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I. Introduction

The spectroscopic properties, potential energy curves,
dipole moments, and transition moments of very heavy
main-group molecules containing p-block elements have
been the topics of many investigations over the past six
decades. While the first spectroscopic investigation of
heavy hydrides, halides, and chalconides dates back to
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the early 1920s, a complete and definitive understand-
ing of the electronic states and observed electronic
transitions was accomplished only in this decade. Much
of the problem centered around not having any theo-
retical calculations or insight into the electronic energy
levels of very heavy molecules. However, in recent
years, with the advent of ab initio relativistic quantum
mechanical methods, theoretical calculations of spec-
troscopic properties and potential energy curves of al-
most any molecule in the periodic table have been made
possible.!®! These theoretical calculations together with
the experimental spectroscopic and high-temperature
thermodynamic studies have provided a wealth of in-
formation which needs to be collected together and
understood.

The theoretical works in the past decade culminated
into many manuscripts in this area.l3! The increased
interest in the spectroscopic properties of heavy mole-
cules is in part attributed to large relativistic effects.
It is now fairly well-known that for molecules containing
very heavy atoms relativistic effects are quite signifi-
cant. Relativistic effects arise from the difference in
the true velocity of light as opposed to the assumed
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infinite velocity of light in the nonrelativistic classical
and quantum mechanical methods. Relativistic effects
such as mass—velocity correction (correction to the ki-
netic energy arising from the variation of mass with
speed), Darwin correction, and spin-orbit correction
make significant contributions to molecules containing
very heavy atoms.

The theoretical progress in this area was hampered
in part due to a large number of electrons present in
such heavy molecules, making these calculations for-
midably difficult. Nevertheless, thanks to the effective
core potential methods developed by Pitzer and co-
workers,'>2 Hay and Wadt,?*2" Krauss and Stevens,*
and others, such calculations have become possible and
viable. The advantages of the effective core potential
methods are elimination of chemically unimportant core
electrons, facilitation of inclusion of a larger basis set
for valence and Rydberg orbitals, acceleration of con-
vergence, and reduction of configurations in the con-
figuration interaction (CI) calculations.

The theoretical investigations of heavy hydrides are
especially attractive since hydrides are the least complex
from a theoretical standpoint and the understanding
of the bonding of heavy metal and other elements with
hydrogen is important.

The experimental investigations of heavy chalconides
and halides have been motivated by the suitabilities of
these species as candidates for chemical lasers. For
example, the reactions of heavy group IV atoms such
as Ge, Sn, and Pb with O3, F,, N,0O, OCS, etc. are
chemiluminescent. The diatomic halides and chalcon-
ides are formed in excited states in these reactions,
which in turn emit photons relaxing to the ground
states. The photon yields of these reactions have been
so considerable that many of these reactions and their
mechanisms have been the topics of many investiga-
tions.

The objective of this review is to organize and assi-
milate the wealth of experimental and theoretical in-
formation accumulated to date on these species. A
comparison of both experimental and theoretical
spectroscopic constants is provided. The nature of the
electronic states of these species is discussed. The im-
portance of the relativistic effects for the electronic
states of these molecules is outlined. A critical com-
parison of the periodic trends within a group is made
to develop a comprehensive understanding of the nature
of electronic states and spectroscopic properties of these
compounds. The potential energy curves of the various
diatomic compounds considered here are given. The
dipole moments and transition moments of some of the
heavy main-group compounds are also discussed.

Detailed descriptions of the various methods em-
ployed to investigate the spectroscopic properties of
molecules containing heavy atoms can be found in the
reviews of ref 8 and 13. In this article, we briefly de-
scribe the various methods explaining the ab initio
acronyms used in subsequent sections so that readers
are provided with a reasonable description of the level
of theory employed.

A critical comparison of the various hydrides, halides,
and chalconides has not been accomplished up to now.
In this review we compare the spectroscopic properties,
spin—orbit constants, dipole moments, and other prop-
erties of these compounds and obtain periodic trends.
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In every case, the sixth-row compounds exhibit anom-
alous trends that are explained based on relativistic
effects.

I1. Method of Theoretical Calculations

All the calculations of molecules reviewed here were
made with relativistic effective core potentials (RECPs),
which include relativistic effects in these potentials. In
earlier investigations these potentials were used in
conjunction with Slater-type-orbital (STO) basis sets
of double { + polarization or higher quality. The cal-
culations that employed STO basis sets were done
mostly by using the single-configuration self-consistent
field (SCF) method followed by relativistic configura-
tion interaction (RCI) calculations. The RCI calcula-
tions included the spin—orbit term derived from RECPs
as suggested by Ermler et al.2% The CI calculations
including the spin-orbit term are called relativistic CI
calculations (RCI) and they included single and double
excitations from a multireference list of configurations.
In general, the RCI included all low-lying A-s states of
the same Q symmetry as reference configurations. For
example, the RCI calculations of a state of 0t symmetry
could include as reference configurations that describe
13%,, 31+, 323+, and other states of 0* symmetry. The
RCI thus differs from a normal CI that in the normal
CI ®II cannot mix with 1Z* or 32 states.

Most of the theoretical calculations made after 1986
were done by using the complete active-space MCSCF
followed by multireference singles + doubles
(CASSCF/MRSDCI/RCI) methods employing valence
Gaussian basis sets of higher than double { + polari-
zation quality.

In the CASSCF method a set of the most important
electrons for chemical bonding (active or valence elec-
trons) are distributed in all possible ways among or-
bitals 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 we have carried out are second-order CI (SOCI),
MRSDCI (multireference singles + doubles CI), and
first-order CI (FOCI). The first two methods are more
accurate than the latter 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 two electrons in the external space in all
possible ways. The FOCI calculations included the first
two sets described above for the SOCI. The MRSDCI
calculations included a subset of configurations deter-
mined by the important configurations in the CASSCF
(coefficient = 0.07 or 0.05) as reference configurations.

Throughout this article we use the acronyms
CASSCF, SOCI, FOCI, MRSDCI, SCF/RCI, etc. to
describe the nature of the calculations done on various
species. Readers are referred to this section to find the
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TABLE 1. Theoretical Spectroscopic Constants for GaH®

state R, A T, cm™ we, cm™?
X1z+(I) 1.662 (1.663) 0 1612 (1605)
a’II(I) 1.603 (1.633) 16836 (17300) 1559 (1631-1640)
Alll 1.780 24 206
3y+ 1.935 39271 2245
I3+(11) 3.582 40933 447
83- 1.564 45649 1772
13+(11) 1.747 46632 931
SII(II) 2.091 46737 1218
I3+(III)  4.609 50573 219
IA(D 1.541 51319 1907
1A(ID) 1.553 51982 1835
I+(I11) 1.612 52076 2192
SII(IID) 1.737 54243 1660
SA(D 3.440 64415
SII(IV) 1.813 65420 831
LA(IID) 1.615 72554 1567
SA(ID) 2.039 79284 917
SA(ILD) 2.033 82295 956
13- 1.606 83271 1497
1A(IV) 2.321 85703 1744

8 Numbers in parentheses are experimental values. D.,°(GaH) =
2.81 (theory), 2.8 eV (experiment). From ref 42.

meanings of the acronyms and to develop an under-
standing of the approximations in these methods.

111, Spectroscoplic Properties and Potential
Energy Curves of Heavy Hydrides

A. GaH

The experimental works on GaH are contained in ref
33-41. Kim and Balasubramanian*? made relativistic
CASSCF/SOCI calculations on several valence and
Rydberg electronic states of GaH. The spectroscopic
properties, dipole moments, and potential energy curves
of several electronic states were reported, among which
17 new electronic states were found.?

Early spectroscopic studies on GaH included those
by Garton,® Neuhaus,*3 and Ginter and co-workers.3
Ginter and Battino® calculated the potential curves for
the third-group hydrides using the Rydberg-Klein—Rees
(RKR) method. Poynor et al.® studied the I —
X13* emission system. Kronekvist et al.® studied the
AMI-X!Z* system and suggested that there should be
a barrier due to some avoided crossing. The line widths
in the A-X system were found to increase with in-
creasing J, suggesting a tunneling effect and a small
barrier prior to dissociation. On the basis of the pre-
dissociation of the A-X bands, the D, of GaH was es-
timated as <22900 ecm™. Urban et al.?!! recently ob-
tained the infrared spectrum of GaH in its 1Z* ground
state using a laser diode spectrometer. A total of 113
transitions were measured which were used to obtain
accurate ground-state Dunham parameters and an im-
proved R, = 1.6621 A. Lakshminarayana and Shetty33
recently carried out the rotational analysis of the a’Il-
X13* bands of GaD. The only theoretical calculation
on GaH before Kim and Balasubramanian*? is that of
Hurley et al.,2 who obtained the R, and w, values of the
ground state of GaH in an attempt to gauge the RECPs.

Table 1 shows the calculated spectroscopic properties,
and Figure 1 shows the actual potential energy curves
(PEC) obtained by Kim and Balasubramanian.?2 The
experimental spectroscopic constants were known for
the X13* state and the spin—orbit components of the
T state. In addition, the A-X system was studied
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Figure 1. Potential energy curves of several electronic states of
GaH (reprinted from ref 42; copyright 1989 Academic Press, Inc.).
For spectroscopic labels of assigned states, see Table 1.

although the constants of the A state are not yet known.
As seen from Table 1 the theoretical constants for the
ground state are almost in exact agreement with the
experimental values. The spin—orbit interaction was
not introduced in these theoretical calculations*? since
its effect was found to be rather small.

The first excited state of GaH is a ®II state, which was
seen experimentally. The calculated R,, T,, and w,
values of the *II state were also found to be in very good
agreement with the experimental results. Another
system designated as the A-X system was found to be
predissociated. The A state was tentatively assigned
to a I state with an experimental T, value of 22745
cm! obtained by Kronekvist et al.3? The experimental
R, value of the A state was 1.82 A in comparison to a
theoretical value of 1.78 A. The 1II curve has a very
shallow minimum with a theoretical T, value of 24 206
cm™ in comparison to an experimental value of 22745
cm™l. The theoretical value was a bit high as antici-
pated for the level of electron correlations and basis sets
included in those calculations.

The predissociation of the experimental A state was
found to be consistent with the potential energy curve
in Figure 1, which has a shallow short-range minimum
and a long-range minimum separated by a very small
barrier. The D, calculated by using the predissociation
of the 11 state should, however, be quite accurate since
the predissociation energy and the energy of 2P + 28
atoms are very close. Kim and Balasubramanian?? es-
timated that the D, of 2.84 eV obtained by using ex-
trapolation of the predissociation of the A-X bands
should only be 0.04 eV lower, yielding a corrected value
of 2.80 eV. A direct theoretical SOCI D, value of the
X1Z* state of 2.81 eV is almost in exact agreement with
this experimental result.

Kronekvist et al.® noted that the observed line width
in the A-X bands increased with increasing J, indi-
cating a tunneling effect. These authors predicted that
there should be an avoided crossing between a deep 11
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TABLE 2. Dipole Moments near Equilibrium Geometries of
the Various Electronic States of GaH*

state Hey D state Hey D state ter D
13+ -0.460 STI(1ID) 0.239 STI(IV) 0.684

SI(I) -0.221 i3+1I)  0.010 tadly 0117
nn 0.107 LA(D) 0.572 SA(IN) 0.424
3z+ 2.799 LA(D) 0.745 SA(IID 0,745

IS+ -1.151 1Z+(I)  0.417 13- -0.424
8% -0.285 ST 0.935 IA(IV) 0117
1z+(1) -1.395 A 0.221

¢ Positive polarity means positive charge on the hydrogen atom.
From ref 42.

potential curve dissociating into an excited configura-
tion and another repulsive TI dissociating into the
ground-state configuration. It was found that the !II
state arising from 1620217 mixes more with TI(1622¢17)
at short distance than at long distance. The origin of
the short-range minimum appears to be due to this
mixing but it is not very large at the minimum.

The theoretical dipole moments of various electronic
states of GaH are shown in Table 2. The dipole mo-
ment of the ground state of GaH in Table 2 (0.46 D)
was found to be in good agreement with a SCF/
SDCI/CPF value of 0.37 D obtained by Pattersson and
Langhoff.#* The CASSCF/SOCI method should pro-
vide more accurate dipole moments than SCF/SDCI.
The X!Z* state has some ionic character with the
positive charge on the metal atom. It is interesting to
note that the dipole moment of the A state has opposite
sign in comparison to the ground state.

The ground state of GaH arises from the 1¢%24?
configuration while the excited ®II and !II states arise
predominantly from the 162017 configuration. The
nature of the other electronic states in Table 1 is more
complex. Interested readers should consult ref 42 for
more details. The complex nature of the excited states
of GaH such as 1Z*(II), 1=+(I11), etc. led to avoided
crossings, resulting in multiple minima in the potential
energy curves of these states (Figure 1).

Mulliken population analyses of the low-lying elec-
tronic states of GaH revealed that the !1Z* ground state
is a bit ionic with the polarity GatH™ since the total
gross population of the gallium atom was below 3.0.
Most of the ionization was found to arise from a partial
loss of the 4s electron to hydrogen since the gross p
population of Ga was found to be close to 1.0.

B. GeH

The first band spectrum of GeH was observed by
Kleman and Werhagen** in thermal emission in a
King furnace. These authors observed two systems,
which were assigned to a-X and A-X systems. Barrow
et al.#é reported bands in the UV region, although the
rotational analysis of these could not be carried out due
to low dispersion. However, Howell*” estimated the
rotational constants of the B state participating in the
B-X system, while Klynning and Lindgren* carried out
the rotational analysis of the A-X system. The A state
was found to be predissociated, probably due to the
crossing of a repulsive state dissociating into the
ground-state atoms. The recent interest in GeH arises
from the growth of germanium films by UV laser as-
sisted chemical vapor deposition (CVD).#% Multi-
photon dissociation of the GeH, molecule also revealed
the UV emission spectrum of GeH, which corresponds
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TABLE 3. Theoretical Spectroscopic Properties of GeH®

state R,A T,cm! «,cm?! D,eV
X M, 1.62 0 1806 2.34
My, 1.62 869 1810 2.30
atz 1.60 13914 1637 0.74
A?A 1.66 26663 1302 0.26
B 2z+(11) 1.83 38528 1362 0.56
23H(MID) 1.67 46 267 2107 3.06
21(1D) 1.59 49239 1999
43-(11) 1.95 49461 1567 1.84
2TI(TIT) 1.81 50958 4121 1.37
‘A 1.64 67455 1399 0.44

3From ref 57.
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Figure 2. Potential energy curves for the electronic states of GeH

(reprinted from ref 57; copyright 1988 Academic Press, Inc.). See
Table 3 for assignments of known states.

to the B-X system. The A-X system was studied by
an electron impact method.5!

The dipole moment of the ground state of GeH has
been a topic of some controversy in recent years.52-5
An experimental value of 1.24 &+ 0.1 D was obtained by
Brown et al.52 using laser magnetic resonance (LMR)
spectroscopy of GeH. This value was seriously ques-
tioned by four theoretical investigations,?-5%% all of
which suggested that the dipole moment of GeH to be
0.09-0.16 D (Ge*H").

The CASSCF/SOCI/RCI method of calculation was
employed on 12 electronic states of GeH by Balasu-
bramanian and Li.5" Ten bound low-lying electronic
states were found for GeH. The three experimentally
observed bands (a-X, A-X, B-X) were assigned, and
the uncertainties in the experimental 7, and w, values
of these states were resolved. The D, of GeH obtained
with a CASSCF/SOCI calculation employing a large
Gaussian basis set (2.81 eV) did not agree with an ex-
perimental D, of ~3.3 eV obtained from the predisso-
ciation in the A%A state.*®

Table 3 shows the theoretical spectroscopic constants
for nine electronic states of GeH obtained by Balasu-
bramanian and Li.>” The results in Table 3 were ob-
tained with the CASSCF/FOCI method employing a
4s4p4d valence Gaussian basis set. Figure 2 shows the
potential energy surfaces of 12 electronic states of GeH
in the absence of the spin—orbit term. Among the states
reported by Balasubramanian and Li, only four states
have been observed experimentally through the a-X,
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A-X, and B-X systems. The a, A, and B states were
assigned to 42", 24, and 2=, respectively.

As uncertain experimental T, value of 16747 cm™ for
the a state is a bit high in comparison with the theo-
retical calculations, which yielded a T, of about 14 000
cm™l. The R, value of 1.60 A for the a state compared
well with an approximate experimental value of 1.58 A.

The experimental band origin of the A < X system
occurred at 25197 cm™, in accord with experimental T,
and R, values of the A%A state, which are 25454 cm™
and 1.611 A, respectively. As seen from Table 3, the
theoretical T, and R, values for the A%A state are 26 663
cm™ and 1.66 A, respectively, in good agreement with
these values. The earlier assignment of the A-X system
to the 2A-?11 transition thus appears to be correct. The
experimental w, value of the A state is uncertain due
to the predissociation of the observed bands. The w,
value of 1185 cm™ listed in Huber and Herzberg® is
somewhat low in comparison to the theoretical w, (1302
ecm™).57 Since the theoretical w, of the ground state,
1807 ecm™!, was found to be within 1% of the experi-
mental result, it was believed that the theoretical w, of
the 2A state should be reasonable. Klynning and
Lindgren® reported a somewhat more accurate w, value
of 1437 + 24 cm™ from the rotational analysis.

The experimentally observed system designated as
B < X was tentatively assigned to the 2Z+-2II system.%®
The bands in the B < X system could not be resolved
completely presumably since these bands were predis-
sociated. An approximate experimental T, value of
41074 cm™! for this state was found to be, however, in
reasonable agreement with the theoretical T, value of
38528 cm™! for the 2Z*(II) state. As seen from Figure
2, the first 22" state is repulsive and dissociates into
Ge(ID) + H(®S). The B state was assigned to the second
23+ state dissociating adiabatically into Ge(!S) + H(®S).
The theoretical R, value of this state (1.83 A) was noted
to be considerably longer than the R, of the X2II ground
state. The recommended R, and w, values for the R
state are 1.79 A and 1430 cm™!, respectively.?’

Klynning and Lindgren*® noted that the A2A-X2I1
bands were predissociated probably due to the crossing
of a repulsive curve dissociating into the ground-state
atoms. These authors hypothesized that the *II state
is responsible for predissociation. As seen from Figure
2, the *II repulsive curve crosses with the 2A curve,
confirming the Klynning and Lindgren hypothesis.#

The D, value of GeH calculated from predissociation
of the A-X system was found to be between 229600 and
26600 cm™. The theoretical calculations®” disagreed
with the assumption made by Klynning and Lindgren*
that the 2=* state dissociating into Ge(!S) + H(?S)
would almost be repulsive. The 2Z* state correlating
into Ge(1S) + H(®S) was found to be bound; it is the B
state participating in the B-X system. The 2=+ state
dissociating adiabatically into Ge(!D) + H(%S) was
found to be repulsive. The best theoretical calculations
gave a D, of 2.81 eV in comparison to the lower and
upper bounds of the experimental values of 2.84 and
3.30 eV. Since a comparable theoretical calculation on
SeH gave a D, value of 3.18 eV in comparison to an
experimental value of 3.22 eV obtained from pho-
toionization studies for SeH (see section IIL.D), a D,
value of 2.85 = 0.05 eV was recommended by Balasu-
bramanian and Li% for GeH.
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Figure 3. RCI dipole moment curves for low—lying electronic
states of GeH. The positive dipole moments mean Ge*H™ polarity
(reprinted from ref 55; copyright 1988 American Institute of
Physics).
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Figure 4. Electronic transition moment curves between low-lying
states of GeH (reprinted from ref 55; copyright 1988 American
Institute of Physics).

The dipole moments and transition moments of GeH
have been the topics of discussions in many recent in-
vestigations. An experimental value of 1.24 D obtained
by Brown and co-workers®? for the dipole moment of
GeH was seriously questioned by many theoretical in-
vestigators®-557 who obtain a value near 0.09 D for the
dipole moment of GeH. The electronegativity and
periodicity arguments seemed to support the theoretical
results.

Figure 3 shows the RCI dipole moment curves for the
electronic states of GeH obtained by Chapman et al.?
It is interesting to note that the curves including the
spin—orbit effects are parallel to the X2II dipole moment
curve obtained without the spin—orbit term. Note that
u, reaches a maximum (?II) and changes sign at long
distance. In section VI, the dipole moment curves of
GeH are compared with those of SnH and PbH. The
transition moments of the various electronic transitions
are shown in Figure 4. The transition labeled 1/2 —
1/2(II) corresponds to the a*Z7/, «<— X211, ; transition.
In the absence of the spin—orbit term this transition is
forbidden. Even for GeH, the transition moment for
this transition becomes large at distances >4.5 bohr,
indicating the importance of relativistic effects in this
region. Experimentally, the a*ZXZII transition leads
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TABLE 4. Spectroscopic Constants of AsH®
R, A we, cm! T,, cm™! D,, eV
state theory expt theory expt theory expt theory expt " D
X33- 1.528 {1.534] 2194 2130 0 0 2.60° 2.80 0.178
1A 1525 2190 9968 3.03 0.205
15+ 1.522 2197 17114 3.02 0.185
A1 1.577 f1.58] 1398 1208 32244 {30 000] 0.26 0.779
' 2.467 441 36608 0.211
STI(II) 2.187 1386 41461 -1.315
I(IT) 2.561 710 44319 -0.225
1TI(1II) 1.603 3606 63288 -1.872
STI(III) 1.875 3264 67848 0.717
LA(ID) 1.553 2042 72881 0.525
13+(1D) 1.552 2059 75312 0.523

2 All theoretical values are from ref 61. All experimental values are from ref 58 except the D,°(AsH), which is from ref 312. ®A superior value of
2.71 eV is obtained including 4f functions.!* ©Positive polarity means As"H* polarity.

to the red bands of GeH. Kleman and Werhagen®445
have identified two bands with origins near 15370 and
16245 cm™ for GeH. These bands corresponded to the
a*21/;-X?, 3 and 423,113/, transitions of GeH. The
intensity ratio of the 3/2(I) — 3/2(II):1/2(I) — 1/2-
(II):1/2(I) — 3/2(11) transitions was theoretically found
to be 1:0.4:0.01 for GeH, in good agreement with the
experimental intensity ratios of the (0-0) bands without
the rotational line strength factors.

