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Abstract 

The mechanism for CO or NO strong and weak chemisorptions on tungsten and platinum surfaces is discussed by the cluster 
model for metal surfaces on the basis of the local density functional scheme using the norm-conserving pseudo-potential in the 
linear combination of atomic orbitals method. Total energies, stretching frequencies and electronic structures of adsorbed CO 
and NO molecules obtained by the self-consistent calculations provide us with information to understand the experimental 
phenomena quantitatively. 

1. Calcu la t ion  m e t h o d  

1.1. LCPSAO method 

The LCPSAO method for the electronic struc- 
ture calculation of the finite atomic system is char- 
acterized by the introduction of two effective 
model potentials, the norm-conserving pseudo- 
potential and the non-local bulk-like potential of 
embedded type, into the standard linear combi- 
nation of atomic orbitals (LCAO) scheme, whose 
details were described in our previous work [ 1 ]. 
The total Hamiltonian for the present system is 
written as follows: 

H= [ - ~ ~ + )-"f~PS(r- R~) + Vv~(r) + ~ext] 
" (1) 

where Ri is the atomic site, I~.t s is the effective core 
pseudo-potential for the atom located at the site 
Ri. The norm-conserving pseudo-potential is 
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given by the sum of the long-range core potential 
Vcore(r) and the non-local angular-momentum- 
dependent potential ~°n(r) [2]. Vva I is the sum 
of Coulomb potential, Vc, and the exchange-cor- 
relation potential, Vxc, given by Vxc(r) = OExc/ 
0p(r) [3], where Exc[P] is the exchange- 
correlation energy, p(r) is the electron density. 
The external model potential f'ext is defined as the 
sum of the effective model potential f'M located 
on the cluster-surrounding atoms. (z M is con- 
structed by the following formula, 

~Vlocil~xi> < ~t~i Vloci 

where Vloc,i is the embedded local potential located 
at the atomic site i in a bulk crystal, and ~K,i is the 
local wave function given as the eigenfunction of 
isolated muffin-tin potential [ 1,4,5]. The varia- 
tional basis functions of this Hamiltonian are 
atomic orbitals Xo.(Irl) =~bt(Irl)Y~m(0,~), 
which are given by solving the SchrGdinger equa- 
tion for the norm-conserving pseudo-potential 
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Fig. 1. W12VM2s-CO model cluster for CO/W(110). 

self-consistently. The molecular orbital 
represented by the linear combination of symme- 
trized orbitals is determined by the standard den- 
sity functional scheme [3]. The total energy is 
given by 

1 [ r p ( r ) p ( r ' ) ,  , , 
etot--E: , - jj Ir-r'l  r.r 

lJ 

+Ex c _ fp ( r )Vxc (p ( r ) )d r+V_ ,  ZiZ: i<~lRi-Rj[ 
(3) 
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Fig. 2. PtI3VM37--CO model cluster for CO/Pt( 111 ). 

where 6~ andf, are the eigenvalue and occupation 
number at the eigenstate v, respectively. 

1.2. Poisson equation 

The Coulomb energy requires the highest accu- 
racy in determining the total energy of the cluster. 
In our LCPSAO method, Coulomb potential is 
calculated by dividing the total charge density into 
nonspherical atom-like ones, P,'~m(ri), located in 
each atomic site, 

p(r) = EPilm(ri) = EPilm( ri) Ytm(ri) (4) 
ilm lira 

where r~-= I t -  R/I. P~tm(r,') is roughly determined 
by the standard fitting procedure using charge den- 
sity basis functions as 

Pihn(ri) = E qkt'l"j~Pklmj ( ri) Ylm(ri) ( 5 )  
klt lnj 

c~ktmj( ri) = Xt,( r~) xt,,( ri)fj( r,) (6) 

where xt(ri) is the radial wave function of atomic 
orbital and the pairs of (l',/") are given by taking 
all possible combinations associated with l. fj is 
the auxiliary function to increase number of fitting 
basis functions. After getting rough convergence 
of the LCPSAO self-consistent procedure, the 
Coulomb potential is accurately calculated by the 
numerical multi-expansion method by applying 
Becke's fuzzy-cell decomposition scheme for 
multicenter numerical integration [ 4 ]. 

Pitm( ri) = f P(r )  w i ( r )  Ytz(ri) dO i ( 7 )  

w;(r) is the weight of fuzzy-cell located at site i. 
Pitz is updated in every iteration and the Poisson 
equation for each lm is solved by the one dimen- 
sional radial numerial integrations. The total Cou- 
lomb potential is given by superimposing 
atom-like Coulomb potentials from each site. 

1.3. Models 

Figs. 1 and 2 show the geometrical configura- 
tion of model clusters of CO/W12VM28 for CO/ 
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Fig. 3. Total energy of W~VM28-CO vs. W-C bondlen~h.  

I 

i 

. , , i ~ , . 
I 

adopted the vertical and on-top configurations. 
The muffin-tin radii used to calculate the model 
potential are 2.945 a.u. (W) and 2.897 a.u. (Pt). 
In the cases of NO adsorption, C atoms of these 
models are replaced by N atoms. Unless otherwise 
designated, both C-O and N-O distances are fixed 
at gas phase values, 2.132 a.u. and 2.175 a.u., 
respectively. 

2. Results and discussions 

2.1. Total energy 

Figs. 3-6 show the total energy curves of WI2- 
CO, Pt13-CO, W12-NO and Ptx3-NO vs. metal- 
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Fig. 4. Total energy of PtI3VM37-CO vs. Pt-C bond length. 

