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We have recorded the 35 1 nm photoelectron spectra of Bi; , Bi; , and Bi; . The spectrum of 
Bi; shows transitions to at least seven electronic states of Bi, neutral, four of which are 
observed with vibrational resolution. Term energies, bond lengths, and vibrational frequencies 
are obtained for the anion ground state and for the first three excited states of Bi, . These 
results are compared to previous spectroscopic measurements and to the ab inifiu calculations 
presented in the accompanying paper. The photoelectron spectrum of Bi; reveals some of the 
electronic structure of Bi, and the results are discussed in comparison to recent theoretical 
work. Adiabatic electron affinities are obtained for Bi, [ 1.271(8) eV] and for Bi, [ 1.60(3) 
eV]. The electron affinity of Bi, is estimated from the onset of photodetachment to be 
1.05( 10) eV. 

1. INTRODUCTION 

Despite great advances in the study of metal clusters in 
recent years, direct spectroscopic investigation of cluster 
properties remains difficult experimentally. Because of mass 
selectivity and high sensitivity, negative ion photoelectron 
spectroscopy is a particularly useful method for spectro- 
scopic determination of basic properties of neutral and an- 
ionic metal clusters, determining molecular parameters such 
as geometries, electronic structure, vibrational frequencies, 
and electron affinities. Many of these studies’-” have focused 
on transition metal cluster anions, particularly2*3 the late d 9 
and d ‘” transition metals (the Ni and Cu groups). In this 
study, the first of a series on main group metal clusters, we 
investigate three group V metal cluster anions Bi; , Sic, and 
Bi; . 

Because main group metals play such an important role 
in semiconductor materials, understanding the electronic 
structure of the small clusters can be of considerable impor- 
tance. In contrast to transition metals, where the presence of 
open (n - 1) d shells can result in very high densities of low- 
lying electronic states even for dimers,4 bonding in the main 
group metals (groups III-VI) mainly results from atomic 
open np shells, generating a rich, but generally discernible 
spectrum of low-lying electronic states, at least for small 
clusters (n<4). Negative ion photoelectron spectroscopy 
has been used by other investigators5*’ to study main group 
metal and semiconductor clusters. A primary emphasis of 
the studies involving main group metals has been the deter- 
mination of electron affinities for a large range of cluster 
sizes. In this study of Bi,; (n = 2-4)) relatively high resolu- 
tion (8-10 meV) permits a comparatively detailed look at 
the electronic structure and molecular parameters of the an- 
ions and corresponding neutrals, particularly for the dimer. 
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Neutral bismuth clusters have been the subject of con- 
siderable previous investigation, particularly the dimer and 
tetramer. There have been numerous investigations of the 
electronic spectrum of Bi, in both the gas phase’-” and us- 
ing matrix isolation;‘3-‘6 some of these studies’O~l’ have par- 
tially characterized the low-lying electronic states that are 
accessed in our photoelectron spectrum ( < 2.1 eV above the 
ground state). In addition, Ehret and Gerber” have mea- 
sured the equilibrium dissociation energy of Bi, to be 
16 778( 5) cm - ’ [ 2.0802( 6) eV] using double resonance 
polarization spectroscopy. Very recently, Wang et al.” have 
measured the He(I) photoelectron spectra of the group V 
neutral dimers, Bi,, Sb,, and As,, probing the electronic 
structure of the respective cations. 

The gas phase optical spectroscopic studies”,” of Bi, 
which have examined the low-lying electronic states of Bi, 
are of particular interest to the present study. Gerber et al.” 
identified two low-lying electronic states labeled Band A ’ at 
approximately 5000 and 8000 cm - ’ above the ground state. 
These states were thermally populated and observed as low- 
er states of an electronic transition. Resolution of laser-in- 
duced fluorescence permitted vibrational parameters to be 
determined for these states; however, parity selection rules 
prohibited spectroscopic linkage of these states to the 
ground state in that experiment. Therefore, term energies 
could only be estimated through temperature dependence 
studies of spectral intensities. An advantage of photoelec- 
tron spectroscopy is much less restrictive selection rules,” 
which permit these term energies to be determined directly 
in the present study. Effantin et al.” observed a state labeled 
B ’ with a term energy near 10 800 cm - ’ in resolved fluores- 
cence resulting from ultraviolet (35 14 and 3618 A) excita- 
tion of ground state Bi,. A feature in the Bi; photoelectron 
spectrum is attributed to the B ’ state. 

In contrast to Bi,, very little is known about Bi,, as it 
has not been studied spectroscopically. The cation Sic has 
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been detected in many contexts through mass spectrom- 
etry. ” However, Kohl et al.*’ have pointed out that detec- 
tion of Bi: does not necessarily correlate with the presence 
of neutral Bi, , as the Bi,+ cation may be formed from frag- 
mentation of larger clusters. In a mass spectrometric study 
of high temperature equilibria, Rovner et al.** have taken 
this into account and have determined heats of atomization 
of Bi,, Bi, , and Bi,; these are discussed in relation to our 
electron affinity measurements. Very recently, Balasubra- 
mian and Sumathi23 performed ab initio calculations on 
group V trimers (P, , As,, Sb, , and Bi, ). The calculations 
indicate that Bi, has a triangular (Jahn-Teller distorted 
D,,) ground state and calculations are performed on the 
first four excited states with D,,, symmetry. These calcula- 
tions will be discussed further in comparison to the Bi; pho- 
toelectron spectrum. 

Bi, has been the subject of a number of matrix isolation 
studies,‘“” where optical spectroscopy has probed two ex- 
cited electronic states. The observed vibrational structure in 
both optical and Raman spectroscopies provides strong evi- 
dence for a tetrahedral structure. 

