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RAMAN SPECTRA OF CO ADSORBED ON Ni(100)" 
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Department of E l e c t r i c a l  Engineer ing  

Lexington ,  Kentucky 40506 
Un i v  er s it y of Kentucky 

ABSTRACT 

Exper imenta l  r e s u l t s  a r e  d i scussed  f o r  laser Raman s p e c t r a  

of CO adsorbed  on Ni(100) a t  -131C. Raman s h i f t s  a r e  observed 

a t  2050, 2028, 466 and 419 cm . Assignments are made f o r  t h e  -1 

modes based upon C 

compared wi th  earlier expe r imen ta l  and t h e o r e t i c a l  work. 

and CLtV p o i n t  groups. The ass ignments  a re  
2v 

INTRODUCTION 

U n t i l  s e v e r a l  y e a r s  ago ,  l a s e r  Raman spec t roscopy w a s  n o t  

used t o  s t u d y  t h e  a d s o r p t i o n  of CO on smooth n i c k e l  s u r f a c e s .  

However, a u s a b l e  s i g n a l - n o i s e  r a t i o  can now be  a t t a i n e d  i n  

t h e s e  s t u d i e s  by combina t ions  of c a r e f u l  o p t i c a l  des ign ,  

s u r f a c e  enhancement, and t h e  u s e  of a d i g i t a l  computer f o r  

1,293 

*Work suppor ted  by U.S. Department of Energy, O f f i c e  of Basic 
Energy S c i e n c e s ,  under C o n t r a c t  No. DEASO5-79ER10447. 
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114 BRADLEY AND ARUNKUMAR 

d i g i t a l  f i l t e r i n g  of t h e  Raman s i g n a l .  Reported h e r e  is  t h e  

obse rva t ion  of f o u r  modes of CO adsorbed on Ni(100).  These 

modes have s u f f i c i e n t  i n t e n s i t y  t o  be  observed wi thou t  d i g i t a l  

f i l t e r i n g  of t h e  Raman s i g n a l .  The enhancement expected f o r  CO 

adsorbed on n i c k e l  (100) i s  t h e  o rde r  of 70-100. T h i s  magni- 

tude i s  not enough t o  improve t h e  s igna l -no i se  r a t i o  t o  t h e  

p o i n t  tha t  e f f i c i e n t  c o l l e c t i o n  o p t i c s  can  be  ignored. 

EXPERIMENTAL 

The d e s i g n  of t h e  u l t r a - h i g h  vacuum system used f o r  t h i s  

s tudy  has  been presented  elsewhere.  A s i n g l e  c r y s t a l  of n i c k e l  

was obta ined  from Materials Research Corpora t ion  and a 114" 

cube w a s  c u t  w i t h  a diamond s a w  and po l i shed  mechanica l ly  i n  a 

water-alumina s l u r r y  which had s u c c e s s i v e  alumina p a r t i c l e  

s i z e s  of 1.0,  0.3 and 0.05 p .  The cube w a s  e tched  chemica l ly  

in a s o l u t i o n  of HNO :H PO :HCH COO. An X-ray d i f f r a c t i o n  of 

t h e  cube was ob ta ined ,  and t h e  wel l -def ined  Laue s p o t s  i nd ica t ed  

that t h e  (100) p l ane  w a s  t o  w i t h i n  +lo of t h e  sample s u r f a c e .  

3 3 4  3 

T h i s  n i c k e l  c r y s t a l  w a s  mounted on a sample ho lde r  and 

placed i n  t h e  u l t r a - h i g h  vacuum chamber which w a s  evacuated t o  

a p r e s s u r e  of 2x10 Torr  w i th  t h e  N i  c r y s t a l  a t  320°C. To 

remove s u l f u r  i m p u r i t i e s  from t h e  c r y s t a l ,  t h e  c r y s t a l  tempera- 

t u r e  w a s  r a i s e d  t o  700°C and H (Matheson Research Grade) w a s  
2 

leaked i n t o  t h e  chamber through a v a r i a b l e  l e a k  v a l v e  t o  a 

p r e s s u r e  of 0.5 Torr which w a s  followed by evacuat ion .  

