, seems to favor an 0 2+ radical assign
ment. However, the isoelectronic NO radical is known to 
have g values less than ge and g < g x  in contrast with 
our data.24 Moreover, we have shown25 that CO mole
cules, which have approximately the same ionization po
tential, do not form CO+ radicals in the same conditions, 
but only under irradiation.

The formation of 0 2- radicals, ionically bonded to sur
face cations may also be considered, but note the fol
lowing points.

(i) From the theoretical expressions derived by Kanzig 
and Cohen, one can expect gzz »  gyy > gxx ge, while 
the present spectra show two g values (gyy and gxx) close 
to the free electron g value ( g e ) .

(ii) Experiments using 170-enriched oxygen have shown 
that ionically bonded 02_ radical has two equivalent oxy
gen atoms; i.e., the unpaired electron is equally localized 
on the two oxygen nuclei.9-12 Consequently, one should 
have a six-line pattern corresponding to 160 - 170 - radical 
and an 11-line pattern corresponding to 170 - 170 _ radical. 
Analysis of Figures 3 and 4 indicates that the experimen
tal spectra can be fitted if one assumes that the unpaired 
electron interacts differently with the two oxygen nuclei. 
As a matter of fact, the additional lines in the spectra can 
be interpreted as due to the splitting of each hyperfine 
line of the sextet A into six lines corresponding to the sex
tet B splittings. This assignment may give 6 X 6 = 36 
lines as shown in the stick diagrams, but only the more 
intense ones could be clearly observed, namely those cor
responding to the Mi = ±% of the sextets A and B. In other

words, one can conclude that the unpaired electron is un
equally spread over two oxygen nuclei.26

(iii) It may also be possible that within the zeolite 
structure strong electrical fields change the spreading of 
the spin density over the radical and consequently the hfs 
splittings. Such an influence has been reported for Cl2- 
ions adsorbed on HY and HZ zeolites;27 namely, the spin 
density on both nuclei is different for the HZ sample in 
contrast with the HY sample. It was then suggested that 
the Cl-Cl bond is parallel to the surface, the electrical 
field being perpendicular to this direction in HY zeolite 
and along the internuclear axis in HZ zeolite. As we have 
previously shown, we did not observe any change in the

(24) J. H. Lunsford, J. Chem. Phys., 46, 4347 (1967).
(25) J. C. Vedrine and C. Naccache, Chem. Phys. Lett., 18 ,190 (1973).
(26) In the case  of liquid phase or isotropic hf couplings, the 36 lines 

are expected to have an equal intensity. However, it is known that 
each hyperfine component of a powder spectrum is an envelope of 
individual lines, which correspond to all the random orientations be
tween the principal axis of the spec ies and the continuous magnetic 
field one. In the case  of anisotropy, the resonant field of the indi
vidual lines is orientation dependent. If two of the hyperfine com po
nents are small as in oxygen spec ies (cvv = 84.5 Oe; cxx ~  c zz

0 ), the position of the x and z com ponent lines will be close to 
the gxx and gzz magnetic field positions, whereas the y position will 
be shifted from the magnetic field value corresponding to gyy to a 

value proportional to M/Cy.v Moreover, each of the 2/ + 1 hf com 
ponents has an equal intensity but each spectrum is spread in the 
m agnetic field range between M /cvv and 0. Consequently, when 
the \M]\ value increases, the overall intensity of the com ponent 
being taken constant, the height of the corresponding yy line sharp
ly decreases. Therefore, the components corresponding to small 
values of \Mi\ will primarily be observable, com pared to higher 
values ones.

(27) J. A. R. Coope, C. L. Gardner, C. A. M cDowell, and A. I. Pelman, 
Mol. Phys., 21,1405 (1971).
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hfs constant values of 170  between HY and HZ samples. 
One has only observed a small shift in the gxx and gyy 
values, which is probably due to the differences in electri
cal fields between the two samples.

One may also consider ionically bonded 03" species. 
However, the g values we have observed are very different 
compared to those found for 03_ on MgO6-8 and the 
above analysis of the additional lines indicates that the 
unpaired electron is mainly localized on two oxygen nu
clei. It is noteworthy that (i) V centers on zeolites may be 
considered as O-  ions in an ionic model and (ii) the hfs 
constant values cyy for the two 170  nuclei, equal to 84.5 
and 64.2 Oe, respectively, are very close to two of the 
three values obtained for 03“ on MgO (82, 65, and 26 Oe). 
Moreover, such an ozonide ion has been postulated by 
Tench,14 when molecular oxygen is reacting with surface 
V centers induced by neutron irradiation of MgO.

One question arises as to whether these two splitting 
constants, 84.5 and 64.2 Oe, refer to two unequivalent 
oxygen nuclei (A and B in Figures 3 and 4) in the same O2 
species or to equivalent oxygen nuclei of two O2 species in 
two different sites as one should expect from the two sets 
of g values. These two possibilities may be distinguished 
from a detailed analysis of the 170 -170 spectrum lines as 
shown in ref 28. However, the broadening or narrowing of 
the corresponding 170 -170 lines toward the center of the 
spectrum, mentioned in ref 28, is not applicable in the 
case of zeolites, because (i) the 170 -170 lines are poorly 
resolved and their line widths are not measurable and (ii) 
it is only valid in the liquid phase or for isotropic hf cou
plings since the lines of the sextet have an equal intensity, 
whereas in polycrystalline samples line height for each Mi 
component greatly depends on the Mi value.26

In the case of two oxygen species with an equal coupling 
of the unpaired electron on both nuclei, one may expect 
for each species a sextet and an eleven-line spectrum cen
tered upon the field corresponding to gyy. One can see in

Figures 3 and 4 that the additional lines do not fit such an 
assignment but that if one takes into account the influ
ence of the value of Mi on the line intensities, they may 
rather correspond to an unequal coupling of the electron 
with the two nuclei as indicated above.

Our results may also be discussed in terms of peroxy 
radicals in which oxygen nuclei are unequivalent. How
ever, the giso values found in alkylperoxy radicals 
(^2.01529) and in H 02- (^2.013-2.01630) are much larger 
than those obtained for HY and HZ zeolites or F02* radi
cals (2.003831).

Hyperfine Structure Analysis and Molecular Orbital 
Coefficients. As previously stated, the spectra shown in 
Figures 3 and 4 were interpreted assuming that the radi
cals contain two unequivalent oxygen atoms. The two hy
perfine tensors, corresponding to the A and B couplings, 
can be separated into isotropic and anisotropic terms as

( Cyyc J  = ( 150 ° ima J  + ( “ K  6 J
The values of the cxx and czz hfs components were shown 
to be negligible and in the first approximation were as
sumed to be equal to zero, since they are small and their 
signs are unknown. One has aiSo = —28.2 Oe, bxx = bzz = 
23.2 Oe, and byy = -56.3 Oe for the A coupling (yn is 
known to be negative) and aiso = -21.4 Oe, bxx = bzz =
21.4 Oe and byy = —42.8 Oe for the B coupling, so the two 
dipolar tensors, A and B, are axially symmetric. The di
polar interaction, given by bjj = 6dip (3 cos2 Ojj -  1), 
where djj is the angle between the jj axis and the yy axis, 
varies from b, = 26dip to b ± = -¿dip. The isotropic aiSO
(28) M. Che and A. J. Tench, Chem. Phys. Lett., 18, 199 (1973).
(29) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 

(1963).
(30) E. Saito and B. H. J. Bielsky, J. Amer. Chem. Soc., 83, 4467 

(1961).
(31) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 44, 434, 

(1966).
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and anisotropic 6dip constants equal aiSO = A0C2t2 and 
6dip = BoCip2 where C2s2 and C2p2 are the spin densities 
of the unpaired electron in the 2s and 2p orbitals of the 
oxygen atom and Ao and B0 hf constants for pure 2s and 
2p orbitals. For lack of better sources the values of Ao and 
Bo are usually taken from SCF calculations performed on 
the free oxygen atom. The Ao and Bo values recently pub
lished by Morton, Rowland, and Whiffen (MRW) and 
Hurd and Codding (HC) have been summarized by Ays- 
cough.32 One has B0 = 51.5 (and 59.9 Oe) and A0 = 1655 
(and 1890 Oe). The values in parentheses correspond to 
HC’s calculations, the others to MRW. Taking the experi
mental values of aiso and bdip and the above A0 and B0 
values, one can determine the spin density of the un
paired electron on the orbitals 2s and 2p of the two oxygen 
nuclei. One has respectively 0.017 (0.015) and 0.547 
(0.417) for nucleus A and 0.013 (0.011) and 0.415 (0.357) 
for nucleus B. Consequently, the spin densities are about 
0.56 (0.49) on nucleus A and 0.43 (0.37) on nucleus B and 
the total spin density on the density on the oxygen radical 
is 0.99 (0.86).

Discussion
On the basis of g factor and hfs component values, none 

of the assignments recently published on oxygen species 
could fit the spectra observed for the zeolites. The adsorp
tion of oxygen such as envisaged here may be tentatively 
explained as follows.

The oxygen molecule is paramagnetic since it possesses 
two unpaired electrons localized in its two orthogonal 2p 
Ilg* molecular orbitals. When exposing the zeolite to oxy
gen, one of these unpaired electrons may couple the un
paired electron of a V center, with the remaining unpaired 
electron giving rise to the esr signal. Unfortunately, it is 
difficult to determine from a powder spectrum the orien
tation of the principal axes of the g-factor and hfs tensors 
with respect to the molecular axes. However, in the above 
model the axis perpendicular to the molecular plane of 
the V-O2 species is expected to correspond to the higher 
electron spin density and to be very ineffective in admix
ing exited states with the ground state,33 i.e., to corre
spond to the largest c value and smallest |g-ge| shift. 
Consequently, the yy axis can be assigned to this orienta
tion, since symmetry requires this axis to be the principal 
axis of both g and c tensors as observed. No assumption 
could reasonably be made for the other axes. However, an 
influence of strong electrical fields may change the spin

O
density distribution of a V— ||* species. In such a case

O
one should also expect a change in the spin density distri- 

0 0bution between Vi— 1|- and V2— 1|-, which was not 
O O

observed. Consequently, it is considered here that the 
nonlinear V -0 -0  radical, which would also account for 
the nonaxial symmetry and the unequal coupling of the 
unpaired electron with the two oxygen nuclei.

For alkylperoxy radicals it has been shown that the two 
oxygen nuclei are not equivalent and it has been possible 
to assign34 the two hyperfine isotropic constants to the 
terminal (21.8 Oe) and inner (16.4 Oe) oxygen nuclei. 
With respect to our data, it seems reasonable to follow the 
same assignment as indicated in the Figures 3 and 4.

We did not observe any change in the hfs splittings and 
in the relative intensities of the lines corresponding to the 
170 and 160  components when the irradiation was carried 
out either in the presence of 170 enriched oxygen or under 
vacuum, the oxygen being introduced afterward. More
over, we did not observe any change in the spectrum 
shape and in the intensity when the samples were warmed 
up and 7  irradiated several times, so it appears that no 
isotopic exchange had occurred between lattice oxygen 
atoms and molecular oxygen ones, even under irradiation.

Conclusion
A paramagnetic oxygen species has been identified on 

HY and HZ zeolites. The molecular oxygen has been 
found to react instantaneously at 77 K with V centers, 
which were induced by 7 irradiation and were identified 
with electron holes in a filled p orbital of lattice oxygen 
atoms. The g factor and hfs values are unusual and have 
been interpreted in terms of peroxy-like radicals.

The reaction mechanism proposed corresponds to the 
coupling of one of the two unpaired electrons of the mo
lecular oxygen with the unpaired electron of the V center 
according to the scheme

O
0

\  / ° \  /
/ \  +  ° -

\  / ° \  /  
/ \  / A1x

The reversibility is obtained by pumping off the oxygen at 
room temperature. Isotopic exchange between lattice oxy
gen and the atoms of oxygen molecules has not been ob
served to occur, even under 7  irradiation.

From the point of view of catalysis, these results are 
important, since they suggest that oxygen molecules are 
weakly adsorbed on the zeolite in such a way that the 
electron density distribution is slightly modified. Conse
quently, adsorbed oxygen molecules may be active in oxi
dation reactions and should be considered in writing 
mechanisms.
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The interaction between the carboxyl group and the anthracene ring in the excited state results in sol
vent-dependent fluorescence properties for 9-methyl anthroate. From the increase in Stokes shift in apro- 
tic solvents of increasing polarity, the excited singlet state dipole moment is about 4.5D larger than the 
ground-state value. The Stokes shifts in protic solvents are significantly greater than those in polar apro- 
tic solvents. This is indicative of a large hydrogen bond contribution to solvation of the excited state. 
The fluorescence quantum yield (<f>t) of 9-methyl anthroate in nonpolar solvents is greater than that of 
anthracene. For the former compound, it is suggested that the excited singlet lies at a position which is 
intermediate between the first and second triplets. Intersystem crossing to either triplet is thereby inhib
ited and 4>f increases. In solvents of increasing polarity, the 4>t: of 9-methyl anthroate decreases. This 
quenching effect is greatest in protic solvents. From fluorescence lifetime and data, the protic solvent 
quenching is primarily due to increased rates of radiationless decay. A solvent-induced increase in the 
rate of internal conversion is the likely mode for nonradiative decay in protic solvents.

Introduction
The absorption and fluorescence spectra of anthracene 

have considerable vibrational structure and show a classic 
mirror image relationship. When a carboxyl group is sub
stituted at the 9 position of anthracene, the absorption 
spectrum retains its anthracene-like structure while the 
fluorescence spectrum becomes diffuse and highly Stokes 
shifted.23 These observations are attributed to differences 
in the ground and excited singlet state molecular geome
tries.23

The carboxyl group substitution also effects other fluo
rescence properties of the parent hydrocarbon. In benzoni- 
trile, the fluorescence quantum yield (4>t) for 9-methyl an
throate (9-COOMe) is about twice as large as the relative
ly solvent independent 4>f of anthracene.23 This is in con
trast to the observation that carboxyl substitution gener
ally inhibits fluorescence.215 The values of $f and the fluo
rescence lifetime (rf) for 9-COOMe in ethanol are Only 
about one-third of their respective values in benzoni- 
trile.23 In addition, there is a significant difference in the 
wavelength maximum of fluorescence for 9-COOMe in the 
two solvents.23 These data suggest that the fluorescence 
behavior of 9-COOMe is strongly solvent dependent.

We report here an investigation of the solvent dép
endance of 9-COOMe fluorescence. From the solvent dép
endance of the fluorescence maximum, it can be shown 
that the excited singlet state is considerably more polar 
than the ground state. From the solvent dépendance of <fit 
and i-f, the radiative and the sum of the radiationless rate 
constants can be calculated. Using these data, it is possi
ble to comment on the modes of solvent-induced quench
ing.

Experimental Section
Acetonitrile, benzonitrile, 2-propanol, p-dioxane, 2,2,2- 

trifluoroethanol, acetone, ether, methyl formate, and 
7V,jV-dimethylformamide were Matheson Coleman and 
Bell Spectroquality solvents. Benzene and methanol were

Fisher Scientific Spectroanalyzed solvents. Absolute etha
nol from U. S. Industrial Chemicals was used. Deuterium 
oxide (99.8% minimum isotopic purity) was from Diaprep 
Incorporated, Atlanta, Ga.

9-Methyl anthroate was prepared from 9-anthroic acid 
as described previously.5

Absorption spectra were recorded on a Cary Model 14 
spectrophotometer.

Fluorescence spectra were recorded on a Perkin-Elmer 
Hitachi-MPF-2A spectrofluorometer which was uncorrect
ed for spectral response. Correction factors for the xenon 
source-excitation monochromator system were obtained 
with a rhodamine B quantum counter as described by 
Chen.4 The response of the emission monochromator-de
tector side was corrected by comparing the uncorrected 
emission spectra of 9-methyl anthroate in cyclohexane and 
in ethanol with spectra obtained on a corrected spectral 
instrument at the Perkin-Elmer Corp., Norwalk, Conn. 
From the ratio of uncorrected to corrected response at a 
given wavelength, a sensitivity curve was generated from 
380 to 580 nm. Uncorrected emission spectra were com
puter corrected by multiplication of the fluorescence in
tensity at a given wavelength by the sensitivity factor at 
that wavelength.

Fluorescence quantum yield determinations were 
made using the following equation where r and u stand for 
reference and unknown, respectively

where n is the solvent refractive index, A is the solution ab
sorbance at the exciting wavelength ( < 0.02, 1-cm cells), and 
F is the area under the corrected emission spectrum ob-

(1) Presented at the 165th National Meeting of the American Chemical 
Society, Dallas, Tex., April 1973.

(2) (a) T. C. Werner and D. M. Hercules, J. Phys. Chem., 73, 2005 
(1969); (b) R. T. Williams and J. Bridges, J. Clin. Path., 17, 371 
(1964).

(3) J. A. Moore and D. E. Reed, Org. Syn., 41, 16 (1961).
(4) R. F. Chen, Anal. Biochem., 20, 339 (1967).
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tained by the cut and weigh technique. The quantum 
yield reference was 9-methyl anthroate in ethanol (<f>r = 
0.18, ref 2a). Solutions with 0f > 0.20 were deoxygenated 
by five-six freeze-pump-thaw cycles and sealed in cells 
under vacuum before fluorescence was measured. For 
smaller quantum yields, the short fluorescent lifetimes 
precluded significant oxygen quenching. All reported </>f 
values are the average of at least three independent deter
minations.

Fluorescence lifetimes were obtained with the Ortec 
nanosecond decay time fluorescence system. This instru
ment employs the monophoton technique.5 The decay 
curves were deconvoluted and analyzed using the method 
of moments6 in conjunction with an IBM computer. The 
best fit of the data was obtained by assumption of a single 
component decay. Solutions with lifetimes >4 nsec were 
deoxygenated and sealed as noted above.
Results

Table I summarizes the spectral data, Stokes shifts (¡>a
— Vf), fluorescence quantum yields ( < p t ) ,  and some fluores
cence lifetimes (rf) for 9-COOMe in 28 solvents and sol
vent mixtures.

The absorption spectra of the methyl ester have anthra
cene-like structure28 while the fluorescence spectra are 
broad, diffuse bands with slight structure being apparent 
only in cyclohexane. Due to the nature of the spectra, the 
0-0 fluorescence band cannot be ascertained and the fluo
rescence maxima are reported in Table I. The Stokes 
shifts (Pa ~ Pf) listed in Table I are from the 0-0 absorp
tion band to the fluorescence maximum.

As solvent polarity increases, as measured by Kosower 
Z values,7 the Stokes shifts also generally increased. This 
trend is clearly indicated by the plot of Pa — Pf us. Z in 
Figure 1. Since the positions of the absorption bands are 
relatively solvent independent (Table I), the increase in Pa
-  Pf with increasing Z primarily reflects a shift of the flu
orescence maximum toward lower energies with increasing 
solvent polarity.

In nonpolar and in some of the polar aprotic solvents, 
the <t>{ of 9-COOMe is considerably greater than the rela
tively solvent independent 0f of unsubstituted anthracene 
(0.28-0.36, ref 8 and 9). Like the fluorescence maximum, 
the <t>f value is also solvent dependent. The plot of 4>t us. Z 
in Figure 2 shows that 0f generally decreases as solvent 
polarity increases. The relative effects of the various sol
vents on the radiative (fef) and nonradiative (kic + feix) 
rate constants can be ascertained from the 0r and Tf data 
in Table I using the equations

k[ ~ 4>sh( (k{ = fluorescence rate constant)
(K  + ki%) = (kf/,<W ~ k{

(kic = internal conversion rate constant) 
(&,„ = intersystem crossing rate constant)

Values of kt and (kir + k\x) for ten representative solvents 
are listed in Table II.

The solvents in Table II can be grouped into three cate
gories based on their ability to affect the rate constants. 
For the first three solvents, where <pr  > 0.60, there is no 
significant variation in either kt or (kir + kix). In the sec
ond three solvents, 0f decreases from 0.55 to 0.32. This 
decrease in 0f is the result of decreasing values of k( and 
increasing values of (kic + kix). Note, however, that the 
absolute change in either set of rate constants is less than 
twofold, except for acetonitrile. The last four solvents are

Figure 1. The Stokes shift of 9-COOMe fluorescence as a func
tion of Kosower Z value: O, ethanol-water mixtures; A, dicx- 
ane-water mixtures; + , pure organic solvents.

protic solvents for which 0f < 0.20. The rate constant 
data for these solvents are subject to greater error because 
of uncertainty in the very short rf’s. Despite this fact, the 
trends in the rate constants are quite clear. The variation 
in kf for these solvents is less than a factor of 2. In addi
tion, the kf values for the protic solvents are not markedly 
different than the kf values for the aprotic solvents. How
ever, the (kic + k\x) values for the protic solvents are 
greater than the values in the aprotic solvents by a factor 
of 2-25. Thus the greatly reduced <pt’s found in protic sol
vents are mostly the result of more efficient nonradiative 
processes in these solvents.

The ratio of the intensities of 9-COOMe fluorescence in 
90% water-10% dioxane and 90% deuterium oxide-10% 
dioxane was measured by comparing the areas of the fluo- 
resence spectra in the two solvents. In this manner, the 0f 
value is found to be 14% greater in the latter solvent mix
ture.

Discussion
I. Solvent Dependence of the Fluorescence Maximum. 

In the ground state of 9-COOMe, the planes of the car
boxyl group and anthracene ring are nearly perpendicu
lar.10 This accounts for the lack of significant carboxyl 
group perturbation on the anthracene-like absorption 
spectrum of 9-COOMe. In the lowest excited singlet state, 
the carboxyl group and ring approach coplanarity. The 
diffuse and highly Stokes shifted fluorescence spectrum is 
suggested to be partly a result of charge transfer interac
tion between the carboxyl group and ring in this configu-

(5) W. R. Ware, “Creation and Detection of the Excited State,” A. 
Lamola, Ed., Marcel Dekker, New York, N. Y., 1971.

(6) I. I sen berg and R. Dyson, Biophys. J . ,  9, 1337 (1969).
(7) E. Kosower, J. Amer. Chem., Soc., 80, 3253 (1958).
(8) W. H. Melhuish, J . Phys. Chem., 65, 229 (1961).
(9) R. S. Becker in "Theory and Interpretation of Fluorescence and 

Phosphorescence," Wiley-lnterscience, New York, N. Y., 1969, 
Chapter 11 .

(10) R. O. C. Norman and P. D. Ralph, J. Chem. Soc., 2221 (1961).
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TABLE I: Spectral Data for 9-COOMe in Various Organic Solvents and Solvent Mixtures

Solvent Z“ <t>fe Fa X 10~4 crn-1 c
Bf X 10“ 4 
cm- ’ “

(Fa ~ Ff) X 
10-3 cm-1 Tf, nsec

Ethanol (10%) 93.6 0.02 2.62 2.01 6.1
Ethanol (20%) 92.6 0.03 2.62 2.02 6.0
Ethanol (30%) 91.6 0.04 2.62 2.04 5.8
Ethanol (40%) 90.5 0.06 2.62 2.04 5.8
Ethanol (50%) 89.2 0.08 2.62 2.06 5.6 1.9 ±  1
Ethanol (60%) 87.9 0.09 2.62 2.07 5.5
Ethanol (70%) 86.4 0.11 2.62 2.08 5.4
Ethanol (80%) 84.8 0.13 2.62 2.09 5.3
Ethanol (90%) 82.5 0.15 2.62 2.08 5.4
Etharol (100%) 79.6 0.18 2.62 2.11 5.1 4.1 ±  1
Dioxane (10%) 93.0 0.02 2.61 2.03 5.8
Dioxane (20%) 91.4 0.03 2.61 2.04 5.7
Dioxane (30%) 89.9 0.04 2.61 2.04 5.7
Dioxane (40%) 88.4 0.07 2.61 2.06 5.5
Dioxane (50%) 86.7 0.10 2.61 2.08 5.3 1.3 ±  1
Dioxane (60%) 85.0 0.14 2.61 2.08 5.3
Dioxane (70%) 82.8 0.16 2.61 2.08 5.3
Dioxane (80%) 80.2 0.22 2.61 2.11 5.0
Dioxane (90%) 76.7 0.29 2.61 2.14 4.7
Dioxane (100% » 55.4* 0.55 2.61 2.18 4.3 14.4 ±  0.5
Methanol 83.6 0.11 2.62 2.10 5.2 1.7 ±  1
Trifluoroethanol 0.02 2.64 2.05 5.9
2-Propanol 76.3 0.24 2.62 2.11 5.1
Acetonitrile 71.3 0.32 2.62 2.13 4.9 8.1 ±  0.5
Benzonitrile 65.5 0.65 2.59 2.14 4.5 12.7 ±  0.5
Acetone 65.7 0.44 2.62 2.15 4.7 12.9 ±  0.5
Benzene 54 0.64 2.61 2.17 4.4 14.1 ±  0.5
Cyclohexane 47* 0.68 2.62 2.21 4.1 13.1 ±  0.5

“ See ref 7. 6 Estimated from Et  values. See ref 7. c 0-0  absorption band. d  Fluorescence maximum. e ± 1 0 %  accuracy.

ration.28 Hence the excited singlet is expected to be more 
polar than the ground state and should exhibit the greater 
solvent dependence. This is confirmed by the plot in Fig
ure 1.

The magnitude of the excited state charge transfer in
teraction can be evaluated from the solvent dependence of 
the Stokes shift. Several workers have proposed theoreti
cal treatments for the solvent dependence of fluores
cence.11-13 When the solute-solvent interaction is pri
marily of a dipole-dipole nature, eq 1 is obtained,14 where

2 /  e -  1 n2 — 1\
V„  —  Vf  =  -------  [ ------------------------ ----------------------- I X

hc0 \2e +  1 2n2 +  1/

+  constant (1)

the terms are defined as follows: va -  Vf is the Stokes shift as 
defined previously (see Results), h is Plank’s constant, Co 
is the speed of light in a vacuum, t is the solvent dielec
tric constant, n is the solvent refractive index, Me is the 
dipole moment of the lowest excited singlet of 9-COOMe, 

is the grounc-state dipole moment of 9-COOMe, and a 
is the Onsager cavity radius for 9-COOMe. If a known, Me 
— ns can be evaluated from the slope of a plot of Pa — pf 
vs. the refractive index-dielectric constant term.

The a parameter can be estimated from the size of the 
molecule. From X-ray diffraction studies on anthracene15 
and Fisher-Hershfield-Taylor models of 9-COOMe the a 
value is taken to be 5 A.

A plot of eq 1 is shown in Figure 3 for 9-COOMe in sev
eral solvents. The line is drawn through the circled points

which represent data from polar aprotic solvents. From 
the slope, the value of -  ps is 4.5D. The accuracy of 
this value is uncertain since it depends critically on the 
Onsager cavity radius. However, even with a possible error 
of ±50%, as previously estimated,14 the /ie ~ Me value is 
indicative of a rather polar excited state. By comparison, 
Mataga, et al, have found M e ~  M b  to be 0.5-1.0D for 0- 
naphthyl methyl ether and a^-naphthols11 while Seliskar 
and Brand found M e ~  M b  to be 9D for 2-amino-6-naphtha- 
lenesulfonate.14

The increased dipole moment of the excited state is 
consistent with two other observations. Werner has stud
ied the temperature dependence for the fluorescence spec
tra of the ferf-butyl ester of 9-anthroic acid in ethanol- 
methanol (1:5).16 He has estimated the solvent relaxa
tion energy to be ca. 1500 cm-1 which is characteristic of 
excited states with a charge-transfer component. Recent
ly, Schulman and Pace have shown that the 9-anthroic 
acid acidium cation becomes more basic in the excited 
state.17 The lowest anthracene excited state (1La) is po
larized parallel to the short axis. A migration of electron 
density on excitation from the ring to the carboxyl group

(11) N. Mataga, V. Kaifu, and M. Koizumi, Bull. Chem. Soc. Jap.. 29, 
465 (1956).

(12) E. Lippert, Z. Naturforsch. A, 10, 541 (1959).
(13) E. McRae, J. Phys. Chem., 6 1,2 5 2  (1957).
(14) C. Seliskar and L. Brard, J. Amer. Chem. Soc., 93, 5414 (1971).
(15) J. M. Robertson in “Determination of Organic Structures by Physi

cal Methods," E. Braude and F. Nachod, Ed., Academic Press, 
New York, N. Y., 1955.

(16) T. C. Werner, Ph.D. Thesis, M.I.T., 1969.
(17) S. Shulman and I. Pace, J. Phys. Chem., 76, 1946 (1972).
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Figure 3. The Stokes shift of 9-COOMe fluorescence as a func
tion of solvent polarity parameters. The numbers refer to the fol
lowing solvents: 1 =  ethyl ether; 2 =  benzonitrile; 3 =  methyl 
formate; 4 = W,A/-dimethylformamide; 5 =  acetone; 6 =  aceto
nitrile; 7 = 80% dloxane-20% water, 8 =  60% dloxane-40% 
water; 9 =  40% dioxane-60% water; 10 =  20% dioxane-80% 
water.

Figure 2. The quantum yield of 9-COOMe fluorescence as a 
function of Kosower 2  value: O, ethanol-water mixtures; ▲, di- 
oxane-water mixtures; + , pure organic solvents.

TABLE II: Values of the Radiative (S1 —»■ S0) and the Sum of the 
Radiationless Rate Constants ( S i  «•■T1l S i  " ■ • S o )  and Estimated 
Singlet-Triplet (S i-Td Split for 9-COOMe in Several Solvents

Solvent 0f
k r  x  1 0 - 7 

se c - ’

(kix +  k \ c ) 
X IO " 7 
sec- 1

AE(S,- 
Ti),d cm-

Cyclohexane 0.68 5.2° 2.4“ 7400
Benzonitrile 0.65 5.1“ 2.7“ 6700
Benzene 0.64 4.5“ 2.5“ 7000
Dioxane 0.55 3.8“ 3.1“ 7100
Acetone 0.44 3.4“ 4.3“ 6800
Acetonitrile 0.32 3.9“ 8.4“ 6600
Ethanol 0.18 4.4“ 18.7“ 6400
Methanol 0.11 6.5C 52.6C 6300
Dioxane (50%) 0.10 7.7C 69.3C 6100
Ethanol (50%) 0.08 4.2° 48.3C 5900

“ ± 1 5 % .  “ ± 2 5 % .  c ± 5 0 % . “ S, is fluorescence maximum, Ti Is 
assumed to be 14,700 cm - ' which Is the Ti energy for anthracene.

produces an excited-state resonance contribution shown as I

+
I

I. Hence protonation of the carbonyl type oxygen should be 
facilitated in the excited state.

Besides the data from polar aprotic solvents, several 
points are included in Figure 3 from dioxane-water 
mixtures. It is readily apparent that these points (triangu
lar in shape) significantly deviate from the line through 
the polar aprotic solvent data. Similar deviations are ob

served for all the data taken in protic solvents. This 
means, that in protic solvents besides the dipolar effects, 
significant hydrogen bonding interaction must contribute 
to the Stokes shift. Referring again to structure I, it is ap
parent that a stronger hydrogen bond would be formed 
between solvent and the coplanar excited state than be
tween solvent and the perpendicular ground state.

II. Solvent Dependence of <j>f. The large increase in <t>f 
for 9-COOMe in nonpolar solvents relative to 4>i for an
thracene is an anomaly. Generally, meta-directing sub
stituents tend to inhibit the fluorescence of the parent hy
drocarbon.211

One possible source for the enhanced 4>{ of 9-COOMe 
could arise from the relative energies in the singlet and 
triplet manifolds. Far anthracene, the first (Ti) and sec
ond (T2) triplet levels are located at 14,700 and 26,050 
cm-1, respectively.9 Since the lowest excited singlet (Si) 
is only 650 cm-1 above T2 favorable Franck-Condon fac
tors enable the intersystem crossing process (Si~*»<-T2) to 
compete quite well with fluorescence.9 Internal conversion 
(Si"'•►So) is negligible for anthracene.9

Attempts to locate the triplet levels of 9-COOMe by 
phosphorescence and triplet-triplet absorption have been 
unsuccessful.18 However, since triplet states are generally 
less affected by charge-transfer effects than excited singlet 
states,19 it is expected that the shift in the energies of Ti 
and T2 for 9-COOMe relative to those of anthracene 
would be smaller than the shift of Si. From the fluores
cence maxima, Si of 9-COOMe is ca. 3000 cm-1  lower in 
energy than Si of anthracene. Assuming the shift in T2 to 
be considerably less than this, Si may now be as much as 
2000 cm-1 below T2. Thus crossing to T2 from Si might 
now require an appreciable activation energy. At the same 
time, Si would still be quite a bit higher than Ti so that 
the Si~*"Ti process would still be inefficient due to unfa
vorable Franck-Condon factors. Hence, for 9-COOMe, in
tersystem crossing might compete less effectively with flu-

(18) W. Hardy and D. M. Hercules, private communication.
(19) E. Vander Donckt and G. Porter, T ra n s .  F a r a d a y  S o c . ,  64, 3218  

(1968).
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orescence than it does in the case of anthracene. The re
sult would be a larger 0f for the former. Cowan and 
Schmiegel have suggested a similar ordering of the elec
tronic energy levels for 9-anthroic acid.20

Another factor which might affect the intersystem 
crossing rate is possible geometry differences between Si 
and the triplet states. If charge-transfer effects are smaller 
in Ti and T2 than in Si, it is possible that the triplet lev
els maintain the ground-state geometry. The vibrational 
overlap factors which control the radiationless transition S 
"~*-T might be unusually small even if the energy of Si is 
closer to that of Ti or T2 than anticipated above. Lim, et 
al.,21 have previously suggested the existence of such “ ge
ometry factors.”

It is apparent from Table II that the Z dependent sol
vent quenching of 9-COOMe fluorescence is greatest in 
solvents or solvent mixtures which have hydrogen bond 
donor capabilities. The quenching in these protic solvents 
is primarily a result of increased nonradiative decay rates. 
In addition, the magnitude of (feix + k¡c) is greater for 
methanol and the water-containing solvents than for etha
nol which is consistent with the expected hydrogen bond 
donor abilities.

In the absence of data on the 9-COOMe triplet, it is im
possible to determine the relative contributions of kix and 
fete to the quenching process. However, it is possible to 
make some comment on possible quenching pathways.

The shift in the fluorescence maximum of 9-COOMe 
over the range of solvents used (see Table I) is ca. 2000 
cm-1. If the shift in Ti is considerably less than this, 
A£(Si-Ti) should decrease as the energy of the fluores
cence maximum decreases. Seliskar and Brand showed 
that such a situation leads to fluorescence quenching 
through enhanced rates of intersystem crossing (Si a«*T i ) 
for amino-6-naphthalenesulfonate derivatives.14 Table II 
lists estimates of AE(Si-Ti) for 9-COOMe in several sol
vents assuming the Ti energy to be the same as that of 
anthracene (14,700 cm-1). Although AE(Si-Ti) does 
decrease as <t>f decreases in protic solvents, the minimum 
value of A£(Si-Ti) is far too large to produce signifi
cant Franck-Condon integrals between Si and Ti. Also 
the difference in AE(Si-Ti) between protic and aprotic 
solvents is too small to account for the differences in <f>t be
tween these solvents. If this mechanism is operative for
9-COOMe, there should be a triplet level at ca. 20,000 
cm-1 . This would mean either a very large blue shift of 
Ti relative to anthracene or a highly red-shifted T2 which 
is less solvent dependent than Si. Either case is unlikely 
and thus an enhanced k\x via this mechanism is improba
ble.

From the variation in (Pa -  vf) between protic and 
aprotic solvents, it was implied that the 9-COOMe excit
ed state possesses some of the resonance character of 
structure I. It seems likely that the hydrogen bond formed 
between the carbonyl-type oxygen in the ester excited 
state and a protic solvent would be intimately involved in 
the solvent-induced quenching. In support of this, the in
tensity of 9-COOMe fluorescence is 14% greater in 90% 
D2O-10% dioxane than in 90% H2O-10% dioxane. The hy
drogen bond may provide strong coupling between the ex
cited solute and solvent with the result being an enhanced 
internal conversion rate and subsequent loss of excitation 
energy to the vibrational modes of the environment. For
ster has previously suggested such a mechanism to ac
count for a deuterium effect on N,7V-dimethyl-l-amino-5- 
naphthalenesulfonate fluorescence.22 In addition, en
hanced internal conversion rates could account for the 
failure to observe the 9-COOMe triplets by flash or phos
phorescence in protic solvents.18

In aprotic solvents (Table II), a decreasing radiative 
rate constant also contributes to the observed quenching. 
The variation in kf for these solvents is attributed to the 
dependence of kf on the square of the refractive index.23 
The variation in (k\x + kic) for these solvents is most like
ly due to an enhanced kic resulting from the greater so
lute-solvent interaction as solvent polarity increases.

It should be pointed out that the benzonitrile data rep
resent an exception to the <t>t polarity dependence. Based 
on Z values, the <j>t in benzonitrile should be closer to that 
of acetone. Apparently the coupling between benzonitrile 
and excited 9-COOMe which leads to increased kic values 
is smaller than solvent polarity would reflect.
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Luminescence bands of thin-film benzene at 77°K, excited by slow electron impact, are attributed to flu
orescence of the monomer at 275 nm, of benzene excimer at 315 nm, of an unknown at 390 nm, and pos
sibly to the phosphorescence of biphenyl at 430-530 nm. Alkane emissions appear at 250, 290, 340, and 
~500 nm for neopentane; at 220, 325, and 480 nm for 3-methylpentane; at 200, 280, 365, and 510 nm for 
n-hexane; at 200, 280, 370, and 480 nm for cyclohexane; and at 200, 290, 375, and 510 nm for rc-nonane. 
Luminescence excitation spectra by slow electron impact have been measured. For alkanes the 200-250- 
nm fluorescence bands onset at ~8 eV, the 340-375-nm and the 480-530-nm bands have the same onset 
for each alkane at ~14 eV. The 280-290-nm bands were too weak for excitation measurements. The 
~290-nm band could not be detected for 3-methylpentane, nor was the 430-nm recombination lumines
cence observed.

Introduction
Liquid alkanes fluoresce under uv excitation in the 

range 200-245 nm.2 Under slow electron impact at 77°K, 
cyclohexane and n-hexane show both 200-nm fluorescence 
and additional luminescence bands at ~360 and ~490 
nm.3 Continued investigation4 of solid alkanes provides 
more reliable detail in their characteristic electron energy 
loss spectra than could be achieved previously.5 It was 
also possible to improve the measurement of weak lumi
nescence and excitation spectra from thin-film alkanes at 
77°K under slow electron impact. The alkanes chosen 
were neopentane, 3-methylpentane, n-hexane, cyclohex
ane, and n-nonane. Benzene has also been examined 
under the same conditions.

Experimental Section
The experimental procedures have been described.3’6 

Films were ~ 102 A thick. The electron current to the film 
was ~10-9 A for measurements of characteristic losses, 
~10-7 A for luminescence emission spectra, and ~5 X 
10_ 8 A for luminescence excitation spectra. A high-inten
sity monochromator was used for measuring emission 
spectra and narrow bandpass filters were used for excita
tion spectra of alkanes with Xmax (and half-widths) at 
334.5(7), 350.5(10), 360(11), and 505(11) nm. There was 
insufficient signal to measure excitation spectra at 280- 
290 nm.

Photomultiplier pulse counting was used for all mea
surements. The excitation spectra are presented at dL/ 
dVj vs. eV, where L is the luminescence intensity and eVj 
is the incident electron energy. Characteristic electron 
energy loss spectra are presented as d/t/dVi vs. eV, where 
It is the current transmitted by the film. The first peak in 
each of these spectra4 (not shown here) defines the nomi
nal zero of energy.

Results
The emission spectra of thin-film alkanes at 77°K and 

at several incident electron energies appear in Figure 1 for 
neopentane, in Figure 2 for 3-methylpentane, in Figure 3 
for n-hexane, in Figure 4 for cyclohexane, in Figure 5 for 
n-nonane, and in Figure 6 for benzene. In all instances the

spectra were measured at intervals of 10 nm. The data 
points are shown for benzene in Figure 6 to indicate the 
precision of the measurements. The electron impact exci
tation spectra of those emissions which provided sufficient 
signal are presented in the same order in Figures 7-12.

The luminescence emission spectra of the alkanes in 
Figures 1-5 are similar and follow a common pattern of 
four resolved bands. The position of the highest energy 
band is strongly red shifted by branching, as in 3-methyl
pentane, and clearly is the same as the uv-excited fluores
cence.2 The weak band at ~290 nm is unresolved for 3- 
methylpentane and it is not shifted by carbon number or 
branching for other molecular species. The next band has 
its highest energy in the branched alkanes and may be red 
shifted with increasing carbon number.

For the lowest energy band of neopentane and n-nonane 
the value of Xmax shifts with the excitation energy. For
3-methylpentane at 24-eV excitation there is also an unre
solved shoulder at ~430 nm. These facts, as well as the 
considerable band width, indicate no less than two com
ponents of the lowest energy band.

Discussion
The values of Xmax for recombination luminescence of

3-methylpentane and 2-methylpentane glasses at 77°K are 
both ~420 nm but the bands span 400 to 500 nm. For 
isopentane recombination luminescence, Xmax is ~490 
nm for the glass and ~405 nm for the crystal, but with 
complete overlap.7 All of these emissions may contribute 
weakly to the alkane luminescence at ~400 nm observed 
here. The phase effect reported for isopentane may be a 
consequence of shifting the intensity from one of these 
common low-energy emissions to the other. None of the

(1) The Radiation Laboratory ot the University of Notre Dame is oper
ated under contract with the U. S. Atomic Energy Commission. This 
is AEC Document No. COO-38-878.
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(3) P. B. Merkel and W. H. Hamill, J. Chem. Phys., 54,1695 (1971).
(4) K. Hiraoka and W. H. Hamill, J. Chem. Phys., submitted for publi

cation.
(5) D. Lewis, P. B. Merkel and W. H. Hamill, J. Chem. Phys., 52, 1733  

(1970).
(6) K. Hiraoka and W. H. Hamill, J. Chem. Phys., 57, 3870 (1972).
(7) O. Jannssen and K. Funabashi, J. Chem. Phys., 46, 101 (1967).
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Figure 1. Em ission sp ectra  for th in -film  n eo p en tan e  a t 77°K  
under slow  e lectro n  im p ac t a t 1 4 ,1 9 ,  and 4 9  eV .

W AVELENGTH, nm

Figure 2. Em ission s p ec tra  for th in -film  3 -m e th y lp e n ta n e , condi
tions sam e as in F igure 1.

bands in Figures 1-5, however, can account for the ~420 
nm recombination luminescence.

The emission and excitation spectra of the alkanes ob
served are sufficiently typical that they can be considered 
together by selecting cyclohexane as an example. The 
band at ~202 nm corresponds to the fluorescence from 
liquid n-hexane at 207 nm under uv excitation.2 In the 
thin-film solid at 77°K, however, the intensity increases 
with increasing electron energy over a range of >10 eV be
fore decreasing. In the liquid the contrary was observed 
and was probably due to decomposition. The emissions at 
360 (3.46 eV) and 485 nm (2.56 eV) have a common exci

Figure 3. Em ission sp ectra  for th in -film  n -h e xan e , conditions  
sam e as  in F igure 1.

WAVELENGTH , nm

Figure 4. Em ission sp ectra  for th in -film  cyc lo h exan e , conditions  
sam e as in F igure 1.

tation onset at 12 eV. Allowing for the electron energy dis
tribution, which has a half-width of ~0.6 eV, the adjusted 
onset becomes 12.6 eV. It lies well within the region of 
ionization. The zero on this energy scale was taken arbi
trarily at the peak for electron injection but the bulk elec
tron affinity of n-hexane appears to be approximately 
zero, both in the solid4 and in the liquid,8 and no zero 
shift is required.

The two low-energy emissions cannot arise from transi
tions from one of the higher filled orbitals of an ion to two

(8) R. A. Holroyd and M. Allen, J . C h e m . P h y s .,  54, 5014 (1971).
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Figure 5. Em ission sp ectra  for thin film  n -n o n an e , conditions  
s a m e as in F igure 1.

WAVELENGTH , nm

Figure 6. Em ission sp ectra  for th in -film  b enzene, conditions  
sam e as in F igure 1.

lower half-filled orbitals because the energy difference is 
too small.9 The high-energy limits of these two emissions 
approximate 3 and 4 eV. Also, the alkane radical ions 
have much lower energy optical absorptions.10 It is im
probable that the low-energy bands are due to accumulat
ed products of decomposition because of their high lumi
nescence excitation energy. They may arise from a pri
mary excited decomposition product, but allowed transi
tions of olefin radical ions are much too low in energy,11 
carbonium ions do not absorb in the required region, and

Figure 7. Excitation sp ectra  for lu m in es ce n ce  fo r th in -film  neo 
pen tan e  a t 77°K  under slow e lectron  im p ac t expressed  as d /_/ 
d V i vs. eVi. T h e  ch arac te ris tic  e lectron  en erg y  loss sp ectrum  
d / t /d  Vi vs. eVj ap p ears  below  for com parison .

Figure 8. Excitation sp ectra  for lu m in es ce n ce  for th in -film  3 -  
m ethy lp en tane , conditions sam e as in F igu re  7.

simple olefins do not emit. One or two decomposition 
products or impurities common to all alkanes can be ex
cluded by the spectral differences, while random impuri
ties would be unlikely to have a common spectral pattern. 
There is no evident explanation.

The emission at 275 nm for benzene is consistent with 
the envelope of the fluorescence of benzene in methylcy- 
clohexane at 195°K.12 Although the emitting state is 1B2u, 
the excitation spectrum (Figure 12) shows that the onset 
of fluorescence coincides with 1Eiu excitation. The second

(9) M. J. S. Dewar and S. D. Worley, J. Chem. Phys., 50, 654 (1969).
(10) P. W. F. Louwrier and W. H. Hamill, J. Phys. Chem., 72, 3878 

(1968).
(11) T. Shida and W. H. Hamill, J. Amer. Chem. Soc., 88, 5376 (1966).
(12) F. Hlrayama and S. Llpsky, J. Chem. Phys., 51, 1939 (1969).
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Figure 9. Excitation spectra for luminescence for thin-film n- 
hexane, conditions same as in Figure 7.

INCIDENT ELECTRON ENERGY, eVj

Figure 10. Excitation spectra for luminescence for thin-film cy
clohexane, conditions same as in Figure 7.

peak in the derivative excitation spectrum matches a 
minimum at 9 eV for the first ionization.6 The fourth ex
citation peak matches a minimum at 14 eV due to an ex
cited ionic state.6 The third peak is unaccounted for.

The half-width of the 315-nm emission from the ben
zene film is ~49 nm. Excimer emission at 324 nm from 
benzene in methylcyclohexane at 195°K has a half-width 
of 46 nm.12 The ratio of band heights at 315 and 275 nm 
for the film remained approximately constant for seven 
successive scans of the emission as the electron energy was 
raised stepwise from 8 to 50 eV. Emission at 315 nm from 
the film does not arise from a decomposition product of

Figure 11. Excitation spectra for luminescence for thin-film n- 
nonane, conditions same as n Figure 7.

Figure 12. Excitation spectra for luminescence for thin-film ben
zene, conditions same as in Figure 7.

benzene, while it does resemble excimer emission and is 
so identified.

Benzene luminescence at 390 nm was excited at >9 eV. 
Its relative intensity for successive scans at 20, 25, and 
50-eV excitation was 42, 54, and 55% referred to 280-nm 
fluorescence. Consequently, it does not arise from accu
mulated radiolytic product. The emission spectrum at A 
>350 nm is complex and quite similar to that of polycrys
talline benzene at 77°K under 1-MeV electron irradia
tion.13

Excimer fluorescence has not been reported for crystal
line benzene and this is apparently due to constraints im
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posed by the lattice on attainment of a suitable configura
tion. The structure of the benzene thin film is not known, 
but condensation of ~10-7 Torr vapor on the 77°K sub
strate to a ~ 102 Â film should favor randomness in the 
solid. Suitable molecule pair configurations for excimer 
formation may preexist and act as trapping sites for excit
ed monomer.

The ratio of the 315- and 280-nm emission intensities of 
benzene is constant within 3% for 8-15-eV excitation. At 
higher energies the 315-nm intensity steadily increases. It 
can be seen in Figure 12 that every feature in the excita
tion spectrum of 280-nm emission appears in that for 
315-nm emission but the relative amplitudes are not con
stant. Consequently, the excimer has more than one im
mediate precursors. Excepting the lowest, these states 
may be ionic and the self-trapped positive hole, (Cgl-hh^, 
provides a possible intermediate.

The emission at >350 nm has been attributed to ben
zene triplet monomer and excimer.13 The present results 
show that this luminescence is not excited at low energy, 
although slow electron impact induces t s excitation 
efficiently.6

On chemical grounds it is necessary to consider lumi
nescence from biphenyl, PI12, since it is the principal

radiolytic product of benzene. Its fluorescence appears at 
350-300 nm and its phosphorescence at 550-435 nm, both 
in n-heptane at 77°K.14 The shorter wavelength emissions 
from benzene films may contain contributions from bi
phenyl at >9 eVj, but the spectra are quite different in 
shape. The 8 and 10 eVj emissions in Figure 5 cannot con
tain any biphenyl fluorescence. Emission at 425 nm corre
lates rather well with biphenyl phosphorescence, which 
may be due to 2Ph- —*• Ph2*, or to Ph2+ + e —• Ph2*, 
since Ci2Hio+ is a prominent secondary ion in the high- 
pressure mass spectrum of benzene.15 Ion recombination 
produces a preponderance of triplets as primary states, 
and intersystem crossing would further enhance the trip
let-singlet ratio.

The onset of 390 emission at ~9 eV excludes benzene 
phosphorescence and indicates another radiolytic product. 
Biphenyl does not emit in this region and the only other 
luminescent product of significance is phenylcyclohexa- 
diene. Its phosphorescence should be intermediate in ener
gy between that of benzene at ~365 nm and that of bi
phenyl at ~425 nm.

(13) D. H. Phillips and J. C. Schug, J. Chem. Phys., 50, 3297 (1969).
(14) E. C. Lim and Y. H. Li, J. Chem. Phys., 52, 6416 (1970).
(15) L. P. Theard, Ph.D. Thesis, University of Notre Dame, 1960.
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The main photolytic reaction observed on flash photolysis of oxygen-free aqueous solutions of phenylgly
cine at pH 6.7 was a photoionization process, NH2C(Ph)HCOO_ + hv —1► eaq_ + PhCHNH2 + C02, 
leading to decarboxylation of the molecule. The hydrated electron was shown to subsequently react with 
phenylglycine and to lead almost exclusively to deamination: eiq~ +  NH2C(Ph)HCOO_ — NH3 +  
PhCHCOO + OH- . The characteristic transient spectra of the PhCHCOO- and PhCHNH2 radicals 
have been assigned. The photolysis of PhCH(+NH3)COO- produced similar results, while the nature of 
the reactions occurring when both the amino and the carboxyl groups were protonated is distinctly dif
ferent. The photoionization processes were shown to occur biphotonically via a long-lived excited state, 
probably the triplet state. The flash photolysis of benzylamine in water at pH 11.1 was also found to take 
place via a biphotonic process.

Phenylglycine, PhCH(+NH3)COOH, is a rather inter
esting molecule. The benzene nucleus exerts a particularly 
strong effect on the ionization constant of the amino 
group (pKa1 = 1.83 and pKa2 = 4.39). This is to be com
pared with glycine, +NH3CH2COOH, which has pAa1 =
2.34 and p Ka2 = 9.6, and with phenylalanine, 
PhCH2CH(+NH3)COOH, pKa1 = 1.83 and pKa2 = 9.13. 
In a recent study,2 significant and interesting differences 
were found in the reactivity and nature of the products 
produced from the reaction of hydrated electrons, eaq- , 
with phenylglycine and phenylalanine. Thus

eaq~ +  PhCH(NH2)COO “  — ►
PhCHCOO“  +  NH3 +  OH“ (1)

eaq“  +  PhCH(+NH3)COO“ ----- ► PhCHCOO“ +  NH3 (2)

(1) (a) Permanent address, Chemistry Division, Bhabha Atomic Re
search Center, Trombay, Bombay, India, (b) Based on a thesis to 
be submitted in partial fulfillment of the Ph.D. degree, University of 
Bombay, Bombay, India.

(2) J. P. Mittal and E. Hayon, to be submitted for publication.
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Flash Photolysis of Phenylglyclne in Aqueous Solutions 1 6 2 1

® aq +

PhCH2CH(+NH3)COO~ c
eaq“  +  +NH3CH2COO“

electron adduct to ring (3a) 
PhCH2CHCOCT +  NH3 (3b) 
— ► CH2COO~ + NH3 (4)

where ky = 3.0 X  10® (ref 2), k2 > 2 X  109 (ref 2), k3 = 1.6 
X  108 (ref 2), and k* = 8.3 X  106 M _1 sec-1  (ref 3 and 4). 
Whereas phenylglycine underwent2 almost exclusive 
(>90%) reductive deamination by eaq~, most of the elec
trons appear to add to the aromatic ring of phenylalanine 
to produce a cyclohexadienyl type of radical.

It seemed of interest to study the photochemistry of 
phenylglycine in aquequs solution and compare it with the 
recent detailed study5-8 on phenylalanine. Furthermore, 
the flash photolysis of some substituted benzyl derivatives 
in water, PI1CH2X (where X  = NH2, OH, Br), showed7-8 
that the main photolytic process is the rupture of the C-X 
bond with the formation of the benzyl radical. No pho
toionization reaction was observed.8 Since phenylalanine, 
as well as numerous phenylalkylcarboxylic acids, undergo 
photoionization5-8-9 in water it appeared important to de
termine the photolytic processes in phenylglycine, a di- 
substituted benzyl derivative. The results obtained on 
flash photolysis of phenylglycine and benzylamine in 
water are reported below.

Experimental Section
The flash photolysis apparatus used has already been 

described.10 Flash intensities of ~2000 J were normally 
used with a flash duration of ri/2 ~  10 psec. The bipho
tonic experiments were done by varying the charging volt
age (V) across the flash lamps (from ~17 to 23 kV) at 
constant capacitance. The light intensity (i) was shown to 
be directly proportional to V2. The absorbances measured 
were plotted against /  (V2) and P  (V4) .

The quartz optical cells were 20 cm long and a 240-nm 
cut-off filter (15% acetic acid in water) was placed in the 
outer jacket of the cell. Experiments were carried out at 
room temperature, 20-22°. The solutions were buffered 
using perchloric acid, potassium hydroxide, phosphates 
(<1 mM), and borate (<1 mM). Phenylglycine was ob
tained from Cyclochemicals and benzylamine from East
man (White Label). The pulse radiolysis set-up used has 
also been described.11

Results
The absorption spectra of phenylglycine and benzylam

ine12 in neutral aqueous solutions are somewhat similar to 
that of toluene. Substitution in the methyl group of tolu
ene by an electron-withdrawing group, e.g., -COOH, 
-OH, or -NH2, decreases its inductive effect. Unless stat
ed otherwise, the work reported below was carried out 
using a 240-nm cut-off filter. In this way, only the absorp
tion band corresponding to the xAig —► 1B2u benzene tran
sition ((max ~  180-200 M “ 1 cm-1) was optically excited.

The transient optical spectrum produced on flash pho
tolysis of oxygen-free aqueous solutions of 2 mM phenyl
glycine (pKa 1.83 and 4.39) at pH 6.7 is shown in Figure 
la. A band with a maximum at ~282 nm and shoulders 
at ~310 and ~350 nm can be seen. This spectrum is 
clearly not that due to the benzyl radical, which has been 
recently redetermined.13 Indeed one would not expect its 
formation in this system.

Photoionization of phenylglycine was anticipated since 
eaq~ was observed from the flash photolysis of phenylala

Figure 1. Absorption spectra of transients produced in the flash 
photolysis of oxygen-free aqueous solutions of 2 mM  phenylgly
cine (a) at pH 6.7 in presence of N2 (O), N2 and 1.0 M  f-BuOH 
(□ ), 1.0 M f-BuOH plus N20  (■ ) , difference spectrum between 
N2 and N20  (• ), and spec:rum obtained on photolysis at pH 
3.3 in presence of f-BuOH and N20  (A ). Insert shows change 
in absorbance at 282 nm as a function of pH; (b) spectrum at 
pH 0.8 in presence o f  N2 ;0 ) .  A 240-nm cut-off filter (15% 
acetic acid in water) was used throughout.

nine5-6-8 and phenylalkylcarboxylic acids.8-9 In view of 
the relatively high reactivity of eaq ' with phenylglycine, 
ki = 3.0 X  108 M _1 sec-1 [ref 2], the absorption spectrum 
of eaq“ (Xmax 720 nm) could not be observed even on flash 
photolysis of dilute solutions, ~ l-2  X  10-4 M. On flash 
photolysis of 2 mM phenylglycine in presence of (a) N20, 
1 atm, to scavenge hydrated electrons

eaq“  +  N20  — ► OH +  N2 +  OH“ (5)

ks = 6.0 X  109 M _1 sec-1 (ref 14), and (b) 1.0 M tert- 
butyl alcohol to scavenge the OH radicals produced, an 
absorption band with Xmax ~300 nm was observed at pH
6.7 (see Figure la). The •CH2(CH3)2COH radical pro
duced absorbs11 below ~260 nm, is relatively unreactive, 
and was found not to give rise to the observed intermediates.

(3) E. Hayon and M. Simio, In t r a - S c i .  C h e m . R e p .,  5, 357 (1971).
(4) P. Neta, M. Slmic, and E. Hayon, J .  P h y s .  C h e m .,  74, 1214  (1970).
(5) L  J. Mittal, J. P. Mittal, and E. Hayon, C h e m . P h y s . L e t t . ,  18, 319 
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Figure 2. Absorption spectrum of the PhCHCOO-  radical pro
duced by pulse radiolysis from the reaction of eaq~ with 1 mM 
a-chlorophenylacetic acid (at pH 9.2, in presence of 1.0 M t- 
BuOH to scavenge the OH radicals), in N2 (O) and N20  (□ ). 
Difference spectrum drawn as full line.

This was determined by producing this alcohol radical in
1-atm N20 solutions under pulse radiolytic conditions. 
The “ difference spectrum” between N2 and N2O solutions 
shows, Figure la, a maximum at ~300 nm.

The following primary photolytic processes are suggest
ed

NH2CHCOCT
I
Ph

eaq-  +  NH2CHPh + C02 

NH2CHCOO +  -Ph 
NH2CHPh + -COr

(6)

(7)
(8)

Evidence for process 6 is available from the formation of a 
transient with Xmax ~280 nm produced by the reaction of 
eaq-  with phenylglycine. The formation of the Ph
CHCOO- radical, according to reaction 1, was estab
lished. This radical was produced independently by pulse 
radiolysis of 1 mM  a-chlorophenylacetic acid, 1.0 M t- 
BuOH, and argon (1 atm) at pH 9.2. Under these experi
mental conditions, electron dissociative capture takes 
place

eaq~ +  PhCHCOO-  — * PhCHCOO-  + CU (9)

Cl
with kg = 2.7 x 109 M -1 sec-1. The transient spectrum 
obtained is shown in Figure 2. A maximum at ~282 nm is 
observed and «282 =  3 . 5  X  104 M -1 cm-1. The spectrum 
of this radical appears to be quite similar to that “ differ
ence” spectrum obtained from the flash photolysis of 
phenylglycine (Figure la).

Based on the determined extinction coefficient of 
PhCHCOO- , it can be calculated that 0.26 nM of eaq~ 
are produced. Similarly, since [eaq- ] = [NH2CHPh], the 
€300 = 2.6 X  104 M -1 cm-1 for the NH2CHPh was de
rived. This € is appreciably higher than e3i8 = 9.0 X  103 
A/-1 cm-1 for the PhCH2- radical.13

No evidence is available for process 7, except that a 
similar reaction was observed9 in the flash photolysis of 
phenylacetic acid, PhCH2COO- . The spectrum of the 
NH2CHCOO- radical is known,4 but there is no indica
tion that it is produced. Similarly the -C02-  radical is 
known,15 but process 8 does not seem to take place. In
deed the corresponding process in the photolysis of phe
nylalanine5 and phenylalkylcarboxylic acids9 was also not 
observed.

On flash photolysis of 2 mM  phenylglycine at pH 3.3, in 
presence of N2O (1 atm) and 1.0 M  t-BuOH, a transient 
spectrum with Xmax ~290 nm is observed, Figure la. 
Under these experimental conditions, all the eaq -  are con
verted to OH radicals by N2O, reaction 5, and t-BuOH 
scavenges the OH radicals. This spectrum is assigned to 
the +NH3CHPh, and the radical has acid-base properties

+NH3CHPh ^  NH2CHPh +  H+ (10)
The spectrum of the protonated form is blue-shifted com
pared to the deprotonated form. This observation is char
acteristic of the acid-base properties4'15’16 of most free 
radicals, and it would appear that $(6) ~  $(11).

+NH3CHCOO~ +NH3CHPh + eaq-  + C02 (11)
I
Ph

Flash photolysis of phenylglycine at pH 0.8, when both 
amino and carboxyl groups are protonated, yields a rela
tively very weak transient with a maximum at ~318 nm, 
Figure lb. The nature of this transient is not known. It 
looks like a cyclohexadienyl radical, produced by the ad
dition of a radical (H atoms formed directly or via eaq-  + 
H+ —* H) to the benzene ring, on which is superimposed 
the absorption of a second radical.

The change in absorbance at 282 nm with pH is shown 
in Figure la (insert). Similar changes with pH have been 
observed in the flash photolysis of phenylalanine5 and aro
matic carboxylic acids.9 In these cases the midpoint 
change corresponded exactly to the pKa of the ground- 
state amino and carboxyl groups. In phenylglycine, the 
midpoint value is ~3.7 while the p_ffa2 = 4.39. This dif
ference may be due to (a) the change in the extinction 
coefficients of the ionized and nonionized radicals with 
pH at 282 nm, (b) the conversion of eaq- into H atoms, 
&(eaq-  +  H+ —*■ H) =  2.3 X  IO10 M -1 sec-1 (ref 14), and 
the addition of H atoms to the benzene ring. Such a con
version would be in competition with reactions 1 and 2 
and, indeed, from such a competition one can calculate a 
midpoint value at pH 3.7, and (c) the pKa of the triplet 
excited state precursor (see below) could be expected17 to 
be somewhat lower than that of the ground state.

Benzylamine. The flash photolysis of oxygen-free aque
ous solutions of benzylamine (pXa = 9.34) was reinvesti
gated. At pH 11.1, an absorption band with Xmax ~305 
nm is obtained, Figure 3. In presence of N20, a somewhat 
similar but weaker absorption is observed. The “ differ
ence” spectrum shows (Figure 3) a maximum at ~300 
nm. On flash photolysis at pH 7.3, a very weak absorption 
with Xmax ~318 nm is produced which could be due to 
the benzyl radical.

Due to the volatility of benzylamine and its relatively 
high reactivity with eaq -
eaq~ +  +NH3CH2Ph — ■*• t = 8,OX 108 AT1 sec-1 (12)
(15) P. Neta, M. Simic, and E. Hayon, J . P h y s . C h e m .,  73, 4207 (1969).
(16) M. Simic, P. Neta, and E. Hayon, J. P h y s . C h e m .,  73, 4214 (1969).
(17) E. Van der Donckt, P ro g r .  R e a c t .  K in e t . ,  5, 273 (1970).
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eaq +  NH2CH2Ph — -  k =  1.6 X 108 AT1 sec-1 (13)
it was not possible to prepare dilute solutions and look for 
the formation of eaq~ at 720 nm. Pulse radiolysis experi
ments2 showed that reaction 12 leads mainly to deamina
tion with the formation of the PhCH2- radical, while 
reaction 13 produced a different transient with Xmax ~320 
nm, «320 - 11,000 M -1 cm-1 attributed to the addition of 
eaq- to the benzene ring, followed by rapid protonation. It 
is possible that one of the radicals produced in the flash 
photolysis of +NH3CH2Ph may be the NH2CHPh radical.

Figure 3. Flash photolysis of aqueous solutions of 2 mM benzyl- 
amine. (a) at pH 11.1, in the presence of N2 (O), N2 plus 1.0 
M  f-BuOH (□ ), N2C plus 1.0 M  f-BuOH (■ ), and difference 
between N2 and N20  spectra ( . . . . ) .  Spectrum obtained at pH 
7.3 (A), (b) Dependence of OD30o formed in the flash photoly
sis of 2 mM benzylanine, N2, pH 11.1, upon the intensity (/ and 
I 2) of the exciting light.

TABLE I: Decay Kinetics of Intermediates Produced on Flash 
Photolysis of Oxygen-Free Aqueous Solutions of 
Phenylglycine and Benzylamine

System“ PH X, nm Second-order 2k/e rate

Phenylglycine 6.7 280 8.6 ±  0.8 X 104
0.8 318 1.5 ±  0.3 X 105

Benzylamine 11.0 300 1.1 ±  0.2 X 105

“ 2 mM concentrations used and a 240-nm cut-off filter.

Discussion
Benzyl derivatives have been shown12 to exhibit an en

hancement of phcsphoresence yields, a quenching of fluo- 
resence intensities, and a shortening of their natural phos
phorescence lifetimes compared to toluene. An intramo
lecular charge-transfer mechanism was suggested12 which 
enhances spin-orbit coupling between states of different 
multiplicities. The flash photolysis of phenylalanine and

NHjCHCOOH
- Filer3) ) unr3)

Figure 4. Dependence of the concentration of intermediates 
produced in the flash photolysis of 2 mM  phenylglycine, N2, 
upon the intensity (/ and I 2) of the exciting light. Data obtained 
at different wavelengths and different pH values.

derivatives®’6 and of various phenylalkylcarboxylic acids9 
were shown to lead to photodissociation and photoioniza
tion processes via a long-lived triplet excited state. Under 
most conditions, these processes were found®*6’9 to be 
biphotonic, i.e., to require two successive photons.

The flash photolysis of phenylglycine was examined at 
320 and 290 nm and at pH values 7.0 and 0.8. Under all 
these conditions, the intermediates formed were found to 
be produced by a biphotonic process, see Figure 4. This 
result differs from those obtained with phenylalanine 
where the intermediates observed in the photolysis of 
PhCH2CH(+NH3)COO-  were produced biphotonically, 
while those produced from PhCH2CH(NH2)COO-  were 
monophotonic. The influence exerted by the proximity of 
the amino group to the ring probably accounts for an in
creased intramolecular interaction, and the need for a sec
ond quantum to bring about the photoionization processes 
6 and 11.

The flash photolysis of PI1CH2NH2 in water was also 
found to be biphotonic, see Figure 3b. Again in this case, 
as with phenylglycine (but not with phenylalanine), the 
photolysis at pH values where the amino group is deproto- 
nated occurs via a biphotonic process. In support of these 
conclusions is the fact12 that the fluorescence quantum 
yields at room temperature are very low and the rate con
stants feisc for intersystem crossing are relatively high.

These results, in agreement with the work on phenylal
anine and derivatives,®-6 phenylalkylcarboxylic acids,9 ty
rosine, p-cresol, and phenol,18’19 all show that the main 
photochemical processes of substituted aromatic com
pounds in water take place via a long-lived triplet excited 
state. Furthermore, they show that biphotonic processes 
play an important role in both photodissociation and pho
toionization reactions.

(18) J. Feitelson and E. Hayon, J. Phys. Chem., 77.10 (1973).
(19) J. Feitelson, E. Hayon, and A. Treinin, J. Amer. Chem. Soc., 95, 

1025 (1973).
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The kinetics of proton transfer to and from nucleic acid derivatives in aqueous solution has been studied 
as a function of pH, dose per pulse, and solute concentration by pulse radiolysis. The method involves 
monitoring the narrow-band transient uv absorption produced by the differences in absorption spectra 
between ionized and neutral solute. The OH-  ions produced by the radiation pulse deprotonate the py
rimidine and purine molecules; the rates of this reaction are in the range 1-2 X  1010 M -1 sec-1. At high 
doses per pulse and low solute concentrations the rate constant for the competing second-order charge 
neutralization between solvent ions is measured to be (4.1 ±  1.2) X  1011 M -1 sec-1, three times that 
measured by relaxation methods. The rate constants for protor.ation of the ionized nucleic acid deriva
tives are close to 5 x 1010 M -1  sec-1 . The complex kinetics of recombination have been simulated with a 
computer program using the measured parameters; the calculated and observed kinetics agree well.

Introduction
Much is known about the kinetics of proton transfer 

reactions in aqueous solutions from relaxation studies.1 ’2 
This work, together with the pulse radiolysis studies of 
charge neutralization,3 -4 uses conductivity to detect ions.

In this paper we wish to describe some kinetic studies of 
solvent ion reactions of nucleic acid derivatives using 
standard sp’ectrophotometric detection of transient ab
sorbing species.

Several groups of workers have observed a short-lived 
transient uv absorption in pulse irradiated pyrimidines.5-9 
Fielden, et al.,9 studied the kinetics of thymine, and pro
posed that the transient species is the result of an acid- 
base reaction. The spectral and kinetic data presented 
here for a wide range of purine and pyrimidine deriva
tives, HX (HX is the protonated, and X - , is the ionized 
molecule), support this hypothesis. Analysis of the kinetic 
data yields absolute rate constants for the various com
peting ionic reactions.

In the radiolysis of water, the three primary species 
eaQ- , H, and OH are formed, together with Haq+ and 
OH- . In order to study reactions involving the solvent 
ions alone we have used nitrous oxide saturated aqueous 
solutions containing 0.5 M  feri-butyl alcohol to scavenge 
eaq - , OH, and H by the following reactions.

H20  —*■ eaq-,H aq+,OH,H,OH" (1)

eaq~ +  N20  N2 +  OH +  OH“ (2) 

•OH +  (CH3)3COH —■> (CH3)2CH2COH +  H20  (3) 

H- +  (CH3)3COH — > (CH3)2CH2COH +  H2 (3a)

Both reactions 2 and 3 have lifetimes of <10 nsec, hence 
in =»50 nsec we are left with yields of Haq+ and OH-  both 
approximately equal to G(eaq- ). The f-BuOH radical is

unreactive toward nucleic acid derivatives and its absorp
tion below 250 nm does not interfere.

In the absence of reactive free radicals the following 
ionic reactions can be considered.

HX +  OH“ X“  +  H20
*-«

(4)

Haq+ +  OH“ ¿ f c  H20
k-s (5)

HX +  H20  ¿ s X“  +  Haq+
-̂6 1

(6)

Reaction 4 shows the dissociation of HX caused by reac
tion with the radiolytic yield of OH- . The Haq+ present 
will also compete for OH-  as shown in reaction 5; this 
will be especially important at acidic pH and at high 
doses. The complete kinetic equations for the species 
OH- , Haq+ (=  H+), X - , and HX are

d[OH"]/di =  -(k[HX][OH“] +
¿5[H+][OH“ ]) +  &-4'[X“ ] +  k. 5 (7)

d[H+]/di =  —Cfe5[H+][OH“] +  M H +][X“]) +
V [H X ] +  k - s (8)

(1) M. Eigen, A n g e  w . C h e m . ,  In t .  E d . E n g l. ,  3, 1 (1964).
(2) M. Eigen, W. Kruse, G. Maass, and L. deMaeyer, P ro g r .  R e a c t .  

K in e t . ,  2, 287 (1964).
(3) K. H. Schm idt and S. M. Ander, J .  P h y s ,  C h e m .,  73, 2846 (1969).
(4) J . Rabani, M. Gràtzel, S. A. Chaudri, G. Beck, and A. Henglein, J .  

P h y s . C h e m .,  75,1759 (1971).
(5) R. L. W illson, Ph.D. Thesis, University of Newcastle  upton Tyne, 

1966.
(6 ) C. L. Greenstock, M. Ng, and J. W. Hunt, T ra n s . F a r a d a y  S o c . ,  65, 

3279 (1969).
(7) E. Hayon, J. A m e r .  C h e m . S o c . ,  91, 5397 (1969).
(8 ) L  S. Myers, Jr., M. L. Hollis, L. M. Theard, F. C. Peterson, and A. 

W arnick, J .  A m e r .  C n e m . S o c . ,  92, 2875 (1970).
(9) E. M. Fielden, J. M. Phillips, G. Scholes, G. C. Stevens, and R. L. 

W illson, N a tu r e  ( L o n d o n ) ,  225, 632 (1970).
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d[x y  i t  =  - ( ¿ - / [ x - ]  +  £-6[h+][x ~]) +
fc4[HX][OH- ] +  V[H X] (9) 

d[HX]/df =  -(A 4[HX][OH_] +  Ae'CHX]) +
k -*V T ] +  -̂6[H+][X-] (10)

where k-Y  = £_4[H20 ] andfe6' = fee[H20].
These four simultaneous equations cannot be solved an

alytically, however, under specific conditions they simpli
fy and estimates of the rate constants can be made from 
the experimental data. For instance, at pH 7 and at low 
dose per pulse (800 rads, [OH- ] «  2.5 X 10“ 6 M) and rel
atively high uracil concentrations, the buildup of U-  is 
pseudo-first order in [HU] ([HU] = concentration of un
ionized uracil); thus fe4 can be estimated. The approxima
tions used are described in the Appendix.

Experimental Section
The pulse radiolysis experiments were conducted at the 

Linac in the Physics Department, University of Toronto, 
and the 4-MeV Van de Graaff in the Whiteshell Nuclear 
Research Establishment, Pinawa, Manitoba. Pulse 
lengths from 5 to 100 nsec and doses from 0.4 to 4 krads 
were used.

The optical and electronic systems have been discussed 
in detail elsewhere.10 For kinetic analysis, the XY  coordi
nates of each oscilloscope trace on Polaroid film were ana
lyzed by a hand-operated electronic digitizer and the tape 
output analyzed by computer. All chemicals (Sigma) were 
dissolved in triply distilled water and used without fur
ther purification. Samples were handled remotely by a 
flow system using high-pressure medical grade nitrous 
oxide (Linde) or high-purity nitrogen (Matheson).

Small amounts of perchloric acid or potassium hydrox
ide were used to adjust the pH of the solutions. A Radi
ometer 22 pH meter which was calibrated with standard 
buffers was used to measure the pH’s. Because of the im
portance of pH, measurements were made both during 
bubbling and after irradiation to verify that the pH had 
not drifted.

The dose was measured by irradiating N20  saturated 
solutions of KCNS (0.005 M), and measuring the absorption 
of the transient species (CNS)2_ at 475 nm (e475 = 7600 
M “ 1 cm“ 1).11 The yield of OH“ was taken to be equal to 
G(eaq" ) = 2.812 for the calculation of the second-order 
charge neutralization, reaction 5.

Results and Discussion
A. Difference Spectra. The absorption spectrum of the 

pyrimidine nucleic acid base uracil is shown in Figure 1. 
At neutral pH, the 5,6 double bond uv absorbing chromo- 
phore absorbs strongly at 259 nm. However, at higher 
pH’s (beyond the pKa of —9.5) the spectrum of the ion
ized form of uracil shifts to the red, the absorption maxi
mum becoming 285 nm. The difference spectrum, shown 
by the dashed line, is a narrow band peaking at 287 nm 
with molar extinction coefficient of 5700 M _1 cm-1 .

Although the ionized form is stable at high pH, at neu
tral pH the ionized solute will rapidly protonate by the 
back reactions 4 and 6. Such a transient uv absorption at 
290 nm has been observed in the pulse radiolysis of 5 X 
10“ 4 M  uracil at neutral pH (Figure 2). There is good 
agreement between its spectrum and the difference spec
trum shown dotted in Figure 1. The slightly lower extinc
tion and red shift is believed to be due to self-absorption

Figure 1. Absorption spectra of uracil at pH 11.5 and 7. The dif
ference spectrum for the ionized and un-ionized forms is shown 
dotted.

Figure 2. Spectra of various transient species formed under 
pulse radiolysis conditions. The absorption spike formed as a 
result of the acid-base dissociation (filled circles) is compared 
with the difference spectrum replotted from Figure 1. The ad
duct spectra were taken from ref 6.

of the solute. The transient uv absorption spectra and Gt 
of the eaq“ , OH, and H adducts which form weaker ab
sorption bands peaking at 325, 370, and 420 nm, respec
tively, are shown for comparison. In flash photolysis ex
periments, intense and complex spectra attributed to the 
triplet species of the pyrimidines have been observed.13’14 
However, these spectra are quite different from the ob
served narrow absorption band. This transient is 
quenched by small amounts of acid or base, but is insensi
tive to oxygen, unlike the adduct species or the excited 
triplet states. At neutral pH, the narrow absorption band 
decays with a half-life of ~10 psec independent of uracil 
concentration or dose.

The transient absorption “ spike” was observed in a 
wide range of purines and pyrimidines (Table I) and in all

(1C) J. W. Hunt, C. L. Greenstock, and M. J. Bronskill, In t .  J .  R a d ia t .  
P h y s .C h e m . ,  4 ,87 (1972).

(11) J. H. Baxendale, P. L. T. Bevan, and D. A. Stott, T ra n s .  F a r a d a y  
S o c .,  64, 2389 (1968).

(12) E. M. Fielden and E. J. Hart, R a d ia t .  R e s .,  32, 564 (1967).
(13) D. W. Whillans and H. E. Johns, J .  A m e r .  C h e m . S o c . ,  93, 1358 

(1971).
(14) M. A. Herbert and H. E. Johns, P h o to c h e m .  P h o to b io l . ,  14, 693 

(1971).
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Z 4 6 8xl0'4 
[uracil]

Figure 3. Kinetics of uracil dissociation by OH-  reaction. First- 
order dependence of U-  buildup on uracil concentration for a 
dose of 800 rads per pulse (2.5 fiM  OH- ). The pH is 7 ±  0.5. 
The inset is an oscilloscope trace of the buildup for 10-4  M  ura
cil.

TABLE 1: Wavelengths of Absorption Maxima (Xmax) Obtained 
by Pulse Radiolysis or from Difference Spectra

^max. nm

Pulse Difference
Compounds radiolysis spectra

Cytosine 292 288
Thymine 300 295
Uracil 292 287
Adenine 284 279
1-Methyluracil 290 286
5-Bromouracil 308 302
Isobarbituric acid 318 312
Isoorotic acid 310 295
Uric acida 300 300
5-Nitrouracila 355 365
Xanthine 290 287
Purine 280
5-Methylcytosine 296
Orotic acid 307

“ Bleaching spectra.

cases there is very good agreement between the wave
length of maximum absorption of the pulse radiolysis 
transient and that of the difference spectrum of ionized 
and un-ionized solute obtained by steady-state titration. 
The 4-5-nm red shift in the pulse radiolysis spike is due 
to self-absorption of the solute.

No difference spectra are observed when the dissociable 
groups are blocked. Nucleosides and nucleotides and the 
pyrimidines 1,3-dimethyluracil and 2,4-diethoxypyrimi- 
dine fall into this group. Another derivative, dihydroura
cil, has no absorption band from 260 to 300 nm, and no 
narrow band absorption signals are observed. Three other 
compounds, purine, orotic acid, and 5-methylcytosine, 
might be expected to show a shift of the spectra in the ra
diation products. However, these compounds can only be 
ionized by the application of very large pulses of OH-  
(larger than those available using pulse radiolysis) to 
overcome the effect of the H+ ions in unbuffered solution. 
In summary, all of the compounds which do not show an 
absorption spectrum shift do not show the narrow band 
absorption in pulse radiolysis. All the spectral evidence is 
consistent with a proton transfer process.

Figure 4. Kinetics of uracil dissociation as a function of OH-  
concentration. At the low uracil concentration (5 fiM ) the reac
tion of OH-  with H+ predominates.

B. Kinetics. The kinetics of the reactions between 
OH- , H+, and the ionizable molecules are complex. How
ever, by carefully studying the formation of the difference 
spectra at different concentrations, pH’s, and doses, use
ful rate constants have been obtained. There is no means 
of monitoring OH- directly in the pulse radiolysis system, 
so instead, OH-  reactivity must be studied by observing 
changes in the absorption signal of the spike. At low ra
diation doses and higher concentrations of HX most of the 
OH- will react with HX and a smaller fraction will react 
with H+. In the Appendix, it is shown that the first-order 
rate of buildup becomes

^ 7^  = U H X] +  MH+] (sec-1)

where d[X- ]o/dt is the initial rate of formation of X - , 
and [X- ]„ is the final concentration of the species.

The rate of buildup of transient absorption at 290 nm 
for pulse irradiated uracil as a function of uracil concen
tration at pH 7 is shown in Figure 3. At the low dose of 
800 rads and high uracil concentration, reaction 4 
predominates over reaction 5 and from the slope of the 
line a pseudo-first-order rate constant, fe4 = (1.4 ±  0.2) X 
1010 M -1  sec-1 for the reaction of OH-  with uracil, is ob
tained. The positive intercept is a measure of the compet
ing reaction of OH-  + H+. The rate of buildup of absorp
tion at 290 nm extrapolated to zero uracil concentration is 
equivalent to a rate of (1.2 ±  0.3) X 106 sec-1 . This rate 
is approximately equal to &5[OH- ]; taking [OH- ] = 2.5 x
10-6 M, k5 = (4.8 ±  1.2) X 1011 M -1  sec-1 .

Under conditions of high dose and low uracil concentra
tion (5 nM), the buildup of U-  is approximately second 
order. The half-life for the buildup, ti/2, is approximately 
the half-life for the recombination of OH- and H+ (see 
Appendix). In Figure 4, a plot of l / t i/2 against initial 
OH- concentration (a: dose) is shown. The slope of the 
line yields the rate constant, k5 = (4.1 ±  1.2) X 1011 M -1 
sec-1 . This value is about three times higher than that of 
Eigen using relaxation techniques.1 ’2 We have no expla
nation for this discrepancy at the present time, but our 
value for fe5 is consistent with our observations and a com
puter simulation of them is discussed in a later section.

The dissociated uracil ion, U- , will react with H+ with 
the rate constant, k-e\ it will also react slowly with H20  
with rate constant, k .4. The rate of decay as a function of 
the increasing acidity is shown in Figure 5. The decay rate
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Figure 5. Kinetics of protonation of ionized uracil U-  as a func
tion of acidity (expressed as H+ concentration). The dose per 
pulse is 800 rads. The inset shows the decay of U-  at pH 6.

is exponential, and pseudo-first order in H+ concentra
tion, and the rate constant of the protonation reaction fe_6 
is (4.4 ±  1) x 1010 M -1 sec-1.

C. Dissociation Constants. Reactions 4-6 must be con
sistent with normal steady-state dissociation theory. How
ever, if reaction 9 is solved for the steady-state case (i.e., 
d[X- ]/dt = 0), then

DC] _  U O H -] +  k/
[HX] JL4' +  C 6[H+] (11)

The usual equation used to describe dissociation is

PC]/[H X] = K J [  H+] (12)
where Ka is the acidic ionization constant. Reaction 11 
can be made consistent with reaction 12 if the following 
conditions hold

Figure 6. Rate of decay of U-  as a function of pH. The solid 
line is calculated.

Ka = kt’ /k-6 = Kwk jk - /
where Kw = 10-14. For uracil the pKa = 9.4515 and Ka = 
3.45 x 10-10. Using the measured values of C 6 and in 
the above reactions, values for k$' and &_4' are 14 and 3.9 
x 105 sec-1, respectively. This value for fe_4' can be mea
sured experimentally from slowest decay of U-  seen at pH
6.5. The rate constant k$ has very little effect on the re
action scheme,

D. Computer Simulation. In order to test the validity of 
the model (reactions 4-6), and the estimated parameters, 
a simple computer program was written to calculate the 
concentrations of the species OH- , H+, HU, and U-  as 
functions of time. The input consisted of the values of the 
six rate constants and the initial concentrations of the 
four species OH- , H+, HU, and U- . The calculated decay 
rate of U-  as a function of pH is shown in Figure 6. It can 
be seen that the calculated curve using the parameters 
summarized in Table II agrees closely with the observed 
data. It should be emphasized that the calculated line was 
not fitted to the data. Better agreement with the data 
could have been obtained with curve-fitting procedures 
but we did not feel that this was justified in light of the 
inaccuracies in the data.

For pH <6 the line increases with a slope of -1 ; this is ex
actly what is expected for the case of a species reacting 
with H+. Between pH 6 and 7 it was found that the shape 
of the decay curves deviated from exponential. This led us 
to examine the observed decays more carefully. They were 
found to be nonexponential and essentially the same

Figure 7. Relative peak yielc of absorption at 290 nm as a func
tion of pH. The solid line is calculated.

shape as the calculated curves. This is good evidence for 
the validity of the model.

Above pH 7 the calculated rate of decay increases 
steadily with a slope of +1. In order to explain this, sever
al reactions must be considered. At pH 8, the steady-state 
concentrations of species are [HU] *  8 X  10-4 ¡iM, [U- ] 
«  30 fiM, and [OH- ] = 1 p.M. A radiation pulse of 800 
rads creates an additional 2.5 pM  concentration of OH-  
ana H+. Initially the predominating reaction will be be
tween HU and OH- ; this will remove the radiolytic yield 
of OH-  and create some excess U- . The excess U-  will be 
removed by reaction with the radiolytic yield of H+; be
cause [U- ] »  [H+] this reaction will be pseudo-first order 
in [U- ]. For pH’s well below the pKa [U- ] °c [OH- ] and, 
as a result, the rate of U- will increase with a slope of +1 
as shown in Figure 6. The measured rates of decay of U- 
agree quite well with the calculated curve for pH <8. 
However, above pH 8, the measured rate for decay of U- 
levels off and begins to decrease; this disagrees with the 
calculated rates which continue to increase. This phenom
enon must be due to some mechanism not included in 
reactions 4-6. We have not yet found an explanation for 
it.

In Figure 7 a graph of the maximum amplitude of the 
absorption signal against pH is shown for a uracil concen-
(15) D. Shugar and J. J. Fox, B io c h im .  B io p h y s .  A c ta ,  9, 199 (1952).
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TABLE II: Rate Constants for Proton Transfer Reactions with Purines and Pyrimidines

Rate constants, M ~ 1 sec- 1 °

Compound kA k-i[H20] ks

Uracil (1.4 ±  0.2) X 1010 3.9 X 105 sec-1 (4.1 ±  1) X 101
1 X 1010 b 2.8 X 10s 6

Thymine 2 X 101° <3 X 105
Cytosine <3 X 104
Adenine 1 X 1010 6 <8 X 104 

6.3 X 105 b
Isobarblturic acid <8 X 105
5-Bromouracil <3 X 105
5-Nitrouracll
H20

<3 X 105
1 4 X 1011 b

akt = k h x  + o h —, k - « =  k x -  + h 2o . ks — k H +  + o h - , ft _6 = fcx -  + H + - 6 Reference 1.

TIME
Figure 8. The transient species X-  is a monitor of reactions in
volving OH- . Rate constants are obtained from the initial rates 
of buildup of the species, (d[X~]/df)0, and the final product,

tration of 8 x  10_4 M. The solid line is calculated. Again 
the agreement between experiment and theory is quite 
good. Above pH 8 the experimental points drop off some
what faster than the calculated line. This is not surprising 
in view of the fact that the model is obviously incomplete 
for pH >8.

A summary of corrected rate constants for solvent ion 
reactions with purines and pyrimidines is shown in Table 
TI. The proton transfer reactions of OH- with the purines 
and pyrimidines fall within the range 1-2 X 1010 M -1 
sec-1  which is slightly faster than the corresponding reac
tions of H, OH, and eaq~. The rates for the back reactions 
k-4  vary from 3 x  104 sec-1 for cytosine to 3.9 X 105 
sec-1  for uracil. The rate constants for the protonation 
reactions involving X -  and H+ are typically around 5 X 
1010 M -1 sec-1 . Both the rate constants for charge neu
tralization and for OH-  reactions with certain purines 
and pyrimidines are in good agreement with those mea
sured by conductivity techniques using relaxation meth
ods.2

These experiments demonstrate the applicability of 
pulse radiolysis to the study of proton transfer in aqueous 
solutions of nucleic acid derivatives. The technique is 
being extended to other systems and other solvents to 
measure the chemical yields and kinetics of solvent ions.
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Appendix
A. Low Doses and High Solute Concentrations. Under 

these conditions, the term &4[HX][OH- ] predominates in 
reactions 7 and 9 and the buildup of U-  becomes pseudo- 
first order in solute concentration.

Solving for X -  from eq 7 and 9
dpC]0/df s  jfe4[HX] [OH“ ]0 exp[—IUHX] +
and MH+]|i] (13)

UHX]:OH - ] 0 _
[ ■*' UHX] + ¿5[H+] 11 exp[ {ki[ X]

k lR +M  (14)
At infinite times, the final signal, [X- ]„ becomes

D TL =  *4[HX][OH“ ]o/(A«[HX2 +  MH+]) (15)
As well, the initial rate at i = 0 becomes

p r f  ^  = U H X ] +  *5[h+] (16)
B. High Dose and Low Scavenger Concentration. In this 

case the ks[H+][OH- ] term predominates in eq 7 and the 
disappearance of OH- is essentially second order. Inas
much as only a small fraction of the initial [OH- ] will 
react with the HX, the buildup of X -  absorption will be 
second order and will be a monitor for the recombination 
of OH-  and H+ (see Figure 8), i.e.

d[OHT]/[OH-]o = -d[X-]/[X-]„
and

iF I  ^  '  WHX] + MH*]
This is the same as the low dose approximation.
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Radicals produced by the reaction of OH with pyrrole, 2-pyrrolecarboxylic acid, iV-methylpyrrole, N- 
methyl-2-pyrrolecarboxylic acid, imidazole, 2-methylimidazole, 4,5-imidazoledicarboxylic acid, isoxazole, 
pyrazole, 3,5-pyrazoledicarboxylic acid, maleimide, and iV-ethylmaleimide have been studied by the in 
situ radiolysis steady-state esr technique. In all cases OH has been found to add to a carbon rather than to 
abstract H. With pyrroles addition takes place at the position adjacent to the nitrogen and with imidazoles 
addition to both positions 2 and 5 has been found. In contrast to the furans the OH adducts do not undergo 
ring opening in alkaline solutions. In the case of pyrrole, imidazole, and 2-methylimidazole the OH adducts 
have been found to undergo a base-catalyzed water elimination involving the OH and the H from NH. In 
the carboxy derivatives water elimination is a slow process and was not detected. In the latter radicals a 
small splitting by the OH proton has been observed in neutral solution but disappeared at pH >10 for imi
dazoles and >11 for pyrroles. The disappearance of the OH proton splitting is a result of rapid proton ex
change. Furthermore, dissociation of the OH proton occurs with pK  = 12 for the 4,5-imidazoledicarboxylate 
adduct and pK  = 13.5 for the adducts of 2-pyrrolecarboxylate and AT-methyl-2-pyrrolecarboxylate. Hy
droxyl radicals add to isoxazole at the 5 position adjacent to the oxygen rather than that adjacent to the ni
trogen. Addition to pyrazole also takes place at the 5 position, next to the NH group, and in both cases of 
isoxazole and pyrazole comparable allylic type radicals are observed. With 3,5-pyrazoledicarboxylic acid, 
however, OH adds to the 4 position probably because the 5 position is sterically hindered by the carboxyl 
group.

Introduction
Hydroxyl radicals react with aromatic and heterocyclic 

compounds very rapidly,2 mostly by addition to an unsat
urated carbon atom. The radicals produced by this addi
tion may undergo further chemical changes before decay
ing into stable products. For example, OH adducts of phe
nols and anilines have been found to lose a water mole
cule,3-5 and certain OH adducts of uracils have been 
found to undergo a ring opening in alkaline solutions.6 A 
recent esr study of the furans7 has shown that OH adds 
almost exclusively to the positions adjacent to the oxygen, 
and that between these positions OH adds preferentially 
to the unsubstituted carbon. Furthermore, the resulting rad
icals undergo a rapid ring opening in alkaline solutions to 
produce the anion radicals of butenedial.7’8 The OH ad
ducts of pyrroles have only been investigated by pulse ra
diolysis8 where it has been suggested that a ring opening 
takes place in acid solution after the radical protonates on 
the nitrogen.

An esr study of this system seems warranted in order to 
identify the OH adducts and to follow any possible rear
rangements they might undergo. Although one does not 
expect the pyrrole ring to open in alkaline solutions, a loss 
of water molecule may take place from adjacent OH and 
NH groups. This study has been extended to include sev
eral derivatives of pyrrole, imidazole, pyrazole, isoxazole, 
and maleimide. In most cases OH adduct radicals have 
been identified by their esr spectra and the changes they 
undergo with change of pH have been followed. In the 
case of pyrrole, imidazole, and 2-methylimidazole radicals 
resulting formally from H abstraction from the NH have

been observed and are probably produced via addition of 
OH followed by elimination of a water molecule.
Experimental Section

The organic compounds were of the purest grade avail
able from Eastman Organic Chemicals and from Aldrich 
Chemical Co. and were used without further purification. 
Solutions were prepared in water which was distilled and 
the vapor passed with oxygen through a silica tube at 
600°. Potassium hydroxide, perchloric acid, sodium bo
rate, and the potassium phosphates, all Baker Analyzed 
Reagents, were used for pH adjustment and as buffers. 
Solutions were bubbled with N2O, which reacts with eaq_ 
to produce OH, so that the organic solutes react mainly 
with OH. All the other experimental details of the steady- 
state in situ irradiation of solutions while flowing through 
a silica cell located within the esr cavity are similar to 
those previously described.9

Results and Discussion
The radicals formed by reaction of OH with pyrrole, 

imidazole, and their derivatives have been studied in

(1) Supported in part by the U. S. Atomic Energy Commission.
(2) See, e.g., the compilation by M. Anbar and P. Neta, Int. J. Appl. 

Radiat. Isotopes, 18, 493 (1967). See also ret 3, 4, and 8.
(3) E. J. Land and M. Ebert, Trans. FaradaySoc., 63, 118 1 (1967).
(4) G. E. Adams and B. D. Michael, Trans. Faraday Soc., 63, 117 1  

(196.7).
(5) P. Neta and R. W. Fessenden, J. Phys. Chem., submitted for publi

cation.
(6) P. Neta, Radiat. Res., 4 9 ,1 (1972).
(7) R. H. Schuler, G. P. Laroff, and R. W. Fessenden, J. Phys. Chem., 

77,456 (1973).
(8) J. Lilie, Z . Naturforsch. B , 26, 197 (1971).
(9) K. Eiben and R. W. Fessenden, J. Phys. Chem., 7 5 ,1186 (1971).
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TABLE I: Esr Parameters of Radicals Produced by Reaction of OH with Pyrroles“

2-Pyrroleoarboxyllc acid
Pyrrole ------------------------------------------- ----------------------------------------------------------------------------------------------------

pH 6 -1 1  pH 4.9-10 .5 pH 1 1 - 1 2  pH >14*

g factor 2.00232 2.00290 2.00290 2.00294
aN 2.91 3.41 3.41 4.60
a5H
a2H

| 13.26(2) 22.91 22.92 24.15

a4»
a3» | 3.55 (2)

8.84
1.73

8 86 
1 73

8.27
1.78

aNHH 0.0 0 0 0:35
aOHH 0.28 c

H H H

Suggested
radical
structure N T

/ c- c\
H H

HOv I  ro - N xNn .CO,c ,<r
H
H H

H0\ X  / « U£ ,<r

H / c- c\
H H

pif “ 13.5

-o I
„ A  A
H / c- \
H H

a All solutions contained 10 -3 - 1 0 -2  M  of the pyrrole and were saturated with N2O. Hyperfine constants are given in gauss and are accurate to ±0.03 G. 
The g  factors are measured relative to the peak from the silica cell and are accurate to ±0.00005. Second-order corrections have been made [R. W. Fes
senden, J . C h e m . P h y s .,  37, 747 (1962)]. The number of nuclei displaying the splitting Is given in parentheses If different than one. 6 Values used to obtain 
the best fit with the experimental data, see Figure 1. c Splitting by the hydroxyl proton Is not observed at this pH because of rapid exchange.

aqueous solutions. The hydroxyl radical is produced in ir
radiated water along with H and eaq- . In order to concen
trate on the reaction of OH all solutions have been satu
rated with N2O which reacts very rapidly with eaq_ to 
produce an additional OH. The contribution of H in this 
system is small, only ~  10%, and no organic radicals re
sulting from the reaction of H have been detected. In fact, 
attempts to identify such radicals in acid solutions, where 
the yield of H becomes large (by the reaction eaq_ + H+ 
— H), were not successful because of the poor signal-to- 
noise ratio of the esr spectra resulting from low steady- 
state concentrations. All the spectra recorded in neutral 
and alkaline solutions are those of the radicals produced 
by the reaction of OH. In most cases the spectrum of only 
one radical has been observed. It should be pointed out, 
however, that, because of the steady-state nature of these 
experiments, the lack of observation of the spectrum of a 
certain radical does not rule out its possible formation 
with low yields or as a shorter-lived intermediate.

Pyrrole. The esr spectra recorded with irradiated aque
ous solutions of pyrrole, both neutral and alkaline, show 
the presence of one nitrogen and two sets each with two 
equivalent protons. The most obvious structure that 
would show this kind of splittings is the symmetric one 
resulting formally from abstraction of H from the NH 
(Table I). This radical can be either a a radical, similar to 
phenyl10 or pyridyl,11 or a i  radical, similar to cyclopen- 
tadienyl12 or pyridinyl.13 The small hyperfine constant of 
the nitrogen strongly suggests that this is a it radical. The 
2.9-G nitrogen splitting results from the difference be
tween the contributions of the spin density on the nitro
gen itself ( Q n n p n )  and those on the adjacent carbons 
( Q c n n P c ) -  I n  parallel to the case of pyridinyl,13 the pro
tons which are more adjacent to the nitrogen are expected 
to have the larger hyperfine constants, as assigned in 
Table I. The spin densities on the carbons can be calcu
lated from McConnell's relation using |QCHH| = 25.7 G 
from cyclohexadienyl.12 Thus carbons 2 and 5 carry spin 
densities of 0.516 each and carbons 3 and 4 carry 0.138 
each. The total spin density on the carbons is, therefore, 
1.308, which requires a negative spin density on the nitro
gen of -0.308. Alternatively, if the spin density on car
bons 3 and 4 is negative, that on the nitrogen will have to

be positive, with a value of 0.244. It is not possible at 
present to use any reliable values of Q n n  and Q c n n  in 
order to distinguish between the two possibilities. The re
sults for imidazole presented below suggest, however, that 
the nitrogen carries a negative spin density.

The radical from pyrrole, although schematically result
ing from H abstraction, is not likely to be produced via 
such a mechanism The rate constant for H abstraction 
from NH is at least two orders of magnitude lower than 
that of OH addition to the ring, which is diffusion con
trolled.8 It is reasonable to assume, therefore, that the ini
tial step is addition of OH which is then followed by elim
ination of water (eq 1). In the case of 2-pyrrolecarboxylic

H

Ó + OH
OH

H _h2o

PK-4S||

(1)

acid the OH adduct has, indeed, been observed (see Table 
I) and water elimination from that adduct must be a much 
slower process. The pulse radiolysis experiments8 have 
shown that the radical formed by addition of OH to pyrrole 
protonates in acid solutions and the protonated form under
goes a ring opening (eq 2). Unfortunately, no esr lines could

+H, H
\  ± /  (VTT.Ns ' 0H

H
be detected in the acid region apparently as a result of line 
broadening caused by proton exchange.

2-Pyrrolecarboxylic Acid. All the spectra recorded with 
irradiated solutions of 2-pyrrolecarboxylic acid between 
pH 5 and 12 were somewhat similar in their general pat
terns and are assigned to the radical produced by OH ad
dition to the 5 position (Table I). This radical has an al
ly lie structure at positions 2, 3, and 4. The proton in the

(10) P. H. Kasai, E. Hedaya, and E. B. Whipple, J . A m e r .  C h e m . S o c . .  
91,4364 (1969).

(11) P. H. Kasai and D. McLeod, Jr., J . A m e r .  C h e m . S o c .  94 720 
(1972).

(12) R. W. Fessenden and R. H. Schuler, J . C h e m . P h y s . ,  39, 2147  
(1963).

(13) R. W. Fessenden and P. Neta, C h e m . P h y s . L e t t . ,  18, 14 (1973).
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central position of the allylic structure has a small hyper- 
fine constant of 1.7 G and that at the 4 position shows an
8.8-G splitting, in agreement with similar findings with 
the furancarboxylic acids.7 This radical parallels the OH 
adducts of furans7 also in that the proton at the 5 position 
has a large 23-G splitting while the spin density on the 
adjacent carbon atom is only 0.34 (8.84/25.7). The nitro
gen hyperfine constant is small, 3.4 G, which is reasonable 
by comparison to the 6.1-G nitrogen splitting in the radi
cal from glycine14 (H2NCHC02- ) when account is taken 
of the fact that the spin density on carbon 2 of the present 
radical is only ~0.5 (judging, for example, from the case 
of iV-methylpyrrole given below).

In the pH region of 5-10 an additional small proton 
splitting of 0.28 G is observed. This splitting can be as
signed to either the OH or the NH proton. Because a pro
ton splitting of a similar magnitude is observed with the 
N-methyl derivative (see below) it can be concluded that 
this splitting is caused by the OH proton. Furthermore, in 
both radicals from 2-pyrrolecarboxylic acid and N-methyl-
2-pyrrolecarboxylic acids this splitting disappears at pH
11-12 with no change in the other hyperfine constants. 
This disappearance is expected to be a result of rapid ex
change of the OH proton15 as was similarly found for the 
OH adduct of 2,5-furandicarboxylic acid.7

When the pH is increased above 12 all the hyperfine 
constants change. These changes appear to be the result 
of an acid-base dissociation which can take place either at 
the OH or at the NH group. Because the OH proton ex
changes (via dissociation) at pH 11 it must be the one to 
dissociate at this higher pH. The fact that similar changes 
take place in the radical derived from iV-methyl-2-pyrrole- 
carboxylic acid also supports this assignment. An addi
tional small proton splitting appears at pH >12 (Table I) 
which can be assigned to the NH proton.

In order to verify that the changes in hyperfine con
stants at pH >12 are the result of proton dissociation and 
to determine the pK  for this process a detailed study of 
the effect of pH has been undertaken. Four different hy
perfine constants have been plotted as a function of pH 
(Figure 1) and the experimental points fitted with the 
best theoretical curve. The high pH plateau of the curve 
is not reached at pH 14 and, therefore, the corresponding 
values had to be determined by curve fitting. It can be 
seen in Figure 1 that very good agreement is obtained be
tween the experimental points and the curves calculated 
using the plateau values given in Table I and pK  = 13.5. 
This agreement also shows that the spectra observed at all 
pH values can be assigned to one radical present in solu
tion at different protonation stages.

N-Methylpyrrole. Hydroxyl radicals add to the 2-posi
tion of iV-methylpyrrole and the adduct cannot undergo a 
water elimination, such as was found with pyrrole. The 
esr spectrum observed shows one large proton hyperfine 
constant of 24.8 G and splittings by three protons of the 
allylic structure (11.8, 11.5, and 1.1 G), by one nitrogen, 
and by three equivalent protons of the methyl group (2.3 
G). The assignment is, therefore, straightforward as given 
in Table II.

N-Methyl-2-pyrrolecarboxylic Acid. All the observations 
with this compound (Table II) are similar to those with 
the nonmethyla'ed derivative (Table I), except for the ob
vious difference caused by the methyl group. The very 
small NH proton splitting in the radical from 2-pyrrole- 
carboxylic acid is replaced here by a 3.9-G quartet and

Figure 1. Effect of pH on the hyperfine coupling constants ob
served for the radical formed by addition of OH to 2-pyrrolecar
boxylic acid. The theoretical curves which give the best fit with 
the experimental points have been calculated from a =  (3ha +  
aA -K /[H + ])/(1  +  K/[H+];. where a is the experimentally ob
served hyperfine constant, aHA and aA - are those of the acid 
and basic forms, respectively, and K is the equilibrium constant. 
The hyperfine constants for the basic form could not be mea
sured experimentally and tie  values of these constants which 
give the best agreement with the measurement made at pH 
<14 are summarized in Table I.

this large difference in the magnitude of the splittings is 
somewhat unexpected.16 However, all the other hyperfine 
constants remain very similar and undergo the same type 
of changes with pH. The pK  for the dissociation of the 
OH group has been determined in the same way as with 
2-pyrrolecarboxylate and found to be 13.4, similar to the 
value of 13.5 found for the nonmethylated analog. This 
finding supports the previous conclusion that the OH 
group, rather than NH, undergoes dissociation. In neutral 
solution the small splitting by the OH proton was also ob
served and this again disappeared at pH 11 because of 
rapid exchange.

Imidazole. The reaction of OH with imidazole can fol
low the same pattern as that with pyrrole, with possible 
changes in the rate constants. The esr spectra recorded 
with irradiated solutions of imidazole at pH 9 and 12 were 
different. The spectrum at the higher pH showed split
tings by two equivalent nitrogens, two equivalent protons, 
and one additional proton. The obvious structure which 
fulfills these requirements is that formed by the loss of 
hydrogen from the NH (Table III). At the lower pH a 
completely different spectrum is observed. The nitrogens 
are not equivalent, though they have hyperfine constants 
of 1.4 and 2.6 G, the average of which is identical with 
that found for the two nitrogens at pH 12. Moreover, five 
different proton hyperfine constants are observed, one of
(14) P. Netaand R. W. Fessenden, J . P h y s .  C h e m . ,  75, 738 (1971).
(15) G. P. Laroff and R. W. Fessenden, J .  P h y s .  C h e m . ,  submitted for 

publication.
(16) It should be pointed out, however, that the very small NH proton 

splitting can result from canceling contributions by spin densities on 
C 2 and Ni, whereas in the case of N -C H 3 the contribution of the 
spin density on C 2 to the CH3 proton hyperfine constant will be neg
ligible as compared to that of the Ni spin density, so that the can
cellation effect is removed.
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TABLE II: Esr Parameters of Radicals Produced by Reaction of OH with N-Methylpyrrolesa

N-Methylpyrrole 
pH 12

N-Methyl-2 -pyrrolecarboxylic acid

pH 7 pH 11 pH >14*

g factor 2.00252 2.00299 2.00299 2.00303
a N 2.69 3.90 £.90 4.93
a 5H 24.77 23.32 23.32 24.90
a 2H 11.80
a 4H 11.45 8.28 8.28 7.63
a 3H 1.06 1.56 1.56 1.67
a cH 3 H 2.30 (3) 3.90 (3) 3.90 (3) 4.83 (3)
a o n H c 0.31 c

ch3 ch3 ch3 ch3

Suggested
radical
structure

“V V "tj'  \ ll
H C ^ \
H H

” \ V a '

H H

HO. J. m  -

V  v '  2

K  H

O" I
\  ,N „ ,C02 

C ,C^
\

H / C - \
H H

° See footnote a, Table 1. b Va lues used to obtain the best fit with the experimental data of pH 12-14. c See footnote c, Table I.

them (26.4 G) being characteristic of that of a proton on 
the same carbon where OH adds to the ring. Two others,
9.8 and 16.3 G, can be reasonably assigned to the allylic 
type structure given in Table III, and the remaining small 
splittings result from the NH and OH protons.

At the intermediate pH values, around pH 10, lines at
tributable to both radicals have been observed with vary
ing intensities. It can be estimated that at pH 10 both 
radicals are present at similar concentrations. This grad
ual change in the concentration of the two radicals can be 
the result of either a change in the mechanism of reaction, 
where each radical is formed independently, or a transfor
mation of one radical into the other affected by pH. The 
first possibility does not seem reasonable because OH is 
not expected to abstract H from NH directly to any ap
preciable extent and because there appears to be no rea
son to assume a change in mechanism around pH 10 (the 
pK  for OH is 11.8 and the pK  for imidazole is 7.0). On the 
other hand, it is very likely that the mechanism involves 
addition of OH as a first step at all pH values, and that 
the OH adduct undergoes a slow elimination of water, a 
process that can be catalyzed by the base. Thus the sec
ond radical in Table III is formed from the first.

The symmetric radical formed by elimination of water 
from the OH adduct of imidazole is somewhat similar in 
structure to that obtained from pyrrole. Both radicals 
show small nitrogen hyperfine constants but the proton 
splittings are different. In the case of imidazole all proton 
hyperfine constants are above 10 G. These constants indi
cate, therefore, positive spin densities on all the carbon 
atoms, which then require negative spin densities on the 
nitrogens. Using QChh = 25.7 G12 the spin density at the 
2 position is 0.53 and those at the 4 and 5 positions are 
0.41. The total spin density on the carbon atoms is 1.35 
and, therefore, each nitrogen must carry a negative spin 
density of -0.175. This conclusion suggests that in the 
case of the radical from pyrrole the spin density on the ni
trogen is also negative.

At pH 13 esr lines of an additional radical appear in the 
spectrum and their intensity increases in more strongly 
basic solutions. The parameters calculated from these 
lines are aN = 0.53 G(2), aH = 8.31 G(2), and g = 2.00357. 
A possible assignment for these parameters is the hydroxy- 
imidazole radical I produced by secondary reactions.

0"
I

Ni O , N
HC— CH 

I
Methylimidazole. Several methyl derivatives have been 

investigated but only with 2-methylimidazole was the 
spectrum sufficiently intense to allow analysis. The pa
rameters calculated and the suggested structure of the 
radical are given in Table III. The observation of two 
equivalent nitrogens of 1.75-G splitting and two equiva
lent protons with a hyperfine constant of 10.2 G allows the 
assignment given in the table, which is parallel to that for 
the case of imidazole at the same pH. The single proton 
splitting of 13.6 G in imidazole is replaced here by a 15.3- 
G quartet, in very good agreement with the expected rela
tive values of a and /3 protons (taking the values for the 
isopropyl radical, 22.1 and 24.7 G, as a reference).12

4,5-Imidazoledicarboxylic Acid. The esr parameters and 
the suggested structures of the radicals produced by reac
tion of OH with this compound are summarized in Table
IV. In neutral solutions spectra ascribable to two different 
radicals have been observed simultaneously. One radical 
shows a 27-G proton splitting and must, therefore, be that 
formed by addition of OH at the 2 position. The other 
radical shows no such large hyperfine constant and is 
most probably that produced by OH addition on a carbon 
bearing a carboxyl group. The structure given in Table IV 
for this radical, with the OH adding to the 5 position, is 
one possibility. The other, the adduct to the 4 position, 
seems less likely to be produced or to fit the observed pa
rameters because it would not contain an allylic structure.

The two radicals observed in neutral solutions undergo 
different changes at pH >9. The 2-hydroxy radical under
goes an exchange of the OH proton at pH >10, followed 
by dissociation of this proton with pK  = 12 ±  0.5. Elimi
nation of water from this radical, resulting in a symmetric 
structure, appears to be a slow process and is not detect
ed. The 5-hydroxy radical disappears at pH 11 and no 
radical was observed which could result directly from it 
by dissociation or water elimination. However, spectra of 
two additional radicals have been recorded at pH 11.5 for 
which no certain assignment can be made at present. One

The Jo u rn a l o f P hysica l C hem istry, Vol. 77, No. 13, 1973



Reaction of Hydroxyl Radicals with Pyrrole, Imidazole, and Related Compounds 1633

TABLE III: Esr Parameters of Radicals Produced by Reaction of OH with Imidazoles0

Imidazole
-----------------------------------------------------------------------------------------  2-Methylimidazole
pH 9 -10  pH 1 0 -1 2  pH 11.9

g  factor 2.00226 2.00226 2.00235
a i N , a 3N 1.4 3 , 2.63 2.00 (2) 1 .7 5  (2)
a 2 H ) ( 9.85 13 .6 2
a 4H
a 5»

) / 16 .3 0  
26 .37

|  10 .5 5  (2) |  10 .2 0  (2)

aNH H 1.4 3
aoHH 0.35
aCH3H 15 .3 0 (3 )

H1 H CH,
Suggested

radical
structure

H\  A sNi 23\N
\ 5 4/  f

A - c  
H  /  X H 

OH

A
/  ° \  

H H

I
,C V 

n Q n  
c —c

H  \

“ AH solutions contained 10 “ 3- 1 0 ~ 2 M  of the imidazole and were saturated with N20. Hyperfine constants are given in gauss and are accurate to ±0.03  
G. The g  factors are measured relative to the peak from the silica cell and are accurate to ±0.00005. Seconc-order corrections have been made [R. W. 
Fessenden, J . C h e m . P h y s . ,  37,747 (1962)]. The number of nuclei displaying the splitting is given in parentheses if different than one.

TABLE IV: Esr Parameters of Radicals Produced by Reaction of OH with 4,5-lmidazoledicarboxylic Acida

pH

6-9 7-9 (>10)" 12.3

g  factor 2.00292 2.00332 2.00332 2.00334
a i N, a 3N 1 .6 2 ,1 .7 4 4.49, 5.29 4.49, 5.29 4.52, 6 .14
a 2H 7.56 27.36 27.36 27.80
a NHH 1.89 3 .1 1 3 .1 1 2.94
a o n H 0.25 0.44 c

H H OH H OH H 0“
Suggested

radical
„  \  /  

" V >
u \  /

A s  N >
H s  V

X A  tv

structure \ J !
X —c

~ 0 £  \  \  -  OH CO, “02C CO, I o o V A
1,

/ 8

pK-12 \ _ //  c -c
~o,c Nco,-

“ All solutions contained 10 - 3 - 1 0 ~ 2 M  of the imidazole and were saturated with N20. Hyperfine constants are given in gauss and are accurate to ±0.03  
G. The g  factors are measured relative to the peak from the silica cell and are accurate to ±0.00005. Second-order corrections have been made [R. W. 
Fessenden, J . C h e m . P h y s .,  37, 747 (1962)]. "The parameters determined at pH >  10 were not identical with those at pH 7-9  (without the OH splitting) 
but were slightly affected by the dissociation with pK =  12. c See footnote c, Table I.

of these showed splittings by two equivalent nitrogens 
only, with aN = 0.56 G and g = 2.00382. It had very in
tense lines and was also present at pH 14, where all the 
other radicals had spectra of very low intensity. This radi
cal has somewhat similar parameters to those of the radi
cal formed in very alkaline solutions of imidazole, without 
the proton splittings, and it is most probably the dicar- 
boxy derivative of the hydroxyimidazole radical. The 
other radical observed at pH 11.5 shows two different ni
trogen hyperfine constants of 1.23 and 0.28 G, one 8.23-G 
proton splitting, and g = 2.00368, but again the assign
ment is not clear.

