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Employing multireference variational (MRCI) and coupled cluster (CC) methods combined with quagiruple-
quality correlation-consistent basis set, we have studied 36 states of the magnesium diborigen{Megule

as well as 17 states of the experimentally unknown diatomic MgB. For all states of MgBeport geometries,
atomization energies, and dipole moments, while for the first 5 states, potential energy profiles have been
also constructed. The ground state is formally'af V-shaped symmetry with an atomization energy of
108.1(109) kcal/mol at the MRCI(MRCH Davidson correction) level. The first excited staiB.j is less

than 1 kcal/mol above the 2&; state, with the next state of linear M@—B geometry (B=") located 10
kcal/mol higher. In all states, bent or linear, the bonding is complicated and unconventional because of the
extraordinary bonding agility of the boron atom(s).

1. Introduction (T), employing a 6-313G (3df) basis set. Not all 21 states
have been calculated at all levels of theory, only at MP2. Ten
of the 21 states have been calculated at the DFT level with
conflicting results as compared to the MP2 values. At the
QCISD and UCCSD(T) levels, they calculated 3 states, again
with conflicting results between these 2 methods. Now, at the
RCCSD(T) level and using a correlation-consistent aug-cc-

VQZ basis, they obtained the first 4 states around equilibrium.

hen, they recalculated these 4 states by including core functions
on B and Mg, but at the geometry of the previous level. Finally,
they also performed MRCl/aug-cc-pVQZ//RCCSD(T)/aug-cc-
pVQZ, i.e., single-point calculations, for these 4 lowest states.
At this level of theory, Lee and Wrightoncluded as well that
the ground state is 0fA; symmetry with the™#; about 0.4
kcal/mol higher®

Motivated by the remarkable properties of crystalline MgB
and the somehow conflicting theoretical results reported st’far,
we herein report ab initio calculations using multireference and
coupled-cluster methods in conjunction with quantitative cor-
relation-consistent basis sets. In both methods, the symmetry
of the ground state seems to b%&; (but, see below).

We have examined a total of 36 states, reporting energetics,
dipole moments, geometric and spectroscopic parameters, and
Mulliken densities. In addition, for the first 5 states, we have
constructed potential energy profiles of the corresponding
potential surfaces, while some emphasis is given in explaining
the bonding with the help of simple valence-bond-Lewis (vbL)
diagrams.

In section 2, we define the computational procedure followed;
in section 3, we present our results on the diatomics MgB and
B, and on the triatomic MgB and in section 4, some final
remarks and comments are presented.

In 2001, Jun Akimitsu’s groupdiscovered that the simple
compound magnesium diboride (MgBecomes superconduct-
ing at the transition temperatuie = 39 K, almost twice as
large compared to the highe$t among the intermetallics,
namely, that of NgGe (T, = 23 K)2 Given the chemical
simplicity of MgB; as well as its simple crystal structuréthe
natural abundance of its constituent elements, and therefore th
prospects for plausible applications, this was indeed a remark-
able discovery. The enthusiastic response of the scientific
community was testified to by a series of experimengald
theoretical publications.

It is worthwhile to recall at this point that the elements Mg
and B have played a fundamental role in the development of
“pure and applied chemistry” as only the names of “Grignard
reagent” (RMgX) and “boron hydrides” (Bly) suggest. And
although MgB has been well-characterized since the early
fifties,® until now nobody suspected its unusual properties.
Experimenters using different techniques have already estab-
lished a variety of sometimes “conflicting” properties, for
example, the existence of two superconducting gaps in MgB
which had not been seen before in any matérial.

Obviously, all the above characteristics of Mgfer to the
solid state. On the other hand, there are three very recent
theoretical ab initio works on the isolated noninteracting I¥lgB
molecule. The first one by Ercdo 2003 was conducted at a
very low level of theory’ in 2004, Yang et af.calculated 9
states (6 linear and 3 bent) around equilibrium using the QCISD/
6-311G* and CCSD(T)/cc-pVTZ methods predicting different
ground states$B; and!A1, respectively. However, on the basis
of their CCSD(T) results, they concluded that the ground state
is of 1A; symmetry with the’B; state 412 cm! higher. A few
months later, Lee and Wrighpublished the investigation of
21 states of MgB around equilibrium using a variety of
methods, MP2, DFT(B3LYP), QCISD, UCCSD(T), and RCCSD- For the Mg and B atoms, the correlation-consistent basis by
Dunning® of quadruple cardinality, cc-pVQZ 16s12p3d2fig
* E-mail: mavridis@chem.uoa.gr. and 12s6p3d2flg, respectively, were employed through all
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calculations. Both sets were generally contracted to [6s5p3d2flg/ 0.00 L B e N S e

mg 5s4p3d2flgd], amounting to 169 spherical Gaussian func- el g 1 Mg('P)+ B('P) ]

tions for the MgB system. ) | -
Our general approach is the complete active space self- -0.04 1 i 165 /,f'"'/ -

consistent field (CASSCF) method, extended to the single and i '1, / i

double replacements out of the zeroth-order CASSCF wave R (Y // ]

function (CASSCF+ 1 + 2 = MRCI), to account for o0sd LN ]
“dynamical” correlation. Our reference space is built by allotting 4

the 8 (chemically) active electrons of MgB3s® on Mg and
2g2pt on each B atom) among 12 orbital functions (3s and 3p
on Mg + 2s and 2p on B’s). The ensuing CASSCF wave
function expansions range from 12 7784, BMgB) to 28 376
(®B2; BMgB) configuration functions (CF), with MRCI spaces
ranging from 111x 10° (MgBB; 1=7) to 202 x 1(f (MgBB;
8¥7) CFs. By applying the internal contraction (icMRCI)
approximation! the number of CFs is reduced by more than
an order of magnitude, thus making the calculations feasible. -0.20
Size nonextensivity errors do not exceed 2 mh at the icMRCI

-0.104 | 1h .

N N 5T M)+ BCP)

bl

Energy (E,)
& &6 & 6
R
| | 1 1

level, reduced to about 0.5 mh by including the Davidson '0'22__
correction for quadruplesHQ). .0.24 4

For the four lowest states,’X; (BMgB), 3B1 (BMgB), 3=~
(MgBB), and>=~ (MgBB), the coupled-cluster single reference 026
+ singles+ doubles+ perturbative connected triples method 028 : : : : -
[RCCSD(T)] as implemented in MOLPR& was also used. 2 4 6 8 10 12
Note that both SCF and CASSCF orbitals were used for the r\du—B(bOhr)

construction of the single reference function. For 1Ag state
only, Mgller—Plesset MP2 and MP4 calculations were also tried Figure 1. Potential energy curves of 17 states of the MgB molecule
with the harmonic frequencies obtained at the MP2/cc-pVQZ at the MRCl/cc-pVQZ level of theory. All energies have been shifted
level of theory. by +224 Ey.

Finally, concerning the diatomic molecules MgB ang Be
have examined 17 and 5 states, respectively, at the ic-MRCI/Cally to Mg('S) + B(*P, *P), Mg(*P) + B(*P), and MgtP) +

cc-pVQZ level and within the spirit outlined above. B(*P) (16X7). Corresponding potential energy curves (PECs)
are plotted in Figure 1. Table 2 presents leading CASSCF

configurations and Mulliken atomic populations of the first four
states of MgB (XI1, A2=", 242, and 3I1). The valence-bond-
A. The Diatomics MgB and B,. In the present work, two Lewis (vbL) bonding diagrams of these four states based on
geometrical isomers of MgBare examined, namely,-BMg—B their CFs and population densities are shown below.
and Mg-B—B: Both can be thought of as products of the
interaction channels MgB- B or Mg + B,. Therefore, for a
better understanding of MgBthe study of both diatomics MgB ) ) .
OREB-CRD = Mg=B: ()
O O
Mg('S) B(P; M=%1) X'

3. Results and Discussion

and B is rather mandatory.

