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An ab initio study of the electronic structure of boron arsenide, BAs

llias Magoulas and Apostolos Kalemos?®

Laboratory of Physical Chemistry, Department of Chemistry, National and Kapodistrian University of Athens,

Panepistimiopolis, Athens 15771, Greece

(Received 15 April 2013; accepted 27 September 2013; published online 17 October 2013)

The completely unexplored BAs diatomic has been thoroughly studied by high level multireference
variational ab initio methods. Potential energy curves for 42 molecular states dissociating to the first
four asymptotic channels and covering an energy range of 5.8 eV have been constructed revealing an
interesting morphology and a rich spectroscopy. The ground state is of *TT symmetry while its first
excited ! =7 state lies ~8 kcal/mol higher. A general feature of the potential curves is the presence of
avoided crossings that challenge the validity of the Born Oppenheimer approximation. © 2013 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4824886]

. INTRODUCTION

Boron arsenide (BAs), isovalent to boron nitride (BN)
and boron phosphide (BP), is a rather simple diatomic species
but at the same time completely unknown from both a theo-
retical and experimental points of view.

The first study ever on BAs appeared as a short commu-
nication in Acta Crystallographica in 1958." It is therein re-
ported that it crystallizes with the cubic zinc blende structure
with a lattice constant of 4.777 A while its unit cell (c-face
centered) is characterized by the o« = 9.710, b = 4.343, and
¢ = 3.066 A parameters. It is also stable when heated in the
presence of arsenic vapor up to 920 °C while above this tem-
perature it is transformed irreversibly into a tan colored or-
thorhombic structure.

Since then numerous properties of solid state BAs have
been reported” but we could not trace even a single work on
the diatomic BAs molecule even at the Hartree-Fock (HF)
level of theory. On the contrary, there are several detailed
studies on both the BN? and BP*@# diatomics. The ground
state of the BN system is of 3IT symmetry with its
first excited 'X* state lying only a few wavenum-
bers above; 94.4cm13© 183 4+ 40 cm~!,’® and 111.5
or 1343cm™' 3™ while the experimental value is 158
+ 36cm~!. In both the X 3IT and a ' T+ states the in situ
B atom is in its excited “P(2s'2p?) state thus the maximum
number of bonds between the N(*S,) and B(4Pg) atoms are
formed, i.e., (1o, 12 ) and (1o, 27) for the X3MMand a ! =+
states, respectively.”©

BP behaves similarly, i.e., its ground state is of M
symmetry and its first excited state of 'S+ symmetry but
their energy gap AE(@'X*t <« X 3I1) ~ 8 kcal/mol’@ is
much larger than the corresponding one in the BN molecule.
Although the adiabatic dissociation limit of the BP a!%™
state [P(D,) + B(*P,)] lies closer to its ground state frag-
ments, P(*S,) + B(*P,), than it happens in the BN case;
AExp (PD, < *S,) = 2.38/1.41 eV,° the internal bond
strength of the a 'S state is weaker in BP than in BN
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due perhaps to the different size of the P and N atoms;
(r3p)p! (rop)n = 1.65.7

The complete lack of any knowledge on the diatomic
BAs molecule prompted the present work with the belief that
it will be an impetus for its spectroscopic investigation in
the near future. To this end, we have constructed potential
energy curves (PEC) for all states originating from the first
four asymptotic channels, i.e., B(2s?2p'; ?P) + [As(4s%4p’;
4S), As(4s%4p’; 2D), As(4s?4p’; P)] and B(2s'2p?; 4P)
+ As(4s%4p*; 4S) based on high level multireference configu-
ration interaction (MRCI) calculations.

Il. COMPUTATIONAL DETAILS

For the description of both B and As we have

employed the Dunning correlation consistent polar-
ized valence quintuple zeta (cc—pV5Z) basis set
(14s8p4d32g1h/g®®  26s17p13d3f2g1h/x5®)  generally

contracted to [6s5p4d3f2g1h/g 8sTp5d3f2g1h/as] comprising
a total of 195 spherical gaussian functions. For scalar rela-
tivistic calculations the cc—pV5Z—DK basis set has been
used that takes into account the contraction scheme suggested
by de Jong et al.’©

Our reference wavefunction is of the complete active
space self consistent field (CASSCF) type and results from
the distribution of 6 (2s*2p'/g + 4p’/s,) valence electrons
among 7 (2s+2p(3)/s + 4p(3)/as) orbitals. States of the same
spin and spatial (A¥) symmetry originating from the first
four asymptotic channels were considered simultaneously in a
state average, SACASSCE, optimization procedure. Dynami-
cal correlation was extracted by considering single and double
replacements of 8 valence electrons out of all configuration
functions (CF) of our zeroth order wavefunction. The MRCI
space comprises of 1.4 x 10° "S%) to 1.7x107 *IT) CFs
internally contracted to 2x 103 to 2x10° CFs, respectively.
Size non-extensivity errors amount to approximately 4-5 mEy,
and are practically nullified at the MRCI4-Q (+Q = Davidson
correction) level of theory.

All calculations were performed under C,, symmetry and
equivalence restrictions by the MOLPRO 2010.1 program.’

© 2013 AIP Publishing LLC
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FIG. 1. Potential energy curves of all 42 BAs states presently studied at the
MRCl/cc—pV5Z level of theory.

lll. RESULTS AND DISCUSSION

Figure 1 displays PECs of all 42 molecular
B+IA*  states resulting from the first four asymp-
totic channels, namely B(*P) + As(*S) — BAs *(%-,
IT), BCP) + As(*D) — BAs 3(ZF, =7[2], TI[3], A[2], ®),
B(P) + As(*P) — BAs L3(Tt[2], -, M[2], A), and
B(*P) + As(*S) — BAs 337(x+, II), lying 1.379(1.318)
[1.337] [B(P) + As(’D)], 2.254(2.221)[2.293] [B(*P)
+ As(*P)], and 3.598(3.628) [3.551] [B(*P) + As(*S)] eV
above the ground state fragments [B(’P) 4+ As(*S)] at the
MRCI(+Q)[expt]® level, while Table I presents numerical
results for 33 states; the rest (42 — 33 = 9) being of purely
repulsive nature. Molecular states of the same and/or similar
symmetry properties are grouped together and displayed in
Figures 2—6 for reasons of convenience, analysis and discus-
sion of their topology. In what follows, we tag the molecular
states by a letter alluding to the standard spectroscopic
notation and by a number referring to its ascending energy
order.

