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The B> anions that have been characterized in (K-cp@git)are isoelectronic with @but are diamagnetic

and EPR-silent, unlike © The UV—vis spectrum measured for (K-cryg), shows two broad absorption

peaks located at 2.05 and 2.85 eV, but no absorption at lower energies down to 0.62 eV. To account for these
observations, the electronic structures of the isoelectronic diatomic dianishq@= N, P, As, Sb, Bi)

were compared on the basis of relativistic density functional theory calculations, and the electronic excitations
of Bi,>~ were analyzed on the basis of relativistic configuration interaction calculations. The extent-ef spin
orbit coupling, brought about by the relativistic effect, increases steadily in the ordePN< As < Sh <

Bi such that the “closed-shell” state is more stable than the “open-shell” state,for ®hile the opposite

is the case for B, P>, As,?", and Sk?*". The nature of the electronic excitations ofBiwas assigned and
discussed from the viewpoint of molecular orbitals in the absence of-gpbit coupling.

1. Introduction unlike paramagnetic £ the Bp2~ anions of (K-crypt)Bi;
behave as if their ground state is “singlet” with no unpaired
electrons. It is well known that relativistic effects in heavy atoms
lead to a very strong spirorbit coupling and can exert a
profound influence on the chemical bonding of compounds
involving such element%:2! Indeed, it has been pointed out
that paramagnetic effects can be largely suppressed when spin
orbit coupling becomes large compared to thermal entfidye
ground state of neutral diatomic molecule Bas been examined
y electronic structure calculations including sporbit coup-
ng within Hartree-Fock* 16 and DFT schemeX. 2! In
escribing the valence electronic structure of a diatomic species
such as B#, it is necessary to consider spinrbit coupling
explicitly for valence electrons. Furthermore, the YWs
spectrum determined for (K-crypBi, in ethylenediamine
solution at room temperature shows two broad absorption peaks
located at 2.05 and 2.85 eV, but no absorption peaks at lower
energies down to 0.62 eV (see below). The electronic excitations
responsible for this observation are not well understood.
- In the present work we examine how the increase in-spin
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Molecular orbital (MO) pictures provide a useful framework
of thinking about the electronic structures of a variety of
molecules. Nevertheless, they often become inadequate for
molecules made up of heavy elements. For example, the
paramagnetism of £s readily explained in terms of its triplet
ground state, since there are only two electrons to fill its doubly
degenerate HOMO (i.e., the pi-antibonding orbitai¥). By
analogy, a dianion B#~ that is isoelectronic with ©@would
have been expected to possess a similar electronic structure an
exhibit paramagnetism. First principles electronic structure d
calculations using relativistic effective-core potentials confirmed
this expectatiod. However, the Bi#~ anions characterized in
(K-crypt),Bi, show diamagnetic properties (here crypt refers
to 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane)
(K-crypt)Bi, exhibits negative and temperature-independent
magnetic susceptibility in the range 2800 K and is EPR-
silent at room and liquid nitrogen temperatutésTherefore,
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19 3. Relativistic Electronic Structure Computations
08 ] 3.1. DFT Calculations. The Beijing density function pro-
' grant?23was used for our four-component fully relativistic DFT
calculations for @~ (Q =N, P, As, Sb, Bi). The 2s/2p orbitals
0.6 of N, the 3s/3p orbitals of P, the 4s/4p/3d orbitals of As, the
1 5s/5p/4d orbitals of Sb, and the 6s/6p/5d orbitals of Bi are
._§ 0.4 considered as valence shells, while other orbitals are frozen in
s the core. The Becke88 and Perdew86> functionals were
é 0.2 1 selected as the exchange-correlation functionals. For the calcula-
1 tions of the orbital energies of &, the Q-Q bond lengths of
o0l Q»*~ were optimized by minimizing their total electronic
energies. For the calculations of the excitation energies8f Bi
the Bi—Bi bond length was set to the experimental value (i.e.,
T T T T

350 400 450 500 550 600 650 700 750 2.8377 A) found for (K-crypBi,. The Kramers unrestricted
Wavelength (nm) scheme was used to treat the open-shell systéms.
Figure 1. UV—vis spectrum of (K-cryptBis in ethylenediamine at 3.2. CI Calculations. To analyze the UV-vis spectrum of

room temperature. The peaks are located at 435 nm (2.85 eV) and 605(K-Crypt)2Bi2 in more detail, a series of relativistic Cl calcula-
nm (2.05 eV). tions were carried out for Bi~. For this purpose, a relativistic

