
m
is

V O L U M E M A Y  10,  1 9 7 3 N U M B E R  107 7

gk ' V ' '
JPCHAx



T H E  J O U R N A L  OF

C H E M I S T R YP H Y S I C A L

BRYCE CRAWFORD, Jr., Editor 
STEPHEN PRAGER, Associate Editor
ROBERT W. CARR, Jr., FREDERIC A. VAN-CATLEDGE, Assistant Editors

EDITORIAL BOARD: A. 0. ALLEN (1970-1974), C. A. ANGELL (1973-19771,
J. R. BOLTON (1971-1975), F. S. DAINTON ( 1972-1976), M. FIXMAN ( 1970-1974),
H. S. FRANK (1970-1974), R. R. HENTZ (1972-1976), J. R. HUIZENGA ( 1969-1973).
W. J. KAUZMANN ( 1969-1973), R. L. KAY ( 1972-1976), W. R. KRIGBAUM ( 1969-1973), 
W. J, MOORE (1969-1973), R. M. NOYES (1973-1977), J. A. POPLE ( 1971-1975),
B. S. RABINOVITCH (1971-1975), H. REISS (1970-1974), S. A. RICE (1969-1975),
F. S. ROWLAND (1973-1977), R. L. SCOTT (1973-1977), W. A. ZISMAN (1972-1976)

AMERICAN CHEMICAL SOCIETY, 77,5.5 Sixteenth St., TV. W.. Washington. D. C. 20036

Books and Journals Division

JOHN K CRUM Director
RUTH REYNARD Assistant to the Director

CHARLES R. BERTSCH Head, Editorial Processing Department 
D. H. MICHAEL BOWEN Head, Journals Department 
BACILGUILEY Head, Graphics and Production Department 
SELDON W. TERRANT Head, Research and Development. Department

©Copyright, 1973, by the American Chemical Society. Pub
lished biweekly by the American Chemical Society at 20th and 
Northampton Sts.. Easton, Pa. 18042. Second-class postage paid 
at Washington, D. C.. and at additional mailing offices.

All manuscripts should be sent to The Journal of Physical 
Chemistry, Department of Chemistry, University of Minnesota, 
Minneapolis, Minn. 55455.

Additions and Corrections are published once yearly in the 
final issue. See Volume 76, Number 26 for the proper form.

Extensive or unusual alterations in an article after it has been set 
in type are made at the author’s expense, and it is understood that 
by requesting such alterations the author agrees to defray the cost 
thereof.

The American Chemical Society and the Editor of The Journal 
of Physical Chemistry assume no responsibility for the statements 
and opinions advanced by contributors.

Correspondence regarding accepted copy, proofs, and reprints 
should be directed to Editorial Processing Department, American 
Chemical Society, 20th and Northampton Sts., Easton, Pa. 18042. 
Head: Charles R. B ertsch. Assistant Editor: Edward A.
B orgkr. Editorial Assistant: Joseph E. Y urvati.

Advertising Office: Genicom, Ltd., 142 East Avenue, Norwalk,
Conn. 06851.

Business and Subscription Information
Send all new and renewal subscriptions with payment to: Office 

of the Controller, 1155 16th Street, N.W., Washington, D. C. 20036. 
Subscriptions should be renewed promptly to avoid a break in your 
series. All correspondence and telephone calls regarding changes of

address, claims for missing issues, subscription service, the status 
of records, and accounts should be directed to Manager, M em ber
ship and Subscription Services, American Chemical Society, P.O. 
Box 3337, Columbus, Ohio 43210. Telephone (614) 421-7230.

On changes of address, include both old and new addresses with 
ZIP code numbers, accompanied by mailing label from a recent 
issue. Allow four weeks for change to become effective.

Claims for missing numbers will not be allowed (1) if loss was 
due to failure of notice of change in address to be received before 
the date specified, (2) if received more than sixty days from date of 
issue plus time normally required for postal delivery of journal and 
claim, or (3) if the reason for the claim is “ issue missing from files."

Subscription rates (1973): members of the American Chemical 
Society, $20.00 for 1 year; to nonmembers, $60.00 for 1 year. 
Those interested in becoming members should write to the Adm is
sions Department, American Chemical Society. 1155 Sixteenth 
St., N.W ., Washington, D. C. 20036. Postage to Canada and coun
tries in the Pan-American Union, $5.00: all other coun
tries, $6.00, Single copies for current year: $3.00, Rates for back 
issues from Volume 56 to date are available from the Special Issues 
Sales Department, 1155 Sixteenth St., N.W ., Washington, D. C. 
20036.

Subscriptions to this and the other ACS periodical publications 
are available on microfilm. Supplementary material not printed in 
this journal is now available in microfiche form on a current sub
scription basis. For information on microfilm or microfiche sub- 
scrptions, write Special Issues Sales Department at the address 
above.

Notice to Authors last printed in the issue of November 23, 1952



T H E  J O U R N A L  O F

P H Y S I C A L  C H E M I S T R Y

V olum e  7 7 ,  N u m b er  10 M a y  10, 1973

J P C H A x  7 7 (1 0 )  1 1 9 3 -1 3 1 8  (1 9 7 3 )

R e la tiv e  R a te s  o f  F lu o r in a tio n  o f F lu o r in a te d  E t h y l e n e s ..........................Ruby Foon* and G. P. Reid 1193

P h o to ly sis  o f  H y d r a z o ic  A c id  in A q u e o u s  S o lu tio n  D. Shapira and A .  Treinin* 1195

F la sh  P h o to ly s is . II. P h o to re d u c tio n  o f  O ro tic  A c id  in A q u e o u s  M e d iu m
M. A. Herbert and H. E. Johns* 1199

E x c ite d  S ta te  C h e m istr y  o f  In d ig o id  D y e s . II. T h e  In te ra ctio n  o f  T h io - an d  S e le n o in d ig o  D y e s  
w ith  H v d r o x y lic  C o m p o u n d s  a n d  its  Im p lic a tio n s  on th e  P h o to sta b ility  o f  In d igo

. . George M. Wyman* and Bizhari M. Zarnegar 1204

Q u e n c h in g  o f B ip h e n y l F lu o resc en c e  b y  In organ ic  I o n s ............................................................A. R. Watkins 1207

R eco il T r it iu m  R e a c tio n s  w ith  C y c lo b u ta n o n e . A  T e s t  for E le c tro n ic a lly  E x c ite d  P ro d u c ts  o f  th e
T -f o r -H  S u b s titu tio n  R e a c tio n  . . G. Izawa, Edward K. C . Lee, and F. S . Rowland* 1210

P u lse  R a d io ly tic  S tu d y  o f  th e  S ite  o f  O H  - R a d ic a l A t ta c k  on  A lip h a tic  A lc o h o ls
in  A q u e o u s  S o l u t i o n .......................................................K.-D. Asmus,* H. Mockel, and A. Henglein 1218

E le c tro n  S p in  R e so n a n c e  In v e stig a tio n  o f  th e  D isa p p e a r a n c e  o f T r a p p e d  H y d ro g en  A to m s  in
Y -Irr a d ia te d  S u lfu r ic  A c id  G l a s s e s ...........................E. D. Sprague and D. Schulte-Frohlinde* 1222

D ie le c tr ic  B e h a v io r  o f  th e  T e rn a r y  S y s te m  B e n z e n e -C y c lo h e x a n e -D io x a n e
. . . Ralph D. Nelson, Jr.,* Marcia Mungenast, and John X. Sierant 1225

D e te r m in a tio n  o f R o ta tio n a l B arriers in  F ou r T h io a m id e s
R. F. Hobson, L. W. Reeves,* and K. N. Shaw 1228

S u rfa c e  A c id ity  o f  T r a n s itio n  M e t a l  M o d ifie d  A lu m in a s . In frared  a n d  N u c le a r  M a g n e tic
R e so n a n c e  In v e stig a tio n  o f A d so rb e d  P y rid in e  . . F. E. Kiviat and Leonidas Petrakis* 1232

C h a ra c te r iz a tio n  o f  P o ly c ry sta llin e  S o lid  S o lu tio n s  o f  C u p ric  O x id e -M a g n e s iu m  O x id e  b y
E le c tro n  S p in  R e so n a n c e  M e t h o d s ........................... D. Cordischi,* F. Pepe, and M. Schiavello 1240

T h e o r e tic a l F ree E n e r g y  o f A c tiv a t io n  for D e h y d r a tio n  o f H y d r a te d  Ion s in  S o lu tio n
. . . Sang Hyung Kim and B. T. Rubin* 1245

T h e o re tic a l B e h a v io r  o f  In te ra c tin g  P ro te in  S y s te m s  in D e n s ity  G ra d ie n ts
a t S e d im e n ta tio n  E q u i l i b r i u m ..................................................................G. J. Howlett and P. D. Jeffrey* 1250

C o n d u c to m e tr ic  B e h a v io r  o f  E le c tro ly te s  in H e x a m e th y lp h o sp h o tr ia m id e  at 25°
Paolo Bruno, Mario Della Monica,* and Ettore Righetti 1258

R e d u c tio n  o f  M e r c u ric  C h lo rid e  to  M erc u ro u s  C h lo r id e  In d u c ed  b y  th e  O x id a tio n  o f  O x a lic  A c id
. M. Kimura, I. M. Kolthoff,* and E. J. Meehan 1262

C a ta ly z e d  R e a c tio n  b e tw ee n  O x a la te  Io n  a n d  P ero x o d isu lfa te . I. C o p p e r(II) as C a ta ly s t
. . Masaru Kimura 1265

S o lv e n t E ffe c ts  on th e  S o lv o ly sis  o f  C o v a le n t  S u lfo n y lm e th y l P erch lo ra tes  in  A q u e o u s  M e d ia .
T h e  E ffe c t  o f  W a te r  S tru c tu re  on P ro ton  T ra n sfe r  R e a c tio n s

L. Menninga and JanB. F. N. Engberts* 1271

D e u te r iu m  Iso to p e  E ffe c ts  in C o m p le x a tio n  K in e t ic s . II. L a n th a n id e (III)  S u lfa te  S y s te m s
Jeffry Reidler and Herbert B. Silber* 1275

%
'1

n w Q m n r t 'W M ’  

L 0  r> '  5 1 1

1 A



C a ta ly s is  o f p -N itr o p h e n o l L a u r a te  H y d r o ly s is  in  S o lu tio n  S h o w in g  T ra n s itio n  fro m  R e v e rse d  to
N o r m a l M i c e l l e s .......................................................................S. Friberg,* L. Rydhag, and G. Lindblom 1280

E q u ilib r iu m  a n d  K in e tic s  o f  th e A c id  D isso c ia tio n  o f  S ev era l H y d r o x y a lk y l R a d ic a ls
Gary P. Laroff and Richard W. Fessenden* 1283

B in a ry  a n d  T e rn a r y  Io n -E x c h a n g e  E q u ilib r ia . S o d iu m -C e s iu m -M a n g a n e s e -D o w e x  5 0 W -X 8  
a n d  C e siu m  -M a n g a n e s e -S t r o n t iu m -D o w e x  5 0 W - X 8  S y ste m s

. . . R. K. Bajpai, A. K. Gupta, and M. Gopala Rao* 1288

C o m p e tit iv e  S o lv a tio n  o f  M a g n e s iu m  Io n  in W a te r -A c e t o n e  S o lu tio n s . A  P ro ton  M a g n e tic  
R e so n a n c e  S tu d y  o f  th e  H y b r id  S o lv a tio n  S h e lls  o f  M a g n e s iu m (II )

. . Flavio Toma,* Marc Villemin, and Jean Marie Thiery 1294

H y d r o g e n -T r e a te d  G r a p h itiz e d  C a rb o n  B la c k s . L im it in g  Isosteric  H e a ts  a n d  E n tr o p y  C h a n g e s
u p o n  A d so rp tio n  o f  H y d r o c a r b o n s ...........................Antonio Di Corcia* and Roberto Samperi 1301

T h e  R o le  o f  th e  E x c ite d  S ta te s  in  th e  P h o to re a c tio n  o f th e  H e x a c y a n o c h ro m a te (IH ) Io n .
A  S en s itiz a tio n  S t u d y ............................................N. Sabbatini,* M. A. Scandola, and V. Carassiti 1307

COMMUNICATIONS TO THE EDITOR

M e t a l -A m m o n i a  S o lu tio n s . X .  S in g le  C o n fig u ra tio n  C o o rd in a te  A n a ly s is
P. F. Rusch and J. J. Lagowski* 1311

Ion ic  C o n d u c tiv itie s  a n d  D ie le c tr ic  F r i c t i o n .......................................................................R- Fernandez-Prini 1314

R a m a n  S p e c tro sc o p ic  E v id e n c e  for C o n ta c t  Ion  P a ir in g  in  A q u e o u s
M a g n e s iu m  S u lfa te  S o l u t i o n s ............................................Anthony R. Davis* and Barry G. Oliver 1315

T h e r m a l D e c o m p o sitio n  o f C y c l o b u t a n o n e ............................................A. T. Blades* and H. S. Sandhu 1316

C o m m e n t  on th e  C o m m u n ic a tio n , “ T h e r m a l D e c o m p o sitio n  o f C y c lo b u ta n o n e ,”  b y
A . T .  B la d e s  a n d  H. S . S a n d h u .................................................T. Howard McGee* and A. Schleifer 1317

C h e m ic a l R e la x a tio n  o f  A q u e o u s  R h o d a m in e  B
. M. M. Wong, R. A. Heckman, and Z. A. Schelly* 1317

AUTHOR INDEX

A s m u s , K . - D . ,  1218

B a jp a i , R . K . ,  1288  
B la d e s , A . T . ,  1316  
B ru n o , P ., 125 8

C a ra ssiti, V . ,  1307  
C o rd isc h i, D . ,  1240

D a v is , A . R .,  1315  
D e lla  M o n ic a , M . ,  125 8  
D i C o rcia , A . ,  1301

E n g b e r ts , J . B . F . N . ,  1271

F e rn a n d e z -P rin i, R .,  1314  
F e ssen d e n , R . W . ,  1283  
F oo n , R .,  1193  
F rib erg , S .,  1280

G u p ta , A . K . ,  1288

H e c k m a n , R . A . ,  1317

H e n g le in , A . ,  121 8  
H e rb e r t , M .  A . ,  1199  
H o b s o n , R . F .,  1228  
H o w le tt , G . J ., 1250

M ö c k e l, H . ,  121 8  
M u n g e n a s t , M . ,  1225

N e ls o n , R . D . ,  J r ., 1225

Iza w a , G . ,  121 0  O liv er , B .  G .,  1315

J effrey , P . D . ,  1250  
J o h n s, H . E . ,  119 9

P ep e , F .,  1240  
P etra k is , L . ,  1232

K im , S . H „  124 5  
K im u r a , M . ,  1 2 6 2 ,1 2 6 5 .  
K iv ia t , F . E . ,  1232  
K o lth o ff , I. M . ,  1262

L a g o w sk i, J . J .,  1311  
L a ro ff, G . P ., 1283  
L e e , E . K .  C .,  1210  
L in d b lo m , G ., 1280

R a o , M . G . ,  128 8  
R eev es , L . W . ,  1228  
R e id , G . P ., 1193  
R eid le r , J ., 1275  
R ig h e tti, E . ,  125 8  
R o w la n d , F . S . ,  1210  
R u b in , B . T . ,  1245  
R u sc h , P . F ., 1311  
R y d h a g , L . ,  128 0

M c G e e , T .  H „  1317  
M e e h a n , E . J ., 1262  
M e n n in g a , L . ,  1271

S a b b a tin i , N . ,  1307  
S a m p e r i, R .,  1301  
S a n d h u , H . S . ,  1316

S c a n d o la , M .  A . ,  1307  
S c h e lly , Z . A . ,  1317  
S c h ia v e llo , M . ,  1240  
S c h le ife r , A . ,  131 7  
S c h u lte -F r o h lin d e , D .,  

1 2 2 2

S h a p ira , D . ,  1195  
S h a w , K .  N . ,  122 8  
S iera n t, J . X . ,  1225  
S ilb er , H . B .,  1275  
S p ra g u e , E . D . ,  1222

T h ie ry , J . M . ,  1294  
T o m a , F .,  1294  
T re in in , A . ,  119 5

V ille m in , M . ,  1294

W a tk in s , A . R . ,  1207  
W o n g , M .  M . ,  1317  
W y m a n , G . M . ,  1204

Z a rn eg a r , B . M . ,  1204

In  p a p ers  w ith  m o re  th a n  one a u th o r th e  n a m e  o f th e  a u th o r to  w h o m  in q u iries a b o u t th e  
p a p er  sh o u ld  b e  ad d ressed  is m a rk ed  w ith  an  asterisk  in  th e  b y -lin e .



T H E  J O U R N A L  O F

P H Y S I C A L  C H E M I S T R Y

Registered in U. S. Patent Office ©  Copyright, 1973, by the American Chemical Society

VOLUME 77, NUMBER 10 MAY 10, 1973

R e l a t i v e  R a t e s  o f  F l u o r i n a t i o n  o f  F l u o r i n a t e d  E t h y l e n e s

Ruby Foon* and G. P. Reid

S c h o o l o f  C h e m is t r y ,  T h e  U n iv e r s i t y  o f  N e w  S o u th  W a le s , K e n s in g to n ,  N .S .W .,  2 0 3 3 , A u s t r a l ia  ( R e c e iv e d  D e c e m b e r  18, 1 9 7 2 )

T h e  re la tiv e  ra te  c o n sta n ts  for th e  g a s -p h a se  re a ctio n  o f  flu o rin e  w ith  flu o ro e th y le n e , 1 ,1 -d iflu o r o e th y -  
len e , a n d  te tra flu o ro e th y le n e  h av e  b e e n  m e a su r e d  fro m  2 03  to  3 5 3 °K  b y  a s ta tic  c o m p e titiv e  tech n iq u e  
for th e  re a c tio n  F  +  > C = C <  —*• > C ( F ) - C <  a n d  are g iven  b y  fe (C H 2= C F 2) /& ( C H 2= C H F )  =  0 .7 7  ±  
0 .1 5  e x p (3 5  ±  8 0 )/RT] a n d  fe(C F 2= C F 2 ) /fe ( C H 2= C F 2) =  0 .5 1  ±  0 .0 7  e x p [(1 0 0  ±  90)/RT]. A t  2 9 1 ° K , the  
rate  c o n sta n ts  are in  th e  ra tio  & (C H 2= C H F ) : f e ( C H 2= C F 2 ) :£ ( C F 2= C F 2) =  1 .0 0 :0 .8 5 :0 .7 6 .  T h e  order o f  
re a c tiv ity  is d isc u sse d  in  te rm s o f  th e  v a ria tio n  in  A factor a n d  th e  ease o f  fo rm in g  a c tiv a te d  c o m p le x e s  
for th e  su b st itu te d  flu o ro eth y le n es .

Introduction
C o m p e tit iv e  p h o to c h lo r in a tio n  stu d ie s 1  o f  th e  rate  o f  

a d d itio n  o f  a to m ic  ch lo rin e  to  v a rio u s c h lo ro e th y len e s  
h av e  sh ow n  th e  d ifferen ces  in  re a c tiv ity  to  b e  s m a ll  an d  
c o m p a ra b le  to  th e  e x p e r im e n ta l error. O n  th e  oth er h a n d , 
th e  a c tiv a tio n  en ergies for th e  a d d itio n  o f  a to m ic  ox yg en  
to  ch lo ro flu o ro e th y le n e s , 2 h a v in g  n o  h y d ro g e n  s u b s t itu 
en ts, are rep o rted  to  co rrelate  w ith  th e  o le fin  io n iza tio n  
p o te n tia ls  w h ile  for  th e  a d d itio n  to  f lu o ro e th y le n e s ,3 a 
m in im u m  a c tiv a tio n  en ergy  is o b ta in e d  a t  C H 2= C F 2 as  
th e  h y d ro g en s in  e th y le n e  are su c c essiv e ly  re p la c e d . T h is  
b eh a v io r h a s  a lso  b e e n  rep orted  for th e  p a r tly  flu o rin a te d  
b u ten e s a n d  p ro p e n e s .4 S u c h  an  e ffe c t  is e x p lic a b le  in  
te rm s o f  th e  in d u c tiv e  a n d  m e so m e r ic  e ffe c ts  d esc rib e d  for  
flu o rin e  a tta c h e d  to  ca rb o n  a to m s  fo rm in g  a d o u b le  
b o n d .5 T h e  ra te  o f  m o le c u la r  flu o rin e  a d d itio n  to  th e  f lu o 
ro eth y len es , C H 2= C H F ,  C H 2= C F 2, a n d  C F 2= C F 2, h a s  
b een  in v e stig a te d  in  th e  p re sen t w ork  b y  th e  c o m p e titiv e  
te c h n iq u e 6 u sed  for th e  d e te r m in a tio n  o f  sm a ll d ifferen ces  
in  A rrh en iu s  p a r a m e te rs , in  order to  s tu d y  th e  e ffec t o f  
flu o rin e  su b st itu t io n  on  o le fin  re a c tiv ity . T h e  a b so lu te  k i
n e tic s  o f  th e  a d d itio n  o f  flu o rin e  to  fu lly  h a lo g e n a te d  2 - 
b u ten e s  h av e  b e e n  s tu d ie d  b y  R o d g e r s7 w ho h a s  e lu c id a te d  
th e m a in  fea tu res  o f  th e  m e c h a n is m . T h e  o n ly  oth er s tu d y  
o f th e  a d d itio n  o f  flu o rin e  to  o le fin s 8 rep orts a d ecrease  in  
rea ctiv ity  as th e  h y d ro g e n s in  e th y le n e  are su c c essiv e ly  re 
p la c e d  b y  ch lo rin e . T h e  p re sen t w ork in d ic a te s  a s im ila r  
d ecrease  w ith  in crease  in  flu o rin e  s u b s t itu t io n  in  f lu o 
ro eth y len es .

Experimental Section and Results
F lu o ro e th y le n e  an d  1 ,1 -d iflu o r o e th y le n e  (M a th e s o n  G a s  

C o .)  w ere p u rified  b y  b u lb -to -b u lb  d is tilla tio n  a n d  fou n d  
to  b e  ch r o m a to g ra p h ic a lly  p u re . T e tra flu o ro e th y le n e  w as  
p rep a red  fro m  T e flo n  tu rn in g s b y  th e  m e th o d  o f  L ew is  
a n d  N a y lo r .9 G a s  c h r o m a to g ra p h ic  a n a ly sis  rev ea led  a 
trace o f im p u r ity  w h ich  w as n o t su sc e p tib le  to  flu o rin a 
tio n .

T h e  p a c k e d  re a c tio n  v e sse l, p re p a ra tio n  a n d  h a n d lin g  o f  
flu o rin e , ga s ch r o m a to g ra p h y  sy s te m , a n d  s ta tic  c o m p e ti
tiv e  te c h n iq u e  w ere a ll as d esc rib e d  earlier10  e x c e p t th a t  
th e  c o n su m p tio n  m e th o d  h a d  to  b e  u sed  to  d eterm in e  th e  
re la tiv e  ra te  c o n sta n ts  sin ce  th e  in itia l flu o rin e  ad d itio n
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p ro d u c t u n d erw en t se co n d a ry  flu orin e  s u b st itu t io n  as d e 
scrib e d  b e lo w . P ressu res o f  flu o rin e  w ere va ried  fro m  5 to  
10 T o r r  a n d  to ta l p ressu res in th e  re a ctio n  v e sse l w ere o f  
th e  order o f  6 0 0  T o rr .

F or th e  C H 2= C F 2 +  C F 2= C F 2 c o m p e titio n s , carried  
o u t b e tw ee n  2 8 3  a n d  3 7 3 ° K , 35  m ix tu r e s  in  w h ic h  th e  
m o la r  ra tio , C F 2= C F 2 :C H 2= C F 2, w as va ried  fro m  0 .6 6  
to  1 .2 0  w ere tr ea te d  w ith  ga seo u s flu o rin e  d ilu te d  4 0  to  
100  t im e s  w ith  n itro g en  su ch  th a t  th e  m o la r  ra tio  o f  to ta l  
o lefin  to  flu o rin e  va ried  b etw een  20  a n d  5 0 . A  ga s c h r o m a 
to g ra p h y  c o lu m n  o f 12 ft  o f  2 0 %  d in o n y l p h th a la te  fo l
low ed  b y  12  ft  o f  2 0 %  d ie th y l p h th a la te  b o th  on  C e lite  a t  
2 7 3 °K  w a s u se d . A  le a st-sq u a r e s  a n a ly sis  o f  th e  resu lts  
ga ve  ft (C F 2= C F 2) /f e ( C H 2= C F 2) =  0 .5 1  ±  0 .0 7  e x p [(1 1 0  
±  9 0 ) ¡Rrr] w here th e  errors are s ta n d a rd  errors a n d  R =  
1 .9 8 7  cal m o l” 1 . A t  2 9 1 °K , fe(C F 2= C F 2 ) /A :( C H 2= C F 2) =  
0 .9 1  ±  0 .0 2 , th e  m e a n  a n d  sta n d a rd  error o f  23  v a lu es .

F or th e  C H 2= C F 2 +  C H 2= C H F  c o m p e tit io n s , 6 4  flu o - 
rin ation s w ere ca rried  o u t fro m  2 4 5  to  3 7 3 ° K  in  w h ich  th e  
m o la r  ra tio , C H 2= C F 2 :C H 2= C H F ,  w as v a rie d  fro m  1 .4 8  
to  0 .9 6  a n d  th a t  o f  th e  to ta l o le fin s  to  flu o rin e  fro m  20 to  
5 0 . G a s  c h ro m a to g ra p h ic  a n a ly sis  w as m a d e  w ith  th e  
sa m e  c o lu m n s  a s  b efo re  e x c e p t th a t  th e y  w ere co o led  to  
2 5 8 ° K . A  le a st-sq u a r e s  a n a ly sis  g a v e  fe (C H 2= C F 2) /  
fe (C H a= C H F )  =  0 .7 7  ±  0 .1 5  e x p [(3 5  ±  80)/RT] w here th e  
errors a n d  R are as s ta te d  b e fo re . A t  2 9 1 ° K , & (C H 2= C F 2) /  
fe (C H 2= C H F )  =  0 .8 5  ±  0 .0 5 , th e  m e a n  a n d  s ta n d a rd  
error o f  12 v a lu es . T h e  rate  c o n sta n ts  th erefore  ca n  b e  a r
ra n ged  in  th e  fo llo w in g  order a t 2 9 1 ° K : fe (C H 2= C H F ) :  
& (C H 2= C F 2 ) :fe (C F 2= C F 2) =  1 .0 0 :0 .8 5 :0 .7 6 .

A s  a ch eck  on  th e  e x te n t o f  flu o rin e  s u b stitu tio n  o c c u r
rin g , th e  p ro d u c ts  fro m  th e  F 2 +  CH2=C F 2 re a ctio n  w ere  
in v estig a te d  u sin g  flu o rin a tio n  c o n d itio n s  s im ila r  to  th o se  
u se d  for k in e tic  m e a su r e m e n ts . A n a ly s is  o f  th e  to ta l p ro d 
u c ts  b y  m a ss  sp e c tro m e tr y  in d ic a te d  th e  p resen ce  o f  
C2H2F4, C2HF5, a n d  C2F6, w h ile  ga s c h ro m a to g ra p h y  
sh ow ed  C2HF5 to  b e  th e  m a jo r  p ro d u c t, th e  oth er p ro d 
u cts  b e in g  C2H2F4 to g eth er w ith  C2F6 in  th e  lesser  
a m o u n t, th e  ra tio  b e in g  C 2H 2F 4 :C 2H F 5 :C 2F 6 =
1 :4 : 0 .8 .  T h is  is c o n siste n t w ith  th e  a d d itio n  o f  flu orin e  
occu rrin g first a c c o rd in g  to  th e  rea ctio n

C H 2= C F 2 +  F 2 — *  C H 2F C F 3 (1 )

fo llo w ed  b y  th e se c o n d a ry  h yd ro g en  a b stra c tio n  rea ctio n s

CH2FCF3 +  F 2 — ► CHF2CF3 +  HF (2 )

C H F 2C F 3 +  F 2 — *- C 2F 6 +  H F  (3 )

H y d ro g en  a b stra c tio n  fro m  CH2FCF3 sh o u ld  b e  m u c h  
fa ster  th a n  from  C2HF5 sin ce  it  h a s  b e e n  o b serv ed  th a t  
CH2F2 rea d ily  flu o rin a te s  w h ereas CHF3 d oes n o t re a ct a t  
a ll u n d er s im ila r  c o n d itio n s .11 T h is  order o f  re a c tiv ity  
c o u ld  e x p la in  w h y  C2HF5 is th e  m a jo r  p ro d u c t.

Discussion
T h e  m e c h a n is m  for flu o rin e  a d d itio n  re a c tio n  1 is p ro b 

a b ly  th e  sa m e  as th a t  first p ro p o sed  b y  M ille r  an d  D it t -  
m a n 12 a n d  c o n firm e d  b y  R o d g e rs7 for th e  a d d itio n  to  p er - 
h a lo -2 -b u te n e s

F

Fo +  ^ C = C C ^  — *• y c — +  F  ( I )

F

F  +  ^ C = C < ^  — ► ^ C — C < ^  (H )

F  F  F

— C < ^  +  F 2 — C < ^  +  F  (H I)

F

v j  /
2 ^ C — C C ^  — *- te r m in a tio n  ( I V )

U n d e r  s te a d y -s ta te  co n d itio n s for th is  m e c h a n is m , th e  re l
a tiv e  rate  c o n sta n ts  rep orted  here refer to  re a c tio n  II o f  
th e  ab o v e  m e c h a n is m , F  +  > C = C <  —*■ > C ( F ) C < .  T h e  
flu o ro a lk y l ra d ic a l fo rm ed  in  rea ctio n  I p r o b a b ly  h a s  th e  
flu o rin e  a tta c h e d  to  th e  less flu o rin a te d  ca rb o n  a to m , 
sin ce th is  is th e  ra d ic a l p re fe ren tia lly  fo rm e d  in th e  a d d i

tio n  o f  n ear th e r m a l 18F  a to m s  to  p a r tly  flu o rin a te d  e th y l-  
e n e s .13 S ta b iliz a tio n  o f  th e  e x c ited  ra d ica l fo rm e d  in  I I  
h as b e e n  a c h ie v e d  b y  th e  n itro g en  d ilu e n t p re sen t s in ce  n o  
d e c o m p o sit io n  p ro d u c t w as d e te c te d . S im ila r  ra d ic a l-  
c h a in  m e c h a n ism s  h av e  b e e n  p ro p o sed  for th e  f lu o r in a 
tio n 8 an d  b r o m in a tio n 14 o f e th y le n e .

F ro m  th e  v a lu e s  o f  e a ch  rate  c o n sta n t ra tio  m e a su red  
d irectly  a t  2 9 1 ° K , th e  fo llow in g  order is o b ta in e d : 
C H 2= C H F  >  C H 2= C F 2 >  C F 2= C F 2 . T h is  order corre
la tes  w ith  th e  A fa ctors for th e se  c o m p o u n d s , viz., 
A ( C H 2= C H F )  :A ( C H 2= C F 2) :A ( C F 2= C F 2) =  1 .0 0 :0 .7 7 :
0 .  3 9 . S in c e  th e  d ifferen ces in a c tiv a tio n  en ergy are sm a ll  
a n d  in d istin g u ish a b le  fro m  e x p e r im e n ta l error, th e  d if 
feren ce in  re a c tiv ity  h as b een  a ttr ib u te d  to  th is  A fa c to r  
v a ria tio n . It ca n  be e x p la in e d  in te r m s  o f  a steric  in flu en ce  
w h ich  re su lts  in  th e  less crow ded  a c tiv a te d  c o m p le x e s  tpeing 
m o re  re a d ily  fo rm e d . T h is  favo rs th e  less su b s t itu te d  e th y l-  
en es . T h e  A fa c to r  va ria tio n  h as b e e n  in terp reted  in th is  
w ay for th e  re a ctio n  o f  d iflu o ro a m in o  ra d ica ls  w ith  v a rio u s  
o le fin s .15 T h is  io n iz a tio n  p o te n tia l d e te r m in e d  b y  L ifsh itz  
a n d  L o n g 16 for C F 2= C F 2 is less th a n  th a t  for C H 2= C H F 16 
so th a t  it c a n n o t b e  a d ec isiv e  fa c to r  in d e te r m in in g  th e  
re lative  re a c tiv ity  sin ce  C F 2= C F 2 is less  re a ctiv e  th a n  
C H 2= C H F .  T h e  c o m p a ra tiv e  s tu d y  o f  th e  re a ctio n  o f  f lu o 
rine w ith  ch lo ro e th y len e s8 sh ow ed  an  order o f  re a c tiv ity  
C 2H 4 >  C 2H 3C1 >  C 2H 2C12 >  C 2H C 1 3 >  C 2C14 for th e  su r 
face  rea ctio n  b e tw ee n  th e  so lid ified  o lefin  a n d  a d so rb e d  f lu 
orine a t  8 7 ° K .  T h is  resu lt, w h ich  w as o b ta in e d  b y  m e a su r in g  
d ire c tly  th e  p ressu re  ch a n ge  d u rin g  th e  re a ctio n , p ro vid es  
in d e p e n d e n t c o n firm a tio n  o f  th e  su b st itu e n t  e ffe c t n o te d  in  
th e  p resen t w ork.
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P h o t o l y s i s  o f  H y d r a z o i c  A c i d  i n  A q u e o u s  S o l u t i o n

D. Shapira and A, Treinin*

D e p a r tm e n t  o f  P h y s ic a l  C h e m is t r y ,  H e b r e w  U n iv e r s it y ,  J e r u s a le m ,  I s r a e l  ( R e c e iv e d  N o v e m b e r  14, 1 9 7 2 )

T h e  p h o to ly s is  o f  HN 3 in  aq u eo u s so lu tio n  w as s tu d ie d  a t  2 1 3 9  a n d  2 5 3 7  A . U p  to  0 .1  M  HN 3 th e  p h o to l
y sis  o b ey s  th e  s im p le  s to ic h io m e try  HN3 +  H 2O —* N 2 +  NH2OH (hv) w ith  a q u a n tu m .y ie ld  <j> =  1 .0 0  ±  
0 .0 5 . A  step w ise  n itre n e  m e c h a n is m  is p ro p o sed  a n d  su p p o rted  b y  s tu d y in g  th e  e ffec ts  o f  C l ”  a n d  a lly l 
a lco h o l on  th e  p h o to ly s is . T h e  e ffec ts  o f  th ese  sca ven gers on  th e  p h o to ly sis  o f  N 3 ” w ere a lso  in v estig a te d  
a n d  th e  re su lts  le a d  to  th e  c o n clu sio n  th a t  th e  g en era tio n  o f  NH2OH fro m  HN 3 an d  N 3 ” in v olve  tw o  d if 
feren t p recu rsors. T h e ir  n a tu re  is d isc u sse d . T h e  u se  o f  th e  a z id e  sy s te m  as a c o n v e n ie n t a c tin o m e te r  is 
d esc rib e d .

T h e  p h o to c h e m istry  o f  H N 3 in  th e  ga s p h a se  h a s  been  
e x te n siv e ly  s tu d ie d . 1 I t  is n ow  w ell e s ta b lish e d  th a t  re a c 
tio n  1 is th e  m a jo r  p r im a ry  p ro cess  in  th e  p h o to ly s is . It is 
en erg e tic a lly  m o re  fa v o ra b le  th a n  oth er p o ssib le  rea ctio n s, 
even  w ith  th e  ex tra  en ergy  req u ired  to  p ro d u c e  N H  in its  
e x c ited  s in g le t s ta te . T h e re  is so m e  e v id e n c e  th a t  rea ctio n  
2  is a lso  in d u c e d  b y  v a c u u m  u v , 2 b u t th a t  a t lon g er w a v e 
len g th s rea ctio n  1  tr iggers a ll s u b se q u e n t rea ctio n s, 
w h ereb y  N 3 a n d  N H 2 are a lso  p r o d u c e d .3

H N 3 N H + n 2 ( 1 )

h n 3 — *  H + n 3 ( 2 )

T h e re  are few  rep orts on  th e  p h o to ly s is  o f  HN3  in  a q u e 
ous so lu tio n . In  an  e a r ly  w ork  G le u 4 fo u n d  th a t  th e  m a in  
fea tu res  o f  th e  p h o to ly s is  a t  2 5 4  n m  ca n  b e  e x p la in e d  b y  a 
m e c h a n ism  c o n sistin g  o f  re a c tio n s  1 a n d  3 . In  a d d itio n  to  
N 2 a n d  NH2OH a low  y ie ld  o f  NH3  b u t  n o  h y d ra z in e  w as  
rep orted . Q u a n tu m  y ie ld s  w ere n o t d e te r m in e d . T h is  w as  
don e m o re  re c e n tly  b y  K o c h , 5 w h o c la im e d  th a t  th e  q u a n 
tu m  y ie ld  $ ( N 2 ) w a s c o n c e n tra tio n  d e p e n d e n t , a p p ro a c h 
in g  a m a x im u m  v a lu e  ~ 2  a t  h ig h  a z id e  c o n c e n tra tio n  a n d  
fa llin g  co n sid era b ly  b e lo w  1 a t  [HN3 ] <  0 .1  M. A m m o 
n iu m  a zid e  w as fo u n d  to  b e  on e  o f  th e  m a in  p ro d u c ts . 
T h e se  re su lts  w ere co n sid ered  to  im p ly  th a t  re a ctio n  1  is 
in s ig n ific a n t in so lu tio n s  a n d  th a t  th e  p r im a ry  p ro cess is a 
re a ctio n  b e tw ee n  e x c ite d  a n d  grou n d  s ta te  HN3  m o le 
cu les. S im ila r  fea tu res  w ere o b serv e d  w ith  m e th y l azid e  
an d  th e  c o n tra st b e tw ee n  th e se  re su lts  a n d  th o se  d is 
p la y e d  b y  th e  ga s p h o to ly s is  w as su g g e ste d  to  b e  d u e  to  
som e s ta b iliz a tio n  o f  th e  e x c ited  a z id e  m o le c u le  b y  
h y d ro x y lic  s o lv e n ts .6

NH +  H20  — ► NH2OH (3)
H e re  w e p re sen t so m e  n ew  re su lts  on  th e  p h o to ly sis  o f  

a q u eo u s HN3  a t 2 1 3 9  a n d  2 5 3 7  A . T h e s e  w a v e len g th s  lie  
w ith in  th e  tw o first a b so rp tio n  b a n d s  o f  HN3  (Amax ~ 2 6 0  
n m , ¿max ~ 4 7  A/ - 1  c m - 1 ; Amax ~ 1 9 7  n m , €max ^ 6 0 0  
M ” 1 c m " 1 ) 7 (see  a lso  F igu re  1 ). O u r fin d in g s  a p p ea r  to  
su p p o rt th e  m e c h a n is m  o f  G le u 4 a n d  to  p ro v id e  so m e  in 
fo rm a tio n  on  th e  re a c tiv ity  o f  NH in  a q u eo u s so lu tio n . 
T h e  p o ss ib ility  th a t  th e  sa m e  in te r m e d ia te  p la y s  a  role in  
th e p h o to ly sis  o f  N 3 "  8 w as a lso  in v e stig a te d .

Experimental Section
Materials and Solutions. N a N 3 (C P )  w a s tw ice  recry s

ta lliz e d  fro m  w a te r -e th a n o l so lu tio n s . F u rth er re c r y sta lli
za tio n s p ro v ed  to  h a v e  n o  e ffec t on  th e  y ie ld s  o f  th e  p h o 

to ly s is . A lly l  a lc o h o l (C P  M e r c k )  w as su b je c te d  to  several 
v a c u u m  d is tilla tio n s . W a te r  w a s tr ip ly  d is tille d  a n d  all 
oth er m a te r ia ls  w ere o f  A n a la R  grad e .

Procedure. F resh  so lu tio n s o f  HN3  w ere p rep a red  ju st  
b efore irra d ia tio n  b y  a d d in g  HCIO4  to  so lu tio n s  o f  N a N 3 . 
U n d e r  th ese  co n d itio n s th e  a n a ly tic a l te sts  d id  n o t reveal 
an y  th e r m a l d e c o m p o sit io n  in  b la n k  so lu tio n s . W h e n  the  
yie ld  o f  N 2 w as n o t m e a su red , a ir -c o n ta in in g  so lu tion s  
w ere irrad ia ted  in  s to p p e re d  v e sse ls , sin ce  air w a s fou n d  
to  h a v e  n o  e ffec t on  th e  p h o to ly s is . F or gas a n a ly s is , th e  
N a N 3 a n d  HCIO4  so lu tio n s  w ere se p a ra te ly  d eg a ssed  b e 
fore m ix in g  in th e  irra d ia tio n  sy ste m  w h ich  w a s  e q u ip p e d  
w ith  tw o  b u lb s . D u r in g  irra d ia tio n  th e  te m p e ra tu re  w as  
k ep t a t  23  ±  1 °.

T h e  e v a c u a tio n  a n d  d e te r m in a tio n  o f  N 2, a z id e , 
NH2 OH, an d  NH3  w ere co n d u cte d  as d esc rib e d  e lse 
w h ere .9 T h e  ga seo u s p ro d u c ts  w ere a lso  s u b je c te d  to  m a ss  
sp ec tro m e tr ic  a n d  ga s ch ro m a to g ra p h ic  a n a ly s is  u sin g  a p 
p ropriate  b la n k s . HN3  an d  a lly l a lco h o l, w h ic h  interfere  
w ith  th e  d e te r m in a tio n  o f NH2 OH, w ere e v a p o ra te d  u n d er  
v a c u u m  b efore a n a ly sis . HCIO4  w as fo u n d  to  so m e w h a t  
a ffec t th e  p h e n o l-h y p o c h lo r ite  m e th o d  for d e te r m in in g  
NH3  b y  e n h a n c in g  th e  in terferen ce  o f  NH2 OH. T h e re fo re , 
care w as ta k e n  to  ch eck  a g a in st b la n k  so lu tio n s  w ith  the  
sa m e  co n ce n tra tio n s o f  NH2OH a n d  HCIO4 .

Light Sources and Actinometry. Zn Lamp. F or irrad ia 
tio n  a t  2 1 3 9  A  a 2 5 - W  P h ilip s  z in c  sp ec tra l la m p  n o . 9 31 0 6  
w as u se d  w ith  0 .5 -c m  la y er o f  w a ter as a filter .

W h e n  so lu tio n s o f  1 0 ” 3 M  w ere irra d ia te d  o n ly  th e  
stron g  2 1 3 9 -Â  lin e  a n d  th e w ea k  2 0 6 2 - a n d  2 0 2 5 -À  lines  
w ere a b so rb ed . A c tin o m e tr y  w a s c o n d u c te d  w ith  a so lu 
tio n  o f  2 .2  x  1 0 " 4 M  N a N 3 a t  p H  7 .7  (w ith  a b o ra te  b u ff 
er), th e  a z id e  d e p le tio n  b e in g  d e te r m in e d  fro m  th e  drop in  
its  a b so rp tio n  a t  2 3 5  n m  ta k in g  0 ( - N 3 " )  =  0 .3 2 .10 T h e

(1) (a) R. A. Abramovitch and B. A. Davis, C h e m . R e v .,  64, 149
(1969) ; (b) A, Reiser ard H. M. Wagner in “The Chemistry of the 
Azido Group," S. Patai, Ed., Interscience, London, 1971, p 441.

(2) (a) D. A. Milligan and M. E. Jacox, J. C h e m . P h y s .,  41, 2838 
(1964); (b) K. H. Weige, ,b id . .  45, 4373 (1965).

(3) B. A. Thrush, P ro c .  R o y . S o c . ,  S e r .  A . ,  235, 143 (1956).
(4) K. Gleu, B e r ic h te ,  61, 702 (1928).
(5) E. Koch, T e tra h e d ro n ,  23, 1747 (1967).
(6) R. A. Abramovitch and E. P. Kyba, ref 1 b, p 221.
(7) J. R. McDonald, J. W. Rabelais, and S. P. McGlynn, J . C h e m .  

P h y s ..  52, 1332 (1970).
(8) H. Okabe, J . C h e m . P h y s  . 49, 2726 (1968).
(9) (a) I. Burak and A. Treirin, J . A m e r .  C h e m . S o c . .  87, 4031 (1965); 

(b) I. Burak, D. Shapira, and A. Treinin, J  P h y s . C h e m .,  74, 568
(1970) .

(10) D. Behar, D. Shapira, and A. Treinin, J. P h y s . C h e m .,  76, 180 
(1972).
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Figure 1. Electronic spectra of H N 3 and N H 3OH + in water. (The 
latter was obtained by measuring the spectrum of 0.5 M  

(N H 2O H )2- H2S 0 4 against 0.5 M  N a 2S 0 4.)

lig h t a b so rp tio n  b y  HN3 a n d  th e  a c tin o m e te r  a t  2 1 3 9  Â  
w as th e  sa m e  b u t  n o t to ta l (a t  2 0 6 2  a n d  2 0 2 5  À  to ta l a b 
so rp tio n  p re v a ile d ). T h e  t im e  o f  irra d ia tio n  o f  th e  a c ti
n o m e te r  w a s  a d ju ste d  so th a t  is fin a l a b so r p tio n  a t  2 1 3 9  Â  
m a tc h e d  th a t  o f  th e  HN3 so lu tio n  a fter  its  irrad ia tio n . 
T h u s  n o  co rrec tion  for p a rtia l a b so rp tio n  w as req u ired .

A t  l O ^ - l O - 1  M  H N 3 th e  2 1 3 9 -Â  lin e  w as to ta lly  a b 
so rb e d . T o  red u ce  th e  e ffe c t o f  lon ger w a v e len g th s  a  0 .5 -  
c m  la y er  o f  1 M  a q u e o u s  so lu tio n  o f a c eto n e  w as u se d  as a  
f ilte r .1 1  I t  tr a n sm its  ca. 5 0 %  o f th e  lig h t a t  2 1 3 9  Â  b u t  it  
is so m e w h a t a ffe c te d  b y  irra d ia tio n . T h e re fo re  care w as  
ta k e n  to  ch a n ge  th e  f ilte r  b efo re  e a c h  ru n  a n d  to  irrad ia te  
th e a c tin o m e te r  (in  th is  ca se  1 0 "  3 M  N a N 3 so lu tio n ) for  
th e  sa m e  t im e . T h is  f ilte r  c u ts  o f f  lig h t in  th e  region  2 3 5 -  
294  n m . T h e  e ffec t o f  lon g er w a v e len g th s  w as d eterm in e d  
b y  u sin g  a so lu tio n  o f  1 M  a c e to n e - 8  M  a c etic  a c id  as a  
filter w h ich  cu ts o ff  a ll lig h t b e lo w  2 9 4  n m . T h e  correction  
for th is  e ffe c t w as n e g lig ib le  a t  1 0 "  2 M  H N 3 b u t  rea ch ed  
1 4 %  a t  O.IMHN3.

T o  a v o id  lig h t a b so r p tio n  b y  a lly l a lco h o l in  s tu d y in g  its  
e ffec t as a  sca v en g er, its  so lu tio n s w ith  0 .1  M  HN3 w ere  
irra d ia te d  th ro u g h  0 .5 -c m  la y er o f  a c etic  a c id  as a  filter . 
U n d e r  th e se  co n d itio n s  th e  p h o to ly sis  w a s in d u c e d  b y  
w a v e len g th s  w ith in  th e  2 6 0 -n m  b a n d  o f HN3, m a in ly  th e  
re la tiv e ly  stro n g  Z n  lin es close to  2 80  n m .

Hg Lamp. M o s t  o f  th e  e x p er im e n ts  on  th e  e ffec t o f  C l "  
(w h ic h  a b so rb s a t  2 1 3 9  Â )  on  th e  p h o to ly sis  o f  H N 3 a n d  
N 3 w ere carried  o u t a t  2 5 3 7  À . A  lo w -p ressu re  H g  la m p  
(T h e r m a l S y n d ic a te )  w as u sed  for th is  p u rp o se , w ith  a
1 -c m  lay er o f  0 .2  M  K C 1  to  c u t o f f  th e  1 8 4 9 -Â  lin e . A  so lu 
tio n  o f  2 X  1 0 " 2 M  N a N 3 serv ed  as a c h e m ic a l a c tin o m e 
ter; <f>(—N 3"  ) =  0 .3 1  w a s  m e a su red  a g a in st  u ra n y l o x a la te .

Results and Discussion
HN:i in Absence of Foreign Scavengers. U n d e r  a ll c o n d i

tio n s e m p lo y e d  th e  p h o to ly sis  o b ey ed  th e  s im p le  s to ic h i
o m etry

H N 3 +  H 20  N 2 +  N H 2O H  (4 )

w ith  q u a n tu m  y ie ld s  0(N2) =  0(NH2OH) =  0 ( — N3~) =
1 .0 0  ±  0 .0 5 . T h is  is sh ow n  in  T a b le s  I a n d  II. T h e  fo l
low in g  p ro d u c ts  c o u ld  n o t b e  d e te c te d : NH3, N2H4, H2, 
a n d  n itro g en  o x id es . U n d e r  to ta l lig h t a b so r p tio n  th e  y ie ld  
va ried  lin ea rly  w ith  t im e  o f  irra d ia tio n . L ig h t  in ten sity  
w as fo u n d  to  h a v e  n o  e ffec t on  th e  q u a n tu m  y ie ld s  in  th e  
range 8 .4  X  1 0 ” 8- 4 . 0  x  1 0 " 7 e in ste in  l . _ 1  s e c - 1 .

TABLE I: Yields of Products and Depletion of HN3 at 214 nm°

Yields, 1 0 M

Composition pH n 2 NH2OH -A ( H N 3)

1 0 " 3 M N aN 3+ 2.35 24.0 24.2 24.9

7 X  1 0 " 3 M  H CIO 4 24.0 23.6 24.1
24.5 24.7 26.7

1 0 " 2 M N aN 3 + 1.4 33.4 3 3.5
1 0 " 1 M  H CIO 4 6 1.5 63.9

a  Results of several runs are recorded.

T h e s e  resu lts  are a t  va ria n ce  w ith  th o se  o f  K o c h 5 a n d  
ru le  o u t  h is m e c h a n is m  for [ H N 3] <  0 .1  M. T h e y  also  
sh ow  th a t  rea ctio n  2  d oes n o t p la y  a s ig n ific a n t role, 
w h ich  is in  k ee p in g  w ith  a p rev io u s rep o rt t h a t  N 3 cou ld  
n o t b e  d e te c te d  on  fla sh  p h o to ly sis  o f  H N 3 12  T h e y  are  
c o n s is te n t w ith  G le u ’s n itren e  m e c h a n is m 4 b u t  th e y  d o  
n o t ru le  o u t a c o n certed  m e c h a n ism  w h ic h  in v o lv e s  d ire ct  
in tera ctio n  b e tw ee n  e x c ite d  H N 3 a n d  w ater

HN3* +  H20  — ►  NH2OH +  N2 (5)

T h e  u v  sp e c tru m  o f H N 3 d isp la y s  a rich  v ib ra tio n a l s tr u c 
tu re 7 ’8 a n d  th erefore  in  th e  ga s p h a se  re a c tio n  1  p r o b a b ly  
p ro ceed s b y  p re d isso c ia tio n . T h u s  in so lu tio n  H N 3* m a y  
live  lo n g  e n o u g h  to  re a ct w ith  th e  so lv e n t b e fo re  d is s o c ia t 
ing.

T h e  o b served  q u a n tu m  y ie ld  0  =  1 for re a c tio n  4  is in  
k eep in g  w ith  b o th  m e c h a n ism s , if  HN3* d oes n o t  u n d erg o  
d e a c tiv a tio n  b efore  re a ctin g  w ith  w ater (c o n c erte d  m e c h a 
n ism ) or b efore  d isso c ia tin g  (step w ise  m e c h a n is m ) . In  th e  
la tte r  case  NH a n d  N 2 c a n n o t u n d erg o  ca ge  r e c o m b in a 
tio n  a n d  co n trary  to  th e  gas p h o to ly sis , th e  fa s t  re a ctio n  o f  
NH w ith  w ater p re v e n ts  its  rea ctio n  w ith  HN3, a t le a st  u p  
to  0 .1  M. T h is  re a c tio n  sh o u ld  le a d  to  th e  p ro d u c tio n  o f  
NH4N313 (i.e., NH4+ in  so lu tio n ), w h ich  c o u ld  n o t b e  d e 
te c te d .

F la sh  p h o to ly s is  o f  H N 3 re v ea led  n o  tr a n sie n t a b so r p 
tio n  w h ich  liv es  lon g er th a n  1 0  ¿¿sec, 12  b u t  th is  d o e s  n o t  
ru le o u t th e  n itren e  m e c h a n ism  sin ce th e  l ife t im e  o f  N H  
in  w a ter is p r e s u m a b ly  m u c h  sh orter. T h u s  a t  th is  sta ge  
th e  tw o  p o ssib le  m e c h a n is m s  are in d istin g u ish a b le  (see  
la te r ) .

O u r  resu lts  e s ta b lish  aq u eo u s H N 3 as  a  u se fu l c h e m ic a l  
a c tin o m e te r  for th e  range ~ 2 0 0 -2 6 0  n m . I ts  a d v a n ta g e s  
are th e  fo llo w in g , (a ) T h e  q u a n tu m  y ie ld  e q u a ls  1 , in d e 
p e n d e n t o f  w a v e le n g th  or co n ce n tra tio n  (u p  to  0 .1  M). (b )  
B y  p roper a d ju s tm e n t  o f  co n c e n tra tio n  its  resp o n se  c a n  b e  
c o n fin ed  to  th e  2 1 3 9 -A  lin e  o f  th e  Z n  la m p  w ith  litt le  in 
terferen ce  fro m  lon g er w a v e len g th s . T h e re fo re  it  is m o re  
c o n v e n ie n t a n d  a c cu ra te  th a n  th e  u r a n y l a c tin o m e te r s , 

w h ich  in v o lv e  a d iffe re n tia l m e th o d  w h en  a p p lie d  to  th is  
w a v e len g th  re g io n .14  (c ) T h e  a c tin o m e te r  is ea sily  p r e 
p ared  b y  a c id ify in g  aq u eo u s N a N 3 b efo re  ir ra d ia tio n , a n d  
e ith er th e  y ie ld  o f  N H 2O H  is m e a su red  or (w ith  d ilu te  s o 
lu tio n s) th e  d ep letio n  o f H N 3. T h e  la tte r  ca n  b e  re a d ily  
d e te r m in e d  b y  m e a su r in g  th e  c h a n g e  in  o p tic a l a b so r p 
tio n , sin ce  th e  a b so rp tio n  o f  N H 3O H +  a t A > 2 0 0  n m  is 
re la tiv e ly  low 10 (F ig u re  1 ).

(11) For a similar filter see B. Muel and C. Malpiece, P h o to c h e m .  P h o -  
to b io l. ,  10, 283 (1969).

(12) A. Treinin and E. Hayon, J. C h e m . P h y s ..  50, 538 (1969).
(13) A. ©. Beckman and R. G. Dickinson, J . A m e r .  C h e m . S o c . .  50, 

1870 (1928); 52, 124 (1930).
(14) J. Jortner, M. Ottolenghi, and G. Stein, J . A m e r .  C h e m . S o c . ,  85, 

2712 (1963).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 10, 1 9 7 3



Photolysis of HN3 in Aqueous Solution 1197

TABLE il: Quantum Yields of NH2OH from the Photolysis of HN3°

[N aN 3], M 1 0 ” 3 1 0 ” 2 1 0 " 2 1 0 ” 2 1 0 ” 1 2 X 1 0 ” 2
[H C I0 4], M 7 X  1 0 ” 3 4 X 1 0 ” 1 1 0 " 1 2 X 1 0 " 2 2 X  1 0 ” 1 1 0 ” 1
pH 2.35 0.80 1.40 2 .15 1.20 1.5
X, nm 2 14 214 2 14 2 14 2 14 254
<i(NH2 OH) 1.0 2 , 1.0 2 0.97, 0.97 0.98, 0.96 0.93 0.95, 1.0 2 1.00

1.00 1.0 1 0.99 1.0 2 1 .0 1 ,  1.0 1

a See footnote to Table

A  re lated  a c tin o m e te r  w h ich  is ev en  m o re  c o n v e n ie n tly  
e m p lo y e d  is aq u eo u s N 3” . I t  a lso  h a s  th e  a d v a n ta g e  th a t  
it ca n  be u sed  for th e  2 2 9 -n m  line o f  th e  C d  la m p  or th e  
2 5 4 -n m  lin e  o f th e  H g  la m p  (see  E x p e r im e n ta l S e c tio n ). 
H o w ev er, its  q u a n tu m  y ie ld  is low er, so m e w h a t d ep e n d in g  
on co n ce n tra tio n , a n d  th e  e q u a lity  < /> ( -N 3 " )  =
0 ( N H 2O H ) b e in g  v a lid  on ly  a t  [ N 3~ ] <  1 0 ~ 3 M, X > 2 2 0  
n m .9

HN3 in Presence of Foreign Scavengers. T h e  c h e m ic a l  
rea ctiv ity  o f  th e  precu rsor o f  h y d r o x y la m in e  w as e x a m in e d  
b y  a s im p le  c o m p e titio n  te c h n iq u e . T h e  ch o ice  o f  sc a v e n 
gers w as lim ite d  b y  th e  re q u ire m en ts  o f  low  lig h t a b so r p 
tion  a n d  o f  th e r m a l s ta b ility . C l -  a n d  a lly l a lco h o l w ere  
ch osen  to  rep resen t n u c le o p h ilic  a n d  u n sa tu ra te d  re 
a g en ts , re sp ec tiv e ly .

H ig h  c o n c e n tra tio n s o f  N a C l  an d  a lly l a lco h ol w ere re 
q u ired  in order to  ob serve  a p p re c ia b le  e ffe c ts  on  th e  p h o 
to ly s is . <j>(N 2) w as n o t a ffec te d  b u t  th e  y ie ld  o f  N H 2O H  
w as re d u c e d . T h is  in d ic a te s  th a t th e  e ffe c t  is n o t d u e  to  
p h y sic a l q u e n ch in g  o f th e  e x c ite d  sta te  b u t  to  c h e m ic a l  
rea ctio n  w ith  th e  precu rsor o f  N H 2O H . A  s im p le  sch e m e  
th a t a c c o u n ts  for th e  re su lts  is

H N 3 X (6)
X  +  H 20  — *■ N H 2O H (7)

X  +  s —*- (8)
w here X  a n d  S are th e  precu rsor a n d  sca v en g er, re sp ec 
tiv e ly . (O n ly  th e  sp ec ies  p erta in in g  to  th e  d iscu ssio n  are 
rep re se n te d .) T h is  sc h e m e  lea d s to

<P- <P _  feJS] (QN
<P ¿ 7[ H 20 ]

alcohol pH 1.2, X ~280 nn (see Experimental Section).

N3~ in Presence of Foreign Scavengers. T h e  p h oto lysis  
o f N 3”  in w ater9 b ears close  re se m b la n c e  to  th a t  o f  H N 3. 
T h erefo re  it  w as o f  sp e c ia l in terest to  ch e ck  if  in  b o th  
cases th e gen era tio n  o f  N H 2O H  in v o lv es  th e  sa m e  p recu r
sor. F or th is  p u rp o se  th e  s tu d y  o f  th e  e ffe c t o f  sca ven gers  
w as e x te n d ed  to  h igh er p H  v a lu es .

T h e  fo llow in g  rea ctio n s sh o u ld  be co n sid ered  for th e  
precu rsor X '  i n N 3 ”  so lu tio n .

+  h 2o  — *  n h 2o h (10)
X '  + s — ► (11)

x '  +  Nf — (12)
w here <f> a n d  ¡p are th e  q u a n tu m  y ie ld s  o f  h y d r o x y la m in e  
in  a b sen c e  a n d  p resen ce  o f  foreign  sca v en g er, re sp ec tiv e ly . 
T h e  v a lid ity  o f  eq  9  is sh ow n  in F igu re 2 . (T h e  c o n c e n tra 
tio n s o f  H 2O  w ere d ete r m in e d  fro m  th e  d en sitie s  o f  th e  
so lu tio n s .)

T h e  tw o sca v en g ers  h a r d ly  d iffer  in  th e ir  e ffec t (F igu re  
2 ). T h e  re la tiv e  rate  c o n sta n t for C l -  w as c a lc u la te d  from  
su ch  p lo ts  a t  se v e ra l p H  v a lu e s  in ra n ge  0 .5 - 2 .5  a n d  w as  
fo u n d  to  b e  n ea rly  c o n sta n t, feg/fe 7 =  8  ±  1. T h u s  it a p 
pea rs th a t  o n ly  a fra c tio n  o f  th e  co llisio n s o f  X  w ith  H 2O  
are c h e m ic a lly  e ffe c tiv e . I f  X  is an  e x c ited  m o le c u le , th e  
c h e m ic a lly  in e ffe c tiv e  co llisio n s are lik ely  to  b rin g  a b o u t  
its  d e a c tiv a tio n  a n d  so  <j> is e x p e c te d  to  be  less th a n  1 . 
T h erefo re  ou r f in d in g  th a t  <j> = 1  su g g ests  th a t  X  is n o t an  
e x cited  H N 3 m o le c u le  b u t  th e  ra d ic a l N H .

T h e  e ffe c t o f  C l ”  on  th e  p h o to ly sis  o f  H N 3 w as first d is 
covered  b y  G le u 4 a n d  w as a sc rib ed  to  th e  re a ctio n  N H  +  
H + +  C l -  -*• N H 2C I. In  stro n g  H C 1 so lu tio n s N H 2CI w as  
c la im e d  to  p ro d u ce  C I2 , w h ich  o x id iz es  N H 2O H  to  N 2O . 
In  our e x p e r im e n ts  N 2O  co u ld  n o t be  d e te c te d , a n d  m o r e 
over th e  e ffe c t o f  C l ”  on  th e  y ie ld  o f  N H 2O H  fro m  H N 3 

w as fo u n d  to  be  in d e p e n d e n t o f  p H  (see  a lso  n e x t  se c tio n ).

T h is  sch e m e  lea d s to

<P' -  v ’ (  , M N H \  =  fen [s]
¥>' \  ¿ io[ H 20 ] /  fe10[H.2O ]

(13 )

w here 4>' an d  <p' are th e  y ie ld s  o f  N H 2O H  in ab sen c e  an d  
p resen ce  o f sca v en g er, re sp ec tiv e ly . W it h  k^/kio =  285  9a 
and [ N 3” ] =  2 x  1 0 ” 2 M, th e  fo llo w in g  sh o u ld  be a p p lic a 

ble

1 .1
fe„[S]

¿ i0[H 2O ]
(14)

T h e  v a lid ity  o f eq  14  for C l ”  a t  p H  7 .8  is sh o w n  in F igure  
3, fro m  w h ich  w e d erive  kn/kio =  6 8 0  ±  2 0 . T h e  sa m e  
ra tio  w as o b ta in e d  at p H  6 .9 .

T h e  e ffec t o f a lly l a lco h o l w a s fo u n d  to  be m u c h  sm a lle r  
b u t it d isp la y e d  d ev ia tio n s  fro m  eq 14, as if  ku/kio d e 
p en d s on  [S ], in crea sin g  fro m  4 0  to  9 0  on  in creasin g  th e  
c o n cen tra tio n  o f a lly l a lco h o l fro m  0 .5  to  1 .8  M. A lly l a l 
coh ol c learly  rea cts  w ith  X '  m u c h  slow er th a n  C l " .  A  p o s 
sib le  e x p la n a tio n  for th e  ch a n g e  o f  its re a c tiv ity  w ith  co n 
c en tra tio n  is th a t  in th is  co n c e n tra tio n  ran ge it ca n  also  
rea ct w ith  th e  p recu rsor o f  X ' .
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Figure 3, Effect of Cl on the yield of NH2OH from the photoly
sis of 2 X 10-2 M  N3- at 2537 A, pH 7.8.

H e re  w e s u m m a r iz e  th e  a v a ila b le  d a ta  on  fe n /fe io  for  
va rio u s sca v e n g e rs : C l , 6 8 0 ; N3 - , 2 8 5 ;9a a lly l a lco h o l, 
< 4 0 ;  NH3 , 1 8 ;9a H2 O 1. C o m p a rin g  th is  seq u e n ce  w ith  
our re su lts  co n cern in g  th e  in term ed ia te  X ,  it  b e c o m e s  e v i
d e n t th a t  w e are d ea lin g  w ith  tw o d ifferen t sp ec ies . X '  is 
m u c h  m o re  se le c tiv e ; its  in sertion  re a c tio n s9® w ith  NH3  

a n d  H 20  to  fo rm  N2 H4  a n d  NH2OH are re la tiv e ly  slow . 
S in c e  fen  ( C l - ) c a n n o t b e  a p p re c ia b ly  h igh er th a n  10 10 

A/ - 1  s e c - 1 , an  u p p e r  l im it  o f  ~ 1 0 7 M~1 s e c - 1  ca n  b e  e s 
t im a te d  for k io  (H2 O).

T h e  d ifferen ce  b etw een  X '  a n d  X  h a s  n o t y e t  b een  re 
so lv e d . T w o  p o ssib ilit ie s  to  be co n sid ered  are th e  fo l 
low in g.

(a ) X r a n d  X  are th e  b a sic  an d  a c id ic  fo rm s o f  th e  sa m e  
in te r m e d ia te , e.g., N -  an d  N H  or N H  a n d  N H 2+ , e tc . T o  
e x a m in e  th is  p o ss ib ility  we s tu d ie d  m o re  c lo se ly  th e  e ffec t  
o f  p H  on th e  sc a v e n g in g  b y  C l - . F ro m  ou r p rev io u s a n a ly 

sis  it  ap p ea rs  th a t  th e  rea ctiv itie s  o f  X '  a n d  X  d o  n o t va ry  
w ith  p H  in  th e  reg ion s 7 .8 - 6 .9  a n d  2 .5 - 0 .5 .  In  th e  in te r 
m e d ia te  p H  region  th e  sy s te m  co n sists  o f  a m ix tu r e  o f  
N3 -  a n d  HN3  (p K  =  4 .7 ) .  S till  th e  y ie ld  o f  NH2 OH in  
p resen ce  o f  C l -  c o u ld  be c a lc u la te d  (w ith in  ± 1 0 %  fro m  
th e e x p e r im e n ta l v a lu es) b y  a ssu m in g  th a t  its  p recu rsor is 
a m ix tu re  o f X  a n d  X ' ,  w h ich  are p ro d u c ed  fro m  HN3  a n d  
N3 - , re sp ec tiv e ly , a n d  re a ct in d e p e n d e n tly  a c c o rd in g  to  
rea ctio n s 7 , 8 , 10 , 11, a n d  12 . T h u s  it  ap p ea rs  th a t  p H  a f 
fec ts  th e  p h o to ly sis  o n ly  th ro u g h  th e  e q u ilib r iu m  HN3  

H *  +  N3 - , w h ich  d eterm in e s  th e  a m o u n ts  o f  X  a n d  X '  
p ro d u c ed . H o w e v e r, th ese  resu lts  d o  n o t ru le  o u t th e  p o s 
s ib ility  th a t  X  a n d  X '  is an  a c id -b a s e  co u p le , b u t  th a t  
th is  h a d  n o  m a n ife s ta tio n  in  our e x p e r im e n ts  s in ce  th eir  
rea ctio n s w ith  w a ter w ere m u c h  fa ster  th a n  th e  ra te  o f  
a c id -b a s e  e q u ilib ra tio n .

(b )  X  a n d  X '  are tw o d ifferen t e lectro n ic  s ta te s  o f  NH. 
T h e  p h o to d isso c ia tio n  o f  HN3  h a s b een  sh ow n  to  y ie ld  th e  
ra d ica l in  its  e x c ited  sin g le t s ta te  O n  or ^ T 26’ 8 Its  d e a c 
tiv a tio n  to  th e  grou n d  s ta te  3 2 -  is o rb ita lly  an d  sp in  fo r 
b id d en  a n d  th erefore  m a y  p ro ceed  m o re  s lo w ly  th a n  its  
rea ctio n s w ith  w ater or th e  sca ven ger. B e in g  re la tiv e ly  
rich  in en ergy  it  is lik ely  to  d isp la y  litt le  c h e m ic a l s e le c 
t iv ity ; in p a r tic u la r , s in g le t NH (lik e  s in g le t  CH2  a n d  O , 
w h ich  are iso electron ic ) is k n ow n  to  u n d erg o  fa s t  in sertion  
re a c tio n s , 1 re a ctin g  w ith  NH3  a t each  c o llis io n .15  T h u s  
th e id e n tific a tio n  o f  X  w ith  sin g le t NH se e m s  re a so n a b le . 
O n  th e  oth er h a n d , th ere  is litt le  ev id e n c e  for in sertio n  o f  
NH(3 2) in to  th e  C - H  b o n d ,lb a n d  w h en  th e r m a liz e d , its  
rea ctio n  w ith  NH3  is s lo w .15  T h e  p o ss ib ility  th a t  X '  is 
NH(3 2 - ) sh o u ld  be fu rth er e x a m in e d . (T h e  f la sh  p h o to ly 
sis  o f  N3 -  has re v ea le d  so m e  tra n sie n t a b so r p tio n s  w h ich  
h ave  n o t y e t  b e e n  id e n tif ie d .12 T h e  e x c ite d  N3 -  ion s m a y  
u n d erg o  in te r sy ste m  crossin g to  fo rm  th e ir  tr ip le ts , w h ich  
th en  re a ct w ith  w ater , or th e  m e c h a n ism  m a y  in v o lv e  th e  
N -  ra d ica ls .

(15) M. Clerc, M. Schmidt, J. Hagege-Temman, and J. Belloni, J. P h y s .
C h e m .,  75, 2908 (1971).
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P u b l ic a t io n  c o s ts  a s s is te d  b y  T h e  O n ta r io  C a n c e r  I n s t i tu te

T h e  lo n g -liv e d  tr a n s ie n t ob served  in  th e  fla sh  p h o to ly sis  o f  orotic  a c id  h a s  b e e n  id en tified  as th e  h y d r o 
gen  a d d u c t  ra d ic a l. T h is  ra d ic a l arises fro m  a b ip h o to n ic  p ro cess in  w h ich  th e  first p h o to n  is required  to  
p ro d u c e  an  orotic  a c id  tr ip le t, w h ile  th e  seco n d  p h o to n  is a b so rb ed  b y  th is  tr ip le t . T h is  h ig h ly  excited  
m o le c u le  th e n  a b stra c ts  a h y d ro g e n  a to m  fro m  a w ater m o le c u le  a d d in g  th e  h y d ro g en  a to m  to  th e  ca r 
b o n y l o x y g en . T h is  a d d u c t  m a y  th e n  d isso c ia te  (p K  ~  4 ) lea v in g  th e  sa m e  ra d ic a l as th e  e lectro n  a d 
d u c t. T h e  a b so rp tio n  sp e c tru m  is th e  sa m e  as th e  e lectro n  a d d u c t  sp e c tru m  w ith  a p ea k  a b so rp tio n  at  
325  n m . T h e  v a r ia tio n  o f y ie ld  w ith  p H  h a s b een  m e a su red  a n d  is h igh er a t  n e u tra l p H  th a n  a t  a c id  p H . 
T h e  se co n d -o rd e r  d e c a y  ra te  o f  th e  ra d ic a l h a s  b e e n  m e a su re d . P o ssib le  d e c a y  m e c h a n ism s  h ave  been  
su g g e ste d .

T h e  u v  p h o to c h e m istry  o f  orotic  ac id  (u r a c il-6 -c a rb o x y l-  
ic a c id ) h a s  b e e n  e x te n s iv e ly  s tu d ie d  in  a q u eo u s so lu tio n  
u sin g s te a d y -s ta te 1-9  a n d  f la sh  p h o to ly s is 10 -13  te c h n iq u es . 
I t  h a s  b e e n  sh ow n  th a t  th e  d im e riz a tio n  o f  orotic  acid  
( O A )  occu rs w h en  an  O A  m o le c u le  in th e  tr ip le t  s ta te  in 
tera cts  w ith  a g r o u n d -s ta te  m o le c u le . T h e  re a ctio n  rates  
for th e  d im e riz a tio n  a n d  ra d ia tio n less  d e a c tiv a tio n  o f  th e  
tr ip le t s ta te  m o le c u le , its  en ergy  lev e l, tr ip le t  a b so rp tio n  
sp e c tru m , th e  q u a n tu m  y ie ld  for in te r sy ste m  crossin g , an d  
th e  ra te  c o n sta n ts  for v a rio u s q u e n c h in g  rea ctio n s h av e  
been  m e a su red .

In  ou r fla sh  p h o to ly s is  s tu d ie s  w e h av e  o b served  a lon g - 
liv ed  tra n sie n t a b so r p tio n  in  O A  u n d er h ig h -in te n s ity  
fla s h e s .12 A  s im ila r  sp ec ies h a s  a lso  b e e n  seen  b y  G o d fre y  
and B o a g .10 In  th is  p a p e r  w e w ill sh ow  th a t  th e  tra n sie n t  
sp ec ies is p ro d u c ed  w h en  a tr ip le t  orotic  ac id  m o le c u le  
a b sorb s a seco n d  p h o to n , e x c it in g  it  to  a h igh er ly in g  
energy s ta te . T h is  h ig h ly  e x c ite d  m o le c u le  ca n  rea ct w ith  
a w ater m o le c u le , a b stra c tin g  a h y d ro g e n  a to m , lea v in g  an  
• O H  ra d ic a l. T h e  • O H  ra d ic a l m a y  th e n  a tta c k  a g ro u n d - 
sta te  orotic  ac id  m o le c u le , a d d in g  to  it to  fo rm  th e  • O H  
a d d u c t . T h e  a b so rp tio n  sig n a l d e te c te d  is fro m  b o th  th ese  
sp ec ies . In  th is  p a p er  w e p re sen t ou r o b serv a tio n s  on  th e  
p roperties o f  th e  lo n g -liv e d  tra n sie n t, a n d  th e  fo rm a tio n  
an d  d ec a y  o f  th e  ra d ic a ls .

Experimental Section
T h e  fla sh  p h o to ly s is  sy s te m  u se d  h a s  an  o u tp u t o f  a p 

p ro x im a te ly  6  x  1 0 1 7  p h o to n s  ( 1  ¿¿einstein) in  th e  w a v e 
len g th  ran ge 2 0 0 -3 5 0  n m . T h e  w id th  o f  th e  e x c itin g  fla sh  
is 1 .2  /usee a t  h a lf  p e a k  h e ig h t a n d  is 9 9 .9 %  c o m p le te  in  
less th a n  4  nsec. W e  are a b le  to  d e te c t  a b so rp tio n  sig n als  
as s m a ll  as  3 x  1 0 - 4 u sin g  a 4 5 -c m  p a th  len g th  (th ree  
p a sse s  o f  a 1 5 -c m  ce ll)  a n d  a p u lsed  x en o n  a n a ly z in g  
la m p . T h e  sy s te m  is d esc rib e d  in greater d e ta il e lse 

w h ere .1 4 ’15

T h e  orotic  a c id  w as fro m  C y c lo  C h e m ic a l (G ra d e  I) or 
M a n n  R esea rch  L a b s , w h ile  th e  [6 - 1 4 C ]o ro tic  a c id  w as  
fro m  A m e r s h a m  S e a r le  C o . Id e n tic a l e x p e r im e n ta l resu lts  
were o b ta in e d  u sin g  th e  O A  in  e ith er th e  sto c k  or recrys
ta lliz e d  fo r m . S o lu tio n s  w ere m ix e d  fresh ly  for each  ex p er
im e n t u sin g  w ater d istille d  fou r tim e s  in  our q u a rtz  still . 
T h e  so lu tio n s w ere d e o x y g e n a te d  b y  b u b b lin g  “ p rep u rified  
grad e”  n itro g en  (G a s  D y n a m ic s , C a n a d ia n  A n a e sth e tic  
G a ses) th ro u g h  th e m  for a t  le a st 4 0  m in  prior to  th e  e x 

p e r im e n t, a n d  th e n  w ere forced  in to  th e  cell u n d er  a n i
trog en  a tm o sp h e re  a n d  se a led  o ff  u n d er a p o sitiv e  n itrogen  
pressu re. U n b u ffe r e d  so lu tio n s  h a d  p H  v a lu es  fro m  4 .3  to

5 .0  for th e  c o n c e n tra tio n s  o f  orotic  acid  u sed . A d ju s tm e n ts  
o f  th e  p H  w ere m a d e  u sin g  H C I O 4 or K O H  (A n a la r  
G ra d e , B D H ) .

T h in  la y er c h r o m a tc g ra p h y  (T L C )  w as ca rried  o u t on  
th in  lay er ce llu lo se  p la te s  (M a c h e r y  N a g e l a n d  C o .)  in a 
so lv e n t sy s te m  o f  1 -p r o p a n o l-w a te r  ( 7 0 :3 0  v / v ) .  T h e  
c h ro m a to g ra m s w ere th e n  au to ra d io g ra p h e d  on  K o d a k  
N o -sc r e e n  X -r a y  f ilm  for 4  d a y s . T h e  c h r o m a to g ra m s  w ere  
c u t u p  a n d  c o u n te d  in  a N u c le a r  C h ic a g o  liq u id  s c in t illa 
tio n  co u n ter u sin g  P P O  a n d  ( C H s D P O P O P 16  in  p -d io x a n e  
flu id . A  co ld  d ih y d ro o ro tic  acid  m a rk er  w a s ru n  on  th e  
c h r o m a to g ra m s a n d  d e te c te d  u sin g  F in k ’ s re a g e n t t e s t .17® 
T h is  te st in v o lv e s  sp ra y in g  th e  c h r o m a to g r a m  w ith  0 .5  M  
N a O H , d ry in g , a n d  th e n  sp ra yin g  w ith  a so lu tio n  o f 1 g o f  
p -d im e th y la m in o b e n z a ld e h y d e  in 1 0 0  m l o f  e th a n o l a n d  
10 m l o f  c o n c e n tra te d  H C 1. C o m p o u n d s  w ith  a sa tu ra te d
5 ,6  b o n d  re a ct w ith  th e  sp rays to  p ro d u c e  a y e llo w  sp o t on  
th e  ch r o m a to g ra m . U r a c il, b a rb itu ric  ac id , a n d  iso b a r-

(1) A. Haug and P. Douzou, Z. N a tu r fo r s c h .  B , 20, 509 (1965).
(2) A. Haug, J. A m e r .  C h e m . S o c . .  86, 3381 (1964).
(3) E. Sztumpf-Kulikowska. D. Shugar, and J. W. Boag, P h o to c h e m .  

P h o to b io l . ,  6 ,4 1(19 6 7).
(4) D. W. Whillans and H. E. Johns, P h o to c h e m .  P h o to b io l . ,  9, 323

(1969) .
(5) D. W. Whillans, M.S. Thesis, University of Toronto, 1968.
(6) M. Charlier and C. Hélère, P h o to c h e m .  P h o to b io l . ,  6, 501 (1967).
(7) C. L. Greenstock, I. H. Brown, J. W. Hunt, and H. E. Johns, B io -  

c h e m .  B io p h y s .  R e s . C o m m u n . ,  27, 431 (1967).
(8) E. Sztumpt and D. Shugar, P h o to c h e m .  P h o to b io l . .  4. 719 (1965).
(9) C. Hélène and F. Brun, P h o to c h e m .  P h o to b io l . .  1 1 ,  77 (1970).

(10) T. Godfrey and J. Boag, oersonal communication.
(11) M. A. Herbert, J. W. Hunt, and H. E. Johns, B io c h e m .  B io p h y s  

R e s . C o m m u n . ,  33, 643 (1968).
(12) M. A. Herbert and H. E. Johns, P h o to c h e m .  P h o to b io l . ,  14, 693

(1971).
(13) R. W. Yip, W. D. Riddell, and A. G. Szabo, C a n . J . C h e m .,  48, 987

(1970) .
(14) (a) W. B. Taylor, J. C. LeBlanc, D. W. Whillans, M. A. Herbert, and 

H. E. Johns, R e v . S c i.  tn s t r u m . .  43, 1797 (1972); (b) J. C. Le
Blanc, M. A. Herbert, D. W. Whillans, and H. E. Johns, R e v . S c i. 
t n s t r u m . ,  43, 1814 (1972)).

(15) (a) D. W. Whillans, M. A. Herbert, J. W. Hunt, and H. E. Johns, 
B io c h e m .  B io p h y s .  R e s . C o m m u n . ,  36, 912 (1969); (b) M. A. Her
bert, Ph.D. Thesis, University of Toronto, 1972.

(16) PPO and (CH3)2POPOP are scintillators. PPO is 2,5-diphenyloxa- 
zole and (CH3)2POPOP is p-bis[2-(4-methyl-5-phenyloxazolyl)]ben- 
zene.

(17) (a) R. M. Fink, R. E. Clive, C. McGaughey, and K. Fink, A n a l.  
C h e m ..  28, 4, (1956); (b) C. L. Greenstock, T ra n s .  F a r a d a y  S o c ..  
66, 2541 (1970).
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b)

j .01 Volt/Div. 

Baseline

Figure 1. (a) Absorption signal from a solution of 3 X 10-5 M  
orotic acid displayed at a sweep speed of 50 /¿sec/divlsion. The 
signal is ac coupled to the oscilloscope (vertical gain = 0.1 V / 
division, À 340 nm). (b) Dc coupled adduct signal shown at 1 
msec/divislon. This corresponds to the slow decay in a which 
appears as a straight line (vertical gain = 0.01 V/division, X 
340 nm).

b itu ric  a c id  w ere d e te c te d  b y  th eir u v  a b so rp tio n  u n d er a 
m in e ra lig h t.

Decay of the Transient Signal. F igu re  l a  sh ow s th e  
tra n sie n t sign al o b serv e d  a t  a sw eep  rate  o f  50  /¿ s e c /d iv i -  
sion  in an  u n b u ffered  aq u eo u s so lu tio n  o f  3 X  1 0 “  5 M  o r 
o tic  ac id . T h e  tr a n sie n t a b so rp tio n  co n sists  o f  a large fa st  
d ec a y in g  sig n al fro m  th e  tr ip le t12  fo llo w ed  b y  a sm a lle r  
slow er d ec a y in g  s ig n a l fro m  th e  a d d u c t . T h e  d ec a y  o f  th e  
tr ip le t is fa s t  e n o u g h  (life t im e  is ~ 1 5  /¿sec) th a t  th e  ac  
co u p lin g  tim e  co n sta n t o f  th e  sy s te m  ( 1  m se c ) h as little  
effec t on it . H o w e v e r, th e  slow er d e c a y in g  s ig n a l is b a d ly  
d isto rted  sin ce  its  l ife t im e  is lon g er th a n  th is  t im e  co n 
s ta n t. T o  ob serve th e  p roper d e c a y  o f th e  a d d u c t , w e u sed  
a T e k tr o n ix  1 A 5  d iffe re n tia l a m p lifie r  w ith  th e  in tern al 
referen ce v o lta g e  a d ju ste d  to  c a n c e l o u t th e  d c  lev e l. T h e  
sig n a l w as th e n  d c  c o u p le d  in to  th e  o sc illo sc o p e . F igu re  l b  
is th e  dc c o u p le d  sig n al sh ow n  w ith  a sw eep  ra te  o f  1 

m s e c /d iv is io n . C o m p a riso n  o f  th is  trace  to  th a t  in F igure  
l a  sh ow s t h a t  th e  e ffe c t  o f  th e  ac t im e  c o n sta n t is to  in 
crease th e  a p p a r e n t rate  o f  d e c a y  o f th e  s ig n a l. (N o te  th a t  
th e s ig n a l is d isp la y e d  w ith  a ve rtica l ga in  o f  0 .1  V /d i v i 
sion in  F igu re  l a  a n d  0 .0 1  V /d iv is io n  in  F igu re  l b . )  A ll  
a d d u c t d ec a y  ra tes w ere m e a su red  fro m  d c  c o u p le d  traces.

Measurement of Triplet Signal. F ro m  th e  tra c es  given  
in  F igu re  l a ,  w e ca n  c a lc u la te  th e  p ea k  sig n al d u e  to  th e  
tr ip le t a n d  th a t d u e  to  th e  a d d u c t . H t ', th e  p ea k  sig n al 
a b o v e  th e  s lo p in g  b a se  lin e , is a first a p p ro x im a tio n  to  th e  
tr ip le t  s ig n a l. I t  d oes n o t in c lu d e  th o se  tr ip le ts  w h ich  w ere  
co n verted  to  a d d u c t  d u rin g  th e  fla sh . T h e  corrected  tr ip 
le t  sig n al Ht is g iv en  b y

H t = Ht' + - H a (1)
eA

w here ¿t  a n d  eA are th e  e x tin c tio n  c o effic ie n ts  o f  th e  tr ip 
le t  a n d  a d d u c t , re sp ec tiv e ly , a n d  HA (F igu re  l a )  is th e  a b 
so rp tio n  d u e  to  th e  a d d u c t . T h e  a d d u c t e x tin c tio n  tA is 
th e s u m  o f  th e  e x tin c tio n s  o f  th e  e lectro n  a d d u c t  (or p ro - 
to n a te d  e lectro n  a d d u c t)  a n d  th e  -O H  a d d u c t . A t  p H  4 .5 ,  
th e v a lu e  o f cA is a b o u t  1 0 4 M “ 1 c m “ 1 , 1715 w h ile  eT is 1 .2  

x  1 0 4 M “ 1 c m - 1  i f  w e a ssu m e  th a t  th e  tr ip le ts  p resen t

Figure 2. Variation of adduct signal (HA) with total triplet signal 
(Ha +  H t ') for 3 X  1 0 “ 5 M  orotic acid solution measured at 
34Ô nm. The total triplet signal is used as a m easure of flash In
tensity. The solid line is the regression fit for y =  a X 6 with a =  
0.8 and b  =  1.8 . This shows a dependence on the square of the 
flash intensity.

are an  e q u a l m ix  o f an ion  a n d  n eu tra l m o le c u le s  (tr ip le t  
pK is 4 .5 ) . 12  E q u a tio n  1  now  is

Hr =  Ht' +  1 .2  H a  ( 2 )

W e  ca n  a p p ro x im a te  Ht b y  th e  su m  (Ht + Ha). T h is  a p 
p ro x im a tio n  red u ces th e  v a lu e  o f  Ht b y  less th a n  5 % , an  
error less th a n  th e  n o rm a l e x p e r im e n ta l errors e n c o u n 
tered .

R esu lts

(a) Intensity Dependence. F igu re 2 sh ow s th e  va ria tio n  
o f  th e  a d d u c t  sig n al HA w ith  fla sh  in te n s ity . S in c e  w e are 
u n a b le  to  m ea su re  th e  fla sh  in te n sity  d ire c tly , w e h ave  
u sed  th e  to ta l tr ip le t  sig n al (Ht' +  HA) as  a m easu re  o f  
th e  fla sh  in te n sity .

T h e  so lid  line  is th e  regression  f it  to  th e  e x p e r im e n ta l  
p o in ts  u sin g  th e e q u a tio n

y =  aXb (3 )

w ith  a =  0 .8  a n d  b = 1 .8 . T h u s  w ith in  e x p e r im e n ta l error  
( ± 1 5 % )  th e  y ie ld  o f  a d d u c t  d ep e n d s  on  th e  sq u a re  o f  th e  
fla sh  in te n sity  a n d  req u ires (i) e ith er th e  a b so r p tio n  o f  
tw o p h o to n s , or (ii) a tr ip le t -tr ip le t  re a c tio n  for th e  p r o 
d u c tio n  o f  an  a d d u c t  m o le c u le . T o  se p a ra te  p o ssib ilit ie s  i 
a n d  ii, w e m e a su red  th e  re lative  y ie ld  o f  a d d u c t  s ig n a l as  
a fu n c tio n  o f  tr ip le t  life tim e . In crea sin g  a m o u n ts  o f  th e  
tr ip le t q u e n ch e r m a n g a n ese  su lfa te 18  (M n S C E )  w ere  
a d d ed  to  a so lu tio n  o f  2 .4  X  1 0 “  5 M  orotic  a c id . T h is  in 
creased  th e  tr ip le t  d ec a y  ra te  fro m  a v a lu e  o f  3 .4  X  10 4 

s e c - 1  (30 -/x sec  life tim e ) w ith  n o a d d e d  q u e n ch e r to  1 1 .5  X  
104 s e c - 1  (8 .7  /¿sec) a t  a q u e n ch e r c o n c e n tra tio n  o f  1 .4  X  

1 0 ~ 4 M. T h e  resu lts  are sh ow n  in F igu re  3 .
T h e re  is n o  c h a n g e  in  th e  re lative  a d d u c t  s ig n a l size  

w h en  M n S C E  is a d d e d  as a tr ip le t  q u e n ch e r u p  to  a  c o n 
cen tration  o f  1 .4  x  1 0 “ 4 M  in M n S C H . T h u s  th e  p r o d u c 
tio n  o f  a d d u c t m u s t  b e  b y  m e c h a n ism  i, th a t  is , a  b ip h o 
to n ic  a b so rp tio n . I f  th e  a d d u c t w ere p ro d u c ed  th ro u g h  a 
tr ip le t -tr ip le t  re a c tio n  th e  y ie ld  w o u ld  d ro p  b y  a fa c to r  o f  
2 for e a ch  d o u b lin g  o f  th e  d ec a y  ra te  o f  th e  tr ip le t.

B e c a u se  th e e x c ite d  sin g le t life tim e  for orotic  a c id  in  
so lu tio n  is 5 x  H E 1 1  s e c ,19a a n d  th e  tr ip le t  life tim e  is 
greater th a n  5  X  1 0 “ 6 sec , th e  p ro b a b ility  o f  a b so r b in g  a

(18) We have measured a rate constant of 5 X 108 A4“ 1 sec“ 1 for the 
quenching of orotic acid triplet signal by MnSCU.

(19) (a) J. Elsinger and A. A. Lamola, B io c h im .  B io p h y s .  A c ta ,  240, 299
(1971); (b) M. Charlier, C. Hélène, and M. Dourlant, J . C h e m .  
P h y s .,  66, 700 (1969).
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Figure 3. Variation of relative adduct signal with the triplet 
decay rate. Increasing amounts of the triplet quencher MnS04 
were added to quench the triplet (X 340 nm).

secon d  p h o to n  d u rin g  a  tr ip le t  life tim e  is m o re  th a n  1 0 5 

tim e s  greater th a n  th a t  for a b so rp tio n  d u rin g  th e  e x c ited  
sin g le t life tim e . T h u s  th e  seco n d  p h o to n  m u st  be a b 
sorb ed  b y  th e  orotic  a c id  m o le c u le  in its  tr ip le t  s ta te . T h e  
tr ip le t s ta te  en ergy  o f  orotic  ac id  h a s  b e e n  c a lc u la te d  as
2 .7  e V  fro m  en ergy  tra n sfe r 13  a n d  p h o sp h o resc en c e  m e a 
s u r e m e n ts ,1 ’6 ’19b a n d  th e  a b so rp tio n  o f a seco n d  p h o to n  
fro m  th e  fla sh  w o u ld  p ro d u c e  an  e x c ite d  m o le c u le  w ith  
a b o u t 6 - 9  e V  o f en ergy .

(b) Absorption Spectra. T o  o b ta in  re p ro d u c ib le  a b so r p 
tio n  sp ec tra , it w a s n ecessa ry  to  u se  an  in tern a l m o n ito r  
to  correct for p u lse  to  p u lse  v a ria tio n s in  th e  fla sh  in te n s i
ty . A  b e a m  sp litte r  d ire cts  p a rt o f  th e  a n a ly z in g  lig h t to  a 
seco n d  m o n o c h r o m a to r -p h o to m u lt ip lie r  d etec to r  w h ich  is 
set a t  a fix e d  w a v e le n g th  p ro v id in g  a referen ce sig n a l for  
each  fla sh . T h e  m e a su red  sig n a ls  are th e n  n o r m a liz e d  to  a  
c o n sta n t referen ce s ig n a l co rrectin g  for a n y  fla s h  o u tp u t  
v a ria tio n .

F igu re  4  sh ow s th e  a b so rp tio n  sp e c tru m  o f th e  lon g - 
liv ed  tr a n sie n t m e a su r e d  150  psec a fter  th e  fla sh  in  a so lu 
tio n  o f  5  X  10 ~ 5 M  orotic  a c id  a t  p H  1, 4 .5 , a n d  8 .2 . T h e  
sp ectra  fro m  th e  f la sh  p h o to ly s is  e x p e r im e n ts  are th e  re 
su lt o f  d u p lic a te  p o in ts  ta k e n  every  5  n m  an d  are n o r m a l
ized  a t  th eir p ea k s . A lth o u g h  th e  p o in ts  are n o t sh o w n  for  
clarity , th e y  ra rely  d iffer  b y  m o re  th a n  ± 5 % .  T h e  solid  
line  is G r e e n sto c k ’s sp e c tr u m 17b o f th e  so lv a te d  e lectro n  
(e aq~ )  a d d u c t to  orotic  ac id  m e a su red  a t  n e u tra l p H  u sin g  
p u lse  ra d io ly sis . T h is  sp e c tru m  is v ery  s im ila r  to  th a t  
m e a su red  b y  H a y o n 20 for  th e  e lectro n  a d d u c t . T h is  sp e c 
tru m  h as a lso  b e e n  n o r m a liz e d  to  th e  a d d u c t  sp ec tra l  
p ea k .

T h e  sp ec tra  sh o w n  are v ery  s im ila r , p ea k in g  a t  3 2 5  n m . 
A t  p H  1 , th e  sp e c tru m  h as a d is tin c t sh o u ld er a t  355  n m  
w hile  a t  p H  4 .5  a n d  8  th ere  is o n ly  a s lig h t sh o u ld er a t  3 45  
n m . T h e  s im ila r ity  o f  th e  fla s h  p h o to ly s is  a b so rp tio n  sp e c 
tra to  th e  e lectro n  a d d u c t  sp e c tru m  in p u lse  ra d io ly sis  
su g g ests  th a t  w e h a v e  fo rm e d  a ra d ic a l w ith  a stru ctu re  
s im ila r  to  th e  O A  e lectro n  a d d u c t . W e  su g g est th a t  w e are  
ob serv in g  th e  O A  C 4 c a rb o n y l ra d ic a l fo rm e d  b y  h yd rogen  
a b stra c tio n  fro m  a w a ter m o le c u le  b y  th e  d o u b ly  e x cited  
O A  m o le c u le . W h e n  th e  O A  tr ip le t  ab so rb s a secon d  p h o 
to n  it w ill h av e  a b o u t  6 - 9  e V , su ffic ie n t en ergy to  break  
an  H - O H  b o n d  in  w a te r , an  e n d o th e rm ic  re a ctio n  req u ir
ing 5 .1  e V .21 T h e  O A  m o le c u le  a d d s  on  th e  h y d ro g e n  a to m  
p ro d u c in g  th e  H -  a d d u c t  ra d ic a l an d  le a v in g  an  -O H  r a d 
ica l in  th e  so lu tio n . T h is  -O H  ra d ic a l w ill a tta c k  grou n d  
sta te  orotic  ac id  m o le c u le s  a d d in g  to  fo rm  -O H  a d d u c ts  
to  O A  w ith  a ra te  c o n sta n t o f  5 .2  X  10® M - 1  s e c _ 1 .17b A t  
an  orotic a c id  c o n c e n tra tio n  o f  5 X  1 0 ~ 5 M, 6 3 %  o f  th e  
•O H  ra d ica ls  w ill h a v e  re a cte d  w ith  th e  orotic  a c id  w ith in
3 .8  psec, th u s  th e  b u ild -in  o f  th e  -O H  a d d u c t  a b so rp tio n  
w ill b e  h id d e n  u n d er th e  first p a rt o f  th e  tr ip le t  d ec a y .

Figure 4. Adduct absorption spectra measured at pH 1, 4.5, and 
8. The solid line Is the electron adduct spectrum measured by 
Greenstock17b at neutral pH by pulse radiolysis.

