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ABSTRACT

PART A: GVB and GVB-C1 wavefunctions (using a double zeta basis)
have been obtained as a function of internuclear distance for the
Towest three states of NiCO. The wavefunctions lead to a quali-
tative description in which the Ni atom is neutral with a
(45)1(3d)9 atomic configuration. The CO Tone pair delocalizes
slightly onto the Ni, leading to the 4s-like orbital hybridizing
away from the CO. The dm pairs on the Ni are slightly back-

32+, 3H, and 3A

bonding to the CO. The three bound states are
consisting of the singly occupied 4s-1ike orbital plus a single d
hole in a o, m, or § orbital, respectively. The ground state is
found to be A with calculated R, = 1.90R, D_ = 1.15 eV = 26.5
kcal/mol, and wC(Ni—C) = 428 cm'], all reasonable values, although

direct information on NiCO is not yet available. The adiabatic

3

excitation energies are calculated as 0.240 eV to 57 and 0.293 eV

3 8

to “II. The states with (45)2(3d)

configurations on the Ni lead to -
repulsive potential curves with vertical excitation energies in the

range of 3.0 to 5.0 eV.

PART B: Configuration interaction calculations have been carried out
for a number of positive ion states of NiCO. These calculations
indicate that there are two distinct groups of jonization potentials.
The first group involves jonizations out of Ni-like orbitals. The
Towest states of this group involve ionization out of a Ni 4s-1ike

9

orbital Teading to a 3d” configuration and states of symmetry 22+,
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%I, and A depending on whether the 3d-hole is taken in a o,
or § orbital. At the optimum geometry of NiCO, the dissociation
energy of NiCO* to Ni*(%D) and CO is calculated to be 2.26, 2.03

2 ZH, and 2) states, respectively, in reas-

and 2.50 eV for the Z+,
onable agreement with the value of 2.10 eV calculated from the ex-
perimental heat of formation of NiCOT. Other states in the first
group involve jonization out of Ni 3d orbitals leading to a group
of ion states with a width of 3.1 eV. This is in good agreement
with the Ni d bandwidth as observed in photoemission experiments.
The second group of ion states correlates at large Ni-C separation
with the ground state of the Ni atom and various states of co’.
Thevprincipal change as compared with free CO is that the 50 ion-
ization (lone pair on the CO) increases in energy by about 2.5 eV,
whereas the % and Tm ionizations change only slightly. This leads
to the 50 and T jonizations being nearly degenerate, with the %g
ionization about 3.0 eV higher, in agreement with the currently

accepted interpretation of the photoelectron spectrum of CO chemi-

sorbed on ii.

C: Geometries for 0 and S overlayers on the (100) and (110) sur-
faces of Ni have been calculated using ab initio wavefunctions for
0 and S bonded to small clusters of Ni atoms (1 to 5 Ni atoms). The

calculated geometries are within 0.07R of the results of dynamic

- LEED intensity calculations, indicating that accurate geometries

of chemisorbed atoms may be obtained from calculations using clus-

ters including only those metal atoms within bonding distance.
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PART D: Electronic wavefunctions have been obtained as a function of
geometry fora S atom bonded toNi clusters consisting of 1to 4 atoms de-
signed to model bonding to the Ni(100) and Ni(110) surfaces. Electron
correlation effects were included using the generalized valence bond

and configuration interaction methods.

Modeling the (100) surface with four Ni atoms, we find the opti-
mum S position to be.1.33R above the surface, in good agreement with
the value (1.30:t0,1OR) from‘dynamic LEED intensity calculations. The
bonding is qualitatively like that in HZS with two covalent bonds to
one diagonal pair of Ni atoms. There is @ S pn pair ovér]apping the
other diagona] pair of Ni atoms. [Deleting this pair the S moves
in to a position 1.042 from the surface.] There are two equivalent
such structures, the resonance leading to equivalent S atoms and a
c(2x2) structure for the S overlayer. The Ni in the layer beneath
the surface seems tc have little effect (v 0.032) on the calculated

geometry.

The above model of thé’bonding suggests that for the (110)
surface the S lies along the long edge of the rectangular unit .cell
(2 coordinate) rather than at the four coordinate.sife usually assumed.
Our calculated pbsition for the S of 1.04R is in reasonable agreement
with the value ffom dynamic LEED intensity calculations, 0.93:30.102
Bonding the S directly above a §ingle Ni atom leads to a much
weaker bond (De = 3.32 eV) than does bonding in a bridge position

(D, = 5.37 eV).
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PART E: E]éctronic wavefunctions have been obtained as a function
of geometry for an O atom bonded to»Ni clusters (consistina of 1 to 5
atoms) designed to model bonding to the Ni(100) and Ni(110) surfaces.
Electron correlation effects were included using the generalized
valence bond and configuration interaction methods.

For the (100) surface, we find that the charge distribution for
the full 0 overlayer is consistent with taking a positively charged
cluster. The four surface atoms in the surface unit celi and the atom
beneath the surface are important in determining the geometry, leading
to a Nigo cluster as the model for the (100) surface. The optimum

" oxygen position with this model is 0.96% above the surface (four-fold
coordinate site) in good agreement with the value (0.901:0.103) from
dynamic LEED intensity analysis. The atom beneath the surface allows
important polarization effects for the positively charged cluster. The
bonding to the surfacé involves bridging two diagonal surface Ni
atoms. There is an 0(2pw)pair which overlaps the other diagonal
pair 6f Ni atoms leading to nonbonded repuisions which increase the
distance above the surface. There are two equivalent such struc-
tures, the resonance leading to a c(2x2) structure for the 0 over-
layer.

The above model suggests that for the (110) surface the 0 lies
along the long edge of the rectangular'unit cell. For this registry
with the surface, calculations based on Nizo anq Ni30 models indicate

that the oxygen is only O.IR above the plane of the surface.
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PART F:  Generalized valence bond and configuration interaction wave-

functions have been obtained as a function of R for numerous electronic
states of NiO. A1l the lower states are found to involve the‘(4s)](3d)9
Ni atom configuration and O in the (25)2(2p)4 configuration. There are

two groups of states.

The lower group of states involves pairing singly occupied

Ni(AS)tand 0(2po) orbitals into a (somewhat jonic) sigma bond pair with

various pairings of the Ni(3d)9 and O(an)3 configurations. This leads

to a numbéf of states including the ground state which we find to be
| X3Z'. (The electronic structure is analogous to that of 02.) The calcu-
lated D and R, for the X3t~ state of Ni0 are 89.9 Kcal/mole and 1.60R
respectively. The bond energy is in good agreement with the experimen-
tal value 86.5 +5 Kcal/mole, while the %e value is not known expekimen-
tally.

The higher group of states involve a doubly occupied 0(2po)

orbital. The Ni(4s) orbital in this case is non-bonding and builds in

4p character to move away from the oxygen orbitals. The bohding mainly
jnvolves stabilization of the oxygen orbitals by the Ni(3d)9 core (somewhat
analogously to the bbnding in NiCO). Numerous allowed transitions be-
tween these states and the states of the lower group are calculated to

be in the range 1.0 to 3.0 eV where numerous bands are seen in emission.
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PREFACE

The subject of this thesis is the theoretical description of
the bonding of atoms and molecules to Ni surfaces. Our theoretical
model replaces the semi-infinite solid by small clusters of Ni atoms.
We solve for the states of the small clusters using the ab initio
generalized valence bond (GVB) method [which differs from the usual
Hartree-Fock (HF) method in that it includes the dominant electron
correlation effects necessary to describe bond formation]. From the
resu]ts we conclude that the chemisorptive bond is sufficient]y»]oca]-
ized that these calculations are applicable to the semi-infinite
solid.

The results are quite encouraging. We find that geometries
are very well described using small clusters. For example, using a
Ni5 cluster the geometries for O and S overlayers on the (100) sur-
face of Ni are determined to within 0.078 of the results of dynamic
LEED intensity analysis. Thus, the chemisorptive bond appears to be
localized and dominated by the positions of the Ni atoms to which it
is bonded.

Bond energies are less well described by small clusters sincé
bond disruption effects involving the semi-infinite solid are not in-
cluded. For purposes of comparing bond energies for various species on
the Ni surface, we use a single Ni atom to model the surface for sites
where the bonding is directly above a surface Ni atom (linear site)
and two Ni atoms at /2 times the nearest neighbor separation [as‘ap-

propriate to the (100) and (110) surfaces] for bridged sites. These
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clusters have essentially zero bond energy, thus no bond disruption ef-
fects are included and the fesu]ting bond energies may be thought of
as upper bounds to the actual bond energy. Thus; we expect that rela-
tive bond energies for different species at the same site should be
accurate, since comparable bond disruption effects are invo1yed. Based
on this assumption it has been possible to develop tables of bond
-energies for various species at bridged and Tinear sites leading to
useful predictions about mechanisms.

We find that the bonding shifts in the photoelectron spectrum
associated with chemisorption are also well described with a small
cluster. For example, even the simple NiCO model leads to calculated
bonding éhifts in reasonable agreement with experimental values for CO
chemisorbed on Ni(111). However, the relaxation shifts resulting f?om
polarization effects involving the bulk metal are not described by
such a small cluster and at the present time we have not carried out
calculations for sufficiently large clusters to obtain accurate absolute
values for the ionizatioh potentials.

In addition to the utility of these results for understanding
chemistry on metal surfaces, the results of some of the smaller clusters
(e.g., NiO and NiCO) are of direct chemical interest, since such mole-
cules are prototypes for the bonding in small tranéition metal compounds
(for which experimental evidence is only now becoming available). The
bonding in these simple cases is expected to be different from cases

where more ligands are attached to the metal atom.
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In Part A we consider the bonding in the NiCO molecule. We
find that the wavefunction 1éads to a qualitative description in
which the Ni atom has the (45)](3d)9 atomic configuration. The bond
is due to stabilization of the CO So orbital (essentially a C lone
pair) from interaction with the partially exposed N1‘+3d9 core, result-
ing from hybridization of the singly occupied Ni(4s) orbital away
from the CO molecule.

In Part B we describe the results of configufation interaction
(CI) calculations for the positive ion states of NiCO. We find that
there are two groups of ion states. The first group involves ioniza-
tion out of Ni-like orbitals. Ionization of the Ni(3d) orbitals leads
to a group of states with a bandwidth of 3.1 eV in good agreement with
the Ni d bandwidth as observed in photoemission experiments. The second
group of states involves ionization out of the CO. The principal
change here as compared with free CO is that the 5¢ ionization (lone
pair on the CO) increases in energy by about 2.5 eV, whereas the 4o
and 1w ionizations change only slightly. This Teads to the 50 and
Im ion states of the chemisorbed specigs being nearly degenerate,
- with the 4oion state about 3.0 eV higher, in agreement with the currently
accepted interpretation of the photoelectron spectrum of CO chemisorbed
on Ni.

Part C summarizes the results of cluster calculations for the
.geometries of 0 and S overlayers on the (100) and (110) surfaces of
Ni, while the S and 0 cases are discussed in more detail in Parts D

and E, respectively.
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For the S case we find that modeling the surface with four Ni
atoms leads to an optimum S position.1.33x above the surface, in good
agreement with the value (1.30:t0.103) from dynamic LEED intensity
analysis. The bonding is qualitatively 1like that in HZS with two co-
valent bonds between the two singly occupied S(3p) orbitals and the
singly occupied 4s orbitals of one diagonal pair of Ni atoms. There
is a S pm pair overlapping the other diagonal pair of Ni atoms.
[Deleting this pair the S moves in to a position ].042 from the sur-
face.] There are two equivalent such structures, the resonance 1éading
to equivalent S atoms and a c(2x2) structure for the S overlayer. The
Ni in the layer beneath the surface seems to have little effect
(v 0.033) on the calculated geometry.

The above model of the bonding suggests that for the (110) sur-
face the S lies along the long edge of the rectangular unit cell (2
coordinate) rather than at the four coordinate site usually assumed.
OQur calculated position for the S of 1.048 is in reasonable agreement
“with the value from dynamic LEED intensity calculations, 0.93%0.10R.

Bonding the S directly abbve a single Ni atom leads to a much
weaker bond (De = 3.32 eV) than does bonding in a bridge position
(De = 5.37 eV).

For the O case we find that the larger amount of ionic character
in the 0 cluster requires that the Ni atom beneath the surface be in-
cluded in the cluster, whereas only the surface Ni atoms were important
in the S case. The charge disfribution here is consistent with taking

a positively charged cluster, leading to a Ni;O cluster as the model
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for the (100) surface. The optimum oxygen position with this model
is 0.963 above the surface (four-fold coordinate site) in good agree-
ment with the value (O.90:t0.1OR) from dynamic LEED intensity analy-
sis. The atom beneath the surface allows important polarization
effects for the positively charged cluster. The bonding to the sur-
face involves bridging two diagonal surface Ni atoms. There is an
0(2pm) pair which overlaps the other diagonal pair of Ni atoms lead-
ing to nonbonded repulsions which increase the distance above the
surface. There are two equivalent such structures, the resonance
leading to a c(2x2) structure for the 0 overlayer.

The above model suggests that for the (110) surface the 0 lies
along the long edge of the rectangular unit cell. For this registry
with the surface, calculations based on N120 and N130 models indicate
that the oxygen is only 0.1R above the plane of the surface.

In Part F we discuss the electronic states of the Ni0 molecule.
A1l the lower states are found to involve the (45)1(3d)9 Ni atom con-
figuration and 0 in the (25)2(2p)4 configuration. There are two
groups of states. The lower group of states involves pairing singly
occupied Ni(4s) and 0(2po) orbitals into a (somewhat ionic) sigma

bond pair with various pairings of the Ni(3d)9 and O(pr)3 configura-

tions. This leads to a number of states including the ground state

3

which we find to be Xx”. (The electronic structure is analogous to

3

that of 0,.) The calculated Do and Re for the %X°%” state of NiO are

2
89.9 Kcal/mole and ].GOR respectively. The bond energy is in good
agreement with the experimental value 86.5+5 Kcal/mole, while the Re

value is not known experimentally.
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The higher group of states involve a doubly occupied 0(2po)
orbital. The Ni(4s) orbital in this case is nonbonding and builds
in 4p character to move away from the oxygen orbitals. The bonding
mainly involves stabilization of the oxygen orbitals by the N1'(3d)9
core (somewhat analogously to the'bonding in NiC0O). Numerous allowed
transitions between these states and the states of the lower group
are calculated to be in the range 1.0 to 3.0 eV where numerous bands
are seen in emission.‘

Appendix A summarizes bond energies for various atoms and
molecules in bridged and linear sites and also discusses the wave-

functions for certain cases (Ni,CO, Ni,CH,, NiCHO, and Ni

2 272
have not been discussed elsewhere in this thesis.

2C) which
Appendix B contains reprints of the following two publications
by the author which are not directly related to the subject of this
thesis.
1. The Generalized Valence Bond Description of the Low-Lying
States of Diazomethane
S. P. Walch and W. A. Goddard III

J. Amer. Chem. Soc., 97, 5319 (1975)

2. Dipole Moments and Electric Field Gradients for Correlated

Wavefunctions of NO: The XZH, A22+, and D22+ States
S. P. Walch and W. A. Goddard III

Chem. Phys. Lett., 33, 18 (1975)
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L Introduction -

The study of the reactions occurring at metal surfaces
constitutes an important ficld of modern chemical research.
As one step in a program directed toward understanding one
such reaction, the methanation of CO on a nickel surface, we
are investigating the bonding of CO to the surface. As the first
step of examining the bonding of CO to a Ni surface, we have
carried out extensive studies of the bonding of CO 1o a single
Ni atom. These results wilt be uscful in understanding how to
study the bonding of CO to larger complexes and indeed al-
ready provide some useful insights into the nature of the bond
to the surface.

In addition, matrix isolation experiments have provided
evidence for the existence of Ni(CO),.. 1 = 1-4.% It is expected
that the results of the NiCO calculations will suggest some
experimental tests for these model systems.

In section 1I we describe basic concepts of the GVB wave
functions, the effective potential, and the basis set used. In
section U1 the results obtained are discussed in qualitative
terms, while section IV examines in more detail some of these
concepts in terms of the GVB wave function. Section V dis-
cusses the exciled states. In section VI we describe the Cl
calculations. Scction VII compares results with the ab initio
effective potential (AIEP) and the modified effective potential
(MEP) used here. ’

I1. The Wave Functions

A. The GVB Method. The details of the GVB method have
been described elsewhere.® The GVB wave function can be
viewed as a normal closed-shell Hartrec-Fock (HF) wave
function,

Al¢1pi1aBprdraf . . )
in which certain doubly occupied singlet pairs
didiceB M
are replaced by GVB pairs
(Giadiv ¥ divdia)aB = (M19)2 = Aapiatap 3

where each electron of the pair is allowed to have its own GVB
orbital ¢;, or ¢, the overlap of which,

Subi = <¢inl¢ib) ' (3)

is in general nonzero. In the perfect pairing approximation to
GVB (referred to as GVB-PP), the G+ B orbitals of a given
pairare taken as orthogonal to those of all other pairs (strong
orthogonality restriction) and in addition the spin eignfunction
is restricted to the form where the maximum number of pairs
are singlet coupled (perfect pairing restriction). For nonsinglet
states we also allow # high coupled orbitals.

Journal of the American Chemical Society [ 98:25 ' December 8, 1976 -
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d1.. . Pnac... (4)

To simplify the variaticnal equations, the nonorthogonal
orbitals {;,,0:5) are expanded in an orthonormal set {¢, .}
(referred to as the natural orbitals) as in (2).

B. The Modified Effective Potential. In order to-carry out
calculations of the type described here at reasonable cost, it
is expedient to use an cffcctive potential to replace the 18-
clectron Ar core of the transition metal. Considerable progress
in this area has been made by Melius, Olafson, and Goddurd?®
in developing an effective potential for Ni which allows near
ab initio accuracy, referred to as the ab initio effective potential
(AIEP). However, for the Ni atom ab initio calculations
themselves lead to incorrect scparations of the states if carried
out with the usual basis and level of correlation. For example,
using the Wachter basis’, the s'd?(3D) state is calculated in
the Hartree-Fock (HF) description to be 2.32 eV above the
s2d®(*F) state, whereas the experimental separation is only 0.03
¢V.%7 There arc three contributions to this error: (1) basis
set-the s'd” state requires more diffuse d functions than the
s2d?® state for which the basis was optimized; (2) correlation
effects involving s, p, and d basis functions;and (3) correlation
effects involving [ functions. Including effects 1 and 2 (highly
correlated wave functions using an extended basis with tight
p functions) leads to a decreasc in the excitation energy from
2.32100.22 eV, with the remaining 0.25 eV error presumably
due to f functions. The level of correlation required here is
impractical for molecular systems with transition metals, and
we have adopted an alternative procedure for including these
effects in an approximate way. .

Sollenberger, Goddard, and Melius® have found that these
missing efforts in the atoms can be imitated by adding addi-
tional terms to the ab initio effective potential in such a way
as to reproduce the correct ator.ic separations and orbital
shapes. Thus it was anticipated that the bond lengths and
geometries resulting from interaction with other atoms would
be accurate. Indecd this procedure does lead to reasonable bond
lengths and bond energics for NiH and FeH.® The resulting
potential referred to as the modified effective potential (MEP)
was used for the calculations described here. Some compari-
sons with the results of the AIEP-are madc in section Vil

C. Basis Set and Geometry. The basis for Ni was selected
from the sct optimized for the ground states of the third-row
atoms by Wachters.” Wec have used all five d primitives (of
each type) but, as discussed in ref 5, only the outer four s-
functions are needed for describing the coreless Hartree-Fock
orbital. The inner four d primitives were contracted together
and the inner two s functions were contracted together with
the relative coefficients based on Hartrec-Fock calculations
for the s2d8(’F) state of the Ni atom (ref 8). In addition, a
single p primitive with o = 0.12 was added in cach direction
(to allow polarization effects involving the 4s orbital). The final
basis for Ni (see Table 1) is identical with that in ref 8 except
for the p functions and slight differences in the s functions:

The basis for carbon and oxygen is the Dunning (3s2p)
contraction'? of the Huzinaga (9s.5p) busis. This contraction
is double { valence but uses a single 1s-like contracted function
and leads to energies which are generally within 0.0001 hartrec
of those obtaincd with the “double ¢’ contraction.!!

We have taken the CO bond distance as 2.17 bohr whichiis

close to the experimental CO bond distance in Ni(CO)..!2 The
NiC bond length was varied over the range of 3.2 to 3.8 bohr
(the NiC distance is 3.48 bohr in Ni(CQ),).'2

I, Qualitative Description of NiCO
For the moment we will vicw the CO molccule as
» ~ (oc=0
that is, a triple bond with a C lone pair protruding from the
carbon.
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Table I. The Nickel Basis Sct¢
@ C

d 48.940 30 0.0329584
13.716 90 0.177 800 2
4,639 51 0.443 5626
1.574 33 0.565 603 9

s 0.486 41 1.000
2.400 00 ~.0.132 666 1
0.940 00 0.884 440 4

0.150 00 1.000

0.049 00 1.000

p 0.12000 1.000

¢ The Ni basis was taken from earlier calculations on Nit (C.
Melius, unpublished work). In these calculations we have not excluded
the s-like (x2 4 y2 4 =7) combinations of the d basis functions. In-
cluding these additional s functions in combination with the other s
functions, which are slightly different from those used in ref 8, leads
10 atomic energics of ~40.495 31 hartree for 3D{s'd®) and ~40.490 65
hartree for *F(s*d%) which are 0.0010 hartrec lower and 0.0028 hartree
higher, respectively, than with the basis used in ref 8.

The lowest state of the Ni atom is the F, state arising from
the (4s)%(3d)® configuration; however, the 3Dy state arising
from the (4s)'(3d)? configuration is only 0.025 eV higher.
Since spin-orbit coupling effects are not included, we will
henceforth average together the various J states corresponding
to a particular L and S. In this casc we find that the ground
state is 3D(s'd?) with the *F(s2d®) state a1 0.03 ¢V, the 'D(s'd?)
state at 0.33 ¢V, and the *P(s2d®) statc at 1.86 ¢V.

Upon bringing the Ni and CO together we find that the s'd”
states arc stabilized significantly with respect to the s2d® states.
As a result the three bound states of NiCOQ- are all of s'd?
character on the Ni. Given the s'd? configuration of Ni, we
abtain three triplet states of NiCQ, 330+, 31, and *A, depending
upon whether we take the single d hole as o, , or 6 in sym-
metry.

The orbitals of the *2* state are shown in Figure 1 while the
corresponding orbitals of Ni and CO are shown in Figures 2
and 3, respectively. From' the orbitals onc sees that (1) the
4s-like orbital hybridizes away from the CO,(2) the CO lone
pair delocalizes (bonds) just slightly ontothe Ni, (3) the Ni
dx orbitals delocalize slightly (back bond) into the 7 system
of the CO, and (4) the CO 7 bonds are modified slightly by the
Ni. For comparison, sclected orbitals of the *I1 and *A states
arc shown in Figures 4 and 5.

The Mulliken populations (Table IT) for the 33+ state reflect .
the above trends, the ¢ donation showing up in a decreased s
+ p- population on carbon of 0.08 with an increase in the 4s
+ 4po + 3de population on the Niof 0.09. In the 7 system,
back-donation is reflected in an increase of 0.12 in the carbon
pr population and a corresponding decrease of 0.08 in the
nickel 3dx population.

Since the 32+ state has a do hole, while the 3T and A states
have doubly-occupied do orbitals, one would expect the 32+
slate to act as a better o acceptor for the CO lone pairs, sta-
bilizing the 3E+ state. Since the 33+ and 3A states cach have
two doubly.occupied dr pairs, whercas the 11 state has only
threc electrons in dx orbitals, the *2* and A states are ex-
pected to obtain more = back-bonding than the *II state.
Putting these effccts together would lead to the ordering

I+ CIA 3T |

with perhaps comparable spacings. In fact, we find that the
actual ordering of states is 34 <2+ < *H with the ‘N and 'S+

Walch, Goddard [ Valence Bond Description of Low-Lying Slate.;' of NiCo
’ |
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Figure 3, Selected orbitals of the GVB(3) {COo, =, 7,} wave function of
the X '+ state of CO.

Table 1. Mulliken Populations for CO and NiCO“

_5_9

50 F4 8.5
Figure 1. The GVB(3) orbitals of the 22+ state of NiCO. Unless otherwise
noted, all plots have uniformly spaced contours with increments of 0.05

au. Nodal lines are indicated by long dashes. The same conventions are
used for other figures unless otherwise stated,

Ni D)
{0) Nids {b) Ni 3do

. ONE -

¢} Ni3dll

54
0 TWO

=50 85

Figure 2. Sclected HF orbitals of the ?D state of Ni.

NiCO
Ni(s'd?)

+COo AN L7

c s 3.8449 3.6472 3.6448 3.6360
P 0.9875 1.1001 1.0887 1.0786

Px 0.5280 0.5942 0.5843 0.5955

P 0.5281 0.5942 0.5984 0.5955

o) s 3.7846 3.8086 . 3.8091 3.807 4
B. 1.3830 1.3515 1.3519 13507

Px 1.4720 14451 1.4254 14444

'y 1.4719 1.4451  1.4491 - 1.444 4

Ni 4s 10 0.9541 1.0327 1.0774
4pa 0.0 0.2376 0.2525 02581

3do 1.00r20  0.9009 1.8205 1.7918

3dr, 100r20  1.9600 0.9902 1.9588

dpr, 00 0.0006 0.0001 0.0013

3dn, 20 1.9600 - 1.9507 1.958 8

4pr, 0.0 0.0006 0.0017 0.0013

by 1.00r20  2.0000 2.0000 1.0000

S . 1.0or2.0 20000 2.0000 2.0000

s+p: 4.8324 47473 4.7335 . 4.7146

s+p- 5.1676 5.1601 -5.1610 5.158 1

4s+4ps  200r3.0 20926 3.1057 3.1273

+ 3deo

Totals  Ni 10.0 10.0141 10.0484 10.047 7
C 5.8885 15,9356 5.9162 59056

o 8.1115 8.0503 8.0355 8.0467

“ Based on GVB wave functions at R = 1.84 A,

states separated by 0.240 eV, whereas the 3+ and *I1 states
are separated by 0.053 eV.

Following the analysis of Melius and Goddard'” (for NiH
and Ni;), we believe that there is one additional intraatomic
effect (intraatomic coupling) favoring 3A and 311. As discussed
in section IV.C, rehybridizing the 4s and 3d orbitals of the s'd®
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Figure 4. A comparison of selected orbitals of the GVB wave function for the 32+, 211, A states of NiCO.
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Figure 5. A comparison of the 3d, orbitals of Ni(*D) and the *Z*, *[1, and 34 states of NiCO using a contour interval of 0.025 to emphasize the differences

in the amount of back-bonding.

state leads to incorporation of specific components of the s2d¥
state. However, the cnergies of these components differ
markedly (a range of ~4 eV) depending upon the specific
configuration involved. The result is that the state with the 3
hole is stabilized with respect to the state of the # hole which
is in turn stabilized with respect to the state with a o hole. As
a result, the 3A state allows greater rehybridization of the o
orbitals than the 311 state, and the *I1 state allows much greater
rehydridization than the 3’2 as is clear from Figures | and
4.

The fact that greater rehybridization of the 4s 3d orbitals
is favored for the *I1 and 3A states whereas the 32 state is niore
favorable for a pure s'd® configuration results in similar o
donations (CO to Ni) for al three states (see Table [1), a result
that would not be expected if the intraatomic coupling were
not present. As expected, the singly occupied Ni(3dx) orbital
of the 31 state leads to very little back-bonding (Ni 3dr,
Mutlliken population =-0.99 as compared with 1.96 for the 3dw
orbitals of the X and 34 states) so that the total w back-
bonding in the 11 state is significantly less than for the 3% and
3A states. (See also Figure 5.)

As discussed in section V, there are low-lying 3\ and 311
states arising from s°d® configurations on the Ni but no com-
parable 32+ state. Thus in the CI the A and 311 states are
further stabilized relative to the 22+ state, leading to the cal-
culated spacings.

The 32+, 311, and *A states all lead to minima at about the
same R,. For the 3A ground state the calculated R, {1.90 A)
and D, (1.15 eV) compare reasonably well with the NiC dis-
tance (1.84 ‘A) and average bond energy (1.53 ¢V) in
Ni(CO)4."? The NiC stretching constant ealeulated for NiCO
is 428 cm™! which is in the range observed for Ni(CO), (423

cm~')!3 and tentatively assigned to Ni(CO)3 (457 cm~')13 and
Ni(CO); (516 cm~1).13

1V. More Dctailed Discussion of the GVB Wave Function
A. The CQO Molecule. Omitting the C(2s) and O(2s) pairs

and adopting a familiar notation, the ground states of C(s°p?)
and O(s’p*) are represented as*

% o

(s)

‘where p orbitals in the plane are represented by <O

and p orbitals perpendicutar to the plane by Q. Ceupling these
so as to form a o bond leads to two deg~ crate structures,

where the lines indicate bond (singlet coupled) pairs.

Considering for the moment.only one of the structures (6),
there is an important angular correlation of the C(2s) pair in
the dircction of the empty 2p# orbital (just as for the ground
state of the carbon atom®). This leads to the description for
CO,

@

which we will refer to as GVB(3) {C(2s), a, w.}, to indicate
which pairs ure being correlated,

Walch, Goddard | Valence Bond Description of Low-Lying States of NiCo
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This single structure provides a useful description in situa-
tions where the symmetry is Jowered due to bond formation.
For example, (7) leads to a facile understanding of the struc-
ture of the formyl radical and of formaldehyde.'*

One should keep in mind, however, that (7) doces not exhibit
the correct rotational symmetry. The correct symmetry is
obtained by taking the sum of the two structures (6), and the
resulting wave function is lower in energy than either of the
individual structures (6). In the GVB method, this wave
function may be described in an average sense by simulta-
neously correlating the o, n,, and x,, pairs in such a way that
the two = directions are equivalent.!® This wave function is
referred to as GVB(3) {o, 7y, x,} and leads to an energy 0.413
eV lower than the wave function (7). (This is essentially the
triple bond picture of CO we adopted in section 111.) The
self-consistent orbitals of the GVB(3) to 7x, %y} wave function
are those shown in Figure 3.

B. NiCO. Now consider bringing up a transition metal atom
to the CO molecule in a linear arrangement. Given the empty
C(2p) orbital in (6), a doubly occupied 3dw orbital would be
expected to delocalize onto carbon leading to resonance
structures (8) which are analogous to (6)

[Note here that dw orbitals are schematically indicated in the
same way as pr orbitals, in order to keep the diagrams simple.]
The delocalization of the metal 3d= orbital is expected to be
more favorable if it is balanced by delocalization of the C(2s)
orbital into empty metal ¢ orbitals, thus leading to less net
transfer of charge. Thus the valence bond description Jeads
naturally to the concept of CO as a ¢ donor and m acceptor in
bonding to a transition metal.

As with CO the orbitals of NiCO were solved for with a
three-pair wave function, GVB(3) {0, m, 7}, in which the
-directions are kept equivalent. This wave function may be

thought of as a superposition of the structures (8) in the same

way that the analogous wave function for CO was described
as a superposition of the structures (6).

C. The Intraatomic Coupling Effect.!” Consider the wave
function for the *A state of NiCO

v(s'd’) = ./l{[CORE](Jda)2(45)(3d6)a13aa! )

where most orbitals (including the bonds) have been collected
into [CORE]. In the GVB wave function all orbitals are solved
for self-consistently; however, for the time being we restrict

the 4s and 3de orbitals 10 mix only with each other (Tehybri- -

dize). The result is

.At[CORE](sda ~ Ms)¥(4s + A\3do)(3db)aBaal

‘ = P(s'd”) + M(s2d®)  (10)
" where

PY(s2d?) = A{[CORE](45)2(3do)(3dB)afuae} (11)
and where we neglected terms of order A2 (for the self-con-
sistent wave function, A is ~0.21). Thus.rehybridizing the or-
bitals leads 1o mixing of s2d® character into the wave func-
tion.

The component of s2d? character in (10) has 3F symmetry;
however, in the *I1 state the term corresponding to {11) is!?

AI[CORE](4s)3(3do) (3dm)aBaa} . (12)

Assuming a triplet d2 state (following the holes of d%) with Afs
= |, the 3F and 3P states with M = 1 are described as

IL=3,M = l)=\/-4—lm,=l,m2=0)
+\/ |m|—2 my=-1)
|L= l,ﬂ[|_= l)z'\/——lm| = l,m:=0)

\/ 'ml =lmy=-1) (13)
so that

'M|=I.M2=0)=\/T4'0‘IL=3,ML=1)

+\/—l-66|L_=LML= 1 (14)

Thus the configuration in (12) is 40% 3F and 60% 3P corre-
sponding to an atomic excitation energy of 1.13 eV. As a result,
rehybridization should be less important for the *x state than
for the *A state. In the 33 state the s'd® wave function is!®

A{CORE](3d7) (4s)ac] (15)

and hence no rehybridization is allowed (in this approxima-
tion). These expectations urse borne out by the shapes of the
orbitals as indicated in Figures 1 and 4.

V. The s2d® Excited States

The three bound states of NiCO all arise from the *D(s'd®)
state of the Ni atom. Higher states are derived from the 3F-
and 3P(s2d®) states of Ni. Given two holes in the d shell and
classifying the atomic states according to their rotational
symmetry relative to the molecular axis leads to five different
triplet states depending on how the two holes arc distributed
over the d orbitals. Taking d= or de holes leads to a pure °F
state which is only 0.03 eV higher than the D state. Taking

. 7w holes leads to 80% 3F and 20% *P with an excitation energy

of 0.40 eV, taking o holes leads to 40% *F and 60% *P cor-
responding to an excitation encrgy of 1.13 eV, and taking 48
holes leads to 20% 3F and 80% 3P leading to an excitation en-
ergy of 1.49 eV.'¢ Thus, based only on the atomic states in-
volved, one would expect the ordering ‘

br = b0 < < ow < b

Upon bringing up a CO, the above ordering would be
modified depending on the favorability for the atomic con-
figuration to function as a o acceptor, = donor. On this basis
one would expect the state with the éo holes to be stabilized
relative to the state with the éx holes. Similarly, one might
expect the state with the == hales to be destabilized somewhat
relative to the state with the 35 holes. However, there is an
additional important effect here. At large R the separation
between the #r and 83 32~ states is only 1.09 eV (a separation
that would be expected to decrease as R decreases), and in the
CI there is a strong interaction between these pure configu-
rations leading to a major stabilization of the state with the =
holes and destabilization of the state with the 5 holes. (This
effect involves an interpair correlation which increases the
average separation between the clectrons in the doubly occu-
pied &% and 5~ orbitals.) The net result is that the state with
the a7 hole ends up below the state with the d= holes leading
to the ordering ‘

bo<rr<fn <ar <8

In Table 11I we summarize the atomic and molecular con-
figurations of the s3d® states of NiCO. The energics are from
an extensive CI calculation using 24 basis functions as de-
scribed in section V1.
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Table Ilf. C! Energics for the s2d® and s'd® States of NiCO (Rmic =184 A)

Atomic :

Atomic encrgy, Dominant molecular configuration ) No.*? Mol Energy,

Holes states eVe O(2s) C(2s) 3do ds o o* Ty ry 8¢ Oy conl state, eV
s2d® states .
86 20% F, 80% P 1.49 2 2 2 2 2 0 220000 220000 10- 10 1320 23S~ 529
ox 40% 3F, 60% P L.13 2 2 12 2 0 120000 220000 20 20 1192 37 4390
8% 100% 3F 0.03 2 2 2 2 2 O 120000 220000 20 10 1320 2°IL 3988
2 2 2 2 2 0 220000 120000 10 20 Ipd 3.034
r 80% 3F, 20% P 0.40 2 2 2 2 2 0 120000 120000 20 20 1320 13Z- 3130
bo 100% *F 0.03 2 2 ! 2 2 0 220000 220000 10 20 1208 2%'A  3.020
: s!d? states

- 100% 3D 0.00 2 2 2 1 2 O 120000 220000 20 20 1192 131  0.400
I'4 100% *D 0.00 2 2 1 ! 2 0 220000 220000 20 20 698 13X+ 0.304
é 100% D 0.00 2 2 2 1 2 0 220000 220000 10 20 1208 13a  0.000¢

¢ Experimental numbers. ¢ Number of spin cigenfunctions. ¢ The total energy is —153.341 77. All other energies are relative to this energy.

¢3¢ corresponds to (—) phase, whereas *I1 corresponds to (+) phase.

Table IV. Generating Configurations for the 7=+, *11, and 34 CI Calculations

Conf

State set 0(2s) C(2s) 3do 4s o o* *x xy Sxy 822

s A 2 2 1 1 2 0 220000 220000 2 2
2 2 1 1 1 1 220000 220000 2 2
2 2 1 1 2 0 211000 220000 2 2
2 2 1 1 2 0 220000 211000 2 2

A A 2 2 2 1 2 0 220000 220000 - 1 "2
2 2 2 [} . ! 220000 220000 1 b]
2 2 2 1 2 0 211000 220000 1 2
2 2 2 § 2 0 220000 211000 1 2

3A B 2 2 1 2 2 L] 220000 220000 | 2
2 2 1 2 1 1 220000 220000 i 2
2 2 1 2 2 0 211000 220000 1 2
2 2 1 2 2 0 220000 211000 1 2

i A 2 2 2 1 2 0 120000 220000 2 2
2 2 2 1 1 I 120000 220000 2 2
2 2 2 1 2 0 111000 220000 2 2
2 2 2 1 2 0 120000 211000 2 2

30 . B 2 2 1 2 2 0 120000 220000 2 2
2 2 1 2 1 1 120000 220000 2 2
2 2 1 2 2 0 111000 220000 2 2
2 2 1 2 2 0 120000 211000 2 2

_ Of the states listed in Table I11, the dipolc-allowed transi-
tions involving only a single one-electron transition (for the
dominant configuration) are: 1 3A-»> 2 3A (3de — 4s) at 3.02
eV, 13A 3¢ (3dwy —>4s)at 3.03eV, | A — 231 (3dx, —
4s)at3.99eV, 1 32* — 331 (3dn, —4ds)at4.09¢V, 1 1l —
132~ (3dm, —» 4s) at 2.73 eV, | *I1 — 3 3T (3ds — 4s) a1 3.99
eV, 1 30 - 3@ (3dé,2.,2 > 4s) at 2.63 eV, and 1 '~ 2311
(3ddy2.,2 — 4s) at 3.59 eV. All of these transitions involve 3d
= 4s atomic transitions which are parity forbidden (g = g)
for the atom and consequently are not expected to be
strong.