C. AsH

There are very few experimental investigations of
AsH 5840312 The known experimental information and
tentative assignments as suggested by these authors and
Huber and Herzberg® are shown in Table 4. The only
theoretical investigation is on the ground state of AsH.
Pettersson and Langhoff* have made SCF/SDCI/CPF
calculations on the spectroscopic constants of the
ground state of AsH. Balasubramarian and Nannegari®!
have completed CASSCF /SOCI calculations on AsH.
Results of these calculations are summarized in Table
4.

Most of the information on the 311 excited states of
AsH was obtained from the A < X transition with band
origins near 29282, 29822, and 30518 cm™. These
bands have been tentatively assigned to the 3II,-X3%-,
8T1,-X3%", and ®T1+-X33" systems. On the basis of
theoretical calculations on the isoelectronic SbH!® and
BiH,180:181 T predict that there should be !4, 1Z%, 53-
(repulsive), %I, and 11 low-lying electronic states for
AsH. The author and Nannegari®! have carried out
CASSCF/SOCI calculations on these states of AsH.

Berkowitz®!2 deduced an accurate Dy(AsH) to be 64.6
kcal/mol recently using high-temperature photoioni-
zation mass spectrometric methods. In this investiga-
tion and in a more recent investigation, Berkowitz and
Cho®® studied the related species AsH,, AsHj, etc. The
singlet-triplet energy separation of AsH,™ was also
crudely estimated.

The present author®* carried out CASSCF/SOCI
calculations employing large Gaussian basis sets that
included 4f-type functions on the ground state of AsH,
as well as electronic states of AsH,, AsH,*, SbH,*, and
BiH,*. The CASSCF/SOCI calculations yielded R, =
1.528 A and D, = 62.4 kcal/mol. The theoretical
D, (HAs-H) = 69.1 kcal/mo], in excellent agreement
with an experimental Dy(HAs-H) = 66.5 kcal/mol de-
duced by Berkowitz.312

The author and Nannegari® have completed
CASSCF/SOCI calculations employing a (4s4p4d) va-

lence Gaussian basis set on 16 low-lying electronic states
of AsH. Among these, 11 bound states were found for
which spectroscopic constants were calculated. The
experimentally observed predissociation and A-dou-
bling® in the A-X system were explained based on
computed potential energy curves. The dipole moment
curves for the low-lying states of AsH were also ob-
tained. The theoretical spectroscopic constants for the
X332 ground state of AsH (R, = 1.528 A, w, = 2194 cm™,
D, = 2.71¢eV, u, = 0.18 D As"H*) were found to be in
excellent agreement with experimental values (R, =
1.535 A, w, = 2130 ecm™, D, = 2.80 eV).

D. SeH and SeH*

Radford® obtained the first EPR spectrum of SeH
and determined the rotational and spin—orbit constants
for the ground state, which were further refined by
Carrington and co-workers.?® Lindgren® observed
diffuse spectra of SeH and SeD in the 3000-3250-A
region by employing flash photolysis of SeH,. The
observed bands in this region were tentatively assigned
to an A2Z-X2II transition. Donovan et al.% observed
bands at ~55 866, 66 800, 69589, and 71174 cm™ at-
tributed to Rydberg transitions. These authors calcu-
lated the ionization potential of SeH to be 9.8 eV.
Smyth et al.® and Bollmark et al.5” obtained the spin—
orbit constant of the ground state of SeH.

More recently, the vacuum-UV spectra of SeH,™ the
far-infrared laser magnetic spectrum of SeD (X2II3,,),
and the fine transitions in the LMR spectrum of{ Se-
H"2 have been studied. These studies have yielded
refined R, and spin—orbit and spin-rotation constants
for SeH. Gibson et al.” reported the photoionization
yield curves of SeH, the dissociation energy D, for the
SeH-H system, the dissociation energy for SeH, and the
ionization potential of SeH.

The theoretical investigations on SeH to date are the
CNDO/2-FPP calculations on the polarizability,™ the
SCF/SDCI calculations of Pettersson and Langhoff*?
on the ground state, and the relativistic calculations of
Balasubramanian et al.”® on SeH and SeH".

In the latest investigation on SeH,””> CASSCF/
SOCI/RCI calculations were made on the X,*II3s,
X2y 5, A3}, 3/2(1), and 5/2 states of SeH. Spec-
troscopic properties of the bound states (R, T, w,) Were
computed for the electronic states of SeH. The calcu-
lated dissociation energy for the ground state including
spin—orbit effects was 3.18 eV. The spin—orbit splitting
constant for the ground state was calculated to be -1934
cml. The 5/2 and 3/2(I) excited states of SeH (which
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TABLE 5. Spectroscopic Properties of Low-Lying States of SeH and SeH” °

R, A T, cm™! wg cm’! D,, eV
system state. theory expt theory expt theory expt theory expt
SeH X g 1.467 1.464 0.0 0.0 2371 (2400)® 3.18 3.22
SeH X,y 1.467 —_— 1934 1764 2374 —_— 2.94 —_—
SeH M 1.466 —_— 1063 —_— 2376 —_— 3.19 —_—
SeH A(t/,(1D)) 1.65 —_— 32872 (31500)® 2285 — — —
SeH 23+ 1.641 —_— 32965 —_— 2407 —_— —_— —_—
SeH* X33+ 1.58 —_— 0.0 —_— 2084 —_— 2.33 —_—
SeH* 1A3 1.57 —_— 11990 —_— 2143 —_— 0.84 —_—
SeH* 133 1.57 —_— 23391 —_— 2135 —_— 1.63 —_—
SeH* g+ 1.73 —_— 31978 —_— 1548 —_— 0.64 —_—
9 u,(SeH) = —0.587 D (Se"H*).#* All other theoretical spectroscopic constants in this table are from ref 75. ®Experimental values are
uncertain.
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Figure 5. Potential energy curves of low-lying electronic states
of SeH (reprinted from ref 75; copyright Elsevier Science Pub-
lishers B.V.). See Table 5 for assignments of known states.

are yet to be observed) exhibited interesting avoided
crossings. The RCI calculations were also carried out
on five low-lying electronic states of SeH*.”

Table 5 shows the theoretical and available experi-
mental spectroscopic properties of the low-lying bound
electronic states of SeH and SeH*. Figures 5 and 6
show the potential energy curves of the low-lying states
of SeH and SeH™, obtained by using the SOCI and RCI
methods, respectively. As seen from Table 5, the cal-
culated R,, w,, and D, values of the ground state are in
very good agreement with the experimental values,
although the experimental w, is somewhat uncertain
since the A2Z+-X2I]; spectral bands were found to be
diffuse. The 2II,,,-%11; 3 spin—orbit splitting was cal-
culated” to be 1934 cm ™!, in comparison to the exper-
imental value™ of 1764 cm™. The diffuse spectra ob-
served by Lindgren® led to an experimental estimate
of the T, value of the upper state (31500 cm™). The
theoretical T, value™ for the 22}, state was found to
be 32872 cm™, in good agreement with this estimate.
The earlier tentative assignment of observed bands in
this region to the 22 ,-?II; , transition was thus con-
firmed by Balasubramanian and co-workers.™

Lindgren® obtained an approximate Dy = 3.2 £ 0.2
eV for SeH by extrapolating the predissociated bands
to Se(!D) + H(%S). A more definitive D, of 3.22 eV was
obtained by Gibson et al.”® using photoionization
techniques. The theoretical D, of 3.18 eV was found
to be in excellent agreement with these values.”™

R—>{Bohr)

Figure 6. Potential energy curves of low-lying electronic states
of SeH™ (reprinted from ref 75; copyright 1987 Elsevier Science
Publishers B.V.). See Table 5 for assignments of known states.

It appears that the 1/2(I)-X,(1/2) transition has not
been observed, which was predicted to be in the region
of 30938 em™.7 In order to observe this transition, the
X,5(1/2) state should be populated appreciably. This
transition cannot probably be observed in emission
since the 1/2(II) state was found to be predissociated.

The theoretical adiabatic ionization energy of SeH
was found to be 9.05 ¢V while the corresponding SeH-
SeH* separation at long distance was calculated as 8.86
eV.™ The long-distance separation corresponded to the
ionization potential of the Se atom, which is experi-
mentally known to be 9.75 eV.3% Thus, the theoretical
atomic IP was found to be in 9% error in comparison
to the experimental result. The corrected theoretical
IP of 9.88 eV for SeH was found to be in excellent
agreement with an adiabatic IP of 9.845 + 0.003 eV
reported by Gibson et al.”

The ground state of SeH was found to be predomi-
nantly *I1(1622¢%173) at near-equilibrium distances. At
larger internuclear separations (R = 7.00 bohr), mixing
with other configurations such as 1622030173, 16234217,
etc. increases. The spin-orbit mixings with other A—s
states such as 3/, became significant at larger inter-
nuclear distances. The 1/2(II) and 5/2 states exhibited
interesting avoided crossings. At short distances the
1/2(II) state was found to be predominantly
23*(16%2017%), while at 5.00 bohr this state became
predominantly *Zj/5(1622¢6°3¢172). This led to the
predissociation shoulder in the 1/2(II) curve (see Figure
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TABLE 6. Spectroscopic Constants for HBr®
R, A w,, cm7! 23D D,, eV T . beml T,, cm™®
verty

state theory expt® theory expt theory expt® theory expt® theory theory expt®

Xiz+ 1.455 1414 2645 2648 0.870 0.819¢ 3.72 3.76 0 0 0

b%Il, 1.488 [1.473] 2445 —_ -1.057 — 3.04 — 68 300 67862 [67663.0]

b3, 1.489 1.442 2496 [2444) -1.752 — 2.74 — 71154 70276 67180

b3+ 1.470 [1.455] 2518 [2452] -1.036 —_— 2.44 73042 72646 68998

CHI, 1.51 1.46 2512 2552 -1.951 — — — 74889 73963 70578

%Dipole moments are tabulated at R, for the respective states. Positive value of i indicates polarity of H*Br~. T, is the vertical
transition energy measured from r, of the ground state. ¢From ref 32; numbers in square brackets are not certain. ¢Reference 85. ¢All the

theoretical values are from ref 94.

5). This explained why the experimental A2Z*-XII;
absorption bands were found to be diffuse.®* The 5/2
state was found to be predominantly 2A;, at short
distances but was mainly *Il;, at intermediate and long
distances. However, this avoided crossing did not lead
to a sudden change in the shape of the 5/2 curve. The
3/2(II) state was found to be predominantly 23, at
short distance. At long distance, however, the Il and
211 states arising from the 106%2¢3c1#® configuration
dominated.™

The 35+ ground state of SeH* was found to be almost
a pure 32" state at R,. The 2 state of SeH* exhibited
an interesting avoided crossing. At near R, the 2 state
was found to be !A, while at 5.00 bohr the 52~ state
crosses with !A. This led to the avoided crossing of 1A,
with 5%;. Thus at long distances the 2 state became 5Z;.
This led to the barrier in the potential energy surface
of the 2 state (see Figure 6). The 0*(III) and 1(II) states
of SeH™ exhibited interesting trends as a function of
distance. The inflections in the 1(II) surface were at-
tributed to the changes in the contributions of various
A\-s states as a function of distance.”™

E. HBr and HBr-

The spectroscopic investigations of low-lying elec-
tronic states of the HBr molecule have been the subjects
of many experimental investigations.”>® The vacuum-
UV absorption spectra of HBr were studied by Price’®
and by Barrow and Stamper.”»”® Ginter and Tilford™%
reexamined the absorption spectra of HBr in the
66 000-79 500-cm™ region and assigned the observed
bands to transitions from the ground state to the upper
states that originated from the (5so)73, (5pa)=®, and
(5pm)n® excited configurations.

The absorption continua near 56 500 cm™ were at-
tributed mainly to transitions between the ground state
and the repulsive Al state, arising from the (c*7°)
configuration. Mulliken®>#® analyzed the electronic
spectra of heteropolar diatomic molecules.

The ground state of HBr has been studied experi-
mentally and theoretically.8-% Ab initio spectroscopic
constants,” dissociation energies, and electric dipole
moments®°! of the ground state have been obtained
which were found to be in excellent agreement with
known experimental results.

The HBr™ anion and other halide ions have been the
subjects of a large number of studies®121123-129 gince
they can be formed by electronic attachment. The
mechanisms that govern the HBr~ production and
electron attachment processes are not entirely clear. In
the fixed-finite dipole model,!1° an infinite number of
bound states of an electron are predicted for attachment
of an electron into a dipole field that exceeds 1.625 D,

2
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Figure 7. Potential energy curves for the low-lying electronic
states of HBr (reprinted from ref 94; copyright 1987 Elsevier
Science Publishers B.V.). See Table 6 for assignments of known
states.

while no bound states of the electron are predicted for
attachment into dipole fields below this value. In the
absence of nonadiabatic effects, HBr~ (u = 0.82 D) was
predicted to be unstable with respect to autodetach-
ment of the electron since its dipole moment is known
to be below the critical value of 1.625 D.

The formation of H™ ions by dissociative attachment
between 3 and 9 eV was observed in HBr and HI. The
P ground states of the halogen atoms are split by
spin-orbit coupling into the ?P;,, and Py, atomic
states, providing two exit channels for H™ production.
The upper 2=* and 211 states of HBr™ and HI" are sim-
ilarly split up by the spin—orbit coupling into their
components (2275, 2Ty, and 2M;,5). The 22, and
T 2 components should dissociate into the lower
H~(!Sg) + X(®Py,) limit, while the 211, /, state should
dissociate into the upper H(!Sg) + X(%Py 5) asymptote.
The excited 227, state of HBr~ was suggested to dis-
sociate through both the H™(1Sy) + Br(2P;,,) and H (1))
+ Br(*P, /) channels.

While there are many ab initio calculations on HCI-,
this is not the case for HBr~. Chapman et al.1?® carried
out accurate CASSCF/SQOCI calculations employing
large diffuse Gaussian basis sets on HBr~ and HI".

The theoretical SCF/RCI spectroscopic constants®
for the electronic states of HBr and the corresponding
experimental values are given in Table 6. The actual
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Figure 9. Dipole moment curves for the excited electronic states

of HBr (reprinted from ref 94; copyright 1987 Elsevier Science
Publishers B.V.).

potential energy curves of 12 electronic states of HBr
obtained by Chapman et al. are shown in Figure 7.
Figure 8 shows the dipole moment curves for the X!=+*
ground state of HBr obtained by using three different
theoretical methods and the plot of known experimental
values. Figure 9 shows the dipole moment curve for the
excited electronic states of HBr.

As seen from Figure 8, the ECP dipole moment curve
exhibits the correct behavior between 2 and 3.8 bohr.
The experimental u becomes divergent from theoretical
results for R > 3.7 bohr, while there are no CEPA 4 for
long distances. The RCI curve and the MCSCF curve
of Ogilvie et al.2 exhibit a maximum. The ECP dipole
moments of HBr are within 6% of the all-electron
CEPA results.’!

The theoretical spectroscopic constants in Table 6 are
in excellent agreement with available experimental re-
sults. It is clear from Table 6 and Figure 7 that the
ground state is well separated from the other bound
states of HBr. Most of the other states that can pos-
sibly be seen near visible-UV regions were found to be
repulsive (Figure 7).

As is well known, the ground state of HBr arises from
the 16%2¢%17* configuration. The bromine-hydrogen
bond results primarily from interactions between the
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Figure 10. Electronic transition moment curves for HBr (re-
printed from ref 94; copyright 1987 Elsevier Science Publishers
B.V.).

Br 4p, and H 1s orbitals to form the 2¢ orbital. The
10 orbital is predominantly of Br 4s character. The =
electrons are localized on Br and are essentially non-
bonding; promotion of a 7 electron into the lowest
virtual antibonding ¢ orbital (35) gives rise to 3II; and
11T A\—s states, which are split by spin—orbit interaction
into 2, 1, 0%, 07, and 1(*TI) w—w states. These states form
the repulsive manifold of the curves shown in Figure
7. The excitation of a 2 electron from the ground-state
configuration into the virtual 3¢ orbital results in the
13+ and 3Z* states. The 12 state dissociates into the
ionic species (Br™ + H*), while the 3+ state dissociates
into the ground-state limit. (See the 0(II) and 1(III)
curves of Figure 7.) Between the ground state and the
terms that arise from the 16%2¢23¢17° and 1622630174
(3=%) configurations, one spectral band was found ex-
perimentally.32 The absorption continuum with a
maximum near 56 500 cm™ was assigned to the Al «
X absorption.®* The A state corresponds to the 1(II)
curve in Figure 7. The calculated verticle transition
energy to the 1(II) state was 57100 ¢cm™,* in good
agreement with experiment.

The 0*(II), 1(I), 1(ID), 1(III), 0-(I), 0-(II), and 2(I) w—w
states were found to be opposite in polarity (Br*H") to
the ground state (Br'H*). Thus, these states may be
characterized as charge-transfer states that arise from
excitation into the antibonding 3¢ orbital. Figure 10
shows electronic transition moment curves for the
parallel 0*(I) — 0*(II) and perpendicular 0*(I) — 1(I),
0*(I) — 1(II), and O0*(I) — 1(III) transitions. The
transition moments without the spin—orbit terms for the
A!I < X1Z* transitions are also shown in Figure 10.
The transition moment W(0*(I) — 1(II)) is much larger
than the other moments W(0*(I) — 1(I)), W(0*(I) —»
0*(ID)), and W(0*(I) — 1(III)) at the ground state R,.
At this distance, comparison of the transition moments
with and without the spin—orbit coupling term (W(0*(I)
— 1(II)), W(X1=* — Alll)) gives the magnitude of
spin—orbit contamination in the 1(II) state (Figure 9).
At 2.73 bohr, the 1(II) wave function was found to be
64% 11, from the 16?26?3017 configuration and 11%
8T1,. Consequently, the transition moment W(0*(I) —
1(II)) is lowered by about 5% relative to W(X1Z* —
AI) due to singlet-triplet mixing in the 1(II) state.
This state exhibited interesting behavior at long dis-
tances. Up to 5.00 bohr, this state was found to be
predominantly !11;(1622623017%); near 7.00 bohr, how-
ever, the 'TI; curve underwent an avoided crossing with
the 327 state from the 1622¢3¢17* configuration. Thus,
for distances larger than 7.00 bohr, the 1(II) state be-
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Figure 11. CASSCF/SOCI potential energy curves of the ground

states of HBr and HBr™ obtained using two basis sets (reprinted
from ref 129; copyright 1988 American Institute of Physics).

came predominantly 327, while at these distances the
1(III) state became predominantly !TI,. This is reflected
in the transition moment curves.

The excitation of a 7-electron from the ground-state
configuration of HBr into the 5¢ Rydberg orbital gen-
erates °II; and 'TI A-s states. These curves correspond
to the 2(II), 1(IV), 0*(III), and 1(V) curves (Figure 7).
Ginter and Tilford” discussed transitions from the
ground state of HBr into the 311; and 11 states derived
from a (5s0)w® configuration, which were designated as
the b%IL; < X!Z* and CI < X1=* bands. The w-w
states arising from the 162206250173 configuration dis-
sociate into the (‘Py/; + 28, 5) asymptote at long dis-
tances. The calculated 2P;/,~*P5 , splitting® of 63 154
cm™! was found to be in excellent agreement with the
experimental value of 63529 cm™.%% Since the J = 3/2
and 1/2 states of ‘P are only within 3447 cm™ of 4P; ,,
states dissociating into these limits could mix strong{y.

The theoretical spectroscopic constants for the 2(II),
1(IV), 1(V), and O*(III) states are in Table 6. The
theoretical constants are in generally good agreement
with the experimental values although the 1(V) wave
function was not considered to be very reliable past 4.50
bohr by Chapman et al.%

In Figure 10, the electronic transitions labeled 0*(I)
— 1(IV), 0*(I) — 0*(III), and 0™ (I) — 1(V) correspond
to the b3H1 b X12+, b3H0+ b X12+, and CIHI <« X1z*
transitions assigned by Ginter and Tilford.™

The intensity estimates for the (0-0) bands of the
b3H2 e X12+, b3H1 b X12+, b3H0+ - X12+, and CIHI
<« XI3* transitions of HBr were presented by Ginter
and Tilford.” The ratio of the intensities of C!II; <
XIZ+ (0-0) to b®II; « X!Z* (0-0) bands was found to
be 5:1, while the relative intensity of the (0-0) bands
of b3II; < X!Z* to b3l < X!Z+ was found to be 1:0.02
without rotational line strengths. The ratio of theo-
retical intensities for transitions 0*(I) — 1(V) to 0*(I)
— 1(IV) is 4.6:1, in good agreement with experiment.
The intensity ratio for the (0-0) bands of 0*(I) — 1(IV)
and 0*(I) — 0*(III) near R, for these states was found
to be approximately 1:0.01,% again a reasonable agree-
ment with experiment.