A t  n eu tra l p H , th e  sh o u ld e r  on  th e  sp e c tru m  a t 345  n m  
is th e  resu lt o f  th e  a b so rp tio n  o f  th e  -O H  a d d u c t p ro 
d u c e d . A t  ac id  p H , a  n ew  sh o u ld e r  is o b serv ed  a t  3 5 5  n m . 
T h is  a b so rp tio n  m a y  b e  fro m  th e  ca rb o n yl ra d ic a l fo rm ed  
on th e  ca rb o xy l g rou p . A t  a c id  p H  th e  c a rb o x y l grou p  is 
u n ch a rg ed 4 ’22 a n d  m a y  a b stra c t an  H - from  w ater to  fo rm  
a ca rb o n y l ra d ica l w h ich  a b so rb s a t  355  n m . A t  n e u tra l  
p H , th is  group  is n e g a tiv e ly  ch arged  an d  p r o b a b ly  d oes  
n ot a b stra c t . T h u s , n o  sh o u ld e r  is ob served  a t  3 5 5  n m .

T h e  s im ila r ity  o f  th e  fla sh  sp ectra  to  th e  e le ctro n  a d 
d u c t sp ec tru m  su g g e sts  th a t th e  H -  a d d itio n  to  O A  occu rs  
a t a  ca rb o n y l g rou p , p r o b a b ly  th e  C 4 p o s it io n .20 A d d it io n  
o f  an  H - to  e ith er th e  C 5 or C 6 p o sitio n  p ro d u c es  a sp e c 
tru m  p ea k in g  a t  3 4 5  n m .17b T h e  a d d itio n  o f  H -  to  th e  C 4 

ca rb o n y l p ro d u ces a  ra d ic a l w h ich  u n d erg o es  d e p r o to n a 
tio n  w ith  a pK  o f  a b o u t  4 .17b T h e  d e p r o to n a te d  fo rm  is 
th en  id en tic a l w ith  th e  e lectro n  a d d u c t . T h is  sp ec ies  h as a 
p ea k  a b so rp tio n  c o in c id e n t w ith  ou r o b serv e d  sp ec tra  as  
seen  in F igu re 4 .

It h as b een  sh o w n  in ob serva tion s on  th y m in e 23 a n d  o r
o tic  a c id 17b th a t th e  p ea k  a b so rp tio n s o f  b o th  th e  electro n  
a d d u c t a n d  th e  p ro to n a te d  e lectro n  a d d u c t  occu r a t  th e  
sa m e  w a v e len g th . T h is  o b serv a tio n  a c c o u n ts  for th e  sa m e  
ob served  p e a k  p o sitio n  o f th e  sp ec tra  m e a su red  a t  p H  1,
4 .5 , a n d  8 . T h e re  is, h ow ever, a d ecrease  o f  a b o u t  a  factor  
o f  2 .5  in th e  p ea k  e x tin c tio n  o f  th e  orotic  a c id  electron  a d 
d u c t  as it p ro to n a te s  w ith  a pK o f  a b o u t  4 .17b T h y m in e  
sh ow s a s im ila r  s iz e d  d ecrease  u p o n  p r o to n a tio n .23

(c ) pH Dependence. In  F igu re  5 th e  a d d u c t  sig n al ( / / A) 
o b serv ed  at 3 4 0  n m  is p lo tte d  a g a in st  p H  fro m  p H  0 .5  to
9 .5  for a so lu tio n  o f  4  x  10 5 M  orotic  a c id . A s  th e  p H  is 
in creased  fro m  0 .5 , Ha d ecreases fro m  an  in itia l va lu e  o f  
0 .0 6  to  a m in im u m  o f  0 .0 2 5  a t  p H  2 .4 , th e n  rises to  a p la 
te a u  v a lu e  o f 0 .1 3  a b o v e  p H  6 . T h e  g en era l sh a p e  o f th e  
cu rve  ca n  be e x p la in e d  as fo llow s.

T h e  in itia l d ro p  occu rs as th e  g r o u n d -s ta te  orotic  acid  
m o le c u le  io n izes fro m  th e  n e u tra l to  a n io n ic  fo rm  w ith  a 
pK  o f  1 .8 .4 ’22 (O v e r la p p in g  p K  cu rves ca u se  an  a p p a ren t  
sh ift o f  th e  m id p o in t  o f  th e  d ec re a sin g  cu rve  b a c k  to  a p H  
o f  a b o u t  1 .)  A s  th e  g r o u n d -sta te  m o le c u le  io n izes , th e  in -

(20) E. Hayon, J . C h e m . P h y s ..  51,4881 (1969).
(21) J. A. Ghormley and C. J. Hochanadel, J. P h y s . C h e m .,  75, 40 

(1971).
(22) E. M. Woolley, R. W. Wilton, and L. G. Hepler, C a n . J . C h e m .,  48, 

3249 (1970).
(23) (a) L. M. Theard, F. C. Peterson, and L. S. Myers, Jr., J . P h y s . 

C h e m .,  75, 3815 (1971); (b) L. M. Theard, F. C. Peterson, and R. 
L. Voigt, Gulf General Atonic Report No. GA-10208 (1970).
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Figure 5. Variation of adduct signal HA with pH. The error bars 
represent the range of values measured (A 340 nm).

te rsy ste m  crossin g d ecreases b y  a fa cto r  o f  2 , 4 resu ltin g  in  
on ly  o n e -h a lf  th e  n u m b e r  o f  tr ip le ts , w h ich  ca n  ab so rb  a 
secon d  p h o to n  (to  fo rm  a d d u c ts ) .

A s  th e  p H  is fu rth er  in crea sed , th e  s ig n a l Ha in creases  
a p p ro x im a te ly  fiv e fo ld  w ith  th e  m id p o in t  o f  th e  in crease  
a t a p H ’ o f  4 .3 . T h is  in crease ca n  b e  e x p la in e d  b y  th e  fo l 
low in g tw o fa cto rs .

(i)  W h e n  th e  tr ip le t  a b so rp tio n  sp e c tru m  is m u ltip lie d  
b y  th e  fla sh  o u tp u t  sp e c tru m  an d  th e  p ro d u c t in teg ra ted , 
it ca n  be seen  t h a t  a  g iv en  n u m b e r  o f a n io n  tr ip le ts  (th e  
tr ip le t h as a p K  o f  4 .5 ) 12  w ill ab so rb  tw ice  as m a n y  p h o 
to n s  as w ill an  e q u a l n u m b e r  o f n eu tra l tr ip le t  m o le c u le s  
o f  orotic  ac id . T h u s , th ere  is a fa cto r  o f  2 in crease  in  tr ip 
le t  a b so rp tio n  as th e  tr ip le t  io n izes in  go in g  fro m  b e lo w  to  
ab o v e  its  pK. I f  w e a ssu m e  th a t  a fter  b ip h o to n ic  a b so r p 
tio n  th e  fo rm a tio n  o f  an  a d d u c t  is 1 0 0 %  e ffic ie n t, th e  y ie ld  
o f  a d d u c ts  w ill also  in crease  b y  a factor o f  2 .

(ii) T h e  a d d itio n a l 2 .5 -fo ld  in crease occu rs as th e  a d 
d u c t u n d ergoes d isso c ia tio n  o f  a p ro ton  w ith  a p K  o f  
a b o u t 4 .17b T h e  e x tin c tio n  o f  th e  d isso c ia te d  fo rm  is g re a t
er th a n  th a t o f  th e  p ro to n a te d  fo rm  b y  a fa c to r  o f  2 .5 . T o 
geth er th ese  fa cto rs  ca n  a c c o u n t for th e  o b serv ed  ch a n g e .

(d) Decay of the Transient. F igu re 6 a is a  first-ord er  
p lo t (lo g  o f  a b so rb a n c e  us. t im e )  o f  th e  d e c a y  o f  th e  lo n g - 
liv e d  tr a n s ie n t o b serv e d  a t  3 4 0  n m  in  an  u n b u ffered  so lu 
tion  o f 4 X  1 0 “  5 M  orotic  a c id . F igu re  6 b  is a se co n d -o rd e r  
p lo t (1 /a b s o r b a n c e  us. t im e )  o f  th e  sa m e  d a ta . T h e  p o in ts  
w ere m e a su red  on  a p h o to g ra p h  o f a d c  co u p le d  tra n sie n t  
sig n a l su c h  as sh ow n  in  F igu re l b .  T h e  first-o rd e r  p lo t  
(F igu re  6 a ) is co n ca v e  u p w a rd  a n d  c a n n o t be  rep resen ted  
b y  a go od  stra ig h t lin e . T h e  se co n d -o rd e r  p lo t  (F igu re  6 b )  
is a  go od  stra ig h t lin e .

T h e  se co n d -o rd e r  d e c a y  ra te  c o n sta n ts  (2k/i) for orotic  
a c id  a t  p H  2 , 4 .5 , a n d  8  are liste d  in T a b le  I. T h e  resu lts  
w ere m e a su red  a t  w a v e le n g th s  o f  3 4 0  a n d  3 9 0  n m , a n d  are  
th e  average  o f a t  le a s t  five  m e a su r e m e n ts  w h ile  th e  error 
sh ow s th e ra n ge  o f  v a lu e s  o b ta in e d . T h e  e x tin c tio n  c o effi
c ien t is c a lc u la te d  fro m  th e  a b so rp tio n  sp ec tra  a ssu m in g  a 
p ea k  e x tin c tio n  o f  1 .0  X  10 4 M - 1  c m - 1  for p H  8 17b an d
5 .1  X  103 M - 1  c m - 1  for p H  2 (p r o to n a te d  fo rm ) an d  a 
m ix  o f  5 0 %  p ro to n a te d  a n d  5 0 %  d isso c ia te d  a d d u c t for p H
4 .5  g iv in g  a n  a d d u c t  e x tin c tio n  o f  7 .6  x  10 3 M - 1  c m - 1 . 
B a se d  on  th ese  v a lu e s , th e  d e c a y  rate  c o n sta n t, 2k, has  
b e e n  c a lc u la te d . T h e  o b served  d e c a y  rate  c o n sta n t a t 3 9 0  
n m  for a ll p H  v a lu e s  a n d  a t  3 4 0  n m  ( p H  2 ) is 1 .4  X  109 

M - 1  s e c - 1 . G r e e n sto c k 17b m e a su red  a d e c a y  rate  o f  2 X  
108 M - 1  s e c - 1  for th e  -O H  a d d u c t to  orotic  a c id , w hile

Figure 6. Decay of the adduct signal at 340 nm. (a) First-order 
plot of log of absorbance vs. time. The points do not lie on a 
straight line, (b) Second-order plot of 1/absorbance vs. time. 
These data are the same as in part a. The points lie on a 
straight line of slope 2k / t  = 7 X 105 cm sec-1 .

TABLE I: Second-Order Decay Rate Constants (2k) of the 
Orotic Acid Adduct Signal

A, nm pH
tx x 1 o3, 

cm- 1
2k/t X 105, 

cm see- 1
2k X 1 o9, 

M- 1  s e c -1

340 2.0 4.0 (3.4 ±  0.3) (1.4 ±  0.2)
4.5 5.2 (3.2 ±  0.9) (1.7 ±  0.4)
8.0 7.0 (2.5 ±  0.9) (1.7 ±  0.5)

390 2.0 1.8 (7.8 ±  3) (1.4 ±  0.4)
4.5 2.2 (6.5 ±  2) (1.4 ±  0.4)
8.0 3.0 (4.8 ±  2) (1.4 ±  0.5)

Theard, et al.,23 measured decay rate constants of about
IO9 M -1 sec-1 for most pyrimidine -OH and eaq-  ad-
d u c ts .

(e ) Chromatography. T h in  lay er ch r o m a to g ra p h y  w a s  
carried  o u t in  an  a t te m p t  to  iso la te  p e r m a n e n t p ro d u c ts  
p ro d u c ed  b y  th e  d e c a y  o f th ese  a d d u c ts . S o lu tio n s  o f  8 X  
1 0 - 5  M  [6 - 14 C ]o ro tie  ac id  w ere m ix e d  a t  p H  4 .5  ( u n b u f 
fered ) a n d  1 . S a m p le s  w ere irrad ia ted  in  th e  fla sh  p h o to l
y sis  a p p a r a tu s  for 0 , 5 , 10, a n d  20  fla sh es  a n d  on e  sa m p le  
w as irrad ia ted  in  a m o n o c h r o m a to r  a t 2 8 0  n m  b y  s te a d y -  
sta te  m e th o d s . 1 0 0 -^ 1  v o lu m e s  w ere sp o tte d  on  th e  ch ro 
m a to g ra m s  a n d  ru n  in  l - P r O H - H 2 0  ( 7 0 :3 0  v / v )  a n d  th en  
au to ra d io g ra p h e d  for 4  d a y s . S ev era l c o m p o u n d s  w ere  
sp o tte d  as m a rk ers , a n d  th eir Rt v a lu e s  ( ± 0 .0 5 )  m e a su red  
in  th is  so lv e n t s y s te m : d ih yd ro orotic  a c id  (Rf = 0 .4 8 ) ,  
u racil ( 0 .6 2 ) , b a rb itu ric  ac id  ( 0 .3 2 ) , iso b a rb itu r ic  ac id  
( 0 .5 0 ) . O ro tic  a c id  a n d  orotic  ac id  d im e rs  w ere o b serv e d  
w ith  Rf v a lu e s  o f  0 .4 1  a n d  0 .1 9 , re sp ec tiv e ly .

In  th e  u n b u ffered  so lu tio n s , a sp o t ru n n in g  w ith  a n  Rf 
o f  0 .3 3  in creased  to  a v a lu e  o f  0 .4 1 %  o f  th e  sp o tte d  m a t e 
rial after 2 0  f la sh es , w h ile  a sm a ll a m o u n t o f  a p ro d u c t  
w ith  an  Rf o f  a b o u t  0 .6  w as a lso  v is ib le . T h e  p ro d u c t w ith  
an  Rf o f  0 .6  w as p ro b a b ly  u ra cil c a u sed  e ith er b y  a sp o n 
ta n eo u s  d ec a r b o x y la tio n  o f  th e  oro tic  a c id  or a ra d ia tio n - 
in d u ce d  d e c a r b o x y la t io n .24 T h e  p ro d u c t ru n n in g  w ith  an  
Rf o f  0 .3 3  m a y  be b a rb itu ric  ac id  or p o ss ib ly  orotic  acid  
g ly co l. S in c e  th ere  is n o  m a rk er for th e  g ly co l, its  p resen ce  
can  n o t b e  ru led  o u t. T h e  g ly co l is an  e x p e c te d  p ro d u c t  
fro m  th e  ra d ic a l d e c a y  o f  th e  orotic  ac id  O H  a d d u c ts .

D e sp ite  re p ea ted  a t te m p ts  th e  c h r o m a to g ra p h y  re su lts  
w ith  th e  p H  1 sa m p le s  w ere very  p oor. T o  a v o id  d isso lv in g  
th e  e m u ls io n  on  th e  p la te , it  w a s n ecessa ry  to  n e u tra lize  
th e  a c id  b efo re  sp o ttin g . T h is  le ft  a so lu tio n  c o n ta in in g

(24) D. W. Whillans, personal communication, 1972.
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0 .1  M  sa lt  a n d  e v e n  re p ea te d  d e sa ltin g  p ro ced u res co u ld  
n o t p re v e n t severe strea k in g  a n d  ru n n in g  o f  th e  sp o ts .

( /)  Effect of N20, MnSOi, and 0 2 on Yields. S a tu ra tio n  
o f  th e  orotic  a c id  so lu tio n  w ith  N 2O  (b y  b u b b lin g )  h a d  n o  
effec t on  e ith er th e  tr ip le t  or a d d u c t  s ig n a ls  o b serv e d . 
T h is  m e a n s  th a t  n o  s ig n ific a n t fra c tio n  o f  th e  o b served  
a d d u c t a b so rp tio n  is p ro d u c ed  b y  th e  a tta c k  o f  so lv a te d  
e lectro n s on  th e  oro tic  a c id , ru lin g  o u t th e  p o ss ib ility  th a t  
w e are o b serv in g  io n iz a tio n  o f th e  orotic  a c id . Io n iza tio n  
w ou ld  p ro d u c e  a  so lv a te d  e lectro n  w h ich  w o u ld  a tta c k  a  
g ro u n d -sta te  orotic  a c id , p ro d u c in g  an  a d d u c t  w ith  an  e x 
tin c tio n  o f  8 5 0 0  M “ 1  c m - 1  17b w ith  a p e a k  a b so rp tio n  a t  
330  n m . T h e  o b serv ed  sig n a l w o u ld  th e n  b e  th e  su m  o f  th e  
a b so rp tio n  fro m  th e  io n ized  m o le c u le  p lu s  th e  a b so rp tio n  
o f  th e  e lectro n  a d d u c t . T h e  a d d itio n  o f  N 2O  to  th e  so lu 
tio n  w ou ld  b lo c k  th is  re a c tio n , re d u cin g  th e  a d d u c t  sig n al  
seen .

T h e  u se  o f  a 1 0 - 2  M  M n S C U  so lu tio n  as an  o p tic a l filter  
to  ab so rb  p h o to n s  o f  w a v e le n g th s  less  th a n  2 4 0  n m  d id  n o t  
ch an ge  th e  ra tio  o f  a d d u c t to  tr ip le t  s ig n a l ob serv e d . T h is  
m e a n s  w e are n o t o b serv in g  a re a ctio n  o f  orotic  ac id  m o le 
cu les e x c ited  b y  th e  fla sh  d ire c tly  fro m  th e  grou n d  sta te , 
So, to  th e  seco n d  e x c ite d  s in g le t  s ta te , S 2 .

T h e  a d d u c t  s ig n a l w a s very  se n sitiv e  to  th e  p resen ce  o f  
ox yg en  in th e  so lu tio n . B u b b lin g  th e  so lu tio n  w ith  a m ix 
tu re o f  0 .5 %  o x y g en  a n d  9 9 .5 %  n itro g en  re d u c e d  th e  life 
tim e  o f  th e  a d d u c t  to  u n d er 5 0  pse c , a fter  w h ich  p o in t  th e  
tra n sie n t d u e  to  th e  a d d u c t  c o u ld  n o t b e  se p a ra te d  from  
th e  tr ip le t  s ig n a l a c c u r a te ly . T h is  co rresp on d s to  an  o x y 
gen  q u e n c h in g  ra te  o f  a b o u t 3 X  10® M _ 1  s e c - 1  in  a g ree 
m e n t w ith  oth er m e a su r e d  ra tes  fo r  O 2 a tta c k  w ith  orotic  
acid  r a d ic a ls .176

Discussion and Conclusions
T h e  fo llow in g  e q u a tio n s  s u m m a r iz e  th e  re a c tio n s  o c c u r

ring in  th e  p ro d u c tio n  o f  th e  a d d u c ts .

e lectro n  a d d u c t  p ro d u c ed  in  p u lse  ra d io ly sis  a t  n eu tra l p H  
a n d  e x p la in s  w h y  th e  sp e c tra  o f  th e  a d d u c t  m a d e  in th e  
fla sh  a n d  th e  p u lse  ra d io ly s is  e lectro n  a d d u c t  are th e  
sa m e . T h e  ex tra  e lectro n  o f  th e  a d d u c t  is lik e ly  d e lo c a l
ized  th ro u g h  th e  C5, C5, a n d  ca rb o x y l grou p  p o sitio n s  as 
sh ow n  b y  re so n a n t stru ctu re  3 . A d a m s 25 h a s  sh ow n  th a t in

OH

iso oro tic  a c id , stru ctu re  4 , th e  e x tin c tio n  c o effic ie n t o f  th e  
e lectro n  a d d u c t is co n sid era b ly  less th a n  th a t  for orotic  
ac id . S in c e  iso oro tic  h as less  re so n a n t stru ctu re  th a n  oro t
ic a c id , he  c o n c lu d es th a t  th e  h igh er e x tin c tio n  in  th e  o r
otic  a c id  ra d ic a l in d ic a te s  a larger degree o f  re so n a n c e  for  
th e  orotic  ac id  e lectro n  a d d u c t  ra d ica l. D e lo c a liz a tio n  o f  
th e  u n p a ired  e lectro n  o n to  th e  ca rb o xy l or c a rb o n y l group  
in  orotic  a c id  h a s  b e e n  su g g e ste d  to  e x p la in  o b serv ed  esr 
(e lectro n  sp in  re so n a n ce ) s ig n a ls .26 In  th e  u ra cil a n io n  it  
has b e e n  su g g ested  th a t  th e  d e lo c a liz a tio n  is o n to  th e  C 2 

ca rb o n y l g r o u p .26 E sr  s tu d ie s  o f  th e  free ra d ic a ls  p ro d u c ed  
b y  H -  a n d  -O H  a tta c k  on  u racil an d  th y m in e 2 7 -28 in d i
ca te  th a t  there is c o n ju g a tio n  b e tw ee n  a t  le a s t  tw o  re so 
n a n t fo rm s o f  th e  ra d ic a l. T h e  s tu d y  o f  - /- ir r a d ia te d  5 -  
n itr o -6 -m e th y lu r a c il  cry sta ls29 sh ow s t h a t  th e  H -  h as

O A *

•OH +  O A

O A
hr

(4 )
a d d e d  on  to  th e  o x y g en  on  p o sitio n  4  a n d  th e  free e lectro n

O A is c o n ju g a te d  b e tw e e n  th e  C 6 p o sitio n  a n d  th e  C 4 p o sitio n .

O A s
îsc

o > (5 )
H u tte r m a n n  rep orts esr ev id e n ce  for re so n a n t stru ctu res  
in  orotic  a c id  s im ila r  to  3 . H e  h a s  a lso  d e te c te d  th e  a d d i-

O A s

kv
O A (6 ) tio n  o f  an  H -  on  th e  o x y g en  in th e  c a rb o x y l g r o u p .30 

T h e  h y d ro x y l ra d ic a l p ro d u c ed  (e q  8 ) a tta c k s  a t  th e  5 or

o >

**<o

(7 ) 6  p o sitio n . T h is  p ro d u c es  a sp e c tru m  p e a k in g  arou n d  345  
n m 17b w h ich  is a d d e d  to  th e  e lectro n  a d d u c t  sp ec tru m

+  h 2o — ► O A H - +  O H (8 ) p ro d u c in g  th e  sh o u ld e r  o b served  a t  355  n m .

5.2 x 109Af 'sec 1
O A O H - (9 )

A  g ro u n d -sta te  oro tic  a c id  m o le c u le , O A , a b so rb s  a p h o 
to n  in  th e  fla sh  e x c it in g  it  to  an  e x c ite d  sin g le t s ta te  O A s 
(eq  4 ) .  F ro m  th e  e x c ite d  s in g le t s ta te , a  fra c tio n  o f  th ese  
m o le c u le s  (<f>iSC) u n d erg o  in te r sy ste m  crossin g  to  b e c o m e  
tr ip le ts , O A 1 (e q  5 ) , w h ile  th e  rest d e c a y  b a c k  to  th e  
grou n d  s ta te  (eq  6 ) . D u r in g  th e  f la sh , a fra c tio n  o f  th e  
tr ip le ts  a b so rb  a se c o n d  p h o to n , p ro d u c in g  a h ig h ly  e x c it 
e d  m o le c u le  O A * *  (e q  7 ) w h ich  m a y  h a v e  u p  to  a b o u t  9  
e V  o f  e x c ita tio n  en erg y  ab o v e  th e  g r o u n d -s ta te  le v e l. T h is  
m o le c u le  n o w  in te r a c ts  w ith  a w a ter m o le c u le  to  a b stra c t  
a  h y d ro g e n  a to m  fo rm in g  th e  H -  a d d u c t  (eq  8 ) a n d  le a v 
in g  a h y d ro x y l ra d ic a l ( -O H )  w h ich  ca n  a tta c k  a g ro u n d - 
sta te  orotic  a c id  m o le c u le  to  fo rm  th e  -O H  a d d u c t  (eq  9 ) .

T h e  h y d ro g en  a b stra c tio n  re su lts  in  th e  a d d itio n  o f  th e  
h yd rogen  a to m  to  a k e ty l o x y g en  o f th e  orotic  ac id , p ro b a 
b ly  a t  th e  C 4 p o s it io n , 20 re su ltin g  in stru ctu re  1, w h ich  
has a pK  o f  a b o u t 4 17b a n d  d isso c ia te s  to  stru ctu re  2 a t  
p H  v a lu e s  ab o v e  th is  p K. S tru c tu re  2 is th e  sa m e  as th e

T h e  d ec a y  m e c h a n is m  o f  th e  o b serv e d  ra d ic a l sp ecies  
ca n  on ly  b e  su g g e ste d  a t  th is  t im e . A t  n e u tra l p H , th e  
rea ctio n  o f th e  e lectro n  a d d u c t  w ith  an  • O H  a d d u c t m ig h t  
e lim in a te  an  O H "  a n d  lea v e  tw o  g r o u n d -sta te  orotic  acid  
m o le c u le s . T h e  re a ctio n  o f tw o  -O H  a d d u c ts  co u ld  d isp ro 
p o rtio n a te  to  p ro d u c e  orotic  ac id  g ly co l a n d  orotic ac id . 
T h is  p ro d u c t m a y  b e  th e  sp o t o b serv e d  w ith  an  Rt o f  0 .3 3 .  
A t  a c id  p H , th e  re a c tio n  o f  tw o  p ro to n a te d  e lectro n  a d 
d u c ts  c o u ld  e lim in a te  h y d ro g en , lea v in g  tw o  orotic  acid  
m o le c u le s , w h ile  th e  re a ctio n  o f  th e  H  • a d d u c t  w ith  an  
• O H  a d d u c t co u ld  e lim in a te  a m o le c u le  o f  w a te r , lea v in g  
tw o orotic  a c id  m o le c u le s .

(25) G. E. Adams, C. L. Greenstock, J. J. van Hemmen, and R. L. Wil
son, R a d ia i .  R e s .,  49, 85 ( 1972).

(26) J. K. Dohrmann and R. Jvingston, J . A m e r  C h e m . S o c . .  93, 5363 
(1971).

(27) J. N. Herak and W. Gordy, P ro c .  N a t. A c a d .  S c i.  U .S .,  54, 1287 
(1965).

(28) C. Nicolau, M. McMillan and R. O. C. Norman, B io c h im .  B io p h y s .  
A c ta ,  174, 413 (1969).

(29) W. Snipes and B. Benson J. C h e m . P h y s .,  48, 4666 (1968).
(30) J. Hijttermann, J. F. Ward, and L. S. Myers, Jr., J. P h y s . C h e m .,  

74, 4022 (1970).
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I t  h a s  b e e n  rep o rted  th a t  an  e x c ite d  orotic  a c id  rea cts  
w ith  ac ry lo n itr ile  to  fo rm  th e  acry lo n itr ile  r a d ic a l .9 T h e  
first ste p  is a lm o s t  su rely  a h yd ro g en  a b stra c tio n  rea ctio n , 
b u t th e  au th o rs  rep ort th a t  th e y  c o u ld  n o t ob serve  
d ih y d ro o ro tic  a c id , th e  e x p ec te d  p ro d u c t fro m  d isp ro p o r
tio n a tio n  o f  tw o  H -  a d d u c ts , w h en  th e  H - a d d u c t  is 
fo rm e d  a t  th e  5 , 6  b o n d  p o sitio n s . T h is  w o u ld  su g g e st th a t  
in  th e ir  sy s te m , th e  h y d ro g e n  a b stra c tio n  d oes n o t a d d  a

h yd ro g en  a to m  to  th e ' C 5 or C 6 p o sit io n s , b u t  ra th e r to  a 
ca rb o n y l o x y g en  as w e su g g est.
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P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  U .S . A r m y  R e s e a r c h  O f f ic e — D u rh a m

T h e  flu o rescen ce  a n d  th e  p h o to iso m e r iz a tio n  o f  tr a n s-th io in d ig o  is q u e n c h e d  b y  p h en o l a n d  p -n itr o p h e -  
nol a t  th e  d iffu sio n -c o n tr o lle d  ra te . T h e  e ffec tiv en e ss  o f  e th a n o l, a -tr iflu o r o e th a n o l, a n d  a .a '-h e x a f lu o r o -
2 -p ro p a n o l as flu o rescen ce  q u e n ch e rs  ra n ges fro m  2 .5  to  5 8 %  o f  th e  d iffu s io n -lim ite d  v a lu e  a n d  in creases  
w ith  in crea sin g  a c id ity  o f  th e  a lc o h o l. T h e  flu o rescen ce  q u e n c h in g  ra tes o f  se le n o in d ig o  a n d  severa l d yes  
re la ted  to  th io in d ig o  w ith  on e  or m o re  o f th e se  h y d ro x y  c o m p o u n d s  w ere a lso  d e te r m in e d . T h e  resu lts  
su p p o rt th e  id ea  th a t  an  in tra m o le c u la r  p ro to n  tra n sfer  in  th e  e x c ite d  ( S i )  s ta te  is re sp o n sib le  for  th e  
u n iq u e  p h o to s ta b ility  a n d  la c k  o f  flu o rescen ce  e x h ib ite d  b y  in d ig o  a n d  its  r in g -su b stitu te d  d er iv a tiv es .

I t  is n o w  g e n e ra lly  reco gn ized  th a t  in d ig o  ( la )  a n d  its  
r in g -su b stitu te d  d er iv a tiv es  e x is t  o n ly  as th e  tra n s iso 
m e rs 2 -3 a n d  th a t , in  co n tra st w ith  oth er in d ig o id  d y e s ,4 -5 

th e y  w ill n o t u n d erg o  p h o to c h e m ic a l tra n s —*■ c is  iso m e r i
z a t io n , 2 -6 n or d o  th e y  e x h ib it  a n y  a p p re c ia b le  flu o re s
c e n c e . 7 W h e n  it  w as o b serv e d  th a t  th e  iV .iV '-d im e th y l -8 -9 

a n d  IV, IV '-d ia c e ty l d er iv a tiv es2 -10  u n d erg o  p h o to iso m e r iz a 
tio n , th e  p h o to s ta b ility  o f  th e  p a ren t c o m p o u n d  w as a t 
tr ib u te d  to  h yd ro g en  b o n d in g .2 A lth o u g h  th e  e x isten c e  o f  
h y d ro g e n  b o n d s  in  in d ig o  in  its  grou n d  s ta te  is n ow  firm ly  
e sta b lish e d  fro m  c ry sta llo g ra p h ic  d a ta , 3 th is  d oes n o t p ro 
v ide  a w h o lly  sa tis fa c to ry  e x p la n a tio n  for th e  p h o to s ta b il
ity , sin ce  th e  en ergy req u ired  for e x c itin g  th e  m o le c u le  to  
its  S i  s ta te  (ca. 4 8  k c a l)  is fa r  greater th a n  th e  s ta b iliz a 
tio n  th a t m a y  be e x p e c te d  fro m  th e  fo rm a tio n  o f  tw o  ty p i
ca l h yd ro g en  b o n d s  (ca. 1 0  k c a l) .

In  a recen t c o m m u n ic a tio n  an  a ltern a tiv e  e x p la n a tio n  
w a s p ro p o sed  b y  one o f  u s for th is  re m a rk a b le  p h o to s ta b il
ity , 1 1  su g g estin g  th a t  a fa s t  p ro ton  tra n sfer  occu rs in  the  
S i  s ta te  (a s  rep resen ted  b y  eq  1 ) a n d  th a t  th is  ta k e s  p re c 
e d en ce  ov er th e  o th er  e x c ite d  s ta te  p ro cesses (flu orescen ce  
a n d  c is -tr a n s  iso m e r iz a tio n ) n o r m a lly  e n co u n te re d  in  
m o le c u le s  o f  th is  ty p e . T h e  grea tly  e n h a n c e d  (ca. 10 6 -fo ld )  
a c id ity  o f  A r - N H  grou p s a n d  th e  s im ila r ly  in creased  b a 
sic ity  o f  A r -C O  fu n c tio n s  in  th e  S i  s ta te  is w ell k n o w n 12 

a n d  su ch  in tra m o le c u la r  p ro to n  tra n sfer  p h e n o m e n a  h ave  
been  rep orted  for oth er c o m p o u n d s  th a t  are h yd rogen

la, X = NH
lb, X = S
le, X = S, 6,6'-diethoxy-
ld, X = S, 6,6'-di-rc.-hexoxy-
le, X = Se

1

b o n d e d  in  th e  grou n d  s ta te , e.g., d er iv a tiv es  o f  sa lic y lic  
a c id , 13  o -h y d r o x y a z in e s , 14  a n d  so m e  h y d r o x v b e n z a z o le s .15

(1) Presented in part at the VI International Conference on Photochem
istry, Bordeaux, Sept, 1971.

(2) W. R. Brode, E. G. Pearson, and G. M. Wyman, J . A m e r .  C h e m .  
S o c .,  76, 1034 (1954).

(3) H. v. Eller, B u ll.  S o c .  C h im . F r .,  106, 1444 (1955); E. A. Gribova, 
K r is ta l lo g r a f iy a ,  1, 53 (1956).

(4) G. M. Wyman and W. R. Brode, J . A m e r .  C h e m . S o c . ,  73, 1487 
(1951).
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T h e  p revio u s c o m m u n ic a tio n 1 1  c o n ta in ed  p re lim in a ry  
resu lts  o f  th e  in tera c tio n  o f  e x c ite d  tr a n s -th io in d ig o  ( lb )  
as th e  p ro to ty p e  for “ p ro to n le ss  in d ig o ” 16  w ith  p h en o l a n d  
p -n itr o p h e n o l. T h e  p re sen t p a p er  rep orts an  ex te n sio n  o f  
th is  s tu d y  to  e th a n o l a n d  to  tw o flu o rin a te d  a lc o h o ls ; in  
a d d itio n  th e  e x c ited  s ta te  in tera c tio n s o f  severa l d y e s  re 
la ted  to  th io in d ig o  (Ic , Id , Ie , a n d  II) w ith  so m e  o f  th ese

x o N S .  

c = c x

20
n

h y d ro x y  c o m p o u n d s  is a lso  re p o rte d . R e e x a m in a tio n  o f  th e  
d a ta  rep orted  earlier d isc lo se d  th a t  th e  u n iq u e ly  h ig h  rate  
fo u n d  for th e  in h ib itio n  o f  th e  tra n s —* cis iso m eriz a tio n  o f  
lb  b y  p -n itr o p h e n o l w as d u e  to  an  e x p e r im e n ta l a rtifa c t  
an d  th e  correct ra te  for th is  re a c tio n  w as d e te r m in e d .

Experimental Section
(a) Materials. In d ig o  ( la ) , th io in d ig o  ( lb ) ,  an d  6 ,6 ' -d i -  

e th o x y th io in d ig o  (Ic ) w ere research  sa m p le s  o b ta in e d  from  
A llie d  C h e m ic a l C o r p ., th e  D u P o n t  C o ., a n d  C ib a -G e ig y  
S . A . ,  re sp ec tiv e ly . A  s a m p le  o f  re su b lim e d  in d ig o  ( la )  
and 3 ,3 , -d io x o -4 ,4 ,4 , ,4 / -t e t r a m e th y l-2 ,2 '-b ith io a n y lid e n e  
(II) w ere p ro v id ed  th ro u g h  th e  co u rtesy  o f  P ro fessor W .  
L u e ttk e  (U n iv e r s ity  o f  G o e t t in g e n ) . T h e  sa m p le s  o f  se len o - 
in d igo  (Ie ) an d  6 ,6 '-d i-rc -h e x o x y th io in d ig o  (Id ) w ere m a d e  
a v a ila b le  to  us b y  D r . D .  L . R o ss  ( R C A  L a b o ra to r ie s ). R e 
ag en t grad e p h en o l w as u se d  a n d  th e  p -n itr o p h e n o l w as  
re cry sta llized  fro m  b e n z e n e  b efo re  u tiliz a tio n . S p e c tr o 
sco p ic  grad e b e n zen e  w a s u se d  for all m e a su r e m e n ts .

(b) Fluorescence Quenching. S o lu tio n s  o f  th e  d y e s  in  
sp ec tro sco p ic  g rad e  b e n z e n e  w ere p re irra d ia te d  for 5 (or 
m o re) m in  in  th e  a p p a r a tu s  d esc rib e d  p re v io u sly 10 to  o b 
ta in  th e  p h o to sta tio n a r y  s ta te  en rich ed  w ith  resp ec t to  th e  
tran s iso m er . T h e  e x c it in g  lig h t w as filtered  e ith er  
th rou g h  a C o m in g  b lu e  filter  (u su a lly  N o . 5 -6 0 )  or a J e n a - 
G la s  in terferen ce  filter  w ith  a tra n sm iss io n  p e a k  a t  4 59  
n m . Irra d ia tio n  w as carried  o u t th ro u g h  a recta n g u la r  
w ater b a th  in  order to  e lim in a te  h e a t e ffe c ts . A fte r  irra
d ia tio n  th e  q u en ch er so lu tio n  w as a d d e d  (in  th e  d a rk ) an d  
th e  flu o rescen ce  m e a su red  on  a H ita c h i P e r k in -E lm e r  
M P F -2 A  flu o rescen ce  sp ec tro m e te r .

(c) Cis-Trans Isomerization. (1) Photostationary State 
Measurements. A p p r o p ria te  m ix tu r e s  o f  lb  a n d  p h en o l (in  
b e n zen e  s o lu tio n ), c o n ta in ed  in  a 1 -c m  q u a rtz  a b so rp tio n  
ce ll, w ere irra d ia ted  w ith  lig h t fro m  a  3 0 0 -W  p ro jectio n  
la m p  th rou g h  a J e n a -G la s  in terferen ce  filter  (X max 552  
n m ) to  o b ta in  a c is -r ic h  p h o to sta tio n a r y  s ta te . T h e  d ye  
co n ce n tra tio n  w as k e p t c o n sta n t w ith in  e a c h  series o f  
m e a su rem en ts .

(2) Kinetic Studies. A p p r o p ria te  m ix tu r e s  o f  lb  a n d  p -  
n itro p h e n o l (in  b e n z e n e ) w ere irra d ia te d  in an  o p tic a l  
b e n c h , u s in g  th e  p ro je ctio n  la m p  an d  in terferen ce  filter  
d esc rib ed  a b o v e , for id en tic a l p eriod s o f  t im e  (ca. 1  m in )  
to  b rin g  a b o u t 4 - 8 %  co n versio n  to  th e  cis iso m er . C o rre c 
tio n  for th e  reverse rea ctio n  w as c a lc u la te d  fro m  th e  e q u a 
tio n  d ev e lo p e d  b y  L a m o la  a n d  H a m m o n d .17

T h e  re la tiv e  c o n c e n tra tio n s  o f  th e  tra n s iso m er w ere d e 
te rm in ed  sp e c tro sc o p ic a lly  b y  m e a n s  o f  a C a ry  M o d e l  17  
sp ec tro p h o to m e te r , u s in g  5 6 5  n m  as th e  a n a ly tic a l w a v e 
len g th  a n d  th e  re c e n tly  rep orted  a b so rp tio n  cu rves for  
th io in d ig o  in  b e n z e n e .18 C o rrectio n  w a s m a d e  for th e  
w eak a b so rp tio n  d u e  to  th e  cis  iso m er a t  th is  w a v e len g th ; 
h ow ever, th is  w as o n ly  n ecessa ry  for th e  p h o to sta tio n a r y  
sta te  m e a su r e m e n ts  (a t  5 6 5  n m  ct 6 2 2 0 , ec 1 6 0 ) .

Results
(a) Fluorescence Quenching. T h e  flu o rescen ce  q u e n c h 

in g  re su lts , b a se d  on  S te r n -V o lm e r  tr e a tm e n t19  o f  th e  f lu 
orescen ce in ten sities  as a fu n c tio n  o f  q u e n ch e r co n ce n tra 
tio n , are ta b u la te d  in T a b le  I . It sh o u ld  b e  n o ted  th a t  th e  
flu o rescen ce  o f th e se  d y e s  is u n a ffe c te d  b y  th e  ad d itio n  o f  
an iso le  or p -n itr o a n iso le , in d ic a tin g  th a t th e  q u e n ch in g  is 
n eith er d u e  to  e lectro n  tran sfer, n or to  in tera ctio n  o f  th e  
dye w ith  th e  n itro  g ro u p . A  c o m p a riso n  o f th e  d a ta  in th e  
first tw o  lin es o f  T a b le  I w ith  th e  co rresp o n d in g  resu lts  
rep orted  in re f 1 1  sh ow s a d o w n w a rd  revision  o f  th e  
q u e n c h in g  c o n sta n ts  (fr o m  9 .3  to  8 .2 ) .  S in c e  b o th  ph en o ls  
q u e n ch  a t  th e  sa m e  ra te , w e b e liev e  th a t  th is  is th e  co r
rect d iffu sio n -c o n tro lle d  ra te , a lth o u g h  it  is a lm o s t  2 0 %  
low er th a n  th e  v a lu e  o f 1 . 1  x  1 0 10 o b ta in e d  fro m  th e  
D e b y e  e q u a tio n .20 R e fin e m e n t o f  th ese  m e a su r e m e n ts  w as  
p ro b a b ly  d u e  to  th e  a v a ila b ility  o f  th e  C a ry  17 in stru 
m e n t, th e  h igh  se n sitiv ity  o f  w h ich  p e r m its  th e  accu rate  
m e a su r e m e n t o f  th e  sp ec tra l a b so rp tio n  o f th e  w ea k ly  a b 
sorb in g  so lu tio n s th a t  are n ecessa ry  for flu o rescen ce  m e a 
su rem e n ts .

(b) Cis-Trans Isomerization. T h e  S te r n -V o lm e r -ty p e  
p lo ts  o f  th e  p h o to sta tio n a r y  sta te  c o n cen tra tio n s o b ta in ed  
on  th e  th io in d ig o -p h e n o l an d  th io in d ig o -p -n itr o p h e n o l  
sy ste m s  u sin g  oran ge c u t -o f f  filters for th e  irra d ia tio n  re 
su lte d  in stra ig h t lin es w ith  s lo p es  o f  131 a n d  1 9 2 .5 , re 
sp e c tiv e ly .1 1  H o w e v e r, w h en  th e  a b so rp tio n  cu rves w ere  
c o m p u te d  for e a c h  iso m er in  th e  q u e n c h e r -c o n ta in in g  s o 
lu tio n s b y  th e  m e th o d  o f  B la n c  a n d  R o ss ,21 it  w a s fou n d  
th a t p -n itr o p h e n o l e n h a n c es  th e  in ten sity  o f  a b so rp tio n  o f  
th e cis iso m er a t  w a v e len g th s  greater th a n  5 0 0  n m . T h u s  
th e  h ig h  (greater th a n  d iffu sio n  c o n tr o lle d !)  S te r n -V o lm e r  
slop e  fo u n d  for th is  s y s te m  w as d u e  to  th is  a r tifa c t an d  
n ot to  an  in tera ctio n  o f  th e  q u e n ch e r w ith  a secon d , 
lo w er -ly in g  e x c ited  s ta te , as  h ad  b e e n  th o u g h t . In  order to  
e lim in a te  th is  d iffic u lty , th e  Ib -p -n itr o p h e n o l s y s te m  w as  
re in v estig a te d  b y  a k in e tic  te c h n iq u e , w here th e  low  c o n 
version s m a k e  th e  resu lts  in d e p e n d e n t o f  th e  a b so rp tio n  
in ten sity  o f  th e  cis iso m er . M o re o v e r , th e I b -p h e n o l  s y s 
te m  w as a lso  m e a su red  ag ain  w ith  th e  use o f  an  in ter fe r
en ce  filter  to  p ro v id e  a narrow er ra n ge  o f w a v e le n g th s  for 
e x c ita tio n  a n d , o f  co u rse , th e  C a ry  17 in s tru m e n t. T h e  re-

(5) R. Pummerer and G. Marcndel, C h e m . B e r . ,  93, 2834 (1960).
(6) Attempted photoisomerization of indigo in a degassed benzene solu

tion by means of a flash photolysis apparatus with a 10-^sec life
time was unsuccessful. (D. G. Whitten, personal communication.)

(7) A weak fluorescence has been found (near 625 nm) in some sam
ples of indigo in benzene. However, a resublimed sample showed 
essentially no fluorescence.

(8) J. Weinstein and G. M. Wyman, J. A m e r .  C h e m . S o c . ,  78, 4007 
(1956).

(9) C. R. Giuiiano, L. D. Hess, and J. D. Margerum, J . A m e r .  C h e m .  
S o c .,  90, 587 (1968).

(10) G. M. Wyman and A. F Zenhaeusern, J . O rg .  C h e m ..  30, 2348 
(1956).

(11) G. M. Wyman, C h e m . C o m m u n . ,  1332 (1971).
(12) C f. A. Weller, D is c u s s .  F a r a d a y  S o c . ,  183 (1965).
(13) A. Weller, Z. E le k t r o c h e m  , 60, 1144 (1956).
(14) A. Weller and H. Wolf, J u s tu s  L ie b ig s  A n n .  C h e m ..  657, 64 (1962).
(15) D. L. Williams and A. Heller, J. P h y s . C h e m .,  74, 4473 (1970).
(16) It has already been reported that the conjugate acjd cation ob

tained by dissolving thioindigo in concentrated sulfuric acid behaves 
very much like indigo does in inert solvents, hence this selection 
appears well justified (e t. W. R. Brode and G. M. Wyman, J . A m e r .  
C h e m . S o c . ,  73, 4267 (1951)).

(17) A. A. Lamola and G. S. Hammond, J . C h e m . P h y s .,  43, 2129 
(1965).

(18) G. M. Wyman and B. M. Zarnegar, J. P h y s . C h e m ..  77, 831 
(1973).

(19) O. Stern and M. Volmer, Z. P h y s .,  20, 183 (1919).
(20) C t. J. G. Calvert and J. N. Pitts, ‘'Photochemistry," Wiley, New 

York, N. Y., 1966, p 627.
(21) J. Blanc and D. L. Ross, J. P h y s . C h e m .,  72, 2817 (1968).
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Figure 1. Stern-Volmer type plots of the inhibition of the trans 
—► cis isomerization of thioindigo by phenol and p-nitrophenol 
(solvent benzene): •  , (c /t)° /(c /t)q at the photostationary state 
vs. phenol concentration; X, (rate)0/(rate)q at 4-8% trans —*  
cis conversion vs. p-nitrophenol concentration.

su its  o b ta in e d  are p lo tte d  b y  th e  S te r n -V o lm e r  a p p ro a ch  
in F igu re 1. T h e  slop e  o f th e  sin g le  s tra ig h t lin e  is in  very  
good a g re e m en t w ith  th e  co rresp on d in g  v a lu e s  o b ta in ed  
from  th e flu o re sc e n c e -q u e n c h in g  m e a su r e m e n ts  for th ese  
tw o sy ste m s  (cf. T a b le  I ) .

D is c u s s io n  o f  R e s u lt s

T h e  ex c e llen t a g re e m en t b e tw ee n  th e  flu o rescen ce  
q u e n ch in g  co n sta n ts  in  T a b le  I a n d  th e  ra tes o f  th e  in h i
b itio n  o f th e  tra n s —► cis iso m eriza tio n  (F ig u re  1) for th e  
I b -p h e n o l and  Ib -p -n itr o p h e n o l s y s te m s  clea rly  d e m o n 
strates th a t there is a v ery  fa s t , d iffu s io n -lim ite d  in tera c 
tio n  b e tw ee n  th e  e x cited  ( S i )  tra n s iso m er a n d  th e  p h en o l  
m o le c u le . F u rth erm o re , th e  p h en o ls  in te r a c t n e ith e r w ith  
the e x c ited  cis fo rm , n or w ith  th e  tw iste d  in term ed ia te  
th a t  is a lm o s t  ce rta in ly  in v o lv e d  in  th e  iso m e r iz a tio n  p ro 
cess. O n  th e  oth er h a n d , th e  p o ss ib ility  o f  a tr ip le t  in ter 
m e d ia te  is still  n o t rigorou sly  e x c lu d e d , ev en  th o u g h  it  h as  
n o t b een  p o ssib le  to  d e te c t  su ch  a p recu rsor b y  fla sh  p h o- 
to ly tic  te c h n iq u e s .1 8 ’22

T h e  d a ta  in T a b le  I a lso  in d ic a te  th a t  for th e  sa m e  d ye  
th ere  is a co rrela tio n  b e tw ee n  th e  q u e n c h in g  ra te  c o n 
s ta n ts  a n d  th e  a c id ity  o f  th e  q u e n ch e r . T h is  is e sp e cia lly  
a p p a r e n t in th e  series o f  a lco h o ls  u se d ; in  c o n tra st w ith  
e th a n o l, th e  tw o  flu o rin a te d  a lco h o ls  are w ea k  ac id s ( p K a 
o f CF3CH2OH =  1 2 .4 , (CF3)2CHOH =  9 .3 )23 an d  th e  d if 
feren ces o b served  in  th e  q u e n c h in g  ra tes  stro n g ly  su gg est  
a c id -b a s e  in tera c tio n s . A t  first g la n ce  p h en o l (p Ka =
1 0 .0 ) ap p ea rs  to  be  a n o m a lo u s  in th is  re sp e c t; h ow ever, 
th e  re la tiv e  a c id itie s  in  b e n z en e  m a y  w ell b e  so m ew h a t  
d iffe re n t th a n  in a q u eo u s so lu tio n  w here th e  p Ka v a lu es  
h ave  b e e n  d e te r m in e d . W h ile  p -n itr o p h e n o l h ad  b e e n  s e 
lec te d  as on e o f  th e  q u e n ch e rs , b e c a u se  it  is m o re  acid ic  
th a n  p h en o l, it o n ly  h e lp ed  to  c o n firm  th a t  th e  rate  o f  th e  
I b -p h e n o l in tera ctio n  is d iffu sio n  lim ite d . D y e  II w a s su r 
p risin g  in tw o  re sp ec ts : first it  w as n o t e x p e c te d  to  e x h ib it  
flu o rescen ce  a t ro om  te m p e ra tu re 18 a n d , se c o n d , it w as  
n ot e x p e c te d  to  be  as stro n g ly  b a sic  in th e  e x c ited  sta te  as  
its a r o m a tic  a n a lo g s , d u e  to  th e  la ck  o f  c o n ju g a tio n  b e 
tw een  th e  c a rb o n y l grou p s an d  b e n z e n e  rin gs. H o w e v e r, 
th ere  is n o  d o u b t  th a t  in  th e  e x c ite d  ( S i )  s ta te  it  is a lso  
in tera c tin g  w ith  p h en o l a t  th e  d iffu sio n -c o n tr o lle d  rate . 
T h u s  it  ap p ea rs  th a t  c o n ju g a tio n  o f  th e  ca rb o n y l grou ps  
w ith  th e  su lfu r a to m s  w ith in  th e  “ b a s ic  c h ro m o p h o re ”  re 
sp o n sib le  for its  in d igo id  c h a ra cte r  (a b so rp tio n  in th e  v is i

TABLE i: Stern-Volmer Rate Constants and Excited 
State Lifetimes

Dye Quencher t , nsec kq x c k q  X 109

lb Phenol 1 3 .4 “ 110 ±  2 8.2
lb p-Nitrophenol 112 ±  2 8.3
lb CF3CH2OH 22 ±  1 1.6
lb (CF3)2CHOH 65 ±  1 4.9
lb c 2h5oh 2.6 ±  0.1 0 .19
Ic Phenol 0.9 ±  0 .3 “ 8.4 ±  0.1 9 . 3 d

Id Phenol 0.96 7.4 ±  0.1 8.2
le Phenol 2.3* 19 .0  ±  0.3 8.2
le p-Nitrophenol 18 .5  ±  0.1 8.1
ii Phenol 0.7 ±  0 .3 “ 7.6 ±  0.2 10.8 d

ii CF3CH2OH 4.1 ±  0.1 5.9

“ Determined through the kindness of Professor W. R. Ware by the
single photon counting technique (in air). 6 Determined indirectly by 
assuming quenching at the diffusion-controlled rate of 8.2 x  109. c Least- 
squares analysis. d These values are probably too high; they are based 
on the value of r  indicated in the table, but which is subject to consider
able uncertainty (as shown).

b le , flu o rescen ce  an d  c is -tr a n s  iso m e r iz a t io n ) 1 8 ’24 is s u ffi 
c ien t to  e n h a n c e  th e  b a s ic ity  o f  th e  c a rb o n y l g rou p s in th e  
e x c ite d  ( S i )  s ta te .

W h ile  th ese  resu lts  d o  n o t p rove th a t  an  in tra m o le c u la r  
p ro ton  tran sfer occu rs w h en  in d ig o  (or on e o f  its  r in g -s u b 
s titu te d  d er iv a tiv es) is e x c ited  to  its  S i  s ta te , n o n eth e le ss  
th e y  are c o m p le te ly  c o n siste n t w ith  th a t  c o n c e p t . T h e  o b 
serv ed  very  fa st rea ctio n  o f e a c h  p ro to ty p e  d y e  in  its  e x 
c ite d  s in g le t s ta te  w ith  p h en o l (a n d , w h en ev er a tte m p te d , 
w ith  p -n itr o p h e n o l)  a n d  th e  a p p a r e n t a c id ity  d ep e n d e n c e  
o f  th e  rate  o f  th is  in tera ctio n  a tte sts  to  th e  stro n g  b a sic ity  
o f  e x c ite d  in d igo id  m o le c u le s . In  v iew  o f  w h a t is k n ow n  o f  
th e  e n h a n c e d  b a s ic ity  o f  a r o m a tic  c a rb o n y l c o m p o u n d s  in  
th e  e x c ite d  s in g le t s ta te , 12 it is re a so n a b le  to  a ssu m e  th a t  
in in d ig o  d y e s  th e  b a s ic ity  is la rg e ly  lo c a liz ed  in  th e  c a r 
b o n y l grou p s. T h is  w ork h as a lso  d e m o n str a te d  th a t , on ce  
a  d o n o r -a c c e p to r  c o m p le x  is fo rm ed  b e tw ee n  th e  e x c ited  
d ye a n d  th e  h y d ro x y  c o m p o u n d , th e  a d d u c t  w ill n e ith er  
iso m erize  n or flu o resce .

S in c e  in in d igo  th e  p o te n tia lly  a c id ic  p ro to n s are h eld  
in  th e  close  p r o x im ity  o f  th e  p o te n tia lly  b a s ic  ca rb o n y l  
grou p s b y  m e a n s  o f  h yd rogen  b o n d in g  in th e  grou n d  s ta te , 
th e  occu rren ce  o f su ch  an  in tra m o le c u la r  p ro to n  tra n sfer  
w ou ld  se em  to  b e  e x c e e d in g ly  lik e ly  on  e x c ita tio n . R e c e n t  
q u a n tu m -m e c h a n ic a l c a lc u la tio n s  h av e  a lso  in d ic a te d  an  
a p p re cia b le  in crease  in  th e  e lectro n  d e n sity  o f  th e  c a rb o n 
y l grou p s an d  a co rresp on d in g  d ec rease  on  th e  n itro g en  
a to m s  w h en  in d igo  is e x c ited  to  its  S i  s ta te ;25 th ere  is l i t 
tle  d o u b t  th a t  su ch  a red istr ib u tio n  o f  th e  e le ctro n  clou d  
in  th e  m o le c u le  w o u ld  favo r, i f  n o t req u ire , th e  p ro p o sed  
p ro ton  tra n sfer . B y  a n a lo g y  w ith  th e  b e h a v io r  o f  th e  s y s 
te m s  s tu d ie d  in  th e  p resen t in v e stig a tio n , th e  p ro d u c t o f  
su ch  a p ro to n  tra n sfer  w o u ld  n o t be e x p e c te d  to  iso m erize  
or to  flu o resce , b u t  to  d ec a y  to  th e  tra n s grou n d  sta te  b y  a 
ra d ia tio n less  p ro c e ss .26 T h u s  one m a y  co n clu d e  th a t , a l-

(22) Thioindigo c,an be isomerized through a triplet intermediate by using 
an appropriate sensitizer. (Unpublished data of the authors.)

(23) R. Filler and R. M. Schure, J. O rg .  C h e m .,  3 2 ,12 1 7  (1967).
(24) H. Herrmann and W. Luettke, C h e m . B e r . ,  1 0 1 ,1 7 1 5  (1968).
(25) E. Wille and W. Luettke, A n g e w .  C h e m .,  In t .  E d . E n g l. ,  10, 803 

(1971).
(26) One of the referees pointed out that other molecules that contain 

intramolecular hydrogen bonds (e .g .,  o-hydroxyazobenzenes27 and 
o-hydroxybenzophenones28) have also been found to undergo fast 
radiationless deactivation to the ground state.

(27) D. Gegiou and E. Fischer, C h e m . P h y s .  L e t t . ,  10, 99 (1971).
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th o u g h  th e  p h o to s ta b ility  a n d  la c k  o f  f lu o rescen ce  e x h ib 
ited  b y  in d ig o  m a y  se e m  a n o m a lo u s , w h en  v iew ed  fro m  
th e  s ta n d p o in t o f  g r o u n d -s ta te  c h e m istry , th is  b e h a v io r  is 
c o n sisten t w ith  th a t  sh o w n  b y  re la ted  s y s te m s  in th e  e x 
cited  sta te .
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Y., 1969, p 223.

Q u e n c h i n g  o f  B i p h e n y l  F l u o r e s c e n c e  b y  I n o r g a n i c  I o n s

A. R. Watkins

M a x - P la n c k - I n s t i t u t  f ü r  B io p h y s ik a l is c h e  C h e m ie ,  3 4  G ö t t in g e n - N ik o la u s b e r g ,  G e rm a n y  ( R e c e iv e d  J u n e  13, 1 9 7 2 )  

P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  M a x - P la n c k - I n s t i t u t  f ü r  B io p h y s ik a l is c h e  C h e m ie .  G o t t in g e n

E x a m in a t io n  o f th e  q u e n c h in g  o f b ip h e n y l flu o re sce n ce  b y  a series o f  in o rga n ic  sa lts  show s t h a t  th e  m e a 
su red  ra te  c o n sta n ts , in  co m p a riso n  to  earlier m e a su r e m e n ts  for a n th ra c e n e , are in m o s t  ca ses larger. 
T h is  c a n  b e  co rrela ted  w ith  th e  m o re  n e g a tiv e  v a lu e  o f  th e  e x c ite d  sta te  red u ction  p o te n tia l on  go in g  
from  a n th ra cen e  to  b ip h e n y l. H o w e v e r, e le c tro n -tra n sfer  flu o rescen ce  q u e n c h in g , w h ich  w o u ld  be e x p e c t
ed  in  v iew  o f th is  b eh a v io r , is sh ow n  b y  fla s h  p h o to ly sis  n o t to  occu r for th e  sy s te m s  b ip h e n y l -N H 4C N S  
a n d  b i p h e n y l -N ( C 2H s ) 4B r , a lth o u g h  it m a y  b e  o p era tiv e  to  a lim ite d  e x te n t for th e sy s te m  b ip h en y l K I .  
A  m e c h a n is m  w h ich  a c c o u n ts  for th e se  e x p e r im e n ta l o b serv a tio n s is su g g e ste d .

T h e  flu o rescen ce  o f m a n y  orga n ic  c o m p o u n d s  in  so lu 
tion  is q u e n c h e d  b y  th e  a d d itio n  o f  in o rga n ic  sa lts . T h e  
an ion  o f th e  sa lt  is g e n e ra lly  reg ard ed  as th e  sp ec ies  re 
sp o n sib le  for th e  q u e n c h in g  p ro cess ; th e  c o m m o n ly  a c 
c ep ted  m e c h a n ism  is fo rm u la te d  as a tra n sfer  o f  an  e le c 
tron fro m  th e  a n ion  to  th e  e le c tro n ic a lly  e x c ite d  m o le c u le , 
fo llow ed  b y  a reverse  e le c tro n -tra n sfer  rea ctio n  w h ich  
lea d s to  th e  sy s te m  in  its  orig in al u n e x c ite d  s t a t e .1 -2

>M * +  A -  — ► M ~  +  A -

1 1 (1)
M  +  hv M  +  A “

R e c e n tly , ev id e n c e  h a s  b e c o m e  a v a ila b le  w h ich  ap p ea rs  
to  p ro vid e  su p p o rt for th e  m e c h a n is m  o u tlin e d  a b o v e . A n  
in v estig a tio n  o f th e  q u e n c h in g  o f th e  flu o rescen ce  o f a 
n u m b e r o f  d y e stu ffs  h a s  sh ow n  t h a t  th e  q u e n c h in g  e ff i 
c ien cy  o f  in o rga n ic  a n io n s sh o w s a tren d  w h ich  p a ra lle ls  
th e  tren d  in  th e  o x id a tio n  p o te n tia ls  o f  th e  an io n s u sed  as  
q u e n c h e rs .3 In  a d d itio n , a se m iq u in o n e  in te r m e d ia te , a p 
p a r e n tly  re su ltin g  fro m  an  o x id a tio n -r e d u c tio n  p ro cess, 
h as b een  id en tified  in  th e  q u e n c h in g  o f  b e n zh y d ro q u in o n e  
flu o rescen ce  b y  th e  c o b a ltic y a n id e  a n io n .4

In  so m e  ca ses , h ow ever, d o u b t  h a s  b e e n  e x p ressed  as to  
w h eth er e le c tro n -tr a n sfe r  m e c h a n is m  1  is g e n e ra lly  a p p li
ca b le . T h e  q u e n c h in g  a c tio n  o f io d id e  a n d  b r o m id e  ions  
h as b e e n  a ttr ib u te d  to  a  h e a v y -a to m  e n h a n c e m e n t o f  th e  
in tersy ste m  crossin g  ra te , 5 -6 an d  an  a lte r n a tiv e  general 
m e c h a n ism  for flu o rescen ce  q u e n c h in g  b y  in o rga n ic  a n 
ions, in w h ich  an  in tera c tio n  d e p e n d in g  on  th e  p o la r iz a b i

lity  o f  th e  in o rga n ic  an ion  lead s to  th e  d isa p p e a re n c e  o f  
the flu o rescin g  s ta te , h as been  p r o p o se d .7 O n  th e  other  
h a n d , th e  q u e n c h in g  o f an th ra cen e  flu o re sc e n c e  b y  in o r
ga n ic  a n io n s, in c lu d in g  io did e  a n d  b r o m id e , w as recen tly  
sh ow n  n o t to  o c cu r b y  h e a v y  a to m  p e r tu r b a tio n  o f  the  
s p in -o r b it  co u p lin g  a n d  it  w as p o s tu la te d  th a t  flu o res
cen ce  q u e n c h in g  ta k e s  p la c e  via an  e lectro n  tran sfer  
m e c h a n is m .8 In  v iew  o f  th e  co n fu sio n  su rro u n d in g  th is  
to p ic , it s e e m e d  a d v isa b le  to  in v estig a te  th e  m e c h a n istic  
d e ta ils  o f  th is  ty p e  o f  flu o rescen ce  q u e n c h in g  in  m ore d e 
ta il, fo cu ssin g  a tte n tio n  on  p o ly n u c le a r  a r o m a tic s , th e  
c h e m ic a l a n d  sp ec tro sc o p ic  p ro p erties  o f  w h ich  h av e  been  
w ell c h a ra c te rize d . T h is  n o te  rep orts th e  resu lt o f 'a n  in 
v e stig a tio n  o f th e  q u e n c h in g  o f b ip h e n y l flu o rescen ce  b y  
in o rga n ic  an ion s.

Experimental Section
B ip h e n y l (S c h u c h a r d t) w as re c ry sta llized  severa l t im e s  

fro m  e th a n o l a n d  zon e  re fin e d . T e tr a h e x y la m m o n iu m

(1) Th. Forster, "Fluoreszenz Organischer Verbindungen," Vanden- 
hoeck and Ruprecht, 1951.

(2) L. E. Orgel, Q u a r t.  R e v .,  C n e m . S o c . .  422 (1954).
(3) D. K. Majumdar, Z. P h y s . C h e m .,  217, 200 (1961).
(4) J. Feitelson and N. Shaklay, J. P h y s . C h e m ..  7 1,258 2  (1967).
(5) A. R. Florrocks, T. Medinger, and F. Wilkinson, P h o to c h e m .  P h o to -  

b io !. .  6, 21 (1967).
(6) H. Leonhardt and A. Weller in “Luminescence of Organic and Inor

ganic Materials,'1 H. P. Kallman and G. M. Spruch, Ed., Wiley, New 
York, N. Y., 1962.

(7) J. Glowackl, B u ll.  A c a d .  P o l.  S c i . ,  1 1 ,4 8 7  (1963).
(8) R. Beer, K. M. C. Davis, and R. Hodgson, C h e m . C o m m u n . ,  840 

(1970).
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ch lo rid e , te tr a b u ty la m m o n iu m  p erch lo ra te , an d  te tra - 
b u ty la m m o n iu m  n itra te  w ere p u rified  b y  re c ry sta lliz a tio n  
fro m  e th a n o l; te tr a e th y la m m o n iu m  b r o m id e  (F lu k a  
p u ru m ) a n d  a m m o n iu m  th io c y a n a te  (M e r c k  p ro  a n a ly si)  
w ere re c ry sta llized  severa l t im e s  fro m  a c eto n itr ile , a n d  
p o ta ss iu m  io d id e  (M e r c k  S u p ra p u r) w a s u sed  w ith o u t fu r 
th er p u rific a tio n . T h e  so lv e n t u se d  in th is  w ork , a c e to n i
trile , w as p rep a red  fro m  M e r c k  U v a so l a c eto n itr ile  b y  d is 
tilla t io n  fro m  P2O5. T h e  e x p e r im e n ta l d e ta ils  re la tin g  to  
th e  flu o re sce n ce  q u e n c h in g  an d  fla sh  m e a su r e m e n ts  h ave  
b een  d esc rib e d  e lse w h ere ;9 th e  e x p e r im e n ta l a rra n g e m e n t  
u se d  m a d e  p o ssib le  th e  in sertion  o f  filter  so lu tio n s  or glass  
filters b e tw ee n  th e  fla sh  la m p s  a n d  th e  s a m p le , in  order to  
en su re  th a t  th e  e x c itin g  lig h t w as a b so rb ed  e x c lu siv e ly  b y  
th e  flu o rescer , in  th is  case b ip h e n y l. T h is  w a s o f  c o n sid er
ab le  im p o r ta n c e , as  d irect e x c ita tio n  o f th e  in o rga n ic  
a n ion  led  to  e lectro n  e je c tio n , 10 w h ich  re su lte d  in th e  fo r 
m a tio n  o f b ip h e n y l ra d ic a l a n io n s in d e p e n d e n tly  o f  th e  
q u e n c h in g  p ro cess. T h is  cou ld  b e  a v o id e d  in th e  fla s h  e x 
p e r im e n t w ith  N ( C 2H s ) 4B r as q u e n ch e r o n ly  b y  u sin g  a 
re la tiv e ly  h ig h  co n c e n tra tio n  o f b ip h e n y l a n d  c o u ld  n o t be  
c o m p le te ly  e lim in a te d  in  th e  sy s te m  b ip h e n y l -K I . T h e  b i 
p h en y l ra d ic a l a n io n s  fo rm e d  b y  fla sh in g  th e se  sy s te m s  
w ith o u t a n y  c u t -o f f  filters w ere re la tiv e ly  s ta b le , h a v in g  li 
fe t im e s  o f  ~ 0 . 3  m s e c . In  a ll flu o rescen ce  q u e n c h in g  e x 
p er im e n ts  e x c ita t io n  occu rred  a t  3 15  n m , w ith  th e  e x c e p 
tio n  o f  n itra te , w h ich  w as e x c ited  a t  2 7 0  n m  a t a q u en ch er  
c o n c e n tra tio n  < 0 .0 2  M.

R e s u lt s  a n d  D is c u s s io n

T a b le  I sh ow s th e  m e a su r e d  q u e n c h in g  c o n sta n ts  for th e  
q u e n c h in g  o f  b ip h e n y l flu o rescen ce  in  a c eto n itrile  b y  a 
range o f in o rg a n ic  sa lts . T h e  co rresp on d in g  ra te  co n sta n ts  
k  h av e  b e e n  c a lc u la te d  fro m  th e  q u e n c h in g  d a ta  u sin g  a 
va lu e  o f 16  n sec  for th e  life tim e  o f th e  first e x c ite d  sin g le t  
sta te  o f  b ip h e n y l . 11  In  T a b le  I are a lso  sh o w n  v a lu e s  o f  k, 
ta k en  fro m  re f 8 , for th e  q u e n c h in g  o f a n th ra c e n e  flu o re s 
cen ce  b y  in organ ic an ion s in a c eto n itr ile  so lu tio n .

T h e  flu o rescen ce  q u e n c h in g  e ffic ie n c y , a c co rd in g  to  th e  
rea ctio n  1 , w ill d e p e n d  on  th e  m a g n itu d e  o f  th e  free en er
g y  c h a n g e  a sso c ia te d  w ith  th e  tran sfer  o f  an  e le ctro n  from  
th e  a n io n  to  th e  e le c tro n ic a lly  e x c ited  a r o m a tic  m o le c u le . 
B y  a n a lo g y  w ith  th e  ca se  w here A  is a n e u tr a l a c cep to r or 
d on o r, th is  w ill b e  g iven  b y

A G q =  ( Em(A~/A ) -  Eu0 T / M ) )  -  A E ( 2 )

w here £ i / 2 ( A ~ / A )  a n d  -Ei / 2 ( M _ / M )  are th e  p olaro g ra p h ic  
h a lf-w a v e  p o te n tia ls  co rresp o n d in g  to  th e  o n e -e le c tr o n  re 
d u c tio n  p ro cesses

M  +  e — *■ M -~

a n d  ( 3 )

A - +  e — >  A ~

re sp ec tiv e ly , a n d  A E is th e  en ergy  o f th e  first e x c ite d  s in 
g le t s ta te . T h e  q u a n tity  E\/2 ( A _ /A )  is so m e w h a t d iffic u lt  
to  e s tim a te  for in o rga n ic  an io n s in  a c eto n itrile  an d  th e  e s 
ta b lis h m e n t o f  a d ire c t co rrelation  b e tw ee n  A G q a n d  k is 
for th is  reason  n o t p o ssib le . H o w e v e r , th e  q u a n tity  
- £ i / 2 ( M - / M )  -  A E (referred  to  h ereafter  as A G ')  ca n  be  
u sed  as a b a sis  for co m p a riso n  o f  th e  q u e n c h in g  d a ta  for 
th e tw o  flu o re sc in g  su b sta n c e s ; v a lu es  o f  - 1 . 6 3  e V  for b i 
p h en y l a n d  - 1 . 3 2  e V  for a n th ra cen e  are o b ta in e d . T h e se  
v a lu es  are a m e a su re  o f  th e  a b ility  o f  th e  m o le c u le  in th e  
e x cited  s ta te  to  a c c e p t an  e lectro n , i.e., th e y  re p resen t th e  
e x c ited  s ta te  re d u c tio n  p o te n tia ls  o f  b ip h e n y l a n d  a n th r a 
cene.

TABLE I: Fluorescence Quenching Constants K  and 
Fluorescence Quenching Rate Constants k  for Biphenyl and 
Anthracene in Acetonitrile

Salt

Biphenyl Anthracene

K A M -1
109k,e 

M_1 se c " 1
109k,c 

M_1 se c " 1

N (C 4 H9 )4CI04 2.6 0 .16
N (C 6 H 1 3 )4CI 1 1 . 3 0.71 0.095
N (C4H 9 )4 N 0 3 1 1 7 7.3
N (C 2 H5)4Br 80.4 5.0 1.9
N H 4SCN 138 8.6 3.5
Kl 19 5 12 .2 1 1

0 Determined (with the exception of Kl) in air-saturated solution and 
corrected for fluorescence quenching by 6 2 - 6 Calculated assuming t  =  
16 nsec for the biphenyl first excited singlet state. c From ref 8 .

T a b le  I sh ow s th a t  there is, in  fa c t , a co rrelation  b e 
tw een  k a n d  th e  e x c ite d  s ta te  re d u c tio n  p o te n tia l for a ll  
an ion s for w h ich  d a ta  are a v a ila b le , w ith  th e  sin g le  e x c e p 
tio n  o f  io d id e . F lu o resc en c e  q u e n c h in g  b y  c h lo rid e , b r o 
m id e , a n d  th io c y a n a te  occu rs m o re  e ffic ie n tly  for b ip h e n y l  
th a n  for a n th ra c e n e , w h ich , in v iew  o f  th e  h ig h er v a lu e  o f  
A G' for b ip h e n y l th a n  for a n th ra c e n e , su g g e sts  th a t  th e  
e le c tro n -tra n sfer  ste p  o f  rea ctio n  1  d e te r m in e s  th e  e ff i 
c ie n cy  o f  th e  q u e n c h in g  p ro cess. T h e  s im ila r  v a lu e s  o f  k 
for th e  io d id e  q u e n c h in g  o f b ip h e n y l a n d  a n th ra c e n e  p r o b 
a b ly  resu lt fro m  th e  fa c t  th a t  q u e n c h in g  is d iffu sio n  c o n 
tro lled  in  th ese  tw o  ca ses , w h ich  w o u ld  m a s k  a p o ssib le  
d ep e n d e n c e  on  A G '.

I f  m e c h a n is m  1 re a lly  is th e  p ro cess le a d in g  to  flu o re s
cence q u e n c h in g , th e  ra d ic a l a n io n  o f  b ip h e n y l ca n  re a 
so n a b ly  be e x p e c te d  to  be  id en tifia b le  as an  in te r m e d ia te . 
T o  th is  e n d  w e h a v e  d e term in e d , u sin g  c o n v e n tio n a l f la sh  
p h o to ly sis  te c h n iq u e s , th e  tr a n sie n t a b so r p tio n  sp e c tra  o f  
th e  sy s te m s  b ip h e n y l -K I , b ip h e n y l -N ( C 2H 5) 4B r , a n d  b i-  
p h e n y l-N H .} S C N  u n d er  p u lsed  lig h t e x c ita t io n ; th e se  are  
sh ow n  in F igu res 1 a n d  2 .1 0 -1 2 '13  I t  sh o u ld  b e  n o te d  th a t  
th e  q u e n ch e r c o n c e n tra tio n s  in th ese  e x p e r im e n ts  w ere  
ch o sen  to  en su re th a t  m o re  th a n  9 0 %  o f  th e  p r im a rily  e x 
cited  m o le c u le s  d isa p p ea re d  via th e  q u e n c h in g  p ro cess. 
T h is  re q u ire m en t m e a n t  th a t  a n a lo g o u s e x p e r im e n ts  w ith  
th e  less so lu b le  sa lts  N ( C 4H 9) 4N 0 3 , N ( C 6H i 3 ) 4C1, a n d  
N ( C 4H 9 ) 4C 1 0 4  c o u ld  n o t be carried  ou t.

T h e  tr ip le t -tr ip le t  a b so rp tio n  sp e c tru m  o f  b ip h e n y l ca n , 
in  a ll th ree  ca ses , b e  id en tified  as a c o m p o n e n t o f  th e  
tra n sie n t a b so rp tio n  s p e c tr u m .14  S in c e  th e  sp e c tra  h ave  
been  o b ta in e d  u n d er  c o n d itio n s w here th e  b ip h e n y l f lu o 
rescen ce  is a lm o s t  c o m p le te ly  q u e n c h e d , th e  re la tiv e ly  
h igh  y ie ld s  o f  tr ip le ts  in d ic a te  th a t  a m a jo r  p a th w a y  for  
th e q u e n c h in g  re a c tio n  is one lea d in g  to  th e  fo rm a tio n  o f  
tr ip le ts . A  su rp risin g  fea tu re , h ow ever, is th a t  n o  fo rm a tio n  
o f th e  ra d ic a l a n io n  o f b ip h e n y l ap p ea rs  to  ta k e  p la c e  for th e  
sy ste m s  w ith  b r o m id e  an d  th io c y a n a te  as q u e n c h e rs . I f  
th is  sp ec ies  w ere p resen t, a sh arp  p ea k  at 2 4 .5  k K  w ou ld

(9) K. H. Grellmann, A. R. Watkins, and A, Weller, J. P h y s  C h e m  76 
469 (1972).

(10) J. Jortner, M. Ottolenghi, and G. Stein, J. P h y s . C h e m  68 247 
(1964).

(11) I. B. Berlman, "Handbook of Fluorescence Spectra of Aromatic 
Molecules," Academic Press, New York, N. Y., 1971.

(12) D. Rehm and A. Weller, Is r .  J . C h e m .,  8, 259 (1970).
(13) P. Balk, G. Ji Hoijtink, and J. W. H. Schreurs, R e e l.  T ra v . C h im  

P a y s -B a s ,  76 ,8 13  (1957).
(14) We are unable to explain the shift to shorter wavelengths of the bi

phenyl triplet spectrum In the flash spectrum of the system bl- 
phenyl-tetraethylammonlum bromide; this effect only appears at 
high concentrations of biphenyl.
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Figure 1. Transient absorption spectrum (upper half of diagram) 
obtained on flashing biphenyl (2.27 X 10“ 3 M )  with Kl (0.0475 
M )  in acetonitrile (filter solution: 0.5 M  Kl in H20). The sources 
for the spectra of the intermediates shown in the lower half of 
the diagram are as follows: biphenyl radical anion from ref 13, 
the l2_ ion from ref 19.

b e  e x p e c te d  to  b e  v is ib le  in  th e  e x p e r im e n ta lly  o b ta in e d  
tra n sie n t s p e c tr u m ; in  fa c t , th ere  is v ir tu a lly  n o  a b so r p 
tion  in  th is  region  w ith  th e  sy s te m s  b ip h e n y l -N H 4 C N S  
and b ip h e n y l -N ( C 2H 5 )4B r . T h e  sy s te m  b ip h e n y l -K I  
show s a w ea k  ta il  in  th is  reg ion , for w h ich  th ere  are tw o  
p o ssib le  e x p la n a tio n s . O n e  is to  regard  th is  b ro a d  a b so r p 
tion  as b e in g  d u e  to  th e  I 2 -  ion  a n d  (m a s k e d  b y  th e  I 2 -  
ab so rp tio n ) th e  b ip h e n y l ra d ic a l a n io n , b o th  resu ltin g  
from  a n  e lectro n  tra n sfe r  in  th e  e x c ite d  s ta te  (rea ctio n  1 , 
su b se q u e n t re a c tio n  o f  th e  io d in e  a to m s  so  p ro d u c ed  w ith  
I -  fo rm s I 2- ) .  H o w e v e r , th is  a ss ig n m e n t is n o t u n a m b ig 
u ou s, a n d  an  a ltern a tiv e  in terp reta tio n  o f  th is  resu lt  
w ou ld  a ttr ib u te  th e  a b so rp tio n  to  th e  d iff ic u lty  o f  ex citin g  
b ip h e n y l w ith o u t s im u lta n e o u s ly  ir ra d ia tin g  th e  io did e  
io n ; th is  w ill p r e s u m a b ly  lea d  to  th e  fo rm a tio n  o f  I2 b y  
electro n  e je c tio n  in d e p e n d e n tly  o f  th e  q u e n c h in g  p ro 
ce ss .10

I “  — ► P + e
i : +  r  — ► i r (4)

T h e  life tim e  o f  th is  b r o a d  a b so r p tio n  ( ~ 0 . 7  m se c ) is lo n g 
er th a n  th o se  o f  th e  tr ip le t  (0 .6  m se c )  a n d  o f  th e  ra d ica l  
a n io n  o f b ip h e n y l p ro d u c ed  d ire c tly  b y  e lectro n  e je ctio n  
(0 .3  m s e c ) , a n d  agrees a p p ro x im a te ly  w ith  th e  life tim e  o f
I2-  ( ~ 0 .8  m se c ) fo rm e d  b y  e lectro n  e je c tio n , su g g estin g  
th a t th e  sp ec ies I2 -  is th e  m a in  c o m p o n e n t o f  th is  a b so r p 
tio n . T h e  sou rce o f  th is  a b so r p tio n  a ro u n d  25  k K  in  th e  
fla sh  sp e c tru m  m u s t  th erefore  r e m a in  so m e th in g  o f  an  
op en  q u e stio n . H o w e v e r , it is c lear th a t  ra d ic a l ion  fo r m a 
tion  is n e g lig ib le  in  th e  sy s te m s  b i p h e n y l -N H 4C N S  a n d  
b ip h e n y l -N (C 2H 5 ) 4B r .

T h e re  are a n u m b e r  o f  rea son s w h ich  c o u ld  a c c o u n t for  
the fa ilu re  to  d e te c t  ra d ic a l a n ion  fo rm a tio n  in  th e  fla sh  
ex p erim e n ts  w ith  a m m o n iu m  th io c y a n a te  a n d  te tr a e th y l-

Figure 2. The upper half of the diagram shows transient absorp
tion spectra obtained on flashing biphenyl (0.10 M ) with 
tetraethylammonium bromide (5.00 X 10-2 M )  in acetonitrile 
(solid curve, filter Schott WG 305); and on flashing biphenyl 
(2.00 X 10“3 M )  with ammonium thiocyanate (0.20 M )  in 
acetonitrile (dashed curve, 0.1 M  NH4CNS in EtOH as filter). 
The lower half of the diagram shows the spectra of possible in
termediates; the Br2_ spectrum is taken from ref 19.

a m m o n iu m  b r o m id e . O n e  is th e  p o ssib le  in s ta b ility  o f  th e  
b ip h e n y l ra d ic a l a n io n  u n d er th ese  e x p e r im e n ta l c o n d i
tio n s ; h ow ever, f la sh in g  th e  sa m e  sa m p le  w ith o u t filters  
(see  a b o v e ) sh ow ed  th a t  th e  b ip h e n y l ra d ic a l an ion  d e 
ca y e d  w ith  a h a lf -t im e  w h ich  sh o u ld  h a v e  a llo w ed  its  d e 
te c tio n . A n o th e r  e x p la n a tio n , a lso  c o n s is te n t w ith  th e  
electro n  tran sfer h y p o th e sis , is th a t  a ra p id  reverse e le c 
tron  tra n sfer  occu rs a fter  th e  in it ia l e le ctro n  tra n sfer , b e 
fore th e  tw o  sp ec ies  h a v e  h a d  tim e  to  d iffu se  a p a rt. H o w 
ever, e x p e r im e n ts  w ith  oth er s y s te m s 6 ’ 9 w here ion fo r m a 
tio n  fro m  th e  q u e n c h in g  rea ctio n  is  k n ow n  to  b e  e n erg eti
c a lly  p o ssib le  h av e  sh ow n  th a t  fo rm a tio n  o f  th e  free ions  
fro m  th e  in it ia lly  fo rm e d  ion p a ir  d oes o ccu r. T h e re  a p 
p ea rs  to  b e  no w a y  o f  re co n cilin g  th ese  re su lts  w ith  th e  
e le c tro n -tra n sfer  m e c h a n ism  p re v io u sly  p ro p o sed  for th is  
ty p e  o f  flu o rescen ce  q u e n c h in g .8 A  m e c h a n is m  b a se d  on  
h e a v y -a to m  p e r tu rb a tio n , b y  th e  q u e n c h in g  io n , o f  th e  
s p in -o r b it  c o u p lin g  in 1 M *  w o u ld  e x p la in  w h y  n o b ip h e n y l  
ra d ic a l ion s ca n  b e  d e te c te d  in  th e  fla s h  e x p e r im e n ts , b u t  
offers n o  e x p la n a tio n  o f  w h y  a co rrela tio n  b e tw ee n  k a n d  
AG' is fo u n d , or w h y , fc r  e x a m p le , q u e n c h in g  in  th e  s y s 
te m  b ip h e n y l -N ( C 4H 9 ) 4N 0 3  is m o re  e ffic ie n t th a n  in  th e  
sy ste m  b i p h e n y l -N ( C 2H s ) 4B r.

W e  w o u ld  like to  p ro p o se  a th ird  m e c h a n is m , w h ich  
co u ld  p ro v id e  a p o ssib le  e x p la n a tio n  o f  th e se  re su lts . T h e  
co llisio n  c o m p le x , w h ich , reg ard less o f  th e  su b se q u e n t  
m e c h a n is m , w ill a lw a y s be p r im a rily  fo rm e d , ca n  be re 
gard ed  as c o n ta in in g  co n tr ib u tio n s  fro m  e le ctro n -tra n sfer  
sta te s  su ch  as ( M " — A > ). T h e  e x te n t o f  m ix in g  o f th ese  
sta te s  w ill b e , b y  first-o rd e r  p ertu rb a tio n  th e o r y , 15  in -

(15) H. F. Hameka, “Advanced Quantum Chemistry,” Addison-Wesley, 
Reading, Mass., 1965.
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versely  p ro p o rtio n a l to  th e  en ergy d ifferen ce  b e tw ee n  th e  
co llis io n  c o m p le x  a n d  th e  e le c tro n -tra n sfer  s ta te s  b ein g  
m ix e d  in . T h is  ca n  be fo rm u la te d  as

'¡ 'C M  . . . A - ) =  ^ V M - . A “ ) +  Y jC M ltri
w h ere

=  / < v l ', ( M ~ . . .A - ) | H l ^ 0( 1M * . . . A ~ ) ) \

Li ~ E,{M~ ...A-)/
w here £ '0( 1 M * — A “ ) a n d  Ei(M-~■■■A-) are th e  en er
gies o f  th e  co llis io n  c o m p le x  (a p p r o x im a te ly  th e  en ergy o f  
XM * )  a n d  th e  h igh er ly in g  e le c tro n -tra n sfer  s ta te s  i, re 
sp e c tiv e ly , a n d  H' is a p e rtu rb a tio n  o p era to r . I f  it  is a s 
su m e d  th a t  m ix in g  in  o f  th e  sta te s  'k ; ( M - -• • • A - )  
b rin g s a b o u t a co u p lin g  o f  th e  in itia l s ta te  (s in g le t)  w ith  
th e  fin a l s ta te  ( tr ip le t ) , 16  th en  th e  d ep e n d e n c e  o f th e  
q u e n c h in g  rate  on  A G ' ca n  b e  e x p la in e d  b y  th e  form  o f  
th e  d e n o m in a to r  in  th e  exp ression  for C /. T h is  in terp reta 
tio n  h a s  close  a ffin itie s  w ith  th e  m e c h a n ism  p ro p o sed  b y

T s u b o m u r a  a n d  M u llik e n 17  for flu o rescen ce  q u e n c h in g  b y  
o x y g en , a n d  is su p p o rted  b y  th e  o b serv a tio n  o f  T o u m o n  
an d  E l-B a y o u m i18 th a t  in tera ctio n  b e tw ee n  th e  a lk y l s u b 
stitu e n t an d  th e  a ro m a tic  rin g  in  a series o f  p h e n y la lk y l  
c o m p o u n d s  lea d s to  an  e n h a n c e m e n t o f  in te r sy ste m  cross
ing h a v in g  ch a rg e -tra n sfe r  c h a ra cter . W e  are h o p in g  to  e x 
p lore th is  p ro b le m  fu rth er b y  in v e stig a tin g  th e  ra n ge  o f  
v a lid ity  o f  th e  co rrelation  b e tw ee n  th e  q u e n c h in g  e ffic ie n 

cy  a n d  A G'.
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T h e  p o ss ib ility  o f  th e  fo rm a tio n  o f e le c tro n ic a lly  e x c ited  m o le c u le s  in h ot a to m  rea ctio n s h a s  b e e n  e v a lu 
a ted  for T -f o r -H  su b st itu t io n  re a ctio n s w ith  g a s -p h a se  c y c lo b u ta n o n e  (c -C s H g C O ) . M e a s u r e m e n ts  o f  re l
a tiv e  y ie ld s  us. p ressu re sh ow  th a t  h ig h ly  e x c ite d  C -C 3H 5T C O *  m o le c u le s  d e c o m p o se  b y  tw o  se p a ra te  
m e c h a n is tic  p a th w a y s , w ith  th e  fo rm a tio n  e ith er o f  C 2H 3T  p lu s  C H 2C O  or o f  C -C 3H 5T *  p lu s  C O . T h e  
y ie ld s  o f  tr itia te d  C 3 p ro d u c ts  are s lig h tly  larger th a n  a n tic ip a te d  fro m  th e  en ergetic  d e c o m p o sit io n  o f  v i- 
b ra tio n a lly  e x cited  grou n d  sta te  c -C 3H 5T C O , an d  an  u p p er l im it  o f  1 0 %  h a s b e e n  e s tim a te d  for th e  fra c 
tio n  o f C -C 3H 5T C O  fo rm e d  in a n y  o f  th e  e x c ited  e lectro n ic  s ta te s . T h e  m e d ia n  v ib ra tio n a l en ergy is e s t i 
m a te d  to  b e  3 - 4  e V , s o m e w h a t less th a n  th e  5 e V  e s tim a te d  for T -f o r -H  s u b stitu tio n  rea ctio n s w ith  c - 
C iH g . T h e  c h ie f o th er p ro d u c ts  fro m  h o t T *  rea ctio n s w ith  c -C 3H 6C O  are H T  a n d  severa l ra d ic a ls  orig i
n a tin g  w ith  r in g -o p e n in g  a tta c k  o f T *  o n  th e  ring C - C  b o n d s . T h e  ra tio  o f  H T / c - C 3H 5T C O  is ~ 1 .8  for  
c y c lo b u ta n o n e , le a d in g  to  an  e s tim a te  o f  ~ 9 5  k c a l /m o l  for th e  average  C - H  b o n d  d isso c ia tio n  en erg y  in  
c -C 3H 6C O .

Introduction
E n e r g e tic  tr itiu m  a to m s  fro m  n u c le a r  reco il2 su b stitu te  

in to  orga n ic  m o le c u le s  b y  th e  r e p la c e m e n t o f  H , as in  (1 ) ,

T *  +  R H  — *- R T *  +  H  (1)

w ith  th e  fo rm a tio n  o f h ig h ly  e x c ited  p a ren t m o le c u le s , 
R T * .  T h e s e  m o le c u le s  are su ffic ien tly  e x c ited  to  u n d ergo  
se c o n d a ry  d e c o m p o sit io n  u n less  first s ta b iliz e d  b y  d ee x c i
ta tio n  in co llis io n s w ith  th e  oth er m o le c u le s  o f  th e  m e d i
u m . T h e  p rim a ry  d e c o m p o sit io n  m e c h a n is m s  o b served  for  
su ch  e x c ite d  m o le c u le s  are u su a lly  th e  sa m e  as th ose  
fo u n d  for th e r m a l e x c ita tio n  o f  th e  p a ren t m o le c u le s , a l 
th o u g h  a d d itio n a l d e c o m p o sit io n  p a th w a y s  w ith  h igher

e x c ita tio n  en ergies are also  fre q u e n tly  to  b e  fo u n d . In  
m o s t  in sta n c e s , su c h  recoil tr itiu m  e x p e r im e n ts  h a v e  p ro 
v id ed  no in fo r m a tio n  as to  w h ich  e lectro n ic  s ta te s  o f  the  
p a ren t m o le c u le  are in v o lv e d , a n d  th e  a ssu m p tio n  h a s  fr e 
q u e n tly  b e e n  m a d e  fro m  th e  s im ila r ity  in d e c o m p o sit io n  
m e c h a n is m s — a n d  for la c k  o f a n y  c o n tra d ic to ry  e x p e r i
m e n ta l e v id e n c e — th a t  th e  e x c ited  recoil tr itiu m  p ro d u c t  
n o r m a lly  h a s  h ig h  v ib ra tio n a l a n d /o r  ro ta tio n a l en ergy  in

(1) This research was supported by Contract No. AT-(04-3)-34, Agree
ment No. 126, U. S. Atomic Energy Commission.

(2) For a recent general discussion of hot atom chemistry in recoil tri
tium systems, see F. S. Rowland in "Molecular Beams and Chemi
cal Kinetics,” C. Schlier, Ed., Academic Press, New York, N. Y., 
1970, pp 10 8 -137.
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th e  grou n d  e lectro n ic  s ta te . In  an  e ffo rt to  g e t a d d itio n a l  
in fo rm a tio n  a b o u t  th e  p o ssib le  fo rm a tio n  o f  p ro d u c ts  in  
e x c ited  e le ctro n ic  s ta te s  in  th ese  re a ctio n s , w e h a v e  now  
s tu d ie d  th e  s u b s t itu t io n  o f  e n erg etic  tr itiu m  a to m s  into  
c y c lo b u ta n o n e , as in  ( 2 ) , to g eth er w ith  th e  su b se q u e n t  
secon d a ry  d e c o m p o sit io n s . (A ste r isk s  are u se d  to  d e sig 
n ate  tr itiu m  a to m s  w ith  e x c e ss  k in e tic  en ergy , a n d  m o le 
cu les w ith  ex cess  e x c ita tio n  en ergy  w ith o u t sp ec ific a tio n  
o f  th e  fo rm  o f  en erg y .)

+  C H  —  C = 0  — ♦ C H T — C =

1 1
C H —  C H 2

1 1

C H 2— C H ,

/ o r  C H ,-------C = 0 \ +  H

V  C H T — C H 2 /

T h e  th e r m a l d e c o m p o s it io n  o f  c y c lo b u ta n o n e  fro m  th e  
v ib ra tio n a lly  h o t grou n d  e lectro n ic  s ta te  (S o * ) h as b een  
sh ow n  to  lea d  a lm o s t  en tire ly  to  e th y le n e  p lu s  k eten e  
( 9 9 .5 % ) ,  p lu s  th e  m in o r  ro u te  th ro u g h  cy clo p ro p a n e  an d  
C O  ( 0 .5 % ) ,  as in (3 )  a n d  ( 4 ) . 3 In  co n tra st, th e  d e c o m p o s i
tio n  fro m  th e  first  e x c ite d  tr ip le t  s ta te  ( T j )  lea d s on ly  to  
th e  fo rm a tio n  o f  h o t c y c lo p ro p a n e , as in  ( 4 ) . 4 U n le ss  first
c o llis io n a lly  s ta b iliz e d , th e  h o t cy c lo p ro p a n e  can  
iso m erize  to  p ro p y le n e , as  in  (5 ) .

th en

C H 2— C = 0 *
l 1

I— ► c h 2= c h 2 + o K to II o II o (3 )

1 1 —
c h 2— c h 2

c h 2*
/  'X

c h 2 c h 2 + C O (4 )

C H 2 - C H 2 — ► C H 3— C H = c h 2 (5 )

D e c o m p o sitio n  fro m  th e  v ib r a tio n a lly  h o t first e x cited  
sin g le t e le ctro n ic  s ta te  ( S i * )  h a s  b e e n  sh ow n  to  give  b o th

(3) a n d  (4 )  w ith  a p ro d u c t ra tio , 2 C 3 / ( C H 2= C H 2 ), v a ry 
ing fro m  0 .4  to  0 .8  w ith  in crea sin g  e n erg y , 5 in d ic a tin g  
se m iq u a n tita tiv e ly  th a t  an  a p p re c ia b le  y ie ld  o f  C 3 ca n  be  
a n tic ip a ted  i f  th is  s ta te  is in v o lv e d . T h e  m e c h a n ism s  o f  
th e d e c o m p o sit io n s  fro m  th e  u p p e r  e x c ited  s in g le t s ta te s  
are c o m p le x , 6 b u t  th is  sh o u ld  n o t serio u sly  h a m p e r  th e  in 
v e stig a tio n  o f  th e  p o ss ib le  p resen ce  o f  e le c tro n ic a lly  e x c it 
ed  m o le c u le s  a m o n g  th e  p ro d u c ts  fro m  su ch  recoil tr itiu m  
su b stitu tio n  re a c tio n s , sin ce  b o th  th e  lo w est tr ip le t  a n d  
th e  low est e x c ited  s in g le t  s ta te s  e a c h  g ive  fro m  30  to  1 0 0 %  
C 3 p ro d u c ts . B a s ic a lly , th e  o n ly  k n o w n  m o d e  o f d e c o m p o 
sition  o f c y c lo b u ta n o n e  w h ich  fa ils  to  g ive  a su b sta n tia l  
yie ld  o f  C 3 h y d ro c a rb o n  p ro d u c ts  is th e  th e r m a l p y ro ly sis  
o f  th e  g ro u n d -sta te  s in g le t . W h ile  h igh er r o ta t io n a l /v ib r a 
tio n a l e x c ita tio n  o f  th e  grou n d  s ta te  s in g le t d o es  in crease  
th e  C 3 y ie ld s , th e y  r e m a in  re la tiv e ly  s m a ll , m u c h  less  
th a n  fro m  e x c ite d  s ta te  d e c o m p o sit io n s .