A. X31(1), C3A1(9), DAI(10), E3%(11), H31(16),
J3A1(19), N 31(29), and O3M1(31)

The X, C, D, H, J, N, and O 311 states correlate adiabati-
cally to BCP, My = #1) + As(*S), BCP, M = 1) + As(’D,
My = 0), BCP, My = +1) + As(*D, My = F 2), BCP, M.,
=0) + As’D, M = £1), BCP, M = £1) + As(*P, M| =
0), BCP, ML = 0) + As(*P, My = 1), and B(*P, My = £1)

J. Chem. Phys. 139, 154309 (2013)

+ As(*S), respectively, while the only state of >® symmetry
originates from the BCP, My = %1) + As(’D, M = £2)
asymptotic interaction; see Fig. 2.

The X state of the BAs species is of *IT symmetry in
line with the isovalent BN® and BP* molecules. The main
CASSCEF equilibrium configuration and Mulliken atomic dis-
tributions (counting only valence orbitals)

I XPTI(1) ~ 0.92|16°20°30 ' 17} 177})
with 1o ~ (0.91)4s* + (0.30)2s® + (0.21)2p,B, 20
~ (0.72)2s® + (021)2p," - (0.6514p,* — (0.36)4s™, 30

~ (0.55)2s® — (0.72)2p,B — (0.54)4p,*%, and 1 ~ (0.39)2p, B
+ (0.86)4p,** and

2Sl.402pg.652p§).302p8.64(3d)0.08/8
4s 1 .764pzl.044pg.704p;.29(4d)0.l 1 /As , g = —0.07

reveal an in situ B atom excited in its *P state while the bond-
ing situation can be nicely described by the following valence
bond Lewis (vbL) diagram:

As(’S)

B(‘P, M,=+1) X°TI(1)
showing a o, a full and a half = bonds. The atomic pop-
ulations, providing a bonding tendency than a definitive
state of affairs, show a rather intense charge transfer of
0.30e™ along the my and 7, frames but of opposite di-
rections, thus the total charge on the atomic centers is
close to zero. The equilibrium distance is found at r,
= 1.869 (1.870) [1.866] A with a binding energy value
of D, = 65.24(66.3)[64.50] kcal/mol at the MRCI(4+Q)
[RCCSD(T)] levels of theory. Scalar relativistic ef-
fects computed at the MRCI(+Q)[RCCSD(T)]-DKH2/
cc—pV5Z—-DK level of theory contribute extremely very
little to the bonding characteristics; r, = 1.864(1.867)[1.862]
A and D, = 64.37(65.2)[64.12] kcal/mol. By considering
also the diagonal spin—orbit effects we found that the
Q =2 and Q = 0F states are translated by F390 cm™!
(1.12 kcal/mol) with respect to the 2 = 1 state with identical
to the X 3TI state’s spectroscopic constants. No core—valence
correlation effects were considered due to the huge number (2
+ 18 = 20) of core electrons. Its dipole moment expectation
value is rather small, () = 0.20 D, while when calculated
by the finite field approach it is close to zero, uy = 0.07 D, in
remarkable similarity with the value of the X *IT state of the
BP molecular species, 1o = 0.06 D,*© but in disaccord with
the large value of = 1.948 D of the BN X-state.>©

The next three states of 3IT symmetry, namely the C,
D, and H, although they correlate adiabatically to B(?P,
My = +1,£1,0) + As(*D, My = 0, F 2,%1), respectively,
they are characterized by an intense mixing with the B(*P)
atomic state as evidenced by the Mulliken analysis (vide in-
fra) and the morphology of the PECs (see Fig. 2).

The main CASSCF equilibrium configurations and
Mulliken atomic populations of the C and D states
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TABLE I. Energies E (E;), bond distances r, (A), dissociation energies D, (kcal/mol), harmonic frequencies w, (cm™"), anharmonic corrections w,x, (cm™!),
dipole moments 1 (D), and energy gaps T, (kcal/mol) of thirty three ''B7> As states at the MRCI(+Q)[RCCSD(T)]/cc—pV5Z level of theory.

