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/. Introduction 

The electronic and spectroscopic properties of small 
clusters of heavy atoms and metal atoms have been the 

f Camille and Henry Dreyfus Teacher-Scholar. 

Krishnan Balasubramanlan has been an Associate Professor of 
Chemistry since 1987 at Arizona State University, Tempe, AZ. He 
was born in Bangalore, India, in 1956. He received his M.Sc. 
(Honors) degree from the Birla Institute of Technology and Science, 
Pilani, India, in 1977 and his M.A. and Ph.D. degrees from The 
Johns Hopkins University in 1980. hie was a postdoctoral associate 
and visiting lecturer in the Department of Chemistry and Lawrence 
Berkeley Laboratory, University of California, Berkeley, from 1980 
to 1983. From 1983 to 1986 he was an Assistant Professor at 
Arizona State University. He received the Alfred P. Sloan Fellow
ship in 1984 and the Camille and Henry Dreyfus Teacher-Scholar 
Award in 1985. Professor Balasubramanian's research interests 
include the relativistic quantum chemistry of molecules containing 
very heavy atoms, chemical applications of group theory, graph 
theory, and artificial intelligence. He is an author or coauthor of 
175 scientific publications. 

topics of many experimental1-40,71"114 and theoretical 
studies41-70 in recent years. The intense theoretical and 
experimental activity in this area has culminated in a 
wealth of information on the spectroscopic properties 
and potential energy curves of many heavy dimers and 
trimers of these species. Investigations of dimers and 
trimers of such species provide details on the low-lying 
electronic states, the nature of the heavy atom-atom 
bond, and periodic trends within various groups. The 
study of clusters could provide important insights and 
links to the formation of bulk and solid state from 
molecular states. 

Experimental progress in this area has been phe
nomenal in recent years1-40,71-113 due to the advent of 
laser vaporization and supersonic jet expansion meth
ods.78-86 Typically, a sample of a foil or sheet of material 
containing these elements such as a GaAs crystal,97,100 

a Si crystal,98 or Pt foil114 is vaporized with a high-en
ergy Nd:YAG laser and passed through a supersonic 
nozzle. The jet-cooled beam of clusters with varied 
compositions is then photoionized and investigated by 
laser spectroscopic methods. A number of other tech
niques such as sputtering methods,87-89 rare-gas matrix 
isolation methods,32 particle bombardment meth-
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ocjs20,ii5,ii6 ligand-stripping methods,90"92 and aggrega
tion within zeolites and molecular sieves93"96 have been 
used for cluster generation. 

Theoretical ab initio calculations41"54 on such clusters 
are on the increase due to advances both in theoretical 
methods and in supercomputers that utilize powerful 
software techniques to produce meaningful numbers 
and to yield information of significance to experimen
talists and of great value in enhancing our knowledge 
of bonding in these systems. Relativistic effective core 
potentials (RECP)44,55"67 have become immensely useful 
and viable alternatives to formidably difficult all-elec
tron calculations for systems as complex as a cluster 
containing very heavy atoms such as Pb, Sn, Bi, Sb, etc. 
The RECPs in conjunction with powerful techniques 
such as the complete active space multiconfiguration 
self-consistent field (CASSCF) method and configura
tion interaction calculations (CI)52'54 have provided re
liable results that can be used to either interpret ex
isting experimental information or predict future ex
periments. Theoretical calculations have also become 
valuable in designing new experiments. 

Clusters of heavy main-group elements comprise a 
subject themselves, a separate class of unusual com
pounds whose properties exhibit phenomenal variation 
as a function of size. Many experimental and theo
retical investigations in recent years have demonstrated 
that the geometries and electronic properties of small 
clusters containing typically 3-10 atoms have no re
semblance at all to the more familiar properties of the 
bulk. It is this aspect that has made the cluster area 
perhaps one of the most exciting and challenging areas 
for both experimental and theoretical activities. Elec
tron affinities and ionization potentials of these species 
exhibit dramatic alternations as a function of cluster 
size. The stabilities of these clusters as a function of 
size exhibit certain numbers, for which clusters are 
unusually more stable, referred to as magic numbers. 
The existence of magic numbers is quite intriguing and 
needs explanation. 

Although a considerable amount of information has 
been accumulated in recent years on such cluster par
ticles, understanding and full rationalization of all the 
facts are yet to come. The cluster area is thus relatively 
young compared to the more established traditional 
area of main-group inorganic chemistry or organo-
metallic chemistry. The objective of the present review 
is to organize, catalogue, and comrehend the existing 
information derived from both experimental and the
oretical techniques with the intent of promoting further 
growth in this developing area of research. Although 
there is a considerable amount of information on larger 
clusters, we restrict our review to mainly homonuclear 
dimers, trimers, and some heteronuclear dimers and 
trimers of such heavy species. A recent review by 
Mandich et al.1 has placed special emphasis on larger 
clusters. For most of the heavy main-group dimers, 
theoretical calculations are now available. Thus, dimers 
are reviewed here a bit more exhaustively than possible 
heteronuclear dimers or trimers. Since the emphasis 
of this review is more on a comparison of theory and 
experiment, it is restricted to the heavy p-block dimers 
Ga2 to Bi2 with the exceptions of rare-gas dimers, which 
mostly form van der Waals complexes in their ground 
states. The heteronuclear dimers reviewed include 
GaAs, GaAs+, KrBr+, ICl, and ICl+. The properties of 

the heavy trimers Ga3, Ge3, Si3, GaAs2, In3, and Sn3 are 
also reviewed. 

Section II briefly outlines both experimental and 
theoretical techniques employed to investigate small 
clusters. Section III focuses on spectroscopic properties 
and potential energy curves of Ga2 to Bi2. Section IV 
reviews the spectroscopic properties and potential en
ergy curves of some heteronuclear dimers. Section V 
discusses the properties of small trimers, and section 
VI discusses the combinatorics of clusters. Section VII 
presents periodic trends among the dimers and trimers 
reviewed here. 

/ / . Methods of Investigations 

A. Experimental Techniques 

Mandich et al.1 have reviewed in depth a number of 
experimental techniques employed to generate and 
probe clusters. In this review, we briefly discuss some 
of these techniques to make it self-contained. 

The generation of heavy main-group clusters can be 
accomplished through a number of methods including 
evaporation methods,71"77 jet expansion methods,78"86 

sputtering techniques,87"89 aggregation methods,93"96 

rare-gas matrix isolation methods,32 and ligand-strip
ping methods.90"92 In recent years, supersonic jet ex
pansion methods have been employed with much suc
cess for cluster generation.78"86,97"101 

Simple evaporation of a source material in an oven 
can generate small cluster particles of heavy group V 
elements such as As2, Sb2, Bi2, Bi4, and Sb4.

71"77 The 
oven evaporation method followed by mass spectro-
metric analysis can unambiguously determine the 
cluster size. The use of a Knudsen cell containing an 
effusion orifice is especially suitable for measuring the 
binding energies and D0

0 values of small clusters using 
the second- or third-law thermodynamic methods.75"77 

Many group III-V clusters have been generated by 
these methods. The main limitation of a simple evap
oration method seems to be size; at present, clusters 
containing at most ten atoms can be generated by this 
method. Also, this method is not suitable for hetero
nuclear clusters and alloy clusters. 

A popular method for generating clusters of both 
main-group and transition-metal atoms appears to be 
the supersonic jet expansion method.78-86,97"101 In this 
method, typically a high-energy laser evaporation me
thod is used to form the vapor of the material. This 
is then expanded into a small nozzle, resulting in the 
formation of clusters of varied composition. This 
technique can be used to generate simple clusters and 
mixed clusters of both refractory and nonrefractory 
materials. Laser vaporization followed by gas aggre
gation can yield cold beams of clusters that can be 
probed further by laser spectroscopic methods. Typi
cally, a pulsed Nd:YAG laser is employed in this me
thod. Smalley and co-workers78"86 have pioneered this 
technique for many main-group and transition-metal 
clusters. Clusters containing up to 55 atoms of the 
main-group elements and carbon clusters in the range 
C1-C190 have been generated by these techniques. 
Mixed main-group clusters such as Ga1ASv,97"99 

InxP
 104,106 Sn1Bi,, Pb1Sb,,84,110"112 and Ga1P/17^ have 

also been generated by the evaporation of III-V semi
conductor and alloy targets. 
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Bondybey and co-workers87"89,140,197 have isolated 
clusters of heavy main-group elements such as Pb2, Sn2, 
etc. using a sputtering method as well as laser vapori
zation methods. Clusters of various sizes are sputtered 
and trapped in rare-gas matrices. The matrix-isolated 
clusters are then probed by laser-induced fluorescence 
(LIF) methods. For example, Bondybey and English87 

have investigated Pb2 using the sputtering method.87 

A disadvantage of this method is that the size of the 
cluster cannot be determined unambiguously. 

Cluster formation can be induced via aggregation of 
atoms on a support such as molecular sieves or a 
zeolite.93"96 This technique involves simple deposition 
of elemental vapor onto a target in which the atoms are 
coalesced into small clusters. Other techniques include 
the ligand-stripping method.90"92 In this technique, 
naked clusters are formed by stripping ligands such as 
CO, H, etc. from a more stable organometallic com
pound. The stripping is normally induced by high-en
ergy collision with species such as rare-gas atoms, a 
process that can be called collision-induced dissociation 
(CID). For example, As2

+ can be produced from As2H4 
by this method.90 The electron-impact method can also 
be used to produce charged clusters. 

Clusters generated by the above-mentioned methods 
can be probed by a variety of techniques including la
ser-induced fluorescence, multiphoton ionization and 
dissociation spectroscopy, especially two-photon and 
two-color methods, resonance multiphoton methods, 
time-of-flight and quadrupole mass spectroscopic 
methods, ion cyclotron resonance mass spectroscopic 
methods, Raman spectroscopy, visible-UV electronic 
spectroscopy, and ESR spectroscopy. The mass spec
tral methods are mainly for the detection of clusters, 
calibration of cluster sizes, and measurement of relative 
abundance as a function of size. The other spectro
scopic techniques provide valuable information on the 
low-lying electronic states, geometries, stabilities, ion
ization potentials, and electron affinities as a function 
of size and the spin multiplicities of the low-lying 
electronic states. 

The negative-ion photoelectron spectroscopic tech
nique has also provided valuable information on the 
electronic states of neutral species via ionization of an 
electron of the anion.34,36,118"121 The photofragmentation 
patterns of the cationic100 and anionic clusters have also 
provided some fascinating information that is far from 
understood. For example, the photofragmentation 
patterns of Ga1As5,"

1" clusters100 exhibit anomalous pat
terns that are more reminiscent of metal clusters than 
of isoelectronic Si1 and Gex clusters.98 Similarly, the 
photofragmentation patterns of Sbx and Bix clusters are 
dramatically different. The Six

+ and Gex
+ clusters 

fragment into daughters containing 6-11 atoms while 
metal clusters lose one atom at a time. The photoion-
ization of GaxAsy semiconductor clusters exhibits dra
matic even-odd alternations. 

B. Theoretical Techniques of Calculations 

All the calculations of dimers and trimers reviewed 
here were done with relativistic effective core poten
tials.44,55"62 In the earlier investigations on Pb2, Sn2, Tl2, 
and Bi2, these potentials were used in conjunction with 

Slater type orbital (STO) basis sets of double- f + po
larization quality. The calculations that employed STO 
basis sets were done mostly by using the single-config
uration self-consistent field (SCF) method or a gener
alized valence bond (GVB) method in the case of the 
ground state of Bi2 followed by relativistic configuration 
interaction (RCI) calculations. The RCI calculations 
included the spin-orbit term derived from RECPs as 
suggested by Ermler et al.60 and Hafner and Schwarz.63 

The calculations including the spin-orbit term are 
called relativistic CI calculations; they included single 
and double excitations from a multireference list of 
configurations. In general, the RCI included all low-
lying X-s states of the same fi symmetry as reference 
configurations. For example, the RCI calculations of 
a state of O+ symmetry could include as reference con
figurations those configurations that describe 1S+(O+), 
3ng(0+), 32"(0+), etc. and other states of O+ symmetry. 
The RCI thus differs from a normal CI in that in the 
ordinary CI, 3IIg cannot mix with the 1S+ or 3Sg states. 

Most of the theoretical calculations made after 1985 
were done by using the complete active space MCSCF 
followed by multireference singles + doubles 
(CASSCF/MRSDCI/RCI) methods or the first-order 
CI method employing valence Gaussian basis sets of 
higher than double-f + polarization quality. Recent 
calculations on In2, Sb2,12, etc. were done with relatively 
larger basis sets compared to calculations on Ga2, Ge2, 
As2, and Se2. 

In the CASSCF method, a set of the most important 
electrons for chemical bonding (active electrons) are 
distributed in all possible ways among orbitals referred 
to as the internal or active orbitals. The active orbitals 
are normally chosen as the set of orbitals that correlate 
into valence atomic orbitals at infinite separation of the 
various atoms in the molecule. The CASSCF method 
thus provides a zeroth-order starting set of orbitals for 
inclusion of higher order correlation effects. 

The higher order electron correlation effects not in
cluded in the CASSCF are taken into account by using 
the configuration interaction method. The CI calcula
tions are carried out by using the second-order CI me
thod (SOCI), the multireference singles + doubles CI 
method (MRSDCI), and the first-order CI method 
(FOCI). The first two methods are more accurate in 
comparison to the last method. The SOCI calculations 
included (i) all configurations in the CASSCF, (ii) 
configurations generated by distributing n - 1 electrons 
in the internal space and 1 electron in the external space 
(n = number of active electrons), and (iii) configurations 
generated by distributing n - 2 electrons in the internal 
space and 2 electrons in the external space in all pos
sible ways. The MRSDCI calculations included a sub
set of configurations determined by the important 
configurations in the CASSCF (coefficient > 0.07) as 
reference configurations. Then single + double exci
tations were allowed in the MRSDCI. A less accurate 
method compared to MRSDCI labeled POLCI includes 
all configurations in the MRSDCI except those gener
ated by distributing 2 electrons in the external space. 

We use acronyms such as CASSCF, SOCI, FOCI, 
MRSDCI, SCF/RCI, POLCI, etc. in this article to de
scribe the nature of the calculations done on various 
species. Readers are referred to this section and to 
other reviews47'52 to comprehend the meanings of these 
acronyms. 
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/ / / . Spectroscopic Properties and Potential 
Energy Curves of Heavy Homonuclear Dimers 
(Ga2 to Bi2) 

A. Ga2 

Early investigation of Ga2 was made by Ginter et 
al.,122 who obtained absorption spectra in a furnace in 
the 19 000-21000-cm"1 region. Later, Douglas et al.123 

reported electronic absorption spectra of Al2, Ga2, and 
In2. Two absorption bands, one in the range 13 000-
15600 cm"1 and the other in the range 24000-30000 
cm"1, were observed. These authors123 concluded that 
the ground state of these dimers was 1S*. Ab initio 
calculations on Al2

124 have revealed, however, that the 
3nu state is the lowest state and 1S* is much higher in 
energy. Basch et al.124 reassigned the two electronic 
bands of Al2 observed by Douglas et al.123 to this 3ng 
*- 3D11 and 3Il (2) — 3IIU transitions. The vibrational 
frequency of the ground state of Ga2 was reported by 
Froben et al.192 Related B2

127'129 and Al2
124'126'130 mole

cules have also been studied. 
Thermodynamic studies of Ga2 and related mole

cules131132 revealed that the dissociation energy of Ga2 
is about 1.4 eV. Since the electronic states of Ga2 have 
not been well characterized, earlier thermodynamic 
calculations of De assumed an incorrect ground state 
and partition function.132 The Ga2 dimer has also been 
observed by laser irradiation of a GaAs crystal125 and 
in a supersonic jet beam.97 

Balasubramanian133 carried out CASSCF/FOCI cal
culations on Ga2 that employed RECPs. The RECPs 
included the outermost 4s24px shells in the valence 
space replacing the rest of the core electrons by rela
tivists effective core potentials. A (3s3pld) valence 
Gaussian basis set was employed for the Ga atom. The 
d exponent was optimized for the ground state of Ga2 
at the CASSCF level. More recently, Balasubramani
an402 studied many electronic states of Ga2

+ and Ga2". 
In the earlier study133 as noted in an erratum, there was 
an error in one of the ECP parameters which led to 
longer bond lengths. However, this was subsequently 
corrected. 

Table 1 shows the possible low-lying states of Ga2 
while Table 2 depicts their dissociation limits and at
omic energy separations134 at the dissociation limits. As 
seen from these tables, there are at least 20 low-lying 
states of Ga2 in the absence of the spin-orbit term. 

Table 3 shows the corrected spectroscopic properties 
of bound states of Ga2 obtained by Balasubramanian.133 

Among the 18 electronic states investigated by Bala
subramanian, the 3AU, 3S+ , 3S+(II), 3ng, and 1II8 curves 
were found to be repulsive. The calculated potential 
energy curves of some of many states are shown in 
Figure 1. As seen from Table 3, the calculated ground 
state of Ga2 is

 3II11. However, the Te value of 3S" is only 
410 cm"1. The 1S+ state is 4734 cm"1 above the 3II11 
state. Evidently, this states does not appear to be the 
ground state of Ga2. Consequently, Douglas et al.'s123 

assignment of 1S+ to the ground state of Ga2 (Al2) is 
inconsistent with Balasubramanian's electronic struc
ture calculations. 

Table 4 shows the adiabatic and vertical transition 
energies of allowed electronic dipole transitions for Ga2. 
For Ga2, Douglas et al.123 reported two absorption 
bands, one in the 15 590-cm"1 region and the other in 

TABLE 1. A Few Low-Lying Configurations and the 
Electronic States Arising from Them for Ga2 

MO c o n f i g u r a t i o n A-s s t a t e s 

V 1 ô+ 

g g 
3 Z + , 3 Z " , 1A , 1Z" , 1 Z + 

U Li ' U U ' U 

3 - 1 - 3 3 * 1 1 + 
Z ( 2 ) , Z , A , Z , A , Z 

2 2 3 
1 0 . 1 0 2 0 . I n , M11. 

g u g J u 

, 2 , 2 , 2 3 _ -
Io Io In Z n . 

g u u g 

! 2 I 2 ! 1 3A 
Io Io In In A11 

g u u g u 

Io Io 2 o „ l n Z1., 
g u g u u 

, 2 . 2 , 2 U + 

W ° g Lg 
2 2 3 1 

l o H o , 2 a „ l n „ JT„, Tl 
g u g g g ' g 
, 2 . 2 . 2 I 7 + 
l o „ i o 2it Z„ 

g u J y 

, 2 . 2 . 2 3 _ - 1. 1 . + 
l o g l o u i n g V V h 

g u i; 

lonlo
22o„2o, 

g u g u 

TABLE 2, Dissociation Relationships for a Few Low-Lying 
States of Ga2 

1Zi 

A - S s t a t e s d i s s o c i a t i o n l i m i t 
a tom ic l e v e l s energy 

Expt a 

3 Z " , 3TT , 3IT , 3A , 
g" u ' g ' u ' 

V ( 2 ) , 1A ,1Ti , uv ' g ' u 

1TT , 1 E " , 1 Z + ( Z ) g' V V 

3 - 3V 3T+ 3 .+ 
' g" ' u ' " g ' u 

1^ 1TI 1 Z + 1Z + 

g' V V Li 

"From ref 134. 

2 p + 2 p 0.0 

2P + 2 S ( 4 s 2 5 s ) 24 789 

the 29 934-cm x region. These bands were assigned by 
those authors to A1II11 — X1S+ and B1S+ «- X1S+, re
spectively. However, as seen from Table 4, the 1II11 state 
is below the 1S+ state. Further, the most probable 
candidate for the ground state is 3nu. Balasubrama
nian133 argued that the most consistent allowed electric 
dipole transition for the 15590-cm"1 is the A3IIg -*- X3II11 
transition. The absorption bands in the 29 000-cm"1 

region could be assigned to the 3IIg(II) «- X3II11 tran
sition. The theoretical Tvert (29102 cm"1) is most con
sistent with the observed bands in this region. 

Ginter et al.122 reported emission bands in the 
19 500-22 000-cm"1 region for Ga2. It can be inferred 
from Tables 3 and 4 that the most probable transition 
for these bands is the 3Su(I) —»• 32~(I) transition. The 
theoretical transition energy for this transition (21191 
cm"1) was found to be in very good agreement with the 
observed bands in this region (19000-21000 cm"1). 

The theoretical dissociation energy of the ground 
state of Ga2 obtained by Balasubramanian133 was found 
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TABLE 3. FOCI Spectroscopic Properties of Ga2
0 
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s ta te 

* \ 

X 
X 
X 
X 
1Ig+(II) 

^ 

X 
\ ( H ) 

3V") 
X 
4V11' 
3TIg(III) 

3 Ig ( I I I ) 

X 
1ITg(IIlJ 

"V-7H) 
1 I + ( I I ) 
1TT0(II!) 

Re (A) 

2.762 

2.506 

2.802 

2.954 

2.584 

2.912 

2.681 

2.702 

3.495 

2.407 

2.757 

3.261 

2.471 

2.773 

3.063 

2.389 

2.831 

3.444 

2.7^3 

Te (cm"1) 

0 

446 

»037 

1129 

4274 

20 

28 

29 

30 

35 

36 

37 

40 

43 

45 

45 

44 

54 

3267 

978 

772 

877 

325 

706 

722 

865 

125 

383 

318 

875 

687 

052 

ijJe (cm" 

158 

197 

145 

129 

168 

125 

166 

210 

86 

292 

210 

58 

315 

164 

84 

153 

125 

84 

353 

" From ref 133. The A state observed in the A — 
was system assigned to the 3irg *- 3iru transition.133 

1I De (eV) 

1.18 

1.13 

0.68 

0.67 

0.65 

-

-

-

-

-

-

X broad band 

to be 1.2 eV. This was in reasonable agreement with 
the thermodynamic value of 1.4 eV.131'132 However, the 
thermodynamic value needs to be recalculated by using 
the correct partition function for Ga2. Balasubrama-
nian's calculations on Ga2 should be useful in calcu
lating the partition function. 

A number of low-lying allowed electric dipole tran
sitions exist for Ga2, many of which have not yet been 
observed (Table 4). Specifically, 3S" — 3S-(II) is an 
allowed dipole transition, which falls in the region of 
41000 cm-1. The theoretical transition energy should 
be slightly higher than the true energy. The 3Sg(II) «-
X3II11 and 3Sg(I) «- X3IIU transitions are allowed in the 
perpendicular direction. The former transition energy 
is in the 28000-cnr1 region. Transitions originating 
from the 1II11 electronic state to the 1IIg as well as 1IIg(II) 
states should also be investigated. 

Table 5 depicts the contribution of various electronic 
configurations to the electronic states of Ga2. As seen 
from Table 5, the ground state (3IIU) as well as 1IIy is 
dominantly lCT2lo-22<Tgl?ru. The 3S" and 1A8 states arise 
from the ICT2IO-2IX2 configuration. The 1S* state ex
hibits an interesting behavior as a function of internu-
clear distance. At short and near-equilibrium distances 
this state is a mixture of lo-2l<r2l7r2 and 1CT21CT22CT2 con
figurations. Consequently, the Re value of the 1Sg state 
is quite different from the i?e values of the 3S" and 1A8 
states, which are predominantly ICT2IO-2ITT2. At longer 
distances, 1SJ-(II) exhibits approximately the opposite 
behavior in that 10-2ICT2ITT2 makes a significant contri
bution at long distances. 

0.06 

0.05 

0 .04 -

0.03 

0.02 

O.OI 

O 

-0.0 1 -

-0.02 

-0.03 

-0.04 

-0.05 

"r 

• ( A ) 

Figure 1. Potential energy curves for the electronic states of Ga2 
(reprinted from ref 133; copyright 1986 American Chemical So
ciety). See Table 3 for spectroscopic labels of experimentally 
known states. 

TABLE 4. Vertical and Adiabatic Excitation Energies for 
Dipole-Allowed Transitions" 

Electronic 
Transitions 'vert (cm - I i To (cm'1) 

Y * 3 I -g u 
3Ig * 3 I - ( I I ) 
3FI . V 

u g 

X * 3Ig(") 
B 3 V H ) * X3TT1, 

X * X[U] 

14 147 

22 052 

41 570 

1 288 

32 419 

29 102 

1 029 

12 248 

31 172 

b 

21 191 

41 307 

410 

27 954 

27 565 

1 026 

b 

29 493 

"From ref 133. 'Final electronic state is not bound. 

The Rydberg configurations make substantial con
tributions to the 3Sj(III), 3S^(II), and 3AU states at 
short distance. For the first two states, the contribu
tions from Rydberg configurations are 23% and 16%, 
respectively. The theoretical Te value for the 3Su(III) 
state should therefore not be regarded as accurate since 
the valence basis set needs to be extended further for 
proper description of Rydberg orbitals. For the 3S" and 
3Su(II) states of spectroscopic interest, the contribution 
of the Rydberg configurations at the equilibrium ge
ometry is small. The total contribution of Rydberg 
configurations for the 3S^(II) state at 2.50 A is 4%. The 
total contribution of Rydberg states for the 3SU state 
at 3.00 A (equilibrium geometry) is 9%. At long dis
tances, however, these states eventually become Ryd
berg states, as their dissociation limits include Rydberg 
atoms. More recently, Shim and Gingerich304 completed 
all-electron calculations on Ga2 and Ga3. Their results 
are in good agreement with Balasubramanian's results 
on Ga2 shown in Table 3. 
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TABLE 5. Contributions (%) of Various Configurations to the Electronic States of Ga2 

7 ? Io Io 2a B 
g u g u 

. 2, ? 2 la Io A 
g n u 

? 2 lO Io B B 
Q u u g 

? 7 U \o 2a i g u u u 
? 2 \o\o 2o • g u g g •V*l 

Balasubramanian 

uJ>#Vg 

i [ i i i r 
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4 .00 

3.00 

5.00 

2 .85 

3.00 

3.00 

3.25 

3.75 

S.00 

3.00 

3.25 

3.75 

Z. 80 

3.00 

5.00 

s t a t e (Jtr>tAnce 

00 

70 

08 

, 2, ? 2 1VVu 

88 

72 

85 

51 

41! 

30 

52 

53 

31 

37 

15 

8 

31 

73.3 

60 

32 

38 

18 

40 

32.5 

48 

2 

19.3 

5.6 

37 

4.2 

4.2 

15 

38 

8.3 

12 

10 

1.57 

22 

2.5 

27 

g u Ii g 
2 ? 2 2 In Io 2o n Io Io 2o n„ g u u it g u g g 

. 2. 2 I 1VVg Io Io 2o n g u g u lo 2 lo 2o n2 l o j lo , 2o„n^ U1U1UnIan 

g u g u g u g 9 g u g u 

V1" 

\ (II) 

V"> 

E..(ll) 

E11(III) 

A11(II) 

2.70 

3'. no 
4.00 

3.00 

6.(10 

3.00 

5.00 

4.00 

2.50 

2.70 

3.00 

3.00 

5.00 

2.55 

2.00 

2.25 

2.55 

2.1)0 

2.55 

?.B0 

2.80 

fid 

84 

90 

91 

34 

54 

06 

47.5 

60 

64 

58 

5 

29 

16 

29 

76 

74 

70 

79 

43 

3 

33 

69 

76 

3.3 

7.4 

4 

2 

21 

49 

24 

1 

B. Ge2 

The only spectroscopic study of Ge2 appears to be the 
Raman and fluorescence spectroscopic investigation of 
Froben and Schulze.135 The other experimental study 
on Ge2 is that of Gingerich and co-workers136 which 
deals with the dissociation energy of Ge2. Shim et al.137 

as well as Pacchioni138 have studied the lowest lying 
states of Ge2 using the Hartree-Fock (HF)/CI method. 
The molecular orbitals for CI calculations were obtained 
by a single-configuration SCF treatment. As Shim et 
al.137 noted, starting with MOs obtained by different 
states led to different results in this method. Thus, a 
single-configuration SCF treatment does not seem to 
be very reliable for obtaining the spectroscopic prop
erties of excited states. Also, the splitting between the 
3 S ; and 3 n u states is small for Ge2, analogous to Ga2. 

Balasubramanian139 made CASSCF/FOCI calcula
tions on Ge2 employing RECPs that retained the 4s24p2 

outer shells in the valence space. A (3s3pld) valence 
Gaussian basis set of the same quality employed for Ga2 

was used for Ge2. Table 6 shows a few low-lying MO 

configurations and a list of possible X-s states for Ge2. 
Table 7 shows the dissociation limits for the low-lying 
states of Ge2. As seen from these tables, there are many 
low-lying states for Ge2. 

Table 8 shows the theoretical spectroscopic properties 
(Re, Te, W6) of 14 low-lying electronic states of Ge2 ob
tained by Balasubramanian.139 Figure 2 shows the 
potential energy curves of some of these states. As one 
can see from Table 8, the ground state of Ge2 is X3Sg; 
however the 3IIU state is only 767 cm"1 above the 3Sg 
state. Since this splitting is small, the possibility of 3II11 

being the ground state cannot be ruled out since higher 
order correlation corrections not included in Balasu-
bramanian's calculations139 may reverse the ordering. 

Table 9 shows the adiabatic transition energies of 
some allowed electric dipole transitions. The most im
portant transition originating from the ground state 
(3Sp is the 3S^ ** X3Sg transition. The theoretical 
energy separation for this transition is 20979 cm-1. The 
corresponding transition was observed for Sn2 at 18 222 
cm"1.140 It seems that to date this transition has not 
been observed for Ge2. The spectroscopic bands in this 
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TABLE 6. A Few Low-Lying Electronic Configurations of 
Ge2 and the X-s States Arising from Them0 
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TABLE 8. Theoretical Spectroscopic Constants of Ge2" 

State 
MO configuration A-s s t a t e s 

Re (A) Te ( cm" 1 ) iiie (cm -1) 

*K 
2V\ 

K 

vv\ 

2og2V«u 

2 9B1Vg 

"The 1*21*5 shell is 

3V 1V X 

1^g+ 

5 - 3 - 1 - 3 v v2)- v v 
1 » 1 T + 

V 1U 

3V \ g ' g 

3 . 3 . - 3 . + 1 . 1.+ 

V V V V Eu 
not shown. 

3V 

Iv-
• "u 

TABLE 7. Dissociation Relationships for a Few Molecular 
States of Ge2 

M o l e c u l a r S t a t e s Atomic 
States 

Energy 
of the 

separated 
atoms3 

'Ag 

V11' 

X 
3 T 9 ( I I ) 

X 
X 
3 Ig ( ID 

2.44 

2.34 

2.50 

2.44 

2.35 

2.41 

2.88 

2.67 

2.69 

2.95 

2.93 

3.68 

2.86 

1 ^ ( I I ) 3.25 

"The experimental H0
0 = 

to CASSCF/FOCI Z)6(Ge2) 
are from ref 139. 

0 

767 

3982 

5521 

5794 

10 840 

13 534 

13 995 

17 373 

17 465 

20 979 

24 634 

29 078 

32 663 

2.65 eV (Kingcade et al. 
= 2.3 eV. AU spectroscc 

259 

251 

255 

192 

269 

258 

162 

167 

165 

99 

152 

100 

156 

125 

13e) compared 
pic constants 

1 ^ ) - 1 V 1 V 1 V 1 V 3V2> 

3 V 3 V 3 V 3 V %+<2>. 

%+ , 3IU\ 3Ig(2), Vj(2), 3ng(3), 

\ ( 3 ) >
3 A g ( 2 ) , \ ( 2 ) , 3*g , \ 

"From ref 134. 

3 P + 3P 0.0 

3P + 1D 7126 

region should be intense and well resolved. The 3IIg ++ 
3nu transition is also important. Balasubramanian's 
calculations predicted this transition to be in the 
13000-cm"1 region. The 3IIU ** 3S" transition energy for 
Ge2 is much lower than the corresponding 0* ** Og 
transition for Sn2 or Pb2. 

The 1S* state may be observable with small proba
bility in the 3Su(Oj) -* 1S*(0*) emission, since Ge2 is a 
reasonably heavy molecule. The theoretical energy for 
this transition is 15 460 cm-1.139 If the 3SU state can be 
populated, then this transition should be observable in 
emission. In the same way, the 3Su(0u) -* IS^(II) 
transition should be observable in the 10140-cm"* re
gion. The 3IIg(II) ** 3nu transition is also an important 
allowed electric dipole transition. As seen from Table 
9 this transition occurs at 16503 cm"1. The electronic 
spectra that correspond to the 1IIg ** 1IIu and 1IIu(II) 
** 1IIg transitions should be in the regions of 12 204 and 
15198 cm-1, respectively. 

The theoretical CASSCF/FOCI139 De value for the 
ground state (X3Sp of Ge2 is 2.29 eV. This is in rea
sonable agreement with the experimental value of 2.65 
eV reported by Gingerich and co-workers.136 The small 
discrepancy between the calculated and observed values 

a) 
t 
O 
X 

50 60 T.o 

R-(A) 

Figure 2. Potential energy curves for the low-lying electronic 
states of Ge2 (reprinted from ref 139; copyright 1987 Academic 
Press, Inc.). 

could be attributed to higher order correlation correc
tions as well as the use of effective core potentials. 
Balasubramanian's De

139 was found to be close to the 
HF/CI calculation of Pacchioni,138 which yielded a De 
value of 2.34 eV. Balasubramanian's vibrational fre
quencies of the 3Sg and 3nu states were in reasonable 
agreement with those of Shim et al.137 The value re
ported by Pacchioni138 for the 3IIU state (195 cm"1), 
however, is different from Balasubramanian's and that 
of Shim et al.137 For both Sn2 and Pb2 the vibrational 
frequencies of 3Sg and 3nu differ by at most 10%. 
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TABLE 9. Adiabatic Transition Energies of Allowed 
Electric Dipole Transitions of Ge2" 

TABLE 11. Dissociation Relationships for a Few 
Low-Lying States of As2 

T r a n s i t i o n 

U y 

~> ~ 3 -

-S9(Ii, -X 
3 7 ( H i - 3 A 

g l • a u 

1S^(II) ~X 

X - u 

g u 3 r - 3 F 
g u 

1 F f i l l - 1 F u- - g 

"From ref 139. 

Energy (ci 

767 

3655 

3839 

5579 

12 204 

13 125 

15 198 

Ti ) T r a n s i t i o n Energy 

3IT ( I I ) ~ 3 F g l ' u 
3 - - .. 3 V -

-u "g 

Xw ~X{11) 

3 3 -
1 A - 1 A u g 
1 •> . 

"F ( I I ) - " u ' ' "g 
1 T , ' T T 1 _ 1 , 

1 1 U ' - 1 - - ; 

16 

20 

21 

24 

25 

27 

23 

(cm- 1 ) 

503 

979 

823 

357 

096 

142 

631 

TABLE 10. Contributions of Various Configurations to the 
Electronic States of Ge2 at Their Equilibrium Geometries" 

S t a t e C o n f i g u r a t i o n s 

M o l e c u l a r S t a t e s 

1 S + , 3E + , V, Y " g ' u ' g* u 

3 I + , 3 I + , 3F, , 3 F , 3A , 3 A , , g ' u ' g ' u ' g ' u ' 

V . V , 5F , 5F , 5An, V g u g u g u 

\ 3V \ \ 
%> % \ \ 

1 I g O ) , 1 I " ( 2 ) , 1TTg(2) , 1 F n O ) 

1A3(S), \ , \ , \ , 1T5, 

\ * ( 3 ) . 3 E g O ) , 3 F U ( 2 ) , 3 F g ( 2 ) 

\(2). 3A5. X- \ \ 

Atomic States 

4S +
 4 S 

4 S +
 2D 

4 S • 2 P 

2O + 2D 

Energy ( c r r f 1 ) 8 

0.0 

10,790 

18 ,530 

21 ,580 

" Experimental atomic energy separations from ref 134. 

0_ 

3 n -

2o 2 l f t 2 (85%) , 2 o 2 l i r 2 [ZZ) 

2 O n U 3 (80%), 2 o g l n n l n 2 (7X) 

2 o 2 l , u
2 (83%) , 2 O 2 I n J (5%) 

2 o g l n 3 (80%) , 2 o g l V , 2 !8%) 

2 O 2 1 I T 2 (63%) , I n 4 (17%), 2 o 2 l n 2 (6%) 

1^u <52">- 2 0 X (17S)' UlU\ {U% 

2 0 2 I n n I F g (82%) , In3IiTg (3%) 

2OgIn2IiTg (83%) , 2 O 9 I F J (2%) 

2OgIn2In9 (83%), 2o„lnNln
2 (2%) 

2 
2O9

2In11 
ng (57%) , 2o g2c . 2 

17% 

;n; 

"From ref 139. 

I n 3 I t n (8%) , 2o n 2o I n n (4%) u g g u g v ' 

20,.2O11In11Inn (47%) , 2 o n l n n fl6%) g u u g l " g g ' 

2 o 2 l n 2 (15%) , In 2 In n
2 (10%) 

2 0 2 I n n I n 5 (54%) , 2 o g 2 o n l r 2 (17%) 

I n 3 I n n ( 14%) , 2 o n 2 o l " 2 (3%, J s y u 3 
2OgIn n In 9

1 (57%) , 2 o g l n 3 (15%) 

2c I r ^ I n n (11%) u u g 

However, Pacchioni's we for 3II is 17% smaller. 
Table 10 shows the contributions of various MO 

configurations to the FOCI wave function of the elec
tronic states of Ge2. As seen from Table 10, the 3S" and 
1Ag states are predominantly 2<j\lir\. The 3IIU and 1IIu 
states are composed predominantly of the 2<Xglir3 con
figuration. Like Ga2, the 1S8" state of Ge2 exhibits an 
interesting behavior as a function of internuclear dis
tance. At short distances, it was found to be predom
inantly made of the ITT4 configuration. At near-equi
librium geometries this state was found to be a mixture 
of 2<7gl7Tu and ITT4 configurations. The 1Sg(II) state is 
also a mixture of these two configurations, with the 
latter configuration making a greater contribution at 
its near-equilibrium geometry. Thus, these states ex
hibit avoided crossings. As seen from Table 10, corre

lation seems to be a bit more important for the 3nu state 
than the 3Sg state. Consequently, higher order corre
lation effects may lower the 3nu state a bit more com
pared to the 3S; state. The 3S" state is a mixture of the 
2or l̂7rulirg, 2crg2crul7r̂ , and lirflTTg configurations, sug
gesting the existence of another 32~ state that would 
also be a mixture of these and other configurations. 
Although Balasubramanian139 did not calculate the 
energies of this state at all distances, on the basis of the 
splitting of this state at 2.75 A from the equilibrium 
geometry of the ground state it was predicted that the 
Te value of this state should be below 29000 cm"1. 

C. As2 

Electronic spectra of As2 were first observed by 
Gibson and MacFarlane71 in 1934. These authors71 

studied the absorption spectrum of As2 in the 40 500-
cm-1 region. The vibrational levels of the excited state 
participating in these bands were highly perturbed and 
predissociated, which led to the prediction of crossing 
of another potential energy curve with this curve. Later, 
a number of authors studied the As2 molecule experi
mentally.141_154,158 These studies included both ab
sorption and emission spectra of As2 in the visible and 
vacuum-UV regions. Particular systems that have been 
observed include A •** X, C -* X, C *- A, a -* X, B -* 
X, d — X, and D -— c. Among these, the A ** X system 
has been extensively studied. Vibrational and rotational 
analyses of a number of observed systems have been 
carried out.146'150 Heimbrook et al.156 studied the As2 
dimer generated by evaporating gallium arsenide which 
was then trapped in solid neon. These authors156 

studied vibronic bands of three systems of As2 desig
nated as the c +• X, e -» X, and a ** X systems. Both 
the ionization potential147 and the electron affinity148 

of As2 have been measured. 
Theoretical calculations on As2 include those of Kok 

and Hall,155 Watanabe et al.,157 and Balasubramanian.159 

The first two works were restricted only to the ground 
state of As2.

155'157 Balasubramanian159 carried out 
CASSCF/FOCI calculations on 18 electronic states of 
As2 using RECPs (4s24p3 shell of As included explicitly 
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TABLE 12. Spectroscopic Properties of As2
0 
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State 

* \ 
c \ + 

« \ 

\ 
aV O+ 

U U 

\ 

\ 

S+("> 
\ 
1Ig+(III) 

^ + 

b3n, !II) 

1^ 
U 

1 

g 
1V") 

Re 
Theory 

2.164 

2.418 

2.357 

2.58 

2.345 

2.756 

2.313 

2.561 

2.298 

2.654 

2.466 

2.561 

2.535 

2.747 

2.74 

(A) 
Expt. 

2.103 

2.304 

--

— 

2.279 

-

~ 

--

--

-

[2.50] 

--

-

-

--

" Theoretical spectroscopic 
mental values are from ref 37 

Te ( 
Theory 
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11 

19 

25 

26 

30 

30 

32 

33 

41 

43 

A A 

45 

47 

51 

860 

976 

053 

406 

676 

743 

722 

262 

228 

207 

569 

327 

668 

294 

constants 

cm-1) 

Expt. 

0 

14 500 

19 915 

— 

24 641 

--

-

--

--

--

[40 349] 

--

-

--

--

ue ( 
cm-1) 

Theory Expt. 

394 

235 

324 

316 

341 

179 

341 

274 

317 

221 

253 

200 

216 

174 

108 

are from ref 159. 

430 

314 

330 

--

337 

-

--

--

--

--

[260] 

--

--

--

--

Experi-

in valence) and a valence (3s3pld) Gaussian basis set. 
The CASSCF active space included four a1( two b2, and 
two \ orbitals in the C2v group. The FOCI calculations 
included up to 27 000 configurations while the CASSCF 
calculations included up to 384 configurations. 

Table 11 shows the possible low-lying electronic states 
of As2 and their dissociation limits. As seen in Table 
11, due to the 4s24p3 open-shell ground state of the As 
atom, As2 has the largest number of possible valence 
electronic states of all the dimers in that row. The 
ground state of As2 is a 1S* state arising from 
lo-glo-u2o-gl7Tu, which represents a triple bond between 
As atoms. 

Table 12 shows the spectroscopic properties of a 
number of low-lying states of As2. Also indicated in that 
table are the assignments of the states that have been 
observed experimentally. Figure 3 shows the potential 
energy curves of low-lying singlet states, and Figure 4 
shows the potential energy curves of the triplet states. 
As seen from Table 12, the theoretical bond length of 
the ground state is ~0.06 A longer than the experi
mental value. The slightly longer bond was attributed 
by Balasubramanian159 to higher order correlation ef
fects that were not included in the FOCI calculations 
and the use of RECPs. 

The strongest electric dipole transition from the 
ground state is the A1S* *» X1Sg transition. The first 
1Sy state is calculated 43207 cm-1 above the ground 
state (Table 12). This has been characterized experi
mentally as the A ** X system in the 40 350-cm"1 region. 
The calculated we and Re values of the A state are in 
very good agreement with the experimental values. The 

state is a mixture of the lo2Aol2ollirl\ir„, 
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Figure 3. Potential energy curves for the low-lying singlet 
electronic states of As2 (reprinted from ref 159; copyright 1987 
Academic Press, Inc.). See Table 12 for spectroscopic labels of 
known states. 
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Figure 4. Potential energy curves for the low-lying triplet states 
of As2 (reprinted from ref 159; copyright 1987 Academic Press, 
Inc.). See Table 12 for spectroscopic labels of known states. 

lo-jjlo-u2o-g2o-uliTu, and lo-glo-ulTTulirj configurations. 
As already mentioned, the A ** X bands are predis-

sociated and have been studied by many authors. Ba-
lasubramanian's159 theoretical calculations supported 
the existence of a B state near the A state, which had 
the same symmetry, since the A state is a mixture of 
several configurations. The exact nature of the state 
predissociating the A ** X bands has not yet been es
tablished. 

Heimbrook et al.156 observed vibronic bands of As2 
in the red, yellow, and blue-near-UV regions. These 
transitions were labeled c ** X1Sg, e ** X, and a ** X. 
These authors156 also tentatively assigned the a, c, and 



102 Chemical Reviews, 1990, Vol. 90, No. 1 Balasubramanian 

TABLE 13. Leading Configurations of the Various 
Electronic States of As2 at Their Equilibrium Geometries0 

S t a t e ;or*"igurat i on 

3„ -

3. 