Isoxazole. The spectrum recorded with a neutral solu
tion of isoxazole was analyzed in terms of one nitrogen 
splitting and four different proton splittings. The assign
ment (Table V) is based on the previous results with the 
furans7 and on the other results in the present paper. Ad
dition of OH to any of the other carbons will not produce 
a radical which would be expected to show the observed 
parameters and, furthermore, will not result in a stabi
lized allylic structure. In alkaline solutions this radical is 
expected to undergo a ring opening similar to the case of 
furan. Unfortunately, isoxazole itself hydrolyzes in alkali, 
and in fact no spectrum was observed at pH 12.4.

In comparing the esr parameters for the isoxazole OH 
adduct with those for the furan OH adduct7 it is seen that 
the hyperfine constants of the protons of the 3 and 4 posi
tions are very similar (2.18 and 13.57 G in isoxazole vs. 
1.97 and 13.59 G in furan). On the other hand the large 
splitting of the proton at the 5 position is 26 G in the OH 
adduct of isoxazole, considerably larger than the 21 G ob
served in the case of furan. This difference indicates that 
the nitrogen atom of the isoxazole radical allows the 
transfer of a larger fraction of spin density onto the oxy
gen, as compared to the fraction transferred in the case 
where carbon is at the 2 position.

Pyrazole. The spectrum recorded with irradiated solu
tions of pyrazole, bcth neutral and mildly alkaline, 
showed the presence of one radical only and the splittings 
by all the magnetic nuclei were observed. The esr param
eters and the suggested structure of the OH adduct are 
shown in Table V. The OH adduct of pyrazole and that of 
isoxazole are similar in structure and the esr parameters 
are very similar as well (Table V). Again the OH adds 
preferentially to the 5 position, which is the only case that 
results in an allylic type radical. The hyperfine constants 
of the protons at positions 1 and 3 are similar and cannot 
be distinguished. The splittings of the nitrogen and the
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TABLE V: Esr Parameters of Radicals Produced by Reaction of OH with Isoxazoie, Pyrazole and 3,5-Pyrazoledicarboxylic Acid

Isoxazoie 
pH 6.9

Pyrazole 
pH 9.4

3,5-Pyrazoledicarboxyllc acid 
pH 4.7-10.7

g  factor 2.00225 2.00320 2.00269
a iN 5.37 2.35
a 2N 9.43 8.76 0.75
a NHH M  1.39 3.29
a3H 2.18 ) ) 1.58
a4H 13.57 10.32 29.35
asH 26.19 30.96
a0 HH 0.15 0.42 0.41

H H

Suggested HOx  , o N
c f  1 2;N

~0£ J
C- N

radical H > ' C; u ' \ 4 3//
n c—c

HO. \ //
c—Cv

structure h '  n , /  \  n H /  \  _ H C02

TABLE VI: Esr Parameters of Radicals Produced by Reaction of OH with Maleimide and Af-Ethylmaleimide

Maleim ide 
pH 6.5

N-Ethylmaleim lde 
pH 4.7

g factor 2.00307 2.00313
a N 0.87 1.27
a 3H 28.61 26.79
a 4H 20.66 20.55
3 n h h 1.59
a CH2H 1.55, 1.05
a o H H 0.24 0.22

Suggested ri
„  I

n—u— n 
n Iradical O. jj 0

V  sc<° V Nx< °structure \. / .OH
,c—c< / .OH 

.0—' <  
H/  H

two protons of the allylic structure (positions 2, 3, and 4) 
are all smaller than the corresponding ones for the radical 
from isoxazoie. This difference shows that a relatively 
larger portion of spin density is transferred from the allyl
ic structure to the 1 position in the case of pyrazole as 
compared to the case of isoxazoie. This effect results also 
in a larger hyperfine constant for the proton at the 5 posi
tion of pyrazole as compared to the value in the case of 
isoxazoie.

In alkaline solutions of pyrazole the spectrum recorded 
consisted of low-intensity lines which did not allow accu
rate analysis.

3,5-Pyrazoledicarboxylic Acid. The addition of OH to
3,5-pyrazoledicarboxylic acid does not take place at the 5 
position as in the case of pyrazole, apparently because 
this position is somewhat sterically hindered by the car
boxyl group. Addition takes place at position 4 instead, 
resulting in the radical shown in Table V. The assignment 
is straightforward because it is the only possibility which 
agrees with a 29-G proton splitting. The spectrum of this 
radical has been observed at pH 4.7-10.7 along with many 
additional lines. Some of these lines, which appeared only 
at pH <9, did not show any clear pattern and were not 
analyzed. Other lines were observed only at pH >7, grew 
more intense at higher pH values, and were also observed 
at pH 11.7, 12.5, and 13.7, where the main radical (given 
in Table V) was not detected. These lines could be ana
lyzed in terms of two radicals which appear to result from 
secondary reactions similar to the case of the imidazoledi-

carboxylic acid. One radical shows two nitrogen splittings 
of 0.87 and 4.90 G and a 4.90-G proton splitting with g = 
2.00425. The other radical shows only splittings by two 
equivalent nitrogens with a 2.04-G constant and g = 
2.00456. A radical with a carbonyl group at the 4 position 
might account for the latter parameters.

Maleimide and N-Ethylmaleimide. These compounds 
contain the basic pyrrole ring but are obviously of a differ
ent nature. They were investigated because of their possi
ble importance as radiation sensitizers. The esr parame
ters for the radicals produced by reaction of OH are sum
marized in Table VI. In both compounds OH adds to car
bon 3 resulting in a radical with a 20-G a proton splitting 
and a 27-28-G /3 proton splitting. A hyperfine constant of 
0.2 G for the OH proton is also observed and the nitrogen 
splitting is ~ 1  G. The NH proton splitting in maleimide 
is 1.6 G, which in the N-ethyl derivative is replaced by 
two proton splittings. It is interesting to note, however, 
that these two protons are not equivalent. This inequiv
alence could result from hindered rotation around the 
N-CH2 bond, as suggested by a constructed model. How
ever, even if rotation was not hindered the CH2 protons 
can still be inequivalent owing to the lack of plane of 
symmetry on the ring.

Summary and Conclusions
It has been demonstrated in the present study that OH 

radicals react with pyrroles and imidazoles by addition at 
a carbon adjacent to the nitrogen. The adducts do not un
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dergo ring opening in neutral and alkaline solutions, al
though previous optical pulse radiolysis results8 suggested 
that the OH adduct to pyrrole undergoes a ring opening in 
acid solution. On The other hand, elimination of a water 
molecule (the OH added and the H from NH) takes place 
with some OH adducts of pyrroles and imidazoles. This 
elimination is more rapid in pyrroles than in imidazoles, 
is more rapid in "he unsubstituted compounds as com
pared to the carboxy derivatives, and is catalyzed by base. 
In fact, water elimination from any of the carboxy deriva
tives examined was not detected at all, whereas with pyr
role the initial OH adduct was not observed.

All the OH adducts undergo a rapid exchange of the 
OH proton, at pH >10 for imidazoles and >11 for pyr
roles, resulting in a loss of the OH proton splitting with no 
change in the other hyperfine constants. The OH group of 
the adducts dissociates with pK — 12 for the case of 4,5- 
imidazoledicarboxylic acid and pK  = 13.5 for 2-pyrrole-

Electron Spin Resonance Studies of Spin-Labeled Polymers

carboxylic acid and its A’-methyl derivative. This disso
ciation results in changes in all the hyperfine constants, 
and in the intermediate region weighted average hyperfine 
constants have been observed, with no apparent change in 
line width. This fact indicates a rapid exchange between 
the acid and basic forms.15

The addition of OH to isoxazole was found to take place 
on the carbon adjacent to the oxygen rather than that ad
jacent to the nitrogen. The OH adduct is expected to un
dergo ring opening in alkaline solutions as in the similar 
case of furans, but this process could not be detected be
cause of basic hydrolysis of isoxazole itself.

Addition of OH to pyrazole occurs at the 5 position next 
to the NH group and results in an allylic type radical. 
When the 5 position is sterically hindered by a carboxyl 
group as in the case of 3,5-pyrazoledicarboxylic acid, ad
dition was found to take place preferentially at the 4 posi
tion.

1635

E le c tro n  S p in  R e s o n a n c e  S tu d ie s  o f  S p in -L a b e le d  P o ly m e r s . III. 

T h e  M o le c u la r  W e ig h t D e p e n d e n c e  o f  S e g m e n ta l  R o ta tion a l 

C o rre la t io n  T im e s  o f  P o ly s ty r e n e  in D ilu te S o lu tio n

A. T. Bullock,* G. G. Cameron, and P. M. Smith

D e p a r tm e n t  o f  C h e m is t r y ,  U n iv e r s i t y  o f  A b e rd e e n ,  O ld  A b e rd e e n ,  A B 9  2 U E , S c o t la n d  ( R e c e iv e d  D e c e m b e r  13, 19  7 2 )

Seven narrow fraction polystyrenes have been spin labeled with nitroxide radicals and electron spin reso
nance spectra of dilute solutions of the polymers in toluene have been recorded over a range of tempera
tures. Line width analysis yields values of the rotational correlation time. A local mode of segmental reo
rientation has been characterized at high molecular weights and has an activation energy of 4.3 kcal 
mol-1 . Rotation of the whole molecule makes a significant contribution to the relaxation process at low
molecular weights. The activation energy for 
of the solvent, namely, 2.15 kcal mol-1 .

Introduction
The technique of spin labeling is now reasonably well 

established. Briefly, a stable free radical is covalently 
bonded to a macromolecule and the electron spin reso
nance (esr) spectrum of the labeled polymer is examined. 
In solution, which is our concern here, measurement of 
the widths of the esr lines can give information about the 
dynamics of the polymer chain.

The class of free radicals most widely used for labeling 
to date is the nitroxide group.1 Members of this class have 
the necessary properties of high stability and well-defined 
anisotropic g tensors and hyperfine coupling tensors to the 
14N nucleus. Most of the published work in this field re-- 
lates to biopolymers2 but recently Lindberg and cowork
ers3-4 together with the present authors5-6 have demon
strated that spin labeling provides a useful additional

this rotational mode agrees well with that for viscous flow

technique to the established methods of nmr spin-lattice 
relaxation, dielectric dispersion, viscoelastic relaxation, 
and fluorescence depolarization in the study of the dy
namics of synthetic macromolecules in solution.

In part I of this series5 we described the preparation of 
a “ lightly labeled” polystyrene which had a wide distribu-

(1) J. D. Ingham, J .  M a c r o m o i .  S e i. ,  R e v . M a c r o m o l .  C h e m . ,  2 ,  279
(1968) .

(2) 0. H. Griffith and A. S. Waggoner, A c c o u n ts  C h e m . R e s .,  2 , 17
(1969) .

(3) P. Törmälä, K. Silvennoinen, and J. J. Lindberg, Acfa C h e m .  
S c a n d . ,  25, 2659 (1971).

(4) P. Törmälä, J. J. Llndbarg, and L. Koivu, P a p . P u u , A  P a in o s ,  4, 1 
(1972).

(5) A. T. Bullock, J. H. Butterworth, and. G. G. Cameron,'E u r. P o ly m .  
J . ,  7,445 (1971).

(6) A. T. Bullock, G. G. Cameron, and P. Smith, P o ly m e r ,  13, 89 
(1972).
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tion of molecular weights centered on ca. 115,000. Com
parison of the results with those obtained by other tech
niques, notably dielectric dispersion in poly(p-chlorostyr- 
ene),7'8 suggested that a segmental or “ local mode” of 
rotational diffusion of the polymer was observed. The 
present study is concerned with a careful delineation of 
the dependence upon molecular weight of the correlation 
time for diffusive rotation of the nitroxide label and hence 
of that part of the macromolecule to which the label is at
tached.

Experimental Section
Seven narrow fraction polystyrenes were obtained from 

Waters Associates. The number average molecular 
weights were 2025, 3550, 10,000, 19,700, 50,000, 97,200, 
and 196,000. The method of labeling and characterization 
of the resultant polymer has been described in part II.6-9 
The labeled monomer unit has the structure shown in I.

The labeled polymers were finally purified by two precipi
tations from toluene solution by the addition of methanol. 
Gel permeation chromatograms were run on the unla
beled, iodinated and labeled polymer to ensure that nei
ther cross linking nor degradation had occurred. To avoid 
contributions to line widths from spin exchange, labeling 
was carried out in such a way that no sample contained 
more than one nitroxide radical per 160 monomer units. 
Usually the ratio was much smaller than this. Solutions 
(1% by weight) of the labeled fractions in toluene were 
prepared and degassed by repeated freeze-pump-thaw se
quences.

Esr spectra were recorded for each fraction at inter
vals in the temperature range 278-363 K using a Decca X3 
spectrometer. Field measurements were made with a Sys- 
tron-Donner 3193 digital Gaussmeter. The uncertainty in 
an individual field measurement is ±0.01 G (0.03 MHz) 
but field differences can be obtained to a slightly greater 
precision by careful interpolation.

Spectral simulations and least-squares analyses were 
performed on an I.C.L. system 4/50 computer.

Theory and Method of Line Width Analysis

Figure 1. Esr spectrum of spin-labeled polystyrene ( M n = 2025) 
in toluene solution (1%) at room temperature.

functions of the applied magnetic field, certain spectral 
densities, and various inner products of the g and hyper- 
fine tensors. Fortunately in the present case it is possible 
to select lines for which Sain, the resultant proton spin 
quantum number, is zero. The line width expression then 
depends only on m . the component of the 14N nuclear 
spin, the g anisotropy, and the anisotropy of the coupling 
tensor to 14N. Explicitly11

TYm,)-1 = [^(3 + lu) + ¿(A tBo)2(|  + «) +

\ b w ( l  -  | )  -  \bAyBümx{^ +  « ) ] r c +  X  (2)

where Ay = ~(|dib)[gz -  Hi{gx + gy)], b = (47t/ 3)[A -  
%(£ + C)], and u = 1/(1 + ui02tc2). The symbols have 
the following meanings: A, B, and C represent the 
z, x, and y components of the hyperfine tensor in 
Hz; uo, represents the Larmor angular frequency of 
the electron; Bo, the applied magnetic field; tc, the rota
tional correlation time, and X, the broadening by other 
mechanisms independent of mj. The parameter u repre
sents nonsecular contributions to the line widths. As rc in 
all cases in this work was greater than ca. 10~10 sec, u was 
negligible at the microwave frequency employed (uo = 2ir 
X 9.27 X 109 rads sec-1). Omitting nonsecular contribu
tions, eq 2 becomes

The spectrum of the labeled polymer in solution is 
shown in Figure 1. Clearly the electron couples not only 
with the 14N nucleus but also with the aromatic protons. 
These will have anisotropic hyperfine tensors and the 
rotational motion of the radical will modulate the cou
pling between the electron, the protons, and the 14N nu
cleus. This, combined with the effect of an anisotropic g 
tensor, gives rise to line widths which depend on the vari
ous nuclear quantum numbers mi and which are ex
pressed by the equation10 
T f 1(m1,m2 ...,m n) =  A +

CiTrii2 +  Y  Eijmimj (1) 
i=i ¿=i i+j-i

The coefficients A, B, C, and E are defined in the litera
ture.10 At present it is only necessary to note that they are

-  [ f  + * £  -
+  X (3)

A more convenient form of this has been proposed by 
Stone, et al.12

(7) W. H. Stockmayer, P u re  A p p l.  C h e rtn ., 15 , 539 (1967).
(8) B. Baysal, B. A. Lowry, H. Yu, and W. H. Stockmayer, "Dielectric 

Properties of Polymers,” F. E. Karasz, Ed., Plenum Press, New 
York, N. Y„ 1971, p 343.

(9) Minor modifications of the labeling technique have been made re
cently. Details are available on request.

(10) A. Hudson and G. R. Luckhurst, C h e m . R e v .,  69, 191 (1969).
(11) G. Poggi and C. S. Johnson, Jr., J .  M a g n .  R e s o n a n c e ,  3, 436

(1970).
(12) T. J. Stone, T. Buckmai, P. L. Nordio, and H. M. McConnell, P ro c .  

N a t.  A c a d .  S c i .  U . S „  54, 1010 (1965).
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Figure 2. Recorded (a) and simulated (b) spectra of the central 
multiplet ( m i  =  0); see text.

Figure 3. Calibration plot of observed vs. true peak-to-peak line 
width.

r2(0 ) /r2(±1) (true)
Figure 4. Calibration plots of observed [y (0 )/V (± 1 )]1/2 vs. r2(0)/72(±1) for the following values of Av( = [1.732irf2(0)]_1) in MHz: 
(a) 1.90, (b) 2.00, (c) 2.10, (d) 2.20, (e) 2.30, and (f) 2.40.

T2(0)IT2(m{) = 1 -  Y^rcbAYB0T2(0)m1 +

~ T cb 2T 2(0 )m j2 (4)

Defining the ratios T2(0)/T 2(+ l), T2(0)/T 2( —1) as R+ 
and R -, respectively, it is readily shown that

R+ + R . -  2 = (1/4)tc62T2(0) (5)
Sensitive measures of R+ and R- are obtained from the 
ratios of peak-to-peak intensities, Y, of the relevant lines, 
thus

R ± = [Y (0)/Y (±1)]1/2 (6)

The parameter b was obtained by measuring the separa
tion between extremes in the powder spectrum of the solid 
labeled polymer and combining this measurement with 
the isotropic solution value of on as described in part I.5 
T2(0) and R± are measured from the experimental spectra 
but both must he corrected for the inhomogeneous broad
ening which results from the unresolved coupling to the 
tert-butyl protons.11

An experimental spectrum was chosen arbitrarily and 
the center multiplet (mi = 0) was synthesized with vari
ous values of the ring proton couplings, the fert-butyl pro

ton couplings, and ThiO), the line width parameter of the 
input Lorentzian line. Figure 2 shows a comparison be
tween the recorded central multiplet and a simulated 
spectrum. The values of the hyperfine coupling constants 
finally selected were aH<2,6i = 2.48 MHz, aH(3,5> = 5.56 
MHz, and at-bu = 0.21 MHz. Previously aN had been 
found to be 35.4 MHz.6 More recent and extensive mea
surements give the revised value of 35.0 ±0.1 MHz.

A series of simulated spectra were then produced using 
the above coupling parameters and a range of values of 
T2. Calibration plots of observed line widths us. true, or 
input, widths13 and observed (peak-to-peak ratios)1/2 vs. 
true line width ratios were obtained and are shown in Fig
ures 3 and 4. True values of R± and T2(0) could thus be 
obtained from experimental intensity ratios and center 
line widths, respectively.

Results and Discussion
Figure 5 shows the dependence of the rotational correla

tion time upon molecular weight at three temperatures. 
At high molecular weights tc is independent of chain 
length and it seems that a “ local mode” or segmental re
laxation process is being observed. This will be character-
113) The input widths were the peak-to-peak widths Av (Hz) and are re

lated to T2 by T2 _ 1 =  1 ■ 7 3 2 rA v .
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Figure 5. Dependence of the rotational correlation time rc upon 
molecular weight at (a) 294.2, (b) 312.6, and (c) 345.2 K.

Figure 6. Composite Arrhenius plot for heterodisperse polysty
rene with labels I and II: O, label I; • ,  label II; 3 , nmr from 
ref 14.

ized by a correlation time n m. As the molecular weight 
decreases the rotational frequency of the whole macromol
ecule increases sharply and ultimately the magnitude of 
the correlation time re0e describing this “ end-over-end” 
rotation becomes comparable to rim and contributes sig
nificantly to the relaxation process.

Before making a definite assignment of the relaxation 
process at high molecular weight to a segmental relaxa
tion involving rotation about the main chain carbon-car
bon bonds it is important to eliminate two other possibili
ties. These are rotation about the C(4,-N and C(n-main 
chain bonds. In part I5 of this series we described results 
obtained from a spin-labeled heterodisperse sample of 
polystyrene having an average molecular weight of ca.
115,000. The labeled unit in this case had the structure 
shown by II. The same heterodisperse polymer was labeled

to give structure I and the correlation times of each sam
ple were measured over a range of temperatures..Figure 6 
shows the composite Arrhenius plot which includes a 
point calculated from some proton spin-lattice relaxation 
measurements made by McCall and Bovey.14 While the

Figure 7. (a) rcfrom the 13C Ti measurements of ref 15; (b) spin
labeling results (this work). Both sets of results are at 317.2 K. 
The error bars In a contain the correlation times for all of the 
carbon atoms in polystyrene. The ordering of the correlation 
times at a given molecular weight is random.

close agreement between the correlation times for the 
sterically dissimilar spin labels I and II is not perhaps 
conclusive it strongly suggests that there is no significant 
contribution to the line widths arising from rotation about 
either the C(4)-N or the Cm-main chain bonds. The acti
vation energy for the reorientational process found from 
the composite data cf Figure 6 is 4.7 kcal mol-1 (19.5 kJ 
mol-1).

Further support for this assignment of the chain-length- 
independent relaxation process was published by Aller- 
hand and Hailstone15 during the course of the present 
work. These authors made 7i measurements on naturally 
abundant 13C in all positions in polystyrene using partial
ly relaxed Fourier transform techniques. Again, a series of 
narrow fraction polystyrenes was used. Earlier, Allerhand, 
et a/.,16 had demonstrated that 13C spin-lattice relaxation 
was dominated by the rotationally modulated dipolar cou
pling between the 13C nucleus and the proton or protons 
bonded to it. For the case where (a>c + coh)rc 1, where
ojc, h  are the Larmor frequencies of the nuclei concerned, 
they showed that

2 V 1 = * W Y c 2NrCH- %  (7)
In this equation, 7 h and 7c are the magnetogyric ratios of 
JH and 13C, respectively, N  is the number of protons 
bonded to the carbon atom under consideration, and tch 
the C-H bond length. We have used eq 7 to calculate re 
for all the carbon atoms in the polymer using the values of 
Ti given by Allerhand and Hailstone. The most important 
result is that for a given molecular weight, rc is the same 
within experimental error for all carbon atoms. This leads 
to the conclusion that segmental reorientation is the dom
inant factor at high molecular weights since internal rota
tion of the1 phenyl group cannot contribute to the 13C-1H 
dipolar relaxation of carbon 4 or of the two aliphatic car
bon atoms. Figure 7 compares the rotational correlation 
times found by the nmr and spin-labeling techniques. The 
results generally agree to within the combined error limits 
although it is worth pointing out that the neglect of minor 
contributions to T\ from sources other than the 13C-1H 
dipolar mechanism will lead to high values of rc through 
the use of eq 7.

(14) D. W. McCall and F. A. Bovey, J. Polym. Sci., 45, 530 (1960).
(15) A. Allerhand and R. K. Hailstone, J. Chem. Phys., 56, 3718 (1972).
(16) A. Allerhand, D. Dodd-ell, and R. Komoroskl, J. Chem. Phys., 55, 

189 (1971).

The Jo u rn a l o f P hys ica l C hem istry, Vol. 77, No. 13, 1973



Electron Spin Resonance Studies of Spin-Labeled Polymers

103/r, k_1
Figure 8 . A plot of log (10s T reoe) vs. 103/ T  for polystyrene 
(Mn = 2025) in toluene (1%): Ea = 2.1 ±  0.4 kcal m ol"1.

A c tiv a t io n  en ergies, Ea, for  th e  reo rie n ta tio n a l p ro cess  
h ave  b e e n  d eriv ed  fo r  a ll se v e n  la b e le d  fra c tio n s . A t  low  
m o le cu la r  w eig h ts  Ea in creases m o n o to n ic a lly  w ith  c h a in  
len g th  fro m  its  lo w est v a lu e  o f  3 .5  ±  0 .1  k c a l m o l - 1  b u t  
a sy m p to t ic a lly  a p p ro a c h e s  th e  v a lu e  o f  4 .3  ±  0 .2  k c a l  
m o l - 1  a t h igh  m o le c u la r  w e ig h ts . T h e  v a lu e s  o f  Ea for  
th o se  fra c tio n s , w h ich  are in  th e  region  w here t c d ep e n d s  
u p on  Mn, h a v e  litt le  d ire c t  p h y s ic a l s ig n ific a n c e  s in c e  th e  
re o rien ta tio n a l p ro cess is a  c o m p le x  on e  in v o lv in g  s e g m e n 
ta l a n d  w h o le  m o le c u le  r o ta tio n . A t  h ig h  m o le c u la r  
w eig h ts , h ow ever, th e  v a lu e  o f  4 .3  ±  0 .2  k c a l m o l - 1  sh o u ld  
b e  ch a ra c te ristic  o f  th e  s e g m e n ta l reo rien ta tio n  a n d  is 
very c lose  to  th e  v a lu e s  o f  4 .5  ±  0 .5  a n d  ca. 4 .8  k c a l m o l - 1  

fo u n d  b y  S to c k m a y e r  a n d  co w ork ers8 fo r  d ie le ctric  r e la x a 
tio n  in  p o ly (p -f .u o r o sty r e n e )  a n d  p o ly (p -c h lo r o sty r e n e ), 
re sp ec tiv e ly . T h e  u n e x p e c te d  c o n clu sio n  to  b e  re a ch e d  
fro m  th is  c o m p a riso n  is th a t  th e  “ s tiffn e ss”  o f  th e  c h a in  
se em s to  b e  litt le  in flu e n c e d  b y  large  p o la r  s u b st itu e n ts  in  
th e  p a ra  p o sitio n  o f  th e  sty ry l r in g . D ie le c tr ic  re la x a tio n  
resu lts  on  so lu tio n s  o f  c o p o ly m e rs  o f  sty re n e  a n d  p -c h lo -  
rostyren e w ith  v a ry in g  p o la r  m o n o m e r  c o n te n t le a d  to  th e  
sa m e  c o n c lu sio n .17

F in a lly , w e h a v e  c a lc u la te d  th e  a c tiv a tio n  en erg y  for  
e n d -o v e r -e n d  ro ta tio n  o f  th e  w h ole  p o ly m e r  m o le c u le  for  
th e  th ree  fra c tio n s o f  lo w est m o le c u la r  w eig h t. T h e  r e la x a 
tio n  t im e  o f  th e  first  n o r m a l m o d e  o f  th e  p o ly m e r  m o le 
cu le , t i ,  e sse n tia lly  d esc rib e s  th e  t im e  e v o lu tio n  o f  a  v e c 
tor jo in in g  th e  e n d s  o f  th e  c h a in  w ith  re sp ec t to  so m e  v e c 
to r fix e d  in  th e  la b o ra to ry  fra m e . T h e  c o o rd in a te  fu n c tio n  
in v o lv e d  is th e  first -o r d e r  sp h erica l h a rm o n ic  cos 8, w here  
6 is th e  an g le  b e tw e e n  th e  tw o  v e c to rs . T h is  re la x a tio n  
tim e  is  g iv en  for v a rio u s m o d e ls  in  d ilu te  so lu tio n  b y  th e  
e q u a tio n s 7

Tj =  1 .2 1  M[rj]r]0IRT ( f r e e  d r a in in g )  ( 8 a )

T l  =  0 .8 5  M[rj]r]0/RT ( n o n d r a i n i n g )  ( 8 b )

w here M  is  th e  m o le c u la r  w eig h t, [77] th e  l im it in g  v isco sity  
n u m b e r , a n d  770 th e  v isc o sity  c o e ffic ie n t o f  th e  so lv en t. 
C o rre la tio n  tim e s  in  m a g n e tic  re so n a n ce  are n o r m a lly  
co n cern ed  w ith  se c o n d -o rd e r  sp h eric a l h a r m o n ic s  o f  th e  
p o sitio n  c o o rd in a tes , a n d  it  m a y  b e  sh ow n  th a t  r e0e =  
t i / 3 .

W i t h  to lu en e , w h ich  is a  th e r m o d y n a m ic a lly  “ g o o d ”  
so lv e n t fo r  p o ly sty r e n e , [77] va ries b y  less th a n  1 %  in  th e  
ran ge 2 9 8 -3 3 8  K  for  a  fra c tio n  o f  m o le c u la r  w eig h t
1 4 4 ,0 0 0 .18 I f  w e a ssu m e  a  s im ila r  in d e p e n d e n c e  for  th e  
fra c tio n s s tu d ie d  in  th e  p re sen t w ork  th a n  e q  8  a ll p re d ict  
th a t  a p lo t  o f  lo g  (T Y eoe) vs. 1/T sh o u ld  g ive  a n  a c tiv a tio n  
en ergy  e q u a l to  th a t  for  v isc o u s  flo w  in  th e  p u re  so lv en t, 
n a m e ly , 2 .1 5  k c a l m o l - 1 .19  V a lu e s  o f  r e0e w ere c a lc u la te d  
for fra c tio n s  o f  m o le c u la r  w eig h t 2 0 2 5 , 3 5 5 0 , a n d  1 0 ,0 0 0  
over a ran ge  o f  te m p e ra tu re s  u sin g  th e  e xp ression

1 /T c =  ( l / 7 eoe) +  ( l / 7 ,m )  O )

F igu re  8  sh ow s th e  re su lts  o f  th is  a n a ly sis  fo r  th e  fractio n  
h a v in g  th e  lo w est m o le c u la r  w eig h t. S in c e  th is  fractio n  
sh o w s th e  largest d ifferen ces b e tw ee n  r c a n d  r im , it  is to  
b e  e x p e c te d  th a t  th e  c a lc u la tio n s  w ill g ive  m o re  precise  
v a lu e s  o f  r eoe th a n  th o se  for  th e  o th er fra c tio n s . T h e  a c ti
v a tio n  en ergy  o b ta in e d  fro m  F igu re  8  is in d e e d  in  e x c e l
len t a g re e m en t w ith  th a t  for v isc o u s  flo w  o f  th e  so lv en t, 
b e in g  2 .1  ±  0 .4  k c a l m o l " 1 . T h e  oth er tw o  fra c tio n s  gave  
greater d e v ia tio n s  fro m  th e  v isc o u s  flo w  v a lu e  b u t  th e  
m e a n  a c tiv a tio n  en ergy  for th e  th ree  ca ses c o n sid ered  w as

2 .1 5  ±  0 .3 3  k ca l m o l - 1 .
T h e  a b o v e  sep a ra tio n  in to  th e  sh o rte st a n d  lo n g est n o r

m a l m o d e s  is u n d o u b te d ly  o v e r sim p lifie d  a n d  o th er m o d e s  
m u s t b e  co n sid ered  in  a m o re  c o m p le te  a n a ly s is . H o w e v e r, 
th e  p ro cedu re  se e m s v a lid  for th e  sh o rte st p o ly sty ren e  
c h a in  ( M n =  2 0 2 5 ) for  w h ich  n / 3  =  4 .8  X  1 0 " 10  sec  a t  298  
K  fro m  eq  8 b  (n o n d ra in in g  c o il) . T h e  e x p e r im e n ta l r e0e 
for th is  sa m p le  is  4 .4  X  1 0 " 10  se c . T h is  a g re e m e n t b rea ks  
d o w n  a t  h ig h er m o le c u la r  w eig h ts  p r e su m a b ly  d u e  to  th e  
p a r tic ip a tio n  o f  h ig h er m o d e s .

T h e  re la tiv e  ro le  o f  s o lv e n t re o rg a n iza tio n  as a fa c to r  in  
th e  ease  o f  loca l m o d e  re la x a tio n  p ro cesses ' is su b je c t  to  
d isc u ssio n . I t  is h o p e d  th a t  cu rren t w ork  in  th is  lab o ra tory  
on  th e  e ffe c t  o f  so lv e n t v isc o s ity  on  r c for “ g o o d ”  a n d  
“ p oo r”  so lv en ts  w ill th ro w  so m e  lig h t on  th is .
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Tj = 1.20M[rj]r]oIRT (rigid impenetrable sphere)
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M a tr ix  rea ctio n s o f  lith iu m  a to m s  an d  n itric  o x id e  h av e  b e e n  re in v estig a te d  u sin g  a p p r o x im a te ly  e q u i

m o la r  c o n cen tra tio n s o f  L i  a n d  N O  a t h ig h  d ilu tio n  in argo n . In te n se  b a n d s  a t  135 2  a n d  651  c m - 1  a n d  
iso top ic  co u n te rp a rts  w ere a ssig n ed  to  in tra ion ic  ( N - O )  ~ a n d  in terion ic  L i + - ( N O ) -  v ib ra tio n a l m o d e s . 
M e r c u r y  arc p h o to ly s is  d ec re a se d  th e  6 5 1 -c m - 1  b a n d  w h ile  th e  1 3 5 2 -c m - 1  b a n d  in cre a se d , a n d  a n ew  
4 4 7 -c m - 1  a b so rp tio n  a p p ea re d . T h is  o b serv a tio n  su g g ests  p h o to iso m eriz a tio n  o f  th e  tr ia n g u la r L i + ( O N )  
sp ec ies to  a n o th er fo rm  w here th e  ( N O ) -  fre q u e n c y  is th e  sa m e  b u t  th è  in terion ic  L i - 0  fre q u e n c y  is 
sh ifte d  to  4 4 7  c m - 1 . A b so r p tio n s  a t  8 8 6 , 7 9 6 , a n d  4 15  c m - 1  w ere a ssign ed  to  th e  se c o n d a ry  re a c tio n  
p ro d u c t L i + ( N O ) 2 - L i + ;  th e  8 8 6 - c m - 1  fre q u e n c y  is p r im a rily  an  in tra ion ic  ( N O ) 2 -  m o d e  w h erea s th e  la t 
ter tw o  freq u en cies are in terion ic  m o d e s .

I n tr o d u c t io n

T h e  m o le c u le  lith iu m  n itro x id e , L i O N , h a s  b e e n  s y n 
th e s iz e d  b y  A n d re w s a n d  P im e n te l1  fo llo w in g  m a tr ix  re a c 
tio n s o f  lith iu m  a to m s  a n d  n itric  o x id e . Iso to p ic  d a ta  su g 
ge ste d  a b e n t  m o le c u le  w ith  th e  L i m o re  stro n g ly  b o n d e d  
to  th e  o x y g en  e n d  o f  N O ;  th e  N O  fre q u e n c y  w as s ig n ifi
c a n tly  low ered , in d ic a tin g  th a t  a n tib o n d in g  e lectro n  d e n 
s ity  w a s a d d e d  to  N O  fro m  th e  L i a to m . In  order to  e x 
p la in  th e b o n d in g  in  L iO N , tw o  sc h e m e s  w ere su g g e ste d : 
lith iu m  p  o rb ita ls  p a r tic ip a tin g  in  a x  m o le c u la r  o rb ita l  
s y s te m , a n d  th e  s im p le  e le c tro sta tic  p ictu re  ( L i + ) ( O N ) -  
w ith  th e  L i+  m o re  stro n g ly  b o u n d  to  th e  m o re  e le c tro n eg 
a tiv e  o x y g en  o f  N O  - .

R e c e n t v ib ra tio n a l a n a ly sis  o f  L iO N  u sin g  an  a c u te  tr i
a n g u la r m o d e l2 p ro d u c ed  an  e x c e lle n t fre q u e n c y  f it  a n d  
su g g ested  a re in terp reta tio n  o f  th e  stru ctu re  a n d  b o n d in g  
in  L i O N  a lo n g  th e  lin es rep orted  b y  A n d r e w s 3 for  L i0 2 . 
O x y g e n  iso to p ic  sp ec tra  for L i 0 2  in d ic a te d  an  iso sceles  
tr ia n g u la r  stru c tu re ; th e  b o n d in g  w a s su g g e ste d  to  be  
e le c tro sta tic  L i + 0 2 -  ow in g  to  th e  a g re e m e n t in  O 2 -  an d  
L i 0 2  o x y g e n -o x y g e n  s tretc h in g  fre q u e n c ie s .3

S u b s e q u e n tly , an  ab initio M O  s tu d y  w a s rep o rted , 
w h ich  in d ic a te d  an  a c u te  tr ia n g u la r stru ctu re  w ith  an  
L i O N  an g le  o f  8 0 °  an d  an  ion ic charge d is tr ib u tio n 4 for  
L i O N . T h e s e  c a lc u la tio n s  w ere rein forced  b y  very  recen t  
C N D O  c a lc u la tio n s 5 on  th e  L iO N  sp ec ies  w h ich  fo u n d  a 
m in im u m  en ergy  for th e  L i O N  an g le  o f  8 0 ° . W h ile  th is  
w ork w as n earin g  c o m p le tio p , a p a p er  b y  M illig a n  an d  
J a c o x 6 a p p ea re d  w h ic h  d esc rib e d  L i a to m  m a tr ix  re a c 
tio n s w ith  n itrog en  o x id es  in c lu d in g  N O . T h e se  w orkers  
o b served  tw o  freq u en cies  a ssig n ed  p re v io u sly  to  L i O N , th e  
N - 0  stretc h  a t  135 2  c m - 1  a n d  th e  L i - 0  s tre tc h  a t  6 51  
c m - 1 ; m erc u ry  arc p h o to ly sis  d ec rea sed  th e  L i - 0  s tr e tc h 
in g  a b so rp tio n  w h ile  th e  N - 0  a b so rp tio n  re m a in e d  or w as  
s lig h tly  e n h a n c e d . M ill ig a n  a n d  J a c o x 8 c o n c lu d ed  th a t  th e  
1 3 5 2 - a n d  6 5 1 -c m - 1  b a n d s  m u st  b e lo n g  to  tw o  d ifferen t  
sp ec ies , in  d isa g re e m e n t w ith  th e  earlier a ss ig n m e n t o f  
th e se  tw o b a n d s  to  th e  sa m e  L i O N  sp ec ies  b y  A n d re w s  
an d  P im e n te l .1  C le a r ly , fu rth er w ork  is n e ed e d  to  sa t is fa c 
to rily  e x p la in  th e  p h o to ly s is  o f  L iO N  or to  id e n tify  th e  
tw o  d iffe re n t L i O N  sp ec ies  su g g e ste d  b y  M illig a n  an d  
J a co x .

A  tw o -lith iu m  fea tu re  w as o b served  in  th e  sp e c tru m  o f  
A n d re w s a n d  P im e n te l , 1  b u t  n o  d e ta ils  on  th is  ab so rb er  
w ere re p o rte d . In  th e  recen t l ith iu m r o x y g e n  w o rk ,3 se c o n 
d ary  re a ctio n s p ro d u c ed  th e  m o le c u le  L i 0 2 L i . T h e  r h o m 
b u s  stru ctu re  a n d  L i + ( 0 2 ) 2 - L i+  b o n d in g  p ictu re  s u g g e st 
ed 3 for th e  p erox id e  in v ite  fu rth er c o n sid era tio n  o f  th e  
L i2N O  sp ec ies  rep orted  e a r lie r .1  W e  h av e  s tu d ie d  lith iu m  
a t o m -n itr ic  o x id e  rea ctio n s u n d er a v a r ie ty  o f  rea gen t  
co n d itio n s w h ich  fa v o r th e  se co n d a ry  lith iu m  re a ctio n , 
i.e., th e  tw o  lith iu m  sp ec ies . H ere  fo llow s a d iscu ssio n  o f  
th ese  n ew  re su lts  a n d  a  rea n a ly sis  o f  th e  stru c tu re s , p h o 
to c h e m istr y , a n d  b o n d in g  in  th e  L i O N  a n d  L i ( O N ) L i  
sp ec ies .

E x p e r im e n t a l  S e c t io n

T h e  cryogen ic refrig eration  sy ste m , a p p a r a tu s , a n d  e x 
p e r im e n ta l te c h n iq u es  h ave  b e e n  d esc rib e d  in earlier  p a 
p ers fro m  th is  la b o ra to r y .3 ’7 Iso to p ic a lly  e n ric h ed  sa m p le s  
o f  lith iu m  m e ta l, 9 9 .9 9 %  7L i a n d  9 5 .6 %  6L i - 4 .4 %  7L i  
( O R N L ) , w ere u se d  w ith o u t p u rific a tio n . N itr ic  ox id e  
(M a th e s o n )  w as p u rifie d  b y  fra c tio n a l d is tilla t io n  on a 
v a c u u m  lin e  to  re m o v e  tra c es  o f  N 20 .  N itr o g e n -1 5  e n 
rich ed  n itric  ox id e  (9 9 %  1 5 N O , P ro c h e m , L t d .)  a n d  argon  
(A ir  P ro d u c ts , 9 9 .9 9 5 % )  w ere u se d  w ith o u t p u rific a tio n . 
O x y g e n -1 8  la b e le d  n itric  ox id e  w as sy n th e s ize d  b y  p a rtia l  
re a ctio n  a n d  e x ch a n g e  b e tw ee n  N O  a n d  1 8 0 2  (M ile s  L a b o 
ra to rie s). T h e  re su ltin g  N O 2- N O  m ix tu r e  w a s fra c tio n a te d  
u sin g  re p ea te d  b u lb -to -b u lb  d is tilla tio n s ; tra c es  o f  N O 2 

w ere re m o v e d  b y  sh a k in g  th e  gas in  a sm a ll b u lb  c o n ta in 
ing m e rc u ry .

S a m p le s  o f  n itric  ox id e  in  argon  ( M / R  =  2 5 0 /1  to  6 0 0 /  
1) w ere d e p o site d  o n to  a c e s iu m  io d id e  w in d o w  a t 1 5 °K  
a lo n g  w ith  an  a to m ic  b e a m  o f  l ith iu m ; K n u d s e n  ce ll t e m 
p eratu res ra n gin g  fro m  4 1 5  to  4 6 5 °  w ere e m p lo y e d . A c 
co rd in g  to  th e  lith iu m  v a p o r  p ressu re d a ta  o f  H ic k s ,8 th e

(1) W. L. S. Andrews and G. C. Pimentel, J. Chem. Phys., 44, 2361 
(1966).

(2) L. Andrews, unpublished calculations.
(3) L. Andrews, J. Chem. Phys., 50, 4288 (1969).
(4) J. Peslak, Jr., D. S. Klett, and C. W. David, J. Amer. Chem. Soc., 

93, 5001 (1971).
(5) L. F. Hayes, Ph.D. Thesis, University of Virginia, 1970.
(6) D. E. Milligan and M. E. Jacox, J. Chem. Phys., 55, 3404 (1971).
(7) L. Andrews, J. Chem. Phys., 48, 972 (1968).
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te m p e ra tu re  4 5 0 ° , w h ic h  w as u sed  in  m o s t  o f  th e  p re sen t  
e x p e r im e n ts , g iv e s  a  lith iu m  v a p o r  p ressu re  o f  0 .6 5  n, a  f iv e 
fo ld  in crease  ov er th e  p re v io u s 1  e x p e r im e n ts . D e p o s it io n  
tim e s  ra n g ed  fro m  2 1  to  2 4  hr. S e le c te d  sa m p le s  w ere  
su b je c te d  to  m e rc u ry  arc  p h o to ly s is  u s in g  th e  fu ll  lig h t o f  
a  h ig h -p ressu re  G e n e ra l E le c tr ic  B H - 6  la m p ; th e  o u tp u t  
ra d ia tio n  w as p a sse d  th ro u g h  a 5 -c m  w a te r  b a th  a n d  fo 
cu sed  o n to  th e  s a m p le  u s in g  a q u a rtz  len s s y s te m . I n 

frared  sp ec tra  w ere reco rd ed  d u rin g  a n d  a fte r  sa m p le  d e 
p o sitio n  on  a B e c k m a n  I R -1 2  s p e c tro p h o to m e te r  w h ich  
w as c a lib ra te d  u sin g  v ib r a tio n -r o ta tio n  b a n d s  o f  s ta n d a rd  
m o le cu le s . F in a l a c c u ra te  sc a n s  w ere ru n  a t  8  or 3 .2  
c m _ 1 /m i n .  F re q u e n c y  a c c u r a c y  w as ± 0 . 5  c m - 1 ; sp ec tra l  
slit w id th s w ere n ear 0 .8  c m - 1  in  th e  7 0 0 -1 3 0 0 -c m - 1  re 
gion , 1 .5  c m - 1  a t  6 0 0  c m - 1 , 2 .1  c m - 1  a t  5 0 0  c m - 1 , a n d
2 .5  c m - 1  a t  3 0 0  c m - 1 .

R e s u lt s

L ith iu m  a t o m -n itr ic  o x id e  m a tr ix  rea ctio n s h av e  b een  
re in v estig a te d  u sin g  h igh er lith iu m  a to m  co n c e n tra tio n s . 
T h ir te e n  o f  th ese  sa m p le s  h a v e  b e e n  s u b je c te d  to  m erc u ry  
arc p h o to ly sis  fo llo w ed  b y  in fra red  e x a m in a tio n  in  th e  
2 0 0 - 2 0 0 0 - c m _ 1  sp ec tra l region .

Lithium and Nitric Oxide. F ifte e n  e x p e r im e n ts  in v o lv e d  
th e  rea ctio n  o f  l i th iu m -6  or l i th iu m -7  a to m s  w ith  n itric  
ox id e  d ilu te d  w ith  argo n  in  m o le  ra tio s  o f  m a tr ix  to  re a c 
ta n t  o f  2 5 0 /1  to  6 0 0 /1 .  T h e  lith iu m  a to m  sou rce a t  4 5 0 °  
p ro v id ed  a fiv e fo ld  in crease  in  lith iu m  a to m  co n c e n tra tio n  
over p rev io u s e x p e r im e n ts 1  re su ltin g  in  a  lith iu m  a to m  
co n ce n tra tio n  c o m p a r a b le  to  n itric  o x id e . A l l  e x p e r im e n ts  
p ro d u c ed  b a n d s  in  th e  1 7 0 0 -1 9 0 0 -c m - 1  reg ion  d u e  to  N O  
a n d  ( N O ) 2 a lo n g  w ith  tra c es  o f  H 20  a n d  C 0 2 im p u r itie s . 
In  th e  m o s t  c o n c e n tr a te d  li th iu m -7  e x p e r im e n ts  ( A r /N O  
=  2 5 0 ) in v o lv in g  24  hr o f  sa m p le  d e p o sitio n , as m a n y  as  
th irte e n  re a c tio n  p ro d u c t b a n d s  w ere o b serv e d ; th ese  
b a n d s  are lis te d  in  th e  first  c o lu m n  o f  T a b le  I . In  th e  
p resen t m o s t  d ilu te  e x p e r im e n ts  ( A r /N O  =  6 0 0 )  o n ly  th e  
e ig h t m o s t  in ten se  fea tu res  a p p e a re d . T h e  p re sen t w ork  
co n tra sts  th e  earlier A n d r e w s -P im e n te l  w ork  u sin g  m a r k 
e d ly  low er lith iu m  c o n c e n tra tio n s  w here th e  p re se n t s ix  
m o st in ten se  b a n d s  w ere o b serv e d  a n d  th e  re c e n t M i l l i 
ga n —J a co x  w ork  u sin g  in te r m e d ia te  lith iu m  sou rce  t e m 
p eratu res a n d  sh orter (6  h r) d e p o sitio n  p erio d s w here on ly  
th e  1 3 5 2 - a n d  6 5 1 -c m _ 1  L i O N  b a n d s  p lu s  a  n ew  1 35 9 - 
c m _ 1  fea tu re 5 w ere p ro d u c ed . T h e  b a n d s  o f  m o s t  in terest, 

th e  1 3 5 2 - a n d  6 5 1 -c m _ 1  L i O N  fe a tu r e s , 1 p ers ist in  th e  
sh o rtest, m o s t  d ilu te  e x p e r im e n ts .

F igu re  1 sh ow s ty p ic a l sp e c tra  o b ta in e d  fro m  th e  re a c 
tio n  o f severa l iso to p ic  c o m b in a tio n s  o f  lith iu m  w ith  n itric  
o x id e ; T a b le  I lis ts  th e  lith iu m  iso to p ic  fre q u e n cie s  a n d  
iso to p ic  sh ifts  for th e se  b a n d s . O f  p a rtic u la r  in terest are  
th e  L i O N  b a n d s  a t  1 3 5 2 .5  a n d  6 5 1 .4  c m - 1  w h ic h  sh o w  0 .5 -  
a n d  4 0 .9 -c m _ 1  l i th iu m -6  s h ifts  in  a g re e m en t w ith  th e  e a r 
lier o b se r v a tio n s .1  In  th e  m ix e d  lith iu m  iso to p ic  e x p e r i
m e n t , th e  h igh er fre q u e n c y  b a n d  b r o a d e n e d ; u n fo r tu n a te 
ly  th is  fea tu re  c o u ld  n o t b e  reso lv ed  in to  iso to p ic  c o m p o 
n e n ts , w h ile  th e  low er fre q u e n c y  b a n d  a p p ea re d  a s  a  d o u 
b le t . T h e  fo u rth  sp e c tru m  in  F igu re  1 illu stra te s  a n  e x p er
im e n t in  w h ich  li th iu m -7  a n d  c e s iu m  a to m s  w ere s im u lta 
n eo u sly  tr ea te d  w ith  N O . T w o  p o in ts  are n o tew o rth y . 
F irst , o n ly  fou r b a n d s  w ere o b serv e d  in  th is  sh o rt 6 -h r  e x 
p e r im e n t, tw o  a t  1 3 5 2  a n d  651  c m - 1  co rresp o n d in g  to  vi 
an d  V2 o f  L i O N  a n d  tw o  a t  1 3 7 4  a n d  2 1 9  c m - 1  w h ich  w ill 
be a ssig n ed  to  i>i a n d  <<2 o f  C s O N  in  th e  fo llo w in g  p a p e r .9 

In  sh o rt e x p e r im e n ts  w ith  low  re a c ta n t co n c e n tra tio n s ,

Figure 1. Infrared spectra of the products of matrix reactions of 
lithium-6, equimolar lithiurr-6 and -7, lithium 7, and mixed cesi
um and lithium-7 with natural isotopic nitric oxide using Ar/NO 
ratios of 400 and 500. Deposition temperature 15°K.

TABLE I: Lithium Isotopic Data (Frequencies, cm- 1 ) from 
Lithium-7 and Lithium-6 Nitric Oxide Matrix Reaction Products

Shift
Lithium-7 Lithium-6 ev-7v 6Li/7Li multiplet“ Identification

1352.5 1353.0 0.5 U A
885.6 
824 broad

896.8 11.2 T B

795.8 838.3 43.5 T B
689 720 31 D C
671 705 34 D C
651.4 692.3 40.9 D A
602 broad 614 broad 12 W C
508 521 13 W C
461 467 6 U C
443 458 15 T C
415.5 437.6 22.1 T B
333 342 9 D C

a Multlplet observed in mixed isotopic experiment: U, unresolved; T, 
triplet; D, doublet; W, too weak to observe.

th e  1 3 5 2 - a n d  6 5 1 -c m _ 1  b a n d s  are th e  o n ly  fea tu res  o b 
serv ed , as th e  la s t  tra c e  sh o w s. S e c o n d ly , sin ce  th ere  is a  
c e siu m  sh ift for th e  vi b a n d , c e s iu m  p ro v id es  a p seu d o  
iso top e  for l ith iu m ; th e  a b sen c e  o f  a n y  b a n d  b e tw ee n  1352  
a n d  137 4  c m - 1  in d ic a te s  th a t  th ese  b a n d s  are d u e  to  a  
sin g le  a lk a li m e ta l a to m  sp ec ies , c o n s is te n t w ith  th e  c o n 
c lu sio n  fro m  earlier co n c e n tra tio n  s tu d ie s .1

T h e  tw o  b a n d s , c a lle d  sp ec ies B  in  th e  earlier A n d r e w s -  
P im e n te l s tu d y ,1  w ere p ro d u c e d  in  greater y ie ld  in  th e  
p resen t e x p e r im e n ts . A  w ea k er fea tu re  a t  8 8 5 .6  c m - 1  is  
a sso c ia te d  b y  c o n c e n tr a tio n  d e p e n d e n c e  a n d  sa m p le  
w a rm in g  b e h a v io r  w ith  th e  B  b a n d s  a t  7 9 5 .8  a n d  4 1 5 .5  
c m - 1 . T h e s e  b a n d s  sh o w  1 1 .2 - ,  4 3 .5 - ,  a n d  2 2 .1 -c m _ 1  lith -  
iu m -6  iso to p ic  sh ifts . A s  F igu re  1 in d ic a te s , th ese  three  
b a n d s  b e c o m e  1 / 2 / 1  tr ip le ts  in  th e  e q u im o la r  6L i - 7L i e x 
p e r im e n t, w h ich  in d ic a te s  th e  p resen ce  o f  tw o  e q u iv a le n t  
lith iu m  a to m s  in  th is  a b so rb er .

S e v e n  o th er b a n d s  w h ich  sh ow  lith iu m  iso to p ic  sh ifts  
are la b e le d  C  in  T a b le  I ; th e ir  b e h a v io r  in  tw o  m ix e d  lith 
iu m  iso to p ic  e x p e r im e n ts  is a lso  n o te d .

Lithium and 15NO. A  s im ila r  series o f  e x p er im e n ts  w as  
d o n e  w ith  9 9 %  1 5 N -e n r ic h e d  n itric  ox id e  u sin g  A r / 15N O

(8) W. T. Hicks, J. Chem. Phys., 38, 1873 (1963).
(9) D. E. Tevault and L. Andrews, J. Phys. Chem., 77,1646 (1973).
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Figure 3. Infrared spectra of the principal regions for reactions 
of lithium-7 atoms with 14’15NO (A r/14N O /15NO =  600 /1 /1 ) 
and N16-180  (Ar/N160 /N ,80  =  900 /2 /1 ).

TABLE III: Absorptions (cm- 1 ) Observed from Lithium-7 Matrix 
Reactions with Nitric Oxide Isotopic Mixtures 14N 0 /1SN0 =  1 / 1  
and N160 /N 180 =  2 /1

Figure 2. Infrared spectra of the 320-500-, 640-920-, and 
1310-1350-cm-1 regions for reactions of lithium-7 and lithium-6 
with A r/15NO =  350 samples. Spectra are traced before and 
after 80-min mercury arc photolysis.

TABLE II: Lithium Isotopic Frequencies (cm- 1 ) from Reactions 
of Lithium-7 and Lithium-6 with 15NO Showing Effects of 
Mercury Arc Photolysis and Sample Warming to 33°K and 
Recooiing to 15 °K

14NO-15NO N160-N180 14NO-15NO N160-N 180

1352.5, 1329.1 
885.6, 872.5 
824 broad 
795.8, 790.8 
688 broad 
667 broad

1352.3, 1317.2 
885.6, 866.0 
824 broad 
795.8, 791.6 
689 broad

650.9
507.5
442.6
415.5,413.3
331

651.8, 646.2
507.8
441.9
415.2,411.7
329

Temperature
7 Li +  15NO Photolysis“ cycling6 6 Li + 15NO Photolysis

1329.1 inc 0.50 1330.5 inc
872.5 dec 0.3 885.3 dec
824 dec 0.5
796.5 new inc n 839.8 new inc
790.5 dec 0.28 833.8 dec
683 con 1.0 715 con
669 con 1.0 700 con
650.4 dec 0.47 691.6 dec
602 con 1.0 614 dec
588 new inc n 621 new inc
466.0 new inc n 492.2 new inc
460 dec 1.0 465 dec
447.2 new inc n 472.0 new inc
442.2 dec 0.8 457.5 dec
413.2 dec 0.25 435.1 dec
329 con 1.0 338 inc

“ Photolysis behavior: inc, increased; dec, decreased; new inc, new 
band which appeared; con, constant. 6 Ratio optical density (after 
warming/before warming): n, band not observed without photolysis.

ra tio s ra n g in g  fro m  2 5 0  to  5 0 0 . F igu re  2  a n d  T a b le  II d e 
scrib e  lith iu m  iso to p e  e x p e r im e n ts  w ith  1 5 N O ; th e  p h o to l
y sis  o f  th ese  sa m p le s  w ill b e  d esc rib e d  in  a  fo llo w in g  s e c 
tio n . A ll  o f  th ese  b a n d s  (e x c e p t th e  b ro a d  8 2 4 -c m - 1  7L i  
fea tu re ) sh o w ed  n itro g e n -1 5  iso to p ic  sh ifts . T h e  tw o  in 
ten se  L iO N  b a n d s  a p p e a re d  a t  1 3 2 9 .1  a n d  6 5 0 .7  c m - 1  re 
s u ltin g  in  N -1 5  sh ifts  o f  2 3 .4  a n d  0 .7  c m - 1 , re sp ec tiv e ly . 
T h e  B  sp ec ies b a n d s  w ere o b serv e d  a t  8 7 2 .5 , 7 9 0 .5 , a n d  
4 1 3 .2  c m - 1  re p resen tin g  1 3 .1 - ,  5 .3 - ,  a n d  2 .3 - c m - 1  N -1 5  
sh ifts . T e m p e r a tu r e  c y c lin g  to  3 3 ° K  for a 7L i - A r / 15N O  =  
5 0 0  sa m p le  is a lso  g iv e n  in  T a b le  I I ; rep o rted  is th e  ratio  
o f  o p tic a l d en sitie s  (a fte r  w a r m in g /b e fo r e  w a rm in g ) w h ich  
is th e  fra c tio n  o f  th e  b a n d  re m a in in g .

F in a lly , F igu re  3  illu stra te s  sp e c tra  for th e  lith iu m -7  
re a c tio n  w ith  e q u im o la r  14 N 0 - 18 N 0 .  T h e  im p o r ta n t  fe a 
tu res o f  th is  e x p e r im e n t are th e  th ree  w ell-r e so lv e d  d o u 
b le ts  a t  1 3 5 2 .5  a n d  1 3 2 9 .1  c m - 1 , 8 8 5 .6  a n d  8 7 2 .5  c m - 1 , 
a n d  a t  7 9 5 .8  a n d  7 9 0 .5  c m - 1 . T h e s e  fea tu res  co rresp on d  to

v ib ra tio n a l m o tio n s in v o lv in g  a  sin g le  n itro g en  a to m , 
w h ich  im p lie s  th e  p resen ce  o f  on e  N O  m o le c u le . T h e  
b a n d s  a t  6 5 0 .9  a n d  4 1 4 .4  c m - 1  are u n reso lv ed  d u e  to  th e ir  
N -1 5  sh ifts  b e in g  sm a lle r  th a n  th e  b a n d w id th s . T h e  3 3 1 -  
c m - 1  fea tu re  c o n ta in e d  a n  u n reso lv ed  sh o u ld e r  a t  333  
c m - 1  an d  a  c o m p o n e n t a t  3 2 9  c m - 1 ; th is  fea tu re  c o u ld  b e  
a tr ip le t  b a n d .

Lithium and NlsO. T h e  e x p e r im e n ts  d o n e  w ith  o x y g e n -  
18  e n ric h ed  n itric  o x id e  in v o lv e d  m ix tu r e s  w ith  o x y g e n -1 8  
e n ric h m e n ts  b e tw ee n  3 5  a n d  6 5 % . F igu re 3  illu str a te s  th e  
co d e p o sitio n  o f  l i th iu m -7  w ith  4 5 %  N 1 8 0 ;  o b serv e d  
freq u en cies  are lis te d  in  T a b le  EU. T h e  fiv e  b a n d s  b e lo n g 
ing to  th e  tw o m o le c u le s  o f  c h ie f  in terest a p p e a re d  as  
w ell-reso lv ed  d o u b le ts  in d ic a tin g  th a t  a  on e  o x y g en  a to m  
m o tio n  is re sp o n sib le  for th e se  b a n d s . A c c o r d in g ly , th e se  
ab sorb ers m u s t  c o n ta in  a  sin g le  N O  m o le c u le , th e  sa m e  
co n clu sio n  re a ch e d  fro m  th e  m ix e d  14-15N O  e x p e r im e n ts . 
T h e  lith iu m  n itro x id e  b a n d s  ob served  a t  1 3 1 7 .2  a n d  6 4 6 .2  
c m - 1  re su lte d  in  3 5 .2 -  a n d  5 .6 - c m - 1  o x y g e n -1 8  sh ifts . T h e  
B  sp ec ies  d o u b le ts  a p p ea re d  a t  8 8 5 .6  a n d  8 6 6 .0  c m - 1 ,
7 9 5 .8  a n d  7 9 1 .5  c m - 1 , a n d  a t  4 1 5 .5  a n d  4 1 2 .0  c m - 1 . T h e  
re m a in in g  b a n d s  in  T a b le  III sh o w e d  v e ry  s m a ll  or no  
0 - 1 8  s h ift ; a  sin g le  b ro a d  fea tu re  a p p e a re d  a t  3 2 9  c m - 1 .

S im ila r  e x p e r im e n ts  w ere d o n e  w ith  l i th iu m -6  a n d  
N i 6 ’i 80 .  A g a in  th e  fiv e  b a n d s  o f  p r im a ry  in te r e st a p 
p ea red  as d o u b le ts ; th e  0 - 1 8  c o m p o n e n ts  w ere o b serv e d  a t  
1 31 9 , 8 8 1 , 8 3 4 .0 , 6 8 6 .4 , a n d  4 3 7 .3  c m - 1 . A  w ea k  b roa d  
b a n d  a p p ea re d  a t  3 3 8  c m - 1 .

T h e  sh arp  1 3 5 9 -c m - 1  fea tu re  rep o rted  b y  M illig a n  a n d  
J a c o x 6 w a s  o b serv e d  in  on e  e x p e r im e n t u sin g  6L i a n d  
N 16-18o  w here th e  K n u d s e n  cell w as a c c id e n ta lly  o v er

h e a te d  d u e  to  a  th e rm o c o u p le  sh o rt. T h is  sa m p le  w a s  
d eep  red  a fter  3  hr w h erea s 2 0  h r o f  s a m p le  d e p o sitio n  
w ere n o r m a lly  req u ired  to  p ro d u c e  th e  d ee p  red  co lo r. T h e  
sh arp  b a n d  w as o b serv e d  a t  1 3 5 9 .5  c m - 1  ( 1 - c m - 1  h a lf 
w id th ) a n d  th e  o th er  fea tu re  1 3 5 3  c m - 1  ( 3 - c m - 1  h a lf 
w id th ) w ith  o x y g e n -1 8  c o u n te rp a rts  a t  1 3 2 4 .0  a n d  131 8  
c m - 1 , re sp ec tiv e ly .

Photolysis. A fte r  sa m p le  d ep o sitio n  fo r  1 8 -2 4  h r , f in a l  
sp ec tra  w ere reco rd ed  a t  8  c m - 1 /m i n ,  a n d  se le c te d  s a m -
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p ies w ere su b je c te d  to  m e rc u ry  arc p h o to ly s is . T h ir te e n  
p h o to ly sis  s tu d ie d  w ere p e r fo rm e d ; se v e n  o f  th ese  w ill be  
d esc rib ed  in  so m e  d e ta il . In  g en era l th e  e ffe c t o f  p h o to ly 
sis  is a  fu n c tio n  o f  illu m in a tio n  t im e , sa m p le  tr a n sp a r e n 

c y , a n d  re a g e n t c o n c e n tr a tio n s ; in  th e se  s tu d ie s  filters  
sh o w ed  n o  e ffec t.

F igu re  2 co n tra sts  th e  re su lts  o f  an  8 0 -m in  in situ p h o 
to ly s is  for e a c h  lith iu m  iso to p e  w ith  1 5 N O ; th e se  re la tiv e ly  
c o n cen tra ted  ( A r / 15N O  =  3 5 0 ) sa m p le s  w ere d e p o site d  for  
22  h r. N o te  th a t  tn e  vi a n d  b a n d s  o f  L i O N  sh ow  o p p o 
site  p h o to ly sis  b e h a v io r ; th e  1 3 3 0 -c m - 1  b a n d s  r e m a in  or 
grow  s lig h tly  w h ile  th e  6 5 1 -6 9 2 -c m - 1  b a n d s  are a lm o s t  
c o m p le te ly  d estro y e d . T h e s e  re su lts  are in  a g re e m e n t w ith  
th e  p h o to ly sis  o b serv a tio n s  o f  M ill ig a n  a n d  J a c o x ; 6 h o w 
ever, a d iffe re n t in te rp reta tio n  o f  th e  p h o to ly s is  b e h a v io r  
w ill fo llo w . A ls o  n o tice  th a t  th e  B  sp ec ies  b a n d s  a t  8 7 2 -  
885  7 9 0 -8 3 4 , a n d  4 1 3 -4 3 5  c m - 1 , w h ic h  w ere n o t o b serv e d  
b y  M ill ig a n  a n d  J a c o x , m a rk e d ly  d ec re a se d  u p o n  p h o to ly 
sis. O th e r  fea tu res  a t  4 4 2 , 4 5 9 , a n d  4 6 5  c m - 1  w ere d e 

stro y ed  w h ile  th e  6 8 3 - , 7 1 5 - , a n d  3 2 8 -3 3 8 -c m - 1  b a n d s  re 
m a in e d . T h e se  la tte r  tw o  b a n d s  w ere a ssig n e d  to  L i O N  b y  
A n d rew s a n d  P im e n te l , 1  a n  a ss ig n m e n t w h ich  m u s t  n ow  
be reco n sid ered . T h e  m o s t  im p o r ta n t o b serv a tio n  o f  th e  
p resen t p h o to ly sis  s tu d ie s  is th e  grow th  o f  in ten se  new  
b a n d s  a t  4 4 7 , 4 6 6  a n d  4 7 2 , a n d  4 9 2  c m - 1  w h ich  fo llo w  th e  
d isa p p ea ra n c e  o f  th e  6 5 1 -6 9 2 -c m - 1  7 L i - 6L i b a n d s . A ls o  in  
th is  s tu d y , b a n d s  a p p ea re d  ju s t  a b o v e  th e  in ten se  B  b a n d s  
a t 7 9 6  a n d  8 4 0  c m - 1  a n d  a t  5 8 8  a n d  6 21  c m - 1  w h ic h  a c 
c o m p a n ie d  th e  loss o f  th e  orig in al B  a b so r p tio n s . T h e se  
la tte r  fea tu res  w ere o b serv e d  on  p h o to ly s is  only w h en  th e  
B  b a n d s  w ere d e stro y e d .

A  s im ila r  e x p e r im e n t w a s  ru n  w ith  e q u im o la r  6L i - 7L i  
rea ctin g  w ith  1 5 N 0 .  In  th is  m ix e d  iso to p ic  e x p e r im e n t, 
p h o to ly sis  p ro d u c ed  o n ly  th e  sa m e  b a n d s  w h ich  w ere o b 
serv ed  in th e  p u re  lith iu m  iso to p ic  rea ctio n s w ith  th e  e x 
ce p tio n  o f  a  b ro a d  tr ip le t  b a n d  a t  5 8 8 , 6 0 1 , a n d  621  c m - 1 .

P h o to ly s is  o f  th e  sa m p le  p ro d u c in g  th e  sp e c tru m  a t th e  
top  in  F igu re  3  p ro d u c e d  a 3 0 %  in crease  in  th e  1 3 5 2 -  
1 3 2 9 -c m - 1  b a n d s , a 4 0 %  d ecrease  in  th e  B  b a n d s , an  

8 0 %  d ecrease  in  th e  6 5 1 -c m - 1  b a n d , w h ile  th e  3 3 1 -c m - 1  
b a n d  in crea sed  5 0 %  a n d  n ew  b a n d s  a p p e a re d  a t  4 4 7  (0 .1 0  

O D ) an d  4 6 5  (0 .1 6  O D , b r o a d ) . A  s im ila r  p h o to ly s is  o f  a 
“ d ilu te ”  s a m p le  ( A r /N O  =  6 0 0 , 4 1 5 °  lith iu m  so u rce ), 
w here th e  fiv e  A  a n d  B  b a n d s  w ere o b serv e d  in  g o o d  y ie ld  
b u t all other fe a tu r e s  w ere very  w ea k , p ro d u c e d  th e  4 4 7 -  
an d  4 6 6 -c m - 1  fe a tu r e s  as w ea k  n ew  b a n d s .

In  l i th iu m -6  a n d  li th iu m -7  e x p e r im e n ts  w ith  n a tu ra l  
iso to p ic  N O , s a m p le  p h o to ly s is  p ro d u c ed  th e  4 4 7 - , 4 6 6 -  
a n d  4 7 2 - , a n d  4 9 2 -c m - 1  b a n d s  as m e a su r e d  in th e  15N O  
e x p e r im e n ts . T h e  n itro g en  iso to p ic  s h ift  for th e  n ew  b a n d s  
w as im m e a s u r e a b ly  s m a ll . In  all ca ses th e  low er fre q u e n cy  
4 4 7 - a n d  4 7 2 -c m - 1  b a n d s  w ere sh arp er th a n  th e  u p p e r  
4 6 6 - a n d  4 9 2 -c m - 1  b a n d s . In  an  e x p e r im e n t u sin g  7L i  w ith  
5 0 %  0 - 1 8  en ric h ed  N O ,  th e  n ew  b a n d s  a p p e a re d  1 - 2  c m ^ 1 

low er fo llo w in g  p h o to ly s is , in d ic a tin g  o x y g e n -1 8  iso to p ic  
sh ifts  o f  a b o u t 2 - 3  c m - 1  for  th ese  fea tu res .

A  p a r tic u la rly  in fo r m a tiv e  e x p e r im e n t w a s p erfo rm ed  
w ith  l i th iu m -6  a n d  6 5 %  N 18 0 .  T h is  s a m p le  w a s p h o to -  
ly z e d  for 2 0  m in  u sin g  a C 0 S O 4 so lu tio n  filte r . O n ly  four  

ch a n g es w ere n o te d  in  th e  s p e c tr u m : th e  vi b a n d s  o f  L i O N  
a t 1 3 5 3  a n d  1 3 1 3  c m - 1  w ere d o u b le d , th e  V2 b a n d s  a t  6 9 2  
an d  6 8 5  c m - 1  w ere a lm o s t  c o m p le te ly  d e stro y e d , a n d  th e  
b ro a d  3 3 8 -c m - 1  fea tu re  d o u b le d , w hile  one in ten se  n ew  
b a n d  ap p ea re d  a t  4 7 0  c m - 1 . A ll  o th er sp ec tra l fea tu res  
rem a in e d  u n c h a n g e d  fo llo w in g  th is  in itia l 2 0 -m in  p h o to ly 

sis p er io d . F u rth er p h o to ly s is  for  90  m in  u sin g  on ly  a 
w ater filte r  d im in ish e d  all b a n d s , in c lu d in g  th e  vi b a n d s  
a n d  th e  4 7 0 -c m - 1  fe a tu r e ; a n d  a  n ew  b a n d  a p p ea re d  near  
4 9 0  c m - 1 . T h e s e  d a ta  a g a in  p ro v id e  o x y g e n -18  iso top ic  
sh ifts  o f  a b o u t 3  c m - 1  fo r  th e  n ew  p h o to ly sis  b a n d s .

T h e  p h o to ly sis  s tu d ie s  o f  L i - N O  m a tr ix  sa m p le s  are  
c h a ra cterized  b y  th e  a p p e a ra n c e  o f  lith iu m  iso to p ic  b a n d s  
in  th e  4 5 0 -c m - 1  region  w h ic h 'fo llo w  th e  d isa p p ea ra n c e  o f  
s im ila r  lith iu m  iso to p ic  b a n d s  in  th e  6 5 0 -c m - 1  region  
w h ile  th e  1 3 5 2 -c m - 1  b a n d  in te n s ity  in crea ses . T h e  in 
te g ra ted  in te n s ity  o f  th e  1 3 5 2 -c m - 1  b a n d  re m a in s  p ropor
tio n a l to  th e  w eig h te d  s u m  o f  th e  in teg ra ted  in ten sities  o f  
th e  lith iu m  iso to p ic  b a n d s  n ear 4 5 0  an d  6 5 0  c m - 1  before  
an d  a fter  p h o to ly sis .

D is c u s s io n

T h e  stru ctu re , b o n d in g , p h o to iso m e r iz a tio n , a n d  p o te n 
tia l c o n sta n ts  o f  lith iu m  n itro x id e  w ill b e  d isc u sse d  in  
lig h t o f  n ew  resu lts . T h e  tw o  lith iu m  ab so rb er L i ( O N ) L i  
w ill b e  c o m p a re d  to  th e  lith iu m  p ero x id e  m o le c u le  
L iO ^ L i.

LiON. In  th e  orig in al w ork , A n d r e w s a n d  P im e n te l1  a s 
so c ia ted  th ree  b a n d s  a t  1 3 5 2 , 6 5 1 , a n d  3 3 3  c m - 1  w ith  
L i O N  u sin g  co n c e n tra tio n  s tu d ie s . P re se n t a n d  p a s t  iso to 
p ic 1 ’6 s tu d ie s  lea v e  litt le  d o u b t  th a t  th e  1 3 5 2 -c m - 1  b a n d  
is a re la tiv e ly  p u re  N - 0  s tr e tc h in g  v ib ra tio n  o f  a sin gle  
N O  sp ec ies . T h e  p re se n t C s -L i  m ix e d  e x p e r im e n t in d i
c a te s  th a t  a  sin g le  a lk a li a to m  is a sso c ia te d  w ith  th e  
1 3 5 2 -c m - 1  a b so r p tio n . Iso to p ic  d a ta  c o n firm  th a t  th e  
6 5 1 -c m - 1  b a n d  is d u e  to  th e  m o tio n s  o f  sin g le  lith iu m  
a n d  sin g le  o x y g en  a to m s . H o w e v e r , th e  lo w -fre q u e n cy  
3 3 3 -c m - 1  b a n d  is  riot sh a rp  lik e  th e  1 3 5 2 - an d  

6 5 1 -c m - 1  fea tu res , a n d  in  m ix e d  iso to p ic  e x p er im e n ts  
co u n te rp a rts  o f  th e  3 3 3 -c m - 1  fea tu re  c a n n o t be reso lv ed . 
T h is  f in d in g  su g g ests  th a t  th e  3 3 3 -c m - 1  b a n d  is n o t d u e  
to  L i O N  b u t  to  so m e  h ig h er a g greg ate  lik e  L i ( O N ) 2, a 
p o in t w h ich  is s tren g th e n e d  b y  p h o to ly s is  s tu d ie s .

R e c e n t lo w -e n erg y  e lectro n  im p a c t  s tu d ie s 10  h a v e  p ro 
v id e d  a  m e a su r e m e n t o f  th e  N O -  fu n d a m e n ta l  a t  1355  
c m - 1 . M ill ig a n  a n d  J a c o x  co n clu d e  th a t  th e  1 3 5 2 -c m - 1  
b a n d  in  l i th iu m -n itr ic  o x id e  rea ctio n s is d u e  to  N O - . In  a 
litera tu re  sea rch  for th e  N O -  fu n d a m e n ta l  in  1 9 6 5 , A n 
drew s a n d  P im e n te l1  w ere forced  to  re ly  on  n itro sy l c o m 
p le x  ion s in  th e  1 1 0 0 - c m - 1  ra n g e , a c o m p a riso n  w h ich  is 
o b so le te  in  v iew  o f  th e  e lectro n  im p a c t  d a ta . W e  agree  
w ith  M illig a n  a n d  J a c o x 6 t h a t  th e  1 3 5 2 -c m - 1  b a n d  is th e  
in tra io n ic  m o d e  o f  a N O -  a n io n , b u t  a t  th e  sa m e  t im e , w e  
d isag ree  on  th e  origin  o f  th e  6 5 1 -c m - 1  b a n d .

T h e  p re sen t w ork  sh ow s th a t  th e  6 5 1 -c m - 1  b a n d  is th e  
in terion ic  L i + - O N -  m o d e  o f  th e  sa m e  sp ec ies  g iv in g  rise  
to  th e  1 3 5 2 -c m - 1  in tra io n ic  m o d e . W e  h a v e  sh o w n  th a t  a 
sin g le  a lk a li a to m  is a sso c ia te d  w ith  th e  1 3 5 2 -c m - 1  m o d e . 
T h e  sp ec ies  L i + O N -  m u s t  e x is t ; i f  N O -  is p ro d u c e d , L i+  
is a lso  p ro d u c ed  a n d  th e  L i+  m u s t  r e m a in  c o u lo m b ic a lly  
b o u n d  to  N O - . T h e  a sso c ia tio n  o f  L i+  a n d  N O -  is re 
q u ired  on  en ergetic  g ro u n d s; N O  h a s a s m a ll  e le ctro n  a f 
f in ity  a n d  th e  c o u lo m b ic  a sso c ia tio n  o f L i +  c a tio n  a n d  
N O -  a n io n  is req u ired  to  c o m p e n sa te  for io n iz a tio n  o f  th e  
lith iu m  a to m . E v e n  m e rc u ry  arc p h o to ly s is  c a n n o t e ffec t  
th e  sep a ra tio n  o f  L i+  a n d  N O -  s in ce  th e  2 5 0 0 -A  c u to ff  
(1 1 5  k c a l /m o l)  is less  e n erg etic  th a n  th e  c o u lo m b  p o te n -

(10) D. Spence and G. J. Schulz, Phys. Rev. A, 3, 1968 (1971).
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t ia l (1 5 0  k c a l /m o l ,  9 0 %  o f  e2/ r  a t  2 .0 -A  s e p a r a tio n ). N o w , 
th e  L i + O N -  ion p a ir  sh o u ld  h av e  a very  in ten se  in terion ic  
v ib ra tio n a l m o d e ; th is  m o d e  h a s  b e e n  o b serv e d 3 a t  6 9 9  
c m - 1  for L i + 0 2 - . T h e  in ten se  6 5 1 -c m - 1  b a n d  in  th e  p re s
e n t sp e c tra  sh ow s lith iu m  a n d  o x y g en  iso to p ic  d a ta  c o n 
s is te n t  w ith  th e  L i + - O N -  in terion ic  m o d e . T h e  la c k  o f  n i

trog en  iso to p ic  sh ifts  in d ic a te  stron g er b o n d in g  o f lith iu m  
to  o x y g en  as d isc u sse d  p re v io u sly  for a  b e n t  L i O N  s tr u c 
tu r e .1  H o w e v e r , w e p re sen tly  b e liev e  th a t , lik e  L i + C>2 ~ ,  
L i + O N -  p o sse sses  a tr ia n g u la r  s tru c tu re , w h ic h  in  th e  
la tte r  ca se  m u s t  b e  sca le n e  w ith  th e  lith iu m  m o re  stro n g ly  
b o u n d  to  th e  o x y g en  en d  o f  N O  - .

W e  c o n firm  th e  M illig a n  a n d  J a co x  p h o to ly s is  o b se r v a 
tio n  th a t  vi o f  L i + ( O N ) -  s lig h tly  in creases w h ile  i>2 d e 
crea ses m a rk e d ly . T h is  b e h a v io r  is u su a lly  in terp reted  to  
a sso c ia te  tw o  su c h  m o d e s  w ith  tw o  d iffe re n t m o le c u la r  
sp e c ie s , th e  c o n clu sio n  rea ch ed  b y  M illig a n  a n d  J a c o x . 6 

H o w e v e r , io n ic  sp ec ies  are n o t th e  u su a l m o le c u le ; an  
in terio n ic  re a rra n g e m e n t m a y  ch a n g e  th e  c a t io n -a n io n  
stru ctu re  w ith o u t a ffe c tin g  th e  e le ctro n ic  e n v ir o n m e n t  
an d  fu n d a m e n ta l fre q u e n c y  o f  th e  a n io n . E ss e n tia l to  th is  
p ro p o sa l is  th e  o b serv a tio n  o f  n ew  b a n d s  in  th e  4 4 0 -5 0 0 -  
c m - 1  sp ec tra l region  w h ich  w ere p ro d u c e d  b y  th e  r a d ia 
tio n  w h ich  d estro y e d  th e  6 5 1 -c m - 1  in terio n ic  m o d e . A p 
p a r e n tly , M ill ig a n  a n d  J a co x  d id  n o t in v e stig a te  th is  sp e c 
tra l reg ion  after p h o to ly s is .

T h e  sh arp er o f  th e  n ew  b a n d s  w h ic h  a p p e a re d  a t  447  
c m - 1  a fte r  p h o to ly sis  o f  l i th iu m -7  sa m p le s  sh ifte d  to  4 7 2  
c m - 1  w ith  l i th iu m -6 . T h is  2 5 -c m - 1  lith iu m  iso to p e  sh ift  
is in  a ccord  w ith  a  lith iu m  stretch in g  m o d e ; th e  p er ce n t  
sh ift  is n e a r ly  th e  sa m e  o b serv ed  for  th e  V2 b a n d  o f  L i O N .  
T h e  4 4 7 -4 7 2 -c m - 1  b a n d s  sh ow ed  a p p r o x im a te ly  3 -c m - 1  

0 - 1 8  sh ifts , a g a in  n e a r ly  th e  sa m e  p er c e n t s h ift  as th e  
d estro y e d  v2 b a n d s , a n d  less  th a n  0 .5 - c m - 1  N -1 5  sh ifts , 
a lso  in  a g re e m e n t w ith  th e  vz b a n d s . W e  c o n c lu d e  th a t  th e  
4 4 7 -4 7 2 -c m - 1  7L i - 6L i b a n d s  are d u e  to  th e  in terion ic  
m o d e  o f  a  d iffe re n t L i + ( O N ) -  s tru c tu ra l iso m e r ; th eir  
b ro a d e r  co u n te rp a rts  a t  4 6 6 -4 9 2  c m - 1  m a y  b e  du e- to  a  
d iffe re n t m a tr ix  site  or a s t ill  d iffe re n t c a t io n -a n io n  a r
ra n g e m e n t. T h e  p o sit io n  o f  th e  N O -  m o d e  w a s n o t a l 
tered  b y  th e  p h o to iso m e r iz a tio n  a lth o u g h  th e  in te n s ity  
w as s lig h t ly  in crea sed .

T h e  p h o to iso m e r ism  m a y  b e  e x p la in e d  b y  th e  fo llo w in g  
rea ctio n

1644

I t  m u s t  b e  p o in te d  o u t  th a t  th e se  p ro p o sed  stru ctu re s  are  
n o t p re cise ly  k n o w n , b u t  th e  a b o v e  re a c tio n  rep resen ts a  
p la u s ib le  p h o to iso m e r ism  m e c h a n is m . T h e  p h o to ly sis  
p ro d u c t c o u ld  a lso  b e  a n o th er tr ia n g u la r  a r ra n g e m e n t d if 
feren t fro m  th e  first o n e . In te rp re ta tio n  o f  th e  p h o to ly sis  
o b serv a tio n s requires a c h a n g e  in  c a t io n -a n io n  stru ctu re  
a n d  n o r m a l m o d e  w ith o u t a ffe c tin g  th e  e le ctro n ic  e n v iro n 
m e n t a n d  v ib ra tio n a l m o d e  o f  th e  a n io n  w ith in  th e  o b 
serv ed  b a n d w id th  o f  3  c m - 1 .

T h e  a ss ig n m e n t o f  tw o  b a n d s , an  in tra io n ic  m o d e  (1 3 5 2  
c m - 1 ) a n d  an  in terio n ic  m o d e  (6 5 1  c m - 1 ) to  L i + O N - , is 
su p p o rte d  b y  th e  h e a v y  a lk a li m e ta l-n itr ic  o x id e  resu lts  
w here o n ly  tw o b a n d s  w ere ob serv e d . In  th e  fo llow in g  
p a p er , th e  sp ec ies  N a + N O - , K + N O - , R b + N O - , a n d  
C s + N O -  are re p o rte d , e a c h  o f  w h ich  e x h ib ite d  a  N O -  
m o d e  b e tw e e n  1 3 5 9  a n d  137 4  c m - 1  a n d  a M + - N O -  m o d e

b e tw e e n  3 6 6  a n d  2 1 8  c m - 1 . M e r c u r y  arc p h o to ly s is  o f  
th ese  sa m p le s  p ro d u c e d  n o  sp ec tra l c h a n g e s . A p p a r e n tly  
o n ly  th e  sm a lle r  lith iu m  c a tio n  ca n  re lo c a te  its e lf  a b o u t  
N O -  in  a n  argon  m a tr ix  site  d u rin g  p h o to ly sis .

T h e  3 3 3 -c m - 1  b a n d  w as a sso c ia te d  w ith  th e  1 3 5 2 - a n d  
6 5 1 -c m - 1  b a n d s  in th e  co n c e n tra tio n  s tu d ie s  o f  A n d r e w s  
a n d  P im e n te l .1  W h ile  th e  p re sen t e x p e r im e n ts  sh o w  th a t  
th e  b a n d  in  q u e stio n  is a  sin g le  lith iu m  fe a tu r e , s a m p le  
w a rm in g  se p a ra te s  3 3 3  c m - 1  fro m  6 5 1  a n d  135 2  c m - 1 . In  
p h o to ly sis  s tu d ie s , th e  3 33  c m - 1  re m a in s  a n d  s o m e tim e s  
in creases. W e  b e liev e  th a t  th e  3 3 3 -c m - 1  fea tu re  is m o s t  
lik ely  d u e  to  th e  sp ec ies  L i ( N O ) 2 . T h e  m is s in g  lo w -fr e 
q u e n c y  m o d e  o f  L : + O N -  p r o b a b ly  fa lls  in  th e  3 0 0 -5 0 0 -  
c m - 1  fre q u e n c y  ra n g e ; th e  tw o  w ea k  b a n d s  o b se r v e d  in  
th is  region  c o u ld  n o t b e  a sso c ia te d  w ith  L i + O N - . P e r h a p s  
th e  L i - N  v ib ra tio n  is a p p re c ia b ly  w ea k er th a n  th e  L i - 0  
m o d e , a  c o n te n tio n  su p p o rted  b y  th e  fa ilu re  to  o b serv e  
L i - N  m o d e s  for th e  sp ec ies L i + N 2 -  w h ose  in tra io n ic  ( N -
N ) -  m o d e  w as o b serv e d 1 1  n ear 180 0  c m - 1 .

T a b le  I  lists  se v e n  b a n d s  id en tified  w ith  th e  la b e l C .  
T h e s e  b a n d s  are b ro a d er th a n  th e  sh a rp  A  a n d  B  b a n d s  
w h ich  su p p o rts  th e  v iew  th a t  th e  C  b a n d s  are d u e  to  h ig h 
er a g greg ate  sp ec ies . S a m p le  w a rm in g  o p e ra tio n s  c o n firm  
th is  v iew . In fra red  a b so rp tio n s in  th e  1 7 0 0 -1 9 0 0 -c m - 1  
range a tte s t  th e  p resen ce  o f  ( N O )2 in  th e se  s a m p le s ; it  is  
e x p e c te d  t h a t  re a ctio n s o f  L i w ith  ( N O  )z sh o u ld  p ro d u c e  
o b serv a b le  b a n d s , p a r tic u la rly  in  th e  lith iu m  s tretc h in g  
reg ion . T h e  b a n d s  a t  671  a n d  6 8 9  c m - 1  c o u ld  b e  lith iu m  
stretc h in g  m o d e s  o f  L i ( N O ) 2L i sp ec ies ; h o w ev er, n o  b a n d s  
w ere o b serv ed  w h ich  c o u ld  b e  a ssig n e d  to  th e  h y p o n itr ite  
io n , 12  N 2O 22 - . T h e  p re se n t in fo r m a tio n  in d ic a te s  t h a t  th e  
b ro a d e r  b a n d s  id e n tifie d  b y  C  in T a b le  I  are d u e  to  h igh er  
ag greg ate  sp ec ies , w h ich  are n o t o f  p r im a ry  in terest here.

M illig a n  a n d  J a c c x 6 h a v e  su g g e ste d  th a t  th e  1 3 5 9 -c m - 1  
b a n d  is d u e  to  th e  N O -  m o d e  o f  a sp ec ies  L i2+ N O - . T h e  
p re sen t lith iu m  rea ctio n  d a ta  su p p o rt th is  a ss ig n m e n t  
sin ce  th e  1 3 5 9 -c m - 1  fea tu re  w as o b serv e d  o n ly  in  th e  e x 
p e r im e n t w ith  e x c e ss  l ith iu m . W e  su g g est th a t  L i2 + N O -  
is p ro d u c ed  b y  re a ctio n  o f  N O  w ith  L i 2 th e  la tte r  p r o 
d u c e d  b y  d im e riz a tio n  o f lith iu m  a to m s  u p o n  m a tr ix  fo r 
m a t io n .13  T h e  p o la r iz a b le  ion  p a ir  m o d e l9 for  th e  M + N O -  
sp ec ies  su p p o rts  th e  a ss ig n m e n t o f  a  h ig h er fre q u e n c y  
b a n d  to  N O -  in  L i2+ N O -  (1 3 5 9  c m - 1 ) th a n  in  L i + N O -  
(1 3 5 2  c m - 1 ) w ith  th e  a ssu m p tio n  th a t  th e  p o la r iz a b ility  
o f  L i2 +  is greater th a n  th e  p o la r iz a b ility  o f  L i + . T h is  f o l 
low s fro m  th e  fa c t  th a t  th e  io n iza tio n  p o te n tia l o f  L i2 is 
0 .2 5  e V  less th a n  th e  io n iza tio n  p o te n tia l o f  L i .14

N o r m a l c o o rd in a te  c a lc u la tio n s  w ere d o n e  for L iO N  
u sin g  th e  sca le n e  tr ia n g u la r  g e o m e try  w ith  th e  e s tim a te d  
b o n d  d ista n c e s  N - 0  =  1 .2 9  A , L i - 0  =  1 .6 7  A , a n d  L i - N  
=  1 .9 6  A ; th ese  b o n d  len g th s d efin e  th e  L i - O - N  an g le  to  
b e  7 8 ° . T h e  m  a n d  V2 d a ta  fo r  s ix  iso to p ic  m o le c u le s  w ere  
u se d  a lo n g  w ith  an  e s tim a te  o f  3 3 3  c m - 1  for  th e  m iss in g  
th ird  m o d e . T h e  N O  force c o n sta n t, 7 .7 9  ±  0 .0 5  m d y n /A ,  
w h ich  sh o u ld  n o t be  a ffe c te d  b y  th e  u se  o f  an  e s tim a te d  
lo w -fre q u e n c y  m o d e , c o m p a re s  fa v o r a b ly  w ith  7 .9 7  m d y n /  
A  rep orted  for th e  b e n t  L i O N  g e o m e tr y . 1  T h e  L iO  force c o n 

s ta n t , 0 .9 8  ±  0 .0 3  m d y n /A ,  is low er th a n  th e  v a lu e  for  
L i 0 2 , 1 .1 8  ±  0 .0 2  m d y n /A .3 T h e  L i N  force  c o n sta n t o f  
0 .5 7  m d y n /A  is n o t o f  in terest s in ce  it  w a s b a se d  o n  a n

(11) R. C. Spiker, Jr., L. Andrews, and C. Trindle, J. Amer. Chem. Soc.,
94, 2401 (1972).

(12) R. J. W. LeFevre, W. T. Oh, I. H. Reese, and R. L. Werner, Aust.
J. Chem., 10, 361 (1957).

(13) L. Andrews and G. C. Pimentel, J. Chem. Phys., 47, 2905 (1967).
(14) R. D. Hudson, J. Cherr.. Phys., 43, 1790 (1965).

David E. Tevaultand Lester Andrews

The Journal of Physical Chemistry, Vol. 77, No. 13, 1973



Infrared Spectrum of Li + (ON)2“Li + 1645

e stim a te d  fre q u e n c y ; th e  th ree  s m a ll  in tera c tio n  force  
co n sta n ts  m a d e  m in im a l c o n tr ib u tio n  to  th e  p o te n tia l  
en ergy d is tr ib u tio n . T h e  tr ia n g u la r  m o d e l for L i O N  p ro 
d u ce d  an  e x c e lle n t f it  ( A v  =  0 .3  c m - 1 ) to  th e  o b serv ed  
freq u en cies , sh o w in g  th a t  th e  v ib ra tio n a l a n a ly sis  is c o n 
s is te n t w ith  a  tr ia n g u la r  s tr u c tu re . T h e  o b v io u s  a n a lo g y  
w ith  tr ia n g u la r L i + 0 2 “  a n d  th e  m o le c u la r  o rb ita l c a lc u la 
tio n s4 -5 su p p o rt th e  tr ia n g u la r  m o d e l p ro p o sed  for  
L i + ( O N ) ~ .

T h e  in terion ic  m o d e  ca n  b e  a p p r o x im a te d  as a d ia to m ic  
like m o tio n , th a t  is L i - O N ,  co n sid er in g  th e  N O  m o le c u le  
as a sin g le  m a ss  u n it . T h is  a p p ro x im a te  d ia to m ic  a n a ly sis  
gives a L i - O N  force  c o n sta n t o f  1 .4 1 2  ±  0 .0 0 9  m d y n /A  for  
six  iso to p ic  fre q u e n cie s . T h is  av erag e  force  c o n sta n t rep ro 
d u ces  th e  s ix  o b serv e d  fre q u e n cie s  w ith  ± 1 . 3  c m - 1 . A  
s im ila r  a n a ly sis  fo r  L i 0 2  a s  L i - 0 2 , p ro d u c ed  an  average  o f  
L i - 0 2  force  c o n s ta n t  o f  1 .6 5 2  ±  0 .0 0 4  m d y n /A  w h ich  re 

p ro d u c ed  fou r fre q u e n c ie s  w ith in  ± 0 . 7  c m - 1 .
Li(ON)Li. In  th e  earlier s tu d y , A n d r e w s a n d  P im e n te l1 

id en tified  b a n d s  a t  7 9 6  a n d  4 1 5  c m - 1 , w h ich  sh o w ed  4 3 -  
a n d  2 2 -c m “ 1  L i -6  sh ifts  a n d  6 - a n d  3 -c m - 1  N -1 5  sh ifts , as  
sp ec ies B . T h e  p re se n t w ork  c o n firm e d  th ese  o b serv a tio n s  
an d  fo u n d  4 -c m - 1  0 - 1 8  s h ifts  for  th e  B  b a n d s . A  n ew  
w eaker fea tu re  w a s o b serv e d  a t  8 8 6  c m - 1  in  th e  p re sen t  
e x p e r im e n ts  u sin g  h ig h er lith iu m  c o n c e n tr a tio n s ; th is  fe a 
ture sh ow ed  a 1 3 -c m “ 1 N -1 5  s h ift , a  2 0 -c m - 1  0 - 1 8  sh ift , 
an 1 1 -c m - 1  L i -6  sh ift , a n d  p a r a lle l grow th , d iffu sio n , a n d  
p h o to ly sis  b e h a v io r  w ith  th e  7 9 6 - a n d  4 1 5 -c m “ 1 b a n d s .

T h e  B  b a n d s  are th e  m o s t  se n sitiv e  to  d ec rea se  u p on  
s a m p le  w a rm in g ; th e  B  b a n d s  d im in is h  m o re  th a n  th e  A  
b a n d s , as  T a b le  II sh o w s. T h is  b e h a v io r  is a n a lo g o u s  to  
d iffu sio n  e x p e r im e n ts  w ith  L i 0 2 L i a n d  L i 0 2 . 3

P ro lo n g ed  p h o to ly s is , as  illu str a te d  in  F igu re  2 , m a r k 
e d ly  d ec re a se d  th e  B  b a n d s ; h ow ever, c o n c o m ita n t  w ith  
th e  loss o f  th e  B  b a n d s  w as th e  gro w th  o f  n ew  a b so rp tio n s  
6  c m  _1  a b o v e  th e  in ten se  7 9 6 -8 4 0 -c m  _ 1  b a n d s  a n d  n ear 6 0 0  
c m  _1 w h ich  are a p p ro p r ia te  for m o d e s  o f  th e  p h o to iso m e r -  
ized  B  sp e c ie s . T h e s e  n ew  b a n d s  w ere o b serv ed  only w h en  
th e  B  b a n d s  w ere a lm o s t  c o m p le te ly  d e stro y e d , as is sh ow n  
in F igu re  2.

M ix e d  lith iu m  iso to p ic  e x p e r im e n ts  p ro d u c ed  tr ip le ts  
w hile  m ix e d  14-15N O  a n d  N 16 -l s O  e x p e r im e n ts  g a v e  d o u 
b le ts  for th e  8 8 6 - ,  7 9 6 - ,  a n d  4 1 5 -c m “ 1 b a n d s  in d ic a tin g  
th a t th ese  m o d e s  in v o lv e  tw o  e q u iv a le n t L i  a to m s  a n d  s in 
gle  N  a n d  O  a to m s . T h e  7 9 6 - a n d  4 1 5 -c m “ 1 freq u en cies  
m a p  c lo se ly  w ith  th e  fre q u e n c ie s , a n d  lith iu m  a n d  sin g le  
0 - 1 8  iso to p ic  sh ifts  o f  b a n d s  a t  7 9 6  a n d  4 4 5  c m - 1  a ssign ed  
to  th e  L i 0 2 L i sp ec ies , w h ic h  w as su g g e ste d  to  h av e  a 
rh o m b u s  s tr u c tu re .3 W e  p o s tu la te  th a t  L i ( O N ) L i  is a  p la 

nar sp ec ies  o f  C 2u s y m m e tr y , a  s lig h tly  d isto rte d  rh o m b u s . 
T h is  sp ec ies  h as th ree  A i  m o d e s  a n d  tw o  B i  m o d e s  in  th e  
m o le c u la r  p la n e , a n d  on e  B 2 m o d e , th e  o u t -o f -p la n e  b e n d . 
T w o  o f  th e  A i  m o d e s  are to ta lly  s y m m e tr ic  s tr e tc h in g  m o 
tio n s ; th e  N - 0  str e tc h , o i ( A i )  a n d  th e  L i - N O - L i  s tre tc h , 
^ ( A i ) .  T h e  A i  m o d e , V3 co rrela tes  w ith  th e  B 3u m o d e  in  
th e  Dih p o in t  g ro u p . T h e  B i  m o d e s , 1/4 a n d  v$, correlate  
w ith  th e  B 2U a n d  B i g m o d e s , a n d  th e  B 2 m o d e , vs o r ig i
n a tes  fro m  th e  B i u m o d e  in  D2h s y m m e tr y . H ere  w e fo llo w  

th e  s y m m e tr y  d e sig n a tio n  o f  B e rk o w itz 15  for th e  n o rm a l  
v ib ra tio n s o f  ( M X > 2 .

T h e  7 9 6 -c m - 1  b a n d  is a ss ig n e d  to  th e  a n tisy m m e tr ic  
m o d e  o f  lith iu m  c a tio n s  p e r p e n d ic u la r  to  th e  N - 0  b o n d , 
i/4(B i ) ,  an d  th e  4 1 5 - c m - 1 a b so r p tio n  th e  m o tio n  o f  lith i

u m  c a tio n s  p a ra lle l to  th e  N - 0  b o n d , ^ ( A i ) .  T h e s e  m o 
tio n s  are a n a lo g o u s  to  ^5 (6 2 0 ) a n d  v6( B 3U) o f  th e  L i 0 2 L i  
s p e c ie s .3

T h e  re m a in in g  b a n d  o b serv e d  for  L i ( O N ) L i  a t  8 8 6  c m - 1  

is a ssig n e d  to  1*1 ( A i ) .  Iso to p ic  sh ifts  for th e  8 8 6 - c m “ 1 b a n d  
id e n tify  it  as  p r im a rily  a n  N - 0  s tr e tc h in g  m o d e  (c a lc u la t 
e d  N -1 5  s h ift  15  c m - 1 , o b serv e d  1 3 - c m - 1 ; c a lc u la te d  0 - 1 8  
s h ift  23  c m - 1, o b serv e d  20  c m - 1 ) . T h e  1 1 -c m - 1  l ith iu m -6  

s h ift  is p r o b a b ly  d u e  to  s lig h t  m ix in g  w ith  th e  u n o b serv ed  
lith iu m  s tretc h in g  m o d e  » ^ (A i ) ,  w h ich  is e x p e c te d  to  be  
n ear 8 0 0  c m - 1  a n d  v ery  w ea k  in  th e  in fra red .

N o  force c o n sta n t c a lc u la tio n s  w ere a t te m p te d  for 
L i { O N ) L i  sin ce  o n ly  tw o  o f  th ree  A i  m o d e s  a n d  on e  o f  tw o  
B i  m o d e s  w ere o b serv e d .

T h e  fre q u e n cy  rep o rted  here for  N O 2“ , 8 9 0  c m - 1 , is 
re a so n a b le  b y  c o m p a riso n  w ith  s im ila r  m o le c u le s . T h e  
first e lectro n  a d d e d  to  N O  ( 1 8 8 6 -c m “ 1 fu n d a m e n ta l)  is 
a n tib o n d in g  w h ich  red u ces th e  fre q u e n c y  5 3 4  c m “ 1 . T h is  
re d u c tio n  p re d ic ts  8 1 8  c m - 1  for N O 2 - , so m e  7 0  c m - 1  

b e lo w  th e  o b serv e d  8 9 0  c m “ 1 . O 2 “  ( 1 0 9 7 -c m “ 1 fu n d a 

m e n ta l ) 3 is iso electro n ic  w ith  N O 2 “ , b u t  e x tr a  e lectro n ic  
re p u lsio n  n o t c o u n te rb a la n c e d  b y  c o rresp o n d in g ly  in 
crea sed  n u c le a r  a ttr a c tio n  le a d s  to  w ea k er b in d in g  for a 
d o u b le  n eg a tiv e  a n io n  su c h  as N O 2“ . H e n c e , th e  N O 2 “  
fu n d a m e n ta l sh o u ld  fa ll  b e lo w  0 2 “ . T h e  iso electro n ic  p air  
O 2 ( 1 5 5 2 -c m - 1  fu n d a m e n ta l)  a n d  N O -  (1 3 5 2  c m - 1 ) illu s 
tra te  th is  p o in t , a n d  su g g e st th a t  p erh a p s  N O 2 “  sh o u ld  
fa ll 2 0 0  c m “ 1  b e lo w  O 2 “ , in  good  a g re e m e n t w ith  th e  
N O 2 “  fu n d a m e n ta l o f  8 9 0  c m - 1 .

T h e s e  d a ta  su g g e st th a t  th e  L i + O N 2 “ L i+  sp ec ies  is a 
se co n d a ry  rea ctio n  p ro d u c t fo rm ed  b y  re a c tio n  o f  a secon d  
lith iu m  a to m  w ith  th e  tr ia n g u la r L i + O N -  sp e c ie s . T h e  
sa m e  rea ctio n  seq u e n ce  h a s  b e e n  p o s tu la te d  to  form  
L i + 0 2 2 “ L i+  fro m  re a c tio n  o f  a n o th er lith iu m  w ith  iso s

celes tr ia n g u la r  L i + 0 2 “ . I t  is re a so n a b le  to  e x p e c t th a t  
th e  tw o  s im ila r  d ia to m ic  m o le c u le s , N O  a n d  O 2 , sh o u ld  
h av e  s im ila r  lith iu m  a to m  m a tr ix  re a ctio n  p ro d u c ts .

C o n c lu s io n s

T h e  lith iu m -n itr ic  ox id e  m a tr ix  re a c tio n  h a s  b e e n  rein 
v e stig a te d  u sin g  a p p r o x im a te ly  e q u im o la r  c o n cen tra tio n s  
o f  th e  tw o  rea g en ts . In te n se  b a n d s  a t 1 3 5 2  a n d  651  c m - 1  

w ere a ssig n ed  to  in tra io n ic  ( N - O ) -  a n d  in terion ic  L i + -  
( N O ) “  v ib ra tio n a l m o d e s  o f  a tr ia n g u la r  L i + - ( O N ) ~  
sp ec ies . M e r c u ry  arc p h o to ly s is  d estro y e d  th e  6 5 1 -c m - 1  
b a n d  w h ile  th e  1 3 5 2 -c m “ 1 b a n d  in crea sed  a n d  a n ew  4 4 7 -  
c m _ 1  a b so rp tio n  a p p e a re d . T h e s e  d a ta  su g g e st th a t  th e  
tr ia n g u la r  L i + ( O N ) “  sp ec ies  p h o to iso m e r iz e d  to  a b e n t  
fo rm  w here th e  ( N O ) “  fre q u e n cy  is u n c h a n g e d  b u t  th e  
in terion ic  L i - 0  fre q u e n c y  is sh ifte d  to  4 4 7  c m “ 1 .

A b so r p tio n s  a t  8 8 6 , 7 9 6 , a n d  4 1 5  c m - 1  w ere a ssign ed  to  
th e  L i + ( O N ) 2 _ L i+  sp ec ies , a se c o n d a ry  re a c tio n  p ro d u c t. 
T h e  low er tw o freq u en cies  are in terio n ic  m o d e s ; th e  8 8 6 - 
c m _ 1  b a n d  is p r e d o m in a n tly  an  in tra io n ic  ( N - O ) 2 “  m o 
tio n . T h is  fre q u e n cy  for N O 2 -  is re a so n a b le  b y  c o m p a r i
son  w ith  s im ila r  m o le c u le s .
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T h e  1 5 °K  co n d e n sa tio n  o f  b e a m s  o f  N a , K ,  R b , a n d  C s  a to m s  w ith  N O  a t  h ig h  d ilu tio n  in  argon  p r o 
d u c e d  tw o  in ten se  p ro d u c t b a n d s  fo r  e a c h  m e ta l  rea ctio n  p ro d u c t. A b so r p tio n s  in  th e  1 3 5 8 -1 3 7 4 -c m - 1  re 
gion w ere a ssign ed  to  th e  in tra io n ic  ( N - O ) -  m o d e  a n d  b a n d s  in  th e  3 6 1 -2 1 9 -c m - 1  region  w ere a ssig n ed  
to  in terion ic  M + - ( N O ) -  v ib ra tio n . T h e  s m a ll  M +  e ffe c t  on  th e  ( N - O ) -  m o d e  is e x p la in e d  b y  th e  ion ic  
m o d e l o f  p o la r iz a b le  ion  p a irs . T h e  large 15N  s h ift  for V2 o f  th e  h e a v y  m e ta l sp ec ies  su g g e sts  a b e n t  or  
lin ear M + N O -  a r ra n g e m e n t in c o n tra st to  th e  a c u te  tr ia n g u la r  L i+  ( O N ) -  s tru ctu re .

I n tr o d u c t io n

T h e  p rev io u s p a p e r 1  d esc rib es a re in v estig a tio n  o f  th e  
lith iu m -n itr ic  ox id e  m a tr ix  re a ctio n  a n d  o f  th e  stru ctu re , 
p h o to c h e m istry , a n d  b o n d in g  in th e  p rin c ip a l p ro d u c t  
sp ec ies  L i O N  a n d  L i ( O N ) L i .  T h e  p o sitio n  o f  th e  N - 0  fre 
q u e n c y  o f  th e  L i + ( O N ) -  sp ec ies  in  th e  N O -  sp ec tra l re 
gion  in v ite s  co n sid era tio n  o f th e  oth er M + ( O N ) ~  sp ec ies  
a n d  th e  re su ltin g  M +  e ffe c t on  th e  N O -  fre q u e n c y .

A n  in terestin g  tren d  h as b e e n  o b serv e d  for 0 2 “  fre q u e n 
cies in  th e  M + 0 2-  s p e c ie s ;2 th e  0 2 -  fu n d a m e n ta l  in 
creases o v er a 2 0 -c m - 1  ran ge w ith  in cre a sin g  M +  s iz e .3 

T h is  tren d  h as b e e n  e x p la in e d  in te rm s o f  an  io n ic  m o d e l3 

o f  p o la r iz a b le  ion  p a irs , M + 0 2 - . T h e  io n ic  m o d e l for so d i
u m  n itro x id e  h a s  rece iv ed  su p p o rt fro m  re c e n t ab initio 
m o le c u la r  o rb ita l c a lc u la tio n s .4 In  ord er to  te s t  th e  ion ic  
m o d e l h y p o th e sis , it  w as d esired  to  o b ta in  th e  N O -  
freq u en cies  for a ll th e  M + ( O N ) -  sp ec ies .

M ill ig a n  a n d  J a c o x 5 re c e n tly  rep orted  N a  a n d  C s  a to m  
m a trix  re a ctio n s w ith  N O ;  th ese  w orkers a ssig n ed  
freq u en cies  o f  135 9  a n d  1 3 7 4  c m - 1  to  th e  N a + ( O N ) -  a n d  
C s + ( O N ) -  sp ec ies . H o w e v e r , th e  region  b e tw e e n  2 0 0  an d  
4 0 0  c m - 1 , w h ich  a lso  c o n ta in s  im p o r ta n t sp ec tra l fea tu res  
d u e to  th e se  sp ec ies , w a s n o t e x a m in e d . W e  rep ort here a 
c o m p le te  s tu d y  o f  m a tr ix  rea ctio n s o f  N a , K ,  R b , a n d  C s  
a to m s  w ith  iso to p ic  n itric  ox id e  sp ec ies  w ith  in frared  
sp ec tro sc o p ic  e x a m in a tio n  in  th e  2 0 0 - 2 0 0 0 - c m - 1  sp ec tra l  
region  b efo re  a n d  a fter  m erc u ry  arc p h o to ly s is .

E x p e r im e n t a l  S e c t io n

T h e  in stru m e n ta tio n  a n d  e x p e r im e n ta l te c h n iq u e s  h ave  
b e e n  d esc rib e d  in  p rev io u s p u b lic a tio n s  fro m  th is  la b o ra 
to r y . 1 -6 N itr ic  ox id e  a n d  iso to p ic a lly  e n ric h ed  n itric  o x id es  
w ere h a n d le d  as d esc rib e d  in  th e  p rev io u s p a p e r ;1  m a trix  
sa m p le s  o f  N O  an d  15N O  a t  A r /N O  =  5 0 0  w ere used  
w h erea s m ix e d  N 16-180  sa m p le s  w ere m a d e  to  a to ta l  
A r /N O  =  3 0 0 /1  ra tio . E le m e n ta l  so d iu m  a n d  p o ta ss iu m  
w ere c u t a n d  lo a d e d  in to  K n u d s e n  ce lls  in  an  argon  a tm o 
sp h ere . R u b id iu m  a n d  c e siu m  a to m  b e a m s  w ere p ro d u c ed  
fro m  th e  re a ctio n  o f R b C l  a n d  C s C l w ith  m e lte d  lith iu m  
in  th e  K n u d s e n  c e ll. T y p ic a l  K n u d s e n  ce ll o p e ra tin g  t e m 
p era tu re s  w ere 2 2 5 °  for N a , 1 65 ° for K ,  3 0 0 °  for R b C l -L i ,  
an d  3 2 0 °  for  C s C l -L i .  T h e s e  te m p e ra tu re s  p ro d u c e  a p 
p r o x im a te ly  1-p v a p o r  p ressu res7 for N a  a n d  K  a n d  fo r  R b  
an d  C s  as w ell.

R e s u lt s

In  a ll o f  th ese  e x p e r im e n ts , N O  a n d  ( N O ) 2 b a n d s  w ere  
o b serv e d  in  th e  1 7 0 0 -1 9 0 0 -c m - 1  region  a lo n g  w ith  tra c es  
o f  w a ter a n d  ca rb o n  d io x id e . W h e n  so d iu m  a to m s  w ere  
co d e p o site d  w ith  n itric  o x id e -a r g o n  s a m p le s , A r /N O  =  
5 0 0 /1 ,  tw o  p ro m in e n t n ew  fea tu res  w ere o b se r v e d , as F ig 
ure 1 a n d  T a b le  I in d ic a te . T h e  sh arp  in ten se  b a n d  a t
1 3 5 8 .0  c m - 1  is in  g o o d  a g re e m en t w ith  th e  1 3 5 8 .6 -c m - 1  
b a n d  o f M ill ig a n  a n d  J a c o x ; th e  b ro a d  a b so r p tio n  a t  3 61  
c m - 1  w as n o t rep o rted  b y  th ese  w ork ers . 5 In  iso to p ic  
su b st itu t io n  e x p e r im e n ts  th e  sh arp  b a n d  sh ifte d  to  1 3 3 5 .7  
c m - 1  for 15N O  a n d  1323  c m - 1  for N 1 8 0 ;  th e se  fea tu res  
agree w ith  th e  d a ta  o f  M ill ig a n  a n d  J a c o x .5 T h e  low er fr e 
q u e n c y  b a n d  sh ifte d  to  3 5 7  c m - 1  w ith  15N O  a n d  3 5 8  c m - 1  

w ith  N 16 0 / N 180  =  2 /1  p recu rsors, a lth o u g h  a c c u ra te  fre 
q u e n c y  m e a su r e m e n t o f  th is  b ro a d e r  fea tu re  is m o re  d iff i 
c u lt.

T h e  re a ctio n  o f  p o ta ss iu m  a to m s  w ith  n itric  ox id e  lik e 
w ise y ie ld e d  o n ly  tw o  b a n d s ; in ten se  fea tu res  a t  1 3 7 2 .0  
a n d  2 8 0 .4  c m - 1  are sh ow n  in  F igu re 1. A n d r e w s 6 h a s  d e m 

o n stra te d  th a t  s im u lta n e o u s  d e p o sitio n  o f  tw o  d iffe re n t  
a lk a li m e ta ls  p ro v id es  a re a so n a b le  m ix e d  “ p s e u d o ”  iso to 
p ic  e x p e r im e n t fo r  th e  h e a v y  a lk a li a to m s . A c c o r d in g ly  
th e  m ix e d  N a - K  rea ctio n  w ith  N O  d e p ic te d  a t  th e  to p  o f  
F igu re 2  w as s tu d ie d . N o te  th a t  fou r b a n d s  a p p e a re d : th e  
tw o  o b serv e d  in  se p a ra te  N a  rea ctio n s a n d  th e  tw o  p r o 
d u c e d  in K  e x p e r im e n ts . T h e  o b serv a tio n  o f  tw o  d o u b le ts  
in  th is  m ix e d  m e ta l  e x p e r im e n t in d ic a te s  th a t  th e se  a b 
sorbers c o n ta in  sin g le  a lk a li m e ta l a to m s . S im ila r  c o n c lu 
sio n s w ere re a c h e d  fro m  m ix e d  L i - C s  a n d  6L i - 7L i experi-. 
m e n ts  in  th e  p rev io u s p a p e r .1

F igu re  2 a lso  c o n tr a sts  th e  rea ctio n s o f  K  a to m s  w ith  
n a tu ra l iso to p ic  N O , 1 5 N O , a n d  N 16 0 / N 180  =  1 /1  s a m 
p le s . T h e  sh arp  in ten se  fea tu re  w a s sh ifte d  2 3 .6  c m - 1  to
1 3 4 8 .4  c m - 1  w ith  15N O  a n d  3 5 .2  c m - 1  to  1 3 3 6 .8  c m - 1  

w ith  N 18 0 .  T h e  low er fre q u e n cy  b a n d  s h ifte d  2 .6  c m - 1  to
2 7 7 .8  c m - 1  u p o n  15N  su b st itu t io n  a n d  1 .6  c m - 1  to  2 7 8 .8  
c m - 1  u sin g  e q u im o la r  N 1 6 0 - N 1 8 0 .  H e n c e , a 3 -c m - 1  180

(1) D. E. Tevault and L. Andrews, J. Phys. Chem., 77, 1640 (1973).
(2) L. Andrews, J. Chem. Phys., 50, 4288 (1969).
(3) L. Andrews and R. R. Smardzewskl, J. Chem. Phys., 58, 2258 

(1973).
(4) J. Peslak, Jr., D. S. <lett, and C. W. David, J. Chem. Phys 55, 

1993(1971).
(5) D. E. Milligan and M. E. Jacox, J. Chem. Phys., 55, 3404 (1971).
(6) L. Andrews, J. Chem. Phys., 54, 4935 (1971).
(7) W. T. Hicks, J. Chem. Phys., 38, 1873 (1963).
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Infrared Spectra of the M + (NO) ~ Species 1647

Figure 1. Infrared spectra in the 200-400- and 1320-1400- 
cm -1 regions for matrix reactions of Na, K, Rb, and Cs atoms 
with nitric oxide diluted in argon, Ar/NO =  500. Sample deposi
tion temperature 15°K.