State -E I D,? we WeXe (1) pg® T,
X311(1) 2259.02978 1.869 65.24 792.0 8.00 0.20/0.07 0.0
(2259.0418) (1.870) (66.3) (776.6) (3.53) /0.09 0.0
[2259.037 52] [1.866] [64.50] [789.5] [5.02] 0.0
a'st(2) 2259.01627 1.788 88.53 874.1 5.28 —0.25/-0.13 8.5
(2259.029 6) (1.788) (88.7) (870.1) (3.89) /—0.13 (1.7)
b 11(3) 2259.01517 1.879 87.86 772.8 3.54 —0.03/-0.04 9.2
(2259.028 7) (1.878) (88.1) (777.1) (3.55) /—0.02 (8.2)
AT 4) 2259.00273 2.094 48.31 538.6 3.88 1.33/0.59 17.0
(2259.0159) (2.092) (50.1) (530.3) (2.98) /0.61 (16.3)
c'A(5) 2258.97542 2.089 62.90 539.3 1.64 1.86/0.71 34.1
(2258.9906) (2.086) (64.2) (552.9) (4.30) /0.71 (32.1)
d'st(6) 2258.95066 2.056 67.63 595.4 —1.29 2.07/ 49.6
(2258.9645) (2.063) (69.0) (609.0) (0.08) (48.5)
e TI(7) 2258.94986 2.111 15.14 479.8 7.89 0.92/ 50.2
(2258.9615) (2.111) (16.2) (479.4) (8.38) (50.4)
B’2t(8) 2258.93793 1.826 39.55 659.4 5.77 0.66/ 57.6
(2258.950 0) (1.830) (38.9) (658.2) (5.66) (57.6)
C3T1(9) 2258.92606 2.100 32.04 535.3 5.18 0.67/ 65.1
(2258.9393) (2.105) (32.3) (526.6) (5.25) (64.3)
D3T1(10) 2258.91135 2.090 22.89 485.6 8.84 1.52/ 74.3
(2258.9253) (2.094) (23.5) (482.5) (8.06) (73.1)
E3d(11) 2258.90702 2.119 20.18 506.2 6.07 0.69/ 84.6
(2258.9218) (2.119) (21.2) (501.8) (5.88) (75.3)
AI1(12) 2258.90326 2.132 17.64 488.9 7.14 0.736/ 79.4
(2258.9191) (2.154) (19.4) (474.4) (4.54) (77.0)
FPA(13) 2258.89620 2.009 13.36 561.2 10.36 —0.23/ 83.8
Gz t(14) 2258.89538 1.878 33.05 883.8 7.52 0.10/ 84.3
(Local minimum)
2258.857 8 2.561 334.83 4.79
g’z (15) 2258.88129 2.053 3.89 392.5 22.22 —0.53/ 93.2
(2258.8988) (2.052) 6.7) (455.1) (27.14) (89.7)
(Local minimum)
2258.87827 2.840 97.70 7.50
HTI(16) 2258.87982 2.117 3.13 509.8 16.77 0.81/ 94.1
(2258.893 5) (2.117) (3.4 (495.4) (17.63) 93.1)
PE—(17) 2258.87941 3.281 2.81 112.9 1.73 0.21/ 94.36
(2258.8935) (3.207) (34 93.1)
(Local minimum)
2258.87925 2.072 440.9 17.12
(2258.8948) (2.066) (440.2) (18.00)
hA@18) 2258.87621 3.556 0.71 55.7 4.20 0.21/ 96.4
(2258.8900) (3.320) (1.1) (69.4) (3.10) (95.3)
(Local minimum)
2258.87458 2.133 305.3 10.06
(2258.8912) (2.094) (393.9) (21.52)
JTI(19) 2258.87075 2.198 17.61 354.0 —5.33 0.50/ 99.8
(2258.887 0) (2.178) (20.6) (374.5) (—6.37) 97.1)
P Et(20) 2258.86227 1.998 40.85 536.9 4.25 1.58/ 105.1
(2258.872 2) (2.001) (42.9) (529.4) 4.12) (106.4)
j'l=ten 2258.85945 1.767 10.41 842.4 31.48 —0.34/ 106.9
(2258.8777) (1.789) (14.5) (823.7) (28.44) (103.0)
(Local minimum)
2258.84932 3.058 198.7 6.27
(2258.8637) (2.996) (220.0) (3.76)
K's-(22) 2258.85661 2421 348.7 15.19 2.01/ 108.7

(2258.875 3) (2.352) (426.1) (13.47) (104.5)
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TABLE 1. (Continued.)
State —E I, D,? e WeXe (1) pg® T,
K3A(23) 2258.85535 2.492 313.7 10.29 2.23/ 109.5
(2258.8723) (2.439) (404.9) (14.93) (106.4)
L3A(24) 2258.84767 2.979 3.15 326.60 11.21 0.54/ 114.3
I'A(25) 2258.84670 2.852 2.4 140.1 9.89 0.72/ 114.9
MPT(26) 2258.84655 2.276 245 901.2 22.22 1.40/ 115.0
m'z~(27) 2258.84649 3.114 2.3 251.5 18.22 0.26/ 115.0
n'*(28) 2258.83311 2.491 23.67 688.0 30.02 0.61/ 123.4
NTI1(29) 2258.82894 2.356 299.9 —1.35 —0.18/ 126.0
(2258.846 2) (2.289) (307.1) (3.21) (122.7)
0> TI(30) 2258.81946 2.542 14.73 270.5 1.20 0.92/ 132.0
(2258.8308) (2.496) (17.5) (247.31) (—2.65) (132.4)
0 (31) 2258.81721 2.836 13.6 498.6 17.10 0.03/ 133.4
P32t(32) 2258.81671 2.858 13.40 618.3 32.33 1.07/ 133.7
p'TI(33) 2258.81619 2.928 12.90 403.5 11.30 —0.20/ 134.0
(2258.829 6) (2.866) (16.7) (444.1) (11.12) (133.2)

“Dissociation energies are given with respect to the adiabatic products.
b g is calculated by the finite field approach, field strength ranges from —5 x 1073 to +5 x 107> a.u. In classical electrostatics the dipole moment vector points to the positive charge
and the E-field lines (in dipoles or otherwise) point from the positive charge. The origin is on the center of mass with the As atom along the positive z axis.

where 1o ~ (0.96)4s* + (0.16)2s® + (0.13)2p,B, 20
~ (0.76)2s® + (0.20)2p,® — (0.24)4s*5 — (0.58)4p,™", 30
~ (0.58)2s — (0.63)2p,B + (0.59)4p, ", 1 ~ (0.89)4p,
+(0.29)2p, B, and 27 ~ (0.92)2p,® - (0.42)4p,** and

are

and

IC*1(9) ~ |16°20730 ' [(0.71)17,; 17} 27,

+(0.46)1;27) — (0.41)17; 127 ])

|D’T1(10)) ~ [10726°30 ' [(0.57) 1} 17227,
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FIG. 2. MRCI/cc—pV5Z potential energy curves of the X 3[1(1), C [1(9),
D 3T1(10), E3®(11), H T1(16), J 31(19), N 3T1(29), and O JT1(31) states.
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FIG. 3. MRCl/cc—pV5Z potential energy curves of a '£1(2), ¢ 'A(5),
d'st6), g '==(15), h 'A18), j 'STQ21), k '=7(22), I 'AQ25), m = (27),
and n '=1(28) states.
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FIG. 6. MRCl/cc—pV5Z potential energy curves of the B ¥ (8), F 3A(13),
G321 (14), K *A23), L3A(24), M 31 (26), and P 3£ (32) states.