VL. The CI Calculations

A. The 3Z*, 31, 3A States. GVB-CI calculations were

. carried out for the 32+, 311, 3A states of NiCO using as a basis
the self-consistent GVB orbitals for cach state. Preliminary
C1 calculations including all single and double excitations from
the dominant configuration for each state indicated that all
the important configurations are obtiined by allowing 2!l single
excitations from the A configurations in Table V. In addition,
for the A and *I1 states we found. that significant energy
lowerings (~0.2 eV) resulted if the B configurations, which
describe the 3 211, 2 34 states (of s°d?® character), werc added

to thic list of generating configurations. (No comparable s2d8
state exists for the 32+ state.)

To allow for possible readjustment effects due to relaxation
of the perfect pairing and strong orthogonality restrictions, the
« space was augmented by adding three # virtuals in each di-
rection chosen as the more diffuse atomic basis function of
Ni(3dx), C(2pr), and O(2pw) type, respectively (subsequently
orthogonalized to the valence orbitals for the CI). The presence
of these functions in the Ci aliows the = orbitals {in the Cl) to
change their radial extent on the three centers. The final CI
included alt single excitations from the A and B configurations
in Table 11 into the full CI basis (20 functions after elimi-
nating the Cls- and Ols-like functions by appropriate read-
justment of the one-clectron integrals). This CI thus includes
the important configurations from the single and double ex-
citation GVB-CI, the orbital readjustment effects within the
full » space, and the effects from mixing in s2d?® character. This
procedure resulted in 112, 180, and 172 spatial configurations
(538, 852, 988 spin eigenfunctions; 833, 1312, 1564 determi-
nants) for the =+, 311, and 34 states, respectively,

In order to determine the relative importance of each con-
figuration in the CI, the energy lowering is computed according
to the formula

Walch, Goddard | Valence Bond Description of Low-Lying States of NiCo
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Table V. Encrgy Contribution of Dominant Configurations® of the GVB-C! Wave Functions for the 3=+, 311, and *A States of NiCO

(Rnic = 1.84 A)
Energy
Configuration contribution,
State No. Character? O(2s) C(25) 3o 4 o o* T , Ory 8.2 ,2 mh¢
Izt ! HF 2 2 ] ! 2 0 220000 220000 2 2
2 Ky =) 2 2 1 1 2 0 211000 211000 2 2 17.8
3 C(wy) 2 2 1 1 2 0 202000 220000 2 2 14.5
4 C(=,) 2 2 1 t 2 0 220000 202000 2 2 14.5
5 Ka,m) 2 2 1 1 1 i 220000 211000 2 2 12.2
6 (o, =%,) 2 2 1 1 1 1 211000 220000 2 2 12.2
7. C(o) 2 2 1 1 0 2 220000 220000 2 2 1.5
n 1 HF 2 2 2 1 2 0 120000 220000 2 2
2 l(mpomy) 2 2 2 1 2 0 111000 211000 2 2 - 179
3 C(xx) 2 2 2 1 2 0 102000 220000 2 2 15.1
4 C(=,) 2 2 2 1 2 0 120000 202000 2 2 i4.3
5 1o, ®c) 2 2 2 1 1 1 110000 220000 2 2 12.3
6 Ilo,m) 2 2 2 1 1 1 120000 211000 2 2 12.1
7 C(o) 2 2 2 1 (1] 2 120000 220000 2 2 1.4
8.  R(lay, 27y) 2 2 2 12 0 210000 220000 2 2 2.2
9 M,R(1=y, 4ny) 2 2 1 2 2 (V] 120000 120100 2 2 1.0
A 1 HF 2 2 2 1 2 0 220000 220000 1 2
2 Kmpomy) 2 2 2 1 2 1] 211000 211000 1 2 18.3
3 C(my) 2 2 2 1 2 0 202000 220000 1 2 14.4
4 C(x,) 2 2 2 1 2 0 220000 202000 | 2 14.4
5 Uowy) 2 2 2 1 i 1 220000 211000 1 2 12.3
6 o, =5,) 2 2 2 1 1 1 211000 220000 - 1 2 123
7 C(o) 2 2 2 1- 0 2 220000 220000 1 2 1.4
8 M 2 2 1 2 2 0 220000 220000 1 2 2.5
9 M,R(l=y, 4%;) 2 2 1 2 2 0 120100 220000 1 2 1.7
10 M,R(lx,, 4m,) 2 2 1 2 2 0 220000 120100 1 2 17

@ All configurations contributing 1 mhartree or more are listed. ¢ R indicates an orbital readjustment effect (single excitation); C indicates
correlation of a particular doubly occupied orbital; I indicates an interpair correlation effect; M indicates mixing in of s2d® character. ¢ | mhartree

= 1073 hartree = 0.027 eV.

Table VI.  Energy Contribution of the Dominant Configuration of the GVB-~CI Wave Function for the X '2,* State of CO-

Configuration

Energy contribution,

No. Character? O(2s) C(2s) 3 Pad Tx xy mhartrees
1 HF 2 2 2 0 2000 2000
2 l(xx, =) 2 2 2 0 1100 1100 S 214
3 C(xyx) 2 2 2 0 0200 2000 139
4 C(x,) 2 2 2 0 2000 0200 139
5 I(o, xy) 2 2 1 1 1100 2000 138
6 (o, 7,) 2 2 1, I 2000 1100 138
1 C(o) 2 2 0 2 2000 2000 1.2
-* The same notation as Table V is used here.
Table VII.  Energies for the 3Z*, 31, and 3A States of NiCO# Table VIHI. Potential Curve Parameters from the CI
Calculations on NiCO
R = 3.20a9 R = 348a¢ R = 3.80a¢
(1.694) (1.84 4) (2.0t A) R.. A D, eV we, cmr™!
iz+ 'GVB —153.258 51 =153.27161 —~153.27282 A 1.901 1.143 4215
Ci —~153.31877 —153.33148 —153.33248 xt 1.937 0.905 4413
‘A GVB —-153.262 19 =153.2722% —-153.27112 211 1.968 . 0.852 4715
Ci ~153.32677 -—153.336 16 —153.33420
M GVB . =153.23969  —-153.25836 —153.263 55 ¢ We have included in D, the additional cnergy lowering oblained
Ci -153.30294 -153.32049 -153.32471 in the 24 basis function Cl at R = 1.84 A. With the 20 basis function
: Ct for each R, we obtained D, of 0.992, 0.905, and 0.671 eV for these
9 At R = = the energies for Ni(3D) + CO X 2, are —153.243 11 states,
and —153.300 56 hartrees for the GVB and CI wave functions, re-
spectively. . :
given spatial configuration, we have simply 2.!ded the separate
AE, = C,YE ~ H,)/(1 = C,2) (16) contributions due to each spin eigenfunction. The AE,, provides

This is the energy increase that would result if configuration
u were deleted while keeping all other CI coefficients fixed. In
cases where there is more than one spin eigenfunction for a

an indication of the relative importance of configurations, al-
though the sum of the AE, does not equal the total energy
lowering.

Table V shows the dominant configurations in the CI wave
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Table IX. Geaerating Configurations for the 24 Basis Function CI
Sate O(2s) C2(s) 3de  4s a a* 3do’ 4y’ T ny By 8242
izt 2 2 1 1 2 0 0 0 220000 220000 20 20
2 2 1 1 1 i 0 0 220000 220000 20 20
2 2 1 1 2 0 0 0 211000 220000 20 20
2 2 1 1 2 0 0 0 220000 211000 20 20
3 2 2 2 2 2 0 0 0 120000 220000 20 10
2 2 2 2 I i 0 0 120000 220000 20 10
2 2 2 2 2 0 0 0 111000 220000 20 10
2 2 2 2 2 0 0 0 120000 211000 20 10
2 2 2 2 2 0 0 0 220000 120000 10 20
2 2 2 2 1 0 0 220000 120000 10 20
2 2 2 2 2 0 0 0 220000 111000 10 20
2 2 2 2 2 0 0 0 211000 120000 10 20
i 2 2 2 1 2 0 0 0 120000 220000 20 20
2 2 2 1 1 1 0 0 120000 220000 20 20
2 2 2 i 2 0 0 0 111000 220000 20 20
2 2 2 1 2 0 0 0 120000 211000 20 20
2 2 1 2 2 0 0 0 120000 220000 20 20
2 2 1 2 I 1 0 0 120000 220000 20 20
2. 2 1 2 2 0 0 0 111000 220000 20 20
2 2 1 2 2 0 0 0 120000 211000 20 20
iz~ 2 2 2 2 2 0 0 0 120000 120000 20 20
2 2 2 2 1 1 0 0 120000 120000 20 20
2 2 2 2 2 0 0 0 111000 120000 20 20
2 2 2 2 2 0 0 0 120000 11.1000 20 20
2 2 2 2 2 0 0 0 220000 220000 10 10
2 2 2 2 1 1 0 0 220000 220000 10 10
2 2 2 2 2 0 0 0 211000 220000 10 10
2 2 2 2 2 (] 0 0 220000 211000 10 10
A 2 2 ©2 1 2 0 0 0 220000 220000 10 20
2 2 2 1 1 1 0 0 220000 220000 10 20
2 2 2 i 2 0 0 0 211000 220000 10 20
2 2 2 1 2 0 0 0 220000 211000 10 20
2 2 1 2 2 0 0 0 220000 220000 10 20
2 2 1 2 1 1 0 0 220000 220000 10 20
2 2 1 2 2 0 0 0 211000 220000 10 20
2 2 1 2 2 0 0 0 220000 211000 10 20

« This group of configurations leads to both ¥® and 11 states. Thus these configurations should be combined with the 3T configurations,
leading to 2512 spin eigenfunctions. However, the 1 31T and 3 311 states are well described by excitations from the configurations listed under
311 while the 2 311 state is well described by excitations from the conﬁgurgtions listed under 3®. Hence we calculated these states separately,

leading to slight errors for the 2 *IT and 3 311 energies.

functions for the 32+, 311, 3A states of NiCO (at R = 1.84 A).
Table VI gives the same information for a comparable CI on
CO. The configurations are characterized according to the
notation explained in footnote b of Table IV. In general the
three states of NiCO show correlation effects very similar to
those seen in CO, but the 31T and A states show some mixing
in of s?d® character from the higher s2d8 state. The energies
for the GVB and CI wave functions of the three states as a
furiction of NiC separation are given in Table VII. For each
state a parabola was fit through the three points to obtain the
De, R, and w, values given in Table VI[[.20

B. The s2d® States. A procedure for generating configura-
tions similar to that used for the s'd® states was used. The
" _generating configurations are given in Table IX. As a CI basis
the GVB orbitals of the 3A state (s'd?) were used. In order to
describe readjustment effects, the w space was augmented as
previously described for the s'd® states and, in addition,
functions were added which correspond to the more diffuse
component of the 3d3,, 3ds,z.,:, and 3do atomic orbitals.
To describe the contraction of the 4s orbital appropriate to a
(4s)? state the 4s orbital from an SCF calculation on the 3®
state (o= holes) was added as a virtual orbital. The resulting
basis consisted of 24 functions.

All singles from the generating configurations in Table IX

were included in the CI (with the restriction that excitations
into the 3dé and 4s virtuals were allowed only for configura-
tions of s2 character and only from the 4s, 3da, and C(2s)-like
orbitals which would be expected to change in character for
s? states). This leads to 144, 236, 236, 236, and 212 spatial
configurations (698, 1320, 1192, 1320, and 1208 spin eigen-
functions; 1081, 2082, 1854, 2082, and 1910 determinants)
for the 3=+, 3@, 311, 32, and 3A CI's, respectively.

The CI energies have been preserited in Table 111. In Table
X we show the dominant configurations and energy lowerings
for each of the siates. For the s'd? staies the energy contribu-
tions for each important configuration are generally the same
as for the smaller 20 basis function CI (used to derive the
properties of the potential curves). A notable exception is for
the ! 3A state where configuration 5 (which describes mixing
in of s2d® character) contributes 11.9 mhartrees for the larger
CI, whereas it contributed only 2.5 mhartrees in the smaller
CI. This effect is due to a better description of the 2 3A state
which lowers this state by 1.21 eV relativ. to the 20 basis
function CI; as a result there is greater interaction with the 1
3A state, leading to an additional energy lowering of 0.153 eV.
Adding this lowering (at 1.84 A) to the D, obtained with the
smaller C1 at the optimum R (R = 1.90 A) leads to 1.145 ¢V
as our best estimate of D, for the A state.
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Table X. Energy Contributions of the Dominant Configurations (A£ > 10 mhartree) for each of the Roots of the 24 Basis Function Cl¢

Energy
Configuration contribn
mhar-
State’ No. Character O(2s) C(2s) 3da 4s o o* 3do 45 Y omy wy 8y B2, trees
13A I HF 2 2 2 1 -2 0 .0 0 220000 220000 10 20
2 127, 2ny) 2 2 2 1 2 0 0 0 211000 211000 10 20 17.7
3 C(2%y) 2 2 2 1 2 .0 0 0 202000 220000 10 20 13.9
4 C(2m) 2 2 2t 2 0 0 0 220000 202000 10 20 13.9
5 M 2 2 | 2 2 0 0 0 220000 220000 10 20 1.9
23A 1 HF 2 2 1 2 2 0 0 0 220000 20000 10 20
2 127, 27) 2 2 1 2 2 0 0 0 211000 211000 10 20 17.0
3 R(4s) 2 2 ] 1 2 0 0 1 220000 220000 10 20 13.4
4 C(2x,) 2 2 12 2 0 0 0 220000 202000 10 20 12.8
5 C(2my) 2 2 1 2 2 0 0 0 202000 220000 110 20 12.8
6 R(l=) 2 2 i 2 2 0 0 0 220000 121010 10 20 12.2
7 R{lw,) 2 2 1 2 2 0 0 0 121010 220000 10 20 12.2
8 I(o,21:,) 2 2 1 2 1 1 0 0 220000 211000 10 20 10.9
9 o, 2%) 2 2 1 21 1 0. 0 211000 22000 10 20 10.9
izt I HF 2 2 i 1 2 0 0 0 220000 220000 20 20
2 R(C(2s), 2 1 2 1 2 0 0 0 220000 220000 20 20 17.5
3do) '
3 12wy, 27) 2 2 1 1 2 0 0 0 211000 211000 20 20 16,9
4  C(2%,) 2 2 1 P2 0 0 0 220000 202000 20 20 13.7
5  C(2#y) 2 2 1 1 2 0 0 0 202000 220000 20 .20 13.7
6 I(s,2x;) 2 2 1 11 1 0 0 220000 211000 20 20 1.7
7. Wo, 2x,) 2 2 3 1.1 ] 0 0 211000 220000 20 20 1.7
130 1 HF 2 2 2 1 2 ¢ 0 0 120000 220000 20 20
2 127y 2my) 2 2 2 1 2 0 0 0 111000 211000 20 20 17.5
3 C(@2xy) 2 2 2 1 2 0 0 0 102000 220000 20 20 14.8
4 C(2m) 2 2 2 12 0 0 0 120000 202000 20 20 13.9
5 e 2xx) 2 2 2 11 1 0 0 111000 220000 20 20 12.0
6 {o,2m)) 2 2 2 11 1 [4] 0 120000 211000 20 20 11.7
k)i t HF 2 2 i 2 2 0 ¢ 0 120000 220000 20 20
: 2 (2% 2wy) 2 2 12 2 0 0 0 111000 211000 20 20 16.8
3 R(4s) 2 2 1 1 2 0 0 1 120000 220000 20 20 14.9
4 CQ2x,) 2 2 1 2 2 0 0 0 102000 220000 20 20 13.4
5  C(2wy) 2 2 1 2 2 0 0 0 120000 202000 20 20 132
6  R(lx) 2 2 1 2 2 0 [ 0 120000 120100 20 20 1.8
7 R(3do) 2 2 0o 2 2 0 1 0 120000 220000 20 20 11.0
8 e, 2x,) 2 2 1 2 1 1 0 0 111000 220000 20 20 11.0
9 e, 27,) 2 2 I 2 1 1 0 0 120000 211000 20 20 11.0
10 R(2wy) 2 2 1 2 2 0 0 0 201000 220000 20 20 10.2
132~ | HF 2 2 2 2 2 o0 4] 0 120000 120000 20 20
2 I(=9) 2 2 2 2 2 0 0 0 220000 220000 1O 10 99.8
3  R(3do) 2 2 i 2 2 0 1 0 120000 120000 20 20 15.1
4 127, 2xy) 2 2 2 2 20 0 0 111000 111000 20 20 13.1
5 - R(4s) 2 2 2 1 2 0 0 1 120000 120000 20 20 12.7
23z-°1 HF 2 2 2 2 2 0 0 0 220000 220000 O 10
2 =6 2 2 2 2 2 0 0 0 120000 120000 20 20 61.4
3 127 27y) 2 2 2 2 2 0 0 0 211000 211000 10 .10 15.4
4 R(lm) 2 2 2 2 2 0 0 0 220000 120100 10 10O 12.2
5  R(lm,) 2 2 2 2 2 0 0 0 120100 220000 10 10 12.2
6 . R(4s) 2 2 2 1.2 0 0 1 220000 220000 10 10 10.5
7 R(3do) 2 2 1 2 2 o0 1 0 220000 220000 10 .10 10.2
‘P I HF 2 2 2 2 2 0 0 0 220000 120000 10 20 4
2 HF 2 2 2 2 2 o0 0 0 120000 220000 20 10
231 1 HF 2 2 2 2 20 0 0 220000 120000 !0 20 ¢
2 HF 2 2 2 2 2 0 [ 0 120000 220000 20 10

 The notation for describing the character of each configuration is the same as for Tables V and VL. # The coefficients are equal in magnitude
but opposite in phase. © The coefficients are of the same magnitude and phase.

VIL. Comparison of Results with the MEP and AIEP

In Table XI we show the GVB bond energies for selected
states of NiCO for which calculations using the ATEP are
vailable. The results from the AIEP are expected to be quite
close (within 0.2 eV) to what would be obtained from corre-
?onding ab initio calculations. Here we sce that at R = 1.84

the best state (2 3A) has (4s)2(3d)® character and is 2.2 eV
above the energy for ground state atoms. Thus we obtain the

wrong character and no bond. The 3Z* state has (45)'(3d)°
character and one might argue that its energy should be
compared with that of the corresponding atomic state (since
the ab initio HF wave function discriminates against this state
by 2.3 eV). However, even in this case the calculated bond
energy is negative although only by 0.2 eV.

The problem here is clearly related to the fact that the AIEP
(in conjunction with the usual basis set) leads to an incorrect
bias toward s?d* states for the Ni atom. Thus for molecular

Journal of the American Chemical Society | 98:25 | December 8, 1976
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Table X1.  Bond Encrgics at Rxic = 1.84 A from GVB(3) Calculations on Sclected States of NiCO Using thé AIEP
Corresponding Bond energy, eV
Dominant configuration State . relto
0(2s) C(2s) 3de  4s P o* T S By Sx2-y2 vsing the MEP 3D 3F
2 2 | 2 2 0 220 220 1 2 ) 23A . +0.11 ~2.18
2 2 t I 2 0 220 220 2 2 gt -0.17 -2.47
2 2 2 2 2 0 120 220 1 2 3p -1.21 -3.50

systems there is a comparable bias toward s2d8 states which
are unfavorable for bonding in NiCO. One might hope to
correct this error by adding additional s, p, d, and f basis
functions on the Ni and including the appropriate correlation
effects; however, to carry out 2 comparable CI would involve
an enormously increased number of configurations. At the
present time such calculations of potential curves for numerous

agreement with the fragmentary experimental information
available and provide evidence for the cfﬁcacy of this ap-
proach.
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PART B:  CONFIGURATION INTERACTION STUDIES OF THE POSITIVE ION
STATES OF NiCO; IMPLICATIONS FOR THE PHOTOELECTROM
SPECTRUM OF CO CHEMISORBED TO NICKEL [1],[2],[3]
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1. Introduction

B e L N e

There have been numerous experimental studies of the chemisorp-
tion of CO on nickel surfaces. Using low energy electron diffraction
(LEED), structural information has been obtained on the location of
CO molecules relative to each other on the surface [4]. In addition,
photoelectron spectroscopy has given information on the electronic
energy levels of CO bonded to Ni fiims and to the (111) surface [8].
Without reliable theoretical calculations as a guide, it has been dif-
ficu]t to assign unambiguously the photoelectron spectrum--a situa-
tion resulting in considerable controversy. In addition, analysis
of the LEED data hag not yet provided information about the relative
positioning of CO with respect to the surface Ni atoms.

As part of a program directed toward obtaining a detailed theor-

etical model for the surface sites associated with chemisorption and

catalysis, we have recently completed a seriesof ab initio generalized

valence bond (GVB) and configuration interaction (CI) calculations on NiCO
[9]. In Ref. 9 (henceforth referred to as paper I), the low-lying states of
NiCO were described. In this paper we describe CI calculations for the posi-
tive ion states of NiCO. The results for the ionstates are used as a model

for interpreting the photoelectron spectrum of C0 chemisorbed on Ni.

Some of the calculational details are described in Section 2.
In Section 3 we discuss the various ion states of NiCO and compare
with the photoelectron spectrum of CO chemisorbed to Ni. Section 4
compares the results for NiCO with thosé obtained for larger clusters

and with results expected for the semi-infinite solid. Section 5
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compares this CI description with results obtained using the Koopmans'
theorem and compares our results with those obtained from other cal-

culations. The CI calculations are described in Section 6.

2. Calculation Details

A R s P P T P P A R P P A A

The basis set and effective potential used are described in
paper 1. All calculations for the positive ions reported here use a
Ni-C distance of 1.84R which is the experimental Ni-C distance in
Ni(CO)4 [10] and . is close to the optimum bond length of 1.903 found

for the 3A ground state of NiCO (see paper I).

3. The lon States of NiCO

N S A D NS s 8 N LN S N b N Pt P g

3.1 Calculations

The three bound states of NiCO neutral are derived from the S]d9

(3D) state of the Ni atom, leading to 3Z+, 3H, and 3A states depend-
ing on whether the single 3d hole is taken in a o, m, or § orbital,

respectively. As discussed in paper I, the ordering of these states

3y < 35t < 3y with spacings of 0.240 eV between 3A

3Z+ and 3H.

is found to be

3;% and 0.053 eV between

and:
The qualitative picture of the bonding from the calculations

is that the bond is due to stabilization of the CO 50 orbital [essen-

tially a C lone pair which we will henceforth refer to as C(2s)] from

interaction with the partially exposed N1'+3d9

core, resulting from
hybridization of the singly occupied Ni(4s) orbital away from the CO
molecule. Because the CO 50 orbital is more tightly bound than the

Ni 3do orbital [the ionization potentials (IP's) are 14.01 and 8.70 eV
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respectively], the CO 50 orbital builds in only a small amount of

Ni 3do character and the Ni 3dm orbitals delocalize (back bond) only

slightly. Since the orbitals of NiCO are very similar to the corres-
ponding orbitals of free CO and free Ni, we will denote the NiCO or-

bitals in terms of the corresponding designations for the free CO and

Ni orbitals but with a bar (e.g., 50, 7, 3do).

From this qualitative picfure of the bonding one expects that
upon forming NiCO the main changes will be to make the 4s orbital
more . easily ionized while the 50 orbital will be more difficult to
jonize. In the following, we will concentrate on ionization from

3A state (the 3 3H states lead to very similar results)-

the ground 5t and
The overall picture is illustrated in Fig. 1. Here we compare

(i) the IP's (derived from the CI cé]cuiations) for the ion states which

arise by removing a single electron from the 3 (i.e., 3dS hole) ground

state of NiCO, (ii) the corresponding experimental IP's for CO and

the Ni (111) surface, respectively, and (iii) the experimental IP's

for CO chemisorbed on Ni. In the following, we will distinguish the

NiCO ion states as to whether they are of Ni+ or C0+ character.
Concentrating first on the states of Ni+ character, we find

(just as for the Ni atom) that the lowest state of Ni+CO involves re-

moving the 4s electron. However, since the 4s orbital of NiCO is anti-

bonding (it built in a substantial amount of 4p character to move out

of the way of the CO orbitals), the IP for the 4s orbital is only

5.96 eV as compared with 7.53 eV for the 4s orbital of the free Ni
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Fig. 1. Comparison of calculated and experimental ionization poten;
tials for i) CO, ii) NiCO and CO chemisorbed on Ni(111),
iii) the free Ni atom and clean Ni(111). The experimental IP's
for.CO on Ni(111) and the d-band of Ni have been shifted toward
higher binding energy by 3.6 eV to account for relaxation shifts

not included in the one Ni atom “cluster".
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atom. Given this destabilization of the 4s orbital, one expects that
the N1'CO+ state arising from ionization of the #s orbital should lead
to a stronger bond than for NiCO neutral. Indeed; from table 1 one
sees that the 2A ground state of NiCO™ has a bond energy (De) of 2.50 eV
as Compared with 1.15 eV for the ground state of NiCO. Ionizing the 4s

3 3H excited states of NiCO leads to the 22+ and

orbital of the 5" and
2H states of NiCO* with bond energies of 2.26 and 2.03 eV, respectively,
somewhat smaller than for the 3A state, while the corresponding IP's,
5.88 and 5.93 eV, respectively, are very close to those obtained for
the 3A state. Using the experimental heat of formation of N1C0+ [11],
one calculates a dissociation energy of 2.07 eV [12], somewhat smaller
than the calculated value.

The other states of NiCO™ in table 1 all correlate with states
of Ni* arising from the s_'!d8 excited configuration of Ni*. The order-
ing of these states is as predicted by the atomic energies exbept for
the state with wm holes which is stabilized by interaction in the CI

with the state having 88 holes. (A very similar effect was found for

52d8 states of NiC0.) The spectrum of s]d8-1ike ion states obtained

by ionizing from the ground state of NiCO covers a range of 3.1 eV in

good agreement with the d-bandwidth (3.0 eV) observed in photoemission

experiments (vide infra). Of this group of states only one, the s]d8
state with 8o holes, appears tobe bound with respect to dissociation to

. - . +
4F). The bond energies for these s]d8 states of NiCO are smaller

Ni (
than for the 3d9 states for two reasons: (i) the hybridization of the
4s orbital away from the CO leads to stabilization of the Ni §H orb1ta1s

thus making them more difficult to ionize, (ii) splitting of the do
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dmw, and d§ orbitals due to the CO tends to mix 4p character into the
4 ground state of Ni+. (The only exception is for the case of o§ holes

which leads to pure 4F atom states.) It is this latter effect which is

responsible for the lack of binding of four of the s]d8 states.

Looking now at the ion states of co’ character, we see from
Fig. 1 that the 40 and 1w ionization potentials have changed only
slightly, whereas the 50 ionization has increased in energy by
2.49 eV. This effect derives from stabilization of the 50 orbital
by interaction with the 3d9 Nit core (which was partially exposed due
to the 4s orbital hybridizing away from the CO orbitals). The ion-

3 3

ization potentials for the “I and 5 states of NiCO (which involve a

3dr and 3do hole, respectively) differ only slightly from the corre-

35 states (see table 2).

sponding ijonization potentials for the
For ionizations from the CO-like orbitals, the results shown

in table 2 and Fig. 1 are derived from extensive CI calculations for

the quartet states which arise from high spin coupling the 4s, 3d,

and CO (ion) orbitals. However, for each such quartet state there

are two doublet states‘which will be somewhat higher in energy, depend-

ing on the size of the exchange integrals involved. Since the 4s and

3d orbitals are triplet coupled in NiCQ, only that spin state of nicot

which also has these orbitals high spin coupled has a non-zero oscil-

lator strength. However, we find that for the ionizations considered,

both doublet states contain a component of the allowed spin function

and thus both have a finite oscillator strength. The result is that

the transitions are broadened by the quartet-doublet splitting. These

splittings (estimated from a small CI over all the dominant ion state
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Calculated ionization potential (eV) for quartet states of Nico*

involving ionization of CO-like orbitals.?

NiCO State Ionized Orbital
Sym. Hole® 50 io 1n
3 b
1T drr 16.83 20,06 17.17
3_+
. do 16,24 19.90 16.80
A db 16.50 19.75 17.09

2 The quoted energies are relative to the energy of the corresponding

NiCO state. Using a CI consistent with the ion state CI, we find

-153.26906, -153.27556, and -153.28755 for ‘1, *=', and %a,

respectively,

b

For 7 ionizations out of the 1 state there are four states within an

energy range of 0,17 eV depending on which 7 orbital is ionized.

The value quoted is obtained by averaging the energy of these states.
€ The Ni character is (45)(3d)9 with the hole as indicated. The °A
state is the ground state of NiCO.



22

configurations) are 1.06, 0.38, and 0.22 eV for the 50, 4, and Tr
ionizations, respectively. (The width of the bands shown in Fig. 1
corresponds to these splittings.) The result is that the 50 ioniza-
tion (which for the quartet spin coupling is at 16.50 eV) extends
from 16.50 to 17.56 eV and similarly the 1w and 4o ionizations extend
from 17.09 to 17.29 eV and 19.75 to 20.13 eV, respectively (not in-
cluding the Franck-Condon width). Thus the 50 and Trm ionizations
overlap and lead to a total combined width of 1.06 eV, whereas the
45 ionization is 0.38 eV wide and 2.96 eV higher (taking the differ-
ence between the centers of the bands).

In the following, we compare the results for NiCO with exberi—
mental results on the Ni(111) surface. [As discussed in Section 4,
it is probable that the Ni-CO bonding orbitals for the (110) and (100)
surfaces are quite different from those of NiCO, whereas the NiCO
orbitals for the Ni(111) surface are similar to those of NiCO. Hence,

it is the (111) surface that our NiCO calculations model.]

3.2 Experimental Results

For CO on Ni(111) two CO derived bands are observed. The P2
bénd at 7.6 eV (IP = 13.6 eV) is quite broad and asymmetric, while
the P] band at 10.7 eV (IP = 16.7 eV) is sharper. (The values in
parentheses are corrected to vacuum using a value of Ef = 6.0 eV as
suggested by Eastman [8b].) Since there was a close correspondence

between these values and the gas phase 1m and 50 levels (14.0 and

16.9 eV, respectively) of CO, and since the 4o ionization cross
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section is small at an incident photon energy of 21.2 eV, it was at
first thought that the P] band corresponds to the 1w level of CO and
the P2 bandvto the 50 level with the 4o level too weak to be seen
[8a]. However, reexamination of the system using variable photon
energies (in the range of 20.0 to 100.0 eV) and comparing the change
in cross sections with incident photon energy for free CO and chemi-
sorbed CO showed that the P, band is the % level and that the P, band
is a mixture of the 50 and Tr levels [8c]. For CO chemisorbed to
Ni(111) the P2 band was resolved (from the angular dependence of the
photoemission) into two bands centered at 6.2 eV (IP = 12.2 eV) and
7.5 eV (IP = 13.5 eV), which are associated with the 5¢ and Tm levels,
respectively [8b].

In addition to bands due to the CO, the Ni d-bands which involve
ionization from the Ni 3d orbitals extend from 5.4 eV to 8.4 eV for
the clean Ni(111) surface. (The top of the conduction band is close
to the top of the d-band for the free metal, thus it is assumed that
the top of the d-band relative to the vacuum level corresponds to the
work function.) Upon absorbing CO the work funétion increases by
%0.6 eV, thus the d-band is shifted upward by 0.6 eV and extends from
6.0 eV to V9.0 eV.

Photoelectron spectra of chemisorbed molecules are often ana-
lyzed with reference to the gas phase spectrum of the free molecule.
Thé shifts in the ionization potentials upon chemisorption are then

divided into two classes:
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1. bonding shifts which depend on the nature of the bonding to the
surface and normally lead to higher ionization potentials for
the bonding orbitals; and

2. relaxation shifts which result from polarization of the metal by
the positive ion hole. The relaxation shifts normally result in
a somewhat uniform decrease of all the ijonization potehtia]s

(typically by 2-3 eV) [8c].

3.3 Comparison

Our calculations indicate that only the 50 orbital shows a
significant bonding shift (~2.5 eV), leading to the 50 and 1w ioniza-
tions being nearly degenerate. These bands are broadened by quartet-
doublet splitting, leading to a combined bandwidth of about 1.0 eV.
(For the actual surface the bands should be further broadened due to
coupling to the ion states of the metal and also due to unresolved
vibrational structﬁre.) The 4 jonization is predicted to be about
3.0 éV higher and considerably sharper (bandwidth 0.4 eV),

| Shifting our calculated IP's by 3.6 eV (vide infra) leads to
IP's of 12.9 (50), 13.5 (Tw), and 16.2 (4o) eV in good agreement with
the experimental values 12.2 (506), 13.5 (Tw), and 16.7 (4c) from the
recent angular resolved studies [8b]. Thus the pattern of the bonding
shifts for CO on the Ni surface is well reproduced with the simple
NiCO model, indicating that the essential features of the bonding to
the surface are localized in nature.

Applying the same shift toc the ionizations involving 3d elec-

trons leads to levels at 4.86 eV and 6.84 eV for the free Ni atom and
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at 5.07 eV, 6.27 eV, and 8.11 eV for ionizations involving the 3d
orbitals of NiCO. Since the 3d electrons of the metal should not be
strongly modified froﬁ the atom (the 3d orbitals have small overlaps
at the separations involved in the bulk metal), these levels should
provide a reasonable representation of the effects of CO adsorption
on the d-band of the metal. Thus, our calculations prediét that the
d-band should be shifted somewhat toward higher binding energies, as
is observed (see Fig. 1). This effect derives from stabilization of
the Ni 3d orbitals due to the Ni 4s orbital hybridizing away from the
CO orbitals.

As shown in Fig. 1, comparison of calculated and experimental
ionization potentials requires that the experimental spectrum be
shifted upward by about\3.6 eV (depending on the value used for

E.) to obtain the best correspondence for CO derived levels. Clearly

N
such shifts are expected since our Ni model is not large enough to
include polarization effects responsible for the relaxation shift in
the IP's. However, such effects are expected to shift all the NiCO
jonization potentials by nearly the same amount and thus we expect

that larger clusters would lead to essential features similar to the

NiCO. This point is treated in more detail in the next section.

4. NiCO as a Model for CO Chemisorbed on Ni(111)

S A N A Nt R b N S P P S Pt NS S s Pt P s o g P s B8 s i TS N g N s N Nt ot P

4.1 The Bonding to the Surface

Chemisorbed CO molecules on metal surfaces such as Ni are com-

monly assumed to be in either bridged sites
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Ni

or linear sites

Ni—CO

with the bridged sites usually assumed to involve greater bonding.
For bridge bonding to Ni atoms that are second nearest neighbors
‘,[as on the (100) surface] we find stronger bonds (De = 1.42 eV)
than for the linear site (De = 1.15 eV) and a significantly differ-
ent bonding (significantly more charge transfer for the bridged
bond). On the other hand, for nearest neighbor Ni atoms as on the
(111) surface, we find the bridge bonding to be similar in character
to the linear bond (the calculations indicate a weaker bond) [14].
Qur calculated bond energies are in reasonable agreement with
experimental D values of 1.15 eV for Ni(111), where we expect linear
bonding, and 1.30 eV to 1.39 eV for Ni(100) and Ni(110), where we
expect bridged bonding (between second nearest neighbor Ni atoms).
Thus, we will assume that the character of CO bonding on the (111)
surface is as found for the linear site, while the character for the
(100) and (110) surfaces is as found for the bridged site.
The LEED data for CO on Ni(111) are consistent with the super-

position of the three possible domain orientations of a /3 x /3/R 30°
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structure [7]. In Ref. 7, a structure model is suggested in which

the CO molecules are bridged; however, as shown in Fig. 2, a struc-
ture in which the CO molecules are bonded directly above surface Ni
atoms is also consistent with the LEED data.

For NiCO, we found that the Ni atom has a (45)1(3d)9 configur-
ation and calculations on a number of metal clusters also indicate a
ground state in which each Ni is effectively of (45)](3d)9 character.
Thus, the main change between NiCO and the bonding of CO to the Ni
surface is that the latter case has the 4s orbital involved in the
states of the conduction band (involved in metal-metal bonding) so
that it will respond differently to the CO. For the Ni(111) surface
each surface atom has six nearest neighbors in the surface and three
nearest neighbors below the surface. In this case, we expect that
the three nearest neighbors below the surface are most important in
the bonding of the CO since they are in the direction the 4s orbital
has to hybridize to move out of the way of the CO orbitals.

To study this possibility we carried out calculations for the
bonding of CO to one apex of a tetrahedral N14 cluster (i.e., we
added to the NiCO calculation the three nearest neighbors below the
surface). In order to simplify the calculations, a d-averaged poten-
tial [15] was used for the three Ni atoms below the surface. [The
d-averaged potential rep]aées the Ar core plus a weighted average
over the various components of the 3d9 configuration, thus Tleaving
only a singly-occupied valence orbital (4s for the free atom); this
orbital is given fu]] variational freedom to rehybridize or shift to

other centers.] For the apex Ni atom we used the same potential and

basis set as for the NiCO calculation.
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Fig. 2. Comparison of bonding models (involving superposition of
three possible domain orientations of a v/3 x vV3/R30° structure)
for bridged structufes as suggested by Ref. 7 (a) , with bonding
consistent with a site where the CO is bonded directly above a

surface Ni atom (b).
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Classifying the orbitals of the Ni4 cluster with respect to
the C3V symmetry of the N14C0 cluster leads to three low-lying con-

figurations for the Ni4 cluster,

2 1 1

aj e, ey , (1)

2 1 1

aj e, Za] s (2)
and

2 1 1

a-l ey Za-l ’ ’ (3)

which are the three degenerate components of the 3T] state in the full
Td symmetry of the N14 cluster. [Using 93V symmetry, we find that (2)
and (3) are degenerate and (1) is 0.004 eV higher.] [In the following
the hole in the 3d shell of the surface Ni atom is taken as a 3dS$
orbital. ]

Bringing up a CO molecule to the Ni4 cluster we find that the
N14CO state with configuration (1) is considerably stabilized relative
to the N14CO states related to (2) or (3), leading to a bond energy,
De(N14-CO), of 2.25 eV for the Ni4CO state from (1) as comparedaWith
1.07 eV for the Ni,CO state from (2) or (3) and 0.79 eV for the NiC
bond in NiCO (at the same level of calculation and Ni-C distanEe). The
large difference in bond energy between these two configurations can be
understood in terms of differences in the charge distributions induced
into the N1'4 cluster for the two configurations. For the free N1‘4
cluster the radical orbitals e, and ey have zero density on the surface
Ni atom while the paired]a] orbital has significant amplitudes on all

four centers and the radical Za] orbital has large amplitude on the
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surface Ni (1ike a 4s orbital hybridized away from the bulk metal).
Thus (1) has a-positive charge on the surface Ni (total Mulliken
population 0.73) and leads to a large bond energy for the same reason
that bonding CO to the 3d9 configuration of Ni T leads to a 1arger‘
bond energy than did bonding to Ni neutral. On the other hand, (2)
or (3) have a slight negative charge on the surface Ni atom (Mulliken
population 1.14) and thus lead to a bond energy comparable to that
for NiCO.

