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C h e m i c a l  R e a c t i o n s  o f  C a r b o n  A t o m s  a n d  M o l e c u l e s  f r o m  

L a s e r - I n d u c e d  V a p o r i z a t i o n  o f  G r a p h i t e  a n d  T a n t a l u m  C a r b i d e 1

Richard T. Meyer,* Arthur W. Lynch, and James M. Freese

H igh  Tem peratu re  S c i e n c e s  D iv is io n  5324 , S a n d ia  L ab ora to rie s, A lbuquerque , N e w  M e x ic o  8 7 1 1 5  (R e c e iv e d  S e p te m b e r  22, 1972 )  

P u b lica t ion  c o s t s  a s s is t e d  b y  S a n d ia  Lab o ra to r ie s

T h e  v a p o r  c o m p o sitio n  a b o v e  g ra p h ite  a n d  a b o v e  ta n ta lu m  ca rb id e  to g e th e r  w ith  th e c h e m ic a l rea ctio n s  
o f  C i ,  C 2, a n d  C 3 h av e  b e e n  s tu d ie d  b y  th e  te c h n iq u e s  o f  p u lsed  laser h e a tin g , t im e -r e so lv e d  m a ss  s p e c 
tr o m e tr y , a n d  g a s -p h a se  titra tio n s . T h e  re la tiv e  a b u n d a n c e s  for th e  v a p o rize d  sp ec ies  C i ,  C 2, a n d  C3 
w ere 1 .0 :1 .4 :1 7  for g ra p h ite  a n d  1 .0 :0 .0 5 9 :2 .2  for ta n ta lu m  ca rb id e . T h e  d iffe re n t re la tiv e  a b u n d a n c e s  
o f  v a p o rize d  Cn sp ec ies  fro m  g ra p h ite  a n d  fro m  ta n ta lu m  ca rb id e  w ere se le c ted  to  p ro v id e  an  id e n tif ic a 
tio n  o f  so m e  o f th e  sp ec ific  g a s -p h a se  rea ctio n s w ith  0 2, H 2, a n d  CH4. T h e  C n sp ec ies  re a c te d  q u a n tita 
tiv e ly  w ith  0 2 in  th e  gas p h a se  to  fo rm  C O  a n d  C0 2; C 0 2 w as th e  p ro d u c t o f  th e  rea ctio n s o f  C 2 a n d /o r  
C3. C 2H 2 w a s th e  m a jo r  p ro d u c t o f  Cn rea ctio n s w ith  H 2 a n d  a c c o u n te d  for 8 5 - 9 0 %  o f  th e  m a ss  loss from  
g ra p h ite . CH4, C4IU, a n d  m a ss  7 8  w ere m in o r p ro d u c ts . A  lo w -p ressu re  p la te a u  a t  ~ 0 . 5  T o rr  in  th e  H 2 

titra tio n  cu rve  w a s a ttr ib u te d  to  th e  c o m p le tio n  o f th e  rea ctio n  o f C 2 via a tw o -s te p  m e c h a n is m : (i) C 2 +  
H 2 —> C2H +  H ; (ii) C 2H +  H 2 —► C2H2 +  H . C3 rea cted  w ith  H 2 a t  p ressu res fro m  ~ 0 . 5  to  10 T o rr to  
fo rm  th e  m a jo r  q u a n tity  o f  C2H2, b u t th e  m e c h a n is m  w as n o t e lu c id a te d . T h e  ov era ll re a c tio n  p r o b a b ili
ty  o f  la se r -v a p o riz e d  ca rb o n  sp ec ies (p r e d o m in a te ly  C3) w as a p p ro x im a te ly  17 t im e s  greater w ith  0 2 th a n  
w ith  H 2 . T h e  re a ctio n  o f  Cn sp ec ies  w ith  CH4 w as c o m p lic a te d  b y  th e  p y ro ly sis  o f  th e  CH4 on th e  laser- 
h e a te d  su b s tr a te ; C2H2 a n d  H 2 w ere th e  p rin c ip a l p ro d u c ts  o f  b o th  th e  v a p o r -p h a se  re a ctio n s a n d  th e  
p y ro ly sis . T h e  te c h n iq u e s  a n d  resu lts  e v o lv e d  in  th is  s tu d y  p ro vid e  a fo u n d a tio n  for e v o lv in g  th e  e le m e n 
ta ry  rea ctio n s o f  ca rb o n  a to m s  a n d  m o le c u le s  a n d  for d e te r m in in g  th e  v a p o r  c o m p o sitio n s  o f  g rap h ites  
an d  ca rb id e s  at very  h ig h  te m p e ra tu re s .

1. Introduction

T h e  h ig h -te m p e r a tu re  c h e m istry  o f  ca rb o n  h a s p ro fo u n d  
im p a c t on  n u m e ro u s  a reas o f  m o d e m  te c h n o lo g y . In  re 
cen t yea rs , s tu d ie s  o f  th e  c h e m ic a l rea ctio n s o f  ga seou s  
carb on  a to m s  a n d  m o le c u le s  h a v e  e m erg ed  as a resu lt o f  
th e  d e v e lo p m e n t o f  te c h n iq u e s  for p ro d u c in g  a n d  d e te c t 
ing th e se  h ig h ly  re a ctiv e  sp ec ies . T h e  rea ctio n s o f  C i  h ave  
b een  e x p lo red  e x te n s iv e ly  b y  W o lfg a n g  a n d  cow o rk ers ,1  10 

W o lf , 1 1 -1 4  S k e ll , 15-22  a n d  B r a u n .53 A  few  resu lts  on  rea c
tio n s o f  C 2 a n d  C 3 h a v e  b e e n  rep orted  b y  S k e ll , 1 7 -20 

N a m b a ,24-26 a n d  V e r d ie c k .2 7 -28

T h e  v a p o r c o m p o sitio n  for g ra p h ites  h a s  b e e n  exp lored  
w ith  e q u a l v igor over th e  p a s t  1 0 -1 5  y e a rs . T h e  e q u ilib r i
u m  v a p or p ressu res o f  C i  th ro u g h  C5 d e te r m in e d  b y  
D row art, et al, are th e  sta n d a rd s  o f  to d a y , b u t  are reco g 
n ized  as b e in g  so m e w h a t l im it in g  b e c a u se  th e  e x p e r im e n 
ta l m e a su r e m e n ts  d id  n o t e x ceed  2 7 0 0  K .29 In  1 96 8 , P a lm 
er a n d  S h e le f  rev iew ed  a ll o f  th e  e x istin g  d a ta  a n d  p ro 

p o se d  “ b e st  a p p r o x im a tio n s”  o f  th e  p a r tia l p ressu res a n d  
th e  h e a ts  o f  s u b lim a tio n .30 M o re  r e c e n tly , v a p o r pressure  
m e a su r e m e n ts  e x te n d e d  to  as h ig h  as 3 2 0 0  K  h av e  b een

(1 ; This work was supported by the US Atomic Energy Commission.
(2; (a) For the most current summary of Wolfgang’s studies and a 

complete list of pertinent publications, see R. F. Peterson, Jr., and 
R. Wolfgang, A d van . H ig h  Tem p eratu re  C hem .. 4, 43 (1971); (b) J. 
Dubrin, C. MacKay, M. L. Pandow, and R. Wolfgang, J. Inorg. 
N ucl. C hem ., 26, 2113 (1964).

(3) C. MacKay and R. Wolfgang, S c ie n c e ,  148, 899 (1965).
(4' M. Marshall, C. MacKay, and R. Wolfgang, J. A m er. C h em . Soc.,  

86, 4741 (1964).
(5) R. Wolfgang, Progr. R eact. Kinet., 3, 99 (1965).
(6’ J. Dubrin, C. MacKay, and R. Wolfgang, J. A m er. Chem . So c ., 86, 

4747(1964).
(7‘ J. E. Nicholas, C. MacKay, and R. Wolfgang, J. A m er. Chem . Soc..  

87,3008 (1965).
(8 J. Nicholas, C. MacKay, and R. Wolfgang, J. A m er. Chem . So c ..  

88, 1065 (1966).
(9’ J. Nicholas, C. MacKay, and R. Wolfgang, J. A m er. Chem . So c ..  

88, 1610 (1966).
(10 C. MacKay, J. Nicholas, and R. Wolfgang, J. A m er. Chem . Soc.,  

89,5758 (1967).

1083
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rep orted  b y  Z a v its a n o s  a n d  C a r lso n , 31 M iln e , et al. , 32 a n d  
W a c h i  a n d  G ilm a r t in .33 A  n u m b e r  o f  in v estig a to rs  h av e  
u se d  p u lse d  laser h e a tin g  to  a c h ie v e  s till  h ig h er te m p e r a 
tu res ( ~ 4 0 0 0  K )  a n d  to  d e te r m in e  th e  v a p o r  c o m p o sitio n  
u n d er n o n e q u ilib riu m  v a p o riza tio n  c o n d itio n s .34-36

In  th is  p a p er  w e rep o rt p a r a lle l s tu d ie s  o f  (a ) th e  c h e m 
ica l rea ctio n s o f  th e  la se r -v a p o riz e d  ca rb o n  sp ec ies  w ith  
se le c ted  re a c ta n t g a ses, O 2 , H 2 , a n d  C H 4, a n d  (b )  th e  
v a p o r c o m p o sitio n s  a b o v e  la se r -h e a te d  g ra p h ites  a n d  
a b o v e  ta n ta lu m  ca rb id e . T h e  ca rb id e  w as u se d  in  th e  
c h e m ic a l t itra tio n  p ro ced u res in  order to  c h a n g e  th e  c a r 
b o n  v a p o r  c o m p o sitio n s  a n d  fin a l p ro d u c t d istr ib u tio n  a n d  
to  p ro v id e  a n  id e n tific a tio n  o f  th e  ca rb o n  v a p o r  sp ec ies  
p ro d u c ed  a t  th e  very  h ig h  te m p e ra tu re s  a sso c ia te d  w ith  
laser h e a tin g . T im e -r e s o lv e d  m a ss  sp e c tro m e tr y  w as a p 
p lied  to  th e  v a p o r  c o m p o sitio n  a n a ly se s , w h ic h  sh ow ed  
th a t  th e  re la tiv e  a b u n d a n c e s  o f  th e  Cn sp ec ies  ab o v e  
g ra p h ite  a n d  ta n ta lu m  ca rb id e  w ere s ig n ific a n tly  d iffe r 
e n t. T h is  o b serv a tio n  fa c ilita te d  th e  e v o lu tio n  o f  th e  
c h e m ic a l titra tio n  p ro ced u res an d  in sig h t o n  th e  e le m e n 
ta ry  c h e m ic a l re a ctio n s o f  th e  C „  sp ec ies  w ith  th e  t it r a t 
in g  g a ses. In  th e  D isc u ssio n  se ctio n , first th e  re la tiv e  a -  
b u n d a n c e s  o f  th e  ca rb o n  v a p o r  sp ecies d e te r m in e d  fro m  th e  
m a ss  sp ec tro m e tr ic  a n a ly se s  are sh ow n  to  b e  a p p lic a b le  to  
th e  laser co n d itio n s u tiliz e d  for th e  titra tio n  e x p e r im e n ts . 
T h e n , th e  titra tio n  d a ta  are e v a lu a te d  to  d e m o n str a te  
th a t  th e  re a ctio n  p ro d u c ts  w ere fo rm e d  in  h o m o g e n e o u s  
g a s-p h a se  re a ctio n s a n d  th a t  th e  a m o u n ts  fo rm e d  c o rrela t
ed  q u a n tita tiv e ly  w ith  th e  a m o u n t o f  v a p o rize d  ca rb o n . 
F in a lly , c h e m ic a l m e c h a n is m s , w h ich  offer c o n siste n cy  
w ith  th e  v a p o r  c o m p o sitio n s  a n d  titra tio n  d a ta , are d is 

cu ssed  for th e  rea ctio n s o f  C i ,  C 2 , a n d  C 3 w ith  O 2 a n d  H 2 .

2. Experimental Methods

2.1 Gas Titration Procedures. T h e  g a s  titra tio n  ex p er i
m e n ts  w ere carried  o u t in  a 1 - 1 . g la ss  re a c tio n  v essel 
w h ich  c o n ta in ed  th e  g ra p h ite  or ta n ta lu m  ca rb id e  sa m p le , 
th e  titra tio n  ga s , a  q u a rtz  w in d o w  for th e  laser b e a m , a n d  
a ga s sa m p lin g  v a lv e . T h e  sa m p le  w as irra d ia te d  w ith  a  
K o r a d  K - l  laser, w h ich  u tiliz e d  a  N d 3+  g la ss  rod  (1 .2 7 -c m  
d ia m e te r ) c a p a b le  o f  b o th  a n o r m a l-m o d e  p u lse  o f  70  J , 
800-jusec d u ra tio n , an d  a Q -s w itc h e d  p u lse  o f  3 J , 2 5 -n se c  
d u ra tio n . T h e  laser b e a m  w as fo c u se d  b y  a 2 5 0 -m m  len s  
to  a sp o t a p p r o x im a te ly  0 .5 -m m  d ia m e te r  on  th e  sa m p le  
su rfa ce . In  order to  o b ta in  a m e a su r a b le  w eig h t loss in  th e  
Q -s w itc h e d  m o d e  e x p e r im e n ts , th e  sa m p le s  w ere s u b je c t 
e d  to  fou r irra d ia tio n s o f  2 .5 - 3 .0  J per irra d ia tio n  for e a ch  
titra tio n  e x p e r im e n t. S in g le  irra d ia tio n s o f  50  J w ere su ffi
c ien t for th e  n o r m a l-m o d e  e x p e r im e n ts . T h e  laser sa m p le s  
co n siste d  o f  P o c o  A X F - Q B  g ra p h ite  (1 .8 5  g /c c ,  5 0 0  p p m  
a sh ) , P y ro id  p y ro ly tic  g ra p h ite  (2 .2  g /c c ,  10  p p m  a sh ), 
a n d  A lfa  In o rg a n ics  ta n ta lu m  c a rb id e  ( T a C , 13 g /c c ,  
9 9 .8 %  p u r ity ) . T h e  P y ro id  sa m p le s  w ere a lig n ed  w ith  th e  
c face  p erp en d icu la r  to  th e  laser b e a m . A l l  th e  titra tio n  
sa m p le s  w ere p o lish e d , o u tg a ssed  in  a v a c u u m  o v en  at 
180 0  K  for 3 hr, a n d  th e n  w eig h ed  in  air on  a m ic r o b a l
a n ce  (M e tt le r  A u to m a tic  M o d e l M 5 S /A )  to  an  accu ra cy  
o f  i l ^ i g .

A fte r  in sertion  in to  th e  rea ctio n  v e sse l, e a ch  sa m p le  w as  
a g a in  e v a c u a te d  to  a p p r o x im a te ly  5 x  1 0 - 6 T o r r . I t  w as  
o b serv e d  th a t  laser h e a tin g  o f  th e  sa m p le s  in d u c e d  fu rth er  
o u tg a ssin g ; th erefore , m a ss  sp ec tro m e tr ic  d e te r m in a tio n s  
o f  th e  laser o u tg a ssin g  in to  th e  e v a c u a te d  re a ctio n  vessel 
w ere a lw a y s  m a d e  prior to  th e  titra tio n  e x p e r im e n ts  in  
order to  correct for th is  c o n tr ib u tio n  to  th e  to ta l a m o u n t

o f  p ro d u c ts . A d d it io n  o f  th e  titra tio n  g a s  to  th e  e v a c u a te d  
v esse l w as m e a su red  w ith  a M K S  B a ra tro n  p ressu re  in d i

ca tor to  a n  a c c u r a c y  o f  1 %  or b e tte r .
T h e  titra tio n  a n d  c a lib ra tio n  g a ses  c o n siste d  o f  o x y g en  

(L in d e  U ltr a  H ig h  P u r ity ) , h yd ro g en  (M a th e s o n  E x tr a  
D r y , 9 9 .9 % ) ,  m e th a n e  (M a th e s o n  C h e m ic a lly  P u re , 
9 9 .0 % ) ,  h e liu m  (M a th e s o n  H ig h  P u rity , 9 9 .9 9 5 % ) ,  ca rb o n  
m o n o x id e  (M a th e s o n  C h e m ic a lly  P u re , 9 9 .5 % ) ,  ca rb o n  
d io x id e  (M a th e s o n  B o n e  D r y , 9 9 .8 % ) ,  a n d  a c e ty le n e  (J . T .  
B a k e r  P u rifie d , 9 9 .6 % ) .

T h e  ga seo u s re a ctio n  p ro d u c ts  w ere e x p a n d e d  in to  a  
k n o w n  v o lu m e  to  m e a su re  th e  to ta l p ressu re  a n d  w ere  
th e n  a d m it te d  in to  th e  ion sou rce o f a t im e -o f -f l ig h t  m a ss  
sp e c tro m e te r  (B e n d ix  M o d e l  3 0 1 5 .) .  M e a s u r e d  ion  in te n s i
ties  o f  e a ch  ga seo u s c o m p o n e n t w ere c o n v e rted  to  a b so lu te  
n u m b e r s  o f  m o le c u le s  b y  t im e ly  c a lib ra tio n s  o f  th e  ga s  
in le t a n d  sp e c tro m e te r  s y s te m . B a c k g ro u n d  p e a k  in te n s i
ties  (fr o m  im p u r itie s  in  th e  p u re  re a c ta n t g a s  a n d  fro m  
th e  m a ss  sp ec tro m e te r) w ere m e a su r e d  a n d  su b tra c te d  
fro m  th e  p ro d u c t p e a k  in ten sities  to  d e te r m in e  th e  a b s o 
lu te  a m o u n t o f  re a c tio n  p ro d u c t. T h e  m e a su r e d  w eig h t  
loss o f  th e  s a m p le  (ex p resse d  as a to m s  o f  ca rb o n  fo r  th e  
grap h ite  sa m p le s )  w as th e n  co m p a re d  to  th e  to ta l a m o u n t  
o f  g a seo u s p ro d u c ts  p ro d u c ed .

C a lib ra tio n  o f  th e  m a ss  sp e c tro m e te r  w a s p erfo rm e d  b y  
fillin g  th e  re a ctio n  vesse l a n d  in le t  s y s te m  w ith  a  pure  
p ro d u c t ga s ( C 2H 2 , C O , C O 2 , e tc .)  or m ix tu r e s  o f  g a ses . 
T h e  ion  in te n sit ie s  a n d  ga s p ressu res w ere m o n ito re d  over  
a  p ressu re range ty p ic a l o f  th e  p a r tia l p ressu res o f  th e  
p ro d u c t g a ses.

2 .2  Time-Resolved Mass Spectrometry. T h e  a b u n d a n c e s  
o f  ca rb o n  sp ec ies , v a p o rizin g  fro m  gra p h ite  a n d  ta n ta lu m  
ca rb id e  sa m p le s  d u rin g  p u lsed  laser h e a tin g , w ere m e a s 
u red  in  a B e n d ix  M o d e l 1 4 -1 0 1  t im e -o f -f l ig h t  m a s s  sp ec -
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BINOCULAR VIEWING OPTICS

Figure 1. Diagram of apparatus for time-resolved mass spectro- 
metric studies of laser-induced vaporization; principal compo
nents are Bendix Model 14-101 time-of-fllght mass spectrome
ter, Korad K1Q neodymium laser, and microscope for focusing of 
laser beam.

tro m e te r  b y  t im e -r e so lv e d  reco rd in g  te c h n iq u e s .3 7 ’38 T h e  
P y ro id  g ra p h ite  s a m p le  w as p la c e d  5 c m  b e lo w  th e  io n iz 
in g  e lectro n  b e a m  o f  th e  io n  sou rce . A n  e lectro n  b e a m  
en ergy o f  1 8 .6  e V  p re v e n te d  m a jo r  fra g m e n ta tio n s  o f  C „  
sp ec ies th a t  occu r a b o v e  2 0  e V . T h e  laser b e a m , a t te n u a t 

ed  to  an  in te n sity  o f  0 .1  J for th e  Q -s w itc h e d  m o d e  to  p re 
v e n t sa tu ra tio n  o f  th e  ion  sou rce  a n d  e lectro n  m u ltip lie r , 
w as fo cu se d  w ith  an  o p tic a l m ic ro sc o p e  th ro u g h  th e  ion  
sou rce o n to  th e  s a m p le  to  a sp o t s ize  o f  0 .5 -m m  d ia m e te r . 
T h e  m ic ro sc o p e  w a s p a tte r n e d  a fte r  a n  o p tic a l sy s te m  d e 
v e lo p e d  b y  V a s to la , P iro n e , a n d  K n o x .3 9 -40 A  p a r tia l sc h e 
m a tic  o f  th e  laser, m a ss  sp ec tro m e te r , a n d  m ic ro sc o p e  
o p tics  is sh o w n  in  F igu re  1.

T h e  T a C  sa m p le  w a s  p la c e d  b e lo w  a  b a ff le  c o n ta in in g  a
1 1 .4  X  0 .8  m m  re c ta n g u la r  s lit  at a d ista n c e  o f  25  c m  from  

th e  e le ctro n  b e a m . T h e  laser b e a m  w a s d ire c ted  th ro u g h  a 
side w in d o w  in  th e  b a ff le  h o u sin g  a n d  fo c u se d  o n to  th e  
sa m p le  w ith  an  e x te r n a l le n s . T h e  b a ffle  w a s  req u ired  in  
order to  a llo w  o n ly  a fra c tio n  o f  th e  v a p o r  to  en ter th e  io n 

iz a tio n  sp a ce  a n d  to  p re v e n t sa tu ra tio n  o f  th e  sp e c tr o m e 
te r . F or th e  T a C , th e  laser w a s o p e ra te d  in  th e  n o rm a l  
m o d e  a t  an  in c id e n t en erg y  o f  18  J .

C a rb o n  v a p o r io n  in te n sit ie s  w ere m o n ito re d  b y  a s y n 
ch ron ized  z -a x is  g a tin g  m e th o d  for q u a n tita tiv e  m e a su r e 

m e n ts  a n d  b y  a th r e e -d im e n sio n a l in te n s ity -m o d u la te d  
raster d isp la y  for q u a lita t iv e  re s u lts .38 B o th  m e th o d s  e m 
p lo y  p h o to g ra p h ic  reco rd in g  o f  an  o sc illo sco p e  tra c e .

C o n v e rsio n  o f  ion  in te n sit ie s  in te g ra te d  over th e  d u ra 
tio n  o f  v a p o riza tio n , 1 1 + ,  to  re la tiv e  v a p o r -p h a se  a b u n d a n 
ces, A(Cn), w ere m a d e  b y 41

A(C$ _  n + (C „ )  M C i ) \  / A £ ( C t) \ / T ( C ,) \ m  

A (C i)  n + i C ! )  W c J  Va E(CjJ [y (C J j
T h e  co n versio n  fa c to r s  in c lu d e  m a x im u m  io n iz a tio n  cross  
sectio n s , <j, re la tiv e  io n iz a tio n  cross se c tio n s , A E, a n d  th e  
electro n  m u ltip lie r  y ie ld s , y. T h e  v a lu es  w ere th o se  re c 
o m m e n d e d  b y  M e y e r  a n d  L y n c h 42 a n d  are ta b u la te d  in  
T a b le  I.

E q u a tio n  I  w as a lso  u sed  to  c a lc u la te  re la tiv e  p a rtia l  
pressu res, P(Cn) /P ( C i ) ,  a t  th e  p e a k  su rfa ce  te m p e ra tu re  
created  b y  th e  laser h e a tin g . T h is  ra tio  w as o b ta in e d  b y

TABLE I: Factors for Conversion of Ion Intensities to Relative 
Abundances or Partial Pressures for Carbon Vapor Studies

Carbon vapor species

Conversion factor“ e . C2 c 3

Relative maximum ionization cross 1.00 1.50 1.84
sections

Relative ionization cross sections at 1.00 0.90 0.82
18.6 eV

Relative electron multiplier yields 1.00 0.71 0.58
Langmuir vaporization coefficients 0.24 0.50 0.023

° See text for references.

su b st itu t in g  th e  p e a k  io n  in te n s it ie s  reco rd ed  im m e d ia te ly  
after th e  laser p u lse , I + ,  for th e  in teg ra ted  ion in ten sities , 
11+. T w o  a d d itio n a l m o d ific a tio n s  to  eq  I w ere req u ired  for 
a c o m p a riso n  o f  th e  c a lc u la te d  p a r tia l p ressu re  ra tio s w ith  
th e  lite ra tu re . F irst , th e  ra tio  o f  e lectro n  m u ltip lie r  y ie ld s  
w as se t e q u a l to  u n ity  for a ll sp ec ies  in  ord er to  b e  c o n sis 
te n t w ith  th e  e v a lu a tio n s  o f  p a r tia l p ressu re  d a ta  as re 
p o rted  in th e  litera tu re  (re f 2 9 -3 1 ,  4 3 , a n d  4 4 ) . S e c o n d , th e  
v a p o riza tio n  co n d itio n s for th e  m a s s  sp e c tro m e tr ic  a n a ly 
ses w ere m o re  n e a r ly  free e v a p o ra tio n  (L a n g m u ir  v a p o r 
iz a tio n ) in  n a tu re  th a n  e q u ilib r iu m  (K n u d s e n  ce ll ty p e ) ; 
h e n ce , L a n g m u ir  v a p o riza tio n  c o effic ie n ts , a, w ere a p p lied  
to  o b ta in  re la tiv e  “ e q u ilib r iu m ”  p a r tia l p ressu res

Peq =  aP (II)

T h e  a b so lu te  v a lu e s  o f  th e  L a n g m u ir  co e ffic ie n ts  u sed  w ere  
th o se  o b ta in e d  b y  Z a v its a n o s 43 (see  T a b le  I ) .

3 . R e s u lt s

3.1 Survey of Laser-Induced Chemical Reaction Prod
ucts. Id e n tific a tio n  o f  sp e c ific  g a seo u s p ro d u c ts  fro m  th e  
rea ctio n  o f  la se r -v a p o riz e d  ca rb o n  sp ec ies  w ith  O 2 , H 2 , 
a n d  CH4 w as p e rfo rm e d  u sin g  th e  ga s titra tio n  p ro cedu res  
d esc rib e d  a b o v e . O u tg a sse d  P o c o  gra p h ite  sa m p le s  w ere  
h e a te d  w ith  Q -s w itc h e d  laser en ergy  o f  2 .5 - 3 .0  J , fo cu sed  
to  a b o u t  120 0  J /c m 2 . In itia l p ressu res o f  th e  re a c ta n t  
ga ses w ere a b o u t  0 .2  T o rr .

T h e  o b served  p ro d u c ts  w ere CO a n d  CO2 fro m  th e  O2 
re a ctio n , C2H2, a sm a ll a m o u n t o f  C4H2, a n d  a trace  
a m o u n t o f  m a ss  7 8  (p o ss ib ly  a C e H e  c o m p o u n d ) fro m  th e  
H2 re a c tio n , a n d  C2H2, a n d  a s m a ll  a m o u n t o f  C4H2 from  
th e  CH4 re a ctio n . T h e  p ro d u c ts  o f  la se r  v a p o riza tio n  in  
H e  a n d  u n d er  v a c u u m  w ere CO +  H2 a n d  CO2 +  CO +  
H 2 +  C 2H 2 , re sp e c tiv e ly , th e  a b so lu te  a m o u n ts  o f  p ro d 
u cts  w ere a lw a y s s ig n ific a n tly  less in  H e  a n d  u n d er v a c u 
u m  th a n  th e  a m o u n ts  p ro d u c ed  w ith  th e  re a ctiv e  ga ses. 
F or e x a m p le , th e  a m o u n t o f  C 2H 2 p ro d u c ed  fro m  H 2 w as  
3 .8  X  101 7  m o le c u le s  c o m p a re d  to  4  x  10 16  m o le c u le s  o u t-

07) R. T. Meyer, J. S c i.  instrum .. 44, 422 (1967).
(38) R. T. Meyer in “Time-of--light Mass Spectrometry,” D. Price and J. 

E. Williams, Ed., Pergamon Press, Oxford, 1969, pp 61-87.
(39) F. J. Vastola, A. J. Pirone, and B. E. Knox, Paper presented at 

14th Annual Conference on Mass Spectrometry and Allied Topics, 
Dallas, Tex., May 1966.

(40) F. J. Vastola and A. J. Pirone, A d van . M a s s  Sp e ctro m ., 4, 107 
(1968).

(41) R. T. Grimley in "The Characterization of High Temperature Va
pors,” J. L. Margrave, Ed., Wiley, New York. N. Y., 1967, pp 195- 
243.

(42) R. T. Meyer and A. W. Lynch, H ig h  Tem p. Sci., 5, (1973).
(43) P. D. Zavitsanos, General Electric Company Report No. R66SD31, 

May 1966; also In “ Dynamic Mass Spectrometry," Heyden & Son, 
Ltd., 1970, p 1.

(44) “JANAF Thermochemical Tables,” Nat. S tand . Ref. D a ta  Ser., Nat. 
Bur. Stand., (U .S .), 37 (1971).
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Figure 2. Titration curve for the production of C2H2 from the 
reaction of carbon species, which were laser vaporized from 
Pyroid graphite, with H2 as a function of H2 pressure: Q- 
switched laser, 2.5-3.0 J focused per irradiation, four irradia
tions per experiment.

g a ssed  in  th e  v a c u u m  e x p e r im e n t. L ik ew ise , C O  +  C O 2 

to ta lin g  9 .7  X 10 1 7  m o le c u le s  w ere p ro d u c ed  fro m  th e  O 2 

re a ctio n , b u t  o n ly  2 .5  X 1016  m o le c u le s  o f  C O 2 w ere o u t-  
g a ssed , In  each  o f  th ese  e x p e r im e n ts , th e  e q u iv a le n t o f  a p 
p r o x im a te ly  4  X 1018 a to m s  o f ca rb o n  w as lo st  fro m  th e  
P o co  g ra p h ite  sa m p le .

G r a p h ite  sa m p le s  w h ich  w ere n o t o u tg a ssed  prior to  
laser v a p o riza tio n  y ie ld e d  larger q u a n tit ie s  a n d  a larger  
v a rie ty  o f  d eso rb e d  m o le c u le s . T h e  la tte r  in c lu d e d  C O ,  
C O 2 , H 2, C H 4 , C 2H 2 , C 2H 4, C 4H 2 , a n d  so m e  C 3 c o m 
p o u n d s .

3.2 Product Analysis Using Titration Techniques. T h e  
fo rm a tio n  o f  th e  p rin c ip a l p ro d u c ts  w as fo llo w ed  as a 
fu n c tio n  o f  re a c ta n t ga s p ressu re for b o th  P o c o  a n d  P y ro id  
gra p h ites . T h e  d a ta  cu rves for P y r o id  gra p h ite  are sh ow n  
in  F igu res 2 a n d  3 ; s im ila r  titra tio n  cu rves w ere o b ta in e d  
fro m  th e  P o c o  g r a p h ite . T h e  laser p a r a m e te rs  w ere th e  
sa m e  as c ite d  in  se ctio n  3 .1 .

T h e  fo rm a tio n  o f  C 2H 2 fro m  H 2 , sh o w n  in  F igu re  2 , in 
crea sed  w ith  in crea sin g  p ressu re  o f  H 2 a n d  a c h ie v e d  an  
a p p a r e n t p la te a u  a t  a b o u t  0 .5  T o r r  o f  H 2 w ith  th e  p ro d u c 
tio n  o f a b o u t  2 .4  X 1 0 17  m o le c u le s . T h e  a c tu a l n u m b e r  o f  
ca rb o n  a to m s  v a p o rize d  w as d e te r m in e d  fro m  w eig h t loss  
m e a su r e m e n ts . M a s s  loss fro m  th e  P y r o id  gra p h ite  w a s  
very re p ro d u c ib le , th e  average  v a lu e  for th e  s ix  e x p e r i
m e n ts  (e a c h  c o n sistin g  o f  fou r laser irra d ia tio n s o f  th e  
s a m p le )  b e in g  1 .1 6  ( ± 0 .1 2 )  X 10 18  a to m s  o f ca rb o n . 
T h u s , th e  n u m b e r  o f  m o le c u le s  o f  C 2H 2 gen era ted  w a s less  
th a n  th e  n u m b e r  o f  ca rb o n  a to m s  v a p o rize d .

F igu re  3 sh ow s th a t  th e  o n se ts  o f  th e  p la te a u s  for C O  
a n d  for C O 2 p ro d u c tio n  w ere d iffe re n t, occu rrin g  a t  a p 
p r o x im a te ly  0 .1  T o rr  for C O  a n d  0 .4  T o rr  for C O 2 . O 2 c o n 
su m p tio n  lev e le d  o ff  b e tw e e n  0 .3  a n d  0 .5  T o r r . T h e  ratio  
o f  C O  to  C O 2 rea ch ed  a c o n sta n t v a lu e  o f  2 .5  ab o v e  0 .2  
T o rr . T h e  m a x im u m  n u m b e r  o f  m o le c u le s  o f  C O  +  C O 2 

p ro d u c ed  w a s 1 .4 5  X 10 18 a t  0 .5  T o r r . I f  th e  a m o u n t o f  C O  
+  C O 2 p ro d u c ed  in  th e  v a c u u m  e x p e r im e n t (0 .3 8  x  1 0 18 

m o le c u le s) is s u b tra c te d , th e  n e t in crease  in  C O  +  C O 2 

(1 .0 5  X 1 0 18  m o le c u le s)  co rresp on d s very  c lo se ly  w ith  th e  
average  n u m b e r  o f  ca rb o n  a to m s  v a p o rize d  (1 .1 8  ( ± 0 .0 8 )  
x  1 0 18  a to m s )  for  th e  s ix  e x p e r im e n ts .

3.3 Vapor Products and Mass Loss. T itr a t io n  ex p er i
m e n ts  w ere c o n d u c te d  as a fu n c tio n  o f  in c id e n t laser e n er
gy  in  ord er to  d eterm in e  th e  co rrelation  b e tw e e n  th e  m a ss  
o f  ca rb o n  v a p o rize d  an d  th e  n u m b e r  o f  m o le c u le s  o f  g a s 
eou s titra tio n  p ro d u c ts . T h e  resu lts  are g iven  in  T a b le  II 
for th e  v a p o riza tio n  o f P y ro id  gra p h ite  w ith  th e  Q -  
sw itc h e d  laser o p e ra te d  fro m  2 .0  to  3 .0  J ( 1 0 0 0 -1 5 0 0

Figure 3. Titration curves for the production of CO and CO2 and 
for the per cent consumption of 0 2 from the reaction of carbon 
species, which were laser vaporized from Pyroid graphite, with 
O2 as a function of 0 2 pressure: Q-switched laser, 2.5-3.0 J fo
cused per irradiation, four irradiations per experiment.

TABLE II: Gas Titrations and Mass Losses for Laser-Vaporized 
Pyroid Graphite as a Function of Laser Energy0

Incident laser Carbon mass CO, mole- 
energy, J/ir- loss, atoms cules 

radiation X 10-17 X 1CM7

CO2, mole
cules X

1 0 - 17

Total CO + C02, 
molecules X

1 0 - 17

Reaction with Oxygen (0.2 Torr)
3.0 8.0 6.7 2.0 8.7
2.5 6.0 4.0 1.7 5.7
2.0 3.5 2.0 1.0 3.0

C2H2, mole
cules X10-16

Reaction with Hydrogen (0.2 Torr)
3.0 8.0 4.3
2.0 2.5 2.2

C2H2, mole
cules X 10_ 17

H2, mole
cules X
10-18

C4H2, molecules
x 1 0 - 17

Reaction with Methane (0.2 Torr)
3.0 7.0 12.5 2.7 ~  1.2
2.0 2.0 6.3 1.6 ~0.6

a Q-switched laser, four focused irradiations per experiment.

J /c m 2 fo c u se d ). T h e  titra tio n s  w ere se p a ra te ly  p er fo rm e d  
w ith  O2, H2, a n d  CH4, e a ch  a t  0 .2  T o r r .

T a b le  II sh ow s th a t  th e  m e a su red  m a s s  lo ss  s y s t e m a ti 
c a lly  d ec rea sed  w ith  d ec re a sin g  laser  e n erg y . T h is  in d ic a t 
e d  th a t  th e  to ta l q u a n tity  o f  v a p o rize d  ca rb o n  sp ec ies  
co u ld  b e  v a rie d .

T h e  titra tio n s  w ith  O 2 p ro v id ed  th e  in te r e stin g  re su lt  
th a t  th e  a m o u n ts  o f  CO, C0 2, a n d  CO + C 0 2 p ro d u c e d  
w ere p ro p o rtio n a l to  th e  laser en ergy a n d  to  th e  a m o u n t  o f  
ca rb o n  v a p o rize d . In  fa c t  th e  CO +  CO2 s u m  q u a n tita -
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TABLE III: Gas Titrations of Carbon Vapor Species from 
Laser-Vaporized Tantalum Carbide“

Titrating conditions (gases at 0.2 Torr)

Gaseous products6 Vacuum H, 0 2

C2H2
CO
C02
Total
Mass loss,“ fig

2.4 X 1016

2.4 X 1016 
139

6.5 X 1015
3.2 X 1017 
5.1 X 101®

6.5 X1015 3.7 X1017
100 71

“ Normal mode laser, 50 J focused, one irradiation per experiment. 
6 Products are in units of molecules. c 100 fig  =  3.1 X 1017 molecules 
of TaC.

tiv e ly  agrees w ith  th e  n u m b e r  o f  ca rb o n  a to m s  v a p o rized  
in  e a ch  o f th e  three e x p e r im e n ts .

T h e  titra tio n s  w ith  H 2 a n d  C H 4 a lso  sh o w ed  a co rrela 
tion  b e tw ee n  in c id e n t laser en ergy , m a ss  loss, a n d  n u m b e r  
o f  p ro d u c t m o le c u le s . T h e  p ro d u c tio n  o f  C 2H 2 m o le c u le s  
from  th e  H 2 re a ctio n , h ow ever, w as o n ly  a b o u t  7 %  o f  th e  
n u m b e r o f  ca rb o n  a to m s  v a p o rize d . T h is  is in  a g re e m en t  
w ith  th e  tw o  H 2 t itra tio n s  p re v io u sly  d esc rib e d , in  w h ich  
it  w as fo u n d  th a t  th e  a m o u n t  o f  C 2H 2 p ro d u c ed  fro m  H 2 

w as su b sta n tia lly  less th a n  th e  to ta l o f  C O  +  C 0 2 p ro 
d u ced  fro m  0 2 .

T h e  re a ctio n  w ith  CH4 a c tu a lly  y ie ld e d  a larger q u a n ti
ty  o f  C2H2, H 2, a n d  C4H2 th a n  co u ld  b e  a sc rib ed  to  th e  
v a p o riza tio n  o f ca rb o n  sp ec ies . T h is  re su lt w a s d u e  to  p y 
ro lysis  o f  th e  CH4 ga s on  th e  s a m p le ; h e n ce , rea ctio n s  
w ith  CH4 w ere n o t in v e stig a te d  fu rth er .

3.4 Titrations of Laser-Vaporized Tantalum Carbide. In  
order to  a c h iev e  a d iffe re n t in itia l d istr ib u tio n  o f  v a p o r 
ized  C „  sp ec ies , T a C  w as ch o sen  sin ce  so m e  in fo rm a tio n  
in d ic a te d  th a t  C i  sh o u ld  be th e  p re d o m in a n t v a p o r  
sp e c ie s .45 T h e  re su lts  o f  g a s  titra tio n s  w ith  0 2, H 2 , a n d  
C H 4 a t 0 .2  T o rr are sh ow n  in  T a b le  III . T h e  T a C  w as  
va p o rize d  w ith  th e  laser o p e ra tin g  in th e  n o rm a l m o d e  a t  
5 0  J o f  fo cu se d  e n erg y ; th e  h ig h er en ergy w as n e ed e d  d u e  
to  th e  h ig h er re fle c tiv ity  o f  T a C .

A  q u a n tita tiv e  co rrelation  o f m o le c u le s  p ro d u c ed  w ith  
m a ss loss c a n n o t b e  m a d e  w ith  T a C  b e c a u se  it  d oes n o t  
va p orize  co n g r u e n tly ; h ow ever, c o m p a riso n s  o f  th e  re lative  
a m o u n ts  o f  va rio u s p ro d u c ts  are in fo r m a tiv e . I t  w a s fo u n d  
first th a t  th e  ra tio  o f  C O  to  C 0 2 w as a b o u t  6 : 1 , w h ich  is 
h igh er b y  a fa cto r  o f  2 - 2 .5  th a n  th e  ra tio s m e a su red  a t  an  
0 2 pressure o f  0 .2  T o rr  in  th e  titra tio n s  o f  la se r -v a p o riz e d  
g ra p h ites . S e c o n d , for a g iven  m a s s  loss th e  ra tio  o f  C O  +  
C 0 2 fro m  th e  0 2 rea ctio n  to  th e  C 2H 2 fro m  th e  H 2 re a c 
tio n  w a s a b o u t  8 0 :1 ,  w h erea s th e  ra tio s  for th e  g rap h ite  
e x p e r im e n ts  va ried  b u t  a v era g ed  a b o u t  1 0 : 1 .

3.5 Higher Pressure Hydrogen Titrations. E x p e r im e n ts  
w ith  P y ro id  g ra p h ite  in  w h ich  D 2 w as s u b s t itu te d  for H 2 

as th e  titra tin g  ga s re v ea le d  th a t  te n  tim e s  m o re  D 2 th a n  
H 2 w as req u ired  to  p ro d u c e  a p p ro x im a te ly  an  e q u iv a le n t  
q u a n tity  o f  C 2D 2 as C 2H 2 . E s s e n tia lly  n o  C 2D 2 w a s p r o 
d u ced  in titra tio n  e x p e r im e n ts  w ith  D 2 a t  a gas pressure  
o f  0 .3  T o r r . It w a s o n ly  w h en  The D 2 p ressu re w as in 
creased  to  5 .0  T o rr  th a t  a s ig n ific a n t q u a n tity  o f  C 2D 2 w as  
d etec te d . T h is  re su lt co rrelates w ith  th e  k n o w n  iso top e  
effect on  th e  rate  c o n sta n ts  for D 2 a n d  H 2 re a c tio n s . T h a t  
is , th e  h eav ier  m a s s  D 2 rea cts  m o re  s lo w ly  th a n  does

4 6 , 4 7  T h e re fo re , th e  c o n clu sio n  a p p lie d  to  our resu lts  
w as th a t  a t  0 .3  T o r r  o f  D 2, th e  re a ctio n  p r o b a b ility  w as  
too  low  for re a c tio n  to  occu r b efo re  th e  v a p o rize d  C „

Figure 4. Titration curves for the yields of C2H2 and CH4 from 
the reaction of carbon species, which were laser vaporized from 
Pyroid graphite, with H2 a' gas pressures up to 10 Torr. Yields 
are expressed in terms of the per cent of total carbon mass loss 
from the graphite sample: Q-switched laser, 2.5-3.0 J focused 
per irradiation, four irradiations per experiment.

sp ec ies  w ere tr a p p e d  o u t on  th e  w alls  o f  th e  1 - 1 . rea ctio n  
v e sse l. T h is  co n clu sio n  su g g e ste d  th a t  th e  C 2H 2 p la te a u  at 
0 .5  T o r r  in  th e  H 2 titra tio n  (F igu re  2 ) a lso  co rresp on d ed  
to  th e  te rm in a tio n  o f th e  rea ctio n  d u e  to  d iffu sio n  o f  th e  
C „  sp ec ies  to  th e  w a lls .

H e n c e , titra tio n  e x p e r im e n ts  w ere p erfo rm e d  w ith  H 2 

for th e  range fro m  0 .1  to  10  T o rr . T h e  d a ta  are sh ow n  in  
F igu re 4 , w here th e  y ie ld  o f  ca rb o n  in e a c h  p ro d u c t is e x 
p ressed  in te rm s o f  th e  p er ce n t o f  th e  to ta l ca rb o n  m a ss  
loss fro m  th e  P y ro id  g ra p h ite  ta rg et. T h e  m o s t  im p o rta n t  
fea tu re  is th a t  th e  C 2H 2 y ie ld  d oes n ot lev el o f f  a t  a co n 
s ta n t va lu e  a t  0 .5  T o rr  o f  H 2, b u t  th e  y ie ld  cu rve  d oes u n 

dergo a ch a n ge  in s lo p e . T h e  C 2H 2 y ie ld  rea ch es its  m a x i
m u m  v a lu e  at 5 T o rr  for th ere  is n o fu rth er in crease in  
y ie ld  a t  10  T o rr o f  H 2 . T h e  lo w -p ressu re  c h a n g e  in  slope  
occu rs a t  a b o u t 3 0 %  ca rb o n  m a ss  lo ss , th e  n u m b e r  w h ich  
is o b ta in e d  b y  e x tr a p o la tin g  th e  h ig h -p re ssu re  p ortion  o f  
th e  cu rve  d ow n  to  zero p ressu re  a n d  s u b tra c tin g  o u t th e  
o u tg a ssed  co n tr ib u tio n  a t  zero p ressu re . T h e  h ig h -p ressu re  
p la te a u  occu rs b e tw ee n  85  a n d  9 0 %  ca rb o n  m a ss  loss .

A  n ew  fea tu re  o f  th e se  H 2 t itra tio n s  is th e  p ro d u c tio n  o f  
CH4. A  m e a su r a b le  a m o u n t w as o b ta in e d  for th e  ex p eri
m e n ts  at or a b o v e  a b o u t 0 .5  T o rr  o f  H 2 . T h e  CH4 yield  
th en  in creased  u p  to  5 T o r r , a t w h ich  p o in t it lev eled  o ff  
a t a v a lu e  co rresp on d in g  to  a b o u t 1 2 %  o f  the ca rb o n  m a ss  
lo ss . C 4H 2 w as a lso  d e te c te d  a t th e  h ig h er p ressu res, b u t  
th e  q u a n tity  re m a in e d  very sm a ll a n d  a p p a r e n tly  in d e 
p e n d e n t o f  th e  to ta l p ressu re . A  very sm a ll a m o u n t o f  
m a ss  78  w as d e te c te d  smarting a t  0 .7  T o rr  o f  H 2 a n d  a p 
p ea red  to  in crease s lig h tly  as th e  p ressu re w a s in creased . 
T h e  m o le c u la r  stru ctu re  o f  m a ss  7 8  h a s  n o t b e e n  id e n ti
fied .

T h e  resu lts  in d ic a te  th a t  e sse n tia lly  c o m p le te  titra tio n  
o f  th e  va p o rize d  Cn sp ec ies  ca n  a lso  b e  a c c o m p lish e d  w ith  
H z if  su ffic ien t H 2 or a su ffic ie n t ga s p ressu re is m a in 
ta in e d  to  p rev en t d iffu sio n  o f  th e  Cn sp ec ies  or su ccessor  
ra d ica ls  to  th e  w a lls .

(45) C. H. Williams, Sandia Laboratories, private communication.
(46) S. Glasstone, K. J. Laidler, and H. Eyring, “The Theory of Rate Pro

cesses," McGraw-Hill, New York, N. Y., 1941, pp 228-236.
(47) L. Melander, "Isotope Effects on Reaction Rates" Ronald Press, 

New York, N. Y., 1969.
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Figure 5. Titration curves for the yields of C 2 H 2 and CH 4 from 
the reaction of carbon species, which were laser vaporized from 
Pyroid graphite, with H2 in a H2 +  Ne mixture with total pres
sure constant at 3 Torr. Yields are expressed in terms of the per 
cent of total carbon mass loss from the graphite sample: Q- 
switched laser, 2.5-3.0 Joules focused per irradiation, four irra
diations per experiment.

In  order to  fu rth er te st th e  role o f  d iffu sio n  on  C 2H 2 

p ro d u c tio n , a series o f  e x p e r im e n ts  w ith  h y d r o g e n -n e o n  
m ix tu r e s  a t  a c o n sta n t to ta l p ressu re o f  3 T o rr  w as p e r 
fo rm e d . T h e  resu lts  are p lo tte d  in  F igu re  5 as a fu n c tio n  
o f  th e  p a rtia l p ressu re  o f  H 2 . T h e  n e o n  d id  in crease  th e  
C 2H 2 a n d  C H 4 y ie ld s  over th a t  o b ta in e d  in  p u re  H 2 . F or  
e x a m p le , a t  0 .5  T o rr  o f  H 2, th e  C 2H 2 y ie ld  w a s  4 0 - 4 5 %  o f  
th e ca rb o n  m a ss  loss in  th e  p resen ce  o f  2 .5  T o rr  o f  n eon , 
b u t w a s  o n ly  3 0 - 3 5 %  in  p u re  H 2 ; a t  1 .0  T o r r  o f  H 2 , th e  
C 2H 2 y ie ld  w as 6 0 - 6 5 %  in th e  n e o n  e x p e r im e n t a n d  on ly  
4 0 - 4 5 %  in  th e  p u re  H 2 e x p e r im e n t. F iow ever, a t 0 .3  T o rr  
o f  H 2 , th e  y ie ld s  w ith  a n d  w ith o u t n eon  p re sen t w ere b o th  
2 5 - 3 0 % . A t  th e  3 -T o r r  p o in t w h ich  w as p u re  H 2, th e  C 2FI2 

y ie ld  w as 6 9 %  a n d  w a s  in  good  a g re e m e n t w ith  th e  6 5 %  
v a lu e  o b ta in e d  in  F igu re  4 . T h u s , th e  y ie ld s  a b o v e  th e  
low -p ressu re  p la te a u  a t  0 .5  T o rr  o f  H 2 w ere in crea sed  b y  
th e  p resen ce  o f  an  in ert gas w h ich  re d u c e d  d iffu sio n  to  th e  
w a lls , w h ile  th e  y ie ld s  b e lo w  th e  lo w -p re ssu re  p la te a u  
w ere a ffe c te d  in  o n ly  a sm a ll w ay .

3.6 Tests for Surface Reactions. T h e  p o ssib le  occu rren ce  
o f  su rfa ce  rea ctio n s on  th e  g ra p h ite  w a s te s te d  in  tw o  
w a y s. T h e  first w as w h eth er th e  m a ss  loss w a s greater in  
th e  p resen ce  o f  a d d e d  ga ses th a n  u n d er v a c u u m . T h e  d a ta  
c o lle c ted  for F ig u res  2 a n d  3  c lea rly  sh o w  th a t  th e  m a ss  
loss w a s th e  sa m e  for th e  e x p e r im e n ts  w ith  th e  P y ro id  
gra p h ite  w h eth er or n o t th e  h e a te d  su rfa ce  w as e x p o se d  to  
h y d ro g e n , o x y g en , or v a c u u m . T h e  se c o n d  te st w as w h e th 
er th e  CO2 w as p ro d u c ed  fro m  th e  o x id a tio n  o f CO a d 
sorb ed  on  a  su rfa ce . A  ta n ta lu m  sa m p le  w as laser  h e a te d  
in  th e  p resen ce  o f  a m ix tu r e  o f  CO a n d  O2 p re p a re d  to

0.0 0.2 0.5 1.0
TIME (msec)

Figure 6. Polaroid film records of time-resolved mass spectra 
(18.6 eV) of C-i, C2, and C3 vapor species from laser-heated Py
roid graphite. Relative abundances of species are proportional 
to ion intensities integrated over the duration of vaporization: 
Q-switched laser, 0.1 J focused, one irradiation.

s im u la te  a  ty p ic a l t itra tio n  p ro d u c t e n v ir o n m e n t ( p (C O )  
=  0 .0 0 3  T o r r , p ( 0 2) =  0 .2  T o rr  ) . N o  C 0 2 w a s p ro d u c e d .

3.7 Vapor Compositions Determined by Time-Resolved 
Mass Spectrometry. T h e  v a p o r c o m p o sitio n s  for la ser- 
h e a te d  P y r o id  g ra p h ite  a n d  T a C  w ere m e a su r e d  d ire c tly  
b y  t im e -r e so lv e d  m a ss  sp ec tro m e try  in  order to  id e n tify  
th e  v a p o r sp ec ies th a t  re a cte d  to  fo rm  th e  v a rio u s p r o d 
u cts  in  th e  titra tio n  e x p e r im e n ts . T h e  m a jo r  v a p o r  sp ec ies  
re lea sed  fro m  g ra p h ite  w ere C i  (m a s s  1 2 ) , C 2 (m a s s  2 4 ) , 
C3 (m a s s  3 6 ) , H2 (m a s s  2 ) , C O  (m a s s  2 8 ) , C2H2 (m a s s  2 6 ) ,  
C4H2 (m a s s  5 0 ) , a n d  C6H2 (m a s s  7 4 ) . S m a ll  a m o u n ts  o f  
C4 (m a s s  4 8 ) , C5 (m a s s  6 0 ) , a n d  C7 (m a s s  8 4 ) w ere a lso  
reco rd ed  im m e d ia te ly  after th e  laser  p u lse  in  so m e  ex p eri
m e n ts . V a r io u s  q u a n tit ie s  o f  o th er h y d r o c a rb o n  im p u ritie s  
w ere re le a se d  a n d  w ere fa in t ly  d e te c ta b le  ov er th e  entire  
m a ss  ra n ge  a fter  0 .5  m se c . O f  th e  C „  sp ec ies , C3 w as b y  
far  th e  m o s t  a b u n d a n t . O n  o c ca sio n , s m a ll  a m o u n ts  o f  
th e r m a l ion s C „ + w ere seen  im m e d ia te ly  a fter  th e  laser  
p u lse , b u t  th e y  n ever p ersiste d  b e y o n d  2 0  /¿sec.

T h e  T a C  v a p o r c o m p o sitio n  co n siste d  p r in c ip a lly  o f  C i  
(m a s s  1 2 ) , C3 (m a s s  3 6 ) , C 2H 2 (m a s s  2 6 ) , a n d  C O  (m a ss  
2 8 ) . O n ly  a s m a ll  a m o u n t o f  C 2 (m a s s  2 4) w a s d e te c te d . 
V ery  sm a ll a m o u n ts  o f  C i + an d  T a + , v a p o rize d  as ion ic  
sp ec ies , w ere a lso  ob serv ed .

T h e  re la tiv e  io n  in ten sities  o f  C i ,  C2, a n d  C3 w ere re 
co rd ed  for severa l id e n tic a l laser  v a p o riza tio n  e x p e r im e n ts  
u sin g  th e  z -a x is  g a tin g  te c h n iq u e  for a c o m p a riso n  o f  C3 
a n d  C i  a n d  th e n  for C3 a n d  C2. T y p ic a l  o sc illo g ra p h ic  r e c 
ords are sh ow n  in  F igu re  6  for g ra p h ite  a n d  in  F igu re  7 for  
T a C . T h e  to ta l q u a n tity  o f  e a c h  Cn sp ec ies  v a p o rize d  w a s  
m e a su red  b y  in teg ra tin g  th e  area  u n d er th e  cu rve  tr a c e d  
ou t b y  th e  m a x im u m  p ea k  h e ig h ts  o f  th e  sp e c tro m e te r  
sig n a ls  for e a ch  m a s s . T h e  av era g es  o f  th e se  in te g ra te d  io n  
in ten sities  are su m m a r iz e d  in  T a b le  I V .
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Figure 7. Polaroid film records of time-resolved mass spectra 
(18.6 eV) of Ci, C2 , and C3 vapor species from laser-heated 
TaC. Relative abundances of species are proportional to ion in
tensities integrated over the duration of vaporization: normal
mode laser, 18 J focused, one irradiation.

R e la tiv e  v a p o r -p h a se  a b u n d a n c e s , A, o f  th e  Cn sp ec ies  
w ere o b ta in e d  fro m  th e  in teg ra ted  ion  in te n sit ie s  1 1 + by  
a p p ly in g  eq  I. A s  u se d  in  th e  p re sen t c o n te x t , th e  re la tiv e  
v a p o r -p h a se  a b u n d a n c e s  are n o t re la tiv e  p a r tia l p ressu res  
sin ce th e  in teg ra ted  io n  in ten sities  are m e a su red  over an  
in terv a l o f  t im e  d u rin g  w h ich  th e  te m p e ra tu re  o f  th e  
v a p o rizin g  su rfa ce  is d ec re a sin g . T h e  a b u n d a n c e s  are a 
m e a su re  o f  th e  to ta l a m o u n t o f  e a c h  Cn sp ec ies  v a p o rize d , 
w h ich  is p re cise ly  th e  q u a n tity  n e e d e d  for co m p a riso n  
w ith  th e  ga s titra tio n  re su lts .

S ig n ific a n t d ifferen ces  in  th e  v a p o r  c o m p o sitio n s  for  
grap h ite  a n d  for T a C  w ere o b se r v e d . T h e  re la tiv e  a b u n 
d a n ces  o f  C i ,  C2, a n d  C3 for g ra p h ite  w ere 1 .0 :1 .4 :1 7 ,  a h d  
for T a C  w ere 1 .0 :0 .0 5 9 :2 .2  (see  T a b le  I V ) .  T h e  re lative  
a b u n d a n c e s  w ere n o t o b serv ed  to  c h a n g e  m u c h  as th e  in 
c id e n t laser en ergy  w a s  v a rie d , a lth o u g h  in c re a sin g  th e  
laser en ergy d id  ca u se  an  in crease  in  th e  a b so lu te  a m o u n ts  
o f  a ll sp ec ies . T h e  A ( C 3 ) / A ( C ! )  a n d  A ( C 2) / . 4 ( C 3) ratios  
w ere b o th  low er for T a C  th a n  for g ra p h ite . A s  p re v io u sly  
m e n tio n e d , C 2 w as b a re ly  d e te c ta b le  fro m  T a C  a n d , 
th erefore , p r o b a b ly  ca n  b e  e x c lu d e d  fro m  co n sid era tio n  in  
th e  titra tio n  e x p e r im e n ts . T h e  d a ta  ex p re sse d  as w eig h t  
fra c tio n s  are a lso  lis te d  in  T a b le  I V .

W h ile  th e  e m p h a s is  so fa r  h a s  b e e n  on  c a lc u la tin g  th e  
re lative  a b u n d a n c e s  o f  th e  Cn sp ec ies , th e  re la tiv e  p a rtia l  
p ressu res w ill b e  u se d  la ter  in  order to  e s tim a te  th e  m a x i 
m u m  su rfa ce  te m p e ra tu re  a c h ie v e d  w ith  th e  laser h e a tin g . 
T h e  re la tiv e  p a r tia l p ressu res at th e  m a x im u m  te m p e r a 
ture m a y  a lso  b e  o b ta in e d  fro m  th e  tim e -r e s o lv e d  io n  in 
te n sity  d a ta  reco rd s. T h e  ion  in te n sit ie s  u se d  for th is  c a l 
c u la tio n  are th e  p e a k  v a lu e s  reco rd ed  sh o rtly  a fte r  th e  
laser p u lse ; for e x a m p le , in  F ig u re  6  th e  ion  in ten sities  
ach ieved  a  m a x im u m  v a lu e  a t  SO ¿¿sec a n d  th e n  d e c a y e d  
in  a m p litu d e  for th e  n e x t  1 0 0 0  ¿¿sec. F or P y ro id  grap h ite  
th e  re lative  p ea k  ion  in te n sit ie s , a v era g ed  fro m  severa l e x -

TABLE IV: Relative Abundances and Partial Pressures of Carbon
Vapor Species as Computed from Time-Resolved Mass
Spectrometry Ion Intensities and Various Conversion Factors

Carbon vapor species

Parameters c . C2 c 3

Pyroid graphite integrated ion 
intensities 1 . 0 1.3 18

Pyroid graphite relative abundances 1 . 0 1.4 17
Pyroid graphite weight fractions 0.018 0.049 0.93
Tantalum carbide integrated ion 

intensities 1.0 0.056 1.9
Tantalum carbide relative 

abundances 1.0 0.059 2.2
Tantalum carbide weight fractions 0.13 0.015 0.86
Pyroid graphite peak ion intensities 1.0 0.9 5.1
Pyroid graphite relative partial 

pressures 1.0 0.32 35
JANAF relative partial pressures for 

graphite at 4500 K 1.0 1.9 13
Palmer and Shelef relative partial 

pressures for graphite at 4500 K 1.0 2.1 36

p e r im e n ts , w ere 1 .0 :9 .C :5 .1  for C i : C 2 :C 3 . T h e se v a lu es

w ere co n verted  to  re la tiv e  p a r tia l p ressu res b y  use o f  eq 1

a n d  2  a n d  y ie ld e d  a v erag e  p ressu re ra tio s o f  1 .0 :0 .3 2 :3 5 .

4. Discussion
4.1 Effect of Laser Energy. T h e  m a ss  sp e c tro m e tr ic  d e 

te rm in a tio n s  o f  th e  re la tiv e  a b u n d a n c e s  o f  th e  Cn sp ecies  
m a y  b e  a p p lie d  to  th e  c h e m ic a l t itra tio n  e x p er im e n ts  
ev en  th o u g h  d iffe re n t in c id e n t la se r  en ergies w ere e m 
p lo y e d . T h is  is a co n seq u en c e  o f  th e  su rfa ce  te m p e ra tu re  
h a v in g  a c h ie v e d  a m a x im u m  v a lu e  in d e p e n d e n t o f  laser  
en ergy  a t  in c id e n t en ergies e q u a l to  or low er th a n  th ose  
u se d  in  th e  m a ss  sp e c tro m e tr y  «e x p erim en ts , M e y e r , et al, 
h av e  c o m p ile d  v a p o r  c o m p o sitio n  d a ta  for a n u m b e r  o f  
p u lsed  laser in v estig a tio n s  o f  g ra p h ite  v a p o riza tio n  a n d  
h av e  sh ow n  th a t  th e  m e a su r e d  re la tiv e  p a r tia l p ressu res o f  
th e  Cn sp ecies are e sse n tia lly  th e  sa m e  for in c id e n t laser  
en ergies ra n g in g  fro m  50  to  8 0 0 0  J /c m 2 .48 T h e  surface  
te m p e ra tu re s  e s tim a te d  b y  th e  orig in al in v estig a to rs  all 
fa ll w ith in  th e  4 0 0 0 - to  4 5 0 0 -K  r a n g e .34“3 6 ’4 9 ’ 50

T h e  re la tiv e  p a r tia l p ressu res m e a su red  a t  m a x im u m  
te m p e ra tu re  in th e  p re sen t e x p e r im e n ts  w ere 1 .0 :0 .3 2 :3 5  
for C i : C 2 :C .  C o m p a riso n  o f  th e  C 3 : C i  ra tio  w ith  th e  
P a lm e r  a n d  S h e le f30 e v a lu a tio n  o f  ca rb o n  v a p o r-p ressu re  
d a ta  in d ic a te s  an  e ffec tiv e  v a p o riza tio n  te m p e ra tu re  o f  
4 5 0 0  K ,  w h ile  c o m p a riso n  w ith  D r o w a r t ’s 29 orig in al d a ta , 
w h ich  h av e  b e e n  e x tr a p o la te d  in  th e  “ J A N A F  T h e r m o 
c h e m ic a l T a b le s , ” 44 in d ic a te s  a te m p e ra tu re  in  excess  o f  
4 5 0 0  K .

T h e  titra tio n  d a ta  o f  T a b le  II for gra p h ite  sh ow  th a t  th e  
m a ss  loss , C O  p ro d u c tio n , a n d  C 0 2 p ro d u c tio n  a ll w ere  
ro u g h ly  p ro p o rtio n a l to  th e  in c id e n t laser en ergy  ( 2 .0 -3 .0  
J or 1 0 0 0 -1 5 0 0  J /c m 2) . T h e s e  re su lts  im p ly  th a t  a -c h a n g e  
in  laser en ergy  a t  th e  a p p lie d  lev e ls  ch a n g e d  p rim a rily  
th e  b u lk  a m o u n t o f  m a te r ia l h e a te d  ra th er th a n  th e  t e m 
p eratu re  o f  th e  m a te r ia l; in  oth er w ord s, a larger v o l
u m e  o f th e  sa m p le  w as h e a te d  to  v a p o riza tio n  te m p e r -

(48) R. T. Meyer, A. W. Lynch, and J. M. Freese, paper presented at 
20th Annual Conference on Mass Spectrometry and Allied Topics, 
Dallas, Tex., June 1972.

(49) K. A. Lincoln, private communication.
(50) J. A. Howe, J. C h em . Phys., 39, 1362 (1963).
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atu re  b u t  th e  e ffec tiv e  v a p o riza tio n  te m p e ra tu re  re m a in e d  
a b o u t  th e  s a m e . S in c e  th e  in c id e n t laser en ergy  for th ese  
e x p e r im e n ts  fe ll w ith in  th e  ran ge  o f  v a lu e s  c ited  b y  
M e y e r , et al, in  th e ir  co m p a riso n  o f  laser e x p e r im e n ts , 48 

it  ap p ea rs  th a t  a te m p e ra tu re  o f  4 0 0 0 -4 5 0 0  K  w as  
a c h ie v e d .

W h e n  th e  a b o v e  ev id e n c e  is c o m b in e d  w ith  th e  fa c t  
th a t  th e  re la tiv e  a b u n d a n c e s  o f  C i ,  C 2 , a n d  C 3 d o  n o t  
c h a n g e  very  m u c h  w ith  te m p e ra tu re , 30 w e co n c lu d e  th a t  
th e  v a p o r  c o m p o sitio n  m e a su red  b y  tim e -r e s o lv e d  m a ss  
sp e c tro m e tr y  w as a p p ro x im a te ly  th e  sa m e  as th a t  p ro 

d u c e d  in  th e  titra tio n  e x p e r im e n ts .
4.2 Evaluation of Chemical Titrations. T h e  m o s t  c o n 

v in c in g  ev id e n c e  for th e  g a s -p h a se  titra tio n  o f  th e  v a p o r 
ized  ca rb o n  sp ec ies is th e  e x c e lle n t q u a n tita tiv e  ag ree
m e n t  b e tw ee n  th e  m e a su red  m a ss  loss fro m  th e  P y ro id  
g ra p h ite  sa m p le s  a n d  th e  to ta l a m o u n t o f  C O  a n d  C O 2 

fo rm e d . T h e  d a ta  h av e  b e e n  p resen ted  in  T a b le  II a n d  in  
F igu re  3 . T h e s e  d a ta  sh ow  th a t  a ll o f  th e  v a p o rize d  
sp ec ies , reg ard less o f  th e  Cn d istr ib u tio n , en d  u p  a s  tw o  
sta b le  ga seo u s p ro d u c ts . T h e  fa c t  th a t  th e  m a s s  loss w as  
c o n sta n t fro m  e x p e r im e n t to  e x p e r im e n t a n d  w a s n o t re 
d u ce d  for th e  o x y g en -free  v a c u u m  e x p e r im e n ts  s u b s ta n 
tia te s  th a t  th e  m a s s  loss w as n o t a resu lt o f  O 2 re a c tin g  a t  
th e  h o t su rfa ce  a n d  co n v e rtin g  so lid  ca rb o n  to  ga seo u s C O  
a n d  C O 2 .

T h e  re p ro d u c ib ility  o f  th e  ox y g en  titra tio n  d a ta  a n d  th e  
ex isten c e  o f  a p la te a u  in  th e  titra tio n  cu rves su p p o rts  th e  
c o n clu sio n  th a t  c h e m ic a l t itra tio n  o f th e  la se r -v a p o riz e d  
ca rb o n  sp ec ies  oc cu rred . T h e  gen eral sh a p e  o f  th e  p lo ts  o f  
C O  a n d  C O 2 vs. O 2 p a rtia l p ressu re  h a s  b e e n  rep ro d u c ed  
in  a n u m b e r  o f  e x p e r im e n ts  u sin g  b o th  P o c o  a n d  P y ro id  
g ra p h ites . A ll  o f  th e  p lo ts  d isp la y  p la te a u s  in d ic a tin g  a 
c o m p le tio n  o f  c h e m ic a l re a ctio n  a b o v e  a certa in  m in im u m  
o x y g en  p a r tia l p ressu re . In  a d d itio n , th e  to ta l a m o u n t o f  
p ro d u c t fo rm e d  a t  c o m p le tio n  o f  rea ctio n  w a s d ire c tly  
p ro p o rtio n a l b o th  to  th e  n u m b e r  o f  laser sh o ts  a n d  to  th e  
laser en ergy  per sh o t (see  T a b le  I I ) , i.e., to  th e  to ta l m a ss  
v a p o rize d . T h e  e x p e r im e n ts  u sin g  P y ro id  gra p h ite  w ere  
q u a n tita tiv e ly  re p ro d u c ib le  to  ± 1 0 %  ov er e x te n d e d  p e r i
od s o f  t im e  (d a y s  a n d  m o n th s)  b e tw ee n  e x p e r im e n ts .

T h e  lo w -p ressu re  ( < 0 . 5  T o rr) titra tio n  d a ta  for p u re  h y 
d ro gen  a lso  e x h ib ite d  a c ety le n e  y ie ld s  w h ich  w ere fa ir ly  
re p ro d u c ib le . E x te n s io n  o f  th e  h y d ro g e n  titra tio n  e x p e r i
m e n ts  to  h ig h er p ressu res (F igu res 4  a n d  5) y ie ld ed  
a m o u n ts  o f  C 2H 2 w h ich  a c c o u n te d  for 8 5 - 9 0 %  o f th e  to ta l  
v a p o rize d  ca rb o n . T h e  to ta l a m o u n t o f  g a seo u s p ro d u c ts , 
C 2H 2 +  C H 4 +  C 4H 2 , a c c o u n te d  for a t  lea st 9 5 %  o f th e  
v a p o rize d  ca rb o n . T h e re fo re , lik e  th e  o x y g en  titra tio n  re 
su lts , g a s -p h a se  c h e m ic a l t itra tio n  o f  Cn w ith  H 2 does  
occu r. H ig h e r  H 2 p ressu res th a n  O 2 p ressu res are requ ired  
to  o v erco m e  th e  a p p a r e n tly  low er re a ctio n  p ro b a b ilit ie s  o f  
C „  w ith  H 2 .

E v id e n c e  h a s  b e e n  p resen ted  b y  C la rk e  a n d  F o x , 5 1 ’ 52 

B a d d o u r  a n d  B la n c h e t t , 53 a n d  W o o d  a n d  W is e 54 w h ich  
fu rth er sh ow s th a t  h o m o g e n e o u s  g a s -p h a se  re a ctio n s d o m 
in a te  over su rfa ce  re a ctio n s w h en  te m p e ra tu re s  e x ceed in g  
3 0 0 0  K  are a c h ie v e d  in  th e  ca rb o n  p lu s  O 2 , H 2, or C H 4 

sy s te m s .

4.3 Chemical Mechanisms. 4.31 Reactions with Oxygen. 
A n  o b je c tiv e  o f  th is  research  w as to  fin d  sp ec ific  c h e m ic a l  
rea ctio n s for th e  se le c tiv e  titra tio n  o f  in d iv id u a l Cn 
sp ec ies . T itr a t io n  o f  th e  v a p o rize d  ca rb o n  sp ec ies , w h ich  
w ere sh o w n  b y  th e  m a ss  sp e c tro m e tr y  re su lts  to  b e  p r in c i
p a lly  C i ,  C 2 , a n d  C 3 , w ith  0 2 p ro d u c ed  tw o  p ro d u c ts , C O

an d  C 0 2 . T h e  ra tio  o f  C O : C 0 2 w a s o b serv e d  to  b e  a p 
p r o x im a te ly  2 .5 :1  for g ra p h ite  v a p o riza tio n  a n d  6 :1  for  
T a C  v a p o riza tio n .

W o lfg a n g  sh ow ed  th a t  C i  re a cts  w ith  0 2 , a c c o rd in g  to  
th e  re a c tio n 1  ’3

C, + 0 2 —  CO + O (1)

N o  C 0 2 is fo rm e d . T h e  p re sen t resu lts  in d ic a te , th erefore , 
th a t  C O 2 m u s t  b e  a p ro d u c t o f  C 2 a n d /o r  C 3 re a c tin g  w ith  
o x y g en . P o ssib le  m e c h a n is m s  for C 2 rea ctio n s are

C 2 + 0 2 —  CO + CO (2 )

C 2 + 0 2 —  C02 + Cj (3)

C 2 + 0 2 — ■ C20  + 0 (4)

0 0 + 0 2 —  CO + c o 2 (5)

+0

0|2 —  CO + CO + 0 (6 )

R e a c tio n s  2  a n d  3 fo llo w ed  b y  re a ctio n  1 c o u ld  re a d ily  
a c c o u n t for  a C O : C 0 2 ra tio  greater th a n  u n ity  i f  C 2 w ere  
th e  o n ly  ca rb o n  v a p o r  sp ec ies  a n d  i f  a ll th ree  rea ctio n s  
w ere e q u a lly  p r o b a b le . C 20  is k n o w n  to  re a c t w ith  0 2 to  
p ro d u c e  C O  a n d  C 0 2 a n d  is reg ard ed  as a  c a r b o n -a to m  
d on o r e q u iv a le n t to  h y d ro ca rb o n  fr a g m e n t m o le c u le s ;55 

th erefore , rea ctio n s 4 - 6  m u s t  a lso  b e  c o n sid ered .
In  th e ir  s tu d ie s  o f  th e  C 20  +  0 2 re a c tio n , W ill ia m s o n  

a n d  B a y e s  reco rd ed  a n  8 : 1  ra tio  for C O : C 0 2 . 56 P eterso n  
a n d  W o lfg a n g , u s in g  e n d -la b e le d  1 4 C C 0 ,  a ttr ib u te d  re a c 
tio n s 5  a n d  6  to  a  fo u r -c e n te r  in te r m e d ia te  c o m p le x 55

14CCO +  02 — ► 14C—C = 0  — » 14CO +  C02 (5)

0 - 0  — 14CO +  CO + O (6)
T h e y  c o n c lu d ed  th a t  re a ctio n  7 w o u ld  n o t b e  a  s ig n ific a n t  
sou rce o f  C 0 2 s in ce  it  requires an  in te r m e d ia te  w ith  a 
h ig h -e n erg y  c o n fig u ra tio n

O
0 = C = C  +  0, — 0 = C = C ^  I — *- CO +  C02 (7)

0
R e a c tio n  3 w ou ld  requ ire  a s im ila r  h ig h -e n e r g y  c o m p le x  
a n d  is, th erefore , m u c h  less p ro b a b le  th a n  re a c tio n s  2  a n d  
4 ; h e n c e , reaction 5 is regarded as the pathway to C 0 2 

formation from C 2 .
A  large n u m b e r  o f  rea ctio n s o f  C 3 w ith  0 2 ca n  b e  w rit

ten  w h ich  w ill gen era te  b o th  C O  a n d  C O 2 as  p ro d u c ts . 
In itia l rea ctio n s m ig h t  co n sist o f  th e  fo llow in g

Jd
C3 +  0 2 — ■ C = C = C < J  — ^ c2 +  C02 (8)

0

c3 + 0 2 — C = C = C — 0 — 0 — ► C2 +  CO +  0 (9) 

c3 +  02 — *• c - c — c — *- CO +  CO + C (10)

0 -0  — *■ CO +  C20 (11)
R e a c tio n  8  h as b e e n  p ro p o sed  b y  Z a v its a n o s  a n d  B rew er  
as a sou rce o f  th e  e le c tro n ic a lly  e x c ited  C 2 m o le c u le s  re 
sp o n sib le  for th e  S w a n  b a n d s  th a t  h av e  b e e n  o b serv e d  in  
th e  o x id a tio n  o f  ga seo u s c a rb o n .57 H o w e v e r , re a c tio n  8  re -

151) J. T. Clarke and B. R. Fox, J. C h em . Phys., 46, 827 (1967).
(52) J. T. Clarke and B. R. Fox, J. C hem . Phys., 51, 3231 (1969).
(53) R. F. Baddour and J. L. Blanchett, Ind. Eng. C hem ., P r o c e s s  D e s .  

D evelop ., 3, 258 (1964).
(54) B. J. Wood and H. Wise, J. Ph ys. C hem ., 73, 1348 (1969).
(55) R. F. Peterson, Jr., and R. L. Wolfgang, C h em . C o m m u n ., 1201 

(1968).
(56) D. G. Williamson and K. D. Bayes, J. A m er. C h em . S o c . ,  89, 3390 

(1967).
(57) P. D. Zavitsanos and L. E. Brewer, J. C h em . Phys., 47, 3093 

(1967).

The Journal of Physical Chemistry, Vol. IT, No. 9, 1973



Chemical Reactions of Carbon Atoms and Molecules 1091

TABLE V: Comparison of the Mole Fractions of the Carbon Vapor 
Species with the CO2 Product Mole Fractions for the Experiments 
with Pyroid Graphite and Tantalum Carbide

M°le Pyroid Tantalum
fractions graphite carbide

Time-Resolved Mass Spectrometry Data
Ci/ÍC-, + C2 + C3) 0.D52 0.31
C2/(C, + C2 + C3) 0.072 0.018
C3/(C, + C2 + C3) 0.88 0.68

Gas-Phase Titration Data
C02/(CO + C02) 0.29 0.14

qu ires an  in te r m e d ia te  c o m p le x  in v o lv in g  a h ig h -e n erg y  
co n fig u ra tio n  s im ila r  to  re a ctio n  7 w h ereas re a ctio n  9  does  
n o t. R e a c tio n s  10  a n d  11 are p a tte r n e d  a fte r  W o lfg a n g ’ s 
m o d e l for C 2O  rea ctio n s 5 a n d  6 .55

CO2 is n o t d ire c tly  g e n e ra te d  in  rea ctio n s 9  or 1 1 , b u t  
su b se q u e n t rea ctio n s o f  C2 or C2O w ith  O2 c o u ld  y ie ld  
CO2. I f  rea ctio n s 3 -1 1  a ll o ccu r, th e n  th e  p ro d u c tio n  o f  
CO2 c a n n o t be  a sc rib ed  s p e c ific a lly  to  on e  or th e  oth er , C2 
or C3; h ow ever, i f  re a ctio n  4  h a s  a very  low  p ro b a b ility  
re la tiv e  to  th e  o th ers, th e  CO2 m ig h t b e  u n iq u e ly  id e n ti

fied  w ith  C3 re a c tio n  1 1  fo llo w ed  b y  re a ctio n  5 . In  a n y  
ca se , C2O appears to be the precursor to CO2 formation 
from the reaction of C2 or C3 with 0 2 .

A s s u m in g  th e  a b o v e  se t o f  re a ctio n s , th e  p ro d u c tio n  o f  
C O  is c o m m o n  to  a ll th ree  ca rb o n  v a p o r sp ec ies . T h e  in 
crease in th e  C 0 : C 0 2  ra tio  for T a C  v a p o riza tio n  c o m 
p ared  to  g ra p h ite  v a p o riza tio n  th e n  carries im p lic a tio n s  
reg ard in g  th e  re la tiv e  a b u n d a n c e s  o f  th e  v a p o r  sp ec ies  an d  
p o ssib ly  reg ard in g  th e  re la tiv e  im p o r ta n c e  o f  th e  C O  an d  
C 0 2 p ro d u c in g  r e a c tio n s . T h e  C O :C C >2 ra tio  in crease  for  
T a C  w as a c c o m p a n ie d  b y  ch a n g es in  th e  ratios o f  th e  Cn 
sp ec ies , as  d erived  fro m  th e  m a ss  sp e c tro m e tr y  re su lts . A  
co m p a riso n  o f  th e  m o le  fra c tio n s o f  v a p o r sp ec ies w ith  th e  
m o le  fra c tio n s  o f  p ro d u c t m o le c u le s  is g iven  in  T a b le  V .  
T h e  m o le  fra c tio n s o f  C 2 are tc o  low  to  a c c o u n t for th e  
c o m p le te  fo rm a tio n  o f  C O 2 . T h e  m o le  fra c tio n s o f  C 3 d o  
exceed  th e  m o le  fra c tio n s  o f  C O 2 , w h ich  is c o n siste n t w ith  
a se t o f  re a ctio n s , e.g., eq  9 -1 1 ,  in  w h ich  p a th w a y s  to  
m u ltip le  p ro d u c ts  e x ist . F u rth erm o re , th e  m o le  fra c tio n  o f  
C O 2 d ec rea sed  b y  a fa c to r  o f  2 .0  fro m  g ra p h ite  to  T a C  a n d  
th e  m o le  fra c tio n  o f  C 3 d ec re a se d  b y  a fa c to r  o f  1 .3 , 
w h ereas th e  m o le  fra c tio n  o f  C 2 d ec re a se d  b y  a fa c to r  o f
4 .0 . T h ere fo re , it ap p ea rs  th a t  C j is the principal source of 
the CO2 formation.

4.32 Reactions with Hydrogen. T h e  o b je c tiv e  o f  th e  h y 
d rogen  titra tio n  e x p e r im e n ts  w a s to  te s t  w h eth er th e  for
m a tio n  o f  a c ety le n e  c o u ld  b e  a ttr ib u te d  p rin c ip a lly  to  th e  
rea ctio n  o f  C 2 via th e  m e c h a n is m  su g g e ste d  b y  N a m b a , et 
a / . ,24-26 a n d  b y  V e r d ie c k , et al.27’is

C2 + H2 -*■ C2H + H + 29 kcal (12)

C2H + H2 —  C2H2 + H + 13 kcal (13)
I f  C i  a n d  C3 re a c te d  to  fo rm  oth er p ro d u c ts  a n d  if  C2 
rea cted  to  fo rm  o n ly  C 2H 2 , th en  a m e a su r e m e n t o f  th e  
C 2H 2 fo rm e d  w o u ld  p ro v id e  a d ire c t m e a su r e m e n t o f  th e  
v a p or a b u n d a n c e  o f  C 2 . W o lfg a n g , et ai, sh ow ed  th a t  C i  
rea cted  w ith  H 2 to  fo rm  m e th y n e , m e th y le n e , a n d  m e th y l  
ra d ica ls  w ith  m e th a n e  as th e  p rin c ip a l fin a l p r o d u c t ;8 10 

i.e.
Ct + H2 CH + H -  23 kcal (14)

CH + H2 — CH2 + H -  2 kcal (15)
CH2 + H2 CH3 + H + 8 kcal (16)

CH3 + H2 —  CH4 + H -  2 kcal (1 7 )
W o lfg a n g , et ai, a n d  B ra u n , et al., b o th  rep orted  th a t  
higher gas p ressu res w ere req u ired  b efo re  a m e th y le n e  
ra d ica l c o u ld  be fo rm e d  b y  d irect c o m b in a tio n 8 ’1 0 -23

Cj + H2 + M —  CH2 + M + 79 kcal (18)

R e a c tio n s  o f  C 3 w ith  H 2 h av e  n o t b e e n  s tu d ie d  p re 
v io u sly . T h e  p re m ise  o f  th e  p resen t s tu d y  w a s th a t C 3 

w ou ld  p ro b a b ly  a b stra c t h yd ro g en  a to m s  in a m a n n er  
an a lo g o u s to  th e  C i  a n d  C 2 rea ctio n s sh ow n  a b o v e ;58 i.e.

C3 + h 2 —  c3h  + H + 15 kcal (19)
c3h  + h 2 —► C,H2 + h  -■ 31 kcal (2 0 )

0 a + H2 —  C3H3 + H -- 2 1 kcal (2 1 )
C3H3 + H2 —  C3H4 + H -- 22  kcal (2 2 )

I t  w a s p re su m e d  th a t  C3 rea ctio n s w o u ld  y ie ld  p ro d u c ts  
oth er th a n  C 2H 2 ; th erefore , C 2H 2 w o u ld  re m a in  a u n iq u e  
p ro d u c t o f  C 2 w ith  H 2 .

T h e  low -p ressu re  ( p ( H 2) <  0 .5  T o rr) t itra tio n s  o f  laser- 
v a p o rized  g rap h ite  a n d  ta n ta lu m  ca rb id e  re p ea te d ly  
sh ow ed  C 2H 2 as  th e  p rin c ip a l fin a l p ro d u c t, a lth o u g h  
sm a ll a m o u n ts  o f  C 4H 2 w ere o c c a sio n a lly  d e te c te d  (C4H2 
<  O .I C 2H 2) . N o  m e th a n e  w as o b serv e d . T h e  a b so lu te  
a m o u n t o f  C 2H 2 a t  th e  a p p a r e n t lo w -p ressu re  p la te a u  o f  
th e  titra tio n  cu rves for gra p h ite  ty p ic a lly  a c c o u n te d  for  
1 0 -3 0 %  b y  w eig h t o f  th e  v a p o rize d  c a rb o n . F or T a C , th e  
C 2H 2 e q u a lle d  o n ly  2 %  o f  th e  to ta l a m o u n t o f  C O  +  C O 2 

fo rm ed  in th e  o x y g en  titra tio n s . T h e s e  resu lts  su g g ested  
th a t th e  C 2H 2 fo rm e d  a*, low  p ressu re w as in d e ed  a t tr ib u t 
a b le  to  a sin g le  C „  sp ec ies .

E x te n s io n  o f  th e  H 2 t itra tio n  e x p e r im e n ts  to  h igher  
pressu res o f  H 2 a n d  to  h igh er to ta l p ressu res u sin g  H 2- N e  
m ix tu res  d id  rev ea l th a i th e  lo w -p ressu re  p la te a u  w as not 
a fin a l s ta te  in  C 2H 2 fo rm a tio n .

T h e s e  resu lts  are c o n siste n t w ith  a m o d e l in w h ich  th e  
effec tiv e  rea ctio n  t im e  is lim ite d  b y  d iffu sio n  o f  th e  re a c t
ing sp ec ies to  th e  v esse l w a lls . A n  in crease  in  th e  to ta l  
p ressu re o f  h yd ro g en  or th e  a d d itio n  o f  a h eav ier  in ert gas  
(n eo n ) in creases th e  n u m b e r  o f g a s -p h a se  co llisio n s and  
th e  resid en ce  t im e  o f  th e  v a p o rize d  ca rb o n  sp ec ies in th e  
gas p h a se . T h e re fo re , c o n d e n sa tio n  an d  rea ctio n  te r m in a 
tio n  o f  th e  ca rb o n  sp ec ies on  th e  w a lls  is re d u ce d  a n d  th e  
p ro b a b ility  o f  g a s -p h a se  re a ctio n  is in cre a se d . (T h is  m o d el  
for te rm in a tio n  o f  th e  re a ctio n  w a s su p p o rted  b y  a n  a u x il
iary  e x p e r im e n t in  w h ich  th e  ca rb o n  ta rg et w as p la ced  
closer to  th e  w a ll o f  th e  P y rex  v e sse l; a t  3 T o r r  o f  pure H 2 , 
th e  a m o u n t C 2H 2 fo rm ed  w as 6 0 %  less th a n  th e  a m o u n t  
fo rm e d  w ith  th e  ta rg et at its n o r m a l p o sit io n .)

A p p lic a tio n  o f th e  d iffu s io n -c o n tr o lle d  re a ctio n  co n c e p t  
to  th e  p resen t resu lts  m e a n s  th a t  th e  o n se ts  o f  th e  fin a l 
p la te a u s  in th e  C 2H 2 y ie ld s  for th e  H 2 titra tio n s  a ll corre
sp o n d  to  a p p ro x im a te ly  th e  sa m e  re a ctio n  t im e  in th e  gas  
p h a se . T h e  rea ctio n  sy ste m s  are e sse n tia lly  p se u d o -first  
order in  th e  gas p h a se  d u e  to  th e  excess  o f  H 2 over v a p o r 
ized  ca rb o n  sp ec ies . T h e re fo re , th e  a p p a r e n t low -p ressu re  
p la te a u  in  th e  C 2H 2 y ie ld  a t  ~ 0 . 5  T o rr  o f  H 2 is a co n se 
q u e n c e  o f  a ch a n ge  in  th e  re a ctio n  m e c h a n is m . T h a t  is,

(58) The heats of formation used for various polyacetylene molecules 
and hydrocarbon radicals were those estimated by R. E. Duff and 
S. H. Bauer, Los Alamos Scientific Laboratory Report No. LA-2556, 
Sept 1961; J. C hem . Phys., 36, 1754 (1962).
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one re a ctio n  b e tw e e n  a C „  sp ec ies  a n d  H 2 d o m in a te s  th e  
C 2H 2 y ie ld  b e lo w  a n d  a n o th er rea ctio n  d o m in a te s  ab o v e  
th e  lo w -p ressu re  p la te a u . T h e  p la te a u  co rresp on d s to  th e  
c o m p le tio n  o f  th e  re a ctio n  b e tw ee n  H 2 a n d  th a t  C „  
sp ec ies w h ich  h a s  th e  h ig h est n e t re a ctio n  p r o b a b ility  for  
C 2H 2 fo rm a tio n . In  te r m s  o f  m a x im u m  c o llis io n  fre q u e n cy  
and. m in im iz a tio n  o f  rea ctio n  s te p s , th e  d o m in a n t  low - 
p ressu re  rea ctio n s sh o u ld  b e  rea ctio n s 1 2  a n d  13 with C 2 

as the precursor to C2H2 formation.
F o r m a tio n  o f C 2H 2 fro m  th e  c o m b in a tio n  o f  C H  ra d ica ls

CH + CH + M —  C2H2 + M + 230 kcal (23)

is n o t lik e ly  to  b e  c o m p e titiv e  w ith  rea ctio n  13 b e ca u se  a  
th ird  b o d y  is n e ed e d  to  s ta b iliz e  th e  p ro d u c t m o le c u le  a n d  
tw o C H  ra d ic a ls  are req u ired  p er C 2H 2 fo rm e d .

W h ile  a m e c h a n is m  to  a c c o u n t for th e  lo w -p ressu re  p la 
te a u  in  C 2H 2 fo rm a tio n  h as b e e n  p rescrib ed , a m e c h a n ism  
to  a c c o u n t for th e  h igh  H 2 pressure p h a se  o f  C 2H 2 fo r m a 
tio n  c a n n o t b e  re a d ily  d e fin e d . S in c e  th e  m a ss  s p e c tr o m e 
try  d a ta  sh ow  t h a t  C 3 is th e  m o s t  a b u n d a n t v a p o r  sp ec ies , 
the high-pressure phase of C 2H 2 formation must be asso
ciated with C3 .

A s  p re v io u sly  n o ted , CH4 b e c o m e s  a s ig n ific a n t p ro d u c t  
on ly  a t  h ig h er p ressu res. Its  fo rm a tio n  a t  h igh  p ressu re is 
a ttr ib u te d  to  th e  s ta b iliz a tio n  o f C H 2 c o m p le x e s  via re a c 
tion  18, fo llo w ed  b y  rea ctio n s 16 a n d  17 . T h e  m u ltis te p  
m e c h a n is m , rea ctio n s 1 4 -1 7 , is less  lik e ly  to  occu r b e ca u se  
o f  th e  low  rea ctio n  p r o b a b ility  e x p e c te d  for re a ctio n  14 if  
g r o u n d -sta te  C ( 3P ) a to m s  are th e  p r e d o m in a n t  C i  v a p or  
s p e c ie s .23

T h e  fo rm a tio n  o f  th e  sm a ll a m o u n t o f  C 4H 2 is a t tr ib 
u te d  to  th e  c o m b in a tio n  o f  C 2H  ra d ica ls

C2H + C2H —- C4H2 (24)

T h is  re a ctio n  is p ro b a b ly  in d e p e n d e n t o f  to ta l pressure  
b e c a u se  o f  th e  m u ltip le  n u m b e r  o f d egrees o f  freed o m  
a v a ila b le  for re la x a tio n  o f  th e  re a ctio n  e x o th e rm ic ity  to  
in tern a l en ergy .

C o m p a r is o n  o f  th e  H 2 titra tio n  re su lts  w ith  th e  0 2 t i 
tra tio n  re su lts  a llo w s so m e  gen eral c o n c lu sio n s regard in g  
rea ctio n  p ro b a b ility . O n e  T o rr  o f  ga s in  th e  1-1. rea ctio n  
v essel a t  ro o m  te m p e ra tu re  corresp on d s to  3 .2  X  10 19  m o l 
e cu les , w h ich  is greater th a n  25  t im e s  th e  m a x im u m  n u m 

ber o f  ca rb o n  sp ec ies  va p o rize d  in  th ese  laser  e x p e r im e n ts . 
H e n c e , su ffic ien t gas m o le c u le s  ex isted  for c o m p le te  rea c
tio n . C o m p le te  titra tio n  o f  th e  ca rb o n  sp ec ies  occu rred  a t  
a b o u t  0 .3  T o rr  o f  0 2 , w h ereas a p p ro x im a te ly  5 T o rr  o f  H 2 

w as req u ired . T h e re fo re , w e co n clu d e  th a t  the average 
probability for reaction of Cn species with hydrogen is 17 
times lower than for reaction with oxygen.

5. Conclusions

T h is  s tu d y  o f  th e  v a p o r  c o m p o sitio n  a n d  c h e m ic a l re a c 
tio n s o f  th e  ca rb o n  sp ec ies  p ro d u c ed  b y  la se r -in d u c e d  v a 
p o riza tio n  o f g ra p h ite  a n d  ta n ta lu m  ca rb id e  h a s  p ro v id ed  
a n u m b e r  o f  new  a n d  in terestin g  resu lts  for th e  b ro a d  field  
o f  ca rb o n  research .

T h e  orig in al o b je c tiv e  o f  d ev isin g  a te c h n iq u e  for th e  
se le c tiv e  titra tio n  o f  th e  v a rio u s ca rb o n  v a p o r sp ec ies h as  
b een  a c c o m p lish e d  in  p a rt. T h e  ga seo u s p ro d u c ts  C O  a n d  
C 0 2 d o  q u a n tita tiv e ly  a c c o u n t for all th e  ca rb o n  v a p o r 
ized  in a lo w -p ressu re  0 2 e n v ir o n m e n t. T h is  0 2 titra tio n

p ro cedu re  a llo w s a d e te r m in a tio n  o f  th e  re la tiv e  a m o u n ts  
o f  m a ss  lo ss  as v a p o r  a n d  p a r tic u la te  m a tte r , w h ic h  h a s  
b een  d e m o n str a te d  in  an o th er p a p e r .59 C o n c e iv a b ly  it 
m ig h t b e  a p p lie d  as a  m e a su re  o f  th e  to ta l v a p o r  p ressu re  
o f  g ra p h ite  at very  h ig h  te m p e ra tu re s  n ear th e  tr ip le  
p o in t.

T h e  d etec tio n  o f C 0 2 as a p ro d u c t o f  a g a s -p h a s e  r e a c -. 
tion  o f  C 2 a n d /o r  C 3 su g g e st th e  goal o f  e lu c id a tin g  th e  
re a ctio n  m e c h a n is m  a n d  in tro d u ces  C 0 2 as  an  im p o r ta n t  
c h e m ic a l e n tity  for th e  th e r m o c h e m ic a l th eories o f  reen try  
a b la tio n  c h e m istry .

T itr a t io n  o f  ca rb o n  v a p o r sp ec ies  w ith  H 2 is less  w ell  
d efin e d  a t  th is  t im e . I t  d oes a p p ea r th a t  th e  a b u n d a n c e  o f  
C 2 in  ca rb o n  v a p o r  m a y  b e  a p p r o x im a te ly  d e te r m in e d  
fro m  th e  a m o u n t o f  C 2H 2 fo rm ed  a t  th e  “ lo w -p re ssu re  
p la te a u ”  in  th e  H 2 p ressu re d e p e n d e n c e . T h e  C 2 m e c h a 
n ism  for C 2H 2 fo rm a tio n , n a m e ly , C 2 +  H 2 —► C 2H  +  H  
fo llow ed  b y  C 2H  +  H 2 —>► C 2H 2 +  H , is su p p o rted  b y  th is  
s tu d y . T h e  p ro b a b ility  o f  rea ctio n  o f  C3 w ith  H 2 is low er  
th a n  th a t  o f  C 2, b u t  C 2H 2 is a lso  th e  p rin c ip a l p ro d u c t. 
T h e  m e c h a n ism  o f  th e  C3 rea ctio n  h a s  n o t y e t  b e e n  d e te r 
m in e d  b u t  its  e v e n tu a l id en tific a tio n  sh o u ld  p ro v id e  a d d i
tio n a l in s ig h t in to  th e  c h e m istry  o f  ca rb o n  fo r m a tio n  fro m  
g a se s .60

O th e r  p ro d u c ts  o f  th e  rea ctio n  o f  ca rb o n  v a p o r  sp ec ies  
w ith  H 2 a t  h igh er pressu res are CH4, C4H2, a n d  m a ss  7 8 . 
T h e  su m  o f  th e se  p lu s  C2H2, w h ich  a lo n e  a c c o u n ts  for  
8 5 - 9 0 %  o f th e  la se r -v a p o riz e d  m a ss  lo ss , a g a in  p ro v id es  
n ea rly  1 0 0 %  a g re e m en t w ith  th e  m e a su red  m a s s  lo ss  a n d  a 
p o ssib le  m e th o d  for th e  c o m p le te  titra tio n  o f  v a p o rize d  
ca rb o n  sp ec ies . T h e  fo rm a tio n  o f  CH4 a p p e a rs  to  b e  p re s

sure d e p e n d e n t a n d  is b e liev ed  to  in v o lv e  CH2 as a p re 
cursor via th e  rea ctio n  C i  +  H 2 +  M  —► CH2 +  M .

M e th a n e  is re a d ily  p y ro ly ze d  b y  th e  laser h e a tin g  o f  a 
g ra p h ite  or m e ta l su b stra te  an d  y ie ld s  C 2H 2 a n d  H 2 as  
ga seo u s p ro d u c ts . R e a c tio n  o f  ca rb o n  v a p o r  w ith  CH4 a lso  
o c cu rs; C2H2 a n d  H 2 are a g a in  th e  p rin c ip a l p ro d u c ts .

T h e  rea ctio n  p ro b a b ility  o f  la se r -v a p o riz e d  ca rb o n  is  a p 
p ro x im a te ly  17 t im e s  greater w ith  0 2 th a n  w ith  H 2 . S in c e  
C 3 w as th e  p re d o m in a n t v a p o r  sp ec ies , th is  n u m b e r  p r in 
c ip a lly  re fle cts  th e  re lative  ra tes  o f  th e  C 3 re a ctio n s .

T h e  m a s s  sp ec tro m e tr ic  a n a ly se s  on  laser h e a te d  T a C  
sh o w ed  C 2 a n d  C3 as w ell as  C i  in  th e  v a p o r  p h a se . T h e  
re la tiv e  a b u n d a n c e s  o f  th e  C „  sp ec ies  fro m  th e  ca rb id e  
w ere n o t e q u iv a le n t to  th o se  fro m  g r a p h ite . T h e s e  resu lts  
p e r m itte d  th e  u se  o f  T a C  in  th e  g a s -p h a se  titra tio n  e x p e r 
im e n ts  as a sou rce o f  C „  sp ec ies h a v in g  a d is tr ib u tio n  d if 
feren t fro m  th a t o f  g ra p h ite  in  order to  id e n tify  th e  c h e m 
ica l rea ctio n s o f  th e  Cn sp ec ies . O th e r  ca rb id e s  are e x p e c t
ed  to  b e  fo u n d  w h ich  w ill h av e  v a p o r -p h a se  ca rb o n  c o m 
p o sitio n s th a t  m a y  re fle ct th e  m o le c u la r  stru ctu re  o f  th e  
so lid  p h a se  an d  w h ich  can  b e  u se d  as se le c te d  sou rces o f  
the ca rb o n  v a p o r sp ec ies . I f  th is  p ro ves co rrect, th e n  th e  
p roper ca rb id e s  m a y  be u sed  to  e lu c id a te  fu rth er  th e  
c h e m ic a l rea ctio n s o f  ca rb o n  a to m s  a n d  m o le c u le s  a n d  to  
ca lib ra te  m a ss  sp ec tro m e te rs  for a b so lu te  p a rtia l p ressu re  
m e a su r e m e n ts  o f  th e  ca rb o n  v a p o r s p e c ie s .33 ’61

(59) R. T. Meyer and A. W. Lynch, High Tem p. Sci., 4, 283 (1972).
(60) H. B. Palmer and C. F. Cullis in “Chemistry and Physics of Car

bon,” Voi. 1, P. L. Walker, Jr., Ed., Marcel Dekker, New York, N 
Y „ 1965 pp 266-325.

(61) F. M. Wachl and D. E. Gllmartln, C arb o n . 8 , 141 (1970).
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(R e c e iv e d  N o v e m b e r  11, 1972)

P u b lic a tio n  c o s ts  a s s is te d  b y  N ASA

A  s te a d y -s ta te  flo w  a p p a r a tu s , sh ow n  earlier to  b e  su ita b le  for th e  s tu d y  o f  ra p id  ga s re a ctio n s , h as been  
u se d  to  d e te r m in e  th e  p ressu re  d ep e n d e n c e  o f  th e  re lative  q u a s i-b im c le c u la r  rate  c o n sta n ts  for th e  re a c 
ta n t  p airs a m m c n ia  (A M )-t r im e t h y la m in e  ( T M A )  a n d  d im e th y la m in e  ( D M A ) -t r im e t h y la m in e  in re a c 
tio n  w ith  b o ro n  tr iflu o rid e . T h e  p ressu re  d ep e n d e n c e  o f th e  fo rm er w as d e te r m in e d  in  th e  ra n ge  0 .0 3 -7 5  
T o rr  a n d  th a t  o f th e  la tte r  in  th e  ran ge 0 .0 2 -7 2 0  T o r r . In  th e  lo w -p ressu re  region , th e  re la tiv e  lim itin g  
rate  c o n sta n ts  are kam'.km-.ka-.kt =  1 .0 : 2 .2 :1 9 :4 0  (w ith  an  e x p e r im e n ta l error o f  a b o u t 1 0 % ) . T h e  e s 
t im a te d  re la tiv e  l im it in g  h ig h -p re ssu re  c o n sta n ts , b a se d  on  e x tr a p o la tio n  o f  th e  d a ta , are  
k r c T  : k p f ? : k t x° =  4 : 2 : 1 .  V a lu e s  o f  th e  a b so lu te  lim itin g  h ig h -p ressu re  rate  c o n sta n ts , w h en  th e  re la 
tiv e  ra te  d a ta  are c o m b in e d  w ith  th o se  o f  K is tia k o w sk y  a n d  cow orkers, for M M A ,  D M A , a n d  T M A ,  are 
2 x  10 13, 1 X  10 13, a n d  5 x  1 0 12 c m 3/m o l  sec , re sp ec tiv e ly . H a lf-p re ssu r e  e s tim a te s  for M M A ,  D M A , an d  
T M A  h av e  b e e n  o b ta in e d , n a m e ly  70, 4 , a n d  1 .5  T o r r , re sp ec tiv e ly . T h e  v a lu es  for m o n o m e th y la m in e  
( M M A )  in c lu d e d  here h av e  b een  ta k e n  fro m  p rev io u s w ork . T h e s e  d a ta  in d ic a te  a fa m ily  o f  a m in e s  in  
w h ich  a loose a c tiv a te d  c o m p le x  is p ro b a b le , a lo n g  w ith  th e  ra p id  ex ch a n g e  o f  en ergy  a m o n g  th e  in tern al 
d egrees o f  fre e d o m .

Introduction

T h e r e  h a s  b een  a c o n tin u in g  flo w  o f  e x p e r im e n ta l d a ta  
a v a ila b le  for th e  te s tin g  o f  th e  q u a s i-u n im o le c u la r  re a c 
tio n  rate  th e o ry . O f  p a rtic u la r  in terest h as b een  th e  c h e m 

ica l a c tiv a tio n  m e th o d  d ev e lo p e d  b y  R a b in o v itc h  an d  
co w ork ers , 1  w h ich  h a s  p ro v id ed  e x te n siv e  d a ta  in  su p p o rt  
o f  th e  R R K M  th eo ry  a ssu m p tio n  th a t  a ll in tern a l d egrees  
o f  freed om  m a y  be ta k e n  as a c tiv e  in  in tra m o le c u la r  en er
gy  tran sfer . T h is  w ork  h a s  b een  b a se d  p rim a rily  on  re a c 
ta n ts  in w h ich  a rig id  a c tiv a te d  c o m p le x  is a ssu m e d , th e  
b e h a v io r  o f  w h ich  h a s  b een  d e te r m in e d  over a re la tiv e ly  
w ide ran ge o f  p ressu re . C o n fid e n c e  in  th e  th eo ry  h as  
rea ch ed  th e  p o in t w here a t te m p ts  c a n  n ow  b e  m a d e  for its  
use in  e lu c id a tin g  a m e c h a n is m . D o rer, B ro w n , D o , a n d  
R e ss 2 h ave  a p p lie d  th e  th e o ry  to  d istin g u ish  b etw een  
step w ise  a n d  co n ce rted  s im u lta n e o u s  ru ptu re  o f  C - N  
b o n d s  in th e  N 2 e lim in a tio n  ste p  d u rin g  p h o to ly sis  o f  3 -  
v in y l-l -p y r a z o lin e . T h e y  c o n c lu d e , b a se d  on  R R K M  c a l
cu la tio n s , th a t  a co n certed  b o n d  ru p tu re  is m o re  p ro b a b le . 
B a u e r 3 h a s  d isc u sse d  s im ila r  cases w here su ch  an  an a ly sis  
m ig h t b e  p ro fita b ly  e m p lo y e d .

A n  e q u a lly  im p o r ta n t  re a c ta n t series is on e  w h ich  in 
v o lv es  a loose a c tiv a te d  c o m p le x . T o  th is  en d  K is t ia k o w 
sk y  a n d  co w o rk ers , 1  u s in g  a v a ria n t o f  th e  P o la n y i d iffu 
sion  f la m e  te c h n iq u e , h a v e  s tu d ie d  th e  ra p id  a sso cia tio n  
rea ctio n  b e tw e e n  a m m o n ia  an d  th e  m e th y la m in e s  w ith  
b o ro n  triflu o rid e  a t  low  p ressu re . T h e  a b so lu te  q u a si - 
b im o le c u la r  ra te  c o n sta n ts  o b ta in e d  w ere th e n  s u p p le 
m e n te d  b y  a lo w -p re ssu re  re lative  ra te  s tu d y  b y  D a e n  an d  
M a r c u s , 5 a n d  su b se q u e n tly  e x te n d e d  to  h ig h er pressures  
b y  G lick er a n d  M a r c u s .6 A n o th e r  re la tiv e  rate  s tu d y  b y  
B a u er a n d  cow o rk ers7 h a s  b e e n  rep o rted .

T h e  p resen t w ork  in v o lv e s  th e  d e te r m in a tio n  o f  th e  
pressure d ep e n d e n c e  o f  th e  re la tiv e  q u a s i-b im o le c u la r  rate  
co n sta n ts k a m / k t  a n d  k a / k t ,  w here su b sc r ip ts , a m , d , an d

t refer to  A M , D M A , a n d  T M A ,  re sp e c tiv e ly . A m m o n ia  
a n d  th e  m e th y la m in e s  rep resen t a re a c tio n  series in w h ich  
th e  n u m b e r  o f  d egrees o f  freed o m  are s y s te m a tic a lly  v a r 
ied  w hile  th e  en ergy o f  th e  b o n d  b e in g  fo rm e d  (or b rok en )  
re m a in s  a p p ro x im a te ly  e q u a l. In fo rm a tio n  co n cern in g  th e  
n a tu re  o f th e  a c tiv a te d  c o m p le x  a n d  th e  e ffec tiv e  n u m b er  
o f  in tern a l d egrees o f  fre ed o m  ca n  b e  o b ta in e d  from  th e  
h ig h -p ressu re  l im it in g  v a lu e  a n d  th e  p ressu re  d ep e n d e n ce  
o f  th e  rate  c o n sta n t.

Experimental Section

T h e  e x p e r im e n ta l d e ta ils  an d  a p p a r a tu s  h av e  b een  d e 
scrib e d  in p a rts  I a n d  I I .5 ' 6 B r ie fly , th e  m e th o d  co n sists  o f  
a flo w  sy ste m  (a t  ro om  te m p e ra tu re ) in w h ich  a m ix tu re  
o f  tw o  a m in es  co m p e te  for less th a n  s to ic h io m e tric  q u a n tity  
o f  B F 3 , w here a ll th e  re a c ta n ts  are d ilu te d  w ith  e th a n e . 
A d d it io n a l ga ses u se d  here are R e sea rc h  grad e A M , D M A ,  
an d  e th a n e  o b ta in e d  fro m  th e  M a th e s o n  C o . w h ich  w ere  
p u rified  b y  re p ea te d  lo w -te m p e ra tu re  d is tilla tio n  b etw een  
- 7 8 °  (D ry  I c e -a c e to n e  s lu sh ) a n d  - 1 9 5 ° .  T h e  m a x im u m  
im p u ritie s  w ere 0 .3  m o l %  o f  o th er a m in e s  as d eterm in e d  
b y  m a ss  sp e c tro m e tr y .

In  th o se  e x p e r im e n ts  (a t  h igh er p ressu res) c ited  in th e  
d iscu ssio n  o f  p u m p in g  se le c tiv ity , th e  p ro cedu re  in c lu d e d

(1) (a) B. S. Rabinovitch and D. W. Setser, A d va n . P h o to c h e m ., 3, 1 
(1964); (b) L. D. Spicer and B. S. Rabinovitch, A n n u . R ev. Phys. 
C he m ., 21,349(1970).

(2) F. H, Dorer, E, Brown, J. Do, and R. Ress, J. A m e r. C hem . S oc., 
75, 1640 (1971).

(3) S. H. Bauer, J. A m e r. C hem . S o c ., 91, 3688 (1969).
(4) (a) D. Garvin and G. B. Kistiakowsky, J. C he m . P hys., 20, 105 

(1952); (b) G. B. Kistiakowsky and R. Williams, ib id .. 23, 334 
(1955); (c) D. Garvin, V. P. Guinn, and G. R. Kistiakowsky, D iscu ss . 
F a ra d a y  S o c ., 17, 32 (1954).

(5) Part I: J. Daen and R. A. Marcus, J. C hem . P hys., 26, 162 (1957).
(6 ) Part IPS. Glicker and R. A. Marcus, J .  A m e r. C hem . S o c ., 91, 7607 

(1969).
(7) S. H. Bauer, I. V. Martinez, D. Price, and W. D. Jones, A d va n . 

C hem . Ser., No. 42, 35 (1964).
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th e  c o lle c tio n  a n d  a n a ly sis  o f  excess a m in e s  re m a in in g  in  
th e  re a c tio n  vesse l a t  th e  te rm in a tio n  o f  re a c tio n , in  a d d i
tio n  to  th e  u su a l a n a ly sis  o f  th e  ga ses a c c u m u la te d  in th e  
co lle c tio n  tr a p . T h e  re la tiv e  rate  c o n sta n ts  for n o n ste a d y -  
s ta te  e x p e r im e n ts  w ere c a lc u la te d  u sin g  th e  ra tio  o f  
a m in e s  re m a in in g  in  th e  rea ctio n  v esse l a t  th e  en d  o f  an  
e x p e r im e n t, s in ce  th e  co lle c tio n  tra p  sa m p le  co n ta in ed  
u n u su a lly  s m a ll  q u a n tit ie s  o f  a m in e s  a n d  th e ir  ra tio  d if 
fered  a p p re c ia b ly  fro m  th e  rea ctio n  v e sse l a m in e  ra tio .

A ll  a n a ly se s  w ere m a d e  w ith  a P e r k in -E lm e r  M o d e l 421  
d o u b le -b e a m  in fra red  sp e c tro p h o to m e te r . C a lib ra tio n s , 
u sin g  B e e r ’s law , w ere o b ta in e d  for th e  ga ses  A M ,  D M A ,  
a n d  T M A ,  a n d  a lso  for th e ir  b oron  tr iflu o rid e  a d d u c ts  in  
a c eto n itrile  so lu tio n . T h e  q u a n tity  o f  a d d u c t  fo rm e d  w as  
ty p ic a lly  1 0 “ 4 m o l. T h e  e x p e r im e n ta l error in  all th ese  
a n a ly se s  w as a p p ro x im a te ly  1 .8 % . T h e  s ta b ility  o f  th e  a d 
d u c ts  in a c eto n e  a n d  a c eto n itrile  so lu tio n s  w as d e te r 

m in e d  b y  in frared  a n a ly sis . T h e re  w ere n o  sp ec tra l  
ch a n ges over a p eriod  o f  3 hr, w h ich  w as m u c h  lon ger th a n  
th e  t im e  requ ired  for an  a n a ly sis .

Results

T h e  re lative  q u a s i-b im o le c u la r  rate  c o n sta n ts  w ere c a l

c u la te d  fro m  eq  1 , w here Ramb/Rtb a n d  Ram/Rt are, re 
sp e c tiv e ly , th e  ra tio  o f  th e  fo rm a tio n  o f  p ro d u c ts  a n d  th e  
ra tio  o f  excess  a m in e s  for th e  A M - T M A  s y s te m . A  sim ila r  
e q u a tio n  ca n  b e  w ritten  for th e  D M A - T M A  re a c ta n t pair. 
T w o  a ssu m p tio n s  w ere m a d e  in th e  d er iv a tio n  o f  eq  1 (see

kam/ht =  (Ramb/Rib)/(Ram/Rt) (1 )

ref 5 an d  6  for d e ta ils ) , n a m e ly  an  a b sen c e  o f  lo c a l c o n 
ce n tra tio n  d e p le tio n  for e ith er a m in e  a n d  a n eg lig ib le  
p u m p in g  se le c tiv ity  for th e  a m in e s . T h e  la tte r  is d efin ed  
here as th e  ra tio  o f  a m in e  p u m p in g  sp ee d s to  th e  ra tio  o f  
a m in e  p ressu res in  th e  reactor. T a b le s  I a n d  II co n ta in  the  
re lative  rate  c o n sta n ts  (p lo tte d  in F igu re  1) as a fu n ctio n  
o f  p ressu re for th e  A M -T i y i A  a n d  D M A - T M A  re a c ta n t  
p airs.

