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The ultraviolet negative ion photoelectron spectrum of Pd; is presented for electron binding 
energies up to 3.35 eV. The anion is prepared by sputtering in a flowing afterglow ion source. 
Multiple low-lying electronic states of Pd, , all unidentified previously, are observed with 
resolved vibrational structure. The spectrum shows two strong electronic bands, each with 
similar vibrational progressions. Franck-Condon analyses are carried out on the two 
transitions and molecular constants are extracted for the anion and the two neutral electronic 
states. With the help of simple molecular orbital arguments and ab initio calculations, these 
two electronic bands are assigned as the triplet ground state (‘Z,t ) and a singlet excited state 
( ‘8: ). The adiabatic electron affinity is E.A. (Pd, ) = 1.685 f 0.008 eV and the singlet 
excitation energy r, ( ‘Z: ) is 0.497 f 0.008 eV (4008 f 65 cm - ‘). The bonding in the 
palladium dimers is discussed and we find that the anion bond strength is 1.123 + 0.013 eV 
stronger than that of the neutral. Related studies of Pd- yield an improved electron affinity of 
E.A. (Pd) = 0.562 f 0.005 eV. 

1. INTRODUCTION 

Small transition metal clusters have been studied inten- 
sively in recent years. I-3 The motivations for these studies 
include understanding the catalytic nature of metal surfaces 
and mapping the transition between molecular properties 
and metallic behavior. The goal of understanding the nature 
of the metal-metal bond has also stimulated studies of metal 
clusters.4 The availability of d electrons for chemical bond- 
ing makes transition metal clusters both interesting and 
complex. Spectroscopic investigations of small transition 
metal clusters provide rich information on electronic and 
vibrational structure, and metal-metal bonding properties. 

The coinage metal dimers (Cu,, Ag,, and Au, ) are 
presently well characterized.le7 Because of the simple closed 
d-shell configurations (d ‘OS’) in the atomic ground states, 
the electronic structures and the bonding in the dimers are 
determined mainly by the valence s electron interactions. 
The nickel group dimers are still relatively simple compared 
to other transition metals since there is only one d hole (Ni 
and Pt ) , or a fully filled d shell (Pd) in the ground electronic 
configuration of the constituent atoms. These dimers should 
be similar to the neighboring coinage metal dimers in that 
the interactions of the s electrons dominate the bonding and 
the electronic structure of the dimers. However, since the s 
and d orbitals have similar energies, the d electrons may 
participate in the bonding as we11.7 By comparing bonding 
properties between the nickel group and the well-studied 
coinage metal dimers, we can obtain insight into the partici- 
pation of d electrons in metal bonding. In addition, the nick- 
el group metal dimers can serve as a starting point for sys- 
tematic studies of open d-shell transition metal dimers. 

” Present Address: Department of Chemistry, University ofNevada, Reno, 
NV 89557. 

Theoretical investigations on Ni, ,” Pd, ,9-12 and Pt, ,9,‘3 and 
gas phase spectroscopic experiments on Ni, ,I4 Pt, ,” and on 
heteronuclear dimers (NiPd, NiPt, and PdPt) 16*17 have 
been reported. 

Pd occupies a special position among the transition met- 
als because of its unique ground state atomic configuration 
‘So (4d ’05so). In a first-order approximation, the combina- 
tion of the two closed-shell Pd atoms (‘So) only forms a 
weak van der Waals bond, so the two ground state palladium 
atoms cannot be strongly bound in the dimer. To increase 
the bonding, at least one 4d electron must be excited to a 5s 
orbital on one or both atoms. The interaction of an excited 
3D(4d 95s’) atom with a ground state atom forms an so bond 
with a formal bond order of one-half, but the promotion 
energy required ’ * is 6564 cm-‘. Likewise, two 3D atoms 
can generate a bound state, but twice the promotion energy 
is required for a bond order of one. Because of this compli- 
cated situation, the electronic structures of the Pd, ground 
and low-lying excited electronic states are not well charac- 
terized. Spectroscopic studies of the Pd, low-lying elec- 
tronic states can help reveal the nature of the metal bond. 

Pd, has been investigated theoretically at a variety of 
levels. Basch et ~1.~ used a relativistic effective core potential 
(ECP) and a limited multiconfiguration self-consistent field 
(MCSCF) method; Shim and Gingerich” employed a non- 
relativistic all-electron Hartree-Fock (HF) /valence config- 
uration interaction (CI) calculation; and Salahub” applied 
model-potential methods with relativistic corrections. All of 
the studies have demonstrated the complexity of the Pd, 
electronic structure, but they vary with respect to the ground 
state assignments and the energies of the many low-lying 
electronic states.’ Balasubramanian12 recently carried out a 
complete active space MCSCF (CASSCF) calculation fol- 
lowed by multireference single and double CI (MRSDCI) 
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and relativistic CI to calculate properties of the low-lying 
electronic states of Pd, . This calculation employed the lar- 
gest basis set used to date. It also employed a spin-orbit 
correction and included 41 electronic states below 9000 
cm- ‘. A ‘Z,+ ( 1, > ground state and an antiparallel spin cou- 
pling state ‘I;,“ at 4443 cm - ’ are predicted. Lee et a1.19 
calculated the spectroscopic parameters of Pd2 using local- 
spin-density (LSD) theory and a full relativistic norm-con- 
serving pseudopotential and predicted a ‘Z,+ ground state 
with a vibrational frequency of 222 cm - ‘. 

the anion and neutral ground states. The discussion also ex- 
tends to the neutral low-lying electronic excited states. The 
anion and neutral ground states and a low-lying excited state 
of the neutral are assigned according to simple molecular 
orbital (MO) arguments. Our experimental results are com- 
pared with the ab initio calculations and show good agree- 
ment. A comparison of the palladium dimer with the nickel, 
platinum, and coinage metal dimers is included in the discus- 
sion. 

