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QUANTUM CHEMISTRY OF SURFACE

CHEMICAL REACTIVITY

R.A. van Santen

Schuit Institute of Catalysis
University of Technology
P.O. Box 513

5600 MB EINDHOVEN
The Netherlands

Abstract

The quantum chemist’s and surface physicist’s view of the surface chemical bond. are il-
lustrated by means of chemisorption of CO as an example. Between adsorbate and metal
surface bonding as well as antibonding orbital fragments are formed. For molecules the
adsorption geometry is a sensitive function of the balance of the repulsive atop direct-
ing interaction, resulting from the occupation of antibonding orbital fragments, and
the high coordination directing bonding interaction. The bonding contribution to the
surface chemical bond energy relates to the surface group orbital local density of states
around the Fermi level, as long as the orbital interactions are weak. The concepts of
Pauli repulsion and group orbital LDOS can be used to provide a quantum-chemical
basis to metal promotion. : ‘

Introduction

In recent years theoretical understanding of the surface chemical bond has significantly
increased. Whereas a decade ago the quantum chemistry of organic molecule reactivity
and also of organometallic chemistry had reached a more advanced level that that of
surface reactivity this knowledge gap is rapidly closing. This is not only the result of
the increasing interest of quantum chemists for problems on surface reactivity, but also
due to the wealth of rich and detailed molecular and electronic information provided for
by experimental surface scientific researchers. Two developments are important from
a quantum-chemical point of view.The availability of semi-empirical methods resulting
in a conceptual framework to analyse quantum-chemical calculations. Secondly the
possibility to use first principle theoretical techniques as thelocal density approximation
as well as other highly sophisticated ab-initio methods in the study of adsorption models
of direct interest to the surface chemist. The aim of this paper is to present the essential
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features of the electronic basis of surface chemical reactivity. The theoretical-chemical
application of surface chemical bonding theory that we will highlight is related to formal
chemisorption theory as developped in surface physics, but focusses rather on typical
quantum-chemical concepts as the electron occupation of bonding and antibonding

- orbital fragments than on properties as the local density of states or surface states
well known to the surface physicist. We will see that both approaches complement
each other. The local density of states concept stemming from surface physics is also
indispensable to the surface chemist. The idea of a surface molecule relates to the
surface physicists concept of surface states.

We will start with a quantum chemists view of chemisorption of CO to a transition
metal surfaces. The surface chemical bond of CO is theoretically as well as experimen-
tally very well understood. Of extreme importance has been Blyholder’s (1) view of
the surface chemical bond. It is analogous to the Frontier Orbital (2) concept widely
used by chemists. Bonding is considered to be the result of the interaction of High-
est Occupied Molecular (HOMO) Orbitals in one of the interacting fragments and the
Lowest Unoccupied Molecular Orbitals (LUMO) on the other fragment and visa versa.
On a surface this results in a sum of two terms. A contribution due to the interaction
between occupied adsorbate orbitals and empty metalsurface orbitals (donation) and a
second contribution due to the interaction of occupied mietal surface orbitals and empty
adsorbate orbitals (backdonation). Whereas this provides a satisfactory description for
the attractive part of the interaction potential, it does not provide a prescription to
estimate the repulsive part of the interaction potential. The coordination of molecules
to surfaces cannot be understood without a proper understanding of the latter. Move
recent developments, mainly based on extension of the Extended-Hiickel method but
verified with first principle calculations, provide a consistent view of the surface chem-
ical bond incorporating Pauli repulsion, useful to the surface chemical theorist (3).
This leads to a significant modification of the original Blyholder approach. In the next
section the theoretical basis will be presented and applied to a few other examples in
the final section. In the third section the Newns-Anderson (4) approach to chemisorp-
tion will be introduced. This represents the surface physicist’s approach to the surface
chemical bond.

The framework provided for by formal chemisorption theory can be readily shown
to be very similar to the theoretical chemical ideas discussed above. It will appear that
chemisorption of molecules to transition metals has to be considered intermediate be-
tween the so-called weak adsorption and surface molecule strong adsorption limits, As
in chemical bonding theory also formal chemisorption theory can be shown to be consis-
tent with the formation of bonding as well as antibonding adsorbate-surface fragment
orbitals.The electron occupation of these bonding and antibonding fragment orbitals
determines the adsorbate-surface bond strength. The broadening of the adsorbate or-
bitals will be found to relate to the local density of states of the metal surface orbitals
close to the maximum of the adsorbate orbital density. Extending HOMO-LUMO the-
ory to metalsurfaces local density of states around the Fermi level (5), the theoretical
results of this section will be illustrated by a discussion of Os chemisorption to the
silversurface (6) and the CO bond strength on different transition metalsurfaces (7).
In the final section the concepts presented in the earlier two sections are applied to
changes in chemical reactivity due to coadsorption of promoters. It will appear that
some promoters change the attractive part of the interaction potential, whereas others
reduce Pauli repulsion, that contributes to the repulsive part of the adsorbate-surface in-
teraction potential. This will be illustrated by discussing the changes in CO chemisorp-
ticn to a metal surface or metalparticles due to the presence of coadworbed cations. It
also provides an opportunity to discuss the importance of local electrostatic effects and
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polarization to the surface chemical bond. Coadsorption of sulfur primarily effects the
attractive part of the interaction energy. Finally the electronic basis of the promoting
action of coadsorbed subsurface oxygen or chloride on the ethylene epoxidation rate
catalysed by silver will be discussed (8). In this example the coadsorbate changes a
repulsive interaction into an attractive one.

