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2
Negative ion photoelectron spectra of NiCu2, NiAg2, NiAg2
are presented for
2 , and Ni2Ag
electron binding energies up to 3.5 eV. The metal cluster anions were prepared in a cold cathode dc
discharge flowing afterglow source. The dimer spectra exhibit three low lying electronic states; the
ground electronic states are vibrationally resolved. The dimer electron affinities are determined to be
EA~NiCu!50.88960.010 eV and EA~NiAg!50.97960.010 eV. Two excited state electron
9 10 1
2
1
1
2
4
configurations are assigned as ~d 8Nid 10
Cus s* ! and as D ~d Nid Cus s* !. The NiCu ground state is
9 10 2
1
21
3
*
assigned as D ~d Nid Cus s !, and has a vibrational frequency of 235625 cm . The photoelectron
spectrum of NiAg2 strongly suggests that the electronic configurations of the three observed states
are the same as those of NiCu2. The NiAg ground state vibrational frequency is 235625 cm21 and
the NiAg2 frequency is 185625 cm21. The chemical bonding in both NiCu and NiAg dimers is
dominated by a s s molecular orbital, and the extra electron in the anions has primarily s s *
2
character. The photoelectron spectra of the trimers, NiAg2
2 and Ni2Ag , are remarkably similar to
those obtained for the coinage metal trimers, and are consistent with a transition between a linear
anion ground state and a linear excited state of the neutral. © 1996 American Institute of Physics.
@S0021-9606~96!00712-0#

I. INTRODUCTION

Spectroscopic studies have greatly enhanced our understanding of the electronic structure and chemical bonding of
small transition metal clusters.1,2 Negative ion photoelectron
spectroscopy3 can be used effectively to probe the chemical
bonding and electronic structure of small metal clusters.4,5 In
recent years our laboratory has applied this technique to a
variety of systems, including small clusters of the Cu
group6,7 and Ni group8 –10 atoms. The findings of these previous studies of the pure clusters provide an important motivation for this study of the mixed dimers and trimers.
The photoelectron spectra of the coinage metal clusters
have been studied6,7 for Cun and Agn (n51 – 10) and Aum
(m51 – 5). Since the separated atomic ground states have
the configuration (d 10s 1 ), the dimers can bond only through
the s orbitals, creating an s s and s s * pair of orbitals and
leaving the fully filled d ‘‘core’’ largely unperturbed. Thus
20 2
the ground state of M2 ~M5Cu, Ag, Au! is 1 S 1
g (d s g ). The
additional electron in the anion occupies the s* orbital to
1
2
20 2
make a 2 S 1
u (d s g s *
u ) ground state of M2 . The photoelectron spectra of the coinage metal dimer anions display transitions from the anion ground state to the singlet ground state
of the neutral and to the lowest triplet state, M2
3 1 20 1 * 1
S u (d s g s u ); no additional states appear due to detachment from the d orbitals. This is not a surprising result, since
the free atom excitation energies to the (d 9 s 2 ) are large ~for
example, 11 202 cm21 for copper!. The electron configurations given above are further supported by photoelectron angular distributions and by thermochemical arguments based
a!
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on the electron affinities and triplet term energies of the
dimers. The transitions to the ground states of the coinage
metal dimers are vibrationally resolved, yielding vibrational
frequencies of the M2 singlet ground states consistent with
previous measurements by Morse1 and of the M2
2 ground
states.
2
The photoelectron spectra6,7 of Cu2
3 and Ag3 are remarkably simple, with a single, relatively narrow peak near
2.4 eV binding energy. This has been assigned as the transition to a linear excited state of the neutral ~M3 2 S 1
u ! from
1 1
S
!,
where
the
the linear ground state of the anion ~M2
3
g
fully filled d orbitals remain unperturbed and the bonding
occurs entirely through the s orbitals. The ground states of
the neutral triatomics have been calculated11,12 to be triangular while the same authors report anion ground states which
are linear. The poor Franck–Condon overlap between these
geometries makes direct observation of the neutral ground
state infeasible, and the electron affinities of the trimers are
estimated using the calculated term energies of the observed
linear neutral states.
The nickel clusters differ from those of the copper group
in that they lack fully filled d shells, making available a
much larger number of low lying electronic states and resulting in more complicated anion photoelectron spectra. While
the ground state of the free nickel atom has the (d 8 s 2 ) configuration, the (d 9 s 1 ) configuration lies only 204.8 cm21
higher in energy. The Ni2 ground state is made up of two
atoms in the higher state for a (d 18s 2 ) configuration with a
formal bond order of 1. Despite the well-described electron
configuration, the absolute identity of the ground state has
proven difficult to assign13,14 and the experimental state assignment has recently been reassigned;14 this new assign-
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ment is in agreement with ab initio and ligand field
calculations.13 The photoelectron spectrum8 of Ni2
2 exhibits
vibrationally resolved transitions to the ground state ~although other states may also be present in this region! and
unresolved transitions to a large number of additional electronic states covering most of the electron binding energy
range from 1.7 to 3.5 eV. The photoelectron spectrum of Ni2
3
is similarly complex, showing relatively weak transitions to
the ground state region of Ni3 and unresolvable features
starting near 1.8 eV binding energy and continuing past the
photon energy ~2.54 eV! of the previous study from our
laboratory.9 The authors of that study, after installing a new
laser system using 3.53 eV photons, obtained the photoelec15
which is
tron spectrum of Ni2
3 at the new photon energy
reproduced here. The unresolvable features are shown in the
new spectrum to reach a maximum near 2.3 eV and drop
gradually to approach zero signal at 3.5 eV.
The past work from this laboratory on homonuclear
metal cluster anions can be summarized by the observation
that the copper group dimers and trimers display simple,
readily interpreted spectra; the dimers and trimers of the
nickel group, however, are characterized by numerous electronic states which make interpretation of the photoelectron
spectra much more complicated. The added complexity in
the nickel group spectra is attributed to the lack of a fully
filled d shell on each atom and to the low promotion energy
of the free atoms to excited electronic states. In the present
work we expand our exploration of diatomic and triatomic
metal clusters by reporting some photoelectron spectra of the
mixed cluster anions of the copper and nickel groups. We
examine the spectra of NiCu2 and NiAg2 with the objective
of determining the effect on the electronic structure and
bonding in metal dimers of a single d hole on only one of the
atoms. The spectra of the mixed triatomics NiAg2
2 and
Ni2Ag2 help elucidate the effect of stepwise introduction of
2
d holes from zero to three in the series Ag2
3 , NiAg2 ,
2
2
Ni2Ag , and Ni3 .
The electronic structure of NiCu has been studied by
Shim16 using ab initio Hartree–Fock and configuration interaction methods for a Ni atom in the 3 D (3d 9 4s 1 ) configuration bonded to a Cu atom in the 2 S (3d 104s 1 ) configuration. The calculations revealed that the chemical bond in
NiCu is best characterized by a bonding s molecular orbital
formed by 4s orbital overlap, with the 3d and 4 p orbitals
hardly participating in the chemical bonding. Spin–orbit
coupling was considered in some detail. The ground state
was found to be pure 2 D 5/2 ; however, strong mixing was
found between the low lying 2 D, 2 S, and 2 P spin–orbit
states of identical V.
The first experimental investigation into the structure of
NiCu was performed by Fu and Morse17 using resonant twophoton ionization ~R2PI! spectroscopy in a jet-cooled molecular beam. This report was followed by a second R2PI
experimental study by Spain and Morse18 where they defini2
tively assign the ground state of NiCu to be 2 D 5/2 ~d 9Nid 10
Cus !.
In an accompanying study, they determined that the ground
2 19
They
states of NiAu and PtCu are also 2 D 5/2 (d 9A d 10
B s ).
argue that the 3d orbitals do not participate significantly in
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the bonding, since if they did a 2 S 1
1/2 ground state would be
expected in these dimers.18 Detailed analysis of the NiCu
R2PI spectrum yielded the following molecular constants for
the ground state of NiCu: r e 5(2.23460.006) Å,
v e 5(27361) cm21, and D 0 5(2.0560.01) eV. In a third
study, Spain and Morse13 also used ligand field theory to
determine the electronic states of NiCu. They found that the
theory could accurately predict the transitions to the
2
1
~3d 8Ni3d 10
Cus s* ! manifold of states in their optical spectra.
They also predicted several states of similar configuration
that were outside the range of their spectral technique. In
addition, they found ligand field theory gave good agreement
with the ab initio calculations by Shim16 for the low lying
2
~3d 9Ni3d 10
Cus ! spin–orbit states. The results of these and
other studies of Ni group and Cu group clusters are discussed
in a recent comprehensive review by Morse.20
The experimental methods used in this study are reviewed in Sec. II. Experimental results and the quantitative
conclusions that can be derived from the photoelectron spectra are presented in Sec. III, followed by a discussion, in Sec.
IV, in terms of a molecular orbital picture of the metal–metal
chemical bonding.
II. EXPERIMENTAL METHOD

