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A KINETIC STUDY OF 
RADICAL-AROMATIC HYDROCARBON REACTIONS 

Annual Progress Report No. 3 
(May 1, 1980-March 31, 1981 ) . 

I I n  t h e p r e v i o u s  progress r e p o r t  we descr ibed our  s tud ies  o f  OH 

reac t i ons  w i t h  benzene, toluene, and t h e i r  i s o t o p i c  analogs. This 'work 

i s  now i 'n press t o  be pub l i shed i n ' t h e  Journal  o f  Physica l  Chemistry. A 

copy o f  p r e p r i n t  i s  a t tached as Appendix 1. bfi ntced( 
Dur ing the  l a s t  12 months, t he  ana l ys i s  o f  some o f  t h e  data on 

reac t i ons  w i t h  benzene and to luenes were completed (.see Appendix 1 ). The 

f o l l o w i n g  OH reac t i ons  were a l s o  s tudied:  

OH' + o-xylene + products 298-970 K 

OH + m-xylene + products 250-970 K 

OH + p-xylene + products 298-970. K . 

This work i s  now complete and has been w r i t t e n  up f o r  . pub l i ca t i on  i n  t h e  

Journal o f  phys ica l  Chemistry and i s  a t tached t o  t h i s  r e p o r t  as Appei1dix.2. rww{ 
Therefore, i t  w i l l  n o t  be descr ibed f u r t h e r .  

3 Apar t  .from t h e  above mentioned OH reac t inns ,  t he  f o l l o w i n g  O( P )  

reac t i ons  have been s tud ied :  

3 O( P) + C6H6 + products 298-870 K (.I 

3 O( P)  + C6D6 + products 798-806 K (7 

o ( , ~ P )  + C6H5CH3 + products 298-930 K ( 3 )  

o(:P) + C6H5CD3 + products 298-930 K ( 4 )  

o(.'P) + o-xylene + products 298-970 .K ( 5  

3 O( P )  + m-xylene + products 298-970 K ( 6 )  

3 O(. P) + p-xylene + products 298-970 K (7 )  



A K I N E T I C S  STUDY O F  THE REACTION O F  

o ( 3p) WITH AROMATI c HYDROCAE~ONS 

, EXPERIMENTAL 

The u t i l i z a t i o n  o f  the  f l a s h  photolysis-resonance f luorescence tech- 

3 ... nique i n  the  study o f  O( P) atom r e a c t i o n  k i n e t i c s  i s  w e l l  es tab l ished.  and 

. i s  amply described i n  t he  l i t e r a t u r e .  Recently, we have extended the  

temperature range o f  a p p l ' i c a b i l i t y  o f  t h i s  method t o  permi t  r a t e  constant  

measurements t o  be made a t  Q, 1000 K. 

A schematic diagram o f  the  experimental  apparatus i s  shown i n  F igu re  1. 

The p r i n c i p a l  system components are  (1 )  a thermostated quar tz  r e a c t i o n  c e l l  

equipped w i t h  l ong  arms connected. t o  O-r ing j o i n t s  v i a  a i r - coo led  jackets ,  

(2 )  a spark discharge lamp perpendicular  t o  one face o f  the  c e l l ,  (3 )  a 

cw atomic oxygen resonance lamp perpend icu la r  t o  t he  f l  ash1 amp, (4 )  a so la r -  

b l i n d  pho tomu l t i p l i ' e r  tube perpendicular  t o  bo th  the  pho to l ys i s  and resonance 

r a d i a t i o n  beams, and (.5) a s igna l  averager and f a s t  photon count ing  e lec t ron i cs . .  

The a1 1 quar tz  r e a c t i o n  c e l l  was r e s i s t i v e l y  heated us ing  e l e c t r i c a l l y  

i nsu la ted  nichrome w i r e  windings. mounted on i t s  ou te r  surface. This  heat ing  

element was covered w i t h  ceramic f e l t  and f i v e  laye'rs o f  . s ta in less  s t e e l  

r a d i a t i o n  shie lds.  The temperature o f  t he  gaseous mix ture  i n s i d e  t h e  . , 

reactor .  was d i r e c t l y  measured us ing  a r e t r a c t a b l e  chrome1 alumel thermocouple 

in t roduced i n t o  the  r e a c t o r  through a ca jon  seal. The temperature g rad ien t  

across the  r e a c t i o n  zone (Q, 2 cm) was found t o  be Q, 20 K a t  1000 K and 

negl i g i  b l e  a t  500 K. 

