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NEW REACT1 ONS OF ELECTRON1 CALLY EXCITED RADICALS 

GRAFTED TO Si02 SURFACE AND I N  SOLIDS 

M. Y a.  MEL ’ N I  KOV. Yu. V.  RAZSKAZOVSKY , E. N.  SEROPEGI NA , 
V. A. RADZIG and E. M. KOROL’KOVA 
Department of Chemistry.  M o s c o w  State U n i v e r s i t y .  
11 9899, Russi  a 

A b s t r a c t  S o m e  new r e a c t i o n s  of e l e c t r o n i c a l l y  e x c i t e d  
r a d i c a l s  C vi nyl  , c y c l  ohexadi enyl  , per oxy and t h i  y l -  
peroxy3 w e r e  i n v e s t i g a t e d  both by t h e  t r a d i t i o n a l  m e -  
thod Cin s o l i d  f r e e z i n g  m a t r i c e s  of d i f f e r e n t  na ture3  
and through t h e  u s e  of m a t r i x  i s o l a t i o n  method on 
chemical 1 y act i  v a t e d  si 1 i ca s u r f  ace C R S i  I. 

I NTRODUCTI ON 

React ions of e x c i t e d  r a d i c a l s  p l a y  impor tan t  role  i n  pro- 

cesses accompangi ng w i  t h  si mu1 taneous  or c o n s e c u t i  ve f or - 
mation of r a d i c a l s  and l i g h t  a c t i o n .  I n  t h i s  connec t ion  

i t’s  v e r y  i m p o r t a n t  t o  know t h e  mechanism of t h e i r  reac- 

t i o n s  i n c l u d i n g  t h o s e  which f o r  t h e  r e a s o n  of h i g h  react i -  

v i t y  are n o t  t r a p p e d  i n  r e a c t i v e  m a t r i c e s  a t  tempera tures  

about  77 K.  I t ’ s  i m p o r t a n t  t o  n o t e  t h a t  t h e  s t u d y  of m e -  

chanisms of r a d i c a l  photochemical r e a c t i o n s  i n  s o l i d s  is 

compl ica ted  by t h e  occurence  of r a p i d  i n t r a -  and  q u a s i c a g e  

p r o c e s s e s .  p a r t i c i p a t i o n  of environment molecules  i n  t h e  

r e a c t i o n s .  The i n v e s t i g a t i o n  and t h e  a p p l i c a t i o n  of new 

methods, d e v e l o p i n g  t h e  m a t r i x  i s o l a t i o n  method, and a l lo-  

wing i n  s o m e  cases b o t h  t o  d iscover  t h e  t r u e  mechanism of 

p r o c e s s  and t o  reveal t h e  environment i n f l u e n c e  for i ts  

i ndi vi dual  s t a g e s ,  acqui  res s p e c i  a1 i mpor Lance. I n  t h e  

p r e s e n t  w o r k  w e  examined new r e a c t i o n s  of e l e c t r o n i c a l l y  

e x c i t e d  r a d i c a l s  and new d a t a  about  t h e  mechanism of fami- 

l i a r  r e a c t i o n s .  

[599]/91 
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92/(600] M. YA. MEL'NIKOV ET AL. 

PEROXY RADI CALS 

The mechanism of t h e  peroxy r ad ica l  t r ans fo rma t ions  under 

UV i r r a d i a t i o n  f o r  a long t i m e  is a t t r a c t e d  t h e  a t t e n t i o n  

of i n v e s t i g a t o r s ,  because t h e s e  s p e c i e s  p l ay  an important  

role  i n  va r ious  photooxida t ion  processes .  Among t h e  path- 

ways of photo t r  ansf  or m a t i  ons  i n per oxy r a d i c a l  s are presu- 

med t h e  fo l lowing  reac t ions ' :  pho tosubs t i t u t ion ,  photodis -  

s o c i a t i o n  of t h e  C-0 and 0-0 bonds i n  r a d i c a l s .  The t r a d i -  

t i o n a l  i n  t h i s  cases pa ths  of t h e  e l u c i d a t i o n  of elementa- 

r y  chemical act mechanisms Ctemperature dep res s ion  f o r  4 

K or t h e  use  of t h e  m a t r i x  i s o l a t i o n  method > r evea led  no 

s i n g l e  mechanism of t h e  peroxy r a d i c a l s  pho to t r ans fo r -  

mation. These d i f f i c u l t e s  can  be obtained by s t u d y i n g  pho- 

t o l y s i s  of radicals i n  t h e  gas phase. So f a r ,  however, 

o n l y  a s i n g l e  experimental  s t u d y  is a v a i l a b l e 4  which con- 

c e r n s  t h e  p h o t o l y s i s  of HOz r a d i c a l s  i n  t h e  gas  phase and 

shows evidence f o r  0-0 rup tu re .  