TABLE I: Absorptions ( c m '1) Observed Following Matrix 
Reactions of Heavy Alkali Metal Atoms with Isotopic Nitric 
Oxide Diluted in Argon

Isotopic
sample Na K Rb Cs

NO 1358.0 1372.0 1373.0 1374.0
361 280.4 235.0 219.0

15NO 1335.7 1348.4 1349.6 1350.1
357 277.8 231.1 214.8

N180 “ 1323.8 1336.8 1338.0 1338.8
358 278.8 234.5 218.0

“ Samples mixed N,60 /N ,80; ratios were 2/1 for Na, 1/1 for K, 
3/1 for Rb, and 2/3 for Cs.

sh ift is d e d u c e d  for th e  low er fre q u e n c y  K  fea tu re  fro m  
th e  N 16 0 - N 180  iso to p ic  m ix tu r e . T h e  m ix e d  o x y g en  iso to 
p ic  sp e c tru m  in  F igu re  2  sh o w s a w ell-r e so lv e d  d o u b le t  in  
th e  1 3 0 0 -c m - 1  region  in d ic a tin g  a  sin g le  o x y g en  a to m  m o 
tio n  a n d  im p ly in g  th e  in co rp o ra tio n  o f  a  sin g le  n itric  ox id e  
m o le cu le  in  th is  n ew  m o le c u la r  sp ec ies . T h e  low er fre 
q u e n c y  b a n d  c o u ld  n o t b e  reso lv ed  ow in g  to  th e  large  
b a n d w id th  re la tiv e  to  th e  s m a ll  iso to p ic  s h ift . Iso to p ic  fre 
q u e n c y  d a ta  are lis te d  in  T a b le  I .

F igu re  1 illu stra te s  th e  m a tr ix  re a ctio n  o f  ru b id iu m  
a to m s  w ith  n itric  ox id e  u sin g  A r /N O  =  5 0 0 . A g a in , on ly  
tw o  n ew  fea tu res  w ere ob serv e d , a  sh a rp  in ten se  b a n d  a t
1 3 7 3 .0  c m - 1  a n d  an  in ten se  fea tu re  a t  2 3 5 .0  c m - 1 . In  an  
e x p e r im e n t u sin g  1 5 N O , th e se  fea tu res  sh ifte d  to  1 3 4 9 .6  
a n d  2 3 1 .1  c m - 1 ; in  an  e q u im o la r  1 4 N 0 - l s N 0  e x p e r im e n t  
th e 1 3 7 3 - a n d  1 3 5 0 -c m - 1  fea tu res  fo rm e d  a  w ell-reso lv ed  
d o u b le t , b u t  th e  low er b ro a d  2 3 3 -c m - 1  b a n d  w a s n o t re 
so lv ed . T h e  d o u b le t  in d ic a te s  th e  p resen ce  o f  a sin g le  n i 
trog en  a to m  in  th e  sp ec ies  re sp o n sib le  for th e  h igher  
fre q u e n cy  b a n d , w h ich  im p lie s  th e  p resen ce  o f  on e N O  
m o le c u le  in  th e  n ew  p ro d u c t sp ec ies , th e  sa m e  co n clu sio n  
rea ch ed  fro m  m ix e d  o x y g en  iso to p ic  e x p e r im e n ts . In  an  
e x p e r im e n t u sin g  m ix e d  N 1 6 0 / N 180  =  3 / 1 ,  th e  u p p e r  
b a n d s  w ere o b serv e d  a t  1 3 7 3 .0  a n d  1 3 3 8 .0  c m - 1  a n d  th e  
low er b a n d  a t  2 3 4 .5  c m - 1 .

T h e  ce siu m  a to m  re a c tio n  w ith  N O  p ro d u c ed  o n ly  tw o  
b a n d s , an  in ten se  fea tu re  a t  1 3 7 4 .0  c m - 1  in  a g re e m en t  
w ith  th e  M ill ig a n -J a c o x  o b serv a tio n 5 a n d  an  in ten se  b a n d  
a t 2 1 9 .0  c m - 1 . T h e  iso to p ic  e x p e r im e n ts  on  th e  ce s iu m  
sp ecies p ro d u c ed  b a n d s  a t  1 3 5 0 .1  a n d  2 1 4 .8  c m - 1  u sin g

Figure 2. Infrared spectra in the 220-380- and 1300-1400- 
c m '1 spectral regions for matrix reactions of alkali metal atoms 
with nitric oxide at high dilution in argon: top spectrum, equimo
lar Na/K, Ar/NO =  400; second spectrum, K, with Ar/NO = 
500; third spectrum, K with A r/15NO =  500; bottom spectrum, 
K with Ar/N160 /N 180  =  600/1 /1 .

TABLE II: Frequencies (cm- 1 ) Assigned to v1 Intraionic and 
i>2 Interionic Modes of M +(ON)-  Species“

»2 of
Metal v2 M+02-  b

6Li 1353.5 692.3 743.8
7 Li 1352.5 651.8 698.8
Na 1358.0 361 390.7
K 1372.0 280.4 307.5
Rb 1373.0 235.0 255.0
Cs 1374.0 219.0 236.5

“ i>2 of the M+02-  species are listed for comparison. b L. Andrews, 
ef a/., J. Phys. Chem., 77,1065 (1973), see also ref 2 and 6.

18N O  a n d  1 3 3 8 .8  a n d  2 1 8 .0  c m - 1  u sin g  6 0 %  o x y g e n -1 8  e n 
rich ed  N O . T h e s e  fre q u e n c y  d a ta  are lis te d  in  T a b le  II.

M o s t  o f  th e  a b o v e  h e a v y  a lk a li m e ta l-n itr ic  ox id e  m a 
trix  sa m p le s  w ere s u b je c te d  to  h ig h -p re ssu re  m erc u ry  arc  
p h o to ly sis . In  c o n tr a st  to  th e  p re v io u s 1 '5 p h o to ly sis  b e h a v 
ior o f  L i + ( O N ) - , th e  tw o  a b so rp tio n s  d isc u sse d  a b o v e  for  
e a ch  m e ta l rea ctio n  su sta in e d  n o  d isc e rn ib le  in ten sity  or 
fre q u e n cy  ch a n g es u p o n  p h o to ly s is . M ill ig a n  a n d  J a cox  
rep o rted 5 th a t  th e  h ig h er fre q u e n c y  b a n d s  in  N a  
a n d  C s  e x p e r im e n ts  sh o w e d  n o  ch a n g e s w ith  p h o to ly sis .

D is c u s s io n

In  th e  p revio u s p a p e r , e v id e n c e  w a s p re sen te d  a sso c ia t
in g  tw o  a b so rp tio n s  w ith  in tra io n ic  a n d  in terio n ic  v ib ra 
tio n a l m o d e s  o f  th e  L i + ( O N ) -  m o le c u la r  sp ec ies . T h e  
freq u en cies p re sen te d  a b o v e  are a p p ro p ria te  fo r  th e  a n a lo 
gou s h e a v y  a lk a li m e ta l  sp ec ies .

T h e  m ix e d  N a - K  e x p e r im e n t illu str a te d  a t  th e  to p  o f  
F igu re  2 sh ow s d o u b le ts  a t  1 3 5 8 -1 3 7 2  a n d  3 6 1 -2 8 0  c m - 1  

w ith o u t in te r m e d ia te  c o m p o n e n ts ; th is  o b serv a tio n  in d i
c a te s  th a t  th e  m o le c u la r  sp ec ies  a b so r b in g  in  th e se  tw o  
sp ec tra l reg ion s c o n ta in s  a  sin g le  a lk a li m e ta l  a to m . 
M ix e d  14 ’15N O  a n d  N 16 '180  e x p e r im e n ts  in d ic a te  th a t  th e  
u p p er a b so rp tio n  arises fro m  a sin g le  N O  sp ec ies ; th e  
low er fre q u e n cy  b a n d s  c o u ld  n o t b e  reso lv ed  ow in g  to  the  
m u c h  sm a lle r  iso to p ic  sh ifts . T h e  a b o v e  d a ta  in d ica te  a 
m o le c u la r  fo rm u la  M O N  for th e  n ew  sp ec ies .
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TABLE III: Nitrogen and Oxygen Isotopic Shifts (cm 1) for the 
vi Interionic Modes of the M + (ON) -  Species“

Alkali
metal A v2 15N A v2 180

A v2 180 for 
m+16o18o

«Li 0.8 6.3 3.0
7 Li 0.8 5.8 3.1
Na (4)6 (6)6 4.0
K 2.6 3C 5
Rb 3.9 2c 6.5
Cs 4.2 2C 6.8

“ Single oxygen-18 isotopic shifts of M+O2 - are listed for comparison. 
c Data less accurately known due to difficulty in accurately measuring 
oroader bands. c Deduced from mixed N160-N180 experiments.

T h e  b a n d s  in th e  1 3 0 0 -w a v e  n u m b e r  region  sh ow  iso to 
p ic  sh ifts  a p p ro p ria te  for a fu n d a m e n ta l N - 0  v ib ra tio n . 
F or th e  p o ta ss iu m  ca se  illu stra te d  in  F igu re  2 , th e  o b 
serv ed  15N  sh ift w a s 2 3 .6  c m - 1  w h ile  th e  d ia to m ic  h a r 
m o n ic  o sc illa to r  c a lc u la tio n  p re d ic ts  2 4 .5  c m - 1 ; th e  o b 
serv ed  180  sh ift w as 3 5 .2  c m - 1  a n d  th e  d ia to m ic  sh ift is
3 6 .1  c m ^ 1 .. T h e s e  s m a ll  0 .9 -c m  1 d isc rep a n c ies  c o u ld  b e  
d u e  to  a n h a rm o n ic ity  or to  a very  s m a ll  a m o u n t o f  a lk a li  
m e ta l p a r tic ip a tio n  in  th e  v ib ra tio n a l m o d e . A s  p o in ted  
o u t b y  M illig a n  a n d  J a c o x , 5 th e  p r o x im ity  o f  th e se  b a n d s  
to  th e  1 3 5 5 -c m - 1  N O -  fu n d a m e n ta l d e d u c e d  fro m  low - 
en erg y  e lectro n  im p a c t  s tu d ie s 8 in d ic a te s  th a t  th ese  m o 
lec u la r  sp ec ies  co n ta in  th e  N O -  m o ie ty . T h e  p re sen t d a ta  
sh ow  th a t  th is  N O -  a n io n  is c o u lo m b ic a lly  b o u n d  to  an  
a lk a li c a tio n  fo rm in g  a M + ( O N ) ~  sp ec ies . T h e  s m a ll  a lk a 
li m e ta l s h ift  c o n firm s th is  p o in t. T h e  u p p e r  freq u en cy  
b a n d s  are a ssig n ed  to  vi th e  in tra io n ic  ( N - O ) -  m o d e  in  
th e  M + ( O N ) -  sp ec ies .

T h e  low er fre q u e n c y  b a n d  is c lea rly  a p p ro p ria te  fo r  an  
in terion ic  m o d e  M +  ** ( O N ) - . N o te  th e  large a lk ali 
m e ta l s h ift  w h ich  c lo se ly  fo llow s th e  a n a lo g o u s M +

O 2 -  m o d e , as is co m p a re d  in  T a b le  II for 1/2 freq u en cies , 
a n d  th e  s m a ll  15N  a n d  180  sh ifts  w h ich  are lis te d  in  T a b le  
III for th e  V2 M  + ( O N ) -  m o d e s .

A n y  force  c o n sta n t ca lc u la tio n s  for th e  M + N O -  m o le 
cu les  m u s t  in v olve  a p p ro x im a tio n s  sin ce  o n ly  tw o  o f  th e  
three n o r m a l m o d e s  w ere ob serv e d . A lth o u g h  th e  M + -  
N O -  d ia to m ic  a p p ro x im a tio n  u sin g  N O  as a sin g le  m a ss  
w ork ed  w ell for L i + O N - , 1  th is  a p p ro a c h  is n o t su cc essfu l  
for  th e  h ea v ier  M + N O -  sp ec ies . T h is  is e x p e c te d  fro m  
c o m p a riso n  o f th e  d a ta  o f  T a b le  III . In  th e  C s + N O -  ca se , 
V2 is p re d ic te d  a t  2 1 6  c m - 1  for 1 3 3 -1 5 -1 6  iso to p es  a n d  213  
c m - 1  for 1 3 3 -1 4 -1 8 .  T h is  rep resen ts to o  m u c h  0 - 1 8  sh ift  
an d  in su ffic ie n t N -1 5  sh ift . I f  v2 w ere a  C s - 0  m o d e , th e  
s im p le  d ia to m ic  a p p ro x im a tio n  p re d ic ts  an  1 1 - c m - 1  0 - 1 8  
sh ift ; 2  c m - 1  w a s ob serv e d . L ik ew ise , i f  v2 w ere a s im p le  
C s - N  m o d e , a 8 - c m - 1  sh ift  is p re d ic te d  w h erea s 4  c m - 1  

w as o b serv e d . C le a r ly  v2 is a  m o d e  in v o lv in g  b o th  N  an d  
0 ,  b u t  th e  in creased  N -1 5  sh ift a n d  d ec re a se d  0 - 1 8  sh ift  
in d ic a te s  a greater p a r tic ip a tio n  o f N  in  v2 o f  C s + N O -  
re la tiv e  to  v2 o f  L i + O N - .

In te rp re ta tio n  o f  th e  a b o v e  in fra red  o b serv a tio n s as  
arisin g  fro m  an  M + ( O N ) -  sp ec ies  raises tw o  in terestin g  
p o in ts : th e  2 2 -c m - 1  d ep e n d e n c e  o f  th e  N O -  fre q u e n cy  
u p o n  M +  an d  th e  stru ctu re  o f  th e  M + ( O N ) -  sp ec ies . 
N o w , th e  a lk a li m e ta l  in flu en c e  on  th e  N O -  freq u en cy  
m u s t b e  p u t  in to  p ro p er p e r sp e c tiv e . U p o n  g o in g  fro m  N O  
to  th e  N O -  a n io n , an  a n tib o n d in g  e lectro n  is a d d e d  w h ich  
re d u c e s  th e  fu n d a m e n ta l fre q u e n c y  m o re  th a n  5 0 0  c m - 1 ;

TABLE IV: Ionic Model Dipole Moment Calculations for the 
M+NO -  Molecules

Molecule r,“ A er
(<*c + ota)el  

r2b ealed
^  calcò/ 

er

Li+NO- 1.83 8 .7 9 3.50 5.29 0.601
Na+NO- 2.19 10.51 2.19 8.32 0.791
K+NO- 2.47 11.86 2.56 9.32 0.786
Rb+NO- 2.58 12.39 2.77 8.62 0.777
Cs+NO- 2.68 12.88 3.24 9.64 0.749

“ Interionic distance r estimated to be average of M + F-  and M+CI- 
gas-phase Internuclear distances plus 2%. b NO- anion polarizability 
estimated using NO polarizability data, the assumption that rr(NO- )/ 
a(O2- ) = a(N0)/a(02) and the solution for a ±  described in ref 3. A 
value of 2.41 A3 was usee for ax of NO- .

th is  co n tra sts  th e  2 2 -c m - 1  sp rea d  fro m  L i+  u p  to  C s + .  
C le a rly , th e  in crease in  ( N O ) -  fre q u e n c y  w ith  in crea sin g  
M +  m a ss  c a n n o t b e  a m a ss  e ffe c t  s in ce  su c h  a n  e ffec t  
w o u ld  b e  e x p e c te d  to  low er th e  ( N O )  -  fre q u e n c y .

T h e  R ittn e r  io n ic  m o d e l o f  p o la r iz a b le  io n  p a irs9 h as  
b een  re c e n tly  a p p lie d  to  th e  M + O 2 -  s p e c ie s .3 T h e  first  
tw o  te rm s o f  R ittn e r ’ s e q u a tio n  for th e  d ip o le  m o m e n t  p., 
a m e a su re  o f  ch arge  sep a ra tio n  a n d  h en ce  a n tib o n d in g  
e lectro n  d e n s ity  o n  N O  - , are as fo llow s

io n  d ip o le  in d u c e d  d ip o le s

T h is  tr e a tm e n t ca n  o n ly  b e  in terp reted  q u a lita t iv e ly  b e 
ca u se  r, th e  in terion ic  d ista n c e , a n d  a a, th e  N O -  a n io n  
p o la r iz a b ility , are n o t a c c u ra te ly  k n o w n . U s in g  re a so n a b le  
v a lu es  o f  r a n d  a a, d ip o le  m o m e n ts  for th e  M + N O -  
sp ec ies  w ere c a lc u la te d ; v a lu es  are lis te d  in  T a b le  I V . T h e  
la s t  c o lu m n  in  th e  ta b le  rep resen ts th e  fra c tio n a l ion ic  
ch a ra cter  w h ich  is a m ea su re  o f  th e  ch arge  tra n sferred  fro m  
M  to  N O . W it h  th e  e x c e p tio n  o f  th e  L i+  sp ec ies , w h ich  is 
th e  d iff ic u lt  on e  to  c a lc u la te  for L i + F -  a n d  L i + C l -  as w e ll , 3 

th e  fra c tio n a l io n ic  ch a ra c te r  d ecreases fr o m  th e  N a + N O -  
sp ec ies to  th e  C s + N O -  sp ec ies . T h e  im p o r ta n t  p o in t  here  
is th e  q u a lita t iv e  tren d  n o t th e  q u a n tita tiv e  v a lu e s ; as  th e  
alk ali c a tio n  p o la r iz a b ility , ac in crea ses , th e  in d u c e d  d i 
p o le  on  M +  in creases w h ich  o p p o ses  th e  io n -d ip o le  ch arge  
tra n sfer  a n d  decreases th e  fra c tio n a l io n ic  ch a ra c te r  a n d  
th e  a n tib o n d in g  e lectro n  d e n s ity  on  N O - . A c c o r d in g ly  th e  
N O -  fre q u e n c y  in crea ses  w ith  in crea sin g  a lk a li c a tio n  
p o la r iz a b ility . S im ila r  b e h a v io r  h a s  b e e n  o b serv e d  fo r  O 2 -  
as a  fu n c tio n  o f  M +  in  th e  M + O 2 -  s p e c ie s .3 C le a r ly , th e  
ion ic m o d e l o f  p o la r iz a b le  ion  p a irs  p ro v id es  an  a d e q u a te  
e x p la n a tio n  for th e  s m a ll  fre q u e n c y  in crease w ith  in c re a s
in g  c a tio n  size .

T h re e  o b serv a tio n s  in v ite  co n sid era tio n  o f  th e  
M + ( O N ) -  stru ctu re . F irst , th e  ¡<2 iso to p ic  sh ifts  ch a n ge  
fro m  a m a jo r  180  d ep e n d e n c e  a n d  m in o r  15N  s h ift  w ith  
L i+  to  m o re  15N  sh if-  th a n  180  e ffe c t  in  th e  C s +  sp ec ies . 
S e c o n d ly , n o  h eav ier  M ( O N ) M  se co n d a ry  re a c tio n  p ro d 
u cts  w ere o b serv e d , in  c o n tra st to  th e  h ea v ier  M O 2M  p e r 
o x id es . F in a lly , p h o to ly sis  d id  n o t c h a n g e  th e  b a n d  in te n 
sities or, a c c o rd in g ly , th e  M + ( O N ) -  s tru c tu re  w h ich  c o n 
tra sts  th e  L i + ( O N ) -  p h o to ly sis  b e h a v io r .1 ' 5

A lth o u g h  a  d e fin ite  c o n clu sio n  c a n n o t b e  re a c h e d , th e  
a b o v e  o b serv a tio n s su g g e st a  d iffe re n t s tru c tu ra l a rra n g e -

(8) D. Spence and G. J. Schulz, Phys. Rev. A, 3, 1968 (1971).
(9) E. S. Rittner, J. Chem. Phys., 19, 1030 (1951).
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m e n t for th e  K + ,  R b + ,  a n d  C s + ( N O ) -  sp ec ies  as c o m 
p ared  to  th e  a c u te  tr ia n g u la r  m o d e ls  fo r  L i + ( O N ) ~  an d  
M + 0 2 - . T h e  b r e a d th  o f  th e  3 6 1 -c m - 1  N a + ( N O ) -  b a n d  
m a y  in d ic a te  th a t  m o re  th a n  on e  c a t io n -a n io n  arra n ge 
m e n t is m a tr ix  iso la te d  fo r  th is  sp e c ie s ; th e  iso to p ic  sh ift  
d a ta  for th e  3 6 1 -c m - 1  b a n d  (see  T a b le  H I) are n o t c o n c lu 
sive on  su g g e stin g  w h eth er  N a + N O -  is m o s t  lik e ly  lik e  
L i + O N -  or K + N O - . T h e  large  15N  s h ift  a n d  s m a ll  180  
sh ift d a ta  for th e  K + ,  R b + ,  a n d  C s +  sp ec ies  su g g e st a  
b e n t  or lin ea r M + ( N O ) -  a r ra n g e m e n t for th e  th ree  h e a v 
iest a lk a li m e ta ls , in  c o n tr a st  to  th e  tr ia n g u la r  m o d e ls  
p ro p o sed 1 '4 for L i + ( O N ) ~  a n d  N a + ( O N ) ~ .  I t  sh o u ld  be  
n o ted  th a t th e  K +  ion  is c o m p a r a b le  in  s ize  to  N O - , a n d  
R b +  an d  C s +  are larger th a n  N O - ; h e n c e , a d iffe re n t  
stru ctu ra l a rra n g e m e n t for  th e se  larger c a tio n s  m a y  n o t be  
too  u n rea so n a b le . I f  th e  K + ( N O ) - , R b + ( N O ) - , a n d  
C s + ( N O ) -  sp ec ies  are p ro d u c ed  in  a  s ta b le  b e n t or lin ear  
fo rm , p h o to ly sis  c a n n o t e ffe c t  iso m e r ism , w h ic h  ra tio n a li
zes th e  p h o to ly tic  s ta b ility  o f  th e  o b serv e d  b a n d s . P erh a p s  
th e  op en  M + ( N O ) ~  stru ctu re  is less  su sc e p tib le  to  se co n -

Infrared Spectra of the Ammonia-Hydrochloric Acid Complex

C o n c lu s io n s

W h e n  N a , K ,  R b , a n d  C s  are d ep o site d  w ith  m a trix  
sa m p le s  o f  N O , tw o  in ten se  p ro d u c t b a n d s  a p p ea r  w h ich  
co rresp on d  to  th e  tw o  m o s t  in ten se  fea tu res  in  l i t h iu m -  
n itric  ox id e  re a ctio n s . T h e  h ig h er fre q u e n c y  in  th e  1 3 5 8 -  
1 3 7 4 -c m - 1  ran ge  is a ssig n ed  to  vi, th e  in tra io n ic  ( N - O ) -  
m o d e  a n d  th e  low er fre q u e n c y  in th e  3 6 1 -2 1 9 -c m - 1  region  
is a ssig n e d  to  V2, th e  in terion ic  M + - ( N O ) -  m o tio n . T h e  
M +  e ffe c t  on  th e  N O -  m o d e  is e x p la in e d  b y  th e  R ittn e r  
ion ic m o d e l o f  p o la r iz a b le  io n  p a ir s . T h e  large 15N  sh ifts  
fo r  i/2 o f  th e  h e a v y  m e ta l  sp ec ies  su g g e st th e  b e n t  or lin ear  
stru ctu res M + N O -  for th e  K + ,  R b + ,  a n d  C s +  sp ec ies , in  
c o n tra st to  th e  tr ia n g u la r  L i + ( O N ) -  sp ec ies .

Acknowledgment. T h e  a u th o rs  g ra te fu lly  a ck n o w led ge  
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dary reaction forming a two metal species, than the trian
gular Li+(O N)-  o rM +02-  species.
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T h e  in fra red  sp e c tru m  w a s o b ta in e d  for th e  1 :1  c o m p le x  o f  N H 3 a n d  H C 1  iso la te d  in  a  n itrog en  m a trix  
a t  1 5 ° K . T h e  N H 3 -H C 1  c o m p le x  a b so rb s  a t  6 3 0 , 7 0 5 , 1 2 4 6 , a n d  1 4 3 8  c m - 1 , w h ile  b a n d s  o f  th e  p erd eu ter - 
io  c o u n te rp a r t N D 3 -D C 1  w ere id e n tifie d  a t  4 7 0  a n d  505  c m - 1 . T h e  sp ec tra  o f  th e  m ix e d  iso to p ic  sp ec ies  
in d ic a te  th a t  th e  h yd ro g en  a to m s  o f  th e  c o m p le x  are n o t e q u iv a le n t . C o m p a riso n  to  k n o w n  sp ec tra  o f  
p ro to ty p e  c o m p o u n d s  sh ow s th a t  a  very  stro n g  h yd ro g en  b o n d  is fo rm e d , in v o lv in g  s p e c ific a lly  th e  h y d r o 
gen  a to m  a tta c h e d  to  th e  H C 1  m o le c u le . H o w e v e r , th is  c o m p le x  c o n ta in s  a h y d ro g e n  b o n d  in  w h ich  th e  
h y d rogen  a to m  o f  th e  H C 1  is n e a r ly  e q u a lly  sh a red  b y  th e  ch lo rin e  a n d  th e  n itro g en . T h e s e  resu lts  are  
c o m p a re d  to  d e m e n t i ’s e x te n siv e  th e o re tic a l c a lc u la tio n s  on  th is  c o m p le x , w ith  very  go od  a g re e m en t. 
T h e r m o d y n a m ic  a r g u m e n ts  a b o u t th e  s ta b ility  o f  an  iso la te d  N H 3 -H C 1 c o m p le x  su p p o rt th ese  c o n c lu 
sio n s as w ell.

In tr o d u c t io n

R e c e n tly  A u lt  a n d  P im e n te l1  rep o rted  th e  in fra red  sp e c 
tr u m  o f  th e  h y d ro g e n  b o n d e d  c o m p le x  fo r m e d  b e tw ee n  
H 20  a n d  H C 1 in  a  n itro g en  m a tr ix  a t  2 0 ° K  (h erea fter , 
th is  p a p e r  w ill b e  c a lle d  A P ) .  T h e  sp ec tra  sh o w  th a t  H C 1  
fo rm s a  h yd ro g en  b o n d  in  w h ich  its h yd ro g en  re m a in s  
c h e m ic a lly  d is tin c t fr o m  th e  h yd rogen s o f  th e  b a se , H 2O , 
a n d  th a t  th e  ion  p a ir , H 30 + - C l - , d oes n o t fo rm . W e  re 
p ort here a p a ra lle l s tu d y  o f  th e  a m m o n ia -h y d r o c h lo r ic  
acid  c o m p le x  in  so lid  n itro g en . T h is  sy s te m  w a s se le c te d  
b e ca u se  th e  h ig h er b a se  s tren g th  o f  N H 3 sh o u ld  en cou rag e  
m ore c o m p le te  tra n sfer  o f  th e  h y d r o g e n -b o n d e d  p ro ton  
an d , th u s , rev ea l th e  e x te n t to  w h ic h  ion  p a ir  fo rm a tio n , 
N H 4+ - C 1 - , d e p e n d s  u p o n  s ta b iliz a t io n  b y  an  io n ic  la t 

tice.

T h e  H s N - H C l  m o le c u la r  c o m p le x  h a s  b e e n  d e te c te d  b y  
G o ld fin g e r  a n d  V e r h a e g e n 2 u s in g  h ig h -te m p e r a tu re  m a ss  
sp e c tro m e tr y . T h e  re su lts  g ive  n o  clu e  to  th e  stru ctu re  o f  
th e  c o m p le x . C le m e n ti  h as m a d e  an  in te n siv e  se t  o f  ab 
initio L C A O -S C F  c a lc u la tio n s  on  H 3N - H C 1 .3-5  T h e se  
c a lc u la tio n s , w h ich  o m it  co rrelation  en ergy , p ro v id e  an  
e s tim a te  o f  th e  b o n d  en ergy  (1 9  k c a l /m o l)  a n d  th e y  in d i
ca te  a  p a r tia l p ro to n  tra n sfer . W ith o u t  e x p e r im e n ta l v a li 
d a tio n , th e  sig n ific a n ce  o f  th ese  c a lc u la tio n s  is d iff ic u lt  to  
a ssess . T h e  sp ec tra  w e h av e  o b ta in e d  p ro v id e  th e  n eed ed  
e x p e r im e n ta l tie  p o in t .

(1) B. S. Ault and G. C. Pimentel, J. Phys. Chem., 77, 57 (1973).
(2) P. Goldfinger and G. Verhaegen, J. Chem. Phys., 50, 1467 (1969).
(3) E. Clementi, J. Chem. Phys., 46, 3851 (1967).
(4) E. Clementi, J. Chem. Phys., 47, 2323 (1967).
(5) E. Clementi and J. N. Gayles, J. Chem. Phys., 47, 3837 (1967).
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E x p e r im e n t a l  S e c t io n

T h e  sa m e  liq u id  h y d ro g e n  co ld  ce ll u se d  in  A P  w as u sed  
h ere . T o  p re v e n t c o n d e n sa tio n  o f  c ry sta llin e  NH4CI, tw o  
je ts  w ere a lw a y s u se d  to  d e p o s it  th e  s a m p le  o n to  th e  C s l  
co ld  w in d o w s. D e p o s it io n  w a s c o n d u c te d  a t  a b o u t 5  
m m o l /h r  fro m  e a c h  je t , for 8  hr in m o s t  c a se s . T h e  w in 
d ow  w as m a in ta in e d  a t  1 5 °K , as m o n ito re d  b y  a A u -C o  
v s . C u  th e r m o c o u p le  e m b e d d e d  in  th e  C s l  w in d o w . T h e  
in fra red  sp e c tru m  w as record ed  fro m  4 0 0 0  to  2 0 0  c m - 1  on  
a  P e r k in -E lm e r  M o d e l  2 2 5  in frared  sp e c tro p h o to m e te r . 
F re q u e n c y  a c c u ra c y  w a s ± 0 . 5  c m - 1  a n d  th e  sp ec tra l s lit  
w id th  w a s ro u g h ly  c o n sta n t a t  2 .0  c m “ 1 .

S a m p le s  w ere p re p a re d  b y  a d d in g  a n  a p p ro p ria te  p re s
sure o f  N H 3 or H C 1  to  a  3 -1 . b u lb  a n d  th e n  N 2 to  rea ch  
th e  d esired  co n c e n tra tio n , w h ich  ra n g ed  fro m  1 :5 0 0  to  
1 :1 7 5 . T h e  H C 1 (M a th e s o n , 9 9 % ) ,  N H 3 (M a th e s o n , 9 9 % ) ,  
D C 1 ( M e r c k  S h a r p  a n d  D o h m e , L t d .,  C a n a d a ) , a n d  N D 3 

(B io r a d  L a b s , 9 9 % )  w ere e a c h  p u rified  b y  d o u b le  d is t illa 
tio n  fro m  a  D r y  I c e -a c e to n e  b a th  in to  a liq u id  n itrog en  
co ld  tr a p .

R e s u lt s

T h e  sp e c tru m  o f  e a ch  o f  th e  p a ren t m o le c u le s  w a s re 
c o rd ed , in  tu rn , a t  a c o n c e n tra tio n  o f 1 :3 0 0  in  a  n itrog en  
m a tr ix . T h e  sp e c tra  o f  e a ch  o f  th e  d e u tera ted  sa m p le s  re 
v e a le d  p a r tia l h yd ro g en  ex c h a n g e  w ith  th e  v a c u u m  line  
su rfa c es ; D / H  ra tio s ra n g ed  fro m  2 to  5 . A  re p resen ta tiv e  
sp e c tru m  o f  N H 3 a n d  its  d e u te r iu m  co u n te rp a rts  in  th e  
sp ec tra l ra n g e  1 4 0 0 -4 0 0  c m - 1  is sh o w n  in  F ig u re  1. N e i 
th er H C 1  n or D C 1  a b so rb  in  th is  reg ion . W i t h  th is  b a c k 
g ro u n d , th e  sp ec tra  o b ta in e d  on  s im u lta n e o u s  d ep o sitio n  
o f  a m m o n ia  a n d  h yd ro ch lo ric  a c id  a n d  th e ir  d eu tera ted  
co u n te rp a rts  c o u ld  b e  in terp reted .

NH3 and HCl. B y  s im u lta n e o u s  co d e p o sitio n  o f  
N H 3 : N 2 =  1 :1 7 5  a n d  H C L N 2 =  1 :1 7 5 , a  m a tr ix  s a m 
p le  w a s p rep a red  w ith  c o m p o sitio n  N H 3 :H C 1 : N 2 =  
1 :1 :3 5 0 .  T h e  in fra red  sp e c tru m  o f  th is  sa m p le  is sh ow n  
in  F igu re  2  a n d  th e  o b served  b a n d s  are lis te d  in  T a b le  I . 
F o u r a b so rp tio n  fea tu res  n o t o b serv e d  in  th e  p a r e n t m o le 
cu le  sp e c tra  w ere o b serv e d : 6 3 0  ( 0 .2 4 ) , 7 0 5  ( 0 .2 9 ) , 1246  
( 0 .1 0 ) , a n d  143 8  (0 .0 3 )  c m - 1  (o p tic a l d e n sitie s  are given  
p a r e n th e t ic a lly ) . (T h e  fea tu res  a t  9 0 5  a n d  1 1 4 0  c m - 1  are  
d u e , re sp ec tiv e ly , to  N H 2D , a trace  im p u r ity  fro m  earlier  
e x p e r im e n ts , a n d  to  N H 3 .6) T h e  in ten se  fea tu res  a t  6 3 0  
a n d  7 0 5  c m - 1  are b ro a d  (h a lf-w id th , 6 0 - 7 0  c m - 1 ) so  th e y  
o v erla p  c o n sid era b ly . T h is  m a k e s  th e  lo c a tio n  o f  th e  7 0 5 -  
c m _ 1  b a n d  u n ce rta in  b y  a b o u t  ± 1 0  c m - 1 . F u rth erm o re , 
th e  b a n d  a t  7 0 5  c m - 1  h a s  a rep ro d u c ib le  sh o u ld e r  a t  745  
c m - 1 . B o th  th e  d is tin c t fea tu re  a t  1 2 4 6  c m - 1  a n d  th e  
w ea k  fea tu re  a t  1 4 3 8  c m “ 1  a p p ea r to  b e  s o m e w h a t n a r 
row er (h a lf-w id th , 2 0 -2 5  c m - 1 ).

W h e n  th e  sa m p le  w as w a rm ed  to  4 0 ° K  (to  p e r m it  d iffu 
sio n ) a n d  reco oled  to  1 5 °K , th e  n ew  b a n d s  lis te d  a b o v e  a ll  
d isa p p ea re d  a n d  w ere re p la c e d  b y  tw o  large , b ro a d  p ea k s  
n ear 1 4 0 0  a n d  3 1 0 0  c m - 1 .

T h is  e x p e r im e n t w a s re p ea te d  a t  h ig h er d ilu tio n : 
N H 3 :H C 1 : N 2 =  1 :1 :1 0 0 0 .  W it h  th e  e x c e p tio n  o f  143 8  
c m - 1 , a ll o f  th e  n ew  b a n d s  w ere a g a in  o b serv e d , th o u g h  
c o n sid era b ly  w ea k er, a n d  th e  re la tiv e  in ten sities  w ere  
a b o u t  th e  sa m e  as in  th e  earlier e x p e r im e n t.

N D 3, N H D 2, and N H 2D  with DCl. T h ro u g h  c o d e p o si
tio n , a  s a m p le  c o n ta in in g  N D 3 :D C 1 :N 2 =  1 :1 :2 5 0  w as  
p rep a red  a n d  a  c o m p le te  sp e c tru m  w as reco rd ed . F igu re 3  
sh ow s th e  4 0 0 -1 4 0 0 -c m - 1  sp ec tra l reg ion . T h e  p resen ce  o f  
N H 2D  a n d  N H D 2 (a s  w ell as  o f  H C l  n ear 2 9 0 0  c m - 1 ) 
sh o w e d  t h a t  th e  D / H  ra tio s  w ere ro u g h ly  4 . T w o  n ew

Figure 1. Infrared spectrum of ND3, ND2H, NH2D, and NH3 in 
the spectral region 1400-450 cm -1 , isolated in a nitrogen 
matrix at 20°K.

v(cTTf')

Figure 2. Infrared spectrum of codeposited HCl and NH3 with 
NH3:HCI:N2 =  1:1:3E0 in the spectral region 1400-450 cm -1 .

b ro a d  p ea k s  a p p ea re d  a t  5 0 5  a n d  4 7 0  c m - 1  w ith  a  p oo rly  
d efin e d  sh o u ld e r  n ear 5 3 6  c m - 1 . T h e  c o n to u r o f  th e se  fe a 
tu res re se m b le s  ra th er c lo se ly  t h a t  o f  th e  7 0 5 -6 3 0 -c m _ 1  
a b so rp tio n s  (see  F igu re  2 ) . In  a d d itio n , w ea k er p e a k s  a t  
721 a n d  6 3 3  c m - 1  w ere ob serv e d , e v id e n tly  d u e  to  resid u a l  
h y d r o g e n -c o n ta in in g  sp ec ies . T h e  b a n d s  a t  1 2 3 6  a n d  143 8  
c m - 1  w ere n o t d e te c te d , n or w ere sh ifte d  c o u n te rp a rts , 
b u t th e  p a r tia lly  d e u tera ted  p a r e n t a m m o n ia  sp e c tra  e n 
c u m b e r  th e  re le v a n t sp ec tra l reg io n . T h e  o b serv e d  fe a 
tu res a n d  th e ir  o p tic a l d en sitie s  are lis te d  in  T a b le  I .

N H 3, N H 2D , and N H D 2 w i t h  HCl. In  th is  e x p e r im e n t, 
a m m o n ia  ¡h y d ro g e n  c h lo r id e : n itro g en  =  1 :1 :5 0 0 .  T h e re  
w as c o n sid era b le  isc to p ic  d ilu tio n  in  th e  a m m o n ia , w ith  
D / H  n ear 2 . H o w e v e r , th e  ex c h a n g e  h a d  n o t a ffe c te d  th e  
H C l ; n o  b a n d s  a sc rib a b le  to  p a r e n t D C l  n ea r 2 0 6 2  c m - 1  

w ere ob serv e d . T h e  s p e c tr u m , p re sen te d  in  F igu re  4 , in 
c lu d es  th e  b ro a d , o v er la p p in g  b a n d s  (a t  7 1 9  a n d  6 4 0  
c m - 1 ) w ith  a  sh o u ld e r  a t  7 4 5  c m - 1  a n d  a n  a b so r p tio n  a t  
124 4  c m - 1 , a ll r e se m b lin g  c lo se ly  th e  N H 3- H C I  sp e c tru m  
sh ow n  in F igu re  2 . N o  b a n d s  w ere o b serv e d  n ea r 5 0 0  or  
4 7 0  c m - 1 .

T h is  e x p e r im e n t w as re p ea te d  w ith  a s till  d iffe re n t d e 
gree o f  d eu tera tio n  in th e  a m m o n ia  (th is  t im e , D / H  =  4 )

(6) G. C. Pimentel, M. O. Bulanin, and M. Van Thiel, J. Chem. Phys., 
36,500 (1962).
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Figure 3. Infrared spectrum of codeposited DCI and ND3  with 
DCI:ND 3 :N 2  =  1 :1 :2 5 0  in the spectral region 1400-400 cm - 1  

(D/H ~  4).

Figure 4. Infrared spectrum of codeposited HCI and ND3  with 
HCI:ND 3 :N 2  =  1 :1 :5 0 0  in the spectral region 1400-450 cm - 1  

(D/H «  2).

TABLE I: Absorption Frequencies of Ammonia and Hydrogen 
Chloride Mixtures in an N2 Matrix at 15 °K a

ND3 +  HCI,C
NH3 +  HCI, v, cm “ 1 ND3 +  DCI,6 v, cm -1 » ,cm - ' * 830

1438 (0.03) 
1246 (0.10) 

745 (d )  

705 (0.29) 
630 (0.24)

721 (0.05) 
633 (0.04) 
536 (d )  

505 (0.17) 
470 (0.17)

1240 (0.13) 
745 (d) 
719 (0.38) 
640 (0.32)

Parent Molecule Absorptions 
2854 (HCI, > 1.0 ) 2854 (HCI, 0.15)

2062 (DCI, 0.10)
970 (NH3, >1.0 ) 970 (NH3, 0.05)

905 (NH2 D, 0.46)
830 (NHD2, 0.90) 
760 (ND3, >1.00)

2854 (0.22)

970 (0.59) 
905 (0.48) 
830 (0.20) 
760 (0.05)

“ Optical densities are given parenthetically. '’D/H =  4. “ D/H ~  2. 
d Shoulder.

b u t w ith  u n d e u te ra te d  H C I . T h e  sp ec tra l fea tu res  n o t a s -  
cr ib a b le  to  p a ren t m o le c u le s  a g a in  re se m b le d  th o se  o b 
serv ed  in  F igu re  2  a n d  d id  n o t in c lu d e  th o se  sh ow n  in  F ig 
ure 3 .

D is c u s s io n

W e  sh a ll fo llow  th e  p a tte r n  o f  in terp reta tio n  u se d  in  
A P ,1  e x a m in in g  th e  sp ec tra l fea tu res  a n d  th e ir  d eu tera -  
tio n  sh ifts  in  th e  lig h t o f  p o te n tia l p ro to ty p e  sp e c tra .

Mixed Isotope Spectra. W h e n  b o th  H C I  a n d  D C I  are  
p re sen t, c o u n terp a rt sp e c tra  a p p ea r  in th e  region s 7 0 5 -6 3 0  
a n d  5 0 5 -4 7 0  c m - 1  b u t  n o  in te r m e d ia te  a b so r p tio n s  are  
ob serv e d . T h u s  th e  sp ec tra  in d ic a te  th a t  th e  b ro a d  7 0 5 -  
6 3 0 - c n r 1 d o u b le t  is to  b e  a sc rib ed  to  v ib ra tio n s  d o m i
n a te d  b y  a sin g le  h y d ro g e n  a t o m . T h is  d o u b le t  is re la tiv e 
ly  u n a ffe c te d  b y  d e u tera tio n  (or p a rtia l d e u tera tio n ) o f  
th e  a m m o n ia  b u t  it  sh ifts  to  5 0 5 -4 7 0  c m - 1  u p o n  d eu tera 
tio n  o f  th e  h yd rogen  c h lo rid e . H e n c e , it  is c lea r th a t  th e  
sin g le  h yd ro g en  a to m  h a s its  p a ren ta g e  in th e  h yd rogen  
ch lo rid e  a n d  n o t in  a m m o n ia . T h e  d eu te r a tio n  sh ifts  are 
7 0 5 /5 0 5  =  1 .4 0  a n d  6 3 0 /4 7 0  =  1 .3 4 .

Vibrational Assignments. In  v iew  o f  th e  d eu tera tio n  
sh ifts  d isp la y e d  b y  th e  tw o  m o s t  in ten se  fea tu res , th e y  
m u st b o th  b e  a ssig n e d  as v ib ra tio n s  d o m in a te d  b y  m o v e 
m e n t o f  th e  h yd ro g en  a to m  p ro v id ed  b y  H C I . I t  is , th en , 
p ro b a b le  th a t  on e o f  th e  b a n d s  is d u e  to  th e  h y d rogen  
s tretc h in g  m o tio n  in  a  lin ea r (or n e a r -lin e a r) h y d ro g en -  
b o n d e d  c o m p le x  a n d  th a t  th e  oth er is d u e  to  th e  h y d rogen  
b e n d in g  m o tio n  p erp en d ic u la r  to  th e  b o n d . T h e  fre q u e n 
cies o f  th e  b a n d s  a t  124 6  a n d  143 8  c m - 1  are co n siste n t  
w ith  th e ir  a ss ig n m e n t as o v erto n es o f  th e se  tw o  fu n d a 
m e n ta ls  ( 1 4 3 8 /7 0 5  =  2 .0 4  a n d  1 2 4 6 /6 3 0  =  1 .9 8 ) .

T h e  e v id en ce  d oes n o t  p e r m it an  u n a m b ig u o u s  d ec ision  
co n cern in g  w h ich  b a n d  sh o u ld  b e  a ssig n e d  as th e  str e tc h 
in g  m o d e . T h e  h ig h  in te n s ity  o f  th e  1 2 4 6 -c m - 1  ov erto n e  
a b so rp tio n  ca n  b e  ta k e n  as p re su m p tiv e  e v id e n c e  th a t  630  
c m - 1  sh o u ld  b e  a ssig n e d  as th e  b e n d in g  m o d e  fu n d a m e n 
ta l. T h is  ch o ice  w o u ld  b e  c o n s is te n t w ith  earlier o b se r v a 
tio n s o f  e x c e p tio n a lly  in ten se  b e n d in g  ov erto n es in  h y d ro 
g e n -b o n d e d  c o m p le x e s .7 ’8 T h is  b e h a v io r  h a s  b e e n  a ttr ib 
u te d  to  th e  fa c t  th a t  th e  d ip o le  d e r iv a tiv e  te rm s th a t  a c ti
v a te  th e  b e n d in g  o v erto n e  in c lu d e  a c o m p o n e n t p a ra lle l to  
th e  h y d ro g e n  b o n d , th u s  ta p p in g  th e  h ig h  e lectro n  m o b ili 
ty  th a t  a c c o u n ts  for th e  str e tc h in g  fu n d a m e n ta l ’s h igh  in 
te n s ity .9 W e  s h a ll a c c e p t th is  a ss ig n m e n t, 7 0 5  c m - 1  as  
th e  s tretc h in g  m o d e  a n d  6 3 0  c m - 1  as th e  b e n d in g  m o d e , 
th o u g h  ou r m a jo r  c o n c lu sio n s w o u ld  n o t b e  c h a n g e d  cr iti
c a lly  i f  th e  a ss ig n m e n t w ere reversed .

T h e  7 4 5 -c m - 1  sh o u ld e r  is u n d o u b te d ly  a c o m b in a tio n  
in v o lv in g  on e  o f  th e  tw o  p ro m in e n t b a n d s , 7 0 5  or 6 3 0  
c m - 1 . I f  it  is a sso c ia te d  w ith  th e  low er fre q u e n c y  c o m p o 
n e n t, th e  s p littin g  ch a n g e s fro m  7 4 5  -  6 3 0  =  115  c m - 1  to  
5 3 6  -  4 7 0  =  6 6  c m - 1 . S in c e  th is  d eu tera tio n  sh ift is n ot  
rea d ily  e x p la in e d , th e  7 4 5 -c m - 1  fea tu re  is m o re  lik e ly  d u e  
to  a c o m b in a tio n  b a n d  in v o lv in g  7 0 5  c m - 1 , w h ich  w ou ld  
id e n tify  a very  lo w -fre q u e n c y  m o tio n  n ear 4 0  c m - 1 .

Prototype Compounds. In  A P , fou r s tru c tu re  ty p e s  w ere  
co n sid ered  a n d  th e  a n tic ip a te d  sp e c tru m  o f  e a c h  w as  
g iv e n .1 F igu re  5 sh o w s th e  c o rresp o n d in g  H s N - H C l  p o ssi
b ilities . T y p e  I , fo r  w h ich  th e  ( C H s ^ O - H C l 1 0 ’ 1 1  and

(7) W. E. Thompson and G. C. Pimentel, Z. E le k lro ch e m ..  64, 748 
(1960).

(8) J. W. Nlbler and G. C. Pimentel, J. C h em . Ph ys., 47, 710 (1967).
(9) G. C. Pimentel and A. _. McClellan, “The Hydrogen Bond,” W. H. 

Freeman, San Francisco, Calif., 1960, pp 70 and 248.
(10) J. E. Bertie and D. J. Mlllen, J. C h em . So c .,  497, 514 (1965).
(11) R. M. Seel and N. Sheppard, S p e c t ro ch im . A cta , Part A, 25, 1287 

(1969).
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Figure 5. Four possible prototype structures for the isolated 
NH3-HCI complex (all structures could have C 3 « symmetry; 
structure IV might include free rotation of the NH4+ ion).

H 2 0 -H C 11 c o m p le x e s  fu rn ish  p ro to ty p e s , w o u ld  b e  ch a r
a c te rize d  b y  m u c h  sm a lle r  h y d ro g e n  b o n d  sh ifts  th a n  o b 
serv ed  h ere . H e n c e , th e  a m m o n ia -h y d r o c h lo r ic  a c id  m a 
trix  c o m p le x  c a n n o t b e  reg ard ed  as a s im p le  H C 1  h y d r o 
gen  b o n d , as im p lie d  b y  th e  ty p e  I  stru ctu re .

B o th  ty p e s  III a n d  I V  p ictu re  an  io n  p a ir  s tru ctu re , 
N H 4+ -C 1 - , a n d  th e y  d iffer  in  th a t  ty p e  I E  p reserves th e  
u n iq u en e ss  o f  on e o f  th e  p ro to n s o f  th e  N H 4+ io n . E a c h  
w o u ld  b e  e x p e c te d  to  d isp la y ' s h ifte d  b u t  n o n eth e le ss  
ch a ra c te ristic  a b so r p tio n s  o f  N H 4+  n ea r 1 4 0 0  a n d  3 1 0 0  
c m - 1 . S in c e  su ch  b a n d s  are n o t o b serv e d  in th e  m a tr ix -  
iso la te d  sa m p le s  (th o u g h  th e y  d o  a p p ea r  a fte r  d iffu sio n  
h as oc cu rred ) w e co n c lu d e  th a t  th ese  stru c tu re s , to o , c a n 
n o t b e  a p p lic a b le .

W e  are le ft  w ith  th e  ty p e  II s tru ctu re , w h ic h  in A P  w as  
c a lle d  a “ c o m p le te ly  sh a r e d ”  p ro to n  a n d  re p re se n te d  b y  
se v e ra l c e n tr o sy m m e tr ic  p ro to ty p e s , ( F H F ) - , ( H 2 0 -

H * O H 2) + ,  an d  a n u m b e r  o f  a c id  s a lt  ( 0 - - - H - - - 0 ) “  h y d rogen  
b o n d s . A l l  o f  th e se  p ro to ty p es  d isp la y  str e tc h in g  m o d e  
fre q u e n c y  sh ifts  e x c e e d in g  100 0  c m - 1  a n d  q u ite  h ig h  b e n d 
in g  m o d e  fre q u e n c ie s .12 T h e y  lea d  to  th e  e x p e c ta tio n  th a t  
in  a ty p e  II stru ctu re , th ese  tw o v ib ra tio n s  w ill a b so r b , re 
s p e c tiv e ly , in  th e  ra n ges 1 8 0 0 -6 0 0  a n d  1 6 0 0 -6 0 0  c m “ 1 . 
P la in ly , th e  o b served  sp e c tru m  is in  c o m p le te  a c co rd  w ith  
th is  p ic tu re  a n d  w e ca n  co n clu d e  w ith  co n fid e n ce  t h a t  the 
HzN-HCl matrix-isolated complex is bound by an ex
tremely strong hydrogen bond in which the bridge proton 
is preferentially attached neither to the chlorine nor to 
the nitrogen atom. S u c h  a h y d ro g e n  b o n d  w o u ld  be  
ch a ra cte rize d  b y  (a )  very  sh o rt N ---C 1  d is ta n c e , (b )  ra th er  
lo n g  N - - - H  a n d  H ---C 1  d is ta n c e s , b o th  m u c h  lo n g er th a n  th e  
c o rresp o n d in g  b o n d  len g th s in  th e  “ p a r e n t”  m o le c u le s , 
N H 4+  a n d  H C 1 a n d , (c ) re la tiv e ly  h ig h  h y d ro g e n  b o n d  e n 
ergy , w ith  - A H u n d o u b te d ly  ab o v e  10  k c a l an d  p o ssib ly  
as h ig h  as 20  k ca l.

Theoretical Predictions, d e m e n t i ’s 3-5  L C A O - S C F - M O  
c a lc u la tio n s  for th e  N H 3 +  H C 1 sy ste m  u se  a tru n c a te d  
b a sis  se t for  th e  core e lectro n s a n d  n e g le c t e lectro n  corre
la tio n s . F o r  a  lin e a r N - • - H - • -C l  stru c tu re , he va ried  
b o th  th e  N - • -C l  a n d  th e  H - • - C l d ista n c e  to  fin d  th e  
o p tim u m  g e o m e try . F or large N - • -C l  se p a ra tio n s , th e  
c a lc u la tio n s  sh o w e d  a d o u b le  m in im u m  fo r  th e  p ro to n  p o 
sitio n . H o w e v e r , a t  th e  sm a lle r  N - - - C 1  d is ta n c e s , th e  
d o u b le  m in im u m  w a s lo st . A t  th e  m in im u m  en ergy  co n 
fig u ra tio n , th e  c a lc u la tio n s  p re d ic te d 5 a  sin g le  en ergy  
m in im u m  for th e  p ro to n  p o sitio n  w ith  an  N - - - C 1  d is 
ta n c e  o f  2 .8 6  A ,  a n  N - • -H  d ista n c e  o f  1 .2 4  A , a n d  
H -  ■ -C l  d ista n c e  o f  1 .6 2  A , an d  a h y d ro g en  b o n d  energy  
o f  1 9 .5  k c a l /m o l .  T h u s , th e  N — H  d ista n c e  is c a lc u la t 
e d  to  b e  0 .2 3  A  lon ger th a n  th e  1 .0 1 -A  N - H  b o n d  len g th  
in  g a seo u s a m m o n ia  a n d  0 .2 1  A  lon ger th a n  th e  1 .0 3 -A  h y 
d rogen  b o n d e d  N - H  b o n d  len g th  o f  N H 4+  in  cry sta llin e  
a m m o n iu m  c h lo rid e . S im ila r ly , th e  H - - - C 1  d is ta n c e  is 
c a lc u la te d  to  b e  0 .3 4  A  lon ger th a n  in  g a seo u s H C 1 , 1 .2 8  
A . F in a lly , th e  c a lc u la te d  N - - - C 1  d ista n c e  is 0 .4 0  A

sh orter th a n  th e  3 .2 6 -A  N • ■ -C l  se p a ra tio n  in  th e  fa c e -  
cen tered  c u b ic  a m m o n iu m  ch lo rid e  c ry sta l ( N a C l  la ttic e )  
a n d  0 .4 9  A  sh orter th a n  in  th e  b o d y -c e n te r e d  c u b ic  a m 
m o n iu m  ch lo rid e  (C s C l  la tt ic e ) . A ll  o f  th e se  b o n d  d ista n c e  
ch a n g e s a n d  th e  c a lc u la te d  b o n d  en ergy  are in  re m a rk a b le  
ac cord  w ith  ou r d ed u c tio n s  fro m  th e  m a tr ix  in fra red  s p e c 
tra  p re sen te d  h ere . W e  fee l th a t  ou r o b serv a tio n s  p ro v id e  
a stro n g  v a lid a tio n  o f  th e  a p p ro x im a tio n s  req u ired  in  
d e m e n t i ’s c a lc u la tio n s , th e  m o s t  u n c e rta in  o f  w h ic h  is  
p ro b a b ly  th e  n e g le c t  o f  e lectro n  co rrelation .

C le m e n ti  a lso  d ed u c e s  a  se t  o f  v ib ra tio n a l freq u en cies  
fo r  th e  H 3N -H C 1  c o m p le x .5 H e  m e n tio n s  an  H -  • -C l  
stretc h in g  fre q u e n c y  o f  2 7 4 5  c m - 1  (ra th e r  c lo se  to  th e  
p a ren t H C 1  fre q u e n c y  a t  2 8 8 5  c m - 1 ) a n d  an  N  • • • H  
s tretc h in g  fre q u e n cy  o f  2 4 7 9  c m - 1 . T h e s e  fre q u e n c ie s  d o  
n o t, h o w ev er, co rresp on d  to  n o r m a l m o d e s , so  th e y  c a n n o t  
b e  c o m p a re d  to  ou r e x p e r im e n ta l o b serv a tio n s  a n d  th e y  
d o  n o t d e tra c t fro m  th e  a g re e m en ts  a lr e a d y  p o in te d  o u t .13

Vibrational Potential Function. In  a  d ia to m ic , h a r m o n ic  
a p p ro x im a tio n  o f  a sy m m e tr ic a l X - • - H - • - X  h y d ro g e n  
b o n d , th e  re d u ce d  m a ss  for th e  a s y m m e tr ic  s tr e tc h  is %  
[m H( 2 m x ) / ( m H +  2;7ix ) ] . W it h  th is  sa m e  s im p lifie d  v iew , 
a “ c o m p le te ly  sh a r e d ”  p ro ton  m ig h t  b e  a ss ig n e d  a re d u ce d  
m a ss  o f  %  [ (m H) ( m x  +  m x - ) / ( m H +  m x  +  m x -) ]-  C h o o s 
ing m x  =  18  a n d  mX‘ =  3 5  le a d s  to  a p re d ic te d  d e u te r a -  
tio n  s h ift  o f  1 .4 0 , e x a c tly  th e  sh ift  o b serv e d  for  th e  7 0 5 -  
c m - 1  fe a tu r e . T h is  te n d s  to  a ffirm  (th o u g h  n o t c o m p e ll -  
in g ly ) th e  p referred  a ss ig n m e n t g iven  earlier a n d  it  gives  
an  av erag e  X - - - H  s tretc h in g  force c o n s ta n t  o f  0 .1 4  
m d y n /A .  (T h e  6 3 0 -c m - 1  fre q u e n c y  w o u ld  give  a force  
c o n sta n t o f  0 .1 1  m d y n /A .)  T h is  is very  m u c h  low er th a n  
th e  str e tc h in g  force  c o n sta n t o f  ga seo u s H C 1 , 5 .1 5  m d y n /  
A , a n d  o f  th e  H 2 0 - H C 1 c o m p le x , 3 .9 8  m d y n /A ,  w h ereas  
it  is o f  th e  sa m e  ord er o f  m a g n itu d e  a s  th a t  o f  th e  H C 12 -  
s y m m e tr ic a l (E v a n s  a n d  L o ’s ty p e  II) h y d ro g e n  b o n d ,14 
( f e i - f e i 2) =  0 .1 9  m d y n /A .

T h e  b e n d in g  m o tio n  ca n  a lso  b e  tr e a te d  in  th is  a p p ro x i
m a tio n  w ith  th e  re d u ce d  m a ss  o f  a h y d ro g e n  a to m  m o v in g  
a g a in st  th e  c o m b in e d  m a sse s  o f  th e  te r m in a l a to m s . 
H e n c e , th e  6 3 0 -c m - 1  fre q u e n c y  g ives a b e n d in g  force c o n 
s ta n t  ae/l2 =  0 .0 5 5  m d y n /A .  T h is  ca n  b e  c o m p a re d  to  th e  
b e n d in g  force  c o n sta n t in H C 12 -  s y m m e tr ic a l h yd ro g en  
b o n d ,8 0 .0 5 8  m d y n /A .

Thermodynamic Considerations. T h e  p ro to n  a ffin ity  o f  
a m m o n ia  h a s  b e e n  m e a su r e d  to  b e  2 0 9  k c a l /m o l .15 H e n c e  
AH fo r  th e  g a s -p h a se  fo rm a tio n  o f  N H 4+ a n d  C l -  fro m  
N H 3  a n d  H C 1  c a n  b e  c a lc u la te d .

N H 3(g ) +  H C l( g )  -  N H 4+ (g )  +  C l - ( g )

AH = + 1 2 4  k c a l /m o l

T h is  e n d o th e r m ic ity  is retu rn ed  if  th e  tw o ch a rg es (re 
g a rd ed  as p o in t ch a rg es) are p la c e d  2 .6 7  A  a p a rt . T o  m a k e  
th e  ion  p a ir  fo rm a tio n  e x o th e rm ic  b y  1 9 .5  k c a l /m o l ,  th e  
p o in t ch a rg es w o u ld  h av e  to  b e  2 .3 1  A  a p a r t . E a c h  o f  
th ese  d ista n c e s  is m u c h  sh orter th a n  th e  2 .8 6 -A  d ista n c e  
c a lc u la te d  b y  C le m e n t i , a t  w h ic h  d is ta n c e  th e  p o in t  
charge a p p ro x im a tio n  in d ic a te s  a  n e t e n d o th e r m ic ity  o f  8  
k c a l /m o l  fo r  ion  p a ir  fo rm a tio n . T h u s , th is  s im p le  m o d e l

(12) H. N. Shrivastava and J. C. Speakman, J. C h em . S o c . , 1151 
(1961).

(13) In collaboration with Dr. Clementi, an improved, normal mode fre
quency prediction will be attempted, based upon his original calcu
lations. In addition, the thermodynamic quantities given in dem en
ti's Table IV (ref 5) must be recalculated because significant 
changes In several frequencies will result.

(14) J. C. Evans and G. Y-S. Lo. J. Phys. C h em ., 70, 11 (1966).
(15) M. A. Haney and J. L. Franklin, J. C h em . P h ys ., 50,2028 (1969).
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p ro vid es a ra tio n a liz a tio n  o f  th e  a b sen c e  o f  ion  p a ir  fo r 
m a tio n  in th e  iso la te d  c o m p le x . I t  a lso  p e r m its  th e  p r e d ic 
tion  th a t  p ro ton  tra n sfe r  a n d  ion p air  fo r m a tio n  w ill occu r  
b e tw ee n  H C 1  a n d  a n itro g en  b a se  B  i f  th e  p ro to n  a ffin ity  
o f  th e  b a se  e x ce e d s a b o u t  2 2 5  k c a l /m o l .

In  a s im ila r  w a y , w e ca n  p re d ic t  th e  N * * * X  d ista n c e s  
n eed ed  to  fo rm  ion  p a irs  in  H 3N - H B r  a n d  H 3N - H I  c o m 
p le x es . B e c a u se  o f  its  low  b o n d  e n erg y , H B r  c o u ld  fo rm  an  
ion p air  a t  an  N • ■ -B r  d ista n c e  o f  2 .9 0  Â , w h ich  is 0 .5 5  
Â  sh orter th a n  th e  3 .4 5 -À  N -  • -B r  d is ta n c e  in a m m o 
n iu m  b r o m id e  ( N a C l  la t t ic e ) . F or H I , a n  ion  p a ir  co u ld  
fo rm  a t an  N - • -I  d ista n c e  o f  3 .1 7  À , 0 .4 6  Â  sh orter th a n  
th e  3 .6 3 -Â  N - - - I  d is ta n c e  in  a m m o n iu m  io d id e  ( N a C l  
la t t ic e ) . T h e s e  c o n tr a c tio n s  are q u ite  c lo se  to  th a t  im p lie d  
b y  th e  c a lc u la te d  N - - - C 1  d ista n c e  in  H s N - H C l ,  i.e., 
0 .4 0  Â  sh orter th a n  in  a m m o n iu m  c h lo rid e . H e n c e  w e are  
led  to  th e  c o n clu sio n  th a t  p ro to n  tra n sfer  will o c cu r in  
H a N -H I  a n d  th a t  it  might oc cu r in H 3N - H B r  as w e ll .16

C o n c lu s io n s

T h e  m a tr ix  sp e c tra  sh ow  c le a r ly  th a t  th e  H 3N -H C 1  
c o m p le x  is n o t an  ion  p a ir , N H 4+ - C l - , b u t  it  ca n  b e  re 

g a rd ed  as a  stro n g ly  h y d r o g e n -b o n d e d  c o m p le x  w ith  a  p ro 
to n  sh a red  b y  th e  a d ja c e n t h e a v y  a to m s . T h is  is e n tire ly  
c o n siste n t w ith  th e  resu lts  c a lc u la te d  in  an  a b initio fa s h 
ion b y  C le m e n t i  a n d  it  v a lid a te s  h is a p p lic a t io n  o f  se lf- 
c o n siste n t fie ld  c a lc u la tio n s  w ith o u t c o n fig u ra tio n  in te r a c 
tio n  (e le ctro n  c o rrela tio n ) to  a h y d r o g e n -b o n d e d  c o m p le x . 
T h u s , th e  p resen t w ork  sh ow s t h a t  th e  io n ic  c h a ra cte r  o f  
th e  a m m o n iu m  ch lo rid e  c ry sta ls  m u s t  b e  a ttr ib u te d  to  th e  
lo n g -ra n g e  ion ic la ttic e  fo rc es , w ith o u t w h ich  a m m o n iu m  
ch lo rid e  ion  pairs d o  n o t fo r m . I t  rea ssu res, as  w ell, th e  
v a lid ity  o f  ab initio c a lc u la tio n s  a t  th e  so p h is t ic a t io n  lev el 
u sed  b y  C le m e n ti  a n d  it  s h o u ld  en cou rag e  su c h  stu d ie s  o f  
oth er h y d r o g e n -b o n d e d  s y s te m s  th a t  m a y  n o t  b e  ex p er i
m e n ta lly  a c c e ss ib le .

Acknowledgment. W e  g ra te fu lly  a c k n o w le d g e  su p p o rt o f  
th is  research  b y  th e  U .S .  O ffic e  o f  N a v a l  R e se a rc h  u n d er  
G r a n t N o . N 0 0 0 1 4 -A -0 2 0 0 -1 0 2 .

(16)' Preliminary experiments with NH3-HBr codepositions produced 
spectra that include absorption near 1380 cm-1 , a region in which 
NH4+ displays intense and characteristic absorption.
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Pu b T ca tion  c o s t s  a s s i s t e d  b y  The U n ive rs ity  o f O re g o n

F o r m u la s  are d ev e lo p e d  fo r  th e  o p tic a l a c tiv ity  o f  orien ted  h e lices sp e c ific a lly  in c lu d in g  th e  q u a d ru p o le  
m a trix  e le m e n ts . O n ly  sh o rt h e lices are co n sid ered  so  th a t  th e  R o se n fe ld  a p p ro x im a tio n  is v a lid . C y c lic  
e x c ito n s  are a ssu m e d  in  an  in it ia l d er iv a tio n  a n d  th e  e ffec ts  o f  reen tran ce , fin ite  s iz e , a n d  a d d itio n a l e x - 
c ito n  b a n d s  are th e n  in v e stig a te d . T h e  h e lic a l b a n d s  o f  L o x s a m , D e u ts c h e , a n d  A n d o  lie  d o r m a n t in  th e  
M o f f i t t  th e o ry  as c a n c e llin g  d eg en e ra te  c o n tr ib u tio n s  a n d  are b ro u g h t o u t b y  a n y  b rea k d o w n  o f  p er fe ct  
re e n tra n t b o u n d a ry  co n d itio n s or b y  e x te n sio n  to  grea t le n g th . F or o rien ted  h e lices , th e  d e c o m p o sit io n  o f  
th e  r p  m a tr ix  e le m e n t in to  m a g n e tic  a n d  q u a d ru p o le  te rm s c o m p lic a te s  ra th e r th a n  s im p lifie s  th e  p ic 

tu re .

I n tr o d u c t io n

R e c e n tly  p rogress h a s  b e e n  m a d e  in  th e  m e a su r e m e n t o f  
o p tic a l a c tiv ity  o f  o rien ted  h e lic a l m o le c u le s .1 -3  A s  p o in t
ed  o u t b y  T in o c o  a  n u m b e r  o f  y ea rs  ag o , th e  in fo rm a tio n a l  
c o n te n t o f  o p tic a l ro ta to ry  d isp ersio n  ( O R D )  is d o u b le d  
w h en  th e  e ffec ts  o f  o r ie n ta tio n  are s tu d ie d  q u a n tita t iv e ly .4 

T h e  cu rren t e m p h a s is  on  circu la r  d ic h r o ism  ( C D )  w ith in  
a b so rp tio n  b a n d s  a d d s  c o n sid e r a b ly  to ' th e  p ow er o f  su ch  
m e a su r e m e n ts . T a k e n  in  c o n ju n c tio n  w ith  th e  m o re  ea sily  
m ea su red  lin ear d ic h r o ism , orien ted  C D  stu d ie s  aid  in  re 
so lv in g  o v e r la p p in g  a b so r p tio n  b a n d s , p ro v id e  sp ec tra l a s 
s ig n m en ts  to  m o n o m e r  u n its  on  th e  b a sis  o f  p o la r iz a tio n  
p ro p erties , d e te r m in e  th e  o r ie n ta tio n  a n d  degree o f  order  
o f  ch ro m o p h o res  in  th e  m a c r o m o le c u le , a n d  are e x tr e m e ly  
sen sitiv e  to  th e  in tera c tio n  o f ch ro m o p h o re s , p a r tic u la rly  
exciton  p h e n o m e n a .

T h e o re tic a l c a lc u la tio n s  o f  th e  orien ted  C D  o f  a  m a c ro - 
m o le c u le  are carried  o u t in th e  sa m e  fa sh io n  as th o se  for  
ord in ary  C D 5-9 a n d  in v o lv e  th e  s a m e  set o f  s tru c tu ra l an d  
sp ec tro sco p ic  p a r a m e te r s .5 T h e  m a jo r  d ifferen ce  lies in  
th e  q u a d ru p o le  te rm s w h ich  v a n ish  on  th e  av erag e  b u t

(1) This work was supported by grants from the National Science Foun
dation (GB6972X) and the Cancer Institute of the National Insti
tutes of Health (CA 4216).

(2) (a) G. Holzwarth, J. A m er. C h em . S o c .,  93, 4066 (1971); (b) J. 
Hofrichter, Thesis, University of Oregon, 1971; J. Hofrichter and J. 
Schellman, 5th Jerusalem Symposium (1972).

(3) S. Hoffman and R. Ullman, J. Pol. S c i.,  Pa rt C. 31, 205 (1970).
(4) I. Tinoco, J. A m er. C h em . S o c .,  79, 2428 (1957).
(5) I. Tinoco and R. Woody, J. C h e m . Ph ys., 46, 4927 (1967).
(6) P. M. Bayley, E. Nielsen, and J. Schellman, J. C h em . Phys., 73, 

228 (1969).
(7) E. S. Pysh, J. C h em . Phys., 52, 4723 (1970).
(8) V. Madison and J. Schellman, B iop o lym ers,  11, 1041 (1972).
(9) M. L. Tiffany and S. Krimm, B io p o lym e rs,  8, 347 (1969).
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m a k e  c o n tr ib u tio n s  for in d iv id u a l o r ie n ta tio n s .10  C o n se 
q u e n tly , a  m ore g en era lized  e xp ression  for th e  ro ta to ry  
s tren g th  m u s t  b e  u se d  (eq  3 ) . T h e  u su a l R o se n fe ld  e x p re s 

sio n  for th e  ro ta to ry  s tren g th  ftoa -  Im  [moh ■ Mao\ re su lts  
fro m  a ssu m in g  th a t  th e  m o le c u le  is sm a ll c o m p a re d  to  th e  
w a v e le n g th  o f  lig h t , e x p a n d in g  th e  gen era l e xp ression  
(g iv en  b e lo w ) in to  m a g n e tic  d ip o le  a n d  e le ctr ic  q u a d r u -  
p ole  te rm s, d isca rd in g  th e  la tte r  ( le g it im a te  for sp a cia l  
a v e r a g in g ), a n d  a v erag in g  ov er o r ie n ta tio n s . In  th e  p resen t  
w ork  th e  q u a d ru p o le  te rm s w ill b e  e x p lic it ly  e v a lu a te d  for  
a  h e lice s . I t  w ill be seen  th a t  th e  m a g n e tic  d ip o le  a n d  
e le ctr ic  q u a d ru p o le  te rm s are o f  e q u iv a le n t m a g n itu d e . In  
a d d itio n , th e  segreg atio n  o f  q u a d ru p o le  a n d  m a g n e tic  d i 
p o le  te rm s u su a lly  h as th e  e ffec t o f  c o m p lic a t in g , ra th er  
th a n  s im p lify in g , th e  re su lts  so th a t  it  a p p ea rs  a d v isa b le  
to  u se  th e  g en era l ro ta to ry  stren g th  te n so r  in  u n d e c o m 
p o se d  fo rm . I t  sh o u ld  b e  p o in te d  o u t th a t  in  a so m e w h a t  
d iffe re n t c o n te x t th e  im p o r ta n c e  o f th e  q u a d ru p o le  term s  
to  h e lic a l o p tic a l a c tiv ity  h a s  b e e n  e x p lic it ly  reco gn ized  
p re v io u sly  (T in o c o  a n d  W o o d y , 5 L o x s o m ,1 1  D e u ts c h e , 12 

a n d  P h ilp o tt13).
T h e  d iscu ssio n  w ill cen ter  arou n d  th e  p ro p erties o f  s im 

p le  cy c lic  ex c ito n s in m o le c u le s , s m a ll  c o m p a re d  to  th e  
w a v e le n g th  o f  lig h t . S u c h  ex c ito n s w ere th e  b a sis  o f  th e  
orig in al th eo ry  o f  M o f f i t t .  T h o u g h  it  is d o u b tfu l th a t  th ese  
e x c ito n s  rep resen t a n y  real p h y s ic a l s y s te m , it w ill b e  seen  
th a t  th e ir  e sp e c ia lly  s im p le  sp ec tra l p ro p e rtie s  p ro v id e  a 
b a sis  for u n d e r sta n d in g  o f  real ex c ito n s in  s m a ll  m o le 
c u les . T h e y  are a lso  e a sily  co m p a re d  w ith  th e  lim itin g  
case o f  in fin ite ly  lo n g  m o le c u le s  w here it h a s  b e e n  r e c e n t
ly  sh o w n  th a t  c y c lic  e x c ito n  th eory  is v a lid , b u t  th e  R o 
se n fe ld  e x p a n sio n  is n o t .1 1-14

T h e  R o t a t o r y  S t r e n g t h  T e n s o r

In  195 8  S te p h e n 15  ga ve  th e  fo r m u la  for th e  o p tic a l ro ta 
tio n  o f  an  orien ted  m o le c u le  b a se d  on  q u a n tu m  sc a tte r in g  
th e o ry . F o r  co m p a riso n  w ith  e x p e r im e n t, it is m o re  e x p e 
d ie n t to  h av e  a  fo r m u la  for circu lar d ic h r o ism . S te p h e n ’s 
fo rm u la , in  th e  fo rm  a p p ro p ria te  for a b r o a d  a b so rp tio n  
b a n d , is g iv e n  b y

e ,  -  e r =  A e  = /f'0(^)k-pOa'x  Pa„+ (1)
w here p *  =  2 _/ e x p [ ± ( i k p-r /)]p y ; r ,  a n d  p7 are th e  p o s i
tio n  a n d  m o m e n tu m  op era tors o f  th e  j th  e le c tro n ; 0  a n d  a 
refer to  th e  grou n d  a n d  e x c ited  e lectro n ic  s ta te  for th e  
tra n sitio n  u n d er c o n sid era tio n , k p =  (ruo/c)k  is th e  p r o p a 
g a tio n  v ector o f  th e  ra d ia tio n , k  is a u n it  v e cto r in  th e  d i 
rection  o f p ro p a g a tio n , n is th e  re fra ctiv e  in d e x  o f th e  m e 
d iu m  K' = -i2  e2N/ m2chom(2 3 0 3 ), N  is A v o g a d r o ’s n u m 
ber, eu is th e  circu lar fre q u e n cy  o f  th e  ra d ia tio n , e a n d  m 
are th e  charge a n d  m a ss  o f  th e  e le c tro n , a n d  <f>(v) is a  
tra n sitio n  p r o b a b ility  d e n sity  (d e p e n d e n t on  s o lv e n t a n d  
te m p e ra tu re ) w h ich  e m p ir ic a lly  gives th e  sh a p e  o f  th e  
b a n d . I t  is n o r m a liz e d  su ch  th a t  f4>(p) dv =  1 w h en  in te 
grated  ov er th e  en tire  v ib ro n ic  en v e lo p e  o f  th e  e lectro n ic  
a b so rp tio n  b a n d  0  —► a.

E q u a t io n  1 w as d erived  on  th e  b a sis  o f  th e  se m i-c la s s i-  
ca l t im e -d e p e n d e n t  p e rtu rb a tio n  th e o ry . I t  ca n  b e  c o n 
v erted  to  S te p h e n ’s fo rm u la  for o p tic a l ro ta tio n  b y  p e r 
fo rm in g  th e  K r o n ig -K r a m e r s  tra n sfo rm . S in c e  S te p h e n ’s 
fo rm u la  is a lin e  sp e c tru m  fo rm u la , th e  sh a p e  fu n c tio n  
4>(v) sh o u ld  b e  ta k e n  as a d e lta  fu n c tio n  a t  th e  a b so rp tio n  
m a x im u m  for th e  tra n sfo rm .

I f  th e  m o le c u le  is sh o rt c o m p a re d  to  th e  w a v e le n g th  o f  
lig h t, th e  e x p o n e n tia ls  ca n  be e x p a n d e d

Pao* =  (a|s e x p O k p T ^ P y l  0} =  pa0 +  ¿ k p ’ (r P)ao (2)

Poa~ =  ( 0 | S  e x p H k p - r ^ p ^ a )  =  p 0a -  * * v ( r P)oa

w here r p  =  2 p r /P j a n d  ijPj is a d ia d  op e ra to r  fo r  th e  j t h  
e le c tro n . A fte r  th ese  s u b stitu tio n s  a n d  m a k in g  u se  o f  th e  
tr a n sfo r m a tio n

P o a  =  - ¿ w a0 ( m / e ) p 0 a

th e  circu la r  d ic h ro ism  fo rm u la  m a y  b e  w ritte n  as fo llo w s

Ae =  K<p(v)k’R 'k  (3)
w here K  =  32Tr3N i 'ao /(3 h c ) (2 3 0 3 )  a n d  w here R is th e  ro 
ta to ry  s tren g th  ten sor

R  =  (-3 e /2 me) I m [ M 0a x  (p r )a o l  (4 )

T h e  co effic ie n t in  (4 )  h a s  b e e n  ch o sen  so  th a t  w h en  a v er
a g ed  ov er a ll o r ie n ta tio n s , th e  te rm  k - f t - k  b e c o m e s  th e  
c o n v e n tio n a l ro ta to ry  s tren g th  R =  Im [p o a  • M ao] w here  
M  is th e  e lectro n ic  m a g n e tic  d ip o le  o p era to r . In  ou r w ork  
w e h a v e  fo u n d  it c o n v e n ie n t to  e lim in a te  th e  cross d ia d  
p ro d u c t b y  in tro d u c in g  th e  a p p ro p ria te  a n tis y m m e tr ic  
ten sor

so  th a t  th e  ro ta to ry  stren g th  b e c o m e s

R =  —(3e/2me) Im[?70a-(pr)a0] (6)
For a p p lic a tio n  to  h e lic a l m o le c u le s , th e  d ia g o n a l e le 
m e n ts  o f  th e  te n so r  w ill b e  req u ired . T h e  first d ia g o n a l  
e le m e n t o f  ( 6 ) is ea sily  c a lc u la te d  to  be

Rll =  (3e/2wc)[(p3)0a(P2n)aO ~ (fi2)oa(-f>3i”l)ao3 (?)
R22 a n d  ft 33 are fo u n d  b y  a cy c lic  p e r m u ta tio n  o f  th e  in d i
ces 1, 2 , 3 .

T h e  (p r)a o  ten so r m a y  b e  d e c o m p o se d  in to  its  s y m m e t 
ric a n d  a n tis y m m e tr ic  p a rts  lea d in g  to  te r m s  in  th e  ro ta 
to ry  s tren g th  w h ich  are re la ted  to  e lectric  tr a n s it io n  q u a -  
d ru p oles a n d  m a g n e tic  d ip o les , re sp ec tiv e ly . T h u s

J? =  i i g  +  i i M

where

Rq =  -(S e /4me) Im[(Cf)0a-(pr + rp)a0] (8)

and

■Am =  -(3e/4mc) Im[(£f)0a-(pr -  rp)a0] (9)
R e c a llin g  th e  re la tio n  e/m(p r  +  r p ) ao =  icoao ( Q ) ao 

w here Q is th e  e lectro n ic  e lectric  q u a d ru p o le  o p era to r Q  
=  e 2 jTjtj, w here r ,r ,  is a  d ia d  op era to r for th e  y'th e le c 
tro n , (8 ) m a y  b e  tr a n sfo r m e d  to

Rq =  -(3w a0/4c) Re[(£f)0a-«?)a0] (8a)
T h o u g h  ( 8 ) a n d  (8 a) are e q u iv a le n t (w ith  e x a c t e igen  
fu n c tio n s) it  tu rn s o u t th a t  th e  re la tio n sh ip  b e tw ee n  q u a 
d ru p o le  a n d  m a g n e tic  d ip o le  c o n tr ib u tio n s  to  o rien ted  cir -

(10) I. Tinoco and W. Ha-nerle, J. P h ys. C hem ., 60, 1619 (1956).
(11) F. M. Loxsom, J. C h em . Ph ys., 51,4899 (1969).
(12) C. W. Deutsche, J. C h em . Phys., 52, 3703 (1970).
(13) M. Philpott, J. C h em . Phys., 56, 683 (1972).
(14) T. Ando, Progr. Thecr. Ph ys. (K yo to ), 40, 471 (1968).
(15) M. J. Stephen, Proc. C a m b r id g e  Phil. S o c .,  54, 81 (1958).
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cu lar d ich ro ism  are m o re  e a sily  b ro u g h t o u t in  te rm s o f
(8 ) . E q u a tio n  9  ca n  b e  e q u iv a le n t ly  tr a n sfo r m e d  to

Ru =  (3/2) Im [(M)0a * (M)a0/  -<W0i(M) J  (9a)
w here /  is th e  u n it  ten so r or d ia d . T h e  a lg eb ra  in c lu d e s  
th e reco gn ition  th a t  th e  c o m p o n e n ts  o f  (p r  -  r p ) ao are  
id en tic a l w ith  th o se  o f  th e  e lectro n ic  o r b ita l a n g u la r m o 
m e n tu m  (L )a o  a n d  th a t  ( M ) ao =  ( e /2 m c ) ( L ) ao. T h e  1 1  

(first d ia g o n a l) c o m p o n e n ts  o f  (8 ) , ( 8 a ) , a n d  (9 a ) are given  
re sp ec tiv e ly  b y

•R q . h  =  — ( 3 e / 4 m e )  I m [ ( / i 2 ) o a (/> 8’ T  +  r 3 p i ) a0 -

( l t3 )o a ( /)2r l +  r,lP\)a.fs\ ( 1 9 )

=  ( 3 ^ 3 0 / 4 c) R e [(/X 3)oa (Q 2l)aO  — (M 2)oa(Q 3l)ao(  

■Rm . i i  ~  ( 3 / 2 )  I m [ ( /x ) 0 a • ( M ) a0 — ( U i) o a( ^ i ) a o ]  ( H )

w ith  th e  o th er  d ia g o n a l e le m e n ts  o b ta in a b le  b y  cy c lic  p e r 
m u ta tio n . It is e a sily  se en  th a t  o n e -th ird  o f  th e  trace o f  
(9a ) is id en tic a l w ith  th e  average  ro ta to ry  stren g th  an d  
th a t th e  tra c e  o f  (8 ) v a n ish e s .

T h e  C D  T e n s o r  o f  L o n g  M o le c u le s  w it h  C y lin d r ic a l  
A v e r a g in g

In  th is  se c tio n  w e w ill co n sid er a h e lic a l array o f  ch ro - 
m o p h o res e a ch  c o n sid ered  to  h av e  o n ly  a  sin g le  s ta te  o f  
e x c ita tio n . T h e  h e lices  w ill b e  sh o rt e n o u g h  so th a t  R o se n -  
fe ld ’ s e q u a tio n  m a y  b e  a p p lie d ; c y c lic  b o u n d a ry  c o n d i
tio n s w ill b e  a ssu m e d  so  th a t  th e  w a v e  fu n c tio n s  are id e n 
tic a l w ith  th o se  o f  M o f f i t t .  T h e  h e lices  w ill a lso  be  ta k e n  
to  b e  re e n tra n t so  th a t  th e  p h y s ic a l s y m m e tr y  o f  th e  h elix  
as w ell as  th e  c y c lic  s y m m e tr y  o f  th e  e x c ito n  w ave  fu n c 
tio n s is p re serv e d . T h e  s im p le  e x c ito n s  w h ich  re su lt ca n  
b e  reg ard ed  as a  lim it in g  m o d e l or (a s  su g g e ste d  in  th e  
D isc u ssio n  se c tio n ) as a  b a s is  se t w ith  s im p le  o p tic a l  
p ro p erties . In  th e  n e x t  se c tio n , c a lc u la tio n s  w ill b e  p e r 

fo rm ed  in  w h ich  th e  reen tra n ce  a n d  c y c lic  co n d itio n s  are 
se p a ra te ly  re la x ed . T h e  re la tio n  b e tw ee n  th ese  c a lc u la 
tio n s a n d  th o se  for lo n g  h e lic e s 1 1 - 1 4  w ill b e  co n sid ered  in  
th e  D isc u ssio n  se c tio n .

E q u a tio n s  6 -1 1  are g e n e ra lly  a p p lic a b le  w h en ever th e  
p h ase  o f th e  lig h t m a y  b e  reg ard ed  as v a ry in g  lin e a rly  over  
th e  m o le c u le  (R o s e n fe ld ’ s a p p r o x im a tio n ). W h e n  th e y  are  
a p p lied  to  m o le c u le s  w h ich  are r a n d o m ly  o r ien ted  a b o u t  
th eir lo n g  a x es , th e y  m a y  b e  s im p lifie d  c o n sid era b ly . F or  
orien ted  h elices th e  fo llo w in g  n o ta tio n  is u se fu l. T h e  z  
axis is ta k e n  as th e  h e lic a l ax is  a n d  th e  c o m p o n e n ts  o f  th e  
R, Rq, a n d  R m  tr a n sfo r m  on  ro ta tio n  a b o u t  th e  h e lix  axis  
w ith  e q u a tio n s  o f  th e  fo rm

Ml =  CM/ -S M 2'

M2 =  sMi' + cm2'

Q l3  ~  c Q l3 ; ~  S Q 2 3

Q12 =  c s ( Q n  — Q22) +  ( c 2 ~  S 2 ) Q i 2 

e tc ., w here c a n d  s rep resen t cos 4> a n d  s in  re sp ec tiv e ly , 
an d  <j> is th e  a n g le  o f  ro ta tio n . A v e ra g in g  ov er all o r ie n ta 
tion s ca n  th e n  b e  a c c o m p lish e d  b y  a v era g in g  over tp. T h is  
has th e  re su lt  o f  d ia g o n a liz in g  th e  ten so r a n d  m a k in g  th e  
x a n d y  axes e q u iv a le n t .

A p p ly in g  th is  a v era g in g  to  th e  d ia g o n a l c o m p o n e n ts  
from  (7) an d  c y clic  p e r m u ta tio n , w e o b ta in

-R i =  -R il  =  -R22 =  (3 e / 4 w c ) { ( / i 3) 0a[ ( ^ 2^ l ) a 0 ~

i p  ( M l ) o a ( / , 3^2)aO ~  ( M 2 ) o a ( i >3^1 ) a o l  ( 1 2 a )

=  (3e/4mc)[(/i3)0a(L3)a0 +

( M l)o a ( />31 '2)aO ~  (M 2 )o a (/, 3r l)a(>]

R u =  -R33 =  ( 3 6 /2 w 2 c ) [ ( p .2 ) o a ( /> 1^3)a0 ~~ (M l)oa(/*2^"3)a()]

( 1 2 b )

w here L 3 is th e  a n g u la r m o m e n tu m  a b o u t th e  z  a x is . It  
ca n  b e  seen  fro m  (7 )  a n d  its  p e r m u ta tio n s  th a t  e a ch  d ia g 
on a l e le m e n t o f  R  c o n ta in s  tw o  h a lv es  o f  a  c o m p o n e n t o f  
th e  sc a la r  p ro d u c t (/r)oa , ( L ) ao b u t  n o t m a tc h in g  h a lv es . 
In  a v era g in g  over a ll o r ie n ta tio n s , o n ly  th e  tra c e  is o f  im 
p o rta n c e . T h e  s u m m a tio n  ov er th e  d ia g o n a l b rin gs th e  
d is jo in te d  te rm s to g e th e r  so th a t  th e  sca la r  p ro d u c t p  • L  
em erg es . T h e  p h y s ic a l s ig n ific a n c e  o f  th is  is th a t  it  is on ly  
for th e  average over or ie n ta tio n s th a t  th e  a n g u la r  m o m e n 
tu m  or m a g n e tic  m o m e n t  p la y s  a  s im p le  role a n d  th a t  for  
orien ted  circu lar d ic h ro ism  th e  (p r )  te n so r  is m o re  d irect  
an d  n a tu ra l. S in c e  an y  ten so r ca n  b e  e x p ressed  as th e  su m  
o f  a s y m m e tr ic  a n d  a n tis y m m e tr ic  te n so r , th e  m a g n e tic  
m o m e n t ca n  a lw a y s b e  in tro d u c e d , b u t  o n ly  b y  a d d in g  
ca n c e llin g  te rm s to  th e  q u a d ru p o le  c o n tr ib u tio n . In  eq  12 , 
th e  p a rtia l a v erag in g  a b o u t  th e  z  ax is  h a s  b ro u g h t to g e th 
er th e  op era tor fo r  th e  z  c o m p o n e n t o f  a n g u la r  m o m e n tu m  
i n f l i .

P erfo rm in g  c y lin d ric a l a v era g in g  on  RM a n d  Rq, w e o b 
ta in

RM,i = B m.11 = -Rm,22 — (3/4) Im[(p.2)oa,(M2)a0 +

( M 3 )o a ( ^ )a o ]  ( 1 3 )

B m ,„  — -RM>33 =  (3/2) I m [ ( | i ) 0a,(M )ao —

and

R q,l =  (3e/timc) I m [ ( /U i ) 0a ( £ 3r 2 +  r ^ ) ao “

(M 2 ) o a ( /, 3>'l +  ( 1 4 )

=  (3wa0/8mc) Re[(p-l)oa(Q32)aO ~ (M2)oa(*?3l)at)]

Rq.« ~  ~%Rq,±
E q u a tio n  12 sh o w s th a t  th e  in g red ien ts  n ecessa ry  for  

th e  c a lc u la tio n  o f  th e  ro ta to ry  s tren g th  te n so r  are th e  six  
o ff-d ia g o n a l c o m p o n e n ts  o f  th e  (p r )  te n so r  a n d  th e  three  
c o m p o n e n ts  o f  th e  tr a n sit io n  e lectric  d ip o le . F or h e lices , 
th e  fo rm u la s  are g re a tly  s im p lifie d  b e c a u se  se le c tio n  ru les  
w ill u su a lly  a llow  o n ly  p i ,  p 2 , or p 3 to  b e  n o n v a n ish in g  for  
a g iv e n  tra n sitio n  a n d  th e  c y c lic  g e o m e try  a n d  w ave  fu n c 
tio n s lea d  to  very  s im p le  e x p ressio n s .

T h e  O r ie n te d  O p t ic a l  A c t iv i t y  o f  I d e a liz e d  H e lic e s

T h e  h e lix  is a ssu m e d  to  p ro ceed  a lo n g  th e  z ax is  a n d  to  
c o n ta in  N  id en tic a l g rou p s w here N  is th e  ap p ro p ria te  
n u m b e r  for reen tran ce  (1 8  for th e  a h e lix , 10  for D N A ,  
e t c .) .  T h e  x an d  y  c o o rd in a te  s y s te m  is d e te r m in e d  b y  th e  
c o n d itio n  th a t  th e  tr a n sit io n  m o m e n t  o f  th e  first u n it is 
orien ted  in  th e  y  d irectio n  as sh o w n  in  F igu re  1. U se  o f  
th is  co o rd in a te  c o n v e n tio n  im p lie s  n o  loss o f  gen era lity  
sin ce th e  ro ta to ry  stren g th  fo rm u la s  h a v e  b e e n  averaged  
a b o u t th e  z  a x is , ro is th e  d ista n c e  o f  th e  ch rom o p h ore  
fro m  th e  h e lix  a x is  a n d  5 is th e  an g le  m a d e  b y  th e  p o sitio n
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Figure 1. Helical coordinate system. The origin is the helix axis. 
The coordinate system is oriented so that the transition moment 
of the first group is pointing in the y direction. R0 and <5 are the 
polar coordinates of the transition moment in this coordinate 
system.

v e c to r  o f  th e  first grou p  w ith  th e  x a x is . I t  is a lso  th e  
angle  w h ich  th e  tra n sitio n  m o m e n t m a k e s  w ith  th e  t a n 
g e n tia l d ire ctio n , as sh ow n  in  th e  fig u re , p,j_ is th e  c o m 
p o n e n t o f  th e  e lectric  tra n sitio n  m o m e n t  in th e  xy p la n e ; 
Mi is th e  c o m p o n e n t in  th e  z d irectio n . I f  m x  is p o sitiv e  
a s  sh o w n  in  th e  figu re, th e n  th e  sign  o f  mi d e p e n d s  on  th e  
g e o m e try  o f  th e  h e lix . T h e  sig n  o f  th e  ro ta to ry  stren g th  

e v e n tu a lly  d ep e n d s  on  th e  sign  o f  mmM,x >- T h is  is n e g a tiv e , 
for e x a m p le , for th e  r ig h t-h a n d e d  a h e lix .

A s s u m in g  a r ig h t-h a n d e d  h elix  a n d  th e  co n v e n tio n s  o f  
F igu re 1, th e  co o rd in a te s  a n d  tra n sitio n  m o m e n ts  o f  the  
j t h  resid u e  m a y  b e  w ritten

Xj = r0 cos (je +  5) ¡ixj =  - p ± sin je

Vj =  r 0 sin (je +  6) ¡iyj =  cos je

zi = jt M*., =
H ere  t is th e  tra n sla tio n  p er resid u e  a lo n g  th e  h e lic a l ax is  
an d  f is th e  screw  an gle  per resid u e . I f  n is th e  n u m b e r  o f  
resid u es p er tu rn , th e n  e =  2ir/n a n d  P = nt w here P is 
th e  p itc h  o f  th e h elix .

F o llo w in g  M o f f i t t , 16  th e  w ave fu n c tio n s  o f  th e  e x c ited  
sta te s  K  are a ssu m e d  to  b e  c y c lic  a n d  o f th e  fo rm

ipK — JjajK(p j (15 )
w here rj>j rep resen ts e x c ita tio n  on  c h ro m o p h o re  j  w ith  all 
oth er ch ro m o p h o res  in  th e ir  grou n d  s ta te . T h e  c o effic ien ts  
djK are th e  n o r m a liz e d  ch a ra cters o f  th e  Kth re p re se n ta 
tio n  o f  th e  A b e lia n  grou p  Cn

T ra n sitio n s  are a llo w e d  o n ly  to  lev e ls  w ith  K  =  0  (z  p o la r 
iz a tio n ) a n d  K  =  ±N/n (xy p o la r iz a tio n ). T a k in g  th e  su m  
an d  d ifferen ce  o f  th e  la tte r  p a ir  lea d s to  th e  se t o f  fu n c 
tion s

&5 = y — E  (sin je)<pj

¡2
I p c  =  /t t E  (c o s  j e ) < j > j

TABLE I: Matric Elements for Cyclic Excitons Normalized by 1 /N

K =  0 K =  C K =  S

(Mi )0 K 0 0

CM>

H=11

(M2) OK 0 M 1 /V 2 0

(M3>0 K Mu 0 0
( p y  2) ko 0 </m s o / V 2 )  

( m / e )  mi To
(P3Ti )k o 0 (/o>co/ x/2) 

( m / e )  M1T0
(PzTi )k o /cooo mMj/o/2e 0 0
(Pi T2)k O -/woo m f i ± r0 / 2 e 0 0
(P2To)k o 0 i(i3 so irp ~ ± P

c o t « /2 1/2e
{ P l T  3)  K O 0 — i i o c o  m p ± P  

cot e /2 1/2e

T h e se  sp ec ific  K  lev e ls  w ill be  s y m b o liz e d  b y  0 ,  S , a n d  C , 
re sp ec tiv e ly . T h e  a llo w e d  ex c ito n s in  th e  M o f f i t t  s c h e m e  
w h ich  h av e  p erp en d ic u la r  p o la r iz a tio n  are th o se  in  w h ich  
th e  p h a se  a d v a n c e  per resid u e  in  th e  e x c ito n  e q u a ls  th e  
screw  an g le  o f  th e  h e lix .

W i t h  th e  aid  o f  th e  ab o v e  fo rm u la s  a n d  th e  tr a n s fo r m a 

tio n  e / m ( p ) ao =  i^aoMao th e  d esired  m a tr ix  e le m e n ts  are  
ea sily  c a lc u la te d . A ll  th e  su m s  are lis te d  in re f 17 , for e x 
a m p le . T h e  re su lts , n o rm a liz e d  to  a resid u e  b a s is , are  
sh ow n  in T a b le  I. T h e  c a lc u la tio n s  o f  th e  ro ta to ry  
stren g th  ten so r h av e  b e e n  m a rk ed  w ith  a  d a sh  e x c e p t for  
th o se  w h ich  v a n ish  id e n tic a lly . O f  th e se , th e  m a tr ix  e le 
m e n ts  o f  p 2f 3 a n d  pir3, for th e  C  a n d  S  tr a n s it io n s , re
sp e c tiv e ly , d e p e n d  on  len g th  ev en  a fter  resid u e  n o r m a liz a 
tio n . T h e  sp u rio u sn ess  o f  th is  resu lt for v ery  lo n g  h elices  
(th erefore  b e y o n d  th e  b o u n d s  o f  th e  p resen t m o d e l)  h as  
b een  a m p ly  e x p la in e d  as th e  resu lt o f  u s in g  th e  lin ear R o -  
sen fe ld  e x p a n sio n  b e y o n d  its range o f  v a lid ity .1 1  -12 -14

W it h  th e se  re su lts , th e  ro ta to ry  stren g th  c o m p o n e n ts  o f  
i i i  an d  R are ea sily  c a lc u la te d  for th e  e x c ita tio n s  0 ,  S ,  
a n d  C . T h e  resu lts  are sh ow n  in T a b le  II for R, RM, a n d  
R q . T h e  c a lc u la tio n s  for th e  la tte r  tw o  q u a n tit ie s  are s im 
ilar to  th o se  for R a n d  are n o t g iven  e x p lic it ly . T h e  ta b le  
sh ow s th a t  th e  ro ta to ry  stren g th  c o m p o n e n ts  o f  ree n tra n t  
h elica l sy s te m s  are d esc rib a b le  in  te rm s o f  tw o  p a r a m e te rs  
in d ic a te d  b y  A  an d  B . T e r m s  w ith  th e  stru ctu re  o f  th e  B  
te rm s (p ro d u c ts  o f  p erp en d ic u la r  m o m e n ts )  h a v e  b een  
ca lled  h e lic a l te r m s  b y  L o x s a m .1 1  W e  a d o p t  th is  te r m in o l
ogy a n d  w ill refer to  A  an d  B  as th e  M o f f i t t  a n d  h e lic a l  
c o n tr ib u tio n s , re sp ec tiv e ly .

T h e  first th ree  row s o f  th e  ta b le  p re sen t th e  ro ta to ry  
stren g th  c o m p o n e n t for th e  th ree  tra n sitio n s  0  —* 0 ,  S , C . 
In  ac co rd a n ce  w ith  th e  str ic t d eg en era cy  o f  th e  m o d e l , th e  
0  —► S  a n d  0  —1► C  sh o u ld  be c o m b in e d . T h e  fo u r th  row  is 
th e  c o m b in e d  resu lt for th e  p e r p e n d ic u la r ly  p o la r ized  
tra n sitio n s . T h e  o rie n ta tio n  a v erag ed  ro ta to ry  stren g th s  o f  
th e  p a ra lle l a n d  p erp en d ic u la rly  p o la r ized  tr a n sit io n  are  
given  as o n e -th ird  o f th e  trace o f R, i.e.

Roo =  2 w o o Mi M mr 0 c o s  6 / 8 c

R o c ,s  =  - 2 w c o M iM „ r 0 c o s  6 / 8 c  

T h e se  are n o t e q u a l in  m a g n itu d e  b e c a u se  o f  th e  e x c ito n  
sp littin g  w h ich  se p a ra te s  to0 o fro m  u>s0 =  coco- T h e s e  e q u a 
tio n s rep resen t th e  M o ff i t t  re su lt .16  T h e  p resen ce  o f  cos 8 
in d ic a te s  th a t  o n ly  th e  ta n g e n tia l c o m p o n e n t o f  m c o n tr ib -

(16) W. Moffitt, J. C h em . P h ys ., 25, 467 (1956).
(17) L. Jolley, "Summation of Series," Dover Publications, New York, N.

Y., 1961.
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TABLE II: Rotatory Strength Tensor for Cyclic Excitons of Reentrant Helices“

Level Polarization
R_l flu

M Q R M Q R

« 0 Z 2 A 0 2 A 0 0 0
Bs V

■A - \ a ' -  1/2e - 1/2a ' +  1/2a —A ’ b —a ' +  e A '  +  B B
Rc V ~ \ A '  +  \ B - W  ~  1/2e - A ’ —A '  -  B A '  -  B - B

Rs +  Rc X, Y - A ’ - A ’ - 2  A ' - A ' +  A ' 0

A (3/8c)ioooAx^in,’o1/2 B — (3/8c)wgofi p  co t t
a 0 and M represent the electric quadrupole and magnetic dipole contributions (eq 13 and 14). R represents the total strength (eq 12). b A ' differs from 

A only by the presence of ugo = “ co rather than uioo- The zero order exclton mechanism does not conserve rotatory strength.

u tes to  th e  ro ta to ry  s tr e n g th . A s  d isc u sse d  earlier , th e  sign  
o f  th e  p ro d u c t d e p e n d s  on  th e  g e o m e try  o f  th e  tra n sitio n  
m o m e n t in th e  h e lix . I t  is n e g a tiv e  fo r  th e  lo w est tttt* 
tra n sitio n  o f  th e  a h e lix  g iv in g  re su lts  w h ich  are in  a g ree 
m e n t  w ith  e x p e r im e n t.

O n ly  th e  te rm s u n d er  R in  th e  first a n d  fo u rth  row s o f  
th e  ta b le  are p h y s ic a lly  r e le v a n t . N e v e r th e le ss , th e  d e 

c o m p o sitio n  in to  M  a n d  Q  te rm s a n d  in to  th e  S  a n d  C  
tra n sitio n  re v ea ls  se v e ra l in terestin g  fe a tu r e s . In  th e  first  
p la c e , u se  o f  th e  m a g n e tic  d ip o le  a p p ro x im a tio n  lea d s to  
erroneous re su lts . T h e  ro ta to ry  str e n g th  a sso c ia te d  w ith  
lig h t p ro p a g a te d  p e r p e n d ic u la r  ( fo u rth  row  o f  T a b le  II) to  
th e  axis is u n d e r v a lu e d  b y  a fa c to r  o f  2 . S im u lta n e o u s ly , 
th e  M o ff i t t  c o n tr ib u tio n  to  th e  ro ta to ry  stren g th  for lig h t  
p ro p a g a tin g  p a ra lle l to  th e  h e lix  ax is  is g iv e n  b y  -A ' 
w h ereas it  v a n ish e s  in  th e  c o m p le te  e x p re ssio n . B o th  o f  
th ese  a rtifa c ts  re s u h  fro m  th e  a rtific ia l d e c o m p o sit io n  o f  
th e  ro ta to ry  stren g th , s in ce  b o th  are c o m p e n s a te d  for b y  
th e q u a d ru p o le  te r m s . I t  is a lso  seer, th a t  th e  c o m p le te  ro 
ta to ry  stren g th  is m u c h  s im p le r  th a n  e ith er th e  m a g n e tic  
or q u a d ru p o le  c o m p o n e n t sin ce  th e  d e c o m p o sit io n  in tro 

d u ce d  B te r m s  in  R_i a n d  A' te r m s  in  f ? M w h ich  are e n 
tire ly  sp u rio u s. A  fu rth er  re su lt  is th a t  th e  su m s  o f  th e  
ten sor c o m p o n e n ts  o f  Rq a n d  Rm d o  n o t v a n ish  w h ereas  
th e  c o m p o n e n ts  o f  th e  c o m p le te  te n so r  d o  s u m  to  zero. 
S u m m a tio n  ru les for te n so r  c o m p o n e n ts  are g iv en  in  th e  
A p p e n d ix .

A n  a d d itio n a l fa c t  to  b e  g le a n e d  fro m  th e  ta b le  is  th a t  
th e  h e lic a l B te rm s are p re se n t in  th e  M o f f i t t  fo r m a lism  
in  th e  p erp en d ic u la r  m o d e s  b u t  v a n ish  as a  su m  b e c a u se  
o f  th e  c o m p le te  d eg en e ra cy  o f  th e  m o d e s . C le a r ly  a n y  p e r 
tu rb a tio n  on  th e  id ea l p ro p erties  o f  th e  m o d e l c o u ld  b rea k  
th is  d eg en e ra cy  a n d  le a d  to  “ h e lic a l”  o p tic a l a c tiv ity . 
S ev eral w a y s in w h ic h  th is  h a p p e n s  to  rea l sy s te m s  w ill be  
d iscu ssed  in  th e  n e x t  se c tio n .

E f f e c t  o f  L o w e r  S y m m e t r y , R e a l  H e lic e s

T h e  a rtific ia l s im p lic ity  o f  th e  p re v io u s se c tio n  ca n  be  
re la x ed  in  severa l w a y s : ( 1 ) m a in te n a n c e  o f  c y c lic  b o u n d a 
ry  co n d itio n s  b u t  in tro d u c tio n  o f  n o n re en tra n c e , ( 2 ) re te n 
tio n  o f  reen tran ce  b u t  in tro d u c tio n  o f  e n d  e ffe c ts , (3 )  re 
m o v a l o f  b o th  id e a liz a tio n s , a n d  (4 )  in te r a c tio n  w ith  other  
e x cito n  b a n d s . In  th is  se c tio n  th ese  s itu a tio n s  w ill b e  in 
v e stig a te d  in  tu r n . T h e  c a lc u la tio n s  w ill b e  p e r fo rm e d  for  
a h e lice s  w ith  th e  g e o m e try  a n d  p a r a m e te rs  d e sc rib e d  in  a  
p revio u s p u b lic a t io n .8

Cyclic, but Nonreentrant a Helices. T h e  w a v e  fu n c tio n s  
are as g iv e n  in  eq  15  a n d  16  b u t  N  is n o t a m u ltip le  o f  18 . 
For a g iv en  h e lix  w ith  le n g th  18a  + b {a a n d  b are in te 
gers) th e  re su lts  d e p e n d  b o th  on  th e  ov era ll le n g th  a n d  
th e “ r e m a in d e r”  fc. E x p lic it  fo rm u la s  c a n  b e  g iv en  fo r  th e

Rx

K

Figure 2. The rotatory strength of an a  helix of 26 residues cal
culated with cyclic boundary conditions. Radiation propagated 
perpendicular to the helix. The abscissa represents the K indi
ces of the exciton band. The K =  0 band is essentially parallel 
polarized and the other bands essentially perpendicularly polar
ized though these conditions are no longer strict. All bands but 
K = 0 and K = 13 are doubly degenerate and the figure repre
sents the combined rotatory strength for each level. The three 
graphs represent the magnetic dipole (M), electric quadrupole 
(Q), and total contributions (T) in descending order. The units 
of rotatory strength are the Debye magneton.

en ergy a n d  o p tic a l p ro p erties  b u t  w e h av e  preferred  to  
en ter th e  w ave  fu n c tio n s  o f  eq  15 d ire c tly  in to  a c o m p u te r  
p ro g ra m  for c a lc u la tin g  th e  ro ta to ry  s tren g th  ten so r o f  h e 
lica l m o le c u le s . A  ty p ic a l c a lc u la tio n  is sh o w n  in  F igu res 2 
an d  3 .

F igu re  2 rep resen ts th e  ro ta to ry  stren g th  for 2 6  u n its , 
th e  lig h t p ro p a g a te d  p e r p e n d ic u la r  to  th e  h e lice s . L o o k in g  
a t th e  lo w e st curve T, w h ich  gives th e  c o m p le te  ro ta tory  
stren g th , it  is seen  th a t  th e  gen era l fea tu res  o f  th e  M o ff i t t  
th eory  are p ro d u c ed  w ith  a  large n e g a tiv e  c o n tr ib u tio n  for  
th e  p a r a lle l p o la rized  b a n d  a n d  th e  co n verse  fo r  th e  p e r 
p e n d ic u la r ly  p o la r ized  b a n d . P r a c tic a lly  a ll o f  th e  p erp en 
d ic u la r  ro ta to ry  stren g th  is c o n c e n tr a te d  in  th e  K = 7  
m o d e  w h ich  h a s  a  p h a se  a d v a n c e  o f  9 7 °  p er u n it , w h ich  is 
ra th er c lose  to  th e  a llo w e d  c y c lic  m o d e  o f  1 0 0 ° . V iew e d  in
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Figure 3. Same as Figure 2 but with light propagated parallel to 
the helix.

te rm s o f  th e  d e c o m p o sit io n  in to  m a g n e tic  a n d  q u a d ru p o le  
c o n tr ib u tio n s , th e  p erp en d ic u la r  m o d e  is th e  su m  o f  
stro n g ly  o p p o sin g  te rm s. T h e  m a g n e tic  a n d  q u a d ru p o le  
c o n tr ib u tio n s  to  R, a n d  R±_ d o  n o t s u m  se p a ra te ly  to  
zero  ov er th e  e x c ito n  sy ste m  (see  A p p r e n d ix ) .

F igu re  3 g iv es  th e  re su lts  for R n. H e re  th e  c o n tr ib u tio n s  
c o m e  m o s t  p ro m in e n tly  fro m  th e  K  =  5 - 9  m o d e s  w ith  p h ase  
a d v a n c e s  o f  6 9 , 8 3 , 9 7 , 111 , a n d  1 2 4 ° , re sp e c tiv e ly . T h e  m a g 
n e tic  a n d  q u a d ru p o le  c o n tr ib u tio n s  rein force o n e  an o th er  
for th is  d irection  o f  p ro p a g a tio n . T h e  ro ta to ry  stren g th s  for  
p a ra lle l p ro p a g a tio n  are h e lic a l m o d e s in  th a t  th e y  in v o lv ed  
o n ly  hi. . T h u s  w e co n clu d e  th a t  th e se  te rm s m a k e  th e ir  
a p p ea ra n c e  e v e n  w ith  c y c lic  b o u n d a ry  co n d itio n s .

M o f f i t t ,  F itts , a n d  K irk w o o d  arrived  a t  a s im ila r  co n 
c lu sio n 18  for th e  sp a tia lly  av erag ed  ro ta to ry  stren g th .

Reentrant a Helices with End Effects. T h e  p resen ce  o f  
en d  e ffe c ts  in  h e lica l e x c ito n s  w as d e m o n str a te d  b y  B r a d 
ley , W o o d y , a n d  T in o c o  in  tw o  ty p e s  o f  c a lc u la tio n : (1 )  a  
n ea rest n e ig h b o r th eo ry 19  lea d in g  to  a n o n c y c lic  secu lar  
d e te r m in a n t w h ich  ca n  b e  so lv ed  e x a c tly , a n d  (2 ) th e  s o 
lu tio n  o f  th e  secu la r  e q u a tio n  w h ich  fo llow s fro m  th e  o p ti
c a l a n d  in tera c tio n  p a r a m e te rs  o f  rea l a h e lic e s .5 C a lc u la 
tio n s o f  th e  la tte r  ty p e s  e m p h a s iz in g  ten so r p ro p erties  are  
sh ow n  in F igu re  4  w here th e  h e lix  h as b e e n  m a in ta in e d  a t  
th e  re e n tra n t lev e l o f  18 . T h e  p a r a m e te rs  u se d  in  th is  
c o m p u ta t io n  are id e n tic a l w ith  th o se  o f  re f 6  a n d  8 .

