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T h e  C y a n o g e n - A c t i v e  N i t r o g e n  R e a c t i o n 1
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T h e  re a c tio n  o f  c y a n o g e n  a n d  a c tiv e  n itro g en  h a s  b e e n  s tu d ie d  u sin g  a  lo w -p ressu re  flo w  rea cto r w ith  o n 
lin e  m a ss  sp e c tro m e tr ic  o b serv a tio n  o f  re a c ta n ts  a n d  p ro d u c ts . A t  to ta l p ressu res in  th e  ra n ge  o f  3  T o rr , 
a to m ic  n itro g en  p ressu res in  th e  ra n ge  o f  15  p, a n d  ( C 2N 2) o / ( N )0 ra tio s larger th a n  0 .0 5 , a  ra p id  rea ctio n  
se ts  in  b u t  o n ly  a fte r  a n  in d u c tio n  p eriod  a n d  re su lts  in  th e  re c o m b in a tio n  o f  as m a n y  as 3 0  N  a to m s  p er  
m o le c u le  o f  c y a n o g e n  c o n s u m e d . T h e  p ro d u c ts  fro m  cy a n o g e n  are q u a n tita tiv e ly  o n ly  C 4N 2 a n d  a  w all 
p o ly m e r  o f  ( C i . i 6N ) n c o m p o sitio n . E x p e r im e n ts  w ith  C 21 5 ’1 5 N 2 a n d  1 3 1 3 C 2N 2 +  1 2 -1 2 C 2N 2 m ix tu res  
sh o w  iso to p ic  s c r a m b lin g  o f  “ u n r e a c te d ”  c y a n o g e n , r e c o m b in e d  N 2 , a n d  d ic y a n o a c e ty le n e . T h e  rea ctio n  
is  a c c e le r a te d  b y  o x y g en  a to m s  a n d  is in h ib ite d  to  d iffe re n t d eg rees a n d  in  d iffe re n t m a n n e r  b y  a d d itio n s  
o f  N H 3 , 0 2, a n d  H 2 . A  m e c h a n is m  is  p re sen te d  w h ich  d esc rib es  th e  o b serv ed  s c r a m b lin g  a n d  th e  oth er  
fea tu res  o f  th e  re a ctio n  c o n sid e r a b ly  b e tte r  th a n  p re v io u sly  p ro p o sed  rea ctio n  m e c h a n is m s .

Introduction
W h e n  ce rta in  c a rb o n a c e o u s  c o m p o u n d s  in c lu d in g  c y 

a n o g en  are a d d e d  to  a c tiv e  n itro g e n , 2 C N  e m iss io n  a n d  
ra p id  re c o m b in a tio n  o f  n itro g en  a to m s  re su lt . W h ile  o p t i
c a l o b serv a tio n s  o f  C N  e m iss io n  in  a c tiv e  n itro g en  h av e  
b een  o rien ted  t o  th e  e lu c id a tio n  o f  C N  fo rm a tio n  a n d  e x 

c ita t io n ,3' 8 n o n o p tic a l m e th o d s  h a v e  b e e n  u se d  to  s tu d y  
th e  m e c h a n is m  o f  th e  ov era ll re a c tio n , e sp e c ia lly  th e  c a ta 
ly tic  re c o m b in a tio n  o f  n itro g en  a to m s .

H a g g a r t a n d  W in k le r 9 p ro p o sed  th a t  th e  in it ia l s te p  in  
th e  re a ctio n  w ith  c y a n o g e n  is th e  d ire c t a tta c k  a n d  a d d i
tio n  o f  a n itro g en  a to m  to  fo r m  a n  in te r m e d ia te  c o m p le x , 
C 2N 2 -N ,  w h ich  e ith e r  d e c o m p o se s  in to  C N  a n d  N C N  r a d 
ica ls  or re a cts  w ith  n itro g en  a to m s  to  fo rm  c y a n o g e n  a n d  
m o le c u la r  n itro g en . T h e  C N  ra d ic a ls  are  a s s u m e d  to  h ave  
n o  ro le  in  th e  re c o m b in a tio n  o f  n itro g en  a to m s , b u t  N C N  
rea cts  w ith  a  n itro g en  a to m  t o  g ive  C N  a n d  N 2 . R e c e n t  
e v id en ce  d o e s  n o t su p p o rt th is  m e c h a n is m .

In  p a rtic u la r , B a y e s 3b h a s  sh o w n  th a t  th e  a tta c k  b y  n i 
trog en  a to m s  is n o t  th e  in it ia tio n  s te p . M o d ify in g  B a y e s ’s  
m e c h a n is m , A rr in g to n , B e m a d in i , a n d  K is tia k o w s k y 10 

(su b se q u e n tly  referred  to  a s  A B K )  su g g e ste d  t h a t  th e  
in it ia l s te p  is th e  d isso c ia tio n  o f  c y a n o g e n  in to  C N  ra d ica ls  
u p o n  co llis io n  w ith  N 2 ( A 32 ) .  T h e  A B K  m e c h a n is m  is 
th en

N 2 ( A 3Z )  +  C 2N 2 — *■ N 2 +  2 C N (i)

C N  +  N  +  N 2 — ► N C N  +  N 2 ( 1 )

N C N  + .  N  — ► C N  +  N 2 ( A 32 ) ( 2 )

T h is  is a  b r a n c h in g  c h a in  m e c h a n is m  sin ce  th e  N 2 ( A 32 )  
p ro d u c ed  in  re a ctio n  2  ca n  d isso c ia te  m o re  c y a n o g e n . T e r 
m in a tio n  is  b y  C N  re c o m b in a tio n  a n d  b y  d iffu sio n  o f  ra d i
ca ls  to  th e  w a ll w here th e y  p o ly m e r iz e .

S a fra n y  a n d  J a ste r 1 1  (s u b s e q u e n tly  referred  to  as S J )  
p ro p o sed  a m e c h a n is m  in  w h ich  th e  in it ia tio n  is b y  re a c 
tio n  i . H o w e v e r , th e  N  a to m  re c o m b in a tio n  o ccu rs b y  th e  
ch a in

C N  +  N  — ► N 2 +  C (3 )

C 2N 2 +  C  — *  C 2N  +  C N (4 )

C 2N  +  N  — ► 2 C N (5 )

E v id e n c e  for C 2N  ra d ic a ls  is  th a t  th e  p o ly m e r  fo rm e d  is 
s lig h tly  ca rb o n  r ic h , ( C i .27N ) „ ,  a n d  th a t  C 4N 2 is a  
(m in o r ) p ro d u c t o f  th e  re a c tio n . A ls o , re c e n tly  a to m ic  c a r 
b o n  h a s  b e e n  o b serv e d  d ire c tly  in  th e  c y a n o g e n -a c tiv e  n i

trog en  s y s t e m .12

B e c a u se  o f  th is  d isa g re e m e n t o n  h ow  n itro g en  a to m  re 
c o m b in a tio n  is  c a ta ly z e d  b y  C 2N 2, w e u n d erto o k  th e  
s tu d y  o f  th e  re a ctio n .
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E x p e r im e n t a l  S e c t io n

T h e  re a ctio n  w as s tu d ie d  b y  m e a n s  o f  f lo w  te c h n iq u e  
u sin g  a cy lin d r ic a l P y rex  rea cto r (2 2  m m  i .d .)  a n d  o b se r v 
in g  th e  c o m p o sitio n  o f  th e  ga ses w ith  a 6 0 °  secto r  m a ss  
sp e c tro m e te r . T h is  a p p a r a tu s  h as b e e n  d esc rib e d  e lse 
w h ere , 10  th e  im p r o v e m e n ts  b e in g  m a in ly  a re d esig n e d  ion  
sou rce  p ro v id in g  greater se n s itiv ity  o f  th e  m a s s  s p e c tr o m 
eter to  a to m s  a n d  free ra d ic a ls  e n te rin g  th e  source  
th ro u g h  th e  p in  h ole  a t  th e  en d  o f  th e  rea cto r . R e a c tio n  
t im e , t, d e fin e d  as th e  ra tio  o f  th e  d ista n c e  b e tw e e n  th e  
C 2N 2 in jecto r  a n d  th e  ion  sou rce p in  h ole  a n d  th e  ga s  
m a ss  flo w  v e lo c ity , w as va ried  b y  m o v in g  th e  in je cto r . 
F lo w  ra tes are e s tim a te d  to  b e  a c c u ra te  to  w ith in  1 0 % .

T h e  to ta l p ressu re  in  th e  rea cto r , m e a su r e d  w ith  a s il i 
co n e  oil m a n o m e te r , w a s v a rie d  b e tw e e n  0 .5  a n d  5 .0  T o rr . 
T y p ic a lly , th e  rea cto r flo w  v e lo c ity  w a s 3  m m /m s e c  a t  3  
T o r r . U p  to  1 %  d isso c ia tio n  o f  th e  N 2 carrier ga s w as  
a c h ie v e d  b y  a m ic ro w a v e  d isch a rg e  m a in ta in e d  b y  a  125  
W , 2 4 5 0  M H z  R a y th e o n  M ic r o th e r m  m ic ro w a v e  gen erator  
w ith  an  a ir -c o o le d  B r o id a  t y p e -5  c a v ity  lo c a te d  a b o u t 5 0 0  
m se c  o f  f lo w  tim e  u p str e a m  fro m  th e  re a c tio n  reg io n . T h e  
n itro g en  a to m  c o n c e n tra tio n  w as va ried  b y  c h a n g in g  th e  
m ic ro w a v e  p ow er a n d  b y  u se  o f  a b y -p a s s  w h ich  sh u n te d  
so m e  o f  th e  carrier gas arou n d  th e  d isch a rge  reg io n .

T h e  co n c e n tra tio n  o f  n itro g en  a to m s  w a s d e te r m in e d  b y  
n itric  ox id e  t itr a tio n .13  T h e  n itric  ox id e  w as p u rifie d  b y  
th ree  v a c u u m  d is tilla tio n s  a n d  w as in tro d u c e d  th ro u g h  
th e  C 2N 2 in jecto r . T h e  e n d  p o in t w a s fo llo w ed  v isu a lly  
a n d  m a ss  s p e c tro m e tr ic a lly . In  th e  a b sen c e  o f  a n  a d d ed  
re a c ta n t, th ere  w as n o  d e te c ta b le  n itro g en  a to m  d ec a y  
d ow n  th e  rea cto r tu b e  a t  3  T o r r , id e n tic a l t itra tio n  en d  
p o in ts  b e in g  o b ta in e d  a t  2 0 0  a n d  2 0  m se c  fr o m  th e  m a ss  
sp e c tro m e te r  s a m p lin g  p in  h o le . D u r in g  an  e x p e r im e n t  
th e  in it ia l n itro g en  a to m  co n c e n tra tio n  w as m o n ito re d  b y  
a  c a lib ra te d  1 P 2 8  p h o to tu b e  o b serv in g  th e  y e llo w  L e w is -  
R a y le ig h  first  p o sit iv e  e m iss io n  a n d  lo c a te d  1 5 0 -m s e c  u p 
str e a m  o f th e  rea ctio n  zon e .

T h e  n itro g en  (M a th e s o n  P re p u rified ; im p u ritie s  
0 .0 1 5 % ; m a in ly  0 2) , a m m o n ia  (M a th e s o n  A n h y d ro u s  
G ra d e , 9 9 .9 9 %  m in im u m  p u r ity ) , h yd ro g en  (M a th e s o n  P re 

p u rifie d  G ra d e , 9 9 .9 5 %  m in im u m  p u r ity ) , a n d  ox y g en  
(B a k e r  A ir  Z ero  G A s , 2  p p m  m a x im u m  h y d ro c a rb o n s) w ere  
u sed  w ith o u t fu rth er p u rific a tio n .

C y a n o g e n  (M a th e s o n  C P  G ra d e ) h a d  0 .5 %  C O 2 a n d  
0 .3 %  H C N  as th e  m a jo r  im p u r itie s . C O 2 w a s e a sily  re 
m o v e d  a t  D r y  Ice  te m p e ra tu re s , b u t  H C N  re m a in e d . 
H o w e v e r , th e  re a c tio n  o f  H C N  w ith  a c tiv e  n itrog en  is 
m u c h  slow er1 0 ’1 1  th a n  th e  re a c tio n  o f  cy a n o g e n  a n d  h en ce  
its  p resen ce  in  su c h  s m a ll  q u a n tit ie s  is n o t co n sid ered  to  
b e  im p o r ta n t.

Iso to p ic a lly  en ric h ed  cy a n o g e n  w as p re p a re d  b y  d ro p -  
w ise a d d itio n  o f  9 5 %  K 1 2 C 15N  or 9 0 %  K 1 3 C 14N  (Iso m e t  
C o rp .)  o n to  a w a rm  c o n c e n tra te d  so lu tio n  o f  CuSC>4 . 
C o m p le te  re m o v a l o f  C O 2 w a s e ffe c te d  w ith  a  1 -p ro p a n o l  
b a th  ( - 1 2 7 ° )  w ith  n o  loss o f  c y a n o g e n . C 2N 2 w as s e p a 
ra ted  fro m  th e  H C N  a n d  H 2O  b y  th e  u se  o f  a  to lu en e  
slu sh  b a th  ( - 9 5 ° ) ,  a n d  c o n ta in e d  n o  m o re  th a n  2 %  H C N .  
A s  d e te r m in e d  b y  m a ss  sp ec tro m e tr ic  a n a ly s is , C 21 5 ,1 5 N 2 

w as b e tte r  th a n  9 4 %  iso to p ic a lly  p u re , a n d  th e  o th er  c y 
a n o g en  h a d  th e  e x p e c te d  iso to p ic  d is tr ib u tio n : 8 0 %

13-13C 2N 2, 1 8 %  1 3 ’1 2 C 2N 2 , a n d  1 .5 %  1 2 -1 2 C 2N 2.

R e s u lt s

1. Experiments with Isotopically Unlabeled Cyanogen. 
A t  v e ry  low  flo w s o f  c y a n o g e n , ( C 2N 2 ) o /( N ) o  b e in g  less

Figure 1. Effect of (C2M2 ) 0 on the nitrogen atom concentration 
decay with time: (C2N2)0 in fi: •  ■ 1-1; x . 1-5; ■, 2.24; O, 3.3; 
A, 6.35. Conditions: (N2) = 2.90 Torr; (N)0 = 13.3^.

th a n  0 .0 5 , th ere  w a s litt le  or n o  re a c tio n , as sh o w n  b y  
sm a ll c o n su m p tio n  o f  n itrog en  a to m s  a n d  c y a n o g e n . A  d if 

fu se  glow  p er v a d e d  th e  en tire  re a ctio n  tu b e  for  d ista n c e s  
co rresp o n d in g  to  m o re  th a n  1  sec  o f  re a c tio n  t im e . T h is  
b lu ish  or b lu e -w h ite  g lo w , in  w h ich  th e  L e w is -R a y le ig h  
afterg low  is s till  p re se n t, h a s  b e e n  te rm e d  th e  “ b lu e  f la m e  
c o n d itio n ”  b y  R a d fo r d  a n d  B r o id a .6 A s  th e  flo w  o f  c y a n o 
gen  w a s in cre a se d , th e  f la m e  b e c a m e  lo c a liz e d  a ro u n d  th e  
in je ctio n  p o in t , e x te n d in g  d o w n strea m  for a b o u t  3 0  m se c  
w h en  th e  f la m e  w a s  b r ig h te st , a n d  th e  c o n su m p tio n  o f  n i 
trog en  a to m s  w a s  a c c e le r a te d . T h e  v e ry  b r ig h t lila c  or  
p in k  f la m e  is k n ow n  as th e  “ reg u la r f la m e  c o n d itio n . ” 6 

W it h  still m o re  cy a n o g e n  th e  in ten sity  o f  th e  e m iss io n  d e 

crea sed , y e t  n itro g en  a to m  c o n su m p tio n  b e c a m e  even  
m o re ra p id .

T h e  co n c e n tra tio n  vs. t im e  p ro files  sh ow  c h a ra cteristic  
fea tu res  o f  c o m p le x  rea ctio n s in v o lv in g  re a ctiv e  in te r m e 
d ia te s . F irst , th e  re a ctio n  ra te  rea ch es a  m a x im u m  on ly  
w h en  a b o u t  h a lf  th e  n itro g en  a to m s  h a v e  a lrea d y  b e e n  
c o n su m e d , w ell a fte r  th e  c o m p le tio n  o f  re a c ta n t in te r d if
fu sio n . T h u s  th ere  is a  s ig n ific a n t in d u c tio n  p er io d . F igu re  
1  sh ow s n itro g en  a to m  co n ce n tra tio n  vs. t im e  p ro files  for  
v a rio u s in it ia l c o n c e n tra tio n s  o f  cy a n o g e n , ( C 2N 2 )o- T h e  
t im e  fo r  c o m p le te  in terd iffu sio n  w a s fo u n d  to  b e  a b o u t  1 0  

m se c  a t  2 .9 0  T o r r . A s  th e  figu re  sh ow s, g reater a d d itio n s  
o f  c y a n o g e n  sh orten  th e  in d u c tio n  p erio d , b u t  d o  n o t  in 

crease th e  m a x im u m  ra te  o f  n itrog en  a to m  c o n su m p tio n  
on ce th e  “ reg u la r f la m e  c o n d itio n ”  h a s  b e e n  a tta in e d . In  
F igu re  1 th is  co rresp on d s to  ( C 2N 2)o greater th a n  1 .5  ¡i.

S e c o n d , a  fin ite  re sid u a l n itro g en  a to m  c o n c e n tra tio n , 
( N ) m (a s  w ell as  th a t  o f  C 2N 2) re m a in s  a fte r  th e  re a c tio n  
c ea ses . T h is  e ffe c t  h a s  b e e n  n o te d  e lse w h ere .1 1 ’14  T h is  
( N ) ^  in creases w ith  a  d ecrease  in  th e  to ta l  p ressu re  a n d /  
or in it ia l n itro g en  a to m  co n c e n tra tio n  a n d  d e p e n d s  on  th e  
c o n d itio n in g  o f  th e  rea cto r w a lls . I t  w ill b e  sh o w n  la ter  
th a t  a  fin ite  ( N ) „  is a co n seq u en c e  o f  p ro cesses w h ich  
c o m p e te  w ith  n itro g en  a to m s  for re a c tiv e  in te r m e d ia te s .

T h ir d , th e  o v era ll s to ic h io m e try  in d ic a te s  a  c h a in  re a c 
tio n . T y p ic a lly , th e  ov era ll c h a in  len g th

p = KN)0 -  (N)J/[(C2N2)0 -  (C2N2)J
h a s  a large v a lu e  ( — 3 0 ) in  th e  ra n ge  o f  to ta l p ressu re  
s tu d ie d  ( 1 .8 -4 .3  T o r r ) a n d  is in d e p e n d e n t o f  th e  in it ia l n i 
trog en  a to m  or cy a n o g e n  c o n c e n tra tio n s . M o re o v e r , th e  
ra tes o f  cy a n o g e n  a n d  n itro g en  a to m  c o n su m p tio n  v a ry  in
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TABLE I: Chain Length Defined as [A (N )/A (C 2N2)]t vs. Time0

1, (N)t, (C2N2) t, Chain length
msec M A (N )/A (C 2N2)

0.0 2 1 . 7  ±  0.2 2.10 ±  0.03
10 .0 19.2 2.05 50 ±  20
15.0 13.5 1.93 48 ±  10
17.5 8.0 1.81 46 ±  8
20.0 3.8 1.72 46 ±  5
25.0 1.3 1.63 28 ±  10
30.0 0.5 1.61 40 ±  20
40.0 0.2 1.60 30 ±  30

“ This table is based on data in Figure 2.

parallel so that the chain length is nearly constant
throughout the course o f  the reaction; see T able I and Fig-
ure 2. SJ11 experim enting at total pressures o f about 0.2 
Torr obtained a chain length o f about 4. Arrington,14 how-
ever, under conditions very similar to om s reported a
chain length o f about 30.

D icyanoacetylene is produced in very small yields, no 
more than 0.2 y  partial pressure. A  typical concentration 
vs. tim e profile is shown in Figure 2. N ote that the m axi
mum rate o f  C 4 N 2  production occurs about 5 msec after 
the time o f m axim um  rate o f  nitrogen atom consum ption. 
This “ lag”  was observed consistently.

In general the total yield o f  C 4 N 2  is proportional to  the 
square o f the concentration o f  nitrogen atoms consum ed 
and is independent o f  (C 2 N 2 )o- This is illustrated in F ig
ure 3. All data points refer to “ com pleted”  reaction, being 
obtained after 55 m sec. Since the data o f Figure 3 were 
obtained at 4.3 Torr, for (N )o >  14 y, (N )^ was very 
small and the approxim ation that the am ount o f nitrogen 
atoms consum ed, 4 > (-(N )) =  ((N )o -  (N )m) s  (N)o, 
was used in the plot.

SJ1 1  reported that the C 4 N 2  yield was on the order o f 
0.0001 (N )o , while our results indicate a value 0.005 (N )o . 
Since our experiments were conducted at total pressures 
greater than theirs by  more than a factor o f  20, we sus
pected that C 4 N 2  form ation occurred via  a three-body 
radical mechanism . Indeed the total yields o f C 4 N 2 , 
4>(C4N 2) , at a given ( N ) 0 (14.5 y )  and at 4.3 and 1.82 Torr 
N 2  (a pressure ratio o f 2.36) were in the 2.4 ratio. Thus 
the relation 4 HC4 N 2 ) =  k  (N )o2(N 2 ) describes the total 
yield o f C 4 N 2  very well.

Since no C 4 N 2  was available for calibration o f the mass 
spectrometer, its ionization cross section was estim ated 
using the additivity rule15 as ff(C 4 N 2 )/<r(C2 N 2) =  1.50. 
Using this ratio we find that 20 ±  5% o f the consum ed cy 
anogen becom es C 4 N 2  at 3.5 ±  .5 Torr total pressure.

A brow n-black polym er was form ed on the walls o f  the 
reactor. M icroanalysis (G albraith Laboratories) showed 
the polym er to be carbon rich, (C i .i 6 ±o.0 2 N )„  being the 
com position o f tw o separate samples. I f  the polym er is 
formed by  the radicals diffusing to the wall, C 2 N  and CN 
are im plicated rather than N C N  and CN  as some work- 
ers3b,9,io have suggested.

An experiment was perform ed to determine how much 
polym er is form ed by  inserting weighed glass rings into 
the reactor tube to  form  a close-fitting glass sleeve. The 
reaction was run for 140 min holding the injector in a 
fixed position; afterwards the rings were rem oved and 
reweighed. If the total increase in weight, 8.77 ±  0.30 mg, 
is the polymer, the am ount o f carbon contained in it a c
counts for 80% o f the consum ed cyanogen. Since C 4 N 2  a c 

Ficure 2. Concentration vs. reaction time for nitrogen atoms, 
C2N2, and C4N2: •, (N) n y ,  □ , (C2N2) in y ,  A , (C4N2) as 
(m/e 76)/(m /e 75) where (m/e 75) is a background reference 
peak. Conditions: (N2) =  4.1 Torr; (C2N2)o = 2.1 y  (N )0 = 
211  y.

Figure 3. 4?(C4N2) vs. (N )02. 4?(C4N2) is plotted as the (m/e 
76) peak height in arbitrary units. (C2N2)o in y: □ , 1.95; O, 
2.85. Conditions: (N2) = 4.30 Torr; t =  55 msec; the nitrogen 
atom consumption is comolete.

counts for the other 20%, a very good mass balance is o b 
tained. N o other carbon-containing reaction product could 
be detected.

This experim ent was also used to demonstrate that 
polym er form ation is mainly a heterogeneous process. 
W ith the use o f  a double-beam  recording m icrodensitom e
ter (Joyce, Loebl and Co., L td ., M odel E12M K  IH), the 
optical density o f  the polym er-coated rings was measured. 
Figure 4 shows the optical density o f the deposit and ni
trogen atom  concentration vs. the position o f  the rings rel
ative to  the injector. N ote that the m axim um  optical den
sity occurs within 1 cm  (corresponding to about 3.5 msec) 
o f  the m axim um  reaction rate.

The optical density can be assumed to be approxim ate
ly proportional to  the am ount o f polym er deposited on the 
ring. If the radicals diffuse to  the wall and polymerize 
there while the gas as a whole is flowing down the reactor, 
the am ount o f  polym er form ed at any locus is proportional 
to  the concentration o f  free radicals at that locus. The 
near coincidence o f  m axim um  reaction rate with maxi-
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Figure 4. Nitrogen atom concentration and optical density of 
polymer vs. inlet distance: (N) in /x: • ,  recorded after 11 min; 
X, recorded after 125 min. Conditions: N2 flow = 250 cc 
(NTP)/min; (N2) = 3.6 Torr; (C2N2)o = 4.75 g; (N)a = 16.5 u.

m u m  p o ly m e r  fo r m a tio n  in d ic a te s  th a t  th is  is so  a n d  th a t  
th e  w a ll a c c o m m o d a tio n  co e ffic ie n t for th e  free  ra d ica ls  is  
n ear u n ity . T h e  a ltern a te  a ssu m p tio n , th a t  p o ly m e r iz a tio n  
occu rs in  th e  g a s  p h a se  a n d  is fo llo w ed  b y  c o n d e n sa tio n  on  
th e  w a lls , w o u ld  requ ire  th e  p o ly m e r  d e p o s it  to  m a x im iz e  
fu rth er d o w n  th e  rea cto r tu b e  b e c a u se  o f  lon g er d iffu sio n  
t im e  o f  th e  p o ly m e r . P o ly m e r  fo rm a tio n  in  th is  rea ctio n  is 
e v id e n tly  a  h etero gen eo u s p ro cess , a n d  sin ce  th e  w a ll a c 
c o m m o d a tio n  c o effic ie n t is  n ear u n ity , it  m u s t  in v o lv e  
free r a d ic a ls .

F ree C N  ra d ic a ls  w ere o b serv e d  m a ss  sp e c tro m e tr ic a lly  
a b o u t th e  in s ta n t  o f  fa s te s t  N  a to m  c o n su m p tio n , bur; th e  
co n c e n tra tio n  w a s  to o  s m a ll  for q u a n tita tiv e  m e a su r e 
m e n t . A  s e m iq u a n tita tiv e  e s tim a te  in d ic a te s  a p a r tia l  
p ressu re  o f  th e  ord er o f  0 . 1  ¡x.

I t  is p o ss ib le  to  m a k e  an  in d ire c t e s tim a te  o f  th e  m a x i
m u m  C N  c o n c e n tra tio n . S in c e  th e  c o m p o sitio n  o f  th e  
p o ly m e r  in d ic a te s  th a t  it  is co m p o se d  m a in ly  o f  C N  ra d i
c a ls , w e a ssu m e  for s im p lic ity  th a t  o n ly  th e se  are in 

v o lv e d . T h e  to ta l w eig h t o f  th e  p o ly m e r , 8 .8  m g , corre
sp o n d s  to  2  X 10 20 C N  ra d ica ls  d e p o site d  in  8 .4 5  X 103 

sec , or 2 .5  X 10 18  C N  r a d ic a ls /s e c  for th e  to ta l d e p o sit . 
A b o u t  tw o -th ir d s  o f  th e  C N  is p o ly m e r iz e d  w h en  ( C N )  is 
n ea r its  m a x im u m  v a lu e , i.e., b e tw ee n  th e  5 -  a n d  1 -c m  
loci, see  F igu re  4 . T h u s  in  th is  region  th e  ra te  o f  C N  ra d i
c a l d e p o s itio n  is 3 .3  X 10 15  C N /s e c  p er  c m  le n g th . S in ce  
1 -c m  le n g th  o f  rea cto r tu b e  co rresp on d s to  3 .8  c c , th e  rate, 
o f  C N  ra d ic a l d ep o sitio n  is 8 .7  X 10 14  C N  sec  ~ 1 c c - 1 . 
T a k in g  th e  m e a n  d iffu sio n  t im e  to  b e  a b o u t  3  m s e c ,9 -16  

w e e s tim a te  ( C N ) max =  2 .6  X 10 12  r a d ic a ls /c c , or on  th e  
order o f  0 .1  /¿. T h is  v a lu e  ag rees w ell w ith  o th er e s tim a te s  
o f  (C N )m a x  (■£ 0 . 1  n) fro m  d ire c t o b serv a tio n s o f  th e  C N  
r a d ic a l .7

O x y g e n  a n d  a m m o n ia  a n d  to  a lesser e x te n t h y d rogen  
in h ib it  th e  cy a n o g e n  a c tiv e -n itr o g e n  re a c tio n . T h e  a d d i
tiv e s  w ere in tro d u c e d  d o w n str e a m  o f  th e  d isc h a rg e , a b o u t  
150  m se c  u p str e a m  o f  th e  c y a n o g e n  in je c tio n . T h e  fa c t  
th a t  O 2 a n d  N H 3  h a v e  a b o u t  th e  sa m e  q u e n c h in g  e ffic ie n 
cies a n d  are 5 0  t im e s  b e tte r  q u en ch ers  th a n  H 2 h a s  b een  
rep o rted  b e fo re .1 7  W e  h a v e  a d d itio n a lly  fo u n d  th a t  w h en  
O 2 is  th e  q u e n ch e r , th e  re a c tio n  ca n  s till b e  b ro u g h t to  
th e  s a m e  d egree  o f  c o m p le tio n , ( N ) œ , as in  th e  a b sen c e  
o f  q u e n c h e r , i f  e n o u g h  ex tra  cy a n o g e n  is a d d e d . B u t  even  
th e  a d d itio n s  o f  very  large a m o u n ts  o f  c y a n o g e n  c a n n o t  
c o m p e n s a te  c o m p le te ly  for th e  q u e n c h in g  e ffe c t  o f  a d d e d  
H 2 or N H 3 .

Figure 5. Quenching by H2 and NH3. (HCN)t vs. (N )t/ (N )0: 
•, H2 added (up to 250 /i maximum); O, NH3 added (up to 4.2 
ix maximum). Conditions: (N2) = 1.96 Torr; (C2N2)o = 4.3 ix\. 
(N )0 =  14.0 fx,t =  37  msec.

S caven g in g  o f  C N  radicals has been  suggested  as th e  
m ain  m ech an ism  o f  H 2 and N H 3 qu en ch in g . T o  test th is, 
H C N  (m/e 27 ) w as m on itored  a t 37  m sec o f  reaction  tim e 
as H 2 and N H 3 w ere a d d ed ; Figure 5  show s th e results, th e x 
axis, expressed  as (N ) t/ (N )o ,  in creasing  w ith  in creased  
add ition s o f  N H 3 or H 2. W h en  (N )t/ (N )o  =  1 . 0  there is e f
fectiv e ly  n o reaction , h ence com p le te  quen ch in g . N ote  the 
strik ing d ifferen ce  betw een  th e tw o  p lots  o f  H C N  p r o d u c 
tion ; w hen  N H 3 is ad d ed , the am ou n t o f  H C N  first in 
creases, b u t  larger add ition s , cau sin g extensive  q u en ch ing , 
result in  decreasin g  am ou nts o f  H C N  w h ich  ten d  to  zero; 
on  th e oth er h an d , in creasing  qu en ch in g  b y  H 2 causes a 
m on oton ic  increase in  H C N .

E v id en tly  N H 3 quen ch es th e cyan ogen  reaction  n ot on ly  
b y  scaven gin g  C N  rad ica ls  to  form  H C N  b u t a lso b y  rea c
tion  w ith  a precursor o f  C N . It is w ell kn ow n 18 th a t N H 3 
is an e ffic ien t scaven ger o f  N 2 (A 32 ) an d  if  th a t is th e  in i
tia tor o f  the cy a n o g e n -a ct iv e  n itrogen  reaction , its rem ov 
a l w ou ld  in h ib it  th e p rod u ction  o f  C N  rad ica ls  and  so  d e 
crease the am ou n t o f  H C N . H 2, on  th e oth er h an d , is a 
very in e fficien t scavenger o f  N 2 (A 32 ) , 19 an d  its in h ib itory  
e ffect m ust b e  en tirely  due to  a reaction  w ith  C N .

O2 quen ch es b y  reactions w ith  C atom s (ft =  3 .3  X  
1 0 “ 1 1  c c /s e c 20-21 and  C N  rad ica ls  (ft =  8 X  1 0 “ 12 c c /  
sec17’22), the com p etition  w ith  C2N2 for C  atom s exp la in in g  
w hy qu en ch in g  ca n  b e  suppressed b y  excess C2N2. T h e  
reaction  goes “ to  com p le t io n ”  because  the O  a tom s p r o 
d u ced  in  th is qu en ch in g  a ct  th em selves (see  b e low ) as 
ch a in  carriers.

I t  has been  show n23 th at a d d ition  o f  O  a tom s (from  the 
reaction 24 N O  +  N  —>- N 2 +  0 ) greatly  increases th e lu m i
n osity  o f  the cy a n o g e n -a ct iv e  n itrogen  reaction  fla m e. W e 
fin d  th a t oxygen  atom s have a  strong in flu en ce  on  th e  k i
n etics  o f  th is  reaction  as w ell.

T h e  general e ffe ct  o f  the in trod u ction  o f  N O  a b o u t 1 5 0  

m sec u psteam  o f  th e cyan ogen  in jector  is to  decrease the 
cha in  length  b y  in creasing  th e  con su m p tion  o f  cyan ogen . 
S m all ad d ition s  o f  N O  (a  few  per cen t o f  (N )o ) acce lera te  
the reaction  b y  red u cin g  the in d u ction  per iod  an d  ex ten d 
ing th e  N  atom  recom b in a tion  to  low er va lu es o f  (N )m
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without much effect on the maximal rate. When, however, 
enough NO has been added to reduce (N)o to about 6  g , 
the reaction ceases, as it does under these conditions also 
in the absence of oxygen atoms.

Since the reaction of oxygen atoms with cyanogen is 
slow (k = 1 . 2  x 1 0 - 1 6  cc/sec at room temperature17’25) 
compared with initiation reaction i28 and the reaction 0  +  
CN —► CO +  N Would quench the overall reaction, we sug
gest that some other intermediate (see below) is involved 
in a process that does not break the N atom recombination 
chain but prevents the re-formation of cyanogen.

2. Experiments with Isotopically Labeled Cyanogen. (a) 
Heavy Carbon. No isotopic scrambling was observed when 
13C labeled cyanogen was introduced into active nitrogen 
in the reactor which had been coated with polymer pre
pared from unlabeled cyanogen. The mass spectrum 
showed a small peak at m/e 80 which corresponds to 
i3 4 3 0 3 0 3Q4i4 4 4 j\f2 Thus the identity of the peak at m/e 76 
observed with unlabeled cyanogen is put on a firm basis.

For the study of reaction kinetics 13C cyanogen was 
mixed with 12C cyanogen to give the following initial iso
topic cyanogen mixture

m/e %
52 48.0 ±  0.5
53 1 0 . 8  ±  0 .2

54 41.2 ± 0 .5

Figure 6  shows the concentration vs. time profiles for 
nitrogen atoms and each isotopic cyanogen. The rate of 
carbon scrambling in cyanogen, R 1213, is defined as
R 1213 =  d (5 3 )  /  d i  =  d ( 5 3 ) / d i ) meas +

(d (5 3 )  /  di)lost by reaction

=  ( d ( 5 3 ) / d  t) meas +  [ ( 5 3 ) / ( 2 ) ] [ ( d 2 ) / d i ]

where 2  is the sum of all cyanogen isotopes. The second 
term in the above expression is only about 1 0 % of the rate 
of scrambling when the rate of scrambling is maximal, 
but accounts for about 50% of the rate of scrambling near 
the end of the reaction, when (53) is about 50% of the 
total cyanogen.

From Figure 6  one can conclude that carbon scrambling 
involves the participation of a reactive intermediate which 
reaches maximum concentration during the fastest part of 
the overall reaction.

We shall define per cent scrambling as follows

% carbon scrambling =  100{[(53/2)expt -

( 5 3 / 2 ) 0] / [ ( 5 3 / 2 ) scr — ( 5 3 / 2 ) „ ] }

where (53/2)expt is the experimentally determined ratio 
at long reaction times (75 msec), and (53/2)scr is the ratio 
calculated assuming that all carbon originally in the mix
ture has been randomized by reaction. Thus with 12C = 
53.4% and 13C = 46.6%, complete scrambling should give 
the following isotopic cyanogen distribution

m/e %
52 28.5
53 49.7
54 2 1 . 8

Table II shows that almost 100% scrambling has oc
curred when just enough cyanogen is added to bring the 
nitrogen atom recombination to completion by the obser
vation time. More cyanogen causes the per cent scram-

Figure 6. 12C -13C scrambling in cyanogen vs. reaction time. 
Top: solid line and •, (N) in g\  broken line, ft12’13 in g / sec. 
Bottom: O, (m /e  52) = (12’12C2N2) in g\ X, (m /e  53) = 
(12,13C2N2) in g; A , (m /e  54) = (13-13C2N2) in g. Conditions: 
(N2) = 3.00 Torr; (C2N2) 0 = 2.33 ±  0.2 g\ (N )0 =  13.7 g.

TABLE II: Carbon Scrambling in the 12C -13C Cyanogen 
Mixture vs. Initial Cyanogen Concentration12

Obsvd Caled
amount of amount of 
scrambled scrambled

(N)t/(N)o
(C2N2)o,

M
Obsvd % 

scrambling
cyanogen 

$s. fi
cyanogen 

$s, M

0.82 1.0 52 0.5
0.10 1.8 95 1 .7 1 .7

<0.10 2.8 83 2 .3 2.4
<0.10 4.7 71 3 .3 3 .3
<0.10 5.6 64 3.6 3 .5
<0.10 8.1 49 4.0 4.0

“ Conditions: (N2) = 3.00 Torr, (N)0 = 13.8 g, t = 75 msec. The con
sumption of nitrogen atoms is terminated by the observation time for 
(C2N2)0 > 2 /u.

bling to decrease while the total amount of cyanogen 
undergoing scrambling continues to increase.

The use of the isotopic cyanogen mixture made it diffi
cult to measure with accuracy the isotopic composition of 
C4N2 because its small amount was spread over five mass 
spectral peaks. Thus These findings must be regarded as 
only semiquantitative. but they do indicate (Table HI) 
that 13C and 12C are completely scrambled (randomized) 
in C 4N 2 . Excess cyanogen does not change this isotopic 
distribution in dicyanoacetylene. The sum of the five 
C 4N 2 peak heights indicates that 18.5 ±  5.0% of the C 2N 2 

lost becomes C 4N 2 . This figure compares well with the 
previously determined value of about 2 0 %.

(b) Heavy Nitrogen. Isotopically enriched C21 5 ’1 5 N2 was 
used as such. In the absence of active nitrogen the passage 
of C21 5 ’1 5 N2 through a freshly cleaned Pyrex reactor or 
one with heavy polymer deposit (from ordinary cyanogen)
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TABLE III: Isotopic Composition of Dicyanoacetylene Formed from the 12C -13C Cyanogen Mixture

Relative mass peak heights, m/e

76 T> 78 79 80

Experiment 7.2 ±  3.0 29.9 ±  4.0 32.1 ±  4.0 25.4 ±  4.0 5.5 ±  3.0
Predicted for 

complete
scrambling 8.1 28.2 37.1 21.9 4.7

Reaction Time in M seconds
Figure 7. 14N -15N scrambling in cyanogen vs. reaction time. 
Top: solid line and •, (14M) in n\ dotted line and X, (m/e 15); 
broken line, ft14-15 in /z/sec. Bottom: O, (m/e 52) =  (C214’14- 
N2) in /z; x . (m/e  53) = (C214’15N2) in ¿1; A, (m/e 54) = 
(C215’15N2) in n\ 2 , (m/e 52) +  (m/e  53) +  (m/e 54). Condi
tions: <N2) = 3.00 Torr; (C21S>1SN2)0 = 2.5 ±  0.2 (N )0 =
13.3 fi.

resulted in no isotopic scrambling. Upon reaction with ac
tive nitrogen a large amount of nitrogen scrambling did 
occur in the cyanogen, the 1 4 N /15N ratio increasing as The 
reaction progressed. The bottom section of Figure 7 illus
trates the concentration vs. time profiles for C2 1 4 ,1 4 N 2 

(52), C21 4 ’1 5 N2 (53), and C2 1 5 -1 5 N2 (54), as well as for 2 , 
the total cyanogen concentration. Note that the replace
ment of 15N by 14N proceeds stepwise since as m/e (54) 
decreases (53) increases, but (52) begins to increase mea
surably only when much (53) has been formed.

M/e 15 did not increase above its level in absence of cy
anogen. Hence, the remaining nitrogen atoms are the un
reacted nitrogen atoms and not the re-formed N atoms as 
has been suggested elsewhere. 1 1

The rate of nitrogen scrambling in cyanogen f?14>15, will 
be defined as f? 1 4 ’ 1 5  = % (|d(52)| +  |d(53)| +  |d(54)|)/dt. 
This function of time is plotted in the top section of Fig
ure 7. The maximum rate of this scrambling also occurs 
when the nitrogen atom decay is most rapid.

The elucidation of the mechanism of N2 production is 
paramount to understanding the entire cyanogen active 
nitrogen reaction; the use of C21 5 ’1 5 N2 made it possible to 
monitor the products, 2 9N2 and/or 30N2 - In Figure 8  the

Figure 8. Formation of 29N2, 4>(29N2), (14N), and 4 > (-14N/2) 
vs. reaction time: •, (14N); A, 4>(29N2); dashed line,
( — 14N/2). Conditions: (N2) = 3.05 Torr; (C215-15N2) 0 = 2.08 
M! (14N )0 =  15.1 n.

TABLE IV: Yields of 28N2, 29N2, and 30N2 vs. (C215-15N2) 0a

4(28N2),8 4>(29N2), 4>(3°N2), (C215'15N2)o,
M M M

2.60 3 . 9 5 0.05 2 . 0

2.02 4.40 0.18 3 . 3

1.18 5.20 0.22 6 . 0

0.20 6.10 0.30 1 0 . 0

“ Conditions: (N2) = 3.05 Torr, (14N)0 = 15.1 m. (14N)co = 1.9 n. t = 
70 msec. 6 4>(28N2) is obtained by difference: 4>(28N2) = 6.6p — 
4>(29N2) — 4>(30N2). The reaction is "complete” at the observation time 
for (C2N2)o > 2  /i.

dashed line represents the total N2 production expected if 
all nitrogen atoms eventually recombine to form N 2 . Note 
that in the early part of the reaction (less than 40 msec) 
all the nitrogen formed is 29N2 , no 2 8N2 being formed 
until later.

As (C21 S'1 5 N 2 ) 0 is increased, more 2 9N2 is formed. In 
fact, if enough (C2 1 5 ’1 5 N2)o is added, practically all of the 
molecular nitrogen formed is the mixed 2 9N2. This is il
lustrated in Table IV which also shows a significant in
crease in m/e 30, 1 5 -1 5 N2 . For example, with (C21 5 ,1 5 N2 )o 
= 1 0  n, (2 9N2) = 6 . 1  n, (3 9N2) = 0.30 n, and since the 
total new N2 should be 6 . 6  p, by difference (2 8N2) = 0 .2 0

fi.
The peak at m/e 30 is believed to be 1 5 -1 5 N2, since in 

the absence of nitrogen atoms no m/e 30 peak appeared 
when as much as 16 p of cyanogen was added. The 
amount of 30N 2 produced is kinetically significant because 
only 0.022 p of 3 0N2 should be produced from 15N atoms 
naturally occurring in normal active nitrogen. The ob
served concentration is 13.5 times greater and may be due 
to the process CN +  C2N2 —*• N2 +  C3N suggested by 
Boden and Thrush which occurs at higher temperatures 
(687°K) partly on the walls of the reaction vessel. 1 7  This 
four-center exothermic reaction ( -4 4  kcal/mol) probably 
has a significant activation energy as a homogeneous gas-
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phase process, but as a wall reaction it might be the 
source of 30N2 at large concentrations of C2 1 5 ’1 5 N2 in 
these experiments.

Discussion
Our results contain enough new information to make 

possible a meaningful examination of alternative reaction 
mechanisms. The extensive isotopic scrambling indicates 
that most cyanogen molecules are intimately involved in 
the reaction, but not via dissociation into two CN since 
these radicals recombine too slowly2 7 ’28 to account for the 
observation that little cyanogen is consumed. In the ABK 
mechanism the CN radicals are alternately consumed and 
regenerated in reactions 1 and 2. This cannot be the major 
sequence for the recombination of nitrogen atoms because 
it predicts that 2 9N2 must be less than 50% of the total N 2 

produced even when C2 1 5 ,1 5 N 2 alone is present. Starting 
with C15N and 1 4 N, reaction 2 gives 50% (29N 2 and C1 4 N) 
and 50% (28N2 and C1 5 N). In the next cycle then only 25% 
of 2 9N2 would be formed and so on. However, Table IV 
shows that nearly 95% (equivalent to nearly 100%, if the 
cyanogen were 1 0 0 % C21 5 ’1 5 N2) of the N2 produced is 
2 9N2 when enough C2 1 5 ,1 5 N2 is added. This, and the facts 
that the polymer is carbon rich (and not nitrogen rich) 
and that C4N2 is formed, indicates that the ABK mecha
nism is incorrect.

The SJ mechanism (reactions 3-5) also does not explain 
the results, including the extensive isotopic scrambling in 
cyanogen. Also the predicted chain length is much too 
short. Finally the SJ mechanism predicts that only two- 
thirds of the nitrogen is produced as 2 9N2 and one-third is 
28N2 (independent of the initial C2 1 S’1 SN 2 concentration). 
This follows because if at the start of the reaction all cy
anogen is C2 1 5 ’1 5 N2 and somehow a trace of CN is formed, 
reactions 4 and 5 give a CN isotopic ratio of (C1 5 N )/ 
(C1 4 N) = 2. However, our experiments show that the 
percentage of 2 9N2 can reach almost 1 0 0 % and that this 
percentage depends on the initial cyanogen concentration.

The reasoning in the previous paragraph is not valid if 
reaction 6

CN* +  C2N2 — ► CN +  NC-CN* (6 )
is very much faster than reaction 3. Then, in the presence 
of an excess of C2 1 5 ’1 5 N2 , reaction 6  would convert C14N 
produced in reaction 5 to C1 5 N, and 2 9N2 via reaction 3 
would be the exclusive product. However, experimentally 
(Figures 6  and 7) the maximum rate of nitrogen atom re
combination (600 n /s e c )  is seen to be more than 1 0  times 
greater than the maximum rate of isotopic scrambling in 
cyanogen.

We reach the same conclusion by another approach. 
Assume reaction 3 is the rate-determining step. Then 
(—d(N)/dt) max = &3 (CN)max(N)t. Substitution of appro
priate values from Figure 6  yields fej =  1  x 10 ~al cc/sec. 
This value for k 3 is consistent with the results of Slack 
and Fishbume, 29 who studied the decomposition of the 
CN radical in shock waves at 5500-10,000°K. They sug
gested that reaction 3 occurred in their system with a rate 
constant fe3 >  7 X  10“ 1 1  cc/sec with virtually no tempera
ture dependence.

We now make an estimate for k3, by assuming that the 
scrambling occurs via reaction 6 . Then for carbon scram
bling in cyanogen

d(53)/df =  fe6(54)(26) +  fee(52)(27) -
i/A(53)((26) +  (27))

where (52) = (1 2 ’1 2 C2 1 4 '1 4 N 2 ), (53) = (1 2 ’1 3 C21 4 ’1 4 N2), 
(54) =  (i3,i3c2i4,i4N2), (26) = (1 2 C1 4 N), (27) = (1 3 C1 4 N). 
Since (1 2 C) very nearly equals (1 3 C) in the isotopic carbon 
cyanogen mixture, at all times (26) sst (27) s  (CN)/2 and 
thus

d(53) /a t
((5 4 ) + (52) — (53)t =  *<¡((CN)/2)t

Substitution of appropriate values from Figure 6  yields fee 
= 7 X  10“ 12  cc/sec. Using these values of fe3 and fee, we 
calculate that even in the early part of the reaction (Fig
ure 8 ) when C21 5 ,1 5 N2 is nearly pine, reaction 3 is 15 
times faster than reaction 6 . Thus radical exchange reac
tion 6  is unimportant in converting C14N into C1 5 N. The 
SJ mechanism, even with reaction 6 , does not explain the 
high yield of 29N2 .

Actually the above estimated value of k 3 is unreasona
bly large because the reaction probably requires at least a 
small activation energy3 0 ’ 3 1  and therefore in the above es
timate the preexponential factor must be nearly equal to 
hard-sphere collisional frequency. This is quite improba
ble for a reaction involving two stable multiatom mole
cules. We conclude, therefore, that CN radical exchange 
with molecular cyanogen is not important in our system.

A mechanism which explains many of the observations
involves the following reactions

N2 (A 3Z) +  C2N2 —  2CN +  N2 (i)

N +  CN — ► N2 +  C (3)
C +  C2N2 — > C3N2* (7)

C3N2* +  N2 — ► C3N2 +  N2 (8 )

C3N2* — *  C2N +  CN (9)

C2N +  N — ► 2CN (5)

C3N2 +  N — ► C2N2 +  CN (10)

C,C3N2,C2N,CN — ^ polymer (wall) (W) 

2C2N J- N2 — ► C4N2 +  N2 (D)
Reaction i of N2 (A3 2) (produced by the recombination 

of N atoms) with cyanogen has been shown26 to result in 
the C2N2 (3 2 u+ -  1 2 k+) emission spectrum and some 
dissociation into C N  radicals. Reaction 3  is the main 
pathway of N2 production. Reaction 7 is assumed to result 
in the insertion of a carbon atom into the C-C bond of cy
anogen to give C 3N 2* , an excited dicyanocarbene radi
cal. 32 Reaction 9, fragmentation of C 3N 2* , followed by 
reaction 5, is the chain-branching step.

The preponderance of isotopic exchange in cyanogen 
without extensive loss of cyanogen means that chain- 
branching reactions 9 and 5 occur infrequently compared 
to the chain-propagating sequence 3, 7, 8 , and 10. This se
quence ensures that cyanogen is isotopically scrambled 
with respect to both carbon and nitrogen, without appeal
ing to a massive dissociation of C2 N2 into CN radicals.

The validity of this mechanism hinges on the supposi
tion that AHf°(C2N) < +150 kcal/mol; otherwise reaction 
9 is endothermic. Since Aiff0(C2N2 ) = +74 kcal/mol, the 
above value implies that A H  for the reaction C2N2 —*• C2 N 
+  N is < +189 kcal/mol. This is reasonable since the A H  
for the reaction CN -*■ C +  N is currently estimated33 to 
be +180 kcal/mol. A recent determination of 
AHf°(C2N ) 34 places the limits +149 < AHf°(C2N) < 
+172 kcal/mol; other workers have used values from +133 
to +189 kcal/mol.
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Reaction 7 also deserves comment. Thermalized ra
dioactive carbon atoms formed by nuclear methods35 in
sert into the C-H bond, attack the it bond of unsaturated 
hydrocarbons, and abstract hydrogen atoms from saturat
ed hydrocarbons. Inorganic it bonded molecules (0 2, N2 0)  
react mainly by end-on attack with a large cross section 
(greater than 0.3 hard sphere) . 36 However, Husain and 
Kirsh20 have recently shown that carbon atoms in the aD 
state are far more reactive than those in the 3P state in 
attacking C-C single bonds. Thermochemical consider
ations and total spin conservation require that reaction 3 
result in C (3P). Hence to assume that reaction 7 results 
in the insertion of the carbon atom into the C2N 2 mole
cule, which is necessary to explain its isotopic scrambling, 
one must appeal to the large extent of it bond character in 
the C-C bond of cyanogen. 3 7 An alternative is that C (3P) 
attacks C2N2 end-on and that this is followed by a rear
rangement which internalizes the attacking carbon atom, 
analogously to the process in methyl isocyanide: CHg-NC 
—*• CH3-CN . It has been shown36 that C (3P) is an effi
cient reagent with molecules susceptible to end-on attack.

Reaction 10 which provides for nitrogen scrambling may 
be visualized as

15N = C — C— C = N 15 — >
*

N14

I5N = C — C* C = N 15 (10)

N14

where C* represents the inserted carbon atom. This reac
tion, followed by (3), predicts that N2 wall be produced 
predominantly as 29N2 in the early stages of the reaction 
when C215-15N2 is the predominant species. The other al
ternative, reaction 6, followed by (3) has already been 
shown to be unimportant. It should be noted that the pro
posed chain sequence involving (10) provides also for the 
observed stepwise isotopic nitrogen scrambling in cyano
gen

C215-15N2 — ► C214'15N2 — ^  C214'14N2

If the proposed mechanism is correct and the wall ac
commodation coefficient in reaction W is near unity for 
all radical species, the composition of the wall polymer, 
C1 .1 6 N, suggests that the volume concentration of C N  
radicals is much greater than those of the other reaction 
intermediates. Thus, reaction 3  of C N  with N  atoms must 
be slower than the reaction of C with cyanogen or of C 3N 2 

with N  and is rate determining.
Kley, et a l.,12 find that in the blue flame condition “ a 

steady state equilibrium is rapidly established which lies 
completely on the side of the C atom.” Our findings in the 
regular flame condition are that (CN)SS > (C)ss, and that 
a substantial induction period exists with little dissocia
tion of cyanogen.

In terms of this mechanism, the expression for the in
stantaneous chain length is

-d(N ) _  fe3(CN)(N) +  fe10(C3N2)(N)
—d(C2N2) fe7(C)(C2N2) - f e 10(C3N2)(N) (1)

Expressing the steady-state concentrations, (C)ss, 
(C3N2 )Ss, and (C3N2 )Ss, in terms of (CN), (C2N2), (N), 
and (N2), we arrive at a steady-state equation

-d (N ) _  2fe6(N2) +  fe9
—d(C2N2) ~  fe9 W

Since the chain length is about 40, feg(N2) = 20 k% the 
stabilization of the excited dicyanocarbene radical, 
C3N2*, being apparently much more common than de
composition. This finding means that kg <  107 sec-1 , an 
improbably small value for such a simple molecule unless 
the internal energy in C3N2* is barely enough for reaction
9.

Equation II predicts that the chain length is indepen
dent of the cyanogen or nitrogen atom concentrations but 
depends on carrier gas pressure. This is roughly confirmed 
by the finding of S J1 1  that at their low pressures the chain 
length is very short. Moreover, the lack of dependence of 
the chain length on the nitrogen atom concentration 
suggests qualitatively that the chain length should also be 
independent of time. However, when the loss of CN and 
C3N2 on the walls is included in the steady-state treat
ment, the expression for the chain length becomes

-d (N ) 2fe10(N) +  few
—d(C2N2) "  fe10(N)(fe9 /fe8(N2)) +few (1U)

This equation predicts that the chain length should de
crease with (N). Indeed, the chain length does decrease 
slightly as (N) approaches (N)^, see Table I. In order for 
the chain length to be constant to within 50% over the en
tire reaction (as observed), feio(N)ro(fe9 /fe8 (N2)) > few =  
200 sec-1 , or feio ^  1 X 10- 1 0  cc/sec.

The decrease in the chain length upon addition of oxy
gen atoms may be due to their reaction with C3N 2 radi
cals

C3N2 + 0  — *• CO +  2CN (11)

This reaction is spin allowed, exothermic by 40 kcal/mol, 
and explains the acceleration of the overall process, be
cause the inefficient chain branching sequence (9) and (5) 
is replaced by a fast reaction 1 1 . The expression for the 
chain length becomes

—d(N) 2 fei„(N ) +  fen(D )

—d(C2N2) fei„(N)(fe9/ f e 8( N 2))  +  k n( 0 )  (IV)

Using eq IV and choosing for best fit fen  =  1.3 X  10-1 ° 
cc/sec, the calculated dependence of the chain length on 
the oxygen atom concentration is found to describe well 
the experiments, as shown in Table V.

The observed effect of oxygen atoms suggests that per
haps reaction 9, being endothermic, does not occur and 
that C3N2* breaks up only by the reversal of (7). The 
chain branching could then be due to reactions of oxygen 
atoms formed in the electric discharge from the impurities 
in the nitrogen used. These impurities (H2 0 , 0 2) could 
produce up to 0.03-0.005% of oxygen atoms, i.e ., up to 5% 
of the atomic nitrogen concentration in our experiments. 
If reaction 11 is replaced by the sequence of reactions all 
of which are exothermic

C3N2 +  O — ► NCO +  C2N (11a)

NCO +  N — ► CO +  N2 (lib)

C2N +  N — ► 2CN (5)

the net effect would be that of reactions 9 and 5. Since no 
experiments were performed to test this possibility we will 
not pursue the subject further.

When enough N atoms have been converted to O atoms 
by reaction with NO to reduce sufficiently their concen
tration in the reaction zone, the overall reaction becomes 
very slow, as it does also in the absence of O atoms when
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TABLE V: Effect of Oxygen Atoms on the Chain Length, va ( C N ) ,  b u t  th e  la tte r  tw o  te rm s are n o t , a n d  th u s

Chain length ,T

Exptl Calcd (O)o, M (N )0, p

40 40 0 1 3 .3
1 6 .7 17 .2 0 .6 7 5 1 2 .6

1 1 . 2 1 1 .4 1 .28 1 2 .0

7 .7 7 .9 2 .1 0 1 1 . 2

5 .6 5 .6 3 .0 0 1 0 .3

“ Conditions: (N2 ) = 3.00 Torr, f = 60 msec.

(N )o  is s u ffic ie n tly  s m a ll . T h e  c a u se  is  th a t  th e  N 2 ( A 3 2 ) 
co n c e n tra tio n  b e c o m e s  very  lo w  a n d  h e n c e  th e  in it ia tio n  
rea ctio n  i n e a r ly  c e a se s . In  v ir tu a l a b sen c e  o f  C 3N 2 th e  O  
a to m s  c a n n o t a c c e le ra te  th e  re a c tio n .

W h e n  b o th  a to m ic  c o n c e n tr a tio n s  are  h ig h , o th er  re a c 
tio n s m a y  b e c o m e  im p o r ta n t . T h u s  o x y g en  a to m s  m a y  re 
ta rd  th e  o v era ll p ro cess  via re a c tio n  1 2 1 7

C N  +  0  — *• C O  +  N  (12)

a n d  th e  o b serv a tio n s  o f  S J 23 th a t  e x tr e m e ly  in ten se  C N  
em issio n  re su lts  fro m  a d d itio n  o f  m u c h  a to m ic  ox y g en  
c o u ld  b e  e x p la in e d  b y  re a c tio n  13

C 2N  +  0  — *• C O  +  C N *  ( 1 3 )

w here C N *  is e le c tro n ic a lly  e x c ite d .
T h e  p ro p o sed  m e c h a n is m  co rrec tly  d esc rib e s  th e  d e p e n 

d en ce  o f  th e  d egree  o f  ca rb o n  s c r a m b lin g  in  c y a n o g e n  on  
th e  in it ia l cy a n o g e n  c o n c e n tr a tio n  as sh o w n  in  T a b le  H . 
W e  w rite  d ( $ s) / d t  =  fe7 (C )( i> n) w here ( $ s) a n d  ( $ n) are  
th e  a m o u n ts  o f  s c r a m b le d  a n d  u n sc r a m b le d  c y a n o g e n , re 
sp e c tiv e ly , so  th a t  ( $ s) +  ( $ „ )  ^  (C 2N 2 )o. T h is  ign ores th e  
sm a ll a m o u n t o f  cy a n o g e n  ( ~ 0 . 3  p) c o n su m e d  in  th e  re a c 
tio n  a n d  so  in tro d u ce s  less th a n  a  1 0 %  error. C o m b in in g  
th e  a b o v e  e x p re ssio n  w ith  t h a t  fo r  ( C ) ss, o n e  o b ta in s

d ( f t ) / d i  =  ¿ 3( N ) ( C N ) [ (C 2N 2)0 -  ( f t ) ] / ( C 2N 2)„ 

a n d  in t e g r a t in g

( f t )  =  ( C 2N 2)„[1  -  e ^ N x c - N » / ^ » ]  ( V )

w here ( N )  a n d  ( C N )  are th e  av erag e  c o n c e n tra tio n s  d u r 

in g  th e  re a ctio n  t im e  t. T h e  c a lc u la te d  v a lu e s  o f  f t  in  
T a b le  II  w ere o b ta in e d  w ith  e q  V ,  u s in g  th e  v a lu e s  £ 3  =  1 
X 1 0 - 1 1  c c /s e c ,  ( N )  = 6  p, ( C N )  =  0 .0 5  p, a n d  t =  6 8  

m se c .
W e  s h a ll n ow  d eriv e  a n  e x p ressio n  fo r  ( C N ) max, th e  

p e a k  C N  ra d ic a l c o n c e n tr a tio n , a n d  sh o w  th a t  it  is a  m e a 
sure o f  th e  m a x im u m  ra te  o f  th e  ov era ll re a c tio n . A s  
n o ted  earlier , a d d itio n s  o f  c y a n o g e n  to  a c tiv e  n itro g en  
ca u se  an  in crease  in  th e  m a x im u m  ra te  o f  n itro g en  a to m  
c o n su m p tio n  u n ti l  th e  “ reg u la r f la m e  c o n d itio n ”  is  
a c h ie v e d . F u rth er  a d d itio n s  o f  c y a n o g e n  sh o rte n  th e  in 

d u c tio n  t im e , b u t  d o  n o t c h a n g e  ( - d ( N ) / d t ) max, see  F ig 
ure 1 . I f  th e  ra te  d e te r m in in g  s te p  is  re a c tio n  ( 3 ) ,  th en . 
( d ( N ) / dt)m ax =  %fe3 ( N ) o ( C N ) m ax. S in c e  th is  q u a n tity  is 
in d e p e n d e n t o f  c y a n o g e n  c o n c e n tr a tio n  in  th e  “ regu lar  
f la m e  c o n d it io n ,”  ( C N ) max a lso  m u s t  re m a in  c o n sta n t. S e t -  
ser a n d  T h r u s h 38 rep o rt in d e ed  th a t  ( C N ) SS a p p ro a c h e d  a  
c o n sta n t v a lu e  w ith  in c re a sin g  cy a n o g e n  a d d itio n  in  th e ir  
s tu d y  o f  C N  e m iss io n  fro m  th e  c y a n o g e n -a c tiv e  n itrog en  

f la m e .
A c c o rd in g  to  th e  p ro p o sed  m e c h a n is m , q u a lita t iv e ly , 

d ( C N ) /d t  =  (in itia l ra te  o f  p ro d u c tio n ) +  (ra te  o f  b r a n c h 
in g) -  (ra te  o f  r e m o v a l) . T h e  first te r m  is in d e p e n d e n t o f

( C N ) max =  fei( N 2( A 32 ) ) 0( C 2N 2) /  [q u e n c h in g  fr e q u e n c y  -

( 3 M 9( N ) / f c 8( N 2) ) ]

I f  th e  c h a in  b r ea k in g  re a ctio n s are ( W )  a n d  ( Q ) ,  w here  
(Q )  is33

C N  +  C 2N 2 — *  ...........  ( Q )

a n d  ( ( N 2) A32 )o <* ( N ) o ( N 2) a s  B o d e n  a n d  T h r u s h  h ave  
sh o w n ,3® th e n  th e  a b o v e  ex p re ssio n  b e c o m e s

( C N ) „
( N ) q( N 2) ( C 2N 2) 

M C 2N 2) +  /few —  &b( N )
( V I )

w here kB -  3 fe3/ j 9 /( fe g (N 2))  is th e  “ c h a in -b r a n c h in g  rate  
c o n s ta n t .”  T h is  re la tio n  sh ow s th a t  in  th e  “ reg u la r fla m e  
c o n d itio n ”  th e  v a lu e  o f  th e  te r m  n o t  d e p e n d e n t on  
( C 2N 2) , n a m e ly , (few -  fe e (N )) , m u s t  b e  s m a ll  to  m a k e  
( C N ) max in d e p e n d e n t o f  ( C 2N 2 ) .  T h e  “ e x p lo s io n s ,”  re
p o rte d  b y  o th ers311' 1 1  a t  low  to ta l  p ressu res a n d  low  co n 
ce n tra tio n s o f  cy a n o g e n  w h ich  w e h a v e  o b serv e d  a lso , ca n  
b e  u n d ersto o d  in  te r m s  o f  eq  V I ;  w h en  th e  v a lu e  o f  kB ( N )  
a p p ro a ch e s th a t  o f  feQ(C2N 2) +  few , ( C N )  b e c o m e s  very  
large .

