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Continuing our study on the electronic structure of the carbides BC and AIC ( Tzeli, D.; Mavridik, A.
Phys. Chem. 2001, 105 1175), we have investigated the electronic structure of 29 and 30 excited states of
the BC and AIC molecules, respectively, by ab initio quantum mechanical multireference methods and
quantitative basis sets. For both diatomic species we report complete potential energy curves, total energies,
interatomic distances, dissociation energies, dipole moments, Mulliken charges, energy gaps, and usual
spectroscopic constants. Our results are, in general, in good to very good agreement with the existing
experimental values.

1. Introduction Experimental findings on the BC molecule are rather limited.
) ] ) Fernando et al., (Fourier transform emission spectroscopy),
Recently, we investigated the ground-state electronic struc- gmijth et al., (Fourier transform spectroscopy in solid Ne

tures of the BC and AIC molecules using multireference matricesy and Wyss et al. (electronic absorption spectra in neon
variational methods and large correlation consistent basis set. matrices)© report on the AIT,2 B4X-,3910 2[1,° d2=* 29 and

It was found that the ground state of both molecular systems is c41710 states (vide infra).
of 4=~ symmetry, with calculated (experimental) dissociation

. L : Concerning the theoretical literature on the excited states of
energies D¢) and equilibrium bond distances) of (De, kcal/ d

A = > P AIC, there is the work of Zaitsevskii et dl.reporting on the
mol; re, A) = 102.3 (106+ 77, 1.4911 (1.49116& 0.00034), 2[1, 2A, and2S- (excited) states, and the very recent work of

and 80 (64.99, 1.963 (1.95503 for BC and AIC, respectively.  papjett and co-workefd who examined, in addition to the
Notice the~15 kcal/mol difference between theory and experi- yas- the ZIT. and AT states of AIC via the ccsD(T)

ment in theDe value of the AIC system. [7s7p5d4f/7s7p4d3f] method focusing on absolute energies,
Presently, we focus on the investigation of the BC and AIC andw, values, and finally the more extensive work of Bausch-
excited states, following a similar calculational approach as licher and co-worker& These workers employing the complete
in ref 1. The states examined ensue from the interaction of active space self-consistent fietdsingles+ doubles excitations
the atomic fragmentg®S*IL,0x [2*L0= [B (*P, *P), =~ (CASSCFr1+2 = MRCI) method in conjunction with a
Al (?P,?2S,%P)] x C (P, D, 1S,°S), a total of 64 and 74 states  [5s4p2d1f/4s3p2d1f] basis, calculated 18 excited states. For 11
of 251 A| type, whereA is the projection of the total orbital  (excited) states they repart, we, andTe values and PECs up
angular momentum along the internuclear axis. In particular, to 4.4 bohr, while the rest of the seven states are treated at the
the following states have been examined for both molecules, CASSCF level; no absolute energies are given for any $tate.
?X7(2), ?27(2), *=*(2), *=7(3), °Z*(2), °Z7(2), ?I1(4), “T1(4), On the experimental side we are aware of two reports on the
°TI(3), *A(2), *A(2), °A(1), “@(1) plus oned state for the AIC  AlC molecule: Thoma et af using Fourier transform fluores-
molecule, a total of 30 (BC) and 31 (AIC) states including the cence spectroscopy in solid argon, and BraZigsing emission
ground X'=~ states. We report full potential energy curves spectroscopy, examined the AIC*B state. They reporte,
(PEC), dissociation energie®d), bond lengths r¢), dipole weXe, and T4 D, andréd values (vide infra).
moments ), Mulliken chargesd), energy gapsle), and certain In section 2 we discuss some computational details, in section
SPECtroscopic constant®¢, weXe, de, De). 3 we give B, C, and Al atomic results followed by an analysis

As early as 1970, Kouba andh@f had examined 54 (19  of all molecular states. Finally, section 4 contains a synopsis
bound) states of the BC molecule using a minimal Slater basis of our findings and some remarks.

set and a natural orbital configuration interaction (Cl) approach,

identifying correctly the ground and the qualitative ordering of o Computational Methods

few excited states. We are aware of two more theoretical works

on the excited states of the BC system. In 1986 Zaitsevskii et For all atoms the correlation consistent (cc) basis sets

al.,” examined in addition to the %€~ state, the’Il, 2A, and of Dunning and co-workers were employ&dln particular,

23~ excited states using an effective core potential approxima- for the BC molecule we have used the quintuple quality
tion and a DZ-P basis. In 1987 Hirsch and Buenkapplying basis but with theh angular momentum functions removed,
the MRD-CI method coupled with a [6s4plg} basis, i.e., cc-pV5Z-h= (14s8p4d3f2g)c, generally contracted to
calculated 19 excited states, reporting PECs up to 4.2 bohr[6s5p4d3f2g3 c, numbering 160 spherical Gaussian functions.
for 13 states and spectroscopic constargsafe, andwexe) for For the AIC system the augmented quadruple quality basis was
11 states. used, aug-cc-pVQZ= (17s12p4d3f2gf 13s7p4d3f2gy),
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TABLE 1: Calculated and Experimental Atomic Energy

Separations (eV) of B {P — 2P), C (\D — %P, 1S — 3P, 200 — "
55— 3p), and Al (3S — 2P, %P < 2P) Atoms ] T T
B () Al 180 - 23 ———
method “P—2P 1D—3P 1S—3p 55-—3p 25—2P 4P-—2P ] ;ii -------------
CAS? 2.984 1.504 2.613 2906 2.499 2.832 160 21"1-16L _____________
MRCIP 3595 1.270 2.673 4.121 3.158 3.445 1o
MRCI+Q°¢ 3.62 1.26 2.68 4.19 3.20 3.49 200 isr—————
exptr 3571 1260 2.680 4.179 3133 3598 140 Er
aSpherically averaged CASSCFInternally contracted MRCI. , 174?0 , )
¢MRCI + Davidson correctiont Reference 17. e 19 8%
= 16°TH, 4
. - g I —
similarly contracted to [7s6p4d3f2g6s5p4d3f2gf] containing =100+ I8 P —ienisa
164 spherical Gaussians. ] [KIATS o E—— 475 15%A
Our calculational approach is that of complete active space = 80 II‘A,IZ"’FZI/ 12113 |
SCF (CASSCF)+ single + double excitations out of the ] 104 B
CASSCF (reference) space (MRCI), in conjuction with the 60 X —\W
. . : . 811 7E
internal contraction (ic) techniqué Our largest MRCI expan- ] Tt po
sion for the BC/AIC molecules contains 7184 828/13 516 872 0 Pt o5
configuration functions (CFs), internally contracted to 843 000/ ] 55 T 4n
1153 000 CFs. Estimated energy losses due to the ic method 1 2zsa4n ¥a
. . » 4 Y
are rather smafl® and do not seem to influence the quality of 201 . 1225
our resultst1® In addition, and mainly for technical reasons, 1 mn 1
we were forced to resort to state average (SAJASSCF 0 X'z X's

calculations almost for all, but the ground states.
Our reference space is comprised of eight and nine orbitals

for the BC and AIC molecules respectively, viz., (2s2p, + Figure 1. Relative energy levels of the isovalent species BC and AIC
2py + 2p) x 2 (BC), and (3st 3px + 3py + 3p, +4s+ 2s+ at the MRCI level. Thin lines connect similarly bound states of the
2pc + 2p, + 2py) (AIC), correlating seven valence electrons. two molecules. G and L refer to global and local minima, respectively.
Core B (19), C (19), and Al (1825°21) electrons were always

kept doubly occupied at the CI level. The extra 4s orbital in respectively. Tables 2 and 3 include total energigy (lis-
the AIC reference space was deemed as necessary due to theociation energiesD), bond distancesr), spectroscopic
Rydberg character of the first excited stad8)(of the Al atom. constants de, weXe, Ae, De), dipole moments ), Mulliken

It is of interest to note that of all elements reported in the Moore charges on carborg), and energy splittingsT¢) of BC and
Tables!’” only the atoms of the 13th (llIA) column, but boron, AIC, respectively at the CASSCF, MRCI and MRED level
have a first excited state of Rydbe#$] character. Finally, all of theory. Existing experimental results are also included. Tables
our CASSCEF states display symmetry and equivalence restric-4, and 5 give asymptotic fragments, dominant equilibrium
tions, and at the MRCI level size nonextensivity errors range CASSCF CFsC,, symmetries, and equilibrium Mulliken atomic
from 1 to 3 mhartree, as is revealed by taking the energy populations. Finally, Figures 2 through 13 show MRCI potential
difference between the supermolecule and the energy sum ofenergy curves (PEC) of all states studied.

BC AlC

the two atoms at the same level of theory. 3.2.a. Symmetriek ™, 2=, 211, 2A, and2d. 5231 (1), F=H(2)/
Through all this work computations were performed with the 522*(1), 1£=*(2). The first entry will always refer to BC and
MOLPRO968 suite of codes. the second to the AIC molecular staté®r both systems, the
523 * states are similar in every respect. Tables 4 and 5 suggest
3. Results and Discussion that the bonding is comprised of oneand'/» o bonds, indicated

3.1. Atomic States.Table 1 lists atomic energy splittings of
B (“P—2P), C ¢S,1S,1D — 3P), and Al (P,2S — 2P) at the

by the following valence-bond-Lewis (vbL) icon & B or Al),
CASSCEF (spherically averaged), MRCI, and MRE€Imulti-
reference Davidson correctiofrQ)° level of theory, along with

o Q)
39+ @QG&Q@ =

corresponding experimental resultsThe overall agreement ; =0 O
between theory and experiment at the CASSCF level is tolerable, z('p; M=21) C(P; M=F1) 52

but good at the MRCI, the largest discrepancy being 0.15 eV
(Al, *P — 2P); interestingly, all splittings are consistently Along thes frame 0.2/0.5 e are transferred from B/Al to the
improved by including therQ Davidson empirical correction.  C atom, with less than 0.1 drom C to Z through thes frame,
3.2. Molecular States.In what follows we analyze first all ~ resulting in a net transfer of 0.15 and 0.4 ® the C atom in
doublets, then the quartets, and finally the sextets. Figure 1 BC and AIC, respectively. At the MRCI level we obtdp =
shows a relative energy diagram of all bound states, with similar 66.6 (BC), and 36.9 (AIC) kcal/mol with respect to the ground-
BC and AIC electronic states connected by lines. Each molecular state atoms.
state has been tagged with a serial number in front of the term  Experimentally, for the &£+ state of the BCwe = 1031.1
symbol indicating its absolute energy order with respect to the cm™! and T, (d?=" — &I1) = 32.052 kcal/moP. These values
ground (X) state. A second number into parenthesis refers toshould be contrasted with our MRCI values (Table @),
the ordering of states according to energy within the same (5=") = 1123 cnt?, andTe (52" < 12[1) = 23.8 kcal/mol.
space-spin symmetry manifold. Subscripts G and L mean Being confident about our findings, we express some reserva-
“global” and “local” minima in the potential energy curves, tions about the experimental values.
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TABLE 2: Absolute Energies E (hartree), Dissociation EnergiesD. (kcal/mol), Bond Distancesr (A), Harmonic Frequencies we
(cm™Y), First Anharmonic Corrections wexe (cm~1), Rotational Vibrational Couplings a. (cm™?), Centrifugal Distortions De
(cm™1), Dipole Momentsu (D), Mulliken Charges on the C Atom g, and Energy GapsT. (kcal/mol) for 30 States of thelB12C
Molecule, at the CASSCF, MRCI2 and MRCI +Qb/cc-pV5Z-h Levels of Theory. “G” and “L” Subscripts Refer to Local and
Global Minima