The negative ion photoelectron spectrometer and the
metal cluster anion source have been described in detail
previously.6 –9 Essentially, a mass selected beam of metal
cluster anions is crossed with 351.1 nm laser light. The laser
system used in this system has been described previously.7
The 351.1 nm ~3.5312 eV! output of an argon ion laser is
injected into an optical build up cavity encompassing the ion
beam to provide 50–100 times the input laser power for
photodetachment. The electron kinetic energies ~eKE! of
photodetached electrons are measured with a hemispherical
electrostatic energy analyzer. Electron binding energies
~eBE! associated with transitions between the initial anion
state and the accessible neutral states are determined from
the difference between the photon energy and the measured
electron kinetic energy ~eBE5h n 2eKE!.
The absolute electron kinetic energy was determined by
calibration with the known electron affinities of the metal
atoms,6,21 Ni, Cu, and Ag. Spectra were further corrected for
a small energy scale compression by calibration with the
known energy levels of atomic tungsten.22 The instrumental
resolution of the spectrometer was determined from the
widths of isolated atomic lines to be ;10 meV.
The metal cluster anions were produced in a flowing
afterglow ion source by cathodic sputtering6,7 with a dc discharge. A mixture of 20% argon ~Spectra-Gases, Ultra-purity
99.9995%! in helium ~purified with a liquid nitrogen cooled
molecular sieve trap! flowed over the metal cathode with a
pressure of ;0.4 Torr. The flow rate was ;3.0 standard liters
per minute. The cathode was fabricated from a nickel–
copper alloy ~Constantan foil, Goodfellows Corp.! in the
NiCu case, and from high purity silver foil ~Goodfellows
Corp.! wrapped around a high purity nickel foil ~Goodfellows Corp.! in the NiAg case. An alloy cathode was not
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necessary for mixed cluster formation; the cluster anions are
formed by gas-phase reactions. The cathode was typically
biased at ;4 kV, producing a 10–15 mA discharge. Typical
NiCu2 and NiAg2 currents were 0.5–1.0 pA. The metal
clusters react rapidly with oxygen, and the presence of even
trace amounts resulted in a substantial formation of metal
oxide clusters. Considerable effort was required to reduce the
oxygen contamination to acceptable levels required to obtain
usable unoxidized anion beams.
The method of obtaining photoelectron angular distributions has been described previously.10,23 The angular distribution for a given transition is measured by using linearly
polarized light, and varying the angle between the polarizer
and the electron detection direction. For the case of atomic
photodetachment the intensity of photoelectrons at a given
angle u, I u , has been shown24 to be given by
I u 511 b P 2 ~cos u!, where P 2 ~cos u! is the second associated Legendre polynomial and b is the anisotropy parameter,
which can vary between 21<b<2. Since photons carry one
unit of angular momentum, detachment from a pure s orbital
results in p wave detachment, giving b52. The angular distribution is expected to be more isotropic for d-electron detachment than s-electron detachment, and if the transition is
not close to threshold, b for d-electron detachment is usually
negative. Angular distributions of detachment from molecules are complicated by the loss of spherical symmetry, but
normally b is positive for s-like orbital detachment and b;0
for d-like orbital detachment. Angular distribution measurements of the photoelectron signal from NiCu2 and NiAg2
thus give some information about the symmetry of the molecular orbitals from which electrons are detached, as described in more detail in Sec. III A.

