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ABSTRACT 

Liquid  water   and  a lcohols   have  been shown t o  undergo  photoionizat ion 

when s u b j e c t e d   t o  vacuum u l t r a v i o l e t   i n   t h e   r a n g e   o f  180 t o  260 nm. 

Hydra t ed   e l ec t rons   have   been   i den t i f i ed   a s   p roduc t s   o f   pho to lys i s   i n  

l i q u i d   w a t e r  by a number o f   c h a r a c t e r i s t i c   r e a c t i o n s   u s i n g   c o m p e t i t i o n  

k i n e t i c s   a s  a q u a n t i t a t i v e   c r i t e r i o n .  The  r e a c t i o n s  

were u s e d   a s   t h e   p r i n c i p a l   a n a l y t i c a l   t o o l ,   a n d   t h e   r e a c t i o n s  

e- + H,o+, eaq + C d 2 + ,  and e- + Yb3+ 
- 

aq aq 

were used a s   d i agnos t i c   compe t ing   r eac t ions .  The photoproduction  of 

e l e c t r o n s  was shown t o  be t h e  r e su l t  of a s ing le   photon   process   wi th  a 

cutoff  wavelength  of 205 nm. Pho to ion iza t ion  of l i qu id   wa te r   t hus   occu r s  

a t   e n e r g i e s   s i g n i f i c a n t l y  (> 6.5 eV) be low  the   i on iza t ion   po ten t i a l   i n  

the   gas   phase .  A p a r a l l e l   i n v e s t i g a t i o n   o f   t h e   p h o t o d i s s o c i a t i o n   o f  

w a t e r   t o  H + OH sugges t s   t ha t   pho to ion iza t ion   and   pho tod i s soc ia t ion   o f  

l i q u i d   w a t e r   i n v o l v e   t h e  same excited s t a t e ;   t h e   c r o s s   s e c t i o n  for photo- 

d i s s o c i a t i o n  of water  i s  about  seven times l a r g e r   t h a n   t h a t   f o r   p h o t o -  

i o n i z a t i o n .  The  quantum y i e l d  of e' i n   w a t e r  is 0.077, aq 

The pho to lys i s  of D,O and of methanol show analogous  behavior .  The 

p h o t o i o n i z a t i o n   l i k e   t h e   p h o t o d i s s o c i a t i o n  of D,O was f o u n d   s h i f t e d   t o  

shor te r   wavelengths   in   accord   wi th   the   absorp t ion   spec t rum  of  D,O. The 

photoionizat ion  of   methanol  was shown t o   i n v o l v e   t h e  same e x c i t e d   s t a t e ,  

l e a d i n g   t o   t h e   c l e a v a g e   o f   t h e  C-0 bond a n d   r e s u l t i n g   i n   t h e   f o r m a t i o n  

of  methane. The  quantum y i e l d  of pho to ion iza t ion  of methanol i n   t h e   r a n g e  

240 t o  260 nm may be a s   h i g h   a s  0.5. n-Butanol was a l so   found   t o   unde rgo  

photo ioniza t ion ,   though  apparent ly   wi th  a lower quantum y i e l d .  
- 

The poss ib l e  mechanisms  of   photoionizat ion  of   protonic   associated 

l i q u i d s   a r e   d i s c u s s e d .  The p h o t o i o n i z a t i o n   o f   l i q u i d   w a t e r   a t   r e l a t i v e l y  

long  wavelengths  has  geochemical  and  cosmochemical  implications,  as well 

a s   impor t an t   i npu t s   t o   pho tochemis t ry   and   r ad ia t ion   chemis t ry .   These  

t o p i c s   a r e   p r e s e n t e d   i n   t h e   l a s t   p a r t   o f   t h i s   r e p o r t .  

i i  
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I INTRODUCTION 

Th i s  is  a f i n a l   r e p o r t   o f   P r o j e c t  NAS-2-5937, s t a r t e d  on Apr i l   20 ,  

1970,   and  completed  on  Apri l   9 ,   1971.  I t  w a s  a con t inua t ion  of P r o j e c t  

NAS-2-5119, s t a r t e d  on  October 1, 1968,   and  cont inued  unt i l   September  30, 

1969.   The   pr ime  ob jec t ives   o f   th i s   p ro jec t  were t o  e s t a b l i s h   t h e   o c c u r -  

r e n c e   o f   p h o t o i o n i z a t i o n   o f   l i q u i d   w a t e r   a t   t h e   t h r e s h o l d   o f   t h e  vacuum 

uv ( A  > 180 nm) and t o   e l u c i d a t e  i ts  mechanism.  These  objectives  have 

been   accompl ished   in   fu l l .   Dur ing   Pro jec t  NAS-2-5119, p r e l i m i n a r y   r e s u l t s  

were ob ta ined   t ha t   have   been   subs t an t i a t ed   and   ex tended   du r ing   t he  1970- 

1971   p ro jec t .  The t o t a l   l e v e l   o f   e f f o r t   o f   b o t h   p r o j e c t s   h a s   b e e n   o n l y  

13 man-months,  and the   ex tens ive  amount of work accomplished is due   i n  

p a r t   t o   t h e   a s s i s t a n c e   o f   t h e   t e c h n i c a l   s t a f f   o f   t h e   M a t e r i a l s   R e s e a r c h  

Branch, NASA-Ames Research  Center ,  who p r o v i d e d   t h e   f a c i l i t i e s   u s e d   i n  

t h i s   p r o j e c t .  

P a r t   o f   t h e  resul ts  o f   t h i s   p r o j e c t  were p r e s e n t e d   a t   t h e   1 6 t h  

Nat ional   Meet ing  of   the American  Chemical  Society  on March 28,   1971,  

w i t h i n   t h e  framework of a symposium on water  s t r u c t u r e  a t   t h e   w a t e r -  

po lymer   in te r face ,   and  w i l l  be   pub l i shed   i n   t he   p roceed ings .  

1 



I1 LITERATURE REVIEW 

A .  The Absorption  Spectrum  of  Water  Vapor 

The  1953  experiments   of   Watanabe,   Inn,   and  Zel ikoff l   are   the  most  

comple te   s tudy   to   da te .  The data  extend  from  106 nm ( t h e  limit imposed 

by the   L iF   cu to f f )   t o   186  nm ( imposed   by   an   appara tus   l imi ta t ion   to  

a b s o r p t i o n   c o e f f i c i e n t s  > 1 cm-l).  The ea r l i e r   da t a   o f   Wi lk inson   and  

Johns tonz   i n   t he   r ange   145   t o  185 nm a re   i n   gene ra l   ag reemen t   w i th   t he  

da t a  of Watanabe e t  a l .  The  more recent  measurements  of Thompson, 

Harteck,  and Reeves3 extended  Watanabe’s  data  from 186 t o  198 nm ( t o  

a b s o r p t i o n   c o e f f i c i e n t s   o f  0,001 cm- l ) .   The   ex t inc t ion   coe f f i c i en t s  

r epor t ed   r ecen t ly  by   S tevenson4  for   the   range   170   to   191  nm a r e   a l m o s t  

a f a c t o r   o f  two lower  than  the  data  of  Watanabe e t  a l .   i n   t h e  same wave- 

length  region.   This   discrepancy  has   not   been  explained.  

” 

” 

Stevenson5  has   a lso  measured  the  absorpt ion  spectrum  of   heavy  water  

vapor   i n   t he   r ange   170   t o  185 nm. I n   t h e   r e g i o n   o f   o v e r l a p ,   h i s  r e s u l t s  

a re   l ower  by a f a c t o r   o f  two than  the  measurements  of  Laufer  and McNesby,‘ 

whose  measurements  cover  the  range  125 t o  180 nm. A s y s t e m a t i c   e r r o r   i n  

Stevenson‘s  measurements may be suspec ted .  The absorpt ion  spectrum  of  

D,O p a r a l l e l s   t h a t   o f  H,O wi th  a s h i f t   o f  - 5 nm to   sho r t e r   wave leng ths .  

B .  The  AbsorDtion  SDectrum of Liauid  Water  

The  most e x t e n s i v e   r e c e n t   s t u d y   i n   t h e   r e g i o n  < 200 nm was done  by 

P a i n t e r ,   B i r k h o f f  , and Arakawa .7 E a r l i e r   d a t a  by  Weeks, Meaburn,  and 

Gordone a r e   i n   t h e   r a n g e   o f   1 7 0   t o   1 9 0  nm wi th  a t e n t a t i v e   e x t r a p o l a t i o n  

t o  160 nm and show a s t e a d i l y   i n c r e a s i n g   a b s o r p t i o n   c o e f f i c i e n t   w i t h   n o  

f ine   s t ruc ture .   Other   measurements   subs tan t ia l ly   in   agreement   wi th   the  

above   a r e   t hose   o f   Ba r re t t   and   Manse l l s   i n   t he   r ange   185   t o   190  nm, P r i c e  

e t  a1.l’ i n   t he   r ange   180   t o   192  nm, B a r r e t t   a n d   B a x e n d a l e l l   a t  185 nm, 

Kaye and  Poulson12 a t  175 nm, Stevenson4  in   the  range  175  to   195 nm, 

Halmann and   P l a t zne r13   a t   185  nm, and Onaka and  Takahashi14 i n   t h e   r a n g e  

down t o  147 nm . 

” 
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Heavy water has   been   s tud ied   bo th  by  Stevenson5 i n   t h e   r a n g e  172.5 

t o  182.5 nm and  by   Bar re t t   and   Manse l l s   in   the   range  185 t o  190 nm. 

Again  no f i n e   s t r u c t u r e  was obse rved ,   and   t he   abso rp t ion   cu rve   pa ra l l e l s  

t h a t   o f  H2O(&) w i t h  a sh i f t   o f   app rox ima te ly  5 nm t o   s h o r t e r   w a v e l e n g t h s .  

C .  The  AbsorDtion  SDectrum  of Ice 

The recent   measurements   o f   S tevenson5  in   the   range  175 t o  180 nm 

give  an  upper  l i m i t  f o r   t h e   a b s o r p t i o n   c o e f f i c i e n t  a t  175 nm, which is  

almost  t w o  orders   of   magni tude  lower  than  the earlier measurements  of 

Dressler and  Schnepp.”  These l a t t e r   w o r k e r s   f o u n d   t h a t  the absorp t ion  

c o e f f i c i e n t   r o s e   s t e a d i l y  by almost  four  orders  of  magnitude  from 175 t o  

150 nm and  then  remained  constant down t o  140 nm. I t  a p p e a r s   t h a t  a l a r g e  

p a r t   o f  t h e  a t t e n u a t i o n   f o u n d   i n   t h e   e a r l i e r  work c o u l d   r e s u l t  from l i g h t  

s c a t t e r i n g   a n d  was n o t   d u e   t o   a b s o r p t i o n .  The  absorption  spectrum  of D,O 

ice has  not  been  measured t o   d a t e   t o  the best of our knowledge. 

D . The Photochemistry  of  Water  Vapor 

For water   and   photons   up   to  10 e V ,  the   fo l lowing   pr imary   processes  

a r e   p o s s i b l e :  l6 

1-46.8 nm 
H,O - H, + OPP) (1) 

hS242.0 nm * H(2S> 

hS176.3 nm 
H 2  + 

+ 

AS135 .O nm - H2 + 

- 2 H ( 2 S )  + O(3P) ASl22.9 nm 

Most  of t he  experimental   s tudies   have  been made i n  the f i r s t  continuum 

extending  from 145 t o  190 nm.  Some s t u d i e s ,  however,  have  been made i n  

the  second  continuum  extending  from 125 t o  143 nm and i n   t h e  banded 

region  below 125 nm ( e x t e n d i n g   t o   a t   l e a s t  105 nm).  The  primary  processes 

that  have  been  found  and their  importance  are  summarized  in  Table I .  

I -  
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I 

105 - 125 nm 

(Banded  Region) 