I a . I o Zo 1 rr , ( 8 2 * 1 , 13 Io 2o ITT,ITT (9%) g u g u g u g u g ' 

l o f l o Za Iu I n ! 7 5 " ) , Io Io 2o ITT ITT (11%) g u g u g ' g u g u g 1 

. 2, 2 , 2 , 3 , , „ , _ , . 2 , 2 , 2 . . 3 , , „ . -c 10 2o ITT . t i,S2S , . 0 : 0 2o . r ;TT 7%) 
g u g u g g u g u g 1 

'' I '- 2 2 2 3 .0 Io 2 s ITT ' ITT ( 7 6 S ) , I O I O 2O ITT ITT '1O=;) 
a u g u a • g u o u g 
2 2 ? 7 2 l o ' l o 2o 1TT"1TV •;87%> g u g u g 1 

, 2 , 2 , 2 . 2 . 2 , „ , „ , , 2 . 2 , 2 . 2 . 2 , . „ , l o „ l c 2o I n 1 I T i , 8 6 S ) , l o „ l c , 2 o ITT .TT„ 4S I 
g u g u g g u u u g v 

2 ? ? 3 2 2 2 2 h h " 2 i I i 1; (86S], Io Io 2o 2o h i : (3Si g u g u c ' ' g u g u u g 
, 2 2 _ 2. 2. 2 . , - „ , 
l 3 g l o u 2 V V * g I s ' '« ' • s u , u 

1 3 J 1 3 U 2 V ^ 5 < 8 2 - ' l 3 ; l 3 u 2 3 g W H !5"> 

2, 2 , 2 . 4 
: „ ; o 2O„1TT 

"1 

,"(in) i o J io 2 2o 2 m 2 m 2 (89s; 

3„ 

1 3 S 1 3 U 2 3 H ^ ii7%)' l 0 g 1 O u 2 c g 2 3 u l r u < 2 2 ^ ' 
9 ? ? 1 

I S - I C ^ I T T 1 1 I T ; ; ( 17S ; 
9 - 3 - 5 

, 2 , 2 , , 3 2 , „ , „ , , . 2 , 2 , , 3 , 2 ,, .... . 3 . I o , 2 o . I r TT„ 8 5 S , , i o „ l o 2O„;TT ITT ; 1 . = » g u g u g ' g u g u g 1 

1 8 X 2 ^ H :81">- 1 3 H 2 W ^ <2*> 
l o j l o 2 2 o , l n 2 > 2 ( 6 1 S ) , : S ? l : 2 2 ! ( : 2 3 j l ^ l r (12S) 

• . ^ 1 

• > . 

: ' : / 2 o ! ; g J g (63%) 
2 ? 

lo.lo-2o 

" Numbers in parentheses are contributions in percentage; from 
ref 159. 

e states to the 1S* 3Sy, and 3A11 states. As seen from 
Table 12, theoretical calculations support the assign
ment of the a, c, and e states to the 3SU, 3S+, and 3AU 
states. The calculated o>e values of these states are in 
reasonable agreement with the experimental results. 

The b -* X system was observed by Almy and co
workers,141-143 although no spectroscopic properties have 
been reported for the b state, since the b -* X system 
appears to be weak. A possible candidate for the b state 
is a 3II11 state. Balasubramanian's calculations159 sup
ported the existence of a 3II11 state whose Te value is 
44669 cm"1 and was designated as 3IIU(II). The ex
perimentally observed bands for the b -» X systems are 
consistent with the theoretical Te value. Although the 
3IIU —• 1Sg transition is not allowed in the absence of 
spin-orbit interaction, the spin-orbit effects seem to be 
large enough to give rise to the weak 0* —* 1Sg transi
tion, where O+ arises from 3IIU. Alternatively, the 
3nu(lu) -* 1Sg transition should also have been ob
servable in the perpendicular direction via spin-orbit 
mixing of 3nu with 1IIu. 

Many electronic states are reported in Table 12 that 
have not yet been observed. Specifically, the 1II11 • • 1Sg 
transition is an allowed electric dipole transition. The 
calculated Te value of the lUu state is 45 327 cm"1. Thus, 
this system should be observable in both absorption and 
emission. Sibai et al.150 have observed bands in the 
42 400-44 500-cnrr1 region. The theoretical Te value of 
the 1II11 state seems to support the assignment of these 
bands to the 1II11 +- X transition, although this assign
ment is not yet confirmed. The 1II11(II) •«-»• X

1S* tran
sition is also an allowed electric dipole transition. From 
the calculated properties of the 1IIu(II) state (Table 12). 

this transition lies at 51300 cm-1. The theoretical we 
value of the 1II11(II) state is 108 cm"1, indicating the 
broad nature of the potential surface of the 1IIu(II) 
state. A number of unclassified bands have been ob
served158 in the 47 000-55 000-cm"1 region. Thus, the 
absorption bands in this region could tentatively be 
assigned to the 1II11(II) *- X1S* transition. 

There are many allowed electronic transitions origi
nating from excited electronic states that appear not 
to have been observed. The 3II11 ** 3IIg transition is a 
strong allowed transition and could be observed as the 
3IIU -* 3IIg emission system. The approximate energy 
for this transition is 18616 cm"1. The 3Ag -* 3AU tran
sition occurs at 10728 cm"1, and the 1A11 - • 1Ag transition 
could be observed in the region of 17 000 cm"1. None 
of the bound excited 1Sg states (Table 12) have been 
characterized experimentally. Emission from the A1S+ 

state to all lower 1S+ states is allowed. The A1S* -* 
1Sg(II) emission coufd be observed at 10485 cm"1. The 
1Sg(III) and 1Sg(II) states would be accessible in 
emission from the B1S+ state. The +IIg -* 1II11 and 1IIg 
—• 1IIu(II) transitions could be observed at 12065 and 
18032 cm"1, respectively. None of these transitions have 
been observed. 

The theoretical De of the ground state of As2 obtained 
by using the CASSCF/FOCI method159 was found to 
be 21860 cm"1 or 2.71 eV. The spectroscopic De value 
was obtained by extrapolating the predissociated A-X 
bands into the 4S + 2D atomic states.142'143 The De value 
obtained this way (3.96 eV)142 should not be regarded 
as accurate, and usually such extrapolations provide 
only an upper limit. Nevertheless, second-order cor
relation corrections could increase the D6 value of the 
ground state. The De of As2 should, however, be closer 
to 3.8 eV, and thus CASSCF/FOCI calculations un
derestimate the De of As2. 

Table 13 shows the important configurations con
tributing to the electronic states near the equilibrium 
geometries of the various states.159 As seen from Table 
13, the ground state of As2 was found to be predomi
nantly the triple-bond configuration 1O|1<T22<T21XU, al
though the lff2liT22(i-?lxulxg configurations also make 
an appreciable contribution, thereby lowering the bond 
order to 2.64. In Table 13 the sums of the squares of 
the various configuration spin functions compatible 
with the electronic distribution are shown. The A1S+ 

state participating in the strong A *» X system is a 
mixture of Ia2Ia2^(TlIx3IXg, l<T2l<T22<Tg2(Tul?'"4i> an^L oth
er configurations. The C3S+ state is predominantly 
la2Iff2,2a2Ix317Tg. The a3S~ state is composed of the 
1 o-g 1 tTy2 o-g 1 x„ 1 Xg configuration. From the contributions 
of the A1S* state, it can be deduced that the orthogonal 
B1Su S+^+* should be a mixture of the l<Tgl(r22ag2o-ulxu, 
l<Tgl(Tg2(Tglxulxg, and laglffu2cr|lxulxg configurations; 
the first configuration would probably make the highest 
contribution to the B state. 

D. Se2 

The Se2 dimer has been studied by a number of in
vestigators.160"172 The earlier works on the spectroscopy 
of Se2 are summarized in ref 37. The O2 analogues of 
the Schumann-Runge bands that are attributed to the 
B-X system are observed for Se2 in the 26 000-cm"1 

region. These bands for Se2 were found to be perturbed 
by an A state.165 The B-X, A-X, and a-x systems have 



Heavy p-Block Dimers and Trimers Chemical Reviews, 1990, Vol. 90, No. 1 103 

TABLE 14. A Few Low-Lying Electronic Configurations of 
Se2 and the X-s and w-<*> States Arising from Them" 

TABLE IS. Dissociation Relationships for a Few 
Low-Lying States of Se2 

Electronic 
conf igurat ion A-s states ui-iii s tates 

2a„ln In g u g 

, 2. 3. 3 

3r" 

X 

U 

3v" 
"u 

\ 

0 , 1 
g ' g 

3 , 2 , 1 
U U U 

0 , 1 
U U 

V 1U 

2elK-\u
3 

zW\l\ 5E-

%w 

X 

0 U - 0 U ' 1 U ' 2 U 

0 U ' 1 U - 2 U 

0 U (2 ) . l u ( 2 ) 

1 , 2 , 3 
u' u ' u 

0 U ' 1U 

"The 1J|1ITU shell arising from the valence s is not shown. 

also been observed in a matrix by Bondybey and Eng
lish.163 Prosser et al.164 have observed a BO* -b1!+ 
system by populating the B and A electronic states with 
a 4131-A krypton ion laser. In addition, a C-X system 
was also observed in the 53000-cm"1 region. Below 
26000 cm"1, five X-s states of Se2 and some of their 
spin-orbit components have been observed. These 
states were given the labels B, A, a, b, and X, among 
which B, A, b, and X have been tentatively assigned. 

The nature of the state perturbing the B3Su state is 
not well-known. This has been the subject of many 
investigations.165'169,170 Further, unlike O2, the nature 
of the electronic states below the B state is not clearly 
understood. Theoretical study of the low-lying elec
tronic states of Se2 was made by Balasubramanian with 
the objective of comprehending the nature of the low-
lying electronic states of Se2.

172 He assigned the ex
perimental spectra by a comparison of calculated and 
observed values. Saxon and Liu173 have shown that 
such theoretical calculations yield reasonable spectro
scopic constants for O2 even if errors in De may be 
appreciable. Experimental study of other related group 
VI and group IV dimers is also quite intense.174"177 

Balasubramanian172 carried out CASSCF/FOCI cal
culations on 20 low-lying electronic states of Se2 em-

Molecular states 
Atomic Energy of the 
states atoms (cm"1)8 

1^(Z). V , \ , 1 V 1A9, 

3E + , 3E", 3IT , 3* , 3A , u' g' g' V u' 

5 + 5 - 5 5 5 
% ( 2 ) , \ , \ , \ , \ 

% \ 3 I U \ 3 I - (S) . \ - ( 2 ) , 

\ ( 3 ) . \ ( 3 ) , 3 A g ( 2 ) , 

3P+
3P 0.0 

3P+
1O 9576 

"From ref 134. 

TABLE 16. Spectroscopic Properties of Se2" 

Re (A) Te (cm-1) 

State CaUd. Expt. Calcd. Expt. 
»e (cm"1) 

Calcd. Expt. 

x ^ g °g+ x l 

V2 
a' 1VV 

b ^g+ Og+(1D 

A 
3 r + 

'u 
A X (0U+) 
A 3 W 
3 W 
B3E" u 
3 Ig ( ID 
3 I - ( I I ) 

( H ) 

"yiu 
X 
1ITg(H) 

\ ( I D 

1Hg(III) 

2.244 

2.240 

2.27 

2.30 

2.51 

2.52 

(2.71) 

(2.72) 

(2.73) 

2.54 

3.12 

3.01 

3.32 

3.40 

2.53 

2.58 

2.92 

2.90 

2.166 

2.51 

2.54 

2.44 

0.0 

664 

4652 

8557 

15241 

15651 

21277 

21961 

22837 

24822 

30567 

31582 

33325 

33712 

36814 

39173 

41270 

42556 

0.0 

512 

-4000 

7958 

16321 

24111 

24940 

25980 

357 

360 

341 

323 

246 

244 

197 

194 

139 

232 

133 

122 

385 

387 

320 

355 

268 

195 

187 

246 

233 

325 

141 

1:9 

"Experimental values for the X1, Xo, and B states quoted here 
are from Huber and Herzberg's book.*7 Experimental values for 
the 1A8,

 1Sg-(O8"),
 3II11(O+), and 3II11(I11) states are from ref 168, 164, 

165, and 162, respectively. Theoretical values are from ref 172. 

ploying (3s3pld) valence Gaussian basis sets and 
RECPs that included the outer 4s24p4 shells explicitly 
in the valence space. The internal space consisted of 
four &x orbitals, two b2 orbitals, and two bx orbitals for 
Se2. The FOCI calculations of Se2 included up to 10 750 
configurations. 
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Figure 5. Potential energy curves for the low-lying states of Se2 
(reprinted from ref 172; copyright 1987 American Chemical So
ciety). See Table 16 for spectroscopic labels of known states. 

Table 14 depicts the possible low-lying electronic 
states of Se2 in both X-s and w-o> coupling. Table 15 
shows the dissociation relationships for the low-lying 
electronic states of Se2. The ground state of Se2 is 
evidently an X3Sg state arising from the 
lffglff^CTglxJliTg configuration analogous to O2. Many 
of the low-lying electronic states enumerated in these 
tables were studied by Balasubramanian. 

Spin-orbit interaction was also introduced by Bala
subramanian172 to some of the electronic states of Se2 

(3Sg, 1Sg", 3nu(0^), 3nu( lu)) with the objective of esti
mating the effect of spin-orbit interaction. This was 
accomplished through the RCI scheme. A double-f 
STO basis set optimized for the 3P ground state of the 
Se atom was employed in SCF/RCI calculations. The 
O)-W states arising from the 3S", 1Ag, and 1Sg" states were 
obtained by using the orbitals generated from SCF 
calculations of the 3Sg state. The w-« states arising 
from the 3I1U and 1Iln states were calculated by using 
the 3I1U SCF orbitals since 3Sg SCF did not produce a 
good 2<ru orbital as this is unoccupied in the 3Sg state. 

The RCI calculations of the Og state of Se2 included 
single and double excitations from Cartesian reference 
configurations arising from l<Tgl(T2

I2<Tgl7rulirg(3S" 1Sg) 
and la2

gl(xl2oglir
4
ulirl(3Ilg). The lg state included five 

reference configurations arising from 3Sg(lg), 3IIg(Ig), 
and 1II8(I8J. The 2g state included eight reference 
configurations arising from 1Ag and 3II8. Balasubra
manian172 also carried out RCI calculations of the 0*, 
lu, and 2U components of the 3IIU state. The Q* state 
included limited single and double excitations from 24 
reference configurations arising from a number of 3II11 

references and 3Su references. The lu state calculations 
included 3II11,

 1Un, and 3 S* references, while the 2U 

calculations included only 3II11 references. 
Table 16 shows theoretical and experimental spec

troscopic properties {Re, Te, and we) of the low-lying 
electronic states of Se2. The potential energy curves of 
some of these states are shown in Figure 5. As seen 
from Table 16, the ground state (X) is the 3S" state 

arising from the la2
glo

2
n2o\lTrnlTrl configuration. The 

discrepancies in theoretical Re and we values of the 
ground state are within 3-6% of the experimental 
values. The «es of the various states in Table 16 were 
calculated by using a cubic polynomial fit of energies 
at near-equilibrium geometries. The small discrepancy 
between calculated and observed values arises partly 
from the errors in fits (usually within ±15 cm"1) and 
partly from higher order correlation corrections and 
basis set effects that influence the «e values. 

The strongest electronic transition originating from 
the ground state is the B3S" -X3Sg system. The theo
retical properties of the 3S" state are in very good 
agreement with the spectroscopic values, confirming the 
earlier assignment of this system. There have been a 
few experimental investigations on electronic states 
below the B state. Specifically, the A state in the A-X 
system was identified by Heaven et al.169 The T6 value 
of the A state reported by these authors is about 24 111 
cm""1. Balasubramanian's172 theoretical calculations 
confirmed the existence of a 3II11(Ou) state with a theo
retical T6 of 21277 cm"1 in this region. Thus, the A state 
was found to be most consistent with 3IIu(0u). The 
3IIy(Ou) spin-orbit state could mix with 3S^(Ou), al
though Balasubramanian's RCI calculations revealed 
that this contamination is negligible for 3nu(0u) at its 
equilibrium geometry. Similarly, the mixing of the 
3IIU(1U), 3Su(IJ, and 1IIu(Iu) state was found to be rel
atively small for the selenium dimer. Balasubramani
an's172 theoretical Re value for the A state did not agree 
well with the value calculated from the experimental 
spectroscopic data. A similar deficiency was found in 
the 3 n u states of Br2 and I2. The 3II11 state is weakly 
bound and its surface is shallow. The basis set that was 
used in conjunction with effective core potentials does 
not appear to be of sufficient quality to compute the 
spectroscopic properties of weakly bound excited states. 
Diffuse basis functions and polarization functions could 
be important for the 3IIU and 1U11 excited states. 

Bondybey and English163 have observed spectroscopic 
bands with a T6 value of 16 321 cm"1, which they at
tributed to a weak electronic transition. These authors 
call this an a-X system, although this designation could 
also be used for the 4000-cm"1 system. To differentiate 
the two systems, the state with T6 = 4000 cm"1 was 
denoted by Balasubramanian as a'. Theoretical calcu
lations suggested the existence of a 3A11 state in the 
neighborhood of the observed electronic bands. The 
theoretical and experimental we values were also found 
to be in very good agreement. Further, the 3A11 *+• 3S" 
transition is dipole forbidden, supporting the experi
mental observation of weak electronic bands in this 
system. The above reasonings led Balasubramanian to 
suggest the assignment of this system to the a3Au-X32~ 
forbidden transition. 

Prosser et al.164 and Winter et al.168 characterized an 
electronic state (b) with a T6 value of 7958 cm"1. The 
b state was tentatively assigned to the 1 S* electronic 
state. As seen from Table 16, the results or theoretical 
calculations support this assignment. The fact that the 
theoretical and the experimental T6 values of this state 
are in excellent agreement and that there is no other 
electronic state with this T6 value led Balasubramani
an172 to confirm unambiguous assignment of the b state 
to the 1Sg state arising from the l<Tgl<r22(Tgl7rul7r2 con
figuration. 
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Yee and Barrow170 studied the absorption and 
fluorescence spectra of gaseous Se2 in the 5145-4880-A 
region. These authors assigned these bands to an n ** 
a transition where the upper state is believed by these 
authors170 to be a relatively weakly bound lu state which 
perturbs the B3Su(0u) state. The a state is predicted 
to be approximately 4000 cm"1 above the X3Sg(Og) 
ground state and was tentatively assigned to 1Ag based 
on the lower vibrational frequency of this state com
pared to that of the ground state we. The theoretical 
spectroscopic properties for the 1Ag(Sg) ^ t e (Table 16) 
certainly support this assignment. The experimental 
we value (320 cm-1) does not follow the theoretical trend 
in Table 16, which implies that the «e value of the 
xAg(2g) state should be 20 cm"1 less than the we value 
of the 32g(C£,lg) states. While the spin-orbit coupling 
lowers the Te value of the 1Ag state by 95 cm"1, it does 
not change the Re and «e values at all. This is primarily 
a consequence of the fact that the 1Ag state was not 
found to be contaminated with other X-s states that 
give rise to a 2g w-w state such as 3ng. While it is 
possible that small errors could be introduced by the 
procedure used by Balasubramanian172 to calculate coes 
by fitting energies using a cubic polynomial in the near 
vicinity of the equilibrium geometry, this was ruled out 
by Balasubramanian based on the fact that identical 
distances were used for all four states, namely, Og, lg, 
2g, and Og (II). Consequently, it appears that the ex
perimental W6 of the a1 Ag state (320 cm"1) is somewhat 
low and should be about 368 cm"1; this was arrived at 
by decreasing the experimental o>e value of the 3S~(lg) 
state by 19 cm"1 as implied by the theoretical calcula
tions. 

The small difference in the we values of the X1Og and 
X2Ig states is mainly due to the spin-orbit mixing of 
3Sg(Og") with 1S (̂Og"). The 0+ state was found to be a 
mixture of 3S" (81%) and 1S8

- (8%) X-s states in the 
vicinity of the equilibrium geometry. The Re of 1Sg was 
found to be larger than the corresponding value for 3Sg, 
and the ue value is smaller than that of the 3Sg state. 
The Re and we values of the 3Sg and 1Sg states when 
weighted with appropriate spin-orbit contaminations 
(81%, 8%) were found to be in accord with the theo
retical Re and we values for the X1Og state in Table 16. 

Jenouvrier165 has studied the perturbations of the 
bands in the B(3S~(0u))-X system. There is some 
confusion introduced by using the label A to designate 
the state that perturbs the B state and the A3II11(Ou) 
state. The A state that was found to perturb the B state 
was assigned to A3IIU(1U) by Jenouvrier.165 It is best to 
refer to these two states with their Q quantum number 
in parentheses. The A3IIU(1U) state is 1000 cm"1 below 
the BOu state. There is also another state designated 
A' assigned to A(1IIu(Iu)) by Jenouvrier165 which was 
also assigned as the state perturbing the B state. The 
A' state was found to be only 110 cm"1 below the B 
state.165 From Table 16 it can be seen that the theo
retical lu state (predominantly 3IIU) is 685 cm"1 above 
the 3IIu(0u) state. The corresponding experimental 
splitting reported by Jenouvrier165 is 829 cm"1 and is 
thus in reasonable agreement with the predicted spin-
orbit splitting for this state. However, the larger the
oretical Re value was attributed by Balasubramanian 
to the basis set and suggested further extension of basis 
sets with more diffuse functions and polarization 
functions since they appeared to play a significant role 

TABLE 17. Leading Configuration(s) Contributing to the 
Low-Lying States of Se2 at Their Equilibrium Geometries" 

State Conf igurat ion 

3, 

3^: 

, 2, 4. 2 2 W ^ g 
2 4 2 

2^X 
, 2, 3, 3 
2VV^g 
2 * g 2 l V * g 

89%) 

89S) , 2 O 2 I U 2 I T ^ (6%) 

8Z'i), 23 2 I I r 2 I "^ (9%) 

90%), 2O21IT31TT3 (3%) 

90%), 2 S 2 I n 3 I n 3 (3%) 

2og22V%lng t66* 2 0 S 2 V V 1 1 S (22*> 

3 V I I ) 

3ym 

X ( I I ) 

V I I ) 

X ( I I I ) 

28S2!V*g i73-)' 2 V u 1 V " ! <14*'' 
2 W V ^ ("' 

2 V V V " g <42%>- 20S1V^ (38%'> 

2 , 2 I n 4 I n 2 (8%) 

2 V V V ^ g (78%»> 2 0 U 2 V^g [7-35S) 

^ 2 V X t48»>- 2 og2VV*g <23-»> 

2 'g2VV*g (20S) 

2 o g 2 o u i n 4 l . 2 (38%), 2 c g 2 B u l V « J (27«) . 

2 v v * g
3 <24^ 2 v \ H 3 ("> 

2 0 2 L 3 I n 3 , (73%), 2 a g 2 o u H u
4 l . 2 (14%), 

VVVng4 {3X] 

2VV^g (84%)' 2V3U1V^5 («) 
2 'g2VV"g I8") 

"From ref 172. The lap.al shell is not shown. 

especially for the weakly bound excited states. 
As seen from Table 16, the theoretical bond length 

for the B3S" state is 0.1 A longer than the experimental 
value primarily due to the limitations of the basis set. 
The worst case is the 1IIu state, which actually comes 
out to be repulsive theoretically, while the experimental 
A' state, which is tentatively assigned to 1IIu(Iu),165 is 
bound, although somewhat less than the A states. More 
extensive calculations that include diffuse basis func
tions and polarization functions are needed to calculate 
the properties of the states perturbing the B states. 

Table 16 shows a number of electronic states of Se2 
that are yet to be observed. Specifically, the 3Sg(II) 
state, which has the same symmetry as the ground state, 
can be observed in the 3S" -* 3S^(II) emission system 
if the C state can be populated. The 3nu(II) state has 
a minimum at a long distance. The dipole-allowed 
3IIu(II) *- X3Sg transition should be observable in the 
33 000-cm"1 region. 

The theoretical CASSCF/FOCI D of the ground 
state of Se2 was found to be 2.91 eV.172 A number of 
experimental De values were obtained from the pre-
dissociation of BO+ bands (3.41, 3.16, and 3.10 eV).37 
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Photoionization and thermochemical studies seem to 
favor the higher value.171 Yee and Barrow170 obtained 
an upper bound for De as 27096 + 2X", where 2X" is the 
Og-Ig splitting. They used a somewhat smaller value 
of 367 cm"1 for this splitting compared to the theoretical 
splitting and the observed splitting (Table 16). BaIa-
subramanian corrected this by taking the 0g-lg splitting 
as 512 cm"1. Balasubramanian thus obtained an upper 
value for De as 27608 cm"1, still eliminating the highest 
of the three possible De values considered by these au
thors (27 700, 25 710, or 25166 cm"1). Thus, the Z)6 value 
should be about 3.19 eV. The theoretical value of 2.91 
eV seems to favor this more than the 3.41-eV value. A 
more accurate CASSCF/second-order CI followed by-
Davidson's correction for unlinked cluster correction 
may yield a Z3e value in closer agreement with the ex
perimental results. 

Table 17 shows the weights of the leading configu
rations in the FOCI wave functions of the electronic 
states of Se2. As seen from Table 17, the 3Sg, 1A^ and 
1Sg states are dominated by the 2<Tgl7Tul7rj configura
tion. The 3AU state observed in the 3AU-X32~ system 
arises from the 2<jglir3l7rg configuration. The A3Il11 
state was found to be a mixture of the 2<Tg2<TulTrJlTrg 
and 2ag2crulirulirg configurations. The B3Su state w a s 

found to be a mixture of the 2<Tgl7r3l7r3, 2<Tg2o-ul7r*lxg, 
and 2ffg2(Tul7rul7r| configurations. This seems to suggest 
that the C state observed in the C32~ system should be 
dominated by the 2a-g2<Tul7rul7rg configuration, although 
since this state is observed in the 53 000-cnT1 region, 
contributions from Rydberg configurations could be
come significant. 

The spin-orbit contamination of the Oj" ground state 
of Se2 was found to be 81% 3S" and 8% 1S+. The 
Oj(II) state is 74% 1S+ and 8% 3S". The lu component 
of 3nu was found to be actually 73% 3IIU 
(l(^lffS2^2ffulir*lirg)( 2% 1II11 (lo-|lffS2«r|2o-ulwJlirir), 
18% 3nu (l4l<2ffE2<Tul7r2lx3). and 0.2% 1II11 

( lagla 2
u2aXl7rM). 

E. Br2 and Br2
+ 

There are numerous spectroscopic investigations on 
Br2. A summary of spectroscopic investigations up to 
1977 can be found in the book by Huber and Herz-
berg.37 Brand and Hoy38 have published a more recent 
review on the experimental spectra of halogens. The 
electronic spectra of Br2 in the region below 60000 
c m-i 37,38 r e v e a l t h e existence of X, A, B, C, D, E, F, G, 
and H states. Among these, the A, B, C, F, and G states 
are observed in either absorption from the ground state 
or emission to the ground state. The D, E, and H states 
are observed in D -»• B, E •*» B, and H -*• B transitions. 
The ground state X is assigned unambiguously to the 
1S+ state. The A and B states are the lu and O+ spin-
orbit components of a 3I1U state. The C state was as
signed to the 1IIu state. The exact nature of these states 
(electronic configurations contributing to these states) 
and the other upper states was not clearly established 
from experiment alone, although the symmetry of the 
upper states is known in many cases from the intensities 
of these transitions. 

The B-X system has been studied by a number of 
workers. Rotational analysis, Franck-Condon factors, 
and the long-range potentials have been obtained for 
the B state by Barrow et al.178 Ishiwata, Ohtoshi, and 

Balasubramanian 

TABLE 18. Spectroscopic Properties of Br2
0 

Assignment 

X D 3 

A 1 
U 

B ° : 

= ' 2g 

E C ; 

F 0* 

K 
"3 

G °u 

S t a t e 

l r * 
L<3 

3T (2 ) 
J 1 U ' 

h ,, , 
V J 1 

3V1O 

3 

J - . / T T , - • 

V'1*' "3 

X< 
X <V 

3 V - ! °u 
3V") °; 

- U v ' - J - u 

1 I 5 ( I : ; 

*~ (i*; 

Re 
Theory 

2.33 

2.81 

2.83 

2.81 

3.21 

3.14 

3.14 

3.38 

3.23 

3.D0 

3.15 

3.32 

(A) 

Expt. 

2.28 

2.68 

2.70 

2.68 

3.17 

3.19 

3.28 

3.17 

3.17 

Te ( 
Theory 

0 

10360 

10620 

11931 

48227 

49530 

49630 

49955 

50277 

57578 

60674 

62210 

cm"1) 

Exp t . 

0 

[13220; 

13905 

15903 

48930 

49778 

53900 

49929 

53102 

56337 

wp (C" 

Theory 

321 

152 

154 

155 

157 

165 

165 

162 

157 

159 

170 

162 

f 1 ) 

Exp t . 

325 

; i 5 5 ] 

153 

158 

151 

151 

156 

134 

153 

[ 2 5 0 ; 

"Theoretical spectroscopic constants for X(O )̂ were obtained 
with the CASSCF/SOCI (4s4p2d basis) method. The theoretical 
D6(Br2) including spin-orbit effects = 1.87 eV compared to exper
imental D8(Br2) = 1.97 eV. All theoretical constants are from ref 
181. Experimental constants and assignments are from ref 38. 

TABLE 19. Spectroscopic Properties of Br2
+" 

State 

X1 X (3/2) 

v , 1 Z ( 1 / 2 ) 
1J 

A. 2 ^ (3/2) 

A2 \ (1/2) 

X 
B h; 

\ (H) 

X (1/2) 

r
e (A) 

Theory 

2 . 3 0 

2 . 3 0 

2 . 6 2 

2 . 6 0 

3 . 0 4 

3 . 0 5 

3 . 5 8 

2 . 7 9 

0 Theoretical constants are 

Te (cm'1) 

Theory Expt. 

0 0 

3 0 4 3 2820 

11 017 

14 117 16 414 

20 312 

20 584 

20 718 

25 033 

from ref 181. 

ue (cm"1) 

Theory Expt. 

343 376 

342 

194 190 

137 132 

128 

127 

89 

199 

Tanaka179 identified an ion-pair state which they des
ignated as an f state by a two-photon excitation tech
nique. A transition from the ground state X to B fol
lowed by B to f was induced by using a two-photon 
technique. Subsequently, the fluorescence from the f 
to B state was detected. As these authors179 pointed 
out, there was some controversy on the nature of some 
of the ion-pair states of Br2. 
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Mulliken180 derived the expressions for the energy 
levels related to the 3II and 1II states which enabled 
interpretation and assignment of the A-X, B-X, and 
C-X systems. 

Theoretical investigations before Balasubramanian's 
calculations181 were limited to the ground state of 
Br2182,183 Schwerdtfeger et al.182 employed a SCF/CI 
method with semiempirical pseudopotentials for the 
ground state of Br2. The calculation by Andzelm et 
al.183 employed a single-configuration SCF treatment 
which tended to give a poor De. Balasubramanian 
carried out the first theoretical calculations on the ex
cited states of Br2. Boerrighter et al.184 made HF/lim-
ited CI calculations on the electronic states of Br2

+. 
Balasubramanian181 carried out CASSCF/FOCI cal

culations on 16 electronic states of Br2 and 6 low-lying 
electronic states of Br2

+. Spin-orbit effects were taken 
into account by using the relativistic configuration in
teraction method which employed a double- f STO + 
polarization basis set for the bromine atom. The 
CASSCF/FOCI calculations were made by using a va
lence Gaussian basis set of (3s3pld) and (4s4p2d) 
quality. For the ground state, Balasubramanian also 
carried out full second-order CI calculations which in
cluded up to 210880 configurations and tested the effect 
of spin-orbit interaction on the dissociation energies. 

The theoretical spectroscopic properties (Re, Te, «e) 
of the bound states of Br2 calculated by Balasubrama
nian are shown in Table 18, and those of Br2

+ are shown 
in Table 19. The potential energy curves of some of 
the electronic states dissociating to the ground-state 
atoms in the absence of spin-orbit interaction are 
shown in Figure 6. The corresponding curves for Br2

+ 

obtained with the FOCI method of calculation are 
shown in Figure 7. 

As seen from Table 18, the XO+ ground state of Br, 
has a theoretical FOCI Re value (3s3pld basis) 0.1 A 
longer than the experimental value of 2.28 A. The 
larger basis set at the SOCI level of calculation yielded 
better results. The calculated FOCI a>e was found to 
be 10% lower than the experimental value of 325 cm"1, 
although the SOCI method improves this. 

Spectroscopic bands of Br2 observed below 60000 
cm"1 were assigned to the A ** X, B ** X, and C *- X 
transitions. The A and B states are now well charac
terized as 3nu(lu) and 3II11(O

+) states, respectively. The 
A and B states observed in the A *-* X and B ** X 
transitions can thus be assigned unambiguously since 
the O+ state should be well above 3nu(lu). The exper
imental Te values for the B and A states (15900,13900 
cm"1) are consistent with the trend suggested by theo
retical calculations. The experimental we values (153, 
167 cm"1) were found to be in very good agreement with 
the theoretical we value for the 3IIU state (155 cm"1). 
The C state was observed in the C «- X absorption 
system. It is also considered to be responsible for the 
predissociation of the B state. Although at the FOCI 
level of approximation the 1IIu state appeared to be 
repulsive, higher order correlation effects and a larger 
basis set could lead to a bound 1IIu state. Nevertheless, 
the C state must be relatively weakly bound since the 
absorption spectra that corresponded to the C «- X 
system are continuous.37'38 

The D state observed in the D -* B system is most 
probably due to the 3ng —

 3IIU transition. Since the B 
state is a O+ state, it was suggested by Balasubrama-

t 
M 
X 

Figure 6. Potential energy curves for the low-lying states of Br2 
(reprinted from ref 181; copyright 1988 Elsevier Science Publishers 
B.V.). See Table 18 for spectroscopic labels of known states. 
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Figure 7. Potential energy curves for the low-lying states of Br2
+ 

(reprinted from ref 181; copyright 1988 Elsevier Science Publishers 
B.V.). See Table 19 for spectroscopic labels of known states. 

nian181 that the O+ and lg components of the 3IIg(II) 
state are the most probable candidates for this tran
sition. Since the 3LL(II) state arises from more than a 
half-filled x shell, the 2g and lg states are lower than 
the O+ and 0g states, and consequently, the D state was 
assigned to lg. The E state observed in the E ** B 
transition was assigned to the 3ng(II)(Og) state. 

The F state observed in the F -» X system could be 
due to the 32"u(0

+) - 1S+(O+) or 3nu(II)(0+) - 1Z+(O+) 
transition. The theoretical spin-spin effects reported 
in Table 18 for the 3 S; as well as the 1S+ state were 
obtained with a calculation that included only the 3S„ 
and 1S+ reference configurations and are thus crude. 

Ishiwata et al.179 have studied the f -* B transition 
using the X -* B - • f two-photon transition. These 
authors call the f state an ion-pair state since the cal
culated Re value of the f state (3.17 A) is much longer 
than the Re value of the ground state. The f state was 
tentatively assigned to a 32g(0

+) state. It can be seen 
from Table 18 that the theoretical Re and we values of 
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the 3Sg(II) state are in excellent agreement with the 
experimental values obtained by Ishiwata et al.179 The 
observed T6 value of this state is lower than the value 
reported in Table 18 since the 3S~(II) state is split by 
spin-orbit interaction. The OjJ" component is lower than 
the unsplit 3S" state. Thus, the f state participating in 
the f —>• B system was found to be most consistent with 
the Og component of the 3Z-(II) state. The first 3S" 
state was found to be repulsive. 

The G —- X system observed in the 56 337-cnT1 region 
should be due to the G1Si(O+) — X1Sg-(O+) transition. 
The calculated T6 values of 57 576 cm""1 in the absence 
of spin-orbit interaction was found to be most con
sistent with this assignment. The rotational analysis 
of this system should be carried out to confirm this 
assignment. 

The spectroscopic constants of Br2
+ are shown in 

Table 19. Ionization of the highest occupied orbital of 
the 1 S + ground state of Br2, namely, the lxg orbital, 
yields the lowest state of Br2

+ as the 2IIg state arising 
from the l<x|lff22o-2l7rul-!r

3 configuration. There is an
other possible low-lying state arising from the 
lo|l<xu2crgl7rul7rg configuration (2S+). Balasubramani
an'81 carried out CASSCF/FOCI calculations that em
ployed the (3s3pld) basis set on the 2IIg, 2IIU, 2Ag,

 2 S + , 
and 2nu(II) electronic states of Br2

+ which dissociated 
into Br+(3P) + Br(2P). 

The ground state of Br2
+ is the 2IIg(3/2) electronic 

state arising primarily from the l<72l<722ff2lxul7r3 con
figuration (see Table 19). The Re value of the ground 
state of Br2

+ is about 0.08 A shorter than the Re of the 
ground state of Br2. The vibrational frequency is cor
respondingly larger (about 40 cm-1). There are no ex
perimental Re values known for the electronic states of 
Br2

+. Since the (3s3pld) basis set tended to yield Re 

values 0.1 A larger than the true values, Balasubrama
nian181 predicted that the true Re values of the 2ng-
(3/2,1/2) states should be 2.22 A. 

The experimental photoelectron spectra of Br2 

yielded substantially different we values for the two 
components of the 2IIU excited state.185 The reliability 
of these analyses was questioned in the literature. The 
we value deduced from the photoelectron spectra185 for 
2IIu(3/2) is 190 cm-1, while for the 2IIu(l/2) state it is 
152 cm-1. Usually, the vibrational frequencies of the 
spin-orbit components of a X-s state cannot differ that 
much unless there is considerable contamination of one 
of the components with another X-s state due to spin-
orbit coupling. As seen from Table 19, the theoretical 
vibrational frequencies of the two components of the 
first excited 2IIU state are 194 and 137 cm-1, supporting 
the experimental values deduced from the photoelec
tron spectra.185 The substantial difference in the two 
vibrational frequencies was puzzling. This difference 
arises from the interaction of the 2Ilu(l /2) state with 
the 4S"(l/2) and 2 S + ( l /2) X-s states in the vicinity of 
its equilibrium geometry. These two states undergo 
avoided crossing, influencing the R11 and we values of the 
2nu( l /2) state. Note that the Re is about 0.02 A shorter 
than that of the 2nu(3/2) state. The 2nu(3/2) compo
nent, however, is less contaminated, and thus its vi
brational frequency is not substantially different from 
that of the 2Tln state obtained without the spin-orbit 
term. 

The vertical ionization potential of Br2 at the FOCI 
level of theory was calculated to be about 9.55 eV, while 

the adiabatic ionization energy was calculated as 9.47 
eV. The ionization potential of the bromine atom 
calculated from the long-distance splitting of 
Br2(

1SlT)-Br2
+(2IIg) was 10.45 eV compared to an ex

perimental value of 11.8 eV. Thus, the FOCI ionization 
potentials are 10% smaller compared to the experi
mental values mainly due to basis set and higher order 
correlation errors. When these values were corrected 
for the vertical and adiabatic ionization potentials of 
Br2, Balasubramanian obtained 10.51 and 10.42 eV, 
respectively. The vertical ionization potential calcu
lated this way was identical with the photoelectron 
spectroscopic and photoionization value of 10.52 eV 
obtained by several authors.185-187 

The dissociation energy (D6) of Br2
+ obtained for the 

2n g state was calculated as 2.7 eV using FOCI calcula
tions. Such calculations are typically 10-15% in error 
compared to true values due to higher order correlation 
corrections and basis set limitations. If this value is 
corrected for these errors, a value of 3.04 eV is obtained, 
which was found to be in reasonable agreement with a 
D0

0 value of Br2
+ estimated through the following re

lationship: 

ZV(Br2
+) = ZV(Br2) + IP(Br) - IP(Br2) 

The value obtained from this formula and experimental 
data is 3.26 eV. 

The photoelectron spectra of Br2 were recorded by 
Cornford et al.185 as well as Potts and Price.186 The 
photoelectron spectra exhibited two states in the 
19000-21600-cm"1 region and a third state in the 
30000-cm"1 region. Since photoelectron spectra typi
cally involve ionization of a neutral molecule, these 
bands must arise from vertical rather than adiabatic 
transitions. The theoretical vertical transition energies 
and the splittings of the photoelectron spectral peaks 
are compared in Table 20. The agreement between 
these two values is remarkable, which led Balasubra
manian to reinterpret the photoelectron spectral bands 
as due to vertical rather than adiabatic transitions. As 
seen from Table 19, the T6 values of these states are 
much lower than their Tvert since the Re values of the 
excited states are much longer. Consequently, the 
earlier listing of these separations as (T6) (for example, 
see ref 37) must be corrected to Tvert. 

There is a discrepancy in the 2IIg(3/2)-2ng(l /2) 
splitting obtained from photoelectron spectroscopy185'186 

and the convergence of the Rydberg series. Venka-
teswarlu188 fit these series designated as Zf1 and R2 into 
the following formulas: 

R1(P1) = 85165 - R/(n - s)2 

R2(V2) = 88306 -R/(n-s)2 

n = 5, 6, ..., 

where the R1 series converged into the Br2
+ 2IIg(3/2) 

state while the R2 series converged into the 2EL(l/2) 
state. The 2IIg(3/2)-2IIg(l/2) splitting calculated from 
the above formulas (3141 cm"1) is a bit high compared 
to the splitting obtained from the photoelectron spectra 
and Balasubramanian's theoretical calculations.181 

Balasubramanian's calculated splitting of 3043 cm"1 is 
between this value and the value of 2820 cm"1 obtained 
from the photoelectron spectra.185 Nonetheless, the 
theoretical spin-orbit splitting was found to be within 
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TABLE 20. Vertical Transition Energies for Br 2
+ 0 

Transition 1 vert 
-Ii 

theory experimental 

2ng(3/2) - 2lTg(l/2) 

V ( 3 / 2 ) - 2TT11 (3/2) 

3030 2820 

18 170 19 290 

21 478 21 602 

34 600 (30 700) b 

56 752 

"Theoretical values are from ref 181. bThe value is not certain. 

2tTg(3/2) - 2 n y ( l /2) 

2TTg(3/2) -. 2 Ig( l /2) 

2TTg(3/2) - 2TIU(II} 

TABLE 21. Spectroscopic Properties of the Ground State 
of Br2 at Various Levels of Theory" 

D- (eV) 

the calculational error bars of both values. 
Table 20 shows the spectroscopic constants of the X 

ground state of Br2 obtained by Balasubramanian using 
various theoretical methods. The simplest calculation 
employed the FOCI method with a (3s3pld) basis set, 
while the most sophisticated calculation used the SOCI 
method with a (4s4p2d) basis set (210880 CSF's). The 
uncorrected De is the value obtained from the appro
priate calculations without the Davidson correction for 
unliked clusters and spin-orbit correction. The 
Davidson correction was estimated from the calculation 
by Schwerdtfeger et al.,182 which yielded a De of 1.33 
eV without the Davidson correction using a CISD me
thod and 1.73 eV after the correction. The spin-orbit 
interaction decreased the De by 0.3 eV. Both these 
corrections were applied by Balasubramanian (Table 
21). As seen from Table 21, the (4s4p2d) basis set 
yielded better De, Re, and we values compared to the 
(3s3pld) basis set. The improvement in De obtained 
by the SOCI method is marginal, although there are 
improvements in the Re and we values. The best De 
(1.88 eV) obtained by Balasubramanian181 compared 
quite favorably with an experimental value of 1.97 eV. 
The same calculation gave an we value of 321 cm-1 

compared to the experimental values of we = 325 cm"1 

and Re = 2.28 A.37 

The theoretical spin-orbit splitting of the bromine 
atom181 (2P3Z2-

2P 1/2 splitting) from asymptotic splittings 
of molecular states of Br2 was found to be 3915 cm""1 

compared to an experimental value134 of 3685 cm-1. The 
curves in Figure 6, which do not include spin-orbit 
splittings, are actually split apart at long distances. The 
spin-orbit contamination of various X-s states became 
significant in this region in the RCI wave functions. For 
the ground state 1Sg the curve was found to be almost 
identical with the one reported in Figure 6 at near-
equilibrium distances in the absence of spin-orbit in-
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TABLE 22. Contributions of Various Configurations to the 
Low-Lying Electronic States of Br2 at Their 
Near-Equilibrium Geometries" 

State Configuration(s) 

X 

••,(in 

Method Basis Set 

FOCI (3s3pld) 

FOCI (4s'4p2d) 

SOCI (4s4p2d) 

Re (A) we 

2.37 

2.34 

2.33 

(cm ) Uncorrected13 Correctedc 

303 1.73 1.79 

319 1.82 1.88 

321 1.77 1.87 

"From ref 181. 6 Without spin-orbit and Davidson's corrections. 
c With spin-orbit and Davidson's corrections. 

- y i i ) 

3yn) 

1 - + 
" U 

2 0
2 ln u

4 l* g (94%), Zo 2 I i J InJ (3%) 

^ V X <89«>. 2V0X111J 
2 o g

Z 2 o u l * X ( 9 0 X ) . 2*g2o2l*->nJ 

zofag^X (54*>' 2 0 X 1 1 1 X 

2 « Z 2 « 2 l l , X <90S) 

2V8S111X (64%h 2 ^ 2 V 1 X 

2o22o2ln2l*g (56%), 2a 2 2o 2 l %
4 l , 2 

2 V V * X [U%)' 2 0 X 1 1 1 X 
Rydberg configurations (3%) 

(8%) 

(7X) 

(26%) 

(25%) 

(34%) 

(15%) 

,(") 

%(H) 

2V«X l f fg ''™"]' 2 ° X U X (33" 

2 V 0 X X ( 6 4 K ) ' 2 S X I I T X
 !25-] 

"From ref 181. The lo-|la2
u shell is omitted. For the 1II11 state 

the contribution is at 2.50 A. 

teraction. At long distances the curve shifted downward 
to dissociate the 2P3/2 +

 2P3/2 atoms. The ground-state 
atoms were found to be more stabilized by the spin-
orbit interaction than the ground-state molecule. 

The potential curves in Figure 7 for Br2
+ also did not 

include spin-orbit effects and were actually split apart 
by spin-orbit interaction. At the equilibrium the RCI 
spin-orbit splitting was found to be 3030 cm-1. The 
spin-orbit splitting of the Br+ ion 3P state into 3P2,

 3P1, 
and 3P0 components was obtained by Balasubramanian 
et al.189 using the RCI method in an investigation on 
the collision of Br+ with Kr. The 3P2-3P1 and 3P2-3P0 
splittings of Br+ were calculated as 3182 and 4675 cm"1. 

