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A survey of the low-lying states of the MgEand MgBB molecules is made, and it is found that different
levels of theory lead to different calculated ground states. By employing high-level, up to RCCSD(T)/aug-
cc-pCVQZ, ab initio calculations, we conclude that the lowest energy structure is a T-shipestate, but

that there is @3, state lying within 1 kcal mol* higher in energy, wittF=~ and >3~ MgBB states lying

~12 kcal molt above that. The ground state is confirmed at the CASB@RCI+Q level. We also calculate
AH{MgB2(X*A1)], obtaining a value of 194 5 kcal mol ™,

I. Introduction triplet or singlet states are possible; and finally singlet states

o e 0
MgB, was recently discovered to exhibit superconductivity are expected from the Mg/B,*~ combination. In addition, it

at 39 K} and much theoretical work has been undertaken to is. po§sible t_hqt the 2pprbita| may be‘?".”.’e invol\{ed in the
characterize the electronic structure of the sélid.addition, diboride moieties, leading to the possibility of quintet states.

there is a push toward the efficient in situ growth of thin films e note that recently, Erkdchas studied the magnesium
of MgB, for high-technology applications, as discussed in ref diboride molecule using the PM3, RHF, MP2, and B3LYP
3. To understand better the deposition process in growing thin Methods; the basis set employed was 6-31G*. It appears only
films, it is useful to have probes of the species concentrations c/0Sed-shell singlets were considered and that both linear and
as functions of the various variables (temperature, pressure, etc.)PENt Symmetric structures were obtained, with the bent structure
and one of the most useful techniques to obtain this information being the lowest in energy. Both of these states exhibited real
is optical emission spectroscopy, in its various fofmEhis harmonic frequencies, suggesting each was a minimum.
technique allows the remote sensing of the species in the reaction !t iS the purpose of the present work to perform a more
region, and careful measurements and calibrations can lead tcomPplete survey of the various electronic states that may arise,
absolute concentration profiles. Of course, to be able to employto determine their energetic ordering and also to consider both
the technique, one must have a knowledge of the emissionMdBB and BMgB orderings of the atoms.

spectrum of the various species to be monitored, and Amoruso ) )

et al. have used atomic emission lines of Mg, Vignd B in II. Calculational Details

order to investigate the plasma produced by the laser ablation g3 yp/6-311G(3df) optimizations and harmonic vibra-

of MgB, under various condition? As yet, no monitoring of tjonaj frequency calculations were initially performed; a larger
MgB nor MgB; species appear to have been made, presumablyange of states was studied at the MP2/6-8G{3df) level. The
since no electronic spectroscopy of these species is known, t0ree |owest states at the MP2 level were then studied at the
our knowledge. Another means of understanding thin-film ociSD/6-311-G(3df) and CCSD(T)/6-31£G(3df) levels of
growth is thermodynamiesboth the thermodynamics of the gas-  theory. All of the above calculations were performed with
phase species as well as the thermodynamics of the growthgayssiarf, and the frozen core approximation was employed
process itself.We aim, in this work, to address the first question for the correlation treatments. Unrestricted electronic wave
for the spectroscopy of MgB namely, what is the electronic  fynctions were employed in open-shell cases, Bfdvalues
ground state. Second, we wish to establish the heat of formationg, e reported in cases where the spin contamination was high.

of the MgB, molecule. . — We then moved onto a larger basis set. For boron, we
To answer these questions, the possibility of MgB_B as well employed the standard aug-cc-pVQZ basis set. For magnesium,

as BMgB structures must be addressed and, owing 10 thehe cc-pVQz basis set was employed and was augmented with

possibility of ionicity, the states arising from Mg/EMg™/B,", a set of diffuse spdfg functions, with exponents as follos:

and Mg*/B,?>~ need to be considered. Since Bas a’Ty~ = 0.01,¢, = 0.008,Cg = 0.03,; = 0.05, andk, = 0.08—these

ground state, and Mg has'& ground state, then this leads to were simply obtained in an even-tempered way from the

the possibility of triplet states; B is expected to have &1 corresponding most diffuse function in the cc-pVQZ basis set,
ground state, and when coupled with figestate of Md, then with a factor of 3. The total number of basis functions was 244,

and for simplicity, we refer to the molecular basis set as simply
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TABLE 1: Geometries, Harmonic Vibrational Frequencies, Atomic Charges, and Spin and Relative Energies for Magnesium
Diboride: B3LYP/6-311+G(3df)2 Calculations”

