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Abstract

The geometries and vibrational frequencies of MgO *, Mg,0*, and Mg;0* were calculated using high level ab initio and
density functional theories. Mg,0* (D..y, °S,} ) is linear while the planar T-shaped (C,,, 2B,) and Y-shaped (C,,, 2A,) Mg 0"
structures are essentially degenerate. MgO™, Mg,O* and Mg;O* have dissociation energies of: MgO™, 52.2 kcal/mol (into
O+Mg™); Mg,0*, 93.4 kcal/mol (MgO+Mg*); and Mg,0 ™, 46.8 kcal/mol (Mg,0* +Mg). Our results agree well with
the relative intensities of these cations in the time-of-flight mass spectra reported in a recent experimental study.

1. Introduction

Castleman et al. [1-5] observed Mg,O™ and
Mg,O* cations in the gas phase recently, but not
Mg,0". These cationic clusters were produced by
vaporization of magnesium and subsequent reaction
with N,O introduced in the helium carrier gas.

The peak intensity observed for Mg,O* was unu-
sually high, which agrees well with our earlier theoret-
ical prediction of the exceptional stability of the neutral
Mg,O molecule [6]. The Mg,O molecule was com-
putationally found to be a linear singlet having a low-
lying linear triplet state. The calculated dissociation
energy of Mg,O into MgO +Mg is 75 + 10 kcal /mol
[6], which is close to the experimental dissociation
energy of MgO (80.7 kcal/mol [7]).

Castleman et al.’s Mg;O™ peak had substantially
less intensity, again consistent with the lower stability
of the neutral Mg;O molecule in our calculations. The
Mg,O molecule was predicted to have a triplet trian-
gular structure with the oxygen atom in the center.
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Mg;0 is thermochemically stable toward dissociation
into Mg,0 + Mg by 25 + 10 kcal/mol [6].

Finally a Mg,O* peak was not observed experimen-
tally, in accord with our predictions that this molecule
is only weakly bound. The Mg,O molecule was found
to be barely stable, with a dissociation energy into
Mg;0 + Mg of only 8 kcal/mol [6].

Although only cations can be detected in the exper-
iments of Castleman et al. [1], they pointed out that
their results imply that the neutral Mg,O and Mg,O
also are stable species. However, because experimental
data are available on cations and theoretical data had
been obtained for neutral hypermagnesium molecules,
we decided to carry out ab initio calculations on the
hypermagnesium cations Mg,0* and Mg,0 *, to make
comparison with the experimental data more direct.

2. Computational methods

We used the same computational methods as in our
previous work [6] plus density functional methods.



A.L Boldyrev et al. / Chemical Physics Letters 233 (1995) 266272 267

Table 1
Calculated molecular properties of the *I1; and ** states of MgO™*

Method 1, o
R.(A) w, (cm™") D, * (kcal/mol) IE® (eV) R, (A) w, (cm™ ") AE® (eV)

MP2(full) /6-31G* 1.844 751 425 7.8 1.740 824 1.0
QCISD/6-31G* 1.852 706 40.5 1.742 826 10
MP2(full)/6-311 + G* 1.854 755 410 8.0 1.755 801 1.0
Becke3LYP/6-311+G* 1.860 690 479 8.3 1.749 792 1.1
QCISD/6-311 +G* 1.863 695 39.1 79 1.755 799 1.0
QCISD(T)/6-311+G* 1.863 412 79 1.755 1.1
PMP4/6-311 +G(2df) 1.863 51.1 79 1.755 09
QCISD(T)/6-311+ G(2df) 1.863 49.7 7.9 1.755 0.9
CCSD(T)/6-311 + G(2df) 1.863 494 7.9 1.755 09
PMP4/6-311 +G(3df) 1.863 522 7.9 1.755 0.9
QCISD(T)/6-311+ G(3df) 1.863 522 79 1.755 09

* Dissociation energy into Mg™ +0O.

" IE calculated relative *I1; state of MgO and corrected to the 'S * state energy by adding experimental X 'S *—a *[T; energy separation (0.326

eV [19]).
¢ AEis the X *I1;-a*%* energy separation.