effective core potential of Wildman et #.was employed to
the basis of relativistic density functional theory (DFT) calcula- describe the inner-shell electrons of the bismuth atom, and the
tions, analyze the electronic excitations of%Bion the basis 5d, 6s, and 6p electrons were treated as valence electrons. We
of relativistic configuration interaction (Cl) calculations and employed the (6s6p6d1f)/[4s4p4d1f] atomic orbital basis set for
interpret the UV-vis spectrum determined for (K-crypBi. in Bi,?® which was augmented by one more f function with an
ethylenediamine solution. Our work is organized as follows. Optimized exponent of 0.12.
Section 2 briefly summarizes the synthesis and physical Inour relativistic Cl calculations two different computational
properties of (K-cryptBi,, and section 3 our relativistic DFT ~ methods were adopted. In the first approach, a self-consistent
and CI calculations for an isolated Bi anion. The nature of  field (SCF) calculation was combined with a large scale ClI to
the ground state of Bi~ is discussed in section 4 on the basis obtain highly correlated\-S wave functions in the absence of
of the relativistic DFT calculations. In section 5 we discuss on spin—orbit coupling. As a next step a sptorbit matrix for a
the basis of the relativistic DFT calculations the nature of the relatively small number of\-S states{ 100) was diagonalized
one-electron orbitals of Bi~ as well as the electronic excitations to obtain energies and wave functions for the fiGalstates.
expected for B#~. In section 6 we describe results of our Thus, this approach is characterized/&s contracted spifi
relativistic Cl calculations for B?~, assign the electronic  orbit Cl (LSC—SO—-CI) calculations. In the second approach,
excitation spectrum of (K-cryp#fBi,, and discuss briefly why  we treated the electrostatic and sporbit interactions simul-
the present relativistic DFT calculations are inadequate for taneously without first obtaining correlated-S functions, so
describing electronic excitations. Our main conclusions are that all selected configurations of various space and spin

summarized in section 7. symmetries form the basis for the multireference srbit CI
(MR—SO-CI) calculations. The MR SO—CI method is com-
2. Experimental Section putationally much more demanding than the |-=S&0-CI

method. More details for both methods were described else-

(K-crypt),Bi, was synthesized from the precursosBk; as where?7.28
described beforé? Its UV—vis spectrum (Figure 1) in ethyl- The standard multireference single- and double-excitation Cl
enediamine was taken at room temperature on a Perkin-EImerapproact?® was used to obtain th&-S electronic energies, wave
UVIVISINIR spectrometer Lambda 19 in the range 22000 functions and transition moments. The calculations were carried
nm (i.e., 4.96-0.62 eV). It shows two peaks at 435 and 605 out employing the Table Direct-CGP-3! version of the MRD-
nm (Figure 1) and no absorption peaks at lower energies downC| package including configuration selection and perturbative
to 0.62 eV. At energies below 0.62 eV, the spectrum is very corrections. The MO’s that are predominantly occupied by the
complex due to the presence of solvent molecules, ethylenedi-5dL0 electrons were frozen at the Cl stage of the calculations.
amine, and large organic molecules such as 2,2,2-crypt. ThisA selection threshold of = 0.3 x 107 E, was used in the
makes it impossible to draw any meaningful conclusion about | SC—SO-CI and MR-SO-CI| methods. In the LSESO—
the electronic excitations of the Bi anion below 0.62 eV. Cl scheme, eight to twelve lowest roots were calculated for each

The magnetization of 11 mg of (K-crypBi, was measured  of all possible singlet and triplet irreducible representations, and
at a field of 3T over the range HB00 K on a Quantum Design typical sizes of the selected ClI spaces were-B.2 x 1(° in
MPMS SQUID magnetometer. The results show negative and each case. Quintet states are less important for the low-energy
temperature independent magnetic susceptibility varying in the Bi,>~ spectrum, and only two to four roots were obtained for
range of 1.3 to —2.7) x 10* emu/mol. The measurements them, with CI spaces varying from 80 000 to 120 000 selected
were carried out in a special holder designed for air-sensitive configurations, depending on symmetry. The importance of
compounds where the sample is confined between two quartzhigher excitations in the LSESO-CI treatment were assessed
rods that are tightly fitted in a sealed quartz tube. EPR by applying the generalized multireference analogue of the
measurements of ethylenediamine solutions of the compoundDavidson correctiof#33to the extrapolated = 0 energies of
were carried out on a Varian EC-1365E spectrometer at both each root. There is a good overall agreement between the data
room and liquid-nitrogen temperatures and showed that the computed in the LSESO—-CI and MR-SO—CI approaches
compound is EPR silent. All operations were carried out in a (see section 6). However, in the MBO-CI method, all
nitrogen-filled glovebox with moisture level below 1 ppm. configurations that have strong coupling with the states of
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TABLE 1: Results of Relativistic DFT Calculations for Q,2~
(Q=N, P, As, Sb, Bi}

P P2~ As> Sk Bi#2

e(ParD) — e(pu)? 0.019 0.055 0.282 0632 1.969
e(leys) — €(28y1)2P 001 003 014 025 057
(Eos — Ecg)ac -0.88 -046 -030 -0.11 +0.26
Q-Q lengthd OS 1.3664 2.1528 2.4044 2.7951 3.0101

CS 1.3658 1.1584 24121 2.8109 3.0199

aThe energies are given in eV unitsThe energies were calculated
by using the CS states with the optimized bond lendtfiie energies
were calculated by using the optimized bond length&he optimized
bond lengths are given in A units.

atom to split them into 9, (j = 1/2,my = £1/2) and pp2 (j =

3/2,m = £1/2,£3/2) (Figure 2d). Then the;p orbitals of the

two individual atoms interact to form thg.® and 1, orbitals.