geometry
state configuration Ree Res or vibrational frequency (crrt) charge; spin BC
BMgB(°Z4") +++(Lg)3(2my)? 2.184 180.0 (61,10%); 41804; 5930, Mg(0.73;0.66); 96.7
B(—0.37;0.68)
BMgB(:Z,") 2.536 180.0 65,; 3030y, 4150, Mg(0.62); 84.4
B(—0.31)
BMgB(y) +++(Lg)? 2.402 180.0 (43,63),; 2780¢; 3900y, Mg(0.64;0.08); 84.1
B(—0.32;0.96)
BMgB(®B>) e (2b) (1)t 2.402 179.9 43; 2780; 3900 Mg(0.64;0.08); 84.1
B(—0.32;0.96)
MgBB(*=*) 2.226 1.623 180.0 (138B4)7; 3670; 1040 Mg(0.29); B(0.01); B(-0.29) 34.8
5A; +++(3p)Y(2by)* 2.546 1.488 34.0 426,; 291a; 1337a Mg(0.28;0.70); 28.4
(7a)*(8ay)* B(—0.14;1.65)
MgBB(°Z") +++(80)Y(27)%(%0)t  2.265 1.546 180.0 140 3860; 12170 Mg(0.19;0.88); 8.6
B(—0.16;1.40);
B(—0.03;1.73)
Ay 2.199 1.547 41.2 447a1130a; 487h Mg(0.35); 8.5
B(—0.17)
MgBB(®2") -++(27)? 2.254 1.563 180.0 130 3840; 1159 Mg(0.22;-0.73); 7.3
B(—0.12;1.23);
B(—0.11;1.50)
3B, (2by)Y(7a)t 2.254  1.604 41.7 328p443a; 1003a Mg(0.41;0.00); 0.0
B(—0.25;1.00)

arin A;0 in°. ® Symmetries of the vibrational modes are given after the numerical valoecal mol?

boron and all but the 1s electrons of Mg. For boron, the basis T-shapedA; structure becoming the lowest in energy, followed
set was the standard aug-cc-pCVQZ basis set, for magnesiunmby the open-shelfB; state T-shaped structure. TRE™ state

the basis set employed was the “aVQZ” one noted in the now lies lower in energy than th&~ state, and again there is
preceding paragraph, augmented with tight functions as fol- a large energy gap before the other states. Again the linear,
lows: four s ¢ = 20.25, 6.75, 2.25 and 0.75); four g € closed-shell MgBB and BMgB states lie high in energy. We
135, 4.5, 1.5 and 0.5); two & (= 4.0 and 1.0); one fJ = refrain from further analysis of all of the states considered, but
1.5); and one gJ = 1.5). These basis functions are even- simply report the results in Table 2.

tempered and were obtained by inspection of other cc-pCVQZ |t is important to note that we have not undertaken to calculate
basis sets and noting the range of the exponents. This resultedne position of every low-lying state of magnesium diboride
in 344 basis functions, and for simplicity, we refer to the ;¢4 establish the ground state. Thus, for example, there will

molecular basis set as aCVQé;rlgthe below. s be an open-shellB; state with electronic configuration
Finally, we performed CASSCFand CASSCEMRCI™ ~++(2by)}(7a)t, which will lie above the®B; state (by Hund’s

calculations with the aVQZ basis set, using the method as jas) "hut it is unclear whether it lies above or below e

implemented in MOLPRG: state. In addition, there will be low-spifE~ and 1=~ states
arising from the-++(80)%(27)3(90)! configuration. In addition,
otherA andX states also arise from this configuration, and there
B3LYP. The results of the B3LYP optimizations and will be interactions between states of the same symmetry. Our
harmonic vibrational frequency calculations are given in Table aim here is not to characterize every low-lying state but to
1. Interestingly, these led to the conclusion that the T-shaped establish the lowest lying state, and hence we concentrate on
3B, state was the ground state, arising from-€2by)}(7a)* the lowest-lying states that arise from the lowest-lying configu-
configuration. The spin density suggests that this state has therations.
character of M¢iS) interacting with B(3Z4™), but the Mulliken
charges indicate that there is significant covalency. The next
highest state is the linear MgBEE~ state arising from the
-++(27)? configuration. The spin density in this case suggests
that this state has a significant contribution from \&p)
interacting with B~(*[1,), with again the Mulliken charges
indicating significant covalency. The closed-shell, symmetric
BMgB(*A,) state is calculated to lie 8.5 kcal mélabove the
3B, state and is covalent in nature. %~ state lies close in
energy to the latter state, and then a large gap occurs befor
the next states. We note that the symmetric linear BMBg)

