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Why Are (MgO), Clusters and Crystalline MgO So Reactive?

Alexander |. Boldyrev and Jack Simons*
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Receied: December 5, 1995

The electronic structures and chemical reactivities (toward H, Lj,drd H) are examined for small (MgQ®)
clusters. ltis postulated that decreases in the clusters’ reactivity toward the above prototypical species as the
cluster sizeIf) increases is related to the decrease in valence unsaturation that accompanies increases in
Further, it is suggested that the known high reactivity of MgO powder and crystal is likely related to surface
or defect sites that possess high levels of valence unsaturation.

Introduction If the charge distribution in diatomic MgO is really closer to

It is well-known in chemistry that pure and doped solid MgO +_1 3”0'?1’ itis interesting to ianire abo_ut what kind of charge
are good catalysts of many chemical processes, while the valenc%jIStrIbthlon one can expect for various size (Mg@)J;ters and
isoelectronic LiF and NaCl crystals are not. Presumably, the or MgO crystal. Could it be that charges |nterme(_j|ate betw_een
catalytic action involves either or both of the constituent ionic +1 and—1 and+2 and—2 are responsible for the high catalytic

centers coupling to the catalyzed species. Why does MgO Worka':tiVit_y of MgO cry_stal? In this work we _a_d_dress the_se
but LiF and NaCl do not? guestions on the basis of the results of our ab initio calculations

If we view these crystals as formed from closed-shell ions ©" MgO, MgO,, and MgO, (and LiF). We also examine the
(Mg2* and G~ for MgO and Li* and F for LiF), one would reactive encounters of thefse clusters with hydrqgen and lithium
expect LiF and MgO to behave similarly because neith&r O atoms and m(_)lecules, Whl_ch serve as prototyplc_al_ monovalent
nor F~ would be able to form additional chemical bonds. reactant species of very different electron negativity.
Likewise, Mg'2 and Li* should not be highly active except The reactivity of MgO, MgO,, Mg4O4, and MgOg clusters
toward species having lone-pair electrons. From these perspecwith H, as a model for adsorbtion of a hydrogen molecule onto
tives, the very different behavior in the chemical activity of a MgO (100) surface has been intensively studied previé&sl§.
MgO, LiF, and NaCl crystals is a puzzle. It was found that hydrogen atoms favor coordination to oxygen

It occurred to us, and we examine the possibility in this paper, atoms in MgO4.2* When the number of atoms in the cluster
that the more reactive nature of MgO may be related to the (MgO), increases, the enegy of “chemisorbtion” decread&es.
divalent nature of its constituents and the ability to form either Moreover, Li doping (substitution of Li for one Mg atom in
Mg=0 or Mg—O0 type bonding, the latter of which involves the cluster) enhances the "catalitic" activity of MgO by creating
two centers (Mgand O) with potential to covalently bond to O~ centers which strengthen the dor@cceptor interactions
catalyzed species. In an earlier series of arti€t€st has been  with H,.15.16 However, the reactivity of atomic hydrogen and
shown that diatomic MgO (and BeO) do not actually hav&M  lithium with these doped clusters have not yet been examined.
and G~ charges, but rather charges closer td kind O'.

Analysis of the complete active space self-consistent field :
(CASSCF) and configuration interaction (Cl) wave functions Computational Methods
of BeO and Mg®-3 has shown that their ground states aos The geometries of MgOH, HMgOH, LiFH, HLiFH, LiOMg,
well represented by the highly ionic configuration that describes gnd LiOMgLi were optimized employing analytical gradiéfits
Mg=0 (or Mg?" and G~). The proper wave functions have with a polarized split-valence basis set (6-3HG**18) at the
large contributions from electronic configurations which describe Mp2(full) and QCISD levels. Analytical second derivatives
single bonded MgO with two unpaired electrons that are \ere used at the MP2(full) level and numerical second deriva-
singlet coupled. As result, the oxygen does not have a full octet tjyes at the QCISD level. The fundamental vibrational frequen-
of valence electrons, is not fully closed-shell, and can form very ¢jes, normal coordinates, and zero-point energies (ZPE) were
stable bonds with other species by using its unpaired electroncgicylated by standard FG matrix methods. The QCISD/
density. For example, we earlier have shown that the oxygen g.311+4-G** geometries were used to evaluate electron cor-
centers in Be®and in Mg& may form additional very stable  yejation in the frozen-core approximation both by Mgter
bonds with Be or Mg resulting BeOBe and MgOMg. The pjesset perturbation theory to full fourth oréfeand by the
dissociation energy of the second-B@ and Mg-0 bonds in (U)QCISD(T) metho® using 6-31#+G(2df,2pd) basis sets.
the latter molecules are almost the same as the fotfer. The UHE wave functions for open-shell systems were projected
Castleman and co-workérs! experimentally observed an . pure spectroscopic states (PUHF, PMP2, PMP3, and P})IP4
unusually high intensity mass spectral peak for@it cations, h . ¢ M O' H d M O, Li
in agreement with our theoretical prediction of the exceptional __, "¢ geometries of M@, Mg:O.H, and MgO,Li were
stability of neutral MgO®? as well as the MgD" cation®® optimized employlng analytli*al gradients with a polarized split-
Moreover, Thompson and Andref¥®bserved BeOBe in solid valence basis set (6-3t1G**) a}t the MP2(full) level. The
hMP2(fu||)/6-311—|—-|—G** geometries were used to evaluate

argon as a result of the reaction of laser ablated Be atoms witl L
0,, and their computational results on a BeOBe molecule are €I€Ctron correlation in the MP4 and the (U)QCISD(T) method
using 6-31#+G(2df,2pd) basis sets.