It is rather surprising that no experimental results are available
for MgB. Theoretically, we are aware of only two publications
on MgB by Boldyrev et a3 and by Machado and co-workers.

The former authors investigated the first four statéEIXAZ=T,
4TI, and“=~ and a higher excited state €l symmetry around %@){%@ = Mg—B: @
22+

equilibrium, in a variety of single reference methods, namely,

MP2(full)/6-31HG*, QCISD(T)/6-31HG(2df), and MP4/6-

311+G*/IMP2/6-31H-G*. Machado et al* examined the first Mg('S)  B(P; M=0) A
two states of BeB, MgB, and CaB using a (truncated) MRCISD/
6-311+G(3d1f).

On the contrary, B is a well-explored molecule both
experimentally® and theoretically® Nevertheless, for reasons
of uniformity and completenes;, the five lowest states of the Mg(P; M=+1) B(P; M=71) 2571
B, molecule are currently examined at the MRCl/cc-pVQZ level.

The MRCI energy splittings of Mg!P, 3P(383ph) — 1S- 0 9
(399)] and B atoms {P(232p?) — 2P(2%2ph)] are in excellent — Mol TR
agreement with experiment (in parenthéges2.603 (2.714), &swz.n = Mg-B @
4.318 (4.346), and 3.591 (3.571) eV, respectively. These three
excited states are actively involved in the calculated states of Mg(P; M=0) B(P; M=%1) 3'mq)

MgB, B, and MgB.

MgB. Table 1 lists the energetics, the usual spectroscopic The ground state of MgB is 611 symmetry with a binding
parameters, and the dipole moments of 17 states of MgB, energy and internuclear distance @f = 11.85 (12.7) kcal/
spanning an energy range of about 4.2 eV, correlating adiabati-mol andre = 2.3862 (2.383) A, respectively, at the MRCI-

©)]
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TABLE 1: Absolute Energies E (hartree), Bond Lengthsre (A), Binding Energies D. (kcal/mol) with Respect to the Adiabatic
Fragments, Harmonic Frequencies and Anharmonic Correctionsme, meXe (cm~1), Rotational Vibrational Couplings o, (cm™1),
Centrifugal Distortions Dg(cm™1), Mulliken Charges on B gg, Dipole Momentsu (debye), and Energy Separationd’ (kcal/mol)
of the MgB Molecule at CASSCF, MRCl2and MRCI+QP/cc-pVQZ Levels. Other Theoretical Results Are Also Included.

state method -E e De we WX 0e(107%) De(10° —qgs (s Te
X211 CASSCF 224.211593 2.4423 2.69 3109 124 10.6 2.18 0.24 1.86/1.86 0.0
MRCI 224.267947 2.3862 11.85 3659 6.14 6.80 1.80 0.31 2.38/2.39 0.0
MRCI+Q 224.27062 2.383 12.7 12.44 0.0
MP2(full)/6-3114+-G* ¢ 224.351223 2.473 269 0.0
QCISD(T)/6-31HG(2dfff 22425419 2.390  10.8 0.0
0.0
Az CASSCF repulsive
MRCI 224.252702 2.7515 2.28 192.3 10.6 12.1 2.79 0.040.42/-0.41 9.57
MRCI+Q 224.25481  2.730 2.83 —0.31  9.92
MP2(full)/6-311+G* ¢ repulsive
QCISD(T)/6-311#G(2dff  224.23962  2.775 1.7 9.1
23-(1) CASSCF 224183512 2.1605 47.97 5255 3.20 4.44 1.59 0.35 3.37/3.37 17.6
MRCI 224.235687 2.1259 51.98 5549 3.54 4.54 1.57 0.39 3.85/3.84 20.2
MRCI+Q 224.23792  2.126 52.2 /3.87 205
MP2(full)/6-311-G* d 224.32603  2.117 568 15.8
QCISD(T)/6-311-G(2dfyte 224.22221 20.1
3T1(1) CASSCF 224.182164 2.2703 45.33 446.7 1.66 6.20 1.62 0.40 2.04/2.04 18.5
MRCI 224.235411 2.2769 51.61 474.8 0.01 2.52 1.41 0.37 1.98/1.92 20.4
MRCI+Q 224.23820  2.276 52.3 /1.92 20.3
MP2(full)/6-311+G* d 224.33561  2.263 510 9.8
QCISD(T)/6-311-G(2dfyte 224.22283 19.7
43-(1) CASSCF 224.153555 2.1973 26.07 493.2 3.40 3.72 1.63 0.47 2.13/2.13 36.4
MRCI 224.209085 2.1496 35.04 517.0 542 12.3 1.71 0.47 2.64/2.80 36.9
MRCI+Q 224.21202  2.149 35.9 /2.81 37
5211(2) CASSCF 224.14056  2.338 20.1 4245 4.03 3.84 1.51 0.35 1.89/2.05 44.6
MRCI 224.20685  2.305 33.7 4581 4.39 4.98 1.42 0.37 2.12/2.03 38.3
MRCI+Q 224.2116 2.308 35.6 /2.05 37
62A(1) CASSCF 224.13460  2.203 179 460.6 5.80 4.80 1.84 0.23 2.02/2.59 48.3
MRCI 224.20383  2.151 31.8 521.0 5.37 6.46 1.66 0.35 3.25/3.30 40.2
MRCI+Q 224.2083 2.157 33.2 /3.35 39
7°27(2) CASSCFKF 22412767  2.264 13.4 3793 11.0 9.29 2.31 0.20 1.75/1.93 52.7
MRCI 224.19086  2.231 23.7 4048 7.87 8.76 2.22 0.25 2.37/2.37 48.4
MRCI+Q 224.1946 2.235 24.7 /2.35 48
8211(3) CASSCI 22411286  2.757 474 303.8 6.68 3.53 1.10 0.18 0.87/0.67 62.0
MRCI 22417914  2.724 16.4 280.8 0.98 1.86 1.38 0.040.30-0.34 55.7
MRCI+Q 224.1841 2.712 18.1 —0.50 54
9s7(3) CASSCFKF 22410555 3.023 —-0.38 0.07 0.55/0.15 66.5
MRCI 224.16548  2.596 7.77 3578 8.87 4.40 1.14 0.15 0.46/0.43 64.3
MRCI+Q 224.1703 2.548 9.5 /0.58 63
10°=7(2) CASSCFEF 224.09820 2.186 432 4142 28.8 16.4 2.43 0.39 3.24/3.55 71.2
MRCI 22415975  2.104 269 6181 6.10 3.15 1.35 0.39 3.83/3.86 67.9
MRCI+Q 224.1636 2.104 29.0 /3.89 67
11°A(2) repulsive
12°3+(1) repulsive
13T1(2) CASSCF repulsive
MRCI 224.15321  5.000 0.22 0.00—-0.08~0.11 72.0
MRCI+Q 224.1555 4.799 0.26 —-0.14 72
143(2) repulsive
15T1(3) CASSCF repulsive
MRCI 224.11855 3.945 1.04 0.02 0.08/0.07 93.7
MRCI+Q 224.1196 3.881 1.29 /0.14 95
16°<7(1) CASSCF 224.08667  2.303 49.8 4373 244 3.88 1.57 0.49 3.00/3.00 78.4
MRCI 224.11443 2.293 58.2 441.9 2.49 3.93 1.57 0.48 3.03/3.03 96.3
MRCI+Q 224.1151 2.294 58.5 /3.03 98

a|nternally contracted MRCIE +Q refers to the multireference Davidson correctibii[calculated as expectation valugr calculated by the
finite field method.d Ref 13.¢ QCISD(T)/6-31H-G(2df)/MP2(full)/6-31H-G*. f State-averaged CASSCF.

