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The CA state of BAr does not fluoresce whereas tié Gtate of BNe does [Yang, X.; Hwang, E.; Dagdigian,
P. J.J. Chem. Phys1996 104, 599]. Two explanations are possible: in BNe, the sgrbit interaction is
too weak to quench the fluorescence or the location of th®—Q“IT intersection is unfavorable. In this
work computational techniques are used to study the-smibit induced predissociation of BNe{£, v) and

its relation to the origin of bonding in 3.

1. Introduction 2. Theoretical Methods

Once thought to be inert, the rare gases (group VIl elements) "€ present calculations employed multireference configu-
are now known to have a rich and fascinating chemistihe ration—interaction (MRCI) wave functions to determine the BNe

) o : .
existence of various metal/rare-gas ionic solids has beenCA and FIT Born—Oppenheimer potential energy curves

predicted based on thermodynamic princifiesn fact, gas (PECs). For purposes of comparison, the methods used here

phase metal/rare-gas diatomic molecules are quite easily pre-2'¢ the same as those used in our earlier calculations oRBAr.
Details can be found therein; however, an outline will be

pared in a free jet expansion and have been the subject Ofprovided here

extensive spectroscopic studfesSuch species have received State-avera;ged multiconfiguration self-consistent-tfetél
attention in part becau§e of the potenUgI application of boron (SA-MCSCF) molecular orbitals were generated for use in a
compoufndhs n n0\_/e_l hlgf]hhenergy denS|t_y prop?IIéﬁtﬁThe second-order configuratiefinteraction (SOCI) calculation. As
scope of the reactivity of the rare gases is greatly enhanced by, i the earlier BAr calculations, included in the state averaging
electronic excitation and electronically excited statésf metal/ were theX2IT, 14T1, and CA states and the weighting vector

rare-gas molecules have been found to have surprisingly s_trongwaS taken as (1,1,2). The boron atomic orbital basis set used
bonding. For examplee ~ 3700 cnT* has been reported in - \yas derived from the correlation-consistent augmented valence-
BAr C?A by Yang et af: This state could not be probed directly  triple-¢ basis of Dunning® The contracted [5s/4p/3d/2f] version

by laser induced fluorescence (LIF), however, but only indirectly of the original B(11s/6p/3d/2f) basis was truncated by removing
with laser depletion techniques. In a theoretical work comple- the most diffuse f-function and augmented with an extra
mentary to Yang et af.we demonstrated that, as a consequence d-function, (exponent 0.0185). This is the TZ1F [Ss/4p/4d/1f]
of the heavy atom effect (HAE),the spin-orbit induced basis set of ref 13. The polarized valence-quadrdgdiesis of
predissociation of BAr A by BAr 1411 is sufficiently rapid Dunningl® (Ne(12s/6p/3d/2f/1g) contracted to [5s/4p/3d/2f/1 g]
to suppress any observable fluorescence sitfndDetailed with the g-function truncated) was used on neon. Two different
analysis of the spirorbit interaction revealed a type of dative active spaces were used in the Cl calculations: (i) AS1 consisted
bonding as the origin of the large. for BAr C2A. of B 2s, 2R, 2p,, 2p,, and Ne 2p 2p,, 2p. (ii) AS2 consisted

In contrast to BAr @A, the isovalent BNe €A state, which ~ Of B 2S, 2R, 2p,, 2p,, and Ne 2p 2p,. In the MCSCF, only B
is much less strongly bound than BAPA&!! has been probed 25 2R, 2P, and 2p were active. Here we have labeled the
successfully with LIF and does not predissociate apprecidbly. molecular orbitals by their dominant atomic orbital components,
Two explanations for this situation are possible, weak spin  (-€- N 1S, 2s, 2p2p,, 2p, etc. and B 1s, 2s, 2p2p, 2p,
orbit coupling owing a reduced HAE attributable the replace- etc.) which is an excellent approx_|mat|on be_cause E_SNe, to an
ment of Ar by Ne, or an unfavorable location of the crossing, SVeN greater degree than BAr, is weakly interacting. This
or closest approach, point of thél1 and CA potential energy !abellng will be gmployed thr.oughout. Note. that AS.Z does not
curves. Dagdigian and co-workéthave inferred from spec- mcl_ude Ne 2p (in MO notation, 4) correla_\tlon. _W'th these
troscopic data that in BNe the'l—C?A crossing is high on active spaces the SOCI spaces are of dimension, ASx6.9