In contrast, relatively little experimental data have been 
reported. High temperature measurements using Knudson 
effusion mass spectrometry2’ give a second-law value of 
Do (Pd, ) = 1.13 f 0.22 eV. Coupled with ab initio calcula- 
tions, a reinvestigation” of this experiment provided a 
third-law value of Do (Pd, ) = 1.03 f 0.16 eV. Spectroscop- 
ic experiments on palladium dimer are almost nonexistent. 
Quite recently, the Morse group has attempted two-photon 
ionization spectroscopy of gas phase Pd2, but no transitions 
were observed in their scanning range.17 They proposed that 
efficient predissociation prevents observation by their ex- 
perimental technique. To our knowledge, no other gas-phase 
spectroscopic studies on Pd2 have been reported. 

II. EXPERIMENTAL METHODS 

In this paper, we present the ultraviolet (351.1 nm or 
3.531 eV> photoelectron spectrum of the palladium dimer 
anion Pd; . Previous reports from this laboratory involved 
visible (488.0 nm or 2.540 eV) photoelectron spectra of the 
copper metal clusters2’ (Cu; , n = l-lo), the nickel group 
trimers22 (Ni;, Pd;, and Pt; ), and the near ultraviolet 
(35 1.1 nm) photoelectron spectra of the coinage group met- 
al clusters6 (Cu;, Ag;, and Au; ). Several factors make 
negative ion photoelectron spectroscopy a powerful tech- 
nique for the study of small metal clusters. First, since the 
cluster anions are separated with a mass spectrometer, the 
identity of the cluster giving rise to the photoelectron spec- 
trum23s24 is unambiguous. Second, the neutral ground state 
and low-lying excited electronic states are accessible 
through transitions from the anion ground state. Third, the 
spin selection rule for photodetachment is A,S = f l/2 and 
the energy splitting between states of different multiplicity, 
e.g., a singlet-triplet splitting can be measured directly. Ad- 
ditionally, the 9-10 meV (70-80 cm- ’ > instrumental reso- 
lution is adequate to resolve the vibrational properties of 
dimeric transition metal clusters, which typically possess 
frequencies in the range of 100-500 cm - ‘. Finally, the mea- 
surement of photoelectron angular distributions offers a sen- 
sitive probe of the molecular orbitals.25 This measurement 
provides information which is helpful in identifying the an- 
ion and neutral ground states and which also aids in under- 
standing the properties of the metal-metal bond. 

The negative ion photoelectron spectromete?3r24 and 
metal cluster anion source6*2’ have been described in detail 
previously. Briefly, the palladium atom and dimer anions are 
produced in a flowing afterglow ion source by cathodic sput- 
tering with a dc discharge. A mixture of lo%-20% argon 
(ultrahigh purity) in helium (99.999%) flows over the met- 
al cathode at a flow tube pressure of -0.4 Torr. The cathode 
is fabricated from high purity ( > 99.9%) palladium foil and 
the corresponding cluster anions are produced from sputter- 
ing of the metal cathode by Ar + and other cations. The 
cathode is negatively biased, typically at 34 kV with respect 
to the grounded flow tube, producing a discharge with a 
current of 10-30 mA. The gas composition, flow rate, and dc 
voltage are adjusted to optimize the cluster anion yields. 

In Sec. II, we review the experimental methods used in 
this study. Photoelectron spectra are presented in Sec. III, 
along with the results of photoelectron angular distribution 
measurements. A Franck-Condon analysis and spectral 
simulation yields the electron affinity, vibrational constants, 
and bond length changes. The photoelectron spectrum of the 
atomic anion Pd - has also been recorded, yielding an im- 
proved atomic electron afl’inity. Section IV contains a dis- 
cussion of the electronic configurations and the bonding in 

The ions are extracted from the flow tube into a low 
pressure region, then focused into a beam and mass selected 
by a Wien filter. The mass resolution of the Wien filter 
(M/U = 40-50) allows us to separate the bare metal clus- 
ters from their oxides. The mass selected ion beam is further 
focused and then sent into the interaction region. The ion 
current is monitored by a Faraday cup just behind the inter- 
action region. The ion beam is crossed by a cw laser beam 
with a wavelength of 351.1 nm (3.531 eV), which induces 
photodetachment in a fraction of the anions. The interaction 
region is in the center of an optical build-up cavity which 
provides internal circulating powers of 30-40 W from inci- 
dent argon ion laser powers of 150-200 mW.” Photoelec- 
trons ejected into a small solid angle are collected perpendic- 
ularly to the plane of the ion and laser beams, and their 
kinetic energies are measured in a hemispherical electrostat- 
ic energy analyzer.23 The electron kinetic energy scale is 
calibrated with respect to the precisely known electron affin- 
ity of atomic oxygen.26 Spectra are further corrected for an 
energy scale compression factor23 calibrated on the known 
energy level spacings of the palladium and tungsten atoms.” 
The electron binding energy (eBE) is determined from the 
photon energy (hv) minus the measured electron kinetic 
energy (eKE) . The instrumental resolution function of the 
photoelectron spectrometer is determined by observing the 
shapes of atomic transitions and can be approximated by a 
Gaussian with a 9-10 meV full width at half-maximum 
(FWHM) . The experimental uncertainty of the absolute 
electron kinetic energy of well-resolved peaks is + 0.006 eV. 