This  c e l l  i s  equipped w i t h  f i v e  a i r - coo led  j acke ts  which a re  a t tached- to  

O-ring j o i n t s  which h o l d  the wi'ndow mate r ia l .  The resonance lamp window 

was equipped w i t h  a CaF2 window w h i l e  t h e  f lashlamp window was made o f  



F i g u r e  1. Schematic Diagram o f  the  High Temp r a t u r e  F lash  Photolysis-Resonance 5 F l  uorescence Apparatus used f o r  0( P)  React ion Stud ies.  



sapphire; a l l  t he  r e s t  were made o f  quar tz  except the  resonance l i g h t  c o l -  

l e c t i o n  p o r t  which had an MgF2 lens. Thepresence o f  a i . r -cooled j acke ts  

enabled us t o  use O-r ing j o i n t s  t o  a t t a c h  windows t o  t h e  c e l l  and .keep t h e  

window mater ia l  a t  room temperature, thereby g r e a t l y  inc reas ing  the  s igna l  

l e v e l  as we l l  as the  ease o f  operat ion. 

3 I n  a l l  o f  t he  experiments discussed below, 0 (  P) atoms were produced 

by f l a s h  pho to l ys i  s  o f  O2 a t  wavelengths between the  sapphire cu to f f  a t  

145 nm and the  onset o f  continuum absorpt ion a t  185 nm ( f l a s h  du ra t i on  5 

5OPsec). F o l l  owing the f l ash ,  oxygen atom resonance r a d i a t i o n  cont inuous ly  

3 exc i ted .  a small f r a c t i o n  o f  the  0(  P) created i n  the  reac to r  t o  i t s  e l e c t r o n i c a l l y  

e x c i t e d  s ta te ;  t he  r e s u l t a n t  f luorescence emanating i n  the  d i r e c t i o n  perpen- 

d i  c u l  a r '  t o  bo th  the  resonance e x c i t a t i o n  and pho to l ys i  beams was c o l  1 ected 

by a lens  and focused onto a so la r -b l  i n d  pho to lu l  t i p 1  i e r  tube. Signals 

were obtained by photon count ing  and then f e d  i n t o  a s igna l  averager operated 

i n  the  mul t ichannel  s c a l i n g  mode. For  each decay r a t e  measured, s u f f i c i e n t  

f lashes were averaged t o  cons t ruc t  a we l l -de f i ned  tempera1 p r o f i l e  over a t  

3 
i 

l e a s t  a f a c t o r  o f  twenty var iat ion: in  [0 (  P)]. j 
I 

A l l  experiments were c a r r i e d  ou t  under pseudo- f i r s t  o rder  k i n e t i c  con- 

3 d l t i o n s  w i t h  t h e  aromatic hydrocarbon concent ra t ion  [RH] i n  excess, [RH]/[O( P) 1 

> 1000. I n  the  absence o f  secondary reac t i ons  which s i g n i f i c a n t l y  deplete o r  

3 3 reform the t r a n s i e n t  O( P) species, [ 0 (  P)]  va r i es  i n  an exponential  manner 

w i t h  t ime: 

where k' i s  t he  measured pseudo- f i r s t  o rder  r a t e  constant,  k i s  the  b i -  

molecular r a t e  constant  f o r  t he  r e a c t i o n  

products , o ( ~ P )  + RH-- 



[RH]  i s  the  (constant) aromatic hydrocarbon concentrat ion,  and kd i s  t he  

3  f i r s t  o rder  r a t e  cons tan t  f o r  0 (  P) disappearance due t o  d i f f u s i o n  and 

r e a c t i o n  w i t h  O2 i n  the  absence o f  RH. Exponent ial  [o(.'P)] decays such 

as those d isp layed i n  F igu re  2  ( f o r  r e a c t i o n  w i t h  benzene) were observed. 