The geometries of the MgO™, Mg,0* and Mg,0*
cations were optimized employing analytical gradients
[8] with a polarized split—valence basis set at the SCF
level (UHF/6-31G* [9]) and at correlated MP2 (full)
and QCISD levels. For MgO™* and Mg,0, the geom-
etries were also optimized in a Jarger 6-311 + G* basis
set [10-12] at all three levels of theory. Finally, the
density functional method [ 13] with 6-311 + G* bases
was used for geometry optimization and frequency cal-
culations of MgO, MgO ¥, Mg,0, Mg,0*, Mg;0 and

Table 2
Calculated molecular properties of the *%. states of Mg,0™"

Mg,O*. These results are summarized in Tables 1-3
and Fig. 1.

The fundamental vibrational frequencies, normal
coordinates, and zero-point energies (ZPE) were cal-
culated by standard FG methods. Analytical second
derivatives were used at the UHF, MP2 (full) and den-
sity functional levels and numerical second derivatives
at the QCISD level. The QCISD/6-311+ G™* geome-
tries for MgO* and Mg,0* and MP2(full)/6-31G*
geometries of Mg,O" were used to evaluate electron

Method R, (A) n(ay) () n(o,) D,? IE® (eV)
(cm™") (em™h) (ecm™!) (kcal/mol)
MP2(full)/6-31G* 1.801 513 125 5014 94.4 6.6
QCISD/6-31G* 1.804 486 77 1044
MP2(full)/6-311+ G* 1.814 511 110 8519 91.9
Becke3LYP/6-311 +G* 1.805 476 144 872 94.2 6.5
QCISD/6-311 + G* 1813 472 104 1174 83.0 6.7
QCISD(T) /6-311 + G* 1.813 86.3 6.6
PMP4/6-311 + G (2df) 1.813 96.6 6.7
QCISD(T)/6-311+ G(2df) 1.813 92.6 6.6
CCSD(T)/6-311+G(2df) 1.813 92.2 6.6
PMP4/6-311 + G (3df) 1.813 975 6.6
QCISD(T)/6-311 + G(3df) 1.813 93.4 6.6

* D, calculated for Mg,0™ (*27 ) > MgO('S ) +Mg™ (S). See text for details.
® IE calculated relative Mg,O ("2, ) and corrected to the Mg,O('S," ) state energy by adding singlet-triplet splitting (0.2 eV).
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Table 3
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Calculated molecular properties of the C,,, Y (?A}), Cay, T (?B;) and D5, (*A}) of Mg,0*

Method vi(a)  m(a)  wmia)  we(b)  w(by) v (by) AE® D" IE (eV)
(em™') (em™')  (em”!)  (em™Y)  (em™!)  (em™!)  (kcal/mol)  (kcal/mol)
Mg,0* (C,,, Y, ?A))
MP2(full)/6-31G* 695 392 192 133 507 125 0.0 492 5.5
Becke3LYP/6-311 +G* 703 394 180 154 503 12 0.0 399 5.9
PMP4/6-311 +G* 0.0 45.8 5.6
QCISD(T)/6-311 + G* 0.0 472 5.6
PMP4/6-311 + G(2df) 0.0 45.6 5.6
QCISD(T)/6-311+G(2df) 0.0 46.8 5.6
Mg;0™ (C,.. T, *By)
MP2(full)/6-31G* 609 382 134 163 628 116 —2.1 514 54
Becke3LYP/6-311+G* 611 390 116 178 648 50 -09 40.8 5.8
PMP4/6-311 + G* +18 44.0 5.7
QCISD(T)/6-311+ G* +1.5 45.7 5.7
PMP4/6-311 + G(2df) +2.6 430 5.7
QCISD(T)/6-311 + G(2df) +2.3 44.5 5.7
Mg;0™ (Dyy, “Af)
MP2(full)/6-31G* 379°¢ 177°¢ 612°¢ 148 ¢ +2.0 472 5.5
Becke3LYP/6-311 +G* 381°¢ 206° 619° 146 ¢ +8.0 31.1 6.2
PMP4/6-311 + G* +7.6 38.2 59
QCISD(T)/6-311+G* +7.8 394 5.9
PMP4/6-311+G(2df) +8.6 37.0 6.0
QCISD(T)/6-311 +G(2df) +8.8 38.0 6.0

“ Relative energies with respect to C,,, Y (°A,) structure.
‘vi=w(2)), =1 (a3), v;= 1 (e') and vy =y, (&)

correlation in the frozen-core approximation both by
Mgller-Plesset perturbation theory to full fourth order
[14], by (U)QCISD(T) [15] and by CCSD(T) [16—
18] methods using the 6-311+G™*, 6-311 +G(2df)
and 6-311 +G(3df) basis sets. The UHF wave func-
tions for open-shell systems were projected to pure
spectroscopic states (PUHF, PMP2, PMP3 and PMP4
[19]1). All calculations were carried out with the
GAUSSIAN 92/DFT program [20], where the spe-
cific Becke3LYP functional { 13,20] is embodied.