Table 22 depicts the contributions of the leading 
configurations in the FOCI wave function of the various 
electronic states in the absence of spin-orbit interaction. 
As seen from Table 22, with the exceptions of 3IL(II), 
X ( I I ) , 3S-(II), 1S+ , 1Hg(II), and 1H11(II), other states 
have leading contributions with weights >85%. 

The O+ ground state of Br2 was found to be 93% 
1Sg-^a2ITrJl1Tg) and 0.2% 3IIg^11I1T

3ITr*). The 3II11(O
+) 

state was also found to be pure 3II11(O
+) at near-equi

librium geometries. The 3II11(I11) state is 49% 3II11-
(2<J22(T ITTJITT3), 12% 1nu(2a22(Tul<l7r3), and 7% 
3S+(2<r22(r2l7rSl7r3) at 6.50 bohr. The 8 I U V s t a t e i s 

62% 3nu(2<rJ2<T11l7ril7r3), 30% 3nu(2<7g2cr2l7r3;iirg), and 
9% 3Au(2<r22(T2l7r3l7rJ). The O+(II) state is predomi
nantly 3S^(O+J (91%); 1S+(O+) states arising from 
2o-g2o-ul7rul7Tg and 20-̂ 20-2ITr3IiTg make nonnegligible 
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TABLE 23. Contributions of Various X-s Configurations to the Low-Lying States of Br2
+" 

Balasubramanian 

State R (a. Contr ibut ion State R (a .u . Contr ibut ion 

2.. 4 .75 Ivlu^ul:2"' 

, ( 3 / 2 ) 6 .00 

2^vXX (3! 

\ 4 a 
Zo 2o Iff I T V "L (2) 

g u u g g l ' 

2c^lTt4 lT-3:2n„ (75), 2 a2 I f f4 ! V V 16) - - v u u q 9 g ^ g 5 

2o 2o I n " I n ; g u u g g l (6! 

2 » X X X !89), 2:
2l,4lff3:% (3) 

V X X <5' 

3/2„ 

1/2.. 

5.25 S ^ X X (59), Zo^ l ^gX (7); 

\ '2^-2XXX '2-4'; 
2o-2o in " l i r ^ : ' , Z" g u u g u (16); 2 i r (1.3) 

4.25 Z ^ l ^ l n } : 2 ^ (87), 

2 V ^ X X 56-7^ \ (°-4^ 

^t-\ d-2). u u g u 

2c> l O - V V (1.4) g L ^ g J (0.1) 

!0.9: 

, . 2 , . i , , 3 f 5 , 

4 ' 2 
2- 2;..In.V V " 

1/2,, 4.50 2ag
2lnu

3lT,J:2nu (81); 

2 V 0 U 1 1 1 X = 211U ( 7 ' 2 ) ; \ ( ° ' 6 ) -

2 o 2 l , 3 l , g
4

: \ (1.5); 2a22aulnu
4l,2:4!:- (6) 

4.50 2o2lTi3lTi4:21 (82), 2o2a ,ITI4IH3 : 2Hn (7); 
g u g u 1 ' g u u g u v ' ' 

4, O 2 I - 3 - 4 - 2 " 
u 

4, .2.4, . -

(1 .3 ) , 2OC1HJ1TT"':'-|T (0.E 
u u g u 

2 V v W ^ u :1'3)l ^ (0'7) 

IP 4.75 2 o 2 l , 3 l i i 4 : \ ( 2 6 ) , 2 , g 2 o u l t . ^ g X (3); 

4nu(0.2) 2a2lT,3lTT4:\ (0.6), 

2XXXX50); X3'4' 

X X X u (76!' V V X X " (S»; 1/2 5.00 2a2lTT3lTrJ:
2nu(3), l*\l^u\u\\[t\), 

2Xu1XgX (6K "?4u (1) 

5.00 2 0 2 I H 3 I T 1
4 : 2 ^ (68), 

23g2;uliT4lTi3:2ni, (7.61; % <2>' 

2 o 2 l , 3 l , ; : 2 n u ( 2 . 2 ) , 2 o 2 2 a u l T i 4 l , 2
:
4 Z - (11); 

2 i (1.3) 

^ ( 7 . 3 ) 

5.25 2 a g
2 l n 3 l n J : \ ( l . l ) , 2a225uln4lff2

:
 4 y 5 8 ) ; 

2E + O) 

5.50 X X X v 8 4 ' - 2 V 5 X 1 Xv 8 ' ; 
4 y i ) , 2o 2 l r 3 ln 4 : 2n u (5) 

"From ref 181. Note that the 2nu( l /2) state exhibits an avoided crossing. The la\\a\ shell is omitted. Numbers in parentheses nre 
contributions in percentage. 

contributions (3%). The 3IL(Ig) state was found to be 
3LT8 (34%) and 1II (30%), % (20%) and lILg (15%) 
arising from 2<Tg2<rrjlx4lxgat 6.00 bohr. Consequently, 
spin-orbit contamination is more significant in excited 
states than the ground state. 

The leading configuration contributing to the FOCI 
of the 2IL ground state of Br2

+ was found to be 
( I d 2 I a 2 ^ I x 4 I x 3 (0.950) at 2.25 A. The 2LT11 state was 
predominantly (lc72l<x2)2<72lx3lx4 (0.925), while the 
2IL(II) state was found to be predominantly 
(lo-Jl«75)lir*2or,lir|2ff„ (0.902). The 2S+ and 2Ag states 
arise from the (Io-glo-2)2o'j2<7ulxul7rg configuration 
(85%) at 3.0 A. The 3Z+(II) state was found to be 
predominantly lo-2l(722<7glx

4lx4. 
Table 23 displays the contributions of various X-s 

configurations to the low-lying states of Br2
+. As seen 

from Table 23, the 2ng(3/2) state is predominantly 
composed of the 20-2IxJlXg configuration. At long dis
tances, the 4ng state arising from the 2o-g2<7ulx

3lx4 

configurations makes a substantial contribution. The 
3IL(I/2) component also exhibits a parallel behavior. 

The compositions of the two spin-orbit components 
of 2IIU are interesting as a function of internuclear 
distance. The 3/2 component of 2IIU was found to be 
predominantly 2<r2lx3lx4(2IIu) up to 4.75 bohr. At 5.00 
bohr, the 42~(3/2) state arising from the 2o-g2<7ulx

4lx2 

configuration makes a substantial contribution. Al
though this contribution is significant (—11—16%), it 
is not large enough to induce an avoided crossing. The 
1/2U component, to the contrary, exhibited a different 
composition. Up to R = 4.50 bohr, this state was found 
to be predominantly the 2II11 state arising frorn the 
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TABLE 24. Dissociation Relationships for the Low-Lying States of In2 
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\-s states 

dissociation limits 

energies (cm'^) 

atomic states expt.a theory^ 

3 n V U 1. M1 I 1 TT , A„ u g u g 

V ( 2 ) , 3TTn,
 1TTn 

2P + 2P 0.0 0.0 

3y+ 3„ + 3 3 1 + 1 + 1 1 
V Lu' V V V 1U' V u 

3 I g
+ ( 2 ) , V ( 2 ) , %, 3 I " , 3 H g (2 ) , 3 T y 2 ) , 3Ag , \ 

1 I + ( 2 J , 1 Z ^ 2 ) , 1 I " , 1 I " , 1 I y 2 ) , 1 T y 2 ) , 1Ag, \ 

2P + 2S (5S2Ss) 24 373 26 573 

2P + 2P (5S2Sp) 31 816 32 746 

states 

dissociation 1imits 

energies (cm"1) 
atomic states expt. tneory 

V 0U- u 

V 2g' V 2 > - V 2> 

°g' 0U+. °g. °"u 

3 U . 2U- 2 g . V 2 ) 

I g . ° g + ( 2 ) . ° u ( 2 ' 

"From ref 134. 6From ref 194. 

"P l /2 + 2 p l / 2 °-° °-

2 p l / 2 + 2p3/2 2 2 1 3 2-55 

2P • 2P p3/2 + H3/2 4426 4339 

2«Tglxulirg configuration. However, at 4.75 bohr, it be
came predominantly 4S"(l/2) (50%) while 2nu(l/2) 
makes a 26% contribution. At 5.00 bohr, the contri
bution of 2nu(l/2) drops to 3% while 42~(l/2) increases 
to 617c accompanied by an increased 2Sj(l/2) contri
bution (7%), whereas at 5.50 bohr, the 2IIu(l/2) dom
inates once again. This avoided crossing of 4Su(l/2) 
and 2nu(l/2) explains the large difference in the vi
brational frequencies (wes) in the photoelectron spectra 
of these two states. 

After the author's manuscript181 on Br2 and Br2
+ went 

to press, he became aware of two investigations on 
Br2

+.184,190 The laser spectroscopic investigation of the 
A-X system by Hamilton190 yielded a Te value of 16414 
cm"1 for the A state. If the A state is assigned to 2IIU-
(1/2), the agreement between the calculated Te and this 
value is good. Boerrighter et al.184 carried out HF/lim-
ited CI calculation that included spin-orbit matrix el
ements in an empirical manner for Br2

+. The author's 
RCI181 calculations, which included single and double 
excitations from many X-s configurations, were in 
overall agreement with Boerrighter's184 findings that the 
vibrational frequencies of the two components of the 
2nu state differ due to avoided crossings. However, the 
author differed from Boerrighter et al.184 in the states 
that induce avoided crossings in that the author's cal
culations revealed it to be the 4Su(l/2) state which 
undergoes avoided crossing with 2II11(I/2). The 2IIU-
(3/2) state mixes heavily with 4S^(3/2) instead of 2AU-

(3/2) as suggested by Boerrighter et al.184 but does not 
undergo avoided crossing. The bond lengths calculated 
by Boerrighter et al.184 for the 2II11 components are also 
much too long. 

F. I n 2 

The emission spectra of In2 were studied in a King 
furnace by Ginter et al.122 and also earlier by Wajnk-
rac.191 The investigation of Ginter et al.122 on In2 re
vealed emission bands in the 16 800-20 000-cm"1 region 
centered at 18000 cm"1. Douglas et al.123 studied the 
electronic absorption spectra of Al2, Ga2, and In2 in 
cryogenic matrices. These authors found two systems, 
one at 13000 cm'1 and the other centered near 27690 
cm"1, for In2. Douglas et al.123 assigned the ground state 
of Al2, Ga2, and In2 to a 1S+state and the absorption 
bands to A1II11 —

 1S+ and B1Z+ — X1S+ transitions, 
respectively. The theoretical investigation of Balasu-
bramanian133 on Ga2 revealed these assignments to be 
incorrect and showed that the most consistent assign
ments of the bands observed by Douglas et al.123 for Ga2 
are A3II8 — X3II11 and B3II *- X3II11 (see section III.A). 
The dissociation energy or In2 was calculated as De ~ 
1 eV using mass spectrometric techniques.193 

Froben et al.192 recorded the Raman spectra of ma
trix-isolated Ga2, In2, and Tl2. They deduced approx
imate spectroscopic constants for the ground state of 
In2 and Tl2 using the Guggenheimer method assuming 
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TABLE 25. Spectroscopic Properties of In2 Calculated 
with the FOCI/RCI Method" 

State 

X IT i u , 

3VC 
' U '' " U ' 

3- , ? . 

i 

" 1 I 

'CC 
3r:,- ; W 

'n (i (ID) 
• j v u' 

"u 
1r*(0*( II.) 

1 A f? I 

*ia 

-C(i:;!o:(i::; 

B % I : I ) ( O - I : : I : 

-_.I; 

"-u 
J '• f T T 'i 

°" (II,. 

fe (A) 

3.K 

3.12 

3.13 

3.K 

3.13 

2.89 

2.88 

2.87 

3.20 

3.20 

3.29 

2.98 

2.97 

) 3.29 

3.04 

3.49 

3. 49 

3.08 

2.77 

4.57 

T e (CiTf1) 

n 

231 

625 

1397 

963 

1444 

1947 

2006 

4701 

4629 

5112 

5158 

5274 

8334 

19 6CO 

19 635 

25 104 

26.621 

27 149 

28 582 

30 952 

Ule (CTl" -

111 

114 

113 

i • 3 

114 

132 

141 

142 

98 

98 

91 

109 

110 

89 

120 

70 

i n 

120 

131 

i" 

De (eV) 

0.83 

1.07 

0.75 

0.93 

1.02 

0.61 

0.82 

0.90 

C. 58 

J . 3 .' 

0.51 

0.41 

0.49 

2.77 

1.14 

1.14 

1.34 

1.66 

0.6C 

33 589 

° From ref 194. 

a ground state of 3S for In2. This estimate was sub
sequently found to be incorrect by Balasubramanian 
and Li.194 

Balasubramanian and Li194 carried out CASSCF/ 
FOCI/RCI calculations employing RECPs for the in
dium atom which retained the outer 4d105s25p1 shells 
explicitly in the molecular calculations. A (3s3p3d) 
valence Gaussian basis set was employed. The 4d10 

shells of the In atoms were allowed to relax at the 
CASSCF level but no excitations from these shells were 
allowed. The CASSCF active space consisted of four 
H1, two b2, and two bx orbitals in the C2v group. 

RCI calculations194 were carried out to estimate the 
spin-orbit corrections for the spectroscopic properties, 
dissociation energies, and potential energy curves. RCI 
calculations were carried out by using the orbitals 
generated by a SCF calculation of the 3IIU ground state 
of In2 employing a double- f STO basis set. Identical 
RCI calculations were also carried out omitting the 
spin-orbit term. The differences in spectroscopic 
properties and energies obtained with and without the 
spin-orbit term were then applied as corrections to the 
corresponding CASSCF/FOCI properties. 

Table 24 shows the dissociation relationships for the 
low-lying states of In2 with and without spin-orbit 

0.16 

0.12 

0.08 

0.04 

-0.04 

Figure 8. Potential energy curves of In2 obtained without the 
spin-orbit term using the CASSCF/FOCI method (reprinted from 
ref 194; copyright 1988 American Institute of Physics). See Table 
25 for spectroscopic labels of known states. 

0.030 

-0.020 

Figure 9. Potential energy curves of In2 including spin-orbit 
effects (reprinted from ref 194; copyright 1988 American Institute 
of Physics). See Table 25 for spectroscopic labels of known states. 

terms. Also shown in that table are the theoretical and 
experimental asymptotic splittings134 of molecular 
states. As seen from Table 24, the agreement between 
the theoretical and experimental In atom splittings is 
very good. 

The spectroscopic properties of 23 electronic states 
of In2 are shown in Table 25.194 The spectroscopic 
properties listed in that table for states without w-w 
components were obtained without the spin-orbit in
tegral. The ground state of In2 is a 3II11(O;) state as seen 
from Table 25. 

Figures 8 and 9 show the potential energy curves of 
electronic states of In2 without and with spin-orbit 
terms, respectively. The curves in Figure 8 were ob
tained by using the CASSCF/FOCI calculations. The 
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TABLE 26. Some Allowed Electric Dipole Transitions and 
the Transition Energies for In2" 

T r a n s i t i o n T (cm - 1) T r a n s i t i o n T (cm" ' ) 

h- Jv 
3 0 U 

3V Jv 
o~ o" 

9 u 3 H 0 ( I 0 ( I I l ) - 3 T T 
9 9 °u 

\UgWJ\ 

3TT CII ; CO-CII) J-3TT 
5 9 °u 

3 H 0 ( I I ) - 3 TT 
9 0 U 

3VVn ) )*\ 
3 I 0 ( I , ( ID)- 3 TT „ 

5 * 0U 
3V, M ty))J-

3 r . 3 , 

°g "lu 

3 TT.(2g( I I ) ! - 3 TT ? 
3 u 

3 " ! 1 - J ( O Z ( I I ) ) - 3 - , 
5 = 1 J 

3 - - 3 -

1947 

12423 

12839 

13220 

26104 

26631 

12254 

12658 

11492 

11803 

12448 

26006 

1213 

\ ( I I ) - 3 T i g ( I I ) 

3 n u ( I I ) - 3 ! T g ( I I ) 

3 H 9 ( I I ) - 3 TT 

U 

3ln"A 
Og « 

3 I - - 3 H . 
1Q u 

V(O^iU)-V+ °g 
3^" Jv 

\(U)~\ 

V(IU-V 
°g 

X(ID-V+ 
Jg 

V(o'(:i))-V 
" " -Q 

3I-IU)Jz: 
Q 

2V..' I D - 3 I T 

1951 

4321 

26400 

819 

322 

18156 

550 

25234 

30323 

29508 

17653 

29820 

29005 
o ; o * 

' - - 3 -
1 I M O " ' I D )-'V f l ' ' T i ) 

1 H 0 ( I I ) - 1 T T 1 J ( I 0 ( I I ) ) 28988 S , , " ' ^ ( 1 j '• ll> > 

1, 1. 

1H ( I D - ^ g' u 

2199: 

6540 

: . ; : : )O r ; : : : )h 533 

, ! 1 . , ( H ) ) 

"From ref 194. A two-way arrow indicates both states are 
bound. A one-way arrow indicates that the originating state is 
bound. The transition energies are adiabatic if both states are 
bound and vertical if one state is bound. 

curves in Figure 9 were obtained by using RCI calcu
lations that included the spin-orbit coupling accurately, 
but correlations were included to a lesser degree com
pared to the CASSCF/FOCI method. 

As seen from Table 25, the calculated Re, we, and De 
for the ground state (3II11(Ou)) or" I°2 are 3.14 A, 111 
cm"1, and 0.83 eV, respectively. The In-In bond 
strength in the 0" state is reduced by 19% due to 
spin-orbit interaction. The Re value is correspondingly 
increasing while we is decreased. The theoretical 
spectroscopic properties of the ground state of In2 are 
in conflict with the values reported by Froben et al.192 

using an approximate Guggenheimer method which 
resulted in an Re value of 2.8 A, which is too short for 
In2. The we value calculated by this method (115 cm-1) 
is, however, in reasonable agreement with the theoret
ical results of Balasubramanian and Li.194 The disso
ciation energy of 0.87 eV deduced by Froben et al.192 

agreed with the Balasubramanian-Li theoretical value 
of 0.83 eV. The mass spectrometric methods yield a 
slightly higher De of 1 eV. A similar discrepancy in the 
Re value of Tl2 was noted before. Pitzer and co-work

ers195,196 obtained a bond length of 3.54 A for the ground 
state of Tl2, disagreeing with the 3-A value reported by 
Froben et al.192 using the same technique. 

The experimental bands of the A *- X, B *- X, and 
the emission systems were centered at 13 000, 27 690, 
and 18000 cm"1, respectively.122'123-130 Table 26 shows 
both vertical and adiabatic transition energies of al
lowed dipole transitions of In2. As seen from Table 26, 
the most consistent transition for the 13000-cm"1 ab
sorption band is the A(3IyOp) «- X(3nu(Ou)) transi
tion. The theoretical vertical transition energy of 12 423 
cm"1 is in very good agreement with the experimental 
band center (13 000 cm"1). Since the 3IL curve is re
pulsive, it is seen only in absorption. The B *- X 
system was assigned by Balasubramanian and Li194 to 
the B(3II8(Og)) — X(0U)) transition. The theoretical 
transition energy of 26400 cm-1 was found to be in 
excellent agreement with the experimental value of 
27690 cm"1. 

The emission spectra observed by Ginter et al.122 

(18000-cm"1 region) are most consistent with the 
3Zu(O+) — 3Sg(O+) transition. The theoretical T6 of 
18156 cm"1 found by Balasubramanian and Li was in 
remarkable agreement with this value; thus, Balasu
bramanian and Li assigned this to the 3S~(0+) *-*• 
3S-(O+) system. 

Many transitions listed in Table 26 have not yet been 
observed. Among the transitions in Table 26, only the 
above-mentioned three transitions have been observed. 
Thus, there is considerable room for further study in 
the electronic spectra of In2. There are no vibrational 
or rotational analyses done on the observed spectra. 
Specifically, the vibrational/rotational analysis of the 
bands in (3STj-3Sg) should be done for a comparison of 
theoretical Re and w6 values of these states. 

Spin-orbit effects were found to be significant for In2 
since the atomic splitting of the indium atom is 2213 
cm"1. The 3nu(0")-3nu(2u) splitting of 1400 cm"1 was 
about 64% of the indium 2Pi/2

-2P3/2 atomic splitting. 
The spin-orbit splitting stabilizes the 3nu(0+) state with 
respect to the separated atoms while it destabilizes the 
3nu(0Tj) ground state of In2 since the 3II11(O

+) state dis
sociates into In(2P1/2) + In(2P3^2) atoms while the 
ground state (OTj) dissociates into In(2P1^2) + In(2P1/2). 
The influence of spin-orbit coupling on the bond 
lengths and the vibrational frequencies is subtle. The 
spin-spin splitting of the 3Sg state is much smaller (503 
cm"1) compared to that of the 3nu state. Spin-orbit 
coupling also changes the shapes of the potential energy 
curves of some of the excited states of In2. For example, 
the double minima in the O+ and O+(III) surfaces are 
attributed to avoided crossings induced by spin-orbit 
coupling. 

Table 27 shows the contributions of various impor
tant configurations to the FOCI wave functions of the 
electronic states of In2. As seen from Table 27, the 3IIU 
ground state and the 3Sg state are dominated by a single 
electronic configuration. The 1S+ and 1S+(II) states are 
mixtures of several electronic configurations. For the 
1S+ state, both the 2a2 and lir2 configurations make 
substantial contributions. Thus, correlation effects are 
somewhat significant for the 1S+ states. The shoulder 
in the 3Sj(II) curve (see Figure 8) is due to an avoided 
crossing as seen from Table 27. At long distances this 
state was found by Balasubramanian and Li194 to be 
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TABLE 27. Contributions of Important Configurations to the FOCI Wave Functions of In2" 

Balasubramanian 

State Percentage of Contributions State Percentage o f C o n t r i b u t i o n s 

3 V -
"9 

2 ° g l % (37) 

I n 2 ( 8 5 ) , ITT2 (2) 

R - 2 .5 A 1 5 U 2 3 J - -

.2c, 

1 I g + ( I I ) 

l r -
c u 

3v^ 

^ . . ( 1 I ) 

-,.? I 

3.0 ft 

2 0 g l n u ( 3 6 ) , l n g 2 o u (3) 

I n 2 ( 8 2 ) , I n 2 (6) 

2o 2 ( 5 1 ) , I n 2 ( 2 8 ) , Rydbe-g ( 4 ) , 

a 

I n 2 ( 5 3 ) , 2o 2 ( 1 7 ) , I n 2 (15) 

V g (89 ' 

In ITT (89) 
u g v ' 

2o ITT (77) , ITT 2C I '4) , Io ITT 
g g u u ' ' ' u u 

2 o n l r „ ( 6 9 ) , ITT ZO 

2a„2n_ (3) 
s s 

ITT IT; (611 , 1 : 23 Ir- ' (191 , 
u g u g u 

l s M 2 o Q l r 2 ( 2 ) , I r 2TT ( 3 ) , 
S S U J 

2 = g 2 ' u ( 6 4 J - 2 5 g 3 5 u ( 1 Q ;> 

2c 4 ; (8) , 2c 4c„ (21 

2 5 g 2 5 u ( 5 6 J - 2 5 g 3 5 u -

( 1 0 1 , Ic, IzS.' , ( 5 : 
u S 

l a , 2 i j I n ' ( 4 ^ ) , 2c 2c , (22) 

yn> 

ym 

^ 1 ( H ) 

\ ( i i ) 

3 ^ ( I i ) 

1 V 5 U < 4 7 ) ' V % <28>-

l % 3 o u ( 3 ) , Ia3I iT9 (2) 

1 V 0 U t'3>' 2 V * g <2>-

1 o 2 o 5 c 1 Tt (!) 
u g u g 

1 Ti ITT ( 6 8 ) , Io 2o ITT (14) , 
u g v ' ' u g u ' 

l % 2 r r g ( 3 ) , lTTu3,g (2) 

la u2o g lTT 2 ( 7 9 ) , l % m g ( 4 ) , 

15U2V^g (4I- V W g (] 

2a 1TT (61) , 2o In (9) , 
u g v ' ' g u v ' 

laulTTg ( 7 ) , l c u 2 o g l n u 2 c u ( 3 ) , 

4 o u l , g ( 1 ) , lo g2o g2o u lTT g ( 1 ) , 

3 0 U 1 ^g I 1 ' -

Ic In ( 2 ) , Ic Io 2o In I n 2 (1) 
g u v ' g u u u g v 

2 0 U 1 ^u ( 5 0 ) - 2 o g l n g ( 1 5 ) ' 

l a u l n u (10) 

3 a u l n u ( 4 ) , 4 0 , / . ^ (4) 

10,,20,.In2 
^ ( 7 1 ) , i y n ( 1 0 ) , 

2 2 
Io 2 a „ l n „ l n _ (1) u g g a 

" F r o m ref 194. 

2c 3c (5) , 2c 4 ; 

a u ' ' ' c u 

predominantly composed of the 2o„2an configuration. 
At short distances, the contribution from the l<7u2<Tgl7r2 

configurations became important, resulting in an 
avoided crossing of these two states. The 3S" state was 
found to be a mixture of lirul7rg, l<7u2ffgl7r2, and other 
configurations. 

Table 28 shows the contributions of various X-s states 
in the RCI wave functions of In2. The 0~, 0*, and 2U 
states are relatively pure (3IIU) while the lu state ex
hibited 2% triplet-singlet mixing. The most significant 
effect of spin-orbit contamination was found to be on 
the Og states. The Og curves exhibited avoided cross
ings. At short distances, the O8(I) state was found to 
be predominantly 17Tu(3Sg) while at intermediate dis
tances, contributions from l7ru(

3Sp and 2(Tg(1S8") be
came significant. At longer distances, the two states 
undergo an avoided crossing leading to a second min
imum in the Og surface. This avoided crossing is 
transferred to the Og (II) and Og(III) roots, as seen from 

the weights of the various X-s states as a function of 
internuclear distance (Table 28). 

Table 29 shows the Mulliken populations of various 
electronic states of In2 obtained from FOCI natural 
orbitals. As seen from Table 29, the 5s2 shell is not an 
inert shell since Mulliken populations of In are between 
1.79 and 1.84. The participation of the 5s2 shell in 
bonding is certainly of interest since for Tl2 the corre
sponding 6s2 shell was found to be inert.195,196 The 5s2 

shell is not that inert for In2 since some of the 5s 
electrons are promoted to the 5p shell. The In-In bond 
is thus expected to be stronger than the Tl-Tl bond, 
which is consistent with their calculated dissociation 
energies. Some of the excited states, especially the 3SU, 
3IIg(II), 3A11(II), and 3S~(II) states, arise from excitation 
of the 5s electron into the 5p shell as seen from their 
Mulliken s populations. The s populations for these 
states are 1.38-1.70. The In-In overlap populations are 
larger for the 3S8, 3IIU, and 1A8 states. 
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TABLE 28. Weights of Various X-s Configurations in the u-u States of In2" 
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States R (Bohr) Percentage of Contributions States R (Bohr) Percentage of Contributions 

6.0 z y v v '93» 6.0 ItJ(1Ag) (84), InJ1(
1Ag) (H) 

0S+ 

6.0 

6.0 

6.0 

5.5 

6.5 

7.5 

2 V v V w 

2OgIVX) ( 9 3 ) ' 

ZVV1V C2) 

* v v 3 v (95> 

1^(3S") (89), l*g(3tg) (4) 

InJ(3Z") (42), 202(1Ig) (25), 

1*2(1Zg) (16> 

2OgVl9
+) (70), 20J(1Zg+) (5), 

InJ(1Ig+) (8) 

5.5 

Og(III) 6.5 

7.5 

6.0 

Ig(ID 6.0 

i^V (58)> 

VVV3V (19) 

InJ(1Zj) (59), 2OgVZg") (9), 

1^(1Zg+) (16), InJ(3Zg) (10) 

InJ(1Zg) (44), InJ(3Zg) (21), 

1^g(1Ig+) (20), 1^(3Zg) (5) 

Z < V W (92) 

V V V (87)' 
2OgIn9(

1Hg) (4) 

Og(ID 

5.5 

5.5 

6.5 

7.5 

^J(3Zg) (9l), IV3Zg) (5) 

InJ(1Zg) (71), 20Z(1Z+) (8), 

InJ(3Zg) (8), 

1 I g ( 3 V (18) 

202(1Zg+) (57), InJ(3Zg) (33) 

InJ(3Zg) (51), 202(1Zg+) (14), 

In9Vz-) (15), 

InJ(1Z+) (9), In2V-Zg) (5) 

0U(II) 6.0 

Zg(II) 6.0 

0u(II) 5.5 

On(II) 6.5 

1VV V {65)> 

mumg ( 3z+ ) (23) 

2o-liT„f!L) (92) 

1 W 3 V (97) 

z < v v J V (55)' 

u uv a' 
10) 

V") 

"From ref 194. 

6.0 2oglnu( 'nu) (92), 

ZVV3V (2) 

G. Sn, 

The electronic spectra of Sn, have been obtained by 
Bondybey and co-workers87,140,1*197 as well as Nixon and 
co-workers.198,200 Bondybey and co-workers have stud
ied Sn2 using laser-induced fluorescence of matrix-iso
lated Sn2. The spectroscopic constants of the XOg 
ground state of Sn2 have been obtained. The strongest 
absorption for Sn2 is the Ou-XO* system at 18223 cm-1. 
An emission system in the 12 000-14 000-cnT1 region 
was assigned as terminating in a state 3000-5000 cm"1 

above the ground state. The spectroscopic properties 
of some of these states have been calculated from the 
electronic spectra. 

Balasubramanian and Pitzer201 carried out SCF/RCI 

calculations including spin-orbit coupling on ten low-
lying electronic states of Sn2 employing a double- f STO 
basis set. The partition function of Sn2 was also cal
culated with the objective of correcting the thermody
namic D0

0 value of Sn2. Unfortunately, in the final 
correction term, these authors had wrong sign, which 
was subsequently corrected in an erratum. After the 
paper by Balasubramanian and Pitzer201 appeared, 
Pacchioni202 calculated the low-lying electronic states 
of Sn2 and Pb2. He used semiempirical pseudopoten-
tials and the MRDCI method. 

Table 30 shows the dissociation limits for low-lying 
molecular states of Sn2 and the energies of separated 
atoms. The tin dimer has many more low-lying elec
tronic states compared to Ge2, mainly due to larger 
spin-orbit coupling. 
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TABLE 29. Mulliken Population Analysis of In2
0 

State 

3 n 
j 

3r-

U 

1, 
Jg 

"Q 
1Cd:: 

JJ 
3^ + 

3T-

3 

3 _ 

J T * / ' I • 

3̂  

J j 

3, .... 

j ' " ' ; 

' n • ' " •' 

3„-,,,.; 

In 

13.000 

'.3.000 

13.000 

13.000 

13.000 

13.000 

13.000 

13.000 

13.000 

13.000 

13.000 

13.000 

13.000 

13.00C 

13.000 

12.000 

12.000 

13.000 

13.000 

In(S) 

1.835 

1.786 

1.838 

1.794 

1.859 

1.855 

1.834 

1.842 

1.842 

1.824 

1.872 

1.545 

1.845 

1.649 

1.697 

1.369 

1.824 

1.772 

1.373 

GROSS 
In(p) 

1.133 

1.183 

1.128 

1.179 

1.114 

1.127 

1.143 

1.136 

1.136 

1.146 

1.100 

1.322 

1.151 

1.321 

1.266 

1.612 

1.17C 

1.200 

1.590 

ln(d) 

10.031 

10.03C 

10.033 

10.027 

10.027 

10.018 

10.023 

10.022 

10.022 

10.031 

10.028 

10.023 

10.005 

10.030 

10.037 

10.019 

10.005 

.C.GZ7 

10.C32 

Over'ac 
In-In 

0.335 

0.544 

0.230 

0.47 7 

0.256 

0.212 

-0.120 

-0.155 

-C.161 

-0.341 

-C.740 

0.146 

-2.550 

-1.017 

0.067 

0.755 

-C.398 

-1.012 

0. ~ 5 6 

" The population analyses were carried out at Re if the state is 
bound; otherwise they were carried out at the Re of the ground 
state. From ref 194. 

TABLE 30. Dissociation Limits of Some Molecular States 
of Sn2 

Dissociated Energies of 

dissociated atoms 

Molecular states atoms in cm Sn^ 

O1", 1 . , 1 

0 1 , 0 , 1 . 1 , 2 , 2 g u g u g ' u 

0 ( 2 ) , 0 , I , 1 , 2 
gv ' u' g ' u ' g 

0 r , 0,,, 0 f 2 ) , 0 " (2 ) , 

l g ( 3 ) . l u ( 3 ) , 2 g ( 2 ) , ^ P 1 

2 u< 2 ) . V 3U 

0 „ ( 3 ) , 0 . , ( 2 ) , 1 ( 2 ) , 1 ; 2 -

O+, 0", 1 , 1 , 2 , 2 
C J g u g L 

"Atomic energies from ref 134. 

0.0 

1 591.8 

3 427.7 

3 383.6 

6 355.1 

Balasubramanian 

TABLE 31. Spectroscopic Constants of Several Low-Lying 
States of Sn2 and the Corresponding Values Obtained 
without the Spin-Orbit Term" 

State cm I1 Rp (A) ,-Ii 

9 
i 

-g 

1U 

2g 

0U 

O + 
u 

1U(ID 

IJII) 

O3(II) 

0U+(11I 

3̂  

0 

342 

1 477 

2 509 

7 159 

4 084 

4 192 

7 260 

9 964 

8 002 

18 223 

1 694 

3 213 

7 901 

2.76 

2.75 

2.62 

2.62 

2.81 

2.63 

2.63 

2.62 

2.95 

2.78 

2.75 

2.62 

2.81 

197 

205 

218 

,220 

178 

219 

221 

232 

88 

116 

204 

219 

140 

"From ref 201. The Te value of the Oj(II) is an experimental 
value from ref 140. 

Table 31 shows the theoretical spectroscopic con
stants for Sn2 calculated by Balasubramanian and 
Pitzer.201 Figure 10 shows the potential energy curves 
of the g states of Sn2, while Figure 11 shows the cor
responding curves for the u states of Sn2. 

The vibrational frequency of the ground state of Sn2 
is well-known as 188 cm"1 in rare-gas matrices199,200 and 
190 cm"1 in the gas phase.197 The theoretical value 197 
cm"1 agrees well within the estimated uncertainty of 10 
cm"1. 

Most of the excited electronic states that have been 
observed in Sn2 lie above the 10 000-cm"1 level of the 
highest state among those calculated theoretically. The 
first Ou state of Sn2 is at 4192 cm"1, which appears not 
to have been studied experimentally. 

The strongest absorption in Sn2 is to a second 0* state 
at 18 223 cm"1 from the ground state. An emission in 
the 12 000-14 000-cm"1 range for Sn2 was interpreted198 

as leading to a state about 3000-5000 cm"1 above the 
ground state with a harmonic vibration frequency about 
195 cm"1. Both the 0* and 0" states near 4100 cm"1 fit 
the first criterion, and the lu state at 2500 cm"1 is 
probably close enough to be considered. These are all 
components of the 3IIU term in A-S coupling. Their 
theoretical «es are a bit too high, near 220 cm"1. Since 
these bands are relatively broad and both the vibra
tional assignment and the anharmonicity are uncertain, 
it is not clear if the experimental «es are definitive. 
Balasubramanian and Pitzer201 suggested the possibility 
that this array of bands contains contributions from 
more than one transition involving the Oy, 0", or lu 

The thermodynamic "third-law" method204-205 of 
calculation of De of Sn2 from mass spectrometric data 
requires knowledge of the partition function of the 
molecule and the dissociated atoms. The molecular 



Heavy p-Block Dimers and Trimers Chemical Reviews, 1990, Vol. 90, No. 1 117 

Figure 10. Potential energy curves for the g electronic states 
of Sn2 (reprinted from ref 201; copyright 1983 American Institute 
of Physics). See Table 31 for spectroscopic labels of known states. 

2 0 -
5p + O p 

Figure 11. Potential energy curves for the u electronic states 
of Sn2 (reprinted from ref 201; copyright 1983 American Institute 
of Physics). See Table 31 for spectroscopic labels of known states. 

parameters of Sn2 were estimated in this calculation. 
Spectroscopic measurements87,140'199'200 have provided 
vibrational frequencies in good agreement with the 
Balasubramanian-Pitzer theoretical calculations. Ba-
lasubramanian and Pitzer201 corrected the De obtained 
from mass spectrometry using the correct partition 
function. This method is described below. A similar 
correction to the De of Pb2 was made by Pitzer.203 

In general, the partition of a diatomic molecule can 
be separated into translational, rotational, vibrational, 
and electronic factors. While the translational factors 
are the same for all electronic states, the rotational 
factor depends on Re (or Be) and the vibrational factor 
on we. Hence these factors should be considered sepa
rately for each electronic state. Consequently, the 
complete partition function for a diatomic molecule can 
be expressed as 

<7 = Qtr{T,Pmqxot{T,R^q^{T,^)gie-^lkT 

where Ae; is the excitation energy above the ground 
state (At = Te), gt is the electronic degeneracy, qtot and 
Qvibr are the rotational and vibrational partition func
tions, and the sum is over all electronic states that make 
an appreciable contribution. 

The lowest electronic state usually makes the pre
dominant contribution to the partition function denoted 
by q0, which can be factored out. Thus, the above ex
pression for q can be rewritten for a diatomic molecule 
as 

= *>?(£) T 
expHico^o/fcT)/^ 

- exp(-hco)ej/kT) (t)< -^iIkT 

In the above expression, the vibrational factor is ap
proximated by that for a harmonic oscillator. 

Balasubramanian and Pitzer201 calculated q for Sn2 
using a>e0 = 189 cm"1 and the theoretical spectroscopic 
constants in Table 31 for other states. At 1600 K the 
sum in q above was found to be 2.93, which was only 
a bit smaller than the value 3 assumed before on the 
basis of a 3Sg ground state. A much greater change 
arises, however, from the reduction of «e0 from the 
value of 300 cm"1 assumed before204-205 to 189 cm"1. The 
change in Re is smaller but also significant. 

The mass spectral data204 were presented in the form 
of D0

0 values for a many temperatures from 1472 to 
1769 K calculated on the basis of a partition function 
with defined parameters. The correction to each D0

0 

value can be shown to be 

5D0
0 = RT In (q'/q") 

where q' was the originally assumed partition function 
and q"\& the corrected value. At 1600 K, the ratio q"/<?' 
is 1.43, which yields a 5D0

0 of -1.15 kcal mol-1. The 
corrected D0

0 is 1-94 eV, in excellent agreement with a 
theoretical value of 1.86 eV. 

H. Sb2 

Electronic spectra of the antimony dimer (Sb2) have 
been studied by many investigators. In summary, Ge-
nard206 first studied the fluorescence spectrum of an
timony vapor, which revealed four bands in the 2968-
3132-A region. Naude207 observed two bands, which 
were assigned to the D •*- X1Sg and F *- X1Sg systems. 
Nakamura and Shidei208 showed the existence of an
other system. Almy and Schultz209 found two other 
systems, assigned to A ** X1S* and B ** X1S*. Mro-
zowski and Santaram210 studied the D -* X1Sg system 
in emission. Sfeila et al.211 carried out the vibrational 
and rotational analyses of the B —*• X bands observed 
in emission, which provided the spectroscopic constants 
for the B and X states. Topouzkhanian et al.212,213 

carried out the vibrational and rotational analysis of the 
D ** X systems. 

Laser-induced fluorescence spectra in rare-gas ma
trices have been recorded by Gerber and Kuscher214 as 
well as Bondybey and co-workers.215 Sontag and 
Weber216,217 have also investigated the laser-induced 
fluorescence and Raman spectra of Sb2 and Sb4 in 
rare-gas matrices. All these investigations have resulted 
in accurate determination of the spectroscopic constants 
of the X, A, and B states. 

Bondybey, Schwarz, and Griffiths215 observed 
fluorescence bands in the 15 000-cm"1 region, tentatively 
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assigned to a 3S^-X1Sg based on the similarity of these 
bands to the Vegard-Kaplan system of N2. Balasu
bramanian and Li219 have shown that this assignment 
is not consistent with the theoretical separation of the 
3S* state from the ground state and reassigned these 
bands to the 3A11(IJ-X1Sg system. 

Mass spectroscopic investigations of antimony clus
ters also have been carried out by Kordis and Ginge-
rich.218 The vacuum-UV spectra of Sb2 have been re
corded.147 

Balasubramanian and Li219 carried out relativistic 
complete active space MCSCF (CASSCF) calculations 
followed by large-scale configuration interaction and 
RCI calculations on 33 electronic states of Sb2 lying 
below 44000 cm"1. An extended (4s4p3d) basis set that 
included polarization functions was employed. The 
outer 4d105s25p3 shells (15 electrons) were explicitly 
retained in these calculations. The rest of the core 
electrons were replaced by the relativistic effective core 
potentials. 

CASSCF and CI calculations of all the electronic 
states were done in the C2v group, and a few states were 
also calculated in the D2h group to compute the effect 
of higher order correlations. The D2/, symmetry was 
chosen to facilitate the inclusion of higher order exci
tations since in the D2^ group the configuration counts 
are much smaller compared to the same calculations in 
the C2u group. Following CASSCF, CI calculations were 
carried out with the first-order CI (FOCI) approxima
tion. 

The CASSCF/ FOCI calculations, although they ap
peared to be satisfactory for calculating the Re and we 
values of various electronic states, were found to be 
somewhat less accurate for energy separations of elec
tronic states of Sb2. These calculations yielded only 
70% or less of the experimental dissociation energies, 
especially for group V dimers, for which correlation 
effects were found to be quite severe. Hence, the effects 
of higher order excitations not included in the 
CASSCF/FOCI calculations were studied by the 
CASSCF/MRSDCI methodology for a few low-lying 
electronic states of interest. MRSDCI calculations of 
Sb2 included single and double excitations from a set 
of chosen reference configurations that had a coefficient 
>0.07 in the CASSCF. The CASSCF calculations in
cluded up to 400 configurations, while the MRSDCI 
calculations included between 60000 and 300000 con
figurations. 

Balasubramanian and Li219 also carried out RCI 
calculations to estimate the spin-orbit effects. The RCI 
calculations were carried out by using the recently de
veloped RCI method for polyatomics which employs 
natural orbitals obtained from a CASSCF/CI calcula
tion and Gaussian basis sets. The RCI calculations 
included possible low-lying X-s states that had the same 
Q symmetry and potentially mix in the RCI. 

Table 32 shows the spectroscopic constants of 33 
electronic states of Sb2 including spin-orbit effects 
obtained with the CASSCF/FOCI/RCI methodology. 
The calculated FOCI potential energy curves are shown 
in Figures 12 and 13 for the singlet and triplet states, 
respectively. Figure 14 shows the potential energy 
curves of Sb2 which included spin-orbit effects. As seen 
from Table 32, the spin-orbit components of a given 
\-s state came out in a group. That is, the spin-orbit 
contamination for Sb2 is not so large as to cause a 

TABLE 32. Spectroscopic Properties of Sb2 Calculated 
with the FOCI/RCI Method0 

state 

X V fO*) 
3 ' g' 

'9 

"u '''u'1 

3Z* fO-J 
'J • U' 

2_ + 
" j 

» X o„) 
X (3U) 
3. 
au 

X : v 
X X] 

X ( v 
3-~ <y 
3"~ 

-j '"'1J' 

^j *" j ; 

3--
"j 

1A (2 j 
J v U' 

X 
3r* 
"9 

X 
1 I 9

+ ( I I ) 

X 
X 
3r" 
"9 

1I+(III) 

1 ̂  
"3 

«.L\(I:, 

U 

"u 

X 
1 I 1 C : ; 

Re 
Theor, 

2.59 

2.59 

2.82 

2.83 

2.83 

2.78 

2.78 

2.78 

2.78 

2.67 

2.69 

2.67 

2.67 

2.67 

"'. 76 

2.76 

2.76 

2.77 

2.76 

3.07 

3.07 

2.93 

2.73 

2.67 

3.05 

3.05 

3.05 

2.96 

2.89 

2. 91 

3.16 

3.14 

-, --

(M 
. E 

21 

2-

xpt. 

34 

46 

T6 ( 

Theor. 

0 

836 

7323 

7910 

8409 

16036 

16388 

16412 

16505 

19987 

20439 

21052 

21425 

22418 

22176 

22435 

2226C 

21370 

22976 

23472 

23496 

26158 

26614 

27570 

31319 

33525 

33583 

36154 

35243 

37156 

39048 

42100 

cm"1) 

Expt. 

0 

14991 

19068 

31400 

32037 

ae 
Theor 

246 

245 

177 

175 

176 

193 

197 

199 

197 

217 

193 

215 

211 

214 

205 

205 

205 

204 

206 

140 

140 

193 
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218 

143 

151 

148 

141 

169 

152 

116 

86 

' ~'n 

icm"1) 

. Expt. 

270 

217 

219 

209 

D6 (eV) 

Theor. 