D ic y a n o a c e ty le n e  is fo rm e d  b y  th e  c o m b in a tio n  o f  tw o  
C 2N  ra d ica ls

d ( c 4N 2) / d i  =  ¿ d( c 2n ) 2( n 2) ( v m

T h e  m e c h a n ism  p re d ic ts  ( C 2N ) max =  fe9fe3 ( C N ) /  
( f t s & s i ^ ) ) .  C o m b in in g  th is  e x p ressio n  fo r  ( C 2N ) max w ith  
eq  V I  a n d  V O , w e o b ta in  for th e  y ie ld  o f  C 4N 2

f t C 4N 2) cc ( N ) o2( N 2)

w h ich  is th e  e x p e r im e n ta lly  o b serv e d  re la tio n .
S in c e  C 4N 2 re a cts  ra p id ly  w ith  N  a t o m s ,39 its  co n ce n 

tra tio n  sh o u ld  r e m a in  low  u n til th e  N  a to m s  are co n 
s u m e d , w h ic h  e x p la in s  th e  o b serv e d  la g  in  its  p ro d u c tio n .

T h e  p ro p o sed  m e c h a n is m , to  b e  su re , is fa r  fro m  p roven  
a n d  it  in c lu d es re a c tio n  7  w h ose  d y n a m ic s  are q u e stio n 
a b le . B u t  it  d esc rib e s  very  w ell th e  iso to p ic  sc r a m b lin g  
a n d  ov era ll fea tu res  o f  th is  v ery  c o m p le x  c h a in  rea ctio n  
a n d  is , w e b e lie v e , p re fe ra b le  to  o th er  e x p la n a tio n s .
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A r r h e n i u s  P a r a m e t e r s  f o r  t h e  R e a c t i o n s  o f  M e t h y l  R a d i c a l s  w i t h  

S i l a n e  a n d  M e t h y l s i l a n e s

R. E. Berkley, I. Safarik, H. E. Gunning, and O. P. Strausz*

D e p a r tm e n t  o f  C h e m is tr y ,  U n iv e r s i ty  o f  A lb e r ta ,  E d m o n to n , C a n a d a  ( R e c e i v e d  D e c e m b e r  2 7 , 1 9 7 2 )  

P u b lic a t io n  c o s t s  a s s i s t e d  b y  t h e  U n iv e r s i ty  o f  A lb e r ta

A rrh en iu s  p a ra m e te rs  h a v e  b e e n  m e a su red  for  th e  h y d ro g e n  tra n sfe r  rea ctio n s o f  m e th y l ra d ic a ls  w ith  s il 

an e , m e th y ls ila n e s , a n d  th e ir  d e u te r a te d  c o u n te rp a rts . T h e  A fa cto rs  all lie  in  th e  ran ge  o f  log  A  =  1 1 .4 -
1 2 .4  a n d  th e  a c tiv a tio n  en ergies d o  n o t fo llo w  th e  tren d s in th e  S i - H  b o n d  en ergies. T h e  b o n d -e n e r g y -b o n d -  
ord er m e th o d  o f  e s t im a tin g  th e  p o te n tia l en ergies o f  a c tiv a tio n  c a n n o t b e  d irectly  a p p lie d  to  th e se  re a c 
tio n s .

Q u a n tita tiv e  d a ta  o n  h yd ro g en  a to m  tra n sfer  rea ctio n s  
b e tw ee n  a lk y l ra d ic a ls  a n d  m e th y la te d  s ila n e s  are sp arse . 
F o r th e  rea ctio n  C H 3 +  H S i ( C H 3 )3 —  C H 4 +  S i ( C H 3)3 , 
K e r r , et al.,1 fo u n d  a n  a c tiv a tio n  en ergy  o f  7 .0 0  k c a l /m o l  
a n d  M o rr is  a n d  T h y n n e 2 rep orted  a  v a lu e  o f  7 .9 2  k c a l /  
m o l. F ro m  th e se  d a ta  it  w o u ld  a p p e a r  th a t  th e  a c tiv a tio n  
en ergy for th e  tr im e th y ls ila n e  re a ctio n  is a b o u t  th e  sa m e  
or s lig h tly  h ig h er th a n  th a t  for th e  m o n o sila n e  rea ctio n , in  
sp ite  o f  th e  large d iffe re n ce , ~ 1 5  k c a l /m o l ,  in  th e  v a lu e s  
o f  th e  rep orted  b o n d  d isso c ia tio n  en ergies. A t te m p ts  b y  
G la sg o w , et al.,3 to  rep ro d u ce  th e  e x p e r im e n ta l a c tiv a tio n  
en ergy  for th e  tr im e th y ls ila n e  re a ctio n  b y  th e  b o n d -  
e n e r g y -b o n d -o r d e r  ( B E B O )  m e th o d  w ere u n su c c e ssfu l. 
H o w e v e r , a  s lig h t ly  m o d ifie d  B E B O  m e th o d  c o u ld  b e  a p 
p lie d  for th e  re a ctio n s o f  H  a to m s  w ith  m e th y la te d  sila n es  
a n d  for th e  re a c tio n s  o f  a lk y l ra d ic a ls  w ith  m o n o s ila n e . 4

In  ord er to  assess  th e  e ffe c t o f  m e th y l su b st itu t io n  in  
th e  s ila n e  m o le c u le  on  th e  A rrh en iu s  p a r a m e te rs  o f  th e  
h yd ro g en  tra n sfer  re a ctio n s , w e h a v e  e x a m in e d  th e  re a c 
tio n s  o f  m e th y l ra d ic a ls  w ith  a ll th e  m e th y l-s u b s t itu te d  
m o n o sila n e s  a n d  th e ir  d e u tera ted  c o u n te rp a rts .

Experimental Section
A z o m e th a n e , a z o m e th a n e -d e :, m e th y ls i la n e , m e th y ls i l-  

a n e -d 3, d im e th y ls ila n e -d 2 , t r im e th y ls ila n e -d , te tr a m e th y l-  
sila n e  (M e r c k ) , d im e th y ls ila n e , tr im e th y ls ila n e  (P e n in s u 
la r ), a n d  n e o p e n ta n e  (P h illip s )  w ere p u rifie d  b y  re p ea te d  
lo w -te m p e ra tu re  d is tilla tio n . A ll  d e u te r a te d  c o m p o u n d s  
w ere sh ow n  b y  m a ss  or n m r  sp e c tro m e tr y  to  c o n ta in  a  
m a x im u m  o f  2 .5 %  m o le c u le s  w ith  p ro ton  im p u r ity . T h e  
m a te r ia ls  u se d  in  c a lib ra tio n s , m e th a n e -d , m e th a n e -d 3, 
m e th a n e -d 4, e th a n e -d g  (M e r c k ) , m e th a n e , a n d  e th a n e

The Journal of Physical Chemistry, Vol. 77, No. 14, 1973



Reactions of Methyl Radicals with Silane and Methylsilanes 1735

TABLE I: Reactions of Methyl Radicals with Tetramethylsilane and Neopentane0

Rate X 1012 mol/cc/sec

Temp, °C Time, min
[Azo] x 

106 mol/cc

[(CH3)4Si] 
X 106 

mol/cc n 2 CH4 (total)

c h 4

C2H6 (total) C2 H6 R 3 V * 3 ,/2r 2 r 4

58.0 10.00 1.361 6.033 40.82 1.79 1.10 0.69 29.12 28.80 0.02131
91.0 10.00 1.634 5.739 49.58 5.91 3.90 2.01 28.38 28.06 0.06612

119.0 10.00 1.274 16.814 42.93 17.09 4.98 12.11 14.87 14.56 0.1868
178.0 10.00 1.220 12.110 41.67 32.17 9.16 23.01 4.11 3.80 0.9747
214.0 10.00 1.416 13.711 54.43 53.91 14.10 39.81 2.11 1.69 2.233
61.0 10.00 1.209 13.057 36.71 2.64 1.07 1.57 26.90 26.69 0.02327

150.0 10.00 1.416 14.952 47.05 29.01 8.34 20.67 7.60 7.28 0.5124

[(CH3)4C] K4a/f(31/2

151.0 10.00 1.220 16.215 43.78 16.25 7.83 8.42 8.97 8.65 0.1766
92.0 11.00 1.383 33.617 44.40 6.43 3.33 3.10 26.76 26.47 0.01792

120.0 11.00 1.372 33.367 45.26 13.04 5.97 7.07 17.36 17.07 0.05128
183.0 10.00 1.220 31.777 45.04 32.49 9.60 22.89 3.59 3.27 0.3983
222.0 10.00 1.252 16.705 48.42 41.35 14.09 27.26 2.00 1.69 1.255

0 Cell volume 186.5 cc, illuminated volume 158 cc.

(P h illip s ) , w ere s im ila r ly  p u rifie d  b y  lo w -te m p e ra tu re  d is 
tilla t io n . T h e  m a te r ia ls  u se d  w ere sh o w n  b y  ga s c h r o m a 
to g ra p h y  to  c o n ta in  a m a x im u m  o f  0 . 1 %  im p u ritie s .

T h e  fu rn a c e , c e ll, te m p e ra tu re  m e a su r e m e n t , a n d  a n a 
ly tic a l sy s te m s  are d esc rib e d  in  th e  a c c o m p a n y in g  a r ti
c le .5 A l l  m e a su r e m e n ts  o f  iso to p ic  ra tio s w ere m a d e  u sin g  
a n  A E I  M S - 1 0  m a s s  sp ec tro m e te r .

R e s u lt s

T h e  p h o to ly s is  o f  a z o m e th a n e , u se d  as th e  sou rce  o f  
m e th y l ra d ic a ls , p ro c e ed s b y  th e  fo llo w in g  se q u e n c e 6' 1 1

C H 3N = N C H 3 — -  2C H 3 +  N 2 (1 )

C H 3N = N C H 3 — ► C 2H 6 +  N 2 ( l a )

C H 3 +  C H 3N = N C H 3 — ■*- C H 4 +  C H 2N = N C H 3 (2 )

2 C H 3 — >  C 2H 6 ( 3 )

In  th e  a c c o m p a n y in g  a rtic le  th e  re la tiv e  A rrh en iu s  p a 
ra m e te rs  o f  re a c tio n  2  are rep orted  to  h a v e  th e  v a lu es

lo g  (k2/k3112) =  4 .4 9  ±  0 .2 5  -

[ ( 8 0 5 0  ±  4 4 0 ) / 2 . 3 0 3 RT]

W h e n  th e  p h o to ly s is  o f  a z o m e th a n e  is  carried  o u t in  th e  
p resen ce  o f  te tr a m e th y ls ila n e , m e th a n e  a lso  fo rm s in  th e  
rea ctio n

C H 3 +  (C H 3)4S i — C H 4 +  C H 2S i(C H 3)3 (4 )

in  a d d itio n  to  s te p  2 . T h e  ra te  c o n sta n t, fe4, c a n  th e n  be  
e v a lu a te d  fro m  th e  fo llo w in g  e x p ressio n

k j k 31/2 =  ( R ch< -  R 2) / [ ( C H 3)4S i ] R 31/2

L e a s t-m e a n -s q u a r e s  tr e a tm e n t o f  th e  d a ta  o b ta in e d  in  th e  
te m p e ra tu re  ra n ge  5 8 -2 1 4 °  a n d  c o m p ile d  in  T a b le  I  y ie ld  
th e  fo llo w in g  A rr h e n iu s  e q u a tio n

lo g  ( k jk 31/2) =  4 .6 7  ±  0 .2 3  -

[ ( 9 6 6 0  ±  4 1 0 ) /2 .3 0 3 R T ]

T h e  A rr h e n iu s  p lo t  is sh o w n  in  F igu re  1.

Figure 1. Arrhenius plots for reaction of methyl radicals with tet
ramethylsilane (• ) and neopentane (A ).

S im ila r  s tu d ie s  on  th e  h y d ro g e n  a b stra c tio n  rea ctio n  
w ith  n e o p e n ta n e

C H 3 +  (C H 3) 4C — *  C H 4 +  C H 2C (C H 3) 3 (4 a )  

p ro v id ed  th e  A rrh en iu s  e q u a tio n

lo g  (k j k 31/2) =  5 .2 5  ±  0 .4 8  -

[ (1 1 7 2 0  ±  9 2 0 ) /2 .3 0 3 i ?  T]

w h ich  is in  go od  a g re e m e n t w ith  th a t  rep orted  b y  K e rr , et 
al.12 T h e s e  d a ta  are a lso  p re sen te d  in  T a b le  I  a n d  F igu re  
1 .

W h e n  m e th y l ra d ic a ls  are a llo w e d  to  re a ct w ith  p a r tia l
ly  m e th y la te d  s ila n e s  a b stra c tio n  m a y  o c cu r fro m  e ith er  
th e  S i - H  or C - H  b o n d s . In  a n  a t te m p t  to  assess  th e  re la 
tiv e  im p o r ta n c e  o f  th e  tw o  re a c tio n s  w e h av e  e x a m in e d  
th e  rea ctio n s o f  m e th y l ra d ica ls  w ith  m e th y ls i la n e -d 3

C H 3 +  C H 3S iD 3 — ► C H 3D  +  C H 3S iD 2 (5)

C H 3 +  C H 3S iD 3 — ► C H 4 +  C H 2S iD 3 (5 a )
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TABLE II: Reactions of Methyl Radicals with Methyl sllane-d3a

Rate X  1012 m o l/c c /se c

[Azo l [CH3S iD3] C H 4
X  10« X  106 -----------------------------  C 2H6

Temp, °C Time, min m o l/cc m o l/cc n 2 C H 4 (total) f?2 Excess c h 3d r 5 (total) C 2H 6 R3 k5/k31/2

24.0 40.00 1.158 2.834 11.52 0.46 0.14 0.320 0.59 10.31 10.22 0.06512
48.0 40.00 1.197 2.608 • 12.61 1.15 0.38 0.770 1.76 9.46 9.37 0.2205
61.0 40.00 1.070 2.637 11.00 1.58 0.48 1.100 2.52 7.10 7.01 0.3609
75.0 40.00 1.041 2.462 11.33 1.54 0.67 0.870 3.30 5.51 5.43 0.5752
92.0 45.00 1.041 1.829 10.51 1.99 0.92 1.070 4.05 3.65 3.57 1.172

103.0 40.10 1.158 1.965 11.00 2.36 1.21 1.150 5.17 2.66 2.58 1.638
117.0 40.00 1.080 1.508 10.76 2.37 1.36 1.010 5.36 1.76 1.69 2.734
135.0 43.00 1.119 1.343 13.02 3.29 1.86 1.430 6.40 1.25 1.15 4.444
150.0 42.00 1.070 1.187 13.10 3.76 2.08 1.680 6.97 0.87 0.79 6.606
167.0 40.00 1.070 1.323 13.26 3.84 2.15 1.690 8.94 0.50 0.41 10.55
184.0 40.00 1.051 0.983 13.28 4.54 2.60 1.940 8.22 0.41 0.33 14.56
201.0 40.00 1.099 1.041 13.41 4.84 2.98 1.860 10.61 0.28 0.20 22.79

° Cell volume 218 cc , Illuminated volume 192 cc .

Figure 2. Arrhenius plot for reaction of methyl radicals with Figure 3. Arrhenius plot for reaction of trideuteriomethyl radicals 
methylsilane-d3. with azomethane-d6.

M e t h a n e  is fo rm e d  in  re a ctio n s 2 a n d  5 a , a n d  m e th a n e -d  
in  re a ctio n  5 . T h e  ra te  c o n sta n ts  fo r  re a c tio n  5 w ere c a lc u 
la te d  b y  th e  e xp ression

k5lk 31/2 =  i ? CH3D/ [ C H 3S i D 3] « 3 1/2

F ro m  te m p e ra tu re  stu d ie s  in th e  ran ge 2 4 -2 0 1 °  th e  fo l 
lo w in g  A rrh en iu s e q u a tio n  w as d erived

lo g  ( k jk 3112) =  5 .5 8  ±  0 .0 9  -

[ ( 9 2 2 0  ±  1 5 0 ) /2 .3 0 3 .R  T]

T h e  d a ta  are c o m p ile d  in  T a b le  II  a n d  th e  A rrh en iu s p lo t  
is sh ow n  in  F igu re  2 .

I t  c a n  b e  se en  fro m  T a b le  II  th a t  so m e  e x ce ss  C H 4 is 
p ro d u c ed  in  a d d itio n  t o  th a t  w h ich  c o u ld  b e  a c c o u n te d  for  
b y  rea ctio n  2 . In  ord er to  e s ta b lish  w h eth er th is  excess  
m e th a n e  is fo rm e d  b y  a b stra c tio n  fro m  th e  C - H  b o n d  o f  
th e  s ila n e  w e ca rried  o u t  fu rth er e x p e r im e n ts  u sin g  tr i
d e u te r io m e th y l r a d ic a ls .

Reactions of Methyl-Az Radicals with Deuterated Meth- 
ylsilanes. T h e  m e th y l-d 3 ra d ic a ls  w ere ge n e ra te d  b y  th e  
p h o to ly s is  o f  a z o m e th a n e -d g . I t  is  rea so n a b le  to  a ssu m e  
t h a t  th e  m e c h a n is m  o f  th e  a z o m e th a n e -d g  p h o to ly s is  is 
a n a lo g o u s  t o  th a t  o f  a z o m e th a n e .

C D 3N = N C D 3 — ► 2 C D 3 +  N 2 ( 6 )

CD3N=NCD3 — '* C2D6 +  N2 (6a)

C D 3 +  C D 3N = N C D 3 — ► C D 4 +  C D 2N =  N c D 3 ( 7 )

2 C D 3 ► C 2D 6 ( 8 )

T h e  ra te  c o n sta n t for rea ctio n  7 sh o u ld  b e  s m a lle r  th a n  
th a t  o f  re a ctio n  2  b u t  th e  ra te  o f  re a c tio n  8  is e x p e c te d  to  
b e  in d istin g u ish a b le  fro m  th a t  o f  re a c tio n  3 .

F ro m  th e  s tu d y  o f  th e  p h o to ly sis  o f  a z o m e th a n e -d 6 in  
th e  te m p e ra tu re  ra n ge  2 7 -1 8 4 ° ' th e  fo llo w in g  A rr h e n iu s  
e q u a tio n  w a s o b ta in e d

lo g  ( A 7 /A 81/2) =  4 .1 5  ±  0 .1 5  -

[ ( 8 2 1 0  ±  2 5 0 ) / 2 . 3 0 3 RT]
D a ta  for  re a ctio n  7  are  lis te d  in  T a b le  H I a n d  p lo tte d  in  
F igu re  3 .

T h e  d ifferen ce  in  a c tiv a tio n  en erg y  for re a c tio n s  2  a n d  7  
is s m a lle r  th a n  e x p e c te d , a n d  m a y  b e  d u e  t o  e x p e r im e n ta l  
error. In d e e d , th e  rate  o f  re a ctio n  7 w a s slo w  a n d  ra te  
m e a su r e m e n ts  w ere d iff ic u lt  to  rep ro d u c e . N e v e r th e le ss , 
th e  v a lu es  o b ta in e d  w ere u se d  in  th e  e s tim a tio n  o f  th e  
co rrection  te r m  in  m e th a n e  fo rm a tio n . S in c e  th e  v a lu e s  o f
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TABLE III: Reactions of Trideuteriomethyl Radicals with Azomethane-d6a

Rate X  1012 m o l/c c /se c

Temp, °C Time, min
l/»zoj a  i i r  

m o l/cc n 2 c d 4 r 7 C 2D6 (total) C 2D 6 Rq *7/*81 ' 2

27.0 10.00 6.088 145.77 1.05 131.96 130.90 0.01507
94.0 7.00 5.652 152.80 8.44 73.69 72.63 0.1752

184.0 7.00 3.653 113.02 14.92 7.08 6.33 1.623
151.0 7.20 3.642 110.90 12.01 14.65 13.92 0.8839
123.0 7.20 4.229 122.62 9.96 33.26 32.38 0.4139

60.0 7.00 5.641 144.36 3.32 106.24 105.18 0.05739

“ Cell volume 186.5 cc , illuminated volume 158 cc.

TABLE IV: Reactions of Trideuteriomethyl Radicals with Deuterated Methyl Silanes

[CH3- 
SID31 X  

1 0 ®
m o l/cc

Rate X  101 2 mol/<cc /se c

Time,
min

[Azo l x  
1 0 ®

m o l/cc

c d 4
C 2D6
totalTemp, °C n 2 Total «7 CD 4 Rq C 2D6 ft8 *9/*81 ' 2

69.0 40.0C 1.068 3.121 8.14 4.60 0.13 4.47 2 .4 7 2.41 0.9226“
102.0 42.40 1.106 3.261 8.35 7.10 0.20 6.90 0.68 0.61 2.709“
131.0 40.00 0.994 1.709 8.61 7.60 0.29 7.31 0.39 0.33 7.446“

85.0 40.00 1.124 3.177 8.90 6.84 0.20 6.64 1.65 1.58 1.663“
115.0 40.00 1.096 2.397 10.35 9.72 0.28 9.44 0.67 0.61 5.042“
I 5 2 .O 20.00 1.579 1.124 18.62 11.80 1.15 10.65 0.87 0.74 11.01“

22.0 40.10 1.339 6.100 37.94 3.76 0.09 3.67 31.91 31.65 0.1069®
49.0 21.50 1.406 3.797 41.36 7.06 0.29 6.77 28.45 28.16 0.3343®

[(CH3)2-
S iD2] ft 10 W * 8 1/2

22.0 10.00 1.339 4.904 38.61 1.69 0.09 1.60 34.39 34.07 0.05590®
49.0 10.00 1.209 5.020 35.65 5.17 0.23 4.94 25.95 25.74 0.1940®
69.0 10.50 1.209 4.759 38.17 9.44 0.49 8.95 25.12 24.81 0.3776®
89.0 10.00 1.317 4.871 42.61 17.30 0.84 16.46 16.77 16.45 0.8332®

111.0 10.03 1.198 4.748 40.72 24.47 1.08 23.39 8.44 8.12 1.729®
132.0 10.03 1.198 3.931 41.66 28.37 1.46 26.91 5.38 5.06 3.043®
152.0 10.00 1.296 2.396 44.41 27.32 2.03 25.29 3.69 3.38 5.741®

[<CH3)3-
SID]

c d 3h

R 12 R 11 W * » 1'2 A i2/Aa1/2

26.0 10.00 1.263 9.670 37.02 1.48 0.10 0.32 1.38 31.22 31.01 0.02563 0.00594®
61.0 11.40 1.361 9.725 40.71 6.29 0.42 1.20 5.87 25.63 25.35 0.1199 0.02451®
93.0 10.C0 1.492 9.659 48.10 16.67 1.11 2.53 15.56 18.04 17.72 0.3827 0.06222®

124.0 10.C0 1.350 5.271 46.83 19.41 1.81 3.06 17.60 10.13 9.81 1.049 0.1824®
157.0 10.00 1.361 3.561 48.31 22.36 2.70 3.59 19.66 4.96 4.64 2.563 0.4680®
184.0 10.00 1.361 2.352 50.42 22.47 3.66 3.59 18.81 2.95 2.64 4.922 0.9394®
216.0 10.00 1.307 1.503 48.31 25.10 4.88 4.43 2 0 . 2 2 1.79 1.48 11.06 2.423®

“  Cell volume 218 cc , illuminated volume 192 cc . 6 Cell volume 186.5 cc , illuminated volume 158 cc.

th e  correction  te r m s  are ra th er s m a ll , p o ss ib le  errors in  
th e m  w o u ld  n o t s ig n ific a n tly  a ffe c t  th e  resu lts .

T h e  re a c tio n s  o f  tr id e u te r io m e th y l ra d ic a ls  w ith  S i -d e u -  
te ra te d  m e th y ls i la n e s  p ro v id e  a w a y  o f  d e te r m in in g  th e  
re la tiv e  im p o r ta n c e  o f  th e  h y d ro g e n  a b stra c tio n  ste p  fro m  
th e  m e th y l g ro u p s sin ce  th is  le a d s  to  th e  fo rm a tio n  o f  
m e th a n e -d 3 , th e  m a s s  sp e c tru m  o f  w h ic h  fea tu res  a  m a ss  
19 p rin c ip a l p e a k  c o rresp o n d in g  t o  th e  p a ren t m o le c u la r  
io n . T h is  p e a k  is in s ig n ific a n t in  th e  sp e c tru m  o f  C D 4 a n d  
th erefore  s m a ll  c o n c e n tra tio n s  o f  C D 3H  in  C D 4 c a n  b e  
m e a su re d .

T h e  re la tiv e  a b u n d a n c e  o f  m a s s  19  in  th e  m a s s  s p e c 
tr u m  o f  m e th a n e  fo r m e d  in  th e  p h o to ly s is  o f  a z o m e th a n e -  
de a lo n e  w a s  c o m p a re d  to  th a t  o f  m a s s  19  in  th e  m a ss

sp e c tru m  o f  m e th a n e  p ro d u c ed  fro m  th e  p h o to ly sis  o f  
a z o m e th a n e -d 6 in  th e  p resen ce  o f m e th y ls i la n e -d 3 . F ro m  
th is  it w a s a p p a r e n t th a t  th e  fo r m a tio n  o f  m e th a n e -d 3 in  
th e  rea ctio n  o f  tr id e u te r io m e th y l ra d ic a ls  w ith  m e th y ls i l-  
a n e -d 3 w a s to o  s m a ll  to  m e a su r e , a n d  th e  s m a ll  a m o u n ts  
o f  m e th a n e -d 3 arise  in  p a r t fro m  iso to p ic  im p u r itie s  in  th e  
m e th y ls i la n e -d 3 .

F ro m  th e  stu d ie s  o f  th e  re a c tio n  o f  th e  tr id e u te r io m e th 

y l  ra d ica l w ith  m e th y ls i la n e -d 3

C D 3 +  C H 3S iD 3 — >  C D 4 +  C H 3S iD 2 (9 )

ov er t h e  te m p e ra tu re  ra n g e  2 2 -1 5 2 °  th e  fo llow in g  A rrh en 

iu s e q u a tio n  w as o b ta in e d
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TABLE V: Reactions of Methyl Radicals with Methyl Silanes

Rate X 1012 mol/cc/sec

[Azol x 
10®

mol/cc

[CH3SiH3] 
x  1 0 6 

mol/cc
CH„

(tctal)

c h 4
C2H6

(total)Temp, °C Time, min n 2 fll5 C2 H6 R 3 kis/k3,/2

25.0 30.00 0.983 2.549 11.20 3.68 0.11 3.57 8.51 8.42 0.4827°
47.0 30.00 1.090 2.578 13.63 8.45 0.29 8.16 7.06 6.97 1.199°
62.0 30.00 1.099 2.491 13.31 10.59 0.42 10.17 4.72 4.63 1.897“
76.0 30.00 1.012 1.732 12.39 10.62 0.51 10.11 3.15 3.07 3.331“
93.0 31.00 1.022 1.693 13.13 12 29 0.66 11.53 1.85 1.76 5.178“

105.0 31.20 1.177 1.469 14.66 14 63 0.97 13.56 1.50 1.39 7.887“
121.0 25.00 0.834 1.148 10.24 12 57 0.69 11.38 0.69 0.62 13.14“
151.0 25.00 1.051 1.051 13.30 16.53 1.12 15.41 0.35 0.24 29.93“
137.0 20.00 1.090 1.158 13.50 16.01 1.19 14.82 0.56 0.48 18.47“

[<c h 3)3-
sih2] fll6 ki6/k31',z

27.0 10.00 1.535 5.380 41.35 7.81 0.37 7.44 31.86 31.54 0.2462s
60.0 12.00 1.394 4.737 40.35 19.87 1.05 18.82 21.27 21.01 0.8668s
91.0 10.00 1.372 3.855 41.14 31.54 1.84 29.70 9.18 8.86 2.588s

119.0 10.00 1.492 3.136 45.99 45.15 3.54 41.61 5.80 5.49 5.663s
151.0 10.00 1.198 2.581 38.08 45.47 2.95 45.52 1.58 1.27 14.62s
183.0 10.00 1.361 1.459 43.15 48.34 6.10 42.24 1.37 1.05 28.25s
212.0 5.00 2.548 1.285 79.32 86.38 21.19 64.89 1.90 1.27 44.81s

[<CH3)3-
SIH] /?14 1̂3 kl3/*31/2

29.0 10.00 1.274 6.970 43.78 4.64 0.30 0.18 4.16 26.90 26.58 0.1158s
150.0 10.00 1.350 3.757 46.94 41.99 5.07 3.17 33.75 3.27 2.95 5.230s
120.0 10.00 1.307 3.670 44.41 30.70 4.05 2.21 24.44 8.97 8.65 2.264s
91.0 11.40 1.361 3.855 44.14 19.62 2.58 1.20 15.84 18.04 17.77 0.9747s
57.0 10.20 1.361 6.022 41.88 11.27 0.97 0.56 9.74 24.30 23.99 0.3302s

183.0 10.30 1.427 1.557 48.24 37.90 8.87 2.49 26.54 2.36 2.05 11.91s
213.0 7.00 2.124 1.350 72.63 60.28 20.16 3.66 36.46 2.11 1.66 20.96s

“  Cell volume 218 cc, Illuminated volume 192 cc. 6 Cell volume 186.5 cc, illuminated volume 158 cc.

lo g  (k9/ks1/2) =  5 .8 2  ±  0 .3 4  -

[ ( 9 2 0 0  ±  5 5 0 ) /2 .3 0 3 J ?  T]
A  s im ila r  in v e stig a tio n  o f th e  re a ctio n  o f tr id eu ter - 

io m e th y l ra d ic a ls  w ith  d im e th y ls ila n e -d 2

C D 3 +  (C H 3)2S iD 2 — v  C D 4 +  (C H 3)2S iD  (10 )

re su lte d  in  th e  A rrh en iu s  e q u a tio n

lo g  (k10/ks1/2) =  5 .2 5  ±  0 .2 4  -

[ ( 8 8 2 0  ±  3 9 0 ) / 2 . 3 0 3 .f i  T ]

In  th e  ca se  o f  d im e th y ls ila n e -d 2 , a g a in  n o  s ig n ific a n t a b 
stra c tio n  fro m  th e  m e th y l g rou p s c o u ld  b e  d e te c te d .

T h e  re a c tio n  o f  C D 3 w ith  tr im e th y ls ila n e -d  led  to  th e  
p ro d u c tio n  o f  a  m e a su r a b le  a m o u n t o f  CD3H in d ic a tin g  
th e  occu rren ce  o f  b o th  rea ctio n s

C D 3 +  (C H 3)3S iD  — *• C D 4 +  (C H 3)3Si

C D 3 +  (C H 3)3S iD  — *- C D 3H  +  C H 2S iD (C H 3) 2 ( 1 2 )

F ro m  th e  d e te r m in e d  a m o u n ts  o f  m e th a n e -d 4 a n d  m e th -  
a n e -d 3 th e  fo llo w in g  A rrh en iu s  e q u a tio n s  w ere d erived  for  
re a c tio n s  1 1  a n d  1 2

lo g  ( k j k ^ 2) =  5 .11  ±  0 .1 9  -  [ (9 2 1 0  ±  3 3 0 ) /2 .3 0 3 f i T ]  

lo g  (k12/k8il2) = 4 .3 1  ±  0 .5 3  -  [ ( 9 0 7 0  ±  9 2 0 ) /2 .3 0 3 f i T ]

T h e  e x p e r im e n ta l d a ta  for th e  rea ctio n s o f  th e  tr id e u -  
te r io m e th y l ra d ica ls  w ith  th e  series o f  th e  S i-d e u te r a te d  
m e th y l-s u b s t itu te d  s ila n e s  are c o m p ile d  in  T a b le  I V  a n d  
th e  A rrh en iu s p lo ts  are sh ow n  in  F igu re 4 .

T h e  A rrh en iu s  p a r a m e te rs  o b ta in e d  for re a c tio n  12  d o  
n o t  d iffer  s ig n ific a n tly  fro m  th o se  o b ta in e d  for  te tr a m e th -  
y ls ila n e . S in c e  th e  ra te  o f  rea ctio n  1 2  is s m a ll  c o m p a re d  to  
th a t  o f  re a c tio n  13  (vide infra), th e n  a t  low er te m p e r a 
tu res th e  s m a ll  q u a n tity  o f  u n d e u te ra te d  tr im e th y ls ila n e  
p re sen t a s  iso to p ic  im p u r ity  m a k e s  a  s ig n ific a n t c o n tr ib u 
tio n  to  th e  m e th a n e -d 3 fo rm e d . In sp e c tio n  o f  th e  A rr h e n 
iu s  p lo t  for re a c tio n  1 2  in d e ed  rev ea ls  th e  e x p e c te d  c u r v a 
tu re . A ls o , b e c a u se  o f  th is  cu rv a tu re , th e  s ta tis t ic a l error 
l im its  for  th is  se t  o f  ra te  c o n sta n ts  are larger th a n  fo r  
m o s t  o f  th e  o th er  rea ctio n s in  th is  s tu d y . In  v iew  o f  th e  
u n c e r ta in ty  in h e re n t in  th e  tr e a tm e n t o f  th ese  re su lts , w e  
d ec id e d  to  u se  th e  A rrh en iu s  p a r a m e te rs  o b ta in e d  for t e t -  
ra m e th y ls ila n e  in  c a lc u la tin g  th e  ra te  o f  a b stra c tio n  fro m  
th e  m e th y l g rou p s o f  th e  u n d e u te ra te d  tr im e th y ls ila n e .

Reactions of Methyl Radicals with Methylsilanes. R a te  
c o n sta n ts  fo r  th e  rea ctio n

C H 3 +  H S i(C H 3)3 — *• C H 4 +  S i(C H 3)3 (1 3 )  

w ere c a lc u la te d  b y  th e  re lation

k13/k3112 =  ( f i CH< -  *2 -  f i 4) / [ ( C H 3) 3S i H ] f i 31/2
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TABLE VI: Arrhenius Parameters lor Hydrogen Atom Abstraction by Methyl Radicals

Temp range, C° Reactant Log A,“ cm3 mol- 1  sec- 1 £, kcal mol- 1
Log k(200°), 

cm3 mol- 1  sec- 1 Ref

28-48 SiH4 12.26 7.47 8.81 5
29-213 SiH4 11.80 6.99 8.57 13
49-203 SiH„ 11.82 6.89 8.64 2
25-151 CH3SiH3 12.28 ±  0.24 8.13 ±  0.39 8.53 b
24-201 CH3SÌD3 12.25 ±0.09 9.22 ±  0.15 7.99 b
22-152 CH3SiD3c,d 12.49 ±  0.34 9.20 ±  0.55 8.24 b
27-212 (CH3)2Si H 2 12.07 ±  0.18 8.30 ±  0.31 8.24 b
22-152 (CH3)2Si D2c-d 11.92 ±  0.24 8.82 ±  0.39 7.85 b
29-213 (CH3)3Si H 11.69 ±  0.27 8.31 ±  0.47 7.85 b
26-216 (CH3)3SiDc’e 10.98 ±  0.53 9.07 ±  0.92 6.79 b
50-200 (CH3)3Si H 11.42 7.92 7.76 2
57-172 (CH3)3Si H 1 1 . 1 7.0 7.87 1
58-214 (CH3)4Si 11.34 ±0.23 9.66 ±  0.41 6.88 b
50-200 (CH3)4Si 11.53 10.30 6.77 2
~140 (CH3)4Si 12 .6 1 1 .0 7.52 14
123-203 (CH3)4Si 11.55 10.23 6.83 1 2
150-300 <CH3)4Si 12 .0 0 10.79 7.02 15
200-350 c h 4 11.83 14.65 5.06 16
260-490 C2H6“ 12.17 11.73 6.75 17
290-460 C3H8c 11.82 10.13 7.14 18
290-460 (CH3) 3CHc 11.38 8.03 7.67 18
92-222 (CH3) 4C 11.92 ±  0.48 11.72 ±  0.92 6.51 b
185-309 (CH3)4C 12.30 12 .0 6.76 19
138-292 (CH3)4C 11.17 10 .0 6.55 20

“  Assum ing log (/(comb) = 13.34 and £ a = 0 in all cases.21 6 This work. c C D 3 radicals. “  D abstraction. e H abstraction.

Figure 4. Arrhenius plots for reaction of trideuteriomethyl radi
cals with methylsilane-c/3 (• ). dimethylsilane-d2 (A ), the silyl 
group of trimethylsilane-d (■ ),  and the methyl groups of tri- 
methylsilane-d (T).

a ssu m in g  th a t  th e  ra te  o f  th e  re a ctio n

C H 3 +  C H 3S iH (C H 3) 2 — *> C H 4 +  C H 2S iH (C H 3) 2 (1 4 )

is  a p p ro x im a te ly  e q u a l to  th a t  o f  re a ctio n  4 . L e a st-sq u a r e s  
tr e a tm e n t o f  th e  e x p e r im e n ta l d a ta  y ie ld e d  th e  A rrh en iu s  
e q u a tio n

lo g  (k 13lk 3w ) =  5 .0 2  ±  0 .2 7  -

[ (8 3 1 0  ±  4 7 0 ) / 2 . 3 0 3 f i r ]

Figure 5. Arrhenius plots for reaction of methyl radicals with 
methylsilane (• ), dimeth/lsilane (A), and trimethylsilane (■ ).

TABLE VII: Experimental Kinetic Isotope Effects for Hydrogen 
Abstraction by Methyl Radicals

Substrate / c h / / < d  (100°) Ref

SiH4 3.3 13
CH3SiH3 3.7 a
(CH3) 2SiH2 2.9 a
(CH3)3SiH 2.8 a
c h 4 12.6 16
c h 3c h 3 7.6 17
CH3CH2CH3 (secondary H) 6.9 18
/-C4H10 (tertiary H) 6.9 18

“ This work.
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T h e  rea ctio n s o f  m e th y l ra d ic a ls  w ith  m e th y ls ila n e  a n d  
d im e th y ls ila n e

C H 3 +  C H 3S iH 3 — *  C H 4 +  C H 3S iH 2 (15 )-

C H 3 +  (C H 3) 2S iH 2 — -  C H 4 +  (C H 3)2S iH  (1 6 ):

w ere a lso  s tu d ie d . O n  th e  b a sis  o f  th e  resu lts  o b ta in e d  
fro m  th e  stu d ie s  o f  th e  tr id e u te r io m e th y l ra d ica l rea ctio n s  
w ith  m e th y ls i la n e -d 3 an d  d im e t h y ls i la n e -^  it  w as a s 
su m e d  th a t  n o  s ig n ific a n t rea ctio n  w ith  th e  m e th y l grou p s  
o f  m e th y ls ila n e  a n d  d im e th y ls ila n e  to o k  p la c e . T e m p e r a 
tu re  stu d ie s  y ie ld e d  th e  fo llo w in g  A rrh en iu s  eq u a tio n s

lo g  ( k j k 3112) =  5 .6 1  ±  0 - 2 4  -

[ (8 1 3 0  ±  3 9 0 ) /2 .3 0 3 i i T ]

lo g  ( k j k 3112) =  5 .4 0  ±  0 .1 8  -

[ ( 8 3 0 0  ±  3 1 0 ) /2 .3 0 3 /? T ]

T h e  e x p e r im e n ta l d a ta  for th e  m e th y l ra d ica l rea ctio n s  
w ith  th e  m e th y l-s u b s t itu te d  s ila n e s  are lis te d  in  T a b le  V  
a n d  th e  A rr h e n iu s  p lo ts  are sh ow n  in  F igu re  5 .

Discussion
T h e  A rrh en iu s  p a r a m e te rs  o b ta in e d  for  th e  h y d rogen  

a b stra c tio n  re a ctio n s o f  m e th y l ra d ic a ls  w ith  th e  m e t h y 
la te d  s ila n e s  a n d  th e  a z o m e th a n e s  are su m m a r iz e d  in  
T a b le  V I  a lo n g  w ith  th e  a v a ila b le  litera tu re  d a t a .13 -2 1  F or  
c o m p a riso n , re la ted  rate  p a r a m e te rs  for th e  m e th y l p lu s  
p a ra ffin  sy s te m s  are a lso  in c lu d e d . T h e  d a ta  fro m  th e  d if 
feren t la b o ra to ries  are in  re a so n a b le  a g re e m en t. T h e  s m a ll  
ch a n g es in  th e  re a c tiv ity  o f  th e  v a rio u s s ila n e  m o le c u le s  
are a p p a r e n tly  d u e  to  ch a n g es in  b o th  th e  a c tiv a tio n  e n er
gies a n d  th e  A  fa cto rs .

T h e  A fa c to rs  lis te d  in  th e  ta b le  a ll lie  in  a n arrow  
ran ge , log  A  ~  1 1 .4  — 1 2 .4  (cc  m o l - 1  s e c - 1 ) .  N e v e r th e 
less , a s u b tle  tren d  ca n  b e  o b served  for b o th  th e  S i - H  a n d  
S i - D  a b stra c tio n  re a c tio n s ; w ith  d ec re a sin g  n u m b e r  o f  
S i - H  or S i - D  b o n d s  in  th e  m o le c u le , th e  v a lu e  o f  lo g  A  
d ecreases s lig h tly  b y  a b o u t 0 .2 - 0 .3  p er m e th y l.

T h e  a c tiv a tio n  en ergies are g en era lly  low er for th e  a b 
stra c tio n  o f  h y d ro g e n  fro m  th e  S i - H  th a n  fro m  th e  C - H  
b o n d , p r e s u m a b ly  ow in g  to  th e  low er stren g th  o f  th e  fo r
m e r . In tr o d u c tio n  o f  a sin g le  m e th y l grou p  resu lts  in  a 
s lig h t in crease  in  th e  a c tiv a tio n  en ergy w h ich  th e n  re 
m a in s  u n a ffe c te d  b y  fu rth er  m e th y la tio n .

S i - H  b o n d  d isso c ia tio n  energies are a v a ila b le  in th e  l i t 
era tu re  o n ly  for m o n o sila n e , D ( H 3S i - H )  =  9 5 .2  k c a l /  
m o l , 22 a n d  tr im e th y ls ila n e , D ( ( C H 3 )3S i - H )  =  81  k c a l /  
m o l . 23 T h e s e  v a lu e s  in d ic a te  a d ecrease  in  b o n d  stren g th  
w ith  an  in crea sin g  n u m b e r  o f  m e th y l grou p s on  th e  S i  
a to m  b y  a n a lo g y  w ith  th e  p a ra ffin s . H o w e v e r , th e  e x p e r i

m e n ta l a c tiv a tio n  en ergies d o  n o t re fle ct th is  tr e n d . T h e  
b o n d -e n e r g y -b o n d -o r d e r  m e th o d  o f  c a lc u la tin g  a c tiv a tio n  
en ergies is e v id e n tly  n o t a p p lic a b le  for th e  C H 3 p lu s  
m e th y l s ila n e  sy s te m s  a lth o u g h  as h a s  b e e n  sh o w n  it  
c o u ld  b e  a p p lie d  to  th e  D  p lu s  s ila n e s  a n d  m e th y l s ila n e s4 

a n d  p o ss ib ly  to  th e  C H 3, C 2H 5 rt-C 3H 7, a n d  t -C 3H 7 p lu s  
sila n es  s y s t e m s .5

A t  p re sen t w e are u n a b le  to  offer an  e x p la n a tio n  as to  
th e  ca u se  o f  th e se  p ec u lia ritie s  in  th e  tren d  o f  th e  m e a 
su red  a c tiv a tio n  en ergies. U n d o u b te d ly  fu rth er  w ork  w ill  
b e  requ ired  for th e  e lu c id a tio n  o f  th is  p r o b le m .

In  T a b le  V II  th e  e x p e r im e n ta l H / D  k in e tic  iso to p e  e f 
fe c ts , a t  o n e  se le c te d  te m p e ra tu re , 1 0 0 ° , are ta b u la te d  in  
c o m p a riso n  w ith  re la ted  d a ta  on  p a r a ffin s . T h e  kH/kD 
v a lu es  are a ll s m a lle r  for s ila n es  th a n  for p a ra ffin s  a n d  
th e y  fea tu re  a te m p e ra tu re  co e ffic ie n t c o rresp o n d in g  to  an  
a c tiv a tio n  en ergy  o f  0 .5 - 1 .1  k c a l /m o l .  T h e  A  fa c to rs  o f  th e  
sila n e  re a c tio n s  are n o t a ffec te d  b y  d e u tera tio n .
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A r r h e n i u s  P a r a m e t e r s  f o r  t h e  R e a c t i o n s  o f  H i g h e r  A i k y l  R a d i c a l s  w i t h  S i l a n e s

R. E. Berkley, I. Safarik, O. P. Strausz,* and H. E. Gunning

D e p a r tm e n t  o f  C h e m is tr y ,  U n iv e r s i ty  o f  A lb e r ta ,  E d m o n to n , C a n a d a  ( R e c e i v e d  D e c e m b e r  2 7 ,  1 9 7 2 )

P u b lic a t io n  c o s t s  a s s i s t e d  b y  t h e  U n iv e r s i ty  o f  A lb e r ta

A rr h e n iu s  p a r a m e te rs  h a v e  b e e n  m e a su red  for  th e  h yd ro g en  a b stra c tio n  rea ctio n s o f  th e  e th y l ra d ica l  
w ith  s ila n e , s i la n e -d * , d is ila n e , a n d  d is ila n e -d g  a n d  for th e  rea ctio n s o f  th e  n -p r o p y l a n d  iso p ro p y l ra d i
c a ls  w ith  s ila n e  a n d  s ila n e -d *  m o le c u le s . T h e  A fa cto rs  e x h ib it  lit t le  v a ria tio n  a n d  th e  a c tiv a tio n  energies  
fo llo w  th e  tren d  p re d ic te d  b y  B E B O  c a lc u la tio n s  o n ly  i f  it  is  a ssu m e d  th a t  th e  c o m b in a tio n -d is p r o p o r 
tio n a tio n  re a c tio n s  o f  th e se  ra d ica ls  p o ssess  a  s m a ll  a c tiv a tio n  en ergy , ~ 3 . 6  k c a l /m o l  fo r  th e  e th y l, n- 
p ro p y l, a n d  th e  iso p ro p y l ra d ic a ls .

Introduction
H y d r o g e n  a b str a c t io n  rea ctio n s o f  h ig h er a lk y l ra d ica ls  

are e x p e c te d  to  b e  s im ila r  to  th o se  o f  m e th y l ra d ic a ls  e x 
c e p t th a t  th e  a c tiv a tio n  en ergies in v o lv e d  w o u ld  sh ow  a  
d efin ite  v a ria tio n  w ith  th e  C - H  b o n d  en ergies o f  th e  a b 
stra c tin g  ra d ic a ls . H o w e v e r , th e  few  e x p e r im e n ta l d a ta  
a v a ila b le  in  th e  lite ra tu re  d o  n o t s e e m  to  su p p o rt th e  v a 
lid ity  o f  th is  e x p e c ta t io n . F or e x a m p le , th e  a c tiv a tio n  
en ergies fo r  a b stra c tio n  o f  h y d ro g e n  fro m  a ld e h y d e s  b y  
d ifferen t b u ty l ra d ic a ls  w ere fo u n d  to  b e  c o n sid era b ly  
low er th a n  th o se  fo r  a b stra c tio n  b y  m e th y l. O n  th e  o th er  
h a n d , th e  h y d ro g e n  a b stra c tio n  rea ctio n s o f  e th y l ra d ica ls  
w ith  p a r a ffin s  fea tu re  a c tiv a tio n  en ergies a b o u t  0 .8  k c a l  
larger th a n  th e  a n a lo g o u s  m e th y l ra d ic a l re a c tio n s . 1

In  a  p re v io u s  p u b lic a tio n  fro m  th is  la b o ra to ry 2 an  a c t i 
v a tio n  en erg y  o f  8 .9  k c a l /m o l  w as rep o rted  for h yd ro g en  
a b stra c tio n  fro m  p ro p a n e  b y  n -p r o p y l ra d ic a ls . T h is  is 
so m e w h a t low er th a n  th e  a c tiv a tio n  en erg y  o f  1 0 .2  k c a l /  
m o l p re v io u sly  rep o rted  for  th e  re a c tio n  b e tw ee n  m e th y l  
a n d  p ro p a n e .1

In  ord er t o  g a in  m o re  in fo r m a tio n  a b o u t  th e  h yd ro g en  
a b stra c tio n  re a c tio n s  o f  h ig h er a lk y l ra d ic a ls  w e  h a v e  e x 
a m in e d  th e  re a c tio n s  o f  e th y l, n -p r o p y l, a n d  iso p rop yl  
ra d ica ls  w ith  s ila n e  a n d  d is ila n e . S ila n e s  offer th e  a d v a n 
ta g e  t h a t  th e  p ro d u c ts  o f  th e  re a ctio n  ca n  b e  m e a su red  
d ire c tly  a n d  in terferen ce  b y  c o m p e tin g  s id e  rea ctio n s is  
m in im a l.

K e rr , et al.,3-* in  th e ir  s tu d ie s  o f  h y d ro g e n  a b stra c tio n  
rea ctio n s fro m  te tr a m e th y ls ila n e  a n d  fro m  tr ich lo ro sila n e , 
fo u n d  th a t  th e  a c tiv a tio n  en ergies for a b stra c tio n  b y  e th y l  
ra d ica ls  w ere a b o u t  1  k c a l /m o l  h ig h er th a n  th o se  for a b 
stra c tio n  b y  m e th y l r a d ic a ls .

Experimental Section
A z o e th a n e , a z o -n -p r o p a n e , a z o b is (n -p r o p a n e -2 , 2 ,d 2 ) ,  

a n d  a z o iso p ro p a n e  (M e r c k )  w ere p u rifie d  b y  g a s -l iq u id  
c h r o m a to g ra p h y , a n d  a z o m e th a n e , m o n o s ila n e , m o n o s il-  
a n e -d i , d is ila n e , a n d  d is ila n e -d e  (M e r c k )  b y  re p ea te d  lo w - 
te m p e ra tu re  d is t illa t io n . A l l  d e u te r a te d  c o m p o u n d s  w ere  
sh ow n  b y  m a s s  s p e c tro m e tr y  or b y  n m r  t o  c o n ta in  a  m a x i 
m u m  o f  2 .5 %  p ro to n a te d  m o le c u le s  e x c e p t  for d is ila n e -d 6 , 
w h ich  c o n ta in e d  6 .5 % .  T h e  m a te r ia ls  u se d  in  c a lib ra tio n s , 
m e th a n e , e th a n e , p ro p a n e , n -b u ta n e , n -h e x a n e , a n d  2 ,3 -  
d im e th y lb u ta n e  (P h ill ip s ) , w ere s im ila r ly  p u rifie d  b y  lo w - 
te m p e ra tu re  d is t illa t io n  a n d  w ere sh o w n  b y  g a s  c h r o m a 
to g ra p h y  to  c o n ta in  a  m a x im u m  o f  0 . 1 %  im p u ritie s .

P h o to ly se s  w ere carried  o u t in  a c y lin d ric a l q u a rtz  cell 
e q u ip p e d  w ith  a  co ld  fin g er a n d  a tta c h e d  to  a  h ig h  v a c u 
u m  sy s te m . T h e  ce ll w as m o u n te d  in sid e  an  a lu m in u m  
b lo c k  fu rn a ce  w ith  d o u b le  q u a rtz  w in d o w s a t  e a ch  en d . 
T e m p e r a tu r e  m e a su r e m e n ts  w ere m a d e  w ith  an  in tern al 
sta n d a rd  p y r o m e te r  (A s s e m b ly  P r o d u c ts ) . C a lib ra tio n  w as  
ch e ck e d  reg u la rly  a g a in st  ice , ro o m  te m p e ra tu re  (a s  m e a 
su red  b y  a c a lib ra te d  m erc u ry  th e r m o m e te r ) , a n d  b o ilin g  
w a te r. T h e  te m p e ra tu re s  m e a su r e d  in  th is  m a n n e r  are  
co n sid ered  to  b e  a c c u ra te  to  ± 1 ° .  L ig h t  w a s iso la te d  from  
a H a n o v ia  U t i l i ty  m e d iu m -p r e ssu r e  m erc u ry  arc b y  a 
K o d a k  W r a t te n  1 8 A  filte r . In  th e  p h o to ly s is  o f  a z o m e th 
a n e  a n d  a z o e th a n e , w in d o w  g la ss  w as u se d  in stea d , m  
ord er to  o b ta in  h igh er lig h t in te n s ity  a n d  h ig h er ra d ica l  
c o n c e n tra tio n .

P ro d u c t a n a ly se s  w ere a c c o m p lish e d  b y  lo w -te m p e r a 
tu re  d is t illa t io n , g a s  c h ro m a to g ra p h y , a n d  m a s s  sp e c tr o m 
e try . T h e  fra c tio n  v o la tile  a t  — 2 1 0 ° w a s  m e a su red  in a gas  
b u ret. W h e r e  n itro g en  w a s th e  o n ly  e x p e c te d  n o n c o n d e n 
sa b le  p ro d u c t, th is  fra c tio n  w a s  o c c a sio n a lly  a n a ly z e d  b y  
m a s s  sp e c tro m e tr y . In  ru n s w h ere m e th a n e  w a s p ro d u c ed , 
th e  - 2 1 0 ° fra c tio n  w a s a n a ly z e d  b y  ga s ch ro m a to g ra p h y  
(1  f t  X 0 .2 5  in .,  1 3 X  m o le c u la r  s iev es , 0 ° ) ,  or b y  m a ss  
sp e c tro m e tr y  ( A E I  M S - 1 0 ) .  C o n d e n sa b le  p ro d u c ts  w ere  
se p a ra te d  b y  lo w -te m p e r a tu r e  d is tilla tio n  a n d  a n a ly z e d  b y  
g a s c h ro m a to g ra p h y . E th a n e  a n d  e th y le n e  w ere n o rm a lly  
a n a ly z e d  on  a 15 f t  X 0 .2 5  in . m e d iu m  a c tiv ity  s ilica  gel 
c o lu m n  a t  ro o m  te m p e ra tu re . E th a n e  a n d  e th y le n e  in  th e  
p resen ce  o f  m o n o sila n e  w ere a n a ly z e d  on  a 15 f t  X 0 .2 5  in . 
h ig h -a c tiv ity  s ilic a  gel c o lu m n  a t 6 0 ° . B u ta n e  w a s  n o r m a l
ly  a n a ly z e d  on  a  2 0  f t  X 0 .2 5  in . silico n e  g u m  ru b b er c o l
u m n  a t ro o m  te m p e ra tu re . C o n d e n sa b le  p ro d u c ts  fro m  th e  
rea ctio n  o f  e th y l ra d ic a ls  w ith  d is ila n e  w ere d istille d  o f f  a t  
— 117° a n d  p a sse d  th ro u g h  th e  m e d iu m  a c tiv ity  s ilica  gel 
c o lu m n  a t ro o m  te m p e ra tu re . A fte r  e th a n e  a n d  e th y len e  
w ere e lu te d , th e  te m p e ra tu re  o f  th e  c o lu m n  w a s ra p id ly  
in crea sed  to  7 0 ° , a fte r  w h ic h  d is ila n e  a n d  b u ta n e  d istilled  
o ff.

A fte r  p h o to ly s is  o f  a z o b is (n -p r o p a n e -2 , 2 -d 2 ) in  th e  p re s 
e n ce  o f  a  m ix tu r e  o f  s ila n e  a n d  s ila n e -d 4, th e  n o n c o n d e n s 
a b le s  w ere p u m p e d  o ff  th ro u g h  a liq u id  n itro g en  tra p , 
m o n o sila n e  w a s d is tille d  o f f  a t  — 1 6 1 ° , a n d  th e  fractio n  
c o n ta in in g  p ro p a n e  w a s  d is tille d  o f f  a t  — 1 2 6 ° . P ro p a n e  
w a s recovered  b y  ga s ch r o m a to g ra p h y  u sin g  th e  m e d iu m  
a c tiv ity  s ilic a  gel c o lu m n  a t  5 0 ° . T h e  re la tiv e  a m o u n ts  o f  
p ro p a n e -2 , 2 -^ 2  a n d  p r o p a n e -i ,2 , 2 -d 3 w ere d eterm in e d  b y  
m a ss  sp e c tro m e tr y . U s e  o f  n -p r o p y l ra d ic a ls  w h ich  w ere

The Journal of Physical Chemistry, Vol. 77, No. 14, 1973



1742 Berkley, Safarik, Strausz, and Gunning

d e u te r a te d  on  th e  se c o n d  ca rb o n  a to m  w a s  fo u n d  to  b e  
very  a d v a n ta g e o u s  for m a ss  sp e c tro m e tr ic  a n a ly s is , sin ce  
th e  re su ltin g  p ro p a n e  m o le c u le s  h a v e  an  (M — 1) p e a k  
w h ic h  is  q u ite  s m a ll  c o m p a re d  to  th e  p a ren t p e a k . T h e  
re a c tio n s  o f  iso p ro p y l ra d ica ls  w ith  d is ila n e  an d  d is ila n e -  
ds w ere carried  o u t in  th e  sa m e  m a n n e r , e x c e p t th a t  lig h t  
iso p ro p y l ra d ic a ls  w ere u se d .

P r o p a n e -2 ,2-d2 u se d  in  th e  m a ss  sp e c tro m e te r  c a lib r a 
tio n  w as sy n th e s ize d  b y  p h o to ly sis  o f  a z o b is (n -p r o p a n e -

2 ,2 -dz) in  th e  p resen ce  o f  a h ig h  p ressu re  o f  m o n o s ila n e . 
P r o p a n e -2 -d  a n d  p r o p a n e -7 ,2 ,2 -d 3 w ere s im ila r ly  o b ta in e d  
b y  p h o to ly s is  o f  th e  a p p ro p ria te  a zo a lk a n e  in  th e  p resen ce  
o f  d is ila n e -d 6 . T h e s e  sy n th e se s  w ere ca rried  o u t a t  2 2 0 ° .

S o m e  p o ly m e r  w a s fo rm e d  in  e a c h  ru n . T h is  w as p a r tic 
u la r ly  tru e  o f  th e  re la tiv e  ra te  ru n s in v o lv in g  d is ila n e . I t  is  
p ro b a b le  th a t  th is  p o ly m e r  is o f  th e  sa m e  ( S i H * ) „  c o m p o 
sitio n  w h ic h  h a s  b e e n  rep orted  p re v io u s ly . 5 M o s t  o f  th e  
h e a v y  p ro d u c ts  w ere d riv en  o u t o f  th e  rea ctio n  ce ll b y  th e  
h e a t  o f  th e  fu rn a c e , a n d  th e  b u ild u p  o f  a  b r o w n ish -y e llo w  
m a te r ia l in  th e  lin e s  a n d  tra p s o u ts id e  th e  ce ll n e c e ss i
ta te d  o c c a sio n a l c le a n in g  b y  w a sh in g  w ith  d ilu te  H F  s o lu 
tio n . E v e n tu a lly , h o w ev er, a g o ld e n  b row n  d e p o sit b u ilt  
u p  in  th e  ce ll itse lf, e sp e c ia lly  in  th e  c o ld  tr a p  a n d  e n 
tra n c e  lin e , w h ic h  c o u ld  n o t b e  h e a te d  a s  s tro n g ly  as th e  
b o d y  o f  th e  c e ll. T h is  d ep o sit sev ere ly  d ec re a se d  th e  
tr a n s m itta n c e  o f  th e  ce ll w in d o w s a n d  f in a lly  b e g a n  to  
ca u se  d ark  d e c o m p o sit io n  o f  th e  a z o a lk a n e s  in  a ra th er  
u n u su a l m a n n e r  (a zo iso p ro p a n e  y ie ld e d  m e th a n e ) . A t  th is  
p o in t  it  b e c a m e  im p o ss ib le  to  o b ta in  c o n s is te n t re su lts  
a n d  th e  ce ll w a s  re p la c e d , e ffo rts  to  c le a n  it  w ith  d ilu te  
H F  h a v in g  p ro v e n  fu tile .

R e s u lt s

It  h a s  b e e n  e s ta b lish e d  th a t  th e  p h o to ly sis  o f  a z o m e th 
a n e  p ro ce ed s via th e  fo llo w in g  se q u e n c e 6 -11

hv
C H 3N = = N C H 3 — *■ 2 C H 3 +  N 2 (1 )

C H 3N = N C H 3 C 2H 6 +  N 2 ; i a )

C H 3 +  C H 3N = N C H 3 — *- C H 4 +  C H 2N = N C H 3 ( 2 )

2 C H 3 — ► C 2H 6 ( 3 )

T h e  q u a n tu m  y ie ld  o f  e th a n e  in  re a ctio n  l a  w a s fo u n d  to  
b e  0 .0 0 7  a n d  a llo w a n c e  h a s  b e e n  m a d e  for it  in  d e te r m in 
in g  th e  e th a n e  p ro d u c ed  in  re a c tio n  3 . A s s u m in g  s te a d y -

TABLE I: Reactions of Methyl Radicals with Silane0

Figure 1. Arrhenius plot for the reaction of methyl radicals with 
silane.

s ta te  c o n d itio n s , th e  ra te  c o n sta n t for th e  a b stra c tio n  
re a ctio n , k 2, ca n  b e  c a lc u la te d  b y  th e  e q u a tio n

* , / * 3W  =  R 2/ ^ 31/2[ ( C H 3) 2N 2] ( I )

w here R2 a n d  R3 are th e  ra tes o f  rea ctio n s 2  a n d  3 , re sp ec 
tiv e ly , a n d  th e  sq u a re  b ra ck e ts  d en o te  th e  in it ia l c o n c e n 
tra tio n  o f  th e  re a c ta n t. F ro m  sev en  ru n s b e tw e e n  25  a n d  
2 1 8 °  th e  fo llo w in g  A rrh en iu s e q u a tio n  w a s  o b ta in e d  b y  
le a s t-sq u a r e s  tr e a tm e n t

lo g  ( k 2/k3112) =  4 .4 9  ±  0 .2 5  -

[ ( 8 0 5 0  ±  4 4 0 ) /2 .3 0 3 R T ]  

T h is  is in  sa tis fa c to ry  a g re e m en t w ith  severa l p re v io u sly  
rep orted  v a lu e s  in  th e  lite ra tu re , 3 ’ 9 ’ 12  a n d  h a s  b e e n  u se d  
in  th e  e v a lu a tio n  o f  k in e tic  d a ta  for m e th y l ra d ica ls .