th lsive i imB! The si f1h e orbit i 1P configuration state functions (CSFs) and AS2 %41(P
€ repulsive inner fimo-: € size of the spiorbit coupling CSFs. These levels of treatment will be denoted-ASDCI,
and role of the HAE could not be determined in these

. i = 1, 2. When the multireference version of the Davidson
experiments, however. correctio’ 19 is included the level of treatment is denoted
The purpose of this paper is therefore 2-fold: (i) to establish ASi—SOCI/DC.
the mechanism of the (slow) predissociation 8A@onsidering The AS1-SOCI (and for comparison ASfirst-order Cl,
both the #I1—C?A crossing and the geometry dependefih € AS1-FOCI) wave functions were used to compute tHE[%+
14T spin—orbit coupling, and (ii) to compare the bonding in  C2A spin—orbit interaction

BNe CA with that in BAr CA. Sopndl . S0
H(1*1,C%A) = i Wan@r) IH T Yenr)t 1)
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Finally, usingHS(14I1,C?A) the predissociation rates were 300 Ty
computed for BNe €A with the perturbative Fermi golden rule I
(FGR) approximatio!22 Comparison of spirorbit induced i
predissociation rates computed with the FGR approximation to 200 -
those from numerically exact resonance calcula&idff$or the i
BAr system showed excellent agreem&htSince the spin
orbit interaction of concern here is even weaker than that in
BAr, it is reasonable to expect that the FGR approximation will
be excellent in the present case as well. - [ | 1*1(Ast
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3. Results and Discussion
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3.1. Potential Energy Curves. In BNe, the 11 state arises
from the interaction of B (2sZp'P) with ground-state Né&g)
and the GA state arises from the interaction of B (232p)
with Ne(S). Asymptotically, the states are separated by 18980 [ N
cm™1, the separation of the correspondifig and?D boron -
atomic termg® A semiquantitative picture of the low-lying 200 © | 1*ri(AS1/DC) ]
electronic states of BNe is given in ref 11. There is a higher g CA(AS1/DC) 1
energy2D term arising from the nominally 23d! Rydberg L
configuration of atomic boron which has important implications -300
for describing the @A state. This is discussed at length in ref 3 4 5 6 7 8
13, where a detailed discussion of the low-lying electronic states
of the isovalent BAr is also given. R(a,)

PECs for BNe €A computed at the AS1SOCI, ASH
SOCI/DC, and AS2 SOCI levels are shown in Figure 1a. Note
in particular that the AS2SOCI level, which does not include
correlation of the 4 (nominally Ne 2p) orbital, greatly
underestimates the bond strength as compared to-/S8ICI
and experimental valués. The residual binding, on the order
of 50 cntl, is similar to that seen in isovalent BAr when the
corresponding orbital, theo6orbital, is uncorrelated. This
provides important insight into the nature of the bonding in BNe
C2A, an issue to be addressed below. Spectroscopic constants
for BNe C?A, computed with methods whicllo include
correlation of the & orbital, are given in Table 1 where a
comparison is made with experimentally derived values. Also
given are the separations of the vibrational levels of tRA C
state. The agreement with experiment is seen to be very good
to excellent, confirming the validity of the computational
methods employed for the BNe system. - 2