1.86 

1.85 

0.93 

0.92 

0.91 

1.63 

1.42 

1.53 

1.58 

1.11 

* r-

0.30 

0.70 

0.96 

1.59 

'. .59 

1.58 

2.44 

2.46 

0.72 

0.72 

2.06 

2.57 

1.89 

1.42 

1.15 

1.14 

0.36 

1.79 

0.70 

0.47 

0.65 

* • c 

"Theoretical constants are from ref 219. Most of the experi 
mental values are from ref 137 (see text). 
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Figure 12. Potential energy curves of the singlet electronic states 
of Sb2 (reprinted from ref 219; copyright 1989 Academic Press, 
Inc.). See Table 32 for spectroscopic labels of known states. 

Figure 13. Potential energy curves of the triplet electronic states 
of Sb2 (reprinted from ref 219; copyright 1989 Academic Press, 
Inc.). See Table 32 for spectroscopic labels of known states. 

change in the relative ordering of the electronic states. 
The ordering of the spin-orbit components of most of 
the low-lying states of Sb2 followed Hund's rule with 
the exception of the 3AU(1U) state. The contamination 
of 3S^(IJ with 3A11(IJ lowered 32+(lu) and raised 3A11-
(lu) relative to the 3A11 state. The spin-spin and spin-
orbit splittings of the 3S* and 3Su states were found to 
be smaller compared to the 3A11 and 3Su states. Simi
larly, spin-orbit mixing of 3AU(2U) with 1A11̂ 11) lowered 
the 3AU(2U) state. 

Table 33 shows the spectroscopic constants of nine 
low-lying electronic states of Sb2 obtained with more 
accurate CASSCF/MRSDCI/RCI calculations.219 In 
comparing the results of Tables 32 and 33, one can see 
that Re shrinks by 0.01 A due to higher order correla
tions. The vibrational frequency improved by 4.5% for 
the ground state. The main effect of higher order 
correlations not included in the FOCI was found to be 

0.06 

0.05 

0 04 

0.03 

0.02 

0.01 

0 

r 
uj -0.01 

- 0 . 02 • 

- 0 .03 

- 0 04 

-0 .05 
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'S + 2D 

4S + 4 ^ 

'SiH11] 

% 
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Figure 14. Potential energy curves of the low-lying electronic 
states of Sb2 (reprinted from ref 219; copyright 1989 Academic 
Press, Inc.). See Table 32 for spectroscopic labels of known states. 

on the dissociation energies. The calculated Des in
creased by 17% due to the higher order correlations. 
The refined theoretical Z3e (2.17 eV)219 was still about 
30% smaller than an experimental (thermodynamic) 
value of 3.09 eV obtained by the Knudsen effusion mass 
spectrometric method.218 

The Re and «e values of the X ground state deduced 
from laser-induced fluorescence experiments are 2.48 
± 0.02 A and 269 cm"1. The best levels of calculations 
(MRSDCI) of Balasubramanian and Li219 yielded 2.58 
A and 259 cm"1. The slightly longer bond length is 
attributable to the effective core potential approxima
tions by Balasubramanian and Li.219 The longer bond 
lengths and slightly lower vibrational frequencies ap
pear to be the general trend in the effective core po
tential calculations and are consistent with other cal
culations on comparable systems. 

Table 34 shows the dipole-allowed transitions for Sb2 
and their adiabatic transition energies. As seen from 
Table 34, there are 31 allowed electronic transitions. 
Among the transitions listed in Table 34, only four to 
five transitions appear to have been observed, all from 
the ground state, and only two of them were experi
mentally well characterized. 

Two experimental systems labeled B-X and A-X, 
where X is the 1Sg (0*) ground state, have been studied 
to a considerable extent. The Te value of the B state 
deduced from the experimental spectra is 19000-19070 
cm"1. Balasubramanian and Li219 calculated the 
CASSCF/MRSDCI/RCI separation of 3S (̂O+) from the 
X(Og) ground state to be 20255 cm"1, in reasonable 
agreement with the experimental results. The we value 
of the B state deduced from experiments was found to 
be 218 cm"1. The small discrepancy between the the
oretical value and the experimental result is about the 
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TABLE 33. Spectroscopic Constants of Various Low-Lying 
Electronic States of Sb2 Calculated with the MRSDCI/RCI 
Method" 

State Re (A) Te (cm"
1) ui (cm"1) D feV) 

~heor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. 

X '^!CM 2.58 2.34 0 0 259 270 

2.58 

h*<i : 2.78 

3C(O-; 2.79 

836 

8760 

8847 

258 2.16 

1.04 

1.02 

5284 

'1 1 2.77 2.64 15636 14991 198 2T 

2.48 20255 19068 2C5 

2.75 

V 

1A (2 ] 
J l U ' 

"y 

D v 
U 

3H(H! 
J 

2.75 

2.73 

2.72 

2.86 

2.94 

"From ref 219. 

20339 

23509 

25115 

33945 

36296 

32087 

205 

234 

232 

180 

161 

209 

same for both the ground state and the excited states. 
The predicted difference in the we values between the 
X and B states (54 cm"1) was found to be in excellent 
agreement with the experimental difference of the we 

values of the X and B states. Likewise the theoretical 
difference in the Re values of the X and B states (0.17 
A) was found to be in full agreement with the experi
mental difference of 0.17 A. This appeared to sub
stantiate the assumption that the small discrepancy 
between the theoretical and experimental results is 
mainly due to the effective core potential approxima
tion. The calculations of Balasubramanian and Li219 

confirmed the earlier assignment of the B state to the 
Ou component of 3S„ Bondybey et al.215. 

Bondybey et al.215 as well as Sontag and Weber216 

studied the A-X system both in the gas phase and in 
a rare-gas matrix. The Te and we values of the A state 
deduced from these experiments are 14 990 and 217 
cm"1, respectively. The Re value of the A state has not 
yet been obtained from the gas-phase experiments, but 
in the Ar matrix a value of 2.64 A has been suggested. 
As seen from Table 33, the most consistent electronic 
transition for the A-X system with the theoretical 
calculations of Li and Balasubramanian is the 3An-

(Iu)-1Sg(Og) transition. The theoretical adiabatic 
transition energy of 15 636 cm"1 is in very good agree
ment with the observed value of 14 995 cm"1. Further, 
the theoretical Re and we values when corrected for the 
ECP approximation and electron correlation (Ai?e = 
-0.17 A, Aw6 = +18 cm"1) yield 2.60 A and 216 cm"1. 
These values are in remarkable agreement with the 
experimental values of 2.64 A and 217 cm"1. Further, 
there is no other allowed electric dipole transition in 
this region. Bondybey and co-workers215 noted that the 
fluorescence in the 15 000-cm"1 region exhibited an in
tensity ratio of 7,[//x = 1.32. This ratio is close to a Aft 
= +1 intensity ratio of 4 /3 = 1.33, suggesting the A state 
to be a lu state. However, they assigned the A state to 
3Iu(In) based on the Vegard-Kaplan system of N2 and 
As2. But the separations of the electronic states of N2 

are quite different from those of Sb2, and thus it seemed 
that it is not entirely correct to assign the observed 
transitions of Sb2 based on N2 or even As2. The 3Su (lu) 
state of Sb2 is much lower (T6 ~ 8760 cm"1) in energy 
and thus did not appear to be a probable candidate for 
the A state seen in the region of 15 000 cm"1 (see Table 
33). Moreover, the 3Sy" state has a slightly longer bond 
length (2.79 A) and much lower we value (177 cm"1). 
Even if these values are corrected for the ECP ap
proximations, the theoretical Re and we values of the 
3Zu(Iu) state are 2.65 and 195 cm"1. The experimentally 
observed A state had a higher we value of 217 cm"1. All 
these reasonings together with the energy separation 
of 3An(IJ led Balasubramanian and Li219 to speculate 
that the A state observed in the A-X system is most 
probably the l u component of the 3AU state. 

The experimental Te and we values are uncertain for 
the D-X system observed in the 32087-cm"1 region. 
Theoretical calculations of Balasubramanian and Li219 

suggested (see Table 34) three candidates for the D 
state (3II11(II),

 1Su, and 1IIu). The vibrational frequen
cies of the 3 n u and 1IIu states are somewhat smaller 
compared to an uncertain experimental we of the D state 
(209 cm"1).37 The most probable candidate for the D 
state was believed to be the 1 S* state since its «e value 
should increase by at least 15 cm"1 due to higher order 
correlations (184 cm"1). The predicted theoretical we 

value of the D state after correction for the ECP ap
proximation (202 cm"1) was found to be in remarkable 
agreement with an uncertain experimental value of 209 
cm"1. Balasubramanian and Li assigned the observed 
D-X system tentatively to the D1Su-X1Sg transition. 

Sontag and Weber216 identified a new electronic 
system, which they called K-X, in the 32 000-cm"1 re
gion below the D state. The vibrational and rotational 
constants of the K state have also been determined. 
The Re and o)e values deduced from laser-induced 
fluorescence experiments are 2.841 A and 127 cm"1, 
respectively. From Tables 33 and 34, the most con
sistent candidate for the K state is 3IIu(0u), arising from 
the second root of the 3IIU state. The theoretical Re and 
o)e values (2.96 A and 141 cm"1) are in reasonable 
agreement with the experimental values, although the 
experimental values themselves are not very definitive 
due to perturbations with nearby electronic states. 

Sibai et al.213 carried out the rotational analysis of the 
D *- X system. They found that the vibrational levels 
of the D state were quite perturbed by another elec
tronic state in this region designated as the L state. As 
seen from Tables 32 and 33, there are many probable 
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TABLE 34. Some Allowed Electric Dipole Transitions of Sb2 and Their Transition Energies" 

T (cm"1) 
Transi t ions FOCI/RCI MRSDCI/RCI Observed Transi t ions FOCI/RCI 

T (cm"1) 
MRSDCI/RCI Observed 

3Z + (I ) - 1Zn
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+) u l u ' g g 
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3V0U+) - l j :gX> 
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1 I + - 1 I + (O + ) u gk g' 

i i + + 

3 W * 1Zg(Og+) 

T + 1 + + 

\[U) -1Ig+(Og+) 

Vg) - 3VV 
3 + 3 * 

" g l V "V uJ 

3 ' -
TT (I 1 — Z (1 ) 

g l z' 1J1 W 

i 3 + 
" (2 ) - : fi ) 

g l g' "u ' uJ 

3 + •> + 

-g 1V uJ 

3A - 3 I + ( I ) g u l u' 

"From ref 219. 
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15636 
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V 3 W 
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1 I + ( I I i ) ~ 3 i u

+ ( i u ) 

V3Ov 
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g u1 I)' 
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3W - V ) 
3 I + - 3 I + ( O - ) g u l uJ 

\ * Vu) 
1 3 + -

V VV 
3 I - - V r o " ) g u1 u ; 

:-: - 3VV 
"7Tn(II) - 3I+(O") 

18335 

19747 

23496 

25702 

25760 

31225 

34824 

11977 

13142 

15562 

15536 

19560 

23409 

31138 

34737 

candidates for the L state. Since the K and L states 
are close in energy and are both below the D(1S+) state, 
Balasubramanian and Li219 tentatively assigned the L 
state to 3IIU(1U). 

A series of absorption bands labeled as the H •*- X 
and F *- X systems were observed at 44400 and 44 760 
cm-1, respectively, by Topouzkhanian and co-workers.212 

Balasubramanian and Li's calculations are consistent 
with these observations in that there are at least three 
allowed electric dipole transitions in the 44000-cm-1 

region. The 3nu and 3S+(II) states are repulsive while 
the 1IIu(II) state is bound. It was not evident which one 
of the three possible candidates corresponded to the H 
and F states. Balasubramanian and Li219 argued that 
the experimental (uncertain) we value of the H state 
(479 cm"1) is unreasonable for a heavy species such as 
Sb2. 

As seen from Table 34, there are 22 electronic tran
sitions predicted by theoretical calculations that appear 
to have not yet been observed. With the exception of 
the 3S+(I11) ** X1S+ transition, all other transitions in
volve excited electronic states and thus would depend 
upon the lifetimes of these states. The 

3S+(Iu)-X1S+(O+) transition is allowed in the perpen
dicular direction (Aft = 1), and this should certainly be 
observable in the 8000-cm"1 region. If this state is de
tected, the assignment of the A state to 3AU(1U) by Ba
lasubramanian and Li219 will be confirmed. The 2U 
component of the 3AU state could also be observed with 
multiphoton methods. 

Table 35 depicts the weights of various electronic 
configurations in the FOCI and RCI wave functions of 
the electronic states of Sb2. As seen from Table 35, 
electron correlation effects are quite important even for 
the ground state of Sb2. The weights of the leading 
configurations are >80% for the 3A11,

3SU, 1A11,
3S+, 3Ag, 

1S;, 1II 3S", 1S+(III), 1A6,
3IIu(II), 1IIu, and 3IIU states. 

The 1S* state is the most complex mixture in that three 
spatial configurations contribute to a great extent for 
this state. 

Table 35 also shows the spin-orbit contaminations 
in the RCI wave functions of the electronic states of Sb2. 
The mixing of the 1S+ state with the 3IIg(O+) state was 
found to be only 2% for the ground state at its equi
librium geometry. This is also reflected in the relatively 
small lowering of the De of Sb2 by the spin-orbit term 
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TABLE 35. Contributions of Important Configurations to the FOCI Wave Functions and the X-s Contributions to the u-u 
States of Sb2" 

I v + , o + 2, 4 ,1 2. 2 . 2 , 1 , . + , , , 
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2o2lnJlng(
3lj (83), 2o2lnJln3(3lj (12), 

2O2In3ITT1 (3A ) (3) 
g u g* u ' l ' 

3 I > j 2O2ITT3IrTg(3Iu
+) ( 8 5 ) , 2 o 2 l n J l n 3 ( 3 l j (12) 
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•J.J, 

J (10) 

g ( 0 g ) 2 O 9 X I n 5 ( 3 I 9 ) (82), 2 0 - l n - n ^ . J (10), 

2 : 2 l n * ( : : g ) (3) 

1Z+ Za 2In 3In 1 (45), 2ogln42oJ (24), 20 2 InJm 3 (20) 

\ 2 o J l n 3 l n 2 ( 8 3 ) , 2 O 9 I n J m 9 (2) 

3VV 2 o ' in ln"("h ] r851. 20 ' In - In ("" 1 C-O) g j c l g' - ' ' g u c l g' ' ' 
I r -Z- 2O2Ir1Jm2 (61), In 4 In 2 (7 ) , 2og lnJmg2oJ (14) 

\ ( 2 g ) 2 « g l » u
4 l » g ( \ ) (85) , 2 o 1 m 2 l n 3 ( \ ) (11) X ( I I ) 2O9

1InJm2 (77), 2O2In2In1ZoJ (3) 

\ 2 ^ X (")' 2"X1"3, (9) 1 N 9 ( I I ) 2 , 2 m 3 2 o J ( 6 8 ) , 2 o 2 l n J l n 2 2 o J (14) 

3 Z - ( O J 2 , 2 I n 3 I i T 0 ( 3 I j (96) 3 I j ( I I ) 2 a g m 4 2 o J ( 6 8 ) , 2 o g m J m 2 2 o J ( 8 ) , 2 o g l n 4 3 o J (4) 

3 I - ( I J 2 o 2 l i r 3 l « g ( 3 I j (96) 

" F r o m ref 219. Comple te l a . a n d Ian shells are no t shown. 

X 2O9XJm2 (37) 

since decrease in D6 is brought about by the bonding-
antibonding mixing as a result of contamination with 
the 3ng state. The stabilization of the lu component 

of the 32„ state is primarily due to the mixing of 3Sj(lu) 
with 3AU(1U). Similarly, the 3AU(2U) is stabilized by 
mixing with 1AU(2U) (about 5%). Thus, the conventional 
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Hund's ordering of 3AU spin-orbit states (lu, 2U, 3U) is 
violated since 2U is lowered by contamination with 1A11. 

Table 36 shows the gross and overlap Mulliken pop
ulations of 22 electronic states of Sb2 obtained from the 
FOCI natural orbitals. As seen from Table 36, the gross 
s populations of most of the electronic states are <2.0 
while the gross p populations for most of the states are 
>3.0. The small increases in the d populations were 
primarily a consequence of the contribution from the 
d polarization functions. Also reported in Table 36 is 
the population analysis for 1S* at a long distance (6.5 
A) to comprehend the effect of atomic correlation in the 
population. The effect of relativistic mass-velocity 
contraction on the stabilization of the 5s shell is of 
interest. For the next row, it is known that the 6s2 shell 
is so stabilized by the relativistic mass-velocity effects 
that it does not participate in chemical bonding (the 
"inert-pair" effect). The gross s populations of most of 
the states are smaller than 2.0, indicating the partici
pation of the 5s shell in the bond. The ground state has 
the largest overlap population (0.88) since the Sb-Sb 
bond is composed of a triple bond. It is interesting to 
note that the overlap population of the comparable In2 
molecule194 in its ground state is 0.335, implying that 
the Sb2 bond is much stronger than the In2. The ratio 
of the two overlaps could approximately be taken as the 
ratio of the bond orders (2.62). The negative overlap 
population in the 1Sj state appears to be primarily due 
to mixing of the 2o-g2<Tu configuration in this state, in 
which the 2<ru orbital is antibonding. 

I. Te2 

The electronic spectra of Te2 have been the topics of 
many studies170,220"235 for several years. The electronic 
spectra of Te2 are of considerable interest since they 
serve as possible wavelength standards. Further, the 
Te2 molecule has been considered as a candidate for 
optically pumped lasers. Theoretically, the Te2 mole
cule is considered interesting as a result of relativistic 
effects and the complexity of electronic states due to 
large spin-orbit coupling. 

The strongest observed transitions of Te2 are the B 
** X and A ** X systems. These transitions were ob
served in both absorption and emission spectra as well 
as laser-induced fluorescence and chemiluminescence 
spectra. Yee and Barrow170 observed a weak fluores
cence serive originating from the perturbed B(O+) ter
minating to a state X2 <2230 cm"1 above the X ground 
state. Laser-induced fluorescence investigations by a 
number of authors231'232'234 later revealed that the X2 
state is 1975-1977 cm"1 above the X ground state. 

Bondybey and English231 have investigated laser-in
duced fluorescence spectra of Te2 in Ar and Ne ma
trices. These authors observed a fluorescence series in 
the 16400-cm"1 region. The lower state involved in this 
fluorescence was assigned to the X2(lg) state, since ex
citation to the emitting state from the ground state X 
could not be achieved. The emitting state (A') was 
tentatively assigned to 3IIU(2U). Later, Ahmed and 
Nixon232 reassigned the A' state to a lu state since they 
observed another, weaker, fluorescence series in the 
14091-cm"1 region. Ahmed and Nixon232 suggested that 
the upper state in this fluorescence series is a 2U state. 
Verges et al.235 argued that the A' state is most likely 
3 S+(!J based on the intensities of the observed bands 
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TABLE 36. Mulliken Population Analysis of Sb2" 

gross overlap 
state ~ S b SoTiT SbTpI Sb(d) Sb-Sb 

I 1 +
 2-5 A 

3 6.5A 

3V + 
' ' u 

\ 

\ 
2r-

" U 

\ 

3 *; 

\ 

V" 
1 ^ 

% 
3 . -

1Sg+(III) 
1* 
"9 

Vu 
1 -

1 _ 

: 3 
! y i i ) 
1Hg(II) 
"5 * * 

Z' n i l 
3-, * 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

15.000 

"The population 

1.871 

1.994 

1.899 

1.899 

1.884 

1.885 

1.899 

1.926 

1.925 

1.926 

1.888 

1.883 

1.909 

1.931 

1.927 

1.916 

1.905 

1.905 

1.939 

1.945 

1.945 

1.828 

1.809 

3.048 

3.005 

3.023 

3.024 

3.066 

3.038 

3.022 

3.012 

3.012 

3.018 

3.033 

3.069 

3.032 

3.012 

3.011 

3.0^5 

3.027 

3.056 

3.016 

3.023 

3.019 

3.065 

3.078 

10.081 

10.001 

10.077' 

10.078 

10.050 

10.077 

10.079 

10.062 

10.062 

10.056 

10.078 

10.048 

10.059 

10.058 

10.062 

10.039 

10.063 

10.039 

10.045 

10.032 

10.035 

10.107 

10.030 

analyses were carried out at R 

0.878 

0.005 

0.327 

0.404 

0.464 

0.429 

0.438 

0.120 

0.123 

0.225 

0.442 

0.484 

0.125 

0.158 

0.158 

0.132 

-0.394 

0.180 

0.028 

0.055 

-0.337 

-3.043 

-0.035 

= 2.50 A; for 
other bound states the analyses were carried out at i?e. From ref 
219. 

and a comparison to the analogous O2 bands for which 
3Su-3Sg system is well characterized. 

Effantin et al.230 have observed a b state, which they 
assigned to 1S* in the new B(Ou)Hb(1Sg) system using 
Fourier transform spectroscopy. The spectroscopic 
properties of the lower state have been characterized. 
However, no transitions to a lower 1 \ state have been 
observed to date, although Verges et al. predicted that 
such a state should be about 6500 cm"1 above the 
ground state. Verges et al.229 have also observed an 
electronic state which they designated B(lu) which is 
very close to the B(Ou) state. 

Balasubramanian and Ravimohan236 carried out 
CASSCF/FOCI/RCI calculations on 22 low-lying 
electronic states of Te2. These authors employed re
lativistic effective core potentials with the outer 
4d105s25p4 shells of the Te atom retained explicitly in 
the valence space. A (3s3p4d/3s3p2d) valence Gaussian 
basis set was employed. Extensive RCI calculations 
that included all possible reference configurations to 
yield the desired O states were made employing a dou
ble-f STO basis set. 

Table 37 depicts the spectroscopic constants for 22 
low-lying states of Te2 obtained by Balasubramanian 
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TABLE 37. Spectroscopic Constants for Te2 

Balasubramanian 

S t a t e Rp (A) 

Thec-y^ Expt. 

Te (cm- 1 ) 

Theory Expt. 

uig ( c m ' 1 } 

Theory Expt. 

3 X V 

1 + + 

X ( C 1 ( I : ) ) 

JA (2 1 
U v U ' 

3 , + M 

n ; o , 5 

2.68 

2.66 

2.70 

2 .92 

2 .^3 

2.97 

3 .00 

3 .00 

3.25'" 

2 . 5 6 a 

2 . 5 5 d 

2 . 8 - 0 . 0 5 e 

2 . 8 8 a 

2 . 3 2 a 

0 

2229 

6383 

9142 

10 446 

11 193 

14 369 

17 759 

21 606 

0 

1975 
1977 J 

[ 6 5 0 0 ] c 

9600u 

9591° 

0 14 091 

17 789 u 

,e 19 451 
19 399" 

22 207 e 

22 1 5 5 : 

22 222d 

210 

216 

199 

158 

182 

2.68 690C 

128 

142 

131 

222 

205 

247[ 

250° 

[ 2 3 5 ] c 

229u 

120" 

144 s 

162 e 

9 ' ' 

>yr., 
X ( H I ) 

1H ( H ) 

1 T I n ( I I i ) 

2 .98 

3 .03 f 

1 ~J 

3.42T 

3.05 ' 

3 .42 f 

13 9OC 

19 529 

22 413 

25 722 

27 233 

27 647 

34 043 

37 139 

132 

92 

53 

81 

147 

84 

"Reference 37. bReference 232. cPredicted value as in ref 234. This state is yet to be observed. dReference 230. eReference 231. 
'Calculated Re and u>e values for these states may not be accurate due to basis set limitations. *A11 theoretical constants are from ref 236. 

and Ravimohan236 together with available experimental 
values. The potential energy curves for several of these 
states are given in Figure 15 (without spin-orbit cou
pling) and Figure 16 (RCI, including spin-orbit cou
pling). 

As seen from Table 37, the ground state of Te2 is an 
X(Og) state. The lg state, which is the other O com
ponent of the 32g X-s state, is 2229 cm"1 above the Og 
state. The theoretical T6 of the lg state was found to 
be in very good agreement with the value of 1975 cm"1 

reported in ref. 13 and 14. The calculated Re, Te, and 
we values were found to be in very good agreement with 
available experimental data for the electronic states 
below 10000 cm"1. The theoretical Re values of excited 
states above 10 000 cm"1 are much longer than the ex
perimental values. This difference was attributed 
mainly to the basis set limitations in the theoretical 
calculations by Balasubramanian and Ravimohan.236 

For the excited states the basis sets must be extended 

further with more diffuse functions and polarization 
functions. 

As seen from Table 37, theoretical calculations con
firmed the earlier assignments of the A(Oj)-X(O+) and 
B (Oj)-X(O+) systems. The A(O+) state was found to be 
3nu(0+) while the B(O+, state was found to be 3Su(O+). 
The A" state observed by Bondybey and English231 in 
the weak fluorescence, which was assigned to 3nu(2u) 
by these authors,231 is most consistent with 3AU(1U) 
(Table 37). The theoretical Te value of 17 759 cm"1 was 
found to be in very good agreement with the experi
mental state. The notation A' was also used for another 
electronic state with a Te value of 14091 cm"1 by other 
authors, and thus caution must be exercised in talking 
about this state. The state that Bondybey and Eng
lish231 designate A' is observed in the A' -*• X2(lg) 
fluorescence. The lower state is assigned to 1„ since 
excitation to the A' state could not be achieved from 
the X(O+) ground state. Balasubramanian and Ravi-



Heavy p-Block Dimers and Trimers 

o.io r 

6.00 8.00 10.00 

R - * (bohr ) 

12.00 

Figure 15. Potential energy curves of some low-lying electronic 
states of Te2 (reprinted from ref 236; copyright 1987 Academic 
Press, Inc.). See Table 37 for spectroscopic labels of known states. 

o.io 

- 0 . 0 8 
4.00 6.00 8.00 

* ( b o h r ) 

10.00 12.00 

Figure 16. Potential energy curves of low-lying w-a> states of Te2 
obtained with the RCI method including spin-orbit interaction 
(reprinted from ref 236; copyright 1987 Academic Press, Inc.). 
See Table 37 for spectroscopic labels of known states. 

mohan236 suggested the notation A" for the 3AU(1U) state 
to avoid confusion with the A' state participating in the 
14 091-cnT1 bands. 

Ahmed and Nixon232 observed another weaker 
fluorescence series in the 14000-cm"1 region, which they 
assigned to the forbidden A'(2J-X(0g) transition. 
However, Verges et al.235 correctly argued that the A' 
state should most probably be 3 Su(IJ . As seen from 
Table 37, the theoretical Te value of the 3 S^(IJ state 
(14 369 cm"1) is in remarkable agreement with the ex
perimental T6 value of the A' state (14091 cm"1). 
Further, the theoretical and experimental a>e values 
agree well if the A' state is assigned to 3 Su(IJ . Con
sequently, the theoretical calculations of Balasubra-
manian and Ravimohan236 supported Verges et al.'s235 

tentative assignment. 
Verges et al.229 and Effantin et al.230 observed a B( I J 

state which was found to be close to B(Ou). Balasu-
bramanian and Ravimohan236 estimated the separation 
of this state at the Re of 3S" (22414 cm"1). Although 
this may not be very accurate, it is close to the exper
imental Tr of 22 222 cm"1. 
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TABLE 38. Leading Electron Configurations Contributing 
to Some Low-Lying X-s States of Te2 near Equilibrium 
Geometry" 

3 , -
"0 

1 ^ 

1K 
3„-

3 I g ( I D 

V11) 

J y i i u 

i „ ( i ) 

1V1*) 

' y i i i ) 

"From ref 236. 

2 4 2 2VV«g 
2 4 2 

2VV"g 
2 4 2 2VV"g 
2 3 3 2VV»g 

ZOg 2 I^g 

2 2 4 
Z'gKl"! 

2 a g l T T u l T T g 

2 y "X 
2°g2V\ 

% % ) , 20gl^l lg(3%) 

83%) , 2<Jgl%iTgC5S) 

78%), 2B2lrr2litJ(14S) 

94%) 

90%) 

79%), Zfl g2B u lnJ l i t 2 (10J) 

80%), 2 ( , 2 I ^ I n 2 (10%) 

68%), 2Cg2o u ln^^(18%) 

i , 2 (82S) . 2O 9 Za 2 In 2 ^ (AS) 

ng(46%), 2 o 2 2 3 u l , 2 i ^ ( 3 2 - ; 

87%) 

^ 92% 

Verges et al.229 identified a singlet state (b) with a T6 

value of 9600 cm"1. These authors tentatively assigned 
the b state to 1S*. As seen from Table 37 the calcula
tions of Balasubramanian and Ravimohan are in 
agreement with this assignment. Verges et al.235 in 
another investigation predicted that there should be a 
1A- state with an approximate T6 value of 6500 cm"1, 
although this state is yet to be observed. The theo
retical separation of the x Ag state (6383 cm"1) was found 
to be in remarkable agreement with this prediction. 

Table 37 also lists the properties of many electronic 
states without spin-orbit coupling with Te values 25 700 
cm"1, none of which, so far, have been observed ex
perimentally. The theoretical Re, Te, and «„ values for 
these states, however, should not be considered to be 
very accurate since the basis set and level of theory 
employed by Balasubramanian and Ravimohan236 were 
not adequate to calculate these properties with reliable 
accuracy. 

The theoretical dissociation energy236 (DJ obtained 
with the CASSCF/FOCI/RCI method for the X(O+) 
state of Te2 was found to be 1.69 eV. The spin-orbit 
interaction decreased the De value, since the separated 
atoms are more stabilized by the spin-orbit interaction 
compared to the molecule. Huber and Herzberg37 listed 
a D0

0 value of 2.68 eV based on a weighted mean of a 
number of values obtained from spectroscopic and 
thermochemical methods. The difference between this 
value and the theoretical value is primarily due to lim
itations of theoretical calculations. As pointed out by 
Saxon and Liu,173 although Des of group IV dimers such 
as O2 are not obtained accurately by (modest level) 
theoretical calculations, the spectroscopic properties 
near the well should be reasonable. 

Table 38 shows the leading configurations in the CI 
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TABLE 39. Experimental and Theoretical Spectroscopic Constants of I2" 

State i j k l T(cm_1) Assignment Re (A) u e (cm - 1) 

Theory Expt Theory Expt Theory Expt 

1 Sg(O-) 2440 0 0 X 2.70 2.67 210 214.5 

3 H u ( 2 u ) 2431 11500 10042 A' 3.30 3.08 93 109 

3 I 1 u ( l u ) 2431 12522 11888 A 3.30 90 93 

3IT (0*) 2431 16560 15725 8 3 .25 3.02 110 126 

3HU(0~) 2431 21000 
( repu is i ve ) 

1H (1, ) 2431 25700 21000 
( r e p u l s i v e ) (max) 

3 H n ( I n ) 2341 27900 
gv g 

3 

( repu l s i ve ) 

n (2 ) 2341 30763 
y w (repulsive) 

3 I J O * ) 2422 31700 
' (repuI sive) 

3 I + ( I ) 1441 32500 37000 
U v U 

3. 

! r o pu s i v e ; v^ax) 

2422 34700 
( repu l s i ve) 

•^ (0*) 2341 35800 
' • g v g ' ( ' 6 P U 1 S i V S ) 

" . ( O j 2341 35859 

- I n ( I n ) 2341 36200 

1 J ( 3 A , V ) 2332 35750 

- i , ( 2 n ) 2422 37340 
y a 

3I-(O+) 2332 41800 41029 D 3.74 3.58 90 95 
u v u' 

3A 2332 41940 41521 y 1 3.67 95 
u u 

41789 J 2U (4.0) 100 

3Iq(II) 2242 42500 

3JT (II) 1432 42711 40386 D'(2g) 3.85 3.61 90 105 

3Hn(II)O
+ 1432 41412 E(O+) - 3.67 - 101 

9 9 » 
3U11(II) 1342 46014 45230 F1? 4.02 94 93 

v0 ) 1441 47500 47217 F 3.596 3.61 102 96 V 
1I + (IH 0442 51200 47026 f - 3.574 103 104 
9 ' 

1A (2 ) 2332 53145 H? 3.69 101 

1I+(III) 2422 54350 
^ (repulsive) 

3Hn(II)I, 1432 55000 47559 

'H ( H U 1432 56000 52000 
. S 3 

"H11(II) 1342 57200 

1I + ( I I ) 2332 55200 51706 F11Oj 3.63 3 .48 102 131 

"Theoretical .Dj(I2) = 1.45 eV including spin-orbit effects. Experimental O6(I2) = 1.54 eV. The notation ijkl is used to designate the 
electronic configuration 2<x'glir{ilir£2ff'u following Mulliken.180 Theoretical values are from ref 251 while experimental values are from ref 38. 
For repulsive states the reported T values are vertical energy separations. For bound states these are Te. 

wave functions of the bound electronic states of Te2. coupling makes significant contributions to the elec-
The nature of electronic states listed in Table 37 could tronic states of Te2. The X(O*) ground state was found 
be best understood by using Table 38. Spin-orbit to be actually 71% 3Sg(O+) and 19% 1Sg(Oj!") at its 

G 

* n 

F-O+, 

3.528 

3.34 

3.94 

3.63 3.48 

89 

92 

95 

102 
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equilibrium geometry. The Og (II) state was found to 
be 73% 1Sj(Oj) and 18% 3S8(Oj) at its equilibrium 
geometry. The spin-orbit contamination for other 
states such as 1 A ^ ), 3Sg(lg), 3AU(3U), 3AU(2U), 3Sj(IJ, 
etc. were not particularly significant at their equilibrium 
geometries, although at longer distances, the spin-orbit 
contaminations became significant for all electronic 
states. 

J. I2 and I2
+ 

The spectroscopic properties of I2 and I2
+ have been 

studied for many years; a summary of the investigations 
up to 1977 can be found in Huber and Herzberg.37 A 
more recent review of the spectroscopic properties of 
I2 can be found in Brand and Hoy.38 Some of the earlier 
assignments of I2 were found to be incorrect, and thus 
the review of Brand and Hoy38 should be consulted for 
revised constants and assignments. From empirical 
evidence and known experimental data at the time, 
Mulliken and other authors237"239 obtained potential 
curves of I2, together with conclusions and assignments. 

The electronic spectra of I2 in the region below 55000 
cm-1 indicate the existence of X, A', A, B, B', B", C, D, 
D', E, G', F', F, G, H, and I states. The A', A, B, and 
B' states are the 2U, 1„, Oj, and 0„ spin-orbit compo
nents of the 3nu state.237-244 The B" state is assigned 
to the 1II11(I11) state.37'243 The G, G', E, and F states are 
assigned to the 2g, lg, and Oj" components of the 3ng 
state and 1Sj, respectively.24" Among these states, the 
transitions A «- X, B ** X, B" ** X, C — X, G «- A', 
D ** X, E — B, G' — A, F' — X, F ** X, H — B, I — 
B, and D' -»• A' are observed. 

The absorption spectra of I2 in CCl4 and n-heptane 
are analyzed in terms of transitions from the ground 
state to the three electronically excited states (3II(1U), 
1H(In), X(OJ)).239 King and McLean247 have recorded 
the three-photon absorption spectrum of I2 at 16 400-
18 300 cm-1 and confirmed the presence of the F'(0j) 
state by rotational analysis of the 3P2C spectrum. 
Venkateswarlu et al.245,248 have studied the photoa-
coustic spectroscopy of I2 and found that the structure 
observed at 20 200-20 750 cm"1 is beyond the conver
gence limit of X1S+(Oj) -* B3II(Oj); this transition was 
attributed to a two-photon absorption. They have also 
studied the E — B transition of I2 at 4400-4000 A and 
discussed the origin of the upper state, E(Oj), of this 
transition. Many weakly bound electronic states and 
ion-pair states of I2 have also been detected. Experi
mental investigations238 on diffuse and predissociation 
spectra of I2 have led to the characterization of elec
tronic states labeled a and another state labeled D', 
which was earlier called G.37 

The I2
+ halogen positive ion has also been the topic 

of many investigations in recent years.249'250 In the most 
recent investigation, Leach249 has reviewed the various 
experimental investigations on I2

+, Br2
+, and Cl2

+. 
Li and Balasubramanian251 carried out CASSCF/ 

FOCI/SOCI/RCI calculations on many electronic states 
of I2 and I2

+. They found 30 low-lying electronic states 
of I2 and 13 electronic states of I2

+. These authors 
employed RECPs that retained the 4d105s25p5 outer 
shells of the iodine atom in the calculations while the 
rest of the core electrons were replaced by RECPs. A 
flexible (4s4p2d) valence Gaussian basis set was em
ployed for the iodine atom. The final SOCI calculations 
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TABLE 40. Spectroscopic Properties of I2
+ Calculated by 

the FOCI (SOCD/RCI Method0 

State T ( cm > re (A) u (cm"1) 0e (eV) 
calculated assignment 

2V*0' 
2y?3) 

X^ 
X^ 
X 
X^) 

X^ 
X 
X 
2.+ 

"9 
2VII) 

2V") 

4V11) 

SOCI 

SOCI: 

SOCI: 

SOCI: 

0 X 
: 0 

5979 X 
: 5979 

7948 

8258 

12215 

9961 A 
: 10068 (vert .-12687) 

15010 A 
15117 (vert:17736) 

14470 

17739 

19361 B 

40358 
(repulsi vs) 

44152 
(repulsivs) 

(r 
44462 
epulsivs) 

2.70 
2.69 

2.70 
2.69 

3.17 

3.19 

3.48 

3.12 
3.09 

3.14 
3.11 

3.52 

3.51 

3.52 

213 
217 

204 
208 

126 

125 

99 

128 
132 

108 
112 

102 

71 

72 

1.92 
2.06 

1.16 
1.30 

0.92 

0.88 

0.74 

0AIl values are from ref 251. Reported T values are adiabatic 
for bound states. Otherwise they are vertical separations. 

included up to 105 004 configurations for I2 and up to 
230 000 configurations for I2

+. Spin-orbit effects were 
taken into account by using relativistic configuration 
interaction calculations. 

Table 39 shows the calculated spectroscopic proper
ties (Re, T6, we) of 29 electronic states of I2. Table 40 
shows the spectroscopic constants of 13 electronic states 
of I2

+. In Table 39, the experimental spectroscopic 
constants are shown for comparison. The spectroscopic 
properties in Tables 39 and 40 were obtained by using 
the (4s4p2d) basis set and a combination of FOCI/ 
SOCI/RCI methods. For many of the excited states 
with energy separations >30000 cm"1, only the FOCI 
method was used. The Ts in these tables are Tes for 
the bound states and are the vertical transition energies 
for the repulsive states. 

Figure 17 shows the potential energy curves of the 
low-lying electronic states of I2 including the spin-orbit 
effects obtained by using the FOCI/RCI method. 
Figure 18 shows the potential energy curves of many 
low-lying and high-lying states of I2 constructed from 
the FOCI calculations, while Figure 19 shows the po
tential energy curves of I2

+. Tables 41 and 42 depict 
the contributions of important configurations to the 
FOCI/RCI wave functions of I2 and I2

+, respectively. 
In Table 39, the principal components of the elec

tronic states are shown in Mulliken's ijkl notation, 
where the set of integers i} j , k, and / designate the 
electronic configuration 2o-gln

J
ulirg2(ru. The labels for 

the various experimentally observed states are as per 
the recent review by Brand and Hoy.38 It must be 
pointed out that some of these labels have changed 
during the years. For example, the electronic state 
labeled D' in Table 39 was denoted G earlier as seen 
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Figure 17. Potential energy curves of the low-lying electronic 
states of I2 including spin-orbit effects (reprinted from ref 251; 
copyright 1989 Academic Press, Inc.). See Table 39 for spec
troscopic labels of known states. 
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Figure 18. Potential energy curves of the electronic states of I2 
without spin-orbit effects (reprinted from ref 251; copyright 1989 
Academic Press, Inc.). See Table 39 for spectroscopic labels of 
known states. 

in ref 37. The labels with question marks are tentative 
assignments. The ensuing discussion should be con
sulted for the possibilities. 

The theoretical ground-state spectroscopic con
stants251 are Re = 2.70 (SOCI/RCI) and 2.77 A 

I -001 

V z 2 9 ) 

2n,(3/2g) 

2.0 2.5 3.0 3.5 4.0 4 5 5 0 5.5 

R(A) 

Figure 19. Potential energy curves of the electronic states of I2
+ 

(reprinted from ref 251; copyright 1989 Academic Press, Inc.). 
See Table 40 for spectroscopic labels of known states. 

(FOCI/RCI), «e = 210 cm"1 (FOCI/RCI), and D6 = 1.45 
eV, which includes the spin-orbit effects. From Table 
41 it is seen that the main configuration contributing 
to the ground state is 2<x2 (95%) at Re; at longer distance 
(R = 4.0 A) the contributions from 2a\ (28%) and 
lx|2o-i (5%) become significant. The I-I bond in the 
1Sg (Op state is weakened due to the spin-orbit inter
action. The experimental spectroscopic data37 are Re 

= 2.67 A, w, = 214.5 cm"1, and D0
0 = 1.54 eV, which are 

in excellent agreement with the Li-Balasubramanian 
calculational results. 

Skorko252 found a strong continuous absorption re
gion at higher temperatures and pressures in the 
spectrum of I2 at X 3427 A and a similar but weaker 
region with a long-wavelength edge at X 3263 A. 
Mulliken237 assumed that the X 3427 A and X 3263 A 
regions can be identified with absorptions from the 
3nu(2u) and 3n u( l u) states terminating to 3ng(2g) and 
3ng(lg), respectively, and estimated a T6 value of 10100 
cm"1 for 3n(2u) and 11888 cm'1 for 3IIU(1U). Ashby et 
al.241 have photographed the A3IIU(1U) - X1S8" system 
of I2 at 8000-13 400 A in absorption which facilitated 
calculation of constants for the A3nu(lu) state: T6 = 
10906 cm"1, D6 = 1641 cm"1, and «6 = 92.5 cm"1. Ger-
stenkorn et al.242 have determined the IR absorption 
spectrum of the A3IIU(1U) state at 7000-12 500 cm"1 

using Fourier spectroscopy and found the separation 
between the X1S8" and A3nu(lu) states to be 10846 cm"1; 
the D6 of the A state was calculated as 1639.77 cm-1. 
Gerstenkorn et al.253 obtained some visible absorption 
bands of I2 by the same technique. The separation 
between the X1S^ and B3II11(Ou) states deduced by 
these authors is 7 \ 0 = 15724.586 cm-1. 

The spin-orbit components of the 3 n u state of I2 are 
not as strongly bound as the ground state. The basis 
sets and levels of electron correlation treatments em
ployed by Li and Balasubramanian251 are not likely to 
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be as accurate for less bound excited states compared 
to the ground state. Nevertheless, a full SOCI treat
ment that included up to 105 000 configurations in the 
D2h symmetry cannot be regarded as a poor approxi
mation. Thus, the theoretical Re and «e values of the 

B(Ou) state are not in as good agreement with the ex
perimental values as the ground state is. 

