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An ab initio study of the Renner effect and
spin-orbit coupling in SbH- and BiH,
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Introduction

Table 1: Calculated rovibronic term values (in cr) for selected vy, v5, v3) States

of X2B; ?1ShH,.

We present the results ab initio calculations for the two lowest elec-
tronic states of the Group 15 (pnictogen) dihydrides, Sard BiH,.
For each of these molecules the two lowest electronic stiteB8; and
A% Ay, become degenerate at linearity as’H,, state and are therefore
subject to the Renner effe(ig. 1). Spin-orbit coupling is also strong
In these two heavy-element containing molecules. We cocisthe
three dimensional potential energy surfaces and correspgulipole
moment and transition moment surfaces by multi-referemcdigu-
ration interaction techniques involving these two elautstates for
SbH,. Including both the Renner effect and spin-orbit couplng,

calculate rovibronic term values for ShHFor the heavier dihydride
BiH- we calculate bending potential curves and the spin-orhipkiog
constant for comparison.
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Figure 1: The bending potential energy functions of ShiH the X2B; and A%A,
electronic states. The bond lengths are both held fixed atatlue (<) = 1.719A.
The energies of the lowest bending eigenstates Wjth- O are indicated for the two
electronic states = 180 — Z(H-Sb-H).

ADb initio Calculations

We have computed energies on the potential energy surfddde o
X?2B, and A%A; electronic states of ShHand BiH, with the MOL-
PRO 2010.1 program package [1], employing an all-electrAB&CF
method, followed by a MRCI treatment. For hydrogen we usedga a
cc-pV5Z basis set, for antimony a Sapporo-DKH3-QZP-20ktdwet,
and for bismuth a segmented all-electron contracted DZR bascon-
structed for use with the non-relativistic DHK Hamiltonian

Term Values for SbH,

Thus far, we have carried out calculations of rovibroniareval-
ues for X2B; and A2A; SbH, by means of the RENNER program
system [2, 3, 4]. Values fol?!SbH,, 12'SbD,, 1?1SbHD, 123SbH;,
1235hD,, and!?3SbHD are available, but we list only those f6ftSbH;
here. Simulations of rovibronic spectra are under way.
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“An F;, state has/ = N — 1/2; anF state has/ = N + 1/2.

Table 2: Calculated rovibronic term valuegin cm™!) for selected v, v-, v3) states

of A2A, 121ShH,.
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energy patterns are explained in terms of the Harmonicadlypled-

Anharmonic-Oscillator (HCAO) model (see Refs. [5, 6] anlérences
therein), which sets up a Hamiltonian-representationimnftdr a given
value of N in terms of Morse-oscillator basis functiopgns) with n4

+ n3 = N. The matrix elements depend on three parameigfsr,
and A. Typically, wy; > xy andwy; > X (see Fig. 2). In reality,
the characteristic patterns are sometimes ‘spoiled’ lrawtions with
nearby(v, v9, v3) states havings > 0; these states are not accounted
for by the HCAO model.
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Figure 3: Rotational term level diagram for the vibrational groundtst(left) and
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marized the experimental results and compared them to edlrgbed
fundamental wavenumbers, which obviously support theyassents.
A spectrum attributed to the absorption spectrum of SpiH<«— X)
was obtained in Ref. [14] by the flash photolysis of stibineH9.
Also, in Ref. [15] the emission spectrum of SpE — X) from 400
to 700 nm was recorded with a resolution o&l2nd a portion of the
spectrum from 480 to 530 nm was recorded with a resolution &f 3
We intend to compare our spectral simulations, which aresatlly be-
Ing calculated, with these experimental spectra to confirnefoite the

assignments.