Molecular orbital theory of CO chemisorption

The interaction between the molecular orbitals of CO and those of the surface will
lead to new molecular orbitals, that can be decomposed into bonding and antibond-
ing orbitals with respect to the originally undisturbed fragment orbitals. In quantum
chemistry the bonding or antibonding nature of orbital fragments is deduced from the
bond-order overlap population density. Let the free adsorbate orbitals be given by ¢;
and the metalsurface orbitals be given by ¢, then the molecular orbitals ¥y of the
interacting system can be written as:

Zc? i + }:cé b (la)
Zc w; + }:c d[“ ¢ (1b)
Zci i + Zc el (1c)
i J

Il

Uy

Orbitals ¥ are the atomic orbitals localized on the metal atoms. It has been assumed
that a metalorbital can be written as a linear combination of metal atomic orbitals.
In the case of a transition metal elementary molecular orbital theory would choose the
metalvalence d-, s- and p-atomic orbitals to form the basisset from which the metal
orbitals are composed. Of interest are the bond-order overlap population densities
(BOOPD) between adsorbate molecular orbitals ¢; and surface metal atomic orbitals
on the surface metal atoms that coordinate with the adsorbate:

1i;(E) = -Re; " ¢} Si; 6(E — Ey) (2a)
¢h ‘ (20)

with : Si]‘ = {p;

S;; is the overlap of an adsorbate orbital with a surface metal atomic orbital. Figures 1
and 2 show 7;;’s computed according to the Extended Hiickel method for a CO molecule
atop adsorbed to a 29 atom cluster of Rh atoms simulating the Rh (111) surface. For
details we refer to (7). Figures 1 present the BOOPD n54 4 20 T50,8 and 75¢p. These
are the only non-zero BOOPD’s of s symmetry. Figures 2 present the corresponding
non-zero type BOOPD’s, 7y« 4, . In CO the 50 orbital, pointing away from the carbon
atom to the surface atom is the CO HOMO. The two degenerate 27* orbitals are the
CO LUMO’s. In the figures Er denotes the position of the HOMO of the combined CO,
cluster system. One notes that at low energies the values of 7;; are always positive, but
may becorne negative if the energy increases. The covalent contribution to the bond
energy has the form:

Eeow = ‘ZZ N Z Re cf* cé“-' H;; (3)
k
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27* — d; bond-order overlap population density of atop coordinated CO with d,, metal
orbital on Rh (111).
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Table 1a. Surface atomic orbital gross populations: 1-fold adsorption of CO on Rh(111).

—’ ' l-fold

orbital (111) (100) (110)
before adsorption $ 0.293 0.266 0.301
after adsorption 0.518 0.498 0.529
before adsorption Pz 0.162 0.134 0.102
after adsorption 0.176 0.151 0.127
before adsorption Pz 0.113 0.111 0.096
after adsorption 0.383 0.387 0.400
before adsorption dxg_yz 0.802 0.825 0.854
after adsorption 0.802 0.825 - 0.862
before adsorption d,2 0.922 0.911 0.875
after adsorption ‘ 0.667 0.649 0.676
before adsorption dyy 0.891 0.843 0.923
after adsorption ' 0.890 0.852 ©0.909

Nj is the electron occupancy of orbital & and H; the non-diagonal matrix element of
the interaction Hamiltonian. Because of the approximate relationship:

Hi; ~ 5i (4)

a positive value of 7;;(E) corresponds to a bonding contribution to the bond strength
and a negative value of 7;;(£) an antibonding bond weakening contribution. Note
that only for the 50,d,» interaction antibonding orbital fragments become occupied
by electrons. Low lying antibonding orbital fragments are present in 27*,dg, orbital
fragments, but they are not occupied. The interaction with s and p valence atomic
orbitals is also found to be always bonding.
If the d-valence electron occupation of the transition metal varies the contribution of
antibonding 5¢,d_s orbital fragments will change. An increase in d-valence electron
occupation will weaken the 50, d., interaction, a decrease will strengthen it until also
bonding orbitals become depopulated. Using metal Rh parameters figure 3 shows that
changes of this interaction dominate the computed alteration in bond strength of CO
with d-valence electron occupancy. If the Fermilevel is chosen such that all antibonding
50,d 2 orbital fragments become occupied, this interaction becomes repulsive. This is
for instance the case for the IB metals Cu, Ag and Au. For a spherical symmetric charge
distribution this repulsive interaction Eyep is proportional to the number of neighbour
atoms n (see also 21cj:

EfP ~ n S (5)

Of course depletion of the antibonding orbitalfragments decreases the repulsive inter-
action and below some orbital occupation it is converted into an attractive interaction.
The antibonding orbital fragments of CO coordinated atop deplete more rapidly than
the antibonding 5o, d_» orbital fragments formed between CO and metal surface orbitals
when chemisorbed in high coordination sites (3). Therefore when the metal d-valence
electron occupancy decreases initially the 50, d. . interaction for CO atop coordinated
atop becomes more attractive than that in the higher coordination site.
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Table 1b.  Surface atomic orbital gross populations: 2-fold adsorption of CO on Rh(111).

2-fold
orbital o T
before adsorption s 0.327 0.270
after adsorption 0.592 0.317
before adsorption Pz 0.163 0.167
after adsorption 0.303 0.171
before adsorption Py 0.154 0.177
after adsorption 0.171 0.177
before adsorption Pz 0.115 0.113
after adsorption 0.249 0.173
before adsorption (lxg_yg 0.939 0.647
after adsorption 0.886 0.643
before adsorption d.2 0.940 0.885
after adsorption 0.931 0.870
before adsorption day 0.863 0.720
after adsorption 0.854 0.717
before adsorption dg > 0.948 0.804
after adsorption ‘ , 0.787 0.820
before adsorption dy> 0.900 0.861
after adsorption 0.889 0.857

This changes when the d-valence electron occupation decreases further, when also bond-
ing 50, d 2 orbital fragments become depleted. Then the attractive interaction favouring
high coordination-sites starts to dominate. These changes are not easy to verify for d
orbitals, because with a change in coordination there is also a large change in the an-
gular dependence of the ovetlap, so that the interaction with other d atomic orbitals
is taken over from that with the d,» orbitals. This is illustrated in tables la and 1b
The preference for low coordination when antibonding orbital fragments become ini-
tially depleted and the shift to preference of higher coordination with further increase of
electron occupancy is due to the fact that in high coordination sites interactions occur
with different orbital fragments than in low coordination sites. A o type orbital will
in 2 high coordination site interact with ¢ symmetric linear combination of the metal
atomic orbitals. This is the group-orbital ¢4(n), n is the number of surface atoms.
When one computes the local density of states pg:

P E) = Y Igg™n) | 84)? 6(E — Ey) ©)
k

one finds that its average electron density shifts to lower energy when n increases (3,9),
(see also figure 10). As a consequence at the edge of the electron-density contribution
antibonding orbital-fragments have usually a higher density coordinated in the atop
position than in higher coordination sites. At lower fragment orbital occupation higher
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coordination sites are usually favoured because the bonding orbital fragments have
the larger electron density in the bottom of the electron-density contribution in high
condination sites.

