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S u m m a r y  

The  pho to lys i s  o f  H202  at  2537  h and 298 K has been  s tud ied  in the  
p resence  o f  CO. The  p h o t o d e c o m p o s i t i o n  o f  H 2 0 2  leads to  a chain reac t ion  
in i t ia ted  by  the  reac t ion :  

O H + C O - *  CO 2 + H  (4) 

p r o p a g a t i o n  p r o c e e d i n g  by:  

H + H202  -+ O H  + H2O (5a) 

and  t e r m i n a t e d  by:  

H + H202 -+ H 2 + HO 2 (5b) 

The chain reaction can be inhibited by addition of oxygen, which scavenges 
the H atoms. At 298 K, k5a/ksb = 1.3 and k2/k 4 = 4.1 where: 

O H  + H2O 2 -+ H 2 0  + HO 2 (2) 

I n t r o d u c t i o n  

Several i m p o r t a n t  r eac t ions  c i ted in the  c h e m i s t r y  of  the  u p p e r  a tmos -  
phe re  and in p h o t o c h e m i c a l  smog  p r o d u c t i o n  involve the  h y d r o x y l  radical  
[1, 2 ] .  This  radical  is also k n o w n  to  p lay  an integral  role in c o m b u s t i o n  
processes  [ 3 ] .  In v iew o f  the  r ecen t  in teres t  in ob ta in ing  a b e t t e r  under -  
s tanding  o f  these  sys tems ,  it b e c o m e s  i m p o r t a n t  to  u n d e r s t a n d  the  c h e m i s t r y  
o f  species necessary  to  thes~ processes .  In an a t t e m p t  to  ob ta in  mechan i s t i c  
i n f o r m a t i o n  as well  as ra te  da t a  fo r  r eac t ions  involving h y d r o x y l  radicals,  we  
dec ided  to  s t udy  the  s t eady- s t a t e  pho to lys i s  o f  h y d r o g e n  p e r o x i d e  in the  
p resence  o f  a d d e d  gases. 

The  gas-phase pho to ly s i s  o f  h y d r o g e n  pe rox ide  a t  2537  A has been  
s tudied  in s o m e  deta i l  [4 - 6 ] .  Each  energet ica l ly  feasible  p r i m a r y  p h o t o -  
phys ica l  p rocess  has been  cons ide red  and  the  avai lable evidence  suppo r t s  the  
m e c h a n i s m .  
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H202  + hv ~ 2OH (211) (1) 

O H  + H202  -+ n 2 0  + HO 2 (2) 

HO 2 + HO 2 ~ H202  + 02  (3) 

The  O H  radicals  are p r o d u c e d  in the  g round  v ib ra t iona l  s ta te  wi th  equa l  
a m o u n t s  of  2 ||1/2 and 2[13/2. The  on ly  p r o d u c t s  are wa te r  and  o x y g e n  and  
the  obse rved  q u a n t u m  yield is 1.7 + 0.4. Thus  this sys t em p romises  a clean 
source  o f  O H  radicals  in the  absence  of  o the r  react ive  i n t e rmed ia t e s  w i t h o u t  
comp l i ca t i ons  f r o m  exc i t ed  e lec t ron ic  or  v ib ra t iona l  states.  

In  this p a p e r  we r e p o r t  the  p h o t o l y s i s  o f  H 2 0 2  in the  p resence  o f  
c a rbon  m o n o x i d e .  Since we h o p e  to  use the  reac t ion :  

O H + C O - ~  CO 2+H (4) 

as an a c t i n o m e t e r  for  O H  p r o d u c t i o n  in f u t u r e  studies,  we in i t ia ted  a s t udy  o f  
this s y s t e m  pr io r  to  the  add i t ion  o f  o the r  gases whose  in t e rac t ion  wi th  O H  
radicals  are less well u n d e r s t o o d .  

Such a s t udy  is judged  par t i cu la r ly  cri t ical  in the  light of  the  d iscrepan-  
cies exis t ing  in the  l i t e ra ture  [7, 8] conce rn ing  the  reac t ion  b e t w e e n  h y d r o g e n  
a t o m s  and h y d r o g e n  p e r o x i d e  near  r o o m  t e m p e r a t u r e .  T w o  poss ib le  channels  
exis t  fo r  this reac t ion :  

H + H 2 0 2  ~ OH + H 2 0  (5a) 

-+ H 2 + HO 2 (5b) 

I t  has been  fair ly  well  es tabl i shed t h a t  r eac t i on  (5a) d o m i n a t e s ,  b y  a f a c t o r  o f  
4 to  8, a t  e leva ted  t e m p e r a t u r e s  [9 - 11] bu t  the  s i tua t ion  is less clear  at  
r o o m  t e m p e r a t u r e .  The  w o r k  o f  Albers  et  al. [7] a t  421 K gives k5a/k5b = 
0.23,  p red ic t ing  an even lower  value at  298 K. This  value is to  be  con t r a s t ed  
wi th  t h a t  o b t a i n e d  f r o m  the  w o r k  o f  Gorse  and  V o l m a n  [8] w h o  d e t e r m i n e d  
ksa/k5b = 3 ± I at  298  K. 