similar to ours. _ s )
Finally, the geometries of M@4, Mg4sO4H and MgOyLi
® Abstract published itAdvance ACS Abstractd\pril 15, 1996. were optimized employing analytical gradients with a polarized
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TABLE 1: Calculated Effective Atomic Charges in MgO, LiF, Na,O, Mg,0,, and Mg,04

method Eior, QU ReA  u,D Qo Muliken® Qo,dipol® Qo, CHelpG  Qo, MKY  Qo, NBO®
MgO
SCF/6-311+G* —274.361 07 1.758 8.91 —0.661 —1.056 —1.058 —1.080 —1.410
MP2(full)/6-311+G* —274.794 48 1.759 7.30 —0.559 —0.865 —-0.871 —0.904 —1.402
CISD/6-31H-G* —274.609 87 1.787 7.02 —0.555 —0.817 —0.831 —0.858 —1.240
QCISD/6-311#G* —274.643 56 1.810 6.08 —-0.471 —0.700 —0.720 —0.755 —1.137
QCISD(T)/6-31H-G(2df) —274.700 56 1.778 8.91 —0.641 —0.751%1 —0.768 —0.800 —1.208
SCF/Qz2D2Dif —274.381 75 1.724 9.12 —0.885 —-1.101 —1.090 —1.116 —1.492
MP2(full)/Qz2D2Dif —274.877 93 1.745 9.05 —-0.877 —0.842 —0.841 —-0.874 —1.404
QCISD/QZz2D2Dif —274.700 60 1.774 8.93 —0.866 —0.756 —-0.773 —0.801 —1.239
LiF
SCF/6-313-G* —106.975 11 1.576 6.65 —0.696 —0.879 —0.881 —0.879 —0.976
MP2(full)/6-3114+G* —107.205 15 1.595 6.53 —0.651 —0.853 —0.854 —0.851 —0.956
QCISD/6-311-G* —107.203 64 1.595 6.74 —0.702 —0.854 —0.856 —0.853 —0.952
NaONa
SCF/6-313-G* —398.528 98 1.981 0 —1.481 —-1.797 —1.759 —-1.797 —1.955
MP2(full)/6-311+G* —399.071 97 2.036 0 —1.476 —1.552 —1.492 —1.552 —1.850
QCISD/6-311-G* —398.785 72 2.050 0 —1.475 —-1.210 —-1.172 —-1.210 —1.529
Mg20; (D2n)
SCF/6-31#-G* —548.990 15 1.857 0 —0.882 —1.503 —1.468 —1.503 —1.832
MP2(full)/6-311+G* —549.778 93 1.910 0 —0.676 —-1.325 —1.273 —-1.325 —1.706
QCISD/6-311#G*9 —549.475 14 1910 O —0.720 —1.340 —1.292 —1.340 —1.700
Mg4O4 (To)
SCF/6-31#-G* —1098.261 75 1.946 0 —0.849 —1.594 —1.552 —1.594 —1.846
MP2/6-31H-G*h —1099.220 96 1.946 0 —0.667 —1.510 —1.450 —-1.510 —1.768

aMulliken population analysis? Dipole method that produces charges to fit the potential constrain to reproduce the dipole nfdfiténg
charges to the potential at points selected accorsding to the ChelpG sélfétting charges to the electrostatic potential at points selected according
to the MerzSingh—Kollman schemes Natural population analysisAt QCISD/6-31H-G(2df) level.9 At MP2(full)/6-3114+-G* geometry." At
SCF/6-311%G* geometry.

split-valence basis set (6-313#G**13) at the MP2 level. All molecules and clusters, only the 6-31G* basis set was used
calculations were carried out with the Gaussian 94 progfam, because this basis was deemed to be reliable for MgO and
with valence, core, and core-valence electron correlation fully remains computationally feasible for the larger systems we

included at the MP2(full) level. studied next. Four theoretical methods, SCF, MP2, CISD, and
QCISD, have been used for MgO and (except CISD) for the
Quantum Chemical Charges in MgO, MgO,, and Mg4O4 other molecules.