Likewise, the gy, orbitals interact to form thegey, ez g3z

and a2 orbitals (Figure 2d to 2c). The correlations between
(a) (b) (c) (d) the MO levels of Figure 2b and the relativistic dimer levels of

. ) . Figure 2c, indicated by the solid lines, are discussed in section
Figure 2. One-electron energy levels of a homonuclear diatomic

dianion Q> (Q =N, P, As, Sh, Bi) derived primarily from the valence 5.2.
p orbitals of Q: (a) The p orbitals of two Q atoms without considering 4.2. Ground State.For @?~ (Q = N, P, As, Sb, Bi), there
spin—orbital coupling, (b) the molecular orbitals 0£%Q formed from remain two electrons for the 2g, 1y and 2@ levels after

the p orbitals without considering sptorbital coupling, (c) the -
relativistic dimer levels of ¢~ formed from the p orbitals under spin completely filling all the levels up to 1. The energy gap

orbit coupling, and (d) the p orbitals of two Q atoms under sfirbit between 2@_/2 and 1gszis Smal! when §piﬁorbit coupling is
coupling. The one-electron energy levels of Qderived mainly from weak, and increases as spiorbit coupling becomes stronger.
the valence s orbitals of Q, which lie below the p-block levels described Thus, there are two low-energy electron configurations to
above, are not shown, and the slight mixing between the s- and p-block consider, (2g7)%(1e;32° and (219 (1)L (Unless men-
levels is neglected for simplicity. . . e

tioned otherwise, it will be assumed that all levels beloys2e
are each doubly filled.) The terms “singlet” and “triplet” states

interest can be directly included in the secular matrix to be lid ts in MO pict h oTbit i
diagonalized. The latter is particularly important for systems are Val' C(;n(;fp s n h pictures where sporbl Cogp N9 h
containing very heavy atoms such as Bi. This suggests that the'S N€glected. However, these states can interact and mix when

MR—SO—CI approach would be more accurate in the present spin—orbit coupling is turned on. Thus, it is more appropriate
to describe the (2g2)%(1ey31)° configuration as a “closed-shell”

case.
(CS) state, and (2e2)*(1eyz)t as an “open-shell” (OS) state.
4. Nature of the Electronic Ground State The computational results for, summarized in Table 1,
. . . . . ' indicate that the energy gap between thg2and 1gs;levels
4.1. Atomic and Dimer Orbitals. When spir-orbit coupling is large for strong spinorbit coupling, and the CS state becomes

is neglected, all the p orbitals of each atom are degeneratemore stable than the OS stéfeThe energy difference between
(Figure 2a). (For simplicity of our discussion, we describe only the py, and py, levels of Q increases in the order NP < As
the valence p orbitals of each atom Q.) Once a diatomic < sh< B, and so does the energy difference between thg2e
molecule is formed, the spherical symmetry of the individual ang 14, levels of Q2. The state energy differencAE =
atoms is lowered to cylindrical symmetry, and thus only the Eos — Ecs is largest for N~ and decreases steadily in the
angular momentum pointed along the inter-nuclear axis is 5rder N> P > As > Sb > Bi. The OS state is more stable
meaningful. The orbital angular momentum of a diatomic than the CS state for &, P2, As,>~ and Sk?~, but the
molecule along the inter-nuclear axis is designated Aby opposite is the case for Bi . The latter explains why the Bi-
analogous to thbqu_antum number for an electrc_)n of an atom: anions of (K-cryptiBi, behave as if they have no unpaired
4 = 0 for o-type orbitals, and = 1 for z-type orbitals (Figure electrons in contrast to the case of the isoelectroni¢- O

2b).
: . It is noted that the optimized bond length of the CS state
The coupling of the spin angular moments@and the angular . . ;
ping P g d Bi»?~, 3.0101 A, is longer than the experimental value, 2.8377

momentum/ leads to a net angular momentum, which is ) -

analogous to theangular momentum for an electron of an atom. Aj The exchange and correlation functionals used here tend to
The resulting angular momentum is denoted:byFor example, slightly overestimate bond lengtA&Furthermore, our calcula-
w = |1 £1/2| for a spin-1/2 electron. As a consequence, under ions were carried out for an isolatedBi anion, whereas the

spin—orbit coupling, thes (1 = 0) level becomes the = 1/2 Biz>~ anions in the crystal structure of (K-crygd). are
level, whereas ther (1 = 1) level splits into thes = 1/2 and coordinated with the counterbalancing cations Khe polariza-
w = 3/2 levels. Because ttrcomponent ofv (i.e.,m,) is given tion of the valence electron density distribution o§Biby the

by m, =tw by the Cy|indrica| Symmetry' each relativistic dimer Surrounding K cations will effeCtiVE'y reduce the electrostatic
orbital is 2-fold degenerate and hence will be denoted by the repulsion between the two Bi atoms and hence shorten the Bi
symbol e. The relativistic dimer levels resulting from the p Bi bond length. In addition, we note that the effective core
orbitals under spirorbit coupling are depicted in Figure 2c.  potential used has a large core. The omission of the outer core
The occurrence of these levels is easily accounted for by might also have contributed to the long-B3i bond length
introducing spir-orbit coupling first into the p orbitals of an  optimized from the present DFT calculatio#¥s.
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Figure 3. Four low-energy electronic excitations ofBi.
TABLE 2: Compositions of the Ground and Four Excited

Configurations of Bi,2~ and the Associated Excitation
Energies Obtained by Relativistic DFT Calculations

state composition excitation energy (&V)
(2ey129H(1ey3)° 0g"
(2ey12)'(2€1)* 0%, 0,7, Ly 0.90
(Lewsr) (et 0, 007, 3 1.17
(Lewr) (leyr)*t L, 2 2.21
(lepr)(2a1)* 0, 007, L 3.11

aCalculated for B¢~ with the Bi—Bi distance 2.8377 A found in
(K-crypt):Bio.