The  i m p o r t a n c e  of  this ra t io  b e c o m e s  ev iden t  u p o n  recogn i t ion  of  
r eac t ion  (5a) as a p r o p a g a t i n g  s tep  in a chain  m e c h a n i s m .  Such a chain  cou ld  
man i f e s t  i tself  in any  H 2 0 2  d e c o m p o s i t i o n  in which  h y d r o g e n  a t o m s  are also 
found .  In ou r  pa r t i cu la r  ins tance  we in tend ,  in fu r the r  studies,  to  use the  
convers ion  o f  CO to  CO2 as an ind ica t ion  of  the  ra te  of  p h o t o c h e m i c a l  
p r o d u c t i o n  of  O H  radicals.  Thus  we m u s t  assure ourselves  e i ther  t h a t  no 
such chain  process  exis ts  or  t h a t  we can conven i en t l y  inhib i t  i t  should  it 
exist .  We have  also used  the  c o m p e t i t i o n  b e t w e e n  CO and H 2 0 2  to  deter -  
mine  a r o o m  t e m p e r a t u r e  ra te  c o n s t a n t  fo r  r eac t ion  (2). 

E x p e r i m e n t a l  

E x p e r i m e n t s  were  p e r f o r m e d  in a 10 c m  cyl indr ical  quar tz  cell coup l ed  
to  a m o d i f i e d  EAI  Q u a d r u p o l e  Model  160 mass  s p e c t r o m e t e r .  R e a c t a n t s  and 
p r o d u c t s  were  c o n t i n u o u s l y  s ampled  via a series o f  two ,  d i f fe ren t i a l ly  
p u m p e d ,  glass leaks.  The  leak ra te  was regula ted  to  p reven t  any  apprec iab le  
pressure  d r o p  in the  r eac t o r  dur ing  pho to lys i s .  This  a p p a r a t u s  has b e e n  
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descr ibed  in detai l  e lsewhere  [ 1 2 ] .  A Phillips m e r c u r y  l amp  t y p e  9 3 1 1 0 E  was 
used fo r  the  pho to lys i s .  A conven t iona l  mercu ry - f r ee ,  h igh-vacuum line 
e q u i p p e d  wi th  Te f lon  s t o p c o c k s  f i t t ed  wi th  Vi ton  " O "  rings was used.  The  
h y d r o g e n  p e r o x i d e  pressure  was m eas u red  wi th  a si l icone oil m a n o m e t e r .  
Wallace and  T ie rnan  0 - 50 and  0 - 800  T o r t  pressure  gauges were  avai lable 
for  m e a s u r e m e n t  o f  the  o t h e r  gases. 

The  r o l e  = 44 peak  due to  CO2 ion iza t ion  was fo l lowed  as a f unc t i on  of  
t ime.  A few T o r r  o f  a rgon ( r o l e  = 40) was added  to  the  reac t ion  m i x t u r e  and 
the  ra t io  o f  the  44 to  the  40 peak  was p l o t t e d  against  t ime.  F r o m  the  slope 
o f  this p lo t  and  by  k n o w i n g  the  pressure  o f  argon,  as well  as the  relat ive mass 
spec t ra l  sensit ivit ies o f  CO2 and  Ar,  the  g rowt h  ra te  of  CO 2 was ob ta ined .  
The  relat ive sensit ivit ies o f  Ar  and  CO2 were  ob t a ined  using s t anda rd  
samples .  Argon  was chosen  because  o f  the  p r o x i m i t y  o f  its mass  spec t ra l  
peak  to  the  p a r e n t  peak  o f  CO2. This  la t te r  f ea tu re  a l lowed us to  fo l low the  
r eac t ion  by  sweeping  a small s egm en t  o f  the  mass  s p e c t r u m ,  p e r m i t t i n g  us to  
sample  the  4 4 / 4 0  ra t io  every 20 s. This  abi l i ty  is i m p o r t a n t  because  of  the  
cu rva tu re  f o u n d  in some  o f  the  CO2 growth  plo ts ,  m a k i n g  it  necessary  to  use 
initial  s lopes,  o b t a i n e d  in the  first  100 s o f  pho to lys i s ,  fo r  our  calculat ions.  

