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The emission spc t r a  r e s u l t i n g  from the  e x c i t a t i o n  o f  to luene  w p c r  i n  e l ec -  
t rode  d ischarges  have t e e n  inves t iqa tec '  by Schu le r  as a part o f  h i s  ex tene l r e  work 
dealine d t h  t h e  behavior o f  Fo lecu le s  i n  d i s c h a r p s . ( l )  He found that two d i s -  
t i n c t l y  d i f f e n n t  spectra worn e m i t t e d .  One, t h e  normal to luene  emission rpectrum, 
W E  centered i n  the  2600-3000 A' n a i o n  s n d  was r e l a t e d  t o  t h e  forb idden  benzenoid 
abeorp t ion  band of to luene  i n  t h e  crude minor Image r e l a t i o n e h i p  vhich c h a r a c b r -  
iz%s fluorescence emission. Th i s  spectrum, as it was obta ined  In the p r e m n t  study, 
l e  shown In figure 1. In  add i t ion  t o  t h i s  u l t r a v i o l e t  en i se lon ,  Schu le r  a l s o  
observed a v f s i b l e  e r i s s i o n  spectrum from to lusne  vhich appeared In t h e  4300 t o  
5000 Ao reqlon, t h e  d e t a i l s  o f  vh ich  v e n  n o t  published. This spctrum was 
designated the  "blue spectrum" and was aesipned t o  t h e  benzyl r a d i a l  v i t h o u t  stronk, 
suppor t ine  evidence. 

o f  t o l u e r e  vapor i n  a h igh  vol tage  elec- 
t rode  d ischarce ,  Kraa i jve ld  and Watenran92f inves t iga t ed  t h e  fo rna t ion  of t h e  
b ibenzy lmolecu le  f m r  to luene  and found t h a t ,  under optimum condi t ions  in a 2400 v 
a r c ,  LO$ of t h e  toluene vapor could t e  converted t o  t iberzy l .  The o the r  products 
formed under these condi t ione  vere  n o t  l n v e e t i g a b d .  T h i s  result, a e  ve l1  as those 
obtained by Schuler ,  imply the 
p resen t  i n  e l ec t rode  ivduced t o l w n e  d ischarges .  

vhich v a s  concerned v i t h  t h e  r anee  of r d u c t s  formed from the e l e c t r o d e l e e s  
rnicrovave e x c i t a t i o n  of t o l w n e  vapor.p3? I n  t h i s  s tudy ,  f lowina  t o l m n e  vapor in a 
helium c s r r i e r  rrae stream was exc j t ed  by a 3 RMc lricrovave pene ra t a r ,  The epsctrm 
o f  the  l f a h t  e n i t t e d  vas n o t  i n v e s t i g a t e d ,  hovever the  products  were c a r e f u l l y  
de t emined .  The composition of  t h e  mixture of producte obta ined  is sbovn i n  f i g u r e  2. 

The m v  minor amounts o f  d i g e r  b i a r y l a  which mm formed in t h i s  discharge 
sueepsted t h a t  r a d i c a l  i n t en red fa t ed  v e n  n o t  of dominant Importance. The l ack  of 
fo rna t ion  of t h e  xylene i s o r e r a  vas a l s o  i n t e r p r e t e d  as euppor t lng  t h e  absence of 
methyl r a d i c a l s  i n  t h e  p l a s m .  

Two o the r  p o s s i b i l i t i e s ,  the f io lecular  c a t i o n  and an ion  vere  coneidemd as  
l i k e l y  in te rmedia tes  i n  t h e  rnicrovave d ischarge .  Resu l t s  ob ta ined  f r o m  l a b e l i n g  
experiments r u l e d  ou t  cons ide ra t ion  of  t h e  ca t ion ,  and it was t e n t a t i v e l y  concluded 
that anion i r t e n r e d i a t e s  remained as t h e  moat likely p e e s i b i l i t y .  

p rev ious ly  dravn regarc!inu t h e  douinance o f  r a d j c a l s  i n  to luene  d i scha rges  and =st 
some doubt on these  conclueions.  Hovever, work vhicb had been done i n  W. D.  Cooke's 
l abo ra to ry  a t  Cornel1 Un ive r s i ty  s i i v e s t e d  that very significant d i f f e r e n c e s  might 
be a n t i c i p t c d  'ietveen t h e  products  r e s u l t i n g  from t h e  e x c i t a t i o n  of  organic vapors 
in a microvave povend  d i scha rge  a r d  the  e x c i t a t i o n  of t hese  vaprs v l t h  a radlo- 
frequency source. It vas, t h e r e f o r e ,  decided t o  i n v e s t i g a t e  both t h e  spectre and t h e  
prodrrets obtained vhen toltrepe vapor 1.88 exc f t ed  i n  a 28 Mc. mdiof requency  d i s -  
charge. 