3. Results

3.0 Mg* and Mg 5

Let us first consider the simplest cations Mg ™ and
Mg . At our highest level of theory (QCISD(T)/6-
311+ G(3df)), the ionization energy (IE) of Mg is
7.52 eV, which is very close to the experimental value

" Dissociation energy of Mg;O™ into Mg,0* + Mg.

of 7.644 eV [21]. AtPMP4/6-311 +G*, QCISD(T) /
6-311+G*, PMP4/6-311 + G(3df) and QCISD(T)/
6-311 + G(3df) levels; the IE varies by less than 0.1
eV. The Mg, dimer ('3, 162107) is known to be a
weak van der Waals complex with a large internuclear
distance R,(Mg-Mg) =3.89 A 122,23] and a small
binding energy, 0.05 eV [22,24]. The bonding 1o, and
antibonding 1o, valence MOs are fully occupied and
therefore this dimer is very weakly bound. We estimate
the IE energy of Mg, dimer using (double) the atomic
energy of an isolated magnesium atom and the 0.05 eV
binding energy. The Mg, cationhasa’s;) (102 10,)
ground electronic state with an equilibrium bond length
of R.(Mg-Mg) =3.065 A at the QCISD/6-311+G*
level; the harmonic frequency i1s 210 cm”™ ' At our
highest level, IE(Mg,) is found to be 6.2 eV
(QCISD(T)/6-311 + G(3df) ), substantially less than
IE(Mg) =7.5 eV, due to the antibonding character of
the 10,-HOMO in the Mg,. Because one electron is
removed from the antibonding MO, the formal result-



A.L Boldyrev et al. / Chemical Physics Letters 233 (1995) 266-272 269

Mg30+ (Cav.Y, 2A1)

Mg3O+ (Cay,T, 2B3)

Mg

1.940
(1.933)

Mg
Mg30+ (D3n, A1)

Fig. 1. Optimized geometries of the C,,, Y (*A,), Ca,, T (°B,) and
Da, (*AY) structures of the Mg;O™ cation (bond length in A and
valence angles in deg). Geometries at Becke3LYP/6-311 +G* are
given in parentheses. Other data are at the MP2(full)/6-31G* level.

ing bond order is 0.5, so the Mg; dimer should be
substantially more stable towards dissociation than
Mg,. Indeed, our dissociation energy is 33.3 kcal/mol
(at the QCISD(T)/6-311+G*(3df) level). Our
results on Mg, are in reasonably good agreement with
the findings of recent Ricca and Bauschlicher calcula-
tions: R,(Mg-Mg) =3.016 A, AG,,,=212 cm ™" and
D.=30.1 kcal/mol [25].

3.2. MgO*

We examined two X (10°17w*20" valence config-
uration) and 2[1; (16?17*20?) electronic states for
MgO*, both of which originate from the
% (10?1m* (207 + 307%) ) MO ground electronic state
of MgO. The 11, state was found to be the ground state
with R,(Mg-0) =1.863 A and w, =695 cm ™' at the
QCISD/6-311 4+ G* level. The 2 * state is the lowest
excited state with R,(Mg-0) =1.755 A and w,=799
cm ™" at the same level of theory. The I, - 2 exci-
tationenergy is 0.9 eV (0.84 eV [26]) at QCISD(T)/
6-311 + G(3df). Some spin-contamination was found
in both states: (S*»=0.759 (*%") and {(S*)=0.772
(2I1,) at the UHF/6-311 + G(3df) level. Results at the
Becke3LYP/6-311+G* level are very similar:

R.(Mg-0)=1.749 A and ©,=792 cm~' (*$*) and
R.(Mg-0) =1.860 A and w, =690 cm~' (*I1,). Our
best results are somewhat different from the findings
of Partridge et al. [26] who used SDCI calculations
with large atomic basis sets: R,(Mg-0) = 1.795 A and
w,=802 cm~' (°II,) and R,(Mg-0O)=1.700 A and
w,=902 cm ™! (32,7), as well as from the latest data
from the same group [27]: R, (Mg-0O) = 1.808 A and
@,=745 cm ! (*I1)). In Refs. [26,27], high levels of
correlation were employed, as in the present work.
However, the atomic orbital bases used there were
larger and more flexible than those we used. These basis
differences are likely the source of the different find-
ings.