A 90% h y d r o g e n  p e r o x i d e / w a t e r  so lu t ion  was ob t a ined  t h r o u g h  the  
cou r t e sy  of  E. I. D u P o n t  de N e m o u r s  & Co. The  sample  was ca re fu l ly  out-  
gassed p r io r  to  use and  was s to red  in a Pyrex  f lask a t  77 K. The  N2, 02 ,  Ar 
and  CO were  Ma theson  research p u r i t y  (~> 99 .99%).  Each was passed t h rough  
two ,  glass-wool packed ,  " U "  t raps  m a i n t a i n e d  at  77 K and s to red  in 2 1 
Pyrex  flasks. Mass s p e c t r o m e t r i c  analysis  s howed  no  s ignif icant  peaks  o the r  
t han  the  e x p e c t e d  ones.  

Early in the  s t u d y  it was d i scovered  t h a t  less CO2 was p r o d u c e d  in the  
first  run  o f  each d a y  t han  in an ident ica l  run  i m m e d i a t e l y  fo l lowing.  This  
resul t  was a t t r i b u t e d  to  h e t e r o g e n e o u s  d e c o m p o s i t i o n  of  H202 on the  walls 
o f  the  v a c u u m  line and  r eac t o r  [ 1 3 ] .  Thus  the  walls exposed  to  the  h y d r o g e n  
p e r o x i d e  had  to  be  c o n d i t i o n e d  b y  expos u re  to  H2O 2 be fo re  any  exper i -  
m e n t s  were  p e r f o r m e d .  Af t e r  cond i t ion ing ,  the  CO2 yields were  very  repro-  
ducible ,  even if the  s y s t e m  was evacua ted  fo r  1 - 2 h b e t w e e n  runs.  If, 
however ,  the  s y s t e m  was a l lowed  to  p u m p  overn igh t  the  walls had  to  be  
deac t iva t ed  again b e f o r e  any  e x p e r i m e n t s  were  done .  

The  p r o c e d u r e  used  was to  place  the  H202 s torage  f lask in a b a t h  at  
25 °C and  a l low a p p r o x i m a t e l y  1 T o r r  o f  the  v a p o r  to  fill the  reac to r ,  line 
and  m a n o m e t e r .  Af t e r  a f ew m i n u t e s  this p e r o x i d e  sample  was p u m p e d  
away.  A second  H 2 0 2 / H 2 0  sample ,  at  the  desi red pressure ,  was t hen  
measu red  in to  the  reac to r .  The  p e r o x i d e / w a t e r  sample  was f rozen  a t  77 K 
into  a small  " U "  t r ap  i n c o r p o r a t e d  in to  the  reac to r .  This  sample  was t hen  
degassed in the  t r ap  and  the  a rgon  was m eas u red  in on t o p  o f  it. The  m u c h  
higher  pressure  m i x t u r e  o f  N2, 02, CO was m a d e  u~p in the  v a c u u m  line and 
then  e x p a n d e d  in to  the  r eac t o r  and  the  final pressure  was measu red .  The  
h y d r o g e n  p e r o x i d e  was t hen  a l lowed to  w a r m  up  and m i x  wi th  the  o the r  
c o m p o n e n t s .  A f t e r  a f ew  m i n u t e s  the  s t o p c o c k  to  the  mass  s p e c t r o m e t e r  
was o p e n e d  and  the  sampl ing  p rocess  begun.  Af t e r  all the  f lows had  s tabi l ized 
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(2 - 3 min) the  mass scan was begun and a check  was made  to  insure tha t  no  
dark  reac t ion  was occurr ing.  Af te r  fo l lowing the  ro le  = 44 {background)  to  
m / e  = 40 (Ar) ra t io  fo r  a few h u n d r e d  seconds to  insure t h a t  it was cons tant ,  
the  lamp cover  was r e m o v e d  and photo lys i s  begun.  No significant  a m o u n t  o f  
dark reac t ion  was observed  in any  o f  these exper iments .  In several cases the 
lamp was t u r n e d  o f f  a f te r  several h u n d r e d  seconds and the 44 /40  ra t io  
quickly  became  cons tan t ,  indicat ing no  ex t r aneous  sources of  CO2 o the r  
than  pho tochemica l .  