Our results on MgO, LiF, and N@ are presented in Table
1 along with those for MgD, and MgO,. As expected, the
calculated effective atomic charges vary substantially from
method to method and among basis sets. However, certain

because there is no quantum mechanical operator that rigorousl)fea_tureS clearly ste?nd out independent of the method used to

defines atomic charges in molecules, there is a degree Ofdefme the charges: o

arbitrariness in assigning electron densities to the atoms. Many (1) AS expected, the charge on F in LiF is very close-th

different methods have been developed for the quantum '@nging from ca—0.7 in the Mulliken scheme to c&1.0 in

chemical calculation of atomic charges. We explored five the NBO scheme. Neither variation in basis set nor in ab initio

popular methods: Mulliken population analy&ghe Merz— method causes these char_ges to vary greatly. Even at the SCF

Kollman methoc?25which produces partial charges fit to the  €Vel, the charges remain in these ranges.

electrostatic potential at points selected according to the Merz ~ (2) For NaO, the charge on O varies from cal.2 to—2.0.

Singh-Kollman scheme, the CHelpG method that produces AS electron correlation is included (i.e., moving peyond the SCF

charges fit to the electrostatic potential at points selected treatment), the charges decrease somewhat in magnitude and

according to the CHelpG scherffethe dipole method that  then range from-1.2 to —1.5.

produces charges to fit the potential constrained to reproduce (3) For MgO, the O charges range fron0.5 to —1.4; for

the dipole moment and the natural bond analy3isnethod of the best basis sets and highest levels of correlation, they do not

Weinhold. We believe it essential to examine various methods exceed—1.2 in magnitude.

to make certain that any conclusions we draw do not depend (4) The O in MgO is seen to have an atomic charge closer to

on using anyparticular definition of atomic charges. that of F in LiF than to the O in N® independent of the choice
LiF, Na,0, and MgO. Let us first consider the charges in  of basis set or method used to define atomic charges.

diatomic MgO and compare them with charges in LiF angdNa Mg20; and Mg4O4. We earlier proposédhat MgO might

which are expected to be closetd and—1 and+1, -2, +1, be viewed as a pseudobiradical because the pair of electrons

respectively. For MgO we used two conventional 6-8GF involved in forming the second MgO bond is very weakly

and 6-31#G(2df) basis sets as well as the more extensive coupled (e.g., the singletriplet splitting between the two states

(12s6p/7s7p)Mgr (11s7p/6s4p)O basis set developed by of these weakly coupled electrons is only 0.326%V More-

Ahlrichs at al?® augmented by 2dif functions from the over, these electrons are localized mostly on opposite ends of

Gaussian-94 library and two sets of diffuse functions on every the molecule. If this description of the bonding in MgO is

atom: opg(Mg) = 0.0179,0409(Mg) = 0.00597 p5(O) = 0.0494, correct, one might expect that MgO could form a cyclicJag

and o,6(0) = 0.0165 (QZ2D2Dif basis set). For the other dimer in which the atomic charges would be close-® (Mg)

A straightforward way to define atomic charges in MgO,
(MgO), clusters, and MgO crystal is to perform conventional
quantum chemical calculations and to examine the various
resonance structures in the resulting wave functions. However
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MgOH (Cuy, =)
10220217301
MP2(full)/6-311++G**
R(Mg—0)=1.805 A
R(O—H) =0.949 A

Empouny = —275.477 76 au
[(F[=0.751

vi(o) = 4089 cn1?

vo(o) =731 cnr?t

va(r) = 163 et

ZPE= 7.36 kcal/mol
AEmpz(fuu) = 0.0 kcal/mol

QCISD/6-311+G**
R(Mg—0)=1.801 A
R(O—H) =0.948 A

chisd: —275.33418 au
= 0.751

vi(o) = 4100 cn1?

vo(0) = 736 cnrt

va(r) = 104 cnrt

ZPE=7.21 kcal/mol
Achisd: 0.0 kcal/mol

QCISD/6-31H1-+G(2df,2pd)
Eqcisayy = —275.390 93
chisd: —275.382 03
AEqeisag = 0.0 kcal/mol

HMgO (C...,, =)
10%20%17*30t
MP2(full)/6-311++G**
R(Mg—0)=1.766 A
R(H—Mg) = 2.727 A

Emp2guly = —275.294 98 au
= 0.757

v1(0) = 985 cnrt

vo(0) = 240 cnT?

va(r) =53 cnrt

ZPE= 1.90 kcal/mol
AEmpz(fuu) = 114.7 kcal/mol

QCISD/6-311++G**
R(Mg—0)=1.823 A
R(H—Mg) = 1.687 A

chisd: —275.22489 au
[(¥(=0.759

vi(0) = 1672 cn1?t

vo(0) = 680 cntt

va(r) = 304 cnt

ZPE= 4.23 kcal/mol
Achisd: 68.6 kcal/mol

QCISD/6-311-+G(2df,2pd)
chisd() = —275.27976
chisd: —275.273 31
AEgisap = 69.8 kcal/mol

HMgOH (Cs, 'A")
1d224234214d'%44?