For the real surface the three Ni atoms below the surface should
be bonded to other atoms and we expect that configuration (1) is not
a good model. (For the solid, states of this sort will be high in energy.)
On the other hand, (2) and (3) seem to be reasonable models and hence
we will compare the bonding in NiCO with this state of the N14CO
cluster.

In Fig. 3 we show the orbitals of (2). Here one sees that the
1a1 orbital js a bonding orbital that extends o?er all four centers,
whereas the 2a1 orbital is essentially a 4s orbital on the surface Ni
atom and has hybridized away from the bulk solid. Thus, the surface
Ni atom has essentially a 4s]3d9 configuration (the actual population
for the 4s basis function is 1.081) and is bonded to the solid by de-
localization of the 1a1 orbital onto the surface atom. Bringing up a
CO to the surface Ni atom requires that the Za] orbital hybridize so
as to move away from the CO (i.e., into the solid) leading to stabil-
ization of the CO 50 orbital by interaction with the partially exposed

9

Ni+3d configuration as in NiCO. These expectations are borne out by

the shapes of the N14C0 orbitals (Fig. 4), where one sees a striking
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Fig. 3. Selected orbitals of the 3E state of Ni4. Unless otherwise
A noted; all plots have uniformly spaced contours with jncrements

of 0.05 a.u. Positive contours are indicated by solid lines,
negative contours are indicated by short dashes, and nodal Tines

are indicated by long dashes. The same conventions are used

for other figures.
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3

Fig. 4. Selected orbitals of the N14CO state derived from the “E

state of N14.
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Fig. 5. Selected orbitals of the NiCO 37 state.
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similarity to the NiCO orbitals (Fig. 5). Thus it appears that the
basic effects involved in the bonding of CO to a single Ni atom are
reproduced by the appropriate state of the N14 cluster and should
apply to the bulk metal as well.

4.2 The Photoelectron Spectrum

Whereas the basic nature of the bonding to the surface is prob-
ably not strongly affected by adding more Ni atoms to the NiCO clus-
ter, the jon levels of NiCO are expected to be strongly modified by
the presence of additional Ni atoms. Specifically, one expects a
strong polarization effect which involves mixing the ion states of
the Ni cluster with the CO jon states (sometimes termed a relaxation
shift). For NiCO the ion states were described in terms of two
distinct groups of states, the first of which involved ionizations
out of the Ni-like orbitals, and the second of which involved ion-
izations out of CO-like orbitals. For NiCO these sets of states aré
well separated in energy and do not interact strongly in the CI. For
larger clusters the d levels of the Ni atoms should not be strongly
modified (since the d orbitals have very small overlaps at the inter-
atomic separatioﬁs involved here); however, the 4s orbitals will com-
bine into new orbitals such that the bonding orbitals are much more
tightly bound than for the free atom (some nonbonding orbitals may
increase in energy). Thus some ion states of the cluster will be
much higher in energy than for a single Ni atom. In the CI calcu-

lations the co’ states would couple more strongly with the higher Ni
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jon states of the cluster (i.e., build in Ni+ character) leading to
mixed states which are cot in character but lower in energy than for
the comparable Nicot states. In addition, these states would be ex-
pected to split due to d orbital interactions. Thus the overall
picture-would be a decrease in energy of the c0"-1ike ion states of
NiCO and some broadening of the levels as more Ni atoms are added to
the cluster.

At the present time, calculations for the ion states of

CO bonded to large Ni clusters are not feasible for the extensive
level of CI used in Ni €O. Thus, for the purpose of comparing the
NiCO ion states to experiment, we resort to a different type of cor-
rectibn which is based on simple classical electrostatics. Here one
simply assumes that all polarization effects have been included
within a sphere of fadius o into the metal, which in this case we
take as 2.35 bohr (one-half the nearest neighbor distance in Ni metal).
The problem then reduces to the classical one of finding the interac-
tion energy for a charge a d%stance h from the metal with the metal
surface (i.e., with the image charge) but with a hemisphere of radius
ro cut ou£ of the metal (directly below the chargé). The result in

atomic units is simply

: 2 2
O h o *h
AE = - {r0+ po- gt b ) } (4)

N

This type of approach has worked well for corrections in the IP's for
Si clusters [16]. In the metal this type of correction is less

reasonable since the dielectric constant of the metal is infinite.
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In table 3 we give the values of h (computed from the CI wave-
function as the center of charge for each electronic state of N1C0+)
and the ionization potentials for the states of NiCO corrected using
formula (4). While the correction (4) is in the right direction, the
magnitude of the correction is not large enough to account for the full
magnitude of the relaxation shift. Thus, it appears that to obtain an
adequate model of the surface (for IP's) we must include in the cluster
at least the nearest neighbor Ni atoms with the dominant po]arfzation
~ effects included explicitly. The use of (4) to correct for image charge
effects outside the larger sphere might provfde accurate absolute IP's.
We have not carried out such CI calculations for the ion states, and
hence we will simply assume that the levels from the NiCO" calculations

would be shifted by amounts proportional to the above estimates.

5. The Comparison of Theoretical Methods for the Ion States of NiCO

N N P s N N s P N Pl N N N TS P P S NS NSt Nt Pt NS s S RS N N N 3 P P NS N N Pt P b Nl N P s S A N A P e P P P

5.1 Comparison of the CI Method with Koopmans' Theorem

It is well known that the orbital energies from the usual Hartree-

Fock (HF) wavefunction correspond to the energy change that would occur
ff an electron were removed from that orbital, keeping all the other
orbitals fixed (Koopmans' theorem). One might expect IP's calculated

in this way to be high since the ground state orbitals are not optimum
for the ion. However, the ion, which has one less electron than the

vneﬁtral, has a smaller electron correlation error (in the HF approxima-

tion) and this differential correlation error tends to partially cancel

the readjustment error, often leading to resU]ts in good agreement (10%)



Table 3

wlectrostatic corrections for ionizations out of the CQO-like orbitals of NiCO.

h is the height (in bohr) of the charge center with respect to the Ni

Orbital . State
50 40 1n
h? 4.536 4.819 5.221
AE (eV) 1.436 1.359 1.263 i
Corrected I. P. (eV) 15.39 18.70 15.91
h 4.414 5.365 4.810
AE (eV) 1.471 1.231 1.361 St
Corrected 1. P. (eV) 14.77 18.67 15.44
h 4.254 3.923 5. 009
AE (eV) 1.520 1.632 1.312 A
Corrected 1. P. (eV) 14.98 18.12 15.78

2 The nuclei are at 0,000, 3.480, and 5.650 for Ni, C, and O, respectively.
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with experiment.

In a Tocalized description the ground state of CO may be de-

scribed as

(5)

where the C lone pair has been angularly correlated in the direction
of the empty carbon p orbital. In this picture, there is no compar-
able correlation effect of the 0(2s) pair because there is an occupied
p orbital in each direction [17]. Thus, at this Tevel of description,
if comparable readjustment effects were involved, one would expect

the error in the Koopmans' theorem ionization potentials to be larger
for ionization from the 0(2s) [or (4c)] orbital than from the C(2s)
[or (50)] or 1w orbitals. In fact, the actual errors in using Koop-
mans' theorem for CO are 2.12 (40), 0.98 (50), and 0.45 (17) eV,
respectively, all high [19]. This is consistent with the fact that
the m correlation error is much larger than the C(2s) correlation
error (see table 4).

Examining table 4 in more detail, one sees that at the Koopmans'
theorem 1eve1 the addition of d functions has a relatively small ef-
fect on the jonization potentials. We conclude that Koopmans '
theorem 1oniiation potentials are unreliable for CO and thus should
be unreliable for NiCO.

Now consider the CI results. Here one sees that at the valence

double zeta (VDZ) level the agreement with experiment is fair (errors
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Comparison of theoretical methods for calculating ionization potentials for CO and NiCO

Koopmans' Theorem CI
Exp.
VDZ VDZd DZd VDZ VDZd
Basis | Basis |Basis[23] Basis Basis
3¢ 42.46 41,42 41,08 - -—- 38.9-
4q 21.73 21.84 21.80 19. 41 19.72 19.72
co
in 17.63 17.36 17.12 17.17 17.25 116.91
5¢ 15,07 14,99 15.15 13.09 13.76 14.01
30 43.54 | --- 42,09 —- . -—
4o 23.41 — 22.97 19.75 - 16.7°
Ir 18.88 - 18.26 17.09 - 12.2P
5o 19.66 — 18.42 16.50 -— 13.5°
3d6 17.83 — - 11.71
Nnico X _
3db,, . | 16.24 - —— —
— 14,95 ——- ——- 9.87
3ar .
, 14,95 ——- - c—-
3do 13.64 ——- — 8.69 .
1s '6.18 - ——- 5.96

2 The VDZ basis is the same as the CO basis used in paper I. The VDZd basis was

augmented with a single set of d primitives on C and O (aC = 0,60 and azo =1,04).

Expernnental values for CO bonded to Ni (111).
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of -0.31 and +0.26 eV, respectively) for the 4o and 17 levels but
quite poor (-0.92 eV error) for the 50 level. We find that this prob-
lem results from an inadequate description of the C(2s) angular cor-
relation of CO neutral at the VDZ level [20].

Including d polarization functions, the CI Teads to substantially
better results for the 50 level (-0.25 eV-error) and 4o level (0.00 eV
error) while the 17 level is slightly worse (+0.34 eV error).

More insight into the problem may be otained by looking at the
CI energy contributions of configurations involving the C(2s) pair
for the ground state and each of the ion states. In the yDZ
basis, we find that such configurations contribute 15.6 mh for thé
ground state, 3 mh for the 50 ion state, 22.5 mh for the 4o ion
state, and 26.9 mh for the 17 ion state. The much lower contribution
for the 50 ion state, as compared with the 4o ion state of course |
simply reflects the fact that for CO the 50 ion state corresponds to
jonization from the C(2s) orbital. For the 40 ion state, the corre-
Tation of the C(2s) pair is actually more important than for the ground
state. This may be understood by noticing that this state involves
ionization out of a combination of the G(Zs) and bond orbitals, and
hence the center of charge is toward the 0. This leads to-a shift of
the m orbitals toward the 0 and decreases the w density at the carbon.
The net effect is that there is more m-hole character at C, which in-
creases the angular correlation of the C(2s) pair. A similar effect
is ihvo]ved for the 1w ion. Thus, for CO there are very important

differential correlation effects involving the C(2s) pairsand additicn
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of d functions, which improves the description of this pair, becomes
essential [22].

For NiCO, on the other hand, we find that correlation of the
C(2s) pair leads to energy contributions of 10.0 mh for the ground
state, 3.0 mh for the 50 ion state, 3.0 mh for the 4 ion state, and
10.3 mh for the Tm ion state. Thus, angular correlation of the C(2s)
pair is less significant and the differential errors are much smaller.
This effect is mainly a result of m donation from the Ni dw orbitals
into the partial = hole on C. In addition, for NiCO, as we saw in
Section 3, the C(2s)-1ike orbital is more tightly bound. Thus, the
4o and 50 ions are much closer in energy and mix strongly in the CI.
This effect leads to both of these orbitals containing essentia11y
the same amount of C(2s) ion character and thus there is a similar
amount of C{(2s) correlation in the CI. The net effect is that dm
orbitals in the basis are expected to be much less important for NiCO
ijon states than they were for CO ion states, and they wére not in-

cluded in the calculations reported here.

5.2 Comparison with Other Calculations

Recently Bagus et al. [23] have carried out ab initio Hartree-

(HF) calculations on NiCO which to some extent parallel the work

rock
reported here. Although the calculations reported in Ref. 23 lead to
similar qualitative conclusions relative to the bonding shifts of CO

on Ni as reached in the present paper, and although the HF wavefunc-
tions were solved for carefully using excellent basis sets, the preseht

calculations are different in two important respects which lead us to

believe that our results are substantially more reliable.
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The first difference has to do with the method of calculating
ionization potentials. Bagus et al. calculate ionization poténtials as
differences between the HF energies of the ion state and the neutral
molecule--a method which for CO is clearly less reliable than Koopmans'
theorem (see the discussion in Section 5.1), which is in turn notvreli-
able fprﬂthe systems discussed here.

In addition, Bagus et al. neglect a serious deficiency in the
usual HF description of the electronic states of the Ni atom. The
problem, as discussed in paper I, is that HF calculations for the Ni
atom with the usual basié and level of correlation lead to the 52d8
(3F) state of the Ni atom being 2.3 eV below the s]d9(3D) state,
whereas experimentally the two states are essentially degenerate. Since

the poorly described s]d9

2

state is the state involved in the bonding of
NiCO, whereas the s d8 state leads to repulsive potential curves, the
| net effect is that the NiCO wavefunction incorporates excessive amounts

2.8

of s™d~ character with the consequence that NiCO is not bound relative

to the lower (in this approach)szd8 state and is bound by only 0.2 eV

relative to the s]

d9 state. As discussed in paper I, a correct descrip-
tion of the atom levels requires a greatly extended basis and greatly ex-
tended CI which is currently not practical for molecules. In our calcu-
]ations we have avoided this problem by modifying the effective
potential such that the correct atomic separations are obtained while

leaving the shapes of the orbitals unchanged. Our approach leads both

to a correct description of the atoms and a bond energy for NiCO (D, =

1.15 eV) in reasonable agreement with experimental values (1.15 eV).
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The effects of the incorrect description of the Ni atom states
in the ab initio calculations of Ref. 23 are apparent in the Koopmans'
theorem ionization potentials as shown in table 4. Looking first at

the CO numbers, one sees that our VDZd basis gives results very compar-

able (within 0.3 eV) to the DZd basis used by Bagus et al. For NiCO, on
the other hand, the sigma orbital energies reported by Ref. 23 are all
smaller than for the calculation reported here. In particular, the EE'orQ
bital,which 15 responsible for the bondingin NiCO,is 1.24 eV Tess tightly
bound than in our calculation. These effects result, we believe, from
excessive incorporation of szd8 character for the wavefunction of Ref.
23. These differences seem to be responsible for the negative Ni-CO
bond energy obtained by Bagus et al. (comparable ab initio calculations
carried out by us show similar results). Clearly, this problem also

affects the bonding shift for CO bonded to Ni.

6. Details of the Configuration Interaction (CI) Calculations

s P s Pt 3 s b N s A S g S A P N NS N g D S P NS N N S N N N Nt P N S 0 NS N N NS N D N N N DN N N N S

6.1 Nico' States

- The major problem in doing CI calculations for the ion states of
NiCO is that states which involve ionization out of Ni-like orbitals
are in general not separated by symmetry from states which involve ion-
ization out of CO-like orbitals. Since the former are lower in energy,
a good description of the latter set of states requires that the CI
simultaneously describe both sets of states. This requires the use of
a large basis set with configurations appropriate for both sets of
‘states and the solution of all the Tower roots even though only the higher

roots are of interest.
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In these calculations the CI basis consisted of 24 functions.
The starting point for the CI basis was the 16 generalized valence

bond (GVB) orbitals of the 3

A state of NiCO. The two 1s-like orbitals
were eliminated from the CI by appropriate modification of the one-
electron integrals. To describe readjustment effects, the resulting
14 functions were augmented by adding (1) three 7 virtuals in each
direction chosen as the more diffuse component of the Ni(3dw), C(2pm),
and 0(2pm) atomic orbitals, respectively (six functions); (2) virtuals
corresponding tq the more diffuse N1(3dxy) and N1(3dX2_y2) atomic
orbitals, respectively (two functions); (3) virtuals corresponding to
the more diffuse Ni(3do) atomic function and an orbital appropriate to

Ni(4s) from an de8 state of NiCO (two functions). These Tatter ten

functions were orthogona]ized to the 14 GVB orbitals leading to a CI

basis of 24 functions.

In table 5 the dominant configurations for each symmetry type
(based on Coy symmetry) are listed. This list was generated by considering
states which could arise from low-lying states of CO(]ZQ) + N1'+ and
 the three low-1lying states of Ni(3D) +co".
| For ionizations involving CO, the spin state was restricted
to be quartet. In addition, since the quartet spin state involves at
least three open shell orbitals and our present CI program allows a
maximum of six open shell orbitals, consistent levels of CI for
various spin states require a maximum of two, three, four, and five
open spin orbitals for singlet, doublet, triplet, and quartet spin
states, respectively.
Within the above restrictions, double excitations were allowed

from each of the dominant configurations, which consisted of products
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of up to double excitations within the natural orbitals of each GVB
pair, and up to doubles were allowed overall. These configurations
allow an essentially consistent description of the dominant correla-

tions for each state over the ground state orbitals. To allow for

readjustment effects, all single excitations over the full space were
allowed from the same set of dominant configurations. In addition,
configurations were included which describe angular correlation of the
C(2s) pair. The resulting CI for the quartet states led to (211, 592,
719); (306, 858, 1042); (191, 518, 627); and (79, 217, 263) (spatial

configurations, spin eigenfunctions, determinants) for the 4A1’ K

2’
4B], 482 symmetries, respectively. '

The CI's for the doublet states were mainly directed toward
describing the three states involving an N1'+d9 configuration. Thus,

we included 1n the CI only configurations describing these three

9

states (i.e., Ni*d? with the single hole in the d shell in a o, m, oOr

§ orbital leading to 22+, ZH, and ZA, respectively). These CI's lead

to (45, 77, 109); (43, 75, 107); and (42, 77, 112) (configurations,

spin eigenfunctions, determinants) for the 22+, ZH, and 2A states,

respectively. For comparison, comparable CI calculations were carried

out for the 3Z+, 3H, and 3A states of NiCO and for the ]Z; ground state

of CO.
In order to determine the relative importance of each configura-

tion in the CI, the energy lowering is computed according to the formula

- e 2
M, T C(E- R/ 0-0) (6)
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In cases where there is more than one spin eigenfunction for a given
spatial configuration, the separate contributions due to each spin
eigenfunction are simply added [24].

In table 6 we 1ist those configurations with energy contributions
of 10 mh or more in the CI calculations on NiCO'. In table 7 we list
similar information for CI calculations on CO'. The energies of the
various roots have been given in tables 1 and 2.

Close examination of tables 6 and 7 reveals several interesting
points. As observed previously, the first ionization out of CO pre-
dominantly involves the C(2s) orbital and in the CI one sees that the
dominant configuration involves ionization from this orbital, whéreas
fdr N1'C0+ the dominant configuration for the first sigma ionization
involves the CO bonding orbital, thus indicating a significant differ-
ence in character. This effect of course derives from the stabiliza-
tion of the C(2s)-Tike (50) orbital of NiCO as compared with the simi-
lar CO orbital. Additionally, one sees that for symmetry types where
states of Nit and co” character are both present, there is no mixing
of these states (at least involving configurations with energy con-
tributions Targer than 10 mh); thus, the single Ni has allowed rela-
tively little polarization. With a Targer cluster one would expect
these states to be closer in energy, leading to stabilization of the

CO+—1ike jon ‘states.
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Table 7
Energy contributions by configuration for the CO and cO" CI calculations?

Configurations
Configuration Energy
State Number 0(2s) C(2s8) o o* Ty Ty Lowering (mh)
co 1 2 2 2 0 2000 2000 Dom
x = 2 2 2 2 0 1100 1100 21.0
3 2 2 1 1 1100 2000 13.7
4 2 2 1 1 2000 1100 13.7
5 2 2 2 0 0200 2000 13.0
6 2 2 2 0 2000 0200 13.0
co* 1 2 1 2 o 2000 2000  3451°
1%t 2 2 2 1 0 2000 2000 224,70
3 1 2 2 0 2000 2000 96.6
4 2 1 2 0 1100 1100 16.0
5 2 1 2 0 2000 1100 14.1
6 2 1 2 0 1100 2000 14.1
7 2 1 2 0 0200 2000 13.1
8 2 i 2 0 2000 0200 13.1
9 2 1 2 0 2000 1001 11.0
10 2 1 2 0 1001 2000 11.0
cot 1 1 2 2 0 2000 2000 269, 2°
2 %5t 2 2 2 1 0 2000 2000 158. 5°
3 2 1 2 0 2000 2000 35.6
4 1 2 2 0 2000 1100 34.2
5 1 2 2 0 1100 2000 34.2
6 2 2 1 0 2000 1100 17.0
7 2 2 1 0 1100 2000 1710
co* 1 2 2 2 0 1000 2000 Dom
2 2 2 2 2 0 0100 2000 15.1
3 2 2 1 1 1000 1100 13.3
4 2 2 2 0 1000 0200 10.1

a')Configurations with contributions less than 10 mh are not listed.
b) see ref.[24]. |
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is
A% 6, 4 osoa]
y
Thus we may angularly correlate the 2s pair using the P, orbital

leading to the wavefunction

623[(¢§ - A¢§) ¢x?y aBoo. ]

which is equivalent to

SZ 'SZ

d[(¢sz¢sf+ b —~0 ) ¢x¢y aBac]

where ¢gz = ¢g - A¢Z (apart from norma]izatfon). However, be-
cause of the Pauli principle, the analogous wavefunction for

O(3P) leads to only the HF wavefunction. Thus, angular correla-
tion of the 2s pair is important for carbon but not for oxygen,

an effect which persists in the CO molecule. See also Ref. 18.
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61

(b) P. J. Hay, W. J. Hunt and W. A. Goddard III, Chem. Phys.
Lett. 13 (1972), 30.
(c) W. A. Goddard III and R. J. Blint, Chem.Phys. Lett.14(1972) 616.

[19] This calculation uses a valence double zeta basis with d polariza-

tion functions (VDZd).

[20] The CI calculations using the VDZ basis are based on a wave-

function in which the two m pairs and the sigma bond are cor-
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lating orbitals that would be used are essentially the same as
those used to cbrre]ate the m pairs. Adding d functions to the
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m pairs.
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[24] The AEU, while providing an indication of the relative impor-
tance of configurations are of little significdnce for the
dominant configuration(s). (The sum of the AEu does not equal

the total energy.)
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PART C:  THEORETICAL STUDIES OF THE GEOMETRIES QF 0 AND S
OVERLAYERS ON THE (100) AND (110) SURFACES OF NICKELJr
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A first step in understanding the mechanisms of heterogeneous
catalysis at transition meta) surfacés is to investigate the nature
of the bonding of atoms and molecules to the surface.

Experimentally, geometric information is obtained by detailed
ana]yéis of low energy electron diffraction (LEED) intensities.]
Because the theoretical analysis involves some severe approximations,
these geometries cannot be described as purely experimental, however
with high quality LEED ihtensities it appears that the determination
of geometric spacings of atomic overlayers to within mO.]R is pos-
sible (in the direction perpendicular to the surface).

We are in the process of developing theoretical techniques for
solving directly for the geometries of chemisorbed species. Such
theoretical procedures, if reliable, would be extremely valuable,
Since,one could consider special surface defects (e.g., steps) and
reaction intermediates, both of which are relevant for studying
catalysis. In our theoretical model we solve for the states of finite
clusters representing the semi-infinite solid, using the ab initio
generalized valence bond (GVB) method;2 this differs from the usual
Hartree-Fock (HF) method in that we include the dominant electron
correlation (many body) effects. We feel that the chemisorptive
bond is sufficiently localized that our description of the chemi-
sorbed species is valid for the real metal, however detailed compar-
ison to experiment would be valuable.

As a test of our theoretical methods, we have chosen to examine

the geometries of 0 and S overlayers on the Ni(100) surface, a case
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which has been thoroughly studied with LEED and dynamic intensity
ca1¢u1ations.] The results of these calculations also lead to pre-
dictions for the (110) surface.

Table I summarizes the results for S. For the (100) surface
we denote the four surface atoms at the corners of the surface unit
cell as Nil, Ni2, Ni3, and Ni4 and we denote as Ni5 the atom in the
second layer below the center of this cell. Including the four Ni
atoms (Ni1,Ni2,Ni3, and Ni4) to which the S bonds, we calculate an
optimum position of the S, 1.3BR above the surface. This is in ex-
cellent agreement with the results from dynamic LEED intensity cal-
culations which lead to 1.30%0.108.]

We find that the bonding in this cluster is across one diagonal
(say Ni2-Ni4) somewhat analogous to the bonding in HZS.3 There is a
repulsive interaction between the S (3pm)lone pair and the other diag-
onal atoms (Ni1-Ni3). The extent of this repulsive interaction was
tested by removing Nil and Ni3 and recalculating the optimum S posi-
tion; the S moved to a position 1.048 above the surface. We tested the
effect of Ni5 using the Ni2,Ni4,Ni5 complex, finding the optimum S
_position at'1.07x above the surface. The conclusion here was that Ni5
does not affect the S position.

The calculated D, for Ni,S is 5.37 eV as compared to 3.32 eV for
NiS, indicating that bridging is much more favorable than bonding
directly above a surface Ni atom (as is generally presumed).

Qualitatively the electronic configuration of the N14S cluster

is as shown in the diagram at the top of Fig. 1.
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Optimum Geometries for the 0 and S Overlayers
Distance R)

Table I,
Cluster Geometry Model for Above Plane (
) X=0 x:SV
NiX Ni—X | 1.60  1.91
TNiZ
NiX 50 X 0.31  1.04
—l—-Ni4
/Ni2
Ni X Ni5\ X (110) 0.08 1.07
~ Ni4
Nj2
Ni3
Ni X Nig 7% (0.75) 1.33
Nid
Ni2
Ni3
Ni;X Nusié?'—x (100) 0.6  (1.36)
Ni4

%ased on the positive ion calculation as described in the text. For
the neutral 0.65A is obtained.
bObtained.from Ni,S using the NiZS to Ni,S correction.

the positive ion using Koopmans' theorem. For the

CEstimated foR
neutral 0.56A is obtained.
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Figure Caption

s B g g s 2 s s Pt s

(a)-(f): Selected orbitals of the GVB(1/pp) wavefunction for the
Ni4S cluster. These plots have uniformly spaced contours with
a separation of 0.05 a.u. Positive contours are indicated by
solid lines, negative contours are indicated by dashed lines,

and nodal surfaces are indicated by long dashes.

(g),(h): Bonding patterns for c(2x2) overlayers on the (100) sur-
face (g) and on the (110) surface (h). The circles represent
surface Ni atoms, while the S and O atoms are indicated by
crosses. The solid 1iﬁes represent the bonding orbitals,

while the unit cell is outlined by dashed lines.
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The important orbitals of the Ni4S cluster are shown in Figure la-f.
One bonding pair (Fig. lab) involves one component (Fig. 1a) which
is essentially a S(3py) orbital, while the other component (Fig. 1b)
corresponds approximately to Ni2(4s)-Ni4(4s). The other bonding
orbital (Fig. 1c) is essentially S(3pz)-]ike, but has built in a
bonding combination of Ni(4s) character on all four Ni atoms.

The 4s orbitals of the remaining two Ni atoms (Fig. lef) are
triplet paired and have signifitant.nonbonded repulsions with the
doubly occupied.S(3pX) orbital. These orbitals are involved in
bonds to adjacent S atoms for the full overlayer, as illustrated in
Fig. 1g. The localized bonds shown in Fig. 1g suggest a p(2x 2)
struéture, with the center and corner atoms connected by a glide plane.
Howéver, there is a degenerate structure with all the bond directions
rotated by 90° and these two structures are expected. to have a strong
interaction (resonance), leading to all the S atoms being equivalent.

This results in c(2x2), as observed.

The wavefunctions for the (100) cluster suggest that on the
(110) surface the S is along the long side of the rectangle as in-
dicated in Fig. 1h. Thus, the simplest model for the (110) surface
is the Ni, cluster with the Ni atoms separated by v2 times the
nearest neighbor separation. The calculations lead to an optimum S
position 1.043 away from the Ni surface, in fair agreement with the
results of dynamic LEED intensity analysis which leadsto 0.93 tO.]OR.]

The LEED calculations assumed the S to be centered in alternative
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rectangular cells, however these calculations are not sensitive to
lateral displacement of the over]ayer.4

The geometries for bonding of an 0 atom to the various Ni
clusters are also summarized in Table I. The principal differences
between the S and O results have to do with i) the smaller size of

5 We

the oxygen atom and ii) the larger electronegativity for O.
found here that the presence of Ni5 has a significant effect on the

0 position due to the much greater charge transfer. Consequently,
Ni5 was included for both the (100) and (110) models.

The calculated D, for Ni,0 is 4.37 eV as compared with 3.95 eV
for NiO, indicating that bridging is more favorable than bonding
directly above a surface Ni atom. The smaller energy difference here
as compared with the S case results mainly from loss of m bonding ef-
fects (which are more important for NiO than for NiS) upon forming
Ni20 and NiZS.

Considering the full oxygen overlayer, Ni atoms 1 and 3 are in-
volved in bonds to adjacent 0 atoms (see Fig. 1g). Here the ionic
NiO bonds lead to a total charge of 0.92 electrons on Ni atoms 1 and

3, as compared with the S case where the total charge was only 0.62.

In order to include effects resuiting from this charge distribution,

we examined the positive ion state of the Ni50 cluster (involving re-

moval of one of the 4s electrons from Nil and N1'3).6 We find that the

Ni; cluster has a higher effective electronegativity, resulting in more
covalent bonding. The net effect is an increase in the bond energy

along with a 0.4OR vertical displacement away from the surface to
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+

O.QGR for the N150 cluster. This value is in good agreement with

the distance from the LEED intensity analysis, 0.90:t0.1OR.]

Using the NiZO cluster to model the (110) surface 1eads to an
optimum O position only 0.313 above the surface (for bonding along
the 1ong‘edge of the surface unit ceT]). However, the calculations
on the Ni30 cluster indicate that the fwo Ni atoms in the next layer
down will have attractive interactions with the oxygen, leading to

‘the 0 being even closer to the surface (0.08 3)and perhaps penetrating
it. LEED studies have not been carried out for O on Ni(110), however
for 0 on Fe(]OO)7 [which involves a more open structure (BCC lattice
with a = 2.872 as cbmpared with FCC with a = 2.493 for Ni), and ap-
pears to be intermediate between Ni(100) and Ni(110)] the 0 is found
to be 0.53:t0.0GR from the surface, intermediate between our results

for the (100) and (110) surfaces of Ni.

We conclude that reliable geometric information for chemi-
sorbed species on transition metal surfaces can be obtained using
small clusters including only those atoms within bonding distance.
This encouraging result opens the way for theoretical studies of other
chemisorbed species and reactive intermediates, systems that may well
be impossible to study experimentally (due to lack of Tong range

order),
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Appendix to Part C

The following table contains supplementary information on vibra-

tional constants for the NinX clusters:

Table 1. Vibrational Constants for Ni X Clusters (cm']) 2

X =0 X =5
Ni X 841 | 483
Ni X 170 298
Ni o 525 -
NigX 303 315
Nigk 302 -
Ni;X | 325 - -

aUs1'ng masses of 12 for C, 16 for 0, 32 for S, and 58 for
Ni. ‘
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PART D:  THEORETICAL STUDIES OF THE BONDING OF SULFUR TO MODELS
OF THE (100) AND (110) SURFACES OF NICKEL [1]3,[2]
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1. Introduction

S A s e s e

A first step in understanding the mechanisms of heterogeneous
catalysis at transition metal surfaces is to understand the nature of
the bonding of atoms and molecules to the surface.

Experimentally, geometric information is obtained by detailed
analysis of low energy electron diffraction (LEED) intensities [3].
Because the theoretical analysis involves some severe approximations,
these geometries cannot be described as purely experimental, however
with high quality LEED intensities, it appears that the determination
of geometric spacings of atomic overlayers to within«/0.1ﬂ is possible
(in the direction perpendicular to the surface).

We are in the process of developing theoretical techniques for

solving directly for the geometries of chemisorbed species. Such

theoretical procedures, ifvre1iab1e, would be extremely valuable,
since one could consider special surface defects (e.g., steps) and
reaction intermediates, both of which are relevant for studying
catalysis. Our theoretical model involves replacing the semj-
infinite solid by a finite cluster. We feel that the chemisorptive
bond is sufficiently localized that our description of the chemi-
sorbed species is valid for the real metal, however detailed compar-

ison to experiment would be valuable.

As a test of the theory, we have chosen to examine the geometries
for S overlayers on Ni(100) and Ni(110) surfaces, both of which have
been the object of extensive LEED studies and dynamic intensity calcu-

lations [3a].



N

We soive for the states of the finite clusters using the ab
initio generalized valence bond (GVB) method [4], which differs from
the usual Hartree-Fock (HF) method in that it includes the domfnant
correlation effects necessary to describe bond formation.

In Section 2, we discuss qualitatively the wavefunctions for
the various clusters and compare the geometry predictions from the cal-
culations with experimental results for the Ni(100) and Ni(110) sur-
faces, while Section 3 discusses the wavefunctions in more detail.
Section 4 describes some of the details of the basis set and effective
potentials used here, while Section 5 discusses the configuration inter-

action (CI) calculations.
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2. Qualitative Description of the Theoretical Results

N S N N s 8 N P NS P s P b N Pl NP N N PN S P S P 8 NS NS NS N Pt i NG g 8NN D N i ot 8 ot PN v b b o b Pt P

We find that for the ground state of NiS, the Ni has the charac-
ter of the N1‘(4s)1(3d)9 configuration, while the S has the character
of the S(35)2(3p)4 configuration. The bonding is dominated by the
sigma bond which may be described qualitatively as a Ni(4s) orbital
paired up with a singly occupied S(3ps) orbital. The quantitative
shape of these orbitals are given in Fig.lab; as expected from the
relative electronegativities [5a] (1.8 for Ni, 2.5 for S) there is
some charge transfer to the.S atom (v 0.38 electrons [6]). For the
ground state of NiS the 3d hole of the Ni3d® configuration is 3dr.
This orbital is paired with the 2pm hole of the S leading to a 35-
ground state which is quite analogous to the ground states of 02 £7]
and of NiO [8]. As indicated in Fig. 1, the Ni3d orbitals are only
slightly affected by the bond.

As indicated in Table 1, fhe calculated bond distance is 1.913
which is substantially smaller than that of bulk Ni sulfides. (The
bond Tength of the NiS molecule is not known experimentally.) The
calculated bond energy is 3.32 eV which is in reasonable agreement

with current experimental estimates 3.53:0.15 eV [9].

2.1.2 Niz

As a first model for both the (100) and (110) surfaces we con-

S

sidered two Ni atoms separated by /2 times the bulk separation [these
atoms are second nearest neighbor atoms of bulk Ni but correspond to

neighboring Ni atoms on the (100) and (110) surfaces]. Here we
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The GVB orbitals of configuration 1b which corresponds to
the X3z~ state of NiS. Unless otherwise noted, all plots
have uniformly spaced contours of 0.05 a.u. Solid Tines
indicate positive contours, short dashes indicate negative
contours, and long dashes indicate nodal lines. Thé same

conventions are used for other figures.
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Summary of Results for Bonding of Sulfur to

Table 1
the Ni Clusters
| Distance
Mode]l above
Cluster Geometry for P]ane(R) RNiS(R) D(ev)
NiS Njw==§ - 1.91 1.91 3.32
-——-—-Ni\
NiZS V20 //s (110) 1.04 2.04 5.37
—L N
///)Vi
. \\ ' v a
N13S Nk\\\ //S - 1.07 2.06 3.89
Ni
N
, % a
NigS ] y (100)  1.33  2.21 3.9
NiF |
Ni

aThe NiS and Niés calculations used a [3s,1p,2d/3s,2p,1d] basis, while
a [2s,1p,1d/3s,2p] basis was used for the N135 and Ni4S calculations.

From comparisons of both types of calculations for NiZS we estimate
that this basis leads to an error in De of 0.63 eV, but does not have

a significant effect on the geometry.

Thus, we have added 0.63 eV

to the De values for the Ni35 and N14S calculations in order to com-
pare with the NiS and Ni,S calculations. (See footnote a of Table

5.)
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optimized the position of the S but with the Ni atoms fixed.
Qualitatively one can visualize the electronic configuration of
N125 as | _ z
S

‘ (4
e Nia Niz .

where lines connect pairs of singly occupied bonding orbitals and the
remaining doubly occupied S(3px) orbital (pointing perpendicular to the
plane) is denoted with a circle containing two dots. (As discussed in
Section 3.2, the lowest state corresponds to taking the 3d holes to be
delta-like with respect to the NiS bond axes.)

As shown in Fig. 2, the two NiS sigma bonds (Fig._Zabcd) are some-
what jonic, much like those in diatomic NiS, leading to a total charge
transfer to the S of 0.57 electrons [6]. The doubly occupied S(3s)
orbital (Fig. 2e) has built-in 3p character resulting in hybridization
away from the Ni-S bonds.

The calculated optimum NiS bond length has increased to 2;04&
while the bond energy has increased to 5.37 eV. Thus, our calculations
indicate that bridging is more favorable than bonding directly above a
surface Ni atom. Comparihg to the bond energy of NiS, 3.32 eV, suggests
that ~0.64 eV of the bond energy of the NiS molecule is due to T bond-
ing.

As discussed in Section 2.2, the NiZS cluster is an appropriate

model for the {110) surface where the closest nonbonding Ni atoms are
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Fig. 2 Selected orbitals of the Ni S cluster.
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in the next layer down. However, for the (100) surface there are two
nearest neighbor Ni atoms in the surface and one in the layer below
close enough to affect the geometry. We examined the effect of the
second layer Ni atom using a NiBS cluster, and the effect of the other

two surface Ni atoms using a N14S cluster.

2.1.3 Ni3§

- Adding a third Ni atom below the surface leads to the NiBS clus-
ter. Qualitatively the bonding in Ni3s involves Ni-S bonds to the two
surface Ni atoms, as in the Nizs calculation, while the Ni atom below
the surface is nonbonding.