State Method -E De fe We weXe 06 (1072 De(107°9) u O Te
X4z CASSCF 62.41873 92.2 1.509 1134.8 10.1 1.06 6.66 0.779 —0.17 0.0
MRCI 62.54526 100.7 1.498 1161.1 11.0 1.67 6.65 0.942 —-0.16 0.0
MRCI+Q 62.5523 100.9 1.499 0.0
MRCI¢ 62.646425 102.06 1.4919 1173.5 10.12 1.64 6.67 0.939 —0.19
cBg 62.6489+4 102.3+0.1 1.4911+3 1176+1 0.945+ 4
exptl 108+ 7¢ 1.491 16 1172.6 10.3
1711(1) CASSCF  62.39981 84.1 1.426 1349.0 10.6 1.51 6.61 0.620 —0.10 11.9
MRCI 62.52850 90.5 1.417 1368.7 11.5 1.65 6.73 0.954 -0.20 105
MRCI+Q 62.5359 90 1.417 10
exptP 1394.5 13.5
2237(1) CASSCF  62.36392 61.0 1.526 1104.2 10.0 1.66 6.59 1.39 —-0.13 344
MRCI 62.50594 76.3 1.503 1157.3 10.8 1.65 6.56 1.60 —-0.17 247
MRCI+Q 62.5153 78 1.502 23
FPA(L) CASSCF  62.36657 62.4 1.529 11171 9.11 1.51 6.34 1.03 —-0.10 32.7
MRCI 62.50554 76.0 1.509 1150.8 9.90 1.58 6.49 1.17 —-0.15 249
MRCI+Q 62.5143 77 1.508 24
44T1(1) CASSCF 62.37806 70.1 1.392 1478.0 9.43 1.51 6.63-0.045 —0.06 255
MRCI 62.50541 76.1 1.367 1548.5 8.46 1.45 6.46 0.316 —0.15 25.0
MRCI+Q 62.5123 76 1.368 25
exptl 1574.8 13.9 24.60
5237(1) CASSCF  62.35693 56.4 1.527 1098.2 9.33 1.48 6.62 1.05 -—-0.14 38.8
MRCI 62.49060 66.6 1.508 1122.8 10.2 1.66 6.83 1.14 —-0.14 343
MRCI+Q 62.4984 67 1.508 34
expte 1031.1 32.05
6°11(2) CASSCF 62.33672 44.6 1.665 864.7 7.92 1.35 6.38-0.561 —-0.15 515
MRCI 62.47476 56.9 1.628 939.3 3.69 0.26 6.18—-0.604 0.00 44.2
MRCI+Q 62.4844 58 1.627 43
7*27(2) CASSCF  62.33722 45.2 1.488 1248.3 22.1 2.37 5.88-1.10 —-0.14 51.2
MRCI 62.46351 49.8 1.468 1265.4 2.45 1.513 6.33—1.20 0.06 51.3
MRCI+Q 62.4711 50 1.466 51
exptf 1.460 23 51.19
exptP 1289.6 51.33
exptf 1271(7) 51.49(2)
8I1(3) CASSCF 62.31458 65.4 1.472 —0.101 —0.04 654
MRCI 62.45282 72.3 1.440 0.081 —0.08 58.0
MRCI+Q 62.4615 72 1.44 57
92=1(2) CASSCF 62.30824 60.8 1.335 1585.6 12.6 1.72 7.18 1.58 —-0.11 69.3
MRCI 62.44473 67.3 1.322 1722.3 7.47 4.56 6.57 1.76 —-0.21 63.1
MRCI+Q 62.4524 67 1.322 63
1PAc(2) CASSCF 62.25978 31.3 1.514 1052.1 16.8 2.35 7.59-1.73 —0.18 99.7
MRCI 62.40294 41.4 1.494 1121.5 18.0 2.20 7.25—1.58 0.09 89.3
MRCI+Q 62.4129 42 1.492 87
1PAL(2) MRCI 62.35431 10.9 2.514 236 26.7 —3.73 7.96 —0.01 119.8
MRCI+Q 62.3641 12 2.55 118
11°A(1) CASSCF 62.26711 0.31 1.921 435.8 26.1 2.78 10.1-0.271 0.07 951
MRCI 62.39665 7.80 1.856 555.1 18.8 2.65 8.14—0.186 0.03 933
MRCI+Q 62.4052 8.5 1.857 92
129T1(1) CASSCF 62.28776 4.7 1.584 1063.7 7.88 1.29 5.68-0.548 —0.08 822
MRCI 62.39622 88.4 1.571 1077.0 8.09 1.31 5.80—0.481 —0.07 935
MRCI+Q 62.4014 89 1.574 95
13*=(1) CASSCF 62.26469 -1.21 1.941 405.4 30.7 3.61 11.6 —0.318 0.05 96.7
MRCI 62.39384 6.03 1.871 530.2 21.6 2.87 8.48—0.233 0.03 95.0
MRCI+Q 62.4023 6.7 1.872 94
143 5(2) CASSCF 62.25949 2.48 1.868 491.3 20.6 2.48 9.89-0.030 —-0.13 99.9
MRCI 62.39323 5.84 1.784 589.7 17.7 1.47 9.07-0.051 0.00 954
MRCI+Q 62.4026 6.6 1.780 94
142~ (2) CASSCF 62.26562 1.37 3.688 0.100 0.00 96.1
MRCI 62.38530 0.86 3.338 98.0 8.44 1.30 7.76 —0.195 0.00 100.4
MRCI+Q 62.3931 0.67 3.344 100
15T1(2) CASSCF  62.25296 —8.02 1.663 851.6 0.81 1.24 6.59 0.276 —0.11 104.0
MRCI 62.38766 2.22 1.652 958.5 0.45 5.42 0.619 —-0.11 98.9
MRCI+Q 62.3972 3.5 1.654 97
exptf 971(24) 98.26(7)
1611(4) CASSCF 62.22296 8.93 1.396 1509.7 38.5 3.01 6.09 3.22 0.04 1229
MRCI 62.37246 22.0 1.385 1515.1 35.9 3.51 6.39 3.13 -0.12 108.4
MRCI+Q 62.3831 23 1.39 106
1611, (4) CASSCF 62.21030 0.98 1.64 0.874 —0.12 130.8
MRCI 62.35437 10.7 1.62 0.976 —0.14 119.8
MRCI+Q 62.3657 12 1.63 117
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State Method -E De re We WeXe 0e (1079 De(1079) u Oc Te
17115(3)  CASSCF 62.21526 36.9 1.636 9358 12.0 1.53 6.09 —0.629 —0.10 127.7
MRCI 62.33988 53.8 1.599 1012.8 15.3 1.96 6.03 —0.449 —0.04 128.9
MRCI+Q 62.3475 56 1.598 129
1711, (3) CASSCF 62.18970 20.9 2.30 —0.247 0.00 143.7
MRCI 62.30923 34.6 2.23 0.136 —0.06 148.1
MRCI+Q 62.3179 37 2.23 147
18=(3) CASSCF 62.19700 25.8 2.205 784.2 16.2 0.06 1.43 0.323-0.02 139.1
MRCI 62.32534 44.9 2.077 730.5 16.9 —-1.02 2.37 0.574 -0.04 138.0
MRCI+Q 62.3360 49 2.040 136
19'37(2) CASSCF 62.19100 22.3 1.548 977.2 15.9 2.24 7.70 0.495-0.12 142.9
MRCI 62.31563 38.7 1.510 1075.5 12.4 2.09 7.46 0.864-0.11 144.1
MRCI+Q 62.3230 40 1.510 144
20°D(1) CASSCF 62.16994 453 1.595 1015.7 9.07 1.43 5.96 —0.284 —0.02 156.1
MRCI 62.31105 65.8 1.583 1038.2 8.83 1.38 597 —-0.151 -0.09 147.0
MRCI+Q 62.3210 68 1.588 145
21T15(4) CASSCF 62.17537 15.5 1.644 848.7 19.3 2.25 7.21 —0.421 0.00 152.7
MRCI 62.30582 325 1.602 971.0 11.9 1.63 6.40 —0.341 -—-0.04 150.2
MRCI+Q 62.3150 35 1.599 149
21471, (4) CASSCF 62.17570 15.7 2.21 —0.393 0.05 152.5
MRCI 62.29447 25.3 212 —0.243 0.06 157.4
MRCI+Q 62.3042 28 2.12 156
22°As(2) CASSCF 62.13940 -10.5 1.534 1029.0 18.4 1.99 7.36 0.449 —0.09 175.3
MRCI 62.28467 19.2 1.506 1080.3 16.6 2.09 7.46 0.797-0.12 163.5
MRCI+Q 62.2959 23 1.506 161
22°A(2) CASSCF 62.15650 0.25 2.594 198.5 30.6 3.66 8.77 —0.134 0.00 164.6
MRCI 62.27204 11.3 2.230 357.8 8.62 —0.45 6.47 —0.472 0.01 171.4
MRCI+Q 62.2802 13 2.165 171
23T1(2) CASSCF 62.15711 0.66 3.791 79.8 0.88 —0.77 5.62 —0.066 0.00 164.2
MRCI 62.25439 0.24 3.689 41.2 5.05 1.78 23.0 —0.026 0.00 182.5
MRCI+Q 62.2594 0.31 3.53 184
2455-(1) CASSCF 62.13754 —12.3 1.418 1484.1 10.5 1.30 5.65 176.4
MRCI 62.24717 —4.31 1.424 1441.0 11.5 1.39 5.85 187.1
MRCI+Q 62.2527 —-3.9 1.43 188
25°5H(1) repulsive
26°%H(2) repulsive
27°A(1) repulsive
28°T1(3) MRCI 62.23508 0.39 3.373 80.4 7.84 3.23 10.9 —0.054 0.00 194.6
MRCI+Q 62.2386 0.48 3.34 197
293(2) repulsive

a|nternally contracted MRCI Multireference Davidson correction, ref 19MRCl/aug-cc-pCV5Z level, ref 19 Complete basis set limit, ref 1.
¢ Reference 2 Reference 3r. = 1.49116(34) A, and. = 1.46023(29) A for the &~ and B'X respectively;To value.? Reference 9" The
energy gap refers to?d™ — &I1, or =7(1) < 12II(1) in our notation, thus our corresponding value is 23.8 kcal/héference 107, value.