In c lu d ed  in F igu re 1 for th e  D M A - T M A  sy ste m  at 650  
T o rr  is th e  average  o f  five  n o n s te a d y -s ta te  e x p er im e n ts , 
i.e., th e  la st five  ta b u la te d  in  T a b le  II. T h e  s te a d y  sta te  
refers to  th e  e q u a lity  o f  th e  a m in e  ra tio  in th e  rea cto r a n d  
in  th e  c o lle c tio n  v o lu m e , a n d  s im ila r ly  for th e  a m in e /  
e th a n e  ra tio . E q u a tio n  1 m a y  h o ld  in th e  n o n ste a d y -s ta te  
ca se  if  th e  a m in e  c o n cen tra tio n s re m a in  u n ifo rm  in the  
rea ctio n  zon e  a n d  if  th e  con versio n s are sm a ll en ou g h  th a t  
th e  ra tio  o f  a m b ie n t  pressu res is c o n sta n t in  t im e . A lso  
a p p ea rin g  in F igu re 1 is a p lo t o f  th e  M M A - T M A  d a ta  
fro m  p art I I .6

I t  w as p o ssib le  to  d o  a m a te ria l b a la n c e  m e a su r e m e n t  
for th e  la st tw o  e x p e r im e n ts  in  T a b le  I a n d  th e  la st  an d  
te n th  e x p e r im e n t in T a b le  II, w here th e  rate o f  p ro d u c t  
fo rm a tio n  w as n o t a sm a ll d ifferen ce  b e tw ee n  tw o  large  
n u m b e r s . A  b a la n c e  w as o b ta in ed  (in d ic a tin g  a 1 :1  s to i
c h io m e try ) b e tw ee n  th e  k n ow n  a m in e  flo w  rate  in to  th e  
reactor a n d  th e  su m  o f  th e  p ro d u c ts  a n d  excess  a m in e s  to  
w ith in  an  e x p e r im e n ta l error o f  3 % . A t  flo w  ra tes required  
to  m a in ta in  a s te a d y -s ta te  ab o v e  75 a n d  120  T o rr  for A M -  
T M A  an d  D M A - T M A ,  re sp ec tiv e ly , a p p re c ia b le  a m o u n ts  
o f  so lid  p ro d u c t a p p ea re d  b e y o n d  th e  reactor e x it  tra p s .

A  d irect d e te r m in a tio n  o f  th e  p u m p in g  se le c tiv ity  w as  
o b ta in e d  for th e  la st  tw o  e x p e r im e n ts  in T a b le  I a n d  1 1 -1 5  
in  T a b le  II. T h e  s e le c tiv ity  ratio  w as e q u a l to  u n ity  in all 
th ese  ca ses w ith in  an  e x p e r im e n ta l error o f  1 .5 % . S im ila r 
ly , th e  se le c tiv ity  o f  e th a n e  c o m p a re d  w ith  e a c h  a m in e

TABLE I: Experimental Data for the Reaction of AM
and TMA with BF3

p ,a Torr âm / âm R t ârab R tb Re6 Rec

0.030 0.027 1.79 0.59 0.016 0.186 0.90 2.47

0.15 0.025 4.02 1.51 0.023 0.352 4.11 7.10
1.4 0.038 47.1 6.19 1.89 6.53 82 214

31 0.14 16.3 11.2 0.91 4.33 157 498
75 0.23 35.4 31.0 1.10 4.20 459 1940

“ p is the total reaction pressure. R is the rate of flow of the Indicated 
gas in Torr/mln into a known volume of 54.2 cm3. The subscripts am, t, 
amb, tb, and e refer to AM, TMA, AM adduct, TMA adduct, and ethane, 
respectively. "Flow through amine nozzle. c Flow through boron trifluo
ride nozzle. The sum R am  + Ramb gives the flow rate of AM Into the re
action vessel, and similarly for TMA. All experiments appearing in this 
and earlier work were performed at room temperature.

w as a lso  e q u a l to  u n ity . T h e s e  e q u a lit ie s  d id  n o t h o ld  in  
th e  n o n s te a d y -s ta te  e x p er im e n ts  c ited  a b o v e . F or a d is 
cu ssio n  o f  th e  se le c tiv ity  p ro b lem  b e lo w  1 T o r r  see r e f  5 
a n d  6 , w here it is sh ow n  th a t a re la tiv e ly  sm a ll d e v ia tio n  
from  u n ity  is in d ic a te d , p a rticu la rly  a t  h ig h  e th a n e  d ilu 
tio n .

T h e  p o ss ib ility  o f  e x ch a n g e  re a ctio n s h a s  b e e n  e x a m 

in ed  e lse w h ere .5 A  m ix tu re  o f  one m e th y la m in e  a d d u c t  
w as p la c e d  in  c o n ta c t w ith  a secon d  ga seo u s m e th y la m in e  
for 15 m in . N o  b a se  d isp la c e m e n t w as o b served  w ith in  th e  
e x p e r im e n ta l error for a ll three m e th y la m in e s . In  a d d i
tio n , B a u er  an d  co w ork ers7 rep ort an  a b sen c e  o f  b a se  d is 
p la c e m e n t for a t  le a st 0 .5  hr in  th e ir  A M - T M A  an d  
D M A - T M A  re la tiv e  rate  stu d ie s .

Discussion

In  order to  a v o id  loca l d ep le tio n  o f  th e  to ta l a m in e  c o n 
ce n tra tio n , H e lle r ’s 8 criterion  w as a p p lie d ; n a m e ly , a t  
v a lu e s  o f  v/D greater th a n  12 c m “ 1 w hirl fo rm a tio n  in  th e  
rea cto r p ro d u c ed  a d ecrease  in th e  d e p le tio n  o f  a lk y l h a 
lid e  in his so d iu m  d iffu s io n -f la m e  s tu d y  (v = lin ea r v e lo c 
ity  o f  ga s em erg in g  fro m  th e  n o zz le  a n d  D = d iffu sio n  
c o n sta n t o f  e m erg in g  ga s w ere c a lc u la te d  as d e sc rib e d  in  
re f 4 a ) . A t  v a lu e s  o f  th e  ra tio  b e tw ee n  5  a n d  12 c m 1  a 
sp h erica l re a ctio n  zon e w as m a in ta in e d  w ith  a m a x im u m  
d ep letio n  o f  1 0 % . K is tia k o w sk y  a n d  co w ork ers4 h av e  re 
p o rted  a h igh er l im it  (1 6  c m “ 1) in  th e  a m i n e -B F 3 sy s te m .

In  a c o m p e titiv e  rate  s tu d y  str ic t a d h e re n c e  to  th e  
(v/D) u p p e r l im it  restriction  is n o t re q u ire d . W h ir l  fo r m a 
tio n  cou ld  re su lt in  a m o re  rap id  m ix in g  o f  th e  re a c ta n ts . 
T h o s e  e x p e r im e n ts  ab o v e  0 .1 5  T o rr  in  T a b le  I a n d  ab o v e  
0 .2 8  T o rr in  T a b le  II w ere p e r fo rm e d , a t  v a lu e s  m u c h  
greater th a n  th e  u p p er l im it ; e.g., a t  120  T o rr  th e  ra tio  is 
e q u a l to  10 5 c m - 1 . T h e  la tte r  is th e  low er lim it  in v o lv in g  
a c a lc u la tio n 6 o f  v d e term in e d  fro m  th e  P o ise u ille  e q u a 
tio n . T h e  first e x p e r im e n t in  T a b le  I a n d  th e  first a n d  se c 
on d  in  T a b le  II w ere o b ta in e d  u n d er flo w  c o n d itio n s  w here  
th e  low er l im it  o f  th e  ra tio  w as n ot m a in ta in e d , n a m e ly  2 

c m 1, 2 a n d  3 c m “ 1, re sp ec tiv e ly . H o w e v e r , v isu a l e x a m i
n a tio n  o f th e  in tern a l su rfa ces o f  th e  n o z z le s  p ro d u c ed  no  
e v id en ce  o f  so lid  p ro d u c t fo rm a tio n . In  a d d itio n , an  a p 
p ro x im a te  d e te r m in a tio n  o f  th e  e x p e c te d  q u a n tity  o f  
p ro d u c ts  fo rm ed  agreed  w ith  th a t  c o lle c ted  so  t h a t  no  
large loss w as lik e ly .

V a r ia tio n  o f  th e  co n version  ra tio  b y  se v e n -fo ld  in  th e  
h ig h -p ressu re  e x p e r im e n ts  a t  110 an d  120  T o r r  ( T a b le  II)

(8 ) W. Heller, Trans. F a ra d a y  S o c ., 33, 1566 (1937).
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TABLE II: Experimental Data for the Reaction of DMA and TMA with BF3

p,° Torr ^d/kt fld «t. Rdb f?tb Rec

0.020 0.47 0.76 0.65 0.126 0.232 3.89 10.5
0.036 0.47 0.57 0.43 0.154 0.246 2.99 7.24
0.050 0.49 1.07 0.91 0.151 0.26' 3.31 11.9
0.070 0.51 4.50 2.22 0.321 0.310 6.06 9.71
0.10 0.49 0.37 0.25 0.170 0.234 1.47 6.11
0.15 0.53 0.77 0.58 0.119 0.168 3.95 12.2
0.28 0.66 4.21 3.90 0.183 0.259 13.8 30.1
0.52 0.67 8.73 7.60 0.768 0.997 94.8 84.0
2.4 1.0 4.85 4.47 0.597 0.535 15.8 48.9
5.8 1.1 3.65 3.39 1.72 1.49 18.2 44.9

18.0 1.4 14.9 12.9 0.996 0.638 40.7 320
18.5 1.4 11.9 11.6 0.713 0.506 40.5 271
40.0 1.8 13.2 13.0 0.984 0.554 249 475

110 1.9 18.3 31.6 0.977 0.912 581 2490
120 2.0 11.1 21.1 5.09 4.86 500 2510
605 (1.7)** 8.16 8.44 0.60 0.36 130 95
608 (1.5)d 5.46 5.74 1.'17 0.82 125 100
680 (1.1)d 11.9 11.4 1.36 1.17 394 419
680 (2.2)d 7.23 10.5 0.97 0.65 315 319
720 (2.8)d 9.66 17.7 0.83 0.54 367 299

0 See footnote a in Table I. b Flow through amine nozzle. c Flow through 
Torr as an average of the five experiments)

log P ( to r r

Figure 1. Plots of k x / k t vs. pressure. Curves A, B, and C repre
sent kam /kt (Table I), k m /kt (part II), and ka/kt  (Table II), 
respectively. The point at 650 Torr on curve C represents the 
average of five nonsteady-state experiments (Table II).

p ro d u c ed  no m e a su r a b le  e ffe c t on  th e  re lative  rate  c o n 
s ta n ts . S im ila r ly , in  T a b le  I th e  la s t  tw o e x p e r im e n ts  in 
v o lv e d  a 2 .5 -fo ld  v a ria tio n  w ith  n o  c h a n g e  in th e  re lative  
rate  c o n sta n t. T h e s e  resu lts  a lo n g  w ith  a p p lic a tio n  o f  th e  
H e lle r  criteria  su g g e st a lim ite d  lo c a l d ep le tio n  e ffec t if  
a n y . A d d it io n a l su p p o rt is o b ta in e d  fro m  th e  h ig h er p re s
sure d a ta  w here th e  re la tiv e  rate  c o n sta n ts  are a p p re c ia 
b ly  greater th a n  u n ity ; sin ce  d ep letio n  w ou ld  p ro d u c e  re l
a tiv e  ra tes a p p ro a c h in g  u n ity .

T h e  p ressu re d ep e n d e n c e  o f  th e re la tiv e  rate  c o n sta n ts  
for th e  fa m ily  o f  a m in e s  p lo tte d  in  F igu re  1 c le a r ly  show s  
q u a s i-b im o le c u la r  b eh a v io r , i.e., th e  reverse o f  q u a si - 
u n im o lec u la r  d e c o m p o sit io n . T h e  re la tiv e  l im it in g  h ig h - 
pressure ra te  c o n sta n ts  o b ta in e d  fro m  th ese  p lo ts  are 
f e m " :f e d " :f e t "  =  4:2:1. F ro m  earlier w o rk , 6 th e
m in im u m  v a lu e s  o f  th e  h ig h -p re ssu re  lim itin g  v a lu e  o f  
fem “  a n d  fe t "  w ere e s tim a te d  a t 2 X  1013 a n d  5 X  1012 
c c /(m o le  se c ) , re sp e c tiv e ly . C u rv e  C  su g g e sts  a v a lu e  o f  2 
for fed"/fet'"; th erefore  fed" = 2(5 x 1012) c m 3/( m o l

boron trifluoride nozzle. a Nonsteady conditions (they appear in Figure 1 at 650

se c ) . T h e  la tte r  m a y  be e s tim a te d  b y  a seco n d  procedu re  
in v o lv in g  on e  p o in t fro m  K is tia k o w sk y  a n d  W ill ia m s , 4 

n a m e ly  f e d  =  2 X  10 12 c m 3/( m o l  sec) a t  0 .1  T o r r  in the  
m o re ac cu ra te  ran ge o f  th eir w ork. A g a in  ta k in g  a va lu e  o f  
2 for th e  lim itin g  h ig h -p ressu re  ra tio , cu rve  C  in d ic a te s  a 
d ecrease  o f  2 /0 .5  a t  0 .1  T o r r . A s s u m in g  a large d ifferen ce  
in  th e  h a lf-p re ssu re s  o f  D M A  a n d  T M A  (i.e., pressure at 
w h ich  fe~ ' d ro p s to  fe” / 2 ) , a m in im u m  v a lu e  o f  f e d "  =  
( 2 /0 .5 )  2 X  1 0 12 c m 3/( m o l  sec) is o b ta in e d  in good ag ree
m e n t w ith  th e  resu lt c a lc u la te d  a b o v e . T h e  large v a lu es  o f  
th e  fe d " ’s , a p p ro a c h in g  th e  k in e tic  th e o ry  v a lu e  o f  1 0 14 

c m 3/( m o l  se c ) , are in d ic a tiv e  o f  a loose  a c tiv a te d  c o m 
p le x , i.e., a low  en ergy  barrier for ro ta tio n .

T h e  re lative  lim itin g  lo w -p ressu re  v a lu es  o f  th e  rate  
c o n sta n ts  are kam:km.kd:kt = 1 .0 :2 .2 :1 9 :4 0 ,  as in d i

ca te d  in  F igu re  1. D a e n  a n d  M a r c u s 5 a n d  K is tia k o w s k y 4 

a n d  cow orkers give  v a lu es  for th e  D M A - T M A  sy stem  (a t  
0 .1  T o rr) o f  0 .4 2  an d  0 .6 0 , re sp ec tiv e ly . K is tia k o w sk y  and  
cow orkers a lso  rep ort a v a lu e  o f  0 .0 1 8  (a t  0 .1  T o rr) for the  
A M - T M A  sy s te m . C o n sid e r in g  th e  e x p e r im e n ta l p re ci
s io n , re a so n a b ly  good  a g re e m en t is o b ta in e d . B a u e r 7 an d  
cow orkers rep ort fed/fet =  1 . 1 ( ± 2 0 % )  in th e  p ressu re range  
0 .6 5 -4 2 .5  T o rr , w h ereas th e  p resen t w ork sh ow s an  in 
crease in th e  ra tio  fro m  0 .7  to  1 .6 . T h e  re la tiv e  rate c o n 
s ta n t m a in ta in in g  a v a lu e  near u n ity , 1 . 1  in  th is  ca se , over  
a re la tiv e ly  large pressure ran ge m a y  be d u e  to  loca l d e 
p le tio n .

T h e  h a lf-p re ssu re s  o f  th e  m e th y la m in e s  ca n  b e  e s t im a t 
ed  fro m  cu rves A , B , an d  C , sin ce  th e y  a p p ea r  to  b e  w ell 
se p a ra te d . N o tin g  th e  p ressu re  a t  w h ich  th e  l im it in g  h ig h -  
p ressu re va lu e  o f  fex/fet fa lls  to  on e  h a lf  its  v a lu e  (cu rv e  B  
a n d  C ) , a n d  fo llo w in g  a s im ila r  p ro ced u re  a t  low  pressures  
fcr T M A ,  th e  M M A ,  D M A , a n d  T M A  h a lf-p re ssu re s  are
1 .5 , 4 , an d  70 T o rr , re sp ec tiv e ly . T h e s e  re su lts  sh ow  a d i
rect re la tio n sh ip  b e tw ee n  th e  n u m b e r  o f  degrees o f  free 
d o m  a n d  th e  life tim e  o f th e  a c tiv e  m o le c u le , sin ce  th e  
h a lf-p re ssu re  is a m ea su re  o f  th e  d e c o m p o sit io n  o f  th e  a c 
tiv e  m o le c u le  b y  re -a c c u m u la tio n  o f en ergy  in  th e  n ew ly  
fo rm e d  b o n d  re la tiv e  to  co llis io n a l d e a c tiv a tio n .
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P u b lic a tio n  c o s ts  a s s is te d  b y  th e  N a tio n a l S c ie n c e  F o u n d a tio n

H O 2 ra d ica ls  w ere g e n e ra te d  b y  th e  p h o to ly s is  o f  N 2O  a t 2 1 3 9  A  in  th e  p resen ce o f excess  H 2O  or H 2 a n d  
sm a lle r  a m o u n ts  o f  C O  a n d  O 2 . T h e  0 ( 1 D ) a to m s  p ro d u c ed  fro m  th e  p h o to ly sis  o f  N 2O  re a ct w ith  H 20  
to  give H O  ra d ica ls  or H 2 to  g ive  H O  +  H . W it h  H 20 ,  tw o  H O  ra d ica ls  are p ro d u c ed  for e a c h  0 ( 1 D )  re 

m o v e d  a t low  p ressu res ( i .e . , ~  20  T o r r  o f  H 2O ) , b u t  th e  H O  y ie ld  d ro ps as th e  p ressu re is ra ise d . T h is  
drop  is a ttr ib u te d  to  th e  in sertion  rea ctio n  0 ( 1 D )  +  H 2O  +  M  —► H 2O 2 +  M .  T h is  re a ctio n  re m o v e s  2 0  ±  
1 0 %  o f  th e  0 ( 1 D ) a to m s  a t  ~ 6 5 0  T o r r  o f  H 20  (a t  2 0 0 ° ) . T h e  H O  ra d ic a ls  gen era ted  ca n  re a c t w ith  e ith er  
C O  or H 2 to  p ro d u c e  H  a to m s  w h ich  th e n  a d d  to  O 2 to  p ro d u c e  H O 2 . In  th e  ab sen c e  o f  N O , th e  H O 2 r a d 
ica ls  co u ld  re a ct b y  tw o  ro u tes : H O 2 +  C O  —* H O  +  C O 2 (1 )  a n d  2 H O 2 —*■ H 2O 2 +  O 2 (1 1 ) . R e a c t io n  1 is 
so  slow , ev en  a t  2 0 0 ° , th a t  o n ly  a n  u p p e r  lim it in g  va lu e  o f  1 .9  x  1 0 - 1 2  ( c m 3 / s e c ) 1/2  c o u ld  be fo u n d  for  
fe i /fe n 1 /2 . W h e n  c o m b in e d  w ith  th e  v a lu e  o f  fen  =  6  x  1 0 - 1 2  c m 3 /s e c ,  th is  ra tio  gives fei <  5 x  1 0 ~ 18 

c m 3/s e c  a t  b o th  100  a n d  2 0 0 ° . W it h  N O  p re sen t, N O 2 is p ro d u c ed  in  a lo n g  ch a in  p ro cess via H O 2 +  N O  
—*  H O  +  N O 2 (2 ) .  In  th is  ca se  re a c tio n  2 is so ra p id  a t  2 5 ° th a t  o n ly  a low er lim itin g  v a lu e  o f 0 .6  X  1 0 - 7  

( c m 3/ s e c ) 1/2  c o u ld  b e  fo u n d  for fe2 / f e n 1 /2 . T h u s  fe2 >  1 .5  x  1 0 ~ 13  c m 3/s e c  a t  2 5 °.

Introduction

T h e  h y d ro p ero x y l ra d ica l is an  im p o r ta n t  in term ed ia te  
in  a tm o sp h e ric  an d  c o m b u stio n  c h e m istry . H o w e v e r , u p  
to  th e  p resen t t im e  th e  rea ctio n s o f  th is  ra d ic a l h av e  n ot  
b e e n  e x te n siv e ly  s tu d ie d . T h is  is d u e , n o  d o u b t , to  th e  
fa c t  th a t a good  m e th o d  for gen era tin g  th is  ra d ic a l in  s y s 
te m s  free fro m  c o m p lic a tio n s  h as n o t b e e n  a v a ila b le .

T w o  rea ctio n s o f  th e  h yd rop erox yl ra d ic a l w h ich  are o f  
p a rtic u la r  in terest are w ith  C O  an d  N O

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

H 0 2 +  N O  —  N 0 2 +  O H  (2 )

T h e  re a ctio n  w ith  C O  h as a lrea d y  b e e n  s tu d ie d  b y  several 
in v estig a to rs , b u t  k.2 h as n o t y e t , as far as w e k n ow , been  
rep o rted  in  th e  lite ra tu re . B a ld w in , et al. ,1 s tu d ie d  th e  
c h a in  d e c o m p o sit io n  o f H 2O 2 in  th e  p resen ce  o f  C O  a t  
te m p e ra tu re s  > 4 4 0 ° .  T h e y  o b ta in e d  an  a p p r o x im a te  A r 
rh en iu s e x p ressio n  for th e  rate  c o n sta n t o f  re a c tio n  1 , fei =  
1 0 - 1 0  e x p ( —2 3 0 0 0 /R T )  c m 3 /s e c .  A t  ro o m  te m p e ra tu re  fei 
e x tr a p o la te s  to  ~ 1 0 - 2 6  c m 3 /s e c .  O n  th e  o th er h a n d  
W e s te n b e r g  a n d  d e H a a s 2 s tu d ie d  re a ctio n  1 in  th e  H  0 2 

C O  sy ste m  a n d  fo u n d  re a ctio n  1  to  b e  very  fa s t  a t  room  
te m p e ra tu re  w ith  fei ~ 1 0 ~ 12  c m 3/s e c .  C o n se q u e n tly , a s e 
riou s d isc r e p a n c y  ex ists  b e tw ee n  th e se  tw o  s tu d ie s . I f  th e  
la tte r  va lu e  o f fei is co rrect, re a ctio n  1  p la y s  an  im p o r ta n t  
role in th e c h e m istry  o f  th e  terrestria l a tm o sp h e re , w h ere
as if  th e  fo rm er v a lu e  is correct th e n  re a c tio n  1  is c o m 
p le te ly  u n im p o r ta n t  as far  as th e  e a r th ’s a tm o sp h e re  is 
co n cern ed .

S in c e  ou r m a n u sc r ip t  w a s w ritten  tw o  oth er v a lu e s  have  
b een  rep orted  for f e i .  V o lm a n  a n d  G o rse , 3 on  th e  b a sis  o f  
one e x p e r im e n t, rep orted  th a t  fei is m u c h  slow er th a n  th e  
rate  c o effic ie n t for th e  H O  +  C O  re a c tio n . D a v is , et al, , 4 

h av e  rep orted  a s tu d y  s im ila r  to  th e  on e  rep orted  here an d  
fo u n d  fei <  lO - 20 c m 3/s e c  a t  3 0 0 °K .

In  th is  p a p e r  w e rep ort a s tu d y  o f  re a c tio n s  1 a n d  2 in  a 
sta tic  sy s te m . A ls o  w e ree x a m in e  th e  re a ctio n  o f  0 ( 1 D )  
w ith  H 20 .  T h e  H O 2 ra d ica ls  w ere ge n e ra te d  b y  th e  p h o 

to ly s is  o f  N 2O  a t 2 1 3 9  A  in th e  p resen ce  o f  ex cess  H 2O  or 
H 2 a n d  sm a lle r  a m o u n ts  o f  C O  an d  O 2 . T h e  O D D )  a to m s  
p ro d u c ed  fro m  th e  p h o to ly sis  o f  N 2O  re a ct w ith  H 2O  or 
w ith  H 2 to  g ive  O H  ra d ic a ls  in  th e  ca se  o f  H 2 O  or O H  
ra d ic a ls  a n d  H  a to m s  in th e  case  o f  H 2 . In  a p re v io u s re 
p ort fro m  th is  la b o ra to r y , 5 rea ctio n  3 a  w as sh o w n  to  be  
th e  d o m in a n t , i f  n o t ex c lu siv e , fa te  o f  th e  re a c tio n  b e 
tw een  0 ( 1 D )  a n d  H 2O . T h is  rea ctio n  is fu rth er e x a m in e d  
in  th e  p resen t p a p er . R e a c tio n  4  h a s  b e e n  sh o w n  to  b e  th e  
e x clu siv e  fa te  o f  th e  0 ( 1D ) - H 2 in te r a c tio n .6

O O D )  +  H 20  —  2 H O  ( 3 a )

0 ( XD )  +  H 2 —  H O  +  H  (4 )

T h e  0 ( JD )  a to m  m ig h t b e  re m o v e d  b y  re a ctio n  w ith  th e  
oth er gases a d d e d  in  su b sta n tia l a m o u n ts , i.e., N 2O , C O ,  
or 0 2. T h e se  are rea ctio n s w h ich  w e w ish  to  m in im iz e . 
T h e  re la tiv e  rate  co e ffic ie n ts  fo r : th e  p e r tin e n t rea ctio n s  
are lis te d  in  T a b le  I. T h e  e x p e r im e n ts  w ere so  d esig n ed  
th a t  rea ctio n s 5 - 7  w ere u n im p o r ta n t c o m p a re d  to  re a c 
tio n s 3 a  or 4 . R e a c tio n s  6  a n d  7 h av e  b e e n  n e g le c te d , b u t  
th e  so m e w h a t larger, b u t still s m a ll , co rrection  d u e  to  
re a ctio n  5 h a s  b e e n  in c lu d e d  in our a n a ly sis .

0 ( XD )  + n 2o  —  n 2 + o 2 (5 a )

—  2 N O (5 b )

0 ( XD )  + C O  — 0 ( 3P ) + C O ( 6 )

0 ( XD )  + o 2 — 0 ( 3P ) + 0 2 ( 7 )

fa te  o f  H O ra d ica ls in  th e  a b sen c e  o f  H 2 is to
re a ct w ith  C O  to  give  H  a to m s  via

(1) R. R. Baldw in, R. W. W alker, and S. J. W ebster, C o m b u s t. F la m e  
1 5 ,1 6 7  (1970).

(2) A. A. W estenberg and N. deHaas, J. P hys. C h e m ., 76, 1586 (1972).
(3) D. H. V o lm an and R. A. Gorse, J. P hys. C he m ., 76, 3301 (1972).
(4) D. D. Davis, W. A. Payne, and L. J. S tie f, S c ie n c e , 179, 280 

(1973).
(5) R. S im ona itis  and J. H eick len , In t. J. C hem . K in e t., in press.
(6) G. Paraskevopoulos and R. J. C vetanovic, J. A m e r. C he m . S o c ., 91, 

7 5 7 2 (1 9 6 9 ).
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H O  +  C O  C 0 2 +  H  ( 8 )

In  th e  p resen ce  o f  H 2 , th e  H O  ra d ica ls  a lso  rea ct w ith  H 2

H O  +  H 2 —  H 20  +  H  (9 )

T h u s  in th e  p resen ce  o f  e ith er e x ce ss  H 2 O  or H 2 a n d  a 
sm a lle r  a m o u n t o f  C O , th e  n et resu lt is th e  p ro d u c tio n  o f  
H  a to m s . T h e  re su ltin g  H  a to m s  re a ct e x c lu s iv e ly  w ith  O 2 

to  give H O 2 ra d ica ls

H  +  0 2 +  M  —  H 0 2 +  M  (1 0 )

T h e  re su ltin g  H O 2 ra d ic a ls  m a y  be re m o v e d  b y  re a c 
tio n s 1  or 2 , or th e y  m a y  d isp ro p o rtio n a te

2 H 0 2 —  H 20 2 +  0 2 ( 1 1 )

T h e  m e a su r e m e n t o f  th e  q u a n tu m  y ie ld  o f  C 0 2, $ j C 0 2 |, 
in  th e  a b sen c e  o f  N O  p e r m its  th e  d e te r m in a tio n  o f  fe j / 
fen 1 /2 , an d  th e  m e a su r e m e n t o f  th e  q u a n tu m  y ie ld  o f  
N O 2 , i> | N 0 2 |, in  th e  p resen ce  o f  N O  p e r m its  th e  d e te r m i
n a tio n  o f fe2 / f e n 172. S in c e  rea ctio n s 1  a n d  2 are c h a in 
reg en era tin g  re a ctio n s , e v e n  low  v a lu e s  o f  th e ir  ra te  c o e ffi
cien ts sh o u ld  be a c c e ssib le  to  m e a su r e m e n t.

TABLE I: Relative Rate of 0 (1D) Reactions

Ratio Value Ref

k s/ k s 2.1 5
k t/ k s 2.0 6
ksa /k s 0.41 7
k s / k 5 0.36 a
k-i/ks 0.59 6

a P. M. Scott and R. J. Cvetanovic, J. C hem . P hys., 54, 1440 (1971).

Experimental Section

NO Absent. A  c o n v e n tio n a l h ig h -v a c u u m  line u tiliz in g  
T e flo n  sto p c o c k s w ith  V ito n  “ 0 ”  rin gs w as u se d . T h e  
rea ctio n  v esse l w as a c y lin d rica l q u a rtz  cell 1 0  c m  lon g  
a n d  5 c m  in  d ia m e te r . T h e  cell w as e n clo sed  in  a w ire- 
w ou n d  a lu m in u m  b lo c k  fu rn a ce , th e  te m p e ra tu re  o f  w h ich  
w as c o n tro lled  to  ± 1 °  b y  a C c le -P a r m e r  P ro p o rtio  n u ll 
regu lator S eries 1300 .

T h e  N 2O  a n d  C O  u se d  w ere M a th e s o n  C P  gra d e . T h e  
N 2O  w as p u rified  b y  p a ssa g e  over a sc a rite  a n d  d eg a sse d  at 
- 1 9 6 ° .  G a s  c h r o m a to g ra p h ic  a n a ly sis  in d ic a te d  no d e te c t 
a b le  im p u ritie s . In  p a rtic u la r  C O 2 a n d  N 2 w ere a b se n t . 
T h e  C O  w as p u rified  b y  p a ssa g e  over gla ss b e a d s  a n d  s e v 
eral trap s a t  - 1 9 6 ° ,  d eg a ssin g  a t  - 1 9 6 ° ,  a n d  d istilla tio n  
fro m  liq u id  a rg o n . T h e  C O  th u s p u rifie d  w as free o f  C 0 2 

b u t co n ta in e d  5 4 0  p p m  o f  N 2 . T h e  N 2 y ie ld  in  a n y  p h o to l
y sis  e x p e r im e n t w as a p p ro p ria te ly  co rrected  for th is  b a c k 

grou n d  N 2 . S m a ll  a m o u n ts  o f  ta p  w ater w ere d eg a sse d  at  
- 9 6 °  prior to  u se  in  order to  re m o v e  d isso lv e d  air an d  
C O 2 . A ir  P ro d u c ts  research  grad e O 2 w as p u rified  b y  p a s 
sage over tra p s  a t  - 1 9 6 ° .  T h e  o n ly  re m a in in g  d ete c ta b le  
im p u r ity  w as 7 p p m  o f  N 2. T h is  a m o u n t o f  N 2 w a s e n tir e 
ly  n e g lig ib le .

A ll  gas p ressu res in c lu d in g  H j O  b e lo w  its  ro o m  te m p e r 
atu re v a p o r p ressu re  w ere m e a su red  w ith  e ith er a 
M c C le o u d  ga u g e  or a H g  m a n o m e te r . T h e  h ig h  H 2O  p re s
sures w ere n o t m e a su red  d ire c tly , b u t  c a lc u la te d  a ssu m in g  
th e  p erfect ga s la w . O u r  p ro cedu re  w a s to  in tro d u ce  H 2O  
b elow  its ro o m  te m p e ra tu re  v a p o r p ressu re  in to  th e  lin e , 
m easu re  its  p ressu re  on  th e H g  m a n o m e te r , a n d  co n d en se  
it in to  th e  re a c tio n  v e sse l. T h e  sto p c o c k  to  th e  in su la ted  
reaction  vesse l w as c losed  a n d  th e  te m p e ra tu re  ra ised  to

100  or 2 0 0 ° . F ro m  th e  k n ow n  v o lu m e  ra tio s  th e  H 2O  p re s
sure w as c a lc u la te d .

Irra d ia tio n  w as fro m  a P h illip s  Z n  reso n a n ce  la m p  T y p e  
9 3 1 0 6 E . T h e  e ffec tiv e  ra d ia tio n  w as at 2 1 3 9  A . A fter  irra

d ia tio n  th e  ga ses  n o n c o n d e n sa b le  a t  - 1 9 6 °  w ere co llected  
w ith  a T o e p le r  p u m p  a n d  a n a ly z e d  for N 2 b y  gas c h r o m a 
to g ra p h y  u sin g  a 1 0 -ft  lo n g  b y  0 .2 5 -in . d ia m e te r  c o lu m n  
p a c k e d  w ith  5 A  m o le c u la r  s ie v e s . A  secon d  fra c tio n  v o la 
tile  a t  - 9 6 °  w as re m o v e d  a n d  a n a ly z e d  for C O 2 u sin g  a 
2 4 -f t  lon g b y  0 .2 5 -in . c o lu m n  p a c k e d  w ith  P o ra p a k  Q  
o p era tin g  a t 2 5 ° .

A t  1 00 ° a very  s m a ll  a m o u n t  o f  C O 2 ( —̂ 0 .0 3  m T o r r /m in )  

w as p ro d u c ed  in th e  d a rk . A t  2 0 0 °  th e  d ark  rea ctio n  w as  
so m e w h a t larger ( — 0 .1 5  m T o r r /m i n ) .  T h e  correction  for 
th e  d ark  re a ctio n  w as s m a ll , u su a lly  less th a n  a few  per 
ce n t.

NO Present. F or th is  sy s te m  a c o n v e n tio n a l greaseless  
h ig h -v a c u u m  lin e  w as a lso  e m p lo y e d , b u t H g  w as rigor

o u sly  e x c lu d e d . T h e  rea ctio n  v essel w as a lso  a cy lin d rica l  
q u a rtz  cell 10 c m  lo n g  a n d  5 c m  in d ia m e te r .

T h e  N 20 ,  C O , a n d  O 2 w ere p u rified  as d esc rib e d  for the  
H O 2- C O  sy s te m . T h e  H 2 , M a th e s o n  (C P  g ra d e ), w as p u ri
fied  b y  p a ssa g e  over tra p s  a t  - 1 9 6 ° .  T h e  p ressu re o f all 
ga ses in th is  sy s te m  w as m e a su red  w ith  an  a lp h a tro n  
ga u ge .

Irra d ia tio n  w as fro m  a Z n  la m p  s im ila r  to  th a t  d e 

scrib e d  for th e  H O 2- C O  sy s te m . T h e  N O  c o n cen tra tio n  
w as m a in ta in e d  a t  < 1 2 0  m T o r r , so  th a t  th e  2 1 3 9 -A  ra d ia 
tio n  w as a b so rb ed  o n ly  b y  th e  N 2 0 .

T h e  N O 2 w as a n a ly z e d  p h o to m e tr ic a lly  u sin g  a s im p le  
d u a l-b e a m  p h o to m e te r . L ig h t  fro m  a tu n g ste n  la m p  w as  
sp lit  in  tw o  b e a m s . O n e  o f  th ese  p a sse d  th ro u g h  th e re a c 
tio n  vesse l a n d  w as fo cu se d  on  an  R C A  9 3 5  p h o to d io d e , 
th e  oth er b e a m  w a s fo cu se d  on  a seco n d  R C A  9 3 5  p h o to 
d io d e  w ith o u t p a ssin g  th ro u g h  th e  v e sse l. T h e  d io d e s  were  
p a rt o f  a s im p le  e le c tr ic a l c ircu it w h ich  a llo w e d  th e  d iffe r 
en ce  o f  th e  tw o sig n a ls  to  be  m e a su r e d . T h e  m in im u m  
N O 2 p ressu re  th a t  c o u ld  be m e a su red  in th is  w ay w as  

~ 1 5  m T o rr .
A c tin o m e tr y  w as p erfo rm e d  b y  th e  p h o to ly sis  o f  N 20  at 

2 1 3 9  A  at th e  sa m e  p ressu re  as u se d  in an  a c tu a l ru n . For 
th is  sy s te m  $ | N 2 | is a c c u r a te ly  k n o w n  to  be  1 .4 1 .7 T h u s  a 
d e te r m in a tio n  o f  th e  n itrogen  p ro d u c ed  a llow s th e  a b 

sorb ed  lig h t in te n s ity , 7a, to  be d e te r m in e d . A fte r  irrad ia 
tio n  an  a liq u o t o f  th e  N 2 w as a n a ly z e d  b y  gas c h r o m a to g 

ra p h y  as d esc rib e d  for th e  H O 2- C O  sy ste m .

0 (1D) + H20

Results. F irst e x p e r im e n ts  w ere p e rfo rm e d  in th e  a b 
sen ce o f  0 2 a n d  N O  in order to  m e a su re  th e  im p o rta n c e  o f  
rea ctio n  5a  c o m p a re d  to  oth er p o ssib le  re a c tio n s  o f  0 ( 1D )  
w ith  H 20 .  M ix tu r e s  o f  N 20  an d  C O  w ere irra d ia ted  at 
2 1 3 9  A  in  th e  p resen ce  o f excess  H 2 0 .  T h e  H O  ra d ica ls  
p ro d u c ed  in th e  0 ( 1 D ) +  H 20  in tera ctio n  are sca v en g ed  
b y  C O  to give C 0 2 . T h e  resu ltin g  C O 2 is a m ea su re  o f  the  
H O  p ro d u c tio n  e ffic ie n cy . T h e s e  e x p e r im e n ts  are s im ila r  
to  th o se  a lrea d y  rep orted  in our earlier s tu d y  o f  th e  0 ( 1D ) -  
H 20  s y s te m , 5 b u t  h av e  b e e n  e x te n d e d  to  h igh er p re s
sures a n d  te m p e ra tu re s . T h e  re su lts  are p resen ted  in  
T a b le  II.

M e a s u r e m e n ts  w ere m a d e  a t 25  a n d  100° w ith  tw o runs 
a t 2 0 0 ° . A t  ro o m  te m p e ra tu re  all th e  ru n s w ere at ab ou t  
th e  sa m e  co n d itio n s  ( [ N 20 ]  ~  3 T o r r , [H 20 ]  ~  18 T orr ,

(7) R. Simonaitis, R. I. Greenberg, and J. Heicklen, In i. J  C hem .
K in e t.. 4, 497 (1972).
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an d  [C O ] ~  5 T o rr) d u e  to  co n stra in ts  p la c e d  b y  th e  H 2O  
v a p o r  p ressu re  a n d  th e  re q u ire m en ts  th a t  [N 2O ] <  [H 2O ] 
a n d  [C O ] <  [H 2O ]. T h e  average ra tio  o f  R [ C 0 2 | /jR|N2} is
1 .6 3  in  close  a g re e m en t w ith  th e  earlier m e a s u r e m e n ts .5 

A t  100° th e  pressure o f  e a c h  c o m p o n e n t as w ell as th e  
to ta l p ressu re w a s va ried  b y  a fa cto r  o f  a lm o s t  2 0 . E x c e p t  
for m in o r  v a ria tio n s , m o s t  o f  w h ich  m a y  b e  a c c o u n te d  for  
b y  so m e  q u e n c h in g  o f  0 ( 1 D )  b y  N 2O  a n d  C O  (see  D is c u s 

s io n ), i ? { C 0 2 } / / ? [ N 2S is in d e p e n d e n t o f  th e  [N 20 ] / [ C 0 ] ,  
[H 20 ] / [ C 0 ] ,  a n d  [ N 20 ] / [ H 20 ]  ra tio s a n d  is a lm o s t  in d e 
p e n d e n t  o f  th e  to ta l p ressu re . T h e  re su lts  are a lso  in d e 
p e n d e n t o f  th e  a b so rb ed  lig h t in te n s ity  a n d  o f  th e  p er ce n t  
c o n v ersio n . H o w e v e r , E [ C 0 2 | /f? [N 2 [ is a lw a y s  low er at  
1 00 ° th a n  a t  2 5 ° . W e  h av e  fo u n d  earlier th a t  if  th e  C O  is 
n o t c a re fu lly  p u rified , irrad ia tio n  o f  C O - N 2 O  m ix tu r e s  re 
su lt in  h igh  q u a n tu m  y ie ld s  o f  C O 2 a n d  N 2 fo r m a tio n .8 T o  
en su re  th a t th is  im p u r ity -in it ia te d  re a ctio n  d oes n o t p la y  
a role we h av e  m a d e  ca re fu l c o m p a riso n  o f  th e  rate  o f  N 2 

p ro d u c tio n  in th e  a b sen c e  a n d  p resen ce  o f  C O . T o  be cer
ta in  th a t  th e  lig h t in ten sity  d id  n o t c h a n g e  fro m  ru n  to  
ru n  th e  e x p e r im e n ts  w ere p erfo rm ed  in tw o  id e n tic a l v e s 
se ls  s im u lta n e o u s ly , on e co n ta in in g  m ix tu r e s  o f  N 20 -  
H 2O - C O  a n d  th e  oth er co n ta in in g  m ix tu res  o f  N 2O - H 2O  
a n d  sm a ll a m o u n ts  o f  C 3H 6 to  sca v e n g e  th e  O H  ra d ica ls . 
T h e  v a lu es  o f  / a for th e  tw o  ce lls  w ere o b ta in e d  b y  irra
d ia tin g  N 2O  a t th e  sa m e  pressure in  b o th  c e lls . T h e  rate  
o f  N 2 p ro d u c tio n , ! N 2[, w as id en tic a l w ith  e ith er C O  or 
C 3H 6 p resen t.

T w o  ru n s w ere d on e  a t 2 00 ° a n d  a to ta l p ressu re  o f  H 2O  
o f  a b o u t  6 5 0  T o r r . T h e  re su lts  a t  2 0 0 ° are s im ila r  to  th ose
a t 1 0 0 °.

Discussion. T h e  rea ctio n  sc h e m e  is

N 20  +  hv —  N 2 +  O ^ D )

O ^ D )  +  H 20  —  2 H O  (3 a )

—  0 ( 3P ) +  H 20  (3 b )

—  H 20 2 (3 c )

—  H 2 +  0 2 (3 d )

0 ( 3D )  +  N sO  —  N 2 +  0 2 (5 a )

—  2 N O  (5 b )

H O  +  C O  —  C 0 2 +  H  ( 8 )

w here re a ctio n  6  h a s  b e e n  n e g le c te d  b e ca u se  it  is u n im 
p o r ta n t . E v e n  w h en  it  d o e s  occu r so m e  C O 2 is fo rm ed  b y  
th e  in tera c tio n  o f  0 ( 3P ) a n d  C O , so  th a t  its  in h ib itin g  e f
fe c t  on C O 2 p ro d u c tio n  is fu rth er m in im iz e d . T h e  H  
a to m s  re c o m b in e  e ith er h o m o g e n e o u sly  or h ete ro g e n eo u s

ly -
A n  u p p e r lim it  on  rea ctio n s 3 b  a n d  3 d  o f  4 a n d  0 .4 % ,  

re sp ec tiv e ly , h as b een  fo u n d  a t  1 0 0 ° b y  d e te r m in a tio n  o f  
0 ( 3P ) an d  H 2 p r o d u c tio n .5 R e a c tio n  3c h as n o t b e e n  d e 
te rm in ed  d ire c tly , b u t its  im p o r ta n c e  re la tiv e  to  rea ctio n  
3 a  w as e s tim a te d  to  b e  < 5 %  a t 2 5 ° .5

F ro m  th e  ab o v e  sc h e m e , th e  fo llo w in g  k in e tic  e x p re s
sio n  m a y  be o b ta in ed

$ ' ! C 0 2) ■  a f ? [ C 0 2| /i? [N 2] =  2k j k z (I)

w here

«  53 1 +  ( * B  +  * 5 a )[N 20 ] / * 3[H 20 ]

I f  $  [ C 0 2[ is e q u a l to  2  th e n  fe3 a /& 3  is u n ity , a n d  rea ctio n  
3a is th e  e x c lu siv e  re a c tio n  o f  O C D )  w ith  H 20 .  A  v a lu e  o f

TABLE II: Photolysis of N20 at 2 1 3 9  A in the Presence of 
H20 and CO

Irradia-
[N20],
Torr

[H2o],
Torr

[CO],
Torr

tion lime, fl|N2|,a 
min p/min

fl|C02),“
jv/min

r [co2]/
R|N2| $ '[C 02|

3.00 17.5 5.0
25°C

393 0.51 0.77 1.53 1.71
3.05 16.5 7.0 945 0.27 0.46 1.71 1.92
2.90 17.1 4.5 762 0.33 0.52 1.59 1.78
2.70 19.3 6.0 455 0.37 0.63 1.71 1.87

40.0 273 47.0
100°C 

45 5.20 7.45 1.42 1.54
35.0 280 19.5 56 5.00 7.25 1.43 1.54
39.0 266 41.0 35 5.00 6.93 1.40 1.53
18.0 266 10.0 795 0.40 0.59 1.48 1.54
10.3 280 54.0 185 2.14 3.08 1.44 1.47
10.2 280 9.00 113 2.45 3.40 1.38 1.41
10.0 280 9.00 60 1.84 2.62 1.48 1.45
9.00 280 40.0 90 1.60 2.37 1.48 1.51
7.40 273 16.5 950 0.26 3.95 1.51 1.53
2.95 21.0 1.10 780 0.43 0.63 1.51 1.66
2.65 19.9 5.50 1140 0.30 0.455 1.51 1.85
2.65 19.9 5.00 1140 0.36 0.61 1.69 1.84

48.0 610 44
200°C 

30 13.2 1.86 1.41 1.49
10.0 640 8.0 2 0 3.79 4.91 1.32 1.34

a Pressures for products are given at 25°.

2 .0  ±  0 .1  w as o b ta in e d  earlier a t  2 5 °  a n d  low  H 20  p re s
su res . 5 In  th e  sa m e  s tu d y  th e  c o m p e titio n  o f  C O  a n d  C 3H 6 

for O H  w as a lso  s tu d ie d  a t h igh  H 20  p ressu res a n d  higher  
te m p e ra tu re s . T h e  v a lu e  o f  4>,[C 0 2 } d e d u c e d  fro m  th is  
d a ta  w as a lso  ~ 2 , b u t  w ith  c o n sid era b ly  g reater u n c e r 
ta in ty .

T h e  v a lu es  o f  'F 'jC C ^ j for d ifferen t e x p e r im e n ta l c o n d i
tio n s  are p re sen te d  in  T a b le  II. E x a m in a t io n  o f  th e  d a ta  
sh ow s th a t a t 1 0 0  a n d  2 0 0 ° , 4>,[ C 0 2 ] is s ig n ific a n tly  less  
th a n  a t  2 5 ° , b u t  is oth erw ise  in d e p e n d e n t o f  a ll o th er  v a r i
a b le s , e x c e p t to ta l p ressu re . <I>') C 0 2 j for th e  ru n s a t  1 0 0 ° 
a n d  a to ta l p ressu re  o f a b o u t 3 0 0  T o r r  is so m e w h a t less  
th a n  for th e  ru n s a t 1 0 0 ° an d  a to ta l p ressu re  o f  a b o u t  
2 0 -3 0  T o rr . T h e  average  v a lu e  o f  $ ' [ 0 0 2 1  a t  1 0 0 ° is 1 .5  ±  
0 .0 7  a n d  a t  2 5 °  it is 1 .8 2  ±  0 .0 7 . T h e  v a lu e  o f  1 .8 2  a t  25° is 
co n siste n t w ith  ou r earlier fin d in g s , b u t  th e  v a lu e s  a t  1 0 0  

a n d  2 0 0 ° are s ig n ific a n tly  low er a n d  are o u ts id e  th e  e x p e r 
im e n ta l error. T h e  v a lu e  o f 'P /C C b l  o b ta in e d  in  th e  C 3H 6 

e x p e r im e n ts , m e n tio n e d  a b o v e , w as ~ 2 .0 , b u t th e  u n c e r
ta in ty  w as s u ffic ie n tly  large so  th a t th e  p resen t re su lts  are 
n o t in c o n siste n t w ith  th e  earlier m e a su r e m e n ts . T h e  fa c t  
th a t  i ' j C C ^ I  a t  low  to ta l pressure is s lig h tly  less  th a n  2 

m a y  be a c c o u n te d  for b y  c o n tr ib u tio n  o f  re a ctio n  3 b , a n d /  
or b y  so m e  q u e n c h in g  o f 0 ( 1 D ) b y  C O  w h ich  w as n ot  
ta k e n  in to  a c c o u n t. F or th e  lo w -p ressu re  ru n s a t  25  a n d  
1 00 ° it  ca n  b e  e s tim a te d  th a t  a b o u t 1 0 %  o f  th e  O O D )  are  
q u e n c h e d  b y  C O , co n seq u en tly  th e  a b o v e  co n sid era tio n s  
raise Tj' [C 0 2 }, w ith in  e x p e r im e n ta l error, to  a v a lu e  o f  2 . 0  

±  0 .0 5 .

A t  100  a n d  2 0 0 ° , e x p e r im e n ts  c o u ld  be d on e  a t  h ig h er  
p ressu res. It is a t  th ese  h ig h er p ressu res th a t  i 'S C C b j  is  
s ig n ific a n tly  b e lo w  2 . 0  to  b e  m e a n in g fu l. P r e s u m a b ly  th is  
is d u e  to  re a ctio n  3 c , w h ich  sh ou ld  in crease  w ith  im p o r -

(8 ) R. Simonaitis and J. Heicklen, J. C hem . P hys., 56,2004 (1972).
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Reaction of the Hydroperoxyl Radical 1099

TABLE III: Photolysis of N20 at 2139 Â in the Presence of H20, CO, and 0 2

[CO], Torr [H20], Torr [N20], Torr [02], Torr
Irradiation 
time, min fljNj],“ ix/min

fi|co2|,“
¿i/min R|C02]/R|N2] <f>'|co2!

66 290 48 46
100°C
46 6.10 12.5 1.93 2.14

60 126 19 21 60 3.43 5.85 1.70 1.87
56 126 20 21.5 60 3.40 6.58 1.94 2.13
58 320 8.0 42 144 1.18 3.75 3.10 3.14
57 240 52.0 45 45 7.32 18.1 2.47 2.83
59 280 52.0 43 175 0.692 1.74 2.52 2.84
54 280 55.0 46 23 7.40 19.1 2.61 2.95
52 270 50.0 40 210 0.114 0.285 2.50 2.81
50 270 51.0 43 300 0.533 1.66 3.13 3.52
12.0 300 51.5 40 30 0.735 1.41 1.93 2.15
9.0 270 49.0 43 32 8.60 22.0 2.53 2.84

49.5 126 19.0 18.5 55 2.16 4.95 2.20 2.42

108 630 48 46
200°C

46 7.80 20.0 2.58 2.70
99 600 46.5 42 31 7.55 21.C 3.03 3.19
59 635 60.0 50 45 5.80 16.9 2.92 3.10
50 635 55 50 46 6.30 19.6 3.10 3.19
47 142 15 15 133 2.40 9.25 3.84 4.08
10 570 48 40 12 8.70 22.4 2.58 2.71
8.5 620 47 48 32 6.65 12.8 1.93 2.03

60 635 50 42.5 45 8.00 22.4 2.80 2.94

“ Pressure for products are given at 25° 

ta n c e  as th e  p ressu re is ra ised . W i t h  a b o u t 6 5 0  T o rr  o f  
H 2O  v a p o r (a t  2 0 0 °) , re a ctio n  3c a p p a r e n tly  a c c o u n ts  for 
20  ±  1 0 %  o f th e  re m o v a l o f  0 ( 1D )  b y  H 2 O . H o w e v e r , we  
h av e  n o t a n a ly z e d  for H 2O 2 , so th a t  th is  c o n clu sio n  is n ot 
e sta b lish e d  u n a m b ig u o u s ly .

h o 2 + CO

Results. T h e  p rev io u s e x p e r im e n ts  w ere re p ea ted  w ith  
O 2 p resen t a t 100  a n d  2 0 0 ° . A t  e a ch  te m p e ra tu re  th e  C O  
pressure as w ell as  th e  [ N 20 ] / [ C O ]  a n d  [H 20 ] / [ C O ]  ratio  
w as varied  ov er a su b sta n tia l ra n ge . T h e  lig h t in ten sity  
w as varied  a t  100.° b y  a b o u t  a fa c to r  o f  10 . T h e  re su lts  are 
p resen ted  in T a b le  III . I t  ca n  be seen  th a t  i?|C 0 2 } / / ? { N 2 } 
is h igher in  th e  p resen ce  o f  0 2 tn a n  in  its  a b sen c e  (T a b le  
II) . T h e re  is n o  c lear tren d  in th e  d a ta  w ith  e ith er th e  C O  
p ressu re , to ta l p ressu re , te m p e ra tu re , or a b so rb ed  in te n s i

ty .
Discussion. In  th e  p resen ce  o f 0 2, th ree  a d d itio n a l re a c 

tio n s are in tro d u ce d  in to  th e  rea ctio n  sch e m e

H  +  0 2 +  M  —*- H 0 2 +  M  (10 )

2 H 0 2 —  H 20 2 +  0 2 (11)

T h e  m e c h a n ism  lea d s to  th e  p re d ictio n  th a t

$ '| C 0 2| -  $ 0'| C O 2| - * J C O ]  ( 2 a : $ 0'| C O 2| / M | N 2) ) ‘/2

(II)

w here ‘J'o'ÍC O 2 I is $ ' ¡ 0 0 2 1  in  th e  a b sen c e  o f  O 2 , b u t for 
otherw ise  c o m p a ra b le  co n d itio n s , i.e., th e  sa m e  [N 20 ] /  
[H 20 ]  ra tio . F ro m  th e  d a ta  in T a b le  III, it ca n  be seen  
th a t  th e  fu n c tio n a l fo rm  o f  eq II is n o t fo llo w ed . T h u s  
there m u st be an  a d d itio n a l sou rce o f  C 0 2 . H o w e v e r  from  
th e d a ta  in T a b le s  II a n d  III an  u p p e r  l im it  to  fe i /fe n 1/2 

ca n  be c o m p u te d  to  b e  1.9 x  10~12 (c m 3 / s e c ) 1 /2 . W h e n  
c o m b in e d  w ith  th e  v a lu e  o f k-n = 6 X 10“ 12 c m 3 /s e c ,  th is  
ra tio  gives k-i <  5 X 10“ 18 c m 3/s e c  a t  b o th  100 a n d  200°. 
T h is  v a lu e  is co n siste n t w ith  th e  re su lts  o f  B a ld w in , et 
al. , 1 w h ich  w h en  e x tr a p o la te d  to  2 0 0 ° g ives ki ~  1 0 “ 20 

c m 3/s e c ,  b u t  is m u c h  low er th a n  th e  m e a su r e m e n t o f  
W e s te n b e r g  a n d  d e H a a s 2 w h o o b ta in e d  ~ 1 0 “ 12 c m 3/s e c  
at ro om  te m p e ra tu re .

In  a d d itio n  to  th e  rea ctio n  ste p s  d isc u sse d  a b o v e , som e  
role m a y  be p la y e d  b y  th e  p h o to ly sis  o f  H 20 2 as  it a c c u 

m u la te s
H 20 2 +  hv — - 2 H O

H 0 2 +  C O  — H O  +  C 0 2 (1)

I f  H  a d d s to  C O , it  w ill b e  o x id ized  to  p ro d u c e  H O 2 +  
C O , so th a t  th is  rea ctio n  n eed  n o t b e  co n sid ered  se p a ra te 
ly . U n d e r  ou r e x p e r im e n ta l c o n d itio n s , oth er r a d ic a l-r a d i
ca l rea ctio n s are u n im p o rta n t.

T h e  rate c o e ffic ie n t for rea ctio n  11 h a s  b e e n  d eterm in e d  
to  b e  6  X 1 0 “ 12  c m 3 / s e c .9 -10 T h u s  ev en  a t  ou r lo w est in 
te n sities  th e  H 0 2 ra d ica l life tim e  d oes n o t e x ceed  2  sec . 
U s u a lly , it is m u c h  less . T h erefo re  w all re m o v a l o f  H O 2 

ca n n o t be as im p o r ta n t as rea ctio n  1 1 , ev en  if  H 0 2 is re 
m o v e d  at every  co llis io n  w ith  th e  w a ll. A  d e ta ile d  c a lc u la 
tion  u sin g  th e  m e th o d  o f  J a ck so n  a n d  A r m s tr o n g 1 1  show s  
th a t w qll re m o v a l c a n n o t a c c o u n t for m o re  th a n  2 0 %  o f  
th e H O 2 loss u n d er  a n y  co n d itio n s .

A t  th e  en d  o f a ru n , th e  H 20 2 p ressu re is a b o u t 0 .1 - 1 %  o f  
th a t  o f  N 2O . H o w e v e r, th e  e x tin c tio n  c o effic ie n ts  at 2139  
A  are 0 .0 9 12 an d  7 .3 5 13  a t m “ 1  c m “ 1, re sp e c tiv e ly , for N 20  
a n d  H 2O 2 . T h e  p h o to ly sis  o f  H 2O 2 reg en era tes H O  ra d i
ca ls  a n d  th u s e n h a n c es  C O 2 p ro d u c tio n . T h is  co u ld  a c 
co u n t for a ll or p art o f  th e  in crease  in o b served  in
th e  p resen ce  o f 0 2 . T h e  u p p er l im it in g  v a lu e  for k\ w ou ld  
th e n  b e  even  low er th a n  5 X  1 0 “ 18 c m 3 /s e c .

(9) T. T. Paukert and H. S. Johnston, J. C hem . P hys.. 56, 2824 (1972).
(10) C. J. Hochanadel, J. 4. Ghormley, and P. J. Ogren, J. C hem . 

P hys., 56, 4426 (1972).
(11) D. P. Jackson and D. A. Armstrong, J. P hys. C he m ., 75, 2883 

(1971).
(12) M. Zelikoff, K. Watanabe, and I. C. Y. Inn, J. C he m . P hys., 21, 

1643 (1943).
(13) D. H. Volman, A d va n . P h o to c h e m ., 1,43 (1963).

The Journal o f  P h ysica l C h em istry , Vol. 77, N o. 9, 1973



1100 R. Simonaitis and Julian Heicklen

TABLE IV: Photolysis of N20 at 2139 Â and 25° In the Presence of H2, 0 2, NO, and CO°

[CO], Torr
Irradiation 
time, sec [N02], mTorrc [N02], mTorr0

Irradiation 
[CO], Torr time, sec [N02], mTorrc [N02], mTorrd

/ a 1.4 X 1012 quanta/cc sec, [NO] = 30 mTorr 1.9 X 1011 quanta/cc sec, [NO] = 30 mTorr
0 5 7.5 6.0 0 30 9.2 8.2

55 5 20.6 18.6 0 150 25.5 24
110 5 21 19.0 0 150 26.0 25
110 5 17 15.0 55 30 17 17

110 30 18 17
“ 1.4 X 1012 quanta/ cc sec, [NO] = 60 mTorr 110 30 19 18

0 10 12 7
0 10 12 8 /a  = 1.9 X 1011 quanta/ cc sec, [NO] = 60 mTorr

55 10 27 22 0 150 22.7 18
110 5 25 21 0 300 40 35
110 10 37 32 0 600 56 51
110 10 33 30 0 1800 50 45
110 10 37 33 55 60 29 24
110 10 35 31 110 60 42 36
110 10 36 32 110 30 25 21
110 10 33 29 110 15 15 10
110 10 33 29 110 120 45 40
110 20 49 42 110 300 57 53
110 30 37 32 110 600 55 51
110 40 56 52 110 60 36 31
110 70 55 50 1106 60 28 27

1106 60 24 23
= 1.4 X 1012 quanta/cc sec, [NO] = 120 mTorr

110 5 26 13 ^ a = 1.9 X 1011 quanta/cc sec, [NO] = 120 mTorr
110 10 36 23 0 300 45 25
110 10 33 20 0 330 45 25
110 20 47 37 0 600 59 39
110 35 68 55 0 1800 95 75
110 70 110 97 110 60 44 24
110 120 109 96 110 180 71 51
110 375 95 95 110 360 107 87
110 1200 39 39 110 600 108 88

110 1800 84 64

' [H2] = 760 Torr, [02] = 50 Torr, [N20] = 47 Torr. 6 [02] = 14 Torr. c Observed. d Corrected for dark reaction.

H O a  +  N O

Results. T h e  resu lts  for th e  p h o to ly sis  o f  N 20  a t  2 1 3 9  A  
a n d  25° in th e  p resen ce  o f  H 2, 0 C O ,  a n d  N O  are p re 
se n te d  in  T a b le  I V  a n d  in  g rap h ica l fo rm  in  F igu res 1 an d

2. T a b le  I V  a n d  th e  figu res give th e  N 0 2 p ressu re as a 
fu n c tio n  o f  th e  irra d ia tio n  tim e  for d iffe re n t e x p e r im e n ta l  
co n d itio n s .

T h e  N O  p ressu res u se d  w ere 30, 60, a n d  120 m T o r r . T h e  
C O  p ressu re w a s e ith er 0, 50, or 100 T o r r . M o s t  ru ns w ere  
d on e w ith  an  0 2 p ressu re  o f  50 T o r r . H o w e v e r, a few  w ere  
d o n e  a t  low er 0 2 p ressu re . T h e  N 20  p ressu re w a s a lw a y s  
47 T o rr  a n d  th e  H 2 p ressu re w as a lw a y s m a in ta in e d  a t  760 
T o r r . T h e  to ta l p ressu re w as 970 T o rr in m o s t  ru n s e x ce p t  
in  a few  ru n s it  w as so m e w h a t low er. T h e  [H 2 ] / ( [ 0 2] +  
[C O ] +  [N 20 ] )  ra tio  w as m a in ta in e d  as h ig h  as p o ssib le  to  
m in im iz e  th e  re a ctio n  o f  O C D )  w ith  0 2 , C O , a n d  N 20 .  
T h e  [ N 20 ] / [ N 0 ]  ra tio  w as m a in ta in e d  a t  >390 to  ensure  
th a t  ra d ia tio n  is a b so rb ed  on ly  b y  th e  N 20 .  A n  0 2 p res
sure o f  50 T o r r  w as e m p lo y e d  to  p re v e n t th e  re a ctio n  o f H  
a to m s  w ith  N O , C O , or th e  N 0 2 p ro d u c t. E x p e r im e n ts  
w ere d on e  a t  a b so rb ed  lig h t in ten sities  o f  1.4 X 1012 an d  
1.9 X  1011 q u a n t a /c c  sec.

A t  th e  p ressu re  o f  N O  an d  0 2 e m p lo y e d  so m e  N 0 2 w as  
p ro d u c ed  in th e  w ell-k n o w n  d ark  re a ctio n

2 N O  +  0 2 —  2 N O

w ith  a rate  w h ich  w as in good a g re e m en t w ith  th e  rate  
p re d icted  fro m  th e k n ow n  rate c o n sta n t. A t  3 0  a n d  60  
m T o r r  th e  d ark  rea ctio n  a m o u n te d  to  less  th a n  10  an d  
2 0 % , re sp ec tiv e ly . B u t  at 120  m T o r r  th e  N O  p ro d u c e d  in  
th e  d ark  re a ctio n  w as a b o u t th e  sa m e  as in  th e  l ig h t  re a c 
tio n  for th e  p o in ts  a t  low er co n v ersio n s . M o s t  o f  th e  dark  
rea ctio n  occu rred  d u rin g  th e  gas m ix in g  p eriod  p rior to  ir
ra d ia tio n . S in c e  th is  p eriod  w as a c c u r a te ly  k n o w n , a c c u 
rate  co rrection s c o u ld  be a p p lie d . T h e  a m o u n t o f  d ark  
rea ctio n  d u rin g  th e  irrad ia tio n  w as gen era lly  n e g lig ib le .

In  T a b le  I V  b o th  th e  corrected  a n d  o b serv ed  N 0 2 p re s
sures are p re sen te d . T h e  N 0 2 p ressu res p lo tte d  in F igu res  
1  a n d  2  are co rrected  for th e  d ark  re a ctio n  a n d  o n ly , th e  
d a ta  for th e  m a x im u m  C O  a n d  0 2 p ressu res are p lo tte d .

I t  ca n  be seen  th a t  th e  N 0 2 p ressu re  a t  first in creases  
w ith  irra d ia tio n  t im e  u p  to  a m a x im u m  v a lu e  an d  th e n  
d ec lin es  on  fu rth er irra d ia tio n . E x a m in a t io n  o f  T a b le  IV  
sh ow s th a t  th e  m a x im u m  ob served  N 0 2 p ressu re  (u n c o r 
rected  for th e  d ark  rea ctio n ) is very c lose  to  th e  in it ia l N O  
p ressu re e m p lo y e d . C o n se q u e n tly , th e  s to ic h io m e tr ic  re la 
tion

[ N 0 2] =  [ N O ]0 -  [N O ]

a p p lies  to  a go od  a p p ro x im a tio n  for co n v ersio n s b e lo w  th e
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m a x im u m , w here [ N O ]0 is th e  in itia l N O  c o n c e n tra tio n .

F ro m  th e  g ra p h s it  is o b v io u s th a t  in itia l ra te s , a n d  
therefore th e  in itia l q u a n tu m  y ie ld s  m a y  b e  o b ta in e d  from  
th e  d a ta  a t  6 0  an d  120  m T o r r , b u t  n o t a t  3 0  m T o r r  d u e  to  
in su ffic ie n t d a ta . T h e  in itia l ra tes a n d  q u a n tu m  y ie ld s  are 
given  in  T a b le  V . F ro m  T a b le  V  it  is c lear th a t  th e  in itia l  
q u a n tu m  y ie ld s  o f  N £ )2 p ro d u c tio n , $ i | N 0 2 | are very  
large . <i>1{ N 0 2 } d ec rea ses  b y  a lm o s t  a fa c to r  o f  2 w h en  th e  
N O  pressure ch a n g e s fro m  6 0  to  120  m T o r r . F ro m  T a b le  
I V  it  is e v id e n t th a t  th e  in itia l ra te  a t  6 0  a n d  120  m T o r r  
in creases b y  a b o u t  a fa c to r  o f  3 u p o n  th e  a d d itio n  o f 55  
T o rr o f  C O ; a fu rth er in crease  occu rs u p o n  a d d itio n  o f  
m ore C O . A p p r o x im a te ly  th e  sa m e  e ffe c t is o b serv e d  a t  30  
m T o rr  o f N O  as w ell. A n  in crease o f  0 2 fro m  14 to  5 0  T o rr  
a t 6 0  m T o r r  o f  N O  a n d  6 0 -s e c  exp osu re  in creases th e  rate  
o f  o x id a tio n  s lig h tly , b u t  n o t s ig n ific a n tly . A  c h a n g e  in  
th e  lig h t in te n sity  b y  a fa cto r  o f  7 .3  d id  n o t s ig n ific a n tly  
alter  th e  in it ia l q u a n tu m  y ie ld s .

Discussion. T h e  re su lts  m a y  b e  d isc u sse d  in te rm s o f  
th e  fo llow in g  c h a in  m e c h a n ism  for th e  co n v ersio n  o f  N O

Reaction of the Hydroperoxyl Radical

in to  N 0 2

N 20  +  hv —  N 2 +  O ( 'D )

O f 'D )  +  H 2 —  H O  +  H  ( 4 )

H O  +  C O  —  C 0 2 +  H  ( 8 )

H O  +  H 2 —  E 20  +  H  (9 )

H  +  0 2 +  M  —  H 0 2 +  M  (10 )

2 H 0 2 —  H 20 2 +  O 2 ( 1 1 )

H 0 2 +  N O  —  H O  +  N 0 2 (2 )

H O  +  N O  ( +  M )  —  H O N O  ( +  M )  (1 2 )

H O  +  N 0 2 ( +  M )  —  H O N 0 2 ( +  M )  (1 3 )

T h e  rea ctio n s o f  O H D )  w ith  ga ses  oth er th a n  H 2 h ave  
b een  ignored  sin ce  th e y  c a n n o t be  im p o r ta n t . U n d e r  all o f  
ou r co n d itio n s a t  le a st 9 0 %  o f  th e  0 ( 1 D )  a to m s  m u s t  rea ct  
w ith  H 2, as d e d u c e d  fro m  th e  re la tiv e  rate co e ffic ie n ts  in  
T a b le  I.

T h e  H  a to m s  p ro d u c ed  in  rea ctio n s 8 a n d  9 w ill react  
p re d o m in a n tly  w ith  0 2 to  g ive  H 0 2 . T h e  p o ssib le  c o m p e t
in g  rea ctio n s o f  H  w ith  N O  or th e  N 0 2 p ro d u c ed  in th e  
re a ctio n  c a n n o t be  im p o r ta n t b a se d  on  c o m p u ta t io n s  w ith  
th e  k n ow n  rate  c o e ffic ie n ts  for th e se  re a ctio n s . F u rth er
m o re  th is  w as d e m o n str a te d  e x p e r im e n ta lly , sin ce  a re 
d u c tio n  in th e  0 2 p ressu re  fro m  5 0  to  14  T o rr  h a d  n o  s u b 

sta n tia l e ffec t.
In  a d d itio n  to  th e  c h a in -te r m in a tin g  s te p , re a ctio n  11, it 

is a lso  n ecessary  to  co n sid er rea ctio n s 12 a n d  13 as te r m i
n a tio n  re a ctio n . B o th  are ra p id , a n d  in  fa c t  are th e  d o m i
n a n t c h a in -te r m in a tin g  re a ctio n s , as  w e w ill d e m o n str a te .

B e c a u se  4>i|N02| »  2 , N 02 is p ro d u c ed  p r im a rily  in  
c h a in -p ro p a g a tin g  re a c tio n s . R e a c tio n  2 is th e  o n ly  c o n 
ce iv a b le  rea ctio n  to  d o  th is , a n d  it  m u s t  a c c o u n t for the  
N02 p ro d u c tio n . T h e  o u tlin e d  m e c h a n is m  e x p la in s  the  
gen eral fea tu res  o f  th e  cu rves in F igu res 1 a n d  2 . In itia lly  
NO is ra p id ly  o x id iz e d  to  N 02 via re a c tio n  2 u n til c o n v e r
sion  is c o m p le te . O n  fu rth er p h o to ly sis  th e  N 02 pressure  
d ec lin es , b e c a u se  n o w  N 02 is slo w ly  c o n su m e d  b y  rea ctio n  
w ith  H O  a n d  p o ss ib ly  H02 ra d ica ls .

T h e  c o m p le te  m e c h a n is m  lea d s to  a c o m p le x  rate  law  
for N 0 2 fo r m a tio n . H o w e v e r , s im p lific a tio n s  ca n  b e  m a d e  
if  rea ctio n  1 1  is e ith er th e  d o m in a n t  or u n im p o r ta n t  te r 
m in a tin g  re a c tio n . I f  rea ctio n  11 is d o m in a n t , i.e., rea c-
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Figure 1. Plots of the corrected N02 pressure vs. irradiation 
time in the photolysis of NsO at 2139 A and 25° in the presence 
of H2, 0 2, NO, and CO. All data are at 110 Torr of CO and /a = 
1.9 X 1011 quanta/cc sec. The two sets of plots are for the 
same data, but have different time scales.

Figure 2. Plots of the co'rected NO? pressure vs. irradiation 
time in the photolysis of N20 at 2139 A and 25° in the presence 
of H2, 0 2, NO, and CO. All data are at 110 Torr of CO and /a = 
1.4 X 1012 quanta/cc sec.

TABLE V: Initial Quantum Yields of N02a

[N O ], m Torr /a, q u a n ta /c c  sec 4> i|N 02|

60 1 .4  X  1 0 12 100

120 1 .4  X  1 0 12 59.

6 0 1 .9  X  1 0 11 119

120 1 .9  X  1 0 11 73

0 [CO] =  110 Torr.

fio n s  12 a n d  13 are u n im p o r ta n t, th en

$i{N02} = k 2[N O ]/ (Iak u )'À (III)

O n  th e  oth er h a n d , if  rea ctio n  11 is u n im p o r ta n t  c o m 
p a red  to  rea ctio n s 12 a n d  13, th en  

3>i!N02) = 2(A8 [CO] + A9 [H2 ])/0MNO] + A1 3 [N02])
( I V )

O u r resu lts  in d ic a te  th a t  4>i[N02| va ries in v ersely  w ith  
[N O ] , lin ea rly  w ith  [C O ], a n d  is in d e p e n d e n t  o f  h. T h u s  eq  
I V  a p p lies  for a ll o f  our co n d itio n s . It is in terestin g  to  note  
th a t  tw o  oth er p o ssib le  rea ctio n s m ig h t be  in v o lv e d  in te r 
m in a tio n

H 0 2 +  N O  ( +  M )  —  H O N 0 2 ( +  M )

H 0 2 +  N 0 2 —  0 2 +  H O N O
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T h e re  is n o  prior ev id e n c e  for e ith er re a c tio n . T h e y  ca n n o t  
b e  th e  d o m in a n t  c h a in  te rm in a tio n  re a ctio n s in ou r s y s 
te m  b e c a u se  th e n  th e  rate  e xp ression  w o u ld  b e  in d e p e n 

d e n t o f  [C O ]. T h e  d ep e n d e n c e  o f ou r d a ta  on  [C O ] e x 
c lu d es  th e  p o ss ib ility  th a t  th ese  re a c tio n s  occu r to  a n y  
s ig n ific a n t e x te n t.

W it h  th e  k n o w n  v a lu e s  o f  k% a n d  k g ,  a n d  th e  in itia l  
ra tes  a t  6 0  a n d  120  m T o r r  o f  N O , th e  v a lu e  o f  ky2 m a y  be  
c o m p u te d  w ith  eq  I V . T h e  resu lt is 5 .6  x  1 0 - 1 2  a n d  6 .5  X  

1 0 “ 12 c m 3/s e c  a t  120  an d  6 0  m T o r r , re sp e c tiv e ly . T h e  a v 
erage v a lu e  is 6 .0  X  1 0 “ 12 c m 3 /s e c .  T h e  v a lu e s  o f  kg  =  7 
x  1 0 “ 15  a n d  k$ =  1 .3 5  x  1 0 “ 13  c m 3/s e c  u se d  in  th e  c a lc u 
la tio n  are th o se  o b ta in e d  b y  S tu h l a n d  N ik i . 14 T h e se  
v a lu es  for feg a n d  kg  are in  very  good a g re e m en t w ith  other  
d e te r m in a tio n s 15  a n d  are p ro b a b ly  go od  to  2 0 % . R e c e n tly  
tw o  m e a su r e m e n ts  o f  k \ 2 h av e  b een  re p o rte d . O n e  o f th ese  
is b y  S tu h l a n d  N ik i14  w h o  fo u n d  rea ctio n  12  to  be in  th e  
fa ll o ff  region  at ~ 8 0  T o rr  o f  H e . T h e y  c a lc u la te d  a l im it 
ing h ig h -p ressu re  rate  c o n sta n t — 2  X  1 0 “ 12  c m 3/
sec . T h e  oth er rep ort w as b y  M o r le y  a n d  S m it h 16 w ho, 
co n tra ry  to  S tu h l a n d  N ik i, fo u n d  th e  re a ctio n  to  b e  e n 
tire ly  in th e  th ird -o rd er  region  at s im ila r  p ressu res w ith  
fei2°  =  9 .4  X  1 0 “ 31 c m 6/s e c  for H 2 as th e  th ird  b o d y . 
U s in g  R R K M  th eo ry , M o r le y  a n d  S m ith  c o m p u te d  the  

h ig h -p re ssu re  l im it in g  rate  c o n sta n t, fei2 co, to  b e  1 .7  X  
1 0 “ 10 c m 3 /s e c .  W it h  th is  v a lu e  for fei2 °= a n d  th e  va lu e  for 
fei2° ,  it  m a y  b e  c o m p u te d  th a t a t  1  a tm  o f  H 2 , re a ctio n  1 2  

sh o u ld  still b e  a lm o s t  e n tire ly  in th e  th ird -o rd er  reg im e,
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w ith  a p se u d o -se c o n d -o rd e r  rate  c o n sta n t o f  2 X 10“ 1 1  

c m 3 /s e c .  T h u s  th e  v a lu e  o f  k\ 2 =  6.0 X 10“ 1 2  c m 3/s e c  o b 
ta in e d  in  th is  w ork  a t  1  a tm  o f  H 2 is m id w a y  b e tw e e n  th e  
v a lu es  o f  M o r le y  a n d  S m ith  a n d  o f  S tu h l a n d  N ik i.

S in c e  re a c tio n  11 is n o t im p o r ta n t in th is  s y s te m , a 
v a lu e  o f  k2/kn1/2 c a n n o t b e  d e te r m in e d . H o w e v e r , a  low er  
l im it  ca n  b e  fo u n d  sin ce  [H O 2 ] <  (Ia/ku)1/2. T h e n

$>i|N0 2) = ¿2[N0 ][H0 2]//a < ¿ 2[NO]l(knl S A

O u r d a ta  led  to  th e  resu lt th a t  kg/k-yy112 >  0 .6  x  1 0 “ 7 

(c m 3 /s e c ) 1 /2 . W it h  th e  average  v a lu e  o f  kn  =  6  x  1 0 “ 12 

c m 3/s e c  fo u n d  b y  P a u k ert a n d  J o h n sto n 9 a n d  H o c h a n a -  
d el, et al. , 10 k2 > 1 .5  x  1 0 - 1 3  c m 3 /s e c .
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X a n t h e n e  pow ders w ere 7 -irra d ia te d  a t 7 7 ° K  a n d  th e  ra d ic a l sp ec ies  fo rm ed  w ere in v e stig a te d  b y  esr  
te c h n iq u e . T h e  sp ec tra  o b ta in e d  are a ttr ib u te d  to  th e  o v e r la p p in g  o f  a s in g le t a n d  a tr ip le t . T h e  tr ip le t  
sp e c tru m  d isa p p e a rs  u p o n  h e a tin g  to  1 0 5 °K . O n  th e  b a s is  o f  th e o re tic a l sp in  d en sity  c a lc u la tio n s  th e  
tr ip le t  is a ttr ib u te d  to  x a n th e n e  ra d ic a l ion s w h ile  th e  s in g le t is te n ta tiv e ly  a ssig n ed  to  x a n th y l ra d ic a l.

Introduction

In  m a n y  7 -irra d ia te d  so lid  or fro ze n  sy ste m s  ra d ic a l a n d  
io n ic  sp ec ies  are tr a p p e d  a n d  ca n  b e  d e te c te d  b y  esr. T h e  
p u rp o se  o f  th is  w ork  is to  c larify  th e  n a tu re  o f  th e  ra d ica ls  
p ro d u c ed  in  x a n th e n e  m ic ro c ry sta ls .

Experimental Section

X a n t h e n e  w as o b ta in e d  fro m  F lu k a  a n d  re cry sta llized  
fro m  b e n z e n e .

Irra d ia tio n s w ere p erfo rm e d  w ith  a G a m m a c e ll  60C o  
sou rce , w ith  d oses ra n g in g  fro m  0 .5  to  3 M r a d s . T h e  sh a p e  
o f  th e  sp e c tra  w a s fo u n d  to  be  in d e p e n d e n t o f  th e  d o se . 
T h e  sa m p le s  w ere irra d ia te d  a t  7 7 ° K  a n d  th e  esr sp e c tra  
w ere reco rd ed  a t  th e  sa m e  te m p e ra tu re  (a )  im m e d ia te ly  
a fte r  irra d ia tio n  a n d  (b )  a fter  a 15  m in  o f  a n n e a lin g  a t  
1 0 5 °K . T h e  sp e c tro m e te r  u sed  w as a V a r ia n  4 5 0 2  o p e r a t
in g  a t a m o d u la tio n  fre q u e n cy  o f  100  k H z . S e c o n d -d e r iv a 
tiv e  p re se n ta tio n , o b ta in e d  b y  m e a n s  o f a u d io  ra n ge  m o d 
u la tio n , w as u sed  th r o u g h o u t.
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S p in  d e n sity  c a lc u la tio n s  w ere p e r fo rm e d  u sin g  a m o d 
ified  version  o f  Q C P E  P ro g ra m  N o . 7 6 . P rev io u s a tte m p ts  
to  a p p ly  M c L a c h la n  c a lc u la tio n s  w ere u n su c c essfu l d u e  to  
th e  h igh  a p p a r e n t s y m m e tr y , in  th is  fra m ew o rk , o f  the  
ra d ica ls  in v e stig a te d .

Results
T h e  sp e c tru m  o f  x a n th e n e  as o b serv e d  a fter  irrad ia tio n  

a t 7 7 ° K  is re p ro d u c ed  in  F igu re  l a .  I t  c o n sists  o f  three  
lin es ch a ra cte rize d  b y  a co u p lin g  o f  25  G  a n d  b y  a b a n d 
w id th  o f  a p p r o x im a te ly  20  G . T h e  in te n s ity  ra tio  d iffers  
fro m  th e  v a lu e  1 : 2 : 1  ty p ic a l o f a  sp e c tru m  arisin g  fro m  tw o  
e q u iv a len t sp in  1 / 2  n u c le i, in  th a t  th e  cen ter  lin e  is to o  
in ten se . W e  a ttr ib u te d  th e  excess  cen terlin e  in te n s ity  to  
th e  su p e r im p o sit io n  o f  a s in g le t lin e  on  a tr ip le t  sp e c tru m  
o f  s im ila r  g v a lu e . T h is  in te rp reta tio n  is c o n firm e d  b y  th e  
a n n ea lin g  e x p e r im e n t, th e  resu lt o f  w h ich  is illu str a te d  b y  
th e  sp e c tru m  in F igu re  l b .  T h is  sp e c tru m  co n sists  o f  one  
line  o n ly , c h a ra c te rize d  b y  a b a n d w id th  s lig h tly  larger  
th a n  th e  on e o b serv ed  b efo re , c e n te re d  on  th e  f ie ld  corre 
sp o n d in g  to  th e  c en ter  lin e  o f  th e  p rev io u s tr ip le t . T h e  
d ifferen ce  b e tw ee n  th e  tw o  sp ec tra  is illu stra te d  in  F igu re  
l c .  T h e  in te n s ity  d istr ib u tio n  here c lo se ly  a p p ro x im a te s  
th e  u su a l 1 : 2 : 1  tr ip le t  v a lu e .

Discussion

T h e  a b o v e  resu lts  ca n  be r a tio n a liz e d  a ssu m in g  th a t  
tw o  d ifferen t ra d ic a ls  are fo rm e d  u p o n  irra d ia tio n  a t 7 7 °K  
a n d  th a t on e  o f  th e m , th e  one c o rresp o n d in g  to  th e  tr ip le t  
p a tte r n , d isa p p ea rs  w ith  h e a tin g .

T h e  tr ip le t  sp e c tru m  is a ttr ib u te d  to  x a n th e n e  ra d ica l  
ion s (c a tio n  or a n io n ) , its  h y p erfin e  stru ctu re  arisin g  fro m  
c o u p lin g  w ith  th e  tw o  m e th y le n ic  h y d ro g e n s. In  fa c t  th e y  
lie  o u ts id e  th e  m o le c u la r  p la n e  a n d  ca n  in te r a c t stro n g ly  
w ith  th e  e lectro n  sp in  a n d  give rise to  a sp litt in g  o f  th e  
order o f  th e  on e o b ta in e d . T h e  a r o m a tic  h y d ro g en s, on  th e  
oth er h a n d , are c h a ra c te rize d  b y  a re la tiv e ly  sm a ll h y p e r 
fin e  co u p lin g  w h ich  is n o t re so lv a b le  u n d er th e  lin e  w id th  
m a g n itu d e s  ty p ic a l o f  p ow d er sp e c tra . F or th e  sa m e  re a 
son , th e  s in g le t sp e c tru m  w a s a ttr ib u te d  to  a ra d ic a l  
w hose h y d ro g en s a ll lie  in  th e  m o le c u la r  p la n e . A  p rim e  
c a n d id a te  for th is  sp ec ies  is th e  on e resu ltin g  fro m  th e  re 
m o v a l o f  on e  o f  th e  m e th y le n ic  h y d ro g en s, i.e., x a n th y l  
ra d ic a l. T h e o r e tic a l sp in  d en sity  c a lc u la tio n s  h av e  been  
carried  ou t on  th e  th ree  sp ec ies q u o te d . T h e  m e th o d  a p 
p lied  w as th e  U H F  w M O  m e th o d  o f P o p le  a n d  N e s b e t 1 ' 2 

as th e  m o re  s o p h is tic a te d  C N D O  m e th o d s 3 d o  n o t se e m  to  
b e  re liab le  for c o m p u tin g  sp in  d en sitie s  o f  m e th y le n ic  h y 
d ro g e n s .4 -5 In  ou r c a lc u la tio n s  b o n d  len g th s  o f  1 .4 , 1 .5 , 
a n d  1 .3  A  w ere ta k e n  for th e  C - C ,  C - C H 2 , C - 0  b o n d s , re 
sp e c tiv e ly . T h e  p a r a m e te rs  a n d  re p u lsio n  in teg rals  for th e  
C  a to m s w ere th o se  p ro p o sed  b y  A m o s  a n d  S n y d e r .6 F or  
ox y g en  th e  p a r a m e te rs  are io n iz a tio n  p o te n tia l W0 =  
- 3 2 . 9  e V , m o n o c e n tr ic  re p u lsio n  in teg ral y0o ~ 2 1 .5 3  e V , 
a n d  d c o  =  —3 .3  e V , a n d  th e  C O  re p u lsio n  in teg rals  w ere  
ch o sen  in  su c h  a w a y  as to  give th e  sa m e  ra tio  yco/lcc as 
o b ta in e d  b y  u se  o f  th e  M a ta g a  m e th o d .7 S in c e  U H F  sp in  
d en sities  m a y  b e  u n co rrec t d u e  to  sp u rio u s c o m p o n e n ts  
arisin g  m a in ly  fro m  q u a rte t  s ta te s , w e e v a lu a te d  a lso  th e  
p ro jected  sp in  d e n s itie s 6 paa a n d  pasa b y  an  a p p ro x im a te d  
p ro je ctio n  m e th o d . 8 In  fa c t , correct sp in  d en sitie s  are s u p 

p osed  to  lie  so m ew h e re  b e tw ee n  p u h f  a n d  Paa a n d  it  has  
b een  su g g e ste d 6 -9 th a t  pav =  ^ v p a a  +  Pasa) g ives a  good  
e stim a te  o f  sp in  d en sitie s .

H y p e rfin e  s p littin g  c o n sta n ts  for th e  in -p la n e  h yd rogen s  
w ere c a lc u la te d  w ith  th e  M c C o n n e ll  fo rm u la  u sin g  Q = 23

Figure 1. Esr spectra of 7 -irradiated xanthene at 77°K: (a) 
taken immediately after irradiation; (b) after annealing at 105°K; 
(c) difference between the esr spectra reported in a and b. The 
traces were obtained by accumulation of the esr signal into a 
computer of average transients. The power incident on the sam
ple was kept constant in ail experiments (to a value of the order 
of 10 mW) and so was the leakage current.

G . F or th e  m e th y le n ic  h yd rogen s w e a p p lie d  th e  w e ll -te s t 
e d  re la tio n sh ip 10-12

a H =  Bp co s2 d  (1 )

w here d  is th e  d ih e d ra l an gle  b e tw ee n  th e  p la n e s  C - C - p z 
a n d  C - C - H ,  w h ich , for te tra h e d ra l h y b rid iz a tio n , is eq u a l  
to  3 0 ° ; B is a c o n sta n t e q u a l to  5 8  G ; p is th e  v a lu e  o f th e  
sp in  d en sity  on  th e  v ic in a l b e n z en e  rin g  C  a to m . S in ce  in  
our case  th ere  are tw o e q u iv a le n t v ic in a l a to m s , th e  e ffe c 
tiv e  sp in  d e n sity  to  b e  u se d  in  re la tio n sh ip  1  is [ (p i) 1/2 +  
( p is ) 1 /2]2 =  4 P 1 .13

T h e  sp in  d en sitie s  a n d  h y p erfin e  c o u p lin g  c o n sta n ts  o b 
ta in e d  are rep resen ted  in  T a b le  I a n d  T a b le  II, re sp e c tiv e 
ly . A s  e x p e c te d , one sees c lea rly  th a t  in  th e  x a n th e n e  ra d 
ica l ion s th e  sp littin g  d u e  to  th e  m e th y le n ic  h yd rogen s  
d o m in a te s  over th e  on e d u e  to  in -p la n e  h y d ro g en s. F or th e  
n eg a tiv e  ion  w e o b ta in  a h yp erfin e  c o u p lin g  c o n sta n t o f  
2 8 -3 2  G , w h ile  for th e  p o sitiv e  ion  w e get re su lts  ran gin g  
fro m  4 0  to  25  G  d e p e n c in g  on  w h ich  sp in  d e n sity  w e u se , 
w h eth er p ro je cted  or u n p ro je c te d . A c c e p tin g  % (p aa +  
Pasa) as  th e  m o s t  re lia b le  sp in  d e n s ity , for th e  tw o ra d ica l  
ion s e sse n tia lly  th e  sa m e  h y p erfin e  co u p lin g  c o n sta n t is 
o b ta in e d , i.e., a p p ro x im a te ly  29  G . T h is  v a lu e  is to  be

(■ ) J. A. Pople and R. K. Nesbet, J. C hem . P hys., 22, 571 (1954).
(2) A. B ricks to ck  and J. A. Pople, Trans. F a ra d a y  S o c ., 381, 901 

(1954).
(3) J. A. Pople, P. D. Santry, and G. A. Segal, J. C hem . P hys., 43, 

S129 (1965); J. A. Pople and G. A. Segal, ib id ., 44, 3289 (1966).
(4) J. A. Pople, D. L. Beverldge, and P. A. Dobosh, J. A m e r. C hem . 

S o c ., 90, 4201 (1968).
(5) J. A. Pople and D. L. Beveridge, “ Approxim ate  M o lecu la r Orbital 

Theory,”  M cG raw -H ill, New Y ork, N. Y., 1970.
(6) A. T. Am os and L. C. Snyder, J. C he m . P hys., 41, 1773 (1964); 42, 

3670 (1965).
(7) N. M ataga and K. N lsh im oto, Z. P hys. C he m ., (F ra n k fu r t  a m  M a in ) ,  

13, 140 (1957).
(8) G. O rlandi and G. G la c o n e tt l, R ie. S c i., 39, 11969).
(9) K. M. Sando and J. F. H arrim an, J. C he m . P hys., 47, 180 (1967).

(10) E. W. Stone and A. H. M aki, J. C hem . P hys., 37, 1327 (1962).
(11) C. C orva ja  and G. G iacom etti, Theor. C h im . A c ta , 14, 353 (1969); 

C. C orva ja , M. Brusto lon, and G. G iacom etti, Z. Phys. C hem . 
(F ra n k fu r t  am  M a in ) 66, 279 (1970).

(12) K. D. Sales, A d va n . F re e  R a d ic a l C he m ., 3, 139 (1969); P. B. Ays- 
cough, “ E lectron Spin Résonance In C hem ls try ,”  M ethuen, London, 
1967.

(13) D. H. W hiffen, M o l. Phys . 6, 223 (1963).
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TABLE I: Electron Spin Densities for Xanthene Radical Cation (I), 
Xanthene Radical Anion(ll), and Xanthyl(lll)

Radical Position PUHF Paa Pav

1 1,13 0.232 0.14 0.16
2,12 -0.145 -0.04 -0.07
3,11 0.248 0.16 0.18
4,10 -0.142 -0.05 -0.07
5,9 0.234 0.17 0.19
6,8 0.033 0.08 0.07
7(0) 0.080 0.07 0.07

II 1,13 0.185 0.16 0.17
2,12 0.123 0.11 0.12
3,11 -0.066 -0.02 -0.03
4,10 0.114 0.11 0.11
5,9 0.187 0.15 0.16
6,8 -0.041 -0.01 -0.02
7(0) -0.005 - 0.0 0 -0.00

III 1,13 -0.132 -0.04 -0.06
2,12 0.178 0.12 0.14
3,11 -0.059 - 0.0 0 -0.02
4,10 0.093 0.09 0.09
5,9 0.013 0.07 0.02
6,8 0.108 0.08 0.08
7(0) 0.029 0.02 0.03
14 0.569 0.42 0.45

c o m p a re d  w ith  th e  e x p e r im e n ta l f in d in g  o f  a b o u t  25  G . I f
w e, n ow , a c c e p t th e a ssu m p tio n  th a t  th e  C H 2 grou p  is
r a p id ly  f lip p in g  u p a n d  d ow n  th e  m o le c u la r  p la n e , th e
c o s 2 x) fa c to r  av erag es to  % , 1 1  b r in g in g  th e  th e o re tic a l re-
su it  c loser to  th e  e x p e r im e n ta l on e .

T h e  sp littin g s  fro m  th e  in -p la n e  h yd rogen s are fa ir ly
s m a ll  a n d  are w ip e d  o u t b y  th e  lin e  w id th  ty p ic a l o f  m i-
c ro cry sta llin e  s a m p le s , w h ich  is d u e  to  g ten so r a n iso tro p y
a n d  to  h y p e rfin e  sp litt in g  ten so r a n iso tro p y . F or th e  x a n -
th y l ra d ic a l, th ere  is c o n sid era b le  sp in  d e n sity  ■on th e  C -1 4
a to m , to  w h ich  th ere  w o u ld  co rresp on d  a d o u b le t  s tr u c 
tu re  in th e  s p e c tr u m . T h e  e x p e r im e n ta l re su lt, sh o w in g  a

TABLE II: Hyperfine Splitting for Radicals I, II, and III (in Gauss)

Radical Position PUHF Paa Pav

1 2, 12 3.3 0.92 1.6
3, 11 5.7 3.7 4.1
4,10 3.3 1.1 1.6
5,9 5.4 3.9 4.4

Methylenic 40.4 24.4 27.8 (23.2)°
11 2,12 2.8 2.5 2.8

3,11 1.5 0.46 0.69
4,10 2.6 2.5 2.5
5,9 4.3 3.4 3.7

Methylenic 32.2 27.8 29.6 (24.6)a
III 2,12 4.1 2.8 3.2

3,11 1.6 0.0 0.46
4,10 2.1 2.1 2.1
5.9 0.30 0.46 0.46
14 13.1 9.7 10.3

“ These figures were evaluated assuming cos2 d = 5/8 as explained 
in ref 11.

s in g le t b ro a d  b a n d , is a t  va ria n ce  w ith  th e  th e o r e tic a l p re 
d ic tio n . H o w e v e r , w h en  co n sid erin g  th a t  a ll th e  oth er  
sp littin g s  are re la tiv e ly  large a n d  th a t  th e  g ten so r a n d  
h yp erfin e  te n so r  an iso tro p ies are a g a in  p re sen t, on e  c a n 
n o t ru le o u t th e  a ttr ib u tio n  o f th e  s in g le t sp e c tru m  to  th e  
x a n th y l ra d ic a l. T h e s e  e ffec ts  ca n  ea sily  a c c o u n t for a 
b ro a d e n in g  o f  th e  orig in al d o u b le t  w h ich  c o u ld  c o m p le te ly  
ob scu re  th e  d o u b le t  stru ctu re  itse lf. H o w e v e r , o th er  r a d i
ca ls  c o n ta in in g  o n ly  in -p la n e  h yd rogen s c o u ld  b e  r e sp o n si
b le  for th e  s in g le t  sp e c tru m , b u t  esr d oes n o t  p e r m it  th e ir  
id e n tific a tio n  sin ce  th e  h yp erfin e  stru ctu re  o r ig in a tin g  
fro m  th e  p la n a r  h y d ro g en s is lost.

Conclusion
F ro m  th e  p re sen t s tu d y  it ap p ea rs  th a t  th e  p ro d u c ts  o f

7 -irra d ia tio n  o f  x a n th e n e  p ow ders are o f  tw o  k in d s . T h e  
sp ec ies c h a ra c te rize d  b y  a s in g le t sp e c tru m  a n d  h igh er  
th e r m a l s ta b ility  ap p ea rs  to  resu lt fro m  h y d ro g e n  a b s tr a c 
tio n  fro m  th e  - C H 2 grou p . T h e  tr ip le t sp e c tru m  ca n  
b e lo n g  to  e ith er o f  th e  tw o  x a n th e n e  ra d ic a l io n s, p o sit iv e  
or n e g a tiv e .
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D e p a r tm e n t o f C h e m is try  a n d  th e  R a d ia tio n  L a b o ra to ry , 1 U n iv e rs ity  o f  N o tre  D a m e , N o tre  D a m e , In d ia n a  4 6 5 5 6  

{R e c e iv e d  O c to b e r  2 7  1972)

P u b lic a tio n  c o s ts  a s s is te d  b y  th e  U .S . A to m ic  E n e rg y  C o m m is s io n

T h e  2 5 3 .7 -n m  p h o to se n s itiz e d  iso m e r iz a tio n  o f  trans-2 -o c te n e  h as b een  s tu d ie d  in  liq u id  b e n z e n e  an d  its  
m ix tu r e s  w ith  m e th y lc y c lo h e x a n e  a t  295  a n d  1 9 5 °K . Q u a n tu m  y ie ld  o f  th e  b e n z e n e  tr ip le t  s ta te  d e 
crea ses fro m  0 .7 1  for n e a t  b e n z en e  to  0 .2 4  for 0 .0 5  M  b e n z en e  a t  2 9 5 °K  a n d  fro m  0 .9 4  for 0 .5 6  M  b en zen e  
to  0 .8 5  for 0 .0 5 6  M  b e n z e n e  a t 1 9 5 °K . S u c h  re su lts , w ith  c o m p le m e n ta r y  flu o rescen ce  re su lts  in  th e  lite r 
a tu re , g ive  te m p e r a tu r e -in d e p e n d e n t  sp e c ific  ra tes o f  8 .7  X  106 an d  35  x  106 s e c - 1  for in te r sy ste m  cross
in g  fro m  th e  m o n o m e r  e x c ited  s in g le t  an d  e x c im e r  sin g le t o f  b e n z en e , re sp e c tiv e ly . T h e  sp ec ific  ra te  o f  
in tern a l co n versio n  fro m  th e  m o n o m e r  e x c ited  sin g le t o f  b e n z en e  d ec rea ses  fro m  25  X  106 s e c - 1  a t  2 9 5 °K  
to  zero a t  1 9 5 °K  a n d  th a t  fro m  th e  e x c im e r  s in g le t is zero a t  b o th  te m p e ra tu re s . T h e  b e n z en e  tr ip le t  life 
t im e  a t  2 9 5 ° K  is fo u n d  to  d ecrease  fro m  0 .5  ¿¿sec in  0 .0 5  M  b e n z en e  so lu tio n  to  6  n sec  in  n e a t b en zen e , 
c o rresp o n d in g  to  a sp e c ific  rate  o f  1 .7  x  108 s e c - 1  for q u e n c h in g  o f  tr ip le t  b e n z e n e  b y  g r o u n d -s ta te  b e n 
zen e  (w ith  c o n c e n tr a tio n  exp ressed  as m o le  fr a c tio n ); e x tr a p o la tio n  to  in fin ite  d ilu tio n  gives 1  /usee as th e  
low er l im it  for th e  in trin sic  life tim e  o f  tr ip le t  b e n z en e  in  th e  liq u id  p h a se  a t  2 9 5 ° K . Iso m e riza tio n  o f  
trans-2 -o c te n e  p h o to se n sitiz e d  b y  to lu en e  a n d  p -x y le n e  a lso  w as s tu d ie d . F ro m  th e  resu lts  a t  2 9 5 °K , s p e 
cific  ra tes are o b ta in e d  for th e  d e c a y  m o d e s  o f  th e  m o n o m e r  e x c ited  sin g le ts  o f  to lu en e  a n d  p -x y le n e . For  
th e  m o n o m e r  e x c ite d  s in g le t  a t  2 9 5 ° K , th e  sp e c ific  rate  o f  in te r sy ste m  crossin g  in creases a n d  th a t  o f  th e  
a c tiv a te d  in tern a l co n v ersio n  d ec rea ses  in th e  seq u en ce  b e n z e n e , to lu en e , p -x y le n e .

Introduction
W h e n  th e  w ork  rep o rted  in th is  p a p er  w as in it ia te d , 

ce rta in  p u b lish e d  re su lts  su g g e ste d  a c o n c e n tra tio n  d e 
p en d e n ce  o f  th e  q u a n tu m  y ie ld  a n d  life tim e  o f th e  low est  
tr ip le t  s ta te  o f  b e n z e n e  in  th e  liq u id  p h a se . T r ip le t  q u a n 
tu m  y ie ld s , x> o f2 0 .5 7  a n d 3 0 .5 3  h a d  b e e n  o b ta in e d  for 
n e a t b e n z en e  e x c ite d  a t  2 5 3 .7  n m . H o w e v e r , S a n d ro s 4 h a d  
rep orted  x  =  0 .2 5  for 0 .0 2 9  M  b e n z en e  in  c y c lo h e x a n e . 
F ro m  re su lts  o f  a s tu d y  o f  th e  flu o rescen ce  life tim e  o f  b e n 
zene in cy c lo h e x a n e  so lu tio n s , x  =  0 . 2 1  w as p re d ic te d  for  
th e  in fin ite ly  d ilu te  s o lu t io n . 5 A  tr ip le t  life tim e , 3r , o f  7 
nsec h a d  b e e n  e s tim a te d  for b e n z e n e  in th e  n e a t  l iq u id .3 

H o w e v e r , S a n d ro s 4 h a d  rep orted  3r  =  2 ¿¿sec for 0 .0 2 9  M 
b e n z en e  in  c y c lo h e x a n e , a v a lu e  in  go od  a g re e m en t w ith  
an earlier e s tim a te  o f  L ip s k y 6 for d ilu te  so lu tio n  b u t in 
c o m p a tib le  w ith  re su lts  o f  D u b o is  a n d  co w o rk ers .7 In  a 
s tu d y  o f  th e  p u lse  ra d io ly sis  o f  b e n z e n e -c y c lo h e x a n e  
m ix tu res , T h o m a s  a n d  M a n i 8 a sso c ia te d  a grow th  in o p t i 
ca l a b so rp tio n  a t  3 2 0  n m  w ith  a tr a n s ie n t sp ec ies  h a v in g  
tr ip le t b e n z e n e  as p recu rsor an d  o b ta in e d  h a lf -liv e s  o f  3 
an d  2 0  n sec  fro m  th e  gro w th  cu rv es  for n e a t a n d  1 0 %  b e n 
zen e , re sp e c tiv e ly . T h u s , th e  p resen t s tu d y  w a s u n d e r ta k 
en  to  e x a m in e  su c h  a p p a r e n t e ffe c ts  o f  co n c e n tra tio n  in a 
sy ste m a tic  m a n n e r .

T h e  2 5 3 .7 -n m  p h o to se n s itiz e d  iso m e r iz a tio n  o f  trans-2 -  
o c ten e  h as b e e n  s tu d ie d  in  liq u id  b e n z en e  an d  its  
m ix tu res  w ith  m e th y lc y c lo h e x a n e  at 295  a n d  1 9 5 °K . T h e  
resu lts  e lu c id a te  c o n c e n tra tio n  d ep e n d e n c e  o f  th e  life tim e  
o f th e  lo w est tr ip le t  s ta te  o f  b e n z e n e  a n d , w ith  c o m p le 
m e n ta ry  flu o re sce n ce  q u a n tu m  y ie ld s 9 a n d  l ife t im e s , 10 

m a k e p o ssib le  a q u a n tita tiv e  d esc rip tio n  o f  d ec a y  p ro 
cesses o f  th e  lo w est e x c ite d  m o n o m e r  a n d  e x c im e r  sin g le t  
sta te s  o f  b e n z en e  in  th e  liq u id  p h a se . W h ile  th e  p resen t  
w ork w as in  progress, so m e  c lo se ly  r e la te d 10-12  a n d  s im i 

la r 13-15  s tu d ie s  w ere rep o rted . R e su lts  o f  th o se  stu d ie s  are  
d isc u sse d  in  re la tio n  to  th e  p resen t re su lts .

Experimental Section
S ou rces, q u a lity , a n d  p u rific a tio n  p ro ced u res for b e n 

zen e a n d  m e th y lc y c lo h e x a n e  w ere th e  sa m e  as th o se  in  
th e  flu o rescen ce  life tim e  s tu d y  o f  G reg ory  a n d  H e lm a n . 10 

T h e  trans-2 -o c te n e  (A ld r ic h  R e a g e n t G ra d e ) w a s d ea era t-  
éd , tran sferred  on  to  L iA lH 4, a n d  stirred  o v ern ig h t to  re 
m o v e  w ater a n d  p ero x id e s . T h e  o le fin  th e n  w as v a c u u m  
d istille d  fou r tim e s  b y  t u lb - t o -b u lb  tran sfers in w h ich  th e  
m id d le  fra c tio n  fro m  e a c h  d is tilla tio n  w as re ta in e d  for the  
n e x t d is tilla t io n . T h e  d ea era ted  m id d le  fra c tio n  o f the  
fin a l d is tilla tio n  w as sto red  in an  e v a c u a te d  b u lb  a t - 2 5 °  
a n d  c o n ta in ed  a b o u t  0 .0 8 %  c is -2 -o c te n e  a n d  0 .0 5  w t %  o f  
u n k n o w n  im p u r ity . N o  in crease  in  th e  a m o u n t o f  cis iso 
m er w a s o b serv e d  a fter  storage  or p re p a ra tio n  o f  so lu tio n s .

(1 1 The Radiation Labora tory of the U nivers ity  o f N otre  D am e is ope r
ated under co n tra c t w ith  the U. S. A tom ic  Energy C om m ission. This 
is AEC D ocum ent No. COO-38-869.

(2 1 R. B. Cundall and W. T ippett, Trans. F a ra d a y  S o c .. 66, 350 (1970).
(3 1 R. R. Hentz and L. M. Perkey, J . P hys. C he m ., 74, 3047 (1970).
(4 1 K. Sandros, A c ta  C he m . S c a n d ., 23, 2815 (1969).
(5) W. P. H elm an, J. C he m . P hys., 51,354 (1969).
(6) S. L ipsky, J. C hem . P hys., 38, 2786 (1963).
(71 J. T. Dubois and F. W ilk inson, J. C he m . P hys., 38, 2541 (1963); J.

T. Dubois and F. W ilk inson, ib id ., 39, 377 (1963); J. W. van Loben 
Sels and J. T. Dubois, ib id  , 45, 1522 (1966).

(8| J. K. Thom as and I. M ani, J. C he m . P hys., 51, 1834 (1969).
(9) F. H irayam aand  S. L ipsky, J. C he m . P hys., 51, 1939 (1969).

(10) T. A. G regory and W. P. H elm an, J. C he m . P hys., 56, 377 (1972).
(11) R. V. Bensasson, J. T. R ichards, and J. K. Thom as, C hem . Phys. 

L e tt., 9, 13 (1971).
(12) R. B. Cundall and D. A. Robinson, C he m . P hys. L e tt., 13, 257 

(1972).
(131 R. B. Cundall, L. C. P e 'e ira , and D. A. Robinson, C he m . Phys. 

L e tt., 13, 253 (1972).
(14) R. B. Cundall and D. A. Robinson, C he m . P hys. L e tt., 14, 438 

(1972).
(15) K. Sandros, A cta  C hem . S c a n d ., 25, 3651 (1971).
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T o lu e n e  (M a th e s o n  C o le m a n  a n d  B e ll, S p e c tro q u a lity )  
w as d is tille d  tw ice  w ith  a N e s te r -F a u s t  sp in n in g -b a n d  c o l
u m n ; th e  m id d le  th ird  fro m  th e  first d is tilla tio n  w as re
d istille d , a n d  th e  m id d le  th ird  fro m  th e  seco n d  d is t il la 
tio n  w as re ta in e d . T h e  p -x y le n e  (E a s tm a n  O rg a n ic  C h e m 
ica ls , R e d  L a b e l G r a d e ) w as re c ry sta llized  th ree  tim e s  
w ith  re jectio n  o f  a b o u t  o n e -fifth  o f  th e  sta rtin g  m a te ria l  
e a ch  t im e . P u rity  o f  all rea g en ts  u sed  w as ch e ck e d  b y  gas  
c h r o m a to g ra p h y .

S o lu tio n  p re p a ra tio n  h as b e e n  d e sc r ib e d . 10 S o lu tio n s  
w ere d ea era ted  e ith er b y  a b o u t n in e  f r e e z e -p u m p -th a w  
c y c les  or b y  a m o d ifie d  m e th o d  d esc rib e d  b y  G reg ory  a n d  
H e lm a n .10 T h e  m e th o d  o f  d ea era tio n  h a d  no e ffe c t on  
iso m e r iz a tio n  y ie ld s .

P ro ced u res , c e lls , a n d  e q u ip m e n t u sed  in  p h o to ly se s  
a n d  a c tin o m e tr y  a t 2 9 5 °K  w ere th e  sa m e  as th o se  u se d  in  
p rev io u s w ork 3 e x c e p t th a t  th e  ce lls  w ere in d iv id u a lly  c a l 
ib r a te d  in  th e  p resen t w ork . A  p re v io u sly  d e sc r ib e d 10 

d ew ar cell w a s u sed  for p h o to ly se s  a t 1 9 5 °K . D e a e ra te d  
so lu tio n  w a s tran sferred  fro m  a sto ra g e  b u lb  w ith  b rea k  
sea l via a v a c u u m  m a n ifo ld  in to  th e  d ew ar ce ll. T h e  f i l 
te re d 3 e m iss io n  o f  an  A m e r s il  lo w -p ressu re  m e rc u ry  la m p  
w as m o n ito re d  b y  a C in tra  q u a n tu m  ra d io m e te r  w ith
2 5 3 .7 -n m  p ro b e . W it h  e lectric a l a n d  th e r m a l reg u la tio n  
a n d  a 2 4 -h r  w a rm u p  p eriod , la m p  in te n sity  va ried  less  
th a n  5 %  d u rin g  p h o to ly s is  as d e te r m in e d  b y  av erag in g  
se ts  o f  th ree  a c tin ic  m e a su r e m e n ts  p erfo rm ed  b efore  a n d  
a fte r  e a ch  se t o f  s ix  p h o to ly se s . S o lu tio n s  w ere stirred  r a p 
id ly  d u rin g  p h o to ly sis , a n d  exp osu re  tim e  w a s d e te r m in e d  
a c c u ra te ly  w ith  a sh u tte r . In  all p h o to ly se s  m o re  th a n  
9 9 .5 %  o f  th e  in c id e n t lig h t w a s a t  2 5 3 .7  n m  a n d  m o re  th a n  
9 9 .9 %  o f  th e  lig h t en te rin g  th e  cell w as a b so r b e d . In c id e n t  
in ten sities  w ere n ear 1 0 18  a n d  1 0 19  q u a n ta  c m - 2  h r ^ 1  for 
p h o to ly se s  at 295  a n d  1 9 5 °K , re sp ec tiv e ly .

A  B e c k m a n  G C -5  gas c h ro m a to g ra p h  w ith  f la m e -io n iz a 
tio n  d e te c tio n  a n d  tw o c o lu m n s  in series w as u sed  for d e 
te rm in a tio n  o f  th e  cis a n d  tra n s iso m ers o f  2 -o c te n e . S e p a 
ra tio n  o f  m e th y lc y c lo h e x a n e  a n d  th e  a r o m a tic s  fro m  th e  
ole fin s w as a c h ie v e d  on  th e  first c o lu m n , for w h ich  Yg-in. 
c o lu m n s  o f v a rio u s len g th s ( 0 .5 -5  ft) p a c k e d  w ith  2 0 %  
sq u a la n e  on  8 0 -1 0 0  m e sh  fireb rick  w ere u se d . C o m p le te  
se p a ra tio n  o f  th e  2 -o c te n e  iso m ers w as a c c o m p lish e d  on  
th e  seco n d  c o lu m n , a Vg-in. X  1 0 -ft  c o lu m n  p a c k e d  w ith  
8 0 -1 0 0  m e sh  fireb rick  co a te d  w ith  2 0 %  b y  w eig h t o f  a s o 
lu tio n  o f  3 3 %  A g N O g  in  g ly cerol. In  so m e  so lu tio n s 3 -  
m e th y lh e p ta n e  w as u se d  as an  in tern a l s ta n d a rd .

M e a s u r e m e n ts  o f  flu o rescen ce  q u e n c h in g  w ere p e r 
fo rm e d  w ith  c a lib ra te d  q u a rtz  ce lls  a n d  a m o d ifie d  C a ry  
M o d e l  14  sp e c tro p h o to m e te r . F lu o resc en c e  w as m ea su red  
fro m  The cell face  u sed  for e x c ita tio n  b y  2 5 3 .7 -n m  lig h t  
fro m  th e  c o m b in a tio n  o f  a 7 3 5 A 7  H a n o v ia  la m p  w ith  a 
h ig h -in te n s ity  B a u sc h  a n d  L o m b  m o n o c h r o m a to r . A b s o r p 
tio n  sp ec tra  w ere d e te r m in e d  w ith  a C a ry  M o d e l 1 4 -R  
sp e c tro p h o to m e te r .

Results
T h e  2 5 3 .7 -n m  p h o to se n sitiz e d  iso m e r iz a tio n  o f trans-2 -  

octen e  w a s s tu d ie d  in b e n zen e  a n d  its m ix tu res  w ith  
m e th y lc y c lo h e x a n e  ( M C H )  a n d  in  d ilu te  M C H  so lu tio n s  
o f  to lu en e  a n d  p -x y le n e  a t  2 95  a n d  1 9 5 °K . E x c e p t  for d e 
te rm in a tio n  o f  th e  p h o to sta tio n a r y  iso m er ra tio , th e  
a m o u n t o f  iso m e r iz a tio n  w as u su a lly  a b o u t 3 %  a n d  n ever  
e x c e e d e d  6 % . W it h in  th e  p recisio n  o f  m e a su r e m e n t  
( — 5 % ) ,  n o  loss o f  to ta l 2 -o c te n e  w as d e te c ta b le  b y  gas  
c h r o m a to g ra p h y . A  p h o to sta tio n a r y  ra tio  o f  cis to  tra n s  
iso m er c o n c e n tra tio n s  o f  u n ity  w as o b ta in e d  in n e a t b e n -

Figure 1. Concentration dependence of the corrected quantum 
yield for 253.7-nm photosensitized isomerization of tran s-2 -oc-  
tene in neat benzene at 295°K.

zen e  a n d  0 .0 5  M  b e n z en e  so lu tio n  a t 2 9 5 °K  a n d  in 0 .5 6  M 
b e n zen e  so lu tio n  a t  1 9 5 °K .