While the bond length at the QCISD/6-311+G*
level for both the °I1; and *% * states differ by less than
0.015 A from those obtained with other correlated lev-
els and the Becke3LYP method, the harmonic frequen-
cies are more sensitive to the theoretical method (Table
1). When the same correlated method is applied, the
harmonic frequency does not change substantially from
the 6-31G* to the 6-311 +G™* basis set. However the
frequency is lower by 50 cm ! at QCISD than when
calculated with the MP2(full) method.

Because the 'X * MgO ground electronic state is not
well represented by a single reference configuration,
we estimated the IE of MgO by employing the proce-
dure of Langhoff et al. [28]. The triplet *II; MgO state
is reasonably well represented by a single configura-
tion, and therefore we calculated the IE of MgO by
adding the experimental X '>* —a’ll; energy sepa-
ration (0.326 eV [29]) to the total energy of MgQO
(a’ll;) calculated at the QCISD(T)/6-311+ G(3df)
level and subtracting from this value the total energy
of MgO™" (*I1;) at the same level of theory. The result-
ing IE(MgO) is 7.9 eV (8.09 eV [26]) somewhat
higher than the IE=7.5 ¢V of the magnesium atom.
We calculated the dissociation energy (D,,) for the I}
state of MgO ™ into Mg™* + 0O (52.2 keal/mol), which
compares well to the best Bauschlicheretal. [27] value
of 51.7 kcal/mol. There are two experimental dissoci-
ation energies for MgO* : Freiser and co-workers {30]
determined from photodissociation experiments
Dy =53.0+3.0kcal/mol and Dalleska and Armentrout
{31] obtained D,=57.7 + 2.1 kcal/mol from guided-
ion beam mass spectrometric studies.

Our theoretical dissociation energy of MgO ™ is only
somewhat less than the dissociation energy (D, = 60.1
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kcal/mol [6]) of MgO('S") at the same level of
theory. The latter value is substantially less than the
value of Dy,=280.7 kcal/mol of MgO('3 ") recom-
mended by Huber and Herzberg {7]. However, Huber
and Herzberg [7] pointed out that *‘the dissociation
energy of MgO (to Mg('S) +O(’°P)) is still quite
uncertain”’. Our Dy=159.2 kcal/mol of MgO is close
to the most accurate theoretical value D, = 63.4 kcal/
mol by Langhoff et al. [22]. The relatively small
decrease in the dissociation energy of MgO™* with
respect to that of MgO is consistent with our conclusion
[6] that bonding representations such as Mg=0 for
MgO are inappropriate. The singlet—triplet splitting is
small (0.326 eV [29]) in MgO, and the covalent cou-
pling of the second pair of electrons is very weak.
Therefore our computed D, = 52.2 kcal/mol of MgO*
(*I1;) is very close to the D,=52.6 kcal/mol [6] of
the triplet (*I1;) MgO state.

3.3.Mg,0*

The linear singlet Mg-O-Mg structure ('%;,
lo21lo21mi(20; +207)) is an absolute minimum for
the neutral molecule, while the corresponding triplet
structure (*%,, 103 107 1my20,420,) is only 3.5 kcal/
mol higher in energy [6]. Therefore the linear doublet
Mg-O-Mg™ structure (*3., loiloilmi20y) is
expected to be a global minimum for the cation. We
optimized the geometry and calculated harmonic fre-
quencies of %S Mg,0" at: UHF/6-31G*,
MP2(full) /6-31G*, QCISD/6-31G*, UHF/
6-3114+G*, MP2(full)/6-311 + G™*, Becke3LYP/6-
311+ G* and QCISD/6-311+G* (Table 2) levels.
At our highest level of theory, R.(Mg—O) =1.813 A,
which differs from the corresponding values from other
correlated methods by less than 0.01 A. However, again
the harmonic frequencies are very sensitive to the the-
oretical method. Moreover, we found symmetry break-
ing for the antisymmetric stretch vibration at all levels
of theory except for Becke3LYP/6-311+G*; the
vy(a,) is imaginary at the UHF/6-31G*, QCISD/6-
31G* and QCISD/6-311 + G* levels. While v3(o,) is
positive at the MP2(full)/6-31G* and at the
MP2(full)/6-311 + G* levels, its value is unrealistic.
The reason for the symmetry breaking problem in the
wave function is obvious. Because the oxygen already
has a full octet, the extra electron occupying the 20,-
HOMO must be located mainly at the ends of a mole-