? loving  tol-ve rapr vas p e m d  throuqh a d i scha rge  povered by an  R.P. transmitter 
opemtinp a t  28 m g c y c l e s  and 100 watts output.  The pressure of t h e  vapor uas 
maintajned cons tan t  a t  0.10 t o  0.15 mm. Materials fomed  i n  t h e  p l a m  wm 
c o l l e c b d  in t r a p s  maintained a t  Qo and 80° and vere aubseqwnt ly  inves t iga t ed  by 

chromatoer%phic and s m c t r o s c o p f c  techniques.  The l i q h t  e m i t t e d  from the  d i s -  
charge VB- focumd i n t o  a scannine  Fonochroaator and de tec t ed  by 3 IP-28 photo- 
m u l t i p l i e r  tube. The a ~ p l l f i e r l  ou tput  of the  p h o t o m l t i p l i e r  v a s  recorded elec- 
t r o n i c a l l y .  Dnder t h e  cond i t ions  used i n  these  experiments,  to lucne  vae converted 
t o  products jn  12 t o  1s y i e l d  v f t h  75 t o  8% o f  t h e  to luene  being recovered un- 
chaneed. 

In  a subeequert  s tudy  of t h e  r e a c t 1  n 

e x i s t e n c e  o f  benzyl r a d i c a l s  a s  t h e  major spec ie s  

Yore r ecen t ly ,  S t m i t w i e s e r  and Ward conducted t h e  first comprehensive s tudy  

This r e s u l t  con t r a s t ed  i n t e r e e t i n g l y  v i t h  t h e  conclusione which had been 

The appa ra tus  used in t h i s  s tudy  i n  ehom in block  diagram form i n  f igu re  3. 



2152 
TOLUENE ULTRAVIOLET EMISSION 

I 

4 

1 
( 

PRODUCTS FROM T O L U E N E  VAPOR 
IN A 3 KMc* POWERED DISCHARGE 

BENZENE 49 
ETHYLBENZENE 30 
PHENYLACETYLENE 8 
STYRENE 3 
XYLENE ISOMERS TRACE 
BIBENZYL -0.5 
DIPHENYLMETHANE - 0.2 
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PRODUCTS FROM A 28 MC. 
DISCHARGE IN TOLUENE 

Y O  

BENZENE 35  
ETHYLBENZENE 41 
6 I BE N Z'YL 16 
01 PHENYL METHANE 7 
BIPHENYL 2 
XYLENE ISOMERS <I 

- PRODUCT 

Figure 4 
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A summary o f  t h e  products  formed in  the  R. F. powered dfscharge  is presented 

i n  figure L. It should Fe noted t h a t  t hese  r e s u l t s  am normalized t o  exclude 
recovered t o l m n e ,  non-oondensatle cases and polymeric m a t e r i a l s  which i n  
combination accounted for 3 t o  6 of t h e  o r i p i n a l  to luene  vapor. 

methane and biphenyl is of p r t i c u l q r  s i g n i f i a n c e  s ince ,  a s  noted above, the  for -  
mation of on ly  t r a c e  amounts of dlmer b i s r y l s  v a s  observed i n  t h e  microwsve 
d ischarqe .  Additional exper iments  -re condmted  i n  which a helium c a r r i e r  gas  was 
uaed, and no s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  n a t u r e  a n d  amounts of products formed was 
noted. The c h a n p  i n  product  r a t i o s ,  t h e r e f o r e ,  appears  t o  ref lect  a change I n  
mechanism vhich r e s u l t s  frm t h e  use of a n  R. F. povered d ischaree .  