Q u a n tu m  y ie ld s  o f  tr a n s -to -c is  iso m eriz a tio n  w ere c a l 
c u la te d  w ith  co rrection s for b a c k  re a ctio n  a n d  p resen ce  o f  
th e  sm a ll in itia l fra c tio n  o f  cis iso m e r 16  an d  (a s  d esc rib ed  
in  th e  D isc u ss io n ) for a sm a ll a m o u n t o f  q u e n c h in g  o f  
b e n z en e  e x c ite d  s in g le ts  a t trans-2 -o c te n e  c o n c e n tra tio n s  
greater th a n  0 . 0 2  M. D e p e n d e n c e  o f  su c h  “ c o rrec te d ”  
q u a n tu m  y ie ld s , <f>(t —>- c ) , on c o n c e n tr a tio n  o f  trans-2 - 
o c ten e  is illu s tr a te d  for n e a t b e n z en e  a n d  0 .0 5  M  b e n z en e  
so lu tio n  a t  2 9 5 °K  in  F igu res 1 a n d  2 , re sp e c tiv e ly , w h ich  
sh o w  p lo ts  o f  <F(t —► c ) _ 1  vs. [trans-2 -o c te n e ] - 1 . V e r tic a l  
b a rs re p resen t th e  u n c e r ta in ty  (on e  sta n d a rd  d e v ia t io n )  in  
v a lu es  o f  $ ( t  —-  c ) _ 1 ; th e  c o m p u te r -d r a w n  lin e  is a le a s t -  
sq u a res  fit  to  th e  p o in ts  w ith  th e  s ta n d a rd  d e v ia tio n  o f  
e a ch  p o in t as a w eig h tin g  fa cto r . S im ila r ly  go od  stra ig h t  
lin es w ere o b ta in e d  fro m  su ch  p lo ts  for e a c h  s o lv e n t c o m 
p o sitio n  s tu d ie d  a t  e a c h  te m p e ra tu re . F ro m  th e  s lo p e  an d  
in terc e p t o f  e a c h  su c h  lin e , v a lu es  w ere c a lc u la te d  (a s  d e 
sc r ib e d  in th e  D isc u ss io n ) for th e  q u a n tu m  y ie ld  o f  tr ip le t  
b e n z e n e , x> a n d  th e  p ro d u c t 3r3k o f  its  l ife t im e  a n d  s p e 
cific  rate  o f  tr ip le t tran sfer  to  trans-2 -o c te n e . T h e  resu lts  
are p resen ted  in  T a b le  I . C o rre sp o n d in g  re su lts  o b ta in ed  
in  th e  sa m e  m a n n e r  for to lu en e  or p -x y le n e  in M C H  are  
p resen ted  in  T a b le  II.

T h e  in te n sity  I o f  b e n z en e  flu o rescen ce  a t  2 8 2 .5  n m , e n 
tire ly  th a t  o f  th e  m o n o m e r  e x cited  s in g le t, w as m e a su red  
a t 2 9 5 °K  for e a c h  b e n zen e  c o n c e n tra tio n  w ith  e a c h  c o n c e n 
tra tio n  o f  trans-2 -o c te n e  ( in c lu d in g  zero  for w h ich  I =  1 °) 
th a t  w as u sed  in th e  iso m eriza tio n  e x p e r im e n ts  a t  2 9 5 ° K .  
F or each  s o lv e n t c o m p o sitio n , th e  p lo t o f  I0/1 vs. c o n c e n tr a 
tio n  o f tran,s -2 -o c te n e  w as lin ear. F ro m  th e  s lo p e s  o f  su ch  
p lo ts , 1k1r = 1 .5  A/ - 1  w as o b ta in e d  (in  fa ir a g re e m e n t w ith  
p revio u s w ork 3) as th e  p ro d u c t o f  sp ec ific  rate  o f  q u e n c h in g

(16) A. A. Lam ola and G. S. H am m ond, J. Chem. Phys., 43, 2129
(1965).
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[ /r c O T S -O c te n e -2 ] '1, units o f 10z
Figure 2. Concentration dependence of the corrected quantum 
yield for 253.7-nm photosensitized isomerization of trans-2-oc- 
tene in 0.05 M  benzene in methylcyclohexane at 295°K.

TABLE I: The 253.7-nm Quantum Yield, x> of Triplet Benzene and 
3k3r for Triplet Transfer from Benzene, B, to 
frans-2-Octene in Methylcyclohexane

[B], M X 3/c3r, M ~  1

a. 295°K
0.05 0.236 ±  0.005° 1600 ±  120°
0.10 0.276 ±  0.003 1170 ±  60
0.25 0.313 ±  0.007 410 ±  30
0.50 0.385 ±  0.010 340 ±  60
2.00 0.56 ±  0.02 98 ±  9
6.00 0.69 ±  0.02 31.6 ±  1.6

11.2 0.71 ± 0.04 20.4 ±  1.6

b. 195°K
0.056 0.851 ±  0.036 2300 ±  400
0.111 0.866 ±  0.007 820 ±  40
0.56 0.943 ±  0.036 250 ±  20

°  Standard devia tion.

an d  life tim e  o f  th e  e x c ite d  sin g le ts  o f  b e n z e n e .17  T h e  v a lu e  
o f  I°/I o b ta in e d  for e a ch  so lu tio n  w as u sed  for c a lc u la tio n  o f  
th e  co rrected  q u a n tu m  y ie ld  fro m  th e  m e a su red  q u a n tu m  
y ie ld  o f  iso m e r iz a tio n .

N o  p ro d u c ts  oth er th a n  th e  cis iso m er w ere d e te c te d  b y  
gas ch r o m a to g ra p h y  in  a n y  o f  th e  e x p e r im e n ts . H o w ev er, 
in  e x p e r im e n ts  a t  2 9 5 ° K  w ith  c o n c e n tra tio n s  o f  trans-2 - 
octen e  greater th a n  0 .0 2  M, th e  a b so r p tio n  sp e c tru m  o f  a 
p h o to p ro d u c t (sh o w n  in  F igu re  3 ) w as o b serv e d  in b e n 
zen e so lu tio n s  a n d  w ith  re d u ce d  y ie ld 1 in  to lu en e  so lu tio n s  
b u t n o t in  p -x y le n e  so lu tio n s . For 0 .1  M trans-2 -o c te n e  in  
b en zen e  a t  2 9 5 ° K , ~  1 0  4 is e s t im a te d  for th e  p h o to p ro 
d u c t q u a n tu m  y ie ld  w h ich  in crea sed  w ith  in crease  in c o n 
cen tration  o f f n m s -2 -o c te n e  a n d  w ith  d ecrease  in  b en zen e  
co n cen tra tio n . T h e  p h o to p ro d u c t s lo w ly  d isa p p ea re d  in  
so lu tion s k e p t a t  ro o m  te m p e ra tu re . T h e  p h o to p ro d u c t

Figure 3. Absorption spectrum of the photoproduct in 253.7-nm 
photolysis of solutions of benzene and frans-2-octene In methyl
cyclohexane at 295°K.

TABLE II: The 253.7-nm Triplet Quantum Yield, x> and 3k3r for 
Triplet Transfer to frans-2-Octene for the Solutes, S, Toluene and 
p-Xylene in Methylcyclohexane

[S], M T, °K X 3/i3r, M ~1

a. Toluene
0.05 295 C.419 ±  0.004° 2460 ±180°
0.056 195 C.707 ±  0.024 2700 ±  900

b. p-Xylene
0.05 295 C.566 ±  0.009 620 ±  40
0.056 195 C.608 ±  0.008 1300 ± 100

a Standard devia tion.

a b so rp tio n  sp e c tru m  w as n ot d e te c ta b le  in a n y  o f  th e  e x 
p e r im e n ts  at 1 9 5 °K .

Discussion
T h e  resu lts  are in terp reted  w ith  th e  fo llo w in g  k in etic  

sc h e m e  in w h ich  b e n z e n e  is d en o te d  b y  B  a n d  2 -o c te n e  is 
d e n o te d  b y  O  w ith  su b sc rip ts  t a n d  c for th e  tra n s an d  cis 
iso m ers , re sp ec tiv e ly ; m u ltip lic ity  o f  an  e x c ite d  sta te  is 
in d ic a te d  b y  a le ft su p ersc r ip t (its  a b sen c e  in d ic a tin g  the  
grou n d  s ta te ) , a n d  th e  su b sc rip t 2  d en o te s  e x c im e r .

hv +  B  —  *B ( 1 )

*B — B  +  hvf (2 )

*B —► B (3 )

*B 3B (4 )

B  +  : B  —  % (5 )

'B 2 —  *B +  B ( 6 )

B 2 -*■ 2 B  +  hvf' (7 )

-B 2 —  2 B ( 8 )

(17) Absence of an observable dependence of 1A1 r  on benzene concen
tra tion  is a ttribu tab le  to  t i e  m onom er exc ited  s ing le t and exc im er 
sing le t having approx im ate ly  equal decay spec ific  ra tes at 295°K 10 
and approx im ate ly  equal quenching spec ific  rates.
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’ B 2 — - 3B  +  B  (9 )

O t +  'B  —  B  +  O t (10 )

O t +  'B j  —  2 B  +  O t (11)

3B  —  B  (12 )

B  +  3B  —  2 B  (13 )

O t +  3B  —  30  +  B  (14 )

3o — p o c + (i -  P) Ot (15)
T h e  fo llo w in g  a d d itio n a l s y m b o ls  are in tro d u c e d  to  s im 
p lify  m a th e m a t ic a l  e x p ressio n s : fem =  kz +  fe3 +  k4; fee =
k'j + ks + kg; Xm =  ki/km; Xe =  kg/ke; 3k =  feip = ^ 1 1 !
3fe =  k14; 3 t =  (fei2 +  fei3 [ B ) ) _ 1 ; fm a n d  fe d en o te  th e  
fra c tio n s o f  e x c ite d  s in g le ts  o f  b e n z en e  th a t  d e c a y , in  th e  
a b sen c e  o f  q u e n c h in g , as m o n o m e r (t .e ., in  rea ctio n s 2 -4 )  
a n d  e x c im e r  ( i .e . , in  rea ctio n s 7 - 9 ) ,  re sp ec tiv e ly .

Y g u e r a b id e 18 h as sh ow n  th a t  re a ctio n  1 , in w h ich  JB  
co rresp on d s to  th e  m o n o m e r s ta te  1 B 2U, d esc rib es  th e
2 5 3 .7 -n m  e x c ita tio n  o f b e n zen e  in th e  liq u id  s ta te . S tu d ie s  
o f  b e n z en e  flu o re sce n ce  in th e  liq u id  s ta te  (see  re f 5 , 9 , 
a n d  1 0  a n d  th e  p a p ers  c ite d  th erein ) h av e  p ro v id ed  m u c h  
in fo r m a tio n  on  th e  e x c im e r  fo rm a tio n  a n d  d isso c ia tio n  
rea ctio n s 5  a n d  6  a n d  d ec a y  m o d e s  o f  th e  m o n o m e r  e x c it 
ed  s in g le t, rea ctio n s 2 - 4 ,  a n d  e x c im e r  s in g le t, rea ctio n s
7 - 9 .  Q u e n c h in g  o f  th e  e x c ited  s in g le t s ta te s  o f  b e n z en e  b y  
trans- 2 -o c te n e , re p resen ted  b y  rea ctio n s 1 0  a n d  1 1 , e v i
d e n tly  occu rs w ith  a p p ro x im a te ly  e q u a l sp ec ific  ra te s 17 

a n d  is n o t e x p e c te d  to  y ie ld  iso m e r iz a tio n . 19 In  th e  p o s tu 
la ted  k in e tic  s c h e m e , th e  b e n z en e  tr ip le t  is p ro d u c ed  b y  
in te r sy ste m  crossin g fro m  b o th  th e  m o n o m e r  e x c ite d  s in 
g le t an d  e x c im e r  s in g le t in  rea ctio n s 4 a n d  9 , re sp ec tiv e ly . 
R e a c tio n  1 2  rep resen ts u n im o le c u la r  d e c a y  o f  th e  b e n zen e  
tr ip le t , a n d  a rea ctio n  su c h  as 13 is req u ired  b y  th e  resu lts  
as sh o w n  s u b se q u e n tly . Iso m e riza tio n  o f  tr a n s -2 -o c te n e  is 
a ssu m e d  to  occu r via th e  tr ip le t tra n sfer  in  re a ctio n  14  
w ith  d e c a y  o f  a certa in  fra c tio n  p o f  th e  2 -o c te n e  tr ip le t  to  
th e  cis iso m e r  as sh o w n  in  rea ctio n  15 . A s s u m in g  e q u a lity  
o f  th e  sp ec ific  ra tes o f  tr ip le t tran sfer  to  th e  cis an d  tra n s  
iso m ers  o f  2 -o c te n e , th e  o b serv ed  p h o to sta tio n a r y  iso m er  
ra tio  o f  u n ity  (in d e p e n d e n t o f  te m p e ra tu re  a n d  b e n zen e  
co n c e n tra tio n ) gives p =  0 .5 0 . S u c h  a v a lu e  co in cid es  w ith  
th a t  o b ta in e d  b y  G o lu b  an d  S te p h e n s 20 b y  th e  sa m e  
m e th o d  a n d  agrees sa tis fa c to rily  w ith  p =  0 .4 8  o b ta in e d  
fro m  q u a n tu m  y ie ld s  o f  th e  a c e to n e -se n s itiz e d  iso m e r iz a 
tio n  o f £ra n s-2 -o c te n e .3

G reg o ry  a n d  H e lm a n 10 f in d  th a t  a t  2 9 8 °K

km =  ke =  3 .5 9  X  1 0 7 s e c ' 1 < <  fe6 (I)

C o n se q u e n tly , (1r)"1 = 3 .5 9  X 10 7 s e c - 1  w h ich , w ith  th e  
m e a su red  1k1r =  1 .5  M - 1 , g iv es17  4fe =  feio =  fen  =  5 .4  x  
1 0 7 M - 1  s e c - 1 . W it h  su c h  a v a lu e  for fen  a n d  th e  resu lt  
exp ressed  in  eq  I , it  fo llow s th a t

M O t] «  h  +  ke (II)

for all so lu tio n s  s tu d ie d  a t  2 9 5 ° K . W it h  th e  co n d itio n  e x 
p ressed  in  eq  II, s te a d y -s ta te  tr e a tm e n t o f  th e  k in etic  
sc h e m e  gives eq  III for th e  measured q u a n tu m  y ie ld , 4>,

* =  Pdil°)(Xefe +  Xm /m )(3* M O t] ) / ( l  +  V r [ O t] ) ' (III)

o f  t r a n s -to -c is  iso m e r iz a tio n . T h e n , re a rra n g e m e n t o f  eq III 
a n d  use o f  ¡8 =  0 .5 , $ ( t  —► c) =  $I°/I, a n d

X =  f e X e  f u i X m .  =  f ek g / k e +  f m k j k m  (IV )

gives eq  V . T h u s , w ith  v a lu es  o f  4>(t —► c) c a lc u la te d  fro m  
th e  m e a su red  v a lu es  o f  4> a n d  1 /1° fo r  e a ch  so lu tio n , th e

$  ( t  —  c ) ' 1 =  ( 0 .5 x ) _1( l  +  ll3k3r[Ot]) (V )

stra ig h t line  o b ta in e d  in a p lo t  o f  $ ( t  —*■ c ) - 1  us. [O t ] - 1  

(su c h  as th o se  in F igu res 1 an d  2) is id en tified  w ith  eq  V ,  
a n d  v a lu e s  are o b ta in e d  fo r  x  a n d  3fe3 r  fro m  th e  s lo p e  a n d  
in terc e p t. B e c a u se  o f  th e  e x p e r im e n ta l d iffic u lty  o f  ac cu ra te  
flu o rescen ce  q u e n c h in g  m e a su r e m e n ts  a t  1 9 5 °K , v a lu e s  o f  
X a n d  3k 3 r  w ere c a lc u la te d  b y  a ssu m in g  n e g lig ib le  q u e n c h 
in g  o f  th e  e x c ite d  sin g le ts  o f  b e n zen e  b y  trans-2 -o c te n e  in  
all so lu tio n s  s tu d ie d  a t  1 9 5 °K ; fro m  th e  a ssu m p tio n  fe i i [O t] 
<?:: fee it  fo llow s th a t  eq II is sa tis fie d  a n d  I/Io = 1 a n d , 
th erefore , th a t  e q  V  is a p p lic a b le  w ith  4>(t —*■ c) =  4>. S u c h  
an a ss u m p tio n  is ju s t if ie d  b y  th e  e x p e c ta tio n  th a t  fen  is 
sm a lle r  a t 1 9 5 °K  th a n  a t  2 9 5 °K , w h ile  fee is c o n s ta n t , 10 

a n d  b y  th e  a b sen c e  o f cu rva tu re  in  p lo ts  o f  $ - 1  vs. [O t ] - 1  

a t th e  h ig h est c o n cen tra tio n s o f  trans-2 -o c te n e  u se d  a t  
1 9 5 °K .

T h e  v a lu e  o f  x  in  T a b le  I for 0 .0 5  M  b e n z e n e  a t  2 9 5 ° K  
agrees w ell w ith  v a lu es  rep orted  b y  S a n d ro s 4 ’ 15  a n d  
C u n d a ll a n d  cow o rk ers1 3 ’ 14 for s im ila r  c o n d itio n s . T h e  
p resen t v a lu e  o f  x  =  0 .7 1  for n e a t  b e n z en e  at 2 9 5 °K  (cf. 
1 1 . 2  M  b e n z en e  in T a b le  I) is a rev ision  o f  ou r p revio u s  
v a lu e 3 ow in g  to  im p ro v e m e n ts  in th e  te c h n iq u e s  u se d . 
C u n d a ll a n d  T ip p e t t 2 g ive  x  =  0 -5 7  (th o u g h  th e  d a ta  
sh ow n  in d ic a te  x  =  0 .5 9 )  for n e a t  b e n zen e  a t  2 9 8 ° K . S u c h  
a v a lu e  is o b ta in e d  b y  a ssu m in g  th a t  tr ip le t  tra n sfer  fro m  
b e n z en e  to  e a c h  o f  th e  2 -b u te n e  iso m ers  is c o m p le te  a t  a 
c o n c e n tr a tio n  o f  ~ 0 . 3  M. H o w e v e r, fro m  v a lu e s  o b ta in e d  
for 3fe3r  in  th e  w ork  o f  C u n d a ll a n d  co w o rk ers2 ’21  (a n d  in  
th e  p re sen t w ork a n d  th a t  o f  H e n tz  a n d  P erk e y 3 for tr a n s 
fer to  fr a n s -2 -o c te n e ), it  ap p ea rs  th a t  th e  fra c tio n  o f  b e n 

zen e tr ip le ts  th a t  tra n sfer  to  0 .3  M  o le fin  in  n e a t b e n zen e  
is s ig n ific a n tly  less th a n  u n ity . A p p r o p ria te  co rrection  o f  
th e  C u n d a ll a n d  T ip p e t t  re su lts2 g ives x  =  0 .7 0  for n e a t  
b e n z en e .

T h e  v a lu e  o f  x  is c lea rly  a fu n c tio n  o f  b o th  b e n z en e  
c o n c e n tra tio n  a n d  te m p e ra tu re  {cf. T a b le  I ) . S u c h  b e h a v 
ior ca n  b e  sh ow n  to  re su lt from  a d ifferen ce  in th e  sp ec ific  
ra tes  o f  in te r sy ste m  crossin g , k 4  an d  k g ,  a n d  te m p e ra tu re  
d ep e n d e n c e  o f th e  sp ec ific  rate o f  re a ctio n  3 . R e a rr a n g e 

m e n t o f  eq  I V  gives

X k j f e =  k 4[ k e f m f k j e \ +  k g  ( V I )

in  th e  lin ea r form

Y ( B )  =  f e J X ( B ) ]  +  kg

T h u s , th e  s lo p e  a n d  in terce p t o f  a p lo t o f  eq  V I  for a p a r 
tic u la r  te m p e ra tu re , su ch  as th a t  sh o w n  in  F igu re  .4  for  
2 9 5 ° K , give fe4 a n d  k g ,  re sp ec tiv e ly , for th a t  te m p e ra tu re . 
V a lu e s  o f  Y (B )  a n d  X ( B )  for e a ch  c o n c e n tra tio n  a n d  t e m 
p eratu re  w ere c a lc u la te d  fro m  v a lu e s  o f  x  in  T a b le  I, 
v a lu es  o f  fem a n d  fee (g iv en  in  T a b le  III) d e te r m in e d  b y  
G reg ory  a n d  H e lm a n , 10 a n d  v a lu es  o f  fm a n d  fe o b ta in e d 22

(18) J. Yguerabide, J. C hem . P hys., 49, 1018 (1968).
(19) L. M. S tephenson, D. G. W hitten, G. F. Vesley, and G. S. H am 

m ond, J. A m e r. C hem . S o c ., 88, 3665 (1966).
(20) M. A. Golub and C. L. S tephens, J. P hys. C h e m ., 70, 3576 (1966).
(21) R. B. Cundall and W. T ippett, A d va n . C he m . S e r., No. 82, 387

(1968); R. B. Cundall and P. A. G riffiths , Trans. F a ra d a y  S o c ., 61, 
1968 (1965).

(22) R. M. Thibault, Thesis, U niversity of N otre  D am e, 1972.

The Journal o f  P h ys ica l C h em istry , Vol. 77, No. 9, 1973



Quantum Yield and Lifetime of the Lowest Triplet State of Benzene

TABLE III: Specific Rates of Decay Processes of the Monomer 
Excited Singlet and Excimer Singlet of Benzene11

295°K 195°K

k 2» 2.58 ±  0.12e 1.56 ±  0.11e
k 3 24.6 ±  0.9 0.0 ±  0.8
k i 8.7 ±  0.5 8.7 ±  0.5

35.9 ±  0.3 10.3 ±  0.2
k P 0.56 ±  0.03 0.40 ±  0.02
kg 0.3 ±  3 0.6 ± 3
kg 35.0 ±  2.8 35.0 ±  2.8
keb 35.9 ±  0.3 36.0 ±  0.6

acific rate. units of 106 sec-1. b Reference 10. c Standard devia-
tion.

fro m  th e  b e n z e n e  flu o re sce n ce  q u a n tu m  y ie ld s  o f  H ir a y a -
m a  an d  L ip s k y . 9 W ith in  th e  e x p e r im e n ta l error, fe4 a n d  kg
w ere fo u n d  to  be in d e p e n d e n t o f  th e  te m p e ra tu re ; th e r e 
fore , for e a ch  o f  th e se  sp ec ific  ra te s , th e  s ta n d a r d -d e v ia 
tio n  w eig h te d  av erag e  o f  v a lu es  o b ta in e d  a t b o th  te m p e r a 
tu res is g iv en  in  T a b le  III for e a ch  te m p e ra tu re .

T h e  re su lts  g iv en  in  T a b le  III sh o w  th a t  th e  sp ec ific  rate  
o f  in te r sy ste m  crossin g  for th e  e x c im e r  s in g le t, kg, exceed s  
th a t for th e  m o n o m e r  e x c ited  s in g le t , kit b y  a fa c to r  o f  4 . 
P o ssib le  ca u ses  are (1 )  th e  sm a lle r  en ergy g a p  b e tw ee n  th e  
e x c im e r  a n d  tr ip le t  s ta te s , b y  th e  ex c im er  b in d in g  en ergy  
o f  0 .2 6  e V , 10 (2 )  th e  n ear reso n a n ce  b e tw ee n  th e  e x cim er  
an d  3E iu  s ta te s , 23 or (3 ) larger c o u p lin g  fa cto rs  b etw een  
th e  e x c im e r  a n d  tr ip le t  s ta te s .24 T h e  fa c to r  o f  4  d ifferen ce  
b e tw ee n  k± a n d  kg c a u ses  a c h a n g e  in  x  as re la tiv e  c o n 
ce n tra tio n s  o f  m o n o m e r  e x c ite d  s in g le t  a n d  e x c im e r  s in 
g le t are v a rie d  b y  ch a n g e s in  b e n z en e  c o n c e n tra tio n  or 
te m p e ra tu re . F ro m  re su lts  s u m m a r iz e d  in  T a b le  III, xm  
=  ki/km is 0 .2 4  a t  2 9 5 ° K  an d  0 .8 4  a t  1 9 5 °K  w h ile  xe =  
kg/ke is 0 .9 7  a t  b o th  te m p e ra tu re s  T h e  v a lu es  o f  xm  a n d  
Xe corresp on d  to  x  in  th e  lim its  o f  a ll m o n o m e r  e x cited  
sin g le t a n d  all e x c im e r  s in g le t, re sp ec tiv e ly .

G reg ory  a n d  H e lm a n , 10 fro m  th e ir  s tu d y  o f  th e  flu o re s
c en ce  life tim e  o f  b e n z e n e , o b ta in  k\ = 8.4 X 106 s e c - 1  b y  
assuming te m p e ra tu re  in v a ria n c e  o f  k±. S u c h  a resu lt an d  
a ssu m p tio n  are in  a ccord  w ith  re su lts  o f  th e  p resen t w ork. 
S a n d ro s 15  a lso  h as c o n c lu d e d , fro m  m e a su r e m e n ts  o f  b e n 
zen e  flu o rescen ce  a n d  se n sitiz e d  b ia c e ty l lu m in e sc e n c e , 
th a t  ki is in d e p e n d e n t o f  te m p e ra tu re . H o w e v e r , su ch  
te m p e ra tu re  in d e p e n d e n c e  o f  fe4 ca n  n o t b e  reco n ciled  
w ith  an  a c tiv a tio n  en erg y  o f  0.097 e V  o b ta in e d  for rea ctio n  
4 b y  C u n d a ll a n d  R o b in s o n ,14 n or is th e ir 12 rep orted  t e m 
p eratu re  d ep e n d e n c e  o f  ke in  a c co rd  w ith  th e  resu lts  o f  
G reg ory a n d  H e lm a n 10 ( : / .  T a b le  III ) .

T a b le  III in c lu d e s  v a lu e s  for kg a n d  ky c a lc u la te d  b y  
m u ltip lic a tio n  o f  k m a n d  ke in  T a b le  III b y  v a lu es  o f  
k2/km a n d  k7/ke, re sp e c tiv e ly , o b ta in e d  b y  H ir a y a m a  an d  
L ip s k y .9 T h u s , w ith  th e  p resen t re su lts  for fc4 a n d  kg, the  
v a lu es  g iven  in  T a b le  IE  for k3 a n d  k8 are c a lc u la te d  from  
km = k2 + k3 + ki a n d  ke =  +  k8 +  kg. T h e  te m p e r a 
tu re d ep e n d e n c e  o f  k3 is in  a c co rd  w ith  p rev io u s a rg u 
m e n ts 1 0 ’ 1 5 ’ 25 th a t  te m p e ra tu re  d e p e n d e n c e  o f  th e  sp ecific  
ra te  o f  n o n ra d ia tiv e  d e c a y  o f  th e  m o n o m e r  e x c ite d  sin g le t  
is a ttr ib u ta b le  to  an  a c tiv a te d  in tern a l c o n v ersio n . W ith in  
th e  e x p e r im e n ta l error, sp ec ific  ra tes  o f  in tern a l c o n v e r
sio n  are zero for th e  e x c im e r  s in g le t  (ks in  T a b le  IE )  a n d  
th e  low est v ib ro n ic  lev e l o f  th e  m o n o m e r e x c ite d  sin g le t  
(n o te  k3 a t  1 9 5 ° K ) . S u c h  resu lts  for k3 a n d  kg are in c o n 
tr a st  w ith  v a lu es  for p y ren e  a t  2 9 3 °K  of26 k3 <  10 5 sec  1 

a n d  k3 = 6 .3  x  10 6 s e c - 1 , w ith  o n ly  kg b e in g  te m p e ra tu re  
d e p e n d e n t . 27 H o w e v e r, th e  b e h a v io r  o f  in te r sy ste m -c r o ss 
in g  sp ec ific  ra tes for p y ren e 26 a n d  severa l o th er e x c im e r - 
fo rm in g  a r o m a tic s 28 is s im ila r  to  th a t  sh ow n  in  T a b le  III 
for b e n zen e .

T h e  resu lts  in  T a b le  I sh ow  th a t  3k3r is d e p e n d e n t on  
b e n z en e  c o n c e n tra tio n . W it h  th e  k in e tic  sc h e m e  a d o p ted , 
su c h  a co n c e n tra tio n  d ep e n d e n c e  is a sc rib ed  to  3r  b e in g  
given  b y  (k12 +  & i3 [ B ] ) _ 1 . T h u s

(3fc3r ) _1 =  knl3k + k13[B]/3k (V II )

F or th e  so lv e n t c o m p o sitio n s  o f  T a b le  I, w h ich  range from  
0 .0 5  M  to  n e a t b e n z e n e  (1 1 .2  M), m o le  fra c tio n  N  is th e  
ap p ro p ria te  c o n c e n tra tio n  u n it  for b e n z en e  in  eq  V II . T h e  
p r o b a b ility  P th a t  a m o le c u le  o f  tr ip le t  b e n z en e  w ill su r 
v ive  q u e n c h in g  b y  g r o u n d -s ta te  b e n zen e  m o le c u le s  for a 
tim e  t is g iven  b y  eq  ’'/I I I  in  w h ich  p  is t h e  p ro b a b ility  
th a t  a m o le c u le  o f  tr ip le t  b e n z en e  w ill be q u e n ch e d  b y  a

P =  (1 -  pN) Zvt (V II I )

n e a rest-n e ig h b o r  b e n z en e  m o le c u le  d u rin g  a ju m p  p eriod , 
Z is th e  to ta l n u m b e r  o f n e a r e st -n e ig h b o r  m o le c u le s , and  
v is th e  ju m p  fre q u e n c y . F or pN  -C  1 in  eq V III , P = e~PNZ,t 
a n d , th erefore , th e  p se u d o -firs t-o r d e r  sp ec ific  ra te  o f  re a c 
tio n  13  ( i.e., fei3 [B ]) co rresp o n d s to  pZvN w ith  k33 = pZv 
a n d  [B ] =  N.

In  F igu re 5 , th e  re su lts  in  T a b le  I for 2 9 5 °K  are p re se n t
ed  in th e  fo rm  o f  a p lo t o f  (3fe3r ) _ 1  vs. N w ith  a stra ig h t  
lin e  th a t  is a w eig h te d  le a st-sq u a r e s  fit  to  th e  d a ta . T h e  
lin e  h a s  a s lo p e , e q u a te d  to  k13/3k, o f  (4 .9  ±  0 .4 )  x  1 0 ~ 2

1109
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5 1 , 2259 (1969).
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Figure 5. Plot of (3k3r ) -1 vs. mole fraction of benzene for re
sults in Table I at 295°K.

M  a n d  (th o u g h  n o t e v id e n t in  F igu re  5 ) a m e a n in g fu l in 
te rc e p t, e q u a te d  to  k\2/3k, o f  ( 3 .0  ±  0 .9 )  x  1 0 - 4  M ;  su ch  
re su lts  g ive  fei3 / ^ 1 2  =  1 .6  X 102 . T h a t  th e  in terc e p t is 
m e a n in g fu l is e v id e n t fro m  th e  d a ta  in  T a b le  I  for 0 .0 5  M  
a n d  n e a t b e n z en e  a lo n e . F or 0 .0 5  M  b e n z e n e , (3fe3 r ) - 1  =  
6 .2  X 1 0 - 4  M  a n d  is n e ce ssa r ily  larger th a n  k12/3k (cf. eq  
V I I ) . T h u s  k\2f 3k m a k e s  n o  s ig n ific a n t co n tr ib u tio n  to  
(3fe3 r ) - 1  =  4 .9  X 1 0 - 2  M  o b ta in e d  for n e a t b e n z e n e  a n d , 
th erefore , k13/3k =  4 .9  X 1 0 - 2  M. S u c h  a v a lu e  m u lt i 
p lied  b y  IV =  6 .4  X 1 0 - 3  for 0 .0 5  M  b e n zen e  g ives 3 .1  X 
1 0 - 4  M  w h ic h , w h en  su b stra c te d  fro m  ( 3fe3r ) - 1  =  6 .2  x  
1 0 ~i M for 0 .0 5  M  b e n z e n e , g ives k\2f 3k =  3 .1  x  10~i M.

B e n sa sso n , et al. , 11  h av e  rep orted  a p u lse  ra d io ly sis  
s tu d y  o f th e  tra n sfe r  o f  tr ip le t  e x c ita tio n  fro m  b e n z en e  to  
a n th ra ce n e  in  c y c lo h e x a n e  so lu tio n s . L ife t im e  o f  th e  b e n 
zen e  tr ip le t  w as fo u n d  to  d ep e n d  on  b e n z en e  c o n c e n tr a 
tio n , a n d  k13 =  1 . 8  x  1 0 7 M - 1  s e c - 1  w as o b ta in e d  fro m  
re su lts  for so lu tio n s w ith  [B] <  1 .1  M  M u lt ip lic a t io n  o f  
su c h  a v a lu e  b y  th e  m o la r ity  o f  n e a t  c y c lo h e x a n e  (9 .2 5  M) 
gives fei3 =  1 .7  x  10 s s e c - 1  for th e  m o le -fr a c tio n  sp ec ific  
ra te . F ro m  pZv =  k13 = 1 .7  X 10 s s e c - 1  w ith  e s tim a te d  
v a lu es  o f  Z  =  12 a n d  » =  2 X  10 10 s e c - 1 , p = 7 X 1 0 - 4  is 
c a lc u la te d . T h u s , th e  c o n d itio n  pN  <c 1  is sa tis fie d  for all 
v a lu es  o f  N. C le a rly , q u e n c h in g  o f  tr ip le t  b e n z en e  b y  
g r o u n d -sta te  b e n z en e  is a  re la tiv e ly  im p ro b a b le  p rocess  
th a t  req u ires m a n y  en c o u n te rs . L a n g e la a r 29 h a s  o b served  
a s im ila r  low  p r o b a b ility  o f  tr ip le t  s e lf-q u e n c h in g  for se v 
eral p o ly a c e n es  in  e th a n o l.

T h e  v a lu e  k13 = 1 .7  X 10 8 s e c - 1  co rresp on d s to  a tr ip le t  
life tim e  in  n e a t b e n zen e  o f  6  n se c . W it h  ki3/ki2 = 1 .6  X 
10 2, 3 r0 =  (k±2) 1  =  1 .0  ±  0 .4  jisec is o b ta in e d  for th e  life 
t im e  o f tr ip le t  b e n z en e  a t  in fin ite  d ilu tio n  o f  b e n z en e  w ith  
M C H . S u c h  a v a lu e  is c o n siste n t w ith  3r  =  2 ¿¿sec (b a se d  
on 3k =  5 X 10 9 M - 1  s e c - 1  for tr ip le t  tra n sfer  to  b ia c e ty l)  
rep o rted  b y  S a n d ro s 4 for 0 .0 2 9  M  b e n z en e  in  cy c lo h e x a n e . 
O w in g  to  th e  p o ss ib ility  o f  im p u r ity  q u e n c h in g , 3 t 0 =  1 .0  
±  0 .4  /¿sec is n e ce ssa r ily  a low er lim it  to  th e  life tim e  for  
u n im o le c u la r  d e c a y  o f  tr ip le t  b e n z en e  in  th e  liq u id  p h ase  
at 2 9 5 ° K . In  a p re v io u s s tu d y , 3 3k3r =  76  M - 1  a n d  3k3r —

TABLE IV: Specific Rates of Decay Processes of the Monomer 
Excited Singlets of Toluene and p-Xylene at 295°Ka

f<2 f<3 ^4

Toluene 5.06 12 12.4
p-Xylene 13.3» 1 19.0

a Units o f 106 s e c - 1 . 6 R eference 34.

61 A T  1 w ere o b ta in e d  fqr th e  tr ip le t  tran sfers fro m  b e n 
zen e to  3 ,5 -c y c lo h e p ta d ie n o n e  a n d  trans-stilbene, re sp e c 
t iv e ly , in  n e a t  b e n z e n e . W it h  th e  a ssu m p tio n  o f  a d iffu 
sio n -c o n tro lle d  3k = 1 0 10 M _ 1  s e c - 1 , 3t ~ 1  n sec  w a s e s 
t im a te d  for n e a t b e n z e n e . T h u s , th e  p rev io u s re su lts  a n d  
co n c lu sio n s  are in  a c co rd  w ith  3r  =  6  n sec  o b ta in e d  for  
n e a t  b e n z e n e  fro m  th e  resu lts  o f  B e n sa sso n , et al. 11  U s e  o f  
th e  la tte r  v a lu e  g iv es  3k =  1 .3  x  10 10 a n d  1 .0  X  1 0 10 M - 1  

s e c - 1  for th e  tr ip le t  tran sfers fro m  b e n z e n e  to  3 ,5 -c y c lo -  
h e p ta d ie n o n e  a n d  trans-stilb e n e , re sp e c tiv e ly . In  th e  sa m e  
m a n n e r , w ith  e ith e r  k13/3k =  4 .9  X  1 0 - 2  M  (fr o m  th e  
slo p e  o f  th e  lin e  in  F igu re  5 ) or 3k3T =  2 0 .4  M - 1  for n e a t  
b e n z en e  (cf. T a b le  I ) ,  3k = 3 .4  X  10 9 M _ 1  s e c - 1  is o b 
ta in e d  for th e  tr ip le t  tran sfer to  trans-2-octene. S p e c ific  
ra tes  a b o u t  e q u a l to  th a t  for th e  tr ip le t  tra n sfer  to  trans - 
2 -o c te n e  are o b ta in a b le  fro m  v a lu e s  o f  3k3r fo r  tr ip le t  
tra n sfer  to  th e  2 -b u te n e  iso m ers in  n e a t b e n z e n e .2 ’21 

C o m p a riso n  o f  th e  a lk en e  sp ec ific  ra tes  w ith  th o se  for
3 ,5 -c y c lo h e p ta d ie n o n e  a n d  trans-s t ilb e n e  su g g e sts  th a t  
tr ip le t  tra n sfer  fro m  b e n z en e  to  th e  a lk en es is n o t d iffu 
s io n  co n tro lled  (o w in g , p erh a p s, to  th e  s m a ll  d ifferen ce  
b e tw ee n  b e n z en e  a n d  a lk en e  tr ip le t  en ergies30-31).

T h e  re su lts  in  T a b le  I for 3k3r a t  1 9 5 °K  are n o t a d e 
q u a te  for d e te r m in a tio n  o f  ki2/3k a n d  ky3/3k w ith  s u ffi 
c ie n t p recisio n  for d e te c tio n  o f  an  e ffe c t o f  te m p e ra tu re  on  
th e  ra tio s . H o w e v e r , s im p le  c o m p a riso n  o f  v a lu e s  in T a b le  
I for 3k3r a t  195  a n d  2 9 5 °K  su g g ests  litt le  or n o  e ffe c t o f  
te m p e ra tu re . T h u s , b e ca u se  sm a ll a c tiv a tio n  en ergies are  
e x p e c te d  in  3k (w h ic h  is close  to  d iffu sio n  co n tro lled ) a n d  
ki2 (p e rh a p s 32 2 .0 - 2 .3  k ca l m o l - 1 ) , a sm a ll a c tiv a tio n  
en ergy  is in d ic a te d  for rea ctio n  1 3 . C o n se q u e n tly , th e  low  
p r o b a b ility  o f  re a ctio n  13 per e n c o u n te r , w h ich  co rre 
sp o n d s  to  a p r o b a b ility  o f  rea ctio n  per u n it  t im e  o f  pv ~
1 .4  x  1 0 7 sec 1, ap p ea rs  to  require an  a p p re c ia b le  n e g a 
tiv e  e n tro p y  o f  a c tiv a tio n .

T h e  re su lts  in  T a b le  II for to lu en e  a n d  p -x y le n e  are p re 
se n te d  for c o m p a riso n  w ith  th e  b e n z en e  r e su lts ; fo r  in te r 
p re ta tio n , th e  b e n z e n e  k in e tic  sc h e m e  is a d o p te d  w ith  B  
d e n o tin g  to lu e n e  or p -x y le n e . W it h  cy c lo h e x a n e  as so lv e n t  
a t 2 9 3 ° K , S a n d r o s 4 h as o b ta in e d  x  =  0 .5 3  for 0 .0 3  M  to lu 
en e an d  x  =  0 .6 3  for 0 .0 1 8  M  p -x y le n e  fro m  s tu d y  o f  th e  
se n sitiz e d  lu m in e sc e n c e  o f  b ia c e ty l. S u c h  v a lu e s  are  
so m e w h a t h ig h er th a n  th o se  in  T a b le  II fo r  c o m p a ra b le  
c o n d itio n s . B e c a u se  e x c ite d  sin g le ts  o f  th e  a r o m a tic  se n s i
tizers  d e c a y  a lm o s t  en tire ly  fro m  th e  m o n o m e r  fo rm  at  
2 9 5 °K  a n d  0 .0 5  M  se n sitize r  ( / m >  0 .9 9 33), th e  v a lu e s  o f  x  
in  T a b le  II for su c h  co n d itio n s co rresp on d  to  h^jkm. T h u s ,

(29) J. Langelaar, unpublished results  c ited In J. B. B irks, "P ho tophyslcs 
of A ro m atic  M o lecu les ,”  W iley -ln te rsc ie n ce , New Y ork  N Y 
1970, p 347.'

(30) W. G. H erks troe te r and G. S. H am m ond, J. Amer. Chem. Soc., 88, 
4769 (1966).

(31) M. W. S chm id t and E. K. C. Lee, J. Amer. Chem. Soc., 92, 3579 
(1970).

(32) I. H. Leubner and J. E. H odgkins, J. Phys. Chem., 73, 2545
(1969).

(33) J. B. B irks, C. L. Braga, and M. D. Lumb, Proc. Roy. Soc., Ser. A, 
283, 83 (1965).
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Photolysis of Carbonatoamine Complexes of Cobalt (III) 1111

w ith  km =  k2 +  k3 +  k± a n d  v a lu e s  g iv en  b y  B e r lm a n 34 

for km a n d  k2, th e  re su lts  p re sen te d  in  T a b le  I V  are o b 
ta in e d . C o m p a r iso n  o f  re su lts  for 2 9 5 ° K  in  T a b le s  III an d  
I V  sh ow s th a t  k2 a n d  kA in crease  a n d  k3 d ec rea ses  w ith  in 
crease in  th e  d eg ree  o f  b e n z en e  m é th y la tio n . S u c h  b e h a v 
ior o f  k2 h a s  b e e n  a ttr ib u te d  to  re d u c tio n  o f  th e  s y m m e tr y  
a n d , th e r e b y , re m o v a l o f  s y m m e tr y  restr ictio n s on  th e  
ra d ia tiv e  tr a n s it io n .34 T h e  in crease  in  k± m a y  resu lt fro m  
an  in crease in  s p in -o r b it  c o u p lin g  w ith  re p la c e m e n t o f  a 
h yd rogen  a to m  b y  a m e th y l g r o u p .2 -  T h e  d ec rea se  in k3 is 
co n siste n t w ith  th e  f in d in g  b y  S a n d r o s 15  th a t  k 3 o f to lu 
en e h a s  a larger a c tiv a tio n  en ergy  th a n  k3 o f  b e n z e n e . T h e  
in fo rm a tio n  n e ce ssa ry  for c a lc u la tio n  o f  sp ec ific  ra tes fro m  
v a lu es o f  x  is n o t a v a ila b le  for to lu en e  a n d  p -x y le n e  at  
1 9 5 °K .

T h e  s m a ll  y ie ld  o f  p h o to p ro d u c t o b serv ed  in  th e  p resen t  
w ork  (c /. R e su lts )  in crea ses  w ith  in crease  in  th e  co n ce n 

tr a tio n  o f  tr a n s -2 -o c te n e  a n d , th erefo re , ap p ea rs  to  be a 
p ro d u c t o f  p h o to a d d itio n  o f  th e  o le fin  to  th e  a r o m a tic . It  
h a s b e e n  su g g e ste d  th a t  th e  a c tiv a te d  in tern a l co n version  
re p re se n te d  b y  re a c tio n  3 is a sso c ia te d  w ith  fo rm a tio n  o f  
b e n z e n e  iso m ers (b e n z v a le n e  a n d  fu lv e n e ) a n d  p h o to a d d i
tio n  o f  o le fin s to  b e n z e n e .35 In  a c co rd  w ith  su c h  a su g g e s 
tio n , th e  p h o to p ro d u c t y ie ld  in crea ses  w ith  d ecrease  in  
b e n z e n e  c o n c e n tra tio n  a n d  ch a n g es in  th e  sa m e  d irection  
as k3/km (cf. T a b le s  III a n d  I V )  w ith  c h a n g e  in te m p e r a 
tu re a n d  in th e  d egree o f  b e n z en e  m e th y la tio n .

(34) I. B. Berlm an, "H andbook of F luorescence  S pectra  of A rom atic  
M o lecu les ,”  2nd ed, A cadem ic  Press, N ew  Y ork, N. Y ., 1971, p 69.

(35) D. B ryce-Sm ith, P u re  A p p l. C h e m ., 16, 62 (1968).

Behavior of C 0 3~ Radicals Generated in the Flash Photolysis of 
Carbonatoamine Complexes of C obalt(lll) in Aqueous Solution1

Schoen-nan Chen, Virgil W. Cope,2 and Morton Z. Hoffman*

D e p a r tm e n t o f C h e m is try , B o s to n  U n iv e rs ity , B o s to n , M a s s a c h u s e tts  0 2 2 1 5  (R e c e iv e d  O c to b e r  27, 1972 )

T h e  f la sh  p h o to ly sis  o f  C o ( N H 3 ) 4C 0 3 + in  a q u eo u s  so lu tio n  gen era tes th e  C 0 3 _  ra d ic a l w h ich  is ch a ra c 
terize d  b y  its  a b so r p tio n  sp e c tru m  w ith  Amax 6 0 0  n m  a n d  its  se c o n d -o rd e r  d e c a y  k in e tic s . T h e  ra d ic a l is 
a lso  g e n e ra te d  fro m  C o (N H ,3)gC 0 3  * a n d , to  a lesser  e x te n t, fro m  C o (e n ) 2C 0 3 + .  B y  m o n ito rin g  th e  d ec a y  
o f  th e  C 0 3 _  a b so r p tio n  as a fu n c tio n  o f  th e  co n c e n tra tio n  o f  a d d e d  sca v en g er so lu te s , v a lu e s  o f  f e ( C 0 3 

+  S ) h a v e  b e e n  o b ta in e d  for so m e  organ ic a n d  in o rga n ic  so lu tes . In  p a rtic u la r , k(C03 +  in d o le -3 -p r o p i-
o n ic  a c id ) w a s d e te r m in e d  as a fu n c tio n  o f  io n ic  stren g th  a n d  p H ; a t  p H  7 , k is in d e p e n d e n t o f  ionic  
str e n g th  w h ile  a t  p H  12 th ere  is a p o sit iv e  d ep e n d e n c e  o f  log  k vs. p1'2. F ro m  th e  d a ta  it is co n clu d ed  
th a t  a t  p H  7 th e  ra d ic a l m u s t  e x is t  in  its  a c id ic  fo rm , C 0 3H , w ith  a pK& =  9 .6  ±  0 .3 . T h e  d ep e n d e n c e  o f  
k on  p H  a t  c o n sta n t io n ic  stren g th  for IV -a c e ty ltry p to p h a n  a n d  /8 , /T -d ith io d ip r o p io n ic  a c id  su p p o rts  th e  
m o d e l p re sen te d  as d o e s  th e  la c k  o f  a p H  d ep e n d e n c e  for in d o le .

I n tr o d u c t io n

T h e  CO3 ra d ic a l c a n  b e  ge n e ra te d  ra d io ly tic a lly  in  
a q u eo u s so lu tio n  th ro u g h  th e  in tera c tio n  o f  OH ra d ica ls  
a n d  c a r b o n a te . 3-5 H o w e v e r , a lth o u g h  th e  re a ctio n  o f  OH 
ra d ica ls  w ith  CO,32 to  fo rm  CO3 is  o n ly  m o d e ra te ly  fa st  
(k = 4 .2  x  10 8 M 1 s e c - 1 ) , th e  co rresp o n d in g  rea ctio n  
w ith  CO3H- is c o n s id e r a b ly  s low er (k =  1 .5  X  10 7 M - 1  

s e c - 1 ) . 6 A s  a  re su lt , th e  u se  o f  th e  p u lse  ra d io ly tic  te c h 
n iq u e  to  o b serv e  a n d  c h a ra cterize  th e  CO3“ ra d ic a l h as  
b een  lim ite d  to  s tu d ie s  in  ra th er s tro n g ly  a lk a lin e  s o lu 
tio n . T h e  sp e c tru m  o f  C0 3_, w ith  its  a b so r p tio n  m a x i 
m u m  a t 6 0 0  n m , h a s  b e e n  reco rd ed  a t  p H  v a lu e s  a t  w h ich  
th e  CO32“ c o n c e n tra tio n  ca n  b e  m a in ta in e d  n ear 0 . 1  M; 
th e  pK  for th e  e q u ilib r iu m  C0 3H~ ^  H + +  CO32“ is 
1 0 .3 6 . T h e  ra d ic a l sp e c tru m  h a s  a lso  b e e n  gen era ted  in  
th e  d ire ct f la sh  p h o to ly s is 7 o f  CO32“ a t p H  1 2 .8  a n d  in  
th e  fla sh  p h o to ly s is  o f  H2O2 so lu tio n s 8 c o n ta in in g  CO32“ . 
In  th e  la tte r  ca se , th e  sp ec tra  o b ta in e d  (fr o m  th e  p h o to -  
ly tic  d e c o m p o sit io n  o f  H2O2 to  fa rm  OH ra d ic a ls  w h ich  
th en  a tta c k  C0 32 ) in  th e  p H  ran ge  8 -1 3  h a d  id en tic a l

Amax- T h e  o b serv a tio n  o f  a la c k  o f  a  sp ec tra l c h a n g e  for 
C 0 3 “  as a fu n c tio n  o f  p H  w as ta k e n  as ev id e n c e  th a t  th e  
ra d ica l d id  n o t u n d erg o  a c id -b a s e  e q u ilib r iu m  in  th a t  re 
g ion ; th e  a c id -b a s e  fo rm s o f  m a n y  ra d ic a ls  e x h ib it  d iffe r 
e n t a b so rp tio n  s p e c tr a . 9 H o w e v e r , it  m u s t  be p o in te d  ou t  
th a t  a c h a n g e  in  th e  a b so rp tio n  sp e c tru m  is n o t a req u ire 
m e n t for ra d ica l a c id -b a s e  e q u ilib r ia . F or e x a m p le , th e

(1) This research was supported by the  N ational S cience Foundation 
th rough G rant No. GP11213 and the  College Teachers Research 
Program .

(2) P artic ipant, NSF College Teachers R esearch Program , Sum m er 
1971. Perm anent address: D epartm en t o t C hem istry, U nivers ity  of 
M ich igan, F lint College, F lint, M ich. 48503.

(3) G. E. Adam s and J. W. Boag, P ro c . C he m . S o c ., L o n d o n , 112 
(1964).

(4) G. E. Adam s, J. W. Boag, and B. D. M ichae l, Trans. F a ra d a y  S o c .. 
61, 1674 (1965).

(5) G. E. Adam s, J. W. Boag, and B. D. M ichae l, P ro c . R oy. S o c ., Ser. 
A, 287, 321 (1965).

(6) J. L. W eeks and J. Rabanl, J. P hys. C h e m ., 70; 2100 (1966).
(7) E. Hayon and J. J. M cG arvey, J. Phys. C he m ., 71, 1472 (1967).
(8) D. Behar, G. C zapskl, and I. D uchovny, J. P hys. C h e m ., 74, 2206

(1970).
(9) P. Neta, M. S lm lc, and E. Hayon, J. P hys. C he m ., 73, 4207 (1969).
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sp ec tra  o f  th e  CO2H-CO2- 9 a n d  C2O4H-C2O4” 10 p airs  
are v ir tu a lly  id e n tic a l.

T h e  se c o n d -o rd e r  ra te  c o n sta n t (2 /e i) for th e  d ec a y  o f  

C 0 3 -

C O 3 “  +  C 0 3 ~ —»■ p ro d u c ts  (1 )

h a s  b e e n  m e a su r e d  in th e  p u lse  a n d  fla sh  e x p e r im e n ts . 
H a y o n  a n d  M c G a r v e y 7 rep orted  a v a lu e  o f  1 .7  X  10 7 M  1 

s e c - 1  in  th e  a b sen c e  o f  O2 for th e  d irect f la sh  o f  CO32 at  
p H  1 2 .8  in  0 .1  M  N a 2C 0 3 . T h e  fla s h  in  H 2O 28 d oes n ot  
p ro d u c e  u se fu l v a lu e s  for 2fei in a s m u c h  as th e  COg + 
H 2O 2 re a c tio n  is k in e tic a lly  c o m p e titiv e  w ith  re a ctio n  1 . 
T h e  W e e k s  a n d  R a b a n i p u lse  ra d io ly tic  s tu d y 6 sh ow ed  
th a t  in th e  p H  range 1 0 .5 -1 3 .5 ,  2ky h a d  a c o n sta n t v a lu e  
th a t  w as a ffe c te d  o n ly  b y  ion ic s tr e n g th ; a p lo t  o f  log  2ky 
vs. ju1 /2 / ( l  +  0 .4 /i1 /2 ) w a s lin e a r w ith  a  f itte d  slo p e  o f  
u n ity . A n  e x p e r im e n t a t  p H  8 .4  in  1  m M  H C 0 3 ~ is re 

p o rted  b u t  th e  re su lt fa lls  s ig n ific a n tly  b e lo w  th e  lin e . 
F ro m  th ese  io n ic  stren g th  s tu d ie s , a v a lu e  o f  2k\ =  1 .2 5  X  

10 7 M  1 s e c - 1  a t  zero ion ic s tren g th  w as c a lc u la te d . T h e  
p H  in d e p e n d en c e  o f  th e  re c o m b in a tio n  rate  c o n sta n t o f  
th e  ra d ic a l, a p a rt fro m  th e  ion ic stren g th  e ffe c t, w as also  
ta k e n 8 as  ev id e n c e  o f  th e  la c k  o f  ra d ic a l a c id -b a s e  e q u i
lib r iu m  in  th e  p H  ra n ge  stu d ie d . H o w e v e r , th e  p ra c tic a l  
low er l im it  o f  th e  p H  ran ge o f  th e  W e e k s  a n d  R a b a n i  
s tu d y 6 w as 1 0 .5 .

W e  h a v e  a lr e a d y  rep o rte d 1 1  th a t  th e  fla s h  p h o to ly sis  o f  
C o ( N H 3) 4C 0 3 + c a n  serve as a  c o n v e n ie n t sou rce o f  C 0 3 ^ 
ra d ic a ls  in  n e u tr a l a q u eo u s so lu tio n  in  w h ich  th e  ra d ica ls  
ca n  be g e n e ra te d  c le a n ly  fro m  a stro n g ly  a b so rb in g  s u b 
stra te  w ith o u t resort to  io n iz in g  ra d ia tio n  an d  u ltra v io le t  
te c h n iq u e s  in v o lv in g  w ea k ly  a b so rb in g  m a te r ia ls . In  th is  
p a p e r  w e s h a ll e x a m in e  th e  b e h a v io r  o f  C 0 3 gen era ted  
b y  th is  te c h n iq u e  w ith  p a rtic u la r  e m p h a s is  on  th e  a c i d -  
b a se  p ro p erties  o f  th e  r a d ic a l .12

Experimental Section
C o ( N H 3 ) 5 C 0 3 + (a s  th e  n itra te  s a lt )  w as p rep a red  a c 

co rd in g  to  litera tu re  p ro ce d u res13 as  w as C o ( N H 3 )4C 0 3 + 
(a s  th e  ch lo rid e  s a lt ) . 14  C o n v e rsio n  o f  th e  b id e n ta te  c o m 
p le x  to  th e  p erch lo ra te  sa lt  w as a c c o m p lish e d  b y  d isso lv 
in g  th e  ch lo rid e  sa lt  in  a m in im u m  v o lu m e  o f  w ater at  
6 0 ° , filter in g  q u ic k ly , a n d  a d d in g  th e  filtra te  to  an  e q u a l  
v o lu m e  o f  5 0 %  N a C IC U  so lu tio n  ( w /v ) .  A  b r ig h t p u rp le  
so lid  w as o b ta in e d  a fter  1  hr a t  0 ° w h ic h  w as filtered , 
w a sh e d  w ith  a lc o h o l-e th e r , a n d  air d ried . R e c r y s ta lliz a 
tio n  d id  n o t c h a n g e  th e  a b so rp tio n  sp e c tru m  o f  th e  c o m 
p le x  w h ich  c o m p a re d  v ery  w ell w ith  th e  lite ra tu r e .15 

[C o (e n )2C 0 3] C 1 0 4  w a s p re p a re d 16  fro m  [C o (e n )2C l]C l  
w h ich  in  tu rn  h a d  b e e n  p rep a red  b y  th e  p ro ced u re  o f  B a i-  
la r .17  A ll  so lu tio n s w ere p rep a red  fro m  tr ip ly  d istilled  
w ater w h ich  h a d  b e e n  ra d io ly z e d  a n d  p h o to ly z e d . P h o s 
p h a te  w a s u se d  to  b u ffe r  th e  so lu tio n s  a t  p H  4 - 9 .

F la sh  p h o to ly s is  w as p erfo rm ed  u sin g  a 2 2 -c m  o p tic a l  
ce ll a n d  p ro ced u res w h ich  h av e  a lrea d y  b e e n  re p o r te d .1 8 ’19 

F or m o n ito rin g  th e  6 0 0 -n m  region , a H a m a m a ts u  R 1 3 6  
P M  tu b e  w as o p e ra te d  a t  a b o u t 6 0 0  V . T h e  lin e a rity  o f  
th e  d e te c tio n  sy s te m  w as ch eck ed  a n d  fo u n d  to  b e  s a t is 
fa c to r y . A  g la ss  filter  (C o rn in g  3 -7 2 )  w as a lw a y s  in  p la ce  
b e tw ee n  th e  a n a ly z in g  la m p  (O s r a m  150w  X e  la m p )  a n d  
th e  cell a n d  an  e le ctr ic  sh u tter  re str icted  th e  exp osu re  o f  
th e  so lu tio n  to  th e  lig h t . T h e  so lu tio n s  u se d  w ere very  d i 
lu te  ( ~ 5  X  10 5 M) to  en su re  h o m o g e n e o u s  a b so rp tio n  o f  
th e  p h o to ly z in g  fla sh  a n d  th e  d istr ib u tio n  o f  tra n sie n t  
sp ec ies  in th e  c e ll. T r a n s ie n t  a b so r p tio n  sp ec tra  w ere o b 
ta in e d  fr o m  th e  o p tic a l d e n sity  o f  th e  a b so r p tio n  m e a 

su red  5 0  /¿sec a fter  th e  sta rt  o f  th e  fla sh  a s  a fu n c tio n  o f  
m o n ito r in g  w a v e le n g th . R a te  c o n sta n ts  w ere c a lc u la te d  
fro m  a  le a st-sq u a r e s  c o m p u te r  fit  o f  th e  d a ta  to  th e  a p p r o 
p ria te  ra te  la w .

A t  p H  < 4 .5 ,  w h ere th e  a c id -c a ta ly z e d  th e r m a l a q u a tio n  
o f  C o ( N H 3 ) 4C 0 3 + b e c o m e s  r a p id , 20 th e  u se fu l life  o f  th e  
so lu tio n  w a s a b o u t  5 m in . In  th e se  ca ses , th e  so lid  sa lt  
w a s a d d e d  to  th e  p h o sp h a te  b u ffe r  so lu tio n  a t  th e  la st  
m o m e n t  a n d  a ll su b se q u e n t p ro ced u res  w ere ca rried  o u t  
as ra p id ly  as p o ssib le  (u su a lly  w ith in  1 .5  m in ) . S im ila r ly  
in  a lk a lin e  so lu tio n  ( p H  > 1 1 ) ,  so lu tio n s  w ere p re p a re d  d i
re ctly  fro m  th e  sa lt  in  order to  m in im iz e  b a s e -c a ta ly z e d  
h y d r o ly s is .21  A lte r n a tiv e ly , in  n e u tr a l or m ild ly  a lk a lin e  
so lu tio n , a fresh  sto c k  so lu tio n  o f  0 .0 1  M  C o ( N H 3 )4C 0 3+  
w a s u se d  to  p re p a re d  th e  so lu tio n s for fla sh in g . T h e  s o lu 
tio n s for fla sh in g  w ere p rep ared  in  less  th a n  1  m in  a n d  th e  
sto c k  so lu tio n  w as d isca rd ed  w ith in  2  hr o f  p re p a ra tio n . 
F or e x p e r im e n ts  in v o lv in g  C o ( N H 3 )5 C 0 3+ ,  th e  fla sh  so lu 
tio n  w as p re p a re d  d ire c tly  fro m  th e  so lid  a n d  w as n ever at 
p H  < 9 .5  b e c a u se  o f  th e  very  ra p id  h y d ro ly sis  o f  th e  c o m 
p le x .22 A l l  so lu tio n s  w ere d isca rd ed  a fter  on e  fla s h . S in c e  
O 2 h a d  n o  e ffec t on  th e  k in etics  o f  th e  tr a n s ie n t sp ec ies , 
a ir -sa tu r a te d  so lu tio n s  w ere u se d  d ire c tly  as p re p a re d . 
T h e  ion ic s tren g th  o f  th e  so lu tio n  w a s e s ta b lis h e d  b y  th e  
p h o sp h a te  b u ffe r , a d d e d  N a C IC U , or th e  K O H  in  a lk a lin e  
so lu tio n .

Results
Irra d ia tio n  o f  C o ( N H 3 )4C 0 3+ a t  2 5 4  n m  in  its  in ten se  (e 

> 1 0 3 M  1  c m - 1 ) lig a n d -to -m e ta l  ch arge  tra n sfe r  b a n d  
g en era tes  C o 2 * a n d  C o ( N H 3 ) 4( O H 2) 23+  w ith  q u a n tu m  
y ie ld s  in  n e u tra l so lu tio n  o f  0 .0 6  a n d  0 .1 , r e sp e c tiv e ly . Ir 
ra d ia tio n  in  th e  p resen ce  o f  1 M  2 -p ro p a n o l in  d ea era ted  
so lu tio n  ca u ses  <p(Co2 1) to  d o u b le  su g g e stin g  th e  p resen ce  
o f  a ra d ic a l w h ich  ca n  o x id ize  th e  a lc o h o l g e n e ra tin g  th e  
stro n g ly  re d u cin g  ( C H 3) 2C O H  ra d ic a l w h ich  ca n  re a tta c k  
th e  su b stra te .

F igu re 1 sh ow s th e  a b so rp tio n  sp e c tru m  o f  th e  tra n sie n t  
sp ec ies w ith  Amax 6 0 0  n m  fro m  th e  fla sh  p h o to ly s is  o f  7 .0  
x  1 0 ~ 5 M  C o ( N H 3 ) 4C 0 3+ so lu tio n  a t  p H  6 .4  (w ith  th e  
o p tic a l d e n s ity  rea d  5 0  /xsec a fter  th e  s ta rt  o f  th e  f la sh )  
w h ich  is id e n tic a l w ith  th a t  o f  th e  C O 3 ra d ic a l g e n e ra te d  
b y  p u lse  ra d io ly s is 3 -6 ’ 8 fro m  th e  re a ctio n  o f  O H  ra d ic a ls  
w ith  C 0 32 or b y  th e  fla sh  p h o to ly s is 7 o f  C 0 32 ~ .  T h e  
in te n s ity  a n d  p o sit io n  o f  th e  a b so r p tio n  m a x im u m  w as n o t  
a ffe c te d  b y  th e  p resen ce  o f  O 2 , b y  th e  p H  o f  th e  so lu tio n  
( 3 - 1 3 ) ,  n or b y  th e  te m p e ra tu re  ( 1 4 -3 7 ° ) .  T h e  s a m e  tr a n 
sie n t a b so r p tio n  w as a lso  o b ta in e d  fro m  th e  fla s h  p h o to ly -

(10) N. G etoff, F. S chw orer, V. M. M arkov ic , K. Sehested, and S. O. 
N ielsen, J. P hys. C he m ., 75, 749 (1971).

(11) V. W. Cope and M. Z. H offm an, C hem . C o m m u n ., 227 (1972).
(12) A p re lim inary  a ccoun t o f th is  w ork has a lready been published: S. 

-N . Chen and M. Z. H offm an, C he m . C o m m u n ., 991 (1972).
(13) F. Basolo and R, K. M urm ann, In o rg . S yn ., 4, 171 (1953).
(14) A. B. Lamb and E. B. Dam on, J. A m e r. C he m . S o c ., 59, 383 

(1937).
(15) Y. S h im ura and R. Tsuchida, B u ll. C hem . S o c . J a p ., 28, 572 

(1955).
(16) M. Linhard and G. Stirn, Z. A n o rg . C h e m ., 268, 105 (1952).
(17) J. C. Bailar, In o rg . S yn ., 2, 222 (1946).
(18) G. C aspari, R. G. Hughes, J. F. E ndicott, and M. Z. H offm an, J. 

A m e r. C hem . S o c ., 92, 6801 (1970).
(19) A. F. Vaudo, E. R. Kantrow itz, M, Z. H offm an, E. Papconstantinou, 

and J. F. E ndicott, J. A m e r. C hem . S o c ., 94, 6655 (1972).
(20) T. P. D asgupta and G. M. H arris, J. A m e r. C hem . S o c ., 91, 3207 

(1969).
(21) D. J. F rancis  and R. B. Jordan, J. A m e r. C hem . S o c ., 89, 5591

(1 96 7 ) ; 91, 6626 (1969).
(22) T. P. D asgupta and G. M. H arris, J. A m e r. C he m . S o c ., 90, 6360

(1 96 8 ) .
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Photolysis of Carbonatoamine Complexes of Cobalt(III) 1113

Figure 1. Spectrum of the C03~ radical from the flash photoly
sis of 7.0 X 10*5 M  Co(NH3)4C0 3 + at pH 6.4. Optical density 
read 50 ¿isec after the start of the flash.

sis o f  C o (e n ) 2C 0 3+ (w ith  a m a rk e d ly  red u ced  y ie ld ) a n d  
C o ( N H 3 )5C 0 3 + .

T h e  a b so rb a n c e  o f  th e  so lu tio n  a t  6 0 0  n m  after th e  
d ec a y  o f  th e  tr a n s ie n t w a s th e  sa m e  as th a t  b efo re  th e  
f la sh . A  se c o n d -o rd e r  p lo t  o f  th e  d e c a y  d a ta  (F igu re  2) 
sh ow s lin e a rity  th ro u g h  a p p r o x im a te ly  6 0 %  o f  th e  d e c a y  
w ith  th e  rate  b e c o m in g  fa ste r  th a n  e x p e c te d  in  th e  fin a l  
sta g es o f  th e  re a c tio n . S u c h  d e v ia tio n s  fro m  c o m p le te  l in 
e a rity  are a lso  sh o w n  for th e  d e c a y  o f  C 0 3 gen era ted  
p u lse  ra d io ly t ic a lly 23 a t  p H  1 0 .2 . I t  is to  be  n o te d  th a t in  
m o re a lk a lin e  so lu tio n , th e  d e c a y  o f  C 0 3 , g en era ted  
p u lse  r a d io ly tic a lly  or fla sh  p h o to ly tic a lly , sh o w s a m ore  
p erfe ct se c o n d -o rd e r  p lo t  (F igu re  2 ) . T h is  e ffe c t h a d  b een  
n o ted  p re v io u sly 6 b u t  n o  reason  for jthis a p p a r e n t c a ta ly tic  
b e h a v io r  h a d  b e e n  a d v a n c e d . M o r e  re c e n tly , 8 it  w as s u g 
gested  th a t  if  th e  b im o le c u la r  re c o m b in a tio n  o f  C 0 3 _  g e n 
erates H 20 2 , th e n  th e  ra p id  re a ctio n  o f  C 0 3 ~ w ith  H 20 2 

co u ld  p ro d u c e  th is  c a ta ly tic  b e h a v io r  as th e  H 20 2 b u ild s  
u p .

B e c a u se  th e  d e c a y  o f  th e  6 0 0 -n m  a b so rp tio n  fro m  
C o ( N H 3 ) 4C 0 3 + a lso  g a v e  re sp ec ta b le  first-o rd e r  p lo ts , an  
in d e p e n d e n t te st o f  th e  order o f  th e  in itia l d e c a y  w as p e r 
fo rm ed  b y  m e a su r in g  th e  h a lf-life  o f  th e  d ec a y  as a fu n c 
tio n  o f  th e  in itia l o p tic a l d e n sity  o f  th e  tr a n s ie n t. T h e  in 
te n sity  o f  th e  fla sh  w a s va ried  b y  v a ry in g  th e  v o lta g e  o f  
th e  d isch a rg e  a n d  th e  c a p a c ita n c e  o f  th e  e n erg izin g  c o n 
d en sers. In  th e  first p la c e , th e  in te n s ity  o f  th e  in it ia l tr a n 
sien t a b so rb a n c e  w as p ro p o rtio n a l to  th e  in te n sity  o f  th e  
fla sh  ( /  cc 1 4C V 2 ) in d ic a tin g  th a t  th e  6 0 0 -n m  a b so rp tio n  is 
g en era ted  in  a m o n o p h o to n ic  p ro cess . S e c o n d ly , F igu re 3 
sh ow s th a t  t1/2 <x 1 / ( O D ) 0 an d  th a t  th e  d e c a y  o f  th e  tr a n 
sie n t gen era ted  fro m  th e  c o m p le x  is u n q u e stio n a b ly  se c 
on d  order. It sh o u ld  b e  m e n tio n e d  th a t  a t  n o  t im e  w as an y  
fo rm a tio n  o f  th e  6 0 0 -n m  tr a n sie n t o b serv e d  w ith  th e  fu ll  
a b so rp tio n  b e in g  p re se n t a t  th e  sta rt  o f  th e  o b serv a tio n  
p eriod  (5 0  ¿¿sec a fte r  th e  sta rt o f  th e  f la s h ). T h e  d e c a y  o f  
th e  tra n sie n t w as u n a ffec te d  b y  th e  p resen ce  o f  0 2 an d  
sm a ll ( ~ 1 0 ~ 4 M) c o n c e n tra tio n s  o f  C 0 32 - , N 0 3 ~ , an d  
C IO 4 “ , a n d  b y  ch a n g es in  te m p e ra tu re .

A s s u m in g  th a t  th e  sp ec ies  th a t  a b so rb s a t  6 0 0  n m  is th e  
C 0 3 ~ ra d ic a l a n d  th a t  its  se c o n d -o rd e r  d ec a y  corresp on d s  
to  re a ctio n  1 , th e n  2k\ ca n  b e  o b ta in e d  fro m  th e  slo p e  o f  
th e  p lo ts  in  F igu re  2 ta k in g 7 t 6oo 183 0  M * 1  c m - 1 . T h e  
v a lu es  o f  2& i fro m  C o ( N H 3 )4C 0 3+ a t  p H  7 are very  w ea k 
ly  d ep e n d e n t on  io n ic  s tr e n g th ; a t h ig h  p H  v a lu e s , 2fci b e 
co m es d e p e n d e n t on  io n ic  stren g th  w ith  th e  rate  c o n sta n t

time, msec

Figure 2. Second-order decay kinetics of the C03-  radical gen
erated by various techniques, monitoring wavelength 600 nm: 
O, 0.1 M  K2C03, N20-sa:urated solution, pH 10.2, pulse radioly
sis, 2-cm optical cell; • ,  same at pH 12.7; □, 5.0 X 10*5 M  
Co(NH3)4C03+, air-saturated solution, pH 7.0, flash photolysis, 
22-cm optical cell; ■, 0.1 M  Na2C03, N2-saturated solution, pH 
11.8, flash photolysis, 22-cm optical cell.

Figure 3. Dependence of ty 2  for the decay of the C03* radical 
on the initial radical concentration (optical density): 
[Co(NH3)4C03+] = 5.0 X 10-5 M, pH 7.0, air-saturated solu
tion, monitoring wavelength 600 nm, ionic strength = 0.1 M. In
asmuch as f-i/2 = 1M [C 03~]o for bimolecular second-order 
decay, taking e60o 1-83 X 103 M ~ 1 cm *1 and an optical cell 
path length of 22 cm gives 2k  =  2.8 X 107 /W*1 sec-1.

in crea sin g  as io n ic  stren g th  is in c re a se d . A s  T a b le  I sh ow s, 
w h ereas 2 fei for C 0 3 ge n e ra te d  fro m  p u lse  ra d io ly sis  is 
v irtu a lly  in d e p e n d e n t o f  p H  ( 1 0 .2 -1 2 .7 )  w ith  th e  va ria tio n  
in  rate a ttr ib u ta b le  tc  th e  ch a n g e  o f  ion ic stren g th , th e  
ra d ica l fro m  th e  c o m p le x e s  sh ow s a m a rk ed  in crease  in 
ra te  a t  p H  > 1 0  w ith  2fei risin g  to  a m a x im u m  a t p H  12. 
E v e n  in h ig h ly  a lk a lin e  so lu tio n  th e  o b serv e d  d e c a y  is s e c 
o n d  order an d  th e  sp e c tru m  a n d  its  in te n s ity  are th e  sa m e  
as in n eu tra l so lu tio n .

(23) The pulse radiolysis facilities at the U. S. Army Natick Laboratories 
were used for this experiment and the authors thank Dr. E. Hayon 
for the use of the instrument.
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TABLE I: Decay of C03-  a

System pH 2ki, M ~ ' sec-1 b

0.1 M  K2C03c 10.2 1.9 X 107
12.7 2.9 X 107

0.1 M  Na2C03d 11.8 6.9 X 107
5 X 10- 5M

Co(NH3)4C03+ 7.1 3.8 X 107
7.6 4.1 X 107
8.7 4.0 X 107
9.5 6.1 X 107

10.0 7.6 X 107
10.6 2.0 X 108
10.8 3.1 X 10s
11.0 1.1 x  1 0 9

11.6 8.0 X 10s
12.0 1.1 X 109
12.7 1.2 X 109
13.0 1.3 X 109

5 X 10-5/W
Co(NH3)5C03+ 9.5 1.1 X 10s

9.8 1.7 X 10e
10.0 1.3 X 10s
10.2 1.8 X 10s
10.5 1.9 X 10s
10.9 4.1 X 10s
11.0 5.3 X 108
11.2 7.4 X 10s
11.5 8.0 X 108
11.9 1.4 X 109
12.2 1.3 X 109
12.6 1.3 X 109
13.0 1.3 X 109

a D eterm ined at 600 nm from  flash photo lysis In a ir-sa tu ra ted  solution 
unless o therw ise  noted; ion ic  strength contro lled  at 0.1 M w ith  NaCICq. 
b D eterm ined from  the slope of a p lo t o f 1 /O D  vs. tim e  tak ing  c6oo 1830 
M _1 c m -1  and a ce ll path lengh of 22 cm  (2 cm  path length in the pulse 
rad io lys is  experim ents). c Pulse rad io lys is  experim ent in N jO -satura ted  
so lu tion; ion ic  s trength not contro lled. d Ion ic  strength not contro lled; 
so lu tion deaerated w ith  N2.

T h e  v a lu e  o f 2ki for C o ( N H 3 ) 4C 0 3 + is c o n sta n t b e lo w  
p H  7 to  a b o u t  p H  3 w here th e  d e c a y  rate  o f  th e  ra d ica l  
a g a in  in crea ses  s h a r p ly . A  s im ila r  sh arp  in crease  in  th e  
d e c a y  rate  w as sh o w n  for CO3“ fro m  C o ( N H 3 ) g C 0 3 + at  
p H  < 9 .  O f  cou rse , u n d er  th ese  e x tre m e  c o n d itio n s , th e  
a c id -c a ta ly z e d  a q u a tio n  o f  th e  c o m p le x e s 2 0 ’22 is very  
ra p id  so th a t  a fla sh e d  so lu tio n  c o n ta in s , in  a d d itio n  to  at 
lea st so m e  su b stra te , a p p re c ia b le  q u a n tit ie s  o f  th e  a q u a 
tio n  p ro d u c ts . A lth o u g h  w e w ere a b le  to  ob serve  th e  CO3 
ra d ic a l fro m  C o (e n ) 2C 0 3 + , th e  in te n sity  o f  th e  a b so rp tio n  
is to o  low , even  u n d e r  th e  m o st o p tim u m  c o n d itio n s , to  
o b ta in  th e  ra te  c o n sta n t w ith  a n y  p recisio n . H o w e v e r , it is 
a p p a r e n t fro m  th e  o sc illo sco p e  tra c es  th a t  th e  d ec a y  rate  
is o f  th e  sa m e  m a g n itu d e  as for th e  te tr a a m m in e  c o m p le x  
a n d  th e  sa m e  e ffe c t is o b served  in  a lk a lin e  so lu tio n .

T h e  a d d itio n  o f  o th er  so lu tes  to  th e  so lu tio n  c o n ta in in g  
C o ( N H 3 ) 4C 0 3 + c a u ses  th e  se c o n d -o rd e r  d e c a y  o f  th e  
C 0 3 ra d ic a l to  b e c o m e  p se u d o -firs t  order w ith  th e  o b 
serv ed  first-o rd e r  ra te  c o n sta n t d e p e n d e n t u p o n  th e  c o n 
ce n tra tio n  o f  th e  sca v e n g e r . F igu re 4 sh ow s a sa m p le  o f  
th ese  d a ta  for m e th a n o l, 2 -p ro p a n o l, fe r t -b u ty l a lco h o l, 
a n d  fo rm a te  a t  p H  6 .4 . F ro m  th e  s lo p es  o f  th ese  lin es  
& ( C 0 3 -  +  S ) ca n  b e  c a lc u la te d  a n d  so m e  se le c ted  v a lu es  
re le v a n t to  th is  s tu d y  are g iven  in  T a b le  II . W e  reco gn ize , 
o f  cou rse , th a t  th e  u se  o f  h igh  c o n c e n tra tio n s  o f  so lu tes  in  
order to  sca v e n g e  for a ra d ica l sp ec ies  c o n ta in s  th e  d an g er  
th a t  an  a d v e n titio u s  im p u r ity  in th e  so lu te , a lth o u g h  a t  a

[sc a v e n g e r ], M

Figure 4. Pseudo-first-order rate constant for the decay of C03-  
as a function of [scavenger]: [Co(NH3)4C03+] = 6.0-8.4 X 
10-5 M, pH 6.4, ionic strength = 0.026 M, air-saturated solu
tion, monitoring wavelength 600 nm.

TABLE II: Rate Constants for the Reaction of C 03-  Radicals 
with Scavenger Solutes'2

M CO3-  +  S),
Solute, S pH /M” 1 s e c ~ 1

Methanol 6.4 2.6 X 103
2-Propanol 6.4 4.0 X 104
tert- Butyl alcohol 6.4 1.6X102
Formate 6.4 1.1 X 1 0 5

Co(NH3)4C03+ 7.0 <106
Co(NH3)4(OH2)23 + 7.0 1.4 X 107
Co(NH3)6OH23 + 7.0 2.9 X 10s
Coaq2+ 7.0 4.4 X 106
lndole-3-propionic acid6 7.0 4.1 X 108

12.0 6.8 X 108
A/-Acetyltryptophan6 7.0 4.2 X 108

11.8 6.2 X 108
Indole6 7.0 3.2 X 108

12.0 3.2 X 108
/3,/3'-Dithiodipropionic acid6 6.8 1.3 X 107

11.5 3.0 X 107

a Ion ic  s trength = 0.03 M  unless o therw ise  ind ica ted . b Ion ic  strength 
=  0.1 M.

low  c o n c e n tra tio n , m a y  rea ct w ith  th e  ra d ic a l a t  re la tiv e ly  
h ig h  ra te s . T h e re fo re , a n y  v a lu e  o f  f e ( C 0 3 +  S )  <  10® 
M - 1  s e c - 1  s h o u ld  be view ed  as a n  u p p e r l im it  fo r  th a t  s o 
lu te  S .

F or C o ( N H 3 ) 4C 0 3 + th e  u p p er l im it  w as d e te r m in e d  b y  
ob serv in g  th a t  th e  p resen ce  o f 1.0 X 10-4 M  su b stra te  h a d  
no e ffe c t on  th e  d e c a y  rate  o f  th e  ra d ic a l. In  th e  ca se  o f  
th e  oth er C o (III)  c o m p le x e s , C o aq2 + , a n d  orga n ic  c o m 
p o u n d s , a lth o u g h  th e se  so lu tes are a b so rb in g  to  v a ry in g  
e x te n ts , a t  th e  low  co n ce n tra tio n s in v o lv e d  s u ffic ie n t l ig h t  
is a b so rb ed  b y  th e  C o ( N H 3)4C 0 3 + for th e  C 0 3 -  ra d ic a l to  
b e  fo rm e d . T h e  fla sh  p h o to ly sis  o f  th ese  p a r tic u la r  so lu te s  
alo n e  d id  n o t y ie ld  a n y  a p p re c ia b le  tr a n s ie n t a b so r p tio n
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Figure 5. Dependence of k (C03~ +  indole-3-propionlc acid) on 
ionic strength (varied by NaCI04): [Co(NH3)4C03+] = 5.0 X 
10-5 M, [IPA] = 1.1 X  10-5 M: □, pH 7.0; • ,  pH 8.3; A, pH 
9.9; ■, pH 11.0; O, pH 12.0.

in th e 6 0 0 -n m  reg ion . T h u s , a lth o u g h  th e  in itia l in ten sity  
o f  th e  C 0 3 -  ra d ic a l d ec rea sed  as th e  co n c e n tra tio n  o f  th e  
sca v e n g e r so lu te  w a s in crea sed , p se u d o -first-o r d e r  k in etics  
w ere o b serv ed  a n d  v a lu e s  o f  f c ( C 0 3 ~ +  S )  co u ld  be e v a lu 
ated .

A m o n g  th e  large n u m b e r s  o f  c o m p o u n d s  for w h ich  
v a lu es  o f  / ? ( C 0 3 ~ +  S )  h av e  n o w  b een  m e a su r e d ,24 th e  
h ig h est ra tes are sh o w n  b y  in d ole  an d  its  d er iv a tiv es  su ch  
as tr y p to p h a n  a n d  in d o le -3 -p r o p io n ic  a c id . B e c a u se  o f  th is  
h igh  ra te , w h ich  m e a n s  th a t  very  litt le  sca v en g er n eed  be  
p resen t in order to  p ro d u c e  p se u d o -first-o r d e r  k in etics , 
th e se  c o m p o u n d s  w ere ch o sen  for fu rth er e x p er im e n ts  
co n cern in g  th e  n a tu re  o f  th e  CO3- ra d ic a l. In d o le -3 -p r o p i-  
on ic ac id  (IP A )  is c o m m e rc ia lly  a v a ila b le  fro m  M a th e s o n  
C o le m a n  a n d  B e ll  a n d , b e in g  a d er iv a tiv e  o f  p ro p io n ic  
ac id , h a s  a p Ka v a lu e  o f  ~ 4 .  T h u s , in  n eu tra l a n d  a lk a 
line so lu tio n , th e  a c id  w o u ld  e x ist as th e  w e ll-d e fin e d  c o n 
ju g a te  b a se  w ith  a ch a rg e  o f  - 1 . T h e  p se u d o -first-o r d e r  
rate c o n sta n t for th e  re a ctio n  o f  CO3 w ith  I P A  w as d e 
te rm in ed  as a fu n c tio n  o f  p H  a n d  io n ic  stren g th  fro m  
w h ich  w a s c a lc u la te d  th e  se c o n d -o rd e r  rate  c o n sta n t. F ig 
ure 5 sh ow s a p lo t  o f  lo g  / ? ( C 0 3 ~ +  IP A )  us. /¿1 /2 / ( l  +  
afi1/2) a t  v a rio u s p H  v a lu e s . T h e  v a lu e  o f a =  0 .8  w as c h o 
sen  on  th e  b a sis  o f  th e  d iscu ssio n  b y  W e e k s  a n d  R a b a n i6 

a n d  th e  fa c t  th a t a g o o d  f it  w ith  a slo p e  o f  1 . 0  is o b ta in e d  
at h igh  p H . It is e v id e n t fro m  F igu re 5 th a t  at p H  7 th e  
slop e  o f th e  lin e  is n ear zero a n d  th a t th e  slop e  in creases  
w ith  in crea sin g  p H  rea ch in g  th e  m a x im u m  o f  1 .0  a t  p H
11. In a s m u c h  as th e  ch arge  o f  I P A  is - 1  th ro u g h o u t th is  
p H  range a n d  th e  slop e  o f  th e  lin e  is an  in d ic a tio n  o f  th e  
ch arge ty p e  o f  th e  sp ec ies  in v o lv e d  in  th e  re a ctio n , it m u s t  
be c o n c lu d e d  th a t  th e  ra d ica l h a s  a zero ch arge  a t  p H  7 
a n d  a - 1  ch arge  a t  p H  11 w itn  a sm o o th  tra n sitio n  b e 
tw een  th ese  v a lu e s . W it h  th e  io n ic  stren g th  se t a t  0 .1  M, 
fe ( C 0 3 ~ +  I P A )  w as d e te r m in e d  as a fu n c tio n  o f  p H  an d  
th e  re su lts  are sh ow n  in  F igu re 6 . T h e  “ titra tio n  c u r v e ”  
y ie ld s  a p Ka v a lu e  o f  9 .6  ±  0 .3 . It m u st  be  p o in te d  ou t  
th a t in all ca ses th e  rate o f  d isa p p ea ra n c e  o f C 0 3 -  w ith  
IP A  e x c e e d e d  th e  rate o f  th e  se c o n d -o rd e r  d isa p p ea ra n c e  
o f th e  ra d ic a l so  th a t  c o m p lic a tio n s  d u e  to  th e  p o ssib le  
presen ce o f b a se -h y d ro ly s is  p ro d u c ts21 are o f  no co n cern .

A  s im ila r  d e p e n d e n c e  o f f e ( C 0 3 _ +  S ) on  p H  at 0 .1  M 
ionic stren g th  w as e x h ib ite d  b y  N -a c e ty ltr y p to p h a n

Figure 6. Dependence of k (C03~ +  indole-3-propionic acid) on 
pH at constant ionic strength (0.1 M): [Co(NH3)4C03+] = 5.0 
X  10~5 M, [IPA] = 1.1 X  10~5 M. Error flags represent the 
uncertainty (±10%) in the determination of the value of k.

(C y c lo  C h e m ic a ls ) , w h ich  e x ists  as a — 1 an ion  in  n eu tra l  
a n d  a lk a lin e  so lu tio n , a n d  b y  /3 ,d '-d ith io d ip ro p io n ie  ac id , 
( - S C H 2C H 2C 0 2H ) 2 (re c ry sta llize d  E a s tm a n  p ro d u c t) , 

w h ich  h as a — 2 ch a rg e . O n  th e  oth er h a n d , in d ole  (C a l-  
b io c h e m ), b e in g  u n c h a rg ed , sh o w e d  n o  p H  d ep e n d e n ce  o f  
k. T ry p to p h a n  a n d  so m e  o f  its o th er d eriv a tiv es  h ave  p Ka 
v a lu es  o f  th eir ow n  in  :h e  9 .5  region  d u e  to  d ep ro to n a tio n  
o f  th e  a m in o  grou p  w h ich  p ro d u c es  a c o m p o site  e ffect n ot 
a m e n a b le  to  s im p le  in te rp re ta tio n . T h e  p Ka v a lu e s  for the  
ra d ica l re a ctio n  w ith  N -a c e ty  11 ry p to p h a n  a n d  / l / j ' -d i t h i o -  
d ip ro p io n ic  ac id  are 9 .6  ±  0 .3  a n d  9 .9  ±  0 .3 , re sp ec tiv e ly .

Discussion
T h e  v a lu e s  o f  2& i rep orted  in  T a b le  I sh o w  rea son ab le  

a g re e m en t a m o n g  th e  v a rio u s m o d e s  o f  gen era tin g  th e  
ra d ica l e x c e p t for th e  c o m p le x e s  a t  p H  > 1 0 .  T h ere  are 
even  c o m m o n  d e v ia tio n s  fro m  lin e a rity  o f  th e  se co n d - 
order p lo ts  w h ich  su g g e st th e  a u to c a ta ly tic  d ec a y  o f  the  
ra d ic a l. A ll  th e  ev id e n c e  is c o n siste n t w ith  th e  gen eration  
o f  th e  C 0 3 ~ ra d ica l fro m  th e  c a rb o n a to  c o m p le x e s . It is 
in terestin g  th a t  2fei for th e  ra d ica l a t  p H  7 is o n ly  w ea k ly  
d e p e n d e n t on  io n ic  stren g th  c o m p a re d  w ith  th e  W e e k s  
a n d  R a b a n i rep o rt6 a t p H  > 1 0 .5 .  U n fo r tu n a te ly , th e re 
su lts  o f  21? 1 for th e  c o m p le x e s  at p H  > 1 0  are c o m p le te ly  
in c o n siste n t w ith  th e  oth er re su lts  fro m  fla sh  p h o to ly sis  
a n d  p u lse  ra d io ly sis  e x c e p t th a t  a p o sitiv e  d ep e n d e n c e  o f  
th e  rate  c o n sta n t on  in crea sin g  ion ic s tren g th  is seen  a t  
p H  12. B e c a u se  th e  sp e c tru m  o f th e  6 0 0 -n m  a b so rp tio n  is 
in d e p e n d e n t o f  p H  u p  to  p H  13, w e feel th a t th e  C 0 3 ~ 
ra d ica l is still  th e  a b so r b in g  sp ec ies in  a lk a lin e  so lu tio n . 
Its  very  ra p id  d e c a y  co u ld  arise fro m  sc a v e n g in g  b y  a 
sp ec ies  p resen t a t a c o m p a ra b le  co n c e n tra tio n  (so  as to  
preserve se c o n d -o rd e r  k in etics) w h ich  is e ith er gen erated  
b y  th e  b a se  h y d ro ly sis  of th e  su b s tr a te 21 or th ro u g h  a p h o -

(24) S. -N . Chen and M. Z. h o ffm an, to  be subm itted  fo r pub lication .
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to ly tic  re a c tio n . W e  te s te d  th e  e ffec t o f  th e  p resen ce  o f  
C o ( N H 3 ) 4( O H 2) 23 + , C o ( N H 3) 5 O H 23 + , a n d  C o aq2 + on  th e  
d e c a y  k in e tic s  o f  th e  ra d ic a l gen era ted  fro m  th e  c a rb o n a to  
c o m p le x e s  a t  p H  12. W it h  u p  to  5 X  1 0 ~ 4 M  o f  C o (N -  
H 3 ) 4( O H ) 23+  a n d  C o ( N H 3 ) 5 0 H 23 + (w h ic h  are in  th e ir  h y 
d ro x y  fo rm  a t p H  1 2 ), n o  e ffec t on  th e  d ec a y  k in e tics  o f  
th e  ra d ica l w a s d isc e rn e d . F or C o aq2 + , w h ich  p re c ip ita te s  
a t  p H  1 2 , its  sa tu ra te d  so lu tio n  d id  n o t q u e n c h  th e  C 0 3 ~ 
ra d ic a l. T h e  v a r ia tio n  o f  th e  su b stra te  co n c e n tra tio n  fro m  
1 to  4  X  1 0 _ 5 M  h a d  n o  e ffe c t  on  th e  ra d ic a l d e c a y . It  
m u s t  b e  c o n c lu d e d  th a t  th e  ra tes  o f  rea ctio n  o f  th e se  ions  
w ith  C 0 3 -  a t  p H  12 are < 1 0 7 M - 1  s e c - 1  a n d  are p ro b a b ly ' 
th e  sa m e  as a t  p H  7 ( T a b le  H ) . W e  th erefore  su g g e st th a t  
th e  ra p id  ra te  o f  d e c a y  o f  th e  ra d ica l a t  p H  12 c a n n o t be  
th e  re su lt o f  sc a v e n g in g  b y  C o aq2+ ,  C o ( N H 3 )5 0 H 23 + , or 
C o ( N H 3 ) 4( O H 2)23+ gen era ted  in  a th e r m a l or p h o to c h e m 
ica l p ro cess. H o w e v e r , p h o to su b stitu tio n  o f  an  a m m in e  
grou p  b y  h y d ro x id e  on  th e  su b stra te  or on  a th e r m a l p ro d 
u c t , for e x a m p le , c o u ld  y ie ld  a sp ec ies  w h ich  w o u ld  ra p id 
ly  sca v e n g e  C O 3 -  ,25

A  fu rth er e v a lu a tio n  o f  th e  ch a ra cte ristics  o f  th e  C O 3 -  
ra d ica l g e n e ra te d  fro m  th e  c a rb o n a to  c o m p le x e s  ca n  be  
m a d e  on  th e  b a sis  o f  th e  e x p e r im e n ts  p er fo rm e d  w ith  th e  
in d ole  a n d  d isu lfid e  c o m p o u n d s  as sca v e n g e rs . F ro m  th e  
la ck  o f  an y  s ig n ific a n t ion ic stren g th  e ffe c t  on  fe(C 0 3  +  
IP A )  a n d  2& i a t  p H  7 , w e co n clu d e  th a t  th e  ra d ica l h a s  a 
n eu tra l ch a rg e  a t  th a t  p H  a n d  m u s t  e x is t  in  its  a c id ic  
fo rm , C O 3H . A s  th e  p H  is in creased  a n d  th e  d ep e n d e n c e  
o f  f e ( C 0 3 ~ +  I P A )  on  io n ic  stren g th  is ob serv e d , th e  ra d i

ca l is co n v e rted  in to  its  b a sic  fo rm  w ith  p K  for re a ctio n  2

C 0 3H ^ H + + C O 3 -  ( 2 )

e q u a l to  9 .6  ±  0 .3 . E x tr a p o la tio n  o f  th e  d a ta  in F igu re  5 to  
zero ionic stren g th  sh ow s th a t  k(C0 3 ~ +  IP A )  is q u ite  c o n 
s ta n t  in th e  p H  7 -1 2  ran ge an d  th a t  th e  va ria tio n  in th e  rate  
d a ta  sh ow n  in F igu re 6  is a resu lt o f  th e  ion ic s tren g th  e ffec t. 
S im ila r ly , th is  io n ic  s tren g th  e ffec t lea d s to  th e  ob served  
va ria tio n  o f  k u p o n  ch a n g e  o f  p H  for iV -a c e ty ltr y p to p h a n  
a n d  ( - S C H 2C H 2 C 0 2H ) 2 a n d  th e  la c k  o f  an  e ffec t for in 
d o le . T h e  re su lts  a lso  sh ow  th a t  th e  in d ole  h etero cy c lic  
stru ctu re  is n o t req u ired  for th e  p Ka o f  th e  ra d ic a l to  be  
ob serv e d .

T h u s , w e co n clu d e  th a t th e  a c id ic  a n d  b a sic  fo rm s o f  
th e  ra d ic a l h av e  v ir tu a lly  id en tic a l sp ec tra  a n d  s im ila rly  
lo w  re a c tiv itie s  (c o m p a re d  to  d iffu sio n -c o n tr o lle d  ra te s ). 
In a s m u c h  as th e  origin  o f  th e  sp ec tra l a b so r p tio n  o f  th e  
ra d ic a l a t  6 0 0  n m  is n o t k n ow n , it is u n w a rra n te d  to  sp e c 
u la te  on  th e  reason  for th e  la ck  o f  sp ec tra l d ifferen ces  b e 
tw e en  th e  tw o  fo rm s e x c e p t to  p o in t o u t th e  s im ila r  b e 

h a v io r o f  th e  a n a lo g o u s  ca rb o x y  ra d ic a ls , C 0 2 _  a n d  
C 20 4 - .  E x c e p t  for th e  k n o w led g e  th a t  C O 3 -  b e h a v e s  as  
an  o x id iz in g  r a d ic a l , 26 th e  m o d e  o f  re a ctio n  o f  th e  ra d ic a l, 
w h eth er b y  o x id a tiv e  a d d itio n , e lectro n  tra n sfe r , or H  
a to m  tra n sfe r , is la rg e ly  u n k n ow n , e sp e c ia lly  for th e  in o r
g a n ic  sp ec ies . T h e  re la tiv e  s ta b ility  o f  th e  ra d ic a l to w a rd  
c o m b in a tio n  im p lie s  th a t  th ere  are severe c o n stra in ts  
to w a rd  its  u lt im a te  tr a n sfo r m a tio n  in to  fin a l p r o d u c ts .27

It is c o n siste n t w ith  th e  ch arges on  th e  sp ec ies  th a t  th e  
p Ka o f  C 0 3H  be low er th a n  th a t  o f  C 0 3H -  a lth o u g h  th e  
o b serv e d  d iffe re n ce  is w ith in  one p K  u n it . N o  m e a n s  for 
p re d ic tin g  th e  p Ka o f  a ra d ica l on  an  a priori b a s is  h as  
b e e n  d e v ise d  b u t  ce rta in  tren d s h a v e  b e e n  e x p e r im e n ta lly  
o b serv e d . T h e  b e st  stru ctu ra l a n a lo g s  to  th e  C 0 3 _  ca se  
are th e  ra d ica ls , d eriv ed  fro m  p h o sp h a te  a n io n s .29 T h u s ,  
w h erea s th e  p Ka v a lu e s  o f  th e  sta b le  P 0 4H 2 a n d  
P 0 4H 2 ~ io n s are 7 .2  a n d  1 2 .3 , re sp ec tiv e ly , th e  PC>4H 2 

a n d  P O 4H -  ra d ic a ls  sh o w  pKa v a lu e s  o f  5 .9  a n d  1 0 .7 , re 
sp e c tiv e ly , w ith  th e  la tte r  v a lu es  k n ow n  to  ± 0 . 2  pK  u n its . 
H e re  to o  th e  o b serv e d  d ifferen ces b e tw ee n  th e  ra d ic a l a n d  
its  p a ren t are a b o u t  o n e  pK  u n it . I f  th e  u n p a ired  e lectro n  
is large ly  c o n fin e d  to  a n o n b o n d in g  o rb ita l on  a n  o x y g en  
a to m 30 a n d  p ro to n a tio n  o f  th e ra d ica l occu rs a t  on e  o f  th e  
oth er o x y g en  a to m s , th e n  it is n o t u n rea so n a b le  for th e  
a c id ity  o f  th e  ra d ic a l to  be o n ly  s lig h tly  g reater th a n  th e  
a c id ity  o f  th e  p a ren t a n io n . A  s lig h t w ea k e n in g  o f  th e  
O - H  b o n d  in  th e  ra d ic a l d u e  to  th e  u n p a ired  e lectro n  s e v 
eral a to m s  a w a y  is n o t u n e x p e c te d . T h e  sa m e  rea so n in g  
ca n  b e  a p p lie d  to  th e  o b serv a tio n s rep orted  here on  th e  
C 0 3 ra d ic a l. B y  c o m p a riso n , th e  p K a o f  th e  C 0 2H  r a d i
ca l is rep o rted 31  to  b e  3 .9  ±  0 .3  w h ile  th e  p K a o f  H C 0 2H ,  
fro m  w h ich  it  is d eriv ed  b y  a b stra c tio n  o f  th e  ca rb o n  h y 
d ro gen , is 3 .7 5 . H o w e v e r , in  C 0 2H  th e  u n p a ired  electro n  
is h ig h ly  lo c a liz e d  on  th e  c en tra l ca rb o n  a to m  w ith  in 
crea sed  2s c h a ra c te r .30 A p p a r e n tly , ev en  w ith  th e  p r o x im 
ity  o f  th e  u n p a ired  e lectro n  to  th e  O - H  b o n d , th e  a c id ic  
ch a ra cter  o f  th e  sp ec ies  is re la tiv e ly  u n c h a n g e d .

(25) T. P. D asgupta and G. M. H arris, p rivate com m un ica tion .
(26) G. E. Adam s, R. H. Bisby, R. B. Cundall, J. L. Redpath, and R. L. 

W illson, Radiat. Res., 49, 278 (1972).
(27) These final p roducts are presum ed to be CO32“  and a rad ica l de 

rived from  the one-e lectron  oxida tion  of the scavenger. It Is in te r
esting to note tha t the products and s to ich iom e try  of the  b im o lecu - 
lar decay of C 0 3 “  are v irtua lly  unknown w ith  the  fo llow ing  reactions  
having been proposed: C 0 3”  +  C 0 3-  -»  (1) C 0 2 +  CO42- ; 5 (2) 
2 C 0 2 +  H 0 2-  +  O H - ; 6 (3) C20 62- . 28

(28) I. C. H isatsune, T. Adi, E. C. Beahm , and R. J. Kem pf, J. Phys. 
Chem., 74, 3225 (1970).

(29) E. D. B lack  and E. Hayon, J. Phys. Chem., 74, 3199 (1970).
(30) P. W. A tk ins  and M. C. R. Sym ons, “ The S truc tu re  of Inorgan ic  

R ad ica ls ," E lsevier, A m sterdam , 1967.
(31) A. Fo jtik , G. C zapski, and A. H englein, J. Phys. Chem., 74, 3204 

(1970).
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Reaction of OH and 0 ~  Radicals with Aromatic 
Carboxylate Anions in Aqueous Solution1

M. Simic,23 Morten Z. Hoffman,* 2b and M. Ebert2c

R a d ia tio n  B io lo g y  L a b o ra to ry , U n iv e rs ity  o f Texas, A u s tin , Texas 78712 , D e p a r tm e n t o f  C h e m is try , B o s to n  U n iv e rs ity , B o s to n , 

M a s s a c h u s e tts  0 2 2 1 5 , P a te rs o n  L a b o ra to r ie s , C h r is t ie  H o s p ita l a n d  H o lt  R a d iu m  In s t itu te , M a n c h e s te r , E n g la n d , a n d  P io n e e r in g  

R e s e a rc h  L a b o ra to ry , U. S. A rm y  N a t ic k  L a b o ra to r ie s , N a t ic k , M a s s a c h u s e tts  0 1 7 6 0  (R e c e iv e d  J u n e  16, 1972)

T h e  re a c tiv ity  o f  O H  (p Ka = 1 1 .9 )  a n d  0 ~  ra d ic a ls  w ith  a r o m a tic  c a rb o x y la te  a n io n s  in  irra d ia ted  a lk a 
lin e  N 20 -s a t u r a t e d  a q u eo u s  so lu tio n  h a s  b e e n  s tu d ie d  u sin g  th e  p u lse  ra d io ly sis  te c h n iq u e . T h e  c o m 
p o u n d s  s tu d ie d  w ere th e  c a rb o x y lic  a c id  d er iv a tiv es  o f  b e n z en e , n a p h th a le n e , a n th ra c e n e , an d  d ip h en y l  
w h ich  re a ct w ith  O H  a n d  0 "  ra d ic a ls  b y  m e a n s  o f  ra d ic a l a d d itio n  to  th e  a r o m a tic  rin g . T h e  tra n sien t  
o p tic a l a b so r p tio n  sp e c tru m  o f  th e  O H  a d d u c t to  a sp ec ific  c o m p o u n d  is id en tic a l w ith  th e  sp e c tru m  o b 
ta in e d  fro m  0 "  a d d itio n  to  th e  sa m e  c o m p o u n d  in d ic a tin g  th a t  th e  h y d ro x y  grou p  on  th e  re su lta n t ra d i
ca l is n o t io n iz e d  ev en  a t  p H  14 . F ro m  th e  k in e tics  o f  th e  fo rm a tio n  o f  th e  tr a n s ie n t a b so rp tio n  a t  p H  9  
a n d  14 , th e  ra te  c o n sta n ts  for th e  rea ctio n  o f  O H  a n d  0  ra d ic a ls  w ith  th e  a r o m a tic  so lu tes  w ere d eter 
m in e d . T h e  O H  ra d ic a l rea cts a t  n e a r ly  d iffu sio n -c o n tr o lle d  ra tes  (fe (O H ) =  6 - 8  x  10 9 M “ 1 sec 1) w ith  
th e  rate  c o n sta n t v ir tu a lly  in d e p e n d e n t o f  th e  n a tu re  o f th e  su b stra te . T h e  0 ~  ra d ic a l rea cts  m u c h  m ore  
s lo w ly  w ith  v a lu es  o f  k{0 ~) d e p e n d e n t u p o n  th e  charge on  th e  su b stra te , th e  n u m b e r  o f  in d iv id u a l aro
m a tic  rin gs a v a ila b le , a n d  th e  d egree o f  a r o m a tic ity . T h e  0 '  ra d ic a l is less e le c tro p h ilic  th a n  is th e  O H  
ra d ic a l a n d  sh ow s an  u n fa v o ra b le  in tera c tio n  w ith  th e  ir -e lectron  sy ste m  o f th e  a r o m a tic  n u c le u s .

Introduction
D e sp ite  th e  fa c t  th a t  th e  0  ra d ic a l is th e  co n ju g a te  

b a se  o f  th e  O H  ra d ica l

O H  +  O H '  ^  0 '  +  H 20  (1)

(w ith  ki = 1 .2  X 10 10 M~x s e c - 2 , & _ i  =  9 .2  x  107 s e c - 1 , 
p Ka =  1 1 .8 5 ) ,3-5 th e  c h e m istry  o f  th ese  p r im a ry  sp ecies  
fro m  th e  ra d io ly tic  d e c o m p o sit io n  o f  w ater is s ig n ific a n tly  
d iffe re n t. In  th e  ca se  o f  s im p le  in o rga n ic  io n s, 0 ~  rea cts  
m o re ra p id ly  w ith  c a tio n s  th a n  d o es  O H  w ith  th e  rate  
c o n sta n t ra tio  f t ( 0 - ) / f e ( 0 H )  in cre a sin g  w ith  th e  in crease  
in  th e  a m o u n t o f  p o sit iv e  ch arge  on  th e  io n .6 O n  th e  oth er  
h a n d , a n io n s are m o re  re a ctiv e  to w a rd  O H  w ith  th e  re la 
tiv e  re a c tiv ity  to w a rd  O H  in crea sin g  w ith  th e  in crease  o f  
th e  a m o u n t o f  n e g a tiv e  c h a rg e .6 T h e s e  o b serv a tio n s  are  
c o n s is te n t w ith  th e  d ifferen ces  in ch arge on  th e  ra d ica ls . 
H o w e v e r , in  a recen t re p o r t , 7 w e sh o w ed  th a t  w h ereas O H  
ra d ica ls  a d d  r a p id ly  to  th e  a r o m a tic  n u cleu s o f  organ ic  
c o m p o u n d s  a n d  slo w ly  u n d erg o  a b stra c tio n  rea ctio n s w ith  
h yd rogen  a to m s  on  a lip h a tic  sid e  c h a in s , th e  b e h a v io r  o f  
th e  0 _  ra d ic a l is e sse n tia lly  rev ersed , a lb e it  w ith  g e n e ra l
ly  d im in ish e d  re a c tiv ity . W h e n  th e  a r o m a tic  n u c le u s la ck s  
a  sid e  c h a in  w ith  an  a b str a c ta b le  h yd ro g en  a to m , su ch  as  
th e  b e n z o a te  a n io n , O  a d d s  to  th e  ring p ro d u c in g  a tr a n 
s ie n t sp e c ie s 8 w ith  sp ec tra l a n d  k in e tic  ch a ra cteristics  
id en tic a l w ith  th a t  fo rm e d  fro m  th e  rea ctio n  o f  O H .8 -9 

T h e  pKa o f  th e  h y d r o x y l grou p  on  th e  re su lta n t h y d ro x y -  
c y c lo h e x a d ie n y lc a r b o x y la te  ra d ic a l10 is a p p a r e n tly  greater  
th a n  14  a n d  th e  a d d e d  0  m o ie ty  is ra p id ly  p ro to n a te d , 
p re su m a b ly  via re a ctio n  w ith  th e  so lv e n t.

In  th is  p a p er  w e w ish  to  rep ort th e  ra te  c o n sta n ts  for  
th e  rea ctio n  o f  0 “  w ith  so m e  a r o m a tic  c o m p o u n d s  th a t  
lack  a lip h a tic  s id e  c h a in s  a n d  th e  a b so rp tio n  sp ec tra  o f  
th e  re su lta n t tr a n s ie n t sp ec ies as d eterm in e d  u sin g  th e  
p u lse  ra d io ly sis  te c h n iq u e . T h e  c o m p o u n d s  u se d  w ere c a r 
b o xylic  a c id  d er iv a tiv es  o f  b e n z e n e , d ip h e n y l, n a p h th a 
len e, a n d  a n th ra c e n e  ch o sen  b e c a u se  o f  th e ir  s o lu b ility  in

a lk a lin e  aq u eo u s so lu tio n  a n d  th e  a b sen c e  o f c o m p lic a tin g  
effec ts  d u e  to  su b s t itu e n t  sid e  c h a in s .

Experimental Section
T h e  c o m p o u n d s  s tu d ie d  w ere o -p h th a lic  a c id  (M a th e s o n  

C o le m a n  a n d  B e ll) , d ip h e n y l-4 -c a r b o x y lic  a c id  ( K  &  K  
L a b o ra to r ie s ), o ,o '-d ip h e n ic  a c id  ( K  &  K ) ,  p ,p '-d ip h e n ic  
a c id  ( K  &  K ) ,  1 -n a p h th o ic  a c id  (E a s tm a n  O rg a n ic  C h e m i
c a ls ) , 2 -n a p h th o ic  a c id  (E a s tm a n ) , a n d  9 -a n th ro ic  ac id  
(A ld r ic h ). A ll  c o m p o u n d s  w ere u se d  as rece iv ed  e x ce p t  
th e  d ip h e n y l d e r iv a tiv es  w h ich  w ere re cry sta llized  fro m  
a lc o h o l. S o lu tio n s  w ere p rep a red  in  tr ip ly  d istille d  w ater. 
A t  p H  9 , th e  so lu tio n s  w ere b u ffe r e d  w ith  1 m M  so d iu m  
te tr a b o ra te ; so lu tio n s a t  p H  1 4 .0  w ere p re p a re d  from  a 
w eig h ed  a m o u n t o f  B a k e r  A n a ly z e d  K O H . A ll  so lu tio n s  
w ere sa tu ra te d  w ith  N 20  in  order to  co n v e rt ea q ~ in to  O H  
or O - .

S o m e  e x p e r im e n ts  w ere p e rfo rm e d  a t  th e  P a te rso n  L a b 
oratories u sin g  th e  p u lse  ra d io ly sis  a p p a r a tu s  d esc rib e d  b y  
K e e n e . 1 1  O th e r  e x p e r im e n ts  w ere p erfo rm e d  a t  th e  U . S .  
A r m y  N a tic k  L a b o ra to rie s  u sin g  th e  F e b etro n  705  p u lsed  
so u rc e .12  T h e  so lu tio n s to  be e x a m in e d  w ere su b je c te d  to  
sh o rt ( 0 .0 3 -0 .5  /¿sec) p u lse s  o f  e n erg etic  e lectro n s a n d  th e

(1) This research  was supperted in part by N IH  G ran t No. G M -13557, 
AEC C on tract No. AT-(40-1 (-3408, and NSF G rant No. GP 11213.

(2) (a) U nivers ity  o f Texas; (b) Boston U nive rs ity ; (c) Paterson Labora
tories.

(3) G. V. Buxton, Trans. Faraday Soc., 65, 2150 (1969); 66, 1656 
(1970).

(4) J. Rabani and M. S. M atheson, J. Phys. Chem., 70, 761 (1966).
(5) J. L. W eeks and J. Raban , J. Phys. Chem.. 70, 2100 (1966).
(6) D. Zehavi and J. Rabani, J. Phys. Chem., 75, 1738 (1971).
(7) P. Neta, M. Z. H offm an and M. S im ic, J. Phys. Chem., 76, 847 

(1972).
(8) M. S im ic  and M. Z. H offm an, J. Phys. Chem., 76, 1398 (1972).
(9) R. W ander, P. Neta, and L. M. D orfm an, J. Phys. Chem., 72. 2946 

(1968).
(10) L. M. D orfm an, I. A. Taub, and R. E. Buhler, J. Chem. Phys., 36, 

3051 (1962).
(11) J. P. Keene, J. Sci. Instrum., 4 1 ,4 9 3  (1964).
(12) M. S im ic, P. Neta, and E. Hayon, J. Phys. Chem., 73, 3794 (1969).
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resu ltin g  tr a n s ie n t a b so rp tio n  w as d e te c te d  u sin g  k in e tic  
sp e c tro p h o to m e try  te c h n iq u e s . T h u s , th e  fo rm a tio n  o f  th e  
tr a n sie n t sp ec ies  co u ld  b e  m o n ito re d  as a fu n c tio n  o f  t im e  
a n d  th e  in te n sity  o f  th e  a b so rp tio n  d e te r m in e d  as a fu n c 
tio n  o f  w a v e len g th . T h e  a b so rb ed  d ose  p er p u lse  w as d e 
te rm in ed  u sin g  K C N S  d o sim e tr y  ta k in g  esoo 7 6 0 0  M * 1 

c m - 1 for ( C N S ) 2 -  13  a n d  G (e a q ~ ) =  G ( O H )  =  2 .8 .