P 

Table I 

PHOTOLYSIS OF WATER  VAPOR^ 
~~~ ~~ ~~~~~~~ 

125 - 143 nm 

(1st Continuum) (2nd Continuum) 

145 - 190 nm 

ha35 nm H,O H+OH(A~C+) HzO+H+OH cp -1 (17 ,18 ,19)  
b 

(cp-0.05 at 121.6 nm) 
(24,251 

184.9 nm H20+H2+0 cpCO.05 (19 ,20)  

I 147 nm D20+D+oD 
9 4% 

(21)  
D 2 + 0  or 

O ( l D )  
/ 6% 

a 

bNumbers in parentheses  are  reference  numbers. 

Unless  otherwise  shown, products are in their  ground  electronic state. 



E .  The  Photochemistry  of  Liquid  Water 

The pho to lys i s   o f   l i qu id   wa te r   has   been   i nves t iga t ed   ove r  a wide 

r a n g e   i n   t h e  vacuum uv a s  summarized i n   T a b l e  11. I n   t h i s   p r o j e c t  w e  

l i m i t e d   o u r   i n v e s t i g a t i o n   t o   t h e   r e g i o n  h > 175 nm. 

The f i r s t   abso rp t ion   con t inuum of l i q u i d   w a t e r   i n   t h e   f a r   u l t r a -  

v i o l e t   p e a k s  a t  about 155 nm and t a p e r s   o f f  down t o   a b o u t  200 nm.497,8 

The abso rp t ion  of p h o t o n s   i n   t h i s   r a n g e   r e s u l t s   i n  a subs tan t ia l   photo-  

d i s s o c i a t i o n   o f   l i q u i d   w a t e r   t o  H + OH (cp- 0.5) .11J26 Using   f lash  pho- 

t o l y s i s ,   B o y l e  e t  a l .  have shown t h a t   p h o t o i o n i z a t i o n   a l s o   t a k e s   p l a c e  

i n  t h e  same spec t r a l   r ange .27   In   t he i r   expe r imen t s ,   t hey  were a b l e   t o  

d e m o n s t r a t e   t h e   t r a n s i e n t   a b s o r p t i o n   s p e c t r u m   o f   h y d r a t e d   e l e c t r o n s ,  e' 

formed a s  a direct  r e su l t   o f   pho toabso rp t ion .  

" 

aq ' 

I n   f a c t ,   B o y l e  e t  a l .  were n o t   t h e   f i r s t   t o   o b s e r v e   t h e   p h o t o i o n i -  
" 

za t ion   o f   l i qu id   wa te r .   Hydra t ed   e l ec t rons  were observed by Matheson 

e t  a l . "*   i n  t he  f l a sh   pho to lys i s   o f   me thano l -con ta in ing   so lu t ions  (0 .2 M). 

The very   smal l   y ie lds   ob ta ined   and  t h e  presence  of  methanol  prevented a t  

t h e  t i m e  a p o s i t i v e   i d e n t i f i c a t i o n  of w a t e r   a s   t h e   s o u r c e  of e- In 

view of   our  resul ts  d e s c r i b e d   i n  t h i s  r e p o r t ,  i t  is v e r y   l i k e l y   t h a t   t h e  

e' observed d i d  o r i g i n a t e  from the   pho to lys i s   o f   wa te r .  

" - 

aq ' 

aq 

In two s t e a d y - s t a t e   s t u d i e s  on t h e  photo lys i s   o f   water   there  was an 

i n d i c a t i o n  for t h e  formation  of  e- . 2 0 , 2 9  Sokolov  and  Stein26 set  an 

upper  l i m i t  of cp(e';,) < 0.05, but   they were l i m i t e d  by  the   absorp t ion   of  

N,O-- the i r  e' scavenger--which  produces N, on photolysis ,   and by t h e  

r e l a t i v e l y   i n a d e q u a t e   a n a l y t i c a l   p r o c e d u r e s  of determining  small  amounts 

of  N, i n  t h e  presence  of much la rger   quant i t ies   o f   hydrogen .   Getof f   and  

Schenk  es t imated 0.02 C ep(e' ) < 0.04 a t  184.5 nm from a complex  system 

of   scavengers   including CO, a s  e' scavenger.29  Beaause  of a g r o s s   e r r o r  

in   assessment   o f  t h e  r e l a t i v e   a b s o r p t i o n   c o e f f i c i e n t s   o f  H,O and CO, ( i n  

the i r   assessment   they   used  eH,O for   water   vapor ,   which  is about 3 o r d e r s  

o f   magn i tude   h ighe r   t han   t ha t   o f   l i qu id   wa te r ) ,   t he i r   measu red  quantum 

y i e l d s   a r e   e x p e c t e d   t o  be low. 

aq 

aq 

aq 

aq 
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Table I1 

PHOTOLYSIS OF LIQUID WATER 

I 123.6 nm I 147 .O nm I 184.9 nm 

@(H,OH)  = 1.03 f 0.02 (29) 
a @(H,oH)  = 0.7 rt 0.1 (33) @ ( H , O H )  = 0.6 (30) 

= 0.72 f 0.02 (29,) 

0.33 (32) 0.037 <@( e -  , HZO") <O. 075  (29 ) 0.06<$( e , H20")<0. 12 ( 29) 
0.45 (26) 
0.3 (31) 

@ ( e  ) 0.045 (26) 

0.02<@( e- , H20") <o. 04 ( 32) 

- 
aq aq - 

aq 

aq 

a Numbers in  parentheses  are  reference numbers. 



I11 RATIONALE OF THE PROJECT 

Although  the quantum y i e l d   o f  e' in   the   photo lys i s   o f   water   above  
aq 

180 nm remained  an  open  question,  ranging  from 0.00427 t o  0.045,26 t h e r e  

were s t r o n g   i n d i c a t i o n s   t h a t   w a t e r   u n d e r g o e s   p h o t o i o n i z a t i o n ,   a l t h o u g h  

wi th  a very  small y i e l d ,  some 6 e V  below i ts  i o n i z a t i o n   p o t e n t i a l   i n   t h e  

gas  phase.  Such a r a t h e r   u n e x p e c t e d   r e s u l t   r e q u i r e d   i n d e p e n d e n t   v e r i f i -  

c a t i o n   t h a t   t h e   e l e c t r o n s   o b s e r v e d   a r e   n o t   d u e   t o   t h e   p h o t o i o n i z a t i o n   o f  

a t r a c e   i m p u r i t y .  Even i f  f o u n d   t r u e ,   t h i s   o b s e r v a t i o n  poses a number 

o f   i n t e r e s t i n g   q u e s t i o n s   a s   t o   t h e  mechanism  of the   photo ioniza t ion   of  

water .  Is t h i s  a s ing le   photon   process ,  or is it caused by photoioni- 

z a t i o n   o f   a n   e l e c t r o n i c a l l y   e x c i t e d   s p e c i e s ?  Does t h i s   p h o t o i o n i z a t i o n  

r e s u l t  from t h e  same e x c i t e d   s t a t e   t h a t   l e a d s   t o   p h o t o d i s s o c i a t i o n ?  Is 

the   obse rved   pho to ion iza t ion  a mani fes ta t ion   o f  a f a r  more ex tens ive  

p h o t o i o n i z a t i o n   t h a t   r e s u l t s   i n  H atom formation by a f a s t   v i c i n a l  recom- 

b ina t ion   o f  H,O + eaq? Is t h i s   p h o t o i o n i z a t i o n   a t   s u c h  a low energy a 

unique phenomenon of   water ,  or i s  i t  the   p rope r ty   o f   o the r   a s soc ia t ed  

l i q u i d s   a s  well? 

+ 

Using a more s e n s i t i v e   a s  w e l l  a s  more s p e c i f i c   a n a l y t i c a l   t e c h n i q u e  

than  previously  employed, w e  were a b l e   t o   e s t a b l i s h  t h e  photo ioniza t ion  

of  water  above  180 nm beyond  any  reasonable   doubt ,   to   determine i t s  quan- 

tum y i e l d ,   a n d   t o   g e t   f a r   b e t t e r   i n s i g h t   i n t o   t h e  mechanism  of  photo- 

ion iza t ion   of   water .   This   p rocess  seems to   be   t he   man i fe s t a t ion   o f  a 

more gene ra l  phenomenon shared  by o t h e r   a s s o c i a t e d   l i q u i d s .  

7 



I V  FACILITIES, MATERIALS, AND EXPERIMENTAL  PROCEDURES 

Light   Source .   The   l igh t   source   used  was a 10-kW, v o r t e x   s t a b i l i z e d ,  

high-pressure,   argon  plasma  arc ,   r rPlasmatron,   with magnesium f l u o r i d e  

window (Gian in i   Sc i en t i f i c   Corp . ,   San ta   Ana ,   Ca l i f . )  

11 

Monochromators.  For F- product ion ,  w e  used a McPherson vacuum 

monochromator  of t h e  1/2-m Seya-Namiyoka conf igu ra t ion   w i th   t he   g ra t ing  

b l azed   a t   150  nm, us ing  2-mm sl i ts .  

H, product ion was ca r r i ed   ou t   w i th  a D i f f r a c t i o n   P r o d u c t s ,   I n c . ,  

monochromator, 1/2-m, with 6.6-nm bandpass   and   gra t ing   b lazed   for  300 nm, 

f lushed   wi th   f lowing  N 2 .  

C u t o f f   F i l t e r s .   C u t o f f   f i l t e r s   c o n s i s t e d   o f   s o l u t i o n s   o f  NaC1, KBr, 

and K I .  Analy t ica l   g rade   reagents  were d i s s o l v e d   i n   t r i p l y   d i s t i l l e d  

conduct ivi ty   water   and  interposed  between  lamp  and  sample  in  a 1-cm 

Beckman quartz   sample c e l l .  

N e u t r a l   I n t e n s i t y   F i l t e r s .   P e r f o r a t e d   b l a c k   a n o d i z e d  aluminum 

screens  suppl ied  with  the  Cary  Spectrophotometer  were u s e d   t o   d e c r e a s e  

l i g h t   i n t e n s i t y  by known amounts (50, 30, and 8%). 

I r r a d i a t i o n  C e l l .  The pho to lys i s  was c a r r i e d   o u t   i n  a 10-cm path- 

l eng th   qua r t z  ce l l  w i th   s apph i re  windows (manufactured by Un i f i ed   Sc ience ,  

P a s a d e n a ,   C a l i f . )   a t t a c h e d   t o  a pyrex  sample vessel f o r   d e g a s s i n g  by 

3 f reeze- thaw  cyc les   and   sa tura t ion   wi th  SF,. 

Reagents.  1. Water - Conduct ivi ty   water ,   Chematics   Research,  
Reseda ,   Ca l i f .  

2 .  D,O - Biorad  Labs. ,  Richmond, Ca l i f .   Doub le  
r e d i s t i l l e d   i n   a l l - g l a s s   a p p a r a t u s   u n d e r  N,. 

3. Methanol - J .  T .  Baker  Spectrophotometric  Grade. 

4. SF, - Matheson. 

5. HC10, , NaOH, reagent   g rade  - Mal l inck rod t ;  
CdC10,  YbC10, - Elec t ron ic   Space   P roduc t s ,   I nc . ,  
Los  Angeles ,   Cal i f .  

The rad io lys i s   exper iments  were c a r r i e d   o u t   w i t h  a Co60 gamma source  

with a d o s e   r a t e   o f  0.8 krad/min  determined  by  the  Fr icke  dosimeter .  
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A .  Ra t iona le  . . of   Analy t ica l   Procedure  

A s  a s p e c i f i c  e' scavenger ,  w e  chose SF,. Because  of its h igh  

e l e c t r o n   a f f i n i t y , 3 4   t h i s  compound has   been   used   as   an   e lec t ron   scavenger  

in   gas   phase   s tud ie s3 ,   a s  w e l l  a s  in   o rgan ic   sys t ems  .36 In  aqueous  solu- 

t i o n s ,  SF, reacts wi th  eas a t  a d i f f u s i o n   c o n t r o l l e d   r a t e   ( k  = 1.65 X 

lo1' - M-l sec'l )37 t o   g i v e  six e q u i v a l e n t s   o f   f l u o r i d e   i o n s   f o r   e v e r y  e' 

scavenged.37  The  following  sequence  of  reactions was sugges t ed   t o  

exp la in   t he   fo rma t ion   o f   t he  s i x  f luor ide   ions .37  

aq 

aq 

SF, + e- -+ SF; 3 SF, i- F' 

SF, * + 2H,O -+ SF, + F' -I- OH + H30+ 

SF, + 9H,O + SO:- + 6H,O+ + 4F- 

SOg- + 20H (or H202) -+ SOf- + H,O 

or 

SO,%- + 2SF, -I- 2H,O 3 SOZ' + 2SF4 + 2F- + H,O+ 

aq 

Hence  each e- g ives  6F- and ,  by monitoring  F-,   advantage  can  be  taken 

o f   t h i s   chemica l   ampl i f i ca t ion .  
aq 

The r a t e   o f   r e a c t i o n   o f  SF, wi th  H atoms is r e l a t i v e l y   s l o w .  

Assuming t h a t  no H atom  scavenger was p r e s e n t   i n   t h e  system,,' SF, + H 

did  not  compete a t   a l l   w i t h   t h e  H + H and H + OH r e a c t i o n s .  Thus SF, + H 

must  proceed a t  a r a t e   s lower   t han  loa M-' sec'l, i f  i t  proceeds a t   a l l .  

SF, is t r a n s p a r e n t  t o  l i g h t  down t o  1 > 142 nm.3e 9,' I n   s p i t e  of i t s  low 

s o l u b i l i t y   i n   w a t e r ,  i t  seems t o   b e   i d e a l l y   s u i t e d   f o r   c o m p e t i t i o n   k i n e t i c s  

o f   p h o t o l y t i c   e l e c t r o n s   i n   a q u e o u s   s o l u t i o n s .  

B .  Measurement  of t h e   P h o t o l v t i c   Y i e l d   o f  F- i n  SF, Sa tu ra t ed  
Aaueous So lu t ions  

A 25-ml s a m p l e   o f   t r i p l y   d i s t i l l e d   w a t e r  was degassed   in   the   Pyrex  

bulb  by  repeated  freeze-pumping  to - lo', t o r r .  SF, was then   in t roduced  

i n t o   t h e  cel l  a t   a tmosphe r i c   p re s su re   and   t he   wa te r   s a tu ra t ed  by vigorous 

shaking .   Under   these   condi t ions   the   concent ra t ion   of  SF, i n   t h e  water 

reached  2.2 X lo-" M.40 The water was t h e n   t i l t e d   i n t o   t h e   s a p p h i r e  cell  

a n d   i r r a d i a t e d   w i t h   t h e   l i g h t  from the   P lasmat ron   a rc   l amp  wi th  a MgF, 

window a t  a d i s t ance   o f   15  c m  ( a r c   t o   s a p p h i r e  window).  The space 

- 
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between t h e  lamp  and cel l  was cont inuously  swept   with N, a s  a coolant   and 

t o   m a i n t a i n   t r a n s p a r e n c y   i n   t h e  vacuum u l t r a v i o l e t .  

F luo r ide   i on   concen t r a t ions   i n   t he   pho to lyzed   so lu t ions   o f  SF, were 

de termined   by   an   Or ion   f luor ide   spec i f ic   ion   e lec t rode   (94-09)   in  con- 

junc t ion   w i th   an   Or ion   s ing le - junc t ion   s i l ve r - s i lve r   ch lo r ide   r e f e rence  

e l e c t r o d e   ( 9 0 - 0 1 ) ;   t h e   e l e c t r o d e   p o t e n t i a l s  were measured  by a Beckman 

Model GS pH-meter.  The e l e c t r o d e s  were ca l ib ra t ed   w i th   s t anda rd   sod ium 

f l u o r i d e   s o l u t i o n s .   T h e s e   c a l i b r a t i o n s   g a v e   e x c e l l e n t   s t r a i g h t   l i n e s   i n  

t h e   r a n g e   t o  M F', e x h i b i t i n g  a 59-mV c h a n g e   i n   p o t e n t i a l   f o r  

e a c h   t e n f o l d   c h a n g e   i n   f l u o r i d e   i o n   a c t i v i t y   ( F i g .  1). Values  from lo-, 
t o  can be r e l i a b l y   m e a s u r e d   i f   t h e   e l e c t r o d e  is precondi t ioned by 

soak ing   and   s t anda rd iz ing   i n  fresh so lu t ion   and   no t   exposed   t o  F' concen- 

t r a t i o n s   a b o v e   a f t e r   c o n d i t i o n i n g .  

- 

The y i e l d   o f  H, produced  in   methanol-containing  solut ions was de te r -  

mined by gas  chromatography  using a 10- f t  X 1/4-in  Poropak Q column a t  

5OoC, 15 ml/min n i t rogen   f l ow,   w i th  a t h e r m o c o n d u c t i v i t y   d e t e c t o r   a t  

160 mA c u r r e n t  on an F&M Model 720 gas   chromatograph.   Cal ibrat ion  of  

the   sys tem was c a r r i e d   o u t  as  fol lows:  

To test recovery  of H, f rom  so lu t ion ,  a series of  seven  50-p1 Sam- 

p l e s  w e r e  r a d i o l y t i c a l l y   p r o d u c e d   i n  a H20-KBr so lu t ion ,   assuming 

%B = 0.45.  The HE was  f reeze- thaw  re leased  f rom  solut ion  into a 

c losed,   evacuated  system  with a l i qu id -n i t rogen   coo led   t r ap .  The H, was 

c o l l e c t e d  by a Toepler  pump and   t r ans fe r r ed  by s y r i n g e   t o   t h e   g a s  chroma- 

t o g r a p h i c   i n l e t .  The photolyt ical ly   produced  samples  were h a n d l e d   i n  

t h e  same manner.   The  detector was c a l i b r a t e d   b e f o r e  or a f t e r   e a c h  Sam- 

p l e  by t h e   d i r e c t   i n j e c t i o n   o f  Ha i n to   t he   ch romatograph .  

The yield  of   methane  produced  in   the  photolysis   of   methanol  was 

measured i n   t h e  same way a s   t h e  hydrogen  produced.  The  methanol was 

prepared by repeated  freeze-thaw cycles i n   t h e   s a m p l e   i r r a d i a t i o n  c e l l ,  