The  pressures o f  H202 t abu la ted  in this s tudy  were calculated f rom the  
measured  to ta l  H20/H202 pressure using the  vapor  phase c o n c e n t r a t i o n  of  
H2O 2. The  c o n c e n t r a t i o n  was de t e rmined  by  measur ing the  vapor  pressure 
of  the  mix tu re  at  25 °C. The  liquid and vapor  concen t ra t ions  were  t h en  
de t e rmine d  using s tandard  tables [ 14 ] .  Basically tw o  separate concen t r a t i ons  
were used dur ing the  course  of  this s tudy.  The  early expe r imen t s  were  
p e r f o r m e d  with the  m i x t u r e  as ob ta ined  f rom Du Pont ,  which was fo u n d  to  
be 88% pe rox ide  solut ion.  Later  this so lu t ion  was vapor ized  at r o o m  
t e m p e r a t u r e  unti l  a b o u t  half  of  the  l iquid remained.  The  so lu t ion  was then  
found  to  con ta in  98% peroxide .  Thus  dur ing  the  s tudy  the  pressure o f  H202 
in the  r eac to r  varied f r o m  0.84 to  1 .45 Torr .  The  bulk o f  the  var ia t ion 
occur red  be tween  the expe r imen t s  done  before  and af te r  the  c o n c e n t r a t i o n  
process.  

In o rde r  to  place the  da ta  on  a c o m m o n  basis, co m p en sa t i o n  m u s t  be 
made  for  var ia t ion in the  absorbed  light in tens i ty .  Assuming Beer 's  law to  be 
opera t ive  we def ined  a working  q u a n t u m  yield,  q) (CO 2 }. We conve r t ed  our  
individual  CO2 p r o d u c t i o n  rates, R (CO2 }, at  any  [H202 ] to  q u a n t u m  
yields using the  equa t ion :  

2R(CO2 } / [H202]  
qb{CO2 } = 

R'(CO2 }/[H202] '  

The  pr imed  values indicate  expe r imen t s  in which [ C O ] / [ H 2 0 2 ]  ~> 20 to  
which oxyge n  had been  added.  R ' ( C O  2 } / [H202 ] '  is a reproduc ib le  
pa rame te r  varying by  less than  25% during the  s tudy.  

Results  

H 2 0 2  + C O  

Init ial ly,  a few expe r imen t s  were p e r f o r m e d  using a Phillips Zn lamp, 
which has an in tense  line at  2139 A, as a l ight source.  The  in tens i ty  of  this 
lamp was m uc h  lower  than  the  Hg source  used for  the  bulk of  the  experi-  
ments ,  and the  rate  o f  p r o d u c t i o n  o f  CO2 was lower  even though  the  
ex t inc t ion  coef f i c i en t  o f  H202 is 3 - 4 t imes higher  at 2139 A than  at 
2537 A [ 1 5 ] .  The  resul t ing CO2 growth  plots  (Fig'. 1, curve a) were  repro-  
ducible,  showed  no  i nduc t ion  per iod ,  and were l inear t h r o u g h o u t  the  
photolys is .  

Af te r  a change to  the  Hg lamp,  the  initial ra te  of  CO2 p r o d u c t i o n  was 
a b o u t  ten t imes higher  for  the same pressure of  H2O 2. The  growth  plots  still 
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o 4  

o r  

O H  + H 2 -~ H 2 0  + H (6)  

H + H 2 0 2  -~ H 2 0  + O H  (5a )  

w i t h  c h a i n  t e r m i n a t i o n  o c c u r r i n g  via t h e  r e a c t i o n :  

H + H 2 0 2  -~ H 2 + OH (5b) 

The results of a series of experiments undertaken to investigate the 
dependence of the quantum yield of CO2 on the [CO]/[H202] ratio are 
shown in Fig. 2. The quantum yields were calculated using initial rates, 
determined from the five CO 2 measurements taken in the first 100 s of 
photolysis. Data taken during this period were found to describe straight 
lines with reproducible slopes. The pressure of H202 in these experiments 
was 0.93 -+ 0.02 Torr. Carbon monoxide was varied from 1.35 to 45.55 Torr 
with sufficient N 2 added to bring the total pressure to ~ 49 Torr (Table 1) 
in each experiment. 