QCISD/6-311++G**
R(Mg—0)=1.793 A
R(H—Mg) = 1.695 A
R(O—H) =0.947 A
OMgOH = 174.6
OHMgO =179.0
chisd: —275.94357 au
vi(d) = 4120 cnit
vy(d) = 1657 cm't
va(@) = 752 cnmt
vy(d) = 322 cnrt
vs(d) = 46 cn1t
ve(d') = 322 cnrt
ZPE= 10.32 kcal/mol
Achisd: 0.0 kcal/mol

QCISD/6-311+G(2df,2pd)
Eqcisa = —276.004 66
chisd: —275.995 99

HMgOH (C..,, 1=1)
10%20°%17*30?
MP2(full)/6-311++G**
R(Mg—0)=1.796 A
R(H—Mg) = 1.690 A
R(O—H) =0.949 A
Empouny = —276.079 83 au
v1(0) = 4104 cnt?t
vo(o) = 1691 cn1?
va(o) = 748 cn1t
va(r) = 337 et
vs() = 147 cnr?t
ZPE= 10.74 kcal/mol

QCISD/6-311++G**
R(Mg—0)=1.792 A
R(H—Mg) = 1.695 A
R(O—H) =0.947 A

chisd: —275.94357 au
vi(o) = 4122 cn1?

vy(o) = 1657 cn1?

v3(o) = 753 cn1t

’V4(7[) =321l cnt!

vs() = 28 cm™!

ZPE=10.25 kcal/mol
AEgcisa= 0.000 25 kcal/mol

and —2 (0). We calculated the effective atomic charges in twice that for the HMgO isomeb(HMgO into MgO + H) =
Mg20; using the same five methods detailed above for MgO 50 kcal/mol (all numbers at QCISD(T)/6-31#G(2df,2pd)).
and indeed found the charges in M to be ca. 0.5 unit larger At our highest theoretical level (QCISD/6-31#G**), Re
than in MgO but only the NBO atomic charges are close to 2. (Mg—0) = 1.801 A in MgOH whileR(Mg—0) = 1.823 A in
The data presented in Table 1 for MY as well as that for HMgO; both are very close to our computed bond length
Mg4Os (Ta, *Aq) clearly show the following: (Mg—0) = 1.810 A in diatomic MgO and somewhat longer
(1) The O atoms in Mg, are more negative (and thus the than the experimental values 1.749 A in M§@nd 1.76087 A
Mg atoms more positive) than in diatomic MgO, and are close in MgOH3! The bond-length discrepancies are related to
to the O atom charges in Na. limitations in both basis sets and theoretical method. The use
(2) The charges in Mg, are not much different from those  of larger basis sets somewhat improves the agreement with
in Mg20,. experiment: R(Mg—0) = 1.778 A for MgO andR(Mg—0) =
(3) The inclusion of electron correlation tends to decrease 1,781 A for MgOH, both at QCISD/6-3H+G(2df,2pd);
the magnitude of the O atom charges in4@g and in Mg,O4 however, we can not use such extended basis sets for the larger
by ca. the same amount as in MgO anc:0a systems, so we restrict our analogies to data obtained with the
The data overviewed above suggest that the partial atomic more modest bases.
charges in (MgQydiffer significantly from+2 and increase in The dissociation energy of MgO (57 kcal/mol; this value and
magnitude as increases. Although the findings discussed thus iners are at the QCISD(T)/6-3+1G(2df,2pd) level) is close
far may shed some light on what is differen?_be_tween MJO 4 the dissociation energy of the M@ bond in MgOH (72
and LiF or NaCl, we do not feel that such equilibrium average ycamoly, but it is substantially lower than the dissociation
charge .densmes provide a deﬂlnmve reso!unon. For this reéason, gnergy of the Mg-O bond in HMgOH (112 kcal/mol).
we decided 1o also examine dlﬁerences In hownms;and LIF However, to correctly compare these energies, we need to take
t_)eh_ave v_vher! confronted W'chI_L'Z’ .H’ or Li reactants. Qur into account the so-called promotion energy (the excitation
findings in this area are discussed in the following section. energy of the Mg atom from th& to the3P state, which is

59.7 kcal/mol at QCISD(T)/6-31G(2df)) that the Mg atom
gains in both Mgo— Mg + O and MgOH— Mg + OH, but
doesnotgain in HMgOH— HMg + OH. Therefore, we need
MgO + H or H,. The results of our calculations for MgOH,  to compare the dissociation energy of HMgeHHMg + OH
HMgO, and HMgOH are presented in Table 2. While HMgO (112 kcal/mol) with the dissociation energies of Mg® Mg
is a true minimum on the potential energy surface, this isomer (°P) +O (117 kcal/mol) and MgOH—~ Mg (3P) + OH (132
is substantially higher in energy (by 69 kcal/mol at QCISD/6- kcal/mol). The trend is clear; the strength of the “double”
3114++G**) than the global minimum structure MgOH. This  Mg=0 bond in MgO is about the same as the single-My
means that the hydrogen atom favors bonding to the oxygenbonds in both MgOH and HMgOH. Therefore we conclude
end of MgO, which is by no means surprising. The dissociation that the “second” bond is very weak in MgO (i.e5 20 kcal/
energyDs(MgOH into MgO+ H) = 120 kcal/mol is more than  mol).