III. RESULTS AND ANALYSIS
A. Dimers: NiCu2 and NiAg2
2
2
Photoelectron spectra of Cu2
2 , NiCu , and Ni2 are
shown in Fig. 1, in which the photoelectron counts are plotted as a function of electron binding energy over the full
binding energy range between 0 and 3.5 eV. Similar Ag2
2 ,
NiAg2, and Ni2
2 spectra are shown in Fig. 2. The remarkable
similarity of the NiCu2 and NiAg2 photoelectron spectra to
2
those of Cu2
2 and Ag2 reflects a corresponding similarity in
the chemical bonding and electronic structure of these species. The features at ;0.9 eV binding energy of the Cu2
2 ,
2
Ag2
2 , and Ni2 spectra have been previously identified as
corresponding to detachment from the s* orbital to form the
1 1
S g (d 20s 2g ) ~Cu2 ,Ag2! or the (d 18s 2g ) ~Ni2! ground states,
and the feature at ;2.8 eV binding energy in the Cu2
2 and
Ag2
2 spectra has been shown to arise from s orbital detach1
20 1
ment to form the 3 S 1
u (d s g s *
u ) state. The similarity in
position and appearance of the major features in the NiCu2
and NiAg2 spectra strongly suggests a similar interpretation,
2
where the ground state has a ~d 9Nid 10
M s ! configuration ~M
5Cu, Ag! while the state at ;2.8 eV binding energy has a
1
1
~d 9Nid 10
M s s* ! configuration. An additional feature at ;2.1

2
2
FIG. 1. Photoelectron spectra of ~a! Cu2
2 , ~b! NiCu , and ~c! Ni2 obtained
at 351.1 nm ~3.531 eV! with 10 meV instrumental resolution. The NiCu2
spectrum was obtained with the laser polarization parallel to the electron
2
collection angle. The Cu2
2 and Ni2 spectra are adapted from previous publications from this laboratory ~Refs. 7, 8!.

eV in the NiCu2 and NiAg2 spectra may be associated with
d-electron detachment, similar to the intermediate features in
the Ni2
2 spectrum.
Photoelectron angular distributions provide further evidence to support the preliminary findings presented above.
8
For example, for Cu2
2 , the anisotropy parameters measured
1
for the transitions to the neutral 1 S g ~s *
u detachment! and
3 1
S u ~s g detachment! states are 0.8 and 1.5, respectively.
Detachment from the nearly spherical s g orbital is therefore
more s-like than detachment from the s *
u orbital. The anisotropy parameters measured for the NiCu2 and NiAg2 spectra,
presented in Tables I and II, respectively, show similar behavior for the features at similar positions, suggesting that
detachment to form the ground state is also from a s*-type
orbital while formation of the excited state at 2.8 eV binding
energy follows s orbital detachment. The intermediate state
at ;2.1 eV binding energy has a lower b for both NiCu2 and
NiAg2, consistent with detachment from an orbital with substantial d character.
Franck–Condon simulations of the NiCu and the NiAg
doublet ground states are presented in Fig. 3. The Franck–
Condon analysis procedure has been described
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2
2
FIG. 2. Photoelectron spectra of ~a! Ag2
2 , ~b! NiAg , and ~c! Ni2 obtained
at 351.1 nm ~3.531 eV! with 10 meV instrumental resolution. The NiAg2
spectrum was obtained with the laser polarization parallel to the electron
2
collection angle. The Ag2
2 and Ni2 spectra are adapted from previous publications from this laboratory ~Refs. 7, 8!.

previously.6,7,23 The spectral simulation can yield the vibrational frequency of the anion and the neutral, bond length
changes between the anion and the neutral, and the anion
vibrational temperature, which was 5006150 K for both
NiCu2 and NiAg2. In the case of NiCu2, the vibrational
frequency of the neutral ~273 cm21! and the equilibrium
bond length ~2.234 Å! were fixed at the values obtained by
Spain and Morse,18 and the anion frequency and bond length
were extracted. Similarly, the NiAg ground state bond length
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was fixed at the preliminary value calculated by Brocl”awik.25
The results obtained from the Franck–Condon simulation for
NiCu and NiAg are presented in Tables I and II, respectively.
The direction of the bond length change cannot be determined from the simulation; however, since both the vibrational frequency and the dissociation energy ~discussed below! of the anion are lower than those of the neutral, the
neutral NiCu and NiAg bond lengths are surely shorter than
the anion bond lengths, as reported in Tables I and II. This
conclusion is also consistent with the observations presented
above which indicate detachment from a s* orbital to form
the ground state of the neutral.
The adiabatic electron affinity ~EA!, which is the energy
difference between the ground electronic and vibrational
states of the anion and of the neutral, can only be precisely
determined from the photoelectron spectra when the vibrational origin can be identified.7 Since vibrational structure
was resolved in the low binding energy feature in both the
NiCu2 and the NiAg2 spectra, we are able to identify the
origin and obtain an accurate measure of the electron affinity.
The electron affinities for NiCu and NiAg are found to be
0.88960.010 and 0.97960.010 eV, respectively.
Vertical term energies for the excited states at ;2.8 eV
binding energy in the NiCu2 and NiAg2 spectra are also
reported in Tables I and II. Vibrational structure is not resolved in these states, suggesting a vibrational frequency of
v e <150 cm21 for both NiCu and NiAg.
Recently, Morse and co-workers reported D 0 ~NiCu! to
be 2.0560.01 eV.13 This can be used with the electron affinity of NiCu and the known electron affinities of Ni and Cu to
determine the dissociation energy of NiCu2. Since the EA
of Cu ~1.23560.005 eV!6 is larger than that of Ni
~1.15660.010 eV!21 the minimum energy dissociation
path is NiCu2→Ni1Cu2, therefore, the relationship
D 0 ~NiCu2!1EA~Cu!5D 0 ~NiCu!1EA~NiCu! can be used to
determine D 0 ~NiCu2!51.7060.02 eV. The dissociation limit
1
1
of the excited ~d 9Nid 10
Cus s* ! configuration is to the same
atomic states as is the ground state, so the dissociation energy of the NiCu excited state at ;2.8 eV binding energy can
be estimated as 0.1160.05 eV, given the measured term energy ~1.94 eV! and the ground state NiCu dissociation energy. The dissociation energy for neutral NiAg has not been