To our knowledge, there have been no reported investi- 
gations concerning the negative ions Bi;, Bi;, and Bi;, 
although there is an unpublished study by Meiwes-Broer 
and Lutz24 of the ultraviolet photoelectron spectroscopy of 
Bi; (n = 2-11). In the present paper, we report the 35 1 nm 
photoelectron spectra of Bi; , Bi; , and Bi; . The most ex- 
tensive information is obtained from the photoelectron spec- 
trum of Bi;. The anion geometry, vibrational frequency, 
and dissociation energy are determined. For Bi, neutral, 
electronic states up to 2.1 eV are surveyed, spectroscopic 
parameters are obtained for three of the low-lying states, and 
the adiabatic electron affinity is determined. Our results are 
compared to previous spectroscopic work and to the ab initio 
calculations on Bi, and Bi; presented in the accompanying 
paper. 25 The photoelectron spectrum of Bi; probes the elec- 
tronic structure of Bi,, and an adiabatic electron affinity for 
Bi, is determined; however, the determination relies on sev- 
eral assumptions made in the interpretation of the spectrum. 
For Bi, , a very low signal level precludes extensive analysis. 
An electron affinity for Bi, is estimated from the photode- 
tachment onset. 

II. EXPERIMENTAL 
The cold cathode discharge metal cluster sourceZCb) and 

the photoelectron spectrometer26’27 have been described 
previously in great detail; the important features are sum- 
marized here. Ions are formed in a bismuth cold cathode 
discharge source. The bismuth cathode is an approximately 
8 cm long, 10 mm diameter rod (Aesar, 99.9999% purity); a 
l/8 in. diam., 2.5 cm deep hole is drilled through the center 
of the rod to hold the bismuth by friction on a l/8 in. diame- 
ter water cooled stainless steel electrode. The bismuth rod is 
in electrical contact with the electrode and is floated at - 2 
to - 4 kV with respect to ground. In this manner, a dis- 
charge is struck between the cathode and the chamber walls. 
The primary carrier gas is helium [ 500 mTorr, flow rate = 4 
standard liters per minute (SLPM) 1, seeded with approxi- 
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FIG. 1. Mass spectrum from the bismuth cold cathode discharge source. 

mately 10% argon to promote cathodic sputtering. The ions 
formed are allowed to equilibrate with the carrier gas in a 
0.25 m long flow tube, at the end of which the negative ions 
are extracted through a 0.5 mm pinhole into a differentially 
pumped region. A mass spectrum of the negative ions ex- 
tracted from the source is shown in Fig. 1. As the mass spec- 
trum shows, Bi; is the dominant ion; optimized currents for 
each species were 7 pA of Bi -, 400 pA of Bi; ,45 pA of Bi; , 
0.7 pA of Bi, , and 0.7 pA of Bi; measured at a Faraday cup 
at the end of the beamline. 

After extraction, the ion beam is focused, collimated, 
and accelerated to 680 V for mass selection. Mass selection is 
performed using a Wien velocity filter (m/Am ~40-50) and 
the ion beam is decelerated to 38 V to maximize the ion 
residence time in the laser interaction region. Laser radiation 
is provided by an argon ion laser (Spectra-Physics model 
2045) operated on a single line (351 nm or 3.531 eV) and 
using an intracavity etalon to select a single cavity mode. 
The laser interaction region is enclosed inside an 80 cm opti- 
cal buildup cavity formed by two highly reflective mirrors 
(R, = 0.998, R, = 0.996) that are within the vacuum sys- 
tem. The optical cavity provides internal build-up powers of 
30-60 W from incident powers of 150-200 mW. The servo- 
loop stabilization scheme for matching the resonant fre- 
quencies of the laser cavity and the optical build-up cavity 
has been explained in considerable detai1.26 

Electrons are collected perpendicular to the plane 
formed by the laser and ion beams. Electron energy analysis 
is accomplished using a hemispherical electrostatic energy 
analyzer with a resolution of 8-10 meV. The measured ener- 
gies are corrected with a transformation** of the electron 
kinetic energy (eKE) from the laboratory frame of reference 
to the ion center-of-mass frame. Absolute calibration is pro- 
vided through measurement of the very accurately known29 
0 - electron affinity. In addition, an empirical correction 
consisting of a linear energy scale compression of approxi- 
mately 0.5% is used for relative calibration of the data; for 
this experiment, measurement of the accurately known3’ 
atomic fine structure splittings in the photoelectron spectra 
of Bi - and W - were used to determine the correction. In 
this manner, absolute electron kinetic energies can be mea- 
sured to an accuracy of + 5 meV. 
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Because the electron collection angle is fixed, the angu- 
lar dependence of the photodetachment cross section can be 
studied by rotating the laser polarization with a half-wave 
plate. The angular dependence of a photodetachment cross 
section is given by3’ 

do-/~~=(ao/4n)[l+(~/2)(3cos2f3-I)], (1) 
where B is the angle between the laser polarization vector 
and the direction of electron ejection, and /3 is the asymme- 
try parameter ( - 166~2). For all of the spectra shown in 
the figures, the laser polarization is set at the “magic angle” 
(54X’, where 3 cos*8 - 1 = 0) such that the spectral inten- 
sities are proportional to the average photodetachment cross 
section. The relative peak intensities are then independent of 
the angular distribution, so that they can be used for a 
Franck-Condon analysis. In order to measure B for each 
transition, the photoelectron spectra are measured at 8 = 0” 
and 8 = 90”. To determinefiaccurately for individual peaks, 
the angular dependence of the largest peaks in the spectra are 
measured in 10” intervals and the observed intensities are 
least-squares fit to Eq. ( 1). These accurately determined val- 
ues of /I can then be used to scale the 8 = 0” and 0 = 90” 
spectra with respect to one another. 