The B/3nu(0u) and B'rlnu(lu) states were both as
signed as repulsive states37 from the 2P3^2 + ^3/2 atomic 
states at long distance; the B" state is also the state 

TABLE 41. Contributions of Important Configurations to the FOCI/RCI Wave Functions of I2" 

State MA) Percentage of Contributions State r (A) Percentage of contributions 

1Ig+(O9
+) 2.75 2Og2I^lWg(1I + ) (95). 1 n41»\Z0J(1) (1Ig+) (4), 

2 °H l n g 2 o u< 3 V ( ° - 6 K 2 0 S ^ g 2 0 U ( 3 V (°-3> 

4.00 2Og2InJm4V + ) (67), InJm4^0J(1I + ) (28), 

20H1^20U(3V !5) 

3 H j 2 J 3.25 2 C g 2 I ^ 2 0 J ( 3 V (97) 

3.50 2Og2InJ1Ir^0J(3Hj (97) 

4.00 2.JVJm3^oJ(3Hj <67>- 2°gl*u3l*g2ou(3V <30> 

3 W 3.25 2Og2InJm3^0J(3Hj (57), Z0
2InJmJ20J (1Hj (3), 

V u g u 

, I , 4, 4 , 1,3.+, 
2 V W 1 J i v 

(39) 

3.50 2 , 2 I V n 3 Z 0 J ( 3 V ( " ) • 2 0 O 1 V ^ g 2 0 U ( 3 O (86> 

Zc2U1
4In3ZoI(1TI 

4.00 2OgVJmJ 2 0 J ( 3 Hj (31), Z 0
1 I n J l n ' z o J V j ) <47> 

2 V V y V ( 3 V (13I- 2 0 S 1 V V ^ ( 1 V <2' 

3.25 ZOgVJmJz-JVj (96), 2,1IVV-Oj(1V (D 

? i '< '• i ' 4 4 1 i * 

3.50 2c 1- .T'Zz-r- ) (96), Z0-IT; m_20-(*_) (1) 
g j g u' u' l ' ' g u c u v u' l ' 

4.00 2o:m'm„2o 3,.1,3. 1. 3. 4 , . 2 , 3 , 
a' 'u" -,ZV V (57)- 2 V V y V V (31) 

V V 2-75 2 o V V 3 2 - J ( 3 - u ) (84), 2 0 1 I V ^ Z a J ( 3 I * ) (10) 

Z, 4, 3 , . 1 , 3 , 
3.25 2 O g U V ^ z V V < 3 2 ) ' 2 o g 1 % 4 l " g 2 o u ( 3 V ( 6 6 ) 

_2._4._3-._l ,3. 4.00 Z a ^ l V y u ( \ ) (28). 20 gl^ln^2oJ (JI + ) (55) 

20J1Vv10U(3V (15) 
Z,_4,_3,_l,l 2, 4 , . 3 , . 1 , 3 , V-1U' 2-75 z v v w v <87>- 2 V V y V v <12> 

1H3(I8) 2.75 Zo2InJIn4Z0J(
1Hg) (50), Z 0JIn

4In 3ZoJ( 1V (48) 

VV 
3V(V+^ 

\ " V > 

*VV 
3H f in 

3Tg(IDOg) 

V I I ) ( V 
J 1. (H)( lg) 

Ir-
"u 

V 

VV 
3V1D) 

V 
3- -

(II) 

J i , ; ( i i ) 

3H11(II) 

' Ig( ID 

Z.75 

2.75 

2.75 

2.75 

3.75 

3.75 

3.75 

3.75 

2.75 

3.75 

2.75 

2.75 

3.75 

2.75 

4.00 

3.50 

4.00 

3.75 

ZO
2ln3ln420J g u g u 

, 2. 4, 2 , Z 
2 VvV 0 U 

2:2ln4ln22o2 

g u g u 

1 4 •> 2 
2;• IT Ir'Z-

V u-y-u 
1 4 2 ' 

2 W V 0 U 
20Q-1V^g20U 

2VVV0U 
, 2. 3, 4, 1 20 In In 2o g u g u 

2 0S1V^g2 0U 

2 0S1V^g2 0U 

2 0S1V^g2 0U 

2 0S1V^g2 0U 

2 0S1V^g2 0U 

2 o g 2 l V ^ 2 o u 

I _ _ O 

2VVV0U 
2 V V y V 

3H5) (51), 20Jln4 ln32oJ(3Hg) (47) 

3 I - ) (93), Z 0
2 InJm 4ZoJ( 3 Ig) (2) 

(94) 

1 V (92), 2 O 2 I n J I n V J ( 1 V (4) 

% ) (52), 2 0 2 I n J I n V - ( 3 V (331 

3H5) (52), 202InJm4ZoJ(3Hg) (33) 

3Hg)(62), 2O
2 lnJln420J(3Hg) (33) 

3Hg)(SS), Z O J I V 1 1 S 2 0 U ( 1 V ' ° - 3 ) 

3Hg) (38), 2O2InJm9VJ(1Hg) (0.3) 

1 I J t " ) 

3O 

\ ) I4 9 ' ' 2ogV3V32ou(3V (48' 

3Aj (98) 

3I") (55), 2o2ln4ln22oJ(3Ig) (34) 

V («) 

\ ) (S3), ZoJm4InJZoJ(3H 

1 I j ) (78), 2OjInJmJz 0 J ( 1 I : ) (14) 

1VV0U(1V (50)- 2 0H1^(1V t16'-

2 0 J m 2 I n 4 Z 0
2 ; 1 ! ! ) (12) , 2 O 2 I n V 2 Z o V : ; ? .'1Ci g u g u l 3 ' l ' ' g u g j ' ; • • 

2 VV^ 2 0 U( 1 V (39» 

1Ag(H! 3.75 Z 
O5VHVC2V V ( 5 1 ) - 2 0 Q 1 V V 0 V v ; 3 3 ; 

3 I j ( I J 2.75 Z 0
1 I n J m 4 Z 0 J ( V ) (93) 1Ig(III) Z.75 2og21 V ^ 2 0 U ( 1 V < 8 5 ! - 2 0 S 1 V ^ g 2 0 U ( 1 V ( 4 ) 

3,. + , „ -J ( O j 2.75 2 O J m 4 V 4 V j ( 3 V ( " I 3.75 2 og 2 l"u 1^ 2 ou( l iu) (8 8 ' 

JHg(2g) 2.75 Z0JmJm4Z0J (3H5) (51), 20JmJlnJzoJ(3Hg) (46) 

V ( O + ) Z.75 Zo2InJm5
4Z0J(3Hg) (53), ZoJlnJlnJ2oJ(3Hg) (45) 

Hg(oj 2.75 2o2mJm42oJ;V) (53), 20Jm4mJz0J(3 
Hg) (45) 

1Hg(II) 

",,(H) 

"Hg(IIl) 

3.75 

4.00 

3.00 

Zo1InJmJ20J(1Hg) (57J1 2 0JInJm9VJ(1Hg) (23) 

2 V ^ g 2 0 U ( 1 V ( 5 7 ) . 2 « 2 l V * g 2 , ' i t 1 ' , u ) <31» 

2'g21 V^g3 0J(3V ( 8 3J- 2 0J 1V^ 2 0J 3 0S( 3V (5)' 

_2._4._3-._l
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TABLE 41 (Continued) 

Balasubramanian 

State r Percentage of Contrioutions State r(A) Percentage of Contributions 

2 4 3 " ' 1 "> 4 1 1 ' 
.30 2 J n I r 1 I O c I f " " ! , , ; !84! , 2c* l i , l r .2o*3:„ I ""„! ( = !, 

! * ! : : ; 3.75 2 :> I ,
3 iT , 3 2a 2 : : 0 ; 7 3 ! i iy^r%\;lz*j ;i: 

: ' ( : : ; ; 3.53 2r?ii- ;
4i^2c l

;3cii3: ' ') !=01,2: 2 i - 2 i -~2c-3c; ; 3 : / 

2 c ; : , 3 > 3 2 c 2 3 c ; 

" . : : : : ; 3.30 2 : ; : - 3 3 r 4 2 3 2 ; : ^ ) («2 ; , 2 c : i ^ 4 i - - 3 : 1 ; 1 -

3.25 2 : ; i - " : - ; 2 : ' 3 c n ; 1 I + ) ( D O ! , 2 - ; : - ^ : - : 2 : - 3 ; ; 

Z _(11) 3.00 2 : n
2 l ^ l . V ( 3 s I ) (72) , 2 c h n 4 1 ^ 3 o - ( 3 i ; i (IE 

"From ref 251. 

TABLE 42. 

State r; 

Contributions of Important Configurations to the FOCI/RCI Wave Functions of I2
+ 0 

:AI Percentage of contributions State r(A) Percentage of contrite itions 

2..'= 2 : > > ; . ( ' - , . : ( 9 3 i , \T*\TIZ'S,{ 

2 . - 2 o ^ > 3 ! 2 ^ ; .92», ! , > 3 2 c 2 

3.25 2d In.,ITT^SO4, ( I n ) (65 j , 2 ^ 1 : ^ 1 

2 4 2 * ^ -u 
1 T : 2 C ' 

" * ! ' • " ' ' V i " 1 '' 1 1 " ' " " " I i 

2 : ' : - " l " : 2 o * : - i . ) ( 5 8 ) , 2o 

3.C0 2 c ; : < : - ; " n \ ( 7 8 ) , 2 c „ : - n i - ; 2 - " ( ^ : •;:-

? ? " > ' / ! 4 7 2 7 
3.50 2" i f f ? o ' ( - ' ' f B7i , 2 : 1- I r 2 - - f " " 

g u c J 1 - ; • ' C J C J ' 

3.0C - 1 . 4 2„ 2, 

. 2 , . 3 . . 3 2 , : ; 2 . 

ZZ^.TZ'-'Z.'C-*) (S7!. 2::l- . 

( 3 2 ) , 2 c ; : , 2 : r : 2 ; 2 ( 2 : 

2 , , 3 , . 3 , , 1 , Z , - , , 
g- -g j g u i - „ J ; = 

3.50 2 O 2 U 3 I ^ ( 2 Z + J ( 3 7 ) , 2 a g l , 4 l * 2 2 a 2 (2S+J 

5.OO 2 o ^ 4 l n 2 2 o 2 ( 2 Z + ) ( 3 2 ) , 2 c ^ 2 1 ^ 2 a 2 (30) , 

*<\UlU\Z<\ (2Eg» !32! 

2, 4-1 I-, 2,Z„ . 2 , 2 , 3 , 2 , 2 n n g ( I I ) 2.75 2 c g ' 1 ^ 1 ^ 2 0 u ' ( ' n g ) ( 7 2 ) , Z a ^ l , . ^ ' ^ ) 

IT, ; : :j 2.75 2^in^32aJ(2 iTu) o n 

C ] C I ) 2.75 2 c 2 ! n 2 1 ^ 2 c J ( 4
Z j ( 7 8 ) , 2aC. l . 3 l* 3 2o 2 ( V ) 

(19) 

(13) 

'From ref 251. 

responsible for the absorption continuum with a max
imum at 20050 cm"1 and for the predissociation of 
B3nu(0+). As can be seen from Figure 17 the 3II11(Oj) 
curve crosses with the 3S+(1U), 3S+(0"), 3S8(O";), 3S-(lg), 
1IIg(Ig), and 1IIu(Iu) curves. Hence the 3nu(0u) state is 
predissociated. This has been noted before238 based on 
experimental findings. There has been some doubt 
about the B/3IIu(0u) state being responsible for the 
magnetic field induced predissociation of the 3II11(Ou") 
state (see ref 37). The theoretical calculations of Li and 
Balasubramanian251 show (Figure 17) that the repulsive 
state 3nu(0u) lies below the 3II11(OU) state and thus may 
not be responsible for the predissociation. The theo
retical 8"1IIu(Iu) state is repulsive, and its vertical en
ergy from the ground state is 22% higher than the data 
from the absorption spectrum. The vertical energy 
separations of most of the states were not calculated 
exactly at the Re of the ground state. A distance close 

to the Re for which the calculational value existed was 
used. Part of the difference could be attributed to this, 
although the basis sets and the levels of electron cor
relations used by Li and Balasubramanian are not fully 
adequate for accurate determination of the energy 
separations of the excited states. 

The C state of I2 has been studied by many authors. 
Mathieson and Rees255 assigned the C state to 2332 
3Sj(II)(Ou). Mulliken237 and Clear and Wilson254 as
signed the C state to 1441 3Su(Iu)- T n e experimental 
data indicate that the C state has a weak but broad 
absorption continuum with a maximum at 2700 A 
(37 000 cm"1) and dissociates into 2P3 / 2 +

 2Pw2 atomic 
states. The theoretical calculations of Li and Balasu
bramanian251 revealed (see Figure 17 and Table 39) that 
the 1441 3Su(Iu) state dissociates into 2P 3 / 2 +

 2P3 / 2 at 
long distance; the theoretical vertical energy of the C 
state was found to be 32 510 cm"1, which is lower than 
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the experimental value. However, the lu state, which 
is a mixture of the 2332 3AU(1U) and 2332 3S+(II)(1U) 
states, dissociates into 2P3Z2 +

 2Pi/2 and has a vertical 
energy (36751 cm"1) near the experimental value. The 
mixing between 3Su(IJ and 3A11(I11) could provide the 
necessary transition moment for the C «- X transition 
if the C state is assigned to this state. Thus, the pos
sibility of C being this state should not be ruled out. 
In both cases, theoretical calculations of Li and BaIa-
subramanian251 supported Mulliken's argument that C 
should be a lu state. 

Chen et al.246 observed the D *- X (resonance en
hanced) three-photon excitation spectrum of I2 by a CW 
intracavity absorption method. The spectroscopic 
constants for the D state obtained by these authors are 
j>oo = 40998 cm"1, w0' = 113 cm'1, and w0'x0 = 0.045 cm"1. 
Other authors37,237 assigned the D state to the 1Sy state 
with T6 = 40679 cm"1 and we = 104.4 cm'1. On the basis 
of the strong intensity of the D-X emission system, 
Mulliken237 suggested two possible assignments for the 
D state. He argued that the D-X system could be 2332 
3S-(O+) «- X, 1441 1Sj-X, or 1342 3IIu(0

+) — X. The 
last one was excluded based on the low intensity and 
higher frequency. The 2332 3S-(Ou)-X transition needs 
excitation of two electrons from the ground state and 
consequently would be less probable in comparison to 
the 1441 1Sy system. However, as Mulliken correctly 
argued, the spin-orbit mixing between 2332 3SU(0+) and 
14411Su(Ou) would be significant and thus could pro
vide a considerable transition moment for the 2332 
3S-(OuVX system. In any event, the 3Su(Ou") state 
should be observable for I2 since less intense systems 
have been characterized for I2. 

The theoretical energy separations251 in Table 39 
tended to substantiate the assignment of the D state 
to a mixture of 3S-(Ou) m& 1Su(Ou). If this assignment 
is correct, then the intense F state observed in the F-X 
system (experimental T6 of 41000 cm"1) could be as
signed to 1441 1Sy. Furthermore, theoretical calcula
tions of Li and Balasubramanian251 placed the 2332 1S* 
state which was thought of as a candidate for the ex
perimental F state (T6 ~ 41000 cm'1) 65000 cm"1 above 
the ground state. Theoretical calculations of Li and 
Balasubramanian251 were most consistent with the as
signment of D to a mixture of 3SU(0+) and 1Su(Ou) and 
the assignment of F to 1441 1Su(Ou). The theoretical 
energy separation of the F state is higher than the ex
perimental value as expected. 

The Li-Balasubramanian251 theoretical i?6 and o>6 
values of the 1441 1S+ state are 3.55 A and 102 cm"1, 
in very good agreement with the experimental Re and 
we values of the F state (3.61 A, 96 cm-1); this agreement 
provides further confidence in the assignment of the F 
state to 1441 1S+. 

The electronic states labeled a and a' observed from 
the diffuse and predissociation spectra238 were assigned 
before to 2341 3FL(IJ. The a' state was assigned to a 
O+ state, although the exact principal configuration 
contributing to this state was not known. As seen from 
Table 39, the theoretical calculations confirm the as
signment of a to 2341 3IIg(Ig) and suggest that the a' 
state would be 2422 3S~(0g). The a state is responsible 
for the predissociation of B-X systems. As seen from 
Figure 17, both the 3S~(lg) and 3S8(O

+) curves cross the 
O+ curve near the well of the 0+ state. However, 3ng(lg) 
is lower than 3Sg(O+) (Table 39) and thus would cross 

with the B(Ou) 3 ^ e at a shorter distance in comparison 
to 3Sg(O+). Thus, the earlier assignment of the state 
causing predissociation to a(L) rather than a' (O+) is in 
agreement with the results of the theoretical calcula
tions of Li and Balasubramanian.251 

The presence of the F'(0+) state has been confirmed 
by King et al.247 with the three-photon absorption 
spectrum of I2. Spectroscopic constants reported in ref 
37 for this state are T6 = 45 230 cm"1 and co6 = 93.4 cm"1. 
The calculated data in Table 39 are most consistent 
with the assignment of the F' state to 3nu(II)(0+). The 
theoretical o>e value is in excellent agreement with the 
experimental results. 

Brand et al.256 have studied the resonant two-photon 
E(O+) — B(O+) *- X(O+) transition of I2 vapor by po
larization spectroscopy. Huber and Herzberg37 assigned 
the E state to the 3II8(O

+) state with T6 = 41411.4 cm"1, 
coe = 101.59 cm"1, and R6 = 3.65 A. Theoretical calcu
lations251 confirmed this assignment. The E(O+) state 
is thus a 1432 3IL1(O

+) state. Viswanathan et al.257 ex
amined an emission system of I2 in Ar at 2830-2890 A 
and interpreted this system as a charge-transfer tran
sition originating from an ion-pair state near T6 = 47 000 
cm"1 and co6 = 105.7 cm"1 and terminating in a weakly 
bound state that dissociates into two ground-state at
oms. The transition is tentatively assigned to the 0" -* 
2431 0u(

3n) transition. Table 39 shows that the 0" state 
should be the 1432 3IL state of the theoretical calcu
lations. The theoretical calculations predicted that the 
2431 0u(

3nu) state is a repulsive state.251 This predic
tion is consistent with a somewhat repulsive 3nu(0u) 
constructed from experimental results with a weak vi
brational structure in the long-range part of the well. 

Kawasaki et al.258 studied the two- and three-photon 
absorption spectra of I2 in the gas phase. The emission 
band at «340 nm is attributed to the 1432 3IL(2g) — 
2431 3nu(2u) transition, and the 385-nm band is at
tributed to the 3ng(lg) —• 3IL1(Iu) transition. Huber and 
Herzberg37 assigned the G state to the 3ng(2g) state with 
T6 = 42 300 cm-1, although later the label D' was given 
instead of G. Theoretical calculations of Li and Bala
subramanian251 supported these assignments. Tellin-
ghuisen and co-workers238,259 have studied the emission 
spectrum D'(2g) — 2332 3AU(2U) and the detailed vi
brational system for the D'(2g) -»• A'(3nu(2u)) transition. 
The experimental spectroscopic constants of the D' 
state are T6 = 40388.24 cm"1, Z)6 = 31794 cm"1, .R6 = 
3.61 A, and we = 103.953 cm"1. As seen from Table 39, 
theoretical calculations confirm the assignment of the 
D' (called G earlier) state. 

The emission bands in the 3460-3015-A region in the 
presence of foreign gases were assigned to the H -*• B 
transition.37 The H state, later denoted as f, has the 
constants T6 = 46063 cm"1 and «6 = 103.7 cm-1. The 
weak emission bands (2785-2731 A) were found and 
attributed to the I —•• B transition.37 The spectroscopic 
constants of the I state are T6 = 51973 cm"1 and we = 
112.4 cm"1. These assignments are both based on the 
assumption that the lower state is the B state, but it 
is not entirely certain that the lower state has been 
correctly identified as the B state.37 As seen from Table 
39, there are two bound states, 1S+(II) and 1IIg(II), 
whose T6s are both around 50000 cm"1. Thus, the as
signments of the f state as the 1S+(I) state and the I 
state as the 1IIg(II) state seem reasonable. 

The spectroscopic properties of the low-lying states 
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of I2
+ can be discussed in terms of ionization of the 

highest occupied orbitals of the 1Sg ground state of I2. 
Upon ionizing the lirg orbital, one would obtain the 
lowest state of I2

+ as the 2IIg state arising from the 
l(jglcr22o-glxul7rg configuration. There are other possi
ble low-lying states arising from the configurations 
lffljlffj&ffhirjlir^ffi, U2

gUl2<T2
glTrllTr4

g, a n d 
lcr|l42(Tgl4l7rg. 

Li and Balasubramanian251 carried out CASSCF/ 
FOCI/(SOCI)/RCI calculations on 13 electronic states 
(Table 40) of I2

+. It can be seen from Table 40 that the 
ground state of I2

+ is the 2IIgO/2g) state arising pri
marily from the Iaglff22cr2l7r,j;l7r3 configuration. The 
first excited state is 2IIg(I/2g) from the same configu
ration. 

The photoelectron spectrum of I2
260'261 reveals the IP 

of I2 is 9.311 eV for the 1S+(I2) — 2ng(3/2g)(I2
+) ioni

zation, and IP = 9.953 eV for the 1S+(I2) — 2 n g ( l / 
2g)(I2

+). The theoretical adiabatic ionization potentials 
by the SOCI/RCI methods are IP = 8.62 eV (to 2IL-
(3/2g)) and IP = 9.38 eV (to 2IIg(l/2g)). 

The experimental spectroscopic constants37,260 are D0
0 

= 2.683 eV and we = 240 cm"1 for the 2II-(3/2g) state 
and T6 = 5180 cnT1 and a>e = 220 cm"1 for the 2II8(I/2g) 
state. For the 2IL,(3/2.) state, the theoretical constants 
obtained by SOCI/RCI are De = 2.06 eV and we = 217 
cm"1, and for the 2IIg(l/2g) state, Te = 5979 cm"1 and 
o)e = 208 cm"1. As seen from Table 40, the 2IIgO/2„) and 
2ng( l /2g) states are quite pure. Hund's rule should 
apply in this case; i.e., the energy level of the 2IIg(3/2g) 
state should be lower than that of the 2ng( l /2g) state. 
There are no experimental Re values reported for the 
electronic states of I2

+. Since the (4s4p2d) basis set 
yields an R6 value about 0.06 A longer, Li and Balasu
bramanian251 predicted that the experimental Re values 
of the 2IL(3/2,l/2) states should both be around 2.63 
A. 

The A state of I2
+ has been assigned to the 2II11(I/ 

2,3/2) states by photoelectron spectra37-261'262 with T6 

= 12420 cm"1 (2IIU(3/2U)) and T6 = 18950 cnT1 (2II11-
(1/2J) . The calculated Tes and the vertical transition 
energies from the ground state to the 2IIU(3/2U) and 
2nu( l /2u) states are listed in Table 40. Table 42 shows 
that the 2IIU(3/2U) component is relatively pure while 
the 2nu(l /2u) state exhibits considerable contamination 
with the 4S"(1/2U) component due to the spin-orbit 
coupling, which raises the energy level of the 2EL11(I/2U) 
state. 

The photoelectron spectra of Br2 revealed substan
tially different vibrational frequencies for the two 
components of the 2II11 state (see section III.E).37 

Specifically, the experimental we values of the 2IIu(3/2) 
and 2 n u ( l /2 ) states are 190 and 152 cm"1. The theo
retical calculations on Br2

+ by Balasubramanian181 

confirmed these experimental findings. The theoretical 
we values of the 2IIu(3/2) and 2IIu(l/2) states of Br2

+ 

were found to be 194 and 137 cm"1, respectively.181 This 
anomaly was attributed to the fact that the 2IIu(3/2) 
state of Br2 is pure while the 2IIu(l/2) state mixes 
strongly with 4S"(l/2) and 2S+ ( l /2) near the equilib
rium geometry.181 

The 2 n u ( l /2 ) state of I2
+ also behaves qualitatively 

similar to Br2
+ in that it also mixes with 4S~(l/2), which 

results in a lower we for the 2Ilu(l/2) component. The 
actual amount of mixing is smaller for I2

+ compared to 
Br2

+. Actually, for Br2
+ there is an avoided crossing of 

2 n u ( l /2 ) and 4S"(l/2).181 The 2 n u ( l /2 ) state of Br2
+ 

is designated as the A state and was observed by Ham
ilton190 recently in a laser spectroscopic investigation. 
Direct laser spectroscopic investigation of the electronic 
states of I2

+ is yet to be undertaken. 
An electronic state labeled the B state and assigned 

to a 2 S + state37-249'250'261-262 was observed with T = 27900 
cm-1. Eland261 suggested that the B2S+ state of I2

+ is 
fully dissociated to the ground state I + I. The cal
culated 2 S + state is a weakly bound state with T6 = 
19361 c n r \ Re = 3.62 A, and <oe = 72 cm"1. Figure 18 
shows that the B 2S+ state is dissociated to the ground 
state I+ + I. Leach249 and McLoughlin et al.250 have 
predicted that the B2S+ state curve should have a 
maximum at a long distance. The theoretical potential 
curve of the B state obtained by Li and Balasubrama
nian (Figure 18) confirmed this prediction of a maxi
mum near 4 A. This maximum is due to an avoided 
crossing of configurations contributing to the CI wave 
functions (Table 42). This state is dominated by mainly 
l(72l(T22o-?lir3lir32(Ti at 3.5 A; at long distances (>4 A), 
the state is a heavy mixture of lo-glo-^fTilxfjlir^o-2 and 
l(r2l«T22(Tgl7r2l7rg2(r2 configurations (see Table 42). This 
avoided crossing resulted in the maximum in the po
tential curve of the B2S+ state. At very short distance 
there is another avoided crossing. 

Table 42 shows the weights of the various configu
rations contributing to the RCI wave functions of the 
electronic states of I2

+. As seen from Table 42, most 
of the electronic states are relatively pure. The con
tribution of 4S^(l/2) to 2 n u ( l /2 ) is noticeable (9%) as 
seen from Table 42. The 4S„(3/2) state is somewhat 
purer at its equilibrium geometry. 

K. Tl2 and Tl2
+ 

The thallium dimer (Tl2) is much more weakly bound 
compared to In2 due to the inert-pair effect. For the 
same reason, most of the sixth-row p-block dimers are 
much less bound compared to the fifth-row dimers. 
This will be discussed in section VII. Early experi
mental investigations on Tl2 were focused on the de
termination of the dissociation energies. Drowart and 
Honig263 suggested an upper limit of 0.9 eV for D0

0 of 
Tl2 based on failure to observe Tl2 in Tl vapor above 
900 K.264 Ginter et al.122 observed emission bands in 
the 15 300-16 000-cnT1 region and absorption bands in 
the 23 000-cnT1 region. It is not evident if these bands 
arise from Tl2 or another cluster of thallium atoms. The 
related Tl2

+ ion has been observed by Berkowitz and 
Walter,265 but no experimental spectroscopic constants 
have been reported for Tl2. Balducci et al.266 have 
carried out a more recent mass spectrometric investi
gation of Tl2 and obtained a D0

0 value of 0.63 eV using 
we = 136 cm"1 for Tl2. 

Christiansen and Pitzer195 made small MCSCF-spi-
nor calculations for the electronic states of Tl2 which 
dissociated into the 2Pi /2 +

 2P1Z2 ground-state Tl atoms. 
For the O+ state, a two-configuration MCSCF treatment 
was used while for the 0" and l u states, only one con
figuration was included. A double- f STO basis set was 
employed. This is one of the earliest relativistic mo
lecular calculations and thus electron correlation effects 
could not be included to high order. In a later study, 
Christiansen196 carried out GVB/RCI calculations on 
the low-lying electronic states of Tl2. This study, 
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Figure 20. Potential energy curves of nine low-lying states of 
Tl2 including spin-orbit effects (reprinted from ref 196; copyright 
1983 American Institute of Physics). 

TABLE 43. Spectroscopic Constants for the Low-Lying 
States of Tl2" 

State ,-U Re (A) Ui6 (cm" 1J 

XO 

1U(D 

O 9 ( D 

1 Q 

Og(II) 

g 

Iy(H) 

0 

814 

860 

2900 

6200 

6370 

6780 

8130 

9280 

3.54 

3.71 

3.97 

3.30 

3.41 

3.00 

3.61 

3.14 

3.49 

39 

30 

25 

85 

54 

87 

54 

61 

39 

"All values are theoretical constants from ref 196. 

however, yielded only a weakly bound ground state for 
Tl2. In the earlier investigation, Christiansen and 
Pitzer195 also considered the potential energy curves of 
the l/2g and 1/2U states of Tl2

+. 
Potential energy curves of nine low-lying electronic 

states of Tl2 obtained by Christiansen196 dissociating to 
the ground-state atoms and the excited 2P1^2 +

 2P3//2 
limits including spin-orbit coupling are shown in Figure 
20. The theoretical spectroscopic constants are shown 
in Table 43. The potential energy curves of the l/2g 
and 1/2U states of Tl2

+ are shown in Figure 21. As seen 
from Figure 20, the ground state of Tl2 is a 0~ state and 
is only weakly bound. The Tl2

+ ion in fact is a bit more 
bound (De = 0.58 eV) compared to Tl2 (Figure 2O).195 

Christiansen's196 intermediate-coupling RCI calcula
tions gave only a weakly bound 0~ state (D6 = 0.16 eV), 
in conflict with an experimental mass spectral value 

5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 
Bond Length (bohr) 

Figure 21. Potential energy curves of two low-lying states of Tl2
+ 

(reprinted from ref 195; copyright 1981 American Institute of 
Physics). 

TABLE 44. Molecular States of Pb2 Related to Atoms in 
Several Low-Energy States and Their Energies" 

d i s s o c i a t i o n l i m i t molecular s ta tes 

3 P • 3P P0 1O 

3P • 3P P0 pl 

3P • 3P 
P0 Vl 

3 P • 3P 
1 1I 

P + P yl P2 

3P-, + 3 P , 

Pn + ' 3 , 

0.0 

7 819.4 

10 650.5 

15 638.7 

18469.8 

21 300.9 

21 457.9 

0B- °u> V 1U 

0Q+- 0U+' V 1 U' V 2u 

V 2 > ' V V V 2 g 

O 9
+ , O + , 0 - ( 2 ) . Q- (Z) 1 l g ( 3 ) , 

1 ( 3 ) , 2 ( 2 ) , 2 ( 2 ) , 3 , 3 
L T ' ' gv ' ' u v ' ' g ' u 

o g ( 3 ) , O11(Z), I 9 ( Z ) , y z ) , 

2 ( 2 ) , 2 , 3 , 3 , 4 g* ' ' u" g ' u ' g 

0 , 0 , 1 . 1 , 2 , 2 
g u ' g ' u* g ' u 

0 In parentheses is the number of states of a given symmetry. 
The energies of the dissociated atoms are in cm"1 and are from ref 
134. 

obtained by Balducci and Piacente266 (0.6 ± 0.15 eV). 
However, Christiansen recalculated the D0

0 value by 
using a more accurate partition function derived from 
his molecular calculations as 0.37 eV. This value is in 
more reasonable agreement with the RCI value of 0.16 
eV. Electron correlation effects are expected to be large, 
and thus more accurate calculations that include elec
tron correlation effects to a higher order may bring the 
D0

0 value of Tl2 closer to the revised experimental value 
of 0.37 eV. In any event, Tl2 is much more weakly 
bound compared to In2. 

Presently, there are no theoretical calculations on 
more excited electronic states of Tl2 that would aid in 
the assignment of the observed spectra. Thus, such 
calculations are warranted to aid in the interpretation 
of experimental data and they are in progress.267 

L. Pb2 

Shawhan268 in 1935 carried out the first vibrational 
analysis of the observed spectrum of Pb2 . Subse-
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TABLE 45. Spectroscopic Parameters for Pb2" 

Balasubramanlan 

T6 (cm-1) uj I cm ; 

Theo. Expt. Theo. Expt. Theo. Expt. 

0 103 

B 0 ] 

4150 as5500 

6670 

7370 

10130 

12920 12 457 

13320 

13640 

14130 15 314 

124 

119 

106 

130 

122 2 

9. 2.93 

a+14 500 

F 07 19 300 15" 

"The X, A, B, and C labels are those of Bondybey and Eng
lish.87,197 The theoretical constants are from ref 277. 

quently, many others have studied the electronic 
spectra of Pb2 in both the gas phase and rare-gas ma-
trices.87'197,269"273,275'278'279 There are many mass spec
trometry studies of Pb2 also.263,274'276 Johnson et al.272 

using the laser-induced fluorescence technique obtained 
superior spectra and showed that the early analysis of 
Shawhan cannot be correct. Bondybey and English87'197 

have studied the lead dimer LIF spectra extensively in 
rare-gas matrices. 

The spectroscopic investigations of the lead dimer 
summarized above have revealed the presence of at least 
seven low-energy electronic states. Pitzer and Balasu-
bramanian277 carried out SCF/RCI calculations of ten 
electronic states of Pb2 and their potential energy 
curves. 

Table 44 gives the molecular states of Pb2 that dis
sociate to atoms with total energies up to 22 000 cm"1 

above the lowest states 3P 0 +
 3Po- Pitzer and Balasu-

bramanian277 have limited their calculations to those 
terms expected to be relatively low in energy (within 
about 15000 cm"1 of the lowest 0* state). 

Table 45 shows the theoretical spectroscopic con
stants of Pb2 obtained by Pitzer and Balasubramani-
an277 together with available experimental data. The 
potential energy curves are shown in Figure 22 for the 
g terms and in Figure 23 for the u terms, with the lowest 
Og state shown in both figures. These potential energy 
curves were obtained by Pitzer and Balasubramanian.207 

As seen from Figure 22, the spin-orbit (SO) effect 
greatly lowers the Og component state of 3Sg(o-2ir2) near 
the potential minimum. At shorter distances this Og" 
state undergoes an avoided crossing with the 1Sg (ir*) 

£ 
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O 

UJ 
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IO 

Figure 22. Potential energy curves of the g states of Pb2 (re
printed from ref 277; copyright 1982 American Chemical Society). 
See Table 45 for spectroscopic labels of known states. 

Figure 23. Potential energy curves for the u states of Pb2 (re
printed from ref 277; copyright 1982 American Chemical Society). 
See Table 45 for spectroscopic labels of known states. 

state (also Og), yielding a marked shoulder in the re
pulsive side of the curve. The other component of 32~, 
the lg term, is lowered less by the SO effect and has a 
normal curve shape. Likewise the 2g curve (1Ag in type 
a) is quite normal. The 1Sg state (without SO) has a 
second minimum at longer distances; in this region it 
is primarily o\ir\ rather than x*. 

The 3IIU state splits into 2U, lu, 0~, and Ô  components 
in increasing energy near their minima. But the 2U term 
dissociates to higher energy atoms than lu and thus the 
curves cross near 3.3 A. The energy differences in these 
u terms can be understood best by considering first the 
ir3 component, which yields a lower 2n3 /2 term if a 
high-energy ir3/2 spinor is vacant. If a lower energy ir1/2 

spinor is vacant, a higher energy 2 n 1 / 2 term results. 
Then when the spin of the erg electron is coupled to the 
IT3 group, there is a smaller splitting of 2 n 3 / 2 to 2U and 
lu, with 2U lowest, in agreement with Hund's third rule. 
From the 2 n 1 / 2 term for ir3 there arises the 0" and 0* 
terms and the second lu term, which is 1IIu in type a 
coupling. 

The spin-orbit effect induces large changes in dis
sociation energies. The ground Og state is only about 
half as strongly bound as the 3Sg state without SO. 
Among the states arising from 3IIU on introduction of 
the SO term, the dissociation energy of 2U is almost 
unchanged whereas that for Ô  is considerably reduced. 
Some of these differences are due to different dissoci
ation limits. 
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The strongest absorption (near 19800 cm x) is from 
X(O )̂ to the second 0+ or F state denoted by F — X.275 

An energy curve for this state was added by Pitzer and 
Balasubramanian277 to Figure 23 at the experimental 
energy. Since this state arises primarily from the con
figuration ff^uirg, it is expected to have a larger Re than 
that for o-2.^; this was found to be in agreement with 
the red shading of the experimental bands. The tran
sition probability from Og to the lower 0„ state was 
found to be experimentally much smaller, in agreement 
with the nature of these states. Theoretical spectro
scopic properties obtained by Pitzer and Balasubra
manian for this state agreed reasonably well with those 
measured, in particular the large anharmonicity and low 
dissociation energy. Also the theoretical Re value for 
the lowest 0* is smaller than that for Og, in agreement 
with the blue shading of the observed bands.87,197 

Bondybey and English87,197 interpreted a set of 
emission bands for Pb2 in an inert matrix as arising by 
internal conversion from the F state to the long-lived 
B state at 12457 cm"1. Although this state is not con
nected to the ground state by a dipole-allowed transi
tion, it was found to radiate slowly as a result of matrix 
distortion or higher order effects. Bondybey and 
English197 suggested the 2U state, but its energy is much 
too low as seen from Table 45. However, theoretical 
calculations of Pitzer and Balasubramanian277 indicated 
this to be the Ô  state. 

Matrix spectra exhibited emission bands near 13 400 
cm-1 connecting two new states. Since the upper D 
state arises by internal conversion from the F state, the 
lower or A state cannot be more than 6540 cm-1 above 
the ground state. Pitzer and Balasubramanian argued 
that the most probable assignment for the A state is lg. 
The theoretical T6 of the lg state was found to be 4150 
cm"1. The 2U state cannot be completely eliminated 
from consideration since the Pitzer-Balasubramanian217 

theoretical energy of 6670 cm"1 might be in error by 
several hundred cm"1. The theoretical we of the lg term 
was found to agree quite well with the experimental 
value. The D state at an energy of 17500 cm"1 (or 19800 
cm"1 if the A state is 2U) could not be calculated with 
reliable accuracy.277 

The theoretical D6 for the Og ground state of Pb2 of 
0.88 eV277 was almost in exact agreement with an ex
perimental value of 0.86 ± 0.01 eV obtained by 
Gingerich et al.276 Although this agreement was con
sidered fortuitous by Pitzer and Balasubramanian,277 

the agreement of such magnitude on a very heavy dimer 
such as Pb2, for which both spin-orbit effects and re
lativists effects are large, must be considered impres
sive. 

Sontag and Weber278 obtained the Re value of the 
ground state of Pb2 from experimental spectra after the 
publication of the theoretical calculations on Pb2 by 
Pitzer and Balasubramanian.277 The experimental Re 
of 2.930 A agrees very well with the earlier theoretical 
value of 2.97 A.277 In general, Re values obtained by 
RECP/RCI calculations tend to be a bit longer, and 
thus this agreement should be considered excellent. 

The blue-green system that Bondybey and English87 

called the F *- X system was studied further by Berg 
et al.279 in laser-induced fluorescence. From these 
spectra the spectroscopic constants of the X and F 
(Berg et al.279 call the F state B) states were obtained 
by these authors.279 The constants thus obtained were 

close to the values obtained by Bondybev and English. 
Pitzer203 corrected the D0

0 value of Pb2 obtained from 
mass spectrometric measurements. This correction was 
obtained by recalculating the partition function of Pb2. 
The corrected D0

0 value of Pb2 was found to be in ex
cellent agreement with the direct theoretical D6 value. 

Pacchioni202 completed calculations on the low-lying 
states of Sn2 and Pb2 after the appearance of the paper 
by Pitzer and Balasubramanian.277 Pacchioni202 used 
the Hafner-Schwarz model potentials63 compared to the 
ab initio RECPs derived from DHF calculations which 
were used by Balasubramanian and Pitzer.277 Pacchioni 
ignored spin-orbit effects in his computation of the 
potential energy curves (PEC) of Pb2 and Sn2. As 
demonstrated by the calculations of Pitzer and Bala
subramanian,277 the PEC obtained for Pb2 without 
spin-orbit effects have little resemblence to the actual 
PEC which included spin-orbit effects. Consequently, 
Pacchioni obtained a D6 approximately twice the ex
perimental value, which he subsequently corrected us
ing a semiempirical procedure to arrive at a D6 close to 
the value obtained by Balasubramanian and Pitzer.277 

For dimers of the sixth-row atoms, spin-orbit effects 
are so large that calculations without inclusion of 
spin-orbit terms have very little to do with the real 
molecule. 

Figure 24 shows the weights of various \ -s configu
rations in the fi states of Pb2. As seen from this figure, 
for Pb2 the X-s populations change dramatically as a 
function of internuclear distances. At short distances, 
there is an avoided crossing of It^(1Zp with 0-2TTg(3Sp. 
This results in the shoulder of the X(Og) curve of Pb2. 
At long distances many configurations contribute, 
leading to dissociation into 3P0 +

 3Po atoms instead of 
3P + 3P. 

M. Bl2 

There are many experimental spectroscopic investi
gations280"291 on Bi2 and Bi4 clusters. In fact, for 
sometime a band that was actually due to Bi4 was in
correctly attributed to Bi2. This interpretation led to 
another new ground state for Bi2. This confusion has 
now been resolved, and since then the ground state of 
Bi2 has been unambiguously established as a Og state. 

Christiansen292 carried out generalized valence bond 
calculations followed by RCI calculations. A double- f 
STO basis set was employed in the GVB calculations. 
Figure 25 gives the potential energy curves of Bi2 under 
various approximations. The spectroscopic constants 
of two well-characterized states of Bi2 are shown in 
Table 46. Among the curves in Figure 25, the curve 
labeled FV7R (limited full valence + seven reference 
singles + doubles CI) is the best at this level of ap
proximation. These calculations yielded Re = 2.79 A, 
we = 170 cm"1, O)6JC6 = 0.3 cm"1, and D6 = 2.3 eV.292 The 
corresponding experimental values for the X(Og) state 
are Re = 2.66 A, «6 = 173 cm"1, «exe = 0.34 cm"1, and 
D6 = 2.04 eV.37 The theoretical Re is expected to be a 
bit longer at this level of approximation, and thus the 
0.13 A longer bond length for Bi2 is not surprising. 
However, as seen in section III.H, for Sb2 a more so
phisticated and accurate CASSCF/MRSDCI/RCI 
calculation yielded Re = 2.59 A compared to an exper
imental value for the X(O8") ground state of 2.48 ± 0.02 
A. Consequently, even calculations that included 
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Figure 24. Fractional A-S populations with low-lying states of 
Pb2 and Sn2 (reprinted from ref 201; copyright 1983 American 
Institute of Physics). 
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Figure 25. Potential energy curves for the ground state of Bi2 
using various methods (reprinted from ref 292; copyright 1984 
Elsevier Science Publishers B.V.). 

electron correlation effects to a much higher order 
yielded slightly longer bond lengths within the RECP 
approximation. 

The theoretical RCI De value of Bi2 (2.3 eV) obtained 
by Christiansen292 was surprisingly larger than the 
corresponding experimental value of 2.04 eV. This 
primarily appears to be due to size inconsistency in the 
treatment of spin-orbit coupling in small-scale RCI 
calculations. Analogous to Pb2, the De of Bi2 should be 
much larger when the spin-orbit coupling is omitted. 
For Pb2, note that the De without spin-orbit coupling 
is twice the true value (see section III.L). Spin-orbit 
coupling thus stabilizes the atoms more than the mol
ecule destabilizing the bond. Consequently, the higher 
De obtained by Christiansen292 should be attributed to 
size inconsistency at long distance in the treatment of 
the spin-orbit term. 

The spin-orbit contamination of the 1Sg(O+) state 
with the 3ng(0+) state is of interest since this contam
ination destabilizes the bond. The X(O8") state of Bi2 
was found to have 25% 3IIg character. Since the 3ng 
state arises from occupying the antibonding xg orbital, 
this would lead to a bond order lower than 3.0 for Bi2. 
Christiansen292 approximately calculated the bond order 
from predominant configurations as 2.17. Evidently, 
the bonding is much weaker both due to spin-orbit 

Balasubramanian 

TABLE 46. Experimental Spectroscopic Constants for Bi2" 

Sta t e Re (A) T6 (cm"1) u e (cm"1) 

XO* 2.66 (2 .79) 0 173 (170) 

B' 3E~0* 2.863 17 739 132.4 

"Experimental D6(Bi2) = 2.04 eV compared to a GVB/RCI value 
of 2.3 eV.292 The state labeled B' was also called A by Ehret and 
Gerber.281 These authors obtained the transition moment of the 
A-X system as 1.4 ± 0.4 D. The lifetimes of the vibrational levels 
(t/ = 1-34) ranged between 50 and 600 ns. Theoretical values are 
in parentheses and are from ref 292. 

effects and to a smaller extent due to the inert-pair 
effect. 

CASSCF/FOCI/RCI calculations on both the ground 
state and excited states of Bi2 are being made in the 
present author's group. Such calculations should es
pecially be of use in comprehending the electronic 
spectra of Bi2 and the nature of the excited electronic 
states of Bi2. 

IV. Spectroscopic Properties and Potential 
Energy Curves of Heteronuclear Dlmers 

A. GaAs and GaAs+ 

GaAs semiconductors are of immense technological 
value since they are useful in constructing fast devices 
among other applications. As a result, a number of 
investigators have studied the properties of GaAs sur
faces.293"300 Smalley and co-workers97 have generated 
supersonic beams of semiconductor clusters of formula 
Ga1As^ by laser vaporization of pure GaAs. Cluster 
beams were characterized by laser spectrometry. Mass 
analysis of the large clusters revealed a binomial dis
tribution while the abundance of smaller clusters de
viated considerably from the binomial distribution. In 
particular, the diatomic clusters were found to be 
mostly GaAs and As2 with very little Ga2. Further, 
photoionization with an ArF excimer laser revealed 
even-odd alternation in the photoionization cross sec
tions. 

Balasubramanian301 made complete active space 
MCSCF calculations followed by first-order CI calcu
lations of potential energy curves and spectroscopic 
properties of the low-lying electronic states of GaAs and 
GaAs+. He considered 12 electronic states of GaAs and 
4 electronic states of GaAs+. Valence Gaussian (3s3pld) 
basis sets for Ga and As atoms in conjunction with 
RECPs that retained the outer 4s24px and 4s24p3 shells 
of Ga and As, respectively, were used in these calcula
tions. After these calculations were published, M. 
Morse and co-workers at Utah completed their exper
imental spectroscopic study on GaAs. The bond lengths 
calculated by Balasubramanian were longer than the 
experimental values of Morse. This motivated Bala
subramanian to reinvestigate GaAs. An error was found 
in one of the ECP parameters, which was subsequently 
corrected. The corrected spectroscopic constants for 
GaAs were, however, found to be in good agreement 
with both experiment and all-electron calculations. 

Following the theoretical calculations of Balasubra
manian,301 Knight and Petty302 observed the ESR 
spectrum of GaAs+ by laser-evaporated GaAs followed 
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by photoionization. The experimental spectrum con
firmed the 4S" ground state for GaAs+ predicted by 
Balasubramanian. 

Lemire et al.303 have recently studied the optical 
spectra of jet-cooled GaAs generated by laser vapori
zation of a GaAs crystal. These authors observed bands 
in the 23 000-24 000-cnT1 region. All the bands except 
the 3n(0+)-X3S"(0+) bands were found to be predisso-
ciated above the v = 1 level. Basically, the results of 
these calculations confirmed Balasubramanian's pre
diction301 of a 3S" ground state for GaAs. 

The possible low-lying electronic states of GaAs and 
GaAs+ are shown in Tables 47 and 48, respectively. 
Three possible candidates for the ground state of GaAs 
are 3S-, 3II, and 1S+, while the corresponding candidates 
for the ground state of GaAs+ are 4S" and 2II. The 
CASSCF/FOCI calculations of Balasubramanian301 in
cluded up to 592 configurations at the CASSCF level 
and 26 200 configurations at the FOCI level. 