Results and Discussion
T h e  ra d io ly sis  o f  n e u tra l a n d  a lk a lin e  a q u eo u s so lu tio n s  

gen era tes e aq_ , O H , an d  H  w ith  G v a lu es  o f  a p p r o x im a te 
ly  2 .8 , 2 .8 , a n d  0 .6 , re sp e c tiv e ly .14 In  th e  p resen ce  o f  1 
a tm  o f  N 20 ,  e aq_  is v ir tu a lly  c o m p le te ly  co n v erted  to  
0 - ( f e ( e a q ~ +  N 20 )  =  6 .0  X 10 9 M - 1  s e c - 1 ) w h ich  is in  
ra p id  e q u ilib r iu m  w ith  O H  a c co rd in g  to  rea ctio n  1. T h u s ,  
a t p H  9 , th e  p re d o m in a n t sp ec ies is O H ; a t  p H  14 , ~ 9 9 %  
o f th e  ra d ic a ls  are in th e  0 -  fo r m . U n d e r  th ese  c o n d i
tio n s , H  a to m s  m a k e  o n ly  a 1 2 %  c o n tr ib u tio n  to  th e  s y s 
te m  a n d  th e ir  e ffe c t, w h ich  is a d d itio n  to  th e  a ro m a tic  
rin g , ca n  b e  a c c o u n te d  for on  th e  b a sis  o f  th e  k n ow n  s p e c 
tra  o f  H  a to m  a d d u c ts  to  a ro m a tic  s y s te m s  su ch  as b e n z o 
ic a c id .8 In  h ig h ly  a lk a lin e  m e d iu m  H  rea cts  w ith  O H -  to  
v ie ld  e aq-  w h ich  are co n verted  to  O -  u p o n  re a ctio n  w ith  
N 20 .

Transient Absorption Spectra. In a s m u c h  as O H  ra d ica ls  
rea ct ra p id ly  w ith  th e  a r o m a tic  n u c le u s  (k > 1 0 9 M  1 

s e c - 1 ; see  fo llo w in g  se c tio n ), tr a n sie n t a b so rp tio n  sp ec tra  
c o u ld  b e  d e te r m in e d  less th a n  1  /¿sec a fter  th e  ra d io ly sis  
p u lse  a n d  b efo re  a n y  a p p re c ia b le  d e c a y  h a d  oc cu rred . T h e  
re a c tiv ity  o f  O -  ra d ica ls  is co n sid era b ly  low er th a n  th a t  o f  
O H . T h e re fo re , a t  h ig h  p H , a h igh er c o n c e n tra tio n  o f o r
ga n ic  sca v en g er w as u sed  in  ord er to  en su re th a t  fo r m a 
tio n  o f th e  tra n sie n t a b so rp tio n  occu rred  in a t im e  re la 
t iv e ly  sh o rt c o m p a re d  to  th e  d ec a y  t im e  o f  th e  in te r m e d i
ate  sp ec ies . H o w e v e r , b e ca u se  o f in c o m p le te  sca v e n g in g  
( > 9 0 % ) ,  th e  o p tic a l d en sitie s  w ere n o r m a liz e d  to  th e  c o m 
p le te  sc a v e n g in g  ca se . E x tin c tio n  co effic ie n ts  w ere d e te r 
m in e d  b y  m e a n s  o f  th e  K C N S  d o sim e try .

S im ila r  to  th e  resu lts  for b e n z o a te  a n io n 8 ’ 9 in  w h ich  a d 
d itio n  b y  O H  a n d  0 -  ra d ica ls  gen era tes a b ro a d  a b so r p 
tio n  sp e c tru m  w ith  Amax 3 3 0  n m  a n d  6330 3 8 0 0  M - 1  c m - 1 , 
w e fin d  here th a t  th e  tra n sie n t a b so rp tio n  sp ec tra  o b 
ta in e d  fro m  th e  re a ctio n  o f  O H - O -  w ith  o -p h th a lic  acid  
a t p H  9 .2  a n d  14 are id en tic a l w ith  Xmax 3 3 0  n m  a n d  (330 

3 6 0 0  M - 1  c m - 1 . T h e  sp ec tra l p ro p erties o f  th e
• C 6H 4 ( O H ) ( C 0 2 )2 ra d ic a l are id en tic a l w ith  th o se  o f  th e
• C 6H 5 ( 0 H ) C 0 2 -  ra d ic a l in d ic a tin g  th a t  s u b stitu tio n  o f  
th e  orth o  c a rb o x y la te  grou p  h a s litt le  e ffec t on  th e  en ergy  
a n d  o sc illa to r  stren g th  o f th e  tra n sitio n  w h ich  lea d s to  th e  
o b serv e d  o p tic a l a b so rp tio n .

W it h  th e  d ip h e n y lc a r b o x y lic  a c id s , on  th e  o th er h a n d , 
O H  a n d  O -  ra d ica l a t ta c h m e n t ca n  occu r on  e ith er ring. 
F or th e  d ip h e n ic  a c id s , a tta c k  on  e ith er ring w ill give th e  
sa m e  d istr ib u tio n  o f iso m ers so th a t  th e  sp ec tra  sh ow n  in  
F igu res 1 A  a n d  1C  w ill b e  ch a ra cte ristic  o f  th e  0,0 ' a n d
p.p' su b stra te  co n fig u ra tio n s . N o te  th a t  b o th  sp ec tra  sh ow  
th e  p resen ce  o f  b a n d e d  stru ctu re  w h ich  m a y  b e  in d ica tiv e  
o f  th e  d is tin c t a b so r p tio n  o f  th e  iso m ers . T h e  ra d ica l fro m  
p ,p '-d ip h e n ic  a c id  (F ig u re  1 C ) e x h ib its  a re d -sh ifte d  b a n d  
m a x im u m  w ith  a very  h igh  c v a lu e  (a t  p H  9 .7  a n d  14) 
w h ich  c o u ld  arise fro m  a stro n g  reso n a n ce  in tera ctio n  b e 
tw e en  th e  rings in v o lv in g  a lso  th e  p ara  ca rb o x y la te  
g rou p s. R a d ic a l a d d itio n  to d ip h e n y l-4 -c a r b o x y lic  ac id  
sh o u ld  y ie ld  tw o d is tin c t tra n sie n t sp ec ies  w ith  th e  cy c lo - 
h e x a d ie n y l ra d ic a l lo c a liz e d  e ith er on  th e  p h en y l side or 
th e  c a rb o x y la te  sid e  o f  th e  m o le c u le . R a d ic a l a tta c h m e n t

Figure 1. Transient absorption spectra obtained in N20-saturat- 
ed aqueous solutions, 0.53 krad/pulse, 2.5-cm light path: (A) 5 
X  10-4 M  o,o'-diphenic acid, pH 9.2; (B) 2.5 X  10-4 M diphe- 
nyl-4-carboxylic acid, pH 9.2; (C ) p,p'-diphenic acid, (O) 5 X  
10-4 M, pH 9.7; ( • )  1 X  10-3 M, pH 14.0, 1.7 krads/pulse, 
2.0-cm light path, OD normalized.

on  th e  p h en y l sid e  sh o u ld  re se m b le  th a t  for d ip h e n y l15 
w h ile  re a ctio n  on  th e  c a rb o x y la te  s id e  sh o u ld  y ie ld  a s p e c 
tru m  s im ila r  to  th a t  o f  p ,p '-d ip h e n ic  a c id . F igu re  I B  
sh ow s th a t  th is  e x p e c ta tio n  is c o n fir m e d .

Am„  380 nm

A d d it io n  o f  O H  a n d  O "  ra d ica ls  to  1 - a n d  2 -n a p h th o ic  
a c id s  gives tr a n sie n t a b so rp tio n s (F igu re  2) w h ich  are n ot  
very  d iffe re n t th a n  th a t  o b ta in e d  fro m  n a p h th a le n e  (A max 
3 2 0  n m , w eak  b a n d s  a t  ~ 3 8 0  n m ; e32o ~ 5 0 0 0  JV f-1 
c m - 1 ) .16 T h e  w ea k  b a n d  a t  3 9 0  n m  for 1 -n a p h th o ic  a c id  
p ro b a b ly  re fle cts  th e  p resen ce  o f  so m e  p a rtic u la r  iso m er  
a m o n g  th e  gen era ted  ra d ic a ls ; th is  b a n d  m a y  a lso  be p re s 
e n t in  2 -n a p h th o ic  a c id  b u t  is h id d e n  b e n e a th  th e  b r o a d  
ta il o f  th e  tr a n sie n t a b so rp tio n .

T h e  sp e c tru m  o f  th e  O  (O H )  a d d u c t  to  9 -a n th r o ic  ac id  
(F igu re  3 ) is ra th er c o m p le x  re fle c tin g  th e  large n u m b e r  o f  
sites a v a ila b le  for ra d ic a l a tta c k  on  th e  th ree  rin g s , on ly  
tw o o f w h ich  are e q u iv a le n t . A  s im ila r  m u ltib a n d e d  s p e c 
tr u m  is seen  for th e  O H  a d d u c t to  in d o le  w here th e  b e n 
zen e  a n d  p yrrole  rings are n o t e q u iv a le n t .16

Rate Constants for OH and 0~ Reaction. T h e  k in etics  
o f  th e  a p p ea ra n c e  o f th e  tr a n sie n t a b so rp tio n  sp ectra , 
m o n ito re d  a t  th e  Amax, w ere p se u d o -firs t  ord er fro m  w h ich  
w as c a lc u la te d  th e  ob served  se co n d -o rd e r  rate  c o n sta n t, 
&0bsd- A t  lea st th ree  traces w ere ta k e n  a n d  th e  d ev ia tio n  
o f  th e  in d iv id u a l ru n s fro m  th e  average  w as less th a n  
± 1 0 % .  A t  p H  9 , th e  so lu te  co n ce n tra tio n s w ere 1 X  10  4 

M ;  a t  p H  14, w here th e  tra n sie n t fo rm a tio n  ra te  is slow er,

(13) J. H. Baxendale, P. L. T. Bevan, and D. A. S tott, Trans. Faraday 
Soc., 64, 2389 (1968).

(14) See, e.g.. M. A nbar in "Fundam enta l P rocesses in R adiation C hem - 
is try ,”  P. Ausloos, Ed., In te rsc ience , New Y o rk , N. Y., 1968, p 651.

(15) The absorp tion  spectrum  of the OH adduct to d iphenyl has never 
been reported, p resum ably because of experim enta l d iffic u ltie s  due 
to  the extrem ely low  so lub ility  o f the so lu te in aqueous so lu tion .

(16) R. C. A rm strong and A. J. S w allow , Radiat. Res., 40, 563 (1969),
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TABLE I: Rate Constants for the Reactions of OH and CK in Aqueous Solutions and the Resulting Transient Optical 
Absorption Characteristics

pH 14.0
Transien t absorption

pH 9 .2  Estim ated f r o m O H /0 :  +  S

Solute, S
k {  OH + S), 
M-1 sec-1a kobsd, M ~ ' sec“ 1 0

k(0" + S), 
M ~ ' sec-1

error
limits, % m̂ax- nm t, M - \  cm-'

Benzoic acid 6.0 X 109" 8.5 X 107c.d 3.8 X I07e-d ±50 SSO6-'7 S^OO6^
Phthalic acid 5.9 X 109 6.5 X 107 <1.8 X 107 330 3,600
Diphenyl-4-carboxylic acid 6.8 X 109 1.2X108 7.0 X 107 ±30 330 13,000

380 14,000
o,o'-Diphenic acid 7.0 X 109 8.4 X 107 <2.9 X 107 320 8,300
p.p'-Diphenic acid 8.3 X 109 9.3-X 107 <2.8 X 107 390 20,000
1-Naphthoic acid 7.9 X 109 1.8 X 108 1.2 X 108 ±30 330 6,000

390 2,400
2-Naphthoic acid 7.6 X 109 1.9X108 1.3 X 10« ±30 340 7,100
9-Anthroic acid 8.0 X 109 5.4 X 108 4.8 X 10® ±20 <280 >13,500

325 15,500
340 14,200
370 7,000

a ± 1 0 % . 6 From  ref 9. c From  ref 7. d From  ref 8.

Figure 2. Transient absorption spectra obtained in N20-saturat- 
ed aqueous solutions, 1.6 krads/pulse, 2.5-cm light path: (A) 
2.5 X 10~4 M  1-naphthoic acid, pH 10.5; (B) 2-naphthoic acid, 
(O) 5 X 10-4 M, pH 10.5; ( • )  1 X 10~3 M, pH 14.0, 1.7 
krads/pulse, 2.0-cm light path, OD normalized.

so lu te  co n c e n tra tio n  o f 1  x  1 0 - 3  M w ere u se d . G o o d  
p se u d o -first-o r d e r  p lo ts  w ere o b ta in e d  th rou g h  a t  lea st  
three h a lf-liv e s  o f  th e  tr a n sie n t fo rm a tio n  a n d  a correction  
w as a p p lied  for a n y  sm a ll ( < 5 % )  d e c a y  o f th e  a b sorp tion  
d u rin g th e  fo rm a tio n  p eriod . In  stro n g ly  a lk a lin e  so lu tion  

e q u ilib r iu m  1  w ill be  a c h ie v e d  b efo re  rea ctio n  o f  O H  or 
O -  w ith  th e  so lu te  o c cu rs . T h e  ob served  rate  c o n sta n t, 
^obsd> w ill be  c o m p o se d  o f  tw o  k in e tic  c o m p o n e n ts  in a s 
m u c h  as b o th  th e  O H  a n d  0 ~  ra d ica ls  co n tr ib u te  to  th e  
fo rm a tio n  o f  th e  sa m e  tra n sie n t

kobsà ~  & (O H  +  S )  X  _

U"«.»)+«°-+K1 - [-HhfiW))
w here K ( O H )  =  1 .2 6  X 1 0 ~ 12. E v e n  a t  p H  14 (1  M  K O H ) ,  
w here less th a n  1 %  o f  th e  rea ctiv e  ra d ic a ls  are in  th e  p ro - 
to n a ted  fo rm , th e  rea ctio n  o f  O H  w ith  th e  so lu te  is a s ig n ifi
ca n t co n tr ib u tio n  to w a rd  th e  v a lu e  o f  fe0bsd. T a b le  I gives  
th e rate  c o n sta n t d a ta  o b ta in e d  in  th is  s tu d y  as w ell as a 
su m m a ry  o f th e  sp ec tra l d a ta  p re sen te d  earlier in  th e  
figures. V a lu e s  o f  k{0 + S )  w ith in  2 0 %  o f th o se  g iven  in

Figure 3. Transient absorption spectra obtained in N20-saturat- 
ed aqueous solution containing 5 X 10~4 M  9-anthroic acid, pH 
14.0, 1.5 krads/pulse, 2.0-cm light path, e values corrected for 
depletion of substrate by the pulse.

T a b le  I w ere o b ta in e d  a t  0 .5  an d  1 .3  M  K O H . T h e  e ffect o f  
low erin g th e  K O H  co n ce n tra tio n  c o u ld  n o t be  s tu d ie d  since  
u n d er th o se  c o n d itio n s  th e  e x te n t o f  th e  co rrection  for th e  
co n tr ib u tio n  o f  O H  ra d ica ls  b e c o m e s  so  great as to  p la ce  the  
k{0~  +  S) v a lu e  in d o u b t .

A n  e x a m in a tio n  o f  th e  rate  c o n sta n t d a ta  in T a b le  I re 
v e a ls  certa in  gen eral tren d s . T h e  v a lu e s  o f  & (O H  +  S ) for  
all th e  c o m p o u n d s  s tu d ie d  are u n ifo r m ly  h ig h , near th e  
d iffu sio n -c o n tr o lle d  l im it , a n d  d o  n o t sh ow  a n y  o b vio u s  
d ep e n d e n c e  on  th e  size  or n u m b e r  o f  a r o m a tic  rin gs or th e  
charge on  th e  so lu te . A tta c k  b y  th e  O H  ra d ic a l an d  its a d 
d itio n  to  th e  a r o m a tic  ring sy s te m  is c lea rly  a p ro cess w ith  
few  en ergetic  or e lectro n ic  restr ictio n s a n d  occu rs on  a l
m o st every  e n c o u n te r . O n  th e  o th er h a n d , th e  fo rm a tio n  
o f  th e  ob served  tr a n sie n t fro m  O  a tta c k  is c o n sid era b ly  
slow er an d  d ep e n d s  u p o n  th e  charge on  th e  so lu te  a n d  th e  
n u m b e r  a n d  ty p e  o f  a r o m a tic  rin gs. T h u s , fe(O H  +  S ) /  
k(0~  +  S )  >  160  for sin g ly  ch a rg ed  b e n z o a te  a n d  >  3 3 0  
for d o u b ly  ch a rg ed  o -p h th a la te . W h e n  c o m p a riso n  is m a d e  
w ith  th is  ra tio  for b e n z en e  (6 6 ) , 17  it  b e c o m e s  clear th a t  
k(0~  +  S ) d e p e n d s  u p o n  th e ch arge o f  S  in a s tra ig h tfo r 
w ard  w a y  w ith  th e  rate  c o n sta n t d im in ish in g  as th e  n u m 
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ber o f n e g a tiv e  ch a rg es  on  S  in crea se . W h e n  an  a d d itio n a l  
a r o m a tic  rin g  is a v a ila b le  for 0 ~ a tta c k , as in  th e  ca se  o f  
d ip h e n y l-4 -c a r b o x y lic  ac id , th e  rate  is a p p ro x im a te ly  
tw ic e  th a t  o f  b e n z o ic  a c id  ( £ ( O H  +  S)/k(0- +  S )  >  9 8 ) .  
H o w e v e r, w ith  th e  d ip h en ic  a c id s  w h ich  p ro v id e  tw o  aro 
m a tic  rings and a d o u b ly  n eg a tiv e  a n io n , th e  rate  is e s ta b 
lish ed  b y  b o th  e ffe c ts . T h e  orth o or p a ra  n a tu re  o f  th e  d i 
p h en ic  a c id s  d oes n o t h av e  a n y  a p p a r e n t e ffe c t on  th e  O -  
ra te .

T h e  m o s t  in terestin g  tren d  in  th e  k(0~ +  S )  v a lu es  is 
e x h ib ite d  b y  th e  s in g ly  ch a rg ed  a n io n s o f  b e n z o ic , n a 
p h th o ic , a n d  a n th ro ic  a c id s  for w h ich  th e  rate  o f  th e  re a c 
tio n  in creases b y  ov er a fa cto r  o f  1 0  in  goin g fro m  th e  s im 
p le st  m o le c u le  to  th e  m o s t  c o m p le x . I f  th e  rate  o f  a d d itio n  
o f  0  to  th e  a r o m a tic  ring w ere govern ed  s im p ly  b y  th e  
n u m b e r  o f  s ites  a v a ila b le  for b o n d in g , th e n  on e  w o u ld  e x 
p e c t th e  v a lu e s  o f  k(0~ + S )  to  be  in  th e  ra tio  o f  
6 :1 0 :1 4 ,  w h ich  th e y  are n o t . F u rth erm o re , one w ou ld  e x 
p e c t th a t so m e  s ites  on  th e  a r o m a tic  n u c le u s  (fo r e x a m 
p le , the b r id g e h ea d  ca rb o n  a to m s) w o u ld  b e  ste rica lly  u n - 
a c c e ssa b le  for O -  a d d itio n  ren d erin g  th e  p re d ic te d  ran ge  
o f  rate c o n sta n ts  ev en  sm a lle r . R a th e r , th e  v a lu e  o f  k( O  
+  S ) for th ese  c o m p o u n d s  ap p ea rs  to  b e  re la ted  to  th e  e x 
te n t o f  d e lo c a liz a tio n  o f  th e  a r o m a tic  7r-electron sy ste m  
for w h ich  b e n z en e  <  n a p h th a le n e  <  a n th ra c e n e . A p p a r 
e n tly , th e  ra te  o f  fre e -ra d ic a l a d d itio n  to  a r o m a tic  h y d r o 
ca rb o n s is go vern ed  so m e w h a t b y  th e  en ergy req u ired  to  
iso la te  a sin g le  ir e lectro n  at a ca rb o n  a to m  to  fo rm  a “ a 
c o m p le x . ” 18 It is u n fo rtu n a te  th a t  th e  so lu b ility  o f  th ese  
a r o m a tic  h y d ro c a rb o n s (ev en  as th e  c a rb o x y la te  d e r iv a 

tiv e ) is so low  in a q u eo u s so lu tio n  w h ich  p re c lu d es a fu r 
th er te s t  o f  th is  s o m e w h a t crude m o d e l. M e c h a n is t ic a lly ,  
it is n o t y e t  c lear w h eth er th e  0 ~  (o r  O H )  ra d ic a l a d d s  
d ire c tly  to  a sp ec ific  site  or first fo rm s a m o le c u la r  c o m 
p le x  w ith  th e  a r o m a tic  ir sy s te m  w h ich  ra p id ly  u n d ergo es  
re o rg a n iza tio n  to  give th e  v a rio u s iso m ers .

T h e  O -  ra d ic a l is c lea rly  a w eaker e le ctro p h ilic  rea gen t  
th a n  is O H  in its  a d d itio n  rea ctio n s w ith  th e  a r o m a tic  
ring as sh o w n  b y  its less  th a n  d iffu sio n -c o n tr o lle d  rea ctio n  
ra te s . I t  is d iff ic u lt  to  assess th e  rea son s for th e  d ifferen ce  
b e tw ee n  th is  a c id -b a s e  p a ir  b u t  it sh o u ld  b e  n o te d  t h a t  a 
s im ila r  b e h a v io r  h as b e e n  o b served  for N H 3 + - N H 2 r a d i
c a ls . S p e c ific a lly , N H 3 + a d d s  to  b e n z en e  to  give  an  in te r 
m e d ia te  o b serv a b le  b y  th e  p u lse  ra d io ly sis  te c h n iq u e ; 
N H 2 d oes n ot g ive  a d ete c ta b le  tr a n s ie n t . 19 T h e  lo w est- 
ly in g  m o le c u la r  o rb ita l a v a ila b le  for b o n d in g  in O H  is v ir 
tu a lly  id e n tic a l w ith  th e  co rresp o n d in g  o rb ita l in  O -  
th e reb y  ru lin g  o u t co n sid era tio n s on  s y m m e tr y  a n d  en ergy  
g ro u n d s. A t  th e  p resen t tim e  w e ca n  o n ly  o b serv e  th a t  th e  
charge d istr ib u tio n  a n d  p o la r iz a b ility  d ifferen ces  in  th e  
ra d ica ls  m a y  a c c o u n t for th e  o b serv a tio n s rep o rted  here.
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M e th a n o l, e th a n o l, p ro p a n o l, an d  b u ta n o l a d so rb  on a lu m in a  as s ta b le  a lk o x y l g rou p s. A b o v e  1 5 0 ° in  th e  
p resen ce o f  a lc o h o l v a p o r  or air th e se  a lk o x y l grou p s are c o n v erted  to  ca rb o x y l g rou p s. A  k in e tic  a n a ly sis  
o f  th is  re a ctio n  u sin g  in frared  sp ec tro sc o p y  sh o w ed  th a t  th e  su rfa ce  rea ctio n  is p se u d o -z e r o  order. T h e  
p resen ce  o f a L e w is  a c id  s ite  (A 1 + )  is n e cessary  in order th a t  th e  ga seo u s a lco h o l or o x y g en  m a y  ad so rb  
a n d  p ro d u c e  an  o x y g e n -c o n ta in in g  sp ec ies . T h is  sp ec ies is m o b ile  on  th e  su rfa ce  a n d  rea cts  w ith  the  
b o n d e d  a lk o x y l grou p s to  p ro d u c e  a b o n d e d  ca rb o x y l g ro u p . P o iso n in g  o f  th e L ew is  a c id  s ites  w ith  p y r i
d in e  stro n g ly  in h ib its  th e  re a ctio n . B a se d  u p o n  th e  d a ta  a rea ctio n  m e c h a n ism  is p ro p o sed .

I n tr o d u c t io n

T h e  c a ta ly tic  d e h y d ro x y la tio n  o f  a lco h o ls  over a lu m in a  
h a s b een  s tu d ie d  for m a n y  y e a r s .23 G e n e ra lly , low er t e m 
p era tu res  p ro d u c e  e th ers a n d  h igh er te m p e ra tu re s  p ro d u ce  
a lk e n es , a lth o u g h  m e th a n o l p ro d u c es  eth ers, C 2H 4 , C 2H 6 , 
e tc . a t h ig h er te m p e ra tu re s . T h e  gen eral p a tte r n  for th ese  
c a ta ly tic  re a ctio n s is th e  re m o v a l o f  a h y d ro x y l grou p  an d  
o f  a p ro to n .

T h e re  h av e  b e e n  severa l in frared  sp ec tro sco p ic  s tu d ie s  
o f a lc o h o l a d so rp tio n  on  a lu m in a , c o m m e n c in g  w ith  B a 

b u sh k in  a n d  U v a r o v 2b w h o fo u n d  th a t , a t low  te m p e r a 
tu res , e th a n o l p ro d u c ed  su rfa ce  - O H ,  - C H 2C H 2, a n d  e th 
ox y  g rou p s. G ree n le r3 carried  o u t a d e ta ile d  s tu d y  o f  
m e th a n o l a n d  e th a n o l a d so rp tio n  on  a lu m in a , w h ich  in 
c lu d e d  th e  u se  o f  ,13C a n d  d e u tera ted  c o m p o u n d s  for id e n -

(1) Present address: Techn ica l S ta ffs D ivision, Corn ing G lass W orks, 
Corning, N. Y. 14830.

(2) (a) M. E. W infie ld  in “ C ata lys is ,”  Vol. V II, P. H. Em m ett, Ed., Rein
hold, New York, N. Y ., 1960, p 93 ff; (b) A. A. Babushkin and A. 
V. Uvarov, Dokl. Akad. Nauk SSSR. 110, 581 (1956).

(3) R. G. G reenler, J. Chem. Phys.. 37, 2094 (1962).
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tify in g  th e  v a rio u s b a n d s  w h ich  a p p e a re d . T h r e e  su rfa ce  
en tities  w ere fo u n d , viz., ( 1 ) p h y s ic a lly  a d so rb e d  a lco h o l  
re m o v a b le  b y  e v a c u a tio n  a t 3 5 ° , (2 )  a d so rb e d  a lk o x y l  
grou p s, a n d  (3 )  su rfa ce  fo rm a te  io n s (fro m  m e th a n o l)  or 
a c eta te  ion s (fr o m  e th a n o l)  w h en  th e  -a lu m in a  w as h e a te d  
to  170° in  th e  p re sen ce  o f  a lco h o l v a p o r. T h e s e  ca rb o x y l  
grou p s are s ta b le  to  > 4 0 0 ° .  A ll  s u b se q u e n t w ork h as c o n 
firm e d  h is  o b serv a tio n s  a n d  b a n c  id e n tific a tio n s . G reen ler  
su g g ested  th a t  th e  a lc o h o l rea cts  w ith  an  A1 a to m  to  p ro 

d u ce  a lk o x y l grou p s w ith  th e  e lim in a tio n  o f  on e  h yd rogen , 
a n d  w ith  an  o x id e  a to m  to  p ro d u c e  ca rb o x y l grou p s w ith  
th e  e lim in a tio n  o f  th ree  h y d ro g e n s. In  rev iew in g  th is  w ork, 
b o th  L it t le 4 a n d  H a ir 5 co n sid ered  th e  re a ctio n  b etw een  
th e  a lco h o l a n d  a su rfa ce  h y d ro x y l grou p  as m o re  lik e ly  to  
fo rm  a lk o x y l g rou p s.

K a g e l6 s tu d ie d  C i  th ro u g h  C 4 n o r m a l a lco h o ls , a n d  c o n 
c lu d e d  th a t  th e  w ea k ly  ad so rb ed  a lco h o ls  w ere H  b o n d e d  
to  th e  su rfa ce . T h e  c h e m iso rb e d  a lk o x y l grou p s w ere  
fo rm ed  b y  a d so rp tio n  o f  a lco h o l on  o x y g en  a to m s  to  fo rm  
a lk ox yl a n d  h y d r o x y l g rou p s. H e  p ro p o sed  th a t  th e  c h e m i
sorb ed  a lk o x id e  rea cts  w ith  a n  a d ja c e n t A l - O H  grou p  to  
fo rm  a b r id g e d  c a rb o x y la te .

D e o  a n d  D a lla  L a n a , in  a  s tu d y  o f  1 -p ro p a n o l7 a n d  s e c 
o n d a ry  a lc o h o l8 a d so rp tio n  on  a lu m in a , su r m ise d  th a t  th e  
a lk o x y la te  fo rm s b y  a d so rb in g  a lc o h o l on A l 3 + w h ich  th en  
sp lits  o ff  H + ,  a n d  th a t  th e  c a rb o x y la te  fo rm s b y  rea ctio n  
o f an  a lk o x y la te  w ith  an  adjacent, O H  g rou p . O n  th e  basis  
o f N a O H  d o p e d  a lu m in a , th e y  c o n c lu d ed  th a t  th e  h ig h - 
fre q u e n cy  O H  grou p s ( ~ 3 7 8 5  c m - 1 ) are th e  p rin c ip a l  
ca u se  o f  d e h y d ra tio n  o f  th e  a lk o x y l grou p , a n d  th a t  b y  re 
m o v in g  th ese  grou p s a re a ctio n  in v o lv in g  A l3+  ion s b e 
c o m e s  d o m in a n t .

A lth o u g h  th e  e x p e r im e n ta l o b serv a tio n s  b e tw ee n  th ese  
d iffe re n t w orkers are g en era lly  in  a g re e m e n t, th e  m e c h a 
n ism s p ro p o sed  for b o t h  th e  a lk o x id e  an d  th e  c a rb o x y la te  
fo rm a tio n  are ra th er d iv e rg en t. M o s t  o f  th e  e x p e r im e n ts  
in v o lv e d  h e a tin g  th e  a lu m in a  in  a lco h ol v a p o r a n d  reco rd 
in g  th e  sp ec tra  a t  ro o m  te m p e ra tu re . A ll  th e  m e c h a n istic  
c o n clu sio n s w ere d ra w n  on  th e  b a sis  o f  th e se  sp ec tra  an d  
gas a n a ly se s . T h is  s tu d y  d esc rib es  a k in e tic  e v a lu a tio n  o f  
th e  fo rm a tio n  o f  su rfa ce  c a rb o x y la te s  u sin g  m e th a n o l, e th 
a n o l, p ro p a n o l, a n d  b u ta n o l. A  s tu d y  o f  th is  ty p e  y ie ld s  
m u c h  m o re  in fo r m a tio n  a b o u t th e  cou rse o f  th e  rea ctio n s  
th a n  d oes o b serv a tio n  o f  on ly  in it ia l a n d  fin a l s ta te s . In  so 
fa r  as th e  e x p e r im e n ts  carried  cu t here o v er la p p ed  th o se  
rep orted  a b o v e , th e y  are in  b ro a d  a g re e m e n t. In  th is  
s tu d y , all sp e c tra  w ere reco rd ed  a t re a ctio n  te m p e ra tu re , 
a n d  re a ctio n  cu rves w ere o b ta in e d  for th e  fo rm a tio n  o f  
ca rb o x y l grou p s on  th e  su rfa ce . T h e  rea ctio n s w ere carried  
o u t a t  v a rio u s te m p e ra tu re s , u s in g  v a rio u s p ressu res o f  a l 
coh ol v a p o r  or air. E x p e r im e n ts  w ere a lso  carried  o u t in  
w h ich  th e  a lu m in a  su rfa ce  w as tr e a te d  w ith  p y r id in e .

Experimental Section
T h e  d e ta ils  o f  m e a su r in g  su rfa ce  k in e tics  h av e  b een  

p rev io u sly  d e s c r ib e d .9 B r ie fly , a s e lf-su p p o r tin g  d isk  o f  
a lu m in a  w as m o u n te d  in a c y lin d ric a l fu rn a ce  cell p la c e d  
in  a P e r k in -E lm e r  M o d e l  621  in fra red  sp e c tro p h o to m e te r . 
T h e  fu rn a ce  cell h a d  w a te r -c o o le d  e n d  p la te s  fitte d  w ith  
Ir ta n - 2  w in d o w s, a n d  w as c o n n ec te d  to  a c o n v e n tio n a l  
v a c u u m  ra c k . G a s  or v a p o r  a t an y d esired  p ressu re  w as  
a d m itte d  to  th e  ce ll for a g iven  :im e  a n d  th e n  e v a c u a te d . 
S p ectra  w ere ta k e n  a t e a c h  step  o f th e  p ro cess. B y  m e a 
suring th e  in ten sities  o f  th e  a b so r p tio n  b a n d s  a t  va rio u s  
tim e s  one ca n  c o n stru c t a re a ctio n  cu rv e . S in c e  th e  cell 
w as fre q u e n tly  e v a c u a te d , th e  g a s -p h a se  co n ce n tra tio n

w a s e sse n tia lly  c o n sta n t d u rin g  th e  cou rse o f  a n y  given  
e x p e r im e n t. A ll  sp e c tra  w ere reco rd ed  a t  rea ctio n  te m p e r 
atu re .

T h e  A lo n  C  a lu m in a  d isk s  w ere p rep a red  b y  p ressin g  
a p p ro x im a te ly  5 0  m g  in a 1 -in . d ie  a t  2 4 ,0 0 0  p si b etw een  
tw o  sh e ets  o f  tissu e  p a p er  m o is te n e d  w ith  a c eto n e . T h is  
“ s a n d w ic h ”  w as h e a te d  a t  9 0 0 °  in  air for 1 hr a n d  tr a n s 
ferred  to  th e  rea ctio n  c e ll. T h e  ce ll w ith  th e  a lu m in a  d isk  
w as th e n  h e a te d  to  4 0 0 °  in vacuo for 15 m in , a fter  w h ich  
th e  te m p e ra tu re  w as low ered  to  th e  d esired  rea ctio n  te m 
p eratu re  a n d  th e  re a c tio n  carried  o u t.

A n a ly t ic a l  g ra d e  rea g en ts  w ere u se d  th ro u g h o u t.

Results
In  F igu re  1 are g iv e n  so m e  ty p ic a l sp ec tra  in th e  region  

1 7 0 0 -1 3 0 0  c m “ 1 ta k e n  d u rin g th e  cou rse o f  a k in e tic  e x 
p e r im e n t. T h e  b a n d s  in  th e  v ic in ity  o f  146 0  a n d  1560  
c m  1  are d u e  to  th e  s y m m e tr ic  a n d  a s y m m e tr ic  O C O  
grou p  v ib ra tio n s  o f  th e  su rfa ce  c a rb o x y la te . T h e  precise  
fre q u e n cie s , as w ell as th e  re la tiv e  b a n d  in ten sities , for  
e a ch  a lco h o l are g iven  in  T a b le  I . W it h  th e  e x c e p tio n  o f  
m e th a n o l, th e  tw o  o b serv e d  c a rb o n y l b a n d s  h av e  in te g ra t
ed  in ten sities  w h ich  d iffe r  b y  n o  m o re  th a n  a b o u t 1 5 % .  
W it h  m e th a n o l, th e  s y m m e tr ic  b a n d  is on ly  a b o u t  %  as 
in ten se  as th e  a sy m m e tr ic  b a n d . T h e  in ten sities  o f  th ese  
C = 0  b a n d s  d u rin g  th e  course o f  an  e x p e r im e n t w ere u sed  
to  c o n stru c t th e  k in e tic  re a c tio n  cu rves. S o m e  ty p ic a l  
re a ctio n  cu rves are g iven  in F ig u re  2 .

T h e se  C = 0  b a n d s  in crea sed  in in te n sity  o n ly  in th e  
p resen ce  o f  ga seo u s a lc c h o l or a d d e d  air. N o  ch a n g es were 
o b served  in th ese  in te n sit ie s  w h en  th e  sa m p le  w as a llow ed  
to  s ta n d  in vacuo a t  re a ctio n  te m p e ra tu re  for p eriod s u p  
to  severa l h ou rs. P lo ts  o f  th e  low er fre q u e n c y  C = 0  b a n d  
a g a in st th e  h ig h er fre q u e n cy  C = 0  b a n d  w ere lin ear for  
a n y  g iven  a lc o h o l, d e m o n str a tin g  th a t  b o th  b a n d s  arise  
fro m  th e  sa m e  fu n c tio n a l g ro u p . B a n d s  at 2 8 0 0 -3 0 0 0  c m “ 1 

a n d  n ear 138 5  c m “ 1, d u e  to  C - H  str e tc h in g  a n d  b e n d in g  
v ib ra tio n s , a p p ea re d  in it ia lly . T h e s e  C - H  b a n d s  ra p id ly  
rea ch ed  th e ir  f in a l in te n s ity . T h e r e a fte r  th e y  re m a in  n e a r
ly  c o n sta n t d u rin g  th e  course o f  a re a c tio n  (c /. F igu res 1 
an d  3 ) . D u rin g  th is  in itia l p erio d  th e  h y d ro x y l group  
b a n d s  a t  3 6 0 0 -3 7 6 0  c m “ 1 d isa p p e a re d  (F igu re  3 ) a n d  the  
O H  group  b a n d s  b e tw ee n  3 4 6 0  a n d  3 5 6 0  c m - 1  in creased  
in  in te n sity . D u r in g  th e  cou rse o f  th e  re a ctio n  th ere  is a 
s m a ll  in crease  in th e  region  3 6 0 0 -3 1 0 0  c m “ 1 . W h e n  the  
a lco h o l re a cte d  w ith  th e  su rfa ce  a t  a low er te m p e ra tu re  
(1 5 0 °)  b a n d s  a lso  a p p ea re d  n ear 1 07 0 , 1 10 0 , a n d  1150  
c m “ 1 . G ree n le r3 o b serv e d  b a n d s  in  th is  v ic in ity  a n d  a s 
sig n ed  th e m  to  a su rfa ce  a lk o x id e  grou p .

T h u s , th e  first re a c tio n  is th a t  b e tw ee n  th e  a lco h ol an d  
so m e  o f  th e  su rfa ce  h y d ro x y l grou p s to  p ro d u c e  su rfa ce  a l 
k ox yl g rou p s. In  th e  p resen ce  o f  ga seo u s a lc o h o l th ese  a l 
k o x y l grou p s are th e n  o x id iz e d  to  c a rb o x y l grou p s.

F igu re 2 sh ow s th a t  th e  rea ctio n  cu rves for th e  fo r m a 
tio n  o f  c a rb o x y la te , u s in g  e th a n o l, p ro p a n o l, a n d  b u ta n o l, 
are lin ear th ro u g h o u t e x c e p t for an  in itia l fa s t  re a ctio n . 
W i t h  m e th a n o l, th e  re a ctio n  cu rves sh o w ed  a sh a rp  b rea k , 
b u t th e  tw o  p ortion s w ere lin ear. In  th ese  e x p e r im e n ts  the

(4) L. H. L ittle , "In fra red  Spectra  of Adsorbed S p e c ie s ," Academ ic 
Press, London, 1966, p 178.

(5) M. L. Hair, “ In fra red  S pectroscopy In Surface  C hem is try ," M arcel 
D ekker, New Y ork, N. Y., 1967, p 157.

(6) R. O. Kagel, J. Phys. Chen., 7 1 ,8 4 4  (1967).
(7) A. V. Deo and I. G. Dalla  L.ana. J. Phys. Chem.. 73, 716 (1969).
(8) A. V. Deo, T. T. Chuang, and I. G. Dalla  Lana, J. Phys. Chem., 75, 

234 (1971).
(9) W. Hertl, J. Phys. Chem., 72, 1248 (1968).
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Figure 1. Spectra of alumina at various times showing growth of 
carboxylate bands due to reaction of 10 Torr of ethanol at 275°. 
The initial spectrum is at the bottom; the top spectrum is after 
84 min of reaction.

Figure 2. Kinetic plots obtained at 250° for: O, 20 Torr of meth
anol; A, 20 Torr of ethanol; □, 10 Torr of propanol; • , 5 Torr 
of butanol.

TABLE I: Observed Frequencies (in cm 1) and Intensities of 
Carboxyl Bands Produced by Reaction of Alcohols on Alumina

Alcohol
Asymmetric

OCO
Symmetric

OCO
CH

bending

Intensity
symmetric

OCO/
intensity

asymmetric
OCO

Methanol 1587 1378 1390 33%
Ethanol 1572 1455 1388 89%
Propanol 1564 1444 1384 85%

1556 1469
Butanol 1555 1455 1380 110%

1567 1463

a lc o h o l v a p o r  w as e v a c u a te d  a t  sh o rt in terv a ls  a n d  fresh  
v a p o r  a d d e d , so  th a t  th e  g a s -p h a se  c o m p o sitio n  w as e sse n 
tia lly  c o n s ta n t  d u rin g  an  e x p e r im e n t. U n d e r  th e se  c o n d i
tio n s  th e  re a c tio n  cu rv es  d escrib e  a p se u d o -z e r o -o rd e r  p ro 
cess.

William Hertl and Angela Maria Cuenca

Figure 3. Spectra of alumina at 275°:.........initially;--------- after
30 sec of reaction with propanol;---------after 145 min of reac
tion with propanol.

TABLE II: Gas-Phase Products from Reaction of 
Alcohols on Aluminau

Reactant Products

Methanol Mixture of ether and alkanes
Ethanol Ethylene
Propanol Propylene

a The alumina was heated at 400° in vacuo prior to the reaction with the
alcohol.

In  ord er to  d e te r m in e  th e  g a s -p h a se  p ro d u c ts , so m e  a lu 
m in a  w as p la c e d  on  th e  floor o f  th e  fu rn a ce  a t  2 5 0 ° . A lc o 
hol v a p o r  w as a d d e d  for a  t im e  su ffic ie n t to  en su re  th a t  
th e  in itia l b o n d in g  re a c tio n  to  fo rm  th e  a lk o x id e  w a s c o m 
p le te . F re sh  a lc o h o l v a p o r w as th e n  a d d e d  a n d  a llo w e d  to  
s ta n d  for 4 5  m in . S p e c tra  w ere ta k e n  a t  v a rio u s t im e s .  
In itia lly , u n rea c te d  a lc o h o l w as o b serv ed  a n d  a t  la ter  
t im e s  o n ly  th e  p ro d u c ts  lis te d  in T a b le  II w ere fo u n d .

T h e  ra te  o f  c a rb o x y la te  fo r m a tio n  a t  v a rio u s a lco h o l  
p ressu res w a s m e a su r e d  b y  ca rryin g  o u t th e  rea ctio n  a t  a 
fix e d  d a tu m  p ressu re  a n d  m e a su rin g  th e  ra te ; th e n , u sin g  
a d iffe re n t p ressu re , th e  rate  w as a g a in  m e a su r e d . T h u s  
a ll th e  ra tes  for a  g iv en  a lco h o l are referred  to  a  d a tu m  
p ressu re . T h is  m e th o d  o f  n o r m a liz a tio n  is n ecessa ry  d u e  
to  s lig h t d ifferen ces  in  th ic k n ess  b e tw ee n  d iffe re n t a lu m i
n a  d isk s . In  F igu re  4  are g iv en  th e  m e a su r e d  p ressu re  
d e p e n d e n c ie s  o f  th e  rea ctio n  ra te s . T h e s e  cu rv es  sh o u ld  
re flect th e  sh a p e  o f  th e  a d so rp tio n  iso th e rm  o f  th e  a lco h o l  
w h ich  rea cts  w ith  th e  b o n d e d  sp ec ies , a n d  a p p e a r  to  b e  
ty p e  I iso th e rm s.

T h e  in it ia l fa s t  re a c tio n  w h ich  ap p ea rs  as an  in terc e p t  
on  th e  k in e tic  p lo ts  a c c o u n ts  for a b o u t  1 0 %  or less  o f  th e  
to ta l re a c tio n  a n d  is c o m p le te d  w ith in  severa l m in u te s , 
c o m p a re d  to  h u n d re d s  o f  m in u te s  for th e  c o m p le te  re a c 
tio n . T h is  fa s t  rea ctio n  ta k e s  p la c e  d u rin g  th e  t im e  w h en  
th e  C H  b a n d s  are b u ild in g  u p  to  th e ir  fin a l in te n s ity  a n d  
th e  O H  b a n d s  a b o v e  3 6 0 0  c m  1  are d isa p p e a rin g . B y  
ca rryin g  o u t th e  re a c tio n  a t  1 50 ° on e  ca n  re a d ily  fo llo w  
th is  in it ia l p ro cess . A t  th is  low  te m p e ra tu re  on e  ob serv es  
a sm a ll grow th  in  th e  C = 0  b a n d  a t  156 0  c m “ 1  a n d  a  
large grow th  in  th e  C = 0  b a n d  a t  146 2  c m - 1  d u rin g  th e  
t im e  w h en  th e  C H  b a n d s  a t  138 0  c m “ 1  are b u ild in g  u p  to  
th e ir  fin a l in te n s ity , a fter  w h ic h  th ere  is n o  fu rth er  
ch a n g e . O n  ra isin g  th e  te m p e ra tu re  to  2 5 0 ° w ith  e v a c u a 
tio n  a b o u t 7 5 %  o f  th e  large C = 0  b a n d  a n d  th e  1 3 8 0 -c m “ 1 
C H  b a n d  d isa p p e a r , lea v in g  s m a ll  C = 0  b a n d s  a t  1 5 6 0  
a n d  146 2  c m - 1  a n d  th e  C H  b a n d  a t  138 0  c m “ 1 . T h u s , th is  
in itia l fa s t  o x id a tio n  re a ctio n  is s u ffic ie n tly  ra p id  to  b e
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Figure 4. Plots of carboxylate reaction rate at 250° against pres
sure of alcohol vapor. The rate at a fixed reference pressure 
was determined for each disk. A different pressure was then 
used. All the rates are normalized with respect to the reference 
pressure. Reference pressures used were methanol, 20 Torr; 
ethanol, 20 Torr; and propanol, 10 Torr.

o b serv a b le  ev en  a t  1 5 0 ° . T h e  e x p e r im e n t is so m e w h a t o b 
scu red  d u e  to  th e  o x id a tio n  o f  loo sely  b o u n d  a lco h o l, 
w h ich  d eso rb s on  ra isin g  th e  te m p e ra tu re . T h is  loo sely  
b o u n d  a lc o h o l w o u ld  n o t be  p re sen t a t  th e  u su a l rea ctio n  
te m p e ra tu re s . T h e s e  in te n s ity  ch a n g e s are n o t d u e  to  th e  
te m p e ra tu re  d e p e n d e n c e  o f  th e  in frared  a b so rp tio n  b a n d s  
th e m se lv e s . O v er th is  te m p e ra tu re  range th e  p ea k  in te n s i
ties  n o r m a lly  d ec re a se d  a b o u t 2 5 % , w h ereas th e  large  
C = 0  b a n d  as w ell as  th e  C H  b a n d s  d ecreased  a b o u t 7 5 %  
on ra isin g  th e  te m p e ra tu re .

T h e  te m p e ra tu re  d e p e n d e n c ies  w ere a lso  m e a su re d . T h e  
rea ctio n  rate  v a ria tio n  w ith  te m p e ra tu re  w ill d ep e n d  on  a t  
le a st tw o  fa cto rs ; th e  tru e  a c tiv a tio n  en ergy  o f th e  o x id a 
tio n  re a ctio n  a n d  th e  co n c e n tra tio n  o f  th e  in term ed ia te  
a d so rb e d  o x id a n t. In  th ese  e x p e r im e n ts  it  is n o t p o ssib le  
to  iso la te  th e  tw o  s te p s . A lth o u g h  th is  e x p e r im e n ta l a c tiv -  
ita tio n  en ergy  h a s  n o  fu n d a m e n ta l sig n ific a n ce  it  is a c o n 
v en ien t w ay  to  d esc rib e  an  e x p e r im e n ta l te m p e ra tu re  d e 
p en d e n ce . T h e  re su lts  o b ta in e d  w ere (in  k c a l /m o l)  b u t a 
nol 16, p ro p a n o l 16 , e th a n o l 17, a n d  m e th a n o l (fir st lin ear  
p a rt o f  rea ctio n ) 2 1 .

T h e  k in e tic  b e h a v io r  o f  th e  m e th a n o l is q u a n tita tiv e ly  
so m e w h a t d iffe re n t. T h e  k in etic  cu rves sh ow  th e  rap id  
in itia l fo rm a tio n  o f  C = 0  b a n d s  in  p a ra lle l w ith  th e  b u ild 
u p  o f  th e  C H  b a n d s  in  th e  2 8 0 0 -3 0 0 0  c m - 1  region  for th e  
first few  m in u te s  o f  re a ctio n , as w ith  th e  oth er a lc o h o ls . 
A fte r  th is  in it ia l fa s t  rea ctio n  th e  cu rve  for C = 0  fo r m a 
tio n  is lin ear for a b o u t 5 0 %  o f  th e  rea ctio n . A fte r  th is  
p o in t th e  re a ctio n  cu rve  is a lso  lin ear, w ith  a slop e  in d i
c a tin g  a re a c tio n  ra te  o n ly  a b o u t h a lf  as  fa st as d u rin g  th e  
first h a lf  o f  th e  re a c tio n . T h e re  are a lso  sm a ll in creases in  
th e  C H  b a n d s  at 2 8 0 0 -3 0 0 0  a n d  1 3 9 0  c m  A  T h e  ga seou s  
rea ctio n  p ro d u c ts  o b ta in e d  w ith  m e th a n o l are a lso  d iffe r 
e n t from  th o se  o b ta in e d  w ith  th e  o th er a lc o h o ls .

W h e n  th e  p a r tia lly  rea cted  a lu m in a  is h e a te d  to  4 0 0 °  in 
vacuo th e  C = 0  b a n d s  are s ta b le  in freq u en cy  a n d  in te n s i
ty , b u t th e  C H  b a n d  in ten sities  d ec re a se . T h is  is p ro b a b ly  
due to  d eso rp tio n  o f  th e  b o n d e d  a lk o x y l g rou p s. O n  h e a t
ing th e  a lu m in a  a t  4 0 0 °  in  air, a fter  s u b s ta n tia l rea ctio n  
w ith  m e th a n o l, n o ch a n g e s  occu r in  th e  in ten sities  or 
frequ en cies o f  th e  C = 0  b a n d s  a n d  th e  C H  b a n d  a t  139 0  
cm  1 d ecreases o n ly  s lig h tly . T h e  C H  b a n d s  near 2 9 0 0

FREQUENCY (cm’1)

Figure 5. Spectra of alumina at various times showing the initial 
fast reaction at 150° using 5 Torr of butanol. The initial spec
trum is at the bottom; the top spectrum was taken after 90 sec 
of reaction. No further changes were observed at this tempera
ture.

Figure 6. Kinetic plot of growth of carboxyl bands obtained at 
275° using 50 Torr of air. Prior to making this plot, the alumina 
was exposed to 30 Torr of methanol at 150° for 5 min.

c m - 1  are a lm o s t  c o m p le te ly  re m o v e d  (1 5 %  re m a in in g ). 
T h e  O H  b a n d  a t  3 7 2 0  c m  1  re a p p e a rs  a n d  th e  O H  b a n d  
n ear 3 5 0 0  c m - 1  is r e m o v e d .

In  F igu re  6  is g iven  a rea ctio n  cu rve  ta k e n  u n d er th e  
fo llo w in g  c o n d itio n s . M e th a n o l w as a d d e d  to  th e  cell at 
2 7 5 ° for 5  m in  u n til th e  in ten sities  o f  th e  o b served  C H  
b a n d s  w ere e sse n tia lly  c o n sta n t, in d ic a tin g  th a t  th e  a lk o x 
y l b o n d in g  re a ctio n  w as c o m p le te . A ir  (5 0  T o rr) w as in tro 
d u ce d  in to  th e  ce ll for a g iven  p erio d  o f  t im e  an d  th en  
e v a c u a te d . T h is  w as re p ea te d  in e x a c tly  th e  sa m e  m a n n er  
as in  a k in e tic  e x p e r im e n t w ith  a lco h o l v a p o r. T h e  re a c 
tio n  cu rve  is lin e a r th r o u g h o u t. T h e  freq u en cies  o f  th e  
C = 0  b a n d s  w ere id e n tic a l w ith  th o se  o b serv e d  w h en  
m e th a n o l v a p o r  w a s u sed  for th e  o x id a tio n  re a c tio n . T h e  
sa m e  e x p e r im e n t w as re p ea te d  w ith  p ro p o x y l grou p s  
b o n d e d  to  th e  su rfa ce  a n d  th e n  o x id iz e d  w ith  air. A  lin ear  
rea ctio n  cu rve  w as a lso  o b ta in e d , as w h en  p ro p a n o l v a p o r  
w as u se d , b u t an  a d d itio n a l C = 0  b a n d  w as o b serv ed  at 
1580  c m 1, as w ell as  th e  b a n d s  a t  1 5 6 0 , 1470 , a n d  1445  
c m ’ 1 . T h is  n ew  C = 0  b a n d  ap p ea rs  near th e  C = 0  b a n d  
o b served  w ith  m e th a n o l (1 5 8 7  c m - 1 ). I t  se e m s lik ely  th a t  
th e  h y d ro ca rb o n  sid e  c h a in  h a d  b een  p a r tia lly  ox id ized , 
th u s  g iv in g  rise to  th is  fo rm a te  C = 0  b a n d , as w ell as th e  
p ro p io n ate  C = 0  b a n d s  o b served  w ith  p ro p a n o l v a p o r o x i
d a tio n .
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Figure 7. Kinetic plot of growth of carboxyl bands obtained at 
275° using 50 Torr of air from time 0 to 10 ( • )  using 50 Torr 
of air plus 5 Torr of pyridine from time 10 to 30 (O); using 50 
Torr air only from time 30 to 46 (O). Prior to making this plot 
the alumina was exposed to 10 Torr of propanol at 150° for 6 
min.

P y rid in e  is o fte n  u se d  as a d ia g n o stic  te s t  for th e  p re s
en ce  o f L e w is  a c id  site s , sin ce it  p re fe ren tia lly  a d so rb s on  
th e  stron g er s ite s . S o m e  rea ctio n s w ere carried  o u t for a 
t im e  w ith  pure a lco h o l v a p o r a n d  th en  p y rid in e  v a p o r w as  
m ix e d  w ith  th e  a d d e d  a lco h ol v a p o r . In  th e  p resen ce  o f  
p y rid in e  th e  re a ctio n  rate  w as o n ly  a b o u t  2 5 %  as fa st . 
W h e n  th e  rea ctio n  w as c o n tin u e d  w ith o u t p y rid in e  v a p o r  
a d d ed  th ere  w as o n ly  a very s lig h t in crease  in  ra te , a n d  
th e  rea ctio n  rate  w as s till  m u c h  less th a n  prior to  th e  p y r 
id in e  a d d itio n . T h is  d e m o n str a te s  th e  im p o r ta n c e  o f  th e  
L e w is  a c id  s ite s . T h e  k in e tic  p lo ts  o f  th e se  e x p e r im e n ts  
w ere s im ila r  to  th a t  g iven  in  F igu re 7.

A n  air o x id a tio n  e x p e r im e n t w as d o n e  in  w h ich  p ro p o x - 
y l grou p s w ere in tia lly  b o n d e d  to  th e  su rfa ce . A fte r  p a rtia l  
re a ctio n  p y r id in e  v a p o r w as a d d e d  to  th e  air a n d  th e  re a c 
tio n  w as a llo w ed  to  c o n tin u e . F igu re  7 sh ow s th a t  th e  rate  
is on ly  a b o u t  1 5 %  as fa st as in it ia lly . T h is  d e m o n str a te s  
th a t  w ith  air o x id a tio n  th e  L ew is  a c id  sites are a lso  im 
p o r ta n t for p ro d u c in g  th e  in te r m e d ia te  sp ec ies  requ ired  
for th e  o x id a tio n  o f th e  a lk o x y l grou p  to  th e  ca rb o xy l  
grou p .

Discussion
T h e s e  re a ctio n s ca n  b e  co n v e n ie n tly  d iv id e d  as fo llo w s:

( 1 ) a lco h o l b o n d in g  re a ctio n  to  p ro d u c e  a lk o x y l g rou p s, (2 ) 
o x id a tio n  o f the b o n d e d  a lk o x y l grou p s to  p ro d u ce  c a rb o x 
y l grou p s, a n d  (3 )  th e  in itia l fa st re a ctio n .

Alkoxyl Group Formation. G reen ler  su g g e ste d  th a t th e  
a lco h o l rea cts  d ire c tly  w ith  a su rfa ce  A1 a n d  e lim in a te s  
h y d ro g en . In  rev iew in g  th is  w ork b o th  L it t le  a n d  H a ir  
co n sid er a re a ctio n  b e tw ee n  th e  a lc o h o l a n d  su rfa ce  h y 
d ro xyl grou ps w ith  th e  e lim in a tio n  o f w a ter m o re  lik ely . 
T h is  w ou ld  b e  e x a c tly  an a lo g o u s to  th e  rea ctio n s b etw een  
alco h o ls  a n d  sila n o l g rou p s. T h is  p o in t m ig h t be reso lv ed  
b y  o b serv in g  sp ec tra l ch a n g es in  th e  3 7 0 0 -c m  1 region  an d  
d e te c tin g  w a te r . K a g e l ’s sp ec tra  are ob scu red  in th is  re 
gion  d u e  to  th e  large a m o u n ts  o f  a d so rb e d  w ater , b u t  he  
d id  m a k e  a m a ss  sp ec tro m e tr ic  e x a m in a tio n  o f  th e  gases  
im m e d ia te ly  a fte r  th e  a lk o x id e  fo rm a tio n  fro m  E t O D . T h e  
ga ses sh o w e d  n e ith e r h yd ro g en  nor d e u te r iu m  a n d  th e  
p resen ce  o f  w a ter w as q u e stio n a b le , a lth o u g h  ad so rb ed  
w a te r  w as o b serv ed  a t  ro o m  te m p e ra tu re  on  sa m p le s  th a t  
h a d  b e e n  h e a te d  to  3 2 0 °  in  a lc o h o l v a p o r. H e  p ro p o sed  
th a t  th e  c h e m iso rb e d  a lk o x y l grou p s w ere fo rm e d  b y  a d 
sorp tion  o f  a lc o h o l on  su rfa ce  ox id e  ions to  fo rm  a lk o x y l  
an d  h y d ro x y l g ro u p s. T h e re  are d iffic u lt ie s  o f  in te r p r e ta 
tio n  u n d er th ese  e x p e r im e n ta l c o n d itio n s . In  th e  te m p e r a 

tu re region  n ear 3 0 0 °  th e  c a ta ly tic  d e h y d ro x y la tio n  ta k e s  
p la c e  w h ich  p ro d u c es  a lk en es a n d  w a te r . W h e r e  th e t e m 
p eratu re  w as lim ite d  to  a b o u t 1 7 0 ° , w here o n ly  th e  a lk o x y l  
b o n d in g  rea ctio n  ta k e s  p la c e , th e  sp ec tra  an d  ga s a n a ly se s  
w ere ta k e n  a t  ro o m  te m p e ra tu re . A lu m in a  th a t  h as b e e n  
h e a te d  re a d ily  a d so rb s w ater on  c o o lin g 10 a n d  w a ter m ig h t  
n ot a p p ea r in gas a n a ly se s . T h is  a d so rb e d  w ater (o r  H  
b o n d e d  O H  grou p s p ro d u c ed  b y  w a ter ad so rp tio n ) ap p ea rs  
as th e  very  b ro a d , stro n g  b a n d  fro m  b e lo w  3 0 0 0  to  a b o u t  
3 8 0 0  c m - 1 .

D e o  a n d  D a lla  L a n a ’s sp ec tra  sh ow  m u c h  less in it ia lly  
a d so rb e d  w ater a n d  th e  “ free”  O H  b a n d s  are w ell re 
so lv e d . T h e y  e x a m in e d  th is  region  ca re fu lly  a n d  fo u n d  
th a t  on  exp osu re  to  a lco h o l u p  to  1 70 ° th e  b a n d  a t  3 7 5 8  
c m - 1  d isa p p e a re d  c o m p le te ly  a n d  a b ro a d  b a n d  a p p ea re d  
near 3 5 0 0  c m - 1 . T h is  agrees w ith  th e  re su lts  o b ta in e d  
h ere. D e o  a n d  D a lla  L a n a  co rrectly  p o in t o u t th a t  th e  
b a n d s  a p p ea rin g  in th is  region  ca n  b e  d iff ic u lt  to  in te r 
p ret, b u t c o n sid ered  th is  to  b e  in d ire ct ev id e n c e  o f  H  
b o n d in g  w ith  th e  su rfa ce . F ro m  fre q u e n cy  sh ifts  in  th e  
1 0 6 0 - 1 2 5 0 - c n r 1 reg ion , th e y  co n c lu d ed  th a t  th e  a lco h o l  
m o le c u le s  are lo o se ly  H  b o n d e d  th ro u g h  th e  O  o f  th e  a lc o 
hol to  th e  su rfa ce  O H . T h e y  su rm ised  th a t  th e  a lc o h o l a d 
sorb s via th e  o x y g en  o f th e  a lco h ol to  a A l3+  site  a n d  
fo rm s a lk o x y la te  b y  sp littin g  o ff  a h yd ro g en  ion  w h ich  is 
th e n  free to  m ig ra te  to  o x id e  su rfa ce  s ites  a n d  fo rm  H 2 .

T h e  sp ec tra  ta k e n  here at re a ctio n  te m p e ra tu re s , as  
w ell as th o se  ta k e n  a t  1 50 ° fo llow ed  b y  ra isin g  th e  te m p e r 
ature to  2 7 5 ° , sh o w ed  th a t  th e  a lco h o l re a cts  w ith  th e  free  
O H  grou ps to  p ro d u c e  a lk o x y l grou p s s ta b le  a t  3 0 0 ° in 
vacuo. A t  th is  te m p e ra tu re  co vera ge  o f  O H  grou p s via H  
b o n d in g  w o u ld  p ro b a b ly  n o t be  im p o r ta n t, so  th a t  th e  d is 
a p p ea ra n ce  o f th ese  free O H  grou p s m u s t  b e  d u e  to  c h e m 
ica l re a ctio n . T h e  b ro a d  b a n d  w h ich  ap p ea rs  n ear 3 5 0 0  
c m - 1  c o u ld ,th e n , be d u e  to  a d so rb e d  w ater p ro d u c ed  as a 
resu lt o f  th e  rea ctio n  b etw een  th e  a lco h o l a n d  a su rfa ce  
h y d ro x y l g ro u p . T h is  e x p e r im e n ta l e v id en ce  p o in ts  to  th e  
fo llow in g  rea ctio n

ROH + ^>Al-0 -H — » ^>Al-OR + H20 (6)or(adB,

Carboxyl Group Formation. G reen ler  a s s u m e d  th a t  th e  
alco h ol rea cts  d ire c tly  w ith  an  ox id e  a to m  to  fo rm  th e  ca r- 
b o x y la te  b y  sp litt in g  o u t three h y d ro g e n s. K a g e l  carried  
o u t th e  re a ctio n  a t 3 2 0 °  u n til b o th  p ro p o x id e  a n d  p ro p io 
n a te  w ere fo rm e d . H e  e v a c u a te d  th e  s y s te m  at 1 5 0 ° , 
co oled  it  to  ro om  te m p e ra tu re , c losed  th e  c e ll, a n d  h e a te d  
it  to  4 1 0 ° . T h e  p ro p o x id e  d isa p p ea re d  a n d  p ro p io n a te  
fo rm e d . G a se o u s  h yd ro g en  w as th e  p rin c ip a l p ro d u c t. 
S im ila r  resu lts  w ere o b ta in e d  w ith  b u ta n o l a n d  p ro p a n o l. 
O n  th e  b a sis  o f  th e se  e x p er im e n ts  he c o n c lu d e d  th a t  th e  
rea ctio n  is

R R

ch2 h 
I ' I

Jn

0 A c .7 O

0  0  — .Al A

Alx n/ Al\

^  xo

T h e  e x p e r im e n ts  carried  o u t here d e m o n str a te d  th a t  th e  
p resen ce  o f ga seo u s a lco h ol is n ecessa ry  for th e  a lk o x y l to  
ca rb o x y l grou p  re a ctio n  to  ta k e  p la c e . A  re a c tio n  in v o lv in g  
on ly  a lk o x y l a n d  h y d ro x y l grou p s c a n n o t e x p la in  th e  
m e c h a n ism  o f  th is  p a rt o f  th e  rea ctio n . I t  w a s a lso  o b -

(10) M. G. Neumann and W. Hertl, J. C h rom atog r., 65, 467 (1972).
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serv ed  here th a t  a t  1 5 0 ° , th e  te m p e ra tu re  a t  w h ich  K a g e l  
e v a c u a te d  his c e ll, s o m e  lo o se ly  b o u n d  a lc o h o l is still  
p resen t. T h u s , in  th e  a b sen c e  o f  a lea k y  ce ll, th is  a d 
so rb ed  a lc o h o l d eso rb s on  ra isin g  th e  te m p e ra tu re  a n d  
rea d so rb s on  th e  c a ta ly tic a lly  a c tiv e  s ite s , th e r e b y  lea d in g  
to  c a rb o x y la te  fo rm a tio n .

D e o  a n d  D a lla  L a n a  h e a te d  th e ir  a lu m in a  in  p ro p a n o l  
v a p o r for 1 hr, b e tw e e n  170° a n d  4 0 0 ° , a fte r  w h ich  on ly  
ca rb o x y l grou p s w ere o b serv e d  on  th e  su rfa ce . In frared  
an d  m a ss  sp e c tra  o f  th e  ga ses fo rm e d  a b o v e  2 0 0 ° sh o w ed  
p ro p y len e  to  b e  a m a jo r  p ro d u c t a n d  h yd ro g en  w a s d e t e c t 
ed . T h e  ga ses  p ro d u c ed  a t  4 0 0 °  sh o w e d  m a in ly  p ro p y len e  
an d  w a te r . B a s e d  on  ga s a n a ly se s , a n d  d ra w in g  an  a n a lo g y  
w ith  th e  a d so rp tio n  o f  fo rm ic  a c id  on  n ick e l o x id e , th e y  
p ro p o sed  a  b rid g e d  c a rb o x y la te  sp ec ies  s im ila r  to  K a g e l ’s. 
T h e  precu rsor p ro p o x id e  w as co n sid ered  to  b e  c h e m i
sorb ed  on  th e  e le c tro n -a b stra c tin g  L e w is  a c id  a lu m in u m  
ion .

T h e  orga n ic  p ro d u c t o f  th is  su rfa ce  re a c tio n , an  a lk en e , 
is th e  sa m e  as th a t  o b ta in e d  in  th e  c a ta ly tic  d e h y d ro x y la -  
tio n  o f  a lco h o ls  over a lu m in a . T h e  re a ctiv e  in te r m e d ia te  
co u ld  b e  c o m m o n  to  b o th . G e n e ra lly 23 th e  a lco h o l is a s 
su m e d  to  d isso c ia te  in to  c a rb o n iu m  io n s a n d  h y d ro x y l  
io n s, b u t  sp e c ific  p ro o f o f  a n  ion  m e c h a n is m  is d iffic u lt  to  
p ro v id e . T h e  c a ta ly tic  d e h y d ro x y la tio n  rea ctio n s are u su 
a lly  d iv id e d  in to  tw o  m a in  ca teg o ries : ( 1 ) an  eth er m e c h a 
n ism  in  w h ich  th e  e le m e n ts  o f  w a ter are re m o v e d  fro m  
tw o  h y d ro x y l g rou p s, a n d  ( 2 ) a n  o le fin  m e c h a n is m  in  
w h ich  th e  w a ter m o le c u le  th a t  is re m o v e d  is m a d e  u p  o f  
on e O H  grou p  to g e th e r  w ith  a h y d ro g e n  a to m  w ith d ra w n  
fro m  e ith er a C H 2  or C H 3  g rou p . F or th e  a lco h o ls  s tu d ie d  
here, th e  m e th a n o l p ro ce ed s in  p a rt via th e  eth er m e c h a 
n ism , a n d  th e  o th er a lco h o ls  c o m p le te ly  via th e  o le fin  
m e c h a n is m  (c /. T a b le  I I ) .

A n y  m e c h a n is m  p ro p o sed  h a s  to  b e  co n siste n t w ith  th e  
fo llo w in g  e x p e r im e n ta l o b se r v a tio n s .

(1 )  O n c e  th e  a lk o x id e  is fo rm e d  a t  a g iven  te m p e ra tu re , 
it  is p e r fe c tly  s ta b le  in th e  a b sen c e  o f  a lco h ol v a p o r or air. 
C a rb o x y l grou p s fo rm  o n ly  on exp osu re  to  th ese  o x id iz in g  
a g en ts .

(2 ) T h e  o x id iz in g  sp ec ies  m u s t  a d d  ( O ) .
(3 )  T w o  ( H )  are e lim in a te d  fro m  th e  b o n d e d  a lk o x y -  

la te . K a g e l  a n d  D a lla  L a n a  sh o w ed  th a t  h yd ro g en  is a 
p ro d u c t o f  th e  re a ctio n .

(4 )  T h e  oth er ga seo u s p ro d u c t is (a ) an  a lk en e  w ith  th e  
sa m e  n u m b e r  o f  ca rb o n  a to m s  as th e  a lco h o l, or (b ) w ith  
m e th a n o l an  eth er a n d  a lk a n e s .

(5 )  T h e  re a ctio n  ra te  is d e p e n d e n t on  th e  su rfa ce  c o v e r
age o f  th e  re a ctiv e  sp ec ies  (cf. F igu re  4 ) .

( 6 ) T h e  o x id iz in g  sp ec ies  m u s t  b e  m o b ile  on  th e  su r 
fa c e , sin ce  a p s e u d o -z e r o -o rd e r  re a c tio n  is o b serv e d . I f  th is  
sp ec ies w ere n o t m o b ile , th e  re a c tio n  w ou ld  be first order  
or greater w ith  re sp e c t to  th e  su rfa ce  site s .

(7 )  T h e  o x id iz in g  sp ec ies  is p ro d u c ed  p r in c ip a lly  b y  
L e w is  ac id  s ite s  (th e  A 1+  a to m s ) . P o iso n in g  w ith  p y rid in e  
in h ib its  th e  re a c tio n .

( 8 ) W it h  air as a n  o x id iz in g  a g e n t, th e  o n ly  p o ssib le  in 
te rm e d ia te  sp ec ies  are o x y g en  m o le c u le s  or a to m s  (th e  
p o ssib ility  o f  a ch a rg ed  sp ec ies is n o t e x c lu d e d ) . P o iso n in g  
w ith  p y r id in e  in h ib its  th e  re a ctio n  so th a t  th e  ox y g en  
m o le c u le s  m u s t  in te r a c t w ith  th e  L e w is  ac id  s ites  an d  
p ro ceed  via th ese  site s .

T h e  g en era l p ic tu re  is th a t  s ta b le  a lk o x y l grou p s are  
b o n d e d  to  th e  su rfa c e . G a seo u s  a lco h o l a d so rb s on  th e  
L ew is a c id  s ite s  a n d  p ro d u c es  an  o x y g e n -c o n ta in in g  
sp ecies, w h ich  is s u ffic ie n tly  m o b ile  to  m ig ra te  to  th e

b o n d e d  a lk o x y la te  a n d  re a ct w ith  th is  g rou p . A s  a resu lt  
o f  th e  re a ctio n , tw o  h yd ro g en  a to m s  are e lim in a te d  fro m  
th e  a lk o x y la te  a n d  a  ca rb o x y l grou p  re su lts .

T h e  ev id e n c e  fo r  c a rb o n iu m  ion s is n o t c o n clu siv e  an d  
on e c o u ld  w rite th e  rea ctio n  u sin g  a n y  o f  th e  fo llow in g  
sp ec ies : ( 1 ) c a rb o n iu m  p lu s  h y d ro x y l io n s, ( 2 ) a lk y l p lu s  
h y d ro x y l ra d ic a ls , or (3) a lk y l ra d ic a l p lu s o x y g en  a n d  h y 
d rogen  a to m s . A lth o u g h  th e  e x p e r im e n ts  carried  o u t here  
c a n n o t d iffe re n tia te  b e tw e e n  th e se  p o ss ib ilit ie s , th e  e x p e r 
im e n ts  w ith  a d d e d  air to  o x id ize  th e  a lk o x y l grou p  su gg est  
th a t  an  ox y g en  a to m  is in v o lv e d .
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T h e  rea ctio n s th a t  ta k e  p la c e  w ith  th e  a lco h o ls  as o x i
d a n ts  ca n  a lso  b e  w ritten  in a fo rm a l m a n n e r  u sin g  ox y g en  
a to m s . F or e th a n o l

CH:1CHoOH + A r
o/  xo

HaG / H

X  H

Al
o/  xo

CH ,=CH2 +  [0] +  2[H] +  A1+
0  0
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CH3

[0] +  H— C---H

0

Al

c h 3

C = 0  +  2[H] 

0

W h ile  n o t p ro v in g  th a t  th e  o x y g en  a to m  is th e  reactive  
sp ec ies , it  is c o n siste n t w ith  a ll th e  e x p e r im e n ta l o b se r v a 
tio n s , in c lu d in g  th e  m ix tu r e  o f  p ro d u c ts  o b ta in e d  w h en  
m e th a n o l is u se d . F or m e th a n o l on e  ca n  w rite

CH:1OH +  Al* — f — *- CH:' 4- [0] 4- H-
0  0  X  X 0  and/or

CH30- +  H-
and/or

CH3- 4- OH-
C o m b in a tio n s  o f  th ese  ra d ica ls  w ill lea d  to  eth er a n d  a l 
k a n es , as is fo u n d  w ith  m e th a n o l. T h e  b rea k  w h ic h  occu rs  
in  th e  rea ctio n  cu rve  for m e th a n o l c o u ld  b e  d u e  to  a p re 
p o n d era n c e  o f  on e o x id iz in g  sp ec ies d u rin g  th e  earlier p art  
o f  th e  re a c tio n  a n d  a d ifferen t on e  d u rin g  th e  la tte r  p art  
o f  th e  re a ctio n .

T h e  rea ctio n  sc h e m e  p ro p o sed  is a lso  co n siste n t w ith  
th e  p ro d u c ts  o b ta in e d  fro m  th e  c a ta ly tic  d e h y d ro x y la tio n  
o f a lc o h o ls . W h e n  a ll th e  su rfa ce  a lk o x y l grou p s h av e  b een  
o x id ized  to  ca rb o x y l grou p s, or c o n cu rren tly  w ith  th is  
re a ctio n , th e  sp ec ies p ro d u c ed  b y  th e  L ew is  a c id  site  w ill
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be an  a lk e n e , an  o x y g en  a to m , a n d  tw o h yd ro g en  a to m s . 
O n  c o m b in a tio n  o f  th e  a to m s  th e  fin a l p ro d u c ts  are an  
a lk en e  an d  w ater .

Initial Fast Reaction. T h e  in itia l fa s t  re a c tio n  ap p ea rs  
as a p o sitiv e  in te r c e p t on  th e  k in e tic  p lo ts  (or rea ctio n  
cu rves) a n d  occu rs d u rin g  th e  p eriod  w h en  th e  a lk o x id e  
b u ild s  u p  to  its  fin a l c o n sta n t c o n c e n tra tio n . A t  150 ° th e  
a lco h o l b o n d in g  re a c tio n  ta k e s  severa l m in u te s . D u rin g  
th is  t im e  th ere  is a s m a ll  b u ild u p  in th e  in te n sit ie s  o f  th e  
C = 0  b a n d s . L o o se ly  a d so rb e d  a lco h o l is a lso  o x id iz e d , 
b u t  on  ra isin g  th e  te m p e ra tu re  th is  d eso rb s a n d  w o u ld  n ot  
b e  im p o r ta n t  a t  h igh er te m p e ra tu re s . A fte r  th e  first few  
m in u te s , n o  fu rth er ch a n g es are o b serv ed  in  th e  in te n s i
tie s  o f  th e  C = 0  a n d  C H  b a n d s  in  th e  p resen ce  o f  a lco h ol  
v a p o r. I t  is p ro b a b ly  th a t  th is  is th e  in itia l fa s t  rea ctio n  
o b serv ed  a t  h igh er te m p e ra tu re s .

D e o  a n d  D a lla  L a n a  p ro p o sed  th a t  th e  h ig h -fre q u e n c y  
O H  grou p s are c a ta ly tic a lly  a c tiv e  a n d  th a t  th e y  are re
m o v e d  b y  N a O H  d o p in g , after w h ich  th e  a lu m in u m  ion  
s ite s  a ssu m e  th e  p r im a ry  c a ta ly tic  ro le . U n d e r  th e  c o n d i

tio n s  u se d  h ere , th ese  h ig h -fre q u e n c y  grou p s are re m o v e d  
d u rin g  th e  in itia l p a r t  o f  th e  re a c tio n . A  p o ss ib ility  is th a t  
th is  c o u ld  b e  th e  ca u se  o f  th e  in it ia l fa s t  re a c tio n . T h e  
e q u a tio n  for th is  re a c tio n  w o u ld  b e  th e  sa m e  as th a t  p ro 
p o se d  b y  K a g e l  in  h is  m e c h a n is m .

A n o th e r  p o ss ib ility  is th a t th e  w a ter p ro d u c ed  b y  th e  
b o n d in g  re a ctio n  a d so rb s on  th e  stro n g est L e w is  a c id  s ite s  
a n d  d e a c tiv a te s  th e m . A d d in g  w ater v a p o r is a c o m m o n  
m e th o d  o f  p a r tia lly  d e a c tiv a tin g  a lu m in a  su p p o rts  in  ga s  
c h r o m a to g ra p h y .1 1  ’ 12

Acknowledgment. T h e  au th ors g ra te fu lly  a c k n o w le d g e  
th e  g ift o f  th e  A lo n  C  a lu m in a  b y  th e  C a b o t  C o ., B o s to n .

(11) C. G. Scott, J. Inst. Petrol., 45, 118 (1959).
(12) N ote : An anonymous reviewer suggested the use of a high-temper

ature H2 treatment to remove adsorbed O2. The experiments re
ported here show that added oxygen does indeed result in forma
tion of the carboxyl groups from the bonded alkoxyl groups, but that 
when the system is evacuated at reaction temperatures no reaction 
takes place. However, the presence of initially adsorbed oxygen 
could be the cause of the Initial fast reaction observed.
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D i f l u o r o - ,  C h l o r o d i f l u o r o - ,  D i c h l o r o f l u o r o - ,  a n d  T e t r a f l u o r o p h o s p h i n e

Edward G. Skolnik,1 Robert J. Salesi,2 Charles R. Russ, and P. L. Goodfriend*3

D e p a rtm e n t  o f C hem istry , U n ive rs ity  o f M a in e , O rono , M a in e  0 4 4 7 3  (R e c e iv e d  S e p te m b e r  15, 1972 )

A b so r p tio n  stu d ie s  a n d  fla sh  p h o to ly s is  k in e tic  sp ec tro sc o p y  e x p e r im e n ts  w ere carried  o u t o n  H P F 2 , 
P 2F 4 , C IP F 2 , a n d  F P C I 2 . A b so r p tio n  re su lts  w ere fo u n d  to  d isag ree  w ith  th o se  o f  o th er in v estig a to rs . 
U p p e r  lim its  for tw o  d isso c ia tio n  en ergies w ere o b ta in e d . N o  tr a n sie n t sp ec tra  th a t  c o u ld  b e  a ssig n e d  to  
P F -c o n ta in in g  fra g m e n ts  w ere o b serv e d .

I n tr o d u c t io n

T h e  orig in al m o tiv a tio n  for th e  in v e stig a tio n s  rep orted  
here w as th e  d esire  to  d e te c t, id e n tify , a n d  s tu d y  th e  e le c 
tron ic  a b so r p tio n  sp ec tra  o f  H P F , C 1P F , a n d  o th er  u n o b s 
erved  P F -c o n ta in in g  ra d ica ls  b y  m e a n s  o f f la sh  p h o to ly sis  
k in e tic  sp e c tro sc o p y . A lth o u g h  th is  o b je c tiv e  w as n o t re a l
ize d , in fo r m a tio n  a b o u t th e  a b so rp tio n  sp ec tra  a n d  p h o to 
c h e m istry  o f  H P F 2 , C IP F 2 , P F C I2 , a n d  P 2F 4 w a s o b ta in e d . 
O f  p a rticu la r  in terest is th e  fa c t  th a t  resu lts  w ere o b 
ta in e d  w h ich  d isag ree  stro n g ly  w ith  th o se  o f  oth er in v e sti
g a to rs.

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

A  c o n cen tric  p h o to ly sis  fla sh  sa m p le  ce ll a rra n g e m e n t  
w a s u se d  in  th e se  s tu d ie s . T h e  c o n ce n tric  a rra n g e m e n t  
a n d  th e  d e la y  sy s te m  are o f  th e  sa m e  fo rm  as p rev io u sly  
rep o rted  as p a rt o f  a n o th e r  a p p a r a tu s .4 D e la y  tim e s  o f  
fro m  0  to  3 0 0  p sec  w ere a v a ila b le , a n d  p h o to ly sis  fla sh es  
o f  en erg y  b e tw ee n  100 0  a n d  2 0 0 0  J w ere u se d . S p e c tra l  
p la te s  w ere ta k e n  u sin g  a J a rr e ll-A sh  F /6 .3  7 5 -0 0 0  p la n e  
gra tin g  sp e c tro g r a p h  w ith  a recip ro ca l d isp ersio n  o f  1 1

A /m m .  D e la y  t im e s  w ere m o n ito re d  u sin g  a  p h o to c e ll a n d  
o sc illo sc o p e . S a m p le  ce lls  w ere 65  c m  in le n g th  e x c e p t in  
th e  P 2F 4 s tu d ie s  w here th e  len g th  w a s 55  c m .

T h e  w a v e len g th s  a v a ila b le  for p h o to ly sis  w ere lim ite d  
b y  th e  q u a lity  o f  th e  q u a rtz  u sed  to  th e  region  a b o v e  190 0
A.

W a v e le n g th s  (in  air) w ere m e a su red  on  tra c in g s  fro m  a 
J a rr e ll-A sh  2 3 -1 0 0  reco rd in g  m ic ro p h o to m e te r  u sin g  an  
iron  arc c a lib ra tio n  sp e c tru m . S h a r p  fea tu res  c o u ld  be  
m e a su red  to  w ith in  1  A .

D iflu o r o io d o p h o sp h in e  (P F 2I) w as p re p a re d  b y  th e  re a c 
tio n  o f d im e th y la m in o d iflu o r o p h o sp h in e  w ith  h y d ro g e n  io 
d id e  as d esc rib e d  b y  R u d o lp h , M o r s e , a n d  P a r ry .5 C o m 
m e rc ia l H I  w as u se d . T h e  d im e th y la m in o d iflu o r o p h o s -

(1) Part of work done by E. G. Skolnik in partial fulfillment of the re
quirements of the Ph.D. degree at the University of Maine.

(2) Part of work done by R. J. Salesi in partial fulfillment of the require
ments of the M.S. degree at the University of Maine.

(3) To whom correspondence should be addressed.
(4) P. L. Goodfriend and H. P. Woods, Rev. Sc i. In strum ., 36, 10 

(1965).
(5) R. W. Rudolph, J. G. Morse, and R. W. Parry, In org . C h em ., 5, 

1464 (1966).
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H a lo g e n - S u b s t i t u te d  P h o s p h in e  S p e c t r o s c o p y  S tu d ie s 1 1 2 7

p h in e  w a s p rep a red  u sin g  th e  fo llo w in g  seq u e n ce  o f  re a c 

tio n s , th e  first d u e  to  S c h m u tz le r 6 a n d  th e  se c o n d  to  B u r g  
an d  S lo t a . 7

P C 1 3 +  2 ( C H 3)2N H  —  ( C H 3)2N P C 1 2 +  ( C H 3)2N H 2C1

3 ( C H 3)2N P C 1 2 +  2 S b F 3 —  S ( C H 3)2N P F 2 +  2 S b C l 3

D iflu o r o p h o sp h in e  ( H P F 2) w as p rep a red  b y  trea tin g  
P F 2I w ith  p h o sp h in e  in th e  p resen ce  o f  m e rc u ry 8

1
P H 3 +  2P F 2I  +  2H g  —  2P F 2H  +  H g 2I 2 +  - [ P H ] n

n

P 2 F 4  w as p rep a red  b y  th e  m e th o d  g iven  b y  R u d o lp h , T a y 
lor, a n d  P a r r y .9

2H g  +  2 P F 2I -  P 2F 4 +  H g 2I 2

P u rifica tio n  o f  th e  a b o v e  c o m p o u n d s  w as carried  o u t b y  
tra p  to  tra p  d is tilla t io n  in th e  v a c u u m  lin e  u sed  in  th eir  
sy n th e sis  u sin g  a p p ro p ria te  slu sh  b a th s .

P F C I 2  a n d  P F 2 C I  w ere p rep a red  to g e th e r  b y  th e  f lu o -  
rin ation  o f  P C I 3  w ith  S b F 3 in  th e  p resen ce  o f  S b C ls  a n d  
th e n  se p a ra te d  b y  fra c tio n a l d is tilla tio n  as d esc rib e d  b y  
H o lm e s  a n d  G a lla g h e r . 10

S a m p le  id e n tity  a n d  p u rity  w ere m o n ito re d  b y  m e a n s  o f  
in frared  sp e c tra  o b ta in e d  u sin g  a P e r k in -E lm e r  457  g r a t
ing ir sp e c tro p h o to m e te r , e x c e p t  in th e  case  o f  th e  H P F 2 

stu d ie s  w here an  In fra c o rd  w as u se d .

R e s u lt s

Studies on / i P F 2- T h e  o n ly  litera tu re  referen ce  to  th e  
e lectro n ic  a b so r p tio n  sp e c tru m  o f  H P  h'2 is th a t  o f  B u r d e tt , 
H o d g e s , D u n n in g , a n d  C u r re n t , 1 1  w h o  sta te  m ere ly  th a t , 
“ T h e  e lectro n ic  tra n sitio n s  o f  P F 2H  are ce n te re d  a t  260  
m/x a n d  a t  2 1 8  m ^ .”  A  c o p y  o f  th e  u ltr a v io le t  sp e c tru m  o f  
a sa m p le  o f  D P F 2 w as su p p lie d  to  u s b y  C u rre n t a n d  
sh ow ed  a very  in ten se  a b so rp tio n  n ear 2 6 0  n m . T h e  in 
s tr u m e n t u se d  b y  C u rre n t, et ai, w a s a C a ry  M o d e l 1 1  

u ltr a v io le t -v is ib le  sp e c tro p h o to m e te r .
In  ou r sp ec tro g ra p h ic  s tu d ie s , it w as n o t fo u n d  p o ssib le  

to  ob serve  th is  2 6 0 -n m  a b so rp tio n  in sa m p le s  o f  H P F 2 . I n 
ste a d , th e  a b so r p tio n  o f  H P F 2 w as o b serv e d  to  b e  c o n tin u 
ou s, s ta rtin g  a t  a b o u t  3 1 5 0  Â  an d  in crea sin g  in in ten sity  
u n til c o m p le te  a b so r p tio n  occu rred  a t  2 3 3 5  Â . T h e  o n set  
o f  a b so r p tio n  on  th e  lo n g  w a v e len g th  sid e  d id  n o t ch a n g e  
in  w a v e len g th  as th e  p ressu re  w as in creased  fro m  20 to  75  
T o r r . S in c e  sa m p le  d e c o m p o sit io n  is a p ersiste n t p ro b lem  
in  th is  sy s te m , le a d in g  to  th e  fo rm a tio n  o f  th e  y e llo w  “ P F  

p o ly m e r ,”  th e  a b so r p tio n  w as a lso  s tu d ie d  u sin g  a P erk in -  
E lm e r  2 02  v is ib le -u v  s p e c tro p h c to m e r  so  th a t  th e  in frared  
sp e c tru m  c o u ld  b e  o b serv e d  im m e d ia te ly  afterw ard  to  
c o n firm  th e  p resen ce  o f  H P F 2 n th e  sa m p le . A g a in , th e  
sp e c tru m  w as w ith o u t a  re la tiv e  a b so rp tio n  m a x im u m  
n ear 2 6 0  n m . T h e  c h ie f  im p u r itie s  fo u n d  in sa m p le s  o f  
H P F 2 w ere P H 3  a n d  P F 3 .  T h e  P F 3  a b so rp tio n  lies e n tire ly  
b elo w  2 0 0 0  A 12 a n d  p h o sp h in e  a b so rp tio n  b e g in s  a t  a lm o st  
2 3 0 0  A  (a t  h ig h  p re ssu re ) . 13  N o  e v id en ce  o f  m o le c u la r  f lu 
orin e w as fo u n d  in th a t  n o  m a x im u m  o f a b so rp tio n  n ear  
284 5  A  as fo u n d  for flu o rin e  b y  S te u n e n b e r g  a n d  V o g e l14 

w as o b se r v e d . C o n se q u e n tly , th e  a b so rp tio n  o b served  is 
a ttr ib u te d  to  H P F 2 . T h e  m iss in g  2 6 0 0 -À  a b so rp tio n  w ill 
b e  d isc u sse d  w h en  th e  resu lts  for P 2F 4 are e x a m in e d .

F la sh  p h o to ly sis  k in e tic  sp ec tro sc o p y  e x p e r im e n ts  w ere  
carried o u t a t  d e la y  t im e s  b e tw ee n  p h o to ly sis  a n d  source  
fla sh es o f  a p p r o x im a te ly  0 , 8 0 , a n d  200  psec . T h e  s p e c 
tru m  in  e a ch  ca se  w a s sc a n n ed  fro m  2 0 0 0  to  7 0 0 0  A . N o  
fea tu res w h ich  m a y  be d u e  to  tr a n sie n t m o le c u la r  sp ec ies

h a v e  b een  o b serv e d . I f  th e  a ss ig n m e n t o f  th e  P F 2 a b so r p 
tio n  sp e c tru m  b y  C a v e ll , D o b b ie , a n d  T y e r m a n 15  is co r

rect ( 2 2 0 0 -2 3 0 0  A ) ,  th e  sp e c tru m  o f  P F 2 , if  it  occu rs in our  
s tu d ie s , w o u ld  b e  o b scu re d  b y  th e  s a m p le  a b so rp tio n .

A lth o u g h  fa ilu re  to  ob serve  a sp e c tru m  o f  a ra d ic a l su ch  
as H P F  m a y  s te m  fro m  ca u ses o th er th a n  th e  a b sen c e  o f  
th e  sp ec ies , th ere  is reason  to  b e liev e  th a t  th e  p rim a ry  
p rocess for th e  p h o to ly s is  o f  H P F 2 is as  fo llow s

H P F 2 +  hv —  P F 2 +  H

T h e  m a trix  iso la tio n  p h o to ly sis  s tu d ie s  o f  B u r d e tt , H o d 
ges, D u n n in g , a n d  C u r re n t1 1  sh o w ed  P F 2 as  th e  p ro d u c t o f  
th e  p h o to ly sis  a n d  n o t H P F . F ro m  th e  a b so rp tio n  stu d ies  
rep orted  h ere , th e  o n se t o f  c o n tin u o u s  a b so rp tio n  is a t  
a b o u t 3 1 5 0  A , c o rresp o n d in g  to  a b o u t  91  k c a l /m o l  as th e  
u p p er l im it  for th e  d isso c ia tio n  en ergy  o f  H P F 2 in  th e  
p h o to c h e m ic a l p ro cess y ie ld in g  th e  c o n tin u u m . A ll  k now n  
P F  b o n d  en ergies16  are w ell in  e x ce ss  o f  100  k c a l /m o l .  It is 
clear , th erefore , th a t  a t  lea st a t  th e  o n se t o f  co n tin u o u s  
a b so rp tio n  th e  p ro cess c a n n o t b e  d isso c ia tio n  in to  H P F  
an d  an  F  a to m . I t  ca n  on ly  b e  th e  re m o v a l o f  an  H  a to m . 
T h u s , th e  ev id e n ce  p o in ts  to  very  d iffe re n t b eh a v io r for 
H P F 2 w h en  co n tra ste d  w ith  H N F 2 as  sh o w n  in th e  fla sh  
p h o to ly sis  k in e tic  sp ec tro sc o p y  s tu d ie s  o f  G o o d fr ie n d  a n d  
W o o d s 17  a n d  o f  W o o d m a n .18 I t  m a y  be th a t  p h o to ly sis  r a 
d ia tio n  o f  w a v e len g th  sh orter th a n  th a t  a c c e ss ib le  to  th e  
q u a rtz  sa m p le  ce ll c o u ld  b e  e ffec tiv e  in  p ro d u c in g  H P F  
ra d ica ls . B e tte r  s till , a f la sh  d isch a rg e  a p p a r a tu s 19 w ould  
offer a ch a n ce  o f  o b serv in g  th is  sp ec ies .

It is tru e th a t B u r d e tt , H o d g e s , D u n n in g , a n d  C u rre n t11 

assert th a t  w a v e len g th s  greater th a n  2 5 0 0  A  d id  n o t d e 
c o m p o se  H P F 2 in th e  m a tr ix , b u t  th is  m a y  b e  d u e  to  th e  
w ea k n ess o f  th e  c o n tin u o u s  a b so rp tio n  in th is  region .

In  th is  p a p er  a b so rp tio n s  are a ssig n e d  as c o n tin u o u s if  
n o ev id e n ce  o f  stru ctu re  w as o b serv e d . I t  is, o f  cou rse , 
co n ce iv a b le  for stru ctu re  to  be p re sen t b e y o n d  th e  reso lu 
tio n  o f  th e  sp ec tro g ra p h  u se d . T h e  p resen ce  o f v ib ra tio n a l  
stru ctu re  w ou ld  p ro b a b ly  be n o tic e d  in th ese  sp ec tra  u n 
less m a d e  very  d iffu se  b y  p re d isso c ia tio n . P red isso cia tio n  
a lso  lea d s to  d e c o m p o sit io n , a n d  th is  s itu a tio n  w o u ld  n ot  
a lter  th e  a rg u m e n ts  for a ssig n in g  u p p e r lim its  to  d isso c ia 
tio n  en ergies.

A n  in terestin g  p h e n o m e n o n  w as n o tic e d . T h e  sa m p le  
cell e x te n d e d  b e y o n d  th e  region  o f  th e  p h o to ly z in g  fla sh  
on  b o th  e n d s , b u t  th e  b u ild u p  o f  y e llo w  P F  p o ly m e r w as  
c o n c e n tra te d  in  th e  region  ex p o se d  to  th e  fla sh .

P 2-E4 Studies. A t  in te r m e d ia te  p ressu res, w e fin d  th e  
a b so rp tio n  sp e c tru m  o f P 2F 4 to  co n sist o f  th ree  regions o f

(6) R. Schmutzler, Inorg. C hem ., 3, 415 (1964).
(7) A. B. Burg and P. J. Slota, J. A m er. C h em . So c .,  80, 1107 (1958).
(8) R: W. Rudolph and H. W. Schiller, J. A m er. C h em . Soc., 90, 3581 

(1968).
(9) R. W. Rudolph, R. C. Taylor, and R. W. Parry, J. A m er. Chem . 
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1 1 2 8 S k o ln ik ,  S a le s i ,  R u s s ,  a n d  G o o d f r ie n d

c o n tin u o u s  a b so r p tio n  w h ich  m erg e  to g eth er as th e  p re s 
sure is in c r e a se d . A t  h ig h  p ressu res th e  o n se t o f  a b so r p 
tio n  o n  th e  lo n g  w a v e le n g th  sid e  is a t  3 5 8 0  Â . 3 5 8 0  Â  co r
re sp o n d s to  8 0  k c a l /m o l .  T h is  is a g a in  to o  s m a ll  to  b e  d u e  
to  th e  re m o v a l o f  a flu orin e  a t o m . I t  is , th erefore , an  
u p p e r  l im it  to  th e  d isso c ia tio n  en erg y  o f  P 2F 4 in to  tw o  
P F 2 ra d ic a ls . T h e  in te r m e d ia te  a b so rp tio n  region  lies b e 
tw een  2 8 0 0  an d  2 4 2 5  Â , a n d  th e  a b so rp tio n  region  on  th e  
v io le t en d  o f  th e  sp e c tru m  b e g in s  n ear 2 3 5 0  À  a n d  e x te n d s  
b e y o n d  th e  v io le t en d  o f th e  ran ge o f  th e  a p p a r a tu s . T h e  
h ig h e st sa m p le  p ressu re  u sed  i n  th e  P 2F 4 s tu d ie s  w as 1 0 0  

T o rr .
A t  m o d e ra te  p ressu res o f  P 2 F 4 , p h o to c h e m ic a l a c tiv ity  

is m a n ife s t  b y  th e  lo n g  w a v e len g th  edge o f  a b so rp tio n  
c reep in g  to w a rd  th e  v io le t w ith  su b se q u e n t p h o to ly sis  
fla sh es . A t  P 2 F 4  p ressu res su ffic ie n tly  low  to  m a k e  th e  re 
g io n  clea rly  o b se r v a b le , fla sh  p h o to ly sis  p ro d u c es  a s ta b le  
su b sta n c e  th a t a b so rb s  stron g ly  a n d  c o n tin u o u sly  fro m  
2 6 9 0  to  2 4 8 2  Â  w ith  a m a x im u m  a t 2 5 9 5  Â .  T h e  sa m e  a b 
so rp tio n  h a s  a lso  b e e n  o b served  in severa l “ fre sh ”  sa m p le s  
o f  P 2 F 4 . T h is  a b so rp tio n  corresp on d s in every  w ay  w ith  
th e  m iss in g  2 6 0 0 -À  a b so rp tio n  a ttr ib u te d  to  H P F 2  b y  B u r -  
d e tt , H o d g e s , D u n n in g , a n d  C u rren t.

T h e  o n ly  p re v io u sly  rep orted  d esc rip tio n  o f  an  u ltr a v io 
let sp e c tru m  for P 2F 4 h as b e e n  g iven  b y  S o la n .20 S o la n  
d esc rib es  th e  u ltr a v io le t  a b so rp tio n  sp e c tru m  o f  ga seo u s  
P 2 F 4  in  te rm s o f  “ th ree  m a jo r  b a n d s  a b o v e  2 2 0  /¿m , on e  o f  
w h ich  is very  stro n g  a n d  all o f  w h ich  are b ro a d  a n d  p a r 
tia lly  o v e r la p p in g .”  T h e  stro n g est o f  th e  a b so rp tio n s  d e 
scrib e d  b y  S o la n  corresp on d s in  every  w a y  w ith  th e  2 6 0 0 -  
Â  a b so r p tio n  d isc u sse d  a b o v e  in  co n n ec tio n  w ith  th e  fla sh  
p h o to ly sis  e x p e r im e n ts  on  P 2 F 4 . In  order to  m a k e  sure  
th a t  th e  2 6 0 0 -Â  a b so rp tio n  is n o t d u e  to  P 2 F 4 , u ltra v io le t  
sp e c tra  w ere ta k e n  on  sa m p le s  o f  P 2F 4 on  th e  P erk in -  
E lm e r  202  v is ib le -u v  sp e c tro p h o to m e te r  fo llo w ed  im m e d i
a te ly  b y  ta k in g  in frared  sp ec tra . T h e  stron g  2 6 0 -n m  a b 
so rp tio n  w a s n o t ob serv e d , b u t th e  in frared  p ea k s  o f  P 2 F 4  

w ere p re sen t. O sc illa to r  stren g th s o f  stro n g  u ltra v io le t  
tra n sitio n s  are so  m u c h  greater th a n  th o se  o f  in frared  
tra n sitio n s th a t  th e  o b serv a tio n  o f  th e  in frared  sp e c tru m  
w o u ld  im p ly  th e  o b serv a tio n  o f  th e  u v  a b so rp tio n .

T h e  n o n d e sc r ip t n a tu re  o f  c o n tin u o u s sp ec tra  co u p led  
w ith  th e  d iffic u lt ie s  en co u n te re d  in w ork in g w ith  th ese  re 
a c tiv e  a n d  u n sta b le  su b sta n c e s  m a k e s  th e  id e n tity  o f  th e  
carrier o f  th e  2 6 0 0 -Â  a b so rp tio n  a m y ste ry . It ca n  b e  c o n 
c lu d e d , h ow ever, th a t  it is n e ith e r H P F 2  n or P 2 F 4 . T h e  
re su lts  p resen ted  here in d ic a te  th a t  it  is a p h o to c h e m ic a l  
or p h o to th e rm a l p ro d u c t o f  P 2 F 4  th a t  c a n  a lso  fo rm  in  
o th er w a y s, h en ce  e x p la in in g  its  p resen ce  in  sa m p le s  o f  
H P F 2  a n d  P 2 F 4 .

I t  d oes n o t se e m  to  be  a m a te r ia l d e p o site d  p e r m a n e n t 
ly  on  th e  w in d o w s o f  th e  a b so rp tio n  ce ll in  th a t  th e  2 6 0 0 -A  
a b so rp tio n  a lw a y s  d isa p p ea re d  on  e v a c u a tin g  th e  ce ll. A t 
te m p ts  to  ch a ra cte rize  th is  s u b sta n c e  w ere u n su c c e ssfu l, 
b e c a u se  it  w a s u n sta b le  a n d  b e h a v e d  in  a h ig h ly  erratic  
m a n n e r . I t  is c o n c e iv a b le  th a t  it  is an  iso m er o f  P 2 F 4 .

A  n u m b e r  o f  e n ig m a tic  tra n sie n t a b so rp tio n s w ere seen  
in  th e  fla sh  p h o to ly s is  k in e tic  sp ec tro sc o p y  e x p e r im e n ts . 
O n  on e p la te  a t a d e la y  tim e  o f  3 2 0  /¿sec b a n d s  w ere o b 
serv ed  a t  2 5 6 4 , 2 5 7 5 , 2 5 9 2 , 2 6 0 2 , 2 6 1 3 , 2 6 2 9 , a n d  2 6 4 6  A o f  
w h ich  th e  stro n g est w as th e  b a n d  a t  2 5 7 5  A w h ich  w as  
d o u b le  h e a d e d  a n d  red  d eg ra d e d . T h e  a b so r p tio n  a t  2 5 7 5  
A c o u ld  b e  d u e  to  th e  C S  m o le c u le . T h e  2 5 7 5 -A  b a n d , b u t  
n o t th e  o th ers , w a s seen  on  a n o th er P 2F 4 p la te . O th e r  
p la te s  sh o w e d  tr a n sie n ts  a t  a d e la y  t im e  o f  10  ¿¿sec a t  5 1 2 7  
A on on e  p la te  a n d  5 3 5 6  A on a n o th e r . S in c e  a ll o f  th ese  
fea tu res  are n o t u n ifo rm ly  re p ro d u c ib le , n o  a t te m p t  w ill 
b e  m a d e  here to  a ttr ib u te  th e m  to  P F -c o n ta in in g  m o le c u 
lar fra g m e n ts .

Studies of CIPF2 and FPC12- In  th e  sp ec tra l region  a c 
c e ssib le  to  th e  sp ec tro g ra p h  n o o b v io u s  a b so r p tio n  d u e  to  
C IP F 2 , e ith er d iscrete  or co n tin u o u s , w as o b serv e d . A b 
so rp tio n  w as o b serv e d , h ow ever, in th e  ca se  o f  F P C I 2 . A  
w ea k  d iscrete  b a n d  w as fo u n d  n ear 2 6 3 1  A a n d  a stron ger  
b a n d  a t  2 5 4 5  A w h ich  m a y  be sh a d e d  to  th e  red . In te n s ity  
in creases a g a in  n ear 2 5 4 0  A, lev e lin g  o f f  to  an  a p p a r e n tly  
c o n tin u o u s a b so rp tio n  a t  a b o u t 2 5 3 7  A. T h e  h ig h est p re s 
sure o f  F P C I2 u se d  in th ese  a b so r p tio n  m e a su r e m e n ts  w as  
196  m m .

F la sh  p h o to ly s is  k in e tic  sp ec tro sc o p y  e x p e r im e n ts  on  
b o th  C IP F 2 a n d  F P C I 2 w ere run at a m u ltitu d e  o f  d e la y  
t im e s  b e tw ee n  0  a n d  2 2 0  /¿sec a n d  th r o u g h o u t th e  w a v e 
len g th  region  a c c e ssib le  to  th e  a p p a r a tu s . In  th e  ca se  o f  
F P C I 2 no tr a n sie n t fea tu res  w ere o b serv e d . In  th e  ca se  o f  
C IP F 2 a  tr a n sie n t a t  2 5 7 5  A w as o b serv e d  w h ich  s ta rte d  at  
0  /¿sec d e la y  a n d  p ersisted  for d e la y s  in  excess  o f  2 2 0  /¿sec. 
I t  w as, in  sp ite  o f  its  lo n g  life , a tru e tr a n sie n t a n d  n o t a 
sta b le  su b sta n c e . Its  w a v e len g th  a n d  b e h a v io r  agree w ith  
th o se  o f  th e  C S  m o le c u le . T h is  d id  n o t se e m  u n lik e ly  
sin ce  S O 2 w a s o b serv ed  as a freq u en t im p u r ity  in  b o th  in 
frared  sp ec tra  a n d  u ltra v io le t sp ec tra  (b a n d  sy ste m  in th e  
region  3 2 0 0 -2 7 0 0  A). N o  tra n sie n ts  th a t  c o u ld  b e  a sc rib ed  
to  th e  C 1P F  ra d ic a l w ere ob served .

Acknowledgment. W e  are g ra tefu l to  th e  N a tio n a l  
S c ie n c e  F o u n d a tio n  for su p p o rt u n d er  G r a n t N o . G P -  
1 2 2 5 9 . W e  w ish  to  th a n k  J o sep h  B y rn e  for in d e p e n d e n t  
p re p a ra tio n s  o f  sa m p le s  o f  H P F 2  a n d  P 2 F 4  as an  a d d itio n 
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Pu b lica t ion  c o s t s  a s s is t e d  b y  the N a tio n a l S c i e n c e  F ou n d a tion

T h e  stro n g  R a m a n  S - S  stretch in g  w ave  n u m b e r  fro m  4 9 8  to  511  c m “ 1 in  a  v a rie ty  o f  d isu lfid e s  is in d e 
p e n d e n t o f  th e  d in e d ra l C S S C  an g le  fro m  20  to  n ear 9 0 ° . N o  co rrelation  e x ists  b e tw ee n  th e  R a m a n  in te n 
s ity  ra tio  for C - S  a n d  S - S  s tretc h in g  b a n d s  a n d  th e  C S S  a n g le . F ro m  a p ro to n  m a g n e tic  reso n an ce  a n a l
ysis  o f  re lative  ro ta m er p o p u la tio n s  in iso b u ty l d isu lfid e , th e  m o la r  in te n s ity  o f  th e  C - S  stretc h in g  b a n d  
a t 707  c m - 1  d u e  to  a ro ta m er w ith  a n ti su lfu r an d  m e th y l grou ps is tw ice  th a t  a t  6 65  c m - 1 d u e  to  th e  ro 
ta m e r  w ith  a n ti su lfu r  a n d  h yd ro g en  a to m s . T h e  inverse  co n clu sio n  a p p lies  to  th e  in ten sities  in  iso b u ty l  
ch lorid e  w here C l re p la ce s  S . C o n fo rm a tio n a l r ig id ity  in ir a r w -2 ,3 -d ith ia d e c a lin  p erm its  a ss ig n m e n t o f  an
S - S  s tretc h in g  b a n d  a t  5 0 6  c m “ 1 a n d  a C - S  str e tc h in g  b a n d  a t  719  c m “ 1 to  sp ec ific  co n fo rm e rs . Id e n tifi
c a tio n  o f  C - S  w a v e  n u m b e r s  a n d  ro ta m ers  s im ila r  to  th e  ab o v e  is a p p lic a b le  to  oth er d isu lfid e s . U n fo r tu 
n a te ly , cy stin e  a n d  d e r iv a tiv es , k n ow n  on  oth er grou n d s to  p o ssess  s ig n ific a n t a m o u n ts  o f  e a ch  o f  three  
e th a n ic  ro ta m ers  in so lu tio n , e x h ib it  o n ly  on e  C - S  stretch in g  R a m a n  b a n d . T h is  resu lt lim its  th e  u tility  
o f  R a m a n  sp ec tra  for d e te r m in a tio n  o f  c o n fo rm a tio n  in  cy stin e  a n d  d er iv a tiv es .

A d v a n ta g e s  o f  R a m a n  sp ec tro sc o p y  for p ro c u re m e n t o f  
v ib ra tio n a l sp ec tra  in  a q u eo u s so lu tio n s  h a v e  b e e n  a u g 
m e n te d  b y  laser e x c ita tio n  sou rces, m a k in g  p ra c tic a l e x 
a m in a tio n  o f large m o le c u le s  su ch  as p ro te in s . D e sp ite  th e  
o v erla p p in g  o f m a n y  b a n d s  even  in  sm a ll p ro te in s , the  
sp ec tra l region fro m  5 0 0  to  730  c m - 1  is re la tiv e ly  clear  
an d  in c lu d e s th e  S - S  a n d  C - S  s tretc h in g  w ave  n u m b e r s . 
F ro m  co m p a riso n s  a m o n g  a few  d isu lfid e  co n ta in in g  c o m 
p o u n d s it  h a s  b e e n  su g g e ste d  th a t  th ere  is a correlation  
b e tw ee n  th e  in ten sity  ra tio  o f  th e C - S  a n d  S - S  stretch in g  
w ave n u m b ers  an d  th e  C S S  a n g le . T h is  co rrelation  h as  
been  a p p lie d  to  th e  p ro te in s  ly so z y m e  an d  r ib o n u c le a se , 
each  o f w h ich  c o n ta in  fou r d isu lfid e  cross l in k s .2 In  th is  
p ap er we e x a m in e  th is  p ro p o sed  co rrelation  in m o re  d e 
ta il.

L -C y stin e  an d  d er iv a tiv es  are su b st itu te d  e th a n e s , an d  
three sta gg ered  ro ta m ers  e a c h  w ith  d is tin c t en ergies occur  
a b o u t th e  C - C  b o n d . R e la tiv e  p o p u la tio n s  o f  th ese  three  
ro ta m ers  h av e  b e e n  d e te r m in e d  for e a ch  o f  a w id e  ran ge o f  
L -cystin e  d eriv a tiv es  in so lu tio n  b y  a n a ly sis  o f  v ic in a l c o u 
p lin g  c o n sta n ts  in  p ro to n  m a g n e tic  reso n a n ce  sp ec tro sco p y  
an d  circu lar d ic h r o is m .3 E a c h  on e  o f th e  th ree  sta gg ered  
ro ta m ers  sh o u ld  in p rin c ip le  e x h ib it  a ch a ra cte ristic  C - S  
stretch in g  fre q u e n c y , th e  in te n s ity  o f  w h ich  reflects  th e  
p o p u la tio n  o f th a t  ro ta m e r . O n e  o f th e  p u rp oses o f  th is  
p ap er is to  in v estig a te  th e  p o te n tia lity  o f  R a m a n  sp e c tro s 
co p y  as an  a d d itio n a l to o l for e v a lu a tin g  ro ta m er p o p u la 
tio n s o f  eth a n ic  d isu lfid e s  in so lu tio n .

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

T h e  m e th y la te d , ester , a n d  c y c lic  d isu lfid e s  w ere s y n 
th e siz e d 3 b y  D r . J . P . C a se y , to  w h o m  w e are g ratefu l. 
M a lfo r m in  A  w as k in d ly  su p p lie d  b y  P ro fessor R . W .  C u r 
tis. T h e  o th er  c o m p o u n d s  w ere o b ta in e d  fro m  c o m m e rc ia l  
sources.

R a m a n  sp ec tra  w ere o b ta in e d  on  th e  S p e x  R a m a lo g  
M o d e l 1 R a m a n  sp e c tro m e te r  h ou sed  in th is  d e p a r tm e n t .4 

U su a lly  5 1 4 .5 -n m  laser  e x c ita tio n  w as e m p lo y e d ; n o  d if 
ferences w ere o b serv e d  w ith  o c ca sio n a l sa m p le s  ru n  at

4 8 8 .0  n m . C r y sta llin e , n e a t liq u id , an d  so lu tio n  ( 1 - 2  M) 
sa m p le s  w ere se a led  in  s ta n d a rd  c a p illa ry  tu b e s . C a lib r a 
tio n  w as a c c o m p lish e d  b y  c o m p a riso n  o f  re p ea te d  sca n s o f  
sta n d a rd  argon flu o rescen ce  lin es w ith  p ro m in e n t p ea k s in  
th e  sa m p le  sp e c tru m . R e so lu tio n  w a s 2 - 4  c m “ 1  a t th e  e x 
c itin g  lin e . S tro n g  n arrow  b a n d s  w ere re p ro d u c ib le  to  ± 1  

c m - 1 . O u r R a m a n  resu lts  are s im ila r  to  th o se  p ic tu re d 2 

for so lid s L -cy stin e  a n d  its  d ih y d ro h a lid e  sa lts , b u t  are o f  
b e tter  q u a lity  w ith  litt le  or no rise in th e  b a se  line  dow n  
to  1 00  c m “ 1. G e n e ra lly  th e  R a m a n  sp ec tra  o f th e solids  
are o f  h igh er q u a lity  th a n  a q u eo u s so lu tio n s , ac co u n tin g  
for th e  greater n u m b e r  of rep orted  lin es for th e  so lid s . U n 
fo rtu n a te ly  we w ere u n a b le  to  o b ta in  a good  q u a lity  so lu 
tio n  sp e c tru m  o f te tr a m e th y lc y st in e .

C o m p le m e n ta r y  in frared  sp ec tra  w ere m e a su red  ro u 
tin e ly  on a P e r k in -E lm e r  3 3 7  g ra tin g  in frared  sp ec tro p h o 
to m e te r . C ry sta llin e  sa m p le s  w ere ru n  as p ressed  K B r  
d isk s , an d  n e a t liq u id s  w ere p la c e d  b e tw e e n  tw o K B r  
d isk s . A  s ta n d a rd  p o ly sty ren e  f ilm  w as e m p lo y e d  for c a li
b ra tio n , a n d  th e  recorded  v a lu es  are re p ro d u c ib le  to  ± 3  
c m - 1 .

P ro to n  m a g n e tic  reso n a n ce  sp ec tra  o f  th e  n e a t liquid  
iso b u ty l d eriv a tiv es  w ere m e a su red  on  a V a r ia n  H A -1 0 0  
sp ec tro m e te r  o p e ra tin g  in H A  m o d e  w ith  an  in tern a l T M S  
lock . In te rp re ta tio n  o f th e  sp ec tra  b y  a first-o rd e r  a n a ly sis  
is stra ig h tfo rw a rd .