(+Q) level. According to diagram 1, this rather weak bonding  The next two states,*Z~ and 311, are strictly degenerate
of the X IT state is the result of a charge transfer from Mg to within the accuracy of our calculations, located about 20.5 kcal/

B via the o frame and from B to Mg through the frame, mol above the ground state and both correlating to M&3(@s
amounting to a total electron transfer to the B atom of about 3P)+ B (2522p; 2P). However, their electronic structure is quite
0.2 € and ao, Y, 7 (one electron) bonding character. different as evidenced from diagrams 3 and 4. The bonding in

The first excited state, X" of MgB located 9.6 kcal/mol  “X~ comprises one and two'/, = bonds as compared to'a
above the X state, as expected from diagram 2, is slightly or o and a%/, r of the 311 state. This is reflected in the equilibrium
van der Waals bound by 2.28 (2.8) kcal/mol at the MRIEN) bond distance of 441, which is 0.06 A larger than the bond
level. length of the*X~ state. Of course, both states have identical
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TABLE 2: Leading CASSCF Configuration Functions and Mulliken Atomic Distributions of the First Four States of MgB

Molecule
Mg B
state configuratioris 3s 3p 3 3py 2s 2p 2p 2p,
X1 0-91/\/§|102202(l77x1 + 1m0 1.37 0.20 0.08 0.08 1.77 0.54 0.46 0.46
AZZTD 0.9110%20%300] 1.62 0.23 0.04 0.04 1.83 1.06 0.06 0.06
2437(1) 0.9510%20 L, 1, 0 0.99 0.16 0.21 0.21 1.55 0.25 0.77 0.77
3I(1) 0.97A/2|10220%30% (1, + i1z,)0 0.91 0.53 0.05 0.05 1.62 0.83 0.46 0.46

@ Qur orbital enumeration refers only to the five valence electrons, i.e., we do not count the doubly occupiedriduxwos “core” orbitals.

b MRCI level.

TABLE 3: Absolute Energies E (hartree), Bond Lengthsr, (A), Binding Energies D, (kcal/mol) with Respect to the Adiabatic
Atoms, Harmonic Frequencies and Anharmonic Correctionsme, ®eXe (cm~1), Rotational Vibrational Couplings o, (cm™2),
Centrifugal Distortions De (cm™1), and Energy SeparationsT, (kcal/mol) of the B, Molecule at CASSCF, MRCI2 and

MRCI +Qb/cc-pVQZ Levels. Experimental and Previous Theoretical Results Are Also Included.

state method -E le De We WeXe 0e(1073)  De(10°%) Te

X3%y~ CASSCF 49.221045 1.6144 61.31 1017.9 8.73 1.40 6.27 0.0
MRCI 49.304129  1.5984 65.39 1039.2 9.03 1.44 6.38 0.0
MRCI+Q 49.30797 1.599 65.1 0.0
MRCI/[554p3d2f1 ¢ 1.600 65.6 1041 0.0
QCISD(T)/6-311G* 49.28005 60.53
PMP4(4)/6-311G(2df)  49.28946 64.81
SDCI/(8s6p3d2f) 49.272178 1.602 47.27
CASSCF/cc-pV5Z 49.221420 1.6141 61.4 1018.2 8.8 1.40
MRCl/cc-pV5Z 49.306057 1.5973 65.8 1040.6 9.1 1.44
CCSD(T)/cc-pCV6E  49.306720  1.5919 64.77 1050.4
CCSD(T)/cc-pCV6EN  49.409725  1.5855 65.53 1059.3
MRCl/cc-pCV52 49.306238 1.5971 65.78 1040.7
MRCI+Q/cc-pCV52 49.310144 1.5973 65.53 1038.8
MRCl/cc-pCV52h 49.403777 1.5902 67.12 1052.5
MRCI+Q/cc-pCV52h 49.411557 1.5905 66.69 1049.3
MR-AQCClcc-pvQZ2 1.5986 65.63 1037
expt 1.590 69.6 1051.3 9.33 1.4
expt 1.590 68.49+ 14 1052.7
expt 1.5838 1060"

a3z, CASSCF 49.221663 1.5441 131.20 1217.5 7.08 1.15 5.72 —0.39
MRCI 49.296874 1.5253 142.91 1255.1 7.22 1.16 5.79 4.55
MRCI+Q 49.29990 1.525 143.4 5.07
MRCI/[554p3d2f1 1.526 145 1245 4.86
MR-AQCC/cc-pVQZ 1.5250 143.68 1255 5.02

AT, CASSCF 49.198041 1.7778 45.62 782.0 7.46 1.30 5.95 14.44
MRCI 49.287904 1.7545 55.09 808.2 7.44 1.31 6.03 10.18
MRCI+Q 49.29289 1.754 55.7 9.46
MRCI/[5s4p3d2f1 of 1.756 55.5 807 10.07
MR-AQCC/cc-pvVQZ 1.7546 55.83 806 9.80
expt' 1.74405 817.997 7.458 1.32 5.73

b'Aq CASSCF 49.194893 1.6365 44.90 972.9 9.87 1.49 6.32 16.41
MRCI 49.283319 1.6172 52.30 996.9 9.88 1.52 6.46 13.06
MRCI+Q 49.28777 1.618 52.4 12.7
MRCI/[5s4p3d2f1 of 1.619 52.6 973 12.97
MR-AQCClcc-pvQZ 1.6175 52.76 995 12.87
expP 1.616

25"  CASSCF 49.185623  1.6503 36.57 928.5 10.95 1.60 6.60 22.23
MRCI 49.270498 1.6438 44.05 903.9 16.05 1.96 7.14 21.10
MRCI+Q 49.27466 1.648 44.2 20.9
MRCI/[5s4p3d2f1d] 1.653 44.6 868 20.95
MR-AQCC/cc-pvVQZ 1.6545 44.75 829 20.89
expt 1.650

=gt LP CASSCF 49.185270 1.9216 36.35 618.5 7.03 1.13 5.97 22.45
MRCI 49.262114 1.8716 38.79 26.36
MRCI+Q 49.26645 1.8438 39.1 26.1

2 |nternally contracted MRCP +Q refers to the multireference Davidson correctibRef 16a.9 Ref 16b.¢ Ref 16¢.f Ref 16d.9 Ref 16e." All
electrons are correlatetRef 16f.) Ref 15a,D, value.k Ref 15b; thermochemical datB, value.' Ref 15c.™ Ref 15d." Ref 15e; high-resolution
Fourier transform emission spectroscopiref 15f; emission, UV and visible spectra of. B Global (G) and local (L) minima% Ref 15g; emission

spectroscopy.

dissociation energidde = 52 kcal/mol at the MRCI level with
respect to the adiabatic fragments BR)(+ B(?P); see Figure

B,. Table 3 lists our results on the first five states of B
(X327, &=y, A%l b'Ag, and é=4%), while corresponding

1. With respect to the ground-state asymptotic fragments, eitherPECs are plotted in Figure 2. Table 4 shows leading CASSCF
state is unbound by about 8.5 kcal/mol because of the significantconfigurations and Mulliken populations for these states. On
Mg(®P < 1S) excitation energy of 2.603 eV (MRCI). the basis of the main CASSCF CFs and Mulliken popula-
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tions, the bonding is adequately represented by the vbL diagrams -0.05 O FNE S s e e e
5-9. ! B('P) + B('P)
|
. -0.10 4 i
— :B:‘.":B: ) I
|
X5
0154 | -
E’_f .
= B-B (6) E\ﬁ | .
5 i BCP) + BCP)
s (5 -0.20 e
ax,
.' .' —- :_ . (7)
END-E® = BB -
.I
AN,
-0.30 -
T . T ¥
8 10 12
r, z(bohr)
®) Figure 2. Potential energy curves of the first five states of the B

molecule at the MRCl/cc-pVQZ level of theory. All energies have been
shifted by+49 E.