‘As discussed in Section 3, we did not solve for the Ni5S wave-
function in terms of localized orbitals as in (1), but rather used the

full C,  symmetry of the molecule leading to a wavefunction which may

2v
be qualitatively understood in terms of bonding the S atom to the N13

cluster in the following orientation:

(2)

® C 'Ni5‘

As shown in Fig. 3, the resulting wavefunction has a bond pair
(Fig. 3ab) withone component (Fig. 3a) which is basically a S(3py)
orbital while the other component (Fig. 3b) corresponds qualitatively
to Ni2(4s) - Ni4(4s). The other bonding orbital (Fig. 3c) is doubly

occupied and cofresponds to the bonding combination of a S(3pz) orbital
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Fig. 3 Selected orbitals 'of the Ni3S cluster.
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and 4s character on all three Ni atoms. The 4s orbital of Ni5 (Fig.
3d) is nonbonding and has built-in 4p character so as to hybridize
toward the bulk metal. The S(3s) orbital (Fig. 3e) has hybridized
slightly in the direction of Ni3.

Essentially this wavefunction corresponds to two Ni-S bonds to
Ni2 and Ni4 , as in Nizs, while Ni5 is nonbonding. Thus the geom-
~etry should be predominantly determined by the interactions between
the sulfur and the surface Ni atoms (2 and 4). Indeed, the Ni,S clus-
ter has an optimum geometry with the S 1.078 above the surface as
compared with 1.04R for NiZS, and we conclude that the second layer Ni
atom has only a very small effect on the geometry. The bond energy,
on the other hand, decreases to 3.89 eV, since the bonding here in-

volves disruption of metal-metal bonds for the Ni3 cluster.

2.1.4 Ni S

Considering the four surface atoms interacting with the S for
the (100) surface leads to the‘Ni4S cluster. Qualitatively the elec-
tronic configuration of the Ni4S cluster is:

y

(:> d"ii". (:) Ni3 | Nil .

: ' JbN‘4 | (3
-(:> N JPNi

Thevbonding orbitals (Fig. 4abc) are analogous to the bond orbitals
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Fig. 4 Selected orbitals of the Ni,S cluster.



N

90

NigS GVB (I/PP)

TOP VIEW

i3

(a)

4y

Ni2

|

S—Nil-=
X

Ni4

XZ PLANE

YZ PLANE

a
CEXD
)

e

ONE

\{wo
AN
\
/
/
v
(e)Ni3 4s (F)Nil 4s
° \ one| [/ ONE
\‘ l/
~ o~
(\Q ! AN Q’)
(,3\.,-;.._...: y ¢ N 7o
3 S X0 CfJ// G
\ /
\\ J/
-5.04= - | .



91

of the N13S cluster. The GVB pair (Fig. 4ab) involves one component
(Fig. 4a) which is essentially a S(3py) orbital while the other com-
ponent (Fig. 4b) corresponds approximately to Ni2(4s) - Ni4(4s). The
other bonding orbital (Fig. 4c) is essentially S(3pz)-11ke, but has
built in a bonding combination of Ni(4s) character on all four Ni
atoms.

The 4s orbitals of the remaining two Ni atoms (Fig. 4ef) are
high-spin coupled and have significant noﬁbonded repulsions with the
doubly occupied S(3px) orbital. [As discussed in Section 2.2, these
orbitals are involved in bonds to adjacent S atoms for the full over-
layer. Thus, we high-spin couple these orbitals to best approximate the
repulsive effects between these orbitals and the S(3px) pair.]

The 4s orbitals of Nil and Ni3 have hybridized away from the
sulfur orbitals to minimize their overlap with the S(3px) pair. (They
must be orthogonal because of the Pauli princip}e.) This results in
some stabilization of the S$(3s) orbital by interaction with the 3d9
cores of Nil and Ni3 (somewhat as for the 50 orbital of CO upon bond-

ing to Ni), however, the overall effect is repulsive and leads to an

optimum geometry with the S atom 1.332 above the surface. {(Compare with
0
1.04A for NiZS).

2.2 Comparison to Experimental Results

Figure 5 shows the Tlocation of the S atom relative to the nearest
neighbor Ni atoms for the (100) and (110) surfaces of Ni. Figure 6 il-
lustrates the bonding expected for c(2x2) overlayers on the (100) and

(110) surfaces.



Fig. 5

92

The geometfy of the S atom and nearest neighbor Ni atoms for
the Ni(100) and Ni(110) surfaces. Ni atoms in the plane of
the paper are illustrated by light circles, while those below
the paper afe illustrated by dashed circles and the S atom

is illustrated by a somewhat larger heavy circle. For the (110)

~surface, geometry A is suggested by our results, while

geometry B is the registry with the surface assumed for calcu-

lation of LEED intensities [3a].
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Fig. 6 The c(2x2) structure for S on Ni(100) and Ni(110) respectively.
Circles represent surface Ni atoms, crosses represent S atoms,

heavy lines represent Ni-S bonds, and dashed lines outline

the unit cell.
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2.2.1 The Ni(100) Surface

Ni atoms 2 and 4 of Fig. 5 were included 1n.the NiZS calculation.
Adding Ni atom 5 leads to the Ni3 cluster, but as discussed in Section
2.1.3 the effect of Ni atom 5 on the geometry is very small (0;033), thus we
included only the surface Ni atoms (1-4) in the final Ni4S calculation
to determine the geometry. From Fig. 6, one sees that Ni atoms 1 and 3
are involved in bonds to adjacent S atoms. These orbitals are expected
to lead to nonbonded repulsions with the S orbitals, causing the
S atom to be pushed up higher above the surface than for the Nizs com-
plex. In the Ni4S calculations (described in the previous section)
this effect was approximated by coupling the 4s orbita]s of Ni atoms 1 and
3 into a triplet state. The optimum geometry for the Ni4S cluster has the
S atom 1.333 above the surface in excellent agreement with the distance

from LEED intensity analysis, 1.30 +0.10R [3a].

The bonding structure for (100) shown in Fig. 6 has the cor-
ner and center S atoms related by a glide plane; consequently it leads
to a p(2 x2) structure. However, there is a degenerate structure with
all the bond directions rotated by 90°; these two structures are ex-
pected to have a strong interaction (resonance), leading to all the S
atoms being equivaient. Thus, including this resonance effect, the
overall symmetry is c(2x2).

From Fig. 6 we see that with a S in only half the four-fold .
sites each surface Ni atom has its -4s orbital involved in a Ni-S bond.
Thus, this bonding picture suggests that the c(2 x 2) overlayer is par-

ticularly stable.
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the that the van der Waals radius of the S atom is 1.SSR [5b], whereas
half the S-S distance for the c(2x2) structure is 1.763. Thus,‘higher
densities of S atoms on the surface are also unfavorable due to large

nonbonded répu]sions between adjacent sulfur atoms.

2.2.2 The (110) Surface

For the (110) surface the LEED intensity analysis was carried out
assuming a registry with the surface given by geometry B of Fig. 5b.
However, as discussed in Section 3.5, geometry B involves a Ni-Ni separa-

tion of /3 times the bulk separation leading to a NiS bond length
| (2.35R) and a NiSNi angle (133.3°) which seem much less favorable than
the optimum Ni-S distance and bond angle for the NiZS cluster 2.04R and
118.8° respectively (geometry A). Since the LEED intensity analysis is
more sensitive to the distance above the surface than to the registry
‘with the surface [10], we suggest that geometry A is a likely alterna-
tive. ‘The Nizs cluster is appropriate to calculating the optimum geom-
etry for a site of geometry A since the closest nonbonded Ni atoms are in
the next layer down (2.61& away for the experimental gebmetry) and should
not significantly influence the geometry. Thus, we predict that for the
(110) surface the S atom should be 1.042 above the surface, which is in
reasonable agreement with the distahce, 0.93:t0.103, found from analysis

of LEED intensities [3a].
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3. Further Discussion of the Wavefunctions
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Before discussing the bonding of a sulfur atom to the various
Ni clusters, we first consider the bonding in NiH and Ni2 since these
simp1e cases illustrate the basic characteristics of the bonding be-
tween Ni atoms and the bonding to a sulfur atom.

The Ni atom has two Tow-lying states 4s]3d9(3D) and 4523d8(3F).
Ignoring spin-orbif coupling effects, the ground state is 3D with the
3 state onTy 0.03 eV higher [11]. Thus, both states could play a role
in the bonding. However, the Ni(4s) orbital is n2-1/2 times as large
as the Ni(3d) orbitals (see Fig. 7); thus the 4s orbital dominates the

23d8 state of Ni leads to re-

1

bonding. Bringing up anH atom to the 4s
pulsive interactions much as for the case of HeH. The 4s 3d9 state of
Ni, on the other hand, leads to a sigma bond between the Ni(4s) and

H(1s) orbitals and, hence, an attractive potential curve as for H2.
2

The remaining 3d9 configuration on the Ni then leads to Z+,

ZH, and 2A states depending on whether the singly occupied 3d orbital

is taken as a 3do, 3dw, or 3d§ orbital respectively. As discussed else-

1 23d8

where [13], while the Ni configuration is basically 4s 3d9, some 4s

character is introduced in certain states. The intra-atomic coupling

1,9 2

between 4s 3d” and 4s 3d8 leads to a stabilization of the 4s13d9 con-

figuration with a singly occupied 3d§ orbital. The net effect is the or-

2h< 2 < 25" with 2 21 which in turn is 0.095 eV

22+ (

T< A 0.346 eV below

2

dering

below at Re for the X“A state)[14]. We find that these results

are quite general for sigma bonds to the Ni(4s) orbital leading to an
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Fig. 7 Comparisbn of the 4s and 3d orbital sizes of the Ni atom.
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increased stability associated with having a 3d hole which is §-1ike
with respect to the bond axis.
From the discussion of NiH, it is not surprising that the bond-

]3d9 configuration on each Ni Teading to

ing in N1’2 [15] involves a 4s
a sigma bond between the 4s orbitals, and the lTowest 3d occupation has
both 3d holes taken in 3dS§ orbitals (other 3d orbital occupancies
lead to numerous low-lying excited states).

- For larger clusters of Ni atoms there is a possibility of

2,.8

bonding involving the 4s”3d~ configuration of the Ni atom. We illus-

trate this possibility for Ni3 [16], where the central Ni atom can be

taken as 4s]3d9 or 4523d8 in character. For the 4s]3d9 case (consider-
ing only the Ni(4s)-like orbitals), the bonding is analogous to that

in linear H3 [18] Teading to resonance states of the form

O 66— * 06 0O (a)

2

For the 4s 3d8 case the Towest state involves two sigma bonds:

O—C0 O—0 ()

(Here the (4s)2 pair of the central Ni has been angularly correiated,
leading to an sz lobe cx::) overlappina Ni1 and an sz lobe (E:x)
overlapping Ni2.) |
Keeping the bond lengths equal, both (4) and (5) lead to 1inear‘
geometries with R = 2.28% for (4) and R = 2.36R for (5). Using the
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optimum R, the s]d9 state (4) is the ground state. However, if the

R is fixed at the bulk value of 2.49R the potential curves are as in
Fig. 8b. Here one sees that Tinear geometries favor 52d8, while bent
geometries favor s]d9 [19]. (From examination of the orbitals we find
that the sz and sz-1like lobes of the central Ni in (5) remain oriented
at 180° to each other as the molecule bends, Teading to a decrease in
the overlap of the bond pairs and a large increase in energy upon
bending. ) Thus, at the Ni-Ni-Ni bond angles involved in the Ni clus-
ters considered here (90°), we expect that all Ni atoms have a 4513d9

configuration. (The energies as a function of geometry for (4) and

(5) are summarized in Table 2.)

3.1 NiS

Now we consider bonding a single Ni atom to S. The sulfur atom
has a (15)2(25)2(2p)6(3s)2(3p)4 configuration, leading to a 3 ground
state. Ignoring the core electrons and the (3s)2 pair [since we find

4

they are not involved in the bonding] leads to a (3p)"' configuration

which we represent as
Iy :
(O : z

where (:) represents a 3px orbital perpendicular to the plane of the

(6)

paper and (C"><)) represents a 3p orbital in the plane of the paper.
Bringing up a single Ni atom (along the z axis) leads to formation of

a sigma bond between the Ni{4s) and S(3pi) orbital.
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Energy of Ni3 as a function of bond length and bond angle.

The curves labeled sld9 correspond to (4), while the curves
labeled 5248 correspond to (5). Figure 8a corresponds to optim-
izing the Ni-Ni length for equal Ni-Ni bond lengths, while Fig.
8b corresponds to varying the bond angle for a fixed Ni-Ni dis-‘

tance corresponding to the bulk separation (2.493).
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Table 2 Energies for GVB Calculations on N13 as a Function of Geometry.
(Always retaining equal bond lengths. As described in section 3,
one state has s]d9 character on the central Ni while the other

has szd8 character.)

6 R 4.1 a 4.4 a 4.7 a

sld®  -41.14976 ~41.15143 -41.14397
180°

5248 -41.13894 ~41.14984 -41.14515

s1¢? -41.14398
150°

5248 -41.13974

s1¢d -41.14344
120°

5248 ~41.12270
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This leaves a single 3d hole on the Ni which, together with
the two possible S atom configurations, leads to the ten configurations
shown below as 13 to 59 [20]. Each of these configurations involves a sigma
bond between Ni(4s) and S(3po) orbitals and the ordering of the states
is controlled mainly by differences in the = boﬁding. In these dia-
grams, we indicate the Ni(3dm) and S(3pm) orbitals schematically [using
the same notation for Ni dm orbitals as was used in (6) for S prm orbi-
tals] and include the remaining Ni atom configuration in an abbreviated

form (e.g., (d6)4(do)2).
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Thus, taking a Ni(3dm) hole as in 1 and 2 Teads to states

3.- 1 T+ 1o- 3 3

+ .
X, A, L, 'L %L which are analogous to the correspond-

A, and
ing states of 02 [7]. The 3do hole (as in 3) leads to the 21’3H states
and the 3dS hole (as in 4 and 5) leads to the 11’3H and 1]’3® states.

The potential curves for these states of NiS [CI calculations
based on the X3Z' state of NiS, see Section 5.1 for further discussion],
are shown in Fig. 9, while the CI energies used to construct the curves
are shown in Table 3.

By analogy to NiH, the states of the 3d§ hole are expected to be
stabilized relative to the state of the 3dm hole, which in turn are
stabilized relative to the states of the 3do hole. This leads to the
4 and 5 states (which involve a 3d8 hole) being below the 3 states (which
involve a 3do hole). However, as was the case for NiO [8], the states
having a Ni 3dm hole have additional w bonding, resulting in the 1 and
2 configurations being Towest. Thus l,g < §,§ < 3. The ground state of
NiS is the 32‘(1) state which has an electronic structure analogous to O2
[7]. The ordering of the remaining states is the same for the correspond-
ing states of 02.

The orbitals of the XBZ' state of NiS are shown in Fig. 1. Look-
ing at the sigma bond pair (Fig. lab) one sees that the Ni(4s)-Tlike
component (Fig. 1a) has been distorted toward the sulfur [a.situation
typical of a somewhat ionic bond (toward the S)]. As for Ni0 [8], the
doubly occupied w orbitals (Fig. 1cf) have delocalized onto the‘opposite
centers (leading to two three-electron bonds and the extra stability

associated with the 32' state). However, the doubly occupied S(3px)

orbitalb(Fig. 1f) has delocalized substantially more onto Ni than the
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Fig. 9 Potential curves for the states of NiS. The ca]culated points
are at 3.4, 3.5, 3.8, 4.1, and 4.4 a.u., respectively. The
numbers in parenthesés refer to the dominant configuration(s)

for each state.
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doubly occupied Ni(3dyz) orbital (Fia. 1c) did onto S, leading thus
to some charge flow from S to Ni in the m system in response to
charge flow from Ni to S in the sigma system. (The overall net
charge transfer from the Mulliken populations is 0.38 electron.
For comparison the charge transfer in NiO is 0.55 electron.)

The potential curves in Fiq. 9 lead to De = 3.32 eV, Re = 1.913

1 337 state. The only eiperimenta]]y avail-

and w, = 483 cm ' for the X
able information for NiS is D, = 3.53+£0.15 eV [9]. The calculated
Re value, as expected, is substantially shorter than for bulk com-
pounds (2.28, 2.34, 2.38, and 2.18% for Ni,S,, NiS,, o-NiS and

vy=NiS respectively) [3a].

3.2 Ni,$

Bringing up two Ni atoms to (3) and considering only the 4s
electrons of the Ni atoms leads to two sigma bonds to the sulfur as

in HZS'

NT 4 Y (7)
Given (4) one expects the lowest Ni(3d) .occupancy to correspond to
téking the singly occupied Ni(3d) orbitals to be delta-like with
respect to the Ni-S bond axis [21].

In these calculations we fixed the Ni-Ni distance at /Za (where

a is the nearest neighbor distance 2.49R in Ni metal) as appropriate
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for next nearest neighbors on the Ni(100) and Ni(110) surfaces. We
then varied the NiS distance (retaining C2v symmetry). The resulting
potential curve is shown in Fig. 10, while the energies used to con-
struct the curve are tabulated in Table 4. The optimum geometry from
the potential curve corresponds to a distance above the surface of
1.04R which leads to a Ni-S bond length of 2.04% and a NiSNi angle of
118.8°,

Thus the NiS distance is 0.13R longer than for NiS, a reason-
able result given that the ground state of NiS involved important m
bonding effects not present in the case of NiZS.

Normally in bonding to sulfur one expects bond angles only
s1lightly larger than 90° (e.g., 92.5° in HoS [22]). However, there
are two factors which tend to lead to a larger bond angle for NiZS
than for HyS: (i) The Ni(4s) orbital is much larger than a H(1s)
orbital leading thus to larger orthogonality constraints (the orbitals
of the two bond pairs must become orthogonal because of the Pauli
principle). These effects are minimized by increasing the bond angle.
(ii) The NiS bond is more ionic than an HS bond, leading to an increased
overlap of the Ni(4s) orbitals and favoring an even larger bond angle.

In addition, the optimum bond angle in our NiZS complex repre-
~sents to some extent a compromise between bond angle and bond length
at the fixed Ni-Ni separation used [e.g., a small bond angle of 92.5°
would lead to a Ni-S distance of 2.433, much too large for a NiS bond].

Selected orbitals of Ni,S (at the optimum geometry) are shown
in Fig. 2 where one sees that: (i) The Ni-S sigma bonds are very

similar to the corresponding bond orbitals for NiS shown in Fig. 13
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Fig. 10 NTZS geometry optimization. The calculated points are indi-

cated,
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Table 4  Ni,S Geometry Optimization® (Ni-Ni = v/Za). D is the
distance of the S from the Ni-Ni axis..

D Energyd
(ao) (hartree)
2.4567 -91.28115
2.2000 -91.28880
1.9700° -91.29118¢
1.8000 -91.28995
1.5000 -91.28179

%The basis set is [3s,1p,2d/3s,2p,1d] (see Section 3)

bThis is the minimum from a fit to the other 4 points

“The optimum geometry is with the S 1.04& above the sur-

face, which corresponds to a Ni-S distance of 2.04R and a
NiSNil angle of 118.8°. The bond energies (De) for GVB and CI
wavefunctions are 5.27 eV and 5.37 eV, respectively.

(The N1'2 energy is taken as twice the HF energy of the

Ni atom.)

dGVB(Z/DP) calculations
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and (ii) the S(3s) pair has built-in 3pZ character in such a way as
to move away from the bond pairs. These orbitals were used to con-
struct a small CI wavefunction (see Section 5.2) over the occupied or-
bitals of the GVB wavefunction. This CI wavefunction leads to a De of
5.37 eV [as compared with 5.27 eV for the GVB(2/PP) wavefunction].
“Comparing to the bond energy for NiS (3.32 eV) indicates that S has a
strong tendency to bridge two Ni atoms for Ni-Ni separations of /2a,.

as on the Ni(100) and Ni(110) surfaces [23].

3.3 Ni3§

We first consider an alternative form of the wavefunction for NiZS
which is more appropriate to four-fold bonding sites on Ni(100). For
the case of Ni,S, the GVB(2/PP) wavefunction (7) corresponds to

Tocalized bond pairs which are represented in terms of natural orbi-

tals as
2 2v(.2 *2
(g = 200, - A6F7) | (8)

where q)z is the mirror image of ¢r and ¢z is the mirror image of ¢:,
respectively. An alternative way to correlate this wavefunction using

symmetry orbitals is
2 2 2 2

where 1a1 = ¢2 + ¢r’ 1b2 = ¢p = ¢r s

2oy e 0L w2y 6 6
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For Ni,S the wavefunction (8) leads to a lower energy than (9).
However, for S in a four-fold site on the Ni(100) surface, the presence
of the other mearby Ni atoms restricts the correlation effects, leading
to a wavefunction of the form (9) being lower [24]. Thus, we show the
orbitals of (9) in Fig. 11 for comparison to the orbitals of the Ni3S
and Ni4S clusters to be discussed next.

The orbitals shown in Fig. 11 may be interpreted in terms of

bonding the sulfur atom to the N12 cluster in the following orientation

z
’ ) S

© @ ©

Ni4 Niz Y

(10)
The S(3pz)orbita1 (Fig. 11a) is then singlet pafred with the a, combina-
tion of the Ni(4s)orbitals (Fig. 11b) and the S(3py) orbital (Fig. 11c)
is sing]ét paired with the b, combination of the Ni(4s) orbitals (Fig.
11d), leading to the bond pairs shown in Fig. 11. We also show the
la; orbital of (9) (Fig. 11e), since it is appropriate to cases where
this orbital is not correlated.

Considering only the Ni(4s) electrons, the bonding in the N1‘3

cluster may be thought of as

-@®/®—®\D® N74L,rz*y
- ‘Ni.5<
(1)
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Fig. 11 The GVB orbitals for NiZS using the wavefunction (9).
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Using symmetry for the GVB wavefunction leads to

2 201
(la] - 223,%)1b, ) (12)

The orbitals of this wavefunction are shown in Fig. 12 where one
sees that the bond pair corresponds to a component localized mainly
on Ni5 and a component localized mainly on Ni2 and Ni4, while the
singly occupied orbital corresponds to the antibonding combination
of Ni2(4s) and Ni4(4s)[25].

Given the structure of Ni3, bonding a S atom leads to three ‘

principal resonance structures:

NiS

We find that the dominant configuration is (15) which involves dis-
ruption of the Ni-Ni bond leading to formation of two Ni-S bonds.
[For the actual solid, the Ni5(4s) orbital of (15) is able to form
bonds to other Ni atoms leading to less disruption of metal-metal

bonds and further favoring (15).] The GVB: wavefunction for (15) is

2
1

1

2, :

9 1b (16)

2

2 2
12,%(1b, - 220

Here the 1a12(1b.2

5 - A2b

9 part of the wavefunction is analogous to
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i 1 i function (12).
Fig. 12 The crbitals of N13 corresponding to the wave
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the wavefunction (9) for the bond pairs of NiZS except that the 1a]2 pair
is not correlated. The 2a, orbital is predominately a 4s orbital on Ni5

and the ]b]2 pair corresponds to a S(3px) pair.

We show the orbitals corresponding to (16) in Fig. 3. Here
one sees that the bond pair is similar to the b22 pair in (9) and
has one component (Fig. 3a) which is basically S(3py)—11ke, while

| the other component (Fig. 3b) corresponds to the b2 combination of
4s functions on Ni2Z and Ni4. The doubly occupied 1a] orbital (Fig.
3c) has slightly less bonding character than for NiZS, largely as a
result of orthogonality constraints with the 2a] singly occupied
orbital (Fig. 3d), which is mainly a 4s orbital on Ni5 but with sub-
stantial hybridization away from the Ni-S bonds.

Putting these effects together, orthogonality constraints'be-
tween the  4s orbital of Ni5 and the bond pairs are expected to
increase slightly the distance of the S above the surface, but this

~ effect should be partially counterbalanced by the small, attractive.
interaction between the S(3s) pair and the 3d° core of Nis. These
considerations suggest that the NiBS cluster should Tead to a geom-
etry with the sulfur atom slightly further above the surface than
for the NjZS cluster. Indeed, we find that the optimum distance above
‘the surface for the Ni3S cluster is 1.072, only 0.0SR larger than the
optimum distance (].048) for the NiZS cluster. We conclude that the
effect of Ni5 (the second layer Ni) on the geometry is negligible and
the geometry of the S atom should be determined mainly by the four
nearest neighbor atoms in the surféce. Table 5 summarizes the Ni3S

geometry optimization.
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Table 5 Ni3S Geometry Opt'imizationa
) Enérgyb
(a,) HF GVB(1/pp) cI¢
2.457 0.}7815 0.78581 0.79435
2.000 0.78701 0.79383 0.79999
1.800 0.78665 0.79312 0.79840
1.600 0.78335 - 0.78948 0.79418

These calculations use the [2s,1p,1d/3s,2p] basis. For Ni,S
this basis leads to an error of 0.343 eV from removal of S d
functions and an error of 0.283 eV from the single zeta con-
traction of the Ni(3d) basis functions.

bSubtract the quoted value from -131.0 to get the total energy

in hartree.

0
“The optimum geometry is with the S 1.07A above the surface,
which corresponds to a Ni-S distance of 2.0GR and a NiSNi
angle of 117.2°. The De value is 3.261 eV.

For purposes of comparing to the NiZS and NiS calculations which
use the larger [3s,1p,2d/3s,2p,1d] basis one should add the
total error for the smaller basis? (0.626 eV) leading to a Dq
of 3.886 eV.
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In Section 2.1.4 we noted that for the Ni4S cluster the S(3s)-

pair is stabilized by interaction with the 3d9 cores of Ni atoms 1
and 3, leading to incorporation of S(3p2) character so as to hybridize
toward the surface. [Here the S(3s) orbital energy is 2.12 eV more
negative than for the atom as compared to 0.43 eV more negative in the
case of the Ni,S cluster. ]

The hybridization of the S(3s) orbital toward the surface leads
to correlation effects for the NiS bond pairs being substantially less
important in the z direction than in the y direction [24] resulting in

NiS bond pairs of the form

1a]2(1b22 - k2b22) (17)

(analogous to the description of the NiS bond pairs in NiBS).
Combining these orbitals with the Nil and Ni3 4s orbitals (2a]1 2b1])

and the 0 (2px) pair (1b]2) leads to a total wavefunction [27] -

2( 2) 2

2 2a 1o 1 (18)

2

2

The orbitals of (18) are shown in Fig. 4. Examining first
the bond pair (Fig. 4ab) we see that one component (Fig.4a ) is essen-

tially a S(3py) orbital, while the other component (Fig.4b:) corres-

2
1

pair (Fig. 4c) is mainly S(3pz)-1ike, but has Ni-S bonding character

ponds to the b2 combination of 4s orbitals on Ni2 and Ni4. The 1a

on all four Ni atoms. The S(3s) orbital (Fig. 4d) has buiit in a
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small amount of 3do character on all four Ni atoms, somewhat anala-
gously to the small incorporation of 3do character for the 5¢
6rbita1 of CO bonded to Ni. Thus the 2y bonding pair and the S(3s)
pair have the four-fold symmetry of the N14S cluster, whereas the b2
bond pair is localized (involving bonding to Ni2 and Ni4).

The Nil and Ni3 4s orbitals show antibonding character on the
sulfur due to orthogonality constraints with the sulfur orbitals.

These effects seem to be more important than stabilization of
the $(3s) pair,leading to an optimum geometry with the S 1.33R above
the surface as compared with 1.048 for the NiZS cluster.

In Fig. 6 we show the overall bonding pattern for the c¢(2x2)
structure on the surface. The localized orbitals shown in Fig. 6
correspond to the b2 bond pair of our Ni4S cluster. Including these
bonds, the S atoms are related by a glide plane and the overlayer is
actually of p(2x2) symmetry. However, the overlayer structure shown is
degenerate with an equivalent structure where all the bond pairs are
rotated by 90°. For the portion of the overlayer included in our Ni4s
calculation, these two structures are actually of different symmetry
(b.l and b2) and thus do not couple to each other. However, if the total
overlayer is considered, these structures are both of a; symmetry and do
overlap. Thus, they interact strongly (resonate) leading to all S atoms
on the surface being equivalent and the total symmetry of the overlayer
is c(2x2).

The energies of the N14S cluster as a function of geometry are

shown in Table 6.
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Table 6 Ni4S Geometry Optimization. D is the distance
from the S to the N14'p1ane.

D - En_er'g_ya’b
(ao) (hartree)
2.8 -172. 34744
2.6 -172.35122
2.4 -172.35079

The optimum geometry has the S atom 1.3BR above
the surface, which leads to a Ni-S distance of
2.21% and a NiSNi angle of 105.6°.

The De value is 3.28eV.
bGVB(]/pp) calculations
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Fig. 13 The Ni4S geometry optimization. The calculated points are

indicated.
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3.5 Comparison of Bonding Geometries for the (110) Surface

In Fig. 5 we compare the bonding position currently suggested
for S on Ni (110) from analysis of the LEED intensity data[3a]
(geometry B) to the position we favor (geometry A). For geometry A
the S is bridged across Ni atoms 1 and 2 which are separated by
v2a (as in our NiZS calculations). Here, there are two second
nearest neighbors below the surface (Ni atoms 3 and 4), but they
are 2.609A from the S and should not interact strongly with the S
atom. We thus conclude that our NiZS calculations should be a good
model for this surface--a conclusion which is supported by the fact

that the calculated distance above the surface (1.043) for the Ni,S

2
mode1 is in reasonable agreement with the distance (0.93:t0.1x)
obtained from analysis of the LEED intensity data [3a]. (We assume
here that the distance above the surface influences the fit to the
LEED data more strongly than differences in the registry with the
surface.[10].)

Geometry B has the‘S bridged across Ni atoms separated by
Y3 a. One can imagine two bonding arrangements consistent with this
geometry: i) a bonding arrangement where the S atom forms two sigma
bonds to Ni atoms separated by v/3 a (e.g., 2 and 4) as in our NiZS
model; ii) a situation in which the S atom bonds to the atom directly
béneath it in the layer beneath the surface (i.e., to Ni5) as in our
NiS calculations.

(i) leads to a Ni-S distance of 2.35X which is considerably

larger than the optimum NiS distance we find for Ni,S and leads to a
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NiSNi bond angle of 133.3° which seems unreasonably large. ’In addition
there should be strong nonbonded repulsions from Ni5 (2. 178 from the S)
and Ni1 and Ni3 (2.358 from the S).

(ii) leads to a reasonable Ni-S distance (2.172) but suffers from

the fact that there are four nearest neighbor atoms (1,2,3, and 4) only

2.353 away which should lead to strong nonbonded repulsions. In addi-
tion,we find that bridged bonding should be stronger.

With either type of bonding geometry B would seem to have a
higher energy than geometry A. (A also leads to reasonable Ni-S bond
lengths and minimal nonbonded repulsions).

The assumption is often made that an adsorbed atom will occupy
a position similar to that which would be occupied by a metal atom in
the next layer up. However, for S we find that the character of the
atomic orbitals (two singly occupied 3p orbitals offented at 90° to

each other) leads to a strong preference for forming two

bonds to next nearest neighbor Ni atoms. Thus, the chemical nature of
the adsorbed atom may play a role in determining the bonding site and in
the case of the Ni (110) surface may result in a structure different from

that obtained with a "hard sphere model".

4. Calculation Details

NS N S N N R S N N A i N

The effective potential used for the Ni atom has been previous1y
reported [28]. (This potential replaces the 18 electron Ar-core of the
Ni atom.) The Ni basis set was taken from the Set optimized for the

third row atoms by Wachters [29]. A1l five d primitives of each type
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were used but only the outer four s functions were needed for describ-
ing the coreless Hartree-Fock orbital [30]. In addition, a single set
of p functions o = 0.12 was added to describe polarization effects
involving the 4s orbital.

Two contractions of this basis set were used. The first is
identical to that used in Ref. 13 and has the tightest two s primi-
tives and the tightest four d primitives contracted together based on
the 4523d8(3F) state of the Ni atom. This basis then has three contracted
s functions and twocontracted d functions of each type and is denoted
[3s,1p,2d]. This basis set was used for the NiS and NiZS calculations.

For the larger Ni3S and N14S calculations we contracted the

basis to [2s,1p,1d]. Since the states considered here have the 4s
configuration on Ni, the contraction used was based on a (symmetry
restricted) HF calculation for the 4s]3d9 state of the Ni atom [17].

The tightest three s functions were contracted together while the

fourth was left free and all five d functions were contracted to a
single d function. This contraction of the Ni basis led to energies
about 0.3 eV higher for Ni,S than with the [3s,1p,2d] basis. These two
contractions of the Ni basis set are given in Table 7.

For the sulfur atom we used an effective potential to replace the
ten electron Ne core leaving on1y the 3s and 3p electrons [31]. The
basis set used for S was based on the (11s,7p) primitive set of
Huzinaga [32]. The outer four s functioné of this basis were used

with the inner two contracted together based on the 3P state of the S

atom. The p primitive basis consisted of three functions of each type
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Table 7  The Nickel Basis Set?

C

a [3s,1p,2d] [25,1p,1d]

2.39417 0.07894 -0.03635

0.918169 0.93226 : -0.42936

s ——————

0.130176 1.00000 1.16036

0.046392 1.00000 1.00000

) 0.12000 1.00000 1.00000
48.9403 0.03296 0.02564

13.7169 0.17780 0.13831

d 4,.63951 0.44356 0.34504
1.57433 0.56560 0.43998

0.486409 1.00000 ,0.39312

%The energy of the‘3D(4s13d9) state of the Ni atom using this
basis is -40.4943h.
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where the outer two are those given by Huzinaga, while the third was
obtained by taking the geometric mean of the third and fourth primi-
tives given by Huzinaga. The inner two of the resulting three
primitives were contracted together based on the 3p state of the S
atom. The resulting basis is [3s,2p]. For NiS and NiZS, we also
added tothe S a single set of d functions o = 0.532. (The value of
the exponent was optimized for 52 [31].) The d functions were not
found to be especially important (energy contribution 0.3 eV for
Ni,S) and were omitted for the larger Ni3S and N14S calculations.

2
The basis set and effective potential for S are given in Table 8.

5. Details of the CI Calculations

A s s b N i N D Pt S NS P N Pt Nt Pl Pt N RS N s s g g NS

5.1 NiS

The starting point for the basis was the GVB orbitals of con-
figuration lg (10 orbitals including the natural orbitals of the bond
pair and the S (3s)-like orbital). Because configuration Ib is only
one of two degenerate configurations (i.e., la and ]9) which together

describe the X3

¥~ state of NiS, the Ty and my orbitals from the calcu-
lation were not equivalent as is evident from Fig. 1. In order to
generate an equivalent set of orbitals for the CI, the Ty orbitals were

rotated and averaged with the m orbitals and the resulting set of

two functions was used in both directions. To provide sufficient flex-
ibility to describe the electronic states of NiS, additional orbitals

(suitably orthogonalized to the occupied orbitals) referred to as vir-
tual orbitals, were added which correspond to the more diffuse compon-

ents of the Ni(3dﬂx), N1(3dﬂy), S(3pﬂx), S(3pny), Ni(3ds_.), and

Xy
Ni(3ds 9 2)-h‘ke functions. The resultant basis consisted of 16
Xy
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Table 8 The Sulfur Basis Set and Effective Potential®
(From unpublished calculations by R. A. Bair)

The Basis Set

[¢) C
5.420 0.2052
| 2.074 0.8203
S
0.4264 1.0000
0.1519 1.0000
3.345 -0.0248
P 0.5218 1.0093
0.1506 1.0000
d 0.532 1.0000
nk -z r2
The Effective Potential (v = E C,r e~k )
2
n ' 4 c
-2 37.86817 5.5929
Vs-d 0 6.86855 56.5728
0 1.56858 5.0746
y 11.70804 95.88100
p-d 0 1.94498 6.46433
-1 5.5318 -4.14561
vy 0 2.17611 -0.598214
-1 0.34187 -0.002868

- he energy of the 3P ground state of the S atom is -10.1090 h

using this basis set and potential.
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functions.
The configurations were generated using a procedure analogous

to that which had been used for 0, by Moss and Goddard [7a]. The

2
first step was to select a set of reference configurations cor-

responding to the dominant configurations for the states of interest

(in this case configurations la-5b). This configuration 1list then

~a e

defined a set of generating configurations which consisted of prod-
ucts of single excitations within subsets corresponding to: i) the
natural orbitals of the GVB bond pair, ii) the Ni(3dﬂx) and S(3pwx)
orbitals, and iii) the N1(3dﬂy) and S(3pﬂy) orbitals. Single exci-
tations from the generating configurations into the space of the above
six orbitals generates all the important configurations for the
states of interest. However, we also allow all single excitations

from the geherating configurations 1nfo the full virtual space in order
to ensure inclusion of readjustment effects necessary to allow a

consistent treatment of all the states.

We show the generating configurations for the NiS CI in Table

9 (based on C2v symmetry). The resultant CI consisted of (130,232),

(92,208), (122,326), (92,324), (158,392) and (158,626) {(spatials,

1 3 3 1

Az’ ]’s

spin-eigenfunctions)} for the ]A], A A,» By and 3B] CI cal-

2’
culations, respectively.

5.2 Ni,S

The GVB calculations were carried out in Cs symmetry (retaining
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the molecular plane) which led to localized bond pairs as in (8).
However, in the CI we did not use these orbitals but rather used or-
bitals corfesponding to (9) which have the full C2v symmetry of the
molecule and are generated by projecting the localized orbitals of (8)
onto the wavefunction (9). In addition, the remaining occupied orbit-
als (which were»essentia]]y.of C2V symmetry)were projected, leading to
a total of 16 basis functions.

The configurations were generated in a manner analogous to the
NiS CI using the generating configuration shoWn in Table 10.

The CI calculations were carried out only at the optimum geom-
etry found from the GVB calculations. Since we found the CI energy tov
be only~ 0.1 eV below the GVB energy (at this R) , we con-
cluded that CI effects would have only negligible effects on the geom-

etry.

5.3 Ni, and Ni,S

For N13 the CI basis consisted of the orbitals of (12)pIUS all
the oécupied 3, and b] orbitals (which were included to allow readjust-
ment effects involving reorientation of the 3d holes of the Ni atoms).
The generating configuratipns used are given in Table 11.