5. Excitation Spectrum of Bi,?2~ from the Viewpoint of
One-Electron Orbitals

5.1. DFT Calculations of the Excitation Energies.n the
CS state of B#~ represented by the orbitals of Figure 2c, the
leyiz lann lesp and 2@y levels, are doubly filled while
the 1z and 21z levels are empty. Electronic excitations are

Dai et al.

lesz— leyn 1z — leyaz and 1guz— 2€u, are allowed.
Thus it is tempting to suggest that the two absorption peaks at
2.05 and 2.85 eV (Figure 1) in the UWis spectrum of (K-
cryptyBi, are associated with the excitationsyike— leyzp
(2.21 eV) and 1@, — 212 (3.11 eV), respectively, and that
the remaining two predicted excitations, i.e g2~ 212 (0.90

eV) and 1@z — leys» (1.17 eV) are not observed experimen-
tally because their transition probabilities are very small.
However, this reasoning is incorrect, as discussed in the
following.

5.2. Relativistic Orbitals in Terms of Nonrelativistic
Orbitals. In relativistic theory an atomic orbital is represented
by four components, two large components and two small
components. For simplicity, we will consider only the two large
components of an atomic orbital. Then, the atomjg and /2
orbitals (for positivems values) of Bi are written &s

— V1/3p,

— V173(p, + ip) (12)

Py (M= 1/2): ¢, 0

(1b)

Py, (M=3/2): ¢, O [B/FZ(R( +ip,)

V2/3p,

Vi +iny| O

P (My=1/2): ¢ U

where the p py, and p are the p orbitals of Bi in the absence
of spin—orbit coupling, and the-axis taken along the BiBi
axis.

To understand the nature of the dimer orbitals under-spin

allowed between occupied u- and unoccupied g-levels, andorbit coupling (Figure 2c), we first consider “equal-weight”
between occupied g- and unoccupied u-levels. Figure 3 depictslinear combinations of the relativistic atomic orbitag ¢n,

four low-energy one-electron excitations: (1)y2e— 2€,1/2
(2) laze — leygz (3) lawe — legan and (4) 1y — 2@
We calculated the energies of these excitations fe# Bivith

and ¢, listed in eq 1. The two different Bi atoms of aBi
anion may be distinguished by the site indices 1 and 2. Then,

Bi—Bi distance of 2.8377 A on the basis of relativistic DFT - «/FSOZ
using Slater’s transition state technique (Table6238 This ¢(1) + 64(2) = _ @(ﬂ +im) (2a)
method excludes the possibility of transitions between empty X y
levels (e.g., 1&»>— 2a.1/7) from contributing to the excitation — 13
energy spectrum because both levels are unoccupied in the — = z
?{1) — ¢4(2) oL (2b)

ground state. — \/F?»(nx + i)

Relativistic DFT calculations are based on the single-
determinant method, so that each excitation energy determined 1/20r. + it
by these calculations represents an “average” value that involves Pp(1) + Py(2) = [2)/_( «Him) (2¢)
several states from the viewpoint of the Cl method. Therefore,
it is necessary to examine the compositions of the ground and _ JFz(n; + iﬂ;)
four excited states. The ground-state configuratiog,@F1eys,)° Pp(1) — $(2) = 0 (2d)
has the " symmetry under the classification of relativistic states
under cylindrical symmetry. According to the—w coupling «/73@“
scheme, the coupling @f; andw- states yield€2 = |w1—w| o 1)+ ¢(2)=] VB, + i) (2e)
and wi+w; states. Thus, the coupling ef;=1/2 andw,=1/2 X y
states generateQ = 07, 0-, and 1 state¥®’ Therefore, the NeTe
excited configurations (2e2%2e.12! and (1gu2)'(2ei)* 6.(1) — p.(2) = 2/30, 20
generate @, 0,7, and 1, states. Similarly, the coupling of c c — V16 + i7})

w1=1/2 andw,=3/2 states leads t® = 1 and 2 states, so the
excited configuration (1g2)*(1leys)* generatesJand 2, states.
The coupling ofw;=3/2 andw,=3/2 states leads t@ = 07,
0-, and 3, so the excited configuration (38(1ey)* generates
0,7, 0,7, and 3 states.

According to the selection rules for electronic transitions
between relativistic states under cylindrical symmetry, tfie 0
— 0, and @ — 1, excitations are allowed, whereas thg 0
— 0y, 05t — 2, and @ — 3, excitations are forbidden.
Therefore, all four excitations of Figure 3, i.e..g2e— 2e,1/2,

where o represents the sigma-bonding orbitgl and o* the
sigma-antibonding orbitaby, in the absence of spirorbit
coupling. Likewise;r represents the pi-bonding orbital, and
mr* the pi-antibonding orbitalrg, in the absence of spirorbit
coupling. The six dimer orbitals of a Bi” anion under spinr
orbit coupling (Figure 2c¢) can be decomposed in terms of the
orbitals listed in eq 2. Results of this analysis are summarized
in Table 3. On the basis of eq 2 and Table 3, it is straightforward
to establish the correlations between the MO levels of Figure
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TABLE 3: Major and Minor Components of the Six Levels
legiz 1€z 18312, 26172 1632 and 2&q, of Bix?~ Obtained
from Relativistic DFT Calculations

major component minor component

leyjre $a(1) — #a(2) #e(1) — #e(2)
laur ¢a(1) + ¢a(2) ¢e(1) + ¢c(2)
lase (1) + Pn(2)
29g1/2 ¢e(1) — 9e(2) ¢d(1) — ¢a(2)
lege #6(1) — ¢u(2)
2eu2 ¢(1) + 9e(2) (1) + ¢a(2)

2b and the relativistic dimer levels of Figure 2c as indicated by
the solid lines.