For symmetric atomic orbital electron densities:

Extended Miickel part of the chemisorptive bond strength (Eg g) of atop adsorbed CO on
Rh (111) as a function of the occupation of the metal valence electron {dashed line), and the
ratio Ra/1- (Ray2) of Ep y of CO adsorbed 2-fold (3-fold) to CO adsorbed on Rh (111) as
a function of the occupation of the metal valence electron band (solid line). The elements
correspond to the total number of valence electrons according to the periodic system.

HY; ~ /0 B (M)
1.3 T T T T T T T T T 171 4.0
]EE‘H
(eV)
4 3.5
4 3.0
r— i
- Nb Tc Rh . f
0. 04— 1 1] |
-6 -4 -2 0 2
r Mo Ru Pd !
Figure 3 f
|
}
|
f

H f’] is the interaction Hamiltonian matrix element between adsorbate orbital 7 and a
group orbital consisting of atomic orbitals of type j. [3’7’:]- is the corresponding interaction
matrix element for atop adsorption. Substition of (7) into (3) results in an additional
contribution to covalent stabilization for high coordination sites. The initially decreas-
ing ratio of threefold versus onefoid interaction energy of CO shown in fig. 3 with
increasing d-valence electron occupation agrees with this analysis. No minimum in this
ratio would have been found, if the interaction with the CO 27* orbitals did not change.
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As follows from figure 2 only bonding 27*, d;; fragment orbitals are occupied. This
usually favours coordination to high coordination sites. In higher coordination sites
the 27* will interact with metalsurface group orbitals of = symmetry. Again also an
approximate relaiionas ( | isf ud. 7. Jheinteraction with the 25* orbital will not only
be attractive for any d-valence electron occupation, but also favours high coordination
sites. The minimum in the ratio of threefold versus atop bond energies derives from the
decreasing attractive contribution due to orbitals of o symmetry. With the particular
parameters used at high d-valence electron occupation the interaction with orbitals of x
symmetry dominates the differences in adsorption site energies. Interestingly CO prefers
atop coordination to Rh and Co but higher coordination to Pd and Ni. Apparently
on Pd and Ni the interaction with the 2x* orbitals dominates. On Pt CO prefers atop
adsorption. Because of the higher workfunction of Pt and the large d-orbital extension
the balance of the ¢ and 7 type interaction remains in favour of the o-type interaction.

As a result CO prefers atop coordination to a Pt metal surface. As has been shown
elsewhere.and will discussed shortly in the next section the BOOPD analysis can also
be usefully applied to analyse the results of first principle calculations.

Formal chemisorption theory

Chemical bonding theory has to compute BOOPD’s and study the occupation of bond-
ing and antibonding orbital fragments to predict adsorption geometries. BOOPD’s
are experimentally not directly accessible, but useful information to the spectroscopist
is provided by the computation of adsorbate orbital local density of states (LDOS),
analogous as defined for the metal grouporbitals in (6):

pi(E) = 3 {eil )P 8(E ~ Ey) ®)
X

Note that the group orbital LDOS deﬁned in {6) is calculated by projecting on undis-
turbed surface metal orbitals, whereas the adsorbate LDOS defined according to (8) is
projected on the molecular orbitals of the interacting system.

A major result of formal chemisorption theory (4) is a prediction of the dependence of
pi{E) on E:

1 Ti(E)

® {e; + A(E) — E)2 + T¥(E)
; is the energy of the adsorbate level in the absence of the interaction with the metal

surface, A;(E) is the level shift function and I';(E) the level width function. Explicit
expression for Aj(E) and T;(E) are:

pi(E) = (94)

Z (0il Hgp)? 6(E — E) (90)
N(E) = j{dE’ Li El - (9¢) -

¢ denotes the principal part of the integral.

Expression (9a) is characteristic for the resonant interaction of a discrete level with
orbitals that have a contineous energyspectrum (10,11). If Ti(e4) < |Emaz — Eminls
Emaz and E,;, being the upper and lower bound of the energyspectrum of orbitals ¢y,
the interaction between adsorbate and surface metal orbitals can be considered weak.
Then A;(E) and T';(E) can be assumed to be energy independent.
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‘Within this approximation the energy distribution of the adsorbate level is Lorentzian.
‘The interaction of the 40 orbital is representative for this situation. One observes in
figure 4 the very small level shift of the 4 CO orbital compared to the corresponding
energy in the non interacting molecule. The distribution is symmetrical around its
maximum as predicted by eq. (8). The orbitals below a; + A; are bonding orbitals,
the orbitals above «; + A; are antibonding orbitals. The difference in energy between
the maximum of the bonding orbital fragments and antibonding orbital fragments is
~ I'(a; + A;). Since bonding as well as antibonding orbital fragments are occupied the
overall 40-metalsurface interaction will be repulsive. The electron occupancy of the 4o
orbital does not change. '

Table 2. Gross population Extended-Hiickel of CO adsorbed on Rh surfaces.

orbital | adsorbate atop bridge | 3-fold | step
(111) | (100) | (110) (111) (111) | (111)
ads. 0.998 | 0.998 | 0.998 | 0.996 0.996 | 0.932
1n
free 1.0 1.0 1.0 1.0 1.0 1.0
ads. 0.884 | 0.882 | 0.895 | 0.873 0.873 | 0.840
il ]
free 1.0 1.0 1.0 1.0 1.0 1.0
ads. 0.136 | 0.125 | 0.135 | 0.228Y) | 0.261 | 0.368
2n*
free 0.0 0.0 0.0 0.0 0.0 0.0

1): average value of 27* orbitals with (occupation of 0.278) and with =, (0.178)
symmetry.