followed by the   add i t ion   o f  1 atm SF,. The s o l u t i o n  was s h a k e n   t o   a t t a i n  

s a t u r a t i o n  of t h e   g a s   i n   t h e   l i q u i d  (0.02 M). I r r a d i a t i o n   w i t h   p o l y -  

ch romat i c   l i gh t  was t y p i c a l l y   1 0   m i n .  The   gas   f rac t ion ,   p redominant ly  

SF, but   containing  methanol ,   hydrogen,   and  methane,  was passed  through 

- 
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a l i q u i d   n i t r o g e n   c o l d   t r a p   t o  remove t h e  SF, and  the  methanol  and 

compressed  by a Toepler  pump i n t o  a c a p i l l a r y  volume wi th  a rubber  

septum f o r   e x t r a c t i o n   o f   t h e   g a s .  The t o t a l   g a s   f r a c t i o n  was t r ans -  

f e r r e d  by hyperdermic  syr inge  to   the  gas   chromatograph  where  the  hydrogen 

and  methane were q u a n t i t a t i v e l y   a s s a y e d .  

The F- concent ra t ions   in   pure   methanol  were measured by d i l u t i n g  a 

milliliter a l i q u o t   t o   1 0  m l  w i t h  15% s o d i u m   a c e t a t e   b u f f e r   s o l u t i o n .  

The r e s u l t i n g  F- measu remen t   w i th   t he   spec i f i c   i on   e l ec t rode  was consis-  

t e n t   w i t h  a s t anda rd  F- i n  1% a l c o h o l ,  90% b u f f e r .  The  same  method  was 

used for measuring F- product ion   in   n -butanol .  

C .  Measurement of the   I so topic   Composi t ion   o f   the   Photo ly t ic  Hydrogen 

This  measurement was ca r r i ed   ou t   fo l lowing   t he   p rocedure   o f   Fa rkas  

and  Farkas.41 A thermoconduct ivi ty  cel l  was c o n s t r u c t e d   i n  which w e  

cou ld   accu ra t e ly   measu re   t he   r e s i s t ance   o f  a f i n e   p l a t i n u m  wire. The 

sens ing  w i r e  was 7.5-cm l o n g   a n d   1 0 - p   i n   d i a m e t e r .  The e x t e r i o r   o f   t h e  

ce l l  sur rounding   the  wire was m a i n t a i n e d   a t   l i q u i d   n i t r o g e n   t e m p e r a t u r e .  

C a l i b r a t i o n   o f   t h e   t h e r m o c o n d u c t i v i t y   i s o t o p e   r a t i o  ce l l  was c a r r i e d   o u t  

w i th  H, produced  by  photolysis of conduc t iv i ty   wa te r   con ta in ing   0 .1  - M 

methanol   (spectroscopic   grade) .  An i r rad ia t ion   per iod   of   20   minutes   wi th  

po lychromat i c   l i gh t   y i e lded  enough H2 t o   s u p p l y   t h e  ce l l  and  reserve 

volume wi th   adequate   p ressure   (0 .1-0 .2   to r r ) .  The produced H, was r e l e a s e d  

from t h e   r e a c t i o n  cel l  by shak ing   and   t r ans fe r r ed   t o   t he   evacua ted   co l l ec -  

t i o n  volume con ta in ing  a l i q u i d   n i t r o g e n   c o l d   t r a p .  A Toepler  pump t r ans -  

f e r r e d  and  compressed  the  hydrogen  into  the  200-cc test  cel l  and  reserve 

100-cc  volume.  Hydrogen  was  admitted  into  the test ce l l  ( a t   l i q u i d  

n i t r o g e n   t e m p e r a t u r e )   u n t i l   t h e   c o n d u c t i v i t y  wire reached a r e s i s t a n c e  

of 50.0 R a t   1 0 . 0  mA. This   co r re sponds   t o  a wire temperature  of 160'K. 

A t  77'K t h e  wire had a r e s i s t ance   o f   19  R. A f t e r   c a r e f u l   a d j u s t m e n t   a t  

t he rma l   equ i l ib r ium  by   l i qu id   n i t rogen   l eve l   con t ro l   o f   p re s su re  to 50.0 0 
a t  l O . O o m A ,  t h e   c u r r e n t   i n   t h e  wire was i n c r e a s e d   t o   1 0 . 4 0  mA, r a i s i n g  

t h e  wire r e s i s t a n c e   t o   5 9 . 8  fl (185'K). A repea t   o f   the   p rocess   to   photo-  

l y z e  D,O (99.8%)  containing  0 .1  M methanol  yielded  pure HD gas .   Th i s   gas  

i n   t h e  test ce l l  came t o   i s o t o p i c   e q u i l i b r i u m  (2HD 2 Ha + D B )  when t h e  
- 
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plat inum wire was h e l d  a t  150 R (- 400°K) u n t i l   n o   f u r t h e r   c h a n g e s   i n  

conduc t iv i ty   o f   t he   gas   occu r red .   P re s su re  was t h e n   a d j u s t e d   t o   t h e  

50.0 R ,  10.00 mA poin t .   This   gas ,   because   o f  i ts  poorer   thermal  conduc- 

t i v i t y  and i t s  a lmost   cons tan t   hea t   capac i ty   wi th   t empera ture   change ,  

reached a h i g h e r   r e s i s t a n c e   ( 6 5 . 6  0)  a t  10.40 mA. The values   59.8  and 

65 .6   r ep resen t   t he  extreme values   o f   gas   composi t ion   resu l t ing   f rom 

photolysis   of   pure  H,O and  pure D20 in   the  presence  of   methanol .   The 

work  of F a r k a ~ , ~ l  which describes the   t echn ique   and   appa ra tus   u sed   i n  

d e t e r m i n i n g   i s o t o p e   r a t i o s ,  shows a s t r a i g h t   l i n e   r e l a t i o n s h i p  for mole 

f r a c t i o n   v e r s u s   r e s i s t a n c e   o b t a i n e d  a t  t he   s econd   cu r ren t   s e t t i ng .  

13 



v RESULTS AND DISCUSSION 

A .  The  Production of F luor ide   Ions   f rom SF, i n  Photolyzed  Water 
a s  a Function  of Time 

The product ion  of   f luoride  ions  f rom SF, i n  photolyzed water was 

s t u d i e d   a s  a func t ion   of  time a t   n e u t r a l  pH us ing   po lychromat i c   l i gh t .  

Owing t o   t h e   a b s o r p t i o n   c o e f f i c i e n t   o f   l i q u i d   w a t e r ,   t h e   p r a c t i c a l   c u t -  

off   wavelength was a s   h i g h   a s   1 7 5  nm under   the   exper imenta l   condi t ions .  

L ight   o f   shor te r   wavelength  i s  a b s o r b e d   i n   t h e   f i r s t  few  microns  (a t  

180 nm, 1 mm o f   w a t e r   h a s   a n   o p t i c a l   d e n s i t y   o f   2 ,   a n d   a t   1 7 5  nm, 9% 

o f   t h e   l i g h t  i s  absorbed   in   50   microns   o f  ~ a t e r ) . ~  The e' scavenger  

is  t h u s   d e p l e t e d   t o   z e r o   w i t h i n  a f e w   s e c o n d s   i n   t h e   l a y e r   a d j a c e n t   t o  

t h e   s a p p h i r e  window p roduc ing   a t   t he  same time a t h i n   l a y e r   o f  SO,- i o n s ,  

which a c t   a s  a c u t o f f   f i l t e r .  I t  has   been   found   t ha t   t he   r a t e   o f  F' pro- 

duc t ion  was cu t   by  70% when a f i l t e r   o f  1-cm water was interposed  between 

t h e   l i g h t   s o u r c e   a n d   t h e   p h o t o l y s i s  ce l l .  Us ing   the   absorp t ion   curve   o f  

w a t e r , 4   t h i s  means an   e f fec t ive"   wavelength   o f   187  nm. In   o the r   words ,  

t h e   p h o t o l y z e d   s y s t e m   b e h a v e d   a s   i f   a l l   t h e   l i g h t  was of  187 nm. Because 

some of   the   absorp t ion   took   p lace   a t   cons iderably   longer   wavelengths ,  

a s i g n i f i c a n t   p a r t   o f   t h e   p h o t o l y s i s   t o o k   p l a c e   a t   s h o r t e r   w a v e l e n g t h s ,  

but   probably  not  much shor t e r   t han ,   s ay ,   182  nm. I t  may b e   i n f e r r e d   t h a t  

the   cont r ibu t ion   of   the   s t rongly   absorb ing   boundary   l ayers  was l i m i t e d  

a n d   t h a t   a l l   t h e   a c t i v e   p h o t o n s  were a b s o r b e d   i n   t h e  10-cm cel l .  

aq 

- 

11 

The F- product ion was found   l i nea r   w i th  time from 5 t o  60 minutes 

( F i g .  2 ) .  A t  t he   g iven   geomet ry   and   l i gh t   i n t ens i ty ,   0 .12   po le s  F' 

(0.02 p o l e s  e' ) were produced  per   minute .   This  l i n e a r  production  of 

F' i n d i c a t e s  no  exhaust ion  of   reagent   and  no  bui ldup  of   interfer ing  sub-  

s t ances   i n   one   hour .  A t  l o n g e r   i r r a d i a t i o n  times t h e   r a t e  of e' produc- 

t i on   dec reased  owing t o   t h e   b u i l d u p   o f  H,O+. On t h e   o t h e r   h a n d ,   t h e  

formation  of  SOZ- added a s o l u t e   t h a t   g e n e r a t e d  e- on p h o t o l y s i s ,   t h u s  

i n c r e a s i n g   t h e   o v e r a l l  e' y i e l d .  By measuring  the  absorpt ion  spectrum 

of SOZ- i n   t h e   g i v e n   s p e c t r a l   r e g i o n ,  w e  concluded   tha t  i ts c o n t r i b u t i o n  

aq 

aq 

aq 

aq 
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would  be  minimal  unless i t  reaches   the  lo'* M l e v e l .  As most  of  our  work 

with ' lpolychromatic   l ight"  was c a r r i e d   o u t   w i t h   i r r a d i a t i o n  times of   t en  

m i n u t e s ,   t h e   f i n a l  SOf- concen t r a t ion  was lower  than M .  

- 

- 
The  same y i e l d  of f l u o r i d e   i o n s ,   w i t h i n  5%, w a s  o b t a i n e d   f o r  SF,- 

s a t u r a t e d   d i s t i l l e d   w a t e r   f r o m   t h r e e   d i f f e r e n t   s o u r c e s :   c o m m e r c i a l   w a t e r ,  

t r i p l e   d i s t i l l e d ;  SRI P h y s i c a l   S c i e n c e s ,   t r i p l e   d i s t i l l e d   w a t e r ;   a n d  A m e s ,  

d o u b l e   d i s t i l l e d   w a t e r .   T h e s e   r e s u l t s   i n d i c a t e   t h a t   t h e   h y d r a t e d  elec- 

t rons   formed  or ig ina te   by   photo ioniza t ion   of   the   water   and   no t   as  a r e s u l t  

of t he   pho to ion iza t ion   o f   an   adven t i t i ous   impur i ty .  

B .  The Ef fec t   o f  Added Methanol or Ethanol  on the   Rate   o f  F' Product ion 

The y i e l d   o f  F- was found t o   i n c r e a s e  when methanol  was  added t o   t h e  

wa te r ,   and   t he  F- y i e l d  l e v e l e d   o f f   a t  [MeOH] = 0.03 M ,  s t ay ing   cons t an t  

up t o  10-1 M MeOH ( F i g .  3) ;  t h e  same y ie ld   o f  F' was observed   in  0,5 M 

MeOH. A s i m i l a r   i n c r e a s e  was observed   on   addi t ion   o f   e thanol ,   reaching  

t h e  same l i m i t i n g   v a l u e   o f  0.25 p o l e  F- (= 0.042 p o l e  e' ) produced 

per   minute .  The e f fec t   o f   e thanol   was ,   however ,  more  pronounced  than 

t h a t  of me thano l ;   e thano l   had   an   e f f ec t   equ iva len t   t o   me thano l   a t   abou t  

h a l f   t h e   c o n c e n t r a t i o n .  The  most p l a u s i b l e   e x p l a n a t i o n   f o r   t h e   e f f e c t  

o f   t hese   a l coho l s  i s  tha t   they   scavenge  OH r a d i c a l s   v i c i n a l   t o   t h e  ezq, 

thus  inhibi t ing  geminate   recombinat ion.  

- 
- - 

aq 

H ~ O  -% H,O+ + e- + H,O + OH + eaq 

e- + OH + OH- 

+ 

aq 
CH,OH + OH -+ H 2 0  + CH,OH 

Th i s   sugges t ion   f i nds  i t s  suppor t   in   the   nonl inear   dependence   of  F- 

p roduc t ion   r a t e  on a lcohol   concent ra t ion ,   which  i s  t y p i c a l   f o r  nonhomo- 

geneous   compet i t ion   k ine t ics ,42   and   by   the   twofold   h igher   e f f ic iency   of  

E t O H ,  which i s  i n   l i n e   w i t h   t h e   c o r r e s p o n d i n g   r a t e s   o f   r e a c t i o n   o f  OH 

r a d i c a l s   w i t h  MeOH and EtOH (k = 6.1  and  11.0 X 10' M - l  sec-l, respec- 

t ive1y4,) .  
- 

The p o s s i b i l i t y   t h a t   t h e   i n c r e a s e   i n  F- product ion   in   the   p resence  

o f   a l coho l s  is due t o   t h e   r e a c t i o n   o f  SF, wi th  CH,OH r ad ica l s ,   p roduced  

by hydrogen  abstraction  from  methanol,   has  been  ruled  out  by a series of 

16  



0 1 2 3 4 5 6 7 8 9 10 

ALCOHOL - x lo2 TA-7526-8 

FIGURE 3 THE RATES  OF PHOTOLYTIC  FLUORIDE ION AND MOLECULAR HYDROGEN 
PRODUCTION AS A FUNCTION OF ADDED  METHANOL  AND  ETHANOL 

17 



r ad io ly t i c   expe r imen t s .   SF6-sa tu ra t ed   so lu t ions   con ta in ing   0 .1  M - MeOH 

were i r r a d i a t e d  by gamma r a y s   a t   n e u t r a l  pH in   t he   p re sence   and   absence  

of  N,O (1 x 10-2 M) and i n   a c i d   s o l u t i o n  M HClO,). In  the   p resence  

of  N,O and i n   a c i d   s o l u t i o n   t h e   y i e l d   o f  F- dropped  by a f a c t o r   o f   o v e r  

1 0 0   t o   t h e  l i m i t  o f   d e t e c t i o n .   U n d e r   t h e   l a t t e r   c o n d i t i o n s ,   t h e  CH,OH 

r ad ica l s   a r e   be ing   p roduced   w i th  a G v a l u e   o f   a b o u t   6 ,   b u t   a l l   t h e  eaq 

a r e   c o n v e r t e d   i n t o  OH r a d i c a l s  or H atoms. 

- - 

C .  The E f f e c t   o f  pH on the   Rate  of Product ion  of  F- 

The r a t e   o f  F' product ion was measured   in   the  pH range 2.7 t o   1 0 . 6  

in   absence  and  presence  of   0 .1  M MeOH. The r e s u l t s   a r e   p r e s e n t e d   i n  

F ig .  4. It  is e v i d e n t   t h a t   t h e   r a t e   o f   p r o d u c t i o n   o f  F- is pH indepen- 

dent  between pH 4.5 and 9 .  Below pH 4.5 t h e r e  is a f a s t   d e c l i n e   i n   t h e  

r a t e   o f  F- production,  which may be e a s i l y   e x p l a i n e d  by the   compet i t ion  

of  H,O f o r  eaq. 

- 

+ - 
e' + H,O -b H + H,O. 

I f  w e  t ake  pH = 4 a s   t h e   p o i n t   a t  which t h e   r a t e   o f  F- p r o d u c t i o n   f a l l s  

t o   h a l f  i ts o r i g i n a l   v a l u e ,  it a p p e a r s   t h a t  H,O" i s  2 . 2  times more e f f i -  

c i e n t   a s  e' scavenger   than SF,,  which is h ighe r   t han   t he   va lue   o f   1 .6  

found  by Asmus and   Fendler37   under   rad io ly t ic   condi t ions .  Now w e  have 

t o  remember t h a t  SF, a t  2 .2  X lom4 M concent ra t ion   p icks   up   par t   o f  t h e  

e' from v i c i n a l   p a i r s   w i t h  OH. Under t h e s e   c o n d i t i o n s ,   t h e   r e l a t i v e  

r a t e s   o f   d i f fus ion   o f  H,O and SF, become c r i t i c a l ,  and H,O becomes  more 

compe t i t i ve   a s  i ts r a t e   o f   d i f f u s i o n  is h ighe r  by an  order  of  magnitude. 

When methanol is a d d e d ,   t h e   v i c i n a l  OH r ad ica l s   a r e   s cavenged   and   t he  

r e l a t i v e   e f f e c t i v e n e s s   o f  H,O+ f a l l s  from 2.2 t o  1 . 2 ,  which i s  even  lower 

than   1 .4- - the   ra t io   be tween  the   bes t  known s p e c i f i c  ra te  cons t an t s  of 

e' wi th  H,O and SF,.44 Th i s   appa ren t   h ighe r   s cavenge r   e f f i c i ency   o f  

SF, (by  about  15%) may be p a r t l y  or perhaps  wholly  due  to  a correspond- 

i n g l y   s l i g h t l y   h i g h e r   s o l u b i l i t y   o f  SF, i n   0 . 1  M MeOH; w e  have  found  that  

t h e   s o l u b i l i t y  of SF, in   pure  methanol  i s  about  a hundred times h ighe r  

than i n  water .  

+ 
aq 

aq 

- 
aq + + 

+ 
aq 

- 

. .. ". 