O u r p o sitiv e  o b serv a tio n  o f  re la tiv e ly  s m a ll  y ie ld s  o f  
su ch  C3 p ro d u c ts , as  d esc rib e d  b e lo w , is a p p r o x im a te ly  at  
th e  lim its  o f  error for our e s tim a te  o f  e x p e c te d  C3 y ie ld s  
fro m  g ro u n d -sta te  s in g le t m o le c u la r  re a c tio n s . T h e re fo re , 
w e are a b le  to  co n c lu d e  th a t  e x c ite d  e le ctro n ic  s ta te s  are 
o f  a t  m o s t  m in o r  im p o r ta n c e , b u t  w ith  an  e s tim a te d  
u p p er lim it  on su c h  p a r tic ip a tio n  th a t  is n o t to o  re str ic 
tiv e  ( <  a b o u t 1 0 % ) .

B y  a n a lo g y  w ith  o th er  recoil s y s te m s , 2 th e  m a jo r  a d d i
tio n a l rea ctio n s o f  e n erg etic  tr itiu m  a to m s  w ith  c y c lo b u ta 
non e sh o u ld  in c lu d e  h y d ro g e n  a b stra c tio n  (6 ) a n d  s u b s t i
tu tio n  a t  th e  C - C  b o n d s  w ith  rin g  o p e n in g  to  an  e x c ited  
ra d ica l. S m a lle r  ra d ic a ls  a n d  m o le c u le s  sh o u ld  a lso  b e  ex -

p ec te d  fro m  d e c o m p o sit io n  o f  th e  e x c ite d  ra d ica ls form ed
in  th e  p r im a ry  s u b s t itu t io n  re a c tio n s  (7 a ) to  (7 d ) .

T *  +  C 3H 6C O  — ► H T  +  C 3H 5C O (6 )

T *  +  C H 2— C = 0  —  
1 1

— *■ C H 2T C H 2C H 2C O (7 a )

1 !
c h 2— c h 2 — ► C H 2T C H 2C O C H 2 (7b )

— -  C H 2T C O C H 2C H 2 (7c )

L -+ - c h 2c h 2c h 2c t o (7d)

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

Pressure Studies. M u c h  o f  th e  in fo r m a tio n  a b o u t  se c o n 
d a ry  d e c o m p o sit io n  re a ctio n s in  en ergetic  tr it iu m  sy ste m s  
is u su a lly  o b ta in e d  th ro u g h  e x a m in a tio n  o f  th e  v a ria tio n s  
in  re la tiv e  p ro d u c t y ie ld s  w ith  p re ssu re .2 ’ 7 E x p e r im e n ta l  
c o m p lic a tio n s  arise for su ch  stu d ie s  w ith  cy c lo b u ta n o n e  
b eca u se  o f  its  low  v a p o r  p ressu re  a t ro o m  te m p era tu re  
(3 8 .3  T o rr  a t  2 9 5 .9 ° K ) .5a N u c le a r  rea cto r irrad ia tio n s at  
h igh er te m p e ra tu re s  are p o ss ib le , b u t  th e y  in tro d u ce  se v 
eral c o m p le x itie s  o f  oth er k in d s . A c c o rd in g ly , w e have  
m a d e  our p re ssu re -d e p e n d e n t s tu d ie s  w ith  a d d e d  c o n c e n 
tra tio n s o f  argon fro m  0  to  1 4 0 0  T o r r . T h e s e  v a ria b le  ra 
tio s o f  a r g o n /c y c lo b u ta n o n e  m u s t  a lso  in v olve  d iffic u lt ie s  
fro m  th e  p o ssib le  ch a n g es in  th e  m o d e ra to r ch a ra cte ristics  
o f  th e  sy s te m s , w ith  c o n seq u en t u n c e rta in ty  in th e  tr itiu m  
en ergy d istr ib u tio n s  b e in g  s a m p le d  from  on e  pressure  
ran ge to  a n o th er. T h e  ran ge o f  a v a ila b le  p ressu res is l im 
ited  on  th e  low er s id e  b y  th e  n e c e ssity  th a t su ffic ie n t m a 
teria l be  p re sen t in th e  gas p h a se  to  d iss ip a te  th e  in it ia lly  
h ig h  en ergy  o f th e  tr itiu m  a to m s  fro m  n u c le a r  re c o il .8

T h e  e x p e r im e n ts  w ere carried  o u t w ith  e n erg etic  tr itiu m  
a to m s  fro m  th e  n u c le a r  rea ctio n  3H e (n , p ) T .  M o s t  o f  th e  
p ro ced u res w ere r o u tin e ,9 a n d  h ave  b e e n  d esc rib e d  in  d e 
ta il b e fo re . T h e  p a rtic u la r  e x p e r im e n ta l a lte r a tio n s  for  
c y c lo b u ta n o n e  s y s te m s  are g iven  b e lo w .

Chemicals. C y c lo b u ta n o n e  (A ld r ic h  C h e m ic a l C o .)  w as  
p u rified  b y  p rep a ra tiv e  ga s c h r o m a to g ra p h y  u s in g  a 5 0 - f t  
C a rb o w a x  2 0 -M  c o lu m n  a t 8 0 ° . T h e  ea r lie st sa m p le s  c o n 
ta in e d  ~ 1 %  a c eto n e  as a n  im p u r ity , w h ich  w as n o t p re s 
e n t in  th e  la ter  s a m p le s ; n o  d ifferen ce  w as o b serv e d  in  th e  
y ie ld s  o f  p ro d u c ts  (e x c e p t for th e  y ie ld  o f  a c e to n e -t)  b e 
tw een  th e  a c e to n e -fre e  sa m p le s  a n d  th e  oth ers.

A rg o n  (M a th e s o n ) , H 2S  ( M a th e s o n ) , a n d  0 2 w ere used  
w ith o u t fu rth er p u rific a tio n . 3H e  (M o n s a n to  R esea rch  
C o .)  w a s free fro m  ra d io a c tiv e  im p u ritie s .

Sample Preparation. T h e  p ressu re  o f  c y c lo b u ta n o n e  w as  
m a in ta in e d  b e tw ee n  25  a n d  35  T o rr  b e c a u se  o f its  low  
v a p o r p ressu re . T h e  oth er c o m p o n e n ts  a lw a y s  in clu d ed  
3H e  ( 9 -1 5  T o rr) a n d  0 2 ( 2 0 -2 5  T o r r ) . P ressu res ab o v e  60  
T o rr w ere o b ta in e d  b y  th e  a d d itio n  o f  as m u c h  as 1400

(3) (a) M. N. Das, T. D. Coyle, and W. D. Walters, J. A m e r .  C h e m .  
S o c .,  7 6 ,  6271 (1954). A  =  3.6 X 1 0 ' 4 sec“ 1; £ act =  52.0 kcal/ 
mol; (b) A. T. Blades, C a n . J . C h e m .,  47, 615 (1969). For the C 3 
pathway, A  s  2.3 X 10 '‘ sec - 1 and Eact =  58.0 kcal/mol.

(4) H. O. Denschlag and E. K. C. Lee, J . A m e r .  C h e m . S o c . ,  90, 3628 
(1968).

(5) (a) G. B. Kistlakowsky and S. W. Benson, J . A m e r .  C h e m . S o c .,  
64, 80 (1942); (b) N. E. Lee and E. K. C. Lee, J. C h e m . P h y s ..  50, 
2094 (1969), and references therein.

(6 ) (a) J. C. Hemminger, C.  F. Rusbult, and E. K. C. Lee, J . A m e r .  
C h e m .  Soc., 93, 1867 (1971); (b) J. C. Hemminger and E. K. C. 
Lee, J. C h e m . P h y s .,  56, 5284 (1972); (c) R. Shortridge, Jr., W. 
Yang, and E. K. C. Lee, M o l.  P h o to c h e m . ,  1 ,3 2 5  (1969).

(7) (a) E. K. C. Lee and F. S. Rowland, J . A m e r .  C h e m . S o c . ,  85, 897 
(1963); (b) Y.-N. Tang and F. S. Rowland, J . P h y s . C h e m .,  72, 707 
(1968).

(8 ) J. W. Root and F. S. Rowland, R a d io c h lm .  A c ta .  10, 104 (1968).
(9) J. K. Lee, E. K. C. Lee, B. Musgrave, Y.-N. Tang, J. W. Root, and

F. S. Rowland, A n a l.  C h e m ..  34, 741 (1962).
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T o rr  o f  arg o n . T h e  sa m p le s  u se d  for a n a ly sis  o f  th e  lo c a 
tio n  o f  tr itiu m  w ith in  p ro p y le n e -t  h a d  h ig h er th a n  u su a l  
c o n c e n tra tio n s o f  3H e  (2 5  T o rr) in  order to  in crease  th e  
to ta l a m o u n t o f  tr it iu m  a v a ila b le  in  th e  sy s te m .

Radiochemical Analysis. T h e  sep a ra tio n  o f th e  va rio u s  
p ro d u c ts  a n d  th eir a ssa y  for tr itiu m  a c tiv ity  w as carried  
o u t b y  co n v e n tio n a l ra d io  ga s ch r o m a to g ra p h y  w ith  m e ta l  
in tern a l flo w  p ro p o rtio n a l co u n ters . T h e  en tire  ra d io  gas  
c h ro m a to g ra p h ic  s y s te m  fro m  in je ctio n  th ro u g h  co u n tin g  
w as m a in ta in e d  a t  8 0 -1 0 0 °  b y  w ra p p in g  a ll o f  th e  c o m p o 
n e n ts  w ith  h eater  ta p e . T h e  m e ta l co u n ters u se d  in  th is  
w ork sh o w ed  a p la te a u  m o re  th a n  2 0 0  V  lo n g  a t  1 1 2 ° , w ith  
n o  q u e n c h in g  o f c o u n tin g  d u rin g  th e  p a ssa g e  o f  c y c lo b u ta -  
n on e or o th er o x y g e n -c o n ta in in g  c o m p o u n d s  u n d er  th ese  
e x p e r im e n ta l c o n d itio n s .

A  v a r ie ty  o f  c h r o m a to g ra p h ic  c o lu m n s  w as u se d  d u rin g  
th is  w ork . T h e  o x y g e n -c o n ta in in g  sp ec ies  w ere a n a ly z e d  
w ith  th e  5 0 - f t  C a rb o w a x  2 0 -M  c o lu m n  a t 8 0 ° , w h ile  m o st  
o f  th e  h y d ro c a rb o n s w ere se p a ra te d  w ith  d im e th y ls u lfo -  
lan e  (6 0  f t  a t  2 3 °)  or a c eto n y la c to n e  (8 0  f t  a t  0 ° )  c o lu m n s . 
T h e  C 2 h y d ro ca rb o n s w ere se p a ra te d  fro m  on e an o th er  
w ith  a c o lu m n  o f  p ro p y len e  ca rb o n a te  on  a lu m in a  (5 0  ft  a t  
0 ° ) ;  H T  fro m  41A r  w ith  1 0 - X  m o le c u la r  sieve  (5 0  f t  a t  
2 5 ° ) ;  a n d  H T  fro m  C H 3T  w ith  a c tiv a te d  ch a rc o a l (5  ft  a t  
2 5 ° ) . T h e  se p a ra tio n  o f th e  p ro p y le n e -t  in to  a lk y l- an d  
o le fin ica lly  tr itia te d  c o m p o n e n ts  w as p erfo rm e d  w ith  a 
4 0 0 -f t  silver n itr a te -e th y le n e  g ly co l c o lu m n  a t 0 ° . 10

R e s u lt s  a n d  D is c u s s io n

Reaction Products. R e c o il tr itiu m  a to m s  re a c t w ith  
cy c lo b u ta n o n e  to  fo rm  th e  s im p le  e x p ec te d  p ro d u c ts  ( H T ,  
c y c lo b u ta n o n e -t , c -C 3H 5T ,  p ro p y le n e -t , C H 2= C H T ) ,  as  
w ell as m a n y  oth er tr itia te d  c o m p o u n d s  b o th  in u n 
sc a v e n g e d  sy ste m s  a n d  in th e  p resen ce  o f  e ith er 0 2 or H 2S  
as a sca v en g er m o le c u le . T h e  m u ltip lic ity  o f  la b e le d  p ro d 
u cts  is illu stra te d  in F igu res 1  a n d  2 . W h ile  m o s t  o f  th e  
v o la tile  c o m p o u n d s , e sp e c ia lly  th e  h y d ro c a rb o n s , h ave  
been  id en tified , a n u m b e r  o f  le ss -v o la tile  tr it iu m -la b e le d  
sp ec ies , m o s t  o f  th e m  p ro b a b ly  o x y g e n -c o n ta in in g  m o le 
cu les, h av e  n o t. I t  is q u ite  a p p a ren t, th e n , th a t  w e h ave  
o n ly  a p a r tia l u n d e r sta n d in g  o f th e  fu ll c o m p le x ity  o f  re 
coil tr itiu m  re a ctio n s w ith  c y c lo b u ta n o n e .

T h e  o b serv e d  re la tiv e  y ie ld s  in  severa l e x p e r im e n ts  are 
sh ow n  in T a b le  I for th e  tr itia te d  h y d ro ca rb o n s a n d  so m e  
k n ow n  o x y g e n a te d  sp ec ies . H ig h ly  u n sa tu ra te d  p ro d u c ts  
su ch  as a i le n e -t  an d  a c e ty le n e -t  are reg u la rly  fo u n d  in low  
y ie ld  as th e  co n seq u en c e  o f  c o n tin u e d  d e c o m p o sit io n  o f  
th e  m o s t  h ig h ly  e x c ite d  la b e le d  m o le c u le s  fo rm e d  in th e  
sy s te m . T h e  sa tu ra te d  p ro d u c ts  an d  C5 or Ce h y d ro ca r
b o n s w h ich  requ ired  ra d ica l c o m b in a tio n  rea ctio n s for fo r 
m a tio n  are d iv e rted  b y  0 2 sca v en g er in to  o th er , u n id e n ti
fied  b u t  p r e s u m a b ly  o x y g e n a te d , sp ec ies . T h e  e x p e r im e n ts  
w ith  H 2S  as sca v e n g e r sh ow ed  th e  p resen ce  o f  C 3H 6T ,  
C H 2T C H 2 , an d  C H 2T  ra d ica ls  th ro u g h  th e  fo rm a tio n  o f  
th e co rresp on d in g  a lk a n e -t  m o le c u le s . T h e s e  tr itia te d  
a lk y l ra d ic a ls  ca n  re a d ily  orig in ate  fro m  th e  d e c o m p o s i
tio n  o f  th e  r in g -o p e n e d  ra d ic a ls  fo rm e d  in (7 a ) to  (7 c ) , re 
sp e c tiv e ly .

Pressure Dependence of Product Yields. I f  th e  d e c o m 
p o sit io n  o f  e x c ite d  c y c lo b u ta n o n e -t  in to  (a )  e th y le n e  p lu s  
k eten e , or (b )  cy c lo p ro p a n e  p lu s  ca rb o n  m o n o x id e  occu rs  
th ro u g h  a n y  sta te s  w ith  life tim e s  o f  a b o u t  1 0 “ 9 to  1 0 ~ 10 

sec , th e n  a c o m p le m e n ta r y  p ressu re d ep e n d e n c e  sh o u ld  be  
ob serv ed , w ith  c y c lo b u ta n o n e -t  in crea sin g  in  y ie ld  w ith  
in creased  p ressu re a n d  e th y le n e -t  a n d  th e  C3H5T m o le 
cu les d ec rea sin g  in y ie ld . T h e  pressure d ep e n d e n c e  o f th e

Figure 1 .  Radio gas chromatogram of tritiated hydrocarbon 
products on 80-ft DMS column at 25°.

50ft CW-20M (80°)

Figure 2. Radio gas chromatogram of tritiated oxygenated prod
ucts on 50-ft carbowax-20M column at 80°.

p ro d u c t y ie ld s  is sh ow n  in F igu re 3 for th e  0 2-sc a v e n g e d  
sy ste m . A  sm a ll p ressu re d ep e n d e n ce  o f th e  su rv iv in g  
c y c lo b u ta n o n e -t  fra c tio n  [ S / ( S  +  D ) ] 1 1  is sh o w n  in F igu re
4 . In  th is  g ra p h , all o f  th e  c y c lo b u ta n o n e  d a ta  h a v e  b e e n  
p lo tte d  on  th e  a s su m p tio n  th a t  argon  is o n ly  0 .2 5  t im e s  as  
e ffic ie n t as c y c lo b u ta n o n e  itse lf. T h e  d a ta  for S/(S +  D) 
fo llo w in g  th e  s u b s t itu t io n  o f  T - f o r -H  in  c y c lo b u ta n e  are  
a lso  in c lu d e d  on th e  grap h  for c o m p a r iso n . 73

T h e  d a ta  h av e  n o t  b e e n  co rrected  for th e  y ie ld  o f  
C2H3T fro m  oth er re a ctio n s , e.g., CH2TCH2COCH2* —* 
CH2TCH2* ~ * CH T=CH 2. S u c h  rea ctio n s are s im ila r  to  
th o se  fo u n d  w ith  C H 3C H 2C H = C D 2 as  th e  su b stra te  
th ro u g h  th e  seq u e n ce  CH2TCH 2C H = C D 2 —  CH2TCH2* 
—*• C H T = C H 2,12 a n d  th e  y ie ld s  are a ssu m e d  to  b e  b o th  
(a ) s m a ll ; a n d  (b )  e sse n tia lly  p re ssu re -in d e p e n d e n t.

T h e  very  large c h a n g e  in m o d e ra tin g  c o n d itio n s  fro m  
p u re  c y c lo b u ta n o n e  a t  30  T o rr  to  a r g o n -c y c lo b u ta n o n e  
m ix tu res  a t  140 0  T o r r /3 0  T o rr  w ill n o t o n ly  su b s ta n tia lly  
red u ce th e  y ie ld s  o f  all “ h o t”  p ro d u c ts 13  b u t  m a y  a lso  d e 
crease th e  average  k in e tic  en ergy o f  th e  T  a to m  a t th e  
tim e  o f  su b st itu t io n , a n d  th erefore  th e  average  e x c ita tio n

(10) E. K. C. Lee and F. S. Rowland, A n a l.  C h e m .,  36, 218 (1964).
(11) S =  stabilization =  [cyclobutanone-f], D  =  decomposition =  %  X 

[C2 H3T]. Since 1/3 of the methylene groups in cyclobutanone are 
converted to ketene by reaction 3, the observed CH2= C H T  yield 
was multiplied by \  in estimating the fractional decomposition of 
the parent molecule through this pathway. The C3 products were not 
originally included in this calculation; subsequent evaluation of their 
yields indicated only minor quantitative changes and no qualitative 
effects.

(12) E. K. C. Lee and F. S. Rowland, J. P h y s . C h e m ..  74, 439 (1970).
(13) The "pure” cyclobutanone samples were already moderated slightly 

by the 1 0 -15  Torr of 3He added as the source of the tritium atoms. 
The moderating efficiency of 3He is probably about 4 times that of 
40Ar.
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TABLE I: Distribution of Radioactive Products Following 
Reactions of Recoil Tritium Atoms with Cyclobutanone6

Gas“ pressure, Torr

3He 1 0 1 2 9 15
CB 31 34 34 36
Ar 187 207 103 180
0 2 2 1 23 0 0
h 2s 0 3 26 0

Yields of Tritium-Labeled Products (Parent-f = 100)
HT 457 457 ~1450 \
CH3T 190 I>884Ethane-f 17
Ethylene-f 86 87 107 /
Propane-f 7 68
Propylene-f 18 17 32 28
n-Butane-f
Cyclopropane-f

15 11c 15C
30

I 20Acetylene-f 4 2
1-Butene-f 13
Allene-f 1 1 11
n-Pentane-f 3
1-Pentene-f 7
lsopentane-f 2

1,5-Hexadiene-f B 10
Acetaldehyde-f C 17 16 ~ 2 0 15

D 7 6 2
Propionaldehyde-f E 2 3 9
Acetone-f F 3 2 9

F'
n-Butyraidehyde-f

3 4

or CH2TOH G 
H
I

51 51 13
8[ h [13 4

J 1 4
K 2 1 3
C-C3H5TCO (100) (100) (100) (100)
M 15

^Hydrocarbons 577 577 1820 1066
^Oxygenated 200 196 120 192
Total 777 773 1940 1268

°  One sample was analyzed for hydrocarbons; a second sample with 
essentially identical composition was analyzed for oxygenated products. 
6 Unless specified otherwise, the hydrocarbon separation was carried 
out with the DMS column and the oxygenated molecules were separated 
on the Carbowax 20M column. c The 80-ft ACTN column was used to 
separate C H = C T  from C-C3 H5T,

energy o f th e  T -f o r -H  p ro d u c t. A t  th e  h ig h est pressure o f  
argon , th e  fra c tio n a l d e c o m p o sit io n  o f  c y c lo b u ta n o n e -i  
co u ld  th u s be a n tic ip a te d  to  b e  a t  a m in im u m  for tw o  re a 
son s: (i) sh orter t im e  prior to  co llis io n  a n d  sta b iliz a tio n  
for e x c ite d  m o le c u le s  a n d /o r  (ii) low er a v erag e  e x c ita tio n  
energy fo llo w in g  th e  p r im a ry  su b st itu t io n  re a c tio n .

T h e  sm a ll m a g n itu d e  o f th e  p ressu re  d e p e n d e n c e , h o w 
ever, su g g ests  th a t  th e  average  re sid u a l e x c ita tio n  en ergy  
o f  c y c lo b u ta n o n e -f  is ch a n g e d  s lig h tly , i f  a t a ll, b y  th e  
va ria tio n  in  a r g o n /c y c lo b u ta n o n e  ra tio  fro m  zero to  m ore  
th a n  4 5 . In  s im ila r  argon  m o d e ra tio n  s tu d ie s , th e  a b so lu te  
h o t y ie ld s  o f  H T  a n d  C H 3T  fro m  recoil tr itiu m  rea ctio n s  
w ith  C H 4 are re d u ce d  b y  a b o u t  a fa c to r  o f  2 0 , w h ile  th e  
H T / C H 3T  ra tio  is v a rie d  b y  on ly  a b o u t  3 0 % .14 I t  is lik ely  
th a t th e  en ergy ra n ges for p o ssib le  re a ctio n , as w ell as  th e  
d istr ib u tio n  o f  re a c tio n s  ov er th ese  ra n ges, are q u ite  d if 
feren t for th e  fo r m a tio n  o f  H T  a n d  C H 3T .  C o n se q u e n tly , 
if  h o t re a ctio n s o f  su c h  d iffe re n t ch a ra cter  are a ffec te d

Figure 3. Pressure dependence of tritiated products in 0 2-scav- 
enged cyclobutanone: O, HT (reduced by 20); O, C2H3T(re- 
duced by 5); ▲, propylene-f; A, C -C 3 H5 T; □, CH=CT; ■, 
CH2=C =C H T.

Figure 4. Fractional stabilization vs. pressure for cyclobutane-f 
and cyclobutanone-f (expressed in equivalent pressure of argon; 
relative collision efficiencies: Ar, 0.25; c-C4H8, 1.0; c-C3H6CO, 
1.0.); • .  c-C4H7T; O, C -C 3 H 5TCO.

on ly  b y  3 0 %  in re la tiv e  y ie ld , it is a q u ite  p la u s ib le  h y 
p o th esis  th a t  th e  median en ergy  for fo rm a tio n  o f  CH3 T b y  
s u b st itu t io n — a n d  b y  in feren ce , c y c lo b u ta n o n e -t— w ill 
h a rd ly  b e  a ffec te d  b y  th e  c h a n g e  in m o d e ra tin g  c o n d i
tio n s . P u t a lte r n a tiv e ly , it se e m s easier to  m o d e ra te  h o t  
tr itiu m  a to m s  c o m p le te ly  to  th e r m a l en ergies, a v o id in g  all 
h ot rea ctio n s , th a n  to  a lter  a p p re c ia b ly  th e  re lative  d istr i
b u tio n  o f e x c ita tio n  en ergies fro m  th o se  T -f o r -H  s u b s t itu 
tion  rea ctio n s w h ich  a c tu a lly  occu r.

T h e  v ib ra tio n a lly  h o t c y c lo p ro p a n e -t fo rm e d  b y  d e c o m 
p o sitio n  o f an  e le c tro n ic a lly  e x c ite d  c y c lo b u ta n o n e -t  
m ig h t a lso  b e  e x p e c te d  to  sh ow  a c o m p le m e n ta r y  pressure  
d ep e n d e n c e  for c y c lo p ro p a n e -t  a n d  p r o p y le n e -t , as  in  (5 ) . 
H o w e v e r, as  illu str a te d  in F igu re  5 , 15  th e  re la tiv e  y ie ld  o f  
th ese  tw o p ro d u c ts  is essen tia lly  in d e p e n d e n t o f  pressure  
over th e  w id e  ran ge in v e stig a te d . T h e  sig n ific a n ce  o f th e  
n u m e rica l v a lu e  for th e  ra tio  o f  y ie ld s  for th e  tw o C 3 m o l
e c u les , a n d  o f  th e  c o n sta n c y  o f th is  ra tio  w ith  p ressu re, is 
p a rtia lly  c lo u d e d  b y  th e  e x p e c ta tio n  th a t  so m e  p ro p y len e -

(14) D. Seewald and R. Wolfgang, J . C h e m . R h y s ., 47, 143 (1967).
(15) Deactivating efficiencies of He, O2, Ar, and cyclobutanone were 

taken to be 0.05, 0.25, 0.25 and 1.0, respectively, per unit pres
sure. Data were taken from ref 5b and from unpublished work by J. 
Metcalfe, H. A. J. Carless, and E. K. C. Lee.

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o i. I T , N o . 10, 1 9 7 3
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Effective Total Pressure (Ar.torr)

Figure 5. Yield ratio as function of pressure for propylene-f vs. 
S C 3 products: O, observed ratios;----- , approximate fit to experi
mental data; approximate fit adjusted for C3 productsL'Iost” 
at low pressure; — , pressure dependence for decomposition of 
monoenergetic m o le cu le s ;---------- , typical pressure depen
dence for broad distribution of excitation energies.

TABLE II: Intramolecular Distribution of Tritium in Propylene-f 
from T* +  Cyclobutanone

Pressure0 
of Ar, Torr (Alkyl-f/olefinic-f) % Alkyl-f

%
Propylene-f6 

from C-C3 H5T 
decomp

0 1.92 6 6 59
0 1 . 8 5 65 60

80 1.7s 64 63
400 1.9s 6 6 58
400 1.74 64 63
400 1 . 8 9 65 60
800 1.77 64 62

1 1 0 0 1.92 6 6 59
Average 1.85 ±  0.06 65 ±  1 61 ±  2

“  Samples contained (Torr In parentheses) In addition to argon: 3He 
(10-15), cyclobutanone 130—35), 02 (10-20). b The propylene-f from 
C-C3 H5T decomposition is assumed to be 42% alkyl-f and 58% olefinlc- 
f.15 All other propylene-f is assumed to be CH2TCH=CH2 from reactions 
such as (9b).

t should also be formed by the sequence (8) and (9b) fol
lowing (7a). Decomposition of CH2TCH2CH2* radicals by 
the lower activation energy path (9a) can also be expected 
and probably contributes to the CH2T radical yield iden
tified through the H2S scavenger experiments (Table I).

CH2TCH2CH2CO* — ► CH2TCH2CH2* + CO (8) 

CH2TCH2CH2* —J -+  CH2T* +  CH2=C H 2 (9a)

L -* CH2TCH=CH2 +  H (9b)
“ Hot radical” decompositions, as in (9b), normally 

show negligible pressure dependence of yields in recoil tri
tium systems. Moreover, the propylene-t from (9b) always 
carries the tritium label in the alkyl position, while that 
originating from the isomerization of C-C3H5T* should be 
only 42% alkyl-tritiated.16 Measurement of the per cent 
alkyl tritium in propylene-t is essentially pressure inde
pendent at 65 ±  1%. as shown in Table II. This per cent 
alkyl can originate from a mixture of 61% propylene-t 
from the isomerization of C-C3H5T* plus 39% 
CH2TCH2CH2 from the direct ring-opening pathway 
shown in eq 8 and 9b. Since the 39% propylene-t from 
(9b) is pressure independent, there is still no marked 
pressure dependence of the yields of C-C3H5T* and its 
propylene-t isomerization product in the data of Figure 5.

Figure 6. Relative yield vs. HT of summed yields of C-C3H5T +  
propylene-f as a function of equivalent pressu'e of argon.

The solid line in Figure 5 illustrates the typical ratio 
changes expected for a narrow band of C-C3 H5 T* excita
tion energies, as illustrated for a half-pressure of stabiliza
tion of 200 Torr; the data are clearly in disagreement with 
such an hypothesis for any half-pressure.

The HT yields in 02-scavenged recoil tritium systems 
are known to be largely independent of pressure.2 How
ever, the observed yield ratio of (propylene-f + c- 
C3H5T)/(HT) increased from a value of 0.057 at 150 Torr 
total pressure to 0.070 at 1500 Torr total pressure, an in
crease of ~20%, as shown in Figure 6. This increase with 
pressure is probably indicative of further hot decomposi
tion of C3 products at low pressures, with the formation of 
molecules not recovered as identifiable chromatographic 
peaks. Decomposition of propylene-t via allylic H-elimina- 
tion, as in (10), is quite feasible, if the excitation energy is 
greater than ~100 kcal/mol, and may well be the most 
important reaction involved in this low-pressure depletion 
of C3 product yields.

CH3CH=CHT* — ► H +  CH2==CH=CHT (10)
If the data of Figure 6 are used for estimating a correc

tion for “ unmeasured C3 products” in Figure 5, i.e., bring
ing the total C3 yield up to 0.070 at all pressures, and if 
all of this “ missing” C3 yield is assumed to be propylene-t 
which has undergone further decomposition, then the 
lower pressure data points would all be shifted upward, 
more or less as shown for the “ average” behavior symbol
ized by the two dotted lines. This “ correction” to the ob
served data is, however, no more than a plausible sugges
tion, and is supported neither by identification of the al
lylic type products suggested by eq 10 nor by demonstra
tion that such products, if found, would necessarily be ob
tained only by the decomposition of propylene-f.

The scatter in Figure 5 is large enough to conceal the 
moderate pressure dependence anticipated if the c- 
C3H5T* molecules were formed with a wide range of exci
tation energies, such as in the distributions usually found 
for molecules directly excited in recoil tritium substitu
tion reactions.2 Such a broad distribution (c-C4H7T* de
composition followed T-for-H in C-C4H8) is illustrated in 
Figure 5 and roughly parallels the “ corrected” curve; a 
broad distribution shifted somewhat toward shorter life
times can obviously be made to fit within the limited ac
curacy of the data. This data scatter is larger than expect
ed from statistical considerations alone and is also rather 
larger than is usually found for the ratios of randomly

(16) F. S. Rowland, C. McKnight, and E. K. C. Lee, Ber. B u n se n g e s .
Ph ys. C hem ., 72, 236 (1968).
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chosen pairs of products in such experiments. More than 
usual amounts of radiation damage were done to the or
ganic components of samples containing a high concentra
tion of argon and a low concentration of the parent mole
cule. The experimental perturbations related to such ra
diation damage may well have contributed some addition
al scatter in relative yields, but we do not believe that we 
yet know a complete explanation for the sources of scatter 
in the data.

The failure to observe any appreciable pressure depen
dence of the relative C3 yields over an approximately 10- 
fold change in collisional stabilization range must indicate 
that at most a small fraction of C-C3 H5 T* molecules have 
excitation energies corresponding to molecular lifetimes in 
the 10_9 to 10“ 10 sec range. This observation is consistent 
with the assumption of a very broad distribution of exci
tation energies, and broad distributions are obtained in 
photochemical decomposition systems, even with essen
tially monoenergetic excitation of the carbonyl precur
sor.17 A badly skewed distribution of excitation energies 
would also be a possibility, but this is not a particularly 
persuasive rationalization. Alternatively, the observation 
of an approximately constant ratio of c - C 3 H 5 T /  p r o p y 1 e n e - 
t could also be explained through the postulate of a com
mon precursor for both. There appears to be no other ex
perimental evidence in support of the latter speculation.

A satisfactory quantitative mechanistic explanation of 
the relative yields of the various C3  products is not yet 
available. The evidence in Table II of substantial fractions 
of both alkyl- and olefinically labeled tritium in propyl- 
ene-f indicates at least two mechanisms operative in pro
pylene-/ formation. The olefinically bound tritium by it
self requires at least one “ scrambling” mechanism, of 
which the C-C3 H5 T* isomerization is an important possi
bility. If some other mechanism—e.g., a trimethylene-t 
intermediate—were also involved, then the assignment in 
Table II of percentage contributions of the two reaction 
mechanisms would, of course, be in error.

In the following section, the sum of the yields of propyl
ene-/ plus C-C3H5T is used as a diagnostic probe for the 
presence of C-C3H5TCO in either the Si* or Ti* excited 
states. The uncertainties in the mechanisms of formation 
of the two C3H5T products naturally carries over into 
these estimates of excited electronic state participation. It 
should be noted, however, that we have assumed that all 
of the observed C3H5T yields should be assigned as 
though formed solely by reactions 4 and 5. If this assign
ment is incorrect, then we have overestimated the C3H5T 
yield from these reactions, and therefore of the impor
tance of electronically excited states as products of the 
T-for-H reaction. As will be seen below, rather low upper 
limits are placed upon the importance of these electroni
cally excited states in these reactions, and any overesti
mate of the C3H5T yields would, upon subsequent correc
tion, only reduce these already low upper limits.

Energy Deposition in Cyclobutanone-t. The decomposi
tion of cyclobutanone has been thoroughly studied by py
rolysis,3 photolysis,5'6 and photosensitization.4 The ther
mal studies show an activation energy of 52.0 kcal/mol 
toward decomposition to ethylene plus ketene, with an A 
factor of 1014-56 sec-1 . Using these data,3'5b an RRKM 
calculation of decomposition rates from the vibrationally 
excited ground state was carried out, with the results 
shown in Figure 7. This calculation shows that the stabi
lized molecules must, at the pressures of our experiments, 
have been excited with less than 5 eV internal excitation

Figure 7. Calculated RRKM rate constant for decomposition of 
c-C3 H6CO* to C2H4 +  CH2CO. Shown for comparison, decom
position of c-C4 H8* to 2C2 H4. Not shown: decomposition of c-
C3HsCO* to C3 H6 +  CO.

energy. With fractional stabilization in the 0.4-0.5 range, 
the median excitation energy for T-for-H substitution in 
cyclobutanone appears to be about 3-4 eV, somewhat 
lower than the value of ~5 eV found in the earlier studies 
of energy deposition in c-C4H87a and c-C4D8.18 Any errors 
in these RRKM calculations are of course carried over 
into such comparisons of average excitation energies be
tween two different systems. However, with such similar 
molecules as c-C4H8 and c-C3H6CO, many of the uncer
tainties arising from the RRKM calculations are common 
to both systems and would tend to cancel the effects of 
such errors. We conclude that the dynamics of T-for-H 
substitutions into cyclobutanone appear to be slightly al
tered from that found with cyclobutane, presumably in
fluenced by the difference between C—O and CH2 sub
stituent groups in adjacent parts of the molecules.

The RRKM calculations also indicate that the minor 
(0.5%) thermal decomposition path into CO and cyclopro
pane certainly becomes progressively more important with 
increasing vibrational energy in the hot ground electronic 
state.3b For example, ~9% of the excited molecules are 
calculated to decompose by this C3 mode at 80 kcal/mol 
excitation energy, with an increasingly larger fraction at 
higher energies, rising to about 20% at 140 kcal/mol, as 
shown in Figure 8.19 (See also Table III.)

Some corroboration of this RRKM prediction of the in
creased importance of the C3 route at higher energies can 
be found in the experiments of Dorer, et al, who have
(17) (a) R. J. Campbell, E. W. Schlag, and B. W. Ristow, J. A m er. 

C h em . So c .,  89, 5098 (1967): (b) R. J. Campbell and E, W. 
Schlag, ibid.. 89, 5103 (1967i.

(18) A. Hosaka and F. S. Rowland, J. Phys. C hem ., 75, 3781 (1971).
(19) Notice in Figure 8 that ~5%  of the molecules are calculated to 

decompose at 60 kcal/mol excitation energy via loss of CO, al
though In thermolysis only 0.7% of cyclobutanone Is observed to 
decompose by this route at 393° (£fact = 58.0 kcal/mol). Since the 
temperature dependence of :he cyclopropane yield is not accurate
ly known, the calculated percentage yields of C3 products could 
easily be off by a factor of 2 at high excitation energies. Thus the 
branching ratio between the C2 path and the C3 path may vary from 
about 12 to about 6 overall In the excitation range between 60 and 
140 kcal/mol. The experimentally observed value is C2 /C 3 = 130/ 
26 = 5 (Table III).
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TABLE III: Comparison of Relative Yields of HT and RT* in 0 2-Scavenged Cyclobutanone and Cyclobutane Systems

Cyclobutanone (200 Torr) Cyclobutane (94 Torr)

HT 457 HT 304
r  C2H3T (% X 87)“  = 130 ( C2H3T 1 0 1

\ Propylene-f (17 — 6)b =  11 ]  C-C4H7T (1 0 0 )
{  C-C3H5T 15
1 CH2= C = C H T 1 RT 2 0 1

\  C-C3H5TCO (1 0 0 )

RT 257
HT/RT 1.78 ±  0.1 HT/RT 1.51 ±  0.04

a Correction for decomposition to C2H4 +  CHTCO. 6 Correction for attack on cyclobutanone with ring opening, as in (8) plus (9b).

Figure 8. RRKM-calculated percentage decomposition of c- 
C3 H6CO* by C2 and C2 pathways as function of excitation energy.

found 7 ±  1% decomposition through this mode following 
the insertion reaction into cyclobutanone of 1CH2 from 
photolysis of diazomethane.20 The energy for the excited 
2-methylcyclobutanone molecules in these experiments 
has been estimated as 103 kcal/mol, and the loss of CO is 
accompanied in this case by the formation of methylcyclo- 
propane and the corresponding C4 olefinic isomerization 
products.

A broad distribution of excitation energies can be pos
tulated to fit the observed decomposition patterns vs. 
pressure for cyclobutanone-f molecules, in analogy with 
the distributions inferred earlier for C-C4H7T* and CH3T* 
molecules formed by T-for-H substitution. Such a distri
bution is illustrated in Figure 9, as calculated exclusively 
for the decomposition into C2H3T plus ketene. By com
bining this spectrum with the RRKM calculation of Fig
ure 7, an excitation energy-averaged fractional C3 yield of 
0.10 can be calculated for the cyclobutanone-f decomposi
tion. The inclusion of this fraction of C3 products together 
with the C2 products will then lead to a second spectrum 
shifted slightly toward higher excitation energies than 
that of Figure 9, and the calculation can then be repeated. 
This iterative procedure will rapidly converge to a C3 
fraction between 0.10 and 0.15. Neither the RRKM calcu
lation nor the inferred excitation spectra are exact enough 
to justify such a detailed calculation.21

Relative Unimportance of Electronic Excitation in 
Cyclobutanone-t. The data presented in Table III show 
that the ratio of C3 products (propylene-f + C-C3 H5 T) to 
the C2 products (multiplied by % to correct for loss of tri
tium to CHTCO) is 0.20 from recoil tritium reactions with 
cyclobutanone. W:th a smooth distribution of excitation 
energies such as shown in Figure 9, greater than 90% of 
the C2 fraction at 200 Torr Ar pressure arises from the de
composition of cyclobutanone-f with excitation energies in 
the 80-145 kcal/mol. Since the calculated C3 /C 2  ratio

Spectrum of Excitation in 
T-for-H Reactions

0* 0
H5-.y from T* +

0 50 100 150 200 250

CHsT*from 7*+ CH4

0 50 100 150 200 250
Excitation Energy (kcal/mole)

Figure 9. Typical inferred probability distributions of excitation 
energies from pressure dependence of parent molecules in re
coil tritium reactions. Bottom: CH3T from T* +  CH4 (ref 7); 
middle: c-C4 H7T from T* +  c-CUHe; ore possible fit for c- 
C3H5TCO from T* +  c-C3 H6CO.

varies from 0.10 to 0.20 in this energy range (Figure 8), a 
reasonable average estimate would be 0.15, and the excess 
C3 yield beyond that expected from decomposition of the 
hot ground state (~0.20 -  0.15) is an approximate mea
sure of the importance of electronically excited cyclobuta- 
none-t molecules in the product spectrum. The C3/C 2 
ratio from photochemically excited singlet cyclobutanones 
gradually increases from 0.40 to ~1.0 in the excitation 
range from 90 to 140 kcal/mol,sb’6c with an interpolated 
value of ~0.7 at 115 kcal/mol. Therefore, the fraction of 
decomposition products attributable to electronically ex
cited (Si*) cyclobutanone-t present in the recoil tritium 
system can be estimated crudely as ~12%, i.e., 0.05 X 
(1.7/0.7) = 0.12. Since the yields of cyclobutanone-f and 
its decomposition products are about equal, this percent
age should be reduced by a factor of 2 in the comparison 
to the sum of decomposition products plus cyclobutanone- 
t. Allowing for the uncertainties in these estimates, the 
upper limit on the formation of (Si*) electronically excit
ed molecules of cyclobutanone-t can be placed as about
(20) R. H. Woilenberg, P. B. Do, and F. H. Dorer, private communica

tion.
(21) None of the actual experimental measurements are capable of dif

ferentiating among excitation energies less than about 4 eV, since 
all molecules with 3 or 0.3 eV excitation energy are completely sta
bilized at all experimental pressures. The flat distributions below 3 
eV in Figure 9 have no significance and could just as well be repre
sented by equal areas representing energies in the range, for ex
ample, from 3 to 4 eV Instead of 0-4 eV. Experiments with the 
isomerization of CH2TNC* indicate that excitation energies less 
than 3 eV have a negligible probability In that system [C. T. Ting 
and F. S. Rowland, J. Phys. Chem ., 74, 4080 (1970)].
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10% of the T-for-H substitution yield; with moderate 
changes in assumptions and/or numerical estimates, all of 
the C3 products could probably be accounted for without 
the necessity for a postulate of the participation of elec
tronically excited primary substitution products.

The estimated upper limit on (Ti*) decomposition, 
leading essentially completely to C3 products, is corre
spondingly lower—about 5% of the product yields. These 
upper limits are not additive, moreover, but rather are ei- 
ther/or: less than 10% (Si*) or 5% (Ti*), or some inter
mediate percentage between 5 and 10% for various possi
ble mixtures of (Si*) and (Ti*).

During the course of these experiments, concurrent in
vestigations with cyclobutanone and some of its alkyl-sub
stituted homologs have demonstrated that the C3 prod
ucts are somewhat less sharply diagnostic for electronical
ly excited products than we had believed when the recoil 
experiments were initiated. Therefore, our chief conclu
sion is a general, semiquantitative statement that elec
tronically excited products do not appear to play an im
portant role in recoil tritium systems, at least for the 
reactions of T* with cyclobutanone.

In retrospect, the finding that there is no more than a 
small probability for the production of electronically ex
cited cyclobutanone-t in the T* + cyclobutanone system 
is not too surprising. The first excited singlet electronic 
state of cyclobutanone is formed by an n-7r* transition in
volving promotion of an electron in molecular orbitals pri
marily localized in the C = 0  chromophore. It should be 
relatively difficult to accomplish this electronic excitation 
during the replacement by the recoil tritium atom of an 
a- or /3-H atom bonded to the carbon atoms at some dis
tance from the chromophore. The high-energy electronic 
transitions involving the molecular orbitals localized near 
the substitution sites for T-for-H must lie far above 150 
kcal/mol excitation.22 If some electronically excited cyclo
butanone-t molecules were produced at these much higher 
energies, we would not expect to detect them through any 
complementary pressure dependence of the yields of 
cyclobutanone-t and its decomposition products, since 
stabilization would be an unlikely event. Moreover, we 
have no assurance that decomposition from such high-

lying excited states would lead to the formation of the C3 
products used as diagnostic indicators of electronic excita
tion in these experiments. In the present circumstances, 
however, we have no evidence that suggests the participa
tion in any important way of such highly excited electron
ic states.

Labeled Radicals. The experiments carried out in the 
presence of H2S show very substantial yields of CH3T, in
dicative of CH2T radicals in yields approximately twice 
that of cyclobutanone-f. The source of these CH2T radi
cals is almost certainly the decomposition of ring-opened 
radicals. Although we have no means (without the use of 
partially deuterated parent molecules) for identifying the 
source of the CH2T radicals, we believe that the chief 
source is the decomposition of CH2TCH2CH2CO radicals 
into CH2T + C2H4 + CO. No comparable yield of ring- 
opened products was observed in the recoil experiments 
with cyclobutane, but still larger yields have been found 
with alkyl-substituted cyclopropanes.23 The implication is 
strong for the 4-membered ring compounds that attack on 
a C-CH2 bonding system is generally less successful than 
on a C—C = 0  system, with C-T formation to the carbon 
atom adjacent to the carbonyl system.

Bond Dissociation Energies. The “ hot” HT/RT ratios 
obtained from the T* + cyclobutanone system and from 
the T* + cyclobutane system, as shown in Table III, re
flect the relative efficiencies of reactions 1 and 2 for these 
two 4-membered ring molecules. The average HT/RT 
ratio for the two types of C-H bonds in cyclobutanone (a 
and d carbons) is 0.27 unit higher than that in cyclobu
tane. This increase corresponds to ~1 kcal/mol weaker 
C-H bond in cyclobutanone compared to that in cyclobu
tane,2 ’7>17 assuming no bond energy dependence in the 
T-for-H substitution reaction. From the published correla
tions of HT yields with bond dissociation energies,2 the 
average bond dissociation energy in cyclobutanone can be 
estimated as 95 kcal/mol.

(22) (a) A. Udvarhazi and M. A. El-Sayed, J. C h e m . Phys., 42, 3335 
(1965); (b) W. C. Johnson Jr., and W. T. Simpson, ibid.. 48, 2168
(1968); (c) R. F. Whitlock and A. B. F. Duncan, ibid., 55, 218 
(1971).

(23) Y. N. Tang and F. S. Rowland, J. Ph ys. C hem .. 69, 4297 (1965).
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The formation of reducing and oxidizing radicals has been investigated in the reaction of hydroxyl radi
cals with formate, alcohols, and diols in pulse-irradiated aqueous solutions. Reducing radicals (CO2'  and 
«-alcohol radicals) were identified by their reaction with tetranitromethane, oxidizing alkoxy radicals by 
their reaction with iodide. The reaction of hydroxyl radicals with formate and ethylene glycol exclusively 
leads to a radical with reducing properties. The principal reducing radical from methanol, CH2OH, is 
formed from only 93% of the reacting hydroxyl radicals. The remaining 7% are accounted for by methoxy 
radicals formed in the reaction OH- + CH3OH — H20  + CH30-. Relative probabilities for hydrogen 
atom abstraction from the a position, from the OH group, and from other positions of alcohols and diols 
by OH radicals are derived from the experimental data.

Introduction
The hydroxyl radical is known to react with aliphatic 

alcohols via abstraction of a hydrogen atom from a C-H 
bond.1 The reaction

OH- + CH3OH — H20  + CH2OH (1)
for example, leads to the formation of a hydroxymethyl 
radical. In case of higher alcohols abstraction can occur at 
any carbon atom to give «-alcohol radicals (R2COH), /3- 
alcohol radicals (-CR-CR20H), radicals with the un
paired electron even further away from the «-carbon atom 
(R = organic residue or H), though abstraction of an H 
atom from the «  position seems in general to be preferred. 
Optical spectra, pK values, esr spectra, and the polaro- 
graphic behavior of a number of «-alcohol radicals have 
been investigated.2' 6 They can easily be distinguished 
from d-alcohol radicals (or 7 -, 6- etc., radicals) by their 
physical and chemical properties. a-Alcohol radicals, for 
example, readily transfer an electron to acceptors such as 
nitrobenzene,7 hexacyanoferrate(III),8 and tetranitro
methane,9’10 while d-alcohol radicals (etc.) do not undergo 
such reactions. Two pulse radiolytic studies have been re
ported where the extent of «-hydrogen atom abstraction 
from various aliphatic alcohols by hydroxyl radicals was 
investigated.7’8 These studies were carried out with N2O 
saturated (2  X 1 0 - 2  M) aqueous solutions at high alcohol 
concentrations (1 0 - 2  to 1 M), and ca. 5 X 1 0 ~ 4  M  of ei
ther nitrobenzene or hexacyanoferrate(III) as an electron 
acceptor. Under these conditions the hydrated electrons 
formed during the irradiation were converted to OH radi
cals (N20 + eaq'  —*• N2 + OH' + OH-), and both OH- 
and H- rapidly attacked the alcohol to form the various 
types of alcohol radicals. The electron acceptors were sub
sequently reduced exclusively by the «-alcohol radicals 
thereby producing C6H5N02_ or Fe(CN)64' .  The yields of 
these electron transfer reactions could easily be deter
mined from the large changes in absorption resulting from 
these reactions. The results are listed in Table I. In both 
cases, it was assumed that the reaction of OH- with 
methanol exclusively occurs via eq 1 ; i.e., the relative

yield of reduction was taken as 100% for methanol. Less 
reduction occurs when higher alcohols are used as OH 
radical scavengers, and the relative yields obtained were 
interpreted as relative probabilities of hydrogen atom ab
straction from the «-carbon atom of these alcohols. The 
data of the two independent investigations are seen to 
agree well.

Burchill and Ginns,11 however, recently derived relative 
abstraction probabilities from kinetic data on radiation- 
induced oxidation of several alcohols by hydrogen perox
ide in aqueous solution which are lower than those given 
in Table I. They found that «-hydrogen abstraction by 
OH radicals occurs to only 90 and 86% from ethanol and 
2-propanol, respectively. Walling and Kato12 in their 
study on the oxidation of 2-propanol by Fenton’s reagent 
also found a lower yield (85%) of «  abstraction. The 
values derived from the hydrogen peroxide experiments 
are also seen to be internally consistent, and the observed 
discrepancies between these and the pulse radiolysis data 
may be attributed to a different interpretation of the re
sults. In a private communication, Dr. Burchill pointed 
out that methanol in its reaction with OH radicals might 
not exclusively produce CH2OH radicals. This would 
mean that all the relative yields giver, in Table I are too
(1) See, for example: (a) M. S. Matheson and _. M. Dorfman in "Pulse 

Radlolysls," The MIT Press, Cambridge, Mass., 1969: (b) A. Hen
glein, W. Schnabel, and J. Wendenburg in "Einführung In die 
Strahlenchemie," Verlag Chemie, Weinheim, 1969.

¡2) I. A. Taub and L. M. Dorfman, J. A m er. C h em . S o c . ,  84, 4053 
(1962).

(3) K.-D. Asmus, A. Henglein, A. Wigger, and G. Beck, B er. B u n s e n 
ge s. Ph ys. C hem .. 70, 756 (1966).

(4) M. Simlc, P. Neta, and E. Hayon, J. Ph ys. C hem ., 73, 3794 (1969).
(5) R. Livingston and H. Zeldes, J. C h em . Ph ys., 44, 1245 (1966).
(6) M. Grätzel, A. Henglein, J. Lille, and M. Scheffler, B er. B u n se n g e s .  

Ph ys. C hem ., 76, 67 (1972).
(7) K.-D. Asmus, A. Wigger, and A. Henglein. Ber. B u n s e n g e s .  Ph ys.  

C hem ., 70,862 (1966).
(8) G. E. Adams and R. L. Willson, Trans, r a r a d a y  S o c .,  65, 2981

(1969) .
(9) K.-D. Asmus, A. Henglein, M. Ebert, and J. P. Keene, B er. B u n s e n 

ge s. P h ys. C hem ., 68, 657 (1964).
(10) J. Rabanl. W. A. Mulac, and M. S. Matheson, J. Ph ys. C hem ., 69, 

53 (1965).
(11) C. E. Burchill and I. S. Ginns, Can. J. C hem ., 48, 1232, 2628

(1970) .
(12) C. Walling and S. Kato, J. A m er. C h em . S o c .,  93, 4275 (1971).
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TABLE I: Percentage of H Atom Abstraction from the a-Carbon 
Atom of Various Alcohols According to Earlier Pulse 
Radiolytic Investigations'1

% Abstraction

Alcohol
Nitrobenzene

method
Hexacyanoferrate ( 111 ) 

method

Methanol 100 100
Ethanol 97 97
1-Propanol 68 61; 65
2-Propanol 96 89; 95
1-Butanol 35 34

“ See ref 7 and 8.

high. There are, in fact, earlier observations which could 
cast some doubt on the role of methanol as the “ 100% a- 
abstraction standard” ; it was observed that the C02-  rad
ical anion formed by attack of OH radicals on formate re
duces tetranitromethane13 and hexacyanoferrate(III)14 
with a somewhat higher yield than the products of the OH 
radical reaction with methanol.

The present pulse radiolysis study, therefore, has been 
undertaken to redetermine the yield of reducing species in 
the reaction of hydroxyl radicals with various alcohols and 
formate. As an electron acceptor tetranitromethane was 
used which is known to react with a-alcohol radicals and 
C02~ via9’10’13

>COH + C(N02)4 —
C(N02)3“ + N 02 + H+ + >CO (2)

and

• c o r  + C(N02)4 —  C(N02)3~ + N 02 + C02 (3)
The stable nitroform anion was detected by its strong ab
sorption at 350 nm (c 1.50 X 104 M -1 cm-1).

Experiments were also carried out to determine whether 
or not methoxy radicals are produced as a second possible 
species in the reaction of hydroxyl radicals with methanol 
via

OH- + CH3OH CHsO- + H20 (4)
For identification of methoxy radicals the oxidation of io
dide ions15-16

CH30- + T  I->- CH3CT + I2~ (5)
was used. Similar experiments were also carried out with 
higher alcohols.

Finally, it should be mentioned that hydrogen atoms 
which are produced during the irradiation of aqueous so
lutions can also abstract H atoms from the various posi
tions of an alcohol. The yield of hydrogen atoms in N20 
saturated solutions is much lower, however, than the yield 
of hydroxyl radicals (G(H) = 0.6; G(OH) = 5.5).1 The 
data reported in this paper, therefore, represent abstrac
tion probabilities by a 9:1 radical mixture of OH- and 
H-, but even if the relative reactivities of hydroxyl radi
cals and hydrogen atoms were different with respect to 
the position of the attacked hydrogen atom in the alcohol 
molecule, the figures would still reflect in the main the 
reaction probabilities of the OH radical owing to its much 
higher concentration in the radical mixture.

Experimental Section
The technique and equipment of pulse radiolysis have 

already been described.111'17 Electron pulses of 0.3-1.0

Msec duration (200-700 rads) were generally used. The 
dose was monitored with a secondary emission foil. The 
chemical standard was an aqueous solution saturated with 
N20  (ca. 2 X 10-2 Ml, and containing 2 X 10-1 M  
HCOONa and 1.2 x 10-4 M  C(N0 2)4. Tetranitromethane 
in such a solution is reduced to nitroform via reaction 4 
with G = G(eaq-  + OH- + H-) = 6.1 (G = number of 
species/100 eV of absorbed energy).

The solutions were prepared from triply distilled water. 
Alcohols, sodium formate, and potassium iodide were of 
reagent grade. Traces of oxygen in nitrous oxide were re
moved by passing the N20  through a column filled with 
aqueous Cr2+ solution. Tetranitromethane was purified by 
washing several times with triply distilled water. A satu
rated solution of C(N0 2)4 (6 x 10-3 M) served as a stock 
solution. The water was generally deaerated with argon 
prior to saturating with N20  and/or addition of other sol
utes (which had been deaerated separately). All experi
ments were performed at room temperature (ca. 20°).

Evaluation of Data
The calculation of radiation chemical yields is based on 

the generally accepted values on the formation of primary 
species in aqueous solutions: G(eaq- ) = 2.7, G(OH-) =
2.8, and G(H-) = 0.6. Hydrated electrons were converted 
to hydroxyl radicals by N20. Thus in N20  saturated solu
tions a total of G(OH-) = 5.5 and G(H-) = 0.6 were 
available.1

The individual error for an optical single pulse experi
ment is ca. ± 10%, mainly given by the uncertainty in the 
monitored dose. A much higher accuracy is necessary for 
the correct interpretation of our data. Therefore, every re
sult reported here is a mean of some 20 to 30 individual 
experiments. For the comparison of relative yields of 
C(N02)4 reduction by several radicals, it is a prerequisite 
that always the same fraction of radicals react with tetra
nitromethane. Therefore, concentrations were chosen to 
ensure that the product of rate constant and scavenger 
concentration remained practically constant for all reac
tions involved. Further, direct comparisons were made 
only between results obtained at the same dose. Taking 
all the uncertainties into account, the total error limits 
can be given with ± 2% for the C(N0 2)4 reduction and 
±10% for the I- oxidation results.

Results and Discussion
Relative Yields of Reducing Species. Figure 1 shows the 

optical absorption at 350 nm as a function of time ob
served in pulse irradiated solutions containing 2 X 10-  2 M 
nitrous oxide and 1.2 X ID-4 M  tetranitromethane plus, 
respectively, 2 X 10-1 M  of sodium formate (Figure la), 
ethanol (Figure lb), and 1-propanol (Figure lc). Under 
these conditions the conversion of the hydrated electrons 
by N20  and the reaction of hydroxyl radicals (and hydro
gen atoms) with formate or alcohols go to completion dur
ing the 1-Msec pulse. The subsequent reaction of C02- 
and a-alcohol radicals with tetranitromethane occurs with 
rate constants of the order of 109-1010 M -1 sec-1-9’10’13

(13) A. Fojtik, G. Czapski, and A. Henglein, J. Ph ys. C hem ., 74, 3204 
(1970).

(14) G. E. Adams, private communication.
(15) F. S. Dainton, I. V. Janovsky, and G. A. Salmon, J. C h em . S o c .  D, 

335 (1969); P ro c. R oy. Soc., Ser. A, 327, 305 (1972).
(16) D. H. Ellison, G. A. Salmon, and F. Wilkinson, P ro c. Roy. S o c .  Ser. 

A, 328, 23 (1972).
(17) A. Henglein, Allg. Prakt. C hem ., 17, 296 (1966).
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Figure 1. Formation of nitroform in pulse-irradiated aqueous so
lutions containing N2O (2 X 10” 2 M), C(N02)4 (1.2 X 10-4  M ), 
and OH- radical scavengers: a, HCOONa (2 X 1 0 "1 A4); b, 
C2H5OH (2 X 1 0 - 1 A4); c, n-C3H7OH (2 X 10~1 A4). Pulse 
length, 1 /¿sec (ca. 700 rads); time scale, 50 ¿¿sec/large divi
sion.

TABLE II: Relative Yields of H • Abstraction from the a  Position, 
from the OH Groups, and from j3 (or 7, 5, etc.) Positions of 
Various Alcohols

P
(7 , b etc.) 

OH abstrac-
Alcohol (or formate) a Abstraction abstraction tion

HCO'O-
CH3OH
C2H5OH
n-C3H7OH
(CH3)2CHOH
n-C4H9OH
ferf-CiHgOH
(CH2OH)2
CH2OH-CHOH-CH3
CH3-CH2OH-CH2OH-CH3

100
93.0 7.0
84.3 2.5 13.2
53.4 <0.5 46.0
85.5 1.2 13.3
41.0 <0.5 58.5

4.3 95.7.
00 <0.1
79.2 <0.1 20.7
71.0 <0.1 29

The formation of the nitroform anion in these reactions is 
therefore practically complete within a few microseconds 
after which the optical absorption remains constant.

It can be seen in Figure 1 that the largest increase in 
absorption is obtained for solutions containing formate, 
giving G(C(N02)3-)  = 6.1, i.e., as expected the sum of 
G(OH-) + G(H-) + G(eaq~). This yield, therefore, will 
be taken as 100%. A lower relative yield of 84% is ob
served for ethanol solutions. This implies that 16% of the 
hydroxyl radicals did not form the reducing a radical, 
CH3CHOH. In the case of 1-propanol the yield of nitro
form, i.e., of a radicals, is as low as 53%.

A summary of the results obtained for formate, various 
alcohols, and diols is given in the second column of Table 
II. From all the OH radical scavengers only formate and 
ethylene glycol form reducing radicals with a yield of 
100%.

It should be mentioned that the reduction of tetranitro- 
methane by a radicals formed from diols takes place with 
somewhat lower rate constants than the corresponding 
reactions of a-alcohol radicals.9 The following rate con
stants were determined from the kinetic analysis of the 
pseudo-first-order increase of nitroform absorption in

pulsed solutions of diols (ca. 2 x 10_1 M) and relatively 
low tetranitromethane (TNM) concentrations (10 5 to 
10-4 M): fe(TNM + ethylene glycol radical) = 1.7 X 109 
M _1 sec-1, fe(TNM + 1,2-propanediol radical) = 3.2 X 
109 M -1 sec-1, and fe(TNM + 2,3-butanediol radical) =
3.3 X 109 M -1 sec-1. Accordingly, the tetranitromethane 
concentrations in the diol and formate reference solutions 
were adjusted to ensure an equally high product of TNM 
concentration and rate constant for the evaluation of the 
relative reduction yields.

The figures given in Table II are lower than those listed 
in Table I. The relative yield for 2-propanol is now quite 
close to that measured by Burchill and Ginns.11 The most 
interesting result, however, appears to be that for metha
nol. Only 93% of the hydroxyl radicals are found to pro
duce CH2OH radicals in their reaction with CH3OH, 
while the remaining 7% must be accounted for by some 
other reaction, the most logical of which is the formation 
of methoxy radicals as a second product via reaction 4.

This is supported by the results for a solution contain
ing 1.2 X 10-4 M  tetranitromethane, 2 M  CH3OH, and 5 
X 10-2 M  (CH3)2CHOH, where the relative yield of 
C(N02)3- absorption increased to 100%, although hy
droxyl radicals are still scavenged directly by the metha
nol. Probably the CH30- radical undergoes an abstraction 
reaction

CH30  + (CH3)2CHOH —  CH3OH + (CH3)2COH
(6)

forming a reducing 2-propanol radical. The corresponding 
reaction with methanol

CH30  + CH3OH — CH3OH + CH2OH (7)
is apparently not fast enough in aqueous solution to com
pete with other deactivation reactions of the methoxy rad
ical.

Relative Yields of Oxidizing Species. The methoxy radi
cal has already been postulated as an intermediate in the 
radiolysis of pure methanol.15'16 It was identified by its 
reaction with the iodide according to eq 5. In the present 
investigation aqueous N20  saturated solutions containing 
5 x 10~4 M  I- and various concentrations of CH3OH were 
pulsed. In the absence of methanol I-  is oxidized by hy
droxyl radicals

OH- + I" — OH ' + I (8)
and the iodine atom adds to another I-  ion to form the 
strongly absorbing I2_ complex18

I" '+ I *  I2" O)
This equilibrium lies well to the right at the I- concentra
tion used. Under the present condition, reaction 8 and the 
forward reaction of eq 9 are complete within less than 1 
psec, and the I2- absorption (370 nm) can be measured 
immediately after the pulse. Upon addition of methanol 
the yield of I2~ should decrease owing to the competition 
between reactions 1 and 8.

Figure 2a shows a plot of the observed I2-  extinction 
(normalized for dose) as a function of CH3OH concentra
tion (dashed curve). At low alcohol concentrations the ex
perimental points are a good fit with the solid curve which 
describes the direct competition between reactions 1 and
(18) (a) J. K. Thomas, Trans. Faraday Soc., 61, 702 (1965); (b) G. E. 

Adams, J. W. Boag, and B. D. Michael, Trans. Faraday Soc., 61, 
1674 (1965); (c) J. H. Baxendale, P. L. T. Bevan, and D. A. Stott, 
Trans. Faraday Soc. 64, 2389 (1968).
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Figure 2. a, Yields of l2-  ions in pulse-irradiated solutions con
taining N20  ( 2 X 1 0 ~ 2 M) and I-  (5 X 10-4  M) as a function 
of CH3OH concentration. Dashed curve, experimental values; 
solid curve, calculated for simple competition between CH3OH 
and I-  for hydroxyl radicals, b, Plot of 1 /£ (l2- ) against CH3OH 
concentration. Yields are normalized for dose.

8 according to
1 _  1_ A, , fei[CHsOH]\ 
E E o \l ^  A j n  ) (10)

(Eo is the extinction of I2- in solutions without methanol, 
and k i  and k %  are the known rate constants19 for the reac
tion of OH with methanol (4.5 X 108 M -1 sec-1) and io
dide (9 x 10® M -1 sec-1), respectively.) At higher alcohol 
concentrations the experimental curve reaches a plateau

which is higher than expected for the pure competition in
dicating the formation of an oxidizing CHgO- radical in 
the reaction of OH radicals with methanol.

For quantitative analysis 1/E is plotted vs. [CH3OH] in 
Figure 2b. At low methanol concentrations a straight line 
is obtained as expected from eq 10. At higher alcohol con
centrations 1/E reaches a plateau at 243. Since l/Eo = 
17.2 the ratio £ Piateau/Fo = 0.071. This means that meth
anol suppresses only 93% of the extinction Eo obtained in 
its absence. The remaining 7% is in good agreement with 
the percentage value of hydroxyl radicals that react with 
methanol without forming the reducing CH2OH radicals 
(see column 2 of Table II). It should be mentioned that Eo 
results solely from the reaction of hydroxyl radicals with 
iodide. The oxidizing CHsO- species, responsible for the 
■Epiateau, might be produced by hydrogen atoms (G(H-) = 
0.6) as well as by hydroxyl radicals (G(OH) = 5.5) in their 
reaction with methanol. Depending on this as yet un
known hydrogen atom contribution our result has an un
certainty up to 10%.

Similar experiments were carried out with iodide-meth
anol solutions at pH >13 where the basic form O- of the 
hydroxyl radical exists. The results were the same within 
the limits of error indicating that O- forms CH2OH and 
CH3 O  in its reaction with methanol with the same rela
tive probabilities as OH radicals.

A compilation of alkoxy radical yields from several alco
hols and diols measured by the iodide method is listed in 
the third column of Table II. The highest yields were ob
served for methanol and 2-methyl-2-propanol, i.e., com
pounds carrying exclusively CH3 groups. The formation of 
alkoxy radicals becomes less important with increasing 
number of secondary and tertiary hydrogen atoms in the 
alcohol molecules.

The fourth column of Table II contains the difference 
between 100% and the sum of the percentages given in 
columns 2 and 3. This difference has to be attributed to 
the relative yield of hydrogen atom abstraction by hydrox
yl radicals from carbon atoms in the /?, 7 , etc. positions.

(19) M. Anbar and P. Neta, Int. J. Appl. Rad iat. Iso to p e s ,  18, 493 
(1963).
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Esr measurements of the decay at low temperatures of hydrogen atoms produced by 7 irradiation of 6 M 
H2SO4 glasses, with and without small concentrations of added 2-propanol, are reported. An analysis of 
the satellite lines present in the spectrum shows that the environment of the hydrogen atoms changes 
during the course of the reaction, and it is also observed that the saturation behavior is altered. The ki
netic behavior is interpreted as a redistribution of the hydrogen atoms into deeper and deeper traps, in 
competition with irreversible decay reactions with other hydrogen atoms, 2-propanol molecules, or other 
reactive species present in the matrix. It is shown that these results are not adequately explained in 
terms of the presently existing theory of diffusion-controlled reactions.

Introduction
It is well establisned that 7 irradiation of acidic glasses 

at 77°K yields trapped hydrogen atoms,1 which, when re
leased from their traps by warming, combine to form mo
lecular hydrogen2-3 or react with organic additives.4'5 The 
complex kinetic behavior of hydrogen atoms in glassy 6 M 
H2SO4 has been interpreted6’7 in terms of the theory of 
diffusion-controlled reactions,8 and isotope-effect mea
surements9 have shown that the activation energy of the 
actual chemical reaction does not control the kinetics.

We present here new results on these systems which 
cannot be explained with the diffusion-kinetic treatment. 
These results are better interpreted in terms of a redistri
bution of the hydrcgen atoms among a variety of traps in 
the matrix.

Experimental Section
Reagent grade chemicals and triply distilled water were 

used to prepare a series of solutions of 6 M  sulfuric acid 
containing from 0.0000 to 0.0653 M 2-propanol.

The sample tubes were constructed from 5-cm lengths 
of Teflon tubing (S mm i.d., 4 mm o.d.). Each tube was 
sealed at one end with a Pyrex ball and fitted at the other 
end with a short length of 3-mm o.d. Pyrex tubing. Tubes 
containing the various solutions were sealed off in air, 
quenched to 77°K, and irradiated at 77°K with 60Co 7 
rays to a total dose of approximately 0.40 Mrad at a dose 
rate of 0.54 Mrad/hr. This dose produces an initial con
centration of trapped hydrogen atoms of approximately 
0.001 M.4 All samples were clear glasses. Parallel experi
ments with empty sample tubes showed the absence of 
detectable amounts of hydrogen atoms in or on the surface 
of the Teflon after irradiation.

Esr spectra were obtained using a Varian E-9 X-band 
spectrometer with a Varian V-4532 dual-sample cavity 
equipped with low-impedance modulation coils appropri
ate to the E-line machine. The sample and reference cavi
ties were modulated at frequencies of 100 and 10 kHz, re
spectively. All measurements were made with the sulfuric 
acid samples immersed in either liquid nitrogen or liquid 
argon in the standard esr dewar. Corrections for day-to- 
day variations in machine conditions were made, using

the signal from a sample of DPPH -sodium chloride mix
ture in the reference cavity at room temperature as the 
standard. Absolute concentration measurements were not 
made. Microwave power levels were read from the built-in 
scale on the microwave bridge, and thus may be in error 
by a constant factor. This has no effect on the conclusions 
reached in this paper. The kinetic measurements were 
made at a nominal power level of 0.01 mW to avoid prob
lems due to power saturation.

Some spectra were digitalized by means of a Hewlett- 
Packard 2402-A integrating digital voltmeter connected to 
a Kienzle D 44 printer. These spectra and the kinetic data 
were analyzed on a PDP-10 computer using a least- 
squares curve-fitting program.10

Results
The hydrogen atom decay curves obtained at 77°K for 

samples of 6 M  H2SO4 containing various concentrations 
of 2-propanol are presented in Figure 1. Similar curves re
sulted for 2-propanol concentrations of 0.0026, 0.0052, 
0.0157, and 0.0418 M. The outstanding characteristic of 
these decay plots is the initial period of rapid decay fol
lowed by much slower decay. Behavior similar to this is 
often observed in reactions of species produced in solids 
by ionizing radiation, and is usually explained in terms of
(I ) initial nonrandom spatial distributions of the reacting 
species or (2) initial distribution of the reacting species 
among traps with a variety of depths.11 A further possibil-

(1) R. Livingston, H. Zeldes, and E. H. Taylor, Ph ys. Rev., 94, 725 
(1954).

(2) R. Livingston, H. Zeldes, and E. H. Taylor, D is c u s s .  F a r a d a y  So c .,  
19, 166 (1955).

(3) R. Livingston and A. J. Weinberger, J. C h em . Phys.. 33, 499 
(1960).

(4) W. Kohnlein and D. Schulte-Frohlinde, Radiat. R e s., 38, 173 
(1969).

(5) D. E. Holmes and N. B. Nazhat. Int. J. Radiat. Ph ys. C hem .. 3, 251
(1971).

(6) K. Vacek and D. Schulte-Frohlinde, J. Phys. C hem ., 72, 2686 
(1968).

(7) K. Vacek, Progr. Probl. C on tem p . Radiat. C hem .. P ro c. C z e ch .  
A nnu . Meet. Radiat. Chem ., 10th. 1970. 367 (1971).

(8) T. R. Waite, J. Chem . Phys., 32, 21 (1960).
(9) K. Vacek and C. von Sonntag, C hem . C o m m o n . , 1256 (1969).

(10) J. L. Dye and V. A. Nicely, J. C h em . Educ.. 48, 443 (1971).
( I I )  J. M. Flournoy, L. H. Baum, and S. Siegel, J. C h em . Ph ys.. 36, 

2229 (1962).
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Trapped Hydrogen Atoms in 7 -irradiated Sulfuric Acid Glasses

Figure 1. Decay curves obtained at 7 7°K for hydrogen atoms in 
7 -irradiated 6  M H2SO4 glasses containing various amounts of 
2 -propanol.
ity is (3) the treatment given for diffusion-controlled reac
tions in condensed media.8

For hydrogen atoms in acidic glasses, the first possibili
ty may be eliminated, since relaxation measurements12’13 
have shown that the hydrogen atoms are distributed uni
formly throughout the matrix. In addition, identical ki
netic behavior is observed for hydrogen atoms produced in 
identical systems either by 7 irradiation or photochemi- 
cally from 0.01 M  Fe2+ present in the matrix.7

An initial distribution of the hydrogen atoms among a 
variety of traps would result in decay curves formed from 
the superposition of first-order contributions from the var
ious traps. The decay curves obtained here can be well 
represented by assuming the existence of two types of 
traps. Such an analysis, however, yields the initial con
centrations of hydrogen atoms in the two types of traps, as 
well as the two rate constants, and it was found that the 
percentage of hydrogen atoms initially in deep traps var
ied from about 60% for the sample containing 0.0653 M  
2-propanol to almost 100% for the sample containing no 
2-propanol. It seems highly improbable that such small 
concentrations of 2-propanol could be responsible for such 
dramatic changes in the sulfuric acid matrix with respect 
to the possible traps available for hydrogen atoms. Evi
dence against this possibility is presented later in this 
paper.

This behavior can be better explained as follows. Imme
diately after irradiation, almost all hydrogen atoms are lo
cated in shallow traps which are present in large numbers. 
They move from trap to trap through the matrix until 
they encounter some reactive species, such as other hydro
gen atoms, other free radicals formed during irradiation, 
dissolved oxygen,11 or dissolved 2-propanol, with which 
they react and thus disappear, or until they encounter a 
relatively deep trap, from which they are not able to es
cape quickly. The overall process is a competition for the 
hydrogen atoms between reactive species and deep traps.

To test this hypothesis, the fraction of hydrogen atoms 
remaining after 50 hr at 77°K as a function of the 2-propa- 
nol concentration (Figure 2) was calculated under the fol
lowing assumptions. First, the cross sections for trapping 
and for reaction are presumed equal. The experiments 
using deuterated and nondeuterated 2-propanol as addi
tives showed that reaction occurs upon almost every en
counter,9 and it is assumed that every encounter of a hy
drogen atom with a deep trap leads to trapping. Second, 
the fact that the hydrogen atoms do not remain perma
nently trapped is ignored. The error introduced in this 
way is minimized by calculating the result of the competi

1223

Figure 2. Fraction of hydrogen atoms remaining in 7 -irradiated 
samples of 6  M H2SO4 after 50 hr at 77°K as a function of 
added 2 -propanol concentration.

tion at the time roughly dividing the initial, fast stage of 
the reaction from the final, slower stage. The time chosen 
was *- = 50 hr. As seen in Figure 1, the amount of decay 
between t = 50 and t = 100 hr is small. Therefore, most 
hydrogen atoms occupy traps at t = 50 hr from which 
they cannot escape in 50 hr, and the error caused by this 
assumption is not large.

In Figure 2, reaction with species other than 2-propanol 
is indicated by the 5% decay in 6 M  H2SO4 alone. If a 
concentration is assumed for the deep traps, the expected 
result of the competition can be calculated. It should be 
noted that this concentration is not that of traps with a 
particular depth, but rather the sum of the concentrations 
of all traps with depths greater than a certain minimum 
value. These are the traps from which the hydrogen atoms 
would have a very small probability of escape during a 
time period of 50 hr at 77°K. The solid line in Figure 2 
was calculated from eq 1, in which a deep trap concentra-

Fraction of H atoms 0.063
remaining after 50 = ------------- -----------------  0.95 (1)
hr at 77°K 0-063 + [2-propanol]

tion of 0.063 M was used. The factor 0.95 in eq 1 is an ap
proximate correction for the reaction in the absence of 2- 
propanol. The calculation is not sensitive to the particular 
method of making this correction. The agreement seen in 
Figure 2 supports the above hypothesis.

An interesting conclusion is that the traps occupied by 
the hydrogen atoms in 6  M  H 2S O 4, 50 hr or more after 7 
irradiation, are qualitatively different from those occupied 
immediately after irradiation, although very little decay 
has occurred. We now show that it is possible to physical
ly demonstrate this difference.

The esr signal of hydrogen atoms in acid glasses shows 
satellite lines which result from simultaneous spin flips of 
neighboring protons.15 Determination of the intensity of 
the satellite lines with respect to the main transition al
lows calculation of the average distance between the 
trapped hydrogen atoms and the neighboring protons.16 
The experimental observations and calculations have been 
extended to two and three simultaneously flipping pro-

(12) J. Zimbrick and L. Kevan, J. C h em . Phys., 47, 5000 (1967).
(13) B. G. Ershov, G. P. Chernova. O. Ya. Grinberg, and Ya. S. Lebe

dev, Izv. A kad . N a u k  S S S R ,  Ser. Kh im ., 2439 (1968).
(14) D. E. Holmes, N. B. Nazhat, and J. J. Weiss, J. Phys. Chem .. 74, 

1622 (1970).
(15) H. Zeldes and R. Livingston, Phys. Rev.. 96, 1702 (1954).
(16) G. T. Trammell, H. Zeldes, and R. Livingston, Phys. Rev., 110, 630 

(1958).
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TABLE I: Average Distances between Trapped Hydrogen Atoms 
and Neighboring Protons undergoing Simultaneous Spin
Transitions in 7 -Irradiated 6  M  H2SO4

r^, À r2, Â r3, À Remarks

1.82 1.82 1.87 This work, f = 0
1.87 1 . 8 8 >1.98 This work, f = 100 hr
1.79 1.80 1.85 Reference 17

tons . 1 7  Since it was deem ed possible that energetically
deeper traps would be characterized by larger separations 
between the trapped hydrogen atoms and the neighboring 
protons, the above experiment was carried out twice for 6 
M  H2SO4. The first measurements were made shortly 
after completion of 7 irradiation and were followed by an 
identical set approximately 100 hr later. The analysis used 
was essentially the same as that applied earlier.17

A least-squares curve-fitting program10 was used to sep
arate the high-field line into singlet, doublet, triplet, and 
quartet components, corresponding to the main transition 
and the various satellite lines. Plotting the sets of intensi
ties obtained in this way at a series of power levels al
lowed corrections to be made for the effects of power satu
ration. The relative intensities were converted to dis
tances using the formulas given previously,17 and the re
sults are presented in Table I. The distances r-y, r^, and r 3 
are the average distances between the trapped hydrogen 
atoms and the neighboring protons undergoing simulta
neous spin transitions with the unpaired electron, one, 
two, and three at a time, respectively. A comparison of 
the first and third lines in Table I shows that the present 
study yielded values in good agreement with those pre
viously reported.17

The most significant result in Table I is the clear differ
ence observed for the same sample at the two different 
times. At t = 100 hr it was difficult to establish the value 
of 7-3 because of the very low intensity of the corresponding 
satellite lines. It can only be said that it is apparently 
greater than 1.98 Â.

Also in agreement with the conclusion that the dis
tances are greater at t = 100 hr is the observation that the 
main signal saturated noticeably more easily. The greater 
distances imply smaller interactions, resulting in longer 
relaxation times and easier saturation of the esr signal.

A further piece of evidence was obtained by transferring 
all of the samples used for kinetic measurements into liq
uid argon (87°K) at the end of the time period shown in 
Figure 1. After about 28.5 hr at 87°K, the samples were 
returned to 77°K. As expected, the points at 87°K gave 
curves similar to these at 77°K, except for greatly differ
ing time scales. This is interpreted as a further redistribu
tion of the hydrogen atoms into still deeper traps, in com
petition with additional decay. That this is correct is 
shown most clearly in Figure 3, where logarithmic plots of 
the hydrogen atom signal intensities at 77°K in two of the 
samples are given for the 150-hr time periods immediately 
preceding and immediately following the treatment at 
87°K. It is seen from Figure 3 that the decay of the hydro
gen atoms remaining after the treatment at 87°K is too 
slow to be observed on this time scale. This observation 
was made in all the samples and leads to the conclusion 
that these hydrogen atoms occupy very deep traps.

In order to test the possibility that raising the tempera
ture to 87°K alters the nature of the sulfuric acid matrix 
itself, the following experiment was carried out. Two sam-

Figure 3. First-order decay plots at 77°K for 7 -irradiated 6  M  
H2S 0 4 +  2-propanol samples before and after 28.5 hr at 87°K.

pies of 6 M  H2SO4 were quenched to 77°K and then 
stored at 87°K for 100 hr. At the end of this time period 
two additional samples were quenched to 77°K, and all 
four samples were irradiated and immediately measured 
at 77°K. From the peak-to-peak distances directly mea
surable in the spectrum, the intensity ratio of the first 
satellite to the main transition was determined at each of 
five different microwave power levels for each sample. 
These measurements were repeated after 100 hr of storage 
at 77°K. In analogy with the results from the detailed 
analysis described above, the intensity ratios changed sig
nificantly over this time period. More importantly, how
ever, the data from the four samples were indistinguisha
ble from each other, both at t = 0 and at t = 100 hr. This 
shows conclusively that, at least with respect to the traps 
available for hydrogen atoms, no change in the 6 M  
H2SO4 matrix occurs on warming to 87°K.

A comparison of the final slope of the decay curve in 
Figure 3 at 77°K before the treatment at 87°K with the 
initial slope of the decay curve at 87°K yields an estimate 
of the activation energy for the reaction, which should 
correspond to the average depth of the traps occupied by 
the hydrogen atoms at this point in the reaction. This can 
be carried out relatively accurately only for those samples 
containing at least 0.01 M  2-propanol, where the apparent 
rates are somewhat larger and, therefore, more easily 
measured. Values of 5.79 ±  0.12 keal/mol were obtained 
from these samples, and the other samples gave values 
within 0.4 keal/mol of this value. It is important to empha
size that the activation energy is not dependent on the 2- 
propanol concentration. This is good evidence against the 
possible argument mentioned above that the 2-propanol 
significantly alters the distribution of possible traps avail
able for the hydrogen atoms in the sulfuric acid matrix.

It is also interesting to estimate a value for the Arrhen
ius frequency factor for the reaction at this point. If the 
pseudo-first-order rate constants obtained from the initial 
slopes of the decay curves at 87°K are corrected for the 
small amount of decay in the sample without 2-propanol, 
and are then divided by the respective 2-propanol concen
trations, the second-order rate constant for this reaction is 
obtained. A value of 0.0011 ±  0.0003 Af_1 s e c 1 at 87°K 
was found. Combining this with the observed activation
(17) W. Kohnlein and J. H. Venable, Jr., Nature (London), 215, 618 

(1967).
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energy of 5.79 kcal/mol yields the reasonable value of 2.4 
X 1011 M ~1 sec- 1 for the frequency factor.

Discussion
Two arguments were given previously to justify the use 

of the diffusion-kinetic treatment.7 The first was the fact 
that hydrogen atoms react nonspecifically in sulfuric acid 
glasses at low temperatures.9 This only shows, however, 
that the activation energy of the actual reaction is not the 
controlling factor. It is just as well explained when it is 
assumed that the activation energy of trap release controls 
the reaction kinetics.

The second argument was based on eq 2, which is ob
tained by substituting the Arrhenius equation into the

In ^ln = In A — +  In t (2)

first-order kinetic equation.7 A is the Arrhenius frequency 
factor, E is the activation energy, R is the gas constant, T 
is the absolute temperature, and t is the time. If a linear 
relationship is observed between the logarithm of the time 
required for a certain fraction of decay and the reciprocal 
of the temperature, this indicates that the activation 
energy is constant over this fraction of the reaction. It was 
shown that such linear relationships were observed for 30 
and 60% decay in 6 M  H2SO4 containing 0.03 M  2-propa- 
nol.7 Examination of Figure 2, however, reveals that this 
is not a definitive test. In a sample containing 0.03 M  2- 
propanol, at least 35% of tlje hydrogen atoms disappear in 
the fast, initial stage of the reaction. This experiment, 
therefore, gives primarily an indication of the rate at 
which the hydrogen atoms are released from the traps 
which they occupy immediately after irradiation. From 
the slope of the lines obtained from eq 2,7 we estimate an 
activation energy of 4.1 kcal/mol. Comparing this with

the value of 5.79 kcal/mol from the present study approxi
mately 200 hr after irradiation provides confirmation of 
the idea that the hydrogen atoms are redistributed into 
deeper traps as the reaction proceeds.

It has been demonstrated in the present study that the 
diffusion of the hydrogen atoms results in a significant al
teration of their average microscopic environment. Since 
existing diffusion-kinetic theory assumes that the average 
microscopic environment of reacting particles remains 
constant and does not include a consideration of the de
tailed structure of the matrix, it is not able to explain 
such an effect. The effect is, however, a logical conse
quence of the interpretation given here.

Some comment should be made on the recent report 
concerning hydrogen atom decay in 7 -irradiated, 0.13 mol 
fraction perchloric acid at low temperatures.18 The kinetic 
results were interpreted in terms of simultaneous, first- 
order decays of two groups of hydrogen atoms, those locat
ed in shallow traps and those located in deep traps. As 
shown here, however, this simple model is not able to ex
plain the effect of adding small amounts of 2-propanol to 
the system. In addition, we believe that it is much more 
reasonable to assume the existence of a wide, continuous 
distribution of types of traps in the matrix, rather than 
just two discrete types. In this paper the existence of at 
least three types of traps has been demonstrated: the 
shallow traps occupied immediately after irradiation, the 
deeper traps occupied after the initial, rapid decay, and 
the very deep traps occupied after the treatment at 87°K.

Acknowledgment. The authors wish to thank Professor
T. F. Williams for pointing out an error in the proton-dis
tance calculations.
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The dielectric constants, far-infrared refractive indices, and sodinm D line refractive indices are dis
cussed for the ternary mixture benzene-cyclohexane-dioxane. Small deviations from linear additivity of 
molar polarization contributions are discussed in terms of molecular interactions. The system is essen
tially ideal, and the fluxional character of the dioxane molecule prevents any significant interaction with 
the benzene it electrons.

Introduction
Molecular interactions are often considered to be the re

sult of local electric fields created by molecular dipole 
moments (or higher multipoles) or of orbital overlap inter
actions. In the gas phase such interactions between pairs 
of molecules may be studied by measuring the properties

of a binary system as a function of temperature and par
tial pressures over a wide range of conditions.1 Measure
ments in the liquid phase are restricted to a much nar-

(1) R. D. Nelson, Jr., and R. H. Cole, J. C h em . Phys., 54, 4033 (1970).
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rower range of easily attainable conditions, and reducing 
the concentrations of the two species to low values may be 
accomplished only by introducing a third component. The 
use of ternary systems thus provides an opportunity to in
vestigate molecular interactions with the same flexibility 
as gas-phase measurements, and it also allows adjustment 
of one parameter, such as density, so that a wide variety 
of solution compositions may be prepared and tested at 
the same density to see how strongly dependent on molec
ular composition other properties are, exclusive of density 
variations.

Ternary solutions are not a common subject for study 
because they require numerous measurements to establish 
the shape of the constant value contours on a ternary di
agram. The system studied was chosen because it involves 
nonpolar molecules with the properties of fairly complete 
inertness (cyclohexane), aromatic character (benzene), 
and strong local electric fields (dioxane). Besides this, the 
molecules are completely intermiscible, are in common 
use, and have similar physical properties.

Experimental Section
All the pure liquids were reagent quality materials 

which had been dried over molecular sieves and distilled 
shortly before use. Physical properties for the pure liquids 
were comparable to the literature values. The dielectric 
permittivities were measured at 1 kHz in a Balsbaugh 
Laboratories 20 TNLV cell with a General Radio 1620A 
ratio arm capacitance bridge. The far-infrared refractive 
index was determined at 30 cm-1 with an HCN laser ap
paratus previously described.2 We should like to note a 
correction in the equation for offset correction reported 
earlier. Equation 3 of ref 2 should read as follows

FGiig — FGair = h tan ĵ sin-1^ ^ -  sin29ĉ J — h tan 29c

The refractive index at the sodium D line was measured 
with a Bausch and Lomb Model 33-45-58 refractometer. 
Densities were determined using a 10-ml Ostwald-Spren- 
ger pycnometer and included buoyancy corrections. Nine
teen solutions were measured. To compute the deviations 
from linear additivity of polarizations or molar volume, 
the following equations were used.3

y 0)sd = ZZiMi/dobsd (1)
v lin = n x - M j d j  = (2)

S„bsd = (e — l) /(e  + 2) (3)
SVm = P,i»/VBn (4)

F o b s d  - N b s d T  obsd  ( ^ )

P u n  =  K X i M i / d i X c i  -  l ) / ( e i  +  2 )  =  Z X i P i  ( 6 )  
Equations 3-6 may be used for molar refraction R instead 
of P if the square of rhe refractive index is used in place of 
e. These can be rearranged to solve for d, t, or n2. Here V 
stands for molar volume, P for molar polarization, X  for 
mole fraction, d for density, e for dielectric permittivity 
relative to a vacuum, n for refractive index, S for specific 
polarization, and M  for molecular weight (t.e., molar 
mass). The equations giving the values which would be 
obtained if linear additivity held true are

dUn = X X iV J X X iMi (?)
= (2Slin + 1)/(1 -  Slln) (8)

Results were computed using the West Virginia Univer

sity Computing Center’s IBM 360/75 computer. The 
NEPRGP subroutine package was appended to propagate 
estimated errors through for a more complete data analy
sis.4 The sources of uncertainty result in approximately 
the same error for each solution, so the absolute uncer
tainties given apply to each of the 19 solutions measured. 
The uncertainty estimates refer to one standard deviation 
for the various experimental quantities and are 0.07% for 
density, 0.02% for visible refractive index, 0.2% for far-in
frared refractive index, 0.02% for dielectric permittivity, 
0.1° for T, and 0.0005 for mole fraction. The data are 
summarized in Table I.

Results and Discussion
Except for a few mixtures, the molar quantities were 

additive to within the experimental error. The exceptions 
were the benzene-cyclohexane mixture, with a positive 
deviation of 0.5 cm3/mol in V for a 1:1 mixture; the cy- 
clohexane-dioxane mixture, with a negative deviation of 
0.6 cm3/mol in V; and the ternary mixture Rn values, 
where variations in the dispersion of light as a function of 
concentration gave positive deviations of as much as 1.7 
cm3/mol for the 1 :1:2 mixture of benzene-cyclohexane- 
dioxane. If these deviations in Rd had been due to varia
tions in P e  as concentrations changed, then P f i r  and P 
should show deviations parallel to those in Pd. Since par
allel behavior was not observed, the deviations may be at
tributed to changes in the dispersion (variation of refrac
tive index with frequency of the measuring radiation near 
an absorption line) of the mixtures.

For some years it has been known that the benzene- 
cyclohexane system is not completely ideal.5 Vapor-pres
sure studies have shown deviations ascribed to a general 
aliphatic-aromatic interaction with a heat of mixing at 
25° of 810 J/mol and an excess volume of 0.66 cm3/mol for 
a 1:1 mixture.6 The second virial coefficients for cyclo
hexane, benzene, and a mixed pair are -910, -814, and 
-918 cm3/mol, respectively.7 Our measurements confirm 
the excess volume, but show that there is no anomaly in 
the refraction and polarization behavior of this mixture. 
That is, while the molecular interaction causes a mixture 
of 1 mol of benzene and 1 mol of cyclohexane to have a 
volume greater than the sum of the volumes before mix
ing, the polarizability of the molecules is not significantly 
affected by the interaction. Application of the Kramers- 
Kronig relation8 then requires that the sum of the inte
grated intensities for the absorption bands in the system 
is the same for the unmixed as the mixed systems, t.e., 
the shifts in absorption band location are either negligible 
or are offset by compensating changes in the absorption 
coefficients.9

One might well expect significant interactions in the 
benzene-dioxane system, since benzene has highly polari-

(2) R. D. Nelson, Jr., and C. E. White, J. Ph ys. C h em ., 73, 3439 
(1969).

(3) N. E. Hill, W. E. Vaughan, A. H. Price, and M. Davies, “ Dielectric 
Properties and Molecular Behavior," Van Nostrand, New York, N. 
Y., 1969, Chapters 3 and 4.

(4) R. D. Nelson, Jr., and M. R. Ellenberger, J. C h em . E d u c., 44, 678
(1972).

(5) G. Scatchard, S. E. Wood, and J. M. Mochel, J. C h em . Phys., 43, 
119(1939).

(6) J. S. Rowlinson, “ Liquids and Liquid Mixtures," 2nd ed, Plenum 
Press, London, 1969, Chapter 4.

(7) J. S. Rowlinson, N atu re  (L o n d o n ), 194, 470 (1962).
(8) V. V. Daniel, “ Dielectric Relaxation,” Academic Press, London, 

1967, Chapter 5.
(9) K. H. Illinger and C. P. Smyth, J. C h em . Phys., 35, 392 (1961).
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TABLE I: Summary of Results for (Air Saturated) Liquids at 25°

Benzene (Lit.) Cyclohexane (Lit.) Dioxane (Lit.) Uncertainty

Density, g/ml 0.8701 (0.8736)“ 0.7668 (0.7737)“ 1.0280 (1.0336)“ 0.0006
hD2 2.243 (2.244)“ 2.026 (2.026)“ 2.017 (2.023)“ 0.001
h HCN2 2.262 (2.284)“ 2.000 (2.014)“ 2.150 (2.160)e 0.01
fo 2.272 (2.274)“ 2.016 (2.015)“ 2.235 (2.209)“ 0.001
M, g/mol 78.11 84.16 88.11
V, cm3/mol 89.771 109.755 85.710 0.07
Rd, cm3/mol 26.30 27.98 21.69 0.02
Rfir, cm 3/mol 26.6 27.4 23.7 0.2
P, cm3/mol 26.80 27.77 25.00 0.02

“ "Selected Values of Properties of Hydrocarbons and Related Compounds," American Petroleum Institute Research Project 44 (1968) for liquids 
with the air removed. " A. A. Maryott and E. R. Smith, "Table of Dielectric Constants of Pure Liquids," NBS Circular No. 514, U. S. Government Printing 
Office, Washington, D. C., 1951. 1 20° values from the “Handbook of Chemistry and Physics,” 47th ed, Chemical Rubber Publishing Co., Cleveland, 
Ohio, 1966. “ J. E. Chamberlain, E. B. C. Weaver, H. A. Gebble, and W. Slough, Trans. Faraday Soc., 63, 2605 (1967). e Reference 13.

zable electron clouds, and dioxane provides strong electric 
fields to affect the distribution of electrons in the region 
near the carbon-oxygen bonds. But the data showed no 
such effect, indicating that the benzene-dioxane interac
tion does not significantly affect either the predominantly 
chair conformation of dioxane, the packing in solution, or 
specific interactions with the energy levels of benzene. It 
seems that the rapid chair-boat-reversed chair motion10 
precludes such effects. Dilution of a 50:50 mixture of 
benzene and dioxane with cyclohexane produces data 
which show only the excess volume due to the benzene- 
cyclohexane interaction.

The mixtures of cyclohexane with dioxane are quite 
ideal in both refraction and polarization behavior, sup
porting and extending earlier work on this pair.11 The 
small negative deviation in molar volume may be due to 
packing of the dioxane into the looser structure of cyclo
hexane.

The polarization measurements were carried out at 
three frequencies chosen because they fairly well separate 
the effects of electronic, vibrational, and rotational polar
ization. Most of the polarization is due to the electron 
cloud distortion produced in the presence of an electric 
field. Note that if the visible refraction is taken close to 
an absorption line in the ultraviolet and is not extrapolat
ed to zero frequency (by making several measurements in 
the visible, assuming a line shape, and solving for the ex
trapolated value), the value measured will be somewhat 
larger than the true electronic polarization.3 If the elec
tronic band has a large absorbance and the vibrational 
contribution to /¿fir is small, Rd may be greater than 
Rfir or P. This effect makes the visible polarization of cy
clohexane larger than the far-infrared or audio values. 
This also explains the deviations from linear additivity 
that are observed for Rd of the ternary mixtures. Correc
tions could be applied to Rd using empirical formulas and 
more extensive measurements in the visible region, but 
this would not produce a significant increase in informa
tion about molecular interactions.