For N13S the CI basis consisted of the orbitals of (16) plus the
S(3s)-Tlike orbital, additional virtuals having the character of the
more -diffuse components of the S(3px) and S(3py)-1ike functipns,'and all
the occupied 3, and b] orbitals (which were included to allow readjust-

ment of the 3d holes for the Ni atoms, as for the Ni3 calculation). The
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Table 10 Generating Configurations for the NiZS CI

Calculation
Ta, 2a, b, 2b,"
2 o\ 2 0
1 1 1 1

%These orbitals correspond to the bond orbitals of NiZS

projected on sz symmetry.

bsee footnote b of Table 9.
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generating configurations are given in Table 11. As can be seen
from the energies in Table 5, the CI led to only small energy lower-

ings as compared to the GVB wavefunction.
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Table 11  Generating Configurations for the Ni3 and

Ni3S CI Calculations

Ni4®
la, 22, b,
2 0 1
1
Nigs P
1a1 2a1 1b2 2b2
2 1Y [2 o
12 1

These configurations correspond to wavefunction (12).

bThese configurations correspond to wavefunction (16).

See footnote b of Table 9.
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PART E:  THEORETICAL STUDIES OF THE BONDING OF OXYGEN TO MODELS
OF THE (100) AND (110) SURFACES OF NICKEL [1],[2]
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‘1. Introduction

PN s s D I g i s s g A

Previously, we reported calculations for the bonding of S to
Ni clusters designed to model the (100) and (110) surfaces of Ni [3].
Here, we report similar cluster calculations for O on Ni. We find
that the main differences between the 0 and S calculations have to
do with (i) the smaller size of the oxygen atom, and (ii) the higher
electronegativity of 0 (3.5 for 0 as compared with 2.5 for S [4a]).
The larger amount of ionic character in the 0 clusters requires that
the atom beneath the surface be included in the cluster for the 0
case, whereas only the surface Ni atoms were important in the S case.

In section 2, we describe the basis set and other ca1éu1a-
tional details. Section 3 describes the qualitative nature Qf the
wavefunctions for the various Ni clusters and (i) compares the cal-
culated geometry for the (100) surface with results of dynamic LEED
intensity calculations [5] and (ii) predicts the geometry for the (110)
- surface for which no LEED intensity analysis has been carried out.
Section 4 discusses the wavefunctions for the clusters in somewhat

more detail.

2. Calculational Details

L s s P P P s b s N Pt i P P s Pt Pt NS i N S

The basis set and effective potential used for Ni have been
reported previously [3]. (The Ni basis is based on the set optimized
for the third row atoms by Wachters [6].) The [3s,1p,2d] contraction
of the Ni basis was used for the Ni0 and NiéO calculations, while for

the larger Ni30, Ni40. and Nig0 calculations the [2s,1p,1d] contrac-

tion was used [3]. The basis for oxygen is the Dunning [3s,2p]
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contraction [7] of the Huzinaga (9s,5p) set [8]. This contraction
is double zeta valence but uses a single 1s-like contracted function
and leads to energies within 0.0001h of those obtained with the double
zeta contraction [9]. For the Ni0 cluster a single set of d-functions
(o = 1.04) was used on the 0, while for the Ni,0 cluster the geometry
was optimized without d-functions but d-functions were added at the
optimum geometry. d-functions were omitted for the larger clusters.
We solved for the states of the finite clusters using the ab
initio generalized valence bond (AVB) method [10] which differs from
the usual Hartree-Fock (HF) method in that it includes the dominant

electron correlation effects necessary to describe bond formation.

3. Qualitative Discussion

Table 1 summarizes the results for bonding an 0 atom to the
various Ni clusters. For the (100) surface; the surface unit cell
contains four surface Ni atoms at the corners of a square (which we
refer to as Nil, Ni2, Ni3, and Ni4) and one atom below the center of
the square in the next layer down (which we refer to as Ni5). For S
on the Ni (100) surface, we found that only the four surface Ni atoms
(1-4) had to be included to describe the geometry. However, for the
0 case the higher electronegativity of 0 Teads to a positive ion
state of the cluster being consistent with the charge distribution
for the full O overlayer and we find that Ni5 must be included to
describe po1arization‘effects in the direction perpendicular to the

surface. Thus, we used a Nigo model for 0 on Ni (100). This model
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Table 1 Summary of Results for Bonding of Oxygen to the Ni Clusters
Distance
Model above
Cluster Geometry for P]ane(ﬂ) RNiS(x) D(eV)
NiO Ni—O - 1.60  1.60  3.95
—T—-Nii
Ni,0 J2a '/oA (110)  0.31  1.79 4.37
——i——Ni4
////Niz
: 110 0.08 a
Ni 50 Ni5\ o (110) 1.76 3.32
Ni4 '
Ni 40 pe - 0.5 1.8 3.22
Ni3
Nt 7 ©
NiF0 \$ (100) (0.75)° - -
Ni4
Ni2 /
N150 K - 0.65 1.88 1.93
Ni3 '
' hh5--i-kg-() :
+
Niz0 <<\§ 10 .96 .01 3.09
ig N (100) 0.9 2.0 0

%The Ni0 and NiZO calculations used a [3s,1p,2d/3s,2p,1d] basis, while a
From compari-

[2s,1p,1d/3s,2p] basis was used for the larger clusters.
sons of both types of calculations for Nizo we estimate that this basis

leads to an error in De of 0.24 eV, but does not have a significant ef-
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Footnotes for Table 1 (continued)

fect on the geometry. Thus, we have added 0.24 eV to the De values
for the Ni30, Ni40, and NiSO clusters in order to compare with the
Ni0 and N120 calculations.

bThis value is estimated from Koopmans' theorem by assuming that the

error in the geometry from Koopmans' theorem for NiEO (O.ZSR) will
also be the same in NiZO.
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leads to a distance above the surface of O.QGR in excellent agreement
with the value from dyhamic LEED intensity analysis, 0.90i:0.1OR [5].
In the following, we discuss qualitatively the essential fea-
tures of the wavefunctions for the various clusters shown in Table 1.
For all the clusters considered here, we find that the Ni atom has the

character. of the 4s configuration and the bonding is dominated by
the 4s orbital, while the orientation of the hole in the 3d shell leads
to small energy effects. |

The simplest model which contains the qualitative features of
the bonding to the (100) surface is the N120 cluster, which corresponds
to bridging across a pair of surface Ni atoms (say Ni2 and Ni4) along

the diagonal of the square.

3.1 NiQ and Ni,0

Wavefunctions for numerous electronic states of Ni0 have been
discussed in detail elsewhere [11]. The bonding in Ni0 is dominated
by the sigma bond which may be described qualitatively as a Ni(4s) dr-
bital singlet paired with an 0 (2po) orbital. The orbitals of the
bond pair are shown in Fig. lcd; as expected from the relative electro-
negativities (1.8 for Ni, 3.5 for 0 [4a]) there is a substantial amount
of charge trénsfer [12] to the 0 atom (0.55 electrons). For the ground
state of Ni0, the 3d hole of the Ni 3d9 configuration is 3dw, leading to
a 3y ground state which is quite analogous to the ground states of
NiS [3] and of 02 [13]. As indicated in Fig. Taeg, the Ni(3d) orbitals
arefonlyAslightly affected by the bond. The major difference between
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3

The GVB orbitals of X“I  ground state of Ni0. Unless other-

wise noted, all plots have uniformly spaced contours of

0.05 a.u. Solid lines indicate positive contours, short
dashes indicate negative contours, and long dashes indicate

nodal lines. The same conventions are used for other figures.
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Ni0 and NiS is the greater charge transfer (0.55 electrons for NiO
as compared with 0.38 electrons for NiS [12]).

Bonding a second Ni atom to the singly occupied 0 (2py) orbital
(Fig. 1f) leads (after readjustment effects) to a structure with two

equivalent éigma bonds (i.e., the Ni,0 cluster).

(1)

Ni 4 Ni 2

Solving for a wavefunction of the form (1) leads to a total charge
transfer to the oxygen of 0.91 electrons, which is consistent with

incorporating a substantial component of the ijonic configuration (2)

[14].

© . y (2

Ni 4 . Ni2

Covalent bonding as in (1) favors 90° bond angles, whereas bond-
ing to 0" as in (2) favors 180° bond angles. Thus, incorporation of
ionic character leads to large bond angles and small vertical displace-

ments of the O atom (relative to the surface). For the NiZO cluster,
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the optimum geometry is with the O atom 0.31R above the surface, which
is consistent with the overall chabge transfer (0.91 eiectrons).

The orbitals corresponding to (1) are shown in Fig. 2. The bond
pairs (Fig. 2abcd) show a substantial amount of charge transfer to the
oxygen. For one bond pair (Fig. 2ab), one component (Fig. 2b) is es-
sentially 0(2p)-like, while the other component (Fig. 2a) corresponds
approximately to a Ni(4s) orbital which contains a large amount of
0(2p) character. (Thus, the covalent bond has an appropriate amount of
fonic character.) The 0(25)-1ike orbital (Fig. 2e) has hybridized away
from the bond pairs.

- We find that bridged bonding as in the N120 cluster is more favor-
able (De = 4,37 eV) than bonding directly above a surface Ni atom as in
NiO (De = 3.95‘eV). The small difference in bond energies here reflects
the fact that the Ni,0 cluster contains a large component of (2) which

involves only a single sigma bond.

.+
3.2 Ni,0, Ni 0

Including the nonbonded surface Ni atoms (Nil and Ni3) leads to
the N140 cluster. Qualitatively the electronic configuration of the

Ni40 cluster is

®

O CDO 0O NS WA (3)

+ ¢ Nid

C-C
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Fig. 2 Selected orbitals of the N120 cluster.



(a)

158

Ni, O GVB (2/PP)

UPPER NiO BOND
(b)

ONE

0. 2s PAIR

(e)

ONE ~

ONE

4.0 A

/ TWO




159

The bonding orbita]s (shown in the yz plane) are analogous to the
orbitals of (2). We find (as for Ni4S) that there are repulsive
interactions between the doubly occupied O(pr) orbital and the other
two surface Ni atoms (Nil and Ni3) which lead to an optimum geometry
with the 0 atom O.SGR above the surface, 0.25R higher than for the
NiZO calculation.

For the full oxygen overlayer, Nil and Ni3 are involved in
bonds to other 0 atoms. Considering the charge transfer involved
in the bonds leads to a charge of~ 0.9 distributed between Nil
and Ni3 (based on NiZO). Thus, the overall charge is more accurately
represented by an ion state of the Ni4 cluster invo}ving removal of
one electron from among the orbitals corresponding to Nil and Ni3.
It wés anticipated that for the positively charged cluster polariza-
tion effects involving Ni5 would be important, thus we used a NiTo

5
cluster as the model for 0 on Ni(100).

+

3.3 N150, Nis

_O_ .

Here we consider first the neutral N150 cluster. For Niso we
find that Ni5 is nonbonding and the remaining electronic configuration
is similar to (3) for Ni40. The orbitals of the neutral N150 cluster
are shown in Fig. 3. Looking first at the bond pair (Fig. 3ab), one
+ sees that one component (Fig{ 3a) is essentially an O(2py) orbital,
while the other component (Fig. 3b) corresponds approximately to
Ni2(4s)-Ni4(4s) but contains a substantial amount of O(Zpy) character
(indicating an ionic bond). The O(ZpZ) pair (Fig. 3c) has delocal-

ized somewhat onto the Ni, but the overall populations correspond most
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Fig. 3 Selected orbitals of the Ni 0 cluster.

5
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closely to an 0° configuration for the O atom as in (3). The 0(2s)
pair (Fig. 3d) is essentially atomic-1ike, but has built in a small
amount of 3d character on the surface Ni atoms. The singly occupied
orbita1s (Fig. 3efg) are all derived from Ni(4s) orbitals (mainly
on Nil, Ni3, and Ni5). The orbitals in Fig. 3ef correspond approxi-
mately to Nil(4s) + Ni3(4s) and Ni1(4s)-Ni3(4s), respectively; note
however, that the symmetric combination (Fig. 3e) has delocalized onto
Ni5, leading to bonding character on all three centers. The other
singly occupied orbital (Fig. 3g) corresponds to a 4s orbital on Nib
and is antibonding in character. The optimum geometry for this clus-
ter is with the O 0.6!& aboveAthe surface, only 0.0QR higher than for‘
“the Ni40 cluster. Thus Ni5 has only a small effect on the geometry
of the neutral cluster (as was predicted for bonding S to this clus-
ter [3]).

Now we consider the NiEO cluster. The lowest ion state of
the Ni50 cluster involves ionizing the singly occupied orbital in
Fig. 3g. At the equilibrium geometry for Ni50 neutral, the orbitals
of Nigo are very similar to the corresponding N150 orbitals shown in
Fig. 3. waever, the Ni; cluster has a higher effective electronega-
tivity than the Ni5 cluster which leads to more covalent bonding in
Nigo and an equilibrium geometry with the 0 atom further from the
surface. Moving the O atom away from thé surface, the doubly occupied
0(2pz) orbital delocalizes more onto the Ni while the singly occupied
Ni-Ni bonding orbital (Fig. 3e) localizes on the 0 atom; leading (at
the equilibrium geometry for Nigo) to a singly occupied 0(2pz) orbital
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and a doubly occupied Ni-Ni bonding orbital (i.e., an electron has
been transferred from 0 back to the metal).

The overall electronic configuration is

Nit . (4)

Ni 5

——— -]

We show the orbitals corresponding to£(4) in Fig, 4. The bond pair
(Fig. 4ab) is very similar to the bond pair for Ni50 neutral (Fig. 3ab).
The 0(2pz) orbital (Fig. 4c) is now singly occupied and localized,
while the orbital corresponding to the bonding combination of the
Ni(4s) orbitals (Fig. 4e) is doubly occupied. The remaining singly
occupied orbital (Fig. 4f) corresponds to Nil(4s)-Ni3(4s) and has not
changed significantly from the corresponding orbital for Nisoineutra1
(Fig. 3f).

Thus, the overall configuration for the NiEO cluster corresponds
to a neutral oxygen atom configuration [but with about 0.5 electrons
transferred in the bond pair (Fig. 4ab) leading to a total charge on
the oxygen of 0.61 e]ectkons as compared to 0.82 electrons for Ni50
neutral]. The net effect of the more covalent bonding is an equili-
brium geometry with the O atom O.QGR above the surface, o.31R higher
than for Ni50 neutral. This value is in good agreement with the re-

sults of dynamic LEED intensity analysis, 0.90:t0.10R [5].
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Fig. 4 Selected orbitals of the Nigo cluster.
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From Table 1 we see that the Nigo cluster leads to a substan-
tially larger bond energy 3.09 eV than for Ni 0 neutral (1.93 ev).
This effect derives largely from the antibonding character of the
jonized orbital (Fig. 3g). Thus, withdrawal of charge by adjacent
0 atoms on the surface leads to stronger bonding of O to the surface.
This effect should lead to island formation at low coverages and
formation of ordered overlayers at higher coverages.

Figure 5a shows the bonding expected for c(2 x2) overlayers
on the Ni(100) surface. The localized bonds shown in Fig. 5a suggest
a p(2x2) structure with the center and corner Ni atoms connected by
~a glide plane. However, there is a degenerate structure rotated by
90° and these two structures are expected to have a strong interac-
tion (resonance) leading to all the O atoms being equivalent. This
leads to c(2x2) as is observed [5].

As shown in Fig. 5a, bonding the 4s orbital of each Ni to one
0 leads to an 0 atom in only half the four-fold sites. Thus, this
bonding picture suggests that the c(2x2) overlayer is particularly
stable. The van der Waals radius of the O atom is 1.4OR [4b], con-
siderably smaller than half the 0-0 distance for the c(2 x2) structure
(1.763) but somewhat larger than half the 0-0 distance if an 0 atom
were in each four-fold site (1.252). Thus, it seems that nonbonded
repulsions between the 0 atoms alone would not account for the c(2x2)

structure, while the bonding picture in Fig. 5a does.
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Fig. 5 The c(2x2) structure for 0 on (a) Ni(100) and (b) Ni(110),
respectively. Circles represent surface Ni atoms, crosses

represent 0 atoms, heavy lines represent Ni-0 bonds, and

dashed lines outline the dnit cell.
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3.5 The (110) Surface

~ The simplest model for the (110) surface is the Ni20 cluster.
Figure 5b illustrates the bonding expected for a c(2 x2) overlayer on
the Ni(110) surface for bonding consistent with our Ni,0 model. As
shown in table 1, this model leads to a distance above the surface of
0.313. However, for the 0 this close to the surface, there should be
interactions with the two Ni atoms in the next layer down. Figure 6b
shows the locations of these atoms relative to the surface atoms and
the 0 atom. While we have not solved for the Ni40 cluster which in-
cludes the effects of these second layer atoms, we have solved for a
N130 cluster which includes the two surface Ni atoms .and one of the
atoms in the second layer. As indicated in table 1, the third Ni atom
has an attractive interaction with the 0 atom leading to a decrease by
0.232 in the distance between the 0 and the third Ni atom (this dis-
tance is not normal to the (110) surface).

Putting these effects together, we would expect that the opti-
mum geometry for the (110) surface is with the 0 bridged across next
nearest neighbor surface Ni atoms and approximately in the plane of
the surface. While there has been no dynamic LEED intensity analysis
reported for 0 on Ni(110), for O on Fe(100) [which involves a more
open structure (BCC lattice with a = 2.872 as compared with FCC
with a = 2.49R for Ni), possibly intermediate between Ni(100) and
Ni(110)] the O is found to be closer to the surface (0.53:t0.0GR)
[15]. Thus, it is not surprising that for the (110) surface of Ni

the 0 is predicted to be very close to the surface.
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Fig. 6 The geometry of the O atom and nearest neighbor Ni atoms for
the Ni(100) and Ni(110) surfaces. Ni atoms in the plane of
the paper are illustrated by light circles, whi]é thosé below
the paper are illustrated by dashed circles and the O atom is

illustrated by a somewhat larger heavy circle.
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4. Further Discussion of the Wavefunctions

B L e e L O L T o VL VT W VU VP

Before discussing the bonding of an 0 atom to the various Ni
clusters; we first consider the bonding in NiH and Niz, since these
simple cases illustrate the basic characteristics of the bonding be-
tween Ni atoms and the bonding to an 0 atom.

The Ni atom has two lTow-lying states 4s]3d9(3D) and 4523d8(3F).

3

Ignoring spin-orbit coupling effects, the ground state is “D with the

3 state only 0.03 eV higher [16]. Thus, both states could play a

role in the bonding. Howevek, the Ni(4s) orbital isv2-1/2 times as

large as the Ni(3d) orbitals (see Fig. 7); thus, the 4s orbital domin-

2

ates the bonding. Bringing up an H atom to the 4s 3d8 state of Ni

leads to repulsive interactions much as for the case of HeH. The

1

4s13d° state of Ni, on the other hand, leads to a sigma bond between

the Ni(4s) and H(1s) orbitals and, hence, an attractive potential curve
as for H

2° ,
The remaining 3dg configuration on the Ni then leads to 22+, ZH,
and 2A states depending on whether the singly occupied 3d orbital is

taken as a 3do, 3dw, or 3dS orbital respectively. As discussed else-

1

where [18], while the Ni configuration is basically 4s 3d° there is

some mixing in of components of 4533d8 character

O Ts

the energy of which

1,.9

varies over a range of several eV depending on whether the 4s 3d” con-

figuration has a singly occupied 3do, 3dm, or 3d§ orbital. The net

effect (referred to as the interatomic coupling effect) leads to the

ordering 2A < 2 22+ with 2A 0.346 eV below ZH which in turn is

2

0.095 eV below Z (at Re for the X“A state) [19]. We find that these
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Fig. 7 Comparison of the 4s and 3d orbital sizes of the Ni atom.

These orbitals are for the 52d8(3F) state, the orbitals for the

s]dg(BD) state are quite similar. The 3d orbital shown is 322-f2.
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results are quite general for sigma bonds to the Ni(4s) orbital lead-
ing to an increased stability associated with having a 3d hole which
is §-1ike with respect to the bond axis.
From the discussion of NiH, it is not surprising that the bond-

]Bdg configuration on each Ni Teading

ing 1in N1‘2 [20] involves a 4s
to a sigma bond between the 4s orbitals, and the lowest 3d occupation
has both 3d holes taken in 3d§ orbitals (other 3d orbital accupancies
lead to numerous ]ow-]yfng excited states).

As a generalization of these cases, we find that the bonding in

]3d9 Ni configuration and is

the various Ni clusters involves the 4s
dominated by the Ni(4s) electrons, while the most favorable 3d9 con-
figuration has the hole in the 3d shell taken to be delta-like with
respect to the bond axis (axes). (See the discussion in reference

[31.)

4.1 N12

0

From the above discussion, given (1) we expect the Towest 3d
orbital occupancy to correspond to taking the 3d holes to be 6-1ike
with respect to the NiS bond axes [21].

In these calculations we fixed the Ni-Ni distance at v2a (where

0 . .
the nearest neighbor distance 2.49A in Ni metal), as appropriate

.
3
I

Q
(7]

for next nearest neighbbrs on the Ni(100) and Ni(110) surfaces. We

then varied the Ni0 distance (retaining C v symmetry). The resulting

2
potential curve is shown in Fig. 8, while the energies used to con-
struct the curve are given in Table 2. The optimum geometry from the

potential curve corresponds to a distance above the surface of 0.31
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"Fig. 8 NiéO geometry optimization. The calculated points. are indicated.
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Table 2 Ni20 Geometry Variation

Energy

g2 Gve(2/pp)® GVB(1/pp)©
1.5 -155.91732 -

1.2 -155.92398 -

1.0 : -155.92644 -
0.8 : -155.92797 -155.90678
0.6 -155.92842 -155.90909
0.4 -155.92818 -155.91034

2 d is the perpendicular distance (in a.u.) from the
0 to a line between the two Ni atoms.

bThis corresponds to wavefunction (5). The optimum

geometry corresponds to a d value of 0.313 which gives
a Ni0 distance of 1.79% and a NiONi angle of 160.0°.
The De values are 3,87 eV and 4.37 eV for GVB and CI
wavefunctions respectively.

CThis corresponds to wavefunction (8).
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0

which leads to a Ni0 bond Tength of 1.79A and a NiONi angle of 160.0°.
Including only the two bond pairs [in the following discussion

we include only the 4s electrons of each Ni atom], the GVB wavefunc-

tion corresponding to (1) is written in terms of natural orbitals as

(62 - 202 (62 - 20%2) (5)

where the two GVB pairs correspond to the localized bond pairs shown
in Fig. 2. An alternative way to correlate this wavefunction using

symmetry orbitals is

(123 - x2a])(1b3 - A2b5) (6)
where lag = ¢ + 9. b, = ¢, - ¢,
2a; = ¢ + oY , and 2b, = ¢f - ¢}

One may imagine (6) to correspond to bonding the 0 atom in the follow-

" ing orientation

Ni 4 Ni2 (7)
(:) ®Ni 5

The bond pairs may then be qualitatively described as (1) an 3y pair
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with one component essentially 0(2pz)-11ke and the other component
corresponding to Ni2(4s) + Ni4(4s); (2) a b2 pair with one component
essentially O(Zpy)-like and the other component corresponding to
Ni2(4s)-Ni4(4s). However, because of the ionic character of N120, we
find that the a pair corresponds essentially to an O(ZpZ)doub1y

occupied orbital, leading to a wavefunction of the form
2,4.2 2
1ay(1b5 - A2b3) (8)

which corresponds to the ionic configuration (2).

For N120 (5) is Tower in energylthan (8) (see table 2). Thus,
we optimized the geometry based on (5). However, from the populations
it is clear that there is a large ionic component corresponding to
(8). For tlarger clusters, we find that the presence of nearby Ni atoms
restricts the correlation effects leading to a wavefunction of the form
(8) being lower.

We show the orbitals of (8) in Fig. 9. From Fig. 9 one sees that
the 1a] orbital (Fig. 9c) is essentially an O(2pz)orbita1, while the
b2 pair has one component (Fig. 9a) which is essentially O(Zpy)—like,
while the other component (Fig. 9b) corresponds to N12(4s)¥Ni4(4s) but
has built in a substantial amount of 0(2p ) character (indicating an
ionic bond).

To calculate the De for the NiZO cluster, we carried out a small
configuration interaction (CI)ycalculation using the orbitals of (5).
Here, we projected these orbitals onto (6), leading to basis functions

which have the C2v symmetry of the molecule. In addition to these four
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Fig. 9 The GVB orbitals for Nizo using the wavefunction (8).
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orbitals, all the remaining occupied orbitals were included in the
CI, leading to 17 basis functions (including the 0(1s)-like orbital
which was kept doubly occupied in all configurations). The configura-
tions were generated by allowing all single excitations from the set
of generating configurations in table 3.

The resulting De value is 4.37 eV as compared with a De of
3.95 eV for a comparable CI treatment for NiO (see reference [11])
indicating that 0 prefers bridged sites on the Ni(100) surface as

compared with bonding positions directly above a surface Ni atom.

4.2 NiQ

Adding Ni atoms 1 and 3 leads to the Ni40 cluster. The electronic

configuration is

>~ <
-4
'

Ni3 Ni 1

(9)

INi4

where the bond orbitals (shown in the yz plane) correspond to the or-
bitals of (8). Adding to (8) the doubly-occupied 0 2p, orbital (1b$)
and the 4s orbitals of Nil and Ni3 which are triplet-coupled (Za} Zb})

leads to the overall configuration [22],

2

2 2 2 5.1 501
1a](1b2 --Asz) 1b] Za] 2b1 (10)
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Table 3 Generating Configurations for the
Nizo CI Calculation

| a
1a] Za] 1b2 2b2
2 0 2 0
1 1 1 1

%These orbitals correspond to the bond orbitals
of NiZO projected on C2v symmetry.

bThe parentheses indicate that we take products of

the configurations in the left parentheses with
those in the right parentheses, resulting in four
configurations.
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Repulsive nonbonded interactions between the O(ZpX)pair and Ni
atoms 1 and 3 lead to an equilibrium geometry with the O O.SGR above
the surface, 0.253 higher than for N120. The resulting hotential
curve is shown in Fig. 10, while the energies are given in Table 4.

In Table 5, we show Mulliken populations for the various clusters.
Here we see that, for N120 and Ni40 Ni atoms 2 and 4 have populations
corresponding to charges of v+0.5 electrons. From Fig. 5 we see that,
considering the other oxygen atoms in the overlayer, the overall charge
distribution is approximately described by an ion state where one 4s
electron has been ionized from among the 4s orbitals of Nil and Ni3
[i.e., 1onizihg an electron from the 2a] or 2b] orbital of (10)]. qu
the positively charged clusters, we anticipated that polarization ef-
fects in a direction perpendicular to the surface would be important.
Therefore, we added the Ni atom beneath the surface, leading to the

Nigo cluster as the model for 0 on Ni(100). -

+

50

4.3 Ni.0, Ni

We find for the neutral Ni 0 cluster that Ni5 is nonbonding,

leading to a wavefunction [23]

1a2(1b§ - A2b§) 162 2al 3a
1

1 2b

123 } (11)

We show the orbitals corresponding to (11) in Fig. 3.} The orbitals of
the GVB pair (1b% - AZbg) are shown in Fig. 3ab, where one sees that
they are similar to the corresponding orbitals of (8) (Fig. 9ab). The
1a% pair (Fig. 3c) is essentially a doubly occupied O(sz) orbital.

The Za] orbital (Fig. 3e) has bonding character on all three Ni atoms,



186

Fig. 10 Ni40 geometry variation. The calculated points are indi-

cated.
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Table 4 Ni40 Geometry Variation

d? Energyb

1.5 = -237.02681
1.1 -237.03187
0.7 -237.02857

@ 4 s the perpendicular distance (in a.u.) from the 0
to the plane containing the four Ni atoms.

For a GVB(1/pp) wavefunction. The optimum geometry
corresponds to a d of O.SGR which corresponds to a NiO
distance of 1.8SX and a NiONi angle of 144.7°. The De
value is 2.98 eV for a GVB(1/pp) wavefunction. The
basis set used here is [2s,1p,1d/3s,2p] which we esti-
mate to lead to an error in the energy of 0.239 eV
(from comparison of ,NjZO calculations using these
basis sets) as compared with the [3s,1p,2d/3s,2p,1d]
~basis used for the Ni0 and N120 calculations. Thus,
this correction should be added to the De value to com-
pare with the Ni0 and Ni20 calculations, leading to
3.22 eV as our best estimate for De’
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Table 5 Mulliken Populations for the Ni 0 Clusters®:

Ni 0 Ni 50 Ni 40 Nig0 Niz0
NS - 10.02 10.00 9.75
Ni2 9.55 9.57 9.54 9.55 9.52
N3 - - 10.02 10.00 9.75
Ni4 9.55 9.57 9.54 9.55 9.52
N5 - 9.99 - 10.08 9.85
0 8.91 8.87 8.88 8.82 8.61

@\ear the optimum geometry in each case, which corresponds to verti-
cal displacements of 0.6, 0.1, 1.7, 1.2, and 1.8 a.u. for N120,
Ni 0, Ni 0, Ni 0 and Nig0, respectively.

bSee footnote 12 in the text.

“The numbering of the Ni atoms is as shown in Fig. 6a [Ni(100)].
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while the 3a, orbital (Fig.3g) is essentially a 4s orbital on Ni5
and is antibonding in character. The 2b] orbital (Fig. 3f) corres-
ponds approximately to Ni1(4s)-Ni3(4s).
The Towest ion state of the Ni50 cluster corresponds to ionizing

the 3a1 orbital Teading to the wavefunction

1
1

1

21112 2 2
1a-|(1b2 - A2b2) 1b] 2a 2b] (12)

Near the equilibrium geometry for the neutral NiSO cluster, the
orbitals of (12) are very similar to the corresponding orbitals of (11)
(as assumed in using Koopmans' theorem). However, the Ni; cluster has
a larger effective electronegativity than the Ni5 neutral cluster, which
leads to more covalent bonding for Nigo than for N150 neutral. As
expected from the discussion in section 4.1, this Teads to an equili-
brium geometry with the O further from the surface than for the Nigo
cluster.

As the 0 atom moves from the equilibrium geometry for NiSO'neu-
tral toward the equilibrium geometry for the NiEO cluster, an electron
is transferred from 0 back to the metal leading to the 1a? pair being
mainly on the Ni (bonding orbital) while the Za],orbita1 becomés a
singly occupied O(sz) orbital.

The resulting orbitals for the Nigo cluster near its équi]ibrium
geometry are shown in Fig. 4. Here one sees that the orbitals of the
GVB pair (Fig. 4ab) are very similar to the corresponding orbitals of
the NiEO neutral cluster. (Fig. 3ab). . The doubly occupied Ta, orbi tal

(Fig. 4e) has bonding character on all three Ni atoms and also shows



191

Ni0 bonding character. The singly occupied Za] orbital (Fig. 4c) is
eséentia]ly an 0(2pz)orbita1 and the Zb] orbital (Fig. 4f) is similar
to the corfesponding orbital of (11).

The Mulliken populations (Table 5) indicate that the Ni atoms
involved in Ni0O bonds (Ni2 and Ni4) have Mulliken populations consis-
tent with charges of +0.5 electrons. From Table 5 we see that the NiEO
cluster has a positive charge of 0.5 electron distributed between Nil and
Ni3 as compared with ~1.0 electron expected for NiZO. Thus, we expect
larger nonbonded repulsions between the 0(2px) pair and the surface Ni
atoms (1 and 3) for Nigo than for‘NiZO. This effect, which derives
from polarization effects involving Ni5, leads to an equilibrium geom-
etry for Nigo with the 0 atom 0.23R further from the surface than for
Ni 0. |

In Fig. 11 we show the potential curves for the N15O and Nigo
clusters, while the energies are given in Table 6. As indicated in
Table 1, the Nigo cluster leads to a distance above the surface of
O.QGR which is in excellent agreement with the results of dynamic LEED

intensity analysis, 0.90+0.10R [5].

4.4 Ni39

Starting with the wavefunction (8) for NizO and adding the atom
beneath the surface (Ni5) leads to the Ni30 cluster. We find that
Ni5 is nonbonding, Teading to the qualitative description for Ni30:
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+
5

indicated.

Fig. 11 NiSO,Ni 0 geometry variation. The calculated points are
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Table 6 N150 and Nigo Geometry Variation

Energy
s b .+
N150 N150
a c Koopmans '
d GVB GVB Theorem
2.1 - -277.4016 -
1.8 - -277.4044 -
1.5 -277.5567 -277.4023 -277.3854d
1.2 -277.5588 -277.3988 -277.3857
0.9 -277.5564 ~277.3932 -277.3794
0.6 . -277.5517 -277.3853 -

34 is the perpendicular distance (in a.u.) from the 0 to the plane con-
taining the four surface Ni atoms.

bFor a GVB(1/pp) wavefunction. The optimum geometry corresponds to a d

" value of 0.658 which leads to Ni0 distance of 1.88% and a NiONi angle
of 139.5°. The D, value is 1.69 eV (see footnote b of Table 4).

“For a GVB(1/pp) wavefunction. The optimum geometry correspondsvto-a'd
~value of 0.96A which leads to a Ni0 distance of 2.01% and a NiONi angle
of 122.8°. The D, value is 2.85 eV (see footnote b of Table 4).

dThe Koopmans'®' theorem energies 1ead to an optimum geometry with the 0

atom 0. 7]R above the surface.
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’/ 6 AN -
/ \\
o o . y
Ni 4 Ni2
O | o nis
which corresponds to the GVB wavefunction [24]
2 ,.1 2 2
1a1 Za] (1b2 - A2b2) (13)

We show the orbitals ofy(13) in Fig. 12. Here one seés that the b2
bond pair (Fig. 12ab) is qualitatively similar to the corresponding
pair in NiZO (Fig. 9ab), NiSO (Fig. 3ab), and NiEO (Fig. 4ab). The
2a] orbital (Fig. 12d) corresponds approximately to a 4s orbital on
Ni5 but has hybridized away from the 0 atom. This leaves a parti-
ally exposed 3d9 core on Ni5 which we expect to have an attractive
interaction with the doubly occupied O(ZpZ) orbital (as for the 5¢
orbital of CO upon bonding to Ni [18]). It is apparently this effect
0 cluster with the 0

3
0
atom only 0.0BR'above the surface, 0.23A closer than for the Nizo

that leads to an equilibrium geometry for the Ni

cluster [25]. The resulting potential curve is shown in Fig. 13,
while the energies used to construct Fig. 13 are given in Table 7.
Comparing to the (110) surface, from Fig. 6b we see that there

are two Ni atoms below the surface (atoms 3 and 4 for geometry A),
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Fig. 12 Selected orbitals of the Ni30 cluster.
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Fig. 13 Ni30 geometry variaticen. The calculated points are indicated.
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Table 7 Ni_,O Geometry Variation

3
d? Energyb
1.0 -196.46073
0.7 . -196.47057
0.4 -196. 47960
0.1 -196.48297
-0.2 ' -196.47092

@dis the perpendicular distance (in a.u.) from the 0 to a
line connecting Ni2 and Ni4.

Pror a GVB(1/pp) wavefunction. The optimum geometry cor-

responds to a d value of 0.0BR which gives a Ni0 distance
of ].762 and a NiONi angle of 174.8°. The D, value is
3.08 eV (see footnote b of Table 4).
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which can interact in the manner that Ni5 did for the N130 cluster.
This leads to the expectation that, for the 0 bridging Ni atoms 1 and
2 of Fig. 6b, there will be attractive interactions between the

two doubly occupied p orbitals of the O atom and Ni atoms 3 and 4.

End View Side View

QO -
oS S O
4 N

O] ©) O

Ni 3 Ni4 Ni Ni2

(14)

In this picture, the oxygen would be expected to lie approximately in
the plane of the surface (not more than 0.18 above the surface) and
along the long edge of the surface unit cell. As indicated in Fig.5b,

this leads to a c(2x2) overlayer.
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There are two possible choices for the delta-iike orbitals on
each Ni. Their energies are within ~0.04 eV and we chose to
solve self-consistently for the case where each Ni 3dS hole is

asymmetric with respect to the molecular plane, since this choice

simplifies the SCF calculations.

The Ni(3d) holes for Ni atoms 2 and 4 (involved in Ni-0 bonds)
were taken to be delta-like with respect to the NiS bond axis

and asymmetric with respect to the yz plane (containing Ni2, Ni4,
and the S) which is the same orientation as for the N120 calcula-
tion. The Ni(3d) holes for Nil and Ni3 were taken in 3dyZ or-
bitals which are delta-like with respect to the x axis, which
passes through Nil and Ni3.

The Ni(3d) holes for Ni atoms 1-4 are the same as for the Ni,0

4
cluster (see Ref. 22). The 3d hole for Ni5 is taken in a 3d

Xy
orbital which is thus delta-like with respect to the z axis (re-
garded as the bond axis for bonding Ni5 to the surface Ni atoms).
The Ni(3d) holes for Ni atoms 2 and 4 are the same as for the
N120 calculation (see Ref. 21). The 3d hole for Ni5 is the same

as for the N150 calculation (see Ref. 23).

~ For the Ni_0 cluster repulsive effects between the nonbonded Ni

LR~ < w .

5
atoms (1 and 3) and the O(2prm)pair lead to a geometry with the

0 atom further above the surface than for NiZO. Apparently, at
larger distances stabilization of the 0(2pz) pair is less sig-
nificant than nonbonded repulsion due to the Ni5(4s) orbijtal,

leading to a'slightly repulsive effect due to Ni5.
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PART F: THE ELECTRONIC STATES OF THE N1'0.M0LECULE]’2
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I. Introduction

A s e A Nt P A2 A N

A great deal of attention is currently being directed toward
the study of heterogeneous catalysis of various reactions by metal
surfaces and hompgeneous catalysis using transition metal complexes.

A major difficulty in designing and interpreting experimental studies
of such systems is that the electronic structure and bonding of unsat-
urated 1igands to transition metals is poorly understood (even at a
qualitative level)with very little in the way of quantitative thermo-
chemical data. Indeed, there is currently only very sketchy experimen-
té] (or theoretical) information about such simple diatomic systems as
transition metal ox1'des.3 As part of a project aimed at providing both
qualitative and quantitative information about chemisorption and reac-
tions of atoms and molecules on metal surfaces, we carried out a rather
extensive study of numerous electronic states of Ni0 as described
herein.

