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Relativistic Quantum Calculations of Low-Lying States of PbH; Comparison

with Experimental Spectra

K. Balasubramanian and Kenneth S. Pitzer

Department of Chemistry and Lawrence Berkeley Laboratory,
University of California, Berkeley, CA 94720

Relativistic quantum calculations including configuration interaction
and spin-orbit interaction are described for five low~lying states of
PbH. Two of these states have not been observed experimentally.
Spectroscopic properties are calculated and discussed in comparison
with expeEimental spectra. The calculated dissociation energy of
1.64 eV agrees well with experiment (1.59 éV). From the nature of
the CI wavefunction it is shown that the low-lying electronic states
are heavily mixed by spin-orbit interaction and cannot be assigned

to any A-S state uniquely.



1. Introduction

Relativistic quantum calculations of molecules containing very heavy
atoms are of considerable i.nterestl—5 because of the large spin-orbit
interaction in those systems which alters their electronic and spectro-
scopic properties to a substantial extent. Our calculations5 on TLH
were very successful in explaining several interesting experimental
observations. Hence, it seemed to be of interest to look at the next
hydride, PbH.

The early interpretations of the experimental spectra for PbH were
confused by lack of recognition of the large spin-orbit effect. 1In
their recent summary, however, Huber and Herzb_ei'g6 give a tentative
interpretation which is substantially the same as is indicated by our
results. The very extensive.and complex bands in the red and near
infrared were measured by Watson7 and by Watson and Simon.8 Their
parameters for the ground state, a % state, are accepted, although the

2

state is now regarded9 as ZHli rather than 22 The H3/2 state is at

1"
much higher energy and has not been found. Ger&ilO reinterpreted the
highly perturBed excited states, A and B, for these bands as two 22%
42—

states, but it seems much more likely that they are the 42; and 3/2

states inscead.ll A higher energy band has been reported8 but not
analyzed.

Our objective is to determine the energies and wavefunctions for
several low-energy states for PbH. 1In Section 2 we describe our method
of calculations and in Section 3 comparisons are made with experimental
spectroscopic properties. 1In the last section we discuss the nature of
CI wavefunction and the properties of a few low-lying electronic states

of PbH.
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2. Method of Calculations

The methodology of relativistic, effective potential calculations
of molecules containing heavy atoms is discussed by Christiansen, et al.,
and in a review paper by Pitzer.12 Relativistic effective potentials
were obtained from relativistic numerical Dirac-Fock solutions of the
lead atom. For our SCF calculations we included the outer dloszp2
electrons on the lead atom and the ls electron of the hydrogen atom.

The relativistic effective potentials were averaged with respect to spin

at the SCF stage of our calculations for the sake of computational con-
venience. Thus all other relativistic effects except the spin-orbit
effect were included at the SCF state. The one-electron spin-orbit
operator was obtained by differencing the relativistic effective potentials
with respect to spin and was introduced for the configuration interaction
calculations. We employed a double zeta basis for the Pb atom which was
optimized to the 3P state of the lead atom. For hydrogen we adopted
thé"b?ﬁis‘set' _ used by Codé and Huol3 for a SiH calculation.
These basis sets are shown in Table 1.

We now discuss the symmetry properties and dissociation relationships
of a few low-lying states of PbH. Table 2 shows a few MO configurations,
the A-S states and the corresponding w-w states resulting from them. 1In
Table 3 we show the dissociation limits of some of these low-lying states.

Next we discuss the selection of configurations for our CI calcula-
tions. While the %(I) ground-state is primarily ZH%, various ¥ states
from the cnz, 020', and oa'w configurations can mix by correlation and
spin-orbit interaction. Consequently, our configuration interaction

calculations should include at least these states as reference configura-

tions. Our SCF and CI programs are based on Cartesian Slater orbitals



and thus the MO's must be expanded in Cartesians. The 2H+b state expands
2
to oz(vx + iny)B in terms of Cartesian MO's. This results in the refer-
ence configurations czan and czwys, Similarly the nzo configuration
results in « Zoa, n zca, m_ow _Boa, w_AT _aca and nw_om _acB configurations
X y Xy Xy ‘X ythe

for the +% states. The +% configurations arising from/n~ configuration
are nxzwyB and T ZKXB. We also included ozo'a as a reference configura-
tion for the +s state. This results in 10 reference configurations from
which all possible single and double excitations were allowed. In all
this yields 1731 configurations for the L, state. This includes excita-
tions from the s but not the d orbitals on the lead atom. The MO's
which were primarily d orbitals on Pb were frozen at the CI stage of the
calculation.