Figure 1b shows both the BNe’€ and ¥IT PECs on the | \C A(AST)
same horizontal scale as Figure 1a, but with an expanded vertical 0
energy scale to show the location of théAG-1*T1 crossing. 3
This crossing is high on the inner limb, 4383[3463] ¢nabove C
the dissociation asymptote of thé/Cstate, at the ASESOCI-
[AS1-SOCI/DC] level. As evinced in Table 1 there is the
excellent agreement between the spectroscopically inferred R(a)
position of the GA—111 crossing and the computed value. Figure 1. Upper part shows PECs fo: BNe&?& computed at three

Although the resullts at both the ASSOCI and AS+SOCI/ Ie\?els of theF())?y. golid circles, AS1SOCI/DC; open F2:ircles, AS1
DC levels are very reasonable, the ASOCI/DC treatment SOCI; crosses, AS2SOCI. AS1E-SOCI/DC and AS:+SOCI are
gives some improvement in thghapeof the CA PEC over shown for the 41T state with unmarked solid and dashed curves,
that achieved with the AS1ISOCI method, (as evidenced by respectively. Lower part shows& PECs as well as*Il PECs on the
the improved agreement of., weXe, and the vibrational ladder same horizontal scale as upper part, but with an extended vertical energy
spacings, with the spectroscopically derived values of these Scale to show the location of the2&—1TT crossing. Point markers

e as in upper part for®@. For I1, solid squares, AS31SOCI/DC;
parameters) but at the expense of a somewhat less accurate Vah%‘foen squares, ASISOCI. The curves connecting the points are spline

De. L. o ~ fits used for visual clarity.
One noteworthy point is that the equilibrium separation in

BNe CA is considerably larger than that in isovalent BAr. Since

the atomic radius of Ar is larger than that of Ne, the smaller ~ 3.2. Spin—Orbit Interaction. Having established the reli-
value of R, in BAr must result from a greater degree of true ability of the PECs, we next address the spambit coupling
“chemical” bonding where electrons are being shared. Indeedbetween BNe 4T and CA. Figure 2 shows the spirorbit

the bonding in BAr @A has been shown to result from dative coupling matrix elementS(1*TT,C2A)(R) for {3.0< R < 8.0
bonding where the Ar furnishes a pair of electrons and B ag}. When interpreted within a single CSF picture, the spin
supplies the empty valence orbitafs.We will return to this orbit coupling surrenders a second important clue about the
issue once again below. nature of the bonding in BNeZA.
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TABLE 1: Geometric and Spectroscopic Parameters

parameter exptl ASESOCI/DC AS1-SOCP
De 138.3 170.5 138.1
Re 5.42 5.40 5.68
R« 317 3.11 3.08
We 59.5 60.3 53.0
WeXe 6.4 8.1 8.6
v=0 46.8 45.6 37.9
v=1 33.6 33.6 26.7
v=2 20.8 24.4 19.4

a Geometric and spectroscopic parameters as well as vibrational
ladder spacingsH,+ 1—E,) for BNe CA. Units are cm? and ao.
b Present work® Derived from thewe andwexe values in ref 12 as per
ref 29. 9From ref 11.¢ Interpolated from Figure 5 in ref 11From ref
12.
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Figure 2. Spin-orbit couplingHsY(1*IT,C?A)(R) as a function ofR.
Open circles are based on FOCI wave functions; solid circles are based
on SOCI wave functions. Adjacent points are joined with line segments.

The following analysis closely parallels that of théAC-14T
spin—orbit coupling in BAr3

In the single CSF model and using a one-electron approxima-
tion to the spir-orbit operatog?