The p o s s i b i l i t y  of u s ing  an a c t i v a t e d  s i l i c a  s u r f a c e  for 

s t a b i l i z a t i o n  of r a d i c a l  c e n t e r s  w a s  proposed earlier . 
The s u r f a c e  paramagnetic d e f e c t s  involved i n  r e a c t i o n s  

with va r ious  gas-phase molecules a l l o w  one t o  o b t a i n  para- 

magnetic c e n t e r s  of t h e  d e s i r e d  s t r u c t u r e .  This  is essen-  

t i a l l y  a kind of " m a t r i x "  i s o l a t i o n  of h i g h l y  r e a c t i v e  

s p e c i e s ,  wi th  t h e  s i l i c a  s u r f a c e  se rv ing  as  an i n e r t  m a t -  

rix. This method e l i m i n a t e s  or a t  least  cons ide rab ly  dec- 

reases t h e  p r o b a b i l i t y  of intermolecular  p rocesses ,  t h u s  

al lowing one  t o  observe  t h e  low-molecular r a d i c a l s  and 

a t o m s  formed i n  t h e  cour se  of t h e  r e a c t i o n  s t u d i e d .  The 

accep to r s  f o r  t h e s e  r a d i c a l  products  a r e  s i l y l e n e s  =Si: 

presen t  i n  h igh  concen t r a t ions  on t h e  su r face .  The method 

f o r  prepar ing  t h e  R S i  samples are  ob ta in ing  t h e  s u r f a c e  

c e n t e r s  of d e s i r e d  s t r u c t u r e  is similar t o  t h a t  d e s c r i -  

bed . Table 1 p r e s e n t s  t h e  d a t a  on t h e  composition of pho- 
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NEW REACTIONS OF ELECTRONICALLY EXCITED RADICALS (6011193 

t o l y s i s  p r o d u c t s  of t h e  s a m e  peroxy r a d i c a l s .  

The exper imenta l  d a t a  o b t a i n e d  for peroxy r a d i c a l s  of va- 

r i o u s  n a t u r e  show t h a t  0-0 d i s s o c i a t i o n  is a primary pho- 

t o t r a n s f o r m a t i o n  s t e p .  

R 0 2  =s RO + 0 c11  
TABLE 1 P h o t o t r a n s f o r m a t i o n s  of s o m e  peroxy r a d i c a l s  

s t a b i l i z e d  on t h e  R S i  s u r f a c e  a t  77 K.  

Radical  Paramagnet i c 
pr oduc t s* 
d e t e c t e d  

Proposed r eacti ons 

=si 00 Z 3 i O  C 0 . 8 + 0 , 1 >  

zSi CH=CHOO S i  CHCHO C 0 ,7+0,13  

z S i C H  CH 00 S i O C H  CH C0,8+0.13 2 2  2 2  

s i o o  * a S i O  + 0 

S i C H C H O O  9 SSiCHCHO 

S i C H C H O  S i C H C H O  

S . i C H 2 C H 2 T  

S i C H 2 C H 2 0  * 
a S i  OCH2CH2 

* 
N o t e :  The v a l u e s  i n  t h e  p a r e n t h e s i s  i n d i c a t e  f r a c t i o n s  

of t h e  paramagnet ic  p r o d u c t s  formed upon p h o t o l y s i s  of t h e  

appr opr i a te  per oxy r a d i  cal s . 
C l e a r l y  t h e  earlier e x p e r i m e n t a l l y  observed' s 2  C - 0  d i s s o -  

c i a t i o n  is a r e s u l t  of t h e  reverse "cage" r e a c t i o n  of t h e  

a l k o x y  radicals  and oxygen a t o m s  formed in r e a c t i o n  C11 

Cthe r e a c t i o n  h e a t  is about  250 k J / m o l ,  t h e  C-0  bond e n e r -  

gy  for methylperoxy r a d i c a l  is about  130 kJ/mol3 
' *  . 