R e s u lt s

T a b le  I lists  a s m a ll  p o rtio n  o f  th e  R a m a n  a n d  infrared  
sp ec tra  o b ta in ed  for a w id e  v a r ie ty  o f  d isu lfid e s . T h e  
sp ec tra l ran ge q u o te d  fro m  a b o u t  4 8 0  to  a b o u t  780  c m “ 1  is

(1) This research was supported by grants from the National Science 
Foundation, No. GB-29328 and GP-18251, toward purchase of the 
Raman spectrometer.

(2) R. C. Lord and N. T. v u, J. Mol. Biol., 50, 509 (1970); 51, 203 
(1970).

(3) J. P. Casey and R. B Martin, J. A m er. C hem . So c .,  94, 6141 
(1972).

(4) D. A. Hatzenbuhler and L. Andrews, J. C h em . Phys., 56, 3398 
(1972).
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TABLE I: Vibrational Spectra ot Disulfides

Raman Infrared

Acid solution“ Solid6 , . Solid6

cm-1 Intensity“ cm-1 Intensity“ cm 1 Intensity'

L-Cystine 508 20 498 20
541 540 s
614 1 615 m

667 14 677 2 675 m
774 2 784 2 777 m

L-Cystine-2I-ICI Same as above 479 17 475 w
510 sh 507 m
518 20
587 3 585 w
664 56 662 w
751 18 753 m

L-Cystine-2HBr Same as above 463 8 458 w
499 6 503 m
518 20
590 2 588 w
660 43 658 w
744 16 741 w

768 s
meso-Cystine 506 20 506 s

528 m
558 s

590 w 590 w
617 w 618 w

668 12 660 w 660 w
683 w 683 w
785 w 785 m

L-Cystine dimethyl ester-2HCIe 482 23 470 w
509 20 508 sh 510 w

522 20 560 m
610 m

668 16 669 60 665 m
755 23 780 s

L-Cystinediamide-2HCIe 508 20 500 w
580 s

638 5
663 5 659 660 m

705 w
738 2 750 w

Glutathione, oxidized!" 510 20 509 s
526 8 531 s
662 8 659 w 665 s

738 m
762 m

Malformin A 487 20 480 w
496 w
585 m

633 6 625 m
660 s
707 w
765 w

N, W'-Dimethyi-L-cystine 496 20
510 20 508 2 504 m

532 s
621 615 m

670 16 684 1 678 m
759 3 771 1 767 m

N, N,W',N'-Tetramethyl-L-cystine 479 20 474 s
518 20

538 s
708 52 698 s

737 s
776 33 764 m
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TABLE I (C o n tin u e d )

________________Raman________________  Infrared

Acid solution“  Solid6 Solid6

cm-1 Intensity“ cm-1 Intensity“ cm-1 Intensity1

W,A/,W,N',A/',W'-Hexamethyl-L-cystine 510 20
549 13 545 m

680 m
745 20 720 m

L-Homocystine 511 20 510 20
543 5 543 s

640 8 630 10 626 w
651 w

683 2 680 w
713 4
735 2 744 3 745 m

756 3 752 m
L-Homocystine diethyl ester-2HCI 509 20 504 20 512 w

639 9 655 w
715 5 713 2 714 w

734 1 734 m
frans-2,3-Dithiadecalin 506 20 512 w

552 w
719 5 716 s
724 sh
747 2 746 mX] 492
509

1 2

2 0 508 w
549 3

711 13 654 m
736 7 734 s

oc! 488
509

5
20

576 1 576* w
649 m

722 12 720 m
740 3 735 m

d-Penicillamine disulfide 509 8 518 s
546 20 556 20 552 s
579 12 566 m
650 2 654 4 650 w

680 2 690 w
752 3 748 3 745 m

Diisobutyl disulfide 487 3
511 20
525 12 527 w
665 3 669 w
707 34 708 m
744 9 745 m

Isobutyi chloride* 523 5
689 28
730 34
805 7
819 23

“ 1-2 M  HCI unless otherwise indicated. * Solid or neat liquid. “ Scaled to predominant peak near 510 cm -1 as 20. A blank signifies peak is less than 
3% of intensity of 510 c m -1 peak: sh, shoulder. d s, strong; m, medium; w, weak. “ Hydrochloride salt was dissolved in water for acid solution spectrum. 
t Water solution, s From ref 8. h Raman intensities scaled to 16 for peak at 430 err which is the value for similar peak in isobutyl disulfide.

in ten d e d  to  in c lu d e  region s c o m m o n ly  a ssig n ed  to  S - S  
an d  C - S  str e tc h in g  w ave  n u m b e r s . T h e  fo rm er a ss ig n 
m e n ts  occu r fro m  5 0 0  to  5 3 0  c m - 1  a n d  th e  la tte r  fro m  6 2 0  
to  7 3 0  c m - 1  in  p r im a ry  a lip h a tic  d is u lfid e s .5 -6 T h u s  th e  
h ig h est w ave  n u m b e r s  q u o te d  in T a b le  I are to  be a ttr ib 
u ted  to  oth er v ib ra tio n s  su c h  as a  C H 2 ro ck . F or p e n ic il
lam in e  d isu lfid e  th e  S - S  s tr e tc h in g  w ave  n u m b e r  is in 
creased to  n ear 5 5 0  c m - 1  a n d  th e  p r e d o m in a n t C - S

stretch in g  w ave n u m b e r  in  so lu tio n  red u ced  to  5 7 9  c m - 1, 
ty p ic a l o f  a tertia ry  d is u lfid e .5 -7 F or th is  c o m p o u n d  alone  
th e  in fra red  a b so rp tio n  is stro n g  in th e  S - S  stretch in g  re 
gion .

(5) N. Sheppard, Trans. F a r a d a y  So c .,  46, 429 (1950).
(6) D. W. Scott and J. P. McCullough, J. A m er. C hem . So c .,  80, 3554 

(1958), and other references of this paper.
(7) J. H. S. Green, D. J. Harrison, W. Kynaston, and D. W. Scott, 

Sp e c t ro ch im . A cta , Pa rt A, 25, 1313 (1969).
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TABLE II: Proton Magnetic Resonance Parameters of 
Isobutyl Derivatives

Disulfide Chloride

Chemical Shifts“
ch3 98.1 99.0
C H 192.9 193.4
c h 2 254.7 332.7

Coupling Constants, J
C H j - C H 6.9 6.2
C H 3 - C H 6.5 6.6

a In Hz downfield from internal TMS at 100 MHz and 31 °.

T h e  stro n g  R a m a n  b a n d s  a ssig n ed  to  S - S  s tr e tc h  u s u a l
ly  p o ssess  w ea k  or ev en  a b se n t in frared  c o u n te rp a rts . T h is  
w ea k n ess o f  th e  S - S  s tretc h in g  v ib ra tio n  in  in fra red  sp e c 
tra  h a s  led  to  a h isto ry  o f  its m isa ss ig n m e n ts  to  other  
fre q u e n c ie s .8 T h e  S - H  stretch in g  v ib ra tio n  is a lso  stron g  
in  R a m a n  sp ec tra  a n d  n o ta b ly  w ea k  in  th e  in fra red . E v e n  
th e  C - S  stretc h in g  v ib ra tio n  is o fte n  m o re  a p p a r e n t in  
R a m a n  sp ec tra . I f  p roper id e n tific a tio n  o f  s tretch in g  
freq u en cies in v o lv in g  su lfu r in su lfid es  a n d  d isu lfid e s  is to  
b e  m a d e , it  se e m s e ssen tia l to  ru n  R a m a n  sp ec tra .

V ic in a l c o u p lin g  c o n sta n ts  a n d  c h e m ic a l sh ifts  d erived  . 
fro m  p ro ton  m a g n e tic  reso n an ce  sp ec tra  o f  iso b u ty l d isu l
fide  a n d  ch lorid e  are p resen ted  in  T a b le  II. R e la tiv e  ro - 
ta m e r  p o p u la tio n s  a b o u t  th e  C H 2- C H  b o n d  o f th e  is o b u 
ty l grou p  co n sid ered  as a s u b s t itu te d  e th a n e  m a y  b e  e s ti 
m a te d  fro m  th e  v ic in a l co u p lin g  c o n sta n t. O f  th e  three  
sta gg ered  e th a n ic  ro ta m ers  th e  tw o  id en tic a l o n es w ith  
a n ti m e th y l a n d  su lfu r or ch lorin e  a to m s ( C i )  are d e sig 
n a te d  g a n d  th e  h in d ered  ro ta m er w ith  a g a u ch e  re la tio n 
sh ip  b e tw ee n  b o th  m e th y l grou ps a n d  a su lfu r  or ch lorin e  
a to m  ( C s) is te rm e d  h . B y  u tiliz in g  th e  e x p e r im e n ta l  
v a lu e  o f th e  v ic in a l co u p lin g  c o n sta n t for th e  C H 2- C H  
b o n d  a n d  th e  v a lu e s  o f  JG =  2 .5  a n d  J T =  13 H z , m o le  
fra c tio n s o f  th e  ro ta m ers  m a y  b e  e s tim a te d  b y  sta n d a rd  
m e th o d s .3 F or iso b u ty l ch lo rid e  c a lc u la tio n  y ie ld s  m o le  
fra c tio n s o f  0 .7 0  for ro ta m ers  g a n d  0 .3 0  for ro ta m e r  h, 
near th e  e x p e c te d  s ta tis t ic a l v a lu es . F or iso b u ty l d isu lfid e  
th e  m o le  fra c tio n s are 0 .8 4  for ro ta m ers  g a n d  0 .1 6  for ro 
ta m e r  h . T h u s  ro ta m e r  h is on ly  h a lf  as  p o p u la te d  in  th e  
d isu lfid e .

D is c u s s io n

T h e  C S S C  d ih e d ra l an g le  va ries fro m  a low  n ea r 2 6 ° for  
th e f iv e -m e m b e r e d  ring d isu lfid e s  o f  T a b le  I, th rou g h  
a b o u t 6 0 °  for th e  tr a n sd e c a lin , to  n ear 9 0 °  for m o s t  o f  th e  
a lic y c lic  c o m p o u n d s .9 D e sp ite  th is  w ide v a ria tio n  in  d ih e 
dral a n g le , a  stro n g  R a m a n  b a n d , id e n tifia b le  as a S - S  
stretch in g  fre q u e n cy , occu rs u n co rrela te d  w ith  d ih ed ral  
an gle  in th e  ran ge 4 9 6 -5 1 1  c m - 1  in  a lm o s t  a ll ca ses o f  
T a b le  I. E x c e p tio n s  to  th is  ran ge  are th e  tw o  so lid s  
te tr a m e th y lc y stin e  a n d  m a lfo r m in  A . T h e  d isu lfid e  b o n d  
in th e  c y stin e -c o n ta in in g  c y c lo p e n ta p e p tid e  m a lfo r m in  A  
is u n d er  s tr a in . 10 W e  co n clu d e  th a t  th e  fre q u e n c y  o f th e
S - S  stretc h in g  v ib ra tio n  is n o t in d ic a tiv e  o f  th e  d isu lfid e  
d ih e d ra l a n g le .

O f  th e  th ree  ro ta m ers  s ta g g ered  a b o u t th e  C - S S '  b o n d  
o f  p r im a r y  d isu lfid e s , one p ossess a  ca rb o n  a to m  a n ti to  
th e  se c o n d  su lfu r , ( S ')  a n d  tw o  p osses  a n ti h yd rogen  
a to m s . T h e  g a u ch e  ro ta m er w here a ca rb o n  a to m  a p p ea rs  
in  th e  sa m e  d irectio n  as th e  p rim a ry  ca rb o n  on  th e  secon d  
su lfu r (w ith  a b o u t  9 0 °  d isu lfid e  d ih e d ra l a n g le ) h a s  been  
co n sid ered  o f to o  h ig h  en ergy to  occu r w ith  sm a ll d isu l

fid e s 1 1  a n d  is s te ric a lly  im p o ssib le  for c y stin e . T h u s  w e  
a n tic ip a te  on ly  tw o  ro ta m ers  a b o u t  e a ch  X C - S S '  b o n d  
a n d  d esig n a te  th e m  G  for th e  fa v o red  g a u ch e  ro ta m er  
w here X  =  H  is a n ti to  S ' a n d  T  for th e  a n ti ro ta m er  
w here X  =  C  ap p ea rs  a n ti to  S ' .  R o ta m e r  G  is fa v o re d  
over ro ta m e r  T  in  d ie th y l d isu lfid e . 11

I t  h a s  re c e n tly  b e e n  su g g ested  th a t  th e  S - S  stretch in g  
fre q u e n cy  d e p e n d s  u p o n  w h eth er a h y d ro g e n  or ca rb o n  
a to m  is a n ti to  th e  seco n d  su lfu r a to m  a b o u t  th e  tw o  C - S  
b o n d s  co n sid ered  to g eth er in X C - S S - C Y .12 F or th e  th ree  
p o ssib le  s u b stitu tio n s  o f  X  a n d  Y  b y  h y d ro g e n  a n d  c a r 
b o n , th e  fo llo w in g  re p re se n ta tiv e  v a lu e s  w ere su g g e ste d : X  
=  Y  =  H , 5 1 0  c m - 1; X  =  H  a n d  Y  =  C , 5 2 5  c m - 1 ; a n d  X  
=  Y  =  C , 5 4 0  c m - 1 . In  th e  c o n fo rm a tio n a lly  rig id  trans-
2 ,3 -d ith ia d e c a lin , h yd rogen s are a n ti to  b o th  su lfu r  a to m s  
an d  th e  o b serv e d  v a lu e  o f 5 0 6  c m - 1  rep orted  in  T a b le  I is 
co n siste n t w ith  th e  re ce n t p ro p o sa l. T h e  in terp reta tio n s  
th a t fo llo w  reta in  th is  su g g estio n  so th a t  for p a irs  o f  C - S  
ro ta m ers  a b o u t th e  d isu lfid e  b o n d  we id e n tify  G - G  w ith  
a b o u t 5 1 0  c m - 1 ; G - T ,  525  c m - 1 ; a n d  T - T ,  5 4 0  c m - 1 .

A b s e n c e  o f  b a n d  sp litt in g  a n d  p resen ce  o f  o n ly  th e  low  
w ave  n u m b e r  v ib ra tio n  in th e  S - S  s tretc h in g  region  for  
m o s t  ca ses in  T a b le  I su g g e st th a t  u su a lly  ro ta tio n  a b o u t  
th e  C - S  b a n d  is h in d ered  an d  th e  fa v o re d  g a u ch e  ro ta 
tio n a l iso m er p re d o m in a te s . In  th e se  ca ses th e  in te n s ity  o f  
th e  C - S  stretch in g  b a n d  is a b o u t h a lf  th a t  o f  th e  S - S  
stretc h in g  b a n d  over a w id e  ra n ge  o f  d ih e d ra l a n d  C S S  
an g les in a lic y c lic  an d  cy clic  d isu lfid e s  o f  T a b le  I. N o  co r
re la tio n  is e v id e n t b e tw ee n  th e  in te n s ity  ra tio  o f  th e  C - S  
a n d  S - S  s tretc h in g  b a n d s  a n d  th e  C S S  a n g le .

T h r e e  e th a n ic  ro ta m ers  occu r sta gg ered  a b o u t  th e  ca r 

b o n -c a r b o n  Z C - C S  b o n d , w here Z  re p resen ts  th e  group  
a n ti to  su lfu r . C o n s is te n t w ith  ou r p rev io u s fo rm u la tio n , 
w e d esig n a te  ro ta m er h for Z  =  H , ro ta m e r  g for  Z  =  C H 3  

or N H 3 + ,  a n d  ro ta m er t  for Z  as a n y  grou p  h e a v ier  th a n  
N H 3 +  su c h  as - C O O H  or a s u b s t itu te d  m e th y l g rou p .

O n ly  on e  g a u ch e  ro ta m er a b o u t th e  C - S  b o n d  e x ists  in  
cry sta llin e  L -cy stin e 13  an d  th e  d ih y d ro h a lid e  sa lts  o f  l - 
c y s tin e .14 T h e  c ry sta l stru ctu res d e te r m in e d  for th e  first  
th ree  c o m p o u n d s  o f T a b le  I in d ic a te  th a t in  a ll th ree  cases  
th e  d ih e d r a l angle  a b o u t th e  C C - S S  b o n d  is in  th e  d ire c 
tio n  o f  th e  fa v o red  ga u ch e  ro ta m er o f d isu lfid e s  b u t  w ith  
an  an gle  o f  85  ±  4 ° ra th er th a n  6 0 ° .15 T h u s  n o  a to m  is in  
a  p o sitio n  str ic tly  a n ti to  su lfu r in  th e se  cr y sta ls . T h e  
large an gle  m a y  a c c o u n t for d e v ia tio n s  fro m  th e  5 1 0  c m - 1 

e x p e c te d  for th is  g a u ch e  ro ta m e r , 12 b u t  it  d oes n o t e x p la in  
th e  d iffe re n t v a lu e s  o f  4 9 8  a n d  5 1 8  c m “ 1  th a t  are o b 
serv ed . I t  is p o ss ib le  th a t  th e  cry sta llin e  fo rm s e x a m in e d  
b y  X -r a y  d iffra c tio n  an d  R a m a n  sp ec tra  are n o t th e  sa m e  
or th a t  fa cto rs  in  th e  ion ic cry sta ls  ren d er th e  a n a ly sis  in 
a p p lic a b le . S o lid  L -cy stin e  is th e  o n ly  c o m p o u n d  in T a b le  
I  w ith  an  in ten sity  ra tio  n ear 0 .1  for th e  C - S  to  S - S  
stretc h in g  b a n d s . A ll  three cry sta ls  also  p o ssess  so le ly  ro 
ta m e r  h  a b o u t th e  C - C S  b o n d  w ith  three a d ja c e n t g a u ch e

(8) For example, L. Schotte, A rk . K e m i, 9, 309 (1956).
(9) R. Rahman, S. Safe, and A. Taylor, Q u a rt. R ev., C hem . S o c ., 24, 

208 (1970).
(10) K. Anzai and R. W. Curtis, P h y to c h e m is try , 4, 263 (1965).
(11) D. W. Scott and M. Z. El-Sabban, J. M o l. S p e c tro s c ., 31, 362 

(1969).
(12) H. Sugeta, A. Go, and T Miyazawa, C hem . L e tt., C hem . S o c . Ja p ., 

83 (1972).
(13) B. M. Oughton and P. M. Harrison, A c ta  C ry s ta llo g r. , 12, 396 

(1959). Recalculation Indicates that the disulfide dihedral angle of 
L-cystine Is but 74° and the CSS angle 104.5°; F. S. Richardson 
and John Webb, private communication.

(14) L. K. Stelnrauf, J. Peterson, and L. H. Jensen, J . A m e r. C hem . 
S o c ., 80, 3835 (1958); J. Peterson, L. K. Stelnrauf, and L. H. Jen
sen, A c ta  C ry s ta llo g r. , 13, 104 (1960).

(15) F. S. Richardson and J. Webb, private communication.
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h yd rogen s. T a k e n  to g eth er th e  R a m a n  re su lts  for th e  first  
th ree  so lid s  o f  T a b le  I su g g e st a ¡ / ( C - S )  fro m  6 6 0  to  6 7 7  
c m “ 1  th a t  m a y  b e  a ssig n ed  to  th e  G  h  c o n fo rm a tio n .

T h e  fo u rth  c o m p o u n d  in  T a b le  I w ith  a p rescrib ed  
stru ctu re  is th e  c o n fo rm a tio n a lly  rigid  tr a n s -2 ,3 -d ith ia d e -  
ca lin  w h ich  ca n  e x is t  o n ly  as a G  t  c o n fo rm er . O n ly  one  
b a n d , th a t  a t  7 1 9  c m - 1 , ap p ea rs  in  th e  ¡ / ( C - S )  region . 
T h u s  w e a ttr ib u te  b a n d s  n ea r 719  c m - 1  to  i /( C -S )  c h a ra c 
teristic  o f  th e  G  t  c o n fo rm er . Ir. th e  d ith ia d e c a lin  th is  
¡ / ( C - S )  b a n d  a p p ea rs  re la tiv e ly  w ea k  in  R a m a n  sp ec tra  
a n d  stro n g  in  in fra red .

O n e  o f  th e  g o a ls  o f  th is  in v e stig a tio n  is to  te s t  th e  
a p p lic a b ility  o f  th e  C - S  s tretc h in g  w ave  n u m b e r s  for th e  
d e te r m in a tio n  o f  re la tiv e  ro ta m er p o p u la tio n s  a b o u t th e  
C - C  b o n d  in  s u b s t itu te d  e th a n ic  d isu lfid e s . T h e  p r in c i
p les  in v o lv e d  h a v e  b e e n  w orked  c u t  for e th a n ic  ch lorid es  
w here C - C l  s tre tc h in g  freq u en cies  occu r fro m  6 7 9  to  6 8 6  

c m - 1  w h en  a p r im a ry  ch lorin e  a to m  is a n ti to  a h yd rogen  
on a b ra n ch ed  ft ca rb o n  a to m  (h ) a n d  fro m  723  to  730  
c m - 1  w h en  a ch lo rin e  a to m  is a n ti to  a ca rb o n  a to m  (g ) . 16 

O n  th is  b a s is  th e  b a n d  a t  6 8 9  c m - 1  in  iso b u ty l ch lorid e  is 
assign ed  to  ro ta m e r  h  a n d  th a t  a t  730  c m - 1  to  ro ta m er g. 
C o m b in a tio n  o f  th e  re su lts  o f  th e  p m r  p o p u la tio n  an a ly sis  
w ith  th e  in ten sities  o f  th e  tw o  R a m a n  b a n d s  lis te d  in  
T a b le  I in d ic a te s  th a t  for iso b u ty l ch lorid e  th e  m o la r  in 
te n sity  o f  th e  b a n d  d u e  to  ro ta m e r  h is a lm o s t  tw ice  th a t  
due to  ro ta m er g.

A ss ig n m e n ts  o f  ¡ / ( C - S )  b a n d s  in d iiso b u ty l d isu lfid e  are  
a c h ie v e d  in  tw o  w a y s lea d in g  to  id en tic a l c o n clu sio n s . 
F irst th e  d ifferen ce  o f  41  c m - 1  b e tw ee n  ¡ / ( C -C l )  for th e  
tw o  k in d s o f ro ta m ers  in  iso b u ty l ch lorid e  w ith  th e  s im ila r  
d ifferen ce  o f  42  c m - 1  for d iiso b u ty l d isu lfid e  su g g ests  th a t  
th e  stro n g  R a m a n  b a n d  a t  707  c m - 1  m a y  b e  a ttr ib u te d  to  
ro ta m ers  g a n d  th e  w ea k er b a n d  a t  6 6 5  c m - 1 to  ro ta m er
h . T h e s e  a ss ig n m e n ts  are a lso  c o n siste n t w ith  th o se  m a d e  
for iso b u ty lm e r c a p ta n  w here a R a m a n  b a n d  a t  711 c m - 1  

is a ssig n ed  to  ro ta m ers  g a n d  th e  se c o n d  a t  671  c m - 1  to  
ro ta m er h .1 7  O c cu rren ce  o f  tw o ¡ / ( S -S )  R a m a n  b a n d s  at  
511  a n d  5 2 5  c m - 1  in d iiso b u ty l d isu lfid e  su g g ests  th e  
p resen ce  o f  b o th  G G  a n d  G T  c o n fo rm a tio n  a b o u t th e  d i 
su lfid e  b o n d  so th a t  fou r ¡ / ( C - S )  b a n d s  m ig h t  be  e x p ec te d  
co rresp on d in g  to  G  h , G  g , T  h , a n d  T  g . T h e  p resen ce  o f  
on ly  tw o  sh arp  R a m a n  b a n d s  at less  th a n  7 3 0  c m - 1  in  th e  
¡ / ( C - S )  region  su g g e sts  th a t  G  a n d  T  iso m ers d o  n o t lead  
to  se p a ra te  R a m a n  ¡ / ( C - S )  b a n d s  a t  less  th a n  7 3 0  c m - 1 . 
T h is  co n clu sio n  ap p ea rs  to  be a gen eral one for c o m 
p o u n d s th a t  are b r a n c h e d  a t  th e  ca rb o n  ft to  su lfu r . C o m 
b in a tio n  o f  th e  p m r  p o p u la tio n  a n a ly sis  w ith  th e  R a m a n  
a ssig n m e n ts  for d iiso b u ty l d isu lfid e  in d ic a te s  th a t  th e  
m o la r  in te n sity  o f  ¡ / ( C - S )  in  e a ch  ro ta m er g is m o re  th a n  
tw ice th a t o f  ro ta m e r  h . T h is  co n clu sio n  is th e  inverse  o f  
th a t d eriv ed  for iso b u ty l ch lo rid e.

C o m p o u n d s  th a t  are n o t b r a n c h e d  a t  th e  ca rb o n  ft to  
su lfu r p o ssess  low er ¡ / ( C - S )  v a lu e s  for ro ta m e r  h  th a n  d o  
b ra n c h ed  c o m p o u n d s . In  ch lo rin e  c o m p o u n d s  ¡ / ( C -C l )  a p 
pea rs a b o u t  3 0  c m - 1  low er for th e  u n b r a n c h e d  c o m 
p o u n d s .16  T h u s  b a n d s  a t  6 4 2  a n d  6 6 8  c m - 1  in  d ie th y l d i 
su lfid e  are a ssig n ed  to  co n fo rm ers G  h a n d  T  h , re sp ec 
tiv e ly . N o  b a n d  ap p ea rs  n ear 640  c m - 1  in  /3 -b ra n c h ed  d i 
su lfid es w here th e  G  h w ave  n u m b e r  ap p ea rs  a t  6 65  c m - 1 

in  d iiso b u ty l d isu lfid e . B a n d s  a p p ea rin g  a t  6 4 0  c m - 1  in

h o m o c y stin e  a n d  its  d iester  (T a b le  I) are a ssign ed  to  c o n 
fo rm er G  h . S in c e  o n ly  on e  ¡ / ( S -S )  a p p ea rs  in  so lu tio n , th e  
b a n d  n ear 714  c m - 1  is a ttr ib u te d  to  co n fo rm er G  t . T h is  
a ssig n m e n t agrees w ith  th a t  p re sen te d  ab o v e  for th e  d ith i
a d e c a lin .

F iv e -m e m b e r e d  rings u n d erg o  ra p id  p se u d o ro ta tio n  an d  
are ste ric a lly  p ro h ib ite d  fro m  a ssu m in g  n o r m a l sta gg ered  
ro ta m ers  a b o u t C - C  b o n d s . N e v e rth e le ss  th e  tw o  fiv e - 
m e m b e re d  ring d isu lfid e s  o f  T a b le  I e x h ib it  ¡ / ( S -S )  a t  509  
c m - 1  co n siste n t w ith  a G G  c o n fo rm a tio n  for a p u ck ered  
ring a n d  ¡ / ( C - S )  a t  711 a n d  722  c m - 1, w ith in  th e  ran ge e x 
p e c te d  for ro ta m er G  t  as in  th e  d ith ia d e c a lin . B a n d s  a t  
6 3 4  a n d  6 8 4  c m - 1  in th e  f iv e -m e m b e r e d  rin g  th io c tic  acid  
h av e  b e e n  a ttr ib u te d  to  s y m m e tr ic  a n d  a n tisy m m e tr ic  
¡ / ( C - S ) . 2 H o w e v e r  s y m m e tr ic  a n d  a n tisy m m e tr ic  ¡ / ( C -S )  
are c lose ly  sp a c e d  a n d  n o t ea sily  reso lv ed  in R a m a n  sp e c 
tr a .18 A p p e a lin g  a ltern a tiv e  ¡ / ( C - S )  a ss ig n m e n ts  are p o ssi
b le  for th e  th io c tic  a c id  sp e c tru m . T h e  b a n d  at 6 3 4  c m - 1 

m a y  b e  a ssign ed  to  b o th  th e  p u ck ered  ro ta m ers  G  h o f th e  
h o m o c y stin e -lik e  p o rtio n  o f  th e  rin g  a n d  th e  ro ta m er w ith  
tw o a n ti h yd rogen s w ith  th e  se c o n d a ry  C - S  b o n d . T h e  
higher w ave  n u m b e r  b a n d  a t  6 8 4  c m - 1  is re a so n a b ly  a s 
sig n ed  to  th e  ro ta m e r  w ith  a n ti h yd ro g en  a n d  a n ti carb on  
w ith  th e  se co n d a ry  C - S  b o n d .

In  a p p ly in g  th e  ab o v e  c o n clu sio n s to  c y stin e  in so lu tio n , 
w e n ote  first th e  p resen ce  o f  o n ly  one ¡ / ( S -S )  a ttr ib u ta b le  
to  co n fo rm er G - G  so  th a t  e v id e n tly  co n fo rm ers  G - T  an d  
T - T  occu r o n ly  to  a n e g lig ib le  e x te n t, an d  th e  G  ro ta m er  
a b o u t th e  C - S  b o n d  p re d o m in a te s . T h e  n ear id e n tity  o f  
th e  so lu tio n  R a m a n  sp ec tra  for l - a n d  m e so -c y stin e  
su g g ests  th a t  th e  tw o  h a lv es  o f  th e  d isu lfid e  m a y  be co n 
sid ered  in d iv id u a lly . T h e  resu lt a lso  su p p o rts  th e  view  
th a t  no a ttra c tiv e  in tra m o le c u la r  in tera c tio n s occu r in e i
th er o f  th ese  m o le c u le s  in  a q u eo u s s o lu t io n s .3 S in c e  c a lc u 
la tio n s fro m  p m r re su lts  y ie ld  for L -cy stin e  m o le  fractio n s  

,o f  a b o u t  0 .5 0 , 0 .1 8 , an d  0 .3 2  for ro ta m ers  t, g , a n d  h , re 
s p e c tiv e ly , 3 we m ig h t  e x p e c t to  ob serve  th ree  R a m a n  
¡ / ( C - S )  b a n d s  a ttr ib u ta b le  to  co n fo rm ers G  t, G  g , an d  G
h. In  fa c t  on ly  on e  b a n d  ap p ea rs  a t 6 6 7  c m - 1 . T h is  p o si
tio n  is th a t  e x p ec te d  for th e  G  h  co n fo rm er a n d  b a n d s  for 
th e oth er tw o  co n fo rm ers are a n tic ip a te d  a t  greater th a n  
700  c m - 1 . T h e  b a n d  a t  6 6 7  c m - 1 is a b o u t  5 0 %  b roa der  
th a n  ¡ / ( S -S )  in  cy stin e , w h ile  ¡ / ( C -S )  a n d  ¡ / ( S -S )  in  d iiso 
b u ty l d isu lfid e  are o f  eq u al w id th . T h e  6 6 7 -c m - 1  b a n d  o f  
cy stin e  u n d o u b te d ly  c o n ta in s  c o n tr ib u tio n s  fro m  a t lea st  
tw o ro ta m ers  a n d  still re ta in s  in te n sity  a t  greater th a n  700  
c m - 1. H o w ev er, th e  sh o u ld e r  on  th e  oth er sid e  o f  th e  p ea k  
a t 6 2 5  c m - 1  is stron g er, b u t  s till w ea k . T h u s  it ap p ea rs  
lik ely  th a t ¡ / ( C - S )  for ro ta m ers  t  a n d  g a p p ea r  u n d er th e  
b ro a d  p ea k  a t 6 6 7  c m - 1  or are o f  low  in te n s ity . In  an y  
case th e  la c k  o f  d isc r im in a tio n  a m o n g  c y stin e  ro ta m ers  
p ro v id ed  b y  R a m a n  sp ec tra  im p lie s  th a t  its  u ti lity  for d e 
te rm in a tio n  o f ro ta m e r  p o p u la tio n s  in cy stin e  an d  d e r iv a 
tiv e s , in c lu d in g  p ro te in s , ap p ea rs  to  be  lim ite d .

(16) J. J. Shipman, V. L. Folt, and S. Krimm, S p e c t ro ch im . A cta , 18,
1603 (1962).

(17) D. W. Scott, J. P. McCullough, J, F. Messerly, R. E. Pennington, I.
A. Flossenlopp, H. L. Finke, and G. W. Waddington, J. Am er.
C hem . So c .,  80, 55 (1958); D. W. Scott and M. Z. El-Sabban, J.
Mol. S p e c t ro sc .,  30, 317 (1969).

.(18) D. W. Scott, H. L. Fin<e, M. E. Gross, G. B. Guthrie, and H. M.
Huffman, J. A m er. C h em . So c ..  72, 2424 (1950); S. G. Frankiss, J.
Mol. Struct., 3, 89 (1969).
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N u c le a r  s p in -la t t ic e  re la x a tio n  tim e s  Ty h av e  b e e n  m e a su red  as a fu n ctio n  o f  te m p e ra tu re  ( - 8 4  to  
+ 1 5 8 ° )  for seven  g e m -d im e th y l-s u b s t itu te d  h y d ro ca rb o n  liq u id s  w ith  carb on  ch a in  len g th s b e tw ee n  C 2 6  
an d  C 3 2 . T h e  te m p e ra tu re  d ep e n d e n c e  o f th e  n m r  co rrelation  tim e  w as A rrh en iu s in e a ch  o f  th e  c o m 
p o u n d s stu d ie d . N o n lin e a r  regression  a n a ly sis  o f  th e  d a ta  sh o w ed  th a t  th e  Ty d a ta  (in c lu d in g  th e  Ty 
m in im u m  d u e to  overall m o le c u la r  tu m b lin g )  im p ly  e ith er th a t  ro ta tio n a l m o tio n s  are d o m in a n t  in  th e  
s p in -la t t ic e  re la x a tio n  m e c h a n ism  or th a t  a n y  tr a n sla tio n a l m o tio n s  w h ich  co n tr ib u te  to  Ty d o  so  in  th e  
lim it  o f  large tr a n sla tio n a l ju m p s . S in c e  a sin g le  a c tiv a tio n  en ergy  w as su ffic ien t to  d esc rib e  th e  Ty d a ta  
for e a ch  c o m p o u n d , ro ta tio n a l an d  tr a n sla tio n a l co rrelation  t im e s  h ave  th e sa m e  te m p e ra tu re  d e p e n 
d en c e . W it h  th e  e x ce p tio n  o f  on e  o f th e  seven  c o m p o u n d s  th e  e x te n t to  w h ich  v isc o sity  d e te r m in e s  th e  
n m r co rrelation  tim e  w as fo u n d  to  b e  te m p e ra tu re  d e p e n d e n t w ith in  th e  m o tio n a l n arro w in g  l im it . A s  
te m p e ra tu re  is in crea sed , a tra n sitio n  to  v isc o sity  d e te r m in e d  co rrelation  tim e s  c o u ld  n o t b e  ru led  o u t on  
th e  b a sis  o f  th e  e x p e r im e n ta l d a ta .

I n tr o d u c t io n

N u c le a r  s p in -la t t ic e  re la x a tio n  tim e s  Ty h a v e  b een  used  
e x te n siv e ly  as a p ro b e  o f  m o le c u la r  m o tio n s  in s tu d ie s  o f  
sy ste m s  o f a w id e  v a rie ty . T h e  n u m b e r  o f  su ch  re lax ation  
tim e  s tu d ie s  in v o lv in g  lon g  ch a in  h y d ro ca rb o n s in th e  l iq 
u id  s ta te  is su rp risin g ly  low , h ow ever. W o e ssn e r , et al. , 1 

have s tu d ie d  n -d o d e c a n e  in b o th  th e  p ro to n a te d  a n d  c o m 
p le te ly  d eu tera ted  fo rm  in th e  liq u id  s ta te  a n d  in so lu tio n . 
A g ish e v 2 h a s  s tu d ie d  so lu tio n s o f  th e  n o r m a l p a ra ffin s  
w ith  ch a in  len g th s o f  6 , 8 , 10 , 12, 14, 16, a n d  18 ca rb o n s. 
W o e ssn e r 3 h as a lso  s tu d ie d  so lu tio n s o f  n o rm a l p a ra ffin s  
w ith  c h a in  len g th s o f  5 , 8 , 1 2 , an d  16 ca rb o n s. C u tn e ll  and  
S te jsk a l4 h ave  s tu d ie d  6 ,6 , 1 1 , 1 1 -te tr a m e th y lh e x a d e c a n e , 
sq u a la n e , a n d  sq u a le n e  as pure liq u id s . S o m e  o f  th e  ab ove  
m e n tio n ed  c o m p o u n d s  h ave  a lso  b een  s tu d ie d  in  th e  solid  
sta te  b y  A n d e rso n  an d  S lic h te r , 5 D o u g la ss  a n d  J o n e s , 6 

an d  v a n  P u tte .7 T h e se  s o lid -s ta te  s tu d ie s  e n c o m p a ss  th e  
n o rm a l p a ra ffin s  w ith  ca rb o n  ch ain  len g th s b e tw ee n  4 and  
9 4 .

It is w ell k now n th a t in th e  e x tre m e  n arro w in g  lim it  
(h igh  te m p e ra tu re s) n m r s p in -la t t ic e  re la x a tio n  ra tes  are 
p ro p o rtion a l to  a co rrelation  t im e  w h ich  is re la ted  to  th e  
m o lecu la r m o tio n s  e ffec tin g  th e  re la x a tio n . H o w e v e r , from  
su ch  a lim ite d  ran ge o f  te m p e ra tu re s  a lon e  it  is n o t p o ssi
b le  to  d eterm in e  w h eth er an  e x p o n e n tia l co rrelation  fu n c 
tio n , a n d  h en ce  a sin g le  co rrelation  t im e , is p e r tin e n t to  
th e sy s te m  u n d er s tu d y . S p in -la t t ic e  re la x a tio n  rate  d a ta  
over a w ider range o f te m p e ra tu re s  or as a fu n c tio n  o f  fre 
q u e n c y  are n eed ed  to  e s ta b lish  th e  ex isten c e  o f  a n o n e x p o 
n e n tia l co rrelation  fu n c tio n . F u rth erm o re , b o th  ro ta tio n a l  
a n d  tr a n sla tio n a l m o tio n s  m a y  m o d u la te  b o th  in te r m o le c - 
u lar a n d  in tra m o le c u la r  in tera c tio n s o f  n u clea r sp in s . 
T h e se  fa cto rs  c o m p lic a te  th e  in terp reta tio n  o f s p in -la t t ic e  
re la x a tio n  ra tes in te rm s o f  m o le c u la r  m o tio n s  for m o le 
cu les w ith  a p p re c ia b le  degrees o f  m o tio n a l fre e d o m .

T h e  m o tiv a tio n  for th e  p resen t s tu d y , th e n , is th re e fo ld :
( 1 ) to  red u ce  th e  re la tiv e  p a u c ity  o f  su c h  s tu d ie s  for long

ch a in  h y d ro ca rb o n  liq u id s , w here th e  re la x a tio n  m e c h a 
n ism  is c o m p lic a te d  b y  th e  m a n y  d egrees o f  m o tio n a l free 
d o m  p o ssessed  b y  th e m o le c u le ; ( 2 ) to  ca ll a t te n tio n  to  th e  
im p o rta n c e  o f  tra n sla tio n a l m o tio n s  in th e  o v erall re la x a 
tion  m e c h a n is m ; (3 )  to  p ro vid e  d a ta  on  a n ew  grou p  o f  
lo n g  c h a in  h y d ro ca rb o n s.

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

1. Materials. E a c h  o f  th e  g e m -d im e th y l s u b s t itu te d  h y 
d ro carb on s u sed  in th is  s tu d y  has b e e n  p rep a red  a c cord in g  
to  th e  gen eral m e th o d  rep orted  b y  S c h is la  a n d  H a m 
m a n n .8 T h e  p u rity  o f  th ese  c o m p o u n d s  is a t  lea st 9 9 % , as  
in d ic a te d  b y  ga s ch ro m a to g ra p h ic  te c h n iq u es . T h e  c o m 
p o u n d s s tu d ie d  are as fo llow s: 6 ,6 ,1 1 ,1 1 ,1 6 ,1 6 ,2 1 ,2 1 -  
o c ta m e th y lh e x a c o sa n e  (c o m p o u n d  I ) ;  6 ,6 ,1 1 ,1 1 ,1 7 ,1 7 ,2 2 ,2 2 -  
o c ta m e th y lh e p ta c o sa n e  (c o m p o u n d  I I ) ; 6 ,6 ,1 1 ,1 1 ,1 8 ,1 8 ,  
2 3 ,2 3 -o c ta m e th y lo c ta c o s a n e  (c o m p o u n d  I II ) ; 6 ,6 ,1 2 ,1 2 ,  
1 8 ,1 8 ,2 4 ,2 4 -o c ta m e th y ln o n a c o s a n e  (c o m p o u n d  I V ) ;  6 ,6 ,1 1 ,  
1 1 ,2 0 ,2 0 ,2 5 ,2 5 -o c ta m e th y ltr ia c o n ta n e  (c o m p o u n d  V ) ;  
6 ,6 ,1 2 ,1 2 ,2 1 ,2 1 ,2 7 ,2 7 -o c ta m e t h y ld o t r ia c o n t a n e  (c o m p o u n d  
V I ) ; an d  9 ,9 ,1 8 ,1 8 -te tr a m e th y lh e x a c o s a n e  (c o m p o u n d  V II) .

2. Methods. E a c h  c o m p o u n d  w as se a led  u n d er  v a c u u m  
in  9 -m m  o .d . n m r  sa m p le  tu b e s  after te n  f r e e z e -p u m p -  
th a w  cy cles  to  re m o v e  d isso lv e d  o x y g en . D u e  to  th e  fa c t  
th a t th e  v a p or p ressu res o f  th ese  c o m p o u n d s  are n o t high  
a t th e  te m p e ra tu re s  e m p lo y e d  ( < 1 5 8 ° )  in  th is  s tu d y , no  
effort w as m a d e  to  red u ce  th e  area o f th e  g a s -l iq u id  in ter -

(1) D. E. Woessner, B. S. Snowden, Jr., R. A. McKay, and E. T. Strom, 
J. M a g n . R e s o n a n c e .  1, 105 (1969).

(2) A. Sh. Agishev, Zh. E k sp ,  Teor. Fiz., 46, 3 (1964); [Sov. Ph ys.  
JE T P ,  19, 1 (1964)].

(3) D. E. Woessner, J. C h em . Phys., 41,84 (1964).
(4) J. D. Cutnell and E. 0. Stejskal, J. C h em . Phys., 56, 6219 (1972).
(5) J. E. Anderson and W. P. Slichter, J. Ph ys. C hem ., 69, 3099 

(1965).
(6) D. C. Douglass and G. P. Jones, J. C h em . Ph ys.. 45, 956 (1966).
(7) K. van Putte, J. M a g n . R e so n a n c e .  2, 216 (1970).
(8) R. M. Schisla and W. C. Hammann, J. O rg. C hem .. 35, 3224 

(1970).
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face , as w o u ld  b e  n ecessa ry  in liq u id s  w ith  low  n o rm a l  
b o ilin g  p o in ts .

A ll  o f  th e  T i  m e a su r e m e n ts  rep orted  here w ere p e r 
fo rm ed  on  an  N M R  S p e c ia ltie s  p u lse d  n m r sp ec tro m e te r  
op era tin g  a t  a fre q u e n c y  o f  6 0  M H z .  A c c u r a c y  is w ith in  
± 6 % . T h e  sta n d a rd  1 8 0 -9 0 °  p u lse  se q u e n c e 9 w a s u sed , 
e m p lo y in g  9 0 °  p u lse  len g th s  o f  a p p r o x im a te ly  3 /xsec. A  
m o d ifie d  d e te c tio n  sy ste m  w as u sed  w h ich  e m p lo y e d  a 
c a lib ra te d  6 A L 5  v a c u u m  tu b e  d io d e  d ete c to r 10 a n d  a s to r 
age osc illo sco p e  to  m o n ito r  th e  m a g n e tiz a t io n . T e m p e r a 
ture co n tro l a n d  a c c u r a c y 1 1  o f  ± 0 .5 °  w as a c h ie v e d  via a 
gas flo w  c r y o sta t12 u tiliz in g  c o p p e r -c o n s ta n ta n  th e r m o c o u 
p les.

K in e m a t ic  v isc o sity  w as m e a su r e d  to  w ith in  ± 5 %  a c c u 
racy u sin g  th e  A S T M  D 4 4 5 -T  196 0  p ro ced u re . C a n n o n -  
M a n n in g  se m im ic ro  v isc o m e te r s  w ere u se d . D e n s ity  m e a 
su rem e n ts  w ere m a d e  w ith  a c a lib ra te d  q u a rtz  d ila to m e -  
ter.

R e s u lt s

S p in -la t t ic e  re la x a tio n  t im e s  for e a ch  o f  th e  co m p o u n d s  
w ere o b ta in e d  for te m p e ra tu re s  b e tw ee n  — 1 58 ° a n d  t e m 
p eratu res low  e n o u g h  to  d e fin e  th e  T i  m in im u m . A t  th e  
low est te m p e ra tu re s  e a c h  liq u id  fo rm e d  a g la ss.

A  p lo t  o f  s p in -la t t ic e  re la x a tio n  t im e s  vs. reciprocal 
te m p e ra tu re  is sh o w n  in F igu re  1 for c o m p o u n d  V II . F or  
th e c o m p o u n d s  s tu d ie d  th is  p lo t  is ty p ic a l fro m  several 
sta n d p o in ts , n a m e ly  th e  p resen ce  o f a 7 \  m in im u m , th e  
sh ap e  o f th e  m in im u m , a n d  th e  lev e lin g  o f  T i  a t  th e  lo w 
e st te m p e ra tu re  sh o w n . In  p a rtic u la r  e a ch  o f th e  c o m 
p o u n d s s tu d ie d  e x h ib ite d  th e  h ig h -te m p e r a tu re  lin earity  
in d ic a te d  in F igu re 1 . T h e  te m p e ra tu re  lo c a tio n s  o f  th e  T i  
m in im a  w ere a p p r o x im a te ly  th e  sa m e  at 24  ±  5 ° for c o m 
p o u n d s I - V .  F or c o m p o u n d s  V I  a n d  V II  th e  Ty m in im u m  
w as lo c a te d  at a p p r o x im a te ly  14 an d  - 6 °, resp ec tiv e ly . 
T h e  v a lu e  o f  T i  a t  th e  m in im u m  w as b e tw ee n  6 6  a n d  72  
m se c  for e a ch  c o m p o u n d .

T h e  m a g n e tiz a tio n  o f th e  c o m p o u n d s  s tu d ie d  d id  n o t in  
gen eral e x h ib it  an  e x p o n e n tia l retu rn  to  e q u ilib r iu m  fo l
low in g a 1 80 ° p u lse . O b v io u s  cu rva tu re  is p re sen t th r o u g h 
ou t th e  first d ec a d e  in ty p ic a l d e c a y  p lo ts  for te m p e r a 
tu res a b o v e  th a t  a t th e  Ty  m in im u m . T w o  re la x a tio n  
tim e s  T i a a n d  T i b w ere u se d , th erefore , to  f it  th e  d ec a y  
d a ta  acco rd in g  to

(M0 -  MZ)/2M0 = +  f>e~I/7'lb (a + b =  1)

( 1 )

In  th is  e q u a tio n  a a n d  b d en o te  th e  re lative  in ten sities  o f  
th e tw o e x p o n e n tia ls , Mz a n d  M o  d en o te  re sp ec tiv e ly  the  
z c o m p o n e n t o f  th e  m a g n e tiz a t io n  a n d  its eq u ilib r iu m  
v a lu e , a n d  r  d en o tes  th e  t im e  se p a ra tio n  b e tw ee n  th e  180°  
an d  9 0 °  p u lses . T h is  e q u a tio n  (n o t  its  lo g a r ith m ) w as f i t 
ted  to  th e  d a ta  w ith  a n o n lin e a r regression  a n a ly sis  c o m 
p u ter p ro g ra m 13  w h ich  p ro d u c ed  th e  p a r a m e te rs  a, b, T i a , 
an d  T i b. S in c e  a u to m a te d  s ig n a l a v era g in g  a n d  d a ta  c o l
lec tin g  are n o t y e t  a v a ila b le  for th e  sp e c tro m e te r  u sed  in  
th is  w ork, th e  q u a lity  o f  th e  d a ta  d o es  n o t ju s tify  re 
p ortin g  th e se  fou r p a r a m e te rs  se p a ra te ly . W h e r e  eq  1 is 
u sed , on ly  th e  av erag e  s p in -la t t ic e  re la x a tio n  t im e  is e m 
p lo y e d  as a  m e a n in g fu l p a r a m e te r , acco rd in g  to  ( Ty  1)av 
=  a T i a “ 1  +  bTny-1. A t  te m p e ra tu re s  low er th a n  th a t o f  
th e Ty  m in im u m , w here th e  s p in -s p in  re la x a tio n  t im e  T2 
h ad  b e g u n  to  sh o rten , a sin g le  Ty  w as su ffic ie n t to  d e 
scribe th e  d ec a y  p ro cess for e a ch  o f  th e  c o m p o u n d s  s tu d 
ied . F igu re 1 sh ow s th e  average  Ty  v a lu e s  or th e  sin g le  T i  
valu es d ep e n d in g  on  te m p e ra tu re .

Figure 1. Spin-lattice relaxation time 7) vs. reciprocal tempera
ture for 9,9,18,18-tetramethylhexacosane: • ,  experimental 
values; solid line, best fit according to eq 2.

L ik ew ise , th e  p a ra m e te rs  g iven  in T a b le  I rep rodu ce  
w ith in  e x p e r im e n ta l error th e  T i  d a ta , as p resen ted  in  
F igu re 1, to  te m p e ra tu re s  d ow n  to  th a t  at w h ich  th e  T i  
m in im u m  occu rs. T h e s e  p a r a m e te rs  w ere o b ta in e d  via a 
n on lin ea r regression  a n a ly sis  o f  th e  d a ta  u sin g  eq  2 , w h ich  
is th e  u su a l B lo e m b e rg e n , P u rce ll, a n d  P o u n d 14  (B P P )  e x 
p ression  as m o d ifie d  b y  K u b o  a n d  T o m i t a , 15  to g eth er w ith  
an A rrh en iu s te m p e ra tu re  d ep e n d e n c e  for th e  correlation  
tim e .

7V 1 =  A r c[ ( l  +  « V ) _1 +  4(1 +  4« V r 1]

(t c =  i 0eE!RT) (2 )

T h e  re so n a n t fre q u e n c y  is g iven  b y  co a n d  th e  correlation  
tim e  b y  r c, w h ile  A  is a c o n sta n t re la ted  to  in tern u clea r  
se p a ra tio n . T h e  d ep e n d e n c e  on  te m p e ra tu re  T o f  th e  co r
re lation  t im e  is d ete r m in e d  b y  th e  p re ex p o n e n tia l c o n 
s ta n t t 0  a n d  th e  a c tiv a tio n  en erg y  E. R is th e  id ea l gas  
c o n sta n t. S in ce  th e  T i  d a ta  sp a n  th ree  d ec a d es , it w as  
n ecessary  to  f it  In T i  ;n  order to  en su re a re a so n a b le  co n 
vergen ce  criterion  for th e  regression  a n a ly sis .

A  p lo t  o f  v isc o sity  t] vs. recip ro ca l te m p e ra tu re  is sh ow n  
in F igu re 2 for c o m p o u n d  V II . In  th is  figu re ri/T is p lo tted  
sin ce c o m p a riso n s o f T i  w ith  v isc o sity  are u su a lly  m a d e  in  
th is  fo rm . T h e  cu rva tu re  d e p ic te d  th e re in  is ty p ic a l o f  
e a ch  o f  th e  c o m p o u n d s  s tu d ie d . T h is  p lo t  w as co n stru cted  
fro m  k in e m a tic  v isc o sity  d a ta  a n d  d e n s ity  m e a su r e m e n ts .

(9) H. Y. Carr and E. M. Purcell, P h y s. Rev., 94, 630 (1954).
(10) L. Verduln, M.S. Thesis, Southern Illinois University, Carbondale,

III., 1972.
(11) The accuracy of temperature measurements for Ti data for 

6,6,11,11,18,18,23,23-octamethyloctacosane is approximately ±1° 
owing to the Inadvertent use and loss of an uncalibrated thermo
couple. The standard calibration available In the literature was 
used.

(12) L. G. Alexakos, Ph.D. Thesis, University of Wisconsin, Madison, 
WIs., 1963.

(13) The program employed in all curve fitting in this study is based 
upon a subroutine package, entitled GAUSHAUS, which was ob
tained from the University of Wisconsin Computing Center, Madi
son, Wis.

(14) N. Bloembergen, E. M. Purcell, and R. V. Pound, Ph ys. Rev., 73, 
679 (1948).

(15) R. Kubo and K. Tomita, J. P h ys. S o c .  Jap., 9, 888 (1954).
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TABLE 1: Spin -Lattice Relaxation Times, Viscosities, and Densities According to Eq 2-4

Com- 
pound“ ■

T 1 , sec 77, cP6 P> g/cm3

IO- 1 0  A , sec- 2 1 0 14 t o , sec E, kcal/mol r?o, cP C, °K To, °K p 0, g/cm3 m, g/cm3 °K

1 1.97 0.0534 8.76 0.04944 930.2 186.4 0.9956 0.5856

II 1.92 0.720 7.19 0.04984 936.8 185.4 1.0114 0.6307

III 1.87 0.516 7.38 0.05239 941.8 184.0 1.0051 0.6111
IV 1.95 1.29 6.76 0.05059 935.4 184.7 1.0297 0.6953

V 1.94 0.393 7.51 0.05271 974.7 181.1 1.0425 0.6954

VI 1.99 1.50 6.64 0.06634 904.1 186.1 1.0106 0.6078

VII 1.94 1.47 6.15 0.05693 870.7 162.8 1 . 0 0 0 2 0.6205

“ See Experimental Section tor compound names. 6 Except for compound VII the parameters listed reproduce viscosity for 273 <  T <  533 °K. For 
compound VII the temperature range is 255 < T < 533 °K.

Figure 2. Viscosity rj in the form p/T vs. reciprocal temperature 
T for 9,9,18,18-tetramethylhexacosane: • ,  experimental values; 
solid line, best fit according to eq 4.

D e n s ity  v a lu es  are rep ro d u c ed  w ith in  e x p e r im e n ta l error 
u sin g  eq  3 . T h e  c o n sta n ts  pg a n d  m, as  d e te r m in e d  fro m  
m e a su r e m e n ts  a t  tw o  te m p e ra tu re s , are g iv en  in  T a b le  I. 
P a r a m e te rs  tjo, C, a n d  To rep ro d u c in g  th e  v isc o sity  d a ta  
to  w ith in  4 .5 % , are g iven  in  T a b le  I a lso . T h e s e  p a r a m e 
ters w ere o b ta in e d  via a  n o n lin ea r regression  a n a ly sis  o f  
th e  d a ta  u sin g  th e  lo g a rith m  o f eq  4 .16

P  =  P ig  -  m T /IO O O  (3 )

D is c u s s io n

1. Unresolved Low Temperature 7 7  Minimum. T h e  le v 
e lin g  o f  th e  7 \  v a lu es  sh ow n  in  F igu re  1 a t  low  te m p e r a 
tu res in d ic a te s  th e  p resen ce  o f  a se c o n d  m in im u m  at  
low er te m p e ra tu re s  th a n  th o se  s tu d ie d . C o n sid e r in g  th e  
stru ctu res  o f  c o m p o u n d s  s tu d ie d , th is  m in im u m  is p ro b a 
b ly  d u e  to  m e th y l grou p  ro ta tio n . T h e  m in im u m  d ep ic ted  
in  F igu re  1 is d u e  to  o v erall m o le c u la r  tu m b lin g  sin ce  it  
occu rs a t  th e  h ig h er te m p e ra tu re . C o n tr ib u tio n s  o f  the  
m e th y l ro ta tio n s  in  th is  te m p e ra tu re  region  are ign ored  in  
th e  s u b se q u e n t d isc u ssio n , as n o  d a ta  are a v a ila b le  w h ich

w ou ld  a llow  a q u a n tita tiv e  e v a lu a tio n  o f  th e ir  e ffe c t  an d  
in  v iew  o f th e  fa c t  th a t th e  m in im a  a p p ea r to  b e  w ell se p 
a ra ted  on  th e  recip roca l te m p e ra tu re  ax is .

2. Multiple Spin-Lattice Relaxation Times. T h e  e x is 
ten ce  o f  m u ltip le  re la x a tio n  tim e s , su ch  as im p lie d  b y  eq  
1, is w ell e sta b lish e d  for p u re  liq u id s .1 ’ 2 ’ 4 In te re stin g ly , 
th e  d a ta  o f  W o e s s n e r , et al. , 1 for n -d o d e c a n e  rev ea l th a t  
th e  p ro to n a te d  sp ec ies  ex h ib its  a sin g le  7 7 , w h erea s th e  
p erd eu terio  a n a lo g  e x h ib its  tw o 7 7 ’s. T h u s , m o tio n a l d if 
feren ces e x is t  b e tw ee n  th e m e th y l a n d  m e th y le n e  d e u t- 
erons a n d  e s ta b lish  d ifferen t 7 7 ’ s for th e  tw o  sp in  s y s 
te m s . T h e  d ip o le -d ip o le  in tera c tio n s in th e  p ro to n a te d  
sp ec ies , h ow ever, p ro v id e  a m e c h a n ism  e ffe c tiv e  e n o u g h  to  
e n a b le  cross re la x a tio n  to  e sta b lish  a sin g le  7 7 .

U n fo r tu n a te ly , th e  d e u tera ted  a n a lo g s  o f  th e  m o le c u le s  
stu d ie s  here are n o t a v a ila b le , so th a t  th e  q u e stio n s  ra ised  
b y  th e  w ork  o f  W o e ssn e r , et al. , 1 h av e  n o t b e e n  in v e st i
g a ted  fu rth er for th ese  c o m p o u n d s . S in c e  tw o  7 7 ’s are o b 
serv ed  a t  th e  h igh er te m p e ra tu re s  for e a c h  o f  th e  c o m 
p o u n d s s tu d ie d , cross re la x a tio n  via e ith er in term o le c u la r  
or in tra m o le c u la r  in tera ctio n s is n o t stro n g  e n o u g h  to  e s 
ta b lis h  a sin g le  7 7  for th e  m e th y l an d  m e th y le n e  sp in  s y s 
te m s . M o tio n a l d ifferen ces b e tw ee n  th ese  sp in  sy s te m s  
ex ist , p ro b a b ly  b e c a u se  o f  th e  a b ility  o f  th e  m e th y l grou p  
to  ro ta te  a b o u t its  th re efo ld  s y m m e tr y  a x is . I t  is n o t clear  
w h y  cross re la x a tio n  sh o u ld  b e  so  e ffec tiv e  in n -d o d e c a n e  
an d  n o t in th e  c o m p o u n d s  s tu d ie d  here.

3. On the Use of Eq 2. S tr ic tly  sp ea k in g , th e  B P P  fo r 
m u la tio n  o f eq  2  m a y  n o t a p p ly  to  th e  m o le c u le s  s tu d ie d , 
for it  p re su m e s  a sin g le  co rrelation  tim e  a n d  a sin g le  A 
v a lu e . A t  lea st tw o  co rrelation  t im e s , tw o  A v a lu e s , a n d  a 
w eig h te d  su m  o f  tw o  B P P  te rm s co u ld  be e x p e c te d , d u e  to  
th e  p resen ce  o f m e th y l an d  m e th y le n e  p ro to n s. H o w e v e r, 
in  lo n g  c h a in  m o le c u le s  su ch  as th o se  s tu d ie d , w here c o m 
p lic a te d  se g m e n ta l m o tio n  p ro b a b ly  p re d o m in a te s , it is 
q u e stio n a b le  w h eth er su ch  a v iew  rep resen ts re a lity  m ore  
a c c u ra te ly  th a n  eq  2 . E q u a lly  p o ssib le  is a re la x a tio n  
m e c h a n ism  d e te r m in e d  b y  a  c o m p lic a te d  m o tio n a l p ro 
cess, b u t  w h ich  is d e te r m in e d  b y  a sin g le  co rrelation  tim e  
an d  y ie ld s  an  e q u a tio n  o f th e  fo rm  o f  eq  2  as  a lim itin g  
ca se . T h e  b a sic  m o d e l for th e  tr a n sla tio n a l m o tio n a l c o n 
tr ib u tio n  to  7 7 , p ro v id ed  b y  T o r r e y , 17  is su c h  an  e x a m p le . 
(S e e  se ctio n  5 b e lo w .)  T h e  great su cc ess  o f  th e  B P P  e x 
p ression  in  trea tin g  ro ta tio n a l c o n tr ib u tio n s  to  7 7  sh o u ld  
n o t h id e  th e  fa c t  th a t  th e  fo rm  o f  eq  2 is n o t sp e c ific  to  a 
sin g le  m o d e l for m o le c u la r  m o tio n .

(16) A. J. Barlow, J. Lamb, and A. J. Matheson, P ro c . R oy. Soc. S er. A.
292, 322 (1966).

(17) H. C. Torrey, P hys. R ev., 92, 962 (1953).
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In  cases su ch  as o u rs, w here eq  2 d o es  f it  e x p e r im e n ta l  
d a ta  over a w id e  e n o u g h  te m p e ra tu re  ra n ge  (sp e c ific a lly  
th rou g h  a 7 \  m in im u m ), it  p ro v id es  a u se fu l m e th o d  for  
c a lc u la tin g  a c o n s is te n t set o f  co rrelation  tim e s . T h u s , th e  
te m p e ra tu re  d e p e n d e n c e  o f  th e  co rrelation  tim e  ca n  be  
o b ta in e d  over a w id er ran ge  o f te m p e ra tu re s  th a n  th a t  
a v a ila b le  so le ly  fro m  th e  h ig h -te m p e r a tu re , m o tio n a l n a r 
row ing reg ion . O f  cou rse , th e  u n a m b ig u o u s  in terp reta tio n  
o f  th e  co rrelation  t im e , its te m p e ra tu re  d e p e n d e n c e , a n d  
a sso cia te d  p a r a m e te rs  su ch  as an  a c tiv a tio n  en ergy  d e 
p en d s on  an  u n a m b ig u o u s  a ss ig n m e n t o f  a m o d e l d esc rib 
ing th e  m o le c u la r  m o tio n s . E v e n  in  th e  a b sen c e  o f  su ch  an  
a ssig n m e n t, th e  a v a ila b ility  o f  th e  co rrelation  tim e  over a 
w ider ra n ge  o f te m p e ra tu re s  fa c ilities  c o m p a riso n s  w ith  
p o te n tia lly  im p o r ta n t v a ria b les  su c h  as v isc o sity .

4. Temperature Dependence of Nmr Correlation Times 
and Viscosity. C o rre la tio n  tim e s  ca n  be re la ted  to  eith er  
ro ta tio n a l18 or tr a n sla tio n a l d iffu s io n 1 7 -19 c o n sta n ts , a n d  a 
s im p le  co n n ec tio n  b e tw ee n  th e  d iffu sio n  c o n sta n t an d  v is 
co sity  -q h a s b e e n  u se d  to  ju s tify  th e  c a lc u la tio n  o f co rrela 
tion  tim e s  via h y d r o d y n a m ic  m o d e ls20. A c c o rd in g  to  su ch  
m o d e ls  a  s im p le  p ro p o rtio n a lity  b e tw ee n  th e  co rrelation  
tim e  a n d  q/T is e x p e c te d , w here T d en o tes  th e  K e lv in  
te m p e ra tu re . F u rth erm o re  T i  1 ca n  b e  sh ow n  to  be  p ro 
p ortion al to  th e co rrelation  tim e  (a v era g e  or oth erw ise) in  
th e m o tio n a l n arro w in g  l im it . T h u s  in th is  l im it  th e  q u a n 
tity  T / (T i? j)  sh o u ld  b e  te m p e ra tu re  in d e p e n d e n t if  c a lc u 
la tio n s o f  n m r  co rrela tio n  t im e s  via h y d r o d y n a m ic  m o d e ls  
are to  b e  m e a n in g fu l. V a lu e s  o f  T / ( T u j )  ca n  b e  c a lc u la te d  
fro m  th e  s p in -la t t ic e  re la x a tio n  tim e  a n d  v isc o sity  d a ta  
for e a ch  o f th e  c o m p o u n d s  stu d ie d . In  th ese  c o m p o u n d s , 
th erefore, an  e v a lu a tio n  o f  th e  role o f  v isc o sity  in d eter 
m in in g  th e  n m r  co rrelation  t im e  is p o ss ib le .

A s  ju d g e d  fro m  p lo ts  o f  7 i  vs. 103 / T ,  su c h  as F igu re 1, 
th e m o tio n a l n arro w in g  lim it  is a p p ro x im a te ly  g iv en  b y  
1QP/T <  3 .1  ° K _ 1  for e a ch  o f  th e  c o m p o u n d s  s tu d ie d . T h e  
h ig h est te m p e ra tu re s  for w h ich  T-y w as m e a su red  w ere  
su ch  th a t  103/T =  2 .3  ° K - 1 . V is c o s ity  v a lu es  w ith in  th e  
te m p e ra tu re  ra n ge  2 .3  <  103/ T  <  3 .1  m a y  b e  c a lc u la te d  
from  eq  4 , u sin g  th e  p a r a m e te rs  g iven  in T a b le  I . T h e se  
v a lu es  m a y  th e n  b e  c o m b in e d  w ith  th e  a p p ro p ria te  m e a 
sured T\ v a lu es  to  g ive  T/(Tyq) as  a fu n c tio n  o f  terh pera - 
ture.

F igu re 3 sh ow s p lo ts  o f  T/(Tyq) vs. 103 /T  for c o m p o u n d  
V II ( • ’s) an d  c o m p o u n d  I V  (X ’s). T h e  ve rtica l b a rs  in  
th is  figu re in d ic a te  m a x im u m  errors. S im ila r  p lo ts  for th e  
other five  c o m p o u n d s  s tu d ie d  are in te r m e d ia te  in c h a ra c 
ter b etw een  th o se  sh o w n  in F igu re  3  in  th e  fo llow in g  
sen se. A s  te m p e ra tu re  d ecreases, e a ch  o f th e m  ex h ib its  
th e d o w n w a rd  tren d  b e y o n d  e x p e r im e n ta l error sh ow n  in  
F igu re 3 for c o m p o u n d  I V  ( X ’s ) . H o w e v e r , a t  th e  h ig h  en d  
o f  th e  te m p e ra tu re  ra n ge  for w h ich  Ty w as m e a su red  each  
o f th e  p lo ts  also  e x h ib its  th e  lev e lin g  sh ow n  in F igu re 3 for 
c o m p o u n d  V II  ( * ’s ) .

I f  th e  n m r  co rrela tio n  t im e s  w ere d e te r m in e d  so le ly  b y  
v isc o sity , a p lo t o f  T/(Tyq) vs. 10 3/ T  w ou ld  be te m p e r a 
ture in d e p e n d e n t , as d isc u sse d  a b c v e , a n d  th u s  p a ra lle l to  
th e  10 3/ T  a x is . W it h  th e  e x c e p tio n  o f c o m p o u n d  V II , 
th e n , th e  role o f  v isc o sity  in  d e te r m in in g  th e  n m r  co rrela 
tion  tim e  d ep e n d s  on  te m p e ra tu re  for e a ch  o f th e  c o m 
p o u n d s s tu d ie d  w ith in  th e  m o tio n a l n arro w in g  lim it . A t  
low  te m p e ra tu re s , b u t  s till w ith in  th e  m o tio n a l n arrow in g  
lim it , th e  n m r  co rrela tio n  tim e  is n o t d e te r m in e d  so le ly  
b y  v isc o sity . H o w e v e r , on  th e  b a s is  o f  th e  p resen t w ork  
the p o ssib ility  c a n n o t be  ru led  o u t th a t  a t  th e  h ig h est  
tem p era tu res  s tu d ie d  v isc o sity  c o m p le te ly  d e te r m in e s  th e

160-,

140.

80J_____ i_____ i_____ i_____ i_____ [__
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103/ T( V)
Figure 3. The dependence of T / (T ^ )  on temperature'. • 
9,9,18,18-tetramethylhexacosane; X, 6,6,12,12,18,18,24,24- 
octamethylnonacosane.

n m r co rrelation  t im e . E x p e r im e n ta l error in  our resu lts  
p ro h ib its  an y  q u a n tita tiv e  ch a ra c te riza tio n  o f  th e  te m p e r 
ature ran ge over w h ich  th e  tra n sitio n  occu rs to  v isco sity  
d eterm in e d  co rrelation  tim e s  as te m p e ra tu re  in creases. 
Q u a lita t iv e ly  it  is c lear th a t  th is  tr a n sit io n  te m p era tu re  
range is ab o v e  an y  l :q u id -to -s o lid  p h a se  ch a n g e , since  
e a ch  o f  th e  c o m p o u n d s  is an  o ily  liq u id  over th e  entire  
ran ge o f  te m p e ra tu re s  sh ow n  in F igu re  3 . F or co m p o u n d  
V E  th e  d ev ia tio n  fro m  th e  h o r izo n ta l in  F igu re 3 is only  
s lig h tly  b e y o n d  e x p e r im e n ta l error a t  th e  lo w est te m p e r a 
ture sh ow n . T h u s , for th is  c o m p o u n d  th e  d a ta  are n o t s u f 
fic ie n tly  ac cu ra te  to  ru le  o u t c o m p le te  d e te r m in a tio n  o f  
th e  n m r co rrelation  t im e  b y  v isc o sity  w ith in  th e  te m p e r a 
tu re ran ge for th e  m o tio n a l n arrow in g l im it . H o w e v e r , on  
th e b a sis  o f  th e  resu lts  for th e  oth er c o m p o u n d s  stu d ie d , 
we m a y  e x p e c t th a t  d ev ia tio n s  fro m  a c o m p le te ly  v isco sity  
d eterm in e d  co rrelation  tim e  w o u ld  a p p ea r as tem p e ra tu re  
is low ered  b e y o n d  th e  m o tio n a l n arrow in g lim it .

In  m o le c u le s  o f  re la tiv e ly  s im p le  stru ctu re  it  is k now n  
th a t th e  te m p e ra tu re  d ep e n d e n c e  o f  Ty m a y  d isagree w ith  
th a t o f  th e  v isc o sity , d u e , for e x a m p le , to  in tra m o lec u la r  
co n tr ib u tio n s  to  T i  fro m  h ig h ly  m o b ile  p ortion s o f  th e  
m o le c u le .21  O n  th e  oth er h a n d , W o e ssn e r , et al. ,1 have  
fo u n d  a g re e m en t b e tw ee n  th e  te m p e ra tu re  d ep e n d e n ce  o f  
v isc o sity  a n d  b o th  in te r m o le c u la r  a n d  in tra m o le c u la r  Ty 
c o n tr ib u tio n s in  n -d o d e c a n e . A g is h e v 2 a lso  fo u n d  ag ree
m e n t b e tw ee n  v isc o sity  a n d  Ty te m p e ra tu re  d ep e n d e n cies  
for so lu tio n s o f  n -h e x a n e , n .-d o d eca n e , a n d  n -o c ta d e c a n e  
in  C C U . I f  in tra m o lec u la r  c o n tr ib u tio n s  to  Ty are th e  
ca u se  o f th e  d ifferen ce  in te m p e ra tu re  d ep e n d e n c e  b e 
tw een  co rrelation  tim e  a n d  v isc o sity , th e n  th e  p resen t  
stu d y  su g g ests  th a t  th e  n u m b e r  o f  m e th y l grou p s p er m o l
ecu le  m a y  be th e  d e te r m in in g  fa c to r . I t  is n o t c lear w h y  
th e  m o le c u le s  s tu d ie d  b y  C u tn e ll  an d  S te js k a l4 e x h ib it  re-

(18) A. Abragam, "The Principles of Nuclear Magnetism," Oxford Uni
versity Press, Oxford, 1961, Chapter 8.

(19) G. J. Kruger, Z. N atu rforsch .. 24a, 560 (1969).
(20) See ref 1 and references contained therein.
(21) J. G. Powles and R. Figgins, M ol. Ph ys., 10, 155 (1966).
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su its  co n tra ry  to  th o se  fo u n d  h ere, e sp e c ia lly  in view  o f  
th e  s im ila r ity  o f  th e  sa tu ra te d  h y d ro ca rb o n s in v o lv e d .

F io r ito  a n d  M e is te r 22 h av e  im p lic a te d  h yd ro g en  b o n d 
ing in  th e  lack  o f  a g re e m en t b e tw ee n  th e  p ressu re d e p e n 
d en c e  o f v isco sity  an d  d iffu sio n  c o n sta n ts . S in c e  th e  l iq 
u id s s tu d ie d  here are n o t h yd rogen  b o n d e d , a n y  co o p era 
tiv e  e ffec ts , su ch  as a sc rib ed  to  h yd ro g en  b o n d in g  b y  F io 
rito  a n d  M e is te r , m u s t  b e  re la ted  to  restr icted  m o b ility  
via e n ta n g le m e n t b etw een  th e  lo n g  c h a in  h yd roca rb o n  
m o le c u le s .

T h e  A rrh en iu s te m p e ra tu re  d ep e n d e n c e  o f  th e  n m r co r
re lation  tim e  allow s th e  d e te r m in a tio n  o f a c tiv a tio n  en er
gies E acco rd in g  to  eq  2 . T h e se  a c tiv a tio n  en ergies are 
sh ow n  in T a b le  I an d  co m p a re  w ith  th e  v a lu e  o f  2 .9  k c a l /  
m o l d eterm in e d  b y  A g is h e v 2 for C C U  so lu tio n s  o f  th e  n or
m a l p a ra ffin s  h e x a n e , d o d ec a n e , an d  o c ta d e c a n e  as w ell as  
the v a lu e  o f  3 .7  k c a l /m o l  d eterm in e d  for n -d o d e c a n e  b y  
W o e ssn e r , et al. 1 T h e  larger v a lu es  m e a su red  here are n o  
d o u b t d u e  to  th e in creased  ch a in  len g th , a lth o u g h  no s im 
ple d ep e n d e n c e  o f  a c tiv a tio n  en ergy on  c h a in  len g th  is a p 
p a ren t. E x c lu d in g  c o m p o u n d  V II , w h ich  h as th e  sh o rtest  
ch a in  len g th  an d  s m a lle s t  a c tiv a tio n  en ergy , th e  greater  
the sep a ra tio n  b e tw ee n  m e th y l grou ps w ith in  th e m o le 
cu le , th e  sm a lle r  th e  a c tiv a tio n  en ergy . It is a lso  in ter
e stin g  to  n o te  th a t  th e  a c tiv a tio n  en ergies sh ow n  in T a b le  
I are a p p re c ia b ly  larger th a n  th e  m a x im u m  o f  3 - 4  k c a l /  
m o l fou n d  for ro ta tio n  o f a m e th y l grou p  a b o u t its  th re e 
fo ld  ax is . O n  th e  oth er h a n d , th e  v a lu es  fo u n d  for E b y  
A g is h e v 2 an d  W o e ssn e r , et al. ,1 for n o r m a l h e x a n e , d o d e 
c a n e , an d  o c ta d e c a n e  are c o m p a tib le  w ith  th e  3 - 4  k c a l /  
m ol m a x im u m . T h u s  a d o m in a n c e  o f  th e  re la x a tio n  m e c h 
a n ism  b y  m e th ly  ro ta tio n  ca n n o t be ru led  o u t in h y d ro 
ca rb o n  liq u id s  o f  ch a in  len g th s u p  to  18 ca rb o n s. In  th e  
c o m p o u n d s  stu d ie d , h ow ever, th e  greater c h a in  len g th s  
e v id e n tly  lea d  to  a red u ctio n  in th e  im p o r ta n c e  o f m e th y l  
ro ta tio n  to  th e  overall re la x a tio n  m e c h a n is m . O th e r  m o 
tion s p rovid e  m ore e ffic ie n t p o ssib ilitie s  for re la x a tio n , 
m o st lik ely  m o tio n s o f  m e th y le n e  p ro ton s re su ltin g  from  
c o m p lic a te d  s e g m e n ta l m o v e m e n ts  o f  th e  m o le c u le .

W ith in  th e  te m p e ra tu re  ran ge s tu d ie d  th e  A rrh en iu s  
te m p e ra tu re  d ep e n d e n c e  o f  T i  in  th e  h ig h -te m p e r a tu re  
lim it  ru les ou t an y  s ig n ific a n t co n tr ib u tio n  to  th e  s p in -  
la ttic e  re la x a tio n  rate  from  s p in -r o ta tio n  in te r a c tio n , 23 for 
s p in -r o ta tio n  in tera ctio n  w ou ld  resu lt in a p o sit iv e  slope  
in  th e  h ig h -te m p e r a tu re  region  o f  F igu re 1. T h e  ab sen c e  o f  
a n o tic e a b le  7 \  co n tr ib u tio n  fro m  s p in -r o ta tio n a l  in te r a c 
tio n  a p p lies  for each  o f th e c o m p o u n d s  s tu d ie d  a n d  is c o n 
siste n t w ith  the o b serv a tio n  o f  W o e ssn e r , et al. , 1 for n- 
d o d ec a n e . E v id e n tly  s p in -r o ta tio n  in tera ctio n  is n o t a s u f
fic ie n tly  e ffic ie n t s p in -la t t ic e  re la x a tio n  m e c h a n is m  to  
c o m p ete  fa v o ra b ly  w ith  oth er su ch  m e c h a n ism s  in liq u id s  
w here the m o le c u le s  p ossess m a n y  degrees o f  m o tio n a l  
freed o m .

T h e  n o n -A rrh e n iu s  te m p e ra tu re  d ep e n d e n c e  o f  eq  4  p ro 
h ib its  the d e te r m in a tio n  o f a c tiv a tio n  en ergies a n d  gen er
a lly  is re la ted  to  a free v o lu m e  th eory  for v is c o s ity .16  F u r 
th erm o re , th e  g la ss  tra n sitio n  te m p e ra tu re s  o f  th ese  c o m 
p o u n d s m a y  be e x p ec te d  to  b e  s o m e w h a t h ig h er th a n  th e  
To v a lu es  sh ow n  in T a b le  I.

5. Rotational us. Translational Contributions to T\. It is 
w ell k n ow n  th a t b o th  ro ta tio n a l a n d  tr a n sla tio n a l m o tio n s  
ca n  p ro v id e  a m e c h a n ism  for s p in -la t t ic e  re la x a tio n  in  
liq u id s . In  lon g ch a in  h y d ro ca rb o n s su ch  as stu d ie d  here, 
one c a n n o t u n iq u e ly  id en tify  ro ta tio n a l w ith  in tra m o le c u 
lar c o n tr ib u tio n s  to  Tlt nor tr a n sla tio n a l w ith  in term o le c - 
ular c o n tr ib u tio n s  to  T i  S u c h  s im p lific a tio n  is n o t p o ssi

b le  b e ca u se  o f th e  h ig h  d egree o f m o tio n a l fre ed o m  p o s 
sessed  b y  lo n g  c h a in  m o le c u le s . In  g en era l on e m a y  e x p e c t  
th e  n u clea r sp in s  o f  su c h  a m o le c u le  to  e x h ib it  as m u c h  
re lative  tr a n sla tio n  as ro ta tio n , b o th  m o tio n s  c o n tr ib u tin g  
to  th e  in tra m o lec u la r  p art o f  T i .  I t  is u n lik e ly , th erefore , 
th a t  s tu d ie s  o f  su ch  m o le c u le s  in so lu tio n  in  th e ir  c o m 
p le te ly  d eu tera ted  a n a logs w o u ld  y ie ld  a se p a ra tio n  o f  
ro ta tio n a l an d  tr a n sla tio n a l c o n tr ib u tio n s  to  7 \  S u c h  
stu d ie s  p ro vid e  a t  p re sen t th e  o n ly  d irect e x p e r im e n ta l  
m e th o d  w ith  w h ich  to  a tta c k  th is  p r o b le m . T h e  re su lts  o f  
W o e ssn e r , et al. ,1  sh o w , for e x a m p le , th a t  in term o le c u la r  
in tera ctio n s y ie ld  a p p ro x im a te ly  2 8 %  o f  th e  to ta l s p i n - la t 
tic e  re la x a tio n  rate  for n -d o d e c a n e .

In  order to  a ssess , th e n , th e  im p o r ta n c e  o f  ro ta tio n a l us. 
tr a n sla tio n a l c o n tr ib u tio n s to  T\, a d irect f it  o f  th e o re tica l  
m o d e ls  to  th e  Ti d a ta  w ou ld  a p p ea r to  be  th e  b e st  a p 
p ro a ch . F iorito  a n d  M e is te r 22 h av e  re c e n tly  ta k e n  th is  a p 
p ro a ch  in th eir s tu d y  o f h yd rogen  b o n d e d  liq u id s . T h e  
co n tr ib u tio n  to  T i  d u e  to  ro ta tio n a l d iffu sio n  o f n u clea r  
sp in s  is g iv en  b y  eq 2 . T o r re y 17  h as p ro v id ed  th e  b a sic  
tr e a tm e n t for th e  tr a n sla tio n a l c o n tr ib u tio n  to  T i i w hile  
K ru g e r 19 h as p ro v id ed  a corrected  version  o f  T o r r e y ’ s re 
su lts . T h e s e  e xp ression s are b u lk y  a n d  n eed  n o t b e  given  
here. I t  is su ffic ien t to  say  th a t  in th ese  ex p ressio n s 7 \  is 
d e te r m in e d  b y  th e  tr a n sla tio n a l d iffu sio n  c o n sta n t, th e  
d ista n c e  d o f  c lo se st a p p ro a ch  to  w h ich  th e  sp in s  c o m e , 
and a p a ra m e te r  a = {r2)/12d2 . T h e  m e a n -sq u a r e  ju m p  
d ista n c e  e x h ib ite d  b y  th e  sp in s  is g iven  b y  (r2). I t  sh ou ld  
b e  n o ted  th a t  in  th e  l im it  th a t  a —1- 00 eq  2  is o b ta in ed  
w ith  a d ifferen t c o n sta n t A. T h u s , th e  te m p e ra tu re  d e p e n 
d en ce  o f T\ im p lie d  b y  eq 2 d oes n ot e s ta b lish  th e  d o m i
n an ce o f ro ta tio n a l c o n tr ib u tio n s to  Ti_ u n le ss  it  ca n  be  
sh ow n  in d e p e n d e n tly  th a t  a is sm a ll .

A  th r e e -p a ra m e te r  n o n lin ea r regression  a n a ly sis  o f  th e  
T i  d a ta  e m p lo y in g  eq 2  p ro d u ces a f it  to  w ith in  e x p e r i
m e n ta l error in  each  ca se . T h e  p a r a m e te rs  o b ta in e d  are  
given  in T a b le  I . S u c h  a fit  im p lie s  th a t  if  tra n sla tio n a l  
c o n tr ib u tio n s to  T\ are s ig n ific a n t, th e n  th e  tra n sla tio n a l  
m o tio n s  are in  th e  l im it  o f  a —*■ F u rth erm o re , th e  h ig h -
te m p e ra tu re  lin ea rity  o f  th e  T\ d a ta  as e x h ib ite d  in  F ig 
ure 1  im p lie s  th a t if  th e  tra n sla tio n a l a n d  ro ta tio n a l corre
la tio n  tim e s  are b o th  im p o r ta n t, th en  th e y  h av e  th e  sa m e  
A rrh en iu s te m p e ra tu re  d e p e n d e n c e . It is rea ssu rin g  to  
n ote th e  n ear id e n tity  o f  th e  v a lu es  for A in  T a b le  I, for A 
is d e te r m in e d  b y  an  in tern u clea r sep a ra tio n  a n d  ex c e p t  
for th e  p o sitio n  o f  th e  m e th y l grou p s, th e  m o le c u le s  s tu d 
ied are stru c tu ra lly  s im ila r .

S in c e  th e  p a r a m e te r  a in th e  T o rre y  th e o ry  p ro v id es  y e t  
a fou rth  v a ria b le  p a r a m e te r  c o m p a re d  to  th e  th ree  in  eq 2 , 
a m e a n in g fu l a p p lic a tio n  o f  th e  T o r r e y -K r u g e r  eq u a tio n s  
requires very  ac cu ra te  d a ta . H o w ev er, th e  im p o r ta n c e  o f  a 
as a rep ository  o f in fo rm a tio n  a b o u t  th e  tr a n sla tio n a l m o 
tio n s ju s tifie s  an  a t te m p t  to  o b ta in  it fro m  d a ta  o f  even  
lim ite d  a c c u ra c y . E x c e p t  for c o m p o u n d  V I I , 24 a  fo u r -p a 
ra m e te r n on lin ea r regression  a n a ly sis  o f  ou r d a ta  p ro d u c es  
e x tr e m e ly  large v a lu e s  for a, c o n siste n t w ith  th e  ab ove  
m e n tio n e d  a p p ro p ria ten ess  o f  eq  2 in  f ittin g  th e  d a ta . T h e  
fit is to  w ith in  th e  e x p e r im e n ta l error in  e a c h  ca se  an d  
v irtu a lly  id en tic a l in q u a lity  w ith  th a t o b ta in e d  u sin g  eq
2. V ir tu a lly  id en tic a l v a lu es  for th e  a c tiv a tio n  en erg y  are

(22) R. B. Fiorito and R. Meister, J. C h em . Phys.. 56, 4605 (1972).
(23) P. S. Hubbard, P h ys. Rev., 131, 1155 (1963).
(24) For compound VII a value of a  =  0.7 was obtained. Although this 

value is not reliable it is mentioned because It is surprisingly close 
to the a «  0.2 value used by Fiorito and Meister22 for 2-methyl-
2,4-pentanedioi.
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o b ta in e d  fro m  th is  f it  as  are g iven  in T a b le  I . H o w e v e r, 
the v a lu es  for a are n o t re liab le  e n o u g h  to  rep ort, b e ca u se  
o f  th e  e x p e r im e n ta l error in our d a ta  a n d  th e  in se n sitiv ity  
o f th e  T o r r e y -K r u g e r  fu n c tio n  to  a in  th e  l im it  o f  large a. 
(In d e ed , th e  co n fid e n c e  lim its  on  a a n d  th e  correlation  
co effic ien t m a tr ix  p ro v id ed  b y  ou r a n a ly sis  in d ic a te  th a t  
ex tre m e  ca u tio n  m u s t  b e  ex ercised  in  a ssig n in g  a p p ro x i
m a te  fix e d  v a lu e s  to  a . )  In te re stin g ly  en o u g h , F io rito  a n d  
M e is te r 22 rep ort s m a ll  v a lu e s  o f  a to  b e  a p p ro p ria te  in f i t 

tin g  1\ d a ta  in h y d r o g e n -b o n d e d  liq u id s . T h e  la ck  o f  m o 
tio n a l restr ictio n s frc m  su c h  b o n d in g  in th e  m o elcu les  
s tu d ie d  here is c o n siste n t w ith  th e  e x p e c ta tio n  th a t th e  
sp in s m a y  b e  freer tc  e x h ib it  larger tr a n sla tio n a l ju m p s . 
L arge  v a lu es  o f  a w ou ld  th e n  be a p p ro p ria te  in c a lc u la tin g  
T\ fro m  th e  T o rre y  th eory .

Acknowledgment. W e  w ish  to  a c k n o w led g e  gra tefu lly  
th e  th o ro u g h  th e  h e lp fu l c o m m e n ts  o f  th e  review er.
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Pu b lica t ion  c o s t s  a s s is t e d  b y  The N ation a l S c ie n c e  F ou n d a tion

T h e  th e r m o d y n a m ic s  o f  th e  h e lix -c o i l  co n fo rm a tio n a l tra n sitio n  for p o ly p e p tid e s  in m ix e d  organ ic so l
v e n ts  is a n a ly z e d  in te rm s o f th e  te m p e ra tu re  d e p e n d e n t free en ergies o f  th e  h elix  d isru p tio n  a n d  p re fer
e n tia l c o il -s o lv e n t  b in d in g  re a ctio n s . T ra n s itio n  e n th a lp ie s , tra n sitio n  te m p e r a tu r e -s o lv e n t  c o m p o sitio n  
re la tio n sh ip s , a n d  fra c tio n a l degrees o f  b in d in g  are c a lc u la te d  as a fu n ctio n  o f th e  resp ec tiv e  in d iv id u a l  
e n th a lp y  a n d  en tro p y  p a ra m e te rs . T h e  e ffe c t o f  th ese  p a ra m e te rs  a n d  o f  so lv en t c o m p o sitio n  on  th e  d i
rectio n  o f  th e  th e r m a lly  in d u ce d  tra n sitio n  is d e m o n str a te d . T h e  o b serv ed  w id th  o f  th e  tra n sitio n  either  
in  th e  te m p e ra tu re  or so lv e n t c o m p o sitio n  p la n e s  is a lso  re la ted  to  th ese  p a r a m e te rs . T h e  th e o ry  is used  
to  a n a ly ze  a v a ila b le  e x p e r im e n ta l d a ta  for th e  h e lix -c o il  tra n sitio n  for three sy s te m s : p o ly -y -b e n z y l-L -  
g lu ta m a te  in  d ich lo ro a ce tic  a c id -1 ,2 -d ic h lo r o e th a n e  a n d  p o ly -d -b e n z y l-L -a s p a r ta te  in d ich loroa cetic  
a c id -c h lo r o fo r m , a n d  in d im e th y l s u lfo x id e -d io x a n e . T h e  re sp ec tiv e  e n th a lp y  an d  e n tro p y  p a ra m e te rs  are 
c o m p a re d  in  te rm s o f p o stu la te d  co n c e p ts  for th e  tra n sitio n  m e c h a n ism .

I n tr o d u c tio n

T h e  h e a t a n d  e n tro p y  a sso c ia te d  w ith  an  ord er-d isord er  
tra n sitio n  in b io p o ly m e rs  h av e  b een  o f  in terest m a in ly  in  
re la tio n  to  th eories o f  th e  c o o p era tiv ity  o f  th is  tr a n s fo r m a 

tio n . T h ere  h a s  b e e n  c o m p a ra tiv e ly  litt le  d isc u ssio n  o f th e  
sig n ifican ce  o f  th e se  p a ra m e te rs  per se. T h is  ca n  b e  a t 
tr ib u ted  to  th e  lo n g -s ta n d in g  a p p re c ia tio n  o f  th e  fa c t  th a t  
th ese  m ea su red  q u a n tit ie s  rep resen t th e  n e t e ffe c t o f  m ore  
th a n  one p ro cess c o n tr ib u tin g  to  th e  tra n sitio n , a n d  in th e  
ab sen c e  o f  a gen era l m e th o d  o f  a n a ly sis  b y  w h ich  th e  in d i
v id u a l e n th a lp ic  or en trop ie  c o n tr ib u tio n s  c o u ld  b e  re 
solved* su c h  d iscu ssio n  is in o p p o rtu n e . H o w e v e r, th e  
h e lix -c o il  tr a n sit io n  o f  p o ly p e p tid e s  in  m ix e d  organ ic so l
v e n ts  p resen ts a sp e c ia l case  in  w h ich  a m o re  d e ta ile d  e x 
a m in a tio n  m a y  be fru itfu l, for it is n o t to o  u n rea so n a b le  
to  a ssu m e , a t lea st in it ia lly , th a t th e  tr a n sit io n  ca n  b e  d e 
scrib ed  in  te rm s o f  o n ly  tw o s te p s : th e  fo rm a tio n  or d is 
ru p tio n  o f  in tra m o le c u la r  h yd ro g en  b o n d s  sta b iliz in g  th e  
h elica l c o n fo rm a tio n , a n d  a p re feren tia l in tera c tio n  o f  so l
ven t m o le c u le s  w ith  b a c k b o n e  s ites  on  th e  p o ly p e p tid e  e x 
p osed  b y  th e  d isord erin g  o f  th e  h e lix . S u c h  a m o d e l d ates  
from  the ea r lie st co n sid era tio n s o f  th e  h e lix -c o i l  tr a n s i
tio n 1 ' 2 an d  is n ecessa ry  to  a c c o u n t, for e x a m p le , for th e  
so -ca lle d  “ in v erse ”  (c o il-to -h e lix )  th e r m a l tra n sitio n s  th a t

are fo u n d  in  th e  m a jo rity  o f  p o ly p e p t id e -m ix e d  organic  
so lv e n t sy s te m s  s tu d ie d  to  d a t e .3

T h e  a im  o f th is  p ap er is to  d e m o n str a te  h ow  th e o b 
served  th e r m o d y n a m ic  d a ta  are re la ted  to  th e  in d iv id u a l  
rea ctio n  p a r a m e te rs  a n d  c o n se q u e n tly  h ow  su ch  d a ta  m a y  
be a n a ly z e d  to  p ro v id e  a greater in sig h t in to  th e  e ffec t o f  
m o le cu la r  stru ctu re  on  th e  tra n sitio n . In a d d itio n , th is  
gen eral fram ew ork  w ill e x p la in  th e  b a sis  for a ra th er w ide  
range o f  p h e n o m e n a  e n co u n te re d . S p e c ific a lly  w e w ill be  
in terested  first in  th e  e n th a lp y  a n d  e n tro p y  o f w h at m a y  
be te rm ed  th e  in trin sic  p o ly p e p tid e  d isru p tio n  ste p , i.e., 
th e  q u a n tit ie s  w h ich  w ou ld  b e  m e a su red  if  th e  tran sition  
co u ld  be o b served  in an  in ert so lv e n t s y s te m . In d eed  if  
th is  w ere p o ssib le , th e  e ffec t o f  sid e  c h a in  in tera ctio n , 
ch ira lity , a n d  oth er p a ra m e te rs  a ffe c tin g  h e lica l s ta b ility  
c o u ld  be assessed  b y  d irect c o m p a riso n . In  p ra ctic e  th is  
ca n n o t be  d o n e , b a s ic a lly  b e ca u se  th e  ord ered  c o n fo rm a 
tio n s o f  all p o ly p e p tid e s  o f  in terest are so m e w h a t to o  s ta 
b le  to  be  d isru p te d  in n o n in te ra c tin g  so lv e n ts— th e  tra n si
tion  te m p e ra tu re s  are to o  h ig h . T h e  role o f  th e  secon d , in 

ti) J. A. Schellman, J. Ph ys. C hem ., 62, 1485 (1958).
(2) L. Feller, J. Phys. C h em . 63,1199 (1959).
(3) G. D. Fasman in "Poly-a-Amino Acids," Vol. 1, G. D. Fasman, Ed., 

Marcel Dekker, New York, N. Y., 1967.
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te ra c tin g , c o m p o n e n t in a m ix e d  so lv e n t sy s te m  is th u s in  
e ffe c t to  low er th e  tra n sitio n  te m p e ra tu re  to  an  e x p e r i
m e n ta lly  o b serv a b le  ra n ge . T h e  c o n d itio n s  w h ich  m a k e  
th is  p o ssib le  a n d  h ow  th is  d ep ressio n  ca n  resu lt in an  in 
version  o f  th e  d irectio n  o f  th e  o b served  th e r m a l tran sition  
are o f in terest . T h e  th eory  d ev elo p ed  here also  p erm its  a 
d iscu ssio n  o f th e  e ffe c t o f  th e  re lative  free en ergies o f  th e  
tw o rea ctio n s on  th e  tra n sitio n  te m p e r a tu r e -s o lv e n t  c o m 
p o sitio n  re la tio n , i.e., on  th e  p h a se  d ia g ra m s. F in a lly , an  
a n a ly sis  o f  so m e  a v a ila b le  d a ta  w ill be u sed  to  illu stra te  
th e  c o n c e p ts  e m p lo y e d .

T h e o r e t i c a l  S e c t io n

T h e  m o d e l e m p lo y e d  is one th a t h as b e e n  u se d  in m ore  
or less e q u iv a le n t fo rm  b y  several a u th o r s 1 -2 '4' 6 a n d  we  
d esc rib e  it o n ly  b r ie fly . T h e  m ix ed  so lv e n t sy s te m  is in  
gen eral a ssu m e d  to  co n ta in  one o f e a c h  o f  tw o c lasses o f  
so lv e n ts : in ert so lv en ts  (I) w h ose in tera ctio n  w ith  th e  s o l
ute  m o le cu le s  is in d ifferen t to  th e  c o n fo rm a tio n a l s ta te  o f  
th e  la tter , an d  a c tiv e  so lv en ts  (A )  w h ich  ca n  in tera c t p re f
ere n tia lly  w ith  th e  d isord ered  c o n fo rm a tio n . T h e  n atu re  o f  
th is  in tera ctio n  n eed  n ot be fu rth er sp ec ifie d  a t  p resen t. 
A s  a lrea d y  s ta te d , ac tiv e  so lv en ts  d ep ress th e  tran sition  
te m p e ra tu re , Tc, o f  a p o ly p e p tid e  re la tiv e  to  its  va lu e  in a 
pure inert so lv en t, T c° .  A  coro llary  o f th is  m o d e l is th u s  
th a t , for a g iven  p o ly p e p tid e , T c°  is th e  sa m e  for an y  inert 
s o lv e n t . F u rth erm o re , we a ssu m e  th e  in tera ctio n  b etw een  
th e  ac tiv e  so lv e n t m o le c u le  an d  p e p tid e  grou p s in th e  d is 
ord ered  c o n fo rm a tio n  to  be  govern ed  b y  th e  m a ss  ac tio n  
law  a n d  p o stu la te  n o n in tera ctio n  b e tw ee n  b o u n d  so lv en t  
m o le c u le s , e q u iv a le n t th erefore  to  a L a n g m u ir  ad so rp tio n  
m o d e l.

T h e  overall tra n sitio n  ca n  th u s b e  d esc rib e d  in tw o  
ste p s . T h e  first m a y  be rep resen ted  b y

. . . H H C C C C  . . .  ^  . . .  H H H C C C  . . .  (1 )

w here the s ta te  o f  e a ch  p ep tid e  grou p  w ith in  a ch a in  is 
rep resen ted  b y  e ith er H  (h elica l or ord ered ) or C  (co il, 
ra n d o m ). F o llo w in g  Z im m  a n d  B r a g g 7 a n d  s im ila r  tr e a t
m e n ts , 8 w e co n sid er th e  seq u en ce  n u c le a tio n  a n d  grow th  
ste p s  w ith in  a m a c ro m o le c u le  se p a ra te ly , a n d  in th is  se c 
tio n  co n sid er o n ly  th e la tte r . T h e  n u c le a tio n  process  
w h ich  govern s th e  w id th  o f eith er th e so lv e n t or th e r 
m a lly -in d u c e d  tra n sitio n  w ill be in tro d u c e d  in to  th e  th e o 
ry a t  a la ter  sta g e . E q u a tio n  1 th u s  rep resen ts th e  n et  
grow th  o f  an  e x istin g  h e lica l seq u e n ce  b y  on e p ep tid e  
u n it .

T h e  secon d  ste p  d escrib es th e  in tera ctio n  o f  a coil or 
d isordered  p ep tid e  group  w ith  an  a c tiv e  so lv en t m o le cu le  
A

. . .  ( C A ) mC „ _ m . . .  . . . ( C A ) m_ 1C n_ m + 1 . . .  +  A  (2 )

In  eq  2 th e  n -  m (or n -  m +  1) u n b o u n d  p e p tid e  groups  
are a ssu m ed  to  be  d istr ib u te d  at ra n d o m  a m o n g  an y set o f  
n resid u es. T h e  e q u ilib r iu m  c o n sta n t for th e  a d d itio n  o f  
one p ep tid e  u n it  to  an  e x istin g  se q u e n ce , Ki, in  th e  a b 
sen ce  o f A  is re lated  to  th e resp ectiv e  h e a t a n d  en trop y  by

K, =  e x p ( - ( A H, -  TASJ/RT] (3 )

T h e  e q u ilib r iu m  c o n sta n t for th e  b in d in g  rea ctio n  (eq  2) 
is g iven  b y

K2 -  xcxA/xCA (4 )

w here we a ssu m e  id ea l so lu tion  b e h a v io r  a n d  h en ce  use  
m o le  fra c tio n s  in stea d  o f  a c tiv itie s . T h u s  x a  is th e  m o le

fra c tio n  o f A  in th e  A - I  so lv en t m ix tu r e , a n d  w e a ssu m e  
th a t  xa 3> xc th ro u g h o u t th e  tra n sitio n . T h e  ra tio  o f  o r 
d ered  to  to ta l ra n d o m  resid u es K\ is g iven  b y

= x H/(xc + xCA) (5 )

w h ich  y ie ld s , for th e  eq u ilib r iu m  c o n sta n t s d esc rib in g  th e  
a d d itio n  o f a p e p tid e  u n it in  th e  p resen ce  o f  A 5 -7

a = K,K2/(K2 +  x x ) ( 6 )

w h ich  ca n  be w ritten , w ith  th e  u su a l a ssu m p tio n  c o n 
cern in g  th e  te m p e ra tu re  d ep e n d e n ce  o f  e q u ilib r iu m  c o n 

sta n ts

RT In s =  ~(AH, -  TAS,) -
RT In j l  +  x A e x p [ ( A H2 -  TAS2)IRT]) (7 )

E q u a tio n  7 (see  a lso  re f 2 ) , re lates th e  tr a n sit io n  te m p e r a 

tu re T to  th e  so lv e n t c o m p o sitio n  x a  for g iv en  v a lu e s  o f  
th e e n th a lp y  an d  en tro p y  (AHy a n d  A S i )  o f  th e  in te r p e p 
tid e  rea ctio n , eq  1 , a n d  o f  th e  p e p tid e -s o lv e n t  rea ctio n  
(AH2 an d  AS2), eq  2 , a n d  at a given  va lu e  o f s.

In p a rticu la r , w e m a y  let s =  1 a n d  o b ta in  p h a se  
b o u n d a ries  in  th e  T, x a  p la n e  a lo n g  w h ich  th e  fra c tio n  o f  
h elica l c o n fo rm a tio n , / h , p resen t is % , se p a ra tin g  ordered  
a n d  d isord ered  c o n fo rm a tio n s . W h e r e  n e c e ssa ry , we d e 
n ote  th e  p a r a m e te rs  asso cia ted  w ith  th ese  sp ec ia l s o lu 
tio n s b y  th e  su b sc rip t c, b u t d efer th e  co n sid era tio n  o f  
th ese  d ia g ra m s th e m se lv e s  to  a la ter  se ctio n .

T h e  c a lo rim etric  h e a t o f  tra n sitio n  is d efin e d  as

A  Hca, =  RTc\d In s /0 T ) Xac ( 8 )

w h ich , c o m b in e d  w ith  eq  7 , red u ces to  th e  s im p le  fo rm

A F iCai =  A H, + \xAJ(xAc +  K2)\AH2 (9 )

W e  n ote  th a t  th e  c o effic ie n t o f  AH2 in  eq  9  is e q u a l to  Fc, 
th e  fra c tio n  o f  coil grou ps b o u n d  to  A  a t  fu = %

%CAF  =  --------- — —
x c +  X C A

a n d  fr o m  e q  4

th u s

A  t f cal = A H ,  +  FcAH2 (11)

E q u a tio n  11, w h ich  h a s  b een  d erived  p re v io u sly  in  s im ila r  
fo r m 3 -6 ca n  b e  in v o k ed  to  e x p la in  th e  o b serv a tio n  o f  a so - 
c a lle d  inverse th e r m a l tra n sitio n  if  A H i  a n d  A H 2 are o f  
o p p o site  sig n  a n d  I A H 2 I >  |AH i|. W it h  th e  co n v e n tio n s  
a d o p te d  in eq  1  a n d  2 , w e in d eed  e x p e c t b o th  AHi an d  
A S i  to  be  n eg a tiv e  a n d  A H 2 an d  A S 2 to  be  p o sitiv e  in  re l
e v a n t s itu a tio n s  o f  in terest . T h e se  co n d itio n s w ill b e  a s 
su m e d  to h o ld  in  th e  e n su in g  d isc u ssio n . Fc, o f  co u rse , is a 
fu n ctio n  o f  T c, d ec rea sin g  w ith  in crea sin g  tr a n sit io n  t e m 
p eratu re  if  A H 2 a n d  A S 2 are p o sitiv e .

T h e  reversib le  b in d in g  o f A  to  co il resid u es C  m a y  be  
view ed  as a “ fre ez in g ”  o f  A ; in  th ese  te rm s th e tra n sitio n  
te m p e r a tu r e -s o lv e n t  c o m p o sitio n  cu rve  m a y  be regard ed

(4) J. Applequist, J. C h em . Phys., 38, 934 (1963).
(5) G. Giacometti in "Structural Chemistry and Molecular Biology,” A. 

Rich and N. Davidson, Ed., W. H. Freeman and Co., San Francis
co, Calif., 1968.

(6) M. Bixon and S. Lifson, B iop o lym ers, 4, 815 (1966).
(7) B. H. Zimm and J. K. Bragg, J. C h em . Phys., 31, 526 (1959).
(8) D. C. Poland and H. A. Scheraga, “Theory of Helix-Coil Transition 

in Biopolymers," Academic Press, New York, N. Y., 1970.
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as a “ m e lt in g -p o in t”  d ep ressio n  cu rve  for A , 9 w h ose a c t iv 

ity  is b e in g  low ered  b y  th e  a d d itio n  o f  th e  d ilu e n t I. T h u s ,  
a tra n sitio n  e n th a lp y  A / /Comp m a y  b e  d e fin e d  fro m  th e  
effect o f  so lv e n t c o m p o sitio n  on T ;

A f / comp =  RTc\d In xJdT)c (12 )

F rom  eq  12 a n d  7 w e o b ta in

AHcomf = A HJFC +  A H2 (13 )

E q u a tio n s  1 1  a n d  13 rep resen t re sp ec tiv e ly  th e  o v erall e n 
th a lp y  c h a n g e  a sso c ia te d  w ith  th e  tran sfer  o f  one m o le  o f  
p ep tid e  resid u es fro m  an  ordered  to  a d isord ered  co n fo r
m a tio n  a n d  w ith  on e  m o le  o f  A  fro m  a free to  a b o u n d  
sta te , as ca n  b e  seen  b y  in sp e c t.o n . T h e s e  tw o q u a n tities  
w ill b e  e q u a l in  th e  l im it in g  ca se  o f  s to ic h io m e tric  or 
“ t ig h t”  b in d in g  (i.e., Fc = 1 ) . In  gen era l, th is  w ill n ot be  
th e  ca se , h ow ever, a n d  th u s  th e  co n d itio n  A / /Comp >  
A //c a i  m a y  be a n tic ip a te d , as is seen  b y  c o m b in in g  eq  13 
an d  1 1

Fc = A FIcs,il A FI comp (14 )

E q u a tio n  14 is a u se fu l resu lt, n ot o n ly  b e ca u se  it  en a b les  
u s to  e s tim a te  th e  fra c tio n  o f  b o u n d  p e p tid e  u n its  from  a 
m e a su r e m e n t o f  A / / Cai a n d  o f T c as a fu n c tio n  o f  x a . c ,  b u t  
a lso  b eca u se  it p e r m its  a c a lc u la tio n  o f  K2 (eq  1 0 ) an d  
h en ce  o f  K\ (eq  6 ) a lo n g  th e  p h ase  b o u n d a ry . T h u s , if  Fc 
ca n  be d ete r m in e d  as a fu n ctio n  o f  te m p e ra tu re , th e  im 

p o rta n t p a r a m e te rs , AHi, A S i ,  A H2, a n d  AS2 m a y  be c a l
c u la te d . In  th is  m a n n e r  th e  re la tiv e  c o n tr ib u tio n s  o f  th e  
in tra m o lec u la r  a n d  th e  in te r m o le c u la r  p e p tid e -s o lv e n t  
b o n d  to  th e  c o n fo rm a tio n a l s ta b ility  o f  th e  h e lix  m a y  be  
e v a lu a te d . T h e  sp e c ia l ca se  AHCa\ = A i / Comp w o u ld  be o f  
so m e  in terest in  th a t it w o u ld  p e r m it a n o n ca lo r im e tr ic  
d e te r m in a tio n  o f th e  n e t tra n sitio n  e n th a lp y , 9 b u t  w ou ld  
offer n o  o p p o r tu n ity  for e s tim a tin g  th e  se p a ra te  in ter - a n d  
in tra m o lec u la r  c o n tr ib u tio n s .

Phase Diagrams. T h e  so lu tio n  o f  eq  7 w ith  th e  c o n d itio n  
s =  1  y ie ld s  Tc as a fu n c tio n  o f  x A,c. In  gen era l, th is  so lu 
tio n  ca n n o t b e  o b ta in e d  in  c losed  fo rm , b u t n u m e ric a l s o 

lu tio n s m a y  b e  re a d ily  fo u n d . 10 A s  a lrea d y  a n tic ip a te d  
from  th e  d iscu ssio n  o f eq  11 an d  13 w e fin d  tw o  p o ss ib ili
tie s . I f  \AHi\ > \AH2\ o n ly  on e m e a n in g fu l so lu tio n  e xists , 
se p a ra tin g  lo w - an d  h ig h -te m p e r a tu re  fie ld s  o f  s ta b ility  in  
w h ich , re sp ec tiv e ly , the ordered  a n d  d isordered  c o n fo rm a 
tio n s p re d o m in a te . T h u s  a n y  th e r m a lly  in d u c e d  tra n sitio n  
w ill in  th is  case  be o f  th e  h e lix -to -c o il  ( “ n o r m a l” ) ty p e . 
T h e  iso th e rm a l, s o lv e n t -in d u c e d  tr a n sit io n  (i.e., th e  tr a n 
sitio n  in d u ced  b y  th e  a d d itio n  0 :  th e  a c tiv e  so lv e n t A  to  
th e  so lu tio n  o f  th e  p o ly p e p tid e  in I) w ill in v a ria b ly  be o f  
th e h e lix -to -c o il  ty p e  b e ca u se  o f th e  n eg a tiv e  slop e  o f  th e  
p h ase  b o u n d a ry . F igu re 1 sh ow s so lu tio n s o f  eq  7 for th is  
case for a n u m b e r  o f  se ts  o f  p a r a m e te rs . F or th e  case  
| A //i|  <  \AH2\, a m o re  c o m p le x  s itu a tio n  p re v a ils . I f  th e  
in term o le c u la r  p e p tid e -s o lv e n t  b o n d  is o n ly  m o d e ra te ly  
stron ger th a n  th e  in tra m o le c u la r  p e p tid e -p e p t id e  b o n d , 
tw o  d istin c t b ra n c h es  o f  th e  p h a se  b o u n d a ry  e x ist , se p a 
ra tin g  a lo w - an d  h ig h -te m p e r a tu re  d isord ered  c o n fo r m a 
tio n a l d o m a in  fro m  an in te r m e d ia te  te m p e ra tu re  ordered  
or h e lica l s ta te , F igu re 2 . T h u s , the d irectio n  o f a n y  th e r 
m a l tra n sitio n  e x p e r im e n ta lly  o b served  d ep e n d s  on  w h ich  
o f  th ese  b o u n d a rie s  fell b r o a d ly  w ith in  th e  e x p e r im e n ta lly  
accessib le  te m p e ra tu e  region . F or m o st sy s te m s , th is  is 
gen erally  in th e  ran ge fro m  0  to  1 0 0 ° ;  a t  h ig h er te m p e r a 
tures p o ly m e r d eg ra d a tio n  occu rs, a n d  at low er te m p e r a 
tures p o ly m e r so lu b ility  or oth er p ro b le m s  p re v a il. T h e

Figure 1. Reduced transit on temperatures as a function of sol
vent composition for |AH-| > |AH2|. All curves: AH, = -1000 
cal/mol, AS1 = —2 eu. (Tc° =  500°K); -A H 2/AH, and 
-A S 2/AS 1 , for curves 1-4 are 1.0, 0.5; 1.0, 1.0; 0.8, 1.0; and 
0.25, 1.0, respectively. H and C represent regions of helical and 
random-coil stability, respectively.

Figure 2. Reduced transition temperatures as a function of sol
vent composition for |AH2| > |H,|. All curves: AH1 = —1000 
cal/mol, AS, = - 2  eu (Tc<> =  500°K). -A H 2/AH, and 
-A S 2/AS, for curves 1-3 are 3.0, 4.0; 2.5, 4.0; and 1.5, 4.0 
(two branches), respectively. H and C represent regions of heli
cal and random-coil stability, respectively.

d istin c tio n  b etw een  th e  h ig h -te m p e r a tu re  a n d  lo w -te m 
p eratu re  co iled  c o n fo rm a tio n  lies , o f  cou rse , in  th e  relative  
p ro p o rtion s o f  C A  grou p s.

F or co n d itio n s in  w h ich  th e  p e p tid e -s o lv e n t  b o n d  is re l

a tiv e ly  stronger, th e  tw o  b ra n ch es w ill m erge a t  x a ,c  ^  1 

a n d  a m ore lim ite d  region  o f  s ta b ility  for th e  ord ered  form  
is ob serv ed . For a given  p o ly p e p tid e , th e  size  o f  th is  d o 
m a in  d ecreases w ith  in crea sin g  AH2 (see  F igu re 2 ) . T h e  
ab o v e  q u a lita tiv e  d iscu ssio n  in  e n th a lp ic  te rm s is b a sed  
on an  im p lic it  a ssu m p tio n  o f  c o n sta n t AS2 (a n d  A S i ) .  
T h is  o f  course n eed  n ot be  so  a n d  w e a lso  sh ow  (F igu re  3) 
a se t o f  so lu tio n s in  w h ich  A S 2 is v a rie d  w ith  th e  other  
p a ra m e te rs  fix e d .

A  given  p o ly p e p tid e  m a y  th u s  be c h a ra cterized  by  
v a lu es  o f A  Hi an d  A S i ;  th e  ra tio  AH1/AS1 is e q u a l to  th e

(9) F. E. Karasz and J. M. O'Reilly, B iop o lym ers.  5, 27 (1967).
(10) The solution of eq 7 In the case K2- ’xA 2> 1, corresponding to 

“ tight binding,” or saturation of C sites by A molecules. Is

AHl +  A  H2

7 c  A S ,  +  A S 2 -  R I n x A

Normally, this solution will only be valid at low temperatures. It is 
interesting to note It Is of the same form as the well-known “ celling 
(or floor) temperature" equation describing monomer-polymer 
equilibrium. In this case, the process Is the formation of sequences 
of A (i.e., A "polymer") by “ adsorption" on adjacent "C" sites.
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Figure 3. Reduced transition temperatures as a function of sol
vent composition, showing effect of change in AS2. All curves: 
AH1 = -1000 cal/mol, AS1 = - 2  eu (Tc° =  500°K), AH 2/ ■ 
AH1 = —1.5. -A S 2 /AS 1 for curves 1-4 are 0.5, 1.0, 2.0, and 
4.0 (two branches), respectively. H and C represent regions of 
helical and random-coil stability, respectively.