S e p a r a te  p re sen ta tio n  o f  th e  re su lts  for th e  m a g n e tic  d i 
p o le  a n d  q u a d ru p o le  c o n tr ib u tio n s h as b e e n  a b a n d o n e d  in  
F igu re  4  in  th e  in terest o f  s im p lic ity . T h e  u p p e r p a r t o f  
th e  figu re re p resen ts  th e  c o n tr ib u tio n s  to  Ri± . T h e  
d eg en e ra c y  o f  th e  M o f f i t t  b a n d s  is n ow  sp lit . T h e  p e r p e n 
d ic u la r ly  p o la r iz ed  c o m p o n e n t a p p ea rs  a s  tw o  p o sitiv e  a n d  
e q u a l b a n d s . T h e  p a ra lle l p o la r ized  c o m p o n e n ts  co n sist o f  
tw o  b a n d s  w h ich  h a v e  b e e n  c o m b in e d  in th e  figu re since

WAVELENGTH X

Figure 4. A real calculation of the rotatory strength of the tn r *  
transition of an 18 unit a  helix using the parameters of ref 6 and 
8. The upper part of the figure represents the results for light 
propagated perpendicular to the helix, the middle for light paral
lel to the helix, and the bottom for the average over all orienta
tions.

th e y  are to o  close  to  b e  p resen ted  se p a ra te ly . F or p a ra lle l  
p ro p a g a tio n , th ere  are n ow  th ree  p airs o f  h e lic a l b a n d s  
g iv in g  rise to  th ree  p o sitiv e  c o u p le ts . T h e  ce n tra l c o u p le t  
arises fro m  th e  p a ir  o f  p erp en d ic u la rly  p o la r iz ed  b a n d s . 
T h e  p rin c ip a l re su lts  for th is  m o d e l are th e  p resen ce  o f  
th e  sp lit  M o f f i t t  sy s te m  in  R± a n d  th e  a p p ea ra n c e  o f  h e 

lica l b a n d s  in i? ,,.
T h e  figu re  h a s  b e e n  s im p lifie d . W i t h  th is  m o d e l a ll le v 

e ls  are o p tic a lly  a c tiv e . T h e  e ig h t p r in c ip a l b a n d s  w ere  
se le c ted  for p re sen ta tio n .

Real Helical Excitons. T h e  average  ro ta to ry  s tren g th  for  
rea listic  m o d e ls  o f  th e  a h e lix  (a n d  o th er  h e lic e s) h a s  b e e n  
e x te n siv e ly  s tu d ie d , first b y  W o o d y  an d  T in o c o  a n d  s u b s e 
q u e n tly  b y  our ow n  grou p  a n d  P y s h . T h e  re su lts  are q u a li 

ta tiv e ly  s im ila r  to  th o se  o b ta in a b le  fro m  th e  n e a rest  
n eig h b o r in tera c tio n  m o d e l19  for w h ich  th ere  is an  a n a ly t i 
ca l so lu tio n . T in o c o 20 h a s  m a d e  u se  o f  th is  a n a lo g y  for  
p re d ic tin g  th e  q u a lita t iv e  fea tu res  o f  e x c ito n  c ircu la r  d i-  
ch ro ism . T h e  gen era l fea tu res  o f  e x c ito n  b a n d s  are in  fa c t  
m u c h  s im p le r  in  a p p ea ra n ce  w h en  p re sen te d  as te n so r  
c o m p o n e n ts  rath er th a n  a v erag e  ro ta to ry  s tren g th  sin ce  
th e  b a n d s  segreg ate  n ic e ly  in to  tw o  ty p e s . F igu re  5  sh ow s  
the re su lts  o f  a c a lc u la tio n  u tiliz in g  th e  sa m e  in tera ctio n  
an d  o p tic a l p a ra m e te rs  as in  th e  p re v io u s se c tio n  for  a  72  
resid u e  a h e lix . W it h  a h e lix  th is  lo n g  w ith  e n d  e ffe c ts , 
th e  p re d ic te d  o p tic a l p ro p erties are a  c o n tin u o u s fu n c tio n  
o f  len g th  w ith  n o  sp ec ia l p ro p erties to  b e  a sc rib ed  to  th e  
reen tra n t s itu a tio n  N  =  7 2 . T h e  g en era l fo rm  o f  th e  M o f -

(18) W. Moffitt, D. Fitts, and J. Kirkwood, P roc . Nat. A ca d . S ci. U. S ., 
43, 723 (1957).

(19) D. F. Bradley, I. Tinoco, and R. W. Woody, B iop o lym ers , 1, 239 
(1963).

(20) I. Tinoco, J. A m er . C h em . S o c ., 86, 297 (1964).
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WAVELENGTH A

ENERGY cm'I

Figure 5. A real calculation of the rotatory strength of the irir* 
transition of a 72 unit helix using the parameters of ref 6 and 8. 
As in Figure 4, the graphs represent perpendicular, parallel, and 
average propagation, respectively.
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Figure 6. A real calculator of the rotatory strength of a 30 unit 
a  helix including the interactions of the nir* and irir* transitions 
using the parameters of ref 6 and 8. As in Figure 4, the graphs 
represent perpendicular, parallel, and average propagation, re
spectively.

f it t  s y s te m  is p re serv e d  in  R'̂  as  sh o w n  in  th e  u p p e r  p a rt  
o f  th e  figu re  e x c e p t  th a t  th e  p e r p e n d ic u la r  b a n d  re m a in s  
s ig n ific a n tly  s p lit . I t  is d o u b tfu l th a t  th is  sp litt in g  co u ld  
b e  d e te c te d  e x p e r im e n ta lly . T h e r e  are n o  str ic t se le c tio n  
ru les for  th is  ca se  so  th a t  th ere  are n o n v a n ish in g  ro ta to ry  
s tr e n g th s  for a ll 72  tr a n s it io n s . T h e  c o n tr ib u tio n  o f  b a n d s  
n o t sh o w n  in  th e  fig u re  are to o  sm a ll to  b e  p re sen te d  on  th e  
g ra p h . C o n tr ib u tio n s  to  Ru are sh o w n  in  th e  m id d le  p a rt  
o f  th e  figu re  a n d  to  th e  av era g e  R a t  th e  b o t to m . T h e  
n o tew o rth y  fea tu re  o f  th e  figu re  is  a g a in  th e  sep a ra tio n  o f  
th e  e x c ito n  circu la r  d ic h r o ism  in to  tw o  cla ssic  p a tte r n s  for  
th e  tw o  m o d e s  o f  p ro p a g a tio n . S in c e  it  is u n lik e ly  t h a t  th e  
fin e -g r a in e d  sp littin g s  o f  F ig u re  5  w o u ld  b e  d e te c ta b le  e x 
p e r im e n ta lly , th e  p re d ic te d  b e h a v io r  o f  th e  7 2  u n it  h elix  
in  a d iso rien ted  so lu tio n  w o u ld  b e h a v e  lik e  th e  fo u r -b a n d  
sy ste m  d esc rib e d  b y  T in o c o .20

Interaction with Other Absorption Bands. T h e  c a lc u la 

tio n s g iv en  a b o v e  h a v e  in c lu d e d  o n ly  th e  n e a rest t i t *  

tra n sitio n  o f  th e  p e p tid e  b o n d . A s  is w e ll k n o w n , th ere  is 
an  nir* tr a n sit io n  o f  low er en ergy  a n d  a  n u m b e r  o f  n e a rb y  
tra n sitio n s  o f  h ig h er en erg y  o f  th is  c h ro m o p h o re . S in ce  
th e o p tic a l p a r a m e te rs  o f  th e  la tte r  h av e  n o t y e t  b e e n  w ell 
ch a ra cte rize d , w e  s h a ll c o n c e n tra te  ou r a tte n tio n  to  th e  
in tera c tio n  o f  th e  xir* a n d  nir* s y s te m s . F igu re  6  sh ow s th e  
resu lts  o f  a c a lc u la tio n  for a h e lix  c o n ta in in g  3 0  resid u es  
w h ich  in c lu d e s b o th  b a n d s . T h is  c a lc u la tio n  h a s  b e e n  p e r 
fo rm ed  w ith  th e  sa m e  p a r a m e te rs  as w ere u se d  in  a  p re v i
ous p u b lic a tio n 8 e x c e p t  th a t  th e  c en ter  o f  en ergy  o f th e  
irir* b a n d  h a s  b e e n  m o v e d  to  195  n m  fro m  th e  m o n o m e r  
va lu e  o f 1 9 0  n m  (c ry sta l sh ift  a p p r o x im a tio n )  a n d  th e  p r o 
gram  h a s b e e n  a lte r e d  to  c a lc u la te  ten so r c o m p o n e n ts  as  
w ell as a v erag e  v a lu e s .

B e c a u se  o f  th e  low  o sc illa to r  s tren g th  o f  th e  nir* b a n d , 
th ere  is p ra c tic a lly  n o  s p litt in g  a n d  e x cito n  e ffec ts  are 
n eith er p re d ic te d  n or o b se r v e d . T h e  sin g le  rnr* ro ta tory  
stren g th  in d ic a te d  in th e  figu re  w a s o b ta in e d  b y  su m m in g  
th e  3 0  c o n tr ib u tio n s .

In  th e  d iscu ssio n  o f  th e  irir* tr a n s it io n , it  w as e m p h a 
size d  th a t  q u a d ru p o le  a n d  m a g n e tic  c o n tr ib u tio n s  to  th e  
ro ta to ry  stren g th  ten so r are o f  n e c e ss ity  o f  th e  sa m e  order  
o f  m a g n itu d e . F o r  th e  rnr* tr a n s it io n , a s o m e w h a t d iffe r 
e n t s itu a tio n  arises w h ich  req u ires d isc u ssio n .

T h e  q u a d ru p o le  o p era to r o f  a n  e le ctro n  is  g iv e n  b y

Q = err
w here r  is th e  p o sitio n  v e c to r  o f  th e  e le ctro n  a n d  e its  
ch a rg e . S in c e  in  th is  ty p e  o f  c a lc u la tio n  it  is a s s u m e d  th a t  
th ere  is n e g lig ib le  ex ch a n g e  o f  e le ctro n s b e tw e e n  grou p s, 
th e  o p era to r is n o r m a lly  a p p lie d  lo c a lly  to  a g iv e n  grou p , 
sa y  th e  j t h  grou p . I t  is th e n  c o n v e n ie n t to  d e fin e  a loca l  
origin  a t  th e  “ c e n te r”  o f  th e  grou p  so  th a t  th e  p o sitio n  
v ector m a y  b e  w ritte n  as r y  =  R j  +  pij. R 7 is n o w  th e  p o 
sitio n  v e cto r o f  th e  j t h  grou p  (a  c o n sta n t) a n d  ptj is th e  
p o sitio n  v e cto r o f  th e  ith  e le ctro n  a t  th e  ; t h  grou p  re lative  
to  Rj as origin . T h e  q u a d r u p o le  o p era to r m a y  n ow  b e  w rit

ten

Qj =  eRj-R j + eJjiPijRj + R jPu) + e'Ei{pijpij)

T h e  first  q u a n tity  m a y  b e  n e g le c te d  in  a n y  tr a n s it io n  m a 
trix  e le m e n t b e c a u se  it  is c o n sta n t. T h e  se c o n d  te rm  lea d s  
"to e x p re ssio n s su c h  as

( 0 | e p R | a )  =  eR(0\ ep\a) =  R p 0a 

b e c a u se  o f  th e  c o n sta n c y  o f  R .  W e  h a v e  c a lle d  su ch  te rm s
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th e  ex tr in sic  q u a d r u p o le  c o n tr ib u tio n . I t  is c o m p o se d  o f  
th e  d ia d  p ro d u c ts  o f  th e  p o sitio n  v e c to r  o f  th e  grou p  a n d  
th e  tra n sitio n  m o m e n t . T h is  is th e  ty p e  o f  q u a d ru p o le  
th a t  en tered  in to  a ll o f  th e  c a lc u la tio n s  g iv en  in  th e  p re v i
ous se c tio n s . T h e  th ird  te rm  is th e  in trin sic  q u a d ru p o le  o f  
th e  g ro u p . P r o b a b ly  th e  b e st  w a y  o f  d e fin in g  th e  origin  in  
a gro u p  (fo r  a g iv en  tra n sitio n ) is to  m in im iz e  th e  loca l 
q u a d ru p o le  tra n sitio n  m o m e n t . T h e  in trin sic  q u a d ru p o les  
o f  b o th  th e  i t *  a n d  nTr* tra n sitio n s  h a v e  b e e n  u tiliz e d  in  
our c a lc u la tio n s . T h e  in trin sic  q u a d ru p o le  c o n tr ib u tio n s  
to  th e  7tit* ro ta to ry  stren g th  are n e g lig ib ly  s m a ll  c o m p a re d  
w ith  th e  ex trin sic  c o n tr ib u tio n s a n d  for th is  rea so n  w ere  
ig n ored  in  th e  d isc u ssio n . O n  th e  oth er h a n d , th e  m r*  
tr a n sit io n  h a s  a large in trin sic  q u a d ru p o le  a n d  it  m ig h t  be  
a n tic ip a te d  th a t  large c o n tr ib u tio n s  c o u ld  arise . T h is  is 
n o t th e  ca se . T h e  rea son  is, th a t  b e c a u se  o f  th e  sp ec ia l g e 
o m e try  o f  th e  a h e lix , p ra c tic a lly  a ll o f  th e  q u a d ru p o le  
m o m e n t  is c o n ta in ed  in  Q 1 2 . A s  w as sh ow n  in  eq  14 , th is  
te r m  ca n c e ls  o u t w h en  th e  h e lix  o r ie n ta tio n  is av erag ed  
a b o u t  its  a x is . C o n se q u e n tly , for th e  a h e lix , th ere  is little  
d ifferen ce  b e tw ee n  e v a lu a tio n  o f th e  c o m p o n e n ts  o f  R 
w ith  th e  r p  d ia d  or w ith  th e  m a g n e tic  m o m e n t . D iffe r e n t  
resu lts  w ill p r e su m a b ly  be o b ta in e d  w ith  h e lices  w ith o u t  
th is  sp e c ia l p ro p erty .

O n c e  a g a in  th e  s im p le  p a tte r n  o f ro ta to ry  stren g th s o f  
R ± a n d  R, re m a in  th o u g h  th ere  is a c o n sid era b le  m ix in g  
o f  th e  tw o  a b so rp tio n  b a n d s . T h e  te n so r  p ro p erties  o f  th e  
n 7r* b a n d  are in  a g re e m en t w ith  p rev io u s c a lc u la tio n s  o f  
W o o d y  a n d  T in o c o . 5

T h e  p re d ictio n s o f  F igu re 6  are in q u a lita t iv e  a g re e m en t  
w ith  circu lar  d ic h r o ism  m e a su r e m e n ts  on  o r ien ted  a h e li
ces p er fo rm e d  in  ou r la b o ra to ry  b y  H o fr ic h te r 2 a n d  w ith  
th e  re su lts  o f  M a n d e l  a n d  H o lz w a r th .21 C o m p a riso n  o f  
th e o ry  a n d  e x p e r im e n t w ill a p p ea r in a fo rth c o m in g  p u b li
c a tio n .22

D is c u s s io n

T h e  p u rp o ses  o f  th is  p a p e r  h av e  b e e n  (1 )  to  e v a lu a te  th e  
re lative  m a g n itu d e  of q u a d ru p o le  c o n tr ib u tio n s  to  th e  ro 
ta to ry  str e n g th  ten so r , ( 2 ) to  re la te  th e  re su lts  o f  th e  

“ h e lic a l”  co n tr ib u tio n  to  ro ta to ry  s tren g th  d ev e lo p e d  w ith  
stu d ie s  o f  in fin ite  h e lices , a n d  (3 )  to  su p p ly  th e o r e tic a l re 
su lts  to  a id  in  th e  in terp reta tio n  o f  orien ted  C D  m e a su r e 
m e n ts  w h ich  are go in g  on  in  ou r la b o ra to ry .

I t  h a s  b e e n  sh ow n  th a t  it  is lo g ic a lly  in c o n s is te n t to  ig 

nore q u a d ru p o le  te rm s in th e  ro ta to ry  s tren g th  ten sor. 
T h e  n e c e ssity  for th e  in c lu sio n  o f  th e se  te r m s  h a s  b een  
d isc u sse d  b y  oth er au th ors as w e ll10 1 1  a n d  in c lu d e d  in th e  
c a lc u la tio n s  o f  W o o d y  a n d  T in o c o .5 T h e s e  re m a rk s  a p p ly  
to  th e  e xtrin sic  q u a d ru p o le  m o m e n ts  d isc u sse d  im m e d i
a te ly  a b o v e . F or stro n g  tra n sitio n s there are in trin sic  q u a 
d ru p ole  m o m e n ts  a n d  in trin sic  m a g n e tic  m o m e n ts  b u t  b y  
ch o ice  o f  th e  p ro p er origin  (p o sitio n ) o f  a g ro u p , th e se  ca n  
b e  m a d e  very  s m a ll  co m p a re d  to  th e  e x trin sic  q u a d r u 
p o les . F or w ea k  tra n sitio n s  (su c h  as th e  n 7r* o f  th e  p ep tid e  
grou p ) th e  e xtrin sic  c o n tr ib u tio n s  to  Q are sm a ll b e ca u se  
o f  th e  sm a lln e ss  o f  th e  e le ctr ic  tr a n sit io n  m o m e n t  b u t  
th ere  are u su a lly  large in trin sic  q u a d ru p o les . T h e  m a n n er  
in w h ic h  th ese  co n tr ib u te  d ep e n d s  on  th e  g e o m e try  o f  th e  
h e lix . F or th e  a h e lix , w here th e  ax is  o f  th e  q u a d ru p o le  is 
e sse n tia lly  p a ra lle l to  th e  h e lix  a x is , o n ly  Q 12  is large an d  
th is  d oes n o t c o n tr ib u te  to  th e  ro ta to ry  s tren g th  o f  a h elix  
w h ich  ca n  ro ta te  freely  a b o u t  its  a x is .

T h e  d isc u ssio n  o f th e  v a rio u s m o d e ls  for c a lc u la tio n  h a s  
b e e n  c e n tered  a b o u t  cy c lic  e x c ito n  th e o ry . T h is  ca n  a l 

w a y s b e  d o n e . S in ce  th e  c y c lic  e x c ito n s  are re la te d  to  th e  
grou p  e x c ita tio n s  b y  a u n ita ry  tr a n s fo r m a tio n , th e y  ca n  
serve e q u a lly  w ell as  a b a sis  se t for an  a rb itra ry  sta te  o f  
e x c ita tio n . A n  a ltern a tiv e  p ro cedu re  for th e  c a lc u la tio n  o f  
th e  o p tic a l p ro p erties o f  an  arb itra ry  e x c ita t io n  is to  e v a l
u a te  th e  o p tic a l p ro p erties o f  th e  few  c y c lic  e x c ito n s  
w h ich  are o f  im p o r ta n c e  (c lo sed  fo rm u la s  ca n  b e  o b 
ta in e d ) a n d  th e n  d e c o m p o se  th e  arb itra ry  e x c ita t io n  in to  
th ese  c y c lic  c o m p o n e n ts

t y a  0  j —  K  ^ K a ~ ^ ( a  ) l ( i a i a

w here \pa is th e  arb itrary  ex c ita tio n  a n d  <pK th e  Kth cy clic  
e x c ito n  a n d  4n is th e  lo c a liz ed  e x c ita tio n .

W e  h av e  tr ied  to  u n d ersta n d  w h y  th e  “ h e lic a l”  te rm s  
h av e  arisen  in  th e  th e o ry  u n d er  su c h  d iverse  c ir c u m s ta n c 
es as th e  g en era l fo r m a lism  o f  M o f f i t t ,  F itt s , a n d  K ir k 
w o o d ,18  th e  n ea rest n e ig h b o r th eo ry  o f  W o o d y , B r a d le y , 
a n d  T in o c o , 19  a n d  th e  re ten tion  o f  th e  p h a se  o f  th e  ra d ia 
tio n  for in fin ite  h e lice s . I f  th e  la tte r  is e x c lu d e d  fo r  th e  
m o m e n t , th e  an sw er for sh o rt h e lices (c o m p a r e d  to  th e  
w a v e len g th  o f  lig h t)  is to  b e  fo u n d  in  th e  stru c tu re  o f  th e  
o p tic a l p ro p erties o f  re e n tra n t c y c lic  e x c ito n s . T h e  h e lic a l  
co n tr ib u tio n s  are co n ta in e d  in  th is  s im p le s t  o f  th eories as  
tw o te rm s o f  e q u a l m a g n itu d e  a n d  en ergy  w h ic h  are o p p o 
site  in  s ig n . In  a n y  rea l sy s te m , w h ich  d oes n o t h a v e  th is  
id ea liz ed  s y m m e tr y , th e  d eg en e ra cy  is b ro k en  a n d  h e lic a l  
b a n d s  a p p ea r . I t  w as sh o w n  th a t  th e  re m o v a l o f  e ith e r  th e  
reen tran ce  or c y c lic  c o n d itio n  is su ffic ie n t to  b r in g  o u t th e  
h elica l te rm s.

In  th e  lim it  o f  in fin ite  h e lice s , it  b e c o m e s  p e r m issa b le  
to  d esc rib e  th e  o p tic a l p ro p erties o f  th e  h e lix  in te r m s  o f  
c y c lic  ex c ito n s . In  d isc u ssin g  th e  o r ie n ta tio n a l p ro p erties , 
so m e  care m u s t  b e  ta k e n  b e c a u se  th e  ro ta to ry  stren g th  is 
n o lon g er a  seco n d  ran k  ten so r w h en  th e  p h a se  o f  th e  ra d i
a tio n  is re ta in e d  in  th e  m a trix  e le m e n ts .

Light Propagating Perpendicular to a Very Long Helix. 
F or th is  o r ie n ta tio n , th e  R o se n fe ld  e x p a n sio n  is v a lid  a n d  
there is n o  s ig n ific a n t n o n lin e a r p h a se  ch a n g e  over th e  
m o le c u le  w ith  p la n e  w a v e s . A s  sh ow n  b y  D e u ts c h e 12  a n d  
L o x s a m , 1 1  th e  M o f f i t t  te rm s are re ta in e d  as tw o  tr a n s i
tio n s as in  th e  orig in al th e o ry . T h is  is th e  l im it  our c a lc u 
la tio n s  are a p p ro a c h in g  as th e  le n g th  is in crea sed  (to p  o f  
F igu re 5 ) .

Light Propagating Parallel to a Very Long Helix. In  th e  
l im it  o f  a n  in fin ite  h e lix , th e  e x c ito n  sy s te m  is so  fine  
grain ed  th a t  th ere  e x ist ex c ito n s w ith  w a v e le n g th s  w h ich  
m a tc h  th o se  o f th e  ra d ia tio n  lea d in g  to  sp e c ia l h e lic a l s e 
lec tio n  ru les for th e  a b so rp tio n  o f  r ig h t a n d  le ft  c ircu la rly  
p o la rized  lig h t .1 1 -12  14  A n o th e r  w a y  o f  s ta tin g  th is  is th a t  
th e  p itc h  o f  th e  e x c ito n  m a tc h e s  th e  p itc h  o f  th e  c irc u la r 
ly  p o la r iz ed  lig h t a t  th e  a b so rp tio n  w a v e le n g th . T h e  p itc h  
o f  an  e x c ito n  is d e fin e d  as th e  p h a se  a d v a n c e  p er u n it  
tra n sla tio n  a lo n g  th e  h e lix . I t  is in terestin g  to  n o te  th a t  
th e  h e lic a l b a n d s  w ere p re d ic te d  b y  R h o d e s  on  th e  b a ses  
o f  c o n serv a tio n  law s for lin ear a n d  a n g u la r  m o m e n t u m 23 

lon g  b efo re  th e  q u a n tita tiv e  th eories w ere d e v e lo p e d . T h is  
is to  b e  c o n tra ste d  w ith  th e  se le c tio n  ru le  for sh o rt h e lices  
w h ich  requires th e  m a tc h in g  o f th e  p itc h  o f  th e  e x c ito n  
w ith  th e  p itc h  o f  th e  h e lix .

S o m e  id ea  o f  w h a t is m e a n t  b y  a very  lo n g  h e lix  c a n  be  
g lea n ed  fro m  th e  fa c t  th a t  an  a h e lix  m u s t  c o n ta in  o f  th e

(21) R. Mandel and G. Holzwarth, J. C h em . P hys., 57, 3469 (1972).
(22) J. Hofrichter and J. Schellman, manuscript in preparation.
(23) W. Rhodes, J. A m er . C h em . S o c ., 83, 3609 (1961); W. Rhodes and 

D. Barnes, J. Chim . P h ys., 65, 78 (1968).
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order o f  7 0 0  p e p tid e  u n its  b efo re  a n y  e x c ito n  h a s  a  w a v e 
len g th  lo n g  e n o u g h  to  m a tc h  th a t  o f  ra d ia tio n  a t  2 0 0  n m .  
T h e  h elix  w ou ld  h a v e  to  b e  ord ers o f  m a g n itu d e  lo n g er b e 

fore th e  p resen ce  o f  e x c ito n s  sa tis fy in g  th e  co n d itio n s  o f  
L o x s a m  a n d  D e u ts c h e  is g u a ra n te e d . T h is  re m a rk  is tru e  
on ly  i f  th e  e le ctro n ic  e x c ito n  b a n d  is reg ard ed  as a  line  
sy ste m . T h e  re la tiv e ly  b r o a d  w id th s  o f  rea l b a n d s  p r e s u m 
a b ly  a llo w s th e  se le c tio n  ru les to  b e  sa tis fie d  for  s ig n ifi
c a n tly  sh orter h e lices .

I t  is o f  in terest th a t  th e  b e h a v io r  o f  th e  h e lic a l b a n d s  in  
th e  in fin ite  lim it  is q u a lita t iv e ly  th e  sa m e  as th a t  for  
sh ort h e lices in th e  R o se n fe ld  l im it . P r e s u m a b ly  as h elix  
len g th  is in creased  th ro u g h  th e  in te r m e d ia te  reg ion , th e  
sh ort h elix  se le c tio n  ru le  w ith  th e  a p p ro x im a te  m a tc h in g  
o f  e x c ito n  p itc h  a n d  h e lic a l p itc h  is c o lla p sin g  w h ile  th e  
in fin ite  se le c tio n  ru le  o f  th e  m a tc h in g  o f  e x c ito n  p itc h  a n d  
ra d ia tio n  p itc h  (for th e  w a v e le n g th  o f  a b so r p tio n ) is g ra d 
u a lly  c o m in g  in to  p la y .

A p p e n d i x . T e n s o r  S u m  R u le s

L e t  <j>i b e  th e  w a v e  fu n c tio n  for  lo c a liz e d  e x c ita tio n  on  
group  j, a n d  let ipK rep re se n t a  n o n lo c a liz e d  e ig e n fu n c tio n  
resu ltin g  fro m  th e  in te r a c tio n  o f  th e  g ro u p s . B e c a u se  o f  
the H e r m itia n  ch a ra c te r  o f  th e  in te r a c tio n  H a m ilto n ia n  
p a ssa g e  fro m  th e  <t>i to  th e  \pK is a c c o m p lish e d  b y  a  u n i
ta ry  tr a n s fo r m a tio n  w ith  m a tr ix  e le m e n ts  C¡k-

</>* = £  C j K(j)j
J

L e t  a an d  p be o n e -e le c tr o n  o p era to rs  w h ich  m a y  b e  c o m 
p o n e n ts  o f  v ecto rs or te n so rs , th en

a O K  C i K a O j
3

w h en  aoj is th e  lo c a l m a tr ix  e le m e n t o f  th e  y th  grou p  
w h ich  is d e fin e d  b e c a u se  e x c h a n g e  b e tw e e n  g rou p s is n e 

g le c te d . A ls o  Pro =  2 iCiK*fiio. T h e  p ro d u c t o f  th e  m a trix  
e le m e n ts  is g iv en  b y

a o k  ®  P k o  —  j l f i  l K * a O j  ®  PlO3 l
w here ®  m a y  b e  a n  o rd in a ry  p ro d u c t or a d o t  or cross  
p ro d u c t. S u m m in g  over a ll e x c ito n s  K, w e h ave

^ K a O K  ®  Prco = ^ a O j  ®  PjOi

b e c a u se  C  is u n ita ry . C o n se q u e n tly , th e  su m  over exciton s  
m u s t e q u a l th e  s u m  o v er g rou p s.

I f  a = fi a n d  /3 =  m  a n d  th e  d o t  p ro d u c t is in v o lv e d , one  
h as th e  ru le  th a t  th e  su m  o f  th e  ro ta to ry  s tren g th s  o f  th e  
e x c ito n s  e q u a ls  th e  s u m  ov er th e  g rou p s. T h e  la tte r  v a n 
ish es b y  d e fin itio n  in  ou r m o d e l s in ce  lo c a l d issy m e tr y  h as  
b e e n  e x c lu d e d .

I f  a = fi, /3 =  p r , a n d  a  cross p ro d u c t is in v o lv e d , w e  
h av e  th e  s u m  over 2jmoj X  (p r )  jo- T h is  h a s  tw o  c o m p o 
n e n ts . I f  w e p u t r  =  R j + pj w h ere  R y is th e  (c o n sta n t)  
p o sitio n  v e cto r o f  th e  /t h  g ro u p , th e n

(/%) X {Pr)j o -  M 0  j X P ; o R ;  + M o  j x (Pfi)n
T h e  first p a rt v a n ish e s  b e c a u se  mo j a n d  p jo are p a ra lle l; 

th e  se c o n d  v a n ish e s  b e c a u se  o f  th e  d e fin e d  s y m m e tr y  o f  
th e  g ro u p . T h is  a p p lie s  to  a ll n in e  c o m p o n e n ts  o f  th e  te n 
sor.

I f , h ow ever, in d iv id u a l m a tr ix  e le m e n ts  su c h  as (nx)oj 
{mx)jo are in v o lv e d  as th e y  are in  th e  m a g n e tic  m o m e n t  
p a rt o f  th e  ro ta to ry  s tren g th  (e q  1 1 ) , w e h a v e  lo ca l te rm s

(e/2mc)(tix)0j {Ypz -  Z py)j0
S u c h  te rm s d e p e n d  on  th e  d e fin it io n  o f  th e  co ord in a te  
ax es a n d  th ere  is n o  rea son  for th e  c o m p o n e n t to  v a n ish . A  
s im ila r  c o n clu sio n  is to  b e  d ra w n  for q u a d r u p o le  c o n tr ib u 

tio n s .
In  c o n c lu sio n , c o n serv a tio n  la w s e x is t  ov er an  ex cito n  

s y s te m  for th e  av erag e  ro ta to ry  s tren g th  a n d  fo r  th e  ten sor  
( p ) o j X  (pr)jo b u t  n o t fo r  th e  ten so rs  o f  th e  m a g n e tic  a n d  
q u a d ru p o le  c o n tr ib u tio n s .
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T h e  freq u en cies  vCt a t  m a x im a l a b so r p tio n , th e  e x tin c tio n  co effic ie n ts  €max, a n d  th e  b a n d w id th s  At>i/2 o f  
th e  ch a rg e -tra n sfe r  b a n d s  w ere d e te r m in e d  for c o m p le x e s  o f  b ro m in e  w ith  sev era l s u b s t itu te d  p y r id in es . 
T h e s e  v a lu es  w ere c o m p a re d  w ith  th e  force  c o n sta n ts  feBr-Br a n d  k n . . . B r 2 p re v io u sly  d e te r m in e d  b y  fa r - 
in frared  sp e c tro m e tr y , w ith  th e  c o m p le x a tio n  e n th a lp y  VkN a n d  w ith  th e  p K a o f  th e  d on o r. T h e  p e c u la ri- 
tie s  o f  th e  re la tio n s th a t  e x is t  b e tw ee n  th e se  e x p e r im e n ta l v a lu e s  ca n  b e  e x p la in e d  in  te r m s  o f  th e  s im 
p lifie d  reso n a n ce  th e o ry  o f  M u llik e n . F ro m  th e  a b o v e  e x p e r im e n ta l d a ta  th e  w eig h t o f  d a tiv e  s tru c tu re  F i  
a n d  th e  en ergy  p a r a m e te rs  W o i, Wo, a n d  Wi o f  th is  th e o r y  w ere c o m p u te d . W h ile  fo r  a ll th e  c o m p le x e s  
s tu d ie d  h ere W o a n d  W\ ca n  b e  d esc rib e d  b y  q u a d r a tic  fu n c tio n s  o f  h\, s y s te m a tic  p o sit iv e  d e v ia tio n s  
o c cu r for W o i in  th e  ca se  o f  th e  o r th o -s u b s t itu te d  c o m p o u n d s . T h e s e  d ev ia tio n s  are c a u sed  b y  th e  in 
crease in  th e  N  • • • B r  in terd ista n c e  a n d  are re sp o n sib le  for th e  d e v ia tio n s  th ese  c o m p o u n d s  sh o w  re la 

t iv e ly  to  th e  lin ear re la tio n sh ip  o f  h v C T  u s . F-y o b serv e d  for th e  oth er c o m p le x e s . W h e n  W o a n d  W i  are 
p lo tte d  vs. p K a , th e  o r th o -s u b s t itu te d  c o m p o u n d s  a lso  sh ow  s ig n ific a n t d e v ia tio n s . T h e  o b se r v e d  p o s i

tiv e  d e v ia tio n s  o f  th e  c o m p le x a tio n  e n th a lp y  W n  v s . pKa fo r  th e se  c o m p o u n d s  are th e  co n seq u en c e  o f  th e  
fa c t  th a t  th e  p o sitiv e  d e v ia tio n s  o f  W i ,  c a u se d  b y  th e  in crea sin g  o f  N - - -B r  in terd ista n c e  a n d  b y  an  a d 
d itio n a l re p u lsio n  b e tw ee n  th e  o r th o -m e th y l grou p  a n d  th e  B r -  ion  are n o t c o m p le te ly  c o m p e n sa te d  b y  
th e  d ec rea sin g  o f  W o. T h e  tra n sitio n  m o m e n t  gCT is ro u g h ly  p ro p o rtio n a l to  th e  w eig h t o f  d a tiv e  s tr u c 

tu re : g CT ~  17.F i.

T h e  c o m p le x e s  o f  b r o m in e  w ith  severa l s u b s t itu te d  p y 
r id in es  w ere p re v io u sly  s tu d ie d  in  ou r la b o ra to ry  b y  m e a n s  
o f  v a rio u s e x p e r im e n ta l te c h n iq u e s : fa r -in fra r e d 1  a n d  v is i
b le  sp e c tro m e tr y , 2 d e te r m in a tio n  o f  d ip o le  m o m e n ts , 1  

a n d  a d ia b a tic  c a lo r im e try . 3 F ro m  th e se  s tu d ie s  it  w as p o s 
s ib le  to  sh o w  th e  e x isten c e  o f  a lin ear re la tio n sh ip  b e 
tw een  th e  lo g a rith m  o f  th e  c o m p le x a tio n  c o n sta n ts  a n d  
th e  w eig h t o f  d a tiv e  stru ctu re  in  th e  c o m p le x . A  s im ila r  
re la tio n sh ip  h o ld s  for th e  c o m p le x a tio n  e n th a lp y .

In  th is  w ork , th e  ch a rg e -tra n sfe r  b a n d s  o f  th e se  c o m 
p le x es  th a t  a p p ea r in  th e  u ltr a v io le t  region  are s tu d ie d . 
T h e  ch a ra cte ristics  o f  th e se  b a n d s  are th e n  c o m p a re d  w ith  
th e  p re v io u s e x p e r im e n ta l d a ta  a n d  th e  p ec u lia ritie s  are  
e x p la in e d  in  te r m s  o f  th e  s im p lifie d  reso n an ce  th e o ry  o f  
M u llik e n . 4

C h a r a c t e r is t ic s  o f  th e  C h a r g e -T r a n s f e r  B a n d s

T h e  u ltr a v io le t  sp e c tru m  w a s s tu d ie d  in  th e  region  b e 
tw e en  2 1 0  a n d  3 0 0  mg w here th e  c h a rg e -tra n sfe r  b a n d s  
a p p ea r . T h e  s o lv e n t w as 1 ,2 -d ic h lo r o e th a n e  a n d  th e  t e m 
p eratu re  w as 2 5 ° . A t  a g iv e n  w a v e len g th , th e  a b so rb a n c e  
A o f  th e  tern a ry  so lu tio n s  ca n  b e  re la ted  to  th e  fo rm a l  
co n ce n tra tio n s C D°  a n d  C A°  o f  th e  d on o r a n d  o f  th e  a c c e p 
to r , a n d  to  th e  real co n c e n tra tio n  o f  th e  c o m p le x  C K 
th ro u g h  th e  e xp ression

A = [(:d(Cd° ~ CK) +  eA( C A° ~ CK) + eKCK]d (1 )

w h ere  d is th e  ce ll th ic k n e ss  ( 0 .0 2 5  Cm ) a n d  cD, tA, a n d  cK 
are th e  m o la r  e x tin c tio n  co effic ie n ts  o f  th e  free d on o r, th e  
free a c c e p to r , a n d  th e  c o m p le x .

T h e  re feren ce  ce ll w a s fille d  w ith  a so lu tio n  o f  th e  sa m e  
c o n c e n tr a tio n  Cd° o f  th e  d on o r. T h e  v a lu e  o f  cK is th e n  
fo u n d  fro m  th e  d ifferen ce  in a b so rb a n c e  A — A0 b e tw een  
th e  tw o  c e lls , u s in g  th e  ex p ression

*K "  ^  +  <D + '■'(I “  <2)
T h e  c o n c e n tra tio n  o f  th e  c o m p le x  is c o m p u te d  fro m  th e  
v a lu e s  o f  th e  fo r m a l co n ce n tra tio n s , u s in g  th e  c o m p le x a 
tio n  c o n sta n ts  d e te r m in e d  in th e  p re v io u s w ork .

In  ou r d e te r m in a tio n s  C A°  a n d  C D°  are o f  th e  order o f
1 0 - 3  m o l l . _ 1 . E q u a t io n  1  a ssu m e s  th a t  o n ly  1 : 1  c o m 
p le x es  are p re se n t in  th e  so lu tio n . In  a  p rev io u s w o rk , 2 it 
w as sh o w n  b y  th e  m e th o d  o f  B r ie g le b -L ip ta y , b y  th is  
m e th o d  o f  c o n tin u o u s  v a ria tio n s a n d  b y  th e  m e th o d  o f  th e  
iso sb ec tic  p o in ts , th a t  u n d er  th e  c ir c u m sta n c e s  o f  ou r e x 
p e r im e n ts , th e  a p p ea ra n c e  o f  h ig h er c o m p le x e s  is n e g lig i
b le .

I t  is th e n  p o ssib le  to  d eterm in e  th e  w a v e le n g th , w h e r e ' 
tK is m a x im a l (cmax) , an d  also  th e  b a n d w id th  Avi/2- T h e  
tr a n sit io n  m o m e n t  g^T w a s  th e n  c o m p u te d  u s in g  th e  
e m p iric a l e q u a tio n  o f  T s u b o m u r a  a n d  L a n g .5

Mct =  0 . 0 9 5 8 r ^ ^ ? /2 ( 3 )
L  F m a x  J

In  T a b le  I, th e  e x p e r im e n ta l v a lu e s  d e te r m in e d  in th is  
w ork  are sh o w n  a g a in st  th e  oth er c h a ra cte ristics  o f  th e  
c o m p le x e s  w h ich  w ere d e te r m in e d  in th e  p re v io u s w ork s: 
&Br-Br, th e  B r -B r  str e tc h  force c o n sta n t (d ir e c tly  re la ted  
to  th e  w eig h t o f  d a tiv e  s tr u c tu re ), feN . . . Br, th e  force  c o n 
s ta n t  o f  th e  v ib ra tio n  a sso c ia te d  w ith  th e  c h a rg e -tra n sfe r

(1) J. D’Hondt and Th. Zeegers-Huyskens, J. Mol. S tru ct., 10, 135 
(1971).

(2) J. D ’Hondt, C. Dorval, and Th. Zeegers-Huyskens, J. Chim . P h ys., 
68,516(1972).

(3) B. Tilquin and L. Lamberts, Z. Phys. C h em ., in press.
(4) R. S. Mulliken and W. B. Person, "Molecular Complexes,” Wlley-ln- 

terscience, London, 1969.
(5) H. Tsubomura and R. Lang, J. A m er. C h em . S o c . , 83, 2085 (1961).
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b o n d , a n d  W N, th e  e n th a lp y  o f  th e  b o n d . In  th is  ta b le  w e  
a lso  give  th e  p Ka v a lu e  o f  th e  d on o r ta k e n  fro m  th e  lite ra 
tu r e .* 6 T h e  c o m p le x e s  are c la ssifie d  b y  d ec re a sin g  feBr_Br 
force  c o n sta n t, a n d  th u s  in crea sin g  w eig h t o f  d a tiv e  s tr u c 
tu re .

C o m p a r is o n  b e tw e e n  th e  D i r e c t  E x p e r im e n t a l  D a t a

T h e  c o m p a riso n  o f  th e  e x p e r im e n ta l d a ta  in  T a b le  I 
brin gs so m e  in terestin g  p ec u lia ritie s  to  lig h t . F or a ll th e  
c o m p le x e s  s tu d ie d  h ere w h ich  d o  n o t b e a r  s u b stitu e n ts  in  
th e  orth o p o sitio n , on e  ob serv es  th e  fo llo w in g  re la tio n sh ip s  
b e tw ee n  ftN . . . Br, W N, p Ka, hvCT, a n d  kBr_Br

W N =  1 .3 8  -  0 .6 1 & Br_Br ( m a x  d e v  0 .0 1  e V )  ( 4 )

hvcT  =  5 .5 0  -  0 . 0 4 9 p / f a ( m a x  d e v  0 .0 2 5  e V )  ( 5 )

W N =  - 0 . 2 2  -  0 .0 4 5 p .K a ( m a x  d e v  0 .0 1 5  e V )  ( 6 )

hvCT =  4 .3 4  +  0 .6 7 & Br_Br ( m a x  d e v  0 .0 2 5  e V )  ( 7 )

A N .;. Br =
2 .4 3  -  1 .9 2 & Br_Br ( m a x  d e v  0 .0 2  m d y n  A ' 1) ( 8 )

I t  m u s t  b e  n o te d  h ere th a t  th e se  a n a ly tic a l ex p ressio n s  
h o ld  o n ly  fo r  th e  s tu d ie d  ran ge  o f  th e  v a ria b les  (see  T a b le  
I) a n d  th a t  th e se  q u a n tit ie s  d o  n o t n e c e ssa r ily  e x h ib it  l in 
ear re la tio n sh ip s  in  th e  w h ole  ra n ge  o f  v a lu e s . I t  a p p ea rs  
th a t , w ith in  th e  sa m e  lim its , e q  4  a n d  5  a lso  h o ld  for th e  
o r th o -su b st itu te d  c o m p le x e s . T h is  is n o t th e  ca se , h o w 
ever, for ex p ressio n s 6  a n d  7 : th e  o r th o -d isu b stitu te d  c o m 
p o u n d s  sh ow  W N v a lu e s  th a t  are 0 .0 6 -0 .0 9  e V  to o  h igh  
an d  hvCt  v a lu e s  th a t  are 0 .0 5 -0 .0 9  to o  low . F or th e  o rth o - 
s u b s t itu te d  c o m p o u n d s  th e  d e v ia tio n s  are o f  th e  order o f  
0 .0 3  e V .

S ig n ific a n t n e g a tiv e  d e v ia tio n s  a lso  o c c u r  for th e  o rth o -  
d isu b stitu te d  c o m p le x e s  for eq  8 . T h e s e  p ec u la ritie s  ca n  
b e  e x p la in e d  in te r m s  o f  th e  s im p lifie d  reso n a n ce  th e o ry  
o f  M u ll ik e n . 4 O n  th e  o th er h a n d , th e  d a ta  in  T a b le  I  sh o w  
th e  ex isten c e  o f  a  ro u gh  lin ear re la tio n sh ip  b e tw ee n  th e  
tra n sitio n  m o m e n t  /iCT a n d  W N . T h is  re la tio n  ca n  be  
w ritten

H ct ~  — ,16Wn (9)

D e t e r m in a t io n  o f  th e  P a r a m e t e r s  o f  th e  S im p li f ie d  
M u ll ik e n  T h e o r y

T h e  w a v e  fu n c tio n  o f  th e  c o m p le x  in  th e  grou n d  
sta te  is co n sid ered  as a c o m b in a tio n  o f  o n ly  tw o  reso n an ce  
stru ctu re s : th e  n o -b o n d  w ave  fu n c tio n  i/'o w ith  th e  en ergy  
W o, a n d  th e  d a tiv e  fu n c tio n  \pi w ith  th e  en ergy  W1

iff n  =  a ^ o  +  biff! ( 1 0 )

T h e  fra c tio n  in  d a tiv e  stru ctu re  F\ is g iven  b y

Fx = 5 2 + abS01 (11)

w here S o i is th e  o v er la p  in teg ra l. I t  ca n  b e  e x p ec te d  th a t  
th is  in teg ra l d oes n o t d iffe r  a p p re c ia b ly  for th e  v a rio u s  
c o m p le x e s  s tu d ie d  h ere . W e  a ssu m e d  th erefore  in  a ll ca ses  
th a t  S o i w a s e q u a l to  0 .3 , a v a lu e  g e n e ra lly  a d m it te d  for  
th is  k in d  o f  c o m p le x e s .4

F o llo w in g  a m e th o d  p re sen te d  b y  P e r so n , 7 F i  ca n  be  
c o m p u te d  fro m  th e  force  c o n sta n ts  o f  th e  B r -B r  stretch in g  
v ib ra tio n  re sp e c tiv e ly  in  th e  c o m p le x  (&Br-Br) a n d  in  th e  
free m o le c u le  (&Br-Br0) b y  m e a n s  o f  th e  e q u a tio n

j - ,  __  /  & B r - B r °  &Br— Br \  / __________________^_________________\  ( 1 9 \

1 \  & B r—B r°  /  \ 1  _  * A B r - B r 0 / ^ B r - Br ° ) /

& Br-Br~° is th e  force  c o n sta n t in  th e  B r 2 io n . W e  c a lc u 

la te d  F t  fro m  fcBr_Br u sin g  th e  v a lu e  o f  2 .2 9  m d y n  A - 1  for  
&Br-Br° a n d  0 .2 5  for th e  ra tio  kBT_PjT~°/kBT_Hr°. F ro m  F i  it  
is th e n  p o ssib le  to  c a lc u la te  th e  co e ffic ie n ts  a a n d  b, u sin g  
e q  1 0  a n d  ta k in g  n o r m a liz in g  re q u ire m en ts  in to  a c c o u n t.

A c c o rd in g  to  th e  s im p lifie d  reso n a n ce  th eo ry  o f  M u ll i 
k en , th e  b o n d  en erg y  W N a n d  hvc t  are re la te d  b y  th e  e x 
p ression

- W N =  f  ArCT +  j - Z T g ^ 2 ( W o iS o i  -  Wi'-~  W l )  (13) 

w here W o i is th e  in teg ra l.

W 01 =  d r  (14)
Jo

W o i, Wo, an d  W i  ca n  b e  c a lc u la te d  fro m  th e  c o effic ien ts  a 
an d  b an d  fro m  th e  e x p e r im e n ta l v a lu es  o f  W N a n d  hvCT, 
u sin g  th e  fo llo w in g  e q u a tio n s  d eriv ed  fro m  th e  b a s ic  e x 
p ression s o f  th e  th e o ry  o f  M u llik e n  (re f 4 , p  12 ).

W 01 W NS 01 - % A i»ct(1 — S 012)

S"  +  K a + ! )
(15)

W 0 =  W N +  |
V íh v  c t ( 1  —  S 0 i 2)

s -  +  K « + f )
(1 6 )

W ,  = W N + f
Î^âv c tO  — S 012)

s-+K«+f)
(17)

In  T a b le  II we g ive  th e  v a lu e s  o f  th e se  en ergy  p a ra m e te rs  
w ith  th o se  o f  F i ,  a, a n d  b for th e  v a rio u s c o m p le x e s  s tu d 
ied  in  th is  w ork.

D is c u s s io n  o f  th e  R e s u lt s

It  is in terestin g  to .c o n s id e r  th e  e v o lu tio n  o f  th e  variou s  
p a r a m e te rs  w ith  in crea sin g  w e ig h t o f  d a tiv e  s tru ctu re . 
T h e  c o m p le x e s  w h ich  d o  n o t b e a r  orth o  s u b st itu e n ts  ob ey  
w ith in  0 .0 1  e V  th e  re la tio n

W 01 =  - 1 . 5 9  -  0 . 9 0 F !  (1 8 )

A g a in , th is  lin ear re la tio n  o n ly  h o ld s  for th e  s tu d ie d  ran ge  

o f  F i .
T h e  o r th o -su b st itu te d  c o m p le x e s  a n d  th e  o r th o -d is u b s ti

tu te d  c o m p le x e s  sh o w  v a lu e s  th a t  are s y s te m a tic a lly  
h ig h er b y  a few  h u n d re d th s  o f  an  e le ctro n  v o lt . T h e s e  d e 
v ia tio n s  are re sp o n sib le  for th e  d e v ia tio n s  in  th e  hvCT -  
&Br-Br re la tio n s . A s  a  m a tte r  o f  fa c t , hvCT is  v ery  sen sitiv e  
to  v a ria tio n s in  W 0i , a c co rd in g  th e  M u llik e n  e q u a tio n

tlV,-T —
JW  
A _____

~W7J +  (Woi -  w 0S ) ( w 01 -  W i S )

( 1  -  Soi2)
(19)

I f  w e re c a lc u la te  hvc x  fro m  th is  e x p ressio n  re p la cin g  o n ly  
th e  e x p e r im e n ta l v a lu e  o f  W o i b y  th a t  o f  e x p ressio n  18, 
th e  d e v ia tio n s  o f  th e  o r th o -s u b s t itu te d  c o m p le x e s  in  th e  
hvCT~kBT- Br re la tio n s d isa p p e a r . T h e  rea son  for  th e  e ffe c t  
o f  orth o  su b st itu t io n  on  W o i m u s t  b e  so u g h t in  an  in 
crease in th e  in terd ista n c e  N - B r  c a u sed  b y  th e  steric  h in 
d ra n ce  o f  th e  orth o  su b st itu e n t . T h is  in crease  in  th e  in ter-

(6) D. D. Perrin, "Dissociation Constants of Organic Bases in Aqueous 
Solutions,” Butterworths, London, 1965.

(7) H. B. Friedrich and W. B. Person, J. Chem. Phys., 44, 2161 (1966).
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TABLE I: Experimental Characteristics of Bromine-Substituted Pyridine Complexes

Substituent of 
pyridine

^Br-Br»a 
mdyn A-1

kN-Br,a
mdyn A“ 1 Wn,6 eV pKa donor17 ^maxi Â hvcT, eV Aiu/2, cm- '

imaxi I-
mol- 1 cm- 1 ACT, D

3-CI 1.70 0.38 2.84
3-Br 1.67 0.40 -0 .3 5 2.84 2270 5.46 39480
3 -1 1.62 0.46 3.25
2,6 Me2 1.54 0.42 -0 .4 3 6.60 2340 5.28 37600
2-Me 1.52 0.49 5.96 2330 5.32 6740 39420 7.5
2-Et 1.51 0.16 -0 .4 6 5.89 2340 5.30 7010 37600 7.5

1.50 0.48 -0 .4 5 5.22 2310 5.37 6580 36150 7.1
3-Et 1.49 0.50 -0 .4 8 5.56 2331 5.32 6500 42900 7.7
3-Me 1.48 0.49 -0 .4 7 5.63 2327 5.33 6320 43920 7.7
4-Me 1.45 0.48 -0 .4 9 5.98 2339 5.30 7220 38240 7.7
4-Et 1.45 0.51 -0 .4 9 5.87 2341 5.30 6410 44200 7.8
2,5-Me2 1.44 0.52 6.40 2355 5.27
4-f-C4H9 1.43 0.51 5.99
3,5-Me2 1.42 0.51 -0 .51 6.15 2341 5.3D 46090
3,4-Me2 6.16 2362 5.26
2,4-Me2 1.42 0.51 -0 .51 6.63 2359 5.26 6550 45680 8.1
2,4,6-Me3 1.41 0.44 -0 .5 0 7.43 2372 5.23 7410 35800 7.6

° Reference 1. b Reference 3. c Reference 6.

TABLE II: Parameters of the Simplified Mulliken Theory for Pyridine-Bromine Complexes (Energy Terms in eV)

Substituent of pyridine F, a b Woi W0 W,

3-Br 0.338 0.745 0.481 -1 .8 9 0.80 2.40
2,6-Me2 0.410 0.691 0.544 -1 .9 4 1.00 1.87
2-Et 0.425 0.680 0.558 -1 .9 6 1.05 1.77
None 0.430 0.675 0.562 -1 .9 9 1.10 1.78
3-Et 0.435 0.671 0.567 -1 .9 8 1.07 1.70
3-Me 0.441 0.666 0.572 -1 .9 9 1.12 1.68
4-Me 0.458 0.654 0.586 - ' . 9 9 1.16 1.57
4-Et 0.459 0.653 0.587 -1 .9 9 1.17 1.56
3,5-Me2 0.476 0.639 0.601 -2 .01 1.24 1.46
2,4-Me2 0.476 0.639 0.601 -1 .9 9 1.22 1.44
2,4,6-Me3 0.481 0.635 0.604 -1 .9 8 1.25 1.43

d ista n c e  for a g iv en  b\ v a lu e  for o r th o -d isu b stitu te d  c o m 
p le x e s  a lso  e x p la in s  th e  low erin g o f  th e  feN . . . Br force  
c o n sta n t in th is  ca se .

It ca n  be p o in te d  o u t here th a t  th e  e x tr a p o la te d  v a lu e  o f  
— 2 .0 4  e V  a t  b\ =  0 .5  se e m s  to  be litt le  d e p e n d e n t on  th e  
a p p ro x im a tio n s  m a d e  in c a lc u la tin g  th e  w eig h t o f  d a tiv e  
stru ctu re . F or in sta n c e , i f  in  eq  12 th e  te rm  & B r -B r -° /k B r -B r °  
is d isrega rd ed  th e  e x tr a p o la te d  v a lu e  b e c o m e s  - 1 .9 5  

e V . I f  th e  o v erla p  in teg ra l is 0 .2  in stea d  o f  0 .3  a v a lu e  o f  
- 2 . 1 0  is fo u n d . I t  m u s t  be  n o ted  here th a t , u n d er  th ese  
c ir c u m sta n c e s , a ll th e  v a lu es  o f  W o i o f  T a b le  II w ill be  
sh ifte d  in  a s im ila r  m a n n e r  a n d  th a t  th e  c a lc u la te d  e ffe c t  
o f  o rth o  s u b st itu e n ts  on W01 w ill re m a in  th e  s a m e .

W h e n  th e  v a lu e s  o f  W N in  T a b le  I are c o m p a re d  w ith  
th o se  o f  F i  in  T a b le  II, th e  d a ta  are o b serv e d  to  o b ey  th e  
fo llo w in g  re lation

W N =  - 1 . 0 7 F !  ( m a x  d e v  0 .0 1 5  e V )  ( 2 0 )

T h is  lin ear re la tio n sh ip  b etw een  th e  c o m p le x a tio n  e n th a l
p y  a n d  th e  w eig h t o f  d a tiv e  stru ctu re  w as o b serv ed  b y  T i l -  
q u in 3 a n d  h o ld s  for a ll th e  c o m p le x e s  s tu d ie d  here. A l 
th o u g h  th is  resu lt in v o lv e s  a lon g lin ear e x tr a p o la tio n  it  
se e m s u n lik e ly  th a t  it  is th e  co n seq u en c e  o f  go od  lu ck . 
T h is  re su lt ca n  b e  e x p e c te d  w h en  th e  c la ss ic a l, n o n 
c h a rg e -tra n sfe r  forces b e tw ee n  d on o r a n d  a c c e p to r  are  
e q u a l to  th e  se p a ra te  s o lv e n t -s o lu te  forces. H o w e v e r , as  
p o in te d  o u t b y  th e  review er o f  th is  w ork, th is  resu lt d o es

n o t e x c lu d e  th e  p o ss ib ility  th a t  e x p e r im e n ta l W N v a lu e s , 
a n d  c o n se q u e n tly , th e  c a lc u la te d  W o, W i ,  an d  W 0i c o u ld  
in v o lv e  so m e  s o lv e n t co n tr ib u tio n .

O w in g  to  th e  fa c t  th a t  in th e  a b sen c e  o f  ch arge  tra n sfer  
W o e q u a ls  W N, W 0 m u s t  a lso  v a n ish  w h en  b\ e q u a ls  zero . 
H o w e v e r , it is n o t p o ssib le  to  fit  th e  e x p e r im e n ta l d a ta  in  
T a b le  II w ith  a lin ear re lation  w ith o u t a c o n sta n t te r m . It  
is n ecessary  to  in tro d u ce  a q u a d ra tic  te rm . A s  a  m a tte r  o f  
fa c t , all th e  e x p e r im e n ta l p o in ts  o b e y  th e  re la tio n sh ip

W „  =  1 .8 0 F ,  +  1 .6 8 F !2 ( m a x  d e v  0 .0 2  e V )  ( 2 1 )

L e t  u s first co n sid er th e  ca se  o f  th e  c o m p le x e s  w ith o u t  
orth o  s u b s t itu e n ts . O w in g  to  th e  very  s im ila r  n e ig h b o r
h oo d  o f  th e  N - ” B r -B r  grou p  it  m a y  be e x p e c te d  th a t  
th e  sta b iliz in g  energy' W o, o f  th e  n o -b o n d  stru ctu re  va ries  
in  th e  sa m e  m a n n e r  w ith  th e  N - B r  d ista n c e  for all th ese  
c o m p le x e s . T h is  m e a n s  th a t  for all th e  c o m p le x e s  w ith o u t  
o rth o  s u b st itu e n ts  W o d ep e n d s o n ly  on  r. W e  ca n  th en  
w rite

W h e n  Fi in crea ses  th e  N - B r  in terd ista n c e  d ec re a se s , 
p a ssin g  fro m  th e  su m  o f  v a n  der W a a ls  ra d ii o f  th e  N  a n d  
o f  th e  B r  a to m  (1 .5  +  1 .9  =  3 .4  A )  in  th e  a b se n c e  o f  
ch arge  tra n sfer  to  an  order o f  m a g n itu d e  co rresp o n d in g  to
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th e  su m  o f  th e  N +  ra d iu s  a n d  o f  th e  B r -  ra d iu s  (0 .2 5  +
1 .9 5  2 .2 0  A )  w h en  th e  charge tra n sfe r  is c o m p le te .
F ro m  th is  p o in t o f  v iew  it is  n o tic e a b le  th a t  th e  force c o n 

s ta n t  / j n . . . b i - ,  w h ich  is re la ted  to  th e  e q u ilib r iu m  d is 
ta n c e  r js ...B r , is fo u n d  in  th e  p re v io u s w ork  to  b e  p ro 
p o rtio n a l to F j..

T h e  va ria tio n  o f  th e  slop e  d W o /d F j  w h en  F i  in creases  
ca n  th e n  be re la ted  to  th e  m a rk e d  in crease  in  th e  re p u l
sion force (bWo/br) w h en  th e  in terd ista n c e  N - B r  d e 
creases.

A n o th er  n o tic e a b le  p o in t is th a t  th e  o r th o -su b st itu te d  
c o m p o u n d s  d o  n o t sh o w  d e v ia tio n s  fro m  eq  2 1 , even  
th o u g h  ow in g to  th e  d e d u c tio n s  co n cern in g  W o i th e  N - B r  
in terd ista n c e  m u s t  b e  greater for th e  sa m e  v a lu e s  o f  F i .  
T h is  ca n  b e  e x p la in e d  i f  th e  lo w erin g  o f  th e  rep u lsio n  
en ergy b e tw ee n  th e  N  a n d  th e  B r  a to m  arisin g  fro m  th e  
increase o f  th e  d ista n c e  is so m e w h a t c o m p e n sa te d  b y  a 
new  rep u lsio n  te r m  arisin g  fro m  th e  in tera c tio n  b e tw ee n  
th e  orth o m e th y l grou p  a n d  th e  b r o m in e  a to m . O w in g  to  
th e  fa c t  th a t , for F i  = 0 .5 , W i  m u s t  b e  e q u a l to  W o, all 
th e  e x p e r im e n ta l v a lu e s  fit  w ith  th e  e q u a tio n

W , =  5 .6 6  -
l l .6 5 .F j  +  5 .9 4 F j 2 ( m a x  d e v  0 .0 3  e V )  ( 2 3 )

It  m u s t  b e  n o te d  here th a t  th is  re la tio n  c a n n o t b e  e x tr a p 
o la te d  to  low  v a lu e s  o f  F j .

Wi is re la ted  to  th e  sta b iliz in g  en erg y  G i  o f  th e  d a tiv e  
stru ctu re "re lative  to  th e  free ion s b y  th e  e xp ression

W j  =  G j  +  / Dv  -  F a v  ( 2 4 )

w here / d v is th e  ve rtica l io n iza tio n  p o te n tia l o f  th e  d on or  
a n d  F a v  is th e  e lectro n  a ffin ity  o f  th e  a c c e p to r . E a v  d e 
p en d s on  F i ,  p a ss in g  in  th e  gas p h a se  fro m  a  v a lu e  o f  - 1 .2  

e V 8 w h en  F i  =  0  a n d  th e  B r -B r  in terd ista n c e  is th a t  o f  
th e  n eu tra l m o le c u le , to  a  v a lu e  o f  - 2 . 6  e V  w h en  F i  =  1 
a n d  th e  B r -B r  in terd ista n c e  is th a t  o f  th e  B r 2 _  io n . T h e se  
v a lu es  m u s t  b e  co rrected  w h en  p a ss in g  fro m  th e  gas to  th e  
so lu tio n . H o w e v e r , a t  a  g iv en  v a lu e  o f  F i ,  th e  e lectro n  a f 
fin ity  £ a v m u s t  sh ow  a g iven  v a lu e , in d e p e n d e n t o f  th e  
oth er te rm s o f  ec  24 .

F or o r th o -s u b s t itu te d  a n d  -d is u b s t itu te d  c o m p o u n d s  G i  
m u s t sh ow  p o sit iv e  d e v ia tio n s : th e  re p u lsio n  en ergy  o f  th e  
in tera ctio n  o f  th e  m e th y l grou p  a n d  B r 2 _  m u s t  b e  ta k e n  
in to  a c c o u n t (a n d  m a y  b e  m o re  im p o r ta n t  th a n  in  th e  
ca se  o f  W o o w in g  to  th e  in crease  in  th e  v a n  der W a a ls  ra 
d iu s  o f  B r -  c o m p a ra tiv e  to  B r) b u t  in  a d d itio n  th e  in 
crease  in  th e  N - - - B r  in terd ista n c e  m u s t  here h av e  an  
o p p o site  e ffe c t re la tiv e  to  W o, re d u c in g  th e  a ttra c tio n  
en ergy b etw een  th e  ch arges a n d  th e  e x o th e rm ic  p o la r iz a 
tio n  e ffec ts  to  th e  io n s u p o n  th e  m o le c u le  o f  th e  p a rtn er.

I f  there is n o  m a rk e d  d ifferen ce  in  W j  for a  g iv en  va lu e  
o f  F i ,  it  m u st  th e n  b e  c o n c lu d ed  th a t  th e  re d u c tio n  in G i  
is c o m p e n sa te d  b y  th e  low erin g  o f  In v .

In  o r d e r  to  o b ta in  th e  s a m e  W i, th e  s a m e  w e ig h t  o f  d a 
t iv e  s t r u c tu r e  F j  a n d  th e  s a m e  Wn v a lu e  f o r  o r th o -s u b s t i 
tu t e d  a n d  o r th o -d is u b s t i t u te d  c o m p le x e s ,  th e  io n iz a tio n  
p o t e n t ia l  o f  th e  d o n o r  h a s  to  b e  low er . T h is  s h o u ld  th e re 
fore a p p ea r  in  th e  cu rves o f  F i  v s . In . U n fo r tu n a te ly , th e  
d a ta  o f  th e  litera tu re  co n cern in g  th e  io n iz a tio n  p o te n tia ls

o f  p y rid in e  a n d  o f  s u b s t itu te d  p y r id in es  sh o w  d ifferen ces  
o f  severa l h u n d re d th s  o f  an  e lectro n  v o lt . M o re o v e r , there  
is so m e  d o u b t  in  th e  a ttr ib u tio n  o f  th e  v a lu e s  to  th e  loss  
o f  an  n  or ir e le c tro n .9

O n  th e  oth er h a n d , th ere  m u s t  e x is t  so m e  correlation  
b e tw ee n  th e  a b ility  o f  a b a se  to  ta k e  u p  a p ro to n  from  
w ater an d  th e  en ergy  n e ed e d  to  lose  an  e lectro n . W e  m a y  
th erefore  e x p e c t th a t  th e  d e v ia tio n s  p re d ic te d  in  th e  re la 
tio n s  o f  Fi vs. In  sh o u ld  a lso  a p p ea r in  th e  re la tio n s o f  Fi 
vs. th e  p K a o f  th e  d o n o r. T h is  b e h a v io r  is in  fa c t  ob served  
w here Fj is p lo tte d  a g a in st  th e  v a lu e s  o f  p Ka. W h ile  for 
n o n o rth o -su b stitu te d  c o m p le x e s  th e  re lation

F j  =  0 .2 2 0  +  0 . 0 4 0 p F a ( m a x  d e v  0 .0 0 8 )  ( 2 5 )

h o ld s , th e  d isu b stitu te d  c o m p o u n d s  sh o w  d e v ia tio n s  as h igh  
as 0 .0 8  a n d  th e  d e v ia tio n s  for th e  m o n o s u b s t itu te d  o rth o  d e 
r iv a tiv e s  are s ig n ific a n t .

T h e s e  d ev ia tio n s  o f  F i  vs. p K a for o r th o -su b stitu te d  
c o m p o u n d s  p ro d u c e  d e v ia tio n s  in  W o, W i ,  a n d  W 0i . H o w 
ever, th e  d e v ia tio n s  o f  W o i c o m p e n sa te  th e se  o f  W o an d  
W i  in ex p ression  19 in  su c h  a m a n n e r  th a t  eq  5 still re
ta in s  its  v a lid ity  in  th e  sa m e  ca se  o f  o r th o -su b stitu te d  
c o m p o u n d s .

In  e xp ression  13 th e  p o sitiv e  d e v ia tio n s  o f  o r th o -s u b s t i
tu te d  c o m p le x e s  o f  W j  for a g iven  p K a v a lu e  are n o t c o m 
p en sa te d  b y  th e  n e g a tiv e  d e v ia tio n s  o f  W o (a n d  to  a 
sm a lle r  e x te n t b y  th e  d e v ia tio n s  o f  W o i)  so  th a t  th e  c o m -  
p le x a tio n  en ergy  for th e se  c o m p le x e s  re m a in s  low er.

I t  ca n  c o n se q u e n tly  b e  c o n c lu d e d  th a t  th e  d ev ia tio n s  o f  
Wn v s . p K a for th e  o r th o -s u b s t itu te d  c o m p le x e s  are due  
to  th e  in crease in  th e  en ergy W j  o f  th e  d a tiv e  stru ctu re  
b ro u g h t a b o u t  b y  th e  a d d itiv e  re p u lsio n  b e tw ee n  th e  a c 
cep to r a n d  th e  m e th y l grou p  a n d  b y  th e  in crease  in th e  
N + - B r ~  in terd ista n c e  th a t  is n o t e n tire ly  c o m p e n sa te d  b y  
th e  d ecrease  in  th e  en ergy  W o o f  th e  n o -b o n d  stru ctu re .

O w in g  to  eq  2 0 , exp ressio n  9  ca n  b e  w ritten

P c t  ~ 17.1 Fj (26)

T h e  tra n sitio n  m o m e n t  is p ro p o rtio n a l to  th e  w eig h t o f  
d a tiv e  stru ctu re .

E x p e r im e n t a l  S e c t io n

T h e  sp ec tro sco p ic  m e a su r e m e n ts  w ere m a d e  w ith  th e  
U n ic a m  S P  7 0 0  sp e c tro p h o to m e te r , w ith  a m o n o c h r o m a 
to r h e ld  a t  c o n sta n t te m p e ra tu re .

P y rid in e  a n d  its  m e th y l a n d  e th y l d eriv a tiv es  w ere  
F lu k a  p u riss iu m  p ro d u c ts . 3 -B r o m o p y r id in e  w as a  R e illy  
p u ru m  p ro d u c t. T h e s e  c o m p o u n d s  w ere d istille d  before  
u sin g . B r o m in e  w a s a F lu k a  p u r iss im u m  p ro d u c t. T h e  so l
v e n t C H 2C I -C H 2C I w a s a M e r c k  p u r iss im u m  p ro d u c t.

A c k n o w le d g m e n t .  T h e  a u th o rs  are in d e b te d  to  th e  In sti-  
tu u t  voor A a n m o e d ig in g  v a n  h e t  W e t e n s c h a p p e lijk  o n - 
d erzoek  in  d e  N ijv e r h e id  en  in d e L a n d b o u w  a n d  to  th e  
F o n d s  voor K o lle k t ie f  F u n d a m e n te e l O n d e rz o e k  for th eir  
fin a n c ia l su p p o rt for th is  w ork.

(8) W. B. Person, J. Chem. Phys., 38, 109 (1963).
(9) D. W. Turner, “Molecular Photoelectron Spectroscopy," Wiley-lnter- 

science, London, 1970, p 324.
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A n  a n a ly tic  e xp ression  for th e  v ib ra tio n a l tra n sitio n  p ro b a b ility  h as b een  fo rm u la te d  b y  use o f  th e  p er 
tu r b in g  force d erived  fro m  th e  L e n n a r d -J o n e s  p o te n tia l for w h ich  p o te n tia l p a ra m e te rs  are o b ta in e d  fro m  
c ro ssed -b ea m . e x p e r im e n ts . T h e  d e p e n d e n c e s  o f  th e  p ro b a b ilit ie s  on  co llis io n  v e lo c ity , o r ie n ta tio n  a n g le , 
a ttra c tiv e  forces, im p a c t  p a r a m e te r , a n d  te m p e ra tu re  are sh o w n  in d e ta il. N u m e r ic a l re su lts  o f  th e  tr a n 
sitio n  p ro b a b ilitie s  (0  — 1, 0  2 , 0  — 3 , 1 —»■ 2 , 1 —»■ 3 , 2  —*• 3 )  for  N 2 +  A r  sh o w  a  c o m p lic a te d  s tr u c 
tu re d  d ep e n d e n c e  on  co llis io n s v e lo c ity  in  th e  ra n ge  o f  4  X 10® to  4  X 10 6 c m /s e c .  A l l  tra n sitio n s  u n d e r  
c o n sid era tio n  are q u ite  e ffec tiv e  in  th e  v e lo c ity  ra n g e . T h e  te m p e ra tu re  d ep e n d e n c e  o f  th e  d e e x c ita tio n  
p ro b a b ility  Pw(T) is a lso  d isc u sse d ; it  is sh o w n  th a t  log  Pio(T) va ries a lm o s t  lin e a rly  w ith  T -7 /1 9 , p a r 
tic u la r ly  a t  h igh er te m p e ra tu re s .

I. Introduction
In  d ev e lo p in g  a  th e o ry  o f  m o le c u la r  en ergy  tra n sfer  we 

ofte n  e n c o u n te r  seriou s d iffic u lt ie s  c o n n ec te d  w ith  th e  
fo rm  o f  th e  in tera ctio n  p o te n tia l en ergies w h en  th e  c o llid 
ing m o le c u le s  are in tera c tin g  a t sh o rt ran ge a n d  a lso  w ith  
th e  m a th e m a t ic a l  tr e a tm e n t o f  th e  tr a n sla tio n a l m o tio n .2-4 

S o m e  o f  th e  p o te n tia ls  fre q u e n tly  u se d  in th e  th eo ry  are  
d esc rib e d  in  te r m s  o f  pow ers o f  th e  se p a ra tio n  r b e tw een  
th e  ce n te rs  o f  m a ss  o f  th e  co llid in g  p a r tic le s ; o f  th e se  th e  
L e n n a r d -J o n e s  ( 1 2 -6 )  fu n c tio n  is m o s t  c o m m o n ly  u s e d .20 ’4-8 

P r o b a b ly  th is  fu n c tio n  is th e  m o st rea listic  tw o -p a r a m e 
te r  p o te n tia l. S o m e tim e s , e x p o n e n tia l p o te n tia ls  are u sed  
to  c a lc u la te  tra n sitio n  p ro b a b ilit ie s , b u t  th e  p o te n tia l p a 
ra m e te rs  are u su a lly  d e te r m in e d  b y  f ittin g  su c h  p o te n tia ls  
to  th e  L e n n a r d -J o n e s  (L J ) fu n c tio n .2a'7a T h e  q u a n tita tiv e  
k n ow led ge  th a t  is a v a ila b le  on  th e  L J  p o te n tia l h a s  b e e n  
d erived  fro m  a k n o w led g e  o f  m a c ro sc o p ic  p ro p erties  o f  th e  
ga s, su ch  as th e  v isc o sity  a n d  th e  seco n d  v iria l c o e ffic ie n t; 
i.e., th e  k n ow led ge  o b ta in e d  fro m  th e  p ro p erties d ep e n d s  
on  th e  b e h a v io r  o f  a  ga s in  n e a r -e q u ilib r iu m .9 T h e re fo re , 
use o f  su c h  k n ow led ge  to  c a lc u la te  tra n sitio n  p ro b a b ilitie s  
or co llis io n  cross sectio n s is u n sa tis fa c to r y  sin ce  w e are  
n ow  in terested  in  th e  p ro p erties o f  a  ga s in  sh o rt range  
w h ich  is far  re m o v e d  fro m  e q u ilib r iu m . In  re ce n t years, 
im p o r ta n t p rogress, h ow ever, h a s  b e e n  m a d e  in  d e te r m in 
in g  in term o le c u la r  p o te n tia ls  fro m  m o le c u la r  b e a m  ex p er
im e n ts .10-12  T u lly  a n d  L e e 1 1  h av e  d e te r m in e d  th e  p o te n 
tia l p a ra m e te rs  for  th e  L J  ( 2 0 -6 ) ,  ( 1 2 - 6 ) , a n d  ( 8 - 6 ) fu n c 
tio n s  fro m  c r o sse d -b e a m  e x p e r im e n ts  for N 2 +  A r , N 2 +  
K r , 0 2 +  A t , a n d  O 2 +  K r  s y s te m s . H ig h -v e lo c ity  b e a m  
sc a tte r in g  e x p e r im e n ts  b y  C o lg a te , et al., rev ea l th a t  s im 
p ler p o te n tia ls  o f  th e  fo rm  K/rs, w here K  a n d  s are th e  
p o te n tia l p a r a m e te rs , are ap p ro p ria te  for O 2 +  A r , N 2 +  
A r , a n d  C O  +  A r . T h e  L J  fu n c tio n s  c o n ta in  th e  e ffec t o f  
m o le c u la r  a ttr a c tio n , w h ile  th e  la tte r  fo rm s d o  n o t. It  
sh o u ld  be m e n tio n e d  th a t  w ith  th e  a d v e n t o f  large m e m o 
ry  h ig h -sp e e d  c o m p u te rs , a c cu ra te  a priori in tera c tio n  p o 
te n tia ls  h a v e  b e c o m e  a v a ila b le  for s im p le  m o le c u la r  s y s 
t e m s .13 -15

In  th is  p a p er  w e u se  th e  L J  ( 1 2 -6 )  p o te n tia l for w h ich  
p o te n tia l p a r a m e te rs  are o b ta in e d  fro m  c r o sse d -b e a m  e x 

p e r im e n t1 1  to  d erive  an  a n a ly tic a l e x p ressio n  for th e  v i
b ra tio n a l tr a n sit io n  p ro b a b ility  o f  a to m  +  d ia to m ic  s y s 
te m , w h ich  p ro vid es a  fra m ew o rk  for d isc u ssin g  th e  d e 
p en d e n ce s  o f  v ib ra tio n a l tra n sitio n s  on  c o llis io n  v e lo c ity , 
o rie n ta tio n  a n g le , a ttr a c tiv e  forces, im p a c t  p a r a m e te r , 
a n d  te m p e ra tu re . F or th is  p u rp o se , w e sta rt  w ith  a n a ly sis  
o f  th e  d y n a m ic s  o f  an  e n co u n te r  o f  th e  c o llid in g  sy s te m , 
fro m  w h ich  w e d e te r m in e  th e  co llisio n  tr a je c to ry  a n d  c o l
lision  t im e . T h e  fo rm u la tio n  w ill b e  a p p lie d  to  N 2 +  A r ;  
a p p lic a tio n  to  oth er c o llis io n  s y s te m s , su c h  as N 2 +  K r , is 
stra ig h tfo rw a rd .

I I .  A t o m  +  D ia t o m i c  I n t e r a c t io n

A. Development of the Overall Interaction Potential. In  
th e  in tera ctio n  o f  rare gas a to m s  w ith  th e  h o m o n u c le a r  
d ia to m ic  m o le c u le s  su c h  as N 2 a n d  O 2 th e  a n iso tro p y  o f  
th e  in tera ctio n  p o te n tia l is n o t stro n g  s o  th a t  th e  a n g u la r  
lo c a tio n s  o f  th e  ra in b o w  e x tr e m a  ca n  p ro v id e  in fo rm a tio n  
on  th e  p o te n tia l. F ro m  d iffe re n tia l cross se c tio n  m e a su r e 
m e n ts  o f  N 2 +  A r , N 2 +  K r , O 2 +  A r , a n d  O 2 +  K r , T u lly  
a n d  L e e 1 1  h av e  o b ta in e d  p o te n tia l p a ra m e te rs  for v a rio u s
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(2) (a) K. F. Herzfeld and T. A. Litovitz, "Absorption and Dispersion of 
Ultrasonic Waves,” Academic Press, New York, N. Y., 1959, Chap
ter 'V II; (b) T. L. Cottrell and J. C. McCoubrey, "Molecular Energy 
Transfer in Gases,” Butterworths, London, 1961, Chapter 6.

(3) K. Takayanagi, Progr. Theoret. Phys., 25, 1 (1963); Advan. At. Mol. 
Phys., 1,149 (1965).

(4) D. Rapp and T. Kassal, "hem. Rev., 69,61 (1969).
(5) B. Widom and S. H. Bauer, J. Chem. Phys., 2 1 ,1670 (1953).
(6) E. E. Nikitin, Opt. Spektrosk., 6, 141 (1959); Opt. Spectrosc. 

(USSR),  6,93 (1959).
(7) (a) H. Shin, J. Chem. Phys., 41, 2864 (1964); (b) 42, 59 (1965).
(8) B. Hartmann and Z. I. S  awsky, J. Chem. Phys., 47, 2491 (1967).
(9) J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, "Molecular Theory 

of Gases and Liquids," Wiley, New York, N. Y., 1967.
(10) S. O. Colgate, J. E. Jordan, I. Amdur, and E. A. Mason, J. Chem. 

Phys., 51,968 (1969).
(11) E. P. Tully and Y. T. Lee, J. Chem. Phys., 57, 866 (1972); also see 

references therein.
(12) For earlier work, see E. A. Mason and J. T. Vanderslice in "Atomic 

and Molecular Processes,” D. R. Bates, Ed., Academic Press, New 
York, N. Y., 1962, pp 663-695.

(13) M. Kraussand F. H. Mies, J. Chem. Phys., 42, 2703 (1965).
(14) M. D. Gordon and D. Secrest, J. Chem. Phys., 52, 120 (1970).
(15) W. A. Lester, J. Chem Phys., 53, 1511, 1611 (1970); 54, e171 

(1971).

The Journal of Physical Chemistry, Vol. 77, No. 13, 1973



Vibrational Transitions in Atom + Diatomic Systems 1667

fo rm s o f  th e  L J  p o te n tia l; th e y  h a v e  fo u n d  th a t th e  L J  
( 2 0 - 6 ) an d  ( 1 2 - 6 ) p o te n tia ls  g ive  b e st  a g re e m e n t to  th e  
an g u lar lo c a tio n s  o f  th e  ra in b o w  e x tr e m a . H o w e v e r , th e  
e x p erim e n ta l d a ta  p ro v id e  in fo r m a tio n  o n ly  on  th e  sp h e r i
ca lly  s y m m e tr ic  p o rtio n  o f  th e  o v erall in tera c tio n  p o te n 
t ia l; i.e., th e  p o te n tia l is a  fu n c tio n  o n ly  o f  r, U(r). T h is  
p o te n tia l ca n  b e  u se d  to  d e te r m in e  th e  co llis io n  t im e  a n d /  
or th e  co llis io n  tra je cto ry  o f  th e  re la tiv e  m o tio n . In  
stu d y in g  m o le c u la r  en ergy  tra n sfer  p ro b le m s , in  a d d itio n  
to  th e  r d e p e n d e n c e , w e a lso  n eed  to  k n o w  th e  d ep e n d e n c e  
o f  th e  in tera ctio n  en erg y  o n  th e  v ib ra tio n a l c o o rd in a te (s )  
a n d  th e  o r ie n ta tio n  a n g le (s ) . A s  fa r  as th e se  a d d itio n a l d e 
p en d e n ce s  are c o n cern ed , it  se e m s  th a t  a t  p re sen t w e c a n 
n o t hop e for a n y  in fo r m a tio n  fro m  sc a tte r in g  m e a su r e 
m e n ts ; p recise  in fo r m a tio n  c o n ce rn in g  th e  an g le  d e p e n 
d en ce  o f  th e  p o te n tia l c a n  b e  o b ta in e d  i f  ro ta tio n a l energy  
tra n sfer  is m e a su red  as a fu n c tio n  o f  a n g le . O n  th e  oth er  
h a n d , fro m  th e  k n o w led g e  o f  U(r) o b ta in e d  fro m  sc a tte r 
in g  e x p e r im e n ts , w ith  so m e  re a so n a b ly  re lia b le  p ro c e 
d u res, w e ca n  c o n str u c t a fo rm  o f  th e  p o te n tia l, w h ich  is 
ap p ro p ria te  for th e  s tu d y  o f  v ib ra tio n a l tr a n sit io n s . F or  
th is  p u rp o se , w e ta k e  th e  L J  ( 1 2 -6 )  p o te n tia l to  rep resen t  
th e  sp h eric a lly  s y m m e tr ic  p o rtio n  o f th e  o v erall in te r a c 
tion

U(r) = 4D[(o/r)n -  (a ir )6] ( 2 .1 )

I t  sh o u ld  b e  p o in te d  o u t th a t  th e  m e th o d  w h ich  w ill be  
d ev e lo p e d  b e lo w  for th e  d er iv a tio n  o f  v ib ra tio n a l tr a n s i
tio n  p ro b a b ility  is a p p lic a b le  to  a n y  p ow er o f  r in c lu d in g  
fra c tio n a l v a lu e s .

T o  d erive  th e  p ertu rb in g  force fo r  th e  a to m  +  d ia to m ic  
sy s te m , w e exp ress th e  ov era ll p o te n tia l en ergy  as th e  su m  
o f  tw o  a t o m -a t o m  in te r a c tio n s . U s in g  th e  p ro cedu re  
sh ow n  in  re f 16 , w e o b ta in  th e  o v era ll en ergy  as

4  D m  [(2 1  c o s 2 8

81
126 c o s 4 6 — ~2 c o s

® [(6  c o s 2 6

-Dm+ 
- D m i -  

-i) m ♦
15

'1 5  c o s 4 8 — £ - c o s2 8 +
d  m i

=  U(r) +  V(r,8,x) (2 .2 )

w here d is th e  e q u ilib r iu m  b o n d  d ista n c e  o f  th e  m o le c u le , 
x is th e  d is p la c e m e n t o f  th e  b o n d  d ista n c e  fro m  th e  e q u i
lib r iu m  v a lu e , a n d  6 is th e  an g le  b e tw ee n  th e  r a n d  th e  in - 
te m u c le a r  ax is  o f  th e  m o le c u le . U n lik e  th e  p o te n tia l fu n c 
tio n  g iv e n  in  r e f  16 , eq  2 .2  is o b ta in e d  b y  in c lu d in g  all 
te rm s u p  to  th e  fo u rth  ord er in  (d +  x)/r w h ich  ca n  m a k e  
a s ig n ific a n t c o n tr ib u tio n  to  th e  ov era ll v a lu e  o f  tra n sitio n  
p ro b a b ilit ie s . T h e  se c o n d  te r m  V(r,d,x) o f  eq  2 .2  rep re
sen ts th e  p e r tu r b a tio n  en ergy  th a t  is re sp o n sib le  fo r  v ib r a 
tio n a l tr a n sit io n s . S in c e  th e  m o le c u le  is h o m o n u c le a r , th e  
an gle  d ep e n d e n c e  in th e  p e r tu r b a tio n  en erg y  a lw a y s  a p 
pea rs as e v e n  p ow ers o f  cos 6, a n d  it  is seen  th a t  th e  a n 
iso tro p y  o f  th e  p e r tu r b a tio n  en ergy  is im p o r ta n t . W e  n ow  
p ropose  eq  2 .2  to  re p resen t th e  o v erall in tera c tio n  p o te n 
tia l o f  th e  a to m  +  d ia to m ic  s y s te m s  N 2 +  A r , N 2 +  K r ,  
O 2 +  A r , a n d  O 2 +  K r .

B Perturbing Force. T o  d erive  th e  p e r tu r b in g  force in a 
fo rm  w h ich  ca n  fa c ilita te  th e  e x p lic it  fo rm u la tio n  o f  v i
b r a tio n a l tr a n sit io n  p ro b a b ilit ie s , w e tr a n sfo r m  th e  p e r 

tu r b a tio n  en ergy V(r,d,x) in to  th e  fo rm  -F(r,8)x, w here  
F(r,6) is th e  o r ie n ta tio n -d e p e n d e n t p ertu rb in g  force w h ich  
a c ts  on  th e  m o le c u le  to  ca u se  v ib ra tio n a l tr a n sit io n s . T h e  
force ca n  b e  d erived  b y  e x p a n d in g  V(r,d,x) in  a p o w er s e 
ries o f  x/d a n d  ta k in g  th e  te rm s  th a t  are lin e a r in  x/d. 
T h e  resu lt is

=  -  4D[fi(8)(a/ r)H +  / 2(0) ( < r /r ) 16 -

gx(8)(a /rf  -  g2(8)(a/r ) 10] ;(2 -3 )

T h e n , ou r im m e d ia te  p r o b le m  is th e  fo llo w in g : a n  o sc il
la to r  in  a  d e fin ite , s te a d y  s ta te  h a s  a p p lie d  to  it  a t  t im e  t 
a p ertu rb in g  force , F(r,8), to  fin d  th e  s u b se q u e n t b eh a v io r  
o f  th e  o sc illa to r . T h e  n e x t se c tio n  is d e v o te d  to  th is  p ro b 
le m .

I I I .  V ib r a t io n a l  T r a n s i t io n  P r o b a b i l i t y

A. Perturbed Wave Function. In  th is  se c tio n  w e sh a ll  
d erive  th e  e xp ression  for v ib ra tio n a l tr a n sit io n  p ro b a b ili
ties  as a  fu n c tio n  o f  th e  c o llis io n  v e lo c ity , im p a c t  p a r a m e 
ter, a n d  m o le c u la r  o r ie n ta tio n  a n g le . F o r  th is  p u rp o se  w e  
solve  th e  t im e -d e p e n d e n t  S c h ro d in g e r  e q u a tio n  for th e  
p ertu rb ed  osc illa to r

in = [ m  +  l M w 2 * 2 -  * ( * . * >  s

H\p(x, t) (3.1)

w here M  a n d  to are th e  re d u ce d  m a ss  a n d  v ib ra tio n a l fre 
q u e n c y  ( 2 m ') o f  th e  o sc illa to r , re sp e c tiv e ly , a n d  th e  p er 
tu r b in g  force is p a r a m e te r iz e d  in  t im e . In  th is  e q u a tio n , 
th e  p o sitio n  v a ria b le  x a n d  th e  m o m e n tu m  p are co n 
n e c te d  b y  th e  c o m m u ta tio n  re la tio n  [x,p] =  ih. T o  fa c ili 
ta te  th e  so lu tio n  o f  eq  3 .1  w e in tro d u ce  th e  o p era to rs17  a +  
a n d  a  w h ich  are re la te d  to  th e se  tw o  v a r ia b le s  as

* = (2Jb) (a++a); p = * (hP) (a+_a) (3-2)
w here a  a n d  a +  are h e rm itia n  co n ju g a te s  o f  e a ch  other  
sa tis fy in g  th e  re la tio n  [ a ,a + ]  =  1 . In  te r m s  o f  th ese  o p e ra 
tors, w e c a n  exp ress th e  H a m ilto n ia n  as

H =  ha (N  +  0  -  F(t)(h/2Ma)1,i(a +  a+) (3.3) 

w here w e p u t  N  =  a + a .
W e  loo k  for a  so lu tio n  o f  th e  S c h ro d in g e r  e q u a tio n  in  

th e  fo r m 18

(16) H. Shin, J. Phys. C h em ., 73, 4321 (1969).
(17) A. Messiah, “Quantum Mechanics,’’ Voi. I, North-Holland, Amster

dam, 1968, Chapter 12.
(18) I. I. Goldman and V. D. Krivchenkov, “Problems in Quantum Me

chanics,” Addison-Wesley, Reading, Mass., 1961, p 103.

The Journal of Physical Chemistry, Voi. 77, No. 13, 1973



1668 Hyung Kyu Shin

( 3 .4 )

w here ipk is th e  w ave  fu n c tio n  for th e  in it ia l s ta te , a n d  
c(t), f(t), g(t), a n d  hit) are fu n c tio n s  o f  t im e  to  b e  d eter 
m in e d . E q u a tio n  3 .4  m a y  be tr a n sfo r m e d  in to  a fo rm  
w h ich  is so m e  lin ea r c o m b in a tio n  o f  th e  u n p ertu rb e d  
o sc illa to r  w ave  fu n c tio n s  w ith  e x p a n sio n  c o effic ie n ts  b e in g  
d e te r m in e d  b y  th e  n a tu re  o f  th e  p er tu r b a tio n . T o  o b ta in  
th e  p ertu rb e d  w a v e  fu n c tio n , w e n o te  th e  fo llo w in g  w e ll-  
k n ow n  recu rsion  re la tio n s 17

a+ipk =  (k + l )V2\pk+i, &\po =  0 

&ipk =  k1/2\pk - i> (k #  0 ); N \pk = kipk
P erfo rm in g  th e  first e x p o n e n tia l op e ra tio n  o f  ipk in  eq  3 .4  
w e o b ta in

e x p  [h(t)N]\pk =  | l  +  h(t)N +  | [ h ( t ) ] 2N  +  — pk =

e x p  [kh{t)]ipk (3 .6 )

T h e n , tw o  su b se q u e n t o p era tio n s b y  e x p [g (£ )a ] a n d  
e x p [ /( f  ) a + ] g ive  th e  w a v e  fu n c tio n  in  th e  fo rm

\p(x,t) =  (k\)1/2c(t) exp[kh{t)] Y  Y  x/-0 r= 0

[(\ ~ k m  (3 .7 )

<P(x,t) =
c(t) e x p [/(i)a +] exp[g(£)a] exp[^(i)N ] i M * , “ 00)

O n c e  th e  t im e -d e p e n d e n t  fu n c tio n  \p(x,t) is e x p lic itly  
d e te r m in e d , an  a n a ly tic  e x p ressio n  o f  th e  v ib ra tio n a l  
tra n sitio n  p ro b a b ility  ( fe —> - n ) a t £  =  +<=° ca n  b e  o b ta in e d  
fro m  th e  in teg ral re p resen ta tio n

IXPkn =  lim  \p*(x)\p(x,t)dx (3 .8 )

O n  th e  b a sis  o f  th e  o rth o g o n a lity  re la tio n

J  ipn*(x)ipm(x)dx =  b„m

w e th e n  o b ta in  th e  tr a n sit io n  p r o b a b ility , fro m  e q  3 .7  an d

3 .8 , as

P  kn —

k\n\ lim

k

c ( f )  e x p [ M ( í ) ]  Y1=0
[ g ( t m f ( t ) f - k+i
l\ (k -l)\ (n -k  +  l)\ (3 -9 )

N o te  th a t  th e  o rth o g o n a lity  requires n = m = k -  l + r 
for th e  n o n v a n ish in g  te rm  a n d  th a t  r in  eq  3 .7  is rep la ced  
b y  n — k +  /.

B. Amount of Vibrational Energy Transfer. B y  s u b s t i
tu t in g  eq  3 .2 - 3 .4  in  th e  S ch rô d in g e r e q u a tio n , a n d  b y  
e q u a tin g  th e  co e ffic ie n ts  o f  th e  sa m e  op era tors on  th e  
rig h t- a n d  le ft -h a n d  s id es , w e c a n  re a d ily  fin d  th e  d iffe r 
e n tia l e q u a tio n s 1 6 '18  w h ich  e v e n tu a lly  g iv es  th e  so lu tio n s

h(t) = ~iu>t (3 .1 0 )

n»-  X S L y X  XX (3.11)

F(t') e x p (—ioot')dt' J  F ( f " )  e x p (io > £ '" ) d f "J  (3 .12)  

T h e  so lu tio n  g(t) is th e  n e g a tiv e  v a lu e  o f  th e  c o m p le x  c o n 

ju g a te  o f  f(t). T h e re fo re , th e  l im it in g  q u a n tit ie s  a p p ea rin g  
in  th e  tra n sitio n  p ro b a b ility  are

lim  | , ( 0 | 2 =  2M ftJ\J  ^ ( 0  e x p ( i w i ) d i |2 (3 .1 3 )  

l im  |c(f) | 2 =  /  ^ ( 0  e x p (i« f )d £ | 2J  (3 .1 4 )

In  th e se  ex p re ssio n s , th e  lim it in g  in teg ra l [ J l ^ "  F(t) e x p -  
(icot)dt] is real b e c a u se  F(t) is an  e v e n  fu n c tio n  o f  t. I t  is 
th en  im p o r ta n t to  reco gn ize  th a t  th e  q u a n tity  
l i m ( _ „  | / ( £ ) | 2 is th e  m a g n itu d e  o f  v ib ra tio n a l en ergy  
tra n sfer  m e a su red  in u n its  o f  ho>; i.e., AE/hu. B y  d e n o tin g  
th is  q u a n tity  s im p ly  b y  e a n d  b y  u sin g  th e  re la tio n  g(t) =  
- / * ( £ ) ,  w e f in a lly  w rite  th e  tra n sitio n  p ro b a b ility  as

Pkn =  k\n\ e1" -11  e x p (— e) ( —D V
l'-(k-l)H\n-k\ +  l)\

(3 .15)

T h e  a m o u n t o f  v ib ra tio n a l en ergy  tra n sfe r  w h ic h  a p 
pea rs in  eq  3 .1 6  is a fu n c tio n  o f  v, 8, a n d  b, a n d  ta k e s  th e  
form

A E =  2 ^  ¡ X  ex p (iw £ )d £ (3 .1 6 )

in  w h ich  th e  t im e -d e p e n d e n t  p ertu rb in g  force is o b ta in e d  
b y  p a r a m e te r iz in g  r in  t im e  t. S u b s titu tio n  o f  eq  2 .3  in  
th is  e x p ressio n  gives

ex p (ic o £ )d f +

A W  f exp(icvt)dt -

S\W  f  [r§ )J  exPA«i)di -

g2W J  [ r ( 7 j ]  e x P ( iw i) d i  (3-17)  

w h ich  c o n ta in s  th e  in teg ra ls  o f  th e  ty p e

' - £ W *  «“>
W e  w o u ld  n ow  lik e an  e x p lic it  e xp ression  for AE in  

ord er to  c a lc u la te  tra n sitio n  p ro b a b ilit ie s . A  s ta n d a rd  
tr e a tm e n t o f  th e  d y n a m ic s  o f  an  e n co u n te r  s ta rts  w ith  th e  
d e te r m in a tio n  o f  th e  tra jecto ry  r(t) fro m  th e  e q u a tio n  o f  
m o tio n . W e  fin d  it  co n v e n ie n t to  w rite th e  e q u a tio n  o f  
m o tio n  in  th e  fo rm

kl/2 n r  ¿ J .

-  a n
[ E - , e 7y - H "

(3 .19)

w here th e  ce n tr ifu g a l en ergy te rm  is re p resen ted  b y  E(b/ 
r )2, b b e in g  th e  im p a c t  p a r a m e te r , n is th e  re d u ce d  m a ss  
o f  th e  co llis io n  sy s te m , a n d  r* is th e  d ista n c e  o f  c lo se st  
a p p ro a c h . U s in g  th e  p ro cedu re  p re sen te d  in re f 16 , w e d e 
rive th e  tra je cto ry  r (t )  in th e  fo rm

t = ir -  ¿(/i/2D )1/2( u / 1 4 ) ( r / cr ) 7 (3.20)
In  th is  e xp ression  r  is d efin e d  as th e  co llis io n  t im e  

fp \ 1/2 f r* d r

T “ W  Jo
(3 .2 1 )

[V -  EJ'2

w here V  =  U(r) +  E(b/r)2. W h e n  eq  3 .2 0  is in tro d u c e d ,
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e x p (tw i)
d f (3 .2 2 )

th e  in teg rals  b e c o m e

U  = L  (t ~ irY
w h ich  ca n  b e  in teg ra ted  a s 16

In =  2J r ( ^ )  e x p ( - w r )  [n =  2 , 16/ 7j8/ t> ' % )  (3 -2 3 )

W e  th u s  o b ta in  th e  e x p ressio n  fo r  th e  m a g n itu d e  o f  v ib r a 
tio n a l en ergy  tra n sfer  as

A R  =  18 ( T T ^ d ) 2

4 9  M  
2

{ ( c o s ^ - ^ ) +

1/2 _n 2/7

(6cos‘ « -^ c o s ’ » + i ) -

-r-M[(6 r«r
 ̂(o' t^rsr*(f)

(iCOS4 ö —  T7 COS2
14 *+¿)F exp(-2“T)

_  18 (TT/ucod) 2 N
= 49 ~ M  G(l9) exP(-2wT) (3.24)

In  th is  e x p ressio n  th e  en erg y  a n d  im p a c t -p a r a m e te r  d e 
p en d e n ce s  a p p ea r  in th e  e x p o n e n tia l p a r t  d e te r m in in g  th e  
d u ra tio n  o f  co llis io n , a n d  th e  a n g le  d e p e n d e n c e  in  th e  
p re ex p o n e n tia l p a r t . B y  u se  o f  th is  e x p ressio n  w e ca n  
th erefore  c a lc u la te  th e  a m o u n t o f  v ib ra tio n a l en ergy  
tran sfer a t  a n y  in it ia l an g le  (c r  its  o r ie n ta tio n -a v e r a g e d  
q u a n tity ) as a  fu n c tio n  o f e n erg y . T h e  se c o n d  id e n tity  in  
eq  3 .2 4  d e fin e s  th e  a n g le  d e p e n d e n t  p a r t b y  G(8). T h e n , 
th e  o r ie n ta tio n -a v e r a g e d  a m o u n t  o f  v ib ra tio n a l en ergy  
tran sfer  c o n ta in s  th e  fa c to r  G =  V2 jo^Giff) s in  8 d8.

C. Collision Time. T o  c o m p le te  th e  d er iv a tio n  o f  th e  
a n a ly tic  e x p ressio n  o f  A E g iv e n  b y  eq  3 .2 4  a n d  in tu rn  th e  
tra n sitio n  p r o b a b ility , it  is n ecessa ry  to  e v a lu a te  th e  in te 
gral in  eq  3 .2 1  for th e  co llis io n  t im e . A lth o u g h  th e  a ttr a c 
tiv e  en erg y  te rm  o f  U (r )  w a s ig n ored  in  d er iv in g  eq  3 .2 0  
for th e  co llis io n  tr a je c to ry , w e m u s t  n o w  reta in  a ll te rm s  
o f  th e  e ffec tiv e  p o te n tia l in  e v a lu a tin g  th e  c o llis io n  t im e .  
B e c a u se  o f  th e  c o m p lic a te d  r  d e p e n d e n c e  o f  V  in  eq . 3 .2 1 ,  
th e in teg ra l c a n n o t b e  e v a lu a te d  d ire c tly . T o  o v erco m e  
th is  m a th e m a t ic a l  d iff ic u lty , w e w rite th e  co llis io n  tim e  
in  th e  fo rm

r - ( " / 2  < a 2 6 )

w here r ' ( V )  is th e  d er iv a tiv e  o f  th e  in verse  fu n c tio n  r (V )  
w ith  re sp ec t to  V. S in c e  th e  d er iv a tiv e  ca n  b e , in p rin c i
p le , o b ta in e d  in  a p o ly n o m ia l o f  V - 1 , an  a n a ly tic  e v a lu a 
tion  o f  th e  in teg ra l in  eq  3 .2 5  is p o ss ib le . In  F ig u re  1, w e  
sh ow  th e  b e h a v io r  o f  r ' { V ) .  D u e  to  th e  p resen ce  o f  th e  
c en trifu g a l p o te n tia l b a rrier, th e  va ria tio n  o f  r ' ( V )  is  
so m e w h a t c o m p lic a te d ; cu rve  a is th e  n e g a tiv e  b ra n c h  o f  
r ' (V )  re p resen tin g  th e  c o n tr ib u tio n  o f  th e  re p u lsiv e  en ergy  
o f  U (r ) .  T h e  a ttr a c tiv e  te rm  gives th e  p o sit iv e  b ra n c h  d e -

Figure 1. Dependence of the inverse derivative r1 (V) on V.

n o ted  b y  curve b . T h e  u p p e r  p o rtio n  o f  cu rve  b  w h ich  lies  
in  th e  p o sitiv e  V ran ge  a n d  th e  th ird  b r a n c h , cu rve  c , are  
d u e  to  th e  a p p ea ra n c e  o f  a  m a x im u m  v a lu e  o f  th e  e ffec 
tiv e  p o te n tia l. T h e re fo re , th e  in v erse  d er iv a tiv e  ca n  b e  o b 
ta in e d  in a su m  o f  th e se  th ree  c o n tr ib u tio n s  as w ell as 
th e ir  h ig h er-ord er te r m s . T h e  le a d in g  te rm  o f  th is  su m  
sh o u ld  th e n  re su lt fro m  cu rve  a , w h ich  w ill b e  fo llo w ed  b y  
th e  c o n tr ib u tio n  fro m  e ith er cu rve  b  or c d e p e n d in g  on  th e  
h e ig h t o f  th e  p o te n tia l b a rrier. T h e  in verse  d er iv a tiv e  is

r'(V) =  - V ~ an2 £  (i =  0 , > /2. V *  3/ 2 - )
¡-0

(3 .2 6 )

w here th e  co e ffic ie n ts  are

a 0 =  ( 4 D ) 1/I2< r /1 2 ; a 1/2 =  -  ~ ( A D ) vu<r,

a _  l 1 ■  _______ 595 _  9/l2
5/6 1 4 4 ( 4 0 ) " V  3/2 1 2 4 ,4 1 6  ^ U)

T h e  first te r m  o f  th e  s u m  is d u e  to  th e  re p u lsiv e  energy o f  
U(r), i.e., 4 D(<x/r)12, a n d  th e  se c o n d  te r m  rep resen ts th e  
c o n tr ib u tio n  o f m o le c u la r  a ttr a c tio n  - 4 D (< r /r )6 ; th e  th ird  
te rm  is resp o n sib le  fo r  th e  ce n tr ifu g a l p o te n tia l. T h e r e 
fore , i f  th e  p o te n tia l is s im p ly  U(r) = 4D(a/r)12 w ith  b = 
0 , th e  in verse  d er iv a tiv e  is — ( 4 D ) 1 / 1 2 < x /12V 13/12. W it h  eq  
3 .2 6  a t  h a n d , th e  c o llis io n  t im e  ca n  b e  re a d ily  e v a lu a te d  
as

r e «
ro/ia) £7/12

r e - «
12r(7/i2) E13/n

r (7 i= )  (1 ^ 1 ¿>2

12r(u/i2) (ADY'̂ EW
 ̂1/2

7 IXVh)
£19/12 (3 .27 )

288 r(7i2)
w here th e  0  fu n c tio n  is /S(7A 2 +  ¿, % )  =  r 1 / 2r ( 7A 2 +  0 /

The Journal of Physical Chemistry, Vol. 77, No. 13, 1973



1670 Hyung Kyu Shin

Figure 2. Variation of AE/7iuj with initial relative orientation 
angle 8 at v = 5 X 105 cm /sec. Values of A E/f iw  for 65-90° 
are plotted on an enlarged scale. The broken line represents the 
orientation-averaged value of A E/f iu .

r ( 13A 2 +  i ) .  T h e  in tro d u c tio n  o f  th is  ex p re ssio n  in to  eq
3 .2 4  n o w  c o m p le te s  th e  a n a ly tic  fo r m u la tio n  o f  th e  
a m o u n t o f  v ib ra tio n a l en ergy tra n sfer  as a fu n c tio n  o f  v, 6, 
a n d  5.

A n  a p p ro a c h  s im ila r  to  th e  a b o v e  d er iv a tio n  o f  th e  p e r 
tu r b in g  force , eq  2 .3 , a n d  in  tu rn  th e  a m o u n t o f  energy  
tra n sfer , e q  3 .2 4 , h a s  a lrea d y  b e e n  rep o rted  e lse w h ere .16 

S u b s e q u e n tly , M o r a n  a n d  h is  a sso c ia te s 19  h a v e  a p p lied  
th is  fo rm u la tio n  to  th e ir  ion  b e a m  e x p e r im e n ts  a n d  h ave  
fo u n d  th a t  it  a d e q u a te ly  e x p la in s  th e ir  re su lts  on  v ib r a 
tio n a l e x c ita tio n s  in  0 +  +  O 2 , 0 2+  +  A r , a n d  C O +  +  A r  
co llisio n s a t  s m a ll  sc a tte r in g  a n g les . T h e  d ifferen ce  b e 
tw een  th a t  a p p ro a c h 16  a n d  th e  p re sen t on e  is th e  fo rm  o f  
U (r ) . W h ile  th e  p re sen t tr e a tm e n t is b a s e d  on  th e  L J  
( 1 2 -6 )  p o te n tia l for w h ich  th e  p o te n tia l p a r a m e te rs  D a n d  
a are a v a ila b le  fro m  b e a m  e x p e r im e n ts  in  d e te r m in in g  th e  
c o llis io n  t im e , th e  earlier m o d e l u ses th e  L J  ( 1 2 -6 )  fu n c 
tio n  a n d  a d d itio n a l te rm s w h ich  re su lt fro m  V (r ,8 ,x )  to  
d eterm in e  th e  c o llis io n  t im e . In  d eriv in g  th e  p ertu rb in g  
force in  th e  la tte r  w ork , th e  co n tr ib u tio n  c o n ta in in g  [(d  +  
x ) / r ]4 w as n o t c o n sid ered ; n o  te m p e ra tu re  d e p e n d e n c e  o f  
v ib ra tio n a l en ergy  tra n sfer  w as fo rm u la te d .

D. Numerical Results on N2 +  Ar. W e  n o w  p re sen t re 
su lts  for th e  a m o u n t o f  v ib ra tio n a l en ergy  tra n sfe r  and  
tra n sitio n  p ro b a b ilit ie s  u sin g  th e  e x p re ssio n s d erived  
a b o v e . T h e  p o te n tia l p a r a m e te rs  d e te r m in e d  b y  T u l ly  a n d  
L e e 1 1  are <7 =  rm/2 1/6 =  3 .4 7  A  a n d  D =  1 .8 8  X 1 0 ' 14  erg ; 
oth er w ell-k n o w n  m o le c u la r  c o n sta n ts  are20 coe =  2 3 5 9 .6 1  
c m - 1 , coeXe =  1 4 .4 5 6  c m " 1, a n d  d  =  1 .0 9 4  A . W e  first  
sh ow  th e  a m o u n t o f  v ib ra tio n a l en ergy tra n sfer  in  u n its  o f  
ha; as a  fu n c tio n  o f  th e  in itia l o r ie n ta tio n  an g le  in  F igu re  2 
b y  ta k in g  v =  5 X 105 c m /s e c  (or 3 .4 1  x  1 0 ~ 12  erg) a n d  b 
=  0 . F or n o n ze ro  im p a c t  p a r a m e te rs ; AE/hw is v ery  sm a ll  
c o m p a re d  to  th is  co llin ea r ca se ; th e  v a lu e s  for b/a =  0 .5  

a n d  1 .0 , a lo n g  w ith  th o se  for 5 =  0 , are liste d  in T a b le  I. 
F ro m  th e  figu re , w e fin d  th a t  th e  a m o u n t o f  en ergy  tr a n s 
fer d ec rea ses  very  ra p id ly  as 8 in creases fro m  th e  co llin ear

Figure 3. Variation of the orientation-averaged transition proba
bilities Pkn with v for b =  0.

TABLE I: The 0 Dependence of A E / h u  at v =  5 X 105 cm /sec  
for b / a  =  0, 0.5, and 1.0

6 , deg b/t7 =  0 b / a  =  0.5 b / c r =  1.0

0 4.77 3.59(1) 1.48(4)
10 4.22 3.17(1) 1.31(4)
20 2.91 2.19(1) 9.06(5)
30 1.52 1.14(1) 4.72(5)
40 5.69(1)« 4.27(2) 1.77(5)
50 1.36(1) 1.02(2) 4.24(6)
60 1.54(2) 1.15(3) 4.79(7)
70 5.88(5) 4.42(6) 1.83(9)
80 7.81(41 5.87(5) 2.43(8)
90 1.08(31 8.11(5) 3.35(8)

“ Number in parentheses denotes the negative power of 10; e .g ..  
5.69(1) =  5.69 X  10~’.

ca se . A fte r  ta k in g  a m in im u m  v a lu e  o f  zero  a t  7 1 .2 ° , th e  
a m o u n t s lig h tly  in creases as 8 te n d s  to  9 0 ° . N o te  th a t  
w h en  th e  c o n sta n ts  o f  th e  an gle  d e p e n d e n t p a r t G(0) are  
c a lc u la te d , w e h a v e

G ( 8) =  7 .2 0  (c o s 4 8 + 0 .0 4 6 5  co s2 8 -  0 .0 1 5 5 ) 2

w h ich  b e c o m e s  zero  a t  7 1 .2 ° . A t  0 ° ,  A E/hu =  4 .7 7  b u t  it  
ta k e s  a  v a lu e  o f  o n ly  1 .0 8  x  1 0 ' 3 a t  9 0 ° . A s  sh o w n  in  
T a b le  I , a  s im ila r  8 d ep e n d e n c e  is seen  for n o n z e r o -5  c o lli
s io n s . W e  th erefore  fin d  th a t  m a jo r  p o rtio n  o f  th e  en ergy  
tra n sfer  ta k e s  p la c e  in  th e  an g le  ran ge o f  0  to  3 0 ° ;  sin ce  
th e  m o le c u le  is h o m o n u c le a r , th is  m e a n s  th a t  an  e q u a lly  
e ffec tiv e  an g le  ra n ge  is fro m  0  to  — 3 0 ° .

I f  th e  a n g le -d e p e n d e n t  fa c to r  is a v erag ed  ov er a ll p o ss i
b le  v a lu e s  o f  6, w e g et G =  8 .5 1 . In  F igu re  2 , w e a lso  sh ow  
th e  o r ie n ta tio n -a v e r a g e d  a m o u n t o f  en erg y  tra n sfer  for 5  
=  0  a t  v = 5  x  10® c m /s e c  for c o m p a riso n .

F ro m  eq  3 .1 5 , w e h a v e  th e  e xp ression  for a n y  v ib r a tio n 
a l tr a n sit io n  as a fu n c tio n  o f  u, 8, a n d  5. In  F igu re  3 , w e  
p lo t th e  v a lu es  o f  th e  o r ie n ta tio n -a v e r a g e d  tr a n s it io n  
p ro b a b ilitie s  for th e  first s ix  v ib ra tio n a l e x c ita tio n s  a t  5  =  
0  as a fu n c tio n  o f  th e  co llis io n  v e lo c ity ; th e  average  p r o b a 
b ilit ie s  are d efin e d  as

(19) P. C. Cosby and T. F. Moran, J. C h em . P h ys ., 52, 6157 (1970); F. 
Petty and T. F. Moran, nh ys. R ev . A, 5, 266 (1972).

