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INFRARED OBSERVATION OF I N T R I N S I C  MODES ON ADSORBENT SURFACES 
BY PHOTOTHERMAL BEAM DEFLECTION SPECTROSCOPY 

Key Words: i n t r i n s i c  su r face  modes, i n f r a r e d  spec t ra ,  sur faces ,  
photothermal de f l ec t i on -pho toacous t i c  spectroscopy, adsorbents. 

M.J.D. Low, A.G. Severd ia  and T.H. A rno ld  
Department o f  Chemistry 

New York U n i v e r s i t y  
4 Washington Place 
New York, NY 10003 

INTRODUCTION 

Boccuzzi - -  e t  al . '  p o i n t e d  o u t  t h a t  t h e  i n f r a r e d  ( I R )  

spec t ra  o f  f i n e  powders, i .e.,  m a t e r i a l s  t y p i c a l  o f  t h e  t e x t u r e  

o f  adsorbents and c a t a l y s t s ,  a re  t h e  sum o f  ( a )  n e a r l y  b u l k  

modes; ( b )  . su r face  modes due bo th  t o  f i r s t - o r d e r  ( s u r f a c e  

t r u n c a t i o n )  and second o rde r  (change o f  t h e  su r face  bond f o r c e  

cons tan t )  e f f e c t s ;  and ( c )  i m p u r i t i e s  and/or adsorbed species.  

S tud ies  o f  t h e  l a t t e r  have l e d  t o  t h e  va luab le  and voluminous 

l i t e r a t u r e  o f  "LR o f  adsorbed species."  The second o r d e r  

e f f e c t s  a re  a l s o  o f  i n t e r e s t  t o  su r face  s tud ies ,  b u t  l i t t l e  

i n f o r m a t i o n  has been a v a i l a b l e .  I n  an e legan t  and d e t a i l e d  

s tudy  o f  s i l i c a ,  Boccuzzi e t  a l .  observed va r ious  i m p u r i t y  modes 

assoc ia ted  w i t h  su r face  hyd roxy l  groups, and a l s o  i n t r i n s i c  
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208 LOW, SEVERDIA, AND ARNOLD 

modes assoc ia ted  w i t h  t h e  c lean  s i l i c a  su r face  and r e l a t e d  t o  

t h e  d i f f e r e n t  s t r e n g t h  and geometry o f  t h e  su r face  bonds w i t h  

respec t  t o  t h e  bu lk .  T h e i r  obse rva t i on  demonstrated t h a t  new 

sur face  and subsurf  ace s i  loxane groups were s p e c t r o s c o p i c a l l y  

d i s t i n g u i s h a b l e  from those c h a r a c t e r i s t i c  o f  t h e  b u l k  and 

" . . . t h i s  i m p l i e s  t h a t  sur face  v i b r a t i o n a l  s t a t e s  no t  assoc ia ted  

w i t h  adsorbed i m p u r i t i e s  can be observed by I R  spectroscopy. 

T h i s  f a c t ,  i f  f u r t h e r  checked on o the r  s o l i d s ,  cou ld  open a new 

f i e l d  i n  I R  s tud ies . " '  

The statements a re  based on obse rva t i on  o f  abso rp t i ons  on 

t h e  low and h i g h  wavenumber s ides  o f  t h e  i n t e n s e  s i l i c a  bands 

centered  near 1100 and 800 cm-', i .e.,  on t h e  edges o f  t h e  

minu te  "window" i n  t h e  s i l i c a  t ransmiss ion  spectrum i n  which 
n 

Morrow and CodyL observed new bands w i t h  degassed s i l i c a .  

However, f i n e l y  d i v i d e d  s i l i c a s  s c a t t e r  r a d i a t i o n  e x t e n s i v e l y  

and absorb so ve ry  s t r o n g l y  t h a t  s i l i c a s  are  u s u a l l y  cons idered 

t o  be opaque below about 1300 cm-l. I n  o rde r  t o  c a r r y  o u t  I R  

work i n  t h e  window reg ion ,  v e r y  t h i n  and f r a g i l e  samples 

r e q u i r i n g  f a s t i d i o u s  and arduous p r e p a r a t i o n  must be used and 

e x a c t i n g  measurements a t  v e r y  low I R  i n t e n s i t i e s  a re  requ i red ;  

s u f f i c e  it t o  say t h a t  such work i s  ex t remely  d i f f i c u l t  w i t h  I R  

t ransmiss ion  methods. We propose and demonstrate an e a s i e r  

a1 t e r n a t i  ve approach. 