III. RESULTS AND DISCUSSION 

A. Bi; photoelectron spectrum 

The 35 1 nm photoelectron spectrum of Bi; is displayed 
in Fig. 2 and is plotted in terms of electron binding energy 
(hv - eKE). At least seven electronic bands are observed, 
four of which contain resolved vibrational structure. For the 
bands labeled e and f, it is unclear how many electronic states 
contribute to the observed structure. We will first discuss the 
Franck-Condon analysis and assignment of bands a-d. The 
ab initio calculations and previous spectroscopy are then em- 
ployed in a more speculative assignment and partial analysis 
of bands e-g. Finally, angular distributions of photoelec- 
trons are presented for most of the bands. The results are 
compared to angular distribution measurements for atomic 
Bi -. 
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FIG. 2.The351 nm photoelectronspectrumofBi, Theinset portionofthe 
spectrum isnot amagnitication ofthedata; it wasobtained separately with a 
factor of I5 longer integration time. 

In our thermal ion source ( T = 300400 K), only the 
lowest electronic state (*I$, l/2, ) of Bi; should be popu- 
lated, as the next lowest energy electronic state ( ‘IIg, 3/2, ) 
is calculated” to lie 8500 cm - ’ higher. Therefore, all transi- 
tions in this spectrum are assumed to arise from the anion 
ground electronic state. Band a was assigned as a transition 
to the neutral ground state ‘2: (0,’ ), based on the band 
being the lowest binding energy feature in the spectrum. It 
will be shown that with such an assignment, the photoelec- 
tron spectrum is in general accord with both previous experi- 
mental work and ab initio calculations. 

The Franck-Condon analysis of band Q is performed as 
follows: the anion and neutral ground state potential func- 
tions are modeled as Morse oscillators. Franck-Condon fac- 
tors are computed by numerical integration of the Morse 
oscillator wave function32 products. The neutral potential 
constants (r,,w,,w,x,) are fixed at values determined by 
high resolution optical spectroscopy,” while the anion con- 
stants are allowed to vary. The line shapes of each vibration- 
al transition are assumed to be Gaussian and the result of the 
instrumental resolution; because of the small rotational con- 
stant (0.023 cm - ’ ) of Bi,, the rotational contribution to the 
line shape is negligible. The parameters allowed to vary in a 
least-squares fit to the data are the following: the anion 
Morse potential constants; the electronic origin location; the 
intensity of the origin transition; the vibrational tempera- 
ture; and the full width at half-maximum (FWHM) 
linewidth of the Gaussian instrumental function. 

The quality of the fit is strongly dependent on which 
peak is taken to be the electronic origin and on the direction 
of the bond length change. For the purpose of assigning the 
origin, the quality of a given fit could be judged by visual 
inspection. A large number of origin assignments were at- 
tempted; only one choice (shown in Fig. 3) yielded a satis- 
factory fit, given the accurately known neutral state con- 
stants. This choice also yielded a vibrational temperature 
(320 K) that was consistent with temperatures measured for 
other ions produced in this source.2 

An additional problem lies in determining the direction 
of the geometry change; a satisfactory fit could only be ob- 
tained with a decrease in bond length in going from the anion 
to neutral. The reason the fit was so sensitive to the direction 
of the geometry change is the large number of hot bands 
observed (u” = 5 ) and the relatively long Franck-Condon 
progression, which enables probing of the anharmonicity of 
both the anion and neutral potential wells. In our attempts to 
fit these bands with an incorrect geometry change, we found 
that the neutral vibrational progression and the hot band 
progression could not be represented simultaneously by a 
given simulation. Additional evidence for the anion bond 
length being larger than that of the neutral is provided from 
bands b and c. The width of a Franck-Condon profile for an 
electronic band should reflect the magnitude of the geome- 
try change involved. On inspection, bands b and c appear 
similar in width to a; however, previous measurements” 
and ab initio calculations25 (Table II) show that the bond 
lengths of the neutral states accessed in b and c are about 0.2 
,& larger than the ground state accessed in band a. For a, b, 
and c to have similar contours, the anion bond length must 
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FIG. 3. The Franck-Condon fit of band a 
[ ‘Z,’ (0: ) -*II, ( l/2,) 1. The dots rep- 
resent the experimental data, the solid 
curve is the Franck-Condon simulation, 
and the vertical sticks represent single vi- 
brational transitions. 

lie between those of the ground state and the first two excited 
states of the neutral, consistent with the direction deter- 
mined from the ground state fit alone. 

The anion constants obtained in the fit are shown in 
Table I; the calculated spectrum is compared with the actual 
data in Fig. 3. The uncertainties shown are obtained from 
varying parameters in the fit and observing changes in x2. 
The uncertainties listed for the term energies result mainly 
from calibration inaccuracy. All uncertainties are chosen to 
correspond approximately to 20. The adiabatic electron af- 
finity of Bi, is determined from the electron binding energy 
of the (0,O) transition to be 1.271(8) eV. 