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A t  t h e   o t h e r   e n d   o f   t h e  pH r a n g e ,   t h e   i n c r e a s e   i n  F- product ion 

(F ig .   4 )  is due t o   t h e   p h o t o i o n i z a t i o n   o f  OH’ 33 a s  w e l l  a s   t o   t h e  con- 

vers ion   of  H t o  eaq by t h e   r e a c t i o n 4 =  

OH’ + H 3 eaq. 

Th i s  pathway f o r  e’ product ion is suppres sed   i n   t he   p re sence   o f  aq 
methanol  because 0.1 M MeOH e f f e c t i v e l y   c o m p e t e s   f o r  H atoms i n   t h e  pH 

range 9 t o  11. The lower   y ie lds   o f  F’ a t   h i g h  pH i n   t h e   p r e s e n c e   o f  

MeOH a re   t he re fo re   expec ted .  

- 

The pH p r o f i l e  of t h e   r a t e  of F- product ion   in   the   absence   and   in  

the  presence  of  methanol is thus   comple t e ly   cons i s t en t   w i th   t he   a s s ign -  

ment o f  e- a s   t h e   s o l e   p r e c u r s o r   o f  F’ and   w i th   t he   a s sumpt ion   t ha t  eaq 

i s  produced  by  photoionization of H,O i n   t h e  pH range < 8 .  
aq 

The i d e n t i f i c a t i o n   o f  e’ a s   t h e   p r e c u r s o r   o f  F- i n   ou r   sys t em  has  

been  corroborated by ano the r  series of   compet i t ion   k ine t ics   exper iments  

where e’ scavengers   o ther   than  H,O were used.  Cdz+ and Yb3’, which + 
r eac t   r ap id ly   w i th  e’ have l i t t l e  uv a b s o r p t i o n   i n   t h e   r a n g e   1 8 0   t o  

200 nm. Thus  they  could  be  added a t   c o n c e n t r a t i o n s   t o   t h e  SF, pho- 

t o l y z e d   s o l u t i o n s .  They were found t o   d i m i n i s h   t h e   r a t e   o f  F- product ion ,  

and t h e i r   s c a v e n g i n g   e f f i c i e n c y  was  compared w i t h   t h a t  of SF,. The 

r e s u l t s   a r e  summarized i n   T a b l e  111. 

aq 

aq 

aq ) 

Table 111 

REACTION RATES OF eiq AS CALCULATED FOR COMPETITION KINETICS~ 

L i t e r a t u r e  
Pure  Water 0 .1  M MeOH - 
1.1 f O.lb 1.65 1 .9  f 0.2b 

C d+ + 

3.7-4.3 3.9 f 1.oc - Y b3+ 

4.8-5.2 6 . 6  f 2.0‘ 6.8 f 2.2‘ 

bAssuming e- + H,O+ = 2.3 X 1O1O M’l sec’l . 
Assuming e‘ + SF, = 1.65 X l o l o  M’l sec’l . C 

aq - 
aq - 

20 



It  is e v i d e n t   t h a t ,   u n l i k e   t h e   c o m p e t i t i o n   o f  H,O+, Cd++ i o n s  do 

n o t  show a s i g n i f i c a n t   c h a n g e   i n   a p p a r e n t   r e a c t i v i t y   i n   t h e   p r e s e n c e   o f  

0.1 M MeOH. Th i s   co r robora t e s   ou r   sugges t ion  on the   un ique  mode of 

a c t i o n   o f  H,O+ in   scavenging  e- from t h e   v i c i n i t y   o f  OH r a d i c a l s .  The 

s l i g h t l y   h i g h e r   v a l u e s  of Cd++ compared  with  the  pulse   radiolysis   data  

are i n   a c c o r d   w i t h   o t h e r   c o m p e t i t i o n   r e a c t i o n s   o f  SF,, where  even  the 

r e a c t i v i t y   o f  H,O+ is found  higher  by ove r  10% from t h e   p u l s e   r a d i o l y s i s  

value.37 I t  is thus   poss ib l e   t ha t   t he   measu red   va lue   o f   1 .65  X lo lo  - Mw1 
sec'l f o r   t h e  e- + SF, r e a c t i o n  i s  s l i g h t l y   t o o   h i g h  or t h a t   t h e  solu- 

b i l i t y   o f  SF, i n   w a t e r  is somewhat lower  than  assumed.40  In  any  case 

the   agreement   be tween  the   compet i t ion   k ine t ics   da ta   and   the   absolu te  

p u l s e   r a d i o l y s i s   r a t e   c o n s t a n t s  for H,O , SF,, Cd++,  and Yb3+ is  s u f f i -  

c i e n t   t o   c o r r o b o r a t e   o u r   c o n c l u s i o n   t h a t  eaq is  the   so l e   p recu r so r   o f  F- 

i n  our photolyzed system, 

- 
aq 

aq 

+ 

D .  The ~~~ Formation ~~ of H, and   the  Quantum Yie ld   o f   the   Photo ioniza t ion  
of  Water 

The r a t e  of   photodissoc ia t ion   of  water was monitored by  measuring 

t h e   r a t e   o f  H, evo lu t ion  from  photolyzed  methanol-containing  solutions.  

Under   these   condi t ions   the   fo l lowing   reac t ions   t ake   p lace :  

H 2 0  H + OH 

CH,OH + H 3 CH,OH + H, 

CH,OH + OH 3 CH,OH + HPO 

2CH,OH -b CH,OH + HCOH or (CH20H), . 

h V  

The e f f ec t   o f   me thano l   concen t r a t ion  on t h e  Ha y i e l d  is p resen ted   i n  

F ig .  3. I t  can   be   seen   tha t   the  H2 y i e l d   l e v e l s   o f f   a t  [MeOH] > 3 X lo-, M ,  

j u s t  where   t he   i nc rease   i n  F- y i e l d   l e v e l s   o f f .  The p roduc t ion   r a t e   o f  

H, is 1.16 times h igher   than   tha t   o f  F- and   t he re fo re   s evenfo ld   h ighe r  

t h a n   t h a t   o f  ezq. Taking  the quantum y i e l d   o f  H2 i n  our s p e c t r a l   r a n g e  

i n   t h e   p r e s e n c e   o f  0.1 - M MeOH, cp = 0.54 ,26   the  quantum y i e l d   o f  eaq is: 

cp( e i q )  = 0.077. 

- 

This  quantum y i e l d  is s u b s t a n t i a l l y   h i g h e r   t h a n   t h a t   o b s e r v e d  by 

Boyle e t  a l . 2 7   u s i n g   f l a s h   p h o t o l y s i s .  A poss ib l e   exp lana t ion  is  t h a t ,  

i n   t h a t   i n v e s t i g a t i o n ,   o n l y   t h e   e l e c t r o n s   t h a t   e s c a p e d   f r o m   t h e   c a g e s "  
" 

11 

21 

" 



were obse rved ,   whereas ,   i n   ou r   sys t em,   even   i n   t he   absence   o f  MeOH, SF, 

must  have  scavenged some electrons  that   would  otherwise  have  recombined 

w i t h   t h e i r   v i c i n a l  OH r a d i c a l s  or H,O+ i o n s .   I n t e r e s t i n g l y   e n o u g h ,   t h e  

r e l a t i v e   y i e l d   o f   f r e e ' '  H / e i q  = 2 0   o b t a i n e d   i n   f l a s h   p h o t o l y s i s  i s  s i g -  

n i f i c a n t l y   h i g h e r   t h a n   t h e   r a t i o  H / e i q  = 7 obta ined   by   us   in   the   p resence  

of 0.1 M MeOH. The   r eason   fo r   t he   d i f f e rence  i s  most   p robably   the   g rea te r  

chance  for   geminate   recombinat ion  of  e- wi th   bo th  H,O ( k  = 2 .3  X 1O1O M'l 

sec'l )44 and OH ( k  = 3 X 1O1O - M'l sec-1)44  compared  with  the  single  pro- 

cess H + OH (k = 2 X 1O1O M- l  s ec - l )  .46 ,47 In   other   words,  e sees" 

i n  i t s  cage two scavengers ,   whereas   the H atom  encounters  only  one.  

11 

- + 
aq - 

- I 1  - aq 

The  quantum yield  found by u s   i n   t h e   p r e s e n c e   o f  MeOH i s  h ighe r   t han  

t h a t   e s t i m a t e d  by  Sokolov  and  Stein,26  namely,  cp(eiq) 0 .05 ,  Thei r   va lue  

was,   however,   obtained  in a 1 . 3  X lom3 M isopropanol   solut ion  where cp(H2) 

was j u s t  0 .33.   Extrapolat ion  of   Sokolov  and  Stein 's   data  for q ( H 2 )  = 0.54 

would g ive  cp(e') S 0.08. On the   o the r   hand ,   ou r  quantum y i e l d   i n   t h e  

presence  of  2.2 X lom4 M SF, and i n  t he   absence  of MeOH, cp(e' ) = 0.037, 

i s  well below the   upper  l i m i t  of   Sokolov  and  Stein.  We mus t  a l s o  remember 

t h a t   t h e i r   d e t e r m i n a t i o n  of cp(e' ) was c a r r i e d   o u t   w i t h  a l i g h t   s o u r c e  

tha t   emi t t ed   abou t  2 x e i n s t e i n  sec-l o f   t he  184.9 nm pho tons   i n to  

t h e i r   p h o t o l y z i n g  ce l l .  Our  l i g h t   i n t e n s i t y  was about  1.5 X 10'" e in-  

s t e i n  sec'l i n   t h e  same spec t r a l   r ange .   Th i s   d rama t i c   d i f f e rence   i n  

l i g h t   i n t e n s i t y   a l l o w e d  u s  t o   o b t a i n   s u b s t a n t i a l   y i e l d s  of e- whereas 

t h e   p r e v i o u s   s t u d y   h a d   t o   r e l y  on marg ina l   d i f f e rences   i n   t he   measu red  

N, pressure.   Sokolov  and  Stein  should be complimented  therefore for 

having   ob ta ined  a r e s u l t  so c l o s e   t o   o u r s   w i t h   s u c h   i n f e r i o r   i n s t r u m e n -  

t a t i o n   a n d   a n a l y t i c a l   t e c h n i q u e .  The o the r   s tudy29   t ha t   has   e s t ima ted  

cp(e' ) is much less r e l i a b l e ,   a s  was p o i n t e d   o u t   i n   t h e   I n t r o d u c t i o n .  

The i n t e r n a l   f i l t e r i n g   e f f e c t  o f   the   scavenger ,  CO,, might   have   resu l ted  

i n  low apparent  quantum yie ld .   Surpr i s ing ly ,   however ,   Getof f   and   Schenck ' s  

cp(eiq) e s t i m a t e   f o r  0.01 - M formate + 0.02 - M CO,, 0.02 < cp(eZq) < 0.04 ,  is 

st i l l  i n   f a i r  agreement  with  our cp(e;,) measured  in   the  absence  of  

methanol.  

- 

- aq 

aq 

aq ' 

aq 

22 



E .  The  Energy  Threshold  of  Photoionization  of  Water 

The y ie ld   o f   photo ly t ic   hydrogen   and  F- i n   0 . 1  M MeOH was measured - 
a s  a funct ion  of   wavelength.  

The  wavelength  cutoff   for   the  product ion  of   hydrogen was obta ined  

w i t h   r e l a t i v e l y  little d i f f i c u l t y ,   a l t h o u g h   t h e   p r o d u c t i o n  was  on t h e  

o r d e r  of 0.1 l~ll H, i n   a n   h o u r  compared wi th   the   po lychromat ic   p roduct ion  

r a t e   o f  50 ~1 in   10   minu te s .   Us ing  5-nm increments  of  wavelength  advance, 

t he   p roduc t ion  shows a peak a t  190 nm. It then  drops  with  wavelength  to  

a c u t o f f   a t  203 nm (F ig .  5 ) .  Product ion of h y d r o g e n   a l s o   f a l l s ,   a s  

expected,  below  190 nm because   t he   h igh   abso rp t ion   o f   t he   wa te r   r e su l t s  

i n  a p r o n o u n c e d   s e l f - f i l t e r i n g   e f f e c t  by t h i n   l a y e r s ,   w h i c h  may become 

d e p l e t e d   i n  SF, and  methanol. 

Because  of   the  detect ion l i m i t  of F- (- lom7 M), t h e  measurement  of 

t he   wave leng th   cu to f f   o f   f l uo r ide  was c a r r i e d   o u t  by the  attachment  of a 

McPherson Vacuum S p e c t r o m e t e r   t o   t h e  lamp t o  min imize   t he   i n t e rna l ly  

sca t t e red   l i gh t   du r ing   t he   l ong   exposures .  By e x t r a p o l a t i o n  w e  ob ta ined  

a cutoff   of  F- p r o d u c t i o n   a t  206 nm ( F i g .   5 ) .  

- 

Owing t o   t h e   l a r g e   e x p e r i m e n t a l   e r r o r s   o c c u r r i n g   i n   t h e   d e t e r m i n a t i o n  

of H, and F- c l o s e   t o   t h e   c u t o f f   w a v e l e n g t h ,   t h e   v a l u e   o f   t h e   l a t t e r  is 

e s t i m a t e d   a t  205 & 2 nm. In   any   case ,  i t  can  be  seen  from  Fig. 5 t h a t  

t h e   p h o t o l y t i c   y i e l d s   o f  H, and F- fo l low  the  same wavelength  dependence. 

I t  may be   thus   concluded   tha t   bo th   photodissoc ia t ion   and   photo ioniza t ion  

o f   w a t e r   o r i g i n a t e  from t h e  same e x c i t e d   s t a t e .  

F.  The - " Dependence " ~ - . ~ ~~ of   Photo ioniza t ion  -~ - ~~ of  Water  on  Light  Intensity 

The cu tof f   wavelength   for   photo ioniza t ion   of   water ,  205 nm, cor res -  

ponds t o  a quantum energy  of  6.05 e V .  This   energy  is  i n   e x c e s s   o f   t h e  

e n e r g y   r e q u i r e d   t o   b r e a k   t h e  H-OH bond,  5.16 e V , 4 B  but  i s  over  6.5 e V  

l ower   t han   t he   i on iza t ion   po ten t i a l   o f   wa te r   i n   t he   gas   phase   (12 .6  e V ) . 4 9  

One s i m p l e   e x p l a n a t i o n   o f   t h i s   d i f f e r e n c e  would  be  that   photoionizat ion 
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of   water  is t h e   r e s u l t   o f  a double  photon  process--the  photoionization 

of a r e l a t i v e l y   l o n g l i v e d ,   e l e c t r o n i c a l l y   e x c i t e d  H,O molecule.  
* 

H2O --% HZO* -% H,O + e- 
+ 

We have   s tud ied   therefore   the   y ie ld   o f   photoproduced  F- a s  a func t ion  of 

l i g h t   i n t e n s i t y  by i n s e r t i n g   n e u t r a l   d e n s i t y   f i l t e r s   i n   t h e   l i g h t   p a t h .  

The r e s u l t s   p r e s e n t e d   i n   F i g .  6 show a l inear   dependence   of   the  F- y i e l d  

o b t a i n e d   i n  a given time o n   t h e   l i g h t   i n t e n s i t y .   I n   o t h e r   w o r d s ,   t h e  

quantum y i e l d   o f  eaq is independent of l i g h t   i n t e n s i t y .   T h i s   c o n c l u s i o n  

is f u r t h e r   c o r r o b o r a t e d  by t h e  comparable  quantum  yields  obtained  by 

Sokolov  and  Stein,26 who p h o t o l y z e d   t h e i r   s o l u t i o n s  w i t h  l i g h t   i n t e n s i t i e s  

lower by a f a c t o r  of lo6. We must   conclude  therefore   that   the   photo-  

i o n i z a t i o n  of water  is  a s ingle   photon   process .  

- 

G .  The Photo lys i s   o f  D,O 

A series of experiments  was c a r r i e d   o u t   i n  D,O s a t u r a t e d   w i t h  SF,, 

bo th   i n   t he   p re sence   and   i n  t h e  absence  of CD,OD. The D,O abso rp t ion  

band is s h i f t e d  by about 5 nm t o  the  shorter  wavelength  region.5g11 

The experiments  w i t h  heavy  water  confirm  the resul ts  w i t h   l i g h t  

water .   Product ion   of  F- i n   h e a v y   w a t e r   i r r a d i a t e d  w i t h  polychromatic 

l i g h t  is about 90% o f   t h a t  w i t h  l i g h t   w a t e r .   T h i s  90% i s  t h e  r e s u l t  of 

t h e  lower   l i gh t   ou tpu t   o f   t he  lamp a t  t h e  shor te r   wavelengths   necessary  

to   pho to ion ize  D,O a s  w e l l  a s  t h e  decreased   t ransmiss ion   of  t h e  windows 

a t   t h e s e   w a v e l e n g t h s .  The deuter ium, D,, p roduc t ion   c lose ly   fo l lows   t he  

e p r o d u c t i o n   i n   h e a v y   w a t e r   a s   i n   l i g h t   w a t e r .  The r a t i o   o f  eaq t o  

H a ( D B )  is 16 & 4y0 i n  D,O compared w i t h   1 4  f 2% i n  H,O; t h e   d i f f e r e n c e  

b e i n g   i n s i g n i f i c a n t .  

- 
aq 

I n s e r t i n g  a Beckman 1-cm q u a r t z  cell  between  the  lamp  and  the  sample 

ce l l  dec reases   t he   r a t e   o f  F- p roduc t ion   i n  D,O by 40%, whi le   reducing  F- 

y i e l d   i n   l i g h t   w a t e r  by 1w0. The 1-cm ce l l  f i l l e d   w i t h  H,O c u t s   t h e  F- 

i n  D,O p r o d u c t i o n   t o  12%, and 1 cm M N a C l  reduces it t o  8%.  The 

r e s u l t s   a r e  summarized  and  compared  with the   cor responding  H,O d a t a   i n  

Table  I V .  

- 
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Table I V  

EFFECT  OF  CUTOFF  WAVELENGTH 
ON THE PHOTOLYTIC  YIELDS I N  H,O AND D,O 

D20-CD,OD I H,O-CH,OH I 

a Data i n  p o l e s   i n   1 0  min r a d i a t i o n .  