Tables 49, 49A, and 50 show the spectroscopic prop
erties of GaAs and GaAs+, respectively. The theoretical 
potential energy curves of some of the electronic states 
of GaAs and GaAs+ are shown in Figures 26 and 27, 
respectively. The ground states of GaAs and GaAs+ are 
3S" and 4S", respectively. As seen from Table 49, there 
are six bound states for GaAs below 18000 cm-1. None 
of these states except the X ground state and 3II(III) 
state appear to have been characterized experimentally. 
Some of the allowed electric dipole transitions among 
the states in Table 49 are 3II ** 3S", 1S+(II) ** 1S+, and 
1S+ ** 1II. These transitions are observable in the 
neighborhood of 1500-1600, 8200, and 1315 cm"1, re
spectively. 

Table 51 shows the vertical and adiabatic transition 
energies of several allowed electric dipole transitions. 
As seen from that table and Figure 26, the 3S-(II) and 
3S-(III) states are not bound electronic states. Thus, 
transitions from the ground state to those excited 
electronic states could be observed only as broad ab
sorption bands. These transitions occur (Table 51) in 
the region of 20000-30000 and 35000 cm"1, respectively. 
Hence Balasubramanian301 predicted two broad ab
sorption bands in this region. 

The 4S-(II) ** 4S- transition of GaAs+ was predicted 
to lie in the region of 40000-42000 cm-1. The 2II(II) 
+* 2II transition was predicted to be observable in the 
9186-cm"1 region. The vertical ionization energy of 
GaAs was calculated as 6.85 eV. The ionization po
tential of the As atom was calculated from asymptotic 
splittings as 9.76 eV. The corresponding experimental 
value134 is 9.81 eV. Consequently, the agreement is 
good. 

The theoretical FOCI dissociation energy of GaAs is 
1.25 eV. The GaAs+ ion is much less stable compared 
to neutral GaAs, since its De was found to be only 0.36 
eV. The theoretical dissociation energies of Ga2 and As2 
were found to be 1.2 and 2.71 eV, respectively (see 
sections III.A,C). The calculated £>es of these species 
were found to be consistent with the observation of 
O'Brien et al.97 that the diatomic species detected upon 
laser vaporization of the GaAs crystal were mostly As2 
and GaAs with very little Ga2. The CASSCF/FOCI 
calculations in general yield a De in the range of 75-85% 
of the experimental values. Thus, the De of GaAs 
should be higher than the theoretical value. 

After publication of Balasubramanian's theoretical 

TABLE 47. A Few Low-Lying Molecular States of GaAs 
Arising from Atomic States of Ga and As 

Molecular states 

2Z", 3n, 5I", 5n 

1I + , 1 I - P ) , 1ITP), 

1 A P ) , 1S 

3I + , 3Z"(2), 3TT(3), 

3 A P ) , 3* 

1E + P ) , 1Z", 1TT(Z), 

Y ( 2 ) , 3Z", 3TTP), 

"From ref 134. 

1A, 

3A 

Atomic states 

Ga + As 

2P +
 4S 

2P + 2D 

2P + 2P 

Ener 
separ 

-gy of the 
•ated atoms3 

(cm"1) 

0 

10 790 

IS 530 

TABLE 48. A Few Low-Lying States of GaAs+ and Their 
Dissociation Limits 

Molecular 

4Z" 

2A, 2TT, 2Z-

2TT, 2Z + 

2Z + , 2 Z - P ) , 

states Atomic states 

Ga+(1S) + As(4S) 

Ga+(1S) + As(2D) 

Ga+(1S) + As(2P) 

Ga(2P) + As+(3P) 

Energy of the 
separated atoms3 

(cm'1) 

0.0 

10 790 

18 530 

pO 729; 

TT(2 ) , ' A , 

Z*, V ( 2 ) , 4 T T P ) , 4A 

4 - 4 
Z , TT 

"From ref 134. 

G a + ( 1 S ) + A s ( 4 P ) 52 100 

calculations,301 there were two experimental studies on 
GaAs and GaAs+ as mentioned before. Knight and 
Petty302 recorded the ESR spectra of GaAs+ generated 
by laser evaporation of a GaAs crystal followed by 
photoionization. The ESR spectra revealed a quartet 
structure, confirming Balasubramanian's prediction of 
a 4S - ground state of GaAs+. 

Lemire et al.303 studied the rotationally resolved 
electronic spectra of jet-cooled GaAs diatomic. These 
authors obtained a 3S" ground state for GaAs, confirm
ing Balasubramanian's301 prediction of a 3S" ground 
state. The experimental spectroscopic constants ob
tained from the analyses of the observed bands by 
Lemire et al.303 are shown in Table 49A together with 
Balasubramanian's theoretical constants.301 As seen 
from Table 49A, theoretical constants obtained by 
Balasubramanian are in very good agreement with ex
perimental values. 

The ground state of GaAs (3S-) was found to be 
predominantly (89%) l<r22cr23<72l*-2(32-) at its equilib-
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TABLE 49. FOCI Spectroscopic Constants for GaAs0 

Balasubramanian 

TABLE 50. Spectroscopic Constants for GaAs+" 

Sta t e 

X3Z" 

3n 

' H 

x~""" 

: i 

' Z + ! I l l 

3 „ , T . . 
i; { i . ) 

3 r 

J n r 1 1 : .i 

"T( I I i 

3 - + , . . . . 

b n c i ; 
5. 

5 i - ( i ; i ; 

R6 (A) 

2.645 

2.370 

2.336 

2.237 

2.582 

2.475 

3.055 

2.421 

2.687 

2.693 

2.421 

2.818 

2.449 

2. 794 

Te (cm"1 

0 

996 

5 943 

7 192 

3 232 

15 950 

IS 900 

22 503 

22 564 

24 679 

31 106 

40 352 

45 431 

51 174 

we 

0 All constants are from ref 301 and 404. 

TABLE 49A. 
Experimenta 

S t a t e 

Th 

SOCI Spectroscopic 
1 Constants for GaAs" 

R- (A) 
C v ' 

eory Expt. 

T P ( C v 

Theory 

(en"1; 

137 

241 

230 

291 

213 

-
142 

210 

187 

148 

201 

168 

287 

137 

0 e (SV) 

1 .24 

1.12 

Constants and Known 

cm'M 

Expt, 

U J = ( 
e v 

Theory 

cm"1) 

Expt. 

Sta te 

V 

V 

h 

h 

2 H ( I i ) 

V 
4n 

2 H ( I I I ) 

V ( I I ) 

\ 

4 H ( I I ) 

4HCIIIJ 

Re 
FOCI 

2.877 

2.519 

2.968 

2.632 

2.560 

2.530 

2.624 

2.907 

2.566 

2.938 

2.346 

2.909 

" All constants . 

(A) 
SKI 

2.944 

2.719 

2.653 

2.592 

Te (cm -

FOCI 

0 

9 707 

11 604 

13 034 

18 600 

20 551 

30 024 

33 854 

34 070 

36 237 

39 982 

46 290 

are from ref 301 and 404 

1 I 
SOCI 

0 

12 148 

18 155 

33 279 

me (cm " 1 I 

FOCI SOCI 

103 89 

250 

134 

141 125 

293 

177 138 

168 

100 

218 210 

126 

362 

4-02 

was found to arise dominantly from the 1<T22<T23<721X2 

configuration. 
The 4S" ground state of GaAs+ is primaril; y composed 

' I ( I I ) 

3 
TI(II) 

U ( I i : 

2 .60 L 

2.38 

2 .23 

2.58 

2.47 

3.10 

2 .68 

2 .516 

2 .66 

0 

1830 

7768 

7874 

14383 

18590 

24600 23800 

215 

236 

279 

214 

321 

135 

160 

!14 

152 

"Experimental values are from ref 303; theoretical values are 
from ref 404. 6 An Re value of ~ 2 . 5 5 A is estimated if d correlation 
effects are included. 

rium geometry. The 3S" state arising from lcr22a2lTr22x2 

makes a small contribution (2.4%). At long distances 
the contributions from 1<T22CT23CT22X2 as well as 
lo-22<r23o-4<rlTT2 increase. 

The 1 S + state of GaAs exhibited an avoided crossing 
reminiscent of the corresponding state of the isoelec-
tronic Ge2. This state is predominantly 1CT22(T21X4(1S+) 
at short distances and near equilibrium geometries. At 
its equilibrium geometry, the 1 S + state is 73% 
1^2Cr2Ix4C1S+) and 12% la22o-23<r2lx2(12+). The 
l<r22<T23<T2lx2 configuration dominates at longer dis
tances. Thus, this state resembles the 1 S + state of many 
group IV dimers such as Ge2,139 Sn2,201 and Pb2.277 

The 3II and 1II states of GaAs are predominantly 
l(T22(r23o-lx3 (87%). As seen from Figure 26, the 3S-(II) 
and 3S-(III) curves are repulsive. A number of config
urations such as 1<T22(T23O-21X2X, lo-22er3crlx32x, and 
lff22cr2lx32x contribute to these states. The 1S+(II) 
state is 52% l(T22o-23cr2lx2, 16% l<r22o-2lx4, and 10% 
1O-22<T3O-1X4 at its equilibrium geometry. The 1A state 

of the 1(T22CT23(T1X2 (92%) configuration at its equilib
rium geometry. The contribution of this configuration 
does not change much as a function of internuclear 
distance. The 4S-(II) state of GaAs+ exhibits an in
teresting behavior as a function of internuclear distance. 
The contributions of various configurations to the 
4S-(II) state for a few distances are shown in Table 52. 
As seen from Table 52, this state is predominantly 
1O-22O'13(T21X2 at short distances, although other config
urations such as 1CT22(T23(T1X2X make a significant con
tribution. As the distance increases, the contribution 
of 1<722<T23<T1X2X increases accompanied by a decrease 
in the contribution of \a22al2>a2lir2 configuration. At 
distances >2.75 A these two configurations make equal 
contributions, indicating an avoided crossing. At 3.00 
A, the contribution from 1<T22O-23<T1X2X (49%) domi
nates. The contribution from this configuration de
creases as JR increases further and the contribution from 
lo-22tr24fflx2 configuration increases. At longer distances 
the l<T22<r24o-lx2 configuration dominates. The two 
avoided crossings in this state explain the shape of the 
4S-(II) curve (Figure 27). At long distances the la, 2a, 
3(T, and Aa orbitals are dominantly As(s), Ga(s), As(p), 
and Ga(p), respectively, whereas the Ix orbital was 
found to be predominantly As(p). Thus, the 
1(T22(T24(T1X2 configuration corresponds to Ga(S2P1) and 
As+(S2P2) or Ga(2P) + As+(3P). This explains the dom
ination of the 1(T22CT24(T1X2 configuration at long dis
tances since the 4S-(II) state dissociates into Ga(2P) + 
As+(3P). 

At short distances the 2II state was found to be pri
marily composed of the lcr22o-2lx3 configuration 
(82%).301 However, at 2.50 A, it is made up of l c r W l x 3 

(54%) and 1<T22(T23C721X (32%). For R > 2.50 A, this 
state was found to be a mixture of lo-22cr2lx3 and 
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Figure 26. Potential energy curves of some low-lying states of 
GaAs (reprinted from ref 404; copyright 1990 Academic Press, 
Inc.). 
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Figure 27. Potential energy curves of four electronic states of 
GaAs+ (reprinted from ref 301; copyright 1987 American Institute 
of Physics). 

1^2(T2Sa2I-K configurations. The 2II(II) state was found 
to be predominantly l<r22<723o-2l?r (87%) at short dis
tances. At 2.50 A, it was found to be a mixture of 
l<722<x23<r2l?r (57%), l<r22a2lir3 (26%), and l<722(72lir227r 
(4%) configurations. At 2.74 A, the 2II(II) state is 
composed of l<r22<r2lTr3 (60%), l(r22(723<T2l7r (13%), and 
l(T22(72l7r22ir (5%) configurations. Thus, in this region 
this state exhibited an avoided crossing. At longer 
distances the 1(^2O2IT3 configuration dominated so that 
this state would dissociate into Ga+(1S) + As(2P). 

After the appearance of Balasubramanian's paper, 
Meier et al.403 published an all-electron study of the 
electronic states of GaAs. They also found a 3S" ground 
state for GaAs and a very low lying 3II state (Te ~ 
0.17-0.24 eV) above the ground state using the Har-
tree-Fock/MRDCI method. Most of the discrepancies 
between Balasubramanian's earlier results301 and Meier 
et al.'s all-electron results403 are due to an error in one 
of the ECP parameters mentioned before. The bond 

TABLE 51. Vertical and Adiabatic Energies of the Allowed 
Electric Dipole Transitions of GaAs" 

Trans i t ion 
Wert 

- - I i 

3v- 1 330 

3 E" * 3 E - ( I I ) 

3 E" * 3 E - ( I I I ) 

3 I T - 3 A 

3IT * 3 E - ( I I ) 

1 I T - 1 E + 

1U * 1 E + ( I I ) 

1 E + * 1 E + ( I I ) 

"From ref 301. 

--

-

-

-

1 249 

10 007 

8 758 

29 780 

34 548 

30 220 

32 046 

1 371 

9 989 

10 298 

TABLE 52. Contributions of Leading Configurations to the 
4S-(II) State of GaAs+0 

R(A) Contr ibut ion 

2.50 

2.75 

1O2Zc1So2ITT2 ( 5 2 ) , 1O22O23O1TT2TT ( 2 0 ) , 

la22o3o2lTi2TT (6), , lo22a24olTT2 (5J 1 Ia 1Zo 2So 2 ITT 2 (3) 

l o 2 2 o 3 o 2 l n 2 ( 3 4 ) , 1O22O23O1TT2TT ( 2 5 ) , 

1O22O3O21TT2TT ( 1 0 ) , la22a24olTt2 (6) 

3.00 1O22O23O1TT2TT ( 4 9 ) , l o 2 2 a 3 o 2 l n 2 ( 1 1 ) , 

1O22O3O21TT2TT (11) , l o 2 2 o 2 3 o l o R (10) 

3.50 

3.75 

4.00 

1O22O23O1TI2TT ( 3 9 ) , 1O22O24O1TT2 ( 2 6 ) , 

lo22a23olTTTrR ( 1 0 ) , l o 2 2o 2 o R ITT2 (5) 

1O 2 2O 2 4O 1 1TT 2 ( 5 6 ) , l o 2 2 o 2 o R ITT2 ( 1 3 ) , 

lo 2 2o 2 3o 1TT2TT (10) 

lo22o24olTt2 ( 6 6 ) , l o 2 2 o 2 - R ITT2 ( 16 ) , 

1O22O3O4O1TT2 (2) 

0 Ry suffix indicates that the orbital is a Rydberg orbital from 
ref 301. Numbers in parentheses are contributions in percentage. 

lengths in Table 49 are within 0.04-0.05 A of the all-
electron results for these states. The revised wes are also 
in much better agreement with the all-electron results. 
It is, however, worth noting that the 1A state has a larger 
we if

 1A1 CASSCF orbitals are used in the calculations 
while the 1A2 orbitals yield a more reasonable we. Hence 
the larger we for the 1A state obtained before301 is due 
to the change of 1A1 orbitals due to avoided crossing of 
the l<T22ff2l7r4 and l<722<r23o-27r2 configurations in the 
CASSCF calculations. 

Meier et al.403 obtained Re = 2.60 A and coe = 202 cm"1 

for the X3S" ground state of GaAs using the all-electron 
MRDCI method. Balasubramanian's calculations in
cluded electron correlations to a much higher order 
compared to a restricted configuration space of less than 
10000 configurations in the MRDCI. Although the 
FOCI method includes most of the significant electron 
correlations, a full SOCI method is much superior to 
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Figure 28. Energy level diagram of the Br+-Kr system at infinite 
interatomic separation. The observed transitions are indicated 
(reprinted from ref 326; copyright 1986 Elsevier Science Publishers 
B.V.). 

both the MRDCI and FOCI methods. Even at the 
FOCI level Rt = 2.645 A and a>e = 187 cm"1 of the 32" 
state are in good agreement with the all-electron 
MRDCI calculations. It is worth noting that although 
Meier et al. employ an all-electron method, they do not 
include relativistic effects while Balasubramanian's 
calculations took into account relativistic effects. Meier 
et al. obtained Re = 2.38 A and we = 260 cm"1 for the 
3II state while Balasubramanian obtained Re = 2.37 A 
and we = 241 cm"1 at the FOCI level. Similarly, good 
agreement was found for the other states listed in Table 
49 with the exception of the 1S+(II) state, for which 
FOCI calculations starting from a CASSCF orbital set 
of 1A1 symmetry yield a larger coe of 420 cm""1. However, 
when SOCI calculations are made using FOCI natural 
orbitals, this discrepancy vanishes and thus the higher 
uie of the 1S+(II) state at the FOCI level must be con
cluded as due to the strong variation of the composition 
of the CASSCF orbitals due to the avoided crossing of 
the 1<T22(T21VT4 and l<r22o-23(T2IvT2 configurations. The 
D6(GaAs) obtained at the FOCI level is 1.24 eV com
pared to a MRDCI value of 1.40 eV. However, SOCI 
calculations when corrected for d correlation effects 
yield a much better De of 1.9 eV in closer agreement 
with the value predicted by Lemire et al. 

For GaAs+, the Z)6 obtained by Meier et al.403 is only 
0.11 eV compared to Balasubramanian's D6 of 0.36 eV 
obtained with the full SOCI method. Thus, the MRDCI 
method yields much poorer Des compared to a full 
second-order CI method due to truncation of configu
rations in the MRDCI method. However, Re and a>e 
values obtained by the MRDCI method were found to 
be in good agreement with Balasubramanian's SOCI 
results, which he obtained in a more recent ambitious 
CASSCF/SOCI study404 on GaAs, GaAs', and GaAs+ 

that included up to 700 000 configurations. 
Balasubramanian305 has recently completed 

CASSCF/FOCI/MRSDCI calculations on many low-
lying electronic states of the iso-valence-electronic 
diatomic InSb. Fifteen low-lying bound electronic 
states (Tf < 26000 cm"1) were found for InSb without 
spin-orbit effects. When spin-orbit coupling was in-

Balasubramanian 

k 

J v 11 V Li 
I I ~J\ ^ i L 
.) • • 0 < 2 

LAB ENERGY IeVi 

Figure 29. Energy spectrum of subelastic and superelastic 
collisions of Br+ with Kr at a relative kinetic energy of 4 eV 
(reprinted from ref 326; copyright 1986 Elsevier Science Publishers 
B.V.). 

eluded, more electronic states resulted. Analogous to 
the diatomic GaAs, the ground state of InSb dimer was 
found to be a 3S" state. The 3II state of InSb was 
considerably higher (T6 ~ 2300 cm"1). The Re and coe 
values of the X32"0+ ground state of InSb were found 
to be 3.0 A and 121 cm""1, respectively. The adiabatic 
IP and electron affinity of InSb were calculated as 6.33 
and 1.41 eV compared to 6.85 and 1.3 eV for GaAs. 

B. KrBr+ and Energy Transfer in Br+-Kr 
Collisions 

The interest in rare gas-halogen neutral and ionic 
compounds arises partly because these are potential 
candidates for chemical lasers.306"331 The generation 
and deexcitation of neutral RgX species have also been 
extensively studied. Rare-gas oxides have also been the 
topics of many investigations since they are potential 
candidates for optical pumping reactions. 

In the collision of halogen positive ions with rare-gas 
atoms there is an efficient transfer of electronic energy 
to translational energy and vice versa.325-330 An energy 
level diagram of the Kr-Br+ system at infinite intera
tomic separation is shown in Figure 28. Since the 
excitation experiments by Koski and co-workers329 were 
carried out at relative energies of <5 eV,326 no states 
other than the ones shown in Figure 28 were found to 
be energetically accessible. The experiments on KrBr+ 

made by Koski and co-workers329 dealt mainly with the 
excitation and deexcitation as represented by the pro
cess 

Br+(3P) + Kr(1S) ^ Br+(1D) + Kr(1S) 

and the observed transitions are indicated in Figure 28. 
Whereas Br+(3P0) transitions have been observed, this 
is not so for Br+(1D2). 

The energy transfers in the Kr + Br+ collisions seem 
to be governed by a Landau-Zener process, which 
suggests that efficient energy transfers are observed at 
the intersections of the potential energy curves of the 
intermediate complex, which in this case is KrBr+. 

Balasubramanian et al.326 carried out SCF/RCI cal
culations on nine low-lying Q states of KrBr+ including 
spin-orbit effects. Some X-s electronic states without 
spin-orbit effects were also studied by the same me
thod. A valence double-f + d polarization STO basis 
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TABLE 53. 
States 

Molecular s 

Dissociation Limits of a 

tates Dissocia 
1 imi t 

Few Low-Lying w-

.ion Energy of 
separated, 

(cm"1 

Expt.a Th 

-O) 

the 
atoms 
) 
eory" 

2,1,O+(I) 

1(1I)1O -

O+(II) 

2 (1I ) 1 I ( I I I ) 1 O + ( I I I ) 

3,2(1111,2,(IV)1I(IV) 
1(V)1I(VI)1O -(II) , 
O-(III)1O+(IV)1O+(V) 

2(V)1I(VII)1I(VIIIJ, 
O-(IV)1 O+(VI) 

2(VI)1I(IX)1I(X)1O -(V), 
O + (VII) 

1(XI)1O+(VIII)1O-(VI) 

Kr + Br+ 

IS0 + 3p2 

1S0 • 3P1 

l s o + 3 p o 

1S0 + 1D2 

KrT + Br 

p3/2 + p3/2 

0.0 0 

3139 3182 

3840 4675 

11409 14639 

17389 

2 5 3 / 2 * 2 ,P1 / 2 21074 

' P l / 2 + P3/2 22760 

2 p l / 2 + 2 p l / 2 2 7 0 7 5 

Kr + Br* 

O+(IX) 'S 0 + ^S0 

"From ref 134. 6From ref 326. 

27867 

set was employed together with RECPs for Kr and Br 
atoms. These authors326 also carried out experimental 
investigations of energy transfers in Kr-Br+ collisions. 
Related ArCl+ species have also been investigated re
cently.328 

Experimental studies were carried out by colliding 
Br+ and Kr using a tandem mass spectrometer.324 It 
consists of an ion source, an electrostatic analyzer, and 
a quadrupole mass filter as an input section. The ions 
were prepared by electron bombardment of CH3Br. 
The beam composition so produced was found to have 
approximately equal amounts of Br+(3P) and Br+(1D) 
as determined by attenuation measurements. The Br+ 

beam from this section was passed through a shallow 
reaction chamber containing the Kr target gas. The 
ions scattered at 0° to the beam direction were then 
detected with a second quadrupole mass spectrometer 
followed by an electrostatic analyzer and an electron 
multiplier. 

The Br+ experimental spectrum obtained in ref 326 
is shown in Figure 29. The central peak was inter
preted as due to the unperturbed primary ion beam. 
Two unresolved doublets appear on each side of the 
primary beam and are separated from it by an energy 
of ~ 1 eV. Balasubramanian et al.326 interpreted these 
peaks as arising from the transitions Br+(3P01) «=> 
Br+(1D2). The "subelastic" peak on the right of the 
spectrum corresponds to the Br+(1D2) -* Br+(3P01) 
transition while the "superelastic" satellite on the left 
is due to the transition Br+(3P0 j) — Br+(1D2). The 
peaks due to the transitions Br+(3P2) ^ Br+(1D2) were 

R —(Bohr) 

Figure 30. Potential energy curves of the low-lying states of 
KrBr+ in the presence of spin-orbit interaction (reprinted from 
ref 326; copyright 1986 Elsevier Science Publishers B.V.). The 
potential energies of the 1(1) and 1(11) states are shown in Table 
54. 

R —(Bohr) 

Figure 31. Potential energy curves of KrBr+ in the absence of 
spin-orbit interaction (reprinted from ref 326; copyright 1986 
Elsevier Science Publishers B.V.). 

absent (see Figure 29). The peaks due to these tran
sitions should have appeared at about 1.4 eV on each 
side of the peak due to the projectile ions. However, 
all attempts to observe these peaks failed.326 

Table 53 shows the molecular states arising from the 
low-lying states of Kr and Br+. Balasubramanian et 
gj 326 investigated all low-lying states dissociating below 
11500 cm-1. 

Figures 30 and 31 show the SCF/RCI potential en
ergy curves of seven of the low-lying ar-w and \-s states 
of KrBr+, respectively. Table 54 shows the energies of 
nine low-lying w-co states (arising from the 3II, 3S-, 1S+, 
1II, and 1A \-s states) of KrBr+. As seen from Figure 
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TABLE 54. Potential Energy Curves of KrBr+" 

K 2 ( 1 ) 1 { I ) O + ( I ) 1 ( 1 1 ) 

<1.'> 

l>.0 

5.25 

!).') 

!)./'.) 

(i.O 

7.0 

9.0 

11.0 

0.1599 

0. Of1IM 

0.1)131 

0.0289 

0.0213 

0.0160 

-0.(1010 

-0.000!) 

0.0 

0.16J9 

0.00/3 

0.04/0 

0.03)4 

0.02*12 

0.0Mf) 

-0.0001 

-0.000/ 

0.0 

0.1044 

0.0492 

0.0395 

0.0289 

0.0227 

0.0163 

0.0021 

0. 001r) 

0.0 

0.1987 

0.0990 

0.0/25 

0.0502 

0.0344 

0.0224 

0.0119 

0.0135 

0.0145 
0 From ref 326. Energies in hartrees. 

30, KrBr+ has a few low-lying bound states but the 
ground state (2(I)) is mostly repulsive. 

In the Landau-Zener model the energy transfer be
tween several states induced by collision takes place at 
the points where the potential energy curves of the 
appropriate electronic states of the rare gas-halogen ion 
complex cross. As seen from Table 53, the 2, 1, and 
O+(I) states of KrBr+ correspond to Kr(1S0) + Br+(3P2) 
atoms. Similarly, the 1(11) and 0"" states correlate to 
Kr(1S0) + Br+(3P1), and 2(11), l(III), and O+(III) corre
spond to Kr(1S0) + Br+(1D2) atoms. In the Landau-
Zener model, for example, the transition between 
Br+(1D2) and Br+(3Pj) is allowed if one of the curves 
that dissociate into Kr(1S0) + Br+(1D2), namely, 2(11), 
l(III), or O+(III), crosses with one of the curves that 
dissociate into Kr(1S0) + Br+(3P1) (1(11), 0-(I)). There 
are two restrictions imposed by symmetry: (i) two 
curves of the same (o>-«) symmetry cannot cross; (ii) 
the selection rule for predissociation should be appli
cable. The selection rule for predissociation is AQ = 
0, ±1, + •*-/-*• -. Thus, for example, if the O+(III) curve 
crosses with 1(11), then the transition 1D2 ** 3P1 of Br+ 

is allowed. From Table 54, it can be seen that the 
O+(III) and 1(11) curves cross at 5.75 bohr, which ex
plained the experimental observation of the 1D2 —

 3P1 
transition. 

The O+(II) curve does not cross with the O+(III), l(III), 
or 2(11) curves; however, it crosses with the 1(11) curve 
(between 5.75 and 6.0 bohr). Since the 1(11) curve is 
a channel for the 1D2 —

 3P1 transition, a complex 
formed by Br+(1D2) which goes through this channel 
could meet the bound O+(II) state. Consequently, 
through this process Br+ ion which starts as 1D2 could 
be converted into the O+(II) state of KrBr+ and subse
quently dissociate into Kr(1S0) + Br+(3P0) atoms. 
Consequently, the transition 1D2 -»3P0 becomes allowed 
and was observed experimentally.326 

The curves that dissociate into the ground-state at
oms (2, O+, 1) do not intersect with the curves that 
dissociate into Kr(1S0) + Br+(1D2). Moreover, the 2, O+, 
and 1 curves do not cross with the curves dissociating 
into Kr(1S0) + Br+(3P0) or Kr(1S0) + Br+(3P1). Hence 
there are no channels for 1D2(Br+) to go into 3P2(Br+). 
All experimental attempts to observe this transition 

Balasubramanian 

0" O + ( I I ) O + ( I I I ) l ( I H ) 2 ( 1 1 ) 

0.1705 

0.0801 

0.0556 

0.0419 

0.0350 

0.028/ 

0.0129 

0.0137 

0.0145 

0.1720 

0.0814 

0.0585 

0.0454 

0.0301 

0.0331 

0.0205 

0.0206 

0.0213 

0.2016 

0.1110 

0.06/7 

0.0468 

0.0341 

0.0381 

0.049/ 

0.0635 

0.0677 

0.1999 

0.1090 

0.1038 

0.0771 

0.0713 

0.0696 

0.0662 

0.0671 

0.0667 

0.3186 

0.1899 

0.1285 

0.1036 

0.0963 

0.0846 

0.0711 

0.0690 

0.0667 

failed. Theoretical calculations offered an explanation 
for this failure. 

Among the O+ states calculated by Balasubramanian 
et al.,326 the O+(II) and O+(III) states are bound (see 
Figure 30). The O+(II) state could be converted into 
O+(III) by the 1(11) channel, which crosses with both 
these states. The experimentally measured dissociation 
energy of KrBr+ is 1.5 eV.320 The theoretical separation 
between the O+(III) state and its dissociation limit was 
found to be 0.91 eV, while the separation of the O+(II) 
state with respect to Kr(1S0) + Br+(1D2) atoms was 
found to be 1.05 eV.326 Since KrBr+ in the O+(II) state 
could go to the O+(III) state through the 1(11) channel, 
this possibility was not ruled out. This would mean a 
dissociation energy of 1.05 eV. The theoretical disso
ciation energy should not be regarded as very accurate 
since only a small number of configurations were in
cluded in the CI calculations. Theoretical calculations 
of these levels on similar systems yielded only 70% of 
the experimental D6 values. Consequently, the exper
imental value of 1.5 eV was regarded as more accu
rate.326 

The theoretical vibrational frequencies of the O+(II) 
and O+(III) states were found to be 526 and 446 cm-1, 
respectively. Their Re values are 3.1 and 3.09 A, re
spectively. 

The nature of the electronic states of KrBr+ as a 
function of the internuclear distance is quite interesting. 
At 5.5 bohr the a orbital is a slightly bonding MO to 
which the Br 4p2 orbital makes the predominant con
tribution. The a* orbital was found to be predomi
nantly on Kr but was found to be slightly antibonding. 
The 7T orbital was found to be a nonbonding Kr 4p 
orbital, while the ir* orbital was found to be predomi
nantly the Br 4p orbital and also nonbonding. 

At short distances the O+(I) state was found to be 
predominantly 1S+O+. At 5.5 bohr the O+(I) state was 
found to be composed of 13% (<r2x*4, 1S+), 26% 
(era**-*4,1SV), 34% (<72<nr*3, 3II0+), 17% (o-<r27r*3, 3II0+), 
and 2% (<72<r*2x*2, 3S>). At 6.2 bohr the composition 
of the O+(I) state was found to be 0.1% (<T2X*4,

 1S+Q+), 
17% (aVx*3, 3II0+), 22% (0-<7*2TT*3, 3II0+), 1% (<T<T*7T*4, 
1S+Q+), and 56% (<r2<7*27r*2,3S>). Thus, the O+(I) state 
was found to exhibit avoided crossings. 
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TABLE 55. A Few Low-Lying MO Configurations of ICl 
and the Related States in Both X-s and' u>-u> Couplings" 

Configuration X-% s tates oi-iii s ta tes 

2 4 .4 
0 II I t * 

a c*n IT* 

1Z + 

„2 *2 4 *2 

o o* Ti n* 

4 4 
OO*IT n* 

J. 4 .4 
0 * IT TT* 

' 4 3 
0 0 * " Tt T T * 

2 ,2 3 „3 
0 0 * TT TT* 

3Z-

V 
3, 

3.+ 

2,1,0",0* 

O+,1 

2 

O+ 

OM 

O+ 

O+ 

2,1,0 ' ,O+ 

1 

O+,1 

3,2,1 

OM 

" o" 
1A 2 

1Z+ O+ 

0 Only the p electrons of I and Cl are shown. 

At short distances O+(II) was found to be predomi
nantly made of 3II0+. At 5.5 bohr this state became 1% 
(o-V4,1SV), 2.6% (O-<7*TT*4,1SV), 12% (ffVir*3,3II0+), 
10% ((Ta2Tr*3,3II0+), and 70% ( o - W 2 , 3 S » . At long 
distances the 3Ii0+ arising from <T<T*27T*3 and a2a*ir*s 

dominated. At short distances the O+(III) state was 
found to be 43% (o-W* 2 , 3 Sv) , 27% ((TVTT*3,

 3II0+), 
1 5 % (<Tcr*27r*3, 3 I I 0 + ) , 4 % ((T2Tr*4,1S+Q+), and 6 % (<r<7*7r*4, 
1S+Q+). However, at 5.5 bohr the composition of this 
state changed to 14.4% (erV4), 26% (<r<r*7r*4), 33% 
(O-VTT*3), 17% (<r(7*2x*3), and 5% (3S>). At long 
distances it was found to be predominantly 1S+Q+. 

The variations of the compositions of the RCI wave 
functions of the O+, O+(II), and O+(III) states resulted 
in several avoided crossings in these states. These 
crossings are the results of the crossings of the 3II, 3S", 
and 1 S + curves in the absence of spin-orbit interaction 
(see Figure 31). 

Experimental and theoretical investigations of Ar-Cl+ 

collisions328,329 as well as Ne-F+ energy transfers327 have 
also been carried out. Theoretical calculations on KrF+ 

have also been done by Liu and Schaefer.323 More re
cently, the transition moments for energy transfers in 
Ar-Cl+ collisions were obtained.329 Theoretical calcu
lations and experimental work are also in progress on 
Xe-I+ collisions.331 

C. ICI and ICI+ 

Interhalogen diatomics have been the topics of nu
merous studies for many years.332"354 The IF, ICl and 
IBr species have been some of the most studied species 
in this group. Brand and Hoy38 have reviewed the 
spectroscopic properties and ion-pair states of homo-
nuclear and heteronuclear halogens. The present review 

TABLE 56. A Few MO Configurations of ICl+ and the 
Related Terms in the X-s and u-w Coupling Schemes0 

Ui-U) s tates 

3/2,1/2 

3/2,1/2 

1/2 

5/2,3/2,1/2 

3/2,1/2 

3/2,1/2 

1/2 

1/2 

5/2,3/2 

Conf igura t ions 

2 4 „3 
0 TT TT* 

2 3 A 
0 TI T I * 

4 A 
0IT TT* 

0 0 * T T TT* 

2 4 2 
o o*n Ti* 

A-s s t a t e s 

h 
z~ 
2Z + 

S 
h 
V 

2Z + 

0 Only the p electrons of I and Cl are shown. 

is restricted to a comparison of theory and experiment 
on the ICl and ICl+ species. 

The spectroscopic properties of the ICl diatomic have 
been obtained by a number of techniques such as ab
sorption spectra,332,333 emission spectra,345,349 vacuum-
UV spectra,341 time-resolved fluorescence,337 chemilu-
minescence of the I + Cl reaction,336 two-step excited 
fluorescence,340 and three-photon resonance.348 The 
photoelectron spectra of ICl have been recorded and 
reveal the existence of four low-lying states of ICl+.350 

Balasubramanian353 carried out RCI calculations of the 
spectroscopic properties of five low-lying states of ICl 
[O+(I), 2, 1, 0", O+(II)], and spectral assignments of 
various transitions among these states were accom
plished or confirmed. The continuous absorption 
spectra as well as diffuse emission spectra of ICl in the 
region below 45 000 cm"1 were interpreted and assigned 
to appropriate electronic transitions. 

In a subsequent paper Balasubramanian354 extended 
his calculations on ICl to the 0"(1I), O+(III), and 1(11) 
states as well as the corresponding states without 
spin-orbit interaction. He also carried out RCI calcu
lations on the 3/2, 1/2, 3/2(11), 1/2(11), 5/2,2II, 2S+ , 
and 4II states of ICl+.354 

Balasubramanian353,354 employed relativistic effective 
potentials for the iodine atom that retained the outer 
d^s^5 shells explicitly in the valence shell. He included 
the seven valence electrons arising from the s2p5 con
figuration of the Cl atom in these calculations. 

Balasubramanian354 employed a double- f STO basis 
set optimized for the ground states of the two atoms. 
He then carried out SCF/RCI calculations that in
cluded up to 3000 configurations for ICl and ICl+. 

Tables 55 and 56 show a few low-lying configurations 
of ICl and ICl+, respectively, and the corresponding X-s 
and co-w states arising from them. Since the ionization 
potential of the iodine atom is much smaller than that 
of Cl, the ICl+ states are expected to dissociate into I+ 

and Cl. Tables 57 and 58 show the dissociation rela
tionship of the cc-w molecular states of ICl and ICl+, 
respectively. Since the IT* orbital is expected to be 
predominantly on the iodine atom and the electronic 
states of ICl+ are open-shell states, the spin-orbit 
splitting of the ground state of ICl+ is likely to be large. 

Table 59 shows the spectroscopic constants for the 
low-lying electronic states of ICl. Figures 32 and 33 
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TABLE 57. Dissociation Limits of Several Low-Lying 
Electronic States of ICl and the Experimental Energies of 
the Separated Atoms 

TABLE 59. Spectroscopic Properties of the Low-Lying 
Bound States of ICl" 

Molecular states Dissociat ion " imi t energy 

(cm"1) 

3 , 2 , 2 ( 1 1 : , 1 ; 1), 

i ; n ; , I ; : : : : , 0 * 0 

o * ; i i ) , o " ; i ) , o " ( i i ) 

2 ; m ; , i ( i V ; , i ( V ; , 

O*C I I I ) , 1 9 I V ) , 1 ( V ) , 

O + ( I I I ) , C + ( I V ) 1 C ( I I I 

0"(V) 

2 ( I V ) , 1 ( V I ) 1 I ( V I ! ) , 

O + (V) ,C + (V l ; , 0 " (V) , 

O -(VI) 

1 ( V l I I ) 1 O + ( V l I ) , 0 " ( V l 

-From ref 134. 

H 3/2 + p3/' 0.0 

2 p 3 / 2 + 2 p l / 2 

2^+S/ 

-Pi / , ^ P , 

381 

8i8^ 

TABLE 58. Dissociation Limits of a>-a> Electronic States of 
ICl+ 

Li-io s t a t e s Dissociat ion l i m i t Energy (cm"") 
I + + Cl 

7 / 2 , 5 / 2 , 5 / 2 ( 1 1 ) , 
3 / 2 , 3 / 2 ( 1 1 ) 

3 / 2 ( 1 1 1 ) , 1 ' 2 , 1 / 2 ( 1 1 ) , 
1 / 2 ( 1 1 1 ) , 1 / 2 ( I V ) 

5 / 2 ( 1 1 1 ) , 3 / 2 ( I V ) , 3 / 2 ( V ) , 
1 / 2 ( V ) , 1 / 2 ( V I ) 

" F r o m ref 134. 

P 2 • -P3/z 

"Pi / /2 

show the potential energy curves for the low-lying 
electronic states of ICl. As seen from Table 59, the 
theoretical spectroscopic constants are in reasonable 
agreement with those obtained from experiments. In 
general, the bond lengths are longer compared to ex
perimental values, a trend we see at a modest RECP-
SCF/RCI level of theory. 

The theoretical calculations of Balasubramanian353 

on ICl facilitated confirmation of the assignment of the 
experimentally observed X(O+), A'(2), A(I), B(O+), and 
B'(0+(II)) states of ICl. The second minimum in the 
O+(II) curve is now well characterized both experimen
tally and theoretically and is due to an avoided crossing 
of 3n0+ with 3S"o+ at long distances. Balasubramanian353 

also assigned continuous and diffuse spectra below 
45000 cm-1. The continuous absorption with a maxi
mum at 21000 cm"1 was assigned to the X(O+) — B(O+) 
absorption. Another absorption system with a maxi
mum at 25 200 cm"1 was assigned to the A(I) *- X(O+) 
system. The continuous absorption with a maximum 
at 41600 cm"1 was assigned to the X(O+) — O+(III) 
transition. The diffuse emission bands in the 18700-
27 000-cm"1 region were assigned to emissions from the 
D(I) -* 1(11) states, where D(I) is the ion-pair state 
observed by Brand et al.347 However, this appears to 
be a tentative assignment. 

S t a t e 

x o* ; i j 

A '2( I ) 

A 1(1) 

0"(I) 

B 0*(! I ) 

3 1 O + ( I I ) 

1--

3 

Re (A) 

theory 

2.53 

2.93 

3.07 

3.05 

2.95 

3.45 

2.52 

2.90 

e x p t . 

2.32 

2.65 

2.59 

-

2.66 

-

-

-
0 Theoretical constants are 

values are from ref 37. 

T , " I 

Te (cm 

theory 

0 

13261 

13870 

15665 

17935 

17652 

316 

15245 

e x p t . 

C 

12680 

13742 

-

17363 

18157 

-

-

o)e (cm 

theory 

327 

171 

146 

155 

174 

-

327 

138 

"1I 

exp t . 

384 

226 

212 

-

221 

-

-

-

from ref 353 and 354. Expe r imen ta l 

R-(Bohr) 

Figure 32. Potential energy curves of the low-lying states of ICl 
(reprinted from ref 353; copyright 1985 Academic Press, Inc.). 
See Table 59 for spectroscopic labels of known states. 

As seen in Figure 33, there is a barrier in the 0"(I) 
state. This state has not yet been characterized ex
perimentally but could be characterized through mul-
tiphoton techniques as suggested by Balasubramani
an.353 

Table 60 shows the spectroscopic constants of the 
3/2, 1/2, 3/2(11), 1/2(11), and 1/2(111) states of ICl+. 
Table 60 also shows the results obtained by Potts and 
Price350 from the photoelectron spectra of ICl. The 
experimental photoelectron spectrum of ICl contained 
four peaks.350 The first two peaks were assigned to the 
3/2 and 1/2 states. The experimental splitting of these 
two peaks (=4680 cm"1) was found to be in reasonable 
agreement with the theoretical value of 5424 cm"1. The 
u)e value calculated from the photoelectron spectra (390 
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TABLE 60. Spectroscopic Properties of ICl+" 

State 

X 3/2 

1/2 

A 2Tl(II) 

B l\/z 

0 Theoretical constants are 

Re (A) 
theory 

2.47 

2.46 

2.78 

3.44 

from ref 35< 

To (cm'1) 
theory 

0 

5424 

14352 

22835 

expt. 

0 

4680 

in (cm"1) 
tfieory 

311 

314 

207 

168 

expt. 

390 

-

-

-

Theoretical 
vert ical 
exci tat ion 
energy at 
4.65 bohr 

17140 

30950 

Separation of the 
photoelectron 
spectral peaks 
from the 3/2 
peak (350) 

0 

4580 

22420 

33550 

O.I O r 

2P3 2* 2P3 : 

-(BoHr) 

Figure 33. Potential energy curves of more electronic states of 
ICl (reprinted from ref 354; copyright 1985 Elsevier Science 
Publishers B.V.). See Table 59 for spectroscopic labels of known 
states. 

cm"1) for the ground state of ICl+ is also in reasonable 
agreement with the theoretical value of 310 cm"1. 

As seen from Table 60, the minima of the excited 
states 3/2(11), 1/2(11), and 1/2(111) are at longer dis
tances than the corresponding minimum of the ground 
state. Further, the Te values of the excited states are 
much smaller than the separations of the corresponding 
peaks in the photoelectron spectra of ICl. Thus, it was 
suggested by Balasubramanian354 that the peaks ob
served in the photoelectron spectra should be attrib
utable to Franck-Condon-type vertical excitations. 
Since the 3/2(11), 5/2, and 1/2(111) states are quite 
repulsiver near the equilibrium bond distance of the 
ground state of ICl+, the vertical excitation energies 
reported in Table 60 are only estimates, although these 
are in good agreement with the experimental splittings. 
Further, since Franck-Condon-type excitation occurs 
at a slightly shorter distance, the theoretical splittings 
at the equilibrium bond distance of the ground state 
are somewhat lower than the corresponding experi
mental values. 

•2*'P312 

R-»(Bohr) 

Figure 34. Potential energy curves of ICl+ (reprinted from ref 
354; copyright 1985 Elsevier Science Publishers B.V.). See Table 
60 for spectroscopic labels of known states. 

Table 61 shows the vertical ionization energies of ICl 
as obtained by SCF, SOCI, and Koopmans' theorem. 
The SOCI values are the best and are in good agree
ment with the values reported by Potts and Price350 

from the photoelectron spectra of ICl. Although 
Koopmans' theorem predicts the correct ordering of the 
various low-lying states of ICl, the IP values are rather 
high. The errors in these values arise from several 
sources such as lowering of the 2Uy2 state by the 
spin-orbit term, correlation, and orbital relaxation ef
fects. The SCF ionization energy of the 2II state is in 
remarkably good agreement with the experimental re
sults. 

Venkateswarlu341 studied the vacuum-UV spectra of 
ICl. The convergence of Rydberg series attributable to 
(<727r47r*3,2Uy2) nsrj and (o-27r47r*3,2Uy2) npcr was esti
mated to be 81362 cm"1. These Rydberg series were fit 
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TABLE 61. Vertical Ionization Energies of ICl by Various Methods0 

Method 

SCFD 

Koopiians' 
t n e o r e n 

RCIC 

S t a t e 

TT 

2 H(I ) 

1 TI( I I ) 

h' 
3/2 

1/2 

3 / 2 ( 1 1 ) 

1/2(11) 

2r + 
"1/2* 

1/2(111) 

5/2 

"Theoretical values are from ref 354. 'This is 
bohr. c This is the RCI energy separation of the 
energy separation without spin-orbit coupling. 