TABLE I. Measured molecular constants of NiCu electronic states.

State
NiCu2
NiCu

a

9 10 2
X 3 D ~d Ni
d Cus s*1!
9 10 2
X D 5/2 ~d Ni
d Cus !
8 10 2
~d Ni
d Cus s*1!
4
9 10 1
D ~d Ni
d Cus s*1!
2

Vertical
detachment
energy ~eV!
0
0.9560.01
2.0960.01
2.8360.02

Term energy
~cm21!

v e ~cm21!

0

235625

0
9,6806150
15,6506150

c

27361

r e ~Å!

D 0 ~eV!

2.3660.01b
2.234660.0005

<150

Anisotropy
parameter,
ba

1.7060.02
c

2.0560.05c
0.1160.05

1.260.3
0.860.3
1.560.3

1
b 5(I 0 2I 90)/( 2 I 0 1I 90),

Anisotropy parameter
where I 0 and I 90 are the intensities of photoelectron signal collected with the laser polarization oriented
parallel and perpendicular to the electron collection direction, respectively.
b
Based on this work and that of Morse ~Ref. 20!.
c
From Morse ~Ref. 20!.
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TABLE II. Measured molecular constants of NiAg electronic states.

Statea
NiAg

2

NiAg

X D
3

9 10 2
~d Ni
d Cus s*1!

9 10 2
X D ~d Ni
d Cus !
8 10 2
~d Nid Cus s*1!
4
9 10 1
D ~d Ni
d Cus s*1!
2

Vertical
detachment
energy ~eV!
0

Term energy
~cm21!
0

1.0460.01
2.1560.01
2.8660.05

0
9,4406150
15,1606400

v e ~cm21!
185625
235625

r e ~Å!
2.4010.121
2.40

<150

D 0 ~eV!
c

Anisotropy
parameter,
bb

D 0 ~NiAg!20.32

d

1.96d
D 0 ~NiAg!21.88

0.660.3
0.460.3
1.060.3

a

Term symbol assignments are tentative.
1
Anisotropy parameter b 5(I 0 2I 90)/( 2 I 0 1I 90), where I 0 and I 90 are the intensities of photoelectron signal collected with the laser polarization oriented
parallel and perpendicular to the electron collection direction, respectively.
c
Based on this work and preliminary calculations by Brocl”awik ~Ref. 25!.
d
From preliminary calculations by Brocl”awik ~Ref. 25!.
b

measured experimentally, but has been calculated recently by
Brocl”awik25 as D 0 ~NiAg!'1.96 eV using density functional
theory. Since the EA for Ag ~1.30260.007 eV!21 is larger
than that for NiAg ~0.979 eV! we can conclude that the anion
bond is weaker than the neutral bond by ;0.32 eV; combining this finding with the calculated dissociation energy of
NiAg we estimate D 0 ~NiAg2!'1.96 –0.32 eV'1.64 eV. The

1
1
dissociation energy of the NiAg ~d 9Nid 10
Cus s* ! excited state
is estimated as 0.08 eV by subtracting the term energy of this
state ~1.88 eV! from the calculated dissociation energy of the
ground state.
Vibrational structure is not observed in the intermediate
transitions at ;2.1 eV binding energy in the NiCu2 and
NiAg2 spectra. Consequently, vertical detachment energies,
VDE, were determined from the maxima in the spectra.
These were then used to determine vertical term energies,
T v 5VDE2EA, which are included in Tables I and II for
NiCu and NiAg, respectively.

2
B. Trimers: NiAg2
2 and Ni2Ag

2
2
The photoelectron spectra of Ag2
3 , NiAg2 , Ni2Ag , and
2
are presented in Fig. 4. The Ag3 spectrum, Fig. 4~a!,
contains a single intense feature at 2.43~1! eV binding energy
which corresponds to the transition from the linear ground
state of Ag2
3 to a linear electronic state of the neutral. The
Ag3 ground state has a triangular geometry according to ab
initio calculations,12,26 and so has poor Franck–Condon
overlap with the anion ground state and is not observable in
the Ag2
3 photoelectron spectrum. The electron affinity is
estimated7 to be 2.32 eV by subtracting the calculated term
energy12,26 of the linear Ag3 2 S 1
u state from the observed
VDE. The Ni2
3 photoelectron spectrum in Fig. 4~d! contains
features corresponding to transitions to numerous Ni3 electronic states,9 but in this case the anion is slightly bent and a
transition to the ground state is observable at 1.41~5! eV. The
largest feature in the nickel trimer photoelectron spectrum,
however, is centered at 2.32~1! eV binding energy, remarkably close to the single peak in the Ag2
3 spectrum. The similarity in the positions of the peaks becomes more striking
2
when compared further to the NiAg2
2 @Fig. 4~b!# and Ni2Ag
@Fig. 4~c!# photoelectron spectra. One major feature is apparent in each of these spectra at 2.3760.01 and 2.3960.01 eV
2
in the NiAg2
2 and Ni2Ag spectra, respectively; these values
are intermediate between the VDE of the major peaks in the
2
2
Ag2
3 and Ni3 photoelectron spectra. Additionally, the NiAg2
spectrum contains a smaller, broad feature at higher binding
energy than the major peak, and the Ni2Ag2 spectrum contains a similar, slightly more prominent, feature. Comparison
of all four spectra reveals that this feature is repeated in the