for both states. The bonding characteristics of the C and D
311 states are similar, a o-bond is formed while along the 7
frame a charge transfer of ~0.30e™ from As to B takes place
with a “back” transfer of ~0.15¢~ from B to As, so the B
atom is negatively charged by ~0.15¢~. The minimum of
the PEC is located at r,[C] = 2.100(2.105) A and r.[D]
= 2.090(2.094) A with binding energies of D,[C]
= 32.0(32.3) kcal/mol and D.[D] = 22.9(23.5) kcal/mol
at the MRCI(+Q) level of theory. The E 3&(11)
state, sharing common asymptotic products (|*P, M|
= +1)3 ® |°D, M; = £2)4,) with the D 3TI(10) state, has
a completely parallel PEC to the D’s one. It is characterized
by a MRCI(+Q) value of r, = 2.119(2.119) A and of D,
= 20.2(21.2) kcal/mol.

The H 3T1(16) state entails the As(CD, M = +1)
1/7/2114s*4p}4p3 |~ 14574 pidp2|]
= Lyvaiecapapti-usapian?
of repulsive character due to the incoming B(*P, M, = 0)
atom, and indeed this is the case; see Fig. 2. But an avoided
crossing at around 4.4 bohr with the J *TI(19) state orig-
inating from B(P, M = +1) + As(’P, My = 0) cre-
ates a rather shallow minimum at r, = 2.117 A with D,
= 3.1 kcal/mol (see Table I). The main CASSCF equilibrium
configurations

|H*TI(16)) & |10°20%30 ' [(0.81) 17 27} + (0.44) 1727

} at infinity and is expected to be

+(0.26)17 177,27, |)
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partially reflect its (/) asymptotic origin;

|AsCP, M, = 0)) = |4s?4pl(4p2 + 4p§)|, while the
Mulliken atomic distributions

2S1.412pg.592p2.922p2.17(3d)0.06/B
4S1.824p;.014p)16.414p8.48(4d)0.12/As’ qp = —0.15

indicate an in situ B atom in its excited “P state.

Three more states of 3IT symmetry are displayed in
Fig. 2, the J and N dissociating to BP, My, = =+1, 0)
+ AsCP, My = 0, +1), respectively, and the O arising
from the B(*P, My, = %1) + As(*S) asymptotic channel.
The J *T1(19) state presents a MRCI(+Q) minimum at r,
= 2.198(2.178) A with a D, = 17.6(20.6) kcal/mol due to
the above mentioned avoided crossing at ~4.4 bohr. The PEC
of the N 3T1(29) state traces a repulsive path up to ~5.2 bohr
due to the unfavorite electronic congestion along the o -frame,

PP, M, =0)p ® P, My = £1) 45
1 /al4s*4ptap)| + [4s%4pi4p?]
Vi /allas?4plap?| + |4s24plap?|]

= |2322p§ ®

Its potential minimum is located at r, = 2.356(2.289) A and
presents a barrier of ~5 (6) mE;, at the MRCI(4Q) level of
theory, respectively (see Fig. 2). The last state to be mentioned
is the O *TI(31) one that arises from B(*P) + As(*S) and it is
of vital importance since it transcends all other states of the
same symmetry (vide supra). Its potential minimum is exactly
on the top of the avoided crossing with the N *T1(29) state at r,
=2.836 A (see Table I) and is bound by D, = 13.6 kcal/mol.

B. a'x*(2), d'x*(6), j'x+(21), and n'x+(28)

The first excited state of the BAs system is of ' £+ sym-
metry and lies 8.5(7.7) kcal/mol above the X 3TI(1) state
as is also the case in the BP system [AE(a 'S+ <« X3I)
= 8 kcal/mol’@]. It originates from B(*P, M| = =£1)
+ As(’D, My = F1) and its asymptotic wavefunction reads

PP, My = £1)p ® D, M, = Fl)a,
[ |25%2p)] o Vi /allas*apiap)| — |4s*4pi4p?|]
2522p! | L /3l |4s4ptap?| — |as24plap?|]|

while at equilibrium the electronic character mirrors the
|*P, M; = 0) ® |*S)4s asymptote, i.e.,

la' =7 (2)) ~ 0.85|16°20% 17} 177
+0.22[10%20° (17} 1) 27} + 1,27 177)),

where lo ~ (0.91)4s® + (0.34)2s® + (0.23)2p,B, 20
~ (0.77)2s® + (0.11)2p,B — (0.39)4s" — (0.61)4p, S, 17
~ (0.84)4p;"* + (0.45)2p, B, 2 ~ (0.86)2p, B— (0.53)4p, A*
and Mulliken populations in conformity with the excited *P
in situ B atom,

2s 1.262p?.232p2.752pg.75 (3d)0408/3

4S14724p2.714pi,184p;-18(4d)0'10/Ax, gp = —0.08.
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All the above can be pictorially represented by the vbL
diagram:

TN

=B—As
SN—

B('P,M,=0) As(‘S) a'z(2)

It is interesting to notice that the change of electronic
character takes place after 4.4 bohr at which distance the a
and d 'S7 states interact rather intensely; see Fig. 3. The
minimum of the PEC is found at r, = 1.788 A and the bind-
ing energy value is D, = 88.5 kcal/mol, both at the MRCI
level of theory. The internal bond strength, i.e., the binding
energy with respect to its diabatic end products is D,diabatic
= D.isbatic L AE[B(*P) + As(*S) < B(*P) + As(*D)]
= 88.5 4+ 50.1 = 138.6 kcal/mol.

