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On symmetry breaking in BNB: Real or artifactual?
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The ground state of the linear BNB molecule has been examined with multireferenceabangib

methods coupled with quantitative basis sets. Previous computational studies on BNB, even those
using highly correlated single reference-based methods, e.g., the (@CABd BDT methods,
suggested that the two BN bond lengths were unequal. In this paper, th¥ BN¢ B(?P,)

potential energy curve is constructed using a state-averaged multireference-based correlated method
(SA-CASSCF-PT2). The four lowest states of BN were included in the state averaging procedure.
These calculations reveal no symmetry breaking along the antisymmetric stretching mode of the
molecule. © 2004 American Institute of Physic§DOI: 10.1063/1.1635797

I. INTRODUCTION the QCISOT)/6-31G"//HF/6-31G" level of theory(cf. Table

). The absence of th,, state in the ESR experimefitsas

Boron nitride clusters, BN,, have recently received attributed to experimental differences in the generation of

considerable attention due to the favorable properties anghe molecule and relaxation of the energized evaporated spe-
industrial applications of boron nitride thin filthformed by  cies. In a recent B3LYP/6-31@) study of the BF NH5 re-
such clusters. One of the simplest boron—nitrogen containingction products? the existence of a cycliéB, state was
entities is the triatomic BNB molecule, a major product ob-strongly questioned, instead?A, state was proposed lying
served in laser ablation studies of solid boron nitdd&ince 40.6 kcal/mol above thX state.
the identification of BNB in the late 1980s, several theoreti- A theoretical study by Martiret al,*? based on a full

cal and experimental studies appeared questioning the lineghlence CASSCF (¥ /12 orbitalg/cc-pV(D,T)Z wave
centrosymmetric structure of its ground staté! . function, exhibited symmetry breakin@B) along the anti-
The firstab initio study was that of Martiret al,” who,  symmetric B-N stretching coordinate, giving rise t€a,
based on an UHF/6-3IGgeometry optimization, predicted geometry for the ground state. The authors maintained that
that the symmetry of the ground state was, (cf. Table ). the SB was genuine rather than artificial, but they did not
It shouk_j be noted, however, that_the UHF wave function wasyclude the possibility that a more “physical..;, structure
constrained to conform t., point group symmetry. The \ould be obtained at higher correlated levels of theory.
first experimental investigaticha matrix ESR study, yielded In a photoelectron spectroscopic study of\8, Asmis
spectroscopic evidence for a linear symmetric BNB structurgy g 14b suggested a linear symmetric structure for both the
of 2% | symmetry, in accordance with the theoretical stfidy. ground and first excited states of BNB, while no evidence of
Geometry optimizatiorfsat MP2, MP4, and CISD levels of 5 |ow-lying cyclic isomer was detected. Theoretical results
theory for aD.., structure yielded calculated nuclear hyper- hased on the DFT and coupled clust&C) methodologies
fine parameters, in excellent agreement with the experimengere interpreted as supporting tHe.., structure, even
tal valuesé _ though the computedhb initio potential energy curves
~ Acyclic Cy, ground state structure emerged from isoto-(pecy exhibited SB effectd® Following their study more
pic stuﬂles u_5|niqllaser_eva_1p%)ratlon 't(jechnlangﬂmq subse-f closely, we note that a Herzberg—Teller vibronic coupling
gllj\leé‘t ':'hZO;eJ;ﬁir;nXIZ?rt:]%?j“?h :te?r?;titrc?ncyfc IC ISOomer o between thex ?3, and theA?3  states via theQ, (anti-
) g fundamental Obsymmetric B—N stretchingmode is possible, but it is not
served at 882.3 cnif, and attributed to the antisymmetric expected to be strong enough to create a dipolar distortion.