Ni2
3

FIG. 3. Franck–Condon simulations of the transitions to the ground states
of ~a! NiCu and ~b! NiAg. The points represent the experimental data and
the solid curve is the result of the Franck–Condon simulation. The individual vibrational transitions are marked with sticks, and the origin is
marked with a vertical arrow.
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signed to detachment of a s orbital electron leaving the trip1
20 1
let excited state, 3 S 1
u (d s g s *
u ). Vibrational structure was
not resolved in the transition to the Cu2 and Ag2 3 S 1
u states,
suggesting that the vibrational frequencies of these states are
not more than ;120 cm21, substantially less than the
21
frequencies1 of the 1 S 1
g ground states of Cu2 ~266.43 cm !
21
and Ag2 ~192.4 cm !. The substantial reduction in vibrational frequency between the singlet and triplet state is consistent with a dramatic reduction in formal bond order from
one to zero. Despite the formal bond order of zero, the triplet
state of Cu2 is weakly bound with an estimated bond energy
of 0.1 eV.

9 10 2
9 10 2
1. The neutral (dNi
dM s ) and anion (dNi
dM s s*1)
ground states

2
2
FIG. 4. Photoelectron spectra of ~a! Ag2
3 , ~b! NiAg2 , ~c! Ni2Ag , and ~d!
Ni2
3 obtained at 351.1 nm ~3.531 eV! with 10 meV instrumental resolution.
The spectra were obtained with the laser polarization at the magic angle
~54.7°! with respect to the electron collection direction. The Ag2
3 spectrum is
adapted from a previous publication from this laboratory ~Ref. 7! and the
Ni2
3 was obtained in this laboratory ~Ref. 15!.

Ni2
3 case, except here it is almost as prominent as the 2.32
eV peak. All these observations strongly suggest that, while
the density of electronic states increases dramatically as the
number of d-orbital holes increases, the well-defined linear
anion to linear neutral transition in the Ag2
3 spectrum is also
the most important feature in the other spectra in Fig. 4.
IV. DISCUSSION
A. Dimers: NiCu2 and NiAg2

The spectra of NiCu2 and NiAg2, Figs. 1~b! and 2~b!,
are remarkably similar. Both spectra show two intense features and a weaker intermediate feature. They are markedly
simpler than the Ni2
2 spectrum @Figs. 1~c! and 2~c!#, which
contains many unassigned features.8 The two dominant features in the NiCu2 and NiAg2 spectra are similar to the two
2
features observed for Cu2
2 @Fig. 1~a!# and Ag2 @Fig. 2~a!#,
suggesting that they are due to similar photoelectron transitions. The presence of a weaker intermediate state at T 0 '1.2
eV is almost certainly a consequence of the open-shell
d-electron structure of these two mixed metal dimers.
In the coinage metal dimer spectra, two features were
observed.7 The low binding energy feature was assigned to
detachment of an electron from an s* orbital leaving the
singlet ground state of the neutral coinage metal dimer,
1 1
S g (d 20s 2g ). The high binding energy feature was then as-