A Cary  scan  of   the 1-cm q u a r t z  ce l l  showed an absorp t ion   dens i ty   o f  

.13 a t  185 nm, so t h e  marked e f f e c t   o f   t h i s  ce l l  i n   d i m i n i s h i n g   t h e   r a t e  

of  production of e; and DE i n  heavy  water is caused by  wavelengths  below 

t h i s   l e v e l .   W a t e r   ( H 2 0 )  i n  1-cm pa th length  showed a dens i ty   o f  0.7 a t  

188 nm, and 1-cm M NaCl gave a dens i ty   o f   0 .7   a t   192  nm. - 
The s p e c t r a l   s h i f t  o f   the  F- p roduc t ion   i n  D,O, which  fol lows  the 

s h i f t   i n   t h e   f i r s t  continuum  absorption  band  of  heavy  water,   provides  an 

independent   proof   that   the   photolyt ic   hydrated  e lectrons  are   produced 

from the   wa te r  and no t  from  any t r a c e   i m p u r i t y   t h e r e i n .  The absence  of 

a n y   s i g n i f i c a n t   i s o t o p e   e f f e c t  on the  branching  of  H,O* t o   i o n i z a t i o n  o r  

d i s s o c i a t i o n  is  expec ted   because   t he   exc i t a t ion   ene rg ie s  of H,O and D,O 

a r e  so f a r  f rom  the  zero-point-energy  level .   This  i s  in   acco rd   w i th   t he  

ex t remely   smal l   d i f fe rence   be tween  the   ion iza t ion   po ten t ia l s   o f  H,O and 

D,O in   the   gas   phase   (12 .614  f 0.005 and  12.637 f 0.005 e V ,  r e s p e ~ t i v e l y ) . ~ ~  

* * 

H .  The Photolysis   of   Methanol  

Methanol   saturated  with SF, was photo lyzed   under   condi t ions   s imi la r  

t o   t h o s e   o f   t h e   w a t e r   p h o t o l y s i s .  When photolyzed  with  polychromatic  

l i g h t ,   t h e  F- y i e l d  was 85% of t h a t   o b t a i n e d   i n  H,O. The add i t ion   o f  

0 . 2 ,  1, and 1% H,O t o  MeOH d i d   n o t   s i g n i f i c a n t l y   c h a n g e   t h e   r a t e   o f  F- 

product ion.  The y i e ld   o f  H, from  photolyzed  methanol  amounted t o  5 times 

the   f l uo r ide   p roduc t ion   (o r   30  times t h e  GeOH y i e l d ) .  
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In  an  independent series o f   r a d i o l y t i c   e x p e r i m e n t s ,   s o l u t i o n s   o f  

SF, i n  MeOH were i r r a d i a t e d   i n   t h e   p r e s e n c e   a n d   a b s e n c e   o f  N,O and HC104.  

The f l u o r i d e   y i e l d  was c u t   t o  less than  10% i n   t h e   p r e s e n c e   o f   t h e s e  

e l e c t r o n   s c a v e n g e r s ,   i n d i c a t i n g   t h a t ,  as  in   t he   wa te r   sys t em,   so lva ted  

e l e c t r o n s   a r e   t h e   s o l e   p r e c u r s o r s   o f   f l u o r i d e   i o n s   p r o d u c e d   f r o m  SF,. 

The  wavelength  dependence  of  the  photolytic F- y i e ld   i n   me thano l  

was de t e rmined ,   and   t he   r e su l t s  are p r e s e n t e d   i n   F i g .   7 .  The F- forma- 

t i o n  seems t o   f o l l o w   t h e   f i r s t   a b s o r p t i o n   c o n t i n u u m   i n   m e t h a n ~ l . ~ ~ , ~ "  

In   shor t ,   methanol  seems t o  behave   s imi la r ly   to   water   and   undergoes  

photo ioniza t ion   wi th  a cutoff   wavelength of approximately 265 nm (4.7  eV); 

t h i s  is aga in   6 .1  e V  l ower   t han   t he   i on iza t ion   po ten t i a l  of methanol   in  

the  gas   phase  (10.83 eV) .49 

The product ion   of   hydrogen   in   the   photo lys i s   o f   methanol  was found 

t o   i n v o l v e  a d i f f e r e n t   e x c i t e d   s t a t e  from the   p roduct ion   of   the   e lec t ron-  

i o n   p a i r .  A Vycor g l a s s  window wi th   sharp   cu tof f   o f  uv t ransmiss ion  

below  230 nm lowered   the  F- product ion t o  27%,  while   lowering  that  of 

hydrogen t o  - 1% of  the  values   produced by po lychromat i c   l i gh t .  

In  the  wavelength  dependence  experiments  with  pure  methanol,  i t  was 

found  that   methane was  produced a s  a product   in   addi t ion  to   hydrogen  and 

so lva ted   e lec t rons .   In   th ree   exper iments   us ing  (1) no  wavelength  l imit ing 

window, (2 )  a q u a r t z  window,  and ( 3 )  a Vycor  window, w e  found  the  methane 

t o  be i n   m o l a r   r a t i o   o f  1.1:l wi th  eiol under a l l   t h r e e   c o n d i t i o n s ,  

whereas   the  hydrogen  to  e' r a t i o   r a n g e d  from 3 0 : l   i n  (1) t o   2 6 : l   i n   ( 2 )  

and t o   0 . 3 : l   i n   ( 3 ) .   T h i s   s t r o n g l y   s u g g e s t s   t h a t   p h o t o i o n i z a t i o n   a n d  

methane  formation  involve  the same e x c i t e d   s t a t e   o f   m e t h a n o l ,  a s t a t e  

lower   than   the   one   l ead ing   to   the   hydrogen   a tom  format ion .  

aq 

I .  Photoionization  of  n-Butanol 

Spectro  grade  n-butanol  was photolyzed  in   the  sample ce l l  i n   t h e  

presence  of 1 atm SF,. F luor ide   ion   p roduct ion   (e io l )  was i d e n t i c a l   t o  

t h a t  of methanol,   and  hydrogen  production was s l i g h t l y   l o w e r   ( 2 5 : l   r e l a -  

t i v e   t o  eGOl versus   30 : l   in   methanol ) .  A chromatographic   peak   in   the  

region  of C, o r  C, hydrocarbon  e lu t ion   was   de tec ted   bu t   no t   ident i f ied  
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i n   t h e   g a s   e v o l v e d   f r o m   t h e   a l c o h o l .  The ion iza t ion   p rocess   t hus  seems 

t o  be common t o  normal   a lcohols ;   conf i rmat ion   exper iments   wi th   rad io lys i s  

and   compet i t ion   k ine t ics  were not   conducted.  

J .  Pho to lys i s   o f  Methanol-Water Mixtures 

Fo l lowing   ou r   expe r imen t s   i n   pu re   wa te r ,   pu re   me thano l ,   and   d i lu t e  

me thano l   so lu t ions ,  i t  was o f   i n t e r e s t   t o   i n v e s t i g a t e   t h e   y i e l d   o f   s o l -  

v a t e d   e l e c t r o n s   i n  a mixed so lven t .   Th i s  series of  measurements  of F- 

y i e l d   i n   s o l u t i o n s   c o n t a i n i n g  from 5 t o  95 mol % of H,O i n  MeOH was 

in tended   to   answer  a number of   ques t ions :  

( 1 )  Are a l l   t h e   o x i d i z i n g   s p e c i e s   o f   t h e   g e m i n a t e   i o n   p a i r s  

HZOC - eas scavenged i n  the   p re sence   o f  0.1 - M MeOH (Sec t ion  B) 

t o   l e a v e  e- f o r   r e a c t i o n   w i t h  SF,, o r   a r e   t h e r e   a d d i t i o n a l  

i o n   p a i r s   t h a t   u n d e r g o   r e c o m b i n a t i o n   t o   g i v e  H,O , which may 

t h e n   d i s s o c i a t e   t o  H + OH? The l a t t e r   p o s s i b i l i t y  would mean 

t h a t   p h o t o i o n i z a t i o n  is  the  predominant  route  of  decomposition 

of  the  primary H,O , e x c i t e d  by the   inc ident   photon .  

aq ** 

* 

( 2 )  What is the   l i f e t ime   o f   t he   p r imary  H,O ? Can i t  be  scavenged 
* 

by a s o l u t e ,   s a y  MeOH, and   reac t   wi th  it? The poss ib le   reac-  

t i o n s   i n   t h i s   c a s e   c o u l d  be: 

H,O + MeOH -+ H,O + MeOH* 
* 

(1) 

Reaction 1 is a n   e n e r g y   t r a n s f e r   r e a c t i o n   t o   b e   f o l l o w e d  by 

MeOH + e- + MeOH', a s  well a s  by MeOH + Me0 + H and 

CH30H + CH, + OH. Reaction 1 is feas ib l e   because   t he   ene rgy  

l e v e l s  of  H,O* a r e   h ighe r   t han   t hose   o f  MeOH . 

* * 
* 

* 

/ 
OH + H2 + CHBOH 

HaO + MeOH- H + H,O + CH20H 

\ H2 + H,O + HCOH 

* 

In  Reaction 2 ,  MeOH a c t s   a s  a hydrogen  atom  donor t o  H,0 , 
which may r e a c t   e i t h e r   a s   a n  H atom or a s  an OH r a d i c a l   c a r r i e r .  

In   any   case   each   of   the   rou tes   descr ibed   under   Reac t ion  2 i s  

strongly  thermodynamical ly   favored  and  could  proceed a t  a very 

h i g h   r a t e .  

* 
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H20* -t- MeOH -+ e’ + OH + M e O G  

In Reaction 3 ,  which w i l l  b e   d i s c u s s e d   i n   g r e a t e r   d e t a i l   i n   t h e  

s e c t i o n  on t h e  mechanism o f   pho to ion iza t ion   (Pa r t   VI ) ,  MeOH 

a c t s   a s  a p r o t o n   a c c e p t o r   t h a t   f a c i l i t a t e s   t h e   i o n i z a t i o n   o f  

H,O t o  a g r e a t e r   e x t e n t   t h a n  a neighboring H,O molecule 

b e c a u s e   o f   t h e   h i g h   p r o t o n   a f f i n i t y   o f  MeOH. 

* 

To minimize  the  formation of primary MeOH by d i r e c t   p h o t o n   a b s o r p  * 
t i o n  by MeOH, w e  f i l t e r e d   o u t  a m a j o r   f r a c t i o n   o f   t h e   l i g h t   i n   t h e   r e g i o n  

200 t o  260 nm by p l ac ing  a 1 - c m  q u a r t z  ce l l  con ta in ing  M KBr i n  

aqueous   so lu t ion .   The   pho to ly t i c   y i e ld   o f  F- a s   f u n c t i o n   o f  H 2 0  mole- 

f r a c t i o n  i s  p r e s e n t e d   i n   F i g .  8 .  

- 

I n   s o l u t i o n s   c o n t a i n i n g  a small   mole-fraction  of H 2 0  (S loO/o), water  

seems t o   d i m i n i s h   t h e   y i e l d   o f  e; from MeOH, which mus t  be the  main 

a b s o r b i n g   s p e c i e s   a t   t h e s e   c o n c e n t r a t i o n s .   T h i s   r e s u l t   c o u l d   b e   e x p l a i n e d  

i f  w e  assume t h a t   t h e  e: from  pure MeOH under   the   exper imenta l   condi t ions  

o r ig ina t e s   f rom a s t a t e  C 200 nm, wh ich   has   h igh   p robab i l i t y   fo r   i on iza -  

t i on   and  which i s  scavenged  by H,O t o   g i v e  H,O w i th  a lower   p robabi l i ty  

f o r   i o n i z a t i o n .  

* 

Methanol  has a s t rong   abso rp t ion   i n   t he   r ange  180 t o  200 nm52,53 

l e a d i n g   t o  i t s  p h o t o l y s i ~ . ~ ~ ~ ~ ~  S i n c e   t h e   l a t t e r   p r o c e s s   i n   t h e   g a s  

phase  has  been shown t o   i n v o l v e  a f a i r l y   l o n g - l i v e d   p r e d i s s o c i a t i v e  

e x c i t e d   s t a t e , 6 6 ’ 6 7   t h e   e n e r g y   t r a n s f e r  mechanism seems p l a u s i b l e .  

Another   explanat ion  could  be  based  on  the  assumption  that   the   photo-  

i o n i z a t i o n   o f   m e t h a n o l ,   l i k e   t h a t   o f   w a t e r ,   r e q u i r e s   t h e   c o n c e r t e d   e f f e c t  

of a l a r g e  number of  MeOH molecu le s   ( s ee   Pa r t   VI ) .  The presence  of  one 

H,O molecu le   i n  10 or even   i n  20 MeOH impai rs   the   chances   for   such  a 

process .  

In   ano the r  series of experiments   using  “polychromatic”  l ight ,   which 

c o n t a i n s   r e l a t i v e l y  more i n t e n s i t y   i n   t h e   r a n g e  > 200 nm, i t  was found 

t h a t   c o n c e n t r a t i o n s  of 0 . 4 ,  1.8,  and 15 mol % of H,O i n  MeOH d i d   n o t  

a f f e c t   t h e  F- y i e l d .   T h u s   t h e   e n e r g y   t r a n s f e r  mechanism seems more 

p l aus ib l e .   Th i s   hypo thes i s   cou ld   be   co r robora t ed  by measur ing   the  CH, 

y i e l d   f o r   a l c o h o l i c   s o l u t i o n s   i r r a d i a t e d  by photons < 200 nm. I f  MeOH* 
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t r a n s f e r s   e n e r g y   t o  H 2 0 ,  CH, y i e ld   shou ld   dec rease   w i th  H,O concent ra t ion  

f a s t e r   t h a n   t h e  F- y i e l d .   I f   t h e   p r e s e n c e   o f  H,O d imin i shes   t he  proba- 

b i l i t y   o f  MeOH t o   u n d e r g o   i o n i z a t i o n ,   t h e   y i e l d   o f  CH, should  not   be 

a f f e c t e d  by the   p re sence   o f   sma l l  amounts  of H,O and i t  might  even 

inc rease   unde r   t hese   cond i t ions .  

* 

The e f f e c t   o f  MeOH on t h e  F' i n  the   concen t r a t ion   r ange  0 t o  50 m o l  % 

may be   subd iv ided   i n to  two regions:  0 t o  1 mol %, which  has i ts p l a t e a u ,  

cp = 0.077 ( s e e   S e c t i o n  B ) ,  and 1 t o  50 mol %, which  again  shows a pla- 

t e a u   e f f e c t  (qcz 0.18 f 0 . 0 1 ) ;   t h e   s l i g h t   i n c r e a s e   i n  F- y ie ld   observed  

between  10  and 50 mol % of MeOH may be e a s i l y   a t t r i b u t e d   t o   t h e   d i r e c t  

photo lys i s   o f  MeOH. The lack  of   dependence  of   the F- y i e l d  on MeOH over  

a wide   range   of   concent ra t ions   ind ica tes  a mechanism o f   " i n d i r e c t   a c t i o n . "  

In   o ther   words ,  i t  is sugges t ed   t ha t  MeOH enhances  the  formation  of  e- aq 
from exci ted  water   molecules .   This   assumption  could  be  corroborated by 

measuring  the H, y i e ld   unde r   t he  same condi t ions   and   f ind ing  a decrease  

in  cp@12) c o r r e s p o n d i n g   t o   t h e   i n c r e a s e   i n  cp(e- ) .  aq 

A s  i n   t h e   c a s e   a b o v e ,   t h e r e   a r e  two a l t e r n a t i v e   e x p l a n a t i o n s   f o r  

t h i s   e f f e c t .   F i r s t ,  i t  is p o s s i b l e   t h a t   t h e r e   e x i s t  a s u b s t a n t i a l  number 

of  geminate H,O+ + e- p a i r s  (cp = 0.1  f 0.02) tha t   end   up   a s  H + OH and 

t h a t   a r e   a t t a c k e d  by MeOH t o   g i v e  H,O + CH,OH + H,O + e- Alterna-  

t i v e l y ,  MeOH may i n t e r a c t   w i t h  H,O , which  should  then  have a l i f e t i m e  

of > sec,  t o   g i v e   a n  e- by e i t h e r   r e a c t i o n s   ( 1 )  or (3). Reac- 

t i o n   ( l ) ,  which  could  lead t o  the  formation  of  eaq by way of  MeOH a s  

in t e rmed ia t e ,  would r e su l t   i n   t he   s imu l t aneous   fo rma t ion   o f   me thane ;   t h i s  

could  be  experimental ly   checked  out .  The d i s t inc t ion   be tween   t he   s ca -  

venging  of  geminate H,O+ or OH and  the  involvement  of MeOH as  proton 

accep to r  is  no t   ea sy ,   because   t he   f i na l   p roduc t s  w i l l  be   i den t i ca l   and  

s o  w i l l  be   the  kinet ic   dependence  on [MeOH], p rov ided   t he   ha l f - l i f e  of 

H,O does  not  exceed loB1, sec. 

+ 
aq - * 

- aq * 

* 

One  way t o   d e c i d e   b e t w e e n   t h e s e   a l t e r n a t i v e  mechanisms is t o  add t o  

the   water   increas ing   amounts  of a mixture  dioxane-MeOH 1 : l O .  As t h e  

r a t i o   i n   r e a c t i v i t y   o f   t h e s e  two reagents  is 2:l,, ,   dioxane  should  sca- 

venge 20% of a l l  homogeneously d i s t r i b u t e d  OH r a d i c a l s .  Now, i f   r e a c -  

t i o n  (3) is  involved,  methanol w i l l  n o t   a l t e r   t h e   d i s t r i b u t i o n   o f  OH 
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r a d i c a l s   t h r o u g h o u t   t h e  medium, and   t he   y i e ld   o f  CH,OH and   t he re fo re   o f  