Since the direction of the ejected electron detection is 
fixed, the angle between the electron detection and the elec- 
tric field of laser light can be changed conveniently by rotat- 
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FIG. 1. Photoelectron spectrum of Pd; 
at 351.1 nm (3.53 eV) with 9-10 meV 
instrumental resolution. The photoelec- 
tron spectrum was taken at the “magic” 
angle 0 = 54.7” and the photoelectron 
counts are plotted as a function of the 
electron binding energy (eBE- 
= hv - eKE). 

ing a A/2 waveplate which is external to the laser build-up 
cavity.” The photoelectron angular distribution can be de- 
termined by measuring the photodetachment cross section 
as a function of the direction of the laser polarization. The 
angular distribution of the photoelectron intensity with lin- 
early polarized light is given by2’ 

da/da = (a/47r) [ 1 +p(3 cos20- 1)/2], (1) 
where 0 is the angle between the laser electric field and the 
direction of electron collection, c is the total photodetach- 
ment cross section, andpis the asymmetry parameter which 
varies from - 1 to 2. The photoelectron spectrum in Fig. 1 is 
taken at the magic angle of 8 = 54.7”, for which the aniso- 
tropic term is zero, giving intensities proportional to the to- 
tal photodetachment cross section, regardless of the value of 
P. 
III. RESULTS AND ANALYSIS 
A. Photoelectron spectra 

The photoelectron spectrum of the atomic anion Pd- 
was recorded at a resolution improved by a factor of 6 over 
that obtained in the previous study.28 The electron kinetic 
energy scale of the Pd- spectrum is calibrated with respect 
to the precisely known 26 electron affinity of atomic oxygen. 
The new atomic electron affinity is measured to be 
0.562 f 0.005 eV, which is consistent with the prior result 
(0.557 + 0.008 eV).28 In addition, the first excited state of 
Pd- , i.e. 2D,,2 (4d 95?) is found to be 0.138 + 0.008 eV 
( 1113 -& 65 cm - ’ ) above the anion ground state 
‘S,,, (4d “5s), slightly higher than the value in the original 
stUdy.zg 

The photoelectron spectrum of Pd; is shown in Fig. 1. 
The intensity of the spectrum is shown as a function of the 
electron binding energy in the range 1.3-3.3 eV. No transi- 
tions were observed below 1.3 eV electron binding energy. 
The spectrum exhibits rich structure comprising abundant 
vibrational and electronic transitions. The widths of the vi- 
brational peaks are in the range of IO-25 meV, significantly 
broader than the instrumental linewidth. Rotational con- 
tour modeling29 predicts that rotational broadening contrib- 
utes less than 1 meV to the observed widths. The presence of 
vibrationally and possibly electronically excited anions, 
overlapping low-lying neutral electronic excited states, and 
spin-orbit splittings may all contribute to the observed 
linewidths. 

Fourteen prominent peaks are labeled by letters in Fig. 1 
and the peak positions are listed in Table I. The two stron- 
gest electronic transitions stand out in the spectrum: the vi- 
brational peaks a, 6, c, and d form an electronic band and 
peaks I, m, and n form another band. The two bands have 
nearly identical Franck-Condon vibrational profiles and 
transition intensities. Since no transition appears below the 
peak a, the band with low electron binding energy is labeled 
X and is assigned to the neutral ground state. The other in- 
tense band is labeled I for reference. There are several peaks 
lying between the X and I bands. These peaks e-j are all 
relatively weak and partially overlap one another. Peaks f 
and g have approximately the same intensities and the spac- 
ing between them is 125 cm - ‘. The spacing between peaks g 
and h is 400 cm - I, much larger than the expected value for a 
single vibrational spacing of Pd, . From the peak spacings 
and the intensity distribution, it is certain that more than one 
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TABLE I. Electron binding energies and asymmetry parameters of 
Pd, - Pd, transitions. 

Transition 

Band” Peak” Y’ Y” eBF (eV) D 

x a 0 1 1.661 + 0.010 
b 0 0 1.687 f 0.008 1.7 k 0.2 

i 
1 0 1.714 + 0.010 
2 0 1.739 + 0.010 

; 
1.784 f 0.015 
1.810 + 0.010 1.5 + 0.3 

g 1.825 _t 0.010 1.5 + 0.3 
h 1.875 + 0.010 - 1.3 
i 2.054 + 0.015 - - 0.1 

i 2.086 + 0.015 - - 0.4 
kd 2.156 & 0.015 - - 0.3 

I I 0 0 2.182 + 0.008 1.5 + 0.3 
m 1 0 2.205 + 0.010 
n 2 0 2.229 + 0.015 

II 2.25 - 2.41 - - 0.2 
III 2.41 - 2.61 - -0.1 

a Bands are labeled in Fig. 1. 
“Prominent vibrational peaks are labeled in Fig. 1. 
‘The electron binding energy is determined by Franck-Condon simulations 

for peaks b and I, and at the intensity maximum for all other peaks. 
‘Peak k overlaps with the hot band transition (v’+ Y” ) of band 2 (see the 

text ) 

intensities are measured for the individual vibrational peaks. 
For bands X and 1, the measurements indicate that all of the 
vibrational transitions within a single electronic state have 
approximately the same p value as the origin. The p values 
ofbandsXand Iare 1.7 + 0.2 and 1.5 + 0.3, andp=: 1.5 for 
peaksA g and h. The fl values for peaks i and j and features II 
and III are all negative. Although peak k can be assigned to 
the hot band transition (Y’ = 0 + Y# = 1) of band I based 
upon its position, a negative fi is measured, making this as- 
signment unlikely. The p difference between peak k and the 
peaks (I, m, and n ) in band I indicates that there is another 
independent peak which overlaps the hot band transition of 
band I. The angular distribution measurement aids in distin- 
guishing overlapping bands or peaks if their fl values are 
very different.2sv30 