cule with the same probability for both magnesium
atoms. However, the distance between the Mg atoms is
very large and a symmetry breaking solution with local-
ization of the electron at one Mg atom has lower energy
at the UHF level, as well for the methods based on UHF
(UMP2(full) and QCISD). The large CASSCF expan-
sion, or methods based on a CASSCF wave function
(e.g., CASSCF-MRCISD(Q)), should be applied for
proper description of the 1;3(o,) frequency. Another
alternative is a density functional theory. The value of
v3(0,) at the Becke3L.YP level is very reasonable, and
this methad is free from the symmetry breaking prob-
lem. The fully symmetric v, (o,) and bending »,(r,)
frequencies are also sensitive to the theoretical method
and basis set. Modest spin-contamination
({5%)=0.788) was found for Mg,0O " at the UHF/6-
311+ G(3df) level.

The two lowest dissociation pathways for
Mg,0* (°%; ) into MgO('%™") +Mg™ (*S) and into
MgO™ (°I1;) +Mg('S) have been examined. The dis-
sociation energy for the first channel was computed
employing the procedure of Langhoff et al. [28]. The
total energy of MgO('S ") was calculated by adding
the experimental X'Z*—a’[l; energy separation
(0.326 eV [29]) to the total energy of MgO(a’Il;).
The resulting D,(Mg,0*%) is 93.4 kcal/mol at the
QCISD(T)/6-311 +G(3df) level (the difference
between the total energies of Mg,O* (*Z. ) and the
sum of the MgO('=*) and Mg " (*S) energies gives
95.4 kcal/mol). The energy for the second dissociation
pathway is 102.5 kcal/mol at the same level of theory.
The energy advantage of the first channel is due to the
lower IE of Mg (7.5 eV) with respect to the IE of MgO
(79eV).

Because the 'S, Mg,O ground electronic state is
not well represented by a single reference configura-
tion, we estimated IE (Mg,0) using the total energy
of the triplet *3," state. The IE(Mg,0) is 6.4 eV at the
QCISD(T)/6-311+ G(3df) level, which must then be
corrected by 0.1-0.2 eV due to the lower energy of the
singlet state. The resulting [E of Mg,0, 6.6 eV, is lower
than the [E of MgO (7.9 eV) because of the antibond-
ing character of the HOMO.

34.Mg;0~

The Dj, (PA}) structure with the oxygen atom
located at the center is a global minimum for the neutral
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Mg;0 molecule [6]. The degenerate 2¢’-HOMO is
occupied by two unpaired electrons. Electron detach-
ment from either of the 2¢’-HOMO’s leads to Jahn—
Teller distortion of the symmetric Dy, structure in
Mg,O™* cation. Two possible structures C,,, T (°B,,
1a21b22a21b23a22b)) and C,,, Y (%A,, 1a32a1b?
1b?3af4a}) (see Fig. 1) should result. We therefore
examined three forms of Mg;0*: C,,, T (°B,), C,,, Y
(*A)) and Dy, (*A4, 1al?le*1a%?2a}' 2¢%) (Table 3
and Fig. 1). The latter high spin structure arises from
the ground Dy, (PAf) state of Mg;O when electron
detachment occurs from the 2a}-MO.

We found the C,,, Y (*A,) structure to be the global
minimum, but the C,,, T (°B,) and D5, (“A}) struc-
tures are both local minima. The relative energies of
the latter two structures are not high above the C,,, Y
(A} structure: 1.5 kcal/mol (C,,, T, *B,) and 2.1
kcal/mol (D, *Af, all at QCISD(T)/6-311+
G(2df) ). The spin contamination is small for the global
minimum C,,, Y (0.756) structure and for the Ds,
(3.752) structure, but is very high for the C,,, T
(1.696) structure at the UHF/6-311 +G™* level due to
the presence of a low-lying high spin Dj;, state whose
geometry is close to the C,,, T structure. However, spin
projection of the wave function of the C,,, T (*B,)
structure to the pure spectroscopic state at UHF, MP2,
MP3 and MP4 levels changed the total energy less than
1.5 kcal/mol. Because of the large spin-contamination
in the C,,, T (*B,) wave function and the small energy
difference between the C,,, Y (?A,) and Cy,, T (*B,)
structures, we are not able to predict the global mini-
mum structure with certainty. Both of these structures
might coexist in the gas phase.