(20) G. Herzberg, "Spectra of Diatomic Molecules," Van Nostrand, 
Princeton, N. J., 1950, Table 39.
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p kn = \ § *  (3 .2 8 )

T h e  tra n sitio n  p ro b a b ilit ie s  are c o m p lic a te d  fu n c tio n s  o f  
th e  an g le  d, G(d) a p p ea rin g  in  b o th  th e  e x p o n e n tia l a n d  
p re ex p o n e n tia l p a r ts , b u t  th e  in teg ra tio n  ca n  b e  rea d ily  c a r 
ried o u t n u m e ric a lly . W e  p erfo rm e d  th e  in teg ra tio n  on  an  
X D S  S ig m a -7  c o m p u te r  b y  S im p s o n ’s %  ru le . T h r e e  d if 
feren t sp a c in g s  a n d  R ic h a rd so n ’ s e x tr a p o la tio n s  are u sed  
to  im p ro v e  th e  re s u lts .21

In  F igu re  3 , w e fin d  th a t  th e  tra n sitio n  p ro b a b ilitie s  
show  a c o m p lic a te d  stru c tu re d  d ep e n d e n c e  on  co llis io n  
v e lo c ity . F or n o n zero  im p a c t  p a r a m e te rs , th e  a m o u n t o f  
v ib ra tio n a l en ergy  tra n sfe r  d ecreases fro m  th e  co llin ear  
case a t  a  g iven  v e lo c ity  so  th e  cu rv es  sh o w n  in  F igu re  3  
w ill sh ift  to w a rd  h ig h  v e lo c ity  ra n ges b u t  th e  gen eral 
sh a p es sh o u ld  r e m a in  u n c h a n g e d . B e lo w  b =  3 x  10 5 c m /  
sec, as  sh ow n  in  th e  figu re , th e  p ro b a b ilit ie s  are very  
s m a ll ; e.g., a t  105 c m /s e c ,  P o i =  7 .4 8  X 1 0 - 1 7  a n d  P 02 =
1 .3 4  X I O - 32, w h ile  P 12  =  1 .4 9  X 1 0 - 1®. A t  3  X 10 5 c m /  
sec , P o i =  1 .91  X 1 0 - 3, P 02 =  8 .8 8  x  1 0 -® ,  P 03 =  3 .5 0  X 
1 0 - 8, P 12  =  3 .8 0  X 1 0 - 3 , P 13  =  2 .6 3  X 1 0 - * ,  a n d  P 23 =
5 .6 4  X 1 0 “ 3 . A s  th e  c o llis io n  v e lo c ity  in crea ses , P * n ra p id 
ly  in creases to  a  m a x im u m  v a lu e ; it  sh o w s a n o th e r  b ro a d  
m a x im u m  a t s t ill  h ig h er v e lo c itie s . F or e x a m p le , for  0  —► 
1, th e  first (sh a rp ) m a x im u m  v a lu e  o f  9 .5 5  X 1 0 ~ 2 a p p ea rs  
a t 4 .5  X 105 c m /s e c  a n d  th e  se c o n d  (b ro a d ) m a x im u m  
v a lu e  o f  0 .1 2 0  a t  1 .6  X 10 6 c m /s e c ,  in d ic a tin g  th a t  th e  0  
—*• 1  tra n sitio n  is e ffic ie n t o v er a  w id e  v e lo c ity  ra n ge  ab o v e  
4  X 10 5 c m /s e c .  O th e r  o n e -q u a n tu m  tra n sitio n  p r o b a b ili
ties  v a ry  s im ila r ly  a t  low er v e lo c itie s . H o w e v e r , a t  h igh er  
co llis io n  v e lo c itie s , w e fin d  one or m o re  very  b ro a d  b u t  
low  m a x im u m  v a lu es  c o m p a re d  to  th e  0  —*• 1 c a se . T h e  
n u m b e r s  o f  m a x im a  are 2 , 3 , a n d  4 , re sp ec tiv e ly , for 0  -*  
1, 1 —► 2 , a n d  2  —► 3  tra n sitio n s  T h e  first m a x im u m  is th e  
sh a r p e st ; th e rea fter , th e  m a x im a  b e c o m e  b ro a d er. T h e  
seco n d  m a x im u m  a lw a y s  ta k e s  th e  largest v a lu e . T h e  0  —► 
2  a n d  1 - *  3  tra n sitio n s  ta k e  su b s ta n tia lly  s m a lle r  p ro b a 
b ilit ie s  co m p a re d  to  o n e -q u a n tu m  tra n sitio n s  b e lo w  1 .4  X 
1 0 6 c m /s e c ,  b u t  a t  h ig h er c o llis io n  v e lo c itie s  th e  p r o b a b il
ities are c o m p a ra b le  to  th o se  o f  th e  la tte r . T h e  0  —► 2 a n d  
1 —*■ 3  tra n sitio n  p ro b a b ilit ie s  ta k e  tw o  a n d  th ree  m a x i
m u m  v a lu e s , re sp e c tiv e ly . F in a lly , th e  0  —*• 3  tra n sitio n  
p ro b a b ility  is th e  s m a lle s t  o f  th e  a ll ca ses u n d er  co n sid er
a tio n  b e lo w  2 X 10® c m /s e c ,  b u t  a b o v e  3  X 10® c m /s e c  it 
is as large as th e  0  —* 1 p ro b a b ility ; th e  0  —*■ 3  p ro b a b ility  
ta k e s  tw o  m a x im u m  v a lu e s , th e  se c o n d  m a x im u m  b ein g  
very  b r o a d . T h e  figu re  c lea rly  sh o w s th a t  as th e  co llis io n  
v e lo c ity  in crea ses , m a n y  ch a n n e ls  are o p en  for v ib ra tio n a l  
tra n sitio n s a n d  m a n y  o f  th e m  b e c o m e  im p o r ta n t .

W e  sh o u ld  n o te  th a t  Pkn h a s  a  m u c h  s im p le r  v e lo c ity  
d ep e n d e n c e . F or e x a m p le , Pon ta k e s  a  sin g le  m a x im u m  
v a lu e  o f  nn e x p ( —n)/n\ a t e =  re. F or th e  co llin ea r c o lli
s io n , th e  m a x im u m  v a lu e s  o f  0 .3 6 7 , 0 .2 7 0 , a n d  0 .2 2 4  th en  
a p p ea r for 0  — • 1 , 0  -*■ 2 , a n d  0  —*• 3 , re sp ec tiv e ly , in  th e  
v e lo c ity  ra n ge  4 .5  X 105 — 5  X 10® c m /s e c .  A s  sh o w n  in  
F igu re  3 , th is  is th e  ra n ge  w here th e  first p ea k s  o f  Poi, 
P 02, a n d  P 03 a p p ea r  w ith  th e  v a lu es  9 .5 5  X 1 0 - 2 , 5 .0 3  X 
1 0 - 2 , a n d  3 .5 4  X 1 0 ~ 2, re sp ec tiv e ly , w h ich  are s ig n ific a n t
ly  sm a lle r  th a n  th e  c o rresp o n d in g  co llin ea r p ro b a b ilit ie s . 
H o w e v e r , b e y o n d  th is  v e lo c ity  ra n g e , th e  co llin e a r  p ro b a 
b ilities  ra p id ly  d ec re a se  w ith  risin g  v e lo c ity . T h is  c o m p a r 
ison in d ic a te s  t h a t  e v e n  i f  th e  a n iso tro p y  is n o t severe  (see  
eq  2 .2 ) th e  an g le  d ep e n d e n c e  ca n  serio u sly  a ffe c t  th e  tr a n 

sition  p ro b a b ilitie s .

Figure 4. Plot of the orientation-averaged A E / f iw  for b =  0 as a 
function of v. Values of AE/fita for collinear collisions are also 
snown.

I V .  T h e r m a l -A v e r a g e d  T r a n s i t i o n  P r o b a b i l i t y

A. General Considerations. T h e  v e lo c ity  d ep e n d e n ce  o f  
o rie n ta tio n -a v era g e d  tr a n sit io n  p ro b a b ilit ie s  sh o w n  in  F ig 
ure 3 in d ica te s  th a t  b e lo w  v =  4  X 105 c m /s e c  a ll p ro b a 
b ilities  are very s m a ll  (<SCl). In  F igu re  4 , w e sh ow  th e  ori
e n ta tio n -a v e r a g e d  a m o u n t o f  v ib ra tio n a l en ergy  tran sfer, 
as w ell a s  th e  a m o u n t a t  co llin e a r  c o llis io n s . A t  3  X 10 5 

c m /s e c , th e se  tw o  v a lu e s  are 3 .6 0  X 1 0 ~ 4 a n d  3 .2 3  X 1 0 “ 3, 
re sp ec tiv e ly . A t  3 0 0 ° K , th e  a v erag e  v e lo c ity  o f  th e  c o lli
sion  s y s te m  is a b o u t  6  X 10 4 c m /s e c ;  it  in crea ses  to  a b o u t  
2 X 10 5 c m /s e c  a t  3 0 0 0 °K . T h e re fo re , in  th e r m a l ra n ges, 
tra n sitio n  p ro b a b ilitie s  are v ery  s m a ll  ( < S l )  for th e  p res
e n t c o llis io n  sy s te m  a n d  n o  stru c tu re d  d ep e n d e n c e  o f  th e  
v ib ra tio n a l tra n sitio n  p ro b a b ilit ie s  on  c o llis io n  v e lo c ity  (or  
en ergy ) w ill a p p ea r , so  th a t  w e ca n  sa tis fa c to r ily  set  
e x p ( - t )  =* 1  a n d  n e g le c t te rm s in  se c o n d - a n d  h ig h er-o r
ders in  e in  Pkn\ e.g., Poi =  AE/hw. T h e  a p p ro x im a te  e x 

p ression s for o th er p ro b a b ilit ie s  are P02 = % e 2, P03 =  V6 f3, 
P12 =  2 é, P a3 =  % c 2 , a n d  P 23 =  3 t . T h e s e  a p p ro x im a te  e x 
pression s m a y  th e n  b e  u se d  in  d er iv in g  th e r m a l-a v e ra g e d  
tra n sitio n  p ro b a b ilit ie s . In  th e  p resen t se c tio n , w e sh all 
co n sid er o n ly  th e  th e r m a l a v erag e  o f  th e  0  —*• 1  tra n sitio n  
p ro b a b ility  in  th e  te m p e ra tu re  ra n ge  o f  3 0 0  to  3 0 0 0 °K  a n d  
c a lc u la te  th e  n u m b e r  o f  co llis io n s requ ired  to  d e -e x c ite  a  
q u a n tu m  o f  v ib ra tio n  ( 1  —*• 0 ) .

B. Average over Collision Energies. B e fo re  m a k in g  th e  
th e r m a l av era g e , w e average  P o i over m o le c u la r  o r ie n ta 

tio n  a n g les  a n d  im p a c t  p a r a m e te r

(P o i)  =  ¿  2wb áb J0 s\n8d6 (4 .1 )

w here l is th e  “ h a r d -sp h e r e ”  co llis io n  d ia m e te r  w h ich  w ill 
b e  .d e te r m in e d  fro m  U(l) — kT. N o te  th a t  th e  in tegral 
X o ” 2 irPoi b d b is th e  e ffec tiv e  in e la stic  sc a tte r in g  cross  
se ctio n .

(21) J. M. McCormick and M. G. Salvadori, "Numerical Methods in For
tran,” Prentice-Hall, Englewood Cliffs, N. J., 1964, pp 312-317.
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A s s u m in g  a B o ltz m a n n  d istr ib u tio n  o f  in itia l en ergies  
(or v e lo c it ie s ) , w e d efin e  th e  th e r m a l-a v e ra g e d  tra n sitio n  
p ro b a b ility  as

P 0I( T )  =  /  < P o i> £  e x p (~E/kT)
ckT)2

Q
(m

d E

i f X

e x p [ " - ( 2 /u)1/2co Y
L i=o

B { h +i- i )m
EVW + i

E_'
kT. dEdb (4.2)

w here Q  is th e  p re ex p o n e n tia l p a r t  o f  (P o i)  d e fin e d  in  eq  
4 .1

w h e r e

«  -  i  G w ) ( f  J  ®  <“ >

G =  ^  Ĵ G(0) s in  6 dd

In  eq  4 .2  w e first carry o u t th e  in teg ra tio n  over 6 ; th e  i 
=  %  te rm  o f  th e  s u m  is n e ed e d  in  th is  in teg ra tio n . T h e  re 
s u lt  is

E l7/12 e x p
r  »  B

- ( 2 m)1/2w  Yj ~  
L i=o

(l2 + l ’ 2 ) ° ' _ E l
£ 7 / 1 2  +  i  k T  J d E

(4.4)
N o te  th a t  th e  p re ex p o n e n tia l p a rt o f  th e  in teg ra n d  n ow  
c o n ta in s  E17/12 a n d  th a t  th e  s u m  d oes n o t in c lu d e  th e  i =  
%  te r m . T h e  lea d in g  te rm  o f  th e  su m  in th e  e x p o n e n t is

T ( 7/ i 2) (27r/i)1/2( 4 D ) 1/12o)(T c o n s t a n t

r(V12) E7fa £ 7 / 1 2

T h e re fo re , th e  e x p o n e n tia l p a rt in  eq  4 .4  c o n ta in in g  th e  
s u m , w h ic h  resu lts  fro m  th e  tra n sitio n  p r o b a b ility , in 
creases w ith  E a p p ro x im a te ly  as e x p ( - c o n s t a n t /£ 7 /12), 
w h ile  th e  B o ltz m a n n  fa c to r  e x p (-E/kT) d ec re a se s , so  
th a t  th e  in teg ra n d  ta k e s  a  m a x im u m  v a lu e  a t  so m e  in ter 
m e d ia te  en ergy , sa y  E*. T h e  a n a ly tic  e v a lu a tio n  o f  eq  4 .4  
ca n  th e n  b e  p erfo rm ed  b y  u se  o f  th e  L a p la c e  m e th o d .2 2 -23 

A  stra ig h tforw a rd  a p p lic a tio n  o f  th is  m e th o d  gives

rn i3/12)T d_ ____ d_ _  fu* \
Lr(19/12)J kT 6kT 2kT)

w h e r e

r p f l 9 /   ̂ -I 12/19
X =  (4P)I/12(27r/i)1/W r J  (4.5)

In  th is  e q u a tio n , th e  te rm  — hw/2kT in  th e  e x p o n e n t is 
d u e  to  th e  sy m m e tr iz a tio n  o f  th e  in it ia l a n d  f in a l co llis io n  
e n erg ie s .2b T o  o b ta in  th e  tra n sitio n  p ro b a b ility  ap p ro p ria te  
to  a  d e e x c ita tio n  o f  th e  o sc illa to r , ra th er th a n  to  a n  e x c i
ta tio n , w e h a v e  to  rep la ce  th is  te rm  b y  +hu/2kT\ i.e.,

T(°K)
3000 2000 1000 600 400 300

Figure 5. Plot of the collision number Z1 0  =  1/P io (I)  as a 
function of 7"- 7 ''19.

P io ( T )  =  P o i( T )  exp(h(xi/kT). T h e  se c o n d  te r m  o f  th e  f a c 
tor

in  th e  p re ex p o n e n tia l p a rt is d u e  to  th e  a ttr a c tiv e  en ergy  
te rm  -4 D (< r /r ) 6 o f  U(r). T h is  te rm  is n o r m a lly  very  sm a ll  
c o m p a re d  to  u n ity  so  th a t  th e  m o le c u la r  a ttr a c tio n  does  
n o t serio u sly  a ffe c t  th e  p re ex p o n e n tia l p a r t ; h ow ever, th e  
se c o n d , th ird , a n d  fo u rth  te rm s in  th e  e x p o n e n t are a lso  
d u e to  th e  m o le c u la r  a ttr a c tio n , a n d  ca n  m a k e  a n  im p o r 
ta n t  c o n tr ib u tio n  to  th e  o v erall m a g n itu d e  o f  th e  p r o b a 
b ility .

W e  n ote  th a t  th e  th e r m a l-a v e ra g e d  to ta l cross se c tio n  
for 0  —*• 1  c a n  b e  d e fin e d  as

Qoi(r) = 7 j ^ y 2 f ~ f ~ P 01EbdEdb (4.6)

w h ich  is th e n  s im p ly  wl2Poi(T).
C. Temperature Dependence of Collision Number. In  

F igu re 5, w e p lo t  th e  n u m b e r  o f  co llis io n s req u ired  to  
d ee x c ite  a  q u a n tu m  o f  v ib ra tio n  ( 1  —*  0 ) , w h ich  is d e fin e d  
as Z 10  =  l/Pio(T), as a fu n c tio n  o f  T_7/19. F or Pio(T), 
th e  fifth  te r m  in  th e  e x p o n e n t is n o w  + h o j/2 fe T . T h e  le a d 
ing te rm  in  th e  e x p o n e n t, -19x/7kT, is very  large c o m 
p ared  to  th e  o th ers ; e.g., a t  300°K th e  le a d in g  te rm  ta k e s  
-42.6, w h ile  th e  seco n d  te rm  is +3.59, th e  su m  o f  th e  
th ird  a n d  fo u rth  te rm s is +0.432, a n d  th e  f ifth  te rm  is 
+5.59. T h e re fo re , th e  lo g a r ith m ic  p lo t  o f  Z 10 a g a in st  
£ - 7 / 1 9  fo llow s a n ea rly  s tra ig h t lin e , p a r tic u la rly  a t  h igh er  
te m p e ra tu re s . A  d e v ia tio n  fro m  lin e a rity  a t  te m p e ra tu re s  
b elo w  600°K is m a in ly  d u e  to  th e  c o n tr ib u tio n  o f  th e  s e c 
o n d  te rm  in  th e  e x p o n e n t o f  Pio(T), w h ich  re su lts  fro m  
th e  a ttr a c tiv e  en ergy  —4D(a/r)6. T h e  c o llis io n  n u m b e r  is  
very  large ev en  a t  h ig h er te m p e ra tu re s ; a t  3000°K, Z 10  =  
540 or Pio(T) = 1.85 X lO“ 3. A t  300°K, it  is as  la rg e  as

(22) N. G. de Bruljn, “Asymptotic Methods in Analysis,” North-Holland, 
Amsterdam, 1961,2nd ed, Chapter 4.

(23) Also see H. Shin, J. Chen. Phys., 56, 2617 (1972).
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TABLE II: Effect of Nonzero-Impact Parameter Collisions on 
Vibrational Energy Transfer“

T, °K L /, Ä

300 0.0549 3.28
400 0.0606 3.24
600 0.0701 3.14
800 0.0775 3.14

1000 0.0842 3.10
1500 0.0981 3 03
2000 0.109 2 98
2500 0.119 2.94
3000 0.128 2.90

" Values of the hard-sphere collision diameter are also listed.

3 .6 9  X  109 . T h e  c a lc u la te d  v a lu es  o f  l o b ta in e d  fro m  th e  
re la tio n  [ 7 ( 0  =  kT v a ry  fro m  3 .2 8  Â  a t  3 0 0 ° K  to  2 .9 0  Â  a t  
3 0 0 0 ° K ; see  T a b le  II.

In  eq  4 .5  th e  e ffec t o f  n o n z e r o -im p a c t  p a r a m e te r  c o lli
sion s c o n tr ib u te s  to  th e  p re ex p o n e n tia l p a rt b y  th e  fa c to r

,  _  § 4  r(u/12)rc/») M 2 ( 4 D)1/6kT 
L -  5 i x v i i m v u )  U )  x 7/6 {

In  T a b le  II , w e sh o w  th e  c a lc u la te d  v a lu e s  o f  th is  c o n tr i
b u tio n  a lo n g  w ith  th e  v a lu e s  o f  l. T h e  e ffec t is very im p o r 
ta n t  th ro u g h o u t th e  te m p e ra tu re  ra n ge  c o n sid ered ; th e

co n sid era tio n  o f  a ll p o ss ib le  n o n lin e a r  co llis io n s lea d s to  
th e  d ec rease  o f  th e  th e r m a l-a v e r a g e d  tr a n sit io n  p ro b a b ili
ty  b y  a fa c to r  o f  1 8 .2  a t  3 0 0 ° K  a n d  7 .7 8  a t  3 0 0 0 °K  from  
th e  z e r o -im p a c t  p a r a m e te r  re su lt.

V .  C o n c lu d in g  R e m a r k s

W e  h a v e  d ev e lo p e d  a p ro ced u re  to  c o n str u c t th e  p ertu r
b a tio n  en ergy  in a n  a p p ro p ria te  fo rm  fo r  th e  s tu d y  o f  v i
b ra tio n a l tra n sitio n s in  a to m  +  d ia to m ic  sy s te m s  on  th e  
b a sis  o f  th e  k n ow led ge  o b ta in e d  fr o m  c r o sse d -b e a m  ex p er
im e n ts . B y  use  o f  th is  p e r tu r b a tio n  e n erg y , w e h av e  sh ow n  
in  d e ta il th e  d er iv a tio n  o f  th e  v ib ra tio n a l tra n sitio n  p ro b 
a b ility  fro m  th e  t im e -d e p e n d e n t  p ertu rb e d  o sc illa to r  w ave  
fu n c tio n  as a fu n c tio n  o f th e  co llis io n  en ergy  (v e lo c ity ) , 
o rie n ta tio n  a n g le , a n d  im p a c t  p a r a m e te r . A p p lic a tio n  o f  
th e  fo rm u la tio n  to  N 2 +  A r  sh ow s th a t  th e  v ib ra tio n a l  
tra n sitio n  p ro b a b ilitie s  h av e  c o m p lic a te d  stru c tu re d  d e 
p en d e n ce  on  c o llis io n  v e lo c ity  in  th e  range 4  X  105- 4  X  
1 0 6 c m /s e c .

T h e  th e r m a l av erag e  o f  th e  0  —► 1 v ib ra tio n a l tran sition  
is e x p lic itly  p er fo rm e d , a n d  a n  e sse n tia lly  lin ear re lation  
b e tw ee n  th e  lo g a r ith m  o f  th e  co llis io n  n u m b e r  a n d  T _ 7/19 

is fo u n d . A  d ev ia tio n  fro m  lin e a rity  a t  te m p e ra tu re s  b e low  
6 0 0 °K  is a ttr ib u te d  to  th e  e ffe c t  o f  a ttr a c tiv e  fo rces. T h e  
c a lc u la tio n  sh ow s th a t  w h en  a ll n o n z e r o -im p a c t  p a ra m e te r  
co llisio n s are in c lu d e d , th e  th e r m a l-a v e r a g e d  tran sition  
p ro b a b ility  b e c o m e s  se rio u sly  s m a lle r  th a n  th e  z e r o -im 
p a c t  p a r a m e te r  re su lt.

S C F - M O  C a l c u l a t i o n s  o f  S p e c t r a  o f  K e t y l  R a d i c a l s  

a n d  R a d i c a l  A n i o n s  o f  U r a c i l  a n d  C y t o s i n e

Alec Grimison and Manfred K. Eberhardt*

Puerto Rico Nuclear Center,' Caparra Heights Station, San Juan, Puerto Rico 00935 (Received November 13, 1972) 

Publication costs assisted by the Puerto Pico Nuclear Center

S C F - M O  c a lc u la tio n s  w ere u se d  to  c a lc u la te  sp ec tra l tra n sitio n s o f  a series o f  p o ss ib le  in te r m e d ia te s  in  
th e  re a ctio n  o f  u racil a n d  cy to sin e  w ith  ea q ~ . T h e  c a lc u la tio n s  w ere ca rried  o u t u sin g  a s p e c ia lly  d e 
sig n ed  P P P  ty p e  a p p ro x im a tio n , in c lu d in g  c o n fig u ra tio n  in tera c tio n . In  so m e  ca ses th e  c a lc u la tio n s  c o n 
firm  p rev io u s sp ec tra l a ss ig n m e n ts , b u t  in oth er cases n ew  a ss ig n m e n ts  h a v e  b e e n  m a d e .

T h e  re a ctio n  o f  so lv a te d  e lectro n s e a q - , p ro d u c ed  b y  ra 
d io ly sis  o f  w a te r , w ith  a series o f  p y r im id in e s  w a s in v e sti
g a te d  b y  H a y o n 2 u s in g  th e  te c h n iq u e  o f  f la sh  ra d io ly sis . 
H a y o n  c o n c lu d e d  th a t  so lv a te d  e le ctro n s, eaq“ , re a ct w ith  
p y rim id in e s  m a in ly  a t  th e  C 2 a n d  C * c a rb o n y ls . T h is  w as  
in d ic a te d  to  b e  in  c o n tra d ic tio n  to  th e  re a c tio n  a t  th e  5 ,6  
c a r b o n -c a r b o n  d o u b le  b o n d  p o stu la te d  b y  p rev io u s in v e s 
tig a to rs  on  th e  b a s is  o f  q u a n tu m  m e c h a n ic a l c a lc u la 
tio n s . 3 T h is  co n c lu sio n  a p p ea re d  ra th e r stra n g e  sin ce  a d 
d itio n  to  th e  C 4 c a rb o n y l grou p  as w ell as  a d d itio n  to  th e
5 ,6  c a r b o n -c a r b o n  d o u b le  b o n d  g ives th e  sa m e  m e so m e ric  
ra d ica l a n ion  (see  eq  1 ) . A lth o u g h  on e  m a y  c o n sid er th e

so lv a te d  e lectro n  eaq~ as th e  s im p le s t  ra d ic a l it  d o es  n o t  
b e h a v e  like o th er free ra d ic a ls , w h ich  re a ct w ith  a  m o le 
cu le  a t  a sp ec ific  p o sit io n . A  so lv a te d  e lectro n  ea q ~ rea cts  
w ith  a m o le c u le  b y  a d d itio n  to  th e  lo w est u n o c c u p ie d  m o 
lec u la r  o rb ita l ( L U M O ) .  T h is  is d e lo c a liz e d  ov er th e  e n 
tire m o le c u le .

(1) Puerto Rico Nuclear Center Is operated by the University of Puerto 
Rico for the U. S. Atomic Energy Commission under Contract No. AT 
(40-1 )-1833.

(2) E. Hayon, J. Chem. Phys., 51,4881 (1969).
(3) 8. Pullman and A. Pullman, “Quantum Biochemistry,” Interscience, 

New York, N. Y., 1963.
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TABLE I: Calculated and Experimental Transitions for Uracil Radical Anions

Experimental 
Conditions transitions, eV

Suggested species with their principal calculated 
transitions and oscillator strength

Conclusions

Hayon This work

pH 5.1

Cutoff
at >4.4 eV

pH 11.7

4.07
>4.4

4.00

OH

H

I
4.14 (0.050) 
4.94 (0.056)

IV
3.54 (0.0987) 
3.64 (0.2669)

4.72 (0.0002) 4.087 (0.0056)

I (4.07) 
II (>4.4)

V

4.19 (0.1485) 
4.40 (0.1544)

O
II

L J .
0

sisr
H

F or u ra cil H a y o n  fo u n d  tw o  a b so rp tio n  m a x im a  a t  p H  
5 .5  a n d  on e  m a x im u m  a t p H  1 1 .8 . H e  p ro p o sed  th e  re a c 
tio n  seq u e n ce  sh o w n  b y  eq  2 a n d  3 . S in c e , as  m e n tio n e d

pH 5.5

OH

HO

HN
I

/ C
I 1

H

0

pH 11.8

e lectro n  d istr ib u tio n  o f  th e  uracil ra d ic a l a n io n  u s in g  an  
a ll v a len c e  e lectro n  S C F - M O  c a lc u la tio n  ( I N D O  a p p ro x i
m a tio n )  in  th e  sp in -u n r e str ic te d  fo r m a lis m .4 T h e  re su lts  
sh o w  (see  C h a r t I) th a t  th e  m a x im u m  to ta l e le ctro n  d e n 
s ity  in  th e  u ra cil a n io n  is a t  th e  o x y g en  o f  th e  C 4 c a rb o n y l  
grou p  a n d  p ro to n a tio n  w o u ld  b e  e x p e c te d  a t  th a t  p o sitio n  
to  fo rm  th e  C 4 -k e ty l ra d ic a l o f  u r a c il. In  ord er to  see  
w h eth er th is  sp ec ies  w o u ld  a c c o u n t for  th e  tw o  ob served  
a b so rp tio n  m a x im a  w e h av e  c a lc u la te d  th e  tra n sitio n s  o f  
th e  u racil ra d ic a l a n io n  a n d  th e  C 2-  a n d  C 4 -k e ty l  ra d ica ls  
(see  T a b le  I ) .  T h e s e  ca lc u la tio n s  w ere ca rried  o u t u sin g  a  
P P P  ty p e  a p p ro x im a tio n , in c lu d in g  c o n fig u ra tio n  in te r a c 
tio n . T h e  P P P  p ro g ra m  c o n ta in ed  th e  sp e c ia l fea tu re  o f  
in c lu sio n  o f  n o n e m p ir ic a l fi v a lu e s . T h e  (3 v a lu es  w ere c a l
c u la te d  u sin g  th e  L in d erb e rg  e q u a tio n . T h e  m e th o d  is d e 
scrib e d  in  d e ta il in  a  recen t p u b lic a t io n .5 T h e  C 4 -k e ty l  
ra d ic a l g ives rise to  tw o a b so rp tio n  m a x im a  a t  4 .1 4  a n d  
4 .9 4  e V . T h is  c o m p a re s  fa v o ra b ly  w ith  th e  e x p e r im e n ta l  
re su lts  (4 .0 7  a n d  > 4 . 4  e V ) . T h e  c a lc u la tio n s  o n  th e  C 2 - 
k ety l ra d ic a l sh ow  o n ly  o n e  w eak  a b so rp tio n  a t  4 .7 2  e V . 
A ls o  th e  u ra cil ra d ic a l a n io n  g ives o n ly  on e  w ea k  a b so r p 
tio n  a t  4 .0 9  e V . T h e  sp ec tra l c a lc u la tio n s  th erefore  agree  
v ery  w ell w ith  th e  I N D O  c a lc u la tio n s , w h ich  p re d ic t  th e  
fo rm a tio n  o f  th e  C U -kety l ra d ica l.

C h a r t  I :  I N D O  C a lc u la tio n s  o f  T o t a l  E le c tro n  D e n sitie s  
o f  U r a c il a n d  C y to sin e  R a d ic a l A n io n

6.5761 5.2385

A 36346
5.2789 H N ^  4.2469

A  J  4 0690

3.4948 JJ
6.5289

5.1928

NH2

1  3.8176
5.5038 N ^ S 4, 135 

40181
U 3.4980 JJ 

6.5719
5.2082

In  b a sic  so lu tio n  a t  p H  1 1 .8  on ly  o n e  a b so r p tio n  p e a k  a t  
4 .0 0  e V  w as re p o rte d . T h e  c a lc u la tio n s  on  th e  u ra cil la c -  
t im  ra d ica l a n io n  sh ow  tw o  m a x im a  a t  3 .6 4  a n d  3 .5 4  e V .

a b o v e , th e  ea q ~ d o es  n o t re a ct a t  a  sp ec ific  p o sitio n  o f  
u ra c il, b lit  a d d s  to  th e  L U M O  w e h av e  c a lc u la te d  th e

(4) J. A. Pople and D. L. Beveridge, "Approximate Molecular Orbital 
Theory,” McGraw-Hill, New York, N. Y., 1970.

(5) M. K. Eberhardt and A. Grimison, R ev . L atinoam er. Q uim ., in press.
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TABLE II: Calculated and Experimental Transitions for Cytosine Radical Anions

Conclusions
Experimental Suggested species with their principal calculated ------------------------------------------------

Conditions transitions, eV transitions and oscifator strength Hayon This work

pH 5.5 3.88
4.07

Cutoff
at >4.2 eV

I
4.16 (0.1461) 
4.51 (0.1539)

NH,

yv*J
pH 13.3 4.00 m

3.35 (0.2069)
3.84 (0.0958)
4.47 (0.0962)

n h2 '

n
3.69 (0.1801) 
4.55 (0.1053) 
4.87 (0.1473)

I (4.07) ? I
II (3.88)? II

III ?

T h e  sp ec ies su g g e ste d  b y  H a y o n  w o u ld  give  tw o  eq u al  
m a x im a  a t 4 .1 9  a n d  4 .4 0  e V . T h e  w ea k er a b so rp tio n  o f  th e  
u racil la c t im  ra d ic a l a n ion  a t  3 .5 4  e V  m a y  w ell b e  h id d en  
u n d er th e  m u c h  stron g er a b so rp tio n  a t  3 .6 4  e V . I f  w e look  
a t th e  e x p e r im e n ta l sp e c tru m  o f  H a y o n  w e ca n  in d e e d  see  
a w eak  sh o u ld er a t  a b o u t  3 .8  e V . T h e  c a lc u la tio n s  a lso  
co rrectly  p re d ic t th e  stron g er a b so rp tio n  a t  p H  1 1 .8 , c o m 
p ared  to  th e  tw o  a b so rp tio n  p ea k s  o f  th e  C i -k e t y l  ra d ica l  
a t p H  5 .5 .

W e  h av e  a lso  ca rried  o u t c a lc u la tio n s  on  c y to sin e  (see  
T a b le  II) . T h e  I N D O  c a lc u la tio n  on  cy to sin e  la c ta m  ra d i
ca l a n io n  sh ow s (see  C h a r t I) th e  h ig h e st e le ctro n  d en sity  
a t th e  ca rb o n y l o x y g en  a n d  p ro to n a tio n  is e x p e c te d  a t  
th a t p o sit io n . T h e  e x p e r im e n ta l d a ta  for c y to sin e  h a v e  a  
c u to ff  a b o v e  4 .2  e V . B e lo w  th a t  v a lu e , w e c a lc u la te  th e  
cy to sin e  ra d ic a l a n io n  to  h a v e  a m a x im u m  a t 3 .6 9  e V , a n d  
th e  C 2 -k e ty l ra d ic a l m a x im u m  a t 4 .1 6  e V . T h e  e x p e r im e n 
ta l re su lts 2 a t  p H  5 .5  in d ic a te  th a t  tw o  tr a n sie n ts  are  
fo rm e d : on e w ith  a life tim e  o f  ~ 3 0  /¿sec a n d  a  m a x im u m  
at 3 .8 8  ±  0 .1 2  e V , a n d  a n o th er w ith  a l ife t im e  o f  ~ 1 0 0

/¿sec a n d  a m a x im u m  a t 4 .0 7  ±  0 .0 6  e V . H a y o n 2 very  te n 
ta tiv e ly  a ssign ed  th e  fo rm er as th e  ra d ic a l a n io n  a n d  th e  
la tte r  as th e  2 -k e ty l ra d ic a l, p o ss ib ly  fo rm e d  b y  p ro to n a 
tio n  o f  th e  a n io n . I t  is c lear fro m  th e  foreg oin g  th a t  our 
c a lc u la tio n s  fu lly  c o n firm  th e  te n ta tiv e  a ss ig n m e n t. W e  
m a y  in qu ire  w h eth er th e  sa m e  m e c h a n is m  sh o u ld  n o t o b 
ta in  for u ra cil: fo rm a tio n  o f  th e  ra d ic a l a n io n  fo llow ed  b y  
p ro to n a tio n  to  fo rm  th e  k ety l ra d ic a l. T h is  is e n tire ly  p o s 
s ib le , a n d  our c a lc u la tio n s  su g g e st th a t  an  e x p la n a tio n  
w h y o n ly  on e  tr a n sie n t (th e  4 -k e ty l  ra d ic a l)  is o b serv e d  is 
th a t  th e  u ra cil ra d ic a l a n ion  h as o n ly  on e v ery  w eak  a b 
so rp tio n  b a n d  (a t  4 .0 8 7  e V ) in  th e  e x p e r im e n ta l region  
(fo r u racil < 4 . 4  e V ) . T h e  s itu a tio n  for cy to sin e  in  a lk alin e  
so lu tio n  ap p ea rs  to  b e  m o re  c o m p lic a te d , a n d  no c o n c lu 
sio n s h a v e  b e e n  re a ch e d  so  far.

In  c o n c lu sio n , th e  p re sen t d a ta  su g g e st th a t  th e  s o lv a t
e d  electro n  re a cts  w ith  u racil a n d  cy to sin e  b y  a d d itio n  to  
th e  lo w est u n o c c u p ie d  m o le c u la r  o r b ita l, fo llo w ed  a t  p H
5 .5  b y  p ro to n a tio n  to  fo rm  th e  C ^ -k e ty l ra d ic a l o f  uracil 
a n d  th e  C 2 -k e ty l ra d ic a l o f  cy to sin e .
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P o t e n t i a l s  o f  G l a s s  M e m b r a n e s  i n  M o l t e n  B i n a r y  N i t r a t e s

T. J. van Reenen* and W. J. de Wet

Chemistry Division, National Nuclear Research Centre, Pretoria, South Africa (Received November 15, 1972)

E m f  m e a su r e m e n ts  w ere p e rfo rm e d  on  P y rex  a n d  fu sed  s ilic a  m e m b r a n e s  in  m o lte n  a lk a li n itra te  m e d ia  
a t v a rio u s te m p e ra tu re s . W it h  th e  a p p ro p ria te  p a r a m e te rs  for e a c h  sy ste m  su b st itu te d  in  th e  E is e n m a n  
e q u a tio n , go od  a g re e m en ts  w ith  e x p e r im e n ta l v a lu e s  w ere o b ta in e d . T h e  te m p e ra tu re  a n d  v o lta g e  d e p e n 
d en c e  o f  th e  m o b ility  ra tio , uu /uNa, for P y rex  m e m b r a n e s  is d iscu sse d .

I n tr o d u c t io n

In  a  recen t c o m m u n ic a tio n 1  th e  sco p e  o f  an  e le c tro ly tic  
tra n sp o rt te c h n iq u e  h as b e e n  e m p h a s iz e d  for  th e  p u rp ose  
o f  v e r ify in g  th e  E is e n m a n  th e o ry 2 for m e m b r a n e  p o te n 
t ia ls . N u m e r ic a l v a lu e s  for th e  m a in  p a r a m e te rs , n a m e ly , 
th e  m o b ility  ra tio  u-Ju\, th e  th e r m o d y n a m ic  e q u ilib r iu m  
c o n sta n t K^, a n d  th e  n o n id e a lity  fa c to r  n, ca n  b e  o b 
ta in e d  d ire c tly  for g la ss  m e m b r a n e s  in ce rta in  a lk a li m o l
te n  s a lt  s y s te m s  a t e le v a te d  te m p e ra tu re s  for a  d irect  
s tu d y  o f  th e  a b o v e -m e n tio n e d  th eo ry . I t  w a s a lso  d e m o n 
str a te d  th a t  for th e  la tte r  tw o  p a r a m e te rs , re su lts  are o b 

ta in e d  w h ich  are in a g re e m e n t w ith  th o se  o b ta in e d  b y  th e  
e q u ilib r iu m  so rp tio n  m e th o d 3 as  a p p lie d  on  p ow d ered  
gla ss  s a m p le s . T h e  re su lts  rep orted  for th e se  tw o  p a r a m e 
ters w ere, h ow ever, n o t correct d u e  to  th e  in flu en c e  o f  th e  
z in c  ch lo rid e  u se d  in ou r m e lts  on  th e  ra tio  o f  th e  a c tiv ity  
c o effic ie n ts  o f  th e  a lk a li c a tio n s . T h is  w ron g  a ssu m p tio n  
occu rred  th ro u g h  m is le a d in g  a n d  fo rtu ito u s re su lts  p re 
v io u s ly  o b ta in e d  u sin g  a n  e q u a tio n  fo r  reg u la r b in a ry  
m ix tu r e s  to  a c c o u n t for th e  a c tiv ity  c o e ffic ie n ts  o f  th e  a l 

k a li ca tio n s in  th e  z in c  ch lo rid e  d ilu te d  m e lts . F o r tu n a te ly  
th is  error w as soo n  d isco v ered  e x p e r im e n ta lly , a n d  a p p ro 
p ria te ly  re ctified  in a ll su b se q u e n t w ork . T h e  m o b ility  
ra tio  v a lu es  rep orted  w ere n o t a ffe c te d .

In  th e  p resen t p a p e r  th e  n ew ly  d e te r m in e d  v a lu e s  o f  f f j j  
a n d  n for th e  sa m e  a lk a li c a tio n  p airs d isc u sse d  in  th e  
p revio u s p a p er  are rep o rted . B y  u sin g  th e se  n ew  v a lu es  for  
th e  a b o v e  p a r a m e te rs , a n d  average  v a lu es  for  th e  m o b ility  
ra tio s , as w ill be  d isc u sse d  b e lo w , re su lts  o f  ju d ic io u s ly  
ch o sen  e m f  e x p e r im e n ts , d o n e  w ith  P y rex  a n d  fu sed  s ilica  
m e m b r a n e s  in v a rio u s b in a ry  a lk a li n itra te  m e lts , w ere  
c o m p a re d  w ith  th e o r e tic a lly  c a lc u la te d  v a lu e s . T h e  co r
rectn ess  o f  our m a in  a ssu m p tio n , n a m e ly , th e  im p o rta n c e  
o f  th e  m o b ility  ra tio  d ep e n d e n c e  on  th e  c a tio n ic  c o m p o s i
tio n  o f  th e  m e m b r a n e  for ve r ific a tio n  o f  th e  E is e n m a n  
th e o ry , u n fo r tu n a te ly  c a n n o t b e  te s te d  rigorou sly  e n o u g h  
u sin g  th e  b in a ry  m e lt  sy s te m s  o f  th is  in v e stig a tio n . T h is  
w o u ld  b e  p o ssib le  if  a n  in ert so lv e n t c o u ld  b e  u sed  in  th e  
m e lts  to  v a ry  th e  a b so lu te  a c tiv itie s  o f  th e  a lk a li ca tio n s  
a t ra n d o m  on ce u n c e rta in tie s  a b o u t  th e  a c tiv ity  co e ffi
c ie n ts  o f  th ese  ion s in su c h  te rn a ry  m e lts  h a d  b e e n  e lim i
n a te d . I t  w a s , h ow ever, a t te m p te d  to  a sc erta in  t h a t  on ly  
th e  io n ic  c o m p o sitio n  o f  a m e m b r a n e  a t  its  tw o  in terfa ces  
are o f  s ig n ific a n c e  in th is  re sp ec t, an d  th a t  th e  b u lk  ionic  
c o m p o sitio n  o f a m e m b r a n e  is im m a te r ia l, a t  le a st for s it 
u a tio n s  in  w h ich  th e  re sista n ce  to  ion ic m ig ra tio n  in th e  
b u lk  is less  th a n  a t  th e  in ter fa ce s .

F or an  in v e stig a tio n  in to  th e  e ffe c t o f  th e  io n ic  c o m p o s i
tion  o f  th e  b u lk  o f  th e  m e m b r a n e  on  th e  p o te n tia l across

th e  m e m b r a n e , th ree  series o f  p o te n tia l m e a su r e m e n ts  
w ere p erfo rm e d  on  P y rex  m e m b r a n e s . In  th e  first series  
th e  m e m b r a n e  w a s u se d  in its  orig in al so d iu m  io n  fo rm . 
F or th e  seco n d  series th e  sa m e  m e m b r a n e  w a s c h a n g e d  to  
an  io n ic  c o m p o sitio n  o f  eq u al so d iu m  a n d  lith iu m  m o le  
fra c tio n s . In  th e  th ird  series th e  m e m b r a n e  w as c o m p le te ly  
c o n v erted  to  a  lith iu m  ion  fo rm . T h e s e  d is p la c e m e n ts  
w ere b ro u g h t a b o u t in situ u sin g  th e  e le c tro ly tic  tr a n s 
p o rt te c h n iq u e  d esc rib e d  e lsew h ere .1

T h e  sa m e  te c h n iq u e  h as a lso  b e e n  u sed  to  s tu d y  th e  
va ria tio n  w ith  te m p e ra tu re  o f  th e  m o b ility  ra tio  o f  L i  to  
N a  io n s th ro u g h  a  P y rex  m e m b r a n e . T h e  te m p e ra tu re  
ran ge  w h ich  c o u ld  a d e q u a te ly  b e  s tu d ie d  w ith  th is  te c h 
n iq u e  w a s 4 9 0 -6 7 0 ° .  T h e  d e ta ils  fo r  ca rryin g  o u t th e se  d e 
te rm in a tio n s  are e x a c tly  th e  sa m e  as d esc rib e d  in  ou r p re 
v iou s p a p e r .1

E x p e r im e n t a l  S e c t io n

Kjj a n d  n v a lu e s  u sin g  th e  e q u ilib r iu m  so rp tio n  te c h 
n iq u e 3 w ere o b ta in e d  for th e  fo llo w in g  s y s te m s : P y r e x /  
( N a -L i ) N C >3 a t  5 5 0 ° , P y r e x /( N a - L i ) N 0 3  a t  4 5 0 ° , P y r e x /  
( N a -L i ) N C >3 a t  3 5 0 ° , P y r e x / ( N a - K ) N 0 3  a t  5 5 0 ° , sod a  
lim e  g l a s s /( N a -L i ) N C >3 a t  4 5 0 ° , so d a  lim e  g l a s s / ( N a -  
K ) N C >3 a t  4 5 0 ° , a n d  fu se d  s i l i c a / ( N a - L i ) N 0 3  a t  6 0 0 ° .

A lth o u g h  th e  l ig h t  a lk a li n itra tes  d e c o m p o se  a t  re la t iv e 
ly  lo w  te m p e ra tu re s , F lin n  a n d  S te rn 4 c o n d u c te d  e x p e r i
m e n ts  w ith  fu sed  s ilic a  in b in a ry  ( N a - K ) N O s  m ix tu res  at  
5 5 0 ° . T h e  p resen t in v estig a tio n  sh ow ed  th a t  th e  b in a ry  
n itra te  m ix tu r e s  co u ld  ev en  b e  u se d  a t  te m p e ra tu re s  o f  
6 0 0 °  fo r  sh o rt p erio d s (see  T a b le  I ) .  N o  seriou s d e c o m p o s i
tio n  o f  th e  n itra tes  w as o b served  a n d  a fte r  c o o lin g  no  
e tc h in g  o f  th e  g la ss  w as fo u n d .

S a m p le s  o f  fin e ly  d iv id e d  g la ss , c o n ta in ed  in in e rt S u -  
p r a m a x  g la ss  tu b e s  a n d  e a ch  w eig h in g  0 .5  g, w ere e q u ili
b ra te d  w ith  ( N a -L i ) N C >3 a n d  ( N a - K ) N C >3 b in a ry  
m ix tu r e s . T h e  m o le  fra c tio n s o f  so d iu m  in  th e  b in a ry  
m ix tu r e s  ra n ged  fro m  0 .0 5  to  0 .9 5  in  s te p s  o f  0 .0 5 . T h e  a l 
k a li c o n te n ts  o f  th e  e q u ilib r a te d  g la ss  sa m p le s  w ere o b 
ta in e d  b y  f la m e  p h o to m e tr y , e x c e p t in th e  ca se  o f  fu sed  
silica  w here th e  so d iu m  co n te n ts  o f  th e  g la ss  s a m p le s  w ere  
d ete r m in e d  b y  n eu tro n  a c tiv a tio n  a n a ly sis . T h e  H F  u sed  
to  d isso lv e  th e  e q u ilib r a te d  g la ss  p o w d ers  c o n ta in e d  trace  
q u a n tit ie s  o f  so d iu m  as im p u r itie s . T h is  c o u ld  a ffe c t  th e  
f la m e  p h o to m e te r  rea d in g s as fu sed  s ilica  its e lf  h as a very

(1) T. J. van Reenen, M. van Niekerk, and W. J. de Wet J Phys 
Chem., 75, 2815 (1971).

(2) F. Conti and G. Eisenman, Biophys. J., 5, 511 (1965).
(3) H. M. Garfinkel, J. Phys. Chem., 72, 4175 (1968).
(4) D. R. Flinn and K. H. Stern, J. Phys. Chem., 76, 1072 (1972).
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Figure 1. Experimental arrangement used for emf measure
ments.

Mu

Figure 2. Emf vs. N lì for the system Pyrex/(Na-Li)N03 at 550° 
(O) and Pyrex/(Na-Li)N03 at 350° (X).

TABLE I: Equilibration Times and Mesh Sizes

System Temp, °C Mesh size Time, hr

Pyrex/ (Na-Li)N03 550 -200 5
Pyrex/(Na-Li)N03 450 -400 94
Pyrex/(Na-Li)N03 350 -400 170
Pyrex/(Na-K)N03 550 -400 96
Soda lime glass/(Na-Li)N03 450 -400 170
Soda lime glass/(Na-K)N03 450 -400 1440
Fused silica/(Na-Li)N03 600 -200 2

low  a lk a li c o n te n t. T h e  lith iu m contents o f  th e  fu sed  s ili-

ca  sa m p le s  w ere, h o w ev er, o b ta in e d  b y  f la m e  p h o to m e tr y .
T h e  a p p ro p ria te  m e sh  sizes a n d  e q u ilib r a tin g  tim e s  for  

each  sy ste m  are s u m m a r iz e d  in  T a b le  I . D e ta ile d  in fo r m a 
tion  c o n cern in g  th e  e x p e r im e n ta l p ro ced u re  is fo u n d  e lse 

w h ere .3

U s in g  th e  e x p e r im e n ta l a r ra n g e m e n t sh o w n  in F igu re 1, 
severa l series o f  p o te n tia l m e a su r e m e n ts  w ere p erfo rm ed  
on th e  fo llo w in g  s y s te m s : P y r e x /( N a -K ) N C >3 a t  5 5 0 ° , 
P y r e x /( N a - L i ) N 0 3  a t  5 5 0 ° , P y r e x / ( N a - L i ) N 0 3  a t  4 5 0 ° , 
P y r e x /( N a - L i ) N 0 3  a t  3 5 0 ° , an d  fu sed  s i l i c a / ( N a - L i ) N 0 3  

a t  6 0 0 ° .

In  th ese  e x p e r im e n ts  th e  io n ic  c o m p o sitio n s  o f  th e  
m e m b r a n e s  w ere le ft  u n a ltered  a n d  w ere th u s  p re d o m i
n a n tly  in th e  orig in al so d iu m  ion  fo rm . P o te n tia ls  w ere  
m e a su red  for m e lt  c o m p o sitio n s  w h ich  co rresp on d  w ith  
th e  ran ge  w ith in  w h ich  th e  m o b ility  ra tio  h a s  an  a lm o st  
lin e a r d ep e n d e n c e  on  io n ic  c o m p o sitio n  (see  re f 1, F igu res  
4  a n d  6 ) . T h e  m e lt  c o m p o sitio n s  u se d  in  th e  referen ce  
sid es  for th e  v a rio u s e x p e r im e n ts  ca n  b e  se en  in  F igu res 2  
a n d  3 ; i.e., th e  c o m p o sitio n s  a t  zero  p o te n tia l v a lu e s .

F o r  th e  p o te n tia l m e a su r e m e n ts  a t  3 5 0  a n d  4 5 0 ° , 
A g | A g +  e lectro d es  w ere u se d  as sh o w n  in F igu re  1 , w hile  
N a | N a +  e lectro d es  w ere u se d  a t  th e  h ig h er te m p e ra tu re s . 
T h e  N a | N a +  e le ctro d e s  w ere p re p a re d  b y  e le c tro ly z in g  s o 
d iu m  fro m  m o lte n  so d iu m  ch lo rid e  to  an  a m o u n t o f  8 

a to m  %  in to  m o lte n  lea d  m e ta l  a t  8 2 0 ° . T h e  P b - N a  b im e 
ta l w as th e n  k e p t in  a  5 -m m  d ia m e te r  g la ss  tu b e  u n d er an  
in ert gas a tm o sp h e re . C o n ta c t  w as m a d e  b y  m e a n s  o f a 
tu n g ste n  w ire . T h is  a s s e m b ly  w a s p u t  in to  a 1 0 -m m  d ia m 

eter g la ss  tu b e  c o n ta in in g  2 0  g  o f  N a N C >3 a n d  f itte d  w ith  a 
gla ss frit n ear th e  b o tto m .

T h e  e x p e r im e n ta l a r ra n g e m e n t sh o w n  in  F igu re  1 a l 
lo w ed  th e  d irect m e a s u r e m e n t o f  m e m b r a n e  p o te n tia ls . A  
n u llp o in t rea d in g  w as o b ta in e d  fo r  e a c h  sy s te m  w ith  s im i
la r  b in a ry  m e lts  on  b o th  sid es  o f  th e  m e m b r a n e . T h e se  
n u ll rea d in g s n ev er e x c e e d e d  0 .2  m V  a n d  w ere su b stra c te d  
fro m  th e  fin a l p o te n tia ls . D u r in g  th e  series o f  m e a su r e 

m e n ts  th e  c o m p o sitio n  o f  th e  referen ce leg  re m a in e d  u n 
c h a n g e d . A d d it io n s  w ere m a d e  th ro u g h  th e  a d d itio n  a n d  
stirrin g  tu b e  sh o w n  in  F igu re  1 , w h ile  a  s o lid -s ta te  K e ith -  
ley  e le c tro m eter , M o d e l  6 1 0 C , w as u sed  for m e a su r in g  th e  
m e m b r a n e  p o te n tia ls . C o n s ta n t  p o te n tia l v a lu e s  w ere o b 
ta in e d  w ith in  1 5 -3 0  m in  o f  e a c h  a d d itio n .

R e s u lt s  a n d  D is c u s s io n

j<N ai an d  n v a lu e s  for th e  v a rio u s s y s te m s , as s u m m a 
rized  in  T a b le  I I , w ere o b ta in e d  b y  p lo tt in g  th e  resu lts  o f  
th e  e q u ilib r iu m  so rp tio n  e x p e r im e n ts  a c co rd in g  to  eq 1 , 
w here j is e ith er L i cr K ,  a n d  N  a n d  N  d en o te  th e  m o le  
fra c tio n s o f  th e  ca tio n ic  sp ec ies  in th e  m e lt  a n d  glass
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TABLE II: Experimental Values Obtained for KNaj, Uj/uNa, and n a

lemp, Mean k = K Na)-
System °C K Naj Uj/uNa n (uj/uNa)"

Pyrex/(Na-Li)N03 550 5.37 0.225 0.62 2.13
Pyrex/(Na-Li)N03 450 4.26 0.225 0.84 1.22
Pyrex/(Na-Li)N03 350 3.0 0.225 1.17 0.52
Pyrex/(Na-K)N03 550 1.41 0.075 1.07 0.09
Soda lime glass/

(Na-LI)N03 450 11.24 0.025 1.37 0.07
Soda lime glass/

(Na-K)N03 450 1.42 1.37
Fused silica/

(Na-Li) N03 600 2.30 2. TO 1.02 4.90

“ Depending on the system, j represents either Li or K.

p h a se s , r e sp e c tiv e ly .3 A  is th e  h e a t o f  m ix in g  a n d  w as  
ta k e n  as - 4 7 0  a n d  - 4 2 2  c a l /m o l  fo r  th e  ( N a - L i ) N 0 3 a n d  
( N a - K ) N 0 3 sy s te m s , re sp e c tiv e ly .3 P lo ts  o f  th e  le ft -h a n d  
s id e  o f  eq  1  vs. lo g  Nj/Ni resu lted  in  e x c e lle n t stra ig h t  
lin es.

lo g O W j/iV i)  -  2 3 0 3 r t 1̂ ~  2Ni) =

n log  (Nj/Ni) ~  lo g  Kn ( 1 )

A  s tu d y  o f  T a b le  II sh ow s th a t , for P y rex  m e m b r a n e s , 
K nslu d ecreases w h ile  n in creases w ith  d ec re a sin g  te m p e r 
a tu re . I t  is in terestin g  to  n o te  th a t , in  th e  p resen ce  o f  s o 
d iu m  a n d  lith iu m  io n s, P y rex  m e m b r a n e s  sh o w  e ith e r  an  
id ea l or n o n id e a l b e h a v io r , d e p e n d in g  on  th e  w ork in g  
te m p e ra tu re . T h is  m a y  b e  e x p la in e d  b y  th e  c h a n g e  in  
gla ss  stru ctu re  a n d  s ite  a ffin itie s  w ith  te m p e r a tu r e . G a r -  
fin k e l3 rep orted  n v a lu e s  v a ry in g  fro m  n =  0 .6  to  n =  4  for  
a v a rie ty  o f  g la sses b e tw ee n  3 0 0  a n d  5 0 0 ° . E is e n m a n 5 even  
fo u n d  n v a lu es  as h ig h  as 6  for ce rta in  o rd in a ry  gla ss  
m e m b r a n e s  a t  ro o m  te m p e ra tu re s .

G a rfin k e l6 u se d  g la sses s im ila r  in  stru ctu re  to  P y rex  in  
m o lte n  so d iu m  n itr a te -p o ta s s iu m  n itra te  m ix tu r e s  a n d  
c a lc u la te d  th e  m o b ility  ra tio  u Na/ a K fro m  p o te n tia l  
v a lu es . H e  c o n c lu d ed  th a t  th e  m o b ility  ra tio  w a s p r im a ri
ly- a fu n c tio n  o f  te m p e ra tu re ; u^a/uK in crea sed  sh a rp ly  
w ith  in crea sin g  te m p e ra tu re . D ir e c t m o b ility  m e a su r e 
m e n ts  on  th e  sy s te m  P y r e x /( N a -L i ) C l ,  u s in g  an  e le c tro 
ly tic  tra n sp o rt te c h n iq u e , sh o w ed  n o  c h a n g e  in  U L i/«N a  
over th e  te m p e ra tu re  ran ge  4 9 0 -6 7 0 ° .  T h e  m o b ility  ra tio  
w as fo u n d  to  b e  0 .2 2 5 , in  good  a g re e m en t w ith  th e  v a lu e  
rep orted  in  r e f i .

D o r e m u s 7 -8 fo u n d  th e  m o b ility  ra tio  uAs/uNa in  P yrex  
to  b e  in d e p e n d e n t o f  te m p e ra tu re  b e lo w  3 4 0 ° , w h ile  T h u -  
lin 9 fo u n d  th a t  th e  tr a n sp o rt n u m b e r s  o f  N a + ,  K + ,  a n d  
L i+  w ere a lso  te m p e ra tu re  in d e p e n d e n t a b o v e  8 1 0 ° . It  
th u s  se em s th a t  th e  te m p e ra tu re  d ep e n d e n c e  o f  th e  c a t 
ion ic m o b ility  ra tio  va ries  fro m  s y s te m  to  s y s te m  a n d  c a n 
n o t b e  p re d icted  fro m  in v e stig a tio n s  c o n d u c te d  on  s im ila r  
sy ste m s .

I t  is a w ell-k n o w n  fa c t  th a t  th e  e le ctric a l re sista n ce  o f  
gla ss m e m b r a n e s  d ec rea ses  w ith  in crea sin g  te m p e ra tu re . 
T h is  im p lie s  th a t  th e  a p p lied  e le ctro ly sis  v o lta g e s  sh o u ld  
d ec rea se  w ith  in crea sin g  te m p e ra tu re  so  as to  m a in ta in  a

c o n sta n t cu rren t d e n sity  th ro u g h  th e  m e m b r a n e . I t  th u s  
s e e m e d  e ssen tia l to  in v estig a te  th e  d ep e n d e n c e  o f  th e  m o 
b ility  ra tio  u Li / u Na th ro u g h  P y rex  m e m b r a n e s  on  th e  a p 
p lied  e le c tro ly s is  v o lta g e . D u r in g  th is  in v e stig a tio n  th e  
c o m p o sitio n  o f  th e  s a lt  b a th  w as k e p t u n c h a n g e d , a n d  th e  
te m p e ra tu re  w as m a in ta in e d  a t  5 5 0 ° . T h e  a p p lie d  v o lta g e  
w as in crea sed  fro m  5  V , in  s te p s  o f  5  V ,  to  5 0  V . I t  w a s  
fo u n d  th a t  th e  a p p lie d  v o lta g e  h a d  n o  e ffe c t  on  th e  m o b i l 

ity  ra tio .
U s in g  th e  h o r izo n ta l p a rts  o f  th e  cu rves in  th e  m o b ility  

ra tio  vs. m e m b r a n e  c o m p o sitio n  p lo ts  (see  r e f  1, F igu res
4 - 6 ) ,  m e a n  m o b ility  ra tio  v a lu es  ca n  b e  c a lc u la te d  fo r  th e  
v a rio u s sy s te m s . T h e s e  v a lu es  are s u m m a r iz e d  in  T a b le  II.

U s in g  th e  re su lts  o f  T a b le  II, it  is p o ss ib le  to  c a lc u la te  
th e  se le c t iv ity  c o n sta n t k for e a ch  s y s te m  fro m  th e  d e f in i

tio n

k =  Kijiujuif ( 2 )

T h e  r ig h t-h a n d  c o lu m n  o f  T a b le  II  sh o w s th a t  k a n d  n o t  
K\j is a m e a su re  o f  th e  s e le c tiv ity  o f  io n -se le c tiv e  m e m 
b r a n e s . Io n -se le c tiv e  m e m b r a n e s  w ith  k v a lu e s  fa r  fro m  
u n ity  are im p o r ta n t as fa r  as th e  c o n str u c tio n  o f  io n -s e le c 

tiv e  m e m b r a n e  e lectro d es  is co n cern ed .
F igu res 2 a n d  3 sh o w  th e  e x p e r im e n ta l a n d  th e o re tic a l  

p o te n tia l v a lu e s  o f  th is  in v estig a tio n  fo r  th e  sy s te m s  
P y r e x / ( N a - L i ) N 0 3 a t  5 5 0 ° , P y r e x / ( N a - L i ) N 0 3 a t  3 5 0 ° ,  
P y r e x / ( N a - K ) N 0 3 a t  5 5 0 ° , a n d  fu sed  s i l i c a / ( N a - L i ) N 0 3 

a t 6 0 0 ° .
T h e  so lid  lin e s  in  F igu res 2  a n d  3  re p resen t th e  th e o r e t

ica l e m f  v a lu e s , Vo, c a lc u la te d  a c co rd in g  to  eq  3 6 a n d  4  
a n d  th e  e x p e r im e n ta l v a lu es  for th e  d iffe re n t p a r a m e te rs  
as s u m m a r iz e d  in  T a b le  II.

lo g Y i =  (A/2.mRT)(Nl?  (3 )

7 i is th e  a c tiv ity  c o e ffic ie n t o f  sp ec ies  i.

nRT (at')1/n +

y ° "  zF  “  (a")11" +  uj/ui(K iiai")lTn
G o o d  a g re e m e n t w ith  th e  th e o re tic a l v a lu es  o f  eq  4  w as  

o b ta in e d  e x p e r im e n ta lly  as sh ow n  b y  th e  crosses in  F ig 
ures 2 a n d  3 . T a k in g  in to  a c c o u n t th e  in d e p e n d e n c e  o f  th e  
m o b ility  ra tio  on  te m p e ra tu re , « u / i i Na w a s ta k e n  a s  0 .2 2 5  
fo r  th e  s y s te m  P y r e x /( N a -L i )  a t  3 5 0 ° . F ro m  F igu re  2  it is 
e v id e n t th a t  th is  a ssu m p tio n  w as re a listic  as th e  e x p e r i
m e n ta lly  o b ta in e d  e m f  v a lu e s  agreed  sa tis fa c to r ily  w ith  th e  
c a lc u la te d  v a lu e s .
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The van der Waals combining rules, recently suggested by Rowlinson and collaborators, give a simple 
prediction for H® in terms of differences between the components in intermolecular energies (9) and mo
lecular sizes (0) and deviations from the Berthelot rule (£): H® 2(1- £) -  6<t>/2. Data for six new sys
tems and six from the literature are in fair accord with this prediction.

In tr o d u c t io n

Interest in the thermodynamics of mixtures of quasi- 
spherical molecules has been renewed by theoretical2 and ex
perimental3 work. According to the older average poten
tial or random mixture theory, a difference of molecular 
size should lead to very large positive contributions to the 
excess functions, GE, H®, and V®. It is now agreed2 that 
this prediction is incorrect, and Rowlinson and collabora
tors propose the use of new “van der Waals” combining 
rules. We wish to point out in this note that the new theo
ry gives an extremely simple prediction for if®. Data for 
systems containing globular molecules are in fair agree
ment, while Flory’s theory4 seems to give poor results.
v a n  d e r  W a a l s  P r e d ic t io n  f o r  if®

The systems selected for discussion, together with ex
perimental values of if® at equimolar concentration and 
25°, are found in Table I. We calculate the equimolar if® 
following Marsh, i.e., using the one fluid approximation 
and the van der Waals combining rules together with the 
van der Waals equation of state. (Use of the two-fluid ap
proximation or a more complicated equation of state 
would not affect the qualitative conclusions presented 
here (cf. ref 5 and 6)). Thus

H e = —<a >/< V >  + XiCt1/V1 + x 2a2/V2 (1)
V¡ = (aJ2R  T)[l -  {1 -  46!RT/a,|1/2] (2)

where a¡ and bi are the van der Waals constants and the
averaged quantities are given by

with

< a >  = a xx 2 + 2a12x1x2 + a2x22 
< b >  = bxx  j2 + 2b12x lX2 + b2x 22

(3)

a 12/b12 = { ( a j b j ^ a t l b , ) 112 (4a)

b i2 = (b\m +  621/3)3/8 (4b)
Here the a/b correspond to interaction energies, t, and £ 
is the empirical coefficient close to unity which takes into 
account any deviation from the geometric mean rule. The 
values of a and b were obtained from critical data.3-7 The 
energy and size difference parameters 0 and rj> are given by

1 + 6 =  ( a M K a J b J  = T c2/T cl ^

1 +  <P = b j b ,  = Vc2/Uc ,
Figure 1 shows values of the equimolar ff® calculated for 
two values of £. Parallel smooth curves, almost straight

lin es , are o b ta in e d  w h en  th e  ff®  are p lo tte d  a g a in st  th e  
p ro d u c t d<t>. T h e  e x p la n a tio n  o f  th is  s im p le  re su lt fo llow s  
fro m  an  a p p ro x im a te  th e o re tic a l e x p ressio n  o f  R o w lin so n  
a n d  co lla b o ra to rs  for G® for a L o r e n tz -B e r th e lo t  m ix tu re  
(eq  4 .5  o f  r e f  2 a ) , v a lid  for 6,<j> •C 1 . In tr o d u c in g  th e  p a 
ra m e te r  £ w e h av e  th e  fo llo w in g  e x p ressio n  for ff®

HE/Xlx2 =  [ 2 (1  -  0 ( 1  +  e/2) +
e 2/ 4  -  0 0 / 2 K - I 7  +  T C p) ( 6 a )

=  [2 (1  -  0  -  6<p/2](-U  +  T C p) ( 6 b )

E x p re ssio n  6 b  for f f®  d iffers fro m  th o se  for G® a n d  V® in  
h a v in g  n o  te rm  in  </>2 . In  eq  6 , U a n d  C p are th e  co n fig u ra 
tio n a l en ergy  a n d  h e a t  c a p a c ity  o f  c o m p o n e n t 1 , ta k e n  as  
referen ce liq u id . F o r  a  liq u id  fo llo w in g  th e  v a n  d er  W a a ls  
e q u a tio n  o f  sta te

-U  + TCp = ( a / V ) / ( 2  -  V/b) =  aIV ( 7 )

T h e  v a rio u s c o m p o n e n ts  in  th e  sy s te m s  c o n sid ered  here  
h av e  a/V 1 5 ,0 0 0  J m o l- 1 . T h is  is th e  v a lu e  o f  — U +  
T C P u se d  in  c o n ju n c tio n  w ith  eq  6 b  to  d ra w  th e  stra ig h t  
lin es sh o w n  in  F ig u re  1 . I t  is c le a r  th a t  th e  e q u a tio n  gives  
a  re a so n a b le  a p p ro x im a tio n  to  th e  v a lu e s  c a lc u la te d  u sin g  
th e  v a n  d er W a a ls  c o m b in in g  ru les a n d  e q u a tio n  o f  s ta te , 
i.e., eq  1 -4 .  T h e  v a lu e  o f  — U +  T C P c a lc u la te d  fro m  eq  7  
w ith  a o b ta in e d  fro m  th e  cr itic a l c o n sta n ts  is  ce rta in ly  to o  
low . A  v a lu e  o f  a fro m  th e  th e r m a l p ressu re  co e ffic ie n t o f  
th e  liq u id  w o u ld  g ive  a m o re  re a listic  v a lu e  o f  = ¿3 0 ,0 0 0  J 
m o l- 1 . H o w e v e r , c h a n g in g  —U +  TCP for th e  referen ce  
liq u id  b y  a  fa c to r  o f  2  w o u ld  m e re ly  c h a n g e  th e  s lo p es  in  
F igu re  1  b y  th is  fa c to r  lea v in g  th e  co rrela tio n  u n c h a n g e d . 
E q u a tio n  6 b  su g g e sts , as  c o n fir m e d  b y  th e  c a lc u la tio n , 
th a t  H ®  a t a g iv en  c o n c e n tra tio n  is an  a p p r o x im a te ly  l in 
ear fu n c tio n  o f dcfr even  w h en  6 a n d  cj> are large . T h u s , a  
s m a ll  w ea k ly  in tera c tin g  c o m p o n e n t sh o u ld  give  a  n e g a 
tiv e  co n tr ib u tio n  in  H ®  w h en  m ix e d  w ith  a  large , m ore  
stro n g ly  in tera c tin g  c o m p o n e n t . T h e  e x p e r im e n ta l v a lu es  
for  th e  sy s te m s  are sh ow n  in  F igu re  1 . T h e  a g re e m en t  
w ith  th e o ry  se e m s  p oor, b u t  th is  m a y  m e a n  th a t  v ery  d if 
feren t v a lu e s  o f  £ m u s t  b e  u se d  fo r  th e  d iffe re n t sy s te m s .
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(2) (a) T. W. Leland, J. S. Rowlinson, and G. A. Sather, Trans. Faraday  
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Figure 1. Heats of mixing H E (J mol-1) v s . d(/>0, calculated H® 
from van der Waals eq with £ = 1.0; •, calculated H E  from 
van der Waals eq with £ = 0.98. Dotted lines corresponding to 
£ = 1.0 and £ = 0.98 are drawn for a value of ( — U  +  TC P) =  
15,000 J mol-1 . The crosses correspond to the experimental 
points.

H ere , th e  series o f  sy s te m s  O M C T S  +  c -C5, +  c -C 6 , a n d  
+  c-Cg is o f  in terest sin ce  th e  v a lu e  o f  £ m ig h t  b e  c o n sid 
ered  to  b e  th e  sa m e  th ro u g h o u t th e  series. T h e  v a lu e  o f  6<t> 
Changes fro m  p o sit iv e  to  n eg a tiv e  in  th is  series a n d  th e  
v a lu e s  o f  i f®  d o  in crease  ro u gh ly  as e x p e c te d .

M a r s h 3 h as m e a su red  all th e  e x c e ss  fu n c tio n s  for  
m ix tu res  o f  O M C T S  w ith  c y c lo p e n ta n e , ca rb o n  te tr a c h lo 
rid e , a n d  b e n z en e  (sy s te m s  1, 5 , a n d  6  o f  T a b le  I ) .  T h e  
v a n  der W a a ls  c o m b in in g  ru les p re d ic t3 a s tr ik in g  co n se 
q u e n c e  o f  th e  large size  ra tio , viz., an  e x tr e m e ly  large co n 
tr a c tio n  fo r  e a ch  s y s te m , e q u im o la r  V® - 1 0  c m 3 /m o l .  
T h e  e x p e r im e n ta l v a lu e s , h ow ever, are re sp ec tiv e ly  
+ 0 .0 4 6 ,  - 0 . 0 0 9 ,  a n d  — 0 .2 5 2  c m 3 /m o l .  T h is  d isc rep a n c y  is 
cla rified  b y  recen t M o n te  C a rlo  c a lc u la tio n s 8 w h ich  in d i
ca te  th a t  th e  v a n  d er W a a ls  c o m b in in g  ru les g re a tly  o v er
e s tim a te  th e  n e g a tiv e  <p2 te rm  in  V® (see  T a b le  9  o f  ref  
8 a ) . O n  th e  o th er h a n d , v ery  go od  a g re e m e n t8 is fo u n d  
w ith  th e  s in g le -flu id  p re d ic tio n s  o f  th e  o th er e x ce ss  fu n c 
tio n s , a n d  i f®  is d o m in a te d  b y  th e  dtp te rm .

O t h e r  C o m b in in g  R u le s

T h e  n ew  th eory  o f F lo ry  a n d  c o lla b o ra to rs4 in tro d u ce s  a 
p a ra m e te r  X 12  co rresp o n d in g  to  th e  c o m b in a tio n  o f  6 a n d  
<j> in  th e  R o w lin so n  th e o ry . T h is  p a r a m e te r  is en ergetic  in  
origin . H o w e v e r , th e  c o m b in in g  ru le for  in tera c tio n  en er

gies is a p p lie d , n o t to  th e  to ta l in tera c tio n  en ergies, t n  
a n d  «22 as in  eq  4 , b u t  to  th e se  en ergies e x p ressed  p er u n it  
m o le c u la r  su rfa ce  (e /. eq  28  o f  re f  4 a ) . T h e  e xp ression  for  
X \2 th e n  b e c o m e s

i V / s 2

(8 )

T h e  p a r a m e te r  P* co rresp on d s to  a m o le c u la r  in tera ctio n  
en ergy  p er u n it  m o le c u la r  v o lu m e , a n d  s to  a  m o le c u la r

TABLE I: Equimolar Heats and Molecular Parameters

HE, J 102(X12/
System mol-1 6 <t> P i*)

1 cyclopentane + 
OMCTS

212“ 0.15 2.50 1.13

2 cyclohexane + 
OMCTS

397" 0.06 1.94 0.08

3 cyclooctane + 
OMCTS

5006 -0.09 1.23 0.25

4 n-hexane + 
OMCTS

300* 0.16 1.47 1.46

5 carbon tetrachloride + 
OMCTS

163“ 0.05 2.29 0.02

6 benzene + OMCTS 790° 0.04 2.51 0.05
7 cyclopentane + 

cyclooctane
-40  a 0.27 0.57 2.69

8 cyclohexane + 
n-hexane

218C -0.08 0.19 0.69

9 cyclohexane + 
neohexane

1406 -0.12 0.16 1.51

10 neohexane + 
isooctane

—106 0.13 0.34 0.23

11 cyclohexane + 
isooctane

1856 0.00 0.56 0.66

12 carbon tetrachloride + 
cyclohexane

166d 0.00 0.12 0.02

0 See ref 3. b Unpublished results of V. T. Lam and P. Tancrede. c See- 
S. Murakami and G. C. Benson, J. C h em . T h erm odyn ., 1, 559 (1969). 
d See ref 11, p 136.

s u r fa c e /v o lu m e  ra tio . T h u s  P*/s co rresp o n d s to  an  
e n e r g y /s u r fa c e  ra tio  a n d  eq  8  sh ow s X 12  to  h a v e  its  origin  
in  th e  re lative  w ea k n ess  o f  th is  ra tio  for th e  c o n ta c ts  o f  
u n lik e  ty p e . T h e  F lo ry  th e o ry  d iv id e s  f f®  in to  th e  “ c o n ta c t  
in te r a c tio n ”  a n d  “ e q u a tio n  o f  s ta te ”  te r m s . T h e  X 12  p a 
ra m e te r  ap p ea rs  e x p lic itly  in  th e  first a n d  im p lic it ly  
(th ro u g h  T* for th e  m ix tu r e ) in  th e  se c o n d  o f  th e se  te rm s. 
H o w e v e r , a n o th e r  d iv is io n 9 is p o ss ib le  w here o n ly  th e  first  
te rm  is d u e  to  X 1 2 . T h e  se c o n d  te rm  arises fro m  a d iffe r 
en ce  o f  th e r m a l e x p a n sio n s b e tw ee n  th e  c o m p o n e n ts , a n d  
is u su a lly  n e g lig ib le . 9 e x c e p t for p o ly m e r  so lu tio n s  or 
c h a in -m o le c u le  m ix tu r e s . T h e n  (cf. eq  16  o f  re f 9)

HE/Xlx2 -  ( X 12 / F I* ) ( -  (7  +  T C p )  ( 9 )

(T h e  orig in al e q u a tio n  c o n ta in ed  a p ro d u c t o f  sp e c ia l c o n 
ce n tra tio n  v a r ia b le s  + i X 2 w h ich  h a s  b e e n  re p la c e d  here  
b y  X1 X2;  th e  co n fig u ra tio n a l q u a n tity  —U +  TCP is c a lc u 
la te d  for a  sin g le  e q u iv a le n t flu id  u sin g  th e  p ro p erties  o f  
th e  p u re  c o m p o n e n ts . F or p resen t p u rp o ses  -U  +  7 T 'P 
m a y  b e  ta k e n  to  refer to  p u re  c o m p o n e n t 1 .) T h e  X 12  p a 
ra m e te r  v a lu e s  lis te d  in  T a b le  I  w ere c a lc u la te d  u sin g  
v a lu es  o f  P* o b ta in e d  fro m  e q u a tio n  o f  s ta te  d a ta 3 ’10 o f  
th e  p u re  c o m p o n e n ts  a n d  p u ttin g  £ =  1 in  eq  8 . T h e re  is 
n o  co rrelation  b e tw ee n  th e  e x p e r im e n ta l h e a ts  a n d  th e  
c a lc u la te d  X 12 / P 1  su c h  as w o u ld  b e  e x p e c te d  fro m  eq  9 . A  
v a lu e  o f  £ c o u ld  b e  ch o sen  fo r  e a c h  sy s te m  to  f it  eq  9  to  
H ® . T a k in g  —U +  T C P 3 0 ,0 0 0  J  m o l- 1 , a  v a lu e  o f  £ =  
0 .9 9  in ste a d  o f  u n ity  w o u ld  ra ise  if®  b y  150  J m o l- 1 . T h e  
v a lu es  o f  £ req u ired  to  f i t  th e  h e a ts  w o u ld  th u s  n o t b e  u n 
re a so n a b ly  low . H o w e v e r , th e  va ria tio n  o f  th is  p a r a m e te r  
fro m  sy s te m  to  s y s te m  w o u ld  b e  a rb itra ry , a n d  sev era l  
sy ste m s  w o u ld  h a v e  £ >  1 .

(8) (a) J. V. L. Singer and K. Singer, M ol. P h ys ., 24, 357 (1972); (b) I.
R. McDonald, ibid., 24, 391 (1972).

(9) D. Patterson and G. De mas, D isc . F araday S o c . , 49, 98 (1970).
(10) G. Allen, G. Gee, and G. J. Wilson, P olym er, 1, 456 (1960).
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T h e  p a r a m e te r  P*/s th ro u g h  its  s ig n ific a n c e  as in te r m o -  
lec u la r  e n e r g y /m o le c u la r  su rfa ce  m a y  b e  re la te d  to  th e  
critic a l d a ta  a n d  h en ce  to  9 a n d  <f>. W e  h av e

HElXlx 2 =  { 2 ( 1  -  <f) +  0 2/ 4  -  6<p/3 +
4,2/ 9 | ( -  U +  TCp) ( 1 0 )

H ere  th ird  p ow ers o f  9 a n d  <t> a n d  a lso  p ro d u c ts  o f  9 a n d  <j> 
w ith  1 — | h a v e  b e e n  n e g le c te d . A ls o , R o w lin so n 1 1  h as  
p o in ted  o u t th a t  a  s im ila r  e x p ressio n  m a y  b e  o b ta in e d  
fro m  th e  s o lu b ility  p a r a m e te r  th e o ry . F or IP

HE/x! * 2 =  ( 0 2/4  -  ( 9 0 / 2  +  <p2/4)(-U  +  TCp) (1 1 )  

E q u a tio n s  10  a n d  1 1  are s im ila r  to  eq  6 a e x c e p t  for th e  in 

c lu sio n  o f  a  te rm  in  <t>2. I t  is o f  in terest th a t  th e  M o n te  
C a rlo  c a lc u la tio n s8® agree w ith  th e  p resen ce  o f  a s m a ll  <j>2 
te r m . H o w e v e r , eq  1 0  a n d  1 1  g a v e  p oo r co rrelation s o f  th e  
d a ta  in  T a b le  I . T h e  v a n  der W a a ls  re su lt, i.e., th e  s im p le  
eq  6 b  se e m s  m o re  p ro m isin g  b u t  fu rth er  te s ts  are d esir

a b le , p a rtic u la rly  w ith  m ix tu res  c o n ta in in g  a h o m o lo g o u s  
series, e.g., c y c lo a lk a n e s  +  O M C T S .

Acknowledgment. W e  g ra te fu lly  a c k n o w le d g e  th e  s u p 
p ort o f  th e  N a tio n a l R e sea rc h  C o u n c il o f  C a n a d a .

(11) J. S. Rowlinson, "Liquids and Liquid Mixtures," 2nd ed Butter- 
worths, London, 1969, p 339.
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C o m p le te  lig a n d  fie ld  p ertu rb a tio n  c a lc u la tio n s , in c lu d in g  s p in -o r b it  c o u p lin g , h av e  b e e n  carried  o u t for  
d 1 ( d 9) , d 2(d 8), a n d  d 3 ( d 7) co n fig u ra tio n s in  a x ia l, C „ * ,  s y m m e try , u sin g  th e  stro n g  fie ld  fo r m a lis m . T h e  
a p p lic a t io n  o f  th e  re su lts  to  th e  in terp reta tio n  o f th e  d - d  e lectro n ic  sp ec tra  o f  m e ta l  sa n d w ic h  c o m p le x e s  
is d isc u sse d , w ith  p a r tic u la r  referen ce  to  th e  m e ta llo c e n e s  o f  v a n a d iu m , c o b a lt , a n d  n ick e l.

I .  I n tr o d u c t io n

T h e  u ti lity  o f  th e  lig a n d  fie ld  m o d e l for th e  a ss ig n m e n t  
o f  th e  lo w -e n erg y  d - d  tra n sitio n s  o f  m e ta l sa n d w ic h  c o m 
p le x es  is n o w  g e n e ra lly  a c c e p te d , 1  a n d  th e  a p p ro a c h  h as  
b een  u se d  w ith  so m e  su cc ess  for a n u m b e r  o f  th e  m e ta llo 
cen es. T h u s , fo llo w in g  th e  in itia l u se  o f  th e  m e th o d  b y  
S c o tt  a n d  B e c k e r 2 for ferro cen e, th e  sp ec tra  o f  b o th  v a n a -  
d o cen e  a n d  n ic k e lo c e n e  w ere s im ila r ly  in terp reted  b y  
P rin s a n d  v a n  V o o r s t . 3 M o r e  re c e n tly  S o h n , H e n d ric k so n , 
a n d  G r a y 4 h a v e  tr e a te d  th e  sp ec tra  o f  ferrocen e  a n d  ru - 
th e n o cen e , a n d  o f  th e  ferro cin iu m  a n d  c o b a lto c in iu m  ions  
on a  lig a n d  fie ld  b a s is , w h ile  n ick e lo ce n e  h a s  b e e n  fu rth er  
tr ea te d  b y  S c o t t  a n d  M a t s e n 5 a n d  b y  P a v lik , C e rn y , a n d  

M a x o v a .6

I t  w as sh o w n  b y  S c o t t  a n d  M a t s e n 5 th a t  m e ta llo c e n e s , 
b isa ren e  m e ta l  c o m p o u n d s , a n d  a  n u m b e r  o f  re la ted  c o m 
p le x e s , m a y  a ll b e  tr e a te d  on  th e  b a s is  o f  a n  e ffe c tiv e  ax ia l  
(C «,u ) s y m m e tr y , a s  lo n g  as on ly  d n c o n fig u ra tio n s are in 
v o lv e d , a n d  cu rren tly  fu ll p e rtu rb a tio n  tr e a tm e n ts , e x 
c lu d in g  s p in -o r b it  e ffe c ts , are a v a ila b le  for d 2( d 8) c o n fig u 
ra tio n s in  b o th  th e  w ea k  a n d  th e  stro n g  fie ld  s c h e m e s . 5 -6 

S im ila r  p a r tia l tr e a tm e n ts  for th e  d 3 co n fig u ra tio n s h av e  
b e e n  g iven  b y  P rin s  a n d  v a n  V o o r s t3 in  th e  stro n g  fie ld  
b a sis , a n d  b y  P e r u m a r e d d i7 a n d  b y  D e K o c k  a n d  G r u e n , 8 

in  th e  w eak  fie ld  sc h e m e , a n d  for th e  d 6 a n d  d 5 sy s te m s  o f  
ferrocene a n d  th e  ferro cin iu m  c a tio n  p a r tia l stro n g  fie ld  
m a trices  h av e  a lso  b e e n  c a lc u la te d . 4 H o w e v e r , o n ly  for

d 2 ( d 8) sy s te m s  is an  a x ia l f ie ld  c a lc u la tio n  in c lu d in g  s p in -  
o rb it c o u p lin g  a v a ila b le ;9 th is  th o u g h  is e x p re sse d  in  th e  
w ea k  fie ld  b a sis  w h ich  is n o t very  su ita b le  for m e ta llo 
cen es a n d  re la ted  sp ec ies  sin ce  th e  low  n e p h e la u x e tic  ra 
tio s  fo u n d  (/S ~  0 .5 )  in d ic a te  th a t  th e  e ig e n sta te s  corre
sp o n d  to  fa ir ly  w e ll-d e fin e d  stro n g  f ie ld  co n fig u ra tio n s .

T h u s , in  order to  d ev e lo p  fu rth er th e  lig a n d  fie ld  m o d el  
for m e ta l sa n d w ic h  c o m p le x e s  th e  c o m p le te  a x ia l fie ld  
en ergy  m a tr ic e s , in c lu d in g  s p in -o r b it  co u p lin g , h a v e  b een  
c a lc u la te d  in  th e  stro n g  fie ld  sc h e m e  for d 1, d 2, a n d  d 3 

(d 9, d 8, a n d  d 7) co n fig u ra tio n s . U s in g  th e se  re su lts  th e  
a v a ila b le  d a ta  for th e  d -d  sp ec tra  o f  th e  co rresp on d in g  
m e ta llo c e n e s  h a v e  b een  a n a ly z e d , a n d  g en era l p re d ictio n s  
m a d e  in  th o se  c a ses  for w h ich  e x p e r im e n ta l sp ec tra  are 
la ck in g . In  p a rtic u la r  th e  p re sen t re su lts  p e r m it  a m ore  
d e ta ile d  in terp reta tio n  o f  th e  s p in -fo r b id d e n  tra n sitio n s  
re c e n tly  rep orted  for n ic k e lo c e n e . In  a d d itio n , re la tiv e ly

(1) C. J. Ballhausen and H. B. Gray, “Coordination Chemistry,” Vol. 1, 
ACS Monograph No. 168, American Chemical Society Publications, 
Washington, D.C., 1971.

(2) D. R. Scott and R. S. Becker, J. Organometat. Chem., 4, 409 
(1965).

(3) R. Prins and J. D. W. van Voorst, J. Chem. Phys., 49, 4665 (1968).
(4) Y. S. Sohn, D. N. Hendrickson, and H. B. Gray, J. Amer. Chem. 

Soc., 93, 3603 (1971).
(5) D. R. Scott and F. A. Matsen, J. Phys. Chem., 72, 16 (1968).
(6) I. Pavlik, V. Cerny, anc E. Maxova, Collect. Czech. Chem. Com- 

mun., 35,3045 (1970).
(7) J. R. Perumareddi, J. Phvs. Chem.. 71,3144 (1971).
(3) C. W. DeKock and D. M. Gruen, J. Chem. Phys., 46,1096 (1967).
(9) C. W. DeKock and D. M. Gruen, J. Chem. Phys., 44, 4387 (1966).
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litt le  w ork  h a s  b e e n  d o n e  on  th e  m a g n e tic  su sc e p tib ilitie s  
a n d  m a g n e tic  reso n an ce  p h e n o m e n a  o f  th e  a b o v e  sy s te m s  
a n d  th eir tr e a tm e n t b y  a  c o m p le te  s p in -o r b it  p ertu rb a tio n  
m e th o d  sh o u ld  serve to  fa c ilita te  fu rth er progress.

I I .  T h e o r y  a n d  C a lc u la t io n s

X - R a y  d iffra c tio n  s tu d ie s  h av e  sh o w n  th a t  th e  c r y sta l
lin e  m e ta llo c e n e s  m a y  occu r e ith er w ith  th e  sta gg ered , 
D5a, c o n fo rm a tio n  o f th e  c y c lo p e n ta d ie n y l rin gs, as  in  fe r 
ro cen e  a n d  th e  o th er  3 d  co m p le x e s , or w ith  th e  e c lip sed , 
Dih, a rra n g e m e n t fo u n d  in  ru th en o cen e  a n d  o s m o c e n e . 10 

F o r b isb e n z e n e c h r o m iu m , a n d  p r o b a b ly  for o th er b isb e n -  
zen e  c o m p le x e s , a  Dsn p o in t  grou p  o b ta in s , 10  b u t  it  h as  
b e e n  sh o w n  b y  S c o t t  a n d  M a ts e n 5 th a t  w h en  o n ly  d x c o n 

fig u ra tio n s are co n sid ered  a ll s y s te m s  o f  Cn, Cnh, Cnv, 
Dnd, a n d  Dnn sy m m e tr ie s  m a y  b e  tr ea te d  in  te rm s o f  a  
p u re ly  a x ia l ( C « t ) lig a n d  fie ld , as  lo n g  as n > 5 . T h e  
o n e -e lec tro n  lig a n d  fie ld  p o te n tia l is th e n  V l f  =  A iV o ° +  
X2 Voz +  X3 Vo4 w here th e  Xj are e x p a n sio n  co effic ie n ts  an d  
th e  VQk sp h erica l h a rm o n ic s . T h e  m a g n itu d e s  o f  th e  Xj are  
d e te r m in e d  b y  th e  n a tu re  a n d  g e o m etric a l a rra n g e m e n t o f  
th e  lig a n d s, b u t  m a y  b e  ta k e n  u p  in to  th e  a x ia l p a r a m e 

ters, Ds a n d  Dt, th e r e b y  g iv in g  th e  sa m e  p o te n tia l for all 
th e  sy m m e tr ie s  co n sid ered .

In  su ch  a  fie ld  th e  d  o rb ita ls  sp lit  in to  th re e  se ts , 

o (d z2:d o ) , ir(dIZ,d v 2: d ± i ) ,  a n d  5(d * 2 _ y 2 ,d x:y: d ± 2 ) , 
w ith  o n e -e lec tro n  en ergies E(a) =  2Ds -  6Dt, E(rr) = Ds 
+  4  Dt, a n d  E(8) =  - 2 Ds — Dt, fo llo w in g  th e  d e fin itio n s  
o f  P ip e r  a n d  C a r lin . 1 1  U s u a lly  th e se  o n e -e le c tr o n  core  
en ergies fo llo w  th e  order 5 <  <r w, a n d  m o le c u la r  o rb ita l  
c a lc u la tio n s 12  sh ow  th e  5 lev el to  b e  stro n g ly  b o n d in g , th e  
a lev el ra th er less so , a n d  th e  ir lev el a p p re c ia b ly  a n ti
b o n d in g . T h e  g a p  b e tw ee n  th e  5 a n d  a le v e ls  is th o u g h  
n o r m a lly  q u ite  sm a ll (ca. 5 k K )  a n d  H e n d ric k so n 13  h as  
re c e n tly  sh ow n  th a t  th e  S C F  o rb ita l en ergies m a y  w ell fo l
low  th e  o p p o site  order.

F or th e  v a rio u s d *  c o n fig u ra tio n s th e  lig a n d  fie ld  c a lc u 
la tio n  red u ces to  th e  co n stru ctio n  o f  th e  p e r tu r b a tio n  m a 
trices o f  e le m e n ts  Hnm' =  < ^ rt| H’ | 4'm) w here

H' =  £  7 -  +  +  X V lf(rd
i <  j  ‘ J i  i

th e  su m s  over c lo sed  sh e lls  b e in g  e x c lu d e d . H e re  th e  first  
te rm  rep resen ts th e  in terelectron ic  C o u lo m b ic  rep u lsio n , 
th e  seco n d  th e  s p in -o r b it  in tera c tio n s , a n d  th e  la st  th e  
a x ia l lig a n d  fie ld , w h ile  th e  'F „  a n d  'km  are a p p ro p ria te  
lin e a r c o m b in a tio n s  o f  a n t isy m m e tr iz e d  d e te r m in e n ta l  
fu n c tio n s . A s  e x p la in e d  in  sectio n  I th e  stro n g  fie ld  fo r
m a lis m  a p p ea rs  th e  m o re  u sefu l fo r  m e ta llo c e n e s  a n d  
oth er sa n d w ic h  c o m p le x e s , a n d  in  th is  sc h e m e  th e  b a sis  
fu n c tio n s  are th e  Cau lig a n d  fie ld  o rb ita l e igen  fu n ctio n s  
d 22 ; dXz, d y2; a n d  d * 2 _ y2, dxy. F or th e  d 2 a n d  d 3 cases th e  
e lectro n s o c c u p y  th e  o n e -e lec tro n  d  a to m ic  o r b ita ls  in  th e  
co n fig u ra tio n s o f  a stro n g  a x ia l fie ld , a n d  ap p ro p ria te  
s y m m e tr y  a d a p te d  c o m b in a tio n s  are n ow  c o n str u c te d 14  o f  
a n tisy m m e tr ise d  d e te r m in e n ta l fu n c tio n s  co rresp o n d in g  to  
th e  o n e -e lec tro n  p ro d u c ts . S p in  is in c lu d e d  o n ly  im p lic it ly  
a t th is  s ta g e  so  as to  d istin g u ish  b e tw ee n  s ta te s  o f  d iffe r
e n t m u ltip lic ity  in  th e  C » y  fie ld .

W h e n  s p in -o r b it  c o u p lin g  is in tro d u c e d  th e  s y m m e tr y  
s ta te s  in  th e  d o u b le  grou p  C™ *  are fo u n d  fro m  th e  d ire ct  
p ro d u c ts  o f  th e  o rb ita l a n d  sp in  c o m p o n e n ts . S p in  is n ow  
in c lu d e d  e x p lic itly  a n d  lin ear c o m b in a tio n s  o f  th e  
eigen  fu n c tio n s  ta k e n  w h ich  tra n sfo rm  co rrectly  in  C „ * .  
T h e  s p a c e -s p in  c o m b in a tio n s  are fo rm e d  a c c o rd in g  to

B a llh a u s e n 14  a n d  are co n stru c te d  to  b e  d ia g o n a l u n d er  
C <»“ ; for d 1  a n d  d 3 th e  K r a m e r s ’ d o u b le ts  tr a n sfo r m  as  
e±(n/2)a> re = l, 3, 5 . . . . a n d  fo r  d 2 as  e±na, n = 1, 2 , 3 . . . .  
F or d 1  o f  co u rse  th e  first te rm  in  H' v a n ish e s  a n d  th e  o r
b ita l fu n c tio n s  are a t  o n ce  in v ested  w ith  e x p lic it  sp in  to  
c o n stru c t th e  C=, * fu n c tio n s .

T h e  m a tr ix  e le m e n ts  o f  C o u lo m b ic  re p u lsio n  fo r  th e  d 2 

a n d  d 3 sy s te m s  are lis te d  in th e  A p p e n d ix 15  in  te r m s  o f  
th e  R a c a h  p a r a m e te rs  B a n d  C; th e  c o m m o n  te r m s  in  A 
are o m itte d  fro m  th e  d ia g o n a l e le m e n ts . A ls o  l is te d  are  
th e  m a tric e s  o f  s p in -o r b it  in tera ctio n  for th e  d 1, d 2, a n d  
d 3 sy s te m s , in  te r m s  o f  th e  s p in -o r b it  c o u p lin g  c o n sta n t, 
£, to g eth er w ith  th e  m a trix  e le m e n ts  o f  th e  lig a n d  fie ld . 
T h e s e  la tte r  are en tire ly  d ia g o n a l a n d  are re a d ily  o b ta in e d  
as th e  su m s  o f  th e  ap p ro p ria te  o n e -e le c tr o n  core en ergies. 
T h e  m a tric es  o f  s p in -o r b it  in tera ctio n  a n d  C o u lo m b ic  re

p u ls io n  are c o n s is te n tly  p h a se d  a n d  a ll h a v e  b e e n  ch e ck e d  
b y  d ia g o n a liz a tio n  in th e  w eak  fie ld  a n d  jj  l im its . T h e  
m a tric e s  for th e  c o m p le m e n ta ry  c o n fig u ra tio n s , d 9, d 8, 
a n d  d 7, are o b ta in e d  fro m  th e  d 1, d 2, a n d  d 3 re su lts , re 
sp e c tiv e ly , b y  rev ersin g  th e  sig n s o f  Ds, Dt, a n d  £. In  th e  
A p p e n d ix  are a lso  in c lu d e d  a  co rrelation  ta b le  b e tw ee n  
th e  grou p s C „  a n d  Ds, ta b le s  o f  th e  sp littin g s  o f  th e  va ri
ou s w ea k  fie ld  a n d  stro n g  fie ld  te rm s  a n d  co n fig u ra tio n s  
in  Cnv a n d  C » * ,  a n d  th e  vector c o u p lin g  co e ffic ie n ts  for  
C go y.

I t  is u se fu l, f in a lly , b r ie fly  to  c o n sid er th e  ty p e s  o f  s a n d 
w ich  c o m p le x e s  w h ich  p ossess e ffec tiv e  a x ia l ( C „ y  or 
h ig h er) s y m m e tr y , a n d  w h ich  m a y  th erefore  b e  tr e a te d  on  
th is  lig a n d  fie ld  m o d e l. T h e s e  in c lu d e  b is -ir -c y c lo p e n ta d i-  
en y l c o m p le x e s  (m e ta llo c e n e s ), b is -rr -b e n zen e  c o m p o u n d s ,  
m ix e d  ir -ca rb o cyclic  sy s te m s , su c h  as 71- -C 5H 5 C r 7r -C 7 H 7 

( C 7H 7 =  c y c lo h e p ta tr ie n y l) , a n d  a n u m b e r  o f  d i - 7r-d ica r - 
b o lly l, M i B s C a H n )  a n d  m ix e d  7r-carb ocyclic -7r-d ica rb o lly l  
sy s te m s . In  th e se  e x a m p le s  th e  a p p ro p ria te  d x c o n fig u ra 
tio n s are d ed u c e d  b y  a ssig n in g  fo rm a l ch a rg es  o f  — 1 , 0 , 
+ 1 ,  a n d  —2  to  th e  tt-C sH s , rr-CgH g, H--C7 H 7 , a n d  ir- 
C 2B 9H 1 1  lig a n d s , re sp ec tiv e ly .

I I I .  R e s u lt s  a n d  D is c u s s io n

d 1^d9) Configurations. T h e  s p in -o r b it  re su lts  for th is  
s im p le  ca se  d o  n o t a p p ea r  to  h av e  b e e n  g iv en  b e fo re . T o  
th e  first  order th e  2n ( 7r) a n d  2A(<5) s ta te s  are s p lit  b y  £ 
a n d  2£ , re sp e c tiv e ly , as  sh ow n  in  F igu res 1 a n d  2 ; here th e  
u su a l en erg etic  order o f  lev els , 5 <  cr - c  ir, is a s s u m e d . F or  
a d 1  sy s te m  th erefore  an  u n sp lit lo w -e n erg y  tr a n s it io n , 2A  
—*■ 22 + ,  fo llo w ed  b y  an  a p p re c ia b ly  h ig h er 2A  —► 2 il e x c i

ta tio n , sp lit  b y  £, w o u ld  b e  e x p e c te d . K n o w n  e x a m p le s  o f  
d 1  sy s te m s  in c lu d e 1 6 -17  ( 7r -C 5H 5 )2T i +  a n d  (ir -C 5 H 5 )2V 2+ ,  
b u t  n o  e lectro n ic  sp ec tra  h av e  b een  reco rd ed . H o w e v e r, 
a lth o u g h  £ w o u ld  b e  s m a ll , a  s tu d y  o f  th e se  c o m p le x e s  
w o u ld  be o f  h e lp  in  reso lv in g  th e  a n o m a lie s  co n cern in g  
th eir m a g n e tic  p ro p erties .

(10) G. E. Coates, M. L. H. Green, and K. Wade, “Organometallic Com
pounds,” Vol. II, Methuen, London, 1968, Chapters 4 and 5 and 
references therein cited.

(11) T. S. Piper and R. L. Carlin, J. Chem. Phys., 33, 1208 (1960).
(12) M. F. Rettig and R. S. Drago, J. Amer. Chem. S o c . , 91, 3432 

(1969).
(13) D. N. Hendrickson, Inorg. Chem., 11,1161 (1972).
(14) C. J. Ballhausen, “ Introduction to Ligand Field Theory,” McGraw- 

Hill, New York, N. Y., 1962.
(15) The Appendix will appear following these pages in the microfilm 

edition of this volume of the journal. Single copies may be obtained 
from the Business Operations Office, Books and Journals Division, 
American Chemical Society, 1155 Sixteenth St., N.W., Washington, 
D. C. 20036. Remit coeck or money order for $4.00 for photocopy 
or $2.00 for microfiche, referring to code number JPC-73-1681.
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E

Figure 1. Energy !evel diagram for a d1 system in C „* symme
try. (In Figures 1-6 are shown the splittings of the free-atom 
terms due to a field of C „ v symmetry, together with the first- 
order spin-orbit effects on*these levels. In Figures 1 and 2 the 
energy scale assumes D s  =  2Dt, and the spin-orbit splittings 
are schematic only, and not to scale. In Figures 2, 4, and 6 the 
strong field configurations are expressed in terms of orbital 
vacancies.)

T h u s  th e  m a g n e tic  m o m e n ts  re p o r te d 16'17 for [(rr- 
C 5H 5)2T i ] +  [ p ic r a t e ] -  a n d  for [(7r-C5H 5)2 V ]2 +  2 C 1 ~ , 2 .2 9  
an d  1 .8 5  B M , re sp e c tiv e ly , b o th  e x c e e d  th e  sp in -o n ly  
v a lu e  o f  1 .7 3  B M , a n d  su g g e st a n  o r b ita l c o n tr ib u tio n  to  
th e  v a lu e . N e v e rth e le ss , fo r  th e  v a n a d iu m  c o m p o u n d  (a n d  
for oth er [(7r-C 5H s )2 T i]+  sp ec ies) a n  a lm o s t  iso tro p ic  g 
v a lu e  close  to  2 h a s  b e e n  fo u n d ,18 w h ich  is re a d ily  sh ow n  
to  b e  in c o n siste n t w ith  a  2A  grou n d  s ta te . T h u s , u s in g  th e  
s p a c e -s p in  a d a p te d  fu n c tio n s  d erived  as in  se c tio n  II, th e  
m a trix  e le m e n ts  o f  lz a n d  2 sz are fo u n d  to  a c t  in  a c o n 
trary  se n se , w h ile  th o se  o f  lx + 2sx a n d  o f  ly +  2sy b o th  
v a n ish . C o n se q u e n tly  on e  o b ta in s  (cf. r e f  1 9 ) , a ssu m in g  an  
o rb ita l re d u c tio n  fa c to r , k, o f  u n ity , g,, = 2 a n d  g =  0 . 
F or m a n y  o th er [(7r-C 5H 5)2T i ] +  sa lts  th o u g h , n early  
iso tro p ic  g v a lu e s  c lo se  to  2 are a lso  fo u n d ,18 a n d  a m a g 

n etic  m o m e n t  o f  1 .6 8  B M , very  c lose  to  th e  sp in -o n ly  
v a lu e , h a s  b eer, o b ta in e d 20 for [ (ir -C s H s )2T i] +  C N O ~ .  I t  
th erefore  se e m s  th a t  for m o s t  d 1 sy s te m s , th e  grou n d  sta te  
is a n  o rb ita l s in g le t, d u e  e ith er to  a reversal o f  th e  u su a l  
o n e -e lec tro n  en erg y  lev e l order (g iv in g  a 22  +  grou n d  
s ta te ) , or to  th e  s y s te m s  b e in g  d isto rte d  fro m  a x ia l s y m 
m e tr y  to  a b e n t  C 2u stru ctu re . S u c h  a d isto rtio n  cou ld  
co n c e iv a b ly  b e  d u e  to  a  J a h n -T e lle r , or p s e u d o -J a h n -T e ll -  
er e ffe c t, s in ce , a lth o u g h  th e  lo w est lev e l for a 2A  grou n d  
s ta te  w o u ld  b e  th e  A *  K r a m e r s ’ d o u b le t , th e  s m a ll  va lu e  
o f £ w o u ld  le a d  to  it  b e in g  o n ly  s lig h t ly  se p a ra te d  fro m  th e  
$ *  lev el.

E x a m p le s  o f  d 9 sy s te m s  are sca rce , o n ly  ( tt- 
C 6( C H 3)6 )2C o  b e in g  w ell e s ta b lis h e d ;21 n o  sp ec tro sco p ic  
d a ta  are a v a ila b le  b u t  a g a in  tw o  tr a n sit io n s  w o u ld  be e x 
p e c te d , n o w  q u ite  close  to g e th e r , c o rresp o n d in g  to  th e  2II 
—>- 22  + a n d  2E  —► 2A  e x c ita tio n s . F o r  C o  th e  s p in -o r b it  
c o u p lin g  c o n sta n t is q u ite  a p p re c ia b le  ( ca. 6 0 0  c m “ 1) so  
th a t  th e  s p litt in g  o f  th e  2A  lev el c o u ld  a m o u n t to  1 k K  or 
so . T h e  m a g n e tic  m o m e n t  o f  1 .8 6  B M  is s o m e w h a t a b o v e  
th e  sp in -o n ly  v a lu e  a n d  c o n siste n t w ith  th e  e x p e c te d  o rb i
ta l c o n tr ib u tio n , b u t  th e  n on zero  d ip o le  m o m e n t  ag ain  
su g g ests  a  b e n t  C 2v stru ctu re . T h e  g r o u n d -s ta te  sp littin g

2A ( ¿ )  ________________A *
• — .. .*---------------- $

ll ll

*TI < n ) ___________ n*
....................  ; ---------------------------A *

Figure 2. Energy level diagram for a d9 system in Coo* symme
try.
is n ow  o n ly  £ as o p p o se d  to  2£  for T i(I I I )  or V ( I V ) ,  so  th a t  
d esp ite  th e  larger s p in -o r b it  c o u p lin g  c o n s ta n t  a J a h n -  
T e lle r  e ffec t c o u ld  a g a in  b e  op era tiv e .

d2(d8) Configurations. T h e  d isc u ssio n  o f  resu lts  for  
th ese  sy s te m s  w ill b e  essen tia lly  re str ic ted  to  co n sid er
a tio n s  reg ard in g  s p in -o r b it  e ffec ts  sin ce  tr e a tm e n ts  e x 
c lu d in g  th is  fea tu re  h av e  a lrea d y  b e e n  p r e s e n te d .5 -6 F or  
th e  d 2 c o n fig u ra tio n  (7r-C 5H 5)2T i ,  ( ir -C 5H 5)2Z r , a n d  [ ( * -  
C sH 5 ) 2V ] + are k n o w n ,17-22 '23 b u t  n o  sp ec tro sco p ic  d a ta  
are a v a ila b le  a n d  it  is d o u b tfu l w h eth er tita n o c e n e  a n d  
zircon o cen e  are tru e  m e ta l  sa n d w ic h  c o m p le x e s ; b o th  are 
d ia m a g n e tic  a n d  d im e ric  a n d  B r in tz in g e r  a n d  B a rte ll24 
su g g e st th a t  a x ia l s y m m e tr y  is n o t a  s ta b le  a rra n g e m e n t  
for d 2 m o le c u le s , a  b e n t  stru ctu re  b e in g  p re ferred . O n  th e  
oth er h a n d , th e  m a g n e tic  m o m e n t  o f  2 .8 6  B M , v irtu a lly  
th e  sp in -o n ly  v a lu e , fo u n d  for [(7r-C5H 5 )2V ] +  c le a r ly  in d i
c a te s  a lin ear stru ctu re  w ith  a  32 _ (52) grou n d  s ta te . A t  
low  fie ld  stren g th s th e  3A(<n5) lev e l lies  lo w est, as  sh ow n  in  
F igu re  3 , b u t  for Dt/B ~ 5  th e  grou n d  sta te  b e c o m es  
32  “ (5 2) as fo u n d  for th e  v a n a d o c in iu m  ion .

F or d 8 sy s te m s  ( ir -C 5H 5)2N i , ( ir -C 6( C H 3)6 )2F e , a n d  
[(7r-C6( C H 3) 6)2 C o ]+  are k n o w n ,25-27 a ll o f  w h ich  show  
m a g n e tic  m o m e n ts  c lose  to  th e  s p in -o n ly  re su lt (2 .8 3  
B M ) ,  th e reb y  p o in tin g  to  32 _ (ir2) grou n d  s ta te s . (T h e  d 8 
a n d  d 7 co n fig u ra tio n s are th ro u g h o u t re p resen ted  in term s  
o f  th e  vacancies in  th e  d  s h e ll .)  U n fo r tu n a te ly , on ly  for  
n ick e lo cen e  h av e  sp ec tro sc o p ic  re su lts  b e e n  re p o rte d .

(16) G. Wilkinson and F. A. Cotton, Progr. Inorg. Chem., 1,1 (1959).
(17) G. Wilkinson and J. M. Birmingham, J. Amer. Chem. Soc., 76, 

4281 (1954).
(18) B. A. Goodman and J. B. Raynor, Advan. Inorg. Chem. Radi- 

ochem., 13,136 (1970).
(19) E. D. German and M. E. Dyatkina, Zh. Strukt. Chim., 6, 898

(1965) .
(20) R. Couttsand P. C. Wailes, Inorg. Nucl. Chem. Lett., 3, 1 (1967),
(21) E. O. Fischer and H. H. Lindner, J. Organometal. Chem., 2, 222 

(1964).
(22) G. W. Watt, L. J. Baye, and F. O. Drummond, J. Amer. Chem. 

Soc., 88,1138 (1966).
(23) G. W. Watt and F. O. Drummond, J. Amer. Chem. Soc., 88, 5926

(1966) .
(24) H. H. Brintzinger and L. S. Bartell, J. Amer. Chem. Soc., 92, 1105 

(1970).
(25) G. Wilkinson, P. L. Pauson, and F. A. Cotton, J. Amer. Chem. 

Soc., 76, 1970 (1954).
(26) E. O. Fischer and F. Rohrscheid, Z. Naturtorsch. B, 17, 483 

(1962).
(27) E. O. Fischer and H. H. Lindner, J. Organometal. Chem., 1, 307 

(1964).
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Figure 3. Energy level diagram for a d2  system in C»* symme
try: Dt =  0.550s, Dt/B = 4.50, C/B =  4.19. (In Figures 3 -6  
the energy scale is given in units of B, each division repre
senting 10 units. The first-order spin-orbit effects are again 
shown in schematic form only, and are not to scale. Where 
energy levels are coincident this is indicated by hyphenating the 
levels involved, and the double group representations arising 

ifrom the spin-orbit splittings of a given CPV level are listed, 
separated by commas, in order of ascending energy. The sym
bol 2 ± indicates a coincidence of the 2 + and 2 '  representa
tions.)

F or d 8 sy s te m s  th ree  sp in -a llo w e d  d -d  tra n sitio n s  corre
sp o n d in g  t o  o n e -e le c tr o n  e x c ita tio n s  w o u ld  b e  e x p e c te d , 
viz. 32~(ir2) —* 3Il(<rir), 32~(x2) —*■ 3$ ( 7r6 ) , a n d  32 " ( tr2) 
—* 3n ( 7r5 ) . T h e  3 II(cr7r ), 3 ri(7n5) , a n d  3<i>(ir5) s ta te s  are re
sp e c tiv e ly  sp lit  b y  £, £, a n d  3£  in th e  first order, as  sh ow n  
in  F igu re  4 , w h ile  th e  re m a in in g  tr ip le t  lev e ls , 32 - (ir2), 
32 ~ ( 5 2), a n d  3A (o -5), are re sp ec tiv e ly  sp lit  b y  0 , 0 , a n d  2£ . 
T h e  3 2 _ (ir2 ) grou n d  s ta te  (a n  o rb ita l s in g le t) is also  
J a h n -T e lle r  re s is ta n t; s p in -o r b it  c o u p lin g  sp lits  it  in to  2 +  
+  II o f  w h ich  th e  fo rm er p ro ves to  lie  s lig h tly  th e  low er.

T h e  re lative  p o sitio n s o f  th e  s in g le t  lev els  d ep e n d  
stro n g ly  on  th e  C/B v a lu e s  ch o sen  a n d  th e se  are sh ow n , 
to g eth er w ith  th e  Ds/Dt ra tio s in th e  a p p ro p ria te  figu re. 
T h e  fo rm er p a r a m e te r  w as ta k e n  a c c o rd in g  to  th e  v a lu es  
o f  T a n a b e  a n d  S u g a n o 28 a n d  th e  la tte r  w as fix e d  so  as to  
lie  w ith in  th e  g e n e ra lly  en co u n te re d  ra n ge  0 .5 - 0 . 6 .

T h e  e lectro n ic  sp e c tru m  o f  n ick e lo ce n e  h a s  b e e n  s tu d 
ied  b y  severa l w ork ers , 5 >6 -1 1  a n d  a ll agree in a ssign in g  
th ree  b a n d s , a t  arou n d  1 4 .4 , 1 6 .8 , an d  2 3 .0  k K , a s  th e  
s p in -a llo w e d  d -d  tra n sitio n s , 3 2 _ ( tt2) —► 3 11 ( (Ttt) , 3 2 ~ (ir2 ) 
—*• 3 4>(7r5 ) , a n d  32 _ ( tt2) —► 3II(7t5 ) , r e sp e c tiv e ly . T h e  tw o  
lo w est ly in g  tr a n sit io n s  w ou ld  be e x p e c te d  to  lie  fa ir ly  
close  to g eth er sin ce  th e  sep a ra tio n  d e p e n d s  la rg e ly  on  th e
8-o en ergy g a p  im p lie d  b y  th e  Ds a n d  Dt p a r a m e te rs , b u t  
in  fa c t  th e  b a n d s  ov erlap  su b s ta n tia lly  a n d  th e  p o sitio n s  
o f  th e  m a x im a  are d iff ic u lt  to  d e te r m in e . F or n ick e lo cen e  
th e  free ion  va lu e  o f £ is o f  th e  order o f  6 0 0  c m - 1  so  th a t  
s p in -o r b it  c o u p lin g  m a y  p la y  an  a p p re c ia b le  p a r t  in  th is  
s itu a tio n  sin ce  th e  3<l> lev e l m ig h t  b e  sp lit  b y  as m u c h  as
1 .5 - 2 .0  k K , th e r e b y  c o n tr ib u tin g  s ig n ific a n tly  to  th e  o v er

la p p in g  o f  th e  tw o  b a n d s . T h e  p o sit io n  o f  th e  b a n d  m a x i
m u m  for th e  3 2 _ ( 7t2) —* 3 II(ir8) tra n sitio n  is a lso  h ard  to  
a sc erta in  b e c a u se  o f  its  p ro x im ity  to  th e  ch a rg e -tra n sfe r  
reg ion . In  th is  ca se  th e  in flec tio n  c o rresp o n d in g  to  th e
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Figure 4. Energy level diagram for a d8  system in C«,* symme
try; Dt =  0.55Ds, Dt/B = 3.50, C/B = 4.71.

tra n sitio n  is d isp la c e d  to  h igh er en ergy , th u s  g iv in g  m is 
le a d in g ly  h ig h  v a lu es  for B a n d  /3, an d  fo r  a ll th e  d -d  
b a n d s  G a u ss ia n  a n a ly sis  is n ecessary  to  e s ta b lish  th e  p ea k  
p o sitio n s .

C o n se q u e n tly  th e  id en tific a tio n  o f s p in -fo r b id d e n  tr a n 
sitio n s  w o u ld  b e  o f  p a rticu la r  h e lp  in o b ta in in g  f itt in g  p a 

ra m e te rs , a n d  P a v lik , et al.,6 h av e  id e n tifie d  a  s m a ll  in 
fle c tio n  a t  1 1 .7  k K , on  th e  lo w -e n erg y  s id e  o f  th e  1 4 .4 -k K  
b a n d , as th e  32 _ (rr2) —  1 A(rr2) e x c ita tio n . B y  G a u ss ia n  
a n a ly sis  th e y  fu rth er d ed u c e d  th e  p resen ce  o f  th e  3 2 ~ (ir2) 
—► 1 2 + ( tt2) b a n d  a t  1 9 .2  k K , b u t  th e ir  a ss ig n m e n ts  for  
th e se  tw o b a n d s  d e p e n d  e n tire ly  u p o n  th e  v a lu e  o f  C/B 
a d o p te d  (a  v a lu e  c lose  to  7 b e in g  a d o p te d  ra th er th a n  th e  
m o re  u su a l C/B ~ 4 - 5 ) .