Ill. Results and Discussion

Comparing our results with those of Erkbuwe find that the
present MP2 results are in agreement with the conclusion that
the lowest energy state is a T-shaped, closed-shell structure,
XIA1. The highest two of our vibrational frequencies of 441,
479, and 1105 cmt are in fair agreement with the values
obtained in ref 8, 329, 432, and 1007 chbut the lowest one
is not in good agreement. Regarding the MgB bond length, our
value here of 2.245 A is in reasonable agreement with Eskoc
value® of 2.263 A, and our bond angle of 4is the same as
Shat obtained in ref 8.

state lies over 80 kcal mot higher in energy than th#; state ‘QCISD and (R)CCSD(T) Calculations.The three lowest-

at this level of theory, with the asymmetric MgBB line+  1ying statesiA,, °By, and®™, were also studied at the QCISD/
state lying at~35 kcal motL. Note that ErkoBonly appears ~ 6-311HG(3df) level of theory, and the results form part of Table
to have considered symmetric, closed-shell structures. 3. As may be seen, ti#; state is now calculated to lie lowest

MP2. We now move onto the MP2/6-3315(3df) calcula- N energy, with the'A, state lying 4.4 kcal mof higher in
tions, shown in Table 2. It may be immediately seen, by €nergy; the’X™ state is close to théA; state.
comparing the lower parts of Tables 1 and 2, that the energy  Performing CCSD(T)/6-3:G(3df) calculations, we find that
ordering of the lowest states has changed, with the closed-shelithe 1A, state becomes the lowest in energy again, withPie
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TABLE 2: Geometries, Harmonic Vibrational Frequencies, Atomic Charges, and Spin and Relative Energies for Magnesium
Diboride: MP2/6-311+G(3df) Calculations?

structure; geometry vibrational q o
states configuration me Res o/° frequency (cm?) Mg B Mg B Eef
BMgB(°Zg™)  -+(Lmg)?(271,)? 2.089 180.0 158,;50104;65%, 1.37 —0.68 —-0.24 2.12 126.4
BMgB(CZ, )  ++(Lmg)3(2m)t 2.386 180.0 62,6%,;26404;3940, 0.65 -0.32 —0.05 1.02 97.1
BMgB(*Zg")  +++(50¢)H(4ou)? 2,514 180.0 78,; 3260y, 4470, 0.81 -0.41 95.3
BMgB(Ilg)  --+(4ou)Y(2m)t 2.380 180.0 (125;454); 355045;510, 0.55 -0.27 —0.06 1.03 93.9
B, s (2by) (1)t 2461 1.757 41.8 38fy; 496a;2086a 0.56 —0.28 -0.72 1.36 86.2
BMgB(*Zg")  ++(Llmg)* 2.347 180.0 152, 3670y; 7080, 1.24 —0.62 0.00 0.00 76.1
BMgB((Zy™)  +++(504)%(27y)? 2.253 180.0 148, 39%y; 61, 0.58 —0.24 0.72 0.64 72.0
BMgB(Zy) ++(504)%(1rg)? 2.292 180.0 22%,; 3840y; 6040, 0.73 —0.36 —-0.01 1.00 70.4
5B: ()} (2b) (7)) (4b)t 2.343 1.660 415 37%p407a; 974a 0.53 -0.27 —0.62 231 69.5
BMgB(*Ag)  -++(50g)%(Lrg)? 2.318 180.0 (168;204),; 357045910, 0.69 —0.34 0.00 0.00 68.9
MgBB(*=*) 2.016 1.475 180.0 98 5260; 1265 0.45 —-0.20,-0.25 0.00 0.00,0.00 59.6
5B, () Y(6a) (7a) (Bay)t 2.365 1.495 36.8 283h383a; 1301a 0.51 —0.25 1.13 1.44 52.2
BMgB(*A;)  (became linear) 2.222 180.0 (296;309p270; 7080, 0.83 —0.42 0.00 0.00 43.2
SAL ++(Bay)(7a)! 2.022 1586 44.8 65Qa716k; 1064a 0.58 0.29 0.51 0.75 36.0
5B: +(2by)Y(6ay) (7)) (Ba)t 2.412 1.632 39.5 368a533k; 1008a 0.55 —0.28 112 1.44 32.0
MgBB(II)  -++(80)%(27)® 2.386 1.494 180.0 38M,; 496a;2086a 0.38 —0.37,-0.01 —-0.08 0.26,1.81 30.1
5A; () Y(2by) Y (7a)(Ba)t 2.490 1.497 35.0 355a1318a;3464a 0.33 -0.17 0.60 1.70 25.1
MgBB((Z7)P  --+(27)2 2.267 1.556 180.0 168 4040; 1213 0.31 -043,0.11 -0.92 1.17,1.75 7.7
MgBB(°Z™)  -++(80)%(27)%(90)* 2.270 1.550 180.0 167 401o;1228» 0.28 —0.42,0.14 0.86 1.36,1.78 6.3
3By oo+ (2by) Y (7a)* 2270 1.626 42.0 412a963h; 1037a 0.50 —0.25 —0.78 1.39 2.0
A, 2245 1574 41.0 453p493a;1073a 0.53 —0.26 0.00 0.00 0.0