9 

.8 

.7 
(b) 

.3 

° o  ,oo 2o~ 3oo 400 5& 6;o ~;o 6;o 9;o ,o~ ,,oo' ,2~o 
IRRADIATION TIME (SEe) 

Fig. 1. Growth  curves for  product ion of  CO in the photo|ysis o f  H202/C0 mixtures. 
(a): +, I a -~0.48 × 10 - 4  Tort/s,  no o_x4ygen added; ( b ) : / \ ,  I a -~ 5.4 × 10 - 4  Torr/s, no 
oxygen added; (e): ©, I a ~ 6.4 x 10-- Torr/s, oxygen added. 

s h o w e d  n o  i n d u c t i o n  p e r i o d ,  b u t  n o w  t h e r e  was  a v e r y  p r o n o u n c e d  cu rva -  
t u r e  w i t h  t h e  r a t e  o f  CO2 f o r m a t i o n  a p p r o a c h i n g  z e r o  a f t e r  a b o u t  1 0 0 0  s o f  
p h o t o l y s i s  (F ig .  1, c u r v e  b) .  S i m i l a r  c u r v a t u r e  has  b e e n  r e p o r t e d  in  t h e  
t h e r m a l  d e c o m p o s i t i o n  o f  h y d r o g e n  p e r o x i d e  in  t h e  p r e s e n c e  o f  H 2 [9 ]  a n d  
CO [ 1 6 ] ,  a n d  in  t h e  p h o t o l y s i s  o f  H 2 0 2  in t h e  p r e s e n c e  o f  CO [ 8 ] .  S u c h  
c u r v a t u r e  c a n  b e  a c c o u n t e d  f o r  b y  a c h a i n  m e c h a n i s m :  

H 2 0 2  + (hv o r  A)  - ,  2 O H  (1)  

O H  + CO -~ CO2 + H (4)  
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Fig. 2. Initial quantum yield of  CO 2 formation as a function of the [CO ] / [H202]  ratio 
for cylinder (L ;) and purified (o) CO. 

TABLE 1 

Photolysis of H202 at 2537 A and 298 K in the presence of carbon monoxide a 

[CO] (Tort) [N2] (Torr) [CO] (P{CO2} 

[H202] 

1.35 b 43.10 1.44 0.54 
2.91 c 42.39 3.07 1.18 
4.87 b 39.06 5.20 1.74 
8.76 c 36.26 9.42 3.22 

14.555 30.53 15.97 3.10 
15.77 c 28.74 16.96 3.96 
26.68 b 17.99 28.14 3.40 
31.31 c 9.94 33.45 4.54 d 
35.77 b 8.36 37.97 3.22 
42.27 c 1.98 45.45 4.58 
45.55 b -- 49.62 1.90 

a [H202] = 0.93 -+ 0.02 Torr, [H20 ] = 0.62 -+ 0.02 Tort, [Ar] = 3.01 +- 0.43 Torr, 
totalbPressure = 49 -+ 2 Torr. 

Carbon monoxide purified by distillation at 77 K only. 
c Carbon monoxide distilled and passed through Oxy-Trap. 
d [Ar] = 4.07 Torr. 

In o u r  o r i g ina l  a t t e m p t  t o  s t u d y  t h e  e f f e c t  o f ' c h a n g i n g  t h e  [ C O ] / [ H 2 O z ]  
r a t i o  o n  CO2 p r o d u c t i o n ,  we  u s e d  CO,  N 2 and  Ar  p u r i f i e d  in t h e  m a n n e r  

d e s c r i b e d  a b o v e .  F o r  t h e s e  s tud ie s ,  Fig.  2 ( cu rve  a) d e s c r i b e s  t h e  [ C O ] / [ H 2 0 2  ] 
d e p e n d e n c e .  T h e  f a l l - o f f  in  t h e  q u a n t u m  y i e l d s  a t  h igh  va lues  o f  th i s  r a t i o  is 

s imi la r  t o  t h a t  f o u n d  by  B a l d w i n  e t  al. [9]  in t h e  p y r o l y s i s  o f  H 2 0 2  in t h e  
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presence of  H 2. This lowering of  the rate at high CO pressures was found to 
be due to the presence of  an oxygen impuri ty in the CO. The oxygen serves 
as a scavenger for hydrogen atoms, removing them through the fast reaction: 

H + O 2  +M-~ HO 2 + M  (7) 

Using gas chromatographic  analysis, we determined that  02 was present 
as a 0.045% impuri ty  in our CO. To remove this impuri ty all the gases 
(except  the H20 /H202  mixture)  were repurified, and in addition to the 
original procedure,  each was passed twice through an Alltech Associates 
indicating Oxy-Trap. Analysis now showed the 02 to be < 0.01% of  the CO. 
The results obtained with the gases purified in this manner  are shown in 
Fig. 2 (curve b). The CO2 quantum yield increases rapidly until [CO] / [H202 ] 
> 20, after  which it was independent  of  [ C O ] / [ H 2 0 2 ] .  