Comparing Interactions of Mg,O,, and LiF with H and Li
Atoms and Diatomic Molecules
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TABLE 3: Calculated Molecular Properties of LiMgO, MgOLi, and LiMgOLi

Boldyrev and Simons

MgOLi (Ce,, 22*)
10%20%17*30"
MP2(full)/6-311++G**
R(Mg—0)=1.834 A
R(O—Li) =1.649 A

Empaguly = —282.384 55 au
[F= 0.752

vi(o) =959 cnrt

vo(0) = 601 cnT?t

va(m) =92 cnrt

ZPE=2.49 kcal/mol
AEmpZ(fuII) = 0.0 kcal/mol

QCISD/6-31H-+G**
R(Mg—0)=1.823 A
R(O—Li) =1.645 A

chisd: —282.221 10 au
[®[=0.752

vi(0) =971 cnmt

vy(0) =611 cnT?t

va() = 92 enr?

ZPE= 2.53 kcal/mol
Achisd: 0.0 kcal/mol
QCISD/6-311+G(2df)
Eqeisay = —282.280 22
chisd= —282.268 45
AEqcisag = 0.0 kcal/mol

LiMgO (Cen, 22H)
10220217430t
MP2(full)/6-311++G**
R(Mg—0) = 1.856 A
R(Li—Mg) =2.735 A

Emp2guy = —282.253 43 au
[B=0.774

vi(o) =643 cmt

vo(0) = 338 cn1t

va(r) = 105 cnrt

ZPE= 1.70 kcal/mol
AEmpz(fun) = 82.3 kcal/mol

QCISD/6-311H++G**
R(Mg—O)=1.841 A
R(Li—Mg) = 2.744 A

chisd: —282.117 53 au
B=0.774

vi(o) = 656 cnt

vo(0) = 326 cnT?t

va(rr) = 100 cnmt

ZPE=1.70 kcal/mol
Achisd: 65.0 kcal/mol
QCISD/6-311+G(2df)
chisd() = —282.169 41
chisd= —282.161 87
Achisd() = 69.5 kcal/mol

LiMgOLi ( Cks,, 1=7)
10%20%17*302
MP2(full)/6-3114++G**
R(Mg—0) = 1.844 A
R(Li—Mg) =2.781 A
R(O—Li) = 1.644 A
Empouny = —289.873 16 au
v1(0) = 961 cn1?t

vo(o) = 604 cnt

v3(o) = 319 cn1?t

va(r) = 125 et

vs() = 63 cnTt

ZPE= 3.23 kcal/mol

QCISD/6-311H+*G**

R(Mg—0) = 1.832 A

R(Li—Mg) =2.761 A

R(O-Li) = 1.641 A
&isa= —289.704 53 au

v1(o) = 975 cn1t

v(o) =616 cnt

va(o) = 324 cn1t

va(r) = 126 et

vs() = 64 cn1t

ZPE= 3.28 kcal/mol
QCISD/6-311+G(2df)

chisd() = —289.765 48
chisd= —289.753 10

The exothermicity or energy of “chemisorption” of;Hbn to the dissociation energ. = 80 kcal/mol of LiO, and the
the MgO diatomic molecule with the formation of HMgOH is  dissociation energy into Mgt LiO is comparable to the
82.7 kcal/mol. This is expected to exceed the chemisorption dissociation energp = 57 kcal/mol of MgO (both at QCISD-
energy for H molecules on other (MgQ@)clusters and MgO (T)/6-311+G(2df)), again supporting the view that the oxygen
crystal because, as was shown above, the magnesium andtom in MgO has charge closer tol than to—2.
oxygen atoms have the lowest atomic charges in the diatomic  The energy of “chemisorption” of kion the MgO diatomic
molecule and therefore should have the highest reactivity. molecule to form LiMgOLi is 102 kcal/mol (QCISD(T)/6-
Anchel and Glendenirt§ found in their ab initio calculations  311+G(2df)), which is higher than the corresponding energy
of the H,(MgO),, n = 1—4 clusters that indeed the chemisorp- AE = 82.7 kcal/mol reported in the preceding section for H
tion energy of H to (MgO), is highest forn = 1. Their This difference is due to the low dissociation energy of(PB.6
chemisorption energy of 88.5 kcal/mol is somewhat larger than kcal/mol at QCISD(T)/6-312G(2df)/24.6 kcal/mol experi-
ours because they used MP2 level theory and smaller basis setsnen#?) compared to k(108.1 kcal/mol at QCISD(T)/6-3HG-
than in this work. (2df)/109.5 kcal/mol experimei). The dissociation enerdye