Bending Potential Energy Functions for BiH,

Voena(0)/ £y + 21325
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Ng, Kk, Ono 1o 11 1o
(’Ul,vg,vg) Flb ng Flb F2 F1 F2 F1
RIgpH,
(0,0,0) 18316.216 6.240 6.457 19.214 10.844 10.844 10.844
(0,1,0) 615.973 622.265 622.497 636.397 626.815 637.434.668
(0,2,0) 1275.968 1282.237 1282.237 1298.815 1286.940.902991287.716
(1,0,0) 1586.781 1592.887 1593.108 1605.927 1597.430.26861598.142
(0,0,1) 1627.291 1633.426 1633.646 1646.052 1637.825.96461638.558
(0,3,0) 1950.598 1956.822 1957.080 1977.582 1961.433.69381962.121
(1,1,0) 2194.131 2200.295 2200.530 2214.350 2204.726.28%52205.503
(0,1,1) 2226.467 2232.659 2232.892 2246.377 2236.994.20072237.785
(0,4,0) 2604.237 2610.436 2610.641 2638.632 2614.033.26392614.574
(1,2,0) 2840.935 2847.077 2882.516 2863.555 2851.600.88642852.355
(0,2,1) 2871.873 2878.045 2878.300 2894.067 2882.516.28952883.284
(2,0,0) 3114.963 3120.942 3121.165 3133.929 3125.375.80343126.064
(1,0,1) 3133.207 3139.209 3139.432 3151.899 3143.541.371923144.244
(0,0,2) 3227.186 3233.207 3233.429 3245.647 3237.452.82863238.168
(0,5,0) 3244.770 3251.013 3251.137 3288.429 3252.341.82893252.782

“Unless otherwise indicated the term values are relativbaoit A, level with
(1)1,1)2,1)3,NKGKC, J) = (0,0,0,00Q, 1/2) "An F; state has/ = N — 1/2; anF;
state has/ = N + 1/2. “Relative to theX?B; level with (v, v, v3, Ni. ., J) =
(0,0,0,00,1/2).

Local Mode Vibrations and Energy Clusters

the v, /v; vibrational states (right) ok 2B; '2!SbH,. The energies are plotted relative
to the highest energy in eachmanifold. The term values are colour-coded accord-

—0.85

Ing to the symmetry of the state in the molecular symmetrygi®, 10]C,,(M): A,
(red), A, (green),B; (blue), andB; (black).

The vibrational energy level clusters caused by local-meffiects
are accompanied by rovibronic energy clusters at highiootak exci-
tation [5, 6, 7], analogous to the ones formed in &R, and A%A,

electronic states of the BHadical [8]. Figure 3 shows examples of

this; they are term value diagrams for the vibrational gobstate(left),
and the combined, /v stateq(right), respectively, ofX2B; 121SbH;.
In both displays, we recognize the formation of four-folekigy clus-
ters, the states in each cluster being of symmeitryd Ay & By &
By [11] in the molecular symmetry group [9, 10}, (M). The energy
clusters in Fig. 3(left) are of Type | [12]; they involve ondye vibra-
tional state, the vibrational ground stat¢ B, ?!SbH,. The energy
clusters in Fig. 3(right) are formed by coalescence (witneasing/)

of two energy doublets, one doublet belonging to thevibrational
state and the other one to thevibrational state. Such clusters are of
Type Il [12].

Conclusions

In the matrix isolation in-
frared spectroscopic work

Molecule Environment vs/cm™t v/cm!
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Figure 4: » = 180° — Z(H-Bi-H). At linearity {p = 0), the X2B, and A2A; states
become degenerate adlg, state, while the 24, and 3 B; states become degenerate

as a’A, state.
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Figure 2: Schematic representation of the Harmonically-Couple@takmonic-
Oscillator (HCAO) energy matrix for; + vs = ny + n3 = 4 (left) and 5 (right).
The horizontal lines represent the diagonal matrix elemantl the off-diagonal ele-

ninsg

ninsg ninsg

ments are indicated. Note that by definition, the paramajet O.

The term values of Table 1 show thatB; ShH, is a local mode

molecule. Stretching statés;, 0, v3) with a common value of; +

v3 = N are close Iin energy and form characteristic patterns. The

#ISbh, Rlur/ib"b %gggg %675%6 of Ref. [13], laser ab-
e ) .
Ar/H, 1869.0 1863.7 lated Sb atoms were re-
121 Calc. 1892.1 1889.1 acted with hydrogen dur-
SbD, pure b 1345.8 1341.9 : : . .
Ne/D, 13520 13494 Ing condensat_lon N SIX
Ar/D, 1341.8 1337.6 different environments:
Calc. 1360.6 1357.8
12IGhHD  Ar/HD 1866.5 1339.6 pure H, Ne/H, Ar/Hy,
Calc. 1890.7 1359.0 pure D, Ne/D,, Ar/D,

and Ar/HD. In each en-

vironment, two bands were identified as the stretching vdmal

fundamentals of Sbi SbD), or SbHD. In the table, we have sum-
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