E XPE R I M ENTAL 

The techn ique employed i s  I R  F o u r i e r  t r a n s f o r m  photothermal 
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INFRARED OBSERVATION OF INTRINSIC MODES 209 

beam d e f l e c t i o n  spectroscopy (PBDS). It i s  an o f f - shoo t  o f  

photoacoust ic  spectroscopy3 and i s  based on t h e  method 

invented  by Boccara g fi. and used t o  r e c o r d  s p e c t r a  i n  t h e  

v i s i b l e  r e g i o n  o f  t h e  spectrum.4 The i n s t r u m e n t a t i o n  and 

techniques are  descr ibed R e l a t i v e l y  t h i c k  

sample p e l l e t s  o f  -50 mg/cmL were prepared f rom Cab-O-Sil M-5 

s i l i c a  and Alon-C alumina and examined w i t h i n  a c e l l  under t h e  

c o n d i t i o n s  normal t o  su r face  s t u d i e s S 6  The s p e c t r a  shown are  

a t  8 cm-I r e s o l u t i o n .  Spec t ra  a re  u s u a l l y  recorded w i t h  800 

scans, i .e . ,  a measurement t ime  o f  -20 min. 

RESULTS AND DISCUSSION 
- _ _ 1 ~ -  

Spectrum A o f  F i g .  1 i s  a t y p i c a l  I R  t ransmiss ion  spectrum 

obta ined w i th  a t h i n  s i l i c a  p e l l e t ;  t h e  smal l  t ransparency  

"window" i s  marked w i t h  an arrow: i t  i s  i n  t h i s  r e g i o n  o f  ve ry  

low energy t h a t  measurements must be made. Spectrum B i s  t h e  

PBD spectrum o f  s i l i c a ;  t h e  e n t i r e  range can be observed. The 

t ransparency  window o b v i o u s l y  f a l l s  between t h e  i n t e n s e  

absorp t ions  near 1100 and 800 cm-'. When t h e  s i l i c a  i s  

degassed, then ( a )  t h e  t ransparency  i n  t h e  window r e g i o n  

increases s l i g h t l y ,  as descr ibed p r e v i o u s l y , l Y 2  so t h a t  t h e  

photothermal s i g n a l  decreases, and ( b )  t h e  abso rp t i on  on t h e  

h i g h  and low wavenumber s ides  o f  t h e  window increases  s l i g h t l y ,  

as reported, '  so t h a t  t h e  photothermal s i g n a l  inc reases .  

These minor changes o c c u r r i n g  on t h e  edges o f  i n tense  bands as 
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F ig .  1: Spectra o f  s i l i c a .  
A: t r ansmiss ion  spectrum. B: PBD spectrum. 

i n  t h e  scale-expanded spectrum A o f  F i g .  2 a re  d i f f i c u l t  t o  

d e f i n e  (and a l s o  t o  demonstrate on a g r e a t l y  reduced, p r i n t e d  

f i g u r e )  bu t  become c l e a r  when spec t ra  o f  s i l i c a s  a t  va r ious  

stages o f  degassing are  r a t i o e d ,  as i n  t h e  example spectrum 

A / B .  The l a t t e r  i s  t h e  r e s u l t  o f  r a t i o i n g  t h e  spectrum A o f  a 

s i l i c a  p e l l e t  degassed a t  35OoC f o r  2 h r s .  aga ins t  t h e  

spectrum B o f  t h e  p e l l e t  a f t e r  degassing a t  room temperature 

(spectrum B i s  no t  shown), thus  us ing  t h e  s i l i c a  as i t s  own 

re fe rence  so t h a t  i n t e n s i t y  d i f f e r e n c e s  a re  brought ou t .  In t h e  

d i f f e r e n t i a l  spectrum A/B ,  t h e  l a r g e  "negat ive"  excu rs ion  toward 

t h e  abscissa i s  caused by  t h e  decrease i n  t h e  photothermal 

response accompanying t h e  decreased abso rp t i on  brought  about by 

t h e  m i l d  degassing, i .e.,  t h e  sample became more t ransparen t  i n  
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INFRARED OBSERVATION OF INTRINSIC MODES 21 1 

0 1000 Crri ' 

F ig .  2: PBD spec t ra  o f  s i l i c a .  
A: s i l i c a  degassed a t  350OC. 
A / B :  t h e  r a t i o  o f  spectrum A and t h e  spectrum o f  s i l i c a  

degassed a t  22OC. 

t h e  midd le  o f  t h e  window reg ion ,  as described.'" There i s  

a l s o  a p o o r l y  de f i ned  " p o s i t i v e "  band i n  t h e  850 cm-l r e g i o n  

and a c l e a r l y  de f i ned  band peaking near 1000 cm-l, i n d i c a t i n g  

inc reases  i n  photothermal response and absorp t ion ,  cor respond ing  

t o  t h e  1020-975 and 860-810 cm-' absorp t ions  observed by 

Boccuzzi c. and thought  t o  be b a s i c a l l y  assoc ia ted  w i t h  

coupled asymmetric and symmetric v i b r a t i o n s  m a i n l y  l o c a l i z e d  on 

t h e  o u t e r  and hence more d i s t o r t e d  s i l o x a n e  br idges .  In 

add i t i on ,  a minor  abso rp t i on  on t h e  h i g h  wavenumber s i d e  o f  t h e  

i n tense  1100 cm-l abso rp t i on  was observed, shown as t h e  smal l  
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212 LOW, SEVERDIA, AND ARNOLD 

1 p o s i t i v e  band cen te red  near 1270 cm- . T h i s  abso rp t i on ,  which 

was n o t  observed b e f o r e  and t h e  cause o f  which i s  unknown, was 

found i n  a l l  s p e c t r a  o f  samples degassed t o  70OoC. 