Figure 11 shows the CASSCF/SOCI curves for the
z3+ state of HBr~ and the 1=+ state of HBr obtained by
Chapman et al. Figure 12 shows the RCI potential
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states of HBr and HBr™ (reprinted from ref 129; copyright 1988
American Institute of Physics).

/ HI®S, 1+8715,)

curves for the 1/2(I), 1/2(II), 1/2(III), and 3/2(I) states
of HBr™ and the potential curves for their probable
parent HBr states.

As seen from Figure 11, the HBr  (SOCI) curve
crosses at 3.25 bohr (tight basis), while the RCI
HBr/HBr™ crossing occurs near 3.20 bohr. The overall
effect of the diffuse basis in the SOCI calculations was
to move the curve crossings toward shorter distances
by 0.05 bohr. The RCI HBr~ 1/2(I) D, was calculated
as 0.14 eV.

The electron affinity of HBr (EA,p = E[HX(RHX)]
- E[HX (R.FX)]) was calculated as —0.326 eV (RCI)
while the SOCI results gave a value of -0.485 eV. Both
results indicated that the HBr™ anion should be un-
stable with respect to electron autodetachment.

The formation of H- ions by dissociative electron
attachment between 5 and 10 eV in HBr has been the
topic of some investigations. The potential energy
curves for the upper 221y, ?Il3/5, and 211, ;, states of
HBr~ were obtained from these experimental data. The
1/2(11), 3/2(I), and 1/2(III) curves in Figure 12 corre-
spond to the 227y, 2Il3/,, and 2I], , states, respectively.
The 0*(II), 1(I), 1(II), and 1(III) curves of HBr corre-
spond to the a’lly+, a’ll;, Alll,;, and 32} states, re-
spectively.

The HBr~ 1/2(I), 3/2(I), and 1/2(III) curves cross
the HBr 0*(I) curve at R > 5.00 bohr (Figure 12). The
electron affinity of hydrogen (6082 cm™) was found to
exceed the 2P; ,—*P) , atomic splitting of bromine (3685
em™)*® and, consequently, the H-(1Sy) + Br(*Py 5, 2P} o)
limits lie below the neutral H(S, ;) + Br(%Py,5) as-
ymptote. It was noted that, although the HBr™ reso-
nances are essentially repulsive, the splitting between
the H™(1S,) + Br(?Pg,s, ?Py ;) limits at 15.00 bohr was
3591 em™, which suggested that the negative-ion curves
become very slightly attractive at longer distances due
to the dispersion-type interactions. At the Franck-
Condon region of the HBr ground state, the HBr~ 1/
2(1II), 3/2(I), and 1/2(III) curves were found to lie
slightly above or within the manifold of 1(I), 1(II), and
0*(II) states arising from the neutral 1¢22¢23¢173 con-
figuration.



Heavy p-Block Hydrides, Halides, and Chalconides

TABLE 7. Spectroscopic Constants for InH¢

Chemical Reviews, 1989, Vol. 89, No. 8 1811

TABLE 8. Spectroscopic Properties of SnH®

state R, A T,cm?  w, cm™ s D D,, eV A or 6)\,
X'z*  1.838 (1.820) 0 1476 (1524) (0.460) 2.48 (2.60) Tyem™  em®  RyA o, cm?
&'l 1776 16230 [1303] X211 theory 0 2376 1.83 1600
a:gv }ZZ% 12 gzg }ﬁg expt 0 2179 178 1715
all; 1 a's" theory. 13265 328 1.78 1560
:flﬂz 1-733 17800 [151*2;1 expt 15580 270 177 1521
o (209 22655 [142) A?A theory (5/2) 26460 1.96 700
aExperimental values are from ref 32. Theoretical values in par- expt 23790 (20) 1.85 1080

entheses are from ref 141. The dipole moment was obtained from a
theoretical CASSCF/SOCI calculation of Balasubramanian.! The
numbers in square brackets are uncertain.

F. InH

There are no theoretical calculations on the electronic
states of InH, although Kim and Balasubramanian!4!
completed CASSCF /SOCI calculations on the spec-
troscopic constants of the !Z* ground state of InH.
Table 7 shows the experimental spectroscopic constants
for InH collected by Huber and Herzberg®? together
with these theoretical constants!! for the ground state.
In summary, there are many experimental works!30-140
on InH that have led to the observation of the a-X and
A-X transitions. The a and A states were both found
to be predissociated. The Dy° value of 2.48 eV was
estimated from the predissociation of the A-X and a-X
bands. The theoretical SOCI D, value of InH was found
to be 2.60 eV.14! The A-type doublings were found in
some of the electronic states of InH.

Veseth and Lofthus!® suggested the existence of a
33+ state that was presumed to be repulsive and re-
sponsible for the anomalies seen in the A-doubling of
the a®I1; component. The 3Z* state was also suggested
as being responsible for the predissociation of all the
aIl components. On the basis of the selection rules for
predissociation, the 32 and 3Z{ states can interact with
the ®I1¢- and 311, components through spin—orbit cou-
pling. Thus the 3Z* state can predissociate these com-
ponents. The predissociation of 3II, and 3[1y+ through
33* cannot occur unless the molecule is rotating.
Consequently, if 3I1, and 3I1+ states are predissociated
by 327, they should show dependence of predissociation
rate on the rotational J quantum number. On the basis
of the earlier calculations of Kim and Balasubramani-
an,*2 I conclude that there is certainly a 3T* curve for
InH that dissociates into the ground-state atoms. For
GaH, the 3Z* curve was found to be repulsive and lies
above the a®ll and A!Il curves. The possibility of
331-a%M,, 3={-Alll,;, and 3% -°Il,- mixings in InH
should be nonnegligible due to the spin—orbit coupling
term. Kim and Balasubramanian are at present car-
rying out CASSCF/SOCI/RCI calculations on many
electronic states of InH with the objective of under-
standing these riddles.

Bahnmaier et al.3!® have recently obtained the in-
frared spectrum of InH in its !Z* ground state using a
diode laser spectrometer. A total of 83 transitions were
measured, yielding the most accurate Dunham param-
gters for the ground state and an improved R, = 1.83776

G. SnH

The early electronic spectra of SnH were recorded by
Watson and Simon!4%143 in 1939-1940. The spectra
contained bands in the red and two red-degrading
bands in the violet. The red bands and the violet bands

¢ Theoretical results are from ref 152. Experimental constants
are from ref 32.
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Figure 13. SCF/RCI potential energy curves of the electronic
states of SnH (reprinted from ref 152; copyright 1984 Academic
Press, Inc.). See Table 8 for assignments of known states.

were assigned to 2Z*-%I1 and 2A-?II transitions, re-
spectively (?II is the ground state). Kleman!3! rein-
terpreted the red bands as due to a 4=—XZII transitions
by analogy to lighter group IV hydrides. Klynning and
co-workers!#514 also recorded the absorption spectra of
SnH and SnD. Energy expressions for these bands were
fitted. Centrifugal distortion of the spin—orbit and
spin-rotation interaction for several states of SnH was
considered. Theoretical analysis of the spin—orbit
splitting of the A%A and a*Z~ states was considered by
Veseth.1! The experimental works and their analysis
of SnH are contained in ref 142 to 152.

Balasubramanian and Pitzer!®? made relativistic
SCF/RCI calculations including the spin—orbit term for
eight low-lying electronic states of SnH. The spectro-
scopic constants and the potential energy curves for
these states were calculated by using this method em-
ploying a double-{ STO basis set. Chapman et al.® in
a later investigation employed a more accurate triple-¢
STO basis as well as CASSCF/SOCI method in con-
junction with large valence Gaussian basis sets. The
dipole moment curves for the electronic states of SnH
in addition to the transition moment curves as a func-
tion of internuclear distance have now been obtained.5
Table 8 shows the spectroscopic constants of SnH and
comparison with known experimental results. Figure
13 shows the SCF/RCI potential energy curves of the
low-lying electronic states of SnH. As seen from Table
8, the agreement between theory and experiment is very
good at the level of calculations employed. The calcu-
lated total excitation energy to the 4=~ term is within
15% of the observed value.
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Figure 14. RCI dipole moment curves for the electronic states
of SnH and PbH (refprinted from ref 55; copyright 1988 American
Institute of Physics).

The A2A-X2II bands of SnH exhibited!45 predisso-
ciation with line broadening beginning at the energy of
25177 em™ . The SCF/RCI calculations of Balasubra-
manian and Pitzer!%? indicated that the 5/2 state
(shown as the uppermost curve in Figure 13) is pre-
dominantly 2A; , at a bond distance of 3.4 bohr but that
it has a broad maximum (Figure 13) arising from an
avoided crossing with the *Il;, state. Thus some
quantum tunneling was anticipated, which should result
in line broadening to a lower energy for SnH than for
SnD. Huber and Herzberg?? reported an upper estimate
for Dy° of SnH as 2.73 eV obtained if dissociation to the
5P, + %8,/, atoms was assumed. The calculations of
Balasubramanian and Pitzer!%? revealed a potential
maximum substantially above that energy. Hence the
dissociation energy of SnH was estimated as 2.3 eV.152

A more recent and sophisticated CASSCF/SOCI in-
vestigation of the electronic states of SnH was carried
out by Chapman et al.% The RCI w, value obtained for
the ground state of SnH using a triple-{ STO basis was
found to be 1689 cm™, agreeing well with the experi-
mental value in Table 8 (1715 cm™). The RCI w, values
for the excited states of SnH also did not differ sig-
nificantly from the earlier results.!® The dipole mo-
ment (u,) of the SnH molecule in the *II; ;, ground state
was calculated to be 0.398 D, while the corresponding
1, for the 2I1;); state was calculated as 0.393 D. The
dipole moment of the ground state of SnH was calcu-
lated by Pettersson and Langhoff*® using the SCF/
SDCI method as 0.357 D with Sn*H™ polarity.

The calculated dipole moment curves of the various
electronic states of SnH and PbH are shown together
in Figure 14. Figure 15 shows the electronic transition
moment curves as a function of the internuclear dis-
tance for SnH and PbH as obtained by Chapman et al.5
Note that the dipole moment curves of the 2II, , and
2114/, states of both SnH and PbH reach a maximum,
eventually reaching zero at long distance. As seen from
Figure 14, the spin—orbit effects on the dipole moments
of the 2113/2,1 s2 components of PbH are substantially
larger.

Comparison of the transition moment curves in Fig-
ure 15 with the corresponding curves in Figure 4 for
GeH clearly demonstrates the large relativistic effects
in PbH. In particular, note the dramatically large
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Figure 15. Electronic transition moment curves of SnH and PbH
(reprinted from ref 55; copyright 1988 American Institute of
Physics).
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transition moment for the 1/2(I) — 1/2(II) transition
of PbH. The intensity ratios of the 3/2(I) — 3/2-
(In):1/2(I) — 1/2(II):1/2(I) — 3/2(II) transitions were
calculated as 1:0.5:0.01 for the (0-0) bands of SnH
without the rotational line strength factors.

The observed red bands of SnH were resolved into
two components by Klynning et al.;*® the first of these
was assigned to Z3/, < ?[I/, while the second was
assigned to the 427, < 21, , transition. The theoretical
transition energies for the SnH bands (14 122, 12479
cml;;)55 agreed with the interpretation of Klynning et
al.

H. SbH

The SbH molecule was studied in the flash photolysis
of SbH;.193-15% Bollmark and Lindgren!®? obtained the
absorption bands of SbH in the 3300-3450-A region,
which were assigned to the A3II-X32" systems. The
rotational constant and R, of the ground state were
obtained from rotational analysis. Basco and Yeel®
studied the ASTI-X33- system and noted that only the
A3 »-X32" system has rotational structure. Bollmark
and Lindgren!% carried out the rotational analysis of
the absorption spectra of SbH and calculated the
spin-orbit splitting of the ground state (0*-1 splitting)
as 660 cm™. These authors proposed that there should
be BO* and CO™ states that cause perturbation to the
%T1,+ bands, leading to predissociation of the 311 state.
The other experimental works on SbH can be found in
ref 156 and 157.

Balasubramanian, Tanpipat, and Bloor!®® made re-
lativistic SCF/RCI calculations on nine low-lying w—w
and four A-s states (without spin—orbit coupling) of
SbH. A double-¢{ STO basis with the 14-electron
RECPs was employed for the antimony atom. These
calculations were useful in the interpretation of the
experimentally observed bands.

Table 9 shows the spectroscopic constants of the
low-lying electronic states of SbH while Figures 16 and
17 show the potential energy curves of the electronic
states of SbH with and without the spin-orbit term,
respectively.
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TABLE 9. Spectroscopic Properties of ShH®

R, A T,, cm™ we, cm ™!

state theory expt theory expt theory expt
X, 07 181 172 0 0 1763 —
X, 1 181 — 696 655 1762 —
2 1.81 —_— 9362 — 1784 —
o+(Im) 1.80 — 15772 — 2061 —

Ag 0T(ID)  1.87 [2.03] 30788 30116 1085 —
oIy — — 34891 _ — —
83- 1.81 —_ 919 — 1768 —

1A 1.81 —_— 9607 — 1786 —
I3+ 1.79 — 17876 — 1804 —

9 All theoretical results are from ref 158.
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Figure 16. Potential energy curves of the low-lying electronic
states of SbH including the spin-orbit term (reprinted from ref
158; copyright 1987 Academic Press, Inc.). See Table 9 for as-
signments of known states.

The A-X system observed in absorption was assigned
to the 0*(III) (*IIy+) < X(0%) transition. The theoretical
and experimental T, values are in very good agreement
(Table 9). The spin—orbit splitting (0*-1 splitting) of
the ground state was calculated as 696 cm™1%8 in com-
parison to a value of 660 ¢cm™ obtained by Bollmark and
Lindgren!% from the rotational analysis.

Theoretical calculations of Balasubramanian et al.1%8
predicted the spectroscopic properties of a number of
states (1, 2, 07(II), 0*(IV)) of SbH that are yet to be
observed. The 0+(II)-0*(I) system corresponds to a
13%-335+ transition and should be observable since the
spin—orbit effects were found to be nonnegligible.
Theoretical calculations predicted this transition in the
region of 15770 cm™1.'% Similarly, the 0+(IV)-X0*(I)
transition should be observable in the 35000-cm™ re-
gion. Bollmark and Lindgren!® observed a C state that
perturbed the bands in the A31+-X0* system with a
T, value of 30566 cm™. Thus, the 0*(IV) state could
possibly be the C state.

The theoretical dissociation energy of the SbH radical
was calculated as 2.26 V.13 There is no experimental
D, value for the SbH radical at present. Since SCF/
RCI calculations yield 85% of the experimental D,
value due to neglect of higher order correlation cor-
rections, it was predicted that the D, of SbH should be
2.7 £ 0.2 V.158

The electronic states of SbH exhibited avoided
crossings analogous to those of BiH, which resulted in
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TABLE 10. Spectroscopic Constants of Low-Lying States
of TeH®

T,, cm™! R, A w,, cm™! D,, eV
state theory expt theory expt theory expt theory expt
X, 3/2 0.0 0.0 1767 174 1839 — 231 —
X,1/2 3989 3830 1.77 —— 1845 — 181 —
21 2449 2 — 1.77 —— 185 — 235 —

a All theoretical values are from ref 161.

exotic shapes of potential curves. For example, the
barrier in the 2 curve is due to the avoided crossing of
1A, with 5%;. Similarly, the 0~ state became predomi-
nantly 52 at long distances.

The fact that only the A3II;+3Z+ system shows ro-
tational structure can be explained based on theoretical
calculations of Balasubramanian et al. As seen from
Figures 16 and 17, the 32~ curve, which dissociates into
the ground-state atom, is repulsive. This state contains
Q = 2,1, and 0" components. Consequently, only the
3114+ state cannot interact with 52" repulsive state. This
should explain the experimental findings that only the
A-X system shows rotational structure among the 311
Q components.

I. TeH

Little et al.1% studied the vacuum-UV spectra of TeH,
although the resolution was insufficient to resolve the
rotational structure. The spin—orbit constant for the
ground state of TeH was obtained from the ESR
spectra. Freidhoff et al.!%% studied the negative-ion
photodetachment spectra of TeH", which revealed the
electron affinity of TeH.

Balasubramanian, Han, and Liaol®! carried out rela-
tivistic SCF/RCI calculations on five low-lying elec-
tronic states of TeH. The spectroscopic constants and
the potential energy curves of the low-lying states of
TeH were obtained.

Table 10 shows the theoretical spectroscopic con-
stants together with available experimental data on the
low-lying states of TeH. Figure 18 shows the calculated
potential curves of the 3/2, 1/2, 3/2(II), 1/2(I), 5/2,
°I1, and *II states. There are no experimental w, values
for the 3/2 and 1/2 states. The calculated dissociation
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Figure 18. Potential energy curves of low-lying electronic states
of TeH without the spin-orbit term (reprinted from ref 161;

copyright 1987 American Institute of Physics). See Table 10 for
assignments of known states.

energy of the X,(3/2) ground state is (2.31 eV) 0.04 eV
lower than the corresponding 2I1 A-s state. The D,
value of the 1/2 state is, however, much lower (1.81 V),
due to the significant spin—orbit splitting and contam-
ination of this state. We predicted that the D, value
of the ground state should be 2.75-3.00 eV, although
the experimental D, is not known at present.

Since the 1/2(II), 3/2(II), and 5/2 curves are repul-
sive (Figure 18), transitions from the two spin—-orbit
components (X;, X,) of the ground state to these states
can be seen only in absorption. This is consistent with
the known experimental spectra of TeH. There are four
absorption bands below 55000 cm™, which are labeled
B« Xl’ C Xl’ C <~ X2, and D < Xl‘ Balasubra-
manian, Han, and Liao'®! calculated the vertical sepa-
rations of the 3/2(II), 1/2(II), and 5/2 states at 3.25
bohr (near R, of 3/2(X,)). These splittings are 28 568,
39000, and 52010 cm™!, respectively. The 1/2(I)-1/2
splitting at this distance is 24 563 cm™. On the basis
of this splitting, the B < X, transition was tentatively
assigned to the 3/2(II) < 3/2 transition.

The 1/2(II) and 5/2 states of TeH exhibited inter-
esting avoided crossings. At short distances the 1/2(II)
state was found to be predominantly 2Z*(1622017%). At
about 4.00 bohr, it became predominantly 4%~
(16220230172), although other states such as 22, 23+,
etc. also made appreciable contributions. This avoided
crossing led to the shoulder in the 1/2(II) curve (Figure
18). The 5/2 state was found to be predominantly A;),
at short distances but became mainly *Il;, at inter-
mediate and long distances. The 3/2(II) state was
found to be predominantly 42§ o at short distances. At
long distances, however, the h and 211 states arising
from the 1622030173 configuration dominated.

J. HI and HI-

Among the heavy hydrogen containing molecules, HI
and HBr have been the most studied species for a
number of years.’6-129162-188 The electronic spectra of
HI basically consisted of continuous absorption bands
near 23000, 46 000, and 55555 cm™. The UV continu-
um spectrum of HI contained a maximum at 45000

Balasubramanian

TABLE 11. Spectroscopic Properties of Low-Lying States
of HI®

Tyer,” €m! R, A w,, cm!

state theory expt’ theory expt theory expt

X 0*(D) 0.0 00 166 161 2939 2309
a 0*(I) 49605 43000 -_ — —  —
a 1(I) 46532 39500 -_ - —

A 1(I) 54763 47000 _— - -

3 All theoretical results are from ref 122. T,y is the vertical
separation of the excited states from the ground state at the mini-
mum R value. ©Approximate values obtained from measurements
taken near the probable absorption curve maxima.
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Figure 19. Potential energy curves for six low-lying states of HI

(reprinted from ref 122; copyright 1985 Elsevier Science Publishers
B.V.). See Table 11 for assignments of known states.

cm! and was found to be broad and featureless.
Mulliken®28 interpreted the observed spectra of HI as
due to Mg+ < 13§, 311, < 3¢, and I; < 12§ tran-
sitions. Clear et al.® carried out a photofragmentation
investigation of HI.

The first ab initio relativistic SCF/RCI calculation
on the electronic states of HI was made by Chapman,
Balasubramanian, and Lin.}?? In this investigation a
double ¢ + polarization STO basis set was used for the
iodine atom in conjunction with the RECPs. The po-
tential energy curves of seven low-lying electronic states
dissociating into I(*Py;;) + H and I(*Py/,) + H were
obtained.

The spectroscopic constants for the electronic states
of HI are summarized in Table 11. Figure 19 shows
the potential energy curves for six low-lying states of
HI including the spin-orbit term as obtained by
Chapman, Balasubramanian, and Lin.!?2 The atomic
2P,,5-2Py ), splitting of the iodine atom calculated by
these authors (6971 cm™) was found to be in very good
agreement with the experimental splitting of 7603 cm™.
As seen from Table 11, the agreement between the
theoretical constants for the ground state and the ex-
perimental values is also very good. The theoretical D,
value for the 0*(I) ground state of HI (3.03 eV) was
found to be almost in exact agreement with an exper-
imental value of 3.05 eV.