The-% state calculations included 2 Cartesian reference configurations
(oznxa, oznya) from the 2H3/2 state, four reference configurations

2 2 - 2
(nx aB, ﬂy o8, nxavysos, wXBwyacB) arising from the A3/2, annyaoa
reference configurations from the 4Z- s T zw a, T zn a references from
3/2° 'x 'y y X

the 1° and cac'am 8, oao'awys references from the.oo'n configuration.

Single
and double excitations from these reference configurations result in
1723 configurations. Qur calculations of the %-state included four

. 2 2 s s
reference configurations (n_“"oca, © “ga, 7 _aw Boa, T BT _aca) arising
: v X y Xy X
the tm§4 S
' ' P
from) A5/2 and gag am a, oo anya references fro Hs/zfconfiguratlon.
Single and double excitations from these six reference configurations

give rise to 1044 configurations.

3. Results and Comparisons with Experiments
The calculated spectroscopic properties of a few low-lying bound
states of PbH and the corresponding experimental values are shown in

Table 4. The full array of calculated energy values are given in Table 5
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and the potential curves shown in fig. 1. Some of the excited states of

PbH are repulsive. The ground-state }%(I) is dominantly ZH% which confirms

Howell's reinterpretation of Watson's spectra. The 42; and 22% states

make only a small contribution (2% and 1%, respectively) to the ground
state. | |

Our calculated Re and W values of the ground state (1.95 A and
1418 cm-l, are in reasonable agreement with the experimental values of
1.84 A and 1564 cm-l, respectively. The %-(I) state is dominantly a
2

H3/2 state. However, the 42;/2 state makes a significant contribution

(6%). A few other states such as 2A make small but non-negligible

3/2
contributions. Our Te value for this state is 6846 cm-l which is slightly

0~ 3Pl splitting of the Pb atom. The Re and wy values

of-% (I) state are quite close to the corresponding values of the~% (D

lower than the 3P

state.

The %(II)'and 3/2(1I1) states are thg upper states for the observed
bands in the red and infrared. These states are primarily 42; and |
3/2 but are substantially mixed with other A-S states. The potential
curves are quite flat from 4 to 5.5 bohr, yielding low vibration fre-
quencies in approximate agreement with experiment. Since the 3/2(II)
state dissociateé to a higher energy Pb atom (3P2) than the %(II) state,
our results giving a shorter Re value for the 3/2(I1) state seems

0
’*¥, however, associate

reasonable. The reported rotational constants
a larger Re value with the higher energy state which is presumably the
3/2 state. Also the reported energy difference between these two states
is much smaller than we calculate. The experimental spectra show complex
' 1 2
perturbations and the interpretation of Gerd 0 was based on two I
tat rather than 42— and 42-
states rathe 1 3/2°

spectrai data seems desirable. It should also be realized that our

Thus a re-examination of these



calculations may not be accurate with respect to small details, although
we are confident that they are correct with respect to the major features.
The difference in calculated energy at 9 bohr from that at the
minimum yields a De value for the ground state of 1.64 eV. This value
is in excellent agreemeﬁt with the experimental De value of 1.59 eV v

based on mass spectrometric experiments. [ .

ey

4. The Nature of the Wavefunctions
Table 6 shows fractional populations of various A-S configurations
for the five 1ow—lYing states at 4.0 and 6.0 Bohr. The ground state is

dominégziy ZHL at 4.0 Bohr. At long distances (6.0 Bohr) it is a
2

mixture of ZIILi and 42; with other A-S states making a small contribution.
Although the spin-orbit interaction lowers the 1/2 state at both 4.0 and

6.0 Bohr, it mixes ZH and 42— states to a greater extent at 6.0 Bohr.

The 3/2(I) state also behaves in a similar manner except that at 6.0
Bohr czn(ZHB/z) makes oniy a small contribution with dominant contribu-
tions from cwz(AZ) and oc'm configurations indicating an avoided crossing
in this region. The %(II) state is

a mixture of 4Z_(MZ) and 2Z—(IOZ) with other A-S states accounting for
the rest of the population at 4.0 Bohr. At long distances the other

A-S states such as ZH and the ones arising from oo'nm configurations

have significant coefficients. The 3/2(1I) and 5/2 states exhibit

-

interesting avoided crossings. The 3/2(II) state is dominantly 42;/2

{
at 4.0 Bohr while it becomes a mixture of 2H3/2, 2A3/2 and other A-S "

states arising from co'w with 42;/2 making practically no contribution

5/2 at 4.0 Bohr.
4

At 6.0 Bohr this state is an almost equal mixture of 2A5/2 and HS/Z

at all at 6.0 Bohr. The 5/2 state is dominantly 2A

indicating the crossing of 2A and 4H A-S states at 6.0 Bohr.
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Table 1. Basis Set Employed in this

Calculation?
Pb Atom H Atom
l 1.9021(4) 11.1264(1)
s s
0.8482(4) 1.4108(1)
1.5189(4)
P P 1.4409(2)
0.8599(4)
3.5804(4)
d
1.6047(4)

2 Numbers in parentheses are principal
quantum numbers.
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Table 2. A few MO Configurations and the Resulting A-S and w-w
States. The MO's resulting from s and d orbitals on Pb
are not shown.

RN

,’/

MO Configuration A-5 State w-w State
. 1/2
ozn 2H !
' | 3/2
. 1/2
42
3/2
29" 1/2
o 2 <
_ 3/2
2, (
5/2
2.+ 1/2
L =
020; 22+ 1/2
1/2¢4)
4II
ogo'n 9 3/2(3)
_ n2)
5/2
1/2
3/2 2
" . 3/2




Table 3. A few Low-lying w-w States and Their Dissociation

-
;

Limits
w-w State Dissociation Energy in cm
Limit '

3, ., 2

1/2(1) Py + 5y, 0.0

3/2(1) 3 2
Pl + Sk 7819.4

1/2(11), 1/2(111) :

5/2(1)

- ' 3 2
3/2(11), 3/2(11I) P2 + S% 10650.5

1/2(1v), 1/2(V)



Table 4. Spectroscopic Properties of a Few Low-lying Bound States of PbH

Re(fx) T, (em ™y w, (cn™)
State Theory Expt Theory Expt Theory Expt
1/2(1) 1.95 1.84 0.0 0.0 1418 1564
3/2(1) 1.92 6846 1457
1/2(11) 2.68 2.36 17 213 17 590 391 500
3/2(11) 2.44 2.60 20 341 18 030 442 479
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Table 5. Potential Energy Curves of PbH

—
4

R | 1/2(D) _3/2 1/2(11) 3/2(11) 5/2
2.5 .060i ~.0857 .1284 - .1932
3.0 -.0330  -.0044 - .0482 .0588 L1111
3.2 -.0484 —.0190 .0356 .0464 1.0962
3.4 -.0568 -.0265 .0283 .0396  .0860
3.6 -.0599 -.0289 .0244 0362 .0788
4.0 -.0568 -.0245 .0209 .0339 .0686
4.5 ~.0446 -.0114 | .0191 .0334 .0594
5.0 -.0307 +.0026 .0183 .0331 .0530

6.0 -.0108 .0200 .0213 .0400 .0470

9.0 0.0 .0284 .0284 .0415 .0466



Table 6. Fractional Populations of Various A-S Configurations for a few
Low-lying States of PbH
State Distance czn(zn) cn2(42) cnz(zz) cnz(zA) oo
4.0 .884 .022 .009 0.0 0.0
1/2(1)
6.0 .502 .213 .055 0.0 .096
4.0 .842 .057 0.0 0.023 -.001
3/2(1)
6.0 .063 .327 0.0 0.0 .331
4.0 .026 .743 .103 0.0 .015
1/2(11)
6.0 .211 .419 0.0 0.0 .157
4.0 .047 .815 0.0 0.0 .054
3/2(1I1) ‘
6.0 .267 - 0.0 0.0 .230 .298
4.0 0.0 0.0 0.0 .785 .047
5/2
6.0 0.0 0.0 0.0 .384 .387

13
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Figure 1. Potential energy curves for PbH. The calculated
energies of separated atoms are indicated on the

right.
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