TABLE 4: Leading CASSCF Configuration Functions and

' ' Atomic Mulliken Distributions of the B » Molecule
GO Ly = B B O state configuratich 2s 2p 2pc 2p,
O O X3 [104(0.89)15,2 — 1.41 0.55 0.50 0.50

. Me+1) BCP- M= Ig+ (0.33) 22| 171 1y !0

BCP; M=1) B(P; M=%1) ¢ Zs &5, 0.971042101 20 17 7y, 0 1.24 0.74 0.50 0.50

o . ASIT, 0.92/\/§|109210u22091(1.7rux1+ ilﬂuyl)Dl'Gs 0.77 0.29 0.29

The really fascinating bonding structures of=¢~, &=, blA, 2 2_ 1.39 0.57 0.50 0.50
s s - , ol 1 L 9 1N2{|1047(0.87)1o,

A3, b'Ay, and éX4* consist of two'/, , two Y, w + 1/, o, (0.35) D) Lo, Lty O

one', o + one', x, onex (or two Y/, ), and oner bond, 0.64|10o¢?10*(Lmwé — Lm0

respectively. Our numerical results shown in Table 3 are in CiZQi(G)E 0-634109210u2(1ﬂ5x2+ Lmy?)0 1.40 0.54 0.52 0.52

very good agreement with previous theoretical values as well © Zg'w” 0.9110g"10v"204°1] 1.73 1.07 0.08 0.08

as with relevant experimental findings (experimental results  2Only theo valence electrons are enumerate@lobal (G) and local
on the &, state do not seem to exist). Observe that the first (L) minimum.
four excited states span an energy range of about 25 kcal/
mol; they are practically evenly spaced, while in th&g
state, an avoided crossing around 3.5 bohr gives rise to a
local minimum at 3.54 bohr. In addition, with the exception of
the &>, state which correlates to the first excited state
of a single boron atom, BP) + B(2P), the remaining four 1 o 2o 5 ,
states trace their lineage to the ground-state B atoms; see  [X"A;0~ |1a°2a71b,7(0.87)1b° — (0.26)33°]0
Figure 2.

B. The Triatomic MgB,. Table 5 collects total energies, BSO'QGSpQ'O%QS'BSQ,O'B/
equilibrium geometriesr(iq—g, 's—s, 1BMgB=¢), atomization 515,.0.955 0.5 1.6 075,054 0.0 0.0
energies (AE) with resp?act to the adiabatic fragments Mg (231 ]2pz 52p5, 6)31(2& g)bl(zsl 2 42pz 6)t’z(2g< %az
2B, dipole momentsd), Mulliken chargesdwg, gs), and energy
separationsT,) of 36 states/isomers at the CASSCF, MRCI, Note that only the eight valence electrons are counteda,(2s)
and MRCH-Q levels of theory; for théA; state only, MP2 and  (2P2)a,, (2PJby, and (2p)s, refer to symmetric combinations and
MP4 results are also reported. Figure 3 indicates relative energied2p)a;, (2Sh,, (2P)n,, and (2R)a, to antisymmetric combinations
of all MgB; states examined spanning an energy range of 4.2 of the relevant orbitals.
eV; note that they are all bound with respect to the ground-  The formation of the BMgB ¥A; state can been thought of
state atoms Mgg) + 2B(P). In what follows, we describe in  from either B(X3Z4/°B1 in Cz,) + Mg(°*PFB,) or MgB(Il-
some detail the structure and bonding character of the first ten(4)) + B(?P). Of course, the in situ Mg atom in tRE[(4) state
states in ascending energy order; the tenth stafe)ds located of MgB is in its first excited®P(333ph) state; note that th&l1-
32 kcal/mol above the 3A; state. (4) state of MgB is not included in Table 1. Both channels are

)~(1A1~(BMgB).The main CASSCEF equilibrium configurations
of the X'A; state, formally the ground stafgvide infra), and
corresponding Mulliken atomic populations (Mg/B B) are
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TABLE 5: Absolute Energies E (hartree), Bond Lengthsr(A) and Angles 0 BMgB=¢ (deg), Atomization Energies AE (kcal/
mol) with Respect to the Adiabatic Products, Dipole Momentg (debye), Mulliken Charges on Mg and B (central B for the
MgBB geometries) Atomsq, and Energy SeparationsT, (kcal/mol) of the MgB,, at Different Levels of Theory.