The ground state of NiCu has been definitively
assigned by both experiment17,18,20 and theory13,16 to be
2
2
D 5/2(d 9Nid 10
Cus ). This state correlates in the separated atom
limit with a ground state copper atom, 2 S (3d 104s 1 ) and a
nickel atom in its first excited state, 3 D 3 (3d 9 4s 1 ). The
3
D 3 (3d 9 4s 1 ) atomic state of Ni lies only 204.8 cm21 above
the ground state, 3 F 4 (3d 8 4s 2 ). 22 Although the presence of
the open d shell creates the possibility of d orbital participation in the bonding of NiCu, both theory and experiment
suggest that the chemical bonding in the ground electronic
state results primarily from the interaction of the 4s orbitals.
This interaction of the 4s orbitals of Ni and Cu results in
the formation of a bonding s s and antibonding s s * pair of
orbitals. Three observations in the present work indicate
strongly that the low binding energy transition in the NiCu
spectrum results from detachment of the electron from the
s s * orbital: ~1! The photoelectron angular distribution results for this transition are consistent with detachment of an
electron from an s s * orbital. ~2! The vibrational frequency
of the anion is lower, 235 cm21, than that of the neutral, 273
cm21, suggesting the loss of an electron from an antibonding
s s * orbital and a resulting increase in bond order. ~3! The
NiCu anion bond strength, 1.70 eV, is found to be weaker
than that for the neutral, 2.05 eV, again suggesting a reduced
bond order for the anion. These observations strongly support the assignment of the anion ground state electron con2
1
figuration as ~d 9Nid 10
Cus s* !, where the extra electron has
*
s s character and the formal s bond order of the anion is
0.5.
The d orbital configuration in the anion is not known;
however, the extra antibonding s s * electron would not be
expected to significantly perturb the d orbitals, indicating
that the anion ground state is either 1 D or 3 D, given that the
2
neutral is 2 D 5/2(d 9Nid 10
Cus ). This is also consistent with the
selection rule for photoelectron detachment transitions that
requires the spin multiplicity to change by 61, and with two
major propensity rules,27,28 namely: ~a! Single electron processes, in which there is no reorganization of the electron
configuration, are expected to dominate; and ~b! Processes
involving s electron detachment are expected to be stronger
than those involving d electron detachment. Further exami-
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nation of the NiCu2 spectrum ~Sec. IV A 2! will enable the
further specification of the NiCu2 ground state as 3 D.
The ground state of NiAg has not been determined spectroscopically; however, since both NiCu and NiAu19 have
2
D 5/2(d 9Nid Ms 2 ) ground states it would seem likely that
NiAg has the same symmetry. Recent density functional
calculations,25 however, have suggested a 2 P ground state,
and low lying 2 D and 2 S states. The photoelectron spectra
presented here cannot distinguish between these orientations
of the d hole. The angular distribution results for NiAg and
the changes between the anion and the neutral in bond
length, bond strength, and vibrational frequency, reported in
Table II, are again consistent with detachment from an antibonding s s * orbital. In a manner analogous to the NiCu case
we assign the low binding energy feature to a
9 10 2
2
1
~d 9Nid 10
Ags !←~d Nid Ags s* ! transition, but in this case do not
assign term symbols, pending further experimental or theoretical investigations.
The electron affinities in Tables I and II, as determined
from the assigned origin for the low binding energy state, are
substantially lower for both NiCu ~0.88960.01 eV! and
NiAg ~0.97660.01 eV! than those for the separated
atoms.6,21 The assignment of the low binding energy states in
the photoelectron spectra of NiCu2 and NiAg2 to detachment from an s s * orbital is consistent with this, since the
destabilization of the s s * orbital due to the interaction between the atomic s orbitals will reduce the energy required to
remove the extra electron from the dimer relative to the free
2
atoms. This is in accord with our findings for Cu2
2 and Ni2 .
The results presented above confirm that the chemical
bonding in the ground states of NiCu and NiAg is dominated
by s orbital overlap to form a doubly occupied bonding orbital and an empty antibonding s* orbital. The d orbitals
play only a minor role, if any, in the chemical bonding. Electron repulsion ensures that the anion ground state is obtained
by the addition of an extra electron to the antibonding s*
orbital.

9 10 1
2. The (dNi
dM s s*1) excited states

Comparison of the NiCu2 and NiAg2 photoelectron
2
spectra with those of Cu2
2 and Ag2 suggests strongly that the
high binding energy feature at 2.8 eV in each spectrum is due
to a similar photodetachment transition. This feature in the
NiCu2 and NiAg2 spectra can therefore be assigned straightforwardly as detachment of an electron from a s orbital,
2
1
2 9 10 2
1
NiM ~d 9Nid 10
M s s* !←NiM ~d Nid M s s* !, with further support given by four more considerations: ~1! The anisotropy
parameter b is relatively large for this transition ~Tables I
and II!, consistent with detachment of an electron from a s
orbital. ~2! The lack of resolved vibrational structure in this
feature in both the NiCu2 and the NiAg2 spectra suggests a
low ~<150 cm21! vibrational frequency for this state. ~3!
The dissociation energies for this state are very small ~0.11
60.05 and ;0.08 eV for NiCu and NiAg, respectively!, consistent with the expected ~for the proposed assignment! formal bond order of zero. ~4! Detachment of an electron from

a s orbital is consistent with the propensity rules for photoelectron spectroscopy described in Sec. IV A 1.
The similarities between the homonuclear coinage metal
diatomic anion spectra and those of NiCu2 and NiAg2 can
also help assign the spin multiplicities of the common electronic states. As mentioned in Sec. IV A 1, the NiCu2
ground state is either 1 D or 3 D since the neutral ground state
1
1
is 2 D 5/2 . The ~d 9Nid 10
M s s* ! state is clearly the opposite spin
component of the NiCu ground state, in analogy with the
singlet and triplet states of Cu2 and Ag2 ; therefore the excited state is 4 D. Since transitions in photoelectron spectroscopy require DS561, the only possibility for the anion
ground state is 3 D. The spin–orbit components of this state
are probably inverted to give a 3 D 3 ground state of NiCu2;
however, we do not have enough evidence to make this assignment. The NiAg states are most likely exactly analogous
to those of NiCu: the ground state is a doublet, the excited
state is a quartet made up of the opposite spin component of
the ground state, and the ground state of the anion is a triplet.
Term symbols of NiAg cannot be definitively assigned since
unambiguous experimental or theoretical evidence does not
exist to provide definitive information on the Ni d-hole orientation; therefore the state assignments in Table II are tentative.
The energy spacing between the transitions to the ground
1
1
states and to the ~d 9Nid 10
M s s* ! states of NiCu ~1.94 eV! and
NiAg ~1.88 eV! gives a direct measure of the HOMO-LUMO
energy spacings for these species. As can be seen in Figs. 1
1
1
and 2, the term energies of the ~d 9Nid 10
M s s* ! excited states
are remarkably similar to those of the Cu2 and Ag2
10 1
1
~d 10
M d M s s* ! states. The HOMO-LUMO energy spacings of
all these species, therefore, are very close, suggesting that the
bonding interactions are nearly identical in all cases.
8 10 2
3. The dNi
dM s s*1 excited states