Some e x p l o r a t o r y  r e s u l t s  ob ta ined  w i t h  alumina a r e  shown i n  

F ig .  3. Spectrum A i s  t h e  t ransmiss ion  spectrum o f  an alumina 

sample and, as i s  w e l l  known, shows a r e g i o n  o f  i n t e n s e  

abso rp t i on  below 1100 cm-l which p r o h i b i t s  t h a t  r e g i o n  t o  be 

observed. PBD s p e c t r a  o f  a lumina were recorded a t  22OC and 

a f t e r  degassing a t  500 and 8OO0C, and t h e  r a t i o e d  t r a c e s  

marked 500/22, 800/22 and 800/500 were computed, i .e. ,  t h e  r a t i o  

! ...' 
3000 2000 ..,../' .... ...' .... 

...- ...' 

I 
800 700 600 500 cm' 

F i g .  3: Spec t ra  o f  alumina. 
A i s  t h e  t r a n s m i s s i o n  spectrum. The o t h e r  t r a c e s  a r e  
d i f f e r e n t i a l  PBD spec t ra ;  see t e x t .  
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INFRARED OBSERVATION OF INTRINSIC MODES 213 

o f  t h e  spectrum o f  t h e  alumina sample degassed a t  8OO0C versus 

t h e  spectrum o f  t h e  sample a t  22OC,  and so on. I t  i s  apparent 

f rom these d i f f e r e n t i a l  t r a c e s  t h a t  degassing brought  about 

changes i n  absorp t ion .  The p r e c i s e  causes o f  these i s  n o t  known 

a t  p resent .  What i s  p e r t i n e n t  i s  t h a t  i t  was p o s s i b l e  t o  

observe, w i t h  r e l a t i v e  ease, s p e c t r a l  changes i n  a r e g i o n  

u s u a l l y  i n a c c e s s i b l e  t o  t ransmiss ion  techniques. 

CONCLUSIONS 

With  s i l i c a t e s ,  mixed ox ides  and s i m i l a r  m a t e r i a l s ,  i t  seems 

l i k e l y  t h a t  t h e  s t r u c t u r e  o f  groupings a t  or near t h e  sur face ,  

and o f  spec ia l  adso rp t i on  or r e a c t i o n  s i t e s  analogous t o  t h e  

" s t r a i n e d  s i l o x a n e  b r idges"  on s i l i c a ,  w i l l  be ve ry  s i m i l a r  t o  

t h e  s t r u c t u r e  of t h e  b u l k  m a t e r i a l ;  t h i s  seems t o  have been 

shown f o r  s i l i c a .  The abso rp t i ons  o f  such su r face  groupings 

would thus  f a l l  ve ry  c lose  t o  t h e  ve ry  i n tense  b u l k  modes. 

De tec t i ng  su r face  groupings t ransmiss ion  techn iques  then 

r e q u i r e s  t h e  measurement o f  smal l  d i f f e r e n c e s  o f  smal l  s i g n a l s  

and i n v o l v e s  t h e  p r e p a r a t i o n  o f  ex t remely  t h i n  samples; indeed, 

i n  some cases i t  may n o t  be p o s s i b l e  t o  make t h e  samples t h i n  

enough. I n  c o n s t r a s t ,  what i s  i n v o l v e d  w i th  PBDS i s  t h e  

somewhat e a s i e r  task  o f  d i s c e r n i n g  smal l  d i f f e r e n c e s  o f  l a r g e  

s igna ls ;  i t  may be p o s s i b l e  t h a t  s a t u r a t i o n  e f f e c t s 3  be 

encountered, b u t  t h e  sample p r e p a r a t i o n  s teps  become t r i v i a l .  

IR-PBDS thus  seems a p r e f e r a b l e  method. Such measurements m igh t  
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214 LOW, SEVERDIA, AND ARNOLD 

a l s o  be p r o f i t a b l y  made wi th pho toacous t i c  spectroscopy, 

assuming t h a t  t h e  problem a r i s i n g  f rom t h a t  techn ique concern ing  

t h e  contaminat ion  o f  t h e  sample can be overcome. 6 
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