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PHOTOCHEMICAL PROCESSES ON OXIDE SURFACES. A DIFFUSE REFLEC- 
TANCE LASER FLASH PHOTOLYSIS STUDY. 

K. R. GOPIDAS AND PRASHANT V. KAMAT 
Notre  Dame R a d i a t i o n  Labora tory ,  Notre  Dame, IN 46556, U.S.A. 

AND H. V. GEORGE 
Not re  Dame R a d i a t i o n  Labora tory ,  Notre  Dame, I N  46556, U.S.A. 
and Photochemical Research Uni t ,  Regional  Research Labora tory ,  
Trivandrum 695019, I n d i a  

A b s t r a c t  The d i f f u s e  r e f l e c t a n c e  laser f l a s h  p h o t o l y s i s  e x p e r i -  
ments which e l u c i d a t e  t h e  e x c i t e d  s ta te  behavior  of  a t h i a z i n e  
dye on t h e  s u r f a c e s  of SiO The 
permanent d e g r a d a t i o n  o f  tye dye observed on t h e  Ti02 s u r f a c e  
h a s  been e x p l a i n e d  on t h e  b a s i s  of  a d i r e c t  e l e c t r o n - t r a n s f e r  
quenching o f  e x c i t e d  s t a t e s  by Ti02. 

A1203  and Ti02 are d e s c r i b e d .  

INTRODUCTION 

Our c o n t i n u i n g  i n t e r e s t  i n  t h e  photophysics  and photochemis t ry  of 

molecules  adsorbed  o n t o  t h e  s u r f a c e s  of submicron-sized i n o r g a n i c  

p a r t i ~ l e s l - ~  has  l e d  u s  t o  s tudy  t h e  e x c i t e d  s t a t e  behavior  of dyes 

on o x i d e  s u r f a c e s  such  a s  S i 0 2 ,  A 1 2 0 3  and Ti02. Such s u p p o r t  materi- 

a l s  can  be c l a s s i f i e d  i n t o  two c a t e g o r i e s :  ( i )  i n o r g a n i c  s u p p o r t s  

such as  S i 0 2  o r  A1203 which provide  an ordered  two-dimensional 

environment  f o r  e f f e c t i n g  and c o n t r o l l i n g  photochemical p r o c e s s e s  

more e f f i c i e n t l y  than  can be a t t a i n e d  i n  homogeneous s o l u t i o n s ;  and 

( i i )  semiconductor  s u p p o r t s  such  as  Ti02 or ZnO, which d i r e c t l y  par -  

t i c i p a t e  i n  t h e  photochemical processes  e i t h e r  by a b s o r b i n g  t h e  

i n c i d e n t  photon and t r a n s f e r r i n g  charge t o  an adsorbed molecule  or by 

quenching t h e  e x c i t e d  s t a t e  of t h e  adsorbed molecule. 

There have been a number of s t u d i e s  t h a t  employed f l u o r e s c e n c e  

emiss ion  as a probe f o r  i n v e s t i g a t i n g  t h e  r a d i a t i v e  and n o n r a d i a t i v e  

p r o c e s s e s  of o r g a n i c  dyes and i n o r g a n i c  complexes on o x i d e  sur -  

f a c e s .  '-' We have now i n v e s t i g a t e d  e x c i t e d  state b e h a v i o r  of an 

o r g a n i c  dye ,  t h i o n i n e ,  on t h e  s u r f a c e s  of S i02 ,  A 1 2 0 3  and Ti02  u s i n g  

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

found u s e f u l  i n  i n v e s t i g a t i n g  s p e c t r o s c o p i c  and k i n e t i c  p r o p e r t i e s  of 

t h e  t r a n s i e n t s  g e n e r a t e d  upon l a s e r  p u l s e  e x c i t a t i o n  of opaque s o l i d  
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samples  i n  t h e  form of powders and 

EXPERIMENTAL 

Anatase  Ti02  powder ( s u r f a c e  area 50 m 2 /g, p a r t i c l e  d i a m e t e r  30 nm) 

was o b t a i n e d  from Degussa Corp. (P-25). S i l i c a  powder (200-425 mesh, 

60 A )  and a lumina  ( n e u t r a l ,  - 150 mesh, 58 A )  were o b t a i n e d  from 

Aldr ich .  The dye was adsorbed o n t o  t h e s e  s u p p o r t  materials by 

d i s p e r s i n g  t h e  p a r t i c l e s  i n  a c e t o n i t r i l e  and adding  a known amount of 

t h e  dye s o l u t i o n .  The suspens ion  was s t i r r e d  f o r  two h o u r s  and 

f i l t e r e d .  The samples  were d r i e d  i n  an oven a t  65 ‘C f o r  24 h o u r s .  