geometry state methd#l -E I'ig—B I'e-B @ AE (A e Omg —Os Te
M XA, CASSCF 248.91786 2.245 1.570 40.93 93.4 4.66/4.66 0.49 0.24 0.0
/ i MRCI 249.02006 2.225 1.560 41.06 108.1 5.00/4.99 0.52 0.26 0.0
MRCI+Q 249.0259 2.225 1.561 41.1 109 /5.01 0.0
B—B MP2 248.98362 2.243 1.570 40.96 115.9 0.0
MP4 249.02142 2.251 1.581 41.10 113.8 0.0
RCCSD(T) 249.02159 2.223 1.560 41.08 107.9 /5.14 0.0
RCCSD(TY 249.02191 2.224 1.561 41.10 107.9 /5.11 0.0
RCCSD(T¥ 2.224 1.560 41.1 0.0
M 2B CASSCF 248.91411 2.300 1.625 41.37 91.1 4.23/4.23 0.43 0.22 2.4
/ i MRCI 249.01880 2.279 1.617 41.55 107.3 4.71/4.75 0.46 0.23 0.79
MRCI+Q 249.0254 2.279 1.617 41.5 109 /4.82 0.3
BB RCCSD(T) 249.01976 2.272 1.616 41.67 106.7 14.99 1.15
RCCSD(TY 249.01988 2.274 1.616 41.63 106.6 /4.98 1.27
RCCSD(T¥ 2274 1616 416 1.2
Mg—B—B b3z CASSCF 248.90897 2.287 1.578 87.8 2.76/2.76 0.39 0.29 5.6
MRCI 249.00285 2.266 1.578 97.3 3.02/3.12 0.41 0.33 10.8
MRCI+Q 249.0085 2.265 1.581 98 /3.19 11
RCCSD(T}) 249.00327 2.270 1.574 96.4 /2.88 115
RCCSD(TY 249.00298 2.268 1.573 96.0 12.79 11.9
RCCSD(T} 2.263  1.556 11.9
Mg—B—B (o0 CASSCF 248.90938 2.291 1.564 149.2 2.24/2.24 0.39 0.29 53
MRCI 249.00112 2.269 1.558 156.5 2.18/2.19 0.40 0.33 11.9
MRCI+Q 249.0064 2.269 1.558 157 /2.18 12
RCCSD(T) 249.00313 2.269 1.556 156.3 12.16 11.6
RCCSD(TY 249.00339 2.269 1.556 156.3 12.17 116
RCCSD(T} 2.270 1.556 11.8
M A, CASSCF 248.89926 2.426 1.574 37.86 81.8 1.74/1.74 0.39 0.20 11.7
/ K MRCI 249.00001 2.355 1.575 39.07 95.5 2.37/2.88 0.40 0.20 12.6
B B MRCI+Q 249.0062 2.335 1.580 395 97 /3.11 12
Mg—B—B B'A CASSCF 248.87383 2.283 1.610 65.8 2.53/2.53 0.36 0.30 27.6
MRCI 248.97827 2.257 1.607 81.9 3.11/3.27 0.38 0.33 26.2
MRCI+Q 248.9855 2.256 1.610 84 /3.39 25
M B, CASSCF 248.87253 2.281 1.517 38.85 65.0 4.57/4.57 0.48 0.24 28.4
/ i MRCI 248.97416 2.254 1.503 38.94 79.3 5.05/5.11 0.50 0.25 28.8
MRCI+Q 248.9802 2.251 1.504 39.0 80 /5.16 29
B—B
Mg—B—B =20 CASSCF 248.87170 2.132 1.517 64.5 7.38/7.38 0.53 0.38 29.0
MRCI 248.97249 2.105 1.519 78.3 7.45/7.40 0.51 0.38 29.9
MRCI+Q 248.9789 2.105 1.519 79 7.32 29
M A, CASSCF 248.87277 2.554 1.680 38.39 65.1 1.00/1.00 0.31 0.16 28.3
/K MRCI 248.97071 2.535 1.672 38.51 77.2 1.30/1.38 0.34 0.17 31.0
MRCI+Q 248.9770 2.538 1.675 38.5 78 /1.41 31
B—B
M g°A, CASSCF 248.87381 2.539 1.519 34.80 126.9 1.57/1.57 0.34 0.17 27.6
/ i MRCI 248.96958 2511 1.504 34.86 136.7 1.68/1.67 0.36 0.18 317
MRCI+Q 248.9751 2.512 1.504 34.9 137 /1.67 32
B—B
Mg—B—B 1A CASSCF 248.86512 2.269 1.591 60.3 1.78/1.78 0.38 0.32 33.1
MRCI 248.96709 2.251 1.581 74.9 1.94/2.00 0.40 0.35 33.2
MRCI+Q 248.9737 2.251 1.582 76 /2.03 33
Mg—B—B 111>+ CASSCF 248.86554 2.279 1.618 60.6 2.56/2.56 0.35 0.29 32.8
MRCI 248.96579 2.252 1.621 74.0 3.18/3.35 0.37 0.32 34.1
MRCI+Q 248.9724 2.251 1.625 75 /3.49 34
M 12°B, CASSCF 248.86714 2.410 1.652 40.09 122.7 2.07/2.07 0.50 0.25 31.8
/ i MRCI 248.96575 2.401 1.644 40.03 134.3 2.09/2.09 0.48 0.24 34.1
B B MRCI+Q 248.9719 2.404 1.643 40.0 135 /2.10 34
M 1A, CASSCF 248.86780 2.444 1.515 36.11 62.0 2.42/2.42 0.42 0.21 31.4
/ i MRCI 248.96462 2.413 1.504 36.31 73.3 2.66/2.81 0.42 0.21 34.8
MRCI+Q 248.9702 2.413 1.504 36.3 74 12.87 35
Mg—B—B 143~ CASSCF 248.85741 2.238 1.577 55.5 1.85/1.85 0.44 0.41 37.9
MRCI 248.95868 2.241 1.574 69.6 1.87/1.92 0.42 0.40 38.5
MRCI+Q 248.9653 2.244 1.576 71 /1.90 38
Mg—B—B 1571 CASSCF 248.85659 2.183 1.528 55.0 4.93/4.93 0.57 0.46 38.5
MRCI 248.95655 2.134 1.526 68.2 5.40/5.76 0.53 0.42 39.9
MRCI+Q 248.9633 2.128 1.528 70 /5.87 39
Mg—B—B 162" CASSCF 248.85625 2.263 1.599 54.8 1.71/1.71 0.37 0.32 38.7
MRCI 248.95376 2.245 1.596 66.5 1.88/1.94 0.39 0.35 41.6
MRCI+Q 248.9597 2.245 1.598 67 /1.97 42
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TABLE 5: Continued.
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geometry state metha# -E I'vg-B re—g ) AE (At Omg —0s Te
M 17*A; CASSCF 248.82611 2.395 1.551 37.78 35.9 2.70/2.70 0.41 0.20 57.6
/i MRCI 248.93301 2.362 1.588 39.29 53.5 3.02/3.15 0.38 0.19 54.6
B B MRCI+Q 248.9404 2.357 1.596 39.6 55 /3.19 54
M 18°B, CASSCF 248.83253 2.370 1.514 37.26 101.0 2.22/2.22 0.51 0.26 53.5
/K MRCI 248.92674 2.366 1.504 37.08 109.8 2.24/2.24 0.50 0.25 58.6
B B MRCI+Q 248.9321 2.369 1.503 37.0 110 12.23 59
M 19'B; govar  CASSCF 248.82542 2.381 1.458 35.64 35.4 1.83/1.83 0.45 0.22 58.0
/a MRCI 248.92670 2.366 1.450 35.68 49.5 1.80/1.81 0.41 0.21 58.6
B B MRCI+Q 248.9329 2.366 1.450 35.7 51 /1.83 58
19'B3 rocal CASSCF 248.78913 2.449 2.381 58.16 12.7 3.01/3.01 0.42 0.21 80.8
MRCI 248.89158 2.433 2.179 53.22 27.5 3.70/3.73 0.42 0.21 80.6
MRCI+Q 248.8993 2.435 2.147 52.3 29 13.74 79
Mg—B—B 20°11 CASSCF 248.81307 2.303 1.503 88.8 5.00/5.00 0.61 0.49 65.8
MRCI 248.90048 2.299 1.501 93.3 4.77/4.76 0.58 0.49 75.0
MRCI+Q 248.9056 2.302 1.502 93 14.65 76
B—Mg—B 21%Aq CASSCF 248.79209 2.317 14.5 0.53 0.27 78.9
MRCI 248.90040 2.281 33.0 0.62 0.31 75.1
MRCI+Q 248.9090 2.279 36 73
B—Mg—B 225" CASSCF 248.79288 2.311 15.0 0.49 0.25 78.4
MRCI 248.90011 2.274 329 0.59 0.30 75.3
MRCI+Q 248.9085 2.273 35 74
B—Mg—B 2334 CASSCF 248.79112 2.320 13.9 0.54 0.27 79.5
MRCI 248.89949 2.285 324 0.63 0.31 75.7
MRCI+Q 248.9080 2.283 35 74
B—Mg—B 245, CASSCF 248.79047 2.322 13.5 0.54 0.27 79.9
MRCI 248.89888 2.287 321 0.64 0.32 76.0
MRCI+Q 248.9074 2.286 35 74
B—Mg—B 251, CASSCF 248.78964 2.445 13.0 0.41 0.21 80.5
MRCI 248.89687 2.394 30.8 0.50 0.25 77.3
MRCI+Q 248.9055 2.391 33 76
B—Mg—B 26°A CASSCF 248.78807 2.315 12.0 0.57 0.28 81.5
MRCI 248.89662 2.282 30.7 0.65 0.33 77.5
MRCI+Q 248.9052 2.281 33 76
B—Mg—B 27, CASSCF 248.78748 2.318 11.6 0.57 0.29 81.8
MRCI 248.89604 2.285 30.3 0.66 0.33 77.8
MRCI+Q 248.9046 2.284 33 76
B—Mg—B 283, CASSCF 248.78804 2.271 73.1 0.52 0.26 81.5
MRCI 248.89446 2.245 89.6 0.62 0.31 78.8
MRCI+Q 248.9027 2.245 93 77
B—Mg—B 2PAq CASSCF 248.78161 2.287 69.0 0.61 0.30 85.5
MRCI 248.88957 2.260 86.5 0.69 0.35 81.9
MRCI+Q 248.8980 2.259 89 80
B—Mg—B 30°%5" CASSCF 248.78110 2.288 68.7 0.61 0.31 85.8
MRCI 248.88907 2.261 86.2 0.70 0.35 82.2
MRCI+Q 248.8975 2.260 88 81
Mg—B—B 315A CASSCF 248.78881 2.275 1.798 73.6 —0.14/-0.14 0.21 0.17 81.0
MRCI 248.88882 2.251 1.794 86.0 0.62/0.76 0.26 0.21 82.4
MRCI+Q 248.8954 2.250 1.797 87 /0.87 82
Mg—B—B 325z* CASSCF 248.78620 2.276 1.801 71.9 —0.22/-0.22 0.20 0.16 82.6
MRCI 248.88597 2.251 1.799 84.2 0.56/0.71 0.25 0.20 84.2
MRCI+Q 248.8925 2.250 1.801 85 /0.82 84
B—Mg—B 331, CASSCF 248.76773 2.553 0.8 0.22 0.11 94.2
MRCI 248.87498 2.446 17.1 0.37 0.19 91.0
MRCI+Q 248.8841 2.434 20 89
M 34A, CASSCF 248.77367 2.385 1.734 42.63 64.1 4.34/4.34 0.57 0.28 90.5
/i MRCI 248.86926 2.303 1.696 43.21 73.7 5.01/5.32 0.59 0.29 94.6
B B MRCI+Q 248.8754 2.297 1.692 43.22 74 /5.43 94
B—Mg—B 3501, CASSCF 248.75807 2.224 54.3 0.55 0.28 100.3
MRCI 248.86616 2.194 71.8 0.65 0.32 96.6
MRCI+Q 248.8747 2.193 74 95