k '  values were taken as the  slopes o f  such decays. RH concent ra t ion  va r i a -  

t i o n s  over  a  f a c t o r  o f  a t  l e a s t  t e n  l e d  t o  k '  vs. [RH] p l o t s  o f  t h e  type 

shown i n  F igu re  3  f o r  484 K. B imolecular  r e a c t i o n  ' r a te  constants k (T)  

were obta ined as the slope o f  t h e  l e a s t  squares s t r a i g h t  l i n e  through the  

( k ' ,  [RH]) data po in ts .  
. . 

I n  o rder  t o  avo id  t he  accumulation o f  pho to l ys i s  o r  r e a c t i o n  products 

and t o  minimize any u n c e r t a i n t i e s  i n  [RH] a r i s i n g  f rom aromat ic  hydrocarbon 

absorp t ion  on the  r e a c t i o n  wa l ls ,  a l l  experiments were c a r r i e d  o u t  under 

"slow f low"  cond i t ions .  The f l o w  r a t e  through the  c e l l  was such t h a t  each 

pho to l ys i s  f l a s h  encountered a  f r e s h  r e a c t i o n  m ix tu re  ( p h o t o l y s i s  r e p e t i t i o n  

r a t e  Q 0.5 Hz).. The aromat ic  hydrocarbon RH was taken f rom a 12 R b u l b  con- 

t a i n i n g  an RHId i luen t  gas mixture.  The RHId i luen t  gas mixture,  O2 and 

a d d i t i o n a l  d i l u e n t  gas were mixed p r i o r  t o  e n t e r i n g  t h e  r e a c t i o n  c e l l .  Con,- 

c e n t r a t i  ons o f  each component i n  t he  ' r eac t i on  m ix tu re  were determi ned' from 

measurements o f  t h e  app rop r i a te  mass f l o w  r a t e s  (measured us ing  c a l i b r a t e d  

mass f l o w  meters) and the t o t a l  pressure. The f r a c t i o n  o f  aromatic hydro- 

carbon i n  t h e  RHId i luen t  gas m ix tu re  was checked f r e q u e n t l y  by simultaneous 

measurements of t he  aromatic hydrocarbon absorp t ion  a t  253.7 nm and t h e  t o t a l  

pressure o f  t h e  mixture.  These determinat ions were c a r r i e d  o u t  us ing  a  Hg 

pen-ray lamp as t h e  l i g h t  source, an 80 cm long  absorp t ion  c e l l ,  and a  

photomul t i p 1  i e r  t u b e  f i t t e d  w i t h  a  bandpass , f i l t e r .  The absorp t ion  cross 

sec t ions  a t  253.7 nm used t o  c a l c u l a t e  t he  RH concent ra t ions  i n  t he  source 

mix tu res  were measured du r i ng  t h e  course o f  t h e  experiments; t h e  obta ined 

values are: C6H6, 3.67 x  10 -19 ,,2; '6 D6 ' 2.39 x  10- I  cm2; C6H5CH3, 
2  -19 2  4 . 7 8 ~ 1 0 - ~ ~ c m ~ ; C ~ H ~ C D ~ ,  5 . 2 6 x 1 0 ~ 1 9 c m ; o - x y l e n e ,  5 . 9 8 ~ 1 0  c m ;  



TIME, msec 
3 Figure  2. Temporal P r o f i l e s  o f  LO(. P ) ]  Following Pho to lys i s  of a Mixture 

o f  02, CgH6, and Ar. Experimental cond i t i ons  a r e  shown i n  
the f i g u r e .  



Figure 3. P l o t  o f  Pseudo F i r s t  Order Rate Constant  vs. [C6H6] 
Concentrat ion a t  498 K: 

0 



19 2  19 2  ' m-xylene, 5.22 x  10- cm ; and p-xylene, 6.16 x  10- cm . These cross 

sec t ions  and the  r e s u l t i n g  abso lu te  [RH]  values quoted f o r  each experiment 

a re  accurate t o  88. 