Early negative ion photoelectron spectroscopy experi- 
ments” showed that p = 2 for s orbital detachment from 
H -. Similar measurements were performed on several alkali 
metal32 and transition meta133 atoms and confirmed that 
p = 2 for atomic transitions arising from pure s electron de- 
tachment. If the transition arises from d-electron detach- 
ment and the transition is not very close to threshold, fl is 
usually a negative value. Recently, angular distribution mea- 
surements were also performed on the coinage metal 
dimers. 33 For Ag; , w hi c h is in the same row of the Periodic 
Table as Pd;, two transitions corresponding to 
x’I;,f(az,)+x’~.,‘(+:,) and a ‘2: (5s+\ ) 
tX ‘B,f (dg,ok ) were observed.6 Removal of one 5~0, elec- 
tron corresponds to the ground to ground state transition 
and the measured 0 for this band is 0.8 +. 0.3; removal of a 
5s~~ electron corresponds to an excited state transition, and 
p for this band is 1.5 + 0.3. The experiments show that the 
Ag, 5s~~ orbital is almost spherically symmetric, while 5.~0, 
electron detachment is not as strongly peaked along the elec- 
tric vector. One possible explanation is based on the orbital 
symmetry. In contrast to the a* orbital, the a, orbital is 
antisymmetric (p like) with respect to the reflection through 
the central plane perpendicular to the molecular axis. 

electronic state is responsible for these peaks. We assign 
peaksJ g, and h to three different electronic states and peak e 
to a hot band transition. For peaks i and j, the intensities are 
even weaker and the spacing between these two peaks is 250 
cm-‘. At present, it is unclear whether peaks i and j arise 
from the same or different electronic states. 

On the high electron binding energy side of the I band, 
there are two groups of weak transitions II (2.25-2.41 eV) 
and III (2.41-2.6 1 eV). Each group appears to contain vi- 
brational structure, but the spacings between the vibrational 
peaks and the intensity distributions of these peaks are irreg- 
ular. More than a single electronic transition could be re- 
sponsible for each feature. In the region of 2.6-3.3 eV, the 
spectrum shows very weak and structureless features. These 
features may arise from numerous weak electronic transi- 
tions and possibly extend into the low energy region, but are 
hidden by the other labeled peaks. We have not attempted to 
assign these features. 

6. Angular distributions 

The measurements of the angular distributions were 
performed by taking the photoelectron spectrum over the 
entire energy range at 0 = 0” and 8 = 90”. The measured in- 
tensities are normalized by the integration time, ion current, 
and laser power. The asymmetry parameter p for each tran- 
sition can be estimated by 

(10 -40) 
B= [(l/2)1, +&J-J ’ (2) 

where IO and 19,, are the normalized intensities at 0 = 0” and 
t9 = 90”. The measured fi values are listed in Table I. The 

By simple analogy, the angular distributions in the pres- 
ent measurements imply that there are two kinds of photo- 
electron processes in the Pd, spectrum, one withfl> 1 corre- 
sponding to s-like or so electron detachment, such as X, 1, e, 
J; g, and h; others with negative p corresponding to d-like 
electron detachment, i.e., i, j, k, 11, and III. We will discuss 
this assignment in more detail in Sec. IV. 

C. Franck-Condon analysis 

Franck-Condon analyses were applied to the X and I 
bands in the Pd; spectrum. The method of our Franck- 
Condon analysis has been described previously.6 First, we 
will summarize the simulation of band X. Since no molecular 
parameters for the neutral or anion have been determined 
experimentally, we fit both the anion and neutral molecular 
constants simultaneously. Optimizing the simulated spec- 
trum to the experimental data with a nonlinear least-squares 
fit determines the position of the transition origin, the bond 
length change, vibrational frequencies for both the anion 
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- FIG. 2. Expanded portions of the Xand 
Zbands of the Pd; spectrum. The points 
represent the experimental data and the 
solid curves are the optimized Franck- 
Condon simulations. The transitions 
from the anion vibrational ground state 
are given by the vertical sticks. Arrows 
mark the transition origins 

. (~‘=O+v~=O).ThetitforbandZis 
not as good as that for band X, due to the 

- overlap of the electronic transitions. 

and neutral molecules, and the anion vibrational tempera- 
ture. The expanded spectrum of the X band and the opti- 
mized fit are shown in Fig. 2. This determination of the tran- 
sition origin gives a first approximation to the adiabatic 
electron affinity of E.A.(Pd, ) = 1.687 + 0.008 eV. This 
value will be slightly modified for some spin-orbit effects in 
Sec. IV. The anion vibrational temperature is determined to 
be 300 f. 25 K. The rotational temperature cannot be mea- 
sured directly, but is usually equal to or lower than the vibra- 
tional temperature, because rotational relaxation by colli- 
sions with the buffer gas in the ion source is more efficient 
than vibrational relaxation.24’34 

The I band simulation is slightly different from that of 
the X band. The anion molecular constants (wf and Tvib ) 
obtained above were employed and constrained during the 
simulation. The fit of band I shown in Fig. 2 is not as good as 
that of band X, because band I is overlapped with other 
states, as can be seen in Fig. 1. The angular distribution mea- 
surement also indicates that the hot band transition of band I 
is overlapped with another state at the position of peak k. 