H*(1*I1,C%A) ~ Bo|h}Y 27, 2)

The @ and 2ry, orbitals are described qualitatively by
60 ~ 5,(RB(2p,) + s,(RINe(2p)

2, ~ 1,(RIB(2n) — r(RINe(2p) @3)
A picture of the qualitative behavior a§i(R) and s(R) is
afforded by Figure 3 where the relative contributions of the
dominant atomic basis functions to the érbital are shown as

a function ofR. The 2p basis functions have a nodal structure
correct for the given principle quantum number, but the more
diffuse basis functions (denotec®?, etc.) are nodeless. At
large values oR, s(R) ~ 1 andsy(R) ~ 0. AsR decreases,

neon-centered basis functions make an ever greater (antibonding)

contribution to the molecular orbital so that increases. A
similar analysis for the 2, orbital is depicted in Figure 4 where
again the molecular orbital is seen to become increasingly
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Figure 3. Dominant atom-centered basis function contributions to the
60 (nominally B 2p) orbital. Point markers: Solid circles denote the
contribution from the B 2porbital; open diamonds, Ne Zpopen
squares, Nesopen circles, Ne 2s; solid diamonds, B solid squares,

B 2s. The interaction is antibonding. Adjacent points are joined with

ine segments.
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Figure 4. Dominant atom-centered basis function contributions to the
27, (nominally B 2p) orbital. Squares denote the B,apbital. Open
circles denote the Ne 2porbital. The interaction is antibonding.
Adjacent points are joined with line segments.

antibonding with decreasing R. Using eq 3 in eq 2 and retaining
only single-center terms in the sptorbit operator results in

H(1*L,C*A)(R) ~ s,(R)ry(RB(2p,) |h{B(2p) 0~
S,(RIry(R) Me(2p)hINe(2g) 0 (4)

Clearly at largeR the boron contribution dominates, but with
decreasingR both s, and r, grow in and the neon term
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1.2 e TABLE 2: Predissociation Rates
L Ne(2p,) v AS1-S0CI AS1-SOCI/DC
L - 6 00 =0 = - = - - 0 1.1x 10°° 25x 10
1 -F 0-0 ©-0-©-0-9 0-6 ©-0 ©-0 g
o000 1 3.3x 105 5.9 10
a 2 1.1x 10°° 1.1x 1073
o8 L ° ] 3 11x10° 16x 102
r Ne B 1 2 Calculated predissociation rates (in‘sfor various vibrational
i SEE0O 1 levelsv of BNe CA. Note that all rates effectively are zero.
0.6 - -
8 L 1 in BAr. The contribution of boron character to the drbital
0.4r - in BNe (as revealed by the coefficients on the boron-centered

basis functions) is much smaller than the boron contribution to
L ; the corresponding & orbital in BAr. In addition, the bond
02t B(2 ] strength De BAr C2A = 3700 cnT?, D¢ BNe CA ~ 138 cnt?)
: B(2s) (2p,) ] > . e ; .
| indicates that dative bonding is much less important in BNe.
Nevertheless, the hybridization of the orbitals, the orbital
—————— | populations, and the wdy, can be “switched on” by correlating
the critical orbital, strongly support dative bonding as operative
in BNe CA.
3.4. Predissociation. Armed with reliable PECs and the
3 4 5 6 7 8 associated spinorbit coupling, we proceed to evaluate the
R(a) magnitude of the spinorbit induced predissociation of BNe
0 C2A by coupling to #II. In the FGR approximation the
Figure 5. Dominant atom-centered basis function contributions to the predissociation rate is given by
4 (nominally Ne 2p) orbital. Open circles denote the Ne, 2pbital.
Solid circles denote the B 2s orbi_tal, soli_d squares the Bo?p_ital, ) 4u , s .
and open squares the Ne 2s orbital. Adjacent points are joined with 2 -
ine segments. jacentp ) ACA,3) =2 5, (COW) HTLCA) e 1T (5)

contributes. This behavior is clearly evident in Figure 2. Since
the neon cation spinorbit coupling constantye = —521
cm1)26 has a much greater magnitude than that of atomic boron
(s = 10.16 cnY),%5 one expects the integral over neon orbitals
to be considerably larger than that over boron orbitals. Modest
contributions from neon in terms e andr, can therefore lead

to a significant change iHSY(14T,C?A)(R). This is the external
heavy atom effect (HAE). In our previous work on the BAr
molecule, we found the HAE to be very pronounéédwhile

the effect is weaker here, contributions from the neon integral
in eq 4 are still large enough to reverse the sign of the-spin
orbit coupling at small internuclear separations. Interestingly,
the HAE then results in a reduction of the sporbit interaction

in the vicinity of R. (C2A), although it ultimately increases the
size of the interaction for shortét.