B—N stretching mode, was too Igw and had inappropriateBoth computational approach@dFT and CG gave no evi-
isotopic shifts for a linear structureMoreover, a potential 2 . 4
energy surface search at the HF/6-31i@vel revealed a low ?16 gi; ft;(/aa?ztr:’glngt?b lgu 5 chs-f\t/?ﬂ;:%p;[;?)?aag-zc'cl- 20
lying 2B, state located 1.6 kcal/mol above tK&€3, | state at ' Hantifi ;

2 u pVTZ] level of theory and was identified as the lowest lying
stable cyclic isometcf. Table ).24?
3Electronic mail: dunning@jics.utk.edu In an effort to resolve the ambiguity of whether the lin-
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TABLE I. Total energiesE,, (hartree), atomization energies Acal/mol), bond distances, (A), anglesé, (°), harmonic frequencieal,zj(cm’l), and
energy separationg, (kcal/mol) of existing theoretical and experimental results on various BNB states.

State E. AE, le [/ w1 Wy w3 T (kcal/mol)
X2sF —104.013 78 239.5¢ 1.30¢' 1108(0y)¢ 73(m,)¢ 2021(0)¢ 0.0
—104.006 72 269.7+4° 0.0
—104.009 85 1.338 0.0
255.7+2' 1.327 1183(s )¢ 153(mr,)9 2392(0)° 0.0
—104.009 31 1.309 1245()' 82(m,)! 2271 )" 0.0
1149( )’ 147.9Gr,)! 1279.4@ )" 0.0
—104.356 32 1.312 11966) 124(mr,) 1327(0) 0.0
—104.106 48 1.328 11436,) 85(,) 1320 (o) 0.0
1143+ 40(04)° 855+ 40(0,)° 0.0
—104.140 259 1.32¢ 161+20 cm P
2B, —104.006 78 1.328 81.5 1608(a;)’ 643(a;)’ 11780,)’ 1.6"
1116(,)! 882.3(0,)’
3y —103.982 10 1.292 1352(0)' 440(m,)’! 2224( )" 17.1
1.298" 1270(0) 126(m,) 2324 () 13.6
1.314 16.1
1174+ 40(0)° 2492+ 40(0,)° 18.1+0.1°
DX 1.402% 10620) 146(m) 18650)
1.273%
1.280 10520) 339(m) 16830) 0.65
1.383
—104.140 928 1.278 0.0
1.367
2A, 1.380 65.8 1471.64,) 1073(;) 965.90,) 40.6
‘B, 1.379" 77.8 1408¢,) 732(ay) 1189(0,) 48.9
1.395% 77.0 1367¢;) 746(ay) 1158(0,) 44.8

#Projected UMP4/6-318/UHF/6-31G', Ref. 4.

PCCD+ST(CCD)/6-31G, Ref. 4.

‘CCD+ST(CCD)/6-31G" binding energy scaled by 1.15, Ref. 4.
9UHF/6-31G level of theory, harmonic frequencies scaled by 0.89, Ref. 4.
®MP4/6-31CG, Ref. 6.

'G1 estimate, Ref. 7.

IMP2/6-31G, Ref. 7.

"QCISD(T)/6-31G", Ref. 9.

IHF/6-31G', Ref. 9.

IExp, IR fundamentals, Ref. 9.

KCASSCR1le 120rb/cc-pVTZ, Ref. 12.

'B3LYP/6-31Gd), Ref. 13.

MB3LYP/aug-cc-pVTZ, Ref. 1db).

"CCSOT)/aug-cc-pVTZ, Ref. 1é).