The experimental vertical transition energies listed
in Table 11 are from ref 164. Clear et al.!% demon-
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of Physics).

strated the composite nature of the observed absorption
continuum of HI, which was attributed to three over-
lapping transitions (1 < X, 07(II) < X, 1(II) « X)
whose maxima were found to be located at approxi-
mately 39 500, 43000, and 47000 ¢cm™, respectively.
Table 11 shows these values compared with the theo-
retical results. In general, theoretical results are ex-
pected to be a bit higher due to limitations in basis sets
and electron correlation effects.

As mentioned in reviewing HBr™ calculations, Chap-
man, Balasubramanian, and Lin!?® carried out both
SCF/RCI and CASSCF/SOCI calculations employing
a large Gaussian basis set on HI” and comparable cal-
culations on the ground state of HI. The HI molecule
was predicted to have a slightly positive adiabatic
electron affinity in comparison to —0.485 eV for HBr.
I have briefly reviewed earlier (section III.LE) the im-
portance of theoretical study of HBr~ and HI to un-
derstand the mechanisms that govern the electron at-
tachment and halide anion production processes.

Figure 20 shows the potential energy curves for the
ground state of HI and HI". The diffuse Gaussian basis
sets yielded the first minimum in the HI™ ground state,
which was found to be absent when a tight basis set was
used (Figure 20). The HI/HI™ curves cross at 3.45 bohr
(CASSCF/SOCI). The 2271, ground state of HI” was
found to be 0.1-0.2 eV bound at 5 bohr. The theoretical
RCI electron affinity of the halogen atom was found to
be 2.83 ¢V in comparison to an experimental value of
3.06 eV. The CASSCF/SOCI calculations yielded a
slightly better EA of 2.99 eV for the iodine atom.

The theoretical positive electron affinity for HI was
found to be consistent with the mass spectrometric
investigations of Spence et al.1?® in which evidence for
the stability of HI” was found. Spence et al.1?® suggested
that the 2Z* curve should be deep and broad enough
to support at least one vibrational level below the HI
13+ curve. On the basis of this, these authors concluded
that the electron affinity of HI is positive and should
exceed 0.007 eV.

The exceptionally large rate constant for thermal
electron attachment of HI observed by Adams et al.%
was explained by Chapman et al.1® using the Langevin

Chemical Revlews, 1989, Vol. 89, No. 8 1815

a.u.

' | I ] | [

-0.0
2,00 3.00 4.00 500 600 7.00 8.00 9.00
r, bohr

Figure 21. Potential energy curves of many electronic states of
HI" and HI (reprinted from ref 129; copyright 1988 American
Institute of Physics).

model. The attachment rate constant data were found
to exhibit a temperature dependence (8 = (3.3 £ 1) X
102em3s1at300K; 8= (28+1) X100 cm3s71) at
510 K for HBr, while the rate coefficients for HI re-
mained constant (3 = (3.5 £ 1) X 1077 em?® s71) at 300
and 510 K. These data suggested that the attachment
process was governed by two different mechanisms in
HBr and HI. The thermal-averaged Langevin rate
constant is given by

ki(e) = 2me(a/m)l/?

where a represents the electronic polarizability of the
neutral molecule and m the mass of the electron. The
calculated %; s for HBr and HI were found to be of the
same order (1077 ¢cm3 s71) as the experimental 8 values
for HI.

The potential energy curves of the excited states of
HI" and HI are shown in Figure 21. Le Coat et al.%"%
deduced the potential energy curves for some of the
excited states of HI™ (1/2(II), 3/2, 1/2(III)) from dis-
sociative electron attachment experiments. The spin-
orbit effects are more important for HI™ since the
2P3/5~2P) 5 spin-orbit splitting of I (7603 ¢cm™)3% ex-
ceeds the electron affinity of the hydrogen atom.
Consequently, the crossings of ionic and neutral curves
differ for HI- substantially in comparison to HBr~. The
H + I(2P3/2) limit is below the H + I (2P3/2) neutral
asymptote. The HI" 1/2(II) and 3/2(I) curves are the
only curves that crossed with the ground-state curve of
HI.

The nature of the HI™ curves can be understood if one
compares the parent (HI) electronic states. The 1(III)
state of HI was found to be predominantly of
321(16%203017*) character, while the HI" 1/2(1I) state
was found to be predominantly 2Z},,(16%2030%17%).
Hence, electron attachment to the 3¢ orbital of the
neutral 327 state could generate the negative ion in the
1/2(1II) state. The 1/2(II) state of HI” was found to lie
below the neutral 1(II) curve (Figure 21) leading to the
1/2(II) state as a Feshbach resonance. On the contrary,
the 3/2(I) and 1/2(I1I) states are components of the
2T1(10%20230%1 7% states, which were found to lie above
their parent °II,TI(16224230173) states, and conse-
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TABLE 12. Spectroscopic Constants for TIH®

R, A T,, cra™! we, cm7! D,, eV
state  theory expt theory expt theory expt theory expt
X0o*D) 199 187 0 0 1300 1391 181 197
o) 195 — 16600 — 795 — 024 —
AO0*(II) 191 191 17100 17723 1000 760 061 0.74
2 190 — 21800 — 740 — 004 —

C 111 31 29 23400 24180 200 140 — —

@ All theoretical values are from ref 28.

quently the 3/2(I) and 1/2(III) states cannot be con-
sidered as Feshbach resonances.

K. TiH

The thallium hydride molecule has been the subject
of many relativistic theoretical calculations?16%168 gince
it is the simplest sixth-row p-block hydride and has a
13+ closed-shell ground state. Lee, Ermler, and Pitzer!6’
carried out relativistic SCF calculations in w—w coupling
for TIH. In a subsequent study Christiansen and Pit-
zer'%® made MCSCF LCAS-MS spinor calculations on
TIH. Christiansen, Balasubramanian, and Pitzer?
carried out the first RCI calculations on TIH that in-
cluded spin-orbit effects and electron correlation cor-
rections simultaneously in a RCI scheme. In this in-
vestigation Christiansen, Balasubramanian, and Pitzer
considered the spectroscopic properties and potential
energy curves for six electronic states of TIH.

The experimental spectroscopic constants on five
electronic states of TIH were obtained through the
electronic spectrum obtained in both absorption and
emission.!®*172 Grundstrém and Valberg!® as well as
Neuhaus and Muld!"! studied the A < X systems.
Larsson and Neuhaus!’ obtained several bands with
origins at 23556 and 23655 cm™, which were attributed
to D < X and C < X systems, respectively. Ginter and
Battino®” obtained two potential curves for TIH from
the experimental data.

Table 12 shows the spectroscopic constants for TIH
obtained from the theoretical calculations of Chris-
tiansen, Balasubramanian, and Pitzer?® and the ex-
perimental values for comparison. Figure 22 shows a
comparison of the RCI potential energy curves and the
curves deduced from the Rydberg-Kein-Rees (RKR)
method of fitting experimental data. As seen from
Figure 22 the overall shapes of the potential curves are
very similar. The experimental curve is deeper, with
the R, being shorter. The behavior of the 0% (II) state
is especially interesting and compares remarkably well
with experiment. Figure 23 shows the potential energy
curves of six electronic states of TIH. The 0, 1, 2, and
0*(II) states were found to be predominantly compo-
nents of a 3II state near the inner well, while the 1(II)
state was found to be predominantly composed of a 111
state.

The 0* and 0*(II) states of TIH were found to exhibit
avoided crossings. At short distances the 0% state was
found to be predominantly !=*, while it became 3TIy+
at longer distances. The reverse behavior was found to
be true for the AQ*(II) state. That is, at short distances
AO*(II) was found to be %I+ and became !¢ at long
distances. The inner wells in the 07, 1, and 2 states are
results of an avoided crossing. In the outer region the
metal atom was described by the 6s26p configuration,
while in the inner region there was considerable 6s6p?
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states of TIH (reprinted from ref 28; copyright 1988 American
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character, allowing a ¢ bond between 6s of Tl and H 1s.
A number of spectral lines observed by Larsson and
Neuhaus!” were tentatively assigned to the 2-X and
C1(II)-X transitions. The approximate R, and w, values
of the 1(II) state were deduced as 2.9 A’and 140 em™!
(see Table 12).

The merging (crossing) of the 1(II) and 2 curves
(Figure 23) supported the hypothesis of Larsson and
Neuhaus,”? who assigned some of the spectral lines to
the 2 < 0 transition as a result of perturbation with
the 1(II) state. The low-potential maxima were found
in the 2 and 1(II) states.

L. PbH

Watsonl” was the first to observe complex red and
near-infrared bands for PbH. Watson and Simon14%143
assigned these bands to A-X and B < X systems, al-
though the ground state of PbH was then regarded as

237 /2 However, now it is clearly established that the
ground state of PbH is X?II, ». Ger6'™ reassigned the
A and B states to two 227, states although later Kle-

man?3! argued that these sflould be components of a 4T~
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TABLE 13. Spectroscopie Properties of a Few Low-Lying
Bound States of PbH

R, A T,, cm™ we, cm™!
state theory expt theory expt theory expt

X 1/2(D) 1.95 1.84 0.0 0.0 1418 1564
3/2() 1.92 6846 1457

A1l/2() 268 (2.36) 17213 17590 391 500

B3/2an) 244 (2.60) 20341 18030 442 479

9 All theoretical results are from ref 175.
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Figure 24. RCI potential energy curves of four electronic states
of PbH (reprinted from ref 175; copyright 1984 American Chemical
Society). See Table 13 for assignments of known states.

state. Howell*” reported the C < X system in the re-
gion of 26 200 cm™, although these bands have not yet
been fully analyzed.

Balasubramanian and Pitzer!”® made relativistic
SCF/RCI calculations on five electronic states of PbH
employing a double-{ STO basis with 14¢ RECPs for
the lead atom. The calculated RCI spectroscopic con-
stants are summarized in Table 13 and compared with
experimental values when available. Figure 24 shows
the RCI potential energy curves of PbH. The ground
state of PbH was found to be clearly *II, 5, confirming
Howell’s*” reinterpretation of Watson’s spectra 173

The excited A1/ 2(II) and B3 / 2(II) states were found
to be predominantly 27 /2 and ‘23, at near R, distances
of these states. The dlssoc1at10n energy of PbH was
calculated as 1.64 eV,175 in very good agreement with
an experimental value of 1.59 eV32 obtained from the
predissociation in the B state assuming dissociation into
P, + 28,

Chapman et al. 5 calculated the dipole moment of
PbH in the X1, , ground state as 0.937 D employing
a double-¢ STO bas1s set. The dipole moment of the

?T1y,, state was found to be 0.673 D (Pb*H"). The
transition moment curves and the electronic dipole
moment curves of PbH were also obtained and com-
pared with those of SnH (see Figures 14 and 15).

Schwerdtfeger et al.’® have recently studied the
ground states of PbH*, PbH, PbH,, and PbH, using
semiempirical relativistic and nonrelativistic pseudo-
potentials and the CISD method for inclusion of elec-
tron correlation. The calculated R.(PbH) = 1.839 A was
found to be almost in exact agreement with the ex-
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perimental value. The ground state of PbH* was found
to be the 1=+ state, analogous to the ground state of
TIH.

Balasubramanian studied the A;-°B, energy sepa-
rations of GeH,, SnH,, and PbH, in a recent investi-
gation.?!” He found that the geometry of the 3B,(A;)
state changed substantially due to the spin—orbit effects
via mixing of 3B;(A,) with the !A;(A;) ground state.

M. BiH and BiH*

The BiH molecule is one of the most complex and
thoroughly investigated (theoretically) species among
the heavy hydrides.!8%18! Balasubramanian!® in a
preliminary theoretical investigation studied four low-
lying electronic states of BiH. In a subsequent detailed
study!® the spectroscopic constants and potential en-
ergy curves of ten low-lying w—w states and five A\-s
states-of BiH were investigated. BiH is the most com-
plex among the main-group hydrides both because of
the 6s26p® open-shell configuration of the Bi atom and
the large spin—orbit effects. Consequently, there are
many low-lying electronic states for BiH.

The experimental spectroscopic investigations of BiH
date back to the early 1930s.17617® In particular,
Heimer,1’%1"® Khan and Khan,!'¥ Neuhaus,!”” and
Lindgren and Nilsson!® have investigated the electronic
spectra of BiH. These investigations yielded informa-
tiononthe B— X, B — A, D — C, and E < X systems
of BiH. The rotational analyses of the E < X system
were made by Khan and Khan!®” and Lindgren and
Nilsson.!% The abrupt disrupture of the bands in the
E < X system clearly indicated that the E state must
be predissociated; it was hypothesized that a repulsive
L state dissociating into Bi(2Dg/,) + H(2S) should be
responsible for this predissociation. An upper bound
for the D, of BiH ground state was estimated by as-
suming the predissociation of E < X into Bi(%Py,) +
H. From the hyperfine structure of the A state, the
spin—orbit constant of the 3=~ ground state of BiH was
deduced to be 4917 cm™l. Bopegedera et al.33® have
recently recorded diode laser spectra of BiH and BiD.
From the rotational line positions these authors have
getermined the R, value of BiH accurately as 1.80867

The spin—orbit effects were found to be substantial
for BiH, leading to many avoided crossings. As shown
by Balasubramanian,!® these avoided crossings resulted
in shoulders, barriers, multiple minima, and other exotic
features in the potential energy curves of the excited
states of BiH.

The ground state of BiH was found to be a 3Ty state
arising from the 162202172 configuration, where the 2¢
orbital should be the bonding Bi(6p,) + H(1s) orbital,
while the 17 orbital should be a nonbonding Bi 6p or-
bital. Thus, the spin—orbit splitting of the 32~ state
arising from this configuration should be large. Bala-
subramanian carried out SCF /RCI calculations on BiH
employing a STO basis set.18%181 Ramos et al.33 have
also carried out relativistic calculations on a few sixth-
row diatomic hydrides including BiH. However, these
authors obtain a poorer D, for most of these hydrides
since electron correlation effects are not addressed
properly in these much smaller CI expansions.

Table 14 shows the spectroscopic constants of BiH
obtained from the RCI calculations including the
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TABLE 14. Spectroscopic Properties of Low-Lying States
of BiH®

R, A T,, cm™ W,y cm™?
state theory expt theory expt theory expt
X 0% 190 1.81 0.0 00 1619 1636
Al 1.89 179 5737 4917 1630 1669
2 1.89 —— 13469 —_— 1630 —
B 0*(11) 1.88 1.78 26286 21263 1585 1643
2(1T) 258 —— 23450 —_— 1529 —
E 0*(IV) 251 218 38780 32940 1000 1106
83- 188 —— 8013 —_— 1687 —
1A 192 — 16494 —_— 1296 ——
13+ 1.86 —— 25670 —_— 1706 —
I3¥ () 174 — — — 1890 ——
¢ All theoretical values are from ref 180.
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Figure 25. RCI potential energy curves of ten low-lying states

of BiH (reprinted from ref 180; copyright 1986 Academic Press,
Inc.). See Table 14 for assignments of known states.

spin-orbit term. The experimental results are also in-
cluded for some of the states for which there is exper-
imental information. Figure 25 shows the potential
energy curves of BiH including the spin—orbit effects.
Figure 26 shows comparable potential energy curves
without the spin—orbit term. In Figure 26 although the
4S state of the Bi atom (dissociation limit) is not split
by the spin-orbit term, it can interact with 2Dy /2 When
spin-orbit integrals are included. Thus, the limit la-
beled *S;/; + 28, ), (Figure 26) includes spin-orbit in-
tegrals while S + 2S does not include these integrals.

The RCI calculations of Balasubramanian!® enabled
the assignment of the experimentally observed X, A,
B, and E states to the 0%, 1, 0*(II), and 0*(IV) states,
respectively. Among these the 0% and 1 states are type-c
analogues of 323+ and 327 at near-equilibrium geome-
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Figure 26. Potential energy curves of BiH without the spin—orbit
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tries. The 0*(IV) state (E) exhibited avoided crossing
of 3My+(a%0*7) with 1Zt(e?7?) among other avoided
crossings. The 1Z*(s%r?) state would dissociate into
?P(Bi) + 2S(H) atoms in the absence of spin—orbit in-
teractions. The 3II state, however, dissociates into 2D-
(Bi) + 2S(H) and is a repulsive state. The 2P(Bi) state
is much higher than the 2D(Bi) state. Thus these two
states cross in the absence of spin—orbit interactions,
and therefore their 0t components exhibited avoided
crossings.

The repulsive 1(II) state, which dissociates into
ground-state atoms, crosses the 2(II) state close to the
equilibrium bond distance (see Figure 25). The 1(II)
state also crosses with the 07(II) state, but at a con-
siderably longer distance than the R, value of the 0*(II)
state. The 2(II) state is thus predissociated and should
be short-lived. The 0*(II) and 2 states have barriers as
a result of avoided crossings. The 32~ and 3II states,
which dissociate to the Bi(°D) state, cross 1=+, which
dissociates to the 2P state. In the presence of spin—orbit
interactions this led to avoided crossings. Thus 0*(II),
which is predominantly !=*(s27?) at near-equilibrium
geometries, is forced to dissociate into 2D3/2(Bi) +

S,/2(H) as a result of avoided crossings. The barrier
in the 2 state arises from the avoided crossing of the
bound A, with the repulsive °Z; dissociating into the
ground-state atoms.

The 0*+(III) state, which has not been experimentally
characterized yet, is repulsive but at long distance (6.0
bohr) has a shallow minimum. At 3.5 bohr the 0*(III)
state is 73% 3Mg+(o7xd), 18% 'Z&(o?r?), and 4%
334+(e?r?). Thus it is predominantly 3T+ in type-c
coupling. The X(0%) state was found to be 76%
835+(c?7?) and 16% T (o?7?). Thus the 0*(III)
X(0%) transition is a type-c analogue of the 311 « 3%~
transition at the same distance. This transition is an
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allowed case a transition in the perpendicular direction.
Also, mixing of 32y and =% in the 0*(II) state should
contribute to the z component of the transition moment
indirectly since *Ily+ mixes with 1Z¢. For the isoelec-
tronic NH molecule the II(c#3) state is bound and is
observed both in emission and in absorption (A < X)
at 29820 cm™1.32 The theoretical separation of the
0*(III) state with respect to the X(0%) state is about
43895 cm™ at 3.5 bohr.

The experimental E0* < X0* absorption bands
break off abruptly, which was attributed by Lindgren
and Nilsson!®® to the predissociation of the EO* state
caused by the crossing of a repulsive 1 state with the
EO* state at a distance longer than the equilibrium
geometry to cause predissociation in the v = 2 level.
These authors suggested that the most probable can-
didate for this predissociation is the repulsive *Z7 state.
The 1(II) state (Figure 25) is predominantly 527 at
distances longer than 4.5 bohr. Since the predissocia-
tion of the E0* state occurs at about 5 bohr, it is un-
likely that this is caused by the °Z] state. This is be-
cause the 1(II) state is much too low in energy at this
distance to cross the 0*(IV) state. Balasubramanian!®
suggested that the predissociation of the E0* state
should be attributed to crossing of the 1(III) or 1(IV)
curves, which dissociate into 2Dy, + 28, atoms.

The experimental dissociation energy of the BiH
molecule was calculated by using the predissociation of
the v = 2 vibrational band (in the E < X system) of
the EQ* state. It was assumed that this dissociated into
2Dy/; + 28,,, atoms. The 0*(III) state actually disso-
ciates into ?Dj/, + 28, ,, atoms and hence it will keep
the E0*(IV) state higher than the 2Dy, + 25, 5(Bi + H)
atoms at all distances (see Figures 25). Thus the as-
sumption of the predissociation limit of EO* as Bi(2Dg/5)
+ H(%S,/,) atoms should yield a D% 4019 cm™! [éi-
(®D5/2)-Bi(%Ds,,) splitting] higher than the true value.
Consequently, the D, value calculated by extrapolating
the v = 2 band of E0* to 2Dy s2+ 2815 (2.89 eV) should
be corrected to 2.39 eV. The corrected value was found
to be in very good agreement with Balasubramanian’s!®
calculated separation of the minimum of X(0*) with
respect to the energy of X(0%) at 9.0 bohr (2.17 eV).

Balasubramanian!® calculated a high-lying bound !=*
state arising from the 7* electronic configuration. This
state was found to lie about 83160 ¢m™ above the
ground state for the iso-valence-electronic NH.32 The
calculated R, and w, values are shown in Table 14. This
state should be in the far-ultraviolet region by com-
paring with iso-valence-electronic NH. Electronic
spectra of the BiH molecule in the ultraviolet and
far-ultraviolet regions have not been studied at all.

The BiH molecule is one of the most fascinating
candidates to exemplify the important impacts of the
spin—orbit coupling on the electronic states. The nature
of the electronic states of BiH was investigated by an-
alyzing the RCI wave functions. The squares of the
coefficients of the various A-s states in the RCI wave
functions of the electronic states of BiH were collected
and plotted against R. The plots of two very interesting
states, namely, 07(II) (BO*) and 0*(IV) (E0"), are shown
in Figures 27 and 28, respectively. I describe below the
nature of various electronic states of BiH.

The ground state X(0*) was found to be a mixture
of 324+ (76%) and 1Z¢ (16 %) near the equilibrium bond
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Figure 27. CI weights of the 0*(I) BO* state of BiH as a function
of internuclear distance (reprinted from ref 180; copyright 1986
Academic Press, Inc.). '
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distance. At an intermediate distance (6.0 bohr) the
0*(I) state became 54% 3Ty, 12% =%, 14%
335+ (a*?12), 3% 1Z¢(0*2?7?), 6% °Iy+(o%0*7), and 5%
326+(aaa*awxﬁwyﬁ—aﬁa*ﬁwxaw o).