If one tentatively assigns bands b, c, and d based on the 

experimentally determined33 ordering of electronic states in 
As, and with the calculated2’ ordering of spin-orbit states, 
one obtains Bi, electronic state assignments of “2: ( 1 u ), 
‘2: (0; ), and 3A, (2, ) for bands b, c, and d, respectively. 
These assignments are justified further in Sec. III B. 
Franck-Condon fits were performed in the same manner as 
previously, except the anion Morse potential constants and 
the anion vibrational temperature were fixed at the values 
determined in the previous fit. For all three bands, unam- 
biguous electronic origins could be determined. A good fit to 
the data could not be obtained unless the bond lengths for all 
three states were constrained to be larger than that of the 
anion. This result is consistent with both the ab initio calcu- 

TABLE I. Electronic states accessed in the photoelectron spectrum of Bi; and the molecular constants ob- 
tained from a Franck-Condon analysis. Molecular constants that have been fixed for the analysis are also 
shown. 

State Band” 
i-0 
(cm-‘) 

0, 
(cm-‘) 

0,X, 
(cm-‘) r, (A) 

Bi; *Q (l/2,) - 10 250(60) 152(5) 0.53(20) 2.760( 10) 
Bi, ‘Xc (02) a 0 173.06b 2.6596” 2.66b 
‘X (1,) b 5 460( 30) 134(5) 0.45(20) 2.863( 15) 
3x,+ (0;) C 8 225(40) 132(8) 0.25( 15) 2.860( 15) 
‘A, (2,) d 9 875(50) 125( 10) 0.57(30) 2.905( 15) 
‘q+ co,+ ) e 10 826b 106.3” 0.239b 3.022( 30) 
. . . f’ z-13 300 
. . . g’ 16 850(240) 

‘The bands in Fig. 4 are assigned as transitions from the anion ground state to this state of the neutral. 
b These quantities are fixed at the values determined in Ref. 11. 
‘The electronic state assignment is undetermined by our analysis (see the text for possibilities). 
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TABLE II. A comparison of molecular constants obtained in this work to previous experimental work and to ab initio calculations. All constants are in cm - ’ 
unless otherwise noted. The best value corresponds to the experimental result that we expect to be most accurate. 

State Constant This work Previous 
experiments 

Ab initS Best value 

Bi; 
*n, (14) 

Bi, 
x 5; co; ) 

B’X (1,) 

A ’ ‘2; (0; ) 

‘A, (2,) 

F’q+ (0:) 

A ‘I; (0,‘) 

we 
*exe 
re 
T. 
0, 
0,X, 
re 
T, 
“e 
0,X. 
re 
T, 
we 
*exe 
r, 
T, 
0, 
0,X, 
re 
T, 
0, 
%X, 
r, 

- 10240 (60) 
152 (5) 
2.760 (10) A 

5 480 (30) 
134 (5) 
0.45 (20) 
2.863 (15) 8, 
8 245 (40) 
132 (8) 
0.25 (15) 
2.860 (15) 8, 
9 900 (50) 
125 (10) 
0.57 (30) 
2.905 (15) A 

3.022 (30) Ab 

173.062 (9)c*d 
0.3758 ( 10)d 
2.6596 li” 
5000 (1OrKy 
127.05 (10)’ 
0.29 ( 1)’ 
3.00 Ige 
8 Ooo (2WO)’ 
141.23 (35)’ 
0.37 (4)’ 
2.85 & 

10 826d 
106.3d 
0.239d 
3.11 lid 
17 740.7 (1)“’ 
132.403 (15)’ 
0.312 (27)’ 
2.863 .&’ 

- 5200 - 10240 
144 152 
2.83 A 2.760 A 

151 

2.16 8, 
6651 
114 

3.00 A 
11780 
112 

3.03 8, 
12833 
133 

2.97 A 
13205 
91 

3.24 A 
22300 
140 

2.87 8, 

173.062 
0.3758 
2.6596 8, 
5 480 
127.05 
0.29 
2.863 8, 
8 245 
141.23 
0.37 
2.860 8, 
99al 
125 
0.57 
2.905 A 
10 826 
106.3 
0.239 
3.11 A 
17 740.7 
132.403 
0.312 
2.863 8, 

’ r, for this work obtained from To and w, values in Table I. 
b Error bars on this value do not account for possible modeling erron described in text. 
‘Experimental vibrational constants are determined with the inclusion of higher anharmonicities for these states. 
d Effantin et al. (Ref. 11) . 
‘Gerber and Broida [Ref. lO( b) 1. 
’ Erhet and Gerber (Ref. 12). 
i Balasubramanian and Liao (Ref. 25). 

lations and the previous experiments shown in Table II. The 
constants obtained are given in Table I and Fig. 4 illustrates 
the simulated spectrum obtained for bands b and c. From 
Fig. 4, it can be seen that the fit to band c does not account 
entirely for the spectrum at high binding energy. This may 
be due, in part, to inaccuracies in the Morse representation 
of the diatomic potential function, as the dissociation as- 
ymptote is approached. 

The remaining bands (e-g) lack vibrational resolution 
and cannot be analyzed in the same detail as bands a-d. The 
lack of vibrational resolution for band g can be explained by 
the instrumental dropoff in resolution below electron kinetic 
energies of 0.2 eV. For bands e and f, the lack of vibrational 
resolution must be due to either small vibrational frequen- 
cies ( < 80 cm - ’ ) , large Franck-Condon displacements re- 
sulting in the piling of numerous sequence bands, overlap- 
ping electronic states, or combinations of these. 

Band e can be assigned, based on previous experiments. 