HCOH w i l l  be   independent   o f   the   concent ra t ion   of  MeOH--as l o n g   a s   t h e  

MeOH t o  d i o x a n e   r a t i o  is k e p t   c o n s t a n t .   I f ,  on t h e   o t h e r   h a n d ,  MeOH 

scavenges OH r a d i c a l s   f r o m   g e m i n a t e   p a i r s ,   w h e r e   t h e   r e a c t i v i t y   d i f f e r e n c e  

between MeOH and  dioxane  has less e f f e c t   t h a n   t h e i r   r e l a t i v e   c o n c e n t r a -  

t i o n ~ , ~ ~  then   t he   y i e ld   o f  HCOH shou ld   i nc rease   w i th  MeOH concen t r a t ion ,  

i n   s p i t e   o f  a s imul t aneous   p ropor t iona l   i nc rease   i n   d ioxane   concen t r a t ion .  

I t  is  e v i d e n t   t h a t   t h e  mixed so lven t   expe r imen t s   a r e   an   exce l l en t  

t o o l   f o r   t h e   i n v e s t i g a t i o n   o f   t h e  mechanism  of photo ioniza t ion ,   and   they  

s h o u l d   b e   o n e   o f   t h e   f i r s t   t a s k s   i n   a n y   e x t e n s i o n   o f   t h i s   p r o j e c t .  

K .  H/D I s o t o p e   E f f e c t s   i n   t h e   P h o t o l y t i c   D i s s o c i a t i o n   o f   W a t e r  

The H/D i so tope   e f f ec t   i n   t he   pho to lys i s   o f   wa te r   has   been   measu red  

by  Sokolov  and  Stein,26 who have  measured  the HD/H, r a t i o   i n   h y d r o g e n  

evolved  from M e thanol   aqueous   so lu t ions   conta in ing  2 o r  8% H and 

photolyzed a t  184.9 nm. The  hydrogen  evolved  from  these  solutions  had 

a r a t i o  of H,/HD of  0.28 and 0.72, r e s p e c t i v e l y .  A s  H/D i n   t h e   w a t e r  

was 0.02 and 0.087, r e s p e c t i v e l y ,   i s o t o p i c   f r a c t i o n a l   f a c t o r s ,  S I ,  of  14 

and 8.3 can   be   ca l cu la t ed   fo r   t he   g iven   cond i t ions .   Th i s   ove ra l l   i so tope  

e f f ec t   does   no t   r ep resen t   t he   r a t io   be tween   t he   r a t e s   o f   decompos i t ion   o f  

HDO, t he   on ly   H-con ta in ing   spec ie s   i n   t he   sys t em,6B  to   g ive  H or D-- 

because   t he   e f f ec t   has   t o   be   co r rec t ed   fo r   t he   abso rp t ion   o f   pho tons  by 

D,O v e r s u s  HDo.26 An a t tempt  was made t o   c o r r e c t   f o r   t h e   d i f f e r e n t i a l  

absorp t ion   of  HDO and D,O a t  184.9 nm.26 Using   the   absorp t ion   coef f i -  

c i e n t   v a l u e s   o f   B a r r e t t   a n d   M a n ~ e l l , ~  namely  0.554  and 0.12 cm'l ,  respec- 

t i v e l y ,  and  applying  the  correct   formula 

- 

(where cy is the   f rac t ion   of   photons   absorbed  by t h e   r e s p e c t i v e   s p e c i e s ) ,  

w e  c a n   c a l c u l a t e   t h e   i s o t o p e   e f f e c t   f o r   t h e   d i f f e r e n t i a l   d i s s o c i a t i o n   o f  

HOD, g iving  values   of   4 .5   and 3.3 f o r  98  and 92% D,O, r e s p e c t i v e l y .  

I t  shou ld   be   po in t ed   ou t ,   however ,   t ha t   Ba r re t t   and   Manse l l   have  

used U r e y ' s  thermodynamic  data6' f o r   w a t e r   i n   t h e   g a s   p h a s e   t o   c a l c u l a t e  

t h e i r  HDO concent ra t ion .s  Now, i f   t h e   a b s o r p t i o n  of p h o t o n s   i n   l i q u i d  
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water  is due t o   n o n a s s o c i a t e d   w a t e r   m 0 1 e c u l e s , ~ ~   t h e   r e l a t i v e  concen- 

t r a t i o n   o f   n o n a s s o c i a t e d  HDO molecules compared w i t h   t h a t   o f  H,O and D,O 

may d i f f e r   s i g n i f i c a n t l y  from t h e  thermodynamic  equilibrium  value  between 

water   molecules  i n   t h e   g a s   p h a s e .   I n   f a c t  it is e x p e c t e d   t h a t   i n  a one- 

to-one H,O, D,O so lu t ion   mos t   o f   the   absorp t ion  w i l l  be s t i l l  due t o  

nonassociated H,O molecu le s .   Thus ,   t he   abso rp t ion   coe f f i c i en t   o f  HDO a t  

184.9 nm is l i k e l y   t o   b e   l o w e r   t h a n  0.55 c m - l .  A l ower   va lue   fo r  mo 
would r e s u l t   i n  a h i g h e r   c a l c u l a t e d   i s o t o p e   e f f e c t  S". Fur thermore ,   in  

92 or 98% D,O t h e   r a t i o   o f   n o n a s s o c i a t e d  HDO/D,O is no t   necessa r i ly   equa l  

to   the  thermodynamic HDO/D,O r a t i o .   I n   f a c t   t h e   f o r m e r   r a t i o  is expected 

t o  be   s ign i f icant ly   h igher   because   o f   the   weaker  H - . . * O  compared wi th  

Dm.. -0  hydrogen  bonds.69  This   effect  is  e x p e c t e d   t o   r e s u l t   a g a i n   i n  a 

l a r g e r   v a l u e   f o r   t h e   c a l c u l a t e d   i s o t o p i c   f r a c t i o n a t i o n   o f  HDO. I t  may 

be   concluded   therefore   tha t   the   va lue  ( 4  & 0) c a l c u l a t e d   f o r   t h e   i s o t o p i c  

f r a c t i o n a t i o n   o f  H D O , ~  is too  low. 

W e  have   measured   the   i so topic   f rac t iona t ion   of   photo lyzed   water  

con ta in ing  0.1 M MeOH. Water  containing  9% D photolyzed  with  poly- 

chromat ic   l igh t   gave   hydrogen   tha t   conta ined  9% HD. An o v e r a l l   i s o t o p e  

e f f e c t  of (91/9)/(10/90) = 9 1  was therefore  observed.  The  experiment was 

r epea ted   i n t e rpos ing  a 1 - c m  f i l t e r  o f   pure   l iqu id  D,O. The hydrogen 

product ion was now diminished   to  25% of i t s  o r ig ina l   va lue ;   however ,   t he  

isotopic  composition  of  the  evolved  hydrogen  remained  unchanged.  In  the 

second  experiment w e  c u t  o f f   the   shor te r   wavelength   por t ion   o f   the   spec-  

t rum,   t hus   a f f ec t ing   p r imar i ly   t he   pho ton   abso rp t ion  by D,O. The l a c k  

o f   a n   e f f e c t  on the   i so topic   composi t ion   o f   the   evolved   hydrogen   ind ica tes  

t h a t   t h e  D a toms  produced  or iginate   solely  f rom  the  decomposi t ion  of  HDO. 

F u r t h e r m o r e ,   t h e   r e s u l t s   s u g g e s t   a n   e f f e c t i v e   e n e r g y   t r a n s f e r  mechanism 

from D,O t o  HDO. W e  c o n c l u d e   t h e r e f o r e   t h a t   t h e   r a t e s   o f   t h e  two pro- 

cesses (1) HDO + H + DO and  (2)  HDO + D + HO d i f f e r   i n   r a t e s   o f  a f a c t o r  

of  (91/9)/(1/1) = 10. This  is a r a t h e r   h i g h   v a l u e   c o n s i d e r i n g   t h a t  AH 
o f   r e a c t i o n s  (1) and  (2)  are  comparable,   118.27  and  119.70  kcal/mole,  

respec t ive ly ;60   pro ton   tunnel ing  may t h u s   b e   i n v o l v e d   i n   t h e   d i s s o c i a t i o n  

process .  The o v e r a l l   i s o t o p e   e f f e c t  would obviously  be  dependent   on  the 

H conten t   o f   the   heavy   water ,   bu t   the   i so topic   composi t ion   o f   the   evolved  

- 

* 
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hydrogen i s  expec ted   t o   r ema in   cons t an t ,  namely c l o s e  t o  10. When t h e  

concen t r a t ion   o f  H i n  D20 i n c r e a s e s   t o   t h e   p o i n t   w h e r e  H,O molecules 

reach  a s i g n i f i c a n t   c o n c e n t r a t i o n ,   t h e   o v e r a l l   i s o t o p e   e f f e c t  is ex- 

pected to   increase   cons iderably ,   because   par t   o f   the   photons  would then  

be  absorbed by t h e  H,O, producing H a toms  exc lus ive ly .   Fur ther ,   energy  

t r ans fe r   be tween  HDO and H,O, which i s  e x p e c t e d   i n   a n a l o g y   t o   t h e  D,O* 

t o  HDO t r a n s f e r ,  w i l l  a m p l i f y   t h e   e f f e c t   o f  H,O. 

* 

Our e x p e r i m e n t a l   r e s u l t s   d i f f e r   s i g n i f i c a n t l y   f r o m   t h e  two va lues  

measured  by  Sokolov  and  Stein.26 Our value  for t h e   d i f f e r e n t i a l   d i s s o -  

c i a t i o n   o f  HDO t o  H or D is h ighe r  by  about a f a c t o r   o f  two t h a n   t h e  

va lue   ca l cu la t ed  by them. We have no e x p l a n a t i o n   f o r   t h e   d i s c r e p a n c y ,  

and  only  fur ther   experiments   would  a l low US t o  se t t le  t h i s   p o i n t .  

36 



V I  THE MECHANISM OF PHOTOIONIZATION OF ASSOCIATED LIQUIDS 

It  has   been   po in t ed   t ha t   t he  combined energ ies   o f   hydra t ion  

of H,O and e' are  s u f f i c i e n t   t o  allow the   pho to ion iza t ion   o f   wa te r   w i th  

6.5 e V  photons,  i .e .  , 6.0 e V  be low  the   i on iza t ion   po ten t i a l   i n   gas   phase .27  

+ 
aq 

2H,O eaq + H,O:q + OHaq - 5.8 e V  

Fol lowing  the same arguments ,   even  photons  with  energies  2 6.05 e V  a r e  

s u f f i c i e n t   a c c o r d i n g   t o   o u r   e x p e r i m e n t a l   r e s u l t s   t o   i n d u c e   i o n i z a t i o n .  

Obv ious ly ,   t h i s   ove ra l l   p rocess  is f a r   t o o   c o m p l i c a t e d   t o   t a k e   p l a c e   i n  

a f a s t   s i n g l e   s t e p ,  and it is c e r t a i n l y   i n   v i o l a t i o n   o f   t h e  Franck-Condon 

p r i n c i p l e .   T h i s  mechanism involves  a p r o t o n   t r a n s f e r   r e a c t i o n   i n   a d d i -  

t i o n   t o  a series of  rearrangements  of  water  molecules  around  the  newly 

formed H,O and e' I t  r e q u i r e s ,   t h e r e f o r e ,   t h e   f o r m a t i o n  of a long- 

l i v e d ,   e l e c t r o n i c a l l y   e x c i t e d  H,O*, which managed somehow t o   o r i e n t  i t s  

ne ighbor ing   mo lecu le s   t o   accep t   and   so lva te   s imu l t aneous ly  a H+ ion  and 

a n   e l e c t r o n   w i t h   j u s t  0.25 e V  excess   energy.  I t  is e v i d e n t   t h a t   t h i s  

mechanism a s  i t  s t a n d s  is  highly  improbable .  

+ 
aq * 

I t  should   be   emphas ized   tha t   on ly   par t ia l   so lva t ion   energy  becomes 

ava i lab le   in   the   photo ioniza t ion   process ,   because   comple te   so lva t ion  

would requi re   the   rear rangement  of water  molecules  around H,O ; t h i s  

could   hard ly   t ake   p lace   wi th in  sec, t h e   e s t i m a t e d   l i f e t i m e  of H,O*. 

Our conc lus ion   t ha t  H,O , produced   a s   i n t e rmed ia t e ,   d i s soc ia t e s  or ion- 

i z e s   w i t h i n  sec wi thout   any   subs tan t ia l   a tomic   rear rangement   o f  

t he   so lven t   ma t r ix   cou ld   be   suppor t ed  by t h e   f a c t   t h a t   t h e   r a t i o   i o n i z a -  

t ion/dissociat ion  does  not   change  with  temperature .27  I f   rearrangement  

of   water   molecules   around  the  nascent  H,O is a p r e r e q u i s i t e   f o r  i ts  

format ion ,  a s i g n i f i c a n t   t e m p e r a t u r e   e f f e c t  would  be  expected  between 

30  and 73OC. 

* 

* 

+ 

I t  i s  e v i d e n t   t h a t   t h e  

n a t u r e   f r o m   t h a t   i n   t h e   g a s  

e l e c t r o n   p l u s  a H,O i o n   i n  + 

pho to ion iza t ion  of l i q u i d   w a t e r   d i f f e r s   i n  

phase.  I t  r e q u i r e s  12.6 v o l t s   t o   p r o d u c e   a n  

the   gas   phase .  On t h e   o t h e r   h a n d ,  it should 
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be   no ted   t ha t   t he   abso rp t ion   band   l ead ing   t o   pho to ion iza t ion   o f   l i qu id  

water  peaks a t  147 nm (8 .4  eV)el or perhaps a t  8.0 e V , 7  p62 and   t ha t   l ead -  

i ng   t o   t he   pho to ion iza t ion   o f   me thano l   peaks   abou t   7 .3  eV. ' , l2  Thus   the  

d i f f e r e n c e   b e t w e e n   i o n i z a t i o n   p o t e n t i a l s   i n   t h e   g a s   a n d   l i q u i d   s t a t e ,  AI, 

i s  4.6 e V  for  water   and 3.5 e V  for   methanol .   There  is no   r eason   t o   u se  

t h e   c u t o f f   e n e r g i e s  or a n y   a r b i t r a r y   e n e r g y   i n   c a l c u l a t i n g  AI. 

I n   t h e   l i q u i d   p h a s e  w e  g a i n   t h e  medium effect .  From a pure ly  elec- 

t r o s t a t i c   v i e w p o i n t ,  less energy w i l l  b e   n e e d e d   t o   e x t r a c t   a n   e l e c t r o n  

from a molecule  and  detach i t  from t h e  Coulombian F i e l d   o f   t h e   p a r e n t  

i o n .   I f   t h i s   m o l e c u l e  i s  p l a c e d   i n  a medium wi th  a d i e l e c t r i c   c o n s t a n t  

8 ,  t h e   d e c r e a s e   i n   i o n i z a t i o n   e n e r g y  w i l l  b e   e q u a l   t o   t h e   s o l v a t i o n  

ene rgy   o f   t he   pos i t i ve   i on   fo rmed .   Th i s   ene rgy   d i f f e rence   can  be  calcu- 

l a t e d  by t h e  continuous-medium  Born  formula63 

AI = 2r (1 - k) 
Taking r = 0.147 nm ( t h e   r a d i u s   o f  H,O as   determined  f rom  the  van  der  

Waals   equat ion  in   the  gas   phase,64  which is very  close t o  r = 0,144 nm 

ob ta ined   f rom  x - r ay   d i f f r ac t ion   o f   l i qu id   wa te r66)   and   t he   h igh   f r equency  

d i e l e c t r i c   c o n s t a n t   o f   w a t e r ,  em = 6.0,66 w e  o b t a i n  AI = 4.05 e V .  

I t  has   been   po in t ed   t ha t   t h i s  mode o f   c a l c u l a t i o n   o f  AI i n  

l i q u i d s   s u f f e r s  from a number of   overs impl i f ica t ions   and   can   be   appl ied  

a s  a f i r s t - o r d e r   a p p r o x i m a t i o n   a t   b e s t .  The  main sou rce   o f   e r ro r  is t h e  

necess i ty   o f   r eo r i en t ing   mo lecu le s   a round   t he  newly  formed  ion i n   o r d e r  

t o   a c c o m p l i s h   s o l v a t i o n .   I n   f a c t ,   t h e   c a l c u l a t e d   v a l u e   o f  AI, which 

should   be   equal   to  L\Hh(H,O+), the   en tha lpy   of   hydra t ion   of  H,0+,6B is  

j u s t  a l i t t l e  smal le r   than  &Ih of  H30 ca l cu la t ed   f rom + 

The va lue  for &, of H30  i n c l u d e s ,   h o w e v e r ,   a l l   t h e   g a i n   i n   e n e r g y   f o l -  

lowing a comple te   o r ien ta t ion   of   water   molecules   a round H30 . Consider ing 

t h a t  r(H30+)  and r ( L i  ) i n   s o l u t i o n   a r e   ~ o m p a r a b l e ~ ~   a n d   t a k i n g   t h e   e f f e c -  

t i v e   r a d i u s   o f  Li' a s  0.148  nm,7a w e  may ca l cu la t e   # Ih   o f   t he   pho to -  

l y t i c a l l y  formed H,O t o   b e   e q u a l   t o  AHh(H30 ) w i t h i n   t h e   u n c e r t a i n t i e s  

of   the  theory.  I t  seems, t h e r e f o r e ,   t h a t   t h e  Born t r ea tmen t   g ives  a t o o  

+ 
+ 

+ 

+ -t 