2 |nternally contracted MRCEE +Q refers to the multireference Davidson correctibiiOcalculated as expectation valugr calculated by the
finite field method.® RCCSD(T) based on CASSCF orbitatfRef 9, RCCSD(T)/aug-cc-pVQZ level of theoyRCCSD(T) based on five configuration

CASSCF orbitals.
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Figure 3. Relative energy levels of MgBat the MRCl/cc-pVQZ ng_B(bohr)
level.

Figure 4. MRCI potential energy profiles of the 2&; and @B,
states of MgB molecule, keeping the BB distance or the angle

. . ; . . t thei ilibri lues. All ies h b hifted b
consistent with the following vbL bonding representation of the 1248%:. equitbrium valies energies have been shifted by

BMgB X!A; (=3B1®°B,) state.

Moving from Cy, [BMgB(X *A;)] symmetry to the lineabewn
3P structure, or XA; — A4, the MRCIH-Q) barrier to linearity is
75.1(73) kcal/mol, Figure 5. THé\q state is the lowest of BMgB
linear geometry giving rise to two Renn€feller components,
X1A; and AlB;, upon bending. The bonding vbL diagram of
the 1A structure is shown below.

2s
B(P) B(P)

The bonding comprises one™like (in-plane) and one /-
like (out-of-plane) 2e—3 center bonds represented by the two
isosceles triangles shown in diagram 10. The vbL diagram (10) . . )
is in accordance with the Mulliken distributions given above: 1€ 0§:A§§Ci lZMulllkerg Ggat%T'C OE_)OF’”"?“O”S (Mg/B)
About 0.7 € are transferred from the metal to the in situ B 3531, 33 125-972p, > 2y S?Fl/' are in conformity
moiety through the #” plane, while about 0.2 ®are moving with d|agr§1m 11: Table 5 lists numerical results concerning the
back from B to Mg through the &” plane. The BB bond length lAg (transition) linear state. o _
in the XA, state decreases considerably as compared to the &B1 (BMgB). The leading equilibrium CASSCF configura-

BCP; M=0) Mg(P; M=*1) B(P; M=1)  21'A(1)

free B, (X35,) at the same level of theorAr = —0.04 A tions and atomic Mulliken populations of tfiéBa state, formally
(see Tables 3 and 5). Therefore, it is clear that the two B atomsthe first excited state of MgB® located 0.79(0.3)[1.15] kcal/
can be considered bonded in théAx state of MgB. mol above the XA; state at the MRCH-Q)[CCSD(T)] level,

At infinity, the wave function can be described by the product are as follows (Mg/B-B):

|1Shg x |2P3 x |2PIg and the atomization energy with respect

to th?e ground-state atoms (see Figure 4) is 108.1(109) keal/I’B10= ~([0.89(15728,°34,") —

mol at the MRCI¢-Q) level of theory, Table 5. Correcting with 0.17(12}236114812)]1b111b22|]
respect to the zero-point harmonic vibrational (ZPE) energy,

w1(Bg) = 453.6,w(A1) = 494.7, andwz(A;) = 1079.6 cmt 351'1%@'113@3'073@19/

as obtained at the MP2 level, the atomization energy becomes

108.1(109) Yo(w1 + s + ws) = 105.2(106) kcal/mol. With (25%%2p; %20} 9 (20 %9 (2821 *20 %) (28 )
respect to the adiabatic productglBAy) + Mg(*S) (see Figure
4 and diagram 8) the MRCKQ) dissociation energy iDe = Figure 4 shows the potential energy profile with respect to Mg

55.6(56) kcal/mol, 0Dg = De — ZPE(BMgB)+ wd/2[B2(b'Ag)] + By; the bond distance of Bs fixed to the equilibrium value
= 55.6(56)— 2.90+ 1.42= 54.1(55) kcal/mol. of the ‘@B state along the potential curve but is relaxed to the
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Figure 5. MRCI potential energy profiles of the %, &By, and
A'B; states of MgB with respect to the angle, while keeping

the rmg-g distance at its equilibrium value. Energies shifted-+348
En.

X324~ bond length at infinity. The bonding can be described
by the vbL icon (12).

2s
B(P)

BCP)

The in situ B finds itself in the AI1, (3B,) state with the
Mg in its ground!S state; however, as seen in Figure 4, it
correlates to B(X3%y") + Mg(*S). The bonding is due to a
transfer of about 0.7 efrom the 3%(2a?) pair of Mg to the
empty 2p orbitals of B atoms (“in-plane’y character), with a
concomitant back transfer of 0.1 and 0.2 feom the 2p%(h;)
single electron and-2<(b,) pair of the B moiety to the 3p
and 3p empty orbitals of Mg, respectively; see diagram 12.
Thus, a net charge of about 0.4 s moving from Mg to B.
With respect to B(X3%g™) + Mg(*S), the MRCI-Q) binding
energy is 41.7(43) kcal/mol. The MRCI-BB bond distance

andOBMgB angle increase by 0.06 A and 0.5 deg as compared

to the XA, state.