The intermediate state at 1.2060.02 eV ~96806150
cm21! above the ground state in the NiCu2 and NiAg2 spectra, Figs. 1 and 2, was not observed in the Cu2 and Ag2
spectra, suggesting that it must be related to the d hole
present in NiCu and NiAg.
In a recent paper,13 Spain and Morse used ligand field
2
1
theory to calculate term energies for the ~d 8Nid 10
Cus s* ! manifold of states of NiCu. They found that the calculations are in
good agreement with the optical transitions that they observe
in their spectra,18 and they predict an additional manifold of
six states between 9664 and 10 343 cm21 above the ground
state, energies outside their accessible spectral region. The
photoelectron spectrum does not contain the necessary information to ascribe the observed peak to any one ~or more! of
these states; consequently, we can tentatively ascribe the intermediate transition in the NiCu2 spectrum to a
2
1
2 9 10 2
1
NiCu~d 8Nid 10
Cus s* !←NiCu ~d Nid Cus s* ! transition, but
cannot distinguish between the states predicted by Spain and
Morse. The assignment is consistent with the propensity rule
for photoelectron detachment in that it is a single electron
transition and the lower intensity of the peak relative to the
others in the NiCu2 spectrum is consistent with detachment
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from a d orbital. Of the six states predicted in this region by
Spain and Morse, the two closest to 9680 cm21 have V values of 2.5 ~9649 cm21! and 3.5 ~9751 cm21!. Since the
ground state of NiCu2 is probably 3 D 3 , these states would
also be the most likely to appear in the photoelectron spectrum ~DV561/2!, lending further evidence that these may
be the observed state and that the ground state is indeed
3
D3 .
At present there are no published experimental or theoretical results for NiAg that can assist in the assignment of
the NiAg2 photoelectron spectrum; however, the similarity
of the spectrum to that of NiCu2 strongly suggests that the
intermediate state corresponds to an analogous transition. We
thus assign the transition to d-electron detachment, NiAg
2
1
2 9 10 2
1
~d 8Nid 10
Ags s* !←NiAg ~d Nid Ags s* !. The term symbol
cannot be suggested, since we have no information of the
configuration of the d orbitals.
In both the NiCu2 and NiAg2 spectra the intermediate
state at 1.2 eV above the ground state is much sharper than
the two dominant transitions, suggesting that a nonbonding
electron has been detached. This finding is consistent with
the suggestion that s orbital overlap dominates chemical
bonding, and that the d orbitals are essentially nonbonding in
nature, so that detachment of an electron from a d orbital
does not significantly alter the bond length. The appearance
of only one feature is somewhat surprising, however, since
we would expect transitions to at least two, and possibly as
many as six, electronic states in this energy region. The observation of only one state is probably a result of the low
signal level in the spectrum, and weaker transitions to other
states may be present.
2
B. NiAg2
2 and Ni2Ag

2
The spectra of the NiAg2
2 and Ni2Ag trimers are re2
markably similar to that of Ag3 @Fig. 4~a!#. The single fea7
ture in the Ag2
3 spectrum is due to a transition between the
linear ground state of the anion and a linear excited state of
the neutral. The ground state of the neutral trimer is bent, and
so has a very weak Franck–Condon overlap with the linear
ground state of the anion. The measured VDE therefore does
not correspond to the adiabatic electron affinity of the trimer,
and the calculated12 term energy of the linear state of Ag3
was subtracted from the VDE to estimate the EA. The simi2
larity of the spectra of NiAg2
2 and Ni2Ag to that of the
silver trimer anion suggests a similar interpretation. The ob2
served transitions in the NiAg2
2 and Ni2Ag spectra are thus
assigned to a linear to linear transition between the ground
state of the anion and a linear excited state of the neutral
clusters. The adiabatic electron affinities of the mixed trimers
cannot be estimated, however, since calculations of the term
energies of the linear excited states are not available.
The complexity of the Ni2
3 photoelectron spectrum @Fig.
4~d!# is attributable to the presence of an open d shell which
results in a markedly higher density of low lying states, as
discussed in detail in a previous publication.9 Transitions to
several low lying electronic states of the neutral are observed, reflecting the fact that the low lying states of the
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anion and of the neutral adopt both linear and triangular
geometries. A much wider range of transitions is therefore
observed. The adiabatic electron affinity of Ni2
3 was estimated to be 1.4160.05 eV from the spectrum, although the
ground state could not be definitively assigned. The compari2
2
son of the Ni2
3 spectrum with those of Ag3 , NiAg2 , and
2
Ni2Ag presented in Fig. 4, however, enables the extraction
of further qualitative information about the structure of the
nickel trimer: the position of the largest peak in the Ni2
3
spectrum coincides almost precisely with the largest peaks in
the other spectra, implying that the linear anion to linear
neutral transition appears at the same binding energies even
with the successive addition of d orbital holes. The electron
affinity apparently changes substantially ~;2.32 and 1.41
60.05 eV for Ag3 and Ni3 , respectively!, as does the density
of electronic states, but the linear geometry of the anion, and
the binding energy of an electron to this a linear neutral state,
is nearly invariant in all of these triatomics.
V. CONCLUSIONS