The products formed jn  t h i s  study, i n  p a r t i c u l a r  the l a r g e  amounts o f  b i a q l s ,  
i n d i c a t e  that free r a d i c a l s  a m  t h e  major i n t enned ia t ee  l ead lne  t o  t h e  formation o f  
products.  The compounds fonned can be r e a d i l y  expla ined  by  t h e  series o f  r a d i c a l  
combination and hydrown s b s t r a o t i o n  r e a c t i o n s  involving benzyl,  phenyl and methyl 
r a d i c a l s  which a r e  ou t l i ned  i n  f i e u r n  5. 

It should be noted t h a t  minor, bu t  d e f i n i t e  amounts of  t h e  t h r e e  xJrlene isomers 
-re f o m e d  In t h e  rad iof requancy  d ischaree .  The trace amounts of  t hese  isomers 
which w e r e  formed from t h e  d l s s o c i a t i o n  of to luene  raper i n  a microwave powered d i s -  
charge  h s s  prev ious ly  been used aq a n  a a m e n t  a g a i n s t  t h e  presence of methyl 
r a d l c a l s  i n  the  mlcrowave d i s c h a r p .  (3f As is shovn i n  figure 6, however, it has  
been demonstrated t h a t  methyl r a d l c a l s  m a c t  v i t h  to luene  wp r with 3 hundred f o l d  
preference  for t h e  s i d e  chafn rathe- than  t h e  r i n c  p o s i t i o n s . ~ 4 )  It is, therefore ,  
e n t i r e l y  c o ~ s l s t e n t  wi th  t h e  presence of  methyl r a d i c a l s  In t h e  R. F. d isoharee  t h a t  
m s c t f o n  should take p lace  predominantly v i t h  t h e  to luene  s l d e  cha in  t o  fonn 
e thylbenzene  rather than  with t h e  r l n g  pos i t i ona  t o  y i e l d  xylene isomers, although 
t h e  formation o f  small amounts of  q l e n e  should be a n t i c i p a t e d .  

Experiments in  which s p e o i f i c a l l y  l abe led  deu te r io to luene  was passed through 
t h e  R.F. d isoharee  a f fo rded  a d d i t i o n a l  exper imenta l  d a t a  which supported the  
importance of r a d i o a l  i n t e rmed ia t e s .  The producte formed from t h e  labe led  toluene 
were co l l ec t ed ,  s e p a r a t e d  by chromatoyraphio techniques ,  and the  d i s t r i b u t i o n  of the 
deuterium label determined by i n f r a r e d  a n d  nuc lea r  magnetic resonance e p c t r o s c o p y  
and mass s p c t m m e t r y .  

The partisl pass spectrum o f  t h e  recovered ethylbenzene compared t o  t h e  mass 
s p e o t r m  o f  un-deuterated r a t e r f a l  is shevn i n  figure 7. The pa ren t  peak of the  
recovemd material is five mass u n i t s  h ighe r  than  the  corresponding peak i n  the  
un-deuterated m a t e r i a l ,  and d e r o n s t r a t e s  t h e  inc lus lon  of  five deuterium atoms i n  
t h e  molecule. The bene p a k  of t h e  unlabeled ethylbenzene molecule resulte from a 
P-15 c l e a w a e  correspondinp t o  the l a m  of  a methyl group. In  t h e  spectrum of the  
reoovemd saterial, t h e  base peak results from P-18 cleavaae and c l e a r l y  
demonotrataa the r e t h y l  group of t h e  s i d e  chain t o  be f u l l y  deutera ted .  This 
molecule preswmbly forms from t h e  combination of C7H5D2 r a d i c a l  v i th  a CD3 r a d i c a l .  

s t r a t e d  by cons ider lnc  the  W R  e p e c t r m  o f  the recovered bibenzyl.  I n  figure 8, the  
100 VC. proton rape t ic  ma30nance spectrum o f  un-deutered b ibenzyl  and that of t h e  
mcovered  material e r e  compared. R i a  impor tan t  t o  note  that  t h e  5:2 r a t i o  o f  
a romat i c  t o  se thy lene  p ro tons  observed i n  t h e  non-deutereted material vould a l s o  be 
observed with t h e  p r t j a l l y  d e u t e m t e d  no lecu le  if t h e  deuterium label vere uniform- 
l y  d i s t r i t u t e d .  The ematly reduced methylene proton peak i n  t h e  spectrum of  the  
remwred mate r i a l ,  however, c l e a r l y  demonetrates t h a t  the label remains loca l iced  
f n  t h e  e!de chain o f  t h e  h n a y l  fragment, and is no t  d i s t r i b u t e d  throughout t h e  
r ing .  

lpsdiatee i n  the  d i scha rge  slnce, as io s h o w  i n  f i m  9, it has been demonstrated 
that  t h e  un=ioniced benzyl r a d i c a l  does no t  undergo a n y  type of rearrangement v h k b  

z%a?eg By c o n t r a s t ,  the benzyl c a t i o n  doee maergo an  immediate arranqement t o  

The formation of S u b s t a n t i a l  amounts of dimer b i a r y l s ;  b ibenzyl ,  diphenyl- 

The s lde  chain of t h e  recovered ethylbenzene was found t o  be heav i ly  deuterated.  