A similar analysis has been used successfully in the inter-
pretation of the structure of thB dependence of the fine-
structure splitting in AT LiAr and LiNe2”

3.3. CA Bonding. Taking together the above analysis of
the spin-orbit coupling and the clues from the electronic
structure calculations, we are in a position to fully address the
nature of the bonding in BNe#3. The single CSF interpreta-
tion of the spin-orbit coupling revealed that thes6rbital (a
partially sp-hybridized B 2pin the molecular region, see Figure
3) takes on principally Ne Zpcharacter in an antibonding Large-scale second-order configuration-interaction calcula-
manner. The complementary bonding drbital is a partially tions involving more than 6.9 million CSFs have been performed
sp-hybridized Ne 2porbital but develops principally B 2p on the CA and YII states of BNe. The spectroscopic
character in a bonding manner with decreadtg(See Figure parameters associated with th&\Gstate are in very close accord
5.) This orbital is essentially doubly occupied. Since Ne 2p with experimental results of refs 11 and 12.
is essentially doubly occupied in the atomic limit but B, 2p Spin—orbit coupling of the A and ¥II states has been
not, we see that a dative or coordinate covalent bond is beingcomputed based on the SOCI wave functions and used to
formed, just as in BAE3 The importance of this orbital can be  compute the rate of predissociation for the vibrational levels of
seen in the Cl calculations. The AS3OCI treatment, which  the CA state. The spirorbit coupling exhibits the external
does not correlate thesbrbital, greatly underestimates the bond heavy-atom effect, but to a lesser degree than in isovalent BAr.
strength of the @A state (see Figure 1). This effect is similar It is found that unlike BAr, in BNe, 4IT does not appreciably
to that seen in isovalent BAr when the correspondia@fbital predissociate &\. This is due principally to the location of
is uncorrelated. Thdegreeof dative bonding is much less than  the CA—1I1 crossing which is found to occur very high on

wherey, j(C?A) is an eigenfunction of the vibrational S¢kro
inger equatioff in the Hund’s case (a) limit angk ;(1*IT) is

the continuum wave function for the repulsivlilLstate at the
same energy. The predissociation rates for the vibrational levels
of the CA state forJ = 3/, andQ = 3/, are shown in Table 2.

As previously inferred from spectroscopic studiéthe spin-
orbit-induced predissociation is very close to nill and is of no
consequence.

Experimental results indicate that the splitting of the rotational
sublevels is very small indeed, on the order of a small fraction
of a cnt! and well below the precision of the present
calculations? In addition, the EA—1I1 crossing is very high
on the repulsive inner limb, which means that any nonnegligible
contribution to the integral in eq 5 arises from the exponentially
decaying tails of the vibrational wave functions, ergo there will
be no dramatic fine-structure dependenc&(@®A,v,J). In light
of these facts, and the essentially zero predissociation rates, it
is clear that a more complete treatment which includes the
rotational sublevels in a Hund’s case (b) description would be
of no benefit. The present calculations unequivocally demon-
strate that predissociation of BNE& by 14T1 is negligible.

4. Conclusions



9524 J. Phys. Chem. A, Vol. 101, No. 49, 1997

the repulsive inner limbR, = 3.17a,, approximately 4000 crt

above the €A dissociation asymptote), in accord with a previous

experimental inferenck:12
Careful analysis of the &A—1*IT spin—orbit coupling and
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BNe C?A, but not to the extent seen in BAr, where it leads to

an anomalously strong bond for a van der Waals system.
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