Negative ion photoelectron spectra obtained at 351.1 nm
2
for NiCu2, NiAg2, NiAg2
2 , and Ni2Ag give direct information about the low lying states of the anion and the neutral
mass selected clusters. The objective of the study was to
investigate the effect of successive addition of d holes on the
bonding and electronic structure of small metal clusters.
The photoelectron spectra of NiCu2 and NiAg2 are remarkably similar to those obtained for the coinage metal
2
dimers, Cu2
2 and Ag2 , except that a weak transition is observed at intermediate energy which we have assigned to d
electron detachment. The two principal transitions in the
dimer spectra are assigned to s s * and s s detachments to
form the 2 D 5/2 ground states and 4 D excited states, respectively. The data show that the bonding of both species is
dominated by s orbital overlap to form s s bonding and s s *
antibonding pairs, and that the d and p orbitals participate to
only a minor extent in the bonding. Since the NiCu ground
2
state is 2 D 5/2(d 9Nid 10
Cus ), and the extra electron in the anion
*
has s s character, the electron configuration of the NiCu2
2
1
ground state is assigned as ~d 9Nid 10
Cus s* !. Also, the similarity between the photoelectron spectra corresponding to the
3 1
2
4
Cu2 1 S 1
g and S u states and the NiCu D 5/2 and D states
3
suggests the anion is D, with the V53 component probably
lowest in energy. The electron configuration of the NiAg
2
2
ground
neutral ground state is ~d 9Nid 10
Ags ! and the NiAg
9 10 2
1
*
state is ~d Nid Ags s !; however, since the d orbital configuration is unknown the term symbols can be assigned only
tentatively, by analogy with the NiCu state term symbols.
Additional states of NiCu and NiAg, formed by d→s elec2
1
tron promotion to give the ~d 8Nid 10
M s s* ! electron configuration, are observed.
The transitions to the NiCu and NiAg ground states exhibit resolved vibrational structure. Franck–Condon simulations yield molecular constants reported in Tables I and II,
and the electron affinities of NiCu and NiAg are obtained
from the assigned vibrational origins as EA~NiCu!50.889
60.010 eV and EA~NiAg!50.97660.010 eV.
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The photoelectron spectra of the trimers, NiAg2
2 and
Ni2Ag2, are similar to those obtained for the coinage metal
trimers. A single transition is observed which is assigned to
the linear to linear transition between a linear anion ground
state and a linear excited state of the neutral trimer. The
VDEs are remarkably similar to those of the coinage metal
trimers, and the most intense feature in the Ni2
3 spectrum.
The density of electronic states increases dramatically
in the same order as the number of d holes,
2
2
2
Ag2
3 ,NiAg2 ,Ni2Ag ,Ni3 ; however, the binding energy
of an electron to the linear trimer is nearly invariant between
all these species, and the anion ground states are probably all
linear.
ACKNOWLEDGMENTS

We are very pleased to acknowledge Ewa Brocl”awik for
very helpful discussions and for performing density functional calculations on NiAg. Eileen Spain also provided help
and insight through numerous discussions. This research was
supported by NSF Grants No. CHE93-18639 and PHY9012244.
M. D. Morse, Chem. Rev. 86, 1049 ~1986!.
M. Moskovits, Metal Clusters ~Wiley, New York, 1986!.
R. D. Mead, A. E. Stevens, and W. C. Lineberger, in Gas Phase Ion
Chemistry, edited by M. T. Bowers ~Academic, New York, 1984!, Vol. 3,
pp. 213.
4
O. Cheshnovsky, C. L. Pettiette, and R. E. Smalley, in Ion and Cluster Ion
Spectroscopy and Structure, edited by J. P. Maier ~Elsevier, Amsterdam,
1988!, pp. 330.
1
2
3

5

S. T. Arnold, J. G. Eaton, D. Patel-Misra, H. W. Sarkas, and H. K. Bowen,
in Ion and Cluster Ion Spectroscopy and Structure, edited by J. P. Maier
~Elsevier, Amsterdam, 1988!, pp. 417.
6
D. G. Leopold, J. Ho, and W. C. Lineberger, J. Chem. Phys. 86, 1715
~1987!.
7
J. Ho, K. M. Ervin, and W. C. Lineberger, J. Chem. Phys. 93, 6987 ~1990!.
8
J. Ho, M. L. Polak, K. M. Ervin, and W. C. Lineberger, J. Chem. Phys. 99,
8542 ~1993!.
9
K. M. Ervin, J. Ho, and W. C. Lineberger, J. Chem. Phys. 89, 4514 ~1988!.
10
J. Ho, K. M. Ervin, M. L. Polak, M. K. Gilles, and W. C. Lineberger, J.
Chem. Phys. 95, 4845 ~1991!.
11
C. W. Bauschlicher and S. R. Langhoff, J. Chem. Phys. 88, 1041 ~1988!.
12
C. W. Bauschlicher, S. R. Langhoff, and H. Partridge, J. Chem. Phys. 91,
2412 ~1989!.
13
E. M. Spain and M. D. Morse, J. Chem. Phys. 97, 4641 ~1992!.
14
J. C. Pinegar, J. D. Langenberg, C. A. Arrington, E. M. Spain, and M. D.
Morse, J. Chem. Phys. 102, 666 ~1995!.
15
K. M. Ervin, J. Ho, and W. C. Lineberger ~unpublished!.
16
I. Shim, Theor. Chim. Acta 54, 123 ~1980!.
17
Z. Fu and M. D. Morse, J. Chem. Phys. 90, 3417 ~1989!.
18
E. M. Spain and M. D. Morse, J. Chem. Phys. 97, 4633 ~1992!.
19
E. M. Spain and M. D. Morse, J. Chem. Phys. 97, 4605 ~1992!.
20
M. D. Morse, in Advances in Metal and Semiconductor Clusters, edited by
M. A. Duncan ~JAI, Singapore, 1993!, Vol. 1, p. 83.
21
H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data 14, 731 ~1985!.
22
C. E. Moore, Atomic Energy Levels ~US GPO Circular No. 467, Washington, 1952!.
23
K. M. Ervin, J. Ho, and W. C. Lineberger, J. Chem. Phys. 91, 5974 ~1989!.
24
J. L. Hall and M. W. Siegel, J. Chem. Phys. 48, 943 ~1968!.
25
E. Brocl”awik ~private communication!.
26
K. Balasubramanian and M. Z. Liao, Chem. Phys. 127, 313 ~1988!.
27
R. H. Corderman, P. C. Engelking, and W. C. Lineberger, J. Chem. Phys.
70, 4474 ~1979!.
28
P. C. Engelking and W. C. Lineberger, Phys. Rev. A 19, 149 ~1979!.

J. Chem. Phys., Vol. 104, No. 13, 1 April 1996

Downloaded¬04¬Oct¬2007¬to¬128.138.107.158.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp

