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Relativistic configuration interaction calculations of the low-lying states (O*(I), 1.2. O*(H)) arising from I?=’ con@u- 
ratio? of BiH and the corresponding h-s states (‘z-, 1 A. ‘E+) are carried out These states are found to be bound and the 
calculated spectroscopic properties are compared with the .tvailable experimental results for the X(0?, A(1) and B(Oc) 
states_ The dissociation energy of the ground state X(07 is calculated to be 2.17 eV. The ground state o*(I) is found to be 
a mixture of ‘Z-e (76%) and ’ z+& (16.370). The O*(ID an? 2 states show avoided crossings at long distance& 

1. Introduction 

The bismuth hydride molecule has been of con- 
siderable spectroscopic interest as a result of large 
spin-orbit interaction. The ground state of BiH 
would be 3 E- if there were no spin-orbit interaction 
but the spin-orbit interaction splits this into O+ and 
1 states. Consequently, the hyperfme structure of the 
A(1) state has been of considerable experirnentalinter- 
est [1,2]. The first spectrum of BiH was recorded in 
the early thirties [3,4]. Heimer [3,4] observed 3 sys- 
tems of bands of BrH attributed to the emissions 
B(O+) --f X(0+), B(O+) + A(1) and D + C. The X and 
A states are assigned by Huber and Herzberg [5] to 
O+ and 1 states arising from 3ZZ-, respectively. Khan 
and Khan [6] have carried out the rotational analysis 
of a new absorption band system which they assign to 
X(0+) + E(O+) absorption system. Lindgren and 
Nilsson [7] have also recorded the X(0+) -+ E(O+) ab- 
sorption spectral systems of BrH to obtain the spec- 
troscopic properties of low-lying states of BiH. The 
spectra of isoelectronic SbH and AsH are also of con- 
srderable interest (81. 

The BiH molecule is of considerable theoretical in- 
terest since its ground-state electronic configuration 
u2rr2 is an open-shell configuration. Further, 3 A-s 
states arise from u2rr2 p 2- 1 B+ 3 s 1 A) among which 
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the interaction between 3 Z& and 1 Z& is expected to 
be large. Thus BIH is an interestmg candidate for rel- 
ativistic calculations as a result oflarge spin-orbit 
interaction. Theoretical study of relativistic effects 
on the spectroscopic properties of molecules contain- 
ing very heavy atoms is a topic of considerable activi- 
ty [g-21] _ Section 2 describes the method of our 
calculations and sectron 3 discusses our results and 
comparisons with experimental spectra. 

2. Methodology 

The general method of relativistic con.f?guratron 
interaction calculations for molecules containing very 
heavy atoms 1s outlined in ref. [ 161. In this method 
the relativistic effective potentials are averaged with 
respect to spin at the SCF (self-consistent field) stage 
and differenced for the spin-orbit operator. The 
spin-orbit operator thus obtained is used to com- 
pute one-electron spin-orbit integrals which are in- 
troduced at the CI stage. We employ relativistic effec- 
tive potentials for the Bi atom. These potentials are 
the same as the ones used by Christiansen [17] in hrs 
recent calculations of the ground state of Bi2_ We in- 
cluded d10s2p3 as the valence shell of Bi atom. 

A few low-lying configurations of the BiH mole- 
cule and the A-s and o--o states ariung from them 
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Table 1 
A few low-Iying MO amGgurations of BiH and the A-s and 
W-W states sr3sing fmm them (only the p electrons on Bi are 
5hOWVll) 

COIlfiidiO~ A-S states u--w states 

22 35 o+. 1 

Ia 2 

Jx? 0* 

a* 0% “l-I 0”. o-. 1, 2 
1l-I 1 

ucr=ir* sz- o+, 1. 2 
3A x2,1 
3 c-(2) o+U-). l(2) 
sn+ o-, 1 
‘a 2 
rz- 0- 
*z+ o+ 

ox 3 srl 2.1,0-,o+ 
ID 1 

n4 rz+ 0+ 

are shown m table 1. The dissociation hmits of some 
of these states and the experimental atomic separa- 
tions 1221 are shown in table 2. As one can see from 
these tables there are quite a few low-lying states for 
BiH. In this investigation we carry out cakulatrons of 
the w--w states and k-s states arising from 02rr2 con- 
figuratron (O”, 1,2,0‘F(II), 3X-, lZ+, l A). Calcula- 
tions of other states and the states of B&I* are being 
carried out and wrll be reported in a future publica- 
tion. 

All low-lying h-s states givmg rise to W-W states 
of the same symmetry are included in our configura- 
tion interaction calculations. In particular the cotig- 

urations shown in table 1 were included as reference 
configurations together with o* 2,2 reference config- 
urations. The d electrons of Bi were rncluded at the 
SCF stage but were Frozen at the CI stage of caktda- 

Table 2 
Dissociation Rmits of the few low-lying states of BiR 

tions. Single and double excitations from these refer- 
ence ~~gum~o~ resulted in 3123 co~~ra~o~ 
for the 0’ states, 1565 configurations for the I state 
and 2695 configurations for the 2 state. A double- 
zeta Slater-type basis is employed for the Bi and H 
atoms. The optimized atomic exponents for Bi are re- 
ported in ref. [17] _ The basis set for H used here is 
the same as the one B~subr~a~an and Pitzer [14] 
used for SnH calculations 

3. Results and comparisons with spectra 

The calculated spectroscopic properties of the 
low-lying states of BIH are shown in table 3. The ex- 
perimental vahres are also quoted in table 3 for com- 
parison. As one can see, the calculated values are m 
reasonable agreement with the experimental results. 