M o re o v e r , b o th  th e  32~(ir2) —*■ 1 A(rr2) a n d  th e  32 _ (rr2) 
—*■ 1 2 + ( tt2) tra n sitio n s  rep resen t in tr a -s u b -s h e ll  e x c ita 
tio n s  w h ich  sh o u ld  a p p ea r  as rath er sh arp  n arrow  b a n d s . 
W h ile  th e  1 1 .7 -k K  in flec tio n  se e m s to  re p resen t q u ite  a 
n arrow  p ea k  th e  1 9 .2 -k K  b a n d  is c a lc u la te d 6 to  h a v e  a 
h a lf -h e ig h t w id th  o f  so m e  2 k K , w h ich  w ou ld  b e  m o re  
c o n siste n t w ith  a 3 2 _ ( tt2) —► l n(<r7r) a ss ig n m e n t. A  C/B 
v a lu e  o f  ca. 4 - 5  w o u ld  p e r m it th is  a lte r n a tiv e  in te r p r e ta 
tio n , to g eth er w ith  th e  a ttr ib u tio n  o f  th e  1 1 .7 -k K  b a n d  to  
th e  32 _ (ir2) —► 1 2 + (ir 2) e x c ita tio n , a n d  w o u ld  p re d ic t  th e  
32 - ( tt2) —► 1 A ( tt2) b a n d  to  lie a t  s till low er en ergies in  th e  
region  o f  7 k K . T h u s  th e  d etec tio n  or o th erw ise  o f  th is  
lo w est b a n d  w o u ld  a fford  a  stron g  in d ic a tio n  o f  th e  a p p ro 
p ria te  C/B v a lu e .

T h e  u n c e rta in tie s  co n cern in g  th e  p o sitio n s o f  th e  b a n d  
m a x im a  o f  th e  sp in -a llo w e d  tra n sitio n s a n d  th e  a ss ig n 
m e n t o f  th e  1 9 .2 -k K  b a n d  ren d er it d iff ic u lt  to  se le c t a 
d efin itiv e  se t  o f  p a r a m e te rs  to  f it  a ll th e  b a n d s . T h e  
v a lu es  Ds =  3 0 2 3  c m - 1 , Dt =  166 3  c m - 1 , B =  4 7 5  c m - 1 , 
a n d  C/B = 4 .7 1  p ro vid e  a re a so n a b le  c o m p r o m ise . A s 
s u m in g  £ to  be red u ced  b e lo w  th e  free ion  v a lu e  b y  th e  
sa m e  fa cto r  as B y ie ld s  a  va lu e  o f  3 0 1  c m - 1  a n d  th e  re 
s u lts  o b ta in e d  are g iv en  in  T a b le  I . S o m e  im p r o v e m e n t in  
th e  f it  c o u ld  b e  o b ta in e d  u sin g  a low er C/B v a lu e  b u t  
p referen ce  w as g iven  to  a d o p tin g  th e  T a n a b e -S u g a n o  f ig 
ure.

F ro m  th e  e ig en v ecto rs  th e  p ro p o rtion  o f  tr ip le t  c h a ra c 
ter m a y  be d e d u c e d  for th e  1 2 + ( 3r2) a n d  1 A ( 7r2) lev els . 
T h e  fo rm er s ta te  sh o w s a b o u t 1 .1 %  tr ip le t  n a tu re , m o s tly  
b y  in tera ctio n  w ith  th e  3II(<t7t) le v e l, a n d  th e  la tte r  so m e  
0 .3 5 %  tr ip le t n a tu re , b y  m ix in g  w ith  b o th  th e  3 Il(<r7r) a n d

(28) Y. Tanabe and S. Sugano, J. Phys. Soc. Jap., 9, 753, 766 (1954).
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TABLE I: Fitting Parameters for fir-CsHsUNi0

Level Caled Obsd Level Caled Obsd

32 - ( ir 2) 3$ ( ir 8 )
2+ 0.00 r 15.73
II 0.0- 4> 16.18 16.8

1A (7T2) A 16.64
A 7.4¿ 1II (<rir)

'2 + f ir2) II 21.22 19.2
2+ 13.05 11.7 3II(7t5)

■TRctt) A 21.39
A 14.03 2 - 21.70
II 14.17 14.4 2+ 21.70 23.0

2 - 14.33 II 21.73
2+ 14.34

a Dt =  1663 cm -1, D s  =  3023 cm“1, B  -  475 cm"1, £ =  301 cm“ 1  

C/B  =  4.71.

3<I>(7r5) s ta te s . M a k in g  a llo w a n c e  for th e  m u c h  narrow er  
b a n d  w id th s e x p e c te d  for th e  in tr a -s u b -s h e ll  tra n sitio n s , 
on e w ou ld  th e n  e s tim a te  e ~ 2 - 1 0  for 3 2 _ ( 7t2) —  12 + (7 r 2), 
in  good  a g re e m e n t w ith  th e  e x p e r im e n ta l re su lt , a n d  e 
~ 0 . 5 - 4  for 32 - ( tt2) —► 1A ( x 2). In  th e  la tte r  case  therefore  
it is re a so n a b le  to  e x p e c t  d irect o p tic a l d e te c tio n  o f  th e  
tra n sitio n  sh o u ld  th e  p ro p o sed  a ss ig n m e n ts  b e  correct.

d3(d7) Configurations. E x a m p le s  o f  d 3 sy s te m s  h a v in g  
a x ia l s y m m e tr y  in c lu d e 3 ’29 ’30 ( r r -C s H s ^ V , [(71-- 

C 5H 5 )2C r ]+ , a n d  [(ir -C 5( C 6H 5)5 ) 2] M o + ,  b u t  o n ly  for th e  
first tw o  are sp e c tra  reco rd ed . T h e  d - d  b a n d s  in v a n a d o -  
cen e are w ell e s ta b lish e d , b u t  for th e  c h r o m o c in iu m  ion  
th e  e x tin c tio n  co e ffic ie n ts  o f  th e  lo w e st en ergy  tra n sitio n s  
are ra th er h ig h  e ~ 5 0 0 ,  a n d  th e y  m a y  n o t th erefore  rep re
se n t d - d  tr a n sitio n s .

F or a ll fe a sib le  lig a n d  fie ld  stren g th s  a  4 2  ~(<t82) lev el is  
fo u n d  to  lie  lo w est, a n d  th is  a ss ig n m e n t for th e  grou n d  
s ta te  is c o n firm e d  b y  th e  o b serv a tio n  o f  e sse n tia lly  th e  
sp in -o n ly  v a lu e  o f  th e  m a g n e tic  m o m e n t  (3 .8 7  B M )  for  
b o th  (7r-C 5H 5)2 V  a n d  [(7r-C5H 5)2 C r ]+ . T h r e e  sp in -a llo w e d  
tra n sitio n s c o rresp o n d in g  to  o n e -e le c tr o n  e x c ita tio n s  
sh o u ld  th erefore  b e  o b serv e d , n a m e ly , 42 ~(<t62) —*■ 
4II(7r52), 42 - ( < r 5 2) —  4$(<77r5), a n d  42 -(< r S 2) —  4II(<nr5) 
(see  F igu re  5 ) . T r a n s it io n s  to  th e  h igh er ly in g  4A(7r25) a n d  
42 -(< r ir 2) s ta te s , w h ich  rep resen t tw o -e le c tr o n  ju m p s ,  
sh o u ld  b e  w ea k  a n d  w o u ld  in  a n y  ca se  p r o b a b ly  b e  o b 
scu red  b y  c h a rg e -tra n sfe r  b a n d s .

T h e  4n(7r52), 4 II(cr7r5), a n d  4lt,(aw6) lev els  sh o w  first- 
order s p in -o r b it  s p littin g s  o f  £, £, a n d  3 £ , re sp ec tiv e ly , 
w h ile  th e  4 2 -(< r ir 2 a n d  4A (ir25) s ta te s  are re sp e c tiv e ly  u n 
sp lit  a n d  s p lit  b y  2 £ . F or th e  lo w -ly in g  d o u b le t  lev els , 
2r ( a 5 2), 2A (5 3), 22 + ( tr 5 2) , 22 -(< t52), a n d  2A(<r25 ), th e  co r
re sp o n d in g  s p littin g s  are 0 , 2£ , 0 , 0 , a n d  2 £ . A s  fo r  d 8 s y s 
te m s  th e  $  s ta te  is sp lit  b y  3£  b u t  here th is  w ill h a rd ly  
co n tr ib u te  to  a n y  e x te n siv e  b a n d  o v er la p p in g  (e.g., in  
v a n a d o c e n e ) b e c a u se  o f  th e  sm a ll £ v a lu e  for V (I I ) .

P rin s  a n d  v a n  V o o r st3 f itte d  th e  d - d  b a n d s  o f  v a n a d o 

cen e  u sin g  th e  p a r a m e te rs  Ds = 3 5 4 3  c m - 1 , Dt =  2 0 7 4  
c m - 1 , a n d  B =  4 4 0  c m - 1 . A s s u m in g  th e  sa m e  red u ctio n  
o f  th e  free io n  s p in -o r b it  co u p lin g  c o n sta n t as b efo re  one  
o b ta in s  £ =  9 9  c m - 1 , w h ich  w ith  th e  a b o v e  p a ra m e te rs  
an d  a C/B v a lu e 27 o f  4 .3 1  y ie ld s  th e  resu lts  sh ow n  in  
T a b le  II. W h ile  th e  p o sitio n s  o f  th e  q u a r te t  s ta te s  in v olve  
on ly  th e  R a c a h  p a r a m e te r , B, (in  a d d itio n  to  Ds, Dt, a n d  
£) th e  h e igh ts o f  th e  d o u b le t  s ta te s  a b o v e  th e  g ro u n d  level  
a lso  d ep e n d  u p o n  th e  C/B ra tio . U s in g  th e  T a n a b e -S u g a -
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Figure 5. Energy level diagram for a d3 system In C „*  symme
try; D t  = 0.585DS, D t/ B  = 4 .70 , C / B  = 4.31.

TABLE II; Fitting Parameters for (ir-CsHsUV“

Level Caled Obsd Level Caled Obsd

42-(<rô2) 4II(tt¿2)
II* 0.00 II* 17.67
A* 0.00 II* 17.702r(<r52) A* 17.73 17.7
H* 7.57 <f>* 17.77
r * 7.57 44>(<rirô)

2A(53) A* 19.63
A* 10.04 <J>* 19.73 19.7
(J)* 10.06 Y * 19.83

22+((7à2) H* 19.93
II* 10.54 4II(crirô)

22-(rrô2) II* 24.59
II* 10.91 II* 24.62 24.6

2A(rT2 8) A* 24.65
<j>* 16.59 <|>* 24.69
A* 16.61

0 Dt = 2068 cm-1. Os = 3535 cm-1. B =  440 cm“ 1, £ = 99 cm-1
C/B  = 4.31.

n o v a lu e  for th is  th e  lo w est d o u b le t  s ta te s  arisin g  from  
( tr52 ) a n d  (<53 ) c o m p rise  a  c lo se ly  s p a c e d  gro u p  w h ich  for  
a ll b u t  ra th er w ea k  lig a n d  fie ld s  lie  a p p r e c ia b ly  b e lo w  th e  
lo w est e x c ited  q u a r te t  s ta te . C o n se q u e n tly  o n ly  th e  ra th er  
h igh er 2A(<r25) lev e l w ill e x h ib it a n y  s ig n ific a n t  q u a rtet  
c h a ra c te r ; in  fa c t  th is  lev e l d oes n o t in te r a c t d ire c tly  w ith  
th e  low est q u a rte t , 4 II(ir52) , b u t  h a s  m a tr ix  e le m e n ts  o f  
— % % /5 £  a n d  % -\ /2 £  w ith  th e  44>(<T7r5 ) s ta te  in  th e  A *  an d  
<I>* re p re se n ta tio n s , re sp e c tiv e ly . In sp e c tio n  o f  th e  e ig e n 
v a lu es  o b ta in e d  b y  d ia g o n a liz a tio n  o f  th e  c o m p le te  m a tr i
ces sh ow s th e  2A(cr25) lev el to  h a v e  a b o u t  0 .0 5 %  q u a rtet  
ch a ra cte r . I f  th e  8 a n d  a lev e ls  lie  c lo se  to g e th e r  a  
4 2~ (< r52) —► 2A(<r25) e x c ita tio n  sh o u ld  re p resen t an  e ffe c 
tiv e ly  in tr a -s u b -s h e ll  tr a n sit io n , a n d  sh o u ld  th erefore  
sh ow  a m u c h  n arrow er b a n d  w id th  th a n  th e  sp in -a llo w e d  
e x c ita tio n s . T h e s e  la tte r  sh ow  e x tin c tio n  co effic ie n ts  o f  
th e  order o f  10 2 so  th a t  on e th u s  e s tim a te s  e ~ 0 . 1 - 1  for 
th e  tra n sitio n  in  q u e stio n . T h is  th erefore  is th e  o n ly  sp in -

(29) E. O. Fischer and K. Ulm, Chem. Ber., 95, 692 (1962).
(30) W. Hubei and R. Merenyi, J. Organometal. Chem., 2, 213 (1964).
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Figure 6 . Energy level diagram for a d7 system in C»* symme
try; D t  =  0.55D s, D t/ B  =  4.70, C/B = 4.63.

fo rb id d e n  b a n d  w h ich  is lik e ly  to  b e  d e te c te d  re a d ily  b y  
o p tic a l m e a n s  a lth o u g h  so m e  o f  th e  low er le v e ls  m ig h t  be  
a c c e ssib le  b y  in d ire ct (e.g., p h o to c h e m ic a l)  m e th o d s .

K n o w n  e x a m p le s  o f  d 7 sy s te m s  in c lu d e  ( ir -C s H s ^ C o ,  
[ ( i r -C s H s ^ N i ] 4-, [(7r -C s (C H 3 ) 6) 2F e ]+ , a n d  [ ( ir -C e (C H 3 ) 6) 2 - 
C o ]2 + , all o f  w h ich  sh o w 2 1 -27' 3 1 ’ 32 m a g n e tic  m o m e n ts  close  
to  th e  sp in -o n ly  v a lu e  for one u n p a ired  e lectro n . In  th ese  
ca ses th erefore  th e  lig a n d  fie ld  is stro n g  e n o u g h  for th e  
grou n d  sta te  to  b e  th e  lo w -sp in  2II(ir3 ) le v e l, ra th e r  th a n  the  
h ig h -sp in  4A ( 7t25 ) s ta te . In  th ese  c ir c u m sta n c e s  th e  low est  
sp in -a llo w e d  d - d  tra n sitio n s ta k e  p la c e  fro m  th e  2II(ir3) 
sta te  to  a grou p  o f  c lo se ly  ju x ta p o s e d  lev e ls  arisin g  fro m  th e  
(<T7r2) a n d  (ir25) co n fig u ra tio n s , viz., 2 Z ~ ,  2 2 + ,  a n d  2A(cnr2), 
fo llo w ed  b y  2r a n d  2A (ir25 ) ; s lig h tly  a b o v e  th ese  lies th e  
22 ~ ( i r 26) lev e l, a n d  ra th er h igh er a g a in  th e  2A  a n d  22 + -  
( 7t25 ) s ta te s , as sh o w n  in F ig u re  6 . S p in -o r b it  co u p lin g  w ill 
sp lit  th ese  lev els  re sp ec tiv e ly  b y  0 , 0 , 0 , 2 £, % £ , 0 , 2 £, a n d  0 , 
b u t th is  w o u ld  n o t re a d ily  b e  d e te c te d  b e c a u se  o f  th e  p ro x 
im ity  o f  th e se  lev e ls  to  e a ch  oth er . In  th e  lo w -sp in  s itu a tio n  
tw o lo w -ly in g  q u a rte t  lev els  are a lso  p re d ic te d , 42~(o-7t2) 
a n d  4A (ir25 ), sp lit  b y  0  a n d  2£ , re sp e c tiv e ly , w h ose  h e ig h ts  
a b o v e  th e  grou n d  s ta te  on ce m o re  d ep e n d  on  th e  C/B ra tio .

T h e  o n ly  sp ec tro sc o p ic  d a ta  a v a ila b le  are th o se  o f  A m 
m e te r  a n d  S w a le n 33 for c o b a lto c e n e ; th e  reco rd ed  sp e c 
tr u m  w as n o t w ell reso lv ed  a n d  a ss ig n m e n ts  w ere m a d e  b y  
a v erag in g  th e  f ittin g  p a r a m e te rs  for ferrocen e  a n d  n ick e lo - 
cen e an d  c a lc u la tin g  a n u m b e r  o f d ia g o n a l stro n g  fie ld

TABLE III: Fitting Parameters for (tt-CsHŝ C o“

Level Caled Obsd Level Caled Obsd

2Il(ir3) 22+ (our2)
II* 0.00 II* 18.73
A * 0.26 2A(rrir2)

4A ( tT2S) A * 18.76
p * 9.92 18.76
<|>* 10.09 2r(ir2<5)
A * 10.26 H* 19.51 17.0, 18.3 (sh)
II* 10.44 r* 20.03

42 _ (crx2) 2A(ir25)
II* 10.45 <£* 20.37
A * 10.45 A * 20.47

22 ”  (mr2) 22 - ( tt25)
n* 17.83 II* 23.38

a Dt = 2275 c m - ’ , D s = 4180 c m "1, B = 484 cm - 1, £ =  257 c m - ',
C/B = 4.63.

en ergy  d ifferen ces . A d o p tin g  th is  a p p ro a c h  h ere on e  o b -

ta in s  th e  p a r a m e te rs  Ds =  4 1 8 0  c m - 1 , Dt =  2 2 7 5  c m - 1 , 
a n d  B =  4 8 4  c m - 1 , w h ich  to g eth er w ith  th e  v a lu e s  C/B =
4 .6 3  a n d  £ =  2 5 7  c m - 1  (d eriv ed  on  th e  sa m e  b a s is  as b e 

fore) y ie ld  th e  re su lts  sh ow n  in T a b le  H I . T h u s  th e  d o u 
b le t  s ta te s  a risin g  fro m  th e  (otc2) a n d  ( 7t25 ) co n fig u ra tio n s  

m o s tly  lie b e tw ee n  17 an d  24  k K , i.e., s lig h tly  h ig h er th a n  
th e  e x p e r im e n ta l d a ta  in d ic a te , b u t  are in good  a g re e m e n t  
w ith  th e  v a lu e s  c a lc u la te d  b y  A m m e te r  a n d  S w a le n  an d  
c o n stitu te  a  sa tis fa c to ry  f it  in  th e  a b sen c e  o f  m o re  p recise  
sp ec tro sco p ic  re su lts . T h e  h igh er ly in g  2A  a n d  2 2 +  (ir2b) 
lev e ls  are n o t lis te d  in  th e  ta b le  sin ce  su ch  tra n sitio n s  
w o u ld  p r o b a b ly  lie  in  th e  ch a rg e -tra n sfe r  region .

B e lo w  th e  d o u b le t  s ta te s  th e  tw o  q u a rte t  lev e ls  are p re 
d ic te d  to  lie  a t  a ro u n d  10  k K . T h e  e ig en v ecto rs  fro m  th e  
d ia g o n a liz a tio n  o f  th e  c o m p le te  m a tric es  in d ic a te  th a t  
s p in -o r b it  c o u p lin g  in tro d u ces  a b o u t  0 . 1 %  o f  d o u b le t  
ch a ra cter  in to  th ese  s ta te s  in  so m e  ca ses , m o s t  o f  th is  
b e in g  d u e  to  m ix in g  w ith  th e  2IT(7r3) le v e l. H o w e v e r , th e  
sp in -fo r b id d e n  tra n sitio n s  2I l( 7r3) —► 4A ( 7t2<5) a n d  2Il(ir3) —1► 
42 ~ ((n r2) b o th  co rresp on d  to  a ch a n ge  o f  o c c u p a tio n  o f  th e  
stro n g ly  a n tib o n d in g  ir lev el, a n d  sh o u ld  th erefore  p o ssess  
fa ir ly  large b a n d w id th s . C o n se q u e n tly  th ese  tw o  b a n d s  
w o u ld  b e  e x p e c te d  to  b e  very  w ea k  w ith  e ~ 0 . 1 .

(31) E. O. Fischer and W. Hafner, Z. Naturforsch. B, 8, 444 (1953).
(32) G. Wilkinson, J. Amer. Chem. Soc., 74, 6146 (1952).
(33) J. H. Ammeter and J. D. Swalen, J. Chem. Phys., 57, 678 (1972).
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H. K. Eigenmann,1 D. M. Golden,* and S. W. Benson

Department of Thermochemistry and Chemical Kinetics, Stanford Research Institute, Menlo Park, California 94025 
(Received December 4, 1972)

D a ta  on  AHf°, th e  s ta n d a rd  e n th a lp ie s  o f  fo r m a tio n , in  th e  ga s p h a se  fo r  ov er 3 0 0  o x y g e n -c o n ta in in g  
c o m p o u n d s  are c r itic a lly  e x a m in e d . In te rn a l c o n siste n cie s  w ith in  th is  se t  are sc ru tin iz e d  fro m  th e  v iew 
p o in t o f  gro u p  a d d itiv ity  p rin c ip le s . N e w  v a lu e s  for th e  c o n tr ib u tio n s o f  grou p s to  A Ht°, as w ell as  h igher  
order co rrection s, are o b ta in e d  fro m  m u ltilin e a r  regression  a n a ly se s  o f  th e  d a ta . F or a lc o h o ls  a n d  eth ers  
o b serv ed  v a lu e s  a n d  grou p  a d d itiv ity  v a lu e s  agree to  w ith in  ± 1 .0  k c a l /m o l ,  w h ic h  is a b o u t  th e  ex p er i
m e n ta l p re cisio n . T h e  d a ta  on  th e se  c la sse s  are very  se lf-c o n s is te n t . V ery  n e a r ly  th e  s a m e  is tru e o f  a l 
d eh y d es  a n d  k e to n e s . M a jo r  d iscrep a n c ies  e x is t  in  th e  c lasses o f  a c id s  a n d  esters a n d  a few  k ey  c o m 
p o u n d s d e v ia te  se rio u sly  fro m  oth er m e m b e r s  o f  th e ir  c lass.

1 . I n tr o d u c t io n

In  th is  rep ort w e w ish  to  rev ise  so m e  o f  th e  grou p  v a lu es  
for e n th a lp ie s  o f  fo rm a tio n  rep o rted  in  ou r gen eral review  
o f  grou p  a d d itiv ity 2 in  ord er to  ta k e  in to  a c c o u n t th e  in 
crease in  d a ta  in  th e  p a s t  4 - 5  yea rs , a n d  th e  a p p ea ra n c e  o f  
tw o e x c e lle n t rev iew s o f  th e r m o c h e m ic a l d a ta  o f  organ ic  
c o m p o u n d s .3 T h e  rep ort is  fo c u se d  on  o x y g e n -c o n ta in in g  
grou ps b e ca u se  la c k  .o f  th e r m o c h e m ic a l d a ta  a b o u t esters, 
a c id s , a n d  a n h y d rid e s  in  1 9 6 8  p ro d u c ed  so m e  a m b ig u itie s  
in  th e  re la ted  grou p  v a lu e s . S im ila r  rev isio n s for e n tro p y  
an d  h e a t c a p a c ity  fo r  th is  c la ss  o f  c o m p o u n d s 4 w ill h o p e 
fu lly  b e  u n d erta k e n  in  th e  n e a r  fu tu re .

F or a d iscu ssio n  o f  th e  b a s ic  c o n c e p t o f  a d d itiv ity  ru les  
for th e  e s tim a tio n  o f  th e r m o c h e m ic a l p ro p erties , th e  re a d 
er is referred  to  e ith e r  th e  p re v io u s rep ort or th e  origin al 
p a p er b y  B e n so n  a n d  B u s s .5 N o m e n c la tu r e  a n d  gen eral 
p re sen ta tio n  are m a in ta in e d  a s  in  re f 2 a .

2 . G e n e r a l  D is c u s s io n

S o u rces  for e n th a lp ie s  o f  fo rm a tio n  are th e  tw o  m e n 
tio n e d  review s o f  S tu ll , W e s t r u m , a n d  S in k e 3a a n d  P ilch er  
a n d  C o x ,3b a n d  a  s y s te m a tic  in sp e c tio n  o f  th e  B u lle tin s  o f  
T h e r m o d y n a m ic s  a n d  T h e r m o c h e m is tr y , N o . 1 0 -1 5  
( 1 9 6 7 -1 9 7 2 ) . F o r  th e  se a rch  on  m o re  recen t re su lts  ( 1 9 7 1 -  
1 9 7 2 ), th e  a p p ro p ria te  jo u r n a ls  h a v e  b e e n  su rv e y e d . T h e  
resu lts  fo u n d  in  e ith er sou rce , a lth o u g h  so m e tim e s  q u e s 
tio n a b le , w ere in c lu d e d  in  th e  first c a lc u la tio n  o f  group  
v a lu e s . T h e  p ro ced u re  u se d  to  e lim in a te  in a c c u ra te  v a lu es  
is d esc rib e d  b e lo w . E s t im a te s  o f  e n th a lp ie s  o f  v a p o riza tio n  
w ere g e n e ra lly  a d o p te d  fro m  th e  o rig in al p a p ers  a n d  th e  
tw o review s m e n tio n e d  a b o v e .

In  order to  fa c ilita te  h a n d lin g  o f  th e  ~ 3 0 0  e n th a lp ie s  o f  
fo rm a tio n , th ese  w ere g ro u p ed  for th e  c a lc u la tio n : o n e  se t  
co n ta in in g  o n ly  a lc o h o ls  a n d  e th ers  (i.e., n o  c a rb o n y ls ) , 
th e  oth er co verin g  a ld e h y d e s , k eto n e s , a c id s , a n h y d rid e s , 
a n d  e sters . In  e a ch  se t , th e  m o s t  fre q u e n tly  occu rrin g  
grou p s w ere d e te r m in e d  b y  a  m u ltilin e a r  regression  a n a ly 
sis ( M L R ) .  A d o p tin g  th e  grou p  v a lu e s  o b ta in e d  b y  M L R ,  
th e  less  c o m m o n  grou p s c o u ld  b e  e v a lu a te d . F o r  a ll c a lc u 
la tio n s , grou p  v a lu e s  for n o n o x y g e n  c o n ta in in g  grou ps  
w ere ta k e n  fro m  th e  p rev io u s re p o r t .28

A s s u m in g  grou p  a d d itiv ity  to  b e  co rrect, it  w a s p o ssib le  
to  u se  m u ltilin e a r  regression  in  th e  p ro cess  o f  e lim in a tin g  
q u estio n a b le  d a ta ; a ll d a ta  p ro d u c in g  large d e v ia tio n s  in

th e  p re d ic te d  v a lu e  a fter  regression  w ere s u b je c t  to  c r iti
c a l e x a m in a tio n  a n d  w ere p o ss ib ly  e x c lu d e d , i f  e ith er th e  
e n th a lp y  o f  v a p o riza tio n  is e s t im a te d  or th e  m e a su r e m e n t  

d a te s  b a c k  b efore  1 9 4 0 . T h e n , w ith o u t th e  e x c lu d e d  c o m 
p o u n d s , M L R  w as u se d  to  re e v a lu a te  th e  g rou p s. T h is  
p ro cedu re  w a s a p p lie d  severa l t im e s  a n d  re su lte d  in  th e  
grou p  v a lu es  d isc u sse d  in  se c tio n  3 .

In  ou r p revio u s rep o rts2 severa l grou p s c o n ta in in g  e le 
m e n ts  oth er th a n  C , H , a n d  O  w ere a ssig n e d  b y  an a lo g y  
w ith  o x y g en  grou p  v a lu e s  (i.e., C B- S  =  C B- 0 ) .  A s  lo n g  as 
th e se  oth er c la sses  o f  c o m p o u n d s  are n o t  rev ised  se p a ra te 
ly , th e  v a lu e s  g iven  in  th o se  rep orts m u s t  s till  b e  u se d .

3 . R e s u lt s

T a b le s  I  a n d  II p re sen t th e  grou p  v a lu e s  as o b ta in ed  in  
th is  w ork . T a b le  I l l - a - i 6 c o m p a re  m e a su r e d  a n d  e s tim a te d  
v a lu es  for th e  c o m p o u n d s  u se d  in  th e  first c a lc u la tio n  ( in 
c lu d in g  c o m p o u n d s  e lim in a te d  b y  M L R ) .  C o m p o u n d s  
u se d  in  th e  fin a l M L R  are m a rk e d  b y  a n  a sterisk , th o se  
e x c lu d e d  b y  a d ag ger; c o m p o u n d s  w ith o u t a m a rk  h ave  
b e e n  u se d  for th e  c a lc u la tio n  o f  th e  less fre q u e n tly  o c c u r
ring g rou p s. T h e  orig in al referen ces for th e  m e a su r e d  d a ta  
are g iven  w ith  th e  e x c e p tio n  o f  th o se  fo u n d  in  e ith er re 
v ie w , 3 w h ich  are m a rk e d  as e ith e r  3a  or 3 b , re sp ec tiv e ly . 
In  th e  fo llo w in g  su b se c tio n s  th e se  re su lts  are d iscu ssed  
w ith  e m p h a s is  on  ch o sen  v a lu e s  fo r  th e  grou p s a n d  d e v ia 
tio n s fro m  grou p  a d d itiv ity .
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land.

(2) (a) S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen, 
H. E. O'Neal, A. S. Rodgers, R. Shaw, and R. Walsh, Chem. Rev., 
69, 279 (1969); (b) S. W. Benson, "Thermochemical Kinetics,” 
Wiley, New York, N. Y., 1968.

(3) (a) 6. R. Stull, E. F. Westrum, Jr., and G. C. Sinke, “The Chemical 
Thermodynamics of Organic Compounds," Wiley, New York, N. Y., 
1969; (b) J. D. Cox and G. Pilcher, “Thermochemistry of Organic 
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TABLE I: Group Values for AH f°29a Noncarbonylic Groups (kcal/mol)a

C-(H)3(0)6 -10.1
Ù' 4.7

C— (H) 2 (C) (O)* -8.1
C-(H)2(Ca)(0)* -6.5
C— (H)2 (Ct ) (0)h -6.5 d -5.8
C— (H) 2 (CB) (O)t -8.1
C-(H)(C)2(0)* -7.2

0
0.5C-(C)3(0)* -6.6

Ca-(H) (O)c 8.6
Cd-(CO)d 10.3

1.2Cd-(Cd)(0 )e 8.9 r iCb-(O)* -0.9
C-(H)2(0)2* -16.1

o o
C-(H) (C) (O)2* 
C-(C)2(0)2*

-16.3
-18.6

16.6

O-(H)(C)* 1 
0-(H)(Cd)* 1 
0-(H)(Ct ) * '

-37.9
-37.9
-37.9 C O ’

2.0

O-(H)(Cb)* f -37.9

o p0-(C )2*
0-(Cd)(C)i

-23.2
-30.5

6.5

0-(Cd)2f ' -33.0
0-(C b)(C)* 
0 -(C B)2t 1

-23.0
-21.1 C O O ' "

2.3

Strains
Ether oxygen gauche* 0.5 (O gauche)

O
6.0

Di-ferf-butyl etherf m 7.8
Gauche“ 0
Ortho“ 0

0 ’
3.3

A"

P

26.8

25.2 O '
0.2

0
5.9 o r

6.6

“ Determined by MLR. * C -(H )3(0 )' =  C -(H )3(C), assigned. cCd-(H )(0 ) =  Cd-(H)(C), assigned. d Cd-(C )(0 ) =  C d-(C )2, assigned. eCd- (C d)(0) 
=  Cd-(C d) (C), assigned.; O-(H) ( C ) = 0 - ( H )  (Cd) = 0 - ( H )  (Ct) = 0 - ( H )  (CB), assigned. * Based on methylallyl ether and allyl alcohol. h Based on 
2-propyn-1-ol, rather than methyl 2-propynyl ether. The latter would imply an unexpectedly low group value. 1 Based on ethyl vinyl ether, 2-ethoxyprop-1- 
ene, 2-methoxy-n-but-2-ene. 1 Based on divinyl ether. * Based on methyl phenyl ether, ethyl phenyl ether, and 3-methoxy-1-methylbenzene. 1 Based on di
phenyl ether. m Based on di-fe/7-butyl ether. "  Based on ethylene oxide and propylene oxide. "  Based on tetrahydrofuran and tetrahydrofurfuryl alcohol. 
p  Based on furan and furfuryl alcohol. “ Based on tetrahydropyran and 2-methoxytetrahydropyran. r Based on 1,3-dioxolane and the 2-methyl and 2,4- 
dimethyl derivatives. s See text. 1 Based on s-trioxane. See text. “ No gauche correction is added for interactions of O with alkyl C or O along a C -C  bond. 
“ No ortho correction is added for 0  ortho to alkyl C or O. w Based on dibenzopyran using —7.2 for C-(H)2(Cb)2 (from diphenylmethane).3b

3.1 Alcohols and Ethers. T h e  fo llo w in g  p a ra m e te rs  
(gro u p  v a lu e s) h av e  b e e n  su b je c t  to  m u ltilin e a r  regression : 
C - ( H ) a( C ) ( 0 ) ,  C - ( H ) ( C ) 2 ( 0 ) ,  C b - ( 0 ) ,  0 - ( C ) ( H ) ,  0 - ( C ) 2, 
O -g a u c h e , C - ( H ) 2 ( 0 ) 2, C - ( H ) ( C O ) 2> C - ( C ) 2( 0 ) 2. T h e  re 
m a in in g  groups w ere d ete r m in e d  b y  in sp e c tio n  fro m  th e  
rest o f  th e  a v a ila b le  d a ta . T w e lv e  o f  7 8  c o m p o u n d s  w ere  
e x c lu d e d  fro m  m u ltilin e a r  regression  b y  th e  p rin c ip le s  e x 
p la in e d  in  sectio n  2 .

In  th e  p revio u s rep ort2b w e u se d  a v a lu e  o f  + 0 . 8  k c a l /  
m o l as th e  d e sta b iliz a tio n  d u e  to  g a u ch e  in tera c tio n  b e 
tw een  0  a n d  a lk y l ca rb o n  a lo n g  C - C  b o n d s  in  a n a lo g y  to  
th e  v a lu e  in  h y d ro ca rb o n s for g a u ch e  in tera c tio n s b etw een  
a lk y l c a rb o n s. S o m e  o f  th e  d a ta  on  b ra n c h ed  a lco h o ls  in 
d ic a te  th a t  th is  v a lu e  sh o u ld  b e  low ered . 0 .3  k c a l /m o l  
w o u ld  b e  in  fa ir a g re e m en t w ith  th e  rep o rted  c o n fo rm a 
tio n a l free en ergy o f  c y c lo h e x a n o l .7 O n  th e  o th er h a n d , th e  
d ifferen ces in  co n fo rm a tio n a l free en ergies o f  1 -m e th y lc y -  
clo h ex a n o l, w h ich  are rep orted  to  be 0 .1 - 0 .3  k c a l /m o l , 8 

im p ly  a s im ila r , or th e  sa m e  v a lu e  for e ith er g a u c h e  in ter
a c tio n . O n  th e  b a s is  o f  th e  p o ly o ls  w here th is  stra in  o ften  
occu rs severa l t im e s  in  on e m o le c u le  (as o x y g e n -c a r b o n  or

o x y g e n -o x y g e n  in te r a c tio n ), a  s ta b iliz a t io n , ra th er th a n  a 
stra in , w o u ld  im p ro v e  th e  a g re e m en t c o n sid e r a b ly . F ro m  a  
th e o re tica l p o in t o f  v iew , so m e  h y d ro g en  b o n d in g  m a y  b e  
re sp o n sib le  for th is  b eh a v io r . In  th is  q u e stio n a b le  s itu a 
tio n  w e a ssig n e d  0  k c a l /m o l  to  th is  in te r a c tio n . A lth o u g h  
th is  is a c o m p ro m ise , it  im p ro v e s  th e  gen era l a g re e m en t, 
m a in ly  w ith  re sp ec t to  th e  p o ly o ls . S im ila r  a rg u m en ts  
a p p ly  to  th e  a r o m a tic  orth o  in tera c tio n . T h e  a lr e a d y  fa ir  
a g re e m e n t m a y  even  b e  im p ro v e d  b y  a g a in  a ssu m in g  0 

k c a l /m o l  as s tra in  in  th e  ca ses o f  0  a n d  C , or 0  a n d  0 ,  
orth o  to  e a c h  o th er . T h e  v a lu e  o f  th e  e th e r  o x y g en  g a u ch e  
co rrection , w here th e  a lk y l ca rb o n s  are g a u ch e  a lo n g  a  
C - 0  b o n d , h as b e e n  d e te r m in e d  to  b e  0 .5  k c a l /m o l  fro m  
th e  M L R .

In  T a b le s  I a n d  II, th e  b e s t  grou p  v a lu e s  are s u m m a 
rized , a n d  T a b le s  I l l -a ,  IH -b , a n d  III -c  co ver a lc o h o ls , 
eth ers, a n d  c y clic  e th ers a n d  p resen t m e a su r e d  a n d  c a lc u 
la ted  v a lu e s  for th e se  c o m p o u n d s .

(7) E. L. Eliel and S. H. Schroeter, J. A m er . C h em . S o c . , 87, 5031 
(1965).

(8) J. J. Uebel and H. W. Goodwin, J. O rg. C h em ., 33, 3317 (1968).
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Enthalpies of Formation of Oxygen-Containing Organic Compounds 

TABLE II: Group Values for AH f ° 2 98 Carbonylic Groups (kcal/mol)c
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C -(H )3(CO)6 - 1 0 . 1
C -(H )2(C) (CO)* -5 .2
C -(H )2(Cd)(CO)d -3 .8
C —(H) 2 (Ct) (CO)t -5 .4
C -(H )2(CB)(CO)e -5 .4
C -(H ) (C)2(CO)* - 1 . 7
C -(C )3(CO)* 1.4
Ca-(H) (CO)* 5.0
Cd-(C)(CO )t 7.5
C d-(0 )(C O  )f 11.6
C b-(CO )* 3.7
C -(H )2(CO)2t -7 .6
C-(H ) (C) (CO)2f -5 .4

0-(H)(CO )* -5 8 .1
0-(C)(CO )* -4 3 .1
O-(Cd) (CO)t -4 5 .2
O -(C b) (CO)* -3 6 .7
0 -(C O )2i -4 6 .5

(CO)-(H)(C)* c -2 9 .1
(CO)-(H) (Cd)* c -2 9 .1
(CO)-(H)(Ct)* e -2 9 .1
(CO )-(H )(CB)* c -2 9 .1
(CO )-(C2)* -3 1 .4
(CO)-(Ce) (C)g -3 0 .9
(CO )-(CB)2t -2 5 .8
(CO )-(H)2f -2 6 .0
(CO)-(H) (0)re -3 2 .1
(CO)—(C) (O)* -3 5 .1
(CO) — (Cd) (O)* -3 2 .0
(CO )-(CB) (O)* -3 6 .6
(CO)-(H) (CO)f -2 5 .3
(CO)-(C)(CO)'1 -2 9 .2
(C O )-(C b) (CO)t -2 6 .8
(CO)-(O) (CO)7 -2 9 .3
(C 0 )-(0 )2t -2 9 .9

6
2.3

.ot

a 1.5

(§h=ot 4.7

@>=ot 3.6

© = o t 4.4

g )= o t 3.0

© = o t 2.1

© = o t 1.1

CO0 t i t
5.4

11.0

0 t*
4.5

0

0  t '

0

0  t

4
0

Strains

2 2 .6

0
o t

10.3

2 1 .1

23.9

2 2 .0

“ See footnote a to Table I. “C -fH h lC O ) =  C -(H )3(C), assigned. cCO-(H) (C) = C O - (H )  (Cd) = C O - (H ) (C t) = C O - (H )  (CB), assigned. a Based on 
ethyl-, n- and isopropyl-, and n-butyl-3-pentenoate. e Based on benzyl methyl, benzyl phenyl, and dibenzyl ketone, t  Based on furfuraldéhyde and furoic 
acid. «Based on acetophenone, ethyl, n-propyl, and isopropyl phenyl ketone (see text). “ Based on methyl glyoxal and diacetyl. ‘ Based on acetic, pro
pionic, and benzoic anhydride. 1 Based on oxalic acid, diethyl oxalate, and diphenyl oxalate. * Based on succinic anhydride (see text). ‘ Based on maleic 
anhydride (see text). mThe strain of pyromellitic anhydride is twice the strain of phthalic anhydride, as expected. n Based on formic acid and methyl for
mate.

a. Alcohols. M o s t  o f  th e  c a lc u la te d  h e a ts  o f  fo rm a tio n  
are w ith in  1 .0  k c a l /m o l  o f  th e  m e a su r e d  v a lu e s . T h e  a li 
p h a tic  a lco h o ls  are in  ev en  b e tte r  a g re e m e n t ( ± 0 . 5  k c a l /  
m o l) . B ig  d isc rep a n c ies  occu r w ith  2 -n a p h th o l ( A ) ,  th y m o l  
(B ) , 1 ,3 -p r o p a n e d io l ( C ) ,  1 ,3 -b u ta n e d io l  ( D ) ,  2 ,3 -b u ta n e -  
d iol ( E ) ,  g lycerol ( F ) ,  d ie th y le n e  g ly co l ( G ) ,  /-e r y th r ito l  
( H ) ,  p e n ta e ry th r ito l ( I ) , a n d  tr ie th y le n e  g ly co l ( K ) .  F or  
c o m p o u n d s  A , E , G , a n d  K ,  e ith er AH[° or A H vap298 w ere  
m e a su red  b efore  1 9 4 0 . F u rth erm o re , m o s t  v ic in a l d iols  
( E ,F ,H )  sh o w  a  s ta b iliz a t io n  o f 2 - 5  k c a l /m o l ,  w h ic h  m ig h t  
b e  d u e  to  h yd ro g en  b o n d in g . T h e  e s tim a te d  e n th a lp y  o f

fo rm a tio n  o f  th y m o l (B )  is a lm o s t  w ith in  th e  rep orted  
error lim its . In  th e  rep o rt on  1 ,3 -p r o p a n e d io l ( C ) 9 th e  a u 
th o rs d iscu ss  th e  u n e x p e c te d ly  low  v a lu e  th e y  h av e  m e a 
su red , b u t  d o  n o t  in d ic a te  a n y  f in a l a r g u m e n ts . T h e  e n 
th a lp y  o f  fo rm a tio n  rep orted  b y  th e  sa m e  a u th o rs  for 1 ,3 -  
b u ta n e d io l (D )  sh ow s th e  sa m e  b e h a v io r . N o  o b v io u s e x 
p la n a tio n  o f  th e  d isc rep a n c y  w ith  £-e ry th r ito l co u ld  be  
fo u n d .

(9) P. T. Gardner and K. S. Hussain, J. C h em . T h erm odyn ., 4, 819 
(1972).
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A n  in c o n siste n c y  e x ists  b e tw ee n  m o n o - a n d  p o ly a lc o h o ls  
in so fa r  a s  th e  p re d ic te d  v a lu e s  for th e  fo rm er are m o stly  
to o  n e g a tiv e , b u t  to o  p o sitiv e  for th e  la tte r . T h is  b e h a v io r  
is a d d itio n a lly  a c c e n tu a te d  b y  th e  fa c t  th a t  th e  p o ly a lc o 
h o ls  h a v e  m o re  s ta tis t ic a l w eig h t in  th e  M L R  d u e to  th e  
o c cu rren ce  o f  m o re  th a n  on e se t o f  o x y g e n -c o n ta in in g  
grou p s in  th e ir  m o le c u le s . In  order to  ta k e  in to  a c c o u n t  
th e  fa c t  th a t  e n th a lp ie s  o f  fo rm a tio n  o f  m o n o a lc o h o ls  are  
g e n e ra lly  m u c h  m o re  re lia b le  th a n  th o se  o f  p o ly o ls , we 
h a v e  ch o sen  0 - ( H ) ( C )  =  0 - ( H ) ( C d) =  0 - ( H ) ( C t) =  0 -  
( H ) ( C b ) , - 3 7 . 9  k c a l /m o l ,  in ste a d  o f  - 3 8 . 3 ,  as  c a lc u la te d  
b y  M L R .

b. Ethers. W i t h  th e  e x c e p tio n  o f  a few  c o m p o u n d s , d e 
v ia tio n s  n o  greater th a n  ± 1 .0  k c a l /m o l  w ere ob serv ed . 
T h e  d ifferen ce  for m e th o x y b e n z a ld e h y d e  is — 2 .3  k c a l /  
m o l, c o m p a re d  to  a re la tiv e ly  b ig  error o f  ± 1 . 4  k c a l /m o l  
for  th e  m e a su red  v a lu e . D ia lly l e th er, b u r n e d  in  1929 , 
sh ow s a d ev ia tio n  o f  + 7 . 3  k c a l /m o l ,  th a t  m a y  o n ly  b e  a s 
s ig n ed  to  th e  grou p  C-(H)2(Cd)(0). H o w e v e r , th is  group  
v a lu e  is w ell e s ta b lish e d  b y  th e  e x c e lle n t a g re e m e n t for  
m e th y la lly l e th er a n d  a lly l a lc o h o l. T h e  grou p  C- 
(H)2(Ct)(0) m a y  b e  c a lc u la te d  fro m  e ith er m e th y l 2 -p ro -  
p y n y l e th e r  or 2 -p r o p y n y l - l -o l ,  le a d in g  to  - 1 . 9  or - 6 . 5  
k c a l /m o l ,  re sp e c tiv e ly . A lth o u g h  th e  e n th a lp ie s  o f  fo r m a 
tio n  o f  b o th  c o m p o u n d s  h a v e  th e  sa m e  so u rce , w e prefer  
—6 .5  k c a l /m o l  as c a lc u la te d  fro m  th e  a lc o h o l. T h is  va lu e  
is w ith in  th e  ra n ge  su g g e ste d  b y  th e  a n a lo g o u s grou p s C- 
(H)2(C)(0) ( - 8 . 1 ) , C-(H)a(Cd)(0) ( - 6 . 5 ) ,  a n d  C- 
( H ) 2 ( C b ) ( 0 )  ( - 7 . 7 ) :

c. Cyclic Ethers. T h is  c la ss  o f  c o m p o u n d s  m a in ly  d e te r 
m in e s  stra in  p a ra m e te rs  for rin gs. U s u a lly , o n ly  a few  d e 
riv a tiv e s  o f  e a ch  p a rtic u la r  ring s y s te m  h a v e  b e e n  m e a 
su red . T h e re fo re , m o s t  o f  th e  stra in  p a r a m e te rs  are b a sed  
on n o t m o re  th a n  th ree  m e a su red  e n th a lp ie s  o f  fo rm a tio n . 
N o  co n sid era b le  d e v ia tio n s  are ob serv e d , e x c e p t for th e  
fa m ilie s  o f  1 ,3 -d io x a n e s  a n d  1 ,3 ,5 -tr io x a n e s . In  th e  form er  
ca se , a d d itio n a l s tra in  is o b serv ed  w ith  tr i- a n d  te tra - 
m e th y l s u b s t itu te d  d eriv a tiv es  w h ich  h a v e  b e e n  e x c lu d e d  
fro m  th e  c a lc u la tio n  o f  th e  1 ,3 -d io x a n  s tra in . H o w e v e r , 
p a rt o f  th e se  d iscrep a n c ies  m a y  b e  e x p la in e d  b y  ta k in g  
in to  a c c o u n t th e  stra in  o b serv ed  in  th e  str u c tu ra lly  s im i
la r  d iiso p ro p y l a n d  iso p ro p y l fe r t -b u ty l  e th ers (0 .7  a n d  0 .4  
k c a l /m o l ,  re sp e c tiv e ly ) . T h e  e n th a lp y  o f  fo rm a tio n  o f  5 ,5 -  
d im e th y l - l ,3 -d io x a n e  sh o u ld  b e  re m e a su re d  in  order to  
cla irfy  its su rp risin g  ex tra  s ta b iliz a t io n  o f  ~ 2 . 5  k c a l /m o l .  
In  th e  la tte r  ca se , e n th a lp ie s  o f  fo rm a tio n  o f  s -tr io x a n e  
h a v e  b e e n  rep orted  to  b e  - 1 1 1 .3 2  (M o n s s o n , et al.10), 
— 1 1 6 .1  (B u s fie ld  a n d  M e r ig o ld 11), a n d  - 1 2 0 . 8  k c a l /m o l  
(S n e lso n  a n d  S k in n er12) . W e  h av e  a d o p te d  — 1 1 1 .3  k c a l /  
m o l, a  v a lu e  th a t  lea d s to  a  s tra in  o f  6 .6  k c a l for th is  c o m 
p o u n d . F u rth erm o re , - 1 1 1 . 3  k c a l /m o l  is in  a g re e m en t  
w ith  th e  earlier m e a su r e m e n t o f  B u s fie ld  a n d  M e r ig o ld 1 1  

i f  th e ir  v a lu e  is co rrected  for th e  re c e n tly  red eterm in e d  
e n th a lp y  o f  fo rm a tio n  o f  fo r m a ld e h y d e 13  ( - 2 6 . 0  in stea d  o f  
- 2 7 . 7  k c a l /m o l ) .  M o r e  e x p e r im e n ta l a n d  th eo retica l  
k n ow led ge  are n e ed e d  to  e x p la in  th e  u n e x p e c te d  s ta b iliz a 
tio n  o f  th e  tr im e th y l d e r iv a tiv e .14

3.2 Aldehydes, Ketones, Acids, Anhydrides, and Esters. 
In the calculation o f groups o f carbonylic com pounds, the  
previously determ ined groups of alcohols and esters have 
been adopted as given in T ab le  I. O f the rem aining  
groups, the follow ing were optim ized using m ultilinear re
gression (M L R ): C - ( H ) 2(C )(C O ), C - ( H ) ( C ) a(C O ), C -  
(C )3(C O ), C b- ( C O ) ,  C d-(H ) ( C O ) ,  C O -(H ) (C )  =  C O -  
(H )(C b) =  C O -( H ) (C d), C O - ( 0 ) ( C ) ,  C O - ( 0 )(C b ), C O -  
( 0 ) ( C d), 0 - ( C O ) ( H ) ,  0 - ( C O ) ( C ) ,  0 - ( C O ) ( C B). In order

to  m a in ta in  lin ea r in d e p e n d en c e  b e tw ee n  th e  g ro u p s, w e  
h a d  to  m o d ify  so m e  o f  th e  o p tio n a l a ss ig n m e n ts  o f  v a lu e s  
to  g rou p s, m e n tio n e d  in  th e  p rev io u s r e p o r t .28 In  a n a lo g y  
to  C - ( H ) S( X ) ,  a ll g rou p s, C O - ( H ) ( X )  ( X  =  C , C B, C d) ,  
w ere a ssu m e d  to  b e  e q u a l. F u rth erm o re , th e  p re v io u s  a s 

s ig n m e n t, C O - ( 0 ) ( C b ) =  C O - ( 0 ) ( C d) , c o u ld  b e  a v o id e d .
D u e  to  th e  h ig h er n u m b e r s  o f  c o m p o u n d s  a n d  p a r a m e 

ters, th e  p ro cess o f  e lim in a tio n  o f  erron eou s e n th a lp ie s  o f  
fo rm a tio n  w a s m o re  c o m p lic a te d  th a n  w ith  a lc o h o ls  a n d  
eth ers. F in a lly , 9 7  to  123  c o m p o u n d s  re m a in e d  in  th e  fin a l  
se t for m u tlilin e a r  reg ression . T w e n ty -s ix  c o m p o u n d s  w ere  
e x c lu d e d  on  th e  b a sis  o u tlin e d  in  se c tio n  2 , a n d  b y  so m e  
a d d itio n a l criteria  th a t  are e x p la in e d  in  th e  c o n te x t o f  T a 
b le s  I H -d - i .  T h e  re su ltin g  grou p  v a lu e s  d iffer  in  p a r t  fro m  
th e  v a lu e s  rep o rted  earlier. T h e  s ta n d a rd  error o f  e s t im a 
tio n , c a lc u la te d  on  th e  b a s is  o f  th e  9 7  se le c te d  c o m 
p o u n d s , w as low ered  to  1 .4  k c a l /m o l .  O n  th e  b a s is  o f  a ll  
123  c o m p o u n d s , th e  im p r o v e m e n t is 0 .9  k c a l /m o l  ( 4 .4  
k c a l /m o l  u sin g  “ o ld ,”  3 .5  k c a l /m o l  u s in g  “ n e w ”  g ro u p s). 
T h e  im p ro v e d  grou p  v a lu es  are lis te d  in  T a b le  II . T h o s e  
n o t c a lc u la te d  b y  M L R  h av e  b e e n  d e te r m in e d  b y  in s p e c 
tio n , u s in g  th e  grou p s a lrea d y  c a lc u la te d . T a b le s  I I I -d - i  
co m p a re  m e a su r e d  a n d  c a lc u la te d  AHt° v a lu e s  fo r  a ll  
c o m p o u n d s  u sed  in  th is  c o m p ila tio n .

a. Aldehydes. E x c e p t  fo r  4 -m e th o x y b e n z a ld e h y d e  a n d  
fu rfu ra l, b o th  m e a su red  194 0  or earlier , n o  severe  d e v ia 
tio n s occu r.

b. Ketones. D u e  to  its  o b v io u s stra in , d i -fe r t -b u ty l  k e 

to n e  h a d  to  b e  e x c lu d e d  fro m  th e  orig in al d a ta  se t  for  
M L R . Its  s tra in  is su rp risin g ly  h ig h  (6 .5  k c a l /m o l ) .  B y  in 

sp ec tio n , th e  e n th a lp ie s  o f  fo rm a tio n  o f  th re e  k eto n e s  
m e a su red  b y  G e ise le r , et al.,15 are to o  p o s it iv e  b y  5 - 6  
k c a l /m o l .  T h e y  h a v e  b e e n  re je cte d  in  th e  f in a l M L R  an d  
sh o u ld  b e  re m e a su re d  in  th e  fu tu r e . S o m e  m in o r  stra in  is 
o b serv ed  w ith  ste ric a lly  h in d ered  sp ec ies  lik e  m e th y l tert- 
b u ty l k eto n e  (0 .8 ) ,  d iiso p ro p y l k eto n e  ( 0 .7 ) ,  a n d  iso p rop yl  
fe r i -b u t y l  k eto n e  (1 .3  k c a l /m o l ) .  W ith in  th e  re m a in in g  
c o m p o u n d s  th e  tr im e th y la c e to p h e n o n e s  sh o w  large d e v ia 
tio n s . T h e ir  e n th a lp ie s  o f  fo rm a tio n  are b a se d  o n  m e a 
su rem e n ts  in  1941  a n d  an  e s tim a te  o f  A f f vap298. T h e  
grou p  C O - ( C ) ( C B) h a s  b e e n  c a lc u la te d  w ith o u t th e se  tw o  
v a lu e s . O th erw ise , c a lc u la te d  a n d  m e a su r e d  v a lu e s  d iffer  
b y  less  th a n  1 .0  k c a l /m o l .

c. Cyclic Ketones. In  th is  c la ss  o f  c o m p o u n d s , each  
stra in  p a ra m e te r  is b a se d  on  on e  p a rtic u la r  e n th a lp y  o f  
fo rm a tio n . F u rth erm o re , th e  e n th a lp y  o f  fo rm a tio n  o f  b i-  
c y c lo [3 .3 .0 ]o c ta n o n e  is c a lc u la te d  b y  th e  h e lp  o f  a n  e s ti 
m a te d  e n th a lp y  o f  v a p o riza tio n . T h e re fo re , a t  p re se n t n o  
d iscu ssio n  in  te rm s o f  grou p  a d d itiv ity  is p o ss ib le  w ith  
th ese  c o m p o u n d s .

d. Acids. W ith in  th e  a c id s  m o re  d e v ia tio n s  fro m  grou p  
a d d itiv ity  se em  to  occu r th a n  e lsew h ere. T h e re fo re , a  re la 
tiv e ly  h ig h  n u m b e r  o f  c o m p o u n d s  h a d  to  b e  re je c te d  b e 
fore th e  fin a l M L R . B e g in n in g  w ith  te tr a d e c a n o ic  a c id , a ll  
h ig h er a lip h a tic  a c id s  w ere e x c lu d e d  in  ord er to  a v o id  in 
flu e n ce s  o f  n o n -n e a re st-n e ig h b o r  in tera c tio n s  o n to  th e  
grou p  v a lu e s . S u b e ric , se b a c ic , a n d  d o d e c a n d io ic  a c id  
h av e  n o t b e e n  u se d  in  th e  f in a l f it . T h e ir  c o m b u stio n

(10) M. Monsson, E. Morawetz, Y. Nakase, and S. Sunner, Acta Chem.
Scand., 23, 56 (19691.

(11) W. K. Busfield and D. J. Merigold, J. Chem. Soc. A, 2975 (1969).
(12) A. Snelson and H. A. Skinner, Trans. Faraday Soc., 57, 2125

(1961).
(13) R. A. Fletcher and G. Pilcher, Trans. Faraday Soc., 66, 794 (1970).
(14) K. Pihlaja and M. L. Tuomi, Suom. Kemistilehti B, 43, 224 (1970).
(15) Methyl phenyl, propyl butyl, and ethyl pentyl ketone [G. Geiseler, N.

Ratlevszh, K. Ebster, and I. Ziegel, Ber. Bunserges. Phys. Chem.,
70,221(1966)].
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d a te s  b a c k  to  1 9 2 6 , a n d  a ll o f  th e m  sh ow  a n  a p p a r e n t h igh  
stra in . F in a lly , th e  e n th a lp ie s  o f  fo rm a tio n  o f  m a le ic  a n d  
fu m a ric  a c id  c a n n o t re a so n a b ly  b e  f itte d  w ith in  th e  rest o f  
ca rb o n y lic  c o m p o u n d s . T h e ir  c a lc u la te d  e n th a lp ie s  o f  fo r 
m a tio n  are + 7  to  + 9  k c a l o ff  th e  m e a su r e d  v a lu e . B o th  
h ave  b een  d isc a rd ed .

W ith in  th e  re m a in in g  se t  o f  c o m p o u n d s , m o s t  d is 
crep a n cies occu r in  a r o m a tic  a c id s . T h e y  f in d  th e ir  co u n 
terp a rt in  a r o m a tic  a n h y d rid e s  a n d  e sters , b u t  b e n z o ic  
a c id  is th e  m o s t  p r o m in e n t d isa g re e m e n t. E x c lu d in g  b e n 
zoic ac id  w o u ld  c o n sid e r a b ly  im p ro v e  th e  c o n siste n c y  o f  
th e  rest o f  th e  d a ta . A  r e d e te r m in a tio n  o f  its  h e a t  o f  s u b li
m a tio n  sh o u ld  b e  u n d e r ta k e n  in  order to  e s ta b lish  a  m ore  
reliab le  v a lu e  for th e  im p o r ta n t  g ro u p , C 0 - ( 0 ) ( C B).

e. Anhydrides and Related Compounds. N o  M L R  w a s  
carried  o u t on  th e se  s tr a in e d  sp e c ie s . F irst , b y  u sin g  a c e 
tic , p ro p io n ic , a n d  b e n z o ic  a n h y d rid e , th e  grou p  0 - ( C 0 ) 2  

w as d e te r m in e d . T h e  c o n siste n c y  o f  0 - ( C 0 ) 2 w ith in  th ese  
three c o m p o u n d s  is a s  b a d  as ± 3  k c a l /m o l .  N e v e rth e le ss , 
th e  a v erag ed  v a lu e  o f  th is  grou p  h a s b e e n  u se d  to  c a lc u 
late  stra in s  o f  th e  in tra m o le c u la r  a n h y d rid e s . In  th e  case  
o f su cc in ic  a n d  m a le ic  a n h y d rid e , th e  m e th y la te d  h o m o 
logs h av e  b e e n  n e g le c te d  fo r  th e  c a lc u la tio n  o f  th e  re sp ec 
tiv e  s tra in s . T h e  a v a ila b le  d a ta  in d ic a te , for  b o th  m o le 
cu les, e x tra  s ta b iliz a t io n  o f  th e  m e th y la te d  d er iv a tiv es , 
a lth o u g h  th e  e n th a lp ie s  o f  fo r m a tio n  are b a s e d  on  m e a 
su rem e n ts  earlier th a n  1 9 4 2 .

f. Esters. A lth o u g h  a c o n sid era b le  n u m b e r  o f  e n th a lp ie s  
o f  fo rm a tio n  are re p o rte d , m a n y  e n th a lp ie s  o f  v a p o riza tio n  
are e s tim a te d  a n d  a lo t o f  m e a s u r e m e n ts  d a te  b a c k  b efore  
1940 . T h erefo re , w e h a d  to  e x c lu d e  fro m  M L R  a  h igh  
n u m b e r  o f  c o m p o u n d s  b y  th e  p ro ced u re  d esc rib e d  in  s e c 
tio n  2 . W it h in  th e  re m a in in g  m a jo r  d isc rep a n c ies , w e  
e lim in a te d  a ll d a ta  le a d in g  to  d e v ia tio n s  to o  large to  b e  
corrected  b y  a re a so n a b le  c h a n g e  o f  grou p  v a lu es  (¿.e ., 
glycerol tr ia c e ta te , A  =  — 1 0 .2 ; a lk y l esters o f  p h th a lic  
ac id , A  =  - 1 0  to  - 1 5  k c a l /m o l ) .  A lth o u g h  a cr itic a l re 
v iew  o f  th e se  d a ta  is b e y o n d  th e  sco p e  o f  th is  p a p e r , so m e  
a d d itio n a l c o m m e n ts  se e m  to  b e  in  order. T h e  grou p  C O -  
( H ) ( 0 )  h a s  b e e n  d e te r m in e d  on  th e  b a s is  o f  th e  re c e n tly  
m ea su red  e n th a lp ie s  o f  fo r m a tio n  o f  fo rm ic  a c id  a n d  
m e th y l fo rm a te , n e g le c tin g  e th y l a n d  a lly l fo r m a te , b o th  
b u rn ed  in  1 9 2 9 . T h e  e n th a lp y  o f  fo r m a tio n  o f  e th y l p ro p i
on a te  rep orted  b y  P ilc h e r  a n d  C o x 3b sh o u ld  b e  corrected  
to  — 1 1 2 .2  k c a l /m o l  d u e  to  a n -a r ith m e tic a l  error. A l l  is o 
m eric  b u ty l p e n ta n o a te s  sh o w  ex tra  s ta b iliz a t io n , p ro b a 
b ly  d u e  to  a s y s te m a tic  error. T h e  d a ta  rep orted  b y  H a n 
cock , et a / .,16  (esters  o f  a -m e th y lb u t y r ic , iso v a le ric , a n d
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p iv a lic  a c id ) le a d  to  p re d ic tio n s  p o sit iv e  b y  ~ 3 - 5  k c a l /  
m o l, a g a in  p o ss ib ly  a s y s te m a tic  error. (F o r m e th y l p iv a -  
la te , a m o re  recen t v a lu e  is in  b e tte r  a g re e m en t w ith  
grou p  a d d it iv ity .17) A l l  e n th a lp ie s  o f  fo r m a tio n  o f  esters o f  
th e  iso m eric  p e n te n o ic  a n d  p e n ty n o ic  a c id s  are b a se d  on  
e s tim a te d  e n th a lp ie s  o f  v a p o riza tio n . F o r  m e th y l cis-9 -  
o c ta d e c e n o a te  a n d  th e  d iesters  o f  p h ta lic  a c id , th e  re 
p o rted  error lim its  a lr e a d y  a c c o u n t fo r  ± 3  k c a l /m o l .  A ll  
e n th a lp ie s  o f  fo rm a tio n  rep o rted  b y  C a rso n , et al.,18 p ro 
d u ce  d ev ia tio n s o f  th e  ord er o f  3  k c a l /m o l  (b e n zo ic  a n h y 
d rid e , d ip h en y l o x a la te , a n d  p h e n y l b e n z o a te ). H o w ev er, 
for tw o  o f  th ese  c o m p o u n d s  th ere  e x ist p re v io u sly  rep orted  
v a lu e s  w h ich  are in  b e tte r  a g re e m e n t w ith  grou p  a d d itiv 
ity  (b e n zo ic  an h y d rid e  =  - 7 9 . 9 , 19  a n d  p h e n y l b e n z o a te  =  
- 3 7 . 5  k c a l /m o l20) . P a r t o f  th e se  d isc rep a n c ies  m a y  fu r 
th erm ore  b e  d u e  to  th e  g en era l in c o n s is te n c y  o f  d a ta  on  
a r o m a tic  a c id s , a n h y d rid e s , a n d  este rs . N e v e r th e le ss , e x 
c e p t for th e  c o m p o u n d s  m e n tio n e d  a b o v e , d e v ia tio n s  gen 
e ra lly  re m a in  w ith in  ± 1 . 5  k c a l /m o l ,  n e a r ly  as ac cu ra te  as 
in  th e  oth er c lasses o f  orga n ic  o x y g en  c o m p o u n d s .

4 . C o n c lu s io n s

T h e  grou p  v a lu es  p re sen te d  in  th is  rep o rt are b a se d  on  a 
c o n sid era b ly  in crea sed  n u m b e r  o f  e x p e r im e n ta l d a ta  an d  
p re d ictio n s are m o s tly  w ith in  ± 1 . 0  k c a l /m o l .  W e  fee l, 
th erefore , th a t  d a ta  le a d in g  to  d isc rep a n c ies  o f  m o re  th a n  
2  k c a l /m o l  sh o u ld  b e  re e x a m in e d  c a re fu lly  in  e a c h  ca se . 
E ith e r  u n e x p e c te d  stra in  or s ta b iliz a t io n  m a y  b e  th e  rea 
son  for th is  b e h a v io r , or th e  rep o rted  v a lu e s  are less a c c u 
rate th a n  is in d ic a te d  b y  th e  p re cisio n  lis te d  b y  th e  a u 
th o rs . T y p ic a l  e x a m p le s  are th e  a r o m a tic  a c id s , w here th e  
h e a ts  o f  fo rm a tio n  o f  th e  a lk y l esters are n o t c o m p a tib le  
w ith  th a t o f  th e  u n s u b s t itu te d  a c id . A  s im ila r  s itu a tio n  
ex ists  in  th e  ca se  o f  tr io x a n e . T h e  tr im e th y l d er iv a tiv e  is 
fa r  fro m  th e  p re d ictio n  b a se d  on  tr io x a n e  itse lf.

It is ou r exp erien ce  fro m  d e a lin g  w ith  a large  a m o u n t o f  
th e r m o c h e m ic a l d a ta  th a t  th e  m e th o d  o f  grou p  a d d itiv ity  
is n o t o n ly  u se fu l for th e  p re d ic tio n  o f  th e r m o c h e m ic a l  
v a lu es , b u t  a lso  as a to o l in  e s tim a tin g  th e  in tern a l c o n sis 
te n c y  o f  d a ta  for h o m o lo g o u s  fa m ilie s  o f  co m p o u n d s .

(16) C. K. Hancock, G. M. Watson, and R. F. Gilby, J. Phys. Chem., 58, 
127 (1954).

(17) H. K. Hall, Jr., and Z. K  Baldt, J. Amer. Chem. Soc., 93, 140 
(1971).

(18) A. S. Carson, D. H. Fine, P. Gray, and P. G. Laye, J. Chem. Soc. 
B, 1611 (1971).

(19) J. W. Breitenbach and Derkosch, Monatsh. Chem., 81, 689 
(1950).

(20) G. P. Adams, D. H. Fine, P. Gray, and P. G. Laye, J. Chem. Soc. 
B, 7 ,  720 (1967).
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T h e  v e lo c ity  o f  th e  rim  o f  th e  grow in g h ole  in  a b u r stin g  so a p  f ilm  is red u ced  d u e  to  th e  v isc o s ity  a n d  
d en sity  o f  th e  gas su rro u n d in g  it . T h is  w in d a g e  e ffe c t  in crea ses  as th e  f ilm  b e c o m e s  th in n e r  a n d  a s  th e  
c a lc u la te d  u n o b stru c te d  r im  v e lo c ity  in crea ses . E x p e r im e n ts  in  h y d ro g en , h e liu m , air, a n d  n eon  a t m o 
sp h eres in d ic a te  th a t  w in d a g e  is su ffic ie n t to  a c c o u n t for th e  o b serv e d  d ep a rtu res  o f  r im  v e lo c itie s  fro m  
th e  c a lc u la te d  o n e , ev en  for th e  th in n e st N e w to n  b la c k  f i lm s  w here th e  a c tu a l r im  v e lo c ity  is re d u c e d  
b elo w  th a t  o f  so m e w h a t th ick er f i lm s . A lth o u g h  th e  e x p e r im e n ta l resu lts  ca n  b e  fitte d  to  a n  e m p ir ic a l  
re la tio n , w h ich  in v o lv e s  o n ly  f i lm  th ick n ess  a n d  th e  b u lk  p ro p erties o f  ga s a n d  liq u id , an  a e r o d y n a m ic  
a n a ly sis  w o u ld  b e  very  c o m p lic a te d  sin ce  it  h a s  to  in v olve  th e  e ffe c t c f  th e  aureole  p re ce d in g  th e  rim .

A  few  y e a rs  ag o , M c E n t e e  a n d  M y s e ls 23 g a v e  a d e sc r ip 
tio n , b a se d  on  fla s h  p h o to g ra p h s , o f  th e  b u r stin g  o f  p la n a r  
so a p  f i lm s , rep orted  m e a su r e m e n ts  o f  th e  ra te  a t  w h ich  
th e  rim  o f  th e  h ole  re tra c ted  u n d er  th e  in flu en c e  o f  su r 
fa c e  te n sio n  forces, a n d  d esc rib e d  th e  a u reo le , a th ic k e n 
in g  p re ce d in g  th is  r im . T h e  b a s ic  th eory  o f  th e  p ro cess h as  
b e e n  g iven  in an  a c c o m p a n y in g  p a p er2b a n d  it  h a s  b een  
u sed  m o re  re ce n tly  a lo n g  w ith  im p ro v e d  m e a su r e m e n t  
te c h n iq u es  to  p ro v id e  in fo rm a tio n  a b o u t  th e  in tera ctio n  o f  
su rfa c ta n t m o le c u le s  in  m o n o la y ers  c o m p re sse d  far  b e 
y o n d  th e ir  e q u ilib r iu m  s ta te 3 a n d  a b o u t th e  k in e tic s  o f  
very  ra p id  d eso rp tio n  fro m  su ch  m o n o la y e r s .4 A n  im p o r 
ta n t  im p r o v e m e n t in  th e  te c h n iq u e  h a s  b e e n  th e  u se  o f  a 
h y d rogen  a tm o sp h e re  arou n d  th e  b u r stin g  f i lm . F or film s  
th ick er th a n  so m e  2 0 0 0  A , th is  e ffe c tiv e ly  e lim in a te d  th e  
resista n ce  offered  b y  th e  a tm o sp h e re  to  th e  re tra c tin g  
f i lm , as h a s  b e e n  rep orted  b r ie fly  e a r lie r .3

S o m e  fea tu res  o f  th e  origin al o b serv a tio n s  re m a in e d  
u n e x p la in e d , h ow ever, a n d  th u s  s e e m e d  e ith er to  ca st  
d o u b t on  th e  v a lid ity  o f  th e  b a s ic  th e o ry  or to  p ro vid e  
u n ex p lo red  clu es to  n ew  p h e n o m e n a . In  p a r tic u la r , th e  
rim  v e lo c ity , w h ich  gen era lly  in creases as th e  f i lm  b e 
c o m e s  th in n er , d ep a rte d  m a rk e d ly  fro m  th a t  e x p e c te d  on  
th e  b a sis  o f  th e  th eory  for f i lm s  th in n er th a n  so m e  10 0 0  A .  
In  fa c t , th e  th in n e st f ilm s , th e  N e w to n  (se c o n d ) b la c k  
f i lm s , g ive  a c tu a lly  s low er rim  v e lo c itie s  th a n  th e  im m e d i
a te ly  th ick er, c o m m o n  (first) b la c k  f ilm s .

T h e  e x p la n a tio n  o rig in a lly  su g g e ste d ,23 o f  a n  a d d itio n a l, 
very  ra p id  sh o c k  w ave  a b so rb in g  th e  e x c e ss  m o m e n tu m ,  
c o u ld  n o t b e  c o n firm e d  d esp ite  m u c h  im p ro v e d  te c h 
n iq u es u se d  in  lo o k in g  for it . T h e  d isco v e ry  o f  th e  w in d a ge  
e ffe c t p ro v id ed  a m o re  sa tis fa c to ry  e x p la n a tio n  for th e  
m o d e ra te  d e v ia tio n s  b u t  le ft o p en  th e  q u e stio n  w h eth er it 
c o u ld  a c c o u n t a lso  for th e  reversal o f  th e  tren d  o f v e lo c ity  
w ith  th ic k n e ss  for th e  N e w to n  f i lm s , a rev ersa l w h ich  p e r 
sists  even  in  a h y d ro g en  a tm o sp h e re . E x p e r im e n ts  in  v a r i
ous a tm o sp h e re s  n ow  in d ic a te  th a t  m u c h , if  n o t a ll, o f  th is  
d isc r e p a n c y  ca n  b e  e x p la in e d  as d u e  to  w in d a g e  w h ich  b e 
c o m e s  m o re  p ro n o u n ced  as th e  v e lo c ity  a n d  area  o f  th e  
au reole  in crease .

E x p e r im e n t a l  S e c t io n

T h e  a p p a r a tu s  u se d  w as d esig n e d  in c o o p era tio n  w ith  
D r. G . F ren s a n d  is sh o w n  sc h e m a tic a lly  in  F igu re  1 . T h e

film  w as fo rm e d  or. a fix e d  re cta n g u la r  fra m e  a b o u t  3 .5  
c m  w id e  a n d  5 c m  h ig h  b e h in d  a n  o p tic a lly  f la t  w in d o w  in  
v essel 2  w h ich  a lso  h e ld  th e  e lectro d es for th e  b u r s t -in i
tia tin g  sp a rk . W a s h b o tt le  1 p e r m itte d  th e  c h a n g in g  o f  
lev el o f  th e  liq u id  s tu d ie d  in  vesse l 2  w h erea s w a sh b o ttle s  
3  a n d  4  serv ed  to  co n fin e  a n d  m a n ip u la te  th e  g a s  su r 
ro u n d in g  th e  f i lm . R a is in g  th e  liq u id  lev e l in  b o th  2  a n d  3  
p e r m itte d  e x p u lsio n  o f  th e  gas th ro u g h  s to p c o c k  5  a n d  
low erin g th ese  lev els  th e  in tro d u c tio n  o f  a n o th e r . A s  th ese  
liq u id  m o v e m e n ts  a p p a r e n tly  g e n e ra te d  su ffic ie n t s ta tic  
e le ctric ity  to  p ro d u c e  sp a rk s, an  in ert ga s w as a lw a y s u sed  
b efore a n d  a fter  h y d ro g e n .

B u r stin g  w as fo llo w ed  b y  th e  m e th o d  d esc rib e d  p re 
v io u s ly .3 I t  co n sists  e sse n tia lly  o f  reco rd in g  w ith  a d o u b le 
b e a m  o sc illo sco p e  th e  in te n sity  o f  tw o  b e a m s  o f  H e -N e  
laser lig h t re fle cted  fro m  th e  f ilm  a t  tw o p o in ts , se p a ra te d  
b y  b e tw ee n  0 .6 7  a n d  1 .1 6  c m  a lo n g  a h o r izo n ta l line  p a s s 
in g  th ro u g h  th e  level o f  th e  sp a rk  a n d  a t  le a st 0 .3  c m  
a w a y  fro m  it. T h e  sp a rk  sta rts  th e  b u r st a n d  triggers th e  
o sc illo sco p e . S in c e  va ry in g  f ilm  th ic k n ess  co rresp on d s to  
v a ry in g  in te n s ity  o f  re fle cted  lig h t b e c a u se  o f  in terferen ce  
e ffec ts , th e  p rogress o f  th e  au reole  a n d  th e  a p p ea ra n c e  o f  
th e  rim  as th e y  p a ss  each  o f  th e  tw o  b e a m s  is sh o w n  in  
th e  o sc illo sco p e  screen . T h e  v e lo c itie s  w ere o b ta in e d  fro m  
th e  k n o w n  sep a ra tio n  o f  th e  tw o  lig h t b e a m s  a n d  th e  re la 
tiv e  d e la y  o f  th e  osc illo sco p e  tra c es  as m e a su r e d  on  th eir  
p h o to g ra p h s.

T h e  so d iu m  d o d e c y l su lfa te  ( N a L S )  w as a p u rifie d  s a m 
p le  p rep a red  from  h ig h  p u rity  d o d e c y l a lc o h o l su p p lie d  b y  
A p p lie d  S c ie n c e  L a b o ra to ry , S ta te  C o lle g e , P a . T h e  gases  
w ere o f  c o m m e rc ia l p u rity  a n d  sa lts  w ere re a g e n t grad e . 
A ll  e x p e r im e n ts  w ere c o n d u c te d  in  an  air co n d itio n ed  
ro om  a t 2 4 ° .

R e s u lt s  a n d  D is c u s s io n

F igu re  2 sh ow s th e  rim  v e lo c ity  o f  f i lm s  fro m  th e  sa m e  
so lu tio n  h a v in g  d ifferen t th ic k n esse s  a n d  b u r stin g  in  fou r

(1) Author to whom correspondence should be addressed at 8327 La 
Jolla Scenic Drive, La ̂ olla, Calif. 92037.

(2) (a) W. R. McEntee and K. J. Mysels, J. Phys. Chem., 73, 3018
(1969); (b) S. P. Frankel and K. J. Mysels, ibid., 73, 3028 (1969).

(3) G. Frens, K. J. Mysels, and B. R. Vijayendran, Spec. Disc. Faraday 
Soc., 1, 12 (1970).

(4) A. T. Florence and G. Frens, J. Phys. Chem., 76, 3024 (1972).
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Figure 1. Apparatus for studying bursting in various atmospheres.

Figure 2. Rim velocities for several thicknesses of films of solu
tion A (Table I) in different atmospheres: O, hydrogen; □, helium; 
•  , air; +, neon. The straight line shows Culick’s velocity.

d iffe re n t a tm o sp h e r e s ; n a m e ly , n e o n , a ir, h e liu m , a n d  h y 
d ro gen . T o  a first a p p ro x im a tio n  th e  r im  v e lo c ity  is d e te r 
m in e d 26 b y  th e  b a la n c e  o f  th e  su rfa ce  te n sio n , cr, forces  
w h ich  are a lw a y s th e  s a m e , a n d  th e  in ertia  o f  th e  film  
w h ich  in creases w ith  its  th ic k n e ss , 5, a n d  d e n s ity , ps. A s  
th e  m a ss  o f  th e  f i lm  w h ich  is a c c e le r a te d  in  u n it  t im e  in 
creases w ith  th e  v e lo c ity , th e  la tte r  is in v ersely  p ro p o r
tio n a l to  th e  sq u a re  ro o t o f  th e  th ic k n e ss . T h is  v e lo c ity , 
d en o te d  b y  uc, w a s  d eriv ed  b y  C u lic k 5 a n d  is  s tr ic t ly  v a lid  
for th e  rim  o n ly  in  th e  a b se n c e  o f  w in d a g e  a n d  w h en  th e  
aureole  h a s  zero w id th .26 I t  is g iv en  b y

uc = (2 cr /<5ps)1/2 (1)
a n d  corresp on d s to  th e  s tra ig h t lin e  o f  F ig u re  2 . T h e o ry  
in d ic a te s  th a t  au reoles o f  m o d e ra te  w id th  ca u se  o n ly  
m in o r d e v ia tio n s  fro m  u c, 26 a n d  th a t  th e se  ca n  b e  in  e i
th er d ire ctio n  for c ircu la r  b u r stin g  su c h  as s tu d ie d  h ere .6 

F igu re  2  sh o w s, h o w ev er, th a t  d e v ia tio n s  are in  fa c t  sm a ll  
on ly  for th e  th ic k e st  f i lm s , th a t  th e y  in crease  r a p id ly  as  
th e  f i lm  b e c o m e s  th in n e r , a n d  th a t  th e y  d e p e n d  m a rk e d ly  
on th e  n a tu re  o f  th e  ga s p re se n t. H y d r o g e n  p ro d u c es  th e  
le a st re d u c tio n  o f  r im  v e lo c ity , fo llo w e d  b y  h e liu m , air, 
a n d  n e o n  w h ich  h a s  th e  la rg e st e ffe c t . H e liu m  h as a  
s lig h tly  h ig h er v isc o s ity  th a n  air (1 9 8  vs. 185  q P )  b u t  a  
m o re th a n  se v e n fo ld  low er d e n s ity . H e n c e  its  lesser re ta r
d a tio n  o f  th e  r im  sh o w s th a t  d e n s ity  p la y s  an  im p o r ta n t  
role in  th e  w in d a g e . O n  th e  o th er h a n d , air h a s  a  h igh er  
d e n sity  th a n  n e c n  (1 .2 0  vs. 0 .8 4  g /1 .)  y e t  is less  re ta rd in g , 
w h ich  in d ic a te s  th a t  v is c o s ity , w h ich  is low er for air th a n  
for n e o n  (1 8 5  vs. 3 1 4  /lcP )  , is a lso  a n  im p o r ta n t  fa c to r . H y 
drogen  w h ic h  h a s  th e  lo w est d e n sity  a n d  lo w est v isc o sity  
o f a ll gases ( 0 .0 8 3  g /1 . ,  8 9  p.P) a ffe c ts  le a s t  th e  rim  v e lo c i

ty .

Figure 3. Rim velocities of films less than 1000 Â in thickness of 
solutions A-F (Table I) in several atmospheres. The full line 
shows Culick’s velocity, the dashed lines eq 2. The bracket indi
cates Newton black films.

Figure 4. Rim retardation, uc — u r , vs. u c for data of Figure 3. The 
solid lines are least-squares fitted, the dashed line shows ur =  0, 
and the bracket indicates the Newton black films.

T h e  sa m e  e ffe c t is sh o w n  in  F igu re  3  w h ich  rep resen ts  
th e  re su lts  o f  a  series o f  r im  v e lo c ity  m e a su r e m e n ts  on  
very th in  a n d  e q u ilib r iu m  film s  o f  a n u m b e r  o f  so lu tio n s  
o f  N a L S  a lo n e  or w ith  a d d e d  s a lts . T h e ir  c o m p o sitio n s  are  
given  in  T a b le  I  a lo n g  w ith  so m e  o f  th e ir  p ro p e rtie s . H ere  
w in d a g e  e ffec ts  w ere v ery  p ro n o u n c e d  b u t  th e  su rfa ce  te n 
sion  v a rie d  fro m  2 9 .5  to  3 8 .3  so  th a t  th e ir  C u lic k  v e lo c ities  
w ere n o t a sm o o th  fu n c tio n  o f  th ic k n e ss . T h e  re su lts  are  
th erefore  p lo tte d  in  te r m s  o f  th e  o b serv e d  r im  v e lo c ity  ur 
vs. uc, th e  la tte r  b e in g  o f  cou rse c lose  to  p ro p o rtio n a l to  
th e  sq u a re  ro ot o f  th e  e q u ilib r iu m  th ic k n e sse s .

T h is  figu re sh ow s c le a r ly  th e  e ffe c t  m e n tio n e d  in  th e  in 
tro d u c to ry  p a ra g ra p h  t h a t  th e  rim  v e lo c ity  o f  th e  th in n e st  
f i lm s  is d e fin ite ly  less th a n  th a t  o f  th e  in te r m e d ia te  on es, 
ev en  in  h y d ro g e n . T h e s e  th in n e s t  f i lm s  d iffe r  in  so m e  
w a y s q u a lita t iv e ly  fro m  th e  th ic k er  o n es  a n d  h av e  b een  
a lrea d y  d esc rib e d  as d is tin c t b y  N e w to n .7 T h e y  fo rm  on ly

(5) F. E. C. Culick, J. Appl. P h ys., 31, 1128 (1960).
(6) K. J. Mysels and B. R. Vljayendran, unpublished data.
(7) I. Newton, "Optlcks," Book II, Part 1, London, 1704, observations 

17-21.
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TABLE I: Composition, Surface Tension, a , and Equilibrium 
Film Thickness, 5e> of Solutions Studied

Solution NaLS, % Salt (7, dyn/cm 5e.A

A 0.96 38.3 200
B 0.32 38.6 320
C 0.145 0.085 M  LiCl 38.0 140
D 0.145 1.62 M  LiCl 30.5 85
E 0.145 0.51 M  NaCl 29.5 44
F 0.145 0.25 M  NaCl 31.8 44

in  th e  p resen ce  o f ce rta in  sa lts  su c h  as N a C l  (b u t  n o t  
L iC l)  a n d  th e n  o n ly  w h en  th e  s a lt  c o n te n t e x c e e d s  a cer
ta in  m in im u m , b u t  th e ir  th ic k n e ss  ( ~ 5 0  A )  is essen tia lly  
in d e p e n d e n t o f  th e  io n ic  s tren g th  o f  th e  so lu tio n , w h ereas  
for c o m m o n  b la c k  f ilm s  e q u ilib r iu m  film s  are v ery  se n s i
tiv e  to  i t .8 T h e ir  free en ergy  is gen era lly  m u c h  low er th a n  
o f  th e  o th e r s .9 T h e  a q u eo u s  core o f  th e se  f i lm s  is o f  th e  
order o f  15  A  w h ich  is less  th a n  th e  d ia m e te r  o f  a m ic e lle . 
H e n c e  it w as n a tu ra l to  a t te m p t  to  e x p la in  th e  a n o m a lie s  
o f  th e ir  b u r stin g  in  te rm s o f  th e se  oth er d iffe re n ce s . In  
c o n tr a st, th e  p re se n t re su lts  in d ic a te  th a t  w ith in  e x p e r i
m e n ta l error th e  b e h a v io r  o f  th e  N e w to n  b la c k  f i lm s  is 
d u e  to  th e  sa m e  e ffe c ts  w h ich  ca u se  th e  m u c h  sm a lle r  d e 
v ia tio n s  fro m  C u lic k ’s v e lo c ity  in  th e  th ic k er  c o m m o n  
b la c k  f i lm s . T h is  co n c lu sio n  is in d ic a te d  b y  F igu re  4  
w h ich  p lo ts  th e  sa m e  resu lts  as F igu re  3 b u t  in  te rm s o f  
th e  re ta rd a tio n  o f  th e  r im ; i.e., uc -  ur vs. uc on  a lo g -lo g  
p lo t . T h e  lin es sh o w n  are le a st-sq u a r e s  f it te d . E a c h  corre
sp o n d s  to  a d ifferen t ga s a n d  it  is a p p a r e n t th a t  th e  p o in ts  
for th e  N e w to n  b la c k  f ilm s  fit  on  e a c h  as w ell as  th o se  o f  
th e  th ick er  f i lm s . In  fa c t , lin es fitte d  to  th e  p o in ts  o f  th e  
c o m m o n  b la c k  f i lm s  a lo n e  sh o w , in  e a c h  ca se , a larger  
sta n d a rd  d e v ia tio n  a n d  a low er F v a lu e  th a n  lin es w h ich  
in c lu d e  th e  N e w to n  b la c k  f i lm  p o in ts . T h u s , to  th e  e x te n t  
th a t  th e  w in d a g e  e ffe c t ca n  b e  re p resen ted  b y  th ese  
s tra ig h t lin es , it a c c o u n ts  for a ll th e  f i lm s  e q u a lly  w ell.

T h is  is fu rth er c o n firm e d  b y  th e  d a sh e d  lin e s  d ra w n  in  
F igu re  3 . T h e y  rep resen t a n  a t te m p t  to  a c c o u n t for th e  
w in d a ge  e ffe c t  o f  all th e  ga ses on  th e  b a s is  o f  th e ir  d en sity  
a n d  v isc o s ity . T h e  e q u a tio n  d ev e lo p e d  is

ur = uc[ 1 -  ( « J 1 4 4 / - 1] ( 2 )

w it h

P =  7 .6  /??0-24pD'14 ( 3 )

w here p is th e  d e n sity  o f  th e  gas in  g / 1 ., p its  v isc o sity  in  
pP, a n d  th e  v e lo c itie s  are exp ressed  in  m /s e c .  T h is  s im p le  
e xp ression  fits  th e  e x p e r im e n ta l resu lts  r e la tiv e ly  w e ll a n d  
sh ow s th a t  in d eed  th e  p ro p erties o f  th e  gas a n d  C u lic k ’s 
v e lo c ity  are e n o u g h  to  a c c o u n t fo r  th e  p ec u lia ritie s  o f  r im  
v e lo c itie s . I t  sh o u ld  b e  n o te d , h ow ever, th a t  th is  e x p re s 
sion  is p u re ly  e m p ir ic a l a n d  serves o n ly  to  rep re se n t th e  
resu lts  o b ta in e d  u n d er  our p a rtic u la r  c o n d itio n s . I t  is an  
id e a liz a tio n  o f  F igu re  3 in w h ich  a ll th e  lin es in te r se c t a t  
144  m /s e c ,  c lea rly  n o t a  rea listic  c o n d itio n . T h e  p r o b le m s  
o f  d ev e lo p in g  a m e a n in g fu l a e r o d y n a m ic  th e o ry  o f  th e  
c o m p lic a te d  p h e n o m e n a  in v o lv e d  in  b u r stin g  se e m s  fo r 
b id d in g .

T h e  rev ersa l b y  w in d a g e  o f  th e  tren d  o f  r im  v e lo c itie s  
w ith  th ic k n ess  fo r  th e  N e w to n  b la c k  f i lm s  c a n n o t b e  d u e  
to  e ffec ts  e x erted  u p o n  th e  r im  a lo n e , sin ce  th e  r im  m o v e s  
slow er a n d  th u s c o u ld  n o t  exp erien ce  greater w in d a g e . 
T h e  e x tra  re sista n c e  m u s t  b e  a c c o u n te d  for b y  th e  a u 
reo le . A s  h a s  b e e n  rep orted  earlier28 th e  au reole  p re c e d in g  
th e  r im  h a s an  a d v a n c in g  e d g e , g e n e ra lly  a sh o c k  w a v e , 2*5 

w h ose  v e lo c ity  is s u b s ta n tia lly  c o n sta n t a n d  o f  th e  order  
o f  2 uc. I t  c o u ld  b e  re p resen ted  b y  a lin e  p a r a lle l to , a n d  
a b o v e , th e  uc lin e  in F igu res 2 a n d  3 . A lth o u g h  th is  fron t  
a d v a n c e s  ra p id ly , th e  f i lm  m a te r ia l in  it  ju s t  b e g in s  to  a c 
ce lerate  a n d  th u s  m o v e s  re la tiv e ly  s lo w ly  a n d  s h o u ld  b e  
lea st a ffe c te d  b y  w in d a g e . T h u s  th e  a u reole  e x p a n d s  m o re  
ra p id ly  for th e  th in n e r  f ilm s  a n d  is fu rth er  w id e n e d  b y  
w in d a g e  for th e se . B o th  o f th e se  fa c to rs  m u s t  c o n tr ib u te  
to  ca u se  th e  w in d a g e  d ev e lo p e d  over th e  a u reole  su rfa ce  to  
b e  la rg est for th e  th in n e st f i lm s . In  oth er w ord s, i f  th e  rim  
v e lo c itie s  o f  tw o  f ilm s  o f  d iffe re n t th ic k n e ss  w ere o th e r
w ise e q u a l, th e  a u recle  o f  th e  th in n er  o n es w o u ld  b e  m ore  
e x te n d e d  a n d  m o v in g  fa ste r . H e n c e  th e  w in d a g e  d e v e l
op ed  w o u ld  be larger an d  th is  w o u ld  in fa c t  p re v e n t th e  
rim  v e lo c itie s  fro m  b e in g  e q u a l b y  re ta rd in g  m o re  th e  on e  
o f  th e  th in n e r  f i lm .
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T h e  p re ssu re -in d u c e d  p o ly m o rp h ic  tr a n sit io n  in  th e  m e ta s ta b le  so lid  so lu tio n , K C l - N a C l ,  a t  23  ±  3 °  w as  
in v e stig a te d  b y  m e a n s  o f  X -r a y  d iffra c tio n  e m p lo y in g  a  d ia m o n d -a n v il h ig h -p re ssu re  ce ll. T h e  tra n sitio n  
is s im ila r  to  th e  Fm3m P m3m (B 1  ^  B 2 )  p h a se  ch a n ge  o f  its  e n d -m e m b e r  c o m p o n e n ts . T h e  tech n iq u e  
u se d  e n a b le s  o n e  to  ob serve  v isu a lly  th e  p h a se  c h a n g e  th ro u g h  th e  d ia m o n d  a n v ils . T h e  tra n sitio n  p re s
sure w a s  c a lc u la te d  on  th e  b a s is  o f  th e  la ttic e  p a r a m e te r  o f  A g , p a rtic le s  o f  w h ic h  w ere im b e d d e d  in  th e  
so lid  so lu tio n . T h e  tr a n sit io n  p ressu re  o f  th e  so lid  so lu tio n  in creases n o n lin e a r ly , b u t  co n tin u o u sly  w ith  
in crea sin g  N a C l  c o n te n t. D a ta  for th e  tr a n sit io n  p ressu re  are g en era lly  in  g o o d  a g re e m e n t w ith  th o se  
m e a su red  b y  J a m ie so n  a n d  b y  B a s s e t t , b u t  th e y  d iffe r  s ig n ific a n tly  fro m  th o se  rep o rted  b y  D a rn e ll a n d  
M c C o llu m  a t  e le v a te d  te m p e ra tu re s . T h e r m o d y n a m ic  e q u a tio n s  re la tin g  th e  tr a n s it io n  p ressu re o f  an  
id ea l b in a ry  so lid  so lu tio n  to  its  m o le  fra c tio n  for b o th  d iffu sio n  a n d  d iffu sio n le ss  p h a se  tra n sfo rm a tio n s  
w ere d e r iv e d . T h e  p re sen t o b serv a tio n s  o f  th e  p h a se  tr a n sfo r m a tio n  in  th e  s y s te m  o f  K C l - N a C l  so lid  s o 
lu tio n  a t  2 3  ±  3 °  are c o n siste n t w ith  e q u a tio n s  c a lc u la te d  on  th e  b a s is  o f  a d iffu sio n le ss  p h a se  tra n sfo r 
m a tio n . R o o m  te m p e ra tu re  o b serv a tio n s on  R b C l - K C l  b y  D a rn e ll a n d  M c C o l lu m  are c o n s is te n t w ith  th e  
d iffu sio n le ss  e q u a tio n  w h ile  th e ir  o b serv a tio n s  at te m p e ra tu re s  ov er 2 0 0 °  are  c o n s is te n t w ith  th e  d iffu sio n  
e q u a tio n s . T h e  K C l - N a C l  a n d  R b C l - K C l  so lid  so lu tio n  series p ro v id e  very  u se fu l p ressu re c a lib ra n ts . B y  
a d ju stin g  c o m p o sitio n , a  s a m p le  w ith  a tr a n sit io n  a t  a n y  p ressu re  b e tw ee n  5  a n d  3 0 0  k b a rs  ca n  b e  p ro 

d u c e d .

I n tr o d u c t io n

A lk a li  h a lid e s  c ry sta llize  in  on e  o f  tw o  stru c tu re s , N a C l  
ty p e  (Fm3m, B l )  a n d  C s C l  ty p e  (Pm3m, B 2 ) .  A t  2 5 °  a n d  1  

b a r 17  o f  th e  a lk a li h a lid e s  h a v e  th e  B l  s tru c tu re  a n d  
th ree  h av e  th e  B 2  stru c tu re . A l l  b u t  fou r o f  th o se  w ith  th e  
B l  stru ctu re  h a v e  b e e n  fo u n d  to  tra n sfo rm  to  th e  B 2  
stru ctu re  a t  h ig h  p re ssu re .1-6  K C 1  tra n sfo rm s fro m  B l  to  
B 2  a t  a b o u t 1 9 .5  k b a rs  a n d  N a C l  tra n sfo rm s a t  a b o u t  3 0 0  
k b a rs. S in c e  th e  B l  p h a se  o f  N a C l  c o n tin u e s  to  c o ex ist  
w ith  th e  B 2  p h a se  to  p ressu res h ig h er th a n  3 0 0  k b a r s , there  
is so m e  q u e stio n  a b o u t  th e  e q u ilib r iu m  tr a n sit io n  p re s
su re .7

S o m e  so lid  so lu tio n s  o f  a lk a li h a lid e s  h a v e  a lso  b e e n  
sh ow n  to  u n d erg o  B 1 - B 2  p h a se  tra n sfo r m a tio n s  as w ell. 
T h e s e  occu r a t  p ressu res in te r m e d ia te  b e tw ee n  th e  tr a n s 
fo rm a tio n  p ressu res o f  th e  en d  m e m b e r s . D a rn e ll a n d  
M c C o llu m 8 d e m o n str a te d  th is  for  th e  series R b C l -K C l .  
N a C l a n d  K C 1  are im m is c ib le  ov er m o s t  o f  th e  ra n ge  o f  
c o m p o sitio n s  a t  2 5 °  a n d  1 b a r , b u t  are c o m p le te ly  m is c i
b le  a t  te m p e ra tu re s  ov er 5 0 0 °  (F ig u re  l ) . 9 M e ta s ta b le  
so lid  so lu tio n s  c a n  b e  p ro d u c ed  a t  2 5 °  b y  ra p id  q u e n c h in g  
fro m  te m p e ra tu re s  a b o v e  5 0 0 ° . T h e s e  sa m p le s  tra n sfo rm  
a t  p ressu res in te r m e d ia te  b e tw ee n  th e  tra n sfo r m a tio n  
p ressu res o f  K C 1  a n d  N a C l  ju s t  as i f  th e y  w ere s ta b le  so lid  
so lu tio n s .1 0 -11

E x p e r im e n t a l  T e c h n iq u e s

A . Samples. G r a n u la r  sa lts  o f  K C 1  (F ish e r ’s C e rtifie d  
R ea g en t) a n d  N a C l  (B a k e r ’s* A n a ly z e d  R e a g e n t)  w ere  
w eigh ed  in  a c c o rd a n c e  w ith  e a c h  d esired  m o la r  ra tio  a n d

th e n  m e c h a n ic a lly  m ix e d . T h e  m ix tu r e  w as th e n  m e lte d  
in  an  a lu m in a  c ru c ib le . A fte r  air q u e n c h in g , e a c h  s a m p le  
w as th e n  a n n e a le d  for m o re  th a n  1  hr a t  6 0 0 ° , a  te m p e r a 
tu re  a t  w h ic h  a ll c o m p o sitio n s  in  th e  series are m isc ib le . 
A fte r  a n n ea lin g , e a c h  sa m p le  w as a g a in  air q u e n c h e d  to  
2 5 ° . S a m p le s  th u s  p ro d u c ed  are cry sta l c le a r  a n d  h ave  
p erfe ct c u b ic  c le a v a g e . D u e  to  e x so lu tio n , th e y  lose  b o th  
cla r ity  a n d  p erfe c tio n  o f  c le a v a g e  a fte r  s itt in g  a t  ro o m  
te m p e ra tu re  for a  few  d a y s .

B. Apparatus and Procedure. S tu d ie s  o f  th e  p h ase  
tra n sfo rm a tio n  w ere carried  o u t b y  m e a n s  o f  th e  d ia m o n d  
a n v il p re ss .1 2 ’13  A  s m a ll  ta b u la r  sin g le  c ry sta l o f  sa m p le  
w as p la c e d  on  on e  o f  th e  d ia m o n d  a n v ils , fin e  A g  p ow der  
w as sp re a d  on  it , a n d  th e n  a n o th e r  ta b u la r  sin g le  crysta l  
w as p la c e d  on  to p . S in g le  c ry sta ls  w ere u se d  in  order to

(1) R. B. Jacobs, Phys. Rev., 54, 468 (1938).
(2) J. C. Jamieson, J. Geo/., 65,334 (1957).
(3) G. J. Piermarini and C. E. Weir, J. Chem. Phys., 37,1887 (1962).
(4) C. E. Weir and G. J. ^iermarini, J. Res. Natl. Bur. Std., Sect. A. 

68, 105 (1964).
(5) C. W. F. T. Pistorius and L. J. Admiraal, Nature (London), 201, 

1321 (1964).
(6) W. A. Bassett, T. Takahashi, H. Mao, and J. S. Weaver, J. Appl. 

Phys., 39,319 (1968).
(7) L. Liu and W. A. Bassett, J. Appl. Phys., 44, 1475 (1973)'.
(8) A. J. Darnell and W. A. McCollum, High Temp. Sci., 2, 331 (1970).
(9) E. Scheil and H. Stadelmaler in "Phase Diagrams tor Ceramists,” 

M. K. Reser, Ed., Anerican Ceramic Society, Columbus, Ohio,
1964, p 376.

(10) J. C. Jamieson in “Physics of Solids at High Pressures,” C. T. Tom- 
izuka and R. M. Emrick, Ed., Academic Press, New York, N. Y.,
1965, pp 444-459.

(11) J. C. Jamieson, personal communication.
(12) W. A. Bassett and T. Takahashi, Amer. Min., 50, 1576 (1965).
(13) L. Liu, J. Appl. Phys., 42,3702 (1971)..
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KCI Mol. Vo NaCl

Figure 1. Temperature-composition phase diagram of KCI-NaCI 
at atmospheric pressure (Figure 1258 in ref 9).

p re v e n t ex so lu tio n  d u e  to  grin d in g  a n d  m o istu re  a b so rb ed  
on  th e  su rfa ces  o f  g ra in s . O n c e  th e  a n v ils  w ere b ro u g h t t o 

geth er a n d  lo a d  w as a p p lie d , th e  sa m p le  b e c a m e  a  p o ly 
c ry sta llin e  s a lt  p la te  w ith  A g  su sp e n d e d  in  it . V is u a l  o b 
serv a tio n  o f  th e  sa m p le  p e r m itte d  im m e d ia te  d e te c tio n  o f  
th e  p h a se  tra n sfo r m a tio n . O n c e  th e  first sig n  o f  p h a se  
tra n sfo r m a tio n  w a s o b serv e d , a p p lic a tio n  o f  lo a d  w a s h a lt 
ed , a n d  th e  sa m p le  w a s le ft  for a t  le a s t  2 4  h r. I f  a t  th e  en d  
o f  2 4  hr th e  c en tra l p o rtio n  o f  th e  sa m p le  w as o b served  to  
co n sist o f  a m ix tu r e  o f  th e  B 1  a n d  B 2  p h a se s , th is  w as  
ta k e n  as a n  in d ic a tio n  th a t  th e  p ressu re h a d  n o t su rp a ssed  
th e  tr a n sit io n  p ressu re . A n  X -r a y  d iffra c tio n  p a tte r n  o f  
th e  c en tra l p o rtio n  o f  th e  sa m p le  w here th e  B 1 - B 2  m ix 
tu re w a s o b serv e d  w as th e n  m a d e  in situ. T h e  a v erag e  e x 
p osu re  t im e  is a b o u t  4 0 0 -5 0 0  hr. T h e  p r e s s u r e -v o lu m e  re 
la tio n sh ip  for s ilv er  rep o rted  b y  L iu  a n d  B a s s e t t7 w a s th e n  
u se d  to  c a lc u la te  th e  p ressu re fro m  th e  la ttic e  p a ra m e te r  
o f  th e  silv er  m ix e d  w ith  th e  s a lt  s a m p le . W h e n  p o ssib le , 
th e  d iffra c tio n  lin es fro m  th e  B 1  a n d  B 2  p h a se s  o f  th e  
K C I -N a C I  so lu tio n  w ere u se d  to  c o n firm  th e  e x isten c e  o f  
b o th  p h a se s  a n d  to  e s ta b lish  th e  v o lu m e  c h a n g e  a t  th e  
tra n sitio n .

R e s u lt s

S o lid  so lu tio n s  w ith  c o m p o sitio n s  o f  0 .1 ,  0 .3 , 0 .5 , 0 .7 ,  
0 .8 5 , a n d  0 .9  m o le  fra c tio n  o f  N a C l  w ere e x a m in e d . D a ta  
fo r  th e  tra n sitio n  p ressu re , Pt, o f  th e  b in a ry  so lid  so lu tio n s  
o f  K C I -N a C I  a t  23  ±  3 ° c a lc u la te d  fro m  th e  la ttic e  p a 
ra m e te r  o f  A g  are sh o w n  in  F ig u re  2 a lo n g  w ith  th o se  re 
p o rted  b y  J a m ie so n , 1 0 ’1 1  D a rn e ll a n d  M c C o l lu m , 14  a n d  
B a s s e t t .15  T h e  re su lts  are in re a so n a b le  a g re e m en t w ith  
th o se  o f  B a s s e t t  a n d  J a m ie so n . H o w e v e r , th e se  lo w -te m 
p eratu re  o b serv a tio n s d iffe r  fro m  th o se  o f  D a rn e ll a n d  
M c C o llu m 14  w h o  c o n c lu d ed  th a t  th e  tr a n sit io n  p ressu re  
re m a in s  e sse n tia lly  c o n sta n t as a fu n c tio n  o f  c o m p o sitio n  
a t 3 0 0 ° .

T h e  to ta l v o lu m e  ch a n g e , A V 1, w h ich  ta k e s  p la c e  d u rin g  
th e  tra n sitio n  w as a lso  m e a su red  w h en  p o ss ib le . W e  w ere  
n o t a lw a y s su c c essfu l in  o b ta in in g  d iffra c tio n  p a ttern s  
th a t  sh o w e d  b o th  B 1  a n d  B 2  p h a se s  c o ex istin g  even  
th o u g h  w e saw  th e m  v isu a lly . W h e n  w e d id  su c c ee d , h o w 
ever, w e u se d  th e  in fo r m a tio n  to  c a lc u la te  th e  A V 1. W h e n  
th e se  v a lu es  are p la c e d  on  a  p lo t  o f  A V 1 vs. m o le  fra c tio n , 
th e y  s e e m  to  b e  c o n siste n t w ith  a  s tra ig h t lin e  b e tw ee n  
th e  p u b lis h e d  v a lu e s  (see  T a b le  I ) 1 6 '1 7  for th e  p u re  en d  
m e m b e r s  (F igu re  3 ) . O u r  v a lu es  w ere d e te r m in e d  w ith in  
an  error o f  a p p ro x im a te ly  ± 0 .1 5  to  ± 0 .2 5  c m 3 /m o l .  T h e  
o b serv a tio n s  on  th e  A V 1 o f  th e  so lid  so lu tio n  b y  u s  as w ell 
as th e  o b serv a tio n s  o n  th e  A V 1 o f  p u re  N a C l  b y  B a s s e t t ,

Figure 2. Experimental data for the transition pressure (P1) of 
KCI-NaCI solid solution at room temperature determined in the 
present work along with those observed by Jamieson,10’11 Bas
sett,15 and Darnell and McCollum.14 The dashed curves were 
calculated on the basis of equations for phase transformations 
involving diffusion (eq 6 and 7). The solid curve was obtained 
from eq 9 for a diffusionless phase transformation.

Figure 3. Experimental data for the volume change (AV1) from 
B1 phase to B2 phase in the system of KCI-NaCI solid solution 
at room temperature. For comparison, data obtained by Jami
eson10 and by Darnell and McCollum14 at elevated temperature 
have also been shown. A solid straight line was drawn between 
the published values for the pure end members.

et al.,6 a n d  L iu  a n d  B a s s e t t 7 a t  ro o m  te m p e ra tu re  are  n ot  
c o n siste n t w ith  th o se  o f  D a rn e ll an d  M c C o l lu m 14  w h o  
fo u n d  th a t  a  p lo t  o f  A V 1 vs. m o le  fra c tio n  a t  3 0 0 °  in d i
c a te s  a v a lu e  o f  zerc w h en  e x tr a p o la te d  to  1 0 0 %  N a C l  
(F ig u re  3 ) .

D is c u s s io n

A. Theory. A t  a  g iven  p ressu re  th e  th eo ry  o f  b in a ry  
so lid  so lu tio n s  w ith  one c o m m o n  io n  gives

xRT  In  [ a ^ I )  /  a i ( I I ) ]  = A F 1 (1)

(14) A. J. Darnell and W. A. McCollum, High T em p. S ci., 3, 73 (1971).
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TABLE 1: Transition Pressure (P1, kbar), Transition Volume ( -A V 1, cm3/m ol), and Differences of Free Energy of Formation 
( A F x -y °, kbar cm3/mol) for the B1-B2 Phase Transformation in RbCI, KCI, and NaCI at 298°K

Salts Ref 16 Ref 8 Ref 17 Ref 7 Av value

RbCI pt 4.9 5.68 5.2 5.26
-A V 1 6.00 6.95 6.24 6.40

AFX-y° 33.664
KCI pt 19.7 19.55 19.3 19.52

—AV1 4.20 4.11 4.21 4.17
AFX-y° 81.398

NaCI pt 300“ 300
-A t /1 0.83 0.83

A F X -y ° 249

° It has been pointed out by Liu and Bassett7 that the transition pressure of NaCI cannot be exactly located at present. Hence, we have tentatively used 
the value reported by Bassett, e t a l .6

xRT  l n [ a 2( I ) / a 2( n ) ]  =  A F 2 ( 2 )

w here one m o le c u le  o f  s a lt  g ives x n o n c o m m o n  io n s, R is 
th e  gas c o n sta n t, T th e  te m p e ra tu re , a  th e  a c tiv ity , A F 
th e  m o la r  free en ergy  d ifferen ce  o f  th e  tw o  p h a se s , I  a n d  
II, a t  th e  sp e c ifie d  p ressu re  a n d  te m p e ra tu re  a n d  is a  
fu n c tio n  o f  P  a n d  T o n ly , a n d  th e  su b sc r ip ts  1 a n d  2 d e 
n ote  tw o  e n d -m e m b e r  c o m p o n e n ts . T h e  free en ergy d iffe r 
en ce , A F , is re la ted  to  p ressu re  P as  fo llow s

AF, = -  P '  [V,<I) -  F,<n)]dP (3)
J  p

w here V is th e  m o la r  v o lu m e , P 1 is th e  e q u ilib r iu m  tr a n s i
tio n  p ressu re o f  th e  tw o  p h a se s  a n d  is a  fu n c tio n  o f  T 
o n ly , a n d  t =  1 or 2 . F or a n  id ea l so lu tio n , th e  a c tiv ity  
eq u a ls  th e  m o le  fra c tio n  N. H e n c e

inS =AWi'_p)/iiiT (4)
ln  r - A ^ l i )  =  A  W 2' -  P)/xRT (5 )

w here A V ;1 =  V /(I )  -  V j(II) is th e  v o lu m e  ch a n g e  d u rin g  
th e  p h a se  c h a n g e  a n d  h as b e e n  a ssu m e d  to  b e  c o n sta n t  
w ith  pressu re .

E q u a tio n s  4  a n d  5  m a y  b e  c o m b in e d  a n d  rea rra n ged  to  
o b ta in  iV i(I)  a n d  iV i(II )  as  a fu n c tio n  o f  p ressu re

A ^ I )  =  N1(lI)k1e - * vitpl*RT ( 6 )

A T j(II) =  (1  -  k2e - RV̂ PlxR'r )l(k1e - ^ tpixRT -
k2e - RV̂ PlxRT) ( 7 )

w here kx =  e x p ( A V i 1 P^/xRT) a n d  k2 = exp(AV2tP2t / 
xRT). E q u a tio n s  6  a n d  7 req u ire  th a t  d iffu sio n  ta k e  p la c e  
d u rin g  th e  p h a se  ch a n g e  o f  th e  so lid  so lu tio n . F or p h a se  
tr a n sfo r m a tio n s  o f  so lid  so lu tio n  occu rrin g  a t  ro o m  t e m 
p eratu re , h ow ever, th e  d iffu sio n  ra te  is a lm o s t  c e rta in ly  
to o  s lo w  to  a llo w  th e  sep a ra tio n  o f  p h a se s  w ith  tw o  d iffe r 
e n t c o m p o sitio n s . H e n c e , fo r  a d iffu sio n le ss  p h a se  tr a n s 
fo rm a tio n  w e p ro p o sed  th e  fo llo w in g  a p p ro a c h e s .

In te g r a tin g  eq  3  fro m  0  to  th e  tra n sitio n  p ressu re  y ie ld s

P 1 =  - A P ° ( I I  -  I ) /A  V ( I I  -  I )  ( 8 )

for a p u re  c o m p o n e n t . R e p la c in g  A P °(I I  -  I )  a n d  A  V (II  — 
I) b y  th e  fo llo w in g  re la tio n sh ip s

A P ° ( I I  -  I )  =  . ^ A F A l I  -  I )  +  iV 2 A P 2° ( I I  -  I)

A  V ( I I  -  I )  =  N j  A V ^ I I  -  I )  +  IV2 A V 2( I I  -  I)

Figure 4. The circles show the experimentally determined transi
tion pressures for the system of RbCI-KCI at 25° published by 
Darnell and McCollum.8 They are compared with the upper and 
lower subsolidus curves calculated from eq 6 and 7, and the dif
fusionless transition curve calculated from eq 9.

for a  b in a ry  so lu tio n , w here A F ;° ( I I  -  I) =  p ,° ( I I )  -  p ;° ( I ) ,  
A V d l l  -  I) =  V t(II) -  V j(I ) , i =  1 or 2 , a n d  p  th e  c h e m i

c a l p o te n tia l. H e n c e , th e  tr a n sit io n  p ressu re  fo r  a d iffu 
sio n less  p h a se  tr a n s fo r m a tio n  in  a b in a ry  so lid  so lu tio n  
m a y  b e  exp ressed  b y

pt A F 2° ( n  - 1 ) +  N 1[AF1°(H  - 1 ) -  A F 2° ( n  - 1 )] 

A V 2( n  - 1 ) +  nil A i ^ n  - 1 ) -  A V 2( n  - 1 )]

(9 )
T h is  re la tio n sh ip  is b a s e d  on  th e  a ss u m p tio n  th a t  v o l

u m e  c h a n g e  an d  free en ergy  c h a n g e  a sso c ia te d  w ith  a d if 
fu sio n less  tra n sitio n  in  a b in a ry  so lid  so lu tio n  are linear  
fu n c tio n s  o f  a to m ic  fra c tio n . F ig u re  3  se e m s  to  in d ic a te  
th a t  th e  first a ssu m p tio n  is v a lid  w ith in  e x p e r im e n ta l  
error fo r  th e  v o lu m e  ch a n g e .