CRO + 01 * R 0 2  9 R + Oz 

CY CLOHEXADI ENY L RADI CALS 

Unfor tuna te ly .  t h e  l i t t l e  a v a i l a b l e  informat ion  on t h e  ef- 

f e c t  of t h e  photon e n e r g y  on t h e  quantum e f f i c i e n c y  of ra- 

d i c a l  r e a c t i o n s  is r e s t r i c t e d  by data . U p  t o  t h e  p r e s e n t  

t i m e  t h e  r e a c t i v i t y  of t h e  r a d i c a l s  changes upon t h e i r  ex- 
c i t a t i o n  t o  h igher  d o u b l e t  states w a s  u n c l e a r .  This is de- 
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94/[602] M. YA. MEL'NIKOV ET AL. 

f i n i t e l y  of i n t e r e s t ,  s i n c e  for t h e  r e a c t i o n s  of s o m e  

a ry lmethyl  radicals i n  t h e  s o l i d  phase  i t  h a s  been thought  

t h a t ,  chemical r e a c t i o n s  can  occur e i t h e r  from t h e  lower 

or from t h e  h i g h e r  double t  states7 depending on t h e  n a t u r e  

of t h e  r a d i c a l .  W e  chose  t o  i n v e s t i g a t e  t h e  photochemical 

r e a c t i o n s  of cyc lohexadienyl  r a d i c a l s  o b t a i n e d  upon r a d i o -  

l y s i s  of p o l y s t y r e n e  and s o l u t i o n s  of benzene CO.5 M) i n  

methanol a t  77 K. I n  t h e  case of t h i s  radicals , t h e r e  is 

t h e  p o s s i b i l i t y  of e x c i t a t i o n  of t h e  r a d i c a l s  t o  d i f f e r e n t  

v i b r i t i o n a l  s u b l e v e l s  of t h e  l o w e r  e x c i t e d  d o u b l e t  s t a t e  

CO-0 t r a n s i t i o n ,  559 nm; Y 510 nml. and a l s o  t o  t h e  h ig-  

her  e x c i t e d  d o u b l e t  s t a t e  C 3 1 6  nml. THe quantum y i e l d s  

p r e s e n t e d  i n  T a b l e  2, showed t h a t  t h e  s i g n i f i c a n t  i n c r e a s e  

i n  t h e  quantum e f f i c i e n c y  of r e a c t i o n s  cyclohexadienyl  ra- 

d i c a l s  upon t h e i r  e x c i t a t i o n  t o  t h e  short-wavelength ab- 

s o r p t i o n  band c a n  be connected wi th  occurence  i n  t h e  d i s -  

s o c i a t i o n  r e a c t i o n  from t h e  upper e x c i t e d  double t  s t a t e .  

From t h e  l o w e r  e x c i t e d  d o u b l e t  s tate,  t h e  s u b s t i t u t i o n  re- 

a c t i o n  can  occur  wi th  e f f i c i e n c y  mainly determined by pro- 

cesses of d i s s i p a t i o n  t h e  excess e n e r g y  of t h e  absorbed 

8 

6' 

photon i n  t h e  matrix. 

TABLE 2 E f f e c t  of t h e  photon e n e r g y  on t h e  quantum 

y i e l d  of r e a c t i o n  of cyc lohexadienyl  radicals a t  77 K 

Matrix Methanol P o l y s t y r e n e  

0.030-+0.006 0.070+0.015 

0.070_+0.015 0 . 1 4  2 0.03 

0.3 0.21 

'559 

'510 

'31 0 

A s i m i l a r  behavior  was observed f o r  p h o t o e x c i t a t i o n  w i t h i n  

t h e  Do-D2 t r a n s i t i o n  band of t h i s  r a d i c a l s  " g r a f t e d "  t o  

t h e  R S i  s u r f a c e .  H o w e v e r ,  i n  t h i s  case t h e  r u p t u r e  of C-Si 

bond is a m o r e  e f f i c i e n t  r e a c t i o n .  S t a b i l i t y  of t h i s  r a d i -  

c a l s  on R S i  w i t h  r e s p e c t  t o  t h e  Do-D1 e x c i t a t i o n  is an i n -  

direct  e v i d e n c e  i n  favor  on t h e  s u g g e s t i o n .  accord ing  t o  
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NEW REACTIONS OF ELECTRONICALLY EXCITED RADICALS [603]/95 

which of t h e  r e a c t i o n s  involve  i n t e r a c t i o n  of t h e  exc i t ed  

r a d i c a l s  with m a t r i x  molecules.  i . e . ,  v i a  a channel ru l ed  

ou t  for t h e  r a d i c a l s  "graf ted"  on s i l i c a .  