H 2 0 z  + CO + 02  
In order to establish the relative importance of  the chain process on 

product ion  of CO2, oxygen was added to the photolysis mixture.  All 
experiments included sufficient CO (Table 2) to  consume all hyd roxy l  
radicals by reaction (4). As shown in Fig. 3, small amounts  of 02 drastically 
inhibit CO 2 product ion.  The quantum yield is reduced until sufficient 02 
has been added to remove all the hydrogen atoms. Once this has occurred, 
the rate is independent  of added 02 . 

These data show the CO 2 to be produced in a chain mechanism with a 
chain length = 2.3. Once sufficient 02 has been added to arrest the chain, 
the CO2 growth plots become linear in the time domain studied (Fig. 1, 
curve c) since H202 is no longer being consumed in the chain. 

A study was made in which the [CO] / [H202]  ratio was varied in the 
presence of  sufficient oxygen to scavenge all hydrogen atoms. The H202 
pressure was constant  at ~ 1.4 Torr  and N 2 was added to maintain the 
total  pressure at ~ 50 Torr  (Table 2). The result shown in Fig. 4 is a 
compet i t ion  for the available OH radicals between CO and H202.  Near the 
origin, hydrogen peroxide is consuming most  of  the OH radicals, and there 
is only a small amount  of  CO2 formation.  At the other  extreme,  virtually 
all the OH radicals are consumed by reaction (4) and CO2 product ion  
becomes independent  of  the [CO] / [ H202]  ratio. This plateau value for the 
rate of  CO2 product ion  is assumed to be equal to 2I a (twice the absorbed 
light intensity),  and in this manner  I a was obtained. 

Discussion 

The observations discussed above are interpreted in terms of  the 
following mechanism 

H202 + hv -+ 2OH (1) 

OH + H202  -+ H20 + HO2 (2) 

HO 2 ÷ HO2 -+ H202 + 02 (3) 
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TABLE 2 

Photolysis  of  H202  at 2537 A and 298 K in the presence of  CO and O2 a 

[CO] [ 0 2 ]  [N21 E [ X ]  [CO] [02 ]  q)(CO2 } 
(Torr) (Torr)  (Torr)  (Torr  b) 

[H202]  [H202]  

[H202]  = 0.88 -+ 0.04 Torr  c 

19.73 - -  - -  21.13 23.49 0.0106 e 3.46 
35.15 - -  - -  36.55 41.84 0.0188 e 3.52 
35.84 0.027 - -  40.41 39.38 0.0297 2.54 
34.43 0.78 --  40.25 37.84 0.857 2.12 
34.71 2.68 - -  42.31 38.57 2.98 1.94 
34.16 5.25 --  44.56 37.96 5.83 1.94 

[H202]  = 1.43 + 0.02 Tor r  d 

1.29 0.86 43.83 50.23 0.89 0.597 0.34 
1.89 2.30 43.09 52.70 1.31 1.61 0.54 
4.67 0.59 40.36 49.91 3.22 0.407 0.88 
7.03 1.80 36.98 50.13 4.87 1.25 1.28 
9.21 1.62 35.87 51.26 6.38 1.13 1.56 

13.81 0.37 33.22 52.23 9.57 0.255 1.86 
23.78 0.63 20.57 49.49 16.80 0.444 2.04 
35.15 0.94 11.07 51.66 24.39 0.653 2.08 
43.98 1.17 --  49.83 32.15 0.813 2.02 
51.61 1.38 - -  57.27 35.78 0.958 1.92 
51.02 1.36 - -  56.90 36.06 0.958 1.96 

a [Ar]  = 3.05 + 0.3 Torr.  b ~ [ X ]  = total  pressure, c [ H 2 0  ] = 0.58 -+ 0.02 Torr.  
d [ H 2 0  ] = 0.14 -+ 0.01 Tort .  e Based on 0.045% 02  impur i ty  in CO, no Ar present.  

O H  + C O  -~ C O  2 + H (4)  

H + H 2 0 2  -~ H 2 0  + O H  ( 5 a )  

-* H 2 + H O  2 ( 5 b )  

H + 0 2 + M  -~ H O  2 + M  (7)  

w h e r e  r e a c t i o n  (7 )  is i m p o r t a n t  w h e n  O 2 h a s  b e e n  d e l i b e r a t e l y  a d d e d  o r  is 

p r e s e n t  as  an  i m p u r i t y  a n d  a f t e r  r e a c t i o n  (3 )  h a s  p r o d u c e d  e n o u g h  0 2 t o  

c o m p e t e  w i t h  H 2 0  2 f o r  H a t o m s .  T h e  r a d i c a l - m o l e c u l e  r a t e  c o n s t a n t s  a r e  

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

r a d i c a l - r a d i c a l  r e a c t i o n s ,  o t h e r  t h a n  r e a c t i o n  (3 ) .  