As is shown in table 2 this is different for the CO 5¢ and 27* orbitals. As follows
from figures 1 and 2 the relative position of these orbitals with respect to the Fermi level
are such that upon interaction the antibonding 50-surface metal orbital fragments are
pushed above the Fermi level, resulting in a depletion of 50 electron occupancy. The
bonding 2n*-surface metal orbital fragments are pulled below the Fermi level. Figures
5 and 6 show the corresponding local densities of states. Wheres in the atop position
the 5¢ LDOS remains nearly symmetrical, a broadening towards higher energies is seen
in higher coordination sites. The deviation from the Lorentzian line shape is larger for
the 27* LDOS. It implies that the weak adsorption assumption according to which the
energy dependence of A;(F) and I';(E) is ignored is not valid any more. Using the
definition of the surface metal grouporbital density (5,6), {92) can be rewritten as:

Li(E) = = 3 [eil H'|¢)° o7 (E) (10)
g

The energy dependence of I'(E) is related to the metal metal surface group orbital
local density of states, that interacts with adsorbate orbitals ;. For a transition metal
the group orbitals ¢4 can be considered as a particular linear combination of d, s
and p valence atomic orbitals of the same symmetry as orbital ¢;. pf*(E) has only a

finite value as long as Efyqz > E > E1gnz'n‘ The boundaries of the energy spectrum of

each metal surface group orbital are not necessarily the same. The d-valence electron
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orbitals have a relatively narrow bandwidth, whereas the s, p valence electron band is
very broad. For a metal lattice with one s-atomic orbltal per metal atom pg’(E) has
the general form:

py (E) \/_lﬂf fME) (11)

7 is the number of surface metal atom nearest neighbour metalatoms and 8 the overlap
energy integral between two metal nearest neighbour atoms. With (7) and (11), T;(E)
can written in the normalized form:

LiE) = 7 3. ;"7 5 fot (B) (120)
) = FZM]' Vi Bis fatiy (B) (12b)
J

pij is a measure of the interaction strength.

With (12b), expression (8) is rewritten as:

T tij /il Bi) foly) (E)
(o + ME) = B)? + (S5 pij/msy B 57 (B

We will analyse the general behaviour of (13} as a function of coupling parameter
pij, restricting ourselves initially to the case of one adsorbate orbital and a metal
lattice consisting of one s-atomic orbital per metal atom. The general behaviour of
(13) is sketched in figure 7. p;(E) is expected to have in general several maxima. One
maximum corresponds to the value of E, that satisfies:

(13)

pi(E) =

ai + N(E) — E = 0 (14)

Its solution is given by &;, the upwards or downwards shifted adsorbate level. The
direction of the shift depends whether it corresponds to a bonding or antibonding
orbital fragment of the interacting system. In figure (7) it has been chosen to be a
bonding level. The other maxima derive from fI7..(E). In figure 7 it has been assumed

9(7)
that the valence electron band has one maximum. For a general discussion we refer to

(3). When g < 1, p; is Lorentzian around @&; with half width 2T;(&;). With increasing
¢ the energy distribution becomes asymmetric and a second maximum at @, appears.
At a small value of p, the weak chemisorption limit fragment orbital levels below @; are
bonding and above @&; are antibonding. We recognize in figures 5 and 6 the increasing
asymmetry and the appearance of a separate antibonding and antibonding density when
the coordinationnumber with the surface metal atoms increases. As discussed in the
previous section the bond strength contribution to the adsorbate-surface chemical bond
depends on the distribution of the electrons over bonding and antibonding adsorbate
metalsurface fragment orbitals. In formal chemisorption theory the expression for the
covalent contribution to the bond strength is given by (4,9):
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Figure 4
LDOS of the 1x CO molecular orbital in the gas phase, of CO atop adsorbed on Rk (111),
of CO Z-fold adsorbed on Rh (111), 3-fold adsorbed on Rh (111} (distance of CO to step
1.551A). The Fermi level is indicated by Ep.
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LDOS of the Bs CO molecular orbital inthe gas plhaseof CO atop adsorbed on Rh (111),
of CO 2-fold adsorbed on Rh (111), 3-fold adsorbed on Rh (111) and 3-fold adsorbed on
stepped Rh (111) (distance of CO to step 1.5514). The Fermi level is indicated by Ep.
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pi(E) as a function of p (schematic),us > yi.
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7;(E)} can be considered the phaseshift of the surface electrons scattered by the adsor-
bate. For weak adsorption the behaviour of 5;(F) is sketched in figure 8.

One recognizes that at values of E < @; there is bonding contribution to the energy,
but at energy values above @; the contribution is antibonding.
In the weak adsorption limit, the attractive covalent contribution to the bond energy
is approximately given by:

2 rErp (@; — E)YI
w _ 2 o = B)L
Ny == [T e Ry (17a)
o 2XL(Erp), (@ —Ep)® + I*(Ep) (176)
7 (@ — Emin)*

is minimum

=. 2
Remember that I'(Emin) = [(Emaz) = 0. Note that ml(a,—EE) 412

(@i~Emin)
when Ep = &;. At this value of Ep all bonding orbitals are filled. At a higher value
of Ep the bond energy decreases because antibonding levels become occupied. T'(EF)

follows from (12):

T(E) = nnf” p; (E) (182)
rnp?

V18]

7 (E) 18b)
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Figure 8

The phaseshift 7(F) as a function of energy.

P(E)T
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4
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4 7
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-6 -4 -2 0 2 4 6
—
E
Figure 9

LDOS of a surface atom in the Bethe lattice approximation. Numbers denote the number
of surface atom neighbour atoms. Bulk coordination is 8.