Both the 9= (BC) and 143" (AIC) states correlate o T T T
adiabatically to Z (B, Al2P) + C (D) fragments. However, as ] B(P) + C('D) |
a result of two consecutive avoided crossings (around 4.0 and
3.2 bohr, and 4.1 and 3.9 bohr for BC and AIC, respectively),
the second of which imparts its character around the equilibrium
region, the in situ atoms find themselves at*2,($p% 0) + C
(P; 0) states, Figures 2 and 3. Guided by the main configuration
and populations, we claim that the bonding is comprised of two
o bonds and a weak interaction due to a small charge transfer
from C to B or Al through ther frame. The symmetry carrying
electron is localized on the B and Al atoms. Pictorially,

-62.35

BCP) + C(P)

N

-62.40

Energy (E

-62.45

-62.50
|

8
1, (bohr)

P/ O “ Figure 2. MRCI potential energy curves of doublet&2(1), FA(1),
Z('PiM=0) C(P; M=0) '@ 525+(1), P2H(2), 1BA(2), and 145-(2) of the BC molecule.

With respect to the adiabatic products, from Tables 2 and 3 the Z (B, Al) + C atoms are held together by twibz bonds
we readDe = 67.3 (BC) and 21.1 (AIC) kcal/mol; with respect  and a weak/-o interaction
to the ground state atoms tBe value of BC is 38.0 kcal/mol,
but the AIC system is unbound.

2Z57(1), 1437 (2)/2=~(1), and 16=~(2). The two2=~(1) +:=Z'.'-E{éC=
states (BC, AIC) are of similar nature correlating to Z O O O O
(?P; 1) + C 3P; F1). As the following vbL diagram suggests Z(P; M=£1) C(P; M=F1) T
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TABLE 3: Absolute Energies E (hartree), Dissociation EnergiesDe (kcal/mol), Bond Distancesr (A), Harmonic Frequencies

. (cm™1), First Anharmonic Corrections meXe (cm™?), Rotational Vibrational Couplings o, (cm~1), Centrifugal Distortions

D¢(cm™1), Dipole Momentsu (D), Mulliken Charges on the C Atom g, and Energy GapsTe. (kcal/mol) for 31 States of the
2ZIA112C Molecule, at the CASSCP MRCI, b and MRCI +Q%aug-cc-pVQZ Levels of Theory. “G” and “L” Subscripts Refer to

Local and Global Minima

State Method -E De le We WXe 0e(102)  De(10°9) u Qe Te
X4z~ CASSCF 279.72717 68.6 1.976 650.8 3.84 0.48 1.33 1.22—-0.45 0.0
MRCI 279.84015 77.9 1.970 649.1 4.22 0.50 1.36 1.74 -0.48 0.0
MRCI+Q 279.8472 78.2 1.971 0.0
expth 64.92 639.3 4.5
exptP 1.955 03 654.84 4.293
1711(1) CASSCF 279.67968 43.4 1.854 725.3 12.3 0.77 1.60 2.62-0.42 29.8
MRCI 279.80268 54.6 1.852 730.0 13.2 0.84 1.57 2.99 -0.48 23.5
MRCI+Q 279.8110 55 1.855 23
2257(1) CASSCF 279.67538 40.7 1.997 585.6 5.58 0.21 1.54 2.18-0.38 325
MRCI 279.79652 50.7 1.968 645.1 4.90 0.55 1.38 2.67 —0.48 27.4
MRCI+Q 279.8051 51 1.972 26
3PA(1) CASSCF 279.66808 35.3 1.971 658.0 16.9 0.95 1.32 1.70-0.40 37.1
MRCI 279.79383 48.9 1.979 643.1 5.45 0.54 1.34 1.96 —0.43 29.1
MRCI+Q 279.8091 50 1.985 24
211(2) CASSCF 279.66233 35.1 2.046 836.4 8.48 —0.012 0.65 1.86 —0.43 40.7
MRCI 279.77996 40.6 2.040 769.5 5.10 0.072 0.79 1.80—-0.40 37.8
MRCI+Q 279.7879 40 2.043 37
525%(1) CASSCF 279.65531 27.3 1.972 638.1 25.6 1.24 1.40 1.72-0.38 45.1
MRCI 279.77467 36.9 1.989 619.3 6.39 0.606 1.41 1.89-0.39 41.1
MRCI+Q 279.7829 37 1.999 40
6°T1(1) CASSCF 279.64578 22.8 1.843 784.5 7.17 0.62 1.39 1.84-0.36 51.1
MRCI 279.75986 27.8 1.806 820.3 11.1 0.78 1.44 2.72-0.45 50.4
MRCI+Q 279.7673 28 1.805 50
7#2(2) CASSCF 279.61723 7.70 1.969 701.5 17.3 0.24 1.17 1.53-0.43 69.0
MRCI 279.73955 15.4 1.913 721.0 7.96 0.58 1.31 2.45—-0.44 63.1
MRCI+Q 279.7482 15 1.916 62
expth 38.64 746.2 10.3 64.65
exptP 1.894 16 733.93 7.60 64.12
8211(3) CASSCF 279.59916 22.0 1.888 639.9 6.04 0.78 1.85 1.96-0.37 80.3
MRCI 279.72222 33.4 1.858 630.5 10.9 1.18 2.05 2.38 -0.43 74.0
MRCI+Q 279.7314 34 1.864 73
9*A(2) CASSCF 279.61132 0.24 4.071 —0.154 0.00 72.7
MRCI 279.71801 1.44 2.627 —0.831 0.03 76.6
MRCI+Q 279.7265 2.0 2.55 76
17=7(2) CASSCF 279.60692 0.92 3.604 0.681 0.00 75.5
MRCI 279.71733 1.35 3.759 —0.217 0.01 77.1
MRCI+Q 279.7252 1.0 3.73 77
1143+(1) CASSCF 279.61106 0.07 4.451 —0.092 0.00 72.9
MRCI 279.71684 0.71 3.3420 —0.469 0.02 77.4
MRCI+Q 279.7248 1.0 2.775 77
125T1(1) CASSCF 279.60950 63.7 1.956 691.6 4.23 0.46 1.25 0.6710.39 73.8
MRCI 279.71079 74.9 1.953 687.6 3.94 0.46 1.28 0.841-0.40 81.2
MRCI+Q 279.7166 76 1.958 82
13'T1(2) CASSCF 279.58394 —-14.9 2.010 614.7 5.92 0.62 1.46 1.51 —0.43 89.9
MRCI 279.70996 -3.35 1.964 728.4 1.64 0.26 1.12 1.94 —-0.41 81.7
MRCI+Q 279.7215 —-1.2 1.959 79
1#34(2) CASSCF 279.57888 7.57 1.753 837.6 11.3 0.66 1.64 3.24-0.44 93.1
MRCI 279.70282 21.1 1.753 808.9 33.4 1.48 1.77 3.22-0.44 86.2
MRCI+Q 279.7115 22 1.763 85
15°A6(2) CASSCF 279.57734 6.61 2.032 648.4 24.9 0.22 1.13 1.80-0.36 94.0
MRCI 279.70267 21.0 1.987 591.5 4.96 0.47 1.55 1.86 —0.41 86.3
MRCI+Q 279.7131 23 1.976 84
15A.(2) CASSCF 279.57122 2.77 2.737 163.6 2.48 —0.28 3.01 —-0.277 —-0.05 97.9
MRCI 279.69017 13.1 2.937 272.7 1.78 —-0.17 0.70 1.01 —-0.10 94.1
MRCI+Q 279.7027 17 2.98 91
16°T1(4) CASSCF 279.55367 7.60 1.974 599.1 5.16 0.60 1.57 1.15-0.39 108.9
MRCI 279.69059 14.7 1.936 677.5 9.02 0.67 1.39 1.67 —0.47 93.8
MRCI+Q 279.7044 17 1.928 90
1720(1) CASSCF 279.54417 1.64 2.164 339.3 24.7 1.82 2.85 1.64-0.33 114.8
MRCI 279.68114 8.79 2.093 431.9 10.5 0.50 2.14 1.56 —0.35 99.8
MRCI+Q 279.6939 10 2.085 96
182 (3) CASSCF 279.54950 30.5 2.450 538.2 13.6 —0.083 0.54 0.771 -0.17 111.5
MRCI 279.67417 46.2 2.328 389.7 2.92 —-0.96 1.36 0.974 -0.22 104.2
MRCI+Q 279.6902 52 2.25 99
18=.(3) MRCI 279.65790 35.9 3.575 176.4 5.03 -0.11 0.52 8.84 —0.58 114.4
19'T16(3) CASSCF 279.54186 26.2 2.012 584.2 6.97 0.64 1.48 0.5250.41 116.3
MRCI 279.65815 36.6 1.982 638.9 4.25 0.50 1.35 0.843-0.36 114.2
MRCI+Q 279.6669 38 1.981 113
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TABLE 3 (Continued)