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h i g h   v a l u e   f o r  AI because it is u n l i k e l y   t h a t  AI, which  should  not  

i nc lude   any   r eo r i en ta t ion   o f   t he   ne ighbor ing   mo iecu le s ,   shou ld   be   equa l  

w i t h i n   t h e   u n c e r t a i n t i e s   o f   c a l c u l a t i o n   t o   t h e   t o t a l   h y d r a t i o n   e n e r g y  

o f   t he   g iven   i on .  ( I t  is  l i k e l y   t h a t   t h e   d i a m e t e r  of HZO+ a t  i ts  ground 

s t a t e  i s  smaller than   t ha t   o f   wa te r  by some IC%, and  thus i t s  r e a l   m h  

w i l l  then  be  approximately  4.6 e V . >  A more r e a l i s t i c   c a l c u l a t i o n   t a k i n g  

i n t o   c o n s i d e r a t i o n   o n l y   t h e   p o l a r i z a t i o n   o f   t h e   a d j a c e n t   m o l e c u l e s   w i t h -  

ou t   any   reor ien ta t ionG6 would l e a d   t o  AI of  approx 3.5 e V .  

I t  shou ld   be   no ted   t ha t   even   t he   ove res t ima ted  AI of  4.05 e V  is st i l l  

over  0.5 e V  shor t   o f   the   observed  AI. I f  w e  add,  however, t o   t h e  AI due 

t o   s o l v a t i o n   o f  H,O t h e   g a i n   i n   e n e r g y  owing t o   t h e   s o l v a t i o n   o f   t h e  

e l e c t r o n   ( m h  = 1.65 e ~ ) ~ 3  and  assume t h a t   t h e   l a t t e r   s o l v a t i o n  is pre- 

dominantly  due to   po la r i za t ion   o f   t he   wa te r   mo lecu le s   w i thou t   r eo r i en ta -  

t i ~ n , ~ ~  w e  have  gained more than  4.05 + 1.65 = 5.7 e V .  This   va lue  may 

be   overes t imated  by about  1 e V ,  because of t he   hydra t ion  by o r i e n t e d  

water   molecules .  Even so, w e  have   ava i l ab le  some 4.7 e V ,  which is equal  

t o  or l a rge r   t han   t he   obse rved  A I .  

+ 

If w e  now l o o k   a t   p h o t o i o n i z a t i o n   i n   m e t h a n o l ,   u s i n g   t h e  same argu- 

ments   but   taking r(MeOH+> = 0.304 nm,84 and g, = 12.8,74 w e  ob ta in  AI = 
2.17 e V .  Here t h e   r e o r i e n t a t i o n  of the   so lven t   mo lecu le s   has  less e f f e c t  

than i t  does   i n   wa te r ,   and   t he  t r u e  AI is e s t i m a t e d   a t  1.90 e V .  I f  w e  

add t o   t h i s   v a l u e   t h e   e s t i m a t e d  mh of  seOH = 2.0 e V  ( e s t ima ted  from 

i ts  absorp t ion   spec t rum) ,75  w e  o b t a i n  AI = 3.90, which  again i s  h ighe r  

than   the   observed  A I .  The f i n d i n g s   i n   t h e   c a s e  of methanol  confirm  our 

conclusion46  that   most   of  &Ih of eiOlv is due t o   s o l v e n t   p o l a r i z a t i o n  

and   does   no t   involve   reor ien ta t ion   of   so lvent   molecules .  W e  have   t o  con- 

c lude   tha t   the   phot ioniza t ion   of   water   and   methanol   fo l lows   the  same 

pa t t e rn   o f   behav io r   o f   nonassoc ia t ed   l i qu ids  .67 ,76  

An a l t e r n a t i v e   i n t e r p r e t a t i o n   o f   t h e   p h o t o i o n i z a t i o n   o f  water and 

methanol is t o  assume  tha t  H,O unde rgoes   i on iza t ion   t o   g ive   an   exc i t ed  

(OH->* ion .  

* 

H,O + H,O 

H,O* + H,O -b H30f + (OH')* 

hv * 

(OH'>* -b H + e- 

39 



The   r e l eased   e l ec t ron  w i l l  undergo   hydra t ion   to   form e' o n l y   a t  a l a t e r  

s t a g e .  The t r a n s f e r   o f   t h e  hydrogen-bond br idging   pro ton  is a v e r y   f a s t  

p rocess ,  t 4  - comparable i n  r a t e   t o   t h e   d i s s o c i a t i o n   s t e p  

aq 

H20* 3 H + OH 

T h i s   p r o t o n   t r a n s f e r  may t h u s   b e   s i g n i f i c a n t l y   f a s t e r   t h a n   t h e   d i f f u s i o n -  

c o n t r o l l e d  H30  + OH- r eac t ion .77  + 

We know very  w e l l  t h a t   e x c i t e d   p r o t o n i c   a c i d s   h a v e  much h ighe r  

d i s s o c i a t i o n   c o n s t a n t s   t h a n   p r o t o n i c   a c i d s   a t   t h e i r   g r o u n d   s t a t e s . 7 8 , 7 9  

The AH of   t he   r eac t ion  

H,O + nHaO 3 H O+ + O H i q  
aq 

is only  0.585 eV.80  Thus, i f   t h e  same reac t ion   t ook   p l ace   w i th  H,O 

e x c i t e d   t o  8 e V ,  i t  could   l eave   an  OH- i on   w i th   ove r  7 e V  o f   e x c i t a t i o n  

energy .   This  i s  c o n s i d e r a b l y   h i g h e r   t h a n   t h e   e l e c t r o n   a f f i n i t y  of OH- 

which is 6.35 e V  (being  about  halfway  between  those of C 1 -  and Br') . 

* 

aq ' 

I n  t h i s   t r e a t m e n t  w e  have  assumed  complete  rearrangement of so lven t  

molecules  around H30+ and OH-. L e t  u s  assume now t h a t  w e  a c t   w i t h o u t  

so lvent   rear rangement ;   thus   the   ga in  of energy   in   the   p ro ton   a t tachment  

is  j u s t  7.15 e V ,  t h e   p r o t o n   a f f i n i t y  of H 8 0 , 6 9  and  not  ,&Ih(H30iq),  which 

is  11.3 e V .  I n   t h i s   c a s e  QH o f   t h e   r e a c t i o n  

H,OZq i- H 2 0  3 (OH-)* + H30t 

w i l l  be   8 .0  - 11.3  + 7.15 - 0.59 = 3.26 e V .  The l a t t e r   v a l u e  is con- 

s i d e r a b l y   h i g h e r   t h a n   t h e   e l e c t r o n   a f f i n i t y   o f   t h e   n o n h y d r a t e d  OH, namely 

1.89 eV.el  I n   t h i s   t r e a t m e n t  w e  d i d   n o t   t a k e   i n t o   a c c o u n t   t h e   s t a b i l i -  

za t ion   o f   t he  OH- by t h e   p o l a r i z a t i o n  of the  neighboring  molecules ,   which 

may amount to   abou t   one  e V  o u t   o f   t h e   t o t a l  gH (OH-) = 4.85.73  This 

c o r r e c t i o n  would  have  lowered #I t o   1 . 4  e V  and   i nc reased   t he   e l ec t ron  

a f f i n i t y   o f   t h e   s e m i s o l v a t e d  OH- t o  2.9 e V .  When w e  make u s e   o f   t h e  

hydrat ion  energy of t h e   e l e c t r o n ,   t h e   i o n i z a t i o n   p o t e n t i a l  of t h e  non- 

hydrated OH- would  decrease  to  < 1.3 e V .  I n   s p i t e   o f   t h e   u n c e r t a i n t i e s  

i n   t h e   c a l c u l a t i o n g , i t  seems t h a t   t h e   p r o t o n   t r a n s f e r  mechanism could 

accoun t   fo r   t he   pho to ion iza t ion  of water ,   whether  it invo lves   so lven t  

molecu le   r eo r i en ta t ion  or n o t .  

h 
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Repeat ing   the  same t r ea tmen t   fo r   me thano l ,  w e  know t h a t  i t s  proton 

a f f i n i t y  is 7.8 e V , 8 2  whereas   the AHsolv of H+ i n  methanol is  10.0 e V  

and   t ha t   o f  MeO' is  only  about   1 .7  e V .  On the   o the r   hand ,  AH of t h e  

d issoc ia t ion   of   methanol  is  n o t  much h i g h e r   t h a n   t h a t  of w a t e r   a s  i ts  pK 

is only  about  2 u n i t s   h i g h e r   t h a n   p G . 8 3  We e s t i m a t e  AH of   the   au to-  

d i s s o c i a t i o n   o f   m e t h a n o l   a t  < 0.75 e V .  Thus 

(MeOH solv + nMeOH -B (MeOHz) solv + (Me0 lsOlv * - *  

may r e s u l t  i n  MeO- e x c i t e d   t o   7 . 3  - 0.75 = 6.55 e V ,  which is by f a r  

h i g h e r   t h a n   t h e   e l e c t r o n   a f f i n i t y   o f  MeO-. Under nonsolva ted   condi t ions  

(MeOH 1 solv + MeOH + MeOH]: + MeO- 
* 

Assuming a po la r i za t ion   so lva t ion   ene rgy   o f   1 .2  e V  for MeO- 

#I = 7 .3  + 7 .8  c 10.0  - 0.75 - 0.5  = 3.95 e V  

Th i s  is by f a r   h i g h e r   t h a n   e l e c t r o n   a f f i n i t y  of the   nonsolva ted  MeO-, 

namely  0.39 e V , e 4  and   tha t   o f  MeO- so lva ted  by p o l a r i z a t i o n ,   o n l y  E A  = 

1.6 e V .  Adding AHh(e,olv) t o   t h e   p r o c e s s  would make the   i on iza t ion   o f  

the   nonsolva ted  MeO- an  exothermal  process.  Even i f   s o l v a t i o n   s t a b i l i z e s  

MeO- t o   a n   e x t e n t   o f   1 . 7  e V ,  i ts i o n i z a t i o n  would s t i l l  b e   e n e r g e t i c a l l y  

favored ,  

In   sp i te   o f   the   favorable   energe t ics ,   methanol   undergoes  less exten- 

s i v e  photo ioniza t ion   than   water .  The r a t i o  e-/H i n  MeOH is 1/30  compared 

wi th   1 /7   i n   wa te r .   Th i s   d i f f e rence  may be  explained by t h e  less favor- 

a b l e   o r i e n t a t i o n   i n   t h e   l i q u i d   p h a s e ,  which  does  not  allow  every  hydroxy- 

l i c  H t o  be i n   t h e   o p t i m a l   d i s t a n c e  from an  adjacent   oxygen.   Furthermore,  

the   weaker  C-H and 0-H bond s t rengths   in   methanol   (4 .05   and   4 .45  e V ,  

r e s p e c t i v e l y ) 8 0   f a c i l i t a t e   d i s s o c i a t i o n   r a t h e r   t h a n   i o n i z a t i o n .  The same 

t r e n d  is  a lso   observed   in   the   rad io lys i s   o f   methanol   where   the  e'/H i s  

1:2.2,es   compared  with  5 .4: l   in   water .46 

The p r o t o n   t r a n s f e r  mechanism wi thou t   r eo r i en ta t ion   o f   so lven t  mole- 

c u l e s  may exp la in   t he   i nc rease   o f   q (e -  ) in   the   p resence   o f   molar  con- 

cen t r a t ion   o f   me thano l .   I n   t h i s   ca se   t he   r eac t ion  
aq 

H,O + MeOH 3 OH- + MeOHz 
* + 
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would  be  more  exothermal  by 7.8 - 7.15 = 0.65 e V  than   the   ana logous  

H,O + H,O 3 OH- + H,O . * + 

The  proposed  mechanism d i f f e r s   f r o m   t h a t   o f   B o y l e  e t  al.Z7  by  not 
” 

requir ing  any  solvent   molecule   rearrangement   that   would  take > s e c ;  

t hus   so lva ted  H,O or e- a re   no t   p roduced   a s   p r imary   p roduc t s   i n   ou r  

mechanism. 

+ 

We have a t   p r e s e n t   n o   e v i d e n c e   t o   h e l p   u s   t o   c h o o s e   b e t w e e n   t h e  

s o l v e n t   e f f e c t  mechanism,  which i s  based on a ra ther   approximate   and  

simpleminded  theory,67  and  the  proton  transfer  mechanism,  which is 

unique for p r o t o n i c   a s s o c i a t e d   l i q u i d s   b u t  which is  ra the r   s emiquan t i t a -  

t i v e   i n   c a l c u l a t i n g   t h e  AH of   the   p ro ton   t ransfer   reac t ion   under   condi -  

t i o n s   t h a t  do not   permit   molecular   rearrangement .  
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V I 1  THE  IMPLICATIONS  OF  PHOTOIONIZATION  OF  PROTONIC  ASSOCIATED 
LIQUIDS TO  PHOTOCHEMISTRY  AND  RADIATION  CHEMISTRY 

The ra ther   unexpec ted   genera l  phenomenon of   photo ioniza t ion   of  

p r o t o n i c   a s s o c i a t e d   l i q u i d s ,   t h o r o u g h l y   i n v e s t i g a t e d   f o r   t h e   f i r s t  time 

w i t h i n   t h e  framework of t h i s   p r o j e c t ,   h a s   i m p o r t a n t   i m p l i c a t i o n s ,   b o t h  t o  

t h e   p h o t o c h e m i s t r y   a n d   t o   t h e   r a d i a t i o n   c h e m i s t r y   o f   s u c h   s y s t e m s .   F i r s t ,  

it is  e v i d e n t   t h a t  a most r eac t ive   r educ ing  species i s  readi ly   produced 

p h o t o l y t i c a l l y   i n   w a t e r   a n d   a l c o h o l s .  The same phenomenon is expected 

t o   o c c u r   i n   g l y c o l s   a n d   o t h e r   p o l y a l c o h o l s ,   a s  w e l l  as in   var ious   carbo-  

hydra t e s .   I f   t he   pho tochemis t ry  of amino a c i d s  or sugars   involves   photo-  

i o n i z a t i o n ,  i t  c o u l d   r e a d i l y   l e a d   t o   i n t r a m o l e c u l a r   r e d o x   r e d u c t i o n ,   i n  

wh ich   an   e l ec t ron   ex t r ac t ed   a t   one  s i te  is  captured by the   ca rbony l i c  

e n t i t y   a t   t h e   o t h e r  s i te  o f   t h e  same m o l e ~ u l e . ~ ~  The photo ioniza t ion   of  

g l y c i n e   h a s   b e e n   d e m o n s t r a t e d ,   a s   h a s   t h a t   o f   c e r t a i n   a r o m a t i c  amines." 

From the   pho tob io log ica l   s t andpo in t  i t  may b e   a d v i s a b l e   t o   c o n s i d e r  

photo ioniza t ion   as   an   impor tan t   pa thway  tha t   involves   long-range   e lec t ron  

t r a n s f e r   r a t h e r   t h a n  atom t r a n s f e r .  The no t ion   t ha t   pho to ion iza t ion  of 

s imple   neut ra l   molecules  may o c c u r   i n   t h e   n e a r  uv or even i n   t h e   v i s i b l e  

has   no t  y e t  reached  the  photochemist  or p h o t o b i o l o g i s t ,   I n   f a c t ,   t h e  

d i s t i n c t i o n   b e t w e e n   t h e   " i o n i z i n g   r a d i a t i o n "   o f   t h e  vacuum uv and  the 
I t  nonionizing"  radiat ion  of   lower   energies ,   which  has   been  the  corners tone 

of  photochemistry  to  date, '$ seems to   be   ou tda ted   i n   v i ew  o f   ou r   f i nd ings .  

Not less i m p o r t a n t   i n   o u r  view is the   impact   o f   our   f ind ings  on 

r ad ia t ion   chemis t ry   i n   gene ra l   and   on   t ha t   o f   wa te r   and   aqueous   so lu t ions  

i n   p a r t i c u l a r .  One o f   t h e  most   fundamenta l   open   ques t ions   in   th i s   f ie ld  

is the  pr imary  yield  of   e lectrons.   Al though  the  measured  "pr imary"  yield 

o f   e l e c t r o n s   i n   r a d i o l y z e d   w a t e r  is about 3 per   100 e V , 9 0  the   agreement  

between t h i s   v a l u e   a n d   t h e   i o n   p a i r   y i e l d   o f   w a t e r   i n   t h e   g a s  p h a ~ e ~ ~ , ~ ~  

may well b e   f o r t u i t o u s ,   b e c a u s e  i t  is e x p e c t e d   t h a t  a cons iderable  number 

of   e lectrons  recombine  with H,O or OH r ad ica l s   be fo re   hav ing  a chance   t o  

get o u t   i n t o   t h e   b u l k  of t h e   s o l u t i o n .  The a rgument   tha t   ha l f   the   secon-  

dary   e lec t rons   have   energ ies   be low  the   ion iza t ion   energy  of water   (12.6 e V >  

+ 
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and  thus   can   ge t   involved   on ly  i n  exc i t a t ion   p rocesses , s2   wh ich  i s  v a l i d  

f o r   w a t e r   v a p o r , s 3 s 9 4   d o e s   n o t   h o l d   f o r   l i q u i d   w a t e r   i f  w e  h o w  by now 

t h a t   q u a n t a   a s  l o w  a s  6.05 e V  can   i nduce   i on iza t ion .  The same r e v i s i o n  

is c a l l e d   f o r   i n   t h e   i n t e r p r e t a t i o n   o f   t h e   r a d i o l y t i c   b e h a v i o r  of a l coho l s .  

I t  i s  ev iden t   t ha t   t he   op t i ca l   mode l , f f94   wh ich  is  the  most  appro- I f  

p r i a t e   a p p r o a c h   t o   t h e   t h e o r e t i c a l   i n t e r p r e t a t i o n  of t h e   r a d i o l y t i c  