As mentioned earlier the linewidth function I'(E) relates with the corresponding metal
surface grouporbital local density of states. In the general case the local density of
states contains significant structure. Its approximate behaviour is sketched in figure
9 (the density is correct up to its second moment). The width of the surface local
density of states is proportional to \/7, 7 is the number of metalatom neighbours of a
surface atom. Because p®(E) is normalized the maximum of p°(E = Emge) is inverse

proportional to v/7:

As long as Ep is not close to the edges of p°(E):
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» Metal surface group orbital local densities of states (schematic).
2
zn f'”
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Expression (20) is expected to hold when an adsorbate interacts with a valence electron
band that is half filled. The attractive contribution to the covalent energy is lowest on
surface atoms with a high degree of coordinative saturation. It increases when the degree
of coordinative saturation of the surface atomes increases. When the energy dependence
of pg(E) is ignored, the bond strength increases with adsorbate coordination-number.
As sketched in figure 10 the maximum density of a group-orbital corresponding to a
symmetric combination of atomic orbitals is lower than the LDOS of an individual
atomic orbital and that of an asymmetric combination of atomic orbitals is higher than
the LDOS of an individual atomic orbital (11). This affects the bonding part to the bond
energy AEY,, because according to (17b) it relates to I'(Ep). In the weak adsorption-
limit according to (18a) ALY depends on the grouporbital local density of states at
the Fermi level. Therefore dependent on Fermi level position the relative stability of
coordination of adsorption sites changes. In agreement with the discussion in section
2, a high valence electron band occupation favours atop adsorption for o-symmetry
adsorbate orbitals, but a low valence electron band occupation threefold coordination.
The group VIII transition metal Pt has a nearly completely filled d-valence electron
band. We argued in section 2 that changes of the interaction of the CO 5o, and the
surface metal d orbitals dominate coordination of CO to Pt. The analysis presented
here not only agrees with this, it also predicts that CO -binds most strongly atop to
the (111) surface (7). Only at lower d-valence electron occupation coordination to the
more open surfaces becomes favoured.

Elsewhere (6) we demonstrated that the perpendicular threefold coordination of
O3 to the (111) surface of silver optimizes the interaction of the occupied Oz 17 orbital
with the asymmetric group orbital local density of states around the Fermi level. It was
also shown that bonding of O3 to the silver surface is only well understood if not only
the interaction with the s,p valence electron band density close to the Fermi level, but
also formation of bonding and antibonding orbital fragments with d-valence electrons is
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included. The narrow d-valence electron band and the many d-valence atomic orbitals
results in a high LDOS of completely filled orbitals. They interact significantly with the
partially occupied w-valence orbitals of O,. This interaction turns out to be repulsive
when Oy is adsorbed parallel but attractive when O¢ is adsorbed perpendicular to the
(111} surface.

According to formal chemisorption theory the attractive contribution to the covalent
energy is found to be the sum of two terms:

, (@ — Ep)? +T%(Er)
AEZ, = 2%‘ nij B yg) (EF) ln{ Z (@i - B Z)J2
53 mn

nij | (i | H' [ a5 ) |*
22 ]i(l‘?Fl_ é:dj)l (21(2)

J
The last term has to be included if adsorption to a IB metal is studied. Expression
(21a) has to be applied with care to a transition metal with d-valence electron holes.
The expression for pz( ]-)(E 7) to be used is pz( j)(E' ) averaged over an energy interval
in the order of T'(EF).
Expression (21a) shows explicidly the interesting result that in the limit of weak adsorp-
tion, there exist a relation between the group orbital local density of states at the Fermi
level and chemisorption energy. In the derivation of (21a) adsorbate and surface molec-
ular orbitals have been assumed to be orthogonal.We have analysed the consequences
of non-orthogonality extensively elsewhere (3). The form of expressions (21a) does not
essentially change. However an additional repulsive interaction is now introduced. We
have shown (3) and already discussed shortly in section 2 that the repulsive interaction
equals:

oce
Erep = 43 (i | H'| $1°) | (o | i)
i,k
oce y &
XD Z {nij Bij Sii 44(5) } (21b)
ko4
Since ﬂzl-]- ~ S;j, the repulsive part to the bond energy is proportional to Sl-z-
~ 4 3 nij | Sij P qg0) (EF) (21c)
3 '
with:
Ep . .
() (EF) = /_Oo dEpg(j) (E) (22)

44(;)(EF) is the electron occupation of surface group orbital ¢ ;).

Applications to metal promotion

GENERAL BACKGROUND

Coadsorption of adatoms or alloying may change the nature of the adsorbate-metal
surface chemical bond for steric as well as electronic reasons. The ensemble effect (12)
is used to explain changes in bond energy due to surface dilution or rearrangement
effects. As discussed earlier atoms from an adsorbing molecule will in general bind to
several surface atoms. If one blocks surface atoms by coadsorption with inert atoms,
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or by alloying with non-reactive elements, the average ensemble size of the surface
atoms decreases and hence the probability for adsorption to high coordination sites
also decreases. This has been extensively discussed elsewhere (12). Here we will be
concerned with changes in chemical bonding due the consequences of differences in
composition on atompositions in the second coordination sphere with respect adsorbate

atoms (see fig.11).

A
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Figure 11

Surface ligand effect. The bond strength between A and atoms on positions X varies due to
changes in composition on positions Y.

This may be called surface ligand effect and can be due to changes in covalent bond-
ing or electrostatic effects, resulting from alloying or coadsorption. Changes in surface
topology may also be the cause of a surface ligand effect. Several different ways to
categorize metal promoters have been proposed. The most natural seems to be to
distinguish between electronegative and electropositive coadsorbates or elements (13).
Whereas not incorrect, it appears that the overall effect of promoters may differ depen-
dent on the relative position of promoting atom and adsorbate. We will discuss this
specifically for.the electropositive promoting elements. Here we will distinguish elec-
tronic changes in surface chemical bonding due to the presence of promotors according
to whether they affect the repulsive or attractive part of the potential energy curve
of the adsorbate-surface chemical bond. In the weak adsorption limit the expression
for the attractive and repulsive part of the potential energy curve are given by (21a)
and (21c). The attractive part of the potential energy is mainly determined by the
grouporbital local energy density of states at the Fermi level or the relative position of
the adsorbate orbitals with respect to the surface Fermi level position. The repulsive
part of the potential energy curve stems from Pauli-repulsion between doubly occupied
orbitals. It depends on the overlap of adsorbate and metal surface wavefunctions as
well as the occupation of the surface grouporbital interacting with adsorbate. Due to
the presence of a promotor the spatial distribution of the surface-electrons may change,
resulting in a change in overlap of adsorbate and surface wavefunctions. Also the orbital
electron occupation may change. The latter may result in a change in the electron dis-
tribution over bonding and antibonding orbital fragments. We will discuss an example
where the promoting atom reduces the occupation of antibonding orbital fragments, so
that a repulsive interaction is changed into an attractive one.