B. The RbCI-KCI System. D a rn e ll a n d  M c C o l lu m 8 

s tu d ie d  th is  s y s te m  a t  te m p e ra tu re s  ra n g in g  fro m  25  to  
8 0 0 °  b y  d ila to m e tr y . A t  2 5 °  th e ir  resu lts  for  th e  tra n sitio n  
p ressu re as a  fu n c tio n  o f  m o le  fra c tio n  se e m  to  b e  c o m 
p le te ly  c o n siste n t w ith  eq  9 , c a lc u la te d  on  th e  b a s is  o f  th e  
v a lu es  lis te d  in  T a b le  I , for th e  d iffu sio n le ss  ca se  (F igu re
4 ) . O n  b o th  lo a d in g  a n d  u n lo a d in g  cy cles  th e y  fo u n d  th a t  
th e  p h a se  tr a n sit io n  to o k  p la c e  ov er a  ra n ge  o f  p ressu res. 
T h a t  is , th e  p h a se  tr a n sit io n  w o u ld  sta rt  a t  on e p ressure, 
p rogress as th e  p ressu re  w a s ch a n g e d , a n d  f in a lly  go  to  
c o m p le tio n  a t  a n o th e r  p ressu re . W h e n  th e y  av erag ed  th e  
p ressu re  ran ges for th e  u p  a n d  d o w n  cy c les , a  p a tte r n
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Figure 5. Transition pressures in the RbCI-KCI system at 600°. 
The bars show the pressure intervals during which the transi
tions ran observed by Darnell and McCollum.8 The heavy portion 
of each bar represents the interval after subtraction of the inter
val found for each end member and attributed by us to sluggish
ness. These are compared with the subsolidus curves based on 
eq 6 and 7 for transition involving diffusion.

em erg e d  fo r  th e  ru n s m a d e  a t  th e  h ig h er te m p e ra tu re s . 
T h e  p ressu re  ran ge ov er w h ich  th e  tra n sitio n  occu rred  w as  
sm a lle r  fo r  th e  e n d -m e m b e r  c o m p o sitio n s  th a n  for  th e  
th ree  in te r m e d ia te  c o m p o sitio n s , 2 5 , 5 0 , a n d  7 5 % . T h e y  
a c k n o w led g e  th a t  th is  p a ttern  m ig h t  re su lt  fro m  th e  tw o  
su b so lid u s  cu rves a n a lo g o u s  to  th e  s o lid u s -liq u id u s  cu rves  
fo u n d  in  c o n sta n t p ressu re  T-x d ia g ra m s . In  su c h  a  case  
th e  p ressu re  ran ge o b serv e d  for th e  e n d  m e m b e r s  w ou ld  
b e  a ttr ib u te d  to  s lu g g ish n e ss  a n d  th e  p ressu re  ran ge  for  
th e  in te r m e d ia te  m e m b e r s  w o u ld  b e  a ttr ib u te d  to  
s lu g g ish n e ss  p lu s  th e  sep a ra tio n  o f  th e  su b so lid u s  cu rves. 
H o w e v e r , D a rn e ll a n d  M c C o llu m  d o  n o t fa v o r  th is  e x p la 
n a tio n . In ste a d , th e y  a ttr ib u te  th e  p a tte r n  to  d ifferen ces  
in  h y stere sis . It is ou r fee lin g  th a t  for te m p e ra tu re s  o f  2 0 0 °  
a n d  a b o v e , th e  tr a n sit io n  w o u ld  n o  lo n g er b e  d iffu sio n le ss . 
N o te  th e  a g re e m en t b e tw e e n  th e ir  d a ta  a t  6 0 0 ° , a fte r  s u b 
tr a c tin g  th e  e ffe c t d u e  to  s lu g g ish n e ss , a n d  th e  cu rves c a l
c u la te d  on  th e  b a s is  o f  eq  6  a n d  7 (F ig u re  5 ) .

I f  ou r in terp reta tio n  is co rrect, th e n  th e  B 1  a n d  B 2  
p h a se s  th a t  c o ex ist d u rin g  th e  tr a n sit io n  sh o u ld  h a v e  d if 
feren t c o m p o sitio n s . T h e r e  is n o  in fo r m a tio n  on  th is  a s 
p e c t . S u c h  in fo r m a tio n  w o u ld  b e  th e  su rest in d ic a tio n  o f  
w h eth er d iffu sio n  is in v o lv e d  in  th e  tra n sitio n .

C. The KCl-NaCl System. In  th e  K C l - N a C l  s y s te m  at  
2 5 °  a n d  1 b a r, th e  d iffu sio n  ra tes are su ffic ie n t ly  slow  so  
th a t  so lid  so lu tio n s  q u e n c h e d  fro m  6 0 0 °  c o n tin u e  to  b e 
h av e  lik e  so lid  so lu tio n s  for d a y s  in  sp ite  o f  th e  fa c t  th a t  
th e y  e x ist in  a tw o -p h a se  region  (F ig u re  1 ) . P h a se  tr a n s i
tio n s in  th is  sy s te m  a t 2 5 ° sh o u ld , th erefore , b e  o f  th e  d if 
fu sio n less  ty p e . A  p lo t  o f  th e  tra n sitio n  p ressu re  vs. m o le  
fra c tio n  a t  2 5 ° is g iv en  in F igu re  2  a n d  c o m p a re d  w ith  a  
cu rve  c a lc u la te d  on  th e  b a s is  o f  eq  9  for d iffu sio n le ss  tr a n 
s itio n s . T h e  go od  a g re e m e n t se e m s to  b e a r  o u t th e  e x p e c 
ta tio n  th a t  th ese  sa m p le s  u n d erg o  d iffu sio n le ss  tr a n s i
tio n s .

A t  h ig h  te m p e ra tu re s  (2 0 0 °  a n d  over) d iffu sio n  p r o b a b ly  
ta k e s  p la c e  ra p id ly  w ith  one o f  tw o  resu lts .

( 1 ) I f  th e  tw o -p h a se  region  sh o w n  in F igu re  1 c o n tin u e s  
to  e x is t  or e x p a n d s  a t  h igh  p ressu re , th e n  sa m p le s  cease to  
b e  so lid  so lu tio n s  a t  h ig h er te m p e ra tu re s  a n d  se p a ra te  
in to  K -r ic h  a n d  N a -r ic h  p h a se s . T h u s , m e a su r e m e n ts  w ill 
b e  on  m ix tu r e s  a n d  n o t so lid  so lu tio n s .

Figure 6. Comparison of the transition pressures for the system 
of Mg2Si0 4 -Fe2Si0 4  from the olivine phase to the spinel phase 
determined by Akimoto and Fujisawa18 at 800° with those cal
culated from eq 6 and 7. Scale on the left indicates depth within 
the earth's interior.

(2 )  I f  th e  tw o -p h a se  region  sh rin ks or d isa p p e a rs  a t  h igh  
p ressu res, th e n  th e  sa m p le s  w o u ld  b e h a v e  lik e  so lid  so lu 
tio n s a n d  sh o u ld  u n d erg o  th e  B 1 -B 2  p h a se  tr a n s it io n  in  
a c co rd a n ce  w ith  eq  6  a n d  7  for d iffu sio n  ty p e  tr a n sit io n s . 
C u rv e s c a lc u la te d  on  th e  b a s is  o f  th e se  e q u a tio n s  (F igu re  
2) sh o w  an  e x c e p tio n a lly  large o p e n  lo o p . I t  is in terestin g  
to  n o te  th a t  in e ith er o f  th e  a b o v e  ca ses, th e  first in d ic a 

tio n  o f  a  p h a se  tr a n sit io n  w ith  in crea sin g  p ressu re  w o u ld  
a p p ea r  to  b e  s o m e w h a t ab o v e  2 0  k b a rs  a n d  a lm o s t  in d e 
p e n d e n t o f  m o le  fra c tio n . In  th e  first ca se  a  d e fin ite  v o l

u m e  c h a n g e  w o u ld  b e  ob served  w h erea s in  th e  se c o n d  ca se  
on ly  th e  in it ia tio n  o f  a  v o lu m e  c h a n g e  w o u ld  b e  ob serv e d . 
D a rn e ll a n d  M c C o l lu m 14  o b serv ed  a p h a se  tr a n sit io n  a t  a  
p ressu re ju s t  ov er 2 0  k b ars w ith  a d e fin ite  v o lu m e  c h a n g e  

(F ig u re  3 ) . T h e  tra n sitio n  p ressu re  th e y  o b serv ed  w a s  in 
d e p e n d e n t o f  c o m p o sitio n  b u t  th e  v o lu m e  c h a n g e  d e 
crea sed  s te a d ily  as th e  c o m p o sitio n  w as sh ifte d  fro m  th e  
K C 1  e n d  to  th e  N a C l  e n d . T h u s , th e ir  re su lts  se e m  to  b e  
c o m p le te ly  c o n siste n t w ith  th e  first  ca se  d esc rib e d  a b o v e , 
n a m e ly , th e  c o m p re ssio n  o f  a  m ix tu r e  o f  K -r ic h  a n d  N a -  
rich  p h a se s  w h ich  e x so lv ed  d u e  to  im m is c ib ility . I f  th e  
sa m p le  is a  m ix tu r e , th e  tra n sitio n  p ressu re  sh o u ld  b e  
th a t  o f  th e  K -r ic h  p h a se  n o  m a tte r  h o w  m u c h  o f  th e  N a -  
rich  p h a se  is p re sen t a n d  th e  v o lu m e  c h a n g e  sh o u ld  va ry  
w ith  c o m p o sitio n  a c c o rd in g  to  th e  e q u a tio n

A K m =  a V k (1  -  N2) ( 1 0 )

w here A V m is  th e  v o lu m e  ch a n ge  in  th e  m ix tu r e , A V k  is 
th e  v o lu m e  c h a n g e  in p u re  K C 1 , a n d  N2 th e  m o le  fra c tio n  
o f  p u re  N a C l .  T h e  resu lts  o f  D a rn e ll a n d  M c C o llu m  
sh o w n  in  F igu re  3  are c o m p le te ly  c o n s is te n t w ith  th is  
eq u a tio n .

In  th e  ro o m  te m p e ra tu re  e x p e r im e n ts , h ow ever, th ere  is 
good  e v id e n c e  th a t  th e  p h a se  tr a n sit io n  p ro ce ed s in  a  d i f 
fu sio n le ss  m a n n e r . T h e  c o m p o sitio n  d e p e n d e n c e  o f  th e  
tra n sitio n  p ressu re  for th e  ro o m  te m p e ra tu re  d iffu sio n le ss
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tra n sitio n  fro m  B 1  to  B 2  in  th e  p re sen t s tu d y  is in  go od  
a g re e m en t w ith  m e a s u r e m e n ts  m a d e  b y  J a m ie s o n 1 0 ’ 1 1  a n d  
b y  B a s s e t t .15

D. FeiSiO\-Mg2SiOi System. B e s id e s  th e  a lk a li h a lid e s  
th e  o n ly  oth er so lid  so lu tio n  series s tu d ie d  in  d e ta il as a 
fu n c tio n  o f  p ressu re  is th e  F e 2S i 0 4 - M g 2S i0 4  s y s te m . E x 
cep t for c o m p o sitio n s  o f  m o re  th a n  8 0 %  M g 2SiC>4 , m e m 

bers o f  th is  series u n d erg o  a  p h a se  tr a n sit io n  fro m  th e  o l
iv in e  stru ctu re  to  th e  sp in e l stru c tu re . E x p e r im e n ta l d a ta  
o f  A k im o to  a n d  F u jisa w a 18  sh o w e d  th e  se p a ra tio n  o f  th e  
su b so lid u s  cu rves (F ig u re  6 ) .  T h e  v o lu m e  ch a n g e , A V 1, a t  
ro om  te m p e ra tu re  for p u re  F e 2SiC >4 is a p p r o x im a te ly  4 .4  
c m 3/m o l  a n d  for  M g 2S i 0 4  it  is e s t im a te d  to  b e  a p p ro x i
m a te ly  4  c m 3 /m o l .  A t  8 0 0 ° , th e  tr a n sit io n  p ressu re , P1, for  
F e 2SiC>4 is a p p r o x im a te ly  4 4  k b a rs  a n d  for M g 2SiC >4 it  is 
e stim a te d  to  b e  a p p r o x im a te ly  127  k b a rs  (A k im o to  a n d  
F u jisa w a 18) . U s in g  th e se  d a ta  a n d  ig n orin g  th e  fa c t  th a t  
oliv in e  tra n sfo rm s to  a d iffe re n t stru ctu re  a t  g reater th a n  
8 0 %  M g 2SiC >4 w e c a lc u la te d  th e  su b so lid u s  cu rves on  th e  
b a sis  o f  eq  6  a n d  7 . T h e s e  are c o m p a re d  w ith  th e  e x p e r i
m e n ta l d a ta  o f  A k im o to  a n d  F u jisa w a  in  F igu re  6 . C o n s id 
ering th e  u n c e rta in tie s  in  a ssu m e d  A V 1 a n d  Pt , th e  a g ree 
m e n t is re m a rk a b le .

C o n c lu s io n s

T h e r e  is a  str ik in g  p a u c ity  o f  e x p e r im e n ta l d a ta  for 
su b so lid u s  re la tio n sh ip s  in  P-x  d ia g ra m s  su c h  as w e h ave  
d isc u sse d  in  th is  p a p e r . T h e  fa c t  th a t  th e  e q u a tio n s  we 
h av e  p ro p o sed  are in  re a so n a b le  a g re e m e n t w ith  th e  d a ta  
th a t  are a v a ila b le  lea d s u s to  b e lie v e  t h a t  th e se  e q u a tio n s  
sh o u ld  p ro ve  u se fu l in  in terp retin g  su b so lid u s  re la tio n 

sh ip s  w h en  e x p e r im e n ta l d a ta  are la c k in g  or in su ffic ie n t.
T h e  R b C l -K C l  a n d  K C l - N a C l  series are p o te n tia lly  

u se fu l for p ressu re  c a lib ra tio n . I t  is p o ss ib le  to  p ro d u ce  
so lid  so lu tio n s in  th e se  sy s te m s  w h ich  h a v e  a tra n sitio n  a t  
a n y  d esired  p ressu re  b e tw e e n  5  a n d  3 0 0  k b a rs  s im p ly  b y  
p rep arin g  th e  correct m o le  fra c tio n . W e  h a v e  fo llo w ed  th is  
p ro cedu re  in  ou r la b o ra to ry  a n d  fo u n d  it  to  b e  su cc essfu l  
w h en  v isu a l o b serv a tio n s  o f  th e  tra n sitio n  are p o ss ib le .
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T h e  liq u id u s  cu rv es  c a lc u la te d  fro m  tw o  so lu tio n  th eories are c o m p a re d  w ith  th e  v a lu e s  o b ta in e d  fro m  
ou r n ew  p h a se  d ia g ra m  d a ta  on  th e  ( K + ,A g + |  |N 0 3 ~ ,S 0 4 2 _ ) rec ip ro ca l sa lt  s y s te m . C a lc u la tio n s  fro m  a 
ra n d o m  m ix in g  m o d e l a n d  a n o n ra n d o m  m ix in g  q u a s ic h e m ic a l m o d e l are g iv e n . In  d ilu te  so lu tio n  o f  
K 2S 0 4  in  A gN C >3 , th e  p a ir  fo rm a tio n  en erg y  A A i  is d e te r m in e d  b y  c o m p a riso n  b e tw ee n  th e  exp ression s  
re su ltin g  fro m  th e  ge n e ra lize d  q u a s ila tt ic e  th eo ry  a n d  th e  q u a s ic h e m ic a l m o d e l. T h e  v a lu e  o b ta in e d  is in  
a c c o rd a n c e  w ith  th e  d e te r m in a tio n  o f  W a t t  a n d  B la n d e r . In  m o re  c o n c e n tra te d  so lu tio n s , th e  n o n ra n d o m  
m ix in g  a ss u m p tio n  le a d s  to  resu lts  w h ich  are c lose  to  our e x p e r im e n ta l d a ta  on  b o th  d ia g o n a ls .

I .  I n tr o d u c t io n

T h e therm odynam ic study o f the m olten  salt reciprocal 
m ixture (A g + ,K + j| N 0 3 _ ,S 0 4 2 _ ) has been carried out 
from  its liquidus curves, corresponding to both  pairs A g - 
N 0 3 (s o lv e n t)-K 2 S 0 4  and K N 0 3 (so lv e n t)-A g 2 SC>4 .

T h e  departure from  ideality, as expressed in term s of 
the m ole fraction activity  coefficients relative to pure sol
vent, is sm all, b u t not negligible. It is, however, greater 
for the solution o f silver sulfate in potassium  nitrate than  
for the solution c f  potassium  sulfate in silver nitrate .2

T h is work is an a ttem p t at calculating those deviations  
from  ideality by taking into account short-range interac
tions.

I I .  T h e o r i e s  o f  R e c ip r o c a l  M o l t e n  S a l t  S y s t e m s

In  th is  se c tio n , w e w ill g ive  a  sh o rt rev iew  o f  tw o  p rin c i
p a l th e o r ie s : th e  F lo o d , F p rla n d , a n d  G r jo th e im  th e o ry 3 

(F F G )  b a se d  on  th e  h y p o th e sis  o f  a ra n d o m  m ix in g , a n d  
th e  q u a s ic h e m ic a l th e o ry  w here a n o n ra n d o m  m ix in g  is 
co n sid ered . B o th  th e o rie s  are e x te n d e d  to  a s y m m e tr ic a l  
m ix tu res  a n d  p u t  in to  a u se fu l fo rm  for ou r c a lc u la tio n s .

(1) (a) Research Fellow C.N.R.S., Lebanon, (b) Reactor Chemistry 
Division, Oak Ridge Laboratory, Oak Ridge, Tn. 37830.

(2) (a) C. Vallet and M. L. Saboungi, C. R. Acad. Sci., Ser. C. 272, 146
(1971); (b) M. L. Saboungi, These de Spécialité Aix-Marseille, 
1971.

(3) H. Flood, T. Fprland, and K. Grjotheim, Z. Anorg. Allg. Chem.. 276, 
289 (1954).
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Random Mixing. T h e  F lo o d , F 0 r la n d , a n d  G r jo th e im  
th e o r y  h as b e e n  a p p lie d  to  recip roca l m ix tu res  o f  th e  g e n 
era l ty p e  ( W + ,X + 1  | Y ~ ,Z 2 _ ) w ith  th e  fo llo w in g  b a s ic  a s 
s u m p tio n s .

(a )  T h e  co n fig u ra tio n a l en tro p y  o f  th e  so lu tio n  is s u p 
p o se d  to  b e  th e  sa m e  as in an  id ea l m ix tu r e . T h e  ca tio n s  
are r a n d o m ly  d is tr ib u te d  on  c a tio n  s ite s  a n d  th e  a n io n s  on  
a n io n  s ite s .4 I f  th e  sy s te m  c o n ta in s  w m o l o f  W + ,  x m o l o f  
X + ,  y  m o l o f  Y _ , a n d  z  m o l o f  Z 2 ~ ,  th e  co n fig u ra tio n a l  
e n tr o p y  is

A S° = R(w In  (ui +  x)/w +  x In  (w +  x)/x +

y  In  (y +  z)/y + z In  (y  +  z)/z) ( 1 )

(b )  L o n g -r a n g e  in tera c tio n s are n e g le c te d . O n ly  in te r a c 
tio n s  b e tw e e n  n e a rest a n d  n e x t n e a rest n e ig h b o rs  o f  b o th  
d iffe re n t ch a rg e  sig n  a n d  th e  sa m e  ch arge  sig n  are ta k en  
in to  a c c o u n t. T h e  fo rm er are d u e  to  th e  W + Y - , X + Y ~ ,  
W + Z 0.5 , X + Z 0. 5-  c o n ta c ts . T h e  tw o  la s t  ty p e s  o f  c o n ta c t  
are su c h  th a t  th e  p a irs  in  q u e stio n  are n e u tr a l. In  order to  
fin d  th e  to ta l n u m b e r  o f  c o n ta c ts , th e  m e th o d  u se d  b y  
G u g g e n h e im 5 for m ix tu r e s  o f  n e u tra l m o le c u le s  h a s  b een  
fo llo w ed , so  th a t  th e  re la tiv e  n u m b e r s  c o rresp o n d in g  th e  
v a rio u s c o n ta c ts  are re sp ec tiv e ly

wyl(w + x ) 

xy/(w +  x)

2  wz/(w +  x)
2  xz[(w  +  x)

T o  rep resen t th e  e n th a lp y  o f  th e  so lu tio n , on e m u s t  in 

c lu d e  in tera c tio n s  su c h  as W + - Y - - X + ;  Y ~ - W + - Z o . 5 - ; 
W + - Z o . 5 " - X + ;  Y - - X + - Z o.5 _ . T h e  c o rresp o n d in g  re lative  
n u m b e r s  o f  b o n d s  m a y  b e  c a lc u la te d  in  th e  sa m e  m a n n e r .

w h e n c e

RT In  (Zw y  =  G w y  G w y  =  RT  In
wy

(w +  x ) ( y  +  z )

(J f ï?  « w  + G
2  z(xy  +  2wz)

XY “  Gxz05° ~ Gwy°) +

(w +  x )3 Aw
2 x z ( 2 z  ~  y) 

(w +  x ) 3
X Y +

x(xy  +  2  wz)
X y  +

2 x z ( x  — w)
Xz (4 )(m  +  x ) 3 ( w + x f

B y  d efin itio n  th e  a c tiv ity  c o effic ie n t / w y  is

c w y  =  / w y ^ w ^ y  ( 5 )

w here X w  a n d  X y  are th e  T e m k in  io n ic  fra c tio n s  a n d  o w y  
is th e  a c tiv ity  o f  W Y .

X w =  w/(w +  x )

= y/(y + z)
X x  =  x/(w +  x )  ( 6 )

x z = z/(y +  z)

th e  n e u tr a lity  c o n d itio n  b e in g  w + x = y  +  2z . F ro m  eq  4  
a n d  5 , th e  e x ce ss  free en ergy o f W Y  in  th e  W Y - X 2Z  m ix 
tu re  is

T In / WY =  X x'X z' [ A G °  +  Ax( X /  — X Y' )  +

^z(x x ~  Xw')] + (XwXz' + XYXx')(Xw,Xz/ -I- Xx'Xy')

( 7 )
T h e  X i '  b e in g  th e  e q u iv a le n t ion ic fra c tio n s  

X /  = x/(w  +  x )

w x y R w  + x ) 2 

2  wzy/(w  +  x ) 2 

2  xwz/(w +  x ) 2 

2y x z R w  + x ) 2

T h e  in tera c tio n  p a r a m e te r  w h ich  h a s  b e e n  e x p e r im e n ta lly  
d e te r m in e d  p re v io u sly  in th e  ca se  o f  c o m m o n  ion  s y s te m s 6 

m a y  b e  in terp reted  in  te rm s o f  th e  v a ria tio n  o f  en erg y  co r
re sp o n d in g  to  th e  fo rm a tio n  o f  th e  a b o v e  a sso c ia tio n s . I t  
ca n  b e  d e fin e d  as th e  p a r tia l m o la l e n th a lp y  o f  m ix in g  o f  
th e  so lu te  a t  in fin ite  d ilu tio n ; in th e  ca se  o f  a reg u la r m ix 
tu re , it  is a lso  th e  in tera ctio n  p a r a m e te r  fo u n d  fro m  th e  
G ib b s  free en ergy  o f  m ix in g . T h e  G ib b s  free en ergy  o f  
m ix in g  ca n  b e  w ritten  as fo llow s

G M =
wy

w +  x G WY
2  wz 

w +  x
G wz„.5 +

xy
w +  x G x

2 x z

W  +  X
G x

wxy 2 wxz .

(w +  x )2 Y (w +  x ) 2 z

2  wyz 
(w +  x f Aw +

2 x y z  

(w +  x ) 2
Ax -  T A S °  (2 )

w here A S° is g iven  b y  eq  1 , th e  G ij0 te rm s are re la tiv e  to  
th e  p u re  c o m p o n e n ts  ij a n d  th e  Xi’s re p resen t th e  in te r a c 
tio n  c o n sta n ts  fo r  th e  b in a ry  sy s te m s  w ith  a c o m m o n  ion , 
th e  sin g le  s u b sc r ip t in d ic a tin g  th e  c o m m o n  io n . T h e  
c h e m ic a l p o te n tia l o f  a  c o m p o n e n t, W Y ,  for in sta n c e  is

(3 )

Xy =  y  /  (y +  2  z )
( 8 )

Xf,' =  w/(w +  x)
X z' =  2z/(y +  2 z )

a n d  A G °  th e  free en erg y  ch a n ge  for th e  ex ch a n g e  re a ctio n

W Y  ( l i q )  +  V 2 X SZ  ( l i q )  ^

X Y  ( l i q )  +  V 2 W 2Z  ( l i q )  ( 9 )

F or th e  c a ses  o f  in terest here w =  y  a n d  x  =  2z . C o n s e 
q u e n tly  w e m a y  w rite in te rm s o f X x '

RT  In / WY =  X x / 2( A G °  +  2A W +  2A Y -  Ax -  Az ) +

2 X x , 3(A x  +  Az — Aw ~  Ay)  ( 1 0 )

Nonrandom Mixing. In  a  seco n d  a p p ro a c h , th e  d is s im i-  
liar ities b e tw e e n  th e  p ro p erties o f  th e  ion s h a v e  b e e n  
ta k e n  in to  a c c o u n t; a n o n ra n d o m  m ix in g  h a s  th erefore  
b e e n  a ssu m e d . I f  y *  is th e  d ep artu re  fro m  ra n d o m  m ix in g , 
th e  n u m b e r  o f  X - Y  b o n d s  is [xy/(w +  x ) 2] +  y*, b y  
c o u n tin g  o n ly  n ea rest n e ig h b o rs  p airs .

T h e  en ergy  c h a n g e  for th e  rea ctio n

W - Y pair +  X - Z 0 pair X - Y pair +  W - Z 0 5 pair

C D

is d en o te d  b y  A E°/Z, Z b e in g  th e  m e a n  c o o rd in a tio n  
n u m b e r  o f  th e  io n s in  th e  m o lte n  s a lt . A p p ly in g  th e  m a s s -

(4) M. Temkin, y4cfa. P hys. Chim. USSR, 20,411 (1945).
(5) E. A. Guggenheim, “Mixtures,” Oxford University Press, London, 

1952.
(6) C. Vallet, These Aix-Marseille, 1970.
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a c tio n  la w  to  th e  a b o v e  re a ctio n  as in  th e  q u a s ic h e m ic a l  
th eory  we o b ta in

[
[

2  wz
(w +  x)2 

w y
(w +  x )2

+  y* r xy 1 v*i
[ >  +  x)2 +  y J

r 2x2 v*iy* „(w +  x)2 y .

= K  =

exp( z « r )  (12)
U sin g  th e e q u iv a le n t io n ic  fra c tio n s  g iv en  b y  eq  6 , w e m a y  
w rite

- A  E° 
ZRT In

In

I f  y* is s m a lle r  th a n  a n y  o f  th e  p ro d u c ts  o f  an  a n io n ic  a n d  
ca tio n ic  e q u iv a le n t  fra c tio n , th e  lo g a r ith m ic  te rm s m a y  be  
e x p a n d e d  in  pow ers o f  y*. H e n c e  n e g le c tin g  th e  sq u are  
te rm s

y *  =  -  X w'X x 'X Y'X z' ( A E°/ZRT) ( 1 4 ) '

T h e  excess en ergy o f m ix in g  d u e  to  th e  n o n ra n d o m  d is tr i
b u tio n  is

A E* = y*AE° = -  X x 'X w'X z'X Y'[(A E °)2/ZRT]

(1 5 )

M e r c k  re a g e n t grad e  c h e m ic a ls  w ere u se d . T h e  sa lts  
w ere fin e ly  grou n d  (e x c e p t in  th e  case  o f  A g N O s )  a n d  h eat  
d rie d . T h e  re la tiv e  error on  th e  d e te r m in a tio n  o f  so lu te  
m a sse s  d id  n o t e x c e e d  1 0 - 4 .

E a c h  ru n  w a s b e g u n  b y  a  m e a su r e m e n t o f  th e  m e ltin g  
p o in t  o f  th e  p u re  s o lv e n t . T h e  so lu te  w as th e n  a d d ed  in  
th ree  or fou r su c c essiv e  p o rtio n s in  e a c h  c ru c ib le  a n d  th e  
liq u id u s  te m p e ra tu re  d e te r m in e d  fro m  th e  th e r m a l h a lt . 
T h e  q u a n tit ie s  a d d e d  w ere in c re a sin g ly  s ig n ific a n t in  d e 
te rm in in g  th e  c o m p o sitio n , so  th a t  th e  fin a l c o m p o sitio n  
w as k n ow n  w ith  th e  sa m e  re la tiv e  p recisio n .

T h e  te m p e ra tu re  w as reco rd ed  w ith  a P t — P t -1 0 %  R h  
th e r m o c o u p le . T h e  h o t ju n c t io n , se a led  in  a  th in -w a lle d  
P y rex  tu b e , w as in tro d u c e d  a lo n g  th e  a x is  o f  th e  c y lin d ri
c a l cru cib le  a n d  th e  co ld  ju n c t io n  w as in  a w a ter trip le  
p o in t  ce ll. T h e  c o m p o sitio n  a n d  te m p e ra tu re  in  th e  s a m 
p le  w ere k e p t h o m o g e n e o u s  b y  e ffic ie n t stirrin g .

T h e  m a jo r  fra c tio n  o f  th e  th e r m o c o u p le  e m f  w a s c o m 
p e n sa te d  b y  m e a n s  o f a P  12  m a n u a l p o te n tio m e te r  an d  
th e  re m a in d er , less  th a n  1 m V , w a s a m p lif ie d  w ith  a 
L e e d s  a n d  N o r th r u p  v o lta g e  a m p lif ie r  a n d  reco rd ed  on a 
M E C I  p o te n tio m e te r .

T h e  co o lin g  ra te  b e in g  less  th a n  1  K  m i n - 1 , th e  coolin g  
cu rves reco rd ed  for th e  liq u id  a n d  th e  liq u id  +  so lid  were 
n e a r ly  tw o s tra ig h t lin es o f  d iffe re n t s lo p e s . T h e  te m p e r a 
tu re  a t  w h ich  so lid  fo rm s is g iv en  b y  th e ir  in tersec tio n . 9 

E a c h  reco rd in g  w a s p erfo rm e d  in  tr ip lic a te  a n d  th e  rep ro
d u c ib ility  w as b e tte r  th a n  0 .0 2  K .

a n d  th e  co rresp o n d in g  free ex cess  en erg y  o f m ix in g  is

A G *  =  T f 1 AE*d(l/T) =  -

X x'X w'X z'Xy' [(AE°)2/2ZRT] (16)

T h e  to ta l free en erg y  o f  th e  so lu tio n , w h ic h  ta k e s  in to  a c 
co u n t th e  d ep a rtu re  fro m  a  ra n d o m  d is tr ib u tio n , is

g , m = Gm + (w + x)A G* (17)
w here G M is g iv en  b y  eq  2  a n d  (w + x) is th e  n u m b e r  o f  
m o le s  p re sen t in  th e  so lu tio n .

B y  fo llo w in g  th e  sa m e  d e r iv a tio n s  as in  eq  3  a n d  5  w e  
o b ta in

RT  In / WY =  X x \AG° +  2A W +  2A Y -  Ax -  

Az — A )  +  2 X x ' 3(Ax +  Az — Aw ~  AY +  2 A )  — 3 A X,4A

(18)
w here A  is g iv e n  b y

A  =  -  (A E °)2 ¡2ZRT ~  -  ( A  G °)2/2ZRT (19)

A  d iffe re n t s ta tis t ic a l m e c h a n ic a l tr e a tm e n t o f  th e  m ix 
tu re ( W + ,X + |  | Y ~ ,Z 2 - ) m a y  b e  u se d  b y  a p p ly in g  th e  c o n 
fo rm a l io n ic  so lu tio n  ( C I S )  th e o ry  p ro p o sed  b y  B la n d e r  
a n d  Y o s im . 7 D e p e n d in g  on  th e  ord er o f  th e  a p p ro x im a tio n  
in  th e  p ow er e x p a n sio n , on e ca n  d eriv e  e a sily  e ith er eq  1 0  

(first-o rd e r  a p p r o x im a tio n )  or 18 (se c o n d -o r d e r  a p p ro x i
m a tio n ) . T h e  n o n ra n d o m  m ix in g  te r m  A , h o w ev er, c a n n o t  
b e  o b ta in e d  re a d ily  fro m  th eory  b u t  is p ro p o rtio n a l to  
( A G ° ) 2 . I t  is in tro d u c e d  b y  c o m p a riso n  w ith  th e  corre
sp o n d in g  te r m  in  th e  q u a s ila tt ic e  th e o r y .8

III. E x p e r im e n t a l  S e c t io n

In  order to  s tu d y  th e  recip roca l d ia g ra m  o f  th e  sy s te m  
( K + ,A g + | | N 0 3 ~ ,S 0 4 2 - ) , w e d e te r m in e d  th e  liq u id u s  
curves on  b o th  ( A g N 0 3 - K 2S 0 4 ) a n d  ( K N 0 3 - A g 2SC>4) 
d iag on a ls .

IV. Results
T h e  a c tiv ity  co e ffic ie n ts  o f  th e  s o lv e n t on  b o th  d ia g o 

n a ls  w ere c a lc u la te d , u n d er  th e  a ss u m p tio n  o f  n o  fo r m a 

tio n  o f  so lid  so lu tio n  fro m  th e  liq u id u s  te m p e ra tu re s  o f  
th e  p h a se  d ia g r a m 2b u tiliz in g  th e  S c h ro d er  v a n  L a a r  
eq u a tio n .

R In  a  =  -  AH0 +  A C P In )

( 2 0 )

AHo is th e  h e a t  o f  fu s io n  o f  th e  s o lv e n t a t  th e  m e ltin g  
te m p e ra tu re  To a n d  A C P, th e  h e a t  c a p a c ity  c h a n g e  u p o n  
m e ltin g , is d e fin e d  b y

ACp = C p( l i q )  -  C p( s o l )

T h e  p a r a m e te rs  u se d  in  eq  20  w ere o b ta in e d  fro m  s ta n 
d a rd  litera tu re  v a l u e s . 1 0 - 1 1  A c t iv ity  co e ffic ie n ts  w ere c a l

c u la te d  for e a c h  s o lv e n t fro m  th e  e x p re ssio n s

a n d

“ k n o s _  X K X N0 3 f KN0 3

&  A g N 0 3 =  -X A r X N 0 3/ A g N 0 3

( 2 1 )

w here th e  X i ’s are th e  ion ic fra c tio n s  d e fin e d  in  th e  eq  6 . 
T h e  v a lu es  o f  RT In / k n o 3 a n d  RT In /A gN 03  are p lo tte d  in  
F igu res 1 a n d  2 , re sp ec tiv e ly .

Calculations in Concentrated Solutions. W e  w ill m a k e  
tw o  se ts  o f  c a lc u la tio n  fro m  th eo ry  fo r  b o th  d ia g o n a ls  for  
c o m p a riso n  w ith  th e  e x p e r im e n ta l d a ta . T h e  first c a lc u la 
tio n  is b a se d  u p o n  th e  F F G  th e o ry  a n d  co n sists  o f  a p p ly 
in g  eq  1 0 . T h e  se c o n d  c a lc u la tio n  is b a s e d  u p o n  th e

(7) M. Blander and S. J. Yosim, J. C h em . P h ys., 39,2610 (1963).
(8) M. Blander, J. C h em . P h ys., 34, 432 (1961); M. Blander and J. 

Braunstein, Ann. N. Y. A ca d . S ci., 79, 838 (1960).
(9) C. Vallet, J. Chim . P hys. F. 69, 311 (1972).

(10) K. K. Kelley, Bureau of Mines, Bulletin No. 584, 393, 477.
(11) F. D. Rossinl, Nat. Bur. Stand. U. S. C ire.. 500 (1952).
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Figure 1. Experimental and calculated values at the iiquidus 
temperatures of excess chemical potential of KNO3 vs. Xak' 2 in 
the KN03-Ag2S04 quasibinary mixture: (circle) our experimen
tal results; FFG, Flood, Fprland, and Grjotheim theory (random 
mixing); CIS, conformal ionic solution theory (nonrandom mix
ing). Inset shows our results in the dilute solution range and the 
corresponding limiting slopes.

q u a s ic h e m ic a l th eory  or th e  C IS  th eo ry  u sin g  eq  1 8 . A  
c o m p a riso n  o f  th ese  c a lc u la tio n s  w ith  ou r e x p e r im e n ta l  
d a ta  w ill e n a b le  u s to  e v a lu a te  th e  im p o r ta n c e  o f  th e  n o n -  
ra n d o m  m ix in g  te rm .

T h e  G ib b s  free en ergy ex c h a n g e , A G ° , c o rresp o n d in g  to  
th e  e q u ilib r iu m

K N 0 3 ( l i q )  +  1 / 2A g 2S 0 4 ( l iq )

A g N 0 3 ( l i q )  +  7 2K 2S 0 4 ( l iq )

h a s  b een  c a lc u la te d  fro m  ta b u la te d  d a ta  on  p u re  m o lte n  
s a lts 1 1  b y  ta k in g  in to  a c c o u n t th e  h e a ts  o f  fu s io n , fo r m a 
tio n , a n d  tr a n sit io n . T h e  sp ec ific  h e a ts  o f  th e  re a c ta n ts  
a n d  th e  p ro d u c ts  are a ssu m ed ' to  b e  e q u a l . 12  T h e  va lu e  
o b ta in e d  is 4  k c a l /m o l .  T h e  va ria tio n  o f A G °  w ith  te m p e r 
atu re  a lo n g  th e  Iiq u id u s is n eg lig ib le .

W e  rep orted  in  T a b le  I th e  v a lu es  o f  th e  in te r a c tio n  p a 
ra m e te rs . T h e s e  w ere e s tim a te d  fro m  p h a se  d ia g ra m s  or 
ca lo rim etric  d a ta  w h en  th e  la tte r  w ere a v a ila b le . B y  
a p p ly in g  eq  2 0  to  p h a se  d ia g ra m  d a ta  on  th e  A g N O s -  
A g 2S 0 413  a n d  KNO3-K2SO414 sy ste m s , av erag e  v a lu es  for  
XAg a n d  Ak  w ere th e n  e s tim a te d  b y  a ssu m in g  a regu lar  
b e h a v io r  o f  th e  so lu tio n s . T h e  An o 3 c o e ffic ie n t w as d eter 
m in e d  b y  co m p a riso n  w ith  th e  ca lo rim etric  d a ta  o f  K le p -  
p a 15  a n d  th e  re su lts  o f  F ra n z o s in i . 16  T h e  K2SO4- 
A g 2S 0 417  sy s te m  fo rm s so lid  so lu tio n s ; th e  Xso4 p a r a m e 
ter  is co n se q u e n tly  s m a ll  a n d  m ig h t b e  a ssu m e d  e q u a l to  
ze r o . 18

A  m e a n  v a lu e  o f  th e  q u a sila tt ic e  “ co o rd in a tio n  n u m b e r ”  
Z  h a s b e e n  ta k e n  e q u a l to  5  as it  va ries  g e n e ra lly  fro m  4  
to  6  in  so m e  m o lte n  s a lt s .19

A s  d isc u sse d  a b o v e , v a lu e s  o f  A G ° , Xi, a n d  Z  w ere u t i 
liz ed  in  c o n ju n c tio n  w ith  eq 10 , 18 , a n d  19  to  c a lc u la te  th e

Figure 2. Experimental and calculated values at the Iiquidus 
temperatures of excess chemical potential of AgN03 vs. Xr ' 2 in 
the AgN03-K 2S04 quasibinary mixture; symbols, same as in 
Figure 1.

TABLE l: Values of Xj for Binary Mixtures

Mixture X j,  cal/mol

AgN03-K N 0 3a -5 0 0
AgN03-A g2S 04i’ 700
KN03-K 2S04c 300
K2S 04-A g 2S 04d 0

0 From ref 15 and 16. b From ref 13. c From ref 14. d From ref 17.

tw o  se ts  o f  v a lu e s  o f  RT In / soiv a lo n g  e a c h  d ia g o n a l. 
T h e s e  v a lu es  are rep o rted  in T a b le s  II a n d  III.

In  F igu re  1, e x p e r im e n ta l v a lu es  o f  RT In / k  N03 h av e  
b een  p lo tte d  us. X Ag'2 a n d  c o m p a re d  to  th o se  c a lc u la te d  
fro m  b o th  th eo ries . A t  th e  d ilu te  en d , th e  C IS  th e o ry  is in  
very  go od  a g re e m e n t w ith  th e  e x p e r im e n ta l d a ta . In  fa c t , 
if  th e  p a r a m e te rs  w ere a d ju ste d  w ith in  th e ir  k n o w n  u n c e r 
ta in tie s , an  e x a c t  f it  c o u ld  b e  o b ta in e d  a lo n g  th e  cu rv e .

In  th e  ca se  o f  th e  A g N 0 3- K 2S 0 4  q u a sib in a ry  m ix tu re , 
th e  three se ts  o f  v a lu es  o f  RT In /AgN03 h a v e  b e e n  p lo tte d  
vs. X k'2. A  str ik in g  a g re e m en t is o b ta in e d  b e tw ee n  our  
e x p e r im e n ta l v a lu e s  a n d  th o se  c a lc u la te d  fro m  th e  C IS  
th eo ry , w h ile  a large d ep a rtu re  fro m  th e  v a lu e s  c a lc u la te d  
fro m ,th e  F F G  th e o ry  is e v id e n t.

(12) M. Blander and L. E. Topol, Inorg. C h em ., 5, 1641 (1966).
(13) E. Kordes, Z. E lek tro cn em ., 55, 600 (1951).
(14) E. Ph. Perman and W. J. Howells, J. C h em . S o c . , 123, 2128 

(1923).
(15) O. J. Kleppa, R. B. Clarke, and L. S. Hersh, J. C h em . P h ys ., 35, 

175 (1961).
(16) P. Franzosini and C. Sinistri, R ic. S ci., 439 (1963).
(17) R. Nacken, N e u e s  Jahrb. M ineral. Geo/. Palaontol. B eil. B and., 24, 1 

(1907).
(18) M. Blander and L. E. Topol, E tectroch im . A c ta , 10, 1161 (1965).
(19) H. A. Levy, P. A. Agron, M. A. Bredig, and H. D. Danford Ann. N. 

Y. A ca d . S ci., 79, 762 .1960).
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TABLE II: Excess Chemical Potentials of KNO3 , along the 
Liquidus, in the KN0 3-Ag2SQ4 Quasibinary

104XAa'2

R T  In ík n Oj

Measured
Random 

mixing (FFG)
Nonrandom 
mixing (CIS)

22 12.929 6.470 11.770
40 19.243 12.050 16.920
46 23.275 13.880 18.758
51 25.558 15.420 20.626
58 27.641 17.630 23.336

63 29.470 19.170 25.104

73 32.302 22.250 29.012
103 42.618 31.760 40.300
122 47.877 37.810 47.330

147 54.848 45.870 56.370
160 57.750 50.000 61.010
171 61.368 53.640 64.360
195 65.617 61.410 75.590

212 68.700 67.060 79.480
235 73.040 74.630 87.370
254 77.263 80.950 93.070

TABLE III: Excess Chemical Potentials of AgNQ3, along the
Liquidus, in the AgN03-K2S04 Quasibinary

R T  In (asno3

Random Nonrandom
104XK'2 Measured mixing (FFG) mixing (CIS)

20.5 -4.201 -8 .180 -3 .984
24.5 -4 .657 -9 .340 -4 .496
29.6 -5 .293 -11.670 -5 .086
37.9 -6 .470 -14.770 -6.466
45.7 -7 .462 -17.880 -7 .846
53.6 -8 .446 -20.980 -8 .870
65 -9 .595 -25.250 -10.205
83.9 -11.798 -32.610 -12.068 ,
94.1 -12.932 -36.480 -13.470

106.2 -14.232 -41.120 -14.570
125.6 -15.943 -48.860 -16.646
144.7 -17.814 -56.200 -18.773

C o n se q u e n tly , a t  in te r m e d ia te  c o n c e n tra tio n s , a n o n - 
ra n d o m  m ix in g  h y p o th e sis  is n e ce ssa ry  for d esc rib in g  s o 
lu tio n  b eh a v io r .

Calculations in Dilute Solutions. The AgS04-  Pair 
Formation Energy

A lth o u g h  p h a se  d ia g ra m  m e a su r e m e n ts  are n o t a m o n g  
th e  m o s t  se n sitiv e  fo r  th e  s tu d y  o f  a sso c ia tio n  o f  d ilu te  s o 

lu te s  a n d  a lth o u g h  su c h  a s tu d y  w a s n o t th e  orig in al a im  
o f  ou r in v e stig a tio n , w e  fe lt  th a t  it  w o u ld  b e  w orth w h ile  to  
e s tim a te  th e  p a ir  fo rm a tio n  en ergy  o f  A g S 0 4 fro m  our  
lo w est c o n c e n tra tio n  m e a su r e m e n ts . T h is  s e e m e d  o f  p a r 
tic u la r  in terest b e c a u se  o f  a  d isc r e p a n c y  in rep o rted  re
su lts  for th e  te m p e ra tu re  d ep e n d e n c e  o f  th e  A g S 0 4 ~ p a ir  
fo rm a tio n  en erg y  in  K N O 3 .

T h e  very  d ilu te  so lu tio n  ran ge  h a s  b e e n  in v e stig a te d  b y  
W a t t  a n d  B la n d e r 20 a n d  b y  S a c c h e tto , et al.,21 b y  
m e a n s  o f  e m f  m e a s u r e m e n t . T h e s e  au th o rs  d isc u sse d  th e  
p ro p erties o f  very  d ilu te  Solu tion  o f  K 2S O 4 a n d  A g N C >3 in  
th e  so lv en t K N O 3  in  te r m s  o f  th e  q u a s ila tt ic e  m o d e l. A c 

cording to  th e  q u a s ila tt ic e  c a lc u la tio n s 22-23 in  b o th  th e  
sy m m e tr ic  a n d  a s y m m e tr ic  a p p ro x im a tio n s  th e  c o n v e n -

350 400 450
t cc>

Figure 3. Extrapolation of the energy of ion pair formation AAt 
from results of Watt and Blander.20

tional association constant K 1  is given by

K 1 = Z [ e x v ( - A A J R T )  -  1] (22)
where Z  is the mean coordination number in the quasilat
tice and AAi is a pair formation energy.

If the yi are Temkin ionic fractions of species, consid
ering AgS04~ pair formation, the association constant is 
defined as

=  y Agso Jy Ag? s o 4 ( 2 3 )

The part of the KNO3 activity coefficient arising from the 
nearest neighbor interactions which lead to nonrandom 
mixing can be written as

/ KNOg* = ^KyNOj/il -  -^Ag)(l -  X SOt)  (24)

By expanding In /kncw', one obtains easily the limiting 
equation

lim [d(ln / kNo3')/di-X ^'2)] = K J 2 (25)
x Ag-»-o

which may be applied to the data in very dilute solutions. 
In order to account for the influence of longer range inter
actions on the excess chemical potential of K N O 3, we 
have added the binary terms included in eq 1 0  as suggest
ed by Blander and Topol. 18  The association constant, K i ,  
can then be calculated from the limiting slope [Is] of the 
plot of excess chemical potential of K N O 3 plotted vs. the 
square of the ionic mole fraction of silver, X A g '

[Is] = ( R T / 2 ) K 1 +  (2Ak + 2ANq3 — AAg — ASq4)

(26)

From the results given in Table IV and represented in 
inset of Figure 1, the estimated value of the limiting slope 
is in the range 7300-5500. Our resultant value for the pair 
formation energy, AAi, at 607 K 24  has an estimated un
certainty of 150 cal. It should be noted that this accuracy 
is better than might be expected for data obtained from 
phase diagram measurements at such low concentrations.

(20) W. J. Watt and M. Blander, J. Phys. Chem., 64, 729 (1960).
(21) G. A. Sacchetto, C. Macca, and G. G. Bombl, J. Electroanal. 

Chem. 36, 319 (1972).
(22) M. Blander, J. Phys. Chem., 63,1262 (1959).
(23) J. Braunstein, "Ionic Interactions,” Vol. I, Academic Press, New 

York, N.Y., 1971, p 232.
¡24) We notice that the AA, variation along the liquidus branch (the 

freezing point depression being of the order of 5 K) is negligible. We 
assume consequently that our AAi determination has been ob
tained at the melting temperature of pure KNO3 (607 K).
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TABLE IV: Excess Chemical Potential of KNO3 , along the 
Liquidus, in the Dilute End of KN0 3 -Ag2S0 4

104 XA r ' 2  1 2  5 7 9 12 17
R T \ n f K N o3 0.714 1.245 2.452 3.527 4.566 6.617 9.372

TABLE V: Comparison of Values of AgS(>4 -  
Energy in Molten KN03

Pair Formation

z

4 5 6

-A A : ,“ kcal 1.51 T  0.15 1.35 0.15
- A  A, ,b kcal 1 . 6

-A A , ,c kcal 1.58 0.05

der20 than with the temperature independent value re
ported by Sacchetto, e t  a l .21 Nevertheless, a more specific 
investigation with a more sensitive experimental method 
is required to provide an unequivocal evaluation of the 
temperature dependence of the association energy.

Conclusion
Experimental data have been presented for the system 

(K+,Ag+| |N0 3 _,S0 4 2_) and have been interpreted theo
retically. In dilute solutions, our estimation of the 
(AgSOé)-  pair formation energy is in the same range of 
order as previous determinations. (The nonrandom mixing 
hypothesis was found to give better agreement with the 
experimental results than the random mixing hypothesis, 
the fit being most striking at high concentrations.)

o This work. b Values extrapolated at 607 K from ref 20 assuming a 
linear temperature dependence. c Average value from ref 21 in the tem
perature range 622-715 K assuming no temperature dependence.

Comparison of our results for Z  = 4, 5, and 6  with those 
previously reported, 2 0 ’ 2 1  is given in Table V. Our value of 
AAi is in better agreement with a value extrapolated 
(Figure 3) from the reported results of Watt and Blan
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The physical model of the reaction was investigated both experimentally and theoretically over a wide 
range of conditions. The theoretical rates were calculated as a function of pH, fluoride concentration, 
and phosphate concentration of the reaction solution. Experimental rate data obtained under a wide va
riety of conditions were compared to these model predictions. The agreement of the model predictions 
with the experiments was found to be essentially quantitative under all conditions with the adjustment 
of a single parameter, the apatite-calcium fluoride “equilibrium” constant. The magnitude of this con
stant was found to be consistent with the interpretation that the apatite-calcium fluoride interface was 
significantly supersaturated with respect to calcium fluoride during the reaction. A calcium fluoride ac
tivity product of about 10- 8  was deduced from this analysis. This is greater than the solubility product 
of calcium flouride by a factor of about 1 0 3. Supersaturations of this same order of magnitude were found 
in the calcium fluoride precipitation studies.

Introduction
There is overwhelming evidence today that the topical 

application of relatively concentrated fluoride solutions to 
teeth results in the significant reduction in the tendency 
for dental caries formation. 3 While certain aspects of the 
chemistry of the fluoride-enamel (the mineral of which is 
principally hydroxyapatite) reactions have been investi
gated, these studies have not considered the kinetics and 
mechanisms of the reaction. 4

When hydroxyapatite is exposed to high concentrations 
of fluoride, calcium fluoride is precipitated while the

(1) Presented at 49th Meeting of International Association for Dental 
Research, Chicago, III.. March 1971.

(2) Portions of this paper are derived from the Ph.D. dissertation of Z. 
Liang, The University of Michigan, 1971.

(3) F. Brudevold, A. Savory, D. E. Gardner, M. Splnelli, and R. Speirs, 
Arch. Oral Biol., 8, 167 (1963); J. R. Mellberg, J. Dent. Res., 45, 
303 (1966).

(4) H. G. McCann, Arch. Oral Biol., 13, 987 (1968); A. Malaowalla and 
H. M. Myers, J. Dent. Res., 41,413 (1962).
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phosphate is released to the solution. 5  The application of 
physical chemical principles to elucidate the mechanism 
of this reaction involving fluoride and hydroxyapatite was 
proposed by Nelson and Higuchi. 6 They presented a 
model based on the simultaneous diffusion and chemical 
equilibria of the reactants and products7 and an equilibri
um chemical reaction at the moving interface between hy
droxyapatite and the precipitating layer of calcium fluo
ride.

The purpose of the present study was to examine the 
applicability and the validity of the model under various 
experimental conditions. The quantitative determinations 
of fluoride uptake in experiments were to be carried out 
over a wide range of reactant concentrations and at vari
ous solution pH and buffer conditions where the model 
predicts dramatic changes in the reaction rate.

Theory
The proposed model6 (Figure 1) assumes that steady- 

state diffusion exists in the layer of calcium fluoride 
which forms during the reaction of hydroxyapatite with 
buffered fluoride solutions. It is assumed that transport 
through the CaF2 layer occurs by diffusion in the aqueous 
solution filling the pores of the layer which is character
ized by a porosity and tortuosity. It is also assumed that 
the transport resistance of the CaF2 layer is in series with 
a fluid film resistance characterized by a thickness, h.  Re
calling Fick’s first law of diffusion, taking the concentra
tion gradients to represent the driving forces, and neglect
ing the influences of the electric diffusion potential, 8 we 
may write

- J  =  Yd^ tb ; d x

dCp;

¿“ 1

4

= ^ T P  —  i dx

J  TH
dC p¡ 2 dCfi

i = l  i = l

dCui dC

2

I
t '= l

J  TF z C ¿ ® F i J +  D

° m  dx +  Dm  dx 
dCF;

dx ' XVFS dx

dCFj dCF3

( 1 )

(2 )

B1
(3 )

(4)

where the subindices are chosen so that TB, TP, TH, and 
TF are the total buffer, total phosphate, total acid, and 
total fluoride, respectively. The subindex B1 represents 
HB, B2 represents B~, PI represents HP042 -, P2 repre
sents H2PO4 -, P3 represents H3PO4 , P4 represents 
PO43-, FI represents HF, F2 represents HF2 - , HI repre
sents H+, F3 represents F~, the C’s are the concentra
tions, the J ’s are the fluxes, and the D ’s  are the effective 
diffusivities for the species indicated by the subindices. 
Equations 1-4 assume that a given ionic species is diffus
ing without interacting with the other species present. 
The effective diffusivity D  for a given species is related to 
the diffusivity of the species in the aqueous phase, D aq, by

D = ^ a q  (el*)
w here e =  p o ro sity  a n d  r  =  to rtu o sity  o f  th e  C a F 2 la y er . 

A c c o rd in g  to  th e  s to ic h io m e try  o f  th e  n e t re a c tio n

Ca10(PO4)6(OH ) 2 + 20F- + 2H+ —
10CaF2 + 6P043- + 2H20

Buffered Fluoride 
Solutioh

Liquid Diffusion Layer
CaF„

I

\  Hydroxyapatite

L
\  ^  Fluorapatite

5

-h  0

X ■
Figure 1. Physical model of apatite to calcium fluoride reaction.

we have

JTB =  0 ( 5 )

2 0 t/rpp 6  ej rpp ( 6 )

2 0  e/rpu — 2  c/rpp ( 7 )

When hydroxyapatite is in contact with a fluoride solu
tion, it simulates6 ’ 9 a “fluoroapatite phase” which may 
govern the reaction conditions at x = s. This fluoroapatite 
phase may be characterized6 by an activity product, 
K f a p . Therefore a constant, K e q, may be written for the 
reaction

Ca10(PO4)6(F) 2 + 18F" — ►  10CaF2 + 6P043~ (8 )

K eq = (P0 43 - )6/(F~ ) 18 = K PAP/KC aF210 

solving the above equations, we get

( f -)9 =

(OU -  M V )+  ]/(MV -  o u y  -  4(LV -  PU)(NV -  RÜ) 
2(L V -  PU)

(9 )

K ( F ^ ) s3Q Y \ 2V  -  P(F “)/ -  (F-)s -  R = 0 (1 0 ) 

where

K  =  K eq1/6/ K 3pK 2p 

K p = (H+)(H2P04-)/(H 3P04)

K 2p = (H+)(HP042-)/(H 2P04-)

Ka p =  (H+XP043~)/(HP042-)

K m  = (H+)(F~)/(HF)

^ hf2 = (HF2")/(H F)0r)

K m  =  (H+)(B-)/(HB)

K c , F2 =  (Ca2+)(F- ) 2 

K fa p  =  (Ca2+)10(PO43- )6(F- ) 2

L =  KW)(R+X
9  IQ

M  =  2 Ô ^ f -  2 ô J>hf[ ( H V * hf]

(5) J. R. Blayneyand I. N. Hill, J. Amer. Dent. Ass., 74, 233 (1967).
(6) K. G. Nelson and W. I. Higuchi, J. Dent. Res., 49, 154 (1970).
(7) D. R. Olander, AlChEJ., 6, 233 (1960).
(8) Z. Liang, doctoral dissertation, Appendix IV, The University of Mich

igan, 1971.
(9) N. A. Mir, W. I. Higuchi, and J. J. Hefferren, Arch. Oral Biol., 14, 

901 (1969).
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N  =  - | d f ( F - ) 0 +  ~ D h f( H F ) 0 +  ~ D Hf/ H F 2- ) o -

Z)h ( H + )s +  D h( H + )o -  D ,
D hb( H B ) o F  ^ b(B  )o

+
HBDHB +  [DbW O ^ s]

Dh b( H B ) 0 +  Z>„po((H P O 42- ) 0 +  2 D h2po(( H 2P 0 7 ) o +

^ A l :tPO4( H 3P O 4)0

P = - | / V 2(^hf2/^ hfXH+)s

Q = ~ 20^f ~  ^q -Dh fK I P ^ X /^ hf]

R =  ^ D f( F ” )„ +  | z) hf(H F )„  +  ^ D Hf2( H F 2- ) o +

£>H3po4( H 3P 0 4)„ +  D h2po/ H 2P O 4- ) 0 +

Z)Hpo4( H P 0 42- ) „  +  D po4( P 0 43- ) o

D
U — ^ 2p F  2D h2po4 +  3 D hpo4 %

v  _  D  +  „  + D  +
v -  •L'HsPO, k p +  +  u hpo4 ĵj+^ t

( H + )s

D K3vK2p 
,p0i (H+V

a n d  th e  p a ren th ese s  in d ic a te  th e  c o n c e n tra tio n s o f  th e  e n 
c lo sed  sp ec ies .

T h e  c o n c e n tra tio n  te rm s w ith  su b sc r ip ts  0  co rresp on d  
to  th e  c o n d itio n s  in  th e  b u lk  so lu tio n  a n d  s to  th a t  a t  th e  
C a F 2-h y d r o x y a p a tite  in terfa ce .

T h e  to ta l f lu o rid e  f lu x  m a y  n ow  b e  re la te d  to  th e  tim e  
ch a n g e  in  co n c e n tra tio n  o f  to ta l f lu o rid e  in  th e  b u lk  so lu 
tio n  b y

.dCTF)
di

,  „  c m  -  ( t f )

ADtF S +  (ht/T) (ID

w here A is th e  area  e x p o se d  to  th e  so lu tio n  in  c m 2, V  is 
th e  v o lu m e  o f  th e  so lu tio n , S is th e  th ic k n ess  o f  C a F 2 

la y er , a n d  D t f  [= (i> T F )a q  ( e /r ) ]  is th e  apparent e ffec tiv e  
d iffu s iv ity  for to ta l flu o rid e . T h e  use o f  D t f  is e sse n tia lly  
th e  sa m e  as e q u a tin g  th e  d iffu sio n  c o effic ie n ts  • for a ll o f  
th e  flu o rid e  sp ec ies .

I t  c a n  b e  sh o w n  th a t  eq  11 m a y  b e  in te g ra te d  h o ld in g  
( T F ) S c o n sta n t w h en  [ (T F )  -  ( T F ) S] »  A ( T F ) S w here  
A ( T F ) S is th e  m a x im u m  c h a n g e  in  ( T F ) S d u rin g  an  e x p e r i
m e n t . In te g ra tio n  o f  eq  11 a n d  s u b s t itu t io n 6 o f  th e  d en sity  
o f  flu o rid e , A , in to  th e  e q u a tio n  th e n  y ie ld

1 9 V 2 /

Z W l ~ e ) D T F ( ( T F )  “  ( T F ) ‘ +

( T F )  -  ( T F U  /  1 9 ( T F ) V 2 
( l h ) s In  ( T F ) . _  ( T F ) J  Va 2A ( 1  -  e ) D TF +

Vhe \ ( T F )  ~  ( T F ) . _  
tADt f )  ln  ( T F ) , -  ( T F ) S “  1

T h e  ( T F )  is im p lic it ly  a  fu n c tio n  o f  t im e . F or a n y  sp ec ific  
( T F )  or for  th e  co rresp on d in g  a m o u n t o f  p h o sp h a te  re 
lea sed  to  th e  so lu tio n , th e  tim e  ca n  b e  c a lc u la te d .

A ll  th e  n u m e ric a l c a lc u la tio n s  w ith  th e  m o d e l c o u ld  be  
ca rried  o u t on  an  I B M  3 6 0  d ig ita l c o m p u te r . F o r  so lv in g  
( F _ )s a n d  ( H + ) s a  n u m e ric a l su cc essiv e  ite ra tio n  m e th o d  
b a se d  u p o n  eq  9  a n d  10  m a y  b e  u se d .

E x p e r im e n t a l  S e c t io n

General Considerations. T h e  b a s ic  a p p ro a c h  w as to  
carry  o u t th o se  e x p e r im e n ts  w h ich  w ere e x p e c te d  to  p ro 
v id e  in d e p e n d e n t te sts  o f  th e  d iffe re n t a sp e c ts  o f  th e  
m o d e l. T h u s  it  w a s d ec id e d  to  in v e stig a te  first th e  in flu 
en ces  o f  th e  flu o rid e  co n ce n tra tio n , th e  b u ffe r  c o n c e n tr a 

tio n  for tw o  b u ffe r  ty p e s , th e  p H , a n d  th e  p h o sp h a te  c o n 
ce n tra tio n  u p o n  th e  rate  o f  rea ctio n  o f  h y d r o x y a p a tite  
d isk s  w ith  flu o rid e  in  b u ffe red  so lu tio n  to  fo rm  c a lc iu m  
flu o rid e .

In  order to  se p a ra te  th e  d riv in g  force fa c to rs  e x p ressed  
b y  eq  1 1  fro m  th e  p e r m e a b ility  ch a ra cte ristics  o f  th e  c a l
c iu m  flu o rid e  la y er , e x p er im e n ts  w ere p la n n e d  th a t  in 
v o lv e d  p la c in g  an  in ert p orou s silver m e m b r a n e  in  series  
w ith  th e  re a c tin g  h y d ro x y a p a tite  d isk . A s  w ill b e  seen  
th ese  e x p e r im e n ts  p e r m it th e  sep a ra tio n  o f  th e  K eq fro m  
th e  r / t  fa c to r  in  th e  m o d e l w h en  th e  d iffu s iv itie s  are 
k n ow n .

A lth o u g h  a n  in d e p e n d e n t d e te r m in a tio n  o f  th e  apparent 
effec tiv e  d iffu s iv ity , D , (see  eq  1 1) for  th e  re a c tio n  c o u ld  
n o t b e  co n ce iv e d , it  w as d ec id e d  to  m e a su re  th e  a p p a r e n t  
d iffu s iv ity  for to ta l flu o rid e  u n d er th e  co n d itio n s  s im ila r  
to  th o se  in  th e  re a c tio n  rate  e x p e r im e n ts .

Preparation of Hydroxyapatite Disks. A  s a m p le  o f  h y 
d ro x y a p a tite  w a s p rep a red  b y  th e  m e th o d  d e v e lo p e d  a t  
th e  F u n d a m e n ta l R e sea rc h  B ra n c h  o f  T e n n e sse e  V a lle y  
A u th o r ity . 10  T h e  h y d ro x y a p a tite  w a s p re p a re d  b y  h e a tin g  
a  s to ic h io m e tric  m ix tu r e  o f  m o n o c a lc iu m  p h o sp h a te  m o 
n o h y d ra te  a n d  c a lc iu m  ca rb o n a te  in  an  a tm o sp h e re  o f  
s te a m  a n d  n itro g en . T h e  pu re m o n o c a lc iu m  p h o sp h a te  
m o n o h y d r a te  a n d  c a lc iu m  ca rb o n a te  w ere e a c h  grou n d  to  
p a ss  a  2 0 0 -m e s h  sieve  a n d  th e n  m ix e d  th o ro u g h ly  in  th e  
ra tio  o f  3  m o l o f  m o n o c a lc iu m  p h o sp h a te  to  7 m o l o f  c a lc i
u m  c a rb o n a te . T h e  m ix tu r e  in  a p la t in u m  b o a t  w a s h e a t
e d  in  a tu b e  fu rn a c e  a t  1 20 0 ° for 3  hr in  an  a tm o sp h e re  o f  
e q u a l v o lu m e s  s te a m  a n d  n itrog en . T h e  p ro d u c t w as th en  
d ried  a t  1 10 ° for 2 4  hr, a n d  grou n d  to  p a ss  a 2 0 0 -m e s h  
sie v e . I t  w as th e n  d iv id e d  in to  1 0 -g  p o rtio n s , e a c h  o f  
w h ich  w a s e x tr a c te d  w ith  10 0  m l  o f  n e u tra l a m m o n iu m  
c itra te  so lu tio n  a t  5 5 °  for 1 hr a n d  re p ea te d  to  re m o v e  a n y  
c a lc iu m  sa lts  oth er th a n  a p a tite . T h e  h y d r o x y a p a tite  w as  
w a sh e d  th o ro u g h ly  w ith  d istille d  w a ter a n d  d ried  a t  1 0 0 ° . 
I t  w as e x a m in e d  b y  in frared  sp ec tro sco p ic  a n a ly s is , X -r a y  
d iffra c tio n  a n a ly s is , a n d  c o m p o n e n ts  a n a ly sis  w ith  C a :P  
m o le  ra tio  o f  1 .6 7 . T h e  sa m p le  w a s w ell m ix e d  w ith  1 2 .5 %  
p o ly e th y le n e  p ow d er a n d  a b o u t  2 0 0  m g  o f  th e  m ix tu r e  w a s  
co m p re ssed  a t  5 1 ,0 0 0  p si in  a 0 .5 - in . d ie  w ith  f la t  fa c e d  
p u n c h e s . T h e  d isk  w a s th e n  m o u n te d  in  a  g la ss  tu b e , 1 .6  
c m  in sid e  d ia m e te r  ar.d  1 1  c m  lo n g , b y  w h ite  b e e sw a x  in  a 
m a n n e r  th a t  o n e  su rfa ce  o f  th e  d isk  w as e x p o se d  a n d  w as  
flu sh  w ith  th e  en d  o f  th e  tu b e . F or th e  p re p a ra tio n  o f  th e  
d isk s w ith  th e  a tta c h e d  p orou s silv er  m e m b r a n e , th e  d isk  
w a s p la c e d  on  a  p iece  o f  silver m e m b r a n e  filter  ( F M -3 .7 -
1 . 2  / i ) 1 1  a n d  w h ite  m o lte n  b e e sw a x  w a s d rip p e d  arou n d  
a n d  on  it . A fte r  th e  w a x  h a d  so lid ified  a  cork  bo rer w a s  
cen tered  a n d  d ep ressed  over th e  w a x -c o v e r e d  d isk . T h e  
d isk  w ith  th e  m e m b r a n e  w a s th e n  m o u n te d  in  th e  gla ss  
tu b e . B e n z o ic  a c id  d isk s  w ere a lso  p re p a re d  in  th e  sa m e  
m a n n er .

Apparatus. T h e  a p p a r a tu s  for th e  re a ctio n  ra te  s tu d ie s  
is sh ow n  in F igu re  2 . T h e  in le t tu b e  a n d  o u t le t  tu b e  o f

(10) Tennessee Valley Authority, Report No. 678, Nov. 6, Wilson Dam, 
Ala. (1956).

(11) Seias Flotronics, Spring House, Pa. 19477.
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R e a c t io n  b e tw e e n  H y d r o x y a p a t i t e  a n d  F lu o r id e  in  A q u e o u s  A c id ic  M e d ia 1 7 0 7

Glass Tube

Stopper 
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Jacketed Vessel 
Solution
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Magnetic Stirrer

Figure 2, Schematic diagram of the apparatus for reaction rate 
studies.

th is  2 5 0 -m l  ja c k e te d  v e sse l p ro v id ed  a c ircu la tio n  o f  c o n 
s ta n t  te m p e ra tu re  w a ter a t  3 0 ° . F or e a c h  e x p e r im e n t, 100  
m l o f b u ffe red  flu o rid e  so lu tio n  w a s u se d . T h e  m a g n e tic  
stirrer co n siste d  o f  a m a g n e t  a tta c h e d  to  th e  sh a ft  o f  a  
1 5 0 -r p m  c o n s ta n t-s p e e d  m o to r . 12  T h e  g la ss  tu b e  w a s  a d 
ju s te d  so th a t  th e  a p a tite  d isk  su rfa c e  w o u ld  b e  a b o u t  4  
m m  b elo w  th e  su rfa ce  o f  th e  so lu tio n . T h e  sa m p le s  w ith 
d raw n  fro m  th e  flu o rid e  so lu tio n  a t  sc h e d u le d  t im e s  w ere  
a n a ly z e d  for p h o sp h a te  b y  a m o d ifie d  m e th o d  o f  G e e , 
D o m in g u e s , a n d  D e i t z . 13

Procedure for Phosphate Common Ion Experiments. A  
m o d ifie d  p ro ced u re  w as u se d  for e x p e r im e n ts  in  w h ich  
p h o sp h a te  w as in it ia lly  p re sen t in  th e  b u ffe red  flu o rid e  
so lu tio n . A t  e a ch  sc h e d u le d  t im e , a  d isk  w as re m o v e d  
fro m  th e  re a c tin g  so lu tio n  a n d  a p a tite  w as so a k ed  in  1  N  
a c e tic  a c id  for 2 4  h r. T h e  a p a tite  d isk  w as re m o v e d  ag ain  
a n d  so a k ed  r e p e a te d ly  in  a c e tic  a c id  u n ti l  a ll o f  th e  c a lc i
u m  flu o rid e  h a d  d isso lv e d  as w a s sh o w n  b y  a n a ly sis  o f  
e a ch  e x tra c tio n  on  flu o rid e  c o n te n t.

Preparation of Buffered Fluoride Solutions. A c e ta te  a n d  
p y rid in e  b u ffe rs  w ere e m p lo y e d . A  re a g e n t grad e  o f  so d i
u m  flu o rid e 14  w as u sed  as th e  sou rce  o f  f lu o rid e . T h e  
q u a n tit ie s  o f  th e  a c id  a n d  s a lt  fo rm s  for th e  b u ffe r  s y s 

te m s  w ere c a lc u la te d  u sin g  th e  H e n d e r s o n -H a s s e lb a c h  
e q u a tio n . A ll  so lu tio n s  w ere a d ju ste d  to  an  io n ic  stren g th  
o f  0 .5  m o l b y  a d d itio n  o f  so d iu m  c h lo rid e . T h e  p H  o f  th e  
so lu tio n s w a s m e a su r e d  w ith  a B e c k m a n  M o d e l  G  p H  
m e te r 15  a n d  a d ju ste d  to  w ith in  ± 0 .0 2  o f  th e  d esired  v a lu e .

Determination of the Mass Transfer Coefficients. T h e  
a m o u n t o f  so lu te  re le a se d  b y  d iffu sio n  to  th e  so lu tio n  m a y  
b e  q u a n tita tiv e ly  ex p re sse d  b y  th e  in teg ra ted  fo rm  o f  th e  
N o y e s -W h it n e y  e q u a tio n 16

Cs D At 
lo g  C s -  C ~ h 2.303V

w here D/h is m a ss  tra n sfe r  c o e ffic ie n t o f  th e  so lu te , D is  
th e  d iffu s iv ity  of th e  so lu te , h is th e  e ffec tiv e  d iffu sio n  
la y er , A is th e  e x p o se d  area  o f  th e  so lu te , V is th e  v o lu m e  
o f  th e  so lu tio n , Cs is th e  s o lu b ility  o f  th e  so lu te , a n d  C  is 
th e  c o n c e n tra tio n  o f  so lu te  a t  t im e , t. A n  e x p e r im e n t w as  
carried  o u t in  th e  a p p a r a tu s  w ith  a  b e n z o ic  a c id  d isk  a n d  
0 .1 2  N  h y d ro ch lo ric  a c id  as th e  s o lv e n t . T h e  sa m p le s  w ere  
a n a ly z e d  s p e c tro p h o to m e tr ic a lly  a t  2 7 6  m ji . 17  T h e  log  
C s /( C s  -  C ) o b ta in e d  w ere th e n  p lo tte d  a g a in st  t im e  in  
m in u te s . T h e  slop e  o b ta in e d  fro m  th e  p lo t  w a s u se d  to  
c a lc u la te  th e  m a ss  tra n sfe r  c o e ffic ie n t o f  th e  so lu te  as w ell

a s  th e  d iffu sio n  la y er th ic k n e ss  u sin g  th e  d iffu s iv ity  va lu e  
for  b e n z o ic  a c id  o f  1 .1 1  X  1 0 ~ 5 c m 2 /s e c .

Determination of the Apparent Diffusivity, (Dtf)hq, for 
Fluoride. In  ord er to  h a v e  a n  e s tim a te  o f  (D-rv)aq, a  tw o - 
c h a m b e re d  d iffu s io n  cell d esc rib e d  b y  G o ld b e r g  w as  
u s e d .18  A  0 .0 1  M  b e n z o ic  a c id  so lu tio n  w a s u se d  to  c a li
b r a te  th e  ce ll. T h e  b u ffe r e d  flu o rid e  so lu tio n  w a s d iffu sed  
in to  a b u ffe red  so lu tio n  n o t c o n ta in in g  flu o r id e . 19  T h e  
co n c e n tra tio n  o f  f lu o rid e  in  th e  re ce p to r c h a m b e r  w as d e 
te rm in e d  b y  a co lo rim etric  a n a ly sis  p ro ced u re  b a se d  on  
th e  u se  o f  A m a d a c -F 20 d ev e lo p e d  b y  B u r d ic k  a n d  J a ck son  
L a b o ra to rie s  In c .

Studies on the Calcium Fluoride Supersaturation in the 
Reaction. B e c a u se  it  w a s su sp e c te d  th a t  a p p re c ia b le  s u p 
e rsa tu ra tio n  e x iste d  a t  th e  re a c tio n  in ter fa c e , e x p er im e n ts  
on  th e  n u c le a tio n  o f  c a lc iu m  flu o rid e  in  b u ffe r e d  flu orid e  
so lu tio n s  w ere c o n d u c te d . T h is  w as d o n e  b y  a d d in g  10  m l  
o f  c a lc iu m  ch lo rid e  so lu tio n s  to  1 0  m l o f  b u ffe red  flu o rid e  
so lu tio n s  in  p o ly e th y le n e  b o tt le s  w h ic h  w ere k e p t a t  3 0 ° in  
a w a ter b a th . T e flo n -c o a te d  m a g n e tic  stirrin g  b a rs  w ere  
u se d  to  a g ita te  th e  so lu tio n s . A t  d iffe re n t tim e s  sa m p le s  
w ere p ip e tte d  a n d  tra n sferred  to  a  1 0 -m l  syrin ge  w h ich  
h a d  a  S w in n e y  filter  a d a p te r  w ith  a 0 .22-ju  m illip o re  filter . 
T h e  filtra te  w as th e n  a n a ly z e d  for c a lc iu m  b y  th e  m e th o d  
o f  G a te h o u se  a n d  W i l l i s 21 w ith  an  a to m ic  a b so rp tio n  sp e c 

tr o p h o to m e te r .22

Results
T y p ic a l  re su lts 23 o f  th e  v a rio u s e x p e r im e n ts  on  th e  rate  

o f  rea ctio n  o f  h y d r o x y a p a tite  d isk s e x p o se d  to  a c id ic  f lu o 
ride so lu tio n s  are s u m m a r iz e d  in  F ig u res  3 - 6 .  A ll  o f  th ese  
e x p e r im e n ts  w ere ru n  in , a t  le a s t , d u p lic a te . T h e  p recision  
o f  th e  resu lts  w a s fo u n d  to  b e  g e n e ra lly  q u ite  go od  w ith  an  
e x p e r im e n ta l error o f  a ro u n d  ± 2 % .

T h e  m a ss  tra n sfer  co e ffic ie n ts  for th e  d isk s w ith o u t an d  
w ith  th e  silver m e m b r a n e  w ere d e te r m in e d  u sin g  th e  b e n 
zoic  a c id  d isso lu tio n  ra te  d a ta . T h e s e  e x p e r im e n ts  y ie ld ed  
m a ss  tra n sfer  co e ffic ie n ts  o f  3 .7  X  1 0 ~ 3 a n d  4 .0  x  1 0 - 4  

c m /s e c  for th e  tw o  ca ses , r e sp e c tiv e ly , w h ich  corresp on d  
to  e ffec tiv e  h v a lu e s  o f  3 2 .4  a n d  2 7 0  p.

T h e  a p p a r e n t d iffu s iv ity , (Z>rF)aq, fo r  flu o rid e  w as  
fo u n d  to  b e  9 .3  ±  0 .4  X  1 0 - 6  c m 2/s e c  on  th e  a v era g e  fro m  
th e  b u ffe red  flu o rid e  so lu tio n s o f  p H  v a lu e  fro m  4  to  5 .5 .

T h e  re su lts  o f  th e  c a lc iu m  flu o rid e  su p e r sa tu ra tio n  a n d  
p re c ip ita tio n  stu d ie s  are su m m a r iz e d  in  T a b le  I . A c tiv ity  
p ro d u c ts  for c a lc iu m  flu o rid e  w ere c a lc u la te d  fro m  th e  
d a ta  e m p lo y in g  a c tiv ity  c o e ffic ie n ts  o f  0 .3 6  a n d  0 .6 3  for  
th e  c a lc iu m  a n d  th e  flu o rid e  io n , r e sp e c tiv e ly . A s  ca n  be

(12) Bodine Motors, Chicago, III.
(13) G. Gee, L. P. Domingues, and V. R. Deitz, Anal. Chem., 26, 1487 

(1954).
(14) J. T. Baker Chemical Co., Philllpsburg, N. J.
(15) Beckman Instruments, Inc., South Pasadena, Calif.
(16) A. A. Noyes and W. R. Whitney, J. Amer. Chem. Soc., 19, 930 

(1897).
(17) Hitachi Model 139 spectrophotometer, Coleman Instruments Corp., 

Maywood, III.
(18) A. H. Goldberg and W. I. Higuchi, J. Pharm. Sci.. 57,1583 (1968).
(19) Inert silver membrane filter (FM-37-1.2 p), Selas Flotronics, Spring 

House, Pa. 19477.
(20) Amadac-F is a carefully blended solid mixture of partially hydrated 

sodium acetate, acetic acid, stabilizer, lanthanum nitrate, and aliza
rin complexan, the lanthanum and complexan being equimolar, 
which Is developed by Burdick and Jackson Laboratories Inc., 
Muskegon, Mich. 49442.

(21) B. M. Gatehouse and J. B. Willis, Spectrochim. Acta, 17, 710 
(1961).

(22) Perkln-Elmer Corp., Norwalk, Conn.
¡23) Additional data may be found in Z. Liang’s doctoral dissertation, 

The University of Michigan, 1971.
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Figure 3. Comparisons of theoretical computations with experi
mental results for the amount of phosphate released with time 
showing the influence of K eq and diffusion coefficients on the 
rates of reaction at pH 4.5 of 0.1 M  pyridine buffered fluoride 
solution. The values used in theoretical computation are as fol
lows.

D, cm2/sec
1.5 X 10“ 5 
0.9 X 10“ 5 
0.7 X 10-5 
0.3 X 10~5

Kfap (in K eq) 
1 0 ~ 158 (1 0 - 34) 
1 0 - 152 (1 0 - 48) 
1 0 - 148 (1 0 - 44) 
1 0 - 131 (1 0 - 27)

Time in Hours
Figure 4. Comparisons of theoretical calculations (curves) using 
different tortuosity (r) values with the experimental data (sym
bols): h = 270 ix, D  = 0.9 X 10~5 cm2/sec, and KFap =10- 152.

seen  s ig n ific a n tly  large su p ersa tu ra tio n s  w ere fo u n d  a t  
e a rly  t im e s . I t  ca n  b e  seen  th a t , for in itia l a c tiv ity  p ro d 
u c ts  less th a n  a b o u t  K  = 2 ~ 3  X 1 0 ~ 9, th e  su p e r sa tu ra 

tio n  w as su sta in a b le  for lo n g  p eriod s o f  t im e . H o w e v e r, 
w h en  K  5 X 1 0 _ 9- 1 . 0  X 1 0 - 8  th e  p re c ip ita tio n  ra tes  
b e c a m e  v ery  ra p id .

T h e  th e o re tica l c a lc u la tio n s  w ere carried  o u t for d e te r 
m in in g  th e  in it ia l re a ctio n  ra tes  a n d  th e  t im e  d e p e n d e n c e . 
A ll  c a lc u la tio n s  w ere d o n e  e m p lo y in g  an  I B M  3 6 0  d ig ita l  
c o m p u te r . T h e  c o n sta n ts  u sed  in  th e  c a lc u la tio n s  are ta b 
u la te d  in T a b le  II. T h e  average  p o ro sity  o f  C a F 2 lay er  
fo rm e d  in th e  re a c tio n  w a s c a lc u la te d  to  b e  0 .3 6 7 .

I t  w as a n tic ip a te d  th a t , in  th e  e x p e r im e n ts  in v o lv in g  
th e  s ilv er  m e m b r a n e , th e  in it ia l ra tes  o f  re a c tio n  w o u ld  b e  
re la tiv e ly  in se n sitiv e  to  Sir/e) o f  th e  c a lc iu m  flu o rid e

Figure 5. Rates of reaction in the amount of phosphate released 
with time compared to theoretical computations with the model
for pH 5 and 0.1 M  buffered fluoride solution: (--------- ) acetate
buffered fluoride solution; (--------- ) pyridine buffered fluoride
solution.

Figure 6. Rates of reaction in the amount of phosphate released 
with time compared to theoretical computations with the model.

TABLE I: Calcium Fluoride Precipitation Experiments Showing 
CaF2 Activity Products Changes with Time“

t,
min

(Ca2+),
M K  CaF2

(Ca2+),
M KCaF2

<1 2.5 X 10“ 5 2.2 X 10-9 3.0 X 10“ 5 2.6 X 10-9
5 2.5 X 10-5 2.2 X 10-® 3.0 X 10~5 2.6 X 10“ 9

20 2.5 X 10-5 2.2 X 10-® •3.0 X 10-5 2.6 X 10-9
60 2.5 X IO "5 2.2 X 10-9 2.5 X 10"5 2.2 X 10-9

240 2.5 X 10-5 2.2 X 10-® 2.4 X 10-5 2.1 X 10-9

<1 5.0 X IO” 5 4.4 X 10“ 9 1.1 X 10-4 9.6 X 10~9
5 4.0 X 10-5 3.5 X IO“ 9 1.5 X 10-5 1.3 X 10-9

20 2.8 X 10-5 2.4 X 10-9 1.5 X 10“ 5 1.3 X 10“ 9
60 2.2 X IO "5 1.9 X 10“ 9 1.5 X 10“ 5 1.3 X 10-9

240 2.2 X 10“ 5 1.9 X 10-9 1.5 X IO“ 5 1.3 X 10-9

° Initial fluoride concentration = 2.5 X  1 0 ~ 2 M, ionic strength = 0.5
M. The results of CaF2 activity products for other combinations of calcium 
and fluoride concentrations are presented in Z. Liang’s doctoral disserta
tion, The University of Michigan, 1971.

la y er . T h e re fo re  th ese  e x p e r im e n ts  w ere e x p e c te d  to  p ro 
v id e  s itu a tio n s  in  w h ich  o n ly  Keq a n d  D are th e  m a in  p a 
ra m e te rs . T h u s  th e o re tic a l c o m p u ta t io n s  w ere carried  o u t
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TABLE II: Summary of Constants Used in Computation12

Thermodynamic Constants
Kp = 6.98 X 10-3 Khf = 3 5.
%> =6 .40X 10-«  KHf2 = 4.0
K3p = 4.73 X 10“ 13 
Khb = 1-75 X 10“ 5 (acetate buffer)
Khb = 6.46 X 10-6 (pyridine buffer)

Activity Coefficients
r ? -  = 0.632 
/"Ac-  = 0.735 
/ h + =  0.8 

r oh_= 0.7 
r py — 0.7

0 Density of calcium fluoride = 3.18 g/ml; diffusion layer thickness 
h = 32.4 n  (without membrane); diffusion layer thickness h = 270 
(with membrane).

a n d  c o m p a re d  to  th e  e x p e r im e n ta l re su lts  e m p lo y in g  th ese  
tw o  q u a n tit ie s  as th e  “ a d ju s ta b le ”  p a r a m e te rs . F igu re  3  
gives fou r c o m b in a tio n s  o f  D a n d  Keq u se d  in  th e  th e o re ti
c a l c a lc u la tio n s . A  r  v a lu e  o f  5  w as u se d  in a ll o f  th ese  
c o m p u ta t io n s . T h e  c o m p a riso n s  b e tw e e n  e x p e r im e n t an d  
th e o ry  in F igu re  3 sh o w  th a t , e x c e p t for th e  la st  c o m b in a 
tio n , i.e., D = 0 .3  X  1 0 - 5 a n d  K sq =  1 0 -2 7 , th e  th e o r e ti

c a l p re d ic tio n s  co rrelate  re a so n a b ly  w ell w ith  th e  ex p er i
m e n ta l re su lts . I t  a p p ea rs , h ow ever, th a t  th e  b e st  f it  c o m 
b in a tio n  is th a t  for w h ich  Keq =  1 0 “ 48 a n d  D = 0 .9  X  
1 0 - 5 . T h is  p a ir  c o n s is te n tly  p ro v id ed  good  a g re e m e n t b e 
tw een  th eory  a n d  e x p e r im e n t ov er th e  en tire  p H  a n d  flu o 

ride co n c e n tra tio n  ra n g es e n c o u n te re d  w ith  th e  tw o  b u ffe r  
sy ste m s .

In  F igu re  4 , th e  in flu en c e  o f  r  u p o n  th e  th e o r e tic a l c a l

c u la tio n s  is sh o w n  for Keq =  1 0 “ 48 a n d  D = 0 .9  X 1 0 “ 5 .' 
A s  w as s ta te d  earlier , for in it ia l ra te s  th e  ch o ice  o f  r  is 
rath er u n im p o r ta n t  w h en  h =  2 7 0  p . T h e  D  v a lu e  d e te r 
m in e d  b y  th e  f itt in g  p ro cess d esc rib e d  a b o v e  is in  re a so n 
a b ly  good  a g re e m e n t w ith  th e  e x p e r im e n ta lly  m e a su red  
a p p a ren t d iffu sio n  c o effic ie n t for. f lu o rid e . T h is  le n d s  s u p 
p ort to  th e  lik e lih o o d  th a t  th e  m o d e l is b a s ic a lly  so u n d  
fro m  th e  p h y s ic a l p o in t o f  v iew .

F igu re  5  sh ow s th e  co m p a riso n s  o f  th e  e x p e r im e n ta l re 

su lts  o b ta in e d  w ith o u t th e  silv er  m e m b r a n e  w ith  th e  
m o d el p re d ic tio n s b a se d  u p o n  D =  0 .9  X  1 0 “ 5, ife q  =  1 x  
1 0 -4 8 , r  =  5 , a n d  h =  3 2 .4  p,. It c a n  b e  seen  th a t  th e  
a g re e m en t b e tw e e n  th e  e x p e r im e n ts  an d  th eory  is e ssen 
t ia lly  q u a n tita tiv e  ov er th e  ra n g es o f  p H  a n d  flu o rid e  co n 
ce n tra tio n  for th e  tw o  b u ffe r  sy s te m s .

The Meaning of Ken == TO X 7 0 “ 48. L e t  us n ow  co n sid er  
th e  p h y sic a l m e a n in g  o f  Ken a n d  D v a lu e s . R eferrin g  to  eq  
8  a n d  ta k in g  th e  lite ra tu re  v a lu e  for th e  s o lu b ility  p ro d u c t  
o f  c a lc iu m  flu o rid e , KcaF»24 on e f in d s  th a t  KeQ =  1 .0  X 
1 0 - 4 8  w o u ld  co rresp on d  to  a K f a p  v a lu e  o f  1 .0  X 1 0 “ 152. 
T h is  is a n  e x tr e m e ly  s m a ll  v a lu e 25 a n d  su g g e sts  th e  fo l
low in g  p o ss ib ilit ie s . E ith e r  th e  co n d itio n s  p re v a ilin g  d u r 
in g  th e  re a ctio n  are su c h  t h a t  th e  c a lc iu m  f lu o r id e -f lu o -  
ro a p a tite  in terfa ce  is h ig h ly  u n d e r sa tu ra te d  w ith  resp ect  
to  th e  f lu o ro a p a tite  p h a se  or h ig h ly  su p e r sa tu ra te d  w ith  
resp ec t to  c a lc iu m  flu o rid e  or p o ss ib ly  b o th .

In  order to  exp lore  th is  q u e stio n , th e  h y d r o x y a p a tite  
d isso lu tio n  re a c tio n  ra te  d a ta  for th e  lo w  flu o rid e  s itu a tio n  
(see  F igu re  7 ) w ere first co m p a re d  to  th e  th e o r e tic a l ra te s . 
In  th is  s itu a tio n  c a lc iu m  flu o rid e  d oes n o t fo rm . T h e  th e o 
retical ra tes w ere c a lc u la te d  fro m  th e  e q u a tio n s  p ro p o sed  
b y  M ir  a n d  H ig u c h i9 u s in g  K f a p  a s  th e  a d ju s ta b le  p a r a m 
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Figure 7. Comparisons of theoretical computations with experi
mental results for the initial rate of the reactions involving low 
and high concentrations of fluoride: TVA hydroxyapatite disks, 
pH 4.5, (TB) = 0.1 M  (pyridine); (--------- ) theory for the forma
tion of CaF2; (——— ) theory for fluoroapatite model. Circles 
are experimental results.

eter. F igu re 7  sh o w s th a t  a t  low  flu o rid e  co n ce n tra tio n , a 
K f a p  v a lu e  o f  1 0 - 130 - 1 0 - 132  is in  a g re e m e n t w ith  th e  e x 
p e r im e n ta l d a ta . T h is  ran ge o f  v a lu es  w as e sse n tia lly  w h at  
M ir  a n d  H ig u c h i fo u n d  in s im ila r  s tu d ie s .

In  c o n tra st to  th is , i f  c a lc iu m  flu o rid e  is a ssu m e d  to  be  
in  e q u ilib r iu m , th e  e x p e r im e n ta l d a ta  a t  h ig h  fluoride  
c o n cen tra tio n s are fo u n d  to  b e  in a g re e m e n t w ith  a K f a p  
v a lu e  o f  1 .0  x  1 0 “ 152. B e c a u se  th e  a p p a r e n t a b ru p t  
c h a n g e  o f  th e  K f a p  v a lu e  a t  th e  p o in t w here c a lc iu m  flu o 
ride b e g in s  to  fo rm  w o u ld  se em  to  b e  u n lik e ly , it  w as rea 
so n e d  th a t th e  d isc rep a n c y  is m a in ly  c a u sed  b y  th e  su p er
sa tu ra tio n  o f  th e  in terfa ce  w ith  re sp ec t to  c a lc iu m  flu o 
r id e . T h u s , i f  a  K f a p  v a lu e  o f 1 0 “ 13 1  is u se d , on e  fin d s  
th a t  an  a c tiv ity  p ro d u c t for c a lc iu m  flu o rid e  o f  1 0 “ 8-3 is 
req u ired  to  g ive  Ken =  1 -0  x  1 0 “ 48. I t  ca n  b e  seen  from  
T a b le  I  th a t , in d e e d , th e  c a lc iu m  flu o rid e  p re c ip ita tio n  
ra te  b e c o m e s  v ery  ra p id  w h en  K c a F 2 >  1 0 “ 8 w h ich  is c o n 
s is te n t w ith  th e  a b o v e  a n a ly s is . B a se d  u p o n  th e  a c tu a l  
ra tes  o f  re a ctio n  o f  th e  h y d r o x y a p a tite  d isk s , on e  ca n  e a si

ly  sh ow  th a t  th e  ra tes o f  p re c ip ita tio n  o f  C a F 2 per cc in  
th e  a p a tite  d isk  s itu a tio n  is severa l orders o f  m a g n itu d e  
greater th a n  th o se  fo u n d  in  th e  p re c ip ita tio n  e x p er im e n ts . 
T h u s  it  is lik e ly  th a t , in  th e  a p a tite -f lu o r id e  re a ctio n  co n 
d itio n s , th e  p re c ip ita tio n  o f  C a F 2 is far in to  th e  th ree- 
d im e n sio n a l n u c le a tio n -c o n tro lle d  reg ion  ra th er th a n  crys
ta l grow th  co n tro lled . T h e  p ro p o sed  large  su p ersa tu ra tio n s  
w o u ld  be c o n siste n t w ith  th is  v iew . A n  a ltern a te  in terpre
ta tio n  o f  th e  large su p ersa tu ra tio n  is th a t  a re lative ly  
sh o rt-liv e d  in te r m e d ia te  p o ly m o rp h ic  p h a se  o f  C a F 2 m a y  
first p re c ip ita te  a n d  th a t  it  is th e  a c tiv ity  p ro d u c t o f  th is  
p h a se  th a t is in v o lv e d  :n  th e  Ken =  1  x  1 0 - 4 8  v a lu e .

A n  in d e p e n d e n t te s t  o f  c a lc iu m  flu o rid e  su p ersa tu ra tio n  
h y p o th e sis  w a s carried  o u t b y  s tu d y in g , b o th  e x p e r im e n 
ta lly  an d  th e o r e tic a lly , th e  ra te  o f  re a c tio n  o f  d ic a lc iu m  
p h o sp h a te  d ih y d ra te  w ith  flu o rid e  to  fo rm  c a lc iu m  flu o -

(24) L. G. Sillen and A. E Martell, “Stability Constant,” Chemical Soci
ety, London, 1964, p 258.

(25) T. C. Farr, G. Tarbutton, and H. T. Lewis, J . P h y s . C h e m .,  66, 318 
(1962).

fH2P04 — 0.55 
rHP042- = 0.23 

fp043- = 0.095 
rCa2+ = 0.36
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rid e .26 B a se d  u p o n  th e  a ssu m p tio n  th a t  d icalciurr. p h o s
p h a te  d ih y d ra te  w a s in  e q u ilib r iu m  a t th e  C a H P 0 4*2H 20  
- C a F 2 in terfa ce , th e  fit  o f  th e  e x p e r im e n ta l d a ta  y ie ld ed  
an a c tiv ity  p ro d u c t for C a F 2 o f  a b o u t  4  x  1 0  _ 8 .

An Interpretation of the Kfap and the “Fluoroapatite 
Phase.”  T h e  flu o ro a p a tite  p h a se  referred  to  a b o v e  m ig h t  
b e  d e sc rib e d 9 as  h y d r o x y a p a tite  c ry sta ls  w h ich  h av e  u n 
d ergon e su rfa ce  ex ch a n g e  o f  th e  h y d ro x id e  io n s b y  th e  f lu 

oride io n s. T h is  confers u p o n  th e  h y d r o x y a p a tite  crystals  
th e  a p p a r e n t d isso lu tio n  k in e tics  ch a ra c te ristic s  o f  f lu o 
ro a p a tite  as M ir  a n d  H ig u c h i9 h av e  sh o w n . T h e ir  k in etics  
d a ta  for th e  T V A  h y d r o x y a p a tite  c ry sta ls  in  low  (5  x  
1 0 ~ 6- 5  x  1 0 _  4 M) flu o rid e  so lu tio n s ov er a w id e  range o f  
co n d itio n s ( p H , p h o sp h a te  io n , a n d  c a lc iu m  ion  co n ce n 
tra tio n s) sh o w e d  th a t  an  a c tiv ity  p ro d u c t, K fap = 
( C a ) 10 ( P 0 4 ) 6 ( F ) 2 w ith  K f a p  —  1 0 _ 130- 1 ( R 132, go vern s th e  
ra te  o f  d isso lu tio n . T h u s  th e  flu o ro a p a tite  p h a se  m a y  be  
e q u a te d  t o  a su rfa ce  flu o ro a p a tite  p h a se  or to  an  a c tiv a te d  
c o m p le x  for d isso lu tio n  ra th er th a n  to  a  tru e th e r m o d y 

n a m ic  p h a se .

Comments of Choice of D =  0.9 X  10~5 cm2/sec. T h e re  
are so m e  q u e stio n s  re la ted  to  th e  u se  o f  a sin g le  d iffu s iv ity  
v a lu e  to  rep resen t th e  d iffu siv itie s  o f  all sp ec ies in th e  
sy ste m  u n d er  a ll co n d itio n s  en co u n te re d  in  th e  s tu d ie s . 
T h e  first o f  th e se  re la te  to  th e  p o ssib le  error a risin g  b e 

c a u se  th e  “ in tr in s ic ”  d iffu siv itie s  (see  eq  1 - 1 0 ) for th e  
sp e c ie s  are n o t th e  sa m e  a n d  th e  e le c tro ly te  so lu tes  in  
m u lt ic o m p o n e n t  s y s te m s  (b u ffe re d  flu o rid e  so lu tio n s) d o  
n o t d iffu se  in d e p e n d e n tly .27 S in c e  th e  ion s a n d  m o le c u le s  
w h ic h  c o m p rise  th e  p re sen t sy s te m  h a v e  a h ig h  ionic  
str e n g th  th e  e s t im a te s  o f  a ll v o lu m e -fix e d  d iffu sio n  c o effi
c ie n ts  m a y  in tro d u ce  m o re  error th a n  th e  u se  o f  F ic k ’s law  
for e a c h  s o lu te .27b A  re a so n a b le  e s tim a te  o f  th e  sp rea d  o f  
th e  in trin sic  d iffu siv itie s  w h ich  d e p e n d in g  u p o n  th e  c o n 
d itio n s , e.g., p H , th e  d ifferen t d iffu siv itie s  are w eig h ted  
d iffe re n tly  in  th e  c a lc u la tio n , w o u ld  b e  a b o u t  ± 2 0  to  2 5 %  
a b o u t  a  m e a n . T h is  sp rea d  w o u ld  g e n e ra lly  b e  e x p e c te d  to  
b e  so m e w h a t sm a lle r  w h en  e lectric  d iffu sio n  p o te n tia l e f 
fec ts  are c o n sid ered .

A n  e s tim a te  o f  th e  in flu en c e  o f  su c h  a sp re a d  in  d if 
fu siv ities  u p o n  th e  re a ctio n  ra te  a n d  u p o n  th e  m a g n itu d e  
o f  th e  d ed u c e d  Keq v a lu e  w a s m a d e  b y  u sin g  eq  9  a n d  10  
w ith  D h  D h f  — D h f 2 =  D f  — 0 .9  X  1 0 - 5  c m 2 /s e c ,  D h b  

— D b  =  0 .7  x  1 0 - 5  c m 2/s e c ,  D h 3po 4 =  jD h 2p o 4' =  D h p o 4 
=  Dpo4 =  0 .6  x  1 0 - 5  c m 2 /s e c ,  a n d  Keq =  1 .0  x  1 0 - 4 8 . 
T h e  re su lts  w ere th a t  a t  p H  5 .5  th e  A ( T F )  =  ( T F )  — 
( T F ) S v a lu e  w a s  3 0 %  larger th a n  w h en  a ll D v a lu es  w ere  
se t  e q u a l to  0 .9  X  1 0 - 5  c m 2 /s e c .  A t  p H  4 .0 , th e  corre
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sp o n d in g  error w as a b o u t  1 4 % . T h is  e sse n tia lly  m e a n s  
th a t , co n sid erin g  eq  11 , a  ch o ice  o f  a  D =  8 .1  X  1 0 - 6  

c m 2/s e c  ±  1 0 %  a ssign ed  to  a ll sp ec ies  ca n  a c c o u n t fo r  th e  
re su lts  o b ta in e d  in  th e  a b o v e  c a lc u la tio n s . T h e  corre 
sp o n d in g  Keq v a lu es  w o u ld  b e  a b o u t  1 X  1 0 ~ 46 in s te a d  o f  
1 x  1 0 -4 8 . T h e s e  d ifferen ces are c o m p a ra b le  to  th e  u n c e r 
ta in tie s  in  th e  e x p er im e n ts  a n d  in th e  m e th o d  for f itt in g  
th e  d a ta  to  d ed u ce  th e  Keq v a lu e s . T h e re fo re , w ith  regard  
to  th e  first q u e stio n  D =  0 .9  X  1 0 ~ 5 c m 2/s e c  a n d  Keq =
1 .0  X  1 0 _ 48 ± 2  sh o u ld  b e  co n sid ered  as a re a so n a b le  ch o ice  
as th e  b e st fit  v a lu e s . T h e  seco n d  q u e stio n  is re la te d  to  
th a t  o f  th e  in flu en c e  o f  th e  e le c tr ic a l d iffu sio n  p o te n tia l  
u p o n  th e  e ffec tiv e  d iffu siv itie s  o f  th e  v a rio u s io n ic  sp ec ies  
in  th e  sy s te m . C a lc u la tio n s  h av e  b e e n  carried  o u t8 w h ich  
a p p ea r to  sh ow  th a t  th e  in flu en ce  o f  th e  d iffu sio n  p o te n 
tia l u p o n  th e  flu o rid e  ion  d iffu s iv ity  is a t  m o s t  th e  order  
o f  ± 5 % .  I t  w o u ld  b e  rea so n a b le  to  e x p e c t  s im ila r  e ffec ts  
for th e  oth er io n s u n d er s im ila r  c o n d itio n s . T h u s  th e  a s 
su m p tio n  th a t , over a w id e  ran ge o f  c o n d itio n s , th e  e ffe c 
tiv e  d iffu siv itie s  re m a in  e sse n tia lly  c o n sta n t sh o u ld  be a 
good  on e.

Conclusions
T h is  s tu d y  h as sh ow n  th a t  over a w id e  ran ge  o f  c o n d i

tio n s th e  m o d e l p ro p o sed  b y  N e ls o n  a n d  H ig u c h i is q u a n 
tita t iv e ly  in  a g re e m e n t w ith  th e  e x p e r im e n ta l re su lts  p ro 
v id e d  th a t  a n  a c tiv ity  p ro d u c t for c a lc iu m  flu o rid e  o f  th e  
fo rm  KcaF2 =  ( C a ) ( F ) 2 a n d  m u c h  larger th a n  th e  s o lu b ili 
ty  p ro d u c t is a ssu m e d  to  p re v a il a t  th e  re a c tin g  in ter fa ce , 
x  =  s . T h e  h ig h  su p ersa tu ra tio n  is c o n s is te n t w ith  oth er  
e x p e r im e n ts  w h ic h  sh ow  th a t  th e  p re c ip ita tio n  o f  c a lc iu m  
flu o rid e  sh o u ld  requ ire  c o m p a ra b ly  h ig h  su p ersa tu ra tio n s .

T h e  p e r m e a b ility  c h a ra cteristics  o f  th e  d e p o s itin g  c a lc i
u m  flu o rid e  lay er are d efin e d  b y  th e  p o ro sity  a n d  to rtu o sity  
v a lu es  th a t  are re a so n a b le  fro m  th e  p h y s ic a l v iew p o in t.
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T h e  e ffe c t  o f  th e  d ie le c tr ic  c o n sta n t o f  th e  s o lv e n t on  th e  re a c tiv ity  o f  th e  so lv a te d  e lectro n  fo rm e d  b y  
p u lse  ra d io ly sis  h a s  b e e n  s tu d ie d  in  w a te r -e th a n o l m ix tu r e s . I t  w a s fo u n d  th a t  th e  ra te  c o n sta n t k(es~ + 
N O s " )  d im in ish e s  w ith  d ec re a sin g  w a ter c o n c e n tra tio n  w h erea s k(es~ +  Z n 2+ )  in crea ses  in  go in g  fro m  
pu re w a te r  to  6 0 %  b y  w eig h t e th a n o l. O n  th e  oth er h a n d , ¿ ( e s -  +  H + )  is a lm o s t  in v a r ia n t w ith  th e  so l
v e n t c o m p o sitio n , fro m  p u re  w a ter to  9 9 %  b y  w eig h t e th a n o l. F ro m  m e a su r e m e n ts  o f  th e  rate  c o n sta n t o f  
th e  v ery  fa s t  re a ctio n  e s _  +  C 6H SN 0 2  w e h a v e  e s tim a te d  th e  d iffu sio n  c o e ffic ie n t o f  th e  so lv a te d  e lectro n  
in  w a te r -e th a n o l m ix tu r e s . U s in g  th e  a p p ro p ria te  eq u a tio n s  w ith  th e  v a lu e s  o f  th e  d iffu sio n  co effic ie n t o f  
es_  th u s  d e te r m in e d  w e h av e  sh o w n  th a t  it  is p o ss ib le  to  correlate  th e  ra te  c o n sta n ts  o f  th e  rea ctio n s b e 
tw een  so lv a te d  e le c tro n s  a n d  io n s w ith  th e  m a c ro sc o p ic  d ie le ctric  c o n sta n t o f  th e  m e d iu m . T h e  d ista n c e  
a t  w h ic h  rea ctio n  ta k e s  p la c e  is, in  e a c h  ca se , a p p ro x im a te ly  e q u a l to  th e  s u m  o f  th e  in d iv id u a l ion ic  
ra d ii.

Introduction Experimental Section
P re v io u s stu d ie s  h a v e  sh o w n  th a t  th e  re a c tiv ity  o f  th e  

so lv a te d  e lectro n  is n ea rly  th e  sa m e  in  w a te r  a n d  in  a lc o 
h o ls .1 -2 T h e  o n ly  e x c e p tio n  in  ou r k n o w led g e  w as th e  w ork  
o f  J a n o v sk y ,3 w h o  m a d e  in d e p e n d e n tly  a  s tu d y  o f  th e  re 
a c tiv ity  o f  es~ in  m e th a n o l a n d  m e th a n o l-w a te r  m ix tu res  
an d  fo u n d  in  so m e  c a ses  a  d ec rea se  o f  th e  ra te  c o n sta n t o f  
es_  w ith  n e g a tiv e  ion  w h en  th e  c o n c e n tr a tio n  o f  m e th a n o l  
in creases.

A c c o r d in g  to  th e  B r o n s te c -C h r is t ia n s e n -S c a tc h a r d  
e q u a tio n ,4 th e  ra te  c o n s ta n t , k, o f  th e  re a ctio n  b e tw ee n  
tw o  io n s a t  zero io n ic  s tr e n g th  is g iv e n  b y  th e  re la tio n

lo g  k =  lo g  K
N ZAZBé
2 3 e d R T

(I)

w here Z A a n d  Zb are th e  v a len c es  o f  th e  io n s , e  is th e  
e lectro n ic  ch a rg e , N  is  A v o g a d r c ’s n u m b e r , e is th e  sta tic  
d ielectric  c o n sta n t o f  th e  m e d iu m , d is th e  d ista n c e  b e 
tw een  th e  ion s w h en  th e  re a c tio n  ta k e s  p la c e , a n d  k<x> 
rep resen ts th e  ra te  c o n sta n t in  th e  a b se n c e  o f  c o u lo m b ic  
in tera c tio n , i.e., in  a m e d iu m  o f  in fin ite  d ie le c tr ic  c o n 
s ta n t . S im ila r  e q u a tio n s  h a v e  b e e n  d er iv e d  b y  L a id le r  a n d  
E y r in g 5 a n d  L o g a n .6 A lth o u g h  d er iv a tio n  o f  eq  1 im p lie s  
so m e  s im p lific a t io n , it  h as b e e n  su c c e ssfu l in  e x p la in in g  
in  m a n y  ca ses th e  e ffe c t  o f  th e  d ie le c tr ic  c o n sta n t on  th e  
rate  o f  io n ic  re a c tio n s . I t  w o u ld  b e  in terestin g  to  te s t  th e  
a p p lic a b ility  o f  e q  I  to  th e  re a c tio n s  o f  so lv a te d  e lectro n s  
a n d  w e h a v e  th erefore  in v e stig a te d  th e  ra te  c o n sta n ts  o f  
th is  sp ec ies  w ith  io n s a n d  n e u tr a l m o le c u le s  in  w a te r -e t h 
an o l m ix tu r e s . W e  h a v e  a lso  in c lu d e d  p re lim in a r y  m e a 
su r e m e n ts  in  w a te r -d io x a n e  m ix tu r e s . T a b le  I  g iv es  so m e  
p ro p erties o f  th ese  so lv e n t m ix tu r e s  a t  ro o m  te m p e ra tu re . 
In  w a te r -e th a n o l m e d ia  th e  p o sit io n  a n d  th e  in te n s ity  o f  
th e a b so r p tio n  sp e c tra  o f  th e  so lv a te d  e le c tro n  r e m a in  a p 
p ro x im a te ly  in d e p e n d e n t o f  th e  c o m p o s it io n .7 In  w a te r -  
d iox an e  m ix tu r e s , th e  a b so r p tio n  sp e c tra  o f  th e  so lv a te d  
electro n , d ow n  to  a  m o le  fra c tio n  o f  5 3 %  w a te r , is th e  
sam e as in  p u re  w a te r .8 T h is  in terestin g  fea tu re  h a s  b een  
in terpreted  as a se le c tiv e  so lv a tio n  o f  th e  e lectro n  b y  
w ater m o lecu les .

S o lv a te d  e lectro n s w ere p ro d u c e d  b y  p u lse  ra d io ly sis  o f  
th e  so lu tio n s u sin g  a m o d ifie d  F e b e tro n  7 0 7  d eliv erin g
1 .8 -M e V  e lectro n s iir a  5 -n s e c  (h a lf-w id th )  p u ls e .9 T h e  
d oses u se d  th ro u g h o u t th is  w ork  v a rie d  fro m  5  to  15  k rads. 
T h e  cells  o f  h ig h  p u rity  s ilic a  w ere re c ta n g u la r  a n d  th e  
o p tic a l p a th  w a s 2 .2  c m . E x p e r im e n ta l d e ta ils  on  th e  
sp e c tro p h o to m e tr ic  d e te c tio n  s y s te m  are g iv en  e lse 
w h ere ;10  p erch loric  a c id  S u p r a p u r , a c e to n e , n itro b en ze n e , 
e th a n o l, a n d  p -d io x a n e  “ p ro  a n a ly s is ”  w ere su p p lie d  b y  
M e r c k . L ith iu m  n itra te  fro m  B a k e r  a n d  A d a m s o n  a n d  
z in c  p erch lorate  fro m  F red eric  S m ith  w ere re a g e n t grade  
p ro d u c ts . A ll  o f  th e m  w ere u se d  w ith o u t a d d itio n a l p u rifi
c a tio n . T h e  w a ter w a s  tr id istille d  a n d  so lu tio n s  w ere d ea er
a te d  b y  b u b b lin g  w ith  h ig h  p u rity  argon  su p p lie d  b y  A ir  
L iq u id e .

T h e  rate  c o n sta n ts  w ere d ete r m in e d  fro m  th e  d e c a y  o f  
th e  a b so rp tio n  o f  th e  so lv a te d  e le ctro n  a t  6 0 0  m m  in  so lu 
tio n s c o n ta in in g  v a rio u s c o n c e n tra tio n s  o f  so lu tes  after  
s u b tra c tin g  th e  d e c a y  fo u n d  in  th e  p u re  s o lv e n t m ix tu r e .

Results and Discussion
C o rrectio n s for io n ic  s tren g th  w ere m a d e  a c co rd in g  to  

th e  D e b y e -H iic k e l  th eory  a s  a p p lie d  to  io n ic  rea ctio n  
ra tes b y  B r o n ste d , B je rru m , a n d  C h r is tia n s e n .4

2 B l /p  , ,
lo g  ¿exp =  lo g  k +  ——---------7=  ZAZB ( ID

1  +  ag-fii
w here kexp is th e  e x p e r im e n ta l ra te  c o n sta n t in  a  m e d iu m

(1) E. J. Hart and M. Anbar, "The Hydrated Electron," Wiley-lnter- 
science, New York, N. Y., 1970, p 173.

(2) G. R. Freeman in “Action chimiques et biologiques des radiations,” 
Vol. 14, Masson, Paris, 1970, p 73.

(3) I. Janovsky, Thesis, University of Leeds, 1969.
(4) G. Scatchard, Chem. Rev., 10, 229 (1932).
(5) K. J. Laidler and H. Eyr ng, Ann. N. Y. Acad. Sci., 39, 303 (1940).
(6) S. R. Logan, Trans. FaradaySoc., 63, 3004 (1967).
(7) S. Arai and M. C. Sauer, J. Chem. Phys., 44, 2297 (1966).
(8) M. A. J. Rodgers in ' Pulse Radiolysis," M. Ebert, Ed., Academic 

Press, London, 1965, p 291.
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Figure 1. Plot of log k(es~ +  N O 3 - ) in 99% ethanol vs. 
2BV/t/1 +  a g v / t  with 2B =  5.9, g =  5.9, and a = 6 A; fi was 
varied by adding U N O 3.