State Method -E De le e weXe  0e(1072)  De(10°9) u e Te
19°T1.(3) CASSCF 279.54159 26.0 2.546 810.4 259 —0.076 0.18 —0.240 —0.04 116.5
MRCI 279.65640 355 2.496 876.7 30.2 -0.28 0.18 0.108 —0.09 115.3
MRCI+Q 279.6665 38 2.49 113
20'T1s(4) CASSCF 279.52460 12.5 2.308 758.5 51.6 0.53 0.38 —0.447 —0.01 127.1
MRCI 279.64278 32.3 2.265 1023.6 495 -0.34 0.24 0.574 —0.20 123.8
MRCI+Q 279.6532 36 2.27 122
2011, (4) CASSCF 279.51285 5.08 2.026 518.4 21.2 1.12 1.81 0.71%0.30 134.5
MRCI 279.63326 26.4 1.980 631.1 6.44 0.56 1.40 1.01 —0.38 129.8
MRCI+Q 279.6445 30 1.98 127
214d(1) CASSCF 279.50837 44.1 1.963 674.1 4.21 0.48 1.29 1.09-0.34 137.3
MRCI 279.63875 60.4 1.974 653.9 4.13 0.50 1.33 0.971-0.40 126.4
MRCI+Q 279.6497 63 1.984 124
22°3%(2) CASSCF 279.51111 3.33 1.967 653.7 43.6 0.11 1.38 0.484-0.25 135.6
MRCI 279.63216 25.8 1.905 640.0 3.50 0.82 1.72 1.44 —0.37 130.5
MRCI+Q 279.6416 29 1.909 129
23T(1) CASSCF 279.53082 15.1 1.913 665.6 12.6 0.88 1.54 1.53-0.03 123.2
MRCI 279.62124 18.9 1.914 645.9 10.4 0.87 1.63 1.71 -0.12 137.4
MRCI+Q 279.6260 19 1.918 139
24*Ag(2) CASSCF 279.506611 0.50 2.775 175.4 10.6 1.00 2.39 —0.168 0.05 138.4
MRCI 279.61713 16.3 2.408 306.6 3.29 -0.16 1.82 —-0.259 —-0.12 139.9
MRCI+Q 279.6281 20 2.340 137
24°A(2) MRCI 279.61464 14.8 1.893 639.0 41.6 1.59 1.80 1.44 —0.40 141.5
MRCI+Q 279.6294 21 1.921 137
25°T1(2) MRCI 279.59183 0.56 3.726 43.8 0.25 —0.26 7.31 —0.718 0.00 155.8
MRCI+Q 279.5968 0.79 3.59 157
26°=1(1) repulsive
27°A(1) repulsive
283H(2) repulsive
29°T1(3) MRCI 279.56668 0.61 3.632 76.8 7.48 1.86 2.65 —0.048 0.00 171.6
MRCI+Q 279.5713 0.96 3.59 173.1
30°=(2) repulsive

2Nine active orbitals® Internally contracted MRCE Multireference Davidson correction, ref 19Reference 4D, values calculated by the
Birge—Sponer extrapolation methotiReference 5.

T y T y as a result of a previous avoided crossing of ¢8e(3) state
279667 AICP) + (D) ] between 4.5- 3.0 bohr, possibly with &~ (4) state.
l The 13=~(2) AIC state can be characterized as, essentially,
-279.69 - - repulsive, Figure 3. It shows a shallow minimum of 1.35 kcal/
~ ] mol at 3.76 A and an avoided crossing around 4.5 bohr with a
m; AICP) + C(P) 23(3) state correlating to the Af; +1) + C (°P; F1) atomic
pi-27972 )l states.
iz 121(1), &I1(2), FII(3), 16T1(4)/1211(1), 4I1(2), &I1(3),
-279.75 . and 16I1(4). The BC and AIC 4II(1) states correlate to
Z (?3P; 0)+ C (P; &£1), Z = B or Al, and they are the first
27075 | excited states witlTe = 10.5 and 23.5 kcal/mol for BC and
’ AIC, respectively (Tables 2 and 3). Both PECs, Figures 4 and
AlC 5, show avoided crossings around 4 bohr with tHid@) (BC),
R ) and 4T1(2) (AIC) states, resulting to a flip of th# values,
Tpc(bohr) M = (0, £1) to (&1, 0) after the crossing. According to the
Figure 3. MRCI potential energy curves of doublet&2(1), 3A(1), leading CFs and density distributions the bonding is clearly
525+(1), 1=(2), 14=*(2), and 13A(2) of the AIC molecule. described by the vbL icon (Bcomponent)
Total equilibrium CASSCF Mulliken charges on C are 0.13 (BC) S
and 0.38 (AIC) e, transferred practically via the frame. The &8&0-& - 70
De values are 76.3 (BC) and 50.7 (AIC) kcal/mol at the MRCI .".
level of theory. Z(P; M=t1) C('P; M=0) ey

In the 14>-(2) state of the BC molecule correlating to B
(®P; 0)+ C (3P; 0), we have a very shallow (local) minimum implying %7 and oneo bond. A net charge of 0.2 (BC) and
of 0.9 kcal/mol at the distance of 6.31 bohr, Figure 2. At about 0.5 (AIC) e migrate to the C atom. Ate = 1.418 (BC) and
4.5 bohr this state suffers an avoided crossing with an incoming 1.852 (AIC) A, about 0.1 A shorter than the*X state(s),
(not calculated)?=~(3) state correlating to B2P; +1) + De = 90.5 (BC) and 54.6 (AIC) kcal/mol. For the BC species
C (*D; F1), resulting to a 1.6 kcal/mol (with respect to the we obtain we = 1368.7 cn1l, in fair agreement with the
asymptote) energy barrier, and a (global) minimumbDaf= experimental value faI)° of 1394.5 cm!; calculated and
5.8 kcal/mol are = 1.784 A. A second avoided crossing occurs experimentfl wexe values are 11.5 and 13.5 cirespectively
in the repulsive region of the PEC around 3 bohr with the (Table 2).
repulsive part of thé=~(3) state, impartig a B ¢P; +1) + C The next pair of analogous structures are tRH(@) (BC)
(3P; F1) character to the repulsive region of the34(2) state, and 4T1(2) (AIC) states, correlating to ZR; +1) + C (¢P; 0)
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TABLE 4: Asymptotic Fragments, Dominant Equilibrium CASSCF CFs, and Mulliken Atomic Populations of the 30 Studied
States of the BC Molecule

Equilibrium
Mulliken atomic populations
Asymptotic Dominant equilibrium CASSCF CFs B c
State Fragment% (valence electrons only) 2s  2p2pd 2s 2p 2pd
Xz 1P OFP; 00 0.9510%20%30M L, Ly [= |Agl] 1.36 0.67 0.37 1.69 1.16 0.63
1r(1) PPy 0P +£10  1/4/2)(0. 84]022027035172302)(1% 172 + 1% L) 0= [ByCH- |Bo0 1.13 0.48 0.56 1.54 0.77 091
2257(1) PP +10PP; F10 0.8010%20%30M 17 171154-04510220230117[1 17;1[;: |A08 1.38 0.60 0.41 1.70 1.18 0.60
3PA(1) |2P +10PP; +£10 1/4/20. 66102202301(1ﬂ jﬂ + 1ﬂ 1ﬂ 1ﬂ 1n)|]= |ACH |AD 1.42 0.69 0.36 1.63 1.14 0.64
#TI(1) PP £10PP; 00 1/4/20.9710%20% 30 (1 1ﬂ2+ 172 1, y)[j: 1B+ |B,O 1.03 0.62 0.62 1.46 0.86 0.86
5237(1)  |2P; +10FP; F10 0.6410%20230% (172 + 17[2)[!= |A0 1.38 0.60 0.41 1.71 1.18 0.60
6°I1(2)  [?P;+10FP; 00 1/4/20. 92102202302(17r1+ 1ﬂ1)|]: |B1[H B 1.82 0.77 0.16 1.65 1.38 0.46
7*27(2) PP +10PP; F10 0.8410%20130%1x) 1;z1|]— 0. 26102202301(1ﬂ1 2, + 27 1) O 1.42 0.64 0.37 1.67 1.13 0.66
0.24 10220230117:1 Tl |A2D
8II(3)  |°P;+10MD; 00 1/4/2[0.7310%20%30} (17 jﬂ + 172 1_71)|:|+ 1.09 0.62 0.55 1.47 0.95 0.83
0.5010220%302(1; + 1z )I;[]C |BlD+ B,
93H(2)  |?P; +10PD; F10 0.9010%20M 172 lnzD= |A1D 0.84 0.25 0.83 1.34 0.62 1.99
10°Ac(2) |?P; £10D; +£100 1/4/20. 62102201302(17r jﬂ + 17t 1ﬂ 17zt 1ﬂ)|]: |ACH |AD 1.43 0.63 0.34 1.69 1.12 0.66
1PAL(2) 1W/2[0. 461102202301(1nl 2.7r1 1ﬂ12ﬂ1 1n12n1+2n11n)li|+ 1.83 0.39 0.37 1.91 0.72 0.68

0.3110%20%30* (17, 2:'51 ml 27'51 + ml 2, — 2:'51 1, ))D+
0.2310%20%40 (1, — 1} — m 17 + 17t m)[b |A1EH— |Ax0]
11°A(L)  |2P; £10PP; £10 1/4/20. 67[102202301(1n1 27-[1 17r1 27r¥L+ 1} 2;;1 27} ml)D: |ACH|A0 146 0.48 0.51 1.79 1.09 0.52

1211(1)  [*P;£10°P; OO 1/4/20.9910%20130Y(1r 17-[1 27-[1.5_ 17[{ 27 A y)D=|31D+|82D 1.06 0.61 0.60 1.43 0.85 0.88
1335(1) 2P, £10°P; F10 0.6710%20230% (L, 2n1+ mi z@)mz |A 1.55 0.44 0.52 1.85 1.03 0.52

1437(2) |°P; OJFP; OO 049102202301(17:1 2711+2n
0.21)10225'30%17; 1ﬁ1D= |A2D

1427 (2) 0.7310%20%46 1} 1 D—037|102202401(17r 17, + 17 L) 0= | Al 1.89 0.06 0.53 1.96 1.00 0.52

15T1(2)  [2P; O°P; 10 1/v/2)0. 811102202(1n1y 1y, 27 + L, anln)m 1.07 0.60 0.58 1.47 0.81 0.90
0.3610%20'30* (1. ¥+1712 lﬂl)EJ] |Bllj+|BZI]

16T16(4) |°P; +10PD; F20 1/4/2[|162206%(0. 59(211131 + 17 27,1).4_0 17(1zt 1,71 2ﬂ1+ 11 znllﬂ))[;_ 1.07 0.60 0.58 1.42 0.91 0.87
0.3210%20*35(17; 17:2 + 1712 )& |102201301(o 18(]:11 1711 2, +
17} 2, 17,) + 0. 17(1711 17 + 17[2 17)) 0= |81EH— |B,0