W h e n  a z o m e th a n e  is p h o to ly z e d  in  th e  p resen ce  o f  s i l 
a n e , m e th a n e  is fo rm e d  in  th e  rea ctio n

C H 3 +  S iH „ - ►  C H 4 +  S iH 3 (4 )

T h e  ra te  c o n sta n t for rea ctio n  4  ca n  b e  c a lc u la te d  fro m  
th e  exp ression

k j k " 2 =  ( R cH< -  R 2) / / ? 3l' 2[ S i H 4] ( I I )

w h ere R2 c a n  b e  d e te r m in e d  fro m  eq  I . E x p e r im e n ta l d a ta  
for rea ctio n  4  are su m m a r iz e d  in T a b le  I a n d  th e  A rr h e n 
iu s p lo t  o f  &4 /& 31/2  is sh o w n  in  F igu re  1 . L e a s t -s q u a r e s

Rate X 1012 mol/cc sec

CH4

Temp, °C Time, min
[Azo] X 

106 mol/cc
[SiH*] X 

106 mol/cc n2 Total «2
c2h6
(total)

c2h6
Fh k i / k 3' /z

113.0 5.10 2.016 0.307 40.17 24.34 1.90 22.44 8.85 8.51 24.06
148.0 5.00 1.849 0.269 39.58 27.60 2.68 24.92 3.82 3.47 49.73
137.0 5.00 1.895 0.320 40.62 28.47 2.20 26.27 4.17 3.82 42.00
127.0 6.00 1.858 0.375 38.05 27.34 1.81 25.53 4.63 4.34 32.68
101.0 6.00 1.867 0.536 36.31 24.45 1.34 23.11 7.96 7.67 15.57
91.0 6.00 1.895 0.412 38.77 18.81 1.18 17.63 13.02 12.73 11.99
74.0 7.00 1.756 0.428 35.22 14.14 0.73 13.41 16.00 15.75 7.895
28.0 10.00 1.375 0.670 22.66 3.99 0.11 3.88 17.01 16.84 1.411
45.0 10.00 1.459 0.501 28.04 6.86 0.24 6.62 18.49 18.32 3.087
62.0 10.00 1.607 0.481 27.78 10.16 0.44 9.72 15.10 14.93 5.230

a Cell volume 218 cc, Illuminated volume 192 cc.
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TABLE II: Reactions of Ethyl Radicals with Silanea

Rate X 1012 mol/cc sec 

C2H6
[Azo] X [SiH4] X --------------------------------------------------------------  C4H10

Temp, °C Time, min 1 0 6 mol/cc 1 0 6 mol/cc n2 Total Re R? «9 Rs ks /ks '/2

45.0 1 0 . 0 0 1.997 0.578 55.21 11.72 1.27 6.06 4.39 43.32 1.154
63.0 1 0 . 0 0 1.812 0.496 15.10 5.38 0.96 1.07 3.35 7.64 2.444
76.0 1 0 . 0 0 1.784 0.472 56.86 17.97 3.40 4.86 9.71 34.72 3.491
89.0 1 0 . 0 0 1.942 0.706 58.86 25.87 5.17 3.99 16.71 28.47 4.436

1 2 0 . 0 1 0 . 0 0 1.468 0.506 57.03 35.85 8.53 2.84 24.48 20.31 10.740
149.0 1 0 . 0 0 1.793 0.554 68.32 57.82 16.82 1.70 39.30 12.15 20.350
180.0 10.50 1.997 0.692 90.36 91.10 26.60 0.87 63.63 6 . 2 0 36.930
103.0 1 0 . 0 0 1.774 0.589 63.72 35.51 7.33 4.07 24.11 29.08 7.591

[SiD4] C2H5D fcio/fca1/2

92.0 1 0 . 0 0 2.025 1.031 61.37 19.27 6.27 4.55 8.45 32.47 1.438
123.0 1 0 . 0 0 1.375 1.096 52.87 31.51 8.56 2.75 2 0 . 2 0 19.62 4.161
148.0 1 0 . 0 0 1 . 0 2 2 1.189 48.70 37.07 8 . 8 6 1.46 26.75 10.42 6.970
179.0 1 0 . 0 0 1.031 1.189 54.60 54.60 12.13 0 . 6 8 41.79 4.86 15.940
2 1 2 . 0 1 0 . 0 0 0.640 1 . 0 2 2 40.28 47.70 8.64 0.24 38.82 1.74 28.800
105.0 15.00 0.546 1.096 25.69 12.27 1.50 1.51 9.26 10.82 2.569
232.0 1 0 . 0 0 0.598 0.807 44.10 49.05 11.39 0.24 37.42 1.74 35.150

a Cell volume 218 cc, illuminated volume 192 cc. 

tr e a tm e n t h a s  g iv e n  th e  e q u a tio n  

lo g  ( k j k 3112) =  5 .5 9  ±  0 .1 7  -

[ ( 7 4 7 0  ±  2 9 0 ) / 2 . 3 0 3 R T ]  

in  re a so n a b le  a g re e m e n t w ith  p re v io u sly  rep orted  v a l 
u e s .1 2 -13

Reactions of Ethyl Radicals with Silanes. E th y l  ra d ica ls  
w ere gen era ted  b y  th e  p h o to ly s is  o f  a z o eth a n e  w h ich  fo l 
low s th e  m e c h a n is m 1 4 -15

C 2H 5N = N C 2H 6 2C 2H 5 +  N 2 ( 5 )

c 2h 5 +  c a n = n c 2h 5 c 2h 6 +  c h 3c h n = n c 2h 6

(6 )

2 C 2H 5 ->► C 2H 4 +  C 2H 6 (7 )

2 C 2H 6 -►  n -C 4H 10 ( 8 )

T a k in g  th e  ra tio  k7/kg =  0 .1 4 ,16 th e  ra te  c o n sta n ts  m a y  
b e  c a lc u la te d  b y  a n  e x p ressio n  a n a lo g o u s  to  eq  I. T h e  A r 
rh en iu s p a r a m e te rs  o f  th is  re a ctio n  w ere d e te r m in e d  fro m  
e ig h t ru n s b e tw e e n  2 6  a n d  149° to  h a v e  th e  v a lu e

lo g  ( k el k sV2) =  4 .8 7  ±  0 .3 5  -

[ ( 8 5 7 0  ±  5 9 0 ) /2 .3 0 3 R T ]

in  sa tis fa c to ry  a g re e m e n t w ith  lite ra tu re  d a t a .4 -15  

R a te  c o n sta n ts  as th e  fu n c tio n  o f  te m p e ra tu re  h av e  
b een  d e te r m in e d  for  th e  rea ctio n s o f  e th y l ra d ic a ls  w ith
sila n e , s i la n e -d 4, d is ila n e , a n d  d is ila n e -d 6 .

C A  +  S iH 4 —  C A  +  S iH 3 (9 )

C 2H 6 +  S iD 4 — C A D  +  S iD 3 (10 )

C A  +  S Ì A  C A  +  S i2H 5 (11)

C A  +  S i2D 6 — ► C A D  +  Si2D 6 (12)

T h e  rate c o n sta n ts  w ere c a lc u la te d  b y  th e  e q u a tio n

k jk 81/2 =  ( R C2h 6 -  0 .1 4 R 8 -  R6)IRs 12 [ s i la n e ]

( I I I )

T h e  e x p e r im e n ta l d a ta  for th e se  re a ctio n s are s u m m a r iz e d

Figure 2. Arrhenius plots for the reaction of ethyl radicals with 
silane ( • ) ,  silane-d4 (A), disilane (■), and disilane-d6 (▼)■

in  T a b le s  II a n d  III , a n d  th e  re sp ec tiv e  A rrh en iu s  p lo ts  are 
sh ow n  in  F igu re  2 .

L e a st-sq u a r e s  tr e a tm e n t o f  th e  d a ta  y ie ld  th e  fo llow in g  
A rrh en iu s e q u a tio n s

lo g  (A 9 A 81/2) =  5 -0 6  ±  0 .2 3  -  [ ( 7 2 5 0  ±  3 8 0 ) / 2 . 3 0 3RT]
lo g  ( k j k g 112) =  5 .2 0  ±  0 .3 5  -  [ ( 8 3 5 0  ±  6 7 0 ) /2 .3 0 3 R 7 ’ ]

lo g  ( k n /kg112) =  5 .0 8  ±  0 .2 8  -  [ ( 5 6 5 0  ±  4 5 0 ) / 2 . 3 0 3 R r ]

lo g  ( k 12/ksm ) =  5 .3 6  ±  0 .1 6  -  [ ( 6 8 4 0  ±  2 7 0 ) / 2 . 3 0 3 R T ]

Reactions of Propyl Radicals with Silanes. T h e  p h o to ly 
sis  o f  a z o -n -p r o p a n e  a n d  a z o iso p ro p a n e  p ro ceed s a n a lo 

g o u sly  w ith  th e  p h o to ly s is  o f  a z o e th a n e  a n d  p ro v id es  a  
good  sou rce  fo r  n -p r o p y l a n d  iso p ro p y l ra d ic a ls . For th e  
h yd ro g en  a b stra c tio n  re a ctio n s o f  th e  ra d ic a ls  from  th e  
p a ren t a zo  c o m p o u n d s  th e  A rr h e n iu s  p a ra m e te rs  h ave  
b e e n  rep o rted  p re v io u sly  fro m  th is  la b o ra to r y 2

S u m *
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TABLE Ml: Reactions of Ethyl Radicals with Disilanea

Rate X 1012 mole/cc sec

C 2 H6

Temp, °C Time, min
[Azo] X 

1 0 6 mol/cc
[SI2H6] X 

1 0 6 mol/cc n2 Total «6 R? R11
C4H,o

r8 kii/k 81/2

24.0 1 0 . 0 0 1.096 0.855 40.02 27.26 0.14 1.82 25.30 13.02 8 . 2 0 1

46.0 1 0 . 0 0 1.031 0.746 33.86 31.25 0.27 0.94 30.04 6 . 6 8 15.580
60.0 1 0 . 0 0 1.013 0.406 34.55 31.25 0.54 1.26 29.45 9.03 24.140
75.0 1 0 . 0 0 1.161 0.676 41.50 52.43 0.69 0.51 51.23 3.65 39.670
90.0 1 0 . 0 0 1.115 0.546 41.58 51.48 1.07 0.47 49.94 3.39 49.680

106.0 1 0 . 0 0 0.743 0.647 31.69 43.23 0.71 0.18 42.34 1.30 57.400
1 2 2 . 0 1 0 . 0 0 1.050 0.780 45.14 68.06 1.44 0.15 66.47 1.04 83.560
137.0 1 0 . 0 0 1.096 0.657 59.20 89.15 2.30 0.16 86.69 1.13 124.100
152.0 1 0 . 0 0 1.078 0.655 48.35 85.77 2.62 0 . 1 0 83.05 0.69 152.600

[Si2D6] C2H5D R12 fci2/k 81 ' 2

24.0 1 0 . 0 0 1 . 2 1 0 0.945 36.55 13.80 0 . 2 1 3.18 10.41 22.74 2.310
48.0 1 0 . 0 0 1.031 1.059 34.98 22.05 0.45 2 . 2 0 19.40 15.71 4.622
64.0 1 0 . 0 0 1.152 1.013 42.02 34.90 0 . 8 6 1.94 32.10 13.89 8.502
84.0 1 0 . 0 0 1.087 1.003 39.50 42.28 1.24 0.98 40.06 7.03 15.060

105.0 10.50 1.078 0.929 39.60 52.50 1.78 0.54 50.18 3.89 27.390
130.0 1 0 . 0 0 1.106 1.068 44.97 63.46 2.31 0 . 2 2 60.93 1.56 45.680
154.0 1 0 . 0 0 1.115 0.676 43.41 60.68 4.02 0.19 56.47 1.39 70.850
180.0 1 0 . 0 0 1.078 0.535 45.84 83.68 7.04 0 . 2 1 76.43 1.48 117.400

a Cell volume 218 cc, Illuminated volume 192 cc.

Figure 3. Arrhenius plots for the reaction of n-propyl radicals 
(• ) and isopropyl radicals (A )  with silane.

lo g  (A W r /^ c o m b 1'2) =  4 .8  -  ( 8 0 0 0 / 2 . 3 0 3 Æ T )  

for n -p r o p y l ra d ic a ls , a n d

lo g  (¿abstr/*comb1/2) =  4 .0  -  ( 7 0 8 0 / 2 ,3 0 3 f t  T  )

fo r  iso p ro p y l ra d ic a ls . T h e  ra tio  o f  d isp ro p o rtio n a tio n  to  
c o m b in a tio n  w a s  ta k e n  as 0 .1 5  fo r  n -p r o p y l a n d  0 .5 5  fo r  
iso p ro p y l r a d ic a ls . 1 7 -18

In  th e  p h o to ly s is  o f  a z o -n -p r o p a n e  a n d  a z o iso p ro p a n e  in  
th e  p resen ce  o f  s ila n e , re a c tio n s  13 a n d  14 ta k e  p la c e .

n-C 3H 7 +  S iH 4 —  C 3H 8 +  S iH s (13 )

t-C3H 7 +  S iH 4 — *- C 3H 8 +  S iH 3 (14)

T h e  fo llo w in g  A rrh en iu s  eq u a tio n s  w ere d eriv ed  fro m  
m e a s u r e m e n ts  o f  th e  a b s tr a c t io n /r e c o m b in a tio n  rate  ra 
tio s  a s  a  fu n c tio n  o f  te m p e ra tu re :

Figure 4. Kinetic isotope effect in the reaction of n-propyl radi
cals with silane (o ) ,  and disilane (□ ), and in the reaction of 
isopropyl radicals with si ane (• ) and disilane (■ ).

lo g  (kl3/kcomb112) =

4 .8 5  ±  0 .2 1  -  [ (6 9 1 0  ±  3 4 0 ) / 2 . 3 0 3 f t T ]  

lo g  (kulkcomh112) =
5 .1 7  ±  0 .2 1  -  [ ( 7 6 4 0  ±  3 3 0 ) / 2 . 3 0 3 f t T  ] 

T h e  e x p e r im e n ta l d a ta  fo r  rea ctio n s 13  a n d  14  are  s u m 
m a riz e d  in  T a b le  I V  a n d  th e  A rr h e n iu s  p lo ts  are  g iv en  in  
F igu re  3 .

W h e n  a z o -n -p r o p a n e  is p h o to ly z e d  a t  9 0 -2 2 0 °  in  th e  
p resen ce  o f  a  large  co n c e n tra tio n  o f  s ila n e  a n d  s i la n e -d 4, 
th e  fo llo w in g  re a c tio n s  ta k e  p la c e

n -C 3H 7 +  S iH 4 - v  C 3H 8 +  S iH 3

ra-C3H 7 +  S iD 4 C 3H 7D  +  S iD 3 

T h e  ra te  c o n sta n t ra tio  is th e n  g iv e n  b y  th e  e x p ressio n  

^ h / ^ d  =  ^ h -Pd / ^ d ^ h

T h e  iso to p e  e ffe c t  kH/kD ca n  b e  c a lc u la te d  fro m  th e  re la -
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TABLE IV: Reactions of Propyl Radicals with Silane0

Rate X 1012 mole/cc sec 

C3H8

Temp, °C Time, min
[Azo] X 

106 mol/cc
[SiH„] X 

106 mol/cc n 2 Total
Abstr. 

from azo Disp. Rl3
C6H,4
^comb 1̂3/̂ COmb1/̂2

(1) n-Propyl Radicals
90.0 165.00 0.466 2.930 5.11 6.05 0.18 0.03 5.84 0 . 2 0 4.4570

119.0 160.00 0.284 1.280 4.81 5.97 0.25 0.03 5.69 0.19 10.2000
149.0 160.00 0.285 0.514 5.47 6.08 0.63 0.04 5.41 0.29 19.5400

63.0 160.00 0.392 3.560 4.05 4.76 0.09 0.04 4.63 0.26 2.5510
76.0 160.00 0.420 2.290 4.53 4.98 0.15 0.06 4.77 0.41 3.2530
42.0 80.00 0.519 2.330 4.24 3.23 0.09 0.16 2.98 1.18 1.1770

107.0 60.00 0.403 0.853 5.99 6.08 0.49 0.11 5.48 0.72 7.5710
128.0 94.00 0.363 1.340 4.85 6.65 0.37 0.03 6.25 0.17 11.3100

25.0 67.00 0.509 4.160 2.90 2.22 0.04 0.12 2.06 0.78 0.5607
52.0 62.00 0.434 4.350 3.40 3.89 0.05 0.04 3.80 0.27 1.6810

C3H8 C6H,4
Rl4 ^comb ^14/ ^comb1/2

(2) Isopropyl Radicals
25.0 30.00 1.014 6.762 8.97 4.95 0.11 1.19 3.65 2.17 0.3664
90.0 51.20 1.072 3.454 15.31 13.14 0.61 0.48 12.05 0.88 3.7190

118.0 40.00 0.595 1.537 10.20 9.29 0.53 0.30 8.46 0.54 7.4900
149.0 42.05 0.559 0.961 10.79 11.50 0.78 0.19 10.53 0.35 18.5200
132.0 40.00 0.540 1.041 9.70 9.09 0.67 0.31 8.11 0.56 10.4100
105.0 40.00 0.724 1.820 11.00 10.16 0.58 0.44 9.14 0.80 5.6150
78.0 40.00 0.739 3.707 10.29 8.90 0.28 0.43 8.19 0.78 2.5020
61.0 40.00 0.656 3.279 8.48 6.42 0.19 0.72 5.51 1.30 1.4740
43.0 40.00 0.630 3.454 7.27 4.73 0.11 0.92 3.70 1.67 0.8289

“ Cell volume 218 cc, illuminated volume 192 cc.

TABLE V: Relative Rates of Reaction of n-Propyl Radicals with 
Nondeuterated and Deuterated Silanes

TABLE VI: Relative Rates of Reaction of Isopropyl Radicals with 
Nondeuterated and Deuterated Silanes

Pressure, Torr

Temp, °C Time, min Azo SIH„ SID4 Rh/Rd ktt/kD

Silane and Silane-d4
120.0 250.00 7.6 51.9 150.9 1.289 3.75
135.0 181.00 7.6 54.6 162.3 1.218 3.62
170.0 210.00 6.2 49.8 152.8 0.992 3.04
152.0 142.00 7.0 41.4 160.6 0.822 3.19
191.0 150.00 7.9 58.7 165.4 1.054 2.97
213.0 131.00 6.5 61.3 150.2 1.124 2.75
107.0 200.00 7.0 32.2 175.5 0.730 3.98
89.0 173.00 7.7 44.1 159.4 1.193 4.31

Pressure, Torr

Temp, °C Time, min Azo sih4 sid4 Rh/Rd hn/ko

Silane and Silane-d4
209.0 170.00 7.4 106.3 302.6 0.956 2.72
191.0 236.00 7.6 106.4 300.2 1.009 2.85
172.0 452.00 6.7 105.8 301.8 1.142 3.26
150.0 120.00 8.1 106.2 304.0 1.081 3.10
131.0 277.00 4.3 102.3 303.1 1.176 3.49
112.0 244.00 5.8 102.5 306.6 1.323 3.96
90.0 336.00 4.3 102.5 299.6 1.414 4.13

SÌ2H6 SÌ2D6

Disilane and Disilane-d6
130.0 250.00 9.5 49.7 147.4 0.883 2.62
149.0 153.00 8.2 57.7 149.9 0.977 2.54
168.0 226.00 7.7 50.8 150.0 0.815 2.41
189.0 202.00 8.1 52.6 149.9 0.749 2.13
208.0 325.00 8.0 48.3 145.9 0.686 2.07

89.0 300.00 6.8 52.8 152.4 1.016 2.93

tiv e  p ressu res o f  th e  s ila n e s  a n d  th e  m e a su red  ra te s  o f  fo r 
m a tio n  o f  th e  d e u te r a te d  a n d  n o n d e u te ra te d  p ro p a n e .

T h e  iso to p e  e ffec t in  th e  re a c tio n s  o f  n  a n d  iso p rop yl  
ra d ica ls  h a s  b e e n  d e te r m in e d  as a  fu n c tio n  o f  te m p e ra tu re

SÌ2H6 SÌ2D6

Disilane and Disilane-d6
90.0 174.00 5.9 36.8 122.4 0.877 2.92

193.0 150.00 5.1 43.5 101.9 0.963 2.26
174.0 150.00 4.8 40.2 109.8 0.864 2.36
151.0 187.00 6 0 40.4 107.1 0.944 2.50
132.0 140.00 3 6 38.5 90.1 1.132 2.65
110.0 234.00 4.3 42.1 111.3 1.047 2.77
220.0 201.00 5.8 47.5 104.3 0.951 2.09

in  m ix tu r e s  o f  s ila n e  a n d  sila n e -c /4, a n d  in  m ix tu res  o f  
d is ila n e  a n d  d is ila n e -d 6 as  w ell. T h e  e x p er im e n ta l d a ta  
are c o m p ile d  in  T a b le s  V  a n d  V I . T h e  iso to p e  e ffect as a 
fu n c tio n  o f  te m p e ra tu re  is sh ow n  in F igu re  4 .
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TABLE VII: Input Parameters for BEBO Calculations

Ref

Bond dissociation energies,“
kcal mol-1
D(CH3-H ) 108.3 20
D(CH3CH2-H ) 102.1 20
D (C 2H5CH2-H ) 102.1 20
D [(CH3) 2CH-H] 98.6 20
D(SIH3-H ) 98.3 21
D(CH3-SIH3) 85.1 22

Bond distances, A
Si-H 1.48 23
C -H 1.09 23
C-Si 1.87 23

Stretching frequency, cm“ 1
C-Si 701 23

° Includes zero-point energy.

T h e  b o n d -e n e r g y -b o n d -o r d e r  ( B E B O )  m e th o d , d e v e l
o p e d  b y  J o h n sto n  a n d  P a rr , 19  h a s  b e e n  w id e ly  u se d  for e s 
t im a tin g  th e  a c tiv a tio n  en ergies o f  h yd rogen  a b stra c tio n  
rea ctio n s a n d  th e  c a lc u la te d  v a lu e s  h a v e  g en era lly  b een  
fo u n d  to  agree w ith  e x p e r im e n t to  w ith in  2 k c a l /m o l .  W e  
h a v e  p erfo rm e d  c a lc u la tio n s  w ith  th is  m e th o d  in order to  
e sta b lish  th e  p re d ic te d  tren d  in  th e  a c tiv a tio n  en ergies o f  
th e  h yd ro g en  a b stra c tio n  rea ctio n s o f  h ig h er a lk y l ra d i
c a ls . T h e  in p u t d a ta  a n d  th e  resu lts  o b ta in e d  are s u m m a 
rized  in  T a b le s  V II 20' 23 an(j  v m ,  re sp ec tiv e ly .

TABLE VIII: Potential Energies of Activation and Experimental 
Activation Energies of Hydrogen Abstraction by Alkyl Radicals

Reaction V, kcal/mol £a, kcal/mol

CH3 +  SiH4 10.2 7.47
C2H5 +  S1H4 10.8 9.05
n-C3 H7 +  SitU 10.4 8.71
/-C3H7 +  S1H4 11.8 9.44
CH3 +  ch4 15.8 14.8
c2 h5 +  ch 4 18.3
/-c3 h7 +  ch 4 20.7

D is c u s s io n

T h e  A rrh en iu s p a ra m e te rs  a n d  lo g  k  v a lu e s  c a lc u la te d  a t  
2 0 0 °  are su m m a r iz e d  in T a b le  I X 24-26 as w ell as  th o se  o f  
o th er  a n a lo g o u s  rea ctio n s . I t  is seen  th a t  th e  v a lu e s  o f  th e  
A fa cto rs  for  th e  rea ctio n s o f  h ig h er a lk y l ra d ic a ls  w ith  s i l 
an e  are s im ila r , a n d  th e y  are n o t very  d iffe re n t fro m  th o se  
rep orted  for h y d ro g e n  a b stra c tio n  fro m  h y d ro c a rb o n s . T h e  
a c tiv a tio n  en ergies for th e  sila n e  re a ctio n s are gen era lly  
low er th a n  fo r  th e  h y d ro ca rb o n  rea ctio n s a n d  th is  is c le a r 
ly  th e  reason  w h y  a b stra c tio n  is fa ste r  fro m  s ila n e s . O n  
th e  oth er h a n d , th e  a c tiv a tio n  en ergies for  d iffe re n t r a d i
c a ls  a tta c k in g  th e  s a m e  sila n e  m o le c u le  are a ll a b o u t  th e  
sa m e  in  sp ite  o f  th e  d ifferen ce in  th e  en ergies o f  th e  b o n d s  
b e in g  fo rm e d .

T h e  A rrh en iu s  p a r a m e te rs  in  T a b le  I X  w ere c a lc u la te d  
a ssu m in g  log  A =  1 3 .3 4 27 a n d  Ea =  0  for a lk y l ra d ica l  
c o m b in a tio n . H o w e v e r , an  a c tiv a tio n  en ergy o f  2 k c a l /m o l  
a n d  a  ra th er h ig h  A fa c to r  o f  10 14 -65 (c c  m o l - 1  s e c - 1 ) h a s

TABLE IX: Arrhenius Parameters for Hydrogen Abstraction Reactions of Alkyl Radicals“

Temp range, °C Reaction
Log A,6 cm3 
mol-1 sec-1 E, kcal mol-1

Log k (200°), 
cm3 mol-1 

sec-1 Ref

28-148 CH3 +  SiH4 12.26 ±  0.17 7.47 ±  0.29 8.81 c
45-180 C2H5 +  SiH4 11.73 ±  0.23 7.25 ±  0.38 8.38 c
92-232 C2 H5 +  sid 4 11.87 ±  0.35 8.35 ±  0.67 8.01 c
24-152 C2 Hs +  Si2 H6 11.75 ±  0.28 5.65 ±  0.45 9.14 c
24-180 C2H5 +  Si2D6 12.03 ±  0.16 6.84 ±  0.27 8.87 c
25-149 n-C3 H7 +  SiH4 11.52 ±0.21 6.91 ±  0.34 8.33 c
89-213 /7-C3 H7 +  SÍD4 11.52 ±  0.30 7.90 ±  0.51 7.87 c,d
25-149 /-C3 H7 +  SiH4 11.84 ±  0.21 7.64 ±  0.33 8.31 c
90-209 /-C3 H7 +  SiD4 11.84 ±  0.41 8.63 ±  0.72 7.85 c,d
29-213 c h 3 +  SiH4 11.80 6.99 8.57 13
30-215 c h 3 +  sid 4 11.98 8.19 8.20 13
33-202 CH3 +  Si2 H6 11.96 5.65 9.36 13
37-189 CH3 4- S^Dß 12.19 6.96 8.98 13
49-203 CHS +  SiH4 11.82 6.89 8.64 12
200-350 CH3 +  14c h 4 11.83 14.65 5.06 24
200-350 c d 3 +  14c d 4 12.61 17.80 4.39 25
260-490 CD3 +  C2H6 ■'2.17 11.73 6.75 26
260-490 CD3 "f* C2D6 '2.17 13.23 6.06 26
25-218 CH3 +  (CH3 )2N2 11.16 ±  0.25 8.05 ±  0.44 7.44 c
59-197 c h 3 +  (CH3)2N2 11.13 7.85 7.50 3
120-180 CH3 +  (CH3)2 N2 11.03 8.20 7.24 9
71-253 CH3 +  (CH3 )2N2 11.10 7.60 7.59 12
26-149 C2H5 +  (C2H5 ) 2N2 11.54 ±  0.35 8.57 ±  0.59 7.58 c
27-175 C2H5 +  (C2 H5 ) 2N2 12.20 8.00 8.51 15
41-140 C2Hs +  (C2 H5 ) 2N2 11.30 8.13 7.55 4
27-160 n-C3H7 +  (n-C3H7 )2N2 11.47 8.00 7.78 2
27-160 /-C3 H7 +  (/-C3 H7 )2N2 10.67 7.08 7.40 2

“ Error limits are *or 95% confidence level. b Assuming log (kComt>) = 13.34 and Ea = 0 in all cases.27 c This work. “ Calculated from isotope effect.
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TABLE X: Arrhenius Parameters for Hydrogen Abstraction Reactions of Alkyl Radicals

Reaction
Log A,a cm3 
mol-1 sec-1 £,“ keal/mol

Log A,4 cm3 
mol-1 sec-1 £,4 keal/mol

Log A,c cm3 
mol-1 sec-1 £,c keal/mol

CH3 +  SiH4 12.26 7.47 12.26 7.47 12.26 7.47
C2H5 +  SiH4 11.73 7.25 10.86 7.25 11.73 9.05
n-C3H7 +  SiH4 11.52 6.91 10.65d 6.91d 11.52«« 8.71d
i-C3H7 +  SiH4 11.84 7.64 10.97 7.64 11.84 9.44
CH3 +  Si2H6 11.96 5.63 11.96 5.63 11.96 5.63
C2H5 +  Si2H6 11.75 5.65 10.88 5.65 11.75 7.45

° Assuming log /tComb = 13.34 and £COmb = 0 in all cases. 4 Using the rate constant values from ref 30 and 31 and assuming that Ecomb = 0 In all 
cases. c Using the rate constant values from ref 30 and 31 and assuming that log Acomb = 13.34 in all cases. d Assuming that log fccomb = 11.6.

TABLE XI: Experimentally Determined Kinetic 
Isotope Effects at 100°

Reaction fcH/kD

CH3 +  silane“ 3.3
CH3 +  dlsilane“ 3.6
C2H5 +  silane4 3.2
C2 H5 +  disilane4 2.7
re-C3H7 +  silane4 3.9
re-C3 H7 +  disilane4 2.9
/-C3 H7 +  silane4 4.0
/'-C3 H7 +  disilane4 2.8
CH3 +  methane“ 12.6
CH3 +  ethaned 7.4

° Reference 13. 4 This work. c Reference 24 and 25. d Reference 26.

b e e n  rep o rted  b y  S h e p p  a n d  K u ts c h k e 28 for  th e  c o m b in a 
tio n  o f  e th y l ra d ic a ls . M o r e  re c e n tly  H ia t t  a n d  B e n 
so n 29“3 1  o b ta in e d  lo g  k = 1 1 . 6  (cc  m o l “ 1  s e c “ 1) fo r  th e  c o m 
b in a tio n  o f  e th y l a n d  iso p ro p y l ra d ic a ls  a n d  th e ir  d a ta  in d i

ca te  th a t  th e  a c tiv a tio n  en ergy for e th y l ra d ic a l r e c o m b i
n a tio n  is zero . B u t  th is  ra te  c o n sta n t, to g e th e r  w ith  lo g  A 
=  1 3 .3 4 , y ie ld s  a n  a c tiv a tio n  en erg y  o f  3 .6  k e a l /m o l  for  
th e  c o m b in a tio n  o f  e th y l a n d  iso p ro p y l ra d ica ls .

T h e  A rrh en iu s  p a r a m e te rs  for th e  h y d ro g en  a b stra c tio n  
rea ctio n s fro m  s ila n e s  w ere r e c a lc u la te d  fro m  th e se  d a ta  
a n d  are p re sen te d  in  T a b le  X .  I t  is seen  th a t  th e  a c t iv a 
tio n  en ergies sh ow  a d e fin ite  u p w a rd  tren d  w ith  d ec re a s 
in g  C - H  b o n d  en ergies o f  th e  re a c tin g  a lk y l ra d ica ls  i f  an  
a c tiv a tio n  en ergy o f  3 .6  k e a l /m o l  is a ssu m e d  for th e  c o m 
b in a tio n  o f  e th y l, re-propyl, an d  iso p ro p y l ra d ica ls .

P o te n tia l en ergies o f  a c tiv a tio n  c a lc u la te d  b y  th e  B E B O  
m e th o d  are ta b u la te d  in  T a b le  V III . T h e y  are all h ig h er  
th a n  th e  e x p e r im e n ta l a c tiv a tio n  en ergies, b u t  a lso  fo llo w  
an  u p w a rd  tren d  c o rresp o n d in g  to  th e  d ec re a sin g  stren g th  
o f  th e  n ew ly  fo r m e d  C - H  b o n d s  fro m  S iH 4 as  w ell as  C H 4 .

E x p e r im e n ta l k in e tic  iso to p e  e ffe c ts  are lis te d  in  T a b le  
X I .  T h e y  are g e n e ra lly  low er for d is ila n e  th a n  for s ila n e , 
in  a c co rd a n ce  w ith  th e  low er z e r o -p o in t en ergies in v o lv e d . 
A rrh en iu s ty p e  cu rv es  o f  th e  te m p e ra tu re  d ep e n d e n c e  o f  
th e  iso to p e  e ffe c t  for re-propyl a n d  iso p ro p y l r a d ic a ls , p lo t 
ted  in  F igu re  4 , sh o w  litt le  d iffe re n ce . E x tr a p o la tio n  o f  th e  
cu rves to  in fin ite  te m p e ra tu re s  re su lts  in  a  lim it in g  v a lu e  
o f  a b o u t 0 .7 5  fo r  kH/kD. T h is  is  m u c h  to o  low  in  c o m p a r i
son  w ith  th e  e x p e c te d  v a lu e  o f  a b o u t  1 .3 5  for th e  h ig h - 
te m p e ra tu re  l im it  a n d  a p p ea rs  to  in d ic a te  a co n sid era b le  
tu n n e lin g  e ffe c t.

In  th e  a b sen c e  o f  re lia b le  a c tiv a tio n  en ergies fo r  th e  re 
c o m b in a tio n -d is p r o p o r tio n a tio n  re a c tio n s  o f  th e  a lk y l r a d 
ica ls  in v o lv e d  in  th e  p resen t s tu d y , th e  p recise  v a lu e s  o f

th e  A rr h e n iu s  p a r a m e te rs  o f  th e  h y d ro g e n  a b stra c tio n  
rea ctio n s c a n n o t b e  d e te r m in e d . I f  a  s im p le  co rrelation  
b e tw ee n  th e  C - H  b o n d  stren g th  in  th e  a b stra c tin g  ra d ica l  
a n d  th e  m a g n itu d e  o f  th e  a c tiv a tio n  en ergy  for  h yd rogen  
tra n sfe r  d o e s  e x ist , as  p re d ic te d  b y  th e  B E B O  m e th o d , 
th e n  ou r re su lts  w o u ld  se e m  to  fa v o r  th e  e x isten c e  o f  a  
s m a ll  a c tiv a tio n  en ergy  for th e  e th y l, re-propyl, a n d  iso 
p ro p y l ra d ic a l r e c o m b in a tio n -d isp r o p o r tio n a tio n  re a c 
tio n s . H o w e v e r , b e c a u se  o f  th e  ra th e r  low  te m p e ra tu re s  o f  
th e  e x p e r im e n ts , tu n n e lin g  e ffe c ts  c o u ld  a lso  co n tr ib u te  to  
a  d isto rtio n  o f  th e  e x p e c te d  tren d  in  th e  a c tiv a tio n  en er
g ies.
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U s in g  m o le c u la r  b e a m  a n a ly sis , th e  k in e tic s  a n d  m e c h a n is m s  o f th e  rea ctio n s o f  a to m ic  flu o rin e  w ith  
C F 3I a n d  C C l3B r  h av e  b e e n  in v estig a te d  in  a fa s t -flo w  rea cto r. D ir e c t  o b serv a tio n  o f  p e r h a lo m e th y l r a d i
ca ls  a n d  la ck  o f  d e te c tio n  o f  d isp la c e d  h a lo g e n  a to m s  p ro ves co n c lu siv e ly  th a t  b o th  o f  th ese  rea ctio n s  
p ro ceed  p rim a rily  b y  a b stra c tio n , ra th er th a n  d isp la c e m e n t, o f  a h a lo g en  a to m . In  th e  C C l3B r  s y s te m , 
su c c essiv e  “ a to m -s w itc h in g ”  rea ctio n s r a p id ly  co n v e rt C C I 3 to  its  flu o rin a te d  a n a lo g s . T h e  ra te  c o n sta n ts  
are fe(F +  C F 3I) =  7 .2  ±  3 .6  X 10 13  e m 3/m o l  sec  a n d  & (F  +  C C ls B r )  =  5 .6  ±  2 .8  x  10 13  c m 3/m o l  sec .

Introduction

T h e  a tta c k  o f  an  a to m  on  a n  u n stra in ed  sp 3-h y b rid iz e d  
ca rb o n  u su a lly  resu lts  in  th e  abstraction o f  so m e  grou p  
fro m  th e  ca rb o n . F or o n ly  a few  th e r m a l re a ctio n s , h a s  it 
b e e n  p ro p o sed  th a t  th e  p rin c ip le  m e c h a n is m  is displace
ment o f  a  grou p  fro m  th e  c a r b o n .2 S u c h  d isp la c e m e n t  
rea ctio n s are stro n g ly  ex o th e rm ic  for th e  rea ctio n s o f  
a to m ic  flu o rin e  w ith  p e r h a lo m e th a n e s , a n d  h a v e , in  fa c t , 
b e e n  o b serv ed  in  th e  h o t -a to m  re g im e . 3 H o w e v e r , it  is s till  
so m e w h a t u n c le a r  w h eth er displacement occu rs a t  th e r 
m a l en ergies in  th is  series o f  re a ctio n s , e sp e c ia lly  sin ce  
th e ir  ra tes se e m  to  correlate  w ith  th e  e n erg etic s  o f  th e  ab
straction m e c h a n is m . T h e  rea ctio n s o f  th is  grou p  for  
w h ich  a b stra c tio n  is e n d o th e rm ic  are all fo u n d  to  be  very  
slow . H o w e v e r , w h ile  a b stra c tio n  h a s  b e e n  in d ic a te d  for  F  
+  C C U  (a t  2 9 8 ° K ) 4 a n d  F  +  C C 13F  (a t  4 9 1 -5 8 6 ° K ) ,5 th e  
d is p la c e m e n t p a th w a y  h a s b e e n  stro n g ly  fa v o re d  for F  +  
C C I 2F 2 a n d  F  +  C F 3C I a t  f la m e  te m p e ra tu re s  ( 1 5 0 0 ° K ) .6 
A b s tr a c t io n  is  e x o th e rm ic  for F  +  C F 3I ; th is  rea ctio n  has  
b e e n  fo u n d  to  b e  very  ra p id , a n d  e v id e n c e  h a s  b e e n  o b 
ta in e d  th a t  it  p ro ce ed s b y  th e  a b stra c tio n  m e c h a n is m . 7

In  th e  p re sen t w ork , w e in v e stig a te  th e  rea ctio n s o f  
a to m ic  flu o rin e  w ith  C F 3I a n d  C C ls B r , u sin g  an  in stru 
m e n t  w h ic h  is c a p a b le  o f  d irect o b serv a tio n  o f  tra n sie n t  
in te r m e d ia te s .8 D e te c t io n  o f  C X 3 ra d ic a ls  a n d  la c k  o f  d e 
te c tio n  o f  d isp la c e d  h a lo g en  a to m s  p ro v es co n c lu siv e ly  
th a t  th ese  rea ctio n s fo llo w  p rim a rily  th e  a b stra c tio n  p a t h 
w a y , w h ich  is e x o th e rm ic  in b o th  ca ses . T h e  ro om  te m p e r 
atu re  ra te  c o n sta n ts  o f  th e se  tw o  rea ctio n s are m e a su re d .

Experimental Section

T h e  re a ctio n s o f  a to m ic  flu o rin e  w ith  C F 3I a n d  C C l3B r  
are stu d ie d  b y  m o le c u la r  b e a m  a n a ly sis , a  n ew  m e th o d , in  
w h ich  m o le c u la r  b e a m  te c h n iq u e s  are e m p lo y e d  to  p re se 
le c t  th e  n eu tra l sp ec ies  e n terin g  a  m a ss  sp e c tro m e te r .8 ’ 9 

W it h  th e  b e a m  m e a su r e m e n ts  h e lp in g  to  id e n tify  th e  n e u 
tra l p a ren t o f  e a ch  ion  o b serv ed  in  th e  m a ss  sp ec tro m e te r , 
th ere  is n o  n eed  to  ca re fu lly  co n tro l th e  en ergy  o f  th e  io n 
iz in g  e le ctro n s, in  ord er to  a c h iev e  “ a p p ea ra n c e  p o te n tia l  
d is c r im in a t io n .”  T h u s  1 0 0 -2 5 0  m A  o f  io n iz in g  e lectro n s  
c a n  be e m p lo y e d , g iv in g  io n iza tio n  e ffic ien cies  severa l o r
d ers o f  m a g n itu d e  larger th a n  th o se  g en era lly  a tta in e d  in  
fre e -ra d ic a l m a ss  sp e c tro m e tr y . T h e  u se  o f  p h a se  se n sitiv e  
d e te c tio n  o f  th e  m o d u la te d  b e a m  a n d  to ta l p ressu res o f  
th e  ord er o f  10  ~ 9 T o rr  in  th e  io n iza tio n  reg ion  a llo w s very

low  co n ce n tra tio n s o f  tra n sie n t in te r m e d ia te s  to  b e  d e 

te c te d  b y  th is  m e th o d .
In  th is  w ork , w e h a v e  e m p lo y e d  o n ly  th e  m a g n e tic  d e 

fle c tio n  m o d e  o f  m o le c u la r  b e a m  a n a ly s is , 8 -9 w h ich  c o n 
s ists  o f  b lo c k in g  th e  e n tra n ce  to  th e  m a ss  sp e c tro m e te r  
w ith  an  o b s ta c le , a n d  th e n  u sin g  a s m a ll  p e r m a n e n t  
(h ex a p o la r ) m a g n e t  to  d e fle c t p a rtic le s  in to  th e  io n iza tio n  
reg ion . P a r a m a g n e tic  a to m s  a n d  free ra d ica ls  are e ffe c 

tiv e ly  “ fo c u s e d ”  b y  su c h  a  m a g n e tic  len s , w h ile  d ia m a g 
n e tic  m o le c u le s  are h a r d ly  a ffe c te d  b y  th e  fie ld . T h e  
o b serv a tio n  o f  net m a g n e tic  fo c u sin g  a t  a n y  m/e in  th e  
m a ss  sp e c tru m  in d ic a te s  th a t  a t  le a s t  a  few  p e r  c e n t o f  
th e se  ion s arise fro m  p a r a m a g n e tic  n e u tra ls , s in ce  th e  f o 
cu sin g  e ffe c t  m u s t  o v erc o m e  th e  d ec rease  in  s ig n a l r e s u lt 

in g  fro m  b lo c k a g e  o f  so m e  o f  th e  sc a tte r e d  b e a m  b y  th e  
p e r m a n e n t m a g n e t .

E x c e p t  for a d d itio n  o f  liq u id  n itro g en  c r y o p u m p in g  to  
th e  d etec to r  c h a m b e r , th e  m o le c u la r  b e a m  a n a ly z e r  w as  
p h y s ic a lly  as d esc rib e d  p re v io u sly . 8 A n  a d d itio n a l c h a n g e  
co n sists  o f  m a in ta in in g  th e  e x it  e lectro d e  o f  th e  W e is s -  
ty p e  io n izer 10 a t  ca. 3 0 0 -V  n eg a tiv e  w ith  re sp ec t to  th e  
grid s a n d  a n o d e . T h is  h a s  p ro v ed  to  b e  a  m o re  e ffic ie n t  
m e a n s  o f  c o lle c tin g  io n s th a n  th e  a p p lic a tio n  o f  a  s im ila r  
p o sit iv e  v o lta g e  to  th e  e n tra n ce  e le ctro d e .

T h e  F  +  C F 3I  an d  F  +  C C l3B r  rea ctio n s w ere s tu d ie d  
in  a fa s t  f lo w  sy ste m  a t to ta l p ressu res o f  ca. 1 T o r r . 
A to m ic  flu o rin e  w a s g en era ted  b y  a m ic ro w a v e  d isch a rge  
in  d ilu te  ( 0 .1 % )  m ix tu res  o f  F 2 in  H e  or A r , u sin g  an  a lu 
m in a  d isch a rg e  tu b e 1 1  a n d  a lu m in a , T e flo n  or T e f lo n -  
co a te d  1 9 -m m  d ia m e te r  flo w  tu b e s . T h e  p e r h a lo m e th a n e s  
w ere a d d e d  th ro u g h  a T e flo n  in le t, w h ose  p o sit io n  c o u ld  
b e  va ried  w ith  re sp e c t to  th e  0 . 1 - 0 .2 -m m  d ia m e te r  s a m 
p lin g  orifice  o f  th e  m o le c u la r  b e a m  a n a ly z e r . In  su c h  s y s 
te m s , n o  p ro d u c ts  o f  th e  re a ctio n  o f  a to m ic  flu o rin e  w ith  
su rfa ces c o u ld  b e  o b serv e d  m a ss  s p e c tro m e tr ic a lly .

B o th  rea ctio n s w ere fo u n d  to  b e  very  r a p id . In  ord er to  
a c h iev e  th e  flo w  sp ee d s  o f  2 0 -5 0  m /s e c  n e ce ssa ry  for s p a -  
c ia l reso lu tio n  o f  th e  re a ctio n  in  c o n v e n ie n t ra n ges o f  c o n 
ce n tra tio n s , it  w a s n ecessa ry  to  m o d ify  th e  flo w  rea cto r  
u se d  in  re f 4  b y  in crea sin g  th e  d ia m e te r  o f  th e  tu b in g  in  
th e  tr a p p in g  s y s te m  to  5  c m  a n d  u sin g  o n ly  a  sin g le  tra p  
a t liq u id  N 2 te m p e ra tu re . S in c e  F 2 is n o t r e m o v e d  b y  su c h  
a tra p , th e  o il in  th e  W e lc h  139 7  p u m p  w a s  c h a n g e d  every  
3  d a y s .

G a s  flo w  ra tes  are d ete r m in e d  b y  t im in g  p ressu re  in 
creases in  c a lib ra te d  v o lu m e s  or v o lu m e  c h a n g e s  a t  k n o w n
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pressu res. H a lo c a r b o n  o il (H a lo c a r b o n  P ro d u c ts  C o r p ., 
S eries 1 3 -2 1 )  m a n o m e te r s  are e m p lo y e d  for  th e se  m e a 
su r e m e n ts . T h e  v e ry  s m a ll  f lo w s o f  th e  p e r h a lo m e th a n e s  
are co n tro lled  b y  a  G r a n v ille -P h illip s  S eries 2 0 3  v a ria b le  
lea k  v a lv e . P ressu re  is m e a su r e d  w ith  a  M c L e o d  ga u ge  
a n d  g e n e ra lly  v a rie s  less  th a n  1 0 %  across th e  rea ctio n  
zo n e . T h e  av erag e  p ressu re  is u se d  to  co n v e rt flo w  rate  
m e a su r e m e n ts  to  p a r tia l p ressu res.

In itia tio n  o f  th e  d isch a rg e  re d u ce s  th e  m /e  3 8  ( F 2+ )  s ig 
n a l to  less  th a n  3 %  o f  its  orig in al in te n s ity . S im u lta n e o u s 
ly , m /e  19  ( F + )  in c re a se s  greater th a n  th re efo ld  a n d  sh ow s  
2 5 -3 0 %  m a g n e tic  fo c u sin g , in d ic a tin g  th a t  F 2 is e ffic ie n tly  
d isso c ia te d  b y  th e  d isc h a rg e . T h is  re su lt is o b ta in e d  w ith  
as litt le  as 10  W  o f  2 4 5 0 -M H z  p o w er . H o w e v e r , m e a su r e 
m e n ts  are g e n e ra lly  m a d e  w ith  4 0  W ,  a t  w h ich  p ow er it is  
so m e w h a t easier to  s ta b iliz e  th e  d isch a rg e  a n d  m in im iz e  
th e  ra d ia tio n  re fle c ted  fro m  th e  E v e n s o n -ty p e  c a v ity . 12 

T h e  a lm o s t  c o m p le te  d isso c ia tio n  o f  F 2 o b serv e d  here c o n 
tr a sts  w ith  d isso c ia tio n s  o f  2 0 - 4 0 %  a c h ie v e d  in ou r earlier  
F  +  C C U  s tu d ie s , 4 w h ere  th e  low  rate  c o n sta n t requ ired  
th e  u se  o f  h ig h  a to m ic  flu o rin e  c o n c e n tra tio n s  a n d  low  
flo w  v e lo c itie s . S in c e  th e  m ic ro w a v e  p o w er p er  in p u t F 2 

m o le c u le  is s im ila r  in  th e  tw o  e x p e r im e n ts , th e  d ifferen ce  
m u s t u n d o u b te d ly  b e  d u e  to  th e  g reater im p o r ta n c e  o f  
a to m ic  flu o rin e  re c o m b in a tio n  in  th e  C C U  ca se . In  R o s -  
n e r ’s w ork , 1 1  in te r m e d ia te  (ca . 1 % )  c o n c e n tra tio n s o f  F 2 

w ere e m p lo y e d  a n d  7 8 %  d isso c ia tio n  w a s a tta in e d .
A b s o lu te  c o n c e n tr a tio n s  o f  a to m ic  flu o rin e  are d e te r 

m in e d  b y  titr a tio n  w ith  H 2 . H o w e v e r , th e  in terp reta tio n  
o f  th e  titr a tio n  cu rv e s  is  so m e w h a t d iffe re n t fro m  th a t  a p 
p ro p riate  to  ou r F  +  C C U  s tu d ie s , 4 d u e  to  th e  h ig h er flo w  
ra tes  a n d  low er F 2 c o n c e n tra tio n  in  th e  p re sen t w ork . T h e  
fa ll  o f f  o f  th e  m a g n e tic a lly  fo c u se d  m /e  19  (a to m ic  f lu o 
rin e) s ig n a l, a s  H 2 is a d d e d  to  th e  ga s s tr e a m , is sh o w n  for  
th ree  titra tio n s  in  F igu re  1 . A lth o u g h  th e  in itia l d ecrease  
o f  th is  s ig n a l is lin ea r w ith  a d d e d  H 2, so m e  ta ilin g  c a n  be  
ob served  in  th e  la tte r  p a r t  o f  th e  titra tio n  cu rv e . T h is  
resu lts  fro m  th e  fa c t  th a t  th e  titra tio n  rea ctio n

F  +  H 2 — *■ H F  +  H  (1)

d oes n o t h a v e  su ffic ie n t t im e  to  g o  t o  c o m p le tio n  w h ile  
th e  gas is flo w in g  th e  2 0  c m  fro m  th e  H 2 in le t  to  th e  s a m 
p lin g  o rifice . C o rre ctio n s for  th is  e ffe c t, w h ich  b e c o m e s  
re la tiv e ly  m o re  im p o r ta n t  to w a rd  th e  en d  p o in t o f  th e  t i 
tra tio n , are m a d e  b y  u sin g  th e  k n o w n  ra te  c o n sta n t o f  
rea ctio n  1 , a s  illu s tr a te d  in  A p p e n d ix  I . T h e  co rrected  t i 
tra tio n  cu rv es  are lin ea r to  th e  e q u iv a le n c e  p o in t . In  th e  
cu rren t w ork , reg en era tio n  o f a to m ic  flu o rin e  b y  th e  re a c 
tio n

H  +  F 2 — ► H F  +  F  (2 )

is n eg lig ib le , d u e  to  th e  low  F 2 co n c e n tra tio n  a n d  th e  
sh o rt t im e  a v a ila b le  fo r  th is  re a c tio n , w h ich  h a s  b e e n  re 
p orted  to  b e  s o m e w h a t s low er th a n  re a c tio n  l . 13

T a b le  I  sh o w s th a t  th e  a to m ic  flu o rin e  flo w  m e a su red  
b y  H 2 t itr a tio n  c o rresp o n d s to  d isso c ia tio n  o f  b e tw e e n  8 0  
a n d  1 0 0 %  o f  th e  a d d e d  F 2 . C o n sid e r in g  th e  o th er in d ic a 
tio n s  th a t  F 2 is e ffic ie n tly  d isso c ia te d  u n d er  th e se  c o n d i
tio n s , w e  fee l th a t  th e  titra tio n  v a lu e s  c a n  be tr u ste d  to  
w ith in  ± 1 0 % .

Io n  in te n sit ie s  a t  m /e  1 9 6  ( C F 3I + ) a n d  163  ( C C l2B r + )  
w ere ta k e n  as p ro p o rtio n a l to  th e  c o n c e n tr a tio n s  o f  C F 3I 
a n d  C C l3B r , r e sp e c tiv e ly . T h e  la tte r  c o m p o u n d  h a s a very  
low  p a ren t ion  in te n s ity , w h ich  is g e n e ra lly  ch a ra cte ristic  
o f  to ta lly  h a lo g e n a te d  a lk a n e s . A t  e a c h  in le t  p o s it io n , th e  
ra tio  o f  th e  io n  s ig n a ls  w ith  th e  d isch a rg e  on  to  th a t  w ith

Figure 1. Three typical titrations of atomic fluorine with molecu
lar hydrogen. The solid curve is through the experimental points; 
the dased line is corrected for incompleteness of the titration 
reaction by the method given in Appendix I.

TABLE I: Comparison of Atomic Fluorine Titration with 
Total F2 Input

Pressure,
Torr

Atomic 
fluorine 
flow (by 
titration), 

std cc/sec 
X 103

F2 input 
(flowmeter), 
std cc/sec 

X 103

F flow

2 X F2 input

0.79 8.84 5.05 0.88
0.90 4.90 2.47 0.99
1.14 3.70 2.27 0.81
0.90 8.47 4.63 0.91
1.13 1.84 1.08 0.85
0.92 1.84 10.9 0.84
0.92 3.24 2.01 0.81
0.78 4.30 2.60 0.83
0.85 4.18 2.10 1.00
1.16 6.38 3.26 0.98
0.84 3.37 1.97 0.86
0.82 5.28 2.80 0.94

it  o f f  w a s  a ssu m e d  e q u a l to  th e  fra c tio n  o f  th e  p e r h a lo m -  
e th a n e  u n rea c te d  a t  th a t  p o sitio n .

A ll  th e  g a ses  u se d  in  th ese  e x p e r im e n ts  are p u rc h a se d  
fro m  M a th e s o n  G a s  P ro d u c ts , e x c e p t  for C F 3I, w h ich  is 
o b ta in e d  fro m  P e n in su la r  C h e m re se a r c h , In c . H e liu m  a n d  
h y d ro g en  are u ltra p u re  g rad e  a n d  are u se d  w ith o u t fu rth er  
p u rific a tio n . A rg o n  w a s d ried  b y  p a ssin g  it  th r o u g h  a P 2O s 
tr a p . F lu o rin e  w as p a sse d  th ro u g h  a  N a F  tra p  to  rem o ve  
H F . T h e  m o le c u la r  b e a m  a n a ly z e r  in d ic a te d  th a t  it c o n 
ta in e d  less  th a n  1 %  o f  air im p u r ity . C F 3I w as u se d  w ith 
o u t  fu rth er p u rific a tio n . C C l3B r  w a s  su b je c te d  to  several 
c y c les  o f  fre ez in g , p u m p in g , a n d  th a w in g , a n d  sto red  in  a
3-1 . b u lb . In  so m e  e x p e r im e n ts  it  w a s  d ilu te d  w ith  H e  to  
im p ro v e  th e  m ix in g  a t  th e  in le t.

Results and Discussion
F +  CF3I. Reaction Mechanism. In  th e  F  +  C F 3I rea c

tio n , m a g n e tic  fo c u sin g  is o b serv ed  for th e  ion s lis te d  in  
T a b le  II . T h e  p a r a m a g n e tic  n e u tr a l p a ren t o f  C F 3 + is u n -
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Figure 2. Linear least-squares fit to data for the F +  CF3 I reac
tion: Upper curve, run 3; middle curve, run 4; lower curve, run 
1; linear flow velocities 2690, 2940, and 4300 cm /sec , respec
tively (seeTable III).

doubtedly the CF3 radical. This species probably also pro
duces the observed focusing at CF2 + , due to dissociative 
ionization by the 70-110-V electrons used in the ionizer. 
CF2 could not cause this focusing, since it has a singlet 
ground state14 and there is no reasonable mechanism for 
its formation in this system. The focusing at CF2 + is con
siderably larger than that at CF3 +, indicating that the CF3 

radical, much like all perhalomethane molecules, shows a 
pronounced tendency to fragment one carbon-halogen 
bond when it is ionized. Thus, when the direct beam is 
monitored, initiation of the reaction results in a marked 
increase in the CF2+ peak and a decrease in the CF3 + 
peak. This latter effect can also be observed in Leipun- 
skii’s data. 7

No magnetic focusing is detected for the 1+ ion in this 
system, and the defocusing observed when the magr.et is 
lowered is typical of that obtained for ions from diamag
netic species. The presence of CF3 radicals and absence of 
detectable concentrations of atomic iodine proves that 
this reaction proceeds primarily by iodine abstraction

F +  CF3I — *  CF3 +  IF A H  =  -11 ±  5kcal/m ol15

(3)
rather than by displacement 

F +  CF3I — *■ CF4 +  I A H  =  —69 ±  8  kcal/mol15

(4)
A similar inference was made by Leipunskii, e t  a l.,1 based 
upon the decrease in 1+ and increase in IF+ upon initia
tion of the reaction. However, our conclusion is based 
upon direct observation of CF3 , rather than assumptions 
regarding fragmentation patterns and the importance of 
subsequent steps in the mechanism.

With fast flows, the only new ion produced by the reac
tion is I F + .  However, at slower flows I F 2 + ,  I F 3 + , I F 4 + ,  
IF5+, and C2F„+ appear in the mass spectrum. These ions 
no doubt arise from recombination of CF3 radicals and

TABLE II: Magnetic Focusing in the F +  CF3I Reaction

Ion

%
magnetic
focusing“

Relative
focused
signal6

Paramagnetic
netural
parent

c f 3+ 1.3 0.025 c f 3

c f 2+ 6 . 6 0.127 c f 3

F+ 28.5 1 . 0 0 F

“ [Increase in intensity when magnet is lowered (direct beam blocked 
by obstacle)/direct beam] X 100. 6 Increase in ion signal when magnet 
Is lowered/increase at m/e 19 (at same multiplier voltage and amplifier 
gain).

TABLE III: Rate Data for F +  CF3I

Run
Pressure,

Torr

[He]
X 1 o8, 

mol/cm3
[F]o 

X 10", 
mol/cm3

[CF3I]o 
x 1 0 " ,  

mol/cm3

k X 10~13, 
cm3/mol 

see“

1 1.40 8.2 3.4 1.38 8.1
2 0.98 5.7 7.3 6.00 7.6
3 1.03 6.0 7.4 1.20 4.0
4 0.90 5.3 4.5 1.60 5.4
5 0.90 5.3 4.5 0.48 5.1
6 1.14 6.7 3.2 0.50 5.9
7 1.14 6.7 3.2 0.92 10.0
8 1.14 6.7 3.2 1.05 8.9
9 0.91 5.3 7.8 1.15 6.4

10 1.13 6.6 1.5 0.81 10.6

âv ~ 7.2 X 1013 cm3/mol sec.

from successive reactions of IF with atomic fluorine and 
residual F2 in the system.

F  +  C F 3I. R a te Constant. The data for ten kinetic runs 
for the F +  C F 3I reaction are given in Table HI. Atomic 
fluorine was always in excess, but its concentration could 
not be made large enough to be considered constant, with
out having the reaction proceed inconveniently fast. How
ever, the ratio of C F 3I consumed to atomic fluorine con
sumed was consistently measured to be 1 .0 , allowing the 
rate equation to be expressed in terms of a single concen
tration variable, the amount of either reagent that has 
reacted (x )

A x / A t  =  ¿ 3([CF3I] 0 -  x)([F] 0 -  *) (5)
Integrating this expression by the method of partial frac
tions gives

r a g ]  -  < M .  -  [ C F J P f e t  +  1»  [ § 5  ( 6 )

Figure 2  shows that plots of the kinetic data have this 
form. Each set of data is fit by a linear least-squares anal
ysis, and the rate constants so determined are given in 
Table III. The average rate constant is 7.2 x 1013 cm3/  
mol sec, with a standard deviation of the mean of 0.7 X 
1013 cm3/mol sec. No obvious dependence of the mea
sured rate constant on the initial concentration of F or 
CF3I, or on the ratio of these concentrations, can be dis
cerned.

Although the random scatter of the results is quite 
small, there are difficulties involved in measuring very 
large rate constants in a flow system such as ours, which 
introduce numerous possibilities for systematic errors. 
Probably the most important of these is a somewhat 
poorly defined flow pattern for a reaction that approaches 
completion in a distance of three-five tube diameters,
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TABLE IV: Magnetic Focusing in the F +  CCI3Br Reaction

Ion

%
magnetic
focusing“

Relative
focused
signal6

Paramagnetic
neutral
parent

CCI3+ 1 . 2 0.03 CCI3

CCI2+ 4.1 0.04 CCI3, (CC!2F)
CCIF+ 5.5 0.05 CCI2F, (CCIF2)
c f 2+ 5.5 0.04 c f 2ci, c f 3

CI+ 19.2 0.24 Cl, CCI3, c ci2f , c cif 2

F+ 28.5 1 . 0 F

a 'b S e e  corresponding footnotes to Table II.

w ith  p o ssib ilit ie s  o f  in c o m p le te  m ix in g  a n d  ra d ia l c o n c e n 
tra tio n  g ra d ie n ts . H o w e v e r , th e  g o o d  f it  o f  th e  e x p e r im e n 

ta l d a ta  to  th e  th e o r e tic a l fo rm  te n d s  t o  in d ic a te  th a t  
th e se  e ffe c ts  are n o t  o f  o v e r w h e lm in g  im p o r ta n c e . M a k in g  
allo w a n c e  fo r  errors in  th e  titra tio n  ( ± 1 0 % ) ,  errors in tro 
d u ced  b y  th e  p ressu re  drop  ( < 1 0 % )  ov er th e  rea ctio n  
zo n e , a n d  th e  u n k n o w n  flo w  p a tte r n , w e c o n sid er ou r re 
su lt  a c c u ra te  to  w ith in  5 0 % , a n d  th u s  rep ort £ 3  =  7 .2  ±
3 .6  x  10 13  c m 3 /m o l  sec .

L e ip u n sk ii, et al., d e te r m in e d  th a t  th e  rate  c o n sta n t is
1 .0  ±  0 .4  X  1 0 14  c m 3 /m o l  se c  for th is  re a ctio n , u sin g  a  
d iffu sio n  ra th er th a n  a  flo w  s y s t e m . 7 T h e  go od  a g re e m en t  
b e tw ee n  th e  tw o  resu lts  g iv es  u s  a d d itio n a l co n fid e n c e  in  
ou r te c h n iq u e . T h e  m e a su r e d  ra te  c o n sta n t is c lose  to  th e  
co llis io n  ra te  for flu o rin e  a to m s  h it t in g  th e  io d in e  p a rt o f  
CF3I, a n d  in d ic a te s  a re a c tio n  th a t  h a s  e sse n tia lly  zero a c 
tiv a tio n  b a rrier .

F +  CCl3Br. Reaction Mechanism. T a b le  I V  s u m m a 
rizes th e  m a g n e tic  fo c u sin g  d a ta  for  th e  F  +  C C ls B r  re a c 
tio n . T h e  ra d ic a ls  in  p a r e n th e se s  are th o u g h t to  c o n tr ib 
u te  very  litt le  to  th e  re sp ec tiv e  fo c u sin g , sin ce  th is  w o u ld  
in v o lv e  th e ir  fr a g m e n tin g  a  stro n g  C - F  b o n d , ra th er th a n  
a  m u c h  w ea k er C - C l  b o n d . T h e  fo c u sin g  for C 1+ is m u c h  
to o  stron g  to  b e  a c c o u n te d  for b y  C X 3 ra d ic a ls , a n d  m u s t  
b e  p rim a rily  d u e  to  ch lo rin e  a to m s .