Ioni zation 
(eV) 

10.19 

11.02 

13.43 

13.57 

10.15 

10.84 

12.15 

12.18 

13.78 

13.87 

energy Method 

CId 

photoelectron 
spectroscopy (350) 

Rydberg 

ser ies (341) 

State 

2I, 

2TI(II) 

2T + 

4TT 

3/2 

1/2 

A(2TT ) 

2 - + 
"1 /2 

3/2 

I Il 

I o n i z a t i o n 
ene rgy (eV) 

10.45 

12.07 

13 .78 

14 .20 

10 .10 

10 .68 

12 .88 

14 .25 

10.10 

10 .60 

the difference of the SCF energy of the 1 S + state of ICl and the 2II state of ICl+ at 4.75 
relevant state of ICl+ with respect to the O+(I) state of ICl at 4.75 bohr. •'This is the CI 

into the formula of the type 

um = 81362 - R/(n - s)2 

where s is a screening constant. This suggested that the 
ionization energy of the 3/2(1) state with respect to the 
ground state of the neutral ICl should be 81362 cm"1 

or 10.09 eV. This value was found to be in very good 
agreement with the theoretical value of 10.16 eV.355 

The Rydberg series arising from the (CTVTT*3,
 2II1^2) 

core were represented by the formula 

v00 = 85996 - R/(n - s)2 

Thus, the separation of the 1/2 state from the O+(I) 
state is 85 996 cm"1 or 10.66 eV. This was also found 
to be in reasonable agreement with the theoretical value 
of 10.84 eV. 

Conford352 obtained the 2II3Z2-
2II1Z2 separation as 

4650 cm"1 by photoelectron spectroscopy, which was 
found to be in reasonable agreement with the theoret
ical value of 5424 cm"1 (see Table 10). Conford reported 
a separation of =2.49 eV between the o-27r4ir*3(2n3/2) and 
the <T27r37r*4(2n3/2) states of ICl+. The theoretical sep
aration at 4.75 bohr is around 1.99 eV. Theoretical 
ionization energies thus confirmed the earlier assign
ments of various Rydberg series. 

The nature of the electronic states of ICl and ICl+ can 
be understood in terms of the highest occupied orbitals 
and the composition of the RCI wave functions. The 
highest occupied a orbital of ICl is quite bonding, while 
the highest occupied TT orbital is predominantly on 
iodine but it is slightly antibonding. The highest oc
cupied a orbital of ICl+ has an increased iodine p-orbital 
coefficient compared to the corresponding orbital of ICl. 
This is compensated by a decrease in the coefficient of 
the Cl p orbital. The highest occupied IT orbital of ICl+ 

is also more localized on the iodine atom compared to 
the corresponding orbital of ICl. 

The O+(I) state of ICl was found to be 90% (x2+
0+) 

and 1.5% (3II0+) at 4.75 bohr. Consequently, at equi
librium bond distances the spin-orbit contamination 
from 3II0+ was found to be rather small. The <j*2ir4x*4 

(doubly excited) configuration makes a nonnegligible 
contribution at 4.75 bohr (3.1 %). At longer distances 
contributions from both 3II0+ and (T*2TT4TT*4 increased to 
a considerable extent. The 3II0+, 3II0-,

 3II2, and 3II1 

states were found to be predominantly a2o-*Tr4Tr*3 states 
at 5.5 bohr, but o-o-*2x47r*3 as well as <r<T*2Tr37r*4 made 
significant contributions at the minimum of the 3II 
states. There is significant mixing of the 3II1 and 1II1 

states in the 1(1) state at 5.5 bohr. The 1(1) state was 
found to be 69% (a**-*3,3II1), 12.6% (<r*7r*3,1II1), 4.7% 
(<J(7*VT* 3 ) , 1.3% (3SI), 4.5% (3II1, <TO-*27T3T*4), and 
1.6% (1II1 , (T^2TT4TT*3). 

The O+(II) state of ICl exhibited an interesting be
havior as a function of distance resulting in the double 
minima in the PEC. It was found to be predominantly 
3II0+ arising from (a2o*Tr4ir*3)0+ at 5.5 bohr, although 
appreciable contamination comes from other references. 
However, near 6.5 bohr an avoided crossing of 32~0+ 
arising from ff2<T*Tr3x*3 with 3II0+ led to a second min
imum. This is a consequence of the fact that 
(ffW7r*3)0+ dissociates into I(2P3/2) + Cl(2P3/2) atoms, 
while 3II0+ dissociates into I(2P3/2) + Cl(2Px/2) atoms. 
Mixing of 3II0+ and 32~0+ was found to be significant in 
the 6-7.0-bohr region. 

The O+(III) state exhibited opposite behavior com
pared to O+(II); it is predominantly 3S"0+ below 5.5 bohr. 
It became predominantly 3II0+ at longer distances as a 
result of the above-mentioned avoided crossing. The 
O-(II) state is predominantly 32+

0- at near-equilibrium 
distances. The 1(11) state is a mixture of 1II1 and 3II1, 
with 1II1 making dominant contributions in the region 
4.5-6.0 bohr. 

The electronic states of ICl+ exhibited larger spin-
orbit splitting than spin-orbit contamination. The 3/2 
state of ICl+ was found to be 89.4% (2n3/2, (T2Tr4Tr*3) and 
4% (2II372, CT*2TT4X*3). At very long distances the 

t=3 ((Tff*x4x*3)3/2 states make dominant contributions so 
that the 3/2 state would dissociate into I+(3P2) + Cl-
(2P3/2) atoms. The 1/2(1) state was found to be 84% 
(2II1/2) and 1.1% 22+ /2 at 4.75 bohr. At longer distances 
(o-rT*7r4Tr*3)1/2 states made significant contributions. 
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TABLE 62. Geometries of Energies of the Electronic States 
of Ga3* 

CASSCF POLCI 

Species State 8 (°) r (A)b Ec (eV) 9 (°) r (A) Ec (eV) 

Ga3 

Ga3 

Ga3 

Ga3 

Ga3 

Ga3 

Ga3 

Ga3
 + 

Ga3
 + 

\ 
4A2 

2B1 

4B1 

2B2 

4B2 

\ 

\ 
3B2 

62.4 

75.4 

50.6 

54.5 

58.8 

58.3 

180 

130 

ISO 

2.51 

2 . 6 2 

2.92 

2.88 

2.54 

3.05 

2 . 8 0 

3.07 

2.90 

0.0 

0.24 

0.27 

0.29 

0.67 

0.78 

1.18 

4.92 

5.57 

61.2 

72.6 

61.2 

56.5 

65.5 

61 .8 

180 

130 

180 

2.58 

2.57 

2.60 

2.74 

2.58 

2.93 

2.79 

3.00 

2.78 

0.0 

0.24 

0.28 

0.32 

0.69 

1.27 

1.38 

5.99 

6.36 

0 All constants are from theoretical calculations in ref 355. b The 
two equal sides of the isosceles triangle; 8 = apex angle. 'Zero 
energy for CASSCF is -6.086778 hartrees; zero energy for POLCI 
is -6.159135 hartrees. 

Figure 35. Equilibrium geometries of the low-lying states of Ga3 
(reprinted from ref 355; copyright 1988 Elsevier Science Publishers 
B.V.). 

The 3/2(11) and 1/2(11) states of ICl+ were found to 
be predominantly 2II arising from the Q-V3Tr*4 configu
ration. Since the ir orbital was found to be predomi
nantly on the Cl atom, the splitting between the 3/2(11) 
and 1/2(11) states was small. This is also consistent 
with unresolved peaks in the photoelectron spectra of 
ICl which corresponded to these states. The 1/2(IH) 
state was found to be predominantly 22+/2(<T7r47r*4) at 
near-equilibrium bond distances while the 5/2 state was 
found to be 47r5/2. 

V. Spectroscopic Properties and Potential 
Energy Surfaces of Trimers 

A. Ga3 

There are no experimental spectroscopic studies on 
Ga3 except the one done by Smalley and co-workers,97 

who detected Ga3 in a laser-evaporated GaAs supersonic 
jet beam of composition GaxAsx Balasubramanian and 
Feng355 carried out complete active space MCSCF 
followed by CI calculations that included up to 32 000 
configurations. They employed the same RECPs and 
basis sets used in the earlier calculations on Ga2.

133 

Those calculations were carried out on seven low-lying 
electronic states of Ga3 and the linear 1A1 closed-shell 
state of Ga3

+. 
Isoelectronic Al3 was investigated by Basch356 theo

retically and by Howard et al.359 experimentally using 
the ESR spectroscopic method and subsequently by Fu 
et al.358 using optical spectroscopy of jet-cooled Al3. 
Basch356 found a 2A1 ground state (near-equilateral-
triangle geometry) with a low-lying 4A2 state only 5 
kcal/mol above 2A1. The ESR spectra of Al3 in a 
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TABLE 63. Dipole Moments of the Isosceles Triangular 
Electronic States of Ga3" 

State (i (D) State u (0) 

2A1 0.02 4 B 1 0.60 

4A, 0.17 2 B 2 0.17 

2B, 0.04 4 B , 0.26 

"•From ref 355. 

rare-gas matrix favored a quartet ground state. Fu et 
al.358 obtained the spectra of jet-cooled Al3. A discrete 
band system in the 5200-6100-A region was observed 
together with an absorption continuum that exhibited 
a lifetime of 24-35 fis. These authors358 deduced D0-
(Al2-Al) < 2.40 eV from the predissociation of the 
continuous absorption bands. Morse and co-workers 
are also considering high-resolution spectroscopic 
studies of Al3, which would facilitate determination of 
the ground-state symmetry and geometry. Until such 
studies are done, it seems that the ground state of both 
Al3 and Ga3 would remain uncertain. 

Table 62 shows the optimized equilibrium geometries 
of seven electronic states of Ga3 and two electronic 
states of Ga3

+ using both the CASSCF and POLCI 
methods.355 Figure 35 shows the POLCI geometries of 
the three lowest lying electronic states of Ga3. As seen 
from Table 62, the ground state of Ga3 is a 2A1 state 
with an equilibrium geometry of a near-equilateral 
triangle. The apex angle reduces by 1° upon inclusion 
of high-order correlations in the POLCI calculations. 
The bond length of the base of the triangle is about 2.63 
A at the POLCI level while the equal sides are a bit 
shorter (2.58 A). It is expected that the Ga-Ga bond 
lengths should be slightly longer than the actual bond 
lengths since for Ga2 and GaAs, the 3e-RECPs of Ga 
gave slightly longer bond lengths. The 2A1 state was 
found to be predominantly made of the Ia2^a2Sa1Ib2Ib

2 

configuration. 

Two very low lying excited electronic states, namely, 
4A2 and 2B1, were found by Balasubramanian and 
Feng.365 The 4A2 state was found to be 5.5 kcal/mol 
above the 2A1 state while the T6 of the 2B1 state was 6.5 
kcal/mol. The 4A2 state arises from the 
Ia2^a1Sa1IbPb2Ib1 electronic configuration while the 
2B1 state arises from the Ia2^a1Sa1Ib2Ib1. The equilib
rium geometries of the 4A2 and 2B1 states are isosceles 
triangles. 

The 4B1 state (laf^aiSa^ailbjlb!) has a very acute 
triangular equilibrium geometry. The two equal sides 
of the isosceles triangle have longer bond lengths (2.74 
A). The base of the triangle has a shorter bond length 
(2.59 A), which suggests enhanced bonding along the 
base of the triangle. The other three electronic states, 
namely, 2B2,

 4B2, and 4A1, are considerably well sepa
rated from the ground states. The 2B2 and 4B2 states 
have isosceles triangular geometries while the 4A1 state 
has a linear equilibrium geometry. 

The effect of higher order electron correlations on the 
geometries is not substantial as seen from Table 62 by 
comparing the CASSCF and POLCI geometries for 
most of the states except the 2B1 state for which 
CASSCF calculations yield a very acute triangle 
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TABLE 64. CASSCF-CI Wave Functions of the Electronic States of Ga3 and Ga3
+0 

Balasubramanian 

Coefficient Configuration Coefficient Configuration 

- 0 . 9 1 8 
0.106 

-0 .104 
0.100 

0 .947 

j a j '»a-

1 0 

2 1 

. 0 , Zo 2 

2 0 
2 0 

1O2 2D2 

Ga, 

:s-_ 

0 
2 
C 
C 

S-

Ia2 

0 
0 
0 
2 

la? 

-0.962 

-0.951 
C. 113 

Ia1 

2 

Ia1 

2 
2 

2«1 

2 

23I 

2 

3a-

i 

3a, 

0 
0 

42I 

1 

4, 
"1 

4a, 

0 
0 

Ib2 

2 

IS2 

2 
2 

2b2 

2b2 

1 
2 

3S2 

0 

3S2 

0 
0 

• K _ 

0 

IS1 

: 

2b 

C 

2S 

C 

Ga, 

- A 1 J c 1 

2 2 

2S 2 3 s , 

0 0 -0 .940 2 
-0 .127 2 
-0 .114 2 

0.102 2 

3a, 

0 
0 
0 
2 

I s 2 2 b 2 

2 2 

- 3 , 

2 b , 3 s 2 

0 

"From ref 355. 

structure which is corrected to a near-equilateral tri
angle structure by POLCI. The energy separations are, 
in general, more sensitive to electron correlation effects. 

The CASSCF atomization energy was calculated by 
carrying out a long-distance CASSCF calculation for the 
linear 2A1 geometry {R = 8.0 A). The atomization en
ergy calculated in this way was found to be 2.32 eV.355 

Higher order correlation effects not included in the 
CASSCF can certainly increase the atomization energy. 
The corresponding CASSCF De of the Ga2 dimer cal
culated earlier by Balasubramanian133 is 0.92 eV. 
Consequently, Ga3 is at least 1.4 eV more stable than 
the dimer. The corresponding calculations on Al3 by 
Basch357 revealed that the aluminum trimer is about 
1.93 eV more stable than the dimer while the experi
mental results of Fu et al.358 imply D0(Al2-Al) < 2.4 eV. 

Table 63 depicts the dipole moments of the isosceles 
triangular states of Ga3 calculated from the POLCI 
natural orbitals. As seen from Table 63, the ground 
state (2A1) and 2B1 excited states have nearly vanishing 
dipole moments while the other electronic states have 
nonnegligible dipole moments. The positive charge is 
on the apex atom of the isosceles triangle. The 4A2,

 4B1, 
2B2, and 4B2 states of Ga3 are slightly ionic while the 2A1 

and 2B1 states are essentially nonionic. 
As seen from Table 62, there are two low-lying elec

tronic states for the Ga3
+ positive ion. The ground state 

is a closed-shell 1A1 state with a linear geometry. The 
adiabatic ionization energy of Ga3 is 5.99 eV. The 
1A1-3B2 splitting of the Ga3

+ positive ion is 0.65 and 0.37 
eV at the CASSCF and POLCI levels of theory, re
spectively. Consequently, this energy separation is in
fluenced to a large extent by higher order correlations. 
Most of the ionization occurs at the base atoms of the 

triangle than the apex atom as evidenced from the 
Mulliken population analysis. The adiabatic ionization 
potential of the Ga3 cluster (5.99 eV) is quite compa
rable to the experimental ionization potential of the Ga 
atom,134 which is 6.0 eV. It is interesting to note that 
both the Ga atom and Ga3 clusters form a stable 
closed-shell singlet electronic state upon ionization 
leading to lower adiabatic ionization energies compared 
to even clusters. Hence odd-even alternations are an
ticipated in ionization energies. 

The nature of the electronic states of Ga3 is discussed 
next. The lowest Ia1 orbital is the totally symmetric 
bonding combination of the 4s orbitals of the three Ga 
atoms. The 2ax orbital is also predominantly composed 
of the 4s orbitals on the three Ga atoms with the com
bination -4s(l) + 4s(2) + 4s(3), where the label 1 is 
given for the central apex atom. Consequently, the 2a: 

orbital is antibonding along the sides and bonding along 
the base of the triangle. The Ib2 orbital was predom
inantly found to be the 4py(l) + 4s(2) - 4s(3) orbital. 
Hence this orbital is antibonding along the base and 
bonding along the sides. Consequently, the Ib2 orbital 
is stabilized if the sides are shorter than the base of the 
triangle. Conversely, the 2ax orbital is stabilized if the 
sides are longer than the base of the triangle. The Ib1 

orbital is a symmetric combination of the 4px orbitals 
on the three Ga atoms perpendicular to the plane of the 
cluster and thus is "ir-like" in character. The 3ax orbital 
is a bonding orbital resulting from the mixing of the 4p2 

orbital of the central atom with the 4P^ and 4p2 orbitals 
of the base of the triangle. The 4s orbitals on the three 
atoms also participate in this orbital. Similarly, the 2b2 

orbital is a bonding orbital resulting from the interac
tion of the 4py orbital of the central atom with the 
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TABLE 65. Mulliken Population Analysis for Gas and Ga,+ ° 

Chemical Reviews, 1990, Vol. 90 , No. 1 149 

States 
Net Gross 

Overlap0 

M1 M2 M1(S) M2(S) M1(P) M2(P) M1Jd) M2(d) M1 M2 M1(S) M2 (s) M1(P) M2(p) M1Cd) M2(d) 

Ga3 

"A1 2.51 5.52 1..657 3.291 0.782 1.980 0.026 0.067 2.993 6.007 1.647 3.299 1.232 2.479 0.114 0.230 0.959 

*A2 2.634 5.435 1.667 3.515 0.919 1.717 0.027 0.065 3.100 5.900 1.629 3.429 1.361 2.232 0.109 0.238 0.931 

"B1 2.609 5.612 1.780 3.662 0.814 2.002 0.037 0.097 2.998 6.002 1.703 3.416 1.184 2.353 0.111 0.233 0.778 

2B2 2.550 5.442 1.547 3.166 0.892 1.728 0.024 0.052 3.054 5.946 1.588 3.311 1.353 2.393 0.113 0.242 1.008 

4B1 2.602 5.842 1.793 3.392 0.726 2.220 0.024 0.072 2.880 6.120 1.738 3.351 1.024 2.529 0.117 0.240 0.556 

4B2 2.774 5.813 1.888 3.623 0.847 1.989 0.020 0.066 2.981 6.019 1.799 3.533 1.096 2.263 0.085 0.223 0.413 

1A, 2.665 5.831 1.695 3.906 0.849 1.861 0.023 0.051 2.917 6.083 1.691 3.619 1.097 2.320 0.129 0.144 0.504 

Ga, 
1A1 2.819 4.990 1.673 3.931 0.999 0.829 0.021 0.065 2.915 5.085 1.708 3.555 1.073 1.262 0.134 0.268 0.190 

3B2 2.857 4.736 1.555 3.801 1.127 0.675 0.024 0.048 3.060 4.940 1.624 3.560 1.300 1.122 0.137 0.258 0.406 

" M2 refers to the two equivalent atoms of the cluster. From ref 355. b Total overlap of the central atom with the two side atoms. 

antisymmetric combination of the 4py and 4p2 orbitals 
of the base atoms with appropriate signs. The 2b!, 4aj, 
and Ia2 orbitals are antibonding orbitals. 

Table 64 contains the important configurationws 
contributing to the CASSCF-CI wave functions of the 
electronic states of Ga3 and Ga3

+. As seen from Table 
64, the leading configurations have coefficients >0.9 for 
all the electronic states. The second and third leading 
configurations have coefficients >0.1 for the doublet 
states. The second leading configuration is less im
portant for the quartet states with the exception of the 
4A1 state. In summary, the 4B2 and 3B2 states of Ga3 
and Ga3

+ ion are described well by a single-configura
tion treatment. The other electron states seem to re
quire a multiconfiguration treatment. The 1A1 state of 
the Ga3

+ ion is predominantly Ia2^a2IbPb2;, suggesting 
that this state is formed by removal of the ^a1 electron 
from the 2A1 ground state of the neutral cluster. This 
is anticipated since the single electron resides in the Sa1 
orbital of the 2A1 state of Ga3. 

Table 65 depicts the Mulliken populations of the 
POLCI natural orbitals of the various electronic states 
of Ga3 and Ga3

+. The total s populations of the three 
metal atoms in all the electronic states are between 4.90 
and 5.33. The 2B2 and 2A1 states have the smallest s 
populations while the 4B2 and 4A1 states have the largest 
s populations. The corresponding p populations are 
between 3.36 and 3.75. The 2A1 and 2B2 states have the 
largest p populations while the 4B2 and 4A1 states have 
the smallest p populations. Hence there is considerable 
4s to 4p electron transfer in the electronic states of Ga3. 
The d populations are about 0.3-0.35 for all the elec
tronic states of Ga3. Consequently, the participation 
of the d polarization functions is quite important for 
all the electronic states of Ga3. A comparison of the 
total gross populations of the central and side atoms 

of Ga3 and Ga3
+ (2A1,

 1A1) revealed that most of the 
electron removed in the ionization process comes from 
the base atoms than the central atom. Of course, there 
is considerable rearrangement of this geometry from a 
near-equilateral-triangular to a linear structure upon 
ionization. Comparison of the total s, p, and d popu
lations of the ground states of Ga3 and Ga3

+ shows that 
the electron is removed from the 4p orbital and that 
there is considerable 4p -»• 4s electron transfer upon 
ionization. 

The electronic states of Al3 show considerable simi
larities to the corresponding states of Ga3. Basch356 

found the ground state of Al3 to be a 2A1 state with an 
isosceles triangular geometry (apex angle = 56.2°). The 
2B1 and 4A2 states were found to be 0.22 and 0.23 eV 
above the ground state. The energy separations for Al3 
are thus comparable to the corresponding electronic 
states of Ga3. The geometries are, however, somewhat 
different as expected. The Al3

+ ion has a 1A1 closed-
shell ground state. The 1A1-

3B2 splitting for Al3
+ was 

found to be 0.42 and 0.39 eV at restricted and full levels 
of CASSCF calculations, respectively. The POLCI 
1A1-

3B2 splitting for Ga3
+ obtained by Balasubramanian 

and Feng355 (0.37 eV) is quite comparable to the cor
responding splitting for Al3

+. 

B. GaAs2 

Presently, there are no experimental spectroscopic 
parameters of GaAs2, although it has been observed 
among trimers by Smalley and co-workers97 in a laser-
evaporated jet beam of general composition GaxAsy. 
Balasubramanian359 carried out CASSCF/multirefer-
ence singles + doubles CI calculations on the low-lying 
electronic states of GaAs2. Three lowest lying states 
were found for GaAs2. AU these calculations were done 
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TABLE 66. Geometries and Energy Separations of GaAs2" 

State R6, (A) 8 g ( ° ) E (eV) 

2 B , 2.76 47 0 

2A 1 2.37 58.5 0.67 

2 B 1 2.75 51 1.7 

"MRSDCI geometries and energies for the 2B2 and 2A, states. 
CASSCF geometry for the 2B1 state. Energy of the 2B1 state based 
on the CASSCF 2B1-

2A1 separation. Re refers to the Ga-As equal 
bond lengths while 0e is the As-Ga-As bond angle. From ref 359. 

Go Ga Go 

2 B 2 Okcol/mole 2A, l6kcol/mo!e 

Figure 36. Equilibrium geometries and energy separations of 
the low-lying electronic states of GaAs2. 

by using RECPs for the various atoms together with 
valence (3s3pld) basis sets for Ga and As. The 
CASSCF calculations included up to 3600 configura
tions while the MRSDCI calculations included up to 
93 000 configurations. 

In all the theoretical calculations, the GaAs2 molecule 
was oriented on the yz plane, and the z axis bisected 
the As-Ga-As angle. The x axis was perpendicular to 
the GaAs2 molecular plane. If one assumes the GaAs2 
structure to be triangular, a few possible low-lying 
doublet states arising from the outer S2P1 and s2p3 shells 
of Ga and As in the C2„ group in this orientation are 
la?2a?lbl3a?lb?4a?2b£ (2B2), Ia?2aflbi3a?lb?2ai4al 
(2A1), la22a?lb|3a24af2b|lbi (2B1), and 
la?2a?lb23a?lb?4a?laj (2A2). While quartet states could 
be generated by promoting one of the closed-shell 
electrons into an unoccupied orbital, they would be 
much higher since the two electrons of the As atoms 
tend to pair up to form a stable configuration similar 
to the ground state of As2. If the ground state of As2 
were to bind to the Ga ground state (2P) it would form 
doublet states. Further, attempts by Balasubramani-
an359 to find an equilibrium structure for the 4B2 state 
failed. The 2A2 state is also expected to be higher in 
energy since this state results from occupying the an-
tibonding combination of the px orbitals of the As at
oms. The states resulting from correlating the ground 
states of Ga (2P) and As2 (

1S+) to the C2u group are 2B2, 
2A1, and 2B1. Consequently, Balasubramanian359 argued 
that the probable candidates for the ground state of 
GaAs2 are 2B2,

 2A1, and 2B1. 

Table 66 and Figure 36 show the equilibrium geom
etries and energies of the three electronic states (2B2, 
2A1, and 2B1).

359 The geometries in ref 359 were in slight 
error due to the ECP parameter mentioned in GaAs 
work. Corrected geometries are reported here. As seen 
from Table 66, all three states have isosceles triangular 
geometries. The 2B2 state is the ground state of GaAs2. 
The apex angle of the 2B2 state (~47°) is the smallest 
of the apex angles of the three states, implying en
hanced As-As bonding over Ga-As bonding, since the 
Ga-As bonds are the equal sides of the isosceles triangle 
and the As-As bond corresponds to the base of the 
isosceles triangle. The As-As bond length for the 2B2 
state (MRSDCI) was found to be 2.201 A. The apex 

Balasubramanian 

TABLE 67. CI Wave Functions of the 2B2 and 2A1 States of 
GaAs2 at Their Equilibrium Geometries" 

coe f f i c ien t conf igurat ion 

I a 1 2aj 3aj 4a j Sa1 Ib 2 2S2 I b 1 I a 2 

0.919 2 2 2 2 0 2 1 2 0 

- . 106 2 2 2 2 0 2 1 0 2 

coe f f i c i en t conf igurat ion 

la j 2aj 3a ; 4aj 5aj I b 2 2b2 lb i I a 2 

0.916 2 2 2 1 0 2 2 2 0 

- .107 2 2 2 1 0 2 2 0 2 

" F r o m ref 359. 

angle of the 2A1 state (~58.5°) is the largest while that 
of the 2B2 state is the smallest (47°). 

The MRSDCI calculations for the 2B2 and 2A1 states 
change the Ga-As bond length by only 0.03-0.04 A with 
respect to the 5320-CASSCF. The apex angle of the 
isosceles triangle decreased at most by 0.5-0.7° (<1%). 
The T6 value of the 2A1 state obtained by the MRSDCI 
method is 0.67 eV. Consequently, the theoretical ge
ometries using the 5320-CASSCF were found to be 
within 1.5% of the MRSDCI results while the energy 
differences were within 7%. Consequently, Balasu
bramanian359 believed that the 5320-CASSCF method 
is a more attractive method since it is computationally 
less intensive. For this reason, Balasubramanian359 did 
not carry out MRDCI calculations for the excited 2B1 
state. Nevertheless, the 5320-CASSCF geometry for the 
2B1 state should be within 2% of the MRSDCI values, 
and it is believed that the Ga-As bond length would 
become longer accompanied by a decrease in the As-As 
bond lengths. 

As seen from Table 66, the GaAs2 trimer is found to 
be more stable than Ga(2P) + As2(

1SjJ"). The dissocia
tion energy for separating the Ga atom from GaAs2 was 
calculated as 1.32 eV at the CI level and 1.11 eV at the 
MCSCF level.359 It is anticipated that the experimental 
D6 > 1.5 eV for removing Ga from GaAs2. Note that 
the theoretical D6(Ga2-Ga) is 1.4 eV (cf. section V.A). 
Consequently, D6(As2-Ga) and D6(Ga2-Ga) are com
parable. 

The Ga-As bond length (MRSDCI) of 2.76 A in the 
2B2 state is comparable to the CASSCF/FOCI bond 
length of 2.64 A for the 3S" ground state of GaAs ob
tained by Balasubramanian.359 However, considering 
that this bond length is 0.09 A longer than the exper
imental value, a corresponding correction should be 
applied for GaAs2 (see section IV.A). The As-As bond 
length of the 2B2 state (2.20 A) is comparable to the 
As-As bond length of 2.16 A for the 1S* ground state 
of As2 obtained earlier.159 The As-As bond length of 
the 2A1 state is 2.32 A, which is much larger, implying 
weakening of the As-As bond in the 2A1 state. The 2B2 
state exhibits enhanced As-As bonding and is more 
stable than the 2A1 state, which shows greater Ga-As 
bonding. This is consistent with earlier theoretical 
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TABLE 68. Mulliken Population Analysis of the Natural Orbitals of the MRSDCI Wave Functions of the 2B2 and 2A1 States 
of GaAs2

0 

Total 
Not [1Q[Xilation 

TotIT 
Gross Populat ion 

State Gi) As1' Ga(s) Ga(p) As(s) As(p) Ga Asb Ga(s) Ga(p) As(s) As(p) 

2.1.1 in .23 2.01 0.33 1.11 6.24 2.60 10.40 1.84 0.64 3.76 6.40 

Overlap0 

0.34 

2A1 2.22 9.92 1.53 0.56 1.06 5.92 2.64 10.35 1.52 0.99 3.73 6.33 0.86 

* From ref 395. b As population refers to the populations of both As atoms. c Overlap population between Ga and both As atoms. 

calculations (see section III) that have shown that Z)6-
(As2) > Z)6(GaAs) > Z)6(Ga2). Consequently, among the 
smaller clusters, the states that exhibit greater As-As 
bonding appear to be more stable. It was predicted359 

that the order of stabilities for the trimers of formula 
GaxAsy (x + y = 3) should be AE(As3) > AE(GaAs2) > 
AE(Ga2As) > AE(Ga3), where AE represents the atom-
ization energy. Balasubramanian's theoretical results 
on those species and diatomics containing Ga and As 
were used by Reents360 in the interpretation of chemical 
etching of GaAs. 

Table 67 shows the leading configurations in the 
MRSDCI wave function of the 2B2 and 2A1 states of 
GaAs2.

359 As seen from Table 67, the leading configu
rations of these two states are la22ai3a24a2lb22b2lb

2 

and la22a23a24ailb22b2lb
2, respectively. 

The Ia1 natural orbital of the MRSDCI wave function 
of the 2B2 state at its equilibrium geometry was found 
to be predominantly composed of As 4s while the 2ax 
orbital is mainly Ga 4s but mixes more with As 4s, 4p, 
and d compared to the Ga-As mixing in the Ia1 orbital. 
The 3ax orbital is a mixture of bonding As(S1) + As(s2), 
As1(Py) - As2(Py) and small amounts of Ga s and Ga p2. 
The Ia1 orbital was found to be a mixture of Ga(s), 
Ga(P2), As(s) (small amount), and As1(P2) + As2(pz). 
The Ib2 orbital is predominantly As1(S)-As2(S) while the 
2b2 orbital is a mixture of Ga(py) and As1(Py) + As2(Py) 
(P>, + Pv2) linear combination. The Ib1 orbital was 
mainly As (px + px) a bonding orbital perpendicular 
to the plane wnile the 2bx orbital is mixture of Ga(P1) 
and As (px + pX2). The coefficients of the d functions 
were found to be nonnegligible for the 2b2, 4a1; and 2bx 
orbitals. 

Table 68 depicts the net, gross, and overlap Mulliken 
populations of the MRSDCI natural orbitals of the 2B2 
and 2A1 states of GaAs2. As seen from Table 68, the 2B2 
state exhibits a greater total net population and less 
overlap population (between Ga and the two As atoms) 
than the 2A1 state. Thus, the 2A1 state shows enhanced 
Ga-As bonding compared to the 2B2 state. This is 
consistent with the earlier qualitative analysis of the 
natural orbitals of the two states. Further, the 2B2 and 
2A1 states are ionic (see Table 68). 

C, Ge3 and Si3 

Pacchioni and Koutecky361 have investigated the 
low-lying states of Gen (n = 3-7) using a simple Har-
tree-Fock single-configuration SCF followed by sin
gle-reference CI calculations. Related Sin clusters have 
also been studied theoretically by many authors.362"368 

Calculations at the HF/MP4 level were made by Ra-
ghavachari on Sin (n = 3-10).363,364 Balasubramanian367 

made high-level CASSCF/MRSDCI calculations em-

TABLE 69. Geometries and Energy Separations of the 
Low-Lying States of Ge3" 

state (A) E (kcal/mole) 

3A 

2.39 

2.40 

2.64 

1.8 

60° 

"Theoretical constants are from ref 361. Bond distances are as
sumed to be the same in these SCF/CI calculations, although for 
the 1A1 state, the base must have different bond lengths compared 
to the sides. Thus, the geometries are not fully optimized. 

ploying a large McLean-Chandler all-electron Gaussian 
basis sets for Si3 and Si3

+. Comparable calculations 
were also made by Balasubramanian368 on Si4 using 
RECPs. 

Pacchioni and Koutecky361 found basically two very 
low lying electronic states for Ge3 of 1A1 and 3A2' sym
metry analogous to Si3.

367 The geometries and energy 
separation for the electronic states of Ge3 are shown in 
Table 69. Balasubramanian's CASSCF/MRSDCI re
sults for Si3 and Si3

+ are shown in Table 70.367 Po
tential energy curves for the two lowest electronic states 
of Si3 obtained by Balasubramanian367 are shown in 
Figure 37. 

As seen from the two tables, both Si3 and Ge3 form 
a 1A1 ground state with an equilibrium geometry of an 
isosceles triangle. The 3B2 state forms an equilateral 
triangular structure with a longer Ge-Ge bond length. 
The 1A1-1S+ separation calculated by Pacchioni and 
Koutecky361 (1.8 kcal/mol) appears to be a bit too low 
compared to the corresponding separation of 18 kcal/ 
mol for Si3 calculated by Balasubramanian using the 
CASSCF/FOCI method.367 

Table 71 shows the absolute energies in hartrees for 
the 1A1 and 3B2 states using two sets of d-type polari
zation functions. The ground state at this level is a 1A1 
state. The final 1A1-

3A2' separation of Si3 is 4.6 kcal/ 
mol. The earlier calculations by Grev and Schaefer365 

had shown how sensitive this separation is to the basis 
set and electron correlation effects. A SCF/SDCI with 
double-f + Id set gave a 3A2' as the ground state of Si3, 
which led Grev and Schaefer365 to predict that there are 
two nearly degenerate isomers for Si3. 

D. In3 

Feng and Balasubramanian369 carried out complete 
active space MCSCF followed by multireference singles 
+ doubles CI calculations which included up to 177 000 
configurations on seven low-lying electronic states of 
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TABLE 70. 

State 

1A1 1 

1A1 

1A, 

( 3 A^) 3 B 2 

(3A2
1J 3 B 2 

(3A2
1) 3 B 2 

( 3 A 2 ) 3 B 2 

1 B 2 

1 B 2 

A A 2 

3A 
A2 

3B 

\ 
1A. 

"A2 

1 B l 

"Bi 

3 B 2 

- C^ 

1A, 

3 = „ 
"2 

" "2 

)90, Vol. 90, No. 1 

Properties of the Low-Lying States of Si3" 

Method r(A)b 9 E (Hartrees) 

4 4 1 0 - C A S a 

5410-CAS 

RFOCI 

MRSDCI 

4410-CAS 

5410-CAS 

RFOCI 

MRSDCI 

4410-CAS 

RFOCI 

4410-CAS 

RFOCI 

4410-CAS 

RFOCI 

4410-CAS 

RFOCI 

4410-CAS 

RFOCI 

4410-CAS 

RFOCI 

4410-CAS 

RFOCI 

4410-CAS 

R-OCI 

2 . 1 7 

2 . 1 9 

2 . 1 9 

2 . 1 9 

2 . 2 9 

2 . 3 0 

2 . 3 0 

2 . 3 0 

2 . 2 8 

2 . 2 8 

2 . 4 1 

2 . 4 1 

2 . 4 1 

2 . 4 1 

2 . 4 2 

2 . 4 2 

2 . 4 1 

2 . 4 1 

2 . 2 4 

2 . 2 4 

2 . 1 7 

2 . 24 

79.6 

79.6 

79.6 

79.6 

60.0 

60.0 

60.0 

50.0 

60.0 

60.0 

60.0 

60.0 

50.0 

60.0 

60.0 

60.0 

50.0 

50.0 

150.5 

150.5 

130.0 

180.0 

130.0 

130.0 

-866.71138 

-866.72846 

-866.78532 

-866.903244 

-366.70253 

-856.72333 

-866.77734 

-866.897436 

-866.68631 

-866.77008 

-866.67245 

-866.75448 

-866.67010 

-865.75196 

-856.55581 

-855.73914 

-856.55417 

-866.73603 

-856.65614 

-366.72596 

-866.58027 

-855.75638 

-856.65506 

-S56.52555 

Balasubramanian 

TABLE 71. Properties of the 1A1 and 8B2 (
3A8) States of Si3 

Calculated with Two Sets of d-Type Functions" 

S t a t e Mpthnri rlh)t> fl F I H a ^ p o o t l 

1 ^ l 

1Al 
3 B 2 

3 B 2 

5410-CAS 

RFOCI 

5410-CAS 

RFOCI 

2 . 1 9 

2 . 1 9 

2 . 3 0 

2 . 3 0 

"From ref 367. bR refers to the two 
celes triangle. 

7 9 . 6 

7 9 . 6 

6 0 . 0 

6 0 . 0 

- 8 5 6 . 7 5 0 6 7 

- 8 6 5 . 8 2 5 2 6 

- 8 5 5 . 7 4 4 0 8 

- 8 5 6 . 8 1 9 6 9 

equal distances of the isos-

TABLE 72. Geometries of Energies of the Bent Electronic 
States of In,0 

s t a t e 

% 

\ 

2Bl 

\ 

4B2 

"1 

CASSCF 

J (deg) r b ) (A) 

7 5 . 2 2 .97 

5 4 . 8 3 .25 

4 7 . 6 3.37 

4 9 . 6 3 .60 

5 8 . 4 3 .39 

7 4 . 3 3.17 

Ec> (eV) s t a t e 

4 
0 .0 A2 

0 .03 4 B 1 

0.07 2 B 1 

0 .28 4 B 2 

0 .35 2A1 

0.37 2 B 2 

8 (deg 

71 .04 

55 .2 

4 8 . 9 

60 .0 

51 .0 

7 4 . 4 

MRSDCI 

r b ' (A) Ec< (eV) 

2 .95 0 .0 

3 .12 0.Oi 

3 .31 0 .11 

3.Z9 0 .35 

3 .49 0 .45 

3 .04 0 .45 

"From ref 369. bThe two equal sides of the isosceles triangle; 8 
= apex angle. cZero energy for CASSCF is -5.513007 hartrees; 
zero energy for MRSDCI is -5.609780 hartrees. The zero energy is 
for the 4A2 ground state at the reported geometry. 

"ijkl-CAS stands for a CASSCF calculation in which i aj orbit-
als,;' D2 orbitals, k D1 orbitals, and / a2 orbitals were included in the 
active space. From ref 367. bR refers to the two equal distances of 
the isosceles triangle. 

CO 
I 

Figure 37. Potential energy curves for the 1A1 and 3B2 states of 
Si3 (reprinted from ref 367; copyright 1986 Elsevier Science 
Publishers B.V.). 

In3.
194 They employed a valence (3s3pld) basis set used 

earlier for In2 together with 3e-RECPs for the In atom. 
In addition, spin-orbit effects for the low-lying states 
of In3 were obtained. Complete bending potential en
ergy surfaces as a function of bending angle were also 
obtained.369 

Table 72 shows the equilibrium geometries of the 
bent states of In3 and their energy separations at both 
the CASSCF and MRSDCI levels of theory. Figure 38 
shows the optimized MRSDCI equilibrium geometries 
of the electronic states of In3. Figure 39 shows the 
actual bending potential energy surfaces for several 
electronic states obtained with the CASSCF method. 
As seen from Table 72, the equilibrium geometries 
predicted by CASSCF calculations are not substantially 
different from the MRSDCI geometries. The bond 
lengths changed at most by 0.13 A. The bond angles 
changed at most by 4° at the MRSDCI level of theory 
compared to the zeroth-order CASSCF level. Table 73 
shows the equilibrium geometries and the energy sep
arations of the linear electronic states of In3. 

MRSDCI calculations predicted two nearly degen
erate states of 4A2 and 4B1 symmetry as candidates for 
the ground state. The equilibrium geometries of both 
4A2 and 4B1 are isosceles triangles, although 4B1 is very 
acute. Note that the linear limit of the 4A2 (

4Su) state 
is only 0.07 eV above the ground state. 
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3.43 A 

4 A , 

2.74A 

2B, J\ 

2.90 A 2.90 I 

4Su 

2A, 4 A n 

Figure 38. Equilibrium geometries of the low-lying states of In3 
(reprinted from ref 369; copyright 1989 Elsevier Science Pub
lishers, B.V.). 

X 

t 
0.02-

0-1 
i i 1 1 i 1 1 1 1 1 

0 20 40 60 80 100 120 140 160 180 

9-» ( ° ) 

Figure 39. Bending potential energy curves for the low-lying 
states of In3 (reprinted from ref 369; copyright 1989 Elsevier 
Science Publishers, B.V.). 

The geometry of the 2B1 state is acute and thus the 
In-In bond lengths for the two sides of the isosceles 
triangle are large. As seen from Figure 38, both 4B1 and 
2B1 have short In-In bond lengths at the base of the 
isosceles triangle. Hence, the 4B1,

2B1, and 2A1 electronic 
states exhibited enhanced bonding at the base while for 
the other states, bond strengths at the equal sides of 
the isosceles triangles are greater. 

Table 74 shows the effect of 4d10 shells on the geom
etries of the low-lying states of In3. As seen from Table 
74, the effect of the 4d10 shell on the bond lengths is 
<1.3% and that on the bond angles is <0.5° for the 
three electronic states that were compared by Feng and 
Balasubramanian.369 

The energy separations of the various electronic states 
are quite sensitive to higher order correlations. As seen 
from Table 72, the 2A1 and 4B2 states switch order be
tween CASSCF and MRSDCI calculations. The energy 
separations of most of the excited states increase at the 
MRSDCI level of theory, implying stabilization of the 
ground state. 

The atomization energy, i.e., the energy for the pro
cess In3 -* 3In, was calculated through a long-distance 

TABLE 73. Properties of the Linear Electronic States of 
In3" 

CASSCF 

S ta te R (A) E (eV) State 

MRSDCI 

R (A) E (eV) 

X 
X 
2 . -

3.07 

2.90 

3.14 

2.95 

2.85 

-0.02 

0.18 

0.73 

0.87 

1.29 

2,* 

2.90 

3.05 

3.13 

2.92 

2.90 

0.07 

0.37 

0.77 

0.85 

1.13 

"From ref 369. 

TABLE 74. Effect of Including the 4d10 Core in the 
CASSCF Calculations of the Electronic States of In3" 

state 
with 4d10 wifiout 

R6 (A) 8e (deg) Rg (A) 
4d10 

3e (d 59) 

Hl 

3.01 

3.36 

3.62 

75.3 

49.1 

49.7 

2.97 

3.37 

3.60 

75.2 

47.6 

49.6 

"From ref 369. 

TABLE 75. Dipole Moments of the Electronic States of In3 
with Isosceles Triangular Geometry" 

s t a t e P (D) 

^A2 - 0 . 4 8 

4B1 0.51 

2B1 0.95 

2 A 1 0.80 

2B2 -0.65 

" From ref 369. b Positive polarity means the positive charge is 
on the apex atom of the isosceles triangle. 

calculation (R = 8.0 A) for the linear 4A2 state. The 
MRSDCI calculations yielded an atomization energy of 
48 kcal/mol for the ground state of In3.

369 

Table 75 shows the MRSDCI dipole moments for the 
electronic states of In3 at their equilibrium geometries. 
As seen from Table 75, all the isosceles triangular 
structures have large dipole moments. The 4A2 and 2B2 
states have positive charges at the base atoms while all 
other isosceles triangular states have positive charges 
on the apex atom of the triangle. 

Figure 39 shows the bending potential energy surfaces 
for the various electronic states of In3 obtained with the 
CASSCF method. The 4A2 surface contains a bent 
minimum which correlated into the 4Sy linear state. 
The 4B1 surface is very narrow near 0e, goes through a 
barrier, and correlates with the 4Ag linear state. 