Figure 5 shows the potential energy profile of {8 astate
with respect to thé1BMgB angle. The corresponding linear
structure BMgB offZ,~ symmetry is (accidentally) degenerate
to the'Aq structure, which correlates tolX, (vide supra), with
a barrier to linearity of 74.5 kcal/mol. The population analysis
(Mg/B) 382302303 V25620 *2p0*2p(** supports
the vbL icon (13).

b3=~ (MgBB). This is the second excited state of Mg@r

J. Phys. Chem. A, Vol. 109, No. 47, 20080671

(13)

B(P; M=%1) Mg('S) B(P; M= 1) 22°24(1)

the molecule can be thought of as either MgBI(¥ + B(2P)
or Mg(*S) + By(X3%47); the corresponding potential energy
profiles are displayed in Figure 6. At the MR&IQ) level, the
dissociation energies with respect to MgBB or Mg + B, are
84.5(85) and 31.7(33) kcal/mol, respectively.

This is a truly multireference state as is evidenced from the
leading CASSCF configurations
6°S" O~ [0.69(16°20%30%) — 0.47(0°20°40%) 1, L, ! +

(16°20°30"46")[0.37 (17, 1, ") + 0.26(1r, 17, )]0
With the help of the Mulliken CASSCF atomic populations
351.0%p(ZJ.SJSR(z.OJSR(/).01/251.332p(z).93zn(<).492R,0.49/281.362p(z).712p)(z.SOZFf,.SO

the bonding can be captured by the vbL graph (14).

(14)

Mg('S) B(P;M=t1) B(P;M=71) Bz

A total of 0.4 € are transferred from Mg to Balong theo
frame, about 0.3 eto the central B atom and 0.1 do the
second B directly linked to the central B atom.

The MRCIHQ)[RCCSD(T)] atomization energy with respect
to Mg(tS) + 2B(?P) is 97.3(98)[96.4] kcal/mol. Perhaps it should
be mentioned at this point that the RCCSD(T) calculations were
based on CASSCF orbitals. Finally, the bond distarggss
andrg-g are shorter by 0.12 and 0.02 A as compared to the
free MgB(X?IT) and B(X3%47), respectively.

5>~ (MgBB). This linear high-spin excited state is located
12 kcal/mol above the A state and just 1 kcal/mol higher
than the BS~ state at the MRCI or MRCHQ level. However,
at the RCCSD(T) level of theory, thé® and €X~ states are
degenerate; therefore, the labeling of faz state as “c” is
only formal. Similar results are reported in ref 8. As expected,
this state has a single reference characteP>z 0 =
~0.96 1022023040 LM, *[) which in conjunction with the
Mulliken atomic populations (Mg/B/B)

351013p2543g(20]3r£01/251302p2982p2482R(/)48/
251.322pg.722p2.512R(/).51

points to the following vbL bonding diagram:

- MgB—B (15)

Mg(’P; M=0) B(’P; M=%1) B('P; M=%1) rACY)

Note that, similarly to the ¥~ state, the in situ Bmoiety is
in the3%,™ state, but the in situ Mg atom is excited to ff&3s-
3pt) term. Nevertheless, by pulling apart the Mg atom, i.e., Mg
+ By, the = correlates to the first excited state of(8>")

the ground state of the linear MgBB isomer, located 11 kcal/ + Mg(1S); see Figure 6. Imagining this state as formed from

mol above the (formal) ground state!4,. The formation of

MgB + B, i.e., by pulling away the terminal B atom, thieSc
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transferred from Mg to B 0.6 € are moving from Mg to B
. . through theo(a;) plane (2 € — 3 centers), while about 0.2°e
| MeBCIDFRCE). are back-transferred through the(1 e — 3 centers) plane
‘ . ando(by) bond.
‘ / The MRCIHQ) atomization energy with respect to M§j
MgBCYT) + BCP) + 2B(3P) is 95.5(97) kcal/mol. In comparison with the ground
L B i state, the Mg-B distance increases by 0.13 A, while the-B
0.88 4 i 4 one increases only slightly.
| ! BA(MgBB), €I1(MgBB). The fifth and seventh excited states
'| | | have linear geometry; they are of symmetridsand®IT and
|| are located 26 and 30 kcal/mol above the ground state,
respectively (Figure 3). Their leading CASSCF equilibrium
0929 || configurations and atomic Mulliken population are (Mg/B/B)
L B(a'x,) +Mg(S) | |B*A,C= ~[[0.56(10°20°30%) —

/ 7| | bl L L] 2 2 _ 2
004 1 S H_\t\':EE"JII\-'Tg[S; e 0'35(30220240 N7z, — 17,0

1 1f ¥

f ? 351133pg423R(3023F{/102/251352p2862d2522r£52/
'/ ' 28 STop ooy 4epp 0

-0.84 4

Energy (E,)

-1.00

|&0,0= ~ 1/+/2|[0.90(16°20%30") —
! T 0.19(10%30"40"))(1t, 1r,” + 1,21, )0
r(bohr)

) 3 1130-0730.073 0.16/5 1185 0.645 0.515 11.0%
Figure 6. MRCI potential energy profiles of the’b~ and €=~ states RSBy P eB Ry

of MgB, keeping the B-B or the Mg-B distances at their equilibrium 231'242pg'672p2'412p§,)'78
values. Energies shifted b¥248 Ej,.

10 12

The bonding character of both states is captured by the vbL
state correlates to the!ld state of MgB (diagram 4)- B(%P; diagrams 17 and 18.

M = +1); see Figure 6.

With respect to the first channel, M) + B,(&®X"), the
adiabatic binding energy B = 35.2(37) kcal/mol; diabatically,
namely, MgéP) + Bx(X3Z"), De = 90.7(92) kcal/mol at the
MRCI(+Q) level. With respect to the second channel, MgB- ! — . =1
(bIT) + B(%P), De =103.3(104) kcal/mol. Me(S) B(EM=:D B(EM=S) B AQ)

AlB; (BMgB). Formally, this is the fourth excited state and
the third of Cy, symmetry, lying 12.6(12) kcal/mol higher than

= Mg—B—B: @

< . L = Mg—B TV (18)
the X'A; state. Its energy distance from the=c is just 0.7 &=
kcal/mol but by adding the Davidson correction these two states . ) , .
become degenerate; see Table 5 and Figure 3. Mg(S) B(P;M=0) B(P;M=%1) eII(1)
The most important CASSCF configurations and correspond- . o . L~ .
ing Mulliken atomic densities (Mg/Bt+ B) are as follows: From diagram 17, it is obvious that in the'/8 state its

“natural constituents” are Mg8) + Ba(b*Ag; Scheme 8). One
~1 2m. 241 — 14, 2 2.7 1 7z bond (B-B) and twoo bonds tie the molecule together, giving
IA'B, = ~13°24,"35,1(0.88)1"1b," — (0.27)43"1by 0 rise to an atomization energy of 81.9(84) kcal/mol at the MI)?&CI-
(+Q) level. Note that the BB bond distance [1.607(1.610) A]
3§'O%pg'403p3'033R9'07/ in the B'A state is practically the same as the bond distance of
(251-592p§-432R?-58)(2pg-38)(231-142g8-512p2-10)(2p2-05) the free B in the BA, state [1.617(1.618) A], as the vbL
diagram (17) suggests.