)0 0.4110%20%30%(1m, 27 + 27, Lzy)H- 1.61 0.61 0.30 1.80 0.85 0.72

16711, (4) 1/\/_\ 02202(0 4421t 172 +1ﬂ 2ﬂ)+o42(1n 1, 27, + L, 27,1171)_ 1.05 0.51 0.98 1.56 0.84 0.50
0.31(1, Ly 27, + L, 27, L, ))D+ 0. 4]4102201301(17[1 1:12 + 172 17 o=
B H (B0

17T16(3) |*P;+10°P; 00 1/4/2]10220%30%(0.57 (1} Ly 27y + Ly, 27y 17,) + 0.54(2v; 1 + 1% 2y) = 1.25 0.40 0.61 1.65 0.64 0.88
[ByH |B,0

17T1.(3) 1/4/2[0.5710%20"30 (12} 1 + 1} 17r)D—029102202301401(1:r + 1r)0- 1.48 0.72 0.39 1.75 0.79 0.73

0.2916%20* 30 (L, 17, 27t + 1n1 an 1rh)H

0.2710%20'30Y(17; 17 ! X+ 1:'[1 an X)Ej] |ByCH B0

1827(3) |*P;£10FP; F10 |(0.54 12201302 — 0. 521;2202401)1n 1ﬂ |:|— 0. 21102201302(175 2n1 1.62 0.58 0.36 1.77 0.93 0.68
2, Lm,)0 = |A0)

1954(2)  |*P; +10PP; F10 064102201(1n2 Loty 271 + L, 2, Aml)O= |ADD 0.85 0.17 0.90 1.43 0.52 1.04

20'@(1) |4P +10'D; +£20 1/4/20. 5q102201301(17[ 27t + 1][ 2][1 21t 1;1 1 2311 17! 17-[; QH; — 1.03 0.52 0.69 1.54 0.86 0.79
17y 27y Loty + 17y L, an + 1n1 27:1 lrrlD= |BlEl+ B,

21T16(4) |%P; OFP; £10 1//3] 2[/(0. 601°20'35" + 0. 32172201301)(1711 Ll 27} + 1ol 21t L) - 1.04 0.52 0.70 1.54 0.85 0.81
|102201301(0 39(tmy 177, 2 1, + 171, 21y 1:11) +0. 30(]:11 1, 27#
L, 2 7, ) = |BlD+ |BzD

2111, (4) 1/f[|102201301(0 50(1; 17[1 2711 + 17 2, 1%, ) + 0.40(27; 1,12 1.12 0.36 0.76 1.74 0.75 0.71
17’ zn?)m— [(0.40102202 To. 25172201301)(2711 Lo, 2, +

% 2] = |ByH- B0

22°Ac(2) |*P; £10PP; +10 1/f0 65102201(ln2 17[1 27-[1 1} 27 1ﬂ§ + 172 27} 1;-[)1, -1z 1_713 271;)5: 0.84 0.16 0.93 1.41 0.57 1.03
[AulH- |ALD

22°AL(2) 1/[\(0 44152251302 — 0. 32]02202401)(17[){ zﬂi — 1;1; 2;-[; + Mi z,t)l/ - 1.21 0.73 0.51 1.83 1.06 053
271, 1m,) 0= |AH |AgD]

2311(2) |*P; OOFP; £10 almost repulswe

24°27(1)  |*P;10PP; 10 0.9810%20%3040" L) 1= A

25°%1(1) |4P OeP; 0O repulsive

26°T%(2) |*P; £10PP; F10 repulsive

275A(1) |4P;ilE|}5P;:i:lEJ repulsive

28°T1(3)  |°P; £10PSO almost repulsive

2937(2) |?P; OJPSU repulsive

a|2SH Mg [25"1L;M 4. ® py populations are identical to,populations by symmetry.MRCI values.? Problematic populations.

fragments. As was mentioned before, these states presenequilibrium values become (8;1). In addition, in their repulsive
avoided crossings with the BC/AICHI(1) states, so their M part and around 2.7 (BC) and 3.3 (AIC) bohr, both PECs suffer
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Figure 4. MRCI potential energy curves of doubletd (1), 611(2),
8211(3), and 16I1(4) of the BC molecule.
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Figure 5. MRCI potential energy curves of doubletd1(1), 411(2),
8211(3), 1611(4), and 17d(1) of the AIC molecule.

a second avoided crossing with the incomifgI&) BC/AIC
states (vide infra). This last avoided crossing shows clearly in
the BC PEC, Figure 4. The bonding consists/ef and ones
bond; pictorially (B component)

(7 &
CeEo€e ¥y = Z—C
O O
Z(P; M=0) C(P; M=£1) TI2)
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C (P; 0) (right PEC branch) and BR; 0)+ C (°P; £1) (left
PEC branch). This is also clear from the dominant CFs
participating at this point, Table 4. With respect to the formal
minimum at the 2.72 A @, = 72.3 kcal/mol is calculated:;
certainly, no meaningful spectroscopic constants can be given
for this state.

Concerning the AIC #I(3) state the situation is similar to
the one previously described, although there are some dif-
ferences. In the interval 3.9 3.3 bohr, due to the interaction
with the 16TI(4) state, the PEC carries the character of
Al (*P; +1) + C (P; 0), with a clear minimum at 3.510 bohr
(= 1.858 A). In the repulsive part an avoided crossing occurs
with the lower 4I1(2) state around 3.3 bohr. The bonding
consists of¥/,m andY/,0 bonds, with a net transfer of 0.4 e
from Al to C atom, andD = 33.4 kcal/mol with respect to the
asymptotic products, or 4.1 kcal/mol with respect to the ground-
state atoms.

The rugged character of the BC2IH4) state, correlating to
B (?P; £1) + C (!D; F2), is due to the interactions of thélB(3)
state (vide supra), &[1(5) not calculated state correlating to
the same fragments, and two more not calculated incoming
[T states I1(6), 2I1(7)) correlating to B {P) + C (P)
fragments. The local (L) minimum at the 3.07 bohr 1.62 A)
seems to carry the character of th&183) state, while the in
situ atoms at the global (G) minimum,= 2.616 bohr £ 1.385
A), are B ¢P; 0)+ C (3P; £1), meaning that the G minimum
correlates to théll(7) state. (See also Tables 4 and 2). With
respect to the asymptotic products the’I1g(4) state has a
binding energy of 22 kcal/mol, but its intrinsic bond strength,
i.e., with respect to B*P) + C(P), is 22+ AE(B(*P — 2P)) —
AE(C@D — 3P)) = 75.6 kcal/mol. The bonding is comprised
of 3/m bonds and one bond.

Mutatis—mutandis the 14d1(4) PEC of AIC presents the same
features as the 2BI(4) of BC although to a smaller extent, so
it looks smoother at the MRCI level, Figure 5. However, the
bonding consists of/z bonds giving rise to a binding energy
of 14.7 kcal/mol with respect to asymptotic products, or
14.7+ AE(AI(*P — 2P)) — AE(C(*D < 3P)) = 64.9 kcal/mol
with respect to the Al4P) + C (3P) atomic fragments.

2A(1), 1RA(2)/FA(1), and 13A(2). The 3A(1) BC and
AIC states, similar in every respect, correlate to?2; (1) +
C (®P;+1), Z= B or Al. The asymptotic character is maintained
along the potential energy curve(s) for both molecules, Figures
2 and 3. According to the leading CASSCF equilibrium CFs
and corresponding populations (Tables 4 and 5), the bonding

No net charge transfer is found in the BC system due to an js succinctly captured by the following vbL icons

approximately equal flux of efrom C to B through ther frame,
and from B to C through the frame. The AIC equilibrium

populations are spurious due to the avoided crossing at 4 bohr

(re = 3.855 bohr) with the A[1(1) state (vide supra).
According to Tables 2 and ). = 56.9 and 40.6 kcal/mol
for BC and AIC, respectively. Note the opposite dipole moment

signs of BC and AIC.

Two out of the three possibFI states which originate from
Z (B, Al; 2P) + C (D) fragments have been examined, namely,
the &T1(3) and 16I1(4) states, whose PECs are shown in
Figures 4 and 5.

For the 8I1(3) state of BC the asymptotic products are
described by the wave functig?P;£10!D;0C Up to 3.2 bohr,

a-o-t 9:@-DEIO-0-BEa- DS
O 0O O~—0

Z(P;M=t1) C(P; M=t1)

N,
s aie-cloat-

ZEC + 7O

32A(1)

the asymptotic character is maintained; between 3.2 and 2.7suggesting oner and/,0 bond. Notice that the symmetry of

bohr a character of B*P; 1) + C (°P; 0) is acquired owing
to the interaction with the B61(4) state, while at the 2.7 bohr
an avoided crossing occurs with the lowefll§2) state

the first pair is A and that of the second,AAlong thes frame

about 0.2 & are moving from C to Z (B/Al), while along the

frame 0.3/0.6 €'s are migrating from B/Al to C. The MRCI

previously described. As a result the ensuing (approximate) De values are 76.0 (BC) and 48.9 (AIC) kcal/mol, Tables 2

minimum, re = 2.72 A, entangles the characters®;(£1) +

and 3.
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TABLE 5: Asymptotic Fragments, Dominant Equilibrium CASSCF CFs, and Mulliken Atomic Populations of the 31 Studied
States of the AIC Molecule

Equilibrium
Mulliken atomic populations
Asymptotic Dominant equilibrium CASSCF CFs Al €
State Fragment% (valence electrons only) 3s 3p3pd 2s 2p 2pP
X4z 1P; OFP; 00 0.9610%20%30" Ly L, (= |AoL] 1.72 0.45 0.16 1.78 0.91 0.86
1711(1) %P OFP; 10 1/4/2|(0.8210%207 — 021](72302)(1J1117t2+l7'[2 L) = |ByO+ |BoO 1.39 0.27 0.39 1.73 0.56 1.04
2257(1) PP +10PP; F10 0.7910%20%30 7, lﬂlD+046|10220230117T1 IAzB 1.57 0.40 0.30 1.87 1.04 0.71
3PA(1) |2P; £10°P; 10 1/4/20. 67[102202301(171 131 +1ﬂ ]ﬂ ]ﬂ l:r)D= |ACH |A0) 1.65 0.43 0.21 1.87 0.94 0.79
#I1(2) PP E10°P; 00 1/4/2[0.80110220%302(1} + lnl)D+0391102202(1n{ 17 + 175 Am) ] =
|B1[H- B0
537(1) PP £10PP; F10 0.6510%20%30Y (1 + 1)) (= |AD) 1.62 0.39 0.28 1.86 1.01 0.74
6T1(1)  |?P;£10°P; 00 1/4/20.8Q10%20%30) (1 1n2+1n2 1) - 0.3810%20%( L, L 27t + 1.09 0.40 0.55 1.64 0.81 0.93
1n12nlln)D:|BlD+|BZD
7"5(2)  |2P; +10PP; F10 oeqlgzzalgazml lnl[H-039102202301(l7t12ﬂ1+27zl 1)+ 1.72 0.47 0.16 1.76 0.89 0.87
0.3510220%30 17} 1= |AD)
SII(3)  |%P; OO'D; £10 1/4/2[0.6310220%30%(1%: {m2+ 17 1,) 0+ 0.3510220%(1ory Lovy 277, + 1.08 0.35 0.52 1.72 0.77 093