Effantin et al.” have observed emission to a low-lying 0: 
state of Bi, , labeled B ‘, near 10 800 cm - ’ with the molecular 
constants listed in Table II. In the photoelectron spectrum, 
an electronic transition to this state would have an origin at 
2.633 eV binding energy. If band e is due to transitions to this 
state, the lack of vibrational resolution is probably not only 
due to a small vibrational spacing (v = 106 cm-‘), but 
could be caused by a large Franck-Condon displacement. In 
order to test whether band e could be assigned to this state, a 
least-squares fit was performed fixing the anion constants at 
our previously determined values, and the neutral constants 
(except r, ) at the values of Effantin et al.; only the neutral r, 
and the signal intensity were allowed to vary. The result was 
an r, of 3.022( 30) & considerably smaller than the value of 
3.11 w obtained by Effantin et al. Our r, value likely suffers 
from the breakdown of the Morse oscillator approximation 
for such a long vibrational progression (u’ up to 25 and with- 
in 3500 cm- ’ of the dissociation asymptote). From the ab 
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initio calculations,25 it appears that the most likely candi- 
date for this 0,’ state is ‘8: (0: ) as was previously as- 
signed by Effantin et al. In addition, the same calculations 
show that transitions to the ‘2: ( lB ) state are likely over- 
lapping transitions to the 0,’ state in band e. The possible 
breakdown of the Morse approximation and the likelihood 
of an overlapping electronic state suggest that values deter- 
mined in Franck-Condon fits of band e should not be used 
quantitatively; however, the simulated contours provide 
qualitative evidence for the assignment of band e to the B ’ 
state. 

Bands f and g are considerably more difficult to assign. 
The contour of band f is very similar to that of the previous 
band (band e) . Use of the band e Franck-Condon contour 
for band f would place an origin at approximately 13 300 
cm-‘. For all the bands discussed so far, and the optically 
observed A 38; (02 ) state, the experimentally measured 
term energies are about 70%-80% of those determined in 
the ab initio calculations.25 Assuming that this will always 
be the case, the most likely candidates for band f are the 
311s (0: ) and 3A, (3, ) states, predicted to lie near 18 900 
cm-’ . The calculations suggest that these states should have 
as favorable Franck-Condon factors as bands a-d, but band 
f is both broad and weak. 

Band g appears to be stronger and narrower than bands 
e and f, although the apparent narrowness may be due to the 
instrumental dropoff in transmission at low eKE. Because 
band g falls below 0.2 eV in electron kinetic energy, the reso- 
lution, measurement accuracy, and electron collection effi- 
ciency are very poor over this band. From the band contour, 
we place the origin roughly at 3.36( 3) eV binding energy, 
yielding a term energy of 16 850(240) for the electronic 
state. This is too low for the state to be the A state observed in 
optical spectroscopy ( 17 740 cm- ‘), and from the ab initio 

FIG. 4. Franck-Condon fits of 
bands b [“P,+(l.)-211a(1/2,)] 
and c [“Z,’ (0; ) -zII, ( 112,) 1. It 
is illustrated in the same manner as 
Fig. 3. 

calculations, the most likely assignment appears to be 
311s (0; ). It is unclear why band g is so much stronger than 
band f, since, according to the calculations, all of the states 
that can be involved in these transitions should have favor- 
able Franck-Condon factors with the anion ground state. 
The best explanation we can offer is that the calculated bond 
lengths for the 311g (0,’ ) and 3A, (3, ) are an underestimate, 
relative to the other calculated bond lengths. 

The results of angular distribution measurements are 
summarized in Table III. All of the Bi; transitions for 
which asymmetry parameters were determined involve tran- 
sitions from a ( 6pa, ) ’ ( 6pn, ) 4( 6~7~~ ) ‘Bi; ground state 
configuration to either dgrz< (‘22 ground state) or 
~$2~ s-: (‘2: and 3A, excited states) configurations of the 
neutral, while the most likely assignment of the transition at 
an eKE of 0.17 eV (band g ) is 311g (ai Z-Z rt ) . Therefore, all 

TABLE III. Asymmetry parameters for selected Bi; and Bi- transitions. 
All transitions are from the anion ground state [ *fI ( l/2, ) for Bi; , and ‘PI 
for Bi - ] to the specifted neutral state. The asymmetry parameters are plot- 
ted as a function of eKE in Fig. 5. 

Band (Bi; ) Neutral state eKE (eV) B 

Bi, , unassigned 0.17 
‘A, (2,) 1.035 
‘V (0;) 1.240 
‘Z,c (1,) 1.583 
‘“g’ co,+ ) 2.260 
Bi ‘h 0.671 
‘Q/z 1.169 
‘&,2 2.585 

0.00 ( 10) 
- 0.30 (15) 
- 0.10 (10) 

0.19 (10) 
0.35 (10) 

- 0.98 (10) 
- 0.68 (10) 

0.42 (10) 
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of the detachment orbitals are to first order composed of 
atomic 6p orbitals. To put the angular distribution measure- 
ments in perspective, we measured the previously record- 
ed”’ Bi - atomic photoelectron spectrum and obtained an- 
gular distributions; the results are also summarized in Table 
III. All of the transitions in the atomic spectrum are asso- 
ciated with the removal of a 6p electron and the assignments 
are shown in Table III. For atomic p orbital detachment, 
studied both theoretically and experimentally for O- ,35 the 
asymmetry parameter is strongly dependent on electron ki- 
netic energy. Detachment is isotropic at low eKE, favors 
ejection perpendicular to the laser polarization at intermedi- 
ate eKE ( l-2 V), after which the favoring of parallel ejec- 
tion increases steadily with increasing eKE. 