The d i f f u s e  r e f l e c t a n c e  a b s o r p t i o n  s p e c t r a  of  t h i o n i n e  adsorbed  

on o x i d e  p a r t i c l e s  were recorded  w i t h  a Cary 219 s p e c t r o p h o t o m e t e r  

w i t h  a d i f f u s e  r e f l e c t a n c e  a t tachment  ( H a r r i c k  S c i e n t i f i c ) .  Time- 

r e s o l v e d  d i f f u s e  r e f l e c t a n c e  l a s e r  f l a s h  p h o t o l y s i s  e x p e r i m e n t s  were 
c a r r i e d  o u t  i n  a vacuum-tight 10 x 10 x 40 mm3 r e c t a n g u l a r  q u a r t z  

c e l l .  The d r i e d  samples  were evacuated  f o r  3-5 hours .  The 532 run 
laser p u l s e  ( 1 0  mJ, p u l s e  wid th  6 n s )  from a Quanta Ray DCR-1 Nd:YAG 

laser  sys tem was used  f o r  t h e  e x c i t a t i o n  of  t h e  sample. A 1000 W 

xenon lamp w a s  used a s  t h e  moni tor ing  s o u r c e .  The d i f f u s e l y  

r e f l e c t e d  moni tor ing  l i g h t  from t h e  sample was d e t e c t e d  with 

p h o t o m u l t i p l i e r ,  t h e  o u t p u t  of which was f e d  t o  a T e k t r o n i x  7912AD 

d i g i t i z e r .  The schemat ic  diagram of t h e  e x p e r i m e n t a l  s e t u p  i s  shown 

i n  Scheme I .  t h e  d e t a i l s  of  which w i l l  be d e s c r i b e d  e 1 ~ e w h e r e . l ~  

xenon 
~ a m o  

0 
SJmpl. 

Scheme I. Schematic  diagram o f  t h e  d i f f u s e  r e f l e c t a n c e  laser f l a s h  

p h o t o l y s i s  s e t u p .  
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PHOTOCHEMICAL PROCESSES ON OXIDE SURE'ACES 405 

RESULTS AND DISCUSSION 

Absorption and Emission Characteristics 

The absorption spectra of thionine (TH+) adsorbed on S O 2 ,  A1203 and 

Ti02 are shown in Figure 1. TH' on silica exhibits an absorption 

maximum at 605 run which is similar to the absorption characteristics 

of the monomeric dye in polar solvents. However in  the case of A1203 

and Ti02 the absorption band (530-550 m) due to dye aggregation 

dominates the absorption spectrum. The absorption due to monomeric 

dye appears only as a shoulder at .. 600 run. It is interesting that 

450 550 750 

Wavelength. nm 

Figure 1 Diffuse reflectance ground state absorption spectra of 

thionine on (a) silica, (b) A1203 and (c) Ti02 particles. 
The surface coverage of the dye in each case was 0.4 mgtg 

support. 

even at submonolayer coverages, both Ti02 and A1203 promote aggrega- 

tion of the dye on its surface. These observations are very similar 

to our recent study14 of anthracene-2-sulfonate on alumina coated 

silica particles in which dimerization of anthracene-2-sulfonate was 

observed even when fewer than 1% of availabLe adsorption sites were 

occupied. 
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.. 

WAVELENGTH, nm 

4aa 3ca eoo TOO 900 

WAVELENGTH. nm 

Figure 2 Transient  absorption spectra  recorded i m e d i a t e l y  a f t e r  

532  nm l a s e r  pulse e x c i t a t i o n  of  th ionine  adsorbed on ( a )  

s i l i c a ,  ( b )  A1203 and ( c )  T i 0 2  surfaces  ( 0 . 4  m g / g  

support):  ( 0 )  degassed and ( 0 )  O2-saturated samples. 
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PHOTOCHEMICAL PROCESSES ON OXIDE SURFACES 407 

Laser Flash Photolysis 

The transient absorption spectra recorded upon 532-nm laser pulse 

excitation of thionine adsorbed on various support materials are 

shown in Figure 2. The effect of oxygen on the transient is demon- 

strated by comparing the absorption spectra recorded under degassed 

and oxygenated conditions. The transient absorption of M+/Si02 

TH+/A1203 samples which show absorption maxima at 410 and 780 run 

arises as a result of triplet excited state of thionine on these 

oxide supports. 

The bleaching maximum at 605 MI further supports the contention that 

the formation of transient corresponds to the depletion of monomeric 

dye. The lifetime of TH on SiOz and A1203 was - 200 us. Such a 

long lifetime of triplet excited state is comnonly observed on oxide 

supports.6 The triplet dye was found to be very sensitive to the 

presence of oxygen. A s  can be seen from figure 2a and 2b, the 

oxygen-saturated samples exhibited very small transient absorption 

which is below the limit of spectral resolution. At low laser inten- 
sities the degassed samples exhibited a complete recovery of the dye. 

This shows that the dye do not undergo net photochemical changes on 

the surface of Si02 and A1203. However at higher laser intensities, 

biphotonic photoionization could lead to some irreversible changes in 

the dye. 