The far-infrared and the audio values should be identi
cal if there are no (a) permanent dipole moments, (b) 
polar conformations for predominantly nonpolar species,
(c) polar impurities, and (d) collision-induced moments 
with a duration of 1 psec or more. The far-infrared values 
were not as precise as the audio values, but served as a 
check for nontrivial contributions from the above sources 
of polarity. Only in the case of 1,4-dioxane and its solu
tions was there a difference between the two values be

yond experimental uncertainty. This compound is known 
to exist in several conformations: the nonpolar oxygen 
chair, the somewhat polar carbon boat (dipole moment 
calculated to be 0.76 D, where 1 D = 10-18 esu cm), and 
the polar oxygen boat (dipole moment calculated to be
1.62 D). The calculations are based on the geometric 
additivity of the C-O-C group moment of 1.15 D from di
ethyl ether.12 The observed polarizations indicate a dipole 
moment of 0.25 D for the mixture of conformers under the 
experimental conditions.

The fraction of molecules in a nonpolar conformation 
may be computed as 1 — (M o b sd /V p o ia r )2 if there is only one 
polar conformation possible. Here there are two, so only 
limits may be set, and these are that between 90 and 98% 
of the dioxane is in the nonpolar conformation. This po
larity is not immediately evident from dielectric relaxa
tion work at microwave frequencies because the lifetime 
of the polar conformers is quite short. Relaxation here oc
curs predominantly by the fluxional path of polar-nonpo
lar-polar (oppositely directed) path rather than by the 
slower (for this molecule) path of overall rotation. This 
mechanism produces a broad absorption band in the far 
infrared whose characterization in terms of process fre
quency and band shape are not firmly based13 on theory. 
Relaxation work for dioxane, thioxane, and dithiane sup
ports this view,14 and several other systems have been 
shown to exhibit fluxional relaxation.2-15

Our conclusions for the ternary system benzene-cyclo- 
hexane-dioxane may be summarized as follows.

(1) The benzene-cyclohexane interaction does not sig
nificantly affect the charge distributions or energy levels 
of the molecules in the mixture compared to the pure liq
uids. The excess heat of mixing must arise from some 
other source.

(2) Rapid conformational changes in dioxane prevent 
the expected changes in charge distribution due to bond 
dipoles interacting with the ir electron cloud of benzene.

(3) As expected, the cyclohexane-dioxane interaction is 
essentially ideal, a slignt negative deviation in volume 
being perhaps due to packing.

(10) W. B. Smith and B. A. Shoulders, J. Phys. Chem., 69, 579 (1965).
(11) A. Vlerk, Z. Anorg. Chem., 261, 283 (1950).
(12) R. D. Nelson, Jr., D. R. Lide, Jr., and A. A. Maryott, Nat. Stand. 

Ref. Data Ser., Nat. Bur. Stand., No. 10 (1967).
(13) M. Davies, G. W. F. Pardoe, J. Chamberlain, and H. A. Gebble, 

Trans. Faraday Soc., 66, 273 (1970).
(14) J. Crossley, A. Holt, and S. Walker, Tetrahedron, 21,3141 (1965).
(15) R. D. Nelson, Jr., and C. P. Smyth, J. Phys. Chem., 69, 1006 

(1965).
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(4) Dioxane is at least 90 and probably over 98% nonpo
lar conformer, but is best viewed as a fluxional molecule 
with frequency of maximum conversion between confor- 
mers somewhat above 5 cm-1 (1.5 x 1011 Hz).

(5) The ternary system here may be used as a solvent 
system having variable amounts of ir electron cloud char
acter, but not for varying amounts of local electric field.
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The hindered rotation barriers of four thioamides have been determined using the best techniques avail
able. The proton magnetic resonance (nmr) spectra of Ar, V-dimethylthiocarbamyl cyanide reveals long- 
range intermethyl couplings 4J h h - The rotation barrier in terms of the free energy of activation is high in 
this molecule (23.5 ±  0.5 kcal/mol) and this suggests that the ir electron density at the nitrogen contrib
utes to the spin coupling. On reexamination of another amido-type molecule, N,N-dimethylnitrosamine, 
also with a high barrier (22.5 ±  0.5 kcal/mol) the hitherto unreported 4 J h h  coupling is confirmed. It is 
suggested that this long-range coupling will correlate well with energy barriers in amides. The complete 
line shape fits were accomplished using both eight-site and two-site formulations. Because the coupling 
to chemical shift ratios are so small, the error in use of the two-site approximation is negligible. Reinves- 
tigaticn of .VN-dimethylthiocarbamyl chloride gives kinetic parameters essentially in agreement with 
previous studies. Long-range coupling 4 J h h  occurs in A\ A'-dimethylthiocarbamyl fluoride and assists in 
the assignment of the methyl peaks. The compound ¡V,/V-dimethy 11hiourea has a much lower barrier to 
rotation (13.9 ±  0.2 kcal/mol). The energy barriers are explained in terms of valance bond theory. In 
general the thio compounds have an energy barrier approximately 2 kcal/mol higher than corresponding 
amides. Using the present study of the thiourea, our previous study of A/Ai-dimethylselenourea, and va
lence bond structures, the hindered barrier in N, .'V-dimethylurea is estimated. This estimate agrees well 
with a value 2 kcal/mol lower than the measured thiourea barrier. The failure to detect the estimated 
barrier of 11 kcal/mol in the urea compound is ascribed to chemical shift degeneracy.

In tro d u ctio n

There have been many studies of amides and amido-' 
type molecules by nuclear magnetic resonance (nmr)2“4 
but because of the difficulties in properly measuring the 
rates of hindered rotation about the N-C bond, there ex
ists only a small quantity of reliable data on these energy 
barriers. These data are not organized well enough to 
cover related structural series of amido-type systems, en
abling separation of the contributing factors which deter
mine the energy barriers experimentally or theoretically.5“9 
In our laboratory we have adopted the point of view that 
amide rotation rates provide a stringent test of the 
capabilities of the tec hniques of measurement of rate pro
cesses via the contributions to transverse nuclear spin re
laxation and the effect on nmr line shapes.10 In general 
the chemical shifts are small between iV-methyl groups 
and long-range coupling,11 which has largely been ignored 
hitherto, must be included in the theoretical analysis as 
well as many other precautions.5“7’12 The measurement of 
AG* is not, in general, sufficient, nor accessible, by sim
ple coalescence temperature measurements in multisite

exchange involving unknown chemical reaction mecha
nisms and it is to this end that the power of the nmr tech
nique can be used to greatest effect.13’14 

The almost complete absence of studies of a series of re
lated amides is a serious drawback in any analysis of the

(1) Research supported by the National Research Council of Canada in 
grants to L. W. R.

(2) (a) H. Kessler, A g ne w . C hem ., Int. Ed. Engl., 9, 219 (1970); (b) W. 
E. Stewart and T. H. Siddall, III, C h em . Rev., 70, 517 (1970).

(3) T. H. Siddall and W. E. Stewart, Progr. N ucl. M a g n . R e s o n a n c e  
Sp e c t ro s .,  5, 33 (1969).

(4) G. Blnsch, Top. S te re o ch e m ., 3, 97 (1968).
(5) L. W. Reeves and K. N. Shaw, Can. J. C hem ., 49, 3671 (1971).
(6) L. W. Reeves, R. C. Shaddlck, and K. N. Shaw, Can. J. C hem ., 49, 

3683 (1971).
(7) P. T. Inglefield, E. Krakower, L. W. Reeves, and R. Stewart, Mol. 

Phys., 15, 65 (1968).
(8) M. T. Rogers and J. C. Woodbrey, J. Phys. C hem ., 66, 540 (1962).
(9) M. Rabinovitz and A. Pines, J. A m er. C h em . So c .,  91, 1585 (1969).

(10) A. Allerhand, H. S. Gutowsky, J. Jonas, and R. A. Meinzer, J. 
A m er. C h em . So c .,  88, 3185 (1966).

(11) V. J. Kowalewskl and D. G. Kowalewskl, J. C h em . Phys., 33, 1794 
(1960).

(12) L. W. Reeves and K. N. Shaw, Can. J. C hem ., 23, 3641 (1970).
(13) S. O. Shan and L. W. Reeves, J. A m er. C h em . S o c .,  in press.
(14) S. O. Shan and L. W. Reeves, J. Am er. C h em . S o c .,  in press.
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factors which influence the hindered rotation (HR). Now, 
having the necessary techniques to make reliable mea
surements, we propose to study a carefully selected series 
and to attempt an analysis of contributing factors at sev
eral levels of sophistication.15’16 In this present work the 
emphasis is on the determination of activation parameters 
for HR in related thioamides. Previous work on these 
compounds has not been extensive in varying the molecu
lar structure in a regular manner.17-22 One isolated mea
surement has been made on a selenourea compound.23 
Experimental Section

It is convenient to refer to amido-type molecules by a 
short-hand notation. Let the molecule (CHs)2NC(X)=Y, 
be described by a function x in the following way: Yx(X). 
In this notation, for example, Ar, A'-dimethylthiocarbamyl 
fluoride may be written Sx(F).

(i) Preparation of Compounds. (A) N,N-Dimethylthio- 
carbamyl fluoride was prepared by adding 18 g of pow
dered silver fluoride (Alfa Inorganics) in small portions 
over 10 min to 13.9 g of bis(dimethylthiocarbamyl) disul
fide (Eastman Kodak Co.) dissolved in 100 ml of acetoni
trile at 30-40°. The mixture was stirred continuously, and 
as the reaction is instantaneous it is important to prepare 
the AgF in the form of fine granules since a layer of Ag2S 
on the surface of the AgF rapidly hinders the reaction. 
The formation of Sx(F) was completed on stirring for an 
additional 20 min. The basis for this preparation has been 
described by Goshorn, et al.2i After the acetonitrile was 
removed using a rotary evaporator the residue was washed 
thoroughly with ether, the ether was also removed, and 
then the viscous residue was vacuum distilled. The final 
product boiling point was 31° at 1.5 ±  1 Torr. The Sx(F) 
was classified by ir and nmr spectroscopy and was found 
to be unstable at temperatures above 30°. It should be 
noted that the reaction of SbF3 with Sx(Cl), under the 
conditions suggested by Schrader25 and Metzger and Wil
son26 was particularly violent and Sx(F) could not be iso
lated from the reaction mixture.

The sample used for nmr kinetic study consisted of an 
18.2 mol % solution of Sx(F) in tetrachloroethane (TCE) 
with 4.6 and 1.1 mol % of dioxane and hexamethyldisiloxane 
(HMDS), respectively, sealed in a medium-walled sample 
tube under N2 at a pressure of about 500 Torr.

(B) N,N-Dimethylthiocarbamyl chloride was obtained 
from the Aldrich Chemical Co., and was purified by dou
ble recrystallization from pentane. This compound may 
also be prepared by a method described by Goshorn24 for 
the corresponding diethylthiocarbamyl chloride. The nmr 
sample was a 20.4 mol % solution of Sx(Cl) in CCI4  with 
dioxane and HMDS as for Sx(F) above.

(C) N,N-Dimethylthiourea was prepared by a method 
similar to that proposed by Bennett, et al.,21 for unsym- 
metrical ureas. A mixture of 10 g of dimethyl cyanamide 
(K & K Laboratories), 20.2 ml of concentrated ammonium 
hydroxide, and 6.8" ml of H2O was stirred in a round-bot
tom three-necked flask while H2S was bubbled slowly 
through the mixture for 90 min. during which time the 
temperature was controlled between 20 and 30°. The tem
perature of the bath was then reduced to 5-10° and the 
solution was stirred for an additional 2 hr while a white 
precipitate formed. The precipitate was filtered cold and 
washed with ice-cold aqueous ethanol. The product was 
further purified by recrystallization from benzene as Fine 
white needles. The final yield was greater than 35%.

The nmr sample was prepared and sealed under vacu
um in a medium-walled tube as a 3.6 mol % solution of

Sx(NH2) in TCE. At this concentration Sx(NH2) formed 
a near-saturated solution. 1.5 and 0.9 mol % of dioxane 
and HMDS, respectively, were also added to the sample.

(D) N.N-Dimethylthiocarbamyl bromide, Sx(Br), could 
not be isolated from a solution of Sx(Cl) in acetonitrile 
saturated with HBr in a manner analogous to the prepara
tion of Ox(Br).15 Bubbling HBr into the Sx(Cl) solution 
appeared to cause immediate decomposition. A second 
preparation was attempted by allowing 15 g of bis(di- 
methylthiocarbamyl) disulfide dissolved in 125 ml of 
acetonitrile to react with 5 ml of Br2 in the same solvent. 
Although a rapid reaction took place and a yellow precipi
tate formed, the required product again could not be iso
lated.

(E) A sample of N.N-dimethylthiocarbamyl cyanide 
was kindly provided by Professor Jan Sandstrom. This 
was used without further purification as a 3 mol % solu
tion in TCE containing 1.2 mol % HMDS. The nmr tube 
was of medium thickness and sealed under N2 at a pres
sure of about 500 Torr.

(F) N,N-Dimethylthiocarbamyl azide was prepared by a 
method previously described for the corresponding car- 
bamyl azide.15 A mixture of 100 ml of acetonitrile, 11.2 g 
of sodium azide, and 2C g of Sx(Cl) was stirred at 40° for 
28 hr and a bright yellow solid formed. The acetonitrile 
was taken off in a rotary evaporator and the resultant 
slurry was taken up in benzene at 45°, filtered, and again 
separated. However, a vacuum distillation (135-145°, 4-6 
Torr) caused some decomposition. A sample was prepared 
as a 20 mol % solution in CCI4 but further decomposition 
prevented a reliable kinetic study.

(ii) Methods. All studies of exchange modified XH nmr 
spectra were made using an HA-100 spectrometer and 
total line shape analyses as already described.6’12-15 
The computer program GPLONK was used for iterative 
line shape fitting of digitized experimental data. It is now 
well recognized that total line shape analyses give the 
most reliable rate constants, and hence activation param
eters, from nmr studies but some additional comments 
are probably in order. Standard regressional techniques5 
are used to determine the “ best fit” Arrhenius plot and 
thus error estimates of the slope and intercept based upon 
the data scatter are available. However, it is of some con
cern to know that these statistical errors are representa
tive of the real errors in derived activation parameters. If 
rate constants arbitrarily close to the true values, as de
termined by a minimum line shape fit deviation, are 
available it is not necessary to weight the ordinate Ar
rhenius plot points. Similarly, if temperature control is 
adequate, abscissa error bounds may be neglected. Now 
by varying the position of specific points in an Arrhenius
(15) E. A. Allan, R. F. Hobson, L. W. Reeves, and K. N. Shaw, J. Am er. 

C h em . Soc., 94, 6604 (1972).
(16) R. F. Hobson and L. W. Reeves, J. M a g n . R e s o n a n c e ,  In press.
(17) A. Lowensteln, A. Melera, P. Rigny, and W. Walter, J. Phys. 

Chem .. 68, 1597 (1964).
(18) R. C. Neuman, Jr., and L. B. Young, J. Phys. C hem .. 69, 2570 

(1965).
(19) G. Isaksson and J. Sandstrom, A c ta  C h em . S ca n d .,  21, 1605

(1967).
(20) J. Sandstrom, J. Ph ys. C hem ., 71,2318 (1967).
(21) C. E. Holloway and M. H. Gitlitz, Can. J. C hem ., 45, 2659 (1967).
(22) T. H. Siddall, III, and W. E. Stewart, J. Org. C hem ., 32, 3261 

(1967).
(23) L. W. Reeves, R. C. Shaddlck, and K. N. Shaw, J. Phys. Chem ., 

75,3372 (1971).
(24) R. H. Goshorn, W. W. Levis, Jr., E. Jaul, and E. J. Ritter, Org. 

Syn.. 35,55 (1955).
(25) G. Schrader, "British Intelligence Objectives Subcommittee," Final 

Report No. 714 B.I.O.S., Information Section, London, 1945.
(26) H. P. Metzger and I. B. Wilson, J. Biol. Chem .. 238, 3432 (1963).
(27) F. Bennett and R. Zlngaro, Org. Syn.. 36, 23 (1956).
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plot the sensitivity of the final activation parameters to 
possible errors may be considered, as outlined recently by 
Becker, et al.2& Systematic errors in temperature tend to 
cause a translation of the line accompanied by a small 
rotation, while errors caused by incorrect chemical shifts 
and line widths in the absence of exchange or field inhom
ogeneity line shape distortions are reflected as a rotation 
of the plot about a point slightly above that corresponding 
to the coalescence temperature. It appears that fluctua
tions in temperature up to 1° are almost insignificant so 
far as the free energy of activation AG* is concerned (over 
a large temperature range) but may be an order of magni
tude more significant for the entropy of activation AS*. 
An ideal situation with temperature-independent chemi
cal shifts and equivalent line widths in the absence of ex
change, measurable from a nonexchanging symmetrical 
resonance line with a natural line width of 0.3 Hz or less, 
permits an estimate of AG* to within 0.1 kcal/mol; but 
AS* is still an order of magnitude more sensitive to 
systematic errors. Therefore, in general, the regressional 
error quoted for AG* is representative of the true error 
while such an error is less significant for AS*. This has 
also been illustrated by a survey of all available data for 
the hindered rotation in N, N-dimethylcarbamyl chlo
ride.15

Since the entropy of activation is very sensitive to ex
perimental errors this parameter may be used as a check 
for internal reliability. That is, if the upper and lower 
bounds for AS* can be independently obtained for a spe
cific type of kinetic (exchange) process, and the interval 
so defined is sufficiently small, these bounds may be di
rectly compared with those derived from an Arrhenius 
plot. In this manner, once the reliability of the overall ex
perimental method has been established, other exchange 
systems which are not expected to have AS* values within 
the prescribed interval may be studied with some confi
dence. The activation energy for HR in simple amides and 
thioamides is largely determined by changes in the bond
ing forces while the entropy of activation reflects changes 
in the freedom of atomic motion.29 Also, as only about 12 
normal vibrational modes are involved and the major 
structural change on entering the transition state is the 
lengthening of the N-C bond which is compensated for by 
a shortening of the C=S bond, the internal rotation to 
first order is a simple statistical function. Since the am
ides can rotate about the N-C bond in two distinct direc
tions it may be assumed that the upper bond for AS* is R 
In 2 1.4 cal deg- 1 mol-1  with a lower bound of zero.
This relatively small interval corresponds to an error in 
AG* of 0.1 kcal/mol. Furthermore, as there are two possi
ble transition states for amides2b with very different dipo
lar characteristics, AS* may be positive or negative de
pending upon the solvation structure involved for a 
thioamide in solution. Therefore, if the maximum allow
able error in AG* is 0.5 kcal/mol, the corresponding error 
in AS* is about 4 cal deg-1 mol-1 and hence the experi
mentally determined value is considered to be acceptable 
if it is in the range from -4.0 to 4.0 cal deg“ 1 mol“ 1. 
These entropy bounds may be compared with AS* = 3.6 
cal deg“ 1 mol" 1 as measured for the inversion of cyclo
hexane.30

Results

N,N-Dimethylthiocarbamyl Cyanide. This compound 
has previously been studied by Sandstrom,20 who used o- 
dichlorobenzene as a solvent with a concentration of

Sx(CN) of 33.3 mol %. The chemical shift between the 
¡V-methyl protons was reported as 0.2 ppm while the acti
vation parameters agree satisfactorily with those reported 
here. In the present work we have used a less polar solvent 
and found unexpected but interesting spin-coupling fea
tures in the spectrum, which require at least a test of the 
validity of using only two sites to describe the exchange.12 
In TCE the spectrum of Sx(CN) shows two chemically 
shifted quartets (slow exchange limit).

(A) Me^ S
N—  c /

(B) Ue/  CN
The long-range coupling, referred to the above canonical 
structure, arises from inter-methyl spin-spin interactions. 
This is the first reported case of H-C-N-C-H 4Jhh split
ting. In view of the previously known high barrier in 
Sx(CN)20 it seems reasonable that the unusually high 
electron density in the N-C bond might, at the nitrogen, 
provide a coupling mechanism for the methyl proton 
spins. If this premise were true, then other amido-type 
molecules with a high barrier should also show intermeth
yl proton spin coupling under appropriate conditions. This 
led us to reinvestigate the spectrum of N.N-dimethylni- 
trosamine (DMN). We observed intermethyl coupling in 
this compound at a concentration of 92 mol % in tetrabro- 
moethane. The spin coupling constants seem to depend on 
solvent, temperature, and concentration in a somewhat 
unpredictable way. The values of 4JHh are both in the 
range 0.25 ±  0.05 Hz. We have known for some time that 
the resolution of the cis and trans couplings in Ox(H) de
pends on the solvent31 and since the barrier in this com
pound is also high (AG* 21 kcal/mol) the apparent loss 
of resolution in the spectrum may be connected with the 
appearance of unresolved long-range inter-methyl proton- 
proton spin-spin coupling. Now that techniques of Fourier 
Transform Carr-Purcell “J” spectra are available to mea
sure extremely small couplings (down to ~0.01 Hz),32 
these results suggest a study of these long-range couplings 
as a function of AG* for the HR.

The N-methyl proton chemical shifts of Sx(CN) dis
played a slight linear dependence upon temperature vari
ation. The low-field feature was most sensitive with their 
separation ranging from 0.178 ppm at 130.2° to 0.108 ppm 
at 171.0°. We predict from this and other unpublished re
sults33 that Aoi < 0 or the methyl protons cis to sulfur ap
pear at low field. This is opposite to our findings for the 
compound Ox(CN) and indicates that, when compared 
with CN, sulfur has a more diamagnetic effect than oxy
gen.

N,N-Dimethylthiocarbamyl Fluoride. This compound 
has not previously been examined and the spectrum in the 
slow exchange limit reveals long-range couplings to both 
TV-methyl groups from the fluorine nucleus. At room tem
perature Jtrans = 2.5 ± 0.05 Hz but a small variation in 
temperature of these couplings can be detected. At the 
highest temperature used (139.2°) the couplings extrapo-
(28) R. R. Shoup, E. D. Becker, and M. L. McNeel, J. Phys. C hem ., 76, 

71 (1972).
(29) A. Streitwieser, Jr., “ Molecular Orbital Theory tor Organic Chem

ists,” Wiley, New York, N. Y., 1961, p 311.
(30) F. A. L. Anet and A. J. R. Bourn, J. A m er. C h em . S o c .,  89 760 

(1967).
(31) V. J. Kowelewski, private communication.
(32) R. L. Void and S. O. Chan, J. M agn . R e s o n a n c e ,  4, 208 (1971); R. 

Freeman and D. W. Hill, J. C hem . Phys., 54, 301 (1971); R L 
Void and R. R. Shoup, ibid., 56, 4787 (1972).

(33) R. F. Hobson, Ph.D. Thesis, The University of Waterloo, 1972.
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TABLE I: Summary of Kinetic Results

Compd Mol % Solvent
Ea,

kcal/mol
AH*(25°),
kcal/mol

AS*, cal 
deg-1 mol-1

AG*(25°),
kcal/mol

Temp range,
°C

Sx(CN) 1.9 TCE 25.2 ±  0.5 24.6 ±  0.5 3.8 ±  1.1 23.5 ±  0.5 130-171
Sx(F) 18.2 TCE 21.4 ±  0.5 20.8 ±  0.5 0.2 ±  1.2 20.7 ±  0.5 51-140
Sx(CI) 20.0 e c u 18.3 ±  0.3 17.7 ±  0.3 -3 .3  ±  0.9 18.7 ±  0.3 40-98
Sx (NH2) 3.6 TCE 13.7 ±  0.2 13.1 ±  0.2 -2 .8  ±  0.8 13.9 ±  0.2 -2 9 -7 0

Figure 1. Fitted spectra for Sx(F) [experimental crosses over 
computer-simulated spectrum): top left k = 0.07 se c -1 , T =  
50.9°, width = 39.05 Hz; top right k = 13.1 s e c -1 , T = 109.1°, 
width = 47.00 Hz; bottom left k =  28.2 s e c -1 , T = 120.4°, 
width = 34.01 Hz; bottom right k =  94.9 s e c -1 , T =  139.2°, 
width = 25.28 Hz.

late to Jtrans = 2.1 ±  0.05 Hz and Jcis = 0.23 ±  0.05 Hz. 
Because of the small magnitude of the cis coupling a rela
tive sign determination using the methods of multisite ex
change was not possible.5 The couplings were assumed to 
be of the same sign, consistent with previous determina
tions of relative signs in amides.5-7-34 A set of representa
tive line shape fits are included in Figure 1 while the acti
vation and rate data appear in Table I.

There is a strong linear dependence of the internal 
chemical shift Aw upon temperature variation. At 51°
|Aoj | = 0.190 ppm. This variation is manifest mainly by 
the high-field methyl feature, which also displays the 
largest scalar coupling. These data indicate that Aw > 0, 
oposite to Sx(CN). The parent compound, Ox(F), was re
ported to have a chemical shift |Aw| + 0.01 ppm while 
the larger scalar coupling, also appearing at high field, 
was given as Jtrans = 0.8 Hz, and Jcis = 0.3 Hz. Since the 
cis and trans 7r couplings are expected to be similar,35 the 
large differences between trans couplings in Ox(F) and 
Sx(F) are thought to be effects brought on by increased 
asymmetry in the ground-state wave function due to the 
presence of sulfur. Thus the changes caused by substitu
tion indicate that Aw may be allied to Jtrans (in mecha
nism) while JCis derives from a somewhat substituent in
dependent effect, or effects which largely cancel one an
other.

N,N-Dimethylthiocarbamyl Chloride. Sx(Cl) has pre
viously been studied. Newman, et al.,3e found AG* = 19.0 
kcal/mol at 266°K while Sandstrom20 reports 19.1 kcal/ 
mol at 250.2°K. The solvent for the former study was 94 
mol % CCU while the latter used 73 mol % o-dichloroben-

zene. Both of these numbers appear slightly high. The ki
netic data for this simple two-site case appears in Table I.

There is a small nonlinear dependence of Aw upon tem
perature, varying from 2.1 Hz at 30° to 1.8 Hz at 95°. We 
have estimated Aw > 0, curiously similar in sign and 
magnitude to Aw for Ox(F)5 suggesting that the d orbital 
contributions to the magnetic anisotropy at the N-methyls 
by sulfur and chlorine are similar in magnitude but differ 
in sign. The free energies of activation for these com
pounds are also the same within experimental error. A 
possible trend is now apparent, namely, that AG* and Aw 
will be similar in the series Ox(F), Sx(Br), Sex(Br); 
Ox(Cl), Sx(Br), Sex(I); etc. A consequence is that Aw for 
Ox(Br) and Sx(Br) is almost degenerate,33 a prediction 
which should be experimentally tested once Sx(Br) is iso
lated.

N,N-Dimethylthiourea. This compound displays a large 
internal chemical shift, |Aw|, varying linearly from 0.313 
ppm at -29° to 0.234 ppm at +70°. The low-field methyl 
feature is most sensitive implying Aw < 0. The kinetic re
sults are summarized in Table I.

Discussion
The present study extends considerably the reliable 

energy barrier determinations for thioamides. The free 
energies of activation (in kcal/mol at 25°) for the present 
work are Sx(CN), 23.5 ±  0.5; Sx(F), 20.7 ±  0.5; Sx(Cl),
18.7 ±  0.3; and Sx(NH2), 13.9 ±  0.2. The corresponding 
AG* values for the simple amides are Ox(CN), 21.4 ±
0.6;16 Ox(F), 18.1 ±  O.6:5 Ox(Cl), 16.5 ±  0.5;16 and an es
timated barrier of approximately 5.0 for Ox(NH2>.2b The 
estimate for 0 x(NH2) was not made from nmr data quan
titatively but was suggested as upper limits, set because 
the variation with temperature of the spectrum showed no 
effects attributable to decrease in exchange rate.2b As was 
pointed out in a recent note23 the barriers in thioamides 
are generally about 2 kcal/mol higher than in correspond
ing oxyamides while selenoamides possess barriers about 1 
kcal/mol higher again. The regularity of trends thus 
makes the hitherto estimated barrier for Ox(NH2) quite 
incongruous.

The increase in the energy barrier for this compound is 
connected, in valence band terms, with a greater contri
bution from canonical structure II because the C=S bond 
has less double bond character than the C = 0  bond. The

/S  / S~f  + /
Me2N— Me2N = C ^

X X
I II

(34) A. J. R. Bo.urn and E. W. Randall, Mol. Phys.. 8, 567 (1964).
(35) J. A. Pople, W. G. Schneider, and H. J. Bernstein, ‘High-Resolution 

Nuclear Magnetic Resonance," McGraw-Hill, New York, N. Y., 
1959, p 35.

(36) R. C. Newman, Jr., D. N, Roark, and V, Jonas, J. A m er. C hem . 
S o c ., 89, 3412 (1967).
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barrier appears to be a similar function of the substituent 
X  in both amides and thioamides. The sharing of delocal
ized 7r energy in related urea structures leads to a much 
lower energy barrier. Major contributing canonical valence 
bond structures for Ox(NH2) can be written in three 
forms (IH-V).

Me,N

OII O"I
~0

II
/ c \

nh 2 MejN NH2 Me2N I
in IV V

NH2

Ignoring the small effect of methyl substitution (in 
place of hydrogen) on nitrogen, the N-C bond 7r electron 
density in Ox(NH2) will be approximately one-half of that 
in the simple amide Ox(H). Thus, taking AG* = 21 ±  0.5 
kcal/mol for Ox(H),2b the estimated AG* in Ox(NH2) be
comes 10.5 kcal/mol. This value agrees quite well with an 
estimated 11.9 kcal/mol that can be obtained by using a 
figure of 2 kcal/mol less than the thiourea Sx(NH2). The 
reason that research workers have failed to detect a bar- 

, rier to rotation in Ox(NH2) is most rationally explained 
by a small internal chemical shift which approaches zero 
(and then changes sign) at temperatures which are low 
enough to slow down the rotation significantly.

S u r fa c e  A c id ity  o f  T ra n sition  M eta l M o d ifie d  A lu m in a s . In fra red  a n d  N u c le a r  M a g n e t ic  
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The surface acidity of transition metal modified aluminas was investigated by means of pyridine adsorp
tion. Both infrared and wide-line nmr spectroscopy of adsorbed pyridine were studied. It was observed 
that alumina and both Co and Ni impregnated alumina contained only Lewis acid surface sites, whereas 
alumina impregnated with Mo, either in the presence or absence of Co or Ni, contained both Lewis and 
Br/nsted surface acid sites. Relationships between the ratio of the various types of Lewis to Br/msted 
surface acid sites and integrated infrared absorption bands were derived. The Lewis to Br^nsted acid site 
ratios were approximately the same with calcined and reduced modified aluminas. Wide-line nmr spec
tra indicate that the physically adsorbed pyridine on both calcined and reduced modified aluminas has 
considerable mobility, while chemisorbed pyridine shows much broader spectra.

In troduction

Spectroscopic investigations of surfaces have received 
considerable attention in recent years because they can 
provide information about the interaction between ad
sorbed species and the surface. Surface acidity is one 
property that has received particular attention for it can 
play a significant role in determining the behavior of solid 
surfaces.1 A variety of probe molecules has been utilized 
to both qualitatively ascertain the acidity as well as pro
vide a measure of the distribution and strength of the acid 
sites.

Pyridine, which is both a Lewis and Br/nsted base, has 
been used successfully as a probe to characterize the acid
ity of oxide surfaces.1-10 The ability to distinguish Lewis 
and Br^nsted surface acidity using a pyridine probe has 
resulted in studies of the following surfaces, inter alia: tj- 
AI2O3,2 y-ALOa,3 5-AI2O3,4 silica-alumina,5-6 zeolites,7-9 
and chromia.10 Recent compilations of surfaces studies 
are given by Tanabela and Basila.lb

The surface properties of the above oxides are signifi
cantly altered by incorporation of a second metal oxide.

The manner in which the surface acidity is modified upon 
such an addition is the subject of this investigation.

Parry2 showed that pyridine adsorbed on either Lewis or 
Br0nsted acid sites of an oxide surface will produce sharp 
bands in the infrared spectral region 1400-1650 cm-1.

(1) (a) K. Tanabe, "Solid Acids and Bases,” Academic Press, New 
York, N. Y., 1970; (b) M. R. Baslla, Appl. S o e c t r o sc .  Rev., 1, 289
(1968) .

(2) E. P. Parry, J. Catal., 2,  317 (1963).
(3) (a) T. R. Hughes and H. M. White, J. Phys. C hem ., 71, 2192 

(1967); (b) T. R. Hughes, H. M. White, and R. J. White, J. Catal., 
13, 58 (1969).

(4) (a) H. Knozlnger and H. Stolz, Fortsch r. Kollo id. Po lym ., 55, 16 
(1971); (b) H. Stolz and H. Knbzinger, Kollo id-Z . Z. Po lym ., 243, 
71 (1971).

(5) M. R. Baslla, T. R. Kantner, and K. H. Rhee, J. Phys. C hem ., 68, 
3197 (1964); M. R. Basila and T. R. Kantner, ibid.. 70, 1681 
(1966).

(6) P. Pichat, M. V. Mathieu, and B. Imelik, Bull. S o c .  Ch im . Fr., 2611
(1969) .

(7) J. W. Ward and R. C. Hansford, J. Catal., 13, 154 (1969), and ref
erences therein.

(8) M, Lefrancols and G. Malbois, J. Catal., 20, 353 (1971), and refer
ences therein.

(9) L. G. Chrlstner. B. V. Llengme, and W. K. Hall, Trans. F a r a d a y  
So c .,  64, 1679 (1968).

(10) A. Zecchina, ef a/., J. Ph ys. C hem ., 76, 571 (1972).
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These absorption frequencies and the species responsible 
for the absorptions are as follows: 1450, 1490, 1580, and 
1600-1630 cm 1 for pyridine chemisorbed to a Lewis acid 
surface site; 1490, 1540, 1620, and 1640 cm“ 1 for pyridine 
chemisorbed to a Br^nsted acid surface site, i.e., an ad
sorbed pyridinium ion.2 The actual values of these 
frequencies are dependent upon the particular oxide sur
face studied as well as the temperatures employed for 
both the oxide pretreatment and the adsorption-desorp
tion of pyridine. The normal vibrational modes giving rise 
to these absorptions, except for the 1540-cm-1 pyridinium 
absorption, are primarily pyridine in-plane ring deforma
tions. The 1540-cm“ 1 absorption of the pyridinium ion 
arises primarily from the in-plane NH+ deformation.2-5

Pyridine adsorbed on the following modified aluminas 
was studied in order to elucidate the nature of the acidic 
sites: 2% M0O3/ 7/-AI2O3, 6% M0O3/VAI2O3, 9% M0O3/  
1J-AI2O3, 10% M0O3/ 7 -AI2O3, 2% Co-10% Mo0 3/ 7?-Al203, 
2% Ni-10% M0O3/VAI2O3. The percentages indicate the 
weight per cent of the transition metal relative to the 
weight of the entire catalyst. Also investigated, to aid in 
the above elucidation, was the conversion of chemisorbed 
pyridine on 77-AI2O3 to adsorbed pyridinium ion via the 
addition of HC1. The structural implications of the mea
surements of acidity reported here will also briefly be dis
cussed.

Experimental Procedure
A. Materials. The modified aluminas were prepared by 

standard impregnation techniques. M0O3 was impregnat
ed on the base alumina (either n or 7 ) from an aqueous 
solution of ammonium paramolybdate. CoO and NiO were 
incorporated using aqueous solutions of Co(NC>3)2 and 
Ni(NC>3)3, respectively. The preparations were dried at 
100° for 2 hr, then calcined at 5003 for 18 hr in a current of 
dry air.

B. Spectroscopic Procedures. For ir investigation, sam
ples were ground into a fine powder and that portion 
which passed through a AA-p sieve was used to prepare 
thin wafers. The wafers, which were 1 in. in diameter, 
were obtained by pressing ~  100 mg of material at a pres
sure of ~8000 psi for a time period ranging from 0.5 to 1 
min. All treatments of the wafers were carried out after 
the wafer was mounted in the infrared cell. The cell was 
attached to a standard vacuum system in which the ulti
mate pressure achieved, with pumping, was ~10" 6 Torr. 
The infrared cells used were similar to those described by 
Basila.5

Initially, the wafer was evacuated at 500° for 16 hr. Re
duction of the wafer was accomplished by flowing H2 at a 
rate of ~20 cc/min at 500° for a period of 4 hr. This was 
immediately followed by further evacuation at 500° for 4 
hr.

Pyridine was added to the wafer surface by exposure to 
12 Torr of vapor at 150° for 1 hr, followed by 2 hr of evac
uation at the same temperature. The spectrum usually in
dicated hydrogen-bonded pyridine, which is characterized 
by absorptions in the region 1440-1450 cm-1 and at 1600 
cm-1 .2 The wafer was then further evacuated at 150° for 
16 hr. Spectra recorded after this treatment indicated 
only chemisorbed pyridine. Other evacuation tempera
tures and time periods were used, and these are specified 
in the text. The addition of HC1, the purpose of which 
was to convert adsorbed pyridine to adsorbed pyridinium 
ion, was accomplished by exposing the catalyst containing

adsorbed pyridine to ~2 Torr at room temperature, and 
then isolating the infrared cell from the vacuum line. 
Spectra were recorded with the catalyst in the HC1 atmo
sphere.

All spectra were recorded at ambient temperature on a 
Beckman IR-12 infrared spectrophotometer, which was 
continually flushed with dry air. The cell was positioned 
in the instrument for at least 2 hr prior to the recording of 
a spectrum. The spectrophotometer was frequently cali
brated using a polystyrene film, and all frequencies pre
sented are accurate to within 2 cm“ 1. The spectral slit 
width was 4 cm“ 1 throughout the entire spectrum. The 
reference beam was attenuated using either a wedge or 
wire screen.

The integrated band intensities were obtained with a 
planimeter. Each integrated band intensity was generally 
reproducible to within a relative error of less than 1%. In 
a few unfavorable cases, this relative error was at most 
less than 2%. The integrated band intensities obtained 
from the spectra of a wafer undergoing various treatments 
were normalized to an integrated band intensity from the 
same sample within the same series of treatments.

The values of parameters obtained from integrated 
band intensity ratios are the average values determined 
from at least two series of spectra. Each series of spectra 
was from a different wafer preparation of the same mate
rial, subjected to identical treatment.

The absolute values of the integrated band intensities 
due to absorptions of chemisorbed pyridine did change 
during a time interval of 8 hr to 4 days. However, the ra
tios of integrated band intensities were within 4% of each 
other. The values of ratios reported were those obtained 
within 8 hr of the last wafer treatment.

Nuclear magnetic resonance experiments were carried 
out with standard Varian V-4200A nmr spectrometer 
equipped with Fieldial for magnetic field scanning. The 
first derivative of the resonance absorption was recorded 
at 11.09 MHz using 40-Hz audiomodulation of the field 
with sufficiently low peak-to-peak amplitude to prevent 
artificial broadening. Intensities were obtained from the 
peak-to-peak line width and amplitude of the first-deriva
tive curves, and they were normalized to the intensity of a 
standard sample run under identical conditions.

Results and Discussion
A. Pyridine Adsorbed on V-AI2O3 and 7 -A/2O3. Figures 

1A, IB, and 1C present the spectra of pyridine adsorbed 
on calcined 7J-AI2O3 and Table I the observed absorption 
maxima. The absence of absorption bands in the spectral 
region from ~1430 to ~1450 cm“ 1 and at ~1600 cm“ 1 in 
these spectra indicates that no detectable hydrogen-bond
ed pyridine is present on the tj-ALOb surface.2

A comparison of the two spectra presented in Figures 
1A and IB shows that evacuation at 500° for 1 hr results 
in the disappearance of the 1618-cm“ 1 absorption band 
and a shift of that at 1453 to 1457 cm "1. This effect is at
tributed to the presence of two distinct chemisorbed 
species upon the 7j-Al20 3 surface. The adsorbed species 
more strongly bonded to the surface has characteristic ab
sorption maxima at 1625, 1578, 1496, and 1457 cm-1, 
whereas these occur at 1618, 1578, 1496, and 1453 cm-1 
for the more labile adsorbed species. These results are 
consistent with those reported by Parry.2

The existence of two adsorbed species demonstrates 
that there are two distinct types of Lewis acid sites on the
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TABLE i: Observed Infrared Spectra of Chemisorbed Pyridine in the Region 1400-1650 cm

Chemisorbed species 
present0Sample

Treat
ment“ Observed frequencies, cm

1. Alumina
Calcined t7-AI20 3 B 1453 1496 1578 1618 1625 LPY (I), LPY(II)

C 1457 1496 1578 1625 LPY (II)
D 1453( +  ) 1489 1539 1612 1638 BPY ( +  , residual LPY)

Reduced i)-AI20 3 B 1453 1496 1578 1618 1625 LPY (I), LPY (II)
7-AI203 B 1456 1495 1574 1623 LPY

C 1458 1497 1574 1626 LPY
Modified alumina
2% M0 O3 / 77-AI2O3 B 1453 1495 1578 1618 (sh) 1623 LPY(I), LPY(II)

C 1457 1497 1576 1626 LPY (II)
6 % M o03/i?-AI20 3 B 1455 1495 1543 1578 1623 1640 LPY( I ), BPY«

C 1457 1497 1578 1625 LPY (II)
9% Mo0 3/)7-AI20 3 B 1456 1491 1543 1578 1614 1625 1640 LPY( I), BPY«
Reduced 9% M o03/V A I20 3 B 1455 1491 1543 1578 1614 1623 1640 LPY (il), BPY«
9% Co/ t)-AI20 3 B 1454 1495 1578 1619(sh) 1624 LPY (I). LPY (II)
2% Co-10% M0 O3 / A 1453 1492 1543 1578 1613 1624 1640 LPY (!), LPY (II), BPY

V-M 2O3 B 1453 1492 1543 1578 1613 1625 1640 LPY(I), LPY(II), BPY
2% Ni-10% M0 O3/ A 1453 1491 1543 1578 1612 1625 1640 LPY (I), LPY (II), BPY

77-AI20 3

10% Mo0 3/7-AI20 3 A 1453 1493 1542 1578 1620 1625 1640 LPY, BPY
B 1456 1493 1543 1578 1620 1625 1640 LPY, BPY
C 1458 1626d LPY

0 All catalysts are calcined only unless reduction is specified. The catalysts were exposed to 12 Torr of pyridine at 150° for 1 hr followed by A, evacua
tion for 2 hr at 150°; B, evacuation for 16 hr at 150°; C, evacuation for 1 hr at 500°; D, addition for 2 Torr of HCI. 6 The symbol (sh) refers to a distinct 
shoulder. c LPY(I), LPY(II), and BPY refer to pyridine chemisorbed to Lewis acid I, Lewis acid II, and Brpnsted acid surface sites, respectively. LPY re
fers to chemisorption at an unspecified Lewis acid site. a The spectrum obtained was too weak to unequivocally ascertain the remainder of the absorption 
maxima. « Observed spectra indicate that a small amount of LPY(I) is present.

»

I675 1650 1625 1600 1575 1550 1525 1500 1475 »50 1425 1400 
cm*'

Figure 1. Infrared spectra of chemisorbed pyridine on 77-AI20 3: 
(A) LPY(I) and LPY(II), i7-AI20 3 exposed to 12 Torr of pyridine 
for 1 hr at 150° followed by evacuation at 150° for 16 hr; (B) 
LPY(II), sample yielding spectrum A, but followed by evacua
tion at 500° for 1 hr; (C) BPY, same treatment as A, but fol
lowed by the addition of 2 Torr of HCI at room temperature.

t)-Al203 surface. The difference in lability of the two 
chemisorbed species furthermore indicates that the two 
surface Lewis acid sites are of different acidic strength. 
The more labile chemisorbed species, hereafter referred to 
as LPY(I), possesses band maxima at 1618, 1578, 1496, 
and 1453 cm ' 1 and is bonded at the weaker type of site, 
hereafter referred to as Lewis acid site I. The type of site 
of greater Lewis acid strength will be referred to as Lewis 
acid site II, with pyridine chemisorbed to this site referred 
to as LPY(II).

The only previous spectroscopic interpretations of the 
chemisorption of pyridine to alumina surfaces, other than 
Parry’s,2 are those of Hughes and coworkers,3 Knozinger 
and Stolz,4 and Pichat, et al.6

The spectrum reported by Hughes, et a/.,3a of pyridine 
chemisorbed to 7 -AI2O3 contained absorption bands at 
1453, 1492, 1575, and 1615 cm-1. These were interpreted 
as being due to pyridine chemisorbed to one type of Lewis 
site. There was no evidence for a doublet in the 1615- 
cm ' 1 region, although a weak broad absorption was ob
served at ~1600 c m '1. The above results were confirmed 
by adsorbing pyridine on 7 -AI2O3 under identical condi
tions as used for t)-A1203. After 16 hr of evacuation at 
150°, absorption bands were observed at 1456, 1495, 1574, 
and 1623 c m '1. The absorption band at 1623 cm-1 was 
broad, but no evidence existed for a doublet. Upon further 
heating and evacuation at 500° for 1 hr, the 1456-cm“ 1 
absorption band shifted to 1458 cm“ 1, and the 1623-cm“ 1 
band to 1626 cm“ 1. Two alternative explanations exist for 
these observations. First, it could be that the 7 -AI2O3 sur
face contains only one type of Lewis acid site. However, 
this does not explain the observed shifts upon evacuation 
at 500°. Alternatively, two Lewis acid surface sites may 
exist. Then the vibrational frequencies of the chemisorbed
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pyridine to these sites would be for all intents accidentally 
degenerate. This degeneracy could be ascribed to approxi
mate equal acidic strengths of the two sites.

Knozinger and Stolz4 studied the adsorption of pyridine 
on a 5-AI2O3 surface. They observed four distinct types of 
Lewis acid surface sites, and where each site gives rise to 
characteristic vibrational frequencies of adsorbed pyridine 
in the region 1400-1700 cm-1. The relative amount of 
each type of site present on a given surface was shown to 
be dependent upon both the calcination temperature and 
the temperature at which pyridine was adsorbed. When 
the 5-AI2O3 was calcined at 500° and the pyridine ad
sorbed at 200°, absorption bands were observed at 1449, 
1490, 1576, 1614, and 1624 cm-1, and also a shoulder at 
1617 c m 1. Our findings are consistent with these results, 
although we did not observe a shoulder on the 1618-cm_1 
band. This is undoubtedly due to the differences in the 
aluminas used (as, for example, the differences in behav
ior between the 7 - and rz-AUOs).

Pichat, et al, reported the spectrum of pyridine ad
sorbed on a P Degussa AI2O3.6 However, these authors did 
not consider the distribution of Lewis acid surface sites 
among several types, as did Parry,2 Knozinger and Stolz,4 
and ourselves.

Figure 1C presents the spectrum of adsorbed pyridini- 
um ion, hereafter referred to as BPY. The characteristic 
absorptions of BPY at 1489, 1539, 1612, and 1639 cm- 1 
are well developed. The weak absorption at 1453 cm-1 is 
due to residual LPY(I) and LPY(II).

A comparison of the spectra in Figure 1 shows that the 
1539-cm_1 absorption of BPY is free from interference due 
to LPY(I) and LPY(II), and hence can be used to evaluate 
the amount of BPY. Similarly, absorption bands due to 
LPY(I) and LPY(II) are free from BPY interference at 
1453 cm -1. All three species absorb at ~1490 cm-1 and 
have overlapping bands in the interval 1600-1650 cm*1.

The spectrum of the chemisorbed pyridine on an H2 re
duced r/-A120 3 contained identical absorption maxima as 
that obtained from an unreduced wafer (i.e., Figure 1A). 
The only difference in these spectra was that the ratio of 
the absorbances (i.e., peak intensities or heights) of the 
1618-cm_1 absorption band to that at 1625 cm- 1 had a 
value of 0.93 for the reduced 17-AI2O3, and a value of 1.08 
for the unreduced wafer. All other absorbances normalized 
to the absorbance of the 1453-cm1 absorption band were 
identical in both spectra. This slight difference in these 
ratios indicates that H2 reduction, relative to an absence 
of reduction, does not significantly alter the relative 
amounts of Lewis acid sites I and II on the 77-AI2O3 sur
face.

The remaining chemisorbed pyridine after evacuation at 
500° for 1 hr on the reduced rt-AI2O3 yielded a duplicate 
spectrum to that of the unreduced 7J-AI2O3 (i.e., Figure 
IB). This indicates that, in a qualitative sense, reduction 
does not affect the relative strengths of Lewis acid sites I 
and II.

B. Pyridine Adsorbed on Modified ti-AhOs. Nmr Re
sults. The nmr spectra of a series of molybdena (9%) 
modified alumina that either have been calcined at 500° 
only or subsequently reduced with H2 also for 2 hr at the 
same temperature were recorded in the manner discussed 
in the Experimental Section. The pretreatment was fol
lowed by exposure to pyridine vapor at its room tempera
ture vapor pressure. Both reduced and calcined samples 
when exposed to pyridine for the same periods adsorbed

TABLE II: Comparison of Nmr Parameters of Physically 
Adsorbed and Chemisorbed Pyridine on Calcined and 
Reduced M0 -AI2O3

Prior to After pumping After pumping
any pumping at Rt for 2 hr at 150° for 2 hr

Relative Relative Relative
intensity“  AH6 intensity“  AH6 intensity“  A H b

Calcined 0.4 0.08 ~ 0 .2  0.24 <0.1 ~ 3
Reduced 0.4 0.14 ~ 0 .3  0.24 0.1 ~ 3

“  Relative intensities expressed as a fraction of the intensity of a stan
dard alumina run under identical conditions. b Peak-to-peak line width in 
gauss.

comparable amounts (Table II). The observed signals due 
to pyridine were narrow with a line width of ~0.1 G. Care 
was taken in the recording of the spectra so as not to arti- 
fically overmodulate and broaden the observed resonan
ces. The narrow signals observed show that the pyridine 
adsorbed under the conditions indicated is in a liquid-like 
state exhibiting considerable mobility on the surface. 
Upon pumping the system at room temperature, the sig
nal intensity becomes lower and the signal broadens.

This behavior is consistent with Karagounis’11 observa
tion and phenomenological explanation that the mono- 
layer closest to the surface is more under the influence of 
the substrate than the additional layers. Two hours of 
pumping removed some 30% of the initial pyridine from 
the reduced material while the same amount of pumping 
removed some 60% of the physically absorbed pyridine 
from the calcined material. This would indicate a slightly 
stronger binding of the physically adsorbed pyridine on 
the reduced material than on the corresponding calcined. 
Further corroborative evidence for this is offered by the 
behavior of pyridine upon subsequent pumping at 150° for 
2 hr. Such pumping presumably should remove all of the 
physically adsorbed pyridine. In the case of the reduced 
material, the narrow signal disappears completely and a 
much broader one now is detected (~3 G) of an intensity 
which is about 30% that of the originally adsorbed pyri
dine. In the calcined sample again the narrow signal due 
to the physically adsorbed material is eliminated com
pletely upon pumping at 150° for 2 hr, but unlike the re
duced sample no broad signal is observed with a single 
scan of the appropriate spectral region. However, when a 
time average computer is used to scan the region, then a 
broad signal quite similar to that from the reduced sam
ple is also obtained. These results, as summarized in 
Table II, indicate the following. There is no fundamental 
qualitative difference between the behavior of reduced 
and calcined molybdena modified tj-AUOs. Rather the dif
ference is one of degree. The amount of pyridine adsorbed 
initially is approximately the same, but the calcined ma
terial loses its physically adsorbed pyridine somewhat 
more readily. The physically adsorbed pyridine gives a 
very narrow liquid-like signal while the chemisorbed has 
considerable immobility as evidenced by the far broader 
signal. Finally, the intensity of the chemisorbed pyridine 
on the calcined samples is less than that of the reduced 
ones requiring time averaging for its observation. Further 
evacuation of the samples at 500° removes most of this 
broad and weak signal that was observed after evacuation 
at 150°. This indicates that the physically adsorbed pyri-

(11) G. Karagounis, N atu re  (L o n d o n ), 201,604 (1964).
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cm"'

Figure 2. Infrared spectra of chemisorbed pyridine on modified 
alumina (all samples are calcined and were treated by exposure 
to 12 Torr of pyridine for 1 hr at 150° followed by evacuation at 
150° for 16 hr): A, 2% M o03/rj-AI20 3; B, 6% Mo0 3/ jj-AI20 3; C, 
9% M o03/r?-AI20 3; D, 9% Co/?)-AI20 3; E, 2% Co-10% M o03/  
r)-AI20 3; F, 10% M o03/7-A I20 3.

dine is completely removed upon pumping at 150°, where
as the chemisorbed is not.

C. Pyridine Adsorbed on Modified tj-A^Os- Ir Results. 
Table I presents the observed absorption maxima and Fig
ure 2A-F presents the spectra of pyridine chemisorbed on 
the following modified ?;-aluminas: 2% MoOs/rj-A^Os; 6% 
Mo0 3/i/-Al203; 9% M0O3/J7-AI2O3; 9% Co/7/-Al203; 2% 
Co-10% Mo03/ 7)-A120 3; 10% M0O3/ 7 -AI2O3. Although 
not shown, the spectra of chemisorbed pyridine on a 9% 
Ni/77-Al203 and 2% Ni-10% M0O3/VAI2O3 were identical 
with those for the Co-containing aluminas.

Those catalysts containing 9% M0O3 have a distinctly 
well-developed absorption band at ~  1543 cm-1; the 6% 
M0O3/VAI2O3 catalyst has a weak absorption at this 
wave number. These absorptions demonstrate the pres
ence of surface Br^nsted acidic sites. The 2% M0O3/ 7?- 
AI2O3 catalyst does not show Brpnsted surface acidity. This 
difference in behavior between the 2% and 6% Mo0 3/ jj- 
AI2O3 catalysts is most probably due to a concentration 
effect.

A sample of 251%' M0O3/VAI2O3 was prepared and 
treated identically as the 9% Mo-containing samples. In
spection of the spectra indicates a much larger amount of 
BPY relative to both types of LPY than for the 9% Mo- 
containing catalysts. This is consistent with the difference 
between the 2 and 6% catalysts being attributed to a Mo 
concentration effect.

The spectra of the 2% Mo0 3/r/-Al203 and 9% Co/»j- 
AI2O3 catalysts with chemisorbed pyridine (Figure 2A, D) 
are the only modified aluminas with an absorption at 1618 
cm "1. The absorption occurs as a distinct shoulder and is 
not resolved into a doublet as in the spectrum of 7/-AI2O3. 
This absorption, as well as the strong absorption occurring 
at 1453 cm-1 in these spectra, indicates the presence of 
LPY(I) and LPY(II) upon these surfaces.

The remainder of the modified aluminas’ spectra con
tains absorptions at 1543 c m 1 due to BPY. Interference 
due to the 1612-cm"1 BPY absorption band can obscure a 
shoulder at 1618 cm“ 1; therefore, the presence or absence 
of LPY(I) must be determined from the position of the 
absorption band in the 1453-1457-cm-1 region. An ab
sorption band at 1453 cm" 1 (or 1454 cm-1) indicates the 
presence of either LPY(I) or LPY(I) and LPY(II), whereas 
absorption at 1457 cm“ 1 (or 1456 cm“ 1) indicates the 
presence of only LPY(II). The presence of an absorption 
band at 1455 cm-1 is indicative of both LPY(I) and 
LPY(II), but where the amount of LPY(I) relative to 
LPY(II) is significantly less than that present on tj-A^Os.

The above assignments for chemisorbed pyridine on the 
modified aluminas are presented in Table I. They are, as 
implied in the above discussion, based upon analogy with 
the spectrum obtained upon chemisorption of pyridine to 
an 77-AI2O3 surface. The implied assumption is that the 
detectable chemisorbed pyridine on the modified alumi
nas is bonded to the substrate. This assumption is reason
able as indicated by the observation that the 1453-cm“ 1 
(or 1454-cm“ 1) absorption band, where present, is ap
proximately of the same intensity for catalysts of different 
Mo and Co concentration upon identical treatment.

Further support of this assumption was obtained by the 
following experiment. KBr wafers of both 7/-Al20 3 and 
M0O3 were prepared, and where the A1 and Mo were pres
ent at 10% by weight of the pellet. The wafers were 
subjected to the following treatment: heating at 100° for 
16 hr with evacuation; exposure to 15 Torr of pyridine at
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Figure 3. Resolved 1618-, 1625-cm 1 doublet of chemisorbed 
pyridine on rç-AI20 3 .

100° for 0.5 hr; heating at 100° for 2 hr with evacuation. 
Chemisorption of pyridine upon 77-AI2O3 was observed, 
but no adsorption on M0O3 was detected. The implication 
is that pyridine chemisorbs solely to the AI2O3, and the 
M0O3 serves as a proton source, either as an individual 
unit or synergistically through the substrate.

D. Determination of the Relative Amounts of LPY and 
BPY on Modified 11- A I 2 O 3  Surfaces. Basila has reported 
an infrared spectroscopic procedure for evaluating the 
amount of pyridine bonded to Lewis acid sites relative to 
that bonded to Br însted acid sites on silica-alumina cata
lysts.* * 5 * * * * * * This method utilizes the absorbances (peak 
heights) of the 1450- and 1490-cm-1 absorption bands 
which are due to pyridine bonded to a Lewis acid site, and 
to Lewis and Bn)msted acid sites, respectively.

The procedure adopted herein to evaluate the relative 
amounts of pyridine bonded to Lewis and Briÿnsted acid 
sites is a modification of Basila’s. It differs in that inte
grated band intensities are utilized instead of absorban
ces. This is necessary because the frequencies of the ob
served band maxima in the 1450- and 1490-cm-1 regions 
are dependent upon the relative concentrations of ad
sorbed pyridine on the two Lewis and Br^nsted acid sites. 
As previously mentioned, the former varies from 1453 to 
1457 cm-1 and the latter from 1489 to 1496 cm-1. The 
absorptivity of each vibrational mode varies with frequen
cy; consequently, the use of absorptivities would introduce 
large and indeterminate errors if an observed band maxi
mum were used to determine concentrations. Also, the use 
of integrated band intensities is preferable to absorbances 
since a relatively large spectral slit width is used.12 The 
integrated band intensities are determined relative to 
baselines which are constructed according to the usual 
tangent baseline method,12 and are shown in the spectra.

Application of Beer’s law, in integrated form, for the 
observed absorptions in the 1450-, 1490-, and 1543-cm-1 
spectral regions of pyridine adsorbed on a modified ?j- 
AI2O3 surface yields the following relationships.

/. 1412V2

; A1460 di2 = auJbc' +  a im"bc" (1)
J 1475

/’ 1475
î , AU90 dv = « 1490'be +  aU90"  be" + a uwBbcB (2)

9l512 / 2

f

151272
156772  ^ 1540

= «1540BÖCB ( 3 )

The observed integrated band intensity in the above is 
given by JefA u dn where the limits of integration e and /  
correspond to the endpeints of the baseline, a/ is the ap
parent integrated absorptivity for the ith adsorbed species 
in the spectral region v, defined by the appropriate limits 
of integration, b is the optical path length, and cl is the 
concentration of the ith adsorbed species, i.e., cB is iden
tical to BPY, etc. The actual integration limits, to within 
±5 cm-1, utilized herein are included.

Upon division of eq 1 and 2 by eq 3, and rearrangement 
of the results, the following are obtained.
LPY(I)
BPY

(  «1490 \ 1i J Anso dui[ Z«1450 \ (Z.f •‘4l49odi'\ Z«1490B\Ì
U 1540V  1IX-Xmo dH ft

"

O W > £ 0 Ö- cP ĉo

/ 011490 \  / « 145*) \ _  Z«1450 \ Z «149Q 

'«1540 '  ' a i540B /  '«1540 '  ' a i540B

(4)

l p y (ii)
BPY

Z «1490 \ | J24145()dl'\ _  Z«1450 \ f Z f  Aua0 dA _ Z«J4«7\)
'«1540 / 1X̂ 1540 dc j \«1540 /  V Vf ̂ IMO dj// \«1540

Z«1490'  \  / «1450 \  Z«1450 \  Z«149oX

'«1540 '  ' a i540B /  '«1540 '  V«1540B
(5)

The above gives the ratio of pyridine adsorbed on either
Lewis acid sites I or Lewis acid sites II to that adsorbed 
on Br^nsted acid sites on a modified jj-ALOs surface.

1. Determination of Relative Integrated Absorptivity
Coefficients. The values of the relative integrated absorp
tivities are obtained from the differences in integrated 
band intensities resulting from the conversion of pyridine 
adsorbed on to Lewis acid sites on an tj-ALOs surface to 
adsorbed pyridinium ions. This approach was initially 
promulgated by Basila, et al., where it was used to obtain 
relative absorptivities for pyridine adsorbed on silica-alu
mina surfaces.5 The conversion of pyridine chemisorbed 
on Lewis acid sites to pyridinium ions was affected by the 
addition of HC1 as previously described. Attempts to ef
fect this conversion by the addition of water were not suc
cessful, which agrees with previous reports.3b

All integrated band intensities are utilized in ratios; 
therefore, the instrumentally caused distortion (i.e., the 
observed band contour can be expressed as a product of 
the true band profile and an instrument function) is par
tially cancelled.13 This cancellation is not complete be
cause the instrumental function is frequency dependent, 
and the procedure used herein normalizes one spectral re
gion with respect to another. However, the normalization 
procedure does minimize the deviation of the observed 
LPY/BPY values from the average value, the maximum 
relative deviation being 20%.

The values for the relative integrated absorptivities are 
obtained from spectra as described below. Figures 1A, IB, 
and 1C are representative of the spectra from which the

(12) W. J. Potts, Jr., “ Chem cal Infrared Spectroscopy, Vol. 1: Tech- 
niques," Wiiey, New York, N. Y., 1963.

(13) K. S. Seshadri and R. N. Jones, Sp e ct ro ch im . Acta . 19, 1013 
(1963).
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TABLE III: Ratio of Lewis to Brr/>nsted Acid Surface Sites on Modified -̂Aluminas0

Modified alumina

2 -hr evacuation at 150° 16-hr evacuation at 150°

LPY(I)
BPY

LPY (II) 
BPY

LPY (I) 
LPY (II)

LPY
BPY

LPY (I) 
BPY

LPY (II) 
BPY

LPY (I) 
LPY (II)

LPY
BPY

9% M0 O3/ 77-AI2O3 0(A) 3.4 ±  0.5 0 3.4 0 . 2  ±  0 . 1 3.7 ±  0.1 0 4
Reduced 9% M0 O3/ 77-AI2O3 0(A) 3.0 ±  0.5 0 3.0 0(A) 2.4 0 2.4
2 % C o-10% Mo0 3 / 7/-AI20 3 6.3 ±  0.7 3.4 ±  0.7 1.9 9.9 2,5 ±  0.5 5.3 ±  0.7 0.5 7.8
2% Ni-10% Mo0 3 /T/-Al203 2.2 ±  0.4 4.7 ±  0.9 0.5 6.9

a The following notation s used: LPY(I), LPY(II), and BPY; amount of pyridine chemisorbed to Lewis acid I, Lewis acid II, and Brpnsted acid surface 
sites, respectively: (A), a value which was within the experimental deviation was determined, and was set equal to zero.

relative integrated absorptivities are extracted. The 
frequencies of absorption maxima, as well as relative inte
grated band intensities and absorbances, are repeatable 
for different wafers of the same composition subjected to 
identical treatments.

The relative integrated absorptivities (« i45o " /« i54o®) 
and (ai49o " /“ is4oB) ere evaluated from the changes in the 
1450-, 1490-, and 1540-cm-1 integrated band intensities 
when LPY(II) is converted to BPY via the addition of 
HC1. Figures IB and 1C illustrate the nature of these 
spectral changes. These changes are described by eq 1-3 
when written in incremental form similar to that of Basi- 
la, et al.* The values of (« i45o " /« i54oB) and («1490" /  
«1540®) thusly determined are 1.00 ± 0.04 and 0.192 ± 
0.013, respectively.

Other parameters characteristic of LPY(II) that will 
prove necessary for ensuing calculations are (« 1450" /  
61625") and («1490"/61625"). These parameters are ob
tained from the spectrum presented in Figure IB, and are 
the quotients of the appropriate integrated band intensity 
divided by the absorbance at 1625 cm-1. The values of 
(«1450"/61625") and ;« i49o " / 6i625" )  are 0.52 ± 0.01 and 
0.098 ± 0.003, respectively.

The relative integrated absorptivity (« i49oB/ « i 54oB) is 
the ratio of the 1490-cm 1 integrated band intensity to 
that of the 1540-cm - absorption band when the pyridini- 
um ion is the only adsorbed species present. An 7/-AI2O3 
surface containing only adsorbed pyridinium ions can be 
obtained by exposing a surface containing both LPY(I) 
and/or LPY(II) to HC1 and Figure 1C presents such a 
spectrum. The value of («1490®/«1540®) is 0.63 ±  0.02, and 
where a correction has been made for the presence of LPY 
as indicated by the weak band at 1450 cm-1.

The relative integrated absorptivity (« i45o '/aiW ), 
which is necessary for evaluating the remaining absorp
tivities, can be obtained from the spectrum of an 17-AI2O3 
surface containing both LPY(I) and LPY(II) and no BPY 
(Figure 1A). Although the absorption bands of LPY(I) and 
LPY(II) in the 1450- and 1490-cm-1 spectral regions are 
not resolvable, the 1625-cm-1 absorption maximum in the 
spectrum of LPY(II) :s resolved from that at 1618 cm-1 of 
LPY(I).

Resolution of the band contours was effected using a Du 
Pont curve resolver. Two function channels were used. 
The combinations of functions tried were as follows: both 
Gaussian, both Lorentzian, and one Gaussian with one 
Lorentzian. The best visual match for the resolved band 
contour with the observed were obtained when the 
LPY(II) 1625-cm-1 absorption band was represented by a 
Lorentzian function and the LPY(I) 1618-cm-1 band was 
represented by either a Lorentzian or Gaussian function. 
In both cases, the absorbances of the resolved 1625-cm-1

LPY(II) absorption band were identical. Figure 3 presents 
the resolved band contours where both functions are Lo
rentzian.

LPY(II)’s contribution to the total observed integrated 
band intensities in the spectral regions 1450 and 1490 
cm-1 is the product of the absorbance of the resolved 
1625-cm-1 absorption band and either the parameter 
(« i45o " /f i625" )  or («1490"/61625")» respectively. The 
values of these parameters were previously determined. 
Upon subtraction of these corrections to the observed in
tegrated band intensities in the spectral region 1453 and 
1490 cm-1, the integrated band intensities in these re
gions due to LPY(I) are obtained. The ratio of the inte
grated band intensity due to LPY(I) at 1453 cm-1 to that 
at 1490 cm-1 is («i45o7«i49o/), and its value is 8.8 ± 0.8.

The relative integrated absorptivities (ai45oVai54oB) 
and («i49o// «1540®) are evaluated by exposing an j)-A1203 
surface containing LPY(I) and LPY(II) to HC1, resulting 
in the formation of BPY from both LPY species. Absorp
tion bands at 1450, 1578, 1618, and 1625 cm-1 either dis
appear completely or are drastically weakened, and ab
sorption bands develop at 1540, 1615, and 1640 cm-1 
while the 1490-cm-1 absorption band increases in intensi
ty.

These spectral changes are described by eq 1-3 ex
pressed in incremental form similar to those presented by 
Basila,5 and where the gain in pyridinium ion concentra
tion upon acidification is equal to the loss of both LPY(I) 
and LPY(II) concentrations. The use of these relationships 
with the identity («i45oVai49(/) =  (« i45oV«i54o®)/
(«i490// «1540®) yields a system of simultaneous equations 
solvable for («i45oV«i54oB) and (ai49o7«i540B). The 
values determined are 1.40 ± 0.04 and 0.16 ±  0.01, re
spectively.

2. Calculated Results for Lewis to Brtjmsted Acidity Ra
tios on Modified 7/-A/2O3. Substituting the values for the 
relative integrated absorptivities into eq 4 and 5, the fol
lowing relationships for the relative amounts of LPY(I), 
LPY(II), and BPY on a modified t/-A12C>3 surface are ob
tained.

LPY(I)
BPY 1.8

r* 14

• I  147

14121^ 2 

1475
1̂450

r  1512 'z 1
I t4i 540 di7

t /1 5 (Z 1567l / 2

9.2-

r*  147

Jim'hi
yIuqo dz>

X
+ 5.8 (6)

15671/2
24-1540 df
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LPY(H)
BPY

/ » 1475

I
Jim' 1512V2

J- 1512 '2
Aj540 dp

1567lA

15
^ ■ 1450  d i ' i

1 47S

J '15121

15671/
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The concentration ratios LPY(I)/BPY and LPY(II)/ 
BPY also represent the relative number of acid sites upon 
the surface that are of sufficient strength to interact with 
pyridine.

The results obtained for the modified aluminas are pre
sented in Table III. The deviation of the observed values 
of a ratio from the average value is given in the table. The 
ratio [LPY(I)/LPY(II)] is obtained upon division of 
[LPY(I)/BPY] by [LPY(II)/BPY],

The relative error in the ratios [LPY(I)/BPY] and 
[LPY(II)/BPY], upon consideration of the uncertainties in 
the values obtained for the relative integrated absorptivi- 
ties, is 40%. The numerical results then obtained from eq 
6 and 7 are really semiquantitative in nature.

The ratios of integrated absorptivities obtained herein 
apply to pyridine chemisorbed to an tj-ALOs surface. It is 
not presently known if these values are valid for pyridine 
chemisorbed to other aluminas, e.g., 7 -AI2O3. It is known 
that the apparent absolute integrated absorptivities can 
vary by a factor of at least 2 from surface to surface.3b

Conclusions
The behavior of if-A^Os observed is consistent with 

that previously reported.2 The tj-A^Os contains two Lewis 
acid sites which chemisorb pyrid.ne, and where the sites 
differ in acidic strength (as reflected by the difference in 
the lability of chemisorbed pyridine from each site with 
respect to increasing temperature). No Br^nsted acid sites 
are present upon the surface. Reduction with H2 does not

significantly affect the relative amounts of pyridine chem
isorbed to these acidic sites.

The major observations pertaining to the behavior of 
the modified aluminas are as follows. Modification of the 
7/-AI2O3 by impregnation with M0O3, where the weight 
per cent Mo is at least 6%, results in the formation of 
Br^nsted acid sites on the surface. There is also a redistri
bution of the relative amount of pyridine chemisorbed to 
the various Lewis acid sites. This behavior is similar to 
that produced by adsorbing pyridine upon aluminas that 
have been pretreated at successively higher tempera
tures.4 The stronger Lewis acid site predominates at both 
increased pretreatment temperature and in the presence 
of impregnated M0O3. This would tend to indicate that 
the impregnated M0O3 occupies specific sites upon the 
alumina surface. Speculation as to the nature of alumina 
sites occupied by the impregnated M0O3 in terms of Peri’s 
model14 is at present premature, because the precise form 
of the molybdenum oxide is still not known.15-16 Surpris
ingly, there also appears to be no significant difference in 
the surface acidity, as measured by pyridine chemisorp
tion, between M0O3 impregnated aluminas that are 
“ only” calcined and reduced.

Impregnation of the tj-ALOs with NiO or CoO did not 
yield Br^nsted surface acidic sites. Also, the relative 
amounts of pyridine adsorbed to Lewis I and Lewis II acid 
sites are not significantly altered relative to that upon the 
surface of tj-ALOs. The addition of either of these oxides 
with M0O3 resulted in a different distribution of Lewis 
acid sites upon the surface than when the surface was im
pregnated with M0O3, as well as an increased Lewis/ 
Brijinsted surface acidic ratio. These results indicate, al
though by no means are they conclusive, that both the Ni 
and Co interact with the M0O3, and that the resultant 
species occupies specific sites upon the 7/-AI2O3 surface. 
This interpretation is in agreement with that of Mitchell 
and coworkers in that these authors have suggested inter
action between the Mo and Co oxides to yield a definite 
moiety.
(14) J. B. Peri, J. Phys. C h em . 69, 220 (1965).
(15) J. H. Ashley and P. C. H. Mitchell. J  C hem . S o c .  A, 2730 (1969).
(16) J. M. J. G. Lipsch and G. C. A. Shuit, J. CataL. 15, 174 (1969).
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Pu b lica t ion  c o s t s  a s s is t e d  by the C om ita to  N a z io n a le  p e r  l 'E n e rg ia  N u c le a re

Polycrystalline solid solutions of CuO-MgO, with low copper content (<1 atomic %), were investigated by 
esr methods. Two signals were found: one due to Cu2+ ions in octahedral sites and the other to Cu2+ 
ions in an axial field. The first is assigned to Cu2+ in the bulk, the second to Cu2+ ions located on and 
possibly near to the surface. Quantitative evaluation of the concentration of the two Cu2+ species shows 
that, especially at lower total copper contents, accumulation of Cu2+ ions on the MgO surface occurs. 
The axial signal strongly decreases upon vacuum treatment between room temperature and 500° and it is 
slowly restored by contact with air or N2O. The possible causes of this behavior and a correlation of the 
esr results with the catalytic activity for N2O decomposition are discussed.

1. Introduction
Solid solutions of transition metal ions in magnesium 

oxide have received attention in this laboratory for their 
catalytic properties.1 The physical characterization of the 
solid solutions, namely the homogeneity, oxidation state, 
and stability of the ion, is usually performed by using X- 
ray, magnetic susceptibility, and reflectance spectra mea
surements. These techniques are no longer adequate for 
the investigation of dilute systems, which also show inter
esting catalytic properties. A more sensitive technique for 
obtaining useful information, when applicable, is electron 
spin resonance (esr). The present paper deals with the 
CuO-MgO polycrystalline solid solutions. This system has 
previously been studied2’4 by X-ray and optical spectros
copy methods over a large concentration range. Among esr 
studies on Cu2+-containing systems, it may be recalled 
that MgO single crystals containing trace amounts of 
Cu2+ ions have been extensively studied by esr in order to 
clarify the presence of the Jahn-Teller effect.5’9 The be
havior of Cu2 + ions supported on alumina and zeolites10’ 13 
Has also received much attention. For these systems the 
esr spectra are very complex and strongly dependent on 
the conditions of preparation and on the various treat
ments at temperatures between room temperature and 
500°. This behavior suggests that, in this temperature 
range, Cu2+ ions may easily change the oxidation state 
and distribution on the surface, but the overall picture is 
not very clear because of the complexity of the spectra. 
The aim of this work is to give a picture of the features of 
the Cu2+ ions in the dilute CuO-MgO system under con
ditions similar to those used in the catalytic experi
ments14 by the use of the esr technique.

2. Experimental Section
2.1. Materials. The specimens were prepared by im

pregnating MgO (obtained from basic MgCC>3, decom
posed at 600° for 2 hr) with copper nitrate solution, drying 
at 110°, mixing and heating at 600° in air for 1 hr, grind

ing, and finally firing at 1200° (or at 1350°) in air for 6 hr. 
The samples fired at 1200° were annealed, while that fired 
at 1350° was quenched in air.

The samples are designated as MCu, or MCu Q if 
quenched. The number after the letters gives the nominal 
concentration of copper atoms with respect to 100 Mg 
atoms. A summary of the samples investigated and of 
their features is reported in Table I. Copper analyses were 
carried out by the atomic absorption method and surface 
area determinations by the BET method, using krypton as 
adsorbate (p0 = 2.72 Torr, a = 19.4 A2). X-Ray analysis 
did not show extra lines due to phases different from that 
of MgO.

2.2. Esr Procedure. Esr spectra were recorded at room 
temperature at X-band frequencies using a Hilger and 
Watts Microspin spectrometer equipped with a TE011 cy
lindrical cavity. The absolute concentration of Cu2+ was 
obtained from electronically integrated and/or first deriv
ative spectra, by comparison with those of a single crystal 
of CuS04-5H20 (see later for details). Several spectra 
were also recorded at liquid nitrogen temperature using a 
Varian X-band spectrometer.

(1) A. Cimino and F. Pepe, J. Catal.. 25, 362 (1972), and references 
therein.

(2) F. H. Chappie and F. S. Stone, Proc. Brit. C eram . So c .,  45 (1964).
(3) (a) N. G. Schmahl and E. Minzl, Z. Ph ys. Chem . (F ran k fu rt  am  

M ain ). 41, 66 (1964); (b) N. G. Schmahl, J. Barthel, and G. F. 
Eickerling, 2. A norg. Allg. Chem ., 332, 230 (1964).

(4) O. Schmitz Du Mont and H. Fendel, M o na tsh . C hem ., 96, 495 
(1965).

(5) J. W. Orton, P. Auzin, J. H. E. Griffiths, and J. E. Wertz, Proc. 
Ph ys. So c .,  78, 554 (1951).

(6) W. Low and J. Suss, Phys. Lett., 7, 310 (1970).
(7) U. Hôchli, K. A. Muller, and P. Wysling, Ph ys. Lett., 1 5 , 5 (1965).
(8) R. E, Coffman, J. C hem . Phys.. 48, 609 (1968).
(9) K. Zdânskÿ, Phys. Rev., 177, 490 (1969).

(10) P. A. Berger and J. F. Roth, J. Phys. C hem ., 71,4307 (1967).
(11) H. Lumbeck and J. Voitlander, J. Catal.. 13, 117 (1969).
(12) A. Nicula, D. Stamires, and J. Turkevich, J. C h em . Ph ys.. 42 3684 

(1965).
(13) D. Mikheilkin, V. A. Shvets, and V. B. Kazanskii, Kinet. Kata!., 11, 

747 (1970).
(14) Unpublished results from this laboratory.
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TABLE I

Sample

Cu
analytical 
content, 

atoms/100 
Mg atoms

Surface
area
m2/g

Latt.J 
param, À

Mag
moment,

B.M.

MCu 10 7.3 0.2 4.2138 1.77
MCu 5 3.7 4.2123 1.70
MCu 1 1.12 18 4.2117 1.70
MCu 0.5 0.49 48 4.2117
MCu 0.1 0.12 41 4.2117
MCu 0.05° 0.06 41 4.2117
MCu 0.05 R° 0.06 38 4.2117
MCu 0.1 J.M.* 0.26 4.2117
MCu 1QC 1,12 1.3 4.2117 1.70

“ Two different preparations. b MgO Specpure from Johnson, Matthey 
and Co. Ltd. (London). “ Fired at 1350° and quenched. d The lattice 
parameter for MgO is 4.2116 A.

2.3. Treatments. A small portion (20-40 mg) of the 
sample was enclosed in a Pyrex tube and sealed to a vacu
um system. After the desired thermal treatment the sam
ple was detached by sealing off the glass under dynamic 
vacuum. Several experiments (treatment of the same 
specimen at different temperature under vacuum or in the 
presence of a given gas) were also carried out in an esr 
tube connected to the vacuum system via a ground joint 
and isolated by means of stopcocks.

3. E x p e rim e n ta l R e su lts

3.1. Characterization of Esr Spectra. The esr spectra at 
room temperature of MCu samples show two different sig
nals attributed to Cu2+ ions (Figure 1).

(a) The first is a single symmetrical line whose shape 
was checked to be essentially Lorentzian, at g = 2.190. Its 
width and intensity generally increase with copper con
centration. The line width shows a strong dependence on 
the recording temperature; at 77°K a narrowing by a fac
tor of more than 2 occurs, and at this temperature and 
lower copper content, hyperfine structure is observed with 
\A \ = 19 G (Figure 2). Evacuation, or oxidation in the 
range 20-500°, slightly affects this'signal.

(b) The second signal is an asymmetrical signal analo
gous to those given by Cu2+ ions of axial symmetry in 
polycrystalline or amorphous samples.10-11'13 Hyperfine 
structure of Cu2+ is clearly visible on this signal. The cor
responding principal values of A and g tensors are: gt = 
2.352, |A n | = 120 G; g± = 2.063, |Ax | = 27 G. The shape 
of this signal does not change much at 77°K (Figure 2). 
For reasons reported later (see Discussion) this signal is 
attributed to Cu2+ ions located at, or near to, the surface 
(C u 2+surface). Both signals are not easily saturated by 
microwave power.

The absolute concentrations of Cu2+ ions have been de
termined using two different methods, (i) The total con
centration of Cu2+ ions contributing to the esr spectrum 
(Cu2+totai) was obtained from spectra electronically inte
grated over about 1500 G, centered at g =; 2.2, using the 
formula given by Poole15 for computing the number of 
spins and CuS04-5H20 , as standard, (ii) The concentra
tion of the Cu2+ in the bulk (Cu2+Suik) is found from first 
derivative spectra, evaluating the amplitude h and the 
width AH (peak to peak) of the symmetrical signal.15 The 
determination of absolute concentration of Cu2+ ions in 
axial symmetry (Cu2+SUrrace) is less easy and direct. In

Figure 1. Esr spectra of MCu samples recorded at room tem
perature: a, MCu 1 Q; b, MCu 0.5; c, MCu 0.05; d, MCu 1; e, 
MCu 0.5 evacuated at 480°, 4 hr; f, MCu 0.05 evacuated at 
480°, 4 hr. The scale of the spectra can be derived from the 
length of the arrow whose value in gauss Is indicated. The 
spikes In 1a are due to Mn2+ and Cr3+ impurities. The Cr3+ 
signal is barely visible in 1b and 1e. In 1e and 1f the signal at g 
= 2.004 is also visible.

fact if the relative intensity is sufficiently large, the axial 
signal can be detected in the integrated spectrum and the 
ratio Cu2+SUrface/Cu2+buik can be evaluated accordingly. 
By contrast, when the relative intensity is small, the axial 
signal is no longer observable in the integrated spectrum, 
but it can still be observed in the first derivative spec
trum. An analysis of several spectra of the former case 
gives the conversion factor which allows to estimate the 
absolute Cu2+SUrface concentration from first derivative 
spectrum.

3.2. Esr Spectra of the Samples. 3.2.1. Untreated Sam
ples. Table II shows results obtained for the samples of 
Table I before any special treatments (hereafter called un
treated samples), together with those reported in section
3.2.2. The main features of the results are as follows, (i) 
the Cu2+total contents are generally in good agreement 
with the analytical one. At the highest contents, however, 
the values from esr are lower than expected (see below). 
(Ü) The Cu2 + Surface content of the 1200° samples differs 
considerably from the content of the 1350° one. The for
mer exhibit a substantial constant Cu2+surface concentra
tion over the total copper contents while in the latter, the 
axial signal is barely observable. It should be noted that 
the 1350° sample shows a strong decrease in the surface 
area, (iii) The Cu2+Surrace/Cu2+totai ratio for the 1200° 
samples decreases with increasing total copper content. In

(15) G P. Poole, Jr., "Electron Spin Resonance," Interscience, New 
York, N. Y., 1967, pp 554, 798.
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TABLE II

Sample

Before treatments 
Cu2+ from esr“

Evac at 480° 4 hr 
Cu2+ from esr“

Oxidat. at 480° 1 hr 
Cu2+ from esr“

Oxidat. at r.t. 4 months 
Cu2+ from esr“

Total Bulk Surface Total Bulk Surface Total Bulk Surface Total Bulk Surface

MCu 10 4.80 5.1
MCu 5 3.20 3.8
MCu 1 0.86 0.66 0.09 0.79 0.71 0.03 0.89 0.75 0.027 0.68 0.08
MCu 0.5 0.46 0.36 0.12 0.38 0.40 0.02 0.43 0.31 0.08
MCu 0.1 0.15 0.09 0.07 0.10 0.10 0.015 0.10 0.10 0.04 0.10 0.11 0.05
MCu 0.05 0.03 <0.03 0.08 0.06 0.06 0.02 0.09 0.07 0.02 0.09 0.07 0.04
MCu 0.05 R 0.05 0.04 0.03 0.05 0.07 ~0.01 0.07 0.02
MCu 0.1 J.M.“ 0.30 0.28 0.03 0.25 0.28 0.02 0.29 0.025 0.26 0.31 0.035
MCu 1 Qb 0.65 0.51 <0.01 0.73 0.54 0.68 0.57
MCu 5C 1.76 1.21
MCu 1C 0.91 0.60

“  See Table I, footnote b. 6 Fired at 1350° and quenched. c Kindly supplied by Professor F. S. Stone; firing temperature: 1600°. d Atoms/100 Mg atoms.

9j. i i i i 9,
9,.

Figure 2. Esr spectra of MCu samples recorded at 77°K; a, MCu 
0.05; b, MCu 0.5. The scale of the spectra can be derived from 
the length of the arrow whose value in gauss is indicated.

the MCu5 and MCulO samples the axial signal is not 
more resolved because the symmetrical one dominates the 
spectrum and also considerable line broadening is present.

3.2.2. Treated Samples, (a) Outgassing at Various Tem
peratures. A preliminary outgassing on all the samples 
was carried out at 480° (p 10~5 Torr, 4 hr), i.e., under 
conditions usually adopted in the pretreatment for the 
catalytic experiments.14 The axial signal after vacuum 
treatment is considerably reduced but does not disappear 
completely. The residual Cu2+Surface concentration is al
most constant in all samples and seems not to depend on 
initial concentration. By contrast, the Cu2+bulk concen
tration shows a small increase and Cu2+totai concentra
tion a small decrease. These variations do not exceed 10- 
20%; i.e., they are within the uncertainty of esr determi
nations, but since all figures quoted in Table II are the 
average of several spectra and sometimes of repeated vac

uum treatments, the above variations may be significant. 
An example is shown by the spectra of MCu 0.05, re
ported in Figure 1, where the symmetrical signal clearly 
increases upon vacuum treatment.

In a further series of experiments, the dependence of 
the signal on the temperature of evacuation between room 
temperature and 500° was studied for some samples. The 
time of evacuation was 4 hr at each temperature. The 
samples selected were: MCu 0.1; MCu 0.05, (which 
showed a marked decrease upon vacuum treatment at 
480°) and MCu 0.1 J.M. (which showed only a small ef
fect). The results are reported in Figure 3. There was a 
continuous decrease of Cu2+surface  concentration until 
values about the same as in the experiments at 480° were 
observed. Similar small change as described before was 
observed in Cu2+totai and Cu2+buik concentrations.

(b) Oxidation at Various Temperatures, (i) Damp and 
Dry Air. All the samples first outgassed for 4 hr at 480° 
were heated for 1 hr at the same temperature in air. No 
change in the esr spectra was observed. The same speci
mens left in damp air at room temperature for 4 months 
showed a marked increase of the axial signal. The concen
tration of Cu2+surface increases up to 50-90% of the ini
tial values. These results are reported in Table II and in 
Figure 4. The difference between the results of short 
treatment at 480° in air and these of extended treatment 
at room temperature in air has induced us to study the 
kinetics of the axial signal increase, choosing a treatment 
temperature of 200°. The kinetics were carried out on two 
samples (MCu 0.5 and MCu 0.1) previously outgassed 
under vacuum at 480° for 4 hr. The samples were submit
ted to dry and damp air (air saturated with water at 25°) 
at 200° for different times up to a maximum of 50 hr. The 
results reported in Figure 5 show a slow but continuous 
increase of Cu2+surface concentration with time. The ef
fect of water is sensible for MCu 0.1 but not for MCu 0.5.

(ii) N2O. The influence of N2O was tested on the speci
mens MCu 0.1, MCu 0.05, and MCu 0.1 J.M. previously 
outgassed at various temperatures (see section 3.2.2. a). 
The treatments with N2O (— 60 Torr) were performed, at 
various temperatures, by allowing the samples to stand for 
30 min in contact with N20. Between experiments sam
ples were outgassed at 480° for 30 min. The results re
ported in Figure 3 indicate that N20  also has little effect 
on the spectrum. Only for MCu 0.1 is a small increase of 
Cu2+Surface concentration observed. This sample, in con-
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Figure 3. Dependence of Cu2+Surface concentration on treat
ment temperature in vacuo and in N20: • , MCu 0.05; A , MCu 
0.1; □ , MCu 0.1 J.M. The time of evacuation was 4 hr for each 
temperature. The treatment with N20  was done for 30 min.

Figure 4. Variation of Cu2 + surface surface concentration upon 
various treatments: • , MCu 0.05; A MCu 0.1; □ , MCu 0.1 
J.M.; O. MCu 0.5; ■ , MCu 1.

trast to the other ones, shows the same effect after being 
treated at 480° in air for 1 hr (Figure 4).

3.3. Esr Signal at g = 2.004. Beside the two signals de
scribed above, another signal develops upon vacuum 
treatment. It consists of a single slightly asymmetrical 
line at g = 2.004 with a width of about 6 G, which can 
easily be saturated by microwave power (Figure le). It is 
immediately destroyed by opening the specimen in air at 
room temperature, but subsequent vacuum treatment re
stores it with an intensity generally higher. The intensity 
of this signal increases with the temperature of vacuum 
treatment up to 500° and a further increase is observed 
upon treatment in the presence of N2O up to 300°. How-

Figure 5. Dependence of Cu2 + surface concentration on treat
ment time at 200° in dry and damp air after evacuation: O, MCu 
0.5; a , MCu 0.1.

ever, the intensity of this signal shows rather poor repro
ducibility. The fact that its intensity increases in the 
presence of N20  and in a second vacuum treatment, after 
treatment in air at 200°, would suggest that it is an oxy
gen species. However, an almost similar signal has been 
found in some cases16 and assigned to carbon species. 
Further experiments are needed to identify the paramag
netic species responsible.

4. Discussion
4.1. Assignment of the Esr Signals. The main results 

obtained in the present investigation can be summarized 
as follows: (a) two esr signals are present, one assignable 
to Cu2+ ions in octahedral sites and the other to Cu2+ 
ions in an axial field; (b) the axial signal is very sensitive 
to vacuum treatment.

The esr spectra of Cu2+ ions in octahedral sites in MgO 
have been discussed by several authors.5-9 The symmetri
cal line at g = 2.190 (Cu2+buik) arises from a dynamic 
Jahn-Teller effect. At 77°K, a hyperfine structure with 
|A| = 18.6 G appears5’8 in single crystal or polycrystal
line specimens. The strong line width temperature depen
dence is attributed to an Orbach relaxation mechanism7 
from which a J~T splitting of about 1100 cm-1 was evalu
ated. Consequently, the line width found in our specimens 
at room temperature does not allow resolution of any hy
perfine structure which may be present. There are also 
other factors operating in our case which may increase the 
line width even further: dipolar interaction responsible for 
increase in the line width with increasing concentration, 
and possibly strains at the sites occupied by Cu2+ in the 
bulk.

Axial spectra, similar to that observed in our samples, 
although not reported previously for Cu2+ ions in MgO, 
are rather common for polycrystalline Cu2+ complexes. In 
these complexes the symmetry of Cu2+ can be octahedral 
(with an elongated tetragonal distortion), square planar, 
square pyramidal,17 and similar spectra are found for

(16) D. J. Muller and D. Haneman, S u rf a c e  Sci.. 24, 369 (1971).
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Cu2+ ions in ionic host crystals.1011’13 The principal 
values of the g and A tensors for all these types of com
plexes are not very different and consequently they do not 
allow identification of the copper coordination without in
formation from other techniques. It is only possible to 
state that the axial spectrum in MgO arises from Cu2+ 
ions either associated with some defect or located on and 
close to the surface. In this way the J-T distortion is “ fro
zen out” in a fixed direction also at room temperature.

The behavior of the axial spectrum with various treat
ments allows us to state that the axial crystal field is due 
to the proximity of Cu2+ ions to the surface. The high 
sensitivity of this signal to vacuum treatment and its 
reappearance in air (also at room temperature) find an 
easy explanation if it is assumed that the ions responsible 
for the signal are on, and possibly near to, the surface. It 
is not possible to evaluate down to what depth from the 
surface the Cu2+ ions give rise to the axial signal. Theo
retical considerations based on point charge models give 
only rough approximation,18 but assuming an r  3 depen
dence of the axial field,18’19 where r is the distance from 
the surface, only Cu2+ ions in the first few layers can con
tribute the the axial spectrum.

Another explanation for the axial spectrum observed at 
room temperature could be the presence of clusters of 
Cu2+ ions on the surface or at grain boundaries of MgO. 
In this case the axial spectrum could arise from a coopera
tive distortion effect involving a change from a dynamic to 
a static J-T effect. This interpretation seems less likely 
for two reasons: (a) the ratio of the intensity of the axial 
spectrum to that of the symmetrical one should increase 
with total copper content, as in perovskites;20 (b) the well 
resolved hyperfine structure in the axial spectrum indi
cates only small dipolar and exchange interaction and 
magnetically isolated copper ions.

4.2. Localization of Cu2 + surface Ions. The relatively high 
percentage of Cu2+surface ions indicates large localization 
on the surface, especially at lower copper contents. In 
fact, for a sample with a surface area of 40 m2/g, the sites 
in the, say, first four layers are 12% of the total sites, 
while we found a Cu2+surfaoe concentration up to 80% of 
the total copper (MCu 0.05).

The large difference between the sample fired at 1350° 
and those fired at 1200° is due mainly to the difference in 
surface area. This accumulation of Cu2+ ions near to the 
surface could be due to thermodynamic causes. Theoreti
cal calculations21 for impurities possessing an absolute 
charge value different from that of the ions of the host 
crystal show such accumulation of impurity ions at the 
surface, but no evaluation has been done for ions with the 
same charge. The presence of paramagnetic impurities in 
a MgO crystal causes distortion22 and adding the tenden
cy of Cu2+ ions to distort the octahedral by the J-T ef
fect, the surface sites are probably energetically favorable 
for copper ions.

The decrease of the axial signal upon outgassing at 480° 
is due mainly to a reduction of Cu2+ ions to a lower oxi
dation state, probably Cu+. The reduction to Cu° appears 
as less likely since it is known from the phase diagram23 
of the system CuO-Cj20-Cu, that CU2O is formed under 
vacuum at temperatures above 500°. Below this tempera
ture, the reduction can be limited to the surface, but al
ways leading to Cu+ state. Moreover there is no suspicion 
of Cu° formation from the esr measurements. However, it 
must be emphasized that other causes different from 
chemical reduction may be responsible for the decrease of

TABLE III
Cu+ after
vacuum fcabs, cm

Catalyst treatment“  min- '

MCu 0.1 1 .8 X 1 0 -2 2 X 10- 7
MCu 0.5 2.8 X 1 0 -2 3 X 1 0 -7
MC 1 4 .5 X 1 0 -2  7 X 1 0 - 7

a Fraction of cationic surface sites.

signal intensity. A change in symmetry or in distribution 
of some of the Cu2+ ions can transform the contribution 
of these ions to the Cu2+bUik spectrum. Some indication 
that this process may in fact occur comes from the slight 
but significant increase of the symmetrical signal upon 
outgassing at 480°. The assumption that the Cu2+ ions 
contributing to the axial spectrum are those on the sur
face as well as those immediately below at different depth 
from the surface explains the different behavior upon out
gassing. Depending on the local situation a Cu2+ ion near 
to the surface can be reduced to Cu+ or it can change its 
symmetry by small atomic (or vacancy) movements thus 
transforming to Cu2+buik, or finally it can remain un
changed as it is shown by the residual axial signal which 
always is present after vacuum treatment (Table II). The 
slow restoration rate of the axial signal (Figures 3 and 4) 
in air or in N2O at room temperature and 200° strongly 
contrasts with the rapid reduction of this signal under 
vacuum. This does not necessarily mean that the oxida
tion rate is low. In fact, experiments on pure or supported 
Cu20  24'25 show that Cu+ is oxidized by O2 in this tem
perature range at a much higher rate. The slowness of the 
increase in axial signal can be linked to topological re
quirements. Indeed, if some clustering of Cu+ ions occurs 
during the vacuum treatment, when these ions are reoxi
dized they may escape detection by esr because of the 
strong interactions between them. After a rapid oxidation 
a slow migration of Cu2+ around the surface occurs and 
the initial conditions are restored. This process may be 
visualized as a sort of relaxation effect due to differences 
in coordination and ionic radius of copper ions in the two 
different oxidation states. The water probably plays some 
role in this process although our results are not conclu
sive.

A similar migration of Cu2+ ions on 7 -alumina has been 
suggested by Berger and Roth10 to explain the appear
ance, on air admission at room temperature to reduced 
samples, of a new esr signal of strongly interacting Cu2+ 
ions.

4.3. Correlation of the Esr Studies with the Catalytic 
Results. The catalytic results for the decomposition of 
N2O over MCu catalysts show that: (a) all the samples 
studied exhibit an apparent activation energy (Ea) rang
ing from 22 to 25 kcal/mol; (b) the increase of copper con
tent provokes an increase in activity. The Ea found for

(17) H. A. Kuska and N. T. Rogers in "Radical Ions," E. T. Kaiser and L. 
Kevan, Ed., Interscience, New York, N. Y., 1968, p 578.