I n  t h e  p r e s e n c e  o f  s u f f i c i e n t  0 2 ,  t h e  r a t e  o f  r e a c t i o n  (7 )  is m u c h  f a s t e r  

t h a n  t h a t  f o r  r e a c t i o n  (5 ) .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  C O 2  q u a n t u m  y i e l d  
is g i v e n  b y :  

2 q ~ ( C O 2 }  - 1  = (1 + k z [ H 2 0 2 ] / k 4 [ C O ] )  

B y  p l o t t i n g  2q~{CO2}  - 1  versus [ H 2 0 2 ] / [ C O ]  f o r  t h e  f i r s t  f i v e  d a t a  p o i n t s  in  

F ig .  4,  w e  a r e  a b l e  t o  o b t a i n  t h e  r a t i o  k 2 / k  4. T h e  p l o t  is s h o w n  in  F i g .  5 a n d  
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Fig. 3. Quenching ef fect  o f  added oxygen  on the CO 2 quantum yield.  
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Fig.  4. Quantum yield of CO 2 as a function of [ C O ] I [ H 2 0 2 ] ,  with sufficient 0 2  added 
to scavenge all hydrogen atoms. 

the  s lope  gives k 2 / k  4 = 4.1 +- 0 .6 .  Of  the  t w o  rate cons tants ,  k 4 has rece ived 
by  far the  m o s t  a t t e n t i o n .  S ince  1 9 6 6  there  have been  10 separate deter- 
m i n a t i o n s  [17  - 19 and references  there in]  o f  this  rate cons tant .  A l t h o u g h  
the  data do  n o t  s e e m  to  fit  s imple  Arrhenius  behav ior  at higher t emperatures ,  
there  is r easonab ly  g o o d  a g r e e m e n t  a m o n g  these  workers  at r o o m  tempera-  
ture.  In fact ,  seven o f  these  s tudies  place  the  r o o m  t e m p e r a t u r e  value  b e t w e e n  
8.0 and 9 .9  × 10  l°  c m  3 too l  - 1  s - 1 .  This  m u s t  be cons idered  e x c e l l e n t  
a g r e e m e n t  in v i ew  o f  the  fact  that  f ive d i f ferent  t e c h n i q u e s  were  e m p l o y e d  



464 

7.0 

6.0 

50 

T 4.0 
N 
8 
~ 3.0 

20 

LO 

0 C~.I 0!2 01.3 014 0!5 0!6 0!7 018 0]9 I.~) II, I 1.2 
[.204J[c0] 

Fig. 5. 2qb(CO2} -1 vs. [H202]/[CO] for runs with sufficient added 02 to scavenge all 
hydrogen atoms. 

to  obta in  these data.  Taking a simple average of  these seven yields a r o o m  
tempera tu re  value k 4 = 8.8 -+ 0.7 X 10 l° cm 3 mo1-1 s - 1 .  

Combin ing  this value for  k 4 with our  value for  the rat io k 2 / k  4 = 4.1 -+ 
0.6, we de te rmine  k 2 = (3.6 -+ 0.6) X 1011 cm 3 mo1-1 s - 1  at 298 K. The  
available data  on react ion (2) have been evaluated in two  reviews [3, 2 0 ] .  In 
each case the r e c o m m e n d e d  Arrhenius  expression predicts  a r o o m  tempera-  
ture  rate cons tan t ,  ke = (4.8 + 2.4) X 1011 cm 3 mo1-1 s - 1 .  The mos t  recent  
de te rmina t ion  comes  f rom the work  of  Gorse and Vo lman  [8] who  found :  
k 2 / k  4 = 8.13 -+ 0.56,  giving k 2 = (7.1 -+ 0.7) X 1011 cm 3 mo1-1 S - 1 .  The 
latter n u m b e r  is slightly lower  than  the value calculated by those  au thors  
since we have used a lower  value for  k 4. This lower  value is ob ta ined  u p o n  
inclusion o f  the 3 mos t  recent  de te rmina t ions  o f  k 4 [17 - 1 9 ] .  

Our  result  is in good  agreement  with the rate cons tan t  r e c o m m e n d e d  
by  the two  reviews. The agreement  with Gorse and Volman ' s  work  is less 
sat isfactory.  This is par t icular ly  surprising considering the similarity o f  the 
techniques  used. 