The bu lb  gases used i n  t h i s  s tudy had the  f o l l o w i n g  s t a t e d  p u r i t i e s :  

A r  > 99.9995%, He > 99.9999%, O2 > 99.99%, Np > 99.9995%. Benzene, to1  uene 

and p-xylene were obta ined f rom J. T. Baker, Co. and had analyzed p u r i t i e s  ' 

o f  > 99.99%. The deuterated aromatics were purchased f rom Merck, Sharpe, 

and Dohme, Canada, Ltd. The i r  chemical p u r i t y  was > 99.99% and t h e i r  

s e l e c t i v e l y  l a b e l l e d  i s o t o p i c  p u r i t i e s  were as fo l l ows :  C6D6 > 99.96% D 

and. C6H5CD3 > 99.0% D. 0 - xy leneand  m-xylene were obta ined f rom Eastman 

Co. and t h e i r  p u r i t y  l e v e l  was g rea te r  than 99.9%. A l l  aromat ic  hydro- 

carbons were degased be fore  use. 

RESULTS 

The r a t e  constants ob ta ined i n  t h i s  s tudy f o r  reac t i ons  ( 1 ) - ( 4 )  and 

reac t i ons  ( 5 ) - ( 7 )  a re  1  i s t e d  i n .  t a b u l a r  form i n  Tables I and 11, respec- - 
t i v e l y .  F igu re  4 shows t h e  r e s u l t s  o f  r eac t i ons  1  and 2  i s  an Arrhenius 

p l o t  w h i l e  s i m i l a r  p l o t s  a re  shown f o r  reac t i ons  (3 )  and (4)  i n  F igu re  5  

and f o r  reac t i ons  (5),  (6) ,  and ( 7 )  i n  F igu re  6. 

3 Over t h e  e n t i r e  temperature range studied, t h e  [0 (  P ) ]  decays were 

exponent ia l  except f o r  reac t i ons  ( 1  ) and (2)  a t  T  > 700 K. As T  increas'ed, 

3  i n  case o f  reac t i ons  (1) and ( Z ) ,  [0 (  P ) ]  decays became non-exponential 

w i t h  t he  i n i t i a l  p a r t  o f  t he  decay being f a s t e r  than t h e  t a i l .  Th is  curva- 

t u r e  was reduced when O2 ( t h e  p h o t o l y t e )  concent ra t ion  was increased w h i l e  

3 keeping L O (  P)J0 the  same. The curva ture  was unaf fec ted  by changes i n  

f l a s h  energy, t o t a l  system pressure, f l o w  r a t e  and benzene (C6D6) concentra- 

t i on .  However, when a  m ix tu re  o f  N20 and N2 were photo lyzed us ing  193 nm 

3  (A rF  l a s e r )  r a d i d t i u r l  Lo prV.oduce 0 (  P) ,  



Table I. 

3 Rate Constant Data f o r  t he  Reactions o f  O( P). w i t h  Benzenes and Toluenes. 

Texperature Benzene Benzene-d6 . O  To1 uene Toluene-d3 



Table I. [continued) 

3 Rate Constant Data f o r  the  Reactions o f  O( P )  w i t h  Benzenes and Toluenes. 

Temperature 
O K  

Benzene Benzene-d To1 uene To1 uene-d3 

t Curved pseudo f i r s t  o rder  decays 
* Laser pho to l ys i s  (193 nm) o f  N20 



Table 11. 

3 Rate Constant Data f o r  t h e  React ions o f  O( P) w i t h  Xylenes. 

Temperature 
" K m-xyl ene o -xy l  ene p -xy l  ene 

. . 298 4.19 + .46 x 2.23 + .22 x 10- l3 2.25 + .26 x 10- 13  



F i g u r e  4. Ar rhen ius  P l o t  o f  t h e  Rate Constant f o r  t he  
React ion o f  o ( ~ R )  w i t h  C6H6 and d6D6g. . 



T (K) 

Figure  5. Arrhenius P l o t  o f  the  Rate Constant f o r  the  Reaction 
of o ( ~ P )  w i t h  C6H5CH3 and C6H5CD3 



F igu re  6. Arrhenius P l o t  of t h e  Rate Constant f o r  t he  
Reaction o f  o ( ~ P )  w i t h  o-, rn- and p-xylenes. 