The 0*(II) state (B0*) exhibited an interesting be-
havior (see Figure 27).1% As se¢en from Figure 27, at
near-equilibrium geometries this state is predominantly
135 (710%). The 323+ and ®Tl¢+(on®) configurations ac-
count for 15 and 8% of the weight, respectively. At 6.0
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TABLE 15. Spectroscopic Properties of BiH* ¢

state R, A T,, cm™ w,, cm™! D,, eV
X 1/2( 1.89 0.0 1608 1.05
372D 1.87 11384 1653 1.37
1/2(11) 2.24 17388 801 0.48
3/2(ID 2.37 24 537 504 0.25
g 1.87 9846 1751 2.17

@ All results are from ref 182.

bohr, this state became 39% 3%+ (arising from
oac*arfr,0 and ofo*Br . ar,a), 20% Mg+ (o20*7), 10%
13%(0%7%), 8% °Ug+(a7®), 9% °My+(oa*?7), and 2%
335+(a®7?). At 9.0 bohr it is 67% 326+(aaa*a7r,67ry,8—-
aBo*Bram,a), 5% 1ZH(a?n?), 8% 3Mg+(s%0*), and
10% M g+(ao*?m).

The 1(I) (A1) state of BiH was found to be 88% 3%
and 2% 3T1;. At long distances the 5Z;(co*x?) made a
substantial contribution. At 6.0 bohr the 1 state was
found to be 46% 327, 18% 327, 8% 31,(s7%), and 13%
331(c**7?). The 2 state was found to be 90% A, near
the equilibrium distance, while at 6.0 bohr it became
54% °Z3, 7% Ay, 4% °M,y(c%c*7), and 12% 3T1,(on?).
Thus *2; dominated at long distances, which explains
the barrier in this state. The 2(II) state exhibited an
opposite behavior. It was found to be 40% 3%; and 44%
$T,(om®) at 4.25 bohr. At 4.5 bohr it was found to be
50% °Z; and 35% 3I1,. The second avoided crossing
arises from the crossing of 1A with 52~. At 6.0 bohr the
32(II) state was found to be 55% 1A,, 23% °Z; and 0.7%

10,

The 0 state was found to be 54% °Iy-(c20*7), 28%
535-(aa*m?), 9% 3Z¢(ao*7?), and 4% 3T-(co*?r) at 4.0
bohr. At 6.0 bohr it became 62% °Z-(so*7?), 12%
Mg-(a20*7), 15% 3Z¢(so*n?), and 9% I (oo*?r).
Thus the 0~ state exhibited not only an avoided crossing
but also a large spin-orbit contamination at long dis-
tances.

The 0*(III) and 0*(IV) (E0") states exhibited several
interesting relativistic avoided crossings. The CI weight
of the 0*(IV) state is shown in Figure 28. At 3.5 bohr
the 0*(III) state was found to be 73% 3Mg+(o7%), 13%
13%.(6?7%) and 4% 32g+(o%r?). However, at 4.0 bohr it
became 73% M y+(o%c*7), 16% 1Z¢(o%7?), and 1%
$Ty+(o7®). Thus at this distance the 0*(III) state ex-
hibited an avoided crossing of 3I1g+(a%a*7) with 3TIys-
(s7%). This results in the first shoulder in the potential
energy curve of 0¥(III) in Figure 25. At 4.0 bohr 0*(IV)
was predominantly ®Iy+(c?c*7), and at 4.25 bohr it
became predominantly ®I+(e73). At 5.0 bohr the
0*(III) state was found to be 84% 32 (cac*am B, B-
ofo*frarya), 6.4% $Tg+(a7®), and 3% 3Zj(a?n?).

Thus at 5.0 bohr the 0*(III) curve has a second
shoulder as a result of the avoided crossing of repulsive
33 5+(go*7?) with T1g+(a%0* 7). At 6.0 bohr the 0*(III)
has a shallow minimum, and at this distance it is 42%
835+ (ga*m?), 12% 3Z5+(a?7?), 15% 3+ (on3), and 11%
8T1y+(c%0* ). The experimentally observed EO* exhibits
several avoided crossings (see Figure 25).

Although the BiH* ion has not been investigated
experimentally at all, the spectroscopic constants and
the potential energy curves of many electronic states
of the ion were obtained by Balasubramanian.!82 The
SCF/RCI calculations of Balasubramanian®® revealed
the existence of eight low-lying w—w states and five A-s
states of BiH*. The ionization potential of BiH was
calculated by the RCI method to be 8.1 eV.
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of BiH* (reprinted from ref 182; copyright 1986 American
Chemical Society).

Table 15 shows the RCI spectroscopic constants of
the BiH* ion. Figure 29 shows the RCI potential energy
curves of BiH*. Since the ground state of the neutral
BiH molecule is 327(0") arising from 102202172, the
ionization of the highest occupied nonbonding 17 or-
bital of BiH should lead to a 2II, , ground state for BiH*
arising from the 16220217 configuration. The removal
of one of the 20 electrons should result in a large array
of states arising from the 16220172 configuration (*Z-,
27,237,234, ete.). All these states were investigated by
Balasubramanian.1?

The ionization potential of the Bi atom was also
calculated by Balasubramanian!® as 6.98 eV, in very
good agreement with an experimental value of 7.29
eV.3% Further using the asymptotic separations of
X(1/2)-3/2,1/2-5/2, and 1/2-5/2(II) states, Balasu-
bramanian!® calculated the °Py-°P,, 3PP, and
8P,-1D, splittings of the Bi* ion as 13937, 19138, and
36038 cm™, respectively. These values were found to
be in very good agreement with the corresponding ex-
perimental values3® of 13324, 17030, and 33939 cm™?,
respectively.

The D, of BiH* was calculated as 1.05 eV.182 This
is much smaller than the D, value of the 0% state of BiH,
which was calculated as 2.2 eV.!® Since the 7 orbital
of BiH is essentially nonbonding, it was expected that
the ionization of the = shell should not alter the D,
value too much. Thus the difference in the D, s of BiH
and BiH* was puzzling. However, at dissociation limits
the spin—orbit stabilizations of the electronic states of
the neutral atom and ion are substantially different.
The Bi neutral atom has a *S ground state that cannot
be split by spin-orbit interaction but is lowered by
0.03266 hartree. The Bi* ion has a 3P l-s state that is
split apart into 3Py, °P;, and °P,. Balasubramanian’s
calculations!® indicated that the 3P, state is 0.0859
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hartree lower than ®P. Thus the 3P, state of Bit is
lowered considerably in comparison to Bi as well as
BiH*. This appears to be the reason for the lower D,
for BiH* (since Bi* is more stabilized by spin—orbit
interaction than BiH*). This is further justified if one
compares the D, value of the 32~ state of BiH with that
of the 211 state of BiH* calculated without spin-orbit
integrals. The D, value of 32 is 2.06 eV in comparison
to the 211 state of BiH™*, which is 2.17 eV. Thus it is
clear that the spin—orbit interaction reduces the D, of
BiH*.

IV. Speciroscopic Propertles and Potential
Energy Curves of Heavy Halides

The interest!8-232 in heavy metal and other halides
arises from a number of reasons, one of which is that
many of the halides such as MF, MC], etc. are generated
in chemiluminescent reactions of the following type:

M + X, > MX* + X

Some of the heavier halides have been investigated by
Parson and co-workers?!4 recently. In the chemilumi-
nescent reactions of M + X,, the MX, triatomic (C,,)
is generated, which eventually forms MX* in the ex-
cited state. The excited MX chemiluminesces, emitting
photons. Thus many of the heavy main-block halides
and chalconides have been investigated as candidates
for chemical lasers.

The photoionization of nonvolatile materials such as
thallous halides has been the topic of many investiga-
tions.!85191 Berkowitz and Chupka!® have examined
the ion-pair processes in thallous halides and the
high-energy processes that ionize the molecule. The
electronic spectra of some of these species are not
completely understood due to the complexities of the
electronic states. The potential energy curves of these
species exhibit peculiar shapes such as barriers.

There are many recent experimental investiga-
tions318-328 on group IIIA halides, and in particular InCL
In the most recent investigation on InCl, Hoeft and
Nair3!8 obtained the rotational spectra of InCl. From
these data, the vibrational constants and Dunham po-
tential constants are derived for InCl.

Glenewinkel-Meyer et al.3* have studied the emission
spectra of ten group IIIA monohalide ions, MX* (M =
B, Al, Ga, In; X = F, C], Br) in the visible and near-UV
regions. The emission spectra of all these species were
obtained through the following chemiluminescent re-
action:

M* + X, - MX** + X

On the basis of the observed spectra, these authors
concluded that the excited states of these ions are
considerably displaced compared to the ground states.
For six of the ten species studied, these authors ob-
served narrow-band systems which they assigned to
CI1-X22*. The narrow features that accompanied this
system for GaCl*, GaBr*, and InBr* were attributed
to D2Z*-X2Z* transitions. All these results were com-
pared with existing ab initio calculations on AIF+*.3%
The potential energy curves of the X0%, A0*, and Bl
states of the Inl diatomic have been recently con-

structed from experimental data and rotational analy-
seg,327-329
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TABLE 16. Calculated Spectroscopic Properties of
Low-Lying Bound States of TIF and Available
Experimental Values®

R, A T, cm™! we, cm’!

state theory expt theory expt theory expt
X 0*(D) 2.04 2.08 0 0 592 477
A 0*(ID) 2.12 2.05 40462 35186 462 436
0~(I) 2.10 — 40891 —_— 345 —_—
B 1(I) 2.12 2.08 42612 36863 326 366
C 1(am 2.69 —— 45164 45546 396 346
2() 2.10 — 46245 _ 340 —_—
2(1I) 2.92 — 49700 —_— 264 —_—
0~(11) 2.90 — 50053 —_— 279 —_—

3 All theoretical results are from ref 198.

Although there are many experimental investigations
on halides such as GeF, GeCl, SnF, etc., we have re-
stricted the present review to those heavy halides that
have been investigated theoretically also so that com-
parison between theory and experiment is possible.
Since at present theoretical calculations are available
only on TIF, PbF, BiF, PbCl], and SnCl, our review of
this topic is restricted to these five species. The em-
phasis is on the spectral properties, potential energy
curves, and discussion of agreements and differences
between theory and experiment.

A. TIF

The spectroscopic investigations on TIF include those
of Boizova and Butkow,% Howell,!* and Barrow and
co-workers.192 These investigations have revealed the
existence of three excited states of TIF, *II+, °I1;, and
IT,, in addition to the closed-shell !=¢: ground state.
The rotational analyses of the A-X and B-X systems
have also been carried out. The microwave spectra, the
Stark-Zeeman spectra, and the rotational spectra of
TIF have also been obtained.1%%1%

The photoionization studies of the vapors of thallous
halides have been considered by Trenin and co-work-
ers!83184 and Berkowitz and Chupka.!85 The vaporiza-
tion reactions of thallous halides have been investigated
by Cubicciotti.!® The dimeric and tetrameric species
of thallous halides have been detected in the vapor
phase. The infrared spectra and the structure of ma-
trix-isolated TLF, and T1,Cl, species have been inves-
tigated by Brom and Fransen.!® These authors pro-
posed a linear structure for TL,F, (F-TI-TI-F).

Murad, Hildenbrand, and Mainl¥® calculated the
dissociation energies of group IIIA halides using high-
temperature mass spectroscopic methods. On the basis
of the fact that the thermodynamic D,s are lower than
the spectroscopically derived D,s for TIF, these authors
suggested that there should be barriers in the excited
potential energy curves of TIF. This was also supported
by the photoionization mass spectroscopic investigation
of Berkowitz and Walter,'®! who examined TIF, TIC],
and TIBr. The threshold for the formation of T1* was
used to calculate the D, s of these species in this method.

Balasubramanian!% carried out SCF/RCI calcula-
tions on nine low-lying w—w states and the correspond-
ing A\-s states of T1F. The spectroscopic properties and
the potential energy curves of these states were calcu-
lated. Table 16 shows the spectroscopic constants of
TIF obtained by Balasubramanian!® and the experi-
mental data when available. Figures 30 and 31 show
the theoretical potential energy curves!®® of the low-
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Figure 30. Potential energy curves of some low-lying states of
TIF (reprinted from ref 198; copyright 1985 American Institute
of Physics). See Table 16 for assignments of known states.

lying electronic states of TIF.

The ground state of TIF arises from the 1622623521 7*
configuration where the 1¢ and 2¢ orbitals arise from
T1(6s) and F(2s), while the 3o orbital is a mixture of
TI1(6p,) with F(2p,). The 1= orbital is predominantly
F(2p). Thus the 27 orbital is predominantly the T1(6p)
nonbonding orbital. The low-lying excited electronic
states of TIF arise from the 1¢?2¢23¢!17*27x! configu-
ration, which leads to w—w states of the 311 and I states.

As seen in Table 16, theoretical calculations con-
firmed the earlier assignment of the X, A, and B states
of TIF to 0%, 0*(II), and 1(°I1,) states, respectively. The
1(II) state in Table 16 is the C state in the C — X(0%)
emission system.

Absorption continua in the region of 45400 cm™ and
above 50000 cm™ were assigned to the 07(IV) state,
which was found to be predominantly !=*(II)y+ arising
from o?m37*, which was mixed significantly with
a?m37*(323). There are also several 1 states arising
from o?m®r* configurations. These states could also be
attributed to those continua of bands in the region
above 50000 cm™.

In the ®TI+-X system no bands higher than v’ = 3 for
311+ [0*(II)] were observed. Howell'® postulated the
existence of a repulsive state that crosses with 311+ and
311, so as to produce predissociation in both *IIy+ and
3[1,. As seen from Figure 30, the 3IL;- [i.e., 0°(I)] crosses
with 0*(II) and 1 (the crossing with 0*(II) is at a shorter
distance in comparison to the crossing with the 1 state).
Thus the 07(I) state may be responsible for the pre-
dissociation in %II,. However, predissociation via a
tunneling mechanism through the small barrier or via
rotationally induced coupling to B®II; should not be
ruled out. Howell’s!* observed spectra showed the
continuum to be of lower intensity in comparison to the
bands in these systems.

Rao and Rao'® reported band spectra of TIF in the
28 500-29 500-cm™! region that were abruptly cut off.

Balasubramanian

Energy -={Hartress)
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Figure 31. Potential energy curves of the excited states of TIF
(reprinted from ref 198; copyright 1985 American Institute of
Physics). See Table 16 for assignments of known states.

The vibrational frequency of the upper state calculated
by these authors was about 194 cm™, suggesting that
this is a shallow minimum. This was attributed to a
possible long-distance shallow minimum by Balasu-
bramanian.®®

The existence of maxima in the potential energy
curves of the excited II states of TIF was predicted by
many authors.19%191 This prediction was based on the
higher spectroscopic dissociation energies obtained from
Birge-Sponer extrapolation of the excited II states.
The spectroscopic dissociation energies for these mol-
ecules were thus higher than the thermochemical values.
As seen in Figures 30 and 31, the excited II states,
0*(II), 07, 1, 2, and 1(I), and the 0~(II), 0*(III), and 2(II)
states have maxima in their potential curves. These
states are bound but their dissociation limits are way
down, and thus they have to go through maxima.

Howell'®* misassigned the A and B states of TIF to
811+ and ®11, arising from the o%z3¢* configuration.
Balasubramanian’s!®® SCF calculations indicated that
the o* orbital is very highly antibonding while the #*
orbital is the nonbonding thallium 6p orbital. The CI
calculations confirmed that the 3II state arising from
o?w3g* is much higher in energy in comparison to °I1
arising from the om*r* configuration. Thus the A0* and
B1 states are 3+ and 3II,, arising from the gmir*
configuration. On the basis of the electronic properties
of isoelectronic BF and AlIF molecules, Murad, Hilde-
brand, and Main!¥® correctly concluded that the low-
est-lying 311 and 11 states should arise from the gm#r*
configuration.

The theoretical dissociation energy for the 0*(I) state
of 3.86 eV was found to be in reasonable agreement
with the photoionization mass spectrometric value of
Berkowitz and Walter (4.57 eV).1%

B. PbF

The early investigations (1930s)2%%%1 of the band
spectrum of PbF showed conflicting evidence on the
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TABLE 17. Calculated and Available Experimental Spectroscopic Properties of PbF¢

R, A T,, cm™ we, cm! D, eV

state theory expt theory expt theory expt theory expt
X210, 51/ 2(1) 2.08 2.06 0 0 540 503 3.75 3.69 # 0.09
X22H3/23/2(I) 2.06 2.03 7895 8264 547 520 2.78 —_
Az} ,1/2(1ID) 2.13 2.16 24510 22557 502 [395]° 0.78 —
433 3’3/2(11) 2.53 —_ 34 440 —_ 267 —_ 0.38 —_
Bzfl/z” 1.99 1.98 35941 35664 724 606 —_— —_
421 2.37 — 35998 — 239 — 0.28 —
mn 2.07 —_— 5168 —_— 553 —_— 4.43 —_—
23+ 2.16 —_ 24218 —_ 487 —_ 2.09 —_

aThe theoretical results are from ref 208. ® The spectroscopic properties of the B2}, (Rydberg) state were calculated with an extended
triple-¢ s and p basis for the lead atom and a comparison calculation for the ground state. See text for discussion. °Experimental value is

uncertain.

ground state of PbF. The electronic spectra of PbF did
not show the typical doublet-type structures of the
lighter analogues of that group such as SnF. Thus the
early assignments of the observed spectra were very
difficult. The spin—orbit splitting of the lead atom is
so large that the ground state of PbF was found to be
split apart by 8000 cm™. The absorption spectra of PbF
were studied by Morgan?® and Rochester.’! A part of
the earlier analysis of the spectra of PbF was incorrect
as shown by Barrow and co-workers?? in a later in-
vestigation. The electronic spectra of PbF exhibited
A-doubling due to the large spin—orbit coupling. Lum-
ley and Barrow?® carried out the rotational analyses of
the observed B-X,, B-X;, and A-X, systems. The
assignments of the A and B states remained uncertain.
The other experimental works on PbF are contained in
refs 203, 204, 206, and 207. Mélen and Dubois33! have
assigned 39 unattributed electronic states of GeX, SnX,
and PbX (X = F, C], Br, I) to Rydberg configurations.
Ionization potentials and quantum defects have been
derived. '

Balasubramanian®® carried out SCF/RCI calcula-
tions on six w-w states and five \-s states of PbF.
These calculations enabled the assignment of the ob-
served X;, X,, A, and B states. In addition, the spec-
troscopic properties of some of states of PbF that have
not been observed to date were calculated.

Table 17 shows the theoretical and experimental
spectroscopic constants of PbF. Figure 32 shows the
SCF/RCI potential energy curves of PbF with and
without the spin-orbit coupling term. As seen from
Table 17, the spin-orbit splitting of the 2II, /,-2I,/,
states was calculated as 7895 cm™ ?® in comparison to
an experimental value of 8264 cm™.32 The calculated
properties of the ground state are also in excellent
agreement with experiment.

The A state observed in the A-X; system was as-
signed to the 227, state arising from the ¢2c*7* con-
figuration. The calculated T, and R, values of this state
confirmed this assignment. The properties of the 4=; /2
and ‘27, states are shown in Table 17. It seems that
these states have not yet been observed experimentally.

Lumley and Barrow?% discussed the possible assign-
ments of the B state observed in the B-X, and B-X;
systems. These possibilities included B to be the lowest
Rydberg 2Z* state, “=", or 2I1; 5. The R, of *Z7, is larger
than the R, of the ground state (Table 17). The ex-
perimentally observed B state has an R, smaller than
the R, of the ground state. The calculated w, of the
431/, state (239 em™) is quite different from the w, of
the B state (606 cm™). The separation of *II(o2x37*2)
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Figure 32. Potential energy curves of low-lying electronic states
of PbF (reprinted from ref 208; copyright 1985 American Institute

of Physics). See Table 17 for assignments of known states.

from X211 at 4.0 bohr was calculated as 42 227 ¢cm™12%8
and 2TI(o%r%7*%) would thus even be higher. Balasu-
bramanian®® calculated the properties of the first
Rydberg state (*Z{),) arising from the o%og7* configu-
ration with a triple-{ Pb s and p basis set. The T, value
calculated for this Rydberg state agreed with the ex-
perimental value. Thus the B state was assigned to a
#2*,/2 Rydberg state.

C. BIF

The BiF molecule appears to be the most studied
among the p-block sixth-row fluorides. There are some
18 references on this topic to date.?1522 The first
spectrum of BiF was recorded in emission by Howell,?15
while Morgan?!€ studied BiF in absorption. The A-X
emission system observed by Howell?!® was studied by
many authors subsequently.21’222 Kuijpers and Dy-
namus??® obtained the rotational constants of the
ground state of BiF through the millimeter wave
spectrum of BiF.
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TABLE 18. Spectroscopic Properties of BiF°
R, A T,, cm™
state theory expt theory expt

w,, cm!

theory expt

Xo* 2.087  2.052 0 0 502 511
1 207 — 7280 9216 501 535
2 2075 —— 1459 —_ 511 —
Ao*(I) 2076 2.15 25931 22960 467 381
33- 2.068 — 9441 —_ 514 —
1A 2.06 — 18247 —_— 496 —_—
13+ 2.06 — 23544 —_ 537 —_—

a All theoretical results are from ref 232.