The determined molecular parameters for both bands X and 
I are listed in Table II. The results show almost identical 
vibrational frequencies for the anion and both neutral states, 
and virtually identical geometry changes for the two transi- 
tions. 

Since the two transitions are relatively vertical and only 
a few vibrational transitions are observed, an accurate deter- 
mination of vibrational anharmonicities is impossible. For 
the same reason, the sign of the bond length change cannot 
be determined based on the simulation. We assume that the 
bond length of the anion ground state is smaller than that of 
the neutral ground and excited states (ri - rz > 0). This as- 
sumption will be justified by molecular orbital arguments 
discussed in Sec. IV. 

During the Franck-Condon fit, the FWHMs of the two 
bands were found to be different. The 15 meV FWHM for 
the ground state is significantly broader than the corre- 
sponding 11 meV value for the excited state. Calibration of 
the instrumental resolution on atomic transitions shows that 
the large difference cannot arise from any variation in reso- 

TABLE II. The electronic states and molecular constants of palladium dimer.” 

Molecule 
Assignment 
Configuration 
0, (cm-‘) 
r,b A 
To (eV) 
4 (W 
E.A. (eV) 

Pd; 
x ‘2; 
(4d'9a,)(5sag)z 
206*15 
(r: - 0.037) * 0.008 
- 1.685 f 0.008 

2.15 & 0.17 

Pd, 
x ‘q+ 
(4d'90,)(5sag) 
210 f 10 
< 
0 
1.03 f 0.16” 
1.685 f 0.008 

P4 
5”’ 
(4d’9ff”)(5S$) 
200*15 
(r; - 0.007) -& 0.008 
0.497 f 0.008 

‘The values are from this work except for the neutral dissociation energy which is from Shim and Gingerich 
(see Ref. 10). 

bThe absolute values of the bond lengths cannot be obtained from this work. A recent calculation suggests 
r',~2.48 8, (seeRef. 12). 
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lution. Also, as both bands are nearly vertical, the rotational 
contours should both be narrow and similar. The broader 
linewidth of the ground state may arise from a second-order 
spin-orbit splitting, as discussed in detail in Sec. IV. 

With the relationship Do(Pd,) =&,(I+-&) 
+ E.A. (Pd, ) - E.A. (Pd), we can determine the anion dis- 

sociation energy. Using the third-law value of D,, (Pd, ) 
= 1.03 +0.16eV,i” alongwith E.A.(Pd,) and E.A.(Pd) 

from thiswork, the value of Do (Pd; ) = 2.15 f 0.17 eV is 
derived. The dissociation energy of the anion dimer is twice 
that of the neutral dimer. This experiment directly and pre- 
cisely measures the dissociation energy difference between 
the anion and neutral Do (Pd; ) -Do(W) 
= 1.123 + 0.013 eV, independent of the determination of 

the neutral dissociation energy. 

IV. DISCUSSION 

Although the photoelectron spectrum of Pd; is the sim- 
plest of the nickel group,33 it is much more complex than 
those of the coinage metal dimers.6 In the nickel group tran- 
sition metals, the interactions of the s electrons are thought 
to dominate the bonding and electronic structure in the 
dimers, but the open d shell creates the possibility ford elec- 
trons to participate in bonding. Palladium dimer possesses 
some special properties because of its unique atomic configu- 
ration 4d “5s’. To first order, two ground state ( ‘So > atoms 
interact only through a van der Waals attraction.35 In order 
to make an s valence electron available for stronger 0 bond- 
ing, one or both atoms must be promoted to a low-lying 
excited state. The interaction of a first excited state atom 
3D(4d 95s1 ) with a ground state atom can form a stable mole- 
cule 4d 19( 5su, > ’ with a bond order of l/2. (Here we use a 
simplified molecular state notation, in which all the d elec- 
trons from the two constituent atoms are summed together 
and only the so molecular orbitals are given along with the s 
electronic configurations.) However, the price paid for this 
bonding is a promotion energy of 6564 cm - ‘, which could 
cancel a considerable part of the bond energy. Likewise, 
combining two 3D atoms forms a 4d “(5sog)’ molecule 

with a bond order of 1, but the required promotion energy is 
consequently doubled. The mixed 3D, ‘D, and ‘5’ combina- 
tions can form a large number of low-lying electronic states. 
Thus, the determination of the Pd, ground state is nontri- 
vial, as is shown by the quantum chemical calcula- 
tions.9-12*19 The most likely ground state configurations, 
along with their lowest dissociation asymptotes, are listed in 
Table III. 

Pd - also has an unusual ground state *S,,, (4d 105s1)28 
as well as an excited state 2D5,2 (ti95?) lying only 1113 
cm-’ above the ground state. In comparison, Ni - and Pt - 
possess the nd’(n + l)? ground state configurations.26 
The interaction of the ground state anion (‘S,,, ) and the 
neutral atom ( ‘So > forms a molecular anion 4d 20( 5su, ) ’ 
with a bond order of l/2. The interaction of the ground state 
neutral atom with the excited state anionic atom can form a 
4d 19( 5s~~)~ molecular anion with a CJ bond order of 1; in 
this case, one pays a considerably smaller promotion energy 
than for the neutral. The interaction of the ground state 
atomic anion with the excited state neutral atom can also 
form a bonding molecule, but pays the same 6564 cm - * pro- 
motion energy as in the neutral case. Finally, combining the 
lowest excited states of the atomic anion and the Pd atom 
forms a 4d ‘* ( 5su, ) 2 ( 5~~7, ) ’ molecule with a bond order of 
l/2. All the likely anion ground states are listed in Table III. 
At this level of analysis, the ground state configuration is not 
obvious. 