3 the  [0(  P) ]  decays were exponent ia l  and the  slope o f  these .decays were 

i d e n t i c a l  t o  t he  i n i t i , a l  s lope , .  obta ined when O2 pho to l ys i s  was used as 
, :  

3 3 
the  source o f  O( P). This  observat ion c l e a r l y  i n d i c a t e d  t h a t  O( P )  was 

being formed, as the  r e a c t i o n  progressed, v i a  some secondary r e a c t i o n  o f  

a species w i t h  02. [ O f  course, t e s t s  were c a r r i e d  ou t  t o  ensure t h a t  indeed 

3 
o n l y  O( P) was being detected.] It w i l l  be l a t e r  shown t h a t  t h i s  observa- 

t i o n  i s  cons i s ten t  w i t h  the  H atom being a product  o f  r e a c t i o n  (1 ) .  

DISCUSSION 

3 Figure  7 shows the  r e s u l t s  o f  O( P) + benzene reac t i ons  obta ined by 

4 a1 1 previous studies.  It i s c l e a r  t h a t  r e s u l t s  o f  Bananno e t  a1 . , are 
, 

c l e a r l y  ou ts ide  the  e r r o r  of t he  o the r  four  measurements.. They had chemistry . . 

compl icat ions which cou ld  account f o r .  t h i s  discrepancy, our  r e s u l t s  a re  i n  

reasonable agreement w i t h  t h a t  o f  t he  o the r  i nves t i ga t i ons ;  the  best .agree-  I 

ment being w i t h  C O ~ U S S ~  e t  Our 298 K value of kl i s  the- lowest t h a t  has been. ' ,  

! 

. , 

measured. It should be po in ted  o u t  t h a t  the  apparent ly  d i f f e r e n t  Arrhenius 

expressions der ived from a l l  f o u r  i n v e s t i g a t i o n s  converge aroud 450 K y  the  

upper temperature l i p i t  o f  a l l  prev ious i nves t i ga t i ons .  

Based on the  molecular  beam s tud ies  o f  Sibener e t  a1 ,5 and sloanec6 

3 i t  i s  c l e a r  the  0(  P )  reac ts  w i t h  CsH6 v i a  a d d i t i o n  t o  the  r i ng .  



F i g u r e  7. Comparison o f  kl w i t h  Resu l ts  o f  Prev ious 
I n v e s t i g a t i o n s .  



The adduct can e i t h e r  undergo rearrangement t o  form phenol, 

o r  e l i m i n a t e  the  H atom, 

o r  e l im ina te  CO, 

3 I n  var iance o f  the  r a t e  constant  f o r  the r e a c t i o n  o f  O( P )  w i t h  benzene L i t h  
' 

the  i s o t o p i c  i .dent i . ty o f  hydrogen atom, ( i . . ,  kl = k 2 )  shows t h a t  the  pr imary 

3 step i s  a d d i t i o n  o f  O( P). t o  t he  r i n g  and t h i s  conf irms step 10 being t h e  

i n i t f a l  reac t ion .  There i s  some controversy regard ing  step '1  3. S l  oane c la ims 

t o  have seen CO, w h i l e  Sibener. e t  a ~ . ~  do not.  Also, Sibener e t  a l .  have po in ted  

ou t  t h a t  the  o r i g i n  of CO seen by sloane6 i s  probably d i s s o c i a t i o n  o f  t he  parent  

i o n  i'n the  mass spectrometer. To reso lve  t h i s  controversy, we t r i e d  t o  de tec t  



CO v i a  resonance fluorescence. We d i d  n o t  observe CO thereby, probably, 

conf i rming r e s u l t s  o f  Sibener e t  a l .  It should, however, be remembered 

t h a t  our  experimental  cond i t i ons  (e.g., pressure) a re  very d i f f e r e n t  from 

those i n  beam studies. We have some i n d i c a t i o n s  f o r  reac t i on  (12) being a  
. . 

dominant channel. H atoms would, o f  course, be scavenged by O2 i n  our  . . 

system t o  form H02 a t  low temperatures. However, a t  h igh  temperatures, 
I 

t h i s  process slows down and H atoms can then r e a c t  w i t h  benzene i t s e l f .  