3 +* 

A different photochemical behavior of M+ was seen on the sur- 

face of Ti02. Transient absorption maxima were seen at 400, 440 and 
720 nm. Along with triplet thionine, the semioxidized thionine and 

trapped electron also contribute to the transient absorption. As 

established earlier,2*3'5 we attribute this to the charge injection 

from excited thionine into the conduction band of Ti02. 

1 +* TH (or 3TH+*) + Ti02 --> TH2+ + Ti02 (e) (2) 

The broad absorption in the near-infrared region which is sensitive 

to oxygen is attributed to the trapped electron at the Ti02 sur- 

A considerable absorption in the region of 400 nm was 
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408 K. R. GOPIDAS, P. V. KAMAT AND H. V. GEORGE 

r e t a i n e d  even when t h e  TH+/Ti02  sample was s a t u r a t e d  w i t h  oxygen. 

The s e m i o x i d i z e d  t h i o n i n e ,  TH2+, h a s  a n  a b s o r p t i o n  maximum a t  470 m 

i n  a c e t o n i t r i l e . "  The broad b l e a c h i n g  observed  i n  t h e s e  samples  and 

t h e  i n t e r a c t i o n  w i t h  s u r f a c e  hydroxyl  groups  could  b l u e - s h i f t  t h e  

t r a n s i e n t  a b s o r p t i o n  maximum. I't is a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  

t h e  b l e a c h i n g  maximum observed  a t  530 and 610 nm i n d i c a t e s  p a r t i c i p a -  

t i o n  of monomeric and a g g r e g a t e d  forms of t h i o n i n e  i n  t h e  photochem- 

i c a l  p r o c e s s .  The b l e a c h i n g  r e c o v e r y  traces i n d i c a t e d  t h a t  n e a r l y  

90% of  t h e  dye underwent permanent d e g r a d a t i o n  on t h e  Ti02  s u r f a c e .  

S t e a d y - S t a t e  P h o t o l y s i s  

I f  i n d e e d ,  c h a r g e  i n j e c t i o n  from e x c i t e d  dye i n t o  t h e  TiOl p a r t i c l e  

is  a major  pathway f o r  t h e  photochemical  d e g r a d a t i o n ,  i t  should  a l so  

be p o s s i b l e  t o  moni tor  i t  v i a  s t e a d y - s t a t e  p h o t o l y s i s .  The absorp-  

t i o n  s p e c t r a  of TH+/Ti02 sample r e c o r d e d  a f t e r  i r r a d i a t i o n  w i t h  t h e  

v i s i b l e  l i g h t  ( >  400 nm from a 250 W Halogen lamp) a re  shown i n  

F i g u r e  5 .  Near ly  80% of t h e  TH+ degraded a s  a r e s u l t  of i t s  exposure  

t o  t h e  v i s i b l e  l i g h t .  Other  photochemical  p r o c e s s e s  such  as  e x c i t e d  

s t a t e  a n n i h i l a t i o n  or r e a c t i o n  w i t h  oxygen could  a lso l e a d  t o  the dye  

d e g r a d a t i o n ,  b u t  t h e i r  c o n t r i b u t i o n  i s  c o n s i d e r e d  t o  be  v e r y  small. 

I 1 

450 550 650 750 
Wavelength, nm 

F i g u r e  3 P h o t o d e g r a d a t i o n  of t h i o n i n e  on Ti02  s u r f a c e  as moni tored  

by t h e  d i f f u s e  r e f l e c t a n c e  ground-s ta te  a b s o r p t i o n  s p e c t r a  

o f  TH+/Ti02 sample a t  d i f f e r e n t  i r r a d i a t i o n  (> 400 nm) 

p e r i o d s :  ( a )  0 ,  ( b )  15, ( c )  45 and ( d )  105 min. 
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PHOTOCHEMICAL PROCESSES ON OXIDE SURFACES 409 

Less  t h a n  5% of t h i o n i n e  underwent d e g r a d a t i o n  on  S i 0 2  and A1203 

s u r f a c e  when pho to lyzed  unde r  s i m i l a r  c o n d i t i o n s .  

The semiconduc to r  p r o p e r t i e s  o f  T i 0 2  promote the pho tochemica l  

p r o c e s s  d e s c r i b e d  by r e a c t i o n  (2) and l e a d  t o  permanent dye  degrada-  

t i o n .  These  o b s e r v a t i o n s  h igh1  i g h t  t h e  impor t ance  of  pho tochemica l  

s t u d i e s  on  s o l i d  s u r f a c e s  f o r  improving t h e  e f f i c i e n c y  of photo- 

s e n s i t i z a t i o n  i n  photography and xe rography ,  and u n d e r s t a n d i n g  t h e  

mechanism o f  dye d e g r a d a t i o n  i n  p a i n t s .  
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