The photoelectron spectrum provides rich information 
about the electronic and vibrational structure and the molec- 
ular orbitals. Relying on this information, we can attempt to 
assign the ground state of both the anion and neutral dimers. 
When assigning the possible transitions, it is important to 
note two major propensity rules of electron photodetach- 
ment:28*36 ( 1) generally, single electron processes (i.e., de- 
tachment with no additional electron reorganization) are 
expected to give rise to the strongest photoelectron transi- 
tions; (2) processes involving s electron detachment are ex- 
pected to have larger cross sections (within 1-2 eV above 
threshold) than those involving d electron detachment. 

TABLE III. Configurations of low-lying molecular states of Pd; and Pd,, with their dissociation asymptotes 
and corresponding atomic promotion energies. 

Configuration Asymptote 
Promotion 
energy” (cm - ’ ) 

Bond 
order Spin 

d =‘P ‘So(d’9 + ‘S,(d’O) 0 0 s=o 
d’%u,)’ ‘so(d”) + ‘D, (dgs)b 6564 l/2 S=l 

‘SO(~‘~) + ‘D2(d9s, 11 721 l/2 s=o 
d’Ysu,)* ‘0, (d9s) + ‘4 (d%) 13 128 1 S=O,l 

Pd; 
d%u,) ‘So Cd ‘9 + 2s,,, (d 1%) 
d’9(sus)* ‘s~(d’~) + ‘D,,,(d92)b 

‘4 Cd% + Cs,,, (d’%) 
d’8(~~,)Z(SU,)‘3D,(d9~) +2D,,2(d9& 

0 l/2 s= l/2 
1113 1 s= l/2 
6564 1 S= l/2,3/2 
7 677 l/2 S= l/2,3/2 

“The values are from Ref. 18 except for the energy level of the Pd - first excited state which is from this work. 
b The ground state assigned in this work. 
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Based on these rules, we attribute the strongest transitions X 
and I to s-like detachments. This assignment is consistent 
with the angular distribution measurements discussed ear- 
lier. 

For the anion, the state with the 4d ‘“(5scrg)‘(5sa,)’ 
configuration (in Table III) is the least likely for the ground 
state in terms of the high promotion energy and the low cr 
bond order as mentioned above. Additionally, if 
4d ‘* ( 5sa, )‘( 5sa, ) ’ were the ground state, the anion bond 
energy would not be larger than that of the neutral, as one 
sa,, electron would be expected to be detached in the photo- 
electron process. Such an assignment would be in disagree- 
ment with the experimental finding that Do (Pd; ) 
> Do (Pd, ) and thus can be excluded. Another unfavorable 
candidate is 4d “( 5~~) ‘. This configuration goes to the 
neutral 46 “5& by detaching an so* electron. The measured 
vibrational frequency of the neutral ground state (2 10 cm - ’ 
) is definitely too high for this weakly bound state.” The 
remaining possibility is the ti 19( 5s~~)~ configuration, 
which has two possible dissociation asymptotes, as indicated 
in Table III. The first one, which is correlated to the lower 
energy asymptote, is most likely considering the low promo- 
tion energy. Only 1113 cm - ’ promotion energy is paid for 
this bonding state, but the reward is a full (7 bond. The pro- 
cess ofso, electron detachment is consistent with the experi- 
mental dissociation energies, transition intensities, and an- 
gular distribution measurements. Based on these arguments, 
the state with the 4d 19( 5~0~ )’ configuration and correlated 
to the ‘So (d lo> + 2D,,2 (d ‘?> dissociation asymptote is as- 
signed to the ground state of Pd; . It should be noted that the 
ground state dissociation energy Do refers to the lowest 
(adiabatic) dissociation asymptote ‘So (d lo) + 3D, (d ‘OS’). 
The direction of the bond length changes in the X and I 
bands can now be determined based on the anion ground 
state assignment. The bond strength is expected to decrease 
with sa, electron detachment, causing the bond length to 
increase. On this basis, we used a larger neutral bond length 
(r: - c > 0) for the Franck-Condon analysis. 

The analysis described in Sec. III indicates that the X 
and I states are almost identical in terms of their transition 
intensities, bond length changes, vibrational frequencies, 
and photoelectron angular distributions. This strongly sug- 
gests that two transitions arise from the same 5~0, electron 
detachment. Having determined the anion ground state, we 
find that the only possible transition to the neutral ground 
state is 4d’g(5so)’ + e- +4d’9(5s~)2. The 
dd’“(5sa)‘+ e- +4d’g(5so)2 transition cannot be the 
ground to ground state transition because it corresponds to d 
electron detachment, a process inconsistent with both the 
angular distribution and intensity of band X. The configura- 
tions and dissociation asymptotes in Table III show that 
5sa, detachment transitions lead to singlet and triplet final 
states, depending on the spin-spin coupling between the one 
s valence electron and the d electrons. If we assume that the 
4d orbitals are bonding and in ordinary order, then we ex- 
pect that one d electron is excited from Ma,, to 5sa,, corre- 
sponding to atomic ‘S-+3D, ‘D promotions. The neutral 
MO valence configuration can be written as 

4d’95s’(l~,S~S4,~~?r~1~,2~~) or (la,2a,) for short. Us- 
ing A-): (case a) coupling, we obtain the triplet state 38,’ 

’ and the singlet state 2, . + Since the parallel-spin triplet state 
is usually more stable than the antiparallel-spin singlet state, 
we believe ‘Z,+ to be the ground state. Applying this assign- 
ment to the photoelectron spectrum, we assign bands Xand I 
to the “2: and ‘2,+ states, respectively. If we consider the 
spin-orbit effect, a-R (case c) coupling must be employed, 
which results in the “22 ground state splitting into 0; and 
1 L1. Using the same method, we determine the ground state of 
Pd; to be ‘X,+ in terms of A-2 coupling with the molecular 
orbital configuration 4d “5?( 102gs4gg ‘rt rri la, 24 ) or 
(kJo2,>. 