Ly 27 Lr,)0- 0. 281102202(2711 mzy + 122 27l = |BlD+ |BzD
FA(D) 12P; £10PP; £10 1/[0 65102202301(1:11 2n} — 1;-[1271 + 17 zﬂf 17Y0= |A0+ |A,0 1.80 0.18 0.52 1.89 1.01 0.52

1027(2) [P O0FP; 00 0.6510%20%46" 1, lﬂlD—033102202401(1ﬂl ¥+ ml mY)D+ 1.92 0.13 0.45 1.94 0.93 0.56
—-0.30 1022023011711 Ly(H-0.19 102202301(1n1 27, + znl 1my) 0= A0

1135(1) 1P, £10°P; F10 0.6410220%30Y (1, 2n1+1n12711)D= |AO 1.89 0.07 0.52 1.92 0.99 0.52

12T1(1)  |*P; £10FP; 0O 1/f093102201301(1n1 1][12”14-1;[1 27} 1) 0= [BylH [Bo0 1.03 0.43 0.53 1.58 0.89 0.94

13T1(2)  |?P; OFP; £10  1/4/2[0.7310%20%(1n 17:127:1+1n12n1 )D+053102201301(lnlln2 1.08 0.40 0.54 1.66 0.81 0.95
17 1)) = |Blu+|BZD

1434(2)  |2P; £10'D; F10 08610220117r2 ]_7[2|:|= A0 1.01 0.27 0.60 1.57 0.35 1.22

15A6(2) 2P, £10MD; £10 1/4/2)0. 544102201302(1712 13724_]_7;1 ]_nl 17 1”1)|:|+ 1.60 0.36 0.31 1.85 1.02 0.73
0.2910220%30 (177 277, — lﬂl 2, + 1711 2, — 2711 1)) = |AH |AD

12AL(2) 1/[{0 5]4102202301(1711 2311 1”1 27[1 + znl 1n1 1ﬂl 2;11)54_ 1.80 0.18 0.44 1.89 0.94 0.60

0.3010%20%30 (177 27r1 ml 27r1+l7r 27rl 27rl 17:1)[11 |ALCH |AC
16711(4) 1P, £10MD; F20 1//2 [|(0.4810%2535" — 04102201301+O34]02202)(17r117r2+1:'[2 1z 1.08 0.30 0.58 1.75 0.80 0.90
0.3310220%(1ory 1ot 271, + Loy 27 1r,)[] = |By[H- B0

172®(1) |°P;£10tD; +20 l/«/—x048102202(l7t227r1+ 1ﬂ2 27[)1, 2ﬂ1;|_712 ]_nzznl 1.18 0.23 0.60 1.81 0.73 0.89
Ly 17w, 2y — 17, 2 1y 1ﬂ1+1.711 1, 2ﬂ1+1.7112711 1:11D= |B.CH |BoO

18'=76(3) |*STFP; 07 1(0. 571220%0" — 049]02201302)17'[1 1ﬂ1D+0281102202301(1ﬂ1 2, + 152 0.47 041 179 1.11 0.62
2, 1m,)B= |AD

18=7.(3) 1(0.6210%20%40" — 0.5715%20?30%) 1, L, = | ALl 1.88 0.72 0.06 1.87 0.72 097

19T16(3) [*STPP; +10 12 |102201301(0 60(]7r1 Loy 2, + mlznl 17,) + 0.55(2r, 1. + 1.27 0.27 0.54 1.79 0.63 0.95
1 2m,) — 0.29(1my L, 2:rl+ln 2:111:1)D=|BlEI+|BZIE

1971, (3) 172 2[0.60 102202301401(1711 Y 1x DO+ 0. 45410-2201301(17:1 17 +

1} 1) = B+ |Bo8
20'TIg(4) |*P;+10PP; 00 1/4/2 [|102201301(0 50(ty Ly 27, + Loy 2 17,) + 0.47 (2 1) +
1nf 27)) 0+ 0.32 102202301401(1n1 + 1711)[]1 |B1[H- | B3
20°T1.(4) 1/f 2[1(0. 57]02201301-1-035]02201301)(17[1 Lo, 271, + Loty 21y Lm,) 0 0.98 0.36 0.68 1.74 0.88 0.82
|16220*361(0.40( 1, 17, 2, + 17, 2.7'[11.7'[)-1-037(]n 1, an
Ly, 27 L)) = |BlEH- |BZIZI

21%®(1)  |*P;£10'D; £20 1/[0 49102201301(17[2 2n1+1ﬂ22ﬂ1 o 172 — 1]122”1 0.97 0.37 0.65 1.72 0.87 0.85
L, 1,2, — 17, 27r117r +17 Xln¥2:rl+1n¥2nllnl]=|BlD+|BzD

22TH(2)  |*P;£10PP; F10 063102201(1n21n12n1+ 1n12n1 g)D=|Alm 0.91 0.12 0.75 1.66 0.34 144

2¥37(1)  |*P; £10°P; F10 09810220130140117[1 1n1D= |A0 1.34 1.03 0.13 1.42 0.89 0.84

24Ag(2)  |*P;£10PP; £10 1/1/2|(0.49152201302 — 029]02202401)(1n 2, — 1y 27, + L, 2, — 1.16 0.63 0.52 1.85 1.16 053
27 1, )D: [AH- |AD)

24A.(2) 1/[0 59102201(1;12 Ly 2, — 1, 2y lﬂ§+ 172 27} 1, — 0.95 0.14 0.69 1.67 0.36 144

Ly 1) 2Jr)D=|A1EH— |A2D
25°T1(2)  |*P; OOFP; 10 almost repulswe
26°=1(1) |*P; OOFP; OO repulsive
27°A(1)  |*P; £10PP; +10 repulsive
2821(2)  |*P;£10PP; F10 repulsive
29°T1(3)  |?P; £10PSO almost repulsive
30°=(2) |?P; OOPSO repulsive

a|2SH| M4 |25"1L;M 4. ® py populations are identical to by symmetry.© MRCI values.? Problematic populations due to avoided crossing(s).
€On the top of the avoided crossind).32 e are missing from ther frame because the,ds occupied.

The 10 (BC) and 13\ (2) (AIC) states trace their lineage to De = 10.9 and 13.1 kcal/mol for BC and AIC, respectively,
Z (°P; +£1) + C (1D; £1), Z = B or Al. At distances of 4.75 Figures 2 and 3. Avoided crossings around 4.4 (BC) and 4.6
and 5.55 bohr, local (L) minima are observed corresponding to (AIC) bohr (Figures 2 and 3) with a (not calculatéd)3) state
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Figure 6. MRCI potential energy curves of quartetd3X, 7*=(2),
11°A(1), 13=4(1), 18=(3), 19=1(2), and 22A(2) of the BC molecule.

correlating to Z {P; £1) + C (3P; 1), result in global (G)
minima carrying the character of tRA(3) state. Energy barriers
measured from the L minima are 0.14 (BC) and 3.03 (AIC)
kcal/mol.

At the G minima,re = (BC/AIC) = 1.4936/1.9872 A, the
bonding can be represented by the diagrams

P
e cflo ool
py sp . .

Z('P; M=t1) C(CP;M=tl)

AR,
focn-clocio-

Z=C + Z=0C
AQ)

implying ac and arr bond. Thes bond is due to the interaction
of a strong hybrid on Z (B, Al) and the 2prbital of the C
atom, while along ther frame 0.3/0.5 e are transferred from
B/Al to the C atom. Note the opposite signs of dipole moments
of the BC and AIC molecules, Tables 2 and 3. The binding
energies with respect to the asymptotic productsy¢BC/
AIC) = 41.4/21.0 kcal/mol, but with respect to the diabatic
fragments the corresponding values are 95.0/71.2 kcal/mol.

172®(1) AIC State. The asymptotic fragments are Al
(®P; £1) + C (*D; £2). The fact that we need eight determinants
(four of B; and four of B symmetry, Table 3) to describe this
state correctly, makes the bonding description with simple
“chemical” terms uneconomicale = 8.8 kcal/mol at the MRCI
level.

3.2.b. SymmetriedX", 4=, 41, A, and *®. 13'=7(1),
19°5%(2)/11%2%(1), and 223%(2). The 13=%(1) (BC) and
1142%(1) (AIC) states, correlating to 2R; £1) + C (3P; F1)

fragments, are both unbound at the CASSCF and weakly bound

at the MRCI level of theoryDe (BC/AIC) = 6.03/0.71 kcal/

mol, atre = 1.871/3.342 A. In both systems the bonding consists

of ,0 bond due to a slight charge transfer from the Qurhbital
to a 2s2phybrid on the B atom, or to the 3prbital of the Al
atom. Corresponding PECs are shown in Figures 6 and 7.
The 192%(2) (BC) and 22=*(2) (AIC) states trace their
ancestry to Z4P; £1) + C (®P; F1) atomic fragments, Figures
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Figure 7. MRCI potential energy curves of quartet$3X, 7*=(2),
FAL), 1¥=7(1), 18=7(3), 22=%(2), and 24A(2) of the AIC molecule.

Z (*P; 0)+ C (°P; 0) or Z (P; 0)+ C (*D; 0). The C|*P;0Cand
'D;00states are described by the determinanté2(pp, +
Pxpy) = |A20and 1K/4[p5 + pj — i(pdy + Bpy) = IALCH [AL]
respectively. These should be combined with the'’Z Q) =
s'pdp,1l determinant of A symmetry. Because the molecular
symmetry of the=* state should be of symmetry;Ahaving
not calculated thé>"(3) state we cannot be sure where our
43+(2) equilibrium states correlate diabatically. However, in
either case the bond character will be the same, namely
Is'pt p,0pdy, + Pyl The Z (BI/Al) + C atoms are held
together by/,o “interaction” and oner bond, or pictorially

2son3s (] ¢) o &) = 75 (s

Z(*P; M=0) CCP or 'D; M=0) )

Over all, and practically through theframe, about 0.1/0.47¢e
are transferred from B/Al to C atom, respectively. The binding
energy isDe (BC/AIC) = 38.7/25.8 kcal/mol with respect to
the adiabatic fragments at the MRCI level, Tables 2 and 3.