2 kcal mol?, ? (= 3.00.¢ [$?J= 2.71.9 Symmetries of the vibrational modes are given after the numerical value.

TABLE 3: Geometries, Harmonic Vibrational Frequencies, Atomic Charges, and Spin and Relative Energies for Magnesium
Diboride Employing QCISD and CCSD(T) Calculations

structure; geometry vibrational q o
states configuration e Res or° frequency (cm?) Mg B Mg B Ere
QCISD/6-311G(3df)
53 ++(80)Y(27)%(%0)t  2.270 1.553 180.0 1660 39%; 12170 0.28 —0.42,0.14 0.86 1.36,1.78 5.0
A, 2.213 1.562 41.4 442pA75a; 11158  0.53 —0.26 0.00 0.00 4.4
3B, - (2by) Y (7ay)t 2.268 1.624  42.0 364p441a;986a  0.50 —-0.25 -0.78 1.39 0.0
CCSD(T)/6-31#G(3df)
53- -+(80)}(27)90)t 2.270 1560 180.0 158 394s; 1191y 10.7
3g,P +(2by)Y(7a)t 2269 1.625 420 283p443a;979a 1.4
1A, . 2225 1574 41.2  443p479a; 11053 0.0
RCCSD(T)/ avQZ
33 2 2.263 1.556 180.0 11.9
53 -+(80)}(27)%(90)t  2.270  1.556  180.0 11.8
3B, -+(2b)Y(7ay)t 2274 1616 416 1.2
1A, 2.224 1.560 41.1 0.0
akcal mol?. b [B[0= 2.71.¢ Symmetries of the vibrational modes are given after the numerical value.
state rising in energy compared to both t#g and the®B; TABLE 4: Relative Energies (kcal mol?) from Single-Point
state-see Table 3. RCCSD and RCCSD(T) Calculation$
We did not study théX~ state using UCCSD(T) or UQCISD, RCCSD(T)/
owing to the high spin contamination detected at the UMP2 RCCSD/ RCCSD/ RCCSD(T)/ RCCSD(T)/ aCVvQz
level; however, RCCSD(T) calculations were performsde state avQZ aCvQZ  avQz aCvQz energy/
below. 3IT- 129 13.6 11.9 12.8  —249.363625
RCCSD(T)/avQZ optimizations were then performed on 52~ —0.4 -0.4 11.8 12.6  —249.364048
these states, and as may be seen from Table 3, the orderinngl 37 -4l 12 14 —249.381839
remains the same as at the CCSD(T)/6-8GL3df) level, and ! 0.0 0.0 0.0 00  —249.384060

the energy separations remain very similar. We report the 2All performed at the RCCSD(T)/avVQZ optimized geometry.
relative energies additionally in Table 4, together with the
RCCSD relative energies. aCVQZ basis sets. Thus, high order electron correlation is
Finally, we not only performed single-point RCCSD(T)/ critical in the determination of the energy ordering.
aCVQZ calculations on the same three states but also included From the close agreement of the RCCSD(T) relative energies
the --+(27)2 3=~ state, employing the RCCSD(T)/aVQZ geom- employing the 6-31+G(3df), aVQZ, and aCVQZ basis sets,
etry, with the RCCSD and RCCSD(T) relative energies shown we feel confident in concluding that the final energy ordering
in Table 4. As may be seen, for the lowest three states, theis correct and that therefore the ground state of magnesium
relative energies agree closely at the CCSD(T) level with the diboride is ¥A;—i.e. a T-shaped molecule &, symmetry.
avVQZ and aCVQZ basis sets, but the RCCSD(T) relative The?3B; state lies only 1.4 kcal mot (T, = 490 cn1?) above.
energies are very different from the RCCSD ones, and the Multireference Character. From the RCCSD(T) calcula-
RCCSD energy ordering is different with the aVCQZ and tions, an estimate of the multireference character of the lowest
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TABLE 5: Relative Energies (kcal mol1) from Single-Point
Multireference Calculations?