C o n sp ic u o u sly  a b s e n t  in  T a b le  I V  is a n y  m a g n e tic  f o 
cu sin g  o b serv e d  for B r + . O n c e  a g a in , th e  m a jo r  p a th w a y  
is a b stra c tio n

F  +  C C l3B r  — ► B r F  +  CC13 AH  =

— 3  ±  4  k c a l  /  m o l16 (7 )

ra th er th a n  d is p la c e m e n t  

F  +  C C l3B r  — ► C C I3F  +  B r  AH  =

— 5 4  ±  8  k c a l /m o l 16 (8 )

T h e  p resen ce  o f  th e  flu o rin a te d  tr ih a lo m e th y l ra d ica ls  
CFCI2 , CF2C1, a n d  CF3 in th e  rea ctio n  m ix tu r e  is  e x 
p la in e d  b y  ra p id  a to m -s w itc h in g  re a ctio n s o f  th e  ty p e

F  +  CC13 — ► CCI3F *  — ►

CC12F  +  C l AH  ~  - 3 0  k c a l /m o l  (9 )

w here s ta b iliz a t io n  o f  th e  e x c ite d  CCI3F w o u ld  b e  n e g lig i
b le  a t  ou r o p e ra tin g  p ressu res . (E lim in a tio n  o f C1F or CI2 

fro m  CCI3F* is  n o t e n e r g e tic a lly  fe a s ib le .)  In  ou r earlier  
w ork  on  th e  re a c tio n  F  +  CCI4 ,4 th e  occu rren ce  o f  a t o m 
sw itch in g  re a ctio n s w a s  p o stu la te d  on  th e  b a s is  o f  th e  o b 
serv atio n  o f  ch lo rin e  a to m s  a n d  e n d  p ro d u c ts  in  w h ich  
m o re th a n  on e  ch lo rin e  h a d  b e e n  s u b s t itu te d  b y  flu o rin e . 
In  th e  p re sen t w ork  h o w ev er, th e  p r im a ry  re a c tio n , (7 ) ,  is 
fa s t  en ou g h  so  th a t  th e  e x tr e m e ly  rea ctiv e  tr ih a lo m e th y l  
ra d ica ls  rea ch  c o n c e n tra tio n s  o f  1 0 1 :L- 1 0 12  c m - 3  (e s t im a t -

distance tcm)
Figure 3. First-order plot of the decay of atomic fluorine in the F 
+  CClsBr reaction, linear flow velocity 3280 cm/sec.

e d  fro m  th e  m a g n itu d e  o f  th e  fo c u s in g ) . T h e ir  o b serv a tio n  
b y  m o le c u la r  b e a m  a n a ly sis  c o n stitu te s  a  m o re  d irect  
p ro o f o f  th e  a to m -s w itc h in g  m e c h a n is m .

A t  fa s t  flo w s, in  a d d itio n  to  th e  io n s liste d  in  T a b le  IV , 
a  large d ia m a g n e tic  B r F +  s ig n a l is p ro d u c ed  b y  th e  re a c 
tio n . B r C l+  ion s are n o t o b serv e d , in d ic a tin g  th a t  th e  
re a ctio n  o f  C C ls B r  w ith  a to m ic  ch lo rin e  m u s t  b e  c o n sid er
a b ly  slow er th a n  its  re a ctio n  w ith  a to m ic  flu o rin e . A t  
slow er flo w  ra te s , m a n y  ion s c o n ta in in g  tw o  ca rb o n  a to m s  
are ob serv e d , in d ic a tin g  th a t  so m e  re c o m b in a tio n  o f  C X 3 

ra d ica ls  is occu rrin g . A ls o , u n d e r  th e se  c o n d itio n s , th e  
p resen ce  o f  B r F 2 + , B r F 3+ ,  B r F 4 + ,  a n d  B r F 5+  p o in ts  to  
su cc essiv e  rea ctio n s o f  B r F  w ith  a to m ic  a n d  m o le c u la r  
flu o rin e .

F +  CClsBr. Rate Constant. T o  d e te r m in e  th e  rate  c o n 
s ta n t  for th e  F  +  C C ls B r  re a c tio n , C C l 2B r +  (m/e 163)  
a n d  th e  m a g n e tic a lly  fo cu se d  F +  s ig n a ls  w ere m o n ito re d  
a s  a  fu n c tio n  o f  in le t p o sit io n . T h is  re a c tio n , u n lik e  F  +  
C F 3I , d e fin ite ly  d o es  n o t fo llo w  1 :1  s to ic h io m e try . T h e  
c o n su m p tio n  o f  a to m ic  flu o rin e  in creases fro m  on e to  
th ree  tim e s  th e  c o n su m p tio n  o f  C C ls B r  d u rin g  th e  course  
o f  th e  re a ctio n , d u e  to  th e  o c cu rren ce  o f  th e  a to m -s w itc h 
in g  re a ctio n s . T h e  ra te  d a ta  c o u ld  b e  m o s t  ea sily  a n a ly z e d  
b y  m a k in g  u se  o f  th e  o b se r v a tio n , illu s tr a te d  in  F igu re 3 , 
th a t  th e  d e c a y  o f  a to m ic  flu o rin e  w as a p p ro x im a te ly  first  
ord er. T h is  f in d in g  is u n e x p e c te d  for th e  reagent present 
in excess in  a  se c o n d -o rd e r  re a c tio n , a n d  m e a n s  th a t  th e  
a to m -s w itc h in g  re a ctio n s (9 )  m u s t  h a v e  ra te  c o n sta n ts  
very  s im ila r  to  th e  in it ia l re a ctio n  (7 ) , so  th a t , in  e ffe c t, 
th e  flu o rin e  a to m s  are re a c tin g  w ith  a c o n sta n t c o n c e n tr a 
tio n  o f  re a c ta n t th ro u g h o u t th e  re a c tio n . U s in g 17

l n ( [ F ] / [ F ] 0) =  a +  bt ( 1 0 )

in  th e  d iffe re n tia l ra te  exp ressio n

d [C C l3B r ] / d f  =  - ¿ 7[F ] [C C l3B r ] (11)

a n d  in teg ra tin g , gives

In ([C C l3B r ] ( / [C C l3B r ] 0)  =  ¿ 7[ F ] 0e o( l  -  ebl) /  b (1 2 )

The Journal of Physical Chemistry, Vol. 77, No. 14, 1973



1752 Joseph W. Bozzelli and M. Kaufman

TABLE V: Rate Data as a Function of Time for one 
F +  CChBr Experiment“

Time,
msec

k x  1 0 ^13,
cm3/mol

sec*
Time,
msec

k X 10^13 
cm3/mol 

sec6

0.38 4.64 1.41 5.51
0.51 6.47 1.70 5.01
0.72 5.09 2.02 6.85
0.99 5.65 2.37 6.60
1.23 4.38

“ Run 6, see Table VI. 6 kav = 5.58 X 1013 cc/mol sec. 

TABLE VI: Rate Data for F +  CCI3Br

Run
Pressure,

Torr

[He]
X 108, 

mol/cm3

[Flo 
X 1011, 

mol/cm3

[CCI3Br]0 k X 10-13, 
X 10” , cm3/mol 

mol/cm3 sec6

1 0.84 4.96 7.32 1.47 5.59
2 0.84 4.92 7.26 1.46 5.79
3 1.46 8.56 7.97 1.60 4.35
4 1.04 6.10 6.54 0.67 6.98
5 0.92 5.40 1.71 0.53 5.31
6 0.92 5.40 1.71 0.53 5.58
7 0.92 5.40 2.96 1.01 7.81
8 0.78 4.57“ 3.45 0.84 5.07
9 0.85 4.99° 3.44 0.97 5.76

10 1.09 6.39 5.71 0.77 3.84

a Ar substituted for He. 6 / r a v  = 5.6 X 1013 cm3/mol sec.

T h u s , b y  d e te r m in in g  a a n d  b fro m  a le a st-sq u a r e s  fit  to  
th e  a to m ic  flu o rin e  d e c a y  d a ta , a  ra te  c o n sta n t ca n  b e  c a l 
c u la te d  for e a c h  t im e  in an  e x p e r im e n t. A s  ca n  b e  seen  in  
T a b le  V , th e  c a lc u la te d  ra te  c o n sta n t e x h ib its  n o  s y s t e m 
a tic  v a ria tio n  as a fu n c tio n  o f  t im e . T h e  tim e -a v e r a g e d  
rate  c o n sta n t fro m  te n  d ifferen t e x p e r im e n ts , g iv en  in  
T a b le  V I , agree su rp risin gly  w ell a n d  sh ow  n o  s y s te m a tic  
ch a n g es w ith  th e  co n c e n tra tio n  o f  a to m ic  flu o rin e  or o f  
C O L B r , w ith  th e  ra tio  o f  th ese  co n c e n tra tio n s , or w ith  th e  
su b stitu tio n  o f  A r  for H e  as th e  carrier gas.

T h e  average  rate  c o n sta n t for re a ctio n  7 is 5 .6  x  10 13 

c m 3/m o l  sec, w ith  a s ta n d a rd  d e v ia tio n  o f  th e  m e a n  o f  0 .4  
X 1 0 13 c m 3/m o l  sec . O n c e  a g a in  th e  u n c e r ta in ty  in  th e  re 
s u lt  is d o m in a te d  b y  th e  p o ss ib ility  o f  s y s te m a tic  errors. 
A lth o u g h  m o re  sp a c ia l reso lu tion  ca n  b e  o b ta in e d  th a n  
w ith  th e  so m e w h a t fa ste r  F  +  C F 3I  re a c tio n , th is  is b a l 
a n c e d  b y  a m o re  c o m p lic a te d  a n a ly sis  d u e  to  th e  v a ria b le  
s to ic h io m e try , so th a t  w e ag ain  e s tim a te  th e  o v era ll a c c u 
ra cy  to  b e  ± 5 0 % .  T h e  ra te  c o n sta n t is k7 =  5 .6  ±  2.8 X 
1 0 13 c m 3/m o l  sec , w h ich  is c lose  to  th e  co llis io n  ra te , in d i
c a tin g  n e g lig ib le  a c tiv a tio n  b arrier for th is  re a ctio n . T h e  
red u ctio n  in th e  ra te  c o n sta n t c o m p a re d  to  th a t  for F  +  
C F 3I, i f  s ig n ific a n t, c o u ld  b e  e x p la in e d  b y  th e  sm a lle r  size  
o f  th e  a to m  b e in g  a b str a c te d  in th e  F  +  C C l3B r  rea ctio n .

A  ra te  c o n sta n t c lose  to  th e  co llis io n  rate  for F  +  
C C l3B r  len d s so m e  cred en ce  to  ou r e x p la n a tio n  for th e  
first-o rd er d e c a y  o f  th e  a to m ic  flu o rin e  c o n c e n tra tio n . T h e  
a to m -s w itc h in g  rea ctio n s , b e in g  b e tw ee n  tw o  sp ec ies  w ith  
u n sa tu ra te d  v a len c es , w o u ld  b e  very  fa s t  a n d  m ig h t h av e  
ra te  c o n sta n ts  q u ite  s im ila r  to  k7. E v e n tu a lly  C F 3 is 
fo r m e d , w h ich  n o  lon g er w ill u n d erg o  a to m  sw itch in g . 
H o w e v e r , d u rin g  th e  p erio d  ov er w h ich  w e s tu d y  th e  re a c 

tio n , v ery  litt le  o f  th e  C C ls B r  w ill h av e  t im e  t o  u n d erg o  
th e  fou r su c c e ssiv e  rea ctio n s n e c e ssa ry  fo r  its  co n v ersio n  
to  C F 3 .
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e d g e  research  su p p o rt b y  th e  O ffic e  o f  N a v a l  R e sea rc h  
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d isc u ssio n s  w ith  B a rry  H e rtz le r  are g re a tly  a p p re c ia te d .

A p p e n d i x  I

In  ord er to  a c c o u n t for in c o m p le te n e ss  o f  th e  titra tio n  
re a ctio n , w e  so lv e  th e  ra te  e xp ression  fo r  th is  re a c tio n

— d [ F ] /  At =  * ! [ F ] [ H J  (1 3 )

L e ttin g  x =  th e  co n c e n tra tio n  o f  a to m ic  flu o rin e  th a t  
h a s  re a cte d  a n d y  =  [H 2 ]o /[F ]o , th is  b e c o m e s

dx/dt =  * i ( [ F ] 0 ~ x ) ( y [ F ] 0 - x) (1 4 )

w h ich  m a y  b e  rea rra n ged  a n d  in teg ra ted  b y  th e  m e th o d  o f  
p a rtia l fra c tio n s , to  give

In [ y ( [ F ] 0 -  x)/y [ F ] 0 -  x ]  =  [ F ] 0( l  -  y)kxt (1 5 )  

F u rth er re a rra n g e m e n t p ro d u ces

j c ____ y [ l  -  e x p ( [ F ] 0( l  -  y)hi)\ _  _  JT]_

[ F ] 0 "  y  —  e x p ( [ F ] „ ( l  —  y)klt) ~  [F ]„  ( lb )

U s in g  th e  m e a su red  t im e  a v a ila b le  fo r  re a c tio n  1 a n d  k\ =  
1 X  10 13  c m 3 /m o l  s e c , 13  e q u a tio n  16  is so lv e d  b y  c o m p u t 

er to  p ro v id e  a  ta b le  o f  co rresp o n d in g  v a lu e s  o f  x a n d  y. 
T h u s , fo r  a  m e a su r e d  v a lu e  o f  [ F ] /[ F ] 0, o n e  c a n  o b ta in  y, 
w h ich  is th e  fra c tio n  o f  th e  a to m ic  flu o rin e  th a t  w o u ld  
h a v e  b e e n  re m o v e d  if  th e  titra tio n  h a d  go n e  to  c o m p le 

tio n .

R e fe r e n c e s  a n d  N o t e s

(1) Correspondence should be addressed to Department of Chemistry, 
Emory University, Atlanta, Ga. 30322.

(2) K. U. Ingold and B. P. Roberts, “Free-Radical Substitution Reac
tions,” Wiley-lnterscience, 1971, p 72; F. Wright, S y m p . ( I n t . )  
C o m b u s t . ,  [ P r o c . ] ,  10 th , 1 9 6 4 , 386 (1965); A. Ung and H. I. Schiff, 
C a n . J. C h e m .,  40, 486 (1962).

(3) W. J. Parks, K. A. Krohn, and J. Root, J. C h e m . P h y s . ,  55, 2690, 
5771, 5785 (1971); D. T. Smail and F. S. Rowland, J. P h y s .  C h e m .,  
74, 1866 (1970).

(4) C. E. Kolb and M. Kaufman, J. P h y s . C h e m .,  76,947 (1972).
(5) R. Foon and K. B. Tait, T rans. F a r a d a y  S o c . ,  67, 3038 (1971); 68, 

104 (1972).
(6) K. H. Homann and D. I. MacLean, C o m b u s t .  F la m e ,  14, 409 

(1970); J. P h y s . C h e m .,  75,3645 (1971).
(7) I. O. Leipunskii, I. I. Morosov, and V. L. Tal'rose, D o k l.  A k a d . N a u k  

S S S R , 198, 1367 (1971).
(8) C. E. Kolb and M. Kaufman, C h e m . In s tru m ., 3, 175 (1971).
(9) V. L. Tal'rose, A. F. Dodonov, I. O. Leipunskii, and I. I. Morozov, 

Int. J. M a s s  S p e c t r o m .  Io n  P h y s . ,  7, 363 (1971).
(10) R. Weiss, R e v . S c l .  In s tru m ., 32, 397 (1961).
(11) D. E. Rosnerand H. D. Allendorf, J. P h y s . C h e m .,  75,308 (1971).
(12) F. C. Fehsenfeld, K. M. Evenson, and H. P. Broida, R e v .  S c i .  In 

s t r u m .,  36, 294 (1965).
(13) K. H. Homann, W. C. Solomon, J. Warnatz, H. G. Wagner, and C. 

Zetzsch, B e r .  B u n s e n g e s .  P h y s .  C h e m .,  74, 585 (1970); R. G. Al
bright, A. F. Dodonov, G. K. Lavrovskaya, I. I. Morosov, and V. L. 
Tal’rose, J. C h e m . P h y s . ,  50, 3632 (1969); S. W. Rabideau, H. G. 
Hecht, and W. Burton Lewis, J. M a g . R e s o n a n c e .  6, 384 (1972).

(14) F. X. Powell and D. R. Lide, J. C h e m . P h y s . ,  45,1067 (1966).
(15) D°298* l-F, 67 ± 1; CF3-I, 56 ± 4 (taken as equal to CH3-I, by 

analogy to CF3Br vs. CH3Br); CF3-F, 125 ± 4, N at. S ta n d . R e f .  
D a ta  S e r . ,  N at. B ur. S ta n d ., No. 31 (1970).

(16) D ° 298: CCI3-B r, 52 ± 3; CCI3-F , 106 ± 5, see ref 15; Br-F, 55 ± 
1, B. Rosen, "Spectroscopic Data Relative to Diatomic Molecules," 
Pergamon Press, New York, N. Y., 1970.

(17) The inclusion of the constant a in this expression allows for the ex
perimentally observed mixing distance (see Figure 3), which ap
pears to be c a .  1 cm.

The Journal of Physical Chemistry, Voi. 77, No. 14, 1973



Raman Spectroscopy of Alkali Metal-Ammonia Solutions 1753

R a m a n  S p e c t r o s c o p y  o f  A l k a l i  M e t a l - A m m o n i a  S o l u t i o n s

Billie L. Smith and William H. Koehler*

Department of Chemistry, Texas Christian University, Fort Worth, Texas 76129 (Received February 5, 1973)

Publication costs assisted by The Robert A. Welch Foundation

A  la se r  R a m a n  sp e c tro m e te r  h a s  b e e n  c o n str u c te d  w h ich  rea d ily  a c c e p ts  a  s p e c ia lly  d esig n e d  d ew a r a s 
s e m b ly . A fte r  th e  re so lu tio n  a n d  p o la r iz a tio n  p erfo rm a n c e  ch a ra cte ristics  o f  th e  sp e c tro m e te r  w ere d eter 
m in e d , p o la r iz a tio n  s tu d ie s  on  liq u id  a m m o n ia  w ere u n d e r ta k e n . D e p o la r iz a tio n  ratios fo r  th e  fu n d a m e n 

ta l  m o d e s  o f  a m m o n ia  are rep o rted , a n d  a  d o u b le t  h a s  b een  o b serv ed  fo r  th e  i>2 b a n d . A lk a li  m e t a l -a m 
m o n ia  so lu tio n s  in  th e  co n ce n tra tio n  ra n ge  0 - 5 0  X  IO - 4  M  w ere s tu d ie d . N o  sca tte r in g  c e n te r  a ttr ib u te d  
to  th e  so lv a te d  e le ctro n  w a s  fo u n d , n or w ere th e  p o sitio n s  o f  th e  b a n d s  a ltered  b y  th e  p resen ce  o f  th e  so 
lu te  in  th is  c o n c e n tr a tio n  reg ion . T h e  in te n s ity  o f  th e  sc a tte red  ra d ia tio n  w a s fo u n d  to  d ec re a se  w ith  in 
c rea sin g  m e ta l  c o n c e n tr a tio n  a n d  h a s  b e e n  a ttr ib u te d  to  th e  a b so rb a n c e  o f  th ese  so lu tio n s . T h e  R a m a n  
e ffe c t  in  F  cen ters  is d isc u sse d  a n d  c o m p a re d  to  a lk a li m e ta l-a m m o n ia  so lu tio n s .

Introduction
_ i
T h e  n a tu re  o f  th e  sp ec ies  p re se n t in  a  v ery  d ilu te  

m e t a l-a m m o n ia  so lu tio n  c o n tin u e s to  b e  a  m a tte r  o f  s p e c 
u la tio n . N u m e r o u s  m o d e ls  h a v e  b e e n  p ro p o sed , b u t  as y e t  
n o sin g le  th e o ry  is c le a r ly  su p erior . A  d iscu ssio n  o f  th e  
v a rio u s m o d e ls  w ill n o t  b e  a t te m p te d  in  th is  w ork  b e ca u se  
n u m e ro u s  rev iew  a rtic le s  are a v a ila b le . 1  C o p e la n d , K e s t -  
ner, a n d  J o rtn er2 h a v e  p ro p o sed  a  m o d e l for lo c a liz e d  e x 
cess e le ctro n  sta te s  in  a m m o n ia , a n d  th is  m o d e l h a s  a 
p a rtic u la r  b e a r in g  on  th e  p re se n t w ork . A c c o rd in g  to  
C o p e la n d , et al., v ery  d ilu te  so lu tio n s  m a y  b e  d esc rib e d  in  
te r m s  o f  u n a sso c ia te d  so lv a te d  c a tio n s  a n d  e le ctro n s. T h e  
e lectro n  is en v is io n ed  a s  e x istin g  in  a  c a v ity  crea ted  b y  
so m e  n u m b e r  o f  p re fe ren tia lly  or ie n te d  a m m o n ia  m o le 
cu les.

T h e  p ro p o sed  m o d e l p re d ic ts  a  to ta lly  s y m m e tr ic  v ib r a 

tio n  in  th e  grou n d  sta te  w ith  a fre q u e n c y  g iv en  b y

v =  (l[2n)[K/fi]112

w here K  is % ( d 2£ t /c t R 2)fl = r0, a n d  p =  A /m NH3 Et is th e  
to ta l en ergy  o f  th e  grou n d  s ta te , R is th e  c a v ity  ra d iu s , N 
is th e  n u m b e r  o f  s o lv e n t m o le c u le s  in  th e  p r im a ry  so lv a 

tio n  sh e ll, a n d  m N H 3 is th e  re d u ce d  m a ss  o f  th e  a m m o n ia  
m o le c u le . D e p e n d in g  o n  th e  v a lu e  o f  N  a n d  Vo, th e  e le c 
tron ic  en ergy  o f  th e  q u a sifree  e le c tro n  s ta te , th e  to ta lly  
s y m m e tr ic  v ib r a tio n  is  p re d ic te d  to  b e  b e tw ee n  25  a n d  60  
c m - 1 .

R u s c h , 3 a p p ly in g  th e  tr e a tm e n t o f  K lic k  a n d  S c h u lm a n 4 

to  m e t a l-a m m o n ia  so lu tio n s , h a s  su g g e ste d  th a t  th e s y m 

m e tr ic  “ b r e a th in g ”  m o d e  m a y  b e  in  th e  4 0 0 - to  7 0 0 -c m _ 1  
region . T h e s e  re su lts  w ere o b ta in e d  u sin g  th e  fo rm u la tio n  
fo r  th e  fre q u e n c y  o f  th e  “ b r e a th in g ”  m o d e  w h ic h  is g iv en  
b y

v g =  ( 2 kT/h )[T V h/2( L T ) / I V h/2( H T ) ] 2

w here vg is  th e  fre q u e n c y  o f  th e  g r o u n d -sta te  v ib ra tio n , 
W h /2 is th e  w id th  a t  h a lf -h e ig h t  o f  th e  a b so rp tio n  b a n d , 
a n d  L T  a n d  H T  refer to  th e  lo w - a n d  h ig h -te m p e r a tu re  
lim its , re sp ec tiv e ly .

R e g a rd le ss  o f  th e  m o d e l u se d  to  e x p la in  th e  o b served  
p ro p erties o f  th e se  so lu tio n s , th e  e ffe c t  o f  th e  m e ta l  o n  th e  
so lv en t stru ctu re  is  o f  p r im a ry  im p o r ta n c e . S ev era l in v e s 

tig ators h a v e  a d d re sse d  th e m se lv e s  to  th is  p r o b le m , b u t  a t

p re sen t th e  resu lts  are in c o m p le te  a n d  a p p ea r  c o n tra d ic 
to ry . B e c k m a n  a n d  P itz e r , 5 u s in g  e x te rn a l re fle ctio n  te c h 
n iq u e s , s tu d ie d  th e  in te r m e d ia te  a n d  c o n c e n tr a te d  so lu 
tio n s  in  th e  in fra red . B u ro w  a n d  L a g o w sk i , 6 u sin g  in tern a l  
re fle c tio n  te c h n iq u e s , a d d ressed  th e m s e lv e s  to  m u c h  th e  
sa m e  p r o b le m . R u s c h , 7 u sin g  tr a n sm iss io n  te c h n iq u es , 
s tu d ie d  th e  e ffe c t  o f  m e ta l  c o n c e n tr a tio n  on  th e  3 3 0 0 -  
c m _ 1  e n v e lo p e  o f  a m m o n ia . T h e  re su lts  o f  th e  a fo re m en 

tio n e d  in v estig a tio n s  are su m m a r iz e d  in  T a b le  I.
In  a d d itio n  to  th e  e ffec t o f  m e ta l  on  th e  so lv e n t s tr u c 

tu re , th e  a ss ig n m e n t o f  th e  R a m a n  b a n d s  o f  liq u id  a m m o 
n ia  is c o n tra d ic to ry  a n d  still sp e c u la tiv e . I t  is n o t  th e  p u r 
p o se  o f  th is  w ork  to  rev iew  a ll th e  v ib ra tio n a l d a ta  re 
p o rte d  on  a m m o n ia ; h ow ever, th e  R a m a n  d a ta  a v a ila b le  
on  liq u id  a m m o n ia  are s u m m a r iz e d  in  T a b le  n .8- 16

Experimental Section
A  laser R a m a n  sp ec tro m e te r  w a s  c o n stru c te d  fro m  three  

b a s ic  c o m p o n e n ts : ( 1 ) C o n tro l L a se r  C o rp o ra tio n  A r +  
la ser , ( 2 ) S p e x  1401  d o u b le  m o n o c h r o m a to r , a n d  (3 )  S o lid  
S ta te  R e se a rc h  p h o to n -c o u n tin g  d e te c tio n  sy s te m . T h e  
sp e c tro m e te r  u tiliz e d  th e  c o n v e n tio n a l 9 0 °  g e o m e try  a n d  
is sh ow n  s c h e m a tic a lly  in  F igu re  1.

R a d ia tio n  o f  ap p ro p ria te  fre q u e n c y  a n d  in ten sity  w as  
fo c u se d  on  th e  sa m p le  ce ll (F igu re  2 )  a n d  th e  sc a tte red  ra 
d ia tio n  co lle c te d  a t  righ t a n g les . B o th  th e  4 8 8 0 - ( 5 0 -3 5 0  
m W )  a n d  th e  4 5 7 9 -A  lin e s  (m a x im u m  p o w er 1 0 0  m W )  
w ere u se d  in  th is  w ork . T h e  b e a m  w a s fo c u se d  to  a d ia m e 
ter  o f  a p p r o x im a te ly  0 .2  m m  a t th e  sa m p le  ce ll.

T h e  sc a tte r e d  ra d ia tio n  w a s  co lle c te d  a n d  c o llim a te d  
w ith  a c o n v e n tio n a l c a m e ra  len s  (5 5  m m  / / 2 ) ,  p a sse d  
th r o u g h  a n  a n a ly z e r , a n d  fo c u se d  on  th e  en tra n ce  s lit  w ith  
a  len s  c o m p a tib le  w ith  th e  /  n u m b e r  o f  th e  m o n o c h r o m a 

to r . P rior to  th e  s lit  a s s e m b ly , a  d o v e  p r ism  w a s  u se d  to  
ro ta te  th e  im a g e  9 0 °  (th is  ren d ered  th e  im a g e  c o m p a tib le  
w ith  th e  v e rtic a l e n tra n c e  s l it ) , a n d  a  c a lc ite  w ed ge  
sc r a m b le r  w as in se rted  to  re m o v e  th e  p o la r iz a tio n  d e p e n 
d en c e  o f  th e  m o n o c h r o m a to r .

A n  S S R I  p h o to c o u n tin g  d e te c tio n  s y s te m  w a s e m p lo y e d  
w ith  th e  S p e x  1401  m o n o c h r o m a to r . T h is  d etec tio n  s y s 

te m  in co rp o ra tes  a  B e n d ix  C h a n n e ltr o n  p h o to m u ltip lie r  
tu b e  w h ic h  h a s  a d a rk  co u n t o f  1 0  c o u n ts /s e c  a t ro om  
te m p e ra tu re .
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Figure 2. Sample cell.

TABLE I: Infrared Spectroscopy of Metal-Ammonia Solutions“

Ref Assignment Solvent Concentration

5 (MPM >  0.5)
v 2 1030-1050
Vi 3190
V3 3370

2 X IO“ 3 M Na 1.7 X 10“ 2 M Na 1.3 X 1 3 M Na 1.4MNa 10.3 M Na

6 2*4 3220 3220 3220 3230 3240 3220
Vi 3280 3280 3280 3230 3300
V3 3410 3410 3410 3410 3410 3410

1.0 X 10-2  M LI 1.0  x 1 0 - 2 M K 1.0 X 10_1 JWU 1.0 X 10-' M K

3170 3230 3220 3240
3280 3280 3280 3280
3380 3420 3410 3400

5 X 10- 3[LI] 5 X IO“ 3[K] 5 X 10-2[Li] 5 X 10—2[K]

7 2 ìm 3155 3158 3156 3153 3152
Vi 3286 3265 3268 3250 3252
V3 3453 3429 3426 3409 3413

a All values in cm-1.

TABLE II: Raman Spectroscopy of Liquid Ammonia

Date Observed bands and assignments 1, °c Ref

1929 3210 ( ) 3310( ) 3380( ) -4 0 8
1930 1070(1/21») 3216( ) 3304(1/,) 3380 (1/3) +25 9
1930 1594(i/4) 3208( ) 3296(1/,) 3388 ( 1/3) 10
1936 1070( ) 1580( ) 3210( ) 3300( ) 3380( ) -4 0 1 1
1953 1031 1 0 5 4 1624(i/4) 3212( ) 3303(i/,) 3384 (1/3) +25 1 2

1077(i/2)
1954 3218(2i/4) 3300(1/,) 3373(1/3) 34 to -7 0 13
1968 321 5(2i/4) 3301 ( i/,) 3384(i/3) +  25 14
1970 1070(i/2) 1641 (i/4) 3206 (k,) 3296 (2i/4) 3363 (1/3) -5 5 15
1970 1061 ( i / 2 ) 1645 ( 1/4) 3218( ) 3303( ) 3 3 8 6 (1/3) +40 to -8 0 16
1972 1060 ±  5 1634 ±  5 3215 ±  2 3301 ±  2 3380 ±  2 -6 7 Present work

1060 ±  5 3214 ±  2 3300 ±  2 3377 ±  2 +25

T h e  R a m a n  ce ll its e lf  w as litt le  m o re  th a n  a  U -tu b e .  
T h e  e x tru sio n  p e r m itte d  th e  c lo se st a p p ro a c h  o f th e  s c a t 
te rin g  ce n te r  to  th e  co lle c tio n  len s  w ith in  th e  c o n fin es  o f  
th e  d ew a r . T h is  d esig n  a lso  e n a b le d  th e  fo c a l p o in t  o f  th e  
c o lle c tio n  le n s  to  b e  se t  a t  th e  sc a tte r in g  c en ter  w h ich  re 
su lte d  in  go od  c o llim a tio n . T h e  d ew a r d esig n  p e r m itte d  
tw o  p a sse s  o f  th e  laser w h en  a m irror w a s  p la c e d  a t  th e  
e x it  w in d o w .

T h e  so lu tio n s  w ere p rep ared  a n d  s tu d ie d  in  a  m o d ifie d  
v ersion  o f  th e  d ew a r a sse m b ly  d esc rib e d  b y  Q u in n . 17  P rior  
to  so lu tio n  p re p a ra tio n , th e  a s s e m b ly  w as su b je c te d  to  a  
cle a n in g  p ro ced u re  p re v io u sly  d e s c r ib e d . 18  T o  p rep are  a  
so lu tio n , a  q u a n tity  o f  a m m o n ia  w a s  d is tille d  o f f  so d iu m  
a n d  co n d e n se d  in  th e  in sert. T h e  v o lu m e  w a s  d e te r m in e d  
fro m  th e  c a lib ra te d  p ip e t a n d  w as k n o w n  to  w ith in  ± 1 % .  
A  k n ow n  w eig h t o f  h ig h -p u rity  m e ta l  (A lfa  In o rg a n ic s ,
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In c .)  w a s  a d d e d  u s in g  a  w in ch  a s s e m b ly  p re v io u sly  d e 

sc r ib e d . 18  T e m p e r a tu r e  o f  th e  so lu tio n s  w a s m o n ito re d  
w ith  a th e r m isto r  w h ic h  e x te n d e d  in to  th e  o p tic a l ce ll. 
R o o m  te m p e ra tu re  sp e c tra  w ere reco rd ed  w ith  th e  a m m o 

n ia  in  se a led  tu b e s .
In  g en era l, sp e c tra  w ere reco rd ed  w ith o u t th e  a n a ly z e r  

in th e  fore o p tic s  a n d  th e n  w ith  th e  a n a ly z e r  se t  first p a r 

a lle l a n d  th e n  p e r p e n d ic u la r . T h e  sp e c tra  w ere reco rd ed  
a t c o n sta n t s lit  w id th  (u su a lly  3 0 0  fi) w h ic h  co rresp on d ed  
to  sp ec tra l b a n d  w id th s  in  th e  o rd er o f  4 - 6  c m - 1 . T h e  
sp e c tru m  w a s  g e n e ra lly  sc a n n e d  a t  1 0  c m - 1 /m i n  for th e  
first severa l h u n d re d  w a v e  n u m b e r s  th e n  in cre a se d  to  5 0  
c m - 1 /m i n .

Results and Discussion
P rior to  in it ia tin g  th e  m e t a l-a m m o n ia  stu d ie s , th e  re so 

lu tio n  a n d  p o la r iz a tio n  p e rfo rm a n c e  o f  th e  sp ec tro m e te r  
w ere d e te r m in e d . T h e  4 5 9 -c m - 1  lin e  o f  ca rb o n  te tr a c h lo r 
ide w as in v e stig a te d  a n d  th e  th ree  m o s t  p ro m in e n t b a n d s  
occu rred  a t  4 5 6 .1 , 4 5 8 .8 , a n d  4 6 0 .6  c m - 1 . T h e s e  th ree  
b a n d s  arise  fro m  th e  iso to p ic  d is tr ib u tio n  o f  ch lo rin e  a n d  
h av e  b e e n  rep o rte d  b y  H e r z b e r g 19  a t  4 5 5 .1 , 4 5 8 .4 , a n d
4 6 1 .5  c m - 1 .

N o  a t te m p t  w a s  m a d e  in  th e  p re se n t s tu d y  to  e lim in a te  
a ll th e  errors g e n e ra lly  a sso c ia te d  w ith  q u a n tita tiv e  p o la r 

iz a tio n  m e a s u r e m e n ts . T h e  d e sig n  o f  th e  sp ec tro m e te r  
a n d  ce ll a s s e m b ly  w a s  p re d ic te d  o n  o b ta in in g  R a m a n  
sp ec tra  o f  m e t a l -a m m o n ia  so lu tio n s  ra th e r  th a n  a b so lu te  
d ep o la riz a tio n  ra tio s . C o n sid e r a tio n  w a s  g iv e n  to  su c h  f a c 
tors as m o n o c h r o m a to r  p o la r iz a tio n  e ffic ie n c y , im a g e  
m a g n ific a tio n , a n d  ce ll d esig n , b u t  w h en  n ecessa ry  th e se  
p a r a m e te rs  w ere c o m p r o m is e d . F o r  a  d e ta ile d  d iscu ssio n  
co n cern in g  th e  e ffe c t  o f  th e se  p a r a m e te rs  on  p o la r iz a tio n  
m e a s u r e m e n ts , th e  rea d er is referred  to  severa l e x c e lle n t  
p a p ers  on  th e  s u b je c t .20-21

C a rb o n  te tra c h lo rid e  w a s  u se d  t o  d e te r m in e  th e  a c c u r a 

cy  o f  th e  p o la r iz a tio n  m e a su r e m e n ts  rep o rted  in  th is  w ork . 
D e p o la r iz a tio n  ra tio s  o f  0 .7 9 , 0 .7 8 , a n d  0 .0 1  w ere d e te r 
m in e d  for th e  2 2 5 - , 3 1 2 - ,  a n d  4 5 9 -c m - 1  b a n d s , re sp e c tiv e 

ly . C o m p a riso n  o f  th e se  re su lts  re v ea ls  th a t  th e  d e p o la r 

iz a tio n  ra tio s  are h ig h er th a n  th e  p re d ic te d  a n d  e x p e r i
m e n ta l v a lu e s  p re v io u sly  re p o r te d .22-24 A lth o u g h  n o t a b 

so lu te , th e  m e a s u r e m e n ts  w ere g e n e ra lly  in  error b y  n o  
m o re  th a n  1 0 % .

T h e  R a m a n  sp e c tr u m  o f  liq u id  a m m o n ia  w a s  d e te r 

m in e d  a n d  sa lie n t fea tu res  o f  a  ty p ic a l sp e c tru m  are  
sh ow n  in  F ig u res  3  a n d  4 . W i t h  referen ce  to  F igu re  3 , a  
b ro a d  stru ctu re le ss  b a n d  c e n tered  a ro u n d  2 0 0  c m - 1  is  e v i
d e n t a n d  is a ttr ib u te d  to  s o lv e n t -s o lv e n t  in tera c tio n . F ig 

ure 4  sh o w s b a n d s  a t  3 3 8 0 , 3 3 0 1 , a n d  3 2 1 5  c m - 1  w h ic h  
h av e  b e e n  a ss ig n e d  to  t>3, vi, a n d  2¡>4 , r e sp e c tiv e ly . A l 

th o u g h  th e  i>3 a s s ig n m e n t is w e ll a c c e p te d , th e  a ss ig n 
m e n ts  o f  th e  2 im a n d  v 1  are n o t as c e rta in . T h e  b a n d s  o b 
serv ed  a t  1 0 6 0  a n d  1 6 3 4  c m - 1  h a v e  b e e n  a ssig n e d  a s  v2 

a n d  re sp e c tiv e ly .
A  re la tiv e ly  h ig h  re so lu tio n  sp e c tru m  o f  th e  1 0 6 0 -c m - 1  

(j/2 ) b a n d  re v ea ls  a n  u n reso lv ed  d o u b le t  w h ic h  is sh o w n  in  
F igu re  5 . T h is  d o u b le t  h a s  b e e n  p re v io u sly  rep o rte d 12  a n d  
arises fro m  in v ersio n . B a s e d  on  n u m e ro u s  ru n s, th e  b e s t  
e stim a te  o f  th e  s p litt in g  is  1 0 -1 5  c m - 1 . A t t e m p t s  w ere  
m a d e  to  reso lv e  th e  re m a in in g  b a n d s  in  th e  sp e c tr u m , b u t  
n o  o th er d o u b le t  s tru c tu re  w a s fo u n d .

D e p o la r iz a tio n  ra tio s  are p re sen te d  in  T a b le  III , a n d  in 

sp ec tio n  re v ea ls  th a t  th e  re su lts  are in  q u a lita t iv e  a g ree 
m e n t w ith  th o se  p re v io u sly  re p o rte d . T h e  d ep o la riz a tio n

Figure 3. Raman spectra of sodium-ammonia solutions.

Figure 4. (iq, j/2, 2i>4) bands of liquid ammonia.

ra tio s  fo r  V2 a n d  v̂  are p r o b a b ly  th e  m o s t  q u a n tita tiv e  to  
d a te .

T y p ic a l  R a m a n  sp e c tra  o f  m e ta l- l iq u id  a m m o n ia  so lu 
tio n s  are sh o w n  in  F ig u re s  3 , 6 , a n d  7 . T h e  b ro a d  b a n d  (v 
=  2 0 0  c m - 1 ) o b serv e d  in  p u re  a m m o n ia  w a s  n o t o b served  
in  th e  m e ta l  so lu tio n s . C a re fu l a tte n tio n  w a s  g iv e n  to  th e  
region  0 - 1 0 0 0  c m - 1  b e c a u se  o f  th e  p re d ic te d  “ b re a th in g ”  
m o d e  v ib r a tio n ; h o w ev er, no n e w  sc a tte r in g  c en ter  w as  
o b serv e d . In  fa c t , th e  sp e c tru m  o f  p u re  a m m o n ia  w a s in 
d is tin g u ish a b le  fro m  th a t  o f  a  2 .3  X 1 0 - 4  M  so lu tio n  in  
th e  region  0 -1 0 0  c m - 1 . T h e  o n ly  e sse n tia l d ifferen ce  b e 
tw e e n  th e  sp e c tru m  o f  p u re  a m m o n ia  a n d  a n y  so lu tio n  in  
th e  c o n c e n tra tio n  reg ion  ( 2 - 5 0  x  1 0 - 4  M) w a s  in  in ten si

t y . A s  is  e v id e n t in  F ig u res  3 , 6 , a n d  7 , th e  sc a tte red  in 

te n s ity  d ec re a se s  w ith  in crea sin g  m e ta l  co n c e n tra tio n .
F igu re  8  is a  p lo t  o f  b a n d  m a x im a  a s  a  fu n c tio n  o f  m e ta l  

c o n c e n tra tio n  a n d  re v ea ls  th a t  in  th e  c o n c e n tr a tio n  ran ge  

0 - 5  X 1 0 - 3  M  th ere  are n o  s h ifts  in  b a n d  p o sit io n s . A l 
th o u g h  th e  d a ta  are n o t sh o w n , th e  1 0 6 0 - a n d  1 6 4 0 -c m - 1  
b a n d s  w ere a lso  u n a ffe c te d  b y  m e ta l  u p  to  5  X 1 0 -  4 M. A t  
h igh er co n c e n tra tio n s , th e  in te n s ity  o f  th e  1/2 a n d  v± b a n d s  
w a s  to o  lo w  to  b e  o b serv e d . I t  is  p e r h a p s  im p o rta n t to  
n o te  th a t  th ree  c o n c e n tra tio n s  ( 2 .3 , 5 .2 , a n d  20  X 1 0 - 4  M) 
rep resen t se q u e n tia l a d d itio n  o f  m e ta l, w h ereas th e  oth er
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Figure 5. u2 band of liquid ammonia.

Figure 6. Raman spectrum of sodium-ammonia solutions.

th re e  c o n c e n tra tio n s  rep resen t th ree  d iffe re n t so lu tio n  
p re p a ra tio n s .

T h e s e  re su lts  are  in  d isa g re e m e n t w ith  th e  in fra red  
w ork  o f  R u s c h 7  w h o  rep o rted  a  sh ift  in  th e  p o sitio n s o f  vi 
a n d  V3 w ith  in crea sin g  m e ta l  c o n c e n tr a tio n  (T a b le  I ) .  
S o m e  c a u tio n  m u s t  b e  ex ercised  in  c o m p a rin g  th e  tw o  se ts  
o f  d a ta  b e c a u se  th e  b a n d  p o s it io n s  rep orted  b y  R u sc h  
w ere o b ta in e d  fro m  c o m p u te r -r e so lv e d  in frared  sp ec tra  
a n d  th e  b a n d  p o s it io n s  rep orted  in  th is  w ork  are b a se d  on  
u n r e so lv e d  R a m a n  d a ta ; h ow ever, th e  sp ec tra  p re sen te d  in  
F ig u re  7  are o f  s u ffic ie n tly  h ig h  re so lu tio n  th a t  very  litt le  
u n c e r ta in ty  e x is ts  in  b a n d  p o sit io n s .

Figure 7. (i>i, u2, 2ut) bands of ammonia In sodium-ammonia 
solutions.

3400

3350 

J 3300
S
>» 3250

3200

con cen tra tion  o f  metal (m o le s /l i t e r )

Figure 8. Band positions as a function of metal concentration.

T h e  d ec re a se  in  sc a tte red  in te n s ity  w ith  in crea sin g  
m e ta l  c o n c e n tr a tio n  is  re a d ily  e x p la in e d  b y  c o n sid erin g  
th e  a b so r p tio n  sp e c tru m  o f  th e  so lu tio n s ; th e  sp e c tru m  is  
a s y m m e tr ic  a n d  ta ils  in to  th e  v is ib le  reg ion  o f  s p e c tr u m . 
U s in g  th e  o p tic a l d a ta  o f  G o ld  a n d  J o lly , 25 a  p lo t  w a s  
m a d e  o f  (A/l) as  a  fu n c tio n  o f  c o n c e n tr a tio n  a t  5 8 3 0  À .  
A b s o r b a n c e /p a th le n g th , A/l, w as u se d  ra th er th a n  a b 
so rb a n ce  to  e lim in a te  th e  p a th le n g th  d e p e n d e n c y ; 5 8 3 0  Â  
co rresp o n d s to  Au = 3 3 0 0  c m - 1 . F igu re  9  sh o w s a t  le a s t  a  
q u a lita t iv e  re la tio n sh ip  b e tw ee n  a b so r b a n c e  a n d  R a m a n  
sc a tte r in g  in te n s ity . U s in g  4 8 8 0 -Â  e x c ita t io n , Au =  3 3 0 0  
c m - 1  co rresp o n d s to  5 8 3 0  Â  a n d  th e  a b so rb a n c e  a t  th is  
w a v e le n g th  in cre a se s  w ith  co n c e n tra tio n . T h e re  is a lso  a p 
p re c ia b le  a b so r p tio n  a t  4 8 8 0  Â  so  t h a t  tw o  e ffe c ts  are  
op e ra tiv e  w h ic h  te n d  to  d im in ish  th e  sc a tte r e d  in te n s ity . 
F irs t  th e  e x c ita t io n  lin e  en ergy  is  re d u ce d  d u e  to  a b s o r p 
tio n  a n d  se c o n d ly  th e  sc a tte r e d  ra d ia tio n  is s u b je c t  t o  a b 
so rp tio n . A t  c o n c e n tr a tio n s  g reater th a n  10  - 2 M, th e  
4 8 8 0 -Â  lin e  w a s  c o m p le te ly  a b so r b e d  a n d  severe  h e a tin g  
r e su lte d . T h e  sp e c tru m  o f  th e  5 .5  X 1 0 - 3  M  so lu tio n  w a s  
o b ta in e d  u sin g  4 5 8 0 -Â  e x c ita tio n . A lth o u g h  th e  p o w er o f  
th is  lin e  w a s le ss  th a n  th e  4 8 8 0 -Â  lin e , th e  d ec re a se d  a b 
so rp tio n  a t  4 5 8 0  Â , th e  u4 d e p e n d e n c e , a n d  th e  d ec re a se d  
a b so rp tio n  a t  5 3 9 0  (Au =  3 3 0 0  c m - 1 ) re su lte d  in  a  m e a n 
in g fu l s p e c tr u m . A t t e m p t s  to  s tu d y  c o n c e n tra tio n s  g rea ter  
th a n  5 .5  X 10 ~ 3 M  w ith  th e  4 5 8 0 -Â  lin e  w ere u n su c c e ss fu l

pu re NH3

pu re NHg
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TABLE III: Polarization Studies of Liquid Ammonia

Ref 1060cm-1 1640cm-1 3215cm-1 3300cm-1 3380cm-1

8

9
14
15

Present work
50% polarization 

p = 0.15
0 %

p =  0.5

Polarized
Polarized
p =  0.08

>95%
p «  0.01

Polarized
Polarized
p =  0.08

>95%
p «  0.01

Depolarized 
Depolarized 

p =  0.4 
0

p =  0.5

d u e  to  a b so r p tio n  o f  b o th  th e  e x c ita t io n  a n d  e m iss io n  
fre q u e n cie s .

U n fo r tu n a te ly  it  is  im p o ss ib le  to  s ta te  a b so lu te ly  
w h eth er th e  p re d ic te d  sc a tte r in g  c e n te r  is  or is  n o t p re s 
e n t. A r g u m e n ts  c a n  b e  ra ised  th a t  th e  c o n c e n tra tio n  o f  
th ese  cen ters  w a s  to o  low  to  b e  d e te c te d . In crea sin g  th e  
co n c e n tra tio n  is o f  lit t le  v a lu e  b e c a u se  o f  th e  co rresp o n d 

in g  lo ss  in  in te n s ity  a n d  th e  c e rta in ty  o f  a sso c ia tio n  in  th e  
so lu tio n s .

S in c e  th e  a n a lo g y  is  o fte n  m a d e  b e tw e e n  F  ce n te rs  a n d  
m e t a l-a m m o n ia  so lu tio n s  a n d  sin ce  m u c h  o f  th e  th e o r e ti
c a l tr e a tm e n t o f  th e se  so lu tio n s  h a s  a s  its  origin  F  c e n te r  
th e o ry , it  is  in te r e stin g  to  e x te n d  th e  tr e a tm e n t o f  th e  
R a m a n  e ffe c t  in  F  ce n te rs  to  m e t a l -a m m o n ia  so lu tio n s . 
K le in m a n 26 h a s  c a lc u la te d  th e  R a m a n  p o la r iz a b ility  te n 
sor u sin g  th e  e xp ression

e2 0 - 1  [  2h/M(PC ~\m
" R ' m(wGF2 ~  o V )  0  L ( X g - X f )2J

w here a R is  th e  p o la r iz a b ility  te n so r , /  th e  o sc illa to r  
stren g th , ojg f  th e  a n g u la r  fre q u e n c y  o f  th e  e lectro n ic  a b 

so rp tio n , (co th e  a n g u la r  fre q u e n c y  o f  th e  e x c ita t io n  e n e r 

g y , M  th e  re d u c e d  m a s s , a>G th e  a n g u la r  fre q u e n c y  o f  th e  
la t t ic e  v ib r a tio n , a n d  XG a n d  X F th e  p o sitio n s  o f  th e  e n e r 

g y  m in im u m  o f  th e  g ro u n d  a n d  e x c ite d  sta te s , re sp e c tiv e 
ly . d  is th e  “ a b s o r p t io n -e m is s io n  d isc r e p a n c y ”  a s  sh o w n  
in  th e  re la tio n sh ip

( ^ g i-M g f ( . ^ ) V g i) =  p 2(i/r¥lMG¥(X )2tfr¥])

w h en  \pG\ a n d  \pF[ re p re se n t th e  lo w e st v ib r a tio n a l s ta te s  
a sso c ia te d  w ith  th e  g ro u n d  e lectro n ic  s ta te  a n d  th e  first  
e x c ite d  e le ctro n ic  s ta te , a n d  MG¥(X) is th e  m a tr ix  e le 

m e n t  o f  th e  d ip o le  m o m e n t  o p e ra to r b e tw ee n  e le ctro n ic  
s ta te s  G  a n d  F .

K le in m a n  c a lc u la te d  a R =  9  X 1 0 - 2 5  c m 3 for  a n  F  c e n ; 
ter  u sin g  H e - N e  e x c ita t io n . T h is  v a lu e  is very  c lose  to  th e  
v a lu e  o f  aR = 2 X 1 0 - 2 5  c m 3 rep o rted 27 fo r  th e  stro n g  
lin e s  o f  ca rb o n  te tr a c h lo r id e .

W o r lo c k  a n d  P o rto 28 rep o rted  o b serv in g  R a m a n  sc a tte r 

in g  fro m  F  ce n te rs  in  K C 1  a n d  N a C l .  T h e  R a m a n  lin e  w a s  
b ro a d  ( ~ 2 0 0  c m - 1 ) a n d  c e n tered  a t  Av =  2 0 0  c m - 1 . In  
th e se  e x p e r im e n ts  th e  c o n c e n tr a tio n  o f  sc a tte r in g  cen ters  
w a s a p p r o x im a te ly  1 0 16 - 1 0 1 7  c e n t e r s /c m 3. R a d h a k r ish n a  
a n d  S e h g a l29 rep o rted  s im ila r  sp e c tra  o f  F  cen ters  in  K C 1  
a n d  K B r  a t  d e n s itie s  o f  1 0 18  c e n t e r s /c m 3 .

K le in m a n ’s  e q u a tio n  w as a p p lie d  to  m e t a l-a m m o n ia  
so lu tio n s  u sin g  th e  fo llo w in g  d a ta : f  =  0 .7 7 ;  (cGF =  1 .2 6  X 
1 0 15  ( 1 .5  p.); ojo =  3 .6 8  X 1 0 15  (4 8 8 0  A ) ;  0 va ries  fro m  1 to  
1 0 ; M  = 1 .7  X 1 0 - 2 2  g  (s ix  N H 3 m o le c u le s ) ; o>G =  6 .4  X 
1 0 12  (3 5  c m - 1 ) ;  X G =  2 .2  A ;  X F =  2 .6  A .  T h e  fo llo w in g  
re su lt w a s  o b ta in e d

« r -  6 x 10~24[(/? -  1)10]
I f  0 =  1 , th e n  a R =  0 , b u t  a s  0 b e c o m e s  large a R a p 

p ro a ch es 6 X 1 0 - 2 4  a s  a  l im it . U n fo r tu n a te ly , litt le  is 
k n o w n  a b o u t  th e  e x c ite d  s ta te  a n d  c o n se q u e n tly  0 is

Figure 9. Absorbance and Raman excitation/emission.

in d e te rm in a te , b u t  u n le ss  0 is  very  s m a ll  a R is o f  th e  
sa m e  m a g n itu d e  a s  t h a t  o b ta in e d  for  F  c e n te rs . I t  sh o u ld  
a lso  b e  p o in te d  o u t  th a t  c o n c e n tr a tio n s  in  th e  ran ge 5  X 
1 0 - 4 - 5  X 1 0 - 3  M  co rresp on d  t o  3  x  10 17- 3  X 1 0 18 e le c -  
t r o n s /c m 3 (a s s u m in g  n o  a sso c ia tio n ).

In  v iew  o f  th e se  re su lts  it  is  p e r h a p s  su rp risin g  th a t  no  
R a m a n  e ffe c t  w a s o b serv e d  in  th e  m e ta l-a m m o n ia  s o lu 
tio n s ; h o w ev er, c a u tio n  m u s t  b e  ex ercised  in  carryin g th e  
a n a lo g y  to o  fa r . S ev e r a l fa c to rs  c o u ld  b e  o p e ra tiv e  w h ich  
c o u ld  red u ce  th e  sc a tte r in g  b e lo w  d e te c ta b le  lim its . T h e  
in tera c tio n s  in  th is  s y s te m  m a y  b e  m u c h  less  lo c a liz ed  
th a n  in  F  ce n te rs  w h ic h  w o u ld  p ro d u c e  b r o a d  a n d  c o n tin 
u o u s R a m a n  sh ifts . C e rta in ly  th e  d iffe re n c e  in  life tim e s  o f  
th e  cen ters  m u s t  b e  co n sid ered  b e c a u se  F  cen ters  are very  
lo n g  liv e d  c o m p a re d  to  th e  l ife t im e  o f  a  g iv e n  ca v ity  (a s  
d e d u c e d  fro m  n u c le a r  m a g n e tic  re so n a n ce  re la x a tio n  
t im e s ) . 30 T h e  re lative  ease  o f  re fo r m in g  c a v it ie s  co u p le d  
w ith  th e  low  c a v ity  c o n c e n tr a tio n  m a y  re d u ce  th e  c o n c e n 
tr a tio n  o f  c a v it ie s  a t  a n y  in s ta n t  b e lo w  d e te c ta b le  lim its .  
T h e  h ig h  ra d ia tio n  d e n s ity  is a n o th e r  fa c to r  w h ose  e ffe c t  
is d iff ic u lt  to  p re d ic t . L o c a liz e d  h e a tin g  m ig h t  p o ssib ly  
red u ce  th e  c o n c e n tr a tio n  o f  c a v it ie s  th ro u g h  d e n sity  e f

fe c ts  or e v e n  d estro y  c a v it ie s . In  th is  c o n te x t it  sh o u ld  be  
m e n tio n e d  th a t  sp e c tra  w ere d e te r m in e d  w ith  a n d  w ith o u t  
fo c u sin g  th e  laser a n d  a t  v ery  low  laser p ow er o u tp u ts . 
T h e r e  w a s  n o  d isc e rn ib le  d ifferen ce  (o th e r  th a n  in ten sity )  
b e tw e e n  th e se  sp e c tra  a n d  th o se  o b serv e d  a t  h ig h  p ow er  
o u tp u ts . T h e r e  is  a lso  th e  p o ss ib ility  th a t  a c a v ity  as h a s
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b een  d e sc r ib e d  d o e s  n o t e x is t . A lth o u g h  n o  sc a tte r in g  c e n 

ter  w a s  fo u n d , th e  co n c lu sio n  m u s t  b e  rea ch ed  th a t  a lk a li  
m e ta ls  d o  n o t p ertu rb  th e  so lv e n t stru ctu re  in a d e te c ta 
b le  m a n n e r  in  th e  c o n c e n tra tio n  region  s tu d ie d .
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T h e  tr ip le t  a b so r p tio n  sp e c tra  o f  p -tr if lu o r o m e th y la c e to p h e n o n e , a c eto p h e n o n e , a n d  p -m e t h y l -  a n d  p -  
m e th o x y a c e to p h e n o n e  in  n o n p o la r  so lv e n ts  w ere m e a su r e d  b y  n a n o se c o n d  laser p h o to ly sis  u s in g  th e  th ird  
a n d  fo u r th  h a rm o n ic s  o f  a N d  g la ss  la se r . A c e to p h e n o n e  w a s a lso  s tu d ie d  in  a c eto n itrile  a n d  w a te r . In  th e  
c a ses  w h ere  th e  en ergy  o f  th e  lo w e st 3 (n ,7r*) s ta te  is  low er th a n  th a t  o f  th e  lo w est 3 (ir,7r*) s ta te , th e  tr ip 
le t  a b so r p tio n  sp ec tra  are ch a ra cte rize d  b y  tw o  w ea k  a b so r p tio n  b a n d s  a t  a b o u t  4 1 0  a n d  4 5 0  n m  a n d  b y  a 
stro n g  a b so r p tio n  a p p ea rin g  b e lo w  3 3 0  n m . W h e n  th e  3 ( 7r,7r*) s ta te  is lo w est, th e  tr ip le t  h a s  a s tr u c tu re 
le ss , w ea k  a b so rp tio n  in  th e  v is ib le  a n d  a stro n g  m a x im u m  a t  a b o u t  3 5 0  n m . T h e  sp e c tra  o f  th e  k e ty l  
ra d ic a ls  o f  p -tr iflu o ro m e th y la c e to p h e n o n e , a c e to p h e n o n e , a n d  p -m e th y la c e to p h e n o n e  w ere d e te r m in e d  in  
c y c lo h e x a n e . T h e  sp ec tra  are a ll very  s im ila r  a n d  re se m b le  th e  tr ip le t  a b so rp tio n  sp ec tra  o f  th e  k eto n es  
w h ic h  h a v e  lo w est tr ip le ts  o f  3 (n ,ir* )  n a tu re . T h e  ra te  c o n sta n ts  o f  h y d ro g en  a b stra c tio n  fro m  2 -p r o p a n o l  
b y  th e  tr ip le t  s ta te  o f  th e se  la tte r  k eto n es in  b e n z e n e  so lu tio n s  c o n ta in in g  2 M  2 -p ro p a n o l are 6 .2  X 10 6,
1 .2  X 10®, a n d  1 .3  X 10 5 M - 1  s e c - 1 , r e sp e c tiv e ly . T h e  re su lts  in d ic a te  th a t  m e a su r e m e n ts  o f  tr ip le t  a b 
so rp tio n  sp e c tra  m a y  b e  u se fu l in  d e te r m in in g  th e  3 (ir,ir*) vs. 3 (n ,7r*) n a tu re  o f  th e  lo w e st tr ip le t  s ta te  o f  
a lk y l p h e n y l k eto n e s .

Introduction
I t  is k n o w n  th a t  m a n y  a lk y l p h e n y l k eto n e s h a v e  a lm o s t  

iso en erg etic  lo w e st 3 (n ,7r*) a n d  sta te s , a  p ro p erty
le a d in g  to  in terestin g  sp ec tro sco p ic  a n d  c h e m ic a l c o n se 
q u e n c e s . In fo rm a tio n  a b o u t  th e  n a tu re  o f  th e  lo w est tr ip 
le t  s ta te  o f  th e se  c o m p o u n d s  h a s  b e e n  o b ta in e d  m a in ly

fro m  stu d ie s  o f  p h o sp h o rese n c e , 2-6  s in g le t -tr ip le t  a b so r p 
t io n , 7 ’ 8 a n d  z ero -fie ld  sp litt in g . 9 ’ 10  T r ip le t  a b so r p tio n  
sp ec tra  are e x p e c te d  a lso  to  b e  o f  v a lu e  in  ch a ra c te riz in g  
th e  tr ip le t s ta te ; h ow ever, o n ly  fe w  m e a su r e m e n ts  o f  tr ip 
le t  a b so r p tio n  sp e c tra  o f  a lk y l p h e n y l k eto n e s  h a v e  b e e n  
rep o rted  p r e v io u s ly . 1 1 ’ 12
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In  th e  p resen t s tu d y  th e  tr ip le t  a b so rp tio n  sp e c tra  o f  
a c eto p h e n o n e  a n d  a  n u m b e r  o f  a c e to p h e n o n e  d er iv a tiv es  
w ere d e te r m in e d  u sin g  th e  n a n o se c o n d  la se r  p h o to ly sis  
m e th o d . T h e  lo w est tr ip le t  s ta te  o f  a c e to p h e n o n e  in n o n 

p o la r  so lv e n ts  is c o n sid ered  to  b e  a 3 (n ,ir* )  s t a t e ;2 ’3® th e  
seco n d  tr ip le t , s itu a te d  o n ly  a  few  h u n d re d  w ave  n u m b e r s  
a b o v e  th e  lo w est tr ip le t  s ta te , is c o n sid ered  to  b e  a  
s ta te .9 V ib ro n ic  c o u p lin g  b e tw e e n  th ese  tw o  sta te s  is  e ff i 
c ie n t a n d  p ro d u c es  a m ix e d  c h a ra c te r  o f  th e  lo w est tr ip le t  
s ta te .13  A  c o n seq u en c e  o f  th e  en erg etic  p r o x im ity  o f  th e  
tr ip le t  le v e ls  is th a t  e v e n  s m a ll  p e r tu r b a tio n s , e.g., s u b 
s t itu e n t5 ’ 14  or s o lv e n t9 e ffe c ts , m a y  p ro d u c e  lev el in v e r 
sion  or c h a n g e s  in  th e  e x te n t  o f  v ib ro n ic  c o u p lin g  b e tw ee n  
th e  tw o lo w est ly in g  tr ip le t  s ta te s . T h e  e ffe c ts  o f  su c h  p e r 
tu r b a tio n s  o n  th e  tr ip le t  a b so r p tio n  sp e c tru m  w ere d e te r 
m in e d  in  th e  p re se n t s tu d y  b y  c o m p a rin g  th e  a b so rp tio n  
sp e c tru m  o f  tr ip le t  a c e to p h e n o n e  in  n o n p o la r  so lv e n ts  to  
th o se  o f  p a r a -s u b s titu te d  a c e to p h e n o n e s  c o n ta in in g  e le c 
tro n -w ith d ra w in g  ( C F 3 - )  or e le c tro n -d o n a tin g  grou p s  
( C H 3 - ,  C H 3O - ) . S o lv e n t  e ffe c ts  w ere d e te r m in e d  fro m  
m e a su r e m e n ts  c f  th e  a c e to p h e n o n e  tr ip le t  a b so rp tio n  
sp e c tru m  in  so lv e n ts  o f  v a ry in g  p o la r ity  (c y c lo h e x a n e , 
a c eto n itr ile , a n d  w a te r ) . B y  th e  u se  o f  th ese  so lv en ts  a n d  
s u b stitu e n ts , it  w a s p o ssib le  to  v a ry  th e  n a tu re  o f  th e  tr ip 
le t  s ta te  p ro g ressiv ely  fro m  a  p r e d o m in a n tly  3 (n ,7r*) to  a 
p r e d o m in a n tly  co n fig u ra tio n .

Experimental Section
Materials. A c e to p h e n o n e  ( E a s tm a n )  a n d  p -m e th y la c e -  

to p h en o n e  (F lu k a )  w ere d o u b ly  v a c u u m  d is tille d ; p -tr i f lu -  
o r o m e th y l- a n d  p -m e th o x y a c e to p h e n o n e  (F lu k a ) w ere p u 
rified  b y  s u b lim a tio n . B e n z e n e , c y c lo h e x a n e , 2 -p r o p a n o l, 
a c eto n itrile  (M e r c k  U v a s o l) , a n d  p e r flu o ro m e th y lc y c lo -  
h e x a n e  (P e n in su la r  C h e m re se a r c h ) w ere u se d  w ith o u t fu r 
th e r  p u rific a tio n . W a t e r  w as d o u b ly  d is tille d . S o lu tio n s  
w ere d eg a sse d  b y  th ree  fr e e z e -th a w  cy c les  w ith  in te r m it 
te n t  sa tu ra tio n  b y  argo n .