Photoelectron spectroscopy; the quoted numbert885cm 2, refers to the bending fundamental; Ref(H)4
PExtrapolated from QRHF-CCSD)/cc-pVnZ, n=2, 3, 4, Ref. 16.

ear structure was symmetric or not, Asmasal*® em- D, structure of merely 18 cit, very small in comparison
ployed both DFT and CC methods and constructed PEC® the zero point energy of 355 ¢thfor the Q; mode. The
alongQ;, the antisymmetric stretch coordinate. The B3LYP/authors concluded that the ground state is an intermediate
aug-cc-pVTZ calculations predicted a single well witb ay, case of symmetry breaking with a quasisymmetric structure.
minimum, but the resulting harmonic frequency of Qg No conclusions could be drawn from tlad initio results
mode was not in agreement with the experimental value. Osince these were contaminated by SB effects.
the other hand, the single reference correlated approaches The last theoretical account aimed at elucidating the ex-
CCSD and CCSI) displayed double wells with singulari- istence or not of a symmetric linear structure and/or the pres-
ties at theD..j, structure. The SB problem was subsequentlyence of a cyclic isomer for the ground state of BNB is that of
tackled using Brueckner orbitals within the CC method. Al-Gwaltney and Head-Gorddfi. Employing three different
though the resulting PEEBD(T)/cc-pVDZ] did not give a  variants of the CC methodology, i.e., CCSD, CG$PD and
realistic topology, the “asymmetry” was quite small and CCSDT, based on both HF and Brueckner orbitals, they con-
smoothed fits of the PEC reproduced the experimentally obeluded that the BNB molecule is indeed linear and undergoes
served vibrational levels. a real pseudo Jahn-Teller effect with a barrier to the cen-
Since the experimental findings of Asnésal’® sug-  trosymmetric structure of 16420 cmi * (well below the first
gested a breakdown of the Born—Oppenheimer approximavibrational level, and a bond length difference between the
tion, a linear vibronic coupling model was applied in order totwo B—N bonds of 0.09 Acf. Table ). The equivalence of
explain the lowr; fundamental frequency"® This model  the boron atoms predicted by the ESR experifhergts jus-
resulted in &C.., structure for theX state with a barrier to a tified on the basis of the zero point motion, which is fast
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compared to the time scale of the experiment. It was con-
cluded that the BNB molecule is linear but very floppy and
with a quasi centrosymmetric structure, representing one of -79.00
the most insidious examples of SB effects discovéfed.
Twenty years ago, Davidson and Borden, in a Feature
Article in the Journal of Physical Chemisti¥/stated that one

of the most common reasons that a symmetry broken solu- ~79.05
tion might appear as a minimum on a calculated potential
surface is that the calculations are wrong. Symmetry break-
ing takes place when there is a triggering mechanism that 79.10

lowers the energy when the symmetry is reduced, and is
always associated with a degeneracy or near degentrarcy.
cases of a real SB effect the triggering mechanism is vibronic
coupling (Jahn—Teller vibronic coupling effegtswhile in 57915
cases of artificial SB effects the source of the problem stems
from the oversimplified nature of the adopted wave
function®

The nonadiabatic equations in the strong coupling limit -79.20
of a pseudo-Jahn—Teller case in linear centrosymmetric mol-
ecules allow for breakdown of thg/u symmetry and the
creation of a dipole moment.But, it is often very difficult

gy(hartree

to distinguish real from artificial symmetry breaking. Al- P2
though it is possible to correct cases of artificial symmetry
breaking by using highly correlated wave functions, espe-
cially those based on Brueckner orbitals, it is not always 20 25 30 35 40 45 50 55 60
possible to do so using single reference configuration ap- r,,(bohr)
proaches. NP
FIG. 1. Potential energy curves of the®Il, a'S*, b, A%S*, and
Il. COMPUTATIONAL DETAILS B33~ states of BN at the MRCl/cc-pVQZ level of theory.