(18) G. D. Watkins, Phys. Rev.. 113, 79 (1959).
(19) B. W. Figgis "Introduction to Ligand Field " Interscience, New 

York, N. Y., 1964, p 41.
(20) C. Friebel and D. Reinen, Z. N aturforsch .. 24a, 1518 (1969).
(21 ) K. L. Kliewer and S. J. Koehler. Phys. Rev. 140A, 1226 (1965).
(22) M. Borg and D. K. Ray, Phys. Rev.. 1B, 4144 (1970).
(23) J. Bloem, Ph ilip s R e s. Rep., 13 (1958).
(24) W. E. Garner, F. S. Stone, and P. F. Tiley, Proc. Roy. S o c ..  Se r. A  

211,472 (1952).
(25) M. O'Keeffe and F. S. Stone, Proc. Roy. So c .,  Ser. A. 267, 501 

(1962).
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CU2O is 23 kcal/mol while for CuO is 25 kcal/mol. This 
latter oxide is partly reduced to CU2O at least on the sur
face, due to the pretreatment adopted in catalysis (480°, 4 
hr, 10-5 Torr). Consequently, its activity and its Ea are 
attributed to Cu+ .14 On the other hand, the Ea values ob
tained for the MCu specimens clearly resemble that found 
on CU2O. In these specimens the Cu+ content, formed 
during the outgassing treatment, can be evaluated by the 
esr methods only indirectly. In Table III an attempt to 
correlate the amount of Cu+ formed and the catalytic ac
tivity of some MCu specimens is made. The table reports

the fraction of surface sites occupied by Cu+ ions, calcu
lated from the decrease of Cu2+surface per unit surface 
area together with the absolute rate constant (feabs) at 
350° for the N2O decomposition. It may be noted that the 
amount of reduced Cu+ formed parallels the increase in 
activity, thus suggesting that the main active sites in the 
N2O decomposition can be identified as Cu+ ions.
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P u b lica t ion  c o s t s  a s s is t e d  b y  the N ation a l In stitute s ot H ealth

The free energy of activation for dehyration of primary hydrated ions in the liquid was calculated from a 
statistical thermodynamic formulation. A quasicrystalline solid was assumed for the liquid structure 
wherein each particle is constrained to move within their own free volumes. In the activation process free 
water molecules are produced from the initial bound water molecules by rotating the water dipoles to the 
activated orientation such that ion-water bonds are broken. The introduction of the constant potential 
cage approximation for the free water molecules defines the condition for the activated state as well as 
accounting for the influence of the surrounding liquid. The stretching contribution of the ion-water bond 
to the dehydration process is neglected. The effective potential energy of an ion-water pair in the hydrat
ed ion cluster was determined by the potential energy of one ion-water pair and a semiempirical factor 
obtained from gas-phase measurements. The potential energy of an ion-water pair includes ion-dipole, 
ion-quadrupole, ion-induced dipole, dispersion, and repulsion interactions. The calculated free energy of 
activation for dehydration of primary hydrated ions are in the relative order Li+ > Na+ > K ’ and Cl 
> Br_ > I for the same degree of dehydration, i.e., when each ion has lost the same number of bound 
water molecules. The calculated results are discussed in relation to measured relaxation times of bound 
water in the primary hydration shell, ionic permeability of biological membranes, and specific adsorption 
of ions at the metal-solution interphase.

Introduction
The dehydration of primary hydrated ions may play a 

major role in ionic diffusion through biological mem
branes,1-4 porous networks, as well as in the specific ad
sorption of ions at the metal-solution interphase.5'6 The 
calculation of the activation free energy of dehydration for 
various ions could contribute valuable information to the 
understanding of the above processes. In this paper we as
sume that the rotation of bound water molecules without 
the stretching of ion-water bonds constitutes the activa
tion process of the dehydration reaction and calculate the 
free energy of activation as a function of degree of dehy
dration from a statistical thermodynamic formulation. 
The results for various ions are discussed in relation to 
measured relaxation times of bound water in the primary 
hydration shell, the diffusion through biological mem
branes, and adsorption in the electrical double layer. Lim
itations and improvements of the treatment are discussed.

General Formulation
The activation energy of dehydration of a primary hy

drated ion in aqueous solution may be obtained by calcu
lating the partition functions and potential energies of ini
tial and activated states. The initial state consists of N{ 
ions with NbVJ° bound waters with each bound water mol
ecule maintained at its equilibrium separation distance 
from the ion and with its dipole oriented in the minimum 
energy position. In the ion field, such bound water mole
cules undergo internal vibrational, librational, and re-

(1) L. J. Mullins, J. G en. Physio l., 42,1013 (1959).
(2) B. Hille, Proc. Nat. A ca d .  Se i. U .S., 68, 280 (1971).
(3) P. Mueller and D. O. Rudln. “ Current Topics in Bioenergetics,” Vol. 

3, D. R. Sanadi, Ed., Academic Press, New York, N. Y., 1969.
(4) F. F. Offner, B io p h y s. J., 12, 1583 (1972).
(5) J. O’M. Bockris and A. K. N. Reddy, “ Modern Electrochemistry,” 

Vol. 2, Plenum Press, New York, N. Y., 1970, Chapter 7.
(6) T. N. Andersen and J. O’M. Bockris, E lectroch im . A cta , 9, 347 

(1964).
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stricted translational motions. The activated state con
sists of Ni ions with IVbw* bound water molecules and 
Nrw* free water molecules. IVbw* bound water molecules 
are assumed subject to the same kind of motions as those 
in the initial state. 7Vfw* free water molecules are pro
duced from bound water molecules by breaking ion-water 
bonds. In the activation process of dehydration an ion- 
water bond is broken by rotating the water dipole from its 
initial orientation to an activated orientation which corre
sponds to zero potential energy of interaction while keep
ing the center of mass of the water molecule essentially 
unaltered with respect to the ion. Such free water mole
cules in the activated state undergo internal librational as 
well as restricted translational motions within a potential 
cage consisting of surrounding inert secondary water mol
ecules of the liquid. The internal vibrational motions of 
the water molecules are assumed to be unaltered in the 
field of ion.

The liquid is considered as a quasicrystalline solid in 
which each of the particles is constrained to move within 
their own free volumes of relatively constant potential 
energy.7-8 In the general case for Nj ions moving within 
the volume vt, IVbw bound water molecules, and iVfw free 
water molecules, the partition function for such an assem
bly may be written as

F = (Nb* +  IVfw +  IVi)! 
N bw! NfJ IV¡I ' ( / b w ^ K / f w ) ^ '  X

((2TvrmkTfh m
{ — T ‘— "'}  (I)

where /bw and / fw are the partition functions for a bound 
water molecule and a free water molecule, mj is the mass 
of the ion. The partition function (eq 1) is similar to that 
employed by Eley and Evans8 in their calculation of en
tropy change in ionic hydration. The partition function of 
the initial state (IVi ions and IVbw° bound waters) is

F° =
(ivbw0 +  Ivo;

IVbw°! IV,! ( /b w T -” {
{2-mn(kT')h 

h3

Similarly, the partition function for the activated state 
(IV) i°ns» IVbw* bound waters and N[w* free waters) is

(IVbw* +  IVfw* +  IVi)!
IVbw*!IVfw*!IV ¡! ( / b w ^ ^ / f w * ) " -  X

[(2irmikTy/2
X h3

\N i
Vit (3)

The total number of water molecules are the same in both 
initial and activated states, i.e., Nbw° = Nbw* + IVfw*. 
The equilibrium constant for the equilibrium between ini
tial and activated states is

K* = (F*IF°)(e~v"lhT)N (4)
where Vo is defined as the potential energy difference be
tween the two states measured from the respective lowest 
vibrational energy levels at 0°K; i.e., the activation energy 
barrier, and N is Avogadro’s number. Introducing eq 2 
and 3 into eq 4 with Nj = rijN we obtain

K*
(nbvl°N)\ (/bw*r"*w(/fw*)"f"*-v

(rcbw*IV)!(rcfw*IV)! C/bwTb"
{e-Vo/kT)N (5)

Utilizing Stirling’s approximation x! = (x/e)x eq 5 be
comes

= (Aw*/.bw*)'‘b̂ ( / fw* /ttfw *r^  „
(/bw°Kw0)"b»OW ( ] (6)

The standard free energy of activation for creating nfw* 
waters from bound waters is AG* = —kT In K*. Thus

AG* = —NkT  X>

(/hw*//ibw*)"-\/fw*/n fw*)"ft’'
(/bw°/^bw0)"bw°

+  N V o (7)

The potential energy barrier and partition functions in eq 
7 are constructed as follows.

(1) Potential Energy Barrier Vo. The potential energy 
barrier Vo is defined by the relation

V0 = e * '- e °  (8)
where e* is the total potential energy of the ion-water 
cluster in the activated state and e° is the total potential 
energy of the ion-water cluster in the initial state. The 
zero of energy is chosen as the infinite separation of ion 
and water molecules at rest. Both «* and e° are con
structed from the potential energy of interaction of one 
ion-water pair Uo and the scaling factor A„ which ac
counts for the variation in the potential energy of interac
tion of one ion-water pair as a function of the number of 
water molecules bound to the ion. This variation in poten
tial energy arises in principle from lateral interaction ef
fects as well as coupling between internal motions. \n is 
deduced from the stepwise enthalpies of ion hydration as 
measured in the gas phase,9-10 i.e.

X. -  ( ^ ) / c „ . ,  (9)

where Ur,n is the sum of the successive enthalpies of hy
dration defined as

u  T.n = z  a / î b- r„

for the step-wise gas-phase reactions
Xz(H20)„_, +  H20 = Xz(H20 )n

(10)

A Hn_ : n (11)
X7 represents a cation or anion carrying charge Z. The 
quantity \nUb specifies the average effective interaction 
energy of one ion-water pair Un in a given ion-water clus
ter consisting of nbw bound waters. Thus

Un =  A „ G 0- ( 1 2 )

The potential energy of interaction Uo between one water 
molecule and the ion is obtained by considering the po
tential produced by the ion acting at the center of the 
water molecule.11 In addition, we included the ion-in
duced dipole, dispersion, and repulsive interactions. Now, 
the total potential energy of interaction Uo between the 
ion (i) and the axially symmetric water molecule about 
the z axis is

Zen cos6 ZeQz{3 cos26 -1 )
G0 -  r2 +  2r3

(Ze)2aw 3 aiöw IJw 
2 r4 2 r6 7 i+ 7w .+ Ar (13)

where Z is the sign of the ion; r is the distance between 
the center of the ion and that of the water molecule; 0 is 
the angle between the z and the r axis; e, g, 0Z, a, and 7

(7) E. A. Guggenheim, Proc. Roy. Soc., Ser. A, 135, 181 (1932).
(8) D. D. Eley and M. G. Evans, Trans. Faraday Soc., 34, 1093 (1938).
(9) I. Dzidic and P. Kebarle, J. Phys. Chem.. 74, 1466 (1970).

(10) M. Arshadi, R. Yamdigni, and P. Kebarle, J. Phys. Chem., 74, 1475 
(1970).

(11) A. D. Buckingham, Quart. Rev., Chem. Soc., 13, 183 (1959).
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Figure 1. Calculation of free volume Vf . q and rw are the radii 
of ion and water, respectively. This figure is a two-dimensional 
representation of the primary hydrated ion with secondary hy
dration shell In three dimensions.
are the electronic charge, dipole moment of water, qua- 
drupole moment of water, isotropic polarizability, and 
ionization potential, respectively. Subscripts i and w indi
cate ion and water, respectively. The repulsive constant A 
was obtained from the equilibrium condition

at 0 = 0 or 7t for cations and anions, respectively; nm is 
the reduced mass of a water-ion pair. The corresponding 
partition function is

/vib = (1 ~ (16)
This vibrational mode of a bound water molecule has aris
en from a restricted translation along the axis connecting 
the centers of the ion and the water molecule. The other 
two translational modes are restricted by the lateral inter
actions of the water molecule with the effective potential 
field produced by the surrounding primary waters. The 
water molecules are therefore considered moving in the 
free area Af on the ion surface, which is given as (see Fig
ure 1)

Af =  ^-|47r(n +  rw)2 -  nw7rrw2j (17)

where nw is the total number of water molecules in the 
primary shell. The resulting partition function is

f rest. tr.
2-wm^kT

h2 (18)

at 0 = 0 or ;r for the cation or anion, respectively.
Since the activated state is composed of rcbw* bound 

waters and nfW* free waters, the potential energy barrier 
Vo (eq 8) is now written as

V0 = (dfw* + f b.*) -  e° (14)
In the activated state the total potential energies of inter
action of free waters with other constituents in the cluster 
are assumed to be zero such that ffw* = 0. Thus V0 be
comes

Vo ~ nbw*̂ nhw‘ Uo ~ ntv°^nbJ>Uo  ̂ (15)
where we have used eq 12 with cbw* = nbw*Onbw* and e° 
= rcbw°[/„bw°. The number of bound waters in the activat
ed state' nbw* determines the entire potential energy of 
the cluster since there is no potential energy contribution 
from the free water. Thus, the appropriate value of X„bw* 
is that value of X„ given by eq 9 corresponding to rcbw*. 
Similar remarks hold for choosing X„bw°. The potential 
energy difference arising from structural deviations of the 
activated state from that of the corresponding equilibrium 
gas-phase configuration is assumed negligible.

In forming the free waters in the activated state it is 
assumed that the process occurs instantaneously for nfw* 
> 1 rather than in successive steps. This is consistent 
with the averaging procedure embodied in eq 9. Conse
quently, X* for free waters in the activated state is as
sumed to be independent of nfw* and thus X* = X„bw° 
(see eq 27).

(2) Construction of the Partition Functions /bw° and 
/b w * -  The construction of the specific partition functions 
constituting / bw° and /bw* relies upon the formulation of 
Eley and Evans.s

A bound water molecule is considered as a harmonic 
oscillator vibrating with frequency v in the effective aver
age potential field of the ion On (eq 12). The frequency v 

was calculated by the relation

17 =  2tt

where the force constant k was obtained by the formula

where mw is the mass of the water molecule. The bound 
water molecules were further assumed to undergo libra- 
tional motion (i.e., restricted rotation) in the potential 
field of the ion. For restricted rotation, the partition func
tion has the form12

_  47tW Z a7bI cj'KkTj1* 
/lib 2 h3 S (19)

with

•J n
e-UnWikT sin 0 ¿0 (20)

where Un(6) includes only the 0 dependent terms of Uo in 
eq 13, i.e.

u ,m  -  k  { -  (a ,

/A, / b, and Ic are the three principal moments of inertia of 
a water molecule and the symmetry factor of water was 
chosen as 2. The internal vibrational modes of a bound 
water molecule are assumed to be independent of the field 
of the ion. The partition function for the three internal vi
brational degress of freedom is

f iv = E  (1 -  e~h‘,i/kT)~1 
1-1

where ¡̂ ’s are the fundamental vibrational frequencies of 
the water molecule. Utilizing eq 16, 18, and 19 the respec
tive total partition function for a bound water molecule in 
the initial and activated states becomes

47pK87t3Za/ b/ c)1W ) 3/*

and

/bw* =  (1 -  e ^ V k T )

2 h3

-i Irrm^kT 
h2

SbwYiv (22)

Af X

AirH8Tr3lA lB lc)H kT f‘ 
2 h3 Sbw*/iv (23)

(12) E. A. Moelwyn-Hughes, "Physical Chemistry,” 2nd ed, MacMillan, 
New York, N. Y., 1961, Chapter VIII.
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where v° and v* are the respective frequencies correspond
ing to f7„bw° and Unbvl*; Sbw° and Sbw* are defined by eq 
20 and 21 with Aabw° and A„bw*, respectively. The vibra
tional partition function / iv is assumed to be the same in 
both initial and activated states.

(3) Construction of Partition Function / fw*. The free, 
noninteracting water molecules in the activated state were 
assumed to move in a constant potential cage with the re
stricted volume Vr arising from the surrounding mole
cules. Consequently the three translational motions of a 
free water molecule in the activated state are restricted in 
Vf. (Here Vf should not be confused with vt.) The free 
volume Vf was estimated by considering close packing of 
inert hard spheres as shown in Figure 1. Thus for the ion 
with nw primary water molecules

' f =  —  l " 4/37r(ri +  3 r w) 3 -  ^ 4/ 37rri3 +  n w4/ 37 rrw3 +nw L \

Vi rtw,4/37rrw3̂  (24)

where nw' is the number of water molecules in the secon
dary hydration shell which is estimated as

nW FM n  +  4rw)3 -  V3w(r, +2rw)3
4/37rrw 3

(25)

The partition function for restricted translation in three 
dimensions is

c (2ttm^kT)3'2 TT
/ rest.tr. — ^ 3  V  f (26)

Even though the total potential energy of free water 
molecules in the activated state was assumed to be zero 
(«fw* = 0), this does not imply that each term in £fw* is 
equal to zero. Thus, a free water molecule in the activated 
state may undergo librational motion determined by the 
angular dependent potential energy similar to eq 21. 
Hence

u n,Ad) = x * { -
Zep cos 6 Ze9z(3 cos2# — 1))+ 2r* (27)

where A* = A„bw0 as previously discussed, r* is the sepa
ration distance in the activated state, r* is assumed as a 
first approximation to be equal to the equilibrium dis
tance in the initial state, r, + rw. This choice of r* follows 
from the constraint imposed by the fixed potential cage 
approximation. Thus the partition function for the re
stricted rotation of a free water molecule takes the same 
form as eq 19 and 20 when eq 27 is employed. As dis
cussed in the previous section, the three internal vibra
tional modes are assumed unaltered in the activation pro
cess, so that the same partition function /¡v is used. The 
total partition function of a free water molecule takes the 
following form

_  (2irm^kT'f12
f  fw ~  h3

Tr 4tt2(8tt3I a/ b7c)'l2(kTyl2 „
V f s m  Ofw I  iv2 h3

(28)
where ¿’fw* is defined as eq 20 with eq 27.

Calculation and Discussion

calculated by taking r = r, + rw and 0 = 0 or ir for cations 
or anions, respectively, p = 1.87 D, 0Z = 0.4 x 10~26 esu 
cm2.13 The other physical constants used in the calcula
tion are listed in Table I. The calculated values of Uo are 
compared with the measured values of AHo°i in the gas 
phase in Table II, which shows good agreement. Using eq 
9 the scaling factor An was calculated and the values are 
shown in Table III. The integral S (eq 19) was calculated 
numerically by using Simpson’s rule. From the eq 7, 15, 
22, 23, and 28 we calculated the standard free energy of 
activation for dehydration AG* at 25° and tabulated the 
results in Table IV.

The results exhibit a nonlinear dependence of AG* with 
increasing nfw* for each ion. The relative order of AG* is 
Li+ > Na+ > K+, and CU > Br_ > I~ for the same de
gree of dehydration, i.e., when each ion has lost the same 
number of bound water molecules.

The relaxation lifetime r of a bound water molecule in 
the primary hydration shell for the cations Li+, Na+, and 
K+ is ~10-9 sec.14 The corresponding activation energy 
calculated from the relation r = (h/kT)ei*j*/HT indicates 
that our activation energy results for these cations are in 
good agreement when compared for the case nbw° = 4, 
nbw* = 3, and rcfw* = 1.

Besides the absolute values of AG*, the relative values 
of AG* for different ions as a function of degree of dehy
dration yield valuable information in such processes as 
ionic diffusion through biological membranes and specific 
adsorption of ions at the electrode-solution interphase.

Applications
(1) Diffusion of Ions into Biological Membranes. One of 

the contributions to the overall free energy of activation 
for diffusion of ions into restricted openings such as mem
brane pores is the activation energy for dehydration of the 
primary hydrated ion at the membrane pore-solution in
terphase.2 4 For the squid axon membrane in the resting 
(polarized) state, a membrane pore is assumed to form a 
restricted opening to the primary hydrated cations. Thus, 
an ion penetrates the membrane pore if it loses a portion 
of its hydration shell. Of particular interest is the behav
ior of Li+, Na+, and K+ ions. Thus, from Table IV the 
standard free energy of activation for dehydration of qua- 
drihydrated Li+, Na + , and K+ ions are in the order Li+ > 
Na+ > K+ for the same degree of dehydration. Experi
mental permeabilities of Li+, Na+, and K+ ions for the 
squid axon in the resting state are in the order PK > PNa 
> PLi-15 Since the calculated free energies of activation 
for dehydration alone predict the same order of permea
bilities, it is quite likely that the penetration of ions into 
membrane pores (in the resting state) is energetically 
dominated by the dehydration process.

(2) Specific Adsorption of Ions at the Electrode-Solu
tion Interphase. Andersen and Bockris6 have calculated 
the standard free energy of super-equivalent adsorption 
AGsea° (specific or contact adsorption) of various ions at 
the potential of zero charge. The results indicate that 
AGsea° > 0 for C l-, Br_, and I- ions while AGsea° > 0 for 
Na+ and K+ ions. Thus, significant adsorption occurs es
sentially for these halide ions in the order I > Br~ >

In this paper we considered the dehydration of quad- 
rihydrated ions (nbw° = 4) except for the iodide ion for 
which nbw° = 3.

The potential energy of interaction U0 (eq 13) of a 
bound water molecule with the ion at equilibrium was

(13) S. G. Kulolich, J. Chem. Phys., 50,3751 (1969).
(14) I. M. Klotz in "Membranes and Ion Transport,'' Vol. 1, E. E. Bittar, 

Ed., Wlley-lnterscience, New York, N. Y., 1970, Chapter 4, p 108.
(15) J. W. Woodbury, S. H. White, M. C. Mackey, W. I. Hardy, and D. 

B. Chang, "Physical Chemistry an Advanced Treatise," Vol. IXB, H. 
Eyring, Ed., Academic Press, New York, N. Y., 1970, Chapter 11, p 
959.
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TABLE I: Physical Constants Used in the Calculation

h2o LI + Na+ K + Cl” Br- I"

r, k a 1.38 0.78 0.98 1.33 1.81 1.96 2.20
a  X 1024, cm3 b 1,44e 0.03 0.15 0.8 4.41 5.84 8.91
1. eVc 8.65d 75.62 47.29 31.81 3.62 3.37 3.065

° V. M. Goldschmidt, Skrifter Det, Norske VIdenshaps-Akad. Oslo, I. Matern.-Naturvid. Klasse, 1926, No. 2. ö J. N. Wilson and R. M. Curtis, J. Phys. 
Chem., 74, 187 (1970). Model II of Table III. ‘ R. C. Weast, Ed., "Handbook of Physics and Chemistry,” 50th ed, The Chemical Rubber Publishing Co., 
Cleveland, Ohio, 1969, pp E73, E74. dJ. L. Webb, “Enzyme and Metabolic Inhibitors," Vol. 1, Academic Press, New York, N. Y., 1963, p 225. e Ref
erence 12, p 383.

TABLE II: Comparison of the Calculated Potential Energies 
(U0) with the Measured Enthalpies (AH0°i)a

Cation ~U o - A H 0°i Anion — U q - A H „ ° ,

Li + 28.2 31.06 Cl” 12.9 13.1
Na+ 22.9 24.0 Br” 11.7 12.6
K+ 16.5 17.9 od 10.2

a Values In kcal/mol. 
plotting AH„_ ,°n ys. n.

References 9 and 10. 6 Extrapolated value by re-

TABLE III: Calculated Scaling Factor Xn

Ions A, À2 3̂ À 4

LI+ 1.0 0.916 0.833 0.757
Na+ 1.0 0.913 0.828 0.765
K + 1.0 0.950 0.879 0.824
Cl” 1.0 0.985 0.954 0.927
Br” 1.0 0.988 0.963 0.938
I” 1.0 0.980 0.961

Cl” as confirmed by experiment.5 A primary conclusion of 
their treatment is that specific adsorption does not in
volve chemical bonding with the substrate electrode (liq
uid mercury). The total standard free energy of activation 
for specific adsorption of Cl” , Br” , and I” ions consists of 
several contributions one of which is the standard free 
energy of activation for dehydration AG* as calculated in 
this paper. From Table IV the activation energy of dehy
dration for the halide ions is in the order Cl” < Br” < I” . 
This result alone predicts that the amount of specific ad
sorption of the halide ions at the potential of zero charge 
is in the order T < Br” < Cl” as is found experimentally. 
That the values of AGsea° for anions follow the same order 
as that predicted by AG* indicates that the standard free 
energy of activation for dehydration plays a major role in 
determining the overall activation energy for specific ad
sorption.

It is interesting to note that the experimental upper 
limit of the relaxation time for specific adsorption of ions 
on mercury is 5 x 10 ® sec.16'17 Our results for anions are 
~ 1 0 -8 sec, which fall well below this upper limit.

Comments
In the activated state it was assumed that the distance 

r* between the free water and the ion is approximately 
given by the initial equilibrium distance req = r j +  rw. 
Although the assumption req «  r* certainly differs from 
the actual situation, it is in part justifiable by the intro
duction of the potential cage approximation which also 
accounts for the influence of the surrounding liquid on the 
dehydration process. When a free water molecule is pro
duced by rotating the water dipole to its activated orien-

TABLE IV: Standard Free Energy of Activation (AG* in kcal/mol) 
for Dehydration of Primary Hydrated Ions in Aqueous Solution

Ini- Actl-
tial vated

state state

n bV7* fifw* LI + Na” K” Cl” Br- I '

4 3 1 7.6 7.3 6.2 7.7 7.1
4 2 2 23.4 '9.2 15.9 17.6 16.3
4 1 3 48.4 38.9 31.4 30.1 27.6
4 0 4 83.1 66.5 50.1 43.2 38.9
3 2 1 7.0
3 1 2 15.8
3 0 3 25.1

tation without stretching the ion-water bond, it moves 
within the potential cage of volume Vr. Although the total 
potential energy of interaction of the free water molecule 
with other constituents in the cluster is zero, it still re
tains some angular dependence through the librational in
tegral Gfw*. Further approximations in the present formu
lation are (a) the total partition function for the ion-water 
cluster in the liquid is based upon the quasicrystalline 
solid approximation where each independent particle is 
constrained to move within their own free volumes; (b) 
the potential energy barrier Vo is constructed from one 
ion-water pair interaction and the scaling factor Xn based 
upon experimental gas-phase measurements.

AG* consists of two contributions, the logarithmic term 
involving the ratio of partition functions and the potential 
energy barrier Vo as shown in eq 7. The relative contribu
tion of Vo to AG* for a given ion becomes more significant 
than that of the logarithmic term as the degree of dehy
dration increases. The value of AG* as a function of de
gree of dehydration for a given ion is mainly dependent on 
\n. On the other hand, the relative value of AG* for dif
ferent ions at the same degree of dehydration is primarily 
dependent on r.

The simplistic model utilized in this formulation for 
calculating free energies o: activation serves as a first step 
in constructing a more fundamental treatment. A detailed 
approach to evaluating the potential energy function 
would involve a quantum mechanical treatment of the en
tire ion-water cluster in the liquid. Various improvements 
of the model would involve the addition of secondary hy
dration shell interactions and others. The present model 
may be replaced by the more correct treatment of the 
many body problem in the vicinity of ions in the liquid.

The present treatment can be extended to other ions in 
water, nonaqueous solvents, and porous networks which 
involve dehydration effects.
(16) V. I, Mellk-Gackazyan, Zh. Fiz. Khim.. 26, 560 (1952).
(17) T. N. Andersen, J. L. Ande'son, D, D. Bode, Jr., and H. Eyring, J.

R es . Inst. Catal., Hokkaido Univ., 16, 449 (1968).

The Journal of Physical Chemistry, Voi. 77, No. 10, 1973



1250 G. J. Howlett and P. D. Jeffrey

Acknowledgment. The authors wish to express their 
gratitude to Professor Franklin F. Offner for his numerous 
suggestions, discussions, and assistance throughout the 
course of this work. The authors are indebted to Professor

Hugh M. Hulburt for several critical discussions as well as 
his continuous encouragement. The authors also wish to 
thank the reviewers for their comments. This work has 
been supported by USPHS Contract No. NS08137.

T h e o r e t ic a l  B e h a v io r  o f  In te ra c t in g  P ro te in  S y s t e m s  in 

D en s ity  G ra d ie n ts  at S e d im e n ta t io n  E quilibrium

G. J. Howlett and P. D. Jeffrey*

Department of Physical Biochemistry, John Curtin School of Medical Research, Australian National University, Canberra, A.C. T., 

2601. Australia (Received October 24, 1972)

A method is described for calculating sedimentation equilibrium concentration distributions, in density 
gradients, of reacting systems of macromolecules. The way in which thermodynamic nonideality may be 
included in the treatment is indicated. The results of computations for a number of model interacting 
systems are presented to illustrate the influence of the equilibrium constant and the molecular weights 
and partial specific volumes of the reacting species on the resulting concentration distributions. It is 
pointed out that the degree of resolution observed with an interacting system in a density gradient de
pends on the same factors as in a nonreacting mixture, but that an interaction may be detected by 
changing conditions which affect the equilibrium constant and thereby alter the appearance of the con
centration gradient pattern. Analysis of concentration distributions in terms of true or apparent weight- 
average molecular weights of interacting systems involving species of different partial specific volumes 
reveals a characteristic concentration dependence which may be useful in the qualitative interpretation 
of density gradient patterns. The computational method presented permits a more detailed quantitative 
analysis of interacting systems by curve fitting experimental results in terms of postulated models. The 
comparison of a calculated concentration distribution with an experimental one for a single macromolec- 
ular solute suggests that reasonable precision may be attained by such a procedure.

Introduction
The technique of banding macromolecules at sedimen

tation equilibrium in the density gradient formed by the 
distribution of some suitable low molecular weight sub
stance such as cesium chloride or sucrose in water is well 
established.1 Detailed accounts of the factors contributing 
to the density gradient and to the concentration distribu
tion of the macromolecule in such systems have been 
given,2-4 and many experimental studies illustrating the 
application of the method to obtain information about 
heterogeneity, molecular weight, and solvation have been 
published.1-4-7 However, previous treatments of the sedi
mentation equilibrium of macromolecules in density gra
dients have usually been restricted to discussions either of 
a single species or nonreacting mixtures, and little atten
tion has been given to the behavior of interacting systems 
of macromolecules. Indeed the only publications pertain
ing to interacting systems at sedimentation equilibrium in 
density gradients seem to be those of Kegeles, et al.,s and 
Ten Eyck and Kauzmann.9 The former authors showed 
that the effects of pressure on an A + B ^  C system may 
give rise to two or three bands at sedimentation equilibri
um depending on the equilibrium constant for the reac
tion, the relative densities of the species, and the propor
tions of reactants present in the initial mixture. In the

case of dimerization, variation in the equilibrium constant 
could result in the appearance of one or two peaks in the 
concentration distribution. In the treatment given by Ten 
Eyck and Kauzmann,9 in which equations were derived 
which allowed for the effects of varying pressure and de
gree of hydration on the equilibrium constant for a reac
tion involving a volume change, the parameters chosen for 
the monomer-dimer reaction considered were such as to 
give rise to only one peak in the sedimentation equilibri
um concentration distribution. Inasmuch as details of the 
method of computation were not given by Ten Eyck and 
Kauzmann9 while that of Kegeles, et al.,s involved a 
counter-current distribution analog, it seemed of general

(1) J. E. Hearst and C. W. Schmid, Pure Appt. Chem., 26, 513 (1971).
(2) J. B. Ifft, D. H. Voet, and J. Vinograd, J. Phys. Chem., 65, 1138 

(1961).
(3) J. E. Hearst and J. Vinograd, Proc. Nat. Acad. Sci. U.S.. 47, 999 

(1961).
(4) J. Vinograd and J. E. Hearst, Fortschr. Chem. Org. Naturst., 20, 

372(1962).
(5) J. E. Hearst and J. Vinograd, Proc. Nat. Acad. Sci. U.S., 47, 1005 

(1961).
(6) J. E. Hearst, J. B. Ifft, and J. Vinograd, Proc. Nat. Acad. Sci. U.S., 

47, 1015 (1961).
(7) J. B. Ifft and J. Vinograd, J. Phys. Chem.. 66, 1990 (1962).
(8) G. Kegeles, L. Rhodes, and J. L. Bethune, Proc. Nat. Acad. Sci.

U.S., 58,45 (1967).
(9) L. F. Ten Eyck and W. Kauzmann, Proc. Nat. Acad. Sci. U.S., 58, 

888 (1967).
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interest to describe a method for calculating equilibrium 
concentration distributions of interacting systems in den
sity gradients which includes the calculation of the appro
priate density gradient for the postulated experimental 
conditions, as well as the variation of the equilibrium con
stant with pressure.

Recent studies of the effects of pressure in conventional 
sedimentation equilibrium experiments with interacting 
systems exhibiting volume changes10-13 have led to equa
tions and computational methods which allow the experi
mental results obtained with such systems to be analyzed, 
and concentration distributions for model systems to be 
calculated. In the present work the treatment is extended 
to sedimentation equilibrium experiments in density gra
dients.

It is also of interest to examine in more detail the effect 
on the qualitative appearance of concentration or concen
tration gradient patterns of variations in such parameters 
of an interacting system as the molecular weights of the 
participating species, the equilibrium constant for the 
reaction, and the magnitude of the volume change accom
panying it. It is not feasible to include all the possibilities 
but results are presented for model systems covering what 
is felt to be a reasonable range of these parameters.

Finally, consideration is given to the evaluation of mo
lecular weights from the results of density gradient sedi
mentation equilibrium experiments, in relation to the de
tection of an interaction and whether it is accompanied by 
a volume change. In this connection the possibility of elu
cidating the details of an interaction by comparing experi
mental results with those calculated for model systems is 
discussed.

Theory
The system to be considered consists of the solvent 

(component 1), a low molecular weight solute to form the 
composition density gradient (component 2), and a mac- 
romolecular component (component 3). It has been 
shown3 that the effective density gradient at sedimenta
tion equilibrium in such a system at constant temperature 
is given by

The superscript 0 refers to quantities at atmospheric pres
sure and the subscript 0 to quantities at band center.

IIP0 = (dp/d In a2)°M2( 1 -  v2°lp°)IRT (2)

where p is the density, a2 the solute activity on the molal 
scale, M  the molecular weight, D the partial specific vol
ume, R the gas constant, T the absolute temperature, u> 
the angular velocity, r the radial distance from the axis of 
rotation, k the isothermal compressibility of the solution 
of component 2 in component 1, and ks the isothermal 
compressibility of the solvated macromolecule. The signif
icance of the various terms in eq 1 when taken in conjunc
tion with u>2r may be summarized as follows. /3° describes 
the composition density gradient, that due to the distri
bution of component 2. k(p0)2 describes the density gradi
ent due to the compression of the solution of component

2, and k s ( p 0 ) 2 ,  the contribution made by the compression 
of the solvated polymer. The terms containing (3po0/ 
3ai°)p(dai°/dp0) arise by considering the dependence of 
the solvated partial specific volume, £>a, of the macromole
cule on solute activity, and allow for the contribution 
macromolecules of varying extents of solvation will make 
to the density gradient. Hearst, et a/.,3-5-6 have shown 
that eq 1, together with information from a series of den
sity gradient sedimentation equilibrium experiments, and 
isopiestic data for the dependence of solvent activity on 
component 2 concentration and solution density, can be 
used to determine the isothermal compressibility of the 
solvated macromolecule and its solvated partial specific 
volume and degree of solvation.

From the point of view of the present paper a more con
venient formulation of the effective density gradient is3

(dp/dr)eff = dp°/dr + xo02u 2r - ( d p s°/dr)P -  xsp02io2r
(3)

The term

d p 0/dr = w2r//?° (4)
is usually referred to as the composition density gradient 
and the sum

d p°/dr + x p 02cj2r = (dpi/dr)p (5)
as the physical density gradient. The physical density gra
dient, and the corresponding density at any radial dis
tance r, can be calculated for a given angular velocity 
from eq 4 and 5 provided k ,  (3°, and p° are known at r.

The function /3° is obtained from physical data for solu
tions of component 2 in component 1 and eq 2. Values of 
P° as a function of p° have been tabulated for a number of 
salts and sucrose by lift, et al.2 All of the calculations in 
the present paper were made taking cesium chloride as 
component 2 and water as component 1 at 25°. Cesium 
chloride solutions were chosen because there are suitable 
data available and because cesium chloride is a commonly 
used salt, forming gradients covering a wide density range 
and of quite high resolving power.2 For the purpose of 
their calculations lift, et al.,2 calculated an explicit rela
tion between /3° and p° for solutions of cesium chloride in 
water at 25° in the form cf a cubic polynomial. This gave 
a sufficiently good fit over the required density range but 
showed large deviations at densities higher than about 1.6 
g/mi. A more satisfactory fit to the same data over the 
entire concentration range has been obtained for use in 
the present work in the form of a pentic polynomial de
rived by the method of orthogonal polynomials. A polyno
mial of the same form was derived for solutions of sucrose 
in water for /3° us. p° data, evaluated over the entire con
centration range for which activity data were available at 
25°. Although the sucrose data were not used in this 
study, it was thought worthwhile to include the polynomi
al derived, as sucrose gradients are commonly used and 
may be preferred to cesium chloride gradients in experi
ments with interacting systems which are sensitive to 
changes in ionic strength. The success of the pentic poly-
(10) G. J. Howlett, P. D. Jeffrey, and L. W. Nichol, J. Phys. Chem., 74, 

3607 (1970).
(11) G. J. Howlett, P. D. Jeffrey, and L. W. Nichol, J. Phys. Chem.. 76, 

777 (1972).
(12) G. J. Howlett, P. D. Jeffrey, and L. W. Nichol, J. Phys. Chem.. 

76, 3429 (1972).
(13) G. Kegeles, S. Kaplan, and L. Rhodes, Ann. N.Y. Acad. Sci., 164, 

183 (1969).
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p (g/ml) P (g/ml}

Figure 1. p  vs. p for (a) aqueous cesium chloride solutions and 
(b) aqueous sucrose solutions at 25° and atmospheric pressure. 
The cesium chloride data (filled circles) were obtained from Ifft, 
et al.,2 and the solid line calculated from the relationship /? = 
— 73.7258256ps +  211.797375p4 -  238.452919p3 +
133.700562p2 -  38.5017978p + 5.95147986. The sucrose data 
(filled circles) were obtained from Jeffrey14 and the solid line 
calculated from the relationship /3 = —5.87005371 X 104p5 + 
5.909 42166 X 104p4 -  2.24341 737 X 104p3 +  4.06403006 X 
103p2 -  3.50144205 X 102p + 1.44986446 X 10 (see text).

nomials in fitting the data for sucrose and cesium chloride 
solutions is illustrated in Figure l ,14 where the coefficients 
of the polynomial expressions are also given.

The method of computation used in the present study 
may be described by outlining the calculation of the phys
ical density gradient. A suitable density is assigned to a 
given radial position, say the meniscus, rm . The relation
ship between (3° and p° allows evaluation of B° at this den
sity, which together with the value of the isothermal 
compressibility of the solution, k, and the angular veloci
ty, oj, is used to calculate the physical density gradient at 
rm from eq 5. Application of the improved Euler method15 
then results in values of the physical density gradient and 
the corresponding density at a second value of r at a small 
increment Ar from rm. The predictor-corrector method15 
can then be used to calculate the values of the physical 
density gradient and the physical density at suitable radi
al increments down the solution column.

The above method of computation can be applied to ob
tain the distribution of an interacting system in a density 
gradient provided the necessary equilibrium conditions 
are satisfied. Consider a polymerization reaction repre
sented by nA ^  C where n(>l) is the degree of polymer
ization. The equilibrium constant for association is given 
by

X = cc/cAn (6)
For a thermodynamically ideal system the sedimentation 
equilibrium equations for monomer and polymer may be 
written11

d In cA\
. d(r2) / r =  (<pA)rM A (7a)

d In cA
, d(r2) } r = (<t>c)rM c (7b)

where (4>i)r = (1 — V ip)rio2 / 2 R T  (i = A or C). Multiplica
tion of eq 7a by n  and subtraction of the result from (7b) 
with the substitution of u M a  = Me and AV = McDc -  
Mcva where AV is the molar volume change of the reac
tion, gives

/ d In (cc/cAn)\ = / d In X \
\ d(r2) A  \ d( r 2) ) r

It has been pointed out in previous publications10-11 
that combination of the thermodynamic expression for the 
pressure dependence of the equilibrium constant in a 
reaction involving a volume change, d In X/dP = —AV/ 
RT, with the radial dependence of pressure in a centrifu
gal field, djR/d(r2) = a>2p /2, leads to exactly the same re
sult. The significance of this in the present context is that 
the use of the sedimentation equilibrium eq 7a and 7b to 
calculate concentration gradients as a function of radial 
distance gives values which take into account the correct 
variation of equilibrium constant with pressure while en
suring that chemical equilibrium is maintained at each 
level in the cell.

In order to apply the predictor-corrector method, values 
of the composition density, p, the concentration of mono
mer ca, the equilibrium constant X, and the partial spe
cific volumes Da and Dc are specified at a given radial po
sition, say the meniscus, rm. The physical density and 
density gradient at rm are evaluated as before, and the 
concentration of polymer, cc, calculated from ca and X.  
The solution density including the contribution of the 
maeromolecular component may then be calculated at rm 

from the expression

P  =  P p +  X 0 - “  yiPp)ci (9)

where i refers to A and C and Oi are the values of the sol
vated partial specific volumes of the maeromolecular 
species at the solute activity corresponding to p p. The im
proved Euler method and the predictor-corrector method 
can then be used, as indicated above, to calculate concur
rently the values of the density gradient, the density, the 
concentration gradient, and the concentration of the mac- 
romolecular species at selected radial values down the so
lution column, by the use of the relationships between 8° 
and p°, and eq 3, 6, and 7.

If values of the solvated partial specific volumes of the 
maeromolecular species as a function of solute activity 
and of the isothermal compressibilities of the solvated 
macromolecules were available, the above method of cal
culation would yield the effective density gradient (eq 1 
and 3) and density, and the corresponding macromolecu- 
lar concentration gradient and concentration, as a func
tion of radial distance, for any desired set of experimental 
conditions. In the results presented below, the effect of 
varying solvation has been omitted because it will be 
unique to a particular macromolecule in a specific envi
ronment and would have to be determined experimentally 
for individual systems. Likewise, the terms involving the 
compressibilities have not been included because their in
clusion, while affecting slightly the quantitative distribu
tions, is not necessary to the discussion of the model sys
tems with which this paper is concerned. Some computa
tions were performed in which the contribution of the dis
tribution of the maeromolecular component to the effec
tive density at each point was included, assuming a con
stant degree of solvation. The results showed that the ef
fect on the final density gradient and concentration distri
bution was negligible. Examination of eq 9 reveals that 
this is expected in banding experiments because at the
(14) P. D. Jeffrey, Biochim. Biophys. Acta, 158, 295 (1968).
(15) D. D. McCraken and W. S. Dorn in “Numerical Methods and For

tran Programming,” Wiley, New York, N. Y., 1964, p 330.
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band position the partial specific volume of the macro
molecule is equal to the reciprocal of the solution density, 
and thus, in the neighborhood of the band, the second 
term in the equation is close to zero, especially at the con
centrations customarily used in banding experiments with 
macromolecules.

For computations such as those discussed here, the as
signment of values to the composition density and to the 
concentration of a macromolecular constituent at a given 
radial position is the most convenient procedure. Where it 
is required to compare hypothetical experiments under 
different conditions, but with the same solution composi
tion, or to analyze the results of an actual experiment, a 
conservation of mass condition and an iterative procedure 
must be included in the computation.

The macromolecular component specified in the pre
ceding discussion was a thermodynamically ideal mono
mer-single higher polymer system. However, the treat
ment may readily be extended to other kinds of systems, 
such as those including more than one kind of polymer 
and those of the type A + B «=t C, by writing appropriate 
additional equations of the form given in eq 7a and 7b. 
Similarly, nonideality may be included, if for each con
stituent, eq 7a and 7b are written

where y\ is the activity coefficient on the weight per unit 
volume concentration scale and may be expressed as a 
power series in total concentration by

y {(r) = eBM>c(r)

where c(r) = 2,Ci(r). Equilibrium equations for thermody
namically nonideal interacting systems accompanied by 
volume changes have been given in previous publica
tions.11-16 A computed sedimentation equilibrium density 
gradient for a single macromolecular species in which the 
effect of nonideality is included is given in the Results sec
tion, together with the distributions calculated for various 
ideal monomer-single polymer systems and A + B ^  C sys
tem.

Results and Discussion
Calculated Concentration Distributions. The results of 

computations of sedimentation equilibrium concentration 
and concentration gradient distributions for various model 
macromolecular systems are presented in the accompa
nying figures. All of the calculations were carried out for 
density gradients formed by aqueous cesium chloride solu
tions at 25° and an angular velocity of 60,000 rpm. The 
parameters which were varied were the molecular weights 
and partial specific volumes of the interacting species and 
the equilibrium constants for the reactions. These quan
tities were chosen to resemble those of known interacting 
proteins so that the resulting concentration distributions 
would illustrate the variability which might be observed 
in practice. The computations were made with the aid of 
a digital PDP/8I computer using programs written in 
Focal, and the results plotted directly with a Hewlett- 
Packard 7200A graphic plotter.

Figure 2 shows the density gradient, the concentration, 
and the concentration gradient at sedimentation equilibri
um for a protein of molecular weight 450,000 and partial 
specific volume 0.73 ml/g. These values of molecular 
weight and partial specific volume are approximately

Figure 2. Sedimentation equilibrium concentration and concen
tration gradient distributions calculated for a single macrospe- 
cles (M  = 450,000, v =  0.73 ml/g) in a cesium chloride densi
ty gradient at 60,000 rpm and 25°. The solid lines refer to a 
thermodynamically Ideal macromolecule (B = 0), while the 
dashed line shows the concentration distribution calculated for 
B  = 1 X 103 ml/g. The caculated density, shown as a line in 
the lower diagram, extends from 1.3 g/ml at r =  6.0 cm to 1.48 
g/ml at r =  7.0 cm.

those of the hemocyanin pentamer.17 The influence of 
thermodynamic nonideality on the concentration distribu
tion is shown by the broken line, where the value of the 
virial coefficient B was taken as 1 X 10- 3 ml/g. This is 
about two orders of magnitude higher than that expected 
experimentally18 and was used so that the qualitative ef
fect of nonideality would be visible in the figure. It is seen 
that the computed band width is broadened in the noni
deal example. This is in agreement with the equations de
rived by Schmid and Hearst19 and also with their experi
mental observation of the effect of concentration on the 
width of the band formed by T7 DNA in cesium chloride 
density gradients. These workers concluded that accurate 
molecular weights could be obtained from the results of 
sedimentation equilibrium experiments in density gradi
ents, provided that the apparent molecular weights, mea
sured at a series of concentrations, were extrapolated to 
infinite dilution. Further comments on the determination 
of molecular weights in density gradient sedimentattion 
equilibrium experiments, utilizing the results shown in 
Figure 2, are given in a later section.

Concentration distributions calculated for thermody
namically ideal interacting systems, consisting of a mono
mer in equilibrium with a polymer, are shown in Figures 
3_5 2°,2i The values used for the molecular weights in the 
computations represent those for the dimerization of a- 
chymotrypsin, the hexamerization of n-chymotrypsin, and 
the pentamerization of hemocyanin, respectively. The vol
ume changes accompanying the formation of the various 
polymeric species are somewhat arbitrary although they 
are based on figures reported in the literature for the sys
tems used here as models.

(16) G. J. Howlett and L. W. Nichol, J. Biol. Chem.. 247, 5681 (1972).
(17) C. H. Moore, R. W. Henderson, and L. W. Nichol, Biochemistry, 7, 

4075 (1968).
(18) C. Tanford In ‘Physical Chemistry of Macromolecules," Wiley, New 

York, N. Y„ 1963.
(19) C. W. Schmid and J. E. Hearst, J. Mol. Biol., 44, 143 (1969).
(20) G. Kegeles and M. Johnson, Arch. Biochem. Biophys., 141, 59 

(1970).
(21) K. E. Van Holde and L. B. Cohen, Biochemistry, 3, 1803 (1965).
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Figure 3. Sedimentation equilibrium concentration distributions 
calculated for a polymerizing protein in a cesium chloride densi
ty gradient at 60,000 rpm and 25°. The molecular weights and 
partial specific volumes were respectively 24,000 and 0.73 ml/g 
for the monomer, and 48,000 and 0.733 ml/g for the dimer. The 
volume increase on dimer formation was taken as 142 ml/mol 
of monomer20 and the starting conditions were chosen to give 
approximately equal concentrations of the two species at sedi
mentation equilibrium. The calculated density extends from 1.3 
g/ml at r = 6.0 cm to 1.48 g/ml at r = 7.0 cm.

(a)

r(cm)
Figure 4. Sedimentation equilibrium concentration and concen
tration gradient distributions calculated for a polymerizing pro
tein in a cesium chloride density gradient at 60,000 rpm and 
25°. The molecular weights and partial specific volumes were 
respectively 24,000 and 0.73 ml/g for the monomer, and 
144,000 and 0.744 ml/g for the hexamer. The volume change 
per mole of monomer is the same as that used in Figure 3. The 
calculated density extends from 1.30 g/ml at r =  6.0 cm to 1.48 
g/ml at r = 7.0 cm. The equilibrium constant for hexamer for
mation at atmospheric pressure was (a) 0.61 X 1018 (g/ml)-5 
and (b) 0.45 X 1017 (g/ml)~5. The initial total concentration in 
each case was 0.1 g/dl.

G. J. Howlett and P. D. Jeffrey

Figure 5. Sedimentation equilibrium concentration distributions 
calculated for a polymerizing protein in a cesium chloride densi
ty gradient at 60,000 rpm and 25°. The molecular weights and 
partial specific volumes were respectively 90,000 and 0.73 ml/g 
for the monomer, and 450,000 and 0.76 ml/g for the pentamer. 
The volume change is based on that reported for a hemocyanin 
by Van Holde and Cohen21 and an equilibrium constant giving 
approximately equal concentrations of the two species at sedi
mentation equilibrium was used in the calculation. The calculat
ed density extends from 1,30 g/ml at r — 6.0 cm to 1.44 g/ml 
at r = 6.8 cm.

Figure 3 qualitatively resembles Figure 2 of Ten Eyck 
and Kauzmann,9 which was also calculated for the dimer
ization of a-chymotrypsin with slightly different values of 
the parameters, and shows that the concentration distri
bution in such a system would give no indication that a 
reaction accompanied by a volume change was occurring. 
This may be contrasted with the result shown in Figure 
4a, which illustrates graphically the effect on the resolu
tion in the concentration and concentration gradient pat
terns of increasing molecular weight and volume change. 
The marked alteration in the appearance of concentration 
and concentration gradients which can result from a 
change in the equilibrium constant is demonstrated in 
Figure 4b which was calculated for the same system as 
Figure 4a but with a decreased equilibrium constant for 
hexamer formation. The alterations are more distinctly 
observed in the concentration gradient patterns as Ten 
Eyck and Kauzmann9 noted.

It is pointed out that changing the pressure, for exam
ple, by layering mineral oil on top of the solution column, 
has the effect of altering the equilibrium constant for a 
reaction involving a volume change. Thus Figure 4a and 
4b can be regarded as showing the effect of increased 
pressure on the distribution of species in such a system 
when there is a volume increase on polymerization. A va
riety of factors such as pH, temperature, and ionic 
strength may alter the equilibrium constant of a protein 
interaction. Such alterations are normally detected in 
sedimentation equilibrium experiments in which there is 
no significant density gradient, by changes in the depen
dence of the apparent weight-average molecular weight on 
concentration. When there is a volume change accompa
nying the reaction and the macromolecular component is 
banded in a density gradient, changes in the equilibrium 
constant with changing conditions, may, in certain in
stances, be visible in the appearance of the concentration 
gradient pattern without the necessity for detailed mea
surements and calculations.

The degree of resolution obtainable in favorable circum
stances in density gradient experiments, even in systems 
in which the species are in rapid chemical equilibrium, is 
illustrated in Figure 5. The extremely high resolution,
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Figure 6. Sedimentation equilibrium concentration distributions 
calculated for an A + B — C system in cesium chloride density 
gradient at 60,000 rpm and 25°. The molecular weights and par
tial specific volumes were respective y A, 45,000 and 0.748 
ml/g; B, 14,400 and 0.726 ml/g; C, 59,400 and 0.742? ml/g. 
The equilibrium constant for the reaction was 0.8 X 105 
mol-1 .22 The calculated density extends from 1.3 g/ml at r = 
6.0 cm to 1.48 g/ml at r = 7.0 cm.

Figure 7. Apparent (broken line) and true (solid line) weight- 
average molecular weights for the polymerizing system illus
trated in Figure 4a. Ascending and descending refer to molecu
lar weights evaluated on the centripetal and centrifugal sides, 
respectively, of the band maximum as described in the text. The 
upper solid line shows the curve obtained when the polymeriza
tion is not accompanied by a volume change.

with the two peaks being virtually identifiable with mono
mer and polymer, respectively, is similar to that illus
trated for a monomer-dimer system by Kegeles, et al.,8 
and emphasizes the fact that in an interacting system, as 
in a mixture, the resolution of peaks due to species which 
band at different densities, in a given density gradient, 
depends essentially on the magnitude of the difference in 
partial specific volumes between the species and their 
molecular weights. Accurate values of the solvated partial 
specific volumes of each of the species could be obtained 
from a density gradient experiment with such a system. It 
should be pointed out, in respect to Figures 2-5 (and Fig
ures 5-7 of Kegeles, et al.8) that although the concentra
tions of some of the species appear to decrease to zero, 
they are in fact always finite in accordance with the sedi
mentation equilibrium condition.

In a polymerization, the possibility of any peak resolu
tion necessarily relies on a volume change accompanying 
the reaction. In this regard, the use of equilibrium density 
gradients in the study of systems of the type A + B ^  C 
may have wider application, since even if there is no such 
volume change, there may exist in solution species of dif
fering partial specific volumes. The computed concentra
tion distribution for such a reaction, that between ovalbu
min (A) and lysozyme (B), is given in Figure 6.22 The par

tial specific volume of the complex, vc = 0.7427 ml/g, was 
calculated on the basis of no volume change on reaction. 
Figure 6 shows that the total concentration distribution 
which may be observed experimentally is markedly asym
metric. Curves of similar shape might however be ob
tained even if there were no interaction between A and B 
in a mixture. The detection of the interaction would de
pend on either a detailed analysis of the curve, as dis
cussed in the next section, or on further experiments in 
which environmental conditions expected to affect the 
equilibrium constant for the interaction were changed. 
Clearly, in an A + B ^  C system of the type discussed 
here, the absence of any effect of pressure on the distribu
tion would not rule out the possibility of an interaction. 
The variation possible in concentration distributions of A 
+ B ^  C systems in which there is a volume change on 
complex formation have been discussed by Kegeles, et 
al. ,8 and are referred to briefly in the Introduction.

Evaluation of Molecular Weights. The molecular weight 
of a single homogeneous macromolecular species is usually 
evaluated from the band it forms at sedimentation equi
librium in a density gradient by use of the expression4

2 _  RTPo 
M(dp/ dr)0w2r0

where a is the standard deviation of the concentration dis
tribution and the other quantities are as defined in eq 1. 
Equation 11 refers to a thermodynamically ideal macro
molecule and gives the solvated molecular weight if the 
effective density gradient is used. The computed concen
tration distribution shown in Figure 2 was used to assess 
the potential accuracy obtainable from the application of 
eq 11 in the absence of experimental error. The variance 
was calculated from the expression23

a2' — ¿ c r 2 dr/^ c dr — ^¿er dr/J^c dr̂  (12)

where the denominators serve to normalize the concentra
tions, c. Values of concentration at radial distances, r, 
corresponding to increments of r2 < 0.05 cm2 were used to 
calculate a2, which was then substituted in eq 11 together 
with the calculated value of the density gradient and the 
initially set value of the density at the peak maximum, ro. 
Comparison of the calculated molecular weight, 449,000, 
with the true value, 450,000, used to generate the concen
tration distribution shows that the application of eq 11 
and 12 to the results of density gradient sedimentation 
equilibrium experiments is capable of yielding highly ac
curate molecular weights. The same calculation for the 
nonideal case shown in Figure 2 gave a value of 363,000 for 
the apparent molecular weight, while a calculation for a 
distribution utilizing a more realistic value of 0.5 X 10~5 
ml/g for the virial coefficient18 gave 448,000. The results 
for the nonideal cases emphasize the necessity for evaluat
ing apparent molecular weights at a number of concentra
tions and extrapolating to infinite dilution in an experi
mental determination.

Of more relevance to the study of interacting molecules 
is the measurement of the weight-average molecular 
weight as a function of the total concentration. In a sedi
mentation equilibrium experiment with a thermodynami
cally ideal interacting system involving species of different

(22) G. J. Howlett and L. W. Nichol, J. Biol. Chem., in press.
(23) I. Guttman and S. S. Wilks in "Introductory Engineering Statistics,” 

Wiley, New York, N. Y., 1967, p 84.
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partial specific volumes, the quantity which is determined
experimentally is an apparent weight-average molecular
weight defined by

where the a are the individual species concentrations, c = 
Sc j is the total concentration, and <p\ is as defined in eq 7. 
The notation (M)r,app signifies the fact that an apparent 
molecular weight is obtained because in practice only a 
single value (indicated by the subscript x) for the partial 
specific volume can be substituted in the <fix term. The 
value used depends on what is experimentally available, 
and may be the partial specific volume of any one of the 
reacting species, or some average value. Equation 13 is 
applicable to density gradient sedimentation equilibrium 
experiments, provided the appropriate value of the densi
ty at a given radial position is used in the evaluation. In a 
density gradient sedimentation equilibrium experiment 
where a band is formed, molecular weights can be evalu
ated as a function of increasing concentration on one side 
of the band maximum, and of decreasing concentration on 
the other side of it. In the present study the molecular 
weights evaluated on the centripetal side of the maximum 
are referred to as “ ascending,” and those on the centrifu
gal side as “ descending.”

Molecular weight us. concentration curves calculated by 
eq 13 from the concentration vs. radial position data for 
the polymerizing system shown in Figure 4a are given in 
Figure 7. The dependence of the true weight-average mo
lecular weight, Mw = 2M ic/2 ci, on concentration when 
there is a volume change (Figure 4a) is given by the lower 
solid line in Figure 7. Although not accessible experimen
tally, true weight-average molecular weights can be evalu
ated for a model system because the required values of Ci are 
known at each value of r. The weight-average molecular 
weight on the ascending side of the peak differs markedly 
from that at the same total concentration on the descend
ing side because of the influence of the pressure at differ
ent radial positions on the equilibrium constant for the 
interaction. As the concentration approaches zero on each 
side the weight-average molecular weight approaches that 
of the monomer (24,000), producing the characteristic ap
pearance of the molecular weight dependence shown in 
the figure.

In an experiment, only apparent weight-average molec
ular weights could be determined (eq 13) and the dashed 
line in Figure 7 shows the curves obtained when the par
tial specific volume substituted in 4>x was given a value 
equal to the reciprocal of the density at the peak maxi
mum. This value was chosen, rather than that of one of 
the reacting species, because it could be evaluated in the 
sedimentation equilibrium experiment itself. The concen
tration dependence of (M)r,aPP is similar to that of Mw in 
showing the effect of pressure on the distribution, but the 
form of the equation for (M)r,app necessarily leads to a 
discontinuity in the curve unless it is possible to choose a 
value of 4>x which equals zero at precisely the value of r 
where d In c/d(r)2 equals zero. In the figure the apparent 
weight-average molecular weight does not approach the 
molecular weight of the monomer at zero concentration 
because of the choice of partial specific volume mentioned 
above. If the partial specific volume of the monomer were
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Figure 8. Apparent (broken line) and true (solid line) weight- 
average molecular weights for the A +  C system illustrated 
in Figure 6. Ascending and descending refer to molecular 
weights evaluated on the centripetal and centrifugal sides, re
spectively, of the band maximum as described In the text.

known its use in the evaluation of (M)r,app would give the 
correct monomer molecular weight on extrapolation of 
both ascending and descending curves to infinite dilution.

The {M)r,app curves in Figure 7 correspond to those 
which could be evaluated experimentally, and show that 
the application of eq 13 to the concentration distribution 
determined in a density gradient sedimentation equilibri
um experiment would reveal the presence of species of dif
ferent partial specific volumes in systems which showed 
little, or no evidence, of density heterogeneity in the con
centration distributions themselves (e.g., Figure 4b). 
Moreover, in an interaction the species favored by in
creasing pressure could be deduced from the relative mag
nitudes of the apparent weight-average molecular weights 
at the same concentration on the ascending and descend
ing sides of the peak. It may be pointed out that the non
superposition of the ascending and descending (M )r,app 
us. concentration curves shown in Figure 7 for an interact
ing system accompanied by a volume change corresponds 
to the nonsuperposition which would be observed in two 
separate conventional sedimentation equilibrium experi
ments, in which different initial loading concentrations 
and/or speeds were used.10'11 The curve obtained when 
the polymerization is not accompanied by. a volume 
change is also shown in Figure 7. The dependence of 
weight-average molecular weight on total concentration is 
the same as that obtained from an interacting system in a 
conventional sedimentation equilibrium experiment and 
there is no difference in values measured on the ascending 
and descending side of the peak.

Figure 8 shows Mw and (M)r,app vs. concentration 
curves calculated for the A + B ^ C  system illustrated in 
Figure 6. These curves qualitatively resemble those for a 
polymerizing system and also those which would be ob
tained for a mixture of A and B in which no reaction was 
occurring, but in which the species had different partial 
specific volumes. An interaction could be detected quali
tatively from the (M)r,app curves evaluated from a single 
density gradient sedimentation equilibrium experiment, 
only if the equilibrium constant and the initial concentra
tions used were such as to lead to an (M)r,app higher than 
that of either reactant. This is not the case for the exam
ple illustrated, where the highest well-defined (M)r,aPP is 
close to the molecular weight of species A (45,000). In this 
situation the possibility of an interaction might be inves-
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Figure 9. Comparison of experimental (circles) and calculated 
(line) sedimentation equilibrium concentration distributions for 
bovinp mercaptalbumin in a 2.47 m cesium chloride solution at 
56,100 rpm and 25°. The density at the band maximum was 
taken as 1.282 g/ml7 and v for the protein as its reciprocal, 
0.78 ml/g. The solid line was plotted directly from the computer 
output using a Hewlett-Packard 7200 A graphic plotter on a 
photographic enlargement of the experimental distribution origi
nally presented by Ifft and Vinograd.7
tigated by another experiment under different conditions 
designed to affect the equilibrium constant and thus alter 
the dependence of (M)r,app on concentration, or perhaps 
more satisfactorily, by computing theoretical (M)r,app vs. 
c curves for various interacting and noninteracting models 
and curve fitting the experimental data.

In the latter connection an experimental distribution 
obtained for a single macromolecular species at sedimen
tation equilibrium in a density gradient was used to in
vestigate the precision possible in curve fitting by the 
kind of computations described ir. this paper. The method 
described in the Theory section was used to compute the 
sedimentation equilibrium concentration distribution of 
bovine serum mercaptalbumin in a cesium chloride densi
ty gradient, given the molecular weight and final concen
tration of the macromolecule and the density of the cesi
um chloride solution at the banding position. The data 
used were taken from the study by Ifft and Vinograd7 and 
the values of the relevant parameters are given in the leg
end to Figure 9 which compares the computed concentra
tion distribution with that obtained experimentally. A 
possible error of 10% in the determination of the density 
at band maximum, noted by those authors,7 is probably 
responsible for the discrepancy between the density gradi
ent molecular weight and that evaluated by other meth
ods.18 The important point is that the extremely good 
agreement of the computed distribution with the experi
mental points shown in Figure 9 indicates that it should 
be possible to analyze experimental distributions success
fully by comparing them with those calculated for various 
models. It is anticipated that with interacting systems 
such a curve-fitting procedure should yield the molecular

weights and partial specific volumes of the species banded 
in the density gradient, and the equilibrium constant for 
the reaction, with about the same precision as that avail
able from the analysis of conventional sedimentation 
equilibrium experiments. In discussing the interpretation 
of results obtained from sedimentation equilibrium exper
iments with interacting systems in density gradients only 
the variation of the equilibrium constant with pressure 
has been explicitly considered. The presence of steep gra
dients and high concentrations of a third component such 
as cesium chloride or sucrose may cause a significant vari
ation in the equilibrium constant with radial position. 
Providing the form of such dependence was known from 
separate experiments for a given system it could be in
cluded in the analysis.

Summary
A method has been presented for calculating sedimen

tation equilibrium concentration distributions, in density 
gradients, of reacting systems involving macromolecules of 
different partial specific volumes. The procedure de
scribed ensures that the appropriate density variation is 
included in the sedimentation equilibrium equations, that 
chemical equilibrium is maintained at all levels in the 
density gradient, and that the variation of the equilibrium 
constant with pressure is correctly described. The way in 
which thermodynamic nonideality may be included in the 
treatment is indicated.

Distributions computed for a number of model interact
ing systems demonstrate that experimental patterns may 
range in appearance from apparently symmetrical to ap
parently almost completely resolved peaks. The factors 
affecting the degree of resolution in a given density gradi
ent are the same as those in a mixture, namely, the differ
ence in the partial specific volumes and the magnitudes of 
the molecular weights of the macrospecies. The existence 
of a reaction may be detected experimentally by alter
ations in the appearance of concentration gradient pat
terns brought about by changing conditions which affect 
the equilibrium constant.

A thorough analysis of the complete equilibrium con
centration distribution, either for a single polymerizing 
solute or an A + B ^  C system, in terms of apparent 
weight-average molecular weights, provides a more sensi
tive indication of the presence of an interaction and 
whether it is accompanied by a positive, negative, or zero 
volume change. The computational procedures outlined 
should allow the parameters characterizing macromolecu
lar interactions to be evaluated with acceptable precision 
from the results of density gradient sedimentation equi
librium experiments by curve fitting of the kind common
ly used in conjunction with conventional sedimentation 
equilibrium experiments. The treatment is applicable to 
experiments in which there are appreciable density gradi
ents but where the macromolecular component does not 
form a band.
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Conductance measurements at 25° are reported for NaC104, KC104, LiNC>3, N8NO3, KNO3, NaSCN, 
KSCN, NaBr, KPi, and n-Pr4NBr in hexamethylphosphotriamide (HMPT) and the data are analyzed 
with the Fuoss-Onsager equation. Potassium salts are more conducting than the corresponding sodium 
salts and the difference in equivalent conductivity of 0.21 ±  0.03 unit substantiates the Kohlrausch law 
of independent ion migration in HMPT. The Stokes radius of the ions has been corrected following a 
suggestion by Robinson and Stokes. The correct ionic radius in HMPT solution shows that while alkaline 
metal cations are solvated by approximately two HMPT molecules, the anions can be considered as 
naked. All of the studied salts, except KN03 and rc-Pr4NBr, were found to be completely disassociated in 
that solvent.

Introduction
The hexamethvlphosphotriamide is a polar aprotic sol

vent particularly used in organic chemical reactions. Its 
molecular shape is that of a pyramid2 with a positive 
charge density symmetrically distributed over the three 
nitrogen and the phosphorus atoms and a high electron 
density located on the oxygen atom.

This solvent shows a high dipolar moment, an interme
diate value of the dielectric constant, and a large value for 
the viscosity. In spite of these interesting physical proper
ties little work has been done on the properties of the 
electrolyte solutions and on the ion-solvent interaction in 
this medium. Brusset and coworkers3 report a qualitative 
conductometric study of KI in HMPT; from the curve of 
the equivalent conductivity us. concentration they deduce 
that KI is not completely dissociated in this solvent. The 
conductivity of some tetraalkylammonium salts and 
KC104 in HMPT appeared in a recent paper,4 and it 
shows indeed no association of the studied salts in this 
medium.

In this paper the conductance measurements in HMPT 
have been extended to several 1-1 valent electrolytes in 
order to provide information concerning the interaction 
between solvent molecules and all of the considered ions.

Experimental Section
Materials. Hexamethylphosphotriamide (Fluka A.G. 

pract.) dried with molecular sieves 3A (Union Carbide) in 
the form of lie-in. pellets was allowed to stand in contact 
with barium oxide for 2 days. The liquid was decanted 
and then fractionated at 20 mm pressure. The middle 
fraction with a specific conductance 1-1.2 X 10~7 ohm 1 
cm-1 was used.

Sodium perchlorate (Fisher Certified Reagent) was re
crystallized from conductivity water and dried in a vacu
um oven at 130° for 24 hr. The potassium perchlorate used 
was purified in two different ways. A sample (Fisher Cer
tified) was recrystallized three times from conductivity 
water and dried in vacuo over phosphoric oxide for 10 hr 
at 100°; before use the temperature was raised at 130° for 
10 hr. Another sample (Carlo Erba Reagent Grade) was 
recrystallized from conductivity water and dried for 12 In
in a vacuum oven at 100°.

Potassium picrate was prepared following a method pre
viously described.5 Reagent grade lithium, potassium, and 
sodium nitrates and sodium bromide were recrystallized 
three times from conductivity water and. dried for 24 hr in 
vacuo at 90°. Fisher Certified ACS potassium and sodium 
thiocyanates were recrystallized from conductivity water 
and dried for 48 hr in vacuo at 60°. Tetrapropylammo- 
nium bromide was recrystallized from a methanol-ether 
mixture and then dried for 12 hr in a vacuum oven at 90°.

The thermostat was an oil-filled bath kept at 25 ±
0.005°. The apparatus used for the conductivity measure
ments, the procedure employed to realize the various so
lutions, and the standardization of the cells are reported 
in a previous note.5 The conductance of pure solvent was 
subtracted from the conductance of each solution.

Results and Discussion
The equivalent conductance and concentration of each 

solution have been reported in Tables I and II.6 Equiva
lent conductance data were analyzed using Kay’s least- 
squares program7 and an IBM 360/65 computer. The 
Fuoss-Onsager equations8 were used in the form

A = A o  -  Sc112 + Ec log c  + (J -  F A 0)c (1)
for unassociated electrolytes and in the form
A = A 0 -  S(cy)1/2 + Ecy log (cy) +

(J -  F A0)cy -  K J 2cy (2)
for associated electrolytes.

(1 ) This work was taken from the doctoral thesis of E. Rlghetti.
(2) H. Normant, Angew. Chem. Int. Ed. Engl., 6, 1046 (1967).
(3) H. Brusset, P. Delvalle, J. Garcln, and P. Rajaonera, Bull. Soc. 

Chlm. Fr., 3800 (1969).
(4) C. Atlani, J. C. Justice, M. Qulntln, and J. E. Dubois, J. Chim. 

Phys., 66, 180 (1969).
(5) P. Bruno and M. Della Monica, J. Phys. Chem., 76, 1049 (1972).
(6) Equivalent conductance data will appear following these pages in 

the microfilm edition of this volume of the tournai. Single copies 
may be obtained from the Business Operations Office, Books and 
Journals Division, American Chemical Society, 1155 Sixteenth St.,
N.W., Washington, D. C. 20036. Remit check or money order for 
$3.00 for photocopy or $2.00 for microfiche, referring to code num
ber JPC-73-1258.

(7) R. L Kay, J. Amer. Chem. Soc.. 82, 2099 (1960).
(8) R. M. Fuoss and F. Accasclna, "Electrolytic Conductance,” Inter- 

science New York, N. Y., 1959.
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TABLE III: Conductance Parameters tor 
Hexamethylphosphotriamide Solutions

Salt Ao a. K a aA

NaCI04 21.14 ±  0.05 4 . 9  ±  0 . 3 0.03
kcio4 21.35 ±  0.05 4.6 ±  0.2 0.02
UN03 24.95 ±  0.05 4.9 ±  0.1 0.01
NaN03 24.06 ±  0.05 4.1 ±  0.1 0.02
KN03 24.33 ±  0.06 2.4 ±  0.6 59 ±  8 0.05
NaSCN 25.99 ±  0.04 4.6 ±  0.1 0.05
KSCN 26.17 ±  0.05 O-HCO 0.02
NaBr 23.88 ±  0.05 4.5 ±  0.1 0.02
KPI 17.36 ±  0.05 5.2 ±  0.2 0.02
n-Pr4NBr 25.10 ±  0.05 3.2 ±  0.8 71 ±  8 0.05

In the above two equations, E = E-y A0 -  E2, S = aA0 + 
@; J=  <tiAo + <72, T is the degree of disassociation, f  is the 
mean activity coefficient of the electrolyte, and KA is the 
association constant.

In HMPT at 25°, E\, E2, a, and 3 have constant values 
of 9.815, 38.244, 0.9875, and 26.275, respectively, while ai 
and <72 depend on the chosen value of the minimum ap
proach distance. The following physicochemical constants 
of pure solvent were taken: d = 1.019 g/cm3;9 e0 = 29.64;2 
and r, = 0.0334 P.10

Table III gives the conductance parameters obtained 
from eq 1 and 2. The standard deviations in each parame
ter are also included together with the standard deviations 
of the individual points. A number of duplicate conduc
tance determinations have been made and the parameters 
reported in Table III are their mean values.

Equation 2 gives the best fit in all cases but, apart from 
KNO3 and n-Pr4NBr. it also gives negative association 
constants; since this is without physical meaning the pa
rameters reported in Table III were then calculated for all 
the salts, except for KNO3 and n-Pr4NBr, from eq 1. In 
the calculations with both eq 1 and 2 the term F was not 
taken into account.

A survey of the data reported in Table III shows con
stant differences of 0.21 ±  0.03 A unit for the Ao of KC104 
-NaC104, KSCN-NaSCN, and KN03-NaN03 couples. 
This fact seems to prove the reliability of the Kohlrausch 
law of independent ion migration in HMPT.

The Ao value of KCIO4 salt, obtained by averaging the 
Ao values of two series, differs from the value reported in 
the literature by 0.17 A unit.4 This small difference is 
possibly due to different purification methods of the sol
vent used (in ref 4 the purification of the solvent was not 
discussed).

Ion-Size Parameter. The minimum approach distances 
of ions a, as given by the above two equations deserve 
some considerations. At the present time it is not fully 
understood whether the minimum approach distance of 
ions is to be attributed to the true dimension of the ions 
in solution. Fuoss and Accascina11 postulated that the 
ion-ion contacts occur between bare ions and not between 
their cospheres; this assumption was deduced by the re
sults of KBr and KI in water where the a distances were 
found practically coincident with the sum of the crystallo
graphic radii of the ions; the small difference between the 
a value and the sum of the radii of the bare ions relative 
to KC1 salt (0.07 A) was explained assuming a small asso
ciation degree for this salt in water. KC104 in dimethyl 
sulfoxide is also a case for which a minimum approach 
distance very close to the sum of the radii of naked K+ 
and CIO4 ions is reported in the literature.5

Apart from these few examples the results for a large 
number of systems, both in water and in nonaqueous sol
vents, seem however to indicate that the values of the a 
distances of the involved ions are either greater or smaller 
than the sum of the radii of the naked ions. This is also 
what happens in HMPT where the a distances of IANO3, 
NaN03, NaC104, and KC104 salts are greater than the 
sums of the radii of their bare ions while the a distances 
of KPi, KN03, and n-Pr4NBr salts are unrealistically 
small.

In the conductance equation (1) the coefficient of the 
concentration c includes two factors: the term J from 
which the minimum approach distances a are derived and 
the FA.0 term which takes into account the viscosity 
change in the solution as the concentration increases. In 
some nonaqueous solvents the F term can be considered 
negligible,12 especially when we are dealing with small 
ions, but it becomes important when ions of large hydro- 
dynamic radius in viscous media are concerned. The re
sults of a recent work regarding a couple of electrolytes in 
some nonaqueous solvents is significant in this respect.5 
In addition, the term including the association constant in 
eq 2 is linear with concentration and can hardly be sepa
rated from the (J -  FAo) term as the association constant 
gets smaller. As a consequence of the above consider
ations, when viscosity data in dilute solutions are not 
available or in presence of very small association con
stants the minimum approach distances of ions given by 
eq 1 and 2 have little significance.

A different way of obtaining the solvated radius of the 
ions in HMPT solution has been attempted through the 
individual ionic mobilities. Transference numbers in this 
solvent are not available. In this instance the same contri
bution to the conductivity (equal to 6.1 A units in 
HMPT) for the cation and for the anion in tetra-n- 
butylammonium tetraphenylboride salt solution can be 
assumed to approximate limiting ionic equivalent conduc
tances.13 Starting from the Xo value of Na ion, reported in 
the literature,4 the limiting equivalent conductance in 
HMPT of a series of ions has been calculated and the re
sults are reported in Table IV, where the rs values ob
tained from the Stokes law

r, -  (3)
V?

are also reported.
Following a suggestion due to Robinson and Stokes,14 

the radii of the cations in solution have been corrected 
and the results obtained (rCOr) are reported in the same 
Table IV. In the Robinscn and Stokes method the tetraal- 
kylammonium ions are assumed unsolvated because of 
their low charge density and the crystallographic radii of 
these ions are taken to be the correct hydrodynamic 
values rcor. It follows that a plot of rCOT/rs (the correction 
factor) against the Stokes law radius can be constructed; 
hence the correct radii of other cations with rs values 
known from conductivity data and lying in the range cov
ered by the plot are deduced.

Figure 1 shows instead the plot of the Ao?) values against 
the reciprocal crystallographic radii of the ions. The cor-
(9) J. E. Dubois and A. Bienvenue, Tetrahedron Lett.. 1809 (1966).

(10) J. E. Dubois and H. Viellard, J. Chim. Phys., 62, 699 (1965).
(11) See ref 8, pp 203-205.
(12) D. F. Evans, C. Zawoyski, and R. L. Kay, J. Phys. Chem., 69, 3878 

(1965).
(13) R. M. Fuoss and E. Hirsoh, J. Amer. Chem. Soc., 82,1013 (1960).
(14) R. H. Robinson and R. H. Stokes, “Electrolyte Solutions," Butter- 

worths, London, 1959.
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Figure 1. The Walden product for some Ions as a function of re
ciprocal crystallographic radius in hexamethylphosphotriamide 
(lower curve) and sulfolane (upper curve). Theoretical Stokes 
law Is shown by the dotted line.

TABLE IV: Equivalent Limiting Conductances, Stokes Radii, 
Solvated Radii, and Walden Products of Ions in 
Hexamethylphosphotriamide Solutions

Ion 0̂ rc° r S r cor Xo4

Li + 6.8 0.60 3.61 4.8 0.227
Na+ 5.9 0.95 4.16 5.0 0.197
K+ 6.1 1.33 4.04 4.9 0.203
Et„N + 9.4 4.00 2.61 — 0.314
n-Pr4N + . 7.1 4.52 3.50 — 0.234
n-Bu4N + 6.1 4.94 4.02 — 0.204
Br- 18.0 1.95 1.36 0.601
c io4- 15.2 2.92 1.61 0.508
SCN- 20.1 — 1.22 0.671
no3- 18.1 2.64 1.36 0.605
Pi" 11.3 5.06 2.18 0.377

°E. R. Nightingale, Jr., J. Phys. Chem., 63, 1381 (1959). 6 Reference5.

rect radii of the solvated alkaline metal cations can be 
read on the abscissa within the range spanned by the X0?? 
values of the tetraalkylammonium ions. The Xor) values of 
Et4N+ and Bu4N+ are taken from the literature.4 For 
comparison the Walden product for some other ions in 
sulfolane15 are reported in Figure 1. One can see there 
that the curves in the two solvents show the same trend.

A suggestive improvement of the Stokes continuum 
theory which considers the retardation due to the relaxa
tion of the solvent dipoles around a moving ion has been 
made by Zwanzig.16 The proposed equation is

X0rj = F2/N(6nr + B/r3) (4)

where B is a function of the dielectric relaxation time of 
the solvent, r and of the dielectric constant of the solvent 
at low and infinite frequency, «o and e, respectively.

The Zwanzig theoretical curve has not been reported in 
Figure 1 because of the lack of the r and the e terms. Nev
ertheless in solvents where eq 4 has been tested there is no 
agreement between theoretical predictions and the experi
mental data since the r values required by eq 4 are un
realistically small.

A comparison between the correct radius of Na+ and 
K+ ions in this solvent, and in a series of protic and apro- 
tic nonaqueous solvents,15 shows that these ions have in 
HMPT the highest solvated radius. This fact can be at
tributed to both the very high value of the dipole moment 
and the large volume of the HMPT molecule. Ascribing a 
volume of 290 A3 to the HMPT molecule, a rough esti
mate of the average number of solvent molecules firmly 
bonded in the first hydration shell can be evaluated 
through the relationship

. 4/37r(rCOr3 -  rc3)
h = --------- 290---------  (5)

where rc is the crystallographic radius of the involved ion. 
For sodium and potassium ions the hydration number 
thus calculated is approximately 2. Steric considerations 
are in agreement with the idea that the first hydration 
shell of monovalent cations in HMPT cannot be formed 
by more than two solvent molecules. However, under the 
strong field generated by cations with a high charge densi
ty, more than two HMPT molecules can be coordinated, a 
fact shown by some complexes of the transition metals in 
this solvent.17

It should also be noted that according to the charge 
density of the monovalant cation the interaction between 
the central ion and the solvent molecules can be high 
enough to break the solvent structure beyond the first hy
dration shell. Therefore, the higher mobility of lithium ion 
in HMPT when compared with that of sodium and potas
sium ions does not indicate that the solvated radius of the 
lithium ion is smaller than the one for sodium and potas
sium ions. In other words, the anomalous mobility of lithi
um ion in HMPT can be due to a loosening of the dipole- 
dipole interactions caused by lithium ion in the surround
ing solvent. The effect of the structure-breaking of the sol
vent molecules lowers the medium viscosity and as a con
sequence the ions experience in solution a resistance to 
motion smaller than predicted from the Stokes law. If the 
above assumption is correct, one should expect that the 
structure-breaking effect will be enhanced in solvents with 
high viscosity. This is what happens in dimethylformam- 
ide, dimethyl sulfoxide, hexamethylphosphotriamide, and 
sulfolane (with viscosities of 0.00796, 0.01992, 0.0334, and
0.1029 P, respectively) where the Walden products of lith
ium ion increase when going from dimethylformamide to 
sulfolane.

The anion Stokes radii are outside the range covered by 
the tetraalkylammonium ions; thus it is not possible to

(15) M. Della Monica and L. Senatore, J. Phys. Chem., 74, 205 (1970).
(16) R. Zwanzig, J. Chem. Phys., 38, 1603 (1963).
(17) J. T. Donoghue and R. S. Drago, Inorg. Chem., 1, 866 (1962).
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calculate their correct values vie Figure 1. Nevertheless, 
rough values can be estimated as follows: the Stokes law 
(dotted straight line in Figure 1) gives a linear depen
dence of the Walden products on the reciprocal effective 
radii of the ions in solution and the slope of the straight 
line should be 0.82 |z|. The Walden products of the anions 
and of the tetraalkylammonium ions are indeed on a 
straight line even if the slope of this line is different from 
the predicted one, 0.82 |z|. Thus, assuming the Stokes 
law to be correct in principle the anions should be consid
ered unsolvated in HMPT as the tetraalkylammonium 
ions. This fact is not surprising when one considers that 
the positive charge of the HMPT dipole extends on the 
phosphorus atom and on the three nitrogen atoms, hence 
giving a rather small charge density; since the interactions 
between anions and the solvent molecules in aprotic 
media are essentially of the ion-dipole type the anions can 
be assumed to travel through the solution without any sol
vent molecule attached to them. Kinetic studies also sup
port this point; in fact, the anion reactivity in reactions 
such as the alkylation with C^HsBr and C^gBr of sodi- 
omalonic acid derivatives in benzene is increased by the 
addition of a certain amount of HMPT.2

Ionic Association. Perchlorates and thiocyanates as well 
as NaBr and KPi are completely dissociated in HMPT. 
With regard to the nitrates of alkaline metals, while lithi
um and sodium salts are dissociated some association is 
found for KNO3 . n-Pr4NBr salt also shows an appreciable 
amount of association in HMPT.

At the present time the pattern of ionic association in 
nonaqueous solvents is still a point to be cleared. In protic 
solvents where a systematic study has been made, the re
sults show that the association constants depend on the 
characteristic of the solvent. Thus, while in ethanol the 
cation dependence of the association constants of lithium, 
sodium, potassium, cesium, tetramethylammonium, and 
tetrabutyl ammonium chlorides increase in going from 
lithium to cesium and then decrease in going from cesium 
to tetrabutylammonium ion,18 in trifluoroethanol the

same salts show association constants continuously de
creasing as the cation size increases.19

The association in the aprotic solvents, as a rule, de
creases as the ion-size of the electrolyte increases, but 
large differences in the amount of association are found 
when going from one solvent to another. In fact, while in 
acetonitrile,12 acetone,12 and nitromethane20 the associa
tion constants of salts with a common ion are slightly de
creasing, the association constants for lithium chloride, 
bromide, and iodide in sulfolane21 and for lithium, sodi
um, and potassium picrate in nitrobenzene21 drastically 
decrease as the ion size increases.

The behavior of alkaline metal nitrates in HMPT fol
lows the same association pattern of the salts in acetoni
trile and acetone; namely, association slowly increases in 
going from lithium and sodium nitrates to potassium ni
trate. This behavior can be explained considering that 
lithium and sodium ions, because of their large charge 
density, are firmly bonded to the solvent molecules while 
potassium ion is less bonded to the dipole of the solvent. 
This fact is also in agreement with the above suggestion 
that lithium ion, in spite of its high mobility, is to be con
sidered as a strongly solvated ion in HMPT.

When discussing corrections to solvated radii, ions like 
n-Pr4N+ and Br~ have been assumed as completely naked 
in HMPT. This assumption, if correct, accounts for the 
association of n-PriNBr salt in this solvent. More infor
mation about the association in HMPT can also be drawn 
from a systematic study on other alkaline metal and 
tetraalkylammonium electrolytes like chlorides, bromides, 
iodides, and nitrates. We are currently engaged in this 
problem and will give the results in a further communica
tion.

(18) D. F. Evans and P. Gardam, J. Phys. Chem., 72, 3281 (1968).
(19) D. F. Evans, J. A. Nadas, and M. A. Mateslch, J. Phys. Chem., 75, 

1708 (1971).
(20) R. L. Kay, S. C. Blum and H. I. Schlff, J. Phys. Chem., 67, 1223 

(1963).
(21) R. Fernandez-Prim and J. E. Prue, Trans. Faraday Soc., 62, 1257 

(1966).
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R e d u c t io n  o f  M e r c u r ic  C h lo r id e  to  M e r c u r o u s  C h lo r id e  

I n d u c e d  b y  th e  O x id a tion  o f  O x a lic  A c i d 1a

M. Kimura,lb I. M. Kolthoff,* and E. J. Meehan

Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455 (Received December 5, 1972)

The oxidation of oxalic acid by cerium(IV) or manganese(VII) in the presence of mercuric chloride induces 
the reduction of the latter to mercurous chloride (calomel). The amount of calomel formed is about the 
same in absence or presence of manganese(II). The results are accounted for by a sequence of free-radical 
reactions which is initiated by the reaction C2O42- + Ce(IV) —»■ CO2 + C02-- + Ce(III) leading to the 
overall induced reaction 2HgCl2 + C2O42 —*■ Hg2Cl2 + 2C1- + 2CO2. The amount of calomel formed
increases with increasing temperature and with decreasing rate of addition of the oxidant. The induced 
reaction was also studied with cobalt(III) oxalate, with iron(III) oxalate, in the dark and light, and with 
the Fenton reaction mixture (iron(II)-hydrogen peroxide). When chromium)VI) is the oxidant, no calo
mel is formed in its presence. Oxygen and chloride ions are powerful inhibitors; no calomel is formed in 
solutions saturated with oxygen, or in solutions more than 1 M  in potassium chloride.

Introduction
The slow addition of a trace of a strong oxidizing agent 

(Ce(IV), Mn(VII), or Cr(VI)) to dilute oxalic acid in di
lute sulfuric acid in the presence of Mn(II) causes the for
mation of free radicals which can bring about the reduc
tion of oxygen to hydrogen peroxide.2-4 This reduction 
corresponds to the induced (thermodynamically favorable, 
but normally very slow) reaction

0 2 + H2C20 4 —*- H20 2 + 2C02

and the amount of peroxide formed is much larger than 
the amount of oxidant added. The induced reduction of 
mercury(II) chloride to mercury(I) chloride (calomel) ini
tiated by the above free radicals is the subject of the pres
ent paper. It is shown that (in the absence of oxygen) the 
slow addition of a trace of the strong oxidants to oxalic 
acid containing Mn(II) and sulfuric acid can bring about 
the induced reaction

2HgCl2 + C20 42“ — Hg2Cl2 + 2C02 + 2 d “
As in the previously cited work,2-4 it is found that the 
amount of mercury(II) chloride reduced is much larger 
than the amount of oxidant added. The light-initiated re
duction of mercury(EI) chloride by oxalate in neutral me
dium has long been known as Eder’s reaction, and a 
mechanism accounting for the photochemical reaction was 
proposed first by Cartledge. In the present study the ki
netics and mechanisms of the chain reactions involved in 
the induced reduction of mercury(II) chloride have been 
studied with various oxidizing agents as initiators, in the 
dark and light, and in the presence of oxygen and of chlo
ride ions. Both of the latter are retarders of the induced 
reduction.

Experimental Section
All chemicals were reagent grade. In all cases mangan- 

ese(II) was added as the sulfate. Experimental details and 
conditions and analytical methods were the same as de
scribed previously.2-4 Unless stated otherwise, oxygen-free 
nitrogen was bubbled through the reaction mixtures. Ex
periments in light were carried out by exposing the reac
tion mixture to a tungsten lamp (110 V). The amount of

calomel formed was determined by weighing after filtering 
through a glass-sintered crucible, washing, and drying at 
80°. In order to compare conveniently the amount of calo
mel with the initial concentration of oxalic acid, the 
amount of calomel formed is expressed as molarity, which 
refers to the volume of the final reaction mixture.

Results
Cerium(IV) or Manganese(VII) as Oxidants. The effect 

of the amount of Ce(IV), expressed in equivalent percent
age of the initial amount of oxalic acid, and added over a 
period of 2 or 4 hr, is presented in Table I. Unless stated 
otherwise the number of moles of calomel formed was al
most equal to the number of moles of oxalic acid reacted 
minus twice the number of equivalents of oxidant added. 
Since the amount of calomel formed was much larger than 
corresponds to the amount of oxidant added, a chain reac
tion must occur which corresponds to the overall reaction

C2 0 42“ + 2HgCl2 —  2C02 + Hg2Cl2 + 2C1“ (1)
(In this and subsequent equations, oxalate is written as 
C2O42 — rather than as H2C2O4.) The relative efficiency of 
oxidant in initiating the reaction increases markedly with 
decreasing amount of oxidant added and also with in
creasing temperature. Table II illustrates this effect over 
the range 0-75° at varying rates of addition of oxidant. 
Variation of concentration of sulfuric acid from 0.1 to 0.5 
M  caused a small decrease in extent of reaction (from 2.3 X 
10_ 3 to 1.7 X 10“ 3 M  calomel formed, at 1 equiv % addi
tion in 2 hr at 25°) and further increase to 1 M caused a 
small further decrease (1 x 10“ 3 M). The amount of calo
mel formed increased greatly with increasing concentra
tion of oxalic acid. For example, the addition of 1 equiv % 
of cerium(IV) in 2 hr at 50° to 0.001, 0.005, or 0.01 M  ox
alic acid caused formation of 0.001, 0.0041, and 0.0082 M
(1) (a) This investigation was carried out under a grant from the Nation

al Science Foundation, (b) Present address: Department of Applied 
Chemistry, Yamagata University, Yonezawa-shi, Japan.

(2) I. M. Kolthoff, E. J. Meehan, and M. Kimura, J. Phys. Chem., 75, 
3343 (1971).

(3) I. M. Kolthoff, E. J. Meehan, and M. Kimura, Talanta, 19, 1179
(1972) .

(4) I. M. Kolthoff, E. J. Meehan, and M. Kimura, Talanta 20, 81
(1973) .
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TABLE I: Reduction of Mercury(ll) Chloride Induced by 
Addition of Cerium(IV)a

Ce(IV) added as 
equiv % of 
oxalic acid

Hg2CI2 formed, M  X 103

Addition in 2 hr Addition in 4 hr 

25°25° 75°*

20 3.6 3.6
4.5 2.2 2.9
1.0C 1.7 9.3d 2.0
0.4 5.2
0.1 2.5
0 0.0

° Reaction mixture 0.01 M  in oxalic acid, 0.1 M  in mercury(ll) chloride, 
and 0.5 M  in sulfuric acid; dark; N2 saturated. 6 0.1 M  H2S04. c Corre
sponds to 2 X 10“ 4 M  Ce(IV). d Corresoonds to 93% of oxalic acid used 
in reaction 1.

TABLE II: Effect of Temperature and Time of Addition of 
1 Equiv % of Cerium(IV)a

Hg2CI2 formed, M X  103, in addition time, hr
Temp, °C 0.1 0.5 1 2 4

0 0.1
25 0.4 1.0 1.5 2.3 3.4
50 3.1“ 7.3 8.2
75 6.0 9.3

“ Reaction mixture as Table I except 0.1 M  sulfuric acid; same results 
in dark and light. b 3,2 was found 2 hr after the addition.

calomel, respectively. Increase of the concentration of 
mercury(II) also increases the extent of reaction 1. With 
conditions as in Table I, addition of 1 equiv % of ceri- 
um(IV) in 2 hr at 50° to solutions 0.01, 0.04, or 0.1 M  in 
mercury(II) chloride caused 32, 52, and 83% of the oxalic 
acid to react according to reaction 1. Presence of Mn(II) 
up to 0.1 M  in mixtures as in Table I increased the extent 
of reaction only to slight extent. Only a few experiments 
were carried out with manganese(VII) as oxidant. Using 
the same reaction mixture and conditions as in Table II 
and adding 1 equiv % of manganese(VII) in 2 hr at 50°, 
the amount of calomel corresponded to 78% of the initial 
concentration of oxalic acid as compared to 82% with ceri- 
um(IV).

Chromium(Vl) as Oxidant. The essential difference 
from results described above is that no detectable reaction 
occurred in the absence of Mn(II). At 50° and upon add
ing 1 equiv % of Cr(VI) in 2 hr to a mixture 0.01 M  in ox
alic acid, 0.1 M  in sulfuric acid, and 0.1 M  in mercury(II) 
chloride, the concentrations of mercury(I) chloride formed 
were 0.001, 0.004, 0.005, and 0.005 M  in the presence of 
0.001, 0.01, 0.05, and 0.1 MMn(II), respectively.

Cobalt(III) as Oxidant. This was used as the trioxalate 
complex, prepared as previously described.2 A 0.01 M  so
lution which was 0.1 M  in sulfuric acid and 0.1 M  in mer- 
cury(II) chloride, but with no added oxalic acid, was kept 
oxygen free for 2 hr at 50° after which time considerable 
amounts of Co(III) still remained. The amount of calomel 
formed was 0.0144 M, corresponding to 48% of the 0.03 M  
oxalate originally present in the complex. At 25° the de
composition of the complex is much slower than at 50°, 
but the induced reduction of mercury(II) chloride is still 
considerable. A mixture initially 1.2 X 10 3 M  in the 
Co(in) complex, 0.04 M  in oxalic acid, and 0.1 M  in mer- 
cury(II) chloride and sulfuric acid after 3 hr (oxygen free)

TABLE III: Manganese(ll)-Hydrogen Peroxide as Oxidant“

M  X 103

Hg2CI2 'ormed H2C20 4  reacted H202 reacted 
[Mn(II)], Temp, -------------------- -----------------  ------------------

M °c dark light dark light ■ dark light

0.01 25 0 6 6 0.2
0.01 75 12 1.5*
0.1 25 1.5 8 9 0.1 0.3
0.1 75 20 26 19 27 1.1 1.6

“ Reaction mixture 0.1 M  in oxalic acid and sulfuric acid, 0.1 M  in 
mercury(ll) chloride, and 2.1 X 10"3 M in hydrogen peroxide; 3 hr in 
a closed vessel in a nitrogen atmosphere. b Added 1 X 10“ 4 M  iron (I II).

at 25° yielded 2.3 X 10" 3 M  calomel. 90% of the original 
Co(III) remained.