The relativistic 1g1» and 2g1.» levels consist mainly of the
[¢a(1) — #a(2)] and fpe(1) — #c(2)] orbitals, which are made
up of theo andz* MO character (eqs 2b and 2f). Likewise,
the relativistic 1g/» and 2@ levels consist mainly of thep-

(1) + ¢a(2)] and (1) + ¢c(2)] orbitals, which are made up of
theo* andr MO character (egs 2a and 2e). In other words, the
spin—orbit coupling induces the mixing of the sigma-bonding
and the pi-antibonding MO character, and that of the sigma-
antibonding and the pi-bonding MO character. It is of interest
to see how this orbital mixing comes about. Under sfrbit
coupling, theo ando* (1 = 0) levels become» = 1/2 levels,
whereas ther andz* (1 = 1) levels split intow = 1/2 andw

= 3/2 levels. The levels of an identical value can interact
and hence mix together, but the resulting dimer orbitals must
be either gerade or ungerade in symmetry. Thus, the gerade
= 1/2 levels combiner ands* orbitals (eqs 2b and 2f), while
the ungerade» = 1/2 levels combine™* and xr orbitals (egs 2a
and 2e). Ther ando* orbitals with w = 1/2 do not mix due to
their difference in symmetry. For the same reason,strend

ar* orbitals withw = 3/2 do not mix (egs 2c¢ and 2d). When the
spin—orbit coupling is strong, the quantum numbeis not a

good quantum number any more, so that the MO terms such as,
the sigma and pi bonding/antibonding levels become meaning-

less.

5.3. Consideration of Transition Dipole Moments.The
probability P of the electronic excitation from a filled orbital
¢i to an empty orbitady is given byP O |[¢|M|¢J2, where M
= €f. In this section, we evaluate the transition dipole moment
[i|M|¢sLTFor the four transitions 2g, — 2€u1/2, 1€z2— 1eyasz
leyz— leysp, and 11— 26,12 To simplify our discussion,
we note from Table 3 that the major components of the six
dimer orbitals are given by

legl/2<_ d’a(l) - ¢a(2)

16,1 ¢4(1) + ¢4(2)
163 (1) + ¢(2)
Zeg1/2<_ d)c(l) - ¢c(2)

16y ¢p(1) — #,(2)
26,11 (1) + #c(2) ©)

Using only these major components, the transition dipole
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moments associated with the four electronic excitations are
written as

[2€,1/JM 26,10 (2/3) [&,|T |0} [ (1/3) e} T |or, 0
(16,37 M | 16y, 10 [, | T |y = (G T |or, 0
[16,1/dM|1€y5, 1 VI/6(1+ i) [6}]F |00

[ey1/IM (26,00 (V2/3)(— 6, T |30+ G| Tl (4)

where the equivalence betweét[F|szJand &}[F|s, [ was
taken into consideration, and so was that betwiééi|z;and
[07[FlyC] By symmetry, the nonzero term &f|o;0is given
by [d,/z|0;0) that of [[F|zxOby |zl and that ofid) [F|7;0
by [@;|x|7;[] Therefore, eq 4 is simplified as

[26,,,M 26,10 (2/3) (&) 2l (L/3) |zl 0
[1eqdM| L&y 0 [ |2)m, 0
[1ey1M 1855, 0 V1/6(1+ i) [, x| 7,00

[ey;,IM[26,,,00 (V2/3)(~ &) 20, T+ FZm,0) (5)