X42(1), P=(2), 182 (3)/X4= (1), 7=(2), and 182 (3).

As has been already mentioned in the Introduction the ground
states for both molecules are 8~ symmetry and they have
been discussed extensively elsewheResults concerning the
X4Z~ states are included in Tables 2 and 3 for reasons of
comparison.

The next states of the same symmetry, namely, 2), are
51.3 and 63.1 kcal/mol higher than the X states of BC and AIC,
respectively. (Figures 6, 7 and Tables 2, 3). They correlate to
Z (?P; £1)+ C (°P; F1), Z= B/Al; as we approach equilibrium
they both experience avoided crossings around 4.3 (BC) and
5.1 (AIC) bohr with the 18 ~(3) state(s). As a result the
minimum correlates to Z*P; £1) + C (°P; F1), Figures 6 and
7. The bonding can be clearly represented by the vbL icon

7('P; M=t1) C(P; M=T1) 75 2)

implying two ¥ and ones bond. Our CASSCF populations
indicate that 0.2/0.3eare moving from C to Z (B/Al) along
theo route, while 0.3/0.7 ethrough ther frame are migrating

6 and 7. Both states suffer avoided crossings around 4.4 bohrfrom Z (B/Al) to the C atom. Practically, no net transfer is

with another, not calculated=™(3) state correlating either to

observed in the BC system, but there is a net transfer of 0.4 e
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to the C atom in the AIC molecule. Note the opposite signs of
dipole moments between BC and AIC, Tables 2 and 3. 6220

Existing experimental results for tHf&(2) states confirm
nicely the validity of our calculations. In particular, concerning ]
the BC molecule (experimental numbers in parentheses) 6230 -
1.468 (1.46023 A, we = 1265.4 (1289.%and 1271(7) cm™1,

Te = 51.3 (51.383 and Tp = 51.192 51.49(2}9) kcal/mol. The
0.008 A difference in bond length is due almost entirely to
core—correlation effects as was proved in our previous work. -62.40
As a matter of fact, by including the core correlation in the 1
X432~ (BC) state, the bond length decreased by 0.006 A at the 62457
corresponding complete basis set (CBS) limit. Assuming that ]
the same bond length shortening is at work in4Be(2) state, : : : , : , : i
our estimated bond length is in harmony with the experimental 4 s (bohr)12 16 20
value. The rest of the experimental values are in excellent e
agreement with the theoretical findings, Table 2. Now, concern- Figure 8. MRCI potential energy curves of quartetd 1), 15T1(2),
ing the AIC system we report (Table 3); = 1.913 (1.8941% 17[1(3), 20'®(1), and 21I1(4) of the BC molecule.

A, we=721.0 (746.2and 733.98 cm L, wexe = 7.96 (10.3 27952
and 7.66) cm™1, andTe = 63.1 (64.65 and 64.12) kcal/mol. ]
Certainly, the same comments hold here as in BC as far as the ;4 5 |
bond length is concerned. At the MRCI level we obtBig=
15.4 kcal/mol with respect to APPP) + C (3P), in complete
disagreementvith the experimental valdeof 38.64 kcal/mol.
We believe that the latter is in error and we ascribe this result
to the pitfalls of the Birge-Sponet? extrapolation used. Finally,
the internal bond strength of AIC, i.e., with respect to Al
(*P) + C (P), is 15.4+ AE(*P—P) = 94.8 kcal/mol;
corresponding values for BC are 49.8 and 132.7 kcal/mol.

Owing to the complexity of the BC and AIC 487(3) PECs, ]
we are forced to discuss them separately starting with the ;5
BC molecule, Figure 6. The BC 187 (3) state correlates to " T ¥ : T & 2%
B (“P; +1) + C (®P; F1); this character is conserved up to an 1, (bohr)
interatomic distance of 7.5 bohr. Between 7.5 and 5 bohr it . .

. . Figure 9. MRCI potential energy curves of quartetdR1), 13T1(2),
acquires the character of BP(;O)+ C (®S), due to an avoided 199211(3), 20‘H(4)F,)and 210(1) g¥the AlC m‘glecmfﬂ ) @)
crossing around 8 bohr with the (not calculatéH) (4) state.

A second avoided crossing with the same state around 5 bohrC (P; 0). In accordance with the leading CASSCF CFs and
reverts the*>~(3) to its original character. A final avoided electron distributions the bonding is composed/gt and¥.o
crossing at 4 bohr with the lowet==(2) state, discussed bond, or, pictorially,

previously, creates a “minimum” at ~ 3.9 bohr &2.1 A),

WILP\\/ E; : 44.9 kcallmgl \-Nl-th respect to that nllnlmum. @2@’&8@@2&‘@8@ _ 756
w trace from infinity the AIC PEC, Al’6-Rydberg) .W. .W.

+ C (®P; 0). This character is maintained up to 10 bohr. Around
this region it suffers an avoided crossing with a, not calculated,
“Z7(4) state, acquiring at this region the character®; 0) + Along the ¢ frame, 0.32/0.45 eare moving from B/Al to
C (°S), which is maintained up to 6 bohr, while at 6.75 bohr ihe hybrid carbon orbitals, (Sp¥** 954(sp)-64+ 038 along the
(~ 3.75 A) shows a local (L) minimum. The bonding atthe L 7 frame 0.25/0.1 s are transferred from C to B/Al. The net
minimum consists of @ bond between the 3Al) + 2s (C),  transfer is about 0.1/0.4 érom B/AIl to C atom. With respect
enhanced by smaft interactions and amounting 2. = 35.9  tg the ground-state fragments we calculRtgBC/AIC) = 76.1/
kcal/mol. Remarkably, at the L minimum we calculate a dipole 27 8 kcal/mol or 159.0/107.2 kcal/mol with respect to*2)(+
momentu = 8.84 D. A second avoided crossing with ti (4) C @P) (internal bond strength).

state again at 6 bohr correlating to AP{ £1) + C (P; ¥1), Experimental results for BC (@1)° are Te = 24.60 kcal/
and finally a third one with the lowet=~(2) at about 5 bohr mol, we = 1574.8 cm?, and wexe = 13.9 cni? in relative

(vide supra), results in a global (G) minimumrat= 4.40 bohr  agreement with the MRCI theoretical values, viz., 25.0 kcal/
(= 2.33 A) andDe = 46.2 kcal/mol with respect to AI26- mol, 1548.5, and 8.46 cr.
Rydberg)+ C (°P) fragments. We now examine the #51(2) (BC) and 13[1(2) (AIC) states,
4TI(L), 18T1(2), 17TI(3), 21'T1(4)/6*T1(1), 13T1(2), 19T1(3), whose PECs are shown in Figures 8 and 9. Their character at
and 20T1(4). The first two*IT states, #A[1(1) and 6T1(1) for infinity Z (2P; 0) + C (P; £1) is maintained up to 4.1 (BC)
BC and AIC, respectively, correlate to Z7( +1) + C (3P; 0), and 4.7 (AIC) bohr. Because of severe avoided crossings around
Z = B or Al. Following the PECs from infinity, Figures 8 and  these regions with thél1(3) state(s), the PECs acquire the
9, a first avoided crossing is found at 3.5 (BC) and 3.8 (AIC) character of the latter, i.e., 2R; +1) + C (3P; 0), continuing
bohr with the 18I1(2) and 13I1(2) states, which correlate  to the repulsive part of the curves as 2P(+1) + C (°P; 0)
diabaticallyto Z (*P; =1) + C (®P; 0). As a result the in situ  due to the avoided crossings with the lowWEK(1) states (vide
“equilibrium” atoms Z (B/Al) and C carry this character, supra). The energy barrier heights measured from the resulting
i.e., thelI(1) states correlate diabatically to ZP¢ £1) + “minima” are 41.7 and 26.1 kcal/mol for BC and AIC,

. : .
20'@e B(P) + C(D) -

62.25 1 B('P) + C(P)

B(P) + C(P) |

-62.35

Energy (E,)

-62.50 - BC

T T T T

2'e AP +C(D) |
AICP) + C(S) -
Al(P)+ CCP) 1

-279.60 2 3
AICS) +CCP)

-279.64

Energy (E,)

-279.68

AICP) + CCP

-279.72

AlC

Z('P; M==1) C(P; M=0) Ty
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respectively. With respect to the ground-state atoms we obtain,

re (BC/AIC) ~ 3.12/3.71 bohr£ 1.65/1.96 A), and MRCD,
(BC/AIC) = 2.22}-3.35 kcal/mol, slightly bound and unbound,
respectively.

Wyss et alt studied the'TI(2) state of the BC by electronic
absorption spectra in neon matrices and named this statdas C
In our nomenclature this corresponds to th#IEdue to the
intervening states FA(1) (=C*A) and 13="(1) (=D*="), 5.6
and 3.9 kcal/mol lower than the 45(2) state. Our MRCI
results,Te (To) = 98.9 (98.6) kcal/mol andbe = 958.5 cnt?,
are in good agreement with the experimental valleg =
98.26(7) kcal/mol andve = 971(24) cn™.

We discuss now separately the*II{3) (BC) and 19I1(3)
(AIC) states. Concerning the BC system, as we move from
infinity, B (*P; £1) + C (P; 0), its PEC (Figure 8) suffers a
first avoided crossing around 4.2 bohr with the lowefIt&)
state resulting at this point in a local minimum with a depth of
34.6 kcal/mol with respect to the asymptotic products. A second
avoided crossing occurs around 4 bohr with the incoming
214T1(4) state which transfers its infinity character #{ 0) +
C (®P; £1), to the equilibrium of the 2T1(3) state. The global
(G) genuine minimum has Be = 53.8 kcal/mol ate = 1.599
A. The bonding is similar to that of thI(1) state consisting
of 3, and¥/,0 bonds, but with the latter originating from the
C instead from the B atom.