In an effort to resolve the conundrum of the BNB sys-
tem, we explored the use of CASSCF wave functions as a

reference for subsequent dynamical correlation treatments

and calculated the energy along the BN—B coordinate. Th&SIght into the symmetry-breakingsB) problem as well as
active space for the CASSCF wave function was composeH) determine a way to construct a wave function that does not
of all the valence orbitals of the constituent atoms. i.&.. 2 give rise to the anomalies found earlier. Let us consider the

+2p. This provides a balanced space for all 11 valence BNEBN+B interaction in some detail. The low-lying stgtes of
electrons. Four states 8" symmetry, resulting from the B'Il' :thS? W'th'g 1+ eV of tge 9“’“”0' state, are ell,
interaction BN{&3S*,231) +B(?P,), were state averaged & 27, b7 A E_ and B ,E _states. MRCI PECs for.
during the CASSCF optimization step; the reason for thidN€Se states are displayed in Fig. 1 with the corresponding
choice is discussed in the following section. The number ofPECITOSCOPIC parameters Iéstgd in Table Il. As can be seen
configuration functiongCF) resulting from such a distribu- 7oM Fig. 1, thex“Il andB "X~ states dissociate adiabati-
tion is 85428 of?A; symmetry, with the CASSCF wave cally to ground state atoms, while the rest of the states dis-
functions displaying axial angular momentum Symmetrysouate to the first excited ste_n?eDu, of the mtrogen atom.
with [A|=0(Z ). In Table Ill we summarize the characteristics of the

The valence correlation energy was computed usin?bo‘,’e states at their_ equilib_rium pond lengths, listing the
second-order Rayleigh—Séldiager perturbation theory ea(_jlng moIecu_Igr orbital conflguratlor(sglenpe molt_acular
(RSPT2 for every point of the BN-B interaction curve. Use orbital compo_smons, and l\élulﬂken atomllc d[strlbutlons: We
of the more computationally demanding MRGTASSCF pbserve that, in all but thB 'E s?atg, 'Fhen situ B atom is
+1+2) method was limited to the construction of the BN IN the e"_C'tEd4Pg state, while N is in its grounds, state,
molecule’s PECs and to the optimization of the BNB ground-!rreSpeCt'Ve of the_z d|ssoq|at|o_n products. '!'he essentlal_phys-
state geometry. The one electron orbital space was generatéf ©f the N+B interaction is captured in the following
using the cc-pVQZ basis €8tfor both B and N atoms. All  Valence-bond-LewigvbL) diagrams:

computations are carried out with theoLPRO suite of

programs’!

IIl. CHARACTERIZATION OF BN -N=B (X', b'TD)

The details of the formation of the BNB molecule from

4 4 _
its fragments should not be overlooked if one wants to obtain NCS)  B(P,Ms=*1) (1)
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TABLE II. Total energiesE, (hartree), bond lengths, (A), dissociation
energiesD, (kcal/mol), dipole momentg, (D), zero-point energies ZPE
(em™1), and energy separatiorg, (kcal/mol) of theX 3II, aS*, blII,
A33* andB 33~ UBN states at the MRCI level of theory. Experimental

values in parentheses.

State E. le D&  we ZPP Te
X3 —79.279971 1.330 102.2 1.948 754.57 0.0
(1.329° (756.45°
al>t -79.279534 1.279 158.8 1.908 847.65 0.27
(1.274+0.005¢ (847.98° (0.44¢
bl -79.262110 1.333 147.6 2.201 760.06 11.21
(1.330+0.005¢ (763.48° (10.77¢
A3t —79.235474 1.247 130.8 0.687 905.46 27.92
(909.85° (27.72¢
B33~ —79.234665 1.479 73.7 0.603 53574  28.43
(534.8° (29.54°

@Dissociation energy with
bZPE=1/2w,— 1/4meX, .

respect to the adiabatic fragments.

°r, value, Ref. 22; for a discussion of the best estimate (,=1.325

+0.002 A), see Ref. 23.
dReference 24.
‘Reference 25.

N('S))

-NZB (a'2")

B(‘P,M,=0) 2

N('S)

B('P,,M,=0) 3)
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N('S,)

B(P,,M,=0) (4)

Upon interaction with a second B atom in its ground
2p (2s%2p?) state along &£.., approach from the N end, all
but theB 3%, ~ state can form 83" BNB state, which at the
D.., nuclear configuration will be of eitherd” or “ g” sym-
metry. Along the C,, reaction coordinate all four
25+ BN---B states can variationally interact, but at the cen-
trosymmetric geometry the interaction is limited among the
“u”or “ g’ spaces.