Laser Photolysis Equipment. T h e  e x c ita tio n  lig h t sou rce  
w a s a  Q -s w itc h e d  N d  g la ss  la se r  (C o m p a g n ie  G én éra le  
d ’E le c tr ic ité , M o d e l  V D  2 3 1 , m a x im u m  en ergy  6 0  J ) e m it 
tin g  a t  1 0 5 8  n m ; th e  p u lse  h a lf -w id th  w a s  35  n se c . T h e  
th ird  (3 5 3  n m )  a n d  fo u r th  (2 6 5  n m )  h a rm o n ic s , gen era ted  
b y  m e a n s  o f  K D P  c r y sta ls , w ere u se d  in  th e  p re sen t s tu d y , 
a t en ergies in  th e  ord er o f  1 -2 0  m J . R e la tiv e  v a lu e s  o f  th e  
laser en ergy  w ere o b ta in e d  b y  m e a su r in g  th e  in teg ra ted  
p h o to c u rre n t fro m  a p h o to m u ltip lie r  tu b e  ( E M I  9 7 8 1  B )  
ex p o se d  to  a  s m a ll  fra c tio n  o f  th e  u ltr a v io le t  laser b e a m .

A n  o p tic a l s y s te m  p ro je c te d  th e  la se r  b e a m , re d u ce d  to  
a  h e ig h t o f  4  m m  a n d  a  w id th  o f  8  m m , on  on e  s id e  o f  a  
1 0 -m m  sq u a re  s ilic a  ce ll w ith  p o lish e d  s id es , c o n ta in in g  
th e  sa m p le . T h e  m o n ito rin g  l ig h t  w as o b ta in e d  b y  d is 
ch a rg in g  a  3 2 0 -mF  c a p a c ito r  ( 1 - 1 .8  k V ) across a x en o n  
fla sh  tu b e  (V e rre  e t  Q u a r tz , V Q X  6 5  N )  in  series w ith  an  
in d u c ta n c e  o f  a p p r o x im a te ly  100  /¿H ; th e  fla sh  h a lf -w id th  
w a s 6 5 0  fisec. T r ig g e r in g  w a s m a d e  su c h  th a t  th e  laser  
p u lse  occu rred  d u rin g  th e  p erio d  o f  m a x im u m  in te n s ity  o f  
th e  a n a ly s is  f la s h . T h e  a n a ly z in g  lig h t p a sse d  in  a  
c r o s s e d -b e a m  a r ra n g e m e n t th r o u g h  a  2  m m  w id e  se c tio n  
o f  th e  s a m p le  c e ll, c lo se  to  th e  la se r  en tra n ce  w in d o w . A  
n arrow  w a v e le n g th  b a n d  ( 2  n m )  o f  th e  tr a n s m itte d  lig h t  
w as se lected  b y  m e a n s  o f  a  m o n o c h r o m a to r  (J a r re ll-A sh , 
M o d e l  8 2 -4 1 0 , / / 3 . 5 ,  f  = 25  c m ) ; th e  in te n sity  in  th is  b a n d  
w as m e a su r e d  u sin g  a  p h o to m u ltip lie r  tu b e  (R a d io te c h n i
q u e , 1 50  U V P  or 150  C V P ) . T h e  o u tp u t  o f  th e  se v e n th  d y -  
n o d e , te r m in a te d  b y  7 5  S2, w a s  d isp la y e d  on  a n  o sc illo 

sco p e  (F a irc h ild , M o d e l  7 7 7 , 100  M H z ) .  T h e  o v erall t im e  
reso lu tio n  o f th e  d e te c to r  sy s te m  w a s ca. 1 0  n sec .

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  fro m  o sc il
lo sco p e  reco rd in g s ov er a  ra n ge  o f  w a v e le n g th s  (ev ery  3 -1 0  
n m ) . A  lin e a r  co rrec tion  o f  th e  tr a n sie n t o p tic a l d en sities  
w a s a p p lie d  for v a ria tio n s  in  th e  la se r  en ergy .

Results and Discussion
(A) Effect of Substituents on the Acetophenone Triplet 

Absorption. L a se r  e x c ita tio n  o f  a c e to p h e n o n e  a n d  so m e  o f  
its  p a r a -s u b s titu te d  d er iv a tiv es  in  n o n p o la r  so lv en ts  p ro 
d u ce d  th e  e n d -o f-p u ls e  tr a n s ie n t a b so r p tio n  sp ec tra  sh ow n  
in  F igu re 1. T h e  u ltr a v io le t  p a r t  o f  th e  sp e c tra  w as o b 
ta in e d  a fter  e x c ita tio n  b y  th e  2 6 5 -n m  h a r m o n ic . T h e  s o 
lu te  c o n c e n tra tio n  w as c h o sen  su c h  th a t  an  O D  o f  1 to  2  
w a s o b ta in e d  across a  1 -c m  p a th  ( 0 .0 0 2 -0 .0 0 6  M ) .  T h e  
tr a n sie n t a b so rp tio n  in  th e  v is ib le  is very  w ea k  a n d  it  w as  
fo r  th is  rea son  fo u n d  n e ce ssa ry  to  u se  th e  h ig h er o u tp u t o f  
th e  3 5 3 -n m  h a r m o n ic  a n d  h ig h er so lu te  c o n ce n tra tio n s  
( 0 .1 -0 .2  M) to  o b ta in  m e a su r a b le  a b so r p tio n s  in  th is  s p e c 
tr a l ran ge . A e r a te d  so lu tio n s g a v e  th e  s a m e  e n d -o f-p u ls e  
sp ec tra  as th e  d eg a sse d  so lu tio n s . M e a s u r e m e n ts  b etw een  
6 0 0  a n d  10 0 0  n m  d id  n o t  rev ea l a n y  p erc e p tib le  a b sorp tion  
in  th is  sp ec tra l ra n g e . O u r  p re v io u s s tu d y 12  e sta b lish ed  
th a t  th e  tr a n s ie n t sp e c tru m  o b serv e d  im m e d ia te ly  after  
laser irra d ia tio n  o f  a c eto p h e n o n e  is d u e  to  th e  tr ip le t  
s ta te . T h e  sp ec tra  in  F igu re  1 are b y  a n a lo g y  a ttr ib u te d  to  
th e  lo w est tr ip le t  s ta te  o f  th e  co rresp o n d in g  c o m p o u n d s .

In  th e  ca se  o f  p -tr if lu o r o m e th y la c e to p h e n o n e , m e a su r e 
m e n ts  o f  th e  tr ip le t  sp e c tru m  in  h y d ro g e n -d o n a tin g  so l
v e n ts  w as im p ra c tic a b le  d u e  to  th e  h ig h  tr ip le t rea ctiv ity  
o f  th is  c o m p o u n d . P e r flu o ro m e th y lc y c lo h e x a n e  w a s ch o sen  
as so lv e n t in  th e  d e te r m in a tio n  o f  th e  u ltra v io le t p art  
(F igu re  l a ,  d o tte d  lin e ) a n d  b e n z e n e , b e c a u se  o f  th e  h ig h 
er so lu b ility  o f  th e  k eto n e  in  th is  s o lv e n t , in  th e  d e te r m i
n a tio n  o f  th e  v is ib le  p a r t  (F igu re  l a ,  fu ll lin e ) o f  th e  tr ip 
le t  sp e c tru m  o f  th is  k eto n e .

E s t im a te s  o f  th e  e x tin c tio n  c o effic ie n ts  g iv e n  in  F igu res  
1  a n d  2  w ere o b ta in e d  b y  c o m p a riso n  o f  th e  tr ip le t  a b 
so rp tio n  in te n sit ie s  o f  th e  a c e to p h e n o n e  d er iv a tiv es  w ith  
th e  in te n s ity  o f  th e  b e n z o p h e n o n e  tr ip le t  a b so r p tio n , 12 

m e a su red  a t  e q u a l laser  e x c ita tio n  en ergies. I t  w as a s 
su m e d  th a t  th e  e x tin c tio n  co effic ie n t o f  tr ip le t  b e n z o p h e 
n o n e  in  cy c lo h e x a n e  h a s  th e  s a m e  v a lu e  a t  5 3 3  n m  as th a t  
d e te r m in e d  in  b e n z e n e  s o lu tio n 15  (7 6 3 0  M - 1  c m - 1 ) . It  
w a s a lso  a ssu m e d  th a t  th e  tr ip le t  y ie ld  w as u n ity  for all 
th e  c o m p o u n d s  s tu d ie d .

I t  is se en  fro m  F igu re  1 th a t  su b s t itu t io n  in  th e  b e n zen e  
n u cleu s le a d s  to  p ro n o u n c e d  ch a n g e s  in th e  tr ip le t  a b so r p 
tio n  o f  a c e to p h e n o n e . S u b s titu tio n  b y  th e  e le c tro n -w ith 
d ra w in g  tr iflu o ro m e th y l grou p  p ro d u c es  a sh ift o f  th e  ■ 
stron g  u ltr a v io le t  a b so r p tio n  to  sh o rter  w a v e le n g th s . T h e  
e le c tro n -d o n a tin g  m e th y l a n d  m e th o x y  grou p s in stea d  
le a d  to  c o m p le te  d isa p p ea ra n c e  o f  th e  stru ctu re  o f  th e  a b 
so rp tio n  in  th e  v is ib le  w h ile  a  h ig h -in te n s ity  a b so rp tio n  
b a n d  sh o w s u p  in  th e  n ear u ltr a v io le t  a ro u n d  3 5 0  n m .  
T h e s e  sp ec tra l c h a n g e s  m a y  b e  d isc u sse d  b y  co n sid erin g  
th e  e ffe c t  o f  s u b s t itu e n ts  on  th e  e le c tro n ic  n a tu re  o f  th e  
lo w est tr ip le t  s ta te .

L o w -te m p e r a tu r e  stu d ie s  o f  th e  l ife t im e , stru ctu re , an d  
p o la r iz a tio n  o f  th e  p h o sp h o resc en c e  o f  a c eto p h e n o n e  in  
h y d ro c a rb o n s in d ic a te  th a t  th e  lo w est tr ip le t  s ta te  o f  th e  
k eto n e  is o f  3 (n ,ir* )  n a tu re  u n d e r  th e se  c o n d itio n s . 1 3 '2 ’ 3 

T h is  s ta te  is e x p e c te d  to  b e  s tro n g ly  p ertu rb ed  b y  a n ear
b y  3 (ir,ir*) s ta te . T h e  clo sen ess  o f  th e  tw o  sta te s  is d e m o n -
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Figure 1. Triplet absorption spectra of para-substituted acetophenones in aerated solutions determined by nanosecond laser photolysis 
(end-of-pulse spectra): (a) p-trifluoromethylacetophenone in perfluoromethyicyclohexane ( - ------ ) and in benzene (---------); (b) aceto
phenone in cyclohexane: (c) p-methylacetophenone in cyclohexane; and (d) p-methoxyacetophenone in cyclohexane.

Figure 2. Triplet absorption spectra of acetophenone in aerated 
poar solvents determined by nanosecond laser photolysis (end- 
of-pulse spectra): (a) acetophenone in acetonitrile and (b) ace
tophenone in water.

s tr a te d  b y  th e  e a se  o f  in v ersion  o f  th e  s ta te s  w ith  c h a n g e  
o f  so lv e n t ; in  th e  m o re  p o la r  E P A  g la ss  th e  lo w e st tr ip le t  
is a 3( 7r ,7r*) s ta te  a c c o rd in g  to  a s tu d y  o f  th e  p o la r iz a tio n  
o f  th e  p h o sp h o r e sc e n c e . 13  T h e  a p p ea ra n c e  o f  v ib ra tio n s  
a ssig n e d  to  n o n p la n a r  m o d e s  in  th e  3 (ir ,ir*) p h o sp h o r e s 

ce n c e  o f  a c e to p h e n o n e  in  E P A 13  a n d  s o m e  su b st itu te d  
a c e to p h e n o n e s 16  re v ea ls  a  stro n g  v ib ro n ic  c o u p lin g  b e 
tw e en  th e  3 (n ,ir * )  a n d  3 (ir ,7r*) co n fig u ra tio n s .

p -T r if lu o r o m e th y la c e to p h e n o n e  h a s  b e e n  s tu d ie d  u sin g  
p h o sp h o resc en c e  e x c ita tio n  te c h n iq u e s . 14  I t  w a s  fo u n d  
th a t  th e  en ergy  o f  th e  3 (n ,7r*) s ta te  o f  a c e to p h e n o n e  is  d e 
crea sed  b y  th e  s u b s t itu e n t ; n o  e v id e n c e  w a s  o b ta in e d  a s  to  
th e  lo c a tio n  o f  th e  u p p e r  3 ( 7r ,7r*) s ta te . F ro m  th e  fa c t  th a t  
tr iflu o ro m e th y l s u b s t itu t io n  p ro d u c es  a b lu e  s h ift  o f  th e  
a b so r p tio n  m a x im u m  o f  th e  1 L a ■*— JA  tr a n s it io n , 1 7  on e  
m a y  e x p e c t a  s im ila r  in crease  in  en ergy  o f  th e  co rresp o n d 
in g  3(jr,Tr*) s ta te  3L a . I t  fo llo w s th a t  th e  en erg y  sp a c in g  
b e tw ee n  th e  lo w -ly in g  3 (n ,7r*) a n d  3 (7t,7t* )  le v e ls  sh o u ld  
in crease  w h en  a  tr iflu o ro m e th y l grou p  is in tro d u c e d  in  th e  
a c e to p h e n o n e  m o le c u le , th u s  b r in g in g  a b o u t  a  re d u c tio n  
in  th e  v ib ro n ic  c o u p lin g  b e tw ee n  th e  tw o  sta te s . T h e  e n 
h a n c e m e n t o f  th e  3 (n ,ir * )  c h a ra cte r  o f  th e  lo w e st tr ip le t  
s ta te  is fu rth er  su p p o rte d  b y  th e  very  sh o rt p h o sp h o res 
ce n c e  l ife t im e  o f  p -tr if lu o r o m e th y la c e to p h e n o n e . 14

T r ip le t  s ta te  a ss ig n m e n ts  h av e  b e e n  m a d e  fo r  p -m e t h y l 

a c eto p h e n o n e  in  3 -m e th y lp e n ta n e  g la ss  a t  7 7 ° K . 13  I t  is 
c o n c lu d e d  fro m  th e  re su lts  th a t  th e  lo w est tr ip le t  s ta te  in  
th is  ca se  is  a s ta te , c o u p le d  v ib ro n ic a lly  to  a c lo se -
ly in g  3 (n ,ir * )  s ta te . T h e  3 ( 7t,7t* )  a ss ig n m e n t o f  th e  lo w e st  
tr ip le t  s ta te  o f  p -m e th y la c e to p h e n o n e  is a lso  su p p o rted  b y  
its  p h o sp h o resc en c e  e x c ita tio n  s p e c tr u m . 14

T h e  lo w est tr ip le t  o f  p -m e th o x y a c e to p h e n o n e  in  a  m o d 
era te ly  p o la r  so lv e n t is co n sid ered  to  b e  a  3 ( 7r ,7r*) s ta te .5 -16 

T h e  3 (n ,jr* )  s ta te  w a s lo c a te d  2 1 0 0  c m - 1  a b o v e  th is  
s ta te .5 D u e  to  th e  large  en ergy g a p  b e tw e e n  th e  tw o  
sta te s , v ib ro n ic  in tera c tio n s  are e x p e c te d  to  b e  s m a ll , a n d  
v a ria tio n s in  th e  s o lv e n t p o la r ity  th u s  sh o u ld  n o t h a v e  a  
grea t in flu en c e  on  th e  o rb ita l ch a ra c te r  o f  th e  tr ip le t  
s ta te . In d e e d , it  h a s  b e e n  sh ow n  th a t  th e  p h o sp h o resc en c e  
l ife t im e  o f  th is  k eto n e  is a lm o s t  th e  sa m e  in  3 -m e th y lp e n -  
ta n e  g la ss  a s  in  E P A , d e m o n str a tin g  th e  la c k  o f  in flu en c e  
o f  th e  s o lv e n t on  th e  tr ip le t  s ta te  ch a ra c te r  in  th is  c a s e . 13

M a k in g  u se  o f  th e  a ss ig n m e n ts  c ite d  a b o v e  in  d isc u ssin g  
th e  a b so rp tio n  sp e c tra  g iv en  in  F ig u re  1, w e  n o te  th a t  th e  
a b so r p tio n  s p e c tra  o f  th e  k eto n es w ith  lo w e st tr ip le t  s ta te s  
o f  3 (n ,7r*) n a tu re  (p -tr iflu o r o m e th y la c e to p h e n o n e  a n d  a c e 
to p h e n o n e ) sh ow  tw o  a b so rp tio n  b a n d s  in  th e  v is ib le . T h e  
p resen ce  o f  th e se  b a n d s  se e m s to  b e  d ire c tly  c o n n e c te d  
w ith  th e  3 (n ,ir * )  n a tu re  o f  th e  tr ip le t  s ta te  s in ce  n o  su c h  
b a n d s  are o b serv e d  in  th e  c a ses  w here th e  3 (ir,7r*) s ta te  is 
lo w est. I t  m a y  a lso  b e  n o te d  th a t  th e  v is ib le  b a n d  s y s te m  
is m o s t  p ro n o u n c e d  in  th e  tr ip le t a b so r p tio n  s p e c tr u m  o f  
p -tr if lu o r o m e th y la c e tc p h e n o n e  in  w h ic h  v ib ro n ic  p e r tu r 
b a tio n  o f  th e  lo w est 3 (n ,7r*) s ta te  is  e x p e c te d  to  b e  w ea k . 
T h e  k e to n e s  w ith  lo w e st tr ip le t  s ta te  o f  3(7t,tt*) n a tu re  
( p -m e t h y l -  a n d  p -m e th o x y a c e to p h e n o n e )  h a v e  tr ip le t  a b 
so rp tio n  sp e c tra  sh o w in g  a  stro n g  m a x im u m  a t  a b o u t  3 5 0  
n m  a n d  w ea k  stru ctu re le ss  a b so r p tio n  in  th e  v is ib le .

T h e  tr ip le t  a b so r p tio n  sp ec tra  in  th e  p re se n t s tu d y  w ere  
o b ta in e d  a t  ro o m  te m p e ra tu re  w h erea s th e  tr ip le t  s ta te  
a ss ig n m e n ts  d isc u sse d  a b o v e  w ere o b ta in e d  fro m  lo w -te m 
p eratu re  s tu d ie s . I t  h a s  b e e n  sh o w n , 3 5-18  th a t  th e  ov era ll  
o rb ita l ch a ra c te r  m a y  v a ry  w ith  th e  te m p e ra tu re  w h en  th e  
tr ip le t s ta te s  are c lo se ly  sp a c e d . In  th e  a b sen c e  o f  q u a n ti 
ta tiv e  e s tim a te s  o f  su c h  e ffe c ts , th e ir  p o ss ib le  in flu en c e  on  
th e  tr ip le t n a tu re  w as n e g le c te d  in  th e  in terp reta tio n  o f  
th e  re su lts . A  v e r ific a tio n  o f  th e  a b o v e  a ss ig n m e n ts  a n d  o f  
th e ir  v a lid ity  a t  ro o m  te m p e ra tu re  c o n d itio n s  m a y  b e  o b 
ta in e d  b y  d e te r m in in g  th e  h y d r o g e n -a b str a c tin g  p o w er o f  
th e  tr ip le t  s ta te , s in ce  it  is  k n o w n  th a t  h y d ro g e n  a b s tr a c -
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Figure 3. Ketyl radical absorption spectra of para-substituted acetophenones in degassed cyclohexane; (a) p-trifluoromethylaceto- 
phenone (measured 1 /isec after laser excitation); (b) acetophenone (measured 1.4 psec after laser excitation); and (c) p-methyla- 
cetophenone (measured 10 psec after laser excitation).

tion from the solvent by an aromatic ketone in the triplet 
state will be efficient only if the state has 3 (n,7r*) orbital 
character. The hydrogen-abstracting efficiency is obtained 
conveniently by the nanosecond laser technique from 
measurements of the triplet decay rate. We determined in 
this manner the rate constants of photoreduction, k T, of 
p-trifluoromethylacetophenone, acetophenone, and p- 
methylacetophenone. Details of the procedure have been 
described elsewhere. 1 9  The measurements were made in de
gassed solutions of these compounds (0.1 M )  in benzene so
lutions that were 2 M  in 2-propanol. The following values 
were obtained

Compound kr, M ~ 1sec~1
p-Trifluoromethylacetophenone 6.2 X 106

Acetophenone 1.2 X 10®
p-Methylacetophenone 1.3 X 105

Information regarding the effect of ring substituents on 
the triplet state reactivity of acetophenone was obtained 
by Yang and Dusenbery1 4  from quantum yield studies. 
These authors reported somewhat lower values of kr than 
those obtained in the present work; the relative impor
tance of kT is about the same, however.

The strong decrease of kT in going from p-trifluorometh
ylacetophenone to p-methylacetophenone is consistent 
with the proposed change of the orbital character of the 
lowest triplet state from 3 (n,ir*) to 3{ir,ir*). The high reac
tivity of triplet p-trifluoromethylacetophenone compared 
to that of acetophenone may be attributed to the reduced 
perturbation of the lowest 3(n ,7r*) by the upper 3(tt,tt*) 
state. The lowest triplet state of p-methylacetophenone is 
expected to be a 3(tt,tt*) state, yet p-methylacetophenone 
shows significant photoreactivity. This behavior has been 
attributed to the vibronic coupling of the lowest 3 (ir,ir*) 
with the closely spaced 3 (n,ir*) state. 1 4

(B) Effect of Solvent Polarity on the Acetophenone 
Triplet Absorption. Figure 2 shows the triplet absorption 
spectra of acetophenone in the polar solvents acetonitrile 
(a) and water (b). The triplet absorption spectrum of ace
tophenone in ethanol has been given elsewhere. 1 2  The 
spectra were measured under the same experimental con
ditions as the spectra shown in Figure 1. The wavelength 
of the triplet absorption peak in water is in agreement 
with recent flash photolysis results. 2 0  It is seen that the 
absorption spectra of triplet acetophenone in polar sol

vents are similar to those found in acetophenone contain
ing an electron-donating substituent in the benzene ring. 
The band structure in the visible observed in cyclohexane 
(Figure lb) does not appear in the more polar solvents, 
but instead, a strong absorption maximum is found at 
about 330 nm.

This change may be interpreted as being due to the 
change from 3 (n,ir*) to 3 (7r,ir*) nature of the lowest triplet 
with increasing solvent polarity. Lamola9  predicted the 
3 (n,7r*) and 3( 7r ,x * ) states of acetophenone to have nearly 
the same energy in ethanol. This prediction is supported 
by the observation of dual phosphorescence from aceto
phenone in ethanol and solvents of similar polarity, such 
as EPA. 2 1  It appears from recent phosphorescence studies 
that the 3{ir,ir*) state of acetophenone is located even 
below the 3 (n,7r*) state in ethanol-containing glass. 1 3

In a previous study we have presented evidence for a 
strong solvent dependence of the acetophenone triplet 
state reactivity and explained this in terms of the extent 
of mixing of the lowest 3 (n,ir*) and 3 (ir,ir*) states. 1 9  The 
dependence of the acetophenone triplet absorption on the 
solvent polarity observed in the present study lends fur
ther support to this conclusion.

(C) Effects of Substituents on the Acetophenone Ketyl 
Radical Absorption. In the preceding discussion, the vari
ations in triplet absorption due to substitution were inter
preted as being due to changes in the relative positions of 
the 3 (n,7r*) and 3{ir,ir*) levels. If other specific substituent 
effects produce the observed variations one would expect 
to find similar effects on the acetophenone ketyl radicals. 
To examine this possibility the ketyl radical spectra of ac
etophenone and p-trifluoromethyl- and p-methylacetophe
none were determined and compared. The ketyl radicals 
were obtained by laser excitation of the ketones in de
gassed cyclohexane. Figure 3 shows the transient spectra 
due to this radical, measured after disappearance of the 
triplet absorption. The extinction coefficients of the radi
cals were estimated roughly assuming that the corre
sponding triplet disappears exclusively to produce the 
radical.

The similarity of the spectra indicates that substitution 
does not specifically change the electronic configuration of 
the acetophenone ketyl radical. This observation strength
ens the hypothesis that the spectral changes in the triplet 
absorption arising by substitution are indeed due to 
3(n ,7r * ) -3( 7r,ir*) level inversion.
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It is seen that the ketyl radicals have spectra very simi
lar to those of the triplet state of 3 (n,7r*) nature. Such a 
relation was already found for benzophenone and was at
tributed to the similarity in the 7r electron configuration 
of the 3 (n,7r*) state and the ketyl radical. 2 2

Conclusions
The present study provides evidence of strong solvent 

and substituent effects on the absorption spectrum of 
triplet acetophenone. These effects are shown to be relat
ed to variations in the extent of 3 (n,7r*) vs. 3(ir,7r*) orbital 
nature of the lowest triplet state. One may conclude from 
these results that triplet absorption spectra are useful cri
teria in determining the lowest triplet configurations of 
alkyl phenyl ketones.

Measurements of the decay of the triplet in hydrogen- 
donating solvents show that the changes in the triplet ab
sorption spectra due to solvent and substituent effects are 
associated with significant changes in the reactivity of the 
triplet state. These findings are direct evidence that the 
variations in the acetophenone photoreactivity are due to 
variations of the electronic configuration of the lowest 
triplet state.
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The temperature dependence of fundamental infrared absorbance intensities of vi in monomeric and di
meric forms of HCN vapor is used to calculate a AEd = —3.80 ±  0.16 kcal/mol. This value is somewhat 
greater than the earlier experimental value of - 2 . 6  kcal/mol, determined by classical vapor density 
measurements, and compares more favorably with a recently theoretically computed value of AE D° =
—3.7 kcal/mol, based on a priori methods.

With the exceptions of the work of Inskeep, 1 Bernstein, 2  

and Dunken and Winde, 3  very few measurements of the 
thermodynamic properties of small, hydrogen-bonded 
complexes in the vapor phase are currently being re
ported. Since recent theoretical methods have advanced 
to the point where a priori calculations may now be per
formed on such systems, 4  there exists a need to have reli
able experimental data at hand for comparison.

The recent calculations of Kollman, et al.,6 on the HCN 
dimer illustrates the problem rather nicely. For the reac
tion

2HCN ^  (HCN) 2

the calculated energy of reaction (AEn° = —3.7 kcal/mol 
of bonds) could only be compared with an experimental 
value (AE D = - 2 . 6  kcal/mol of bonds) determined 3 4  

years ago by Giauque and Ruehrwein6  using vapor density 
data which were still 10 years older. In view of the ac
knowledged occurence of higher polymers in HCN vapor 
such data are somewhat suspect. In fact, the above au
thors6  caution against taking equilibrium constants based 
on such measurements too seriously.

In the case of HCN the infrared measurements of Hyde 
and Hornig7  provide an independent means of checking 
the earlier vapor density value and the more recent calcu
lated one. The iq mode of monomeric HCN is an example
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of a classical infrared anomaly in which a molecule with a 
large dipole (~2.9 D), and with a symmetry allowed tran
sition moment, produces an extremely weak absorption 
compared to the other fundamental modes. 8  Hyde and 
Homig describe this band and show the existence of a 
companion band assignable to this mode in the hydrogen- 
bonded dimer.

It is then a relatively simple matter to measure the 
temperature dependence of the absorptions due to the 
monomeric (M) and dimeric (D) forms of HCN, and to 
determine the energy difference between these two forms 
according to the integrated van’t Hoff equation9

In K c =  —¡AEq/R T  +  constant (1 )
where

K c =  CD/C M 2

and CM and CD are the concentrations of monomer and 
dimer, respectively. In the present case K c was taken as

K c  ~  (■ d̂ /^ m 2)(° !m 2/ q:dX ^ m 2/ ^ d ) (2)

where r s refer to peak optical densities, a’s are integrated 
extinction coefficients, and d’s are proportionality con
stants between the peak optical densities and the inte
grated band areas. Thus the limiting accuracy of the 
method hinges upon two related assumptions: (i) that the 
extinction coefficient ratio be temperature independent 
and (ii) that the proportionality constant ratio also be 
temperature independent. Neither are severely doubtful 
over the limited temperature range (25-95°) of this work. 
With these assumptions

In (ID/ / M2) =  —A E v /R T  + constant (3)
It would have been more nearly correct to use band areas 
themselves, rather than peak intensities, in eq 2  but the 
problem of band overlapping opens such a procedure to 
some doubt and little if any neighboring contribution to 
peak intensities was observed in this work.

For this study, HCN was synthesized according to Zie
gler, 1 0  with the exception that 50% H2 SO4  was dripped 
directly onto solid NaCN, rather than mixed with an 
aqueous solution. All measurements were made in a stan
dard cylindrical 1 0 -cm path demountable gas cell, fitted 
with rock salt windows, uniformly wrapped with asbestos 
tape and nichrome heating wire, and fitted with a cali
brated pyrometer lead (3M) in a small glass capillary 
placed so as to avoid direct contact with the nichrome. 
After filling the cell with about 700 mm pressure of HCN 
at room temperature, the cell temperature was varied 
without opening the cell stopcock so that the experiment 
was performed at constant volume rather than constant 
pressure. A dry-air-purged Beckmann IR-12 was used to 
measure all spectra, with due precautions taken to ensure 
that the spectrum obtained was not an artifact of either 
slit width or scanning speed. Frequencies were calibrated 
using CO as a reference according to the IUPAC tables. 1 1

Since the cell windows were not directly heated the true 
temperature of the gas is probably the least certain mea
surement of the present experiment. This temperature 
was computed from the measured wall and window tem
peratures (the latter were found by direct contact of the 
pyrometer couple to the window surface), where each was 
weighted according to the fraction of the normalized sur
face area presented to the enclosed gas. Elementary ther
mal transfer equations may be used to show that convec
tion plays a minimal role here. 1 2

Figure 1. (a) Van’t Hoff plot of eq 3. (b) Infrared spectra of the 
i»i region of 700 mm pressure of HCN (path length 10 cm) 
showing the disappearance of the band assigned to the dimer 
(/a) at high temperatures. The reproducible band marked by an 
asterisk is probably the P branch of the monomer. Corrected 
frequencies (to vacuum) of maximum absorbances are for mo
nomer R branch (/m), 2115 cm-1 ; for dimer R branch (/<j), 
2100 cm-1 ; for monomer P branch (asterisk), 2107 cm-1 ; and 
for dimer P branch, 2089 cm-1 . The central minima are at 2111 
and 2095 cm-1 for v-\ of the monomer and dimer, respectively.

Figure 1 summarizes the experimental findings. A stan
dard least-squares treatment of the 27 data points gives a 
value of AE D = -3.80 ±  0.16 kcal/mol of intermolecular 
bonds, where the uncertainty is the standard deviation. It 
is seen that this value is in better agreement with that 
calculated by Kollman, and is larger than the earlier mea
surement of Giauque and Ruehrwein. It is worth noting 
the magnitude of the error encountered if the window 
temperature correction is ignored. Using the wall temper
ature alone 4s the gas temperature to calculate à E D the 
resulting value is —3.47 ±  0.14 kcal/mol. This is probably 
a lower limit and it is still somewhat larger than the ear
lier vapor density based value, even though some 1 0 % 
lower than the corrected result.

Since a ASd estimate of —16.5 eu/mol is provided by 
Giauque and Ruehrwein, one may use this and the present 
infrared based AH D value of -4.45 ±  0.16 kcal/mol (see 
footnote 6 ) to compute a revised equilibrium constant at 
303°K. Comparison with the earlier value of the above au
thors gives the following result.

^„(revised) =  0.40- Kp(ref6 ) =  0.056

This comparison suggest that the dimer makes a some
what larger contribution to the overall species distribution 
with the result that the population of higher polymers 
may have been overestimated in fitting the earlier vapor
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density data. Alternatively, the correction for departure 
from ideality may have been imperfect since it was based 
on HC1. The value of ASD is relatively insensitive to this 
correction.
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A study of hydrogen bonding in the bifluoride ion is reported. A semiempirical potential energy function 
for the [FHF]~ ion is defined and evaluated by a least-squares procedure using ab initio MO data recent
ly reported by Almlôf and also by Kollman and Allen. The new potential function fits the data on the bi- 
fluoride ion better than the functions proposed earlier. Using the new potential function, vibrational ei
genfunctions and eigenvalues are calculated for hydrogen and deuterium isotopes following the proce
dures of Anderson and Lippincott. Vibrational frequencies are computed and found to be in good agree
ment with spectroscopic results.

Introduction

We would like to report a study of hydrogen (H) bond
ing in the bifluoride ion, HF2~. The purpose of this study 
is to construct a more adequate semiempirical model of H 
bonding in a chemical system for which theoretical and

experimental data are known and from which one might 
be able to apply what is learned to other H bonded sys
tems. Thus, the bifluoride ion can be an important testing 
grounds for semiempirical models that may have wide ap
plicability and that may also allow for clearer insight into 
the properties of HF2~.
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The potential function reported by  L ippincott and 
Schroeder1 has been used with notable success since 1955 
as a general m odel for linear H bonds. M ore recently, an 
addition to  this m odel was published by  Anderson and 
Lippincott2 that accounts for zero-point energy effects in 
H  bonding by  taking the vibrational p lu s  electronic (vi- 
bronic) energy into account. Aside from  general effects 
and its ability to  reproduce known spectroscopic and 
structural trends, the A nderson-L ippincott m odel lacked 
applicability to specifically  known H  bonded species.

W e have made attem pts to  rem edy this situation within 
the formulation o f the L ipp incott-Schroeder (L S) poten
tial, and serious efforts were m ade to fit sym m etrically H 
bonded systems such as H 5 O 2 +, (H 20)6, H F 2  “ , and 
HCI2 - . Using literature values o f  bond distances, ener
gies, etc. system atic num erical m ethods were used to  try 
to  reproduce these parameters using the L S  potential. Our 
efforts failed, however, and we have since been looking at 
new ways o f im proving upon the sem iem pirical potential 
function.

Specifically for the bifluoride ion, the energy o f form a
tion for the H  bond, H F +  F -  =  H F 2 - , was found experi
m entally by  W addington3 to  be —58 ±  5 kcal m ol-1  and 
theoretically by  D ixon, e t  a l.,4 to  be —60.23 kcal m ol- 1 . 
The theoretical results o f  Neckel, Kuzm any, and Vinek5 
and van Gcfol, Bruinink, and Bottleberghs6 agree with the 
work o f D ixon, e t  al. In a recent study using an a b  in itio  
M O  approach, A lm lof7 calculated the H  bond energy to 
be - 5 1  kcal m o l- 1 . A lm lo fs  results also gave good agree
ment with spectroscopic parameters determ ined experi
m entally so that we have used his a b  in itio  results (27 
data points) to help in producing a best fit for the poten
tial function proposed below. K ollm an and Allen8 have 
also reported a b  in itio  calculations on H F 2 - , and their re
sults appear to  agree reasonably well with A lm lo fs  re
sults.

T h e light-atom  vibrational stationary states o f  HF 2 -  
and D F2-  are calculated also following the approach used 
by  Anderson and L ipp incott.2 T he results are presented 
and discussed in relation to  known spectroscopic and 
structural properties o f  sodium  and potassium bifluoride.

Potential Function
Lippincott and Schroeder1 introduced a general poten

tial function  for an X - H - - - Y  linear H  bonded system, 
where X  and Y  are the participant m olecules H  bonded 
through electronegative atoms, such as 0 ,  F, Cl, or N . If 
Y  is chem ically equivalent to  the X  and the H  atom  is 
equally likely to  be found bound on either side o f the bond 
as in HF 2 - , the two internal stretching coordinates gener
ate a sym m etric potential surface. The coordinates are de 
fined in Figure 1, ref 2, where s  and t  measure the linear 
displacem ent o f  the H  atom  from  the tw o respective fluo
rine atom s such that the total F - - -F  distance R  =  s +
t. T h e classical equilibrium  configuration is given by  the e 
subscript (Re, Ve, te , etc .). W hen one F atom  is rem oved 
to  infinity, no hydrogen bond is form ed. T h e equilibrium 
bond length o f F -H  (se »  .= te a ) is 0.914 A. The poten
tial energy o f the H F and F -  fragments at infinity is cho
sen to  be zero (Ve». =  0). T he L S  potential function  thus 
form ulated for linear sym m etric hydrogen bonds is given 
by

v LS =  m  -  f ( S)  -  f ( u ]  +
A [e ~ bR -  l/2( R J R ) me-i>*'] (1)

Figure 1. Potential energy contour plot for HF2 -  ion using eq 3. 
The contour lines are drawn at 500-cm-1 intervals starting at 
— 17,500 to —12,000 cm-1. The cross marks the potential mini
mum at Re = 2.246 A.

The function f(s) and f ( i )  are sym m etric upon exchange o f 
coordinates and are o f  the form

f (s )  =  e~ n(s ~  s«»)72s

where n  =  keSe a /D. D  is the classical dissociation energy 
o f H F bond (51,300 cm - 1 ). T he values o f  k e and R e are 
9.655 m d yn /A  and 2.246 A , respectively. T he A , b, and m  
terms are the constants to be determ ined. T h e problem 
we found with the LS form ulation o f the potential func
tion was in the need for greater flexibility when trying to 
fit em pirical data and the a b  in itio  M O  results o f  A lm lof 
simultaneously. A t infinity (R  =  °°) the LS m odel fits 
very well while near the potential m inim um  (R e) it does 
not.

Initial m odification o f the LS potential function only 
removed one restraint on the way in which num erical con
stants were chosen.

V ls =  D[1 -  f(s ) -  f ( i )  +  ( V - ** -  C 2( R J R ) m]  (2)

Here C 1  and C2  are dim ensionless constants replacing the 
single (A ) constant in eq 1. T hey are evaluated separately 
by  specific empirical restraints im posed upon the model 
system. T he C 1  term is assumed to contribute to a repul
sive potential between term inal fluorine atoms while the 
C 2  term is assumed to  contribute attractively. The con
stants b and m  are looked upon as parameters used to 
make the fit with em pirical and theoretical results. Still, 
this m odification (eq 2) was unsatisfactory. This failure 
led us to consider a three-center repulsive interaction 
term in the potential function  which seems to  remove an 
inherent objection  to  the L S  potential w hich is the fo l
lowing. Equation 2 unites tw o diatom ic potential func
tions in a way that allows both  chem ical bonds to  be 
created simultaneously about the central H  atom . These 
strongly attractive forces are then m ediated by  the ff-de- 
pendent (C i and C2 ) terms operating between the term i
nal F atoms. Together the m odel allows for too much 
chem ical bonding, [F -H -F ]- , and attem pts to  compensate 
for it by  adding in too  m uch F- • -F repulsion (C i). In 
retrospect, it seems chem ically unreasonable to involve 
more than the Is hydrogen orbital in H bonding, so that 
we m odified the potential function as follows.
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V / D  =  1 -  f ( s )  -  f(<) +  g f (s ) f i i )  +
C.e-™ -  C 2(Re/ R T  (3 ).

T he three-center repulsive interaction term, g f(s )f(t), is 
inserted to  remedy the divalent H -atom  problem . For ex
ample, when the parameter g  = 1.0, the first four (chem i
cal bonding) terms contribute n oth in g  to  the stability of 
*he H bond. Only when the constant is reduced to g  <  1 
does the first group o f terms becom e im portant to  stabi
lizing the H  bond. In this study, a best fit was found for g  
=  0.64 (see below), which seems to be intuitively correct.

E va lu a tion  o f  th e  C on stan ts C i, C2, and  Ase . R estra in t  
1. The potential energy m inim um , Ve, is the energy o f the 
H  bond exclusive o f  the vibrational zero-point energy.

F e =  D[1 -  f(se) -  m  +
g f (s e)f(fe) +  Cje-**» -  C 2] (4 )

The value o f Ve is known for many H bonded systems and 
can be used in this procedure to help describe the more 
com plete potential energy surface. The relationship be 
tween dependent coordinates at the m inim um  o f the p o 
tential energy surface is, o f course, se +  te =  R e .

R estra in t 2. T he slope at the bottom  o f the potential 
energy surface is defined as zero, and this condition adds 
two additional restraints on the parameters o f  the poten
tial energy function evaluated at the equilibrium position.

(Si-» (5a)

(Si - » (5b)

From these three equations (4, 5a, and 5b) we can derive 
the constants Ci and C2  and evaluate the relationship for 
Ase.

C i =  [m C 2/ b R e -  f ' ( s e)/b +  g f\ s e) i ( t e)/ b ]e »^  (6)

C2 =  [Ve/D -  1 +  f(s.) +  f(fe) +  
f'(se ) / 6  -  g t '(s e )m /b  -  g i(s M te )V (m /b R e -  1) (7)

where f'(se) = [n(se -  se») 2 / 2 se -  (se -  se„)/se]f(se). 
The shift in the equilibrium H bond coordinate, Ase, is

e<x>

(te  -  Se„ ) ( i e +  s e„ ) s e2f ( i e) [ l  -  g f ( s e)]
— —  ( O )

(Se +  Se- ) ie2f(Se )[ l ~  g f ( t e) ]

If te or R e is specified (and since se„i = 0.917 A, a con
stant), eq 8  implicity defines a value for se. It was shown 
earlier1  that a similar relationship produces reasonable 
shifts in equilibrium bond distances close to what is found 
empirically.

E va lu a tion  o f  th e  C on sta n ts  m, b, and g. The potential 
energy function has now five empirical-type constants, D, 
se„, ke R e, and Ve, and three unspecified parameters, m, 
b, and g. If the first five are known (approximated) from 
spectroscopic, crystallographic, or theoretical studies, the 
latter three may be evaluated in a least-squares fit to the 
remaining data not dependent upon the first five con
stants.

Following a data-fitting procedure for HF2~, we were 
able to find a least-squares fit only for m = 1  and 6  and 
not for any others up to m = 9. The m value of 6  was used 
by Anderson and Lippincott2  in their discussion of the vi- 
bronic effects of the hydrogen bond. Lippincott and 
Schroeder1 originally pointed out that m = 1  and m = 6

both gave acceptable potential energy surfaces. In our 
present fitting procedure, we seem to have verified these 
earlier findings.

In our best least-squares fit using A lm lo f s a b  in itio  re
sults, we find m  =  6 gives the better agreement in repro
ducing the potential energy data and observed infrared 
frequency. The parameters g  and b are 0.640 and 3.2009 
A-1 , respectively. The resulting potential energy surface 
for H F2-  ion is shown in Figure 1. Contour lines are 
drawn at 500-cm -1  intervals starting at —17,500 cm -1  to 
—12,000 cm -1 . The m inim um  o f energy is —17,840 cm -1  
( - 5 1  kcal) at R e =  2.246 A and re = 0 A, a relatively flat- 
bottom  single potential well. Although the m easured H 
bond energy (Ve) o f H F2-  is perhaps closer to  —58 k ca l/ 
m ol3 rather than the A lm lof value o f —51 k ca l/m ol which 
we are using, the effect o f a 14% change in Ve on the spec
troscopic predictions (below) is alm ost negligible (less 
than 1% change). W e therefore feel justified in using the 
A lm lof and K ollm an and Allen data base as reasonable for 
calculating the low-lying vibrational stationary states o f
h f 2- .

Vibrational Calculations. Results and Discussion

T he eigenvalues and eigenfunctions o f  a H  atom  within 
a [F- • -F]~ potential well are calculated assuming 
“ clam ped”  heavy (F) atom coordinates. The terminal 
atoms are large in mass com pared with hydrogen atom  
and, therefore, the R  coordinate may be kinem atically 
separated from the r coordinate to  a reasonable approxi
mation. T h e potential becom es a one-dim ensional func
tion o f  r, and the F -F  separation, R, becom es a parameter 
to  be specified along with the remaining em pirical param 
eters. W e will use the notation and procedures developed 
earlier and reported in ref 2.

The eigenvalue results o f  the four lowest vibrational 
states are shown in Figure 2. The ground vibrational 
state, E 0+ for hydrogen, has a m inim um  at an F— F sepa
ration o f 2.270 ±  0.001 A in good agreement with A lm lo f s 
results (2.28 A). The experimental values found for the b i
fluoride salts are in the region 2.26-2.28 A.6 If deuterium 
is in substituted for hydrogen in the calculations the F— F 
separation at m inim um  total energy is 2.264 ±  0.001 A. 
The isotope shift is sm all and negative ARo =  -0 .0 0 6  A, 
in excellent agreement with the value -0 .0 0 5 8  A found by 
A lm lof calculation.7 T he experimental isotope shift for 
K H F 2 is ARo =  —0.0024 A and for N aH F2 is A R o  =  
-0 .00 46  A.9 The calculations seem to overestim ate ARo. 
This may be in part due to  other vibronic effects o f  the 
hydrogen bond and by  crystal field effects not included in 
this calculation.

The predictions o f infrared and Ram an spectra are 
based upon the assumption o f “ vertical”  transitions from 
the ground state. T he dipole selection rules require even - 
odd or odd-even  transitions while the Ram an effect gives 
rise only to transition am ong the even-even or o d d -od d  
states.

T he infrared fundam entals and overtones for hydrogen 
and deuterium vibrations are shown in T ab le  I. One o f the 
characteristic features o f  the strong hydrogen bond is the 
high anharm onicity o f  the stretching vibration o f the H 
atom in this bond (i>Hb This can be seen from  the funda
mental (1490 cm - 1 ) and i»h overtone (5650 cm - 1 ), a ratio 
o f  3.8. Also, the ratio c f  vh/vo =  1.52 deviates significantly 
from the harm onic value, i>n/vD =  1.38. The predicted
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Figure 2. Total energy plot for the H atom is the four lowest vi
brational states as a function of F-F distances, R. vh is the fun
damental transition, vh' and vh"  are the first and second over
tones, respectively.
TABLE I: Calculated Eigenvalues and Infrared and 
Raman Transitions

H D

Energy, Energy, I'd, Ratio“
cm-1 State vh, cm-1 cm-1 State cm-1 "hA d

-17,190 0+ -17,394 0+
-15,700 0“ 1490 (fundamental) -16,404 0~ 990 1.505
-13,720 1+ 3470 (Raman) -15,119 1+ 2275 1.525
-11,540 1- 5650 (overtone) -13,764 1- 3720 1.519

“ The harmonic value i'h /i'd  =  1.38.

Raman (Eo+ —*• E i+ ) transitions is given but has not been 
reported . 1 0  A  com parison o f our results with those re
ported by A lm lof and other experimental results are listed, 
in T able II. The asym m etric hydrogen stretching vibra
tion, vh , is about 40 cm - 1  higher than the experimental 
value, but the deuterium fd is lowered by  60  cm - 1 . Gen
eral agreement, however, is good.

T he sym m etric F ” >F stretching frequency is calcu
lated from  the curvature o f  the ground-state energy d i
agram (Figure 2) using the harm onic oscillator approxi
mation. It is found to  be f f - f  =  694 cm - 1  whereas the 
observed frequency, i<FF(obsd) =  600 cm - 1 , a deviation 
~ 1 0 0  cm - 1 . This discrepancy m ay be in part due to the 
approxim ate m ethod o f calculation or in part due to  la t
tice potential energy contribution not included in the ab 
initio M O  data. W e have assumed that the bifluoride ion 
is isolated, and no environm ent effects on FHF~ ion are 
considered in our calculation. In T ab le  II, the calculated 
frequencies are also listed for the f h - f  fundam ental and 
the first overtone o f the isolated (nonbonded) H F molecule. 
The agreement o f  calculated value with experimental 
value is excellent. From this close agreement, one can see 
that the same potential energy function  that fits the H 
bonded com plex also behaves very well at larger F -F  dis
tances far from  the potential m inim um  (see Figure 2, 
also).

Figure 3. A correlation of vibrational energy levels for different 
F-F separations, R. Half of the symmetric potential function is 
shown at each respective R value as a function of r (H atom 
displacement from the center of the bond).

TABLE II: Comparison of Calculated Infrared Frequency with 
Almlof and Experimental Results

This work Almlof Exptl (KHF2)

Ro, A 2.27 2.28 2.277“
Isotope shift (Afl0). A 
H asymmetric stretch

-0 .006 -0 .0058 — 0.0024®-“

fh, cm -1
D asymmetric stretch

1490 1497 1450®

fd, cm -1
Symmetric stretch

990 1038 1023®

. , J'F—F. cm -1
Isolated H-F stretch

694 666 600®

fh-f, cm -1 
Isolated H-F stretch 

fh-f overtone, cm -1

3962.8

7783.1

3958.38d

“ Reference 9. 6 J. A. Ibers, J. Chem. Rhys., 41, 25 (1964); 48, 4539 
(1968). “ 0.0046 A for NaFF2. “ G. Herzberg, “Molecular Spectra and 
Molecular Structure I: Spectra of Diatomic Molecules," Van Nostrand, 
New York, N. Y., 1950.

The vibrational energy levels o f  bifluoride ion in differ
ent F -F  separations are shown in Figure 3. A t R e =  2.246 

A, the potential surface has a single m inim um  and the 
first four vibrational states (Eo+ , Eo~, E i+ , E i _ ) are 
shown. A t the larger F -F  separation, R  =  2.35 A, the dou
ble m inim um  o f the potential energy curve appears and 
the vibrational energy levels becom e closer (see Figure 2, 
also). At R  =  2.50 A, the first two states E0+ and E o" are 
almost degenerate, the splitting ( ~ 1 2 0  cm - 1 ) is due to 
the tunnelling effect. The E i+  and E i~  states are also 
closer to each other while the average separation between 
the Eo and E i states increase. A t R  =  2.7 A, the potential 
barrier is very high and no appreciable tunnelling occurs. 
The vibrational states are doubly degenerate. T he correla
tion between states o f the various F -F  distance are indicat
ed by dashed lines. T he central potential barrier increases 
with increasing R  with a lim iting value o f D  (=  51,300 

cm - 1 ).
T he m inim um  in energy in F- • -F separation shown in 

Figure 2 is dependent upon the quantum  vibrational state 
o f the H  atom . For the ground vibrational state, R o+ = 
2.270 A while the first excited state Ro~  =  2.313 A. The 
increase in F - - - F  distance is 0.043 A. Higher vibration- 
ally excited states have progressively larger F - • -F m ini
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m um  energy separations. These properties o f  the m odel 
system would lead one to  predict an expansion o f the 
F - ■ -F  bond distance (or a lattice parameter o f the Na 
or K  salt) during the course o f  vibrational excitation. F ol
lowing absorption o f  a photon, </H =  1450 cm - 1 , the H 
bonded lattice would mom entarily expand for the period 
typical o f  the lifetim e o f the excited vibrational state, 
~ 1 0 - 1 1  sec.

For H bonded species other than the strong bifluoride- 
type ion, however, the reverse effect may be expected (R  
contracts, not expands as it does here). This prediction is 
based upon earlier studies but needs to  be more precisely 
docum ented by further studies o f m odel H  bond cases.

Conclusion
In this study o f the bifluoride ion, we have com bined 

experimental and theoretical data so as to  fit a newly pro
posed m odel for the linear sym m etric H  bond. The m odel 
calculations proceed in two separate steps. First, a two- 
dim ensional potential energy surface is form ed on the 
basis o f  the two displacem ent coordinates o f  the [FHF]~ 
ion. T h e approxim ation then is m ade for the separation o f 
m otion o f the heavy (F) and light atom s (H  and D ) so 
that, secondly, eigenfunctions and eigenvalues m ay be 
calculated for a series o f F - • -F distances (R) .  These v i
brational states o f  the H bond take zero-point energy ef
fects into account and allow one to  predict spectroscopic 
and structural properties o f  the system near equilibrium  
(F H F - ) and in the lim it o f  dissociation (FH  +  F _ ). Cal
culated and measured properties o f  the H F 2 ~ ion are in

good agreement so that we feel the m odel system is realis
tic and m ay be useful in studying other H  bonded  sys
tems.
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T he pressure dependence o f the deuteron sp in-lattice relaxation times o f benzyl-4-di cyanide and a ,a -  
dideuteriobenzyl cyanide has been measured up to  3 kbars at 30 and 150°. Detailed tem perature depen
dence o f these relaxation tim es has also been determined at 1  atm . Assuming the validity o f  the rota
tional diffusion equation, the deuteron T i ’s were analyzed in terms o f the rotational diffusion constants 
for the overall molecular, D m , and internal, D i, rotation. In order to  calculate the theoretical rotational 
correlation times, the pressure dependence o f  viscosity up to  3 kbars at 30 and 150° has also been deter
mined.

Introduction

Nuclear magnetic resonance relaxation rates have been 
successfully used to study the anisotropic reorientation o f 
m olecules in the liquid state . 2 - 6  It has also been shown 
that applying pressure to  a liquid can have a large effect 
on the rate o f  overall molecular reorientation . 7 - 8  As part 
o f  our broader investigations o f  the dynam ic structure o f 
m olecular liquids we becam e interested in the problem  o f

pressure effects on the internal m otions9  o f  groups within 
a m olecule in the liquid state.

T he nuclear magnetic resonance sp in -lattice relaxation 
time, T i, o f a nucleus possessing an electric quadrupole 
m om ent ( /  >  % ) yields im portant inform ation on the reor- 
ientational motions o f  molecules, since the rate o f  relaxa
tion ( 1 /T i )  is sim ply related to a reorientational correla
tion tim e. For a nucleus o f  spin 1 this relation , 1 0  valid  for 
isotropic reorientation, is

The Journa l o f Physica l Chem istry, Vol. 77, No. 14, 1973



Overall and Internal Rotation in Liquid Benzyl Cyanide 1769

l / ^ i  =  3/8( e W f i ) 2[ l  -  ( j?2/3 ) ] t  (1)

where (e2qQ/h) is 2w times the quadrupole coupling con 
stant in H z, 17 is the asym metry parameter, and t  is the 
reorientational correlation time. In general this reorienta- 
tional m otion m ay result from  both  the overall m otion o f 
the molecule and internal motions within the molecule. 
Recent studies1 1 - 1 2  have reported the effect o f  internal 
rotation on the angular correlation function where both 
the overall m otion and the internal m otion are diffusional, 
and these results are applied here to  obtain estimates o f 
the overall m olecular and internal rotational diffusion 
constants. The pressure dependence o f the reorientation 
rates is valuable in determining the reorientational 
mechanism since the environment o f  the m olecule and the 
forces on the m olecule can be significantly altered without 
changing the kinetic energy o f the molecules.

In this paper the deuterium sp in-lattice relaxation 
times o f the two selectively deuterated benzyl cyanides, 
benzyl-4-di cyanide (I) and a,a-dideuteriobenzyl cyanide
(II), are measured as a function o f  pressure. T he relaxa-

i  n
tion tim e o f I gives a measure o f the overall reorientation 
o f the m olecule, while the relaxation tim e o f II reflects 
both  the overall m olecular reorientation and the internal 
rotation o f the CD 2CN  group. The choice o f benzyl cyanide 
is based on a study by  W allach 1 3  in which it has been 
shown that the internal m otion o f  CH 2CN in m ethylben- 
zyl cyanide proceeds at a rate com parable to  the overall 
molecular m otion and, thus, may be described by a rota
tional diffusion m odel. Using reported deuteron quadru
pole coupling constants, the experimental sp in-lattice re
laxation times, T i, are analyzed in terms o f  the rotational 
diffusion constants for overall molecular, D m , and inter
nal, D i, rotation. The activation volum es for D m and D i 
are calculated.

Experimental Section
7 i  M ea su rem en ts . T he pulsed nm r spectrom eter and 

the high-pressure rf probes were described in detail else
where . 1 4  A  Varian V-3800-1 high-resolution magnet sys
tem  equipped with superstabilizer and shim coils was 
used. The rf probe was m ade from  the titanium  alloy IM I- 
680 (Imperial M etal Industries, England), and the pres
sures were generated with an Enerpac hand pum p and in- 
tensifier and measured directly by  means o f  a Bourdon- 
Heise gauge. A  50:50 mixture o f kerosene and 10W  motor 
oil was used as a pressure transm itting fluid. T he tem per
ature was controlled to  ±0 .2 ° at 30° and ±1 .5 ° at 150° by 
means o f a heating jacket surrounding the probe, and 
measured with a copper-constantan therm ocouple inside 
the probe. The samples were degassed in a freeze-pu m p- 
thaw cycle and were transferred to  the high-pressure sam 
ple container in an oxygen-free argon atmosphere in a 
glovebox . 1 8

T he relaxation tim es were measured at 9.2 M H z using a 
180° - t- 90° pulse sequence with the magnetization being 
plotted as a function  o f r to  obtain T\. Since the signal- 
to-noise ratio varied from  6 :1  to  about 3 :1 , a Fabri-Tek 
M odel 1074 signal-averaging com puter was used, with the 
sample being allowed to  equilibrate 1 0  times T i between 
pulse sequences. T he error in T i measurements is esti
mated to  be from  4 to  6 %.

V iscosity. The pressure dependence o f the viscosity was 
determined with a high-pressure rolling-ball viscometer 
which has been described elsewhere . 8  The roll tim es were 
consistent to  within ± 1 % ; but since the density o f  the liq
uid had to  be estimated, a sm all error (less than 3%) was 
introduced. This error is minor because the viscosity de
pends on the difference o f  the density o f  the steel ball and 
the density o f  the liquid; but since the density o f  the ball 
is m uch greater than the liquid, the density difference 
changes by only 4% over the 3-kbar range (based on known 
densities o f  other liquids). Thus, even estim ating the den
sity o f the liquid will reduce this error considerably.

M ateria ls. Benzyl-4-di cyanide was prepared from p -  
brom otoluene by  form ing the Grignard reagent and hydro
lyzing with deuterium oxide. The resulting toluene-4-di 
was purified by distillation and brom inated at the a  car
bon as given in ref 16. The bromine was then replaced by 
cyanide as described in ref 17. a,a-D ideuteriobenzyl cya
nide was prepared by  refluxing benzyl cyanide in a m ix
ture o f  60% m ethanol-di and D 20  in the presence o f a 
small am ount o f  K O H .

A  chem ical purity o f  >99%  for both  com pounds was es
tablished by gas chrom atography. M ass spectra showed 
the deuteration to  be 90% com plete for benzyl-4-di cya
nide, and high-resolution proton nm r showed 70% com 
plete deuteration for a ,a-dideuteriobenzyl cyanide.

Results and Discussion

T he relaxation times o f  benzyl-4-di cyanide (I) are 
shown in T able I. T o  calculate the reorientational correla
tion tim es for the overall molecular m otion (r =tm; see eq 
1) a quadrupole coupling constant is needed. Recent stud
ies1 8 - 1 9  o f the ring deuterons in m onosubstituted benzene 
derivatives indicate that the coupling constants are rela
tively insensitive to  substitution on the ring having a 
value o f 180 ±  5 kH z for a num ber o f  substituted ben
zenes. The asym metry parameters were also measured1 9  

and found to  be small (0.04-0.06). On this basis a quadru
pole coupling constant o f 180 kHz was used in the calcula
tions and the asym metry parameter was neglected.

The experimental results for the overall molecular m o
tion are given in T able I in terms o f an overall molecular 
rotational diffusion constant, D m , where D m =  1 /6 tm . 
These values indicate the large variation that occurs in 
the rate o f  reorientation in going from  30° and 3 kbar to 
150° and 1 atm . Also shown in T able I are the theoretical 
diffusion constants, (DM)theor, predicted by  the hydrody
nam ic m odel2 0

(-DM)theor =  k T / 6 V MT]f R (2)

where Vm is the molecular volum e, y  is the viscosity in 
poise, and /r is the m icroviscosity factor as given by Gier- 
er and W irtz . 2 1  The molecular volum e (1.37 X 1 0 '2 2  c c /  
m olecule) was obtained from  the density (1.05 g /c c )  o f 
benzyl cyanide at its melting point and assuming hexago
nal close packing. These theoretical rotational diffusion 
constants are in reasonably good agreement with the ex
perimental values. This supports the validity o f  our as-
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TABLE I: Experimental Deuteron Spin-Lattice Relaxation Times and the Calculated Rotation Diffusion Constants

Dm X 1 0 -10, Di X 1 0 -'° ,
radian2/sec radian2/sec

P, bars
7*1 (ring), 

sec 7], CP Expt Theor
-  T1 (CD2CN), 

sec tm/Terr D i (eq 3) Eq 4 Theor

T =

oOco

1 0.134 1.78 1.47 1.75 0.422 1.93 4.15 5.62 8.45
500 0.139 2.51 1.11 1.24 0.320 1.93 3.13 4.24 6.01

1000 0.106 3.46 0.846 0.902 0.242 1.92 2.39 3.23 4.35
1500 0.030 4.64 0.641 0.672 0.183 1.92 1.81 2.45 3.25
2000 0.060 6.42 0.480 0.486 0.138 1.93 1.35 1.83 2.34
2500 0.0455 8.68 0.364 0.359 0.105 1.94 1.03 1.39 1.73
3000 0.0343 12.1 0.274 0.258 0.079 1.94 0.77 1.05 1.25

T = 150°
1 0.878 0.460 7.03 9.48 1.70 1.63 12.37 19.3 45.8

500 0.749 0.611 6.00 7.14 1.51 1.69 11.79 17.7 34.5
1000 0.638 0.771 5.11 6.13 1.34 1.76 11.24 16.4 27.7
1500 0.547 0.946 4.37 4.61 1.19 1.83 10.71 15.1 22.3
2000 0.465 1.14 3.72 3.82 1.06 1.92 10.38 14.1 18.5
2500 0.398 1.35 3.19 3.23 0.940 1.98 9.62 12.8 15.7
3000 0.339 1.60 2.71 2.73 0.837 2.07 9.13 11.9 13.2

sum ption that the overall molecular reorientation o f ben
zyl cyanide can be regarded as a sm all-step diffusion pro
cess.

In our previous study8 we have introduced the differ
ence between the activation volum es for rotation and ii/T  
as a qualitative measure o f the degree o f coupling between 
the rotational and translational motions. The value of 
A V* for D m  is quite close to  A V* for -q/T and this reflects 
a strong coupling between the rotational and translational 
m otion o f the benzyl cyanide m olecule. This finding also 
suggests that the overall molecular reorientation is well 
described by sim ple rotational diffusion over the entire 
temperature and pressure range.

The relaxation times o f a,a-dideuteriobenzyl cyanide 
(II) are also given in T able I. T o  determine the effective 
correlation tim e (retr) for this m otion ( i .e ., overall plus in
ternal rotation), a coupling constant o f  165 kH z as deter
m ined for toluene22 was used. From the ratio o f tm to  r eff 
it is seen that the correlation tim e o f the a  deuterons is 
only about one-half as long as tm at both  30 and 150°. It is 
interesting, however, that this ratio remains constant as a 
function  o f  pressure at 30° while at 150° it varies with 
pressure beyond experimental error.

Since there are only two correlation tim es available to 
interpret the molecular motions, som e assumptions re
garding the reorientational m otion are required. I f  it is as
sumed that the m olecule as a whole reorients isotropical
ly, its rotation can be described by a single diffusion con
stant D m  (D m  =  1/6tm). Then if the internal reorientation 
can be represented by an independent diffusion constant, 
H i, describing the reorientation o f the CD2CN group rela
tive to the ring, the following expression13 is obtained

rM ["% sin4 9 3 cos2 9 sin2 9

Te ff LI +  \ p  1 +  VbP _!
y4(3  cos2 9 -  l ) 2]  (3)

where 6 is the angle between the axis o f internal rotation 
and the carbon-deuterium  bond (taken to  be 109.5°) and p 
is D i / D m .