The d i s t r i b u t i o n  of  t h e  deuterium l a b e l  i n  t h e  benzyl f r a p e n t  can be demon- 

This r e s u l t  is e n t f r e l y  c o n s i s t e n t  v l t h  t h e  presence o f  fme r a d i c a l  i n t e r -  

t i n  t h e  randomlzatlon of a l a b e l ,  such a s  t h e  fo rna t ion  of  the t r o p y l i w  

1l tm lon, which vould r e s u l t  i n  uniform d i s t r i b u t i o n  of t h e  deuterium 
l a b l .  tr?8 Since  t h i s  is n o t  observed, t h e  benzyl c a t i e n  can be r u l e d  ou t  as a 
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PRODUCT FORMATION REACTIONS 
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REACTION OF METHYL RADtCALS 
WITH TRITIATED TOLUENE 

RELATIVE RATE 
CONSTANTS AT 85' 

6 -  0.76 
m- 0.26 
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X.V. BEREZIN, et.a\., Z H U R .  OBSCHE\ KH\W.> 
3p,4093 (1960). C.A., a, 27153 b. 

Figure 6 
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PARTIAL MASS SPECTRA OF mn BENZWB 
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PARTIAL NMR SPECTRA OF BIBENZYL 
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BENZYL CATION AND RADICAL BEHAVIOR 

F i g u r e  9 

PROOUCTS FROM IODINE AND 
TOLUENE VAPOR IN A 2 S k  DISCHARGE 

PRODUCT 

BLNLYL 10010E L)7 
IO DOBEN ZEN€ I Y  
ETHYLBENZENE It  
BENtEdE 13 
METHYL IODIDE 6 
UNIDENTIFIED 9 

F i g u r e  EO 



s i g n i f i c a n t  r e a c t i o n  int-ermedia te .  

passe6  through t h e  R.F. d i scha rge  toge ther .  Figure 1 0  shows t h e  composition of t h e  
products  Eormed i n  t h i s  experiment. In .:iew of t h e  known a f f i n i t y  of iod ine  €or f r e e  
r a d i c a l s ,  (7) t h e  formation of benzyl iod ide ,  iodobenzene and methyl iod ide  toge ther  
w i th  g r e a t l y  reduced amounts of the  previously observed products a rgues  for t h e  
presence of benzyl, phenyl and methyl r a d i c a l s  i'n t he  discharge.  ; 

f i g u r e  11 was observed v i t h  t h e  to luene  discharge: Th i s  spectrum i s  s imi l a r  t o  t h a t  4 
vh ich  Schuler  had previously observed from e lec t rode  to luene  d ischarges  and assigned 
t o  t h e  benzyl r ad ica l .  

con t r a s t ed  to  S t r e i t w i e s e r  and Ward's s tudy  i n d i c a t e s  t h a t  s i g n i f i c a n t  d i f f e rences  
are  to be  an t i c ipa t ed  betveen R;F. and microwave powered d ischarges ,  and 
unequivocal ly  e s t a b l i s h  t h e  importance of r a d i c a l  in te rmedia tes  i n  the  toluene R.F. 
discharge.  Add i t !ona l ly ,  t h e  hazards  involved i n  the  Tenera1 i z a t i o n  of d a t a  
obta ined  i n  a s p e c i f i c  type of d i scharge  a r e  r e a d i l y  apparent  from these  observations. 

L i t e r a t u r e  C i t e d  

Addit ional  experiments  were conducted i n  which to luene  and iod ine  vapors were 

I t  should a l s o  be noted t h a t  t he  v i s i b l e  emission spectrum which i s  shown i n  

In sumrary, t h e  d iCfe ren t  products and in te rmedia tes  formed i n  t h i s  work a s  
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