Balasubramanian?3 carried out SCF/RCI calcula-
tions employing a double-{ basis set on the low-lying
electronic states of BiF. The theoretical calculations
were not consistent with Jones and McLean’s?*° sug-
gestion of a 0% excited state in the 9216-cm™ region.
Further, theoretical calculations on BiF indicated that
the bands observed by Avasthi, 226 Chakko and Patel,??®
and Murthy et al.??” in the 5800-6600-A region were
misassigned by these authors. The correct assignments
of these bands were made by Balasubramanian.23?

The rotational analyses of the A-X and B-X systems
were done by Jones and McLean,?®° who pointed out
the difficulties in the rotational analyses as a result of
predissociation and perturbation of the levels arising
from the interaction of two 0% states in this region.
These authors attempted to assign the bands in the
5800~6000-A region by comparing the BiF molecule
with the isoelectronic well-characterized SbF molecule.
They suggested the existence of a b0* state about 9216
cm™! above the ground state which was designated as
Xo0*.

Table 18 shows the theoretical?®? and known exper-
imental spectroscopic properties of the low-lying states
of BiF. Figure 33 shows the theoretical potential energy
curves of BiF.232 The properties of the 3%, 1A, and 1=+
A\-s states calculated without the spin-orbit term are
also reported in Table 18. The X0* ground state was
found to be a mixture of 323 and 1=¢: states, whereas
the 1(I) state was found to be the 1 component of the
33- state. The 2 state was predominantly !A, at near-
equilibrium geometries while the 0*(II) state was found
to be a mixture of 1=%, 32~ and 3T (c2c*xir*), with the
13+ state making a predominant contribution. The
vibrational frequency of the 0*(II) state was found to
be considerably influenced by avoided crossings.

The second 0t state (0*(II)) was found to be about
25900 cm™ above the ground state, and no excited state
of 0% symmetry was found below this state. Thus the
assignment of the b state to 0* by Jones and McLean?®
as well as Chakko and Patel,?2® who designate the b
state by the X state, was shown to be incorrect.?2 The
experimental b or X, state was found to be 9216 cm™!
above the ground state. The only state with a T, value
in this region is the 1(I) state (Table 18). The electronic
bands around 6600 A observed by Avasthi??®® and the
electronic bands around 6200 A observed by Murthy et
al.2?" were assigned to the A’-X,(2) and A;-X,(2)
transitions, where the X, state was assumed to be a 2
state above the ground state. Jones and McLean??
called this the a(2) state with a T, value of about 6000
cm™l. The theoretical calculations revealed that there
is no such state (Table 18). Balasubramanian?®? sug-
gested, based on the calculated properties of low-lying
states of BiF, that the electronic bands observed by

Balasubramanian
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Figure 33. Potential energy curves of BiF (reprinted from ref
232; copyright 1986 Elsevier Science Publishers B.V.). See Table
18 for assignments of known states.

Avasthi, 226 Murthy et al.,??” and Chakko and Patel?%
may all be due to the same electronic transition.

Jones and McLean?® designated the 0% and 1 states
arising from 32~ (¢m*7*?) as the X, and X, states, while
the 1A, state was designated a; the b state was assigned
to 1Z*(b0*) arising from the electronic configuration
a?m*r*2. The experimentally observed b state is 9216
cm™! above the ground state. Balasubramanian’s?3?
calculations indicated that the !Z*(0%) (0*(II)) state was
25900 cm™ above the ground state. The bands ob-
served by Chakko and Patel?® as well as Murthy et al.2%"
in this region were assigned to the 0*(II) — 1 transition
by Balasubramanian.?? The difference in the calcu-
lated T, values of these two states (18650 cm™) was
found to be in good agreement with an experimental
value of 16570 cm™.22 Thus the lowest excited elec-
tronic state above the ground state is a 1 state and is
7280 cm™! above the ground state. Consequently, Ba-
lasubramanian®? showed that the hypothesis of an X,
state (a2) below this state is false. The experimentally
observed A state in the A-X system was assigned to the
0*(II)-0*(I) transition. The A state was found to be a
mixture of 1Z*(a2r*r*2) and 3T (c?rix*?).

Theoretical calculations supported the existence of
a B state very close to the A0*(II) state that perturbed
the bands in the A-X system, making rotational anal-
ysis of this system difficult. The 0*(II) state was found
to exhibit an avoided crossing within a bohr from its
equilibrium geometry. This avoided crossing resulted
from the crossing of a 3II(s2c*m37*2) state with
13+(g2747*2), Thus the theoretical and experimental
R, and w, values of the A state are not in very good
agreement. It seems that a more accurate rotational
analysis of the A state should be pursued.

The theoretical D, value of BiF was found to be about
2.63 V.82 An upper limit for the D, of 3.63 eV for the
ground state was obtained by Jones and McLean?® by
extrapolating the v’ = 6 vibrational level to the pre-
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dissociation limit of the A state. Gaydon?3! reported
a D, value of 2.65 £ 0.3 eV for BiF. This value was
found to be in more reasonable agreement with the
theoretically calculated value of 2.63 eV.%32

The excited states of BiF exhibited avoided cross-
ings.?32 As seen from Figure 33, the 2 and 0*(II) curves
contain barriers that are due to these avoided crossings.
The potential energy curve of the 2 state also contains
a second shallow minimum.

These features in the potential energy curves of BiF
are best understood by considering the weights of
various A—s states in the RCI wave function of BiF as
a function of distance.

The highest occupied ¢ orbital of BiF was found to
be a bonding orbital of Bi 6s,6p, and F 2p,, with F 2p,
making the dominant contribution. The occupied 7
orbital was found to be mostly on the fluorine atom.
The 7* orbital was predominantly on the Bi atom but
the fluorine p orbitals made a nonnegligible contribu-
tion. The contribution of the spin—orbit interaction to
the electronic states arising from the lowest o?r4r*?
electronic configuration should thus be quite high, since
the 7* orbital is predominantly on Bi.

At 4.25 bohr, the RCI wave function of the 0*(I) state
consisted of 66% 32, 20% =%, and 5.5% °II. At longer
distances, contributions from 32 (co*x*r*2?) and 3%~
(o*27*7*?) became important. The 0*(II) (A) state
consisted of 23% 32", 58% 1Z%, 5% 3II(s2c*x*x*), and
2% 3T (en*r*3) at 4.0 bohr. On the contrary, at 5.0 bohr
the 0%(II) state was found to be 18% 2%, 12% 32", 14%
(cZo*m37*2), 18% °TI(o2o*nin*), and 9% 32 (a2o*min*2).
At 5.5 bohr, this state became predominantly ¢2g*737*2.
The 2 state was 79% A, and 5% °I,(c%c*x7*) at 4.0
bohr. However, at 6.0 bohr it became 8% 1A,, 3%
I, (a%c*win*), 17% S (on*n*3), 52% 5Z;(co*winr*?),
and 8% lA(so*m*r*?), and at longer distances, °Z;
dominated. The barrier and the second minimum in
the 2 state were attributed to this avoided crossing.

D. PbCl

The electronic spectroscopy of lead halides has been
the topic of a number of investigations for many
years.200:201,205,206.233-237 Analogous to the spectra of PbH,
the band spectra of lead halides showed conflicting
evidence for the nature of the ground state since these
spectra did not exhibit doublet character typical of the
lighter analogues.

The absorption spectrum was studied by Morgan,2®
who assigned the observed spectra to the A « X, sys-
tem. The vibrational analysis of this system yielded the
w, and T, values for the A state. Rochester?! studied
the band spectrum of PbCl, which facilitated the cal-
culation of the vibrational frequencies of both the X;
and A states.

The B-X, system in the ultraviolet region was first
observed by Wieland and Newburgh,??® although the
bands were diffuse and predissociated. These authors
extrapolated these bands to predict the D, of PbCl as
3.05 and 3.40 eV, where the latter value was considered
somewhat improbable by these authors.?® Rao and
Rao?3 carried out the rotational analysis of four bands
designated by these authors as (4,0), (6,0), (1,1), and
(3,1). The rotational constants obtained from this
analysis, however, were inconsistent with the theoretical
calculations of Balasubramanian,?® which suggested
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TABLE 19. Spectroscopic Properties of PbCI°

R, A T,, cm™ w,, cm’!
state  theory expt theory expt theory expt
XPM, 261 — 0 0 304 304
A2z? 2.84 — 22916 21865 220 229
3/2(fI) 2.97 — 29915 —_ 199 —_—
M1 2.59 —_— 5640 —_— 313 —_—

9 All theoretical results are from ref 238.
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Figure 34. Potential energy curves of low-lying electronic states
of PbCI (reprinted from ref 238; copyright 1988 Academic Press,
Inc.). See Table 19 for assignments of known states.

that a revised rotational analysis was necessary for
PbCl. The electron impact study of PbCl, provided the
ionization potential and electron affinity for PbCl.2%
Cordes and Gehrke?* carried out the revised vibrational
analysis for the B-X,; system.

Balasubramanian?® carried out the first SCF/RCI
calculations on six low-lying w—w states and five A\-s
states (%I1, 23+, 2A, 437, 4II) of PbCl. The spectroscopic
constants and the potential energy curves of these states
were calculated.

Table 19 shows the theoretical spectroscopic prop-
erties of bound low-lying states of PbCl and the cor-
responding available experimental values. Figure 34
shows the potential energy curves of the low-lying
electronic states of PbCl.

As seen from Table 19, the vibrational frequencies
(w,) of the low-lying bound electronic states are in ex-
cellent agreement with the known experimental values
for the X;, X,, and A states. The ground-state spin—
orbit splitting of 8473 cm™ was found to be in excellent
agreement with an experimental value of 8272 ¢cm™.32

An unambiguous assignment of the A state observed
in the A-X, system was not possible since many elec-
tromc states could be candidates for the A state. The

state  could be ¥ o(10%20230%4 0174,
21/0(16220%3017%27?), or (10220230114212).
asubramaman s theoretical calculatlons238 revealed

that the 42~ and 2Z* electronic states arising from
162202301 7%272 are not very strongly bound. The only
probable electronic state in the A-X; region was found
to be the 2Z}), state arising from the 1622¢%30%4017*
conﬁguratlon The A-X, system was thus assigned by
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Balasubramanian®® to the 227,,-*I1, , transition.

Although Table 19 does not report the properties of
the 1/2(III) state, Balasubramanian’s theoretical cal-
culations?® indicated the existence of a 1/2(III) state
(predominantly *7 /2(1022023011r4212) 200 cm™! below
the 423, state. The B-X system observed in the ul-
traviolet region was found to be analogous to the B-X
system of PbF (see section IV.B). The T, value of the
B state of PbF was calculated to be about 35941 cm™,23
which agreed well with an experimental value of 35664
c¢m 132 The B-X system of PbCl was observed in the
same (35199 cm™) region as PbF. On the basis of the
earlier calculations on PDbF,2%® Balasubramanian?3®
concluded that the B state of PbCl also should be a
Rydberg state arising from the 162202302501 7* config-
uration.

The tentative rotational analysis of the bands in the
A-X, system made by Rao and Rao®® was found to be
incorrect by Balasubramanian.?®® Rao and Rao?3 re-
ported R, values obtained from the rotational analysis
for the X, and A states as 2.195 and 2.338 A, respec-
tively. However, as seen from Table 19, the theoretical
equilibrium bond lengths of the X; and A states are
much longer; for the X, state there is a difference of
about 0.41 A between the value reported by Rao and
Rao?® and the theoretical results. Huber and Herz-
berg® considered the results of Rao and Rao?® as only
tentative and did not report their results for R,. Ac-
curate experimental results are available for the iso-
electronic (SnF, SnCl) as well as (SiF, SiCl) pairs.3?
Balasubramanian?®? compared the bond lengths of the
found states of SnF (1.944 A), SnCl (2.361 A), SiF (1.60

, and SiCl (2.06 A), which suggested a difference of
about 0.42-0.46 A between the bond lengths of fluorides
and chlorides. Since the bond length of PbF was es-
tablished by both theoretical?®® and experimental in-
vestigations®? to be about 2.06 A, the 22, value of the
ground state of PbCl should be at least 2.52 A, elimi-
nating the 2.19 A value reported by Rao and Rao.2%
Further, the bond length of PbCl should be longer than
the corresponding value for SnCl (2.36 A). Thus it was
concluded by Balasubramanian that the correct R,
value of the ground state of PbCl should be at least 2.45
A, suggesting that a revised rotational analysis of the
A-X bands should be carried out.

The D, of PbCl was calculated by Balasubramanian®3
as 2.72 eV. The experimental D, value of 3.0 eV was
calculated by extrapolating the B-X bands since these
bands were predissociated.3? On the basis of the the-
oretical results of Balasubramanian,?® it was predicted
that the D, of PbCl should be <3.0 eV.

The X,(1/2) ground state of PbCl at its equilibrium
geometry was found to be 91% 2II, 5(16226%30*17427)
and 2% 227/5(16%2030240'7*). The X,(3/2) state was
found to be predominantly %I/, at the equilibrium
geometry, while the 3/2(II) state was found to be 78%
425/2, 4% 2H3/2, 2.5% 425/2(10'220'240'11742#2), and 4%
™3/9(16%20%30401727). At long distances, the 3/2(IT)
state was found to exhibit an avoided crossin%; at 6.0
bohr the 3/2(II) state was 76% (16%20230217327% 4Tl
2H3{2, 2A3/2), 9% (1¢%202%3017%272), and 3%
(1622023021 7427). The A state (1/2(II)) was found to

be 80% 237,(16220%30%4017?), 5% 2H1/2-
(16220230%17427), and 2%  2Z7,(Rydberg;

10%20230%5017%) at its equilibrium geometry. At 6.0

Balasubramanian

TABLE 20. Spectroscopic Properties of SnCl°

R, A T,, cm! we, cm!

D,, eV

state theory expt theory expt theory expt theory
XM, 2479 2361 0 0 361 357 334
XM, 2477 2356 2769 2357 360 364 299
Bl 2479 — 1607 -— 359 — 314
A/2z{/2 2.62 2.619 20956 19418 259 232 —
23+ 262 —— 20773 — 259 — —
A‘E{/2 250 —— 25864 28963 308 301 —
o 249 —— 25092 — 308 — —

3Theoretical values are from ref 249,

bohr, this state was 66% 2Z}/4(106220%30%4017*), 6%
10, /5(16%20%3¢%17*27), and 7% 421/2(10220230114212).

’I/he 1/2(III) state exhibited an avoided crossing of
Rydberg 227/, with 427 ,. At short distance (3.50-4.00
bohr) it was found to be the Rydberg state arising from
221'/2(10220230250114), while at 5.00 bohr the 1/2(III)
state consisted of 63% 10220%17*30a27%(3Z;), 16%
162202174308 27%(327), 3% 221+/2(1022a23024017r4), and
8% 221'/2(102202301114212).

E. SnCl

The electronic spectra of SnCl were observed by Je-
vons?® and Ferguson®® in the late 1920s and later by
Fowler.! Sarma and Venkateswarlu?*? identified a
band system in the 6440-4880-A region and assigned
the bands observed by Ferguson?? and by Jevons®® to
the 2A-2II and 22-2I1 systems. Hastie et al., 243 Older-
shaw and Robinson,?** and Richter?® studied the ab-
sorption spectrum of SnCl in the UV region. The vi-
brat;;)snal analyses of the C-X systems have been carried
out.

Chatalic et al.%6 carried out the rotational analysis
of the B-X and A-X bands and questioned the earlier
assignment of the systems in the 28 000-cm™ region to
the 2A-?I1 transition. They reassigned these bands to
the 8/2 and 1/2 Q components of the 221 system.
The other experimental work on SnCl is in ref 247.
Mulliken?® in his general theoretical paper on electronic
states and band spectra of diatomics interpreted the
bands observed by Jevons®® as due to the 25-2P, , at-
omic transition of Sn*.

Balasubramanian?® carried out SCF/RCI calcula-
tions employing a double-{ STO basis set for the Sn and
Cl atoms. Spectroscopic properties and potential energy
curves of seven electronic states of SnCl were obtained.

Table 20 shows the theoretical spectroscopic con-
stants of SnCl compared with available experimental
results. Figure 35 shows the actual potential energy
curves of the low-lying electronic states of SnCl. The
experimental T, value of the A’ state (19418 ¢cm™) was
found to be in very good agreement with the theoretical
T, value of the 227, state (20956 cm™). This combined
with the good agreement between the calculated and
experimental R, and w, values enabled the assignment
of the A’ state to a 22}, state.

The electronic state (A) in the A < X system was
first assigned to a 2A state. Later Chatalic et al.26
reinterpreted the observed bands in the A-X system
as due to the Q components of a =~ state (3/2, 1/2).
The theoretical results in Table 20 support Chatalic et
al.’s reinterpretation of the A state. The B state in the
B-X system was again assigned to a 22f/2 Rydberg state
based on comparison with PbCl.
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Figure 35. Potential energy curves for SnCl (reprinted from ref
249; copyright 1988 Academic Press, Inc.). See Table 20 for
assignments of known states.

The theoretical dissociation energy (D,) of SnCl was
calculated as 3.34 eV. There are no experimental D,’s
available for SnCl. Balasubramanian®® predicted that
the experimental D, of SnCl should be 3.7-3.9 eV.

At the equilibrium geometry, the ground state Xl

2) was found to be 95% *II,,, and 0.4% 21 o

(la é 23g17). The A’2Z* state was found to be 90%

221/9(16%20%3017%) and 0.52% 2111/2 The 4] 2(A) state

was found to be 87% *Zy, and 0.4% 22%),-
(1062202301 7Y).

V. Spectroscopic Propertles and Potentlal
Energy Curves of Heavy Group 1V Chalconides
and Their Ions

The interest in heavy group IV oxides and sulfides
arises from the fact that these species are generated in
chemiluminescent reactions of atoms such as Pb and
Sn with molecules such as N,0, O;, OCS, etc.250-253
Examples of many chemiluminescent reactions of the
heavy group IV atoms are shown in eq 1-5. Reactions

Pb + O3 — PbO* + O, (1)
Pb + N,O — PbO* + N, (2)
Sn + N,O — SnO* + N, (3)
Pb + OCS — PbS* + CO 4)
Sn + OCS — SnS* + CO )]

1-5 were investigated for their suitabilities as chemical
laser pumping reactions. Consequently, a wealth of
information has accumulated on the spectroscopic
properties of both the ground state and the excited
electronic states of molecules such as SnO, SnS, PbO,
PbS, etc.25+20 Balasubramanian and Pitzer271:28
studied the spectroscopic properties and potential
curves of SnO and PbO. Later Balasubramanian pur-
sued this line of study further to complete calculations
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TABLE 21. Spectroscopic Properties of SnO

state T,, cm™ R, A w,, cm™!
X 13%(0%) 0 1.94 800
(1.83) (823)
83+(0°,1) 18606 2.13 542
(206227) (5547)
3A(1,2,3) 20561 2.16 493
83-(0*,1) 22750 2.15 530
(206227) (5547)
13-(07) 22890 2.14 540
A %11(0%,0°,1,2) 24100 2.06 770
B (24 333, 0*) (2.01, 0*) (555, 0*)
(24890, 1) (1.99, 1) (560, 1)
D 1I(1) 26 700 2.06 710
(29624) (1.95) (574)

¢ Numbers in parentheses are experimental values from ref 32.
The theoretical values are from ref 271.

E/Hartree

3 4 5 6 7
R/Bohr

Figure 36. Potential energy curves for SnO (reprinted from ref
271; copyright 1983 Elsevier Science Publishers B.V.). See Table
21 for assignments of known states.

on SnS, PbS, PbSe, and their positive ions.Z’32%6:3¢ The

" experimental photoelectron spectra of heavy group IV

chalconides were also interpreted by using the results
of these calculations. This section reviews both ex-
perimental and theoretical developments on these
species.

A. SnO and SnO*

The spectroscopic properties, electronic dipole mo-
ments, and photoelectron spectra of SnO have been the
subjects of many investigations for several years.2%-270
The chemiluminescent spectra of SnO have also dem-
onstrated the existence of several emission systems in
the visible and ultraviolet regions. The tin oxide
molecule was also investigated as a candidate for
chemical lasers because of the high photon yields (~
50%) of the Sn + N,O reaction.®? The observed bands
in the visible and near-UV regions for SnQO, however,
were not interpreted satisfactorily before the theoretical
calculations of Balasubramanian and Pitzer.?"!

Balasubramanian and Pitzer?’! made relativistic
SCF/CI calculations on seven A\-s states of SnO em-
ploying a double-{ STO basis set. The theoretical
spectroscopic constants for SnO together with available
experimental data are shown in Table 21. The po-
tential energy curves of these states are shown in Figure
36.
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TABLE 22. Spectroscopic Constants of SnO* and
Ionization Potentials of SnO°

R, A T,, cm™
method? state theory expt theory expt theory expt

RCI mn 2.05 2.00 0 0 695 700
RCI 23+ 196 —— 3616 — 708 —
method? splitting 1P, eV method? splitting 1P, eV

SCF 1z+-271 6.73 KT I3+ 1015
RCI 1z+-2q1 8.44 KT 13+-23+ 9.79
RCI lg+-23+ 876

we, cm™!

@ All theoretical results are from ref 273. The experimental val-
ues are from ref 272. ®RCI = relativistic CI; KT = Koopmans’
theorem.