Manganese(II)-Hydrogen Peroxide Couple as Oxidant. 
No calomel was formed in the absence of Mn(II). In its 
presence calomel formation occurred (Table III); as was 
the case with Ce(IV), the amount formed was greater at 
75° than at 25°, and increased with increasing concentra
tion of Mn(II). At 75° the same results were found in dark 
and in light, but at 25° there was much more extensive 
light than dark reaction. Since oxygen is a pronounced in
hibitor of the chain reaction (vide infra) it is evident that 
no oxygen can be formed in the decomposition of the per
oxide.

IronfUI) as Oxidant in Light. Fenton Reaction. In a 
reaction mixture 0.1 M  in oxalic acid, mercuric chloride, 
and sulfuric acid and 10"4 M  in iron(III) sulfate no calo
mel was formed in the dark in 3 hr at 25 or 75°. However, 
when exposed to tungsten light the induced reaction oc
curred. At 25° the amount of calomel formed corre
sponded to 2.5 X 10"3 M, and to 3.3 X 10"3 M  in the ad
ditional presence of 0.1 M  manganese(II). It is well known 
that oxalatoferrate slowly decomposes in light with forma
tion of iron(II). It was therefore expected that the calomel 
formation would be increased in the presence of hydrogen 
peroxide which not only oxidizes the iron(II), but also 
yields the OH- free radical. Indeed, when the above reac
tion mixture was made 2 X 10" 3 M  in hydrogen peroxide, 
a trace of calomel was formed in the dark after 3 hr at 
25°, corresponding to 0.7 x 10"3 M, but to 14 x 10"3 M  
in light, the same amount being formed at 75° in light. In 
the latter experiments in light all hydrogen peroxide had 
disappeared after 3 hr, while practically none had reacted 
in the dark. Even as little as 10"5 M  iron(III) in the pres
ence of the peroxide greatly enhances induced reaction 1, 
the amount of calomel formed after 3 hr at 25° corre
sponding to 9 X 10" 3 M. It is well known that the combi
nation of hydrogen peroxide with a little iron(II) induces 
the oxidation of many reducing agents (so-called Fenton 
reaction) whereas no reaction occurs in the absence of 
iron(II). Experiments were carried out with the above 
reaction mixture which was made 2.1 X 10" 3 in hydrogen 
peroxide and 1 X 10" 4 M  in iron(ll) instead of iron(III). 
After 3 hr in the dark both at 25 and 75° the amounts of 
calomel formed corresponded to 6 x 10" 3 M, while the 
amounts of peroxide which disappeared corresponded to 
0.55 X 10"3 M. In light the corresponding values at 25 and 
75° were 13 X 10" 3 (calomel) and 2.1 X 10" 3 M  (peroxide), 
respectively. Note that again at both temperatures all 
peroxide had reacted. Even with 10" 5 M  iron(II) in the 
initial reaction mixture 11 X 10" 3 M  calomel was formed in 
light after 3 hr at 25°, while the amount of peroxide de-
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composed corresponded to only 0.5 X 10~3 M. In all these 
experiments the number of moles of oxalic acid disap
peared was almost equal to the number of moles of calo
mel formed.

Effect of Retarders. Oxygen. As in the Eder reaction 
oxygen is a powerful retarder of the induced reduction of 
mercury(II) chloride by oxalic acid. For example, in a 
reaction mixture the same as in Table I, to which 1 equiv 
% of Ce(IV) was added in 4 hr and through which oxygen 
was passed, no calomel was formed either at 25 or 75°; the 
hydrogen peroxide concentration formed was 0.12 X 10-3 
M  after 4 hr. In the presence of 0.1 M  Mn(II) and at 25° a 
trace of calomel (corresponding to 0.1 X 10-3 M) was 
formed, but peroxide concentration was 2.8 X 10“ 3 M  
(formed).

Chloride (in nitrbgen atmosphere). In a reaction mix
ture as in Table I to which 1 equiv % of Ce(IV) was added 
in 2 hr the amounts of calomel formed at 25° corresponded 
tc 2.3, 0.44, 0.15, 0.06, and 0 x 10“ 3 M  and at 50° to 8.2,
4.2, 1.2, 0.8, and 0 x 10~3 M  in the presence of 0, 0.05, 
0.1, 0.2, and 1 M  potassium chloride, respectively. In all 
experiments the number of moles of oxalic acid which dis
appeared in the reaction period was almost equal to the 
number of moles of calomel formed.

Discussion
As stated previously, the induced reduction of mercu- 

ry(II) chloride by oxalic acid, eq 1, is a chain reaction. 
With Ce(IV) the initiating reaction is

C20 42“ + Ce(IV) C02 + C02-“ + Ce(III) (2)
The sequence which follows is analogous to that proposed 
by Cartledge5 for the Eder reaction

C02-~ + HgCl2 —  Hg(I) + 2CF + C02 (3)

Hg(I) + C2 0 42“ — Hg + C02 + C02-- (4)
HgCl2 + Hg —  Hg2Cl2 (5)

The sequence of eq 3-5 corresponds to chain reaction 1. 
Termination presumably occurs mainly via

C02-_ + Ce(IV) C02 + Ce(III) (6) 
with some termination via

Hg(I) + C02-~ —  Hg + C02 (7)
Tne assumption of steady-state concentrations for 
C02-- , Hg(I), and Hg, together with the assumptions 
that the rate constant of eq 2 is smaller than the rate con
stant of the subsequent reactions involving free radicals, 
and that the consumption of Ce(IV) occurs mainly in eq 2, 
leads to the result
[Hg2Cl2]formed =

ka +  [HgCl2][C20 42_]r /  c<[C20 42-][HgCl2]r (8)

where fea -  ky, = ^3̂ 4/ 2/57, and Co indicates the
total concentration of oxidant added over the time inter
val r. When the initial concentrations of oxalic acid and 
mercury)!!) chloride are much larger than the concentra
tion of calomel formed, the former concentrations will re
main almost constant during the reaction period. Under 
these circumstances eq 8 predicts a linear relation be
tween |T/[Hg2Cl2]formedl2 and r/co. This is found experi
mentally as shown in Figure 1. It is no longer true at large 
extents of reaction 1.

I r/c0 ) x lCfU, hr/K

Figure 1. Plot of T2/[Hg2Cl2]2formed vs. r /c0 (cf. eq 8 and 
Table II): c0 = 2 X 1 0 2 5 ° .

It is interesting that Cr(VI) in 0.1-0.5 M  sulfuric acid 
does not initiate the reaction unless Mn(II) is present. 
Presumably the chromium(VI) oxalate complex, written 
as Cr(VI)Ox, reacts as follows

Cr(VI)Ox — Cr(IV) + 2C02 (9)
Cr(VI) + Cr(IV) 2Cr(V) (10)

Cr(V) + C20 42" — Cr(III) + 2C02 (11)
Since there is no formation of calomel, this must mean 
that Cr(VI) does not react with C2O42” to yield Cr(V), 
CO2, and C02--, in analogy to initiating reaction 2 with 
Ce(IV). Alternatively, the absence of induced reaction 
might mean a very rapid reaction of C02-~ with Cr(VI). 
However, since induced reaction is observed in the pres
ence of Mn(II), this possibility is ruled out.

The effect of Mn(II) can be accounted for by the reac
tions

Cr(VI)Ox + Mn(II) —  Mn(III)Ox + Cr(V) (12) 
Mn(III)Ox —  Mn(II) + C02 + C02-“ (13)

followed by reaction 11. The initiating reaction with the 
Co(III) complex is analogous to eq 13.

The reaction in light and dark between hydrogen perox
ide and oxalic acid in the presence of Mn(II) and oxygen 
has been discussed previously.3 In the presence of mercu- 
ry(II) chloride and absence of oxygen, the reaction se
quence appears to be (where Ox denotes oxalate in any 
form)
H20 2 + Mn(II) + Ox ^

Mn(III)Ox + OH" + OH- (14) 
OH- + Mn(II) + Ox — Mn(III)Ox + OH“ (15) 

followed by eq 13. From the effects of light at 25 and 75° 
(Table III) it seems that dark reaction 13 is much faster at 
75° than at 25°, whereas the rate of the analogous photo
reaction is little affected by temperature. The effect of

(5) G. H. Cartledge, J. Amer. Chem. Soc., 63, 906 (1941).
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iron(EH) on the calomel formation in the light is account
ed for by the photodecomposition of oxalatoferrates which 
has been studied in detail by Cooper and DeGraff6

Fe(III)Ox + hv — Fe(II) + C02 + C02-“ (16)
the Ct>2*-  free radical initiating the chain reaction. In 
the additional presence of hydrogen peroxide the iron(II) 
formed reacts as 
Fe(II) + H20 2 + Ox —

Fe(III)Ox + OH + OH- (measurable rate) 
the OH - reacting with C2O4“ 2 

OH- + C20 / "  —  OH’  + C02 + C02-- (fast) (17) 
followed by reactions 3-5. Under our experimental condi
tions all hydrogen peroxide had disappeared at the end of 
the reaction period and the number of moles disappeared 
was considerably smaller than the number of moles of cal
omel formed, which is accountec for by reactions 16, 3, 4, 
and 5. From the experimental results it is clear that the 
rate of the photodecomposition of oxalatoferrate in the 
presence of peroxide determines to a great extent the 
amount of calomel formed. The reactions involving perox
ide, iron(II) and (III), oxalate, and oxygen in the dark and 
light have been discussed in a previous paper.4

The retarding effect of oxygen is easily accounted for by 
the reaction

C02-" + 0 2 — 0 2C<V (18)

The C>2C02_ reacts further by a chain mechanism which 
yields hydrogen peroxide.2 Apparently the reaction of 
C02-- with O2 is much faster than that with mercuric 
chloride (eq 3). Actually hydrogen peroxide formation in 
an oxygen atmosphere under conditions described pre
viously2-3 is not affected by the presence of mercuric chlo
ride.

The retarding effect by the chloride ion is accounted for 
by several reactions. Mercuric chloride with chloride ion 
forms complexes HgCG- and HgCU2- which may react 
with C02-- with a slower rate than HgC^ (eq 3). Also 
the rate of reaction 5 may be decreased by the complex 
formation. Furthermore chloride promotes the reaction

Hg2Cl2(80lid) + c r  -  Hg(I) + HgCl3-
which has be,en studied by Sillen, et al.7 The solubility of 
calomel is increased by chloride. In a reaction mixture 
such as in Table I, but which was 2 M  in potassium chlo
ride the solubility at 50° was 1 x 10“ 5 M. Probably the 
main cause of the retarding effect of chloride is that the 
stability of Hg(I) formed in reaction 3 greatly decreases

2Hg+ =  Hg22+
since [Hg22+] becomes extremely small in the presence of 
excess chloride ion.8

(6) G. D. Cooperand B. A. DeGraff, J. Phys. Chem., 75, 2897 (1971).
(7) B. Lindgren, A. Jenssen, and L. G. Sillen, A d a  Chem. Scand., 1, 

479 (1947).
(8) I. M. Kolthoff and C. P. Barnum, J. Amer. Chem. Soc., 62, 3061 

(1940).

C a ta ly z e d  R e a c t io n  b e tw e e n  O x a la te  Ion  a n d  P e r o x o d is u lfa te . I. 

C o p p e r ( l l )  a s  C a ta ly st

Masaru Kimura
Department of Applied Chemistry, Yamagata University, Yonezawa 992 Japan (Received O dober 27, 1972)

According to the composition of the reaction mixture, two separate mechanisms of the reaction are pre
sented to account for the copper-catalyzed reaction between oxalate and peroxodisulfate. (1) In an excess 
of oxalate the catalyzed reaction kinetics are half order in catalyst, first order in peroxodisulfate, and 
zero order in the oxalate concentration. The reaction is completely inhibited by the presence of 1% acry
lonitrile, and remarkably inhibited by the molecular oxygen. (2) In a low concentration of oxalic acid, in 
the relatively high concentrations of catalyst, and in 0.1 M  sulfuric acid, the catalyzed reaction is almost 
zero order in the catalyst, first order in peroxodisulfate, and half order in the oxalic acid concentration. 
The reaction is not subject to the inhibition by the molecular oxygen but is completely inhibited by 1% 
acrylonitrile. Iron(LII) and manganese(II) are considerably strong inhibitors of the reaction, and the for
mer is much more effective inhibitor than the latter. The effects of the various factors on the copper-cat
alyzed reaction between oxalate and peroxodisulfate are reported. Mechanisms and kinetic treatments 
are presented to account for these facts.

Introduction
Recently, cobalt(II) catalysis on the reaction between 

oxalic acid and peroxodisulfate was investigated1. The 
cobalt-catalyzed reaction was not subject to inhibition by 
molecular oxygen, but was completely inhibited by 1% 
acrylonitrile or 1% allyl acetate. Ben-Zvi and Allen2 have

studied the copper-catalyzed reaction of oxalate with per
oxodisulfate and found that molecular oxygen is a strong 
inhibitor of the catalyzed reaction. However, only one de

li) M. Kimura, J. Phys. Chem., submitted for publication.
(2) (a) T. L. Alien, J. Amer. Chem. Soc., 73, 3589 (1951); (b) E. Ben- 

Zvi and T. L. Allen, ibid.. 83, 4352 (1961).
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termination in the oxygen-saturated and in the nitrogen- 
saturated solution has been compared. No quantitative in
vestigation of the oxygen inhibiting effect has been made. 
The effect of oxygen on the free radical reactions is quite 
general and is an important aspect. An intensive investiga
tion of the kinetics of the reaction between oxalate and 
peroxodisulfate is made in the present paper.

Experimental Section
Chemicals. Reagent grade potassium peroxodisulfate of 

Kanto Kagaku Co., Inc. was recrystallized twice from the 
redistilled water and dried at 40° in a vacuum desiccator. 
The redistilled water was prepared from the anion-cation 
exchange resin water first by successive distillation from 
the dilute alkaline permanganate solution and finally 
without adding any reagent in a glass still. The redistilled 
water was used for all the experiments and also to wash 
the glassware. The reaction vessel was always filled with 
the redistilled water for at least one day before use. All 
other chemicals used were of the guaranteed reagents and 
were used without further purification.

Technique. The reaction vessel was placed in a thermo
stat and oxygen and/or nitrogen gas was bubbled through 
the contents (90 ml) before the reaction was started. A 
reaction was started by adding peroxodisulfate (10 ml) 
which was also in a thermostat and had oxygen and/or ni
trogen gas bubbled through it. The concentration of the 
dissolved oxygen gas was continually checked and con
trolled to fairly good constancy by bubbling nitrogen and/ 
or oxygen gas. The whole vessel was covered with black 
adhesive plastic tape to ensure darkness. The aliquot 
samples were withdrawn at appropriate times and mixed 
with a cold solution of 0.5% acrylonitrile to stop the reac
tion. Then the concentration of peroxodisulfate was mea
sured. A total time of about 5 min was needed from the 
withdrawal of the solution until completion of the analysis 
of peroxodisulfate.

Analysis. The concentration of peroxodisulfate was de
termined by using polarograms at 0.2 V vs. see at 25° in a 
solution of 0.5% acrylonitrile, 0.01% polyacrylamide, and 
0.05 M  sulfuric acid. Polyacrylamide was used as a maxi
mum suppressor. Concentration of oxygen in the reaction 
mixture was determined by using a Dissolved Oxygen 
Meter, Model DO-IA of Toa Electronics Co., Ltd.

Results. Experiments in Excess of Oxalate
Decomposition of Peroxodisulfate without Catalyst or 

Oxalate. In the same conditions as in the experiments of 
the copper-catalyzed reaction, the rate of the decomposi
tion of peroxodisulfate was checked. In the initial solution 
of 0.004 M  potassium peroxodisulfate and 0.1 M potassi
um oxalate, the decomposition of peroxodisulfate was only 
2% in 10 hr at 40° in the dark, in either oxygen or nitrogen 
saturated solution. In the same condition as in the above 
except 0.004 M cupric sulfate instead of 0.1 M potassium 
oxalate, the decomposition was also 2% in 10 hr. The 2% 
was practically equal to the decomposition of peroxodisul
fate without any other chemical reagents. Kolthoff and 
Miller3 have determined the rate constants of the decom
position of peroxodisulfate. The calculated value from 
their data is ki = 1.2 X 10~5 min- 1 at 40°, and the de
composition of about 1% in 10 hr is calculated.

Catalyzed Reaction by Copper(II). The reaction be
tween oxalate ion and peroxodisulfate is greatly enhanced 
by the presence of copper(II). A few examples are shown 
in Figure 1. As can be seen in Figure 1, the catalyzed

Figure 1. Examples of kinetics run at 40°. Initial solution: 4 X 
10-3 M  in potassium peroxodisulfate; 0.1 M  in potassium oxa
late; 4 X 10~4 M  in cupric sulfate; pH 6.5; dark; (1), N2 satu
rated; (2), air saturated; (3), 0 2 saturated; (4). as in (1) but in 
1 % acrylonitrile.

reaction is completely inhibited by 1% acrylonitrile, and 
the about 1% decomposition in 6 hr is actually equal to 
the uncatalyzed decomposition of peroxodisulfate. The 
reaction is considerably inhibited by the molecular oxy
gen; however, even in the oxygen saturated solution the 
reaction proceeds to a large extent.

Dependence of Peroxodisulfate. During an experiment 
the logarithm of the persulfate concentration decreased 
linearly with time. This indicates that the kinetics of the 
reaction are first order in persulfate and are described by 
the equation

-d [S 20 82-]/d£ = £aPp[S20 82-]
where ftapp indicates an apparent rate constant to be a 
function of the copper concentration and the oxygen con
centration. The above rate law was fulfilled in both the 
presence and absence of oxygen.

Dependence of Copper(II). To determine the order of 
reaction with respect to catalyst, total concentration of 
copper(II) was varied from 1 X 10-6 to 4 X 10“ 3 M. The 
values of feapp were plotted against the square root of the 
copper concentrations. As can be seen in Figure 2 the plot 
is on a straight line and the intercept is practically zero. 
This indicates that the reaction rate is proportional to the 
square root of the catalyst concentrations. [Cu(II)] in Fig
ure 2 indicates the total concentration of various forms of 
copper(H) with oxalate. In excess of oxalate they would be 
mostly the dioxalatocuprate(II) complex.

Dependence of the Oxygen Concentration. The cata
lyzed reaction rate was determined in a reaction mixture

(3) 1. M. Kolthoff and I. K. Miller, J. Amer. Chem. Soc., 73, 3055 
(1951); the kinetics are described by the equation ~d[S2082_]/df 
= k1[S2082"] + ^2[H ][S20a2 — ]. The values of k\ and k2, respec
tively, are 6.0 X 10~5 min -1 and 3.5 X 10~3 A//-1 min-1 at 50° at 
an ionic strength of 0.4. The activation energy for the k-\ path is 33.5 
kcal and for the k 2 path 26.0 keal.
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Figure 2. Plot of kapp vs. [Cu11]1' 2. Conditions as in Figure 1, 
except varied concentrations of copper(ll): •  , 0 2 saturated; O, 
N2 saturated.

TABLE I; Effect of Oxygen on the Reaction Rate“

Rate constant,
/tapp X 103, min-1

Concn of oxygen, ------------------------------
M  Obsd Calcd

0 (N2 sat.) 23.0, 23.7 22.2
3 X 10-6 13.3 14.8
6 X 10“ 6 12.3 11.9
9 X 10“ 6 8.8 10.3

1.9 X 1(U5 6.8 7.6
3.7 X 10“ 5 5.8 5.8
5.3 X 10-5 5.3 5.0
6.2 X 10~5 5.0 4.7
9.3 X 10~5 5.0 4.0
1.0 X 10~4 4.3 3.9
1.2 X 10“ 4 4.0 3.7
2.8 X 10-4 3.3 2.9
9.6 X 10-4 (02 sat.) 2.0 2.3

“ Solution 0.004 M  in potassium peroxodisulfate, 0.1 M  in potassium 
oxalate, and 4 X 10-4 M  in cupric sulfate; ¿-0°; dark.

of the varied concentrations of the dissolved oxygen. The 
values of kar>p obtained are listed in Table I together with 
the calculated values which are discussed later.

Under conditions similar to those in Table I, Ben-Zvi 
and Allen2b have reported kapr> to be 22.4 X 10 3 min 1 
in the nitrogen- and 3.9 X 10~3 min^1 in the oxygen-satu
rated solution at 40.5°. These values are in good agree
ment with the corresponding data in Table I. Ben-Zvi and 
Allen have taken special efforts to clean the reaction ves
sel and also have taken special precautions for surface ef
fects.

Effect of the Oxalate Concentration. The effect of the 
oxalate concentration on the rate was checked over a wide

TABLE II; Effect of Oxalate Concentration on the 
Catalyzed Reaction“

Concn of 
oxalate, 

M

k Bpp X 103, min-1

N2 sat. 02 sat.

0.001 4.0 3.5
0.002 6.3 5.0
0.01 11 8.3
0.05 23 3.3
0.1 23, 24 2.0

“ Conditions as in Table I except for the varied concentrations of
potassium oxalate.

TABLE III; Effect of Sulfuric Acid Concentration“

Concentration
of sulfuric /caDD X 103, min-1

acid added,
M N2 sat. 02 sat.

0 (pH 6.5) 23, 24 2
0.01 (pH 4.2) 21
0.02 (pH 3.7) 22 1.3
0.05 (pH 2.2) 20 3
0.1 23 7
0.2 23 12

a Condition as in Table I except for the varied concentrations of 
sulfuric acid.

range of concentrations. (See Table II.) The rate appears 
to be independent of the oxalate concentration in the 
range 0.05 to 0.1 M. Hcwever, the rate decreases markedly 
at concentrations lower than 0.05 M. It is interesting to 
note that the inhibiting effect of oxygen becomes extreme
ly small when the oxalate concentrations are lower than 
0.01 M.

Effect of the Concentration of Sulfuric Acid. The effect 
of the sulfuric acid concentration was not large in the ni
trogen saturated solution but it was rather large in the 
oxygen-saturated solutions. (See Table III.)

Experiments in Low Concentration of Oxalic Acid and 
Relatively High Concentration of Catalyst in 0.1 M  
Sulfuric Acid Solution

In this section the experiments are mostly carried out in 
the solutions of 0.002 or 0.02 M  copper(II), 0.002 or 0.005 
M  oxalic acid, and 0.1 M sulfuric acid. The major reason 
for this composition is for purpose of solving the fact that 
the inhibiting effect of oxygen on the copper catalyzed 
reaction almost disappears at very low concentrations of 
oxalate.

Kinetics. The dependence of the peroxodisulfate con
centration on the rate was essentially the same as in the 
preceding section. However, the plot of logarithms of the 
persulfate concentration with time deviates from a 
straight line after abouT ¿1/2. This is why the reaction rate 
depends on the oxalic acid concentration. Accordingly, the 
rate constant (feapp) was determined from the rate of the 
initial stage of reaction.

Stoichiometry. To verify the stoichiometry of the reac
tion a kinetic run was followed up to the final stage of the 
reaction. Some examples are given in Figure 3. As can be 
seen in Figure 3, the molar concentration of oxalic acid 
reacted is equal to that of peroxodisulfate, so the overall 
reaction must be

S20 82- + C20 42~ — ► 2S042'  + 2C02
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Figure 3. Examples of kinetics run in low concentrations of ox
alic acid at 40°. Initial solution: (1), 4 X 10“ 3 M  in potassium 
peroxodisulfate, 0.02 M  in cupric sulfate, and 0.1 M  in sulfuric 
acid; N2 saturated, and in the dark; (2), conditions as in (1) ex
cept to contain 1 X 1 0 '3 M  in oxalic acid; (3), conditions as in 
(1; except to contain 2 X 10“ 3 M  in oxalic acid; (4), conditions 
as in (3) except 3 X 10“ 3 M  in peroxodisulfate instead of 4 X 
10“ 3 M.

Dependence of the Oxalic Acid Concentration. In order 
to know the reaction order with respect to the oxalic acid 
concentration, the reaction rate was measured at varied 
concentrations of oxalic acid from 1 X 10“ 3 to 1 x  10“ 2 
M. The values obtained are plotted us. the square root of 
the oxalic acid concentration in Figure 4. The plot of kapp 
us. [H2C204]1/2 showed a straight line, and the intercept 
was not zero. The value of intercept corresponds to the 
rate constant of decomposition of peroxodisulfate.

Dependence of Copper(II). The dependence of the cata
lyst concentration was examined in the wide range of the 
copper(II) concentration, from 2 X 10“ 4 to 2 X 10“ 2 M. It 
appears that the reaction rate is essentially independent 
of the copper concentration (Table IV).

Effect of Oxygen. The catalyzed reaction rate was mea
sured in the nitrogen-saturated and the oxygen-saturated 
solution. As can be seen in Table V, the rate was practi
cally identical in both reaction atmospheres.

Effect of Other Substances. The effects of a few sub
stances on the catalyzed reaction were checked and listed 
in Table V together with the oxygen effect. The reaction 
was completely inhibited by the presence of 0.5% ‘acrylo
nitrile and considerably inhibited by iron(IH) and manga- 
nese(II). The inhibiting effect of iron(III) was over 10 
times that of manganese(II).

Copper-Catalyzed Reaction between Hydrogen Peroxide 
and Peroxodisulfate. In the same composition of solution 
except that hydrogen peroxide is placed instead of oxalic 
acid, the copper-catalyzed reaction was measured. The 
results are given in Table V together with those in the ox
alic acid reaction scheme. As can be seen in the table, 
there is essentially no difference in the reaction rate be-

Figure 4. Plot of kapp vs. square root of oxalic acid concentra
tion. Solution 0.004 M  in potassium peroxodisulfate, 0.02 M  in 
cupric sulfate, 0.1 M  in sulfuric acid, and varied concentrations 
of oxalic acid; 40°; dark; nitrogen atmosphere.

tween the hydrogen peroxide and the oxalic acid reaction 
scheme catalyzed by copper(II).

Discussion
In the excess amount of oxalate almost all of the cop- 

per(II) should be dioxalatocuprate(II) in the solution, cal
culated from the equilibrium constants.4 However, the 
symbol CunOx is used for all the forms of the oxalato 
complexes in this paper. Copper(IH) also would form one 
or more complexes with oxalate, and the symbol Cum Ox 
is used for all the forms of the oxalato complexes. The fol
lowing reaction mechanism is postulated to account for 
the facts under the conditions of Table I or Figure 1.

S2C>82~ — *- 2S04’  [very slow] (1)

CunOx + S04‘  —  CumOx + S042" (2)

CumOx — *- CunOx + C02 + C 02“ (3)

C02~ + 0 2 5= s  0 2C (V  [rapid] (4)

S20 82~ + CO,’  — -S 0 42- + S04~ + C02 (5)

s2o82~ + o 2c o 2-  — - S 0 42’  + S0 4~ + C0 2 + 0 2
(6)

Reaction 1 is the initial reaction, and reactions 2 to 6 con
stitute a chain reaction. The most probable terminating 
reactions are

C02~ + S<V — ►S0 42'  + C0 2 [fast] (7) 
0 2C02“ + S<V — - S 042‘  + C0 2 + 0 2 [fast] (8)

The radical which is formed in reaction 3 may be either

(4) “Stability Constants of Metal-Ion Complexes,” compiled by L. G. Sll- 
len and A. E. Martel, The Chemical Society, Burlington House, Lon
don, W. 1, 1964, p 361.
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TABLE IV: Dependence of the Copper Concentration“

Concn of 
copper(ll), 

M
X?0P3,
min-1

2 X IO“ 4 4 . 8

5 X IO“ 4 5 . 0

1 x  1 0 - 3 5 . 3

2 X IO“ 3 5 . 3

5 X IO "3 5 . 5

1 X 10"2 6 . 7

2 X 10“ 2 8 . 0

“ Solution 0.004 M  in potassium peroxodisulfate, 2 X 10-3 M  in oxalic 
acid, 0.1 M  in sulfuric acid, and the varied concentrations of cupric sul
fate; 40°; nitrogen atmosphere; dark.

TABLE V: Effect of Oxygen and Other Substances“

kgpp X 103, mjp-1

Substances added N2 sat. O2 sat.

None* 12.7* 14.0*
None 10.3 11.0
2 X 10~4 M Fe(III) 6.7
2 X 10~3 M Fe(ill) 1.7
5 X 10-3 M Mn(ll) 4.2
2 X 10“ 2 M Mn(ll) 3.1
0.5 % acrylonitrile ca. 0.2 ca. 0.2
0.5 % acrylonitrile* ca. 0.2* ca. 0.2*

“ Solution 0.004 M  in potassium peroxodisulfate, 0.005 M  in oxalic 
acid, 0.002 M  in cupric sulfate, 0.1 M  in sulfuric acid, and substances 
added; 40°; dark. 6 Condition as in a, except 0.005 M  H2O2 instead of 
H2C2O4.

C02-  or C2O4- ;  however, the two forms do not appear to 
be distinguishable on the basis of kinetic or spectroscopic 
evidence.5 Following the consensus of the previous work
ers, C02- is written in the present paper. The assumption 
of steady states for SO4- , C02_ , O2CO2 , and CulnOx 
leads to

h[CO.-T + r +  *,K[OJ[CO" 1
________ .fei&2[CuirOx] .
(h  +  k6K[0 2])(fe7 +  ksK[02}) W

where k n indicates the rate constant of reaction (n), and 
K  is the equilibrium constant of reaction 4. If the chains 
are long, the second term on the left can be neglected. 
This leads to
-d [S 2082-] /d i  =

(¿ 1 ih +  &6̂ [02])^iMCun0x] Y g  0 -2-1
k., +  k sx : o 2] r  2

(II)

It is obvious from Figure 2 that the term of &i [S2C>82~ ] is 
very small to be negligible, and -hat the chain must be 
long. Consequently, eq III is derived.

-d [S 20 /- ] /d f = 1(1 +  a[021)[CuIIOx]
b +  c[02]

= âpp[S20 82 ]

[S20 82- ]
( m )

where, a  = k^K/k5, b = ky/ikikzks), c = k%K / (k-ykik )̂. 
Plots of feapp us. [Cu(II)]1/2 should be on a straight line in 
which the slope corresponds to the values of [(1 + a[02])/ 
(b + c[02])]1/2. Using the data of Table I, eq III was 
treated to minimize the sum of squares of the per cert de

viations between the observed and calculated values.6 
This leads to the following values and standard deviations 
for the parameters: a = (3.53 ±  1.18) X 10s, b = (8.13 ± 
1.39) X 10-1, and c = (3.32 ±  0.42) X 105. These parame
ters yield the calculated values which are listed in Table 
I. The root means square deviation between observed and 
calculated values was 11%. If it may be assumed that the 
value of k f  is almost equal to that of kg,, K  = 4 X 105 M ~ 1 
and k e / k s  = 9 X 10~3 are obtained. This may be the rea
son why oxygen retards greatly the reaction rate in which 
CO2 free radical is involved. In the above reaction mech
anism, it is postulated that S04 oxidizes CunOx to 
CuIUOx but does not oxidize C20 42- . The oxidation of 
Cu(II) and oxalate by SO4-  is a competing reaction, and 
the former appears to be much faster than the latter. It is 
quite general that the complex formation leads to favor
able conditions for the oxidation of metal ions. This may 
be presumably why the oxidation of Cu(II) to Cu(III) is 
favored over the reduction when the complex forming-oxa
late exists in excess.

At a low concentration of oxalate the reaction rate be
comes considerably slow, and the inhibiting effect by oxy
gen becomes extremely small. This may indicate that the 
oxidation of copper to trivalent state becomes difficult, 
and that on the contrary the reduction to the univalent by 
C02_ or 0 2C02_ occurs. There are several evidences that 
copper(II) is reduced by C02 and 0 2C02~ radicals. For 
example, in an investigation of the oxidation of formic 
acid by X-rays in aqueous solutions including copper(II), 
the reaction A* has been shown7.

Cu2+ + C02“ — *■ Cu+ + C02 (A4)
Kolthoff, et al.,8 have recently studied on the effect of 
copper on the formation of hydrogen peroxide upon the 
oxidation of oxalic acid, and presumed the reactions A2 
and A3.

Cu(II) + 0 2C02~ -----► Cu(I) + C02 + 0 2 (A2)
Cu(II) + H 02 — ► Cu(I) + H+ + 0 2 (Aj)

According to Andersen and Hart,9 and many subsequent 
workers, HC02 (i.e., the protonated C02~) reacts with 
molecular oxygen

HC02 + 0 2 — * H 02 + C02 (4a)
In order to examine the existence of the reactions A3 and 
4a, hydrogen peroxide instead of oxalic acid was used in a 
copper-catalyzed reaction and compared with the reaction 
between oxalic acid and peroxodisulfate (see Table V). 
The reaction between hydrogen peroxide and peroxodisul
fate was also enhanced by the presence of copper(II) ion, 
and the reaction rate was comparable with that of oxalic 
acid with peroxodisulfate. Therefore reactions A3 and 4a 
would be expected: The copper-catalyzed reaction be
tween hydrogen peroxide and peroxodisulfate may be ac
counted for by the following mechanism.

S20 82- —  2S04~ (1)
S20g2~ + H+ — S04 + HS04- (la)

(5) G. D. Cooper and B. A. deGraff, J. Phys. Chem., 75, 2897 (1971 ).
(6) The least-squares method is that described by R. H. Moore and R.

K. Zeiger In Los Alamos Scientific Laboratory Report No. LA-2367 
(1958) with addenda.

(7) J. H. Baxendale and D. Smithies, Z. Phys. Chem., 7, 242 (1956).
(8) I. M. Kolthoff, E. J. Meehan, and M. Kimura, Talanta, 20, 81 

(1973).
(9) A. R. Andersen and E. J. Hart, Radiation Res., 14, 689 (1961).
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h 2o 2 + s o 4- —  h o 2 + S042~ + H+ (9)

h 20 2 + s o 4 — *- H 02 + S04" + H+ (9 a)

Cu(II) + H02 ----  Cu(I) + 0 2 + H+ (As)

i82~ + Cu(I) —  Cu(II) + s o r  + s o 42~ GO)
When the composition of reaction mixture was the low 
concentration of oxalic acid and the relatively high con
centrations of copper, the catalyzed reaction did not ap
pear to be inhibited by molecular oxygen, and the reac
tion rate was comparable with that between hydrogen 
peroxide and peroxodisulfate. These two facts would indi
cate that the reaction mechanism must be analogous to 
the mechanism of the reaction between hydrogen peroxide 
and peroxodisulfate. Consequently the following mecha
nism was presumed to account for the reaction under the 
conditions of low concentrations of oxalic acid, the rela
tively high concentrations of copper, and of an acidic me-
dium.

S20 82- —  2S04- (1)

S20 82“ + H+ — *- S04 + HS04~ (la)

C20 42“ + S04 ----► S04~ + C02~ + C02 (11)
C2 0 42- + SO,“ — ►SO,2“ + C02~ + C02 (12) 

C02~ + 0 2 i = t 0 2CO2- (4)
0 2C<V + H+ — *■ H02 + C02
C02" + 0 2 + H+ ------ H 02 + C02 (4a)

Cu(II) + C02~ — ► Cu(I) + C02 (Aj) 

Cu(II) + 0 2C02" — -  Cu(I) + C02 + 0 2 (A2)

Cu(II) + H 02 — -  Cu(I) + 0 2 + H+ (A3) 

S20 82“ + Cu(I) — *- Cu(II) + S04~ + S042~ (10) 
The most probable termination reaction will be

Cu(I) + S<V —  Cu(II) + S042“ (13)
The assumption of steady states for SO4, S04 ~, C02“ , 
O2CO2“ , HO2, and Cu(I) leads to

[Cud)]2 +  MCudUMio = {kl +  ^ ;[H+])fel2 [C20 421
1013 (IV)

The second term on the left will be negligible because the 
chain is long, so the overall rate is described as

-d[S 2o n / d f  = ( K  + / ^ 10̂ ° 45 ) [ S A 21  (V)

where ko = fei + ftia[H+].
Since the concentration of oxygen does not appear in eq 

V, the reaction rate should be independent of oxygen. 
Equation V is consistent with the experimental results. A 
plot of feapp us. [H2C204]1/2 was a straight line as shown 
in Figure 4. The intercept should correspond with the rate

of the uncatalyzed decomposition of peroxodisulfate. From 
the intercept, the value of ko = 2 x 10“ 4 min-1 was ob
tained. This is in good agreement with the value of 3.3 X 
10_ 4 min“ 1 which is calculated using the literature data3 
for the conditions of [H+] = 0.2 M  and at 40°. As can be 
seen in Table V, iron(III) is a strong inhibitor. This may 
be accounted for by the following reactions.

C02~ + Fe3+ —*- C02 + Fe2+ [fast] (14) 
S04~ + Fe2+ — - S042~ + Fe3+ [fast] (15)

Two radicals of C02“ and S04~ are removed from the 
reaction scheme by a chain reaction of eq 14 and 15. 
Therefore the catalyzed reaction would be greatly inhibit
ed by even a small amount of iron(III). Baxendale and 
Smithies7 have reported the reaction of (Ai) and (14). 
Generally with C02~ and the other organic radicals Bax
endale and coworkers have pointed out that Cu2+ is more 
reactive than Fe3+, and especially with C02“ in 0.1 N 
H2S04, the rate constant for Cu2+ is about 6 times as 
large as that for Fe3+. This is consistent with the fact that 
iron(III) is a strong inhibitor and that, however, it can in
hibit incompletely even when the amount of iron(III) ex
isted equally to that of copper(II). It is well known that 
Fe2+ reacts with peroxodisulfate.

S20 82- + 2Fe2+ —  2Fe3+ + 2S042~ (16)
However, reaction 16 will hardly occur under the situation 
because reaction 15 will be much faster than reaction 16.

The inhibiting effect of manganese(II) was much weaker 
than that of iron(III). In the case of manganese(II), the 
following reactions may be presumed.

Mn(II) + S04“ —  Mn(III)Ox + S042“ (17)
Mn(III)Ox —  Mn(II) + C02~ + C02 (18)

Mn(III)Ox + C02~ — *- Mn(II)Ox + C02 (19)
If reaction 18 were as fast as reaction 17 and only reac
tions 17 and 18 occurred, manganese(II) could not inhibit 
the catalyzed reactions. So reaction 18 must be relatively 
slow and reaction 19 would occur to some extent. Reac
tions 17 and 19 will be the cause of the inhibiting effect. 
In case of iron(III), the internal redox reaction of oxalato- 
ferrate(III) as in reaction 18 does not occur in the dark but 
occurs in the light.5 Hydrogen ion accelerated the copper- 
catalyzed reaction. This may be mainly due to the promo
tion of initiation reaction la by hydrogen ion. Protona
tions of C02“ and 0 2C02~ also probably have an effect 
on the radical reaction rate. Oxalatocuprate(II) will be 
Cu(C204)n(2“ 2n) in which n should be changed by the hy
drogen ion concentrations in solution, and the oxidation 
potential of copper will change accordingly. Thus a few 
effects of hydrogen ion on the reaction probably will occur 
simultaneously.
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A detailed kinetic study has been made of the general base-catalyzed solvolysis of two arylsulfonylmeth- 
yl perchlorates in water and in water perturbed by the presence of organic cosolvents or salts. In the ab
sence of added base, reaction rates may be interpreted as a measure of the dynamic basicity of the sol
vent since water or alcohols are the only active Brdnsted bases under these conditions. The peculiar ki
netic behavior in the mixed solvents may be explained as an immediate consequence of the increase in 
the dynamic basicity of water when the hydrogen-bond network in water (“ water structure” ) is strength
ened. In accordance with this interpretation, reaction rates (relative to those in pure water) are increased 
in the presence of “ structure-making” salts (R4NC1) while “ structure-breaking” salts (NaCl, LiCl, NaBr, 
NaClOi) reduce the reaction rates. A possible interpretation of the effect of water structure is given.

Introduction
The structure of liquid water1 has intrigued chemists 

for a long time. During the last decade a number of 
theories have been advanced to account for the unique 
properties of this solvent.2-3 Among these, Frank and 
Wen’s “ flickering cluster model” has been one of the most 
successful attempts to describe the cooperativity of hydro- 
gen-bonding interactions in water.4 More recently, how
ever, new detailed molecular theories have been evolved, 
especially by Stillinger5 and Scheraga6 and their cowork
ers, which imply the absence of large clusters of anoma
lous density. These results revealed a clear tendency for 
the formation of tetrahedral hydrogen bonds between 
neighboring water molecules but often with a considerable 
degree of bending away from hydrogen bond linearity and 
ideal approach directions.

An even more controversial area is how far reaction 
rates in aqueous media respond to changes in the struc
turedness (“ ice-likeness” ) of water. Although the effect of 
structure-making and structure-breaking additives on 
rates of enzymatic processes and cn the conformation and 
physiological function of proteins may be of considerable 
importance,7-8 pertinent studies on simpler organic sys
tems are few and largely restricted to nucleophilic substi
tution reactions.9-14

In the present investigation we have employed the rates 
of slow proton transfer from a covalent arylsulfonylmeth- 
yl perchlorate (a carbon acid) to water as a probe to study 
effects of water structure on this type of proton transfer 
reactions. We believe that the rate variations, induced by 
additives which from other studies are known either to 
promote or to break water structure, can be largely ac
counted for by considering the dynamic basicity of water 
as a function of the degree of structuredness of the solu
tion.15

Results
Solvolyses in Hydroxylic Solvents. Previous work has 

shown that the hydrolysis of alkyl- and arylsulfonylmeth- 
yl perchlorates (1) is subject to general base catalysis in
volving rate-determining deprotonation followed by rapid 
product determining steps.16

R S02CH20C103 + B 
1

RSO,CHOCK), — 'RSOoH + HCOOH + CIO,

The easily measured rates of solvolysis of la (R = p- 
CH3C6H4) and lb (R = P-NO2C6H4) ip water and several 
alcohols (Table I) indicate that solvent molecules of suffi
cient basicity can function as the Brbnsted base B. Since 
nearly equal rates of solvolysis are observed in the pure 
solvent and in the presence of dilute perchloric acid 
(Table I), the contribution of OH- or RO- to the rate of 
solvolysis is negligible in these systems. Therefore, the 
rates of solvolysis in the absence of added base provide a 
quantitative measure for the propensity of solvent mole
cules to induce irreversible deprotonation from the sub
strate. Consequently the reaction can be used as a kinetic 
probe for the dynamic basicity of solvent molecules in 
aqueous solutions and in mixed aqueous solvent systems.

Hydrolysis in Dioxane-Water Mixtures. In Figure 1 rel
ative rates of solvolysis of la (at 25°) are plotted vs. mole 
fraction (n) of hydroxylic solvent in mixtures of dioxane

(1) Throughout this paper, fcy "water structure" the diffusionally aver
aged structure (“D-structure") is meant, while "more structured” 
and “less structured" are defined relative to pure water at 25°,

(2) D. Eisenberg and W. Kauzmann, “The Structure and Properties of 
Water,” Oxford University Press, London, 1969,

(3) H. J. C. Berendsen in “Theoretical and Experimental Biophysics," A. 
Cole, Ed,, Marcel Dekker, New York, N. Y., 1967, p 1.

(4) H. S. Frank and W. Y. Wen, Discuss. Faraday Soc., 24, 133 
(1957).

(£) (a) A. Rahman and F. H. Stillinger, J. Chem. Phys., 55, 3336
(1971) ; (b) ibid., 57, 128’ (1972).

(6) A. T. Hogler, H. A. Scheraga, and G. Némethy, J. Phys. Chem., 76, 
3229 (1972).

(7) R. Lumry and S. Rajender, Biopolymers, 9, 1125 (1970).
(8) W. P. Jencks, "Catalysis in Chemistry and Enzymology,” McGraw- 

Hill, New York, N. Y., 1969.
(9) E. M. Arnett, W. G. Bentrude, J. J. Burke, and P. M. Duggleby, J. 

Amer. Chem. Soc., 87, 1541 (1965).
(10) J. A. Fee and T. H. Fife, J. Phys. Chem., 70, 3268 (1966).
¡1') R. E. Robertson, Progr. Phys. Org. Chem., 5, 213 (1967).
(12) R. E. Robertson and S. E. Sugamori, Can. J. Chem., 50, 1353

(1972) .
(13) H. S. Golinkin and J. B. Fyne, Can. J. Chem., 46, 125 (1968).
(14) F. Hibbertand F. A. Long, J. Amer. Chem. Soc., 94, 7637 (1972).
(15) Preliminary communication: L. Menninga and J. B. F. N. Engberts, 

Tetrahedron Lett., 617 (1972).
(16) A. Bruggink, B. Zwanenburg, and J. B. F. N. Engberts, Tetrahe

dron, 25, 5655 (1969).
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Figure 1. Relative rates of solvolysis vs. mole fraction of hydrox- 
ylic solvent: A, 1a in dioxane-glycol; O, 1a in dloxane-EtOH; 
0 , 1b In dioxane-EtOH; V, 1a in dioxane-H20.

TABLE I: Pseudo-First-Order Rate Constants for the Soivolysis of 
1a and 1b in H20, D20, and Alcohols (25°)

Compd Medium
Dielectric
constant (/) 

J5
“ 

CD O
 
-*■ I o

1a h2o 78.4 60.5
1a H20 (10"3M HCI) 56.8
1a D20 77.9 36.0
1a EtOH 24.3 63.3
1a EtOH (10-2 M  HCI) 60.3
1a n-BuOH 17.1 54.6
1a sec-BuOH 15.8 54.6
1a ./'- BuOH 17.7 46.2
1a f-BuOH 9.9 56.7
1a Glycol 37.7 59.4
1b H20 78.4 325
1b EtOH 24.3 578
1b f-BuOH . 9.9 676

with water, ethanol, and ethylene glycol and, in addition, 
of lb in dioxane-ethanol. As expected, the addition of di- 
oxane, a solvent of low basicity17 and dielectric constant 
(e = 2.2 at 25°) causes a gradual decrease of the reaction 
rate in the dioxane-alcohol mixtures. In aqueous dioxane, 
this behavior is also observed at lower mole fractions of 
water. Unexpectedly, however, the initial addition of di
oxane to water leads to an increase in rate and upon fur
ther addition the rate passes through a maximum at 
about nH2o = 0.79. The data in Table II show that the ad
dition of dioxane to water causes large, mutually compen
satory changes in AH* and AS*. A similar effect, although 
less pronounced, is observed when water is replaced by 
deuterium oxide as the solvent.

In dioxane-water at mole fractions of water between 
about 0.15 and 0.60 a fairly linear relationship between log 
kty and the water concentration is observed with a slope of
1.9 ±  0.1. This suggests the participation of two strongly 
bound water molecules in the transition state for deproto- 
nation. Since in a separate study18 it was shown that the 
sulfonyl moiety is a much stronger hydrogen bond accep
tor than the covalent perchlorate function while the meth
ylene group is a hydrogen bonding donor site,16 a possible 
pathway for deprotonation may be depicted as shown in 
Figure 2.

Solvolysis in Alcohol-Water Mixtures. Relative reac
tion rates (at 25°) for the solvolysis of la and lb in several

O H
\ /
S—0 — H— O

7\ Í
C— H--0

/\  \
H

slow

0 H
\ /
13-- O - H — 0 +

/ \ |

\ H

/ \  \
H

Figure 2. Possible mode of déprotonation from 1.

Figure 3. Relative rates of solvolysis vs. mole fraction of water: 
V, 1a in glycol-H20; X, 1a in EtOH-H20 at 39.80°; A, 1a In 
EtOH-H20; A, 1a In f-BuOH-H20, • ,  1b in EtOH-H20; O, 1b 
in f-BuOH-H20.

TABLE 11: Activation Parameters for the Solvolysis of 1 a and 1 b 
in Different Solvents

Sub
strate Solvent

AH*,
kcal moM

AS*
eu

1a H20 22.3 ±  0.4 - 7  ±  1
1a d2o 19.4 ±  0.3 — 17 ±  1
1a Dioxane-H20 (nHzo = 0.79) 13.5 ±  0.5 -3 2  ±  2
1a EtOH-H20 (r?H2o = 0.94) 18.3 ±  0.3 -19  ±  1
1a EtOH-H20 (r?H20 = 0.78) 16.2 ±  0.3 -2 4  ±  1
1a EtOH-H20 (hH20 = 0.50) 16.6 ±  0.4 -2 0  ±  1
1a EtOH-H20 (nH2o = 0.28) 15.5 ±  0.3 -25  ±  1
1a EtOH-H20 (r?H2o = 0.13) 15.5 ±  0.3 -2 6  ±  1
1a EtOH 16.9 ±  0.4 -2 2  ±  1
1a f-BuOH-H20 (nH2o = 0.90) 16.1 ±  0.4 -2 4  ±  2
1a f-BuOH-H20 (nH2o = 0.50) 14.0 ±  0.4 -2 9  ±  1
1a f-BuOH-H20 (nH20 = 0.10) 15.0 ±  0.5 -26  ±  2
1a f-BuOH 15.1 ±  0.5 -27  ±  2
1b H20 18.6 ±  0.4 -1 5  ±  2
1b EtOH-H20 (r?H2o = 0.50) 13.8 ±  0.5 -25  ±  2
1b EtOH 15.4 ±  0.4 -2 3  ±  1
1b f-BuOH-H20 (nH2o  = 0.90) 15.0 ±  0.8 -23  ±  2
1b f-BuOH-H20 (nH2o = 0.50) 13.1 ±  0.7 -28  ±  2
1b f-BuOH-H20 (nH20 = 0.10) 14.5 ±  0.6 -2 3  ±  2
1b f-BuOH 13.7 ±  0.5 -2 7  ±  2

alcohol-water mixtures of varying composition are shown 
in Figure 3. The rates in the pure alcohols (Table I) reveal 
that the dynamic basicity of these solvents is approxi
mately equal to that of water.19 Several recent studies20-21

(17) The perchlorates 1a and 1b are stable In pure dioxane at 25° for 
extended periods of time.

(18) J. Dallinga and J. B. F. N. Engberts, to be published.
(19) As judged from the second-order rate constants, k2 =  Iu /c r o h , 

the dynamic basicity of the alcohols is slightly higher than that of 
water.

(20) E. M. Arnett, J. J. Burke, J. V. Carter, and C. F. Douty, J. Amer. 
Chem. Soc., 94, 7837 (1972).

(21) F. Franks and D. J. G. Ives, Quart. Rev., Chem. Soc., 20, 1 
(1966).
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Figure 4. Relative rates of solvolysis of 1a vs. mole fraction of 
water: O, n-BuOH-H20; A, sec-BuOH-H20; 0, /-BuOH-H20.

Figure 5. Relative rates of solvolysis of 1a vs. salt concentra
tion: ▼ , NaBr; V, NaCICU, A, NaCI; » , LiCI; A, Me4NCI; O, 
(n-Bu)4NCI.

point to the same conclusion, but the relative dynamic 
basicities will certainly be dependent on the type of reac
tion under study since other factors than basicity (includ
ing the dielectric constant) will also determine the ob
served rates (see Discussion). As shown in Figure 3 the 
first addition of alcohol to water again causes significant 
rate accelerations. These effects are too large to be as
cribed to the increase in basicity of the medium due to 
the presence of alcohol molecules of slightly enhanced ba
sicity as compared with water (EtOH for la, EtOH and 
f-BuOH for lb ). In addition, the results given in Figure 3 
permit the following conclusions: (i) rate maxima are 
reached at lower mole fractions of water in the series t- 
BuOH > EtOH > glycol; (ii) the log k/kv, values at the 
kinetic maxima decrease in the same series; (iii) the rate 
maximum for la in Et0 H-H20 is decreased at 39.80°. 
The results given in Figure 3 show that the rate maxima 
are much broader than the one in dioxane-water as is un
derstandable in view of the approximately equal dynamic 
basicities of both components of the solvent mixture.

In Figure 4 some relative rates are given for the solvoly
sis of la in mixtures of water with three isomeric buta

nols. Again, rate enhancements are found upon addition 
of these alcohols to water despite their lower dynamic ba
sicity as compared with water (Table I). Unfortunately, 
only a very limited range in uh2o could be studied due to 
the limited solubility of these butanols.

Hydrolysis in Aqueous Salt Solutions. Relative rates of 
hydrolysis of la (at 25°) in the presence of neutral, inert 
salts are given in Figure 5. Two types of salt effects are 
observed. One group of salts, including LiCI, NaCI, NaBr, 
and NaCl04, induces a decrease in the rates of hydrolysis. 
In contrast, rate enhancements are observed in the pres
ence of tetraalkylammonium chlorides. Comparison with 
the rates found in the mixed aqueous solutions shows that 
the rate in 1 M  (CH3)4NC1 is approximately equal to that 
in H20  containing 2.8 M  dioxane, 6.2 M  EtOH, or 2.5 M 
i-BuOH.
Discussion

The significant rate enhancements observed upon the 
first addition of an organic solvent of low basicity (diox
ane) or of comparable basicity (alcohols) to water illus
trate the unique properties of water. No straightforward 
explanation of the rate variations in these media seems 
possible in terms of the effect of either the dynamic basic
ity of the additive or the solvent polarity as given by vari
ous empirical measures.22 The kinetic data given thus far 
suggest that in highly aqueous mixed solvents, effects on 
the structure of water should be invoked to explain the 
kinetic behavior although these effects are difficult to sep
arate from other influences. A number of studies, includ
ing measurements of excess heats of mixing, partial molal 
volumes, and ultrasound absorption and velocity, indicate 
that the first increments of a cosolvent containing apolar 
groups increase the structure of water until a maximum of 
structure is reached at a mole fraction of water character
istic for the additive.21-23 Interpretations of this effect 
have mostly been given using the flickering cluster model 
of water.4 From our results we conclude that in the media 
of high water content (i.e., nn2o > 0.6) the dynamic basic
ity of the solvent is closely controlled by the degree of 
water structure. Further support for the theory that 
strengthening of the water association is accompanied by 
an increase in dynamic basicity is provided by the fol
lowing observations: (i) the differences in kinetic effects 
and size of the rate maxima found upon addition of t- 
BuOH, EtOH, and glycol to water correspond to the dif
ferences in structure-making effects of these alcohols;9-21’24 
(ii) rate: enhancements are observed in aqueous solutions 
containing salts that are known to promote water-water in
teractions (tetraalkylammonium chlorides), while the 
presence of structure-breaking salts (LiCI, NaCI, NaBr, 
NaC104) decreases the rates of deprotonation;25 (iii) the 
size of the kinetic maximum is reduced at higher tempera
ture (la in Et0H-H20  at 25.00 and 39.80°) because the 
structure-making effect is opposed by the increased thermal 
energy of the water molecules; (iv) no increase in rate is 
found upon addition of dioxane to ethanol (Figure 1). In 
ethanol no large three-dimensional hydrogen bond networks 
exist that are characteristic for water.21

Our interpretation is also supported by the independent 
study of Hibbert and Long14 in which it was shown that
(22) E. M. Kosower, “An Introduction to Physical Organic Chemistry," 

Wiley, New York, N. Y., ' 968, p 293.
(23) B. Z. Gorbunov and Y. J. Naberukhim, J. Mol. Structure, 14, 113 

(1972).
(24) C. H. Spink and J. C. Wyckoff, J. Phys. Chem., 76, 1660 (1972).
(25) M. J. Blandamer, Quart. Rev., Chem. Soc., 24, 169 (1970).
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the rates of detritiation of malononitriles in mixed aque
ous solvents and in salt solutions correlate with effects on 
the structure of water.28

Now the question should be posed whether the kinetic 
maxima in the mixed aqueous solutions and the rate en
hancement in the presence of structure-making salts are 
due to a destabilization of the substrate, a stabilization of 
the transition state, or both effects simultaneously. Arnett 
and his coworkers9 have amply demonstrated that the 
partial molal heats of solution of several alkyl halides and 
sulfonates in mixtures of water with ethanol show endother
mic maxima at mole fractions of water where the rates 
of solvolysis exhibit maxima. This indicates that the ef
fect of water structure on rates of nucleophilic substitu
tion reactions should at least partially be interpreted in 
terms of substrate stability. Unfortunately, the solubility 
and reactivity of the arylsulfonylmethyl perchlorates do 
not permit calorimetric studies in more highly aqueous 
solutions. However, it seems most likely that transition 
state effects will be chiefly responsible for the rate varia
tions. Recent nmr studies28 have provided evidence that 
increased water structure is accompanied by an enhanced 
hydrogen-bonding acceptor ability of water.29 Although in 
the transition state for the deprotonation from the per
chlorates the proton transfer is rather incomplete (Brpn- 
sted 8 ~ 0.5), stabilization by hydrogen bonding to the sol
vent will be strongly increased relative to the initial state 
and will be more efficient when more structured water is 
involved. This means that, if the process of deprotonation 
may be visualized as tentatively depicted in Figure 2, fur
ther hydrogen bonding of the two water molecules will be 
enhanced in the cybotactic region.22 The importance of 
the proposed effects may be judged in terms of the activa
tion parameters obtained for the various solvents (Table 
II). Addition of relatively small amounts of dioxane or al
cohols to water causes large, mutually compensatory 
changes30 in AH* and AS*. The decrease in AH* and the 
more negative AS* in the kinetic maxima may mainly be 
attributed to the participation of water molecules of en
hanced structuredness (entropically unfavorable) and ba
sicity (energetically favorable) in the transition state sol
vation. Analogous changes in AH* and AS* occur on 
changing the solvent from water to the more structured 
deuterium oxide. The salt effects may also be explained 
mainly in terms of transition state solvation. Substantial 
salting-in of the polar transition state by tetraalkylammo- 
nium ions is an expected process14-31 and will find its ori
gin in the presence of the large, cationic species contain
ing the structure-making alkyl groups.28 An opposite ex
planation may be given for the structure-breaking halide 
and perchlorate anions.

The reaction rates in the mixed solvents at lower mole 
fractions of water ( h h 2o  — 0.6) will also be influenced by 
several factors but are perhaps more straightforward to in
terpret. After the kinetic maximum is reached when diox
ane is gradually added to water, reaction rates are de
creased because water is replaced by the much less basic 
dioxane and, in addition, water structure is now being de
stroyed. The effect of decreasing solvent polarity is diffi
cult to estimate at the moment but is expected to slow 
down the rates since the transition state is more polar 
than the initial state.32 The rates in the pure alcohols 
(Table I) suggest, however, that the influence of dielectric

constant is not very large unless it is entirely compensated 
for by large differences in basicity of these alcohols. The 
rate-retarding effect of decreasing dielectric constant will 
certainly be more pronounced when proton transfer in the 
transition state is more complete. This is illustrated in 
the detritiation of malononitriles14 where the large 
Br0nsted coefficient (0.98 ±  0.2) points to an ion pairlike 
transition state. As a consequence, the rates of deprotona
tion are now appreciably lower in EtOH than in water.

In conclusion we note that, despite the obvious com
plexity of (mixed) aqueous solutions, our results appear to 
establish that water structure is one of the factors deter
mining the dynamic basicity of these solvents. In addi
tion, the variation of the dynamic basicity on changing 
solvent composition will be substrate dependent and 
subject to characteristic enthalpy-entropy compensation 
phenomena.

Experimental Section
Analytically pure la and lb were synthesized as re

ported previously.16 The recommended safety precautions 
were taken in handling these compounds. The water used 
in the kinetic measurements was demineralized and dis
tilled twice in an all-quartz distillation unit. Deuterium 
oxide was obtained from Reactor Centrum Nederland 
(99.94% D2O) and was used as such. The organic solvents 
and the salts were of the best grade available, usually 
from Merck. Dioxane (p.a.) was filtered through active, 
neutral alumina in a nitrogen atmosphere and stored 
under nitrogen at 0°. The alcohols were dried and distilled 
before use. Karl Fischer titrations were used to determine 
the water content (in vol %) of the organic solvents, which 
are given between parentheses: dioxane (0.019), EtOH 
(<0.2), n-BuOH (0.17), sec-BuOH (0.20), ¿-BuOH (0.24), 
f-BuOH (0.01), and ethylene glycol (0.65). (n-Bu^NCl 
was crystallized twice from chloroform and dried over 
P2O5 in vacuo for 24 hr.

Solvent mixtures were usually made up by weight. The 
pH of the aqueous salt solutions and of the highly aqueous 
mixed solvents was checked in all cases.

The kinetic technique (uv spectroscopy) has been de
scribed.16 Pseudo-first-order kinetics were observed for at 
least three half-lives. Rate constants were reproducible to 
within 2%. After completion of all kinetic runs the uv 
spectrum of the reaction products was taken in order to 
ensure that no side reactions had occurred. The thermo
dynamic quantities of activation were calculated from rate 
constants at several temperatures usually between 25 and 
45° (la) or 16 and 30° (lb). Errors in AH* and AS* were 
calculated according to Schalenger and Long.33

(26) The author's previous view27 that water structure is decreased by 
small amounts of EtOH, dioxane. or DMSO was corrected in the full 
paper.14

(27) F. Hibbert, E. A. Waters, and F. A. Long, J. Amer. Chem. Soc., 93, 
2829 (1971).

(28) J. E. Gordon, J. Amer. Chem. Soc., 94,650 (1972).
(29) Ab initio MO-SCF calculations on the linear water trlmer (D. Hank

ins, J. W. Moskowitz, and F. H. Stillinger, J. Chem. Phys., 53, 4544 
(1970)) revealed an increase in the net negative charge on each 
open acceptor site as compared to the water monomer.

(30) The enthalpy-entropy compensation phenomena have been the 
subject of a lengthy discussion (see ref 7).

(31) F. A. Long and W. F. McDevit, Chem. Rev., 51,119 (1952).
(32) The solubility of the perchlorates 1 in apolar solvents suggests that 

the dipole moment of these compounds cannot be large.
(33) L. L. Schalenger and F. A. Long, Advan. Phys. Org. Chem., 1, 1 

(1963).
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The complexation reaction between La(III), Nd(III), Gd(III), and Dy(H[) with S042 was investigated in 
H2O and D2O at 25°. In all cases the complexation rate constant, k î, and the dissociation rate constant, 

for each cation were different in the two solvents. The values of 10 8fc34 in H2O and D2O are La 0.84 
and 0.24 sec-1, Nd 1.9 and 0.80 sec-1, Gd 8.2 and 6.9 sec“ 1, and Dy 0.91 and 1.1 sec-1; and 10“ 7ft43 
equals La 3.8 and 7.0 sec“ 1, Nd 4.8 and 7.1 sec“ 1, Gd 3.8 and 0.74 sec-1, and Dy 4.5 and 2.1 sec“ 1. 
These data were compared to other lanthanide deuterium isotope studies to establish that the isotope 
effect is not a function of the solvated cation alone, but rather of the cation-ligand complex.

Introduction
Systematic kinetic studies of lanthanide complexation 

reactions have attempted to probe the nature of the sol
vated lanthanide ion in terms of the Eigen-Diebler multi- 
step complexation reaction2-3

1̂2
Mra + (aq) + Ln“ (aq)

*21
i 3̂4Mm+(H20 )IL'l_ ^  MLm-re(aq) (1)

4̂3

step 12 step III
Although for many cations the slow process is step III 

involving slow cation-solvent exchange, the analysis of 
neodymium (III) sulfate complexation in H2O and D2O in
dicated that the cation-ligand bond formation step was in 
fact the rate-determining step.1 This study was undertak
en for two reasons. First, to extend the results to other 
lanthanide(III) sulfate systems to determine if a turnover 
point exists in the lanthanide series where cation solvent 
exchange becomes rate determining. Second, to compare 
an additional ligand series of deuterium isotope effects 
with the previously determined ones using anthranilate 
ion and murexide as ligands4 to discover if the deuterium 
effects for each cation are independent of the ligand.

Although the lanthanide(III)-sulfate systems have been 
independently investigated by Pnrdie and coworkers5"7 
and by Atkinson and Grecsek,8 the calculated rate con
stants were significantly different. It was therefore neces
sary to repeat their measurements in H2O to minimize er
rors in comparisons with the D2O results. The lanthanides 
investigated include La, Gd, and Dy, as well as the pre
viously determined Nd.

The ultrasonic absorption measurements were carried 
out at selected frequencies between 10 and 270 MHz, 
using standard techniques.9 The apparatus consisted of 
Matec Models 666 pulse comparator, 120 master synchro
nizer, 600 RF pulse generator and receiver, and 960 RF 
source. X-Cut quartz crystals with fundamental frequen
cies of 4, 5, and 10 MHz were obtained from Valpey-Fish-
er. The experimental vibration frequencies were measured 
using a Gertsch FM3 frequency meter in conjunction with 
a Heath RF signal generator. A double-wall type inter
ferometer cell was thermostated at 25° by a Forma circu
lating temperature bath. Sound velocities were not direct
ly measured and were assumed to be that of the pure 
water value.

The pH values of the solutions were approximately 2 or 
above, because solutions of high acidity reacted with the 
stainless steel cell, and to prevent hydrolysis of the lan
thanides. The pH was measured with a Corning Digital 
112 pH meter in conjunction with a semimicro Corning 
combination electrode and standard buffers. All calcula
tions were carried out on a Wang 700 programmable cal
culator.

Results
An excess ultrasonic absorption was measured over the 

whole frequency range for all four lanthanide systems. For 
chemical relaxation, the ultrasonic absorption, ce/f2, is 
given by

a / p  =  £
A,

l+ i f/ fn ,)2
+  B (2)

where At = relaxation amplitude, /  = frequency, /m = re
laxation frequency, and B = background. Although at 
high frequencies the absorption did not come down to the

Experimental Section
The lanthanide sulfate solutions were made by the ad

dition of sulfuric acid to the oxides (Research Inorganics), 
which were at least 99.9% pure. Standardized H2S04 
(Baker analyzed reagent grade) or D2S0 4 (Diaprep, 99.5% 
isotopic purity) was added and heat was applied to form 
the aqueous solutions. The D2O was at least 99.8% isotop- 
ically pure (Biorad and Diaprep). The residual H20  in the 
D2O lanthanide solutions was less than 0.5%, as deter
mined by nmr analysis.

(1) Part I: H. B. Silber, Chem Commun., 731 (1971).
(2) H. Diebler and M. Eigen, Z. Phys. Chem. (Frankfurt am Main), 20, 

200 (1959).
(3) M. Eigen and K. Tamm, Z. Electrochem., 66, 93, 107 (1969).
(4) H. B. Silber, R. D. Farina, and J. H. Swinehart, Inorg. Chem., 8, 

819 (1969).
(5) N. Purdieand C. A. Vincent, Trans. Faraday Soc., 63, 2745 (1967).
(6) D. P. Fay, D. Litchinsky, and N. Purdie, J. Phys. Chem., 73, 544 

(1969).
(7) D. P. Fay and N. Purdie, Z. Phys. Chem., 74,1160 (1970).
(8) J. J. Grecsek, Ph.D. Thesis, University of Maryland, College Park, 

1970.
(9) H. B. Silber, N. Scheinin, G. Atkinson, and J. J. Grecsek, J. Chem. 

Soc., Faraday Trans. 1, 68 1200 (1972).
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TÀBLË I: Lanthanum Sulfate Data

102c, M 104d, M pH/pD 1O30(c), M 0(c) 1017Ain a fit,,,, MHz 10,7Ba

A. H20 (K c = 4200, «12 = 1300)
0.700 0.654 2.990 1.07 0.502 178 ±  5 13.4 rfc 0.4 23.5 dr 0.4
1.40 1.31 2.746 1.16 0.522 315 rfc 5 14.2 dr 0.2 23.7 dr 0.4
1.98 3.03 2.302 1.21 0.533 423 ±  10 14.3 ±  0.1 26.6 dr 0.3
2.97 4.55 2.165 1.32 0.554 543 ±  10 14.6 ±  0.3 28.0 dr 2.1
3.96 6.06 2.078 1.46 0.579 706 ±  10 14.9 rfc 0.3 31.3 dr 3.0
4.95 7.58 2.007 1.63 0.606 833 ±  10 15.0 ±  0.3 36.7 d= 3.7
7.00 6.54 2.034 1.96 0.649 1214 ±  12 15.5 ±  0.3 45.2 dr 6.5

B. D20
1.02 1.69 3.29 1.05 0.586 283 ±  7 13.2 rfc 0.3 31.4 dr 0.5
2.56 4.22 3.04 1.31 0.639 637 ±  6 14.1 ±  0.2 36.3 dr 1.1
3.20 5.27 2.96 1.47 0.665 865 ±  7 13.1 ±  0.5 41.7 rfc 1.7
4.00 6.59 2.89 1.70 0.696 1025 dr 2 13.7 rfc 0.1 40.4 dr 0.9
4.01 6.80 2.75 1.69 0.695 958 ±  13 14.3 rfc 0.3 37.5 dr 2.6
5.02 1.93 2.62 1.99 0.729 1180 dr 17 14.1 rfc 0.2 37.4 dr 1.5
5.01 8.50 2.65 2.01 0.730 1227 ±  13 13.6 db 0.2 43.3 dr 1.7

° Units = nepers cm“ 1 sec2.

TABLE II: Gadolinium Sulfate Data

102c, M 104d, M pH/pD 1O30(c), M 0(C) 1017Aina fRn,, MHz

a0Qo

A. H20 (K,c =  4500, K12 = 200)
0.361 3.88 3.456 0.977 0.164 55.3 dr 2.0 27.0 rfc 1.5 21.9 dr 0.6
0.722 7.76 3.266 1.12 0.183 91.3 rfc 0.9 30.1 rfc 0.5 22.6 dr 0.3
1.08 11.6 3.123 1.18 0.191 129 ±  1 31.1 ±  0.6 23.9 dt 0.6
1.49 42.9 2.215 1.18 0.191 158 ±  2 32.0 ±  0.7 25.7 dr 0.7
1.19 69.0 2.407 1.24 0.200 131 ±  2 31.8 ±  0.7 24.7 ± 0.6
1.80 19.4 2.914 1.25 0.201 190 rfc 2 33.8 ±  0.6 24.8 d: 0.7
2.24 64.3 2.318 1.30 0.207 232 ±  5 32.0 ±  1.0 29.6 dr 1.5
1.79 104 2.307 1.32 0.209 176 ±  1 35.0 dr 0.4 24.4 ±  0.5
2.99 173 1.930 1.41 0.221 236 ±  2 35.3 rfc 0.7 29.4 dr 2.6
3.73 107 1.902 1.42 0.222 333 rfc 3 33.9 ±  0.6 30.7 dr 1.7

B. D20
0.129 16.6 4.84 0.906 0.154 48.4 rfc 23 16.2 rfc 0.9 29.5 rfc 0.3
0.360 4.68 3.83 1.02 0.170 760 rfc 2.4 20.7 ±  1.1 31.5 dr 1.1
0.721 9.36 3.30 1.24 0.199 133 ±  2 22.6 dr 0.7 34.2 dr 1.2
0.901 11.7 3.16 1.29 0.206 147 ±  3 22.1 ±  0.9 42.6 dr 3.0
0.388 49.8 4.38 1.33 0.210 91.0 ±  1.6 24.0 dr 0.6 29.8 dr 0.4
1.80 23.4 2.95 1.43 0.224 245 ±  2 28.0 dt 0,5 37.4 ±  1.8
1.29 166 3.69 1.61 0.244 237 ±  2 27.9 ±  0.5 34.3 db 1.5

a Units = nepers cm“ 1 sec2.

value expected if only a single relaxation was present, the 
amplitude of this high-frequency relaxation was usually 
too low to obtain useful relaxation information, consistent 
with the results of other workers. The H20  background 
value used was B = 23.0 x 10~17 nepers cm “ 1 sec2 and de
viations from this are attributed to the faster relaxation. 
The relaxation parameters obtained as described pre
viously9 are summarized in Tables I—131.

The identification of the low-frequency peak with step 
III of reaction 1 has previously been made with sulfate,5“8 
nitrate,9 and acetate ligands.10 The excess absorbance de
viation from the background at high frequency indicates 
the existence of a more rapid step which is identified with 
step 12, especially since 0.05 M  Nd2(S04)3 is known to 
have a measured B of (22.4 ±  1.1) x 10~17 nepers cm-1 
sec2 from high-frequency measurements.11 For reaction 1 
under these experimental conditions, Tamm has shown

that the relaxation time expressions for steps 12 and III 
are12

t12_1 = 2 n f Rn = ¿21 + ku ° ( c ) (3)
t  n f 1 = 27r /R]l| = ¿43 + k 3 i (p (c ) (4 )

A scheme similar to that of the nitrate system,9 modi
fied to include the presence of HSO4- , was used to evalu
ate 0(c) and 0(c).

(10) V. L. Garza and N. Purdie, J. Phys. Chem., 74, 275 (1970).
(11) K. Fritsch, C. J. Montrose, J. L. Hunter, and J. F. Dill, J. Chem. 

Phys., 52, 2242 (1970).
(12) K. Tamm, "Dispersion and Absorption of Sound by Molecular Pro

cesses,” D. Sette, Ed., Academic Press, New York, N. Y., 1963, 
pp 175-222. Tamm uses dissociation constants in his expression, 
thus the equilibrium constants used in this paper are reciprocals of 
Tamm's.
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TABLE III: Dysprosium Sulfate Data

102c, M 10 4d, M pH/pD 1O30(c), M 0(C) 1017Ama /r,„. MHZ 10178a

A. H20 (K c = 4100, K12 = 1350)
0.250 0.287 3.593 0.867 0.541 72 ±  4 15.2 ±  0.9 22.0 ±  0.4
1.00 1.15 3.159 1.13 0.605 227 ±  5 16.0 ±  0.4 25.1 ±  0.6
2.50 2.87 3.033 1.29 0.637 513 ±  9 16.1 ±  0.3 28.8 ±  1.1
3.50 4.65 2.840 1.43 0.660 650 ±  8 16.8 ±  0.2 29.0 ±  1.0
5.01 6.64 2.771 1.70 0.698 832 ±  8 17.6 ±  0.2 32.2 ±  0.9

B. D20
0.465 0.452 4.39 1.01 0.577 90 ±  9 13.4 ±  1.4 29.0 ±0.7
1.12 1.09 3.83 1.41 0.655 177 ±  6 14.3 ±  0.5 30.1 ±  0.4
1.86 1.81 3.53 1.53 0.674 287 ±  7 14.0 ±  0.4 33.9 ±  0.6
4.65 4.52 3.29 1.76 0.703 561 ±  7 16.0 ±  0.2 34.3 ±  0.8

a Units = nepers cm-1 sec2.

The initial concentration of Ln2(S04)3 is c and the ex
cess sulfate (H2SO4 + Na2S.04) is d, and the association 
constant for LnS04+ complexation, Kc, is

/ c(l +  2 a) +  d\ 
\ 1 +  [H]/ Ka )

(5)

Ln3+(aq) + S042~(aq) ^  Ln3+(H20)IS 042_ ^
i h

Ln3+(H20)yS042~ =?=*= LnS04+(aq) (11)
III

where

K n = K,(l + Kn) (12)
where iry is the activity coefficient ratio, a is the degree of 
dissociation of LnS04+, and Ka is the bisulfate dissocia
tion constant. The Davies equation was used to determine 
7t7.13 For this system 6(c) is given by 
0 (c) =

(6)

By substitution, eq 6 becomes

0 (c) =

7T7 { 2ac + c(l +  2a) +  d i

1 + [H+]
K a

1 + d In 7t7  \
d In [Ln3+]/rI ) }  (7)

[so42-]/ '

and
d In 7t7 
d In [Ln3+]

2.303(6c«A)
(1 +  f f ) 2

(8)

.(0.6(1 + i/T1)2-  1/1/7)

A small computer program was written to calculate tt7, 
a, I, and 6(c) for each solution. In H20, the bisulfate pKa 
was assumed to be 1.9914 while in D2O pKa equals 2.34.15 
The pD was obtained relative to H20 buffers by16

pD = pH + 0.40 • (9)
The quantity 4>(c) is given by12

<p(c) 0 (c)
K n~x +  0(c) (10)

Equation 10 shows that 0(c), and hence £34 and £43, are 
sensitive to the choice of Ki2. In terms of an Eigen-type 
mechanism, step 12 involves the diffusion together of a 
solvated cation with a solvated anion, followed by water 
loss from the anion solvation shell. In terms of the three- 
step sequence one has

Step I is diffusion controlled and Ki can be calculated 
from the Bjerrum equation. However, Kn is not diffusion 
controlled and the magnitude is a function of the relative 
stabilities of two different outer-sphere complexes. Hence, 
in this paper Ki2 was not assumed but was calculated 
from Kc and the rate data. T° calculate the best K12 con
sistent with the relaxation data, eq 4 and 12 were com
bined and rearranged to obtain

( (1 +  K A c)) ft +  -gm) \ 
134 1(1 + K c9(c) +  Km) Km Ì

kMX  (13)

tiii-1 was plotted as a function of X  with different values 
of Kin assumed. The K :ii value which gives a zero inter
cept results in an internally consistent K 1 2  and K m . This 
technique was utilized to obtain the step III rate constants 
in H2O.

In D20, the NdS04+ high-frequency absorption data 
were essentially the same as in H20  and thus K12 was as
sumed to be the same in both solvents.1 With the other 
lanthanides the high-frequency absorption data were 
slightly higher in D20  than H20, which was attributed to 
the higher background found in D20  in the absence of 
salts. Hence K12 was also assumed to be the same in both 
solvents. A cyclic calculation was used to obtain the rate 
constants in which Kc was assumed, 6(c) and 0(c) calcu
lated, least-squares analysis to obtain the step III rate 
constants, and Km  was carried out and a new Kc was cal
culated via Kc = Ki2(1 + K m ). This process was contin
ued until Kc assumed and calculated agreed to with 0.1%. 
The final results for the four lanthanides are shown in 
Table IV, and Figure 1 represents the kinetic data for Gd.

(13) C. W. Davies, "Ion Association,” Butterworth, Washington, D. C., 
1962, p 46.

(14) A. A. Noyes and M. A. Stewart, J. Amer. Chem. Soc., 32, 1133 
(1910); M. S. Sherrill and A. A. Noyes, ibid., 48, 1861 (1926); M. 
H. Lietzke and R. W. Stoughton, J. Phys. Chem., 65, 2247 (1961).

(15) M. H. Lietzke and R. W. Stoughton, J. Phys. Chem., 67, 652 
(1963).

(16) R. G. Bates, "Determination of pH Theory and Practice.” Wiley, 
New York, N. Y„ 1964, pp 219-220.
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T A B L E  IV : Lanthanide S u lfa te  K inetic R e su lts  at 2 5 ° a

H20 D20

Cation Kc K\2 1 0 - 8/<34, sec - 1 1 0 " 7i<43, sec “ 1 1 0 " 8/(34, sec - 1 1 0 " 7/<4 3 , sec " 1

La 4200 130 0 0.84 ± 0.01 3.8 ±  0.69 0.24 ±  0.01 7.0  ±  1 .5

Nd 4370 900 1.9  ±  0.2 4.8 ±  1.0 0.80 ±  0.56 7.1 ±  3 .3

Gd 4500 2 0 0 8 . 2  ±  1 . 2 3.8 ± 2.4 6.9 ± 1 .7 0.74 ±  3.6

Dy 4 100 13 5 0 0.91 ± 0 .10 4.5 ± 0.91 1 .1  ±  0.5 2 .1 ±  3 .5

a The same value of K12 was used in both solvent systems. Kc in D2O can be calculated from K12 and the reported ^34 and /C43 results.

TABLE V: Effect of Alternate Calculation Procedures upon the Experimental Results

Ratio of H20 to D20 rate constants

Lanthanide Kc K12
iu °k34, sec 1 lu K43, sec 1

(D 20 )  (D 20 )  *34a *34" *43“ ki3b

A. Kc and Ki2 R em ain  U nchanged  as  D 20  is Substituted for H 20
La 4200 1300 0.35 3.8 2.4 3.5 0.57 0.54

Gd 4500 2 0 0 7.8 0.089 1 . 1 1 . 2 8 5

Dy 4 100 13 5 0 1.4  0 .16 0.65 0.83 28 2

Kcc 1 0 - 8/<34, sec" 1 1 0 " 7/<43, sec - 1 Kca

B. E ffec t of Kc on the Gd ( I I I )  R ate C onstants In D 20
4,500 7.80 0.089 177,0 0 0

2 0 , 0 0 0 6.91 0.762 18,400
19,000 6.93 0.745 18,900
18,900 6.93 0.743 18,900

Kc K12
10~ sk 34, sec - 1  1 0 " 7/<43, sec" 

(H20) (H20)
1 0 " 8A34 . sec " 1 

(D20)
1 0 " 7/(43, sec " 1 

(D20)
*34(H2 0 ) /
*34(D20)

C. E ffec t of the C hoice of K i2 on the Gd (III) R ate  C onstants
4500 2 0 0 8.2 ± 1 . 2  3.8 ±  2.4 7.8 ±  2.3 0.089 ±  4.5 1.1
4500 1180 5.4 ± 0.8 -1.2 ±0.4 4.3 ± 0.4 -1.0 ±0.4 1.3

a Calculated. 6 From Table IV. c Assumed.

18,900 but the range due mainly to errors in ki3 is from 
2600 to infinity. The question must be asked if the kinetic 
differences in the two solvents are artifacts caused by the 
choice of Kc in the calculations. An alternate set of calcu
lations carried out for La, Gd, and Dy, based on the as
sumption that both Kc and K 12 remain invariant in the 
H2O and D2O solutions, is summarized in Table V. Using 
this procedure differences in /e34 and ki3 are obtained 
from those where K, was permitted to vary from the H2O 
value in the heavy water solutions. However, the ratios of 
the respective rate constants do not significantly deviate 
from those calculated in this paper (except for the fe43 
ratio for Dy which reflects the large experimental errors). 
Thus, the reported trends cannot be explained in terms of 
differences in Kc between the two solvents.

The lack of influence upon the choice of Kc in the D2O 
solutions is illustrated in Table V for Gd, where Kc was 
varied from 4500 to 20,000. If Kc is much lower than the 
H2O constant, negative numbers are calculated for fc43. 
For any Kc between 4000 and 20,000, all of the calculated 
ku  rate constants agree within experimental error. Thus, 
differences in the &34 rate data cannot be caused by the 
choice of Kc in D20.

Another parameter which may be responsible for the 
observed differences in the Gd case is that Ki2 = 200 is 
much lower than for the other rare earths. The results

<p(c)
Figure 1. Relaxation data for Gd2(S04)3 In H20 and D20.

The final Kc only represents the internally consistent 
value.- The experimental error in Kc is determined by the 
reported errors in k3i and fe43. Thus, for Gd(HI) the Kc is
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were recalculated assuming K12 is the mean result for the 
other lanthanides, and this is also shown in Table V. Al
though &34 decreased as K12 increased, k43 became nega
tive and this is not a realistic result. Furthermore, the 
ratio of the £34 rate constants in the two solvents remains 
essentially the same, and this is the quantity which is 
useful in establishing the trends reported in this study.

Thus, even though alternate calculation techniques can 
be employed to obtain rate constants from the relaxation 
data, resulting in some modifications in the magnitudes of 
the rate constants, neither the relative values for each 
cation nor the trends within the series can be attributed 
to these effects.

Graphical analysis of the other three lanthanide systems 
shows similar results to those shown for Gd in Figure 1. In 
all cases the ionic concentrations within the D2O and H2O 
solutions are similar for each cation system and hence the 
rate differences cannot be attributed to concentration ef
fects.

Discussion
The ultrasonic data in H2O were extended over a much 

larger frequency range and consisted of many more experi
mental frequencies than in the previous studies.5-8 This 
should yield more accurate relaxation data. A comparison 
of the calculated k34 and £43 for the sulfate systems is 
shown in Figure 2.

The values of £43 are similar to those obtained by Grec- 
sek8 if one assumes a similar experimental error. Grec- 
sek’s values of £34, except for GdSC>4+, are consistently 
higher. These differences arise in that Grecsek used 
graphical data analysis over a more restricted frequency 
range.

Greater differences result when one compares the re
sults of Purdie and coworkers.6 They assume A 12 to be 
constant for all of the lanthanides. As in this paper, eq 4 
was used to calculate the rate constants. Only in the case 
of SmS04+ is sufficient data present to check the results.6 
Substitution of the calculated rate constants £34 and £43, 
along with the given 0(c) into eq 4 yields calculated relax
ation times {2-rrf) of 438-517 MHz. However, the experi
mental results range from 158 to 229 MHz. Purdie made 
the assumption that a certain limiting concentration of 
complexes must be present before the excess absorption 
occurred. The value of 0(c) for this point was used to de
termine £43. However, if one assumes 0(c) to be correct as 
given in the paper, and obtains K\2 using eq 13, a much 
improved data fit is obtained. The recalculation of 
Purdie’s data yields the following results: K\2 = 365; £34 
= 4.1 X 108 sec-1; 643 = 3.4 X 10-7 sec-1; and the calcu
lated relaxation times range between 159 and 229 MHz, in 
agreement with the experimental results. When these 
recalculated Sm(III) results are replotted in Figure 2, the 
data follow the trend established in this study.

It is noteworthy that the trends within all three studies 
are identical. The complexation rate constants increase 
toward the middle of the series, reach a maximum, and 
then decrease again. The interpretation of this trend in 
terms of a change in coordination number has been made.6 8 
One of the rationales for this study was to discover if a 
change in the rate-determining step occurred within the 
series. Such a change could produce the same type of 
rate-determination variation.

In an earlier temperature jump study involving lanthan- 
ide-anthranilate complexation in H2O and D2O, a modifi-

Figure 2. S u m m ary  of lan than ide su lfate  kinetic  results: A, ref 
6 ; □ , ref 8 ; O , this study; O , rec a lc u la te d  from  ref 6 .

cation of reaction 1 was observed4

Ln3+ + An" =5=^ LnAn2+ (14)
K

where An- represents anthranilate. For the anthranilate 
system at 12.5°, the value of kt, was essentially the same 
in H2O and D2O, but significant differences occurred in 
kt, between solvents. The deuterium isotope effect will be 
represented by the ratio of a given rate constant in H20  to 
that in D2O. The magnitude of the deuterium isotope ef
fect increased from 1 to about 6 from La through Gd. The 
two rare earths after Gd, Tb, and Dy had the same rate 
constants in H2O and D2O. After Dy the deuterium iso
tope effect increased to a value approximately 5 at Lu. 
With murexide as the ligand, the D2O effect was approxi
mately 3 for Gd and slightly over 1 for Dy.4 That paper 
had preliminary D2O results for acetate systems,4- but re
cent work confirms that the process observed in the ace
tate system involved the formation of the bisacetato com
plex17 and will not be considered further.

The Nd system was similar to the anthranilate system 
in which the dissociation isotope effect was significantly 
different from the complexation one.1 From the data the 
conclusion was reached that the deuterium isotope effect 
occurred in the rapid portion of step III, including cation- 
solvent exchange, followed by the slow step of cation-li
gand bond formation. This hypothesis would also apply to 
the anthranilate system. The ratios of the H2O to D20 
rate constants obtained here are for La, 1234 ratio = 3.5 
and £43 = 0.5; Nd, £34 = 2.3 and £43 = 0.7; Gd, £34 = 1.2 
and ki3 = 5; and Dy, &34 = 0.8 and ki3 = 2. One pattern 
of results occurs for the two light rare earths in which 
there is a large complexation isotope effect and a smaller, 
but opposite effect in the dissociation step. For Gd and
(17) M. Doyle and H. B. Silber J . C h e m . S o c . ,  C h e m . C o m m u n . ,  1067 

(1972).
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Dy, the complexation isotope ratio is close to 1, but there 
is a large decrease in the dissociation rate constant upon 
switching to D20. Thus, one pattern of results occurs for 
the light rare earths, a second for the heavy rare earths, 
and the changeover occurs near Gd. This trend is typical 
in systematic studies of lanthanides and has often been 
interpreted in terms of different coordination number 
species existing for the light and heavy lanthanides.18’19 A 
detailed interpretation of the significance of the isotope 
ratio for each individual lanthanide is not possible. How
ever, the data cannot be explained by a single process oc
curring in step III, but must be interpreted in terms of at 
least two steps. This is the case with an Eigen-type mech
anism where this step consists of cation-solvent exchange 
followed by cation-ligand bond formation. The large iso
tope differences observed for the association and dissocia
tion steps is not consistent with the rate-determining cat
ion-solvent, as explained previously.1

The kinetic isotope data for each lanthanide in this 
study is considerably different than that found with an- 
thranilate. The big difference occurs with Gd where a

large complexation isotope effect occurs with anthranilate 
but not with sulfate. A possible explanation arises in that 
both sets of studies were carried out at different tempera
tures, and that each of the systems in each solvent 'has 
considerably different activation parameters. This expla
nation cannot be resolved in this study.

One of the questions which this study set out to answer 
was whether or not similar deuterium isotope effects occur 
for a given lanthanide cation with different ligands. The 
experimental answer is that the deuterium isotope effects 
are not a function of solvated cation alone, but instead are 
a function of the solvated cation-ligand complex.
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C a ta ly s is  o f  p -N it r o p h e n o l  L a u ra te  H y d ro ly s is  in S o lu t io n  S h o w in g  

T ra n sition  fr o m  R e v e r s e d  to  N o rm a l M ic e l le s

S. Friberg,* L. Rydhag,

T h e  S w e d is h  I n s t i tu te  l o r  S u r fa c e  C h e m is t r y ,  S to c k h o lm ,  S w e d e n  

and G. Lindblom

U n iv e r s i t y  o f  L u n d , C h e m ic a l  C e n te r , L u n d , S w e d e n  ( R e c e iv e d  D e c e m b e r  12, 1 9 7 2 )  

P u b lic a t io n  c o s ts  a s s is te d  b y  th e  S w e d is h  B o a r d  f o r  T e c h n ic a l  D e v e lo p m e n t

Catalysis of the hydrolysis of p-nitrophenol laurate by normal and reversed micelles was investigated in 
their common solution area in the system water-cetyltrimethyltetraammonium bromide-water. Maximal 
reaction rates were found at the critical micellization concentrations for both kinds of micelles. In the: 
range where transformation of one kind of micelle into the other could be expected, the reaction rates 
were minimal. The enhancement factor in the aqueous part was 1500, which is higher than has been re
ported earlier for such systems.

Catalysis by surfactant micelles has been investigated 
for more than a decade following the pioneering work by 
Duynstee and Grunwald in 1959.1 Extensive reviews2-4 of 
progress in the field have recently been published. The in
vestigations prior to 1970 were, however, concerned exclu
sively with the effect of micelles in aqueous solutions 
which show the well-known association structure with the 
hydrophobic part of the surfactant forming the central 
part of the micelle and the polar parts oriented toward the 
surrounding aqueous solution.

In amphiphilic liquids such as hexanol reversed micelles 
may also be formed when water and an ionic surfactant 
are added in sufficient quantities.5 The first report on

the catalytic influence of such reversed micelles on the 
hydrolysis of a phenol ester was published in 1971® with 
reference to reversed micelles of water and cetyltrimethyl- 
ammonium bromide (CTAB) in hexanol. Corresponding

(1) E. F. J. Duynstee and E. Grunwald, J . A m e r .  C h e m . S o c . ,  81, 4540 
(1959).

(2) E. H. Cordes and R. B. Dunlop, A c c o u n ts  C h e m . R e s .,  2 ,  329 
(1969).

(3) H. Morawetz, A d v a n .  C a ta l . ,  20, 341 (1969).
(4) E. J. Fendler and J. H. Fendler, A d v a n .  P h y s . O rg .  C h e m . ,  8, 271 

(1969).
(5) P. Ekwall, L. Mandell, and P. Solyom, J .  C o l lo id  I n te r f a c e  S e i. ,  35, 

266 (1971).
(6) S. Friberg and S. I. Ahmad, J . P h y s . C h e m .,  75, 2001 (1971).
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investigations of other reactions in nonaqueous systems7-8 
showed a more pronounced catalytic effect. Later the sys
tem water-hexanol-CTAB was also used to demonstrate 
hydrolysis catalysis in lyotropic liquid crystals9 for the 
first time. Earlier results10 of ester hydrolysis in a liquid 
crystalline phase showed reduced reaction rates when the 
surfactant was nonionic.

Thus, considering that catalysis by both normal1 and 
reversed6 micelles as well as by liquid crystalline phases9 
had been displayed, we found it worthwhile to investigate 
the rate of hydrolysis in a solution exhibiting a transition 
from normal to reversed micelles, such as, the isotropic 
liquid solution region in the system water-CTAB-buta- 
nol.11

Materials and Methods
Materials. Analytical reagents, p-nitrophenyl laurate 

(Schuchardt, München), 1-butanol (Fluka), and cetyltri- 
methylammonium bromide (CTAB) (Merck), were used. 
The water was distilled twice and buffered to pH 11.5 by 
means of a 0.01 M  sodium phosphate buffer.

Phase Region. The region of the isotropic solution in the 
system was determined by the addition of water and 
CTAB to homogeneous samples untill turbidity was ob
servable. The temperature was kept constant at 30 ±  0.1° 
during the determination.

Light Scattering. The intensity of scattered light at an 
angle of 90° was determined by means of a Sophica 
photodiffusogoniometer 42000. The cells were cleaned 
with chromosulfuric acid and rinsed several times by dis
tilled water. Final rinsing was effected by condensation of 
water vapor in the inverted cell. The cells were filled and 
rotated in an ultracentrifuge at 30,000 rpm for 4 hr to 
sediment dust particles.

Reaction Rates. Kinetic measurements were performed 
by determining, at various times, the amount of p-nitro- 
phenolate ion from the extinction at 400 mp by means of a 
Zeiss PMQII spectrophotometer. The initial concentration 
of p-nitrophenyl laurate ester was 2.4 X  10-5 M  in all de
terminations.

Nmr Measurements. The 79Br and 81Br nmr measure
ments were performed with a Varian V-4200 nmr spec
trometer equipped with a 12-in. V-3603 magnet and a 
Varian Mark II Fieldial as described previously.12 The 
sample temperature was 30 ±  2° measured with a thermo
couple before and after recording a series of spectra. The 
reported line widths are the arithmetical means of two- 
four spectra, and the individual measurements are usually 
within 5% of the mean.

Results
Properties of the Solution. The solution region of the 

system formed a broad continuous area extending from 
the bulfer corner to the butanol corner (Figure 1). The 
limit against the butanol-CTAB axis was a straight line 
with an approximate CTAB-water molar ratio of 1:6. 
The width of the region toward the water corner was 
about 20% (w/w). The compositions of the samples for the 
kinetic determinations are indicated in the figure.

The intensity of the scattered light at a right angle and 
the Br line width for series 3 are indicated as a function of 
the water content in Figure 2. At a water concentration 
below 40% (w/w) the intensity of the scattered light was 
low (Figure 2) and the AB values were too high to be con
veniently determined. In the 40-60% (w/w) water range a 
sharp reduction in the line width took place and was ac-

Butanol

Figure 1. Th e solution region in th e  system  cety ltrim eth y lte t- 
raam m on ium  b ro m id e -b u ta n o l-w a te r  bu ffered  a t  pH 1 1 .5  with  
phosphate buffer. Th e  com position  of sam ples  for w hich re a c 
tion rates w ere  d e te rm in e d  is ind icated  in the figure .

Figure 2. Light scattering  and 81 Br line w idth as a  function of 
w ater co n ten t for se ries  3 accord ing  to F igure 1.

companied by a pronounced rise in the intensity of the 
scattered light. Between 60 and 70% (w/w) water both 
factors were fairly constant. A sharp reduction between 70 
and 80% (w/w) was followed by a less sharp decrease up 
to about 95% (w/w). Solutions with water content in ex
cess of 95% were not investigated owing to numerous de
terminations of the properties of solutions in this range.13

Reaction Rates. The reaction rate for a first-order reac
tion is given for a different series in Figure 3. At low water 
contents the reaction rate was enhanced by an increasing 
water content. For series 3 and 4 the rates passed a low 
maximum at 40 and 60% water. A shallow minimum was 
observed for these series in the 70-75% water range fol
lowed by a pronounced maximum at about 90% water.

The position of the low maximum was increased to 
higher percentages of water when the hexanol/CTAB ratio 
was decreased. The position of the pronounced maximum 
in the 90-95% water range was not determined with corre
sponding accuracy.

Discussion
The interpretation of the results from light scattering 

and nmr determinations both indicated that association 
into micellar aggregates took place in a concentration 
range of a few per cent around 40% water (w/w) for the

(7) E. J. Fendjler, J. H. Fendler, R. T. Medacy, and W. A. Woods, 
C h e m . C o m m u n . ,  1497.(1971).