exposure and evacua t ion  w a s  r epea ted  s e v e r a l  times u n t i l  no 

-9 

T h i s  H2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



115 RAMAN SPECTRA OF CO 

s u l f u r  s i g n a t u r e  (Auger spectroscopy) w a s  present .  A Raman 

spectrum w a s  run a f t e r  each exposure t o  H but no Raman bands 

w e r e  present .  Beginning wi th  a chamber p re s su re  of 2x10 Torr 

and a sample temperature of -13loC, CO was admitted t o  a pres-  

s u r e  of 5 ~ 1 O - ~  Torr and t h e  p re s su re  increased g radua l ly  while  

scanning t h e  s p e c t r a l  r eg ion  2500-10 cm . No Raman bands w e r e  

observed a f t e r  s e v e r a l  hours exposure t o  p re s su res  as  h igh  as 

100 p .  

s e v e r a l  minutes exposure, t h e  Raman bands shown i n  Figs .  1 and 

2 w e r e  recorded. When t h e  spectrum i n  Fig.  2 was recorded,  t h e  

sample temperature had r i s e n  s l i g h t l y  t o  -127OC. 

2 
-9 

-1 

The CO p re s su re  was increased t o  500 u ,  and a f t e r  

DISCUSSION 

4 
Evidence from low energy e l e c t r o n  d i f f r a c t i o n  i n d i c a t e s  

t h a t  CO on Ni(100) a t  77K and a p res su re  of -lo-' Torr produces 

low coverage, 8 5  0.1, and a bond of CO t o  N i  may no t  r e s u l t .  

Th i s  r e s u l t  is  subs t an t i a t ed  by our Raman d a t a  a t  -13OC which 

show t h a t  on t h e  Ni(100) s u r f a c e  no N i - C  modes are observed 

u n t i l  t h e  CO p re s su re  i s  increased t o  -500 p. Then one 

observes  t w o  Raman bands i n  t h e  r eg ion  of 2050 cm and tho 

bands i n  t h e  400-500 c m  region.  It i s  clear t h a t  t h e s e  f r e -  

quencies are dependent upon t h e  su r face ,  t h e  bonding type  

(bridged or l i n e a r ) ,  t h e  temperature  and t h e  coverage. The 

temperature and s u r f a c e  dependence of t h e  C=O s t r e t c h i n g  vibra-  

t i o n  of CO adsorbed on N i ( l l l ) ,  N i ( l l 0 )  and Ni(100) was d i s -  

cussed p r e v i ~ u s l y . ~  

-1 

-1 

For adsorbed CO ( 8  20.1 t o  0.2) a t  a 
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118 BRADLEY AND ARLJNKUMAR 

t empera tu re  of 203K, t h e  C-0 s t r e t c h  f r equency  d e c r e a s e s  i n  

going  from N i ( l l 1 )  t o  Ni(100) .  A l so ,  f o r  CO adsorbed  on 

Ni(100) ,  t h e  C-0 s t r e t c h  d e c r e a s e s  abou t  5 c m  as  t h e  tempera- 

t u r e  r ises  from 125K t o  2 1 0 ~ ~  W e  have  c o n c e n t r a t e d  e f f o r t s  on  

unde r s t and ing  r e l a t i o n s h i p s  among t h e s e  CO and N i C  modes, v i z . ,  

c o r r e c t  a s s ignmen t s  of t h e  modes t o  s p e c i e s  of v i b r a t i o n  and 

t h e  e f f e c t s  of s u r f a c e  s t r u c t u r e  on t h e  f r e q u e n c i e s .  I t  is 

ve ry  impor t an t  t o  unde r s t and  t h e  t y p e  of bonding of CO t o  N i  

because  t h i s  bonding d e t e r m i n e s  t h e  p r e c i s e  C-0 s t r e t c h i n g  f r e -  

quency and may a l s o  d e t e r m i n e  t h e  d i s s o c i a t i o n  t e m p e r a t u r e  of  

oxygen atoms. 