If MgO has more of a single bond than a double bond, one = 99 kcal/mol of LiOMgLi into LiMg 23 *) + LiO (?]) is
can expect the energy of the reaction MgO2H — HMgOH somewhat lower than the dissociation enebyy= 112 kcal/
to be nearly the sum of the energies of the reactions MgoOH  mol of HMgOH into HMg €3 ™) + HO (¥[]) and both are
H — HMgOH and HMgO+ H — HMgOH. Indeed, the energy = somewhat lower than the dissociation enelyy= 117 kcal/
of the former reaction (191 kcal/mol) is close to the sum of mol of MgO into Mg €P) + O (P).
energies (213 kcal/mol) of the last two reactions. According  From these data it is clear that the difference between the
to these numbers, the effect due to partial binding of the seconddissociation energy of MgO and LiOMgLi (or HMgOH) is too
pair of electrons in MgO is ca. 22 kcal/mol which is similar to  small to support the existence of a significant double bond in
the 5-20 kcal/mol range noted earlier in this section. MgO. They are consistent with bonding in the range2b

In summary, the direct comparison of the bond length and kcal/mol.
bond energy of the “double” MgO or Mg?z*O?~ bond in MgO LiF + H or H,. Because LiF is valence isoelectronic to
with normal single Mg-O bonds demonstrates that MgO does MgO, one might expect LiF to couple with hydrogen similar to
not possess a conventional double bond and therefore can forrMgO. We studied the full potential energy surface of LiFH
strong bonds with hydrogen giving MgOH, HMgO, and and found two minima which are, in fact, only weak van der
HMgOH. Waals complexes (see Table 4). The global minimum structure

MgO + Lior Li ». The results of our calculations for MgOLi, is the FH--Li (Cs, 2A") structure with a strong+H bond and
LiMgO, and LiMgOLi are presented in Table 3. LIOME&X}™) a weak van der Waals bond between FH and Li. At our highest
was found to be the global minimum. The linear LiMg&Y {) level of theory (QCISD(T)/6-31t+ G(2df,2pd)) the binding
structure is a local minimum which is 70 kcal/mol (at QCISD- energy of FH and Li is 5.8 kcal/mol.

(T)/6-311+G(2df)) less stable than LiOMg. The local minimum structure is Ft:tH (Ce,, 25 1) with a
The LiOMg molecule is found to be very stabl = 70 strong F-Li bond and weak van der Waals bond between FLi
kcal/mol for dissociation into LIO4]) + Mg (S) andD = and H. This structure is 10.6 kcal/mol less stable than the global

93 kcal/mol for breaking into MgO'§ ™) + Li (2S) at QCISD- minimum.
(T)/6-311+-G(2df). The latter dissociation energy is comparable ~ From these data one can conclude that LiF can form only
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TABLE 4: Calculated Molecular Properties of LiFH and LiFHH

HFLi (Cs, 2A") HLIF (C.y, 1) LiFHH (C..,, 1=1) LiHHF (C..,, 1=7) HLiFH (C..,, 1=7)
1d224d23d21d'%44d* 10%220%17*30* 10%2202%30%17* 10220%17*30%? 10220%17*30?
MP2(full)/6-311++G** MP2(full)/6-311++G** MP2(full)/6-311++G** MP2(full)/6-311++G** MP2(full)/6-311++G**
R(Li—F)=1.926 A R(Li—H) = 2.405 A R(Li—F)=1.597 A R(Li—H) =1.576 A R(Li—H) = 1.608 A
R(F—H) =0.928 A R(Li—F) = 1.596 A R(F-H)=2.370 A R(H—H)=1.394 A R(Li—F)=1.909 A
OLIFH =114.3 RH—H)=0.743 A R(F—H) = 0.950 R(F—H) = 0.920
Empz(fu”) = —107.75152 au Empz(fu”) = —107.73856 au Empz(fu") = —108.40010 au Empg(fu”) = —108.34128 au Empz(fu”) = —108.33769 au
(= 0.750 [(F[=0.750 v1(0) = 4459 cn1? v1(0) = 3429 cn?t v1(0) = 4153 cn1t
v(a) = 3957 cnrt v1(0) = 886 cnmt vy(0) = 881 cnt vo(0) = 1635 cm?t vy(0) = 1397 cm?
vo(d) = 378 cnT?t vy(0) = 251 cn1t v3(0) = 188 cnT? va(o) = 271 cnr?t v3(0) = 344 cnT?t
va(d) = 339 cn1?t va(7r) = 60 cnt va(rr) = 440 cnrt va(r) =791 et va(r) = 152 cnrt