The lowest energy dissociation of Mg;0™* (C,,, Y,
2A,) intoMg,0* (D.yp, °2¢ ) +Mg ('S) is 46.8 keal/
mol at the QCISD(T) /6-311 + G(2df) level. The next
dissociation channel into Mg,O (D.y, '35 ) +Mg*
(®S) is less favorable (D, =72.4 kcal/mol), because
of the IE of Mg,0O (6.6 kcal/mol) is substantially less
than the IE of Mg (7.5 eV). The IE(Mg,0), 5.6 eV,
is the lowest among the species studied here.

4, Bonding of the magnesium oxide cations
The natural bond orbital (NBO) atomic charges

[32,33] in MgO (Mg'?* versus O'°7) and MgO™
(Mg'®* versus 0%~ ); Mg,0 (Mg®® ™" versus O'* ")

and Mg,0* (Mg'** versus O'*7), and Mg,O
(Mg®¢* versus 0'¥7) and Mg,0" (Mg'®" versus
0'®7) demonstrate the electron detached from the neu-
tral molecules is detached from the magnesium atoms.
Hence, the ionization energies decrease along the series
7.9 eV (MgO) >6.8 eV (Mg,0)>5.6 eV (Mg;0)
within which the number of the magnesium atoms
grows. The dissociation stability of MgO ™ is decreased
with respect to MgO because an electron is removed
from a bonding MO. However, the decrease in disso-
ciation energy is low because the coupling between the
electrons in the double bond is weak. Mg,O* and
Mg;0 ™ are more stable than Mg,0 and Mg,0, respec-
tively, because in each case, an electron is removed
from an antibonding MO. Additional ionic interactions
contribute to the higher stability of the Mg,O* and
Mg,O™ cations as well.

5. Comparison with experiment

Castleman et al. [1] observed an unusually high
intensity Mg,O* peak in the time-of-flight mass spec-
trum. However, the height of the MgO* peak is approx-
imately the same as for Mg,0 ™. The intensity of the
Mg;O" peak was substantially less than the MgO™*
and Mg,0™ peaks. These experimental data are in qual-
itative accord with our computational results. The sta-
bility order of the neutral species Mg,0O
(D,=75.7) >MgO (D,=60.1) >Mg;0 (D.=28.1),
and the cations, Mg,0" (D.=93.4 kcal/
mol) >MgO* (D,=52.2)>Mg,0F (468 kcal/
mol) are in the same order as found experimentally.
Moreover, our calculated vibrational frequencies may
help identify the structures of the neutral and cationic
hypermagnesium oxide species.

6. Conclusions

The main conclusions of this work are as follows:
(1) The hypermagnesium Mg,0O™* and Mg,0™ cations
are stable toward all possible dissociation modes. (2)
The stability toward dissociation varies as Mg,O "
(D,=93.4 kcal/mol) >MgO* (D.,=52.2 kcal/
mol) >Mg,O™" (46.8 kcal/mol). Mg,0* and Mg,O*
prefer linear doublet (°3; ) and planar Y-(C,,, *A;)
or T-shape (C,,, ’B,) geometries. (3) The ionization
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energies decrease as the number of Mg atoms in-
creases IE(Mg0O) =7.9 eV >IE(Mg,0) =6.6 eV >
IE(Mg;0) =5.6 eV. (4) Our results on the relative
stabilities of the neutral and cationic MgO, Mg,0O and
Mg,O species are in agreement with the experimental
relative intensities in the time-of-flight mass spectrum
for magnesium-oxygen clusters [1]. (5) The
Becke3LYP/6-3114+G* method used in this work
reproduces the geometries of species studied here
within 0.01-0.02 A for bond lengths and 1°-3° for
bond angles when compared to those calculated at the
MP2(full) /6-311 4+ G* and QCISD/6-311+G™ lev-
els. The calculated Becke3LYP/6-311 4+ G* harmonic
frequencies match reasonably well the corresponding
MP2(full)6-311+G* and QCISD/6-311+G™ fre-
quencies, except in the difficult Mg,0O* case, where
the latter methods exhibit symmetry breaking for the
antisymmetric vibration. The ionization energies for
MgO, Mg,O and Mg;O molecules obtained by the
Becke3LYP/6-311+G* method are in excellent
agreement with the other methods (discrepancies less
than 0.1 eV), however the dissociation energies of the
corresponding cations and the relative energies of their
different structures varies by 6-8 kcal/mol from the
results obtained at MP2(full)/6-311+G* and
QCISD/6-311 4+ G™* levels.
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