In the absence o f  02  and with suff icient  CO to  consume  all OH 
radicals, the  mechan i sm simplifies to  include react ions  (1), (3), (4), (5a) and 
(5b). Under  these condi t ions ,  the rate o f  CO 2 p r o d u c t i o n  is s imply:  

R{CO2} = 2Ia(1 + k5a/k5b ) 

When there  is an excess of  CO and suff icient  02  to  scavenge all h y d r o g e n  
a toms  the rate becomes :  

R(CO2}  = 2Ia = R ' { C O 2 }  

Thus the q u a n t u m  yield ob ta ined  at high [CO] in the absence o f  02  is: 
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• {CO2} = 2(1 + k5a/k5b ) 

= 2(chain length) = 4.6 

and k5a/k5b = 1.3. 
Several workers have measured this ratio at elevated temperatures and 

repor ted  values of 6 at 713 K [10] ,  4 at 798 K [11] ,  and 8 in the range 
713 - 773 K [9] .  Albers e t  al. [7] have determined the ratio by studying the 
equivalent reactions using deuter ium atoms: 

D + H202 -~ OH + HDO (5a)(D) 

-~ HD + HO2 (5b)(D) 

and by measuring HD and HDO mass spectrometrically.  They  determined 
[ H D ] / [ H D O ]  -~ i 0  at 421 K which, when corrected for an isotope effect  
ksa(D)/k5a = 0.43, gives ksa /k5b  = 0.23. This value indicates abstraction to 
be the dominant  channel at this temperature  and predicts an even lower 
value for k 5a/ksb at room temperature  (possibly as low as 0.01). This result 
is in direct conflict  with that  repor ted by Gorse and Volma [8] who found 
k s a / k s b  = 3.0 + 1.0 at room temperature ,  indicating the product ion  of 
hydroxyl  radicals to be the impor tan t  channel and finding a chain mechanism 
to be operative. Our results are consistent with the findings of the latter 
workers. It is difficult  for  us to place meaningful error limits upon our 
determinat ion of  ]Z5a/kSb but  in view of  the problem of  maintaining an 
oxygen free environment  in the presence of n 2 0 2  we  feel that  the only 
proper  adjustment  would make our value larger. 

There are several features of the exper iment  of Albers e t  al. which may 
explain the large discrepancy between their results and those of  Gorse and 
Volman and this work. Aside from the inherent  complexi ty  of their 
experiments,  and the difficulty in accurately determining labelled water 
due to rapid isotopic exchange reactions with the walls, Albers e t  al. did no t  
consider the possibility of: 

D + H 2 0 2  -~ O D + H 2 0  (8) 

which under  their condit ions of  high O atom concentrat ions would be 
followed by 

OD + O -+ O2 + D (9) 

These authors and others [7, 20] have cited the work of Stief and 
DeCarlo [6] on the photolysis of H202 at 1236 £ as evidence that  k s J k s b  

1 at room temperature .  Because of  the nature of these experiments,  it is 
impossible to conclude anything about  the value of this ratio f rom their 
data, and in fact  Stief and DeCarlo did no t  do so. 

As a final point ,  it should be noted  that  in contrast  to the s tudy of 
Baldwin e t  al. [16] at 713 K, the rate of  format ion of CO2 is independent  of 
added CO once enough is present to eliminate reaction (2). This is further  
evidence in suppor t  of  the conclusion [21] that  although the reaction: 
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HOe + CO - ~  CO 2 + O H  

is fa i r ly  r ap id  a t  e l eva ted  t e m p e r a t u r e s ,  i t  p r o c e e d s  ve ry  s lowly  a t  r o o m  

t e m p e r a t u r e .  

(I0) 

A c k n o w l e d g e m e n t  

This  w o r k  was s u p p o r t e d  b y  t he  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y  

t h r o u g h  G r a n t  No.  R 8 0 0 8 7 4  fo r  w h i c h  we are gra te fu l .  
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Note added in proof (December 27, 1974) 

V o l m a n  has  i n f o r m e d  us  t h a t  t he  va lue  for  k5a/k5b r e p o r t e d  b y  h i m  a n d  
Gorse  [8]  as 3 .0  -+ 1 .0  s h o u l d  have  b e e n  2 .0  + 1.0.  In  a m o r e  r e c e n t  p a p e r  
(R. A. Gorse  a n d  D. H. V o l m a n ,  J. Photochem., 3, 115  ( 1 9 7 4 )  t h e y  re- 
e v a l u a t e d  the  d a t a  a n d  o b t a i n e d  1 . 8 6  + 0 . 1 4  for  ksa/ksb in  g o o d  a g r e e m e n t  
w i t h  o u r  va lue  o f  1 .3 ,  w h i c h  m a y  be s l igh t ly  l ow  as d i scussed  above .  