Figure 5 illustrates the measured asymmetry param- 
eters as a function of eKE. Included in the plot for the atomic 
measurements is the expected35 fi = 0 for threshold 
(eKE = 0) detachment of ap electron. As can be seen in Fig. 
5, the atomic and molecular asymmetry parameters show 
similar behavior, although in the molecular case, the angular 
distributions are more isotropic (/? closer to 0). The ob- 
served pattern (j3 = 0 at low eKE, followed by a drop to- 
ward p = - 1, and an increase toward p = 2 at high eKE) 
is consistent with detachment of electrons from p-like orbi- 
tals. It appears that the atomic parentage of the molecular 
orbitals plays a role in determining the angular distributions; 
however, in the molecular case, orientational averaging 
tends to dampen the angular preferences. 

6. The low-lying electronic states of Bi, 

We will now describe all of the gas phase experimental 
results, including ours, concerning the low-lying electronic 
states of Bi, up to the A “2; CO,+ ) state, and compare them 
to the ab initio results from the accompanying paper.25 In 
1982, Effantin et al.” reviewed the spectroscopy of the elec- 
tronic states of Bi,. Since that time, the only new results for 
the low-lying states have been improved constants for the A 

state obtained by Ehret and Gerber” and the precise deter- 
mination of the dissociation energy of ground state Bi, .” 

Figure 6 summarizes our current knowledge concerning 
the low-lying electronic states of Bi, and the ground state of 

v Fl 

[cm‘ 

I 4 

‘I 
Eli2 

V I 
Bi,X'E: (0:) 

I f f 
i i 
I / 
I 
I /' Bi; X?l'l,,~~l 

V 
2 3 4 R [Al 

FIG. 6. Potential curves illustrating what is experimentally known about 
the low-lying electronic states of Bi,. Solid curves illustrate portions of the 
potentials that have been explored experimentally, while the dashed por- 
tions of the curves are extrapolations. 
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Bi; . From this figure and from the photoelectron spectrum, 
it is evident that the electronic structure of Bi, is quite com- 
plex. This complexity made ab inifio calculations extremely 
important to our assignment of the spectrum. Table II com- 
pares the molecular constants obtained in our analysis to 
previous experiments and to the theoretical results of Bala- 
subramanian and Liao.” 

Prior to this work, the only three of these low-lying elec- 
tronic states that had been assigned completely and linked 
spectroscopically to the ground state were X ‘2: (0,’ ), 
B ’ “22 (0: ) , and A 32; (02 ). The best molecular con- 
stants and term energies for these states are listed in Table II. 

Table II also presents data obtained by Gerber and 
Broida” (GB) for two electronic states, labeled Band A ‘, of 
Bi, . These two states were each observed as a lower state of a 
single optical transition and vibrational constants were de- 
termined through resolution of laser-induced fluorescence 
(LIF). The vibrational constants determined (w,, w,x, ) 
should be fairly accurate (more accurate than those deter- 
mined by photoelectron spectroscopy), although GB’s error 
bars do not take into account possible vibrational misassign- 
ment. The term energies are obtained from temperature de- 
pendence studies of the spectra and r, is obtained simply 
from the empirical relationship rfw, = constant. GB as- 
signed both of these states as a= 0 states, based on the ob- 
servation of only a P and R doublet series in LIF to these 
states. Our analysis provides assignments for these states. 

In this work, we provide molecular constants and term 
energies for three electronic states--the “2: ( 1, ), 
38,+ (0: ), and 3AU (2, ) states. The first excited state of Bi,, 
based on comparison to As, (Ref. 33) and on the ab initio 
calculations,25 is expected to be “XU+ ( 1 u ). The relative isola- 
tion of this state, both in the calculations and in the spec- 
trum, strongly suggests that the band at 5460 cm - ‘, labeled 
b, corresponds to this state. The constants obtained for this 
state are very close to those obtained by GB, for a state which 
they labeled B; however, GB have assigned the state as an 
R = 0 state. It is possible that for the LIF to the 1, state, 
only one component of a A doublet was accessed by the laser, 
resulting in the observed absence of a Q branch. 

Assignment of bands c and d to either the “Z + (0; ) or 
3Au (2, ) states is somewhat more problematic. Ab initio 
calculations2’ produce energies for these states that are suffi- 
ciently close ( 1650 cm - ’ ), so that the calculations cannot be 
relied upon entirely for the correct ordering of the states. 
Our assignment is made on the following basis: The neutral 
molecular constants obtained from band c, particularly the 
vibrational frequency and term energy, provide a much bet- 
ter match for GB’s constants (state labeled A ‘) than do those 
obtained from band d. Therefore, the neutral state of band c 
is assumed to be the same as GB’s A ’ state. The dissociation 
limit of both of GB’s states (Band A ’ ) can be estimated from 
the simple Morse relationship36 D, &/(40,x,) to be 
19 370 and 2 1 700 cm - ’ above the Bi, ground state, respec- 
tively. These estimates are typically about 20% too high; 
therefore, it seems likely that both the B and A ’ electronic 
states correspond to the 4S3,2 + “S,,, asymptote, which lies 
16 778 cm - ’ above the Bi, ground state. This would rule out 
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FIG. 7. The 351 nm photoelectron spectrum of Bi; . 

assignment of GB’s A ’ state and our c band to the ‘AU (2, ) 
state, which corresponds to an 11 419 cm - ’ higher asymp- 
tote and strongly supports the assignments given in Table I. 

To summarize, six of the low-lying (up to the A state) 
electronic states of Bi, are now well characterized. Our work 
has determined molecular constants and provided some new 
assignments for three of the states. 

C. Bi; photoelectron spectrum 

The 35 1 nm photoelectron spectrum of Bi; is shown in 
Fig. 7. The entire electron kinetic energy range from 0.10 to 
3.53 eV was searched; Fig. 7 shows only the region in which 
photoelectrons were detected. Table IV summarizes the 
main features of the spectrum. 