Note that the attractive contribution to the bond strength depends on the group
orbital local density of states at the Fermi level, but that the repulsive part of the
potential energy curve depends on the total electron occupation of the surface groupor-
- bitals. Usually several changes in the bonding parameters occur when a promoting
atom or ion coadsorbs. We will discuss a few examples that illustrate the usefulness
of an interpretation of promotoreffects in terms of changes of the attractive and repul-
sive part of the bond strength potential energy curve. Sulphur and alkali coadsorption
are examples where the attractive part of the adsorbate-surface metal potential energy
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curve changes. Metal particles adsorbed to cations, situations that occur on catalyst
supports or in zeolites may show reduced Pauli-repulsion. The enhanced reactivity
of oxygenations adsorbed to the silversurface in the presence of subsurgace oxygen or
chlorine resulting in selective ethylene epoxidation is an example where a repulsive in-
teraction is changed in to an attractive one (8). The electronic basis to the reduction of
reactive ensemble atoms size by alloying with an insert element is the Pauli repulsion
between adsorbate and insert atom.

Changes of the attractive part of the potential energy curve

Experimental studies on the effect of S, C or P adsorption on CO adsorption show (14)
that the rate of CO adsorption is significantly more affected by the presence of these
adsorbates than can be explained on the basis of geometric constraints due to a decrease
of the effective reactive surface atom ensemble size. Feibelman e.a. (15) computed the
variation in electron density on a surface due to the presence of coadsorbed S. As
reproduced in figure 12 they find that the total electron density only changes on the
transition-metalatom that coordinates with sulfur. The local density of states at the
Fermi level is significantly changed also on atoms that are not coordinated to S! This
applied to expression (21a) for the bond energy explains the reduced interaction with
CO. Electron-energy density fluctuations mainly of the s,p-valence electrons are induced
by adsorption of S to a transition metal. They depend on the kind of coadsorbate. This
has been studied by Joyner e.a. (16).

10-3

i T -
o 3 6 1 21a.u. ] 3 6 g 12 15 18 21 au

[+]

Figure 12

(a) Valence charge densities (in atomic units) for two-layer Rb (001) films (a) with and (b)
without a S (8 x 1) adlayer. To facilitate comparison the region between contours of charge
density ~ 10% a.u., about 4 a.u. above the Rh nuclei has been hatched. The hatched region
from the S/Rh plot has been transcribed onto that for clean Rh'5.

(b) Fermi level LDOS, in (eV x %)~ for two-layer Rh (001) films (a) with and (b) without a
S (3x1) adlayer. Regions of equal LDOS have been hatched in the two plots. For comparison
the hatched region has been transcribed from the upper to the lower plot!5.

Coadsorption of alkali atoms affects the surface-chemical bond for very different
reasons. When an alkali atom adsorbs at low concentration onto a transition metal
surface it will develop a small positive charge (N.1e). This is because the difference
in alkali-ionization potential and transition metal workfunction is larger than their
covalent interaction. The positive adatom charge will be screened by the transition-
metal electrons, so that a small negative charge appears on the atoms to which the
alkali atom is adsorbed. For a molecule adsorbed close to the alkali atom the result
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will be a lowering of the adsorbate orbitals with respect to the metal Fermi level. The
dipole generated by the adsorbed alkali atomn will lower the workfunction. In (21a)
this changes the value of (@; — EF) to (&, — EF). @, —@; is the potential an electron
in absorbate orbital ¢ experiences due to the electrostatic potential generated by the
screened alkali atom charge. The results of calculation by Freeman e.a (17). for CO
adsorbed to Ni illustrate this nicely {fig. 14).
As follows from equation (21a) two cases can be distinguished. .
Case a: @; > Ep. This is the contribution to the bond energy due to "electron
backdonation”. Metal surface orbitals interact with the unoccupied adsorbate orbitals
o;. Because the attractive potential of alkali lowers the adsorbate orbital levels with
respect to Ep:

Z‘Z;-—EF<O£—EF

and the contribution to the adsorbate bond strength increases.

Case b: @; < Ep. This is the contribution to the bond energy due to ”electron

donation”. Unoccupied metalsurface orbitals interact with occupied adsorbate orbitals
a; . The lowering of the adsorbate orbital levels with respect to Ef gives relation:

—_ —

EF—a'j<EF——aj

The corresponding contribution to the adsorbate bond energy decreases.

Table 3. Bond energy values of CO adsorbed on Pt.

top bridge top bridge
val. mol. no K K
bands. orb.

5o —0.439 —0.293 —0.385 —0.184

$
27* —0.256 —0.474
50 —0.454 —0.263 —0.241 —0.154

d
2r* —0.444 —0.492 —0.531 —0.628
AE —1.337 —1.304 —1.157 —1.440

Bond energy contributions and total Bond energy AFE (eV) of CO adsorbed to
(111) face of platinum. Effect of alkali coadsorption.