The SnO molecule is expected to have a closed-shell
13+ ground state arising from the 1622623¢?174 config-
uration where the highest occupied 3¢ orbital should
be a mixture of metal p, with O p, while the highest
occupied 17 orbital should be predominantly the oxygen
2p nonbonding orbital. Thus the 27 orbital should be
predominantly on the tin atom. The theoretical in-
vestigation of Balasubramanian and Pitzer?! considered
the 1=* ground state, the 3%, 82 3A, and 12" states
arising from the 1622023021732 configuration, and the
311 and I states arising from the 1622023617427 con-
figuration.

Deutsch and Barrow?®® observed and analyzed the
emission bands from the 3T1(0%) and 3II(1) states to the
13+ state designated as the A-X and B-X systems. As
seen from Table 21, the theoretical T, values of these
states are in reasonable agreement with the experi-
mental results. Capelle and Linton?6? obtained addi-
tional bands for the system near 20000 cm™! reported
earlier by Joshi and Yamdagni®! at 19000 cm™. Ca-
pelle and Linton?6? assigned this system to the 3Z*(1)
— 13* transition. However, the experimental T, of
20622 cm™ was found to be higher than the theoretical
value of 17650 cm™ obtained by Balasubramanian and
Pitzer.2! Thus Balasubramanian and Pitzer?"! argued
for the possibility of this system state as either 37(0%)
or 3Z7(1).

The calculations of Balasubramanian and Pitzer?!
supported the earlier assignment of the D-X system
(D(T,) = 29624 cm™) to TI(1) [1(V)] although the
calculated T, of 26700 ¢cm™ was considerably lower.
Balasubramanian and Pitzer?! attributed the difference
to the fact that it is the fifth excited 1 state, and thus
theoretical results may not be very accurate.

The theoretical D, of 3.70 eV was found to be con-
siderably smaller than the experimental value3? of 5.49
eV. This was mainly because of a single-configuration
SCF followed by CI, which does not take into account
all of the electron correlation effects.

The He I photoelectron spectra of the SnO molecule
was recorded by Dyke et al.?’2 in the X(!=*) ground
state. This photoelectron spectrum revealed the ex-
istence of low-lying states of SnO* of %I and %Z*
character. Dyke et al.?" also made Dirac-Fock SCF-Xa
calculations to determine the ordering of the two ob-
served states of SnO*.

Balasubramanian?®” carried out SCF/RCI calcula-
tions on the low-lying electronic states of SnO* as well
as the heavier PbO*, PbS™*, and PbSe* ions. Three
low-lying states including the spin—orbit coupling were
found for all these species. Table 22 shows the spec-
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Figure 37. Potential energy curves of two electronic states of
SnO* (reprints from ref 273; copyright 1984 American Chemical
Society).

troscopic constants for SnO* and the ionization po-
tentials of SnO as obtained by different methods.
Figure 37 shows the potential energy curves of the two
low-lying electronic states of SnO*.

As seen from Table 22, the agreement between
SCF/RCI results of Balasubramanian?® and Dyke et
al.’s?"2 photoelectron spectrum is excellent. The D,’s
of SnO™ in the 2II and 2=* states are 2.95 and 2.50 eV,
respectively, in comparison to the corresponding ex-
perimental values of 3.23 and 2.71 eV, respectively.

The vertical ionization potentials of SnO to generate
SnO* in the 2I1 and 2=* states were calculated to be 8.44
and 8.76 eV, respectively. Agreement with the corre-
sponding experimental values of 9.98 and 10.12 eV is
not exact, but it is well-known that the IPs and EAs
cannot be calculated exactly by ab initio methods.
However, the SCF/RCI method predicts the correct
ordering of the electronic states of SnO* in contrast
with Koopmans’ theorem, which predicts the ground
state of SnO* to be 22* incorrectly. Koopmans’ theo-
rem is also off in the magnitudes of the IPs of the two
states. Balasubramanian®™ explained the breakdown
of Koopmans’ theorem based on the large orbital re-
laxation effects.

The potential energy curves of the 2Z* and 211 states
cross near the repulsive wall of the 2II state. Thus the
corresponding 1/2 components undergo avoided
crossings. The adiabatic splitting of the 2Z*-2I1 states
(0.34 eV) was found to be a bit larger than the vertical
separation at the R, of SnO molecule (0.32 eV). The
bond length of the 1Z* state of the SnO molecule was
calculated as 1.94 A, while the R, of the Il state of
SnO™* was calculated as 2.05 A. Thus the bond length
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TABLE 23. Spectroscopic Properties of PbO°

R, A T, cm™? W, €M™
state theory expt theory expt theory expt
X 1=+, 0*() 2.02 192 0 0 75 721
b? 3z+0" 2.23 14461 164547 4417
al 2.23 212 14551 16025 487 482
b? %A, 2.23 15205 164547 540 441?
1(ID) 2.24 15360 472
1A(2(ID) 2.24 16035 - 451
SII0-(11D)? 2.14 18758 5176
A 0D 214 209 18890 19863 528 444
B 1(IIH 2.07 22285 498
C 8z-o*(1I) 2.23 20747 23820 612 532
C 11v) 24947 494
D YI(L(V)) 214 205 27215 30199 521 530
E 1=+(1D) (0*(IV)) 2.18 34454 454
13+ 2.02 682 706
8z 2.21 16610 503
3A 2.24 18267 485
83- 2.23 20292 600
13- 2.22 20477 594
n 2.13 22469 514
n 2.15 24771 505
13+(11) 2.22 39202 703

3 All theoretical results are from ref 285.

is increased by 0.11 A when SnO is ionized.

B. PbO and PbO*

The PbO molecule has been studied experimentally
in both the visible and UV regions.2’#28¢ An intense
system labeled A0t — XO0% in the emission has been
characterized. A few other less intense systems labeled
a— X and b — X have also been observed. In addition
to these, the B, C, C’, D, E, and G states of PbO have
been characterized inthe B X,C+— X, C' < X, D
<X, E« X F<« X and G < X systems. The dis-
sociation energy of PbO was obtained by using the mass
spectrometric method?™ as well as from the chemilu-
minescence spectra of Pb + O3 under single-collision
conditions by Oldenborg, Dickson, and Zare.8! The
experimental D, of PbO obtained by these methods was
found to be between 3.74 and 3.83 eV.

The dipole moment of the PbO molecule was mea-
sured as ug(v=0) = 4.64 D using the Stark spectra.?’
The relative intensities®® and transition probabilities®1?
of the B-X bands have also been deduced from the
experimental information. The RKR potential func-
tions have been derived for the A and X states.Z®

The theoretical calculations on PbO were made by
Balasubramanian and Pitzer® using the SCF/RCI
method which employed a double-{ STO basis set.
These authors found 11 low-lying electronic states of
PbO. The spectroscopic constants of eight A\-s states
were also obtained without the spin-orbit term for
comparison. ‘

Table 23 shows the spectroscopic constants of PbO
together with available experimental results. Figure 38
shows the theoretical potential energy curves for PbO
calculated by Balasubramanian and Pitzer.2

In analogy with SnO, the ground state of PbO was
found to be a !Z{ state arising from the 1¢22¢%3¢%17*
configuration. The excited states of PbO arise from the
1622023017427 and 1¢22¢230217%27 configurations.

The A0*-X0* bands observed in emission with a T,
of 19863 cm™ were assigned by Balasubramanian and
Pitzer? to a °I1;»-X!Z* system, where the theoretical
T, value of the A state was found to be 18890 cm™.. The
A state was found to be actually a mixture of the 311,

Chemical Reviews, 1989, Vol. 89, No. 8 1829

E /Hartree

-0.06

-008

-0.10

-0.12 1 I
3.0 4.0 5.0 60

R/Bohr
Figure 38. Potential energy curves for the electronic states of
PbO (reprinted from ref 285; copyright 1983 American Chemical
Society). See Table 23 for assignments of known states.

and !=F. states. The agreement between the theoretical
and experimental R, and w, values of the A state also
appeared to be good.

The earlier assighment of the al state to 327 was
confirmed by the calculations of Balasubramanian and
Pitzer.?8 However, the spin—orbit components (07, 1)
of the 3=* state were found to be contaminated sub-
stantially with other \-s states. The 0 state was found
to be 75% 3=¢ and 25% !=;- while the 1 state was found
to be a 3/4 32 and 1/4 3] mixture. In Table 23, two
possible assignments for the b state (3Z¢ or 2A,) are
suggested.

An emission system labeled B — X0* with a T, value
22885 cm™! was assigned to 3I1; by several investigators.
The assignment of the B state to °II; was supported by
the theoretical calculations of Balasubramanian and
Pitzer,?® although this state was found to be certainly
a mixture of 3II;, IT1;, and 3Z]. The C state was assigned
to 3Zg+. The theoretical w, value of C (613 cm™) was
in good agreement with the experimental value. The
D — X0* and E — X0 emissions have also been ob-
served experimentally. The experimental 7, values of
these states are 30199 and 34454 cm™. The D and E
states correspond theoretically to the 1(V) and 0*(IV)
states. These states were found to be predominantly
11, and 1Z*(II) states.

The calculated dissociation energy of 3.0 eV#5 for the
PbO molecule was found to be in reasonable agreement
with the experimental value of 3.83 e¢V.32 The calcu-
lated?® R, and w, values for the ground state were in
good agreement with the experimental values and the
values obtained by Basch, Stevens, and Krauss using
a MCSCF calculation.”® The calculated w, and R,
values for the excited states were found to be in good
agreement with the available experimental results.

The three lowest-lying electronic states of PbO* were
investigated by Balasubramanian®”3 using a SCF/RCI
scheme including the spin—orbit term. The ionization
potentials of PbO obtained by various methods together
with the theoretical spectroscopic constants are shown
in Table 24. Figure 39 shows the potential energy
curves for the low-lying electronic states of PbO*.

As seen from Table 24, the 3/2 and 1/2 components
of the 211 state of PbO* are nearly degenerate since the
17 orbital of PbO is predominantly the nonbonding
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TABLE 24. Spectroscoplic Constants for PbO* and
Ionization Potentials of PbO*

method state R, A T,, cm™ we, €I~}
RCI 3/2 2.18 0 590
RCI 1/2 2.16 46 610
RCI 1/2(1D) 2.09 4979 712
method splitting IP, eV method splitting IP, eV
SCF 1y+211 6.23 KT 1y+-211 9.82
RCI Iy+2211 8.10 KT Ig+ 23+ 9.31

RCI Iz+-23+ 852

3 All results are from ref 273; KT = Koopmans’ theorem.
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Figure 39. Potential energy curves for the low-lying electronic
states of PbO™ (reprinted from ref 273; copyright 1984 American
Chemical Society).

O(2p) orbital. Since the spin—orbit splitting of the
oxygen atom is small, the 2113/2,1 /2 components are close
in energy.

The RCI 1=*-2[1 and 12*-23* neutral-ionic splittings
should be about 15% lower than the experimental
values due to the errors introduced by electron corre-
lation effects. The IPs of PbO are thus predicted as
9.32 (?11) and 9.8 eV (2Z%), respectively. There are no
experimental IPs available for PbO. Koopmans’ theo-
rem, however, breaks down for PbO in that it predicted
the wrong ordering for the electronic states of PbO™.

As seen from Figure 39, the 1/2 state of PbO* con-
tains a shoulder. This shoulder resulted from an
avoided crossing. In the absence of the spin-orbit
coupling term the 2=* and 211 states cross. Since both
states yield one state of the same symmetry (1/2) when
spin—orbit coupling is included, the 1/2 components of
these states undergo an avoided crossing. Thus the 1/2
state was found to be predominantly 2=}, at short
distances but became *II;,, near the welf and long
distances. At 3.8 bohr, the 1/2 state of PbO* was found

Balasubramanlan
TABLE 25. Spectroscopic Properties of SnS¢
R, A T,, cm™ W, CML

state theory expt theory expt theory expt
Xiz+ 2.32 221 0.0 0.0 449 487
a’s*(0,1) 255 — 21864 18144 356 338
C8z-(0*,1) 262 — 25632 (22380,0") 308 —
C/ (22480, 1)
3A(3,2,1) —_— —— ~24000 —_— _
13707 262 —— 25685 o 307 —
Al 242 —— 28658 22021, 0* 377
B 23320, 1
D 248 236 32707 28337 371 331
ElZ+1D) 263 — 41238 33037 336 294

3 All theoretical results are from ref 295.
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Figure 40. Potential energy curves for SnS (reprinted from ref
295; copyright 1987 Elsevier Science Publishers B.V.). See Table
25 for assignments of known states.

to be 75% 2I1,, and 16% 2Z7),.

C. SnS

The absorption and emission spectra of SnS observed
below 35000 cm™ yielded information on the a — X,
A<X C <X D<+X, and E < X systems.287-23
Greenwood, Linton, and Barrow?®? studied the elec-
tronic spectrum of SnS using the Sn + OCS chemilu-
minescence reaction. Two electronic states excited in
chemiluminescence were characterized (a, A) and as-
signed to a 327 and A%Il+. These authors made rota-
tional analyses of the bands seen in absorption, which
enabled tentative assignment of these to the @ compo-
nents of 32" and 3I1,.

Balasubramanian® carried out SCF/CI calculations
that employed a double-{ STO basis on eight A-—s state
of SnS. The spectroscopic constants and the potential
energy curves of these states were computed. Since the
SnS molecule is iso-valence-electronic with SnO, its
ground state should be a !Z* state arising from the
16220230217 electronic configuration. The excited
states of SnS should arise from the 1622¢23¢217%27 and
16220230 17*27 configurations.

Table 25 shows the theoretical spectroscopic con-
stants for SnS together with experimental results. The
theoretical potential energy curves of SnS are shown
in Figure 40 in the absence of the spin-orbit coupling
term.
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The first excited a3Z* electronic state of SnS was
observed by Greenwood, Linton, and Barrow?? in
chemiluminescence. The theoretical T, values of all the
excited states are about 15% higher than the experi-
mental values since the ground state was correlated
more than the excited states. If this correction is ap-
plied to all the excited states, the assighments of the
observed states are possible.

The %A, 5, electronic states have not yet been ob-
served; the transitions to the 3 and 2 Q components of
this state are forbidden from the ground state. The T,
value of this state (24 000 cm™) when corrected for the
differential correlation errors yielded a T, of 20400 cm™
in the absence of spin—orbit interaction.

Greenwood, Linton, and Barrow®? observed five
systems of SnS for which rotational analyses were made.
Since the transitions of systems 5 and 4 had three-
branch bands, these authors assigned the upper states
of systems 4 and 5 to @ = 1 components. The systems
2 and 3 were assigned to @ = 0*. The first system with
an experimental T, value of 18 144 cm™ was assigned
to a 827. Greenwood, Linton, and Barrow?*? assigned
the bands in systems 2-5 based on a comparison to the
ordering of lead compounds. System 5 (T, = 23320
cm™!) was assigned to the B3II;-X!=* system, while
system 4 (T, = 22480 cm™) was assigned to the
C321-X13* system; system 3 (T, = 22390 ¢cm™) was
assigned to C3Z3~12*, and system 2 (T, = 22021 cm™)
to A%TI+-12*. The theoretical calculations of Balasu-
bramanian?® when corrected for the differential cor-
relation errors in T, values supported all these assign-
ments.

The vibrational frequencies of the A, B, C, and C’
states could not be calculated accurately from experi-
mental results since the observed bands were perturbed.
Further, the A0t and CO* states were found to be only
380 cm™ apart, implying that mixing of 325 and 311+
could be large.

The calculated dissociation energy of 4.48 eV2% for
the 1Z* state in the absence of spin-orbit interaction
was found to be in very good agreement with the
thermochemical value of 4.77 V.32 The approximate
Dy° (£4.48 eV)*? derived from the spectroscopic con-
tinuous absorption (assuming dissociation into !D + D)
was also not unreasonable.

D. PbS

The first electronic spectrum of PbS was obtained in
absorption by Rochester and Howell?® in the regions
2600-4500 and 3100-8000 A. Vago and Barrow?® later
studied the UV absorption systems of PbS, while
Barrow, Fry, and LeBargy? studied four absorption
systems of PbS which they assigned to the a <+ X, A
< X, B < X, and D < X systems. Nixon and co-
workers?82 gtudied the emission and vibronic spectra
of PbS in inert gas and SFg matrices, while Burkin et
al.3® gtudied the laser-induced fluorescence spectra of
PbS. Greenwood, Barrow, and Linton?* carried out a
revised vibrational analysis of the a-X system as well
as rotational analyses of bands of the C-X and C'-X
systems. Knéckel et al.3 recorded the microwave op-
tical double resonance (MODR) spectra in a molecular
beam of the X and A states of PbS. The dipole moment
of PbS was also measured.3%23% Maki and Lovas3
recently recorded the infrared spectrum of PbS (Av =
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TABLE 26. Spectroscopic Properties of PbS?

R, A T,, cm™! we cm™!

state theory expt theory expt  theory expt
X o*(I) 240 2.29 0.0 0.0 432 429
a 1(I) 2.63 2.56 17533 14 893 321 286
oD 264 —— 17581 —_ 312 —_

A 0*(1D) 261 251 22256 18853 282 261
0~ (I1) 255 —— 24486 —_— 324 —

C o*(11n) 260 —— 24698 23213 395 304
13+ 240 — 1645 — 446 —_—
Sz 262 —— 20691 — 332 —_—
83 268 —— 24144 —_ 295 —
1 252 —— 28377 — 340 —
1 257 —— 31611 — 327 —_—

a All theoretical results are from ref 304.
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Figure 41. Potential energy curves for PhS without the spin—orbit
term (reprinted from ref 304; copyright 1986 American Institute
of Physics). See Table 26 for assignments of known states.

2 transitions). These spectra have provided improved
Dunham constants for PbS.

Thermodynamic studies of PbS using mass spectro-
metric techniques revealed the Dy° values for these
systems.?® Through an analysis of experimental data,
potential energy curves of some low-lying states of PbS
have been constructed.?6

Balasubramanian®* made relativistic SCF/RCI cal-
culations on six w-w states (0%, 1, 0-, 0~(II), O*(II),
0*(III)) and six A-s states without the spin-orbit term
for PbS. The spectroscopic constants of PbS calculated
this way are shown in Table 26 and compared with
experiments. Figures 41 and 42 show the theoretical
RCI potential energy curves for the electronic states of
PbS without and with spin—orbit effects, respectively.

The X ground state is a !Z% state arising from the
1022023021 7* electronic configuration. The a state is the
1 component of 3Z-, while the A state is the second root
of the 0% calculations. The A state was found to be a
mixture of 31+ and 325, with *TI+ making a predom-
inant contribution. The C state was also found to be
of 07 symmetry and it corresponded to the third root
of the 0* theoretical calculations.304

The theoretical® D, value for the X0* state of PbS
was 3.83 eV in comparison to an experimental ther-
mochemical value of 3.49 eV.®2 Thus the theoretical D,
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Figure 42. Potential energy curves of PbS with the spin-orbit
term (reprinted from ref 304; copyright 1986 American Institute
of Physics).

TABLE 27. Spectroscopic Constants of PbS* and
Ionization Potentials of PbS¢

method state R, A T, cm™ we, cm’!
RCI 3/2 2.56 0 363
RCI 1/2 2.56 506 335
method splitting IP, eV
RCI 1320, , 7.87
KT Iy+-211 8.77
KT Iy+235+ 8.98

3From ref 273; KT = Koopmans’ theorem.

value is in very good agreement with the experimental
value.

The theoretical SCF/RCI spectroscopic properties
and ionization potentials of PbS* are shown in Table
27, while the potential energy curves of the two lowest
states of PbS* are shown in Figure 43. Again, due to
electron correlation errors, the theoretical IP should be
15% less than the experimental value, and thus the IP
of PbS should be about 9 eV.

Wang et al.®%¢ in a joint experimental-theoretical
study obtained the photoelectron spectra of PbTe,
PbSe, SnTe, and SnSe. CASSCF/MRSDCI/RCI cal-
culations including up to 200000 configurations were
also carried out on the 1=* ground states of all four
species and the 2I13/5,/, and 227, states of the positive
ions. The theoretical calculations on these species fa-
cilitated interpretation of the experimental photoelec-
tron spectra and construction of the potential energy
curves. All four positive ions exhibited avoided cross-
ings of the 2I1;/, and 227/, components. The theoretical
RCI potential energy curves of PbTe and PbTe* are
shown in Figure 44. The theoretical R, and w, values
were within 2-6% of the experimental values in all
cases. The theoretical IPs of all these species were also
found to be within 0.6-6% of the experimental results.
The rather broad and diffuse nature of the observed
spectral bands for the first two envelopes (211, 012,
’[1; /o < 12%) in comparison to the third peak (*Z{/, <
12*{ was explained by using theoretical potential energy
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Figure 43. Potential energy curves of PbS* (reprinted from ref
273; copyright 1984 American Chemical Society).
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Figure 44. Potential energy curves for PbTe and PbTe*. The
shoulders in the 1/2 curves are due to relativistic avoided crossings

(reprinted from ref 326; copyright 1989 American Institute of
Physics).

curves. The experimental and theoretical spectroscopic
constants for PbSe and PbSe* are shown in Table 28
as an example to illustrate the good agreement between
theory and experiment.