The formation of one ¢ and two 7 bonds is accompanied
by a charge migration of ~0.5¢™ from B to As along the m-
frame and a charge transfer of ~0.6e~ from As to B via the
o route. Overall the B atom carries an excess of 0.1e™ as is
also the case in the X 3TI(1) state but the dipole moment vec-
tor is of opposite direction, i.e., pgla I$+(2)] = —-0.13D as
contrasted to py[X 3T1(1)] = 0.07 D (see Table I).

The second and third states of ! = * symmetry, namely
d '2%(6) and j 'ZT(21), correlate to B*P, My, = +1,0)
+ As(*P, My = F1,0), respectively, with asymptotic wave-
functions

|2s22p}(‘
iz [[4s4piapy| + |4s*4p)4p2] ]
V3 l|4s24plap?| + |4s24plap?|]
and

/'S @D) ~ [2522p! | © /32 [4s24p! (4p2 +4p?)) .

The minimum of the d 'X7(6) state occurs at r, = 2.056
(2.063) A and is bound by D, = 67.6(69.0) kcal/mol at the
MRCI(+Q) level of theory. Its equilibrium CASSCF config-
urations,

|d'£7(6)) ~ 0.65 |16°20736> (17} + 17}))
clearly reflect the asymptotic origin of the j ! ©(21) state due

to a change of character at ~9.0 bohr. Along with the atomic
populations

2S1'872p2'742p2'25 2p2.25 (3d)0.08/B

4Sl.774pzl.244p2.844p8.84(4d)0.09/AS’ qp = —0.20,

we can unambiguously claim that B and As are connected by
a o and two putative w bonds exemplified by the following
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vbL diagram:

B(’P, M;=0)

As(’P, M,=0)

The j ' ©*(21) state presents a shallow local minimum
at r = 3.058(2.996) A at the MRCI(+Q) level of theory.
Its electronic wavefunction has an intense multiconfiguration
character making any prediction about its bonding charac-
teristics difficult. This state would be uninteresting if it did
not display an interesting topology (see Fig. 3) due to an
avoided crossing with an incoming 'Y+ state [n'X+(28)]
originating from B(*P) 4+ As(*S). Its global minimum occurs
at r, = 1.767(1.789) A with an adiabatic binding energy of
D, = 10.4(14.5) kcal/mol, but its “true” or diabatic strength
amounts to Dediabatic — Deadiabatic + AE[B(4P) + AS(4S)
< B(’P) 4+ As(*P)] = 10.4(14.5) + 29.8(32.5) = 40.2 (47.0)
kcal/mol, at the MRCI(+Q) level of theory. Its main equilib-
rium CASSCEF configurations,

') ~ 0.76 [16%20 '35 172 172)

—0.35 107207 (17} 17272, + 17717 27)),
where 1o ~ (0.90)4s* + (0.37)2s® + (0.24)2p,®, 20
~ (0.76)2s® + (0.11)2p," — (0.41)ds™ — (0.63)4p,"", 30
~ (0.43)2s® — (0.68)2p,® + (0.64)dp,™, 17 ~ (0.84)dp, ™

+ (0.46)2p,,B, 2w ~ (0.86)2p,,B —(0.53)4p,** coupled to its
Mulliken population analysis,

2s1.092p§).452p2.7l 2p0.7l (3d)0.09/3
4Sl.474p?.974p 184p] 18(4d)0 lz/As» qg = _006,

point to an open singlet (5 o, Ty,
pictorially represented by

my) — bonded diradical,

B(‘P, M,=0)

As(*S)

The last studied state of ' =+ symmetry is the n ! ©+(28)
one dissociating to B(*P) + As(*S) and is responsible for the
excited character of the in situ B atom in the previously dis-
cussed states (vide supra). Its PEC has a minimum just on the
top of the avoided crossing with j ! £ (21) atr, = 2.49 A with
a strength of D, = 23.7 kcal/mol (see Table I). Its equilibrium
wavefunction

In' £F(28)) ~ 0.59 [10720°307 (17,27, + 17,27)))
+0.23 10720730 45" (1] + 7))
+0.17|16°20% 17} 177;)

(1o ~ 4s%, 20 ~ 2sB, 30 ~ 4p,AS, 4o ~ 2p,B, 1 ~ 4p, A
and 2~ 2p, B) is indeed an amalgam of resonant structures;
the “0.59” CF originates from |*P; M; = 1)z @ |*P; M,

J. Chem. Phys. 139, 154309 (2013)

= F1)4, while the “0.23” one from |>P; M; = 0)z ® |*P;
My, = 0)4s.

C. c'A(5), h'A(18), and 11 A(25)

The ¢ 'A(5) and h ' A(18) states correlate to BCP, M,
= +1,0) + As’D, My = %1, £2) end products, respectively,
so their asymptotic wavefunctions read

Ic'AG) = PPiML =+1)5 ® P D My = £1) 4,
|25%2p, |
) { 2522} ]
Vallas?ap2ap)| — |4s%4plap?|]
WWallasapiapy| - [as*apiap?|]
and
| A(18)) = |7 P; ML =0)p ® |°D; M=+ 2) 4
Vi /allas*4plapiap!|—|as*4plapiap!|]
Y/allas?apiap!|—|ds*apiap! ] |

=[25"2p!| ®

These two 'A states interact at large distances (~9.0 bohr)
and change their electronic character, thus the minimum of
the ¢ ' A(5) state reflects in essence the asymptotic nature of
the i ' A(18) state. The CASSCF equilibrium configuration
(A| component)

' A(S)) ~ 0.67 16720230 (1] — 17}))

y
and its Mulliken analysis
2S1‘902}7?'792192'192192'19(3(1)0'08/3
45! .804p; .274p2.844p2.84(4d)0.09/AS g5 = —0.16

both point to a single o and two putative = bonds graphically
represented by the following vbL scheme:

B(’P, M;=0)

As(D, M,=+2)