TABLE I: Dielectric Constant and Viscosity of the Solvent 
Mixtures at 25°

Wt %  C2H5OH

0 20 40 60 80 100

e 7 8 .5  67  55 4 3 .4 3 2 .8 2 4 .3

V. CP 0 .89 1.8 2 .37 2 .23 1 .74 1 .1

Wt %  p-C6H 10O2

0 10 20 30 40

€ 7 8 .5 6 9 .7 6 0 .8 5 1 .9 43

v. CP 0 .89 1 .08 1 .29 1.51 1 .74

o f  io n ic  stren g th  g, a is th e  d ista n c e  o f  c lo se st a p p ro a ch  o f  
th e  io n s, a n d  B a n d  g are fu n c tio n s  o f  th e  d ie le c tr ic  c o n 
s ta n t a n d  te m p e ra tu re .

_  L 8 2 4  X  106 5 0 ,2 9

(eT)3/2 ! 8  ~  { t T ) m

I f  a is exp ressed  in  a n g str o m  u n its , 1 1  F igu re  1 g ives a p lo t  
o f  lo g  kexpvs. 2/3 v /I 7 (1  +  ag v'TD for th e  rea ctio n  o f  es~ 
w ith  N 0 3 -  in  e th a n o l. T h e  b e st  lin e  w ith  th e  s lo p e  o f  + 1  

p re d ic te d  b y  eq  II is o b ta in e d  for a =  6  A .  F or th e  sa m e  
re a c tio n  in  w ater A n b a r  a n d  H a r t  fo u n d  a =  4  A .12  T h e  
e x tr a p o la te d  rate  c o n sta n ts  are n o t v ery  se n sitiv e  to  th e  
v a lu e  o f  a an d  u n d er  th e  co n d itio n s o f  ou r e x p e r im e n ts , 
ch a n g in g  th is  v a lu e  b y  1  A  w o u ld  g ive , in th e  m o s t  u n fa 
v o ra b le  ca se , a v a ria tio n  o f  1 %  in  th e  lo g a rith m  o f  k (n =
0 ) . F o r  th is  reason  w e h av e  u se d  a  m e a n  v a lu e  o f  5  A  for a 
th ro u g h o u t th is  w ork.

C o n d u c tiv ity  m e a su r e m e n ts  sh ow  th a t  L iN O s  is e n tire ly  
d isso c ia te d  in  w a te r -e th a n o l m ix tu r e s .1 3 ’14  In  p u re  e th a 
n ol C a m p b e ll  a n d  D e b u s 13  fo u n d  n o  ev id e n c e  for th e  for
m a tio n  o f  ion  p a irs  w h erea s P a r fitt  a n d  S m ith 14  rep orted  
an  a sso c ia tio n  c o n sta n t o f  1 8 .7 . A s  th e  q u e stio n  re m a in s  
o p en  a n d  in  th e  w orst ca se  9 0 %  o f  L iN O s  is d isso c ia te d , 
w e h a v e  m a d e  n o  co rrection  for in c o m p le te  d isso c ia tio n . 
F ro m  p u re  w a ter u p  to  5 0 %  b y  w eig h t o f  e th a n o l D a v ie s  
an d  T h o m a s 15  h a d  sh o w n  th a t  Z n ( C 1 0 4 ) 2  is en tire ly  d isso 
c ia te d .

Figure 2. Variations of the reaction rate constants of solvated 
electrons with the static dielectric constant of the medium: A, 
N03-  in H20 dloxane; +, N03"; ©, acetone; V ,  H + ; O, Zn2+ in 
H20-C2H50H.

Comparison of Experimental Data with Eq I. T o  te s t  
the a p p lic a b ility  o f  eq  I to  so lv a te d  e le ctro n  rea ctio n  
ra tes, w e h av e  p lo tte d  in  F igu re  2  log  (k/ko) a g a in st  ( 1 / t  
— 1 /e o )  w h ere k0 a n d  k are , re sp ec tiv e ly , th e  v a lu e s  o f  th e  
rate  c o n sta n t a t  zero  ion ic stren g th  in m e d ia  o f  d ie le ctric  
c o n sta n t c0 an d  e. W a te r  w a s ta k e n  as referen ce  m e d iu m  
(to  =  7 8 .5  a t  2 5 ° ) .  A lth o u g h  th e  v a lu es  o f  ko are g en era lly  
k n o w n , for th e  sa k e  o f  in tern a l c o n siste n c y  w e h a v e  re d e 
te rm in e d  th e m . T a o le  II g ives th e se  v a lu e s  o f  ko, w h ich  
w ere u se d  th ro u g h o u t th is  w ork , a n d  a lso  p re v io u sly  p u b 
lish ed  v a lu e s .

Acetone: ZAZB =  0. A s  e x p e c te d  th ere  is n o  e ffe c t  o f  th e  
d ielectric  c o n sta n t on  th e  re a ctio n  r a te . T h e  s m a ll  d e 

crease o f  lo g  (k/ko) in  7 0 %  b y  w eig h t e th a n o l m ix tu r e  (e =  
38) m a y  b e  d u e  to  th e  in crease o f  th e  v isc o sity .

Nitrate Ion: ZAZB = 1. E q u a tio n  I  p re d ic ts  a  lin e a r d e 

crease  o f  lo g  k(es~ +  N O 3 -)  w ith  1 /e . T h is  is a p p ro x i
m a te ly  tru e  a n d  w a te r -e th a n o l a n d  w a te r -d io x a n e  
m ix tu res  g ive  s im ila r  re su lts . F ro m  th e  slop e  o f  th e  line  
e q u a l to  -N Z AZBe2/2.3dRT w e g et d =  3  A  ±  0 .4 .

T h e  ra d iu s o f  so lv a te d  e lectro n  is a p p r o x im a te ly  th e  
sa m e  in  w a te r  a n d  in e th a n o l a n d  va rio u s e s tim a tio n s  give  
r (e a~ )  =  2 .6  A  ±  0  4 . 1  In  w a ter a re c e n t d e te r m in a tio n  
ga ve  r(NC>3 - ) =  1 .9 6  A  ±  0 .0 3 .16 A lth o u g h  th ere  is so m e  
d o u b t a b o u t  th e  ra d iu s  o f  e s~ ,  th e  re a c tio n  d ista n c e  is  
low er th a n  th e  s u m  o f  th e  in d iv id u a l ra d ii; th e  rea son  for  
th is  w ill b e  d isc u sse d  la ter .

Zinc Ion: ZAZB =  - 2  a n d  th e  rate  c o n sta n t, as  e x p e c t
e d , in creases w ith  1 /e .  T h e  slop e  o f  th e  lin e  g iv es  d =  3 .3  
A  ±  0 .4 . T a k in g  r ( Z n 2) =  0 .7 4  A ,1 7  r (e s~ )  +  r ( Z n 2 + ) =
3 .2 4  A  w h ich  is a p p ro x im a te ly  e q u a l to  th e  re a c tio n  d is 
ta n c e .

(11) G. Kortum, “Treatise on Electrochemistry,” Elsevier, Amsterdam, 
1965, p 183.

(12) M. Anbar and E. J. Hart, Advan. Chem. Ser., No. 81, 79 (1969).
(13) A. N. Campbell andG. H. Debus, Can. J. Chem., 34, 1232 (1956).
(14) G. D. Parfitt and A. L. Smith, Trans. Faraday Soc.. 59, 257 (1963).
(15) C. W. Davies and G. O. Thomas, J. Chem. Soc., 1392 (1958).
(16) W. L. Masterton, D. Bolocofsky, and T. P. Lee, J. Rhys. Chem., 75, 

2809 (1971).
’ (17) L. Pauling, "The Nature of the Chemical Bond,” 3rd ed, Cornell Uni

versity Press, Ithaca, N Y., 1960.
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TABLE II: Reaction Rate Constants of the Solvated Electron with Some Scavengers in Water at 25°

k u  -  o,
M ~ ' sec“ 1 NO3- CH3COCH3 C6H5N02 Zn2+

Thiswork 8.6 X 109 6.5 X 109 4.2 X 1010 2.4 X 1010 1 09
Refi 8.5 X 109 5.6 X 109 3 X 1010 2.2 X 1010 1.2 X 109

Hydrogen ion. T h e  re a c tio n  e s~ +  H +  se e m s an  e x c e p 
tio n . F ro m  w ater to  e th a n o l th e  ra te  c o n sta n t c h a n g e s  b y  
less th a n  2 0 %  a lth o u g h  eq  I  p re d ic ts  a re la tiv e  in crease o f  
1 0  to  1 0 0 , d e p e n d in g  on  th e  v a lu e  o f  d.

Diffusion-Controlled Reactions. T h is  fea tu re  se e m s n o t  
to  b e  restr icted  to  H + .  D a in to n  a n d  cow orkers h av e  re 
p orted  th a t  A g +  rea cts  n o  fa ste r  w ith  so lv a te d  e lectro n s in  
m e th a n o l (« =  3 2 .6 )  th a n  in  w a te r .18  T h is  re flects  th e  l im 

ita tio n  o f  th e  B r o n s te d -C h r is t ia n s e n -S c a tc h a r d  e q u a tio n  
w h ich  w as im p lic it ly  d eriv ed  for c o m p a r a tiv e ly  slow  re a c 
tio n s . F or d iffu s io n -c o n tr o lle d  re a c tio n s  th e  ra te  c o n sta n t  
b e tw ee n  tw o  ions is g iv e n  b y  th e  D e b y e  e q u a tio n .19

d̂iff
4  iV (rA +  r B) (Z )A +  P B) Q

1 0 0 0  (e x p  Q) — 1
(IE )

w here rA a n d  re  are th e  ra d ii in  c e n tim e te r s  o f  th e  re a c t
in g  sp ec ies  A  a n d  B , Da a n d  Db are th e ir  d iffu sio n  c o effi
c ie n ts  in  c m 2 s e c - 1 , a n d  kàitf is th e  ra te  c o n sta n t in  m o l - 1  

se c - 1  a t  zero  ion ic stren g th .

NZAZEe2
® ~  e (r A +  rs)RT

T h e  first p a rt o f  D e b y e  e q u a tio n  gives th e  ra te  c o n sta n t  
in  th e  a b sen c e  o f  c o u lo m b ic  in tera c tio n s a n d  m a y  b e  c o m 
p ared  w ith  ka, o f  eq  I . T h e  se c o n d  p a r t is a  correction  
fa c to r  for rea ctio n s b e tw e e n  io n s. F o r  ZAZB p o sit iv e  eQ »  
1 an d  eq  III b e c o m e s

, , , l . Y « ,  +  r . H D »  +  D b ) Q  . ,
t o g  k „ ,  t o g --------------m --------------------- ¿3  +  l° e «

(nr)
E q u a t io n  I E ' d iffers  fro m  eq  I o n ly  b y  th e  te rm  log  Q 

a n d  th u s  p re d ic ts  a n  a lm o s t  s im ila r  d ep e n d e n c e  o f  th e  
rate c o n sta n t on  th e  d ie le c tr ic  c o n sta n t, b u t  for Z a Z b n e g 
ative  c9 « l  a n d  eq  I E  b e c o m e s

lo g  ¿ W f  =  lo g
4 iV (r A +  r B) ( P A +  P B)

10 0 0
+  lo g  ( - Q )

( I E " )

w h ich  g iv es  a m u c h  s m a lle r  d ep e n d e n c e  o f  th e  ra te  o n  th e  
d ielectric  c o n sta n t. A s  th e  d iffu s io n  c o effic ie n t o f  th e  so l
v a te d  e lectro n  is n o t k n o w n  in  th e  w a te r -e th a n o l m ix tu r e , 
it  w o u ld  b e  im p o ss ib le  to  te s t  eq  I E  q u a n tita tiv e ly . B y  
c o m p a rin g  th e  ra te  c o n sta n ts  fc r  O H -  +  H +  a n d  es-  +  
H +  in  w a ter a n d  in  a lc o h o ls , F o w les20 c o n c lu d e d  th a t  th e  
m o b ility  o f  es -  lik e  th a t  o f  O H -  is  n o t a n o m a lo u s ly  h igh  
in  a lco h o ls  a n d  th a t  th e  re a c tio n  es -  +  H +  is d iffu sio n  
c o n tro lled  in  a lc o h o ls , b u t  n o t in  w a te r . H o w e v e r , i f  th e  
d iffu sio n  co e ffic ie n t o f  th e  so lv a te d  e lectro n  is m u c h  low er  
in  a lc o h o l th a n  in  w a te r  it  is d iff ic u lt  to  e x p la in  w h y  th e  
rate  c o n sta n t o f  th e  re a c tio n  es -  +  O 2 w h ic h  is n ea rly  d if 
fu sio n  co n tro lled  in  w a ter h a s  th e  sa m e  v a lu e  in  m e th a n o l  
an d  e th a n o l .21  T o  try  to  d ec id e  b e tw e e n  th e  tw o  h y p o th e 
ses w e h av e  m e a su r e d  th e  ra te  c o n sta n t o f  th e  re a ctio n  o f  
so lv a te d  e le ctro n s w ith  n itro b en z e n e  in  w a te r -e th a n o l  
m ix tu res  (F ig u re  3 ) .  T h is  re a c tio n  is a b n o r m a lly  fa s t  in  
w ater a n d  is ce rta in ly  d iffu sio n  c o n tr o lle d .12  I f  w e m a k e  
th e  b a sic  a ssu m p tio n  th a t  th e  cross se c tio n  o f  th e  re a ctio n

Figure 3. Reaction rate corstants of solvated electrons with ni
trobenzene in ethanol-water mixtures.

re m a in s  c o n sta n t, it  is p o ss ib le , u sin g  eq  I E , to  e s tim a te  
th e  d iffu sio n  c o effic ie n t o f  th e  so lv a te d  e le c tro n  in  w a te r -  
e th a n o l m ix tu r e s , th e  d iffu sio n  co effic ie n t in  p u re  w ater  
b e in g  k n o w n .22 V a lu e s  o f  th e  d iffu sio n  c o effic ie n t o f  
C 6H 5N O 2 in  w a te r  a n d  e th a n o l are n o t a v a ila b le  a n d  so  
w ere c a lc u la te d  a c co rd in g  to  th e  se m ie m p ir ic a l co rrelation  
o f  W ilk e 23 a n d  in  th e  w a te r -e th a n o l m ix tu r e s  u sin g  th e  
in terp o la tio n  m e th o d  o f  T a n g  a n d  H im m e lb la u .24 T h e  
c a lc u la te d  c o effic ie n ts  are p r o b a b ly  in  error b y  n o  m ore  
th a n  1 0 % . T a b le  E l  g ives D ( e s - ) c a lc u la te d  fro m  eq  E l  
ta k in g  D ( e s - ) =  4 .9  X 1 0 - 5  c m 2 s e c - 1  in  p u re  w a te r .22 

E x a m in a t io n  o f  T a b le  E l  sh ow s th a t  D ( e s - ) d ecreases in  
go in g  fro m  w ater to  e th a n o l a n d  th e  p ro d u c t D ( e s - ) X ?j is 
n o t c o n sta n t as it  w o u ld  b e  i f  th e  so lv a te d  e lectro n  o b ey ed  
th e  S to k e s -E in s te in  e q u a tio n . In  9 9 %  e th a n o l w e fo u n d  
D ( e s - ) =  1 .1 4  x  1 0 - 5  c m 2 s e c - 1  c o m p a re d  to  0 .8  X 1 0 - 5  

c m 2 s e c - 1  d ed u c e d  fro m  th e  c o n d u c tiv ity  w ork  o f  F ow les  
in  p u re  e th a n o l .20 In  m e th a n o l p re lim in a r y  e x p er im e n ts  
w ith  th e  sa m e  m e th o d  give D ( e s - ) =  1 .6 4  X 1 0 - 5  c m 2 

s e c - 1  w h ich  is close  to  1 .5 5  X 1 0 - 5  c m 2 s e c - 1  c a lc u la te d  
fro m  F o w le s ’ d a ta .

In sertin g  th ese  v a lu e s  o f  D ( e s~ )  in  eq  I E  it  is p o ssib le  
n ow  to  c a lc u la te  k(es~ +  N O 3 ) . D (N C > 3 - ) is c a lc u la te d  
fro m  th e  l im it in g  c o n d u c tiv ity  o f  LiNC>31 4 ’ 25 a n d  th e  ionic  
m o b ility  o f  L i+  26 in  w a te r -e th a n o l m ix tu r e s  u sin g  th e

(18) G. V. Buxton, F. S. Dainton, and M. Hammerli, Trans. Faraday 
Soc., 63, 1191 (1967).

(19) P. Debye, Trans. Electrochem. Soc., 82, 265 (1942).
(20) P. Fowles, Trans. Faraday Soc., 67, 428 (1971).
(21) I. A. Taub, D. A. Harter, M. C. Sauer, and L. M. Dorfman, J. 

Chem. Phys., 41,979 (1964).
(22) K. H. Schmidt and S. M. Ander, J. Phys. Chem., 73, 2846 (1969).
(23) C. R. Wilke and P. Chang, A.I.Ch.E. J., 1, 164 (1955).
(24) Y. P. Tang and D. M. Himmelblau, A.I.Ch.E. J., 11, 54 (1965).
(25) J. L. Whitman and D. M. Hurt, J. Amer. Chem. Soc., 52, 4762 

(1930).
(26) G. Kortum and A. Weller, Z. Naturforsch., 5a, 590 (1950).
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TABLE III: Diffusion Coefficients of Solvated Electrons and Nitrobenzene in Ethanol-Water Mixtures

Wt %  C2 H5 OH

0 10 20 40 60 80 90 99

D(C6H5N02), 0.94 0.81 0.70 0.60 0.63 0.71 0.81 0.94
10~5 cm2 sec-1

D(es- ) ,  10-5 4.9a 3.92 2.64 1.76 1.59 1.45 1.27 1.14

IO<1)V)
CME0

D(es- )  X t) 4.4 5.2 4.75 4.15 3.7 2.5 1.8 1.25

0 From ref 22.

TABLE IV: Calculation of Diffusion-Controlled Reaction Rate Constants of es with N O 3  in Ethanoi-Water Mixtures

Wt % C2 H5 OH

0 20 40 60 80 90 99

D(N03- ) ,a 1C)-5 1.9 1.18 0.79 0.59 0.58 0.56 0.69
cm2 sec-1 

kditr,6 109 8.65 4 2 1.1 0.51 0.27 0.15
M_1 sec-1

kexp (it = 0) 8.75 3.6 2 1.1 0.49 0.28 0.03
109/W-1 sec-1

0 Calculated from data of ref 14, 25, and 26. 6 r(es" ) +  r(N03-  ) =  4.3 Â.

N e r n s t  e q u a tio n .27 T a b le  I V  gives th e  re su lts  o f  th e se  c a l
cu la tio n s  u sin g  r (e s -  +  N O 3 “ ) =  4 .3  A .

F ro m  p u re  w a ter to  9 0 %  b y  w eig h t o f  e th a n o l th e  ag ree
m e n t b e tw ee n  e x p e r im e n ta l a n d  c a lc u la te d  v a lu e s  is very  
g o od , b u t  in  9 9 %  e th a n o l th e  e x p e r im e n ta l rate  c o n sta n t  
is five  tim e s  sm a lle r  th a n  th e  c a lc u la te d  v a lu e . E rrors in  
th e  v a lu e  o f th e  d iffu sio n  c o effic ie n t o f  th e  so lv a te d  e le c 
tron  c a n n o t e x p la in  th e  d isc r e p a n c y , a n d  u sin g  th e  va lu e  
fo u n d  b y  F ow les w o u ld  d ecrease  th e  c a lc u la te d  ra te  c o n 
s ta n t  in  e th a n o l b y  o n ly  2 0 % . A s  m e n tio n e d  a b o v e , a t  
le a st 9 0 %  o f  L i N O 3 is d isso c ia te d  in  e th a n o l, so  fo rm a tio n  
o f  ion  p a irs  c a n n o t a c c o u n t for th e  low  ra te  c o n sta n t. 
M o re o v e r , on  th e  b a sis  o f  p u re ly  e le c tro sta tic  co n sid er
ation s ion p a ir in g  is e x p e c te d  in th is  ca se  to  in crease  th e  
rate  o f  th e  re a c tio n .28

I t  is p o ss ib le  to  f it  th e  e x p e r im e n ta l v a lu e  in e th a n o l  
w ith  eq  III b y  u sin g  r (e s - )  +  H N O 3 - )  =  3 .3  A , b u t  th e  
rea son  w h y  th e  re a c tio n  d ista n c e  w o u ld  d ec rea se  b y  1  A  
fro m  9 0 %  to  9 9 %  in  w eig h t o f  e th a n o l is n o t c lear . M o r e 
over, th e  sa m e  e ffe c t  w as fo u n d  in  m e th a n o l (3 )  w here  
fe(e8-  +  NO3-) =  4  X  107  M - 1 s e c - 1 . T a k in g  f =  3 2 .7 ,  
D(es~) =  1 .6  X  1 0 -®  c m 2 s e c - 1  in  m e th a n o l, eq  H I  gives  
r(e s ) +  r ( N 0 3 ~ )  =  2 .2 5  A , w h ich  h as n o  p h y s ic a l m e a n 
in g . I t  se e m s fro m  th e se  re su lts  th a t  th e  re d u c tio n  o f  
NO3- b y  e s_  ta k e s  p la c e  less ea sily  w h en  th e  c o n c e n tr a 
tio n  o f  w a te r  is low  a n d  is n o  lon g er a  d iffu sio n -c o n tr o lle d  
p ro cess in  m e th a n o l a n d  e th a n o l.

Intermediate Case. D ( H + )  v a lu es  are a v a ila b le  fro m  th e  
c o n d u c tiv ity  d a ta  for w a te r -e th a n o l m ix tu r e s .2 9 ’30 I f  we  
a tte m p t  th e  sa m e  c a lc u la tio n  for th e  re a ctio n  ea_  +  H +  
w ith  r (e s - )  +  r ( H + )  =  4 .3  A , w e fin d  th a t  fediff fro m  eq  III  
is a lw a y s larger th a n  th e  co rresp o n d in g  e x p e r im e n ta l  
va lu e  b u t  th e  d ifferen ce  b e c o m e s  sm a lle r  a t  low  d ie lectric  
c o n sta n t ( T a b le  V ) .  I t  is n o t p o ssib le  to  f it  th e  e x p e r im e n 
ta l d a ta  b y  a d ju stin g  th e  rea ctio n  d ista n c e  b e c a u se , for  
ZaZb n e g a tiv e , e q  III is fa th e r  in sen sitiv e  to  th is  p a r a m e 
ter.

R e c e n tly , L o g a n 31 d eriv ed  e x p ressio n  I V , w h ic h  h as  
m o re g en era l b o u n d a ry  co n d itio n s  th a n  th e  D e b y e  e q u a 

tio n  w h ich  is s tr ic t ly  v a lid  o n ly  for rea ctio n s ta k in g  p la c e  
a t th e  first en co u n ter

w here k is th e  rate  c o n sta n t a t  zero  io n ic  s tr e n g th , Z is 
th e  co llis io n  fa cto r  in  th e  liq u id , p  is th e  p r o b a b ility  th a t  
th e  re a ctio n  ta k e s  p la c e  in  a n  en co u n te r , a n d  fed iffis  g iven  
b y  eq  III . F or p =  1 (d iffu sio n -c o n tro lle d  re a c tio n s) eq  I V  
d iffers  fro m  D e b y e  e q u a tio n  o n ly  b y  th e  te rm  %  eQ, w h ich  
is g e n e ra lly  n e g lig ib le  c o m p a re d  w ith  Z /fe d iff . F or p <  1 
(s lo w  re a ctio n s) eq  I V  red u ces to  eq  I. pZe~Q is th e  rate  o f  
th e  c h e m ic a l re a c tio n  w h ich  w o u ld  a p p ly  if  th e  ra te  w ere  
n o t re str icted  b y  d iffu sio n . T a k in g  for  Z in  w a ter th e  
p la u s ib le  v a lu e  o f  1 0 1 1 ’32 th e  v a lu e  o f  p  w h ic h  fits  th e  e x 
p e r im e n ta l d a ta  for th e  re a c tio n  e3-  +  H +  in  w a ter is p  =  
0 .0 6 . In sertin g  th ese  tw o  v a lu es  in  eq  I V , w e h a v e  c a lc u 
la ted  th e  ra te  c o n sta n ts  in w a te r -e th a n o l m ix tu r e s  (T a b le
V ) .  C o m p a riso n  b e tw ee n  eq  H I a n d  I V  a n d  e x p e r im e n ta l  
d a ta  su p p o rts  th e  h y p o th e sis  th a t  th e  re a c tio n  e8~ +  H +  is 
n o t tr u ly  d iffu sio n  c o n tro lled  fro m  w a ter to  e th a n o l, b u t  
as th e  d ifferen ce  b e tw ee n  eq  H I a n d  I V  v a n ish e s  for ZAZa 
n eg a tiv e  w h en  th e  d ie le c tr ic  c o n sta n t d ec rea ses  th e  rate  
c o n sta n t se e m s to  o b e y  to  th e  D e b y e  e q u a tio n  in  a lco h o l, 
b u t n o t in w a te r .20 B e c a u se  th e  e q u ilib r iu m

C 2H 5O H 2+  +  H 20  ^  'C 2H 5O H  +  H aO +

lies fa r  to  th e  rig h t (K  =* 3 X 102 ) 30 fro m  w a te r  to  9 9 %  b y  
w eig h t e th a n o l, th e  p ro to n  is p r in c ip a lly  p re sen t in  th e  
fo rm  o f  H 3O + a n d  th e  a s su m p tio n  th a t  p  is c o n sta n t is 
re a so n a b le . H o w e v e r , in  d ry  e th a n o l th e  p ro to n  gives

(27) Reference 11 , p 199.
(28) C. W. Davies, “Ion Association," Butterworths, London, 1962, p

. 136.
(29) H. O. Spivey and T. H. Shedlovsky, J . P h y s . C h e m . ,  7 1, 2165 

(1967).
(30) I. I. Bezman and F. H. Verhoek, J .  A m e r .  C h e m . S o c . ,  67, 1330 

(1945).
(31) S. R. Logan, T ra n s .  F a r a d a y  S o c . ,  17 12  (1967).
(32) A. A. Frost and G. R. Pearson, "Kinetics and Mechanisms," 2nd 

ed, Wiley, New York, N. Y., 1965, p 130.
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TABLE V: Comparison between Experimental and Calculated Rate Constants for the Reaction es~ +  H+ in Ethanol-Water Mixtures

wt % c 2h 5o h

0 50 80 99 100

D(H+),a 10-5 9.4 2.7 1.15 0.61 1.6
cm2 sec- 1 

frdiff (eq III)6 9.5 4 3.4 3.1 4.75c
in 1010 M -1 sec-1 

k  (eq IV) in 101° M -1 2.4 2.8 3.05 3 4.6C
sec-1 (p = 0.06) 

^exp in 1010 2.4 2.5 2.9 2.8 4.6d
M -1 sec-1

Calculated from the data of ref 29 and 30. b <r(es- ) +r(H+) = 4.3 A . c Assuming that D(e!g~ ) is the same as in 99% ethanol. d Reference 20.

C 2H 5O H 2 +  a n d  w e c a n n o t ru le  o u t th e  p o ss ib ility  th a t  p  
ch a n g e s . T h is  w o u ld  n o t b e  re fle c ted  in  th e  ra te  c o n sta n t  
b e ca u se  fo r  Z AZ B n e g a tiv e  a n d  v a lu e s  o f  p  n o t to o  sm a ll, 
th e first  te rm  in  eq  I V  b e c o m e s  n e g lig ib le  a t  low  d ie le ctric  
c o n sta n t. T h e  sa m e  re a so n in g  h o ld s  for Z  a n d  if  w e s u p 
p ose , for e x a m p le , th a t  Z  ch a n g e s  fro m  10 1 1  in  w a ter to  3  
X 1010 in e th a n o l, th e  ra te  c o n sta n t in  e th a n o l c a lc u la te d  
b y  eq  I V  w o u ld  d ec rea se  o n ly  b y  5 % .

T h e  sh arp  in crease  in  th e  ra te  c o n sta n t k(es~ +  H + )  
fro m  9 9 %  to  1 0 0 %  e th a n o l as o b serv e d  for th e  first t im e  b y  
F o w les 20 m a y  b e  q u a n tita tiv e ly  a c c o u n te d  b y  th e  c h a n g e  
in  p ro to n  m o b ility  ( T a b le  V )  a n d  b y  a ssu m in g  th a t  th e  
m o b ility  o f  so lv a te d  e lectro n  is lo w  (r (e s - ) =* 1 0 - 5  c m 2 

s e c - 1 ) a n d  re m a in s  th e  sa m e  in  th is  n arrow  c o m p o sitio n  
ra n ge . I f  th e  m o b ility  o f  e s -  w a s ‘.h e  s a m e  in  e th a n o l a n d  
in  w a ter th e  c h a n g e  in  th e  ra te  c o n sta n t d u e  to  th e  in 
crease o f  th e  m o b ility  o f  H +  w o u ld  b e  o n ly  o n e -th ird  o f  
th e  o b serv e d  v a lu e .

C o n c lu s io n

T h is  w ork  sh o w s th a t  it  is p o ss ib le  to  co rrelate  th e  re a c 
tiv ity  o f  so lv a te d  e le ctro n s w ith  th e  s ta tic  d ie le c tr ic  c o n 

s ta n t o f  th e  so lv e n t b y  u sin g  th e  a p p ro p ria te  e q u a tio n s . 
F or rea ctio n s w h ich  are c o m p a r a tiv e ly  s lo w  in  w a te r , k < 
1 0 9 M - 1  s e c - 1 , th e  v a r ia tio n  o f th e  d iffu s io n  c o effic ien ts  
w ith  th e  c o m p o sitio n  o f  th e  s o lv e n t c a n  b e  ig n ored , b u t  
n o t for fa s te r  re a c tio n s . T h e  te n ta tiv e  d e te r m in a tio n  o f  
th e  d iffu sio n  c o effic ie n t o f  th e  s o lv a te d  e le ctro n  b y  k in e t
ics  m e a su r e m e n ts  g iv es  c o h eren t v a lu e s  w h ich  n eed  to  be  
ch eck ed  b y  oth er m e th o d s . T h e  re a c tio n  d ista n c e s  for th e  
ion s are a p p r o x im a te ly  e q u a l to  th e  su m  o f  in d iv id u a l  
ra d ii if  th e  correct e q u a tio n  is u se d . H o w e v e r , b eca u se  
e q u a tio n s  I, II, a n d  I V  d o  n o t ta k e  in to  c o n sid era tio n  e i
th er n o n c o u lo m b ic  in tera c tio n s  or th e  d ie le c tr ic  sa tu ra tio n  
in  th e  v ic in ity  o f  th e  io n s ,33 th e  real re a c tio n  d ista n ce s  
m a y  b e  d ifferen t.
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(33) K. J. Laidler, C an. J. C h e m ., 37,138 (1959).
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T h e  a n io n  ra d ica l o f  te tr a c y a n o d ith iin  (I) is sh o w n  to  b e  a d iv a le n t su lfu r  sy s te m  in  w h ich  d -o r b ita l p a r 
t ic ip a tio n  in  c o n ju g a tio n  is n e g lig ib le . T h e  g v a lu e  (2 .0 0 2 4 )  in d ic a te s  th a t  s p in -o r b it  co u p lin g  is very  
s m a ll , a n d  a m o le c u la r  m o d e l sh ow s th a t  d ire ct tt- tt o v erla p  o f  th e  e th y le n e  m o ieties  is p r o b a b le . O th e r
S -c o n ta in in g  c a tio n  an d  a n io n  sy ste m s  are c o m p a re d , in c lu d in g  2 ,5 -d ip h e n y ld ith iin  ( IV )  a n d  te tr a c y a -  
n o th io p h e n e  ( V I ) . L a rg e  c a tio n  g v a lu e  d e v ia tio n s  a n d  s m a ll  a n io n  d e v ia tio n s  o f  S  h etero cy c les  are c o n 

tr a ste d  w ith  h y d ro c a rb o n s .

R e c e n t a t te m p ts  to  o b ta in  a ra d ica l a n io n  o f  a  d ith iin  
s y s te m , sp e c ific a lly  th ia n th r e n e , in  w h ich  th e  su lfu r  is in  
th e  d iv a le n t s ta te  h a v e  p ro ven  u n su c c e ss fu l2 -3 d u e  to  e i
th e r  d e c o m p o sit io n  o f th e  m a te r ia l u p o n  re d u c tio n  or in 
su ffic ie n t e lectro n  a ffin ity  ( E A )  o f  th e  c o m p o u n d  u n d er  
co n d itio n s  o f  m e ta l  re d u c tio n . W e  w ish  to  rep ort a  sy s te m  
th a t  ov erco m es th e  p rev io u s d iffic u lt ie s , 2 ,3 ,5 ,6 -t e t r a c y -  
a n o d ith iin  ( I ) , a n d  su g g e st so m e  im p lic a tio n s  o f  th e  im 
p o rta n c e  o f  its  a n io n .

T w o  oth er a n ion  ra d ic a l sy s te m s  in v o lv in g  e lectro n  c o n 
ju g a tio n  th ro u g h  th e  su lfid e  sy s te m  h a v e  b e e n  ex p lo red , 
d ib e n z o th io p h e n e  (II ) 4 ’ 5 a n d  th io x a n th o n e  (EH) , 2 6 b u t  
th ese  sy s te m s  h a v e  th e  o b v io u s d ra w b a ck s o f  c o n ta in in g  
oth er ty p e s  o f  b o n d s  lin k in g  th e  tr s y s te m s . In  ou r search  
for a  c o m p o u n d  w h ich  c o u ld  d e m o n str a te  c o n ju g a tio n  o f  tr 
sy ste m s  th ro u g h  a p u re ly  su lfid e  lin k a g e  w e fo u n d  th a t  I 
p ossesses  an  E A  su ffic ie n tly  h ig h  for  th e  req u ired  s ta b ili 
ty . A n o th e r  c o m p o u n d , 2 ,5 -d ip h e n y ld ith iin , I V , w as fo u n d  
to  p o ssess  an  in su ffic ie n t E A  for re d u c tio n ; h ow ever, its  
c a tio n  ra d ic a l w as re a d ily  o b ta in a b le .

u n su c c e ssfu l. O x id a tio n  o f  I V  w a s a c c o m p lish e d  b o th  in  
fu m in g  H 2S O 4 a n d  in  th e  A IC I 3- C H 3N O 2 m ix tu r e . O x id a 
tio n  o f  V I  w as su c c essfu l o n ly  in fu m in g  H 2S O 4 . S p e c tra  
w ere o b ta in e d  on  a V a r ía n  V -4 5 0 2  sp e c tro m e te r  o f  th e  
U n iv e rs id a d e  d e  C o im b r a  an d  a J E O L C O  J E S M E  in s tr u 
m e n t o f  th e  U n iv e rsid a d  de L o s  A n d e s .

Results and Discussion
T h e  esr sp ec tra  o f  I co n siste d  o f  n in e  lin es w ith  a p p ro x i

m a te ly  th e  a p p ro p ria te  in te n s ity  d is tr ib u tio n  fo r  fou r  
e q u iv a le n t n itrog en  a to m s . A lth o u g h  c o n sid era b le  e v i
d en c e  h as b e e n  g a th e re d  c o n ce rn in g  th e  a b ility  o f  su lfid e  
to  tr a n s m it  co n ju g a tiv e  e ffe c ts , 7 th is  is th e  first in sta n c e  
in  w h ich  an  o d d  e lectro n  h a s  b e e n  o b serv e d  to  b e  ea sily  
tr a n sm itte d  b e tw ee n  7r-electron m o ie tie s  o f  an  a n io n  ra d i
ca l c o n ta in in g  p u re ly  d iv a le n t su lfu r  lin k a g e s .8

T h e  m a tte r  o f  w h ich  su lfu r  o r b ita ls  sh o u ld  b e  c o n s id 
ered is o f  c o n sid era b le  in terest . S ev era l o f  th e  stu d ie s  o f  
th e  c a tio n s  o f  d ith iin s  p o in t to  th e  p re d o m in a n c e  o f  th e  
in v o lv e m e n t o f  p  o rb ita ls , w ith  a s m a ll  c o n tr ib u tio n  o f  
th e  su lfu r  d  o r b ita l . 9 ’10  L ik ew ise , a n io n s o f  su lfid e s  (a n d  
su lfo n e s) c o n ta in in g  a r o m a tic  s y s te m s  in d ic a te  so m e  in 
c lu sio n  o f  th e  d  as w ell as  p  o rb ita ls  (re f  7 a n d  o th er p a g es  
th e r e in ). H o w e v e r , in  n e a r ly  a ll th e se  sy s te m s  so m e  d e v ia 
tion  o f  th e  g v a lu e  fro m  th a t  o f  free sp in  (g = 2 .0 0 2 3 )  h as  
b een  d e te c te d . T h is  is p ro b a b ly  d u e  to  so m e  s p in -o r b it  in 
te ra ctio n  o f  th e  e lectro n  w ith  th e  su lfu r  n u c le u s . H o w e v e r , 
in  th is  case  (I) , as  ir. th a t  o f  th ia n th re n e  d isu lfo n e , 1 1  th ere  
is a lm o s t  n o  d e v ia tio n  o f  th e  g v a lu e  o f  th e  a n io n  fro m  
th a t  o f  th e  fre e -sp in  v a lu e .12  T h is  o b serv a tio n  in d ic a te s  
th a t  th e  s p in -o r b it  in tera ctio n  is very  s m a ll  in d e e d , a n d

NC.w CN

NC CN

v n  v m  i x

Experimental Section
R e d u c tio n s  o f  I  a n d  V I  w ere b y  p o ta s s iu m  m e ta l  in  

te tra h y d ro fu ra n  a t  a  te m p e ra tu re  o f - 8 0 ° .  D im e th o x y -  
e th a n e  p ro v e d  a n  u n sa tis fa c to r y  s o lv e n t for I , b u t  serves  
w ell fo r  V I - - .  A t te m p te d  o x id a tio n s  o f  I  in  H 2S O 4 (9 6 %  or 
fu m in g )  a n d  in a  m ix tu r e  o f  AICI3 in  n itro m e th a n e  w ere

(1) Present address, Departamento de Química, Universidad de los 
Andes, Mérida, Venezuela.

(2) E. T. Kaiser and D. H. Eargle, Jr., J. Amer. Chem. Soc., 85, 1821 
(1963).

(3) E. T. Kaiser and D. H. Eargle, Jr., J. Chem. Phys., 39, 1353 (1963).
(4) R. Gerdll and E. A. C. Lucken, Proc. Chem. Soc., 144 (1963).
(5) D. H. Eargle, Jr., and H. T. Kaiser, Proc. Chem. Soc., 22 (1964).
(6) M. M. Urberg and E. T. Kaiser, J. Amer. Chem. Soc., 89, 1937  

(1967).
(7) M. M. Urberg and E. Kaiser In "Radical Ions," E. T. Kaiser and L 

Kevan, Ed., Interscience, New York, N. Y., 1968, pp 302-306.
(8) This observation does not apply to radical cations. See G. Vlncow Ir 

ret 7, pp 190-19 3.
(9) E. A. C. Lucken, Theor. Chim. Acta, 1, 397 (1963).

(10) P. D. Sullivan, J. Amer. Chem. Soc., 90, 3618 (1968).
(11) D. H. Eargle, Jr., J. Phys. Chem., 73, 1854 (1969).
(1 2 ) Using biphenyl-- a sa  standard.
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i r - S y s te m  I n t e r a c t io n  in  D it h i in  D e r iv a t iv e s 1717

I-------- ! _

124 °

C= C c-s ¿CSC ¿ r i n g - r i n g

D i t h i i n 1. 2 9 À 1. 7 8 Â 1 0  0 ° 1 2 4  °

T h i a n t h r e n e 1.2 9 A 1.7 6 & 1 0 0 ° 12 8 °

Figure 1. Models of dithiin and thianthrene drawn to scale 
using the molecular parameters of ref 16 and 17. The Slater or
bitals of the benzene rings are from Pauling.13 The ring carbon
ring carbon distance of 2.75 Â may be compared, for example, 
to the distance of 2.63 À (between the 1 and 1' carbons) found 
quite sufficient for ring-ring exchange of the odd electron in 
[2.2]paracyclophanes.u  Even with [3.3]paracyclophanes in 
which this distance is somewhat greater, direct ir - ir  overlap and 
rapid electron excharges have been observed.15

on co n sid era tio n  o f  th e  H M O , th ere  is th e o r e tic a lly  n o  
sp in  d e n s ity  on  th e su lfu r  a to m s  ( in  th e  n o d a l p la n t) . (S e e  
T a b le  I .)

T a k in g  in to  a c c o u n t, th e n , th is  a p p a r e n t la c k  o f  sp in  o f  
th e  o d d  e lectro n  on  th e  su lfu r  a to m s  a n d  th e  fa c ile  sp in  e x 
ch a n ge  b e tw ee n  th e  tw o  d ic y a n o e th y le n e  m o ie tie s , w e are  
led  to  th e  c o n clu sio n  th a t  e lectro n  tran sfer  m a y  b e  b a se d  
on  d ire ct ir-ir o v er la p  o f  th e  tw o  e th y le n e  s y s te m s . T h is  
p o ssib ility  h a s  b e e n  a d v a n c e d  in  th e  ca se  o f  so m e  su lfo n es  
b y  U rb e rg  (re f 7 , p p  3 1 5  a n d  3 1 9 ) .

C o n sid e r  n ow  th e  m o d e ls  in  F ig u re  l .1 3 -15  T h e  crysta l 
stru ctu res  o f  b o th  th ia n th r e n e  (V IH ) a n d  d ith iin  ( I X )  
h av e  b e e n  o b ta in e d , 1 6 -17  a n d  c o n str u c tin g  th e  m o d e l for  
th ese  tw o  m o le c u le s  w e fin d  th a t  th e  c a r b o n -c a r b o n  it o r 
b ita ls  o f  b o th  s y s te m s  h a v e  c o n sid era b le  d ire c t o v er la p  (a s  
a m a tte r  o f  fa c t , q u ite  s u ffic ie n t to  e n a b le  n e g le c t  o f  an y  
co n tr ib u tio n  o f  su lfid e  o r b ita ls ) . F ro m  th is  e v id e n c e  w e  
su g g e st th a t  a n y  “ a s s is ta n c e ”  tc  c o n ju g a tio n  in an ion s  
th ro u g h  th e  su lfu r  its e lf  m u s t  b e  s m a ll , as  is its  c o n tr ib u 

tio n  to  th e  s ta b ility  o f  th e  a n io n  ra d ic a l.
In  a d d itio n , w e sh o u ld  a ssu m e  th a t  th e  a n io n  ra d ic a ls  o f  

b o th  th ese  m o le c u le s  d o  n o t a ssu m e  p la n a r ity  or even  
ra p id  co n fo rm a tio n a l “ f la p p in g .”  In  th e  th ia n th re n e  d isu l-  
fon e ca se  th is  is n o t  lik e ly , co n sid er in g  th e  co n fo rm a tio n a l  
s ta b ility  o f  th e  a n io n s o f  th e  cis- a n d  tr a n s -th ia n th re n e  d i 
su lfo x id e  iso m e r s .3 T h e  lin e  w id th s  o b serv e d  for th e  an ion  
o f  I  (0 .2 5  G )  sh o u ld  b e  m u c h  larger, to o , i f  co n fo rm a tio n a l  
in tercon v ersion  w ere occu rrin g .

T h e  o b serv a tio n  o f  U r b e rg  a n d  K a is e r  (re f 7 , p  3 0 3 )  th a t  
b is (p -n itr o p h e n y l)s u lfid e  a n io n  p reserves its  e lectro n  on  
on ly  o n e -h a lf  o f  th e  m o le c u le  a lso  c o n tr ib u te s  v a lu a b le  in 
fo rm a tio n  to  th is  p r o b le m . In  th is  s y s te m , ev en  th o u g h  d i 
rect i r -7r o v erla p  is p o ss ib le , it  is n o t n e a r ly  a s  lik e ly  to  
fu rn ish  a  go od  c o n ju g a tiv e  ro u te  for th e  e le c tro n , d u e  to  
th e free ro ta tio n  o f  b o th  a r o m a tic  rin gs.

W e  a lso  a t te m p te d  re d u c tio n  o f  th e  d isu lfid e , 2 ,5 -d i -  
p h en y ld ith iin  ( I V ) , in  th e  h o p e  t h a t  its  tw o  sty ry l grou p s  
m ig h t fu rn ish  su ffic ie n t s ta b ility  ( E A )  a lo n g  w ith  th e  tw o  
S  a to m s  fo r  th e  o d d  e le c tro n . H o w e v e r , th is  e x p e r im e n t  
fa ile d  to  rea lize  a  s ta b le  an ior., n o  d o u b t  d u e  to  th e  
ro ta ta b ility  o f  th e  p h e n y l rin gs o u t o f  th e  p la n a r ity  n e c e s 

sary  for c o n ju g a tio n  (F ig u re  2 ) .

Figure 2.

TABLE I: Epr Spectral Data

Compd Radical Hfs, G
Spectral 
width, G g  value

1 Anion 9 n  — 1.6 15.1 2.0024
IV Cation aH(3,6) = 2.94 

aH(Ar) = 3-2
9.8 2.0048

VI Cation (Unresolvable) 10.5 ±  0.5 2.0123
VI Anion a N =  1 . 1 0  ±  0.02“ 10.8 2.0020

°  This hfs was measured at —40°. Further cooling gave more hyperfine 
lines whose origins were not easily interpretable; however, they are 
probably from a slight variation of the 14N and 13C couplings in the nitrile 
groups.

TABLE II

Radical anion a 14N (C = N ),G  Spectral width, G Ref

Tetracyano- I 1.6 15.1 This work
dithiin

Tetracyano- VII 1.56 12.5 a
ethylene (excluding 13C)

Tetracyano- V 1 1 15.4 b

pyridine
Tetracyanoquino- X 1.01 13.9 c

dimethane (aH = 1.42) (excluding 13C)
Tetracyano- VI 1.1 10.5 This work

thiophene

“ W. D. Phillips and J. C. Rowell, J .  C h e m . P h y s .,  33, 626 (1960). 6 M. T. 
Jones, J .  A m e r .  C h e m . S o c . ,  88, 5060 (1966). c P. H. H. Fischer and C. A. 
McDowell, ibid., 85, 2694 (196S); M. T. Jones and W. R. Hertler, ibid., 86, 
1881 (1964).

W e  d id  su cc ee d , h ow ever, in  o b ta in in g  th e  c a tio n  ra d i
ca l, w h ich  p ro d u c ed  a very stro n g  s ig n a l o f  o n ly  three  
lin es , a n d  a lth o u g h  ra th e r b ro a d  (1 .5 7  G ) ,  th e y  sh ow ed  
on ly  a  s lig h t te n d e n c y  to  s p li t .18  T h is  in d ic a te s  th a t  th e  
od d  e lectro n  d e n sity  in  th e  p h e n y l rin gs is s m a ll , a n d  c o n 
se q u e n tly  w o u ld  a d d  litt le  to  th e  s ta b ility  o f  a n  a n io n .

S ev era l oth er o b serv a tio n s  w ere m a d e  in  th e  sp e c tra  o f  I 
an d  I V .

( 1 ) In  th e  sp e c tru m  o f  I -~  w ere o b serv e d  se v e ra l lin es o f  
low  in te n s ity  b e tw e e n  th e  m a jo r  14N  sp litt in g s . T h e s e  ca n  
b e  a ttr ib u te d  to  13C  s p littin g s , e sp e c ia lly  in  lig h t o f  th e  
e x p e c te d  h ig h  e lectro n  d e n s ity  on  th e  c y a n o  g ro u p s. N o  a t 
te m p t  w as m a d e  a t  fu rth er in te rp re ta tio n .

(2 )  T h e  g v a lu e  o f  I V - -  w a s m e a su r e d  a t  2 .0 0 4 8  a n d  is 
n o t u n lik e  th o se  o f  o th er S -c o n ta in in g  c a tio n s  b ea rin g  
large g v a lu e  d e v ia tio n s  fro m  2 .0 0 2 3  (e.g., th ia n th r e n e -, g 
=  2 .0 0 8 1 ) .19 W e  are  th u s  c o n fro n ted  w ith  a  s itu a tio n  in

(13) L. Pauling, "Nature of the Chemical Bond," 2nd ed, Cornell Univer
sity Press, Ithaca,-N. V., 1945, pp 164-189.

(14) A. Ishltani and S. Nagaku-a, M o l.  P h y s . ,  12, 1 (1967).
(15) F. Gerson and W. B. Martin, Jr., J .  A m e r .  C h e m .  Soc., 91, 1883 

(1969).
(16) P. A. Howell, R. M. Curtis, and W. N. Lipscomb, A c t a  C r y s ta l lo g r . ,  

7,498 (1954).
(17) H. Lynton and E. G. Cox, J. C h e m . S o c . ,  4886 (1956).
(18) See Table I. Two or three small lines or shoulders were detectable 

in each of the strong 3,6 proton lines. These are attributable to 
splittings from protons of the 2,5-phenyl groups.

(19) See G. Vlncow in ref 7, p 190.
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w h ich  th e re  are ra th e r  large g v a lu e  d e v ia tio n s  in  S  h e t 
ero cy c lic  c a tio n s , a n d  very  s m a ll  d e v ia tio n s  in  th e  a n io n s. 
T h is  su g g e sts  very  stro n g ly  th a t  th ere  is co n sid era b ly  
m o re  o d d  e lectro n  d e n sity  o n  S  in  th e  c a tio n s  th a n  in  th e  
a n io n s, a n d , th ere fo re , d iffe re n t m o le c u la r  o r b ita ls  are  
b e in g  u tiliz e d , or a t  le a s t  p a r tic ip a tio n  o f  S  o rb ita ls  is d if 
feren t a n d  m o re  p ro n o u n ce d  in  th e  c a tio n s  (see  re f 19 , p  
1 9 7 ) .

In  a n io n s , w e are u tiliz in g  a h ig h er en erg y  a n tib o n d in g  
o rb ita l in  w h ic h , in  ou r sy m m e tr ic a l m o le c u le s , th e  o d d  
e lectro n  ex p erien ces  a  n o d e  a t  th e  S  a to m , w h ile  in  c a t 
ion s w e are ro b b in g  a bonding o r b ita l, an  o r b ita l w h ich  
“ se e s”  th e  S  n u c le u s  s tro n g ly . S to n e  p ro p o sed 20 (a lso  see  
r e f  7 , p  1 64 ) th a t  tw o  e ffe c ts  are o p e ra tiv e : on e , th a t  th e  
fille d  o rb ita ls  o f  c a tio n  ra d ic a ls  are c lose  in  en erg y  to  
th o se  o f  th e  M O  o f  th e  u n p a ired  e le c tro n , g iv in g  rise to  
large  c a tio n  g v a lu e s , a n d  tw o , th a t  th e  a n tib o n d in g  o rb i
ta ls  o f  a n io n s g en era lly  p o ssess  M O  c o effic ie n ts  o f  o p p o 
site  sig n s on  a d ja c e n t a to m s , c a u sin g  c o u p lin g  w ith  th e  
f ille d  o rb ita ls  a n d  th u s  large a n io n  g v a lu e s . In  h y d ro c a r

b o n s , th e  seco n d  e ffec t p re v a ils , re su ltin g  in  large g v a lu es  
for th e  a n io n s . H o w e v e r , it  a p p ea rs  th a t in  su lfu r -c o n ta in 
in g  h e te ro cy c le s , th e  first  e ffe c t ap p ea rs  to  p re d o m in a te , 
re su ltin g  in  larger cation g v a lu es .

F in d in g s  o f  g v a lu e s  o f  2 .0 0 2 0  a n d  2 .0 0 2 6  for th e  an ion s  
o f  te tr a c y a n o th io p h e n e  (V I )  a n d  te tr a c y a n o q u in o d i-  
m e th a n e  ( X )  ( T a b le  II, re f c ) ,  re sp e c tiv e ly , a n d  a large g 
v a lu e  o f  2 .0 1 2 3  for th e  c a tio n  o f V I  len d  c o n sid era b le  s u p 
p ort to  th is  th eo ry .

(3 )  T w o  ra th er stro n g  lin es o f  e q u a l in te n s ity  w ere o b 
serv ed  a t  8 .8 4 -  a n d  1 1 .9 6 -G  d o w n fie ld  fro m  th e  cen ter o f  
th e  sp e c tru m  o f  I V - _  w h en  o x id iz e d  in  fu m in g  H 2S 0 4 (th e  
u p fie ld  lin e s  w ere b r o a d e n e d ) . T h e y  w ere n o t p re sen t, 
h o w ev er, in  th e  A I C I 3 - C H 3 N O 2  m e d iu m , a n d  th erefore  
m u s t be a ttr ib u ta b le  to  a d e c o m p o sit io n  p ro d u c t in  
H 2 S O 4 .  33S  lin es c o u ld  n o t b e  d e te c te d .

A t  th is  p o in t  it  sh o u ld  b e  o f  in terest to  c o m p a re  th e  14N  
h y p erfin e  s p littin g  (h fs )  o f  I -~  w ith  th o se  m o le c u le s  o f  
so m e w h a t s im ila r  stru ctu re s . A  c o m p a riso n  o f  th e  14N  h fs  
c o n sta n ts  sh o u ld  n o t b e  m a d e  w ith o u t first co n sid erin g  
th e  stru ctu re s  o f  th e se  sy s te m s , a lth o u g h  th e  sp littin g  
c o n sta n ts  are ra th er s im ila r . F irs t , as  p o in te d  o u t b y  
J o n es ( T a b le  II, r e f  b), th e  p ro per M O  p ic tu re  o f  V  sh o u ld  
n ot b e  co n sid ered  as p o sse ss in g  a n o d e  o f  zero  sp in  d en sity  
th ro u g h  th e  cen ter , sin ce  th e  m o le c u le  is b o th  p la n a r  a n d  
so m e w h a t a s y m m e tr ic . N e v e r th e le ss , w e d o  f in d  th e  h y 

1718

p erfin e  s p littin g  c o n sta n t s im ila r  to  th a t  o f  I . C o n sid e r in g  
our m o d e l (F igu re  I) o f  th e  stru ctu re  o f  I , a n d  c o m m e n ts  
m a d e  earlier , w e m a y , h ow ever, co n sid er th e  a n io n  ra d ic a l  
o f  I  so m e w h a t s im ila r  to  th a t  o f  V II , i f  w e n e g le c t  th e  S  
a to m  c o n tr ib u tio n s . T h u s , e a c h  h a lf  o f  th e  te tr a c y a n o d i-  
th iin  w o u ld  b e  c o n sid ered  as a  h a l f -T C N E .21 T h e  s im ila r 
ity  o f  th e  14N  h fs  le n d s  cred en ce  to  th is  n o tio n . A c tu a lly ,  
it  a p p ea rs  th a t  s lig h tly  m o re  e lectro n  d e n s ity  m a y  b e  lo 
c a te d  on  th e  n itrile  grou p s o f  I  th a n  V II , ju d g in g  fro m  its  
greater h fs  ( T a b le  II, r e f  a ) . 22

T h e  14N  h fs  o f  X  is , o f  cou rse , s o m e w h a t d im in is h e d  in  
co m p a riso n  b e c a u se  o f  th e  e lectro n  d e n sity  on  th e  c e n tra l  
b e n z e n e  rin g .

F o r  th is  w ork  w e fo u n d  it  o f  in te r e st to  c o m p a r e  th e  
a n io n  o f  V I  w ith  th a t  o f  I , s in ce  th e y  are o f  ra th er d iffe r 
en t s y m m e tr y , a lth o u g h  d ifferin g  in  c o m p o sitio n  b y  o n ly  
on e S  a to m . T h e  an ion  o f  V I  is p la n a r , a n d  c o n sid erin g  
th a t th e  to ta l sp ec tra l w id th  is a lm o s t  5 G  less th a n  th a t  
o f  T ~ ,  a large  a m o u n t o f  sp in  d e n s ity  is lo c a te d  w ith in  th e  
th io p h e n e  ring.

B o th  th e  c a tio n  a n d  a n io n  sp e c tra  o f  th is  c o m p o u n d  
c o n ta in ed  a  s m a ll  a m o u n t o f  an  im p u r ity  w h ic h  c a u se d  in  
th e  a n io n  so m e  d isto rtio n  o f  a  sp ec tra l w in g . I ts  g v a lu e  
w as su ffic ie n tly  d iffe re n t fro m  th a t  o f  VT, h o w ev er, th a t  
in terferen ce  w as m in im a l.

W e  h a v e , th e n , in  c o n c lu sio n , o b serv ed  th a t  th e  te tr a c y -  
a n o d ith iin  sy s te m  ca n  serve as a c o n ju g a tiv e  p a th  for  th e  
od d  e lectro n  in th e  a n io n  ra d ic a l, w h eth er b y  u se  o f  d iv a 
len t su lfu r  o rb ita ls , or b y  d ire c t i r -7r o v e r la p . W e  h a v e  a lso  
o b served  th a t  th e  c a tio n  g v a lu e s  o f  S  h e te ro c y c le s  are  
c o n sid era b ly  h igh er th a n  th o se  o f  co rresp o n d in g  or s im ila r  
a n io n s.

Acknowledgments. D .  H . E a rg le  w ish es to  th a n k  th e  
F u n d a ^ a o  G u lb e n k ia n  a n d  th e  In s titu to  d e  A lt a  C u ltu r a  o f  
P o rtu g a l for co n sid era b le  su p p o rt in  th is  research .

(20) A. J. Stone, M o l.  P h / s „  6, 509 (1963); 7, 3 11  (1964).
(21) This observation is, of course, valid only if there is small spin densi

ty on the ethylene carbons, otherwise we might have only a fortui
tous resultant of C -C = N  spin polarization. However, spin density 
on each ethylene ca-bon is <0.10.

(22) We have not attempted MO calculations of I - because of the in
determinacy of including S atom p and d orbital involvement and 
simultaneous 7r-?r overlap. Indeed, it does not appear to be neces
sary to do so, in tig it of the similarity of the hyperfine splittings of 
I*-  and V II --  and the adequacy of the structural model shown in 
Figure 1.

D o la n  H . E a r g le  a n d  M a r ia  d e  C o n c e ic a o  R a m o s  d e  C a r v a lh o
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C h a n g e s  in  th e  c a ta ly tic  a c tiv ity  o f  co ld -w o r k e d  m e ta ls  d u e  to  a n n e a lin g  w ere s tu d ie d  for  th e  d e c o m p o s i
tio n  o f  fo rm ic  a c id  v a p o r . O n  p la tin u m , p a lla d iu m , a n d  n ick e l, th e  s im u lta n e o u s  ch a n g e s in  th e  c a ta ly tic  
a c tiv ity  a n d  th e  a c tiv a tio n  en ergy  occu rred  in  th e  ra n ge  o f  d isa p p ea ra n c e  te m p e ra tu re  o f  d is lo c a tio n s  
d u rin g  a n n ea lin g  a t  3 0 0 -9 0 0 ° .  T h e s e  re su lts  in d ic a te  th a t  th e  p resen ce  o f  d is lo c a tio n s  a t  t h e  su rfa ce  o f  
c a ta ly s ts  p la y s  an  im p o r ta n t  role in  go v ern in g  th e  a c tiv ity . In  th e  ca se  o f  g o ld  a n d  silv e r , th e  c a ta ly tic  a c 
t iv ity  a n d  th e  a c tiv a tio n  en ergy w ere n o t in flu e n c e d  b y  a n n ea lin g  a t  3 0 0 -6 0 0 ° .  I t  c a n  b e  co n sid ered  th a t  d is 
lo c a tio n s  p ro d u c e d  b y  co ld -w o rk in g  are a lrea d y  a n n e a le d  o u t a t  3 0 0 °  b efo re  th e  c a ta ly tic  m e a su r e m e n ts  are 
m a d e . F ro m  a c o m p a riso n  o f  th e  re la tiv e  a c tiv itie s  o f  th e se  m e ta ls , it  is fo u n d  th a t  th e  h u g e  c h a n g e  in  th e  
a c tiv ity  o f  an  e le m e n t d u rin g  a n n ea lin g  o v erw h elm s th e  d ifferen ces b e tw ee n  th e  a c tiv itie s  o f  d ifferen t  
m e ta ls . I t  ca n  b e  c o n c lu d e d  th a t  S a c h t le r ’s p ro p o sa l to  th e  p ro b lem  co n cern in g  th e  a c tiv ity  se q u e n c e  o f  
m e ta ls  is n o t  a  c o m p le te  an sw er.

Introduction
T h e  c a ta ly tic  d e c o m p o sit io n  o f  fo rm ic  a c id  h a s  b e e n  in 

v e stig a te d  in  d e ta il  for a  lo n g  t im e  b y  m a n y  w orkers b e 
ca u se  o f  th e  s im p lic ity  o f  th e  re a c tin g  s y s t e m . 1  H o w e v e r , 
m a n y  p ro b le m s s till re m a in  for  th e  co rrela tio n  b e tw ee n  
th e  p h y sic a l p ro p erties  o f  c a ta ly s t  a n d  th e  c a ta ly tic  a c tiv i
ty . S tu d y  o f  th e  a c tiv ity  se q u e n c e  o f  m e ta ls  is on e o f  th e  
cu rren t p r o b le m s  in  h etero g en eo u s c a ta ly s is . V a r io u s  a t 

ta c k s  on  th e  p ro b le m  h a v e  b e e n  m a d e  sin ce  B e e c k  first  
rep orted  th e  s tu d y  on  e v a p o ra te d  m e ta l  f i lm s . 2 T h e re  are  
very  few  rep o rts  a b o u t  th e  re la tiv e  a c tiv itie s  o f  v a rio u s  
m e ta ls  for  th e  d e c o m p o s it io n  o f  fo rm ic  a c id . I t  is w ell 
k n ow n  th a t  th e  a c tiv ity  o f  m e ta l  c a ta ly s ts  d ep e n d s  in  
m a n y  re sp ec ts  on  th e  d iffe re n t p h y s ic a l fo rm s o f  c a ta ly s ts , 
su ch  as e v a p o ra te d  f i lm s , p o w d er , a n d  m a ss iv e  c ry sta ls . 
S a c h tle r  a n d  F a h r e n fo rt3 rep o rted  th a t  th e  c a ta ly tic  a c 
tiv itie s  o f  su p p o rted  m e ta ls  for th e  d e c o m p o sit io n  o f  fo r 

m ic  a c id  c a n  b e  re la te d  to  th e  h e a t o f  fo rm a tio n  o f  m e ta l  
fo rm a te s . F u rth erm o re , it  h a s  b e e n  g e n e ra lly  a c c e p ted  
th a t  th e  a c tiv ity  o f  m e ta l  in  th e  s a m e  p h y s ic a l fo rm  is in 
flu e n c e d  b y  th e  p r e tr e a tm e n t, su c h  as c o ld -w o rk in g , io n - 
b o m b a r d m e n t , q u e n c h in g , a n d  a n n e a lin g . W it h  re sp ec t to  
th is  p r o b le m , th e  p re se n t a u th o r  a n d  cow orkers4 h av e  a l 
rea d y  p ro p o sed  th a t  la ttic e  d e fe c ts  a t  th e  su rfa ce  o f  m e ta l  
c a ta ly s ts  p la y  th e  m a in  p a rt o f  a c tiv e  s ite s  for v a rio u s  
rea ctio n s, fro m  th e  e x p e r im e n ta l fa c t  th a t  th e  te m p e r a 
tu re ran ge  o f  th e  d isa p p e a ra n c e  o f  la tt ic e  d e fe c ts  agrees  
w ith  th e  ra n ge  o f  d ec re a se  in  th e  c a ta ly tic  a c tiv ity  o f  c o ld -  
w ork ed  m e ta ls  d u rin g  a n n e a lin g . U s in g  a  s im ila r  m e th o d , 
th e  p resen t s tu d y  p ro v e s  th a t  th e  m e a n in g  o f  c o m p a riso n  
o f  th e  a c tiv ity  b e tw ee n  d iffe re n t e le m e n ts  is  d o u b tfu l.

Experimental Section
T h e  fo rm ic  a c id  e m p lo y e d  w as p u rifie d  b y  re p ea te d  d is 

tilla tio n  a t  ro o m  te m p e ra tu re , a fte r  re m o v a l o f  w ater w ith  
an h y d ro u s b o ric  a c id . In  order to  re m o v e  th e  o x id e  la y er  
an d  oth er im p u r itie s , m e ta l  w ires ( 9 9 .9 %  or h ig h er p u rity )  
w ere a n n ea le d  a t  9*30° (P t , P d , a n d  N i )  a n d  6 0 0 °  (A u  a n d  
A g ) in  flo w in g  h y d ro g e n  (5 0  c m 3 /m i n )  fo r  2  h r a n d  th e n  
w ere co m p re ssed  to  a  c o n sta n t degree ( 8 0 %  co m p re ssio n )

a t ro o m  te m p e ra tu re . A fte r  b e in g  w a sh e d  w ith  n -h e x a n e  
a n d  a c eto n e , th e se  sp e c im e n s  w ere d ried  in  th e  rea ctio n  
v e sse l u n d er  h ig h  v a c u u m . T h e  a p p a r e n t su rfa ce  area o f  
s a m p le s  u se d  a s  c a ta ly s t  w a s a b o u t  3 0  c m 2 . T h e  a n n ea lin g  
o f  sp e c im e n s  w a s ca rried  o u t in  th e  re a ctio n  v esse l in  1 0 0  

T o r r  o f  h y d ro g e n  fo r  1 h r a t  v a rio u s te m p e ra tu re s  b etw een  
3 0 0  a n d  9 0 0 ° . A n y  p o iso n s g e n e ra te d  d u rin g  a n n ea lin g  
w ere re m o v e d  b y  a  liq u id  n itro g en  tr a p  w h ich  is c o n n ec te d  
to  th e  re a ctio n  v e sse l. In  p a rtic u la r , N i  c a ta ly s ts  w ere a n 

n e a le d  a t  2 5 0 °  in  h y d ro g e n  for a t  le a s t  2 hr b efo re  e x p e r i
m e n ts  w ere b e g u n . T h is  tr e a tm e n t w as su ffic ie n t to  o b ta in  
re p ro d u c ib le  re su lts . T h e  h y d ro g e n  u se d  w as p u rified  
u sin g  a p a lla d iu m  th im b le . T h e  ra te  o f  d e c o m p o sit io n  o f  
fo rm ic  a c id  w as o b ta in e d  b y  m e a su r in g  th e  p ressu re  in 
crease  in  a  c lo se d  v esse l a t  te m p e ra tu re s  o f  1 8 0 -2 6 0 °  a n d  in  
th e  p ressu re ra n ge  3 0 -4 0  T o r r . T h e  p o iso n in g  o f  th e  c a ta 
ly s t  b y  m e rc u ry  v a p o r  w a s  a v o id e d  b y  u sin g  a go ld  fo il 
tra p  b e tw ee n  th e  re a c tio n  vessel a n d  a  m e rc u ry  m a n o m e 

ter . T h e  a c id  d e c o m p o se d  to  C O 2 a n d  H 2 e x c lu s iv e ly  on  
e a c h  o f  th e  m e ta ls . T h e  rate  w a s  c a lc u la te d  b y  u sin g  a  
p r e s s u r e -t im e  p lo t  in  th e  ran ge o f  zero -o rd er re a ctio n . T h e  
c a ta ly tic  a c tiv ity  (A )  w a s  e x p ressed  as m o le c u le s  o f  fo rm ic  
a c id  d e c o m p o se d  p er  se c o n d  p er sq u a re  c e n tim e te r  o f  c a t 
a ly s t . T h e  a c tiv a tio n  en ergy  ( A E) w as d eriv ed  fro m  th e  
d a ta  a t  1 8 0 -2 6 0 ° . T o  d e te r m in e  th e  te m p e ra tu re  ran ge  
( T d) in  w h ich  th e  d isa p p ea ra n c e  o f  d is lo c a tio n s  occu rs  
d u rin g  a n n e a lin g , th e  m e a su r e m e n ts  o f  th e rm o e lec tr ic  
force a n d  h a rd n ess  u sin g  th e  sa m e  s p e c im e n s  a s  u sed  for  
th e  rate  m e a su r e m e n ts  w ere ca rried  o u t b y  th e  m e th o d  
p re v io u sly  d e sc r ib e d . 5

(1) P. Mars, J. J. F. Scholten, and P. Zwietering, Advan. Catal., 14, 35 
(1963).

(2) O. Beeck, Discuss. Faraday Soc., 8, 118  (1950); M. Boudart, J. 
Amer. Chem. Soc., 7 2 ,  1040 (1950); G. C. A. Schuit and L. L. van 
Reijen, Advan. Catal., 10, 242 (1958); J. H. Sinfelt, Catal. Rev., 3, 
175 (1970).

(3) W. M. H. Sachtler and J. Fahrenfort, Proc. Int. Congr. Catal. 2nd, 
Paris, 1,8 3 1  (1961).

(4) I. Uhara, S. Yanagimoto, K. Tani, G. Adachi, and S. Teratani, J. 
Phys. Chem., 66, 2691 (1962); I. Uhara, S. Kishimoto, T. Hikino, 
Y. Kageyama, H. Flamada and Y. Numata, ibid., 67, 996 (1963); I. 
Uhara, S. Kishimoto, Y. Yoshida, and T. Hikino, ibid., 69, 880 
(1965).

(5) S. Kishimoto, J. Phys. Chem., 66, 2694 (1962); 6 7 ,116 1  (1963).
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Figure 1. Changes in catalytic activity (A), activation energy 
(B), hardness (C), and thermoelectric force (D) during annealing 
of cold-worked Pt (reaction temperature 200°).

Figure 2. Changes in catalytic activity (A), activation energy (B), 
and hardness (C) during annealing of cold-worked Pd (reaction 
temperature 200°).

Results and Discussion

T h e  d ep e n d e n c e  o f  A a n d  A E o f  c o ld -w o rk ed  P t  a t  a 
rea ctio n  te m p e ra tu re  o f  2 0 0 ° on  a n n e a lin g  te m p e ra tu re  is 
given  in  F igu re  1. T h e  su d d e n  ch a n g e s in  th e  range 4 0 0 -  
5 5 0 °  co rresp on d  to  T d. F igu re  2  sh o w s th e  e ffe c t  o f  a n n e a l

in g  on  a P d  c a ta ly s t . A t  a re a c tio n  te m p e ra tu re  o f  2 0 0 ° , 
th e  s im u lta n e o u s  c h a n g e s  in  A a n d  A E are co n sid era b le  in  
th e  ran ge 3 0 0 -5 0 0 ° ,  w h ich  a p p ro x im a te ly  co rresp on d s to  
T d o f  c o ld -w o rk ed  P d . A s  F igu re  3  sh o w s, th e  b e h a v io r  o f  
N i  c a ta ly s ts  is a lm o s t  th e  sa m e  as in  th e  ca se  o f  P t  a n d  
P d  e x c e p t for a  s m a ll  ch a n ge  in  A E in  th e  ra n ge  4 0 0 -7 0 0 ° .

R ie n a c k e r6 fo u n d  an  in crease in  c a ta ly tic  a c tiv ity  o f  N i  
on  co ld -w o r k in g  for th e  d e c o m p o sit io n  o f  fo rm ic  ac id , a l 
th o u g h  A E o f  c o ld -w o rk ed  sa m p le s  w ere 3 - 5  k c a l h ig h er  
co n tra ry  to  th e  p re sen t re su lts . T h is  c o n flic t  is d iff ic u lt  to
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Figure 3. Changes in catalytic activity (A), activation energy (B), 
and hardness (C) during annealing of. cold-worked Ni (reaction 
temperature 200°).
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Figure 4. Catalytic activity (A) and activation energy (B) of cold- 
worked Au as a function of annealing temperature (reaction 
temperature 230°).

e x p la in , b u t  it  m a y  p r e su m a b ly  re su lt fro m  th e  d ifferen ce  
in  th e  n a tu re  a n d  th e  d egree o f  c o ld -w o rk in g . I t  is w ell  
k n ow n  th a t  th e  n u m b e r  o f  d is lo c a tio n s  o f  co ld -w o r k e d  
m e ta ls  d ec re a se s  b y  a  fa c to r  o f  a b o u t  1 0 4 a fte r  h ig h -te m -  
p era tu re  a n n e a lin g . W e  m a y  co n clu d e  th a t  th e  p resen ce  o f  
d is lo c a tio n s  a t  th e  su rfa ce  p la y s  an  im p o r ta n t  role in  d e 
te rm in in g  th e  c a ta ly tic  p ro p erty  o f  th ese  m e ta ls .

F ro m  a n o th e r  v iew  p o in t, tw o  p o ssib le  rea son s for  a c 

c o u n tin g  th e  d ec rea se  in  A  b y  a n n e a lin g  m a y  b e  c o n s id 

ered  as fo llo w s : (a ) d ecrease  in  th e  su rfa ce  area o f  c a ta 
ly sts  a n d  (b ) d ecrease  in a c tiv e  la tt ic e  p la n e s  a t  th e  su r 
fa c e . K a b e , M iz u n o , a n d  Y a s u m o r i7 fo u n d  th a t  P d  fo ils  
h a v e  a  ro u g h n ess  fa c to r  o f  less  th a n  2  in  th e  ra n g e  o f  a n 
n e a lin g , 1 5 0 -8 0 0 ° .  A c c o rd in g  to  th e  re su lts  o f  th e  d e c o m 
p o sitio n  o f  fo rm ic  a c id  on  d efin ite  c ry sta l p la n e s , g e n e ra l
ly , d iffe re n t c ry sta l p la n e s  e x h ib it  d iffe re n t c a ta ly tic  b e 
h a v io r .8 In  ce rta in  ca ses , h ow ever, it  w a s  fo u n d  th a t  th e  
v a lu e s  o f  fre q u e n c y  fa c to r  a n d  a c tiv a tio n  en erg y  for  th e

(6) G. Rienacker, Z . E le k t r o c h e m . ,  46, 369 (1940).
(7) T. Kabe, T. Mizuno, and I. Yasumori, B u ll.  C h e m . S o c .  J a p . ,  40, 

2047 (1967).
(8) H. M. C. Sosnovsky, J . C h e m . P h y s . ,  23, 1486 (1955); G. Rien

acker and J. Vblter, Z. A n o rg .  A l lg .  C h e m .,  302, 292 (1959).
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Figure 5. Changes in catalytic acitivity (A) and activation energy 
(B) of cold-worked Ag as a function of annealing temperature 
(reaction temperature 255°).

TABLE I: The Relative Activities of Metals for Formic 
Acid Decomposition12

Metal Au Ag Pd Pt NI

Sachtler and Fahrenfort3 1.91 2.09 2.51 2 . 8 8 2.14
Present work 

(300° annealing) 2 . 1 1 2 . 0 1 2.36 2.31 2.29
(600° annealing) 2 . 1 1 2 . 0 1 2 . 1 1 2.14 2.15

“ The figures are 103/Tr(°K), where Tr is the temperature which gives 
a log rate of 14.2 molecules cm-2 sec-1.

re a ctio n  d ep e n d  u p o n  stru c tu ra l d e ta ils  o f  th e  su rfa ce  a n d  
th e se  c h a n g e  to g e th e r  to  give  a n  a lm o s t  c o n sta n t r a te . 9 

E v e n  i f  b o th  (a )  a n d  (b )  h av e  so m e  in flu en c e  on  th e  c a ta 
ly tic  a c tiv ity , th e se  fa c to r s  d o  n o t se e m  to  a c c o u n t for th e  
su d d e n  d ec rease  in  th e  a c tiv ity  in  th e  re str icted  ran ge o f  
a n n e a lin g  te m p e ra tu re s .

F igu re  4  sh o w s th a t  A a n d  A E o f A u  a t  a rea ctio n  t e m 

p eratu re  o f  2 3 0 °  are n o t in flu e n c e d  b y  a n n e a lin g  in  th e  ran ge  
3 0 0 -6 0 0 ° .  T h e  c h a n g e s  in  th e rm o e lec tr ic  force  a n d  h a r d 
n ess ta k e  p la c e  in  th e  a n n e a lin g  ra n ge  1 0 0 -2 0 0 °  ( T d ) . 10 

F igu re 5  sh o w s th a t  A g  c a ta ly s ts  give  re su lts  a p p r o x im a te 
ly  s im ila r  to  th e  ca se  o f  A u  a t  a re a c tio n  te m p e ra tu re  o f  
2 5 5 ° . T h e  T d o f  c o ld -w o fk e d  A g  u se d  in  th is  e x p e r im e n t  
w a s in  th e  ran ge  o f  7 0 -2 5 0 ° .  In  th e se  ca ses , d is lo c a tio n s  
p ro d u c ed  b y  c o ld -w o r k in g  c a n n o t b e  re sp o n sib le  for th e  
a c tiv e  s ite s , sin ce  e a c h  o f  th e  sp e c im e n s  is a lrea d y  a n 
n e a le d  a t  3 0 0 °  b e fo re  th e  c a ta ly tic  m e a su r e m e n ts  are  
m a d e . F u rth e r m o re , it  is  co n sid ered  th a t  th e  a n n e a lin g  a t  
te m p e ra tu re s  a b o v e  3 0 0 °  h a s  d ire c t  e ffe c ts  u p o n  a le n g th  
o f  c ry sta llite  b o u n d a rie s , cry sta l e d g es , a n d  a n g u la r  p o in ts  
a t  th e  su rfa c e . H o w e v e r , th e  re su lts  in d ic a te  th a t  th e se  
fa c to rs  h a v e  a lm o s t  n o  in flu en c e  on  th e  a c tiv ity .

F igu re  6  sh o w s a c o m p a riso n  o f  th e  re la tiv e  a c tiv itie s  o f  
v a rio u s m e ta ls  a t  a  re a c tio n  te m p e ra tu re  o f  2 0 0 ° . I t  is c lear

102

oo

1

Figure 6. Comparison of activities of different metals. The solid 
lines represent the range of the change in the activity obtained 
at 200° during annealing. The figures designate the annealing 
temperature.

th a t  th e  v a lu es  o f  re la tiv e  a c tiv itie s  o f  P t , P d , a n d  N i  are  
a b o u t  10  tim e s  th o se  o f  A u  a n d  Ag a t  an  a n n ea lin g  t e m 

p era tu re  o f  3 0 0 ° . H o w e v e r , th is  d ifferen ce  d isa p p ea rs  a fter  
a n n e a lin g  a t  te m p e ra tu re s  a b o v e  T d. T h a t  is  to  sa y , th e  
h u g e ch a n g e  in  th e  a c tiv ity  o f  a n  e le m e n t d u rin g  a n n e a l
in g  o v erw h elm s th e  d ifferen ces  b e tw ee n  th e  a c tiv itie s  o f  
d iffe re n t m e ta ls . I t  w a s  sh ow n  b y  S a c h tle r  a n d  F a h ren -  
fo rt3 th a t  th e  re la tiv e  a c tiv itie s  o f  su p p o rted  m e ta ls  are as  
fo llo w s : A u  <  A g  <  P d  <  P t  >  N i  >  F e  a s  a fu n c tio n  o f  
th e  h e a t o f  fo rm a tio n  o f  th e ir  fo r m a te s . T h e re fo re , th e y  
c la im e d  th a t  a  m e ta l su c h  as A u  or A g  is a p oo r ca ta ly st  
b u t  th e  m e ta ls  P t  a n d  P d  are g o o d  c a ta ly s ts . H in sh e lw o o d  
a n d  h is  co w ork ers1 1  fo u n d  th a t  u n d e r  th e  co n d itio n s o f  
th e ir  e x p e r im e n ts  th e  ra tio  o f  re la tiv e  a c tiv itie s  is 
P t :( A u ,A g )  =  5 0 :1 .  A  d e ta ile d  c o m p a riso n  b e tw e e n  th e  
re su lts  o f  S a c h t le r  a n d  o f th e  p re se n t s tu d y  is g iven  in  
T a b le  I , a n d  th e  d ifferen ces  in  th e  a c tiv itie s  b e tw ee n  s u p 
p o rte d  a n d  c o ld -w o rk ed  m e ta ls  are m a d e  su ffic ie n tly  
clea r . W e  h a v e  n o  c o m p le te  e x p la n a tio n  for th e se  fa c ts ;  
h ow ever, it  is  co n sid ered  th a t  th e  role o f  la ttic e  d e fe c ts  in  
c a ta ly s is  a p p ea re d  se n sitiv e ly . F ro m  th e  a b o v e  m e n tio n e d  
p o in t  o f  v iew , so  far  as c o ld -w o rk ed  a n d  a n n e a le d  m e ta ls  
are c o n cern ed , it  is c o n c lu d e d  th a t  a t te m p ts  to  correlate  
b u lk  p ro p e rty  a n d  c a ta ly tic  a c tiv ity  are la rg e ly  u n su c c e ss 
fu l a n d  d o  n o t h a v e  a s ig n ific a n t m e a n in g . F o r  th is  p u r 
p o se , it  is co n sid ered  d esira b le  to  e m p lo y  p erfe c t c ry sta l  
p la n e s , w h ich  are free fro m  la tt ic e  d e fe c ts  a n d  im p u ritie s .

Pd

3UU°-6UO°
$ 300o-6Uüo

Au I
Ag

300°
4ÜU®

Pt
300°
500°
6UU°

< >700° Ò6UU® 
O80u°

Ni
O3U0°

Ô 5 ü u °  

<I 600°

(>7UU° 

O8uo°
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T h e  su p ero x id e  ra d ic a l a n io n , 0 2 “ , re a d ily  re a cts  w ith  e lectro n  a c ce p to rs , su c h  as q u in o n e s , n itr o -s u b s ti-  
tu te d  a r o m a tic  h y d ro c a rb o n s , e tc ., to  y ie ld  th e  co rresp o n d in g  ra d ic a l a n io n s . W i t h  e lectro n  d o n o rs , su c h  
as a m in e s , th e  su p ero x id e  a n io n  rea cts  a s  an  o x id a n t  to  give  n itr ic  ox id es . N o  e x p e r im e n ta l su p p o rt c o u ld  
b e  p ro v id ed  to  th e  su g g e ste d  u se  o f  su p ero x id e  ion  as a  sou rce o f  s in g le t  m o le c u la r  o x y g en , O 2 ( 1 2 g+ ) .

I n tr o d u c t io n

In  re c e n t yea rs , co n v in c in g  e v id en ce  th a t  a  fre e -ra d ic a l  
fo rm  o f  m o le c u la r  o x y g en , th e  su p ero x id e  ion  0 2 “ , is 
fo rm e d  in  a s u b s ta n tia l a m o u n t b y  th e  u n iv a le n t re d u c 
tio n  o f  m o le c u la r  o x y g en  in  b io lo g ic a l s y s te m s  h a s  b een  
p ro v id ed  b y  d ire ct esr m e a su r e m e n ts  u s in g  a  ra p id -fr e e z 
in g  te c h n iq u e .1  T h u s , th e  g e n era tio n  o f  su p ero x id e  ion  h as  
b e e n  rep o rted  in  severa l e n z y m a tic  s y s te m s  su c h  a s  x a n 
th in e  o x id a se  a n d  th e  a b ility  o f  re d u ce d  fla v in e s  a n d  a  v a 
r iety  o f  fla v o p ro te in s  to  p ro d u c e  su p ero x id e  a n io n  ra d ica ls  
w as d esc rib e d . F u rth erm o re , reg ard in g  th e  su b se q u e n t  
p ro cesses u n d ergo n e  b y  su p ero x id e  ion in  b io lo g ic a l s y s 
te m s , it  h a s  b e e n  su g g e ste d  th a t  it  ca n  m e d ia te  th e  flo w  o f  
electro n s fro m  e n z y m e s  to  e lectro n  a c c e p to rs  su c h  as  
c y th o c h ro m e  C , or c o u ld  b e  in v o lv e d  in  c h e m ic a l rea ctio n s  
c a ta ly z e d  b y  o x y g e n a se s .2

H o w e v e r , th ere  is a p a u c ity  o f  d a ta  o n  p r im a ry  c h e m ic a l  
p ro cesses w h ich  in v o lv e  su p ero x id e  io n , p a r tic u la r ly  re 
g a rd in g  th e  b a sic  in tera c tio n s  o f  th is  sp ec ies  w ith  organ ic  
su b stra te s . In  v iew  o f  th e  p a r a m a g n e tic  ch a ra c te r  o f  th e  
su p ero x id e  io n , it  it  e x p e c te d  th a t  its  in te r a c tio n  w ith  or
g a n ic  c o m p o u n d s  sh o u ld  y ie ld  as a first p ro d u c t, p a r a 
m a g n e tic  sp ec ies . S in c e  e lectro n  sp in  re so n a n ce  p ro v id es  a 

■ p ow erfu l a n d  u n a m b ig u o u s  te c h n iq u e  for se a rch in g  for  
su ch  sp ec ies , w e u n d erto o k  a s tu d y  o f  in it ia l in tera ctio n s  
o f  su p ero x id e  ion w ith  severa l grou p s o f  org a n ic  c o m p o u n d s  
u sin g  th is  te c h n iq u e .

E x p e r im e n t a l  S e c t io n

T h e  orga n ic  c o m p o u n d s  w ere fro m  c o m m e r c ia l sou rces  
a n d  w ere c a re fu lly  p u rified  b efore  u se . P o ta s s iu m  su p e r o x 
ide (R ese a rc h  O r g a n ic /In o r g a n ic  C h e m ic a l C o r p .)  w as  
u sed  as su p p lie d . D im e th y l su lfo x id e  w a s fre sh ly  d istille d  
ov er C a H 2 . T h e  te tr a b u ty la m m o n iu m  su p ero x id e  w a s  sy n 
th e siz e d  in  a  p rep a ra tiv e  sca le  b y  e le c tro c h e m ic a l o n e -  
e lectro n  re d u c tio n  o f  m o le c u la r  ox y g en  on  a m e rc u ry -p o o l  
c a th o d e  fo llo w in g  th e  e x p e r im e n ta l p ro ced u re  d esc rib ed  
b y  M c C o r d  a n d  F r id o v ic h .3 T h e  m ix in g  o f  th e  su p erox id e  
ion  c o n ta in in g  so lu tio n  a n d  th e  so lu tio n  o f  org a n ic  s u b 
stra te  w as carried  o u t in  a v a c u u m  a p p a r a tu s , a lth o u g h  in  
m o s t  ca ses flu sh in g  o f  th e  so lu tio n  c o n ta in in g  th e  m ix e d  
rea g en ts  w ith  h e liu m , tu rn e d  o u t to  b e  sa tis fa c to ry .

E s r  sp e c tra  w ere reco rd ed  w ith  a  V a r ia n  E 1 2  esr s p e c 
tr o m e te r . T h e  sp ec tra  w ere e x a m in e d  a t  ro o m  te m p e r a 
tu re a t  X -b a n d  fre q u e n c y .

R e s u lt s  a n d  D is c u s s io n

S in c e  th e  red ox  p o te n tia ls  o f  0 2 |0 2 _  a n d  0 2 |H 20 2 

are —0 .7  a n d  1 .3  V ,  re sp ec tiv e ly , a t  p H  7 , 4 a n  e x p e c te d

fea tu re  o f  th is  su p ero x id e  a n io n  is th e  a b ility  o f  a c tin g  as  
a  re d u c ta n t in th e  p resen ce  o f  e lectro n  a c c e p to rs  a n d  a n  
o x id a n t in  th e  p resen ce  o f  e lectro n  d o n o rs . F o r  th e  p u r 
p oses o f  p ro v id in g  d a ta  a g a in st  w h ich  th e o r e tic a l p re d ic 
tio n  ca n  b e  te s te d , it  is o f  in terest to  s tu d y  th e  in tera c tio n  
o f  O 2 w ith  su sp e c te d  orga n ic  sca v e n g e rs .

In o rg a n ic  su p ero x id es  ca n  p ro vid e  a  d ire c t a n d  c o n v e 
n ie n t sou rce o f  su p ero x id e  io n . T h u s  p o ta s s iu m  su p e r o x 
id e , K O 2 , w a s  u sed  p re fe ren tia lly  as th e  sou rce  o f  su p e r o x 
ide ion  in  th is  w o rk .5 T h e  p resen ce  o f  0 2 “  in  a  d im e th y l  
su lfo x id e  so lu tio n  o f  K 0 2 w as ea sily  d e te c te d  b y  esr at  
- 1 9 6 °  d u e  to  th e  a sy m m e tr ic  m a in  g±_ lin e  a t  2 .0 0  a n d  g[t 
c o m p o n e n t o f  low  a m p litu d e  a t  2 .1 0 . O c c a s io n a lly , c e n a in  
rea ctio n s w ere re p ea te d  w ith  te tr a b u ty la m m o n iu m  Sup
ero xid e , ( C iH g l - jN + C ^ - , in d im e th y lfo r m a m id e  or a c e to n 
itrile  w ith  s im ila r  re su lts .

T h e  im p o r ta n c e  o f  q u in o n e s a n d  re la te d  stru ctu re s  in  
m e ta b o lis m  a n d  b io lo g ic a l o x id a tio n s  p r o m p te d  u s  to  u n 
d erta k e  a  c lose  e x a m in a tio n  o f  th e  re a c tio n  o f  su p ero x id e  
ion  w ith  th e se  c o m p o u n d s . W e  fo u n d  th a t  q u in o n e s  are  
sp o n ta n e o u s ly  re d u ce d  b y  K O 2 in  d im e th y l su lfo x id e  s o lu 
tio n  to  g ive  fa ir ly  s ta b le  se m iq u in o n e  a n io n  ra d ic a ls . T h u s  
th e  m o d e  o f  e le ctro n  tra n sfer  m a y  b e  fo r m u la te d  as f o l 
low s

T h e  esr sp ec tra  o f  th e  se m iq u in o n e  ra d ic a l a n io n s  g e n 
era ted  b y  rea ctio n  1  w ere id e n tifie d  a n d  c o m p a re d  w ith  
th e  sp e c tra  o f  th e  co rresp o n d in g  ra d ic a ls  p re p a re d  b y  a l 
te rn a tiv e  m e th o d s  a s  in d ic a te d  in  th e  T a b le  I .6 -7 

W i t h  c e rta in  q u in o n e s , p a rtic u la rly  b e n z o q u in o n e s , th e  
e ffec t o f  th e  p resen ce  o f  th è  co u n te r c a tio n , K + ,  in  close  
p r o x im ity  to  th e  ra d ic a l a n io n  m o le c u le  w a s o b se r v e d . In  
th ese  ca ses th e  sp e c tru m  w as c o m p le x , 8 th e  m a in  e ffec t  
b e in g  th e  a p p ea ra n c e  o f  an  a d d itio n a l ra d ic a l w ith  an

(1) R. Nilsson, F. M. Pick, and R. C. Bray, Biochim. Biophys. Acta., 
192, 145 (1969).

(2) I. Fridovich, Accounts Chem. Res., 5, 321 (1972).
(3) J. M. McCord and I. Fridovich, J. Biol. Chem., 244,6049 (1969).
(4) W. M. Latimer, “Oxidation Potentials,” 2nd ed, Prentice Hall, New 

York, N. Y., 1952. The values have been recomputed tor pH 7.
(5) J. E. Bennett, D. J. E. Ingram, M. C. R. Symons, P. George, and J. 

S. Griffith, Phil. Mag., 46, 443 (1955).
(6) A. Fisher in Landolt-Bornstein, New Series, Voi. 1, K. H. Hellwege 

and A. M. Hellwege, Ed., Springer Verlag, He delberg, 1965.
(7) L. M. Stock and J. Suzuki, Proc. Chem. Soc., 136 (1962).
(8) Cf. E. A. C. Lucken, J. Chem. Soc., 4234 (1964).
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TABLE I

Parent quinone
Hyperfine splitting constants 

(present work), G Ref

p-Benzoquinone aH = 2.35 6
2,5-Dichlorobenzoquhone aH = 2.15 6
2,6-Dichlorobenzoquhone aH = 2.35 6
2,5-Di-ferf-butylbenzcquinone aH =  2.20 7
2,5-Dimethylbenzoquinone aMeH = 2.12, aH = 1.92 6
p-Fluoranil aF = 4.0 6
2,3-Dichloro-5,6-

dicyanobenzoquinone
aN = 0 62

1,4-Naphthoquinone a5,8H = 0.31, a6,7H = 0.62, 
a2,3H = 3.25

6

Anthraquinone a,H = 0.30, a2H = 0.97 6
5,8-Dihydroxynaphthc quinone aH = 2.35, aOHH = 0.50 6
9,10-Phenanthrenequinone a2,7H = 0.22, a4,5H = 0.42, 

a1j8E =  1.37, a3,6H =  1.65
6

a sy m m e tr ic  e lectro n  sp in  d e n s ity  d is tr ib u tio n . T h is  re 
su lts  in  d iffe re n t h y p e rfin e  sp litt in g  o f  h y d ro g en s w h ich  
are e q u iv a le n t in  th e  u n c o m p le x e d  ra d ic a l a n io n . H o w 
ever, th e  a d d itio n  o f  a  s m a ll  q u a n tity  o f  w a ter d isp la c e d  
th e  m e ta l fro m  th e  se m iq u in o n e  a n d  re sto red  th e  sp e c 
tr u m  to  th a t  u su a lly  o b serv e d .

S ev era l h y d r o x y -s u b s t itu te d  b e n z o q u in o n e s  a n d  a n th ra - 
q u in o n es re a c te d  sp o n ta n e o u s ly  w ith  p o ta s s iu m  su p e r o x 
ide as w itn e ssed  b y  th e  su d d e n  c h a n g e  in  co lo r  a n d  release  
o f  o x y g en  on  m ix in g  w ith  a  so lu tio n  o f  K O 2 u n d er v a c u 
u m . H o w e v e r , n o  p a r a m a g n e tic  sp ec ies  c o u ld  b e  d e te c te d  
b y  esr. T h e s e  o b serv a tio n s  c a n  b e  e x p la in e d  b y  th e  fo r m a 
tio n  o f  th e  c o rresp o n d in g  co lo red  p o ta ss iu m  p h e n o la te s , 
w h ose  e le c tro n -a c c e p tin g  c a p a b ilitie s  w ere n o t su ffic ien t  
to  p ro m o te  th e  e lectro n  tra n sfe r  fro m  th e  su p ero x id e  ion . 
F u rth erm o re , th e  p erh y d ro x y l ra d ica l H O 2 fo rm e d  -b y  re 
p la c e m e n t o f  K +  b y  th e  p h e n o lic  p ro to n  w o u ld  e a sily  d is 
p ro p o rtio n a te  w ith  re lease  o f  m o le c u la r  o x y g en

2 H 0 2 =  H 20 2 +  0 2 ( 2 )

S im ila r  to  q u in c n e s , w e fo u n d  th a t  n itr o -s u b s titu te d  
a r o m a tic  h y d ro c a rb o n s  are ea sily  re d u c e d  to  th e  corre
sp o n d in g  ra d ic a l a n io n s , a c c o rd in g  to  th e  re a ctio n

T a b le  II9 ’ 10 s u m m a r iz e s  ou r w ork  w ith  th e se  c o m p o u n d s  
an d  th e  h y p erfin e  c o u p lin g  c o n sta n ts  d er iv e d  fro m  it.

In  th is  c a se , a lso , th e  ra d ic a ls  ge n e ra te d  b y  th e  re a ctio n  
w ith  su p ero x id e  io n  c o m p a re  very  w ell w ith  th e  sa m e  r a d 
ica ls  gen era ted  b y  a lte r n a tiv e  m e th o d s . I t  is n o tew o rth y  
th a t th e  lin e s  co rresp o n d in g  to  n u c le a r  sp in  s ta te s  o f  th e  
n itrog en  a to m  M\ =  ± 1  o f  th e  3 ,5 -d in itr o b e n z o ic  a c id  r a d 
ica l a n io n  w ere s lig h t ly  b r o a d e n e d . T h is  e ffe c t  w a s  e x 
p la in e d 1 1  as  re su ltin g  fro m  f lu c tu a tio n s  in  sp in  d e n s ity  a t  
a ra te  c o m p a ra b le  w ith  th e  recip roca l h y p e rfin e  in terv a l. 
N e v e rth e le ss , th e  m e a su r e d  sp littin g  p a r a m e te rs  o f  th is  
ra d ica l w ere fo u n d  to  b e  in  v e ry  go od  a g re e m e n t w ith  
th o se  o f  th e  e le c tro c h e m ic a lly  g e n e ra te d  ra d ic a l in  a d i 
m e th y l su lfo x id e  so lu tio n  u sin g  te tr a b u ty la m m o n iu m  p e r 

ch lo rate  as su p p o rtin g  e le c tro ly te .
A n  u n u su a l re a c tio n  occu rred  b e tw e e n  p -n itr o to lu e n e  

a n d  K 0 2 . T h e  esr sp e c tr u m  o b ta in e d  b y  m ix in g  th ese  
c o m p o u n d s  w as id e n tic a l w ith  th e  p -n itr o b e n z a ld e h y d e

TABLED

Hyperfine splitting constants
°arent compound (present work), G Ref

Nitrobenzene aN = 9.90, a2j6H = 3.35, 6
a3,5H = 1.07, a4H = 4.00

p-Formylnitrobenzene aN = 5.40, a2(6)H = 2.30, 6
a6(2)H = 2.95, a3(5)H = 0.30, 
a5(3)H = 0.42, aCHOH = 1.30

p-Cyanonitrobenzene aN = 6.55, a2,6H = 3.05, 6
a3,5H = 0.75, aCNN = 0.75

m-Methoxynitrobenzene aN = 9.75, a2(6)H = 3.22, 9
a6(2)H = 3.32, a4H = 3.70, 
a5H = 1.0

m-Chloronitrobenzene aN = 9.0, a2j6H = 3.30, 10
a4H = 4.20, a5H = 1.0

3,5-Dinitrobenzoic acid aN = 4.50, a2>6H = 3.92,
a 4H =  3 .2 0 ’

ra d ic a l a n io n  su g g e stin g  th e  o x id a tio n  o f  th e  p -m e th y l  
grou p  to  a ld e h y d e  d u rin g  th e  p ro cess.

I t  c o u ld  b e  e x p e c te d  th a t  su p ero x id e  ion  re a cts  also  
w ith  o th er e lectro n  a c c e p to rs  to  y ie ld  th e  co rresp on d in g  
ra d ic a l an io n s. T h u s  7 ,7 ,8 ,8 -te tr a c y a n o q u in o d im e th a n e  
( T C N Q )  g a v e  a  m u ltilin e  sp e c tru m  id en tic a l w ith  th e  one  
d esc rib e d  in  litera tu re  for its  ra d ic a l a n io n 6 w ith  th e  h y 
p erfin e  c o u p lin g  c o n sta n ts  aH =  1 .4 3  a n d  aH =  1 .0 0 .

S im ila r ly , an th ro n e  re a cts  in s ta n ta n e o u s ly  w ith  K O 2 to  
give a ra d ic a l sp e c tru m  c o m p o se d  o f  tw o  q u in te ts  w ith  a 
b in o m ia l d istr ib u tio n  1 : 4 : 6 : 4 : 1  a n d  h y p e rfin e  sp littin g  
c o n sta n ts  0 .9 7  a n d  0 .3 0  G . T h is  sp e c tru m  is p ec u lia r  in  
th a t  n o  sp littin g  d u e  to  th e  - C H 2-  grou p  a t  p o sitio n  9  is 
a p p a r e n t , as  w o u ld  b e  e x p e c te d  on  th e  b a sis  o f  a h y p e r
c o n ju g a tio n  m e c h a n is m . F u rth erm o re , th is  esr sp e c tru m  is 
id e n tic a l w ith  t h a t  o f  th e  ra d ic a l a n io n  o f  9 ,1 0 -a n th r a q u i-  
n on e gen era ted  b y  th e  sa m e  p ro ce d u re . S in c e  e x tre m e  
care w as ta k e n  to  p rep are  a  p u re  s a m p le  o f  an th ro n e  for  
th is  re a ctio n , th e  fo rm a tio n  o f  a n th ra q u in o n e  ra d ica l  
a n ion  c o u ld  b e  d u e  to  an  o x id a tio n  p ro cess w ith  m o le c u la r  
o x y g en  p ro d u c ed  fro m  su p ero x id e  io n . 12  T h e  fa c ile  c o n v e r 
sio n  o f  an th ro n e  to  9 ,1 0 -a n th r a q u in o n e  ra d ic a l a n io n  d u r 
in g  th e  re d u c tio n  p ro cess h a s  b e e n  s u g g e ste d . 13  In  m o s t  o f  
th e  oth er rea ctio n s , h ow ever, th e  esr s p e c tra  o f  th e  p r i
m a ry  ra d ic a l a n io n s g e n e ra te d  b y  re d u c tio n  w ith  su p e r o x 
id e ion  c o u ld  still  b e  o b ta in e d  a fter  h ou rs a t  ro o m  te m p e r a 
tu re w ith o u t an y  sp e c ia l p re c a u tio n  b e in g  ta k e n  to  in crease  
th e  life tim e  o f  th e  ra d ic a ls .

S in c e  it  w a s e x p e c te d  th a t  su p ero x id e  ion w o u ld  rea ct  
as a n  o x id a n t w ith  e lectro n  d o n o rs , th is  p o ss ib ility  w as  
ch e ck e d  b y  tr e a tin g  it  w ith  a m in e s . W e  fo u n d  th a t  se c o n 
d ary  a m in e s  are in s ta n ta n e o u s ly  o x id iz e d  to  d ia lk y ln itr o x -  
ides b y  K O 2 in  d im e th y l su lfo x id e  so lu tio n . T h e  n u clea r  
h yp erfin e  co u p lin g  c o n sta n ts  o f  th e  n itric  o x id e s  gen era ted  
b y  th is  p ro cedu re  are lis te d  in  T a b le  I I I . 1 4 -15

I t  s h o u ld  b e  m e n tio n e d  th a t  w h ile  th e  d ia lk y l n itro x id es  
w ere gen era ted  in a pure fo rm  w ith o u t a n y  in terferen ce

(9) T. Fujinaga, Y. Deguchi, and K. Umemoto, B u ll.  C h e m . S o c .  J a p . ,  
37, 822 (1964).

(10) A. R. Metcalfe and W. A. Waters, J . C h e m . S o c .  B , 918 (1969).
(11) P. B. Ayscough, “Electron Spin Resonance in Chemistry," Methuen, 

London, 1967, p 272.
(12) Nevertheless, the electrolytic reduction of anthrone in a carefully 

degassed solution of dimetnyl sulfoxide or dimethylformamide with 
tetrabutylammonium perch orate as supporting electrolyte gener
ated the same radical anion

(13) B. J. Tabnerand J. R. Zdysiawicz, J .  C h e m . S o c .  B . 1659 (1971).
(14) A. Hudson and H. A. Hussain, J .  C h e m . S o c .  B , 1299 (1967).
(15) A. Mackor, Th. A. J. W. Wajer, Th. J. de Boer, and J. D. van 

Voorst, T e t r a h e d r o n  L e t t . ,  2 115  (1966).
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TABLE III

Hyperfine splitting constants
Parent amine (present work), G Ref

Dllsopropylamine aN = 15.0, aH = 4.30 14
Dlcyclohexylamine aN = 14.75, agH= 4.25, ayH =  0.65 15
Dlphenylamine aN = 1 0 .1 , a0lPH = 1.85, amH = 0.82 6

fro m  o th er ra d ic a ls , as p r im a ry  rea ctio n  p ro d u c ts , th e  d i-  
p h en y ln itr ic  ox id e  w as p ro d u c ed  a fte r  th e  so lu tio n  o f  
a m in e  a n d  K O 2 in  d im e th y l su lfo x id e  w a s d ilu te d  w ith  
w ater. T h e  in itia l esr sp e c tru m  o f  th e  m ix tu r e  o f  d ip h e -  
n y la m in e  a n d  K O 2 a p p ea re d  to  b e  a su p e r im p o s it io n  o f  
severa l r a d ic a ls ; th e  a d d itio n  o f  w ater to  th is  m ix tu r e  re 
m o v e d  th e  p r im a ry  ra d ic a ls , y ie ld in g  d ip h e n y ln itr ic  ox id e  
as th e  e x c lu siv e  p a r a m a g n e tic  sp ec ies .

T w o  o b serv a tio n s  sh e d  lig h t on  th e  m e c h a n is m  o f  for
m a tio n  o f  n itric  ox id e  in  th is  re a ctio n : (a )  n o  sta b le  ra d i
ca l p ro d u c ts  h av e  b e e n  o b served  fro m  te rtia ry  a m in e s  like  
tr ip h e n y la m in e  a n d  (b ) th e  re a ctio n  occu rs in  th e  ab sen c e  
o f a tm o sp h e ric  o x y g en . T h e s e  o b serv a tio n s  su g g e st th a t  
th e  p ro d u c tio n  o f  d is u b s titu te d  n itric  o x id e s  is a c co rd in g  
to  th e  fo llo w in g  e q u a tio n

lySiH + O f  ►  R.N- 0  + OH- (4)

A  fin a l a sp e c t o f  e lectro n  tra n sfer  re a c tio n  o f  O 2 -  co n 
cerns th e  u se  o f  a d im e th y l su lfo x id e  so lu tio n  o f K O 2 as  a 
sou rce o f  su p ero x id e  io n . In  197 0  it  w a s rep o rte d 16  th a t  
th e  su p ero x id e  a n io n , 0 2 “ , fro m  p o ta s s iu m  su p ero x id e , 
gen era tes s in g le t  m o le c u la r  o x y g en  in d im e th y l su lfo x id e  
so lu tio n . T h e  p resen ce  o f  s in g le t o x y g en  w as d e te c te d  b y  
c h e m ic a l m e a n s , u sin g  2 ,5 -d im e th y lfu r a n  a s  sca v e n g e r , as  
w ell as b y  flu o rescen ce  se n sitiz a tio n  te c h n iq u e s . T h e  
q u e n c h in g  e ffe c t o f  w ater a s  w ell as  th e  e n erg etic  req u ire 
m e n ts  in  th e  lu m in e sc e n c e  se n s itiz a tio n  e x p e r im e n t led  to  
th e  c o n clu sio n  th a t  O 2 ( 1 2 g + )  w as p re fe r e n tia lly  g e n e ra t
e d . 1 7  H o w e v e r, severa l o b serv a tio n s led  u s  to  d o u b t  th e  
co rrectn ess o f  th is  in terestin g  su g g e stio n . T h u s  in  th e  
e v e n t th a t  K O 2 re leases s in g le t m o le c u la r  o x y g en  in  d i
m e th y l su lfo x id e , th e  co n c e n tra tio n  o f  su p ero x id e  ion  in  
su ch  a so lu tio n  sh o u ld  ra p id ly  d ecrease  in  t im e . H o w e v e r, 
th e  p er io d ica l ch e ck  o f  th is  so lu tio n  b y  esr a t  - 1 9 6 °  h a r d 
ly  sh ow ed  a n y  c h a n g e  in  th e  su p erox id e  ion  sig n a l in te n s i
ty  a fte r  severa l h ou rs a t  ro o m  te m p e ra tu re . In  fa c t  th e  
s ta b ility  o f  th e  su p ero x id e  ion  in  n o n p ro tic  so lv e n ts  h as  
a lso  b een  n o tic e d  b y  oth er grou p s. T h u s , P o e v e r a n d  
W h it e 18 rep orted  th a t  su p erox id e  ion  g e n e ra te d  b y  e le c 
tro ly tic  o n e -e le c tr o n  re d u c tio n  o f  o x y g en  in  sev era l n o n 
p ro tic  so lv en ts  in c lu d in g  d im e th y l su lfo x id e  h a s  c o n sid er
a b le  s ta b ility . A c c o rd in g  to  M c C o r d  a n d  F r id o v ic h , 3 te tr a -  
b u ty la m m o n iu m  su p ero x id e  p ro d u c ed  b y  a s im ila r  p ro ce 
dure in  N .A -d im e t h y lfo r m a m id e  w as sta b le  for h ou rs at  
ro o m  te m p e ra tu re . T h u s  a  ra p id  c h e m ic a l re a c tio n  b e 

tw een  K O 2 a n d  d im e th y l su lfo x id e  ca n  b e  e x c lu d e d . In  a d 
d itio n  w e carried  o u t severa l c h e m ic a l te s ts  for s in g le t  
o x y g en  u sin g  a  d im e th y l su lfo x id e  so lu tio n  o f  K O 2 . T h u s
2 ,3 -d im e t h y l -2 -b u t e n e , 2 -m e t h y l -2 -p e n te n e , a n d  c y c lo h e x 
en e, c o m p o u n d s  k n ow n  to  b e  c h e m ic a l sca v e n g e rs  o f  s in 
g le t m o le c u la r  ox y g en  o f  a w id e  ran ge  o f  re a c tiv itie s , 19 

tu rn ed  o u t to  b e  p ra c tic a lly  u n a ffe c te d  b y  a  d im e th y l s u lf 
o x id e  so lu tio n  o f  K O 2 a fter  24  hr a t  ro o m  te m p e ra tu re  as  
sh ow n  b y  g a s -l iq u id  c h r o m a to g ra p h y  a n a ly se s . T e tr a p h e n -  
y lc y c lo p e n ta d ie n o r .e  (te tra c y c lo n e ) re a cte d  ra p id ly  in a  
d im e th y l su lfo x id e  so lu tio n  o f  K O 2 , to  g iv e , a fte r  w ater  
h y d ro ly ses  o f  th e  rea ctio n  m ix tu r e  a n d  e x tr a c tio n  w ith  
ch lo ro fo rm , a m a jo r  p ro d u c t o f  m p  1 9 0 -1 9 2 ° ,  7 max 169 6  
c m - 1 , Xmax 245  n m  (lo g  e 4 ) ,  3 2 0  n m  (lo g  e 3 ) ,  a n d  m/e 
3 2 8 . H o w e v e r , n o  c is -d ib e n z o y ls tilb e n e , th e  re a c tio n  p ro d 
u c t o f  te tr a c y c lo n e  w ith  s in g le t  o x y g en , c o u ld  be d e te c t 
e d .20

A lth o u g h  th ese  c h e m ic a l te s ts  h a v e  b e e n  d e v e lo p e d  for  
0 * ( 1 A g) , s im ila r  rea ctio n s c a n  b e  e x p e c te d  for 0 2 (1 2 R+ )  
in  v iew  o f  th e  easy  d e a c tiv a tio n  to  C b ^ A g )  b y  in te r m o le c -  
u lar c o llis io n .21

F in a lly , w e w ish  to  p o in t o u t ou r d isa g re e m e n t w ith  a 
view  w h ich  h a s  a p p ea re d  in  th e  lite ra tu re . T h e  o n e -e le c 
tron  tra n sfe r  re a ctio n  O 2 -  =  O 2 +  e is not lik e ly  to  g e n e r
ate  m o le c u la r  o x y g en  in an  e x c ite d  s in g le t  s ta te , m a in ly  
b e c a u se  su c h  a  re a c tio n  d oes n o t p ro vid e  s u ffic ie n t en ergy  
to  d o  so . T h e  e lectro n ic  lev els  o f  s in g le t  o x y g en  h a v e  b e e n  
a c c u r a te ly  d e te r m in e d  as b e in g  2 2 .5  a n d  3 7 .5  k c a l a b o v e  
th e  grou n d  sta te  o f  0 2 ( 3 2 g _ ) for C ^ H A g ) a n d  0 2 ( 1 2 g+ ) , 
re sp e c tiv e ly .19  S in c e  th e  a t ta c h m e n t o f  an  e le c tro n  to  an  
o x y g en  m o le c u le  is an  e x o th e rm ic  p ro cess , th e  grou n d  
s ta te  o f  0 2 “  lies b e lo w  C>2( 3 2 g ~ )  w ith  an  a m o u n t o f  energy  
e q u a l to  th e  e lectro n  a ffin ity  o f  m o le c u la r  o x y g e n . A  re 
c e n t m e a su r e m e n t o f  th e  e lectro n  a ffin ity  o f  o x y g en  b y  
ch a rg e  ex ch a n g e  o f  ce s iu m  a n d  m o le c u la r  o x y g en  y ie ld e d  a 
low er l im it  o f  0 .4 6  ±  0 .0 5  e V .22 I t  re su lts  th a t  th e  “ b a re ”  
co n versio n  o f  su p ero x id e  ion to  s in g le t  o x y g en  is e n d o th e r 
m ic  a n d  in  th e  a b sen c e  o f a n  a d d itio n a l sou rce  o f  en ergy  
su ch  a p ro cess  c a n n o t ta k e  p la c e . In  th is  re sp ec t, it  is in 
te re stin g  to  m e n tio n  th a t  th e  sta n d a rd  free en ergy  a v a il
a b le  fro m  th e  re a c tio n  2 O 2 -  +  2 H +  —»■ O 2 +  H 2O 2 o f  3 7 .5  
k c a l4 p ro v id es  su ffic ie n t en ergy  fo r  th e  g en e ra tio n  o f  e x c it 
e d  m o le c u la r  o x y g e n . H o w e v e r , th is  su g g e stio n 23 h a s  n o t  
y e t b e e n  e x p e r im e n ta lly  s u b sta n tia te d .

(16) A. U. Khan, Science, 168, 476 (1970).
(17) The possibility of alternative explanations for these experimental

i observations has been suggested. D. R. Kearns. C h e m . R e v . 71,
395 (1971).

(18) M. E. Poever and B. S. White, Electrochim. Acta, 1 1 ,1 0 6 1  (1966).
(19) C. S. Foote, Accounts Chem. Res., 1 ,10 4  (1968).
(20) C. S. Foote, S. Wexler, W. Ando, and R. Higgins, J. Amer. Chem.

Soc., 90, 975 (1968).
(21) R. P. Wayne, Advan. Photochem., 7, 400 (1969).
(22) S. J. Nalley and R. N. Compton, Chem. Phys. Lett., 9, 529 (1971).
(23) R. h. Steele and L. C. Cusachs, Nature (London), 213, 800 (1967).
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