It is clear from the vbL icong1)—(3) that, in BNB, one
B atom, the one in the BN molecule, would bresitu ex-
cited, while the other B atom, the one approaching the BN
molecule, would be in its ground state. At tBe,, geometry,
no distinction should exist between the two B atoms. How-
ever, this requires a carefully constructed wave function.
Single reference wave functions have proven to be unstable
with respect to antisymmetric stretching. Correlation treat-
ments based on such reference functions could not recover
from the SB problent*1¢ even a full valence CASSCF
treatment seems to suffer from the same illngss.

One could also consider the formation of BNB from
B,+ N. With this, we reach the same qualitative conclusions
as before. A B molecular state that dissociates into?B()

+ B(“Pg) should be described by a multiconfigurational ref-
erence wave function that accounts for the “resonance” de-
generacy. In valence bond language this means that at
infinity the B(*P,)+B(*Py) and B('Py)+B(*P,) configu-
rations should both be represented in the wave function. A
nitrogen atom, N{S,) in the middle of the molecule, does

TABLE Ill. Configurations, orbital compositions, and atomic populations for the first five states of BN at their respective equilibrium geometries.

Asymptotic

State

Configuration

Orbitals

Atomic populations

atomic populations

X 3I1(3B,)

a lz+(1Al)

b 1('B,)

A 32+(3A1)

B33 (%A,)

0.9410%20%30 1l
0.84 10'220'2177')2(17732»
—0.3]10%3¢?1 751 m)
0.9610°20%30 1,1 75)

0.9§10%20'30'1 7751775)

0.9610°20%30%1m, 1))

10~0.96(25) \+0.23(25) g— 0.25(20,)
20~0.77(2p,)n+0.70(25) g— 0.36(20,) 5
30~0.36(2p,)n— 0.64(2)5— 0.74(2,) 5
17~0.76(2p,) N+ 0.52(D,)s

10~0.86(25)\+ 0.24(2p,)y+ 0.47(25)g— 0.38(2p,) 5
20~0.43(25) — 0.57(20,)n—0.77(2)5
30~0.73(2p,)n—0.48(2)5—0.65(,)s
17~0.76(2p,) N+ 0.56(D,)s
10~0.96(25)+0.18(25)5— 0.21(2,)s
20~0.77(2p,)n+0.71(2) g— 0.41(2,) 5
30~0.31(2p,)y— 0.64(2)5—0.76(2,) 5
17~0.86(2p,) N+ 0.40(2,)s
10~0.85(2)\+0.27(2p,) y+ 0.49(25) g— 0.41(2p,)
20~0.45(25) — 0.57(20,)n— 0.76(25)5— 0.13(2,)s
30~0.15(25) — 0.66(2,)n+0.33(25) 5 +0.78(D,)s
17~0.78(2p,) N+ 0.53(D,)s

10~0.90(25)\— 0.41(2p,)

20~0.34(25)\+ 0.72(20,) y+ 0.47(25) g — 0.52(,)s
30~0.14(25)\+ 0.14(2p,) y— 0.84(25) 5 — 0.51(,)s

17~0.90(2p,)nt0.27(20 )8

N: 251.742pﬁzl.412p2.692p§.31 . 25202p1.02pi02p§0
B: 2sM1%2p2%2p33%2p) % B: 2s892p2%%2pR%2p)°
N: 251.592'32.922p)1(.312p)1/.31 : 25202pizl02p)1(l:2p)1,0
B: 231.02p2.452pg.6bp365 . 251_892p2.062p2.5ap3.53
N: 251.722pﬁzl.412p2.782p)1/.27 . 25202p;02p)1<02p;0
B: 251.122p(z).692p2.202p3.66 : 231_892pg40%p2.052p;|/..0
N: 2sM42p0%2p,%2pl %8 N: 252%2p] %2p; %2p;°
B: zsl.OZpg.Gipg.572p3.57 . 281.8%p(z).062p3.532p3.53
N: 25-82p150p28%p089  : 2520pLoploypl0
B: 251A772pg.742p2.162p3.16 : 231.892p%,02p2.0ap3.05
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TABLE IV. Total energiesE, (hartree), equilibrium bond lengths, (A), T T T T T T T