In section II we present the qualitative description of the vari-
ous states of NiO as obtained from the generalized valence pond (GVB)6
calculations. Various calculational details are outlined in section
IIT, while section IV describes the details of the configuration inter-
action {CI calculations). Finally, section V contains a summary of

the main results obtained.
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IT. Qualitative Description

NS 8 S S s S Pt i N S P T P D 8t N8 e

3 2( 4

The ground state of O(”p) has the configuration (15)2(25) 2p)

and can be visualized as
‘ z
L

where (C><) indicates a 2p, orbital in the plane and (O indi-
cates a 2px orbital pointing out of the plane.
Ni is a bit more complicated. Neglecting spin-orbit coupling,

9
) 2,.8

while the 3F(4s 3d”) state is at 0.03 eV.7

the ground state is 3D(4s]3d
Thus, both states could well play a role in the bonding. However, as
shown in Fig. 1, the 4s orbital of Ni is v 2% times larger than the
3d orbitals, so that the bonding is dominated by the 4s orbital. In

consequence, the lower bound states of Ni0 all have essentially

(45)](3d)9 character on the Ni.

Before examining the states of Ni0 we will consider Nng since
it illustrates the sigma bonding without the complications of the m
bonds.

Coup]ihg the Ni(s]dg) state to the H Teads to an attractive in-
teraction much as in H2, whereas at Targe R, coupling the Ni(sde) state
to the H Teads to repulsive interactions (arising from the Pauli prin-
ciple) somewhat analogous to the case of HeH or BeH. At small R the
52d8 state can lead to bonding (the atomic state is promoted by split-

ting the 4s pair into two sp hybrids, one of which overlaps the H);
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Figure 1., Comparison of the 4s and 3d orbital sizes of the Ni atom.
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however, the ground state of NiH has the s1d9 configuration on the Ni.
Allowing the orbitals to readjust, as in the GVB wavefunction, leads
to mixing of small amounts of Ni 4po, Ni 3do, énd H 1s character into
the Ni(4s) orbital; however, the qualitative description is as above.
Given that the ground state of NiH has 4s]3d9 character on the
Ni with the 4s orbital coupled to the H, we expect five Tow-lying
2, 2 22+)

states (“A,°I, and depending on which of the five d orbitals is

singly occupied (i.e., which one has the hole). As discussed elsewhere 3
the best state has a § hole, the next best has a 7 hole, while the case

with a o hole is worst. The separations here are § -~ 7 0.346 eV and

§ ~ 0 0.441 eV. (The effect leading to this ordering is referred
to as the intra-atomic couph’ng.)]0
Now we consider NiO. Again we find the lower states to in-

volve a Ni(4s13d9) configuration. Assuming this and pairing the

Ni(4s) orbital with a singly occupied 0(2po) orbital

o%o (1)

leads to five possible Ni 3d9 configurations, each 6f which can be
coupled with two 0(2p'rr)3 configurations. Each of these ten spatial
configurations 1eads to a‘singlet and a triplet, resd]ting in 20 states
(some of which are degenerate) that we will refer to collectively as

the group I states.
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Pairing the N1(4s]3d9) configuration with the oxygen configura-
tion
03‘
(2)
leads to a number of additional states which generally

have a weaker bond due to repulsive interactions of the 0(2po)
doubly occupied orbital with the Ni(4s) orbital. These states lead to
bonding because the 0(2pg) pair is attracted by the Ni core somewhat
as for the CO lone pair in NiCO!O The set of states resulting from (2)

are denoted as group II states.

5;~~Ibg~§rggg~£~§§gE§§L The ten group I configurations corres-

- ponding to (1) and the electronic states arising from these configura-
tions are shown below. Each of these configurations involves a sigma
bond between the Ni(4s) and 0(2po) orbitals, and the ordering of the
states is controlled mainly by differences in the m interactions. Thus,
we indicate the Ni(3dm) and 0(2pw) orbitals schematically (for simplic-
ity we use the same notation for Ni(3drn) orbitals as for O(2prn) orbitals)
and include the remaining Ni atom configuratfon in an abbreviated form
(e.q., (d6)4(d0)2). In 1-5 the symmetries resulting from each configura-

tion are listed at the right in order of the energy (highest state at
the top).
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2 I, 2 9 Sl
4q (d87) (d3) (do) (-+) (4s
~ |+
‘| <)
! 2 2 v v ‘ 3H+
4b  (d&7) (d8*)"(do)” (9 (4s (+) gt
‘ @) O J
A )
2, 2 v | 9 'm”
5a - (d87) (d8*) (do) g (4s S09
- '+2 2 ip
5b  (d87) (48%) (o)™ (9 (4s

Configurations and 2 have a 3dm hole and lead to states

)
3 3.+

35,1 A, and "X just as for the analogous case of 02

2, 0 s
(where these six states are the lowest six states). Indeed, the order-

ing of these states is exactly as in 02,]1 and we find that the ground

377 state.

state of NiO is the

Configurations 3 have a 3do hole and lead to 1537 states.
Configurations 4 and 5 (which involve a 3ds hole) lead to 1.3 and
]’3¢ states.

Figure 2 shows the GVB orbitals of configuration Jg (which to-
gether with configuration lb leads to the X3Z' ground state of NiO).
Concéntrating first on the sigma bond (Fig. 2cd) we see that the 0(2po)
component (Fig. 2d) of the bond pair is essentially atomic-like, while
the Ni(4s) component (Fig. 2c) is significantly distorted toward the O.

This fndicates a somewhat ionic bond (toward the oxygen). These effects |
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Figure 2. The GVB orbitals of the x35” state of NiO (at R= 1.633).
Unless otherwise noted, all orbital plots have uniformly spaced
contours with increments of 0.05 a.u. Positive contours are indi;
cated by solid lines, negative contours are indicated by dashed
lines, and nodal lines are indicated by long dashes. The same

conventions are used for the other figures.
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are reflected in the Mulliken populations (Table I) which show
0.57 electron transferred from Ni to O}Z'The Ni(4s)-1ike component
of the NiO sigma bond pair has incorporated some 3do character.

The relatively large size of the Ni(4s) orbital favors forma-
tion of the sigma bond at an R much larger than the size of the 3d or-
bital, leading to small Ni3dn-02pm overlaps. This is reflected in the
Tocalized character of the m orbitals. The doubly occupied 0(2pm) or-
bital (Fig. 2h) delocalizes somewhat more onto the Ni than does the
doubly occupied Ni(3dw) orbital (Fig. 2e) onto 0, leading to a slight
net charge transfer back onto the Ni (0.08 electrons) in response to the
charge flow from Ni to O in the sigma system (0.65 electrons).

We now consider the ordering of the group I states. Here we
first examine the ordering of the covalent configurations l -§ and
then consider modifications to this ordering due to additional con-
figuration interaction (CI) effects.

Consider first configurations 1 and g, which Tead to states
whose ordering is the same as the ordering of the analogous states of
the O2 mq]ecu]e.ll

- In the case of configurations 1 « the singly occupied orbitals

are orthogonal leading to the triplet coupling being ]oWer; whereas,
~for configurations g the singly occupied orbitals overlap, which
leads to the singlet pairing (mw bonding) being lower. We now compare
the triplet coupling of 1 and the singlet coupling of 2 + Config-

urations g have a single m bond in one direction which is partially

counterbalanced by non-bonded interactions between the adjacent doubly
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occupied orbitals in the other direction. At small R, these repulsive
interactions dominate and make g unfavorable; whereas, at large R
the 7 bond dominates, favoring g . In the case of 1 , there is ho m
bonding at large R, but at small R the doubly occupied 7 orbital can
delocalize onto the opposite center. This leads to stabilization of
the doubly occupied orbital which is partially counterba]ancéd by
antibonding charécter being introduced into the singly occupied or-
bita]s. The net effect, however, is bonding and is referred to as a
three-electron bond.]]
Thus, 1 should be favorable at large overlap while 2 is
favored at small overlap. For 02, 1 is lower near Re but the order-
ing is reversed at large R.11Since the 3dw-2pm overlap in NiO is
small even at Re (for configuration 2 witham bond the m overlap
is only 0.250 at R = 1.642), we find that for NiO g is below 1 for
~ the distances considered here.
Confiqurations g-—g each involve one three-electron bond,

whereas 1 had two three-electron bonds. Thus, based only on the

m bonding involved, one expects the ordering

~ However, just as for NiH we expect the states with a 3d§ hole
to lead to a stronger sigma bond than the states with a 3dnm ho]e‘which
in turn is more favorable than thé states with a 3do hole. Thus,
4 and 5 are stabilized relative to 1 and 2 which in turn are

stabilized relative to 3, leading to the calculated ordering
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2a < 3b < la<3a
with relative energies of 0.0, 0.064, 0.177, and 0.248 eV, respectively
(at R = 1.68R). |
Thus, the single confiqurations 1 -§ are close in energy, and
the final ordering is determined by additional CI effects. (In the fol-
lowing we first dfscuss the states which arise from 1 and g .)

Figure 3 shows how configurations 1 and 2 are combined into

3- 1 3 3 -

the “r” , ‘A, ]Z+. 12', A, and 37 states of Ni0 and the resultant
orderings for SCF and CI wavefunctions. The left side of Fig. 3 shows
the ordering of the singlet and triplet couplings of configurations 1
and 2, while the right side shows the CI ordering and the dominant co-
valent and ionic configurations involved in the CI wavefunctions for
the various states.

First we consider the SCF ordering. As previously discussed,
the singlet coupling of 2 is below the triplet coupling of 1. We now
consider the magnitude of the singlet-triplet splittings for 1 and g.

Covalent coupling of two singly occupied orbitals on different

centers ¢g and ¢r’ leads to singlet and triplet states with energies

given by13 =
Es =Bt =
S ro1+s
_ (3)
~-T
TR T
where | Ezr = hm + hrr + er
T=25T+ (K_ -S% )
L Lr



220

Figure 3. The ordering of the group I states of Ni0 arising from con-
figurations 1 and 2. The left side indicates the SCF ordering
while the right side indicates the CI ordering and the dominant

jonic and covalent configurations for each state.
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Here Ezr is the energy of the product wavefunction and the ordering of the
singlet and triplet states is determined by the sign of T. IfS=0,

then T = K,_ > 0 and the triplet state is lower (e.g., Hund's rule). If

Lr
S # 0, then 1 is large and negative and T is generally negative, leading

to a singlet ground state (e.g., H2 at large R). For 1, ¢£ and ¢r are
orthogonal and the singlet-triplet splitting is given by ZKzr’ which is
small. For g, ¢2 and ¢r overlap, leading to a large singlet-triplet
splitting with singlet Tower. ThQs we obtain the SCF ordering given in

the first column of Fig. 3.

The next two columns of Fig. 3 show how the covalent configura-

tions 1 and 2 are combined in the various states and the CI ordering

3

of these states (at R, of the X“r~ state).

As shown in the last column of Fig. 3, important ionic configura-
tions arise for some states but are excluded (by symmetry) from others;
this leads to a large effect upon the relative splittings of the states.

Considering first the singlet and triplet couplings of 1 , we see from

1 3

Fig. 3 that the 'A” and X’z states have important ionic contributions

to the wavefunction which are not present for the 3A' and ]Z' states.
Thus, the 35" and !

to 3)- and 1

A" states are substantially stablized with respect
L. For the singlet coupling of 2 , ionic terms are in-
volved for both the ]Z+ and 1'A’\ states, Teading to cdmparabie energy
Towerings for these states and a small splitting, while the states aris-
ing from the triplet coupling of 2 do not have important jonic terms.
For‘the X3Z' state the ionic terms have the effect of allowing
delocalizationof the doubly occupied m orbitals of 1 onto the other
center (i.e., formation of three-electron w bonds). This effect is es-

pecially favorable here since the delocalization is in opposite directions

in the T and “y systems leading to 1little net charge transfer. The
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result is an X°r~ ground state for NiO.

For the 3 3

® and "1 states arising from g -§. jonic configurations
involving transfer of a single electron from a Ni(3dn) to an 0(2pm)
orbital contribute to the wavefunction. These configurations involve
charge transfer from Ni to O which is unfavorable given the fonic Ni0
sigma bond. In addition, they contribute equally to both the 3@ and

3H states and thus lead to no net splittings of these states.

Figure 4 shows the potential curves for thé group I states of
NiO (obtained from CI calculations based on the GVB orbitals of the
X3Z' state). The CI energies used to construct these curves are given
in Table III, while Table II contains the GVB energies of lg for com-
parison. As indicated also in Fig. 3, the ordering of the six states
with a 3dm hole is the same as for the corresponding states of 02.
(From the preceding discussion this is expected, since the factors af-
fecting the ordering of‘these states are analogous to those deterhining
the ordering of the 0, states.)
Examining now the states arising from a 3do or 3ds hole, one
sees that at small R the 13H state (which involves a 3d hole) is below

the 23 3

I and 7 states (which involve 3d holes); whereas, at larger R
the ordering is reversed. The ordering at large R is expected since
the 3dS hole is better than the 3do hole for sigma bonding. The rever-
sal of 3d§ and 3do at small R seems to arise fromka smaller repulsive
interaction of the oxygen sigma orbitals with the Ni 3do state (one 3do
electron) than with the Ni 3d§ state (two 3do electrons); this effect

is of negligible importance at large R.
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Figure 4. Potential curves for the group I states of Ni0 based on CI
calculations using the 32' basis. The dominant cbnfiguration(s)
for each state are indicated in parentheses. The singlet states

éorresponding to 3, 4, and 5 were not included in this calculation.
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The crossing of the 13H and 23H sta’ces]4 induces a crossing of the

3H states (which each involve a 3d§ hole). At small R the 13H

3

, 3<I>'and 2

state is below the 27N state (although these curves cross

3 3

we use " the 1°1 and 271 designations as useful neumonics), hence the

3

Tower 191 state is stabilized, the upper 2”1 state is destabilized,

while the 3@ state is not affected, leading to 3@ below 23H. At large

R the 23H state is below the 13

3H'be]ow 3@.

I state and hence 23H is stabilized,

leading to 2
As discussed in section IIC, there are group II states which over-
32— 1 1

lap the group I s A, and Z+'states, leading to incorporation of

character of these upper states and further stabilization of these group
3

I states. Including these additional effects leads to a Do for the X°%~

state of Ni0O of 89.9 Kcal/mole (the De value is 91.1 Kcal/mole) in good
agreement with the experimental bond energy of 86.5+5 Kca]/mole.5 We
Ea]culate a Ni0 bond Tength of 1.603'wh1ch, as expected, is a good deal
shorter than for bulk Ni0 (2.08R).)° The bond length for the N0 mole-

cule is not known experimentaily.

e e e e e T Y U N P v N

this section we discuss the simplest of these, the group II quintet
states. [The group II singlets and triplets are more complex due to
strong couplings with the group I states.]

Combining the five possible N1(4s]3d9) configurations'with the
0 atom configuration (2) leads to the five group II quintet configura-

tions, 6, 7 , and 8 , shown below.

~
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6 (4s) (3do) (3d8)

()
0©
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79 (as) (3do(3ds)’
7 @as) (3do)’ (3d8)”

8a (as) (3do)* (3as*P(3d8)

5
S

O @
(X ’g‘ (X9

8 (4s) (3do (3d8") (357

CODCODCEICED CaDd
(%)

For the group II states the Ni(4s) 6;g%£a] is non-
bonding and simply builds in 4p character to move out of the way of the
oxygen orbitals. Since this situation is fbrma]]y analogous to the
bonding of CO to Ni, we compare the bonding here to that in N1'C0.]O In
the case df NiCO we found that there was very little delocalization of
the C(2s) lone pair of the CO onto the Ni (sigma duration), and very

little delocalization of the Ni(3d ) orbitals onto the CO (w back-bond-
ing).

Ni (ds) (3d° =— O c=0 (4)

Thus, for CO, the bonding mainly involves stabilization of the C(2s)orbital
by interaction with the partially exposed N1‘(3d)9 core. Sigma donation
and m backbonding effects are of the same order of magnitude as the split-

tings induced by the intra-atomic coupling effect; thus, the lowest state of
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NiCO has a 3dS hole and the state having a 3do hole is 0.240 eV higher.
For Ni0O, however, the high electronegativity of oxygen leads to
significant delocalization of the Ni(3dm) orbitals into the singly oc-
cupied 0(2pm) orbitals. This delocalization is most favorable if it
is coupled with delocalization of the doubly occupied 0(2ps) orbital
onto Ni in the sigma system. Thus, there are important sigma-donation
m back-bonding effects for the group II Ni0 states which lead to §
being the Towest group II quintet state, while 8 is 1.2 eV higher

and 7 should be even higher.

52" state (§)

These effects are evident in the orbitals of the
which are shown in Fig. 5. Here one sees that the Ni(4s) orbital (Fig.
5a) has hybridized away from thé oxygen while the Ni(3dn) orbitals
(Fig. 5e) have delocalized substantially onto the oxygen and the doubly
occupied 0(2pz) orbital has delocalized onto the Ni.

The Mulliken populations (Table I) show that the delocalization
of the Ni(3dn) orbitals onto 0 leads to an increase in the total 2pm
popu]étion of 0.12, an effect which is counterbalanced by a decrease in
the 0(2pz) population of 0.06, leading overall to a nearly neutral mole-
cule. 12

In addition to §-—§ there are other important group II quintet
states involving ionic configurations. Of these, the states involving

a Ni(3do) hole are Towest and Tead to configurations 9 and 10, shown

below:
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5

Figure 5. The GVB orbitals of the "I  state of Ni0O (at R = 1.63&)
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Table IV shows the CI energies for the group Il quintet states.
These energies are based on CI calculations using the orbitals of §.
The potential curves for the group II quintet states are shown in Fig.
6, along with the potential curveé for the group I and group II singlet

and triplet states.

C. Group II Singiet and Tripiet States. The remaining group II

states correspond to singlet and triplet couplings of the orbitals in
é-lg. Since some of these states couple strongly with the group I.

states, the potential curves for these states are based on CI calcula-

tions designed to provide a good description of both the group I

and group II states (see section IV for a discussion of the details of

the CI calculations). The resu]tingvpotentia1 curves are those shown in
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Fig. 6 and the energies used to construct these potential curves are

tabulated in Tables V and VI.

For the 5

%" state (6), the singly occupied orbitals [Ni(4s),
Ni(3do), O(ZpX), and O(Zpy)] are all orthogonal, thds the quintet
coupling is Towest. Given these four orthogonal orbitals one can also
form three linearly independent triplet states and two linearly inde-

pendent singlet states,]6

some of which interact strongly with the
group [ states.
We consider first the triplet states. Singlet coupling the

3)- state; two other spin

0(2px) and O(Zpy) orbitals leads to the
functions can be constructed, both of which have these orbitals trip-
let coupled, Ieading to 32' states. Since the exchange integral be-
tween the 0(2px) and O(Zpy) orbitals is 1.10 eV, whereas the exchange
integral between the Ni(3do) and Ni(4s) orbitals is only 0.39 eV, the
3A' state should be highest. This spin-coupling is schematically

indicated as

where vertically adjacent positions indicate high-spin coupling and
horizontally adjacent positions indicate singlet coupling (see also

Ref. 16). Using the same notation, the two 3;~ states are denoted

by
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Figure 6. Potential curves for the group I and group II states of NfO
based on CI calculations using the 52’ POL basis. Singlet states
are indicated by dashed lines, triplet states are indicated by solid
lines, and quintet states are shown with dot-dashed lines. The

dominant configuration(s) for each state are indicated in parentheses.
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2py | 3do ' 2p, | 4s
| 2py| (6) . 2py (7)
4s 3do
while the X3z~ state (1) has the coupling
92‘ %
2p, ~ (8)
2py

(Here g, and o, are the GVB orbitals of the bond pair.) Recombining
(6) and (7) we can form one combination (9) which is orthogonall’ to

the ground state

2p, | 3do| - 2p, | 4s
3 -~ 2 I
2°3 =\/—; 2 + — 2
s [Py 73| (9)
4s ) 3do

and another orthogonal component (10) which overlaps the ground state,

3do 4s | ' 2p, | 3do ‘ 2p, | 4s
P5- oL, . |2
32 =|2p, = 3 Zpy | + 3 2py
Zpy o 4s ) 3do (-IO)

The ground state incorporates a component of (10) (there is a large
‘matrix element connecting these states since they differ by a single

excitation), leading to increased stability and a shorter bond length
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3

for the X”L” state, while the upper state (10) is pushed up in energy

17

(see Fig. 6) thereby rising above the other 32' component (9).'/ The re-

3A' state,

3

maining component (5) of 3" symmetry is orthogonal to the 1
since it involves singlet pairing of the 7 orbitals; whereas, the 1°A"
state has these orbitals triplet coupled.

Consider now the singlet states. The two possible spin-couplings

of § are

4s  3do 4s my

2'N = 2's” = ‘
T Ty 3do| my | ° ' (11)

(where the 2'5” state is expected to be below the 2'A” étaté). In addi-

tion, configuration 11 ]éads to 21Z+ and 21A+ states

lla  (as) (3do) (3d8)" ‘
pX
|A+

\ ‘|’|V (as) (3do) (3d8)* (9

1 1

The spin function for the 2 s¥ and 2'A" states is the same as for the

1

2'A” state (these are, of course, degenerate components of the same

1.4 1 . _ .
state) and the 't’ and ‘A group I states. Thus, just as for the

x3

% state these group I states are stabilized by building in compon-
ents of the group II states and the corresponding group Il states are
pushed up in energy (see Fig. 6). The 212' state, on the other hand,

1s- group I state, because its spin-function is

is orthogonal to the
orthogonal and thus its potential curve is not modified by interaction

with the group I states.
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D. Allowed Electronic Transitions and Properties of the Poten-

N N A P s N b Pl s N8 S N NN N PAs S Pt D S NS Pl NS NS NS NS NS NS TS NS N PN N 8 PP 8 N0 N NS NS S S NI NS NP NS NSNS AN P P A

S N

2.7 to 5a_ (e.g., see Table III). Cubic splines were fitted to these
points for plotting Fig. 6, and the resulting Re’ De’ and Wa are tabu-
lated in Table VII.

Transitions between group I states or between group II states
are expected to be weak, since these are 3d ++ 3d transitions, however
symmetry allowed transitions between the two groups of states should
be strong, since the group II states are charge transfer states relative
to the group I states. Table VIII shows the calculated energies of the

0 <> 0 bands for the allowed group I to groupll singlet-singlet and

triplet-triplet transitions.

Unfortunately, only very sketchy experimental information is
available for Ni0. The available spectroscopic data comes from emission
spectra observed in flames or following the explosion of nickel wires in -

4 The vibrational structure of three bands has

the presence of oxygen.
been analyzed leading to zero-zéro bands at 1.569, 2.036, and 2.620 eV.
Numerous other bands are observed between 1.844 and 2.991 eV. This in-
formation is not adequate to make any specific assignments; however, given
the transition energies in Table VIII, one would expect a complicated
spectrum in the region from about 1.0 to 3.0 eV,as is observed. The
vibrational frequencies for those states which have been analyzed fall

1 1

in the range of ~560 cm ' to 825 cm ', in the same range as the values

calculated.
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Table VII Spectroscopic Parameters for the States of NiO
(Note that within each spin the most strongly
bound state is 1isted at the bottom.)

Singlets
State De(eV) Re(x) web(cm'1)
2Pt 06 1 800
3'n(7) 0.50  1.69 737
21a(6,11) 0.27 1.69 770
2'57(6) 1.67 1.61 806
2'1(4,5) 2.81 1.75 695
1'a(4,5) 2.82  1.73 746
1'n(3) 2.83  1.62 691
1':7(1) 2.3 1.79 684
1'2%(2) 2.85  1.68 e
1'a(1,2) 3.26 .64 771
Quintets
2°1(9,10) 0.13 1.85 713
>z (10) 0.25 1.8 756
1°4(8) 1.26  1.72 819
>3 (6) 2.2 1.63 827
Triplets
3°(9.10) 0.73 171 788
3% (6) 0.91 1.71 649
2357 (11) .40 1.64 809
2%(6,11) 1.80 1.61 830

237 (6) 2.08 1.60 829
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Table VII - Continued
b, -1
State De(eV) Re(x) Wg (em™ )

1’2%(2) 2.23 1.81 667
]BA(J,g) | 2.28 1.80 668
231(a,5) 3.07 1.69 831
136(4,5) 3.07 1.69 775
131(3) 2.69 1.60 480
B3z (1) 3.95 1.60 841

%ee footnote a of Table III

bwe is computed using masses of 16 for O and 58 for Ni.
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Table VIII  Allowed Transitions for Ni0 (The quoted
excitation energies are adiabatic)

Transition® Energy (eV)b

singlet <> singlet transitions

1'a(1,2) < 2'a(6,1m) ° 2.99
11a(1,2) < 3'n(7) 2.65
15%2) < 2157 () 2.69
127 (2) « 3'n(7) 2.24
11(3) < 2'a(6,11) 2.56
1]n(3) - 2]z+(11) 2.67
1]n(3) - 3 n( ) 2.22
1'1(3) < 2157 (6) 1.16
o(4,5) « 2'a(6,11) 2.55
110(4,5) < 3'n(7) 2.21
2'1(4,5) < 2'a(6,11) 2.54
2'n(a,5) — 2's* (11 2.65
21H(z~1,§) <> 3]n(~7) 2.20
zln(g,g) - 212‘(§) 1.15

triplet < triplet transitions

X357 (1) « 3°57(6) 3.04

~

131(3) 2357 (6) 0.61

13n(3 2 A(6 11) 0.89

)

)

1*n(3) < 2’5 (1) 1.29

1%0(3)  3%7(6) 1.78
)

1’1(3) < 3 3,:(9,10) | 1.96

~ o
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Table VIII - Continued

C

Transition Energy (eV)b

231(4,5) « 2%7(5) 0.99
2%1(4,5) < 27(6,11) 1.27
2°1(4,5) < 2% (1) 1.67
2°1(4,5) « 3% (6) 2.17
2%1(4,5) < 3%(9,10) o
1%0(4,5) < 2%(6,11) 1.27
130(4,5) < 33(9,10) 2.35
198(1,2) < 3%(9,10) 1.55

quintet <« quintet transitions
1°4(8) + 2°4(9,10) 1.11

~ ~ e

aSee footnote a of Table III

bThe transition energies correspond to the difference in De
values, thus they are not corrected for differences in zero
point vibrational energy.

“The following transitions are not allowed because the inte-
gral over spin coordinates is zero:
"7 (6) 198(1,2) « 2%(6,11)

327 (6) 1’t*(2) < 2%t

~

1571 < 2
x3z‘(1) 2
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III. Calculation Details

P P P N N s b b N NS NS e P A N s A a s s e

A, The Modified Effective Potential. In order to carry out
calculations of the type described here at reasonable cost, it is ex-
pedient to use an effective potential to replace the 18-electron Ar
core of the transition metal. Toward this end, Melius, Olafson, and

Goddanr*d]8

developed an effective potential, referred to as the ab
initio effective potential (AIEP). This AIEP leads to near ab initio
accuracy with errors < 0.1 eV in excitation energies. However, for the
Ni atom ab initio calculations carried out with the usual basis and
level of correlation lead to very large errors (2 eV) in the separa-

19 t

tions of the states. For example, using the Wachters basis, he

s]dg(BD) state is calculated in the Hartree-Fock (HF) description to

be 2.29 eV above the 52d8(3F) state; whereas, the experimental separa-
tion is 0.03 eV.7’8
The error involved in the usual HF description of the atoms is

2d8 state,

found to result from: 1) a bias in the d basis toward the s
and 2) differential correlation effects. The basis set problem can be
alleviated by addition of another set of 3d primitives (o = ~ 0.15)
leading to a3D-3F separation of only 1.16 eV. Inclusion of CI effects
among the ten valence electrons (but without using f functions) 1eads to a
final energy separation of 0.28 eV.20 Thus, one approach to obtaining

a proper description of molecules involving the Ni atom is to include
the extra 3d functions and the CI effects necessary to obtain the

proper atomic separations. This is a very expensive and cumbersome pro-

cedure for molecules and we have attempted to avoid it. The extra effects
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necessary to get the correct atomic separations do not lead to signifi-
cant changes in the shapes of the orbitals in the valence region,20

and furthermore the necessary correlation effects are intra-atomic in
nature and should be modified only s1ightly due to bond formation. Thus
a simpler but nearly equivalent procedure is to add additional terms to
the ab initio effective potential in such a way as to reproduce the
atomic separations for HF calculations using the usual Wachter basis,
but without significantly altering the orbital shapes. This procedure

9 and the re-

has been developed by Sollenberger, Goddard, and Melius
sulting potential is referred to as the modified effective potential

(MEP).
The MEP Tleads to reasonable bond lengths and bond energies for

NiH and FeH,? and for Nico,1°

whereas corresponding ab initio calcula-
tions lead to very pobr results (e.g., no bonding in NiCO). This MEP

was used for the calculations described here.

B. Basis Set and Geometry. The basis for Ni was selected from

N A A S s A N s A N 0 0 S P s

the set optimized for the ground states of the third-row atoms by

Wachters.]9

We have used all five d primitives for each of the five
types, but as discussed in Ref. 18, only the outer four s-functions

are needed for describing the coreless Hartree-Fock orbital. The inner
four d-primitives were contracted together and the inner two s-functions
were contracted together with the relative coefficients based on
Hartree-Fock calculations for the 52d8(3F) state of the Ni atom.? 1In
addition, a single p primitive with o = 0.12 was added in each direc-

tion (to allow polarization effects involving the 4s orbital). The

final basis for Ni is identical to that used for the NiCO calculations "
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previously reported.

The basis for oxygen is the Dunning (3s,2p) contraction?? of the
Huzinaga (95,5p)‘basis. This contraction is double zeta for the val-
ence region but uses a single 1s-like contracted function and Teads
to energies which are generally within 0.0001 h of those obtained with
the “double zeta" contraction.23 The oxygen basis was augmented with
a single set of d-primitives (orbital exponent o = 1,04),

The Ni-0 distance was varied from 2.7 to 5.0 bohr.

IV. The CI Calculations

At A S P N P N A S NS AN A NS N g N 8 P Pt A

As discussed in sectioh II, there are no group I quintet states,
thus we were able to describe the group II quintet states by CI calcu-
lations using the 52' vectors as a basis. On the other hand, for the
group II singlet and triplet states a similar approaéh leads to two |
problems: 1) In order for the group II states to be true upper
bounds, the Tower roots corresponding to the group I states must be
adequately represented, and 2) couplings between the group I and group
11 states are important and are expected to modify bpth sets of poten-
tial curves,

The solution to these problems is to use in the CI an orbital

ing both sets of states. This approach is de-

Tr

basis capable of descri
veloped below. For the group I states, the problem is Tess serious,
in the sense that calculations using the vectors of the X3 " state as

a basis do lead to upper bounds to the energy and such calculations -

were carried out for comparison. (Of course inclusion of the addi-

tional group II basis functions and configurations leads to a better
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description of the group I states and alters the potential curves.),
For the group I CI calculations, the starting point for the CI

orbital basis was the set of GVB orbitals for configuration Ta.

Because configuration la is only one of two degenerate configurations

describing the X3Z' state, the Ty and my orbitals were not equivalent.

In order to generate an equivalent set of m orbitals for the CI,

the Ty orbitals were rotated by 90° and combined with the Ty orbitals

to obtain two Ty orbitals and two Ty orbitals. To provfde suf-

ficient flexibility to describe the excited states, this m space

was augmented by adding the more diffuse components of the Ni 3dw and
0 2pm-l1ike functions after orthogonalizing to the previous two m func-
tions. For similar reasons the GVB § orbitals were augmented
by adding the more diffuse &-1ike - functions (suitably ortho-
normalized). The resulting basis (referred to hereafter as the 32—
basis) consists of 17 functions [including the 0(1s)-1ike function
which was kept doubly occupied in all configurations].

The basis for the quintet states was constructed using the GVB

orbitals of the °

x~ state (configuration 9) and similar procedures
for generating the virtuals. This basis (again 17 functions) is re-
ferred to hereafter as the °r basis.

For describing the group I and group II singlet and triplet
states simultaneously, the 52' basis was augmented by adding to the
basis the 3dg-like orbital and the GVB natural orbitals of the bond

3

pair from the Xz~ state as polarization functions. This basis of 20

functions is referred to
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52' POL basis. In addition to leading to a'good description

as the
of the group II singlet and triplet states (as was expected given the
origin of the basis), the °Z” POL basis was found to lead to better
energies for some of the group I states (due to a better description
of the ionic group II-1ike components in those states). The other
group I states are described equally well with either this basis or

3 52" POL basis Teads to a good descrip-

with the I basis. Since the
tion of the potential curves for both sets of states, it was used to
generate the potential curves bf Fig. 6.

The procedure for selecting configurations consisted of select-
ing first a set of reference cohfigurations cohsisting of (essentially)
the dominant configurations forrail states of interest, and using these °
to define a set of generating configurations from which all single ex-
citations were included in the CI. For example, to describe the group
I states the configurations 1-5 could be used as the reference

configurations. At this point, the configurations were partitioned
by symetry (using the C,,-point group). - From the reference -
configurations a set of generating confiqurations was obtained which
consisted of all excitations within the GVB space (here defined to
include the m orbitals and for the group I states the natural or-
bitals of the sigma bond pair) with the restriction that.single

excitations were allowed within subsets of symmetry sigma, Ty
and ‘wy but not between subsets, and all products were included in the
final list. Given the set of generating configurations, all single ex-

citations (singles) were then allowed from these into the GVB space plus
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virtual space. The final list of configurations thus included singles
and doubles within the GVB space‘relative’to the reference configura-
tions plus readjustment effects over all the generéting configurations.
This approach provides, we believe, an effective and relatively simple
method for consistently treating a large number of excited states simul-
taneously.

Table IX shows the generating configurations for the group I
states over the 32' basis. Allowing single excitations from the gen-
erating configurations into the full CI basis led td (130, 232),

(92, 208), (122, 326), (92, 324), (158, 626) [(spatials, spin-eigen-

]Al’ 1A2, 3A], 3A2, and 3B] CI's, respectively.

functions)] for the
Table X shows the generating confiqurations for the group II

quintet states over the 52' basis. Allowing all singles from

the generating configurations into the full CI basis led to (106, 242)

and (128, 280) [(spatials, spin eigenfunctions)] for the 5A] and 5A2

CI's respectively.

Table XI shows the generating configurations used for the singlet

and triplet group I and group II states using the 52' POL basis. From
these generating configurations all singles were allowed among the GVB
orbitals plus the m- and 6-Tike virtuals. For the starred configura-
tiohs (which have group I character) we also allowed all singles into
the sigma virtuals (obtained from the group I orbitals). This led to
(410, 852), (320, 826), (278, 982), (398. 1282), (320, 1332), and
(378, 1586) [(spatials, spin-eigenfunctions)] for the ]A], 1A ]B

2,
3A], 3A2’ 3B] CI's, respectively.

'IS
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Table XI

Ni(3dm,) O(2pm,)

)
¢

Ni (3d5xy) N1(3d5x2

Ni (3d1ry) 0(2pﬂy)

« 0{2po) Ni{3d3) Ni{4s)

TN

N
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3see footnote b of Table IX
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We find that the low lying states of Ni0 all involve the s]d9

(3D) configuration of the Ni atom andlead to two groups of states
(denoted as group I and group II respectively). The group I states

involve 0 atom configurations with a singly occupied 0 (2po) orbital

leading to formation of a covalent sigma bond with the 'singly occupied

Ni(4s) orbital. The remaining 3d hole may be taken in a 3do, 3dm,

3 1, T+

or 3dS orbital respectively. The 3dm hole leads to "2, 'A, I,

1.- 3 3

z, A, and t states, analogous to the corfesponding states of 02,

'|,3II

while the 3do hole leads to states and the 3dS hole leads to

1,3 1,3
3

T and o states. We find that the ground state of Ni0 is the

I~ state which has an electronic structure analogous to the grouhd
state of 02. The D0 and Re values for the ground state are 89.9 Kcal/
mole and 1.602 respectively. The Do value is in good agreement with
the experimental value of 86.5 +5 Kcal/mole, while the Re value for
Ni0 is not known experimentally.

| The group II states involve an 0 atom confijuration where the
0(2po) orbital is doubly occupied. The Ni(4s) orbital here is non-
bonding and builds in 4p character to move away from the oxygen or-
bitals.  The bonding is somewhat analogous to the bonding in
NiCO, but the high e]ectroﬁegativity of oxygen leads to substantial
delocalization of the doubly occupied Ni(3dw) orbitals onto oxygen simul-
taneous with de]ocaiization of the doubly occupied 0(2po) orbital onto

5

Ni. Thus the "I state with a 3do hole is lowest...
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Taking the singlet and triplet couplings of the orbitals of
the group II quintet states leads to othef group II states some of
which are strongly coupled with the group I states, leading to sta-
bilization of certain group I states and concomitant destabilization
of certain group II states. Since the group II states are charge
transfer states relative to the group I states, allowed transitions
between the two sets of states should be strong leading to the predic-
tion of numerous allowed transitions in the energy range of 1.0 to

n3.0 eV (in the range where emission bands are observed).
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Appendix A. Bond Energies for Bridged and Linear Sites

In this appendix we tabulate geometry and bond energy results
for the bonding of various atoms and molecules at (i) linear sites
which involve bonding directly above a surface Ni atom (here we use a
single Ni atom to represent the surface), and (ii) at bridged sites
involving second nearest neighbor Ni atoms (here we use two Ni atoms
separated by /2 times the nearest neighbor separation to represent the
surface).

While the bond energies are not directly comparable between
linear and bridged sites (since the bridged sites are expected to in-
volve greater disruption of meta]-meta] bonds), we expect that compar-
ing different species for the same site should give correct relative
bond energies. This information on bond energies is not available
experimentally and is essential for establishing mechanisms for reac-
tions on Ni surfaces [1]. |

The results are summarized in Table 1. Except as noted the cal-
culations are by the author. The NiCO, NiO, NiS, NiZO, and NiZS calcu-

lations have been described elsewhere in this thesis. The Ni,CO,

2

NiZCHZ, NiCHO, and NiZC calculations are discussed below.

I. BRasis Sets

The Ni basis and effective potential have been described pre-
viously [2]. The C and 0 basis sets are valence double zeta and are
the same as for the NiCO calculations [2]. The H basis is a (3,1) con-
traction of a GT0-4 expansion of an H(]s);1ike Slater function with

exponent ¢ = 1.2 [3]. For certain calculations the C basis was
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TABLE 1. Results from GVB-CI calculations. D, is the bond energy, AH; is
the standard heat of formation of the chemisorbed intermediate, RNiX is the
bond length to the Ni, Q is the charge transfer, 2 and Vux is the calculated

vibrational frequency.