OKSU(K) = ase + AVeo
oo+ (K) = agee + AVgo
QP s (K) = api,; + AVpys

AVgo = —0.5¢V

In table 3 results of tightbinding calculations of CO adsorbed to the (111) surface of Pt
are presented. A comparison of the relative energies of atop and three-fold coordinated
CO is given in the presence and absence of coadsorbed potassium atoms. The presence
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LDOS change on Nickel atom next nearest to adsorbed S atom'®.
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Local density of states of CO adsorbed to Nit7.
(a) unsupported CO film; (b) CO / Ni
(¢) (CO+K) / Ni; (d) (CO+S) / Ni.
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of potassium is simulated by a lowering of the CO adsorbate levels with respect to the
Fermi level as indicated in table 3. As predicted the interaction with the 27* orbital of
CO (backdonation) is found to increase and that with the 5o orbital of CO (donation)
decreases. The overall result is a change in coordination of CO from the atop position
to three fold coordination. Especially when the interaction with the s-valence electron
band dominates electron backdonation favours high coordination because in order to
interact with the metalsurface the CO 27* orbital requires antisymmetric surface metal
grouporbitals fragments are occupied. When the interaction with the highly occupied
d-valence electron bond is important the donative contribution of ¢ symmetry favours
atop coordination. In the atop configuration the repulsion due to the occupation of
antibonding orbital-fragments is minimized (7).

Changes of the repulsive part of the potential energy curve

On a metal surface an alkali-ion will adsorb on the same relative position with respect
to the metal surface as the adsorbate. This may be different when one considers small
metal particles. In figure 15a we show a configuration where a Mg 2" ion is located
at the other site of a metal particle than an adsorbed CO molecule. Such a situation
may arise in zeolites or metal particles distributed on a MgO carrier. The difference
in electron distribution of an Iry particle comparing a situation with no Mg?" ion
present and one with a Mg?+ ion is shown in figure 15b. The computed result is from
a Hartree-Fock-Slater-LCAO calculation (19). '

e OO

O---men-

o}
Figure 15a

Relative position of Mgt and adsorbed CO on a Iry particle.

One observes polarization of the Iry particle. Electron density is pulled towards the
Mg?* jon, in order to screen its charge. As a results there is a decrease of electron
density on the atom to which adsorbed CO is attached. Table 4 shows a comparison
of the Pauli repulsion computed for CO adsorbed atop, twofold or threefold with the
Mg?* ion present or absent on the opposite adsorption site of the tetrahedral Iry particle
(14). One observes a significant decrease in Pauli-repulsion. The reduction in electron
density between CO and neighbouring Ir atoms reduces the Pauli-repulsion between
doubly occupied CO-50 orbitals and occupied Iry orbitals, since according to (21c)
Pauli repulsion reduces, when orbital overlap is decreased. The overall result on the
CO adsorption strength is no change in adsorbate bond energy, because not only the
repulsive part to the bond energy but also the attractive contribution, due to electron
backdonation into the CO 27* orbital changes. )
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Figure 15b

Change in electron density on Ir; cluster close to a Mg?+ ion?®.

______ loss in density

- — —— gain in density.

Table 4a

Adsorption energies and their decomposition (in ¢V) of CO on a tetrahedral Iry cluster
and a Mgt ion at the opposite side.

geometry adsorption energy steric repulsion interaction energy
1-fold 0.98 0.18 1.16
2-fold 2.35 5.62 7.93
3-fold 2.42 4.78 7.19

Table 4b

Change in the adsorption energies of CO and their decomposition (in-eV) upon intro-
duction of the Mg>* ion. Shown are the values with minus values without the cation.

geometry adsorption energy steric repulsion Interaction energy
1-fold 0.05 ~1.53 —1.48
2-fold -0.07 -1.86 —-1.96
3-fold 0.03 -3.16 -3.11

The CO molecule has a larger distance with respect to the Mg?* ion than the Irg par-
ticle. The electrostatic field of the Mg?* ion lowers the Ir4 electron orbitals more than
those of the adsorbate electron orbitals. The result is an increase in the CO 27* orbital
energy with respect to the Iryg HOMO orbital energy and the electron backdonation con-
tribution decreases. So the loss in repulsion is compensated for by a loss in attraction.
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The presence of the cation is only reflected in an increase of the CO stretch frequency
due to the decrease in the CO 2r* orbital occupancy. Studies of Hs adsorption show
a similar decrease in repulsion interaction as observed for CO, but now overall an in-
crease of the interaction energy is found (20). It may explain the enhanced activity in
hydrocarbon conversion activity of metal particles close to positively charged cations
in zeolites (21). Significant Hs bond weakening is found.

The last two examples to discuss derive also from metal catalysis. First we will
discuss the electronic basis of the role of subsurface oxygen or chlorine in ethylene
epoxidation and we wish to conclude by explaining that the electronic basis to the sec-
ondary ensemble effect consists in essence of Pauli-repulsion between adsorbate atoms
and inert surface-atoms. Experimental studies of the selectivitiy of ethylene epoxida-
tion catalysed by silver have shown that the epoxidation activity is enhanced by the
presence of subsurface oxygen atoms close to the adsorbed oxygen atom to be inserted
into the ethylene 7 bond (22). HFS-LCAO calculations on small silver metal particles
demonstrate the reason for this (8). We will present results for 4 silver atom clusters.
Whereas details are slightly different, on larger particles the essential physics does not
change. A silver atom cluster has been chosen such that atoms are located as on the Ag
(110) surface. The different cluster compositions are shown in figures 16. Figure 16a
en 16b show an adsorbed oxygen atom in the presence and the absence of subsurface
oxygen. [Figures 16¢ and 16d show the configuration studied with ethylene present.
The results of the calculation are best analysed by computation of Bond-Order Overlap
Population Densities (BOOPD’s) (see eq. 2a). Figures 17a and 17b show the BOOPD’s
of the adatom O-Ag cluster-atoms in the absence and presence of subsurface oxygen. A
positive value means a bonding contribution to the bond energy and a negative value
an antibonding contribution. Ep denotes the highest occupied molecular orbital. One
observes that the adatom O-Ag cluster bond is weakened by the presence of subsurface
oxygen. When subsurface oxygen atoms are present antibonding O-Ag orbital frag-
ments become occupied. It results from the reduced difference in energy between the
bonding and antibonding O-Ag orbital fragments. The coupling parameter u (eq. 12c)
decreaseés because Ag has effectively an increased number of neighbours. This reduces
the Ag local density of states around the Fermi level of the cluster in fig. 16b. The bond
weakening of the oxygen-silver bond due to subsurface oxygen has a very large effect
on the interaction with ethylene. The corresponding BOOPD’s are shown in figures
18a and 18b. The stronger silver-oxygen hond results in a repulsive interaction with
ethylene when no subsurface oxygen is present. This changes in the presence of sub-
surface oxygen. One observes the depopulation of the antibonding silver-oxygen orbital
fragment. The weaker oxygen-silver bond results in a stronger interaction with ethy-
lene and a larger difference in energy between bonding and antibonding oxygen-carbon
orbital-fragments.