At this point we should notice the close similarity of the
current ¢ 'A(5) state with the equilibrium character of the
IS%(6) state (vide supra) lying just 15.5(16.4) kcal/mol
higher (see Table I), their only difference being a sign “+”
[d'=F(6)] /“=" [c ' A(5)] in their CASSCF equilibrium con-
figurations. This bonding similarity is also reflected at the
MRCI(+Q) equ111br1um distances r,[c ! A(S)] = 2.089(2.086)
A versus r,[d ' 1 (6)] = 2.056(2.063) A and adiabatic bind-
ing energy values of D¢[c! A(5)] = 62.9(64.2) vs D [d' £+ (6)]
= 67.6(69.0) kcal/mol. We should remind though that the
equilibrium character of the d ' £+(6) state is essentially that
of the asymptotic origin of the j' ©+(21) one, i.e., B(*P, M
= 0) + As(*P, M, = 0) or in terms of real orbitals [2s?2p!|
® [4524p!1//2(4p2 + 4p2)l.
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The remaining two ' A states, the & and I, originate from
B(*P, M = 0) + As(*D, M = £2) (but see above) and B(*P,
My = £1) + AsCP, My = £1), respectively, and are rather
uninteresting presenting two and one shallow minima, respec-
tively (see Table I and Fig. 3).

D. g'x-(15), k'x~(22),and m'x-(27)

The g and k ' =~ states correlate to BCP, M, = +1,0)
+ As(®*D, My = F1,0), respectively, while the m ' X~ state
correlates to the BCP, My, = #1) 4+ As*PM; = F1) frag-
ments. The g ' ~(15) state presents a rather shallow mini-
mum at r, = 2.05(2.05) A with a D, = 3.9(6.7) kcal/mol at
the MRCI(+Q) level of theory. It is also interesting to no-
tice the resemblance of the g and 7 PECs (see Fig. 3) mainly
due to their same end products |?P; M; = +1)3 ® |*D; M,
= F1(g), £1(h))4s. The k ' £(22) state originates from the
B(*P, M = 0) + As(*D, My = 0) asymptotic channel and its
wavefunction at infinity reads

K'=7(22)) ~ |25%2p}| ® 1/7/6[2|4s%4plaplap!|
— |4s*4piap apl| — |4s*4prapiap!]].

The repulsive character of this state can be rationalized
on the basis of the above expression. The spin coupling of
|?D; M; = 0)4, does not offer a fruitful interaction with
an incoming B(’P, M. = 0) atom, but an avoided crossing
with the m !X~ (27) state at ~5.4 bohr creates a local mini-
mum. The electronic character at the MRCI(4Q) minimum of
r. = 2.421(2.352) A is completely due to

PPiMp =+1)3 @ P M, = T4
_ ! [25°2p}] } o | Wall4sapan|+ 4s4apiap?]]
|2S22PH 1/\/§[|4s24p)1(4p§| + ‘4s24p;4p12 ]

The m 'Y ~(27) state and just because of the above men-
tioned avoided crossing shows a tiny attractive behavior, but
it is essentially a continuation of the repulsive nature of the k
1%-(22) PEC.

At this point we should say a few words about the sim-
ilarities/dissimilarities found in the PECs of the a !X *(2),
j'Z*@L), g '-(15), m '==(27), h 'A(18), and [' A(25)
states. All of them share similar end products, i.e.,

la, g, h) ~ *P; My = £1)p ® ’D; My, = F1, F1, £1) 4y,

lj,l,m) ~ PPy M, = £1)p @ |*P; M = F1, £1, Fl) 44,

but not all PECs display the same features (see Fig. 3). The
g and h states are slightly bound but the a state is strongly
bound although all of them result from a quasi-identical
atomic combination.

The same also holds for the j (local) (but see above)
and [ states. The “attractiveness” of the a state even at large
distances results from the intense interaction with primarily
the d state and secondary with the n ' =7 (28) state due to
the o and & bonds that can be formed (vide supra). Due to
symmetry reasons this cannot be the case for the g, A, j (local)
and [ states.

J. Chem. Phys. 139, 154309 (2013)

E. b'11(3), f1TI(12), and p 'TI(33)

There are three states of I1 and one of & spatial sym-
metry arising from the B(’P) + As(*D) dissociation limit of
singlet and triplet spin multiplicity. All four triplet states are
bound with respect to their adiabatic end products (see Fig. 2)
but only two 'IT states are bound, the rest being of repulsive
character, see Fig. 4. The b T1(3) and f ' TI(12) states emanate
from |?P; M, = £1)5 ® |*D; M, =0, F2) 45, respectively, and
present their MRCI(4-Q) minima at r.(b) = 1.879(1.878) A
and r.(f) = 2.132(2.154) A with MRCI(+Q) binding energies
D.(b) = 87.9(88.1) kcal/mol and D, (f) = 17.6(19.4) kcal/mol.
Their triplet analogues are the C 3T1(9) and D 3TI(10) states
while the E 3®(11) state being completely isomorphous to the
D state strangely enough does not have a singlet analogue.
Their asymptotic wavefunctions read

2572p))|

"= { |zszzpi| ® \/[2 [45°4pi4p) 45!
X

— |4s*4pl4plap!| — |4s%4p ap'ap!|]

and

) = { [25°2p, }

|2522p|
Wall4s*aplapiap)| - [4s24pi4p4p)|]
Yz [[4s7apiapt| - |4s*pl4py]]
while at equilibrium they are
b) ~ 0.92|16°20%30 ' 172} 17} |
+0.24|16°2030 ' 172, 17,27 |

and
| f) ~ 0.66|16°20°30 " 17} 17,27 |

—0.39|16°20°30 ' 17,27, |

+0.37|16°20%30 ' 17} 1) 27 |

—0.31|10%20°30 ' 17 1777 ].
b’s state Mulliken atomic populations,

2S1‘392p?'67 2p8.192p8.69 (Sd)0.09/B

4! 74 pL 24p T 4p P @A) a5, g = ~0.06,

coupled to the “0.92” component of its equilibrium wavefunc-
tion reveal a rather clean bonding situation represented by the
below vbL scheme