state CASSCF CASSCGRVIRCI CASSCF-MRCI+Q?
52 7.9 12.5 12.4

33 5.9 11.2 114

B, 24 0.9 0.4

1A; 0 0 0

a All performed at the RCCSD(T)/aVQZ optimized geometr)
denotes the multireference variant of the Davidson correction for
guadruple excitations.

states could be deduced from the T1 diagndstithe values
obtained were as follows: 0.0396 for théA¢ state, 0.0256

for the 3B, state, 0.019 for theX~ MgBB state, and 0.0645 for
the 3=~ MgBB state. Thus, there is some indication of a
reasonable amount of multireference behavior present in the
closed-shell ground state and particularly the open-shsll
state. Consequently, we performed single-point CASSCF/avQZ
and CASSCHMRCI/avQZ calculations at the RCCSD(T)/
avVQZzZ optimized geometries for the four lowest states. In
addition, we also made use of the multireference version of the
Davidson correctioA’18 to estimate the effect of quadruple
excitations. The results are presented in Table 5, and it may be
seen that the same energy ordering forttheand3B; states is
obtained as at the RCCSD(T)/avQZ and RCCSD(T)/aCVvVQZ
levels of theory but that the energy difference is much smaller,
coming down to only 0.4 kcal mot at the CASSCFMRCI+Q

level of theory. We also note that tRE~ and>~ states change
their ordering.

We note that the small energy difference betweenlthe
state, and théB,, plus consideration of zero-point vibrational
energy effects, means that both states will be present in most
situations.

Heat of Formation. We calculate the heat of formation from
the atomization process:

MgB, — Mg + 2B

We employ the energy of MgiBX!A;) from the RCCSD(T)/
aCVQZ//RCCSD(T)/avQZ calculations, together with RCCSD-
(T)/aCVQZ energies of MdS) and BEP). We convert the
energy difference t\H2%8-15using standard statistical mechan-
ical procedures and employ the CCSD(T)/6-3TQ(3df) vibra-
tional frequencies. We then use the established®®-15values

for Mg (35.14 0.2 kcal mot?) and B(133.8+ 2.9 kcal mot™)
from JANAF to obtain AH; 2981MgB»(X!A1)] = 194.3+

2.9 kcal mott and cite a value of 194 5 kcal mol™ to include
residual errors in the calculations. This value is in good
agreement with the PM3 value of 191 kcal mbieported by
Erkog? although no details of the method employed were given
in that work.

IV. Concluding Remarks

Detailed ab initio calculations have shown that tbe MgB
molecule has a T-shape@,,, closed-shell ground state 1X;.
We note that lower levels of calculations lead to different lowest
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41°. The lowest energy asymmetric, MgBB, structure appears
to be a lineaPZ~ state at the RCCSD(T) level, lying just over
12 kcal moi™ (4400 cnt?) higher in energy; however, at the
CASSCH-MRCI+Q level, the3X~ state is the lowest energy
MgBB state. Somewhat fortuitously, we feel, EfRaeported

the same lowest energh; state for MgB at a much lower
level of theory. The zero-point energy correction implies that
the zero-point levels of theA; and the®B; states are very close

in energy.

On analyzing the electronic wave function, we find that the
bonding in the XA, state has a fair amount of covalent
character, as deduced from the charge and spin densities (vide
supra). Particularly, we note that the HOMO, thg 6&bital,
has contributions from the Mg 3s orbital and the B 2s and 2p
orbitals, with the dominant contribution being from the Mg 3s
orbital. The occupied orbitals below this are the 2nd 2b
orbitals, which are admixtures of the Mg,3md B 2p orbitals,
and the Mg 3p and B 2s orbitals, respectively. Thus, this
molecule is far from ionic. Note that we added diffuse functions
to account for this involvement of the Mg 3p orbitals in the
bonding.

We report aAH; 298-15value of 194+ 5 kcal mol* for MgBo-
(X*A1), where the error bar is conservative and includes cited
errors®in AH;2%15for B and Mg as well as covering residual
errors in the calculations and the approximate statistical me-
chanical treatment.

We finish by noting that we performed CIS/6-3%G(3df)
calculations at the RCCSD(T)/aVQZ optimized geometry but
that these had théB; (and its corresponding open-shéB;
state) lower in energy that tHé\; state. We conclude that CIS
calculations will not be adequate for this species and that detailed
calculations aimed at determining spectroscopic transition
energies will have to be of CASMP2 or CASSGF MRCI
quality.
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