-1 

6 E a r l i e r  f r equency  a s s ignmen t s  from i .r .  and EELS d a t a  a r e  

ques t ioned  because  one  p o s s i b l e  i n t e r p r e t a t i o n  of  o u r  Raman 

d a t a  d o e s  n o t  a g r e e  w i t h  t h e  earlier a s s i g n m e n t s  of t h e  C-0 

s t r e t c h  and t h e  N i - C  s t r e t c h  f o r  b r idged  and /o r  l i n e a r  bonding. 

The consensus  of t h e  earlier work is  that (1) t h e  C-0 s t r e t c h  of 

t h e  bridge-bonded s p e c i e s  o c c u r s  a t  a lower f r e q u e n c y  t h a n  t h e  

C-0 s t r e t c h  of t h e  l i n e a r  s p e c i e s ,  and ( 2 )  t h e  N i - C  s t r e t c h  of 

t h e  bridge-bonded s p e c i e s  o c c u r s  a t  a lower f r equency  t h a n  t h e  

I N i - C  s t r e t c h  of t h e  l i n e a r  s p e c i e s .  One Raman s t u d y  of C-0 on 

s i l i c a - s u p p o r t e d  N i  r e v e r s e d  ( 2 )  above,  i.e., change  t h e  word 

" lower"  t o  "higher" .  However, t h e  a u t h o r s  concede  t h a t  f o r  

S i - suppor ted  N i  t h e r e  is o p p o r t u n i t y  f o r  more t y p e s  of  bonding 

and so t h e  bonding cou ld  b e  more compl i ca t ed  t h a n  f o r  w e l l -  

d e f i n e d  s i n g l e  c r y s t a l  s u r f a c e s .  
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RAMAN SPECTRA OF CO 119 

Richardson and Bradshaw8 have c a l c u l a t e d  by t h e  FG m a t r i x  

method t h e  f r e q u e n c i e s ,  f o r c e  c o n s t a n t s  and mean v i b r a t i o n  

ampl i tudes  f o r  t h e  l i n e a r  and bridged s p e c i e s  of CO on N i  u s ing  

f o r c e  c o n s t a n t s  t r a n s f e r r e d  from Ni(C0) and a l s o  from f i t t i n g s  

of f o r c e  c o n s t a n t s  from t h e  EELS d a t a .  Summarized i n  Table  1 

i s  a comparison of our ass ignments  w i th  t h e  o t h e r s  j u s t  d i s -  

cussed  above. Andersson observed two v-CO modes; however, 

B e r t o l i n i  et al.' obse rve  on ly  one  mode b u t  s ta te  t h a t  two 

modes are p o s s i b l e  (but  unreso lved)  i n  t h e i r  EELS d a t a .  There 

are indeed two modes of v-CO a s  seen i n  F ig .  1. 

4 

Ear l ie r  ass ignments  of t h e s e  modes have been by ana logy  

-1 w i t h  t h e  t r a n s i t i o n  metal carbonyls .  

have o f t e n  been ass igned  t o  t h e  l i n e a r  s t r u c t u r e  and bands below 

2000 c m  t o  t h e  bridged s t r u c t u r e .  These ass ignments  have been 

ques t ioned  by s e v e r a l  workers loyll  because some m e t a l  ca rbony l s  

do have CO l i g a n d s  w i t h  f r e q u e n c i e s  below 1900 cm 

one  of t h e  g o a l s  of t h i s  work is t o  e l u c i d a t e  t h e  s t r u c t u r e s  

of t h e  s u r f a c e  complexes, s e v e r a l  complementary types  of d a t a  

are  needed t o  e l i m i n a t e  t h e  u n c e r t a i n t y  of t h e  assignments.  

Such d a t a  i n c l u d e  molecular o r b i t a l  wave func t ions ,13  f o r c e  

c o n s t a n t s , 1 4  and Raman and i n f r a r e d  s p e c t r a  inc lud ing  measure- 

m e n t s  of t h e  p o l a r i z a t i o n s  of t h e  Raman modes. Some of t h e s e  

d a t a  are now a v a i l a b l e .  