Figure 4. Reduced calorimetric, AHcal/A H i (full lines) and 
composition, AHcomp/AH-i (dashed lines) transition enthalpies 
as function of solvent composition. All curves: AH-i = -1000 
cal/mol, AS1 = - 2  eu. —AH2/A H 1 and -A S 2/A S 1 for curves 
1-3 are 1.0, 0.5; 2.5, 4.0; and 1.5, 4.0 (two branches), respec
tively. Note change of scale for reduced composition transition 
enthalpies in higher temperature branch (upper half of figure) 
only.

tra n sitio n  te m p e ra tu re  o f th e  th e r m a lly  in d u c e d  h e lix -to -  
coil tra n sitio n  for th e  p o ly p e p tid e  in  an  in ert so lv e n t ( i.e., 
T c° ) .  I t  m a y  b e  a n tic ip a te d  th a t  th e  so lv e n t in tera ctio n  
p a ra m e te rs  AH2 a n d  A S 2 are a lso  a fu n c tio n  o f  th e  s tru c 
tu re o f  th e  p o ly p e p tid e  su b stra te , th o u g h  p erh a p s to  a re l
a tiv e ly  sm a ll d eg ree . F igu re  1 th erefore  rep resen ts th e  
ca se  in  w h ich  a given  p o ly p e p tid e  in tera cts  w ith  a n u m b e r  
o f  c o m p a ra tiv e ly  w ea k ly  b in d in g  a c tiv e  s o lv e n ts ; in  F igure  
2  th e  e ffec t o f  a n u m b e r  o f  m o re  stro n g ly  in tera c tin g  so l
v e n ts  on  th e  sa m e  p o ly p e p tid e  is sh o w n .

F igu res 2 a n d  3 c lea rly  p ro vid e  th e  ra tio n a le  for an  in 
verse th e r m a l tra n sitio n  (w h ic h  h a s  n ecessa rily  to  be a c 
c o m p a n ie d  b y  a n o rm a l d irection  co n fo rm a tio n a l ch an ge  
a t a h igh er te m p e ra tu re ) a n d  in d ic a te  th e  p o ss ib ility  th a t  
a g iv e n  p o ly p e p tid e  m a y  d isp la y  th e r m a l tra n sitio n s o f  
o p p o site  d ire ctio n s a t  a b o u t th e  s a m e  te m p e ra tu re  if  d if 
feren t so lv e n t sy s te m s  are u sed .

Figure 5. Fractional solvent binding, Fc, for three sets of param
eters used in Figure 4. Curve numbering corresponds to that 
used In Figure 4.

T h e  tra n sitio n  e n th a lp ie s , AHca\ a n d  A H com p, m a y  be  
c a lc u la te d  for a n y  given  se t o f  p a r a m e te rs  a lo n g  th e  Tc, 
x a , c  p h a se  b o u n d a rie s  fro m  eq  10, 11 , a n d  13. T h e  re su lts  
o f  su ch  c a lc u la tio n s  are sh ow n  in  F igu re  4  for se ts  o f  p a 
ra m e te rs  se le c ted  fro m  th o se  u sed  in  c a lc u la tin g  th e  p h a se  
b o u n d a ries  sh ow n  in F igu res 1 an d  2 . A c c o rd in g  to  eq  11, 
A H cai a ssu m es  a lim itin g  v a lu e  o f AH-y a t T c =  T c° , x a , c  

=  0  in  th e  u p p e r  b ra n ch  o f th e  p h a se  d ia g r a m . I f  a  lo w - 
te m p e ra tu re  b ra n ch  ex ists , i.e., i f  | A / / 2 | >  |A H i|, A H Cai 
a p p ro a ch es th e  lim it  AHi +  A / / 2> an d  A H com p =  AHca\. 
T h is  lim it  o b v io u sly  ca n n o t be  a tta in e d ; th e  fo rm a lism  
b e c o m e s  in v a lid  w h en  x a  ~  0 (x c ) . In  th e  l im it  Tc —*■ Tc°, 
AJTcomp - *  0 , re fle ctin g  th e  ab sen c e  o f  so lv en t in tera c tio n . 
T h e  ra tio  Fc, a lo n g  th e  p h a se  b o u n d a rie s , is a lso  sh ow n  for  
th e  several ca ses in F igu re 5 ; as a lrea d y  p o in te d  o u t, for 
th e  m o st lik e ly  s itu a tio n s , in  te rm s o f  th e  sig n s o f  th e  re 
sp ec tiv e  p a r a m e te rs , th e  fractio n  o f  s o lv e n t b o u n d  resi

d u es d ecreases w ith  in crea sin g  te m p e ra tu re .

R e la t io n  to  T r a n s i t io n  W id t h

T h e  th eory  d isc u sse d  ab o v e  d ea ls  e sse n tia lly  w ith  th e  
th e r m o d y n a m ic  ch a n ges in th e  c o m p le te  tr a n s fo r m a tio n  
fro m  one co n fo rm a tio n a l s ta te  to  a n o th er, w h ile  th e  p h a se  
b o u n d a rie s  rep resen t th e  loci o f  th e  m id p o in ts  o f  th e  tr a n 
sitio n s , fn =  0 .5 . A  d iscu ssio n  o f  th e  fin ite  tra n sitio n  
w id th  for th is  p ro cess requires th e  in tro d u c tio n  o f  a s e 
q u en ce  in it ia tio n  or c o -o p e ra tiv ity  p a r a m e te r . In  th e  
Z im m -B r a g g 7 tr e a tm e n t th is  p a r a m e te r , a, is a d irect  
m ea su re  o f  th e  average  seq u en ce  len g th  (n) o f  e ith e r  H  or 
C  resid u es a t  / h =  0 .5 ;  i.e., n = <r~1/2. W e  c o n sid er the  
n ecessary  re la tio n s in  te rm s o f b o th  th e  th e r m a l a n d  s o l
v e n t-in d u c e d  tra n sitio n s .

Thermal Transition. F ro m  a d e te r m in a tio n  o f  / h  v s . T 
in  a th e r m a lly  in d u c e d  tra n sitio n  a t c o n sta n t s o lv e n t c o m 
p o sitio n  th e  v a n ’t  H o ff  tra n sitio n  e n th a lp y  A H v h  m a y  be  
fo u n d

(  d fH \ AH,
w m ) ff»=1/2

1 V H

4  R

A  Heal

(15)

ARom (16 )

T h e  e ssen tia l re la tio n  b etw een  / h a n d  s h a s  b een  g iv en  b y  
A p p le q u is t4 in  te rm s o f  th e  Z im m  a n d  B ra g g  tr e a tm e n t

1f — -  J__________ £_____ 1 __________
|H  2 ^  2{(1 ~  s f  +  4xsj1/2 

or, in  m ore restr icted  fo rm , v a lid  arou n d  / h  =  %

(17)
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Figure 6. Reduced transition temperatures Tc -/Tc° at fractional 
helical contents shown as function of solvent composition. (Tc • 
represents solutions of eq 7 for any /H). AHi = -1000 cal/mol, 
A S ,  =  - 2  eu, AH2/A H i = -2.5, AS2/AS, = -4 . Zimm- 
Bragg7 parameter <r = 1 0 '4.

d f  h
d In  s  

4(71/2
( 1 7 0

T h u s , a ssu m in g  a is k n ow n , p h ase  b o u n d a rie s  co rresp o n d 
in g  to  a n y  req u ired  / h m a y  b e  fo u n d  b y  u sin g  eq 17 or 17' 
to  c a lc u la te  th e  c o rresp o n d in g  v a lu e  o f  s a n d  so lv in g  eq 7 
as b efore .

Solvent-Induced Transition. T h e  e x p e r im e n ta l q u a n tity  
d /n /d  In xA a t  / H =  %  in  an  iso th e rm a l s o lv e n t-in d u c e d  
tra n sitio n  is re la ted  to  th e  tra n sitio n  e n th a lp ie s  a n d  to  <r 
as fo llo w s. F ro m  eq 6  w e find

In s =  In KlK2 -  In ( x Ac +  K2)
T h u s

/  d In s \ _  _

\ d  In x J T ~  ;
* A , c

’  T c  " A , :  • K i

C o m b in in g  th is  re su lt w ith  eq  1 7 ' y ie ld s

Fc
\ d  In x J TX\/r 4 a 1/2

(18)

T h is  is e q u iv a le n t to  a resu lt o b ta in e d  b y  B irsh te in  a n d  
P tits y n , 1 1 3  a n d  b y  G ia c o m e tt i1 1 1  for th e  sp ec ia l “ tig h t-  
b in d in g ”  ca se  o f  Fc = 1. A s  iso th e rm a l / h v s . x \  d a ta  in  
th e  tra n sitio n  ran ge are fre q u e n tly  a v a ila b le , it p ro vid es  
so m e  a d d ed  f le x ib ility  in th e  d e te r m in a tio n  o f  Fc an d  
h en ce  o f  A  Hi, A  H 2, e tc ., fro m  s c lv e n t -in d u c e d  tran sition  
d a ta . T h e  b ro a d e n in g  o f th e  iso th e rm a l tra n sitio n  w ith  in 
crea sin g  T c (i.e., d ec re a sin g  Fc) even  a t  c o n sta n t <r, is a p 
p aren t in th e  e x a m p le  p resen ted  in  F igu re  6 . T h e  p o ss ib il
ity  o f  less th a n  c o m p le te  co n versio n  to  th e  h e lic a l fo rm  in  
th e  ca se  o f  th e r m a l tra n sitio n s in  so lv e n t c o m p o sitio n s  
arou n d  th e  critic a l v a lu e  co rresp o n d in g  to  th e  ch a n ge  in  
sign o f  8Tc/dxA is a lso  in d ic a te d .

A p p lic a t io n s

T h e  th eory  p resen ted  a b o v e  p ro v id es  a b a sis  for c h a ra c 
terizin g  th e  c o n fo rm a tio n a l tra n sitio n  o f  a p o ly p e p tid e  in  
an  in e rt -a c tiv e  s o lv e n t sy s te m  in te rm s o f  fou r p a 
ra m e te rs , AHi a n d  ASi a n d  AH2 a n d  A S 2 . T h e s e  p a r a m e 
ters ca n  be in terp reted  a t  le a st se m iq u a n tita tiv e ly  in  
term s o f  k n ow n  c o n c e p ts . T h u s , AHi ca n  be id en tified  
w ith  the s ta b iliz a t io n  e n th a lp y  of a g iven  p o ly p e p tid e  b y  
in terp ep tid e  h yd ro g en  b o n d  fo rm a tio n , m o d ifie d , as th e  
case m a y  b e , b y  th e  in tera c tio n s o f p e n d a n t g rou p s. A S i

TABLE I: Calculated Thermodynamic Parameters for PBG and 
PBA and for Their Interactions with DCA and DMSO

PBG-DCA PBA-DCA PBA-DMSO

A H i, cal/mol of residue 
ASi, eu
Tc°, °K
AH2, cal/mol 
AS2, eu

-845 -390 -390
-1.55 -0 .9  -0.9
545 425 425

2920 3030 800
9.3 8.1 4.3

ca n  b e  id en tified  w ith  th e  m o la r  e n tro p y  lo st u p on  the  
fo rm a tio n  o f a rigid  h e lica l c o n fo rm a tio n  fro m  a ra n d o m  
co il. B o th  th ese  q u a n tit ie s  w ill re fle c t th e  e ffe c t o f  v a r ia 
tio n s in s id e -c h a in  stru ctu re . T h e  s o lv e n t -p e p tid e  b in d in g  
e n th a lp y  AH2 is a m ea su re  o f  th e  in tera c tio n  o f  a given  
a c tiv e  so lv en t w ith  a p e p tid e  grou p . T h is  in tera ctio n  w ill 
a g a in  b e  p ertu rb ed  b y  th e  n atu re  o f th e  sid e  c h a in  if  on ly  
th ro u g h  th e  p re su m e d  va ria tio n  in a c c e ss ib ility  o f  th e  so l
v e n t  m o le cu le  to  th e  C O  a n d  N H  g rou p s a ssu m e d  to  be  
in v o lv e d  in th e  b in d in g  p ro cess. F or a tig h tly  b o u n d  p e p 

t id e -s o lv e n t  c o m p le x , th e  e n tro p y  A £>2 in  th e  m o d el  
sh o u ld  reflect th e  loss o f  tr a n sla tio n a l fre ed o m  o f  th e  so l
v e n t m o le c u le  in  th e  b in d in g  p ro c e ss ; w e m ig h t th u s  e x 
p ec t A S 2 to  a p p ro a c h  v a lu es  c h a ra c te riz in g  fu sio n  e n 
trop ies for th e  so lv e n t sp ec ies  A .

W e  h ave  a n a ly z e d  b e low  th ree  p o ly p e p t id e -s o lv e n t  s y s 
te m s  for w h ich  a p p ro p ria te  d a ta  are a v a ila b le . T h e se  are 
p o ly -Y -b e n z y l-L -g lu ta m a te  ( P B G )  in  d ic h lo ro a c e tic  acid  
a n d  1 ,2 -d ic h lo r o e th a n e  ( D C A - D C E ) ,  a n d  p o ly -/3 -b e n z y l-  
L -a sp a rta te  (P B A )  in  D C A - C H C I 3  a n d  in  D M S O -d io x a n e .  
In  p rin cip le  an  a n a ly sis  to  y ie ld  th e  fou r p a ra m e te rs  could  
b e  carried  ou t p u rely  fro m  a co n sid era tio n  o f T c vs. x a . c  

d a ta ; b eca u se  o f  th e  fo rm  o f eq  7 , h ow ever, it d ev elo p s  
th a t  n eith er th e  ran ge nor th e  p recisio n  o f su ch  d a ta  is 
su ffic ien t in p ra ctic e  to  u n e q u iv o c a lly  d e te r m in e  AHi, 
e tc . A  m o re  sa tis fa c to ry  a p p ro a ch  is to  use su ch  d a ta  to  
c a lc u la te  A / / Comp as a fu n c tio n  o f te m p e ra tu re  an d  c o m 
b in e  th is  w ith  a v a ila b le  v a lu es  o f  A / / Cai. T h is  a p p ro a ch  
w as u sed  in  an  a n a ly sis  of th e  P B G  s y s te m . B y  c o m b in in g  
c a lo rim etric 12 a n d  so lv e n t c o m p o sitio n  d a t a , 9 Fc (eq  14) 
an d  K2 (eq  10) as a fu n c tio n  o f  T c w ere o b ta in e d . Ki 
a lo n g  th e  p h a se  b o u n d a ry  w as th e n  fo u n d  fro m  eq  6 . T h e  
e n th a lp ie s  a n d  en trop ies w ere d eriv ed  fro m  th e  eq u ilib r i
u m  c o n sta n ts  in th e  n o rm a l m a n n e r  a n d  are p resen ted  in 
T a b le  I . F igu re 7 sh ow s th e  p h a se  d ia g ra m  for P B G  in  
D C A -D C E  c a lc u la te d  u sin g  th ese  p a r a m e te rs , w hile  F ig 
ure 8  d ep ic ts  th e  co rresp o n d in g  v a lu es  o f  A / / cai an d  
A //c o m p . T h e  e x p e r im e n ta l d a ta  over th e  re la tiv e ly  l im it 
ed  ran ge for w h ich  it  is a v a ila b le  are a lso  in c lu d e d . W h ile  
it is o b v io u s th a t  th e  good  a g re e m en t b e tw ee n  th e se  d a ta  
a n d  th e  c a lc u la te d  resu lts  is in  p a rt a re fle ctio n  o f  th e  use  
o f th e  form er in th e  a n a ly sis , th e  se lf-c o n s is te n c y  o f  th e  
resu lts  is a m ore in d e p e n d e n t ch e ck  o f  th e  v a lid ity . T h e  
p ro b a b le  errors in  th e  c a lc u la te d  p a r a m e te rs  are a t  lea st  
± 1 5 % .

S ev era l q u a lita tiv e  fea tu res  o f  th e  e x p e r im e n ta l d a ta  
are sa tis fa c to rily  e x p la in e d  b y  th e  resu lts  o b ta in e d . For  
e x a m p le , acco rd in g  to  th e  p resen t tr e a tm e n t P B G  is seen  
to  fo rm  a very  sta b le  h e lix  in in ert so lv e n ts , w ith  a p re 
d ic te d  tra n sitio n  te m p e ra tu re  o f  a b o u t  2 7 0 ° . T h is  sta b ility

(11) (a) T. M. Birshtein and O. B. Ptitsyn, Mol. Biol. ( U S S R ) ,  3, 121 
(1969); (b) G. Giacomett, A. Turolla, and R. Boni, B iop o lym ers, 6, 
441 (1968).

(12) (a) F. E. Karasz, J. M. O’Reilly, and H. E. Bair, N atu re  (Lon d on ),  
202, 693 (1964); (b) F. E. Karasz and J. M. O'Reilly, B iop o lym ers,  
4, 1015 (1966).
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Figure 7. Transition temperatures for PBG-DCA-DCE (curve 1), 
aBA-DMSO-dioxane (curve 2) and PBA-DCA-CHCI3 (curve 3) 
systems calculated using parameters shown in Table I. Filled 
circles represent available data (see text for sources).

has b e e n  a m p ly  d e m o n str a te d  in  th e  w ork o f  F ra n z e n , et 
al. , 13 w ho s tu d ie d  th e  h ig h -te m p era tu re  o p tic a l ro ta tio n  o f  
P B G  in a n u m b e r  o f  so lv e n ts . In  1 -c h lo ro n a p h th a le n e , 
w h ich  m ig h t re a so n a b ly  be e x p ec te d  to  be in ert in  th e  
c o n te x t u sed  h ere , n o tra n sitio n  w as o b serv ed  u p  to  th e  
te m p e ra tu re  o f  d eg ra d a tio n , a b o u t 2 0 0 ° . T h e re  w as som e  
ev id e n ce , fro m  in frared  sp ec tra , for th e  o n se t o f  a tr a n si
tio n  at so m e w h a t h ig h er te m p e ra tu re s , in th e  v ic in ity  o f  
2 5 5 ° .

T h e  o b served  d irection  o f th e  th e r m a l c o n fo rm a tio n a l  
tra n sitio n  for P B G  in D C A - D C E  arou n d  ro o m  te m p e r a 
tu re (a n d , a c cord in g  to  th ese  resu lts , u p  to  a b o u t  1 0 0 °) is 
e v id e n t fro m  th e  c a lc u la te d  p h ase  d ia g ra m , as is th e  b a sis  
for th e  ob served  p ro n o u n ced  u p w a rd  cu rva tu re  in th e  T c 
vs. x a ,c  d a ta  ab o v e  a m b ie n t te m p e r a tu r e s . 1 2 -14  T h e  p h ase  
d ia g ra m  a lso  p re d ic ts  th a t  a “ n o r m a l”  h e lix -to -c o il  th e r 
m a l tra n sitio n  sh o u ld  be fo u n d  in th is  s o lv e n t s y s te m  a t  
h igh er te m p e ra tu re s  in  c o m p o sitio n s  c o n ta in in g  less th a n  
92  m o l %  D C A . I t  w ou ld  be n ecessa ry  to  e x te n d  m e a su r e 
m e n ts  to  th e  v ic in ity  o f  2 0 0 ° to  o b ta in  a c o m p le te  tr a n s 
fo rm a tio n  to  th e  co iled  c o n fo rm a tio n , h ow ever. A s  a lrea d y  
p o in te d  o u t, it  w o u ld , in  p rin c ip le , a lso  be p o ssib le  to  fin d  
an  ac tiv e  s o lv e n t w h ich  d ep resses th e  tra n sitio n  te m p e r a 
tu re  su ffic ie n tly  for a h e lix -to -c o il tra n sitio n  to  b e  o b 

serv ed  arou n d  ro o m  te m p e ra tu re . C o n d itio n s  for th is  o c 

cu ren ce , in  te rm s o f se ts  o f  n ecessary  A H 2 a n d  A S 2 v a lu es , 
ca n  be re a d ily  c a lc u la te d .

T h e  c a lc u la te d  v a lu e s  o f  AHCai an d  A f t o m p  for th e  
P B G - D C A - D C E  sy s te m  (F igu re 8 ) re flect th e  ob served  
large n eg a tiv e  te m p e ra tu re  co effic ien ts  in  th e se  q u a n tities  
in  th e  te m p e ra tu re  ran ge stu d ie d . It is im p o r ta n t to  n ote  
th a t  in th is  m o d e l th e  large a p p a ren t m o la r  h e a t c a p a c ity  
arises n ot fro m  an  e n th a lp ic  d ifferen ce  in  th e  c o n fo rm a 
tio n s th e m se lv e s  b u t  fro m  a c h a n g e  in  so lv e n t b in d in g  
w ith  te m p e ra tu re . A t  T c =  2 5 ° w e c a lc u la te  th e  fra c tio n , 
Fc, o f  a v a ila b le  “ C ”  s ites  b o u n d  to  D C A  to  be 0 .4 5 . T h is  is 
in  e x c e lle n t a g re e m en t w ith  th e  v a lu e  o f  0 .4 8  o b ta in e d  by  
P tits y n  a n d  B ir sh te in l l a  th o u g h  it sh o u ld  b e  n o te d  th a t  in : 
d eriv in g  th is  resu lt th e y  u sed  th e so m e w h a t h ig h er va lu e  
o f  AHca\ o b ta in e d  b y  A c k e r m a n n .14

T h e  n u m e ric a l re su lts  sh ow n  in  T a b le  I  in d ic a te  th a t  
th e  s ta b iliz a t io n  e n th a lp y  o f  P B G  in  an  in ert so lv e n t is 
less th a n  one k iloca lo rie  p er p e p tid e  resid u e  w h ic h , c o n 
s id erin g  th e  k n ow n  v a r ia b ility  o f  h yd ro g en  b o n d in g  in

Figure 8. Calorimetric (full line) and compositional (dashed 
line) transition enthalpies for PBG-DCA-DCE (curve 1), PBA- 
DMSO-dioxane (curve 2) and PBA-DCA-CHCI3 (curve 3) sys
tems calculated using parameters shown In Table I. Filled cir
cles (AHca]) and open circles ( A H com v) represent available 
data (see text for sources).

th ese  sy s te m s , is a very a c c e p ta b le  e s tim a te . T h e  corre 
sp o n d in g  m o la r  en tro p y , 1 .5  e u , is low er th a n  h a s  b een  
p o stu la te d  for th e  u n su b stitu te d  p o ly p e p tid e  c h a in , i.e., 
p o ly g ly c in e ,1® b u t  th is  d ecrease  is to  b e  e x p e c te d  in  view  
o f  th e  e x te n d e d  n a tu re  o f th e  P B G  ra n d o m  c o il .16 I t  w ou ld  
seem  b e tter  to  d efer fu rth er d iscu ssio n  on  th e  a b so lu te  
v a lu es  o f  th ese  p a ra m e te rs  u n til a c o m p a riso n  w ith  several 
oth er p e p tid e  stru ctu res  ca n  be m a d e . It is seen  a lso  th a t  
th e  a b so lu te  v a lu e  o f  th e  D C A -p e p t id e  in tera c tio n  e n th a l
p y , AH2, is m u c h  greater th a n  th e  in tra m o le c u la r  te rm , 
p o ssib ly  a resu lt, in  p a rt, o f  th e  o fte n -p o s tu la te d  fo r m a 
tio n  o f  tw o h yd ro g en  b o n d s  per re s id u e ;2 -® th e  c o rresp o n d 
in g  e n tro p y  is a lso  su b sta n tia l, in  accord  w ith  th e  loss o f  
tr a n sla tio n a l m o b ility  c o n c e p t su g g ested  a b o v e .

In  th e  ca se  o f  P B A , th e  co n fo rm a tio n a l c h a n g e  is o f  p a r 
tic u la r  in terest b e c a u se  o f  th e  o b serv a tio n  th a t  th e  th e r 
m a l tra n sitio n  m a y  be in  e ith er d ire c tio n , a c co rd in g  to  th e  
so lv e n t s y s te m  u se d . T h is  su gg ests  th a t  th e  P B A  h elix  is 
w ea k  re lative  to  P B G , b u t n e v erth eless  it is a lso  k n ow n  
th a t  th e  d isru p tio n  c a n n o t be  in d u c e d  in an  in ert so lv en t  
b elo w  th e  te m p e ra tu re  at w h ich  p o ly p e p tid e  d eg ra d a tio n  
b e c o m e s  s ig n ific a n t , i.e., arou n d  9 0 ° .17 T h e  in s ta b ility  o f  
th e  P B A  h e lix  h as a lso  b een  in ferred  fro m  th e  re la tiv e ly  
low  co n c e n tra tio n  o f  D C A  n ecessary  to  in d u ce  th e  tr a n s i
tio n , b u t  fro m  a c o n sid era tio n  o f th e  p h a se  d ia g ra m s  for 
th e  m ore c o m p lic a te d  inverse  tra n sitio n s as sh ow n  in  F ig 
ure 2 for e x a m p le , one co n clu d es th a t  th is  co rrela tio n  is 
n o t n ecessa rily  correct in  all ca ses.

W e  h av e  u sed  a v a ila b le  d a ta  for P B A  in  D C A -c h lo r o -  
fo r m 1 7 -18 a n d  in D M S O -d i o x a n e 17  to  c a lc u la te  th e  re 
sp ec tiv e  p a ra m e te rs  for th ese  ca ses . In  th e  fo rm er so lv en t

(13) J. S. Franzen, J. B. Harry, and C. Bobik, B io p o lym e rs,  5, 193 
(1967).

(14) T. Ackermann and E. Neumann, B io p o lym e rs,  5, 649 (1967).
(15) J. A. Schellman, C. R. Trav. Lab. C a r lsb e rg , Ser. Ch im ., 29, 230 

(1955).
(16) D. A. Brant and P. J. Flory,J. A m er. C h em . S o c .,  87, 2788 (1965).
(17) P. Dubin and F. E. Karasz, B iop o lym ers,  11,1745 (1972).
¡18) R. H. Karlson, K. S. Norland, G. D. Fasman, and E. R. Blout, J. 

A m er. C h em . S o c .,  82, 2268 (1960).
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sy ste m  an  in verse  th e r m a l tra n sitio n  is fo u n d  a ro u n d  a m 
b ie n t te m p e ra tu re ; in  th e  la tte r  a h e lix -to -c o il  c h a n g e  m a y  
be ob served  in  th e  ran ge 6 0 -9 0 ° .  F or n e ith er so lv e n t s y s 
te m  co n sid ered  here are there su ffic ien t ca lo rim etric  d a ta  
a v a ila b le  to  p e r m it a d ire ct c a lc u la tio n  o f th e  p a ra m e te rs  
via Fc, e tc . H o w e v e r , it w as p o ssib le  to  e x tra p o la te  th e  
a v a ila b le  x a , c ,  Tc d a ta  for th e  D M S O -d i o x a n e  sy ste m  to  
* a , c  =  0 , i.e., to  pure d io x a n e , a n d  th u s  o b ta in  th e  ra tio  
A H i /A S i ,  (Tc° =  4 2 5 ° K ) .  F or P B A  in th e  D C A -c h lo r o -  
form  so lv e n t sy s te m  tra n sitio n  te m p e ra tu re s  as a fu n ctio n  
o f so lv e n t c o m p o sitio n  are a t  p resen t o n ly  a v a ila b le  over a 
q u ite  lim ite d  ra n g e , 17  b u t  th e se , c o m b in e d  w ith  an  a v a il
ab le  e s tim a te  o f  A / / cai w ith in  th is  ra n g e , 19 su ffic ed  to  d e 
te rm in e  Fc a n d  th u s  K2 a n d  A d  at 2 0 ° . T h e  a n a ly sis  w as  
th en  c o m p le te d  b y  c o m b in in g  T c°  w ith  K\ to  y ie ld  AHi 
a n d  A S i  in d iv id u a lly , a n d  u lt im a te ly  d erive A H 2 a n d  A S 2 

for b o th  th e  D M S O -d io x a n e  an d  D C A -c h lo r o fo r m  s y s 
te m s . T h e  c o m p le te  n u m e ric a l re su lts  are sh ow n  in T a b le  
I, w h ile  p h a se  d ia g ra m s a n d  tra n sitio n  e n th a lp ie s  c a lc u 
la ted  on th e  b a sis  o f  th ese  p a r a m e te rs  are sh o w n  in F ig 

ures 7 a n d  8 . T h e  re la tiv e  in s ta b ility  o f  th e P B A  h elix  
p o stu la te d  a b o v e , an d  p re v io u sly  a ttr ib u te d  to  th e  u n iq u e  
ch ira lity  o f  th is  m o le c u le , 3 '20 is c o n fir m e d . T h e  c o n fo r m a 
tio n a l en tro p y  c h a n g e  A S i  is even  low er th a n  th a t  fou n d  
for P B G  p erh a p s, in p a rt, a t tr ib u ta b le  to  th e  sa m e  ca u se . 
For th e  D C A -c h lo r o fo r m  so lv e n t sy s te m  th e  D C  A  b in d in g  
p a ra m e te rs  are su rp risin g ly  close  to  th ese  fo u n d  for th e  
P B G -D C A  c o m p le x . A n  a sse ssm e n t o f  w h eth er A H 2 an d  
A S 2 are in d e ed  in d e p e n d e n t o f p e p tid e  stru ctu re  w ill 
ag ain  h ave  to  b e  d eferred  u n til a w id er range o f  p o ly p e p 

t id e -s o lv e n t  s y s te m s  ca n  be a n a ly z e d . T h e  re la tiv e ly  w eak  
b in d in g  c a p a b ility  o f  D M S O  to  th e  P B A  resid u es is a lso  
e sta b lish e d ; p erh a p s  th e  low  v a lu e  o f  A H 2 c a lc u la te d  m a y  
be re la ted  to  th e  fa c t  th a t  o n ly  on e  site  for h yd rogen  
b o n d in g  per resid u e  is a v a ila b le . I t  is te m p tin g  to  use th e  
fa c t  th a t th e  c a lc u la te d  A S 2 for D M S O  is on ly  a b o u t h a lf  
th e  co rresp on d in g  p a ra m e te r  for D C A  w ith  e ith er P B G  or 
P B A  to  len d  fu rth er w eig h t to  th is  p re m ise .

F u r t h e r  D is c u s s io n

T h e  th eory  d e ta ile d  a b o v e  is a b le  to  a c c o u n t for m a n y  
o f  th e  p h e n o m e n a  re la ted  to  th e  h e lix -c o i l  tra n sitio n  in  
p o ly p e p tid e s  in  orga n ic  so lv e n t sy s te m s  th a t  h av e  been  
d esc rib e d . In  p a rticu la r  it p ro vid es a ra tio n a l b a sis  for th e  
fre q u e n tly  o b served  c o il-to -h e lix  th e r m a l tra n sitio n  an d  
for th e  role o f  th e  a c tiv e , b in d in g , so lv e n t in th e  th e r m o 
d y n a m ic s  o f  th e  o v erall p ro cess. F u rth erm o re , w e b e liev e

th is  th eory  h a s  so m e  use in  m ore d ire c tly  re la tin g  th e  e f 
fec t o f  s id e -c h a in  stru ctu re  on  th e  in trin sic  s ta b iliz a tio n  o f  
th e  ordered  c o n fo r m a tio n .21  F or th e  first t im e , it  has been  
p o ssib le  to  e s tim a te  th e  ap p ro p ria te  th e r m o d y n a m ic  p a 
ra m e te rs  u n p ertu rb e d  b y  p re feren tia l so lv e n t b in d in g  e f
fec ts .

S ev era l s im p lific a tio n s  in  th e  th e o ry  are a p p a r e n t a n d  
red u ce  th e  n u m b e r  o f  p a ra m e te rs  w h ich  h av e  to  be  e v a lu 
a te d  from  th e  lim ite d  e x p e r im e n ta l d a ta . O n e  o f th e  m ore  
o b v io u s s im p lific a t io n s  is th e  su b st itu t io n  o f a c tiv itie s  b y  
m o la r  fra c tio n s in  eq  4  a n d  th o se  th a t  fo llo w . T h is  h as th e  
e ffe c t, a m o n g  oth ers, o f  o m itt in g  a p a rtia l m o la r  e n th a lp y  
correction  to  th e  te rm  A / / 2 . 6 A ls o  th e  la tte r  te rm  w ill re 
quire red efin itio n  if  th e  a c tiv e  so lv e n t p a r tic ip a te s  in a 
m o n o m e r -d im e r  e q u ilib r iu m  ( 2A  A 2 ) as m ig h t occur
w ith  stron g ca rb o x y lic  a c id s . H o w e v e r , th e  sa m e  fo r m a l

ism  ca n  be re ta in ed  u n less  th e  p resen ce  o f th e  p o ly p e p tid e  
s ig n ific a n tly  d ep letes  th e  c o n c e n tra tio n  o f  th e  m o n o m e r  
sp ec ies A  in th e  so lv e n t m ix tu r e . F u rth er , w e h av e  chosen  
to  ignore th e  u n d o u b te d  d ifferen ces b e tw ee n  th e  ca rb o n yl 
a n d  a m in e  b in d in g  sites in th e  p o ly p e p tid e  b a c k b o n e ; th e  
e n th a lp y  a n d  en tro p y  te rm s as w ell as th e  eq u ilib r iu m  
c o n sta n ts  m u s t  th erefore  b e  reg ard ed  as av era g es  for th e  
tw o  site s . T h e  p o ssib le  in tera ctio n  o f  b o u n d  A  m o lecu les  
on  a d ja c e n t “ C ”  sites h a s  a lso  b e e n  e n tire ly  n eg lected . 
T h is  in  e ffec t re m o v e s  a p o ssib le  e le m e n t o f  c o o p era tiv ity  
fro m  th e  tra n sitio n  p ro cess ; h ow ever, th e  e ffec t w ill be  re 
fle c te d  in th e  o v erall p a ra m e te r  a. T h u s , th is  is a m e c h a 
n ism  w h ich  w ou ld  e x p la in  th e  v a ria tio n  in a o b served  for 
a given  p o ly p e p tid e  (P B A )  in d iffe re n t so lv en t s y s te m s . 19 

It is p o ssib le  th a t  th e  rep orted  c o n sid era b le  tem p e ra tu re  
se n sitiv ity  o f  tr m a y  a lso  be a co n seq u en c e  o f  th is  
p o in t . 12 b -14

P o ssib le  e x te n sio n s o f  th e m o d e l (a lb e it  a t  th e  exp en se  
o f  s im p lic ity ) are a lso  a p p a r e n t . I t  w ou ld  be a c o m p a r a 
tiv e ly  stra ig h tforw a rd  e x ten sio n  o f th e  fo r m a lism  to  in 
c lu d e  th e  ca ses o f  a co p o ly p e p tid e  a n d /o r  c o m p e tin g  a c 
tiv e  so lv en ts . T h is  w ill be  d on e  in a su b se q u e n t rep ort.

Acknowledgment. W e  th a n k  M r s . K .  P a ra n y a  for in v a l
u a b le  a ssista n c e  w ith  th e  n u m e ric a l c o m p u ta t io n s . T h is  
w ork w as su p p o rted  b y  N S F  G r a n t G B  3 3 4 8 4 .

(19) Y. Hayashi, A. Teramoto, K. Kawahara, and H. Fujita, B iop o lym ers.
8, 403 (1969).

(20) M. Goodman, C. M. Deber, and A. M. Felix, J. A m er. C h em . So c ..
84, 3773 (1962).

(21) F. Gaskin and J. T. Yanc, B io p o lym e rs,  10, 631 (1971).

The Journa1 of Physical Chemistry, Vol. 77, No. 9, 1973



1 1 4 6 D . D e L a M a t te r ,  J .  J .  M c C u l lo u g h ,  a n d  C . C a lv o

C r y s t a l  S t r u c t u r e  o f  M e t h y l e n e d i p h o s p h o n i c  A c i d

D. DeLaMatter, J. J. McCullough, and C. Calvo*

Department of Chemistry, McMaster University, Hamilton, Ontario, Canada (Received September 27, 1972) 

Publication costs assisted by The National Research Council of Canada

M e th y le n e d ip h o s p h o n ic  a c id  is m o n o c lin ic  w ith  sp a ce  grou p  P21/c an d  h a s  la ttic e  p a r a m e te rs  a = 
7 .8 4 0 (9 ) , b =  5 .4 9 4 (3 ) , c =  1 3 .7 4 6 (6 )  A a n d  0  = 1 0 3 .6 9 (7 ) ° ,  w ith  Z =  4 . T h e  stru ctu re  w as re fin ed  b y  fu ll-  
m a trix  lea st sq u a res to  a fin a l R v a lu e  o f  0 .0 3 2  w ith  1173  re flectio n s m ea su red  w ith  a S y n te x  a u to m a tic  
d iffra c to m e te r . T h e  P - C  b o n d s  are 1 .7 9 0 (3 )  a n d  1 .7 9 4 (3 )  A in len g th  w ith  a P - C - P  an g le  o f  1 1 7 .2 (1 ) ° .  
T h e  P - 0  b o n d  len g th s  are 1 .4 9 4 (2 )  a n d  1 .5 0 0 (2 )  A w h ile  th e  average  P - O ( - H )  b o n d  len g th  is 1 .5 4 6  A. 
E a c h  o f  th e  ox y g en  a to m s  in v o lv e d  in th e  fo rm er b o n d s  is an  a c c e p to r  for tw o h yd rogen  b o n d s .

I n tr o d u c t io n

T h e  s tu d y  o f th e  stru ctu re  o f  a su b sta n tia l n u m b e r  o f  
d ip h o sp h a te s  h as as its  go al th e  u n d ersta n d in g  o f th e  n a 
tu re  o f  th e  b o n d in g  in th is  a n io n . T h e  role a n d  th e  n atu re  
o f  th e  7t b o n d in g  w ith in  th e  an ion  still re m a in s  o b scu re . In  
a d d itio n  th e  n a tu re  o f  th e  m o tio n  o f th e  b r id g in g  a to m  re 
m a in s  u n r e so lv e d . 1 T h e  s tu d y  o f  th e  m e th y le n e d ip h o sp h o -  
n a tes  w as u n d erta k e n  b e ca u se  th e  b r id g in g  b o n d s , sin ce  
th e y  in v o lv e  P - C ,  sh o u ld  be d ev o id  o f  w b o n d in g  a n d  b e 
c a u se  th e  m o tio n  o f  th e  b r id g in g  grou p  ca n  b e  s tu d ie d  over  
a large te m p e ra tu re  ran ge b y  n m r  te c h n iq u e s . T h e  cry sta l  
stru ctu re  o f  th e  ac id  has b een  reso lv ed  as th e  first s te p  in 
th is  s tu d y , a lth o u g h  a recen t report on  th e  stru ctu re  o f  
e t h a n e -l -h y d r o x y - l , l -d ip h o s p h o n ic  ac id  m o n o h y d r a te 2 

u ses so m e  u n p u b lish e d  resu lts  on  an  early  s tu d y  o f  th e  
stru ctu re  o f m e th y le n e  d ip h o sp h o n ic  ac id  b y  L o v e ll .3

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

M e th y le n e d ip h o s p h o n ic  ac id  w as p rep a red  b y  h y d ro ly sis  
o f  th e  te tra iso p ro p y l ester w ith  h yd roch lo ric  a c id , a c c o rd 
in g  to  th e  m e th o d  o f  R o y .4 T h e  a c id  ga ve  co lorless crysta ls  
fro m  1 -b u ta n o l, w h ich  m e lte d  in th e  ran ge 1 9 2 -2 0 4 °  ( lit . 
m p  2 0 3 -2 0 6 ° ) .  T h e  n m r  sp e c tru m  o f  th e  a c id  w a s o b ta in ed  
a t 100  M H z  in  D 20 ,  a n d  sh ow ed  a tr ip le t  for th e  m e th y 

len e  grou p  a t  5 .1 6  p p m  w ith  J pH =  21 H z .
C r y sta ls  large e n o u g h  for a stru ctu re  d e te r m in a tio n  

w ere o b ta in e d  b y  th e  slo w  ev a p o ra tio n  o f a sa tu ra te d  s o lu 
tio n  o f  iso p ro p y l a lc o h o l. O n e  o f  th ese  w a s grou n d  in to  a 
sp h ere  h a v in g  a d ia m e te r  o f  0 .2 5  m m  an d  u sed  to  co lle ct  
all th e  d a ta . T h e  u n it cell p a ra m e te rs  w ere d e te r m in e d  b y  
lea st sq u a res  fro m  15 v a lu e s  o f  26 d e te r m in e d  w ith  a S y n 
tex  P I  a u to m a tic  d iffra c to m e te r  u sin g  g rap h ite  m o n o c h ro -  
m a tiz e d  M o  K a  ra d ia tio n  (X 0 .7 1 0 6 9  A ) .

Crystal Data. T h e  fo rm u la  w eig h t w as 1 7 6 .0 1 ; a = 
7 .8 4 0 (9 ) , b =  5 .4 9 4 (3 ) , c =  1 3 .7 4 (6 )  A , 0  =  1 0 3 .6 9 (7 )° ,  
u n it cell v o lu m e  5 7 5 .2 6  A 3, Z = 4 , sp a ce  grou p  P 2 i / c ,  c a l
c u la te d  d e n s ity  =  2 .0 3  g /c m 3, e x p e r im e n ta l d e n sity  =
2 .0 5  g /c m 3 (3 ) .

D a ta  w ere c o lle c ted  in a q u a d r a n t u p  to  a 26 an g le  o f  
5 0 °  w ith  a sta n d a rd  re flectio n  m e a su red  a fter  every  5 0  re 
f le c tio n s . P ea k s  w ere sc a n n ed  a t a rate  va ry in g  fro m  2 to  
2 4 ° /m i n ,  d e p e n d in g  u p o n  th e  p ea k  in te n s ity , a n d  b a c k 
g rou n d s w ere m e a su r e d  a t  fixed  a n g les a t  e ith er sid e  o f  
th e  p ea k  a n d  for th e  s a m e  t im e  in terv a l as u se d  to  sca n  
th e  p e a k . In te n sitie s  w h ose  m ea su re  a fter  b a c k g ro u n d  c o r
rectio n  w ere n e g a tiv e  w ere d ro p p e d  fro m  th e  re fin e m en t  
to sa v e  c o m p u ta t io n a l t im e . T h o s e  w h ose in ten sity  e x 

c e ed ed  3 o’ w ere reg ard ed  as ob served  a n d  th e  re m a in d e r  as  
u n o b serv e d  w ith  a m a x im u m  p o ssib le  v a lu e  o f  3 o . T h e  
d a ta  se t co n ta in e d  1 1 7 0  s y m m e tr y  in d e p e n d e n t re fle ctio n s  
w ith  8 9 8  o f  th e se  regard ed  as o b serv e d . T h e s e  d a ta  w ere  
corrected  for L o r e n tz , p o la r iz a tio n , e x tin c tio n , a n d  a b 
so rp tio n  {[iR = 0 . 1 ) .

A  tria l stru ctu re  w as gen era ted  u sin g  th e  sig n  d e te r m i
n a tio n  ro u tin es  in X -r a y  6 7 . T h e  p h o sp h o ru s p o sitio n s  
w ere re a d ily  id en tified  in th e  su b se q u e n tly  p rep ared  e le c 
tron  d e n sity  m a p s  an d  th e  ox y g en  a to m  p o sitio n s reso lv ed  
b y  th e  u se  o f  d ifferen ce  sy n th e se s . T h e  stru ctu re  w as re 
fin ed  u sin g  fu ll-m a tr ix  lea st sq u a res u tiliz in g  a p ro gra m  
w ritten  for th e  C D C -6 4 0 0  b y  J . S . S te p h e n s . A to m ic  s c a t 
terin g  cu rv es  w ere o b ta in e d  fro m  th e  “ In te rn a tio n a l T a 
b le s  for X -R a y  C r y sta llo g r a p h y . ” 5 W e ig h ts , o>, w ere ch osen  
so  th a t  aiAF2, w ith  A F th e  d ifferen ce  b e tw ee n  th e  o b 
serv ed  a n d  c a lc u la te d  stru ctu re  fa cto r , w as in d e p e n d e n t o f  
F0. T h o s e  u n o b serv e d  re flection s w ith  Fc less  th a n  th e  a s 
s ig n ed  m a x im u m  p o ssib le  stru ctu re  fa c to r  w ere g iven  zero  
w eig h t in  th e  r e fin e m e n t. W h e n  co n verg en ce  h a d  b e e n  o b 
ta in e d  w ith  iso tro p ic  te m p e ra tu re  fa cto rs , a n iso tro p ic  
c o m p o n e n ts  w ere a llo w e d  to  v a ry . A n  R v a lu e  o f 0 .0 4 2  w as  
o b ta in e d , a t  th is  s ta g e , w ith  uR =  0 .0 5 2 . F in a lly  h yd ro g en  
a to m s  w ere a ssig n e d  to  th e  ca rb o n  a to m , a n d  to  th o se  
ox y g en  a to m s  w ith  th e  longer P - 0  b o n d  le n g th s . A lth o u g h  
th ese  a to m s  s e e m e d  to  a p p ea r in th e  d ifferen ce  sy n th e sis  
th e ir  p o sitio n s w ere a ssign ed  as ly in g  1  A  re m o v e d  from  
its  n ea rest n e ig h b o rs  a n d  w ith  id e a liz e d  a n g u la r  g e o m e try . 
T h e  re fin e m e n t w as carried  to  co n v erg en c e , w ith  all sh ifts  
less th a n  1 / 5 <t, w ith  isotropic th e r m a l p a r a m e te rs  for th e  
h yd rogen  a to m s . T h e  fin a l R v a lu e  is 0 .0 3 2  a n d  wR = 
0 .0 3 5 . T h e  fin a l a to m ic  p a ra m e te rs  are in T a b le  I a n d  th e  
th e r m a l p a r a m e te rs  are in T a b le  I I .6

Description of the Structure. M e th y le n e d ip h o s p h o n ic  
a c id  d ev ia tes  b y  a b o u t 3 0 ° fro m  an  e c lip sed  c o n fig u ra tio n

(1) B. E. Robertson and C. Calvo, Can. J. Chem.. 46, 605 (1968).
(2) V. A. Uchtman and R. A. Gloss, J. Phys. Chem.. 76, 1298 (1972).
(3) F. M. Lovell, Abstracts of the American Crystallographic Association 

Meeting, July, 1964.
(4) C. H. Roy, U. S. Patent No. 3,251,907; Chem Abslr.. 65, 3908d 

(1966).
(5) “ International Tables for X-Ray Crystallography," Vol. I ll, Kynoch 

Press, Birmingham, 1963.
(6) The final atomic parameters and the thermal parameters, Tables I 

and II, respectively, as well as a listing of the observed and calcu
lated structure factors will appear following these pages in the micro
film edition of this volume of the journal. Single copies may be ob
tained from the Business Operations Office, Books and Journals Di
vision, American Chemical Society, 1155 Sixteenth St., N.W., Wash
ington, D. C. 20036. Remit check or money order for $3.00 for photo
copy or $2.00 for microfiche, referring to code number JPC-73-1146.
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TABLE III: Interatomic Distances and Angles with Standard Errors0 for Methylenediphosphonic Acid

Length, Length,
Bond A Bond A

P(1a)-C(a) 1.790(3) P(2a)-C(a) 1.794(3)
—0 (la) 1.546(2) -0(2a) 1.545(2)
-0(3a) 1.547(2) -0(4a) 1.548(2)
-0(5a) 1.494(2) -0(6a) 1.500(2)

C(a)-0(1a) 2.656(3) C(a)-0(2a) 2.728(3)
-0(3a) 2.631(3) -0(4a) 2.715(3)
-0(5a) 2.749(3) -0(6a) 2.685(3)

0(1a)-0(3a) 2.486(3) 0(2a)-0(4a) 2.406(3)
-0(5a) 2.539(3) -0(6a) 2.542(3)

0(3a)-0(5a) 2.544(3) 0(4a)-0(6a) 2.562(3)

H(1a)-0(1a) 0.73(6) H(2a)-0(2a) 0.68(6)
-0(5c) 1.87(6) -0(5b) 1.93(6)

0(1a)-0(5c) 2.605(3) 0(2a)-0(5b) 2.603(3)

H (3a)-0(3a) 0.73(4) H(4a)-0(4a) 0.85(5)
-0(6d) 1.95(4) -0(6b) 1.74(5)

0(3a)-0(6d) 2.675(3) 0(4a)-0(6b) 2.577(3)

C(a)-H(5a) 0.91(4)
-H(6a) 0.93(4)

Angle Degree Angle Degree

C(a)-P(1a)-0(1a) 105.4(1) C(a)-P(2a)-0(2a) 109.1(1)
-0(3a) 103.2(1) -0(4a) 108.2(1)
-0(5a) 113.6(1) -0(6a) 109.3(1)

0(1a)-0(3a) 107.0(1) 0(2a) -0(4a) 102.2(1)
-0(5a) 113.3(1) -0(6a) 113.2(1)

0(3a)-0(5a) 113.5(1) 0(4a) -0(6a) 114.5(1)

P(1a)-C(a)-P(2a) 117.2(1) H(5a)-C(a)-H(6a) 112(3)

0(5c)-H(1a)-0(1a) 177(6) 0(3a)-H (3a)-0(6d) 172(4)
0(5b)-H (2a)-0(2a) 178(6) 0(4a)-H(4a)-0(6d) 171(4)

° Includes errors in the unit cell lengths. Atom position X(In) is derived from those In Table I by the transformations a =  x, y, z; b =  -x ,  1/2 + y, 1/2 — z;
c =  x, -y, —z; d =  x, 1/2 -  y, 1/2 + z.

w h en  v iew ed  a lo n g  th e  P - P  v e c to r . T h e  ca rb o n  a to m  is 
b o n d e d  to  tw o  p h o sp h o r u s  a to m s a n d  tw o  h y d ro g e n  a to m s  
a n d  th ese  a to m s  are d is tr ib u te d  n e a r ly  te tra h e d ra lly  
a b o u t th e  ca rb o n  a t o m . T h e  P - C - P  an g le  is 1 1 7 .2 (2 ) ° .  T h e  
ca rb o n  a to m  is d isp la c e d  fro m  c o lin ea rity  w ith  th e  tw o  
p h o sp h o ru s  a to m s  su c h  th a t  it  lies  n e a r ly  e q u id is ta n t fro m  
a ll th e  o x y g en  a to m s  in  th e  m o le c u le . T h e s e  d ista n c e s  
ran ge fro m  2 .6 2 1  to  2 .7 5 0  A . T a b le  H I c o n ta in s  th e  p e r ti
n e n t b o n d  d is ta n c e s  a n d  a n g les . E a c h  m o le c u le  is b o n d e d  
th ro u g h  h y d ro g e n  a to m s  to  e ig h t n e ig h b o rs , fou r a t e a ch  
e n d . G ro u p s o f  fou r m o le c u le s  h y d ro g e n  b o n d  to  fo rm  
rings a b o u t th e  in v ersio n  ce n te r , e.g., in  F igu re 1,
b y  th e  b o n d in g  o f  0 ( 6 )  to  0 ( 3 )  a n d  0 ( 4 )  th ro u g h  H ( 3 )  a n d  
H ( 4 ) ,  re sp e c tiv e ly . T h e s e  rings th e n  fo rm  rib b o n s ru n n in g  
p a ra lle l to  th e  - b  + c d irectio n  w ith  a d ja c e n t  r ib b o n s  
jo in e d  b y  m e a n s  o f  a c e n tr o sy m m e tr ic a lly  re la ted  p a ir  
sh arin g  H ( l )  a n d  H ( 2 )  b e tw ee n  0 ( 5 )  a n d  0 ( 1 )  a n d  0 ( 2 ) .  
T h e  stru ctu re  sh o w s c h a in s  0 - - - H - 0 - P - 0 - H - - - 0  a t  
each  e n d  ru n n in g  p a r a lle l to  th e  — a +  b d irectio n  w ith  
th e  a c cep to r o x y g en  a to m s  in  a tra n s a rra n g e m e n t.

T h e  in d iv id u a l P - C  b o n d  le n g th s , a t  1 .7 9 0 (3 )  a n d  
1 .7 9 4 (3 )  A , d iffe r  in s ig n ific a n tly . T h e  P - 0  b o n d  len g th s  
fa ll in to  tw o  d is tin c t c la sse s . T h e  sh o rter  o n es in v olve

0 ( 5 ) a n d  0 (6 ) a n d  are 1 .4 9 4 (2 )  a n d  1 .5 0 0 (2 )  A  lo n g  w hile  
th e  re m a in in g  o n e s , w h ich  in fa c t  are P O H  g rou p s, a ll lie  
b e tw ee n  1 .5 4 5 (2 )  a n d  1 .5 4 8 (2 )  A .  A l l  th e  C - P - 0  b o n d  a n 
g les on  sid e  2 lie  w ith  1 .5 °  o f  th e  id e a l te tra h e d ra l va lu e  
w h ile  th o se  on  sid e  1 ra n ge  fro m  1 0 3 .2  to  1 1 3 .6 ° . T w o  o f  
th e  th ree  O - P - O  b o n d  a n g les  o n  e a c h  sid e  are larger th a n  
id ea l a n d  on e  is sm a lle r . T h e  s m a lle s t  o f  th e se  lies on  sid e
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2 a n d  h a s  a v a lu e  o f  1 0 2 .2 (1 ) ° .  E a c h  te tra h e d ra  h a s  as its  
sh o rte st 0 - 0  e d g e  th a t  on e  co n ta in in g  th e  tw o  O H  grou p s.

D is c u s s io n

U c h tm a n  a n d  G lo ss 2 in d ic a te d  th a t  in  C ( C H 3 ) ( O H ) -  
( P 0 3H 2 )2 ( I ) , N H + ( C H 2P 0 2H 2 )2 ( C H 2P 0 3H ) (II ) , an d  
L o v e ll ’s re su lts  on  C H 2( P 0 2H 2 ) 2 (H I) th a t  a s  th e  P - O ( - H )  
b o n d  s tr e n g th e n e d , as m e a su red  b y  its  b o n d  le n g th , so  
d o e s th e  h y d ro g e n  b o n d , a s  m e a su red  b y  th e  d o n o r -a c c e p 
to r  0 - 0  c o n ta c t . In  a d d itio n  th e se  au th o rs  n o te d  th a t  a 
d ec rease  in  th e  P - 0  b o n d  len g th  p a ra lle le d  a d ecrease  in  
th e  P - O ( - H )  b o n d  le n g th  w h ich  sh ared  a  c o m m o n  P  
a t o m . T h e  p re sen t re fin e m e n t b rea k s th e  p a tte r n  sin ce  
th e  P - O ( - H )  b o n d  len g th s  d iffer  in s ig n ific a n tly  w h ile  th e  
0 - H - - - 0  d ista n c e s  are d iffe re n t. T h e  seco n d  e ffec t d oes  
n o t se e m  u n iv ersa l e ith er sin ce  th e  a v era g e  P - O ( - H )  
b o n d s  in  I a n d  III are id e n tic a l w h ile  H I h a s  th e  sh orter  
P - 0  b o n d s .

I h as a n ea rly  e c lip se d  c o n fig u ra tio n  w h en  v iew ed  d ow n  
th e  P - P  a x is , w ith  C - P - 0  a n d  0 - 0  b o n d  a n g les  on  one

sid e  o f  th e  m o le c u le  (s id e  1 ) c o n siste n t w ith  a d is p la c e 
m e n t  o f  th e  P  fro m  a n  id ea l te tra h e d ro n  to w a rd  th e  p la n e  
o f  th e  o x y g en  a to m s . O n  th e  o th er  s id e  o f  th e  P  a to m  (s id e  
2 ) th e  P  is  a lso  d isp la c e d  a w a y  fro m  th e  e d g e  c o n ta in in g  
th e  tw o  O H  g ro u p s . In  co n tra st m e th y le n e d ip h o sp h o n ic  
a c id  d isto rts  in  a m a n n e r  c o n siste n t w ith  a d is p la c e m e n t  
o f  th e  p h o sp h o ru s  a to m  a w a y  fro m  th e  ed g e  c o n ta in in g  
th e  tw o  O H  g ro u p s. A  fu rth er d ifferen ce  b e tw e e n  I a n d  III  
co n cern s th e  P - C  b o n d  len g th s  ( 1 .8 3 2  a n d  1 .8 4 0  A  in  I) 
a lth o u g h  th e  P - C - P  b o n d  a n g les  (1 1 5 °  in  I) are s im ila r . A s  
in d ic a te d  b y  U c h tm a n  a n d  G lo ss 2 th is  d iffe re n ce  is n o t  
c o n siste n t w ith  a  ste ric  e ffe c t. C a re fu l m o le c u la r  o r b ita l  
c a lc u la tio n s  m ig h t  sort o u t th e  v a rio u s e ffe c ts  le a d in g  to  
th e se  d ifferen ces  a n d  re flect on  U c h tm a n  a n d  G lo s s 2 

su g g e stio n  th a t  th e  d ih e d ra l an g le  c o lla p se s  b e c a u se  o f  th e  
re p u lsio n  a risin g  w h en  fu n c tio n a l grou p s re p la ce  th e  h y 
d ro g en  a to m s  on  th e  ca rb o n  a to m .
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B e n z o i c  A c i d  w i t h  S u b s t i t u t e d  A m m o n i u m  H a l i d e s  i n  B e n z e n e
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D e p a rtm e n t of C hem istry , U n ive rs ity  o f H aw aii, H ono lu lu, H a w a ii 9 6 8 2 2  (R e c e iv e d  D e c e m b e r  27, 1972 )

T e tr a h e p ty l- a n d  tr i-r c -o c ty la m m o n iu m  ch lo rid es a n d  b r o m id e s  w ere stu d ie d  b y  fa r -in fra re d  te c h n iq u e s  
in  b e n zen e  so lu tio n s co n ta in in g  s m a ll  a m o u n ts  o f  b e n z o ic  a c id . B o th  c a t io n -a n io n  an d  a n io n -a c id  
stretch in g  v ib ra tio n s  ca n  b e  o b served  s im u lta n e o u s ly  in th e  region  b e lo w  4 0 0  c m - 1 . A n  in t e r n a l  O C O  d e 
fo rm a tio n  m o d e  o f b e n zo ic  a c id  w h ich  a b so rb s in th e  fa r-in fra re d  w as u sed  to  e s tim a te  a n io n -a c id  a s s o c i
a tio n  c o n sta n ts . A lth o u g h  ion  p a ir -io n  p a ir  a sso c ia tio n  o f  th e  te tr a h e p ty la m m o n iu m  sa lts  is d ec re a se d  b y  
b e n zo ic  ac id  so lv a tio n  o f th e  a n io n , in  no ca se  w a s a n y  evid en ce  o f  c a t io n -a n io n  sep a ra tio n  o b serv e d .

S ev era l recen t p a p e r s 1-3  h ave  d esc rib e d  th e  in tera ctio n  
o f  ion  p airs w ith  h y d r o g e n -b o n d in g  m o le c u le s  in  ap rotic  
organ ic so lv e n ts . T a y lo r  a n d  K u n t z lb  u se d  n m r  a n d  m id -  
in frared  te c h n iq u e s  to  s tu d y  th e  in tera c tio n  o f  v a rio u s ion  
p airs w ith  p h en o l in  severa l d iffe re n t s o lv e n ts . P h e n o l-  
a n ion  a sso cia tio n  c o n sta n ts  w ere c o m p u te d  fro m  “ free”  
poh in ten sities , a n d  it w a s su g g e ste d  th a t  so lv e n t s e p a ra 
tio n  o f th e  ion pairs occu rs on  a d d itio n  o f  p h en o l. M a r t in ,  
et al.,2c u sed  s im ila r  n m r  a n d  in frared  te c h n iq u e s  to  s tu d y  
th e  a sso cia tio n  o f  te tr a -n -b u ty la m m o n iu m  h a lid e s  w ith  
v a rio u s a lco h o ls  in C C 14 . T h e y  c o n c lu d e d  th a t  1 :1  a lc o 
h o l-a n io n  c o m p le x e s  w ere fo rm ed  in so lu tio n . D ia m o n d , 
et al. ,3 s tu d ie d  th e  c o o rd in a tio n  o f w a te r -in so lu b le  p h en o ls  
a n d  a lco h o ls  w ith  te tr a a lk y la m m o n iu m  flu o rid e  a n d  c h lo 
ride in to lu en e  b y  e x tra c tio n  te c h n iq u e s . U p  to  fou r a lc o 
hol or p h en o l m o le c u le s  w ere fo u n d  to  c o o rd in a te  to  th e  
h alid e  ion in  th e  organ ic p h a se .

A lth o u g h  fa r-in fra re d  in stru m e n ts  h av e  b een  c o m m e r 
c ia lly  a v a ila b le  for m o re  th a n  a d e c a d e , su rp risin g ly  few

fa r-in fra re d  stu d ie s  o f  ion  p a ir -m o le c u le  in te r a c tio n s  in  
so lu tio n  h a v e  b e e n  rep o rted . W e  h a v e  fo u n d  th a t  in  fa v o r 
a b le  ca ses b o th  c a tio n -a n io n  an d  a n io n -m o le c u le  s tr e tc h 
in g  v ib ra tio n s ca n  be ob served  s im u lta n e o u s ly  in th e  re 
gion  b e lo w  4 0 0  c m - 1  for sy s te m s  c o n sistin g  o f  a n  ion p air  
an d  a h y d r o g e n -b o n d in g  m o le c u le  in an  “ in e rt”  d ilu e n t . 
M o s t  p o la r  so lv e n ts  are u n su ita b le  as d ilu e n ts  b e ca u se  
th e y  e x h ib it  in ten se , b ro a d  a b so rp tio n s  in th e  fa r -in fra re d  
region  d u e  to  d ip o le -d ip o le  in te r a c tio n s .4 O n  th e  oth er  
h a n d , b e n zen e  is an  e x c e lle n t s o lv e n t . I t  is tr a n sp a r e n t, it

(1) (a) R. P. Taylor and I. D. Kuntz, Jr., J. A m er. C h em . S o c .,  92, 4813 
(1970); (b) J. Ph ys. C hem ., 74, 4573 (1970).

(2) (a) R. D. Green and J. S. Martin, J. A m er. C h em . S o c .,  89, 5549 
(1967); (b) J. S. Martin, J -l.’ Hayami, and R. U. Lemieux, C a r .  J. 
C hem ., 46, 3263 (1968); (c) R. D. Green, J. S. Martin, W. B. McG. 
Cassle, and J. B. Hyne, C an. J. C hem ., 47, 1639 (1969).

(3) D. J. Turner, A. Beck, and R. M. Diamond, J. P h ys. C h em ., 72, 
2831 (1968); T. Kenjo, S. Brown, E. Held, and R. M. Diamond, J. 
P h ys. C hem ., 76, 1775 (1971).

(4) R. J. Jakobsen and J. W. Brasch, J. A m er. C h em . S o c . ,  86, 3571 
(1964).
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TABLE I: Far-lr Data for Benzene Solutions of TH A + X -, TOAH+X- ,  and C6H5C 02Ha

Species OCO def. c6h 5c o 2h - x - C + -A - stretch C + -A - bend

(C6H5C02H)2 281s
THA+CI- 118s

91s
th a+ci- ho2cc6h5 251s 154s ca. 120s, br
TOAH + CI- 197s 85m
to ah+ci- ho2cc6h5 247s 150sn 183s ca. 87mw, br'
THA+Br- 84ms

75tis
THA+Br- H02CC6H5 243s 100s ca. 73sh
TOAH + Br- 139ms 61 mw
T0AH + Br-H02CC6H5 242s 130sh 132ms ca. 60w, br

a All data in cm 1; s, strong; m, medium; w, weak; sh, shoulder; br, broad.

d isso lves a w id e  v a rie ty  o f  h y d r o g e n -b o n d in g  m o le c u le s  
a n d  ion ic c o m p o u n d s  c o n ta in in g  su b s t itu te d  a m m o n iu m  
c a tio n s , a n d  it  in tera c ts  o n ly  very w ea k ly  w ith  m o st s u b 
sta n c e s .

In  sp ite  o f  th e  l im ita tio n s , fa r-in fra re d  sp ec tro sc o p y  is a 
p ow erfu l m e th o d  for s tu d y in g  th ese  sy s te m s . I t  e n a b le s  
on e to  id e n tify  th e  sp ec ies p resen t, to  e s tim a te  th e  
stren g th s o f  th e  b o n d s  fo rm e d  a n d , in  so m e  ca ses , to  d e 
term in e  fo rm a tio n  c o n sta n ts . It w as m o s tly  for th is  last  
reason  th a t b e n zo ic  a c id  w as ch o sen  for th is  s tu d y . T h e  
in tern a l O C O  d e fo r m a tio n  m o d e  o f b e n z o ic  ac id  w h ich  a p 
pea rs in th e  fa r -in fra re d  region  o b ey s  B e e r ’s la w ; it w as  
u se d  to  o b ta in  “ so lv a tio n ”  n u m b e r s  an d  fo rm a tio n  co n 

s ta n ts . T h e  e ffec t o f  th is  so lv a tio n  on  th e  io n -p a ir  b o n d  
w as ob served  s im u lta n e o u s ly .

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

Reagents. E a s tm a n  W h ite  L a b e l te tr a -n -h e p ty la m m o n -  
iu m  ch lorid e ( T H A + C 1 ~ )  w as p u rc h a se d  as a liq u id  
w h ich  c ry sta llize d  a fter  severa l w eek s in vacuo; it  w as  
u sed  w ith o u t fu rth er p u rific a tio n . E a s tm a n  W h ite  L a b e l  
te tr a -n -h e p ty la m m o n iu m  b r o m id e  ( T H A + B r )  w as re 

cry sta llize d  fro m  rc-hexane. E a s tm a n  tr i-r c -o c ty la m m o n -  
iu m  ch lorid e  ( T 0 A H + C 1 ~ )  w as re c ry sta llized  on ce from  
eth er a n d  tw ice  fro m  n -h e x a n e . T r i-rc -o c ty la m m o n iu m  
b r o m id e  ( T O A H + B r )  w as p rep ared  b y  slo w ly  b u b b lin g  
H B r  th rou g h  a co ld  d ilu te  so lu tio n  o f  E a s tm a n  Y e llo w  
L a b e l tr i -n -o c ty la m in e  in  rc-hexane. T h e  p ro d u c t w as p u 

rified  in th e  sa m e  m a n n e r  as T O A H + C 1 - . A ll  a lk y la m -  
m o n iu m  sa lts  w ere sto red  in  a v a c u u m  d esic ca to r . M a l -  
lin ck ro d t R e a g e n t G r a d e  b e n zo ic  a c id  a n d  N a n o g ra d e  
b e n z en e  w ere u sed  w ith o u t fu rth er p u rific a tio n .

Solutions. A p p r o x im a te ly  0 .4  M  s to ck  so lu tio n s o f  
T H A + C 1 - ,  T H A + B r - ,  T O A H + C 1 - ,  T O A H + B r ,  a n d  b e n 
zoic a c id  w ere p rep a red  in  b e n z en e  th a t  h a d  p re v io u sly  been  
dried  w ith  a c tiv a te d  L in d e  3 A  m o le c u la r  sieve . T h e  m o 
lec u la r  sieve w as a c tiv a te d  b efore  u se  b y  h e a tin g  in a v a c 
u u m  ov en  a t  2 0 0 ° for 4 8  h r. A fte r  p re p a ra tio n , th e  a l-  
k y la m m o n iu m  sa lt  s to c k  so lu tio n s  w ere sto red  over th e  m o 

lec u la r  s ie v e . S o lu tio n s  w ere p rep a red  b e tw ee n  0 .0 2  a n d  
0 .1 0  M  in  b e n z o ic  ac id  a n d  b etw een  0 .0 2  a n d  0 .2 0  M  a l-  
k y la m m o n iu m  s a lt  b y  q u a n tita tiv e  m ix in g  o f  th e  tw o  sto ck  
so lu tio n s a n d  b e n z e n e . T h e  ch o ice  o f  c o n c e n tra tio n s  w as  
d eterm in e d  b y  th e  in frared  in ten sities  an d  th e  d egree o f  
asso cia tio n  o f th e  ion p a ir  a n d  b e n z o ic  a c id . S to c k  so lu 

tion  co n ce n tra tio n s w ere d e te r m in e d  b y  tw o -p h a se  t itr a 
tio n s : b en zo ic  ac id  w as titra te d  w ith  0 .1 0 0 0  N  N a O H  to  a

p h e n a p h th a le in  e n d  p o in t ; th e  a lk y la m m o n iu m  sa lts  w ere  
d e te r m in e d  b y  th e  M o h r  m e th o d .5

Ir Spectra. S p e c tra  in th e  region  4 0 0 0 -6 0 0  c m  1 were  
o b ta in e d  w ith  a B e c k m a n  I R -9  in fra red  sp e c tro p h o to m e te r  
fitte d  w ith  K B r  o p tic s . F a r -in fra re d  sp ec tra  in  th e  region  
4 0 0 -4 0  c m  1 w ere d e te r m in e d  w ith  an  R .I .I .C . M o d e l  
F S -7 2 0  F ou rier sp ec tro m e te r  e q u ip p e d  w ith  an  F T C  1 0 0 /7  
F ou rier tra n so rm  c o m p u te r  an d  w ave  a n a ly se r . In th e  
4 0 0 0 -6 0 0 -c m  ~ 1 region  0 .1 -m m  N a C l  cells w ere u sed  for 
th e  so lu tio n s c o n ta in in g  ch lorid e  a n d  0 .0 8 -m m  K B r  cells  
w ere u sed  for th e  so lu tio n s c o n ta in in g  b r o m id e ; in  th e  
4 0 '0 -4 0 -c m  1 region  a B e c k m a n  v a c u u m  cell w ith  p o ly e th 
y len e  w in d o w s a n d  a 1 -m m  T e flo n  sp acer w as u se d . A ll  
b a n d  p o sitio n s are b e liev ed  a c cu ra te  w ith in  ± 3  c m - 1  u n 
less otherw ise  s ta te d . T h e  so lu tio n s w ere run vs. so lv en t  
as a referen ce. M u lt ip le  sp ec tra l ru n s w ere m a d e  o f  each  
so lu tio n .

R e s u lt s

T h e  fa r-in fra red  sp ec tra  d a ta  are g iven  in  T a b le  I an d  
re p resen ta tiv e  sp ec tra  are sh ow n  in  F igu res 1  a n d  2 . T h e  
im p o r ta n t m a x im a  in th e  m id -in fr a re d  region  d u e  to  b o th  
b e n zo ic  ac id  a n d  th e  a lk y la m m o n iu m  ca tio n s are p re se n t
ed  in  T a b le  I I .6 -7 F orce  c o n sta n ts  for th e  s tretc h in g  v ib r a 
tio n s w ere e s tim a te d  (see  D isc u ssio n ) a n d  are listed  in  
T a b le  III. A sso c ia tio n  c o n sta n ts  for th e  a sso c ia tio n  o f b e n 
zoic ac id  w ith  th e  ion  p airs are g iv en  in T a b le  I V 8 a lo n g  
w ith  th e  m o la r  a b so rp tiv ities  o f  th e  O C O  d e fo rm a tio n  
m o d e  e m p lo y e d  in th e ir  c o m p u ta tio n .

D is c u s s io n

T h e  se lf-a sso c ia tio n  o f  b en zo ic  a c id  in b e n z en e  so lu tion  
is w ell k n o w n . 9 T h e  eq u ilib r iu m  b e tw ee n  m o n o m e ric  b e n 
zoic a c id  a n d  th e  h y d r o g e n -b o n d e d  cy clic  d im e r  h a s  been  
th o ro u g h ly  s tu d ie d ; th e  d isso c ia tio n  c o n sta n t o f  th e  d im er  
is 1 .5 3  X  1 0 ~ 3 a t 2 9 7 ° K .£ A t  a b e n z o ic  a c id  co n ce n tra tio n  
o f  0 .1  M  a b o u t 1 0 %  o f  th e  a c id  is in th e  m o n o m e r  fo rm .

T h e  fa r-in fra red  sp e c tru m  o f a b e n z o ic  a c id  so lu tio n  
sh ow s b u t on e  a b so rp tio n  m a x im u m  (F igu re  1 C ). T h is  has

(5) I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative Analy
sis," 3rd ed, Macmillan, New York, N. Y., 1952, p 542.

(6) D. Hadzi and M. Pintar, Sp e c t ro ch im . A cta . 12, 162 (1958).
(7) R. A. Work, III, and R. L. McDonald, J. Inorg. N ucl. C hem ., 34, 

3123(1972).
(8) F. E. Croxton, "Elementary Statistics,” Dover, New York, N. Y., 

1953, p 114.
(9) F. T. Wall and J. A. Banes, J  Am er. C hem . So c ..  67, 898 (1945).
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Figure 1. Far-Infrared spectra of (A) 0.10 M THA+CI-; (B) 0.10 
MTOAH + C M ; (C) 0.10 M  C6H5COOH in benzene.

TABLE II: Mid-lr Data For Benzene Solutions of THA+X or 
TOAH + X - andC6H5C 02H“

Species N-H st C— O st OH def C -0  st

(C6H5C02H)2 1700 1418 1288
c6h5co2h 1742 (1340)" (1075)'
THA+CI" H02CC6H5 1706 1383 1228
TOAH + CI“ H02CC6H5 ca. 2500“ 1707 1379 1224
THA+Br-H02CC6H5 1711 1373 1219
T0AH+Br-H02CC6H5 ca. 2500“ 1712 1368 1216
TOAH + CI- ca. 2100“
TOAH + Br- ca. 2400“

° All data in cm-1 . 6 Reference 6. c Approximate band centers ±30 
c m -1. d Reference 7. Very broad and structured absorptions, approxi
mate band center given.

TABLE III: Force Constants for Ion-Pair and H Bond- 
Anion Vibrations

Bond k, mdyn/A

THA+-CI- 0.27“
th a+ -ci- ho2cc6h5 ca. 0.28
th a+ci- - ho2cc6h5 0.38
TOAH + -CI- 0.74
to ah+ -ci- ho2cc6h5 0.64
to ah+ci- - ho2cc6h5 ca. 0.36
TOAH + -CI--HAOT 0.68
THA+-Br- 0.28“
THA+-Br-H02CC6H5 ca. 0.21
THA+Br--H02CC6H5 0.28
TOAH + -Br- 0.74
T0AH + -B r-H 02CC6H5 0.67
T0AH + B r--H 02CC6H5 ca. 0.30

The higher frequency ion-pair band was used in the computation.

Figure 2. Far-infrared spectra of (A) 0.044 M  THA+CI- ; (B) 
0.060 M  TOAH + CI- and 0.10 M  C6H5COOH in benzene.

Figure 3. Beer's law plots of benzoic acid concentration vs. ab
sorbance (OCO deformation mode) of the acid in benzene: X, 
stoichiometric acid concentration; O, benzoic acid dimer con
centration X 2.

TABLE IV: Molar Absorptivities of the OCO Deformation Mode 
and Association Constants for Amine Halides and Benzoic 
Acid in Benzene“

Salt €,l./mol cm0 K, K 2c

None 5.01 ±  0.01“
THACI 4.91 ±  0.01“ >104 14 ±  4
TOAHCI 4.72 ±  0.35 700 ±  400
THABr 3.08 ±  0.15 >104
TOAHBr 2.66 ±  0.19 50 ±  30

a See text for the form of the equations used. 6 Mean value ±  standard 
deviation from the mean. c Dash indicates no evidence for a second asso
ciation was detected. “  Most probable value ±  standard estimate of error 
from a least-squares plot (see ret 8).

b een  a ttr ib u te d  to  a d e fo rm a tio n  m o d e  o f  th e  O C O  group  th e  d im e r . T h e  la tte r  p lo t, w h ich  e x tra p o la te s  th ro u g h  th e
o f  b e n zo ic  a c id  in th e  d im e r  fo r m .10 I t  o b ey s  B e e r ’s la w  origin , co n firm s th e  a b sen c e  o f  m o n o m e r  a b so r p tio n  a n d
w h en  th e  c o n c e n tra tio n s  are co rrected  for d im e r  d isso c ia - w as u sed  for su b se q u e n t eq u ilib r iu m  c o n sta n t c a lc u la tio n s , 
tio n . F igu re  3 sh ow s le a st-sq u a r e  p lo ts  o f  a b so rb a n c e  vs.

b o th  th e  to ta l a c id  c o n c e n tra tio n  an d  th a t  c a lc u la te d  fo r  ¡1 0 ) W. R. McWinnle, S p e c t ro c t im .  A cta . 22, 501 (1966).
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In  a d d itio n  to  in tern a l v ib ra tio n s , b e n z o ic  a c id  in th e  
d im e r form  sh o u ld  e x h ib it  v ib ra tio n a l m o d e s  c h a ra c te ris 
tic  o f  th e  h yd ro g en  b o n d . S o lid -s ta te  sp ec tra  h av e  been  
reported  in w h ich  th ree  su ch  a b so rp tio n s  w ere o b se r v e d .1 1  

T h e y  w ere a ssig n ed  as th e  a n tisy m m e tr ic  h y d r o g e n -b o n d  
stretch in g  m o d e  at 107 c m - 1  a n d  tw o  b e n d in g  m o d e s  a t  
ca. 70  an d  3 9  c m “ 1 . F or th e  so lu tio n s u sed  here, n o  e v i
d en ce  o f th ese  b a n d s  w as fo u n d . T h e y  are a p p a r e n tly  too  
w eak to  b e  o b serv e d  in our co n c e n tra tio n  ra n ge .

T e tr a -n -h e p ty la m m o n iu m  ch lorid e  a n d  b r o m id e  a n d  
tr i-n -o c ty la m m o n iu m  ch lo rid e  a n d  b r o m id e  w ere ch osen  
as th e  h a lid e -c o n ta in in g  sa lts  p r im a rily  b e ca u se  th e y  are  
su ffic ien tly  so lu b le  in b e n z en e  to  p e r m it fa r-in fra re d  s tu d 

ies to  be d on e  e a s ily . T h e y  e x ist in  so lu tio n  as ion  p airs or 
higher ag greg ates a t  th e  c o n c e n tra tio n s  s tu d ie d  h e re .12®

T h e  sp e c tru m  o f  te tr a -n -h e p ty la m m o n iu m  ch lo rid e  in  
b e n z en e  (F igu re  1 A ) sh ow s one b ro a d  b a n d  w ith  tw o  
p oo rly  reso lv ed  m a x im a . F or a s im p le  X + - Y “  ty p e  ion  
p a ir  on ly  one v ib ra tio n  w ou ld  b e  a n t ic ip a te d . 13  E v a n s  a n d  
L o 12a p ro p o sed  th a t  th e  b a sic  ion ic u n it  o f  q u a te rn a ry  a m 
m o n iu m  h a lid e s  in  b e n z en e  so lu tio n  is th e  io n -q u a d r u p le t  
p o ssessin g  D 2/1 s y m m e tr y . T h is  sp ec ies  h as six  n o rm a l v i 
b ra tio n a l m o d e s , th ree  o f  w h ich  are in frared  a c tiv e , tw o  
ring s tretc h in g  m o d e s , a n d  on e  o u t -o f-p la n e  b e n d in g  
m o d e . T h e  tw o  o v er la p p in g  m a x im a  o b served  for 
T H A + C 1 “  a n d  T H A + B r “  corresp on d  to  th e  rin g  s tr e tc h 
ing m o d e s ; th e  o u t -o f -p la n e  b e n d in g  m o d e  is e x p ec te d  to  
be b e low  4 0  c m “ 1. F u rth er ag g reg a tio n  b e y o n d  th e  io n - 
q u a d r u p le t is a ssu m e d  n ot to  a ffec t th e  fa r-in fra re d  sp e c 
tr u m .

T e rtia ry  a m m o n iu m  sa lts  p ossess co n sid era b ly  d ifferen t  
sp ec tra . M c D o n a ld , et o / . , 12b s tu d ie d  severa l d iffe re n t te r 
tia ry  a m m o n iu m  sa lts  in  va rio u s low  d ie lectric  c o n sta n t  
so lv e n ts . In  all ca ses tw o m a x im a  w ere ob serv ed , as sh ow n  
in  F igu re 1. T h e  h igh er fre q u e n cy  b a n d  w as a ssig n ed  as an  
io n -p a ir  (h y d ro g e n  b o n d ) stre tc h in g  m o d e  a n d  th e  low er  
on e as a h yd ro g en  b o n d  b e n d in g  m o d e . T h e s e  sp ec tra  d o  
n o t re flect ion  p a ir -io n  p air  ag g reg a tio n  as d o  th e  q u a te r 
n ary  sa lts . Io n  p a ir -io n  p a ir  a n d  s o lv e n t -io n  p a ir  in te r a c 

tio n s w ere fo u n d  to  h a v e  a re la tiv e ly  sm a ll e ffec t on  b a n d  
freq u en cies a n d  no a p p re c ia b le  e ffe c t  on  b a n d  in te n s it

ie s .12b
S p e c tra  o f  m ix tu r e s  o f  T H A + C i “  a n d  b e n zo ic  a c id  a n d  

T O A H + C 1 “  a n d  b e n z o ic  a c id  (F igu re  2) sh ow  b a n d s  s im ila r  

to  th o se  o f  th e  sa lts  a lon e  in  b e n z en e  a n d  o f b e n z o ic  ac id  
alon e in b e n z e n e . H o w e v e r , tw o n ew  m a x im a  a t  251  and  
154 c m “ 1 a n d  247  a n d  ca. 150  c m - 1 , re sp ec tiv e ly , are a lso  
p resen t. T h e  h ig h er fre q u e n cy  b a n d  n ear 2 5 0  c m - 1  h as a 
b a n d  sh a p e  n e a r ly  id e n tic a l w ith  th a t  o f  th e  b e n zo ic  ac id  
d im e r O C O  d e fo r m a tio n  a t  281 c m “ 1 . F u rth erm o re , it in 

creases in  in te n sity  w ith  in crea sin g  sa lt  co n ce n tra tio n  
w h ile  th e  d im e r  b a n d  d ecreases in  in te n s ity . W e  h av e  a s 
sig n ed  th e  2 5 0  c m - 1  b a n d  to  th e  O C O  d e fo r m a tio n  m o d e  
o f a sin gle  b e n z o ic  a c id  m o le c u le  h y d r o g e n -b o n d e d  to  th e  
h alid e  ion . T h e  n ew  m a x im u m  a t a b o u t 150  c m - 1  in 
creases in in te n sity  as th e  c o n c e n tra tio n  o f b e n zo ic  acid  
b o u n d  to  ch lo rid e  in crea ses , a n d  it  ap p ea rs  a t  a b o u t th e  
sa m e  p o sitio n  for b o th  sa lts . W e  n a v e  a ssig n ed  th is  b a n d  
to  th e  b e n z o ic  a c id  to  ch lorid e  h yd ro g en  b o n d  stretch in g  
m o d e . T h e se  a ss ig n m e n ts  are su b sta n tia te d  u p o n  c o m p a r 
ison w ith  th e  c o rresp o n d in g  sp ec tra  o f  th e  b r o m id e  sa lts  
(T a b le  I ) .  T h e  b a n d s  sh ift to  low er freq u en cies  w ith  th e  
heavier h a lid e  io n , b u t th e  sp ec tra  are oth erw ise  id e n tic a l.

M o d ific a t io n s  are o b serv e d  in th e  io n -p a ir  v ib ra tio n s  o f  
b o th  ty p e s  o f  sa lts  w h en  b e n zo ic  a c id  is a d d e d . T h e  low er

b a n d  in th e  d o u b le t  e x h ib ite d  b y  T H A + C 1 -  an d  
T H A + B r “  ap p ea rs  to  d ecrease  in in te n sity  w ith  th e  a d d i

tio n  o f  m o re  a n d  m o re  b e n zo ic  a c :d , w h ile  th e  h igher fre 
q u e n c y  b a n d  ap p ea rs  to  be u n c h a n g e d . T h is  is due to  
b rea k in g  u p  o f  th e  io n -p a ir  ag greg ates w h ich  is k n ow n  to  
occu r w h en  p o la r  m o le c u le s  are a d d e d . 14 T h e s e  resu lts  
su p p o rt th e  a ssu m p tio n  th a t  th e  d o u b le t  is in d e ed  d u e  to  
a g g reg a tio n . T h e  io n -p a ir  s tre tc h in g  m o d e s  in  
T O A H + C 1 “  an d  T O A H + B r -  d o  n o t d ecrease  in in ten sity  
as b en zo ic  ac id  is a d d e d  b u t  th e  m a x im a  d o sh ift to  
s lig h tly  low er freq u en cies . T h is  sh ift is a resu lt o f  a d e 
crease in io n -p a ir  h yd ro g en  b o n d  s tren g th  u p on  so lv atio n  
o f  th e  a n io n  b y  b e n z o ic  a c id .12b M o r e  im p o r ta n tly , in  
n on e o f  th ese  so lu tio n s is th ere  a n y  e v id en ce  o f  c a t io n -  
an ion  sep a ra tio n  w h en  b e n zo ic  a c id  is p re sen t. W e  c o n 
c lu d e  th a t  all fou r sa lts  e x ist in  so lu tio n  as so lv e n t - ( i.e 
b e n zo ic  a c id ) sh ared  an d  n ot so lv e n t-se p a ra te d  ion  p airs.

T h e  m id -in fr a re d  sp ec tra  (4 0 0 0 -6 0 0  c m - 1 ) o f  each  so lu 
tio n  sh ow ed  three m a x im a  ch a ra cte ristic  o f  th e  C O O H  
grcu p  o f b e n zo ic  a c id : th e  ca rb o n y l str e tc h ; a m o d e  c o n 
sid ered  as p rim a rily  an  Q - H  d efo r m a tio n  b u t  h ig h ly  c o u 
p le d  to  th e  oth er m o d e s  in  th e  C O O H  g ro u p ; a th ird  m ode  
co n sid ered  p rim a rily  a C - 0  s tre tc h , b u t  w h ich  is also  
h ig h ly  c o u p le d . 6 F or so lu tio n s c o n ta in in g  h a lid e , th e  
freq u en cies o f  th ese  b a n d s  lie b e tw ee n  th o se  o f  th e  d im er  
an d  th e  m o n o m e r  o f  b e n z o ic  ac id . T h e  fre q u e n cie s  o f  th e  
O H  d ef, C - 0  s t , (a n d  O C O  d ef) in crea se : m o n o m e r <  
T O A H + B r -  <  T H A + B r “  <  T O A H + C 1 “  <  T H A + C 1 -  <  
d im e r ; th e  c a rb o n y l stre tc h  va ries in  th e  reverse  order. 
T h is  agrees w ith  th e  e x p ec te d  order o f  b e n zo ic  a c id  h y d ro 
gen b o n d  s tr e n g th : C l “  >  B r -  a n d  w ea k  ion  pair  
( T H A + X “ ) >  stron g  ion p air ( T O A H + X “ ). F in a lly , th e  
N - H  stretch in g  b a n d s  o f  T O A H + C 1 “  a n d  T O A H  + B r “  
w ere fou n d  to  sh ift to  h igh er fre q u e n c y  (in d ic a tin g  a 
w ea k en in g  o f  th e  N - H  h yd rogen  b o n d  to  h a lid e ) u p o n  so l
v a tio n  b y  b e n z o ic  ac id .

D iffic u ltie s  are en co u n te re d  w h en  one tries q u a n tita 
tiv e ly  to  correlate  io n -p a ir  a n d  h y d r o g e n -b o n d  v ib ra tio n a l  
d a ta  w ith  b o n d  stren g th s . F irst w e m u s t  d ec id e  w h eth er a 
few  a to m s or th e  entire m a sse s  o f  th e  m o le c u le s  an d  ions  
are in v o lv ed  in th e  v ib ra tio n . E x a m p le s  o f  b o th  ty p e s  have  
been  rep orted  in th e  lite ra tu r e .1 5  F or io n -p a ir  v ib ra tio n s  
o f th e  ty p e  in v o lv ed  h ere, in c lu sio n  o f th e  en tire  m a ss  o f  
b o th  an ion  an d  c a tio n  in th e  red u ced  m a ss  exp ression  o f  
th e  h a rm o n ic  o sc illa to r  a p p r o x im a tio n 13  le a d s  to  a c c e p t
a b le  re su lts1215 (T a b le  I II) . T h e  in c lu sio n  o f  o n ly  p art o f  
th e  c a tio n  m a ss  w o u ld  lea d  to  force c o n sta n ts  o f  u n rea so n 
a b ly  h igh  v a lu es  c o m p a re d  to  otn er s y s t e m s .16  B e n zo ic  
a c id  in th e  d im e r  fo rm  e x h ib its  a h yd rogen  b o n d  s tr e tc h 
in g  m o d e  w h ich  b e h a v es  s im ila r ly , th a t  is as a v ib ra tio n  o f  
on e rigid  m o le c u le  a g a in st  th e  o th e r . 1 1  T h e re fo re  we p ro 
p o se  th a t a tr e a tm e n t w h ich  a ssu m e s  all in tern a l ca tio n  
a n d  acid  v ib ra tio n a l force c o n sta n ts  are in fin ite  (i.e., a 
rigid  m o le c u le  a p p ro x im a tio n ) sh o u ld  a p p ly  to  th e  s y s 

te m s  b e in g  d isc u sse d  h ere.
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T h e  s im p le s t  m o d e l for th e  so lv a te d  ion p a ir  is 
C + . . . A _ - - - H 0 2 C C 6H 5, a lin ear tr ia to m ic  m o d e l o f  th e  
X Y Z  ty p e . T w o  stretc h in g  a n d  one b e n d in g  m o d e  are re 
q u ire d , all o f  w h ich  are in frared  a c tiv e . H o w e v e r , a v a 
len ce  force fie ld  c a lc u la tio n 17 o f force c o n sta n ts  u sin g  th e  
en tire  m a sses  o f  th e  sp ec ies  in v o lv e d  y ie ld s  im a g in a ry  
force c o n sta n ts . A n  a ltern a tiv e  a p p ro a c h  is to  a ssu m e  tw o  
s im p le  d ia to m ic  sy s te m s  very  w ea k ly  co u p le d . F irst th e  
so lv a te d  ion p a ir  is trea te d  as s im p ly  a w ea k en ed  ion p air . 
T h is  sh o u ld  b e  tru e if  th e  s o lv e n t -a n io n  force c o n sta n t is 
s m a ll , w h ich  o f  course it  m u st b e . T h e  s o lv e n t -a n io n  v i 
b ra tio n  is th e n  trea te d  in  a s im ila r  m a n n e r , ig n orin g the  
c a t io n -a n io n  b o n d . T h a t  is, th e  red u ced  m a ss  exp ression s  
in c lu d e  on ly  th e  tw o  b o d ies  d irectly  in v o lv e d  in  th e  v ib ra 
tio n  w ith  zero c o n tr ib u tio n , i.e., zero co u p lin g , fro m  th e  
th ird  b o d y . T h e  force c o n sta n ts  so  c a lc u la te d  are in c lu d e d  
in  T a b le  III. T h e  in c lu sio n  o f  an y  s ig n ific a n t m a ss  c o n tr i
b u tio n  fro m  th e  b e n z o ic  ac id  in th e  re d u ce d  m a ss  e x p re s 

sion  for th e  so lv a te d  ion p air w ou ld  y ie ld  a h ig h er force  
c o n sta n t for th e  so lv a te d  ion pairs th a n  for th e  u n so lv a te d  
ion  p airs . T h is  resu lt is to  u s u n rea so n a b le .

I t  is d iffic u lt  to  c o m p a re  th e k v a lu es  for so lv a te d  vs. 
u n so lv a te d  q u a te rn a ry  a m m o n iu m  h a lid e s  ( T a b le  III); 
th ere  are large u n c e rta in tie s  in  th e  v a lu es  for th e  so lv a te d  
sa lts . It ca n  be sa id  th a t there ap p ea rs  to  b e  n o  d ra stic  
ch a n ge  in b o n d  stren g th . T h is  is n o t tru e for th e  tertiary  
a m m o n iu m  sa lts . B o th  sh ow  a m a rk ed  d ecrease  in  c a t io n -  
an ion  b o n d  s tren g th  w h en  so lv a tio n  o c cu rs, th e  b ro m id e  
sa lt  b e in g  so m e w h a t less a ffec te d  th a n  th e  c h lo rid e . For  
c o m p a riso n , th e  m ix e d  d im e r7 ( T O A H ) 2C l+  force c o n 
s ta n t c o m p u te d  in th e  sa m e  m a n n e r  is in c lu d e d . T h e  k 
io n -p a ir  v a lu es  d ecrease  in th e  order T O A H + C 1 ' >  
( T O A H + ) 2C l -  > T O A H + C l - H 0 2C P h .

T h e  a n io n -b e n z o ic  ac id  b o n d  stren g th s  sh ow  very  litt le  
c a tio n  d ep e n d e n c e  b u t  s u b sta n tia l a n io n  d ep e n d e n c e . T h e  
c h lo r id e -a c id  b o n d  is stron ger th a n  th e  b r o m id e -a c id  
b o n d  as e x p e c te d . B o th  th e  m a g n itu d e s  a n d  tren d s  in th e  
force c o n sta n t v a lu e s  se em  rea so n a b le  a n d  su p p o rt th e  
view  th a t th e  tw o b o d y  a p p ro x im a tio n  is a p p lic a b le  to  
sy ste m s  o f  th is  ty p e .

F o rm a tio n  c o n sta n ts  o f  h y d r o g e n -b o n d e d  sy ste m s  are 
often  d eterm in e d  b y  u tiliz in g  th e  “ fre e ”  or n o n h y d ro g en  
b o n d e d  O - H  stretc h in g  m a x im u m  in  th e  m id -in fr a re d  re 
g io n .15 18 F or th e  p resen t s tu d y  w e ch o se  in ste a d  to  use a n 
oth er in tern al m o d e  o f  th e  a c id , th e  O C O  d efo r m a tio n  o f  
th e  d im e r  a t  281  c m - 1 . T h is  p roves to  b e  a p a rtic u la rly  
p ow erfu l a p p ro a c h  sin ce  th e  O C O  d e fo r m a tio n  o f  th e  acid  
h y d r o g e n -b o n d e d  to  a h a lid e  ion a lso  o b ey s  B e e r ’s la w ; 
th e  co n ce n tra tio n  o f  d im e r  an d  o f a c id  h y d r o g e n -b o n d e d  to  
h a lid e  ion  ca n  be d e te r m in e d  in d e p e n d e n tly . T h e  e q u ilib 
riu m  c o n sta n t for th e  m o n o m e r -d im e r  is a lso  k n o w n ; th u s  
th e  m o n o m e r co n c e n tra tio n  ca n  b e  c o m p u te d  a n d  th e  su m  
o f  th e  th ree  c a n  be co m p a re d  w ith  th e  to ta l a c id  p re sen t in  
th e  so lu tio n .

E rrors in  sp ec ies  co n ce n tra tio n s o b ta in e d  in  th is  w a y  
co m e  large ly  fro m  th e  se lectio n  o f a b a se  lin e . A  s u c c e s 
sive  a p p ro x im a tio n  m e th o d  w as d ev e lo p e d  to  co rrect th e  
orig in a lly  ch o sen  b a se  line  so as to  n o r m a liz e  th e  s u m  o f  
th e  th ree  a c id  c o n c e n tra tio n s  to  th e  to ta l a c id  c o n c e n tr a 
tio n . T h is  correction  is sm a ll (u su a lly  a b o u t  0 .0 1  a b so r b 

a n ce  u n it) a n d  w as a d d ed  to  or s u b tra c te d  fro m  th e  a b so r 
b a n c e s  o f  b o th  th e  d im e r  a n d  th e  a c id  h yd ro g en  b o n d e d  to  
h a lid e  ion . T h is  red u ced  co n sid era b ly  th e  a v erag e  d e v ia 

tio n s  in a b so rb a n c es  m e a su red  re p e a te d ly  for th e  sa m e  s o 
lu tio n s .

T h e  m o la r  a b so r p tiv ity  o f  th e  O C O  d e fo r m a tio n  for ac id  
b o u n d  to  T H A + C 1 ”  w as d e te r m in e d  d ire c tly  b y  v a ry in g  
th e  a m o u n t o f  a c id  from  0 .0 2  to  0 .0 6  M  k ee p in g  th e  
T H A + C1~ c o n c e n tra tio n  a t  0 .1  M. U n d e r  th e se  c o n d itio n s  
e sse n tia lly  a ll o f  th e  a c id  is b o u n d  to  th e  ch lo rid e  io n . For  
th e  oth er ca ses it w as n ecessary  to  use  a  less p recise  te c h 
n iq u e . T h e  m o la r  a b so rp tiv ities  w ere d e te r m in e d  for each  
sp e c tru m  b y  ch o o sin g  a b a se  lin e , e s t im a tin g  th e  d im e r  
a n d  m o n o m e r  c o n ce n tra tio n s , a n d  c o m p u tin g  th e  c o n c e n 
tra tio n  o f  a c id  b o u n d  to  h a lid e  ion b y  d iffe re n c e . T h e  a v 
erage v a lu es  (o f  severa l d e term in a tio n s) o f  th e  m o la r  a b 
so rp tiv itie s  so c a lc u la te d  w ere th e n  u sed  to  re c a lc u la te  
n ew  b a se  lin es a n d  sp ec ies co n ce n tra tio n s as b e fo re . T h e  
c a lc u la te d  m e a n  v a lu es  o f  th e  fin a l O C O  d efo r m a tio n  
m o la r  a b so rp tiv ities  a n d  th e ir  s ta n d a rd  d e v ia tio n s  fro m  
th e  m e a n  are lis te d  in T a b le  IV . T h e  v a lu e s  o b ta in e d  for  
T O A H + C l ~  a n d  T O A H + Br~' have th e  g re a te st u n c e r ta in 
tie s  d u e  to  th e  o v er la p p in g  io n -p a ir  s tre tc h in g  b a n d .

O v er  th e  co n c e n tra tio n  ran ges s tu d ie d , th e  average  
n u m b e r  o f  a c id s  b o u n d  to  h a lid e , n, w as n ev er grea ter  th a n  
u n ity  e x c e p t w ith  T H A + C 1 - . For th is  sa lt  an  a t te m p t  to  
c o m p u te  th e  tw o  su cc essiv e  a sso c ia tio n  c o n sta n ts  b y  s ta n 
dard  m e th o d s 19 w as n o t su c c essfu l; th e  first a sso c ia tio n  
c o n sta n t is to o  large . F or T H A  + C U  th e  eq u ilib r ia  are

2 T H A + C r  +  ( C 6H 6C O O H ) 2

2 T H A + C l “ ( C 6H 5C O O H )  (1)

2 T H A + C r ( C 6H 5C O O H )  +  ( C 6H 5C O O H ) 2

2 T H A + C l " ( C 6H 5C O O H ) 2 ( 2 )

F or th e  oth er sa lts  o n ly  eq  1 is req u ired . T h e  v a lu e s  o f  Ki 
so c a lc u la te d  are in d e p e n d en t o f  sa lt  c o n c e n tr a tio n ; th ey  
are listed  in  T a b le  I V . A s  e x p e c te d , th e  w ea k er ion  pair  
ap p ea rs  to  require so lv a tio n  m o re , as  d o es  th e  sm a lle r  
a n io n .

(17) G. Herzberg, “ Molecular Spectra and Molecular Structure. II. In
frared and Raman Spectra of Polyatomic Molecules," Van Nostrand, 
New York, N. Y „ 1945, p 173.

(18) J. Wenograd and R. A. Spurr, J. A m er. C h em . Soc., 79, 5844 
(1957).

(19) F. J. C. Rossottl and H. Rossotti, “The Deterlnation of Stability 
Constants," McGraw-Hill, New York, N. Y., 1961, p 89.
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P h o to ly s is  o f  N it r o g e n  D io x id e 1 1 5 3

P h o t o l y s i s  o f  N i t r o g e n  D i o x i d e  t o  P r o d u c e  T r a n s i e n t  O ,  N O 3 , a n d  N 2 0 5

A la n  B. H ark er and  H. S . J o h n sto n *

D e p a rtm e n t  o f C h e m is try  a n d  In o r g a n ic  M a te r ia ls  R e s e a r c h  D iv is ion , L a w re n c e  B e rk e le y  Laboratory, U n ive rs ity  o f California, 

B erke ley , C a lifo rn ia  9 * 7 2 0  (R e c e iv e d  D e c e m b e r  27, 1972 )

Pu b lica t ion  c o s t s  a s s i s t e d  b y  The U n ive rs ity  o f Califo rn ia

N itro g e n  d io x id e  w as p h o to ly z e d  a t  ro o m  te m p e ra tu re  in a lo n g -p a th  in fra red  ce ll. T h e  co n ce n tra tio n s o f  
n itro g en  d io x id e  a n d  n itrog en  p e n to x id e  ( N 20 5) w ere fo llow ed  as a fu n c tio n  o f  t im e , a n d  th e  m o lecu la r  
m o d u la tio n  sp e c tru m  o f  n itrog en  d io x id e  w as o b ta in e d  in a s te a d v -flo w  e x p e r im e n t. W it h  1 a tm  o f  n itro 

gen , th e  o b serv a tio n s  w ere th e  rate  c o n sta n t ra tio s  a n d  sta n d a rd  d e v ia tio n s : fc i [M ] /f t 2 =  0 .1 8  ±  0 .0 1 , 
k 3 [ M ] / k 2 =  0 .2 2  ±  0 .0 1 , k i / K  =  0 .7 1  ±  0 .0 5  s e c " 1  w here ( 1 ) N O  +  O  +  M  —  N 0 2 +  M ;  (2 )  N 0 2 +  O  
-*■ N O  +  0 2 ; (3 ) N 0 2 +  O  +  M  —  N 0 3 +  M ; (4 ) N 0 3 +  N O  —  2 N 0 2 ; K  =  ( [ N 20 5 ] / [ N 0 2 ] [ N 0 3])eq. B y  
u sin g  litera tu re  v a lu es  for k\ (6 .9  X  1 0 -3 2  c m 3 m o le c u le - 1  s e c - 1 ) a n d  for K  (1 .2 4  X  1 0 -1 1  c m - 3 ), th e  
v a lu e s  o f  th e  e le m e n ta ry  rate  c o n sta n ts  are k2 = 9 .2  X  1 0 -1 2  c m 3 m c le c u le - 1  s e c - 1 , k3 = 8 .2  x  1 0 -3 2  
c m 6 m o le c u le - 2  s e c - 1 , a n d  k± =  8 .7  X  1 0 -1 2  c m 3 m o le c u le - 2  s e c - 1 .

I n tr o d u c tio n

T h e  p h o to ly sis  o f  n itro g en  d io x id e  is a k ey  rea ctio n  in  
p h o to c h e m ic a l air p o llu tio n , 1  is im p o r ta n t  in s tra to sp h eric  
p h o to c h e m istr y , 2 a n d  is o fte n  u se d  in th e  la b o ra to ry  to  
m easu re  lig h t in te n s ity  b e tw ee n  3 0 0  a n d  4 0 0  n m . T h e  
rea ctio n  is c o m p le x , a n d  th ere  is d isa g re e m e n t in th e  l i t 

eratu re as to  th e  v a lu e  o f certa in  ra- e c o n sta n ts  a n d  ra te - 
c o n sta n t ra tio s . T h e r e  is a g re e m en t in  th e  lite ra tu re 3-5 

th a t th e  fo llow in g  m e c h a n is m  d esc rib e s  th e  o v erall k in e t

ics o f  th e  p h o to ly s is  o f  sm a ll a m o u n ts  o f  N 0 2 in an  in ert  
carrier gas

N 0 2 + hv - *  N O  +  0 ( 3P ) a / [ N 0 2] (a )

N O  +  O  +  M  —  N 0 2 +  M  A ![ M ] [ N O ] [ 0 ]  (1)

N O s +  0  N O  +  0 2 ¿ 2[ N 0 2] [ 0 ]  (2 )

N 0 2 +  O  +  M  -*■ N O g  +  M  A3[ M ] [ N 0 2] [ 0 ]  (3 )

N O s  +  N O  —  2 N 0 2 r 4[ N 0 3] [ N 0 ]  (4 )

N 0 3 +  N 0 2 +  M  —  N 20 5 +  M  ¿5m[N 0 2][N 0 3] (5 )

N 20 5 +  M  —  N 0 2 +  N 0 3 +  M  ¿ 6M[ N 20 5] ( 6 )

0 2 +  0  +  M ^ 0 3 +  M  A 7[ M ] [ 0 2] [ 0 ]  (7 )

N O  +  0 3 N 0 2 +  0 2 A:8[ N 0 ] [ 0 3] (8 )

w here a  in c lu d e s  th e  a b so rp tio n  cross se c tio n  a an d  th e  
q u a n tu m  y ie ld  </>. T h e  p u rp o se  o f  th is  s tu d y  w as to  e x a m 
ine th is  sy s te m  w ith  th e  m o le c u la r  m o d u la tio n  te c h 
n iq u e , 6 an d  in  p a rtic u la r  to  fo cu s on  th e  ra te  c o n sta n ts  for 
rea ctio n s 2 , 3 , a n d  4  a t  ro o m  te m p e ra tu re .

Q u a n tit ie s  m e a su r e d  in  th is  s tu d y  w ere th e  d e c a y  o f  
N 0 2, th e  b u ild u p  a n d  d e c a y  o f  N 2O s , an d  th e  m o le cu la r  
m o d u la tio n  o f  N 0 2 d u rin g  in te r m itta n t  i llu m in a tio n  o f  a 
s te a d y -flo w  s y s te m . In  te rm s o f  th e  m e c h a n is m  th ese  
m e a su r e m e n ts  give  th e  fo llo w in g  in fo r m a tio n . A t  low  
pressu res (b e lo w  5 0  T o rr) th e  M  ga s d e p e n d e n t rea ctio n s  
(1  a n d  3 ) b e c o m e  n e g lig ib le  c o m p a re d  to  re a ctio n  2 , an d  
th e d ec a y  o f  n itro g en  d io x id e  ca n  be d esc rib e d  by

( d In [NOgjN _  _ 2 a I  (i)
\ di ) p —► o

A t  1 a tm  to ta l p ressu re a n d  w ith  sm a ll in itia l N O  co n ce n 
tr a tio n , th e  d isa p p ea ra n c e  o f  N 0 2 is g iven  (b y  rea ctio n s a, 
1, 2 , 3 , an d  5) as a good  a p p ro x im a tio n  b y

In
[ N O z]

[ N O 2] 0

—2a lt
( 1  +  k£M]/k2)\

(II)

w here ka is th e  e m p ir ic a l, first-o rd e r , d e c a y  c o n sta n t. I f  
th e  in itia l co n ce n tra tio n  o f n itric  ox id e  is close  to  zero, 
th e in itia l rate o f  fo rm a tio n  o f  d in itro g en  p en to x id e  is

d [N 20 5] \ =  q?Z [N 0 2]

d t A - > o  ( 1  +  t o /A jL M j)
(H I)

A t  an  early  s ta g e  o f  th e  rea ctio n  (t = t*) d in itro g en  p e n t 
o x id e  goes th ro u g h  a m a x im u m , a t  w h ich  p oin t

A N ,0,1 N* _  a l ( K / k d  .AN 02]\*
V[N02] /  (1 +  k2/k3[ U ] )  1U n o J

w here rea ctio n s a a n d  1 -6  are in c lu d e d  a n d  w here K = 
k5/k6. T h e  m o d u la tio n  a m p litu d e  o f n itro g en  d io x id e  in a 
ste a d y -flo w  sy ste m  illu m in a te d  w ith  sq u a re -w a v e  p h o to -  
ly z in g  lig h t o f  fre q u e n c y  /  is

A [ N Q 2] =  4 a Z /7 T 2/

[ N O ,]  U N O ]  * ,[ M ]

M N O J  k 2

It ca n  be seen  th a t  eq  I g ives al; w ith  al so d e te r m in e d , eq  
II a n d  III give  tw o  in d e p e n d e n t m e a su res  o f  th e  ra tio  k 2 / 

k 3 ; th e  c o m b in a tio n  o f eq  I, II, an d  V  gives k \ / k 2 .

T h u s  b y  so lv in g  th e  five  e x p e r im e n ta l re la tio n sh ip s  s i 
m u lta n e o u s ly , it  is p o ssib le  to  o b ta in  v a lu e s  for al, ki/K, 
k \ j k 2, a n d  k 3/ k 2, w ith  one e q u a tio n  re d u n d a n t to  use  as a 
ch e ck . B y  ta k in g  th e  litera tu re  v a lu e s  for ky a n d  for th e

(1) A. J. Hagen-Smit, Ind. E n g  C hem ., 44, 1342 (1952).
(2) (a) M. Nicolet, J. G e o p h y s. R e s., 70, 679 (1965); (b) P. J. Crutzen, 

Quart. J. Roy. Met. So c .,  96, 320 (1970); (c) H. S. Johnston, 
S c ie n c e ,  173, 517 (1971).

(3) T. C. Hall, Jr., “ Photochem cal Studies of Nitrogen Dioxide and Sul
fur Dioxide," Ph.D. Thesis, University of California, Los Angeles.

(4) H. W. Ford and N. Endow, J. Chem . P h y s  , 27, 1156, 1277 (1957).
(5) J. Troe, Ber. B u n se n g e s .  Ph ys. C hem ., 73, 906 (1969).
(6) H. S. Johnston, G. E. McGraw, T. T. Paukert, L. W. Richards, and 

J. Van den Bogaerde, P ro c. Nat. A ca d .  Sc i., U .S., 57, 1146 (1967).
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1 1 5 4 A la n  B . H a r k e r  a n d  H . S . J o h n s t o n

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 t u sed  in th is  w ork is a lo n g -p a th  m o le c 
u lar m o d u la tio n  in frared  sp ec tro m e te r . A  b lo c k  d ia g ra m  
o f  th e  a p p a r a tu s  is sh ow n  in F igu re 1. T h e  re a ctio n  cell is 
a c y lin d rica l q u a rtz  tu b e  91  c m  lon g a n d  2 8 .7  c m  in d ia m 
eter, w ith  a v o lu m e  o f 6 7 .0  1. T h e  cell is e q u ip p e d  w ith  
g o ld -c o a te d  m u ltip le -re fle c tio n  m irrors w h ich  give  it a 
sp ec tro sco p ic  p a th  len g th  a d ju sta b le  fro m  4 to  4 0  m . T h e  
sou rce o f th e  ir ra d ia tio n  is a N e r n s t  g low er w h ich  is 
ch o p p e d  a t  4 0 0  cp s b y  an  A m e r ic a n  T im e  P ro d u c ts  tu n in g  
fork . T h e  m o n o c h r o m a to r  is a M c P h e r so n  M o d e l  2 05 1 ,
1 -m  gra tin g  m o n o c h r o m a to r  e q u ip p e d  w ith  a 1 5 0 -lin e  per  
m m  g ra tin g  a n d  order sortin g  filters . T h e  ir d etec to r  is a 
liq u id  h e liu m  co o led , c o p p e r-d o p e d  g e r m a n iu m  p h o to c o n 
d u cto r p ro d u c ed  b y  th e  S a n ta  B a rb a ra  R e sea rc h  C e n te r .

T h e  p h o to ly tic  lig h t for th ese  e x p e r im e n ts  w as su p p lie d  
b y  four, 3 2 -in . G .E . 3 0 -W , F 3 0 T 8 /B L  b la c k  la m p s . T h e  
p h o to ly tic  p h o to n  flu x  in th e cell is on  th e  order o f  1 0 16 

p h o t o n s /c m 2 sec . T h e  p h o to ly sis  la m p  o u tp u t  for th e  cell 
is m o n ito re d  b y  a p h o to tra n sisto r , w h ich  ca n  be u sed  as a 
referen ce to  d e te c t  f lu c tu a tio n s  in th e  la m p  in ten sities . 
T h e  p h o to ly sis  la m p s  are driven  b y  a re g u la ted  pow er  
su p p ly  w h ich  ca n  e le c tro n ic a lly  sw itch  th e m  on  a n d  o ff  in  
resp on se to  a referen ce sq u are w ave fro m  a c ry sta l o s c illa 
tor.

T h e  e lectro n ics  for th e  in stru m e n t are d esig n ed  to  d e 
te c t  th e  p eriod ic  co n ce n tra tio n  flu c tu a tio n s  in th e  a b so r b 
ing ga ses in th e  cell w h ich  are in d u ce d  b y  th e  fla sh in g  o f  
th e  p h o to ly sis  la m p s . T h is  is don e b y  tw o  se q u e n tia l s ta g 
es o f  d e m o d u la tio n . T h e  4 0 0 -c p s  ac sig n al fro m  th e  d e te c 
tor carries th e  m o d u la tio n  in fo rm a tio n  on  s id e b a n d s  at 
4 0 0  ±  f  cp s , w here /  is th e  fre q u e n cy  o f th e  fla sh in g  
la m p s . T h e  first d e m o d u la tio n  is carried  ou t b y  a 4 0 0 -c p s  
lo c k -in  a m p lifie r  w h ich  p ro d u c es a d c  sig n al d ire c tly  p ro 

p o rtio n a l to  th e  sp ec tro sco p ic  lig h t in te n s ity . R id in g  on  
th is  d c  sig n al as a lo w -fre q u e n cy  rip p le  is th e  m o d u la tio n  
in fo rm a tio n . T h is  dc sig n al is sp lit  in  tw o  w ith  one c o m 
p o n e n t b e in g  recorded  w hile  th e  oth er is ac co u p le d , f i l 
te re d , an d  se n t in to  the secon d  sta g e  o f d e m o d u la tio n . 
T h e  se c o n d -sta g e  d e m o d u la to r  is a set o f  tw o  lo c k -in s , 
op e ra tin g  a t  freq u en cy  / ,  w ith  one lo c k -in  referen ce in

equilibrium constant K ,  it is possible to obtain the ele
mentary rate constants &2, k $ , and k \ . Reactions 7 and 8
are not significant in this system.