The concepts discussed can also be used to provide an electronic basis to the concept
of ensemble effects in alloy catalysis. Soma-Nota and Sachtler (23) explained the shift
of chemisorbed CO from bridging to atop coordination comparing adsorption to Pd
with a Pd-Ag alloy to a secoundary ensemble effect. CO interacts weakly with Ag.
Alloying with silver does not change the s-p valence electron band very much, but the
interaction with d-valence electrons changes significantly. The average energy of the d-
valence atomic orbitals on silver is lower than that of the Pd d-valence atomic orbitals.
In addition on the Ag atom the d-atomic orbitals are completely occupied. If in a high
coordination site a Pd atom becomes substituted by an Ag atom, the interaction with
the CO 2r* orbitals as well as the 50 orbitals changes. Backdonation into the CO
27* orbital is reduced because of the larger difference in energy between the CO 27*
orbital and part of the d-valence orbitals. Pauli repulsion increases. The CO 5o orbital
now interacts with atoms with doubly occupied d-atomic orbitals giving a repulsive
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The silver clusters studied; @ chemisorbed oxygen, # silveratom in outerlayer, O silveratom
in inner layer, x subsurface oxygen atom;

(a and b) top view without ethylene; (¢ and d) side view with ethylene®.
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interaction. Both changes favour preferential adsorption with a site consisting of enly
Pd-atoms. This will result in a lower coordination number of CO. The importance of
the repulsive interaction of the CO 5¢ orbitals with doubly occupied orbitals of group
IB metals becomes especially apparent from the preferred atop coordination of CO to
Cu. This low workfunction metal should have an increased backdonating interaction
with the high coordination directing CO 2x* orbitals. CO, however, is found to prefer
the atopposition. The low average energy of the d-valence electrons is unfavourable
to the backdonating interaction and results in a repulsive interaction with the CO 5o
orbital (5).

References

1. G. Blijholder, J. Phys.Chem. 68,2772 (1064).

2. K. Fukui, Science 218, 747 (1982};

R.B. Woodward, R. Hoffmann, Ang.Chem.Int.Ed.Engl. 8, 781 (1969);
Th.A” Albright, J.K. Burdett, M.H. Whangbo, Orbital interactions in chemistry,
J. Wiley & Sons (1985).

3. R.A. van Santen, E.J. Baerends, in ”Theoretical Models of Chemical Bonding”,
part. 4, Z.B. Maksic (ed.) Springer Verlag, in press.

4. P.M. Newns, Phys.Rev. 178, 1123 (1969); P.W. Anderson, Phys.Rev. 124, 41
(1964); J.R. Schrieffer, in ” Dynamic Aspects of Surf. Physics” (8.0 Goodman, ed).
Proc. Int. School of Physics ”Enrico Fermi”, Course XVII (Ed. Comp. Bologna,
1974);

T.B. Grimley, CRC Crit.Rev. Solid State Sci. 239 (1976).

5. R.A. van Santen, J. Mol. Struct. 173, 157 (1988).

6.  M.C. Zonnevylle, R. Hoffmann; P.J. van der Hoek, R.A. van Santen, Surf.Sci. 223,
233 (1989).

7. A. de Koster, A.P.J. Jansen, R.A. van Santen, J.J.C. Geerlings, Far. Disc. Chem.
Soc. 87, 263 (1989);

A. de Koster, R.A. van Santen, Surf.Sci. 233, 366 (1990).

8. . P.J.M. van den Hoek, E.J. Baerends, R.A. van Santen, J. Phys.Chem. 93, 6469
(1989). ,

9.  R.A. van Santen, J. Chem.Soc. Far. Trans. I 83, 1915 (1987).

10.  A. Messiah, Quantum Mechanics II, North-Holland Publ.Co, Amsterdam, 1969.

11. R.A. van Santen, Physica 62, 51 (1912)

12. W.M.H. Sachtler, R.A. van Santen, Adv. Catal. 26, 69 (1977).

13. L. Ya Margolis, Adv Catal 14, 429 (1963).

14. D.W. Goodman, Acc. Chem. Res. 17, 194 (1984).

15. P.J. Feibelman, D.R. Hamann, Phys. Rev. Lett. 52, 61 (1984).

16. J.M. Maclaren, J.B. Pendry, R.W. Joyner, P. Mechan, Surf.Sci. 175, 263
(1986); J.M. Maclaren, J.B. Maclaren, J.B. Pendry, R.W. Joyner, Surf.Sci. 178,

856 (1986).
17. E. Wimmer, C.L. Fu, A.J. Freeman, Phys.Rev.Lett. 55, 2618 (1985).
18. R.A. van Santen, Proc. 8th Int. Congr. on Catal., vol IV,

Springer-Verlag, Berlin, 1984, p. 97.

19. A.P.J.Jansen, R.A. van Santen, J. Phys. Chem. in press.

20. E. Sanchez-Marcos, A.P.J. Jansen, R.A. van Santen, Chem. Phys. Lett. 167, 399
(1990).

21. P. Gallezot, Catal. Rev.-Sci Eng. 20, 121 (1979).

22." R.A. van Santen, H.P.C.E. Kuipers, Adv. Catal. 35, 265 (1987)

23. Y. Soma-Nota, W.M.H. Sachtler, J. Catal. 32, 315 (1974); Y. Soma-Nota,
W.M.H. Sachtler, J. Catal. 34, 162 (1974).