One could also approxim ate benzyl cyanide as a sym 
m etric top with a sym m etry axis through the 1 and 4 ring

carbons. M otion  about the axes perpendicular to  this 
“ sym m etry”  axis could then be described by a single d if
fusion constant, D m - I f it is also assumed that the motion 
o f CD2CN is independent o f the reorientation o f the ring 
about the sym m etry axis, the following expression23 is ob 
tained

tm sin4 9 3 cos2 9 sin2 9

= L %p + y, + %p + % +
Yi( 3 cos2 9 — 1)2J (4)

where p is D i '/ D m - The usual convention is to  denote by 
D ±  the rotational diffusion constant for the rotation about 
axes perpendicular to the main sym m etry axis. In our case 
we take D u =  D m - T he rotational diffusion constant H, 
for the rotation about the main sym m etry axis is taken 
equal to  Hi'. The sole reason o f using the given form  o f eq 
3 and 4 in terms o f the ratio Tu/rett was to obtain  a con 
venient measure o f how the rate o f the internal rotation 
compares with the rate o f  the overall m olecular rotation.

T he quantities D i and D i'  obtained from  these two 
treatments differ slightly in their interpretation. The d if
fusion constant, H i, obtained from eq 3 describes the m o
tion o f the CD 2CN group relative to the isotropic m otion 
o f the m olecule while eq 4 gives the diffusion constant, 
Hi7, describing the rate o f reorientation o f the group about 
the sym m etry axis. W hen the value o f TM/rett becom es 
large (about 3.5) both models give essentially the same 
value o f p as would be expected. For exam ple, in toluene 
the Hi and Hi7 are the same since the m otion o f the m eth
yl group is very fast when com pared to  the overall m olec
ular rotation. For a value o f TM/rett =  1.93, eq 4 gives a 
value o f Hi7 that is 1.35 times as large as that obtained 
from eq 3. Due to the approximations involved in both  
models, however, the internal rotational diffusion con
stants calculated can only be regarded as estimates o f the 
exact value, but they should at least give a good indica
tion o f the true behavior.

Both models predict that if  TM/rett is constant, p is 
constant and therefore D m and Hi have identical pressure 
dependences. Thus, at 30° Hi appears to be strongly cou 
pled to viscosity (Figure 1), while at 150° this is no longer
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Figure 1. Pressure dependence of the rotational diffusion con
stants Dm (O), Di' (d), and (DM)theor ( — ) in liquid benzyl 
cyanide at 30°.

TABLE II: Activation Parameters

Quantity
A  E*

kcal/mol
A V *  (30°), 
cc/mol

A V * (150°), 
cc/mol

D m 3.31 14.4 41.2

D i ' 2.5 14.4 5.5

V / T 3.61 16.2

true (Figure 2). The values of D i and D i' as obtained from 
eq 3 and 4 are listed in Table I along with the theoretical 
values predicted by the hydrodynamic model for a sphere 
having the volume of the CH2CN group (24.9 cc/mol) . 24 

We are aware of the oversimplification in this calculation, 
but it can be regarded as a zero-order approximation. The 
value of the microviscosity factor /r (see eq 2) was taken 
to be 0.113. This is different than the value /r for a neat 
liquid (0.163) and arises by considering the radius of the 
CH2CN as representing a solute and the radius of the 
benzyl cyanide molecule as representing a solvent. The 
agreement between the two values at 30° is quite reason
able considering the nature of the calculation, but at 150° 
they deviate substantially. This seems to indicate that the 
internal rotation is no longer of a small-step diffusional 
nature. Table II shows that the activation volumes AV* 
for Dm and D\ are identical at 30° but at 150° the activa
tion volume for the overall molecular diffusion is much 
larger than that for D i'.  This is analogous to our earlier 
finding9 in toluene-rig where at 100° the A V * ( D m ) was 
three times as large as AV*(Di). Again, these results re
flect the difference in functional torques connected with 
the overall and internal rotation and also indicate the 
presence of inertial effects influencing the internal rota
tion at higher temperatures.

As a measure of the applicability of the small angle 
rotational diffusion model, a quantity x has been intro
duced by several authors.2®-6 ’25 This quantity is the ratio 
of the time required for reorientation in the liquid to the 
theoretical reorientation time of the free rotor, that is

X = (5/18 D d (k T / I i )m  (5)

where D i and u  are the diffusion constant and the mo
ment of inertia about the ith axis, respectively. In their

Figure 2. Pressure dependence of the rotational diffusion con
stants Dm (O), Di' (□), and (DM)theor ( ---- ) in liquid benzyl
cyanide at 150°.

Figure 3. Temperature dependence of the deuteron T-i in com
pounds I (O) and II (Cl).

study, 6 Gillen and Noggle have tentatively proposed the 
following limits on x indicative of the various reorienta
tion mechanisms

X < 3 inertial region
3 < x < 5 intermediate region
5 < x diffusion region

Using the value of 1.88 X 10" 38 g cm2 which is the mo
ment of inertia of the CD2CN group about the symmetry 
axis, x at 30° ranges from 7.2 to 39 at 1 atm and 3 kbars, 
respectively; hence, diffusional reorientation is predicted. 
At 150°, x ranges from 2.5 to 4.1 over the same pressure 
range and therefore inertial effects can be expected to in
fluence the reorientational motion of the CD2CN group, 
particularly within the lower pressure region.

For comparison purposes with the values obtained by 
Wallach for methylbenzyl cyanides, the temperature de
pendences of the relaxation times at 1  atm were also de
termined and are shown in Figure 3. The activation ener
gy of 2.93 kcal/mol obtained for a,a-dideuteriobenzyl cya
nide (II) agrees well with the value of 2.88 kcal/mol that 
we calculate from Wallach’s data on the nitrogen-14 relax
ation times in neat benzyl cyanide. Both eq 3 and 4 show 
Arrhenius-type behavior for In D i as a function of 1/T
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with activation energies of 2.3 and 2.5 kcal/mol, respec
tively.
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I n t e r a c t i o n  b e t w e e n  C r y s t a l  V i o l e t  a n d  P o l y ( m e t h a c r y l i c  a c i d )  i n  A q u e o u s  S o l u t i o n s .  I .  

R e s u l t s  f r o m  S p e c t r o s c o p i c  M e a s u r e m e n t s  a n d  D i a l y s i s

W. H. J. Stork, P. L. de Hasseth, W. B. Schippers, C. M. Körmeling, and M. Mandel*

Gorlaeus Laboratoria der Rijksuniversiteit, Afdeling Fysische Chemie III, Leiden, The Netherlands (Received January 29, 1973)

It is shown with the help of spectroscopic and dialysis experiments that Crystal Violet can be bound to 
poly(methacrylic acid) at all degrees of neutralization («') and also to the completely undissociated poly
electrolyte. Binding is complete for solutions in which a'Cp/Cq has a value between 1.0 and 1.5 (where 
C<j is the concentration of the dye in molarity and Cp the concentration of the polyelectrolyte in equiva
lents per liter) and no unbinding is observed for larger values of this ratio. The shape of the absorption 
spectrum of the bound dye, the position of the maximum, and the absorption coefficient at this maxi
mum all depend on Cp/Cd and a '. The fluorescence quantum yield of the dye is found to be very large 
for Crystal Violet bound to the completely undissociated polyelectrolyte but to decrease with increasing 
a ' reaching values of the order of magnitude comparable to the very small quantum yield of free violet
for a ' > 0.40.

1. Introduction

During the last decade much attention has been paid to 
the interaction between dyes and biological macromole
cules. 1  * * * It has become clear, however, that this binding is a
complicated physicochemical process. Thus even for the
extensively investigated nucleic acid-Acridine Orange sys
tem many points remain to be solved. In view of this sit
uation the study of the interaction between dyes and syn
thetic polyelectrolytes becomes interesting. So far only a 
few of such studies have been carried out and these often 
yield conflicting conclusions.

In the present investigation a description of the binding 
between the cationic dye Crystal Violet (CV) and poly- 
(methacrylic acid) (PMA) has been attempted. The latter 
is a weak polyacid and was chosen because of its conforma
tional transition, from a compact to an extended mean

conformation, upon ionization.2-4 Thus the influence of 
ionic strength, polymer charge, and conformation on the 
binding of the dye could be studied as well as the influ
ence of bound dye on the conformation of PMA. On the 
other hand, CV is a dye that exhibits in the presence of a 
polyelectrolyte an enhanced fluorescence analogous to the 
previously investigated Auramine-O. 5

Several techniques were applied to study the binding of 
CV to PMA. Absorption and fluorescence spectroscopy 
and equilibrium and sedimentation dialysis were used to 
determine the extent of binding. Results obtained by 
these methods will be presented in this part of the paper. 
The influence of bound dye on the conformational transi
tion of the polymer was assessed by potentiometric and 
viscosimetric titrations. This will be presented in part II, 6 

together with a general discussion of all the results ob
tained.
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A few papers on the interaction between PMA and dyes 
have been published.5-7 In these papers the binding is al
ways investigated spectroscopically. Conflicting conclu
sions were drawn however. Some authors claim to have 
proven that dyes bind only to the compact conformation5 

whereas others state that binding can occur at all values 
of the degree of ionization, i.e., to both conformations. 7 

Our results clearly demonstrate that CV binding to PMA 
occurs over the whole range of degree of ionization but 
that this binding has a stabilizing effect on the compact 
conformation of PMA. Furthermore some interesting 
changes in the spectroscopic properties of CV upon bind
ing to PMA were observed.

2. Experimental Section
a. Materials. Atactic PM A  was prepared and fractionat

ed as described previously.2 In all experiments a fraction 
was used which had a molecular weight of 1.3 X 106 by 
viscosimetric determination according to Wiederhom and 
Brown.8 Nmr measurements on its methyl ester indicate 
the presence of 10% isotactic, 40% heterotactic, and 50% 
syndiotactic triads, using methods described in the litera
ture.9 Solutions of PMA were prepared with conductance 
water (p > 10 6 12 m) and different concentrations obtained 
by dilution from a concentrated solution. Concentrations 
were determined potentiometrically. Different degrees of 
neutralization were obtained by adding known amounts of 
O.lMNaOH.

Crystal Violets j[4-[bis[p-(dimethylamino)phenyl]methy- 
lene]-2,5-cyclohexadien-l-ylidene]dimethylammonium 
chloride) of commercial origin (U.C.B.) was purified as 
described elsewhere.10 It decomposes slowly and was 
therefore stored at low temperature and in the dark. 
Checks on the purity were performed regularly. In dilute 
aqueous solutions and at pH ~7 CV is completely disso
ciated in the monovalent dye cation (D+) and Cl- ; these 
solutions are moderately stable. At low pH, D+ can bind 
one or two protons. Lautsch, et al.,11 have found from 
spectroscopic studies that the dissociation constant of 
D+H+ is 1.09 X 10- 2  M  and of D+H22 into D+H+ is 1.56 
X 10- 1  M. This implies that at pH 3.5 the dye is almost 
completely present as D+ as was confirmed by Soda and 
Yoshioka.12 In alkaline solutions CV reacts with OH- ; ac
cording to Goldacre and Phillips13 an equilibrium, charac
terized by a pK  = 9.36, is reached only slowly. In accor
dance with these results it has been found in the present 
investigation that the absorption and fluorescence spectra 
of CV solutions are independent of pH at 3.5 < pH < 8.0. 
Measurements on PMA-CV systems have, in general, 
been confined to this pH range.

At concentrations (Cd) higher than 10- 5  M  the CV cat
ion aggregates to form dimers and for Cd > 10- 3 M even 
larger aggregates, with a change in its absorption spec
trum, are formed. The dimerization constant was found10 

to be 6  X 102 M - 2  in water at 20°. This implies that at Cd 
= 10- 4  M  less than 10% of the dye is aggregated.

Other Materials. NaOH solutions (0.1 M )  were prepared 
from Fixanal and Merck ampoules with the usual precau
tions to avoid contamination by carbonate. Concentration 
was checked by titration with oxalic acid. NaCl was p.a. 
quality (British Drug House). For buffers only chemically 
pure materials were used.

b. Techniques. Absorption spectra were determined 
with a Zeiss PMQ II spectrophotometer using calibrated 
glass or quartz cuvets (Dordchem), thermostatted at 20°.

Adsorption of the dye, especially to ground surface and 
luted interfaces, was found to cause important experimen
tal error. Pretreatment cf the glassware and rinsing of the 
cuvets with the solutions to be investigated was not suffi
cient to completely reduce this induced adsorption error. 
The nonreproducibility and inaccuracy of the results was 
therefore found to be slightly larger than to be expected 
on the basis of the performance of the equipment.

Fluorescence measurements were performed at 20° with 
the Zeiss PMQ II spectrophotometer with fluorescence at
tachment ZFM 4 and a Hanau St. 75 mercury lamp. As 
CV solutions (excited az 18,300 cm-1) exhibit a fluores
cence maximum near 13.000 cm- 1  a Philips 150 CVP pho
tomultiplier tube (with S-l response) was used; power was 
collected from a John Fluke 412 B high-voltage power 
supply (1700 V). This photomultiplier was fixed in a spe
cially constructed cryostat.14 Cooling by Dry Ice-acetone 
mixture gave a tenfold improvement of the signal/noise 
ratio. Background emission, such as Raman scattering or 
fluorescence from solvent and cuvet, proved to be negligi
ble for all solutions investigated. In order to obtain fluo
rescence data from the photomultiplier output current a 
number of corrections must be made.15-17 Fluctuations in 
the mercury lamp intensity and in the photomultiplier 
sensitivity were eliminated by performing measurements 
relative to a standard supplied by Zeiss. Primary absorp
tion effects were eliminated by measuring fluorescence 
through the front surface. Corrections for the spectral sen
sitivity of the instrument were calibrated with standards 
of known absolute fluorescence spectra.18-20 From correct
ed spectra the quantum yield 4> was obtained by compari
son with the spectrum of a 10- 3 M  quinine sulfate solu
tion in 0.05 M  H2SO4, assuming for the latter2 1 -22 <f> = 
0.55.

Sedimentation dialysis experiments were performed in 
two different ways. Some results were obtained with a 
Beckman Spinco E analytical ultracentrifuge with photo
electric scanner at 20° and 42,040 rpm. Here the sedimen
tation process could be closely followed and from the de
pendence of the absorption on the distance from the rota
tion center the amount of bound dye could be calculated 
using the concentration of the dye in the polymer-free 
phase (neglecting activity coefficient corrections). A dye 
absorption calibration isotherm was obtained with poly
mer-free CV solutions under the same experimental con
ditions and was used for the correction of the sedimenta
tion results for absorption effects. These were relatively 
important and the accuracy in the determinations at 
small free dye concentrations was low.

Most experiments were performed using a Beckman L 11 
preparative ultracentrifuge (40-in. rotor) during runs of 45 
hr at 20° at 36,000 rpm. Under these conditions all macro- 
molecular components had settled to the bottom of poly- 
allomer centrifuge tubes and the free dye concentration 
could be measured spectrophotometrically on an aliquot 
of the supernatant liquid, assumed to be in equilibrium 
with the polymer phase. Here also a calibration isotherm 
for the adsorption of dye to the tubes was determined; the 
adsorption effects were large and moreover poorly repro
ducible. No systematic difference between the results by 
both methods were detected.

Equilibrium dialysis experiments were also performed 
in limited number because CV adsorbed very strongly on 
the dialysis bags and tubes. The best results were ob
tained with Sigma 250-11 dialysis sacks prewashed to re
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move inhibitors. After washing in water and removal of 
the water the sacks were filled with 25 ml of a polyelectro
lyte-dye solution and closed by means of a knot. Each bag 
was placed into a glass tube containing 25 ml of the poly- 
electrolyte-free dye solution. The tubes were gently shak
en in the dark at 20° for 24 hr, a period which was found 
to be sufficient for the attainment of equilibrium in the 
most extreme cases. Polymer leakage did not occur. The 
concentration of the dye outside the sacks was determined 
spectroscopically. Corrections for the adsorption of the 
dye were applied as above and the influence of activity 
coefficients was neglected.

3. Results
a.. Absorption Spectroscopy. The spectroscopic results 

in the visible region where the free dye absorbs (15,000 < 
a <  22,0 0 0  cm-1) ascertain that strong binding between 
CV and PMA occurs. A characteristic set of absorption 
spectra for a series of PMA-CV solutions (in the presence 
of NaCl) at constant degree of neutralization (a') is shown 
in Figure 1. At constant Cd and salt concentration (C9) 
but increasing PMA concentrations (Cp, in moles of mo
nomer per liter) definite changes in the spectrum of the 
dye are observed. For a'C p < Cd the absorption at the 
maximum of the free dye (16,900 cm-1) decreases at the 
expense of a new maximum at larger wave numbers. For 
a'Cp > Cd a spectral shift to lower wave numbers of this 
new maximum occurs, the spectra remaining different 
from the free dye spectrum. This general behavior has 
been found at all values of a' investigated (0 .1  < a' < 1 ) 
both in the presence of 2 X 10' 3 M  NaCl and in the ab
sence of salt. It may be ascribed to binding of CV to 
PMA, the bound dye absorbing at higher wave numbers 
than the free dye.

The spectra in each series at constant Cd and a' converge 
with increasing Cp/C d ratio to the same limiting curve in 
the region 15,000 < a <  17,200 cm- 1  around the maxi
mum of the free dye, at least up to a'Cp/Cd < 3. This 
limiting curve is generally reached for values a'Cp/Cd ~
1.5, as seen in Figures 2 and 3. These plots suggest that 
the binding is complete for a'Cp/Cd > 1.5 and that the 
dye does not return to the unbound state when for a'C p/ 
Cd > 1 the spectral shifts are observed at larger o. It 
may rather be assumed that the latter are due to changes 
in the absorption spectrum of the bound dye. The slight 
increase in the apparent absorption coefficient e = E/Cdl 
(where E is the optical density and l the pathlength) in 
the region 15,000 < <r <  17,200 cm- 1  which is observed at 
certain a ’ values for a'Cp/Cd > 3, is probably also due to 
this effect rather than to a release of dye, as can be seen 
from the shape of the spectra.

From the convergence of the spectra in the region
15,000 < a < 17,200 cm- 1  it may be concluded that the 
limiting curve represents the spectrum of the bound dye 
with absorption coefficient eb. For every value of Cp the 
fraction /  of dye bound to PMA can be calculated using 
the linear relation

« = co + (eb -  eo)/ (1 )
Here co is the absorption coefficient of. free CV obtained 
from the absorption spectrum of polymer-free dye solu
tions.10 A plot of (c -  c0) against (cb -  c0) yields straight 
lines indeed (Figure 4), the slope of which represents f. 
The standard deviation in the slope of these lines is equal 
to or smaller than 0.02. The absolute error of f  may, how-

Cp (10‘‘m )

Figure 1. Absorption spectra of CV-PMA solutions: Cd = 9.7 X 
10-5 M, CNaci = 2 X 10~3 M, different concentrations Cp, a '  
= 0.40.

ever, be somewhat larger due to the uncertainty of cb and 
the error on co and c. Values of /  for solutions at different 
Cp and a' are plotted against a'Cp/Cd in Figure 5. For Cd 
~ 10 _ 4 M  the influence of 2 X 10~3 M  NaCl on the 
values of f  is negligible as can be seen in Figure 5. It fol
lows from these f  values that binding can become com
plete (/ = 1 ) for all values of a' and that the value of 
a'Cp/Cd where f  reaches unity is lower the smaller a'.

The maximum of the spectrum of the dye in the region
17,000 < a < 20,000 cm- 1  for solutions in which a'Cp/Cd 
<1.5 (where /  = 1) shifts to higher wave numbers and 
lower maximum c with increasing a' (Figure 6 ). An analo
gous effect is observed for PMA-CV solutions of constant 
Cp and Cd but increasing a' (Figure 7). These effects 
show that the state of the bound dye, as revealed by its 
absorption spectrum, depends on Cp/Cd and the number 
of dissociated groups along the chain and will be discussed 
in more details in parr; II.

A systematic investigation has been carried out to es
tablish whether the absorption of the PMA-CV systems 
show any time dependence, particularly in view of some 
results of poly(acrylic acid)-CV solutions reported by 
Soda and Yoshioka,23 and some of the effects found in the 
potentiometric titration of PMA-CV solutions in the pres
ent work (see part II6). Within experimental error no sig
nificant time effects were observed.

b. Dialysis Experiments. The binding of CV to PMA 
was also investigated by sedimentation dialysis. Here it 
was assumed that the concentration of free dye in the so
lution above the macromolecular boundary (analytical 
centrifuge) or in the supernatant liquid (preparative ul
tracentrifuge) as determined spectrocopically at a =  
16,900 cm- 1  corresponds to the concentration of the free 
dye in equilibrium with the dye bound to the polyelectro-
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a'Cp/Cp

Figure 2. Apparent absorption coefficient t of CV at 16,900 
cm-1 vs. a'Cp/Ca for various values of a' (O, 0.25; □, 0.50; 
#,0.75; ■, 1.00): Cd = 1.15 X 10~4M.

1.001
e

(1051 mol*1 cm'1) 

0 .5 0 -

0-1------------- 1------------- 1------------- 1------------- 1------------- r~
0  0 .5  1.0 1.5 2.0 2.5

a’Cp/Co

Figure 3. Apparent absorption coefficient t of CV at 16,900 
cm-1 vs. a'Cp/Cd in the presence of NaCI, Cs = 2 X 10-3 A4, 
for different values of a' (O, 0.25; A, 0.40; □, 0.65; V, 0.74); 
Cd = io -4/w.

lyte. The concentration of bound dye /Cd could thus be 
calculated from the original total dye concentration, cor
rection for the adsorption to the ultracentrifuge cell being 
taken into account using the adsorption calibration iso
therm. Experiments were carried out at different values of 
a ’ and constant NaCI concentration (Cs = 2 X 10" 3 M ) to 
reduce Donnan, effects. In Figure 8 some values of /  are 
shown obtained for PMA-CV systems of constant Cd and 
variable Cp at two different a' values. For sake of compar
ison f  values from absorption spectroscopy are also repre
sented in the same figure together with the results from 
equilibrium dialysis. The latter were obtained with buff
ered solutions of ionic strength 2 X 10 _ 3 M  at pH 6 .8 , cor
responding to a' = 0.4 (phosphate buffer: 0.71 X 10- 3  M  
KH2PO4 + 0.54 X 10- 3  M  Na2HP0 4 ). Here also correc
tions for adsorption effects were applied. Although there is 
considerable scattering of the experimental points in Fig
ure 8 , presumably due to errors induced by the strong ad
sorption of CV, the agreement between the results ob
tained by the three methods is satisfactory.

Experiments with solutions of Cp = 1.94 X 10-4  equiv 
l .-1  and Cd = 0.97 X 10~4 M  at a ' =  0.65 but three dif
ferent concentrations of NaCI yielded /  = 0.87 (Cs = 2 X 
1 0 -3 M ), 0.82 (Cs = 5 X 10 -3 A0, and 0.78 (C8 = 2 X 
10“ 2 M ), demonstrating that the sodium ion or the ionic 
strength has only a slight effect on the binding of CV to 
PMA (particularly in view of the large uncertainty of the f  
values obtained with this method). This is in accordance 
with the spectroscopic results.

For a' = 0.10 all solutions investigated (Cd = 10" 4 M, 
Cs -  2 X 10- 3  M, Cp < 6  X 10" 4 equiv l._1, sedimenta
tion experiments) yielded f  = 1 , i.e., complete binding of 
the dye. This could indicate binding of CV in slight excess 
to the negative charge of the polyelectrolyte. Therefore

Figure 4. Plots of (e3 -  e) vs. ( i0 -  eb) of CV-PMA solutions: 
Cd = 10~4 M, CNaci = 2 X 10-3 M; different concentrations 
of Cp (Cp X 1 0 - 4: # , 3.10 M; ■, 2.33; V, 1.94; A, 1.45; □, 0.97; 
O, 0.49);«' = 0.40.

1.0 -,

0.5 -
. ¿ r

S ' y

/ M i

0.5 1.0 1.5
a’Cp/CD

Figure 5. Fraction f of bound dye vs. a'Cp/Cd from spectro
scopic results for different values of a ' in the absence of addi
tional salt (#, 0.25; T, 0.50; A, 0.75; ■, 1.00) or in the pres
ence of NaCI, Cs = 2 X 10“ 3 M (O, 0.25; V, 0.40; A, 0.65; □, 
0.75).

some sedimentation experiments were performed in PMA 
solutions acidified with HC1 to ensure absence of dissocia
tion for the carboxylic groups. The results, shown in Fig
ure 9, clearly demonstrate that binding of CV occurs to 
nondissociated PMA.

c. Fluorescence Spectroscopy. In aqueous solution Crys
tal Violet is almost nonfluorescent. The fluorescence of a
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Figure 7. Absorption spectra of CV-PMA solutions of corstant 
Cd/Cd for different values of a'-, Cp =  1.18 X 1 0 ~3 M, Cd =  
1.15 X 10- 4 M.

Figure 10. Quantum yield 0  (arbitrary units) of CV-PMA solu
tions; Cd “  1.2 X 10~4 M, Ci — C h c i I ^ 2/Cp =  oi' (A, Cp =  
4.73 X 1 0 -3 W; O, Cp =  4.65 X 1 0 -3 M).

4 0 0 0 - ,

10

f(a '.0 .65 )

■0.5

0

Figure 8. Fraction f of bound dye vs. a 'C p/Cd obtained from 
different measurements at a '  =  0.40 (O, spectroscopy; □ , sed
imentation; A , equilibrium dialysis) and a '  =  0.65 (• , spec
troscopy; ■  , sedimentation; ▲, equilibrium dialysis).

Figure 9. Fraction / of bound dye vs. Cp for acidified solutons 
(Chci/C p =  2:2) by sedimentation experiments; Cd =  9 X 
1 0 -5 M, CNaci =  2 X 10-3 M.

solution 1.20 X 10“ 4 M  is barely measurable with the 
equipm ent used in this investigation; the quantum  yield 
was estim ated to  be 0  =  8 X 10 - 8 by the m ethod de-

f ia - 0 .4 0 )

1.0

20 .aCpiCo

>p

3 0 0 0 -

04------ ,-------1------ ,------ ,------ ,-------1------ ,------ r-
0  2 0  4 0  6 0  8 0

Cp/CD

Figure 11. Quantum yield (arbitrary units) of CV-PMA solutions 
vs. Cp/Cd at different charge densities; Cd =  1.2 X 10-4  M  
(• , C h c i / C p , 0.5; O, a '  = 0; O, a '  = 0.2; A , a '  =  0.4; V, a '  
=  0.6).

scribed in section 2b. The addition o f P M  A  to  a CV solu
tion m ay result in a large increase in the quantum  yield. 
The fluorescence spectra o f solutions Cd =  1.2 X 10-4  M  
and variable Cp, measured at different a '  values or in  the 
presence o f an excess HC1, were measured. T h e spectra 
exhibit a m axim um  at 13,000 c m -1 . Variation o f a '  or Cp 
generally affects only the magnitude o f 0  but does not 
alter the shape o f the spectrum. Quantum yields calculat
ed from  the m axim um  o f the fluorescence spectrum , at 
constant Cd and Cp, are shown in Figure 10 as function  o f 
the am ount o f  N aO H  or HC1 added. Here again binding o f 
C V  to undissociated P M A  may be assumed in view o f the 
large values o f  <j> observed in the presence o f HC1. It was 
checked rather extensively whether these fluorescence 
properties exhibit any tim e dependence. N o system atic 
effects were observed.
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The sharp decrease of $ with increasing a ' to values of 
the same order of magnitude as for a polymer-free CV so
lution was also reported by Anufrieva, et al.,5b for PMA- 
Auramine-0 solutions. As this decrease occurs more or 
less in the a ' range where the conformational transition of 
PMA in a dye-free solution is observed, 2  these authors 
concluded that dye is bound only to the compact confor
mation of PMA (low a ')  and, when bound, exhibits an en
hanced fluorescence intensity because of the high local 
viscosity in the polymeric region. In view of the results of 
section 3a and 3b it can be concluded, however, that in 
the region where <t> tends to low values most of the dye 
molecules are still bound to the polyelectrolyte in our ex
periments as a'Cp/Cd < 1.5. Hence the change in fluores
cence should be due to other effects. In Figure 11 the 
change of the quantum yield with increasing Cp/Cd for 
different states of ionization of the polyelectrolyte has 
been presented (for some systems with high <j> the results 
of repeated experiments have been given to indicate the 
scattering due to experimental error). At low Cp/Cd, 
where f  is small, all curves converge to the value of <p for a 
PMA-free CV solution. The increase of <f> with increasing 
Cp/Cd strongly depends on the degree of neutralization.

4. Conclusions
The results from absorption spectroscopy and dialysis 

reveal that (a) Crystal Violet can be bound to PMA at all 
values of a ' and even at the completely undissociated 
macromolecule; (b) the fraction f  of dye bound to PMA 
increases with increasing a'Cp/C d ratio; (c) the value of /  
= 1  is reached for 1.0 < a'Cp/Cd < 1.5 and no dye returns 
to the solution as unbound molecules for larger values of 
this ratio.

The binding of CV to PMA is accompanied by an im
portant modification in the absorption spectrum, the 
maximum of the bound dye spectrum being always at a 
larger wave number than observed with the free dye spec
trum. The shape of the spectrum of the bound dye, the 
position of the maximum, and the value of e at this maxi
mum all depend on Cp/Cd and a'.

The quantum yield of the fluorescence of PMA-CV so
lutions measured under conditions where f  ~  1 may be 
assumed was very large in the presence of strong acid and 
decreased with increasing a ' reaching for a ' > 0.4 values 
of the order of magnitude comparable to the very small 
quantum yield of polymer-free CV solutions.

A discussion of these results will be presented in part 
H6  of this paper.
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The binding of Crystal Violet to poly(methacrylic acid) (PMA) strongly affects the macromolecular 
properties of the poly electrolyte. The apparent dissociation constant for a given concentration of the 
polyelectrolyte (Cp) and net degree of charge (a -  r) decreases with increasing dye concentration for (a 
-  r) < 0.5. The region in which the conformation transition of PM A occurs is broadened and is less 
sharply defined as compared to dye-free solutions. The viscosimetric titration curves of PMA in the pres
ence of Crystal Violet are shifted to higher values of the degree of dissociation a  and the limiting specific 
viscosity at high a  is considerably lowered with increasing dye concentration. The discussion of all exper
imental results on the binding of Crystal Violet to PMA reveals that the binding of the cationic dye 
probably does not occur at the carboxylate group but is strongly affected by the charge of the polyelec
trolyte. This binding is very strong and under most experimental conditions explored the average num
ber r of dye molecule bound per monomeric unit, which is found to be close to a , is maximal. No evi
dence is found for the formation of localized dimers of bound dye molecules. Although Crystal Violet 
strongly binds to both conformational states of PMA and modifies their macromolecular characteristics 
binding to the compact, low a , state seems to be more stable.

1. Introduction

In part I of this paper1 it has been shown, with the help 
of spectroscopic and dialysis experiments, that crystal vio
let (CV) can be bound to poly(methacrylic acid) (PMA) 
at all different degrees of neutralization a '  and also to the 
completely undissociated polyelectrolyte. The properties 
investigated were essentially those of the dye molecule. In 
this part two macromolecular properties of the acid disso
ciation equilibrium and the viscosity of polyelectrolyte- 
dye systems will be examined as function of a ' and CV 
concentration (Cd). A general discussion of all experimen
tal results will conclude this paper.

2. Experimental Section
Some potentiometric titrations were performed with a 

Radiometer automatic titration apparatus (TTT Titrator 
in conjunction with a SBR 2  Titrigraph and a SBU 1  Sy
ringe buret). Radiometer G 202 C glass electrodes and K 
401 calomel electrodes were used. Titrations were per
formed in a nitrogen atmosphere at 20°. In view of occur
ring time effects (see below) most titrations were per
formed by preparation of separate solutions of different 
degree of neutralization, the pH of which was measured 
after a fixed equilibration time by the equipment de
scribed above.

Viscosimetric measurements were performed automati
cally with the aid of a Viscosimeter Reader, equipped 
with a Printing Counter VR-P2 (both manufactured by 
Rehovot Instruments, Israel). Two Ubbelohde viscosimet
ers with flow times for water of 49.3 and 94.4 sec at 20.00 
± 0.02° were used. All solutions were prepared separately.

3. Results

a. P o ten tio m e tr ic  T itrations. The potentiometric titra
tion of PMA in the presence of dye molecules exhibited 
several unusual features. First, titrations of PMA-CV so
lutions with NaOH in the presence of a slight excess of 
neutral salt (NaCl) were found to have a marked time de

pendence, contrary to PMA without dye under the same 
experimental conditions. The pH of PMA-CV solutions 
neutralized to the required value of a ' after mixing dye 
and polymer (dye-before-neutralization procedure, DbN) 
decreases for a period of several hours after preparation of 
the solution (especially near a ' = 0.5). The pH of solu
tions prepared by adding CV to previously (partially) neu
tralized PMA solutions (neutralization-before-dye proce
dure, NbD) does n o t  change with time however. Further
more the titration curves, obtained with a set of equal so
lutions but prepared according to both, procedures, were 
different after equilibration for more than 2 0  hr in the 
dark. Exhaustive equilibration was performed and found 
not to alter this conclusion.

At identical a ! the solutions prepared according to the 
DbN procedure always had a larger pH, the difference 
(ApH) being dependent on the Cd/Cp ratio (Cp repre
senting the conceptration of PMA in equiv per 1  liter), and 
largest in the a ' region where the polyacid in the absence 
of the dye exhibits a conformational transition.2 In gener
al 0.1 < ApH < 0.3. It was found that preparation of the 
solutions in a third way, completely neutralizing the 
PMA-CV system with NaOH and subsequently acidifying 
with HC1 to the required a ', yield pH values correspond
ing to those of the NbD procedure.

Some titration curves of PMA at constant Cd obtained 
by the DbN and the NbD procedure are presented in Fig
ure 1  to show that the qualitative features are the same in 
both cases (solutions with high Cd/Cp ratio could not al
ways be investigated at low a '  due to precipitation phe
nomena). Both sets of titration curves demonstrate that 
the presence of the positively charged CV in creases  the 
pH of partially neutralized PMA solutions with respect to 
a CV-free PMA solution over a large range of a ' values. 
This is contrary to the effect generally observed with 
small metallic cations, which also occurs with CV at low 
a ', where according to the results obtained in part I only a 
fraction of the dye is bound ( f  <  1 ).
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Figure 1. Potentiometric titration curves of PMA-CV solutions: 
Cp = 7.84 X 10~4 M, CNaci = 2 X 10“ 3 M.

According to the polyelectrolyte theory3-5 the titration 
curve of a weak polyacid in a salt solution, where no spe
cific binding interferes with the dissociation of the acidic 
group and interactions along the chain are negligible, can 
be represented by the following equation

tj _ T7- * , a  ,0.434 f d F e\
pH p K 0 + log i - a *  k T  \ d Z j  (1)

Here K o  is an intrinsic dissociation constant of the acidic 
group on the macromolecular chain, a  is the degree of dis
sociation of the group proportional to the number (Z ) of 
charged groups on the polyelectrolyte, and F e represents 
the electric free energy of the system which can be related 
to the mean electrostatic potential around a polyion as 
found by an extended Debye-Hiickel treatment for poly
electrolytes. 6 In general the polyelectrolyte correction fac
tor (dFe /dZ) will depend strongly on the charge of the po
lyion and the ionic strength (i) of the solution. If the poly
electrolyte undergoes, in the course of the titration, a con
formational transition from a characteristic mean confor
mation to a coil-like state then eq 1  equally applies to 
each part of the titration curve where the polyacid is com
pletely in either of both states, each characterized how
ever by different value of K o  and a different expression for 
F e. Expression 1  must be modified if specific binding of 
cation occurs to the negatively charged carboxylate groups 
as was discussed extensively by Harris and Rice. 7 If bind
ing affects a conformational transition in the course of the 
titration the theoretical treatment of such cases becomes 
much more complicated.

For the titration of PMA in the presence of CV it may 
be assumed that the binding of the dye to the macromole
cule does not occur at the carboxylate groups as it has 
been shown that this binding is also possible to complete
ly undissociated PMA (see part I). This is confirmed by 
the finding that the pH increases upon binding. Therefore 
the dissociation of the carboxylic groups on the polyelec-
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Figure 2. Change of the apparent dissociation constant K  with 
the net degree of charge (a — r), Cp = 7.84 X 10-4 M, CNaci 
= 2 X 10-3 M, NbD procedure: Cd = O, 0; □, 5 X 10“5 M\ 
A, 10-4 M; V, 1.5 X 1 0 M.

trolyte should, in a first approximation, be influenced by 
dye binding only through the change of the net charge 
density of the polyion and its influence on (dFe/dZ). Thus 
eq 1  may still be used as far as interactions between dye 
molecules and dye molecules carboxylate groups along the 
chain may be assumed negligible. In each point of the ti
tration, curve pK  =  pH + log (1 -  a ) /a  (where K  is the 
apparent dissociation constant) can be calculated with the 
help of the degree of dissociation a (obtained from a' with 
a correction for the autodissociation of the polyacid). Also 
the net degree of charge (a — r) may be known if the av
erage number of dye molecules bound per monomeric 
unit, r = /Cd/Cp, is estimated from the spectroscopic re
sults of part I. In Figure 2 values of pK  for three different 
PMA-CV systems (prepared according to the NbD proce
dure) are compared to the pK  of PMA without dye at 
equal net degree of charge. Only values corresponding to 
(a -  r) > 0 have been used and points for PMA-CV solu
tions with pH >8 have been omitted in view of the possi
bility for dye hydrolysis. Note that in practically all sys
tems a,Cp/Cd > 1.5 so that f  = 1.

Inspection of Figure 2 reveals that for (a — r) <  0.5 the 
pK  at a given net degree of charge increases with Cd/Cp 1 
and that the region of conformational transition, in the 
dye-free PMA system characterized by a plateau in the 
pK  values, is smeared out over a much larger region of de
gree of charge and less sharply defined. It must, therefore, 
be assumed that the mean conformation of both states of 
PMA and the transition are strongly affected by binding 
of CV, a result that is confirmed by the viscosimetric 
measurements presented below.

b. Viscosimetric Titrations. These are represented in 
Figure 3 for solutions of the same composition as used in 
the potentiometric experiments. It was established that 
the way in which the solutions were prepared did not af
fect the results. The existence of time dependence was 
checked and found to be small except in cases where deg
radation of the dye occurs, at high pH.

The curves of Figure 3 demonstrate that the overall 
shape of 4sp vs. a', characteristic for the PMA system ex
hibiting a conformational transition, is conserved but that 
the influence of CV on the change of the specific viscosity 
with o' differs greatly from the effect of NaCl of equal 
ionic strength, thus indicating a strong interaction. Fur
thermore with increasing Cd not only the viscosimetric ti-
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Figure 3. 4gp vs. a '  for PMA-CV solutions, Cp =  7.84 X 10 4 
M .

Figure 4. itsp vs. (a — r) for PMA-CV solutions (same compo
sition as in Figure 3).

trations curves seem to be shifted to higher a' values but 
the limiting V s p  at high a '  is considerably lowered. This 
last effect is not observed when strong interaction of a 
cation with PMA is known to take place at the negatively 
charged carboxylate group, as is, e.g., the case for Cu2+ 
ions.8 These results thus support the assumption that CV 
is not directly bound to the carboxylate groups and fur
thermore prove that no unbinding of the dye occurs at 
high a', as already found from the experiments in part I. 
If 4sp is plotted against (a -  r) analogously to the treat
ment of the potentiometric results, the curves shown in 
Figure 4 again demonstrate that electrostatic effects only 
cannot be responsible for the change in viscosity with in
creasing Cd. Also, as for the potentiometric results, the 
influence of bound dye on the mean conformation of both 
states and the conformational transition is clearly visible 
through the lowering of 4sp and the change in the shape of 
the curves with increasing Cd/Cp.

4. Discussion
We shall present here a general discussion of all the ex

perimental facts both from this paper and from part I. In 
the latter it was concluded that strong binding occurs be
tween CV and PMA at all degrees of neutralization (and 
even for the completely uncharged polyelectrolyte). The 
potentiometric and viscosimetric results support this con
clusion and indicate an influence of the dye binding on

1.0-1
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4 _ . j _ - - . - 4 ------------ } ------------

S— ä-------------

--------------

0  °-5  10 dCp/CD 15

Figure 5. Average number of dye molecules bound per mono
meric unit, r, as function of a 'C p/Cd (Cd = 10-4  M; CNaci =  2 
X 10~3 M) for various values of a ’ (O, 0.25; □ , 0.40; A, 
0.65). Also represented are values of r for solutions with same 
Cd and a ’ =  0.25 but without salt (• ).

1.0-1

Oi--------------------1------------------- 1------------------- 1
O 0.5 1.0 1.5

Ct'Cp/CD
Figure 6. Average number of dye molecules bound per mono- 
meric unit, r, as function of a 'C p/C d (Cd =  1 0 -4 M ) for various 
values of a ' (• , 0.75; ■ , 1.00; O, 0.74 in the presence of 
NaCI, CNaci =  2 X 1 0 -3 M).

the conformations of the polyion. All experimental evi
dence points to the fact that domain binding, which can 
occur with small monovalent cations, cannot be responsi
ble for the effects observed. Neither is specific binding of 
the dye to the carboxylate groups to be expected. Under 
these conditions representation of the binding data with 
the help of binding isotherms would be advisable. From 
our experimental results no such curves can be derived 
however. If the number of dye molecules (r) bound on the 
average per monomeric unit, which may be evaluated 
with the help of the fraction f  of bound dye obtained from 
the analysis of the spectroscopic data, is plotted against 
a'Cp/Cd for solutions of constant Cd and a' for which /  < 
1 (Figures 5 and 6) the curves show that for all solution 
where a ' <  0.65, r remains practically constant with in
creasing Cp. This would indicate that for these experi
mental conditions binding is so strong that r is probably 
equal to its maximum value rmax, which is of the same 
order of magnitude as a'. For higher degrees of neutraliza
tion r increases with increasing Cp and a limiting value 
seems to be reached for a'Cp/Cd > 1.0 only. However, in 
view of the fact that for high a '  the pH may become larg
er than the lower limit above which hydrolysis of the dye 
may occur (pH 8), the latter results should be considered 
with proper precaution. More experiments, to be per
formed under much more difficult conditions, are needed 
to gain information about the shape of the binding curves 
which may be assumed to deviate considerably from a 
simple Langmuir isotherm. Such an isotherm applies only 
to the case of localized binding of independent particles. 
Deviations will therefore occur if (a) the binding constant 
changes with the charge of the polyion; (b) interactions
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between bound dye molecules are not negligible; (c) bind
ing of the dye influences the conformational statistics of 
the macromolecule; (d) multilayer adsorption is not to be 
excluded; and (e) different kinds of binding mechanisms 
are possible. For the PMA-CV system at least the first 
three of these effects cannot be excluded, as will be shown 
below, and no prediction can be made about the shape of 
the binding isotherm.

The influence of the charge of the polyion on the bind
ing curve may be ascertained from the fact that the frac
tion of bound dye at constant Cp/Cd strongly depends on 
a' (see Figure 5 of part I) and from the dependence of 
rmax on a' at constant Cd. This is not in contradiction 
with the conclusion reached previously that CV does not 
bind to the charged carboxylate groups and that probably 
nonelectrostatic interaction forces between PMA and CV 
should principally be responsible for the dye binding. The 
interaction between the dye particles and PMA could be 
split into two parts; on one hand, the dye cations are at
tracted electrostatically to the negatively charged polyion, 
increasingly with increasing a ';  on the other hand, 
nonelectrostatic interactions stabilize the binding. It is 
not to be excluded that a marked difference in the 
strength of the latter exists between the two PMA confor
mational states. In case the dye ions would be bound in 
excess to the electric charge of the polyion the electrostat
ic attraction between polymer and dye changes into a re
pulsion. Depending on the strength of the nonelectrostatic 
attraction and its range compared to the electrostatic re
pulsion this will result eventually in a situation where fur
ther binding of dye molecules is not favored, thus yielding 
rmax ~  Electric repulsion probably also limits the 
amount of dye that can be bound to the completely un
charged PMA. The existence of strong nonelectrostatic in
teractions is supported by results of Barone, e t  al.,9 who 
found from solubility measurements that alkanes and 
polycyclic aromatic hydrocarbons bind to PMA but only 
at low a'. This binding was found to be stronger for aro
matic hydrocarbons than for alkanes and to increase with 
increasing molecular weight. However, no binding of these 
compounds was found in the case of poly(acrylic acid) 
(PAA) in contrast to what is observed with CV . 10

As it is known that CV associates in aqueous solutions10 

at concentrations as low as 10" 4 M , it may be assumed 
that strong interactions along the chain between the 
bound dye can occur. This is confirmed by the spectro
scopic results of part I which show that the spectrum of 
the completely bound dye may change with increasing 
a'C p/C a  or, at constant a'C p/C d , with a '. From the fact 
that 1  > rmax ~  a ' it follows that, at equilibrium, the 
bound dye molecules will probably be distributed over all 
the monomeric units and that it is likely that binding to 
monomeric units bearing a charged carboxylate group will 
be favored due to the lowering of the electrostatic poten
tial energy which results from the localization of the cat
ionic dye in the neighborhood of the anionic charge. The 
mean distance between two neighboring bound dye mole
cules along the chain is thus expected to be proportional 
to l/ ra '. Inspection of the spectroscopic results for sys
tems where / = 1  shows that, at constant Cd and a ',  the 
maximum of the spectrum of the bound dye is shifted to 
lower wave numbers with increasing Cp in accordance 
with the fact that the free monomeric dye in aqueous so
lutions has its absorption maximum at a lower wave num
ber than the dimer. 10 Analogously it is found that, at con-

20,000 

°max - 
18,000

-  -  _ _ ■ O«^ V------cP- -«

0 10 20 30 40 _ 50CPo'CD
Figure 7. Wave number of the absorption maximum (a max) of 
bound dye vs. the mean distance between two neighboring 
bound dyes, proportional to Cp/a 'C d, for PMA-CV solutions of 
various compositions (O, a 'C p/C d =  1.5, different values of a ';  
•  , a!Cp/Cd — 1.85, different values of a ';  A, Cd =  10~4 M 
different Cp, a ' =  0.74; □, Cd = 10~4 M, different Cp, a ! = 
0.40; V, Cd =  10~4 M, different Cp, a ' =  0.25; ■ , Cd =  1.1 X 
10~ 4 M, Cp =  1.2 X 10~ 3 M, different values of a ') .

Figure 8. Change of fluorescence quantum yield 4> and i)sp with 
a' for PMA-CV solutions (O, 4> for Cp = 9.3 X 10-4 M, Cd = 
1.2 X 10“4M; □,D.sp forC p = 7.8 X 10~4/W, Cd = 10~4M).
stant Cp and Cd, the maximum shifts to higher wave 
numbers with increasing a ' as is also the case if a'Cp/Cd  
is kept constant at a value f  >  1.5 (and the mean distance 
between bound dye molecules will be proportional to 1 / 
a '2). If, as is done in Figure 7, the wave number of the ab
sorption maximum <rmax is plotted against l/ ra ' = Cp/ 
a 'C d  for a large number of different systems satisfying the 
condition / = 1 , a single curve is obtained which extrapo
lates to (7 = 2 0 ,0 0 0  cm- 1  for Cp/a'Cd  ~” 0 , a value which 
is larger than the absorption maximum of the free dimer 
of CV in aqueous solution.10 The existence of such a sim
ple curve without discontinuities favors the assumption of 
interaction between bound dye molecules along the chain 
with respect to the hypothesis of the formation of local
ized dimers of adsorbed dye molecules as proposed by 
Bradley and Wolf1 1  or of the multilayer absorption. The 
former is also evident from the absence of a single isosbes- 
tic point in the spectra of bound dye (Figures 1, 6 , and 7, 
parti).

As discussed already above, the viscosimetric results re
veal that the presence of bound dye on the PMA chain re
sults in the following effects (besides reducing the net 
electric charge): (a) the conformational transition occurs 
over a greater range of (a  — r) and, on the average, at 
higher values of this parameter, relative to the polyelec
trolyte without bound dye; (b) the conformations at high 
values of (a -  r) is characterized by a lower value of ’Igp 
than corresponds to the polymer without dye. These re
sults indicate that the binding of CV leads to a stabiliza
tion of the compact conformational state of PMA and that 
the conformational state of PMA at high ( a  — r) values is 
also considerably changed by dye binding. Although these 
conclusions are qualitatively confirmed by the potentio-
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metric results the latter do not lend themselves to a quan
titative analysis of the influence of the binding of CV on 
the difference in free energy of both conformational states 
of PMA in view of the disappearance of a clearly defined 
region of conformational transition in the pK  vs. (a — r) 
curves and the difficulty to take into account dye binding 
in the theoretical expression for the titration curve. Thus, 
as is the case in the binding curves, no thermodynamic 
quantities can be derived from our results.

The experimental data on the fluorescence of the PMA- 
CV systems show an important decrease in the quantum 
yield <f> with increasing a'. As has already been pointed 
out in part I this decrease cannot be due to unbinding of 
the dye as was proposed by some authors. It should rather 
be ascribed to a change in the behavior of the bound dye. 
Obviously a CV molecule bound to the uncharged poly
electrolyte or to the polyion at low a', when optically ex
cited, is in a less favorable condition to lose its excess 
energy through a radiationless mechanism (quenching) 
than when bound to the polyion at high a'. The two most 
probable effects underlying this interesting phenomenon 
could be (a) either a change in the conformation of the 
CV molecule itself with increasing a' (e.g., from a copla- 
nar conformation to a less rigid one) due to direct dye-dye 
interaction along the chain or (b) the change of the mean 
conformation of the polyion with increasing a' enhancing 
the possibility of different quenching mechanisms to be
come effective. We feel that the latter explanation is the 
more probable as it is found (Figure 8) that the decrease 
in 4> progresses parallelly to the conformational transition 
accompanied by an increase in rjsp. The unfolding of the 
PMA molecule with increasing a ' makes new degrees of 
freedom available to the bound CV molecule and in
creases the possibility of quenching the excited dye 
through interactions with the solvent.

So far we have not discussed the experimental finding 
that the pH of a PMA-CV solution depends on the way it 
has been prepared. Most probably this effect is connected 
with the conformational transition of PMA and the influ
ence of the dye binding on this equilibrium. This is sup
ported by results showing that no such effect is found for 
PAA-CV solutions and that in the presence of ordinary 
ions no apparent irreversible behavior is observed for 
atactic PMA. On the other hand, only hydrogenion activi
ty seems to be affected as the properties of the polyelec

trolyte (viscosity) and of the dye (spectra) do not exhibit 
any marked time effect or dependence on the preparation 
procedure. The observation that time effects are apparent 
only for the case in which neutralization follows the addi
tion of dye and that the pH in that case always converge 
toward the values obtained by the two other procedures, 
without reaching them completely, however, at the lower 
range of a' values, favors the interpretation that in the 
latter the true equilibrium situation is obtained. Appar
ently in the former case domain binding of the H+ is en
hanced with respect to the real equilibrium conditions but 
in this stage of the experimental investigation no explana
tion can be advanced. Further experiments, including the 
influence of temperature, are necessary in that respect.

Summarizing we may conclude that CV strongly binds 
to both conformational states of PMA but, apparently, 
binding to the compact (low a) state is more stable. This 
binding not only influences the properties of the dye mol
ecules but affects concomitantly the macromolecular 
characteristics of the PMA. A detailed picture of the 
binding is still lacking as no statements can be made on 
the exact sites to which the dyes bind or of the nonelec- 
trostatic interactions stabilizing the binding; both van der 
Waals forces and hydrophobic bonding may contribute. 
The attainment of a more detailed description is also se
verely hampered by our ignorance on the structure and 
stabilization of the PMA conformations itself.

In a subsequent paper the interaction between Aurom- 
ine-0 and PMA will be discussed.
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Figure 3. Lippert equation plot for f-BuOH-hexadecane pmr 
data taken at 30°: O, n =  2; A, n = 3; □, n =  4.

order n  is present. In Figure 3 experimental OH proton 
chemical shift data at 220 MHz for t-BuOH-Hx (and 
Hx-d) solutions at 30.5° are plotted using values of n =  2, 
3, and 4 in eq 10. All three of the lines show some degree 
of curvature indicating the presence of more than one 
polymer. The only line which does not approach the ordi
nate exponentially is that for n  = 3 indicating that the 
low concentration behavior is more nearly third order 
rather than second or fourth. It might appear that the lin
earity of the fourth-order plot at higher concentrations 
suggests that species higher than tetramer are not pres
ent. This is an erroneous conclusion. By using chemical 
shifts of reasonable magnitude we constructed a set of 
synthetic pmr data for a 1-3-6 equilibrium. A plot of 
these synthetic data with n  = 4 is exactly analogous to the 
fourth-order plot of experimental data in Figure 3. We 
conclude that pmr data plotted in this fashion will not 
provide a satisfactory determination of the highest-order 
polymer in the system. The insensitivity of analyses of 
pmr data for alcohol solutions to species higher than tet
ramer has been previously commented upon. 29

In the low concentration region (down to 0.003 M )  the 
Lippert equation suggests trimer as the predominant 
bonded species. In order to test the sensitivity of this plot 
to the presence of dimer in the presence of trimer we con
structed a similar plot for n  = 3 from synthetic data over 
the range 0.0025-0.07 M  alcohol. Several 1-2-3 equilibria 
were computed using the same chemical shift value for 
dimer and trimer. Figure 4 shows the calculated curves 
compared with experimental data. It is readily apparent 
that this method of plotting pmr data is quite sensitive to 
a small concentration of dimer in an assumed trimeric 
equilibrium, and that the experimental data are incom
patible with even a modest amount of dimer.

The problem of extracting the true least-squares values 
of both equilibrium constants and chemical shifts from 
only pmr data on self-associating systems where more 
than one complex is formed may be solved only with ex
treme difficulty. For a description of the equilibria involv
ing two complexes five parameters are required— mono
mer chemical shift, two complex shifts, and two equilibri
um constants. This number of parameters can possibly .be 
reduced to two by extremely careful work on dilute solu
tions, i.e., determining the monomer shift by extrapola
tion to zero concentration and finding the slope and inter
cept of the Lippert plot. However, this procedure places a 
great deal of weight on the low concentration data. We 
find the monomer shift by extrapolation but make use of

I7
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Figure 4. Comparison of third-order plots of theoretical 1-2-3  
equilibria with low concentration f-BuOH pmr data at 30°.

the equilibrium constants obtained from the vapor pres
sure data to remove these two parameters in fitting the 
pmr data.

In fitting the t-BuOH-Hx pmr data with K z  and K s  
from the vapor pressure data the following chemical shift 
expression is used.

v„b8d =  (v i c a  +  3 K 3v 3C a3 +  6 K 6veCA6) l  / A (12)

Formal alcohol concentration is represented by the fol
lowing equation.

/A = CA + 3 K 3 C a 3 +  6  K 6 C a 6 (13)

To fit the pmr data with the 1-3-® models requires 
that allowance be made for the formation of either linear 
or cyclic complexes. In previous use of the 1-2- °° model to 
fit pmr data for amide solutions the assumption was made 
that all complexes are chain polymers with an end N-H 
whose proton has essentially the chemical shift of the mo
nomer. 18 If we use this assumption to treat the present 
pmr data with eq 7 the following chemical shift expression 
is obtained

ï̂ obsd - [ * A  +
K 3Ca3 

(1 - K X a )
» 1  +

( K zCa\ 3  -  2KJCa) _  K 3Ca3 \ ]
V (1-ÍC„CA)2 (1 - K J C a) )  / / a (14)

The term K 3 C a 3 / ( 1  -  K „ C a ) represents the total end 
group concentration, vi' can be assumed equal to the 
value of iq  found by extrapolation, or i»T can be treated as 
a parameter to be determined in the least-squares fitting 
routine. A different chemical shift expression using eq 7 is 
obtained if the trimer is possibly structurally different 
from the higher polymers, (e .g ., the higher polymers are 
cyclic and the trimer is linear)

í'obsd — [ , A  +  3 K 3v 3C A3 +

( K 3Ca3(3 -  2 K X a) 
\  (1 -  K X a) 2

(15)

In this representation the trimer has a unique chemical 
shift and the chemical shift of all higher polymers is con
stant. Another chemical shift relation may be obtained 
using eq 8  and again considering that the chemical shift of 
higher polymers is constant and the trimer has a unique 
shift
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TABLE V: RMSD’s and Chemical Shifts for Various Fits of f-BuOH-Hexadecane Pmr Data“

T, °C

2 1 .0 30.6 39.0 49.5

RMSD (ppm) (eq 14) 0.08 0.06 0.04 0.03
v i '  (14) - 2 .8 6 -5 .4 0 -6 .9 7 -9 .0 8

(14) 7.18 ±  0.326 7.77 ±  0.32 3.12 ±  0.31 8.74 ±  0.33
RMSD (eq 15) 0.060 0.043 0.032 0.025
* 3  (15) 3.37 ±  0.11 2.95 ±  0.09 2.69 ±  0.08 2.42 ±  0.08

(15) 5.48 ±  0.08 5.41 ±  0.08 5.32 ±  0.07 5.32 ±  0.09
RMSD (eq 16) 0.063 0.045 0.033 0.026
«'s (16) 3.60 ±0 .1 1 3.10 ±  0.09 2.81 ±  0.07 2.50 ±  0.08

(16) 5.47 ±  0.09 5.40 ±  0.08 5.27 ±  0.08 5.22 ±  0.09
RMSD (1-3 -6) 0.070 0.058 0.044 0.039
vs (1 -3 -6 ) 4.03 ±  0.07 3.57 ±  0.06 3.30 ±  0.05 3.10 ±  0.06
vs (1 -3 -6) 5.51 ±  0.11 5.47 ±0 .1 1 5.37 ± 0 .1 0 5.31 ±  0.13

a Monomer chemical shift of f-BuOH in Hx -d  is 0.622 ±  0.003 ppm. b Calculated chemical shifts are in opm from TMS as internal reference.

I'obsd =  3 K 3V ; P \  +

( d  -  k j c A)  - 3 X 3Ca3) - ^ ] / / a (i6)

The results of fitting the t-BuOH pmr data to these 
equations—using equilibrium constants from the vapor 
pressure data—are shown in Table V. Equation 14 is seen 
to be a poor representation of the data since i'T, the 
chemical shift for end groups, is found to have totally un
reasonable values, far from vi. With either eq 15 or 16 
good results are obtained, with the RMSD’s for the higher 
temperature data approaching the expected error in 
chemical shift. RMSD’s for the 1-3-6 model are signifi
cantly higher than for either of the 1-3- <*> models. It 
should be noted that the values in Table V are not the 
“true” least-squares values since those would only be ob
tained by minimizing the RMSD with respect to both 
equilibrium constants and chemical shifts. The values in 
Table V for eq 15 and 16 should not be greatly different 
from the true values because of the small RMSD’s.

There is an iterative mechanism—which we will not de
scribe in detail—for obtaining a very close approximation 
cf the true least-squares fit of pmr data with the 1-3-6 
model. The resulting values from this process show an 
RMSD for data at each temperature of about 0.02 ppm 
but the equilibrium constants are significantly different 
from those K 3 and Ke values from vapor pressure data. In 
particular, the ifeipmr) is larger than X6(vp) and the 
.Ksipmr) is smaller than /^(vp) and approaches the 
■K̂ vp) for the 1-3-=° models. Our conclusion is that the 
1-3-6 model will not fit both vp and pmr data for t- 
BuOH-Hx solutions within experimental error while using 
the same values of equilibrium constants. It appears that 
either of the 1-3- <*> models provides better correlation of 
both vp and pmr data.

Infrared Data Treatment and Results

Figure 5 shows the infrared spectrum of Hx-d in the 
3700-3200-cm” 1 region and a representative spectrum of a 
solvent compensated f-BuOH solution. In marked contrast 
to the work of Fletcher, et al., on the infrared spectra of 
alcohol-hydrocarbon solutions in the first overtone re
gion, 6 -30 we find that in the fundamental OH stretching re
gion the spectra of i-BuOH-Hx-d solutions are quite analo
gous to spectra of alcohol-CCU solutions.11 Three bands ap-

Figure 5. Infrared survey spectra at 25° on Digilab FTS-14 
spectrometer: trace I, 1.25-mm path, n-Ci6D34 vs. air, 300 
averaged scans; trace II, 1.25-mm path, ~0.09 M  f-BuOH in 
n-Ci6D34i solvent compensated, 300 averaged scans.

pear at the approximate frequencies 3624, 3510, and 3350 
cm- 1  with possibly a fourth band near 3400 cm-1. The 
bands at 3510 and 3350 cm- 1  shift to higher frequency 
with increasing temperature. Additionally the monomer 
absorptivity of t-BuOH decreases by about 10% when the 
temperature is raised from 25 to 45°.

Table VI (deposited) 15 presents absorbances measured 
for solutions of f-BuOH in U-C16D34 at 25, 35, and 45° to a 
maximum concentration of ca. 0.85 M. Recorded absor
bances are primarily confined to those at the monomer 
stretching frequency of 3624 cm-1, but a few values of ab
sorbance at 3510 cm- 1  are also reported. Absorbances at 
3350 cm- 1  are not reported due to probable large errors 
since path lengths at which the 3624-cm“ 1 band can be 
optimally measured give rise to extremely low transmis
sion at 3350 cm- 1  for concentrations above 0.2 M  alcohol.

Because several different bands from various species are 
observed, ir spectra are qualitatively more informative 
than pmr spectra or vapor pressure data. The quantitative 
interpretation of the ir data depends, of course, on the 
correct assignment of the observed bands to the alcohol 
species present. In particular, we direct our attention to 
two spectral features: (1) the band at 3624 cm-1, which is 
certainly due in part, at least, to monomer, but may also 
contain contributions from nonbonded OH groups of chain
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Figure 6. Comparison of apparent monomer concentrations of 
f-BuOH in hexadecane at 35° from infrared data (A) and vapor 
pressure data (O) as functions of total f-BuOH concentration.

(open) polymers; and (2) the band at 3510 cm-1, which 
has usually been ascribed to dimer.

Of paramount importance in accurate use of ir data to 
seek a mathematical description of alcohol polymer for
mation is the possible presence of contributions to the 
3624-cm-1 band due to end OH groups of chain polymers 
at the monomer band. One previous quantitative consid
eration of end OH group contributions to the monomer 
band is that of Mecke,31 who concluded from a compari
son of monomer fractions of methanol in CC14 calculated 
from ir measurements and literature vapor pressure data 
that no extra absorption was present at the monomer 
band. However, the cancellation studies of Bellamy and 
Pace showed that at 0.2 M  methanol in CCU one or more 
chain polymers were present.32 A more easily interpreta
ble answer to the problem should result from the compari
son of ir data with vapor pressure data on an alcohol-sol
vent system in which the solvent vapor pressure is negligi
ble. We consider that one of the most important results of 
the present work is the direct comparison of apparent mo
nomer alcohol concentrations from two independent tech
niques.

Figure 6 presents a plot of the monomer concentration 
of t-BuOH in n-Ci6H34 determined from vapor pressure 
measurements and the “monomer” concentration of t- 
BuOH in n-Ci6D34 determined from ir intensity measure
ments at 3624 cm-1. The curves show good agreement at 
low alcohol concentration but diverge rapidly at higher 
concentrations, with the ir results giving higher apparent 
monomer concentrations. Note particularly that the mo
nomer concentrations from either measurement are inde
pendent of association model. Both values depend only on 
a distribution coefficient or an absorptivity determined 
from limiting behavior at infinite dilution. There is no ob
vious reason for the equilibrium constants for f-BuOH as
sociation to vary significantly between the deuterated and 
normal solvents. The observations that the limiting be
havior is identical within experimental error (also at 45°) 
from the vp and ir data and that solutions of comparable 
concentrations in the two solvents have compatible chem
ical shifts lend strong support to the view that there is no 
solvent effect large enough to account for the different 
curves.