D, All, Ryix Q VMX
(kcal/mole) (keal/mole) A electrons (em™)
Ni-nP 64 -12 1.45 C0.12 1911
Ni-CO 26 -52 1,90 -0.05 428
Ni _
co 32 -58 1,94 0.59 287
Ni
Ni-CH,° 65 27 1.78 0.56 1181
Ni
N
cH, 122 -30 1.91 0.70
Ni
Ni-CH, ¢ 60 -25 1.87 0.42 1066
H
7/
f— 57 -4 .
Ni—C{ ] 0.30
o)
M
Ni—-—C< 56 -4 0.36
OH
Ni
>C: 91 80
Ni _
Ni=O 89 -29 1.60 0,55 841
Ni
>o 101 -41 1.79 0.91 170
Ni »
Ni-0, 50 -41 1.72
Ni=S 6 -9 1.91 0.38 483
m
s 123 -56 2,04 0.57 208
Ni

a This is from Mulliken populations and need not be a good measure of total
charge transfer.

b M. J. Sollenberger, M. S. Thesis, California Institute of Technology, 1975.
€ A. K. Rappé and W. A, Goddard Ifl, J. Amer. Chem. Soc., in press.

d C. F. Melius, unpublished calculations.
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augmented with a set of d functions (a = 0.6769).

II. NiHCO

\ Qualitatively the HCO radical has the electronic configuration

which we may think of in terms of bonding an H atom to one of the lobes
of CO, leaving a singly occupied Tobe orbital. Since the lobes of the
CO Tone pair have a large overlap (v 0.792) in free CO unpairing them
costs a substantial amount of energy and hence the HC bond energy in.HCO
is small (only 16.9 Kcal/mole) [4]. |

13d9 Ni atom configuration with

Coupling the 4s orbital of the 4s
the singly occupied orbital of HCO leads to the ground state of NiHCO.
We find that the most favorable orientation of the hole in the 3d shell
of the Ni atom is in an orbital which is delta-like with respect to the
NiC bond axis. In the calculations we correlated the CC sigma and pi
pairs, the CH bond, and the NiC bond [i.e., a GVB(4/pp) wavefunction].

Selected orbitals of the GVB(4/pp) wavefunction for NiHCO are
shown in Figure 1. The NiC bond (Fig. la) has one component which is
basically Ni(4s)-like, while the other component corresponds to one of
the lobes of>the CO Tone pair. The other 1obe of the CO lone pair is
coupled to a H(1s)-1ike orbital, leading to the CH bond (Fig. 1c). The
CO bond pair (Fig. 1b) is similar to the sigma bond pair in CO. The O

Tone pair (Fig. 1d) corresponds to a doubly occupied 0(2p) orbital. In
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Selected orbitals of the GVB(4/pp) wavefunction of NiHCO. Unless
otherwise noted, all plots have uniformly spaced contours with
increments of 0.05 a.u. Postive contours are indicated by
solid Tines, negative contours are indicated by short dashes,
and nodal lines are indicated by long dashes. The same conven-
tions are used for other figures.
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addition to the orbitals shown, there is a m bond perpendicular to the
plane of the paper as indicated in the drawing at the top of Figure 1.
The geometry for the HCO part of the molecule was taken to be
the experimental geometry for free HCO (rCH = 1.113, reo = 1.17R, X
HCO = 127°) [5]. The Ni-C distance was taken as 1.848 (from Ni(CO)4);
this is probably a bit short for a Ni-C sigma bond (1.87R is optimum
for NiCH3). The OC Ni angle was taken as 116.5° which corresponds to
positioning the Ni atom approximately in the direction of maximum over-
lap with the radical orbital of the free HCO molecule.
The calculated De(Ni-HCO) is 57 Kcal/mole. (This calculation did
not include d functions on the carbon, which we estimate would contribute
about 3 Kcal/mole, leading fo 60 Kcal/mole as our best estimate of De.)

II1. NinCH,

3

The ground state of CH2 [6] is the B] state which has the elec-

tronic configuration

c>oc<H T,

H (1)

Bonding the CH, to two Ni atoms at the /2a separation leads to two

2
equivalent NiC bonds in the xz plane (i.e., the carbon has a tetrahedral
geometry as in CH4). Here the holes in the 3d shells of the two Ni

~ atoms were taken to be delta-like with respect to the NiC bond axes,

and we correlated both NiC bonds and both CH bonds [GVB(4/pp) wave-

function].
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The CH distance was fixed at 1.102, while the NiC distance and
HCH angle were optimized. The Ni-C distance was optimized first for
a fixed HCH angle of 110°. This led to an optimum NiC distance of
1.913R (see Table 2). The HCH angle was then optimized using the
optimum NiC distance, leading to an optimum angle of 107.6° (quite
close to the angle originally assumed). For the optimum geometry a
set of d functions (o = 0.6769) was added and the bond energy was cal-

 culated relative to a comparable calculation for the 3

B, ground state
of CH2 at the experimental geometry (rCH = 1.07lx,§lHCH = 135°) [6].
The resulting De value is 122 Kcal/mole (d functions here contri-
buted ~3 Kcal/mole) or about twice a typica] NiC bond energy (60 Kcal/

mole for NiCHB).

V. Ni,C

Here we solved for the state corresponding to the singlet state

1
( A]) of CH2

(2)

using the optimum geometry from the NiZCH2 calculation. The two
NiC bond pairs were correlated [GVB(2/pp) wavefunction]. The result-

ing De is 91 Kcal/mole.

V. Ni,C0

In bonding CO to a single Ni atom we found that the CO molecule

could be thought of as a triple bond with a lone pair on the carbon
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Table 2. N1‘2CH2 Geometry Optimization (Subtract the quoted value

from -120.0 to get the total energy in hartrees)a

HCH Angle
dNi-C(R) 105° 110° 115°
1.8884 0.11713
1.9130° 0.11755 0.11758 0.11653
1.9295 | 011741
2.0000 0.11315

%The optimum geometry corresponds to a Ni-C distance of 1.91303,
a NiCNi angle of 133.7° and an HCH angle of 107.6°. (A C-H bond
length of 1.103 was assumed.) The De value is 122 Kcal/mole with
respect to two Ni atoms and the 3B1 ground state of CH2 in the

same basis.

bTh1's is the optimum NiC distance.
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C>oc=o0 (3)

Here the 4s orbital of the Ni atom hybridizes away from the CO and the
main bonding effect involves interaction between the lone pair of the
CO (50 orbital) and the partially exposed 3d9 core of the Ni.

However, for the free CO molecule there is. an important angular
correlation effect involving the lone pair, and (3) may be thought of

as a superposition of two degenerate structures, one of which is

(o< Og\.

W,
(4)
This leads to two possible modes of bonding CO to a pair of Ni atoms at
the second nearest neighbor separation (i) a structure analogous to the
bonding of CO to a single Ni atom in which the lone pair of (3) inserts

between the two Ni atoms

© (5)
and (ii) a structure involving two sigma bonds between the Ni(4s) or-

bitals and the lobes of (4) as in formaldehyde
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(6)

(5) and (6) both correspond to the same Hartree-Fock (HF) con-
figuration, and thus have a large overlap with each other [an analogous
situation exists for (3) and (4)]. waever, when correlation effects
are included we may solve for either (5) or (6). Doing this we find
that (6) is 0.45 eV below (5). Thus, we optimized the geométry and
calculated the D, value based on (6).

In solving for the GVB wavefunction correspoinding to (6), we cor-
related the two NiC bonds and the CO sigma and pi bonds [GVB(4/pp)
wavefunction]. The holes in the 3d shells of the two Ni atoms were
taken to be delta-like with respect to the NiC bond axes (as for
Ni,CH,).

We show the bond orbitals of the GVB(4/pp) wavefunction of (6)
in Figuré 2. The orbitals corresponding to the Tobes of the CO Tone
pair are shown in Figure 2b and Figure 2d. The two bond pairs correspond
to bonds between one of the lobes and a 4s-1ike orbital on one Ni atom.
Looking at one bond pair (Fig. lab) we see that the Ni(4s)-like compon-
ent has distorted in the direction of the C indicating a somewhat ionic
bond. The total charge transfer here is 0.60 electrons from Ni to CO
as compared with a slight charge transfer from CO to Ni (0.05 e1ectrons)

for NiCO.
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Fig. 2. The NiC bond orbitals of the GVB(4/pp) wavefunction of Ni,CO.

2
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The CO distance was fixed at 2.17 3 which is close to the optimum
CO distance in Ni(CO)4 and is the same distance used for the NiCO cal-
culations [2]. The NiC distance was optimized (see Table 3), leading
to an optimum NiC distance of 1.94ZR (s1ightly larger than for the
Ni,CH, case) which corresponds to a NiCNi angle of 130.1°. The calcu-

2772

lated De value is 1.42 eV (33 Kcal/mole), while the Wy value is

287 cm'] [somewhat smaller than for the NiCO case (428 cm'])].
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Table 3.  Ni,CO Geometry Optimization (Ni-Ni = /2a)

d(a,) 2 Energy (hartree)??C
1.2 -193.78467

1.4224 -193.78813

1.6 -193. 78860

1.8 -193.78638

8 4 is the distance from the C to a line connecting Nil
and Ni2.

b For a GVB(4/pp) wavefunction. See text.

€ The optimum d is 0.8198 which corresponds to a Ni-C dis-
tance of 1.9422 and a NiCNi angle of 130.1°. The Wg
value is 287 cm'], somewhat smaller than for the NiCO ’
case (428 cn™'). The D_ value is 1.42 eV (133 Kcal/mole).
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Abstract: We report ab initio generalized valence bond (GVB) and configuration interaction (Cl) calculations (using 2 dou-
ble-{ basis) on the ground and low-lying excited states of diazomethane. We find that the ground state is more accuratcly de-
scribed as a singlet biradical (somewhat as in ozone) than as a zwitterion. The calculated vertical ‘excitation energies are 2.65
eV (3A3), 293 eV (*A2), 3.66 eV (3Ay), and 590 eV (2'A,). The singlet excitation encrgies are in good agreecment with the
observed absorptions, broad continsum bands with peaks at 3.14 and 5.70 eV, leading hence to assignnents of these transi-

tions. Studies of the higher Rydberg states are also reported.

L Introduction

The bond of the N; molecule is one of the strongest
known bonds (Do = 9.756 €V) and is usually pictured as 2
triple bond involving two electrons in a # bond and four
electrons in two x bonds. This bond is so strong that atmo-
spheric nitrogen is essentially unavailable to living orga-
nisms except for the fact that certain bacteria in the soil are
able to convert N into a more active form (no NN bonds).
Indecd, an active and potentially important area of modern
chemical research is the search for proper substrates and
catalysts to first bond N3 and then to break the NN bonds.
Although several transition metal compounds have been
found that bond Ny, it is generally not known whether the o
or x bonds are weakened by the bonding to the metal.’’

As a first step into the investigation of such phenomena,
we have consxdered the end-on bonding of N3 to CH;. that
is' the molecule diazomethane. The bonding in diazo-
methane is usually represented by the resonance structures

H O, - H\.-. .

/C=N=N__ - /C-—NEN : (1)
H
A peculiar fact about this system is that both of these struc-
tures involve charge separation. In fact, one cannot write a
proper resonance structure for diazomethane without allow-
ing charge separation.* .

In this paper we present the results of generalized valence
bond (GVB) calculations on the ground and excited states
of diazomethane. This approach corresponds to a generali-
zation of the valence bond method in which all orbitals are
solved for self-consistently. The resulting wave function for

diazomethane is basically that of a singlet biradical with
strong bonding between the radical = orbitals on the C and

. H\ |

~—N=N: 2

Pt @
H

" terminal N resulting from the interaction with the 7 pair on

the central N.

The basic form of the wave function and other calcula-
tional details are discussed in section 11. The wave function
for the ground state of diazomethane is analyzed in section
HI and the excited states are discussed in seciion 1V. The
CI calculations arc described in section V and some of the
implications of these results for understanding the chemis-
try of diazomethane are presented in section VI.

iL. The Wave Functions

A. The Perfect Pairing GVB Wave Functions. The gener-
alized valence bond method (GVB) is described in some de-
tail efsewhere.’® Here we will review some of the ideas im-
portant for presentation of qur results.

The simple closed-shell Hartree-Fock (HF) wave func-
tion can be written as

a {{o;(D9,(2) DB (P (D BW] . . . T (3)
where each HF molecular orbital ¢ is doubly occupied.
[For simplicity we discuss the case of singlet states.] This

restriction that the orbitals be doubly occupied leads to a
number of difficulties in describing excited states and reac-

5319
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tions of molecules. To remove this restriction we replace the
paired function

5320

o(Ne(2) 4
in (3) by the pair function
‘Ph(l)(ﬂ‘b(?) + (91:.(1)(9(.(2) {5)

leading then to

a{[e.. (D02 + 0N (D][e2,(3)0u(4) +
P en(4]. .. x} (B
where
X = o{1)B(2) (3)5(4). . . ()

{In the following, expressions such as (6) and (7) will have
the electron numbers deleted,-the orbitals being ordered
with increasing electron number for each term.] The orbit-
als of (6) are then solved for self-consistently to abtain the
GVB wave function.

In the GVB wave function no restrictions are made on
the orbitals or on the spin function x. However, for compu-
tational convenience we have placed some restrictions on
the orbitals of (6), namely, although the orbitals of a pair
are allowed to have whatever overlap

{g nl Oin)

results from the variational principle, orbitals of different
pairs are taken as orthogonal, that is

Al =0
(Pual @ @
(‘Pul‘Pn} =0

if i #¢ j. In addition, the spin function x of (6) is restricted
so that each pair is singlet coupled.” The resulting wave
function is denoted as GVB-PP to indicate that these re-
strictions have been made (PP denotes “perfect pairing”).
These restrictions are later relaxed and found to be of little
consequence for the cases considered herein.

In solving for the GVB-PP wave function it is convenient
to define natural orbitals, ¢;; and ¢;z, for each pair such
that

CCilenPu NPl = dubn t aba (9
where
P = Nloy + 20p)
P =Nloy - "_‘12} (10)

The natural orbitals are orthogonal and lead to more conve-
nient variational equations than do the GVB orbitals, ¢ia
and g;p.

Ia the full GVB wave function every doubly occupied or-
bital of the HF wave function is replaced by two GVB or-
bitals. Although the GVB description of a pair leads to
lower energies than the HF description, there are many
cases where the same potential curves and excitation ener-
gies are obtained whether a particular pair is split or not.
Examples are the s orbitals of first row atoms such as C
and N and the 2s orbitals of O and F. Generally, it is only
the bonding pairs that have to be described as GVB pairs
(eq 5). As a result, we will often describe only a limited
number of pairs in the GVB form (5), the others being de-
scribed with doubly occupicd orbitals, as in (4). Of course,
all orbitals are solved for self-consistently. When only n
pairs are split [that is, described as in (5)], we will use the
notation GVB(n) or GVB(n/PP). For example, GYB(3) is

quite sufficient for N2 and GV B(6) is quite sufficient for di-
azomethane.

For triplet states we use GVB(n) to indicate that all but
n pairs are doubly occupied. For perfect pairing a triplet
state requires two orbitals to be antisymmetrically coupled

0P~ Pinia (59

rather than symmetrically coupled as in (5). Thus for a
triplet state GVB(n/PP) implies n — 1 singlet pairs as (5)
and one triplet pair as (5’). With this notation singlet and
triplet states described to a comparable quality are denoted
with the same n. (Note that for a triplet state GVB(1) is
just the Hartree-Fock wave function.)

B. Calculational Details. All calculations presented here
(ground and excited states) use the experimental geometry
for the ground state:3 Rey = 1.077 A, Ren = 1.300 A,
Run = 1.139 A, and ZHCH = 126.1°. The axes are chosen
so that the z direction coincides with the rotation axis and
the yz plane is the molecular plane. With this convention,
the B; and A; symmetries indicate orbitals antisymmetric
with respect to the molecular plane (denoted collectively as
#) while the A; and B; symmetries indicate orbitals sym-
metric with respect to the molecular plane (denoted collec-
tively as &). Note the bar in & and 7; this is to distinguish
these symmetries from the ¢ and = symmetries.of diatomic -
molecules.

Three basis sets were used for the valence states. (1)
MBS: a (7s,3p/3s) set of Gaussian primitive basis functions
was contracted to a minimal basis set (2s,1p/1s) using a
scale factor of 1.17 for the hydrogens.?* (2) DZ: the
(9s,5p/4s) primitive set of Huzinaga was contracted to the
double zeta basis (4s,2p/2s) of Dunning®® using a scale fac-
tor of 1.20 for the hydrogens. (3) DZR,: the DZ basis was
augmented with a single diffuse p, primitive function on
each N and C ({n = 0.05153 and {c = 0.03650).

For describing the Rydberg states we used the DZ basis
and added on each N and C the following diffuse functions
(all primitive Gaussians). (a) Two s functions chosen by
scaling down the valence basis functions (orbital exponents:
tc = 0.04736, £’ = 0.01460, &n = 0.0650, and {N =
0.0198). (b) Two sets of p basis functions chosen in a simi-
lar- manner (orbital exponents: &c = 0.03654, &’ =
0.01165, £n = 0.05148, and £’ = 0.01602).

The GVB(PP) calculations were carried out with the Bo-
browicz-Wadt-Goddard program (GVBTWO)'%* based on
the Hunt, Hay, and Goddard® fully self-consistent varia-
tional procedures. The CI calculations were carried out
with the Caltech spin-eigenfunction CI program.'®® The
molecular integrals were calculated with a version of the
POLYATOM integrals program and the properiies were cai-
culated using a version of the J. Moskowicz Gaussian prop-
erties program. The CI properties were obtained with 2 pro-
gram written by T. H. Dunning, Jr., and S. P. Walch. The
IVQ calculations were carried out using a specialized ver-
sion (W. R, Wadt) of the GVBTWO program.

HI. The Ground State

. A. Introduction. For the ground state of carbon the GVB
wave function yields orbitals that can be schematically rep-

resented*< as

(an

where

12

© and
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o i 3 1

PAIR

Figure 1. The GVB(6/PP) orbitals of the X('A,) state of diazomethane. The molecule is-in the yz plane. Long dashes indicate zero amplitude. The
contours represent constant amplitudes with a difference of 0.05 au between contours. The positions of the nuclei are denoted by +. The same. con-

ventions are used for all other plots (unless otherwise noted).

indicate singly occupied orbitals perpendicular and parallel
to the paper, respectively, and

&9

indicates the angularly correlated 2s pair. Studies of various
carbon containing molecules’ have shown that the geome-
tries and ordering of states can be simply understood in
terms of coupling the orbitals of the other atoms to the or-
bitals of (11). Thus, the ground state of Czis* (1Z,*)

i

" and the ground state of CO is%

13)

(14)

N@-@g : (15)

where the lines between singly occupied orbitals indicate
bond (singlet coupled) pairs. The tetravalent character of
carbon can thus be understood in terms of the four GVB or-
bitals of the ground state of carbon.?

For the ground state of the nitrogen atom (*S), the pres-
ence of a singly occupied orbital in each direction restricts

the angular correlation of the 2s pairs, leading to just three
orbitals that can form bonding pairs (the 2s doubly occu-

pied orbital is omitted).!!

Thus, the trivalent character of nitrogen follows: directly
from (16). The (2s)2(2p)? configuration of N also leads to
2D and 2P states and for the 2P state there is a strong angu-
lar correlation effect just as in C(?P). The 2P wave function
is schematically represented as

Starting with (17) for the central nitrogen atom, bringing

uzp a N(*S) on the right {asin (16)] and the ground state
(®By) of methylene [as in (18)]

" : »
=

on the left leads to a description of diazomethane

(16)

an

18)

Walch, Gonard / Low-Lying States of Diazomethane
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Table I. Dipole Moment Breakdown for the X'A, and 1'A,
states of H,CNN¢a

Orbital Pair
contiri- contri-
bution,  Occupation bution,
State Pair au¢ no. D
X('A) N 2s 0.3973 0000 2018
NNgo 0.1426 1.994
] 0.7245
NN o* 0.1571 0.0062
CNo 0.1958 1.992
] 0.9858
CN o* -0.2221 0.0083
CH g -0.0733 1.987
} ~0.3744
CH op* -0.1393 0.0126
CH o -0.733 1.987
] -0.3744
CH o,* -0.1393 0.0126
NN7, (b,) -0.2372 1925
} -1.1437
NN7 + (b,) 0.0839  0.0750
1my 0.1631 2.000 0.8287
2y -0.1366  1.884
l ~0.6821
3my -0.0971  0.116
Total = 1.9824 D
1)A, N2s 0.453 2.000 2.3012
NNo 0.0617 2.000 0.3134
CNo 0.163 1.991
| 08199
CN o* -0.196 0.0089
CH (a)) -0.234 2.000 -1.1887
CH (b,)® -0.234 - 2.000 -1.1887
2b, 0.967 2.000 49124
3b, -~0.826 1.000 -2.0980
1oy -0.319 1.952
] -1.5979
lmy® -0.133 0.04798
2y 0.327 1000 0.8306
Total = 3104D

@ The nuclear charge is partitioned in 2 manner consistent with
(10) for the X'A, state and consistent with (25) in the case of the
1'A, state. b Since the 1b,, 2b, orbitals are in the same sheli, the
energy and other properties are invariant to a nonsingular trans-
formation among them. We have used this freedom to fix the
orbital contribution for the CH (b,) orbital to that for the CH'(a,)
orbital. The value for the 2b, orbital was then determined by re-
quiring that the total dipole moment remain constant. € 1 au of
dipole inoment equals 2.54158 D.

(19)

close. to that found from the GVB calculations on H,CNN.

B. The GVB Orbitals. The GVB orbitals of the ground
state of diazomethane are shown in Figure 1. In describing
these orbitals we will find it useful to discuss the contribu-
tion to the dipole moment for each pair and to compare
with the value expected from the GVB model. To make this
comparison we partition the nuclear contributions among
the orbital pairs just as suggested by (19). [Thus the NN ¢
pair has associated with it one nuclear charge on each N.}
The results are shown in Table I, where a positive dipole
moment indicates extra elecirons have moved toward the
terminal N.

Of the four orbitals involved in the CN and NN o bonds,
two (#,CNe and ¢,NN?) are concentrated on the nitrogen.
These orbitals correspond to the lobe orbitals of (17) [the

a % B
NP} o %g
\\ “/I
Vs
e
PAIR] +
T !
J i\ o+ |
/ \
/ \ -
2p, PAIR
X
4.0
Y
-4.0
=30 80

Figure 2. The GVB(1/PP) orbitals of the 2P state of the N atom.

self-consistent orbitals of (17) are shown in Figure 2] and
as expected are very similar to each other. Note that ¢,CN?
is siightly delocalized onto the N whereas ¢,CN° is more
atomic like; this is typical of a slightly ionic bond (toward
the N) and indeed this pair contributes +0.986 D to the di-
pole moment. The ¢,NN¢ orbital in Figure 1c corresponds
to the p. orbital of (16) but delocalized slightly onto the
central N, The NN pair contributes +0.724 D to the dipole
moment indicating a slightly ionic bond toward the termi-
nal N.

The orbital in Figure 1d is doubly occupied and corre-
sponds to the 2s pair of N(#S). As is typical of the 2s pairs
of N, O, and F, it has shifted away from the bonding pairs.
This effect derives essentially from the repulsive interaction
between the 2s pairs and the bond pairs (arising from the
Pauli principle). This pair contributes +2.018 D to the di-
pole moment, the dominant contribution.

The orbitals in Figure le correspond to a =, bond be-
tween the nitrogens but in the plane of the molecule (that is,
the 7 bond orbitals of N3 are & orbitals for H;CNN). This
= bond is quite similar to that of Na. It is-delocalized to the
left, contributing —1.144 D to the dipole momient. This shift
is probably in response to the shift in the o orbitals to the
right. i

The orbitals corresponding to the two CH bonds (Figure
1a) correspond closely to the CH bond orbitals of CH,%¢
and of H,CO.!2 The total dipole moment contribution for a
CH pair in CH;N; is 1.577 D(H~C™) directed at an angle
of 76.3° with the z axis as compared to the internuclear
angle of 63.1°. However, only the z component contributes
to the net dipole, leading to a contribution of --0.374 D per
CH pair. The slight delocalization of the H like orbitals
onto the near nitrogen probably explains the fact that the
dipole contribution is not directed along the bond.

The remaining orbitals (Figure 1f) are # type (we will
denote these as ) and exhibit some unusual characteris-
tics. We find that this four-electron system is described by
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Figure 3. The GVB(3/PP) # orbitals of ozone.

one doubly occupied pair (denoted as ¢.) consisting of com-
ponents localized mainly on the center nitrogen and a GVB
pair consisting of components localized mainly on the car-
bon and on the end nitrogen (denoted as ¢ and ¢;, respec-
tively),

(¢c)2(¢l¢r + ¢r¢l) (20)

This four-electron . system in diazomethanc bears a
formal resemblance to the #* system of ozone.>* However,
in the case of diazomethane the g;i¢x GVB pair has a much
higher overlap (S, = 0.60) than is the casc in ozone (S, =
0.28). Thus, while ozone is represented as a biradical with
weak coupling. between the biradical orbitals (single-triplet
separation of 1.4 e¢V), such a description is less appropriate
to CH;N,. The singlet-triplet splitting here is 3.7 eV (verti-
cal), which is comparable to the vertical singlet-triplet sep-
aration for a normal = bond (4.2 eV for ethylene, 3.5 eV for
formaldehyde).

The # orbitals of the ground state of ozone are shown in
Figure 3. A close comparison between these orbitals and the
#x orbitals of diazomethane provides some insight into the
difference between the two systems. The reason for the
moderate overlap of the ;g pair of ozone is that each com-
ponent of the pair builds in 2 nodal plane in the region of
the center O in order to remain orthogonal to the doubly oc-
cupied orbital. This results in a moderate amplitude for
both @1 and ¢ near the center O and a moderate overlap for
the pair. However, in the case of diazomethane the doubly
occupied orbital is asymmetric with the center of density
shifted toward the end nitrogen. Thus the ¢ component of
the GVB pair has its nodal plane shifted toward the right.
This results in a moderate amplitude for this orbital in the

5323

vicinity of the end nitrogen, where the ¢ orbital has its
maximum. At the same time the ¢, orbital becomes more
antibonding due to the higher overlap with the ¢ orbital,
causing increased density near the C where the ¢ orbital is

_ maximum. The overall result is a much higher overlap for

the GVB =, pair than occurs in ozone.

The ¢, pair leads to a centribution of +0.829 D to the di-
pole moment (as expected from its delocalization onto the
terminal N). However, the other pair contributes —0.682 D
to the dipole moment leading to a net contribution of
+40.147 D due to the =, orbitals. .

Summarizing the trends in the dipole moments, we fin
that the CNN o orbitals all shift to.the right (a net shift of
+3.728 D), the =, and CH orbitals shift in the opposite di-
rection (—1.892 D), while the # orbitals lead to little net
shift (0.147 D). Thus, the large positive dipole-moment of
the ground state is dominated by effects in the & system.
The most important single contribution to the dipole mo-
ment arises from the N(2s) pair. This effect is a result of
the hybridization of the N(2s) pair away from the bonding
orbitals (an effect arising from the Pauli principle and
which is not reflected in the Mulliken population analysis).
Additionally, the CH and CN o bonds as a whole give a net
positive contribution as expected from electroncgativity.
However, the NN (&) pair contributes negatively. (This
complicated effect derives from the flow of changc onto the
end nitrogen in the i, system which was in turn a response
to the polarity of the CN bonding pair.) This result serves
to emphasize the point that eléctronegativity differences
alone are not sufficient for predicting dipole moments (e.g.,
CO,"3 NO,!4!5 and CF'* all have “reversed” dipole mo-
ments).

Most of the small discrepancy (~0.3 D) of the CI dipole
moment with experiment is probably due to a need for d po-
larization functions not included in our DZ basis.

C. Muliiken Populations. Since Hartree-Fock and MO
wave functions are often- analyzed in terms of Muliiken
populations, we have also evaluated the Mulliken popula-
tions from the GVB(6/PP) wave function for comparison
(see Table II).

In the & system the polarity of the CH and CN o leads to
a small negative charge (—0.148) on the carbon and a rath-
er large negative charge (—0.372) on the center N. The
buildup of charge on the center N in the & system is com-
pensated for in the # system by a movement of charge from
the center N onto the C and end N. This leads in the # sys-
tem to a negative charge on the C (—0.335) and end N
(—0.264) and a large positive charge on the center N
(+0.599). In the m, (&) system the shift of charge toward
the end nitrogen occurring in the # system is compensated
for by charge flow from the end N to the center N.

The Mulliken populations are in rough accord with the
contributions to dipole moment. However, use of Mulliken

Tabie ii. Mulliken Populations and Net Charges for the Ground State of H,CNN®

g ' ’

1s 1s' 2s 2’ x x ¥y ¥y z z
Mulliken Populations
NA 1.1605 0.8335 0.9131 0.9011 1.0454 0.2895 0.6546 0.1536 0.9749 0.1312
NB 1.1594 0.8346 0.8910 0.4841 1.0062 0.3945 0.9233 0.2974 1.0797 -0.0765
C 1.1739 0.8201 0.7121 0.5254 0.9321 0.3323 0.9676 0.1795 0.7391 0.0305
HA 0.5090 0.2592 .
HB 0.5090 0.2592
C R NA : NB HA HB
Net Charges?

The ny system -0.335 +0.599 -0.264

The y, pair -0.221 +0.192

The 7 system -0.148 -0.372 +0.086 +0.232 +0.232

aGVB(3/PP).. b Net charges are relative to (19).

Walch, Goddard | Low-Lying States of Diazomethane
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HF ORBITALS FOR DIAZOMETHANE

-40
-30

Figure 4. The HF orbitals of the X('A)) state of diazomethane.

populations to predict dipole moments would be suspect
since the N(2s) term dominating the dipole moment would
be ignored.

D. The Hartree—~Fock Orbitals. The HF orbitals for the
ground state of diazomethane are shown in Figure 4. Com-
paring with the GVB orbitals of Figure 1 there are only
slight resemblances. On the other hand, from (9) and (10)
we sce that a GVB pair can be reduced to a doubly occupied
HF-like pair by merely deleting the second configuration
(@i2¢hi2). This corresponds to just averaging the two GVB
orbitals together in order to obtain the HF orbital. Daing
this for all six pairs of Figure 1 leads to a Siater determi-
nant of doubly occupied orbitals in (21) with an cnergy only
0.00696 hartree = 0.189 eV above the self-consistent HF
wave function of HCNN.

a{{¢yeulldndal. .. x} (21

However, despite the close correspondence in energies we
see that thé HF orbitals (Figure 4) are quite different from
averages of the GVB orbitals. Averaging the GVB orbitals
leads to doubly occupied orbitals corresponding to localized
CH bonds, CN o bonds, NN =« bonds, etc., whereas the HF
orbitals are much more delocalized.

What is the problem here; why are the HF orbitals so de-
localized? Basically, the problem is that the HF orbitals are

“not unique. With a Slater determinant of doubly occupied
orbitals we can take any nonsingular linear transformation
among the occupied orbitals without making any change in
the energy or any property of the molecule. The usual_
choice of the HF orbitals is to use the eigenfunctions of the
HF one-electron Hamiltonian

H%, = ¢;0,

HBF =n + ) (21, - K, (22)
é

Table 111. - Energies for the Ground State of Diazomethane
(Energies in hartrees, Relative to HF)

MBS DZ
HF (ref 17) +0.29687 HF (ref 18) +0.01328
HJ" (this work) +0.600004 HF (this work) 0.000007
GVB(3/PF) -0.07374 GVB(3/rP) -0.07844
GVB(6/PP) —0.09080¢ GVB(6/PP) -0.11422
GVB(3)CI -0.12651 GVB(3)CI -0.12811

@ -.147.30687 hartrees. The other energies in this column are
relative to this energy. » —147.78348 hartrees. The other cnergies in
this column are relative to this energy. ¢ In the MBS GVR(6/PP)
wave function we restricted the CH pairs to be symimetry functions.
While the description in terms of symmetry functions is equivalent
to a localized orbital description at the HF level, at the GVB level
the two are not equivalent. For the DZ basis the GVB(6/PP) encrgy
was lower for localized CH oibitals and the same is probably true
for MBS.

Table 1V, Overlaps and Pair Splittings?

Diazomethane - CH,band N,¢
Energy Energy
lowering, lowering,
Pair hartrees Overlap hartrees Overlap

CH o left 0.01292 0.8524 0.0139 0.842
CH o 1ight 0.01292 0.8524 0.0139 0.842
CNo 0.01098 0.8786
NN o 0.01011 0.8946 0.0123 0.8940 |
ny GVB pair 0.03838 -0.6023 0.03182 0.6969
7y GVB pair 0.03593 0.6703 0.03182 0.6969

a PDZ basis, GVB(6/PP). » Reference 5¢. € T. H. Dunning, Jr., and
D. C. Cartwright, to be published.

which does indecd lead to a unique set of orbitals (ignoring
trivial flexibility for degenerate orbitals). Should the partic-
ular orbitals obtained from (22) lead to more useful inter-
pretations than the other choices? There is some reason to
believe so. In fact, Koopmans showed that the orbitals from
(22) are optimally adjusted for describing the positive ion
(within the restriction that the orbitals of the ground state
are unchanged upon ionization). The usual HF MO’s, or
rather their energies, are indecd quite useful for interpret-
ing the photoelectron spectra of molecules, as would be ex-
pected from Koopmans’ theorem. However, it does not fol-
low from this that these same orbitals would be particularly
useful for understanding the chemical or physical properties
of the neutral molecule.

The inappropriateness of the HF canonical orbitals as a
basis for chemical concepts of molecules has long been
noted and a number of techniques for obtaining more local-
ized forms of the HF orbitals have been suggested. The

"GVB method provides yet another way of obtaining local-

ized HF orbitals. Essentially, the set of HF-like orbitals ob-
tained from (20) is that combination of the HF orbitals that
is optimal for correlating the wave function. Thus viewing
each GVB pair as”

PPy + O = Cl@g0 — 20 @)

the set of first natural orbitals spans essentially the same
space as is spanned by the HF orbitals and the set of second
natural orbitals ¢, provides the correlation effects. Apply-
ing the variation principle we find that the correlation cor-
rection effects are largest when both ¢g and ¢, are localized
in the same region.!6

E. Energies. Energies for the GVB and HF wave function
for the ground state of diazomethane are listed in Table III.
Table [V contains some of the special parameters of the
GVB(6/PP) wave function. Note that most of the energy
lowering in the GVB(6/PP) wave function as compared
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.
Table V, - Cl Energies for Diazomethane Excited States

DZ basis DZRx basis
Ground Ground '
state SCF state SCF
MBS, core, core, core, core, Expt,e
State eV eV eV eV eV eV
X(CA) 0.04 0.0¢
A, 2.84 2.65d
‘A, 3.23 3.31 293¢ 3.14
A, 3.68 3.66
2(*A) 7.85 7.39 6.89¢ 5.90¢ 5.70

a MBS GVB(3)-Cl energy = ~147.43338 hartrees,  DZ GVB(3)-
Cl energy = —147.91159 hartrees. € Encrgy relative to DZ GVB(3)-
C1. @ An SCF core appropriate to the singlet state was used. € Ab-
sorplion maximum.

with HF comes from correlation of the w.(%) and =,(5)
pairs.

As a test of the perfect pairing assumption we carried out
configuration interaction (CI) calculations using the orbit-
als from the GVB(3/PP) wave function. We find that the
GVB-PP wave function contains about two-thirds of the
correlation energy in the GVB(3)-CI. The additional ener-
gy lowering in the CI was primarily due to ¢ — o* 7 — a*
double excitations, and we conclude that the perfect pairing
restriction had little effect on the shapes of the orbitals.
This is generally the case for closed shell systems near the
equilibrium geometry.

F. The Separated Limits and the Nature of the Bond.
Starting with the GVB wave function for the ground state
of diazomethane and pulling off the N3 along a linear path
(C2, symmetry) the lowest limit (about 3.4 eV above the
ground state} would be the ground state of N2(X'Z,*) and
the 2'A,'9 state of CH;

> efoch

A higher 'cnergy limit (about 7.4 eV.above the ground
state) would be the ground state of methylene (Y?B{) and
the 311 excited state of N

(23)

>9°<9 G>°°Q—G>°°@ 249

Although (24) is considerably higher (~4 ¢V) than (23)
the orbitals of the ground state of diazomethane are very
similar to (24). In fact, bringing methylene (X*B;) up to N;
(311,) as shown so as to form a CN o bond, we would expect
the doubly occupied . orbital of N3 to delocalize some-
what onto the carbon and concomitantly the singly occupied
N2 wg, orbital to localize toward the terminal nitrogen. At
the same time, the singly occupied methylene ib, orbital
(wx) must build in a nodal plane to become orthogonal to
the double occupied N . orbital. In fact, at the equilibri--
um geometry the ¢ orbital still resembles the =, orbital of
N while the ¢ and ¢, orbitals resemble the 1b( arbital of
CH; and the'wg, orbital of Ny, respectively. Either limit in
(23) or (24) involves a large promotion energy and hence
we expect a weak CN bond in diazomethane, as found ex-
perimentally and in our calculations.2%:2!

IV. The Excited States

A. The 3A; and 'A; States, To find low-lying excited
states of diazomethane we will start with (19) and scarch
for other ways of distributing the électrons over the valence
orbitals of the atoms without disrupting the ¢ bonds. As-

5325

My T 1'8g)
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Figure 5. The GVB(3/PP) =, (%) and x,(&) orbitals of the ‘Az state of |
diazomethane.

suming the linear CCN configuration the most favorable
case is

“ O @ ,
o@—@o :
> O O -

which leads to 3A; and 'A; statss. This has the same atomic
configuration on each atom and the same number.of ¢ and
= bonds. However, in (25) the doubly occupied p, orbital on
the central N cannot delocalize onto the carbon (because of

_the CH bonds), whereas the corresponding (px) orbital of

(19) can. As a result the singly occupied. p, orbital on the
terminal ‘atom-of (25) is much more antibonding than the
corresponding (px) orbital of (19). In addition, in (19) the
singlet state is stabilized by the ¢1¢, pairing, an effect lost
in (25) where the singly occupied orbitals are orthogonal.
Given these differences it is not surprising that the vertical
eéxcitation encrgies to the 3A5 and 1A; states are 2.65 and
2.93 eV, respectively (see Table V). Since the singly occu-
pied orbitals are orthogonal, the 3A state should be below
the 1A state and since the singly occupied orbitals are con-
centrated at opposite ends of the molecule, the exchange in-
tegral should be small and hence the triplet-singlet splitting
small.