behavior   o f   mater ia l s ,   has   to   t ake   in to   account   the   low-energy   photo-  

i o n i z a t i o n   p r o c e s s   a t   l e a s t   i n   p r o t o n i c   a s s o c i a t e d   l i q u i d s .  I n  f a c t ,  

low-energy  ionizat ion may be a major  pathway i n   t h e   r a d i o l y s i s   o f   s u c h  

l iqu ids .   Al though  the   energy   absorp t ion   of   photons  i s  i n h i b i t e d  by t h e  

neg l ig ib l e   abso rp t ion   coe f f i c i en t   o f   a s soc ia t ed   mo lecu le s ,   t hese  may 

s t i l l  be   exc i ted  by e l e c t r o n s   c a r r y i n g   t h e  same k i n e t i c   e n e r g i e s . 5 9  

Fur the r ,   a s   t he   ene rgy   spec t rum  o f   r ad io lyzed   s econdary   e l ec t rons  shows 

a maximum popu la t ion   i n   t he  5 t o  8 e V  r a n g e , 9 5   t h e   r a d i o l y t i c   e n e r g y  

d e p o s i t i o n   p r o c e s s e s   i n   a s s o c i a t e d   l i q u i d s   a r e   e x p e c t e d   t o   b e  more 

e f f i c i en t   t han   i n   t he   gas   phase ,   excep t   t ha t   t hey   a r e   coun te rba lanced  

by the   " cage"   e f f ec t s .   These   e l imina te  many o f   t he   i on   pa i r s   and   r ad ica l  

pa i r s   be fo re   t hey   have  a chance   to   be   de tec ted  by  any  chemical or 

physical  means. 
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V I  I1 GEOCHEMICAL AND COSMOCHEMICAL  IMPLICATIONS 
OF THE:  PHOTOIONIZATION OF WATER 

I n  t h i s   p r o j e c t  w e  have   demonst ra ted   tha t   water   and   o ther   p ro tonic  

a s soc ia t ed   l i qu ids   unde rgo   pho to ion iza t ion   by  a s i n g l e   p h o t o n   p r o c e s s   a t  

photon  energies  less t h a n   h a l f   t h o s e   r e q u i r e d  for photo ioniza t ion  of t h e  

same molecules   in   the   gas   phase .   This  means t h a t   l i g h t   o f   w a v e l e n g t h s  

a s   l o n g   a s  200 nm, above  the  absorpt ion  band  of   oxygen,   can  induce  photo-  

i on iza t ion   i n   l i qu id   wa te r   and   p roduce   hydra t ed   e l ec t rons .  

The pho to ion iza t ion   o f   wa te r   a t  1 > 190 nm i s  of i n t e r e s t ,   n o t   o n l y  

from t h e   t h e o r e t i c a l   s t a n d p o i n t s   o f   t h e   p h o t o c h e m i c a l   a n d   r a d i o l y t i c  

behav io r   o f   a s soc ia t ed   p ro ton ic   l i qu ids   (Pa r t   VI I ) ,   bu t  for i ts  important 

geochemical   and  cosmochemical   implicat ions.   Hydrated  e lectrons,  e - t h e  

p roduc t s   o f   pho to ion iza t ion   o f   wa te r ,   a r e  most   potent   reducing  species  

(Eo = 2.77  vol ts)46  superseded  only by a few s t r o n g l y   e l e c t r o p o s i t i v e  

metal   a toms,  i . e . ,  t h e   a l k a l i   m e t a l   a n d   c e r t a i n   a l k a l i n e   e a r t h s   ( e x c l u d i n g  

Mg). In   any  case,  e is by f a r  a more r eac t ive   r educ ing   agen t   t han  

hydrogen  atoms (Eo = 2 . 0   v o l t s )  ,96 t h e   c l a s s i c a l "   p r o d u c t s  of pho to lys i s  

o f   l i q u i d   w a t e r .   P h o t o i o n i z a t i o n   i n  a condensed   s ta te ,   un l ike   photodis -  

s o c i a t i o n ,  r e s u l t s  i n  a p roduc t   t ha t  may be   e jec ted   over   cons iderable  

d i s t a n c e s  from t h e  s i t e  of   photon  absorpt ion.   Unlike H + OH,  which a r e  

formed i n  a solvent  cage  and  tend  to  undergo v e r y  f a s t   r ecombina t ion ,40  

t h e   e j e c t e d   e l e c t r o n  may reach a d is tance   o f   severa l   molecular   d iameters  

from t h e  s i t e  of   ion iza t ion   before   undergoing   so lva t ion- -a   p rocess   tha t  

may t a k e   u p   t o  5 X sec .97 A t  such a d i s t a n c e   t h e   p r o b a b i l i t y  of 

recombina t ion   wi th   the   paren t   ion  is f a i r l y   l o w ,   a n d   t h e   e l e c t r o n  may 

t h u s   r e a c t   w i t h   s o l u t e s   a t   c o n c e n t r a t i o n   o f  loWs M or less be fo re   be ing  

recaptured  by a pa ren t   i on .  The o v e r a l l   p h o t o l y t i c   s t e a d y - s t a t e  concen- 

t r a t i o n  of e- in   the   absence   o f   scavengers  may t h u s   b e   s i g n i f i c a n t l y  

h i g h e r   t h a n   t h a t   o f   t h e   p r o d u c t s   o f   p h o t o d i s s o c i a t i o n .  

aq ' 

aq 
11 

- 

aq 

When t h e   l i g h t   i n t e n s i t y  i s  s u f f i c i e n t l y   h i g h  , t h e   r a t e  of r eac t ion  

between  the two eaq t o   g i v e  H2 ,98  

2e iq  + H, + 20H 
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w i l l  e f f i c i e n t l y  compete   with  the  removal  o f  e- by r eac t ion   w i th  OH and 

H,O+. Fur the rmore ,   t he   r eac t ion   o f  e- w i t h  H,O+, which is endemical ly  

p r e s e n t   a t  loB7 M c o n c e n t r a t i o n   i n   n e u t r a l   s o l u t i o n ,  w i l l  r e s u l t  i n  t h e  

formation  of  H atoms  randomly d i s t r i b u t e d   t h r o u g h o u t   t h e  medium. Th i s  

i s  i n   c o n t r a s t   t o   t h e   p h o t o d i s s o c i a t i v e l y   g e n e r a t e d  H atoms,  which are 

formed i n   t h e   v i c i n i t y   o f  OH radicals.   These  randomly  produced H atoms 

have   therefore  a better chance   to   recombine   to   g ive  H, than  those  pro- 

duced   by   pho tod i s soc ia t ion   i n   gemina te   pa i r s .  The OH r a d i c a l s  formed 

s imul t aneous ly   w i th   t he  eaq fo l lowing   t he   d i s soc ia t ion   o f  H,O , 

aq  

aq 

- 

+ 

which a l s o  become randomly   d i s t r ibu ted ,  may  now d i m e r i z e   t o   g i v e  H208,99 

H,O, may reac t   wi th  OH r a d i c a l s   t o   g i v e  HO, r a d i c a l s  

OH + H,O, -+ HO, + H,O 

which  might  be  oxidized t o  0, 

OH + Hog -+ 0, + H,O 

A l t e r n a t i v e l y  H,O, may b e   p h o t o l y z e d   t o   g i v e ,   i n   p a r t ,  0 atoms, loO 

The l a t t e r  w i l l  e v e n t u a l l y   d i m e r i z e   t o   g i v e  0,. In  summary, the  photo-  

i o n i z a t i o n   o f   l i q u i d   w a t e r   s i g n i f i c a n t l y   i n c r e a s e s   t h e   p r o b a b i l i t y  of 

b reak ing   up   o f   t he   wa te r   t o  H, and & O a .  

In a c losed  system H, and 0, w i l l  r each  a s t eady- s t a t e   concen t r a t ion  

because   o f   t he i r   r eac t ions   w i th  H, e and OH r ad ica l sg8  
- 
aq ' 

OH + H, -+ H,O + H 

H + 0, -+ HO, 

eaq + 0, -+ 0; -+ HO, 

In  an  open  system,  however,  the H, w i l l  d i f f u s e   o u t   r e s u l t i n g   i n  a n e t  

pho to ly t i c   decompos i t ion   o f   l i qu id   wa te r   f a r  more extensive  than  would 

be  caused  by  photodissociat ion.  
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Wate r   can   be   pho tod i s soc ia t ed   i r r eve r s ib ly"   t o  H, $. 0 ,  b u t   t h i s  11 

process  occurs  only  below  176 nm, i n  a region  where  most  polyatomic  spe- 

cies a r e   s t r o n g l y   a b s o r b i n g .   P h o t o i o n i z a t i o n   o f   l i q u i d   w a t e r   t h u s  pro- 

v ides  a p h o t o l y t i c  pathway leading   to   the   format ion   of   hydrogen   and  oxy- 

gen i n  a s p e c t r a l   r e g i o n   t h a t  i s  little o b s t r u c t e d  by o the r   s imp le  mole- 

c u l a r   s p e c i e s .  I t  should  be  remembered,  however,  that  this  unique  pathway 

f o r   t h e   i r r e v e r s i b l e   p h o t o l y s i s   o f   w a t e r  is a v a i l a b l e   o n l y   t o   w a t e r   i n   t h e  

l i q u i d   s t a t e  o r  p e r h a p s   t o   w a t e r   v a p o r   a t   v e r y   h i g h   p r e s s u r e s .  

The  geochemical or cosmochemical impl ica t ions   o f   the   p receding  

d i scuss ion  is se l f - ev iden t .  We have  demonstrated a p l a u s i b l e  pathway 

f o r   t h e   p l a n e t a r y  or in te rp lane tary   format ion   of   molecular  oxygen  from 

l i q u i d   w a t e r ,   c o n s i d e r i n g   t h e   r e l a t i v e   e a s e   o f   e s c a p e   o f   h y d r o g e n .   E v i -  

dent ly   the   t empera ture   and   pressures   have   to   be   adequate   to   have   water  

i n   t h e   l i q u i d   s t a t e .   I n   o t h e r   w o r d s ,   l i q u i d   w a t e r  is f a r  more  photo- 

s e n s i t i v e   t h a n  it would  be i f   on ly   pho tod i s soc ia t ion   t ook   p l ace .  

We have   no t   inves t iga ted   the   photo lys i s   o f  ice  w i t h i n   t h e  framework 

o f   t h i s   p r o j e c t .  However,  on t h e   b a s i s   o f  our r e s u l t s   i n   l i q u i d   w a t e r  

and i n  view  of   the  avai lable   information on t h e   b e h a v i o r   o f   e l e c t r o n s   i n  

i ce , lo l  w e  can make a few p r e d i c t i o n s .  I t  is expec ted   t ha t  ice w i l l  

pho to ion ize   t o   t he  same or even  higher   degree  than  l iquid  water .   The 

quantum y ie ld   o f   e l ec t rons   measu red   i n   t he   p re sence  of e l ec t ron   s cavenge r s  

w i l l  b e   a s   h i g h ,   i f   n o t   h i g h e r ,   t h a n   i n   l i q u i d   w a t e r .  The quantum y i e l d  

of  H atoms  formed  by  photodissociation a t   t h e  same concent ra t ions   o f  

scavengers  w i l l  be   min imal   because   o f   the   h igher   p robabi l i ty   o f   geminate  

recombination  of H + OH i n   t h e  ice ma t r ix .  The net  decomposition  of ice 

i n   t h e   a b s e n c e  of scavengers  w i l l  be,  however,  by f a r   l o w e r   t h a n  decom- 

p o s i t i o n  i n  l i q u i d   w a t e r .  The reason is t h a t   t h e   r e a c t i o n  

e' + e- -b H, + 20H- 

which t a k e s   p l a c e   i n   l i q u i d   w a t e r   d o e s   n o t   t a k e   p l a c e   i n  i ce ,  where  two 

e' form a s t a b l e   d i m e r ,  (e,,),, which is i n   e q u i l i b r i u m   w i t h  e- and 

wi th   nonhydra ted   e lec t rons . lo2  The l a t t e r ,  which   a re   very   shor t - l ived  

i n   l i q u i d   w a t e r ,   a r e   h i g h l y   m o b i l e   i n  ice and w i l l  eventually  recombine 

wi th  OH r a d i c a l s   t o   g i v e  OH-. A c e r t a i n  number of t h e   l a b i l e   e l e c t r o n s  

aq  aq 

aq  aq 
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w i l l ,  however,   encounter H30+ i o n s ,   r e s u l t i n g   i n   t h e   f o r m a t i o n  of hydrogen 

atoms  (hydrated or nonhydrated).   The  nonhydrated H a toms,   which   d i f fuse  

through  the  ice l a t t i c e  i f  the   t empera ture  is not   too   low,  may d i f f u s e  

o u t   o f   t h e   s u r f a c e   e i t h e r   a s   a t o m s  or, a f t e r   r ecombin ing ,  as  molecular  

hydrogen. 

I t  s h o u l d   a l s o   b e  remembered t h a t   t h e   a b s o r p t i o n   c o e f f i c i e n t   o f  ice 

i n   t h e   1 8 0   t o  200 nm range i s  about   th ree   o rders   o f   magni tude   lower   than  

t h a t   o f   l i q u i d   w a t e r .   T h i s  w i l l  r e s u l t   i n  a much more s p a r s e   d i s t r i b u t i o n  

of   the   p roducts   o f   photodissoc ia t ion   and   photo ioniza t ion .  The former  pro- 

duc t s  w i l l  have  an  extremely  small   chance  for  homorecombination (H -t H 

or OH + OH) o f   a d j a c e n t   r a d i c a l   p a i r s   e v e n   a t   r e l a t i v e l y   h i g h   l i g h t  

i n t e n s i t i e s .  The l a t t e r ,  which  have a f i n i t e   c h a n c e   t o   e s c a p e  recom- 

b i n a t i o n   w i t h   t h e   p a r e n t   i o n ,  w i l l  most  probably become t r a p p e d   e l e c t r o n s  

and   b i e l ec t rons .   In  v i e w  o f   a l l   t h a t   h a s   b e e n   s a i d   o n   t h e   p h o t o l y s i s   o f  

pure i ce ,  i t  i s  expec ted   t ha t  i ts ra t e   o f   ne t   pho todecompos i t ion   i n   t he  

same s p e c t r a l   r e g i o n  w i l l  be   o rders   o f   magni tude   lower   than   tha t   o f  

l i q u i d   w a t e r .  

I f   w a t e r   i n  a c o n d e n s e d   s t a t e   c o n t a i n s   e l e c t r o n   s c a v e n g e r s   s u c h   a s  

~O,,H,O,, N,O, NO, NO,, CO,  and CO,, t h e s e  w i l l  be e f f e c t i v e l y   r e d u c e d  by 

t h e   p h o t o l y t i c   e l e c t r o n s ,   l e a v i n g   a n   e q u i v a l e n t  amount  of OH r a d i c a l s .  

Most of   these   scavengers   a re  less reac t ive   toward  H atoms  by many o r d e r s  

of  magnitude,  and  in v i e w  of   the   e f fec t ive   geminate   recombina t ion   of   the  

H a toms ,   no   e f f ec t ive   r educ t ion   o f   d i s so lved   s cavenge r s  would t ake   p l ace  

in   t he   absence   o f   pho to ion iza t ion .  The OH r a d i c a l s  may  now o x i d i z e   o t h e r  

s imple   molecules   l ike  CH4 o r  NH, ( t o   g i v e  CH, o r  NH,) or add on t o   f r e e  

r a d i c a l s   l i k e  CH,, CH,, NH, , o r  C N .  The p roduc t s   o f   t hese   r eac t ions ,  

e . g . ,  CH,OH, NH,OH, CNOH, and  obviously CH,OH, a r e   u n d o u b t e d l y   o f   i n t e r e s t  

to   chemical   evolut ion.   These  products  may subsequen t ly   r eac t   w i th   each  

o t h e r  or with  eas and OH r a d i c a l s   a n d   r e s u l t   i n   f a i r l y  complex  chemical 

s p e c i e s .  

The pho to ion iza t ion   o f   condensed   wa te r   a t   r e l a t ive ly   l ong  wave- 

lengths ,   which  produces  dispersed OH and e- a l l o w s   e f f e c t i v e   s c a v e n g i n g  

by s o l u t e s   p r e s e n t   a t   c o n c e n t r a t i o n s  low enough n o t   t o   i n t e r f e r e   w i t h   t h e  
aq ' 
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I 

l i g h t   a b s o r p t i o n  by wa te r .  The scavenging  of  the  products  of  photo- 

d i s s o c i a t i o n ,  which a r e  formed in   gemina te   pa i r s ,   r equ i r e s  much h ighe r  

concen t r a t ions  of scavengers,   which  would,   in  most  cases,   absorb  prac- 

t i c a l l y   a l l  o f   t h e   i n c i d e n t   l i g h t .  

I n   b r i e f ,   t h e   p h o t o i o n i z a t i o n   o f   l i q u i d   w a t e r  makes a v a i l a b l e  a 

unique  pathway for the   formation  of  a l a r g e  number of oxidized  and 

reduced   spec ies   in   h ighly   d i lu te   aqueous   so lu t ions ,   the   geochemica l  or 

cosmochemical  importance  of  these  processes i s  se l f - ev iden t .  
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