Balasubramanian recently calculated12 the energies of 
the Pd, low-lying electronic states. He found 41 low-lying 
electronic states within 9000 cm - ’ of the ground state; this 
energy range corresponds to the spectral region between 
bands X and 111. Although this calculation does not include 
all possible low-lying electronic states, the state density is 
still higher than that observed in the photoelectron spec- 
trum, particularly in the region between band X and I. The 
reason we observe fewer electronic states in the spectrum is 
because of photodetachment selection rules. 

The ab inifio calculations predictI the ground state to 
be ‘Z,t ( la, 20~ ) and that the ‘Z,t state is split by 9 cm - ’ 
into 1 u and 0; states, with 1 u as the ground state. The ener- 
gy splitting between “2: ( 1 u ) and ‘Bz (0: ) is predicted to 
be 4443 cm - ‘. Our assignment of bands X and I yields a 
triplet-singlet splitting of 0.497 + 0.008 eV (4008 f 65 
cm - ’ ), which is in agreement with Balasubramanian’s cal- 
culations. The spin-orbit splitting of 9 cm - ’ is too small to 
be resolved in our spectrum, but may broaden the linewidth 
of band X. We found the linewidth of band X to be 4 meV ( 32 
cm-‘) broader than that of 1, which suggests that the ob- 
served broadening of band X could be attributed to the spin- 
orbit splitting. Our measurement confirms qualitatively the 
ab initio calculation, but suggests that the theoretical calcu- 
lation of 9 cm - ’ may be an underestimate and that the actual 
spin-orbit splitting of the ‘B,C state could be as large as 30 
cm-‘. Assuming that the transition intensities for the two 
states 38,t ( 1 u ) and 38,+ (0; ) are nearly the same, we then 
see that the transition origin for the ground state ( 1 u ) may 
be l-2 meV lower than the value obtained from the Franck- 
Condon analysis. With this spin-orbit correction, we deter- 
mine the new adiabatic electron affinity of E.A. (Pd, ) to be 
1.685 f 0.008 eV. 

The vibrational frequencies of the anion and neutral 
ground states appear to be nearly the same, while the disso- 
ciation energy for the anion is much larger than for the neu- 
tral. The vibrational frequency of Pd; (206 cm - ’ ) is com- 
parable to that of isoelectronic Ag, ( 192 cm - ’ ) . ’ Both Pd; 
and Ag, possess a full 0 bond and have nearly the same mass, 
so the magnitude of their frequencies may reflect the u bond 
strength. The vibrational frequencies of X( “I;,’ ) and ‘2: 
from Balasubramanian’s calculations’2 are ~25% smaller 
than those reported here. Lee et a1.19 predicted o, to be 222 
cm - ’ for the ground state X( 38,+ ); this theoretical value is 
in close agreement with our result. 
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Detailed spectral analysis of the other peaks and bands 
is difficult because of spectral congestion and the lack of 
established electronic and vibrational information. Only a 
qualitative explanation is attempted here. The intensities of 
peaksJ; g, and h are weaker than those of bands X and I. 
Asymmetry parameters of z 1.5 are obtained for all three 
peaks, indicating that these peaks result from sos electron 
detachment. However, the only possible single electron tran- 
sitions resulting from sus electron detachment have been 
assigned to bands X and I. Therefore we must invoke a two- 
electron mechanism. Earlier, we stated that single electron 
processes should dominate the photodetachment transition. 
This propensity is likely to become less valid for heavy tran- 
sition metal dimer anions, due to the enhanced effects of 
electron correlation in these systems. Pd; is a multi-d-elec- 
tron system and the electron correlation is expected to be 
important. Ab inirio calculations show that most of the low- 
lying electronic states of Pd, are quite mixed in character, 
owing to strong configuration interaction.” This effect may 
result in transitions arising from two-electron processes: one 
sas electron detachment accompanied by reorganization of 
the d electrons. A similar two-electron process was observed 
in the Pd - photoelectron spectrum.28 There are many possi- 
ble low-lying neutral excited states which may correspond to 
peaksA g, and h. These states must have the same electronic 
configuration as the ground state, but different d-electron 
arrangements, such as 4d 195s’( 20,s: or 20-~d~). Balasu- 
bramaniani2 calculated the energies of some states, such as 
3A, and ‘A,, with a 2~~63, configuration and 311s and ‘II, 
with a 2~~ti~ configuration. Relying on his calculation, we 
would say that 311s is the lowest excited electronic state (A- 
I: coupling) observed in the photodetachment experiment, 
and that peaksA g, and h can be tentatively assigned to the 
spin-orbit states 311, ( 1, ), 3IIs (0; ), and 311, (0: ), respec- 
tively. 