We may examine the effect of most probable errors 
upon the vapor pressure data to determine whether these

could account for an erroneously low i-BuOH monomer 
concentration in solution. One source of error is vapor ad
sorption on the glass walls of the vapor pressure appara
tus. As infinite dilution is approached, adsorption will in
crease the extrapolated distribution coefficient. The pres
ence of unaccounted for vapor phase polymers at higher 
alcohol pressures will make the apparent vapor phase mo
nomer higher than its true value and consequently in
crease the calculated solution monomer. Thus, both of 
these errors would make the value of the monomer in so
lution, as calculated from vapor pressure data, higher 
than the true value. Adsorption on flask walls at higher 
alcohol pressures would tend to slightly compensate for 
vapor phase polymer formation. Moreover, it is highly un
likely that the sum of these effects could contribute more 
than 1% error to the determined vapor phase monomer. 
We therefore conclude that the significant difference in 
apparent monomer concentration measured by the vp and 
ir methods can hardly be rationalized except on the basis 
of an added contribution to the 3624-cm-1 band by the 
end hydroxyl group of a polymer or polymers.

We do not have sufficient proof to extend this result to 
infrared studies of other alcohol-solvent systems but we 
think that the possibility that previous infrared studies 
have overestimated monomer concentrations must be con
sidered seriously. In particular, this would give a reason
able explanation of the results of Dunken and Fritzsche,33 
who found that the model which best fit infrared data for 
various alcohol-CCU systems varied as a function of tem
perature.

Any least-squares analysis based on monomer absorb
ance must cope, then, with two additional problems: the 
absorptivity of the end group OH and the specific polymer 
or polymers contributing to the monomer band.

The 3510-cm-1 absorption of alcohol-CCU systems has 
customarily been assigned primarily to a dimeric species 
—either cyclic or linear, or a mixture of both. There have 
been few quantitative justifications of this assignment. If 
good agreement of our ir data for t-BuOH-Hx-d solutions 
with vp and pmr data is to be obtained, then this band 
must be either primarily due to a trimer or due to a dimer 
with an amazingly high absorptivity. The results of previ
ous fits of infrared data for certain alcohol-CCU solutions 
suggest that the 3510-cm-1 band could possibly be due to 
a linear trimer.7

The absorbance of the f-BuOH band at 3510 cm-1 can 
only be measured over a very limited concentration range 
before overlap from the band at 3350 cm-1 makes possible 
serious error. For our data, the upper limit is at a f-BuOH 
concentration of ca. 0.09 M  at 35°. Further, the band is 
very weak throughout the range 0.01-0.09 M t-BuOH 
compared with the 3624-cm-1 band. The low intensity of 
the 3510-cm-1 band makes the largest relative measure
ment errors in the concentration range below 0.03 M  alco
hol not due to low intensity alone but due to the neglect 
of overlap from the monomer band at 3624 cm-1. Assum
ing that the monomer band is symmetric and reflecting 
the high-frequency wing about the center of the 3624-cm-1 
band, we find that very large errors may be made by de
termining the % T at 3510 cm-1 from the base line-peak 
height distance and neglecting the background due to 
overlap from the monomer band.

Measurements of absorbances at 3624 cm-1 and at 3510 
cm-1 of t-BuOH-Hx-d solutions to a maximum concen
tration of 0.09 M  alcohol were made at 35°. After making
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Figure 7. Measured values of f-BuOH “dimer" absorbance quo
tient (O) compared with expected theoretical dependence for 
trimer only absorbing at 3510 cm -1  (— ).

the necessary background corrections the absorbance ratio 
A35io/(A3624)2 corresponding to a dimeric equilibrium was 
plotted as a function of monomer concentration, as shown 
in Figure 7. Rather than remaining constant, the ratio in
creases with monomer concentration, thus indicating that 
the band at 3510 cm-1 is due to a species higher than 
dimer. From one value of absorbance at 3510 cm-1 an as
sumed trimer absorptivity was calculated using K 3 at 35° 
from the vapor pressure data. The theoretical dependence 
of A35io/(A3624)2 was calculated, using this trimer absorp
tivity, the vapor pressure K 3 , and monomer absorbance 
data from other independent solutions at 35°. The result, 
plotted as the solid line in Figure 7, is a good representa
tion of the experimental data. We conclude that the de
pendence of the 3510-cm_1 band upon the monomer band 
at 3624 cm-1 is predominantly third order.

We wish now to utilize this information in making a 
least-squares fit of the absorbance data for the band at 
3624 cm-1, which represents both monomer and nonbond- 
ed (“end group”) OH. We know of no theoretical or exper
imental information which gives a clear estimate of the 
absorptivity of an end OH group, where the oxygen serves 
as a proton acceptor, relative to the absorptivity of the 
free monomer. It is reasonable to think that the absorptiv
ity ratio (end OH/free OH) ought to be not far removed 
from unity and that the ratio should increase upon trans
fer from a hydrocarbon solvent to a more polar solvent 
such as C C I 4 since the end OH is increased in “ acidity” 
relative to the free OH. Also, since the work by Bellamy 
and Pace32 indicated a lower frequency for the end group 
relative to the free we expect that the value of the absorp
tivity ratio at 3624 cm-1 will be lower than the actual 
ratio of absorptivities at the respective maxima.

The difference (P a ) between the true monomer concen
tration from vapor pressure data and the apparent value 
from ir (Figure 6) should be directly proportional to the 
concentration of a chain polymer or polymers with the 
proportionality constant being the ratio of end group ab
sorptivity to monomer absorptivity. We used the concen
tration of trimer and polymer from the 1-3- 00 fit of the 
vapor pressure data to check possible constant ratios. The

TABLE VII: RMSD’s and Equilibrium Constants for 1-3-°° Fits of 
f-BuOH-CieD34 Infrared Dataa

J-H
0 O FMSD, M k3, m ~2

25 Eq 7 0.0020 44.2 ±  1.2 4.78 ±  0.03
Eq 8 0.0023 46.4 ±  1.5 5.94 ±  0.04

35 Eq 7 0.0017 20.6 ±  0.5 3.23 ±  0.03
Eq 8 0.0018 21.3 ±  0.5 4.07 ±  0.04

45 Eq 7 0.0018 10.8 ±  0.4 2.29 ±  0.04
Eq 8 0.0018 11.0 ±  0.5 2.89 ±  0.05

a The absorptivity ratio (end OH/free OH) is set at 0.6 for each fit.

ratio of P a to vp trimer concentration is ca. 0.6; the ratio 
of P a to total polymer concentration (trimer plus all high
er polymers) is ca. 0.3; and the ratio of P a to polymer con
centration exclu d in g  trim er  was not constant. The ratio 
value of 0.3 resembled values calculated by Whetsel and 
Lady34 in their ir study of phenol self-association, where 
the assumption was made that all phenol complexes 
might have end groups contributing to the monomer 
band.

As a result of the varying ratio excluding trimer we con
clude that the trimer of t-BuOH must be a chain polymer 
and not a cyclic species. It is also apparent that the maxi
mum value we can obtain for the absorptivity ratio arises 
from a situation where all polymers higher than trimer are 
cyclic. In the absence of any evidence as to the true mag
nitude of the absorptivity ratio we will assume that the 
rato which is closest to unity is the most probable value.

With this assumption, the absorbance per unit length at 
3624 cm-1 is represented as

¿3624 = e°(CA + b K 3 C A3) (17)

where b is the absorptivity ratio. The formal concentra
tion of i-BuOH in Hx-d is given by either eq 7 or 8. With 
these expressions we used a two-parameter optimum seek
ing program7 to search for the best values of K 3 and 
for a particular assumed value of b with input data of mo
nomer absorptivity, absorbance at 3624 cm-1, and formal 
concentration.

The least-squares values of K 3 and K „  for infrared data 
at 25, 35, and 45° are given in Table VII. These values are, 
within about 10% error, comparable to the K  values from 
vapor pressure data. We think this to be very respectable 
agreement considering the additional problem of infrared 
overlap and the lower precision of infrared data. The b 
value of 0.6 should be considered only as an approxima
tion. The RMSD values for fits of the infrared data are 
not extremely sensitive to changes in b between 0.5 and 
0.7 but the equilibrium constants change significantly 
over this range.

Discussion

We begin discussion of this work with mention of sa
lient facts which may be deduced from the three sets of 
experimental data on t-BuOH-Hx solutions without re
course to either extensive assumptions or detailed mathe
matical treatment of the data.

The vapor pressure data may be analyzed qualitatively 
by constructing log-leg plots of polymer vs. monomer con
centration, using an extrapolated distribution coefficient. 
As in Figure 1, the initial slope of such plots is closely 
third order and increases rapidly at t-BuOH concentra
tions above 0.08 M , reaching a value of about 5 at the
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highest alcohol concentrations used in this study. Even at 
concentrations below 0.2 M  these data cannot be ex
plained by the assumption of a single monomer-rc-mer 
equilibrium.

Pmr data for t-BuOH-Hx solutions may be analyzed by 
use of the Lippert equation.27 The fact that only the 
third-order plot has a nearly linear intercept is strong evi
dence for trimer predominance in the very low concentra
tion region (Figure 3). The reversal of slope for the sec
ond-order plot is mathematically incompatible with the 
form of the Lippert equation. Additionally, although we 
have made no attempts to calculate a dimer constant by 
the limiting slope method, it is evident from a plot of 
chemical shift vs. concentration for pmr data near room 
temperature that a limiting slope cannot be defined until 
concentrations less than 0.01 M  t-BuOH are reached. We 
can find no evidence from these pmr data for dimer de
pendence at low concentration levels.

A comparison of infrared and vapor pressure data using 
only extrapolated monomer absorptivity and distribution 
coefficients clearly shows that the apparent monomer 
fraction from ir data is erroneously large, indicating ab
sorption at the monomer OH band by end OH groups in a 
chain polymer. Careful examination of the dependence of 
the 3510-cm-1 band upon monomer absorbance at 3624 
cm- 1  shows that the absorbance ratio corresponding to 
dimer dependence increases rapidly with alcohol concen
tration indicating that the 3510-cm“ 1 band is due to a 
species larger than dimer.

S ign ifican t D im er  C on cen tra tion ?  The present experi
mental data give no evidence for significant amounts of a 
f-BuOH dimer. This is a decided departure from prior 
work apparently giving strong evidence for the presence of 
dimers at low alcohol concentrations in CCI4 solution. It 
should be mentioned here that except in rare instances 
the presence of alcohol dimers has been assumed rather 
than experimentally proven.

Three types of measurements have given evidence for 
dimer formation in solution. Infrared measurements11 

which show a nonzero limiting slope of a plot of apparent 
monomer absorptivity vs. concentration have been inter
preted as evidence for dimer formation, as has a nonzero 
limiting slope for OH proton chemical shift vs. concentra
tion.26-35 Also, the apparent second-order dependence of 
absorbance near 3500 cm- 1  upon monomer alcohol ab
sorbance has suggested dimer formation in alcohol-CCU 
solutions.36 We will restrict discussion to the case of t- 
BuOH.

Recent infrared measurements in this laboratory on t- 
BuOH-CCU solutions have shown that the presence of 
trace amounts of water can adversely affect the measured 
absorptivity near 3618 cm- 1  for dilute i-BuOH-CCL solu
tions. The symmetric stretch of H2O occurs at about 3618 
cm- 1  in CCI4 solution. Using an absorptivity estimated 
from the work of Magnusson37 we calculate that at a t- 
BuOH concentration of 0.005 M  the amount of water nec
essary to cause a 1 % error in £m (in a positive direction) is 
less than 0.00015 M . In successive dilutions usually em
ployed using normal volumetric apparatus significantly 
larger amounts of water than this may be readily picked 
up from the atmosphere even if the original CCI4 is quite 
dry. Even a 1% error in the extrapolated monomer absorp
tivity (em°) translates into a dimer equilibrium constant 
of 2.0 M ' 1 at an alcohol concentration of 0.005 M . It is 
not inconceivable that the previous ir measurements re-

Figure 8. Chemical shift vs. concentration for f-BuOH-CCI4 so
lutions at 21°. Shifts measured at 220 MHz relative to TMS 
using Varian proton Fourier transform accessory; — , limiting 
slope which would be obtained by use of alcohol concentrations 
>0.05 M.

ported by Liddel and Becker1 1 for t-BuOH-CCU solutions 
were subject to this error.

The analysis of t-BuOH-CCU pmr data by the limiting 
slope method has been reported by Davis, e t  a l.26 The 
concentration range covered by these authors extended to 
a lower limit of ca. 0.05 M  alcohol. The limiting slope was 
established using concentrations between 0.05 and 0.20 M . 
We have obtained 220-MHz proton nmr data for t-BuOH- 
CCI4 solutions at 21° down to concentrations of 0.001 M  
alcohol. These data are plotted in Figure 8 . It is readily 
apparent that the limiting slope as defined by Davis, e t  
al., is much larger than the true limiting slope. The Lip
pert plot for these data shows the same behavior as the t- 
BuOH-Hx pmr data plotted in Figure 3, an approximate
ly linear intercept for the third-order plot and a physically 
meaningless slope for the second-order plot.

Infrared measurements for three alcohols in CCI4 solu
tion have been interpreted by Hammaker, e t  a l.,36 as giv
ing dimer dependence of the band near 3500 cm- 1  upon 
the overtone monomer OH band near 7100 cm '1. We 
think that there is one major experimental oversight in 
this work. Hammaker. e t  al., suggest that background 
from the tail of the monomer near 3600 cm- 1  is negligible 
at 3500 cm-1. From our work it is evident that ca. 40% of 
the absorbance at 3500 cm- 1  for low alcohol concentra
tions (ca. 0.02 M  f-BuOH) is due to background from the 
monomer near 3600 cm '1. We may combine the measure
ments of Hammaker, e t  al., with the maximum dimer 
constant we obtain from pmr data on f-BuOH-CCU solu
tions38 to calculate a dimer absorptivity. Using their value 
of 28.2 for the ratio dimer absorbance/(monomer absorb
ance)2 at 25°, a moncmer absorptivity of 2.1 (overtone) 
and our value of 0.25 for K 2 we calculate a dimer absorp
tivity of about 500.0 M ~ 1 cm-1. This absorptivity is un
realistically large but is most probably a lower limit since 
the limiting slope dimer constant from the pmr data is 
overestimated.

There are two effects which can combine to give appar
ent dimer dependence of the 3500 cm' 1 band if actually 
due to a chain trimer. Background absorbance at 3500 
cm- 1  from the wing of the monomer band increases the 
measured absorbance near 3500 cm- 1  by substantial 
amounts at low alcohol concentrations. At concentrations 
above about 0.05 M , contribution to the monomer band
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TABLE VIII: Thermodynamic Parameters for ferf-Butyl Alcohol Association in n-Hexadecane (A£d° =  “ 5.25 ±  0.02 kcal;° 
ASd° = -10 .7  ±  0.1 eu)

Model —A H 30, kcal/mol — A S 30, eu — A H œ°, kcal/mol -A S . eu

1 -3 -6  (VP) 13.4 ±  0.1 37.4 ±  0.4 31.8 ±  0.3(AH6°) 87.2 ±  1.0(AS6°)
Eq 7 (VP) 13.0 ±  0.1 36.6 ±  0.3 6.64 ±  0.08 19.3 ± 0 .3
Eq 8 (VP) 13.2 ±  0.1 37.1 ±  0.3 6.45 ±  0.06 18.2 ±  0.2
Eq 7 (IR) 13.4 ±  0.1 37.5 ±  0.3 6.99 ±  0.04 20.3 ±  0.1
Eq8 (IR) 13.8 ±  0.1 38.5 ±  0.4 6.85 ±  0.04 19.4 ±  0.1

“ Represents energy of solution for 1 mol of ferf-butyl alcohol from the ideal gas state to ideal unit molarity in n-hexadecane solution.

by the end OH group of a chain trimer (with an absorp
tivity approximating that of the t-BuOH monomer) effec
tively reduces the dependence of the absorbance at 3500 
cm-1 upon the monomer band.

In frared  F req u en cy  S hifts. One of the more perplexing 
questions arising from studies of the infrared spectra of al
cohol solutions has been the distribution of frequency 
shifts for associated species. Explanations for the small 
frequency shift (from the monomer) for the 3500-cm-1 so
lution band as opposed to the ca. 300-cm-1 shift of the 
“polymer” band at 3350-cm-1 have included both struc
tural and energy differences between the low- and high- 
order species. The concept of energy differences—in the 
sense of a linear enthalpy-frequency shift relationship— 
probably cannot be used as an explanation for the differ
ences in frequency shift since no studies of the equilibri
um thermodynamics of alcohol association will support a 
per-bond enthalpy difference between lower and higher 
species of more than about 20%. Structural differences 
which involve rather subtle changes in electron distribu
tion about the OH bond are probably the most reasonable 
explanation for the observed effects.

Infrared matrix studies of alcohol association39 -40 show 
a progressive appearance of bands at lower frequency from 
the monomer as alcohol concentration in the matrix is in
creased. The successive bands for associated species have 
been attributed to the sequence of dimer, trimer, tetra- 
mer, and higher polymers. In solution at room tempera
ture, alcohols show no such distribution of bands; the 
prominent features, other than the monomer, are broad 
bands near 3500 and 3350 cm-1. The point to be made 
here is that the band attributed to dimer in the matrix 
spectra may not correspond exactly with the 3500-cm_1 
solution band customarily assumed to be due to dimer 
also. The frequency difference between bands assigned to 
dimer and trimer in the matrix spectra is only about 40 
cm-1. On comparing the frequency differences between 
monomer and polymer in both matrix and solution spec
tra one can readily see that the polymer band in solution 
appears significantly (~100 cm-1) toward higher frequen
cy relative to the monomer compared with the corre
sponding matrix bands. Because of the apparent frequen
cy shift “ compression” on going from matrix to solution 
and the nonequilibrium situation in the matrix one can
not a priori identify the 3500 cm“ 1 solution band of alco
hols with the dimer band in the matrix spectra. The 
3500-cm-1 band of alcohol solutions could be due to a 
dimer or a trimer or a mixture of both.

This suggestion is in accord with the early work of 
Smith and Cjeitz,41 who assigned the band near S500 
cm-1 to a chain dimer in the case of the highly hindered 
alcohol 2,4-dimethyl-3-ethyl-3-pentanol. These authors 
also suggested that a chain polymer of an alcohol would

have a comparable band near 3500 cm-1. Pmr data from 
this laboratory for the above hindered alcohol in CCU 
solution also show dimer dependence over approximately 
the same concentration range as ir data reported by 
Smith and Creitz.

In the present work on t-BuOH the 3500-cm-1 band ap
pears to have third-order dependence upon monomer ab
sorbance. One very interesting aspect of the t-BuOH-Hx- 
d  ir spectra is that there appears to be a band intermedi
ate in frequency between 3510 and 3350 cm-1 which ac
companies the 3510-cm-1 band from its inception at very 
low alcohol concentrations. This intermediate band is not 
as intense as the 3510-cm-1 band but is significantly 
broader. If our assignment of the 3500-cm-1 band for t- 
BuOH as trimer is correct then it may be possible that 
the two bonded OH groups in a linear trimer have distinct 
absorption bands.

S p ecific  A sso c ia tio n  M od el. As a result of correlation of 
vapor pressure, pmr, and infrared data on t-BuOH associ
ation we conclude that that association model— involving 
only two equilibrium constants—which best represents 
the data is composed of monomer, linear or chain trimer, 
and successive polymers which are more probably cyclic 
than chain-like. Due to convergence limitations on the 
l —3—oo equations the applicability of this model is limited 
to solutions of lower concentration than 1.0 M  (where the 
product (K„ Ca )2 < 1). Even if this were not the case 
there is no unambiguous procedure with which to account 
for probable changes in activity coefficients at higher al
cohol concentrations. The model is most properly viewed 
as a dilute solution model with no stringent applications 
to solutions approaching pure alcohol.

Table Vm presents the least-squares values of enthal
pies and entropies for t-BuOH association in n-hexade- 
cane. Of particular interest is the fact that all AH30 
values are in good agreement regardless of model or type 
of data. Values of AH J “ from either vp or ir data also 
agree well.

Previous vapor pressure data for methanol association 
in Hx were interpreted as fitting a 1-3-8 model.7 We may 
briefly examine the reasons why that suggested model is 
not a good representation for t-BuOH association. Figure 
9 gives a ln-ln plot of 25° MeOH-Hx vapor pressure data.7 
The limiting behavior at low concentration is approxi
mately third order and the order of polymerization at the 
high concentration end is approximately seven. These 
data have been dismissed by Fletcher30 because of the low 
concentration range covered and the implausibility of the 
octamer. In the process of setting up the vapor pressure 
apparatus for the present study of f-BuOH-Hx solutions 
some measurements for the MeOH-Hx system were made. 
These data were identical within experimental error with 
those reported previously.7 There is little question then
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TABLE IX: Thermodynamic Parameters for Infinite Series Fits of 
Methanol Association in n-Hexadecane

Model - A H 3°, kcal/m ol — AS3°, eu - A H »  kcal/m o! -A S »  °, eu 

1-3-87 11.3 ±0 .1  29.0 ± 0 .3
Eq 7 11.6 ±0 .1  31.2 ± 0 .3  5.97 ±  0.03 14.9 ±  0.1
Eq 8 12.1 ±0 .1  32.8 ± 0 .2  5.64 ±  0.03 13.5 ±  0.1

that the the MeOH-Hx vapor pressure data previously re
ported7 are reproducible and, even though limited to solu
tions of lower concentration than 0.2 M , show significant
ly higher than the fourth-order dependence upon mono
mer concentration advanced by Fletcher30 as a general 
model for alcohol association. We may add that the pmr 
data reported by Dixon42 for MeOH in cyclohexane can
not be used in support of a 1-4 model for methanol associ
ation30 since the 1-4 fit for the pmr data gives no more in
formation than is reported in part I, Table II, i.e., that of 
the simple models 1-2, 1-3, and 1-4, the monomer-tetra- 
mer model is a better fit.7 What is not reported in ref 7 is 
that because of the very high order of methanol associa
tion a 1-8 fit of the methanol vapor pressure data has a 
substantially lower RMSD than a 1-4 fit.43

The validity of the previously proposed octamer may 
only be questioned on the basis of the alternate explana
tion that the high order dependence of methanol polymer 
concentration upon monomer concentration may equally 
well be explained by a series of terms higher than trimer. 
Indeed, if a common association model is possible for 
methyl and terf-butyl alcohol the model of minimum 
complexity is that of monomer-trimer plus a series of 
higher polymers.

Table IX presents the enthalpies and entropies calcu
lated from fitting the MeOH-Hx vapor pressure data7 
with use of the infinite series models of eq 7 and 8. As for 
the f-BuOH-Hx data, the RMSD for a 1-2- <=° fit of the 
methanol data is much larger than for the 1-3-“  fits. The 
RMSD’s for the 1-3-“  fits are generally somewhat larger 
than for the 1-3-8 fit. The temperature dependence of K 3 

and K „  from the series fits is not as good as that for the 
1-3-8 fit.

Trimer Stability. The predominance of a trimer at low 
alcohol concentration in t-BuOH and MeOH-Hx solutions 
is very possibly one of the more direct experimental obser
vations which could confirm the cooperative effect in hy
drogen bonding suggested by Frank and Wen.22 A chain 
trimer is the first hydrogen bonded alcohol species whose 
formation should show cooperative effects if these 
are significant. A direct comparison of dimer and trimer 
enthalpies is naturally impossible without an experi
mental dimer enthalpy. However, by considering several 
types of measurements, we may be able to set an upper 
limit on the enthalpy for formation of a chain alcohol 
dimer.

Infrared measurements of 1:1 complex formation of al
cohols with various proton acceptors in CCU solution give 
enthalpies which are generally less exothermic than —4.0 
kcal/mol,44 with oxygen containing bases forming weaker 
complexes with alcohols than alcohol-nitrogen base com
plexes. Vapor pressure measurements for the 1:1 complex 
MeOH-diethylamine in Hx have given an enthalpy of 
-4.5 kcal/mol.45 One may reasonably expect that the en
thalpy for formation of a chain alcohol dimer would be 
less exothermic than the enthalpy for formation of the 
corresponding alcohol-nitrogen base 1:1 complex. We

Figure 9, In-In plot for order of polymerization of MeOH-Hx 
vapor pressure data7 at 25°.

suggest that the enthalpy for formation of a chain alcohol 
dimer in a hydrocarbon solvent would be less exothermic 
than —5.0 kcal/mol. The enthalpy values for f-BuOH and 
MeOH trimer formation in Hx are both significantly larg
er than twice this value. There is additional information 
from studies of alcohol-amine complexes to support the 
exceptional stability cf an alcohol trimer as compared 
with a dimer. The experimental enthalpy for a 2:1 meth- 
anol-diethylamine complex is —13.8 kcal/mol.45 This 
value is about three times as large as the -4.5 kcal/mol 
enthalpy for formation of the 1:1 methanol-amine com
plex and consequently was interpreted as evidence for a 
cooperative effect. Also, vapor pressure studies of metha- 
nol-fluorinated alcohol complexes in Hx have shown a 
vanishingly small quantity of hetero dimer compared with 
hetero trimer.46

Advantages and Disadvantages of the Experimental 
Techniques. In conclusion, we may assess the relative 
merits of the three experimental techniques we have used 
and the unified alcohol association model which results 
from these data.

The vapor pressure method, although giving no appar
ent structural information, is an important technique not 
least due to the high precision obtainable but primarily 
because a measurable quantity is directly related to mo
nomer concentration. With use of a suitable solvent one 
can make a direct comparison with monomer alcohol con
centration measured by the infrared method.

Least-squares fits of the t-BuOH and methanol-Hx 
vapor pressure data closely reproduce the observed data 
with either monomer-trimer-large polymer (6 or 8) or mo- 
nomer-trimer-sequential polymer models. The absence of 
a measurable concentration of dimer is ascribed to the 
minimal thermodynamic stability of the dimer compared 
with the trimer. One may suggest that the fact that the 
initial slopes in Figures 2 and 9 are slightly less than 3 
implies a certain amount of dimer fn the low concentra
tion region. There are two reasons why this may not be 
strictly true. First, there is no clear region where the de
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pendence of polymer concentration upon vapor pressure 
monomer approaches second order, even down to 0.002 M  
alcohol. Secondly, due to the presence of adsorption ef
fects, the dependence of polymer concentration upon mo
nomer is always going to be slightly less than the true de
pendence because the measured distribution coefficient 
will be very slightly larger than the true value. However, 
we do not claim the total absence of dimeric alcohol 
species but only say that the concentration of dimer is so 
small that it lies within the realm of experimental errors 
in our vp, pmr, and ir data.

Proton magnetic resonance measurements are at a dis
tinct disadvantage for calculations of associative equilib
ria compared with vp and ir techniques since the pmr 
data give no measurable quantity directly related to mo
nomer concentration. Additionally, one may have to de
termine almost twice as many parameters in order to de
fine a given system. The computational problems involved 
and the extreme temperature sensitivity of a highly asso
ciated system, such as t-BuOH-Hx, make model compari
sons difficult. On the other hand, examination of the lim
iting chemical shift-concentration behavior at low alcohol 
concentration can identify the first dominant associated 
species. In the i-BuOH-Hx system this species is a trimer; 
model equilibria computed for dimer-trimer mixtures 
support the view that the i-BuOH dimer concentration is 
vanishingly small—-within the accuracy of the pmr data. 
Unequivocal identification of higher order species is not 
possible; however, the failure to obtain a fit of the pmr 
data assuming a series of chain  alcohol polymers suggests 
that there is some structural difference between the tri
mer and higher alcohol polymers.

Infrared studies of alcohol association are probably 
more numerous than the combined total of work using 
other techniques to study this phenomenon. Inherent lim
itations on the quantitative interpretation of infrared data 
have often not been given sufficient weight. The presence, 
of even a small degree of overlap at the monomer band 
from end groups of chain species can invalidate any ap
parently constant exponential relationship between the ab
sorbances of monomer and polymer bands. The assump
tion that the infrared monomer band is an accurate mea
sure of monomer alcohol concentration should not be 
made unless either specific measurements of monomer ac
tivity by another technique show correspondence or can
cellation measurements, such as those made by Bellamy 
and Pace,32 show no extra component at the monomer 
band at moderate concentrations. The present data indi
cate that the upper limit of direct use of monomer absor
bance is at ca. 0.1 M  i-BuOH. The use of monomer ab
sorbance data, allowing for end group overlap, is limited 
in our case to solutions of lower concentration than 0.5 M  
i-BuOH. Near this concentration and above there is over
lap at 3624 cm-1 from bands in the 3500-3300-cm_1 re
gion. In order to make any use of absorbance at 3624 cm-1 
after the point of significant polymer overlap is reached 
the various absorption bands in the 3650-3300-cm_1 range 
would have to be quantitatively and unambiguously re
solved.

Coincident absorption at the monomer alcohol band by 
end groups of chain polymers is undeniably a serious bar
rier to the interpretation of the infrared spectra of alcohol 
solutions, but of greater consequence is the fact that this 
effect offers a possible means of determining the struc
tures of alcohol polymers. If our assumption is correct that

the most probable value of the absorptivity ratio of end 
OH to free OH is near unity, then our ir data require that 
essentially all f-BuOH polymers higher than trimer be cy
clic species.

Another specific problem is the coincident absorption of 
the symmetric stretch of H2 O at the monomer band of t- 
BuOH near 3618 cm- 1  in CCI4  solutions. Precise evalua
tion of the monomer absorptivity of t-BuOH in CCI4  solu
tion is not possible except in extremely dry solutions. This 
problem is less acute for other alcohols which have mono
mer bands at shorter wavelengths in CCI4 solution.

The result of combined use of three techniques to study 
t-BuOH association in n-hexadecane is an association 
model which probably could not have been projected from 
the isolated use of either of the spectroscopic methods in
volved. Although we do not suggest that the infinite series 
models give an exact distribution of the polymeric alcohol 
species involved, we think that these models are the least 
complex expressions which can correlate both qualitative
ly and quantitatively the present experimental data. All 
other one- and two-constant models tested fail to describe 
accurately at least one type of data—vapor pressure, pro
ton magnetic resonance, or infrared.
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H eterocon jugation  o f inorgan ic Anions in N onaqueous Solvents.
I. Perchlorate and Halide C om p lexes  o f 1 ,2 -D ihydroxyben zene
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Heteroconjugates of 1,2-dihydroxybenzene (pyrocatechol) with halide and perchlorate anions in nitro- 
methane solution have been investigated by nmr spectroscopy. The computed formation constants (at 
37°) of the 1:1 complexes are C l- , 418; Br- , 187; I - , 27.8; and CIO4 - , 11.2 M -1. It is proposed that the 
relatively high stabilities are due to chelate type, twin hydrogen bonds between the pyrocatechol and the 
anions. Although a stability constant could be calculated for the “inert” perchlorate ion, no interaction 
could be detected between pyrocatechol and the heteropoly 12-molybdophosphate and 12-molybdosilicate 
anions.

Introduction

Heteroconjugation in inert solvents of hydrogen bond 
donors (HB) to anions (A- )

A-  + nHB ^  A(HB)„_ (1)
has been extensively investigated in recent years.2 Forma
tion constants

K  = [A(HB)n-]/[A‘ ][HBr (2)

where n  = 1 or, rarely, 2, are available for few systems in
volving inorganic anions other than the halides, however. 
A number of heteropoly molybdate and tungstate anions, 
as salts or free acids, are soluble in nonaqueous solvents, 
and we became interested in the possibility of forming rel
atively stable heteroconjugates in connection with an in
vestigation of the reactions of These anions with organic 
substrates. Since the structures3 of isopoly and heteropoly 
anions resemble fragments of metal oxide lattices,4 heter
oconjugation presents a way of studying, in homogeneous 
solution, the interactions of neutral molecules with metal 
oxide surfaces. Such studies car. lead to an understanding 
of the catalytic activities of both oxides and polyanions.

We report here the formation constants of some inor
ganic anions with 1,2-dihydroxybenzene (pyrocatechol) in

nitromethane as determined by nmr spectroscopy. Pyroca
techol was chosen as the hydrogen bond donor in the hope 
that it would form chelate type heteroconjugates. Such 
complexes would be expected to have greater stabilities 
than singly bonded species, and their formation might be 
detected even in the polar solvents needed for the poly
anion salts.

Experim ental Section
Pyrocatechol and the tetra-n-butylammonium salts 

(chloride, iodide, and perchlorate) were obtained from J.
T. Baker Chemical Co. These compounds and tetraethyl- 
ammonium bromide (Aldrich) were dried in a vacuum 
desiccator over silica gel before use.

Tetrabutylammonium hexamolybdate, (BuiN^MoeOig, 
was prepared according to the method of Fuchs and Jahr.5 
Tetrabutylammonium salts of 12-molybdophosphate and
12-molybdosilicate anions, (Bu4N)3PMoi2 0 4 o and (Bu4N)4- 
S1M0 12O40, were precipitated from aqueous solutions of the 
sodium salts or free acids by addition of tetrabutylammoni
um chloride solution. The precipitated salts were recrystal
lized twice from acetonitrile. The three polyanion salts gave 
satisfactory C, H, and N analyses, and their infrared spec
tra showed that they were essentially unsolvated.
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Nitromethane (Baker) was dried successively over 
Drierite and Molecular Sieve Type 5A, and then distilled. 
The fraction boiling at 101 ± 0.5° was used.

Solutions for nmr were prepared freshly by direct 
weighing, and contained TMS as an internal standard. 
The probe temperature of the Varían A-60 spectrometer 
used was 37 ± Io.

Calculations of K  and AAH2b- (defined below) were 
made on a Hewlett-Packard 9100B Desk Computer.

Results
The chemical shift of the a-methylene protons of the 

tetrabutylammonium ion was found to be unaffected by 
*he presence of various concentrations of the isopoly or 
heteropoly molybdate anions, and indicates no significant 
ion pairing of these species in nitromethane.

The extent of heteroconjugation of the pyrocatechol was 
determined from the variation of the chemical shift of the 
phenolic protons (5H2b> 6.37). In preliminary experiments 
it was established that 5H2b was independent of concen
tration in the range used, 25-140 mM . Measurements of 
the relative chemical shifts, Am = 5m — <5h2b, where 5M is 
the observed shift in the presence of anion, were made on 
solutions containing added quantities of tetrabutylammo
nium salt. The molar ratio [anion]/[pyrocatechol] was var
ied from 0.13 to 3.6 and AM ranged from 0.02 to 2.93 ppm 
for the perchlorate and halide ions. There was no detecta
ble shift of the phenolic proton resonance in the presence 
of the heteropoly molybdate ions. (Because of the poorer 
molar solubility of these anions, their highest concentra
tions and so the ranges of the [anion]/[pyrocatechol] ratios 
were less than those of the other anions.) In the case of 
(Bu4N)2Mo6 0 i9, a redox reaction occurred which is being 
investigated further.

The heteroconjugation constants were computed from 
the following equations6

Ch2b = [HjB] + K[H2B][A-] (3)

CA- = [A- ] + X[H2B][A~] (4)

A mCH2b = AAH2b-X[H2B][A-] (5)

where Ch2b and CA_ are the analytical concentrations of 
pyrocatechol and anion, respectively, and AAh2b- is the 
relative chemical shift of the fully complexed pyrocate
chol. K  is defined in eq 2. Equations 3-5 were solved for K  
(and AAh2b -) by an iterative procedure and the final re
sults are presented in Table I.

TABLE I: Formation Constants of Heteroconjugates of 
Pyrocatechol with Inorganic Anions in Nitromethane at 37°

Anion K, M -1 Anion K, M -1

Cl“  418 ±  19 I“  27.8 ± 2 .5
Br~ 187 ± 1 0  CIO*- 11.2 ± 0 .8

Discussion
The stabilities of the halide complexes follow the trend 

observed by Lund7 and by Green, e t  a l.s The latter work

ers reported the following formation constants for com
plexes with 1-phenylethanol in carbon tetrachloride: Cl- , 
130 ±  100; Br- , 39 ±  14; I- , 12 ±  3. Data for phenol 
heteroconjugates are rare, but in the same paper8 the for
mation constant for the Br- -4-methylphenol complex is 
given as 32 ±  8 M -1. Since we observe a much higher sta
bility for the corresponding pyrocatechol complex, and 
since this was also measured in a less inert solvent than 
carbon tetrachloride, we conclude that the pyrocatechol 
has indeed formed two (chelate type) hydrogen bonds to 
the anion. In the only other reported study of heteroconju
gation by a diphenol, Kolthoff and Chantooni9 demon
strated the formation of a 2:1 complex, A2 (H2 B)2 -, of 
resorcinol (1,3-dihydroxybenzene) with 3,5-dinitroben- 
zoate; in this system chelation is prevented by steric fac
tors.

The relatively high stabilities of the pyrocatechol com
plexes allow us to measure the formation constant of a 
perchlorate heteroconjugate. To our knowledge, this is the 
first quantitative evidence for hydrogen bonding to the 
perchlorate ion, although Lund6 has previously noted a 
slight interaction between p-cresol and perchlorate. There 
seems to be no reason why perchlorate heteroconjugation 
should not be more widespread and we are examining 
other systems.

It is commonly asserted that heteropoly anions, particu
larly those with the almost spherical Keggin structure, are 
unsolvated in aqueous solution and do not participate in 
hydrogen bonding in the crystalline state. Various lines of 
experimental evidence, including viscosity10 and diffusion 
studies,11 and crystal structure determinations,3 tend to 
support that assertion. The results of the present research 
demonstrate unambiguously that 12-molybdosilicate and
12-molybdophosphate anions are less susceptible to hydro
gen bonding than is perchlorate ion. Since there is no ap
parent steric hindrance to heteroconjugation, these results 
confirm the very low surface charge density of such poly
anions.
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Single Ion Enthalpies o f  Transfer from  W ater to A q u eou s  Dimethyl Sulfoxide Solutions1

Richard Fuchs* and C. Patrick Hagan
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Enthalpies of solution of tetraphenylphosphonium bromide, sodium tetraphenylborate, sodium bromide, 
sodium iodide, sodium hydroxide, and tetra-n-butylammonium chloride, bromide, and iodide have been 
measured at 25° in water, DMSO, and seven aqueous DMSO mixtures. From the extrathermodynamic 
assumption AA//s(Ph4P+) = AAHB("BPh4), single ion enthalpies of transfer from water to aqueous 
DMSO mixtures have been calculated for Ph4P+, BPh4, Bu4N+, Na+, OH", Cl", Br", and I" ions. 
AAffs is positive for Bu4N+ ion and negative for Na+ ion. For chloride, bromide, and hydroxide ions 
AAHS is slightly negative for highly aqueous solutions, but becomes positive as DMSO concentration in
creases.

In recent years there has been a great deal of interest in 
the changes in solvation that ions undergo upon transfer 
from a protonic solvent such as water or an alcohol to a 
dipolar aprotic solvent such as dimethyl sulfoxide. Much 
of this interest has been generated by the observation that 
the rates of many organic reactions involving anions are 
greatly enhanced when the reaction medium is a dipolar 
aprotic solvent rather than a protonic solvent.2 The ob
served rate changes upon solvent transfer have often been 
attributed to changes in solvation of the reactant anion. 
In cases where the electrolyte that serves as the anion 
source is only slightly soluble in dipolar aprotic solvents, 
it is advantageous to use a protic-dipolar aprotic solvent 
mixture as the reaction medium. Mixtures of DMSO with 
water or alcohols have been frequently used.2

The nature of aqueous DMSO solutions have received 
considerable attention. Lindberg and Kenttamaa, 3 and 
Cowie and Toporowski4 have attributed the deviations 
from ideality of viscosities, densities, refractive indicies, 
and enthalpies of mixing for aqueous DMSO solutions to 
association interactions between water and DMSO. These 
interactions are at a maximum when the water-DMSO 
molar ratio is 2:1. Pulsed nmr studies of aqueous DMSO 
solutions5 indicate a minimum of molecular mobility 
(both rotational and translational) at approximately 0.65 
mol fraction of water. Aqueous DMSO solutions are highly 
structured, and evidence has been presented6 *7 that water 
hydrogen bonds more strongly to DMSO than to itself. 
The results of neutron inelastic scattering and X-ray ex
periments7 have been interpreted to indicate that addi
tion of small amounts of DMSO to water promotes water 
structure. Water-water hydrogen bonds are “ rigidified” 
rather than being broken. At higher concentrations of 
DMSO the water structure is broken down due to water- 
DMSO interactions. A recent study of the partial molar 
enthalpies of solution of water and DMSO in mixtures of 
the two8 supports the hypothesis that large amounts of 
water destroy DMSO structure while small amounts of 
DMSO promote water structure.

Although the solvation of ions in water and in DMSO 
has been quite extensively studied, little information has 
appeared in the literature concerning the solvation of ions 
in the mixtures. The fact that aqueous DMSO solutions 
containing an anion form extremely powerful kinetic base

systems® has been interpreted to indicate that anions are 
only weakly solvated in aqueous DMSO. Fuchs and Plum- 
lee10 have studied enthalpies of transfer of ions in the 
H2O-DMSO system, but their work covered only a limit
ed range of DMSO-rich mixtures.

Results

The enthalpies of solution (AH s) of tetraphenylphos
phonium bromide (Ph4P+Br"), sodium tetraphenylborate 
(Na+BPh4 ), sodium bromide, sodium iodide, sodium hy
droxide, and tetra-n-butylammonium chloride (Bu4N + 
Cl"), bromide, and iodide have been measured at 25° in 
water, DMSO, and seven aqueous DMSO mixtures. AH a 
values are presented in Table I. The concentration range of 
the salts in the solvent was 1 X 10"4-5 X 10 " 4 M  except 
for NaOH and NaBr which were 5 X 10_4-1 x 10 " 3 M . 
No dependence of the molar enthalpy of solution on concen
tration was observed within these concentration ranges, 
with the exception of Bu4NI in several of the highly aqueous 
solvents.

From the enthalpies of solution the single ion enthalpies 
of transfer (AAH a) from water to aqueous DMSO mixtures 
have been calculated using the extrathermodynamic as
sumption AAHs(Ph4P+) = AAHs("BPh4). The single ion 
transfer values were determined' from the following rela
tionships:

AAHs(Ph4P+) = AAHsCBPh4) =
Y2[A A H s(Ph4PBr) + AAHs(NaBPh4) -  AAHs(NaBr)]

AAHs(Br- ) = AAHs(Ph4PBr) -  AAHs(Ph4P+) 

AAH s(Na+) = AAH s(NaBPh4) -  AAHsCBPh4) 

AAHs(n-Bu4N+) = A A ffs(n-Bu4NBr) -A A H s(Br~) 

AAHS(C D  = AAtf8(n-Bu4NCl) -  AAHs(n-Bu4N+) 

AAHsCOH) = AAHs(NaOH) -  AAHs(Na+) 

AAHS( D  = AAHs(NaI) -  AA ffs(Na+)

Discussion
T h e T etra p h en ylp h osp h on iu m  T etra p h en y lb ora te  As

sumption. Parker1 1  has recently commented on the essen
tial equivalence of four types of extrathermodynamic as-
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sumptions used in the determination of free energies and 
enthalpies of transfer of ions from solvent to solvent. 
Among the R4 M+R4B - assumptions we had previously 
noted close correlation between the tetrabutylammonium 
tetrabutylborate and tetrapentylammonium tetrapentyl- 
borate results, and the poor agreement of the tetraphenyl- 
arsonium tetraphenylborate results with these. 12  We be
lieve that each of these assumptions is about equally valid 
in principle. 13 However, PluAsCl and NaBPlu have con
centration-dependent values of AH s, particularly in meth
anol, and large experimental uncertainties result. 12 Fried
man14 has remeasured a number of AH s values in MeOH 
an DMF, and has derived a set of internally consistent 
single ion enthalpies of transfer. Unfortunately the single 
ion values are not consistent with the published enthal
pies of transfer of LiBr and Lil, 12  nor with the- single ion 
values derived12  from the BU4NBBU4 and (CsHn^NB- 
(CfiHuU assumptions for Li+, Bu4N+, and C l- , among 
others. Some of the differences are as large as 4 kcal mol-1. 
Similar inconsistencies occur for the transfer of ions from 
MeOH to DMSO. Internal consistency within a set of single 
ion data is an assurance that all of the AH s measurements 
are correct e x c e p t  those made on the two salts on which the 
single ion assumption is based, such as NaBPlu and PluAs
Cl. If the latter AK s values are incorrect, this results in 
incorrect values for AAf/s(PluAs +) and AAifs(PluB- ), 
from which an incorrect value of AAHs(Na+) is derived. If 
the Na+ value were, for example, 2 kcal mol- 1  too endo
thermic, a Br- value 2 kcal mol- 1  too exothermic would 
result. In turn, other cation and anion AAHS values would 
be calculated, each having the same error as Na+ and Br- , 
respectively. When these AAifs(M+) and AAHS(X - ) are 
added, the values are nevertheless found to agree with the 
(correct) values of AAtfs(MX). However, it is AH a of the 
salts PluAsCl and NaBPlu for which a wide variety of 
values have been reported in MeOH and DMF. It is, of 
course, possible that the data12 for Bu4NBBu4( 
(CsHu^NBlCsHuH, and the lithium halides in MeOH 
and DMF are incorrect, but until the inconsistencies are 
explained, Friedman’s single ion AAHS in these solvents 
must be accepted with reservations.

Arnett has observed a concentration dependent value of 
AHs for PluAsI in water.15

Because BU4NBBU4 is insoluble in highly aqueous solu
tions (and NaBBu4 is unstable) it was necessary in the 
present study to use an assumption involving phenyl-sub
stituted salts. We have chosen the assumption AA(PluP+) 
= AAflsiPluB- ) because,the salt tetraphenylphosphoni- 
um bromide is readily available, and the AHs value in 
water is concentration independent. (Preliminary results 
suggest that this is also true in methanol.) Single ion 
AAHs values for the transfer from DMSO to 80% DMSO, 
based on this assumption, are in reasonably good agree
ment with values from the BU4NBBU4 assumption.10 

Friedman has reported that AAHs (H2O —» DMSO)16 and 
AAHs(MeOH —*• DMF)14 values for PI14AS+ and PhP+ are 
rather similar. This is confirmed by the close correspon
dence between Arnett’s15 single ion AAHs(H20 —► DMSO) 
based on AAi/s(PluA.s+) = AA2?s(PluB- ), and those in 
Table II derived from AAHs(PluP+) = AAii3(PluB- ).

The use of any PluM+PluB- assumption is based on 
the relationship AA-Hs(PluM+) = AA//s(Ph4B- ) = 
%[AAffs(Ph4MX) + AAtfs(NaBPh4) -  AAffs(NaX)]. 
Another distinct advantage in the use of a bromide or io
dide salt, such as PluPBr, rather than Ph4AsCl, is the sol-
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TABLE II. Single Ion Enthalpies of Transfer“ from Water to Aqueous DMSO at 25°

% DMSO6 Ph4P+ c BL4N+d Na+ - OH Cl- Br- I-

15 2.8 2.4 0.4 -0 .4 -0.3 -0.7 - 1 . 0

30 4.1 5.4 0.9 -0.8 -0.8 -1 .4 -1.9
50 3.7 8.4 -0.5 3.7 0.4 -0.5 -1.6
60 2.3 8.3 -2.0 6.1 2.1 0.5 -1.1
65 1.0 8.2 -2.5 7.3 2.3 0.8 -1.1
70 0.7 8.1 -3.7 10.1 2.9 1.2 -0 .6
80 -1.0 7.1 -5.3 12.4 4.6 1.6 -0 .7

100 — 2.6e 5.31 -7 .2* 17.7 4.7* 1.0‘ — 2.57

“ The estimated error in single ion AAHS values is 0.2-0.3 kcal mol-1. These standard deviations were calculated as the square root of the sum of the 
squares of the average deviations of all values in Table I involved in the determination of the single ion value. 6 Per cent by volume. c Or Ph4B- . “ Bu = 
n-C4H9. e -2 .3  (ref 16); reported values for Ph„As+ -2.84 (ref 16), -2.32 (ref 15). ^6.05 (ref 16). *-6 .62  (ref 16), -7.15 (ref 15). '•4.49 (ref 16), 
4.89 (ref 15) . 1 0.83 (ref 16), 1.34 (ref 15). i  -3.05 (ref 16), -2.52 (ref 15).

ubility of NaBr (but not NaCl) in most polar solvents. 
This makes AAHs(NaX) easily obtainable by direct mea
surement of two AHa values. The use of tetraphenylphos- 
phonium bromide rather than arsonium salts clearly pro
vides a number of experimental advantages, and it is rec
ommended.

Solvation of Ions in Aqueous DMSO. Changes in ion 
solvation resulting from solvent changes are reflected in 
the free energy of transfer. When the transfer involves or
ganic solvents, AAGS is primarily determined by A AHs.17 
However, when water is one of the solvents the entropy 
term (TAS) may be at least equally important. 17 In the 
following discussion enthalpy rather than free-energy 
changes will be considered, and the term “solvation” re
fers only to that portion of solvation (change) which re
sults from the enthalpy of transfer.

The addition of DMSO to water causes desolvation of 
the large tetrabutylammonium ion over the entire solvent 
composition range. A maximum desolvation of about 8 

kcal mol- 1  occurs when the DMSO concentration is about 
50-60% by volume. This solvent composition is very close 
to the DMS0-2H20 solvent composition (65% by volume 
DMSO) at which aqueous DMSO solutions show maxi
mum solvent structure.3 -4 Further addition of DMSO re
sults in a slight increase in BU4N+ solvation, but even in 
pure DMSO the ion is about 5.3 kcal mol- 1  less solvated 
than in water. Apparently the large, symmetrical ion does 
not interact strongly with either water or DMSO,18 and 
the extent to which the ion is solvated in aqueous DMSO 
mixtures is quite sensitive to the amount of structure of 
the solvent. Since aqueous DMSO mixtures are more 
highly structured than either water or DMSO3 ’4 ’6 ’7 the 
ion is desolvated, relative to its solvation in water, in all 
aqueous DMSO mixtures. All ions, especially large ones, 
tend to lose “apparent” solvation as solvent-solvent inter
actions increase. The ion-solvent attractions may remain 
unchanged, but more energy is needed to make “holes” in 
the solvent to accommodate the ions. The energy required 
increases with the size of the hole needed.

The large Ph4P+ and -BPlu ions might be expected to 
show solvation behavior similar to that of Bu4N+ ion. 
Ph4P+ reaches its maximum desolvation at about 30% by 
volume DMSO, well below the DMSO-2^ 0  solvent 
composition. DMSO in excess of 30% by volume results in 
enhanced solvation of the ion, which in pure DMSO is al
most 3 kcal mol- 1  more solvated than in water. Unlike 
the Bu4N+ ion, Ph4P+ probably interacts with the DMSO 
molecule through large dipole-induced dipole forces13 re
sulting in increased solvation of the ion as the DMSO

content of the aqueous mixture increases.
A similar situation occurs in the case of the sodium ion. 

Maximum desolvation occurs at about 30% DMSO, and 
the ion becomes more strongly solvated upon the further 
addition of DMSO. The sodium ion can interact strongly 
with the DMSO molecule through ion-dipole interactions. 
In pure DMSO the ion is about 7 kcal mol- 1  more solvat
ed than in water, as would be expected from the greater 
basicity of DMSO.

Addition of 30-40% DMSO to water causes an increase 
of about 1 - 2  kcal mol- 1  in the solvation of the anions. 
Perhaps this increase in solvation is due to the structure- 
promoting effect on water of small amounts of added 
DMSO. The increase in water structure can occur through 
increased water-water hydrogen bonding. Because hydro
gen bonding is the principal interaction responsible for 
the solvation of small anions in water, the enhanced abili
ty of water to donate hydrogen bonds when small amounts 
of DMSO are present results in increased solvation of the 
anions. The mechanism by which small amounts of 
DMSO are able to promote water structure is not under
stood.

When the concentration of added DMSO exceeds 30- 
40% the hydroxide ion is increasingly desolvated, and in 
pure DMSO the ion is almost 18 kcal mol- 1  less solvated 
than in water. The halice ions are also desolvated with in
creasing DMSO concentration, but reach a maximum de
solvation at about 80% by volume DMSO. In solvent 
mixtures containing greater than 80% DMSO chloride ion 
undergoes little change in solvation, bromide ion gains 
about 1 kcal mol-1, and iodide ion gains about 2 kcal 
mol-1. These mixtures contain a molar excess of DMSO. 
The DMS0 -2H2 0  concentration is 65% by volume 
DMSO. The solvation behavior of the anions in solvent 
mixtures containing greater than 80% DMSO reflects the 
relatively strong interactions of DMSO with large polari
zable anions. For example, upon transfer from 80% DMSO 
to pure DMSO hydroxide ion is desolvated by 6 kcal 
mol- 1  while the larger, more polarizable iodide ion is 
more solvated by about 2 kcal mol-1.

Experim ental Section
Reagents. The dimethyl sulfoxide was Baker Analyzed 

reagent grade stated to contain 0.04% water. The DMSO 
was further dried by storing over 4A molecular sieve. Aque
ous DMSO mixtures were prepared volumetrically with dis
tilled water. Tetraphenylphosphonium bromide was dis
solved in a 9:1 (v/v) acetone-2-propanol mixture,
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reprecipitated by the addition of an equal volume of ben
zene, and vacuum dried (<0.1 Torr) at 100° (mp 297- 
298.5°). Sodium tetraphenylborate, sodium bromide, and 
sodium iodide were vacuum dried at 100° for 24 hr. Sodi
um hydroxide (assay 99%) was handled in a drybox under 
dry nitrogen. A small amount was pulverized and dried 
under vacuum at 100° for 24 hr. Tetra-n-butylammonium 
chloride was dried in a dichloromethane solution with 3A 
molecular sieve. After decantation and evaporation of the 
solvent the salt was vacuum dried for 24 hr. Tetra-n- 
butylammonium iodide was recrystallized from a ben
zene-heptane mixture and dried under vacuum at 50° for 
24 hr.

Calorimetry. Except as noted below, the calorimetric 
procedure was that described previously.19 Most solid 
samples were weighed into a sample holder consisting of a 
short piece of glass tubing to which a polyethylene cap 
had been fitted. The cap was attached to the glass tubing 
with a polypropylene thread. The sample holder was at
tached to an extension tube using a short section of rub
ber tubing (which is not immersed in solvent) and a close
ly fitting polypropylene rod was inserted through the ex
tension tube into the sample holder. The sample was in
troduced near the bottom of the calorimeter by depressing 
the polypropylene rod to dislodge the polyethylene cap. 
Because the sample holder was not absolutely vapor tight, 
all sodium hydroxide samples were weighed into glass 
bulbs. All other compounds gave the same results with 
the new sample holder or glass bulbs.

The thermistor inside the calorimeter served as one arm 
of a Wheatstone bridge. The bridge imbalance signal was 
led to a digital multimeter (Keithley Model 160) which 
served as the null meter, and the amplified output voltage 
was recorded. The calorimeter was immersed in a water 
bath maintained at 25.00° with regulation to ±0.001°. 
Samples were weighed to 0.01 mg on a microbalance in
side a nitrogen-filled drybox.

The value of 0.0 kcal mol-1 reported here for the AHs of 
sodium hydroxide in DMSO is not believed to be due to 
failure of sodium hydroxide to dissolve because (a) when 
the calorimeter was opened no solid sodium hydroxide was

observed. We have determined that this amount of sodi
um hydroxide in DMSO can be seen if it is not dissolved, 
(b) We have determined the value of AHS for sodium hy
droxide in 99% by volume DMSO to be -0.4 ± 0.1 kcal 
mol-1, (c) A plot of AHa vs. per cent DMSO in the sol
vent for sodium hydroxide extrapolates to a value of AHS 
=  0 in 100% DMSO.
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Isotope E ffect and the M olecular M echanism  o f the S e co n d  V iscosity .
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The sound absorption data in water and heavy water are analyzed to yield the second viscosity coeffi
cient which is discussed in terms of the basic molecular mechanistic processes involved compared with 
those operative in shear viscosity.

Introduction

In the formulation of statistical theories of transport 
processes in liquids information is required on the molec
ular mechanisms of transport. One method of obtaining 
such information is the study of the transport properties 
of isotopic molecules where the masses and moments of 
inertia can be altered without significant changes occur
ring in the parameters of the intermolecular potential. 
This technique has already been used1-2 in connection 
with shear viscosity and thermal conductivity. In the 
present paper it is used to examine the basic molecular 
mechanisms in the viscous processes determining the sec
ond viscosity coefficients of water.

Viscosity Coefficients

In the absence of external forces the one-dimensional 
Navier-Stokes equation for an isotropic fluid can be writ
ten

W  = ~dï  +  W 2«  +  ^ d i v ^ '  +v)  (1 )
where D/Dt is the substantial time derivative, u the x 
component of the hydrodynamic or center of mass veloci
ty v, p  the thermodynamic pressure, and g and g' the. 
first and second viscosity coefficients. The first coefficient 
of viscosity is more commonly known as the coefficient of 
shear viscosity. The two coefficients arise naturally in the 
equation of motion from the assumption of the linear 
Cauchy-Poisson or generalized Newton’s law between 
stress and rate of strain.3

To date the most important experimental source of in
formation on g' and K  = (g' + %?;) comes from a study of 
the absorption of sound waves.4 For the case of plane 
sound waves where motion is in the x direction alone and 
the waves are assumed infinitesimal then eq 1 reduces to

<2>
where po is the density of the medium before passage of 
the sound wave. This equation combined with the linear
ized equations of continuity, energy balance, and equation 
of state forms a wave equation the solution of which is5 
represented by a damped harmonic wave with an absorp
tion coefficient aa given by

a a
v2

2 7 T 2

PoKs3

2tt2
P qVos3

[ w +  2 ” > +
[ % , + i r  +  Ù ^ » ]

(3)

(4)

v is the sonic frequency, vos the Laplacian speed of sound, 
A the coefficient of thermal conductivity, and y  the spe
cific heat ratio.

Equation 4 shows that the absorption of sound arises 
from the various dissipative processes associated with the 
transport phenomena in the fluid. In practice the absorp
tion contribution arising from thermal conduction is neg
ligible compared with that arising from viscous processes 
and can be discarded. The resulting expression then pro
vides a method of evaluating K  or g' from experimental 
absorption measurements as

K  = */jL(aa/ae) — 1]j?
where ac is the classical absorption calculated assuming K
= 0.

Figure 1 gives the experimental sound absorption data 
of water6 and heavy water7 (D2O) for temperatures in the 
range between 5 and 50° in the form of the ratio aa/ac 
with the spread on the water results given by Pinkerton 
included. For the case of heavy water the 15 and 50° 
points included are based on interpolated and extrapolat
ed values, respectively, of ac. Examination of this figure 
shows that although there is considerable scatter the re
sults apparently decrease with increasing temperature, 
and in what follows values of aa/ac from the smooth 
curves are used in the calculations in order to detect 
trends as a function of temperature. Table I lists the vari
ous viscosity coefficients of water and heavy water. The 
shear coefficients are from Hardy and Cottingham8 and 
the smoothed aa/ac values from which K  and g' were ob
tained are also given. Before discussing these results 
based on continuum mechanics in terms of the molecular 
processes included, it is necessary to consider the isotope 
effect which has already been used as a diagnostic criteri
on in this context.1 <2 ’9

Isotope Effect

To obtain some experimental information on the molec
ular mechanistic processes determining the viscosity coef
ficients the study of these properties for pairs of isotopic 
molecules can be used.

If a pair of molecules interact with a potential charac
terized by two parameters e and a which are respectively 
a characteristic energy of interaction and a characteristic 
molecular diameter then the three viscosity coefficients 
may be written9 in the dimensionless form

r f  =

if*  =  ifa ^ llfm t
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TABLE I: Absorption and Viscosity Data for Water and Heavy Water

Water Heavy water

T,° C
7), IO“ 3 
kg m -1 
s e c -1

K, 1 0 - 3 
kg m ~ 1 
se c -1

77', 1 0 - 3
kg m - ' 
s e c -1 <*a/“ c

771, 1 0  3 
kg m - ' 
s e c - 1

K1, 10-3 
kg m_1 
se c -1

Vi 1 10 —3 
kg m ~1 
s e c -1 OCsl/cCc Ki/K Vi'/V' Vi/v

5 1.519 4.638 3.625 3 .290 1.983 5.102 3.781 2.930 1.100 1 .043 1.305
10 1.307 3.813 2.942 3.188 1.675 4.234 3.117 2.896 1.110 1.059 1.282
15 1.139 3.231 2.472 3.128 1.437 3.587 2.629 2.872 1.110 1 .063 1.262
20 1.002 2.793 2.125 3 .090 1.247 3.079 2.248 2 .852 1.102 1 .058 1.245
30 0 .798 2.169 1.637 3 .040 0 .973 2.277 1.728 2.832 1.096 1.056 1.219
40 0 .6 53 1.750 1.315 3 .010 0.785 1.902 1.379 2 .817 1.087 1.049 1.202
50 0 .547 1.458 1.093 3.000 0.650 1.567 1.134 2.808 1.075 1.055 1.188

Figure 1. Ratios (aa/a c) measured to classical absorption coef
ficients of water (O) and heavy water ( • )  as functions of tem
perature.

K *  = KayV^nt
where 77*, 77' *, and K* are universal functions of kT/t and 
V / N c3 only. For a pair of isotopic molecules where t and 
<t are virtually identical it follows that

Vi/v = Vi'W  = K J K  = (5)
where the subscript i refers to the isotopically substituted 
species.

Equation 5 shows that all three viscosity ratios should 
be given by the square root of the mass ratio provided9 

the intermolecular potential is spherically symmetric and 
hence the equation of motion is of the form

F  = m (dv/  di)
For nonspherical molecules Pople has pointed out that eq 
5 would not be expected to hold as conservation of angular 
momentum would also have to be considered.

Discussion
Examination of Table I shows for the shear viscosity, as 

has already been pointed out by Pople, that as the tem

perature is increased the ratio decreases from its value at 
the lowest temperature where it is close in magnitude to 
the square roots of the three principal moments of inertia 
( W ' a)1'2 = 1-340; ( W / b)1'2 = 1.414; Ua/Ic)1'2 =  1.390. 
This indicates that rotational motion is an important 
mechanism for momentum transport in water but that 
this contribution decreases in importance as the tempera
ture increases. For the second viscosity, however, as in the 
case of thermal conductivity1 the ratio th'/ví is. within the 
experimental accuracy, constant at 1.055 ± 0.004 which 
corresponds closely to the square root of the mass ratio 
(m¡/m)1/2 = 1.054. This suggests that rotational motion is 
not an important contribution to the mechanism of mo
mentum transfer involved in the second viscosity coeffi
cient. In the case of thermal conductivity it has been sug
gested10 that the result there is consistent with the pic
ture that to transfer heat the molecules need only oscillate 
about their mean equilibrium positions in the tempera
ture gradient which contrasts with the case of shear vis
cosity where imposition of the velocity gradient bu/by 
will necessarily require that intermolecular forces between 
adjacent layers are continually disrupted and this is un
likely to occur with the absence of rotational motion.

The acceptance of these conclusions then leads us back 
to the physical process of the motion involved in div v . As 
agreement with the square root of the mass law for the 
second viscosity coefficient implies no rotational motion of 
the molecules as occurs in shear flow then it is suggested 
that 77' is the proportionality constant in the Case where 
the dilation of the fluid is a change of volume at constant 
shape where <rn = 022 = 033 = — p  and the fluid is con
tracting uniformly with du/dx = bv/by = bw/dz such as 
a uniformly contracting sphere where the molecules do 
not rotate. When such an element contracts nonuniformly 
as, for example, in the more general case of a sphere dilat
ing to an ellipse of smaller volume, the normal stresses are 
then not all equal and 77' and 77 both enter the proportion
ality between (p -  p) and bv¡/bXi in the form of the bulk 
viscosity.
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Optical absorption measurements have been carried out on trapped electrons in aliphatic amine glasses 
at 4 and 77°K. A slight red shift or no shift of the absorption spectrum at 4°K relative to that at 77°K 
has been observed for trapped electrons in several amines. The wavelength at the absorption maximum 
in the optical spectra at 77°K is generally correlated to matrix polarity. A comparison is also made be
tween the efficiency of electron trapping at 4°K and that at 77°K for some of the amines.