VI. Comparison of the Spectroscopic Propertles
of Heavy Hydrldes

In this section we compare the spectroscopic con-
stants of heavy hydrides, obtain periodic trends, and
explain the deviations observed, especially in the
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TABLE 28. Spectroscopic Constants of PbSe and PbSe* ¢

Chemical Reviews, 1989, Vol. 89, No. 8 1833

R, A w,, cm™! IP(ad), eV D, eV IP(vert), eV
species state theory expt theory expt theory expt theory expt theory expt
PbSe o 2.447 2.40 268 278 —_— _ 3.5 3.1 —_— _
PbSe* 2113/2 2.66 2.58 207 210 8.72 8.67 1.38 1.7 8.82 8.8
PbSe* 2H1/2 2.67 2.55 205 210 9.04 9.00 1.07 1.44 9.14 9.1
PbSe* 257, 2.53 2.45 222 242 9.64 9.54 — — — —

¢ All values from ref 326. The theoretical constants are from CASSCF/MRSDCI/RCI calculations; experimental results of the positive ion

are from photoelectron spectra, while those of the neutral species are from ref 32.

TABLE 29. Periodic Table of the Ground-State Properties of Hydrides®

GaH GeH AsH SeH HBr
13+, 1.662 A M5, 1.62 A 83, 1.534 A M1y, 1.467 A 1yt 1.455 A
1612 cm’}, 2.81 eV 1806 cm™, 2.34 eV 2130 cm, 2.8 eV 2371 cm7, 3.2 eV 2645 cm™, 3.72 eV
e = +0.46 te = 0.09 e = —0.2 e = —0.587 e = —0.82
InH SnH SbH TeH HI
13+ 1.837 A My, 1.83 A 835+, 172 A [y, 176 A 133 1.66 A
1048 cm?, 2.48 eV 1600 cm™, 2.3 eV 1763 cm, 2.7 eV 1839 cm, 2.31 eV 2939 cm, 3.03 eV
e = 0.675 ue = 0.398 ue = —0.45
TIH PbH BiH
134,195 A My 195 A 835+, 1.81 A
1300 cm™}, 1.81 eV 1418 cm™, 1.64 eV 1619 cm™, 2.2 eV
te = 1.231 e = 0.937

9The value in A is R,; the values in cm™ and eV are w, and D,, respectively. g, is the dipole moment in Debye, with the convention of

positive value meaning the positive charge is on the heavy atom.

2.0 TIH PBH 3.
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- InH SaH
ol 1.8+ SbH 2.74 SbH
& 111 1 25 InH
GaH ;
1.6 GeH ~ 2.31 SnH
[
1.5 AsH Q 2. BiH
Figure 45. Plots of R,s of the GaH-TIH, GeH-PbH, and AsH- 191
BiH triads. TIH
1.7 4
sixth-row hydrides. We mainly focus on comparing the o PoH
ground-state spectroscopic properties (R, w,, D, 1) and i

the energy separations (T,) of select excited states with
respect to the ground state.

Table 29 contains the ground-state spectroscopic
constants of all the heavy hydrides considered in this
review in a periodic tabular form. There are no ex-
perimental or theoretical data available on PoH and
HAt mainly because there are not many stable isotopes
of these elements although 21°Po, has been studied.32
The dipole moment of HAt is being obtained by Kim
and Balasubramanian3’® to understand the periodic
trends in the dipole moments of the HBr to HAt (H-
Br-HAt) triad.

As seen from Table 29 interesting trends emerge in
comparing the spectroscopic constants of even the
ground states of these species. For example, the dis-
sociation energies, D,, decrease dramatically in going
from the fifth row to the sixth row. The trends in R,,
D,, p,, etc. are best understood by plotting these for the
various groups.

Figure 45 shows the plot of R, for each of the three
groups for which a complete set of data is available.
Note the upward tilt in the slope of the InH-TIH curve
in comparison to the GaH-InH curve. Similar behav-
iors are observed in the GeH-PbH and AsH-BiH triads.

Figure 46 shows the plot of the D,’s for all three
triads. The slopes tilt more downward for the D,’s in

Figure 46. Plots of D.s of the GaH-TIH, GeH-PbH, and AsH-

BiH triads.
TIH
PbH
InH
0.5 4
GoH SnH
GeH

0

u —>(D)

Figure 47. Dipole moments (u,) of the GaH-T1H and GeH-PbH
triads.

moving from the fifth row to the sixth row. This trend
is approximately opposite of the trend in R,’s since
increases in R,’s imply weakening of the bond and thus
D.’s should decrease correspondingly.

Figure 47 shows plots of the dipole moments for the
GaH-TIH and GeH-PbH triads. The dipole moments
of InH, TIH, and HAt were obtained by Kim and Ba-
lasubramanian®® in an investigation that considered the
periodicities in the dipole moments of these species. As
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Figure 48. (ns?np')?P-(ns!np?)*P energy separations of B-Tl and
g*—Pb* (reprinted from ref 13; copyright 1989 American Chemical
ociety).

seen from Figure 47 and Table 29, there is a marked
increase in the dipole moment for TIH and PbH in
comparison to their lighter analogues. This clearly
demonstrates the increased electropositive character of
the elements in the sixth row. All the above trends can
be explained based on relativistic effects and a com-
parison of the atomic properties of the elements in this
group.

Figure 48 shows the (ns?npl)?P-(ns'np?)*P energy
separations for B-Tl and C*-Pb*. All the atomic en-
ergy separations were taken from ref 306. As seen from
Figure 47, this separation increases up to Ga (Ge*), then
decreases, and again increases sharply in moving from
In (Sn*) to T1 (Pb*). This is mainly a consequence of
a phenomenon referred to as the “inert pair effect”,
which is actually a relativistic effect. Relativistic effects
are defined as the differences in chemical, spectroscopic,
and other properties arising from the difference in the
true velocity of light as opposed to the assumed infinite
velocity in classical mechanics. Balasubramanian!d
recently reviewed in a feature article for the Journal
of Physical Chemistry the general impacts of relativity
on chemical bonding. The very heavy elements in the
bottom of the periodic table are subjected to large nu-
clear charges. Consequently, the inner electrons of such
heavy elements acquire a considerable fraction of the
speed of light. For example, it is estimated that the 1s?
electrons of T1 or Pb should be moving with about 65%
of the speed of light. A relativistic effect called the
mass—velocity correction, which is a correction to the
kinetic energy arising from the variation of the mass of
the electron with speed, becomes quite important for
elements such as Au, Hg, TI, Pb, etc. Although the
mass—velocity effects are large in the core, they manifest
themselves in the valence space to a large enough extent
that they affect the valence chemical and spectroscopic
properties to a considerable extent. The outer 6s or-
bitals of elements such as Au, Hg, T}, etc. contract as
a result of this large relativistic mass—velocity correc-
tion. This contraction of the outer valence 6s orbital
of these elements leads to an enhanced stability for the
6s? shell, thereby making this shell somewhat inert in
comparison to the other valence ns? shells of the lighter
p-block elements.

The enhanced stability of the 6s? shell (the inert pair
effect) manifests itself in many ways in the atomic and
molecular properties. For example, the dramatic in-
crease in the (ns?np!)?P-(nslnp?)*P energy separation
of Tl in comparison to In (Figure 48) is due to the
relativistic stabilization of the 6s? shell in T1. Most of
the observed trends in Figures 45-47 are attributed to
this. The bonding in TIH and PbH is considerably
weakened in comparison to that in their lighter ana-
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TABLE 30. Periodic Table of Spin-Orbit Splittings for
Heavy Hydrides

GeH AsH SeH
21y 52113/ S22 Mg/g—*Ty 2
869 cm™! 59 cm! 1934 cm™

SnH SbH TeH
My )p-"My) 835321 My o210, 1y
2180 cm™ 655 cm™ 3900 cm™

PbH BiH
21y )5~y Sz-21
6946 cm" 5000 cm™!

logues since stronger bonds are formed through
ns?np!-nslnp? hybridization.

There is another important relativistic effect, namely,
spin—orbit coupling relevant to energy separations and
bonding of very heavy molecules. Figure 49 shows the
3PP, energy separations of elements C through Pb.
As seen from this figure, the spin-orbit splitting goes
up dramatically as one moves down the periodic table
from Sn to Pb. The changes in the spectroscopic con-
stants in Table 29 are in part due to the spin-orbit
splitting.

Table 30 shows the spin—orbit splittings for the
ground states of the GeH-PbH to SeH-TeH species.
As seen from this table the spin—orbit splittings increase
dramatically in moving from SnH to PbH and SbH to
BiH. The spin-orbit effects are so large in BiH and
PbH that they cause many avoided crossings in the
potential energy curves of these species. These features
were discussed in section III.M.

Next we compare the energy separations of a select
low-lying excited electronic state and the ground state
for the hydrides considered in this review. Figure 50
shows the 311+—1Z¢ energy separations of GaH-TIH.
As seen from this figure there is a pronounced increase
in this energy splitting in moving from InH to TIH,
whereas it decreases in moving from GaH to InH. In
general, energy separations of the corresponding states
should decrease with increase in principal quantum
number in the absence of spin—-orbit and other relativ-
istic effects. This trend is obeyed by GaH and InH
pairs. The anomaly in TIH is mainly a consequence of
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Figure 52. ®I1;+—Z5+ energy separations of AsH to BiH. Note
that for BiH, the designation 07(IV) is more appropriate than
$I14+ since spin—orbit contamination is quite large for BiH.

relativistic effects discussed earlier.

Figure 51 shows the 427 /2—2111/2 energy separations of
the GeH-PbH triad. Again this separation decreases
in moving from GeH to SnH but increases dramatically
in moving from SnH to PbH. The spin-orbit effects
are also considerably larger for PbH. Figure 52 shows
the 3T1;+—3Z+ separations for the AsH-BiH triad. For
BiH, this state is so contaminated by the spin-orbit
coupling that the designation 3I1 is inappropriate. In
the original manuscript!® this state was designated as
0*(IV) (fourth root of the O* RCI calculations). This
energy separation once again dramatically increases in
moving from SbH to BiH, while it is not substantially
different for SbH in comparison to AsH. The dramatic
increase in BiH is due to both mass-velocity stabiliza-
tion effects and the large spin—orbit effects. In any
event, relativistic effects make a dramatic impact in the
sixth-row compounds.

The comparison of the properties of HBr and HI is
also of interest. The 3II+—X!Z* vertical energy sepa-
rations of the two species are 73042 and 49605 cm™.
The 3T, states of both species are repulsive and thus
vertical separations are compared. The much smaller
energy separation for HI is consistent with the exper-
imentally observed electronic spectra of these two
species.
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TABLE 31. Periodic Table of the Known Spectroscopic
Constants of Heavy Fluorides®

GaF GeF AsF
13+ 1.774 A My, 1.745 A 835+, 1736 A
622 cm™, 598 eV | 666 cm™, 5.0 eV | 686 cm™}, 4.2 eV
ue = 245D

InF SnF SbF
13+, 1.985 A 21, , 1.944 A 335, 1.92 A
535 cm}, 5.25 eV | 578 cm™}, 4.90 eV | 706 cm™, 4.4 eV
ue = 340D

TIF ‘ PbF BiF
13+, 204 A 21, 5, 2.08 A 335, 2.00 A
592 cm™!, 4.57 eV | 540 cm}, 3.75 eV | 502 cm™, 2.63 eV
ue = 4.20D

¢ The value in A is R,; the values in cm™ and eV are w, and D,,
respectively. p, is the dipole moment in Debye, with the conven-
tion of positive value meaning positive charge is on the metal
atom.

TABLE 32. Spin-Orbit Coupling Constants for the
GeF-PbF and AsF-BIF Triads

GeF AsF
1071 O 8321
934 cm™ 139 cm™

SnF SbF
L 10Y T LY S22y
2317 cm™ 796 cm™!

PbF BiF
g L PP STy
8264 cm" 9216 cm™

VII. Comparison of the Spectroscopic
Propertles of Heavy Halides

Table 31 comprises the ground-state spectroscopic
constants of heavy fluorides in periodic tabular form.
The spectroscopic properties of many low-lying elec-
tronic states of TIF, PbF, and BiF were calculated by
Balasubramanian.!%8208.22 ()’Hare et al.¥ carried out
theoretical calculations on the ground state of AsF. The
dissociation energy (D;°) in Table 31 for AsF is from
this reference. These authors also calculated the elec-
tronic dipole moment. of AsF as 1.75 D and the electron
affinity as 1.1 eV. The level of electron correlation
treatment available then was not adequate enough to
calculate the dipole moments and electron affinities, in
general, accurately.

As seen from Table 31, the D,’s uniformly drop in
moving from GaF to TIF. The experimental electronic
dipole moments of GaF-TIF are available (see Table
31). The comparison of the dipole moments of these
three species clearly reveals the increased electroposi-
tivity of the thallium atom in this group.

The comparison of the spin—orbit coupling constants
is also of considerable interest. Table 32 shows the
spin-orbit splittings of the GeF-PbF and AsF-BiF
triads. The 211, ,-2Tl, » spin—orbit splitting dramatically
increases from 2317 to 8264 cm™ in moving from SnF
to PbF while the corresponding 32327 splitting in-
creases from 796 to 9216 cm™ in moving from SbF to
BiF. Thus, the spin-orbit effects are substantially
larger for the sixth-row fluorides in comparison to the
fifth-row fluorides.

The energy separations of low-lying excited electronic
states with respect to the ground state are also of con-
siderable interest. Figure 53 compares the 3[1p+-12%.(X)
energy separations of the GaF-TIF triad. All three
energy separations are from experimental spectroscopic
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Figure 53. Comparison of the *I1;»-1Z3+(X) energy separations
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Figure 54. *Z;,,-*I1,); energy separations of GeF to PbF.

data. As seen from Figure 53, this energy separation
decreases in moving from GaF to InF but increases in
moving from InF to TIF. The 3[1y+ state arises from a
regular °II and thus the 0* component should be lower
than 311;. The main difference between TIF and InF
should be in the magnitude of spin-orbit contamina-
tion. For TIF, Balasubramanian!® found that both the
ground state (1Z§.) and the 3IIy+ state were actually
mixed. That is, the 3T1j+ state was found to be a mixture
of 3T+ and '=¢. This mixing lowers the !Z¢ state but
increases the energy of the 3T+ state. The larger
$T1+-1=% splitting for TIF should thus be due to spin—
orbit contamination.

Figure 54 shows the 37 ,-XII, , energy splittings
for GeF-PbF. Again, this splitting decreases in moving
from GeF to SnF but increases in moving from SnF to
PbF. Figure 55 shows the !3%-X32(. energy separa-
tions of the AsF-BiF triad. Note the dramatic increase
in this energy separation for BiF. It was very clear that
the large change in BiF is a consequence of spin—orbit
contamination. For BiF, the X3Zj+ ground state was
found?? to be 66% 32~ and 20% !Zf.. The state labeled
AO*(II) was found to be 58% 3¢, 23% 3%+, and 7%
115+ This substantial mixing of different states lowers
the energy of the 3Z3+(X) ground state and raises the
energy of the 1= state substantially, leading to a much
larger energy separation for BiF.

Although all the heavy chlorides have not been
studied theoretically, the spectroscopic properties of
PbCl and SnCl have been obtained.?#2 A comparison
of these two species seems to provide some interesting
information. For both SnCl and PbCl the ground state
is of 2II;, symmetry. The spin-orbit splitting for the
°11 state is 2357 ecm™ for SnCl and 8272 ¢cm™ for PbCl
(expt). The bond length of the ground state of PbC1*®
is 2.61 A in comparison to a value of 2.48 A for SnC1.24°
The 221),-*11, ; energy separations for SnCl and PbCl
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TABLE 33. Comparison of the Ground-State Properties of
the Heavy Group IV Oxides and Sulfides®?

GeO GeS
13+ 1.625 A 13+ 2.01 A
986 cm™!, 6.78 eV 576 cm™, 5.67 eV
u=327D uw=200D

Sn0 SnS
13+ 1.83A 13+, 221 A
815 cm™), 5.49 eV 487 cm’™!, 4.77 eV
u=432D u=317D

PbO PbS
13+ 1.922 A 13+ 229 A
721 cm}, 3.83 eV 429 cm™, 3.49 eV
u=464D u = 3.59 D?, 4.02 D?

aThe value in A is R,; the values in cm™ and eV are w, and D,,
respectively. g, is the dipole moment in Debye, with the conven-
tion of positive value meaning positive charge is on the metal
atom. ® Two values are listed for the dipole moment of PbS. The
3.59 value is from ref 308, while the 4.02 value is from ref 302. The
discussion is section VIII supports the 3.59 value.

are 19415 and 21865 cm™, respectively. For GeCl, this
energy separation, although not known precisely since
the observed bands are diffuse, should be about 22600
c¢m 132 Again, the trend observed for energy separations
in fluorides is observed for chlorides.

VIII. Comparison of Heavy Chalconides

Since SCF/RCI calculations have been completed
only on SnO, SnS, Pb0O, and PbS species, the com-
parison of chalconides here is restricted to oxides and
sulfides. For comparison, I took the available experi-
mental information3? on GeO and GeS. Table 33 lists
the spectroscopic constants on the ground states of the
GeO-PbO and GeS-PbS triads in a periodic tabular
form. As seen from this table the dissociation energies,
D,, decrease uniformly in going down the periodic table,
although the decrease is larger in comparing PbO with
SnO and PbS with SnS.

The experimental dipole moments of the heavy group
IV oxides and sulfides are available for comparison.
The dipole moments of these species in general increase
as one goes down the periodic table. This is consistent
with the theoretical trend for the hydrides (GeH-PbH).
For both oxides and sulfides the polarity of the bond
is MTO~. The experimental dipole moment of PbS
appears to be somewhat uncertain (see Table 33). The
value of 3.59 D was obtained from the Stark effect of
the rotation spectrum by Hoeft et al.,3% while the value
of 4.02 D was obtained by Murty and Curl®? around
the same time. In any case the dipole moments of
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for the GeO-PbO triad.

sulfides are lower than those of oxides, as expected. In
general, the sulfides have about 1.2-1.3 D lower elec-
tronic dipole moments than oxides. Since the dipole
moment of PbO is 4.64 D, we predict that the dipole
moment of PbS should be about 3.4-3.5 D. Thus, the
value obtained by Hoeft et al.3®® through the Stark
effect of the rotational spectra (3.59 D) appears to be
more reliable. This is further supported by the fact that
the difference in u,’s of SnO and PbO should be ap-
proximately the same as that of the SnS and PbS pairs.
Thus g, of PbS should be 0.32 D larger than the cor-
responding value of SnS or 3.49 D. All these arguments
seem to support the u, obtained by Hoeft et al.3%®
Next we compare the energy separations of some
low-lying electronic states of oxides and sulfides. The
comparisons of the 3[I+-X!Z¥ and 3Tp-X1Z¢ energy
separations seem to provide interesting trends.
Figure 56 shows a comparison of the 3Z5-12¢: energy
separations for the GeO-PbO triad. The 3% state
arises from the 737* configuration, where the 7* orbital
is predominantly made of the heavy atom while the =
orbital is predominantly made of the oxygen atom.
Note the increase in the energy separation in moving
from SnO to PbO. Figure 57 shows the II+—1Z¢ adi-
abatic energy separations (T,) for the GeO-PbO triad.
The T, value for GeO is approximate.®? The trend is
somewhat different for the 31+~ energy separation.
This separation monotonically decreases in moving
from GeO to PbO. The 311 state arises from the ortr*
configuration, where the o orbital is the bonding orbital
made of the metal p, orbital and oxygen p, orbital. The
main difference between the 32~ and 311 states is that
33" arises from promotion of a nonbonding oxygen
electron into a nonbonding metal orbital. Thus, the
trend is dominated by relativistic effects. The °I1 state,
on the contrary, arises from the promotion of a bonding
o electron into a nonbonding metal orbital. Since the
o orbital itself is comprised of the heavy-atom orbital,
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the relative trend is not so much determined by rela-
tivistic effects. It is rather determined by electron
correlation effects and the general trend of decrease in
energy separations as one goes down the periodic table.

IX. Summary

In this review I critically examined the known theo-
retical and experimental spectroscopic properties of
heavy hydrides (GaH-BiH"), halides (T1F-BiF, PbCl,
SnCl), and heavy group IV chalconides. The potential
energy curves obtained through relativistic theoretical
methods were presented for most of these species. The
spectroscopic constants of the hydrides, halides, and
chalconides were compared, and periodic trends were
critically examined for each group. In all cases the
sixth-row compounds exhibited deviations from the
expected trends due to large relativistic and spin—orbit
effects.

While the spectroscopic properties and potential en-
ergy curves of many of these species have now been
obtained, our knowledge on the electronic and spec-
troscopic properties of many other compounds is still
not fully complete. Whereas the experimental inves-
tigations of many of these compounds have provided
a wealth of information on these species, a complete
understanding of the available information did not
come about until the latter part of this decade due to
the lack of theoretical calculations earlier on these

species. With the advent of supercomputers and the

more powerful theoretical tools available today, theo-
retical calculations are on the increase. The interplay
between the theoretical calculations and experiments
has provided for a comprehensive understanding of
many of these species. I suspect that there will be more
theoretical calculations on other species in this class
that have not been explored at all to date.

The dipole moments of these compounds are being
investigated more theoretically than ever before. The
periodic trends in the dipole moments and electronic
transition moments of these compounds are very fas-
cinating. More theoretical calculations of electronic
dipole moments, transition states, and lifetimes of the
excited electronic states are warranted in the future. It
is hoped that such calculations would aid not only in
our understanding of existing experimental information
but also in the prediction of many new experiments.
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