For both Bi, and Bi;, and other group V trimers, the 
postulated equilibrium structures are either equilateral 
triangular (Jahn-Teller distorted) or linear. Recently, Bala- 
subramanian and Sumathi23 have performed calculations on 
the electronic states of Bi, arising from the triangular struc- 
ture. Complete active space multiconfiguration self-consis- 
tent field (CAS-MCSCF) followed by multireference con- 

TABLE IV. Features from the Bi; photoelectron spectrum (Fig. 7). Peak 
center positions and FWHM are obtained from Gaussian fits to features a- 
d. 

Feature 

Center electron Assignments 
binding energy FWHM and 
(ev) (eV) comments 

a 1.626 0.079 2Etc’A; 
b 1.895 0.112 2E’+“~; 
C 2.679 0.103 ‘,4A;.-3/fA; 
d 2.830 0.084 ‘AA;c’A; 
e Shoulder on peak a at 1.5 eV 

binding energy 
f Shoulder on peak bat 1.7-1.8 

eV binding energy 
g Broad feature at 2.9-3.2 eV 

binding energy 
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figuration interaction (MRCI) calculations revealed a 
Jahn-Teller distorted ‘A2 ground state and a nearly degener- 
ate (0.04 eV higher in energy) 2B, Jahn-Teller distorted 
first excited state, both of which arise from the 2E’(D3h) 
state. Spin-orbit interactions, which are not taken into ac- 
count at the CAS-MCSCF and MRCI levels, are expected to 
quench the Jahn-Teller distortion and split the ‘E ’ state into 
D,,, double group E5,2 and Ii’312 components. Relativistic 
configuration interaction (RCI) calculations in the same 
study suggest a spin-orbit splitting between the two compo- 
nents of approximately 0.3 eV. 

The first excited state of Bi, is expected to be a 4,4 ; state, 
which is calculated to lie 0.87 eV above the ground state at 
the MRCI level; the authors state that this energy should be 
increased by 0.2 eV due to spin-orbit mixing with the ground 
state. For strong spin-orbit coupling,37 the 4A : state should 
be split into symmetries resulting from reduction of the di- 
rect product of the A 1 representation and the representation 
of the quartet spin function, yielding 

A i’ @ b%. Q E3,2 ) = Em @ E3,2 

components. Balasubramanian and Sumathi expect the 
spin-orbit splittings of this and the other excited electronic 
states of Bi, to be between 0.2 and 0.5 eV. Linear electronic 
states of Bi, are also possible; the symmetries of the lowest 
linear states are expected to be 211s and 42[, each of which 
should split into 3/2, and l/2, components. A calculation 
of the bending potential for the Bi, ground state indicates 
that the linear 211g state does not correspond to a minimum 
on the potential energy surface. 

For Bi; , preliminary calculations by Balasubraman- 
ianJ8 suggest that the anion has both an equilateral triangu- 
lar and a linear electronic state that are nearly degenerate. 
This is similar to the case for an isovalent anion P ; , where 
the two lowest-lying electronic states are predicted to be a 
D,, 3A ; state and a ‘2,+ linear state. Ab initio calculations 
on P3- by Hamilton and Schaefer”’ could not determine 
conclusively which state is lower. 

The photoelectron spectrum in Fig. 7 displays four 
prominent peaks a-d of comparable linewidth (80-l 10 meV 
FWHM). These linewidths are essentially identical to the 
overall widths of the electronic bands for the most vertical 
electronic transitions observed in the Bi; spectrum. In addi- 
tion, the signal level of the strongest peak (a), normalized to 
laser power and ion current, is about 60%-70% as large as 
the strongest Bi; transition (c in Fig. 2). The small 
linewidths and high absolute intensities of these peaks 
strongly suggest a relatively vertical Franck-Condon transi- 
tion, i.e., a linear-linear or triangular-triangular transition. 

The four peaks can be considered to be two doublets; 
doublets a and b are split by 0.27 eV and the doublet splitting 
for c and d is 0.15 eV. The centers of the two doublets are 
separated by 0.99 eV. Assignment of the upper states of these 
transitions to the two lowest electronic states of triangular 
Bi, provides good agreement with the calculations23 for 
these states, the 2E ’ ground state and 4A ; first excited state. 
Based on this agreement and the failure of ab initio calcula- 
tions to find a potential energy minimum for the linear 211g 

state of Bi, , we assign peaks a and b as two components of a 
neutral t anion ‘E ‘-3A ; transition, and peaks c and d as two 
components of 4A ;- 3A ;. The splittings between the two 
components reflect the neutral state spin-orbit splittings. 
The anion 3A ; state also has two spin-orbit components A ; 
and E “; however, at the source temperatures ( E 320 K), 
only one component would contain the bulk of the anion 
population if the splittings were as large as 0.2-0.3 eV. 

The four prominent peaks are not the only features ob- 
served in the spectrum. Peak a has a broadened shoulder at 
low binding energy (labeled e) and additional broad struc- 
ture, labeled f, is detected below peak b. The location of these 
features is suggestive of hot bands. One possibility is that 
these features arise from linear Bi; ; however, Franck-Con- 
don factors would be expected to be very small. Another 
possibility is that an electronically excited spin-orbit level of 
the anion is populated. The positions of features e and f 
would place the anion spin-orbit splitting at about 0.1 eV. 
The most troubling aspect of this possible assignment is the 
failure to observe analogous hot bands below peak c. The 
additional width of peak c compared to peak a could easily 
obscure the feature, however. 