Introduction

In the few years we have been studying optical absorp
tion of trapped electrons in organic glasses at 4°K, which 
include water-ethylene glycol mixtures,1 methanol and 
ethanol2 and their mixtures,3, methyltetrahydrofuran,2 
and hydrocarbons,4 and have obtained significant informa
tion about the trapped electrons. In this work we extend 
such optical study to trapped electrons in aliphatic amine 
glasses. The amines are interesting substances particular
ly for the following reasons: first, the magnitudes of their 
permanent dipole moment are significantly smaller than 
those of alcohols and, in view of matrix polarity, amines 
bridge the gap between alcohols and hydrocarbons; sec
ond, amines have a variety of molecular structure includ
ing the primary, secondary, and tertiary amines. In a pre
vious paper5 we reported the electron spin resonance and 
preliminary optical absorption measurements on trapped 
electrons in aliphatic amine glasses at 77°K. Recently we 
have made a photobleaching study of trapped electrons in 
the amine glasses at 77°K.6 In this work we have mea
sured the optical absorption spectra of trapped electrons 
in several amine glasses at 4°K and those at 77°K which 
have not been reported. We also include in this paper the 
optical absorption parameters obtained in this work which 
are more accurate than those reported in a previous 
paper.5 Based on these results we discuss the optical ab
sorption characteristics, the relaxation of electron traps, 
and the relative efficiency of electron trapping at 4 and 
77°K.
Experim ental Section

Aliphatic amines (2 -methyl-n-amylamine, sec-butyla- 
mine, isopropylamine, isobutylamine, isoamylamine, 1 ,2 - 
propanediamine, diisopropylamine, 7V-methyl-n-butyla- 
mine, 3-methylpiperidine, triethylamine, and tripropyl
amine) were purified by refluxing over potassium hydrox
ide pellets followed by repeated middle-cut distillation in 
a nitrogen atmosphere. A middle portion from distillation 
was treated with sodium blocks and distilled under vacu
um on a freshly prepared sodium mirror. Water (5 vol %) 
was added to some of the samples (isopropylamine, 
isobutylamine, and isoamylamine) which made the glasses 
stable.

The purified amines were transferred to quartz optical 
absorption cells (optical path length, 1.5 or 4 mm), and 
the samples were irradiated by 60Co 7 -rays at 4 and 77°K 
in the dark. The total dose delivered to the samples was
2.5 x 10® rads at 4°K and 1.7 x 10® or 3.4 X 10® rads at 
77°K. Optical absorption spectra were taken on a Shimad- 
zu MPS-50L spectrophotometer at 4 and 77°K.

Results and Discussion

The experimental results are given in Table I and Fig
ures 1-3. Table I summarizes the optical absorption pa
rameters of trapped electrons and the relative efficiency of 
electron trapping at 4 and 77°K. Xmax and W1/2 are the 
wavelength at the absorption maximum and the half
height width of the absorption spectrum, respectively, r\ is 
the ratio of the electron trapping efficiency (or trapped 
electron yield) at 4°K to that at 77°K, and it has been 
evaluated on the assumption that the trapped electron 
yield is proportional to the area under the observed ab
sorption curve in the wave number range <25,000 cm-1. 
Some of the observed absorption spectra are illustrated in 
Figures 1-3 which represent the primary (2-methyl-n- 
amylamine), secondary (iV-methyl-n-butylamine), and 
tertiary amine (triethylamine), respectively. Since the ex
perimental data are more comprehensive at 77°K than at 
4°K, we will first look at the results obtained at 77°K and 
then compare these results with those at 4°K.

It can be seen in Table I that the wavelength of maxi
mum absorption, Xmax, at 77°K generally depends on the 
type of amine: ~  1 0 0 0 -12 0 0  nm for the primary amines, 
~  1200-1500 nm for the secondary amines, and ~1700 nm 
for the tertiary amines. Since the magnitude of the per
manent dipole moment is ~1.1 D for the primary amines, 
~0.85 D for the secondary amines, and ~0.66 D for the 
tertiary amines, 7 the trend in Xmax mentioned above may 
be correlated to the magnitudes of the permanent dipole 
moment of the amines provided that other factors such as 
the molecular size are similar. In fact, such a correlation 
has been substantiated in a recent theoretical study on 
trapped electrons in amine glasses.8 It is also seen in 
Table I that Xmax depends on the molecular structure of 
the individual amine. For example, Xmax decreases with 
an increase in the carbon chain length in a series of simi-
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Figure 1. Optical absorption spectra of trapped electrons in 2- 
methyl-n-amylamine. The broken line spectrum was obtained for 
the sample irradiated at a dose of 2.5 X 10s rads at 4°K. The 
solid line spectrum was obtained for the sample irradiated at a 
dose of 1.7 X 105 rads at 77°K.

WAVELENGTH ( nm )

Figure 2. Optical absorption spectra of trapped electrons In N- 
methyl-n-butylamine. The broken line spectrum was obtained for 
the sample irradiated at a dose of 2.5 X 105 rads at 4°K. The 
solid line spectrum was obtained for the sample irradiated at a 
dose of 3.4 X 105 rads at 77°K.

WAVELENGTH ( nm )
2000 1000 500 400

Figure 3. Optical absorption spectra of trapped electrons in tri- 
ethylamine. The broken line spectrum was obtained for the sam
ple Irradiated at a dose of 2.5 X 105 rads at 4°K. The solid line 
spectrum was obtained for the sample irradiated at a dose of 
3.4 X 105 rads at 77°K.

lar compounds such as isopropylamine, isobutylamine, 
and isoamylamine. In a recent work,9 the same trend in 
kmax was observed for solvated electrons in isopropyl alco
hol, isobutyl alcohol, and isoamyl alcohol. The 1,2-pro- 
panediamine having two amino groups yields Xmax at the

TABLE I: Optical Absorption Parameters of Trapped Electrons in 
Aliphatic Amines at 4 and 77°K

4°K 77°K

Compound
^max.

nm
Wi/2,
eV

^max.
nm

VV1/2,
eV V

2-Methyl-n-amylamlne 1380 1.12 1180 0.87 0.8
sec-Butylamine 1220 0.63 1130 0.60 1.0
Isopropylamine“ 1080 0.53
Isobutylamine“ 1060 0.89
Isoamylamine“ 1000 0.94
1,2-Propanediamine 980 0.82 980 0.84 1.3
Diisopropylamine

OOCD7 1480 0.54
N-Methyl-n-butylarr ine 1 2 1 0 0.70 1175 0.66 1.3
3-Methylpiperidine 1350 0.77
Triethylamine 1680 0.62 1680 0.72 1.4
Tripropylamine 1680 0.94 1680 0.89

“ These samples contained 5 vol % water.

shortest wavelength among all the amines examined. It is 
interesting to note that the absorption spectrum of solvat
ed or trapped electrons in liquid or glassy ethylene glycol 
which has two hydroxyl groups exhibits Xmax at a wave
length shorter than those in the primary alcohols having 
only one hydroxyl group.2«9’10 A pronounced effect of the 
molecular structure on Xmax is observed for trapped elec
trons in diisopropylamine and N-methyl-n-butylamine, 
both of which were the secondary amines. The diisopropyl
amine has two bulky groups adjacent to the nitrogen 
atom, and such a molecular structure perhaps makes it 
difficult to reduce the electron cavity volume in this ma
trix as much as in the matrices having less bulky groups 
adjacent to the nitrogen atom.

There is no clear distinction about the half-height 
width, Wi/2, of the absorption spectrum between the pri
mary, secondary, and tertiary amines. It can be seen, 
however, that the larger the molecular size, the broader 
the bandwidth when W1/2 is compared within a group of 
similar compounds: isopropylamine, isobutylamine, and 
isoamylamine; triethylamine and tripropylamine.

We now discuss the results obtained at 4°K. It can be 
seen in Table I and Figures 1-3 that the absorption spec
tra at 4°K are in general similar to those at 77°K. Slight 
red shifts in Xmax at 4°K relative to that at 77°K are ob
served for trapped electrons in the primary and secondary 
amines, the greatest observed shift being 200 nm for 
trapped electrons in 2-methyl-n-amylamine. However, the 
absorption spectrum of trapped electrons in 1,2-propane- 
diamine at 4°K is identical with that at 77°K. The ab
sorption spectrum of trapped electrons in diisopropyla
mine at 4°K had a very flat shape and it was difficult to lo
cate its Xmax precisely. The wavelength of maximum ab
sorption in the optical spectra of trapped electrons in the 
tertiary amines at 4°K is the same as that at 77°K.

The half-width of the absorption spectrum at 4°K does 
not change very much from that at 77°K for trapped elec
trons in all the amines examined. Considering the accura
cy of measurement, we refrain from saying that the differ
ence in W \/2 between 4 and 77°K listed in Table I has any 
significance, except for trapped electrons in 2-methyl-n- 
amylamine whose W1/2 at 4°K is definitely greater than 
that at 77°K.

The observation that there is no or only a small temper
ature dependence of the optical spectra of trapped elec-
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irons in the amines between 4 and 77°K is in remarkable 
contrast to the well-known optical property of solvated 
electrons in polar liquids where the optical absorption has 
a large negative temperature coefficient of the position of 
the maximum absorbance.11-13

Since solvent molecules can move rather freely in liq
uids, a liquid dielectric medium can respond to the pres
ence of solvated electrons and rearrange configurationally 
to attain its lowest energy state. In contrast, the motions 
of matrix molecules are considered to be restricted in 
glassy solids, the extent of which depends on the molecu
lar structure of the individual compound as well as the 
temperature. In view of our very limited knowledge of mo
lecular motions in glassy solids at low temperature, it is 
not possible at present to discuss the rearrangement of a 
glassy medium due to the presence of trapped electrons as 
fully as we can for that of a liquid medium. Such a situa
tion exists for most of the amine glasses. An attempt was 
made previously to investigate the molecular motions in 
triethylamine glass, in which it was demonstrated that 
the motions of bulk molecules were frozen in at 77°K.14

Now let us consider the case where trapped electrons 
exist in a glassy matrix. The matrix molecules far from a 
trapped electron would not suffer a strong influence by 
the trapped electron because matrix rigidity probably 
dominates the effect of an electric field due to the trapped 
electron. However, a strong electric field acts on the mole
cules in the vicinity of the trapped electron and would in
duce the rotation of these polar molecules, in some cases 
almost independently of temperature, forming a locally 
relaxed electron trap.

Keeping these general considerations in mind, we may 
derive some information on the relaxation of electron 
traps in the amine glasses from a comparison of the ob
served absorption spectra at 4 and 77°K. We infer that the 
electron traps in the amine glasses are locally relaxed at 
77°K. Such an interpretation is consistent with the theo
retical results on trapped electrons in the amine glasses at 
77°K which are based on the model of locally relaxed 
traps.8 We also conclude that the electron traps are relaxed 
at 4°K to the same extent as those at 77°K for the amines 
which yield the identical absorption spectra of trapped 
electrons at 4 and 77°K. It seems reasonable to suggest 
that the electron traps are incompletely relaxed at 4°K for 
the amines which give a slight red shift of the absorption 
spectra of trapped electrons at 4°K relative to those at 
77°K, but their maxima lie at shorter wavelengths com
pared to Amax, 1500 nm, in the absorption spectrum of 
trapped electrons in ethanol glass at 4°K.15 There was a 
dramatic change in the absorption spectrum of trapped

electrons in ethanol glass when the temperature was 
raised from 4 to 77°K, and such an observation led to the 
interpretation that the electron traps in ethanol glass at 
4°K are unrelaxed.15

It should be pointed out that both the optical absorp
tion spectra and the electron spin resonance spectra of 
trapped electrons in the tertiary amines at 77°K5 are very 
similar to those of trapped electrons in hydrocarbon glass
es at 77°K.4 Thus, we are tempted to state that trapped 
electrons in the tertiary amine glasses are surrounded by 
the methyl groups of the amine molecules in the first sol
vation shell, resulting in very weak interactions with the 
nitrogen atoms.

Finally, we comment on the efficiency of electron trap
ping or the yield of trapped electrons at 4°K relative to 
that at 77°K. Such a relative efficiency in the amine 
glasses is given in Table I as jj. It can be seen in Table I 
that the value of rj range from 0.8 to 1.4 and the values for 
the primary amines are somewhat smaller than that for 
the tertiary amine although the number of data is limited. 
These values are compared to a value of rj, 1, obtained for 
trapped electrons in ethanol glass.15
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The chemical properties of element 111, eka-gold, are predicted through the use of the periodic table, relati
vistic Hartee-Fock-Slater calculations, and various qualitative theories which have established their useful
ness in understanding and correlating properties of molecules. The results indicate that element 111 will be 
like Au(IH) in its chemistry with little or no tendency to show stability in the I or 13 states. There is a possibil
ity that the 111 ~ ion, analogous to the auride ion, will be stable.

Introduction
In paper I of this series2® plans were mentioned for the 

use of heavy ion accelerators in the search for superheavy 
elements. These plans have subsequently moved forward 
in the U. S. and abroad. In the U. S., at the Berkeley 
Super HILAC, a team of chemists from several U. S. and 
European laboratories is preparing to study possible su
perheavy elements. Further predictions are needed now as 
a guide for such experiments. The tools we have for mak
ing chemical predictions are the periodic system of the 
elements, the relativistic Hartree-Fock-Slater program 
for calculating energies and radii of electrons in atoms, 
and various approximate theories which have proven use
ful over the years in correlating properties of molecules.

If we assume that the periodic table continues to build 
up with its usual symmetry, element 111 will occur in 
group lb with Cu, Ag, and Au. The energy eigenvalues 
presented for Cu, Ag, Au, and 111 have been calculated 
using a relativistic Hartree-Fock-Slater (HFS(rel)) pro
gram developed at Oak Ridge2b and the HFS(rel) code of 
Fricke and Waber3 (a further development of the program 
of Liberman, Cromer, and Waber4). The 6d97s2 ground- 
state electronic configuration for 111 obtained from both 
codes was confirmed by a relativistic Hartree-Fock calcu
lation through the courtesy of Dr. Joseph B. Mann. Al
though the details in the Fricke and Oak Ridge codes dif
fer somewhat, the individual energies given in the tables 
are, for our purposes, identical. The Oak Ridge code ob
tains binding energies from the use of Koopmans’ theorem 
and Slater’s approximate exchange potential,5 whereas 
Fricke obtains the binding energies from subtraction of 
total energies and the use of two-thirds times Slater’s ex
change potential. For well-known reasons neither code can 
give exact agreement with experiment. Therefore we al
ways compare our calculated values with the available ex
perimental or semiempirical energy values for Cu, Ag, and 
Au. As detailed below these comparisons allow us to cor
rect the calculated values for 111 because the physical 
basis for the errors in the region around element 114

should be the same as for the lighter members of the re
spective series.

Possible physical changes that are not taken into ac
count in the (HFS(rel)) calculations that conceivably 
could affect the valence electrons in elements 111 through 
120 are (1) the interaction of the electrons with the zero- 
point electromagnetic field (vacuum fluctuation); (2) the 
interaction of the electrons with the polarized negative 
energy electron sea (vacuum polarization); (3) the elec
tron-electron magnetic interactions; (4) the retardation 
terms which arise from the finite velocity (speed of light) 
of the electromagnetic interaction of the electrons as they 
themselves approach the speed of light; (5) and the error 
in the Slater exchange term us. exact exchange as found 
in a relativistic Hartree-Fock calculation. The energy 
variations due to these causes in the elements around 114 
have been found too small to have chemical significance 
by Mann2®'6 and by Fricke and Waber.7 The following as
sumptions are more serious: (1) the use of Koopmans’ the
orem by which eigenvalues are used to determine the 
binding energies, (2) our inability to include electron cor
relation, and (3) the use of an average energy for an in
completely filled subshell rather than a specific coupling 
scheme. As shown in the tables, in some instances ioniza
tion potentials were obtained from differences in total 
energies between initial and final states, and in these in
stances agreement with results from eigenvalues is quite 
satisfactory. The uncertainties in the latter three assump
tions are present for the lighter elements as well as for the 
heavier elements. We shall therefore assume that the er
rors in the atomic calculations for element 111 are of the 
same character as in Cu, Ag, and Au. The corrections to 
the energies obtained by comparing the calculated values 
for Cu, Ag, and Au to literature values are therefore as
sumed to be extrapolatable to 111. The interpretation of 
the chemistry of 111 is nonetheless found to be more diffi
cult than for 113 and 114 because the ground electronic state 
and the electrons of lowest energy are found to be differ
ent from those of its congeners. The results we present
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TABLE I

Binding energies, eV

Semiempir- 
ical and ex-

Element
Configura

tion Electrons
Oak

Ridge“ Fricke6
perimental
energies“

Cu 3d104s1 3d3/2 1 0 . 1 1 1

3d 5/2 9.8 10.5 10.4
4S-I/2 7.1 7.7 7.73

Ag 4d105s1 4d3/2 12.5
4d5/2 1 1 . 8 1 1 . 8 12.4
5Si /2 6.9 7.2 7.58

Au 5d106s1 5d3/2 1 2 . 2 12.5
5d5 /2 10.4 10.4 1 1 . 1

6 S1/2 8.4 8.7 9.23
1 1 1 6d97s2 6 d3 /2 13.4 (13)d

6 d5 /2 10.1 10.0 (10.7)
7S1/2 11.7 11.9 (12.6)

“ Based on eigenvalues determined from Oak Ridge code23 using full 
Slater exchange. 6 Based on differences in total energies from solutions 
of wave functions of Fricke3 using % Slater exchange. c Reference 8 . 
“ Suggested extrapolated values for element 111.

here are therefore of a more general nature than those in 
paper I.

Energy Levels of O uter Electrons in  Group lb  Elements

In Table I we give the results of the (HFS(rel)) calcula
tions for the energy eigenvalues of the CI3/2, ds/2, and S1/2 

electrons of the group lb elements along with the litera
ture values. The Oak Ridge and Fricke calculations are 
seen to agree with the literature values8 for the binding 
energies rather well.

As noted previously the ground-state configuration of 
111 is 6d97s2. This configuration was found to be more 
stable than the 6d107s1 by 4.2 (Oak Ridge) and by 2.9 eV 
(Fricke). The first ionization potential of 111 therefore re
fers to a d electron rather than to an s electron as in the 
lighter members of the series. Also, as seen in the table, 
the splitting of the d3/2 and ds/2 levels increases through 
the series to the point that they actually span the S1/2 

level in 111. Whereas the s electron in silver and copper is 
able to act in some cases more or less as an individual va
lence electron, some type of hybridization is always in
volved in gold compounds. In addition to noting the mag
nitudes of the energies and the relative spacing of the d 
and s shells, it is also helpful to inspect the computed 
electron density maps. As seen in Figure 1, at the arrows 
marking the Slater atomic radii, in copper and silver the 
S1/2 density is about equal to the ds/2, but in Au and 111 
it is somewhat less. Also in the tail of the charge distribu
tion at large radii the S1/2 density is much larger for Cu 
and Ag than the ds/2 density whereas in Au and 1 1 1  both 
these densities are about equal. The probability is there
fore low that the S1/2 electrons in 1 1 1  will act individually 
as valence electrons. That is to say, in 111, as in Au, we 
can expect hybridization to accompany chemical reaction.

Ionization Potentials and Atomic Radius

In Table II we give the ionization potentials as obtained 
by the two HFS(rel) codes as compared to experiment. 
Agreement between the two codes is again good. Two dif
ferent approaches are used to obtain the calculated atom-

RADIUS IN ATOMIC UNITS

Figure 1. Comparison of S1/2 and ds/2 electron densities as cal
culated by Fricke in group lb elements. The arrows mark the 
positions of the Slater atomic radii (Au = atomic units).

ic radii given in Table II for comparison with Slater’s 
empirical values.9 The radial expectation values <r) calcu
lated by the Oak Ridge code are listed in ref 2a. From the 
calculations of Waber and Cromer10® and of Fricke and 
Waber,10b we obtained the radius of maximum charge 
density in the outermost shell. Since, as compared to ex
periment, the value of (r) is consistently too high, and the 
value of the radius of the charge density maximum is con
sistently too low, we have no trouble bracketing the “ex
perimental” value of the atomic radius of 1 1 1 .
Excited State Energies

Our subsequent discussions of the chemistry of element 
1 1 1  will require s-p, s-d, and d-p separation energies in 
the neutral and +1 ion. The results are given in Table HI 
for comparison with available experimental values. The 
agreement is excellent; so we assume the values for 1 1 1 + 
and neutral are reliable. Because of their importance to 
our subsequent discussions, it should be noted that the 
calculations for the + 1  and neutral species both agree 
that the d-p separation in gold is essentially equal to the 
s-p separation in 1 1 1 .

Relative Stabilities of the Oxidation States 
of Element 111

In the absence of complexing agents, and at ordinary 
temperature, the most stable oxidation state of copper is 
II and of gold is III. In both cases there is much important 
chemistry in the I state involving complexes, however. In 
the case of silver, the most stable and important state by 
far is the I, with the II having a very high oxidation poten
tial. There is, therefore, no trend as one goes to higher Z 
in group lb that points toward the most stable oxidation 
state to be expected for element 1 1 1 , and the predictions 
must be made on other criteria.

Gold(III) chemistry is nicely explained on the basis of 
valence bond theory. In gold(HI) compounds, which are 
always four coordinate, the ligands form a square planar 
arrangement around the gold atom indicating dsp2 hybri
dization for the gold orbitals. The valence state, as shown 
in Figure 2a, requires the promotion of a 5d electron to a 6p 
electronic orbital. Au(IH) uses all unpaired electrons for 
bond formation, and also gains an electron pair by form
ing an anion such as AuCU- . As shown in Table HI, the d 
to p promotion requires ~5.9 eV. Therefore, in gold(III) 
compounds, it is an experimental fact that the bond and
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TABLE II

Ion Configuration

Ionization energy, eV
Radial expec

tation (r)d

Radius max 
density outer 

shell“
Slater atomic 

radius^Oak Ridge“ Fricke8 Exptlc

Cu neutral 4s 7.141 7.7 7.724 1.59 1.19 1.35
+  1, CO Q. o 19.61 20.29 0.50
+2 3d9 37.41 36.83 0.47
+3 3d8 58.24 0.43

Ag neutral 5s 6.914 7.18 7.574 1.68 1.29 1.60
+ 1 4d10 20.81 21.48 0.69
+ 2 4d9 35.05 34.82 0.67
+3 4d8 50.73 0.63

Au neutral 6s 8.358 8.72 9.22 1.50 1.19 1.35
+ 1 CJ1 Q- o 19.56 19.37 20.5 0.81
+2 5d9 32.30 31.79 0.77
+3 5d8 46.20 0.74
+4 5d7 61.08 0.71

111 neutral 6d97s2 10.14 9.96 (10.7) 1.3 1.14 (1.2)
+1 6d87s2 20.74 1.3 1.12
+2 6d87s 30.9
+3 6d8 41.6
+4 6d7 54.5

a-c See corresponding footnote to Table I. d Calculated from solutions for appropriate ions using code from ref 2a. e Calculated from solutions of ap-
propriate ions using code from ref 10. t  Reference 9.

TABLE II I“

Cu+ Ag+ Au + 111 + Au° 111°

d-s separation d9s 2.9 4.6(4.6) 1.6(1.6) ~2.1 ( — 2.0) (0.8) (2.9)
above ground state6
d9s 2.7 4.8 1.9
above ground state“

d-p separation d9p 8.8 9.9(9.8) 7-0(7.7) 4.6(d10-d9p) (5.9) (3.3)
above ground state6 (5.9-d8s2-d7s2p)
d9p 8.2 9.9 7.8
above ground state“

s-p separation (d9s-d9p)6 5.9 5.3(5.2) 5.4(6.1) 7.1(7.9) (5.1) (6.2)
(d9s-d9p)“ 5.5 5.1 5.9

“ Values in eV. 6 Present work; Fricke results shown in parentheses; Oak Ridge results (as calculated on differences in total energies) shown without 
parentheses.c J. D. Dunitz and L. E. Orgel, Advan. Inorg. Radiochem., 2,1 (1960).

lattice or solvation energies are sufficiently high to furnish 
this hybridization energy (and also furnish the heat of 
sublimation of gold) with enough Gibbs’ free energy left 
over to stabilize the complex. Therefore, if the promotion 
energy to the valence state of 111(111) is ~6eV, and if it 
appears that the bond energies of compounds of 111(111) 
will be about the same or higher than analogous com
pounds of gold(III), and if it also appears that the heat of 
sublimation will not be substantially higher, we can then 
expect that 111 will have a chemistry similar to Au(IH).

(a) dsp2 Valence State of Gold (II) [Ground State 5dl06s1]
5d 6s 6p

« n u n ctrr” ™ Y ™ v.~ito] o
5d to 6p promotion energy * 5.9eV

(b) dsp2 Valence State of Element 111 (IE) [Ground State 6d97sz]
6d 7s 7p

n 11 u o
7s to 7p promotion energy ■ 6.2 eV

Figure 2. Valence bond pictures for Au(III) and 111(111).

As shown in Figure 2b, the valence state of 111(113) re
quires the promotion of a 7s to a 7p electron. In Table III, 
this promotion energy is seen to be ~6.2 eV, or about the 
same as the promotion energy required for Au(III). The 
next question concerns the heat of sublimation of 111. The 
values of the heats of sublimation of Cu, Ag, and Au at 
298°K are 3.54, 2.97, and 3.67 eV, respectively.11 There is 
no trend, and the values are similar. Will the change from 
d10s1 to d9s2 ground-state configuration change the heat of 
sublimation of 111 greatly? A look at the heats of subli
mation and ground-state configurations of Pt, Au, and 
Hg11 in the following table indicates that the formation of 
the closed shell s2 configuration will perhaps more than 
counterbalance the breaking of the d10 closed shell.

Pt Au Hg
Electronic configu

ration 4f145d96s1 4f145d106s1 4f145d106s2
Heat of sublimation

(298°K), eV 5.85 3.67 0.634

The bond energies in 111(111) compounds should be at 
least as strong as those in Au(III) compounds because 111
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TABLE IV

Electron affinities, eV

Oak
Element Configuration Ridge“ Fricke6 Exptlc

Cu 3d104s1 0.6 1.0 1.226
Ag 4d105s1 0.7 0.9 1.303
Au 5d106s1 1.4 2.1 2.3086
i n 6d97s2 1.0 1.3

“•'’ See corresponding footnotes to Table I. c Reference 13.

is expected to be smaller in radius than Au. Good overlap 
of its wave functions with those of the ligands should 
therefore occur. The inner electron repulsion will be larg
er, but there are indications that this is of minor impor
tance since gold easily achieves dsp2 hybridization where
as Cu and Ag do not.

Since the promotion energy and heat of sublimation of 
111 should be similar to gold, and the bonding at least as 
strong, we expect 111 to form strong complexes in the oxi
dation state of HI and be similar to Au(IH) in its chemis
try.

There probably will not be a stable oxidation state of II 
for element 111. Au(H) is exceedingly rare if it exists at 
all, and Ag(n) is only difficultly attained. The stability of 
Cu(n) relative to Cu(I) and Cu(IE) is not clearly under
stood, but it probably involves a delicate balance between 
ionic and covalent bonding, with the balance tipping 
toward ionic bonding because of crystal field stabilization. 
This delicate balance cannot be expected to occur in 111 
because of the very high ionization potential of 31 eV vs.
28.0 for copper(II). Even gold(II) with an ionization energy 
of 29.7 eV does not exist.

We expect that 111(1) will be very unstable, and that if 
it exists at all it will be in complexes involving the highly 
polarizable cyanide ligands which stabilize Au(I). In 
Table II we note that 111 has a very high ionization ener
gy of 10.7 eV, about 1.5 eV higher than Au. 111(1) can 
therefore be expected to be noble indeed. Furthermore, 
Cu(I) and Ag(I) are stabilized by a great change in radius 
that occurs when a single electron is ionized. As shown in 
column 7 of Table II, a decrease of about 1 A occurs in 
these two cases. The decrease in radius in going to the +1 
ion from the neutral species results in much larger lattice 
energies in crystals and solvation energies in solution than 
would otherwise be the case. For gold the corresponding 
decrease is seen to be somewhat less and for 111 no de
crease occurs. Gold forms a quasistable I state with cova
lent properties. For the case of 111, the high ionization 
potential and small change in radius can be expected to 
preclude the formation of 111(1) except, perhaps, with cy
anide.

Another intriguing possibility for a stable oxidation 
state of 111 is the -1  ion analogous to the auride12 ion 
found in CsAu and RbAu. Cesium auride is a semiconduc

tor whose bonding appears to be highly ionic. The crystals 
have the CsCl structure. Whether 111 will act in a similar 
way to Au depends on its electron affinity. The electron 
affinity of gold13 is about 2.3 eV. The electron affinities of 
Cu and Ag, which have not been found to form com
pounds containing themselves as -1  ions, are about 1.2 
and 1.3 eV, respectively.

In order to evaluate whether 111 will act like gold or 
like copper and silver in this instance, we need to be able 
to compute the electron affinity. This is a difficult prob
lem, even in the lighter elements, because electron-elec
tron correlation assumes such a major role.14-18 Even 
though our codes could not be reasonably expected to give 
accurate results, we nevertheless carried out the calcula
tions as a matter of interest for purposes of comparison. 
The results, given in Table IV, are seen to be in the cor
rect order with Cu and Ag about equal and Au somewhat 
higher. According to these calculations element 111 is 
seen to lie between Au, which forms a negative ion in 
chemical compounds, and Cu and Ag which do not. We 
would therefore suggest strongly that experimentalists be 
awkre of the possible stability of the 111- ion, and its pos
sible chemical importance.
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R ed ox  M ech an ism s in an Ion ic Matrix. III. K inetics o f the R eaction  NO 2 +  7202 =  
NO 3 -  in M olten Alkali Nitrates
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The kinetics of the homogeneous-phase oxidation of nitrite by molecular oxygen (NO2- + %Os>(Si. = 
NO3-) in a molten matrix of (sodium-potassium) nitrate were studied in the temperature range 545- 
690°K by following the oxygen pressure variations over the reacting system. Within the experimental 
oxygen pressure and nitrite concentration ranges (80 < Po2 <  900 Torr; 0.1 < [NO2- ] < 0.5 m) the reac
tion rate can be described by the expression — d[N0 2 ~]/dt = fe[N0 2 ~][0 2] which is consistent with the 
mechanism: N02~ + 02(S) alog' NO3- + O; N02- + O fa8¿ NO3- . The results, directly comparable with 
those relevant to the oxidation of nitrite by peroxide and superoxide ions, permit some considerations 
about the influence of the bond energy of the species O2, 0 2- , and 0 22- on the relevant kinetic parame
ters. By considering the solubility data and the temperature coefficient relevant to the dissolution of oxy
gen, kinetic and thermodynamic data referred to the heterogeneous process N0 2- + %0 2 (gi = NO3- 
could be obtained. This permitted a reasonable comparison of the present results with the findings pre
viously obtained by Freeman for the high-temperature direct oxidation of pure sodium and potassium 
nitrite.

Introduction

In the course of a recent study, 1 the kinetic behavior of 
the reaction: nitrite + superoxide = nitrate + peroxide 
has been investigated in the molten (Na,K)N0 3  eutectic 
at the temperature of about 500°K. The process, charac
terized2 by the overall reaction

2N02~ + 202- = 2N03" + 0 22“ (1)
has been found to proceed according to an autocatalytic 
mechanism prevailing on the “direct” reaction between 
NO2-  and 0 2 ". The result, explainable1 in terms of a 
higher reactivity (with nitrite) of peroxide instead of sup
eroxide can be, perhaps, related to the lower1 -3 bond ener
gy of 022~ compared to 0 2 “ . For a better understanding 
of the role played by the oxygen-oxygen bond on this kind 
of reactions, a study on the kinetics between nitrite and 
molecular oxygen

N02‘  + ViOj = N (V  (2)
was performed under the same experimental conditions at 
which the work with 0 22~ and 0 2~ has been carried out.

Another point of interest in studying the kinetics of 
reaction 2 lies in the fact that it represents the reverse of 
the main step always hypothesized in the decomposition 
of nitrate ions. Previously this reaction has been studied 
only at high temperatures (830-1050°K) where other pro
cesses can become4-7 concomitant. In the course cf the 
present work, reaction 2 has been studied in the tempera
ture interval 550-690°K in the absence of any appreciable 
side reaction.

Experim ental Section

Chemicals. The solvent was an equimolar mixture 
( ~ 2 0 0  g) of reagent grade sodium and potassium nitrate 
(Carlo Erba, Milan) containing initial concentrations of 
sodium nitrite 0.2-0.5 m. Cylinder oxygen (S.I.O., Milan) 
was purified by keeping it in contact with Ascarite (A. H.

Thomas Co., Philadelphia, Pa.) to remove CO2 and with 
Molecular Sieves 5A (Carlo Erba, Milan) cooled at -80° 
to remove water.

Apparatus and Procedures. The reaction cell was com
posed of a cylindrical glass vessel connected with a mer
cury manometer, a thermostated bulb (necessary for the 
calibration of the system), a vacuum line, and a gas inlet. 
Constant temperature conditions were obtained by an alu
minum thermostatic block holding a rotating magnet suit
able for stirring the melt.

The calibration of the system was made by expanding 
an inert gas (known volume, pressure, and temperature) 
contained in the thermostated bulb, in the previously 
evacuated reaction cell. On the basis of "the pressure 
values before and after the gas expansion, a correlation 
between pressure and moles of gas contained in the reac
tion cell at a given melt temperature was readily ob
tained. This calibration method was preferred to a direct 
geometrical measurement of the cell volume, since it is 
independent of temperature gradients always present in 
high-temperature thermostated systems. For more details 
see ref 8 .

The introduction of oxygen in the reaction cell was done 
after long vacuum degassing of the melt. When the de
sired oxygen pressure over the melt was obtained, the ap
paratus was flame-sealed, leaving in connection with the 
reaction cell only the manometer used to follow the oxy
gen disappearance. Under these experimental conditions 
any gas leak was excluded and very long kinetic experi
ments (up to several months) could be performed.

The disappearance of a number of moles of oxygen in 
the gas phase could be easily obtained according to

A/io2 = A (T )\ P  (3)
where A (T ) is the temperature-dependent conversion fac
tor obtained by the described calibration.

The oxygen concentration of the melt at various tem
peratures was calculated by the relation
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log K h = - M -  ~  (4)

which can be derived from the solubility data given in ref 
8b. K h indicates the equilibrium solubility coefficient ex
pressed as moles of oxygen dissolved per 1000 grams of 
melt per atmosphere, and T  is the absolute temperature. 
In effect a continuous equilibrium situation between oxy
gen in the gas and liquid phases is to be considered valid 
since the rate of dissolution of the gas under the present 
experimental conditions has been found to be fast com
pared to the disappearance of oxygen because of reaction
2. It is indicative in this sense upon comparison of the ex
amples of solubility kinetics given in ref 8b with the re
sults described in the next section. A control of the actual 
nitrite concentrations at the beginning and at the end of 
each experiment was done by classical titrimetric meth
ods after dissolution in water of quenched melt samples.

Results and Discussion

Typical examples of oxygen pressure decays (the fastest 
in the course of the entire work) observed in the presence 
of a solution of nitrite in molten nitrates are reported in 
Figure 1. Similar curves were obtained in the temperature 
interval 550-690°K, under oxygen pressures and nitrite 
concentrations contained in the ranges 80 < P02 < 900 
Torr and 0 .1  < [NO2- ] < 0.5 m, respectively. Titrations 
performed at the end of each experiment have shown that 
the total disappearance of nitrite was double the con
sumption of oxygen. On the basis of relation 3

2 A rc q2 = AnNo2- (5)
The results are in agreement with the overall stoichiome
try expressed by eq 2 .

Treatment of Data and Proposed Mechanism. The sim
plest way to express the mechanism of reaction 2 is

N02- + 02(s) N03- + O (6 )
O + N02- NO3- (7)

2N02" + 0 2(s) = 2N03~ (2a)
where the role of fast step assigned to reaction 7 is justi
fied by the high rates usually associated with free-radical 
involving processes and by the high concentration of ni
trite (0.1-0.5 m) present in solution. By considering reac
tion 6 as the rate-determining step, the reaction rate can 
be expressed by

rate = — ^  -  = &iN02 ][02] (8)

and in first approximation
_  A[N^J = ^ [N0r][02] (9)

where the left-hand term can be practically evaluated 
from the slope of pressure-time curves such as those of 
Figure 1.

A relation between the pressure variation AP  and the 
variation of the nitrite concentration, [NO2- ], can be ob
tained by eq 3 and 5

A »not 2An(k 2A (T )A Pw ~ w  -  w
i.e.

Figure 1. Examples of kinetic decays of oxygen pressures in the 
presence of sodium nitrite contained in a molten equimolar ma
trix of (Na,K)N03. The initial and final concentrations of nitrite 
as well as the working temperatures are specified. The curves, 
reported as continuous, represent the interpolation of a series of 
a high number of experimental points.

A[N02‘ ] 2A(T)A P
W (100

where W  is the weight (in kilograms) of the melt.
The actual concentration of nitrite and oxygen in the 

molten solutions can be obtained, at any time, in the fol
lowing way

[NOH  = [NOT! -  2A (T ) (1 1 )

[02] = K hP  (12)
where [N02_]o and Po are the initial concentration of ni
trite and the initial oxygen pressure, respectively, K h is 
the Henry’s coefficient reported in eq 4, and P  is the value 
of the oxygen pressure at a given time in the course of the 
kinetic process. This calculation is valid since one can 
suppose (see Experimental Section) a continuous equilib
rium situation between oxygen in the gas phase and in so
lution, that is to say that the process

02(g) -*■ C>2(8) (13)
represents a fast step prior to the homogeneous-phase
mechanism of reaction 2a. Plots of A[N02~]/At vs. the 
product of the concentrations of oxygen and nitrite rele
vant to some of the present experiments are reported in 
Figure 2. The closely linear shape of the curves is in 
agreement with the second-order model expressed by eq 8 

and 9.
The numerical values of fee calculated on the basis of 

the least-square method and referred to the disappearance 
of nitrite are summarized in column 2 of Table I. From 
the Arrhenius plot of Figure 3 the activation energy of the 
process (AE  = 19.0 ± 0.5 kcal/mol) has been calculated. 
By assuming that the heat of activation is approximately 
equal to the energy of activation (AH* ^ AE) the activa-
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Figure 2. Plots of experimental rates A[NC>2_ ]/A?, against the 
product of the actual “average” concentrations of nitrite and 
oxygen. Curves A. and B are relevant to the corresponding ex
periments described in Figure 1.

Figure 3. Arrhenius plot of the kinetic data relevant to the ho
mogeneous-phase reaction: NO2-  +  V20 2 = N03~ in molten 
(Na,K)N03.

TABLE I: Kinetic and Thermodynamic Data Relevant to the 
Homogeneous-Phase Reaction N02_ +  V2O2 = N03~ in an 
Equimolar Matrix of (Na,K)N03

T, °K k6. mol-1 
kg sec-1

AF*, kcal 
mol- ’

AS*, 
cal °K-1

AE,
kcal mol “ I

545 2.2 X 1 0 -3 39.3 -3 7 .2
584 7.7 X 10-3 40.7 -37 .1 19.0 ±  0.5
629 2.2 X 10-2 42.6 -3 7 .5
648 3.3 X 10 —2 43.4 -3 7 .6
690 9.7 X 10-2 44.9 -3 7 .5

tion free energies and entropies can be determined

AS* = -  R (in h  -  l n ^ )  (14)

AF *  = A H *  -  TAS* (15)
where ke> is the second-order kinetic constant of reaction 6 
and the other symbols have their usual significance in 
thermodynamics.

The relevant values are reported in Table I. The preex
ponential factor was calculated to be

Figure 4. Arrhenius plots relevant to the heterogeneous-phase 
reaction N02-  +  ^ 0 2(g) = N03~ in different solvents: molten 
(Na,K)N03, • ;  molten Na N02, A; molten KN02, O.

TABLE II: Kinetic and Thermodynamic Data Relevant to the 
Heterogeneous-Phase Reaction N02~ +  V2O2 = N03_ in an 
Equimolar Matrix of (Na,K)N03 Referred to a Constant Oxygen 
Pressure of 1 Atm

T, °K fc6', sec-1
AF, kcai 
m ol'1

Si?cc0

AF,
kcal moi-1

545 1.3 X 1 0 -8 52.3 - 5 3 . 8

584 5.9 X 10-8 54.4 - 5 3 . 8

629 2.2 X 10-7 57.0 - 5 4 23.2 ±  0.5
648 3.7 X 1 0 -7 58.1 - 5 4 . 2

690 1.3 X IO“ 6 60.3 - 5 4

A = 9.1 X 104 m o f1 kg sec-1 (16)
In the oxygen molecule the 0 -0  bond is equivalent to 118 
kcal/mol, a value about 6 times higher than the activation 
energy involved in the overall process 2a. This seems to 
suggest that, under our experimental conditions, the pre
vailing kinetic path for the oxidation of nitrite does not 
involve the “direct” breakage of the oxygen molecule. If 
atomic oxygen is formed in the course of the reaction, it 
must be produced by interaction of O2 with a second 
species. This is in agreement with the reaction mecha
nism formulated for reaction 2a (steps 6 and 7).

By considering the results of the present work and of 
parallel studies1-9 it can be concluded that the rate-deter
mining steps for the three processes of oxidation of nitrite 
by peroxide, superoxide, and oxygen are
n o2- + °22~—' products iHII X 10“2) (17)
n o 2- + o r  - products (*u = 1.9 X 10~4) (18)
n o2- + o 2 - products (k6 = 5.0 X 10~4) (6)
where the given second-order kinetic constants are re
ferred to a temperature of 500°K. The value at 500°K for 
&6 is obtained by extrapolation of the curve of Figure 3. 
As mentioned in the Introduction, hypothesis has been 
made that the higher reactivity of peroxide could be relat
ed to its lower bond energy. From this point of view a 
lower reactivity of molecular oxygen with respect to the 
more weakly bonded superoxide was also expected. The 
fact that, on the contrary, the experimental value of fe6 is
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£ little higher than ky% indicates that other factors must 
play an important role in the kinetic process. One is likely 
the electrostatic repulsion between the reacting species: in 
particular the absence of this effect in the case of molecu
lar oxygen can practically balance the disadvantage of a 
higher bond energy with respect to the superoxide ion.

Comparison with Literature Findings. The only litera
ture data which can be compared with the ones described 
in the present paper are those obtained4-8 by Freeman, 
who has studied the kinetics for the oxidation of pure so
dium and potassium nitrite by molecular oxygen in the 
temperature range 830-1050°K. Freeman’s data are rele
vant to the heterogeneous-phase process

N (V  + V2 0 2(f) = N03- (2b)
and referred to a constant pressure of oxygen (1 atm) over 
the entire temperature range. For this reason the kinetic 
constants (fe6') are expressed as firs" order (sec-1) and the 
relevant AE  values summarize the thermal effect of the 
dissolution of oxygen in the reaction medium (eq 13) and 
of the homogeneous-phase reaction 2a.

In order to compare our data with those reported in ref 
4 and 5, the values (mol-1 kg sec-1) given in Table I were 
converted to the new dimension (sec-1) on multiplying 
them by the relevant Henry’s constant computed on the 
basis of eq 4. The pseudo-first-order constants obtained 
and the relevant thermodynamic data are given in Table
n.

Arrhenius plots of all the presently available10 kinetic 
data, relevant to reaction 2, are reported in Figure 4. The 
accordance between Freeman’s and our data appears fair
ly good when considering the uncertainties related to this 
kind of comparison, mainly the fact that Arrhenius plots 
can be considered linear only in limited temperature in
tervals.

A final observation can be concerned with the fact that 
the high-temperature kinetic data given in ref 4 and 5 
could be partially influenced by the presence of species 
having, as recently6-11 demonstrated, a certain catalytic 
effect on reaction 2 or similar processes. This is the case 
for the oxides of Fe, Cr, and Ni certainly present in traces 
in the systems studied by Freeman which were contained 
:n stainless-steel reaction vessels.

Another possible factor which can lead to a catalytic 
action12 on the high-temperature oxidation of nitrite by 
oxygen is the presence of peroxide and superoxide ions. It 
has been, in fact, demonstrated13 that these species are 
present in nitrite melts at temperatures around 900- 
1000°K. This probably according to a mechanism such as

2N02- N2 + 202" (19)
202~ 0 22- + 0 2 (20)

022- o 2- + 720 2 (21)
which has been suggested7 by Bond and Jacobs and which 
is in agreement with some interesting experimental obser
vations. For example, it has been found4 that while one- 
half of the available nitrogen was evolved from a nitrite 
melt (maintained at 1000°K under an argon atmosphere), 
after 2 hr only about % of the available oxygen could leave 
the liquid phase. In the presence of gaseous oxygen, equi
librium 20 can be shifted to the left so that the formation 
of peroxide is less probable; however, the complete ab
sence of a catalytic mechanism such as that described in 
ref 12 cannot be a priori excluded.
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The Ruedenberg LCAO-MO method with TBM, IRM, TBX, and IRX approximations using very limited 
Cl is used to study the electronic spectra of naphthalene, anthracene, and pyrene mononegative ions, 
and the results are compared with the FE-MO calculations. The calculated values are in fairly good 
agreement with experimental results, especially for the pyrene anion where remarkable success is 
achieved. On the basis of these calculations, an attempt is made to settle the discrepancy in the assign
ment of the absorption spectrum of the pyrene ion.

Introduction

The optical absorption spectra of aromatic hydrocarbon 
ions have been studied theoretically2-6 as well as experi
mentally. 7-14- Most of the LCAO-MO and SCF methods 
used in these calculations were originally developed to 
study the spectra of the neutral hydrocarbons.15-17 Al
though the general agreement between theory and experi
ment is satisfactory, for the pericondensed systems it is 
not as good as for the catacondensed systems. The free- 
electron MO (FE-MO) theory18-19 also does not give en
couraging results for the pericondensed hydrocarbons. 
However, the results for the latter are greatly improved in 
the calculations of Hummel and Ruedenberg20 which are 
based on Ruedenberg’s “tight-binding” (TB) and “intra- 
ring” (IR) approximations21 in the LCAO-MO theory 
using an average distance of 1.395 A (M) for all the bonds 
as well as exact internuclear distances (X). In the tight- 
binding approximation, the overlap effect is taken into ac
count between the neighbor atoms only, while in the 
intra-ring approximation the overlap is considered be
tween all those atoms which lie within a distance of the 
benzene diameter, i.e., 2.8 A. The overlap contribution 
from atoms lying at still larger distances, being very 
small, is neglected. Besides these refinements, the treat
ment has an improvement over the FE-MO and the other 
LCAO-MO methods in the sense that it also takes into 
account the effect of nonconjugated neighbors, hydrogen 
and carbon.

Theoretical treatment for the pyrene anion too, like its 
neutral molecule, presents an obstacle in the under
standing of its spectrum. This is obvious from the work of 
Balk, et al.,2 who have possibly misassigned a weak elec
tronic transition of pyrene anion lying at 13.9 kK as £ 2« 
(short-axis polarized). Their assignment is based on the 
Hiickel calculation using configuration interaction. This is 
in disagreement with the polarization studies of Zand- 
stra,9 who reassigned this transition as B lu (long-axis po
larized). Although the FE-MO calculation favors the as
signment of Zandstra, the energies of other transitions 
calculated by this method are not in close agreement with 
the experimental results. Therefore, it seems plausible to 
apply Ruendenberg’s TBM, IRM, TBX, and IRX approxi
mations21 to the pyrene ion as well. The calculations 
based on these approximations confirm the measurements 
of Zandstra and also compare favorably with the observed 
spectrum. For a more comprehensive study we have also

included the mononegative ions of naphthalene and an
thracene in our calculations which have already been 
studied by the FE-MO method.22

Calculations

As the hydrocarbons under investigation have an even 
number (2n) of ir electrons which occupy n bonding orbi
tals, therefore their mononegative ions will have one more 
electron, the odd electron being in the first antibonding 
orbital, i.e., in the (n + l)th MO. Here we make the as
sumption that the addition of the odd electron to the an
tibonding orbital does not seriously affect the other orbi
tals. It is also assumed that the orbital energies and the 
eigenvectors for the mononegative ions are the same as 
those for the neutral hydrocarbons given by Scherr,23 
Ham and Ruedenberg,24 and Hummel and Ruedenberg.25

To a first approximation, we consider only the one-elec
tron excitations shown in Figure 1. The transitions are 
identified by the representation of the direct product of 
the ground and excited state wave functions in the D2h 
point group. Moreover, we restrict our configuration-inter- 
action treatment only to those configurations which arise 
due to the excitations from the three highest fully- or 
half-filled orbitals to the three lowest completely unfilled 
orbitals so as to cover the spectral region experimentally 
known. In the TBM and IRM approximations for anthra
cene, we also include one more bonding and antibonding 
orbitals (not shown in Figure 1) due to symmetry condi
tions.

As is evident from Figure 1, transitions of three types of 
symmetries are obtained—Blu, B2u, and B3g,26 the first 
two being allowed and the third one forbidden. All the 
one-electron transitions, except the transition k «— n, give 
rise to antisymmetrized wave functions which are dou
blets, the latter giving two doublets and a quadruplet. 
Since quadruplet-doublet transition is forbidden, there
fore it has not been taken into consideration. Thus we are 
left only with two doublet wave functions of symmetry 
Biuy four of Biu, and one of B3g. The configuration inter
action leads to secular determinants with a 2 X 2 and a 4 
X 4 matrix of symmetries Blu and B2u, respectively. The 
calculation of the matrix elements involves the evaluation 
of the electron-interaction integrals. These integrals were 
calculated by using the Ruedenberg method19 in the 
FE-MO theory and the Mulliken approximation27 in the 
TBM, IRM, TBX, and IRX approximations.
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TABLE I: Calculated and Observed Transition Energies (in kK) of the Electronic Spectra of the Anions and Cations of Naphthalene (N), 
Anthracene (A), and Pyrene (P)

Calculated Observed

LCAO-MO method Anion
Symmetry 

of transition Polarization“
FE-MO
method6

TBM
approx

TBX
approx

IRM
approx

IRX
approx Ref 8 Ref 9

Cation 
Ref 22, 28c

Bag Forbidden 5.7 1 1 . 3 8.6 9 . 8 7 . 3 7.8
B2u X 12.2 19.0 16.6 14.7 14.5 12.3 11.9
B-\u y 20.8 21.9 23.7 21.1 22.3
B iu y 34.9 39.0 38.6 32.3 32.6 27.3 27.5 27.2
B 2 u X 23.4 30.9 27.1 27.3 28.4 30.9 31.0 30.0
B 2 u X 32.7 38.1 37.1 37.0 36.6 33.9 33.9
&2U X 40.7 48.1 46.1 46.3 43.4 43.6
Bag Forbidden 8.8 13.8 13.3 14.6 12.0 11.2 11.0 11.0
B 2 u X 9.9 15.8 11.8 11.5 10.3 14.0 14.0 14.0
B i u y 15.2 14.5 16.1 14.7 16.3
6 i u y 22.0 33.2 32.1 28.2 27.4 24.9 25.0 24.5
B 2 u X 18.0 19.0 22.5 23.1 23.2 27.1 27.0 26.5
B 2 u X 27.5 34.6 33.1 33.3 32.3 30.7 30.7 29.3
B 2 u X 35.1 45.3 40.0 40.6 39.7 39.0
Bag Forbidden 8.9 11.5 11.5 9.9 10.0
& 2 U X 11.1 13.4 12.3 11.2 10.1 9.9 10.0 12.5
B-\ u y 12.9 13.1 12.5 12.9 11.7 13.9 14.3 15.2
B^u y 27.0 27.7 25.2 25.2 23.8 20.3 20.4 2 2 . 2

& 2  U X 24.3 24.5 25.2 24.3 25.0 26.0 26.3 27.4
B2U X 31.6 30.8 31.0 30.5 30.6 31.3 31.3
B 2 u X 41.7 38.9 39.0 38.3 38.3 37.5 36.4

“ The letters x and y denote the directions of polarization along the long axis of naphthalene and anthracene and short axis of pyrene, and vice versa, 
respectively. 6 For naphthalene and anthracene anions see ref 22; pyrene anion, present work. “ See ref 22 for raphthalene and anthracene cations and 
ref 28 for pyrene cation.

All the calculations needed for the work were done on 
the IBM 1130 computer at the Computer Centre, Aligarh 
Muslim University.
Results and Discussion

The calculated transition energies for naphthalene, an
thracene, and pyrene anions are presented in Table I and 
are compared with the observed spectra for the anions8-9 
and cations22-28 of the corresponding hydrocarbons. The 
transition energies designated B2u are x-polarized (long 
symmetry axis of naphthalene and anthracene, and short 
symmetry axis of pyrene), and those designated B iu are 
y-polarized (short symmetry axis of naphthalene and an
thracene, and long symmetry axis of pyrene).

According to our calculations the lowest-energy transi
tion for naphthalene and pyrene anions should be B2g 
(symmetry-forbidden). The same is predicted for the an
thracene anion also by the TBM approximation and the 
FE-MO method. However, the calculations based on the 
TBX, IRM, and IRX approximations show that the low
est-energy transition for anthracene anion should be B2u. 
Perhaps this discrepancy may be removed if one takes 
into account more configurations of B2u symmetry. The 
Bag transition has been observed for the naphthalene and 
anthracene ions, but not for the pyrene ion. Hoijtink, et 
al.,3 have assigned the first band on the longer-wavelength 
side of the spectrum of naphthalene ion as Blu which has 
been reassigned as £ 3« by Hinchliffe, et al,4 The latter as
signment is confirmed from the present calculations. We 
assign the next electronic transition in these ions as B2u in 
agreement with the polarization studies of Zandstra.

Bzu Bag ■1 B1U

B2U B|U

□ ^  D2U

n+i

Figure 1. The symmetries of one-electron transitions for the hy
drocarbon mononegative ions.

The different methods of calculations predict two B iu 
transitions. After configuration interaction, the lower- 
energy band becomes weaker in intensity while the other 
becomes strong. The first Blu transition, which is weak, 
has been observed in the spectrum of pyrene ion, while it 
has not been observed in the naphthalene and anthracene 
ions and is expected to be hidden in the vibrational pro
gression of the first B2u band. We disagree with Balk, et 
al.,2 in the assignment of the lower-energy Blu transition 
of pyrene ion as B2u- Our assignment is supported by the 
polarization measurements.9 The second B\u band is very
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strong and has been observed for all the ions under inves
tigation.

The ionic spectra show three bands at higher energies 
which are x-polarized and have been assigned as Bzu. For 
naphthalene and anthracene, the FE-MO method under
estimates the energies of these bands, while these are gen
erally overestimated by the TBM approximation. For 
these transitions of pyrene ion, there is a close resem- 
blence among all the calculations. The calculations of 
Hinchliffe, et a l show that the lower-energy transitions 
of naphthalene and anthracene anions are very well pre
dicted by the Pariser-Parr and simplified Pariser-Parr 
methods, but the results for the higher-energy transitions 
are not as good as predicted by the present calculations.

In general, the results based on the intra-ring approxi
mations are slightly better than the TBM approximation 
and the FE-MO method in most of the cases. Moreover, 
the Ruedenberg approximations, which led to results in 
close agreement with experiments for pyrene molecule, 
are markedly successful for its ion also.
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Optical Properties of Sodium
L-1,3,5-Triphenyl-A2-pyrazolinyl Sulfate

Publication costs assisted by the Nishina Memorial Foundation

Sir: Optical rotatory dispersion (OKD), due to the differ
ence in velocity of the left (L) and right (R) circularly po
larized light, and circular dichroism (CD), the difference 
in absorption for the L and R light, are the spectroscopic 
consequence of molecular dissymmetry. ORD and CD of 
chiral molecules have been extensively applied to the 
study of the conformation of chiral molecules in their ex
cited states.1-3 Fluorescent chiral molecules should simi
larly exhibit some degree of circular polarization in their 
fluorescence or phosphorescence.4 This phenomenon is of 
interest and of potential importance, because it is expect
ed to provide very valuable information on the molecular 
conformation of these compounds in their electronically 
excited states.4-8 The optical activity of the ordinarily 
chiral molecule essentially originates in either the confor
mational or the configurational characteristic of the mole
cules, while some chiral molecules inherit their optical 
activity from both these characteristics. In these cases, it 
is very difficult to separate the configurational contribu
tion owing to the optical activity of these molecules from 
that due to the conformation. There is some possibility of 
overcoming this difficulty by use of circularly polarized 
fluorescence (CPF), if the molecules are fluorescent.

There are very few reports about CPF9’10 and its appli
cation to the study of molecular conformation in the ex
cited state.5-8 This may be due to lack of instrumentation 
for the investigation of CPF which has enough sensitivity 
for detecting small amounts of circularly polarized light 
present in a large background of unpolarized fluores
cence.11 Realizing these points early, we commenced our 
study of CPF, and a recent article on the same subject by 
Gafni and Steinberg8 prompted us to report our prelimi
nary finding on CPF of sodium L-l,3,5-triphenyl-A2-pyra- 
zolinyl sulfate (I).

l,3,5-Triphenyl-A2-pyrazoline and its derivatives have 
been investigated extensively for their use as optical bright- 
eners12-13 and scintillators14-17 because of their strong 
fluorescent activity. Since these compounds have an 
asymmetric carbon at the 5 position of their pyrazoline 
ring, the L or R form should exhibit optical activity, 
suggesting the presence of circularly polarized components 
in the fluorescence light. There are, however, almost no 
studies on the optical activity of these compounds except 
that of I by Neunhoeffer and Ulrich.10 They also reported 
their finding on elliptically polarized fluorescence of I. 
However, we find many unclear points in their paper, be
cause the instruments used by them seem inadequate for 
carrying out precise measurement of that phenomenon.

The above explanations are the very reason why we chose 
I as the object of our study on CPF.

According to the method of Neunhoeffer and Ulrich,10 
the racemic compound I was synthesized from phenyl- 
hydrazine-p-sulfonic acid and benzalacetophenone, and 
brucine was used for the racemic resolution. An Hitachi 
ESP-3 spectrophotometer, an Hitachi MPF-2A fluores
cence spectrophotometer, a JASCO J-15 spectropolari- 
meter, and a JASCO J-10 spectropolarimeter were used 
for measurements of uv, fluorescence, excitation, ORD, 
and CD spectra, respectively. Uv, CD, and ORD spectra 
of I in MeOH sue shown in Figure 1. Figure 2 is fluores
cence, excitation, and CPF18 spectra of I in MeOH (exci
tation, 365 m̂ ; fluorescence. 450 mn).

It has been considered that the fluorescence and the 
strong uv band at 358 m/t of I are attributed to planarity 
of the molecule and the presence of two substituents, ca
pable of interaction by way of the mesomeric forms Ha 
and nb.13>15’19'20 From the X-ray study on the crystal 
structure of l,3-diphenyl-A2-pyrazoline (HI),2 however, it 
has become evident that the molecule is not completely 
planar; the dihedral angle between planes of phenyl ring 
is 11°, and rotations about the C(6)-N(l) and C(3)-C(7) 
bonds give the molecule a slight propeller shape. The py
razoline ring appears to be significantly nonplanar; the 
N(2)-C(3) bond has only 39% double bond character; the 
N(l)-N(2) bond length is significantly shorter than the 
single-bond distance and must have appreciable double 
bond character. Similarly, bonds C(6)-N(l) and C(3)- 
C(7), between the pyrazoline and phenyl rings, are both 
shorter than the single-bond distance, suggesting that con
jugation between the phenyl rings occurs via atom N(l), 
N(2), and C(3). The presence and the nature of the substitu
ent in the 5 position of Id has little influence demonstrat-
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Figure 1. Uv, CD, and ORD spectra of sodium L-1,3,5-triphenyl- 
A2-pyrazolinyl sulfate in MeOH.

Figure 2. Fluorescence, excitation and circularly polarized fluo
rescence spectra of sodium L-1,3,5-triphenyl-A2-pyrazolinyl sul
fate in MeOH (excitation, 365 m/t; fluorescence, 450 mi/i).

not easy to give a satisfactory explanation for this tenden
cy. It may be attributed, however, to vibrational structure 
of the electronic emission bands.

Since it has become evident that our apparatus for CPF 
measurement has insufficient sensitivity and accuracy for 
detecting the small amount of circularly polarized light 
present in a large background of unpolarized fluorescence, 
we are making necessary improvements to our apparatus. 
We are also trying to synthesize sodium L-l,3-diphenyl-5- 
methyl-A2-pyrazolinyl sulfate and sodium L-l,3-diphenyl-
5-ferf-butyl-A2-pyrazolinyl sulfate, and to carry out spec
troscopic measurements of these compounds, such as uv, 
CD, ORD, fluorescence, excitation, and CPF. In order to 
gain a better understanding of molecular structure of 
these compounds, we simultaneously intend to synthesize 
sodium L-l,5-diphenyl-3-methyl-A2-pyrazolinyl sulfate 
and sodium L-l,5-diphenyl-3-ier£-butyl-A2-pyrazolinyl sul
fate, and to investigate the optical properties of these com
pounds.

Acknowledgment. The authors are indebted to Professor
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dium L-l,3,5-triphenyl-A2-pyrazolinyl sulfate, and to Pro
fessor T. Matsuo for his interest in this study. We are 
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Z. Steinberg for the CPF measurement of our sample as 
well as his instructive comments on our study of CPF, and 
further to Professor L. J. Oosterhoff and Dr. H. P. J. M. 
Dekkers for their kind advice on this work.

ing its isolation from the conjugated system.19’20 There
fore, it is quite reasonable to apply the results obtained 
from X-ray study on HI to the crystal structure of I. Thus, 
the nonplanar mesomeric chromophore of Ha and lib 
should be responsible for the strong uv and excitation bands 
at 358 mu and for a strong 450-m̂  fluorescence band.

A strong CD band and Cotton effect around 350 mu 
may be assigned not only to the optical activity induced 
in that mesomeric chromophore by its dissymmetric envi
ronment, but also to the inherently asymmetric property 
of that chromophore which is shown in its slight propeller 
shape.21 A weak CD band at 275 m/t shows an interesting 
coincidence with a weak 275-m/i band of excitation spec
tra. The uv band at 268 mp is said to arise from the phe
nyl ring, while 236-m/i uv band belongs to the pyrazoline 
ring.14-22 They are, however, probably all strongly cou
pled, and result, more or less, from the entire composite 
system. The same is true for CD and ORD bands at 
around 250 mfi, also.

The maximum value of the absorption anisotropy fac
tor, Ae/e, estimated from CD data is of the order of 16 X 
10-4; while that of the emission anisotropy factor, A//0.5/, 
is of the order of 4 X 10~4, which is smaller than the for
mer by a factor of 4. The marked difference between those 
values is most probably a reflection of the change in the 
conformation of the molecule in its electronically excited 
state.8 Both in the cases of £rans-,8-hydrindanone5’7 and 
l,l'-bianthracene-2,2'-dicarboxylic acid,8 the maximum of 
A/yo.5/ is located at the same wavelength as that of fluo
rescence spectra. However, that is not in the case for our 
compound, and what is observed is the tendency of a 
gradual increase in A//0.5/ with longer wavelength. It is
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