and dipole momentg, (D) of the groundX 23} state of BNB at various -104.11574 |- 1
levels of theory.

Method = re(BiN)  ro(NBy) e AAAUSTS - ]
CASSCF-PTZ —104.110 217 1.275 1.381 3.58 1041576 | ]
SACASSCF-PT2 —104.115 799 1.325 1.325 0.0 )

CASSCF+1+22 —104.113720 1.273 1.381 3.66 ) I
SACASSCF-1+2 —104.112 996 1.324 1.324 0.0 -104.11577 |- :
%C.., point group symmetry.

-104.11578 |- -

-104.11579 | E
not change the symmetry requirements that need to be
obeved -104.11580 |- E

y ’ 2 L i 1 1 1 L 1 L 1 L 1 N 1
0m0 0015 -0010 -0005 0000 0005 0010 0015 0020
rNBl—tNBZ(bohr)

IV. RESULTS AND DISCUSSION

Table IV presents the equilibrium energie&.f, bond
lengths ¢¢), and dipole momentsy,) of the X BNB state at
different levels of theory, while Fig. 2 displays part of the
PEC for the BNK %I1) + B(?P,) interaction; Fig. 3 shows
the energy as a function m‘NBl—rNB2 whererBle stays
constant. Both curves were computed with the SA-CASSCF
+PT2 method.

The CASSCH-1+2 (MRCI), and CASSCHPT2 re-
sults both predict &.,, structure, while the SA-CASSCF-
based correlation treatments predidDa, structure. To bet-
ter understand the reasons for this behavior, let us examine
the details of the CASSCF and SA-CASSCF wave functions.
At the equilibrium geometry predicted by the SA-CASSCF

lo~—0.882s)y—0.21(2s)g; +0.202p,) 51
—0.392s)g,—0.342p,)g>,

20—~O742p2)N+ 061(25)31_ O4Z2pZ)Bl
—0.312s)g,—0.312p,)g2,

FIG. 3. The potential energy curve of the groundNB, state as a function
of theryg, —r'ns, With rg s, being held constant, at the SA-CASSEFT2/
cc-pVQZ level of theory.

+PT2 wave function, the CASSCF wave function is
25 (%A1))~0.9310%20%30%40 L ;1))

—0.1910%20%( 275+ 2m)) 4ot L milms),
with

-103.98

-104.00 -

BNCXT) +B(P)

-104.02 |-

-104.04 -

-104.06 |-

Energy(hartree)

-104.08 |-

-104.10 |-

-104.12 . . ! . . .
15 20 25 3.0 35 40 45

rB,N-B,(bOhr)

FIG. 2. Potential energy curve for the BX I1)+B(?P, , M, ==*1) in-
teraction at the SA-CASSCHPT2/cc-pVQZ level of theory. The BN dis-
tance has been optimized for each value of the BN-B distance.