It is important to consider whether the values of transition
dipole moments such d8|z|0;0) Fr}|z|40) and [0} x| Care
large or small on symmetry considerations. Note that the term
[0,/zl030is equivalent told,|zoi0] i.e., the overlap integral
betweeno, and @}. Likewise, [F}|zjm{Jis equivalent to[]
7| zm) and | x| 0to [&)|xri0 To visualize our symmetry
considerations, we calculate the MO’s of ,/Bi using the
extended Hakel tight binding method and generate boundary
surface plots of the MO'’s and their product functidfgigure
4 presents the boundary surface density plots of the MQ'’s
and o; as well as the product functior®’, and 0,z0}. It is
clear thato, andzo} have the same symmetry and the regions
of their large values match. Consequently, the functigmw;
has large values so that its integrated value (i&|z|0o}0) is
expected to be large. The boundary surface plots;pfr, z7y,
and iz, are shown in Figure 5z} and zrx have the same
symmetry and the regions of their large values match, so that
the [&}|z|lmOvalue is expected to be large. Indeed, organic
conjugated molecules are known to exhibit strong absorptions
due to thexr—ax* transitions. Figure 6 shows the boundary
surface density plots af}, 7, x7; ando}, x . o andxzy do
not have the same symmetry and the regions of their large values
do not match. Therefore, thé}|x|;[ivalue is not expected to
be large. In agreement with this qualitative discussion, our
calculations using only the Bi 6p orbitals show that the ratio
b/|zl050to ) zl70to [&)|x|7;0is 1.00:0.94:0.22. Conse-
quently, ELaJ3/2|I\7I|1993/2Dis large due to the largéx}|z|mO
term, while[1e,1/4M|1eyLis small due to the smalb|x|z;0
term. [leyM|2e120is small because théd,|z/o;0 and
[&}|z|z«Cterms cancel each other, Umegl,2|M|2@1,2Dis large
because théd,|z|o;0and [F}|z|n«Oterms reinforce each other.
The above discussion suggests that the two lower-energy
excitations 2gi, — 212 and 1@z — leyzp should lead to
strong absorptions, but the two higher-energy excitatiopgzle
— leyzp and 1gi», — 2€u1/2 to weak absorptions. According to
the symmetry analysis of the transition dipole moments given
above, the UV-vis absorption peaks centered at 2.05 and 2.85
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Figure 4. Boundary surface density plots of, o}, z0;, ando,z o} of Figure 5. Boundary surface density plots af, 7y, z7x, andzzry of
Bi,?~ calculated for the discussion @f,|zjo;[] The densities used for ~ Bi2?~ calculated for the discussion af}|z|z,[] The densities used for
the plots are 0.025/(at¥?, 0.05/(au)¥2, 0.12/(auy2, and 0.003/(au} the plots are 0.05/(au¥? 0.05/(au)*2, 0.06/(auy*? and 0.003/(au}
for o, o}, z0%, and o,z 0%, respectively. The positive and negative  for zy, 7, Zy, anday zty, respectively.

values are presented by red and blue colors, respectivelyz-a@kis is

taken along the BtBi axis. As expected, the contribution 6&4* to the ground state is

. L significantly high ~29%) due to a strong spirorbit interaction
eV cannot be assigned to the excitationgite~ 1€ (2.21 in Bi2~. Accurate determination of the ground-state spectro-
eV) and 1gu> — 2@u2 (3.11 eV), respectively. scopic constants giveé® = 2.954 A andwe = 123 cntL. This

equilibrium Bi—Bi distance R, is shorter than 3.010 A obtained
from the present DFT calculations but is still too long compared

6.1. Relative Energies of the Ground and Low-Lying with the experimental value of 2.8377 A (see ref 35 for further
Excited States.Table 4 summarizes the relative energies of discussion).

6. Description of the Excitation Spectrum of Bp2~ by ClI

the low-lying g- and u-states of Bi calculated by the two ClI The second lowest-lying g-state, i.eq(l), corresponds to
methods at BiBi = 2.910 A (the approximate equilibrium  the “open-shell” state described in section 4.2. The third low-
distance of the ground state) as well as the largks$ lying g-state g arises mainly from théAq contribution with
contributions to these states. The ground statg"Xd Bi,?~ some®[ly component. The next g-states lie notably higher in
has the §" symmetry and is mainly composed of tf®,~ and energy and are not discussed here because electronic transitions
154" contributions, both dominated by the ¢g%7,*14?) con- from the XQ;* ground state to them are forbidden. The four

figuration, i.e., the “closed-shell” state described in section 4.2. lowest-lying u-states are made up of tFH(...og%m*140u)
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TABLE 4: Excitation Energies (in eV) Calculated for the 3
Lowest g-States and 13 Lowest u-States of B Employing
the LSC—SO—CI and MR —SO—CI Methods?

mainA-S
state LSC-SO-CI MR—-SO-CI contribution
XOg* 0 0 3%y, =gt
141 0.37 0.35 DY
24 0.56 0.59 TAg, 3T
0 () 0.023 0.14 ST,
14(1) 0.054 0.15 3[1,,, 1,
0, (1) 0.065 0.14 ST,
24(1) 0.75 0.84 31,
1,11 0.82 0.89 1, °T1,
(D) 1.02 1.01 1,25, 135,*
3u(h) 1.06 1.06 1,2A,
Oy (1) 1.45 1.42 2337, 1,213,
1,(111) 1.49 1.46 1,22A,
0, (1) 1.48 1.47 135,113,
1.(1V) 1.56 1.60 1335, 285,
2,(11) 1.62 1.60 1Ay, 1,23A,
1(V) 1.78 1.84 2, 135, 2511,
2 The vertical excitation energies are calculated at theBEidistance
of 2.910 A.