The 1911(3) PEC of AIC, (Figure 9) behaves similarly to
the 1711(3) of BC, but there are some differences. It correlates
to Al (S-Rydberg)+ C (3P; &1); this character is conserved

up to about 6.5 bohr where it experiences an avoided crossing

with the 2011(4) higher state correlating to AM; +1) + C

(3P; 0). Around 4.7 bohr, as a result of a second avoided crossing

with the lower 13[1(2) state, a first local (L) minimum is created
with a De = 35.5 kcal/mol with respect to APE-Rydberg)+-

C (®P). A final, third avoided crossing at 4.2 bohr with the
20'T1(4) state, transfers the latter’s character to the (genuine)
global minimum atre = 1.982 A andD. = 36.6 kcal/mol with
respect to Al {S-Rydberg)+ C (3P), or 42.0 kcal/mol with
respect to Al {P) + C (P) (internal bond strength). The
bonding, as before, consists ¥fz and/,c bonds.

Our last calculatedII states,214[1(4) (BC) and 20I1(4)
(AIC), correlate to B {P; 0)+ C (3P; 1), and Al (P; £1) +
C (®P; 0), respectively. The corresponding PEC’s are shown in
Figures 8 and 9.

In the BC system the PEC'’s infinity character is conserved
up to 4 bohr, with about 10% involvement of the #(+1) +
C (°S) between 6.5 and 5 bohr. At 4 bohr the*A{4) state
experiences and avoided crossing with the lowei1(3) state
(vide supra), resulting in local (L) minimum at 4.01 bohr
(= 2.12 A). A second avoided crossing with an incoming
(not calculated)“I1(5) state correlating most probably to
B (“P; £1) + C (*D; 0), transfers its character to the global (G)
genuine minimum ate = 1.602 A andD. = 32.5 kcal/mol
with respect to the asymptotic fragments, or 61.8 kcal/mol
(internal bond strength) with respect to 8] + C (D).

As we move now from infinity to the left in the AIC system,
Figure 9, the asymptotic character is maintained up to 6.5 bohr.
At this point an avoided crossing occurs with the lowetl1E)
state having the character of A3-Rydberg)+ C (P; £1),
while at 5.2 bohr a second avoided crossing occurs with the
(partially) calculatedI1(5) state correlating to Al4P; 0) +
C (3P; &1). A third avoided crossing at 4.2 bohr with the lower
19T1(3) state, but with the character AR; 0)+ C (3P; £1),
gives rise to a global (G) “minimum” ate = 4.28 bohr
(= 2.27 A) andDe = 32.3 kcal/mol with respect to the
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asymptote. Moving further to the left, a final avoided crossing
intervenes around 3.9 bohr with tHEI(5) state which itself
had already suffered at least two avoided crossings, leading to
a genuine local (L) minimum at = 3.742 bohr= (1.980 A)
andD. = 26.4 kcal/mol with respect to the adiabatic fragments,
or De = 55.7 kcal/mol (internal bond strength) with respect to
Al (%P; +1) + C (D; 0).

11°A(1), 22A(2)/9°A(1), and 24A(2). The two *A(1)
states, 11 (BC) and 9 (AIC), Figures 6 and 7, correlate to
Z (?P; £1) + C (®P; £1), Z = BJ/AI. For both systems shallow
minima are observed at (BC/AIC) = 1.856/2.627 A withDe
(BC/AIC) = 7.8/1.44 kcal/mol. The weak bonding consists of
al/, o bond due to a slight electron transfer from the G @p
an empty pZ (B/C) orbital. This is also reflected to the rather
small and “negative” dipole moments,= —0.186/-0.831 D.

The next*A states, 22A(2) and 24A(2) for BC and AIC,
respectively, correlate to Z2R; +1) + C (3P; +1) and present
similar structural characteristics along their PECs, Figures 6 and
7. At re = 2.230 A the BC system has a local (L) minimum
andDe = 11.3 kcal/mol, while at = 2.408 A the corresponding
AIC minimum is global (G) withDe = 16.3 kcal/mol. The
bonding, for both systems, comprises of enleond between a
sp. Z (B/Al) hybrid and the pC orbital, or using vbL diagrams

LR OSNPRY OSPRY,
Q=@-LRI-O-DEIA-0-Caa=0-DE>
O% O O 0

7(°P; M=t1) C(P; M=t1)

.9 .
c—g-n a-g-»tooc ) = 72—
O 0O o 0O

'a@)

At about 3.5 (BC) and 3.9 (AIC) bohr, avoided crossings
take place with the*II(3) (BC/AIC) state(s) correlating to
Z (*P; 0)+ C (*D; £2); this character is transferred to the global
(G) BC and local (L) AIC minimum at. (BC/AIC) = 1.506/
1.893 andD. (BC/AIC) = 19.2/14.8 kcal/mol. Corresponding
D values with respect to Z; 0)+ C (!D; £2) are 48.5/45.6
kcal/mol. In both systems the Z (B/Al) and C atoms are held
together by ar bond and/,c “interaction”.

20°®(1)/21*®(1). Due to severe technical difficulties, we
were unable to compute potential energy curves of*hél)
(BC/AIC) states beyond 3.5/4.2 bohr at the MRCI level of
theory, Figures 8 and 9. These states correlate tPZ41) +
C (!D; £2), Z= BJ/Al, and are characterized by (BC/AIC) =
1.583/1.974 A, and. (BC/AIC) = 65.8/60.4 kcal/mol, with
bondings consisting o¥,w and/,0 bonds. Overall, less than
0.1 e are transferred from B to C, and 0.4 fom Al to C, in
agreement with the opposite signs of dipole moment&C/
AIC) = —0.15K-0.97 D.

3.2.c Symmetrie&=", 637, 611, and®A. 25°=7(1), 268="(2)/
26°=7(1), and 28=%(2). All these states, BC/AIC, are purely
repulsive (Figures 10 and 11), correlating to fragments listed
in Tables 4 and 5. We would like only to report that thE€2§?2)

BC potential energy curve shows an avoided crossing around
3.9 bohr, 75 kcal/mol above the asymptote, witfE4(3) state
correlating to B {P; 0)+ C (®S).

2485-(1), 292 (2)/2¥2 (1), and 362 (2). The 243 (1)
(BC) and 23=7(1) (AIC) states correlate to Z*R; £1) +
C (P; F1), Z = B/Al; PECs are shown in Figures 10 and 11.
The BC potential energy curve seems to experience a severe
avoided crossing at 3.5 bohr, and then presents a minimum at
re = 2.691 bohr € 1.424 A), with aD, = —4.3 kcal/mol with
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Figure 10. MRCI potential energy curves of sextets 634(1),
25°5%(1), 268=7(2), 2PA(1), and 29=~(2) of the BC molecule.
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Figure 11. MRCI potential energy curves of sextets 623(1),
26°21(1), 27A(1), 28=%(2), and 362~(2) of the AIC molecule.
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Figure 12. MRCI potential energy curves of sextetIIZ1), 2311(2),
and 28I1(3) of the BC molecule.
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Figure 13. MRCI potential energy curves of sextetsIiZ1), 25T1(2),
and 29I1(3) of the AIC molecule.

respect to the asymptotic fragments. However, we hasten toindicating a'/,m and¥/,0 bonds. Along ther frame 0.3/0.5 @
express our reservations concerning the PEC’s morphology andare transferred from B/Al to the C atom; via theframe 0.2/
the fact that this state is unbound with respect to the asymptote, 0.1 & are moving from C to B/Al atoms. Notice also the

as contrasted to the corresponding AIC state (see below).

In the AIC case, state 237(1), the infinity character is
transferred to the equilibrium occurring mt= 1.914 A, with
De = 18.9 kcal/mol at the MRCI level. The bonding icon shown
below suggest the formation of twd, 7 bonds.

VIR,
RO LE) = AELC
O—70

AICP; M=t1) CCP; M=F1)  23°'(1)

The states Zx(2) (BC) and 36X~(2) (AIC) correlating to
Z (3P; 0) + C(®S), Z= BJ/AI are purely repulsive, Figures 10
and 11.

12811(1), 2311(2), 28T1(3)/12T1(1), 2511(2), and 2911(3).
It is of interest that the first sextet state®IH1) of BC and
AIC, are strongly bound with respect to their asymptotic
fragments Z {P; +1) + C (P; 0), Z= B/Al, Figures 12 and
13. According to the leading CASSCF equilibrium CFs and
density distributions, Tables 4 and 5, the bonding is succinctly
represented by the following vbL diagram

) YRV
c-gwo-n ¢-o.3~;.¢.g e
O~ O 0

Z('P; M=t1) C(P; M=0) 12°1K(1)

opposite dipole moments signs between the two systems. At
re (BC/AIC) = 1.571/1.953 A @, (BC/AIC) = 88.4/74.9 kcall

mol is obtained at the MRCI level, with respect to the asymptotic
products, or 5.5t4.5 with respect to the ground-state atoms.

The rest of the foull BC/AIC sextets, 23, 28/25, and 29,
are practically repulsive, Figures 12 and 13. Their “binding”
energies range from 0.24 @3(2)) to 0.61 (2911(3)) kcal/mol.

275A(1)/27A(1). Both these states correlating to Z
(*P; £1) + C (°P; £1), Z= B/AI, are purely repulsive, Figures
10 and 11. In the case of the BC system an avoided crossing
takes place at 2.5 bohr.

4. Synopsis and Remarks

In the present report we have examined in some detail 29
and 30 excited states of the BC and AIC systems, using
multireference methods coupled with large correlation consistent
basis sets. Results of the ground=X (BC/AIC) states have
been reported elsewheYd=or both molecules and for all 29
and 30 states we have constructed complete potential energy
curves at the multireferene€CISD level, and we have calcu-
lated dissociation energies, bond lengths, dipole moments, and
the most common of spectroscopic constants. Judging from our
previous work on these systerhand the very good agreement
with existing, although limited experimental results, we are
confident of the quantitative nature of our findings.



Excited States of Boron and Aluminum Carbides

Our most general results are the following.
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for the pair (14=", 15%A) of the AIC molecule by 0.2 kcal/

(1) There is a close correspondence among the spectroscopienol. Last, by applying the DavidsehQ correction, the ordering
states of the BC and AIC molecules. For instance, both areis reversed for the groups (A2, 13'=F, 1437)/(222~, 3PA),

characterized by &~ ground anckII first excite state, with

(12011, 130), (142=*, 1%°A), and (23—, 24*A) for the BC/

bonding of similar nature. The way that states of the same AIC molecules.

symmetry are related is shown in Figure 1.
(2) The binding energies range from 102*¢X) to about 1
kcal/mol in the BC system; the corresponding values in Al
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