The final feature, labeled g, consists of broad structure 
extending 300 meV above peaks c and d in binding energy, as 
well as overlapping with peak d. It appears that a large geom- 
etry change is involved and the transition could be to a non- 
D,, state of neutral Bi, . For excited states of Bi, , Balasubra- 
manian and Sumathi did not depart from the D3,, geometry, 
so it is difficult to predict what additional states are possible 
at this energy. 

Finally, the adiabatic electron affinity of Bi, can be esti- 
mated. The estimate is dependent both on the correctness of 
our assignment of peak a and on the 3A 5 state of Bi; being 
the lowest energy state of the anion. The location of the vi- 
brationless origin of transition a is estimated simply by as- 
suming the origin will be shifted from the peak center by the 
same fraction of the linewidth as in similarly shaped photo- 
detachment bands (a and b in Fig. 2) in the Bi; spectrum, in 
which the origin could be assigned rigorously. The result is 
an adiabatic electron affinity of 1.60( 3) eV. 

-I.k’ m ’ n ” I n ’ B ’ + 

2 
2 
0 50.0 

B 
z 
?I 

4 
0” 
FE 

0 .o 
3 .o 2 .o 1 .o 

ELECTRON BINDING ENERGY kV) 

FIG. 8. The 35 1 nm photoelectron spectrum of Bi; . 
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D. Bi; photoelectron spectrum 

Figure 8 illustrates the photoelectron spectrum of Bi, . 
The signal level is quite low, making any detailed analysis 
difficult. The basic features of this spectrum match a more 
sensitive photoelectron spectrum taken by Meiwes-Broer 
and Lutz.24 The electron affinity can be approximated from 
the photodetachment onset to be 1.05 ( 10) eV. 

E. Electron affinities and dissociation energies 

the additional electron resides in the e” orbital. In the linear- 
combination-of-atomic-orbitals (LCAO) description, this 
orbital corresponds to an antibonding combination of bis- 
muthp, orbitals.40 The present experiment shows that bond 
energy increases upon adding an electron to Bi, . Therefore, 
as in the case of Bi; , the measured bond energy changes are 
contrary to expectations based on simple molecular orbital 
pictures; one observes an increase in bond energy upon add- 
ing an electron to an antibonding orbital. 

The observed pattern E.A. (Bi, ) > E.A. (Bi, ) 
> E.A. (Bi) has interesting thermodynamic implications. 
The dissociation energy difference between Bi; and Bi, can 
be obtained from 

IV. CONCLUSION 

D,(Bi;) -&(B&) 
= E.A.(Bi,) - E.A.(Bi) 

= 0.325(13) eV [7.49(30) kcal/mol], (2) 
using E.A. (Bi) = 0.946( 10) eV (Ref. 34) and the Bi, elec- 
tron affinity determined in the present study. Inverting Eq. 
(2) and using the value D, (Bi, ) = 2.0802( 6) eV (Ref. 17) 
and a zero point energy correction, we obtain 
Do (Bi; ) = 2.394( 12) eV [ 55.20( 28) kcal/mol]. The neg- 
ative ion is considerably (7.5 kcal/mol) more bound than 
the neutral. This result seems surprising because, for Bi; , 
the additional electron is in an antibonding orbital 
(c$ R” ri ), the Bi; vibrational frequency is smaller than for 
the neutral, and the anion bond length is larger than that of 
the neutral. All of these factors are generally associated with 
the weakening of a bond; however, we show conclusively 
that the anion bond is significantly stronger than that of the 
neutral. To summarize, while the changes in the equilibrium 
properties of this system (vibrational frequency changes, 
bond length changes) are well described in the simple MO 
picture, changes in dissociation energy cannot be similarly 
explained. 

The photoelectron spectra of Bi; , Bi; , and Bi; have 
been recorded. The Bi; spectrum yields the most extensive 
information. Spectroscopic parameters were obtained for 
the anion ground state and three excited states of the neutral. 
The photoelectron spectrum provided definitive assign- 
ments for some states that could not be assigned in previous 
investigations and greatly improved on what is known about 
the low-lying electronic states of Bi, . Ab initio calculations 
by Balasubramanian and Liao,25 presented in the accompa- 
nying paper, were crucial to the assignment process. The 
adiabatic electron affinity of Bi; was determined to be 
1.271(8) eV. 

The photoelectron spectrum of Bi; revealed some of 
the low-lying electronic structure of Bi, , which agreed very 
well with a recent theoretical study by Balasubramanian and 
Sumathi.2’ The adiabatic electron affinity of Bi, was deter- 
mined to be 1.60( 3) eV and depended on certain assump- 
tions that are outlined in the text. The spectrum of Bi; was 
very weak, making a detailed analysis impractical. The elec- 
tron affinity was estimated from the photodetachment onset 
to be 1.05( 10) eV. 
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Much like the dimer anion, the total bond energy of Bi; 
(energy for dissociation into Bi - + Bi + Bi) is larger than 
the corresponding total bond energy of Bi, (dissociation 
into Bi f Bi + Bi) by the amount 

E.A.(Bi,) - E.A.(Bi) 

= 0.65(3) eV[ 15.0(7) kcal/mol]. 

The heat of atomization (AHi ) of Bi, has been determined 
by mass spectrometry to be 85.9( 5) kcal/mol (3.72 eV)?* 
From a simple thermochemical cycle, the heat of atomiza- 
tion of Bi; (into 2Bi + Bi - ) can be determined to be 
4.37(4) eV [ 100.8(9) kcal/mol]. 
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