, A t  much h igher  temperatures, H atoms can r e a c t  w i t h  02. t o  re fo rm o('P), I 

3  Reaction (.14), we be l ieve ,  was the  cause o f  curva ture  i n  O( P) decay 

p l o t s  a t  h igh  temperatures. As po in ted  o u t  e a r l i e r ,  when N20 was used 

3  as the 0 (  P) source, t h e  curvature was n o t  observed thereby adding f u r t h e r  

credence t o  our  hypothesis. [We w i  11, i n  the. near f u tu re ,  f o l l o w  H atom 

concentrat ions d i r e c t l y . ]  

3  
F igure  8 shows the  r e s u l t s  o f  O( P)  + to luene reac t ions  obta ined by 

I 

a l l  prev ious studies.  As i n  t he  case o f  benzene reac t i ons  the  r e s u l t s  I 

7 are i n  reasonable agreement except f o r  those o f  Furuyama and Ebara. . , 

A l l  the  reac t i ons  t h a t  can take p lace i n  the case o f  benzene can a l so  

occur w i t h  toluene. I n  add i t i on ,  i t  i s  poss ib le  t o  have s ide-chain hydrogen . . 

abs t rac t i on  a t  h igher  temperatures, 

3  
To check f o r  the  p o s s i b i l i t y ,  we c a r r i e d  o u t  measurements o f  O( P) 

reac t ions  w i t h  C6H5CD3, i .e., r e a c t i o n  (4) .  I f  s ide-chain hydrogen 

abs t rac t i on  i s  s i g n i f i c a n t ,  then k4 would be smal le r  than k3. As seen 
% 

from F igure  5, k4 - k3 thercby i n d i c a t i n g  t h a t  s idc-cha in  hydrogen 

abs t rac t i on  i s  n o t  very important  i n  t he  temperature range studied. 
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The r e s u l t s  o f  reac t i ons  (5) ,  (6 ) ,  and (,7) a re  shown i n  F igure  6 

and Table 11. The most i n t e r e s t i n g  fea tu re  t h a t  i s  observed i s  t h a t  m- 

3 
xylene reac ts  fas te r  than o- o r  p-xylene w i t h  O( P). This  i s  i d e n t i c a l  

3 t o  the  reac t ions  of OH s ince both O(  P) and OH are  r e a c t i n g  w i t h  xylenes 

v i a  e l e c t r o p h i l i c  add i t ion .  Another f ea tu re  t h a t  i s  observed i s  t he  s l i g h t  . . 

curvature i n  Arrhenius p l o t s .  ye are  s t i l l  working on t h i s  process and 

hence no conclus ion can be drawn a t  t h i s  po in t .  

F i 'na l ly ,  f o r  the  sake o f  comparison, Table I11 l i s t s  Arrhenius param- 

e t e r s  o f  a l l  O(.'P) reac t ions  s tud ied  u n t i l  now i n  our  laboratory.  It i s  

c l e a r  t h a t  as s u b s t i t u t i o n  o f  .the r i n g  i s  increased, ' the r e a c t i v i t y  o f  t he  

3 compound w i t h  O( P) increases and the  a c t i v a t i o n  energy decreases keeping 

the  A f a c t o r s  approximately the  same. 



Table 111. 

Summary of Arrhenius Parameters 

Temperature 
Reaction A x 10" -Elk Range 

3 O (  P )  + o-xylene 3.9.9 + 0.76 1550 + 75 298 - 569 K* 

3 * 
O( P.) + m-xyl ene 4.36 + 0.49 1381 + 45 298 - 569 K 

3 O( P) + p-xylene 4.02 + 0.70 1548 + 69 298 - 569 K* 

* 
Above 569 K ,  s l i g h t  curvature i s  observed and i s  therefore  not 
included in t h i s  ca lcula t ion.  
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APPENDIX I 

K I N E T I C S  OF REACTIONS OF OH WITH BENZENE 

AND TOLUENE 