vs(r) = 35 cnTt vs() =229 cmt vs(r) = 200 cmt
ZPE= 6.68 kcal/mol ZPE= 1.80 kcal/mol ZPE= 9.26 kcal/mol ZPE= 9.89 kcal/mol ZPE= 8.86 kcal/mol
AEmpz(fuu) = 0.0 kcal/mol AEmpz(fun) = 8.1 kcal/mol AEmpz(fuu) = 0.0 kcal/mol AEmpz(fuu) = 36.9 kcal/mol AEmpz(fuu) = 39.2 kcal/mol
QCISD/6-31H1+G** QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311+-+G**
R(Li—-F)=1.929 A R(Li—H)=2.412A R(Li—F)=1.597 A R(Li—H) =1.582 A RLi—H)=1.614 A
R(F—H) =0.927 A R(Li—F) = 1.596 A R(F-H)=2.379 A R(H—H) = 1.440 A R(Li—-F)=1.915 A
OLIFH =114.7 RH—H)=0.747 A R(F—H) = 0.943 A R(F—H) =0.918 A
Eqcisa= —107.72210 au Eqcisa= —107.70448 au Eqgcisa= —108.37410 au Eqcisa= — 108.31764 au  Egcisa= —108.31534 au
(= 0.750 [(®[=0.750 v1(0) = 4363 cn1t v1(0) = 3568 cntt vi(0) = 4177 cn1t
(@) = 3970 cnrt v1(0) = 887 cnt vy(0) = 884 cnrt vo(0) = 1600 cm?t vy(0) = 1371 cm?
vo(d) = 378 cnT?t vy(0) = 244 cn1t v3(0) = 188 cnT?t va(o) = 258 cnt?t v3(o) = 336 cnT?t
va(d) = 340 cnt?t va(or) = 49 cnt? va(or) = 411 cnt?t va(r) = 684 cnrt va(or) = 148 cnrt

vs(r) = 29 cnrt vs(r) = 304i cnrt vs(r) = 227i cnrt
ZPE= 6.70 kcal/mol ZPE= 1.76 kcal/mol ZPE= 9.03 kcal/mol ZPE=9.71 kcal/mol ZPE= 8.83 kcal/mol
AEqcisa= 0.0 kcal/mol AEgcisa= 11.1 kcal/mol AEqcisa= 0.0 kcal/mol AEqcisa= 35.4 kcal/mol AEgcisa= 36.9 kcal/mol

QCISD/6-311+G(2df2pd) QCISD/6-31%+G(2df2pd) QCISD/6-31%+G(2df2pd) QCISD/6-314+G(2df2pd) QCISD/6-31%+G(2df2pd)
chisd@) = —107.777 59 chisd() = —107.760 54 chisd() = —108.434 53 chisd() = —108.378 96 chisd() = —108.374 69

E qcisd = —107.77095 E qcisd = —107.75368 E qcisd = —108.42757 E qcisd = —108.37204 E qcisd = —108.36848

AE qcisde) — 0.0 kcal/mol AE qeisd¢) — 10.7 kcal/mol  AE qcisdt) — 0.0 kcal/mol AE qcisde) — 34.9 kcal/mol AE qeisd¢) — 37.5 kcal/mol

weak van der Waals complexes with H, which is consistent with reaction 2MgO — Mg;O, should be close to twice the

our earlier observation that the charges are close-1oand dissociation energy of the MgO bond in Mg-O—Mg, which
that F~ has a full octet. is 75 kcal/mol (QCISD(T)/6-311G(2df)).
LiF also does not react chemically withHThe most stable Another sign that electrons forming the weak second bond

structure of LiFH stoichiometry (Table 4) is a van der Waals  jn MgO couple to form new bonds upon dimerization is provided
complex between fand LiF. The global minimum structure  py the large increase in singlet triplet splitting that accompanies
has a linear H-H-+-F—Li (C.,, '} ") structure (Table 4), which  dimerization. We performed calculations of several triplet
is bound only by 1.7 kcal/mol (QCISD(T)/6-3+H-G(2df,2pd)). states: 3B14 (1a21b,228,21by 21052 1bs22bp 21014133,%), 3B2,
Again, this is completely different from the reactivity of MgO (1321022821 by, 21b3 210522yt 10142381Y), 3Bag, (1a21by2

and k. 28210y, 2103 21b72by M0 22y ), and®A, (1821by 23,1 by -
L|2F,'L|2CI, NapF, NazCI, CsF, an_d CsCl have also b_een 1bs? 1bs22by21bygl2byt), and our data are summarized in
the subject of theoretical and experimental stuéfe® While Table 5. The®B,, state is the lowest vertical excited state and

MgO and BeO reacting with Li form a very strongly bound phas an excitation energy of 2.14 eV at QCISD(T)/6-3Gk
MgOLi and BeOLi, the valence isoelectronic alkali-metal halides (24f) |evel. This energy gap is substantially higher than the
(Hal) reacting with alkali atoms (Alk) form relatively weakly singlet-triplet excitation in MgO, (0.24 eV).