W(110) and CO/Pt]3VM3 7 for CO/Pt(111),  
respectively. Bond lengths of Pt-Pt, Pt-VM, V~t-- 
VM are kept fixed at the bulk value, 5.2423 in 
atomic unit ( a.u. ). Tungsten (110) forms an elon- 
gated hexagonal plate layer with the nearest neigh- 
bor at 5.165 a.u. and plate distance of 4.217 a.u., 
which are also taken from bulk constants. It is 
known that CO is adsorbed on the top site of 
Pt( 111 ) with the molecular axis perpendicular to 
the surface and the carbon atom nearest to the 
surface [6]. On W(110),  there are many possible 
configurations of adsorbate such as liner, bridge, 
vertical, and horizontal. For comparison we 
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Fig. 5. Total energy of W~2VM28-NO vs. W-N bond length. 
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Fig. 6. Total energy of Ph3Vu37-NO vs. Pt-N bond length. 
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Fig. 7. LDOS of  W12VM2 8 cluster and UPS of  W(1 1 0 ) .  

CO (or NO) bond length. The equilibrium dis- 
tances of metal--C (or N) are 3.80 a.u. (CO/W),  
3.57 a.u. (NO/W),  3.62 a.u. (CO/Pt) and 3.64 
a.u. (NO/Pt).  The calculated binding energies on 
fixed adsorbate bond lengths are 86 kcal/mol 
(CO/W),  44 kcal/mol (CO/Pt),  39 kcal/mol 
(NO/Pt),  and 107 kcal/mol (NO/W).  
Experimental values by thermal desorption (TD) 
measurement are 50-80 kcal/mol (CO/ 
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W ( l l 0 ) )  [7], 33 kcal/mol ( C O / P t ( l l l ) )  [8], 
25 kcal/mol (NO/Pt(111))  [9]. Since it is 
known that NO adsorbs on the Pt surface molec- 
ularly and adsorbs on the W surface dissociatively, 
calculated binding energies are in good agreement 
with experimental ones. The metal-CO stretching 
frequencies estimated from the second derivative 
of the total energy curve, are 487 cm-  1 and 423 
cm-  1 for W(110) and Pt(111), respectively. 
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Fig. 8. LDOS of  PhsVm7 cluster and UPS o f  Pt( 111 ). 
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Fig. 9. LDOS of C and W sites of WI2VM28-CO cluster and UPS of CO/W(110). 

They agree quite well with experimental values, 
403 cm -1 and 468 cm -1, respectively [10,11]. 
The metal-NO stretching frequencies calculated 
by the same procedure are 565 cm-1 (NO/W) 
and 392 cm-  1 (NO/Pt).  The experimental value 
for NO/Pt(100) is 230 cm-1-465 cm -1 [12]. 

2.2. Electronic structure 

Figs. 7 and 8 are local density of states (LDOS) 
of W12 and Pt ~ 3 with experimental ultraviolet pho- 

toelectron spectroscopy (LIPS) data [13,14]. The 
LDOS is calculated as the sum of density of states 
within muffin-tin radius of each cluster atom. The 
LDOS above the tungsten Fermi level is crowded 
while those of platinum are sparse. LDOS's of C 
and W of CO/W(110),  C of CO/Pt(111),  N and 
W of NO/W (110), and N and Pt of NO/Pt ( 111 ) 
clusters are shown in Figs. 9-12 with UPS [ 13- 
16] data, respectively. The quote UP spectra are 
the difference curves between clean metal sur- 
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Fig. 10. LDOS of C site of Pt13VM37--CO cluster and UPS of CO/Pt ( 111 ). 
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Fig. 11. LDOS of N and W sites of WI2Vu2r-NO cluster. 

faces and CO or NO adsorbed surfaces. LDOS's 
are given for systems at fixed equilibrium dis- 
tances: 3.8 a.u. for CO/W and 3.6 a.u. for CO/Pt, 
NO/W, and NO/Pt. In the case of CO/Pt, the 
calculated DOS of the C site agrees very well with 
the UPS data, while for the other systems the 
LDOS of the metal site and the C or N site seems 
to be in better agreement with UPS. The adsorp- 
tion does not perturb metal states so much in the 

CO/Pt  system. It may be due to the partial 
decomposition of CO or NO on the W surface. 

2.3. MuUiken  charge  

The Mulliken population analysis in our 
LCPSAO SCF scheme is summarized in Tables 1 
and 2. Charge transfers from metals to adsorbates 
at the equilibrium distances are about 0.3 electron 
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Table 1 
Mulliken charges of W~2CO and Pt~3CO at metal(M)-CO equilib- 
rium distance. Metal site at the center of cluster surface, C site, O 
site and the sum of C site and O site charges are indicated 

RM-CO (a.u.) M C O CO 

W-CO (R= 3.8) 5.82 4.04 6.28 10.32 
Pt--CO (R = 3.6) 9.88 3.87 6.23 10.10 

Table 2 
Mulliken charges of W12NO and Ptl3NO at metal(M)-NO equilib- 
rium distance. Metal site at the center of cluster surface, N site, O 
site and the sum of N site and O site charges are indicated 

RM-CO ( a.u. ) M N O NO 

W-NO (R = 3.6) 5.80 5.25 6.09 11.34 
Pt-NO (R= 3.6) 9.87 5.10 6.01 11.11 

for W and 0.1 electron for Pt systems. The differ- 
ence of 0.2 electron is considered to be large 
enough to contribute to make CO or NO dissociate 
on the W surface. These extra charges are in the 
O site for CO and in the N site for NO. 

3. Conclusion 

The differences of W and Pt are: ( 1 ) d-electron 
band over Fermi exists on W and d-electron band 
exists only under Fermi on Pt, (2) the quantity of 
charge transfer on W is larger than that on Pt. The 
wide d-band of tungsten is thought to cause the 

hybridization of adsorbate-p components and the 
decomposition of adsorbate. 
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