V I  NYL RADICALS 

I n  t h e  l i t e r a tu re  t h e r e  are no experimental  d a t a  on t h e  

photochemistry of v inyl  r a d i c a l .  The authors '  suggested 

t h e  d i s s o c i a t i o n  r e a c t i o n  of e x c i t e d  v inyl  r a d i c a l s .  High 

chemical a c t i v i t y  and l o w  thermal s t a b i l i t y  of v inyl  r ad i -  

cal is t h e  main reason  f o r  t h e  s e v e r i t y  of t h e  inves t iga -  

t i o n  of t h e i r  photochemistry with t h e  h e l p  of c l a s s i c  

v a r i a n t  of m a t r i x  i s o l a t i o n  method. 

I n  t h i s  connect ion w e  s t u d i e d  t h e  photochemistry of vinyl  

t ype  r a d i c a l s  g r a f t e d  t o  R S i  su r f ace .  The e x t e n t  of t h e  

r e a c t i o n  of v inyl  types r a d i c a l  formation 

S i  + C2H2 + =SiCH=CH 

and conver si on w a s  moni tor ed  by ESR spectroscopy.  

I t  w a s  shown t h a t  under l i g h t  a c t i o n  with AS420 nm vinyl  

type r a d i c a l s  are d i s s o c i a t e d  with hydrogen atoms format i -  

on, accepted  by s i l y l e n e s  and de tec t ed  in t h i s  f o r m :  

S i C H = C H  + S i C S H  + H 

=Si: + H = S i H  

THI Y LPEROXY RADI CALS 

I n  s tudying  t h e  o x i d a t i o n  r e a c t i o n s  of t h i y l  r a d i c a l s  of 

c y s t e i n e  by oxygen i n  5 M L i C l  glasses a t  tempera ture  abo- 

ve 135 K Cthe v i t r i f i c a t i o n  temperature  f o r  5 M L i C l  ran-  

ges  f r o m  142  t o  192 K>, t h e  ESR spectrum of th iy lpe roxy  

r a d i c a l s  with p r i n c i p a l  va lues  of g=2,037 , 2.009 and 

2.003 w a s  recorded.  

Accumulation and consumption of th iy lpe roxy  r a d i c a l s  is 

accompanied with t h e  appearence and d isappearence  of w e a k  

absorp t ion  wi th  a peak a t  about 19000 cm-' i n  t h e  o p t i c a l  

spectra C a d 0 0  M-'cm-'>. I n  t h e  marked o p t i c a l  spectrum, 
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p h o t o l y s i s  CX=546 nm3 r e s u l t  a n  i n c r e a s e  of a b s o r t i o n  a t  

wavelengths  s h o r t e r  t h a n  400 nm. and t h e  appearance  of a 

new s i g n a l  i n  t h e  ESR spec t rum Ccan asymmetric s i n g l e  l i n e  

w i t h  g=2.006 , possesed  t o  r u l f o n y l  r a d i c a l s  R S 0 2 3 .  The 

i l l u m i n a t i o n  of  samples  wi th  X > 8 5 0  nm y i e l d e d  t h e  s a m e  re- 

s u l t s .  The absence  of any  s i g n i f i c a n t  changes i n  r e d  and 

n e a r - i n f r a r e d  r e g i o n s  of a b s o r p t i o n  s p e c t r a  Cup t o  1400 

nml a l lowed us t o  state t h a t  f o r  t h i y l p e r o x y  r a d i c a l s  

~5100 M - l c m  i n  t h i s  r e g i o n .  

Both i n  t h i y l  and a l k y l  peroxy r a d i c a l s  a c o n s i d e r a b l e  po- 

s i t i v e  s h i f t  i n  one  of t h e  g v a l u e s  i s  caused by t h e  s p i n -  

o r b i t a l  mixing of t h e  ground and l o w e r  e x c i t e d  states of 

H O  radicals  w i t h  an  energy  d i f f e r e n c e  of about  7000 c m - l .  

Then i t  d o e s  n o t  s e e m  s u r p r i s i n g  t h a t  RSOO r a d i c a l s  may 

f e a t u r e  a n  e l e c t r o n i c  t r a n s i t i o n  i n  t h e  I R  r e g i o n .  H o w e -  

ver. t h i s  is t h e  f i r s t  example known t o  u s  of r a d i c a l  

t r a n s f o r m a t i o n  under I R  e x c i t a t i o n .  
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