The weak intensities and negative B of the remaining 
peaks or bands (i,j, k, 11, and III) suggest that these peaks 
arise from d-electron detachment. Detaching a d electron 
from the anion can be written as 4d ‘* ( 5s~) ‘C 4d I9 ( 5~7) *. 
These photoelectron transitions could be more numerous 
than s photodetachment transitions, since d electrons can be 
detached from three different molecular orbitals, i.e., da,, 
dn-*, and d6,. Furthermore, two-electron processes (one d- 
electron detachment with another d electron reorganiza- 
tion) could possibly give rise to additional photoelectron 
transitions. Balasubramanian calculated the energies for the 
neutral excited states 4d ‘*( 5s~)’ with numerous MO con- 
figurations, e.g., 10;s: or l~,n$. Many states lie between 
the “2: and ‘2,+ states orjust above the ‘8,+ state, where i, 
j, k, II, and III are observed in our spectrum. However, the 
spectral complexity makes a detailed assignment infeasible 
at the present time. 

In addition to the bands and peaks discussed above, 
poorly resolved features in the region of 2.6-3.3 eV, or 
z 8000 cm - ’ above the ground state, appear in the spec- 
trum. These features can be attributed to a large number of 
weak transitions, because a high density of electronic states 
is predicted’ 10 000 cm-’ above the ground state. The 
Morse group has attempted two-photon ionization spectros- 

copy of gas phase Pd, . ” They scanned the spectral region 
from 11 375 to 23 000 cm- ’ and no transitions were ob- 
served. They concluded that Pd, photoabsorption certainly 
occurs in their scanning range, but efficient predissociation 
prevented Pd,+ detection with the resonant two-photon ion- 
ization technique. The features in the photoelectron spec- 
trum are not inconsistent with the predissociation mecha- 
nism. Generally, when photodetachment occurs, 
photoelectron signals should be detected regardless of the 
following predissociation; however, many repulsive states lie 
1 eV above the ground state and slice through all the bound 
states lying in the same region: in the photodetachment pro- 
cess, the molecules excited to these bound states could un- 
dergo fast predissociation. This process is so fast that the 
corresponding transition could be equivalent to a bound-free 
transition. The transition intensity is proportional to the 
Franck-Condon factors and the Franck-Condon factors for 
a bound-free transition are much smaller than for a bound- 
bound transition. Therefore we observe the high density of 
electronic transitions 1 eV above the ground state and all of 
these transitions are weaker than those of the labeled peaks 
and bands in the low energy region. 

A comparison of the palladium dimer with the nickel, 
platinum, and copper group metal dimer&’ indicates that 
there are dramatic differences between the palladium dimer 
and the other dimers. For nickel, platinum, and the coinage 
metal dimers, the electronic configurations of the anion and 
the neutral are nd”[(n + l)(~a,)~(sa,)] and 
nd”[ (n + l)(~a,)~] (wherem = 18forNiandPt,m = 20 
for the coinage metals). The bond strengths of the neutral 
dimers are larger than those of the anion dimers,6*33 as pre- 
dicted from the MO configurations. The MO configurations 
of the palladium anion and neutral dimers assigned in this 
work are 4d I9 ( 5s~~ ) ’ and 4d I9 ( 5sa, ) ‘, respectively. In ad- 
dition, the dissociation energy of Pd; is twice that of Pd, . 
The reason for the unusually small dissociation energy of the 
neutral dimer compared to the other nickel group and coin- 
age metal dimers is the extra promotion energy required for 
scr bonding. 

V. CONCLUSIONS 

The negative ion photoelectron spectra of Pd - and Pd; 
have been obtained using 35 1.1 nm (3.53 1 eV) laser radi- 
ation at an instrumental resolution of 9-10 meV. These ex- 
periments yield precise electron affinities for E.A. (Pd) and 
E.A. (Pd, ) and provide direct information on the ground 
and low-lying electronic states of gas phase Pd, . 

The spectrum exhibits multiple low-lying electronic 
states of Pd, and the vibrational structure is resolved for two 
of these low-lying electronic states. The spectrum displays 
two strong electronic bands; they show nearly identical vi- 
brational frequencies, Franck-Condon intensities, and pho- 
toelectron angular distributions. With the help of simple mo- 
lecular orbital arguments and ab initio calculations, these 
two electronic bands are assigned to the triplet ground state 
(“2: ) and a singlet excited state ( ‘2,+ ). These states have 
identical electronic configurations 44 I9 ( 5s~) ’ and differ in 
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the spin coupling of the 5~0, electron to the d-electron hole. 
The adiabatic electron affinity is determined to be 
E.A.( Pd, ) = 1.685 & 0.008 eV and the singlet excitation 
energy is found to be 0.497 f 0.008 eV. The experiment also 
precisely measures the increase in dissociation energy upon 
anion formation D,(Pd;) - Do(Pd,) = 1.123 kO.013 
eV. 

The configurations of the neutral and anion 
ground states are determined, respectively, as 
4di9( la2,s4,s4”nl:~~la,)5si(2a,) and 
46 19( l~~,s’,tiU7r~‘r~ la, )5$(22,). The anion bond strength 
is found to be twice that of the neutral ground state, while the 
vibrational frequencies and bond lengths are nearly the 
same. The reason for the unusually small dissociation energy 
of the neutral dimer is the extra promotion energy paid for su 
bonding. Therefore, the special character of palladium 
dimer can be attributed to the unique stable ground state 
‘So (4-d ’05so) of the p alladium atom. 

The electronic structures of Ni, and Pt, , for which stud- 
ies are in progress, are expected to provide interesting con- 
trasts. 
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