The bands above 2000 cm 

-1 

-1 1 2  . Since  

Molecular o r b i t a l   calculation^^^ i n  which o v e r l a p  popula- 

t i o n s  have been used t o  p rov ide  f o r c e  c o n s t a n t s  f o r  harmonic 
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120 BRADLEY AND ARUNKUMAR 

o s c i l l a t o r  c a l c u l a t i o n s  h a v e  produced CO v i b r a t i o n  f r e q u e n c i e s  

i n  t h e  c o r r e c t  s p e c t r a l  r e g i o n  and ,  a s  e x p e c t e d ,  t h e  b r i d g e d  

s t r u c t u r e s  t e n d  t o  have  lower v a l u e s  t h a n  t h e  l i n e a r  ones .  

However, t h e r e  was a l s o  p r e d i c t e d  t h e  e x i s t e n c e  of  a b r i d g e d  

form w i t h  a C-0  s t r e t c h  f r e q u e n c y  as h i g h  as  2065 c m  

i n g  c o r r e c t i o n s  f o r  a n  anharmonic o s c i l l a t o r ) .  The p r e d i c t e d  

f r e q u e n c y  i s  a l s o  a s e n s i t i v e  f u n c t i o n  o f  t h e  N i - C  d i s t a n c e ,  

d r o p p i n g  t o  -1890 cm f o r  a N i - C  d i s t a n c e  of 2.22 A .  I t  was 

a l s o  shown t h a t  t h e  number o f  n i c k e l  a t o m s  i n v o l v e d  i n  t h e  

i n t e r a c t i o n  c a n  b e  as much of  a f a c t o r  i n  d e t e r m i n i n g  t h e  C-0 

f r e q u e n c y  a s  whether  t h e  complex is  b r i d g e d  or l inear.16 

s t r u c t u r a l  d i f f e r e n c e s  ( b r i d g e d  or l i n e a r )  may n o t  l e a d  t o  a 

l a r g e  f r e q u e n c y  d i f f e r e n c e  n o r  may e a c h  mode ( o n e  f o r  b r i d g e d ,  

one  f o r  l i n e a r )  b e  r e s t r i c t e d  t o  j u s t  one s p e c t r a l  r e g i o n .  

-1 ( i n c l u d -  

-1 0 

Thus 

The a d d i t i o n a l  q u e s t i o n s  which a r i se  a r e  t h e  f o l l o w i n g :  

Where s h o u l d  t h e  f r e q u e n c i e s  of t h e  N i - C  s t r e t c h  ( b r i d g e d  and 

l i n e a r )  o c c u r  i n  t h e  spec t rum? D o  t h e  same f a c t o r s  a f f e c t  

u . , r r e  t h e s e  modes o c c u r ?  One may g a i n  some i n s i g h t  i n t o  these 

q u e s t i o n s  from t h e  f r e q u e n c y  and a m p l i t u d e  c a l c u l a t i o n s  of 

R i c h a r d s o n  and 13radshaw.8 

s u r f a c e  h a v i n g  5 N i  a t o m s  f o r  t h e  CO l i n e a r  s t r u c t u r e  (CLV p o i n t  

group)  and 6 N i  atoms f o r  t h e  CO b r i d g e d  s t r u c t u r e  ( C  p o i n t  

g r o u p ) .  T h i s  u s e  is c o n s i s t e n t  w i t h  t h e  MO c a l c u l a t i o n s  of 

P o l i t z e r  and Kasten13 who f i n d  t h a t  t h e  d e c r e a s e  i n  n o v e r l a p  

p o p u l a t i o n s  l e v e l s  o f f  a f t e r  5 N i  a toms f o r  t h e  l i n e a r  s t r u c -  

t u r e  and a f t e r  4 N i  atoms f o r  t h e  b r i d g e d  s t r u c t u r e .  

T h e s e  w o r k e r s  u s e  a model of t h e  N i  

2v 
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RAMAN SPECTRA OF CO 121 

The t o t a l  number of v i b r a t i o n a l  modes of an  adso rba te  is  

e q u a l  t o  t h e  deg rees  of freedom i n  t h e  f r e e  molecule, but t h e  

number of Raman and i n f r a r e d  bands a c t u a l l y  observed depends on 

t h e  adso rp t ion  s i t e  (which de termines  t h e  p o i n t  group). 

Raman s e l e c t i o n  r u l e s  a l l o w  t h e  modes t o  be  Raman a c t i v e .  Fur- 

thermore, t h e  symmetric modes v and v should be  po la r i zed  i n  

t h e  Raman spectrum. W e  b e l i e v e  t h a t  our assignments shown i n  

Table  1 are t h e  c o r r e c t  ones because of s e l e c t i o n  r u l e s ,  po la r -  

i z a t i o n s  and comparisons w i t h  t h e  c a l c u l a t i o n s  of Richardson 

and Bradshaw. There are two C-0  s t r e t c h i n g  f r equenc ie s  seen i n  

Fig.  1. They may be r econc i l ed  i n  t h e  fo l lowing  way. The LEED 

d a t a  i n d i c a t e  t h a t  a predominately bridged s t r u c t u r e  occur s  on 

Ni(100) a t  low temperatures.  A s imple  i n t e n s i t y  argument ( s e e  

Fig.  1) l e a d s  t o  t h e  conc lus ion  that t h e  most i n t e n s e  l i n e  a t  

2028 c m - l  is  due  t o  t h e  bridged s t r u c t u r e  because t h e  scatter- 

ing  is  p r o p o r t i o n a l  t o  t h e  number of s c a t t e r e r s  having t h a t  

s t r i i c t u r e  (surface-enhanced e f f e c t s  can be  ignored he re  because 

t h e  f r e q u e n c i e s  are very  c l o s e  toge the r ) .  

measurements are no t  c e r t a i n  because of t h e  h igh  n o i s e  back- 

ground, but bo th  modes appear t o  be po la r i zed .  (However, one 

must be c a u t i o u s  when t r y i n g  t o  de te rmine  t h e  r e l a t i v e  number 

of s u r f a c e  bonds of d i f f e r e n t  t ypes  by comparing i n f r a r e d  

i n t e n s i t i e s  of d i f f e r e n t  C-0 bands).  

The 

1 2 

The p o l a r i z a t i o n  

1 7  

The proximi ty  of t h e  f r equenc ie s  shown i n  F i g .  2 t o  t h e  

-1 -1 
c a l c u l a t e d  f r e q u e n c i e s  v = 4 1 1  cm and v = 457 cm i n  Table  1 3 2 
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RAMAN SPECTRA OF CO 1 2 3  

is  encouraging and t h e  r e l a t i v e  i n t e n s i t y  argument can be 

app l i ed  t o  t h e  assignment of t h e  Raman band a t  4 6 6  cm-' t o  t h e  

bridged s t r u c t u r e .  I f  one b e l i e v e s  t h e  c a l c u l a t i o n s ,  t h e  o the r  

N i - C  s t r e t c h  ( l i n e a r )  a t  437 c m - l  (Table 1) could be contained 

i n  t h e  band shown a t  4 6 6  cm-' i n  Fig. 2.  The band is  no t  very 

broad, however, and a t t empt s  t o  r e s o l v e  i t  gave nega t ive  

r e s u l t s .  More l i k e l y ,  t h e  weak band shown a t  4 3 5  c m  i s  t h e  

o t h e r  N i - C  s t r e t c h  but  i t  i s  too  weak f o r  d e f i n i t i v e  po la r i za -  

t i o n  measurements. Thus t h e  remaining band a t  4 1 9  cm i n  

Fig.  2 i s  chosen as v of t h e  l i n e a r  model. Note t h a t  t h e  

i n t e n s i t y  of t h i s  band i s  less than  t h a t  a t  4 6 6  an-', lending 

support  t o  t h e  assignment of t h e  4 6 6  cm 

s p e c i e s  ( i n  analogy wi th  2028 cm , bridged spec ie s ) .  

-1 

-1 

3 

-1 band t o  a bridged 

-1 
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