TABLE 5: Low-Lying u-States, to Which Excitations from
the X04* Ground State Are Dipole-Allowed, Their Leading
Configurations, Excitation Energies AE, Transition Dipole
Moments g (LSC—SO—CI), and Oscillator Strengths f2

leading
state configuration AE/eV  ulea f
XO0g* e s 0
0. (1) TTg— Ou 0.14 1.916 0.013
L(1) g Oy 015 1649  0.010
1,(11) TTg— Ou 0.89 0.228 0.001
1,(111) Ty 7T 1.46 0.216 0.002
0. (1) Tg— T 147 1655  0.100
1,(1V) Ty T, 1.60 0.252 0.002
1.(V) Ty Tg 1.84 0.286 0.004
1,(V1) T Ty 1.88  0.235  0.003
0, (1) Ty Tg 2.09 0.986 0.050
1,V Og— Oy 2.21 0.577 0.018
0, (IV) Tu— g; 2.24 0.663 0.024
1,(1X) Ty 0%, T Te0 225 0138  0.001
1(X) Ty gy 7Tg— T 230 0126  0.001
07 (V) Og— 04 239  1.922 0.216
1,(X1) TTg— T, Ty~ Mg 2.44 0.216 0.003
L,(XIl) ag— o mg—o, 254 0292 0.005
0, " (V1) g T 257 0626 0.025
Figure 6. Boundary surface density plots of, 7}, 7, anddj x 7z L,(xn 74— T 2.60 0231 0.003
of Bi?~ calculated for the discussion @¥;|x|z;[] The densities used 0uT (V) 79~ Ou 2.66 0.418  0.011
for the plots are 0.05/(au¥? 0.05/(au)®? 0.06/(au)'?, and 0.003/ 1“9(\/”) Ty Og, T~ Ty Oy 2.86 0.133  0.001
(au) 2 for o}, 7y, 7y, andoj X 7, respectively. 0, (1X) Ty T 2.87 0615  0.027
LX) g— 2.87  0.329 0.008

]

aVertical excitation energies are calculated at the-Bi distance

configuration. The (1) state is almost a 50/50 mixture &f,- of 2.910 A. Only states with > 0.001 are presented.

(..ofmirgoy) and TIy(...o6%m. mgou), which again shows a

Strong influence of the Spﬂ‘DrbIt interaction. The 11“) state Su states are not important_ Themnd L states of this group
is an orthogonal complement te(l). Table 4 shows that the  will be discussed in more detail below.
u-states lying higher than,dl) with excitation energies in the 6.2. Assignment of the Excitation SpectrumThe Q" and

1.0-1.6 eV range are composed of various combinations of 1, states up to excitation energies of 2.9 eV are summarized in
L9, 2T, andhPA,. All of these states are described mainly  Taple 5 with the associated transition dipole momenjsafd
by two configurationsog?r*rg® and og?mimg 7, and thus  the oscillator strengthd)( The degeneracy of the, $tates was

correspond to ther, — 77 andzg — 7, excitations from the  taken into account, with values defined ag = y/u,>+u,%
ground state. Here thej orbital refers to the lowest-lying  The oscillator strength is related to the transition dipole moment
virtual orbital of thesm, symmetry, which is made up of the  asf 0 AEu? whereAE is the excitation energy associated with
diffuse Bi p-orbitals and hence has a Rydberg character. Forthe transition dipole moment. Table 5 also summarizes the
excitations in the electric dipole approximation, the,®,, and orbital character of the leading excitations (from the viewpoint
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of one-electron orbitals in the absence of spambit coupling).
The excitation energies for the states up /) were calculated
by the MR-SO—CI method, and those for the higher-lying
states by the LSESO-CI method.

Dai et al.

X0gt — 1,(V,VI) transitions are partly responsible for the long
wavelength tail of this peak. However, this picture has two weak
points. First, the X@" — 0,7(lll) transition is too weak f{(=
0.050) compared with the %0 — 0, (ll) excitation to explain

As already discussed in the previous section, the three lowestthe strong absorption around 2.05 eV. Second, there is one more

u-states of Table 5,,0(1) and 4,(l,11), are mainly determined
by the L3[1(...04%1,*740,) contributions and thus correspond
to themry — oy excitation (i.e., ther* — ¢o* excitation in the
notation of section 5.3). The present relativistic Cl calculations
show that the three transitions associated witl™& 0,7 (),
1,(1,11) have very small excitation energies, and the transition
dipole moments for two of the three are not small. The™X0
— 0y%(I) transition is a parallel one, so it is obvious that this
transition cannot be caused by tht — o* excitation. In this

strong transition, X@" — 0,7(V), which is calculated to lie at
2.39 eV, i.e., almost exactly at the midpoint between the two
experimental peaks at 2.05 and 2.85 eV.

The theoretical and experimental spectra of?Biare best
matched by supposing that the calculated excitation energies
of the low-lying Q;* states (mainly responsible for the absorption
in the observed spectral range) are underestimated by0064
eV. Under this assumption, the X0— 0,*(ll) transition (with
excitation energy of 1.47 eV) is responsible for the strong band

case, an essentially multireference character of the electronicat~2.05 eV, and the Xg" — 0,%(V) transition (with excitation

states of Bi*~ plays a decisive role, which originates from high

energy of 2.39 eV) for the strong peak-a2.85 eV. The Xg@*

density of states corresponding to different electronic configura- — 04*(V) transition has a large transition dipole moment (1.922

tions and very strong spiforbit interaction among them. The
latter induces a notable mixing of tA&X,(...og7m,*74%0,) and
35 (-..og?n ) character into the O (1) state, which leads to
altogether 9.4% of its wave function. The corresponding
excitations with respect to the ground state@ye~ o, (i.e., o
— ¢*) and 7, — 74 (i.e., w — 7*), which are strong as shown
in section 5.3.