30~0.77125)g,— 0.532p,) g2,
40~0.702s)g;+0.712p,) 1,
17~0.742p;)n+0.422p )51+ 0.262p ;) 2,

2m~0.452p,)g1—0.842p,)g2,

and corresponding atomic Mulliken distributions:

N: 2s3%2p;%%2p%2p; %,

Bl . 231.132 pg.712 p)C()432 p3.43,

BZ: 251'772[32782[32'222[3322-

It is clear from the data above that the CASSCF wave
function does not properly describe the molecule at the sym-
metric nuclear configuration. The two B atoms are
inequivalent—one of the B atoms,;Bis in an excited
atomic state, since itss2*2p*57 occupancy is indicative of
a “P,(2s'2p?) distribution, while the second one,
B,(2s172p'?3 is in its ground?P,(2s?2p') state. It is a
symmetry broken solution. The value of the dipole moment
is 4.03 D. Electron correlation effects taken into account
through the PT2 or MRCI calculations are not able to correct
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the problem and the final wave function does not have the On the other hand, the SA-CASSE€E+2 and SA-
properD.., symmetry. Hence, a CASSGH.+2 wave func- CASSCF-PT2 wave functions do behave properly 2t
tion does not provide an appropriate description of the molconfigurationg=0.0 D in both casgsThe reference func-
ecule. tion at the symmetric minimum is

250 (?A))~0.9110%20%30%40 L mi1w]) — 0.1410°20°30 40 (Lmy2 med wy+ Ll 21my))

+0.1310%20%30 402 (1milmp2m, + Lm2mdm))),

with V. CONCLUSIONS
10~0.892s)y+0.302s)g;—0.252p,)p; TheXZEJ state of the linear BNB molecule has been
examined using severab initio methods based on multiref-
+0.3028)g2+0.252p,) g2 erence wave functions. CASSCF calculations predict a
symmetry-brokeri{SB) structure for BNB with unequal bond
20~0.742p,)n+0.532s)g;—0.352p,) g lengths, as do perturbation thed JQASSCH-PT2) and mul-
—0.5325)g,— 0.352p,) g2, tireference C(CASSCF+1+2) wave functions based on the
CASSCF wave function. A state-averaged CASSCF wave
30~0.2712s)y—0.562s)g; —0.382p,) g1 function, SA-CASSCF, predicts a symmetric structure for

BNB, as do the resulting SA-CASSCF-PT2 and SA-

—0.562s)g2 1+ 0.382p,)g2, CASSEF%llJrZ callculatigns. The four lowest-lying states of
BN(X°II,a'>*,bM1,A%X"), all of which can interact
40~0.352p,)n—0.432s)51—0.522p,)p; stro(ngly along the BN-B c)oordinate, were included in the
+0.4325),— 0.522p,) 52, state averaging procedure.
An analysis of the CASSCF wave function shows that,
17~0.712p,)nt0.332p,) g1+ 0.332p )2, in the X state of the BNB molecule, one B atomiis situ
excited (‘Pg), while the other is in its ground statéR,), or,
2m~0.722p,)p1—0.722p )2, schematically, B—-N—B. Since quantum-mechanically the B

atoms must be indistinguishable at the;, nuclear configu-

and corresponding atomic Mulliken populations, ration, the wave function must descrid@—N-B* and

. 9gl37pHl.10511.30; 1130 B*—N-B equally well. The inclusion of dynamical electron
N: 2s72p,;2p,~2py ™, ) . .
correlation effects using either the CASSEFT2 and
B,: 251'492p2'7°2p2'332p3'33, QASSCHl+2 methods is not able to correct for the defi-
ciencies in the CASSCF reference wave function. The SA-
B,: 251'492p2'702p2'332p3'33. CASSCF wave function, on the other hand, describes both

boron atoms equivalently, i.e., the wave function describes
The atomic distributions of thim situ B, and B, atoms an  “average” of the resonance configurations

indicate that each of them is an average of2Mm) B*—N-B—~B-N-B*. The SA-CASSCHPT2 and CASSCF
+B(4Pg) since they are close to the average of the corre-+1+2 methods include higher-order correlation effects with-
sponding atomic populations of the symmetry brokenout affecting the equivalency of the boron atoms.

CASSCF solution. Thus, the SA-CASSCF wave function,
but not the CASSCF wave function, incorporates the compo-
nents necessary to properly describe tI?]e symmedrig i ACKNOWLEDGMENTS
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