The splitting between the O+ and I states arising from 
3Xc- state 1s cakulated to be 5737 cm-l which rs in 
reasonable agreement with the expenmental value of 
4917 cm-l. 

Cur calculated bond distances for the O+,- 1,2, and 
O”(n) states are ML1 A larger than the corresponding 
experimental values. Tlus trend is similar to the ear- 
lier calculations on TIH 1161, SnH 1141 and other 
molecules. Thrs can be attrrbuted to a combination of 
several sources such as the lack of d correlation, the 
use of effective potentials, etc. 

In table 3, we show the properties of 3X-, lA and 
IX+ states for comparisons. The O+ and 1 states cor- 
respond to 3XJ~ a.nd 221 in type (c) coupling. As 

seen in table 3, spin-orbit interaction not only splits 
the O+ and 1 components of 3X1 but also stabilizes 
these states. The significant rn.iGng of 3 pw and lx& 
lowers O+(I). Thus the O+(Ir) state goes up in energy 
with respect to lx+ as a result of this interaction. The 

Molecular stat- Dissociated atoms 

Bi +H 

Energy (cm-1) 
of the atoms 

4SYZ 
2Ds/z 

+ “SD 
+ “SW2 

2DsIz + ‘Syz 
2P,, + as, 

0.0 
11419 
15437 
21661 
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TabIs 3 
gpect~oscopic proper&es of low-lying states of BiH 

State R, WI Te c=n-‘> W, (cm-‘) 

theory MCpt. a=w, expt theory expt 

@CI, 1.90 1.81 0.0 0.0 1619 1636 
1 1.89 1.79 5737 4917 1630 1669 
2 I.89 13469 - 1630 
O+(II) 1.88 1.78 26286 21263 1585 1643 
%c- I.88 8013 - 1667 - 

IA 1.92 16494 1296 
'zc i_sa 18033 - 1710 - 

vibrational frequencies of O’, 1,2 and O’(H) states 
are also lowered as a result of spin-orbit interaction. 

The experimental dissociation energy of BiH is 
calculated based on the extrapolation of E(O+) state 
assuming dissociation into Bi(2DgR) + H(2S,,z) 
atoms [7] _ The E(O*) state appears to be predissoci- 
ated as a result of the crossing of the 1 state ansmg 
from 5Z- state which dissociates into ground-state 
atoms (see tables 1 and 2). Consequently, there is 
some uncertainty in this exper~~nt~ value, Huber 
and Herzberg [5J rightly indscate in their table on 
Bill that theP8 reported there is an upper-bound val- 
ue- This upper bound is 2.9 eV. Our calculated disso- 
ciation energy is based on the difference between the 
minimum of O+ state and its energy at 9.0 bohr. This 
value is 2.17 eV. Since our calculated drssociation en- 
ergies are usually in the range of 80-9070 of the ex- 
perimental values, this value should not be regarded 
as very accurate. 

Our calculated potential-energy curves of the low- 
lymg states of BiH are shown in fig. 1. As one can see 
from fig. 1, the 2 state has a barrier. This is attribut- 
able to an avoided crossing At shorter distances and 
near equilibrium distances the 2 state is dominantly 
lAz_ However, at long distances the 5Zj’ arising from 
oo*nt dominates so that the 2(I) state would disso- 
Gate into Bi(4S3,2) + H(2S1,2) atoms. 

The O+(I) state is 76% 3X~+ and 16.3% lJ& at 3.5 
bohr. The 3110+ states arising from urr3 and u20*n 
also make non-negligible contributions (1.6%) at 3.5 
bohr. At 6.0 bohr, the O+(I) state is 54% 3Z;& 12.2% 
‘Z&, 14% 3Z+ (~r*~s~), 3% X2&+ (o*~,~), 6.3% 
311w (020”n), 5.4% (ou*n2)0t and the rest of the 
population is attributed to excitations from these ref- 
erences_ Thus the O’(I) state IS cont~~atad quite 

heavily by spin--orbit interactions_ The O”(H) state is 
70.4% ‘X5+, 14~5% 3Xc,, 8_2% 311, ((m3j, and 13% 
3110+ (u20*n’) at 3.5 bohr At 6.0 bohr, the O*(D) 
state is 39.4% (oaa*orrr,flsry/3, &r*&+nrYa)o+, 20% 
gII@t. (&“7r), 10.4% 1X& (OW), 8.4% 311tJ+ (UYG), 
9.1% 31’I~(o*a2n), 1.7% r3Z+.) and the rest of the 
population attributed to single and double excitations. 
Thus at long distances the 0”fI.I) state exhibits an 
avoided crossing. 

The dissociation limit of 32- in fig_ 1 to Bjc4s) + 
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Ht2s) was calculated without spin-orbit integrals, [71 Et. Lindgren and C.H_ Nrlsson, J. MoL Spcctzy, 55 (1975) 
w$tile the 2, 1, and O+ states were calcuiated at 9.0 407. 

bohr with the spin-orbit integrals. The difference in ES] R.N. IXWXI and H.M. l-amber-ton. J. MoI Spectry. 25 

this energy is thus attributable to spinarblt interac- 
(1968) 12. 

[9] K. Bahsubramanmn, J Chem. Phys, to be published. 
tion. [lo] K. Bakubramanian, J. MoL Spectry., to be published. 

[ll] K. Balasubramulian, 3. Phys Chem , to be published. 
[ 121 K. Bdlasubramanian, Chem Phys, submitted for publi- 
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