Figure 1. Schematic diagram of experimental apparatus.

p h a se  w ith  th e  p h o to ly sis  la m p s  a n d  on e  referen ce  e x a c tly  
9 0 ° o u t o f  p h a se . T h e  o u tp u ts  o f  th ese  tw o  lo c k -in s  re p re 
se n t th e  a m p litu d e  o f th e  sin e an d  co sin e  c o m p o n e n ts  o f  
the first fu n d a m e n ta l o f  th e  m o d u la tio n  s ig n a l. F ro m  
th ese  v a lu es  th e  p h a se  sh ift a n d  a m p litu d e  o f  th e  m o d u la 

tion  sig n al ca n  be c a lc u la te d . T h e  o u tp u t  o f  a ll th ree  lo c k - 
in  a m p lifie rs  are recorded  an d  tim e  a v erag ed  in a sig n al 
av erag in g  c o m p u te r .

T h e  carrier ga ses u sed  in th e  e x p e r im e n ts  w ere h ig h - 
p u rity  n itrog en  an d  argon , b o th  o f  w h ich  are p a sse d  
th ro u g h  a M a th e s o n  w a te r -a n d -p a r tic u la te  re m o v a l filter  
b efore u se . T h e  n itrog en  d iox id e  u sed  in th e  c lo se d  cell 
p h o to ly sis  e x p e r im e n ts  w as p rep ared  b y  v a c u u m  d is t i l la 
tion  from  b u lk  liq u id  N 2O 4 . T h e  N O 2 u sed  in th e  flo w  e x 
p er im e n ts  w as co m m e rc ia l m ix e d  gas su p p lie d  b y  M a t h e 
son . T h e  ga s w as a n a ly z e d  b y  ir a n d  u v  sp e c tro sc o p y  in  
th is  la b o ra to ry  a n d  fo u n d  to  co n ta in  9 7 0  ±  5 p p m  o f  N O 2 

and 3 8  ±  4  p p m  o f N O , w ith  th e rem a in d er  b e in g  N 2 . T h e  
co n ce n tra tio n s o f  all N O *  sp ecies in v o lv e d  in th is  w ork  
w ere d ete r m in e d  sp ec tro sc o p ic a lly  fro m  c a lib ra tio n  cu rves  
m e a su red  in  th is  la b o ra to ry .

R e s u lt s

A  series o f  e x p e r im e n ts  w as carried  o u t in th e  c losed  
cell w ith  low  to ta l pressu re , 1 9 -5 6  T o r r . T h e  d e c a y  o f N O 2 

w as first order th ro u g h o u t an  e x p e r im e n t, an d  th e  re su lts  
are listed  in T a b le  I. W h e n  N O 2 is p h o to ly z e d  in a c losed  
cell a t 1  a tm , th e  in itia l d ec a y  is first order, b u t  d e v ia 
tio n s fro m  first-o rd e r  k in etics  a p p ea r a t la ter  t im e s , as  i l 
lu stra te d  b y  F igu re 2 . (T h e  co n c e n tra tio n  o f  N O 2 w as fo l
low ed  b y  in frared  a b so rp tio n  a t 160 0  c m - 1 .) D a t a  for a s e 
ries o f  e x p e r im e n ts  o f  th is  ty p e  are in c lu d e d  in  T a b le  I.

T h e  b u ild u p  a n d  d ec a y  o f  N 2O 5 is illu str a te d  b y  F igu re  
3 for c o n d itio n s  a t  1  a tm  to ta l p ressu re  ( N 2 )  an d  2 4 ° . T h e  
co n ce n tra tio n  o f  N 2 O 5  w as fo llow ed  b y  in frared  a b so rp tio n  
at 1238  c m - 1 . T h e  in itia l rate o f  fo rm a tio n  o f  N 2 O 5  is 
given  in T a b le  II, a n d  th e  co n ce n tra tio n s o f  N O ,  N O 2 ,  a n d  
N 2O 5 a t  th e  m a x im u m  v a lu e  o f N 2O 5 are g iv en  in  T a b le  
III. A  p lo t  o f  ( [ N 20 5 ] / [ N 0 2] ) *  a g a in st ( [ N 0 2] / [ N O ] ) *  is 
given  as F igu re  4  ( c o m p a re  eq  I V ) .

A lo n g  w ith  th ese  c o n v e n tio n a l m e a su r e m e n ts , a m o le c 

u la r -m o d u la tio n  s tu d y  o f  N O 2  p h o to ly sis  w as ca rried  o u t. 
T h e  m o le c u la r -m o d u la tio n  m e th o d  c o n sists  o f  m o n ito rin g  
th e  p eriod ic  co n ce n tra tio n  flu c tu a tio n s  in d u c e d  in  th e  
rea ctin g  sp ec ies  b y  fla sh in g  th e  p h o to ly sis  la m p s  on  an d  
o ff. In  th is  w ork th e  N 0 2 m o d u la tio n  w as s tu d ie d  in a 
s te a d y -flo w  sy ste m  w ith  th e  p h o to ly sis  la m p s  fla sh in g  a t  1 

cp s . U n d e r  th ese  co n d itio n s  th e  N O 3  ra d ic a ls  a n d  ox y g en  
a to m s  w ill b e  at th eir s te a d y -s ta te  c o n c e n tr a tio n s  an d  
N 2O 5 w ill be  e q u ilib r iu m .

T h e  b eh a v io r o f  th e  c o n cen tra tio n  m o d u la tio n  o f  N 0 2 

ca n  be d esc rib ed  b y  a d ifferen tia l e q u a tio n  w ith  th e  f la s h 
ing la m p s  rep resen ted  b y  th e  F ou rier series for a sq u are  
w ave

=  y - | [ N 02] in -  [ N 02] outj -

______________M N O J ___________________ \

f e ,[ N O lM ]  +  (k2 +  ¿ :([ M ] ) [ N 0 2]J  X

£  -  s in  (runt) +  a l )  ( V I )

w ith  F = flo w  rate o f  c h e m ic a ls ; V = v o lu m e  o f  th e  re a c 

tion  c e ll; [ N 0 2 ] in  =  th e N 0 2 c o n c e n tra tio n  flo w in g  in to  
th e  c e ll; [ N 0 2 ]o u t =  th e  N O 2  co n c e n tra tio n  flo w in g  o u t o f
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TABLE I: Initial Rate of Decay of NO2 as a Function of Pressure“

[N02], molecules 
cm-3

Total pres
sure, Torr

Relative 
light nt.

kR, sec"1 
(eq II)

8.6 X 1014 19.5 1.03 1.47 X IO "2
8.8 X 1014 19.5 1.44 X IO "2
4.8 X 1014 22 1.50 X IO "2
8.8 X 1C14 27 1.52 X IO "2

12 X 1014 56 1.52 X IO "2
6.7 X 1014 756 1.00 1.23 X IO "2
9.6 X 1014 756 1.20 X IO "2

10.5 X 1014 756 1.25 X IO "2
11.6 X 1C14 756 1.22 X IO“ 2
2.1 X 1014 756 0.56 0.69 X IO "2
2.4 X 1014 756 0.71 X IO "2
3.1 X 1014 756 0.68 X IO“ 2

19.7 X 1014 756 0.68 X IO "2

The * indicates the concentration at the time of the N2O3 
concentration maximum, t*

Figure 4. Concentration ratios where nitrogen pentoxide is a 
maximum (eq IV).

“ Temperature, 24°; N02 followed by infrared absorption at 1600 cm-1 TABLE II: Initial Rate of Formation of N20 5

Figure 2. N02 decay; comparison of experimental points and 
calculated curve based on rate constants in Table VIII. Initial 
concentration of [N02] = 4.2 X 1015 and [NO] = 2.05 X 1014

Figure 3. N2Os decay as observed by infrared absorption at 
1237 cm "1; comparison of experimental points and calculated 
curve based on rate constants in Table VIII. Initial concentra
tion of N02 = 2.8 X 1015 molecules cm-3 and [NO] = 0.

th e ce ll; ui = 2 r r /T , w here T is th e  p eriod  o f  th e  square  
w ave.

T h is  e q u a tio n  n e g le cts  th e  o zo n e  re a ctio n s , sin ce the  
sy ste m  c o n ta in s  no in itia l ox y g en  a n d  th e  O 3 b u ild u p  w ill 
n ot be  s ig n ific a n t. U n d e r  th ese  co n d itio n s  th e  flo w  sy ste m  
h as rea ch ed  a s te a d y  sta te  w ith  resp ec t to  re a c ta n ts  an d  
p ro d u c ts , so th e  u n m o d u la te d  or dc te rm s in  eq V I  ca n cel  
lea v in g  o n ly  th e  m o d u la tio n  or ac te rm s

d[NQ.2]Ac
dd

—a /2 f e 2[ N 0 2] 2 X  ~ s i n  (n d )

___________________S ili___________________________ ( V U )
7t2/J /z1[ N O ] [ M ]  +  (k2 +  ¿ 3[ M ] ) [ N 0 2]]

[N02], mole- Mm(d[N20 5 ]/ [N02], mole- lim(d[N20 5 ]/
culescm-3 df)(_ 0/[ND2], culescm-3 df);_o/[N02],

sec-1 sec-1

1.91 X 1015
2.5 X 1015
2.6 X1015

0.73 X 10-3 
0.69 X IO "3 
0.64 X 10"3

2.8 X 1015
3.3 X 1015
3.3 X 1015

0.63 X IO "3 
0.70 X IO "3 
0.79 X IO "3

TABLE ill: Conditions at Maximum Concentration of N20 5

Initial concn Conor at N2Os maximum

[N02]
X 10-15, 

molecules 
cm-3

[NO]
x io -14,
molecules

cm-3

[n2o5] 
x 1 0 - 13, 

molecules 
cm-3

[no2]
■X IO“ 15, 
molecules 

cm-3

Ratio
[N0][N205]/ 
V [N02]2 

X 1 0 3

3.28 0 .0 2.1 2.82 1.14
3.26 0 . 0 2.0 2.79 1.13
2.50 0 .0 1.43 2.'13 1.06
2.84 0 .0 1.66 2.43 1.08
1.85 8 . 1 0.89 1.59 1.11
1.61 1 0 . 2 0.65 1.37 1.11
2.56 16.5 0.84 2.21 0.91
2.56 25.2 0.68 2.19 0.87
2.26 25.8 0.80 1.95 1.16
2.36 40.8 0.57 2.00 1.05

w here df? =  2 7 r /d f ; 6 = u>t; an d  {  =  f la sh in g  fre q u e n cy .
S e le c tin g  th e  c o n d itio n s  so th a t  th e  m o d u la tio n  w ill be  

less  th a n  one p a rt per th o u sa n d  lea v e s  th e  re a c ta n t co n 
cen tra tio n s e sse n tia lly  c o n sta n t, a llo w in g  eq  V II to  b e  in 

teg ra ted  in c losed  fo rm  to  give

— a 7 [ N 0 2] 2fe2 n~ 2 cos (nd)
odd n

[ n o 2] ac 7I-2/']& 1[ N o j [ m ] +  (k2 +  ¿ 3[ M ] ) [ n o 2] ! ( v n i )

B y  e le c tro n ic a lly  filter in g  ou t all b u t th e  first F ourier  
c o m p o n e n t o f  th e  m o d u la tio n  sig n a l, a n d  ta k in g  th e  p ea k - 
to -p e a k  a m p litu d e  g ives th e  e x p e r im e n ta l re la tio n sh ip

r v n  -1 _  4 a J * i[ N Q j
'■ [ N 0 2]mod » » / ( Ä j N O l t M ]  +  (k2 +  * 3[ M ] ) [ N 0 2])

( I X )

C o m p a riso n  o f eq  V III  a n d  V I  sh ow s th e  N 0 2 m o d u la 
tio n  w ave fo rm  to  b e  tr ia n g u la r , p h a se  sh ifte d  9 0 ° from  
th e  ex c itin g  lig h t. T h e  a m p litu d e  o f th is  w ave  fo rm  a n d  
its p h ase  sh ift fro m  th e  ex c itin g  lig h t can  b e  d e te r m in e d  
e x p e r im e n ta lly  a n d  re lated  to  eq  I X
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TABLE IV: Data for NO? Modulation at 1 atm Total Pressure, 24°

Carrier
gas

Steady-state
concn

[NO2] [NO]
X 1 0 - 1 4  X 1 0 - 15

kH, sec- 1 
X 103

Phase,
shift,
deg

A [NO2] 
mod.

X 1 0 - 11
* 1  [M]/

k2

n 2 1 .02 0 .7 4 8 .3 9 3 .6 1 .43 0 .1 6 3
Nz 1 .19 1 .22 8 .3 89 1.31 0 .1 7 9
n 2 0 .6 8 1.49 8 .3 70 1 .4 0 0 .1 8 9
n 2 1 .13 2 .0 4 8 .3 82 0 .8 3 0 .1 8 5
n 2 1 .87 2 .1 2 8 .3 80 1 .6 2 0 .1 9 0
N2 1 .68 1 .60 7 .2 94 1 .68 0 .1 7 8
Ar 1 .55 1 .38 8 .3 8 8 .2 1 .78 0 .1 9 0
Ar* 2 .1 2 1 .30 4 .6 8 7 .8 1 .65 0 .2 0 6
Ar 1 .34 1 .34 8 .3 9 1 .8 1.41 0 .1 9 8

TABLE V: Observed Rate Constant and Rate-Constant Ratios

Rate constant 
function

Observed
value

Based 
on eq

Source of 
data Condition

a l 7 .4 5  X  1 0 - 3 s e c -1 i T a b le  I
1 .22  X  1 0 - 2  s e c -1 h T a b le  I 1 a tm  of N 2

k 3 [ M ] / k 2 0 .2 2 h T a b le  I 1 a tm  of N 2
k 3/ k 2 8 .9  X  1 0 -21 h N 2 = M
Ar3[M ]/A r2 0 .2 0 in T a b le  II 1 a tm  of N 2
k 3/ k 2 8.1 X  1 0 -21 in N 2 = M
k t / K 0.71 s e c - 1 IV T a b le  I I I ,  

F igure 4
k , [ M ] / k 2 0 .18 V T a b le  IV 1 atm  of N 2
k t / k 2 7 .3  X  1 0 -21 V N 2 = M
k i [ M ] / k 2 0 .2 0 V T a b le  IV 1 atm  of Ar
k i / k 2 8.1 X  1 0 -21 V Ar = M

TABLE VI: Comparison of the Results of This Work with the 
Literature Values"

k , [M ] /k 2 k 3[M ] /k 2 kt /K ,  s e c - ' T, °K Ref

0 .1 8  ±  0.01 0 .221  ±  0 .0 0 5  0 .71 ±  0 .0 2 296 This
w ork

0 .1 8  ±  0 .0 0 4 0 .3 3  ±  0 .0 8 296 7
0 .1 0  ±  0 .0 5 0 .2 7  ±  0 .0 3 295 5
0 .3 6 1.9 300 4

0 .6 0  ±  0 .0 6 296 8

a Total pressure =  1 atm, M gas =  nitrogen.

A summary of the steady-state concentrations with the 
phase shift and amplitude measurements are recorded in 
Table IV. The photolytic light intensity for the modula
tion experiments was found to be 11.2% greater than in 
the initial slope experiments, when measured by the pho
totransistor mounted in the cell, and the values of a l  have 
been normalized by this factor.

Discussion
The observed rate constant ratios are assembled in 

Table V. The two independent values of £3/62 agree with
in 10%; the value based on eq II was more precise and is 
preferred. The three observed ratios, fei/&2, ^3/^2, and 
k t / K ,  are compared with values reported in the literature 
in Table VIA-5-7 8

This study gives only rate ratios. To evaluate absolute 
values of rate constants, either k \ ,  k 2, or k 3 must be taken 
from the literature. Of the three, the most extensive and 
most precise data are those for k \ .  Literature values are

TABLE VII: Observed Values of k  1“

k 1 , cm 6 molecule-2  
sec - 1 M gas T, °K Ref

7 .0  ±  0 .0 8  X  1 0 -3 2 O 2 , N 2 . Ar 296 9
7 .6  ±  0 .0 5  X  1 0 -3 2 Ar, 0 2 3 0 0 10
6 .4  ±  0 .8  X  1 0 - 32 o 2 2 9 7 11
7 .3  ±  0 .9  X  1 0 -3 2 n 2 2 9 7 11
5.1 ±  0 .2  X  1 0 -3 2 0 2, H e , Ar 293 12
5 .3  X  1 0 -3 2 Ar 298 13
6.1 X  1 0 - 32 n 2 298 14

1 0 .0  ±  0 .1 4  X  1 0 -3 2 n 2 296 15

a Average value = 6.9 X 10~ 32 cm6/m olecule2/ sec.

TABLE VIII: Elementary Rate Constants for Nitrogen Dioxide 
Photolysis (297 °K, 1 atm of N2)

Constant Value Source Ref

k  1 6 .9  X  1 0 - 3 2  c m 6 s e c - 1 L iterature 9 - 1 5
k 2 9 .2  X  IO -1 2  c m 3 s e c -1 k i , k i / k 2 T a b le  V
k  3 8 .2  X  1 0 -3 2  c m 6 s e c -1 k 2, A3 / A2 T a b le  V
K 1 .2 4  X  1 0 -11  c m - 3 L iterature 16
k t 8 .7  X  1 0 - 12 c m 3 s e c -  1 K ,  k t / K T a b le  V
k  6 M 0 .1 0 4  s e c - 1 L iterature 17
k  5 M 1 .2 9  X  1 0 -1 2  c m 3 s e c -1 K,  kgm
k  7 6 .2 4  X  1 0 -  34 c m 6 s e c - 1 L ite ratu re 18
k  s 2.1 X  1 0 - 14 c m 3 s e c - 1 L iterature 19

summarized in Table VII,9 15 and the value 6.9 X 10-32 
cm3 molecule-1 sec-1 was taken for N2 as foreign gas at 
room temperature. The observed quantity kt/K is reduced 
to ki by the literature value of K. With these values of K 
and ki, the elementary rate constants k2, k3, and kt are 
evaluated and listed in Table VIII9 19 with the other eight 
elementary rate constants in this system.

With these eight elementary reactions, a computer pro
gram was written that integrated the simultaneous rate 
equations to give NO2 and N205 as a function of time. In 
Figures 2 and 3 the circles represent observations and the 
smooth curves are those calculated from the elementary 
rate constants in Table VIII. There is good agreement be
tween the calculated and observed curves over the full 
course of observations.
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In. a recent publication [J. Phys. Chem., 76, 1553 (1972)], the use of torsional frequencies in determining 
the enthalpy differences between the cis and trans forms of the ortho halophenols was described. This 
study has now been extended to include several additional ortho-substituted phenols. Torsional frequen
cies and barriers to internal rotation are presented for o-methoxy-, -ethoxy-, -phenyl-, -cyano-, -tert- 
butyl-, -methyl-, -trifluoromethyl-, -2-ter£-butyl-6-methyl-, -2,6-dimethyl-, and -2,3-diphenylphenols. For 
those molecules where cis and trans isomers are possible, the enthalpy differences between the isomeric 
forms are evaluated and compared.

Introduction
In a recent paper, we reported on the value of far-in

frared torsional frequencies in the study of intramolecular 
hydrogen bonding and cis-trans isomerism in o-halophen- 
ols.1 However, in addition to the halogens, there are many 
other groups which also give rise to the possibility of cis 
and trans forms for ortho-substituted phenols. Puttnam2 
and Krueger and Thompson3 have examined the OH 
stretching frequencies of a number of ortho-substituted 
phenols and have found that ortho groups, such as cyano, 
phenyl, ethoxy, tert-butyl, and hydroxyl, give rise to two 
OH stretching frequencies while for methoxy and all other 
alkyl substituents only one OH stretching frequency is ob
served. The number of OH stretching bands observed was 
generally taken to be indicative of the number of isomers 
present for a particular substituent. Ingold and Taylor 
have discussed the geometrical isomerism in a number of 
ortho-alkyl-substituted phenols and determined energy 
differences between the cis and trans forms of o-methyl- 
phenol and several o-ferf-alkylphenols.4 More recently, 
Allinger, Maul, and Hickey5 have calculated the confor
mational properties of o-ter£-butylphenol from dipole mo
ment measurements and have discussed the internal rota
tion barriers and conformational equilibria for other 
ortho-alkyl-substituted phenols.

In the present study, we have observed the phenolic- 
OH torsional frequencies for o-methyl-, -trifluoromethyl-, 
-ieri-butyl-, -methoxy-, -ethoxy-, -cyano-, -phenyl-, -2,6- 
dimethyl-, -2,6-diphenyl-, and -2-£eri-butyl-6-methylphe- 
nol. These frequencies have been used to calculate inter
nal rotation barriers as well as conformational equilibria 
for the cases where cis and trans forms are possible.

Experimental Section
Most of the phenols studied were available commercial

ly in good purity; a few were obtained through the courte
sy of Dr. A. W. Baker of the Dow Chemical Co. Authen
ticity of the samples was checked by comparison of their 
infrared spectra with published reference spectra. The o- 
methylphenol sample was also analyzed by gas-liquid 
chromatography and found to be 98.9% pure.

Low-frequency infrared spectra of the phenols and their 
phenol-OD derivatives as dilute (0.01-0.03 M) solutions in 
cyclohexane were obtained on a Digilab FTS-14 Fourier

transform spectrometer employing a 3-p Mylar beamsplit
ter to cover the range 650-100 err. '. The experimental 
details were the same as described previously.1 6

Infrared spectra in the OH stretching region for a few of 
the compounds were obtained on a Beckman IR-9 spectro
photometer employing 5-cm quartz cells and C C I 4  solu
tions. Raman spectra and depolarization ratios for 0- 
methylphenol were recorded on a Cary 83 laser Raman 
spectrophotometer.

Results
The low-frequency infrared spectra of the ten ortho-sub

stituted phenols are given in Table I. The frequencies for 
the analogous OD compounds are included. The accuracy 
of these frequencies will be determined by the error in 
choosing the band maxima, for the frequency accuracy of 
the Digilab FTS-14 is better than ±1 cm-1.

Far-infrared data for some of these phenols in the 
monomeric state have been reported previously; the tor
sional frequencies for o-phenyl- and o-methoxyphenol in 
CCL solution have been given by Nyquist;7 torsional 
frequencies for o-methyl-, o-£er£-butyl-, 2,6-dimethyl-, and
2-tert-butyl-6-methylphenol in polyethylene matrix by 
Jakobsen and Brasch;8 and the far-infrared spectra of o- 
methylphenol and 2,6-dimethylphenol by Green, et al.s 
Our results, although in generally good agreement with 
this data, are considerably more detailed.

Our assignments of the torsional frequencies were con
firmed by their shift on deuteration of the phenolic OH 
group. The f o h / " o d  ratios fell in the range 1.31-1.35. The 
torsions for o-cyanophenol-OH and o-trifluoromethyl-,

(1) G. L. Carlson, W. G. Fateley. A. S. Manocha, and F. F. Bentley, J. 
P h y s . C h e m .,  76, 1553 (1972).
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2747(1971).
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Figure 1. F a r-in fra red  sp ectra  of o -m sthy lpheno l (solid curve) 
and o -m e th y lp h e n o l-O D  (dashed cu rve) in cyc lo h exan e solu
tion: sam p le  co n cen tra tio n s  ~ 0 . 0 4  M  path length 5 m m .

2,6-dimethyl-, and 2-tert-butyl-6-methylphenol-OD ap
pear as doublets apparently due to Fermi resonance with 
other nearby modes. In the case of 2-fert-butyl-6-methyl- 
phenol only one OH torsional frequency could be found, 
although the presence of two OH stretching bands indi
cates the existence of both cis and trans forms.

The OH torsional region for o-methylphenol is abnor
mally complex and shows unusual behavior upon deutera- 
tion. The possibility that this complexity is due to impu
rity bands is ruled out because gas chromatographic anal
ysis of the sample showed the purity to be 98.9%. Conse
quently, both the infrared and Raman spectra were stud
ied in considerable detail in order to determine the num
ber and positions of the torsional frequencies. The results 
of these studies are given in Figure 1 and Table II.

Discussion
It is well known that the phenol molecule is planar with 

a twofold barrier to internal rotation of about 3.5 kcal/ 
mol.10 For ortho-substituted phenols, the presence of the 
ortho substituent may introduce a Vi term in the poten
tial function for internal rotation resulting in an unsym- 
metrical barrier and the possibility of cis and trans con- 
formers. If the ortho substituent is capable of hydrogen 
bonding with the phenolic OH group, the cis form is sta
bilized by an energy corresponding to the strength of the 
intramolecular hydrogen bond. This is the usual case and 
the form of the potential curve for o-cyanophenol is shown 
in Figure 2. However, in the case of o-tert-butyl phenol, 
the steric effects of the bulky tert-butyl group favors the 
trans isomer although the cis isomer still exists apparently 
due to the fitting of the phenolic hydrogen into the tert- 
butyl group.4

In a previous paper, we reported our observations of tor
sional frequencies for both the cis and trans forms of the 
ortho halophenols and showed how these frequencies could 
be used to evaluate the enthalpy differences between the 
isomeric forms.1 We have now used the method outlined 
in that paper to calculate barrier heights (V\ and V2) and 
conformational equilibria for other ortho-substituted phe
nols which exist as mixtures of cis and trans forms. For

Figure 2. Potential curve tor in ternal rotation in o -cyanopheno l: 
V(oc)  (k c a l/m o l)  = 1 .7 3 (1  -  cos a ) / 2  +  4 .7 6 (1  -  cos 2 a ) ¡ 2 .

2,6-dimethyl- and 2,6-diphenylphenol, where Vi must be 
zero, the calculation of V2 followed standard methods 
employing the Mathieu equation.11 The reduced moment 
of inertia, F(a), for each phenol was calculated using the 
structural data for the phenol framework given by Peder
son, et al.10 As a consequence of the center of mass of the 
O-H rotor falling on the internal rotation axis, F(a) was 
found to be the same for both the cis and trans isomers 
and virtually insensitive to the mass of the substituent 
group. A value of 22.47 cm" 1 was used in all cases.

The results of the barrier calculations will be discussed 
in the following sections.

o-Methoxy-, -Ethoxy-, -Cya.no-, and -Phenylphenol. All 
of these phenols except the o-methoxy compound show two 
OH stretching bands. Puttnam2 has discussed the assign
ment of these two bands to the cis and trans orientation of 
the O-H group with respect to the ortho substituent for 
the cyano and ethoxy derivatives, and attributes the ab
sence of the second, weaker OH stretch in the o-methoxy 
compound to an unusually low intensity in the trans iso
mer. o-Phenylphenol also exists in cis and trans forms 
with the cis form stabilized by an intramolecular hydro
gen bond with the 7r electrons of the o-phenyl group.12 For 
all of these phenols, the major portion of the sample exists 
in the bonded (cis) form.

Torsional frequencies attributable to both the cis and 
trans forms were observed and confirmed by their shifts 
on deuteration for each of these phenols. By analogy with 
the o-halophenols,1 the intense, higher frequency band is 
assigned to the cis form. The assignment of the trans tor
sion for 0-phenylphenol is somewhat tenuous because the 
319-cm 1 band is considerably weaker than normal. How
ever, the fact that an analogous shifted band could be 
found in the OD compound and the absence of the band 
in 2,6-diphenylphenol gives some support to its reality.

(10) T. Pederson, N. W. Larsen, and L. Nygaard, J. M o l.  S t r u c t . ,  4, 59 
(1969).

(11) D. R. Herschbach, J . C h e m . P h y s .,  3 1 ,9 1  (1959).
(12) A. W. Baker and A. T. Shulgin, J . A m e r .  C h e m .  Soc.. 80, 5358 

(1958).
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TABLE III: OH Stretching and Torsional Frequencies and Internal Rotation Barriers for Ortho-Substituted Phenols'2

OH stretch, cm - 1 (CCI4 soln) 6 OH torsion, cm ; 1 (cyclohexane soln)

Phenol Cis Trans Cis Trans V i ,  kcal/mol V 2 , kcal/mol

o-Methoxy 3 5 5 7  s __ 428 s 388 w 2 . 0 0 5.94

o-Ethoxy 3 555 s 3 6 13  w 432 s 386 w 2.31 5.97

o-Cyano 3559 s 3595 w -3 8 2  sc 343 w 1.7 3 4.76

o-Phenyl 3565 s 3605 w 383 s 3 19  w? 2 .7 3 ? 4 .5 2 ?

2,6-Diphenyl 3558 s d 389 s d 0  • 5.42

\i 307 s 341 w-m

o - t e r t -  Butyl 3647 w 3607 s 1I or 1 . 38e —

I[ 2 7 7 e 307 s

I¡ 264e 297 s
2 - t e r t -  Butyl-6 -methyl 3649 w 3 6 17  s i or 1 .0 5 e -  -

II 297 s 3 25'’

0 -C F 3 3622 s 300 s f g - 3 . 3 4
o-Methyl 3 6 14  s 297 s g 3.29
2,6-Dlmethyl 3620 s d 303 s d 0 3.41

a s =  strong, w =  weak, '’ Frequencies taken from ref 3 and 4 except for 0 -C F 3 and 2,6-diphenyl which were measured in this work. c Weighted 
average of Fermi doublet. d Not observable since molecules exist as cis form only. e Predicted values, see text. 1 Broad, asymmetric band. * See text.

The calculated values of Vi and V2 for o-methoxy, -eth
oxy-, -cyano-, and -phenylphenol in cyclohexane solutions 
are summarized in Table III. The magnitude of V2, the 
twofold barrier, arises mainly from the overlap between 
the ir orbitals of the phenolic oxygen and the aromatic 
ring, and the utility of this data in the study of 7r-electron 
densities in aromatic rings will be discussed in a future 
paper. In the present study, the value of Vi is more perti
nent because it is the energy difference between the cis 
and trans forms and is a direct measure of the strength of 
the intramolecular hydrogen bond. To our knowledge, the 
only previous data on intramolecular hydrogen bond 
strengths in these four phenols are AH values of 1.45 and 
0.91 kcal/mol for o-phenylphenol in CCI4 solution given 
by Oki and Iwamura13 and Plourde,14 respectively.

A comparison of the bridge bond strengths for these 
four phenols with those determined previously for the 0- 
halophenols1 is given in Table IV.16 According to these 
data, in cyclohexane solution, the alkoxy, cyano, and phe
nyl groups all form stronger intramolecular hydrogen 
bonds than the halogens.

o-Phenylphenol is_ the only example we have studied 
-which involves hydrogen bonding to ir electrons. This type 
of intramolecular hydrogen bonding has been discussed by 
Baker12 and Oki and Iwamura.13 Our value of AH for this 
compound is two-three times that reported in previous 
studies.13’14 An effort was made to resolve this discrep
ancy by repeating the work of Oki and Iwamura on the 
temperature-dependent change in intensity of the OH 
stretching vibrations. Because of the great difference in 
intensity of the two bands, accurate intensity measure
ments are very difficult. Also, since CC14 was employed as 
the solvent, only a 50° temperature range was possible and 
over this temperature range the change in the intensity 
ratio was exceedingly small. This observation implies that 
AH for ths cis . > trans conversion is either very large (>2.5 
kcal/mol) or very small (<0.5 kcal/mol). Furthermore, if 
we use the cis torsional frequency of 383 cm“ 1 and Oki and 
Iwamura’s AH value of 1.45 kcal/mol, we can predict the 
trans torsional frequency to be 351 cm“ 1. No band is ob
served at this position although a weak band could con
ceivably be lost in the wing of the intense 383-cm'1 band. 
We, therefore, cannot determine with certainty the energy 
difference between the cis and trans forms of o-phenyl

phenol; however, both our torsional assignments and our 
temperature dependence study appear to favor a higher 
AH value than that given previously.16 On the other 
hand, a large AH would seem to be in disagreement with 
the observed intensities of the OH stretching bands. 
Baker and Shulgin12 have noted that the intensity of the 
bonded OH stretching band is about six times that of the 
free OH. This would indicate that the concentration of 
trans isomer would be on the order of 10%, whereas a AH 
of 2.7 kcal/mol would imply a much smaller concentra
tion. This apparent discrepancy might be reconciled if the 
bridge bond formation were accompanied by an entropy 
decrease of 4-5 eu. A decrease of this magnitude may not 
be unreasonable because the hydrogen bond formation 
would result in a restriction of rotation and/or vibration 
around the pivot bond between the two phenyl rings.

o-tert-Butylphenol and 2-tert-Butyl-6-methylphenol. 
Both of these phenols show a strong OH stretching band 
near 3610 cm-1 with a weaker band at approximately 
3650 cm-1. Ingold and Taylor demonstrated that the two 
bands are due to the presence of cis and trans forms and 
measured the energy differences between the two isomers. 
For o-fert-butylphenol in C C I 4  solution the free energy 
change (AG) for the cis-trans conversion was found to be 
1.57 kcal/mol while for 2-methyl-6-terf-butylphenol values 
for AG (1.06 kcal/mol), AH (1.05 kcal/mol), and AS 
(—0.1 eu) were reported.4 These results for the o-tert- 
butyl compound have been confirmed by the dipole mo
ment study of Allinger, et al.,5 which showed that the 
trans form accounts for 91% of the mixture, indicating a 
AG of 1.38 kcal/mol at 300°K. These authors have also 
calculated an enthalpy difference between the cis and 
trans forms of gaseous o-teri-butylphenol of 3.04 kcal/mol 
and predict a lower value of AH (2.22 kcal/mol) for the 
2-methyl-6-tert-butyl compound.

(13) M. Oki and H. Iwamura, B u ll.  C h e m . S o c .  J a p . ,  33, 717 (1960).
(14) G. R. Plourde, Thesis, University of Wisconsin, 1961; D is s .  A b s t r . ,  

22, 400 (1961).
(15) A. W. Baker and A. T. Shulgin, C a n . J . C h e m .,  43, 650 (1965).
(16) We tend to disregard the 0.91 kcal/mol value obtained from a tem

perature-dependence study on the overtone bands of the OH 
stretching frequencies by Plourde14 because in this same work the 
bridge bond strengths found for o-chloro- and o-bromophenol were 
also much lower than the more generally accepted values. 1
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For o-tert-butylphenol in cyclohexane solution, we ob
serve an intense band at 307 cm-1 and a weaker band at 341 
cm-1 both of which appear to shift by a value of — 1.35 
on deuteration. Since this compound is known to exist pre
dominantly in the trans form, it would seem that the in
tense 307-cm” 1 band should be attributed to the trans tor
sion and the weak 341-cm-1 band to the cis. However, this 
assignment of the torsional frequencies cannot be correct 
because then the lower frequency is attributed to the more 
stable form. We could disregard the intensities of the two 
bands and reverse the assignment. Using 341 cm -1 for the 
trans torsional frequency and 307 cm ' 1 for the cis, Vi and 
Vi are calculated to be 1.34 and 3.87 kcal/mol, respec
tively, and the agreement of our Vi (1.34 kcal/mol) with 
an energy difference of 1.38 kcal/mol given by Allinger is 
excellent. However, we are reluctant to disregard the in
tensity data and have examined the far-infrared spectrum 
of 2,6-di-teri-butylphenol in cyclohexane solution to de
termine the approximate position of the O-H torsional fre
quency for the cis form. The far-:nfrared spectrum of the
2,6-di-terf-butyl compound shows bands at 320, 285, 245, 
and 154 cm ' 1 all of which disappear on deuteration of the 
O-H group with the appearance of only two bands (208 and 
148 cm-1) in the O-D compound. Although the complexity 
of these spectra precludes an accurate assignment of the cis 
O-H torsional frequency, the data for the O-D compound 
suggest that this frequency is significantly lower than 300 
cm” 1 (208 cm” 1 X  1.35 = ~280 err."1).

If we use 307 cm-1 as the trans torsional frequency for 
o-terf-butylphenol and Allinger’s energy difference value 
of 1.38 kcal/mol as an estimate cf V/, we calculate a cis 
torsional frequency of ~277 cm” 1. We do not observe a 
band in this region although a weak band near 280 cm” 1 
could be hidden in the wing of the intense 307-cm-1 band, 
and, in fact, some asymmetry on the low-frequency side of 
the 307-cm” 1 band is discernible.

Thus, if we disregard the band intensities, we obtain a 
reasonable Vi term using the 307- and 341-cm” 1 bands. On 
the other hand, it would seem mere reasonable to assume 
that the cis torsional frequency should be lower than 307 
cm” 1 but is not observed because cf low intensity; however, 
this assumption would not explain the shift of the 341-cm-1 
band with deuteration. A third explanation which would 
rationalize the assignment of 307 cm-1 (trans) and 341 
cm-1 (cis) on an intensity basis is suggested by Ingold’s 
reasoning on the O-H stretching frequencies for the cis and 
trans forms of o-tert-butylphenol.4 Ir.gold explained the ob
servation that the stretching frequency for the cis form was 
higher than the trans on the basis of a repulsion of the phe
nolic hydrogen by the tert-butyl group which results in a 
narrowing of the potential well and a raised frequency. If 
this same reasoning were applied to the torsional vibra
tion, a higher frequency for the less stable form might be ex
pected. Obviously, if this is the case, the torsional motion 
could not be characterized by a simple potential function, 
and we would not be able to evaluate a Vi term. Thus, the 
data for o-tert-butylphenol presented in Table III should 
be viewed as very speculative.

For 2-fert-butyl-6-methylphenol, only one deuteration- 
sensitive band at 297 cm-1 was observed. The problem for 
this compound is much the same as for o-tert-butylphenol. 
If we assume that 297 cm ” 1 is the trans torsional frequency 
(here cis and trans refer to the orientation of the O-H rotor 
with respect to the tert-butyl group), the use of the AH 
value of 1.05 kcal/mol given by Ingold and Taylor for this 
molecule4 allows us to calculate a cis torsional frequency

TABLE IV: Intramolecular Hydrogen Bond Strengths tor
Ortho-Substituted Phenols in Solution

Phenol

Enthalpies of H bond formation, 
— AH, kcal/mol

Torsional method, 
cyclohexane 

solution

Temperature 
dependence method, 

CCU solution

o-Phenyl 2 .7 3 ? 1.4 5 “
o-Ethoxy 2 .31
o-Methoxy 2.00
o-Cyano 1 .7 3
o-Chloro 1.6 2 1.4 4 6
o-Bromo 1.5 7 1 .2 1
o-lodo 1.4 5 1.08
o-Fluoro 1.44

°  Reference 13. ® Reference 15.

of 264 cm-1. We do observe a weak band at 266 cm-1 but 
this band is also present in the O-D compound. On the 
other hand, if 297 cm-1 is assigned to the cis torsion our 
calculation using Vi = 1.05 kcal/mol would predict 325 
cm” 1 for the trans torsional frequency, which is also not 
apparent in our spectrum. These data for the 2-terf-butyl-6- 
methyl compound are included in Table III but should also 
be regarded as speculative.

o-Methyl-, o-Trifluoromethyl-, 2,6-Dimethyl-, and 2,6- 
Diphenylphenol. The presence of only one band in the OH 
stretching region for these phenols in dilute CCU solution 
would seem to indicate the existence of just one isomeric 
form and certainly this must be the case for the 2,6-disub- 
stituted compounds. However, Ingold and Taylor4 have 
pointed out that the half-band width of the O-H stretch 
for o-methylphenol is greater than the corresponding half- 

-band widths for phenol and 2,6-dimethylphenol. These 
measurements are substantiated by the work of Krueger 
and Thompson,3 and are interpreted by Ingold and Taylor 
as being indicative of two unresolved O-H stretching 
bands in o-methylphenol.

In addition, Ingold and Taylor have taken the decrease 
in AG on going from o-ieri-butylphenol (AGSO]n = 1.57 
kcal/mol) to 2-tert-butyl-6-methylphenol (AGsom =1.06 
kcal/mol) as a measure of the difference in free energy of 
the cis and trans forms of the o-methyl compound. A AG 
value of 0.5 kcal/mol indicates that o-methylphenol exists 
as ~70% trans isomer and 30% cis in CCU solution at 
300°K. More recently, Allinger, et al.,5 have approached 
the conformational equilibrium in o-methylphenol via a 
force field calculation and have predicted an energy dif
ference between the cis and trans forms of 0.86 kcal/mol. 
These authors also postulate the existence of two trans 
forms arising from the orientation of the methyl hydro
gens with respect to the hydroxyl group.

For 2,6-dimethylphenol and 2,6-diphenylphenol, we ob
serve only the expected single torsional frequency in each 
case. These frequencies have been used to calculate the 
Vi barriers given in Taole HI. It is noteworthy that the 
value of Vi found for 2,6-dimethylphenol (3.41 kcal) is al
most unchanged from the 3.5 kcal value of phenol.10 This 
is contrary to the prediction by Allinger5 that the steric 
effects of the methyl groups would reduce the barrier in
2,6-dimethylphenol from what it is in phenol itself by 
about 1 kcal/mol.

The torsional region for o-methylphenol in dilute cyclo
hexane solution is considerably more complex than for any 
other phenol we have studied and contains three bands of
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about equal intensity as shown in Figure 1. All three 
bands disappear on deuteration; however, only one rea
sonably sharp and symmetric OD torsional band appears. 
We have therefore carried out a detailed study of the low- 
frequency infrared and Raman spectra of o-methylphenol 
in an attempt to explain the origin of these three bands 
and to determine whether we are observing more than one 
torsional frequency. The results of this study are summa
rized in Table II.

Green, et ai, have recently published a vibrational as
signment for o-methylphenol.9 Their assignment was 
made on the basis of the trans conformer, and only one 
band at 1219 cm-1 was suggested as possibly being due to 
the cis form. Thus the bands at 322 and 297 cm- 1 were 
attributed to the torsional mode of the trans isomer, and 
the 266-cm 1 band was assigned as the lowest in-plane 
bending mode. This explanation is not satisfactory be
cause it does not account for the disappearance of the 
266-cm-1 band with deuteration nor does it justify the 
presence of two torsional frequencies (322 and 297 cm“ 1) 
for the O-H compound and only one (224 cm-1) for the 
O-D compound.

Our Raman spectrum of o-methylphenol shows two 
bands in the 250-350-Acm-1 region (Table II). The polar
ization of the 310-Acm-1 band and the persistence of the 
277-Acm1 band in the O-D compound show that neither 
are associated with a torsional mode, and furthermore the 
277-cm-1 band does not shift appreciably on going from 
the liquid to dilute cyclohexane solution. However, the in
frared spectrum of o-methylphenol in the 250-350-cm-1 
region changes dramatically on going from the liquid to 
cyclohexane solution. The strong, broad absorption in the 
300-400-cm-1 region of the liquid becomes two bands at 
297 and 322 cm- 1 and the 275-cm-1 liquid band appears to 
shift to 266 cm“ 1. These same three bands are evident in 
the spectrum of the vapor although they are broader and 
not as well defined as in the solution spectrum. We have 
also compared the intensities of the 322, 297, and 266 
cm-1 bands at +24 and -30° (pentane solution); only a 
slight relative increase of the peak intensity of the 322- 
c m 1 band was observed on lowering the temperature.

Upon deuteration of the OH group, the 322-, 297-, and 
266-cm-1 bands all decrease greatly in intensity and a 
fourth weak band at 278 cm-1 becomes evident (see Fig
ure 2). We feel that this 278-cm-1 band is the counterpart 
of the 275-cm-1 liquid band observed in both the infrared 
and Raman spectra, and that the 266-cm-1 band observed 
in solution is associated with a torsional mode and not a 
shifted 275-cm-1 band as had been assigned by Green.9

Our solution (and vapor-phase) spectra and the deut
eration experiment therefore seem to indicate that the 
three bands, 322, 297, and 266 cm-1, must be associated 
with the torsional mode(s) of monomeric o-methylphenol. 
However, the assignment of the bands as the torsional 
modes of cis and trans forms is clouded by the observation 
of only one O-D torsional band at 224 cm-1 in o-methyl- 
phenol-OD. Furthermore, the half-band width of the 224- 
cm-1 band is exactly the same as the half-band width of 
the O-D torsional band in 4-methylphenol-OD where 
there is no possibility for cis and trans isomers. (This 
comparison was made with the 4-methyl analog rather 
than with phenol or 2,6-dimethylphenol because the O-D 
torsional region for these compounds is complicated by 
Fermi resonance.)

We are thus presented with a paradox. Earlier studies4-5 
have supported the existence of appreciable quantities of

cis and trans forms of o-methylphenol, and we have ob
served what appear to be at least two and possibly three 
O-H torsional bands. On the other hand, Green, et a l.?  
have found very little spectral evidence for more than one 
form, and the single O-D torsional band is strong evi
dence for the existence of only one isomeric form. We 
have considered the following possibilities in attempting 
to rationalize these observations.

(1) o-Methylphenol-OH exists as a mixture of isomeric 
forms while there is only one stable form for o-methylphe- 
nol-OD. The 322-, 297-, and 266-cm 1 bands might then 
by the torsional frequencies of the cis and two trans forms 
described by Allinger, Maul, and Hickey.5 This, however, 
seems highly unlikely because in none of the other ortho- 
substituted phenols which we have studied has there been 
a significant difference between the O-H and O-D com
pounds. Even for the o-tert-butyl compound where any 
steric effects of the larger deuterium atom might be im
portant, no significant change in geometrical isomerism 
with deuteration was found. However, it should be noted 
that if we choose the 322- and 297-cm-1 bands as the tor
sional frequencies of cis and trans forms, the value of Vi- 
(AH) derived from these frequencies is 0.85 kcal/mol which 
is in almost perfect agreement with the 0.86 value calcu
lated by Allinger.5

(2) There is only one torsional frequency for o-methyl
phenol (as well as for o-methylphenol-OD) and two of the 
three bands in the O-H torsional region have some alter
nate explanation. Although it seems very unlikely, we 
have considered the possibility that the three bands arise 
from the 0 -*• 1, 1 —► 2, and 2 - 3 torsional transitions of 
the O-H rotor. Using 322 cm-1 as the 0 —► 1 transition 
and assuming a V2 barrier only, we calculate, by the 
method of Herschbach,11 the 1 —*■ 2 and 2 —*• 3 transitions 
at 294 and 266 cm-1, respectively. Although the agree
ment with the observed frequencies is good, we feel this 
explanation is unsatisfactory for several reasons: (a) as
suming a V2 barrier only ignores any Vi contribution from 
the o-methyl group; (b) it is very unlikely that upper state 
transitions would be observed in the solution phase with 
intensities almost as great as the fundamental; and (c) 
the complete lack of evidence for the upper state transi
tions in the O-D analog. Therefore, if there is only one 
torsional frequency for o-methylphenol, the 297-cm-1 
band would be the most likely candidate based on the 
shift on deuteration (voh/vod = 1-33). The 322- and 266- 
cm-1 bands would then require an assignment which 
would account for their disappearance on deuteration of 
the O-H group. The only apparent explanation which 
would fit this requirement would have to involve other 
fundamentals or combination tones in Fermi resonance 
with the torsion. Examination of the vibrational assign
ment given by Green, et a i, for o-methylphenol9 shows 
two other fundamentals in this region, 275 and 310 cm-1. 
Since we have found the 310-cm-1 band to be Raman po
larized (Table II), only the 275-cm-1 band is of the right 
symmetry to enter into Fermi Resonance with the torsion 
(a")- The fact that we see the 275-cm-1 band as well as 
vestiges of the 322-, 297-, and 266-cm-1 bands (Figure 1) 
after deuteration is evidence that the 275-cm-1 band is 
not involved in a Fermi Resonance situation. Further con
sideration of Green’s vibrational assignment for monomer
ic o-methylphenol also suggests no possible combination 
tones which would fall in this region. One could postulate a 
number of difference tones which would fall near 300 cm-1; 
however, in this case Fermi Resonance interaction with a
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torsion near 300 cm-1 would not be possible. Our low- 
temperature experiment described above was aimed at 
determining whether difference tones could be involved; 
however, the small intensity changes observed did not 
permit any conclusion to be drawn.

We cannot, therefore, offer a reasonable explanation for 
the presence of three bands in the O-H torsional region of 
o-methylphenol. However, our observations on o-methyl- 
phenol-OD forces us to conclude that only one of these 
bands (297 cm-1) is due to the torsion. With only one tor
sional frequency available, only the V2 barrier can be 
evaluated. Using 297 cm-1 as the torsional frequency, we 
find V2 to be 3.29 kcal/mol. This value is slightly lower 
than the V2 barriers found for phenol and 2,6-dimethyl- 
phenol. This conclusion implies that the Vi contribution 
of the o-methyl group is not significantly greater than that 
of hydrogen. If we use our AH value of 1.34 kcal/mol for 
the cis —*• trans isomerism in o-ferf-butylphenol and the 
value of 1.05 kcal/mol given by Ingold4 for 2-fert-butyl-6- 
methylphenol, the predicted AH value for o-methylphenol 
would be 0.29 kcal/mol. Using this as an estimate of V\ 
and a trans torsional frequency of 297 cm-1, we can pre
dict a cis torsional frequency of ~285 cm-1. If the cis and

trans torsional frequencies are this close together in the 
-OH compound, it is conceivable they might be even clos
er in the -OD analog and give the appearance of only a 
single band.

The same situation is found for o-trifluoromethylphenol. 
Again, only one torsional frequency is observed, although 
the band is considerably broader and more asymmetric 
than for most other phenols. A further complication is the 
apparent Fermi Resonance in the O-D torsional region. 
For this molecule, a torsional frequency of 300 cm-1 
yields a V2 value of 3.34 xcal/mol.
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After y-irradiation at 77 K in the dark organic glasses of 2-methyltetrahydrofuran and 3-methylpentane 
containing methyl methacrylate give rise to esr spectra consisting of three lines with a coupling constant 
of 11.0 ±  0.2 G, which overlaps the spectra from the pure glasses. The paramagnetic species formed is 
probably the radical anion of methyl methacrylate as supported by simple MO calculations. Methyl 
methacrylate in small concentration (0.05 mol %) scavenges the trapped electrons in the two glassy sys
tems. The radical anion is bleached by visible light in the 2-methyltetrahydrofuran glass and methyl 
radicals derived from the methoxy group are produced. The methyl radicals so formed abstract hydrogen 
atoms from 2-melhyltetrahydrofuran. In the 3-methylpentane glass the radical anion is bleached by ir 
light and no methyl radicals are observed. The mechanisms of radical anion formation upon 7 -irradiation 
and decay following photobleaching in the two glassy systems are discussed.

Introduction
When pure methyl methacrylate (MMA) is irradiated 

in the polycrystalline solid state radicals are formed by 
hydrogen addition to the double bond.2 At 77 K these rad
icals give a typical seven-line esr spectrum with a hyper- 
fine coupling constant of about 23 G. Similar radicals 
were recently found in a single-crystal study on MMA,3 
but in this case additional strongly anisotropic esr lines 
were discovered and interpreted as coming from pairs of 
radicals situated close to each other (<5.45 A). A mecha
nism for the formation of radicals in pairs was proposed 
which involved a local ionization of several molecules sit

uated close to each other as the primary event, followed 
by a proton transfer process between neighboring ions.

The present study was made in order to find out wheth
er radical ions of MMA can be produced using 7 -irradia
tion and also to study tneir chemical properties as well as 
their esr and optical absorption spectra.

(1) Address correspondence to The Swedish Research Councils' Labo
ratory, Studsvik, Fack, S-511 01 Nykoplng 1, Sweden.

(2) (a) R. Bensasson, A. Bernas, M. Bodard, and R. Marx, J. Chim . 
Ph ys., 60, 950 (1963); (b) T. Komatsu, T. Seguchi, H., Kashiwa- 
bara, and J. Sohma, J. P o 'ym . S ci.. Pa rt C, 16, 535 (1967).

(3) T. Gillbro, P.-O. Klnell, A. Lund, J. Po iym . Sci., Part A 2, 9, 1495 
(1971).
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It is well known that electrons are produced and 
trapped in some organic glasses, for example, 2-methylte- 
trahydrofuran (MTHF) and 3-methylpentane (3MP), 
when these are irradiated at 77 K .4 If these electrons react 
with solute molecules, anions are formed, which may be 
stable or undergo some decay. In the case of alkyl chlorides 
the following reaction scheme occurs: RC1 + e_ —* R- + 
Cl- .5 Some solutes such as methyl vinyl ether have a low 
reactivity toward electrons produced by 7 -irradiation in 
MTHF, but when the trapped electrons are optically 
bleached they react with methyl vinyl ether according to 
the reaction CH2=CHOCH3 + e~ — CH2=CH O- +
• CH3.6 In the present case it was found that MM A reacts 
easily with electrons produced by irradiation in MTHF 
and 3MP and gives anions which are stable in the dark. 
Upon bleaching with visible light the MMA~ decays by 
different mechanisms in the two systems. In the MTHF 
glass methyl radicals are formed, but in the 3MP glass no 
methvl radicals were discovered.

A matrix of n-butyl chloride is often used to stabilize 
positive ions. The positive holes formed in the alkyl chlo
ride upon irradiation migrate in the glassy matrix, and are 
trapped by solute molecules with a lower ionization po
tential than that of the solvent. With MMA as solute no 
positive MMA ions were detected. This suggests that the 
ionization potential for MMA is higher than that for n- 
butyl chloride.

Experimental Section
The monomers methyl methacrylate (MMA), methyl 

acrylate (MA), and ethyl acrylate (EA) of Nakarai reagent 
grade were all purified from stabilizer by extraction with a 
4 N NaOH solution and distilled water. They were then 
fractionally distilled twice and dried twice over a molecu
lar sieve (Linde 3A) baked at 400° for about 15 hr. The 
final drying of the monomers was always made under vac
uum. The solvents 2-methyltetrahydrofuran (MTHF), Na
karai guaranteed reagent, and 3-methylpentane (3MP), 
Aldrich Chemicals, puriss grade, were fractionally dis
tilled twice and dried twice, first over CaH2 or a molecu
lar sieve and then on a sodium-potassium mirror under 
vacuum. The criterion for purity was the observation of 
the singlet esr signal from trapped electrons in the pure
7 -irradiated glasses at 77 K. Since the experiments were 
made on samples containing rather high concentrations 
(~ 1 mol %) of solutes of high electron affinity, small 
amounts of impurities should not influence the results. 
The n-butyl chloride (n-BuCl) was fractionally distilled 
twice and dried twice over a baked molecular sieve. The 
mixed samples were prepared in Suprasil esr tubes or 
Spectrosil optical absorption cells under vacuum. The 
electron scavenger biphenyl was used as received (Nak
arai, extra pure reagent). The deuterated MMA 
(CH2=C(CH3)COOCD3, MMA-ds) was prepared by a 
conventional technique. Methacrylyl chloride was added 
to a solution of tetradeuteriomethanol (Merck) in carbon 
tetrachloride under stirring.7 The MMA-d3 was then puri
fied by fractional distillation. The chemical purity as 
measured by gas chromatography was 97.8%, CC14 being 
the main in purity, and the degree of deuteration was 
100% according to nmr measurements. The esr measure
ments were made using the Varian E-3 spectrometer oper
ated at X-band using 100-kHz magnetic field modulation. 
The bleaching of the samples was carried out directly in 
the esr cavity with a 1000-W tungsten lamp mounted in a 
projector with its front lens 9 cm from the sample tube.

ted spectrum  w as obta ined  from  the sa m e sam ple a fte r photo- 
bleach ing . (b) The d iffe re n ce  betw een the sp ectra  in 1a. The  
lines on the w ings of the spectrum  are  due to M T H F  rad icals  
fo rm ed  during the photobleaching.

All optical filters used were from the Toshiba Co. Differ
ence spectra were obtained by electronic subtraction using 
a time averaging computer (Varian). The optical absorp
tion measurements were carried out using a Shimadzu 
multipurpose spectrometer (MPS-50 L) equipped with a 
special dewar at 77 K. The 7 -irradiation was carried out 
for 5 or 10 min in the dark at 77 K and the dose rate of 
the 60Co 7 source was 2.4 Mrads/hr.

Results
MMA-MTHF System. After irradiation at 77 K in the 

dark the esr spectrum in Figure la of a sample containing 
2 mol % MMA was recorded. When the sample was illu
minated with visible light from the projector the seven
line spectrum, which is typical for irradiated pure MTHF, 
remained (dotted line in Figure la). By subtracting the 
dotted curve from the solid curve the spectrum shown in 
Figure lb was obtained. The spectrum is characterized by 
three central lines with a hyperfine coupling constant a = 
11.2 G. There is also an approximate doubling in intensity 
of the spectrum attributed to MTHF radicals, when the 
sample is photobleached. If the spectrum of a MMA- 
MTHF sample is recorded during or immediately after 
photobleaching, another spectrum consisting of four lines 
with a splitting of 22.4 G between the lines is clearly ob
served (the lines marked B in Figure 2a). This spectrum is 
attributed to the methyl radical and it decays with “ com-

(4) See, for example, the review articles by (a) J. E. Willard in "Funda
mental Processes in Radiation Chemistry," P. Ausloos, Ed., Inter- 
science, New York, N.Y., 1968; (b) W. H. Hamill in "Radical Ions," 
Kevan and Kaiser, Ed., Interscience, New York, N.Y., 1967; (c) L. 
Kevan, “Actions Chimlques et Biologiques des Radiations,” Vol. 15, 
M. Haissinsky, Ed., Masson, Paris.

(5) T. Shida and W. H. Hamill, J . C h e m . P h y s .,  44, 4372 (1966).
(6) M. Irie, K. Hayashi, S. Okamura, and H. Yoshida, J . P h y s .  C h e m .,  

75, 476 (1971).
(7) I. Lai and R. Green, J. O rg . C h e m .,  20, 1954 (1955).
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Figure 2. (a ) Esr spectrum  recorded  during photob leach ing  of 
an irradiated 2 mol %  M M A -M T H F  sam ple, (b) The decaying  
part of the sp ectrum  In 2a.

posite” first-order kinetics on standing in the dark. As 
shown in Figure 3 the decay can approximately be divided 
into two first-order decays with half-lives of about 10 and
1.6 min, respectively. A second-order plot also gave a 
straight line, but the half-life of the methyl radicals as 
measured in two samples irradiated for 5 and 2 min, re
spectively, and then photobleached for 1 min each was 
approximately the same (1.6 and 1.7 min, respectively). In 
the case of a second-order reaction the half-lives would 
change as 1 /kc0, where c0 is the initial methyl radical 
concentration in the bleached sample, which is assumed 
to be proportional to the dose. Spectrum A is not 
bleached with red light (X >630 nm). The change in 
MTHF radical concentration following a 1-min photo- 
bleaching is shown in Figure 3. Here the amplitude of the 
peak C (see Figure la) has been subtracted from the peak 
height at completed growth and plotted as a function of 
the time elapsed after the light was switched off. The ki
netics of methyl radical decay and MTHF radical growth 
are essentially the same. Samples containing different 
concentrations of MMA (0.3-5 mol %) showed no signifi
cant change in the intensity of spectrum A relative to the 
MTHF radical spectrum after the same irradiation. No 
difference in the methyl radical concentration was ob
served after the same photobleaching of the different sam
ples. From this it can be concluded that the methyl radi
cals were not produced by direct photolysis of MMA.

At extremely low MMA concentrations (0.05 mol %), 
however, the central peak in spectrum A is more intense 
by comparison with the outer two lines. After bleaching 
with X >630 nm (Toshiba filter VR-63), the central peak 
decreased and the surrounding two lines increased in in 
tensity (see Figure 4). No methyl radicals could be detect
ed. A comparison with irradiated pure MTHF glass 
showed that the photobleaching (X >630 nm) of the cen
tral line is about three times faster when 0.05 mol % 
MMA is added to the glass. When the microwave power 
was increased from 0.25 to 1.0 mW the central line was 
slightly saturated. A further increase of the microwave 
power to 16.0 mW saturated spectrum A while the MTHF 
radical spectrum remained unsaturated.

Figure 3. D e c a y  curve of m ethyl rad ica ls  In 1 mol %  of M M A -  
M T H F  glass im m ed ia te ly  a fte r photob leach ing  for 1 min Is Indi
ca ted  by c irc les . This curve can be d ivided into two first-order 
decays  as shown by the straight lines. The sq uares show  the 
M T H F  rad ical co ncentra tion  at co m p le ted  grow th m inus the  
co ncentra tion  a t a given tim e, t, a fte r the conclusion of 1 min of 
photobleaching.

Figure 4. Esr sp ectrum  of a 0 .0 5  mol %  M M A -M T H F  sam ple  
7 -irrad ia ted  for 5 m in. The dotted line show s the sp ectrum  after  
illum ination with X > 6 3 0 0  A for 3 min.

If the MTHF glass contains MA or EA instead of MMA 
there is no difference in the esr spectra as recorded in the 
dark after irradiation. The optical spectra of irradiated 
MA-MTHF glass were identical with those found for 
MMA-MTHF glasses. When bleached, the glass contain
ing MA is found to contain methyl radicals. When the 
EA-MTHF glass is bleached, however, further outer spec
tral lines are produced, which can be attributed to ethyl 
radicals. The bleaching rate of spectrum A in the irradiat
ed sample is about three times slower in the glass con
taining EA. When a MTHF glass containing allyl methac
rylate (AMA) is irradiated spectrum A is obtained. The 
esr spectrum from the photobleached sample is shown in 
Figure 5a, together with the spectrum from a bleached 
pure MTHF glass. The difference spectrum between these 
two spectra consists of five lines as can be seen in Figure 
5b. The coupling constant is 14.3 G. The radical produced 
in the photobleached AMA-MTHF glass is obviously the 
allyl radical and it does not decay at 77 K. A MTHF glass 
with 1 mol % MMA-d3 also gave spectrum A when irra
diated. After photobleaching no methyl radicals were dis
covered. It was found, however, that if the photobleaching 
had been interrupted the central peak continued to decay 
with a half-life of about 2 min. This was attributed to the 
decay of trideuteriomethyl radicals produced during the 
photobleaching, which are supposed to give a broad sin
glet in the glassy state.
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L_________________ ___ ______ I

Figure 5. (a ) Esr spectrum  from  a photo b leached A M A -M T H F  
sam ple. The dotted line shows the sp ectrum  from  a pure pho
tob leached  M T H F  glass, (b) The d iffe re n ce  be tw een  the  spectra  
in F igu re  5a  and a stick plot using four eq u iva len t protons with 
a =  14 .3  G.

Optical measurements at 77 K on an irradiated 2 mol % 
MMA-MTHF sample gave the spectrum in Figure 6. The 
figure also shows the difference in optical density between 
the irradiated and unirradiated samples. The absorption 
maximum for the radiation-produced species is at about 
320 nm. It is possible to calculate the molar extinction 
coefficient, e, for the absorbing species if its G value is as
sumed to be 2.55, i.e., the same as that for the trapped 
electrons in MTHF glass. Since the optical density for a 
radiation dose of 1.2 x 1019 eV/g was 2.75, e was calculat
ed to be 6400 A/ ' 1 cm-1. Upon illumination with visible 
light the absorption band was bleached. In the range 
800-1500 nm, where the electrons trapped in MTHF ab
sorb, no absorption band was detected, and no change was 
observed in this range after photobleaching. The rate of 
bleaching of the optical absorption band at 320 nm is of 
the same order of magnitude as that found for esr spec
trum A, i.e., the half-time is about 2 min. However, no 
correction was made for differences in dewar and sample 
geometries in the two cases.

The addition of rc-BuCl to a MTHF glass with 1 mol % 
MMA reduces the magnitude of spectrum A in the irra
diated sample. However, the n-BuCl concentration has to 
be about 5 mol % before spectrum A is reduced to half of 
the value obtained for a glass without rc-BuCl. If biphenyl 
is added to MTHF glass containing MMA no decrease in 
spectrum A is noted, even when the ratio biphenyl: 
MMA is as high as 20:1. When a small amount (about 
0.2 mol %) of MMA is added to an MTHF glass with 1.0 
mol % biphenyl, the optical absorption from the biphenyl 
anion at 620 nm is reduced by 30% compared to a sample 
not containing any MMA. Obviously MMA is a very 
strong electron scavenger in MTHF glass as compared to 
biphenyl.

When 0.02 mol % CC14 was added to a 1 mol % MMA- 
MTHF glass, spectrum A was formed on 7 -irradiation and 
on photobleaching spectrum B was clearly observed. A 5 
mol % MMA-MTHF glass containing 0.5 mol % CCU

Figure 6. (a ) The optical absorption sp ectrum  of a  2 m ol %  
M M A -M T H F  sam ple y -irra d ia te d  for 5 m in. (b) D iffe re n c e  sp ec 
trum  betw een irrad iated  and unirradiated sam ples.

Figure 7. (a ) Esr spectrum  of an irrad iated  3 M P  glass co nta in 
ing 0 .0 4  mol %  of M M A . D otted line obta ined a fte r  p h o to b lea ch 
ing of the sam ple, (b) The d iffe re n ce  b e tw een  the s p ec tra  in 6a . 
The lines on the w ings of the spectrum  are  due to d e c re a s e  of 
3 M P  rad ica ls  during photobleaching.

showed no spectrum A when irradiated, neither did the 
spectrum change on photobleaching. CC14 is obviously a 
stronger electron scavenger as compared to MMA in this 
system.

MMA-3MP System. The esr spectrum of an irradiated 
0.05 mol % MMA-3MP sample is shown in Figure 7 to
gether with the spectrum from the bleached sample (dot
ted line). The difference spectrum has the same three 
lines (spectrum A) with a hyperfine coupling constant a =
10.8 G close to that found for the MMA-MTHF system. 
The intensities of the three peaks, starting from the low- 
field side, are in the ratio 0.8:2.0:1.1. In contrast to irra
diated MMA-MTHF glass, the irradiated MMA-3MP 
glass is also bleachable with X >630 nm. When uv light 
only (300 < X < 400 nm) is used the bleaching is a very 
slow process. Even at a very low concentration of MMA 
(0.05 mol %) no singlet due to trapped electrons could be 
detected. When 2.4 mol % of the electron scavenger n- 
BuCl was added to 1.6 mol % MMA-3MP spectrum A 
disappeared almost completely. The addition of biphenyl 
had no noticeable effect on spectrum A. The methyl radi
cal spectrum could not be detected in an irradiated 
MMA-3MP sample after photobleaching. After complete 
bleaching of spectrum A the high-field peak, which is de-
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Figure 8. (a) The optical absorption spectrum of an irradiated 
0.1 mol %  M M A -3M P sample, (b) Difference spectrum between 
Irradiated and unlrradlated samples.

rived from the 3MP radicals, showed a 30% decrease. A 
comparison of the rates with which the central spectra are 
bleached with visible light in irradiated glasses of MMA- 
3MP and MMA-MTHF shows that the bleaching is ten 
times faster in the MMA-MTHF system. Optical absorp
tion spectra measured for a sample containing 0.1 mol % 
of MMA (higher concentrations gave milky glasses) are 
shown in Figure 8. The absorption band has a maximum 
at 305 nm and is in fairly good agreement with the ab
sorption band obtained for the irradiated MMA-MTHF 
system. Photobleaching with A >630 nm for 1 min re
duced the intensity of the 305-nm band by 60%, as com
pared to a reduction of only about 5% in the 320-nm band 
in the MMA-MTHF glass bleached in the same way. The 
irradiated MMA-3MP glass showed no absorption band 
from trapped electrons at higher wavelengths.

MMA-n-BuCl System. BuCl glasses containing differ
ent amounts of MMA were 7 -irradiated at 77 K in the 
dark. The recorded esr spectra only showed absorption 
from rc-butyl radicals and no MMA+ was detected. The 
optical absorption spectra showed typical absorption 
peaks from BuCl+ at 380 and 540 nm,6 which were easily 
photobleached. The remaining absorption at 430 nm is 
difficult to photobleach.

Discussion
The electrons produced in the pure MTHF and 3MP 

glasses by 7 -irradiation will be trapped in the glasses in 
the dark at 77 K. These electrons will also give character
istic esr and optical absorption spectra. When MMA was 
present in the MTHF and 3MP glasses during 7 -irradia- 
tion, the optical absorption or esr spectra from the 
trapped electrons could not be detected, except in the 
case of a very low concentration of MMA (0.05 mol %) in 
MTHF, in which case the esr signal from the trapped 
electrons was observed. These results indicate that the 
MMA molecule reacts very effectively with the electrons 
formed in the MTHF and 3MP glasses upon 7 -irradiation. 
The product of this reaction gives rise to the three-line esr 
spectrum A (Figure lb) with a = 11.0 ±  0.2 G (medium) 
in the MMA-MTHF and MMA-3MP glasses, and also to 
the uv absorption at 320 nm in the MMA-MTHF glass 
and at 305 nm in the MMA-3MP glass. It is reasonable to 
believe that the species formed is the MMA anion radical, 
CH2=C(CH3)COOCH3- , (MMA-}. A theoretical calcula
tion of the spin densities in this anion radical was made 
using the Htickel method. As can be seen in Table I the

TABLE I: Calculated Electron Spin Densities in MMA- “

CH2=C(CH3)COOCH3 
1 2 4 3

Method C1 C2 C3 C4 S i, G

Htickel 0.34 0 .10 0.34 0.007 7.8
M cLachlan 0.47 0.01 0.41 0.003 10.8
a) method 0.42 0.08 0.36 0.005 9.7

First Iteration
Second Iteration 0.43 9.9

c The following parameters were used In the calculations ( c l.  ref 9): 
h o =  2, b(CH3) =  2, M OCH3) =  0.5; k ( C = C )  =  1.10, k (C -C) =  0.87, 
k (C“ 0) =  1.41, M C -C H 3) =  '3.7, and k ( C - OCH3) =  0.6; =  1.4.

calculated spin density on the carbon atom C-l with two 
coupling hydrogen atoms is 0.34. A substitution of this 
value into the McConnell relation, a = PQ where Q = 23 
G, gives a = 7.8 G. If, however, the Coloumb integrals 
used in the Htickel method are corrected according to the 
a) technique,8 where the decrease in the Coloumbic attrac
tion on a carbon atom with negative charge is considered, 
the new coupling constant obtained after two iterations 
will be 9.9 G. This value is more in accord with the exper
imental value of a = 11.0 ±  0.2 G. The McLachlan meth
od 9 gave a calculated coupling constant a = 10.8 G, in 
excellent agreement with the experimental data. The rela
tive ease with which the esr spectrum is saturated also in
dicates that the absorbing species is a radical ion rather 
than a neutral radical.

At low concentrations the esr signal from the trapped 
electron is observed in the MTHF glass. This signal is 
easily bleached with A >630 nm light; this is in contrast 
to The MMA~ spectrum in the same sample, which is 
bleached with uv light. When the trapped electrons are 
bleached the MMA- concentration increases. The elec
trons consequently react with the MMA molecule to form 
anion radicals. This reaction must be very efficient as is 
confirmed by the relatively small effect caused by the ad
dition of an electron scavenger (n-BuCl) as well as by the 
increase in the photobleaching rate of the trapped elec
trons when MMA is added to the MTHF glass.

The disappearence of MMA- in MTHF after bleaching 
is related to the appearence of a new four-line spectrum 
with coupling constant a = 22.4 G. This spectrum evi
dently arises from methyl radicals formed when MMA- 
dissociates as a consequence of photobleaching by light in 
the uv range. The small divergence in coupling constant 
compared to 23 G, which is normally found for the methyl 
radical, is most probably due to an error in the measure
ment because of the broad overlapping spectrum from 
MTHF radicals. However, some influence by the solvent 
on the electronic structure of the methyl radical can not 
be excluded. There are two possible ways in which methyl 
radicals can be formed by a bond rupture in MMA, and 
therefore MA was also used as a solute. In MA methyl 
radicals can only be formed by bond cleavage between 
carbon and oxygen in the methoxy group. Since methyl 
radicals were found in this case also, when the sample was 
bleached, it is reasonable to believe that the methyl radi
cals in MMA also derive from the methoxy group. In the 
case of EA no methyl radicals are expected, but instead 
ethyl radicals should be formed. Spectral lines were in

(8) A. Streltwleser, Jr., "Molecular Orbital Theory for Organic Chem
ists,’' Wiley, New York, N.Y., 1961, p 115 .

(9) A. D. McLachlan, M o l.  P h y s .,  2, 361 (1959).
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fact detected in the bleached sample which indicated that 
ethyl radicals had been formed. The fact that the photo- 
bleaching of EA-  is 2.5 times slower than that of MMA- 
indicates that the size of the ester group has some effect 
on the bleaching process.

The results obtained for the AMA-MTHF glass clearly 
demonstrate that allyl radicals are produced from AMA- 
on illumination. The allyl radicals do not react in contrast 
to the methyl radicals with the MTHF molecules in our 
system. The mean value of the coupling constants for the 
four a protons as given by Fessenden and Schuler10 in the 
liquid state is 14.38 G, which is very close to the coupling 
constant of 14.3 G found by us (Figure 5b). The additional 
splitting of 4.06 G from the fS proton is not resolved in our 
spectrum due to the broad line width (AH = 6 G) in the 
glassy matrix.

When M M A-c / 3  was used, photobleaching gave no 
methyl radicals. The deuteriomethyl radical with its small 
hyperfine coupling constant10 (3.58 G) is expected to give 
a broad central line in the glassy matrix, since typical line 
widths in such a matrix are in the order of 5 G. The con
tinued decay of the central peak in the esr spectrum, even 
when the photobleaching is interrupted, indicates that 
deuteriomethyl radicals are indeed present. The low con
tent of CCI4  (2.2%) in M M A -1J3  as an impurity will not 
influence this result, since no influence was noted for non- 
deuterated MM A containing the same amount of CCI4 . 
Besides, at high CCI4 concentrations the spectrum of 
the MMA-d3 radical ions should not be formed.

A dimerization or polymerization of MMA initiated by 
MMA- , which is very unlikely, would give the polymer 
radical

R— CH,— C— COOCHj 

CH,
The esr spectrum of this radical is well known in the liter
ature11 and it consists of nine lines due to the nonequiv
alent couplings from the methylene protons. Spectrum B 
consisting of an even number of lines can thus not be as
cribed to a polymer or dimer radical.

A careful analysis of data from photobleached MMA- 
MTHF (Figure 3) shows that the methyl radicals decay 
with “ composite” first-order kinetics,12 which means that 
the methyl radicals react with the surrounding solvent 
molecules or that the methyl radicals combine with some 
other species produced in their close vicinity in the spur. 
The increase in the MTHF radical concentration by a fac
tor of 2 when the sample is bleached, as well as the very 
good agreement between the kinetics for methyl radical 
decay and MTHF radical build-up, strongly suggests that 
methyl radicals abstract hydrogen from MTHF. Since the 
decay can be divided into at least two first-order reactions 
it is suggested that the methyl radicals have different 
reactivities, depending on how they are formed in the 
MTHF matrix. The half-life of about 2 min for deuter
iomethyl radicals is somewhat longer than that found for 
methyl radicals (1.6 min) but on the basis of the present 
data it is not possible to ascribe this definitely to a lower 
reactivity toward MTHF; this is because the decay of CD 3 

is followed by an increase in the MTHF radical concen
tration, as is the case for methyl radicals. The esr spectra 
from these radicals overlap severely, which render an 
exact evaluation of the half-life of the deuteriomethyl rad
icals more difficult.

The growth in MTHF radical concentration even when 
the bleaching of MMA- is interrupted indicates that

methyl radicals with thermal energy are also reactive in 
this system. This is also in agreement with the composite 
first-order decay found for methyl radicals in the dark.

A study by Irie, et al.,6 showed that methyl radicals in 
MTHF decay thermally with second-order kinetics at 77 
K, although methyl radicals produced from methyl vinyl 
ether by a dissociative electron capture process react with 
the solvent molecules in a first-order process. The methyl 
radicals produced by optical bleaching of MMA- are con
sequently of this reactive type. The processes occuring in 
the MMA-MTHF system after 7 -irradiation and subse
quent photobleaching can be summarized as follows.
MTHF™-— >-MTHF-+ + e"; MTHF- + + MTHF —

MTHF+ + MTHF- 
MMA + e~ ---- "MMA-"

MMA- • CH3 + CH2=C(CH 3)COO-

•CH3 + MTHF-----~CH4 + MTHF-
One surprising discovery was the fact that biphenyl does 
not scavenge the MMA- ion at all, even at high concen
trations. One explanation for this could be that biphenyl 
scavenges “ hot” electrons less effectively than MMA or 
that electrons are transferred from the biphenyl anions to 
nearby MMA molecules.

The fate of MMA- in the 3MP glass is less well under
stood and the decay does not follow the same path as in 
the MTHF glass. To begin with, the decay during photo
bleaching can be divided into two first-order processes, 
which indicates that the decay mechanism is connected 
with the structure of the trapping sites as in the case of 
trapped electrons. Secondly, illumination with X >630 nm 
easily bleaches the MMA- in the 3MP glass, in contrast 
to the case for the MTHF glass, and methyl radicals are 
not formed. According to Willard and Claridge13 the half- 
life of methyl radicals in 3MP glass is 16 min, so if once 
formed they should be easy to detect. There is obviously a 
broad absorption band in irradiated MMA-3MP at longer 
wavelengths, as can be seen in Figure 8. This band is not 
bleached with X >630 nm, however.

There are at least three possible mechanisms that can 
account for the observed reaction. The MMA anion can be 
ionized by the ir light in 3MP or the positive holes in 3MP 
can be mobilized and recombine with the MMA anions. 
The 3MP matrix is less polar than the MTHF matrix. 
This leads to a more heterogeneous distribution of MMA 
in the 3MP glass (the glass gets milky at higher (~ 1  mol 
%) concentrations of MMA). This can lead to ion pair for
mation (MMA- •••MMA+) and neutralization will then 
occur upon bleaching with ir light. These three mecha
nisms can be written as follows.
3MPw— ► 3MP-+ + e~; 3MP-+ + 3MP— -

3MP+ + 3MP- 
MMA + e ' ---- ►MMA-'

hv
MMA- ~ ——  MMA + e" (1)

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

(11) See, for example, (a) I. H. O'Donnell, B. McGarvey, and H. Mo- 
rawetz, J . A m e r .  C h e m . S o c . ,  86, 2325 (1964); (b) Y. Sakai and 
M. Iwasaki, J . P o ly m . S c i . ,  P a r t  A -1 ,  7, 1749 (1969); (c) V. G. 
Vasil’ev, N. V. Verein, G. A. Ozerova, and A. K. Piskunov, H ig h  
E n e rg y  C h e m .,  5, 108 (1971).

(12) W. G, French and J. E. Willard, J. P h y s . C h e m ..  72, 4604 (1968).
(13) R. F. C. Claridge and J. E. Willard, J . A m e r .  C h e m . S o c . ,  87 4992 

(1965).
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e + 3MP- ------- - 3MP-

e '  + 3MP-+-----«-3MP

MMA-” + 3MP+ MMA + 3MP + H- (2) 
H- + 3MP------*-3MP

MMA'" + MMA- + ——*-2MMA (3)
Judging from the 30% decrease in SMP radical concentra
tion, which is similar to that formed when trapped elec
trons are photobleached in pure 3MP glass,14 ionization 
mechanism 1 seems to be the most acceptable. However, 
positive hole transfer mechanism 2 could also explain the 
decrease in 3MP radicals as shown in the reaction scheme. 
It is also necessary to account for the fact that the me- 
thoxy bond of the MMA- ion does not break in the 3MP 
glass. In order to explain this the hole migration theory is 
more convenient since the hole migrates in the 3MP glass 
but not in the MTHF glass and neutralization will occur 
before the MMA- has a chance to dissociate. The role of 
the polarity of the medium as such is not clearly under
stood, but it is probable that a polarization of the me- 
thoxy bond of MMA“ by the MTHF matrix could facili
tate bond rupture.

As had been expected, MMA- was not found in the n- 
BuCl glass since the electrons react easily with n-BuCl to 
give n-butyl radicals and chlorine ions. The positive 
MMA ion would be formed in the glass if the MMA ioni
zation potential were lower than that for rc-BuCl. Since 
MMA- + was not discovered it is believed that the ioniza
tion potential for MMA is higher than that for n-BuCl,

i.e., 10.67 eV. The results show that if MMA+ is formed it 
must be very unstable.

Conclusion
Anions of MMA formed by electron capture by the 

MMA molecule are stable in the MTHF and 3MP glassy 
matrixes at 77 K. In MTHF the anion radical of MMA is 
bleached by visible light and the methyl radicals so 
formed abstract hydrogen atoms from the solvent. The 
anion radicals in 3MP are bleached by ir light but no 
methyl radicals are formed in this case. The MMA- is 
therefore believed to combine with positive holes in 3MP 
before bond rupture can occur.

The positive radical ion of MMA ‘could not be detected 
in an rc-BuCl glass. It is therefore concluded that the radi
cal ion is either unstable or the ionization potential of 
MMA is higher than for rc-BuCl.
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D isp ro p o r t io n a t io n  o f  P e r o x y  R a d ic a ls .  A q u e o u s  C u p r ic  I o n s 1

Joseph Rabani,* Dina Klug-Roth,
D e p a r tm e n t  o f  P h y s ic a l  C h e m is t r y ,  T h e  H e b r e w  U n iv e r s i t y  o f  J e r u s a le m .  J e r u s a le m  9 1  0 0 0 . >s r a e l

and J. Lilie
H a h n - M e i tn e r - I n s t i t u t  f ü r  K e r n fo r s c h u n g  B e r l in  G m b H , S e k to r  S t r a h le n c h e m ie .  1 B e r l in  3 9  ( R e c e iv e d  O c to b e r  3 0 . 1 9 7 2 )  

P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  H a h n - M e i tn e r - I n s t i t u t

The catalytic effect cf Cu2+ in enhancing the dismutation of the peroxy radicals H 02 and 0 2" has been 
investigated. Cu2+ icns react with 0 2-  (k = 8 x 109 M -1 sec-1) and with H02 radicals (k os 1 x 108 
M -1 sec-1). The catalytic effect involves alternate reduction and oxidation of the copper. Cu+ reacts 
with 0 2- with a rate constant of ~1010. H02 oxidizes Cu+, k > 109 M -1 sec-1. The uv absorption spec
trum of Cu+ has been measured in formate and in methanol solutions.

Introduction
Catalysis of superoxide dismutation has been suggested 

several years ago.2 The biological significance of such ca
talysis became evident from the work of McCord and Fri- 
dovich,3 who discovered recently that a group of enzymes, 
superoxide dismutases, act as catalysts for 0 2- dismuta
tion. Since the work of McCord and Fridovich, several pa

pers appeared in which the rate and mechanism for the 
enzymatic catalysis were investigated.4-7 The most inves
tigated enzyme bovine superoxide dismutase contains two

(1) The research has been supported in part by the Authority for Re
search and Development, The Hebrew University of Jerusalem,
P.O.B. 1255, Jerusalem, Israel.

(2) J. Rabani and S. O. Nielsen J. P h y s . C h e m ..  73, 3736 (1969).
(3) J. M. McCord and I. Fridovich, J. B io l.  C h e m .,  244, 6049 (1969).
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copper atoms which are the active centers.3’8 In view of 
this it was desired to investigate the catalysis by copper 
ions as such, as well as the effect of complexing agents. 
Previous results indicated that copper ions are able to cat
alyze the dismutation of superoxide radicals.9 In the pres
ent manuscript we report results obtained in Cu(C104)2 
solutions containing formate. Cu(C104)2 was used in both 
catalytic amounts, as well as in large excess over the su
peroxide radicals.

The radiation chemistry of cupric solutions has been 
previously studied by several groups. Schwarz10 used 
CUSO4 solutions for the measurements of the H2 yields. 
Several groups11 reported that cupric ions were reduced to 
cuprous ions by H atoms and organic free radicals. The 
reaction rate constants of cupric ions with eaq- ,12’13 H,14 
and OH15 have been reported as 3 x 1010, 5 X 108, and 3 
X 108M ~1 sec-1, respectively.

In the presence of both cupric and formate ions at near 
neutral pH’s, the following reaction sequence is expected 
upon irradiation.

H20  -----► eaq~, H, OH, H20 2, H2i H30 + , OH“ (1)

eaq" + Cu2+ —- Cu+ (2)
k = 3 x 1010 M~l sec-1 12-13 

H + Cu2+ — Cu+ + H+ (3)
k = 1.5 x 109 A T 1 sec-1 14 

OH + Cu2+ — Cu3+ + OH“ (4)
k = 3 X 108 M~l sec“ 1 15 

H + H C02“ — H2 + C 02“ (5)

k = 5 x 108 A T 1 sec“ 1 16 

OH + H C02“ — H20  + C 02“ (6)

k = 3 X 109 AT1 sec“ 1 17 

C02“ + Cu2+ — C02 + Cu+ (7)
At sufficiently high formate concentrations the net result 
of these reactions is the reduction of cupric to cuprous 
ions, with a yield of G = Ge + GH + G0h =  6 ions per 100 
eV of radiation.

When oxygen is also present, it competes with cupric 
ions for eaq and CO2“ , and with both cupric ions and 
formate ions for H atoms.

âq + o 2 — <V
(8)k ■■= 2 X IO10 Af“ 1 sec“ 1 18

H + 0 2 — H 0 2
0 )k = 2 X IO10 AT1 sec 1 19

c o 2“ + o 2 — O O + 0 2“ 29 (10)
In acidic solutions, similar reactions take place. However, 
several of the transients involved are acids and their acid- 
base forms, and equilibria must be considered. C02-  is 
converted to C02H in acid solution. The pK  of C02H is 
3.9,20 similar to the pK  of formic acid, which is 3.75. OH 
reacts with formic acid similarly as with formate ions ac
cording to

HC02H + OH — H20  + C 02H (6')
k 6' = 1.3 X 108 AT" 1 sec“ 1 17 

The reaction of H with formic acid according to

H + HC02H — H2 + C 02H (5')
k < 106 Af“ 1 sec“ 1 21

is relatively slow.
The radical CO2H is also capable to reduce 0 2 accord

ing to20-21
C02H + 0 2 —- C02 + H 02 (10')

HO2 is in equilibrium with O2-
H 02 ^  0 2“ + H+

Ku = 1.6 X IO“ 5 M 2’ 21 (11)
In solutions containing formate (or formic acid), 0 2, and 
Cu(C104)2, it is possible to choose concentrations such 
that the reactions of eaq- , H, and OH with cupric ions are 
minimized. Under such conditions, the radiation-induced 
primary free radicals are converted into H 02 and O2 . 
The reactions of peroxy radicals with the cupric ion can be 
followed from the decay of the optical absorbance of the 
peroxy radicals in the uv. The purpose of this manuscript 
is to present the results of such measurements. The re
duction of Cu2+ by 0 2 has already been postulated by 
other authors.22 In oxygen free solutions, Cu2+ is reduced 
by the hydrated electron and C02 . Similarly, reduction 
by methanol radicals occurs in solutions where formic acid 
is substituted by methanol.

Experimental Section
The pulse radiolysis set ups at the Hahn-Meitner-Insti- 

tute and at the Hebrew University have been used. A
4-cm cell with one or three light passes was used. Pulse 
durations ranged between 5 nsec (10 A, 10 MeV) and 1.5 
lisec (200 mA, 5 MeV). Tektronix 556 dual-beam and 549 
memory scopes were used. The light sources were 450-W 
Xe-Hg and 60 W D2 lamps; Carl Zeiss M4QIII prism

(4) G. Rotilio, R. C. Bray, and E. M. Fielden, B io c h im .  B io p h y s .  A c ta ,  
268, 605 (1972).

(5) D. Klug, J. Rabani, and I. Fridovich, J . B io l.  C h e m ..  247, 4839 
(1972).

(6) J. Rabani, D. Klug, and I. Fridovich, "Molecular Basis of Radiation 
Biology," G. Stein, Ed., Weizmann Press, Israel, 1972, p 1095.

(7) D. Klug-Roth, I. Fridovich, and J. Rabani, J . A m e r .  C h e m . S o c . ,  in 
press.

(8) G. Rotilio, L. Morurgo, C. Glovagnoli, L. Calabrese, and B. Mondovi, 
B io c h e m is t r y ,  1 1 ,2 1 8 7  (1972).

(9) I. Fridovich, private communication.
(10) H. A. Schwarz, J . A m e r .  C h e m . S o c . ,  77, 4960 (1955).
(11) (a) J. H. Baxendale and D. Smithies, Z . P h y s . C h e m . ,  6, 6242 

(1956); (b) E. J. Hart and P. D. Walsh, R a d ia t .  R e s . ,  1, 498 
(1954); (c) O. Micie and I. Draganic, J . P h y s . C h e m .,  70, 2212  
(1966).

(12) S. Gordon, E. J. Hart, M. S. Matheson, J. Rabani, and J. K. Thom
as, D is c u s s .  F a r a d a y  S o c .,  36, 193 (1963).

(13) J. H. Baxendale, E. M. Fielden, C. Capellos, J. M. Francis, J. V. 
Davies, M. Ebert, C. W. Gilbert, J. P. Keene, E. J. Land, A. J. 
Swallow, and J. M. Nosworthy, N a tu r e  ( L o n d o n ) ,  201,468 (1964).

(14) G. Scholes and M. Slmic, J. P h y s . C h e m .,  68, 1738 (1964).
(15) J. H. Baxendale, E. M. Fielden, and J. P. Keene, “Pulse Radioly

sis,’’ M. Ebert, J. P. Keene, A. J. Swallow, and J. H. Baxendale, 
Ed., Academic Press, New York, N.Y., 1965, p 217.

(16) (a) J. Rabani, J . P h y s . C h e m .,  66, 361 (1962); (b) J. Rabani and 
D. Meyerstein, J . P h y s . C h e m .,  72, 1599 (1968).

(17) M. S. Matheson, W. A. Mulac, J. L. Weeks, and J. Rabani, J . P h y s .  
C h e m .,  70, 2092 (1966).

(18) (a) J. P. Keene, R a d ia t .  R e s .,  22, 1 (1964); (b) S. Gordon, E. J. 
Hart, M. S. Matheson, J. Rabani, and J. K. Thomas, J .  A m e r .  
C h e m . S o c . ,  85, 1375 (1963).

(19) (a) J. P. Sweet and J. K. Thomas, J . P h y s . C h e m .,  68, 1363 
(1964); (b) H. Fricke and J. K. Thomas, R a d ia t .  R e s . S u p p l. ,  4, 35 
(1964).

(20) A. Fojtlk, G. Czapski, and A. Hengleln, J . P h y s . C h e m . ,  74, 3204 
(1970).

(21) D. Behar, G. Czapski, L. M. Dorfman, J. Rabani. and H. A. 
Schwarz, J. P h y s . C h e m .,  74,3209 (1970).

(22) (a) E. J. Hart, R a d ia t .  R e s .,  2, 33 (1955); (b) J. H. Baxendale, 
A d v a n .  C a ta l . ,  4, 31 (1952).
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monochromator with the Xe-Hg lamp or B and L grating 
monochromator with the D2 lamp were employed. Scat
tered light was measured by adjusting the monochromator 
on a wavelength where no light was expected (e.g., 180 
nm). Any light signal was attributed to scattered light. 
Practically no scattered light was found.

A syringe technique23 or a flow system have been em
ployed. When the flow system was used to fill the cell, the 
solution was pushed by oxygen or argon, depending on 
whether an oxygenated or argon-saturated solution was 
used. In order to guarantee removal of radiation products, 
the irradiation cell was emptied and refilled after each 
pulse (air was used to empty the cell in the case of oxygenat
ed solutions, argon in the argon saturated solutions).

In all cases, blank experiments were carried out as de
scribed previously5 to make sure that impurities did not 
have an important role in the peroxy reactions. The 
pH of the solutions was always measured before irradia
tion. The temperature ranged between 20 and 25°. A shut
ter between the analyzing light source and the irradiation 
cell was opened shortly (~ 1  sec) before pulsing, to mini
mize photolysis.

Materials. Either triply distilled or five times distilled 
water was used. Unless otherwise stated, triply distilled 
water has been used. All the materials used were of high 
purity grade and were used as received. Cu(C104)2 was 
Fluka, purum, CuSO* Merck, pa., HC02Na Riedel de 
Haen, pa., HCIO4 Riedel de Haen, pa., methanol Merck, 
pa.

Results and Discussion
Unless otherwise stated the solutions were 0 2 saturated. 

In the absence of a catalyst, peroxy radicals decay away 
by a second-order process. In neutral and in acid solu
tions, reactions 12 and 132’21 are important. In the pres
ence of cupric ions the decay of absorbance due to H 02 
and 02“ became first order in peroxy and approxi
mately first-order in cupric ions concentration. Typical 
oscilloscope traces are given in Figure 1. At relatively low 
Cu2+ concentrations such as in Figure la, the optical ab
sorption due to HO2 and 0 2~ decays away by a single pro
cess. At higher concentrations, such as in Figures lb and 
lc, two processes can be observed. The rate of the first 
one increases with the Cu2+ concentration and we attrib
ute this process (in the following will be referred to as 
“ A” ) to a reaction between the equilibrium mixture of 
HO2 and O2” (“ HO2” in the following) with Cu2+ ions. P 
represents the products of reaction 14. The nature of P 
will be discussed later. The second process (“B” ) whose 
rate seems to be independent of [Cu2+] will be described 
further.

i 0 2 + 0 2
H +

h 20 2 + 0 2 (12)

k = 8.5 X 107 M~1 sec-1

H 02 + h o 2 -*■ H20 2 + 0 2 (13)
k = 6.7 x 106 sec-1

“H 02” + Cu2+ — P (14)
The absorbance change does not normally decay away to 

its value before pulsfng. An absorbance change (in fol
lowing the “ residual absorbance” ) remains at least for a 
period of 1 min. The magnitude of the residual absor
bance depends on the formate concentration and on the 
wavelength. The effect of pH has not been investigated.

©

Figure 1. O scilloscope trac es  represen ting  the d e cay  of H 0 2 — 
O 2 -  in 0 2 sa turated  cu pric  ions solutions (4 -c m  ce ll, one pass, 
245  nm , 10 -n sec  pulse producing 4 ¡ i M  ( 0 2~ +  H 0 2), 22°): (a ) 
pH 4 .5 . 1 .4  f i M  C u (C I0 4 ) 2 +  1.1 m M  sodium  fo rm a te  +  1 .8 X 
1 0 - 4 M  H C I0 4; (b and c ) 3 .5  X 1 0 - 5 M  C u (C I0 4 ) 2 +  9 .2  X 
1 0 - 4 M  fo rm a te  +  1 .43  X 1 0 ~ 5 M  H C IO 4 , pH 5.1

As will be seen later, we have reasons to conclude that the 
residual absorbance is due to Cu+ ions.

Catalysis at Low Cu2+ Concentrations. At low copper 
concentrations, such that [CiF+j < [“ HO2” ], only one 
decay process is observed. From the effect of [Cu2+] on 
the rate of decay we identify this as the decay A. Plots of 
In (Dt -  Doo) vs. time were linear. Dt is the absorbance 
change at time t after the electron pulse. 1 ) was zero or 
close to zero at low [Cu2+],

This linearity was not varied when [“ H 02” j ranged be
tween 2 and 200 nM. It strongly suggests a reaction first 
order in “ HO2.” The slopes of such lines were proportional 
to the Cu2+ concentration at a given pH. Corrections were 
sometimes necessary (up to 25%, but usually much less). 
The corrections were estimated from the decay of HO2 
and 02“ in each of the solutions, before Cu2+ ions were 
added. We conclude that the overall rate of reaction 14 at 
low [Cu2+] is first order in both [“ H02” ] and [Cu2+[. 
Thus, a second-order rate constant for reaction 14 can be 
calculated. It is pH dependent as demonstrated in Figure 2.

Since the concentration of Cu2+ was much lower than 
the initial “ HO2” concentration after the pulse, the reac
tion must be a catalytic one. There must be some mecha
nism for Cu2+ regeneration during the catalysis, appar
ently via reactions of the products P with “ H02.” In the 
case of such a catalytic reaction one can expect that Cu2+ 
decays away partially, anc reaches a steady concentration. 
Steady-state concentrations of products, which may be 
Cu+, Cu°, or complexes of Cu2+ with “ H 02,” should cor
respondingly be established at the expense of [Cu2 + ]. Due 
to the very low concentrations of the initially present 
Cu2+, only minor absorbance changes can take place as a 
result of the establishment of steady-state concentrations, 
and the only observable effect is the enhanced decay of 
“ H 02.”

Reaction at Higher [Cu2+]/[“H 02” ] Ratios and at Vari
ous pH's. In Table I we present data which show the ef
fects of [Cu2+], [formate], [H+], and [“ H 02” ]o (the initial 
[“ H 02” ]) on ki4 at constant pH. ki4 decreases somewhat
(23) C. Senvar and E. J. Hart, P ro c .  2 n d  In te r n .  C a n t.  P e a c e fu l  U s e s  A t.  

E n e rg y ,  29, 19 (1958).
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Figure 2. S ec o n d -o rd e r rate  constan t of the reaction  of “ H O 2 ” 
with C u2+ as a function  of pH a t low ratio  [C u 2 + ] / [ “ H 0 2 ” ]o 
(unless o therw ise sta ted , 0 2 sa turated  solutions, 2 0 -2 4 ° , 4 -c m  
cell, one or th ree  passes used, 2 4 5  nm , five tim es distilled  
w a te r): O , 4  f xM  C u 2 +  , 4  yu/W [“ H O 2” ]0, 1 .2  m M  fo rm ate; □ , 4 
¡ xM  C u 2 +  , 28  f i M  [ " H 0 2" ] o. 1 .2  m M  fo rm a te ; A , 2 ¡ x M  C u2+ ,  4 
f i M  [ “ H 0 2”] o, 1.1 m M  fo rm ate; V ,  1 .4  ¡ x M  C u2 + , 29  / xM  
[" H O 2" ]0, 1.1 m/W fo rm a te; X ,  1 .0  f i M  C u2+ , 3 0  f i M  [ “ H C V ’lo, 
no fo rm ate; O , 1 .2  f i M  C u2+ , 3 .6  u M  [“ H O 2 ” ], 4 .5  m M  form ate; 
•  , 2 f x M  C u2+ , 150 f x M  [“ H O 2 ” ], 10 m M  fo rm a te; ▼, 2 ¡ xM  
C u2+ , 150 i x M  [“ H 0 2”], 10 nM  fo rm a te , ae ra ted ; ■ , 1 f xM  
C u2+ , 150 i x M  [“ H 0 2" ] o, 10 m M  fo rm a te . Th e  full points a re  
results at the  higher ionic strengths b e cau se  of the  high fo rm a te  
co ncentra tion . Lines a re  ca lcu lated  using /c1 5 =  8 .0  X  10 9 M - 1  
s e c - 1 , p K h o 2 =  4 .8 3 , and neg lecting  ionic strength effects: (a ) 
k  1 5 ' and /C1 6 ' assum ed as zero, /<1 6 assum ed equal to k 15; (b) 
/r15' =  1 X  1 0 8 M - 1  s e c - 1 , /r 16 assum ed equal to /c15, k  i 6' 
assum ed equal to k i S.

as the concentration of “ HO2” increases. [“ HCV’lo has an 
effect on tin; at constant pH, [Cu2+], and [formate], k14 
increases somewhat at higher pulse intensities. These ef
fects are relatively small, but are systematically observed, 
and must be attributed, generally, to real chemical ef
fects, and not to experimental scatter of the results. The 
effect of [Cu2+] seems to be stronger at low pH. Thus, at 
pH 3.35 an increase of 100-fold in [Cu2+] causes an ap
proximately twofold decrease in ki4, while at pH 6.05 a 
similar increase in [Cu2+] seems to effect k14 by 0-20%. 
The small changes and the scatter in the data makes it 
difficult to treat these effects quantitatively. In addition, 
in some cases, due to poor time separation between decays 
A and B, there might be an additional error in k14. All the 
rate constants in Table I were obtained as (l/[Cu2+])(d/ 
dt) In (Dt -  Dai), where D „ is the absorbance at the 
end of the decay of fraction A. D„ was measured directly 
when there was a good separation between decays A and 
B or when the decay B was absent. Otherwise Da, was 
chosen so that the plot of In (Dt -  D„) vs. t is linear. Values 
of D»i so chosen were nearly identical with the extrapolated 
absorbances from the kinetics of the decay B. The decay 
B was absent in the following cases: (a) less than 10-5 M  
Cii+; (b) relatively slow decay A (7-1/2 > 10/isec); (c) at 
formate concentrations higher than 10-2 M, at least 98% 
of the decaying absorbance was the decay A.

Mechanism. The results agree with the following mech

anism. Suppose that O2 reduces Cu2+ to Cu ■ (perhaps 
via a complex Cu02+) according to the reaction

Cu2+ + <V  —  Cu02+ — Cu+ + 0 2 (15)
H02 may also be able to reduce Cu2+, but it is reasonable 
to assume that k1B' is much smaller than k15, as indicated 
by the decrease in k14 at pH values below the pK  of HO2 
in Table I.

H 02 + Cu2+ — Cu0 2H2+ — Cu+ + H+ + 0 2(15')
Let us assume now that the product Cu+ is reactive 
toward both 0 2- and HO2.

2H20
Cu+ + 0 2” —L- * Cu2+ + H20 2 + 20H” (16)

Cu+ + H 02 — ► Cu2+ + H20 2 + OH“ (16')
In near neutral solutions, when Cu2+ is present at a large 
excess over 0 2- reaction 15 has no competition. The re
sults of Table I at high Cu2+ concentrations show that k15 
is nearly diffusion controlled. At relatively low initial 
Cu2+ concentrations (Figure 2 and Table I), values of k44 
close to 1010 M -1 sec 1 are measured at near neutral pH. 
Under such conditions, both reaction 15 and 16 are impor
tant. fei6 cannot be lower than fin since otherwise (16) 
would become the rate-determining step at low [Cu2+] 
and the catalytic process would be slower as reaction 15, 
which is not the case. We therefore conclude that k1B on
k l 5 -

Since the oxidizing power of H 02 is stronger than that 
of O2-  and since reaction 16 is already practically diffu
sion controlled, the reaction of Cu+ with “ HO2” is expect
ed to be fast also at lower pH values when HO2 is pre
dominant in the equilibrium of eq 11. We propose that at 
lower pH values reaction 15 of Cu2+ with “ H 02” is rate 
determining and the decrease in the apparent rate con
stant k14 is due to the decreasing concentration of O2- in 
the equilibrium of eq 11.

The apparent changes in ki4 with changing Cu2+ con
centration and pulse intensity described above can be 
rationalized on the basis of the proposed mechanism. Let 
us at first consider solutions at low pH where H 02 is 
mainly present in the equilibrium of eq 11. At high 
[Cu2+], only reaction 15 is responsible for the disappear
ance of “ HO2.” The rate constant will then be kl5[02 ]/ 
[“HO2” ] (O2-  being supplied by the dissociation of HO2). 
At low Cu2+ concentration or high dose, a certain amount 
of Cu+ will accumulate that undergoes reaction with HO2 
according to eq 16'. If k16' > &i5[0 2- ]/[“ H0 2” ], the re
placement of Cu2+ by Cu+ enhances the overall rate for 
“ HO2” decay in agreement with the results. If k46 »  
fei5[0 2- ]/[“ H0 2” ], the enhancement may occur even at 
relatively high Cu2+ concentration. In the case of solu
tions of pH >5.5 where the equilibrium of eq 11 is shifted 
toward the side of 0 2- and Cu2+ and Cu+ have nearly 
equal reactivities toward “H 02,” little effect of [Cu2+] on 
k14 is expected. This expectation is in agreement with the 
observations described above.

On the basis of our above discussion, it is apparent that 
fei5 is equal to the measured apparent rate constant k14 
only at high ratios [Cu2+]/[“ HO2” ]0. In Figure 3, we pre
sent the pH dependency of k44 at high ratio [Cu2+]/ 
[“ H 02” ]o- A comparison with Figure 2, where the ratio 
[Cu2+]/[“ H02” ] was low, shows that at pH values below 
the pK  of H02 all points lie above the calculated curves 
in Figure 3.

The lines a and b in Figures 2 and 3 were calculated
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TABLE I: Effect of [Cu2+], pH, and Pulse Intensity on /r14°

pH®
[Cu2+],

f iM
k14c X 107 
M ~ '  sec- 1

[“H 02”]o, 
f i M / pulse

[Sodium 
formate], 

1 m M pH"
[Cu2+],

(xM
k - S  X 10 7 
M ~ 1 sec- 1

["H02"]o, 
n M  /  pulse

[Sodium
formate],

m M

0.80 2 1 0 5.6 4.5 1.0 3 3.50 83 44 2.1 1.3 0
0.80 2 1 0 7.2 33 1.0 3 3.50 83 51 1 1 .3 1.3 0
0.80 2 1 0 6.3 4.5 8.1 3.50 12 2 40 2.1 1.3 0
0.80 2 1 0 9.4 45 8.1 3.50 203 32 1.9 1.3 0
1.3 0 19 3 6.5 15 0 10 3.50 203 48e 4.8 1.3 0
1.40 2 10 12 .0 4.5 1.0 3 3.50 203 40 4.8 1.3 0
1.4 0 2 10 16 .5 36 1.0 3 4.43 1.4 330 4.1 1.09
2 .15 2.6 24 4.5 1.0 3 4.43 1.4 4 10 29 1.09
2 .15 2.6 23 35 1.0 3 4.43 4.7 320 4.1 1.0 9
2 .15 8.3 28 4.5 1.0 3 4.43 4.7 3 10 29 1.09
2 .15 8.3 24 35 1.0 3 4.43 9.3 380 4.1 1.0 9
2 .15 31 22 4.5 1.0 3 4.43 9.3 450 29 1.09
2 .15 31 23 35 1.0 3 4.43 30.3 260 4.1 1.09
2 .15 85 19 4.5 1.0 3 a .43 30.3 350 29 1.09
2 .15 85 22 35 1.0 3 A.43 77 230 4.1 1.09
2 .15 2 10 17 4.5 1.0 3 4.43 77 260 29 1.09
2 .15 2 10 19 35 1.0 3 4.43 77 170 4.1 14.0
2.70 4 10 16 4.0 15 4.43 77 200 29 14 .0
2.70 4 10 21 27 15 5 .10 47 550 3.9 0.92
3.35 4.1 60 3.4 1.2 8 5 .10 95 450 3.9 0.92
3 .3 5 4.1 59 28 1.2 8 5 .10 190 460 3.9 0.92
3 .3 5 14 .2 48 3.4 1.2 8 5 .10 190 380/ 3.9 0.92
3 .3 5 14 .2 64d 28 1.28 5.27 3.1 740 4.1 1.0 7
3 .3 5 14 .2 56 3.4 1.28 5.27 1 1 .5 640 4.1 1.0 7
3 .3 5 46 46 3.4 1.2 8 5.27 46 600 4.1 1.0 7
3.35 12 0 45 3.4 1.2 8 5.27 46 430 4.1 17
3.35 12 0 44 28 1.2 8 5.40 104 440 3.0 3.85
3.35 4 10 28 3.4 1.28 5.40 104 380 3.0 1 1 .7
3.35 4 10 35 28 1.28 5.40 246 320 3.0 1 1 .7
3 .3 5 4 10 38 41 1.2 8 6.05 1.2 3 800 4.1 4.5
3.50 14 75 1.2 1.3 0 6.05 6.5 600 4.1 4.5
3.50 35 45 1.2 1.3 0 6.05 39 820 4.1 4.5
3.50 83 34 1.2 1.3 0 6.05 106 650 4.1 4.5

a Measured at 245 nm, using light path of 4 cm, 0 2 saturated. Each result represents an average of three-six runs. Temperature was 20-23°. 6 Before 
pulsing. c Corrected for the decay of peroxy radicals In the blanks. d The solution was illuminated with the analyzing light beam for 2 min prior to pulse 
irradiation. e Twentieth pulse. f  Aerated.

assuming a large excess in [Cu2~] over [“ HO2” ] accord
ing to

*14. = *15/(1 + [H+]IKn) + kw (l + Kn/[ H+]) (17)
where K-n is the equilibrium constant of eq 11. Reason
able agreement with the experimental points in Figure 3 
is obtained using *15 = 8 X 109 and *15' = 1 x 108 M~x 
sec L Somewhat lower rate constants are observed at 
higher formate concentrations. This can be accounted for 
at least in part by an ionic strength effect on reaction 15. 
We were unable to observe any significant effect of com
plex formation between Cu2+ and formate24 on the rate of 
reaction 15 under our concentration conditions. When 
Cu2+ is present in catalytic amounts, a steady state can 
be assumed for Cu2+ and Cu+. It can be shown that 
under such conditions equation 18 must hold.

*14 = 2r15r16/(r 15 + r 16) (18)
where n = *1(/(1 + [H+]/Xn) + k4-(1 -t->R'n/[H+]). Note 
that r, is an effective rate constant for peroxy radicals 
with cupric ions (ris) and with cuprous ions (r16).

At sufficiently high acidities, if k 1G' becomes signifi
cantly larger than *i5[02_]/[“ H02” ], eq 18 can be written 
as

*14 = 2r16 (19)
On the other hand, we have shown that at high ratio [Cu2+]

/[ “ HOa” ], *14 = Fi5 (see eq 17). Hence, the use of catalyt
ic amounts of Cu2+ may increase the apparent reactivity 
toward “ HO2” by up to a factor of 2. This is indeed ob
served when one compares the data for the lower pH 
values in Figures 2 and 3. Many of the results in Figure 2 
have been measured in 10 mM  formate, and a correction 
for the ionic strength effect is expected to increase *14 in 
these experiments.

In near neutral solutions, ri5 st fie and *14 5s ri5 s? ri6 
=4 ki5 Si *16 in both low and high [Cu2+]/[“ H02” ]- Little 
or no [Cu2+] effect on the apparent reaction rate * 1 4  is ex
pected.

Process B. The decay process B amounts to 0-15% of 
the initial 02“ absorbance at 245 nm. It is observed only 
at the higher [Cu2 + ]. Its magnitude becomes lower at 
higher formate concentrations, from ~15% at 1 mM to 
less than 2% at 10 mM  formate. The half-life of this pro
cess is 5-10 ,usec, independent on [02] (air and 0 2 saturat
ed solutions were tested) and on [Cu2+] (tested at pH 5.1, 
9.2 X  10-4 M  formate, 3.5 X  10-5-1.9 X  1()-4 M 
Cu(C104)2). Due to the relatively small amount of decay 
and to the poor separation from the decay A in many ex
periments under our conditions, no systematic investiga
tion of this process was made. The lack of process B at
(24' H. M. Hershenson, R. T. Brooks, and M. E. Murphy, J . A m e r .

C h e m . S o c . .  79, 2046 (1957).
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pH

Figure 3. The reactiv ity  of C u2 + tow ard " H O 2 " a t high ratio [C u2 + ] 
/ [ “H O 2”]0. D a ta  tak en  from  Tab le  I. The te m p e ra tu re  ranged  
betw een  2 0  and 24°: O , about 1 m W  fo rm a te; O , about 4 m M  
fo rm a te; • ,  8 - 1 5  m M  fo rm a te . The full points a re  results at high 
ionic strength b e cau se  of the high fo rm a te  co n cen tra tio n . The  
ca lcu lated  lines a and b a re  the sam e as in F igu re  2. As we  
have here  a large excess  of Cu2 + , reactions 16  and 16 ' can be 
neglected  w ithout respec t w hat a re  their ra te  constants.

lower [Cu2+] and at low pH where the decay A is relative
ly slow may indicate that decay B is not independent, but 
is consecutive to the decay A.

These observations could perhaps be explained by the 
formation of a complex CuC>2+ as already indicated in eq 
15 whose lifetime is 5-10 ¡xsec. The decay B would have to 
be attributed to the decay ot this complex according to eq 
15. No satisfactory explanation can be given for the fact 
that the complex could not be observed at higher formate 
concentrations.

Alternative Mechanism of Catalysis. In the mechanism 
of catalysis, according to eq 15, 15', 16 and 16', Cu2+ and 
Cu+ are the active valence states of copper that partici
pate. One could conceive of another mechanism, in which 
Cu+ and Cu° are the active intermediates for catalysis. 
After formation of Cu+ via reaction 15 or 15', the fol
lowing processes could take place

Cu+ + 0 2- — Cu° + 0 2 (20)
Cu+ + H 02 — Cu° + H+ + 0 2 (20')

Cu° + 0 2~ — Cu+ + H20 2 + 20H (21)

Cu° + H02 Cu+ + H ,02 + OH (21')
Both mechanisms 15-16' and 15, 20-21' could occur si
multaneously.

Let us discuss first the more acidic pH range, where 
HO2 is predominant. HO2 radicals are relatively strong 
oxidizing and relatively poor reducing species. Therefore, 
it is likely that reaction 16' will compete efficiently with 
20', and practically no Cu° will be produced in these solu
tions. In the solutions at near neutral pH, mechanism of 
equations 20- 21' could be feasible if reaction 21 is nearly 
diffusion controlled. The standard redox potential of the 
system 02~|H20 2 is not known. Since the standard po-

A Irani

Figure 4. The residual absorption sp ectra  obta ined  in o x yg e n at
ed Cu solutions. The sp ectra  w ere  m easured  100 / ¿se c  a fte r an  
electro n  pulse, using a 4 -c m  light path: O , 3 .5  X 1 0 ~ 5 M  
C u (C I0 4) 2, 9 .2  X 1 0 - 4 M  fo rm a te , [ " H C V lo  =  3 .9  p M ,  pH  
5 .5 5 , optical density norm alized  to [ “ H 0 2” ]o =  2 .8 3  ¿¿M, 20°; •  
and © ,  1 .0 4  X 1 0 - 4 M  C u (C I0 4) 2, [ “ H O 2" ]0 =  2 .8 3  p M , pH  
5 .4 0 , 22°; O . 3 .8 5  m M  fo rm ate; • , 1 1 . 7  m M  fo rm ate .
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Figure 5. The absorption spectrum  of C u + . The s p ec tra  w ere  
obtained using the  results of F igure 4 and co rrectin g  fo r the  
bleaching of the C u2+ ab sorban ce (see tex t): O , © ,  •  see  
Figure 4; A ,  co rrected  and norm a lized  ab so rb an ces  ob ta ined  in 
a 1 .04  X 1 0 ~ 4 M  C u (C I0 4)2, 3 .8  m M  fo rm a te , [" H O 2”] 0 =  3 .8  
p M .  pH 5 .3 0 , 24°, 0 2 saturated  solution. A filte r to p ro tec t from  
uv light below  2 8 0  nm  w as used. The u ncorrected  d a ta  ap p ea r  
in F igure 6.

tential of Cu+|Cu° (0.52 V) is much more positive than 
that of Cu2+|Cu+, it seems conceivable that 02“ can 
oxize Cu+ efficiently, but not Cu°. HO2 is known to be an 
efficient oxidation agent. It is likely, therefore, that mech
anism 15-16' prevails in both neutral and acidic solutions.