A situation with the perpendicular X0 — 1,(1) transition is
quite different. It is caused by the* — o* excitation, which

ea) and a large oscillator strengthi £ 0.216), because its
leading configuratiow — o* leads to a large transition dipole
moment as discussed in section 5.3. Then, thg" X6 0,*-

@y, 14V, o,T(IV) excitations should give rise to the
nonvanishing absorption in the region between the two absorp-
tion peaks. The increase in the absorption intensity at energies
higher than 3.3 eV (Figure 1) is probably caused by a large
number of relatively weak contributions resulting from a very
high density of electronic states in this energy range (for

according to the analysis of section 5.3 must be weak. However, SIMPplicity, this is not shown in Table 5).

the present CI calculations show that #feorbital acquires a
lot of Rydberg character, which was not taken into account in
the DFT treatment. This explains why the perpendicular

There are several possible causes for the above-mentioned
underestimation of the excitation energies for the low-lyigg 0
states. For example, the energy of the ground staig” X9

transition moment is relatively large as well, although somewhat underestimated, as often found for the MRD-CI methods. In

smaller than the parallel one (see Table 5 and note/théactor
accounting for the degeneracy of thgl} state). The small
frequency factors (i.e., the small excitation energi€3 of these

addition, the positions of the calculated maxima in the absorption
spectrum can be influenced by the shifting of the potential
energy curves of the excited states with respect to that of the

transitions, however, lead to weak oscillator strengths. Therefore,ground state, and also by the dependence of the transition dipole

these transitions cannot account for the experimentat-Uiy
spectrum of (K-cryptBio.

The next group of u-states, qIl) and 1,(lI1,1V), lies in the
1.47-1.60 eV energy range and arises from thg — o,
excitation. The transition from X0 to one of these states,0
(I1), is characterized by a large transition dipole moment<
1.655 eg) and f ~ 0.10. This type of excitation was not
considered in section 5, because the Rydberg-typerbital
was not considered in the DFT calculations. In the -tNs
spectrum of (K-cryppBi,, a small and very broad hump is
observed at-1.55 eV (i.e.,~800 nm). Additional calculations
at internuclear separations around thgX@quilibrium distance
show that the @ (Il) state has a minimum at a shorter distance
(~2.805 A), which should lead to a broad absorption due to

transitions to various vibrational levels of the upper state. Thus,
one might speculate if the observed experimental feature at

~1.55 eV is related to the %0 — 0,7 (Il) transition. However,
this assignment is unreasonable, as discussed below.

The next-highest states,(V,VI) and Q,7(lll), as well as 1-
(X) lying slightly higher, originate from the, — 7y excitation.
In terms of thg—j coupling discussed in section 5.3, thegX0
— 0, *(Ill) excitation corresponds to the @ — ey transition,
which was predicted to have a large transition dipole moment.
The calculated: value for this transition is indeed fairly large,
0.986 eg, and it is positioned at 2.09 eV. Thus, one might
consider that the X — 0,(lll) excitation leads to the
absorption at~2.05 eV (Figure 1). In addition, one might
suggest that the X0 — 1,(VIII), 0,(IV) transitions can also
contribute to this absorption (halfwidtk0.25 eV), while the

moment on the internuclear distance. It should also be recalled
that the Bj?~ dianion of (K-crypt}Bi, present in ethylenedi-
amine solution is not identical to an isolated freg?Bidianion

in vacuum.

The relativistic DFT calculations are far less adequate than
are the relativistic CI calculations for the analysis of the UV/
vis spectrum of BP~. For example, the XJ — 0,%(ll)
excitation, which is responsible for the strong absorption at
~2.05 eV and whose leading configurationvig— =7, is not
described because the relativistic DFT calculations do not take
into consideration Rydberg-type orbitals suchvsA strong
admixture of Rydberg character to thg (i.e., ¢*) orbital also
causes an increase in the X0— 1,(l) transition moment in
comparison with the DFT analysis. For the low-energy parallel
transition, X@* — 0,7(l), an essentially multireference character
of the upper state leads to a fairly strong transition moment.
The primary reason for the shortcoming of the DFT method in
this case is that it is based on a single-determinant wave
function, so electronic excitations are described as transitions
between occupied and unoccupied one-electron orbitals. In
principle, DFT calculations can provide more accurate estimates
of excitation energies when multideterminant wave functions
are used to describe electronic excitatibhg?

7. Concluding Remarks

Our relativistic DFT calculations for the isoelectronic diatomic
dianions @>~ (Q = N, P, As, Sb, Bi) show that the closed-
shell state (2g/)%(1ey32)° is more stable than the open-shell
state (2gu2)Y(1eysp)! for Bix?~, while the opposite is the case
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for N22~, P27, As,2-, and Sk?~. This explains why, unlike
paramagnetic & the Bi?~ anions of (K-crypt)Bi, are diamag-
netic and EPR-silent. Our relativistic ClI calculations suggest
that the X@™ — 0, (ll) transition is responsible for the strong
peak around 2.05 eV, and the g&0— 0,%(V) transition for the
strong peak at-2.85 eV. The nonvanishing absorption in the
region between the two peaks is probably caused by thg X0
— Oy, 1y(VHI), and 0,7 (1V) transitions and an increase in

the absorption intensity at energies higher than 3.3 eV by a large

number of relatively weak contributions from a very high density
of electronic states in this energy range.
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