B(‘P, M,=+1)

As(’S)

b 'TI(3)

featuring one o, one and a half 7 bonds. It is interesting
to remind at this point that the triplet analogue of the b’s
“0.92” component is only “0.46” and that explains the large
difference in the binding energies; D.(b) = 87.9 kcal/mol



154309-9 |. Magoulas and A. Kalemos

vs D.(C) = 32.0 kcal/mol. The b state is “localized” on a
nicely bonded structure whereas its triplet C state is “dis-
persed” on at least three structures (vide supra). The f 'T1(12)
and D 3TI(10) states are equally dispersed on different deter-
minants and are consequently energetically close, they differ
by ~ 8mE,,. The last studied 'IT state results from the B(*P,
M = £1) +As(*S) excited limit. Its potential minimum is
due to an avoided crossing with the 'TT state (not tagged in
Fig. 4) arising from B(’P, M| = 0) + As(*P, M, = =+1).
We should notice at this point the close resemblance of this
pair of 'TT states with the N 3T1(29) and O 3TI(31) ones (see
Fig. 2). They have the same asymptotic end products and sim-
ilar morphology. Their only difference is the lack of a local
minimum in the PEC of the singlet analogue of the N *T1(29)
state.

F. A33-(4)and I3-(17)

The A*X~(4) state results from the ground state frag-
ments BCP, Mp, = 0) + As(*S). The atomic combination
mode is such that it facilitates the formation of a o and two
half 7 bonds. Both the equilibrium CF and Mulliken popula-
tion analysis

|A*S(4)) ~ 0.93 [16°20°30> 17, 1)
and

2s1.872p0.832p2.152p2.15(3d)0.07/3

Z

4s1A824pzl.244p0.884p§)v.88(4d)0408/AS’ gp = —0.09

X

can be visualized by the following vbL scheme:

As(‘S) AT (4)

B('P, M,=0)

The formation of the o bond is accompanied by a charge
migration of ~ 0.2e™ along the o-frame from B to As while
~0.3e™ are transferred from As to B via the & route.

Three more states of 3Y " symmetry are issued from
BCP, M = %1, 0) + As(*D, My = F1, 0) and BCP, M
= +1) + As(*P, My = F1) but as can be seen in Fig. 5 are
quite uninteresting. The lowest of them, PBX~(17), correlates
to |’P; M; = £1)3 ® |’D; M; = F1),, and presents two
practically degenerate shallow minima at r = 3.28 and 2.07
A worthing ~2.8 kcal/mol (see Table I).

G. e511(7), 0 °11(30), and i X *(20)

There are in total four quintet states arising from B(*P,
4P) + As(*S) of =F, =, and TI[2] spatial symmetries. The
3%~ is of repulsive character due to its asymptotic combi-
nation mode; |°X7) = |25*2p!) s ® |4s*4p4p4p!l) s while
the other three quintet states are well bound. The e STI(T)
state (see Fig. 5) is bound by D, = 15.1 (16.2) kcal/mol at
r. = 2.111(2.111) A at the MRCI(+Q) level of theory. Its
equilibrium CASSCF configuration along with its Mulliken

J. Chem. Phys. 139, 154309 (2013)

atomic population,
€°TI(7)) ~ 0.96 [16°20°30 ' 17} 17,27 ),

where 1o ~ 4s%%, 20 ~ (0.65)2s® + (0.23)2p,® — (0.27)
458 — (0.68)4p,**, 30 ~ (0.69)2s® — (0.51)2p,B + (0.58)
4p,ns, 1w~ (0.39)2p,® + (0.87)dp,*°, 2w~ (0.85)2p,B
—(0.53)4p, " and

25 1 .4721’255 2p2 142]?0,'96(361)0'05/3

Y
4s1.844pzl.04p3874p§)'.98(4d)0.12/AS ., g = —0. 17’
point to a partially excited B(*P) atom that can form a ¢ and

a half 7 bonds with As(*S). The above can be cast in the fol-
lowing pictorial representation:

As(’S)

B(*P, M,=x1) e TI(7)

The o bond is made possible through the formation of two
rather pronounced sp, hybrids on B while a ~0.14e™ charge
migration from As to B via the 7 route adds to the energy
stabilization.

The second o >TI(30) state is of essentially the same char-
acter. Its equilibrium configurations

10°T1(30)) ~ 0.75 |10720 30 17 177,27 )
—0.49 1072040 17} 17} 27})
and atomic distributions

s 1.222p§).662p2.162p3.98 (3d)0.05/B

4s 1'894[721'14[72'864P2'99(4d)0'09/A; ., g = —0.07

reveal a similar bonding pattern as above. This is also corrob-
orated by the same adiabatic binding energy D, = 14.7(17.5)
kcal/mol and identical dipole moment values (©) = 0.92 D
(see Table I).

The i X (20) state arises from B(*P, My = 0) + As(*S)
and its wavefunction at infinity reads

112 +(20)) ~ |4s§s (4p112s113)s 4P;4P;2P;2p;|
+ |4s24p212sllg (419;219)1()54[’;21’)1"
+[4s4p,25p4p,2p, (4p)2p))

where the symbol (...)s means that the electrons within
parentheses are singly coupled with the remaining ones being
high spin coupled. The above form adds a “bonding” flexibil-
ity and this explains perhaps its greater stability than that of
the °I1 (e and o) symmetry; D, [i > £+(20)] = 40.9 kcal/mol vs
D.(e or 0) = 16 kcal/mol (see Table I). The equilibrium con-
figurations are essentially identical in character to the ones at
infinity while the Mulliken atomic distributions,

2s 1 .()62p?4482p2.81 2p381 (3d)()A07/B

)

4S1.704p?.674p}c.114p;.11(4d)0.13/AS’ QB — _024’
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enable us to draw the following bonding scheme:

B(P,M,=0)  As(‘S)

which is actually a hybrid between a o- and a w-bonded
chemical structures. Overall ~0.4e~ are transferred from B
to As through the w-frame and ~0.6e~ are back transferred
through the o frame thus creating an electronic excess on B.