(8) J. H. Fendler, C h e m . C o m m u n . ,  642 (1972).
(9) S. I. Ahmad and S. Frlberg, J . A m e r .  C h e m . S o c . ,  94, 5196 (1972).

(10) K. S. Murthy and E. G. Rippie, J . P h a rm .  S c i . ,  59, 459 (1970).
(11) G. Glllberg, H. Lehtinen, and S. Frlberg, J . C o l lo id  I n te r f a c e  S c i . ,  

33, 40 (1970).
(12) G. Lindblom, H. Wennersirom, and B. Lindman, C h e m . P h y s .  L e t t . ,  

8, 489 (1971).
(13) P. Ekwall, L. Mandell, and K. Fontell, J  C o l lo id  I n te r f a c e  S c i . ,  29, 9 

(1969).
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Figure 3. R eaction  rates vs. w ater co n ten t for d iffe ren t series  
accord ing  to F igure 1: series 1, A ; series 2, O ; series  3 , Y; se 
ries 4, + .

series with a butanol/CTAB ratio of 2. The drop of line 
width to a level of 4 G at the association concentration 
was in accordance with the results from investigations of 
the hexanol solution in the system water-CTAB-hexa- 
nol.14 A comparison with these results indicated that ad
dition of the water gave rise to micelles of a reversed 
structure in a continuous medium of butanol with dis
solved water and CTAB. The premise about a formation 
of reversed micelles was supported by a calculation of the 
amounts of the totally included water (40% w/w) which 
were solubilized and molecularly dispersed. Pure butanol 
dissolved 20% (w/w) water in a molecularly dispersed 
form. The added CTAB 20% (w/w) required some further 
water in order to form ion pairs. Maximum 15% (w/w) 
CTAB was dissolved in pure butanol (Figure 1, right 
part). The necessary water to bring the remaining 5% 
(w/w) of CTAB into solution could be estimated from the 
slope of the right-hand limit of the solution area in Figure 
1. A reasonable estimation was 5% (w/w) of the water 
being needed in order to dissolve the remaining CTAB.

The content of butanol and of CTAB could safely be es
timated to account for 20% (w/w) of the water as molecu
larly dispersed. The remaining 20% (w/w) can not reason
ably be sufficient to form a continuous aqueous phase 
containing normal micelles.

Since the micelles in the aqueous corner are normal mi
celles and since no phase transition could be observed the 
conclusion of the results must be an evidence of a trans
formation from reverse to normal micelles in a one-phase 
region of an isotropic liquid. This conclusion draws at
tention to the structure of reversed micelles and their 
transition into normal micelles. Reversed micelles have 
been postulated to be spherical15 but other forms are also 
probable. It has recently been shown16 by low-angle X-ray 
diffraction investigations that reversed micelles of mono
glycerides in triglyceride solution actually possessed a la
mellar structure containing several layers. In the present 
case a preliminary determination of the low-angle X-ray. 
diffraction pattern showed no signs of multilayer struc
tures in any water range. This result gave evidence that 
the structures did not contain a sufficient number of or
dered, sequential layers for the X-rays to give the multire
flection patterns which are characteristic of a liquid crys
talline phase. A liquid crystalline phase should further
more have given rise to a pronounced widening of the nmr 
lines. This was not found and the formation of a multi
layer structure similar to a liquid crystalline phase in the

transition region between reversed and normal micelles 
must be ruled out for the present solution.

In need of more precise experimental investigations of 
the structure in the transformation region, the present 
results give sufficient basis for the following interpreta
tion. The formation of reversed micelles was initiated 
when about 40% (w/w) of the water was added in series 3 
(Figure 1). A transition region to normal micelles was 
then observed between 60 and 70% (w/w) water. Normal 
micelles of various structures account for water percent
ages in excess of the last value. The variations in reaction 
rates vs. the water content with two rate maxima at 45 
and 95% (w/w) of water corresponding to two kinds of mi
celles were in accordance with this interpretation.

The rise in the reaction rate was less sudden and the 
maximum rate for the reversed micelles showed slightly 
lower values compared with the results in hexanol.6 The 
less sudden increase could be ascribed to the formation of 
premicellar aggregates, which would also have some cata
lytic effect on the hydrolysis. The formation of premicellar 
aggregates has been observed in aqueous solutions of sodi
um carboxylates with a chain length of four.17 The reduc
tion of the maximum reaction rate when the cmc is re
duced in aqueous systems due to shorter chain lengths has 
been observed recently18 in the catalytic effect of alkyl 
sulfates on the Hg2+ induced aquation of CO(NH3)5Cl2+. 
The influence of the substrate on the micellization was 
not observable; the concentration of the ester was only 2.4 
X  10_5 M. The localization of the substrate was not de
termined; it is obvious that at least part of the differences 
between the rates in the aqueous and nonaqueous part of 
the solution might occur due to differences in localization 
of the substrate.

For both the series which contained normal and re
versed micelles a minimum was observed between the two 
maxima at critical concentrations for reversed and normal 
micelles. These results gave evidence that no structural 
conditions with specific catalytic effects existed in the 
concentration range when a transformation from reversed 
to normal micelles took place. A simple consideration of 
reaction rates suggests an inverse relation between water 
content in excess of cmc and reaction rate. Such an as
sumption is in accordance with a minimum between the 
two maxima. An inverse relation is not followed exactly, 
but this is no surprise since deviations appear to be the 
rule.18 It has been demonstrated earlier that changes in 
reaction rates are sensitive to changes in micellar struc
ture.9

The pronounced maximum at high water content dis
played an enhancement factor of about 1500 for normal 
micelles, which is considerably higher than the values of 
200-500 which have earlier been reported in aqueous sys
tems.2-4 The specific cause for this increase in reaction 
rates was not investigated, as it was beyond the original 
scope of the study. The influence of nonionic19 as well as 
ionic20 substances has been determined and a reasonable 
pattern of the combined effects on charge density and

(14) G. Lindblom, B. Lindman, and L. Mandell, J. C o l lo id  I n te r f a c e  S c i . ,  
34, 262 (1970).

(15) P. Ekwall, J . C o llo id  I n te r f a c e  S c i . ,  29, 16 (1969).
(16) K. Larsson, C h e m . P h y s . L ip id s ,  9, 181 (1972).
(17) I. Danielsson and P. Stenius, J. C o l lo id  I n te r f a c e  S c i . ,  37, 264 

(1971).
(18) J.-R. Cho and H. Morawetz, J . A m e r .  C h e m . S o c . ,  94, 375 (1972).
(19) D. S.Kemp and K. Paul, J. A m e r .  C h e m . S o c . ,  92, 2553 (1970).
(20) C. A. Bunton, M. Minch, and L. Sepulvede, J. P h y s . C h e m . ,  75, 

2707 (1972).
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electric double layer now appears to have been deter
mined.21 With regard to these factors we would only want 
to point out that the enhancement factor in the present 
case is higher than those found earlier in aqueous systems; 
in completely nonaqueous systems considerably larger fac
tors have been found.7-8
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(21) C. A. Bunton, P ro c .  A m e r .  C h e m . S o c . ,  C o n t.  R e a c t .  K in e t .  M ic .  

M e m b r . ,  73 (1972).

E quilibrium  a n d  K in e t ic s  o f  th e  A c id  D is s o c ia t io n  

o f  S e v e r a l  H y d rox y a lk y l R a d ic a ls 1 2

Gary P. Laroff and Richard W. Fessenden*

R a d ia t io n  R e s e a r c h  L a b o ra to r ie s ,  C e n te r  f o r  S p e c ia l  S tu d ie s  a n d  D e p a r tm e n t  o f  C h e m is t r y ,  M e llo n  I n s t i tu te  o f  S c ie n c e ,  

C a rn e g ie - M e l lo n  U n iv e r s it y ,  P i t t s b u r g h ,  P e n n s y lv a n ia  1 5 2 1 3  ( R e c e iv e d  D e c e m b e r  2 2 , 1 9 7 2 )

P u b l ic a t io n  c o s ts  a s s is te d  b y  C a rn e g ie - M e l lo n  U n iv e r s i t y  a n d  th e  U . S. A t o m ic  E n e rg y  C o m m is s io n

The equilibrium constants for the dissociation of the hydroxyl proton of several hydroxyalkyl radicals in 
aqueous solutions at about 20° have been determined by esr. The values expressed as pKa are for 
CH2OH, 10.7; for CH3CHOH, 11.5; and for (CHsHCOH, 12.0. These values are in good agreement with 
those determined previously in pulse radiolysis experiments. The radical (CFs^COH is found to be a 
strong acid with pifa = 1.7. In all cases the pif is 4-8 units lower than for the corresponding alcohol. The 
dynamics of the equilibrium ROH + OH- <=» RO_ + HOH has been investigated for the radicals 
CH3CHOH and (CHs)COH by means of the esr line broadening associated with the dissociation. Values 
for the forward and reverse rate constants are, for CH3CHOH, 7 X  109 and 4 X  105, and, for (CHsHCOH, 
9 X  109 and 1.8 X  106 (M 1 sec-1). The values for the forward reactions are clearly diffusion controlled. 
The rates for the reverse reactions (protonation by water) are seen to be so fast as to be accessible to di
rect pulse experiments only in the nsec region. Depending upon the pff and the forward rate constant a 
number of patterns of esr line broadening as a function of pH are possible. The various behaviors are dis
cussed and examples given of most of them. Of particular importance is the conclusion that exchange of 
protons with high pK  values (> 16) will be readily observable in basic solution.

Introduction
The esr spectra of hydroxyalkyl radicals derived from 

alcohols show changes as the solution pH is varied in the 
approximate range 10-13.3 These changes can be illus
trated by the behavior of the radical (CHsHCOH. In neu
tral water the spectrum is the well-known septet split by 
the OH hyperfine splitting of ~0.5 G. As the pH is raised 
the lines broaden and then ultimately narrow to give a 
new septet with a somewhat smaller hyperfine constant 
for the CH3 protons and no splitting by an OH proton. 
This latter spectrum is attributed to the dissociated or 
ketyl form of the radical, (CHshCO- . In the intermediate 
region the central line of the septet is narrow but the lines 
with nonzero magnitudes of /2 for the six CH3 protons are 
progressively wider away from the center of the spectrum 
and the line separation is intermediate between that of 
the two limiting forms. The line broadening effects must 
be caused by the dynamics of the dissociation equilibrium

ROH 3=* RO“  +  H+ (1)
and the fact that the esr parameters are different for the 
two forms of the radical. Because the time scale involved

with esr line broadening is ~ 10~8- 10-7 sec it is immedi
ately evident that the reverse of reaction 1 cannot be im
portant because of the low H+ concentration and that the 
actual process is most likely 

.
ROH +  OH“ 7*=  ̂ RO“  +  HOH (2)

k r

Two types of information are likely to come from a de
tailed study of this phenomenon, namely, the equilibrium 
constant for the dissociation and the kinetics of the pro
tonation-deprotonation. The equilibrium constants for a 
number of the simpler aliphatic alcohols have already 
been determined by pulse radiolysis4 but a determination 
by a totally different method is desirable because the op
tical method has, in at least one case, led to an incorrect 
conclusion.® The esr method, in cases where rapid ex-

(1) Supported in part by the U. S. Atomic Energy Commission.
(2) Based on portions of a dissertation submitted by G. P. Laroff in par

tial fulfillment of the requirements for the degree of Doctor of Phi
losophy at Carnegie-Mellon University.

(3) K. Eiben and R. W. Fessenden, J . P h y s . C h e m . ,  7 5 ,118 6  (1971).
(4) K.-D. Asmus, A. Henglein, A. Wigger, and G. Beck, B e r .  B u n s e n -  

g e s . P h y s . C h e m .,  70, 756 (1966).
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change can be achieved, directly links the two limiting 
spectra to forms of the same chemical intermediate differ
ing by only a simple acid-base equilibrium.6 Esr measure
ment of the equilibrium is also necessary as background 
information for the interpretation of the line broadening 
experiments. Measurement of the dynamics of equilibri
um 2 is important for esr studies because of the insight it 
gives into the problem of line broadening often encoun
tered with aqueous solutions of radicals with dissociable 
protons. In addition, because radicals such as (CHs^COH 
can be produced by both abstraction from the alcohol and 
attachment of eaq_ to the ketone, a knowledge of the ki
netics of the protonation of the ketyl radical is fundamen
tal to the complete understanding of pulse radiolysis ex
periments.

Experimental Section
The apparatus and general procedural details were as 

previously described.3 Radicals were produced by irradia
tion of N2O saturated aqueous solutions of 0.1 M  metha
nol, ethanol, or 2-propanol or 0.01 M  hexafluoro-2-propa- 
nol (from Hynes Chemical Research Corp.). The sample 
solution was cooled prior to entry into the sample cell. 
Measurement of the solution temperature under typical 
electron beam current and flow conditions showed that 
the experiments pertain to 20° within about ± 2° under all 
conditions used. The pH was adjusted with KOH or 
HCIO4 and measured with a Corning Model 112 digital 
readout meter with a Sargent-Welch Model S-30070-10 
combination pH electrode. Readings for buffered solutions 
were reproducible to ±0.01 pH unit. Solutions of pH >12 
(and no buffer) were titrated against standard acid to the 
phenolphthalein end point.

Second-derivative presentation was used for the mea
surement of line positions and first derivatives were re
corded for most line width measurements. In a few cases 
line widths were measured from second-derivative spectra 
where this approach was necessary to reduce interference 
from the background signal of the silica cell. Because the 
field modulation amplitudes used to give reasonable sig- 
nal-to-noise ratios cause significant line broadening it was 
necessary to correct for this effect. The field modulation 
amplitudes at the various instrument settings were cali
brated by fitting the observed line amplitudes and widths 
of (CHs^COH to curves of apparent peak-to-peak ampli
tude and line width as calculated for modulation broad
ened Lorentzian lines by Wahlquist.7 The curve given by 
him for the reduced apparent width (apparent width di
vided by true line width) as a function of the reduced 
modulation amplitude is not in the proper form for mak
ing corrections but must be replotted to give reduced ap
parent width as a function of modulation amplitude di
vided by apparent width. With this curve the true line 
width can readily be found given the apparent width and 
modulation amplitude. A similar curve was constructed 
for over-modulated second derivatives by .considering that 
the second (or low-frequency) field modulation sweeps the 
observation point over the already broadened first-deriva
tive function (as from Wahlquist) and evaluating the re
quired integral numerically. Only the case where the two 
modulation amplitudes were equal was considered. For all 
but the narrowest lines the corrections for modulation 
broadening were small. Corrections must also be made for 
the overlapping lines of the complex patterns caused by 
the second-order structure and hydroxyl proton splittings. 
In this case it is appropriate to synthesize the known pat

tern of lines with a sequence of component line widths 
and to use visual criteria to select the best fit to the ex
perimental curves. Spectrum synthesis was carried out 
with a Hewlett-Packard 9100-A calculator equipped with 
a 9125-A plotter and 9101-A extended memory.

Measurement of Equilibrium Constants
Measurement of the equilibrium constant for the disso

ciation of the radicals is necessary before the kinetic prob
lem can be treated so this aspect will be discussed first. 
The qualitative observation that a single spectrum is ob
served with a pH-dependent splitting suggests that the 
exchange is rapid at most values of pH. At the fast ex
change limit where the lines are narrow, the spectrum 
represents a weighted average of the spectra of the disso
ciated and undissociated forms. A plot of the hyperfine 
constant (or g  factor) should show a sigmoid transition 
between the values for the two forms with an inflection a' 
the pK  for the dissociation. To facilitate accurate mea
surement of the line positions it was convenient to in
crease the forward and reverse rates by adding a buffer8 so 
that the main reaction becomes

ROH +  B~ 5=* RCT +  BH (3)
The most rapid reaction occurs when the pK  of the buffer 
matches that of the radical. For the present purposes 
phosphate with a third pK  of 12.32 was convenient. All 
measurements concerned with the pK  of the three ali
phatic alcohols were made in the presence of 1 M  phos
phate. Although the ionic strength of these solutions is 
very high the fact that only one charged species appears 
on each side of eq 2 suggests that the equilibrium will not 
be greatly shifted by the ionic solute. In agreement with 
this idea is the fact that no significant shift of line posi
tions was found upon adding phosphate. In the case of 
hexafluoro-2-propanol the dissociation occurred in strong
ly acid solutions which provided a rapid exchange direct
ly.9

The results for the four radicals CH2OH, CH3CHOH, 
(CH3)COH, and (CFs)2COH are shown in Figure 1 to
gether with the expected sigmoid curves calculated on the 
basis of a simple dissociation equilibrium and the concept 
of a weighted average. The limiting values of the esr pa
rameters used in this calculation are given in Table I and 
the pK  values (expressed in terms of the acid dissociation, 
reaction 1) in Table II. The results obtained for the three 
aliphatic alcohols are in excellent agreement with the 
values determined previously by pulse radiolysis.4 In each 
of these cases the pK  of the radical is 4-5 units lower than 
for the parent alcohol. For the hexafluoro-2-propanol the 
decrease in pK  of the radical by 8 units is even greater. 
The radical (CF3)2COH is seen to be a strong acid as a re
sult of the electron-withdrawing effect of the six fluorine 
atoms.

Dynamics of the Equilibrium
The kinetics of the dissociation were studied only for 

(CHs^COH and CH3CHOH. The mechanism of base-cat-

(5) See the discussion regarding glycine in acid solution given by P. 
Neta, M. Simic, and E. Hayon, J . P h y s . C h e m .,  76, 3507 (1972).

(6) See the results for glycine given by H. Paul and H. Fischer, H e lv .  
C h im . A c ta ,  54, 485 (1971).

(7) H. Wahlquist, J . C h e m . P h y s .,  35, 1708 (1961).
(8) This technique was used by H. Paul and H. Fischer in their study of 

the radical derived from glycine.6
(9) In this instance an acid-catalyzed exchange, ROH +  H+ s=* ROH2+, 

occurs, see, e.g., H. Fischer, M o l.  P h y s .,  9, 149 (1965).
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Figure 1. Hyperfine constants as a function of pH for the radicals (a) C H 2OH, (b) C H 3CH O H  ( a g  shown), (c) (C H 3 )2C O H , and (d) 
(C F 3 )2CO H . The solutions for the three studies at high pH contained 1 M  phosphate to increase the rate of proton exchange and narrow 
the esr lines. The solid curves are calculated from the data in Tables I and II under the assumption that the spectrum represents the 
weighted average of the concentrations of the dissociated and undissociated forms of the radicals.

TABLE I: Hyperfine Constants for Hydroxyaikyl Radicals'2 TABLE II: p K  Values of Alcohols and Their Associated Radicals

Radical a  H a a a«H a0HH 9

C H 2OH 17 .5 0 1 . 0 0 2 .0 0 3 17
c h 2 o - 14 .3 3 2.00367
C H 3 CH O H 14.90 2 2 .71 0 . 1 0 2.00321
C H 3C H O - 1 1 . 1 1 20 .16 2.00359
(C H 3) 2CO H 19.94 0.47 2 .0 0 3 15
(C H 3 )2C O - 17 .2 6 2.00335
(C F jh C O H 25.95» C 2 .0 0 3 11
(C F 3 )2C O " 30.50» 2.00356

1 Values in Gauss. Where a comparison Is possible the values
essentially the same as those given In ref 3. 4 Value of a p F . c 3ohh could 
not be observed because of rapid exchange.

alyzed exchange can be represented by

ROH” +  OH“
“ “  \

RO“  +  H*OH (4)

, yROH +  OH
where the asterisk denotes a particular spin state of the 
OH proton in the radical. If the equilibrium is to the left 
then any line broadening encountered must be the result 
of only the exchange of the OH proton and the presence of 
small concentrations of the form RO" is of no direct con
sequence except as an intermediate in the exchange. 
Treatment of this part of the problem can be carried out 
using well-known theories of dynamic effects in magnetic 
resonance.10 For a given spin state of the aliphatic protons 
in the radical (i.e., for a given doublet in the spectrum)

Alcohol
pK of 

alcohol Radical

pK of radical 
This

work“ Ref 4 ApK

C H 3OH 15.09» C H 2OH 10 .7 1 10 .7 -4 .3 8
c h 3c h 2o h 15 .9 3» C H 3CH O H 1 1 .5 1 1 1 . 6 - 4 .4 2
(C H 3)2CH O H 1 7 .1 » (CH 3) 2CO H 12 .0 3 1 2 . 2 - 5 . 0 7
(C F 3)2CHO H 9.8C (C F 3)2CO H 1.7 0 - 8 . 1

“ Value accurate to ± 0 .1. 6 J. Murto, A c ta .  C h e m . S c a n .,  18, 2 (1964), 
quoting his results reported in A n n .  A c a d .  S c i.  F e n n .,  S e c .  A . No. 117  
(1962); S u o m . K e m is t i le h t i  B , 35, 157 (19 6 2).c Measured by titration.

the two spin states of the OH proton allow the line to be 
at two “ sites” with equal probability. As the exchange 
rate increases the lines of such a doublet will broaden and 
eventually collapse to a single narrow line at the center of 
the former doublet. The maximum line width possible 
corresponds to the original OH splitting. If the equilibri
um is such that a significant fraction of the radicals exist 
in the dissociated form then a further line broadening is 
possible as a result of the change in g factor and the hy
perfine constants for the aliphatic protons upon dissocia
tion and the transformations of the radical back and forth 
between the two forms Because of the variable propor
tions of these forms the situation is less readily visualized 
than for the simple exchange alone.

A complete analysis requires that the three underlined 
forms in eq 4 be considered in one model. However, such a 
treatment is rather complex and an initial attempt was 
made to treat the exchange and dissociation separately. 
The observations on the radical (CH3)2COH show that an 
exchange of the OH proton can occur without a significant 
shift of the equilibrium to the right. It is possible, there-
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fore, to consider the dissociation as affecting the g factor 
and hyperfine constant without taking the OH proton 
splitting into account. The two forms of the spectra which 
must be considered are that of the neutral form of the 
radical with the OH doublets replaced by single lines at 
their centers and that of the dissociated form. A “ two- 
site” theory with variable proportions of the two forms is 
used. The shift upon dissociation is different for different 
lines, being greater for those furthest from the center. For 
the situations encountered here the dissociation broadens 
a given line by the greatest amount near the pK  of the 
radical with lesser effects predicted away from this point. 
Note that the greatest broadening is not necessarily exact
ly at the pK. The maximum broadening of a line in the 
spectrum depends directly on the size of the shift in posi
tion of the line upon dissociation. Depending upon the ac
tual kinetics of the processes and the equilibrium constant 
the overall behavior can vary considerably. The separation 
of the effects of exchange and dissociation will be justified 
below by the detailed results for (CH3)2COH. For 
CH3CHOH the small size of the OH splitting limits the 
broadening caused by exchange so that in this case only 
the dissociation is of direct importance.

The full equation for intermediate rates of exchange de
rived by use of the modified Bloch equations (eq 10-23 
to 10-25 of Pople, et al.10) were used in treating both con
tributions. Because this equation cannot readily be ex
pressed as a Lorentzian of a certain width, the derivative 
was calculated and plotted with the Hewlett-Packard 
9100A calculator for various exchange rates and the 
widths measured. The observed line width should then be 
the sum of the contributions from the natural line width 
and the contributions from the exchange and dissociation 
processes

(T A b .r^ O Y lo -1 +  (T2)ex- ‘ +  (T2)dis—1
The calculated equilibrium curves of Figure 1 were used 
to evaluate the relative fractions of the two forms of the 
radicals in the calculation of (T2)dis-

The first step in the analysis is the measurement of ob
served line width either directly or, where complex sec
ond-order structure occurs, by reference to synthesized 
patterns. The width so determined was then corrected by 
the procedure described in the Experimental Section. 
This method ignores the fact that a line broadened by ov
ermodulation is no longer of Lorentzian shape. However, 
because only small corrections were involved in most cases 
no serious error is likely.

The corrected line widths are shown in Figure 2 for 
(CH3)2COH and Figure 3 for CH3CHOH. (The widths are 
expressed in magnetic field units as measured, i.e., in kHz 
for proton nmr.) The data in the first case correspond to 
the line immediately below the center of the spectrum (Iz 
= +1 for the CH3 protons). This line has a shift (or site 
separation) of 14.03 kHz upon dissociation of the OH pro
ton. All other lines in this spectrum move further upon 
dissociation and hence are considerably wider under most 
conditions, precluding accurate measurement. With 
CH3CHOH two lines could conveniently be studied to 
give a cross check. These lines correspond to the values of 
(1/2, 2̂) and (-% ,%) for the z components of angular mom
enta for the CH3 and CH protons, respectively (a„ is 
taken to be negative), and have shifts of 5.52 and 14.91 
kHz, respectively. In Figure 2 are shown calculated curves 
of line width us. pH for several values of the rate constant 
k t  for (CH3)2COH. The double peak which shows the con-

F ig u re  2 . Line width (in units of proton nmr frequency) corrected  
for modulation broadening and overlap of the second-order com 
ponents for the first line below the center of the spectrum of 
(C FLH Ô O H . Curves are calculated for forward rate constants of 
9 X  10 9 (solid), 7 X  1 0 9 (dotted), and 1 .4  X  1 0 10 s e c " 1 
(dashed). The peak at pH ~ 1 0 . 5  results from line broadening by 
exchange and that at pH ~ 1 2  from line broadening by d issocia
tion.

F ig u re  3 . Corrected line widths for the lines (V2 .V2 ) (< > )  and 
( —1/2 ,1/2 > (A ) (see text) of the radical C H jC H O H . Calculated  
curves are for a forward rate constant of 7 X  10 9 A/f- 1  s e c - 1 . 
The calculated maximum width for the latter line is about 6 kHz.

tributions from the two parts of the process is very evi
dent. It is clear that the effect of the exchange dominates 
in the region pH 10-11 while at pH >11 the dissociation is 
most important. The contribution to the line width of one 
of these effects in the region dominated by the other is 
small, thus justifying the separation into two contribu
tions. The height of the curve in the region pH 11-12 fixes 
the rate constant quite accurately. The solid curve is for 
k\ = 9 x 109 M -1 sec-1 and is chosen as the best fit. Al
though the observed broadening seems to start at too low 
a pH for this value (i.e., the experimental points are con
siderably above the curve) a small error in pH for these 
unbuffered solutions could account for the difference and 
the agreement is regarded as satisfactory.
(10) J. A. Pople, W. G. Schneider, and H. J. Bernstein, "High Resolution

Nuclear Magnetic Resonance," McGraw-Hill, New York, N.Y.,
1959, Chapter 10.
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With CH3CHOH only one maximum is seen in Figure 3. 
The rate constant is fixed closely as 7 X 109 M “ 1 sec-1 by 
the height of the peak for the smaller site separation and 
calculation. Use of this value for the data from the other 
line (site separation 14.91 kHz) gives a very good fit also. 
The rates for the forward and reverse rates are given in 
Table III. (The reverse rate is determined from the for
ward rate and the pK  value.)

The values of the rate constants can be discussed by 
reference to the theory outlined by Eigen.11 For a reaction 
with no charge neutralization

XH +  Y“  X~ +  YH (5)
and pE yh > pfixn the forward rate should be diffusion 
controlled and the reverse rate will depend on the dif
ference in pK  of the two acids.

In the case of (CHsUCOH, p_Kh2o ~ P-Kroh = 15.75 -
12.03 = 3.72 so that the forward rate should be ~1010 
while the reverse rate should be lO(10~3-72) = 1.9 x 106 
A/-1 sec-1 as required by the pK. The values found, 9 x 
109 and 1.8 X  106 M ” 1 sec“ 1, are remarkably close to the 
predictions. For CH3CHOH the forward rate is compara
ble (7 X  109) and the reverse rate is 4.1 X  10® to be com
pared with the calculated value of 5.8 X  10®. The ob
served values for the forward rates are close to those for 
the weak acid phenol (fef = 1.4 x 1010).11

Types of Line Broadening Behavior

The fact that the forward rates for these radicals are the 
same as those for diamagnetic molecules is not surprising 
although dissociation of the OH group has a significant 
effect on the radical site as measured by the change in 
magnetic parameters. Having found “ normal” behavior 
for these radicals it is reasonable to suppose that dissocia
tion of other similar types of proton will occur with com
parable rate constants. It is possible, therefore, to predict 
the pH values at which line broadening will occur as a re
sult of exchange and/or dissociation. A detailed discussion 
seems in order because of the frequency with which this 
type of behavior has been encountered in recent work in 
these laboratories (some examples will be given below). 
Several types of behavior are possible.

(a) For radicals with no special features which would 
decrease the forward rate of reaction with OH“ , the con
trolling factor is the pK  of the dissociation. With pK  < 10 
(&f[OH“ ] < 106 sec“ 1) the dynamics of the dissociation 
will be slow and discreet spectra for the dissociated and 
undissociated forms of the radicals should be observed.12

(b) For any radical with a pK  in the range from 10 to 
about 12.5, behavior like that found for the hydroxyalkyl 
radicals studied here should exist. The lines will broaden 
starting at pH 10 (fef[OH~] = 10® sec“ 1), will remain 
broad depending upon the change in magnetic parameters 
upon dissociation, and will finally narrow at some higher 
pH to the appropriate average spectrum.

(c) If the pK is >12.5 but less than that of water 
(15.75), the forward rate will remain at ~1010 M “ 1 sec-1 
and broadening will still occur starting at pH 10 as a re
sult of the exchange alone. In this case collapse of the 
doublets caused by the dissociable proton should be com
plete (unless this splitting is unusually large) before an 
appreciable concentration of the radical is in the disso
ciated form. No changes in the other hyperfine parameters 
should be found.

(d) If the pK of the radical is comparable to or greater 
than that of water the forward rate constant will be less

TABLE III: Rate Constants for Dissociation of Hydroxyalkyl 
Radicals (Eq 2 ) a

kr, M“ 1
Radical sec- 1  k r , A4“ 1 sec- 1  pK

(CH3) 2COH 9 X  109 1.8 X  106 12.0
CH3CHOH 7 X 1 0 ®  4.1 X  105 11.5

“ Estimated accuracy based on sensitivity of the calculated curve to 
the values Is about ± 1  X 109 for k c .

than 1010 M “ 1 sec-1 and the line broadening caused by 
exchange will begin at a higher pH.

(e) It is also possible, because of some special feature of 
the radical, for the forward rate constant to be less than 
the normal value. In this case the types of behavior dis
cussed above will also be shifted toward higher pH as in 
(d).

Examples of most of these types of esr behavior are 
available and will be discussed. In addition, one kinetic 
measurement should be mentioned. Buxton,13 by a com
petitive technique, has found that the reaction

OH +  OH-  *=£ CT +  HOH 
has a forward rate constant of 1.2 X  IO10 M " 1 sec“ 1. The 
equilibrium constant for ÓH (11.9)14 is very similar to 
that of (CH3)2COH and invites a comparison. The similar 
values of the forward rate constants (1.2 and 0.9 X  1010 
M “ 1 sec“ 1) help to further define normal behavior.

The radical CH2OH (pK = 10.7) provides an example 
of a pK  in the lowest range discussed (case a) but because 
of the large intrinsic line width and relatively low signal 
intensities no detailed study was made. The radical [02C- 
CHCHC02H12“ (pK  = 10.7)1® formed by addition of eaq“ 
to fumarate provides another example although here the 
forward rate may be retarded as the result of the charge of 
the radical. In this case superimposed esr spectra of the 
di- and trianions are seen near pH 10 but some line 
broadening is observed.16 The radical (CH3)2COH dis
cussed above provides an example where exchange and 
dissociation occur in the same pH region (case b). Several 
radicals have been observed in these laboratories which 
appear to have high pK  values but which show line broad
ening associated with exchange of a dissociable proton 
(case c). These radicals are hydroxycyclohexadienyl17 
from the reaction of OH and benzene, H2NCOCH2- 
N 02“ ,18 from the trapping of H2NCO with CH2= N 0 2“ , 
and QC(CQ2“ )=CHCH(0 H)gC0 2- .19 In each case the 
spectrum at pH <10 shows an OH splitting (NH in the

(11) M. Eigen, A n g e w .  C h e rr , . ,  75, 489 (1963); A n g e w .  C h e m .,  In t.  Ed . 
E n g l. ,  3, 1 (1964).

(12) On the low pH side of the pK the forward reaction is rate determin
ing and will define the line broadening. A first-order rate of 106 
sec- 1  will produce an excess line width of 32.8 mG. This value Is 
useful for comparison because it is comparable to natural line 
widths observed for many radicals. (In this calculation line width Is 
defined as peak-to-peak on the first derivative and a factor of 0.5 
has been included to take account of the fact that only one-haif the 
exchanges will invert the OH proton spin.)

(13) G. V. Buxton, T ra n s .  F a r a d a y  S o c . ,  66,1656 (1970).
(14) J. Rabani and M. S. Matheson, J . P h y s . C h e m ..  70, 761 (1966); J.

L. Weeks and J. Rabani, ’b id . .  70, 2100 (1966).
(15) J. Lilie and R. W. Fessenden, J .  P h y s . C h e m ..  77, 674 (1973).
(16) O. P. Chawla and R. W. Fessenden, unpublished results.
(17) R. W. Fessenden, J . C h e m . P h y s .,  58, 2489 (1973). With the radical 

C6H6OH the 0.42-G splitting by the OH proton is almost completely 
averaged out at pH 12.0 with an e x c e s s  width remaining of about 
50 mG.

(18) D. Behar and R. W. Fessenden, J . P h y s . C h e m .,  76, 3945 (1972). 
The proton (NH) of concern in H2NC0CH2N 02“ has a hyperfine 
constant of 0.35 G. The splitting is observed at pH 10.4 but com
plete averaging has occurred by pH 12.7.
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second case) which is averaged out by exchange at pH 
>12. Under the latter conditions all of the other hyperfine 
constants and the g factor are identical within experimen
tal error to those observed at pH <10. In the last exam
ple19 the line broadening began at pH 11 so that the for
ward rate constant in that case must be closer to 109 than 
to 1010 M sec“ 1. Detailed studies of the line broadening 
in these cases have not as yet been carried out.

A number of reasons for lower than normal forward 
rates are given by Eigen.11 Among these are hydrogen 
bridge structures which prevent an easy transfer of the 
proton to OH- and interference by other nearby negative
ly charged groups as in nitrilotriacetate (NH+ dissocia
tion). Excellent examples of both of these effects for radi
cals have been observed (case e). The great stability of the 
electron adducts to o-nitrophenol,3 maleate,20 and phthal- 
ate21 toward dissociation has been noted. Each of these 
radicals has a hydrogen bridge structure, such as I for the

r Hv / H T
/'C ;c“--o

L \>—H-- o f  J
I

case of maleate, and because no change in the spectrum 
was observed to pH 14 the forward rate constant must be 
<106 M 1 sec“ 1. The radical “ 02CC(0 H)C02“ derived 
from tartronic (hydroxymalonic) acid provides an example 
where the forward rate is influenced by the charge on the 
radical. Here dissociation is observed above pH 12 with no 
line broadening. The pK is estimated to be 12.7 from the 
relative signals of the two species. (Assignment of the two 
spectra to the dissociated and undissociated radicals is

confirmed by observation of the 13C-containing radicals of 
both species.22) From the lack of line broadening of the 
undissociated form at pH 14 the rate constant must also 
be < 106 M “ 1 sec-1.
Conclusion

The results given here confirm the pK  values of several 
hydroxyalkyl radicals and show the strongly acidic nature 
of the radical (CF3)2COH. The kinetics of the protona
tion-deprotonation of the two radicals studied in detail 
are found to be quite normal and to conform to expecta
tions regarding the rate constants. The values for the 
reaction of the acid forms with OH are about 1010 M “ 1 
sec“ 1 with values for the reverse reaction, protonation by 
reaction with water, as determined by the pK. The rates 
for this latter reaction are such that, in the cases studied, 
nsec resolution would be necessary for a direct determina
tion in a pulse experiment.

A number of types of esr line broadening behavior are 
distinguishable depending upon the pK  of the radical and 
the rate for its reaction with OH“ . Examples of a number 
of these have been discussed including cases where the 
reaction with OH“ is slowed markedly by hydrogen bridge 
structures or high negative charge density. The arguments 
presented show clearly that effects of proton exchange 
should be observable in basic solution even for radicals 
with a high pK f>16) for which no significant fraction is 
dissociated.
(19) R. H. Schuler, G. P. Laroff, and R. W. Fessenden, J . P h y s .  C h e m .,  

77, 456 (1973). The OH proton splitting for 3-hydroxy-2,5-dicar- 
boxyfuranyl radical is 0.53 G and at pH 12.6 almost complete aver
aging was found with an observed line width of 0.08 G.

(20) P. Netaand R. W. Fessenden, J. P h y s . C h e m .,  76, 1957 (1972).
(21) P. Neta and R. W. Fessenden, J  P h y s . C h e m .,  77,620 (1973).
(22) G. P. Laroff, Ph.D. Dissertation, Carnegie-Mellon University, 1972.
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D e p a r tm e n t  o f  C h e m ic a l  E n g in e e r in g ,  I n d ia n  I n s t i tu t e  o f  T e c h n o lo g y ,  K a n p u r -1 6 ,  I n d ia  ( R e c e iv e d  S e p te m b e r  11 , 1 9 7 2 )

A single-particle radioactive-tracer technique has been employed for equilibrium measurements of two 
ternary systems, viz., Sr2+-Mn2+-Cs+ and Mn2+-Cs+-Na+, and the five-component binary systems 
with Dowex 50W-X8 resin. All the measurements were made at a temperature of 23°. Experimental bi
nary equilibrium data have been analyzed using a generalized phase equilibria theory. A simple correla
tion has been proposed to predict resin phase activity coefficients of ions in a ternary system. Using these 
activity coefficients and equilibrium constants of the two binary pairs containing the most selective ion, 
resin-phase selectivities for ternary systems have been successfully predicted.

Introduction
Ion-exchange equilibria has been a subject of investiga

tion for over 50 years. Most of the earlier work was gener
ally confined to binary ionic systems. Frequent occurrence 
of multicomponent systems in industrial practice makes
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the understanding of such systems very much desirable. 
As the introduction of each additional component in the 
system increases the experimentation many times, the 
need for predicting such data from somewhat more easily 
accessible binary data has long been felt. Creditable work
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in this direction has been carried out by Dranoff and 
Lapidus,1 Pieroni and Dranoff,2 Smith,3 Soldatov and 
Kharevich,4 Meyer,5 and Jasz and Lengyel.6

However, their work suffers from two main limitations: 
empirical methods were used in some of their correlations, 
and comparisons were made between experimentally ob
served binary equilibrium data and those deduced from 
the ternary experimental equilibrium data. Little attempt 
has been made to predict ternary equilibria from the bi
nary data. Lack of information regarding resin-phase ac
tivity coefficients of ions in ternary systems, and an inad
equate treatment of binary data, have often hampered 
further progress in this area.

David and coworkers7’8 have used a single-particle ra
dioactive-tracer technique (SPRT) in their experimental 
work on binary ion-exchange equilibria. This technique 
offers some unique advantages in the accurate analysis of 
ionic compositions in the resin phase, and also leads to a 
reduction of the number of experimental measurements.

The object of the present study was (i) to establish the 
use of SPRT technique for the measurement of ternary 
equilibrium relationship, and (ii) to examine the feasibili
ty of predicting the ternary ion-exchange equilibria from 
binary data.

Five binary systems, viz., Sr2+-Mn2+, Sr2+-Cs+, 
Mn2+-Cs+, Mn2+-Na+, Cs+-Na+, and two ternary sys
tems, Sr2+-Mn2+-Cs+ and Mn2+-Cs+-Na+, have been 
investigated. Dowex 50W-X8 resin was employed in the 
study which was conducted at 23°.

Theory
When ion-exchange resin is in equilibrium with an ex

ternal solution, the electrochemical potential of any coun
terion in the two phases must be the same.

Vi =  V, (1)

where rn is the electrochemical potential of the tth species 
in the resin phase. ?j; is defined as

Vi =  ¡¿i +  Z iF

where fn is the chemical potential of the ith species, <j> is 
the electric potential, Z\ is the valency of the tth counter
ion, and F is Faraday’s constant.

From the above, it can be shown that

£ Don =  0 -  ~  [flP  In |  -  ™ ,] (2)

where EDon is termed Donnan potential; a,- and fit are the 
activities of the tth species in the solution and resin 
phase, respectively; v, is the partial molal volume of the 
tth counterion; and tt is the swelling pressure.

Donnan potential acts equally or. all ions present in the 
system. Application of the above principle to counterions 
t and j  leads to

However, the contribution of the right-hand side term is 
generally small and one may write

Standard state for the solution phase is defined as hy
pothetical 1 m solution of solute, in which activity coeffi
cient of the solute is unity. For all practical purposes, ex

tremely dilute solutions approach the ideal case. Though 
the resin-phase standard state may also be defined in a 
similar manner, it is general practice to define it as the 
corresponding monoionic form of the resin in equilibrium 
with pure solvent outside. Mears and Thain9 have ob
served that the deviation from ideality is not significant 
even when the resin is in equilibrium with dilute external 
solution. In the present study, solutions of 0.1 N  anion 
concentrations were used.

For the above standard states, eq 3 can be written as

K/ is termed the equilibrium constant for the pair (i,j).
Introducing activity coefficient, y, and mole fraction, 

X, in eq 4, one gets

For a system having ions A and B, simplified forms of 
eq 5 can be obtained by dropping either the resin-phase 
activity coefficients or activity coefficients in both the 
phases

where KcBA and Kc'BA are termed selectivity coefficient 
and modified selectivity coefficient, respectively.

Ternary Ionic Equilibrium
For a system containing three counter ions A, B, and C, 

it can be shown that
{Kba)z?{Kcb)z*(Kac)zs = 1 (8)

The above relationship is called the triangle rule.10
Equation 4 is applicable to any ionic pair (i,j) in a mul

ticomponent system. Since binary equilibrium constants 
are characteristic of the pairs, they may be used to pre
dict ternary ion-exchar.ge equilibria provided the resin- 
phase activity coefficients of ions in such a system are 
known. Activity coefficients of binary systems cannot be 
used as such because activity coefficient of an ion (say A) 
in one binary pair (A,B) and in another binary pair (A,C) 
having the same mole fraction of A, need not be the same, 
particularly due to the strong influence of the other ion. 
Assuming that every ion present in a system makes only 
its own contribution of the binary pair toward the activity 
coefficient, one can define a weighted average activity 
coefficient of ions in the resin phase as

(1) J. S. Dranoff and L. Lapidus, In d .  E n g . C h e m . ,  49, 1297 (1957); 50, 
1648 (1958); 53, 71 (1961).

(2) L. J. Pieroni and J. S. Dranoff, A lC h E  J . ,  9(1), 42 (1963).
(3) S. E. Smith, E n g . B u ll.  P u rd u e  U n iv . ,  E n g . E x t.  S e r . ,  132 pt 2, 932 

(1968).
(4) V. S. Soldatov and O. F. Kharevich, D o k l.  A k a d .  N a u k .  B e lo ru s s .  

S S R , 12(2), 140 (1968).
(5) W. Meyer, N u c l.  S e i.  A b s t r .  2 1(1), 20 (1967); Ph.D. Thesis, Oregon 

State University, 1964.
(6) A. Jasz and T. Lengyel, A c ta  C h im .  A c a d .  S e i.  H u n g . ,  33, 395 

(1962).
(7) J. C. Kuo and M. M. David, A lC h E  J . ,  9(3), 365 (1963).
(8) M. G. Rao and M. M. David, A lC h E  J . .  10, 213  (1964).
(9) P. Mears and J. F. Thain, J . P h y s . C h e m .,  72, 2789 (1968).

(10) R. M. Barrer and J. D. Falconer, P ro c .  R o y . S o c . ,  S e r .  A , 236, 227 
(1956).
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i+i ; ik

(9)

where ft is the equivalent ionic fraction in the resin phase 
of ion i and n is the number of components (three) in the 
system.

Experimental Procedure
In the SPRT technique, a single resin bead is employed 

for the equilibrium measurements. After a careful exami
nation under a microscope, resin beads, without any clea
vages or blemishes and in the size range of 0.80-1.20 mm 
in diameter, were selected from a batch of Dowex 50W-X8 
resin. Experimental details regarding the handling of a 
single resin bead, tagging it with a radioactive tracer, and 
the procedure for the measurement of capacity of a single 
resin bead are given elsewhere.8

A single resin bead in a particular cationic form is 
tagged with the corresponding radioactive isotope and is 
equilibrated with accurately measured quantity (0.5-1.0 
ml) of 0.1 N  solution of a known composition, in a 1.7-cm 
diameter polyethene vial with a snap-in cap. The total 
count rate, in counts per minute (CPM), of the resin bead 
and solution is measured by means of a scalar, scintilla
tion detector, and a well-shield assembly. After equilibra
tion for approximately 24 hr, the resin bead is removed 
from the solution, thoroughly washed with double-dis
tilled water, and transferred to another vial having a ge
ometry similar to the one previously used. The count rate 
of the bead is again measured. From a reduction in its 
count rate, one can calculate the fraction of the tagged ion 
in the resin phase at equilibrium as follows
fraction =

_______________ CPM of bead_______________
CPM of (bead + solution) -  CPM of bead 

capacity of bead x

equivalents'of the ion in the feed solution
Correction for the background activity will have to be 

applied to the count rates. Experimentation may either be 
performed with one bead at a time or a number of beads 
at the same time. In case only one bead is used, one ionic 
fraction can be determined at a time. Fractions of other 
counterions in the resin phase can be obtained by tagging 
the bead in different ionic forms and equilibrating with 1 
ml of solution of the same composition as used earlier. 
However, when a number of beads at a time are used, 
beads in different ionic forms can be equilibrated sepa
rately and individually, with the same external solution in 
different vials. Each bead gives one ionic fraction. Both 
the methods, when used on a test run, produced identical 
results.

In the present study, a number of beads were used to 
obtain the equilibrium data. The data were reproducible 
within ± 2%. Data for the Sr2+-Cs+ binary equilibrium in 
the present study were compared with these obtained by 
Meyer5 who employed a liquid-scintillation technique. 
The agreement was excellent. Similarly, data for the Na+- 
C+ binary equilibria in the present study compared very 
well with the data of Jasz and Lengyel.6 Though only one 
ionic fraction in a binary and two ionic fractions in a ter
nary system completely define the resin-phase composi
tion, in the present study all the fractions were experi
mentally determined individually and the sum total was 
found to be close to unity.

Results and Discussion
Ion-exchange isotherms for various binary systems 

under investigation are presented in Figures 1-5. Ternary 
ion-exchange equilibrium data are shown as per the repre
sentation of Streat and coworkers11 in Figures 6 and 7. In 
ternary diagrams, loci of resin-phase compositions corre
sponding to a constant solution phase fraction of one of 
the species have been plotted. Intersection of two lines in 
the ternary plots, corresponding to two constant ionic 
fractions' in the solution phase, fixes the ternary resin- 
phase composition. All data were obtained at a solution 
phase anionic concentration of 0.1 N.

Selectivity sequence of ions under investigation was 
found to be Sr2+ > Mn2+ > Cs+ > Na+. This is in full 
accord with results obtained by the earlier research work
ers12 and supports the effects of valency and ionic solva
tion on selectivity.

F igure 1. B inary equ ilib rium  isotherm  for the  system  S r2+ -  
M n 2+ -D o w e x  5 0 W -X 8 .

F igure 2 . B inary equilibrium  isotherm  fo r the system  S r2+ -  
C s + -D o w e x  5 0 W -X 8 .

(11) B. A. Bennet, F. L. D. Cioete, and M. Streat, “Ion Exchange in Pro
cess Industries,” Society of Chemical Industry, London, 1970, o 
182.

(12) F. Helfferich, “Ion Exchange," McGraw-Hill, New York, N.Y., 1962, 
Chapter 5.
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Figure 3. B inary equ ilib riu m  isotherm  for the system  M n 2+ -  
C s + -D o w e x  5 0 W -X 8 .

Figure 4. B inary equ ilib rium  isotherm  for the system  M n 2+ -  
N a + -D o w e x  5 0 W -X 8 .

Selectivity coefficients, as defined by eq 6 for binary 
equilibria, varied widely with solution phase composition. 
The variation with external solution composition was less 
in case of homovalent and more for heterovalent systems. 
Incorporation of solution phase activity coefficients, as in
dicated by eq 7, did not show much improvement. This 
indicates a strong dependence of resin-phase activity coef
ficients on ionic composition and that the ratio (y a zb / 
Y b Z a )  does not remain constant over the entire composi
tion range.

In the light of the above observation, and since data re
ported in literature on resin-phase activity coefficients are 
very scarce, an attempt was made to predict them from 
our experimental binary data. Kogfeldt, et al.,13 and Ar- 
gersinger, et al.,1* derived thermodynamically rigorous ex
pressions for resin-phase activity coefficients. They as
sumed the ion exchanger as a solid solution of résinâtes. 
The expressions are

Z B In 7 a =  - 0 B In K C' A +  f  ‘ In KC' A <tfA (10)
J S a

ZA In 7 b = +/?A In K C' A -  f  *A In Kc‘\A d£A (11)
J o

Figure 5. B inary equ ilib rium  isotherm  for the system  C s + -  
N a + -D o w e x  5 0 W -X 8 .

Na

Figure 6. Tern ary  equilibrium  d ia g ram  for the  system  N a + -  
C s + -M n 2+ -D o w e x  5 0 W -X 3 .

The corresponding expression for thermodynamic equi
librium constant is

In K bx =  f  In K c' a d£A (12)Jo B
where dA and /3B are the equivalent fractions of ions A and 
B, respectively) in the resin phase.

Binary equilibrium constants and the resin-phase activ
ity coefficients of ions in binary pairs were calculated 
using the above expressions. Plots of activity coefficients 
us. equivalent ionic fractions in the exchanger are shown 
in Figures 8-12. It is clear that activity coefficients of an 
ion vary strongly from pair to pair depending upon the 
nature of the other ion present. Binary equilibrium con
stants are presented in Table I.

The triangle rule defined by eq 8 was not found to be 
applicable for the component binaries. In fact, it failed by 
a factor of 2.

(13) E. Hogfeldt, E. Ekedhal, and L. G. Sillen, A c ta  C h e m . S c a n d .,  4, 
1471 (1950).

(14) W. J. Argersinger, A. W. Davidson, and O. D. Bonner, T ra n s .  K a n 
s a s  A c a d .  S c i . ,  53, 404 (1950); J. A m e r .  C h e m . S o c . ,  74, 1044 
(1952).
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Figure 7. T ern ary  equ ilib rium  d iag ram  for the  system  C s + -  
M n 2 + - S r 2+ -D o w e x  5 0 W -X 8 .

Figure 8. A ctiv ity  co effic ien ts  of the ions in the system  M n 2+ -  
N a + -D o w e x  50 W -X 8 .

TABLE I: Thermodynamic Equilibrium Coefficients of 
Binary Systems

System System

A B Kba A B Kba

M n 2 + - N a +  3 7 ,0 2  M n 2 + -C s +  8 .5 3
S r2 + - C s +  2 0 .8 4  C s + -N a +  1 .69
S r2 + - M n 2+ 1 2 .2 0

Binary equilibrium data were also calculated from ex
perimental ternary data neglecting the presence of the 
third ion. The data thus reduced are also shown in Figures 
1-5. While Sr2+-Cs+ and Sr2+-Mn2+ binaries reduced 
from Sr2+-Mn2+-Cs+ ternary were fairly close to those 
experimentally observed, reduced Mn2+-Cs+ binary did 
not agree with the actual data (Sr2+ is the most selective 
ion in this ternary). A similar behavior was also observed 
with Mn2+-Cs+-Na+ ternary system; reduced Cs+-Na+ 
binary data did not compare well with the experimental 
observations while those for the other two component bi
naries are in fair agreement with the experimental ones 
(Mn2+ is the most selective ion in this case). This obser-

Figure 9. A ctiv ity  co effic ien ts  of the  ions in the system  M n 2+ -  
C s + -D o w e x  5 0 W -X 8 .

Figure 10. A ctiv ity  co effic ien ts  of the ions in the  system  C s + -  
N a + -D o w e x  5 0 W -X 8 .

TABLE II: Comparison of Experimental and Calculated Ternary 
Equilibrium Data for the Sr2+-Mn2+-Cs+ System

Resin-phase composition (%  equiv)
Solution-phase com- ------------- -

position (%  equiv) Exptl Calcd

Sr2 + Mn2+ Cs+ Sr2 + Mn2 + Cs+ '  Sr+ Mn2 + Cs+

10.0 10.0 80.0 45.6 20.4 34.0 43.9 21.5 34.6
10.0 80.0 10.0 24.2 74.1 1.7 23.7 73.6 2.7
80.0 10.0 10.0 92.2 4.9 2.9 93.3 4.2 2.5
20.0 20.0 60.0 50.3 22.7 27.0 52.9 23.7 23.4
20.0 60.0 20.0 40.6 55.1 4.3 42.3 51.3 6.4
60.0 20.0 20.0 79.1 18.2 2.7 82.8 11.0 6.2
30.0 60.0 10.0 54.0 44.6 1.4 53.8 43.5 2.7
60.0 30.0 10.0 80.8 16.6 2.6 81.2 16.2 2.6
10.0 60.0 30.0 26.1 S2.5 11.4 26.7 62.4 10.9
60.0 10.0 30.0 82.8 5.9 11.3 84.3 5.8 9.9
10.0 30.0 60.0 33.0 10.6 26.4 34.1 41.0 24.9
30.0 10.0 60.0 71.8 9.9 18.3 65.6 10.9 23.5
33.3 33.3 33.3 58.7 23.3 18.0 62.1 26.0 11.9

5.0 60.0 35.0 14.1 38.5 17.4 15.8 70.5 13.7
5.0 30.0 65,0 20.3 48.5 31.2 21.6 49.5 28.9
5.0 10.0 85.0 30.5 23.0 46.5 30.8 29.1 40.1

vation is in variance with the hypothesis of some of the 
earlier research workers (ref 1-3, 5, 6) that binary equilibri
um data can be predicted from ternary equilibrium obser-
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Figure 11. A ctiv ity  co e ffic ien ts  of the ions in the system  S r2+ -  
C s + -D o w e x  5 0 W -X 8 .

TABLE III: Comparison of Experimental and Calculated Ternary 
Equilibrium Data for the Mn2+-Cs+-N a+ System

Resin-phase composition (%  equiv)
Solution-phase com- -------------------------------------------------------------------------

position ( %  equiv) Expti Caicd

Mn2 + Cs+ Na+ Mn2 + Cs+ Na+ Mn2 + Cs+ Na+

10.0 10.0 80.0 57.7 15.9 26.4 57.8 11.1 31.1
10.0 20.0 70.0 54.1 24.0 21.9 53.3 18.1 28.6
10.0 30.0 60.0 54.8 28.3 16.9 50.2 24.1 25.7
30.0 10.0 60.0 77.0 5.5 17.5 83.1 5.6 11.3
10.0 60.0 30.0 49.3 41.2 9.5 45.1 40.7 14.2
30.0 60.0 10.0 67.9 30.6 1.5 72.8 25.4 1.8
10.0 70.0 20.0 49.5 45.5 5.0 44.1 46.2 9.7
20.0 70.0 10.0 55.0 43.3 1.7 60.8 36.3 2.9
10.0 80.0 10.0 49.3 48.3 2.4 43.1 52.0 4.9
60.0 20.0 20.0 83.0 14.1 2.9 95.4 3.7 0.9
40.0 20.0 40.0 78.6 15.4 6.0 86.4 7.9 5.7
20.0 40.0 40.0 65.7 28.7 5.6 65.7 22.2 12.1

5.0 15.0 80.0 47.1 18.9 34.0 35.5 20.2 44.3
5.0 35.0 60.0 42.1 36.3 21.6 30.6 34.7 34.7
5.0 60.0 35.0 41.9 46.7 11.4 29.4 49.5 21.1

vations by neglecting the presence of the third ion. Ac
cording to the present study, the prediction of binary data 
for the pair not containing the most selective ion will not 
be satisfactory.

In the present investigation, attempts were made to 
predict ternary ion-exchange equilibria from the compo
nent binaries. Binary equilibrium constants, calculated 
earlier, were utilized for this purpose. Solution-phase ac
tivity coefficients were calculated using the law of con
stant ionic strength. Resin-phase activity coefficients of 
ions in a ternary system were calculated from their corre
sponding values in the component binary pairs, using eq 
9. Note that an iterative procedure will be required to cal
culate the resin-phase activity coefficients as the resin- 
phase composition is not initially known. As an approxi
mation for the first trial, one can ignore the effect of ac
tivity coefficients in the resin phase. A knowledge of equi
librium distribution of ions in any two binary pairs of a 
ternary system should normally be sufficient. But, as the 
triangle rule failed, predictions from all three combina
tions did not give the same result. However, if the two bi

Figure 12. A ctiv ity  co effic ien ts  of the  ions in the  system  S r2+ -  
M n 2 + -D o w e x  50 W -X 8 .

TABLE IV: Comparison of Experimental and Calculated Ternary 
Equilibrium Data for the Ba2+-Cu2+-N a+ System

Resin-phase composition (% equiv)
Solution-phase com- -------------------------------------------------------

position (% equiv) Exptla Caicd

Ba2+ Cu2+ Na+ Ba2+ Cu2 + Na+ Ba2+ Cu2 + Na+

15.0 5.0 80.0 94.0 3.4 2.6 95.3 2.2 2.5
15.0 15.0 70.0 89.3 8.0 2.7 89.4 7.7 2.9
5.0 5.0 90.0 81.7 11.8 6.5 82.3 6.9 9.9
5.0 15.0 80.0 66.4 33.6 0.0 72.1 18.8 9.1

30.0 10.0 60.0 92.7 7.3 0.0 94.4 3.7 1.9
20.0 20.0 60.0 89.7 10.3 0.0 88.3 9.1 2.6
10.0 30.0 60.0 70.9 28.0 1.1 80.0 15.9 4 . 1

25.0 5.0 70.0 89.9 10.1 0.0 95.8 2.1 2.1
10.0 20.0 70.0 82.8 17.2 0.0 84.3 11.5 4.2
20.0 10.0 70.0 92.7 7.3 0.0 92.8 4.8 2.4
25.0 15.0 60.0 93.8 6.2 0.0 91.6 6.2 2.2

5.0 10.0 85.0 73.8 19.7 6.5 76.6 13.8 9.6
10.0 5.0 85.0 93.0 0.4 6.6 93.7 2.7 3.6
2.5 2.5 95.0 75.6 co 4^ 16.0 68.1 7.5 24.4
2.5 30.0 67.5 36.6 63.4 0.0 39.9 47.4 12.7

“ Reference 3.

nary pairs were so chosen to contain the most selective ion 
in each of them, the computed ternary data agreed very 
well with the experimental data. This is an important 
finding of the present study. The computations for the 
systems Sr2+-Mn2+-Cs+ and Mn2+-Cs+-Na+ are shown 
in Tables II and III, respectively.

The above procedure was used to predict the ternary 
data for the Ba2+-Cu2+-Na+ system, studied by Smith.3 
The equilibrium data of Ba2+-Cu2+, Cu2+-Na+, andBa2+- 
Na+ binaries used in the computations were obtained by 
Rai,15 Subba Rao and David,16 and Kuo and David,7 re
spectively. Results of ‘.he computations are presented in 
Table IV. Again, there is a good agreement between the 
experimental and predicted equilibrium values.
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C o m p e t it iv e  S o lv a t io n  o f  M a g n e s iu m  Ion  in W a t e r -A c e t o n e  S o lu t io n s .

A  P ro to n  M a g n e t ic  R e s o n a n c e  S tu d y  o f  th e  H ybrid  S o lv a t io n  S h e lls  o f  M a g n e s iu m ( l l )

Flavio Toma,* Marc Villemin, and Jean Marie Thièry

D é p a r te m e n t  d e  B io lo g ie ,  C e n t r e  d 'E tu d e s  N u c lé a i r e s  d e  S a c la y ,  9 1 1 9 0  G if - s u r - Y v e t te ,  F r a n c e  ( R e c e iv e d  S e p te m b e r  18, 1 9 7 2 )  

P u b lic a t io n  c o s ts  a s s is te d  b y  th e  C o m m is s a r ia t  à  l 'E n e r g ie  A to m iq u e

Magnesium ion solvation is studied in aqueous acetone solutions with a water-to-Mg(II) molar ratio 
ranging from 0 to 6. Complex spectra are observed for the proton magnetic resonance of water and ace
tone at low temperature (down to —95°). These spectra are interpreted in terms of a competitive solva
tion mechanism corresponding to the simultaneous equilibria between hexacoordinated Mg(II) solvation 
shells containing only water, only acetone, or both solvents (hybrid solvation shells). A simple ionic 
model of these different solvation shells accounts reasonably well for the observed chemical shifts of 
water and acetone protons.

In troduction

The knowledge of the interactions occuring in electro
lyte solutions is outstandingly important for the compre
hension of many biological processes.1 Among the proper
ties of ions in solution, the solvation shells of cations are 
of primary interest since they are involved in the interac
tion mechanism of metal ions with biological ligands.2-4 
The use of aqueous and nonaqueous organic solvents is 
now extensive in the physicochemical approach to confor
mations and interactions of different biological molecules 
as, e.g., polypeptides,5-7 nucleotides,8 and biological 
dyes.9 11 Since most of these systems require metal ions 
for their biological action, the knowledge of cation solva
tion in water and in pure or aqueous organic solution is 
often necessary. Ion solvation studies in binary or ternary 
mixtures containing water as one component at low con
centration are particularly important since water is al
most always present in the organic solutions of biological 
compounds even under the best experimental conditions. 
In such cases selective12 or preferential solvation13-15 or 
else competitive solvation16-17 may occur which superim
poses on other phenomena as, e.g., ion pairing. The situa
tion is further complicated because most biologically in
teresting cations as the alkaline and alkaline earth metals 
form labile solvation shells, so that a physical distinction 
between molecules in the first solvation shell and in the 
bulk solution becomes rather difficult.

A “ magnetic distinction” among solvent molecules in 
the two environments may be provided in some cases by 
nuclear magnetic resonance which has been widely ap
plied to the study of electrolyte solutions18-21 and allows 
the investigation of chemical exchange phenomena which 
are fast at room temperature.22 Under proper conditions 
two separate JH19-21 or 170 23 resonance signals can be ob
served corresponding to solvent molecules bound to the 
metal ion and to free solvent molecules, respectively. This 
line separation technique provides a direct and almost 
unambiguous method for the measurement of the primary 
solvation numbers (n) of cations.19-20-24 It allows, at the 
same time, a more detailed and quantitative description 
of solute-solvent and solute-solute interactions by the 
complete line shape analysis carried out with appropriate 
computer programs.25-27

Magnesium ion solvation has been studied in different 
systems by 1H24-31 and ^O32-33 nmr. Some data are also 
available on 25Mg nmr.34-36 In contrast to the different n

(1) L. P. Kayushin, Ed., "Water in Biological Systems,” Consultants 
Bureau, New York, N.Y., 1969.

(2) A. S. Mildvan in “Enzymes-. Kinetics and Mechanism," Vol. 2, P.
D. Boyer, Ed., Academic Press, New York, N.Y., 1970, pp 446- 
536.

(3) P. George, R. J. Witonsky, M. Trachtman, C. Wu, W. Dorwart, L. 
Richman, W. Richman, F. Shurayh, and B. Lentz, B io c h im .  B io -  
p h y s .  A c ta ,  2 2 3 ,1 (1970).

(4) R. C. Phillips, P. George, and R. J. Rutman, J. A m e r .  C h e m . S o c . ,  
88, 2631 (1966).

(5) F. P. Pitner and D. W. Urry, J. A m e r .  C h e m . S o c . ,  94, 1399 (1972).
(6) S. Fermandjian, J. L. Morgat, and P. Fromageot, E u r. J . B io c h e m . ,  

24, 252 (1971).
(7) S. Fermandjian, D. Greff, and P. Fromageot, 3rd American Peptide 

Symposium, Boston, Mass., June 19 -23, 1972.
(8) C. D. Barry, J. A. Glasel, A. C. T. North, R. J. P. Williams, and A.

V. Xavier, B io c h e m .  B io p h y s .  R e s . C o m m u n . ,  47, 166 (1972).
(9) S. Shibata, Y. Ogihara, N. Kobayashi, S. Seo, and I. Kitagawa, T e t

r a h e d r o n  L e t t . ,  27, 3179 (1968).
(10) P. C. Pham Van, J. C. Bouhet, J. M. Thièry, and P. Fromageot, to be 

submitted for publication.
(11) R. E. Moore and P. J. Scheuer, J. O rg . C h e m .,  3 1,3 2 7 2  (1966).
(12) H. Schneider in "Solute-Solvent Interactions " J. F. Coetzee and C.

D. Ritchie, Ed., Marcel Dekker, New York, N.Y., 1969, pp 3 0 1-  
342.

(13) L. S. Frankel, C. H. Langford, and T. R. Stengle, J. P h y s . C h e m .,  
74 ,1376  (1970).

(14) L. S. Frankel, T. R. Stengle, and C. H. Langford, C h e m . C o m m u n . ,  
17, 393 (1965).

(15) J. Padova, J. P h y s . C h e m .,  72, 796 (1968).
(16) A. Fratiello, R. E. Lee, V. M. Nishlda, and R. E. Schuster, In o rg .  

C h e m .,  8, 69 (1969).
(17) A. Fratiello, V. Kubo, and R. E. Schuster, in o rg .  C h e m .,  10, 744 

(1971).
(18) C. Deverell, P ro g r .  N u c t.  M a g n .  R e s o n a n c e  S p e c t r o s c . .  4, 235 

(1969).
(19) H. G. Hertz, G. Stalidls, and H. Versmold, J. C h im .  P h y s .,  177

(1969) .
(20) H. G. Hertz, A n g e w .  C h e m .,  In t .  E d it .  E n g l. ,  9, 124 (1970).
(21 ) J. F. Hinton and E. S. Amis, C h e m . R e v .,  67, 367 (1967).
(22) C. S. Johnson, Jr., A d v a n .  M a g n .  R e s o n a n c e ,  1, 33 (1965).
(23) See references cited In ref 19 and 20.
(24) A. Fratiello, R. E. Lee, V. M. Nishida. and R. E. Schuster, J. C h e m .  

P h y s .,  48, 3705 (1968).
(25) S. Nakamura and S. Meiboom, J . A m e r .  C h e m . S o c . .  89, 1765

(1967) .
(26) R. G. Wawro and T. J. Swift, J . A m e r .  C h e m . S o c . ,  90, 2792

(1968) .
(27) T. D. Alger, J. A m e r .  C h e m . S o c . ,  91,2220 (1969).
(28) J. H. Swinehart and H. Taube, J. C h e m . P h y s .,  37, 1579 (1962).
(29) N. A. Matwljoff and H. Taube, J . A m e r .  C h e m . S o c . ,  90, 2796 

(1968).
(30) L. W. Harrison and T. J. Swift, J. A m e r .  C h e m . S o c . ,  92, 1963

(1970) .
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values observed for Mg(II) solvation either from measure
ments of the temperature dependence of water proton 
chemical shift in aqueous solutions31 (which give the over
all solvation numbers, i.e., the primary and secondary sol
vation shell of cations and the anion solvation37) or from 
line width measurements,38 the 1H line separation tech
nique shows that n = 6 for Mg(II) in all studied sys
tems.24-30 The results indicate that over a large tempera
ture range stable hexasolvated shells are formed by Mg(II) 
with water,29 methanol,25 ethanol,27 or ammonia,30 re
spectively, in the corresponding pure solvents, and with 
water24’26-29 or methanol29 in aqueous or methanolic ace
tone solutions. Selective (or preferential) solvation of 
Mg(II) by water and methanol, respectively, is observed in 
the latter solutions since acetone does not compete either 
with water (as shown for other cations (ref 16, 17, 24, 39, 
and 40)) or with methanol and probably because the li- 
gand/Mg(II) ratio has a much larger value than that re
quired for complete solvation. When the ratio [H2O]/ 
[Mg(II)] in organic solutions has a value close to six or 
smaller, the question arises whether Mg(II) holds the 
coordination number six and if so by which mechanism. 
We have shown35 that in a water-acetone solution of mag
nesium perchlorate such as [H2O]: [Mg(II)] = 1:2 the 
three peaks observed for the proton spectrum of water at 
low temperatures can be accounted for by an equilibrium 
involving at least three solvates: [Mg(H20)i (aceton- 
e)6-i]2+ (i = 1 and 2) and [Mg(acetone)e]2+. We called 
the former hybrid solvation shells (HSS). According to the 
proposed mechanism all possible HSS (i = 1 to 5) must 
be present in the relative concentration range 0 < [H2O]/ 
[Mg(II)] < 6.35 A mean solvation number close to six was 
found for Mg(II) is this solution. Unambiguous assign
ment of water peaks was not possible at that stage. The 
possibility of observing separate HSS for Mg(II) in organic 
solution when [H20]/[Mg(II)] < 6 seemed important to us 
since in this laboratory work is in progress on the interac
tions of Mg(II) with different biological compounds as 
studied in aqueous organic systems. In order to confirm 
definitely our interpretation we extended our investigation 
to water-acetone solutions of magnesium perchlorate in 
the relative concentration range 0 < [H20]/[Mg(II)] < 6. 
We were stimulated to carry on our work in this direction 
since a mechanism similar to that observed in aqueous 
acetone seems to be involved in Mg(II) solvation in aque
ous methanol25 as well as in Co(II)41 and Ni(II) solva
tion42 in the same system. Also recent epr investigations 
indicate the existence of Mn(II) HSS in different solvent 
mixtures.43

In the present article we are concerned with the results 
obtained for 0 < [H20]/[Mg(II)] < 6 and with a semiem- 
pirical interpretation of the pmr spectra of these solutions 
in terms of the individual HSS of Mg(II) existing therein.

Experimental Section
(1) Chemical Preparation. Magnesium perchlorate hexa- 

hydrate (reagent grade) was recrystallized several times 
from doubly distilled water and was thereafter dehydrated 
by the previously described procedure.35 The final water 
content was determined by the Karl Fischer reaction and 
was found to be 2.03%, i.e., [Mg(II)]:[H2O] = 1:0.24. 
Magnesium content was determined by titration with 
EDTA solutions using Black Eriochrome T as endpoint 
indicator of the reaction. Saturated solutions of the salt 
thus obtained were prepared in previously purified anhy

drous acetone35 (Merck reagent grade) and were filtered 
in order to eliminate the small amounts of MgO formed 
during thermal dehydration. After lyophilization of these 
solutions the salt contained 1.5% water ([Mg(II)]:[H2O] 
= 1:0.19) and the amount of Mg(II) corresponded to 
[Mg]:[C10.i] = 1 :2. A stock 0.18 m solution of the salt 
thus obtained was prepared in dry acetone. Weighed 
amounts of water were added to different aliquots of this 
solution to obtain the required Mg(II)-to-water concentra
tion ratios. Three solutions were prepared: [Mg(II)]: 
[H20]:[Me2CO] = 1:0.81:87.09, 1:2.76:87.09, and 1 : 
4.58:87.09. In the following text we will refer to these solu
tions as respectively 1:1, 1:3, and 1:5 solutions. A 0.28 m 
acetone solution of Mg(C104)2-6H20 was also prepared 
and is referred to as the 1:6 solution. All solutions were 
prepared and handled in a glove box under a continuous 
flow of dry nitrogen. The nmr tubes were sealed and stored 
at low temperature when not used.

(2) Nmr Measurements. The 90-MHz pmr spectra were 
recorded on a Spectrospin KIS-2 spectrometer working 
under the same conditions as described in ref 35. The 
100-MHz spectra were obtained with a Jeol JNM-PS 100 
spectrometer and the 250-MHz spectrum was obtained 
with a Thomson-CSF TSN-250 spectrometer. Chemical 
shifts were measured with respect to TMS used as inter
nal standard and are given within ±0.2 Hz. Each spec
trum was recorded three to five times to ascertain that 
line shapes were reproducible and that thermal equilibri
um was reached. Temperature values were determined 
each .time before and after recording the spectrum by 
measurement of the chemical shift difference between OH 
and CH3 protons of pure anhydrous methanol. Although 
the absolute temperature values thus obtained are not 
very accurate (ca. ± 1°) the temperature stability of our 
samples during the measurements was better than 0.5°.

(3) Computer Analysis of Experimental Spectra. All 
spectra were digitalized by means of a Benson S.A. LNC 
610 digital reader connected to a PDP-8 computer. In 
order to ensure a good line shape reproduction by digitali
zation, 700 to 800 points (1 point/0.1 Hz) were taken for 
each spectrum. Spectra were then studied on a PDP-12 
computer connected to a 556 Tektronix dual-beam CR os
cilloscope. The curve-filling program allowed mixing of 
Lorentzian absorption and dispersion curves or alterna
tively of Gaussians and their first derivatives. Adjustment 
was checked either by visual comparison of the experi
mental and the calculated spectra or by inspection of 
their difference curve. The maximum deviation of the dif
ference curve was within 1- 2% of the maximum peak 
height. This gives an estimate of ±5% on the calculated 
areas of the spectra. The analysis of the 1:3 spectra of
(32) J. Neely and R. E. Connlcc, J . A m e r .  C h e m . S o c . ,  92, 3476 (1970).
(33) R. E. Connick and K. Wuthrlch, J. C h e m . P h y s ..  51,4506 (1969).
(34) M. Ellenberger and M. Villemin, C. R . A c a d .  Sc/., S e r.  B . 266, 1430

(1968) .
(35) F. Toma, M. Villemin, M. Ellenberger, and L. Brehamet, M a g n .  

R e s o n a n c e  R e la t .  P h e n o m e n a ,  P ro c .  C o n g r .  A M P E R E . 1 6 th , 1 9 7 0 , 
317  (1971).

(36) R. G. Bryant,!. M a g n .  R e s o n a n c e ,  6, 159 (1972).
(37) R. W. Creekmore and 3. N. Rellley, J. P h y s . C h e m .,  73, 1563

(1969) .
(38) T. J. Swift and W. G. Sayre, J. C h e m . P h y s .,  44, 3567 (1966).
(39) A. Fratiello, R. E. Lee, and R. E. Schuster, C h e m . C o m m u n . ,  2, 37 

(1969).
(40) A. Fratiello, V. M. Nishida, R. E. Lee, and R. E. Schuster, J. C h e m .  

P h y s .,  50, 3624 (1969).
(41) Z. Luz and S. Meiboom, J . C h e m . P h y s .,  40, 1058 (1964).
(42) Z. Luz and S. Meiboom, J . C h e m . P h y s .,  40, 1066 (1964).
(43) L. Burlamacchi, G. Martini, and M. Romanelll, J. C h e m . P h y s ..  to 
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The Journal c t  P h ysica l C h em istry , Voi. 77, No. 10. 1973



1 2 9 6 F. T o m a , M . V illem in , and J . M . Thiery

water was carried out taking into account only the clearly 
distinguishable bands in the temperature range in which 
five signals are observed. The best fits were obtained with 
Lorentzian line shapes but in several cases better fits were 
obtained with a 10-20% dispersion mode. The origin of 
this can be ascribed to (i) the bad phase correction on the 
spectrometer; (ii) the inhomogeneity of the magnetic 
field, namely, bad corrections of the y and r2 field gradi
ents; (iii) the strong overlap of two (or more) bands hav
ing half-line widths comparable to their chemical shift 
difference and an intensity ratio smaller than 0.5 (see Dis
cussion). In the conditions of our work we estimate the 
contribution of i and ii to be 5% maximum. When a dis
persion contribution to the normal Lorentzian lineshape 
was necessary, the areas of the single experimental bands 
could not be obtained by the calculated values 7A (where 
I is the intensity of the peak and A its half-line width at 
half-intensity). The “true” areas were then determined by 
taking into account in the computer calculations the nor
mal Lorentzian line shape with the corresponding proper 
parameters plus the small band resulting from the differ
ence curve. For this reason errors in peak areas do not ex
ceed ±5%. No such problem was encountered in the anal
ysis of the acetone signals of the 1:3 solution.

Results
The 90-MHz water spectrum of the 1:1 solution shows 

three resonance lines below -55° which coalesce begin
ning with the upfield peak as temperature rises (Figure 
1). At -22° only one peak is observed which shifts to 
higher fields and becomes sharper at higher temperatures. 
The 100-MHz acetone spectrum of the same solution is 
composed of two signals below -70° (Figure 2). As dem
onstrated in our previous work35 the low-field signal corre
sponds to acetone molecules bound to Mg(II) (its intensity 
is dependent on the salt concentration), the deshielding of 
acetone protons being consistent with Mg(II) solvation by 
acetone. At —75° the bound acetone peak is not shifted 
further downfield; for lower temperature solvation ace
tone gives the two resonance lines 2b and 2c. This 
suggests that acetone in the 1:1 solution participates in 
at least two different types of solvation shells of Mg(II). 
The solvated species represented by line 2c are clearly 
more abundant in this solution than the species corre
sponding to line 2b. The analogy between the water and 
acetone low-temperature spectra in the 1:1 solution is 
meaningful.

Five signals are observed in the 90-MHz spectrum of 
water in the 1:3 solution from -65° to thfe freezing point 
of the solution (Figure 3). Coalescence of the resonance 
signals occurs as usual regularly as the temperature rises, 
beginning with the upfield peak. At about -41° only one 
coalesced signal is observed which shifts to higher fields 
and sharpens as the temperature is increased. Two sepa
rate resonance lines are observed in the 100-MHz acetone 
spectrum of this solution from —75 to —80°. At this tem
perature the downfield peak (corresponding to acetone 
molecules in the solvation shell of Mg(II)) does not shift 
to lower fields. At -84° two resonance lines are found for 
bound acetone molecules (Figure 4). From the curve-fit- 
ting data of this spectrum (Table I) and the composition 
of the solution (1.54 mol of Mg, 4.27 mol of water, and 
134.18 mol of acetone) it is calculated that 5.06 mol of ac
etone are bound to Mg(II). This gives the following ratios 
[Mg(II)]: [H2O]: [Me2CO] = 1:2.77:3.28 from which a

1_____1_____ 1_____1_____ 1_____ 1_____ 1_____ 1
7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3

Figure 1. 9 0 -M H z  proton sp ectra  of w a te r in the 1:1 solution a t 
- 5 7  (a ) , - 4 2  (b ) , - 3 5 . 5  (c ) ,  - 3 1 . 5  (d ) , and - 1 8 °  (e ) . In 
Figures 1, 3 , 5, 7, and 8 , w a te r p e aks  a re  labeled  w ith the  le t
ters  p, q, . . w. Th e  sa m e code is adopted throughout this a r ti
cle: e.g., p e ak  3t re fe rs  to peak  t of F igure 3; r stands for ro ta 
tion side bands and w for fre e  w ater.

Figure 2. 1 0 0 -M H z  sp ectrum  of a c e to n e  in th e  1:1 solution at 
—90° (the upper sp ectrum  w as recorded  a t h igher am p litu d e ):  
(a ) fre e  ac e to n e  resonance  signal; (b and c) bound a c e to n e  
signals. In the  D iscussion, p eak  2b re fe rs  to p eak  b of this fig 
ure.

(»>

7.2 70 ae a6 6.4 6.2ppm

Figure 3. 9 0 -M H z  s p ec tra  of w ater in the 1 :3  solution a t — 7 9 .5  
(a ) , - 6 2  (b ), - 5 7  (c ) , - 5 2 . 5  (d ), - 4 2 . 5  (e ), and - 4 0 . 5 °  (f ) .  
(S ee  F igure 1 for p eak  notation .)

mean solvation number n = 6.05 is obtained for Mg(II). 
Furthermore 2.66 mol of acetone are found for peak 4b 
and 2.39 mol for peak 4c; these peaks are nearly equally 
populated in contrast to the corresponding peaks 2b and 
2c for the 1:1 solution.

Below ca. -70° the pmr spectrum of water in the 1:5 
solution shows four signals which coalesce regularly from 
the upfield to the lowfield peak as temperature increases 
(Figure 5). The spectrum of acetone in the same solution 
is composed of two peaks (Figure 6) from -82° to the 
freezing point of the solution (ca. -100°). The downfield 
peak 6b is assigned to acetone molecules in the solvation 
shells of Mg(II).
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Figure 4. 1 0 0 -M H z  sp ectrum  of a c e to n e  in the 1 :3  solution at 
- 8 4 °  (the upper sp ectrum  w as recorded  at h igher am p litu d e): 
(a ) fre e  a c e to n e  signal, (b and c) bound a c e to n e  signals, (r) 
rotation side band, (S e e  F igures 1 and 2 for peak  no ta tion .)

7.2 6.8 6.4 60 ppm 66

Figure 5. 9 0 -M H z  sp ectra  of w a te r in the 1 :5  solution a t —7 4 .5  
(a ), - 7 0 . 5  (b ), - 6 8  (c ) , - 6 5  (d ), - 3 5 . 5  (e ) , and - 2 3 .5 °  (f). 
(S e e  F igure 1 for p e ak  nota tion .)

TABLE I: Curve-Fitting Data of the 100-MHz Spectrum of 
Acetone in the 1:3 Solution at -84 ° a

Peak a A /

4a 2.14 2.1 29 000
4b 2.43 2 .7 466
4 c 2.47 2.2 514

a Peaks 4a, 4b, and 4c are labeled in c lgure 4. The <5 values are given 
in ppm; A are the half-line widths at half-maximum height measured In 
Hz. The intensities (/) are given In arbitrary units.

In the 1:6 solution water gives a unique pmr signal 
from room temperature to ca. -70°. This signal is shifted 
to low fields and broadens considerably as the tempera
ture decreases. Below —75° four resonance lines appear 
(Figure 7); the separation of 7w from 7t, 7u, and 7v reso
nances occurs in the temperature range from —75 to —77°. 
At lower temperatures the whole spectrum shifts to lower 
fields while the chemical shift difference between 7w and 
7v remains approximately constant (Table II). Corre
spondingly, the pmr spectrum of acetone in the 1:6 solu
tion below —90° is characterized by a shoulder on the low- 
field side of the acetone peak (not reported here). The 
shoulder coalesces at higher temperatures and cannot be 
better resolved down to —95° (freezing point of the solu
tion). The 5 value of peak 7w corresponds with a good ap
proximation to the water chemical shift in aqueous ace
tone at the same water concentration and temperature. 
We assign peak 7w to “ free” water in the 1:6 solution,

Figure 6. 1 0 0 -M H z  sp ectrum  of ac e to n e  in the 1 :5  solution at 
—91° (the upper sp ectrum  w as recorded  at h igher am plitud e): 
(a ) fre e  ac e to n e  signal, (b) bound ac e to n e  signal, and (r) ro ta 
tion side band. (S e e  F igures 1 and 2 fo r p e ak  no ta tion .)

(v)

(v)

7.0 6.6 6.2

Figure 7. 9 0 -M H z  sp ectrum  of w a te r in the  1 :6  solution at 
—88 .5°; the low er sp ectrum  (reco rd ed  on an expan ded  scale ) 
c learly  shows th re e  resonance  lines for the bound w ater. (S ee  
F igure 1 for p e ak  no ta tion .)

i.e., to water molecules which do not participate directly 
in Mg(II) solvation.

The above results on proton resonance of water in the 
1:1, 1:3, 1:5, and 1:6 solutions and the previous results 
on the 1:0.5 solution35 are summarized in Table II. It is 
clear that by “ summing up” the water signals (corre
sponding to molecules bound to Mg(II)) of the different 
spectra at the same temperature a six peak spectrum is 
obtained. This is the minimum number of peaks expected 
for all the hydrated solvation shells [Mg(H20);(Me2C-
0 )6-i]2+ (i = 1 to 6) simultaneously present in these 
water acetone solutions, six more lines being theoretically 
possible if one takes into account the different stereoisom
ers for i = 2, 3, or 4 and the chemical nonequivalence of 
water molecules in two of these isomers and for i = 5.35 
As shown previously, the temperature dependence of 
water chemical shifts in the above solutions is accounted 
for by hydrogen bond interactions between molecules in 
the first and second solvation shells.35

Discussion
The features of water and acetone spectra in 1:1, 1:3, 

1:5, and 1:6 solutions strongly support our previous as
sumption of the existence of Mg(II) hybrid solvation shells 
in these solutions.35 The multiple spectral pattern ob
served for water must arise from the simultaneous pres
ence of different solvation shells since it is likely that, ex
cept in the 1:6 solution, no free water can exist in these
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T A B L E  II: N m r P a r a m e te r s  of W a te r  P e a k s  in D ifferent S olu tio n s'2

Peak symbols 
Peak assignments

Solutions Data

P
w a 5

q
W2A4

s
W3A3

t
W4A2

u
w 5a

V

Wß
w

Free water

1 :0 .5 6 Ô 7 .1 7 7 .0 9 6 .9 7
d ô /d  T - 0 . 0 0 9 3 - 0 . 0 0 9 0 - 0 . 0 0 8 7

1 : 1 5 7 .2 0 7 .1 2 7.01
(F ig u re  1) d ô /d  T - 0 . 0 0 9 0 - 0 . 0 0 8 8 - 0 . 0 0 9 3

1 :3 Ô 7 .14 7 .12 7.01 6 .8 9 6 . 7 3
(F igu re  3) d ô /d  T - 0 . 0 0 8 3 - 0 . 0 0 9 6 - 0 . 0 0 9 7 - 0 . 0 0 8 5 - 0 . 0 0 8 6

1 :5 5 7.01 6 .8 9 6 .7 4 6 . 5 7
(F ig u re  5) d ô /d  T - 0 . 0 0 9 4 - 0 . 0 1 0 1 - 0 . 0 0 8 7 - 0 . 0 0 7 4

1 :6 Ô 6 .8 8 6 .7 3 6 .5 5 4 . 7 4
(F ig u re  7) P r 4 .7 24 .8 6 0 .5 1 0 . 0

1 :6 Ô 6 .7 6 6.61 6 .4 5 4 . 5 9
( - 7 7 .0 ° ) P r 4 .0 3 5 .6 4 8 .6 1 1 . 8

°  In stoichiometric formulas, Mg(ll) has been omitted for simplicity: e.g ., W4A2 represents [Mg(H20 )4(Me2C0)2]2+. The <5 (ppm) values are relative 
to -8 8 .5 °  for the first four solutions and to -8 8 .5  and -7 7 .0 °  for the 1:6  solution. The slopes dt)/dT  (ppm/degree) were obtained either by linear least- 
squares fittings of the 5 values directly read on the experimental spectra ( 1 :1 and 1 :5 solutions) or by complete curve fittings in the case of the 1 :0.535 
and 1 :3 solutions. The relative populations (Pr) for the 1 :6 solutions (at -8 8 .5  and -7 7 .0 °)  were obtained from the curve-fitting data by calculating the 
ratio of the area of each peak to the overall area of the spectrum. 6 Reference 35.

solutions (the relative chemical shifts between free and 
bound water range from 2 to 3 ppm (ref 24, 26, 29, and 
35)). The chemical inequivalence of bound water mole
cules cannot be ascribed to ion pairing. Penetration of 
perchlorate ions in the first solvation shell of Mg(II) is in 
fact excluded since the mean solvation number is very 
close to six in all these solutions even at low water con
centration where the ion pairing is expected to be the 
most effective: n = 6.0 in the 1:3 solution and n = 5.9 in 
the 1:0.5 solution (bound acetone in this solution was 
redetermined by the more accurate computer method de
scribed in this paper).

The dependence of water spectra on water concentra
tion is that expected in presence of HSS formed by a sol
vent competition mechanism between water and acetone 
giving rise to a stepwise complex formation

[Mg(H20 )i_1(Me2C0)6- (i_1)]2+ + H20  =£
[Mg(H20)l(Me2C0)6_,]2+ + Me2CO (1)

where the hydration number i ranges from 1 to 6. When 
the ratio [H20]/[Mg(II)] is very small (and tends to zero 
in the limiting case) the monohydrated shell [Mg(H20)- 
(Me2CO)5]2+ is expected to predominate in solution in 
equilibrium with small amounts of the dihydrated shell 
[Mg(H20)2(Me2C0 )4)2+ and eventually of [Mg(H20 )3- 
(Me2CO)3]2+. This situation would give a proton spec
trum for water (apart from chemical exchange effects) 
with at least three resonance lines one of which is much 
more populated than the others. Analogous considerations 
hold for bound acetone molecules which should give a 
similar spectrum. As the water to magnesium ratio is in
creased, the maximum distribution must occur for more 
highly hydrated shells. Consequently a predominant peak 
should appear together with a greater number of less pop
ulated peaks up to six signals at least. For water concen
tration such that complete solvation by water occurs to 
give [Mg(H20)6]2+, only two resonance lines (correspond
ing to bound and free water) should be observed with a 
relative chemical shift of ca. 2 ppm. An analogous mecha
nism has been observed for Co(II) solvation in aqueous 
methanol solutions41 and seems to be effective for Mg(II) 
in the same system.25 Moreover water protons in the dif
ferent solvation shells have individual chemical shift 
values which should not’ differ considerably at the same

TABLE III: Assignments of Water Peaks to 
Individual HSS in the 1:6 Solution12

Trial peak Experimental peaks %  deviation
assignments 7t 7u 7v -8 8 .5 ° -7 7 .0 °

I w 4 a 2 w 5a w6 0 .9 4 0 .9 4
h w6 w 5a W 4 A 2 2 9 .6 2 3 .9
m w 5a w 5a w6 - 0 . 4 5 - 0 . 4 5
IV w6 w 5a w 5a 5 .6 3 8 .9 2
V W 3 A 3 W 4 A 2 w 5a 2 3 .5 2 3 .9
V I w 5a W 4 A 2 W 3A 3 7 0 .0 6 1 .0

“ Six trial peak assignments (I to V I) are tested with the population
data at —88.5 and - ■ 77.0°, W„Am represents [M g(H 20 ) n (M e2C O )m]2 + ;
peaks 7t, 7u, and 7v are those labeled in Figure 7; see Discussion for the 
definition and the interpretation of the per cent deviations.

TABLE IV: Assignments of Water Peaks 3p to 3u to Individual 
HSS in the 1:3 Solution (Figure 3)a

Trial
peak

as- Experimental peaks
sign- ----------------------------------------------------------

ments 3p 3q 3s 3t 3u ^calcd ^cor

I w a 5 W 2 A 4 W 3A 3 W 4 A 2 W 5A 1 0 . 5 0 . 7 7
II W 2A 4 W 3 A 3 W 4A 2 W 5A ws 0 .7 8 0.71

II I W 2A 4 W 3 A 3 W 4A 2 w 6a w 5a 0 .7 9 0 .7 3
IV W 3A 3 W 4 A 2 w 6a w 5a w6 0 .2 8 0 .2 7
V W 2A 4 W 3 A 3 W 4A 2 W 4 A 2 w 5a 1 .0 6 0 .9 7

0 Five trial peak assignments (I to V) are tested with the population 
data of water and acetone peaks in the Mg(ll) HSS at -8 8 .5 °;  W„Am 
represents [Mg(H20 )n(Me2C0)m]2+; Rcalcd and Rcor are defined in the 
Discussion; their values should be compared with the experimental 
Rexpt 0.89.

temperature from one solution to another. As shown by 
the data of Table II this is verified for all solutions stud
ied in this article. On the basis of the above consider
ations and from the observed populations of the water 
peaks the assignment of these peaks to individual HSS as 
given in Table II is quite probable.

The partial stability constants K t of equilibria 1 could 
be determined from the populations of the water peaks as 
a function of water concentration. The results will be pub
lished further as well as the thermodynamic parameters 
of these chemical equilibria.
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T A B L E  V : C a lc u la te d  E lectric  F ie ld s  and C h e m ic a l Shifts o f W a te r  P ro ton s in the H S S  of M g ( l l ) a

1 2 3 4 5 6

a ß a ß a ß a ß

E t , MV c m - 1 0 .7233 0 .718 4 0 .7 16 2 0 .7 1 1 5 0.7090 0.7046 0.7024 0.6976 0.6954 0.6907
£ q h . MV c m - 1 0.6729 0.6696 0.6680 0.6646 0.6630 0.6597 0.6581 0.6547 0.6532 0.6498
Scaled* PPm 7.08 6.98 6.93 6.84 6.79 6.71 6.67 6.58 6.54 6.45
^expt> PP™ 7.08 7.00 6.89 6.76 6.61 6.45

“ Water chemical shifts (in ppm vs. TMS) at -7 7 .0 °  have been calculated with the following equation: 6 =  5' - 1 1 . 2 9  X 10 ~ 6Eoh +  19.28 x  1 e r 12 
£ t 2 where S ' =  4.587 ppm (vs. TMS) for free water at the same temperature in acetone solution. Symbols 1 to 6 Indicate the number of water molecules in 
the solvation shells while a  and &  differentiate chemically nonequivalent water molecules; symmetry considerations lead to nine sterlcally different hydrate 
configurations corresponding to twelve chemically nonequivalent water molecules;25 detailed computations reduce the number of nonequivalent water 
molecules to ten.45

These assignments are supported by calculations car
ried out with the relative populations (PT) obtained by 
curve fitting. This is easily shown in the case of the 1:6 
solution. The overall number of Mg(II) moles m Tcaicd 
present in this solution can be calculated with the analyt
ical water concentration and with the Pr values of Table 
II (under the assumption that peak 7w corresponds to free 
water and peaks 7t, 7u, and 7v to individual solvation 
shells); in Table III, the per cent deviations [(mTcaicd -  
77iTexpt)/mTexpt]100 show that water protons resonate at 
higher fields in more hydrated HSS, and that the assign
ment of peaks 7t, 7u, and 7v respectively to the tetra-, 
penta-, and hexahydrated solvation shells of Mg(II) is 
probably correct. Analogous calculations can be carried 
out for the 1:3 solution. In this case when peaks 3p to 3u 
are assigned to separate HSS one can calculate the ratio 
Pcaicd between the mole number of acetone in the HSS 
and the mole number of acetone in [Mg(Me2CO)g]2+ with 
the Pr data obtained by curve fitting and the analytical 
concentration of water and Mg(II) in the same solution. 
With the assumption that peak 4b corresponds to acetone 
molecules in [Mg(Me2CO)e]2+ and peak 4c to acetone 
molecules in the HSS, the calculated values Pcaicd dis
played on Table IV can be compared with the experimen
tal value Pexpt = 0.89 obtained from Table I.

Under this assumption assignments II, III, and V of 
Table IV are the most probable. A refinement is obtained 
by considering that signal 4b represents the resonance of 
acetone molecules in {Mg(II)—(A) 6; Mg(II)-(W)-(A)s; 
Mg(II)-(W)2-(A)4i while peak 4c corresponds to acetone in 
the remaining solvation shells. With these assumptions, 
the corrected values, Rcor, displayed on Table IV, show 
that assignment I is very probable and that the assign
ment of acetone peaks 4b and 4c is correct. The fact that 
assignments II, III, and V of Table IV seem to fit as well 
(analogously to assignments I and III of Table III) is not 
surprising. This must arise from the partial overlap of 
water signals which themselves result (except in the case 
of solvation shells with respectively one and six water 
molecules) from the composition of two (or three) strongly 
overlapping resonance lines. Very likely the latter have 
chemical shift differences of the same order of magnitude 
as their line widths and very different intensities (t.e., one 
of the two stereoisomers present in solution predomi
nates). This is consistent with the observed partial “ dis
persion character” of some of the resonance signals and is 
clearly demonstrated by the 250-MHz spectrum of the 
1:1 solution at -65° (Figure 8). Peaks 8p, 8q, and 8s of 
this spectrum correspond to the three signals observed at 
90 MHz for the same solution {5P — 6q = 0.08 ppm; 5q —

(p)

Figure 8. 250-M H z specirum  of water in the 1 : 1  solution at 
- 6 5 ° :  (p), (q), and (s) correspond to the water peaks observed 
at 90 MHz (Figure 1) and are assigned to the mono-, di-, and 
trihydrated shells respectively; (t) corresponds to the tetrahy- 
drated shell while (q') represents the second isomer of the 
dihydrated shell.

5S = 0.1 ppm vs. 0.08 and 0.11 ppm extracted from the 
values of Table II). Peak 8q' arises from the better line 
separation obtained at 250 MHz and represents the theo
retically predicted second isomer of the dihydrated Mg(II) 
HSS (<5q -  6q- = 0.03 ppm) probably corresponding to the 
cis isomer (see further in the Discussion). Peak 8t corre
sponds to the tetrahydrated HSS (6S -  <5t = 0.13 ppm vs. 
0.12 ppm resulting from values in Table II).