Spectrum of Cu+ and the Identification of Cu+ as the 
Product of (15). The nature of the final product of reac
tion 15 was investigated by means of its absorption spec
trum. The absorption spectrum obtained in CufClCLH- 
formate-02 solutions, immediately after the pulse, was 
identical with the spectrum of the equilibrium mixture 
HO2 + O2-.21

The spectrum of the residual absorption depends 
strongly on the concentration of formate. This is demon
strated in Figure 4, where spectra obtained after 70 /¿sec 
in 3.85 and 11.7 mM formate at pH 5.4 and in 9.2 X 10-4 
M  formate at pH 5.5 are presented. This is due to the 
bleaching of the Cu2+ absorbance, which depends on the 
formate concentration. The amount of bleaching of the 
Cu2+ absorbance depends on the formate concentration. 
This is due to ion pair formation between Cu2+ and for-
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Figure 6. C om parison  of sp ectra  in the p res en c e  and ab sen ce  
of O 2 . The sp ectra  w e re  tak en  at 24° 4 0 0  ¡xsec afte r the  e le c 
tron pulse, [“ H 0 2" ]o =  3 .8  ¡¿M.  A filte r to pro tect from  uv light 
below  2 8 0  nm w as used: O , 1 .0 4  X  1 0 ~ 4 M  C u (C I0 4) 2, 3 .8  mlW 
fo rm a te , sa turated  0 2 a t pH 5 .3 0 ; □ , 1 .0 4  X  1 0 ~ 4 M  
C u (C I0 4 ) 2, 3 .8  m M  fo rm a te , d e aera ted , pH 5 .30 ; X , 3 .8 0  X  
1 0 ~ 4 M  C u (C I0 4) 2, 4.1 X  1 0 - 2  M  m ethano l, d e a e ra te d , pH 5 .3 .

mate, which have higher absorbance as compared with 
Cuaq2+. We carried out spectral measurements in unirra
diated solutions containing both Cu2+ and formate ions. 
At 244 nm, the extinction coefficient of a 1.04 x 10-4 M 
Cu(C104)2 solution was found to be e 115 M _1 cm-1. 
Upon the addition of 3.85 mM  formate at pH 5.40 the ap
parent extinction coefficient of Cu2+ became 390 M-1 
cm -1, while in a 1.17 X  10~2 M  formate (same pH) it was 
740M-1 cm-1.

Similar effects have been observed at other wave
lengths, as well as in a solution containing 9.3 X  10-4 M 
formate and 3.5 x 10-5 M. Cu(C104)2 where an apparent e 
205 M - 1 cm- 1 was measured at 244 nm. From such re
sults, an equilibrium constant K = [copper formate]/ 
[Cu2+][formate] = 50 M _1 could be calculated. This is in 
agreement with polarographic measurements24 which 
yielded K = 37 M _1 at ionic strength = 2.00. The. asso
ciation of a second formate ion can be neglected under our 
conditions.24 Under our conditions, only 5% of the Cu2+ 
ions form ion pairs at 1 m il formate, while 33% form ion 
pairs at 10 mM formate. We have measured the absor
bance spectra of the Cu2+ formate under the conditions of 
Figure 4, and corrected the spectra of the residual absor
bance for the bleaching of the Cu2+ formate absorbance.

The corrected spectra are presented in Figure 5. The 
agreement between the corrected spectra is good. There
fore we conclude that the corrected residual absorbance 
spectrum represents the absorption spectrum of the prod
uct of reaction 15. Apparently the same product is ob
tained in all three formate concentrations which have been 
tested. The lower absorption in 3.5 X  10~5 M  Cu(C104)2 
may be due to some oxidation of the product Cu+, due to 
the relatively low [Cu2+],

In Figure 6 we present the spectra (uncorrected for cu

pric bleaching) obtained in solutions of Cu(C104)2 con
taining formate and 0 2, formate in the absence of O2, and 
methanol in the absence of 0 2. These spectra are identical 
within experimental error. As we observed a strong photo- 
lytic effect, which strongly affects the radiation results in 
the deoxygenated solutions, an appropriate light filter was 
used in these experiments, which prevented us from mea
surements below 280 nm. Note that the results in the oxy
genated formate solutions were corrected for bleaching 
and plotted in Figure 5, where they are shown to be iden
tical with similar results obtained in O2 solutions without 
light protection. In the absence of O2, the product of irra
diation is Cu+ ions. Cu+ is formed upon the reduction of 
Cu2+ by eaq-. In the absence of O2, all eaq~ are expected 
to be scavenged by Cu2+. H atoms may also react with 
Cu2+, or react with the organic solutes and produce the 
organic radicals CO2-  and CH2OH in the formate and 
methanol solutions, respectively. These organic radicals 
are expected to be formed also as a result of the attack by 
OH radicals. Eventually, Cu2+ will be reduced with G = 
Ge + Gh + G0h- Reduction of Cu2+ by various organic 
radicals has been reported previously.11-25 The residual 
absorption in pulse irradiated 1.93 x 10-4 M  Cu(C104)2 
in 10- 2 M  formate at pH 1.3 was still found to be present 
after 1 min (tested at 245 nm). Some of the absorbances 
in Figure 6 were tested and found to be stable for at least 
5 msec. This is in agreement with the known fact that the 
metastable solutions of Cu+ can be used for some time 
without an appreciable disproportionation of Cu+.26 The 
agreement between all three spectra in Figure 6 indicates 
that Cu+ is obtained also in the oxygenated solutions, 
namely, that Cu+ is the final product of reaction 15. It is 
known that Cu+ solutions are sensitive to 0 2. Apparently, 
oxidation by O2 does no1: take place within the time range 
of our measurements under our conditions.

The spectra in Figure 6 have not been corrected for cop
per bleaching. This correction is relatively small above 
280 nm (up to about 30%). We preferred to avoid the cor
rection, as no accurate data concerning the extinction 
coefficient of Cu2+ and Cu2+-formate were available 
above 280 nm. Our measurements showed, however, that 
Cu2+ and Cu2+-formate ion pairs under the conditions of 
Figure 6 had nearly the same extinction coefficients above 
280 nm. Therefore the comparison of the three spectra is 
meaningful.
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E le c tro n  S c a v e n g in g  a n d  P r o d u c t  F o rm a tio n  in th e  7 -R a d io ly s is  

o f  N itrou s  O x id e -L iq u id  X e n o n  S o lu t io n s 1

Stefan J. Rzad* and George Bakale2

R a d ia t io n  R e s e a r c h  L a b o ra to r ie s  a n d  C e n te r  f o r  S p e c ia l  S tu d ie s ,  M e llo n  I n s t i tu te  o f  S c ie n c e ,  C a rn e g ie - M e l lo n  U n iv e r s it y .  P i t t s b u r g h ,  

P e n n s y lv a n ia  1 5 2 1 3  ( R e c e iv e d  D e c e m b e r  4 , 1 9 7 2 )

P u b l ic a t io n  c o s ts  a s s is te d  b y  C a r n e g ie - M e l lo n  U n iv e r s i t y

7 -Irradiation of solutions of nitrous oxide in liquid xenon at 164°K results in the formation of nitrogen and 
oxygen, the latter being ~10% of the former. At low [N20] both products increase with increasing N20 
concentration then level off between 10~2 and 10-1 M nitrous oxide (G(N2) ~  8) and increase again 
above 10“ 1 M N20  where they become dependent on the square of the nitrous oxide concentration. The 
addition of sulfur hexafluoride to the system completely inhibits the formation of both products indicat
ing that the electron is the primary precursor of both species. For a given nitrous oxide concentration the 
yields of nitrogen increase with decreasing dose rate indicating that the electrons are homogeneously dis
tributed in liquid xenon. Carbon dioxide decreases the yield of nitrogen to a constant value of G(N2) =
4.3 which is found to correspond to the yield of electrons produced by 7 -irradiation of liquid xenon (i.e., 
W = 23.3). The following mechanism is found to be consistent with all of the data: Xe —*■ e~ + Xe^; e-
+ N20 — N20 -  (fe3'); N20  + N20  — N2 + (N20 )0 -  (fe10); N20 -  + C02 — N2 + CO3- (ke):  (N20)0~ 
+ Xe+ — 2NO + Xe (fen); (N20 )0 -  + N20  — (N20 )20 -  (fe12); (N20 )20 -  + Xe+ — N2 + 2NO + 0 + 
Xe (feis); (N20 )20 -  + 2NzO — (N20 )30 -  + N20  (fe14); (N20 )30 -  + Xe+ — 2N2 + 2NO + 0 2 + Xe (fels). 
From such treatment of the data feio is estimated to be diffusion controlled and of the order of ~1010 
M - 1 sec-1, fen fei3 ~  1.6 x 1011 M - 1 sec-1, fei2 ~  8.3 x 104 M 1 sec-1, fei4 =; 4.7 X  103 M - 2 sec-1, 
and /k\o = 2.5.

Introduction
Conductivity measurements3’4 and electron scavenging 

studies5 in irradiated liquid hydrocarbons have shown 
that most of the electrons undergo geminate recombina
tion and only a small fraction becomes free and homo
geneously distributed throughout the medium. The in
crease of this fraction when going from linear to branched 
hydrocarbons is accompanied by an increase in the mobil
ity of the negative charge carrier4-6 (e.g., n-hexane G fi = 
0.13,3 Me = 0.09 cm2 V-1 sec-1 ,6 2,2,4-trimethylpentane, 
Gfi =  0.322,3 Me = 7 cm2 V“ 1 sec-1 ,6 and neopentane, G ri 
= 0.857,3 Me = 55 cm2 V” 1 sec-1). Recently it has been 
shown that in liquid argon a large fraction of the electrons 
escape geminate recombination.7“9 Fuochi and Freeman9 
estimated a free ion yield of Gri = 2.0 at 87°K in liquid 
argon which is characterized by an electron mobility of 
475 cm2 V- 1 s e c 1 10 at this temperature. In liquid Xe the 
electron mobility is 2200 cm2 V “ 1 sec“ 1 10 and therefore if 
the increase of the free ion yield with increase in mobility 
is real, one would expect most of the electrons to be free 
in irradiated liquid xenon. In such a case the scavenging 
of these electrons should follow simple homogeneous ki
netics in contrast with the complex kinetics which are ap
plicable in liquid hydrocarbons.5 Such scavenging studies 
are very important for the understanding of the ion re
combination processes in irradiated liquids. With this in 
mind we have undertaken the study of the electron sca
venging processes in irradiated N20-xenon solutions at 
164°K.

Experimental Section
Air Products and Chemicals Research Grade xenon was 

degassed at liquid nitrogen temperature, stored under 
vacuum, and used without further purification (stated pu

rity >99.995%). Matheson’s nitrous oxide, sulfur hexafluo
ride, and carbon dioxide were purified by low-temperature 
distillation and stored under vacuum.

The irradiation cells were Pyrex U-shaped tubes of a 
total volume of ca. 0.5 cm3 fitted with breakseals for re
moval of gases noncondensable at 77°K. A known amount 
of xenon (usually 0.36 cm3) was introduced into the irra
diation cell and condensed at 77°K. The amount of addi
tive was measured by PV and distilled into the cell. The 
vessel was then sealed off and allowed to warm for 30 min 
in an ethyl iodide bath (T = 164°K). The solubility of 
N20 and C02 in liquid xenon at 164°K can be estimated 
from the thermodynamic data on the solubility of solids in 
cryogenic solvents given by Prausnitz and coworkers.11“13 
One can estimate that at saturation the mole fraction of 
the solute is 0.067 and 0.37 for C02 and N20, respectively. 
Since xenon is 28.6 M the solutes were completely in solu
tion at the highest amounts used, i.e., ~0.5 M.
(1) Supported in part by the U. S. Atomic Energy Commission.
(2) Present address: Hahn-Meitner-lnstitut, Berlin, Germany.
(3) W. F. Schmidt and A. O. Allen, J. C h e m . P h y s .,  52, 2345 (1970).
(4) P. H. Tewari and G. A. Freeman, J. C h e m . P h y s .,  49, 4394 (1968).
(5) For example, see (a) J. M. Warman, K.-D. Asmus, and R. H. Schu

ler, J . P h y s . C h e m .,  73, 931 (1969); (b) S. J. Rzad and J. M. War- 
man, J . C h e m . P h y s .,  49, 2861 (1968); (c) S. J. Rzad and K. Ban- 
sal, J . P h y s .  C h e m ..  76, 2374 (1972); (d) M. G. Robinson and G. 
R. Freeman, J . C h e m . P h y s ., 55, 5644 (1971); (e) K. Horacek and 
G. R. Freeman, ib id . ,  53, 4486 (1970).

(6) W. F. Schmidt and A. O. Allen, J . C h e m . P h y s .,  52, 4788 (1970).
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Figure 1. D o se d e p en d e n ce  of the yield o f n itrogen ( • )  and  
oxygen (O )  a t a dose ra te  of 2 .2 8  X  1 0 18 e V  e n r 3 m in -1  and  
[N 20 ]  =  0.1 M .  F lagged  points -ep re se n t severa l undistin- 
guishab le m e as u rem e n ts .

The samples were 60Co Y-irradiated at 164°K using a 
Gamma Cell 220 or a point- source. Two different dose 
rates were obtained in the Gamma Cell by using a lead 
shielding. The dose rates were determined from the Fricke 
dosimeter correcting for the pertinent electron densities 
and soft radiation absorption (10%) by the xenon in the y 
cell experiments where no lead shielding was present.14-16 
The three dose rates studied were in units of eV cm-3 
min-1 in xenon 2.28 X  1018, 3.95 X  1017, and 3.49 x 1016.

After irradiation the gas noncondensable at 77°K was 
toepled into a gas buret and the pressure measured. The 
gas was then analyzed for composition by mass spectrom
etry.

Dose dependences were carried out at a dose rate of 2.28 
x 1018 eV cm-3 min-1 and N20 concentrations of 1.5 x 
10"3, 10"2, 0.1, and 0.3 M and at a dose rate of 3.95 X  
1017 eV cm-3 sec-1 and a N2O concentration of 2 x 10- 2 
M. The yield-dose plots were linear (Figure 1) both for ni
trogen and oxygen. However, at 10 " 2 M  N20  and above 
small intercepts of nitrogen appear, e.g., 0.37 /timol at 0.1 
M N2O. Except for the above-mentioned points all G 
values were calculated from single experiments corrected 
for the intercept which applies at this particular concen
tration range. The total dose delivered to the samples was 
2.28 x 1018 eV cm-3 at concentrations below 10" 2 M, 6.84 
X  1018 eV cm-3 between 10" 2 and 10_1 M, and 4.56 X  
1019 eV cm-3 above 0.1 M.

Results
The gas noncondensable at 77°K was composed exclu

sively of nitrogen and oxygen. The yields of these products 
were linear with dose as is illustrated in Figure 1 for a 0.1 
M N20  solution at a dose rate of 2.28 X  1018 eV cm-3 
min-1. As can be seen on this figure the reproducibility of 
the oxygen data is much poorer. The oxygen yields in
creased from 5 to 10 to ~ 15% of that of nitrogen when the 
N2O concentration increased from 0.01 to 0.1 to 0.3 M, re
spectively. The yields of nitrogen and oxygen increased 
with increasing N20  concentration, Figures 2 and 3, and 
reached a plateau at ~10-2 M N20  (G(N2) ~  8, G(02) ~  
0.6). A further increase in the yields occurred above 0.1 M 
N20. The yields of nitrogen also show a dose rate depen
dence (Figure 2). At a given N20 concentration the G(N2) 
increases with decreasing dose rate. Such a dose rate de-

[ n 2o ] m

Figure 2. N itrous ox ide co ncentra tion  d e p en d e n ce  of the yield of 
nitrogen a t th ree  d iffe ren t dose rates: (A )  3 .4 9  X  1 0 16, ( • )  
3 .9 5  X  1 0 17, and (O )  2 .2 8  X  1 0 18 e V  c m - 3  m in " 1. F lagged  
points rep re sen t G va lues  obta ined  fro m  yield dose plots as in 
Figure 1. Solid lines a re  ca lcu la te d  w ith eq I I I  and the p a ra m e 
ters given in the text.

[ n2o] m

Figure 3. N itrous oxide co n cen tra tio n  d e p en d e n ce  of the yield of 
oxygen a t th ree  d iffe ren t dose rates: ( A , A )  3 .4 9  X  1 0 16, ( O , # )  
3 .9 5  X  1 0 17, and ( □ ,■ )  2 .2 8  X  1 0 18 e V  c m " 3 m in " 1. The  
open points a re  the ex p erim en ta l d a ta . The solid points a re  c a l
cu lated  by eq V I I  as describ ed  in the  text. Solid lines a re  c a lc u 
lated with eq V  and the  p a ra m e te rs  given in the text.

pendence is less noticeable for oxygen due to the much 
larger scatter of the experimental data. The addition of 
SF6, a very efficient electron scavenger, decreased the 
yield of nitrogen and oxygen from N20-xenon solutions ir
radiated at a dose rate of 2.28 x 1018 eV cm" 3 min"1. No 
nitrogen or oxygen is formed in a solution of 0.22 M SFe 
and 0.0071 M N20  in xenon while the yields of nitrogen 
and oxygen from a solution of 1.1 M  SF6 and 0.3 M  N20 
are respectively G(N2) = 1.9 and G(02) =  0.01 (compared 
to 10.8 and 1.94 when no SF6 is present). It should be 
pointed out here that in the former experiment the ratio 
of sulfur hexafluoride to N20  is 31 while in the latter it is 
only 3.7. The addition of C02 to a solution of 0.011 M  
N20 in xenon, irradiated at a dose rate of 3.95 X  1017 eV 
cm-3 min"1, decreased the yield of nitrogen to a constant 
value of G(N2) = 4.3. This is illustrated in Figure 4. The 
oxygen was essentially unaffected by the presence of C02.

(14) W. Bernstein and R. H. Schuler, N u c le o n ic s .  1 3 ,1 1 0  (1955).
(15) D. R. Davis, W. F. Libby, and L. Kevan, J . A m e r .  C h e m . S o c . ,  87, 

2766 (1965).
(16) J. A. Stone, C a n . J . C h e m .,  46, 1267 (1968).
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Figure 4. N itrogen yield as a function of the ratio [ C 0 2] / [ N 20 ]  
for increas ing  C 0 2 co ncentra tion  and [N 20 ]  =  0 .011  M .  Solid 
line ca lcu la ted  with eq IX  and the p a ra m e te rs  given in the text.

Discussion
The fact that SF6, a very efficient electron scavenger, 

decreases drastically the yield of nitrogen and oxygen 
from 7 -irradiated N20-xenon solutions, indicates that 
these products have ionic precursors. Charge transfer from 
Xe+ to N2O should not occur because of the difference in 
the gas-phase ionization potentials: IP(Xe) = 12.1 eV and 
IP(N20) = 12.9 eV. It should be noted that ionization po
tentials in liquids may well be different from those in the 
gas phase. However, these differences are not expected to 
be very large since yields of electrons similar to that in 
the gas phase have been found in the 7 -radiolysis of many 
liquid hydrocarbons.5 Such a conclusion is also reached 
for xenon in the present work (see Discussion). Moreover 
since the positive ion in liquid xenon has been shown to 
be (Xe)2+ 17 the charge transfer to N20  is even more un
likely. These facts point to the electron as the primary 
precursor of the nitrogen and oxygen yields. As shown in 
Figure 2 the nitrogen yield increases with N20  concentra
tion and more or less levels off between 10“ 2 and 10“ 1 M. 
While dose-rate dependent during this rise, the nitrogen 
yields converge to the same value at low N20  concentra
tion ~10-3 M, where G(N2) ~  4.0. The dose-rate depen
dence indicates that the electron is not correlated with 
the positive ion, i.e., the ion pairs are homogeneously dis
tributed in liquid xenon. The dose-rate independence at 
the low concentration of N20 indicates that at these con
centrations the electron scavenging by N20  results always 
in the formation of one nitrogen molecule without compe
tition from recombination between the electron and 
Xe + 4« Quite generally one would have that

Xe — X e+ + e~ (1)
X e+ + e ' — Xe* (2)
+ N20 N2 + O (3)

The product of reaction 3 could be N20 “ , this is irrele
vant for the moment, all we are interested in is that the 
end product is a nitrogen molecule. Some comments on 
the nature of the secondary ions will be made later. From 
the experimental data it appears then that at the concen
trations of N20  studied in the present work reaction 2 
cannot compete with reaction 3. This is not unreasonable. 
Taking (i(e ) ~  4.0 the production rate of electrons at 
the highest dose rate, 2.28 X  1018 eV cm“ 3 min“ 1, is ~2.5 
X  10“ 6 M sec^1. Debye has shown19 that for low dielec

tric constant liquids the rate constant for the recombina
tion of two ions is given by kT = (4ire/t)[i where ¿1 is the 
sum of the mobilities of the ions and « is the dielectric 
constant of the liquid. The Debye equation has been as
sumed to be applicable to the electron ion recombina
tions4’6’8’9 and, therefore, since pe »  fi+, one has that fi 
~  fie = 2200 cm2 V 1 sec' 1 for the electron in liquid 
xenon10 and t = 2.11 for liquid xenon.20 On the other 
hand one can assume that as in other dielectric liq
uids5®’Sc the rate constant for electron scavenging by N20  is 
diffusion controlled. Then using the mobility of the elec
tron in liquid xenon quoted above together with a reaction 
radius of 5 A5c one gets a rate constant ~ 1016 M “ 1 sec-1 
for the electron scavenging by N20. The half-life for re
combination is then ~4 X  10“ 13 sec while the half-life for 
scavenging at 10“ 3 M  N20  is ~7 X 10“ 14 sec or almost an 
order of magnitude shorter than the former. This differ
ence will be greater if one has in xenon as in argon an effi
ciency factor <1 in the neutralization reaction.9

The nitrogen yield increases to a value of the order of G 
~  8 at 3 X  10“ 2 M N20. From the gas-phase W value of 
xenon = 21.821 the yield of electrons is G(e~) = 4.6. This 
value is not expected to change appreciably when going to 
liquid xenon, since yields of electrons similar to that in 
the gas phase have been found in the 7 -radiolysis of many 
liquid hydrocarbons.5 Moreover Klassen and Schmidt 
found that in gaseous and liquid argon the W values are 
essentially the same.7 This together with the electronic 
origin of N2 strongly suggests that secondary reactions of 
the anion produced in reaction 3 lead to nitrogen forma
tion. Moreover, since reaction 2 does not compete with 
reaction 3, the dose rate dependence of the nitrogen yields 
can then be explained in terms of a competition between 
the reaction with N20  of the secondary ion 0 “ (N20 “ ) 
produced in reaction 3 and its recombination

O ' + N20 — N2 + B“ (4)

O" + Xe+ products (5)
Again it should be pointed out that reaction 4 does not 
represent the actual reaction of 0 “ + N20  but indicates 
that whatever the path, the end product is one nitrogen 
molecule. A steady-state treatment of reactions 1-5 gives 
for the yield of nitrogen

G(N2) = G(e) 1 +
1 + B

[N20]
(I)

The constant B in units of M is given by [(D/W0(/?s/
N)]1/2{l/ki) where N is Avogadro’s number, D is the dose 
rate in eV l. -1 sec-1, and W is the energy in eV required 
to form an ion pair. A plot of G(e)/[G(N2) -  G(e)] vs. 1/ 
[N20] should be a straight line with an intercept of 1 and 
a slope B. However, one does not know accurately the 
value of G(e) in liquid xenon. A first estimate can be 
made by plotting 1/G(N2) vs. 1/[N20], The intercept of 
such a plot should give ~l/2G(e). From this plot one 
finds that G(e) ~  4.3. Another way to find the yield of
(17) H. T. Davis, S. A. Rice, and L  Meyer, J . C h e m . P h y s .,  37, 947 

(1962).
(18) Although the ion undergoing recombination is most probably 

(Xe)2+ 17 we will write Xe+ in order to keep the equations as sim
ple as possible. At any rate this is unconsequential as to the con
clusions reached in the discussion.

(19) P. Debye, T ra n s . E le c t r o c h e m .  S o c . ,  82, 265 (1942).
(20) G. A. Cook, Ed., “Argon, Helium and the Rare Gases,” Inter

science, New York, N. Y., 1961, p 370.
(21 ) G. G. Meisels, J . C h e m . P h y s ..  41 ,5 1  (1964).
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Figure 5. R ec iproca l plot of eq I for in te rm ed ia te  nitrous oxide 
co ncentra tions a t th ree  d iffe re n t dose rates ( A )  3 .4 9  X  1 0 16, 
( • )  3 .9 5  X  10 17, and (O )  2 .2 8  X  1 0 1 8 s V  c m - 3 m in “ 1.

G(e) is to suppress the secondary reactions and measure 
the nitrogen yield. CO2 has been shown to react very effi
ciently with the secondary ion O- (possibly N20 )  in the 
gas phase according to22-27

0 + C02 —- C IV  (6)
The addition of C02 to a 0 . 0 1 1  M solution of N20  in liq
uid xenon decreased the nitrogen to a constant G(N2) = 
4.3 (Figure 4). This value agrees surprisingly well with 
that obtained from the reciprocal plot (see above) and is 
very similar to that obtained in the gas phase21 G(e) = 
4.6. Taking G(e) = 4.3 one can plot G(e)/[G(N2) -  G(e)] 
us. 1/[N20], This is illustrated in Figure 5 for the three 
dose rates studied and N20  concentrations between 4 X  
1 0 ~ 3 and 0.1 M. Indeed a linear dependence is observed 
and from an analysis of the data values of B are obtained, 
i.e., 8.3 x 1 0 - 3 , 3.73 X  1 0 - 3 , and 1  X  1 0 ~ 3 M at dose 
rates of 2.28 X  1018, 3.95 x 1017, and 3.49 X  1016 eV cm-3 
min-1, respectively. Since B = [(D/W)(ks/N)]1/2{l/ki) it 
should be proportional to the square root of the dose rate. 
Within experimental errors such a proportionality is ob
tained. It should be noted that below 4 x 1 0 - 3 M devia
tion from linearity occurs for the plot of G(e)/[G(N2) -  
G(e)] vs. 1/[N20]. This together with the fact that at the 
three different dose rates the nitrogen yields become es
sentially the same at low N20  concentrations and de
crease with a concentration decrease, seems to indicate 
that at low concentrations ( ~ 1 0 ~ 3 M  N20) an impurity 
starts competing with N20  for the electrons. In such a 
case the real yield of nitrogen should be given by

G(N2) =
G(e)

1 + A
[N20 ]

1 +
1 + B

[ N 20 ]

(II)

with A = hi[I]/&3 where k\ is the rate of scavenging by the 
impurity present at a concentration [I], From a best fit of 
eq II to the experimental data obtained at a dose rate of 
3.97 x 1017 eV cm-3 min- 1 (see below) one gets A = 3 x 
10- 4 M. If = k3 the electron scavenging impurity is 
present in liquid xenon at a concentration of the order of 3 
X  10- 4 M. This impurity level is reasonable since it is 
within 0.2 times that stated in the supplier’s analysis of 
the xenon.

At concentrations above 0.1 M the nitrogen yields in
crease again and tend toward a value of 3G(e). These

[ n 2 o ] - z m -2

Figure 6. R ec ip roca l plot of eq IV  for high nitrous oxide co n cen 
trations and n =  2  at th ree  d iffe re n t dose rates: ( A )  3 .4 9  X  
1 0 16, ( • )  3 .9 5  X  1 0 17, and (O )  2 .2 8  X  1 0 18 e V  c m - 3 m i n - 1.

yields are also dose rate dependent. It is readily seen from 
Figure 2 that the nitrogen yield concentration dependence 
is higher than first order with respect to the N20 concen
tration. One can write then quite generally

B + Xe+ — products (7)
B + nN20 — N2 + products (8)

A steady-state treatment o? these reactions together with 
reactions 1-5 gives
G(N2) =

G(e)
1 +

1 + [N20] 1 +
2̂ -1 _

B
[N20]

1 +
1 + c

[ N 20] V

(III)

where C = [(D/W)(k1/N)?'2(l/ks)Mn. For high NzO 
concentrations [N20] »  B and A, and eq III reduces to

G(N2) = G(e)

and G(e)/[G(N2) -  2G'e)] plotted us. l/[N 20]n should be 
a straight line with a slope C and an intercept of 1. This is 
illustrated in Figure 6 for n = 2 and gives a fair linear de
pendence considering the small numerical differences in 
the N2 yields and the error introduced in squaring N20. 
The slopes obtained are 0.088, 0.058, and 0.016 M2 at dose 
rates of 2.28 x 1018, 3.95 x 1017, and 3.49 x 1016 eV cm- 3 
min A The values obtained from reciprocal plots of Fig
ures 5 and 6 used together with eq III should describe the 
data over the whole concentration range. Actually the fit
ting procedure used was the following. We have taken the 
nitrogen yields at the dose rate of 3.95 x 1017 eV cm- 3 
min-1. From the reciprocal plots we know that B = 3.73 
x 10-3 M, C = 0.058 M, and n = 2 and with these values 
a first calculation was made. It was found that a value of 
B = 3.4 X  10-3 M gave a better fit in the intermediary 
concentration range ~ l0 - 2-10- 1 M. Then the constant A 
was introduced to account for the faster drop when going 
to lower N20  concentrations. As anticipated above, the 
best fit was obtained for A = 3 x 10“ 4 M. Once the ex
perimental data at the dose rate of 3.95 X  1017 eV cm- 3 
min 1 were fitted and values of B and C so obtained, the

2 +
1 + C

[ N 20 ] nj

(IV)

(22) W. L. Fite and J. A. Rutherford, D is c .  F a r a d a y  S o c .,  37, 192 
(1964).

(23) T. L. Moruzzi and A. V. Phelps, J . C h e m . P h y s . . 45, 4617 (1966).
(24) J. M. Warman, J . P h y s . C h e m .,  71,4066 (1967).
(25) J. M. Warman, J. P h y s . C h e m .,  72, 52 (1968).
(26) S. J. Rzad and J. M. Warman, J. P h y s .  C h e m .,  72, 3013 (1968).
(27) D. A. Parkes, J. C h e m . S o c . ,  F a r a d a y  T ra n s . 1, 68, 627 (1972).
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parameters pertinent to the other two dose rates were ob
tained by multiplying the values obtained above by the 
square root of the appropriate ratio of the dose rates since 
B and C by definition are both proportional to the square 
root of the dose rate. Of course the parameter A remains 
the same at the three dose rates. Hence the solid lines in 
Figure 2 were calculated with eq III and the following pa
rameters G(e) = 4.3, A = 3 x 10-4 M, n = 2; B = 8.1 x 
10-3 M, and C =  0.14 M2 at 2.28 X  1018 eV cm-3 min-1; 
B = 3.4 x lO-3 M and C = 5.8 x 10-2 M2 at 3.95 x 1017 
eV cm-3 min-1; B = 1 x 10-3 M  and C = 1.7 x 10-2 M2 
at 3.49 X  1016 eV cm-3 min-1. The agreement between 
the calculated and experimental data is fairly good. It 
should be pointed out again that the fit was done only at 
one dose rate and then extended to the other dose rates by 
using the dependence of the constants B and C on the 
square root of the dose rate. The slight differences be
tween the values obtained for B and C from reciprocal 
plots and from the curve fitting is due to the fact that the 
impurity depresses the yields at low concentrations and 
that the low and high concentration regions overlap.

At this point some comments concerning the ions in
volved in reactions 1-8 are in order. First arises the ques
tion of whether reaction 3 leads to N2 + O- or to N20 - . 
If gas-phase data can be extrapolated to liquid xenon then 
one would have to rule out the formation of O- in reac
tion 3. Indeed the temperature dependence of the rate 
constant for the reaction leading to N2 + O- has been 
studied by Warman and coworkers28 and is describable by 
/?3 = 4.3 x 1013 exp(-4.8 x 103/T) M -1 sec-1. This gives 
ka ~  10 M -1 sec-1 at 164°K and reaction 3 could not 
compete with electron recombination. Moreover, if O- is 
produced, it can further react with N20  according to29

0 “ + N20 — NO + NO“ (4')
NO- would then undergo a collisional detachment with 
N20  to give28-30

NO“ + N20  —  N20  + NO + e (9)
Although the gas-phase rate for this reaction is of the 
order of 108 M -1 sec-1 at 164°K,28 it seems unlikely in 
the liquid phase, since in the gas phase it probably in
volves some sort of activation or energy transfer process. 
Moreover we do not observe a chain reaction as that 
which would be generated through reactions 3, 4', and 9. 
Within the assumption that gas-phase data apply to our 
system one can say that reaction 3 produces N20 - . This 
is not unreasonable since at high pressures in the gas 
phase, electron capture has been shown to be a three-body 
process28-31 leading most probably to N20 - . Since in a 
liquid molecules are essentially in a collisional state, one 
would expect such a process to dominate.32 Recently 
Mishra and Symons have presented esr spectroscopic evi
dence which suggests that N20 - is stable at 77°K in a 
carbon disulfide matrix.33 Moreover, Dainton and cowork
ers interpreted their pulse radiolysis studies of N20-cyclo- 
hexane solutions in terms of a N20 - ion stable for at least 
20 /xsec34 at room temperature. From the above arguments 
the formation of N20 - seems to be favored

e + N20  — N20 “ (3')
This would be followed by the analog of reaction 4' with 
the production of a stable N20 2- ion.32

N20 “ + N20  — N2 + N20 2“ (10)
This species has been observed by Moruzzi and Dakin35 
who explained their data in terms of a collisional stabili

zation of the intermediate of reaction 4'. Since there is no 
excess nitrogen produced in reaction 10 the dose rate ef
fect on the secondary nitrogen formation has to come as 
the competition between the recombination of the N20 2 -

N20 2“ + Xe+ —  2NO + Xe (11)
and its further reaction with N20  as required by the gen
eral mechanism proposed above. The reaction of the 
N20 2- as well as those following could be regarded as a 
clustering of N20  molecules around the O- . N20 2- itself 
can be regarded as an N20  molecule attached to O 
((N20 )0  ). Clustering of the O- ion has been proposed 
previously to explain results obtained in the gas phase.36 
We would have then

(N20 )0 “ + N20 — (N20)20 “ (12)
(N20 )20 “ + Xe+ N2 + 2NO + O + Xe (13)

(N20 )20 “ + 2N20  — (N20 )30 “ + N20  (14)
(N20 )3CT + Xe+ — 2N2 + 2NO + 0 2 + Xe (15)

In this mechanism since the equivalent of reaction 4, i.e., 
reaction 12, does not give nitrogen, one has to have two 
nitrogen molecules produced in reaction 15 to account for 
a total of 3G(e). The kinetic equations of reactions 1, 2, 
3', and 10-15 are evidently identical with those given 
above. It should be pointed out here that the mechanism 
presented above does not necessarily represent reality nor 
is it unique in explaining the experimental data, however, 
it is consistent with the known reactions observed in the 
gas phase.

Since the oxygen atoms produced in reaction 13 will not 
react with N20 at the temperature of the experiment,37 
they will recombine to give 0 2. Taking this under consid
eration a steady-state treatment of the mechanism pro
posed above gives for the yields of 0 2 and NO

G(02) iGje)
1 + ^ L _
1 +  [N20] 1 +

(V)

G(NO) =
2 G(e)

1 -I— A_
[n 20]

(VI)

Since all the parameters necessary for the evaluations of 
eq V and VI are known, one can calculate the yields of 
NO and 0 2 at the different dose rates. The solid lines in 
Figures 3 and 7 are calculated in such a way. However, 
the experimental yield of oxygen is much smaller than the 
calculated values and no NO is observed in our experi
ments. Moreover if N2 and 0 2 were the only products the 
stoichiometry of 2N2 for one 0 2 is not obeyed. Obviously a 
product is missing and that product is most probably NO.

(28) J. M. Warman, R. W. Fessenden, and G. Bakale, J . C h e m . P h y s .,  
57, 2702 (1972).

(29) E. E. Ferguson, A d v a n .  E le c t ro n .  P h y s .,  24, 23 (1968).
(30) M. McFarland, D. B. Dunkin, F. E. Fehsenfeld, A. L. Schmeltekopf, 

and E. E. Ferguson, J. C h e m . P h y s .,  56, 2358 (1972).
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(1968); (b) J. M. Warman and R. W. Fessenden, ib id . ,  49, 4718 
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Figure 7. N itrous ox ide co ncen tra tio n  d e p en d e n ce  of the yield of 
nitric oxide, ca lcu la te d  by eq  V I I I  as describ ed  in the text, at 
th ree  d iffe ren t dose rates: (A )  3 .4 9  X  1 0 16, ( * )  3 .9 5  X  1 0 17, 
and (O )  2 .2 8  X  1 0 18 e V  c m - 3  m in - 1 . Solid line ca lcu la te d  with 
eq V I and the p a ra m e te rs  given in the text. D ashed line is the  
solid line m ultiplied by an arb itra ry  fac to r of 0 .8 .

NO has been shown to react very efficiently with O2 at 
low temperatures and the reaction is mercury catalyzed.38

2NO + 0 2 —  2N02 (16)
Mercury is present in our system since the samples are 
prepared on a mercury line. Moreover, after irradiation 
the gas noncondensable at 77°K is toepled through cold 
traps containing mercury. Recently it has been shown39'40 
that NO2 produced in reaction 16 further reacts with NO

N 02 + NO —  N20 3

In such a case four NO disappear for one O2 and the real 
yields should be given by

G (02) = V2G( 0 2)m + 1/4G(N2) (VII)
G(NO) = G(N2) -  2G(02)m (VIII)

where G(02)m is the experimentally measured yield of 
oxygen. The yields of 0 2 and NO calculated by eq VII and 
VIII are shown in Figures 3 and 7. The agreement between 
the yields expected from the mechanism and those esti
mated from the stoichiometry is fairly good considering all 
the assumptions involved. To illustrate the accurate form 
of the N2O concentration dependence of NO as predicted 
by eq VI we have multiplied the solid line by an arbitrary 
factor of 0.8 and this is presented as the dashed line in 
Figure 7.

Within the framework of the mechanism presented 
above the effect of C02 can be understood in terms of a 
reaction analogous to reaction 6

N20 "  + C02 — N2 + C03- (6')
A steady-state treatment of the mechanism including 
reaction 6' gives for the yield of nitrogen in the presence 
of C02

G(N2)COz = — ^ 7 - x
1 +  —  -[N20]

of 44 obtained in the gas phase by Warman41 for the ratio 
of the rate constants of 0  (possibly N20 ” ) reaction with 
C02 to that for reaction with N2O. This difference will be 
commented on below. The fact that the presence of CO2 
does not affect the yield of oxygen is not surprising since 
the neutralization of CO3- will lead to the formation of 
oxygen. Due to this complication it is very difficult to es
timate the real yield of oxygen originating from N20 - 
C02-Xe solutions.

From the knowledge of the recombination rate con
stants for reactions 11 and 13 one can estimate the rates 
for reactions 12 and 14. The magnitude of these recombi
nation rate constants can be obtained in the following 
fashion. The recombination rate constant for two ions is 
given according to Detye by kt = (47re/f)/q19 or making 
use of the Nernst-Einstein relationship, kr = (Aire2/ 
ekT)D, where D is the sum of the diffusion coefficients of 
the two ions. The diffusion coefficient of (Xe)2+ at 164°K,
i . e . ,  2.3 X  10-6 cm2 sec-1, is obtained from the work of 
Davis, e t  a/.17 On the other hand, the diffusion coeffi
cients of (N20)0 - and (N20)20- can be deduced from 
the value 6f 2.8 X  10” 6 cm2 sec-1 reported for O2 in liq
uid xenon by Davis, e t  al.42 Since the diffusion coefficient 
is inversely proportional to the radius a of the diffusing 
species and since the radius of 0 2” is known to be 1.8 A42 
and that of (N20 )0 "  and (N20 )20 - can be approximated 
as 2 and 3 A, respectively,43 we calculate the diffusion 
coefficients of these two latter species as 2.5 x 10-6 and
1.7 X  10“ 6 cm2 sec-1, respectively. This in turn gives for 
the recombination rate constants k u  =  1.7 X 1011 M 1 
sec-1 and /?i3 = 1.5 x 1011 M -1 sec-1. Since B = [(D/ 
WM/eii/AOP^U/feia) and C = [(D / W)(k13/N)]1/2{1/ku) 
one gets immediately k12 = 8.3 X  104 M -1 sec-1 and ku 
= 4.7 X  103 M -2 sec-1. W = 100/4.3 = 23.3 has been 
used in the calculations. Such a rate constant of 8.3 X  104 
Ai-1 sec-1 is much lower than the diffusion-controlled 
rate of ~1010 M -1 sec-1 in liquid xenon at 164°K. This is 
not surprising since one would expect the clustered O- to 
be more stable than N20 - and hence react at a slower 
rate with nitrous oxide. At this point two more comments 
should be made. The rate for recombination of N2O is 
also of the order of ~ 2  X 1011 Af-1 sec-1, while reaction 
10 of N20 - with N20  is expected to be diffusion con
trolled in liquid xenon, i . e . ,  ~1010 Af-1 sec 1 since it has 
been shown to be diffusion controlled in dielectric liquids 
such as cyclohexane44 and 2,2,4-trimethylpentane.5c Since 
the ion production rate is 2.5 X  10~6 A/-1 sec-1 one finds 
that the half-life with respect to recombination is ~2 X  
10-6 sec while that for reaction with N20 present at 10' 3 
M  is ~7 X  10-8 sec. Therefore, as assumed in the mecha
nism proposed above, one does not expect any appreciable 
competition between reaction 10 and the recombination of 
N2O- . The fact that reaction 10 is expected to be diffu
sion controlled also explains the small ratio of k 6 ' / k 10, 
since reaction 6' cannot be much faster than reaction 10, 
possibly a factor of 2 but certainly not a factor of 44.

1 + 1_____
&[C02]
[N20] 1 +

(IX)

where K = k6'/k10. Since all the other parameters are 
known K can be obtained by fitting eq IX to the experi
mental data presented in Figure 4. Such a fit with K =
2.5 is illustrated as the solid line in Figure 4. This ratio of 
rate constants is an order of magnitude smaller than that

(33) N. Sasaki and Y. Hiraki, P ro c .  Im p .  A c a d .  (T o k y o ) ,  16, 303 (1940).
(39) R. I. Greenberg and J. Heicklen, In t .  J . C h e m . K in e t . ,  2, 185 

(1970).
(40) M. C. Dodge and J. Heicklen, In t .  J . C h e m . K in e t . .  3, 269 (1971).
(41) J. M. Warman, J . P h y s . C h e m .,  71,4066 (1967).
(42) H. T. Davis, S. A. Rice, and L. Meyer, J. C h e m . P h y s .,  37, 2470 

(1962).
(43) See, for example, L. Pauling, “The Nature of the Chemical Bond," 

Cornell University Press, Ithaca, N. Y., 1948.
(44) P. P. Infelta and R. H. Schuler, In t.  J . A p p l.  R a d ia t .  P h y s . C h e m ..  

5, 41 (1973).
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Conclusions

The results presented above show that most of the elec
trons produced by 7 -irradiation of liquid xenon at 164°K 
behave as free electrons and are homogeneously distribut
ed throughout the liquid which allows the use of simple 
homogeneous kinetics in contrast to the complex kinetics 
used in liquid hydrocarbons.5 The yield of these free elec
trons, Gfi(e~) = 4.3, is higher than that obtained for liq
uid argon9 where Gfi(e- ) = 2.0. This observation with 
xenon provides further evidence for the increase of Gfj 
with the electron mobility in dielectric liquids and is in 
line with previous results, e.g., Gfi = 0.13,3 = 0.09 cm2
V- 1 sec- 1;6 Gfi = 0.332,3 pe = 7 cm2 V “ 1 sec“ 1;6 Gfl = 
0.857,3 ge = 55 cm2 V-1 sec- 1;6 Gfj = 2.0,9 ge = 475 cm2 
V- 1 sec- 1;10 and G„ ='4.3, ge = 2200 cm2 V" 1 sec" 1,10 
for n-hexane, 2,2,4-trimethylpentane, neopentane, argon, 
and xenon, respectively. This yield of electrons of G(e) =

4.3 should be compared to that obtained in the gas phase 
G(e) = 4.621 and indicates, as in the case of hydrocar
bons,8 that the yields of electrons (i.e., the W values) are 
similar in both phases.

The product formation is understood in terms of the 
electron scavenging by N2O to give N2O- and the secon
dary reaction of the latter to give (N20 )0 - . This ion re
combines or yields one excess nitrogen by further reacting 
with N2O. The resulting anion ((N20 )20 - ) reacts in com
petition with its recombination with two nitrous oxide 
molecules to give two excess nitrogen molecules. While the 
reaction of N20 - with nitrous oxide is thought to proceed 
with a diffusion-controlled rate, that of (N20 )0 -  is only
8.3 X 104 M -1 sec-1. The three-body reaction involving 
(N20 )20 -  is estimated to be 4.7 X 103 M -2 sec-1 . Final
ly, the ratio of the rate constant for reaction of N20 -  with 
C02 to that for reaction with N20  is 2.5 indicating that 
the reaction with C0 2 is also diffusion controlled.

R e a c t io n  o f  A to m ic  O x y g e n  w ith  H y d ro g e n  B ro m id e

G. A. Takacs and G. P. Glass*

D e p a r tm e n t  o f  C h e m is t r y ,  R ic e  U n iv e r s it y ,  H o u s to n ,  T e x a s  7 7 0 0 1  ( R e c e iv e d  J a n u a r y  8 , 1 9 7 3 )  

P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  P e t r o le u m  R e s e a r c h  F u n d

The reaction of atomic oxygen with HBr was studied in a fast discharge flow system by monitoring epr 
spectra of 0(3P2), Br(2P3/2), OH(27r3/2), and H(2Si/2) at various reaction times. The experimental re
sults were found to be in accord with the mechanism, O + HBr —<■ OH + Br (1), OH + HBr —► H20  + 
Br (2), OH + O —>• H + 0 2 (3), H + HBr —>► H2 + Br (4), and was measured at 298 K as 4.4 ± 1.0 X  
10- 14 cm3 molecule-1 sec-1. The radical intermediate, OH(27r3/2), was detected in both the ground 
state, and in the first vibrationally excited state. Measurements on the relative population of these states 
allowed a lower limit of 0.3 to be placed on the ratio f e ( i b i / f e ( i a > ,  O + HBr — OH(r = 0) + Br(2P3/2) (la)
and O + HBr — OH(</ = 1) + Br(2P3/2) (lb).

Introduction
This paper reports part of a general study of reactions of 

hydrogen halides with simple free radicals (e.g., O, H, and 
OH).1 Such reactions play an important role in the inhi
bition of flame and combustion processes.2'3

No previous direct experimental study has been made 
of the reaction of atomic oxygen with HBr. However, the 
reaction has been investigated theoretically by Mayer and 
Schieler4 using the BEBO method introduced by Johnston 
and Parr. They calculated the rate constant for reaction 1 
as 3.15 x 10-12 T1 '2 exp(-300/RT) cm3 molecule-1 
sec-1. Only one other estimate of this rate constant has 
appeared in the literature. In a study of the inhibition of 
the second explosion limit of the H2- 0 2 reaction by HBr, 
Clark, et a l . , 5  simulated the course of the reaction by nu
merical integration of the rate equations pertaining to a 
mechanism that included reaction 1. A reasonable fit to 
experiment at 773 K was obtained when k  1 was set equal

to 4.15 X  10-11 cm3 molecule-1 sec-1. However, the fit 
was not sensitive to the actual value of k\ if chosen within 
large limits.

O + HBr —  OH + Br (1)
In this study the reaction was followed directly in a fast 

flow system using epr detection. Spectra of 0 (3P2), OH(r 
= 0), OHG = l ),6 H(2Si /2), . Br(2P3/2), and Br(2P1/2)7

(1) G. A. Takacs and G. P. Glass, J . P h y s .  C h e m ..  accepted for publi
cation.

(2) R. N. Butiin and R. F. Simmons, C o m b u s t.  F la m e ,  12, 447 (1968).
(3) W. E. Wilson, Jr., J. T. O'Donovan, and R. M. Fristrom, S y m p .  

C o m b u s t.  1 2 th , 929 (1969).
(4) S. W. Mayer and L. Schieler, J. P h y s . C h e m .,  72, 236 (1968).
(5) D. R. Clark, R. F, Simmons, and D. A. Smith, T ra n s .  F a r a d a y  S o c  

66,1423 (1970).
(6) P. N. Clough, A. H. Curran, and B. A. Thrush, C h e m . P h y s .  L e t t  7, 

86(1970).
(7) P. B. Davies, B. A. Thrush, A. J. Stone, and F. D. Wayne, C h e m .  

P h y s . L e t t . ,  to be submitted for publication.
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were recorded. An attempt was made to identify the pri
mary reaction from the following possible choices
0 + HBr —
OH(v = 0) + Br(2P3/2) A H = -14.8 kcal/mol (la) 

0  + HBr —-
OH(v = 1) + Br(2P3/2) AH = -4 .6  kcal/mol (lb) 

0  + HBr —
OH(v = 0) + Br(2P1/2) A H = -4 .3  kcal/mol (lc) 

Experimental Section
The construction and operation of the discharge flow 

system and epr spectrometer have been described pre
viously.1-8 Atomic oxygen was produced by either micro- 
wave discharge of C>2-Ar mixtures, or, in the absence of 
O2, by NO titration of atomic nitrogen9

N + NO —  N2 + 0

HBr was added to the 20-mm i.d. quartz flow tube 
through a small movable inlet probe. Concentrations of 0, 
Br, H, and OH were measured absolutely by epr using the 
O2 reference method. The initial concentration of HBr 
was estimated from its measured flow rate. Prior to each 
set of experiments, the flow tube was treated with a fluo- 
rinated halocarbon coating10 that has previously been 
shown to inhibit wall recombination of atomic bromine 
and many other free-radicals species.1

The corrosive reaction products were trapped at 77 K in 
a U-tube positioned immediately upstream of the pump. 
A large brass dump tank placed between the flow tube 
and the liquid nitrogen trap effectively removed all trace 
of ozone. In the absence of this tank, a highly explosive 
mixture of ozone and reaction products was condensed.

For this study the epr system was slightly modified to 
improve its sensitivity. A new cylindrical cavity, operating 
in the TE012 mode, and having end plates that can be 
screwed in or out to change its length, was constructed. 
Improved sensitivity was obtained by adjusting the end 
plates until the position of maximum microwave field was 
superimposed on that of maximum modulating magnetic 
field. With this cavity OH concentrations of 1011 mole- 
cule/cm3 could be detected, although accurate quantita
tive measurements were not possible at this concentra
tion.

Results
In this study the growth of Br(2P3/2) and the decay of 

atomic oxygen was followed as a function of reaction time 
in 12 different mixtures for which the ratio of the initial 
concentration of HBr to that of atomic oxygen varied from 
2.02 to 34.6. The concentration of OH and of atomic hy
drogen was also monitored in several of the more stoichio
metric mixtures.

The results of these measurements were classified and 
tabulated using the following reaction mechanism

0 + HBr — OH + Br (1)
OH + HBr — H20 + Br (2)

OH + O -* 0 2 + H (3)
H + HBr — H2 + Br (4)

Reactions 2, 3, and 4 are well known, and their rate con
stants have been measured as 5.1 x 10-12, 4.3 X  10-11, 
and 3.4 X  10“ 12 cm3 molecule-1 sec-1, respectively.1-8

The alternative reactions of atomic oxygen with HBr, 
namely

0  + HBr — H + BrO (5)
O + HBr —  HOBr (6)

were dismissed since reaction 5 is 31 kcal/mol endother
mic, and reaction 6 produces a 3 atom complex whose life
time is too short for it to be collisionally deactivated. 
Reactions 7 and 8 were neglected because they are too 
slow to be of significar.ce in the presence of atomic oxy
gen. Under the present conditions, atomic bromine should 
be unreactive since wall recombination is effectively in
hibited by the fluorinated halocarbon wall coating, third- 
order recombination is slow at pressures below 1 Torr, and 
the abstraction reactions with HBr, O2, and H2 are very 
endothermic.

OH + OH — H20  + O (7)
OH —  wall (8)

The correctness of the mechanism was tested by (i) 
comparing the kinetic data on oxygen atom decay and 
Br(2P3/2) growth with “hat predicted by the mechanism, 
(ii) determining the concentration of the predicted inter
mediates (H and OH), and (iii) measuring the reaction 
stoichiometry.

An analysis of the kinetic behavior predicted by the 
mechanism is straight forward only when HBr is present 
in large excess. In this limiting case, all OH reacts via 
reaction 2, and reactions 3 and 4 can be neglected. Since 
the concentration of excess HBr remains effectively con
stant throughout the reaction, atomic oxygen undergoes 
pseudo-first-order decay, and its concentration at any 
time t is given by the equation

In (O)0/(O) = £j(HBr)i (9)

where (O )o  represents the initial oxygen atom concentra
tion. If fe2 »  h\, reaction 1 will be rapidly followed by 
reaction 2, and two bromine atoms will be produced for 
each oxygen atom reacted. Thus (Br) = 2 [ (0 ) o  — ( 0 ) ] ,  
(Br).„ = 2 (0 )o ,  and

In (Br)»/[(Br)„ -  (Br)] = ^(HBrjt (10)

Equations 9 and 10 predict that plots of In (O) or In 
[(Br)<= — (Br)] against reaction time should be linear, and 
have identical slopes of magnitude fti(HBr). Figure 1 il
lustrates such plots for two reaction mixtures: one with 
(HBr)o/(0)o = 34.6, and the other with (HBr)o/(0)o =
15.5. For these mixtures (Br).» was estimated as the bro
mine atom concentration determined at the longest mea
sured reaction time plus twice the atomic oxygen concen
tration remaining at that time.

Values of kj estimated from Figure 1 and other similar 
plots are tabulated in Table I. Also included in this table 
are values of k\ computed from experimental data, as
suming the reaction mechanism to be composed of reac
tions 1-4. The computed values are chosen to minimize 
the difference between the experimentally measured oxy
gen atom concentrations and those calculated by integrat
ing the rate equations pertaining to reactions 1-4. A sim
ple Newtonian integration method was used with a step 
size of 10“ 4 sec. In order to avoid the mixing zone, inte-

(8) J. E. Breen and G. P. Glass, J. C h e m . P h y s .,  52, 1082 (1970).
(9) F. Kaufman, J . C h e m . P h y s .,  28, 992 (1958).

(10) Coating supplied by Marchem Inc., P. O. Box 6914, Houston, Tex.
77005. The properties of this coating are fully described in ref 1.
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TABLE I: Kinetics of the Reaction of Atomic Oxygen with HBr

(Ar),
10 16

molecule
c c - 1

(HBr)o,
10 14

molecule 
c c - 1

(O) o. 
10 14

molecule
c c - 1

k ,  10 - 14 cc molecule- 1 sec - 1
(Br formed/ 
O reacted)

(Br formed/
O reacted) caicdO decay Br growth Calcd“

1.2 4 3.84 1 .7 1 1 .1 5 1.2 4

1.9 5 1 1 .3 2 .10 5.9 4.9 1.6 1 1 .3 5

2.33 22.7 3.84 3.6 2.6 1.5 5 1.4 5

2.36 2 1 .3 2.40 3.7 2.8 1.62 1.5 2
2 .17 18 .5 1 .7 5 5.1 3.8 1.9 1 1.60
2.32 17 .1 1.3 6 3.7 3.6 1.5 2 1.6 1
2.04 13 .4 0.90* 6.6 5.5
2.02 26.7 1 .7 2 5.7 4.6 1.7 1 1 .7 3
2.21 19.6 0.97s 5.7 5.7 4.8 1.7 6 1.7 4
3.20 29.7 1 .2 5 s 6.4 6.3 5.7 1.6 5 1.7 6
2.64 25.4 0.98s 7.1 7.5 5.6 2.00 1.8 2
1.8 3 35.4 1.0 2 s 5.3 5.4 4.4 1.98 1.88

0 k(calcd) =  4 . 4 ± 1 . 0 X 1 0 -14  cm3 m olecule-1 sec- 1 . * For these mixtures 0 was produced In the absence of 0 2 by NO titration.

TIME ( m sec)

Figure 1. Plot of log (O ) [open c irc les  and squares] and log 
( (B r ) »  — (B r))  [c losed c irc les and squares] vs. reaction  time:
(a ) (HBr)o =  3 .5 4  X  10 1S, (O )0 =  1 .0 2  X  1 0 14 m o le c u le /c c ;
(b) (H B r)o  =  2 .6 7  X  1 0 15, (O )0 =  1 .7 2  X 1 0 14 m o le c u le /c c .

gration was begun at the first measured point. The rate 
constants fe2, &3, and were not varied during computa
tion, and were chosen as 4.3 x 10-11, 5.1 X 10-12, and 3.4 
X  10_ 12 cm3 molecule 1 sec-1, respectively.1’8 fti was 
varied in increments of 10-15 cm3 molecule-1 sec-1 until 
the best fit between experiment and calculation was ob
tained. In order to reduce computation time the initial 
trial value of ki was set equal to the value estimated from 
Figure 1.

It is clear from Table I that, in general, the computed 
value of kt is less than the value obtained by pseudo-first- 
order oxygen atom decay. This is to be expected since the 
overall reaction stoichiometry changes with the (HBr)/(0) 
ratio, being governed by the relative rates of reactions 2 
and 3. When HBr is in great excess, all OH is consumed 
by reaction 2, and thus the rate of removal of 0 is equal 
to the rate of reaction 1. If more atomic oxygen is present, 
some OH is consumed in reaction 3, and the rate of re
moval of atomic oxygen is then greater than the rate of

reaction 1. When this occurs the rate constant obtained 
by pseudo-first-order oxygen decay (graphically) is greater 
than k\. Since hz/k̂  — 8.4, even a mixture with an 8.4- 
fold excess of HBr reacts to form (initially) equal amounts 
of H20  and 0 2, and with a pseudo-first-order rate con
stant (measured using the early points) 50% greater than
kx.

A successful search was made for the two intermediates, 
OH and H, predicted by the mechanism. Unfortunately, 
due to their low concentration they could be detected only 
at short reaction times and only using stoichiometric 
mixtures. Under these conditions their spectra were ob
served with S/N ratios of between 2 and 5, and only rough 
estimates could be made of their absolute concentrations. 
These estimates are recorded in Table II together with 
values of (OH) and (H) that were calculated from the 
mechanism using the value of k-y measured in this study, 
namely, 4.4 X  10-14 cm3 molecule-1 sec-1, and the-rela
tionships

(OH) = *,(0)(HBr)/*2(HBr) + * 3(0) (11)
and

(H) = A3(0)(0H)/A4(HBr) (12)
which were derived using the steady-state approximation. 
This approximation can be applied to OH since ky -C 
and kz, and to H since ky -c ky, and reaction 3 is clearly 
slower than reaction 1.

In this study, OH(27r3/2) was observed in both the 
ground and the first vibrationally excited state. The con
centration of the ground state was determined by compar
ing its integrated epr spectra to that of a known pressure 
of NO, using the intensity relationships developed by 
Westenberg.11 The intensity relationship pertinent to 
OH(p = 1) is not in the literature, but can be readily eval
uated using the relationship

fx ,j  d H = h
geff/3

wp I N
k T j z exp(-Ei/kT)\nu\2

which is derived in Westenberg’s paper. Here /x u  dH is 
the total integrated absorption, mj is the matrix element 
of the transition dipole between states i and j, N  is the 
number of absorbing molecules, Z is the partition func
tion, and Ei is the energy of the absorbing state. The only
(11) A. A. Westenberg and N. deHaas, J. C h e m . P h y s . ,  40, 3087 

(1964).
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TABLE II: Comparison of Measured and Calculated (OH)

Pressure,
Torr

Time,
msec

10'" molecule cm-3 10 " molecule c m -3

(HBr)o O)o (O) (Br) (HBr)a (OH), = o (OF)„=i (OH)caicdo (H) (^)calcd

0.26 4 . 5 18 .1 8.60 4 .16 3.62 14 .5 5.88 1.4 7 10 .5 36
0.27 3 . 9 3 1 .3 2.72 5.43 25.9 4.32 1 .3 3 12 .7 13 16
0.30 4 . 1 30.9 1 1 .7 4 .16 5.70 25.2 7.64 2.68 15 .0 27 30

°  Estimated as (HBr)0 -  (Br). 6 The sum over all vibrational states.

quantities that vary with vibrational quantum number are 
gen, Z, and mj. In going from OH(i> = 0) to OH(r = 1) 
geff decreased by 0.3%,6 Z increases by 2.6%,6 and |m/;|2 
also increases by approximately 2.6%.12 Thus the intensi
ty relationship is effectively unchanged. This result is 
quite general and can be applied to any vibrational state 
of a molecule. It arises because, to a first approximation, 
for a given electronic state, both Z and \pu\2 depend 
mainly on the square of the equilibrium internuclear sep
aration. Thus, increases in Z and in \n,j\2 tend to cancel 
each other. The concentrations of OH(r = 0) and OH(r = 
1), as determined from their epr spectra, are separately 
listed in Table II. The ratio of OH(f = 1) to OH(i< = 0) 
was measured as approximately 0.3 under the conditions 
of this study.

The reaction stoichiometry was determined for all 
mixtures by measuring the ratio of atomic bromine 
formed to atomic oxygen removed, between two points 3.3 
and 25 cm downstream of the HBr inlet. The first point 
was chosen to be immediately downstream of the mixing 
zone and the other point represents the largest reaction 
time that can be measured in this apparatus. Approxi
mately 70-80% of the total reaction occurred between 
these two points. Measurements were not made in the 
mixing zone because it is clear that the stoichiometry de
pends on the ratio (HBr)/(0) which varies greatly in the 
mixing region. Table I displays experimental measure
ments of the ratio of Br formed to O removed. For com
parison, values of this ratio were computed from the 
mechanism by integrating the rate equations for reactions
1-4 using measured reactant concentrations and the rate 
constants given previously. These computed values are 
also included in Table I.

An unsuccessful search was made for the electronically 
excited bromine atom, Br(2Pi/2), which had previously 
been observed7 in small yield in the reaction of atomic hy
drogen with HBr.

Discussion
In general all of the results obtained are consistent with 

a mechanism composed of reactions 1-4. In the presence 
of excess HBr, the results illustrated in Figure 1 are ex
actly predicted by the mechanism, and in leaner mixtures 
the values of k \  estimated using the mechanism are inde
pendent of the initial (HBr)/(0) ratio. The measured 
ratio of Br formed to O removed is within 10% of that cal
culated from the mechanism for 9 of the 11 mixtures stud
ied, and deviations of this magnitude are within the ex
perimental error associated with this type of absolute con
centration measurement.13 Finally, both intermediates 
predicted by the mechanism were observed at close to 
their expected concentrations.

While reactions 1-4 reproduce the general features of 
the overall reaction, a more detailed inspection of the re

sults reveals a small but consistent discrepancy between 
the predicted and measured concentrations of H and OH. 
Also, OH was detected in both its ground and first vibra- 
tionally excited states (a detail not contained in the above 
mechanism). Both of these features can be explained by 
considering the mechanism in more detail.

Reaction 1 can be broken down into three components 
O + HBr —
OH(v = 0) + Br(2P3'2) AH = -14.8 kcal/mol (la) 
O + HBr —
OH(v = 1) + Br(2P;/2) AH = -4 .6  kcal/mol (lb) 

O + HBr —
OH(v = 0) + Br(2P1/2) AH = -4.3 kcal/mol (lc)

and while this division is somewhat arbitrary, it has some 
relevance in that vibrational relaxation and electronic 
quenching occur on a time scale that may be slow com
pared to that of this experiment. The OH(c = 1) produced 
in reaction lb can react in three possible ways

OH(v = 1) + HBr —  H20  + Br (2b)
OH(v = 1) + O — 0 2 + H (3b)

OH(v = 1) + M — OH(v = 0) + M (13)
Several recent papers have shown that reactions are often 
promoted by vibrational excitation of the reactants,14-15 
and thus it seems likely that &2b &2 and that &3b > k3.
Now, reaction 2 has an activation energy of 1.15 kcal/mol, 
and at room temperature its reaction rate is y50 of the gas 
kinetic collision rate.1 Therefore, it is probable that this 
reaction is more strongly promoted by vibrational excita
tion of OH than is reaction 3 which has zero activation 
energy and which proceeds at of its collision rate.8 Lit
tle is known about vibrational relaxation of OH (reaction 
13), except that it occurs very slowly when M is an inert 
gas, and that it occurs efficiently at the walls.16 However 
in this experiment, in the presence of atomic oxygen, most 
OH radicals will react before they diffuse to the walls. 
Br(2Pi/2), the product of reaction lc, is known to be effi
ciently quenched at the wall,17 and electronic quenching 
by O may also occur. No chemical reaction between it and 
other reaction products or reactants are likely since they 
are too endothermic to be of importance in this system.

The above discussion suggests that the observed OH(c 
= 1) is produced by reaction lb. The fact that the mea-

(12) See, for example, A. J. Herbert, F. J. Lovas, C. A. Melendres, C. 
D. Hollowell, T. L. Story, Jr., and K. Street, Jr., J. C h e m . P h y s .,  48, 
2824 (1968).

(13) (a) A. A. Westenberg and N. deHaas, J . C h e m . P h y s ,,  40, 3087 
(1964); (b) A. A. Westenberg, P ro g r .  R e a c t .  K in e t . ,  In press.

(14) T. J. Odlorne, P. R. Brooks, and J. V. V. Kasper, J . C h e m . P h y s ..  
55, 1980 (1971).

(15) W. A. Chupka and M. E. Russell, J . C h e m . P h y s ..  49, 5426 (1968).
(16) A. E. Potter, Jr., R. N. Colthorpe, and S. D. Worley, J . C h e m .  

P h y s .,  54, 992 (1971).
(17) D. Husain and J. R. Wiensenfeld, T ra n s . F a r a d a y  S o c . ,  63, 1349 

(1967).
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sured OH concentration is below that calculated can be 
adequately explained by assuming that OH(<> = 1) reacts 
more rapidly with HBr and 0  than does OH(n = 0), and 
the discrepancy in the measured and calculated atomic 
hydrogen concentration can be explained by assuming 
that the rate of reaction 2 is more highly promoted by vi
brational excitation of OH than is that of reaction 3. Un
fortunately, quantitative estimates of the rates of reac
tions 2b and 3b cannot be made with any certainty at this 
time. At face value an increase in their rates, over those of 
reactions 2 and 3, by a factor of 3 is sufficient to reduce 
the OH(» = 1) steady-state concentration from a value 
consistent with the calculation to the actual observed 
value, but the large uncertainty in the measurement (re
sulting from the poor S/N ratio of the signal), and a lack 
of knowledge concerning reaction 13, prevents this esti
mate from being more than mere speculation.

Since OH(ii = 1) is expected to be more reactive than 
OH(y = 0), the ratio fcib/kia should be greater than the 
measured ratio (OH(v = l)/(OH(i> = 0)). Thus a lower 
limit of 0.3 can be assigned to fcib/feia. It is impossible to 
place an upper limit on this ratio because rate constants 
for reactions 2b, 3b, and 13 are not known. No estimate 
can be made of feic/ftia because, in our system, any 
Br(2Pi/2) formed by the initial reaction would be 
quenched at the wall before detection.17 However, it 
should be noted that the initial reaction is not sufficiently 
exothermic to produce OH(*' = 1) and Br(2Pi/2) simulta
neously, and this fact places an upper limit of 2.33 on the 
ratio feic/&ib-

At 298 K, the overall rate constant for reaction 1 was 
measured as 4.4 ± 1.0 x 10-14 cm3 molecule-1 sec A 
This value is not consistent with the estimate given by 
Clark, et al.5 Using our room temperature rate constant, 
an activation energy of 5.2 kcal/mol was obtained by as
suming the Arrhenius preexponential factor to be equal to 
the gas kinetic collision number. This maximum possible 
value was then used to calculate an upper limit for the 
rate constant at 773 K. The number obtained, 6 x 10-12 
cm3 molecule-1 sec-1, is almost an order of magnitude 
smaller than that used by Clark to fit his measured explo
sion limits. The reason for the discrepancy is not clear. 
However, it is stated by Clark that the fit is very insensi
tive to the actual value of k\ used. Also it is possible that 
the set of rate constants and the mechanism used to fit 
his data is not unique.

A theoretical estimate of the rate constant for reaction 1 
has been obtained by Mayer and Schieler4 using the 
BEBO method. Their value is three orders of magnitude 
greater than that measured in this study at 298 K. One 
possible reason for this difference could be the neglect, in 
the calculation, of the enhanced triplet repulsion caused 
by atomic oxygen. The origin of this repulsion can be seen 
by considering the model used for BEBO calculations. For 
the reaction A + HC —*• AH + C, the atoms A, H, and C 
are maintained in a collinear configuration, and the ener
gy of the system at any particular value of the reaction 
coordinate is calculated by supposing it to be decomposed 
into that due to two partial bonds (AH and HC) and one 
antibond (AC) as suggested by the spin orientation f A— 
i H--- f C. The bonding is maximized by keeping ni + 
n2 = 1, where ni is the Pauling bond order for AH, and n2 
is that for HC, and the antibonding is minimized by the 
collinear geometry. In terms of this model reactions of

triplet atomic oxygen must occur with enhanced anti
bonding as provided by the structure t t O— I H -  f C.

Mayer and Schieler have suggested that reactions of 
triplet atoms can be adequately treated within the BEBO 
approximation by doubling the antibonding energy,4 
which is normally calculated using a modified Sato triplet 
function.18 Therefore we have repeated part of the calcu
lation for O + HBr using this suggested modification. The 
following results were obtained: (1) the potential energy of 
activation was increased by approximately 1 kcal/mol and 
(2) the nature of the transition state was not significantly 
modified, i.e., it still occurred very much in the entrance 
valley of the potential energy surface with ni > 0.9. In 
spite of the increased triplet repulsion, the calculated and 
measured rates still differed by more than two orders of 
magnitude.

The failure of the BEBO method in predicting the rate 
of reaction 1 may be part of a more general failure. Mok 
and Polanyi19 have drawn attention to the fact that the 
measured change in activation energy throughout the se
ries

Cl + HX — HC1 + X (with X = Cl, Br, or I)

is much greater than predicted by the BEBO method. 
They note that the experimental activation energy for Cl 
+ HC1 — HC1 + Cl is 6.5 ±  0.5 kcal/mol whereas the 
predicted value is 0.6 kcal/mol. This situation is almost 
certainly mirrored in the series O + HX —*• OH + X. 
BEBO calculations predict room temperature rate con
stants of 7.5 x 10-12, 3.2 x 10-11, and 5.1 x 10-11 cm3 
molecule-1 sec-1 for X = Cl, Br, and I, respectively.4 The 
measured values are <10-16, 4.4 X  10-14, and ~2 X  
10-12 cm3 molecule 1 sec-1 .20 It is interesting to note 
that for both series the calculations predict transition 
states that lie early in the entrance valley of the potential 
energy surfaces, and surfaces that are very “ attractive.”21 
However, for the reaction Cl + HI —*■ HC1 + I, Polanyi 
and coworkers22 have reproduced the product energy dis
tribution using classical trajectory studies on quite repul
sive (A = 24%, R = 76%) London-Eyring-Polanyi-Sato 
surfaces.

Shortly after submission of this paper, a theoretical 
study of the O + HBr reaction appeared.23 This study 
predicted a moderate preponderance of the v = 1 state 
over the v = 0 state of OH. Unfortunately the potential 
energy surface used in the calculation was modeled using 
certain parameters (activation energy, transition state) 
determined from the BEBO study, which we have shown 
to be inconsistent with experiment.
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Nanosecond pulse radiolysis has been used to determine the bimolecular rate constants for the reactions 
of OH and eaq~ with simple nitrofuran derivatives. The transient optical absorption spectra of the radi
cals produced by these reactions have been characterized. Positive identification of the radicals has been 
achieved from the electron spin resonance spectra recorded with in situ irradiated solutions. The reac
tions of OH radicals with simple nitrofurans take place with very high rate constants, ~5 x 10® M l 
sec” 1, and involve OH addition mainly to the 5 position. Addition of OH to this carbon which bears the 
nitro group is followed by rapid elimination of nitrous acid. Nitro anicn radicals are formed by reaction 
of eaq with the nitrofurans or by electron tranfer from a-hydroxyisopropyl radicals. The rate constants 
for these reactions with 5-nitro-2-furoic acid are respectively 2.2 X 1010 and 1.5 x 10® M -1 sec-1. The 
nitrofuran anion radicals protonate on the nitro group with pKa. ~ 1. In the case of the radical from 5- 
nitro-2-furoic acid the pKa values for the nitro and the carboxyl groups were found to be 1.22 and 3.77, 
respectively.

Introduction
Nitroaromatic compounds have been shown to act as 

radiosensitizers, i.e., they enchance the destruction of py
rimidine bases,2 the release of inorganic phosphate from 
mononucleotides and phosphate esters,3’4 and the num
ber of single strand breaks in DNA.5 In model systems of 
chemical radiosensitization, the nitrofurans have emerged 
as a class of excellent sensitizers, the degree of their effect 
being correlatable directly with their electron affinities.3’4’6 
In order to understand the elementary processes involved 
in the radiosensitization this combined pulse radiolysis 
and esr study has been undertaken.

In a recent study of irradiated aqueous solutions of 5- 
nitrouracil and its derivatives,7 the radicals produced by 
reaction of eaq" and OH have been characterized. The hy
drated electron has been found to produce the nitro anion 
radical whereas the OH reaction results in oxidative deni
tration. Similar results have been found in the present 
study with the nitrofurans. Several pK  values for the nitro 
anion radicals are also reported.

Experimental Section
The pulse radiolysis experiments were carried out at the 

Whiteshell Nuclear Research Establishment using nanosec
ond kinetic spectrophotometry. The radiation source was 
a 3.5-MeV Van de Graaff accelerator delivering 50-nsec 
pulses of electrons in the dose range 1-10 krads/pulse. 
The experimental details are similar to those reported 
earlier.8 The esr experiments were performed at Carnegie- 
Mellon University using a continuous 2.8-MeV electron 
beam from a Van de Graaff accelerator. All the experi
mental details of the preparation of solutions and their in 
situ irradiation while flowing through the esr cavity are

identical with those used in previous studies.9 The nitro
furan derivatives used were obtained from Aldrich Chemi
cal Co., Pfaltz and Bauer, and Sigma Chemical Co. and 
were used without further purification.

Oxidative Denitration by OH Radicals
Radicals produced by reaction of OH with 5-nitro-2-fu- 

roic acid have been studied in N2O saturated solutions. 
The esr spectrum observed with an irradiated solution at 
pH 9.1 consisted of four lines only. Two proton hyperfine 
constants of 9.66 and 1.13 G were calculated from the 
spectrum and no nitrogen splitting was present. This re
sult indicates that the nitro group has been eliminated by 
a mechanism which involves initially the addition of OH

(1) Supported in part by the U. S. Atomic Energy Commission and 
Atomic Energy of Canada Limited.

(2) C. L. Greenstock, J. A. Raleigh, W. Kremers, and E. McDonald, In t.  
J . R a d ia i .  B io l. ,  22, 401 (1972).

(3) J. A. Raleigh, C. L. Greenstock, and W. Kremers, In t .  J . R a d ia t .  
B io l. ,  in press.

(4) C. L. Greenstock, J. A. Raleigh, R. Whitehouse, and E. McDonald, 
B io c h e m .  B io p h y s .  R e s . C o m m u n . ,  manuscript in preparation.

(5) D. L. Dugle, J. D. Chapman, C. J. Gillespie, J. Borsa, R. G. Webb, 
B. E. Meeker, and A. P. Reuvers, In t .  J . R a d ia t .  B io l. ,  in press.

(6) J. D. Chapman, C. L. Greenstock, A. P. Reuvers, E. McDonald, and 
I. Dunlop, R a d ia t .  R e s .,  in oress.

(7) P. Neta and C. L. Greenstock, R a d ia t .  R e s .,  in press.
(8) 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)
(9) K. Eiben and R. W. Fessenden, J. P h y s . C h e m .,  75, 1186 (1971).
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to  th e  ca rb o n  a to m  b e a rin g  th e  n itro  group  (eq  1 ) . A  s im i
lar d en itra tio n  rea ctio n  w a s o b served  w ith  5 -n itro u ra c il  
a n d  severa l o f  its  d eriv a tiv es  a n d  th e  id e n tific a tio n  o f th e  
ra d ic a ls  w as co n firm ed  b y  p ro d u c in g  th e m  via d ifferen t  
re a c tio n s .7

In th e ca se  o f  fu ra n s it h as a lrea d y  b een  fo u n d  th a t  O H  
ra d ica ls  ad d  p re fe ren tia lly  to  p o sitio n s 2 a n d  5 ra th er th a n  
3 an d  4 .10 T h e  a d d u c ts  u n d ergo  a ra p id  rin g  o p e n in g  in  
a lk a lin e  so lu tio n s , 1 0 1 1  b u t  a p p a r e n tly  e lim in a tio n  o f  
H N O 2 in th e  case  o f  n itrofu ran s is a faster p ro cess th a n  
th e  ring o p e n in g . T h e  ra d ica ls  resu ltin g  fro m  rin g  o p en in g  
h av e  high er g fa cto rs  an d  low er h y p erfin e  c o n sta n ts  th a n  
th o se  o b serv ed  in th e  p resen t ca se . T h e  p a r a m e te rs  o b 
served  in th e  p resen t s tu d y  re se m b le  th o se  o f  th e  a lly lic  
ty p e  ra d ica ls  p ro d u c ed  from  th e  fu ra n s in a c id  s o lu t io n s , 10 

w here th e  ring d oes n ot op e n , so th a t  th e  a ss ig n m e n t  
given  here is very  rea so n a b le .

A  fu rth er co n firm a tio n  ca n  be o b ta in e d  b y  fo llo w in g  th e  
rea ctio n  o f  O H  w ith  5 -b r o m o -2 -fu r o ic  a c id . A  s im ila r  
m e c h a n ism  in v o lv in g  e lim in a tio n  o f H B r  is e x p e c te d  to  
ta k e  p la c e , as  h as b een  fo u n d  w ith  5 -h a lo u r a c ils , 12 to  
y ie ld  th e sa m e  fin a l ra d ic a l. In d e e d , th e  sp e c tru m  o b 
served  w ith  an  irrad ia ted  so lu tion  o f 5 -b r o m o fu r o ic  ac id  at 
p H  1 1 .5  c o n ta in ed  th e  sa m e  lines as th o se  o b served  w ith
5 -n itro fu ro ic  ac id , w ith  th e  esr p a ra m e te rs  g = 2 .0 0 3 6 0 , 
a 4H =  9 .6 8  G , a n d  ct3 H =  1 .15  G . O b v io u s ly , th e  sa m e  ra d 
ical is p ro d u c ed  fro m  th e  tw o c o m p o u n d s  a n d  th e  m e c h a 

n ism  su g g ested  is th e  o n ly  one th a t  ca n  e x p la in  th ese  
fin d in g s .

In  the case  o f  5 -n itro fu ro ic  ac id  th e  sa m e  esr sp ec tru m  
w as o b served  a t p H  9 .1 , 1 1 .8 , an d  1 3 .0 . A  few  ex tra  w eak  
lin es w ere p resen t a t th e  h igher p H  v a lu es  b u t  a ss ig n m e n t  
co u ld  n ot be m a d e . W it h  5 -b r o m o fu r o ic  ac id , on  th e  other  
h a n d , a seco n d  ra d ica l w as p resen t a t  a s te a d y -s ta te  c o n 
ce n tra tio n  th ree  tim e s  as h igh  as th a t  o f  th e  first ra d ical 
a n d  th e  esr p a ra m e te rs  are g =  2 .0 0 4 2 7 , a H =  6 .5 6  G , an d  
a H =  0 .2 1  G . T e n ta t iv e ly  th ese  p a r a m e te rs  ca n  be a s 
s ig n ed  to an  a lly lic  ty p e  ra d ica l p ro d u c ed  via a m e c h a 
n ism  w h ich  in v o lv e s  ring o p en in g  (re a c tio n  2 ) as  a c o m 
p etin g  rea ctio n  a lo n g  w ith  th e  H B r  e lim in a tio n .

A t te m p ts  to  id en tify  th e  ra d ica l p ro d u c ed  b y  rea ctio n  o f  
O H  w ith  5 -n itr o -2 -fu r a ld e h y d e  an d  5 -n itr o -2 -fu r a ld o x im e  
(n ifu ro x im e ) w ere n o t su cc essfu l b e c a u se  th e  esr sp ectra  
had very low  s ig n a l-to -n o ise  ra tio s.

T h e  tra n sie n t o p tic a l a b so rp tio n  sp ec tra  o b serv e d  w ith  
irrad ia ted  so lu tio n s  o f  5 -n itro fu ro ic  ac id  a n d  5 -b r o m o fu 
roic ac id  (5  X  K ) - 4  M a n d  sa tu ra te d  w ith  N 2O  a t p H  7) 
are sh ow n  in F igu re 1 . T h e  tw o sp ec tra  are e v id e n tly  very  
sim ila r  a n d  m u s t  be m a in ly  th e  a b so rp tio n  o f  th e  ra d ical 
p ro d u c ed  b y  e ith er d en itra tio n  or d e b ro m in a tio n . O th er  
ra d ic a ls  p ro d u c ed  b y  a d d itio n  o f  O H  to  p o sitio n s 2 , 3 , an d  
4 , a p p a r e n tly  c o n tr ib u te  very  litt le  to  th ese  o b serv ed  sp e c 
tra . T h e  s im ila rit ie s  in th e  a b so lu te  v a lu es  o f  th e  a b so r b 
an ce per u n it d ose  o b ta in e d  w ith  th e  tw o c o m p o u n d s  in d i
ca tes  th a t th e  fra c tio n s o f  O H  ra d ica ls  w h ich  a d d  to  p o s i
tio n  5 o f  th e  tw o  c o m p o u n d s  are very sim ila r .

T h e  rate  c o n sta n t for th e  rea ctio n  o f O H  w ith  5 -n itr o -
2 -fu ro ic  a c id  h a s  b een  m easu red  b o th  fro m  th e  rate  o f

b u ild u p  o f a b so rp tio n  at 5 0 0  n m  a n d  fro m  th e  ra te  o f  d e 

stru ctio n  o f  th e  p a ren t c o m p o u n d  a b so rp tio n  a t  3 0 0  n m .  
B o th  ra tes are first order in  5 -n itro fu ro ic  a c id  c o n c e n tr a 
tio n  a n d  give a rate  co n sta n t of 5 X 10 9 M - 1  s e c - 1 . T h e s e  
resu lts  sh ow  th a t o x id a tiv e  d e n itra tio n  occu rs ra p id ly  
after O H  a d d itio n  a n d  th a t  th e r a te -lim it in g  s te p , as  m e a 
su red  in  th e  a b o v e  e x p er im e n ts , is th e  a d d itio n  o f  O H  to  
th e  n itrofu ran .

Formation of Nitro Anion Radicals
T h e  n itrofu ran s ca n  be red u ced  e ith er b y  re a ctio n  w ith  

eaq -  or b y  a re d u cin g  organ ic ra d ica l su ch  as ( C H a ^ C O H .  
E x p e r im e n ts  h av e  b een  carried  o u t w ith  so lu tio n s  o f  5 -  
n itr o -2 -fu ro ic  a c id  co n ta in in g  e ith er te r t -b u ty l a lco h o l, 
w h ich  sca v en g es O H  to  form  an  u n rea ctiv e  ra d ic a l, or is o 
p ro p y l a lco h o l, w h ich  rea cts w ith  O H  to  fo rm  a ra d ica l  
w h ich  red u ces th e  n itro  c o m p o u n d . In  a c id  so lu tio n s  ea q -  
rea cts  w ith  H + to  fo rm  H , w h ich  is e x p e c te d  to  a d d  to  th e  
fu ra n  ring rath er th a n  red u ce  th e  n itro  g rou p . T h e  n itro  
an ion  ra d ica l m u s t , th erefore , b e  p ro d u c ed  in a c id  s o lu 
tio n  b y  red u ctio n  w ith  th e  ra d ica l from  iso p ro p y l a lc o h o l.

T h e  esr sp ec tra  record ed  w ith  irra d ia ted  so lu tio n s  o f  5 -  
n itro -2 -fu r o ic  a c id  at a ll p H  v a lu es  sh o w  s p littin g s  b y  on e  
n itrog en  a n d  tw o  p ro to n s. T h e  v a lu e s  o f  th e  esr p a r a m e 
ters, h ow ever, ch a n ge  w ith  p H . T h e  ch a n g e s  in  th e  n itro 
gen  h yp erfin e  c o n sta n t a n d  in th e  larger p ro to n  h yp erfin e  
c o n sta n t are sh ow n  in F igu re 2 . It is re a so n a b le  to  a ssu m e  
th a t  th ese  ch a n g e s are th e  resu lt o f  a c id -b a s e  eq u ilib r ia  in  
th e  ra d ic a l. In  th is  case  th e  sp littin g  m e a su red  a t  a n y  p H  
is th e  w eig h te d  average  o f th e  sp littin g s  o f  th e  ac id  an d  
b a sic  fo rm s ( i f  th e  e x ch a n g e  b etw een  th ese  fo rm s is 
r a p id ) . W h e n  tw o  p ro ton  d isso c ia tio n s are in v o lv e d  th e  re 
la tio n sh ip  is

K t K tK2
a AH, +  « a h -  +  aA2r

. , Ki I M l  
[ H + ]  [ H + ] 2

w here o a h 2, o a h - , a n d  a.\2~ are re sp ec tiv e ly  th e  sp littin g s  
for th e  n o n d isso c ia te d , sin g ly , a n d  d o u b ly  d isso c ia te d  
fo rm s, an d  K\ a n d  K2 are th e  first a n d  seco n d  d isso c ia tio n  
c o n sta n ts . U s in g  th is  e q u a tio n  a n d  th e  e x p e r im e n ta l a.A2 - , 
a n d  v a ry in g  th e  oth er p a ra m e te rs , th e  b est fit  to  th e  e x 
p e r im e n ta l p o in ts  as sh ow n  in F igu re  2 h a s  been  o b ta in ed  
b y  u sin g  th e  sp littin g s  su m m a riz e d  in  T a b le  I w ith  p A 'i  =

1 .22  a n d  p /<2 =  3 .7 7 . T h e  th ree  fo rm s o f  th e  ra d ic a l sh ow n  
in  th e  ta b le  are e x p e c te d  to  h av e  se c o n d -o rd e r  d is a p p e a r 
a n ce  ra tes w h ich  d ecrease  w ith  th e  in crease  in  ch a rg e  b e 
ca u se  o f e le c tro sta tic  rep u lsio n . T h e  slow er r a d ic a l-r a d ic a l  
rea ctio n s a t  th e  h igh er p H  v a lu es  ca n  b e  m a n ife s te d  b y  
th e  ob served  esr sig n al in ten sities . T h e  ra tio  in in ten sities , 
a t s im ila r  p ro d u c tio n  ra te s , is 1 :1 5 :1 0 0  for th e  ra d ica ls  
a t p H  0 , 2 .5 , a n d  9 -1 3 ,  resp ec tiv e ly .

T h e  p K  o f  3 .7 7  a ssign ed  to  th e  c a rb o x y l grou p  o f  th e  
ra d ic a l is h igh er th a n  p K = 2 .0 6  for th e  p a ren t c o m p o u n d  
a n d  th e  d ifferen ce  ca n  be e x p la in e d  b y  th e  e ffe c t o f  th e  
a d d itio n a l ch a rg e, lo ca te d  p a rtly  on  th e  rin g , to  en h a n c e  
p ro to n a tio n . T h e  low er p K  o f  1 .2 2  is a ssig n ed  to  th e  n itro  
a n ion  grou p . T o  su p p o rt th is  a ss ig n m e n t, a n d  b e c a u se  no  
oth er p ro to n a te d  n itro  an ion  ra d ica l h as b een  p re v io u sly

(10) R. H. Schuler, G. P. Laroff, and R. W. Fessenden, J. P h y s . C h e m .,  
77,4 56 (19 73).

(11) J. Lille, Z . N a tu r to r s c h . ,  B , 26, 197 (1971).
(12) P. Neta, J. P h y s . C h e m ..  76,2399 (1972).
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Figure 1 .  Transient optical absorption spectra observed In N 20  
saturated 5 X  1 0 -4  M  neutral solutions of 5-brom o-2-furoic acid  
(• ) and 5-nitro-2-furoic acid (O ). The dose per pulse was 6.2 
krads and the spectra were recorded 1 ¿¿sec after the pulse. 
The self-absorption of the 5-nitrofuroic acid (whose absorption 
spectrum, referred to the right-hand extinction coefficient scale, 
is shown by the dashed line) prevents its transient spectrum  
from being followed below 3 75  nm. The 5-bromofuroic acid  
does not have any absorption below 300 nm.

TABLE I: Esr Parameters for Radicals Formed by Reduction 
of 5-Nitro-2-furoic Acid°

pH <0 pH 2.5 pH 9.1, 11 .5 , 13.0

a N 12 .7 0 11 .5 8 12.20
a<H 5.71 5.40 5.67
a 3H 1.3 8 1 .3 3 1.28
9 2.00454 2.00471 2.00461

. . . . . X k . X k  - _ . . x vHOOC 0 N02H HOOC 0 TfOf "OOC 0 N02~
pK, = 1.22 p K 2 = 3.77

“ The g  factors are measured relative to the peak from the silica cell 
and are accurate to ±0.00005. Hyperfine constants are given in Gauss 
and are accurate to ±0.03 G.

TABLE il: Esr Parameters for the Nitrobenzene Radical Anion 
and Its Protonated Form

pH 0.1 pH 6, 12

a N 15 .8 1 14 .20
0 H 
a o 3 .3 6 )

(3 )°
3.38 (2)

a  H dP 3 .3 6 / 3.65 (1)
a  H 1 . 1 1 (2) 1 . 1 5  (2)
9 2.00439 2.00448

a W. Grtinbein, A. Fojtik, and A. Henglein, Z. N a tu r to r s c h .  B , 24, 1336 
(1969). This pK is higher by about two units tnan those for the nitrofuran 
derivatives (Tables I and III) in line with the comparison of benzoic acid 
(pK =  4.2) with 2-furoic acid (pK =  3.2). b The para and the two ortho 
protons have accidentally the same hyperfine constants.

ob served , it w as d e c id e d  to  p rep are  th e  n itro b en zen e  
an ion  a n d  e x a m in e  th e  c h a n g e  in  its  h y p erfin e  c o n sta n ts  
w h en  th e  so lu tio n  is a c id ifie d . T a b le  II s u m m a r iz e s  th e  
esr p a ra m e te rs  for th e  a c id  a n d  b a sic  fo rm s o f  th e  n itro 
b en zen e  ra d ic a l. C o m p a r in g  th e  ch a n g e s in  th e  p a r a m e 
ters for C 6H 5N 0 2 H  a n d  C 6H 5N 0 2 ~ w ith  th e  co rresp o n d 
ing ones for 5 -n itro fu ro ic  a c id  (T a b le  I) it is se en  th a t , in 
b o th  cases, d isso c ia tio n  c a u ses  an  in crease  in th e  g factor

Figure 2. The effect of pH on the nitrogen (• ) and proton (O) 
hyperfine constants of the radical anion formed in irradiated so
lutions of 5-nitrofuroic acid containing isopropyl alcohol. The pK  

values of 3 .7 7  and 1 .2 2  are assigned respectively to the carbox
yl and nitro groups of the radical anion.

Figure 3. The effect of 5-nitrofuroic acid concentration on the 
rate of formation of the anion radical absorption at 3 75  nm (• ), 
or the rate of decay of the eaq~ absorption at 600 nm (O ). The 
oxygen-free neutral solutions contain 0.5 M  t e r t -butyl alcohol.

a n d  a b o u t a 1 0 %  d ecrease  in a N . T h e  d isso c ia tio n  o f  the  
ca rb o x y l grou p  in 5 -n itr c fu ro ic  a c id  reverses th is  p a ttern  
as is clear fro m  F igu re 2.

T o  fu rth er su p p o rt th e  a ss ig n m e n t o f  th e  tw o p K  v a lu es  
o f  th e  5 -n itro fu ro ic  a c id  an ion  ra d ica l to  th e  co rresp on d in g  
grou p s oth er n itro fu ra n  d eriv a tiv es  h av e  been  stu d ie d . 
T a b le  III sh ow s th e  re su lts  for 5 -n itr o -2 -fu r a ld e h y d e  an d  
5 -n :tr o -2 -fu r a ld e h y d e  d ia c e ta te . A  p K  — 1 is e s tim a te d  
for b o th  n itro  a n io n s. T h e  ch a n g e s in a N an d  in th e  g fa c 
tor are s im ila r  to  th o se  in th e  p re v io u s c o m p o u n d . N o  
ch a n ge  in esr p a ra m e te rs , i.e., no p K, h as b een  ob served  
b e tw ee n  p H  3 .3  a n d  7 .3  as e x p e c te d .

T h e  esr sp e c tru m  o f  th e  a n io n  ra d ic a l fro m  5 -n itr o -2 -  
fu ra ld o x im e  (n ifu r o x im e ) h as b e e n  o b serv ed  a t p H  9 .4  and  
th e  h yp erfin e  c o n sta n ts  o f  all th e  m a g n e tic  n u cle i w ere  
a n a ly z e d  (T a b le  I II) . B e c a u se  o f th e  large n u m b e r  o f lines  
(1 4 4 ) th e  sp e c tru m  in a c id  so lu tio n  h a d  a very  low  s ig n a l- 
to -n o ise  ra tio  a n d  co u ld  n o t be a n a ly z e d .

T h e  rate c o n sta n ts  for th e  rea ctio n  o f  ea q ~ w ith  n itro fu - 
ra n s a t n eu tra l p H  h av e  b een  d e te r m in e d  b y  fo llow in g  th e  
rate  o f  d ec a y  o f th e  eaq~ a b so rp tio n  a t  6 0 0  n m  a t various  
n itrofu ran  co n c e n tra tio n s . In  all ca ses th e  a b so rp tio n  d e 
ca y e d  e x p o n e n tia lly  a n d  th e  rate  o f  d ec a y  w as first order  
in  n itrofu ran  c o n c e n tra tio n . F igu re  3 sh ow s th e  p lo t for 5 -  
n itro -2 -fu r o ic  a c id  fro m  w h ich  a rate  c o n sta n t o f  2 .2  X
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TABLE III: Esr Parameters for Radicals Formed by Reduction of Nitrofurans“

5-Nitro-2-furaldehyde 5-Nitro-2-furaldehyde diacetate
Nifuroxime

pH 0 pH 2.5, 9, 11 .2 pH 0 pH 3.3, 4.8, 7.3 pH 9.4

a N 1 1 . 1 3 9.73 13 .7 4 12 .79 1 1 .4 3

34» 5 .19 4.68 6.28 6 .11 5.54

3 3 » 1.44 1.56 1.20 1 .7 1 1 .5 2

S*» 1 .1 8 1 .3 3 1 . 1 1 1 . 1 0 0.89

3 n OHN
3 n OH»
9 2.00488 2.00498 2.00431 2.00445

2 .14
0.24
2.00460

r \  * = *
OHC O ^ N O i

j r \
OHC 0 NO,'

r \  -
(CHsCOO )2H ( r T r ' N 0 2H

r \
(CH3C00)!H C ''^ 0 / ^ N 0 2 H O N = H C " \) ^ 'N O !

pK ~ l p  K ~  l

0 See footnote a Table I.

_i____________i____________i_________ ~T~“— u____ i 
350 375 400  425 450

X llinl
Figure 4. Transient absorption spectrum of the 5-nitrofuroic acid  
anion radical formed either in deoxygenated 1 0 - 3  A4 solutions 
containing 0.5 A4 ferf-butyl alcohol (O ), or in N20  saturated so
lutions containing 0 .1 A4 isopropyl alcohol and 1 0 -4  A4 5-nitrofu
roic acid (• ).

1 0 10 M - 1  s e c - 1  is d e te r m in e d . T h e  tr a n sie n t a b so rp tio n  
sp e c tru m  m e a su red  a fter  th e  rea ctio n  o f  ea q -  w ith  5 -n i 
trofu roic ac id  is sh ow n  in F igu re 4 . T h e  a b so rp tio n  m a x i
m u m  occu rs a t  375  n m  an d  the rate  o f  b u ild u p  after th e  
p u lse  is c o n c o m ita n t w ith  th e  rate  o f  d ec a y  o f  th e  ea q -  
a b so rp tio n  a t  all 5 -n itro fu ro ic  ac id  c o n c e n tra tio n s  (F igu re
3 ) . In  a d d itio n , th e  rate  c o n sta n t o b ta in e d  fro m  th e  rate  o f  
d estru c tio n  o f th e  u v  ch rom o p h ore  (3 2 0  n m ) as a resu lt o f  
ea q -  a tta c k  agrees w ell w ith  th e  oth er tw o  d e te r m in a 
tio n s . T h e re  w as n o  s ig n ific a n t e ffec t o f  p H  on th e  ea q -  
re a c tiv ity  o f  5 -n itro fu ro ic  ac id  d ow n  to  p H  3 .3  in  lin e  w ith  
th e  p K  v a lu e  o f 2 .0 6  for p ro to n a tio n  o f th e  c a rb o x y l group  
o f  th e  p a ren t c o m p o u n d . T h e se  e x p e r im e n ts , w h ich  used  
1 0 - 2  M  5 -n itro fu ro ic  a c id , w ere n o t p erfo rm ed  b e low  p H
3 .3  b e ca u se  o f  th e  in creasin g  c o m p e titio n  for eaq~ b y  
H aq + - T h e  se co n d -o rd e r  rate  c o n sta n t for th e  d e c a y  o f  th e  
5 -n itro fu ro ic  ac id  ra d ic a l an ion  a n d  its  a b so r p tio n  sp e c 
tr u m  re m a in e d  e sse n tia lly  u n c h a n g e d  (2k =  2 .2  X  109 

M - 1  s e c - 1 ) fro m  p H  1 0 .5  to  3 .3 .

3 0 0  4 0 0  5 0 0  6 0 0  

X(nm)
Figure 5. Transient anion radical spectra observed with Irradiat
ed 1 0 _ 3 A4 neutral solutions of (a) 5-nltro-2-furaldehyde and (b) 
5-nltro-2-furaldehyde diacetate. The solutions contained 0.5 A4 
ferf-butyl alcohol and were saturated with N2.

P u lse  ra d io ly sis  e x p e r im e n ts  h av e  also  b e e n  ca rried  o u t  
w ith  n eu tra l so lu tio n s o f  5 -n itro fu ro ic  a c id  c o n ta in in g  a 
large excess o f  iso p rop yl a lco h ol (0 . 1  M )  a n d  sa tu ra te d  

w ith  N 20 .  In  th is  ca se  th e  n itro a n io n  ra d ic a l c a n  be  
fo rm ed  o n ly  b y  e lectro n  tran sfer fro m  th e  h y d ro x y iso p ro - 
p y l ra d ica l to  th e  5 -n itro fu ro ic  a c id . T h e  tr a n s ie n t a b so r p 
tion  sp e c tru m  o b ta in e d  in th e  sy s te m  (F igu re  4 ) w a s id e n 
tic a l w ith  th a t  o b ta in e d  b y  d irect ea q -  a t ta c h m e n t . H o w 
ever, th e  b u ild u p  o f  a b so rp tio n  w as slow er in  th is  ca se . 
F ro m  th e  b u ild u p  rate  as a fu n c tio n  o f 5 -n itr o fu ro ic  ac id  
co n ce n tra tio n  th e  rate  c o n sta n t for th e  e lectro n  tran sfer  
rea ctio n  w as d e te r m in e d  to  be 1 .5  x  109 M - 1  s e c - 1 . S im i 
lar tra n sie n t ra d ica l an ion  sp ec tra  w ith  ch a ra cte ristic  
stro n g  a b so rp tio n  b a n d s  p ea k in g  a t  3 9 0  a n d  4 0 0  n m  h av e  
b e e n  o b ta in ed  b y  p u lse  ra d io ly sis  o f  5 -n itr o -2 -fu r a ld e h y d e  
a n d  5 -n itr o -2 -fu r a ld e h y d e  d ia c e ta te  (F igu re  5 ) .
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C O M M U N IC A T I O N S  T O  T H E  E D IT O R

Comparison of M icellar Effects on Singlet Excited 

States of Anthracene and Perylene1

P u b lic a t io n  c o s ts  a s s is te d  b y  M e llo n  In s t i tu te

Sir: R e c e n t flu o rescen ce  d e p o la riz a tio n  stu d ie s  b y  S h in -  
itzk y , et al, m a d e  u se  o f  a r o m a tic  h y d ro ca rb o n  flu o 
rescen t p ro b es to  m e a su re  th e  m ic ro v isc o sity  in th e  in ter i
ors o f  ce rta in  c a tio n ic  m ic e lla r  s y s te m s .2 A lm g r e n  h as e x 

a m in e d  th e  se n sitiz e d  flu o rescen ce  o f  n a p th a le n e  in so d i
u m  p h e n y lu n d e c a n o a te , an  a n io n ic  su r fa c ta n t, a n d  d eter 

m in e d  th a t n a p th a le n e  lies a t th e  m ic e lle  core in  h is s y s 
t e m . 3 W e  h a v e  b e g u n  to  in v estig a te  th e  b e h a v io r  o f  e x c it 
ed sta te s  o f  co n d e n se d  a r o m a tic  h y d ro ca rb o n s in m ic e lla r  
sy ste m s , a n d  our p re lim in a r y  fin d in g s  in d ic a te  th a t  th e  
lo ca tio n s o f  th ese  h y d ro ca rb o n s d e p e n d  b o th  on th e  s u b 
stra te  an d  su r fa c ta n t u se d . F u rth er, it  m a y  b e  seen  th a t in  
certa in  sy s te m s  th e  e x c ite d  su b stra te  ca n  p ro vid e  u sefu l 
d a ta  co n cern in g  th e  n a tu re  o f  th e  m ic e lla r  su rfa ce .

In  th ese  e x p e r im e n ts  w e h a v e  c o m p a re d  th e  in flu en c es  o f  
cationic h e x a d e c y ltr im e th y la m m o n iu m  b r o m id e  ( C T A B ) ,  
C H 3 ( C H 2) i 5 ( C H 3 ) 3N + B r ~ , a n d  th e  c o rresp o n d in g  c h lo 
ride (C T A C 1 ) , u p o n  th e  flu o rescen ce  life tim e s  (rr) o f  a n 
th racen e  a n d  p ery len e  in  a q u eo u s s y s te m s . F lu orescen ce  
life tim e  m e a su r e m e n ts  w ere carried  o u t b y  th e  c o n v e n 
tio n a l m e th o d  o f  p u lse  flu o r im e try  u tiliz in g  a n a n o se co n d  
sp ark , p u lse  s a m p lin g  o sc illo sco p e , a n d  P D P -8  co m p u te r  
for d a ta  co n tro l a n d  a n a ly s is . 4 It w as fo u n d  th a t  in w ater  
so lu tion s p erylen e  ( ~ 1 0 ~ 6 M) h a s  a very  sh o rt l ife t im e  (r f  
<  0 .5  n sec) a n d  e x h ib its  a very  low  in ten sity  o f  e m iss io n . 
H o w ever, a d d itio n  o f  e ith er C T A B  or C T A C 1  at c o n c e n 
tra tio n s co rresp o n d in g  to  th e  region  o f  th e  m ic e lle  c o n c e n 
tra tio n  (c m c ) or a b o v e  is a c c o m p a n ie d  b y  a sh arp  increase  
in  Tf a n d  e m iss io n  in te n s ity . In  C T A B  so lu tio n s , th e  f lu o 

rescen ce  life tim e  p la te a u s  ju s t  a b o v e  th e  c m c  (9  X  10~4 M) 
a t a v a lu e  o f  5 .0  ±  0 .2  n sec , in a g re e m e n t w ith  an  earlier  
fin d in g  o f  S h in itz k y , et al., for so lu b iliz e d  p e r y le n e .2 In  d i 
rect co n tra st, h ow ever, s im ila r  a d d itio n  o f  C T A B  to  an  
aq u eo u s so lu tio n  o f  a n th ra ce n e  ( ~ 3  x  1 0 ~ 6 M, tc =  2 .3  ±  
0 .2  n sec) sh a rp ly  q u e n c h e s  th e  a n th ra c e n e  flu o rescen ce  in  
th e  c m c  reg ion . T h e s e  e ffe c ts  are illu s tr a te d  in  F igu re  1 . 
S u b s titu tio n  o f  C T A C 1  for C A T B  p ro d u c es  very  litt le  d e 
crease in th e  a n th ra c e n e  flu o rescen ce  life tim e  co m p a re d  
to  w ater so lu tio n s . M e a s u r e m e n ts  o f  t f anthracene w ere  
th e n  carried  o u t in  s y s te m s  o f  m ix e d  C T A B  a n d  C T A C 1  
m ic e lles  m a in ta in in g  th e  to ta l s u r fa c ta n t co n c e n tra tio n  a t  
0 .0 1  M. F ro m  a  p lo t  o f  rr vs. th e  co n c e n tra tio n  o f  C T A B ,  
[C T A B ] , it  is seen  th a t  Tf m a y  be re la ted  to  [C T A B ]  b y  
th e  p se u d o -first-o r d e r  q u e n c h in g  re la tio n sh ip  g iven  in F ig 
ure 2 . T h is  e x p ressio n  a ssu m e s  n o  su b sta n tia l ch a n g es in  
stru ctu re  u p o n  th e  fo rm a tio n  o f th e  m ix e d  m ic e lle s  w h ich  
m ig h t e ffec t th e  lo c a tio n  o f  a n th ra ce n e  w ith in  th e  sy s te m . 
In  aq u eo u s so lu tio n  B r ~  h a s  b e e n  fo u n d  to  b e  an  in e ffi

c ien t q u e n ch e r o f th e se  e x c ited  s in g le ts , kq <  10 s M _1 

sec _1. H e n c e  for rr to  b e  a ffec te d  to  th e  e x te n t  o b serv e d  b y

Figure 1 .  Effect of C TA B  micelle formation on the fluorescence  
lifetimes of ~ 1  X  1 0 “ 6 M  perylene ( ■ )  and ~ 3  X  1 0 - 6  M  an
thracene (O ) in aqueous solution.

2.0

ó0)IT)

r
io

Figure 2. Fluorescence lifetime of ~ 3  X  1 0 - 6  M  anthracene as  
a function of increasing C TA B  concentration, [CTAB], in a C T A C I-  
CTAB mixed micelle system Total surfactant concentration is 
maintained at 0.01 M .

th e  p resen ce  o f B r - , th e  an th ra ce n e  m u s t  b e  so lu b iliz e d  a t  
th e  m ic e lle  su rfa ce , re a d ily  a c c e ssib le  to  th e  h igh  c o n c e n 
tra tio n  o f  B r _ ion s in  th e  S te rn  la y er . B y  c o n tra st, th e  
p erylen e  m u s t  as p rev io u sly  su g g e ste d 2 resid e  in  th e  in te 
rior o f  th e  m ic e lle , w ell re m o v e d  fro m  th e  B r  io n s .

G iv e n  th e  h ig h  se n sitiv ity  o f  a n th ra c e n e  flu o rescen ce  to  
th e  su rfa ce  e n v ir o n m e n t, th e  s in g le t s ta te  sh o u ld  provide

0.002 0004 0006

[CTAB], M

(1) Supported in part by the U.S. Atomic Energy Commission.
(2) M. Shinitzky, A.-C. Dianoux, C. Gitler, and G. Weber, B io c h e m is t r y ,  

10, 2106 (1971).
(3) M. Almgren, P h o to c h e m .  P h o to b io l . ,  15, 297 (1972).
(4) L. K. Patterson, to be published.
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O.OI 0.02 0.03 0.04 0.05 [Br‘]

Figure 3. Effects of B r" added to 0.01 M  CTA CI (O ) and C l"  
added to 0.01 M C TA B  (• ) upon r f  of solubilized anthracene. 
The upper horizontal scale applies to the C T A C I-B r -  system  
while the lower is for the C T A B -C l"  system. The curves repre
sented by the dotted lines were calculated from eq 1 in Figure 2 
and an equilibrium constant of 10  for eq 2.

a good  p ro b e  for s ta b ility  o f  co u n terio n  b in d in g  in th e  
S te rn  lay er w h en  oth er c o m p e tin g  io n s are in tro d u c e d  in to  
th e  sy s te m . S u b s titu tio n  o f a n o n q u en c h in g  ion for B r ~  at  
th e  su rfa ce  sh o u ld , th e n , be  a c c o m p a n ie d  b y  in crea sin g  rr. 
A c c o rd in g ly , rf anthracene w as m e a su r e d  in  0.01 M  C T A B  
so lu tio n s as a fu n c tio n  o f  a d d e d  N a C l .  T h e  re su lts  are  
given  in F igu re  3 . It is a p p a r e n t th a t  C l "  ra th er in e ffi
c ie n tly  re p la c e s  B r "  a t  th e  m ic e lle  su rfa ce . T h e  inverse  
e x p e r im e n t, b e g in n in g  w ith  0.01 M  C T A C I  a n d  d e te r m in 

ing rf anthracene w ith  in crea sin g  K B r  c o n firm s th a t  B r "  is 
m u c h  m o re  stro n g ly  b o n d e d  a t  th e  p o sit iv e ly  c h a rg ed  su r
face  or in th e  S te rn  lay er (F igu re  3 ) . A s s u m in g  re v ersib ili
ty  a n d  an  e q u ilib r iu m  c o n sta n t o f  1 0  for th e  sy ste m

CTACI +  Br" ^  CTAB + Cl” (2)
one m a y  c a lc u la te  co n ce n tra tio n s o f  [ C T A B ]  p ro d u c ed  e i
th er b y  th e  a d d itio n  o f  B r  to  C T A C I  or C l "  to  C T A B .  

B y  su b st itu t in g  [ C T A B ]  c a lc u la te d  in  th is  w a y  in to  eq  1

w h ic h  w as a p p lie d  to  th e  m ix e d  m ic e lle  d a ta , on e m a y  
c o n stru c t q u e n c h in g  cu rves for b o th  se ts  o f  e x p e r im e n ta l  
d a ta . T h e  C T A C I  +  B r "  case  m a y  b e  seen  to  g ive  th e  b e t 

ter  f it  to  th e  p ro p o sed  e q u ilib r iu m . It m u s t  b e  n o te d  th a t  
th e  m o d e l re fle c ted  in  eq  2 rep resen ts c o n sid era b le  s im p lif i 
c a tio n  o f  th e  rea l sy s te m , ig n orin g  as it  d o e s  s tru c tu ra l  
ch a n g e s a n d  su b stra te  d istr ib u tio n  ch a n g e s t h a t  m a y  
occu r in  th e  m ic e lle  a t h igh  co n ce n tra tio n s o f  a d d e d  e le c 
tr o ly te .5 T h e  large d ev ia tio n  in th e  C T A B  +  C l "  case  
m a y  b e  d u e  to  ju s t  su ch  ch a n g es in  m ic e lle  s tru ctu re . 
M e g u r o  a n d  K o n d o  m e a su red  th e  ra tes  o f  in crea se  in  s p e 
cific  c o n d u c ta n c e  w ith  co n ce n tra tio n  a b o v e  th e  c m c  in  
d o d e c y lp y r id in iu m  h a lid es  a n d  fo u n d  th e  v a lu e  for th e  
ch lorid e  to  be  greater th a n  th a t  for th e  b r o m id e  b y  a fa c 
tor o f  a b o u t 2 in d ic a tin g  for th a t  ca se  a r e la tiv e ly  stron ger  
b in d in g  o f  B r - . 6 In  th e  p y r id in iu m  sy s te m s  it  h a s  b een  
sh ow n  th a t  so m e  p o rtio n  o f th e  b in d in g  is d u e  to  c h a rg e- 
tran sfer p h e n o m e n a .7 W it h  th is  ta k e n  in to  a c c o u n t th e  
c o n d u c ta n c e  stu d ie s  d o  in d ic a te  tren d s  in re la tiv e  s ta b ili 
ty  o f  h a lid e  b in d in g  q u a lita tiv e ly  c o n siste n t w ith  fin d in g s  
p resen ted  h ere .

It h as b een  su g g e ste d  th a t  th e  b in d in g  o f  c o n ju g a te d  
m o le c u le s  a t  th e  C T A B  m ic e lla r  su rfa ce  m a y  b e  e x p la in e d  
in  te r m s  o f  an  in tera ctio n  b e tw ee n  th e  ir sy s te m  o f  th e  
m o le c u le  a n d  th e  p o sitiv e ly  ch a rg ed  s u r fa c e .8 H o w e v e r , all 
th e  factors d e te r m in in g  th e  se le c tiv ity  b y  w h ich  so m e  aro 
m a tic  h y d ro ca rb o n s are so lu b iliz e d  a t  th e  su rfa ce  o f  
C T A X  w h ile  oth ers are fo u n d  in  th e  in terior are n o t fu lly  
u n d ersto o d  a n d  are th e  fo cu s o f  fu rth er in v e stig a tio n .

(5) J. Cohen and T. Vassiliades, J . P h y s . C h e m .,  65, 1774 (1961)
(6) K. Meguro and T. Kondo, N ip p o n  K a g a k u  Z a s s h i,  80, 818 (1959).
(7) P. Mukerjee and A. Ray, J. P h y s . C h e m .,  70 ,2150  (1966).
(8) J. H. Fendler and L. K. Patterson, J. P h y s . C h e m ..  74,4608 (1970).
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