As in the case of thé 3, the wave function of the 1B, In the €11 state, the central ir_1 sit_u B atom is in_ its first excited
state at infinity can be described by the prod{Mg(:S)dx *P(232p) state; therefore, the in sitw,Bnolecule is in théll,-
IB2P)Ox |B(2P) but the in situ Mg atom is in its first excited ) state (not included in Table 3). From vbL diagrams 1? and
state 3P(343pY). The molecule can be thought of either as Mg- 18, it is suggested that the M@ and B-B bond lengths in
(3P) + By(X3%,") or as MgB + B(?P). The bonding is the @H state should be shorter thar_l the 09rrespond|ng ones in
graphically shown in diagram 16. A total of about 0.4 a&re the B'A state. The MgB o bond in the"@1 state should

decrease, because the M) atom faces a more “exposed”

B(*P) atom, and this is indeed what is observed: The-g

and B-B bond lengths are shorter by 0.15 and 0.09 A in the

&1 state as compared to thé/Bstate. These differences are

in agreement with the observed ones in the appropriate states
(16) of the free MgB {=(3), X?[1] and B; [*I14(2), b'Ag] molecules.

Finally, the atomization energy of tiélé state with respect to

the ground-state atoms M) + 2B(°P) (asymptotic products)
is 78.3(79) kcal/mol.
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#3B,(BMgB), T3A1(BMgB), and"§A(BMgB). These are the
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last discussed states in the present work; they are of V-shaped N
geometry located 29, 31, and 32 kcal/mol above thapstate AN
(Table 5, Figure 3). Their leading equilibrium CASSCF CFs, -~ Do
Mulliken populations, and bonding vbL graphical representations .\ \ ’ -/.
follow: N N, )
~ P G I {
|6°B, = ~|[0.88(13%2a,3a,") + : pat A
0.22(13%3a,'4a,2)]1b,21b,'0 . PN \
§-0230.113 0.243 0.0/ .68 0.925 1.0 1.5 " T 'D, \l*" T "
3s-2%3p) 1 3p 3 *(25 2, 21 *) (2 ) S
\ /

B(P) B('P)
%A, 0= ~0.921a,°2a,°3a,"4a,'1b,"0]

3S'l.103@453@()003@)08/(251732@3%@[1(‘)(2@30%
@252 2 2R

A
|6°A, = ~0.921a,%2a°3a,"4a,'1b,"1b,'0
3S1163p(z)403g(()033R(l)03/(251732p;.362R/114)(2g(()92)

B(P)

B('P)

Diagrams 19 and 21 show that the two in situ B atoms are
nonequivalent, one in the grountPj and the other in its first
excited*P state. But obviously, they should be equivalent on
account of symmetry; the mirror images with respect to a
symmetry plane bisecting the B\B angle ensure th€&€,,
symmetry invariance. Note also that, in thitAg state, two of
the in situ atoms, the (unique) Mg and “one” of B atoms are
excited.

Approximately 0.5, 0.3, and 0.3 are transferred from the
Mg atom to the B moiety in the dB,, T3A;, and §A, states,
respectively. It is interesting that the-B distance in the #B,
and @A, states is the smallest of all the MgBtates presently
studied, about 0.1 A shorter than the freg)8=,7). Finally,
the adiabatic MRCH-Q) atomization energies with respect to

Figure 7. Projection of the crystal structure of MgBooking from
above and along theaxis (P/mmn), ®—@ (Mg—Mg) = 3.08 A,0—0
(B—B) = 1.78 A, @—O(Mg—B) = 2.50 A, IBMgB=¢ = 41.6".

Mg(!S) + 2B(EP)[FB,, T3A,] and Mg€P) + 2B(?P)[EFA,), are
79.3 (80), 77.2 (78), and 136.7 (137) kcal/mol, respectively.

Numerical results for the remaining 24 states presently
investigated are listed in Table 5, 6 of which are V-shaped, 8
linear of the MgBB type, and 10 linear of centrosymmetric
configuration, B-Mg—B. Two of the centrosymmetric struc-
tures previously describedAq and3%,~, are transition states,
but we did not try to calculate frequencies for the remaining 10
B—Mg—B states.

4. Summary and Remarks

Motivated by the recently discovered high superconducting
transition temperaturé. = 39 K of crystalline MgB, we have
examined by all-electron ab initio multireference and coupled-
cluster methods the isolated MgBA total of 36 states
(including some transition states) were calculated spanning an
energy range of 4.2 eV, all of which are bound with respect to
the ground-state atoms, M&) + 2B(P). In addition, we have
calculated full potential energy curves for 17 states of the
diatomic MgB. As far as we know, only 2 theoretical studies
exist in the literature on MgB314while experimental results
are completely lacking.

Focusing on the triatomic MgB our most import findings
can be summarized as follows.

(a) Although formally the ground state is &, symmetry,

a strong contender is38; state differing in energy by less than
1 kcal/mol, Te = 0.79(0.3) kcal/mol at the MRCKQ) level. In
other words, théA; and3B; states are degenerate within the
accuracy of our calculations.

(b) In all states, about 0.2 to 0.6 electrons are moving from
the Mg atom to the in situ Bmoiety.

(c) The next V-shaped state 18y) is located 12 kcal/mol
above the XA;, while two moreC,, states (8B, T5A,) are
well-separated from the ground state, located about 30 kcal/
mol higher.

(d) The bonding in most of the MgBstates studied here,
but in particular the V-shaped ones, is quite unconventional
because of the extraordinary bonding agility of the B atom and
the ensuing unusual distribution of the active electrons on the
B, molecule.

(e) Schematically, the spatial arrangement of the atoms of
crystalline MgB (space groupP6/mmmn) is shown in the
projection in Figure 7, looking down and along the (uniqae)
crystallographic axis. The top plane is formed of My Gtoms,
and the plane underneath of B atom¥.(The three atoms of
the MgB; units are in special crystallographic positions, namely
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(0, 0, 0), &3, %3, 115), and /3, Y3, 1/,) corresponding to Mg, B,
and B atoms, respectively (see also ref 3).
From Figure 7, we observe that the solid structure is

Tzeli and Mavridis

(6) V. Grignard received the Nobel Prize (1/2) in 1912, for the
discovery of the so-called Grignard reagent which in recent years has greatly
advanced the progress of organic chemistry. In 1976, the Nobel Prize in
chemistry was given to W. N. Limpscomb, Jr., for his studies on the structure

composed of identical isosceles triangles; therefore, relevantof boranes illuminating problems of chemical bonding. H. C. Brown was

states of a single (isolated) MgBnolecule (and excluding
higher states) can only be the two practically degenerage X
and @B, states.

Mg—B and B-B distances are larger in the crystal structure

as compared to the isolated molecule by about 0.25 and 0.20

A, respectively. Remarkably, however, tAi8MgB (=¢) angle
is identical in the solid statep(= 41.6") and in the XA (¢ =
41.1°) or @B1(¢ = 41.6’) molecular state.

(f) Our calculations indicate that electrons are fed copiously
from the Mg layers to the B layers. We dare suggest that in the
crystalline environment each Mg atom can lose up to one
electron or more, transferred to two equivalent B atoms. Our
bonding analysis of the 3, and &B; states points t@ (in-
plane) andr (out-of-plane) bands in the solid phase. In the latter,
the superconductivity is allowed by both perpendicutab@nds)
and parallel ¢ bands) bands to the boron she&ts.

Obviously, the connection of an isolated species (here, )gB
to the relevant polymeric crystal (here, (MgB is far from

trivial. We hope however that the present study and analysis

can be of some help for the better understanding of this very
interesting material.
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