The above considerations are also consistent with the 
observed temperature dependence of the half-line widths 
at half-maximum height (A) of water peaks in the 1:3 so
lution as determined by computer curve fitting (Figure 9). 
Water molecules in the monohydrated HSS are not ex
pected to exchange in the temperature range in which five 
separate signals are observed. In fact Ap s  1.5 Hz from 
—88.5 to —52.5°. Water in the pentahydrated HSS under
goes very rapid chemical exchange as the temperature is 
increased; actually Au increases with temperature (Figure 
9). The temperature dependence of Aq, As, and At can be 
explained by assuming the following. At very low temper
ature (from -88 to -70°) “ intermolecular exchange” rep
resented by eq 1 is negligible while “ intramolecular ex
change” (i.e., exchange between the two stereoisomers of 
the HSS with the same number of water molecules) is ef
fective for the di-, tri-, and tetrahydrated HSS. The mini
ma of the A vs. T curves for peaks q, s, and t would then 
correspond to very rapid intramolecular exchange. For 
higher temperatures intermolecular exchange occurs and 
coalescence of water peaks takes place regularly beginning 
from the upfield signal.
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F igu re  9 . T e m p e ra tu re  d e p en d e n ce  of the ha lf-lin e  w idth a t ha lf
m axim um  he ight of w a te r p e aks  in the 1 :3  solution as obta ined
by co m p u te r curve fitting of the sp ectra . Sym bols p, q ............and
u ind ica te  the p e aks  labeled  in F igure 3.

The deshielding of solvent protons in cation solvation 
shells can be explained theoretically by the interaction of 
the electric field E due to the ion with the proton nuclear 
moment44 (5 = kE2 for an isolated proton). It seemed in
teresting to us to prove if a simple ionic model of the sol
vation shell could account qualitatively for the observed 
shifts and could substantiate to a certain extent the above 
phenomenological interpretation of water and acetone 
spectra in terms of hybrid solvation shells.

The electric field experienced by bound water molecules 
was calculated for the nine sterically different hydrated 
solvation shells by taking Mg(II) (assumed as a point 
charge) at the center of a regular octahedron (cf. Appen
dix45 for the detailed discussion of the calculations). The 
results of Table V clearly show that the electric field act
ing on the protons is significantly different from one sol
vation shell to another and decreases from the mono- to 
the hexahydrated shell, thus indicating that the deshield
ing of water protons with respect to pure water is smaller 
for [Mg(H20)6]2+ and increases regularly up to 
[Mg(H20)(A)s]2+, which is in agreement with the previ
ous peak assignment.

The chemical shift values of water in the different sol
vation shells were then calculated with the equation

d = aE0ft + bE^  (2)
where Et represents the strength of the electric field 
created on each proton by Mg(II) and the electric dipoles 
of the surrounding solvent molecules, and where Eon is 
the component of Ey along the OH bonds. The second 
term of the right-hand side of eq 2 represents the Mar- 
shall-Pople’s deshielding factor while the first term takes 
into account the contribution of OH bonds to the effective

electric field acting on water protons.46 The parameters a 
and b of eq 2 were determined by choosing as reference 
the 5 values of the mono- and hexahydrated solvation 
shells with respect to free water in acetone solution at the 
same temperature and by putting in eq 2 the previously 
calculated proper values of Eoh and Et (cf. Appendix45 
for the calibration of 5). The calculated b values are ca. 
0.05 ppm smaller than the experimental chemical shifts at 
the same temperature.

Nevertheless the differences 5; -  ol+y (where i is the hy
dration number) agree fairly well with the experimental 
values (Table II). The calculated differences bm -  6,7; 
(where a and fi are defined in Table V) are of the same 
order of magnitude as the half-line widths observed for 
the corresponding resonance signals; which confirms the 
above conclusions.

Analogous calculations were carried out for acetone 
molecules bound to Mg(II) in the different solvation 
shells, except that the equation b = kEr2 was used, where 
Er is the strength of the resultant electric field on the 
methyl protons. Et is significantly smaller for Mg(II)-(A)6 
(0.2563 MV cm '1) than for Mg(II)(A)~(W)5 (0.2802 MV 
cm-1), which is consistent with the above interpretation 
of the acetone spectra. The calculated 5 values are less 
accurate in this case than calculated b for water.

While this article was in preparation, Akitt has shown47 
that the experimental water chemical shifts in the solva
tion shells of Mg(H), Be(II), In(III), Al(III), and Sn(IV) in 
pure aqueous solution fit extremely well to shifts calculat
ed on the basis of cationic electric fields. The author 
suggests that cationic hydration shifts are made up of a 
downfield contribution due to cationic electric fields and 
of a smaller upfield contribution due to hindered motion 
and orientation of water molecules in the complex. He 
also points out that nmr results seem to indicate, in gen
eral, no hydration for the anions. These conclusions sup
port the assumptions made in this article.
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The study of the effects of hydrogen treatment at 1000° on graphitized carbon blacks was extended to the 
adsorption of nonpolar molecules. Before and after the hydrogen treatment on the Graphon and graphi
tized Sterling FT ( Sterling FT-G) surfaces, the isosteric heats and entropies of adsorption at extremely 
low surface coverages of ethane, propane, isobutane, butane, pentane, and hexane were determined by 
chromatography using the eluted pulse technique. Our results were compared with some earlier determi
nations obtained by chromatography or by static methods. The abnormally high limiting heats and en
tropy changes of adsorption on untreated Graphon indicated the presence of a small fraction of surface 
geometric irregularities, where the interaction of an individual adsorbed molecule occurs with more than 
one plane of'the adsorbing surface. Some experimental data suggest that surface heterogeneities can be 
identified as cavities with specific dimensions. These irregularities are not found on the Sterling FT-G 
surface, which we observed as almost completely free of strong adsorption sites. After the hydrogen treat
ment, the heats and entropy changes of adsorption on Graphon sharply decreased and their values are al
most equal to those measured upon adsorption on Sterling FT-G. This agreement shows that the hydro
gen treatment is effective in removing not only traces of surface oxides but also topographical irregulari
ties on the carbon surface. The standard integral adsorption entropy values were calculated from reten
tion volume measurements and by using a relation we derived. The close agreement between our values 
and those derived by a static method makes it evident that the gas chromatography technique can defi
nitely also be of great use in the determination of adsorption entropies at very low surface coverages.

The preparation and the investigation of adsorbents 
with a highly homogeneous surface is of great interest in 
studying the nature of the forces that cause adsorption. 
Graphitized carbon blacks possess sufficiently homoge
neous surfaces and they are widely used in obtaining ad
sorption data that are then compared with those theoreti
cally predicted.

However, the nature of the adsorption may be signifi
cantly modified by the presence of small amounts of het
erogeneous sites on the surface of these adsorbing materi
als. These heterogeneities are of two kinds. One is from 
chemical impurity made up of oxygen surface complex, 
presumably a burnt off residue left over from the heating 
of carbon blacks in order to produce graphitic carbons.1 
The other consists of geometric irregularities described in 
the studies by Graham2 as being steps and recesses left in 
graphitized blacks. The Same author calculated that on 
Graphon and P-33 (2700°), which are two well-known ex
amples of graphitized blacks differing in their surface de
velopment, heterogeneous sites represent 1.24 and 0.10% 
of the total adsorption sites, respectively.

The influence of the chemical impurity on the adsorp
tion of polar compounds has been extensively studied. In a 
previous paper,3 we have shown that heating at 1000° in a 
stream of hydrogen is very effective in removing traces of 
oxides from the surfaces of some graphitized carbon 
blacks.

Geometric irregularities on a carbon surface might not 
be expected to produce very relevant effects. On the con
trary, as Graham2 reported that the adsorption of nitrogen 
on these sites gave an adsorption heat nearly twice that 
for the adsorption on the predominant, weaker sites. Kise
lev4 showed that hexane adsorbed on Graphon exhibited, 
at low surface coverages, an abnormally high initial ad

sorption heat of about 14 kcal/mol. Besides, the heat-cov
erage curves make it clear that surface inhomogeneities 
hamper a clear-cut manifestation of adsorbate-adsorbate 
interactions. Moreover, it was shown5 that carbon tetra- 
fluoride displays two-dimensional condensation on P-33 
(2700°), but not on the less uniform Graphon.

In the last few years, gas-solid chromatography has re
ceived increasing attention especially in order to deter
mine adsorption heats at very low surface coverages. By 
the introduction of high sensitivity detectors, heat deter
minations can be carried out at extremely small surface 
coverage. As a consequence, the presence on the surface of 
even a small number of sites with much greater adsorptive 
potentials can produce effects that tend to outweigh those 
of the rest of the surface. Therefore, to determine correct
ly thermodynamic data at zero coverage, the need for 
highly homogeneous adsorbing materials is particularly 
felt especially when using the chromatographic technique.

The purpose of this paper is to show that hydrogen 
treatment at 1000° is very effective in removing not only 
chemical heterogeneities but also geometric ones from the 
carbon surface. In order to obtain a full understanding of 
the nature of “ active” sites and the effects of the hydro
gen treatment on them, limiting heats and entropies of 
adsorption were measured on both treated and untreated 
Graphon and Sterling FT-G, for ethane, propane, isobu
tane, butane, pentane, and hexane. The determination of 
the thermodynamic data at extremely low surface covera
ges (0 ~  1 X  10 ~5) was made possible by gas chromatog-

(1) A. C. Zettlemoyer, J . C o l lo id  I n te r f a c e  S c i. ,  28, 343 (1968).
(2) D. Graham, J . P h y s . C h e m .,  6 1 ,13 10  (1957).
(3) A. Di Corcia and R. Samperi, J. C h ro m a to g r . ,  77, 277 (1973).
(4) A. A. Isirikyan and A. V. Kiselev, J. P h y s . C h e m .,  66, 205 (1962).
(5) D. Graham, J . P h y s .  C h e m .,  62, 12 11  (1958).

The Journal o t  P h ysica l C h em istry , Voi. 77, N o. 10, 1973



1 302 Antonio Di C o rcia  and R o b erto  S a m p e ri

raphy using the eluted pulse technique. Our results are 
compared here with some earlier determinations obtained 
either by gas chromatography or static methods. Finally, 
a simple relation correlating retention volume measure
ments with standard entropy changes upon adsorption is 
also given.

Experimental Section
The graphitized carbon blacks used in the present work, 

designated as Graphon and graphitized Sterling FT (Ster
ling FT-G), were provided by the Cabot Corp., Billerica, 
Mass. The two carbons listed above gave values for specif
ic surface areas of 138 and 14.4 m2/g based on nitrogen ad
sorption (BET) and by assigning for the cross-sectional 
area of N2 a value of about 20 A.6 The hydrogen treat
ment was carried out as previously described.3 After the 
treatment, surface areas of the two blacks were measured 
again. The surface area value for the Sterling FT-G did 
not show any appreciable change, while the specific sur
face of Graphon decreased giving a new values of 128 
m2/g. Before their use as packing materials, the original 
blacks were heated to 1000° and a stream of helium was 
passed through them in order to eliminate the possible 
presence of strongly adsorbed materials. After helium 
treatment, the blacks did not show appreciable changes in 
their surface developments.

A Carlo Erba gas chromatograph, Model GI (Milan, 
Italy), equipped with a flame ionization detector, was 
used. The instrument is designed to allow the injected 
samples to flow directly into the column. The adsorbing 
materials, first sieved through 60-80 mesh sieves, were 
packed in columns made from 2-mm i.d. glass tubings, 
from 1.5 to 2.0 m in length. As long as hydrogen treated 
materials were used, hydrogen, with a purity stated as 
99.99%, was used as carrier gas. This technique was em
ployed in order to hinder a possible slight reoxidation of 
the carbon surface by the oxygen7 always present in gases 
of normal purity. On the other hand, when the untreated 
specimen was under observation the hydrogen had to be 
substituted by helium gas. This procedure was used be
cause of a certain nonrepeatibility of the retention vol
ume measurements, especially at relatively high tempera
tures, most likely due to a slight initial reaction between 
the hydrogen and the carbon surface. It was possible to 
keep the carrier gas flow rate to within ±0.5% during the 
course of a day. The temperature throughout any one set 
of chromatographic measurements was maintained to 
within ±0.1°. Repeated measurement of the retention vol
umes were in agreement to within 0.2-0.3%. The volumes 
of the hydrocarbon samples injected into the chromato
graphic columns were on the order of 10-4 cc. Where larg
er sized samples were injected into the column packed 
with untreated Graphon, a more or less pronounced 
asymmetry was noted in the peaks for well-retained hy
drocarbons, thus indicating a departure of the adsorption 
isotherm from linearity. An approximate calculation of 
the surface coverage upon adsorption of hydrocarbons 
under our chromatographic conditions was made by 
means of a relation given by Beebe8 which relates the sur
face coverage to chromatographic parameters. As an ex
ample, by using the value of 1.38 cc (stp)/g9 for the vol
ume of butane required to produce a monolayer coverage, 
we obtained a value of about 3 x 10~5, corresponding to 
the final surface coverage which the pulse attained just 
before it was eluted from the end of the column, packed 
with treated Graphon at 326 K.

Discussion
Adsorption Heats from Chromatographic Data. The 

pressure p of gas in equilibrium with a given concentra
tion of adsorbate is related to the isosteric heat of adsorp
tion (qst) by

/'din p\ _  J?st_ m
V dT L  ~ RT2

where na is the number of adsorbed moles.
If the adsorption isotherm is linear (Henry’s region) and 

the adsorbate behaves as an ideal gas both in the gas and 
the adsorbed phase, then the following known relations 
can be written

n = Kp 
nS = naRT

and
pV = ngRT

where n is the two-dimensional pressure (spreading pres
sure), K is the Henry’s law constant, and S' is the total 
surface area of the adsorbing material.

Then eq 1 can be rewritten as
din K/T 9st 

dT -  R T ’-
and the K constant can be expressed as

In a gas chromatographic column V = Vc, where Vc is the 
void space (dead volume) among the particles of the pack
ing material. From the mass balance gsc theory we obtain 
na/ng = Vr' /T o, where VV is the volume of the carrier 
gas (passing through the column during elution of the 
sample) minus Vo, which is the volume needed to elute a 
nonadsorbable gas. If the volumes are expressed at zero 
pressure drop and column temperature (Tc), then, we 
have V0 =  Vc.

Consequently
K =  Vn'/S  = Vs

and
din VsIT  _  qs,

dT ~ RT2 {/>
where Vs is a term introduced by Kiselev to indicate the 
retention volume per unit of surface area of the adsorbent.

It follows from eq 2 that the isosteric heat of adsorption 
is given by plotting In Vs/T c or In VR'/T C vs. T_1. The 
correct calculation of VR' has already been reported.10

Some authors derived the isosteric heat of adsorption by 
plotting, in place of In (VR'/TC), In ¿r',8'11'12 In Vs,13 or 
In (fR'Tc/T 0),14'15 where tR' is the corrected retention 
time and To is the room temperature.

The strict condition for using In iR' is that u o ,  which is 
the volume flow rate measured in a device placed at the 
end of the column, remains constant as the temperature is 
altered.
(6) C. Pierce and B. Ewing, J. P h y s . C h e m .,  68, 2562 (1964).
(7) R. Nelson Smith, J. Duffield, R. Pierotti, and J. Mooi, J . P h y s .  

C h e m ..  60, 495 (1956).
(8) R. L. Gale and R. A. Beebe, J . P h y s . C h e m ..  68, 555 (1964).
(9) S. E. HooryandJ. Prausnitz, T ra n s . F a r a d a y  S o c .,  63,455 (1967).

(10) E. A. Boucher and D. H. Everett, T ra n s .  F a r a d a y  S o c . .  67, 2720 
(1971).

(11) G. Curthoys and P. A. Elkington, J . P h y s . C h e m ..  7 1, 1477 (1967).
(12) P. A. Elkington and G. Curthoys, J. P h y s . C h e m .,  73, 2321 (1969).
(13) H. Amarlgllo, S u r fa c e  S c i. ,  12 ,6 2  (1968).
(14) S. A. Greene and H. Pust, J. P h y s . C h e m .,  62, 55 (1958).
(15) P. E. Eberly, Jr., J. P h y s . C h e m .,  65, 68 (1961).
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TABLE I: Limiting Isosteric Heats of Adsorption in kcal/mol

Adsorbing material C2 H6 c 3 h 8 /-C4 H10 C4 H10 C5 H12 C6 H, 4

G raphon 5 .6 2 8 .4 10 .80 12 .20 1 1 .0 2 1 5 .0 8
( 3 2 6 - 3 4 6 ) “ (3 2 6 -3 4 6 ) (3 3 1 -3 5 1 ) (3 3 1 -3 5 1 ) (4 8 3 -5 0 3 ) (4 8 3 -5 0 3 )

H yd ro g en -trea ted 4 .7 0 5 .9 0 6 .8 0 7 .35 8.41 9 .8 7
G raphon (3 2 6 -3 4 6 ) (3 2 6 -3 4 6 ) (3 2 6 -3 4 6 ) (3 2 6 -3 4 6 ) (4 1 0 -4 3 0 ) (4 1 0 -4 3 0 )

S terling FT-G 6 .1 0 6 .95 7 .54 8 .4 3 10 .15
(3 3 0 -3 5 0 ) (3 3 0 -3 5 0 ) (3 3 0 -3 5 0 ) (3 8 7 -4 0 7 ) (3 8 7 -4 0 7 )

8 .8 2 1 0 .5 0
(3 2 9 -3 4 9 ) (3 4 5 -3 6 5 )

H yd ro g en -trea ted 6 .1 5 7 .02 7 .45 8 .5 5 10 .25
S terling FT-G (3 3 0 -3 5 0 ) (3 3 0 -3 5 0 ) (3 3 0 -3 5 0 ) (3 8 3 -4 0 3 ) (3 8 3 -4 0 3 )

S terling M T -G 6 8.9 1 0 .1 0
Sterling M T -G C 8.9 1 0 .4 0
S terling F T -G “ 4 .6 0 5 .8 7 6.91 7 .45
S terling M T -G e 3 .7 8 6 .2 6 8 .1 0 8.61 9 .8 3
G raphon^ 1 0 .0 11 .8
Graphon® 8 .6
G ra p h o n * 8 .2
G raphon* 7 .88 9 .2 7 1 1 .1 7

“ Temperature (°K) range of retention volume measurements. 0 Reference 12. c Reference 16. d Reference 9. e Reference 17. 1 Reference 18. g Ref-
erence 19 .*  Reference 20. * Reference 21.

The precision in calculating the VH' term strictly de
pends upon the correct measurement of the Vo term. 
When a flame ionization detector is used, the dead vol
ume measurement of the column is usually carried out by 
injecting into the column the adsorbate sample mixed 
with methane. The latter is assumed to be a nonadsorba- 
ble gas. At the lowest temperature used to eluate ethane 
and propane, however, methane was found to be notice
ably adsorbed even on the low surface area adsorbent. In 
particular, it was calculated that the use of methane as 
the marker gas introduced an error of about 10% in the 
determination of the adsorption heat of ethane on Gra- 
phon. To overcome this obstacle, the determination of the 
dead volume of each chromatographic column under ex
periment was made by injecting methane at relatively 
high temperatures, where methane may definitely be con
sidered to behave as a nonadsorbable gas. At varying tem
peratures, several determinations of the Vo value were 
made and the precision of these measurements was calcu
lated to be good to within ±0.3%. Experimental values of 
retention volumes for the hydrocarbons in question were 
determined at five temperatures and then plotted against 
T_1, as described above. Very straight lines were always 
obtained. It was calculated that *he adsorption heats so 
derived were affected by no more than a 1.5% error.

Table p . 12,16-21 presents a list of the heats of adsorp
tion on both hydrogen treated and untreated Graphon and 
Sterling FT-G derived from the retention volumes for 
some hydrocarbons. The temperature ranges of the reten
tion volume measurements are also indicated. For com
parison, some earlier determinations of limiting adsorp
tion heats of the same adsorbates obtained, either by the 
gas chromatographic technique or static methods, togeth
er with references to the sources of these data are given in 
the lower portion of Table I. It was not possible to deter
mine the isosteric heat of adsorption of ethane on Sterling 
FT-G, with a satisfactory accuracy. This is due to the fact 
that ethane on this adsorbent is adsorbed too little even 
at the lowest temperatures we were able to reach.

First of all, it. is interesting to note that the hydrogen 
treatment carried out on the Graphon surface causes the

adsorption heats for hydrocarbons to decrease greatly, 
whereas this decrease is not observed when performed on 
the Sterling FT-G surface. Some considerations, then, 
arise quite naturally from this finding. First, the surface 
of Graphon is contaminated by the presence of a certain 
kind of strong adsorption site while Sterling FT-G is not. 
Also, the hydrogen treatment can remove these hetero
geneities.

It was demonstrated7 that the hydrogen treatment 
eliminates traces of oxygen chemisorbed on the carbon 
surface. This removal provokes a sharp decrease in the 
adsorption heats at low coverages of polar substances on 
both Graphon22 and Sterling FT-G.3

But, as can be seen, only after hydrogen treatment on 
Graphon is a sharp decrease observed in the limiting heats 
upon adsorption of nonpolar molecules. In addition, it can 
be expected that polar impurities should be no stronger 
than the rest of the carbon surface with reference to the 
adsorption of nonpolar molecules. These considerations 
make unacceptable the hypothesis that the chemisorbed 
oxygen is also to some extent responsible for the initial 
strong adsorption of nonpolar molecules on the carbon 
surface. Moreover, one can deduce that the Graphon sur
face is contaminated by a particular kind of geometric 
heterogeneity which the hydrogen at high temperatures is 
able to eradicate.

Graham2 made the suggestion that strong sites in the 
graphitized carbon blacks are composed of intersections of 
graphitic planes or by an area of close approach between 
particles where the interaction of one molecule with two 
planes can occur. Also, the same author reported that

(16) A. V. Kiselev and Y. I. Yashin In “Gas Adsorption Chromatogra
phy,” Plenum Press, New York, N. Y., 1969, p 23.

(17) S. Ross, J. K. Saelens, and J. P. Olivier, J . P h y s . C h e m .,  66, 696 
(1962).

(18) N. N. Avgul, A. A. Isirikyan, A. V. Kiselev, L. A. Lygina, and D. P. 
Poshkus, Iz v .  N a u k S S S R ,  O td . K h im .  N a u k ,  1314  (1957).

(19) R. A. Beebe, M. H. Polley, W. R. Smith, and C. B. Wendell, J. 
A m e r .  C h e m . S o c . .  69, 2294 (1947).

(20) J. W. Ross and R. J. Good, J . P h y s . C h e m .,  60, 116 7  (1956).
(21) G. C. Chirnside and C. G. Pope, J . P h y s . C h e m ..  68, 2377 (1964).
(22) B. Millard, E. G. Caswell, E. E. Leger, and D. R. Mills, J . P h y s .  

C h e m .,  59, 976 (1955).
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there was no indication of these sites being more than one 
type of strong site. However, as previously mentioned by 
Zettlemoyer,1 the fraction of strong sites is actually far 
too low to be explained by the intersection of the planes 
in the surface. Besides, it can be safely supposed that the 
hydrogen treatment would not be effective in removing 
such a type of irregularity.

The data at our disposal indicate that the strong ad
sorptive sites in the Graphon surface can be better de
scribed by topographical irregularities, such as cracks, 
crevices, or graphite crystal defects of molecular dimen
sions, within which the interaction of an individual mole
cule can occur with more than one adsorbing plane. At 
the boundaries of these surface irregularities, it can be 
safely supposed that the carbon atoms are not arrayed in 
any sort of graphitic structure, as is predominant in the 
rest of the surface. If this is the case, then these carbon 
atoms are definitely more reactive than the graphitic 
ones. In support of this picture there is the slight decrease 
of the Graphon surface area, decreasing from 138 to 128 
m2/g, after the hydrogen treatment. This reduction may 
be due to a reaction occurring between the hydrogen and 
the active carbon atoms around the cavities with forma
tion of slight hydrocarbons. As a consequence, this reac
tion provokes a progressive widening of the cavities to the 
point where the leveling process creates a surface we can 
consider flat. That the limiting adsorption heats of hydro
carbons on treated Graphon have values just about equal 
to those on Sterling FT-G, which is almost completely 
free of strong adsorption sites, makes it evident that the 
geometric irregularities have disappeared and interaction 
of an individual molecule occurs no longer with more than 
one adsorbing plane of the Graphon surface. The adsorp
tion heat of hexane on untreated Graphon is abnormally 
high. The one of butane is too; so much so that it is even 
higher than that of pentane. This result suggests that 
there is more than one kind of strong site, as far as di
mensions are concerned.

Upon adsorption on Sterling FT-G, by decreasing the 
temperature ranges of retention volume measurements, it 
was possible to observe a slight but noticeable increase in 
the adsorption heats of pentane and hexane. This increase 
makes it evident that, also on the Sterling FT-G surface, 
there is a very small fraction of geometric irregularities. 
However, these have adsorption energies far lower than 
those possessed by the active sites on Graphon.

It is noteworthy that adsorption heat values on treated 
Graphon are systematically slightly lower than those on 
Sterling FT-G, presumably due to the latter having a 
higher degree of graphitization.

A comparison of our experimental data with earlier de
terminations of limiting adsorption heats is made by first 
considering Sterling FT-G and Sterling MT-G and then 
Graphon. Sterling MT-G is another well-known example 
of graphitized carbon black with a surface area of about 8 
m2/g.

As far as Sterling FT-G and Sterling MT-G are con
cerned, it may be observed that the agreement between 
our tabulated adsorption heats and the others is good if 
the values of 3.78 and 8.10 kcal/mol respectively for eth
ane and butane of ref 17 are ignored. This agreement be
comes very good if the comparison is restricted to our ad
sorption heat data and those of ref 9, which were derived 
from adsorption isotherms. This comparison is interesting 
for two reasons. First of all, it demonstrates once again 
that by the use of gas chromatography the determination

of thermodynamic data can be made with a high accura
cy. This, in addition to the advantage of simplicity and 
speed which gas chromatography offers over the other 
techniques. Second, these types of graphitized carbon 
blacks can be prepared reproducing their surface proper
ties very well.

On the other hand, in the case of Graphon, as can be 
seen, adsorption heat data cannot be considered in satis
factory agreement. This disagreement may be due to the 
fact that the determinations of limiting isosteric heats 
were carried out at various degrees of surface coverage. 
Besides that, the various Graphon specimens under obser
vation have a different degree of surface inhomogeneity. 
Under these conditions, the limiting isosteric heat be
comes nothing more than the result of a chance surface 
condition of no particular significance aside from the 
specimen under observation. This consideration is partic
ularly true in the case where the adsorption heat determi
nations are carried out by chromatography using the elut
ed pulse technique, which yields a single adsorption heat 
value at low surface coverage.

In order to obtain some information as to the modifica
tions in the freedom of movement of an individual mole
cule adsorbed on Graphon and Sterling FT-G before and 
after the hydrogen treatment, the determination of the 
entropy changes upon adsorption of hydrocarbons from 
chromatographic data was made.

Unfortunately, only very few papers have dealt with the 
possibility of deriving the entropy changes upon adsorp
tion from retention volume measurements. When this de
termination is reported, no mention is explicitly made to 
the choice of standard states in calculating the entropy 
loss upon adsorption.23 Besides, to the best of our knowl
edge, except for Amariglio,13 no author has attempted to 
compare the adsorption entropy values determined by 
chromatography with those obtained by static methods. 
For these reasons, we have felt the need to derive once 
more an equation relating the retention volume to the 
standard entropy loss upon adsorption, paying particular 
attention to the choice of units which indirectly determine 
the standard reference values.

To correlate the specific retention volume, Us, with the 
integral change of entropy upon adsorption from a refer
ence standard gas pressure, ps, to a reference spreading 
pressure, tts, let us consider the following well-known rela
tion

A GTl° = -R T i In p jp x

where AGn° is the standard change in free energy corre
sponding to a change in the pressure of the adsorbate from 
the standard value, ps, to the particular value, pi, which 
is in equilibrium with the standard adsorption state cho
sen, 7Tg, keeping the temperature constant at 7/.2 4

If the adsorption process occurs in the Henry’s law re
gion then pi = Kws, and bearing in mind that K = Vs = 
Vr'/S, then

AGri° = ~ R T 1 In ( g  Vf  )  (3)

If the pressure, ps, is expressed in dyne/cm2 and the 
two-dimensional pressure, 7rs, in dyne/cm, the Henry’s

(23) L. D. Belyakova, A. V. Kiselev, and N. V. Kovaleva, Russ. J . P h y s .  
C h e m .,  69, 802 (1965).

(24) J. H. De Boer, “The Dynamical Character of Adsorption,” Claren
don Press, Oxford, 1953, p 113 .
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TABLE II: Standard Integral Entropies of Adsorption in cal/mol deg

Adsorbing material C 2H6 c 3h 8 /-C4 H10 C4 H10 c 5H 12 C6H,4

G raphon - 1 0 . 9 - 1 5 .1 - 1 8 . 2 - 2 1 . 4 - 1 4 . 5 - 2 0 . 6
(3 2 6 )“ (32 6 ) (331) (33 1 ) (48 3 ) (48 3 )

H yd ro g en -trea ted - 9 . 0 - 9 . 5 - 1 0 . 0 - 1 0 . 8 - 1 0 . 5 - 1 1 . 6
G raphon (3 2 6 ) (32 6 ) (32 6 ) (32 6 ) (41 0 ) (41 0 )

S terling FT-G - 9 . 6 - 9 . 9 - 1 0 . 6 - 9 . 9 - 1 1 . 9
(3 3 0 ) (330) (33 0 ) (38 7 ) (3 8 7 )

- 1 1 . 4 - 1 4 . 0
(32 9 ) (34 5 )

H ydrogen-trea ted - 9 . 7 - 1 0 . 0 - 1 0 . 5 - 1 0 . 4 - 1 2 . 2
S terling FT-G (33 0 ) (330) (330) (3 8 3 ) (38 3 )

S terling F T -G 6 - 8 . 5 7 - 9 . 6 2 - 1 0 . 3 7 - 1 1 . 1 2

a Temperature (°K) of retention volume measurement. b Reference 9.

law constant has the dimension of a length. Therefore, 
VR' has to be expressed in cm3 and the surface area of the 
adsorbent in cm2. Besides, following de Boer, the stan
dard references are taken as ps = 760 Torr = 1.01 X  10® 
dyn/cm2 and 7rs = 0.338 dyn/cm. Equation 3 can then be 
rewritten as

AGr,° = -  RT1 In (3  X 106

The standard integral change in entropy, AS°, may be de
rived from AG° by means of the relation AS° = \H° /rL\ — 
AG°/Ti, where AH° is the standard integral change of en- 
thalphy. Taking into account that at surface coverage ap
proaching zero, AH° = - q dlff = —qst + RT, we may 
write

AS° = -  ~  +  R +  R In 3 X 106 +  R In VR' -  R In S
(4)

By following eq 4, on both treated and untreated Gra- 
phon and Sterling FT-G, standard integral entropy losses 
upon adsorption of some hydrocarbons were derived from 
retention volume measurements at a certain temperature 
and from the limiting isosteric heat values previously dis
cussed, and listed in Table II. The temperatures for reten
tion volume measurements are also indicated. For com
parison, standard integral entropy changes upon adsorp
tion on Sterling FT-G of some of the hydrocarbons listed, 
determined by a static method and reported by Hoory and 
Prausnitz,9 are also given in Table II.

As can be seen, adsorption entropy changes listed for 
ethane, propane, isobutane, and butane on the Sterling 
FT-G surface and calculated by us are in good agreement 
with those determined by a static method, taking into ac
count that in determining AS° there is a degree of uncer
tainty higher than that in determining q3t. It was calcu
lated that our AS° values have an uncertainty of ±4%. 
From this comparison, it turns out, then, that the gas 
chromatographic method, besides its usefulness in deter
mining adsorption heats, is also useful in determining en
tropy changes for an individual molecule upon adsorption.

Passing from butane to pentane, there is an interrup
tion in the normal increase in the entropy loss with in
creasing molecular size. This interruption may be due to 
the different temperatures used when measuring the re
tention volumes for pentane and hexane.

The examination of entropy changes upon adsorption on 
Sterling FT-G before and after the hydrogen treatment re
confirms that this adsorbing material is almost completely

free of active sites for nonpolar substances which would 
limit the various motions of adsorbed molecules.

On the other hand, the presence on the Graphon surface 
of a small fraction of cavities with molecular dimensions, 
where the freedom of movement of the adsorbate is re
stricted, is made evident by the high entropy loss values, 
as compared with those on Sterling FT-G.

After the hydrogen treatment, as would be expected, 
the standard entropy loss upon adsorption on Graphon of 
hydrocarbons are greatly decreased. In addition, the new 
values are in good agreement with those calculated for ad
sorption on Sterling FT-G. This result demonstrates once 
again that the surface of Graphon is smoothed by the hy
drogen treatment and that Graphon and Sterling FT-G 
have the same unit surface area properties.

Comparisons between experimental entropies of adsorp
tion and theoretical entropy changes based on different 
models for the adsorbed phase are usually made to estab
lish the degree of mobility of adsorbed molecules.

Steele25 has shown that the kinetic state of hydrocar
bons adsorbed at normal temperatures on the graphitic 
carbon surface corresponds to a “ mobile,” two-dimension
al film. On the basis of the observed differences in entropy 
changes upon adsorption on treated and untreated Gra
phon, we have attempted to establish, approximately, if 
the kinetic state of hydrocarbons intruded in cavities of 
the untreated Graphon surface corresponds to that for “ lo
calized” adsorption. Computations of the adsorption en
tropy relative to this model have been based on the as
sumptions that molecules behave as harmonic, three-di
mensional oscillators and that frequencies of “ external vi
brations” in all three directions have the same values. 
Also, we have assumed that both the extruding part of the 
surface and the cavities hinder, to the same extent, rota
tions of adsorbed molecules. Our attention has been limit
ed to the adsorption of C2H6, C3H8, ¿-C4H10, and C4H10. 
Passing from adsorption on the plain carbon surface to 
adsorption in cavities with molecular dimensions should 
result in loss of two degrees of translational freedom par
allel to the surface, which are replaced by two external 
vibrations acquired by the adsorbed molecules. As a con
sequence, the entropy of the adsorbed phase decreases. 
This theoretical decrease was calculated by making use of 
data reported by Hoory and Prausnitz9 and pertaining to 
translational and vibrational entropies, and frequencies of

(25) W. A. Steele, A d v a n .  C h e m .,  S e r . ,  No. 33, 269 (1961).
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external vibration for adsorption of hydrocarbons under 
consideration on a homogeneous graphitic substrate. Vi
brational entropy values have been suitably modified for 
adsorption in cavities of the Graphon surface, as external 
vibrations of adsorbed molecules slightly increase with the 
increase of the adsorption potential. The new values of ex
ternal vibrations were obtained by means of the approxi
mate relation

The use of the ratio between adsorption heats on untreat
ed and treated Graphon in place of the ratio between ad
sorption potentials to derive vibrational frequencies was 
evaluated to introduce an error not higher than 6%. Theo
retical decreases of entropy due transition from mobile 
adsorption to localized adsorption were then found to be 
about 15 cal/mol deg for C4H10 and ¿-C4H10, 14.5 cal/mol 
deg for C3H8, and 14 cal/mol deg for C2H6.

Bearing in mind that the theoretical model adopted for 
localized adsorption is rather approximate, the compari
son between these values and experimental differences in 
adsorption entropy changes on treated and untreated Gra
phon indicates that the kinetic state of butane intruded in 
cavities can be roughly fitted to the picture of localized 
adsorption with a residual possibility of sliding motions 
along the cavity walls. Also, the decrease of molecular size 
of hydrocarbons adsorbed in cavities results in progressive 
transition from localized to mobile adsorption. An analo
gous trend seems to be repeated passing from hexane to 
pentane.

The object of the above qualitative considerations is not 
to determine a model suitable to describe the kinetic state 
of adsorbates. The purpose is to point out that cavities in 
the Graphon surface have defined, molecular dimensions. 
As a consequence, the freedom of movement of the adsor
bate intruded in these cracks will be strictly dependent 
upon its molecular size.

Conclusion
The experimental results reported here give evidence as 

to the presence on the Graphon surface of active sites 
upon adsorption of nonpolar molecules. These surface 
heterogeneities can be identified as cavities with a pecu
liar distribution as far as their dimensions are concerned. 
A very interesting result is that hydrogen treatment at 
high temperature is effective in removing not only traces 
of surface oxides but also the slight geometric irregulari
ties contaminating the Graphon surface. This treatment 
makes possible the extensive utilization of Graphon in ex
perimental work, whose high surface development, as 
compared with the other examples of graphitized Carbon 
Blacks, greatly simplifies measurements. Finally, it should 
be pointed out that gas chromatography is useful in pro
viding a technique for following the effect of hydrogen 
treatment on the degree of uniformity of a graphitic sub
strate.
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P u b l ic a t io n  c o s ts  a s s is te d  b y  C o n s ig l io  N a z io n a le  d e l le  R ic e r c h e ,  I ta ly

A systematic investigation on the sensitization of the Cr(CN)63 photoreaction and emission have been 
performed in order to identify the photoreactive state of this complex Naphthalene, pyrazine, xanthone, 
and acridine sensitize the Cr(CN>63~ photoaquation, while Michler’s ketone, 2,-acetonaphthone, Ru(bi- 
py)32+, and erythrosin do not. Sensitization of Cr(CN)63_ phosphorescence by Ru(bipy)32 + and erythros- 
in proved that an energy transfer process involving the population of the lowest doublet state of 
Cr(CN)63- occurred, without causing any sensitized photoreaction. These results indicate that none of 
the doublet states is involved in Cr(CN)63~ photochemistry. The photoreactive state is identified with 
the lowest quartet excited state.

Introduction
Although the photochemical behavior of Cr(III) com

plexes has been extensively investigated,1 studies of the 
direct photoreaction alone do not suffice to obtain a defin
itive indication as to the role played by the doublet and 
quartet excited states in the photochemical reaction. In 
fact, it is very difficult to populate the doublet state di
rectly by light absorption, since the doublet absorption 
band is very weak and is partially covered by the more in
tense quartet band.1

Sensitization studies2-4 have been reported for several 
Cr(III) complexes. However, these investigations did not 
give definitive indication as to the excited state involved 
in the photoreaction. For Cr(III) complexes, in fact, there 
is a loss of selectivity of the spin-selection rules for inter- 
molecular energy transfer5 since transfer from a triplet 
donor to both doublet and quartet states is spin-allowed. 
Therefore, in order to obtain a selective population of the 
doublet state, one must be able to discriminate between 
the two states simply on energetic grounds. This is very 
difficult for most Cr(III) complexes, since the energy of 
the zero-vibrational level of the quartet state is unknown 
because of the distortion of this state, and besides, it is 
presumably very close to the energy of the doublet state.6

Some quenching experiments performed on 
Cr(NH3)2(NCS)4- ,7 Cr(NH3)63 + ,8 and Cr(phen)33+,8 
have clearly shown that for these complexes the photo
reaction originates, at least in part, from the lowest quar
tet excited state. In fact, while the phosphorescence 
quenching follows a Stern-Volmer mechanism, part of the 
total photoaquation cannot be quenched. These studies, 
however, also suggest that the part of the photoaquation 
that can be quenched does not necessarily originate from 
the doublet state, since the doublet and the quartet states 
may be in thermal equilibrium.7-9

Therefore, in order to obtain more definitive informa
tion about the role played by each state, one should per
form experiments on complexes in which the energy sepa
ration between the quartet and the doublet states is large 
enough to allow a selective population of the doublet state 
and to avoid complications due to the occurrence of re

versible intersystem crossing. A complex which meets 
such a requirement is Cr(CN)63_ .9

In fact, definitive identification of the reactive excited 
state in Cr(CN)63~ has been recently obtained by means 
of quenching10 and sensitization11 techniques. Wasges- 
tian10 studied the emission and the photosolvation of 
Cr(CN)63- in DMF. On the basis of the different depen
dences of phosphorescence and photoreaction on tempera
ture and oxygen and water concentration, he showed that 
the chemical reaction and the phosphorescent emission 
cannot originate from the same excited state.

In a preliminary communication11 we reported evidence 
in favor of quartet reactivity in Cr(CN)63 -, based on some 
sensitization results. This work will present in detail the 
results concerning a systematic investigation on the sensi
tization of the Cr(CN)63- photoreaction and emission.
Experimental Section

Materials. Potassium hexacyanochromate(III) (Alfa 
Chemicals, Beverly, Mass.) was recrystallized from 
water.12 The purity of the compound used was determined 
by comparison of its absorption spectrum with published 
data.13-14 Tetrabutylammonium hexacyanochromate(III) 
was prepared from K3[Cr(CN)6] and tetra-n-butylammon- 
ium bromide.10 Xanthone, Michler’s ketone, and 2'-aceto-

(1) V. Balzani and V. Carassiti, "Photochemistry of Coordination Com
pounds," Academic Press, London, 1970.

(2) A. W. Adamson, J. E. Martin, and F. D. Camassei, J . A m e r .  C h e m .  
S o c .,  91, 7530 (1969); J. E. Martin and A. W. Adamson, T h e o re t.  
C h im .  A c ta ,  20, 119  (19711.

(3) V. Balzani, R. Ballardini, M. T. Gandolfi, and L. Moggi, J . A m e r .  
C h e m . S o c . ,  93, 339 (1971).

(4) E. Zinato, P. Tulii, and P. Riccieri, J. P h y s . C h e m ..  75, 3504 (1971 ).
(5) F. Wilkinson, A d v a n .  P h o to c h e m . ,  3, 241 (1964).
(6) G. B. Porter, S. N. Chen, H. L. Schlàfer, and H. Gausmann, T h e o 

r e t .  C h im .  A c ta ,  20, 81 (1971).
(7) S. N. Chen and G. B. Porter, C h e m . P h y s .  L e t t . ,  6, 41 (1970).
(8) C. H. Langford and L. Tipping, C a n . J . C h e m .,  50, 887 (1972); N. A.

P. Kane-Maguire and C. H. Langford, J. A m e r .  C h e m . S o c . .  94, 
2125 (1972).

(9) F. D. Camassei and L. S, Forster, J . C h e m . P h y s .,  50. 2603 (1969).
(10) H. F. Wasgestian, J. P h y s . C h e m .,  76, 1947 (1972).
(11) N. Sabbatini and V. Baizani, J. A m e r .  C h e m . S o c . ,  94, 7587 

(1972).
(12) J. H. Bigelow, In o rg .  S y n .,  2, 203 (1964).
(13) A. Chiang and A. W. Adamson, J . P h y s . C h e m .,  72, 3827 (1968).
(14) H. F. Wasgestian, Z. P h y s . C h e m . ( F r a n k fu r t  a m  M a in ) .  67, 39

(1969).
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TABLE I: Experimental Conditions Used in the Sensitization and Quenching Experiments

Donor
Wavelength of 
excitation, nm Solvent Cr(CN)63“ concn, mol I.” 1

%  of incident 
light absorbed 
by the donor

T ype of 
experiment“

N ap h th a le n e 280 H jO -E tO H
70 %

5 X 1 0 ” 3 99 r.q

Pyrazine 3 1 3 H 20 5 X 1 0 ” 3 to 2 X  1 0 ” 2 > 9 2 r.q
Xanthone 334 H 20 - E t 0 H

5 0 %
5 X 1 0 ” 3 to 2 X  1 0 - 2 > 9 0 r

A crid ine 334 H 20 -E tO H
5 0 %

3 X 1 0 ” 3 to 2 X  1 0 ” 2 > 9 9 r.q

M ich le r's  ke tone 365 H 20 - E t 0 H
5 0 %

2 X 1 0 ”  2 97 r

2 '-A c e to n a p h th o n e 334 H 20 - E t 0 H
5 0 %

1 X 1 0 ” 2 9 9 .9 r

Ru (bipy) 32+ 4 3 3 h 2o 5 X 1 0 ” 4 to 2 X  1 0 ” 3 > 9 3 r.q
433 D M F t  X 1 0 ” 3 96 r,e,q

Erythrosin 530 H 20 2 X 1 0 ”  2 100 r.q
530 D M F 2 X 1 0 ” 2 100 r,e,q

“ r, sensitized photoreaction of Cr(CN)63 - ; e, sensitized emission of Cr(CN)63- ;  q, quenching of the donor emission.

naphthone “ suitable for sensitizer use” (Baker Chemicals, 
Deventer, Holland) were used without further purifica
tion. Pyrazine (Schuchardt, Munich, Germany) was puri
fied by vacuum sublimation. Naphthalene (Carlo Erba, 
Milan, Italy) and acridine (Baker Chemicals) were recrys
tallized from ethanol. Erythrosin (Carlo Erba) was recrys
tallized from water. Tris(2,2'-bipyridine)ruthenium(II) 
chloride was prepared and purified according to Bur- 
stall.15 Dimethylformamide (DMF) “ Baker Instra-Ana- 
lyzed” was used. The other chemicals were of reagent 
grade.

Apparatus. Radiations of 280, 313, 334, and 365 nm 
were isolated from a Hanau Q 400 mercury vapor lamp by 
means of Ealing-TFP interference filters. Radiations of 
433 and 530 nm were obtained from a Philips Attralux 
Spot 150-W incandescent lamp by means of Schott & 
Gen. interference filters (half-width 20 nm). The basic ir
radiation equipment was that previously described.16 The 
incident light at 280, 313, 334, 365, and 433 nm was mea
sured by means of the ferric oxalate actinometer,17 and at 
530 nm by means of the reineckate actinometer.18 The in
tensity of the incident light was of the order of 10” 7 to 
10” 6 Nhv/min. Spectrophotometric measurements were 
carried out with an Optica CF4 NI spectrophotometer. 
Luminescence measurements were performed with a Per- 
kin-Elmer MPF-2A spectrophotofluorimeter. Potentio- 
metric measurements were accomplished with a Knick 
KpH 350 potentiometer.

Procedures. The experimental conditions used in the 
sensitization and quenching experiments are summarized 
in Table I. For all of the donors, preliminary controls were 
carried out to verify their thermal and photochemical sta
bility in the presence of Cr(CN)63” . Trivial emission- 
reabsorption processes were completely negligible in the 
experimental conditions used. Sensitization experiments 
were carried out at 7° in order to minimize secondary 
thermal reactions.13 When necessary, appropriate correc
tions were made for light absorbed by the complex. 
Deaerated solutions were obtained by successive freeze- 
thaw-pumping cycles.

Photoaquation of Cr(CN)63” in aqueous and hydroal
coholic solutions was followed potentiometrically by 
means of a liquid-membrane cyanide-selective electrode

supplied by Amel, Milan, Italy. Potentiometric measure
ments were converted to CN” concentration values by 
means of appropriate calibration plots. When DMF was 
used as a solvent, the potentiometric method did not give 
reliable results. Therefore, the occurrence of the photo- 
reaction was looked for by measuring the spectral varia
tions caused by the conversion of Cr(CN)63” in 
Cr(CN)5(DMF)2" .10

The emission measurements were performed using the 
right angle or the frontal illumination method, depending 
on the absorbance value of the solutions.

Results
Direct Photolysis of Cr(CH)e3~. The photoreaction of 

Cr(CN)63” is a solvation reaction.10’13’11

Cr(CN)63- Cr(CN)5(solv.)2“ + CN"
The quantum yield is 0.1, independent of the wavelength 
of excitation, in both water14 and DMF-water mixtures.10 
In aqueous solutions, we obtained a photoaquation quan
tum yield of 0.1, in agreement with that previously re
ported. When a 50% ethanol-water mixture was used as a 
solvent, the spectral variations on irradiation showed that 
the same photoaquation reaction occurred as in aqueous 
solution, but with a quantum yield of 0.04. The quantum 
yield for the direct photoaquation of Cr(CN)63” did not 
depend on the presence of oxygen in both aqueous and hy
droalcoholic solutions.

Sensitization Experiments. A summary of the experi
mental conditions used in the sensitization and quenching 
experiments is given in Table I.

Pyrazine. Irradiation of solutions containing pyrazine 
and Cr(CN)63“ caused the formation of CN” ions. After 
appropriate corrections for the direct photolysis, the ap
parent quantum yield was obtained. The Stern-Volmer 
plot for the sensitization of the Cr(CN)63” aquation is

(15) F. H. Burstall, J .  C h e m . S o c . ,  173 (1936).
(16) V. Balzani, R. Ballardini, N. Sabbatini, and L. Moggi, In o r g .  C h e m .,  

7 ,  1398 (1968).
(17) C. G. Hatchard and C. A. Parker, P ro c .  R o y . S o c . ,  S e r .  A , 235, 518 

(1956).
(18) E. E. Wegner and A. W. Adamson, J . A m e r .  C h e m . S o c . .  8 8 ,  394 

(1966).
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Figure 1. S te rn -V o lm e r  plot for the  sensitization of the  
C r (C N )63_ photoaquation  by pyrazine: O , ae ra te d  solutions; □ , 
d e aera ted  solution.

m o te ^  l i t e r

Figure 2. S te rn -V o lm e r  plot for the sensitization of the  
C r (C N )63_ photoaquation by xanthone: O , a e ra ted  solutions; □ , 
d e aera ted  solution.

shown in Figure 1. From this plot, a limiting quantum 
yield of 0.1 was obtained. The apparent quantum yield of 
the sensitized photoreaction was higher for deoxygenated 
solutions than for the corresponding aerated ones (see Fig
ure 1). The pyrazine fluorescence was not quenched by 
the complex in the concentration range studied.

Xanthone. Cyanide ions were produced upon irradiation 
of solutions containing xanthone and Cr(CN)63". After 
appropriate corrections for the direct photolysis, the ap
parent quantum yield of the sensitized photoreaction was 
obtained. Figure 2 shows the Stern-Volmer plot for the 
sensitization of the Cr(CN)63- photoaquation. The limit
ing quantum yield calculated from this plot is 0.003. The 
apparent quantum yield is higher for deoxygenated solu
tions than for the corresponding aerated ones (see Figure 
2).

Figure 3. S te rn -V o lm e r plot for the sensitization of the  
C r (C N )63^ photoaquation by acrid ine .

Figure 4. S te rn -V o lm e r plot for the quenching of the R u(b i- 
p y )32+ phosphorescence by S r (C N )63 _ .

Acridine. Irradiation of solutions containing acridine 
and Cr(CN)63- caused the production of CN~ ions. The 
Stern-Volmer plot for the sensitization of the Cr(CN)63  ̂
photoaquation is shown :n Figure 3. The limiting quan
tum yield is 0.01. The apparent quantum yield does not 
depend on the presence of oxygen in the irradiated solu
tions. The intensity of the acridine fluorescence was unaf
fected by the complex.

Naphthalene. Irradiation of solutions containing naph
thalene and Cr(CN)63~ caused the production of CN~ 
ions. In the same conditions, the naphthalene fluorescence 
was strongly quenched by the complex.

Michler’s Ketone. On irradiating deaerated solutions 
containing Michler’s ketone and Cr(CN)63 -, no cyanide 
formation was observed other than that due to the direct 
photoreaction. The sensitized emission of Cr(CN)63~ 
could not be looked for, due to the insolubility of Mich
ler’s ketone in DMF.

2'-Acetonaphthone. No detectable amount of cyanide 
was found upon irradiation of deaerated solutions contain
ing 2' -acetonaphthone and Cr(CN)63~.

Ru(bipy)32+. On irradiating deaerated aqueous solu
tions containing Ru(bipy)32+ and Cr(CN)63~, no cyanide 
production was observed other than that due to the direct 
photoreaction. In the same conditions, the Ru(bipy)32+ 
phosphorescence was strongly quenched by Cr(CN)63~. 
The Stern-Volmer plot of the quenching of the Ru(bi- 
py)32+ phosphorescence is shown in Figure 4; from this
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Figure 5. Energy level diagram showing the energies of the 
electronic excited states potentially involved in the energy trans
fer from the donors used and Cr(CN)63 - . a and a', energies of 
the absorption maxima; b and c, upper and lower limit values 
for the zero vibrational level of 4f 2g as deduced from the half
width of the absorption band and the Stokes shift between ab
sorption and emission, respectively; d, energy of the lowest sin
glet excited state; e, energy of the lowest triplet excited state; f, 
acridine does not appear in this diagram due to the uncertainty 
in determining the excited state involved in the energy transfer.

plot, a quenching constant of 8000 mol-1 1. was calculat
ed. When DMF was used as a solvent, the quenching of 
the Ru(bipy)32+ phosphorescence was accompanied by the 
appearance of an emission band at about 800 nm, which 
corresponds to the well-known phosphorescence emission 
of Cr(CN)63~.10’19 The irradiation of deaerated DMF so
lutions containing Ru(bipy)32+ and Cr(CN)63- did not 
cause any conversion of Cr(CN)63~ to Cr(CN)s(DMF)2 -.

Erythrosin. The irradiation of deaerated aqueous solu
tions of erythrosin and Cr(CN)63“ did not cause cyanide 
production. The luminescence spectra of deaerated DMF 
solutions containing erythrosin and Cr(CN)63- showed 
that the excitation of erythrosin caused the appearance of 
the Cr(CN)63~ phosphorescence at 800 nm. In such condi
tions, no quenching of the erythrosin fluorescence by 
Cr(CN)63“ was observed. The irradiation of the same sys
tem did not cause any conversion of Cr(CN)63~ to 
Cr(CN)5(DMF)2-.

Discussion
Our results indicate that naphthalene, pyrazine, xan

thone and acridine sensitize the Cr(CN)63- photoaqua
tion. The observed sensitized photoreaction most likely 
occurs as the result of electronic energy transfer since, in 
our experimental conditions (see Procedures), other pro
cesses such as the trivial emission-reabsorption and 
chemical reaction between the excited donors and the 
complex do not occur.

The quantum yield of the sensitized photoaquation can
not be calculated from the limiting quantum yields ob

tained using pyrazine, xanthone, and acridine as donors. 
In fact, for pyrazine and xanthone, which function as trip
let donors, the quantum yield of intersystem crossing in 
our experimental conditions is not known, and for acri
dine, the excited state involved in the energy transfer pro
cess is not unequivocally determined (vide infra).

The sensitized photoreaction was not observed when 
Michler’s ketone, 2'-acetonaphthone, Ru(bipy)32+, and 
erythrosin were used as donors. However, in the Ru(bipy)32+ 
-Cr(CN)63~ and erythrosin-Cr(CN)63- systems, the sen
sitization of the Cr(CN)63~ emission proved that energy 
transfer from Ru(bipy)32+ and erythrosin to Cr(CN)63~ 
occurred.

As far as the type of donor excited state involved in the 
energy transfer process to Cr(CN)63 is concerned, the re
sults of our sensitization and quenching experiments allow 
us to infer that pyrazine, xanthone, Ru(bipy)32+, and 
erythrosin function as triplet donors. The quenching of 
the naphthalene fluorescence by Cr(CN)63- indicates 
that, in this case, the energy transfer takes place from the 
lowest singlet excited state. The results obtained with acri
dine are quite peculiar. The absence of any oxygen effect on 
the apparent quantum yield of the sensitized photoreaction 
allows us to exclude that the lowest ir,ir* triplet of acri
dine,20 which has a lifetime of 10“ 4 sec,21 is involved in the 
energy transfer process. On the other hand, since the acri
dine fluorescence is unaffected by Cr(CN)63 -, the fluores
cent ir,it* singlet20 cannot be responsible for the observed 
sensitized photoreaction. Therefore, the acridine excited 
state involved in the energy transfer to Cr(CN)63- cannot 
be unequivocally identified on the basis of our experimental 
results. It must be noted, however, that acridine possesses 
two other excited states, the lowest n,7r* singlet and trip
let, which are situated close to the lowest tr,ir* singlet.21-23 
One of these states could be responsible for the energy trans
fer from acridine to Cr(CN)63 - .

In Figure 5, an energy level diagram is reported showing 
the electronic states of the potential donors and 
Cr(CN)63 -, which are or could be involved in the energy 
transfer processes. The energy values of the donor excited 
states have been taken from the literature.20-24-26 The 
energies of the various doublet states of Cr(CN)63- are 
known from absorption and emission studies.19-27 These 
states, in fact, since they have the same electronic config
uration as the ground state, are not distorted with respect 
to the ground state, so that the absorption and emission 
maxima give directly the energy of the zero-vibrational 
level of the corresponding excited state. On the contrary, 
the value of the pure electronic energy of the 4T2g state 
cannot be obtained spectroscopically. In fact, this excited 
state, since it has a different electronic configuration with 
respect to the ground state, is expected to have considera
bly larger chromium-ligand equilibrium distances than 
the ground state molecule. Consequently, the maximum

(19) H. Gausm ann and H. L. S ch lä fer, J. Chem. Phys.. 48, 4056 (1968).
(20) P. S. Engel and B. M. M onroe, Advan. Photochem., 8, 245 (1971).
(21) A. K ellm ann and J. T. Dubois, J. Chem. Phys., 42, 2518 (1965).
(22) H. Kokubun, Bull. Chem. Soc. Jap.. 42, 919 (1969).
(23) V. Zänker and G. Prell, Ber. Bunsenges. Phys. Chem.. 73, 791 

(1969).
(24) K. K. Innes, J. P. Byrne, and I. G. Ross, J. Mol. Spectrosc., 22, 

125 (1967).
(25) J. N. Dem as and A. W. Adam son, J. Amer. Chem. Soc.. 93, 1800 

(1971).
(26) T. Ohno and S. Kato, Bull. Chem. Soc. Jap.. 42, 3385 (1969).
(27) R. K. M ukherjee, S. C. Bera, and A. Bose, J. Chem. Phys., 53, 

1287 (1970).
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of the absorption band includes a noticeable amount of vi
brational energy of the excited state. From the half-width 
of the absorption band, one can conclude that the zero- 
vibrational level of the 4T2g state lies at least 2000 cm- 1 
lower than the energy of the absorption maximum. As
suming that the potential energy surface of the 4T2g state 
has the same curvature as that of the ground state, from 
the Stokes’ shift between the absorption (26,600 cm-1) 
and the emission (12,000 cm -1) maxima,28 one could infer 
that such a level should be at about 12,000 cm- 1 + 
(26,600 cm-1 to 12,000 cm -1)/2, that is about 19,300 
cm-1. In reality, since the potential energy surface of the 
excited state should be flatter than that of the ground 
state, 19,300 cm ' 1 may well represent a lower limit value 
of the pure electronic energy of the 4 7 ^  state.

Spin-conservation rules5 permit energy transfer from 
both singlet and triplet states of the donor to quartet 
states of the acceptor, whereas they forbid the transfer 
from donor singlet states to doublet states of the complex.

From the diagram of Figure 5, one could conclude that, 
since naphthalene, pyrazine, xanthone, and acridine 
sensitize the Cr(CN)63- photoreaction, whereas Michler’s 
ketone, 2'-acetonaphthone, Ru(bipy)32+, and erythrosin do 
not, the energy of the reactive state of Cr(CN)63- is high
er than 21,000 cm-1 (triplet energies of 2'-acetonaphthone

and Michler’s ketone). However, the results obtained 
using Michler’s ketone and 2'-acetonaphthone as donors 
are not unequivocal, since no experimental evidence 
proved that energy transfer to Cr(CN)63_ really did occur. 
More significant results are those obtained using Ru(bi- 
py)32+and erythrosin as donors. As stated above, these 
donors were found to sensitize the Cr(CN)63_ phosphores
cence (i.e., in both cases, an energy transfer process in
volving the population of the 2Eg state certainly oc
curred), without causing any sensitized reaction.

These results allow us to conclude that (i) the 2Eg state 
is not responsible for the Cr(CN)63_ photochemistry, and 
(ii) the photoreactive state of Cr(CN)63_ lies above 18,000 
cm- 1 (triplet energy of Ru(bipy)32 + ). The 2T2g state, 
which has the same electronic corfiguration as the 2Eg 
state but a shorter lifetime, cannot be responsible for the 
photoreaction. Therefore, the photoreactive state must be 
the 4T2 g state.

With regard to the energy location of the zero-vibration- 
al level of such a state, our sensitization results prove that 
it is certainly higher than 18,000 cm -1, but also suggest 
that it could probably be higher than 21,000 cm -1.

(28) S. N. Chen and G. B. Porter, J. Amer. Chem. Soc.. 92, 2189
(1970).

C O M M U N IC A T IO N S  T O  TH E  ED ITO R

Metal-Ammonia Solutions. X. Single Configuration 
Coordinate Analysis

Publication costs assisted by The Robert A. Welch Foundation

Sir: The solvated electron in liquid ammonia has been the 
subject of considerable experimental investigation.1 
Among the more striking physical properties of these solu
tions is their blue color. This plus the stability of the sol
vated electron species (under rigorous experimental condi
tions) has promoted many investigations of the optical ab
sorption spectrum. In general, the spectrum consists of a 
single absorption band centered near 0.8 eV in the near- 
infrared. The marked asymmetry of this absorption to 
higher energy has been cited as the reason for the charac
teristic blue color. Several suggestions have been made to 
account for the asymmetric shape of the absorption spec
trum. In general these explanations involve the concept of 
two or more overlapping bands which are attributed either 
to higher transitions of the solvated electron or to differ
ent species. Attempts2-3 to resolve any overlapping com

ponents have met with certain difficulties in the case of 
metal-ammonia solutions. In this study we assume that 
the observed asymmetric absorption spectrum is due to a 
single, bound solvated electron transition.

Several theoretical descriptions of the solvated electron 
species have been proposed, but no single description can, 
as yet, account fully for all the observed properties. To ac
count for the optical properties there is, however, one the
oretical description4 formulated in the work of Copeland, 
Kestner, and Jortner (CKJ) based on the cavity model, 
which is more successful than the others.

Physically the cavity model is envisioned as a collection 
of several molecules which are polarized by the presence 
of an excess electron. These solvent molecules are oriented 
to form a region of void space in which the excess electron 
is trapped. For the purposes of the calculations based on 
the CKJ model, the ensemble of solvent molecules and

(1) J. J. Lagowski and M. J. S lenko, Ed., "M eta l-A m m on ia  S o lu tions,” 
B u tte rw orths, London, 1970.

(2) R. Lugo and P. Delahay, J. Chem. Phys.. 57, 2122 (1972).
(3) W. H. Koehler and J. J. Lagow ski, J. Chem. Phys.. 73, 2329 

(1969).
(4) D. A. Copeland, N. R. Kestner, and J. Jo rtne r, J. Chem. Phys . 53, 

1189 (1970).
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the trapped, excess electron are considered to be a single 
species which is referred to as the cavity. It is apparent 
that this species is best described by a 3N coordinate sys
tem where N  is simply the number of solvent molecules 
under consideration. To make the calculations more trac
table this system is reduced to a single coordinate. Prece
dents for this reduction in the number of coordinates and 
the CKJ calculations are numerous, having their origin in 
the description of trapped electron centers in the solid 
state when the single coordinate is associated with the ra
dial displacement of a given number of nearest-neighbor 
ions about the trapped electron center. The motion is con
certed and has been called a “symmetric breathing 
mode,” a term which has now been adopted for the liquid 
state.

It is important to recall at this point the physical signif
icance attached to this symmetric breathing mode. In the 
solid state the physical reality is certainly more valid than 
in the liquid state. Actual displacement of ions in a solid 
lattice is quite small while similar motion in the liquid is 
probably larger. In addition to this radial displacement, 
the molecules of the liquid which surround the solvated 
electron have internal motions of their own5 (i.e., normal 
modes of vibrations) whereas simple ions in a solid lattice 
have not. Thus, one is forced to conclude that the single 
coordinate description (with its attendant symmetric 
breathing mode) is at a lower level of approximation in 
the liquid state than in the solid state.

The object of the calculations using a single coordinate 
description is configurational diagrams (total energy as a 
function of the coordinate) which may indicate a stable 
system. The goal is accomplished both for the solid state 
and for the case of the solvated electron.4 From the calcu
lated configurational diagrams it is possible to further cal
culate the values of experimentally determined quantities 
such as the optical absorption spectrum. For the case of 
the solvated electron in liquid ammonia the configura
tional diagrams have been used to discuss thermodynamic 
properties6 of the solvated electron and the observed ab
sorption spectrum.4 In this discussion we are concerned 
only with the latter properties.

Calculated values of the optical absorption spectrum 
parameters of the ammoniated electron, viz., Emax, posi
tion of maximum intensity; VF, width of absorption at 
half-maximum intensity, dEmax/dT, change of Emax with 
temperature, using the CKJ approach are in good agree
ment with experiment in view of the use of the single con
figuration coordinate. There are, however, notable dis
crepancies which require attention. In general, the calcu
lated value of Umax is larger than observed; the calculated 
value of VF is a factor of 3 or 4 too small; the values of 
dEmSlX/dT calculated from theory are not directly compa
rable7 to experimental values.

Since it is possible to calculate these absorption spec
trum parameters from the configurational diagrams it 
would seem plausible that the reverse procedure can be 
employed. This has been done in several cases. To per
form the calculation of the configurational diagrams from 
the observed optical absorption spectrum it is necessary to 
make several assumptions. These are, in fact, the same 
assumptions made when the configurational diagrams are 
used to calculate the optical absorption spectrum. First, 
we assume the validity of the single configuration coordi
nate. Second, we assume that the configurational diagram 
is accurately represented in the region of importance (i.e.,

near the energy minima) by the juxtaposition of two pa
rabolas. By further assuming that the ground-state config
uration parabola has its minimum at zero on the configu
ration coordinate the number of parameters necessary to 
describe the diagram is reduced to five. The last assump
tion prevents the calculations of the absolute values of the 
configuration coordinate which correspond to the energy 
minima. In spite of this last difficulty, valuable informa
tion may be obtained.

Values of the configuration coordinate parameters thus 
obtained surely lie closer to the true values of such a sys
tem under the given assumptions. Therefore, these more 
accurate values may serve to guide future first-principle 
calculations and future experiments to test the validity of 
such a model.

A recent report8 of the calculation of the configurational 
diagram for the solvated electron in liquid ammonia has 
prompted us to report our work in this area. Our calcula
tions confirm and extend those which have recently ap
peared. Recalling that the single configuration coordinate 
analysis is essentially the same for the solvated electron 
and the trapped electron center in solids we have adopted 
the method of Jacobs and Menon7 (MJ). The actual com
putation consists of an application of the non-linear least- 
squares method. Computations have been performed 
using a large fraction of the optical absorption data in the 
literature.

Details of the previous calculations (CKJ), Tachiya, 
(MJ) can be obtained from the cited references. In this 
report it is our purpose only to briefly describe the param
eters calculated and to present preliminary results. The 
energy of the ground state is given by

Eg(R) = l/2 K g R 2 (1)

where R is the configuration coordinate and Kg is the 
“ force constant” for the ground state. The energy of the 
excited state is given by

E e( R )  = % K e(R -  R')2 + E0 (2 )

where R' is the configuration coordinate offset and E0 the 
energy offset of the excited state parabola relative to the 
ground state parabola. The quantity Ke is the force con
stant for the excited state. In addition to the four parame
ters Kg, Ke, R', and Eo it is also possible to calculate the 
frequency of vibration (hv) for the motion of the species 
described by the single configuration coordinate. The as
sumption of parabolic configurations diagrams requires 
that the species is a harmonic oscillator.

The values of the configuration coordinate parameters 
are given in Table I.9’10 A configuration coordinate di
agram calculated from one set of data is given in Figure 1. 
As a check on the calculations the value of Emax calculat
ed is compared to that reported in the original investiga
tions. Values of dEmax/ dT were calculated using the con
figuration coordinate parameters corrected to constant 
pressure.7 In general these values are in good agreement 
with the experimental, being negative but somewhat 
smaller in magnitude than the observed.

Several conclusions are immediately apparent from the 
results. In contrast to the CKJ calculation the force con-

(5) P. F. Rusch and J. J. Lagowski, J. Phys. Chem., 77, 210 (1973).
(6) G. Lepoutre and J. Jo rtne r, J. Phys. Chem., 7 6 ,6 8 3  (1972).
(7) W. M. Jacobs and A. K. Menon, J. Chem. Phys., 55, 5357 (1971).
(8) M. Tachiya, Chem. Phys. Lett.. 15, 575 (1972).
(9) R. K. Quinn and J. J. Lagow ski, J. Phys. Chem.. 73, 2326 (1969).

(10) M. Gold and W. L. Jo lly, Inorg. Chem., 1, 818 (1962).
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TABLE I: Configuration Coordinate Diagram Parameters

Solution Ref
Kg,

e V /A 2
Ke,

e V /A 2
Eo,
eV

R ’, 
A

hv,
c m -1

fm a x i eV

Calcd Obsd

0.00032 M  Na -70° 9 0.622 2.046 0.699 0.466 266 0.868 0.860
0.0229 M  Na -65° 10 0.699 1.984 0.636 0.484 297 0.823 0.806
0.0229 M  Na -55° 0:672 1.739 0.643 0.484 425 0.798 0.786
0.0229 M  Na -45° 0.712 2.038 0.597 0.473 231 0.781
0.008 M  Na -45° 10 0.720 1.990 0.603 0.478 260 0.786 0.783
0.0105 M 0.728 2.033 0.601 0.478 272 0.787 0.780
0.0118 M 0.668 1.862 0.598 0.492 267 0.778 0.779
0.0133 M 0.698 1.976 0.597 0.480 217 0.783 0.775
0.0295 M 0.702 1.978 0.579 0.487 143 0.775 0.770

TABLE II: Temperature Dependence of £max (all Data in cm~1/°C)

(Ô E m a x /3 7 ) P

Solution Ref ( â £ m a x /Ô T )„ “ ( a / ( i ) ( d E m ax/ d P ) r f Calcd Obsd

0.00032 M  Na -70° 9 -1.6 4.1 -5.7 -12
0.0229 M  Na -65° 10 -1.3 4.6 -5.9
0.0229 M  Na -55° -1.1 5.7 -6.8 -14.1
0.0229 M  Na -45° -1.3 6.9 -8.2 -11.3
0.008 M  Na -45° 10 -1.3 6.9 -8.2
0.0105 M  
0.0118 M  
0.0133 M  
0.0295 M

a Calcu la ted from  configu ra tion  coord ina te  param eters. b C alcu la ted  from  data of U. Sch indew olf, re f 1, p 199.

stant of the excited state is larger than that for the ground 
state (Ke > Kg). Such a conclusion can also be obtained 
from a simple moment analysis11 of the observed optical 
absorption data. The value of R' calculated here is much 
larger than that obtained by the CKJ calculation. This 
conclusion, coupled with the value of Eo and the magni
tude of the force constants, indicates that the emission 
spectrum for these systems would be red-shifted with re
spect to the absorption spectrum as was proposed earlier. 
Since the two configurational diagrams do not cross the 
possibility of radiationless decay seems unlikely. From the 
data in Table I and Figure 1 this simple configuration 
coordinate diagram shows that the maximum of the emis
sion spectrum would be expected at about 0.63 eV (1.96 p) 
and would be skewed to lower energy. Although this emis
sion may occur from a relaxed 2p state (not calculated 
here), the energy is not expected to be significantly differ
ent. Observation of this emission would be complicated by 
the intense solvent absorption5 in the same region.

The value of hv, the frequency of the normal mode of 
vibration for the configuration coordinate, is larger than 
given by previous calculations.4 Since this vibration is 
identical with the symmetric breathing mode proposed 
earlier4 it would be expected to be Raman active. The ob
served Raman spectra12 do not contain a band at the pre
dicted frequency probably for the same reasons cited ear
lier.12 The absence of the vibration for the symmetric 
breathing mode suggests that the single configuration 
coordinate description of the solvated electron cavity is 
perhaps not correct. The single configuration coordinate 
may be some average of coordinates which are not local
ized in a single mode.

There is, however, a change in the low-energy region of 
the Raman spectrum of a liquid ammonia solution of sol
vated electrons relative to the spectrum of the pure sol-

Figure 1. Configuration coordinate diagram from the experimen
tal data in ref 9. Line A corresponds to the maximum in the ob
served absorption spectrum and line B to the maximum in the 
predicted emission spectrum.

vent. This change is in the region about hv predicted by 
the calculations given here. At this point, we must con
clude that any correspondence between these facts and
(11) P. F. Rusch, unpublished results.
(12) (a) W. H. Koehler and B. Sm ith , Proc. Int. Cont. Nature Metal- 

Ammonia Solutions, 3rd, 7S72, in press; (b) M. G. D eB acker, P. F. 
Rusch, B. de B ettign ies, and G. Lepoutre, ibid.
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the calculations seems to be purely fortuitous. Perhaps 
more detailed calculations along the lines indicated will 
reconcile the apparent anomalies.

In addition to the single configuration coordinate calcu
lation there have been several other calculations presented 
to account for the solvated electron absorption spectrum 
in liquid ammonia. Perhaps the most recent method13 is 
the extension to two coordinates which represent various 
motions of the solvent molecules in the cavity. Another 
possibility is to allow for relaxation of the Frank-Condon 
principle in the system. Such a method was proposed in 
1969 and used to show that a distribution of cavity radii11 
(configuration coordinate) could explain the width of the 
absorption spectrum. A similar method6 more recently 
proposed assumes that the observed absorption spectrum 
is composed of spectra due to cavities with different num
ber of solvent molecules. Using four and six solvent mole
cules leads to only a small improvement of the calculated 
absorption spectrum.
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Ionic Conductivities and Dielectric Friction

Sir: The results of the theory of ionic mobilities which is 
based upon the dielectric friction1 acting on the moving 
ions have been evaluated for cations in a variety of solvent 
media.2,3 It has been shown that the theory accounts ade
quately for the values of the ionic Walden products (A,0?;) 
of tetraalkylammonium ions in dipolar aprotic solvents 
and (with the introduction of an appropriate correcting 
factor) also for R4N+ in monoprotic solvents.3

For alkali metal ions, however, the agreement is poor. 
The Walden products calculated using the crystal radii of 
these ions are significantly smaller than the experimental 
ones. It has been proposed2 that the dielectric saturation 
of the solvent dipoles in the vicinity of the moving ion 
would reduce the dielectric friction acting upon it, thus 
accounting for the observed discrepancy. This suggestion 
was based on the calculation of dielectric friction employ
ing a step function for the dependence of the medium 
permittivity (e) with the distance from the ion. It was as
sumed2 that t = eo (fo is the static dielectric constant of 
the medium) for R > Ro and £ = e„ (£„ is the optical 
dielectric constant) for the regions where R < Ro. A sig
nificant reduction of the discrepancy between experimen
tal and predicted ionic conductivities for alkali metal ions 
was apparent,2 and suggested that the use of a more real
istic function to express the change of £ with distance 
from the ion might improve further the agreement be
tween calculated and experimental (Ai0?;) for alkali metal 
ions.

V\
Figure 1. Walden product vs. the reciprocal of ine ionic crystal 
radii for monovalent ions in acetone at 25°. Experimental values 
correspond to the following: (1) Li+, (2) Na+, (3) K+ , (4) Cs+,
(5) Me4N + , (6) Et4N + , (7) Pr4N + , (8) Bu4N + . The curves are 
explained in the text.

In the present communication the results of such calcu
lation are reported. The solvent permittivity was consid
ered to vary with the ionic electric field according to 
Booth’s equation,4 and the differential equations describ
ing dielectric friction were numerically integrated. The 
calculation was performed for monovalent ions in acetone 
at 25°. The results are illustrated in Figure 1 where the 
calculated Walden products, when dielectric saturation is 
considered (dashed lines) and when there is no dielectric 
saturation (full line), are compared to the experimental 
values.5

The curves in Figure 1 show that the calculated ionic 
conductivities, when dielectric saturation is taken into ac
count, are smaller (except for very small ionic size) than 
in the case when e is made equal to £o. Thus, the discrep
ancy between predicted and experimental Walden prod
ucts for alkali metal ions is increased by the effect of di
electric saturation. It now becomes evident that as £ de
creases due to dielectric saturation the mobility of ions is 
reduced as if the solvent effectively had a lower dielectric 
constant. On the other hand, when the value of £ is very 
near t „ (very small ions) dielectric friction is considera
bly reduced because in this case the excess charge due to 
dielectric relaxation of the solvent dipoles,1 which is 
roughly proportional to (e -  e„), becomes small. In this 
limiting case the calculated mobilities which result are 
larger than those predicted for a field independent permit
tivity. This is the reason why the crude model previously 
employed2 seemed to reduce the discrepancy; the step 
function made e = t „ in a considerably larger region near 
the ion which then did not contribute to dielectric fric
tion.

The failure of dielectric friction to explain the values of 
the ionic conductivities of alkali metal ions may be due to 
the fact that in its derivation1 the velocity field of the sol-

(1) R. Zw anzig. J. Chem. Phys., 52, 3625 (1970).
(2) G. A tk inson  and R. Fernandez-P rin i, J. Phys. Chem., 75, 239

(1971):
(3) R. Fernandez-P rin i, An. Assoc. Quim., Argent., 60, 65 (1972).
(4) F. Booth, J. Chem. Phys., 19 ,391 (1951).
(5) D. F. Evans, J. Thom as, J. A. Nadas, and M. A. M ates ich , J. Phys.

Chem., 75, 1714 (1971).
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vent in the vicinity of the moving ion is considered to be 
the same as in the vicinity of a moving uncharged sphere; 
thus it is assumed not to be affected by the electrostatic 
interaction of the moving ion with the solvent dipoles. 
This electrostatic interaction would increase the residence 
time of oriented solvent dipoles near the ion and, conse
quently, the friction due to the dielectric relaxation of the 
solvent would be reduced. The neglect of this electrostatic 
effect would be particularly important when the electro
static force is large, i.e., for small and/or polyvalent ions.

D e p a rta m e n to  d e  F is ic o q u ím ic a  R. Fernández-Prini
F a c u lta d  d e  F a rm a c ia  y B io q u ím ica  
U n iv ers id a d  de B uenos A ires  
B uenos A ires , A rg e n tin a

Received November 3, 1972

Raman Spectroscopic Evidence for Contact Ion Pairing 
In Aqueous Magnesium Sulfate Solutions

Publication costs assisted by Environment Canada
Sir: A number of physiochemical methods1“5 have been 
used to study ion association in aqueous MgSC>4 solutions. 
Based on ultrasonic absorption studies, Atkinson and Pe- 
trucci6 have proposed that the following three-step process 
occurs in aqueous MgSC>4 solutions

Mg2+( aq) +  S042- (aq) [Mg(WW)S04]

[Mg(W)S04] [MgS04] (1)
Recently Raman spectroscopy has been used to study 

aqueous MgSC>4. Daly, Brown, and Kester7 have proposed 
that the only type of ion pairing in MgSC>4 solutions con
sistent with their Raman data is solvent separated ion 
pairing. Their evidence is based on a Raman study of the 
effect of Na+ and Mg2+ on the dissociation of the HSO4“ 
ion. In the course of Raman work in our laboratory it was 
observed that the Raman spectrum of aqueous MgS04 
(Figure la) is different from that of aqueous Na2S0 4 (Fig
ure lb). As Figure lb shows, the vi(Ai) mode of the sul
fate ion, for a Na2S04 solution, is a symmetric band cen
tered around 982 cm-1. For a MgS04 solution (Figure la), 
the envelope is slightly asymmetric to the high-frequency 
side and the envelope may be resolved into two bands at 
982 (half-width, 14 cm-1) and 995 cm-1 (half-width, 25 
cm“ 1). The relative intensity of the band at 995 cm-1 in
creases when MgCl2 is added to the solution. No differ
ences between Na2S04 and MgS04 solutions were ob
served in the other frequency regions of the Raman spec
trum (v2(E) = 450 cm“ 1; ('3(F2) = ■—1115 cm-1; ihi(F2) = 
616 cm-1). Further spectroscopic evidence for an interac
tion between Mg2+ and SO4“ in aqueous solution is 
provided by the infrared spectrum, where the normally in
frared forbidden ¡'i(Ai) band occurs as a weak band cen
tered around 985 cm“ 1. In nitrate systems, perturbations 
in the ¡'i(Ai) region of the Raman spectrum have been 
shown to occur only when a complex or contact ion pair is 
formed;8“10 therefore, it appears that contact ion pairs are 
formed in aqueous MgSC>4 solutions.

The previous Raman study of dilute magnesium sulfate 
solutions7 (<0.2 M) has been extended to higher concen-

Figure 1. Raman spectrum of (a) 2.0 M  MgS04 (900-1200 
cm“ 1) and (b) 1.72 M  Na2S04 (900-1200 cm“ 1).

TABLE I: Comparison between the Concentration of Magnesium 
Sulfate Contact Ion Pairs Measured by the Raman Technique 
and by the Ultrasonic Technique

C ontact ion-
C ontact ion- paired [M g S 0 4] 

paired [M g S 0 4] by u ltrason ic , a, from
[M g S 0 4], M by Raman, M Ma Ram an resu lts6

0.10 0.01 0.008 0.10
0.81 0.10 0.08 0.12
1.01 0.13 0.10 0.13
1.41 0.15 0.14 0.11
1.61 0.17 0.16 0.11
2.50 0.28 0.25 0.11

a Calcu la ted using equ ilib rium  constants from  ref 6; K1 =  50.1, K 2 =  
1.95, K 3 =  0.17. 6 a =  [M g S 0 4]/C .

trations (2.5 M) in order to enhance any ion pairing ef
fects. The Raman spectra of several aqueous MgSC>4 and 
Na2SÛ4 solutions were recorded on a Jarrell-Ash Raman 
spectrometer (Model 25-500) using a Spectra-Physics 
Model 165 argon ion laser operated at 4880 Â and 800 mW 
as the excitation source. Band contours were resolved with 
a Du Pont curve analyzer, and band intensities, relative 
to the 459 cm“ 1 band of C C I 4 ,  were measured with an ac
curacy of ±2%. The sum of the relative intensities of the 
982- and 995-cm“ 1 bands from MgS04 solutions fell on 
the same straight line as the relative intensities of the 
982-cm” 1 band from Na2S04 solutions when they were 
plotted against sulfate concentration. The relative intensi
ty of the 995-cm“ 1 band was greater than 10% of the total

(1) F. H. F isher, J. Phys. Chem., 66, 1607 (1962).
(2) D. R. Kester and R. M. Pvtkow icz, Limnol. Oceanogr., 13, 670 

(1968).
(3) W. L  M arshall, J. Phys. Chem., 7 1 ,3 5 8 4  (1967).
(4) M. Eigen and K. Tam m , Z. Eiektrochem., 66, 107 (1962).
(5) W. A. Adam s and A. R. Davis, Proc. Electrochem. Soc., (1972).
(6) G. A tkinson and S. Pétrucci, J. Phys. Chem., 70, 3122 (1966).
(7) F. P. Daly, C. W. Brown, and D. R. Kester, J. Phys. Chem., 76, 

3664 (1972).
(8) G. J. Janz, K. Ba lasubrahm anyam , and B. G. O liver, J. Chem. 

Phys., 51, 5723 (1969).
(9) B. G. O liver and A. R. Davis, J. Inorg. Nucl. Chem., 34, 2851

(1972).
(10) A. R. D avis and C. Chong, Inorg. Chem., 11, 1891 (1972).
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intensity under the 982 cm-1 ■+ 995 cm ' 1 envelope in 
every MgS04 solution. The concentration of MgS04 con
tact ion pairs was calculated using the following relation
ship

[MgSOJ = C
1 982 » 1 995

where C is the stoichiometric concentration of MgS04, 
determined as magnesium using atomic absorption spec
troscopy.

In Table I the concentrations of contact ion-paired 
MgS04 found by the Raman technique are compared with 
those calculated from ultrasonic results.5 The agreement 
between the methods is good, and the results support our 
assignment of the bands at 982 and 995 cm-1.

Our Raman results indicate that it is not possible to 
distinguish the two types of solvent separated ion pairs in 
eq 1 from each other or, the sulfate in solvent separated 
ion pairs from the solvated sulfate ion. The band at 982 
cm-1 seems to originate from sulfate in all three of these 
forms, [S042- (aq)], [MgWWS04], and [MgWS04], where
as the band at 995 cm-1 originates only from sulfate in 
the contact ion pair [MgS04].

Water Quality R e se a rch  D ivision  Anthony R. Davis*
Departm ent of the Environm ent Barry G. Oliver
Ottawa, Ontario

Received January 11, 1973

Thermal Decomposition of Cyclobutanone

Publication costs assisted by the Research Council of Alberta

Sir: A recent article on the thermolysis of cyclobutanone1 
contains a confirmation of the Arrhenius parameters of 
Das, et al.,2 for the production of ethylene and ketene, 
but compares rather poorly with the original data of 
Blades3 for the minor products, cyclopropane and carbon 
monoxide. An activation energy for the latter reaction 4.4 
kcal mol' 1 higher than the former is to be compared with 
the previous value of 6.0 ±  0.5 kcal mol-1, an intrinsically 
more reliable figure since it was derived from relative rate 
measurements. It is noteworthy, however, that both sets 
of data indicate relative rates within 5%.

The computational procedure of O’Neal and Benson4 
which has been used in evaluating the rate parameters for 
these two modes of decomposition depends on heats of 
formation of diradicals determined from the independent 
removal of two H atoms from linear molecules and on the 
activation energies of geometric and structural isomeriza- 
tions and decompositions. The heat of formation of the 
simplest such diradical, trimethylene, has been ques
tioned on interpretational grounds5 and, since the publi
cation of Hoffmann’s6 theoretical study of trimethylene 
employing extended Hiickel molecular orbital theory, sev
eral articles7-11 dealing with the generation of potential 
energy surfaces based on semiempirical and ab initio 
quantum mechanical methods for small ring compounds 
have appeared. Also the correlations of these surfaces with 
the kinetic behavior of these systems under thermal con
ditions have been discussed. These calculations predict a 
small barrier for ring closing, ~ 1  kcal mol-1, of trimethy
lene diradical to cyclopropane,7-9’10 in disagreement with 
Benson’s estimate of 9.3 kcal mol-1. Hence, any definitive

pronouncements on the involvement of a particular dirad
ical and/or concerted pathways in more complex systems, 
such as cyclobutanone, seems premature. These consider
ations are of particular significance in the possibility of 
the diradical COCH2CH2CH2 undergoing a concerted 
rearrangement to cyclopropane and CO, which was ruled 
out on the grounds that the activation energy is “ likely to 
be much higher” than “ the normal C4 ring-closing activa
tion energy, 6.6 kcal mol-1.”

McGee and Schleifer also carry out a calculation de
signed to show that the thermal rearrangement of cyclo
propane should be negligible under reaction conditions. 
An alternate source of propylene would be cyclopropane 
formed in the reaction with energy in excess of the activa
tion energy for its rearrangement (65.1 kcal mol-1).12 
Using 58.0 kcal mol-1 as the activation energy for cyclo
propane formation,3 the excitation energy of cyclopropane 
and CO is 51.4 kcal mol-1 plus an amount determined by 
the “ energy distribution of the products” function which 
is a maximum at [(s -  1 )RT + 51.4] where s is the num
ber of oscillators taking part in intramolecular energy 
transfer. With s ^  15, this suggests a most probable prod
uct energy of 70 kcal mol-1 which must be partitioned 
between cyclopropane and CO. In view of the pressure of 
the system, p, < 40 Torr,1 in relation to the effect of pres
sure on the cyclopropane rearrangement,12 some propyl
ene should be expected, and, indeed, has been reported.3 
It is interesting to note that the heat of formation of the 
C3H6 entity initially formed will determine the energy 
partitioned between it and CO, and hence the formation 
of propylene is, theoretically at least, a key to the pre
ferred mechanism.

It is perhaps worthy of note with regard to reaction 
mechanisms that activation energies define only the mini
mum energy path for reaction, but in no way exclude for
mation of the same products via a quite distinct mecha
nism whose activation energy, if measurable, would be 
higher. This point is well illustrated by cyclobutanone in 
the formation of cyclopropane and CO via the ground sin
glet in thermolysis3 and the triplet in photolysis.13 Clearly 
additional thermolysis studies, particularly of substituted 
cyclobutanones,14 will be of considerable value in the un
derstanding of reaction mechanisms.

(1) T. H. M cGee and A. S ch le ife r, J. Phys. Chem., 76, 963 (1972).
(2) M. N. Das, F. Kern, T. D. Coyle, and W. D. W alte rs, J. Amer. 

Chem. Soc., 76, 6271 (1954).
(3) A. T. B lades, Can. J. Chem., 4 7 ,6 1 5  (1969).
(4) H. E. O 'N eal and S. W. Benson, J. Phys. Chem., 72, 1866 (1968); 

S. W. Benson, “ Therm ochem ica l K ine tics ," W iley, New Y ork, N. Y., 
1968.

(5) G. R. Freem an, Can. J. Chem., 44, 245 (1966).
(6) R. H offm ann, J. Amer. Chem. Soc., 90, 1475 (1968).
(7) R. Hoffm ann, S. Sw am inathan, B. G. Odell, and R. G le ite r, J. Amer. 

Chem. Soc.. 92, 7091 (1970).
(8) R. Hoffm ann, C. C. Wan, and V. Neagn, Mol. Phys., 19, 113 

(1970).
(9) P. J. Hay, W. J. Hunt, and W. A. Goddard, I I I ,  J. Amer. Chem. 

Soc., 94, 637 (1972).
(10) J. A. Horsley, Y. Jean, C. M oser, L. Salem , R. M. Stevens, and J. 

S. W right, J. Amer. Chem. Soc., 94, 279 (1972).
(11) J. S. W right and L. Salem , J. Amer. Chem. Soc., 94, 322 (1972).
(12) E. W. Schlag and B. S. Rabinovitch, J. Amer. Chem. Soc., 82, 

5996 (1960).
(13) H. O. Denschlag and E. K. C. Lee, J. Amer. Chem. Soc., 90, 3628 

(1968).
(14) H. A. J. Carless and E. K. C. Lee, J. Amer. Chem. Soc., 92, 4482, 

6682 (1970); 94, 1 (1972).
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Comment on the Communication, “Thermal 
Decomposition of Cyclobutanone,” by A. T. Blades and
H. S. Sandhu

Sir: In the above-mentioned communication Blades and 
Sandhu indicate a possible discrepancy in previously pub
lished data on the activation energy for the formation of 
cyclopropane in the thermal decomposition of cyclobuta
none. In results published by Blades1 the activation energy 
for cyclopropane formation obtained from relative rate 
measurements was determined to be 6.0 ±  0.5 kcal/mol 
higher than that for the formation of ethylene. The data of 
McGee and Schleifer2 indicate activation energies of 51.9 ±
0.8 and 56.3 ±1.2  kcal/mol for ethylene and cyclopropane, 
respectively, resulting in a difference of 4.4 ±  2.0 kcal/mol.

The relative rates have been graphed on an Arrhenius 
type plot (Figure 1) to resolve this problem3 since such an 
analysis should be inherently more accurate. A value of
5.5 ± 0.3 kcal/mol for the difference in activation energies 
is calculated from this plot. We feel that within experi
mental conditions, this result is in agreement with that 
previously published by Blades. Along with our reported 
value of 51.9 kcal/mol for the activation energy for ethyl
ene formation this results in an activation energy of 57.4 
kcal/mol for the cyclopropane formation. This slightly re
vised figure does not alter any of the mechanistic conclu
sions already published.2

Figure 1. Plot of log |R(C2H4)/fl(A)J vs. the reciprocal of the ab
solute temperature.

A larger disagreement exists between theoretical and 
experimental values of the C3 ring-closing activation ener
gy as discussed above by Blades and Sandhu. These dis
crepancies are not resolved and clearly additional studies 
are required in this area. It should be noted, however, 
that using 1.0 kcal/mol as a lower limit for the C3 ring
closing activation energy results in a calculated Ea = 69.6 
kcal/mol for the formation of cyclopropane via the 
■COCH2CH2CH2- diradical. The observed Ea = 57.4 
kcal/mol (as recalculated above) remains significantly 
lower. Thus, the concerted decomposition of cyclobuta
none into C-C3H6 and CO is still favored as the dominant 
reaction mechanism.

Finally, the calculations of McGee and Schleifer indi
cated that within the experimental conditions employed 
the rate of propylene formation from cyclopropane is neg

ligible, but not zero. The analysis of Blades and Sandhu 
supports this in that their results indicate propylene forma
tion to the extent of less than 1% of the cyclopropane.1 Un
fortunately, this amount was not detectable with accuracy 
under our experimental conditions. The formation of pro
pylene does not conflict with the conclusion that cyclopro
pane and carbon monoxide are formed in the decomposition 
of cyclobutanone via a concerted mechanism. The forma
tion of propylene to such a small extent substantiates the 
conclusion that the trimethylene diradical is not formed 
during the reaction.

(1) A. T. B lades, Can. J. Chem., 47, 615 (1969).
(2) T. H. M cGee and A. S ch le ife r, J. Phys. Chem., 76, 963 (1972).
(3) The authors thank Dr. B lades fo r th is  suggestion.
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Chemical Relaxation of Aqueous Rhodamine B1

Sir: The concentration-jump relaxation method has re
cently been applied to studying the kinetics of fast reac
tions2 and bonding in dye aggregates.3 In the present work 
we used the technique to the dimerization of the laser dye 
rhodamine B in aqueous solution. Knowledge of the spec
troscopic properties, as well as the kinetics of the aggrega
tion of the dyes involved, is basic to the understanding of 
organic dye lasers, since dimer formation is detrimental to 
laser action in most cases.4

The single relaxation times r of the monomer (M+)- 
dimer (D2+) equilibrium

2M+ D2+ (1)
0*-.

of the dye we measured at 9 and 22°, range from 0.67 to 
3.65 msec if the total concentration Ct is between 1.82 X  

10~5 and 5.45 X  10-6 M  (Figure 1). At larger Ct the re
laxation is too fast for the method used, and at smaller Ct 
the dimer concentration Cd is too low. Due to large OD 
changes, as well as to sufficiently large perturbations 
caused by sudden 11-fold dilution, we were able to mea
sure shorter relaxation times than the ca. 1.5-msec dead 
time of our Gibson-Milnes type stopped flow apparatus. 
In such a case, while the system is far from equilibrium, 
the nonlinear part of the relaxation occurs during the 
dead time. The linear end of the relaxation, that would 
correspond to a small perturbation, is observed after stop
ping.

The experiments were performed at natural ionic 
strength of the dye solutions, where the square of the re
ciprocal relaxation time r ~2 of equilibrium 1 is given in 
terms of total concentration Ct by

(1) Taken in part from  M. M. W ong's Ph.D. Thesis, to be subm itted  at 
the U nivers ity  of Georgia.

(2) Z. A. S chelly, R. D. Farina, and E. M. Eyring, J. Phys. Chem.. 74. 
617 (1970).

(3) Z. A. S chelly, D. J. H arw ard, P. H ertim es, and E. M. Eyring, J. Phys. 
Chem., 74, 3040 (1970).

(4) J. E. Selwyn and J. I. S te in fe ld , J. Phys. Chem., 76, 762 (1972).
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lim t -2 = q/z-!2 (4)
cT-o

and K = oki/ok-i, based on non-linear least-squares fit
ting of the experimental data. The equilibrium constants 
K  = Cd/Cm2 were computed from the absorption spectra 
taken at 9 and 22°,4 using an iterative method previously 
described.6 At the two temperatures, Ag« = 1.55 x 103 
M -1 and K22°<= 1.44 X  103 M -1 . At 9° the forward and 
reverse rate constants are 0ki = 3.1 X  10® M -1 sec 1 and 
0k -i  = 2.0 x 102 sec-1; at 22° o^i = 4.5 x 105 M -1  sec-1 
and o^-i = 3.2 X  102 sec-1. The activation energy for as
sociation is £ i = 4.9 kcal mol-1, and for the dissociation 
reaction E -i = 5.8 kcal mol-1. These values are in good 
agreement with AH° = —935 cal mol-1 of the equilibri
um.

Other laser dyes in different solvents are also being 
studied at the present time, and a comparative analysis 
will be presented later.

T_2 =  °kA r J + ] V »  (2 )
Equation 2 is obtained from the expression for the recip
rocal relaxation time r -1 of equilibrium l 5

, / d , / m2
r-1 = ô -i +  40k i (3)

by using the relationships o^i/o^~i = Cd/d/C m2/m2 and 
Ct = Cm + 2Cd. Since the activity coefficients f\ —» 1 as 
Ct —*■ 0, the ionic strength independent forward 0k i and 
reverse ok-i rate constants were determined from (2) 
using
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