Table 76 shows the coefficients of the important 
configurations in the CASSCF wave functions of the 
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TABLE 77. Mulliken Population Analyses for the Electronic States of In3" 

Chemical Reviews, 1990, Vol. 90, No. 1 155 

Gross 
state Overlap^ 

M M 2 C M 1 ( S ) M 2 ( S ) M 1 ( P ) M 2 ( P ) M l ( d ) M2(Ci) 

3.105 5.896 1.728 3.616 1.326 2.192 0.052 0.086 0.686 

2.899 6.100 1.821 3.524 1.034 2.484 0.044 0.094 0.402 

2.906 6.094 1.860 3.478 0.995 2.526 0.051 0.090 0.310 

3.001 5.998 1.839 3.686 1.122 2.238 0.040 0.076 0.312 

2.914 6.086 1.877 3.654 0.997 2.344 0.040 0.086 0.212 

"B2 3.058 5.942 1.786 3.704 1.217 2.146 0.054 0.092 0.398 

1A1 2.937 5.064 1.770 3.688 1.125 2.310 0.041 0.066 0.474 

3.293 5.707 1. 3.448 1.638 1.973 0.156 0.286 0.959 

" From ref 369. b Apex atom. c The two base atoms. d Overlap between the apex atom and the two base atoms. 

in the properties of Ga3 and In3 seems to arise from both 
relativistic effects and the fact that the atomic energy 
separations are lower for In compared to Ga.134 The 4P 
state arising from 4s4p2 is 38000 cm"1 above for Ga 
while the corresponding state (5s5p2) is 35000 cm"1 

above the ground state for In.134 

A major difference between the electronic states of 
Ga3 and In3 is in the ionicity of the metal-metal 
bonding. The dipole moments of the electronic states 
of In3 were found to be considerably larger compared 
to the corresponding states of Ga3. For example, the 
dipole moment of the 2A1 state of Ga3 was found to be 
0.02 D while the corresponding state of In3 has a dipole 
moment of 0.80 D. Similarly, the dipole moment of the 
4A2 state of Ga3 is 0.17 D, while the corresponding state 
of In3 has a dipole moment of -0.48 eV. This trend is 
consistent with the greater metallic character of the 
(more electropositive) In atom compared to the gallium 
atom. 

E. Sn3 

The electronic structure of tin clusters is a topic of 
considerable importance from both fundamental and 
applied standpoints.370 At room temperature in the 
solid state Sn is metallic, but at low temperature it 
exhibits a semiconducting crystallographic modification 
with Ge structure.370 The mass spectra of Snn clusters 
have been recorded by Martin and Schaber.370 The 
mass spectrum of Sn1

+ exhibited a gradual decrease in 
intensity for x = 1-13, and the x = 14 peak was almost 
absent; however, for x = 15 and 16, the intensity in
creases. For the Gex

+ clusters, the peak with x = 13 is 
the low-intensity peak. All the clusters exhibited en
hanced stabilities for x = 6, 10. Further, Martin and 
Schaber370 showed that Ge14

+ is quite stable while Sn14
+ 

is unstable. 
Balasubramanian371 studied the low-lying electronic 

states of equilateral triangular, isosceles triangular, and 

TABLE 78. Properties of the Low-Lying Electronic States 
of Sn3

0 

State 

1A1 

1A1 

1A1 

1A1 

3A^ ( 3B 2 ) 

3A2' ( 3B 2 ) 

3A2' (3B2 ) 

\ 

\ 

\ 

\ 

\ 
h; (^A1) 

3B 

3 Sn (3P) 

3 Sn (3P) 

1A 

1A. 

Method 

5410-CAS 

4310-CAS 

MRSDCI 

POLCI 

5410-CAS 

4310-CAS 

MRSDCI 

4310-CAS 

4310-CAS 

4310-CAS 

4310-CAS 

4310-CAS 

5410-CAS 

5410-CAS 

SCF 

SDCI 

5410-CAS 

POLCI 

re (A)b 

2.757 

2.728 

2.757 

2.757 

2.96 

2.944 

2.96 

3.077 

2.927 

3.088 

3.073 

3.084 

2.714 

2.792 

7.500 

7.500 

e 

85° 

85° 

85° 

85° 

60° 

60° 

60° 

60° 

60° 

60° 

60° 

60° 

130° 

130° 

130° 

130° 

Ec 

-204.080 192 

-204.038 657 

-204.158 123 

-204.124 953 

-204.074 416 

-204.035 962 

-204.143 786 

-204.029 980 

-204.022 106 

-204.014 320 

-204.028 423 

-204.012 746 

-204.067 007 

-204.048 23C 

-203.985 118 

-204.045 293 

-203.991 371 

-204.000 095 

"From ref 371. 'Refers to the two equal distances of the isos
celes triangle for the triangular structure. For the linear structure 
this refers to the Sn-Sn bond length. MRSDCI calculations for 
the 1Aj and 3B2 states were carried out at the 5410-CAS-optimized 
geometries. cEnergies are in hartrees. 1 hartree = 27.21 eV. 

linear configurations of Sn3 employing a complete active 
space MCSCF followed by multireference singles and 
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o 

Balasubramanian 

TABLE 79. Properties of Sn, Obtained with a 2d Basis" 

e — -
Figure 40. Potential energy surfaces of Sn3 (reprinted from ref 
371; copyright 1986 American Institute of Physics). 

Figure 41. Equilibrium geometries of the low-lying states of Sn3 
(reprinted from ref 371; copyright 1986 American Institute of 
Physics). 

doubles CI calculations that included up to 228250 
configurations. He employed relativistic effective po
tentials for the tin atom with the d10s2p2 outer shell as 
the valence shell. A valence + polarization Gaussian 
(3s3p2d) basis set was employed for the tin atom. 

Table 78 depicts the properties of several electronic 
states of Sn3 obtained with many methods employing 
a (3s3pld) basis set.371 As seen from Table 78, two 
nearly degenerate structures exist for Sn3. The first 
structure is an isosceles triangle with an apex angle of 
85° and is the minimum of the 1A1 state. The other 
structure is an equilateral triangular structure which 
is a minimum of the 3B2 state. The splitting of these 
two states was calculated as 3.6 kcal/mol at the 5410-
CAS level and 5.9 kcal/mol at the MRSDCI level.371 

The energy separation between the bent 1A1 structure 
and the 1 S* linear structure was found to be about 8.3 
kcal/mol.371 Consequently, Sn3 resembles Si3 in pos
sessing two nearly degenerate equilibrium geometries 
(see section V.C). 

The bending potential energy surfaces of the two 
nearly degenerate states, viz., 1Aj and 3B2, are shown 
in Figure 40. As seen from Figure 40, the 3B2 state has 
a barrier at about d = 100° and a weakly bound second 
minimum at near-linear geometry. This was attributed 
to an avoided crossing by Balasubramanian.371 This is 
reminescent of the potential energy surfaces of Si3 (see 
Figure 37). 

The properties of the 1A1 and 3B2 states were also 
calculated with a (3s3p2d) basis (Table 79). As seen 
from Table 79, the uncontraction of the most diffuse 
d function shrinks the bond length for the 1A1 and 3B2 

states by about 0.04 A. The actual geometries of these 
two states calculated this way are shown in Figure 41. 
The 1A1-3A2' splitting was calculated as 2.3 kcal/mol 
at the CASSCF and 3.9 kcal/mol at the MRSDCI lev
els. Consequently, this splitting was found to decrease 
in the larger basis set. 

Method 

5410-CAS 

5410-CA5 

MRSDCI 

MRSDCI 

S t a t e 

1A 

3A2 

\ 

\ 

"From ref 371. 

r e (A) 

2.723 

2.916 

2.723 

2.916 

cr
> 

82.5 

60° 

82.5 

60° 

E 

-204.091 872 

-204.088 241 

-204.213 709 

-204.207 492 

The atomization energy of Sn3, i.e., the energy for Sn3 

-* 3Sn, was calculated by the MRSDCI method in the 
absence of spin-orbit interaction as 3.07 eV or 71 
kcal/mol. A POLCI calculation carried out by setting 
the Sn-Sn bond lengths to 7.5 A gave an atomization 
energy of 3.4 eV. The POLCI value should be consid
ered more accurate since in the MRSDCI method, the 
energy of the individual atoms (SDCI) was compared 
with the MRSDCI energy of the molecule. Thus, the 
value of 71 kcal/mol is not correlation consistent and 
is only a lower bound. The spin-orbit interaction 
should decrease the atomization energy of Sn3. This 
is because the contribution of spin-orbit interaction for 
the closed-shell 1A1 state is small. However, the spin-
orbit splitting of the 3P state of the Sn atom is some
what larger. The RCI calculations by Balasubramanian 
and Pitzer201 indicated that the Sn 3P0 state w a s lowered 
by 0.33 eV with respect to the 3P state. Thus, the 
overall lowering of the three 3P 0 states of the Sn atom 
is 0.99 eV. It was assumed by Balasubramanian that 
the contribution of spin-orbit interaction for the 
closed-shell 1A1 isosceles triangular structure is zero. 
Thus, applying a correction of 0.99 eV to the atomiza
tion energy, Balasubramanian371 obtained a lower 
bound of 2.4 eV or 55.3 kcal/mol. The dissociation 
energy of Sn2 was calculated2"1 as 1.86 eV in the pres
ence of spin-orbit interaction. It is thus evident that 
Sn3 is at least 0.5 eV more stable than the dimer. 

The effect of spin-orbit interaction should be inter
esting on the PES of Sn3. It would split the 3B2 state 
into A1, B1, and A2 components in the C2i) double group. 
For the equilateral triangle, 3A2' is split into A1' and E" 
representations in the D\h double group. The 1A1 

isosceles structure correlates into the A1 representation 
in the double group. As seen from Figure 40, the 
bending potential energy surfaces of the 1A1 and 3B2 

states cross at 9 = 70°. Thus, the corresponding A1 

components in the presence of spin-orbit interaction 
would undergo avoided crossing. In the presence of 
spin-orbit interaction, the PES of the A1 component 
may thus contain shoulder and minimum or double 
minima (one at 6 = 60° and the other at 6 = 85°) sep
arated by a small barrier. 

The electronic structure of Sn3 resembles that of Si3 

and Ge3 in many ways. For Si3 (see section V.C) also 
there are two nearly degenerate structures (1A1 and 
3A2'). The splitting between these two states was found 
to be about 3.6 kcal/mol. The atomization energy of 
Si3 is larger as expected. Relativistic effects are, how
ever, negligible for Si3. 

Table 80 shows the coefficients of the leading con
figurations in the CASSCF of the various electronic 
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TABLE 80. CASSCF/CI Wave Functions of the Low-Lying 
States of Sn," 

Coef f i c i en t 

0.921 
-0 .149 
+0.137 
-0 .128 
-0 .121 

0.903 
-0 .353 
-0 .144 
-0.104 

0.949 

0.953 
-0 .156 
+0.096 

0.982 
0.117 

0.972 
-0 .171 

0.975 
-0 .146 
+0.113 

I a 1 

2 
2 
1 
0 
0 

I a 1 

2 
2 
2 
2 

I a 1 

2 

I a 1 

2 
2 
2 

I a 1 

2 
2 

*a , 

2 
2 

I a 1 

2 
2 
2 

Za1 

2 
2 
2 
2 
2 

2*1 

2 
2 
2 
2 

Za1 

2 

2ai 

2 
2 
2 

2ai 

2 
2 

2a i 

2 
Q 

2«1 

2 
2 
2 

3S1 

2 
2 
2 
2 
2 

3a j 

2 
0 
1 
2 

3aj 

2 

3*1 

1 
1 
1 

3*1 

2 
2 

3a i 

2 
2 

Conf igura t ion 

4a i 

0 
2 
1 
0 
2 

4a j 

0 
0 
1 
2 

4a i 

1 

4ai 

0 
2 
1 

4a i 

1 
1 

' a l 

2 
2 

3« 1 

2 
2 
2 

V 
Sa1 

0 
0 
0 
0 
0 

V 
Sa1 

0 
0 
0 
0 

3R B2 

5B1 

0 

3 S s2 

5a j 

0 
0 
1 

1B B2 

ID2 

2 

i 
3„ 

"2 

I D 2 

2 
2 

3 B 1 

4a! 

1 
1 
1 

9 - £ 

I b 2 

2 
2 
2 
2 
2 

(9 - : 

I b 2 

2 
2 
2 
2 

(9 -

Ib 2 

2 

(9 -

Ib 2 

2 
2 
2 

(9 -

2b2 

1 
1 

(9 -

2-7 

1 
1 

(9 -

Ib 2 

2 
2 
2 

15°) 

Zb2 

2 
0 
1 
2 
2 

180°) 

2b2 

2 
2 
1 
0 

60°) 

2b2 

1 

130°) 

2D2 

2 
0 
1 

50°) 

3b 2 

0 
1 

60°) 

3D2 

0 
2 

60°) 

2b 2 

2 
0 
1 

3b 2 

0 
0 
0 
0 
0 

3b 2 

0 
2 
1 
0 

3b 2 

0 

3b2 

1 
1 
0 

I b 1 

2 
2 

I D 1 

1 
1 

3b; 

0 
Z 
1 

4b 2 

0 
0 
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2 
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1 
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2 
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"From ref 371. 

states of Sn3. As seen from Table 80, the CASSCF wave 
function of the 1A1 state contains eight configurations 
with coefficients >0.07, although all of these are not 
shown in Table 80. The leading configuration has a 
coefficient of 0.921. For the linear 1A1 state ( 1Sp, a 
number of configurations contribute to the CASSCF. 
The CASSCF wave function of the 3B2 state contains 
four configurations with coefficients >0.07. The leading 
configuration has a coefficient of 0.949. Thus, corre-

Figure 42. Experimental distribution of six-atom clusters of GaAs 
(reprinted from ref 97; copyright 1986 American Institute of 
Physics). The dotted line represents a binomial distribution while 
the solid line is the observed distribution. 

lation effects appeared to be more important for the 1A1 

state than the 3B2 state. 
The bond lengths of the two equal sides of the isos

celes triangle (2.723 A) are shorter than the bond 
lengths for the 3A2' structure (see Figure 40). This 
implies double bonds along the sides of the isosceles 
triangle. The linear (1S^) structure was found to ex
hibit multiple bonding. The 3A2' structure can be re
garded as a resonance hybrid of three equivalent 
structures, each having one double bond. Thus, the 
bond lengths for the 3A2' equilateral structure are a bit 
longer than the two equal sides of the isosceles triangle. 
The bond lengths obtained with the 2-d basis set are 
about 0.03 A shorter than the corresponding values 
obtained using a 1-d basis set. This was attributed by 
Balasubramanian371 primarily to a polarization effect 
resulting from the uncontraction of the most diffuse d 
function. 

VJ. Enumeration of the Isomers of Gallium 
Arsenide Clusters (Gan^sn) 

As mentioned in section IV.A, Smalley and co-work
ers97 generated clusters of GaAs of general formula 
GamAs„ by laser evaporation of a GaAs crystal. The 
mass analysis of the larger clusters revealed a binomial 
distribution while the smaller clusters deviated from 
binomial distributions to a large extent. For example, 
the observed distribution of six-atom clusters is shown 
in Figure 42. 

Balasubramanian372 enumerated the isomers of 
GamAs„ containing up to ten atoms and icosahedral 
clusters using Polya's theorem378 and partition genera
tion techniques. The use of Polya's theorem and its 
ramifications to many chemical applications can be 
found in Balasubramanian's papers.373-377 Generating 
functions obtained in this way for various polyhedra 
together with bond strength criterion facilitated inter
pretation of the experimentally observed distribution 
of GamAs„ clusters. In this section, we outline the 
formalism to enumerate isomers of GamAs„ and review 
the results obtained by Balasubramanian372 for the 
distribution of these clusters. 

Balasubramanian372 constructed the most interesting 
polyhedra with fewer than 10 vertices using the parti
tion counting method. The construction of polyhedra 
of various types can be simplified by considering the 
possible equivalence classes of the vertices of polyhedra. 
For example, all 5 vertices are equivalent for a pentagon 
while for a square pyramid the apex vertex is not 
equivalent to the base vertices. Similarly, the trigonal 
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bipyramid has two equivalence classes of vertices (the 
axial and equatorial vertices). 

The possible equivalence classes of n objects corre
spond to the possible partitions of an integer n. For 
example, the possible partitions of the integer 5 are 5, 
4 + 1, 3 + 2, 3 + 1 + 1, 2 + 2 + 1, 2 + 1 + 1 + 1, and 
1 + 1 + 1 + 1 + 1. The number of partitions of an 
integer n into p parts CPJJ) is generated by the coeffi
cient of x" in the following expression: 

F(x) = x"(l - Je)-Hl - X2)"1..^ - xP)-1 

The PJJ1S are also given by the following recursive rela
tion: 

p-+m = P]1 + PI + n +... + p-

If each partition of n is conceived as a partitioning of 
the vertices of a polyhedron, then possible polyhedra 
for that partition of vertices could be constructed by 
intuitive arguments. To illustrate, possible polyhedra 
for the partition 4 of four vertices are the tetrahedron 
and rhombus. Note that the square is a special case of 
the rhombus. For the partition 2 + 2, one could assign 
linear or trapezoidal structures. The 1" partition cor
responds to a totally distorted structure. It may not 
be possible to find the structure for some partitions or 
the structure would not be of sufficient interest. The 
concept of ligand partition to construct chirality poly
nomials has been used by King.379,380 King and Rou-
vray381 also used Polya's378 theorem for the enumeration 
isomers of polyhedral boron clusters. 

The cycle index of a group G is defined as 

PG = TTT. Ex1
6Ix2^-Xn

6" 
\(j\ g,G 

where X1
61X2

62^xn
6" is said to be a cycle representation 

for an element g in the group G, if g generates ^1 cycles 
of length 1, b2 cycles of length 2,... bn cycles of length 
n upon application of g on the set of vertices of the 
polyhedron under consideration and where \G\ is the 
number of all elements in the group. Polya's theorem378 

has been applied before for regular polyhedra such as 
the tetrahedron, octahedron, etc. and for enumerating 
isomers of inorganic complexes (see ref 373 for a review). 

Polya's theorem378 yields a generating function for the 
various possible isomers. If W1 and W2 denote the 
weip'its for gallium and arsenic atoms, respectively, then 
a generating function for enumeration that is a poly
nomial in W1 and W2 can be obtained by the following 
substitution in the cycle index: 

GF = PG(xk -* W1" + w2
k) 

where the arrow stands for replacing every xk in PG by 
Wik + W2

k. 
The group G is the rotational subgroup of the point 

group of the polyhedron if enantiomers need to be 
enumerated. Polya's theorem can be illustrated with 
a cube. The cycle index of the rotational subgroup of 
the cube is as follows: 

PG = 1AiIx1
8 + 6x4

2 + 9x2" + 8X1
2X3

2] 

Substituting for every xk in the above expression by W1* 
+ W2, one obtains 

GF = Jy(Ui1 + W2)
8 + 6(^1

4 + w2
4)2 + 9(W1

2 + w2
2)4 

+ 8(W1 + W2)Hw1
3 + w2

3)2] 

Go 

/ \ /*' — *•. 
At AS / .-:^ \ 

\ / Ga Go 
Ga Ji 

I 

Ga-As-As-Go Ga-Go-As-As 

m m. 
Ga-As-Ga-As As-Ga-Ga-As 

3L 3ZI 

Figure 43. Possible isomers of Ga2As2 (reprinted from ref 372; 
copyright 1988 Elsevier Science Publishers B.V.). 

which upon simplification yields 

W1
8 + W1

7W2 + 3W1
6W2 + 3W1

5W2
3 + 7W1

4W2
4 + 

3W1
3W2

5 + 3W1
2W2

6 + W1W2
1 + W2

8 

The coefficient of W1
71W2" in the above expression enu

merates the number of isomers of Ga7nAsn that have 
cubic polyhedral structure. Thus, there would be one 
Ga8 isomer, one Ga7As isomer, three Ga6As2 isomers, 
etc., if it had a cubic structure. Balasubramanian372 

constructed such polynomials for different polyhedral 
forms containing up to 10 vertices. 

Table 81 shows the vertex partitions, the polyhedral 
forms, the point group of the polyhedron, and the 
corresponding generating functions obtained by Bala
subramanian.372 AU possible vertex partitions are not 
shown in Table 81. The reason is that vertex partitions 
such as 1" correspond to a totally distorted unsymme-
trical form or for some vertex partitions there are no 
interesting polyhedra. The only polyhedron with 12 
vertices considered by Balasubramanian372 was an ico-
sahedron. The actual probable polyhedral form for a 
given isomer would be determined by many factors such 
as electron counts, stability criterion, bond lengths vi-
bronic (Jahn-Teller) distortions, imaginary vibrational 
frequencies, etc. The weight W1 in Table 81 corresponds 
to the gallium atom while the weight W2 stands for the 
arsenic atom. The coefficient of W1

11W2
1 enumerates the 

number of isomers of the GaAs cluster with the formula 
GamAsn. 

As seen from Table 78, there are no isomers for the 
tetrahedral clusters as expected. The rhombus, trape
zoidal, and linear forms of four-atom clusters exhibit 
isomerism to the contrary. There exist two possible 
isomers for Ga2As2 with a rhombus structure while there 
are four isomers for the trapezoidal form. However, the 
actual bond length considerations predict that the 
rhombus structure is favored if the Ga atoms are di
agonally across each other and a trapezoidal structure 
is preferred if the gallium atoms are next to each other. 
The two isomers of Ga2As2 together with the isomers 
for the linear Ga2As2 are shown in Figure 43. Since the 
As-As bond length is much shorter than the Ga-Ga 
bond length, the shorter side of the trapezium is occu
pied by the arsenic atoms while the longer side is oc
cupied by the gallium atoms. In the rhombus structure, 
the As-As diagonal would be considerably shorter than 
the Ga-Ga diagonal. 

The Ga-Ga bonding is the most favored in the tra
pezoidal form. Thus, both structures are probable 
candidates, although the actual geometry for a given 
electronic state would depend on spin, spatial symme-
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TABLE 81. Generating Functions for the Isomers of GaAs Clusters in Various Polyhedral Forms" 

n Pn G Polyhedron GF 

4 3 2 2 3 4 4 4 Td Tetrahedron W j + w ^ + w ^ + w ^ + v ^ 

4 3 2 2 3 4 
4 4 O4n Rhombus w,+w1w2+2w,w2+WjW2+w2 

4 3 2 2 3 4 
4 3+1 C3v T r iangu lar pyramid WJ+2W2W2+2WJW2+2WJW2+W2 

4 3 2 2 3 4 
4 2+2 C2v Linear w, +2w,w2+4w,w2+2WjW2+w2 

4 3 2 2 3 4 
4 2+2 C2y Trapezoid w1+2w.w2+4w,w2+2w.w2+w2 

5 4 32 23 4 5 
5 5 Dgn Pentagon. w,+w1w2+2w1w2+2w,w2+w,w2+w2 

5 4 3 2 2 3 4 5 
5 4+1 C4y Square pyramid w,+2w,w2+3w,w2+3w1w2+2w,w2+w2 

5 4 3 2 2 3 4 5 
5 4+1 TJ Tetrahedron w,+2w,w7+2w1w,+2w1w ;,+2w1w7+w ;, 

w i t h c e n t r a l atom w L c c l c c 

5 4 3 2 2 3 4 5 
5 3+2 D3n tbp w,+2w,w2+3w,w2+3w,w2+2w,w2+w2 

5 4 3 2 2 3 4 5 

5 3+1+1 C3v Distorted tbp w1+3w,w2+4w.w2+4w,w2+3w,w2+w2 

5 2+2+1 C2v Polarized tbp w^+3w|w2+6wjW2 +6WjW^w1W2 +W2 

5 2+2+1 C2v Linear w,+3w,w2+6w,w2+6w,w2+3w,w2+w2 

5 3+1+1 C3 v Capped te t rahed ron w,+3w,w2+4w,w2+4w,w2+3w,w2+w2 

6 6 D6n Hexagon w1+w1w2+3w,w2+3WjW2+3w1w2+w1w2+w2 

c e n T - T - 6 5 . 4 2 . 3 3 . 2 4 5 6 

6 6 D3n T r i gona l pr ism w1+w,w2+4w1w2+4w,w2+4w1w2+w,w2+w2 

6 6 D3d T r igona l a n t i p r i s m w1+w1w2+4w1w2+4w1w2+4w,w2+w,w2+w2 

6 6 On Octahedron Wj+WjW^WjW^WjW^WjW^+w.wjj+wjj 
6 5 4 2 3 3 2 4 5 6 

6 5+1 C5v Pentagonal w.+2w,w2+3W]W2+4w,w2+3w,w2+2w,w2+w2 

pyramid 
6 5 4 2 3 3 2 4 5 6 

6 4+2 D4n Square bP Wj+2w1w2+4w1w2+4w1w2+4w,w2+2w,w2+w2 

6 2+2+2 C2v Bicapped w^WjWp+gwjW^+lOwjWp+gwjWp+Sw.Wp+Wg 
tetrahedron 

6 2+2+2 C2v Tri-distorted Wj+3w^w2+9wjw2+10w^w2+9w?w2+3w,w2+w2 

octahedron 

6 2+2+2 C2v Bicapped tetrahedron w^WjW^gw^+lOwjW^+gwjW^Wjwji+wjj 

6 2+2+1+1 C 2 v Edge-capped TbP Wj+4WjW2+9wJw2+12wjW2 + 9 W J W 2 + 4 W J W 2 + W 2 

7 7 D7n Regular heptagon ^^^^^i^Z^^i^i^^Z^^i^^i^i^l 

1 6+1 C6v Hexagonal pyramid w1+2w,w2+4w1w2+7w,w2+7w,w2+4w1w2+2wjW2+w2 

7 5+2 D5n Pentagonal bipyramid W1+2w1w2+4w,w2+5w1w2+5wjW2+4w,w2+2w1w2+w2 

7 3+3+1 C3v Capped octahedron Wj+SwjW^WjW^lSWjWj+lSwjW^WjW^Wjwjj+w^ 

7 3+3+1 C3v Capped tr iangular Wj+SWjW^WjW^nwjW^nwjW^Wjwji+Swjwjj+w^ 
prism 

i-capp< 
tetrahedron 

apped elongal 
tr iangular prism 

7 3+3+1 C3v Tri-capped Wj+3wjW2+7wjW2+13wJw2+13WjW2+7WjW2^w1W2+W2 

2+2+2+1 C2v 4-Capped elongated wJ+Aw^+lZwjW^+igwJw^+igwjW^+^WjW^w^+w^ 
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TABLE 81 (Continued) 

Balasubramanian 

7+1 

D, '8h 

J4d 

"7v 

6+2 D1 

6+2 D 

6h 

3h 

6+2 D 3h 

4+4 D 2h 

4+4 D 2d 

Octagon 

Cube 

Square 
antiprism 

heptogonal pyramid 

hexagonal bipyramid 

Bicapped 

triangular prism 

Bicapped 
octahedron 

Paral le lo 
piped 

Bidi sphenoid 

8 7 , 6 2 c 5 3 0 4 4 c 3 5 . 2 6 7 8 
w l + w l w 2 l w 2 l w 2 l w 2 l w 2 l w 2 + w l w 2 + w 2 

8 7 , 6 2 , 5 3 , 4 4 , 3 5 - , 2 6 7 8 
w,+w,w?+3w1W2+3w,W2+7w,w2+3w-,W2+3w1w2+w,W2+W2 

8 7 , - 6 2 , 5 3 . , 4 4 - , 3 5 c 2 6 7 8 
w,+w,Wp,+6w,W2+7w,W2+13w1W2+7w,W2+6w,W2+w,W2+W2 

w,+2w,W2+4w,W2+8w,W2+10w,W2+8w,W2+4w,w2+2w,W2+W2 

8 , 7 c 6 2 - , 5 3 1 „ 4 4 , 3 5 c 2 6 0 7 8 
w,+2w,W2+5w1W2+7w1W2+10w,w2+7w1W2+5w1W2+2w,W2+w2 

w l + 2 w l w 2 + 7 w l w 2 + 1 0 w l w 2 + 1 6 w l w 2 + 1 0 w l w 2 + 7 w l W 2 + 2 w l w 2 + w 2 

w,+2w,W2+7w,W2+10w,W2+16w1W2+10w.W2+7w1W2+2w,W2+W2 

WJ+2W7
1W2 + 10WJW2+14WJW2+22WJW2+14WJW2+10W 2 W2+2W 1 W2+W2 

WJ+2WJW 2 +10W^W2+14WJW2+22WJW2+14WJW2+10W 2 W2+2W 1 W2+W2 

9 

9 

9 

9 

9 

9 

9 

9 

8 + 1 

7+2 

3+3+3 

4+4+1 

4+4 + 1 

6+3 

D9h 

c8v 

D7h 

c3v 

C4v 

c4v 

D3h 

Nonagon 

Octagonal 
pyramid 

hept bp 

Tr icapped 
octahedron 

Capped cube 

Capped square 
antiprism 

Three-layer 
triangular prism 

w, +w,W2+4w1w?+7w,W2+10w,W2+10w1W2+7w,W2+4w,W2+w,W2+W2 

9 , 8 E 7 2 1 , 6 3 1 , 5 4 , , 4 5 . , 3 6 , . 2 7 O 8 9 
w,+2w,W2+5w,W2+llw,W2+17w1W2+17WjW2+llw,W2+5wjW2+2WjW2+w2 

w,+2WjW2+5w1W2+8w1W2+12w,W2+12w.W2+8w1W2+5w,W2+2w,W2+w2 

Wj+3wjW2+12wjw2+30wjW2+42wjW2+42WjW2+30wjW2+12w2W2+3w1W2+W2 

W^+3WJW 2 +10WJW 2 +22WJW2+34WJW2+34WJW2+22WJW2+10W 2 W2+3W 1 W2+W2 

W J + 3 W J W 2 + 1 0 W 7 W 2 + 2 2 W J W 2 + 3 4 W J W 2 + 3 4 W J W 2 + 2 2 W J W 2 + 1 0 W 2 W 2 + 3 W 1 W 2 + W 2 

WJ+2WJW2+8WJW 2 +17WJW2+24WJW2+24WJW2+17WJW2+8W 2 W2+2WJW2+W2 

10 D 

9 + 1 

6+4 

6+4 

1Oh 

10 D 5d 

°9v 

3+2 D 4h 

3+2 D 4d 

3+2 D 8h 

Decagon 

Bipunctured 
icosahedron 

Nonagonal 
pyramid 

Bicapped cube 

3icapped square 
antiprism 

Octagonal 
bipyramid 

Tetracapped 
octahedron 

Adamantane 

10 9 C 8 2 Q 7 3 . , 6 4 , , 5 5 . , 4 6 „ 3 7 , 2 8 9 10 
w, +w,W2+5w,W2+8w,W2 + 16w,W2+16w,W2+16w,W2+8w,W2+5w,W2+w,W2+w? 

w i ° + w ? w 2 + 7 w f w l + 1 2 w l w 2 + 2 6 w f w 2 + 2 6 w l w i + 2 6 w l w 2 + 1 2 w l w 2 + 7 w l w 2 + w l w 2 + w 2 ° 

w l ° + 2 w l w 2 + 5 w l w 2 + 1 4 w l w2 +24wj w 2 +28w^2 +24W4W^+14w^ w7 +5w2w2+2wj w^+w^0 

10 , 9 n 8 2 i l e 7 3 „ 6 4 , . 5 5 „ 4 6 , , - 3 7 n 2 8 0 9 10 w l +2w1w2+9w,W2+16w1W2+33w,W2+34w,W2+33w,W2+16w1W2+9w,W2+2w1W2+W2 

w l ° + 2 w l w2 + 9 w l w 2 + 1 6 w l w2 + 3 3 w l w2 + 3 4 w l w2 + 3 3 w l w2 + 1 6 w l w2 + 9 w l w2 + 2 w l w 2 + w 2 ° 

wj0+2WjW2+6wjW2 + 10w7w3+19wjW2+20wjW2+19wJw2+10w3w7+6w2W2+2w1W2+W2^ 

w|0+2WjW2+5wjW2+14w7W2+22wjW2+24wjW2+22wJw2+14w3w7+5w2W2+2w1W2+W2^ 

W | ° + 2 W J W 2 + 5 W ^ W 2 + 1 4 W 7 W 3 + 2 2 W J W 2 + 2 4 W J W 2 + 2 2 W J W 2 + 1 4 W 3 W 7 + 5 W 2 W 2 + 2 W 1 W 2 + W 2 ^ 

12 Ih Icosahedron wJ2+wj1W2+3wj0w2+5WjW3+12wjW2+14w7W2+24WjW2+14wjW7+12WjW2+5w
3w2 

, 2 10 11 12 
+3w,w?

 +w.w 2 +w~ . 

" From ref 372. n is the number of vertices, Pn is the vertex partition of the polyhedron, and G is the point group. 

tries, and levels of electron correlation. In the 1A1 
ground state, it seems that the rhombus structure 
shown in Figure 43 would be lower. Preliminary 
CASSCF calculations on Ga2As2 by Balasubramanian 
revealed that the ground state has a rhombus structure. 
The trapezoidal form is much higher in energy. 

Among the four possible linear isomers of Ga2As2 
enumerated by the generating function method (see 
Figure 43), it seems that structures III and IV should 

be more stable than structures V and VI since the 
relative strength of bonding is Z)(As-As) > Z)(Ga-As) 
> D(Ga-Ga). The comparison of III and IV in Figure 
43 seems to suggest that III would be more stable in the 
lowest state. 

Through mass analysis of the laser-evaporated GaAs 
cluster beams O'Brien et al.97 observed that smaller 
clusters deviated from binomial distributions while 
larger clusters followed approximately a binomial dis-



Heavy p-Block Dimers and Trimers 

5.5-

5.0-

4.5 

4.0 

3 .5-

Chemical Reviews, 1990, Vol. 90, No. 1 161 

Spin-orbit splitting 

7.0 

6 . 5 -

6 . 0 -

5.5 

Figure 44. 2P-4P energy separations of B to Al and C+ to Pb+ 

(reprinted from ref 52; copyright 1989 American Chemical So
ciety). 

tribution. The dimeric species were predominantly 
found to be As2 and GaAs with only traces of Ga2. The 
MCSCF/CI calculations of Balasubramanian (see sec
tions III and IV.A) on the three dimers predicted that 
the dissociation energies of the three species are 1.4 
(Ga2), 1.9 (GaAs), and 2.71 eV (As2). The theoretical 
Des of GaAs and As2 should be lower than their true 
value since the electron correlation correction for As2 
is particularly large. Since As2 and Ga-As are consid
erably more stable than Ga2, there is strong deviation 
from the binomial distribution. 

The experimental abundance of the trimers was 
found to be 50% As3 and 30% GaAs2. The generating 
function obtained with Polya's theorem for trimers is 
given by the following expression: 

w. + 2wi2w2 + 2W1W2
2 + W2

5 

As seen from the above expression there are two isomers 
for GaAs2 and Ga2As. Of course, GaAs2 would be more 
stable than Ga2As. The generating function obtained 
above implies that the probability of forming GaAs2 
should be twice that of forming As3 should the relative 
strengths of the As-As and Ga-As bonding be the same. 
However, GaAs2 contains two Ga-As bonds and one 
As-As bond while As3 contains three As-As bonds. If 
the probability is multiplied with the approximate 
ratios of the Des of the two species (As2, GaAs), then 
the ratio of the probability for forming As3 and GaAs2 
is obtained as 1.4, which is not far from the observed 
distribution97 of As3 (50%) and GaAs2 (30%). A 
weighted distribution obtained from the above gener
ating function and using approximate bond strengths 
was found to be As3 (51%), GaAs2 (37%), Ga2As (9%), 
and Ga3 (3%). This distribution was very close to the 
experimental distribution of trimers.97 Again, the tet-
ramers are overrepresented by Ga2As2 and GaAs3. 

As seen from Table 81, the coefficient of the W1
3W2

3 

term is the largest for six-atom clusters in various forms. 
On the basis of simple electron count arguments, it can 
be concluded that only a few forms in Table 78 are 
stable. However, all forms in that table exhibit larger 
coefficients for the If1

3W2
3 term. The HF/MP4 calcu

lations of Raghavachari364 indicated that the edge-
capped trigonal bipyramid (tbp) is the preferred form 
of Si6. Since Ga3As3 is isoelectronic with Si6, the 
edge-capped tbp form is a probable candidate for 
Ga3As3. Further Si4 and Si6 exhibit extra stability for 
silicon clusters (magic number). Nevertheless, since two 
types of atoms exist, other forms are certainly possible. 
Even with the larger coefficient of the W1

3W2
3 term, the 

observed distribution of Ga3As3 (70%) seems somewhat 
larger. It seems that there are more polyhedral forms 
or isomers for Ga3As3 compared to the other six-atom 

Tf P2 170% 3P2, 3 0 % 'D2 

P2 (97% 3P 2 , 3% 1D2) 

P 0 (97% 3 P 0 , 3% 1S0) 

Figure 45. Spin-orbit splittings of Sn and Pb atoms (reprinted 
from ref 52; copyright 1989 American Chemical Society). 

clusters. This combined with the fact that there could 
be three As-As bonds and several Ga-As bonds seems 
to suggest that the probability of forming Ga3As3 should 
certainly be larger than forming Ga2As2. Thus, the only 
explanation for a dramatically larger abundance of 
Ga3As3 (see Figure 42) is the possibility of the existence 
of more forms and thus more isomers for Ga3As3, in 
addition to six being a magic number for these clusters. 

As the number of atoms becomes large, the existence 
of larger numbers of Ga-As bonds and only a very few 
As-As bonds should offset the difference in the 
strengths of the As-As and Ga-As bonds leading to a 
binomial distribution. Thus, the abundance of 
Ga„/2As„/2 would be largest for even n while the abun
dance of Ga(n-1)//2As(n+1)//2 would be largest for odd n. 

The other applications of combinatorics and graph 
theory to clusters involve electron count arguments to 
predict the stabilities of main-group clusters,379-387 

generation of characteristic polynomials, and spectra 
of polyhedral clusters which included C60 and C120.

398,399 

The dynamics of polyhedral isomerizations could also 
be represented by reaction isomerization graphs or 
floppy graphs.385-397,400,401 There are numerous such 
applications of graph theory, but these are beyond the 
scope of the present review. 

VII. Comparison of the Properties and Periodic 
Trends among Dimers 

In this section we compare the spectroscopic prop
erties of the low-lying electronic states of dimers of some 
of the groups for which complete sets of data are 
available. Before comparison of the properties of di
mers is made, it is relevant to compare a few atomic 
properties within some of the main-group elements 
considered here. Figure 44 shows the 2P(MS2Up1)-
4P(MS1Mp2) energy separations of B-Tl and C+-Pb+ as 
obtained from experimental atomic spectral data. This 
comparison reveals an interesting trend. In going from 
In to Tl as well as Sn+ to Pb+, we see a dramatic rise 
in this energy separation. This increase is primarily due 
to a phenomenon referred to as the relativistic inert-pair 
effect. The relativistic mass-velocity contraction sta
bilizes the 6s orbital of the atoms Au to At. As a result, 
the 6s2 shell is quite stabilized and does not participate 
in bonding. Consequently, the 6s-6p promotion energy 
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I.5-

Pb 

Figure 46. The relative trend of 3P0-
3P2 separations of C to Pb 

(reprinted from ref 52; copyright 1989 American Chemical So
ciety). 

Figure 47. Spin-orbit splittings of the 3Sg states of Sn2 and Pb2 
(reprinted from ref 52; copyright 1989 American Chemical So
ciety). 

dramatically increases compared to the corresponding 
5s-5p promotion energy as evidenced from Figure 44. 

The other important relativistic effect that has sub
stantial impact on the binding energies and spectro
scopic properties of very heavy dimers is the spin-orbit 
effect, which is also a relativistic effect. This is illus
trated in Figure 45 for the Pb and Sn atoms. Figure 
46 shows the periodic trend for 3P0-3P2 splittings of 
atoms C to Pb of group(IV) elements. As seen from 
these figures, the spin-orbit splitting is significantly 
larger for Pb compared to Sn. This changes the cou
pling of the Pb atom to intermediate in that the ground 
state of the Pb atom is 88% 3P0 and 12% 1S0. Similarly, 
the J = 2 state of Pb is 70% 3P2 and 30% 1P2. 

The spectroscopic properties of heavier dimers within 
a group appear to be governed primarily by the rela
tivistic effects mentioned above. For example, Figure 
47 compares the spin-orbit splitting of the X3S" state 
of Sn2 and Pb2, respectively. As seen from this figure, 
the splitting is dramatically larger for Pb2 compared to 
Sn2. This also enhances coupling of the 3Sg(Og) state 
with the 1Sg(Og) state, resulting in a pronounced 
shoulder in the Og ground state curve of Pb2 (see Figure 
23). 

Figure 48 compares the dissociation energies of the 
heavy dimers of three of the groups considered in this 
investigation. The dashed line below the solid line is 
the theoretical curve. As seen from Figure 48, the 
theoretical trend mimics the experimental trend closely. 
With the exception of Pb2, the theoretical De is always 
lower than the corresponding experimental value. As 
seen from Figure 48, as one goes down a column of the 
periodic table, the De decreases. The decreases in the 
De are especially larger in comparing In2 to Tl2 or Sn2 

to Pb2. The As2-Bi2 curve is almost collinear. The 
experimental De

266 of Tl2 is a bit uncertain, although 
it has been corrected recently.267 The sharp drop in the 
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Figure 49. Comparison of the R6 values of the ground states of 
Ga2 to Bi2. 

De in moving down from In to Tl is primarily a conse
quence of the inert-pair effect and the spin-orbit effect. 
As mentioned above, the 6s2 shell of Tl is inert. The 
spin-orbit effects further weaken the bonding since the 
atoms are more stabilized compared to the dimer. The 
destabilization of the bond in Pb2 compared to Sn2 is 
primarily due to the spin-orbit coupling since the De 

obtained without the spin-orbit integrals is approxi
mately twice the corresponding value with the spin-
orbit term. 

Figure 49 compares the equilibrim bond lengths (Res) 
of Ga2 to Bi2. As seen from Figure 49, the bond length 
increases as one goes down the periodic table within a 
column. The increase is especially large in moving from 
In to Tl due to both the inert-pair effect and the spin-
orbit effect. The bond length decreases as one moves 
toward the right of the periodic table (i.e., from Ga2 to 
As2 and from In2 to Sb2). This is primarily because of 
increases in the bond order as one moves to the right 
until one reaches group V. The dimers of As and Sb 
form almost a triple bond while the bond order of Bi2 

decreases to 2.2 mainly due to spin-orbit coupling of 
1S+(O+) with 3IIg(Og-). Thus, Ga2, Ge2, and As2 form 
approximately single, double, and triple bonds, re
spectively, while the bond orders for Tl2, Pb2, and Bi2 

are much smaller. The ratio of bond orders as obtained 
from the ratio of Mulliken overlap populations for In2 

and Sb2 is 2.62. 
Next we compare the energy separations of some 

spectroscopically interesting states of the various di
mers. Figure 50 compares the experimental transition 
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Figure 50. Comparison of 3Ŝ (Ou)-X1Sg (Og) energy separations 
of As2, Sb2, and Bi2. 

energy for the 3S-(Oj)-X1S+(O+) transition of As2 to 
Bi2. As seen from Figure 50, this transition energy 
decreases as one goes down the periodic table. This is 
the usual trend except that the decrease is smaller for 
Bi2 primarily due to spin-orbit coupling. 

Figure 51 compares the 3II11(Ou)-X3Sg(Og) energy 
separations of Ge2 to Pb2. Note that this has an op
posite trend compared to Figure 50. The spin-orbit 
effects are substantially larger for both the states of 
group IV dimers. Note the dramatic increase in the 
energy separation for Pb2. This is primarily a conse
quence of the large spin-orbit splitting of the Pb atom. 
For both Ge2 and Si2 the 3II11 state is very low lying and 
has a very small spin-orbit splitting. For Si2, it is, in 
fact, speculated that 3II11 could be the ground state.37 

Figure 52 shows the periodic trend for the 
3S-(OJ)-X3Sg(O+) separation of Ge2, Sn2, and Pb2. This 
exhibits a very interesting trend as seen from Figure 52. 
The tin dimer follows the trend of decrease in the en
ergy separation as one goes down the periodic table. 
However, this energy separation increases in comparing 
Sn2 with Pb2 primarily because of spin-orbit effects. 
Consequently, relativistic effects seem to play an im
portant role in the spectroscopic properties of the 
sixth-row dimers. 

VIII. Conclusion 

In this review, I have catalogued and compared the 
known theoretical and experimental spectroscopic 
properties of heavy dimers (Ga2 to Bi2), heteronuclear 
dimers (GaAs, GaAs+, KrBr+, ICl, and ICl+), and heavy 
trimers. The potential energy curves and spectroscopic 
constants obtained through relativistic CASSCF/CI 
theoretical methods were presented for these species. 
The spectroscopic constants of the dimers were com
pared, and periodic trends were critically examined for 
each group. In all cases the sixth-row dimers exhibited 
considerable deviations from the expected trends due 
to large relativistic mass-velocity and spin-orbit effects. 

While the spectroscopic properties and potential en
ergy curves of many of the dimers have now been ob
tained, our knowledge on the electronic properties and 
geometries of many larger clusters is far from complete. 
The only exception to the p-block elements appears to 
be the silicon and germanium clusters, for which cal
culations have been made for larger clusters.361,364 
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Figure 52. Comparison of 32u(0
+)-X32g(0g") energy separations 

of Ge2, Sn2, and Pb2. 

Whereas the experimental investigations of many of 
these compounds have provided a wealth of information 
on these species, a complete understanding of all of the 
available information has not been accomplished. With 
the advent of supercomputers and more powerful the
oretical tools available today, theoretical calculations 
are on the increase. The strong interaction between the 
theoretical calculations and experiments could provide 
a more comprehensive understanding of many of the 
larger clusters. 

Many of the experimentally observed fragmentation 
patterns of clusters and other colorful patterns of 
odd-even alternations have not been fully understood. 
The relative abundance of clusters as a function of size 
is very intriguing. It is hoped that this review will 
stimulate such theoretical calculations which will 
eventually provide sound explanations for these baffling 
experimental phenomena. 
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