In Figure 5 we show the DZ & and in-plane =-like (&) or-
bitals of the 'A; state.

Looking first at the three-electron «, system, we see that
this system corresponds closely to that of allyl radical.
However, here one of the resonance structures is far lower
in energy than the other. The system is thus well described
by a # pair (with components on the center nitrogen and
end nitrogen) and a singly occupied orbital on carbon.
Comparing the doubly occupied N{2P)& orbital on the cen-
ter nitrogen with (25), we see that it has delocalized strong-
ly toward the end nitrogen concomitantly with the singly
occupied 2p & orbital on the end nitrogen building in a

‘nodal plane to remain orthogonal. The dccrease in energy

associated with the delocalization of the doubly occupied &
orbital is thus somewhat offset by the now highly antibond-
ing singly occupied & orbital. In order to decrease these in-
teractions we expect the molecule to bend within the yz
plane toward (26). However, the configuration in (26) is

9
27 S

"\79 (26)

H

AC)

‘Walch, Goddard | Low-Lying States of Diazoniethane



5326 286

Colcuiated Vertical Experimental
Excitation Energies  Absorption Bonds

_ _590ey 2'a, {

GVB Description

~ .0.00ev X 'a,

Figure 6. The GVB descriptions of the low-lying states of diazo-
methane.

compatible with dissociation to

foche
Q @

H H

leading to the formation of CH,(*B,) and N;('Z,*). For
the 'A; state, however, the corresponding limit CHy('B,)
and Np(12,*) is 1.9 eV higher. Since the 'A; — 'A; excita-

tion energy is 2.9 eV and the ground state is bound by ~1.5

eV with respect to CH2(3B,) and Na(!Z;+), the 'A” state
of (25) is bound by ~0.5 eV with respect to products in
(26). {Dissociation to Ny(X'Z,*) + CHz('A,) should be
exothermic by ~1 eV.] :

Excitation to the 'A; state is dipole forbidden but vibron-
ically allowed. We identify the 'A; state with the diffuse
weak absorption with maximum at 3.14 eV (see Figure 6).

The delocalization of the =, orbital on the central N
(corresponding to the p pair of the 2P state) also leads to a
large increase in the dipole moment of this state as com-
pared with the ground state (see Table VI). In fact the di-
pole moment of the 'A; state is calculated to be +3.62 D
[GVB(3)-Cl] as compared with the ground state dipole mo-
ment of +1.86 D [GVB(3)-Cl]. The charge distribution in
the 3A, state is expected to be quite close to that in the sin-
glet state and indeed the dipele moment of the 3A; state is
+3.54 D [GVB(3)-CI]. A detailed breakdown of the dipole
moment of the 'A; state into orbital contributions is given
in Table 1.

B. The 3A, State. Starting with the # orbitals of the X'A,
ground state (19) and (20) and coupling the ¢, and ¢, orbit-
als antisymmetrically

¢ Hd:b1 — 16,

leads to the A, state of H;CNN. In the simple approxima-
tion in which the same orbitals are used for both states, the
excitation energy is

(28)

AE=-A/(1- 89 (29)

Table VI. Dipole Moments (in Debye) for the Valence
States of H,CN,?

XA, A, 2'A, 1A, 3A,
HF +1.69
GVB(3/PP) +1.99 n
GVB(6/PP) +1.98
CI +1.86 2.64 0.21 3.62 3.54
Exptl +1.500

@ All calculations use the DZ basis. A positive dipole moment
implies that the terminal nitrogen is negative.  Reference 8.

The [ (3b,) Crbrtals

Tne 1 'a, STATE

The 2 'a, STATE

Figure 7. The 3b;(x*) orbitals for the 2'A| and XA states. (Contour
interval = 0.02 au.) .

where A4 is a (negative) quantity approximately proportion-
al to the square of the overlap, S, of the ¢ and ¢, orbitals.??
For ozone $ = =0.28 and 3£ = 1.4 eV, for H; molecule §
= 0.80 and AE = 10 eV, and for ethylene § = 0.64 and AE
= 42 eV (all vertical excitation energies). Thus for
H,CNN with § = —~0.60 the calculated AE = 3.66 eV is
reasonable. )
Defining delocalized orbitals (MOQ’s) ¢35 and ¢33 as

b = (¢~ ¢)/VAT -9
b5 = (@ + ¢)/V2AT+H)

where the constant factors ensure normalization, the # part
of the singlet state (20) becomes .

¥s= ¢c*{(1 - Homom— (1 + Noment (3D

while the triplet state (28) becomes

Ir = ¢Homdw - ¢ndw)

For the self-consistent orbitals of the ground state, S is
negative (see Figure 1), hence (31) may be written

¥s = dc¥andn — bowdR) (33)

where for the self-consistent wave function a is 0.9705 and
b is 0.2410. The MO description of the singlet state has the
form (33) except that the ¢3; ¢37 term is deleted, while the
MO description of the triplet state is (32). Thus, in the MO
description the 3A; +— 1A transition is described as 37 «
2#% and these states appear to be quite different [The MO
excitation energy will be low by 1.044 eV (the =, splitting
energy) because the triplet state is correctly described,
while for the singlet state the second configuration ¢33 o715
is neglected.] On the other hand, the GVB wave functions
[(20) and (28)] for the two states involve similar orbitals
and differ mainly in the way in which the orbitals are cou-
pled. We thus expect somewhat similar charge distributions
in the two states and in fact the calculated dipole moment
of the 3A, state is 2.64 D [GVB(3)-Cl], a value not drasti-
cally different from the dipolec moment of the ground state.

(30$)

(32)
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D, Rydherg States. In the above sections we discussed ihe

low-lying excited states expected to arise from excitations
among the valence orbitals. Other low-lying excited states
are expected to correspond to excitation into diffuse
Rydberg-like orbitals. To examine such states diffuse basis
functions were added to our basis (see section IB). Rather
than solving self-consistently for each excited state, we used
the IVO approach of Hunt and Goddard?® in which the cor-
rect variational Hamiltonian for the excited orbital is set up
and diagonalized aver the orbitals orthogonal to the occu-
pied orbitals of the ground state. Thus, with one diagonali-
zation, one gets all excited orbitals {out of a particular
ground state orbital and for a particular total spin).

The calculated excitation energies?®® and oscillator
strengths are given in Table VII and plots of the Rydberg
orbitals are given in Figure 8.

The Orbitals. The assignment and calculated energy of
each Rydberg orbital is given in Figure 8.

As expected the three 3p orbitals have similar energies as
do the three 3d arbitals solved for. There is a 0.9 €V separa-
tion between the 3s and 3p states and a 0.8 eV separation
between the 3p and 3d states, reasonable results given the
different abilities of these orbitals to penetrate the
H>CNN* core.

Looking more closely we see that the 3s orbital is
squished away from the CH bonds and N lone pair, appar-
ently due to repulsive effects with these pairs. This change
in shape can be described as subtraction of d.2 character
(222 = x2 — y?) from the 3s wave function.

The 3pb; orbital corresponds closely to the shape expect-
ed for a 3p orbital. The 3pa; orbital deviates somewhat,
concentrating more on the H,C end of the molecule. This is
apparently in response to the shift of the o system to the
right making the N end less attractive for the Rydberg
state, '

The 3pb, orbital corresponds closely to the shape expect-
-ed for a 3p orbital, However, there are complications here.
This orbital leads to the second A state of H,CNN, dis-
cussed in section IVC. Carrying out a CI calculation leads
to the introduction of valence character in the wave func-
tion and a decrease in the energy of this state to 5.9 eV.

Since diffuse s and p functions were placed on each atom,
we expect a good description of the 3s and 3p Rydberg
states. Although diffuse d functions were not included we
expect moderately good descriptions of the the 3d.2, 3d.,,
and 3d,, excited orbitals from combining the diffuse func-
tion on various centers. A much poorer description of 4s, 4p,
and higher states is expected since sufficiently diffuse func-
tions were not included. ‘

The 3d orbitals being the highest of the # = 3 orbitals are
distorted in the unfavorable directions (e.g., toward the end
N). The exception is 3dby, which has a large amount of car-

, bon valence character,

The Energies. Rydberg states are often characterized in

terms of a-quantum defect, & defined as

IP(hartrees) = 1/2(n = 8)? (40)

in terms of the ionization potential of the excited state (in
hartrees). Thus, & is the correction to the principle quantum
number that would lead to an energy expression like that of
the hydrogen atom.

The calculated quantum defects are, listed in Table V.
The average values 83, = 0.905, 335 = 0.500, and 339 =
—0.113 are all a bit smaller than for smaller molecules, in-
dicating extra repulsive interactions due to the corc,

The calculated excitation energy into the 3s orbital (!B,
state) is 5.89 eV. However, the calculated oscillator
strength is 5.4 X 1073 and this transition js probably bur-

ied under the strong absorption due to the 2'A, state (cal-
culated f = 0.376). .

At shorter wavelengths, Merer?® has observed an exten-
sive series of perpendicutar bands near 1900 A (6.51 eV).
At 1585 A (7.65 eV) there is a similar series of perpendicu-
lar bands. Herzberg?” has pointed out that these two-band
systems fit reasonably well as the first two members of an
npseries with § = 0.67 leading to an 1P of 9.06 eV.

Our calculations show a !B, state at 6.87 eV and also a
1A, state at 6.65 eV corresponding to excitation to 3pa,
and 3pb, orbitals, respectively. However, Merer’s analysis
of the 1900 A group indicated three very closely spaced
states, two of B; symmetry and a third which did not seem
to have “any intensity of its own in absorption” (which
Mecrer tentatively assigned as a B; state). It seems reason-
able that our !'B; state is one of Merer’s B, states. The A,
state is not dipole allowed but becomes vibronically allowed
for By, B3, and Aj vibrations. We suggest that the remain-
ing states analyzed by Merer (B; and B,) may correspond
to vibronically induced transitions Az +— X'A;.

Since we did not include sufficiently diffuse basis func-
tions to describe 4p orbitals, our results cannot be used to
verify the assignment of the 1585 A group to 4p Rydberg
levels.

We find three states of 3d character near 7.6 eV. With-
out d functions explicitly in our basis we may expect to be a
bit high on these states (as evidenced by negative quantum
defects) and hence it appears reasonable to associate the
A, 3d Rydberg state with the first member of the parallel
nd Rydberg series observed by Herzberg (7.37 ¢V). To ob-
tain a good description of these Rydberg levels d functions
should be included, a calculation we intend to pursue later,

V. Details of the CI Calculations

While the GVB(6/PP) wave function for the ground
state of diazomethane is highly useful for interpretation
purposes, it is clear from Table IV that the major part of
the ground state correlation energy is contained within a
two-pair wave function in which the xx and x, pairs are
split. For our CI studies we have used the orbitals of
GVB(3/PP) wave functions in which the x,, 7y, and CN ¢
pairs are split.

In all the CI caiculations the three Is-like orbitals were
kept doubly occupied (this allows these electrons to be elim-
inated from all calculations by appropriately modifying the
one-electron integrals). For the MBS-CI calculations there
are 14 additional basis functions for describing 11 occupied
GVB orbitals. For each state we started with the dominant
configuration for that state and included all single and dou-
ble excitations among the 11 GVB orbitals.

For the DZ and DZRx bases we carried out self-consis-
tent GVB(3/PP) calculations for the X'A|, 1!A;, and 2'A,
states. These self-consistent vectors were then used in the
corresponding CI calculations {for ‘the 3A; state we used .
XA, vectors and for 3A; we used 'A, vectors). In each case
the doubly occupied ¢ orbitals of the GVB(3/PP) calcula-
tions were kept paired in the CI. Based on the results from
MBS-CI, we also made the following restriction in the CI.
The orbitals for the CI were partitioned into subspaces cor-
responding to a;, by, and by symmetries, respectively, and
only excitations within these symmetry types were allowed.
Within this restriction all single and double excitations were -
taken from the appropriate dominant configurations. This
procedure leads to a significant reduction in the number of
configurations while allowing a good description of the exci-
tation energies. )

We also solved for the various states using the GVB vec-
tors of the ground statc. In these calculations we included
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configurations involving single excitations from the r GVB
orbitals into the remaining = virtuals (a procedure referred
to as polarization CI). This latter calculation leads 1o errors
for the excited 'A; and 2!A, states of 0.4 to 1.5 eV which
can be attributed to two effects: (1) lack of relaxation of the
unexcited orbitals and (2) a restricted description of the ex-
cited orbital. Probably (2) is the most irnportant for 'A; but
core relaxation is responsible for lowering the excitation en-
ergy of 2'A| by about 1 eV (for the DZRx basis). This
large effect is due to the diffuse nature of the excited orbital
of the 2'A, state, leading to significant contraction of the
other orbitals upon excitation.

A. The 'A; and 3A; CI Calculations. We used the 'A; DZ
GVB(2) orbitals as a basis for r-electron Cl calculations on
the 'A; and ?A; states. We also carried out polarization CI
calculations using the GVB(3) ground state orbitals.

B. The 3A; and 2!'A; CI Calculations. The 3A; and 2'A;
states both arise from the =, electron configuration.

1b,22b,3b, (41)
However, as has been previously shown (sections IVB and
1VC), the A state corresponds basically to the triplet cou-
pling of the GVB =, pair, whereas the 2!A; state is a
charge transfer state. Thus, the 3A; state should be well de-
scribed with orbitals much like the ground state GVB =,
natural orbitals, whereas we expect the 2'A, state to have a
- diffuse 3b, orbital in agreement with the ionic character of
the state.

We carried out = electron polarization CI calculations on
the 3A, state using the DZ GVB(3) natural orbitals as a
basis. From an examination of the single excitations, it is
clear that the DZ basis is adequate to describe this state
and that the 7, orbitals are not much different from those
for the singlet state.

For the 2'A| state we used the configurations for polar-
ization CI plus additional configurations from allowing all
double excitations within the b; space. Using the DZ
GVB(3) orbitals and the above configurations, we find a
sizable improvement aver the MBS results. Examination of
the single excitations indicates that the variationally correct
3b, orbital would have large amplitudes on the more diffuse
Px basis functions. Augmenting the basis with a single dif-
fuse p, function on each center (DZRx) and repeating the
CI with a similar set of configurations resulted in another
decrease in the energy, with the 3b, orbital again showing
large amplitudes on the most diffuse functions. However,
this calculation still used a frozen ¢ core appropriate to the
ground state. In order to obtain a more contracted o core
appropriate to the diffuse 3b; orbital, we carried out Cl cal-
culations using the GVB(3/PP) vectors from the pseudo-
SCF calculation described in section IVC, The 3b, orbital
from this calculation was found to have large amplitudes on
the most diffuse p, basis functions and to have a small or-
bital energy (—0.077111 bhartree) consistent with a
Rydberg-like orbital. Using the o core from this calculation
in a x electron CI calculation on the 2'A, state and using
the same spatial configurations as in the previous CI with
ground state core an energy only 0.2 eV above the experi-
mental Amax Was obtained.

Examining the CI results for the 2'A; statc, we see that
the best CI energy (DZRx, SCF core) is a full 2.0 ¢V below
the MBS CI, whereas for the other states the N BS Cl gave
excitation energies essentially the same as were obtained
with the more extensive DZ basis. This is. of course, strong
evidence for the ionic character of the 2' A state. It is inter-
esting to note that 1.0 eV of the difference between our
final CI result for the 2! A state and the MBS result is due
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to a ¢ core contraction in response to excitation into a dif-
fuse 3b; orbital,

VI. Ground State Chemistry of Diazomethane
Diazomethane belongs to a class of compounds common-

‘ly referred to as 1,3 dipoles because the principal resonance

structures drawn to describe the bonding are zwitterion
structures. For example for diazomethane these structures
are

\.‘.‘_.4- \ + -
/C N==2N /C N=N
~, /N\
DA <42>

However, we find that the ground state is more accurately
described as biradical-like, although, as discussed earlier,
there is 2 fairly large overlap between the ¢¢, components
of the mx GVB pair.

Roberts?® has pointed out that the GVB description
yields a simple consistent rationalization of the facile 1,3
addition of diazomethane to olefins. Usually the dipolar na-
ture of diazomethane :
is considered as the dominant influence. However, abun-
dant experimental evidence suggests that this reaction oc-
curs in a one-step process not involving charge separation,2®

On the other hand, the GVB model of diazomethane
suggests a biradical attack analogous to that in ozone. In
particular we note that cycloaddition of diazomethane to
ethylene does preserve orbital phase continuity.’® This fol-
lows from the fact that the overlap between the ¢i¢, compo-
nents of the GVB =, pair results from a through-bond cou-
pling rather than a direct coupling as for ethylene. Thus, to
get a positive S, the orbitals must be oriented asin (43).

L7 ¢

pes

=3
#, b

e, v e, \V
=

Therefore, the phases are preserved in the cycloaddition, so
that the reaction is expected to be concerted.

Addition of Methylene to Na. Recently several investiga-
tors have observed reccombination of CHx('A;) and
N2(*Z;*) to give diazomethane. Moore and Pimentel®!
have observed recombination of N> and methylene in an N,
matrix at liquid He temperatures. In line with this observa-
tion, Bass et al.}? have had to postulate reaction between
methylene singlet and N3 to explain their kinetic studies of
N2/CH3N; mixtures following flash excitation. Based on
the rate constant for the'N2-methylene recombination de-
rived by Bass et al., Laufer and Okabe?! estimate an activa-
tion energy of <3 keal/mol. Moore and Pimentel conclude
that recombination of CHy and N; to give diazirine has a
much higher activation energy, since they do not observe di-
azirine formation. In fact, they show that formation of dia-
zomethane in diazirine photolysis-is a result of recombina-
tion of CHj (produced in the diazirine photolysis) with ma-
trix Nj. )

The formation of diazomethane with a small activation
energy and the failure to observe diazirine in the reaction
between CH('A)) and Ny(X'X.*) may be understood
using the orbital phase continuity principle and concepts
from the GVB description of diazomethane.

Consider the following reaction path 44. For this orienta-
tion closure to the symmetric diazirine is not favored. How-
ever, using large 8 (>120°) leads to orbitals with the same

(43)

Walch, Goddard | Low-Lying States of Diazomethane
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(44)

A !
-} -
=) =t

phase orientation as in (43), thus we expect the energy to
decrease monatomically as the molecule opens to diazo-
methane and hence a predominance of diazomethane, as is
observed.
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Recent experiments by Bergeman and Zare led to a dipole moment of lul = 1.10:2 0.03 D for the v = 3 vibrational level
of the A2x? state of NO, whereas configuration interaction (CI) studics by Greenled to = 0.39 D (N+O'), a serious discre-
pancy. We report hercin ab initio generalized valence bond (GVB)and GVB CI calculations resulting in a dipole moment of
+1.36 at R, for the A 2yt state; considering the expected decréase of u for increasing v, this is in reasonable agreement with
experiment., Theoretical values of the dipole moment, electric field gradicnt, and excitation energies are reported for the

X5, A2z, and D? =¥ states of NO.

1. Introduction

Recerntly Bergeman and Zare [1] reported the first
experiments determining the dipole moment of a Ryd-
berg state of a moleculé. They found the dipole mo-
ment for the v = 3 vibrational level of the A2Z* state
of NO to be

lul = 1.10 + 0.03 debye,

where the quoted uncertainty was estimated as three
standard deviations. They pointed out that this value
differs quite significantly from that determined by
Green [2] from configuration interaction (CI) calcula-
tions;

¢ =0.47 £ 0.03 debye (N'07)

for R =1.06 ¢ and an estimated value [based on the
variation of u with R for the Hartree—Fock (HF) wave-
function] of

¢ =0.39.£0.10 debye

for the v = 3 level. Bergeman and Zare suggested two

* Partially supported by a grant (GP-40783X) from the Na-
o tional Science Foundation.

~ NDEA Fellow, 196769, 197374,

T Contribution No. 5018.
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possible explanations for the difficulty: (1) An R-de-
pendent “dipole borrowing” from the D state that
would come in differently with CI than for HF and
(2) nonadiabatic coupling of the A and D states. They
analyzed the second effect and found the correction
to be small.

We felt that the theoretical results deserved re-eval-
uation and carried out extensive generalized valence
bond {3] (GVB) and GVB CI calculations on the X
state at R, (2.1747 bohr) and the A and D states at
R, (2.0101 bohr). The vesults for the dipole moment
are (all CI wavefunctions)

= —0.10 debye for X211,
& = +1.36 debye for A2Z,
= —221 debye for D2¥,

The value for the ground state is in good agreement
with the experimental value lul = 0.16 D {4] and the
value for the A state is in reasonable agreement with
the value obtained by Bergeman and Zare (especially
considering that our value for u should decrease in
magnitude when averaged over the v = 3 vibrational
level).

We find that the Hartree~Fock wavefunctions lead
to a significant error (—0.67 D) in the dipole snoment.
The reason is as follows: (1) due to the doubly-occupied
orbital restrictions of HF the 7 orbitals of the NO* core
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tend to concentrate too much on the oxygen; (2) as a
result the Rydberg orbital polarizes toward the N;
however the resulting relatively small changes in the
Rydberg orbital lead to large changes in the dipole
moment. Correlating the NO bonds as in GVB removes
this problem. The CI calculations of Green were based
on HF wavefunctions and apparently sufficiently high
orders of excitation to overcome the deficiencies of
HF were not included. :

Thus there is no reason to presume particularly
large nonadiabatic corrections in the dipole moments
for Rydberg excited states of molecules. .

2. Theoretical details ~

We used three basis sets for these calculations. The
first (32 basis functions) consisted of the “double zeta”
(DZ) set of contracted cartesian gaussian functions of
Dunning and Huzinaga [5] , augmented by aset of d -
functions on the N and O (orbital exponents ayy =
0.80 and ag = 1.04). This is the type of basis (denoted
DZd) we would normally use for describing potential
curves of valence states and it was used for the X211
state. In order to describe the Rydberg states (A2Z*
and D22*), the DZd basis was augmented by diffuse
s and po functions on the N and O (N exponents: ¢
=0.0650 and 0.0198, o, = 0.0515 and 0.0160; O ex-
ponents: a, = 0.0862 and 0.0261, &, = 0.0637 and
0.0190). (The exponents for the diffuse functions
were obtained by scaling down from the exponents
of the valence primitives, a procedure that has worked
well for the Rydberg states of a number of molecules
[6-8].) Thisleads to a total of 40 basis functions for
this second basis set (denoted as DZAR). As a check
on the validity of our results for the A state we also
carried out calculations using a more extensive basis
set (denoted as Big) in which the (9s5p1d) primitive
basis set was contracted to [5s, 3p, 1d] [5],and in
addition to the diffuse functions of the DZdR set we
added more diffuse s and p, funciions (N exponenis
o, = 0.0060 and a;, = 0.0050; O exponents &g = 0.0079
and o, = 0.0057) and diffuse d functions (2d,2 — d,2
~d,2; N exponent & = 0.03 and O exponent = 0.04).
The Big basis involves 58 basis functions.

For each state we carried out self-consistent gen-
eralized valence bond (GVB) calculations followed by
appropriate Cl calculations. For the A 2£ state the
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GVB wavefunction differs from the HF wavefunction
by having the o bond and each of the 7 bonds corre-
lated [referred to as GVB(3/PP)}. Thus we solve for
11 orbitals seif-consistently rather than eight as in HF.
Since the orbitals are optimized for the dominant cor-
relation effects, one can account for most of the resi-
dual correlation effects remaining in the GVB wave-
function by including other configurations involving
the 11 GVB orbitals, rather than using the full basis
(40 basis functions). To describe the D state we also
included the 3p-like orbital obtained as the lowest
variational orbital from the GVB variational solution
of the A 2Z* state (this leads to the optimum excited
orbital for the D state within the restriction that the
NO* core orbitals from the A 2Z* state are not
readjusted).

For the ground state wavefunction we carried out
GVB(2/PP) calculations (splitting the o and Ty bonds,
with a singly-occupied =, orbital in addition to the m,
bond pair) using the DZd basis. This procedure leads
to different orbitals in the x and y directions. To gen-
erate an equivalent set for the CI calculations, we ro-
tated the =, correlating orbital and orthogonalized to
the first two ,, orbitals, The resulting three orbitals
were then used in both directions.

In the CI calculations we initially allowed only con-
figurations involving excitations among the. GVB orbi-
tals. However, after preliminary calculations we found
that a good description of the 211 state required addi-
tional configurations involving excitation from the
GVB 7 orbitals into the remaining virtual orbitals of
the n space. (These configurations were more impor-
tant for the X state than for the excited states.) We
also allowed up to double excitations from the GVB'#
orbitals into the four virtual-orbitals of delta symme-
try. This procedure yielded 202 spatial configurations
(483 spin eigenfunctions or 908 determinants) for the
X 211 state and 190 spatial configurations (532 spin
eigenfunctions or 939 determinants) for the 25+ states
(Aand D). :

The GVB calculations used the Bobrowicz—Wadt—
Goddard program incorporating the full variational
treatment of oper shell systems [9] and the GVB vari-
ational methods {10]}. The Caltech CI program
(Bobrowicz, Winter, Ladner, Goddard, Hay, Moss,
Walch, and Hauging) was used for the CI calculations.
The CI properties were evaluated with a program writ-
ten by Walch and Dunning using the NYU (Moskowitz)
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Culculated and experimental properties for X, A, and D states of NO (in the DZd basis for X 211 and the DZdR basis for 2£* un- .

Jess noted otherwise)

X*n A2z D2z*
- Excitation energ); ?e_\")‘
HF ¥ 0.0 5.45 6:59) P
GVB 0.0 4.60%) (5.69)®)
cl this work 0.0 5059 6.39 9
ref. [2] 0.0 3.92 -
exper. 0.0 54269 6.55 %)
Dipole moment (D)
. Big +0.66
1iF this work +0.36 {DZdR +0.74 h) (-2.10)
ref. [2] +0.26 +0.63 -
- Big 1.36
Gve 00 {pr4r +1.41 (-2.20)
ci this work ~0.10 +1.36 -2.21
ref. {2) -0.25 +0.39 -
exper. +0.16 [4] $1.10+0.03 ®
Quadrupole coupling constants at N (MHz)
Bi -6.35
@NIN HF 179 {p7ar ~5.290 (-4.49)
Big ~5.26
GvB -1.20 {748 -4.27 (-4.23)
Cl this work -1.10 -4.36 -4.38
tef. [2] ~1.63 ~5.62 -
exper. ~1.876 ¢ 0.008 [4] ~2.8820.17 ¢) -
cONTN HF this work 29.35
ref. [2) 21.03
GVB 21.75
cl 26.76
exper. 23.04 + 0.05 (4]

4} The calculated total energies for the X211 state are ~129.26934 H, -129.32614 H, and -129.43055 H for HF, GVB,and CI,

respectively.

The Big basis leads to 2 drop in the cnergy of 0.206 eV for HF and 0.218 eV for GVB. This basis would also lead to a similar

drop for 211 and hence little change in the'excitation energy is expected.

) Includes a corrgetion of 0.03 eV for the difference in zero-point energies for the ground and Rydberg states. Excitation energies

are taken from ref. [11].

9 e calculated oscillator strength (f) for A +» D is 0.324, the experimental value [13] is 0.18.

€) Ref. [1], this is for the v = 3 vibrational level,

Parentheses for an HF quantity indicate that the HF wavefunction was obtained by dcleting the second natural orbitals of the

. GVB wavefunction.

2} parentheses for a GVB quantity for the D state indicate that the core osbitals were restricted to be those of the A siate.
!’) Using the GVB wavefunction and the approximate HF-type wavefunction described in footnote f leads to +] .54 D.
i) Using the GVB wavefunction.and the approximate HF-type wavefunction described in footnote f leads to —4.33 Mliz.
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EXCITED (RYDBERG) GVB ORBITALS FOR NO

A%Z* (3s) D%3* (3pa)
10.0 35
X z
oo
100 N O 120

z

- Fig. 1. The Rydberg orbitals from GVB wavefunctions of the A%z" and D2x* states of NO. The long dashes indicate nodal planes,
Solid and dotted lines indicate positive and negative amplitudes. Contour intervals are 0.01 au.

integrals program. The molecular integrals were eval-
uated with a version of the POLYATOM (Basch and
Snyder) integrals program.

3. Results and comparison with experiment

The calculated energies and properties are compared
with experiment in table 1. The shapes of the excited
orbitals for the A and D states of NO are shown in fig.
1 (using the DZdR basis). As expected, these orbitals
have basically the character of 3s and 3po orbitals,
respectively, and are well described as Rydberg orbi-
tals. For simplicity we will refer to these self-consis-
tent GVB orbitals as 3s and 3po.

3.1. Energies and oscillator strength

The calculated excitation energies (CI) are 5.05 eV
for A < X and 6.39 eV-for D < X, which are 0.37 eV
and 0.18 eV lower, respectively, than the experimental
values [11] (errors of 7% and 3%, respectively).

The calculated bond dissociation energy D, (NO) is
6.41 eV which is 97% of the experimental value® of
660 V.

t we have taken the energies of the separated atoms as 0(3P)
= ~74.80087 H from a DZd HF calculation [12] and that
for N(*S) as —54.39439 H [5] from a DZ HF calculation.
[For the N(‘ S) state the d functions do not mix into the
HF wavefunction.] The experimental dissociation energy
D(NO) was corrected for the zero-point vibrational energy
3 fiwg, for comparison with the calculated value.

We calculated the oscillator strength, f, only for D
< A. The result is f = 0.324 which is 80% larger than the
experimental value of 0.18 from the D2Z* » A23*
00 emission band [13].

3.2. Dipole moment

For the X211 ground state, the calculated dipole
moment is 4 = —0.10 D, whereas the experimental val-
ve [4] is lu! = 0.159 D. Thus, just as for CO [14] , the
ground state of NO has the electron charge distribu-
tion distorted slightly from the oxygen to the more
electropositive element. ‘

Using the DZdR basis we calculated a dipole mo-
ment for the A 2E* state of u = 1.41 D with GVB and
i =1.36 D with GVB CI while the Big basis yields u =
1.36 D for GVB. Thus our best estisnate of the theo-
retical u is

@=131D.

The experimental value is lu) = 1.10 £ 0.03 D for v =
3 [1]. The dipole moment is expected to decrease in
magnitude for larger R and hence should decrease for
larger v. Thus the calculated value is in reasonable
agreement with experiment.

We find that the D2 E* state leads to u = ~2.21 D,
even larger in magnitude than for the A state but di-
rected in the opposite direction. The reason for this
oscillation is understood as follows.
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From the GVB(3/PP) wavefunction for the A2Z*
state, we find that the dipole moment of the NO*
core (evaluated about the nitrogen) is +0.999 au
(N-O*). Thus if the 3s or 3po orbitals of the Rydberg
" state were centered at +0.999 au (50% of the bond
length) from the N (toward the O), the dipole moment
would be zero. In fact the GVB 3s orbital is pulled sig-
nificantly toward the O, leading to a total uof 1.41 D
(N*O~) [this corresponds to a centering of the 3s or-
bital at 1.553 ay (77% of the bond length) with respect
to the NJ]. Since the GVB Rydberg orbital for the A
state has a component of 3po character pushing it to-
ward the O

qb3s t 7\¢3pa’

the GVB Rydberg orbital for the D state is expected
_(and observed) to be pushed toward the N (see fig. 1)

D3p, — A0y,

The center of charge of the GVB 3po orbital is at +0.119
ag (6% of the bond length) relative to the N, leading

to a large dipole moment in the opposite direction
(N~O*). This effect leads to wildly different dipole
moments for alternate Rydberg states. Similar results
were found earlier by Hunt and Goddard for i1,0 [6]
and can be expected to be general.

3.3. Quadrupole coupling constants

The experimental quadrupole coupling constant (at
the nitrogen), denotqd as eQnqy . is a measure of both
the nuclear quadrupole moment, Qy, and the electric
field gradient,

ay =2%5/R> 454G - DIy =F,,

(coordinates cenle;ed at the N) where £ and R are the
oxygen atom nuclear charge and NO bond distance,
respectively. For the 211 state there is also a second
(perpendicular) component eQFy where

Iy =N AG? —yhifih=3F, - F,).
i

Since only the product of Q and g is experimental-
ly accessible, the values of @ must be obtained by com-
parison of calculated electric field gradients ¢ and meas-
ured values of egQ. We chose O = 1.56 X 1026 ¢,
the value suggested by O'Konski and 14a [15] based on
a comparison of HF values for ¢ and experimental eQq
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for a number of molecules. Using this value for (, one
atomic unit of field gradient results in an eQq of 3.6657
MHz.

The calculated CI values of eQq for the X and A
states are off by —41% and +51% from the experimen-
tal values and the calculated ¢Qg of the X state is off
by +16%. These are much larger errors than for the
other properties (our value for ¢Qq for the A state is
somewhat better than the value obtained by Green,
95% error). One should bear in mind here that the
basis set used was designed solely on the basis of en-
ergy considerations. This basis is, we believe, quite
adequate for global properties such as the dipole mo-
ment but may be deficient for describing properties
at the nucleus. For example, one should include high
exponent d functions (and perhaps high exponent p
functions) to describe polarization of the N 1s pair and
in addition f functions could lead to changes in the
field gradients due to the p-like orbitals.

4. Comparison of theoretical results
4.1. Energies

The energy of the X 211 and A 2Z states drops 1.55
eV and 2.45 eV, respectively, in going from HF to
GVB and drops an additional 2.84 and 2.39 eV,
respectively, in going to the CI wavefunction. The net
result is that the HF excitation energy is 0.03 eV above
the experimental vatue while the CI result is 0.37 eV
below experiment. We believe that the good result ob-
tained'here for HF is accidental.

Generally for excitation of a doubly-occupied va-
lence orbital to a Rydberg orbital, HF leads to an ex-
citation energy too small by = 1 eV, corresponding to
the correlation error of a valence pair. In NO the A
< X excitation is out of a singly-occupied orbital and
the above argument does not apply. However relaxing
the spin restriction on the HF wavefunction of the 211
state leads to a decrease in the energy of 0.41 eV hence
an increase in the excitation energy to 5.91 eV. Such
avalue, larger than experiment, is reasonable since the
correlation error in the 7, pair is expected to be
greater in the 2Z state than in the zl]x states (where
there is also a singly-occupied 2, orbital). The
GVB(PP) wavefunction leads then to too small a val-
ue because this pair is still uncorrelated in the 21
state although correlated in the 2Z state.
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Green obtained an HF excitation energy of 5.23 eV
in reasonable agreement with our value; however, his
CI wavefunctions led to-an excitation energy 1.50 eV
lower than experiment and 1.13 eV lower than for our
wavefunction. As expected, we find that the A state
has more correlation energy than the X state (4.84 eV
and 4.39 eV, respectively, within the restriction that
the 1s and 2s pairs remain uncorrelated). However in
our CI for the X state, 25 configurations produce CI
lowerings greater than 0.001 H, whereas for the A state
only nine do. Thus the correlation energy for the X
state is more difficult to describe in the CI and we sus-
pect that the low excitation energy obtained by Green
may be a result of using too restrictive a set of confi-
gurations.

4.2. Dipole moment

For the X state the dipole moments for the HF ,GVB,
and CI wavefunctions are +0.36 D, 0.00 D, and ~0.10
D. Thus just as for CO the HF wavefunction leads to a
dipole moment with the extra charge on the more elec-
tro-negative member while the CI wavefunctions reverse
the sign. For NO the principal effect of electron corre-
lation on the dipole moment is a decrease in the con-
tribution of the m, pair (--0.592 debye) partially bal-
anced by an increased contribution due to the three
electrons in the m, orbitals (+0.183 debye).

For the A state the IHF, GVB, and CI wavefunctions
lead to u = +0.74 D, +1 41 D, and +1.36 D, respective-
ly, for the DZdR basis and u = 0.66 D and +1.36 D for
the HIF and GVB wavefunctions with the Big basis.
Thus the HF wavefunction leads to a small dipole mo-
ment in agreement with the value reported by Green
(0.63 D with optimized exponents). However, when
simple correlation effects are included within the posi-
tive ion core, we find significant changes, resulting in
a calculated dipole moment in reasonable agreement
with the experimental value.

As expected, the primary effect of correlation isa .
decrease in the ionic character of the core (NO¥) or-
bitals. (The dipole moment contribution of the core
decreases by 0.398 D.) However, the resultant flow of
charge from O to N in the core results in a large shift

of the Rydberg orbital toward O, leading to an increased

contribution for the Rydberg orbital of 1.098 D. Thus
the HF wavefunction, which neglects these important
correlation effects, leads to a low dipole moment.
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For the GVB wavefunction, since the orbitals are
solved for with the dominant correlation effects al-
ready present, only a small CI necessary to account
for the remaining small effects and the CI dipole mo-
ment is little changed from the GVB value. On the
other hand, for the HF wavefunction a rather exten-
sive Cl is necessary to allow correlation of the core or-
bitals and simultaneous reoptimization of the Rydberg
orbital. ‘

Green carried out restricted Hartree—Fock calcula- .
tions, constructed a limited Cl expansion, and carried
out iterative natural orbital calculations to obtain the
optimum orbitals. Since Green reports that the dipole
moment decreased with Cl, it would appear that the
configurations selected described the correlation of
the core, but were not sufficiently flexible to allow
simultaneous readjustment of the 3so orbitals,

As a further check on the validity of our results for
the A state, we repeated the HF and GVB calculations
with the more extensive Big basis set. With the Big ba-
sis we obtain p = +0.66 D and +1.36 D for the HF and
GVB(3/PP) wavefunctions, respectively, in good agree-
ment with the results for the smaller basis (and in slight-
1y better agreement with experiment).

4.3. The electric field gradients

For the ground state we find a large change in the
electric field gradient between HF and GVB while the
GVB and Cl values are similar. The change of this pro-
perty upon correlation is essentially related to the
shift of the #,, pair toward the N (which also led to a
significant decrease in the dipole moment).

Our value for g of the A state is closer to experi-
ment than Green’s values (41% error as compared with
95%). For the X state properties our values are in
poorer agreement with experiment. It is likely that
high exponent d functions are needed to obtain a good
description of the field gradients [16] .

5. Conclusion

We find that the GVB procedure of solving for the
optimum orbitals with the dominant correlation terms
present allows a good description of the energies and
properties of both the valence and Rydberg states of
NO. As a result the additional correlation effects are
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