H. B3x+(8), G3=*(14), M3x+(26), and P33 +(32)

The B, G, M, and P 3> states correlate to B(*P, M
= +1) + As(’D, My = F1), BCP, My = 0,&1) + As(*P,
My = 0,F1), and B(*P, M, = 0) + As(*S), respectively, and
their potential curves, displayed in Fig. 6, show a strong in-
terplay due to the “furious” P diabate correlating to B(*P) +
As(*S).

The equilibrium character of the B 3X7(8) state is a
hybrid of two resonant structures,

|B*S*(8)) ~ 0.59 16720 '30 ' 17} 17})
+0.49|16°20* (1] 1) 27} + 127} 17})).

with the “0.59” component characterizing the B(*P) + As(*S)
diabate while the “0.49” one reflects the electronic distribu-
tion of its adiabatic origin.

The G and M 3%+ states both correlate to the same
asymptote. They exchange their character at ~9.0 bohr so
the local minimum at ~4.8 bohr of the G PEC mirrors in
essence the |°P, M; = +1) ® |*P, M, = F1)u char-
acter while the M state is repulsive due to the |25%2 pzl|
® |4s24p; (4p§ +4 p§)| electronic distribution. It is interest-
ing to remind at this place that the M state (up to 5.4 bohr) is
the triplet analogue of the d ! =7 (6) state (see Fig. 3) that is
strongly bound by ~68 kcal/mol (see Table I). The M PEC
suffers an avoided crossing with the P 3% 7 state originat-
ing from B(*P) + As(*S) at 5.4 bohr and assumes an attrac-
tive character (see Fig. 6). That “attractiveness” stops rather
abruptly at ~4.3 bohr due to another avoided crossing with
the G curve, while the [B(*P) + As(*S)] behavior is trans-
ferred to the global minimum of the G state at r, = 1.878 A
with a D, = 33.1 kcal/mol but clearly its “diabatic” strength
is Dediabatic — Deadiabatic + AE[B(4P) + AS(4S) <« B(ZP)
+ As(*P)] = 33.1 + 29.7 = 62.8 kcal/mol. The G,
M, and P adiabatic curves are so intermingled that the
Born—Oppenheimer approximation breaks down so blatantly
that a safe way to find the vibrational levels of the * X+ mani-
fold at energies E > E,[G > %7 (14)] would be only through a
vibronic coupling approach.

J. Chem. Phys. 139, 154309 (2013)

I. F3A(13), K3A(23), and L 3A(24)

There are two A states dissociating to B(’P) + As(’D)
with the |°P, My, = £1)3 ® |°D, My = 1), and |*P, M,
=0)3 ® |°D, M; = +2),, combination modes. The second
one, (0, £2), results in a repulsive curve due to the high spin
(4p,' - 2p,!) interaction between the two approaching atoms
(but see below). The (£1, +1) combination mode results in
an attractive curve that is bound by 13.4 kcal/mol. The equi-
librium configuration

|FPA(13)) ~ 0.65|16%°20% (1) 27} 1) — 1 17 27))),
along with the atomic populations

2Sl.382p§).182p2.742p2.74(3d)0.07/8

4sl.794p().574p)l(.184p)1}.]8(4d)0.]3/As’ qp = _012’

z

point to the following bonding scheme.

B(CP,M,=t1) As(D, M,=x1)

showing two putative bonds, a o and a

The K 3 A(23) state being repulsive due to the Pauli wall
between the high spin 4p,' —2p,! electrons suffers an avoided
crossing at ~5.4 bohr (see Fig. 6) with the incoming L 3AQ24)
state which is very similar in character with the F 3A(13)
state. Its equilibrium configurations,

|K*A@23)) % 0.57 [10°20%307 (1727} — 17} 27}))
+0.34|16°20% (1 27} 17} — 17} 1) 27})),

is just a transfer of the asymptotic |*?P, M; = £1)3 ® |*P, M,
= =£1)4, character at the equilibrium distance r, = 2.492 A of
the K state.

The L state shows an attraction of ~3 kcal/mol at
r, ~ 2.98 A just because of its interaction with K.

IV. CONCLUSIONS

We offer for the first time a detailed ab initio study of
the diatomic molecule BAs. MRCl/cc—pV5Z potential en-
ergy curves have been constructed for 42 25*! A states disso-
ciating to the first four asymptotic end channels. Thirty three
states are either bound or present local minima while the re-
maining nine states are purely repulsive.

The morphology of the PECs reveals a rich spectroscopy
where perturbations due to non-adiabatic effects should be the
rule than the exception. Numerous avoided crossings appear
on more or less all studied states but the most pronounced
ones entail the (X, IT) states arising from B(*P) + As(*S).

The ground state is of >IT symmetry in line with the iso-
valent diatomics BN and BP. It dissociates adiabatically to the
ground state fragments, i.e., B(*P) + As(*S), while at equilib-
rium the B atom is found in its excited *P state. The binding
energy is D, = 65.24(66.3) kcal/mol at r, = 1.869(1.870) A
at the MRCI(+Q) level of theory. Its first excited a ' =7 (2)
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state lies T, = 8.5(7.7) kcal/mol higher and features three full
bonds, one ¢ and two 7 with a D, = 88.53(88.7) kcal/mol at
r, = 1.788(1.788) A at the MRCI(+Q) level. The second ex-
cited state, b 'TI(3), quasi-degenerate to a ! £ (2), is the sin-
glet analogue of the X 3TI(1) state. The binding mode remains
essentially the same but the spin flip elongates the distance by
0.01 A.

We believe that the present work fills the gap of the the-
oretical investigation of the diatomics of B with elements of
the VA group and we hope that it will initiate an experimental
investigation.
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