bound AlleHal molecules De < 34 kcal/mo¥), where the On the basis of the large singltdriplet splitting in MO,

atomic charge distributions are close to Mland Har. In and the large dimerization energy for MgO, one might conclude
other words, the extra alkali atom does not form an additional "9 9y 9%, mig
that the dimer (and larger clusters) may consist offMgnd

bond with the halogen but rather reacts with the first alkali atom, o™ i thouah MaO d ¢ H the di ,
hence, the electronic structures of these molecules are com- Gl |or_1ts ]?vefn Otlr']g 1 Vg i _(:es ?r? h owe\(/jer, 't'e |mher IS
pletely different from those of the isoelectronic MgOLi, BeOLi, stft quite far from the 1onic fimit as the charge densities snown
etc. in Table 1 indicate. Bglow we present our _study of the reaction

From all of the above data it is clear that LiF is indeed a ©f M9202and MgO, with hydrogen and lithium which clearly
Idemonstrate the ability of the dimer to form strong bonds with

valence-saturated molecule whose ions have very stable ful e . .
octet electronic structures, while MgO behaves more like a hydrogen ar_1d I|th|umz thus_ showmg that even in (Mg@je
Mg and O sites remain quite reactive.

psudobiradical.
2MgO — Mg,0,. One might expect that dimerization of (MgO)2 + H. For Mg,O,H we assumed that the most stable
MgO would diminish theMg—O* character by tying up the  Structure has hydrogen attached to oxygen. We then studied
reactive sites and increase atomic charges and might lead to aghree doublefA; (1a?2a23a°1p*1y*Aa’2b,2ly°5a,), B,
unusually large dimerization energy and to a larger singlet (la’2a°3a°1*1b*4a°20,?2b,°3b,"), and?B; (1a’2a°3a*
triplet splitting in the dimer. 1?1y ?4ey?2b,*211 23y ") and three quartetA; (1a?2a?3a*

This is exactly what we find in our calculations. At our 1be*1by*4a’2by? 2by'5a'3by"), *B, (la’2a?3a 1" 1y *Aa>
highest level of theory (QCISD(T)/6-331G(2df)), the dimer-  20°2bi'5a'1ayt), and *A; (1a*2a°3a”1,*1y?42y?2b,' 2l
ization energy is found to be 125 kcal/mol, which is substantially 5a'3b.") states of MgO;H. Resuilts for the two lowest doublet
higher than the dimerization energy 61.2 kcal/mol for the “Bz and?A; and two lowest quartetA; and *A; states are
isoelectronic NaF? If MgO involves appreciableMg—0* summarized in Table 6.
character as claimed earlier, the 125 kcal/mol released in the At our highest level of theory (QCISD(T)/6-31H-G(2df,-
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TABLE 5: Calculated Molecular Properties of the Singlet and Triplet States of MgO

Boldyrev and Simons

Mg20; (D2n, *Ag)
1a?10, 228210, 71bs 2
134?20, 21 b1 *38,°30y,°
MP2(full)/6-311+G*
RMg—0)=1.911 A
R(Mg—Mg) = 2.455
R(O— O) =2.930A
Empzguiy = —549.77893 au

v1(ag) = 631 cnt
vo(ag) = 416 cnt
V3(b3g) =545 cn1t
’V4(b1u) =569 cnt?
Vs(bz._.) =619 cn1t
Ve(b3u) =257 cnrt
ZPE= 4.34 kcal/mol
AEmp2uny = 0.0 eV

QCISD/6-31H1G(2df)

chisd(t): —549.600 55
qcisd= —549.575 43

AEgcisag = 0.0 kcal/mol

Mg20: (D2n, °Bay)
1a21bp 228,210, 21bs 2
1b3g?2b 1y P33yt
MP2(full)/6-311+G*
R(Mg—0) = 1.904 A
R(Mg—Mg) = 2.903 A
R(O— O) =2.465A
Empaguny = —549.70720 au
F= 2. 077
v1(ag) = 656 cnt
vo(ag) = 340 cn?
V3(b3g) =596 cnTt
1/4(b1u) = 1934 le a
V5(b2|_|) =781cntt
ve(bsy) = 155 cnrt
ZPE= 6.38 kcal/mol
AEmpz(fu”) =195eV

Mg20; (D2n, °Bag)
1aP1bp 28,21 01,21bs 2
1bs?2by M 1by 22by
MP2(full)/6-311+G*
R(Mg—0) = 1.904 A
R(Mg—Mg) = 2.909 A
R(O— O) 2.455 A
Empaguny = —549.67523 au
F=2. 107
v1(ag) = 652cn?
vo(ag) = 343 ct
V3(b3g) =593 cn1t
v4(byy) = 892 cnr?t
V5(b2|_.) =970 cntt
ve(bsy) = 135 cnrt
ZPE= 5.13 kcal/mol
AEmpz(fu”) =2.82eV

Mg20: (D2n, °B1g)

la?1b, 22321y 21bs 2

1b322005, 21y 133,
MP2(full)/6-311+G*

Mg202 (Dan, Au)

1a,21by228,?1n, 21052
1bs?2b, 21y 41 2by

MP2(full)/6-311+G*

RMg—0)=1.911 A RMg—0)=1.927 A
R(Mg—Mg) = 2.720 A R(Mg—Mg) = 2.740 A
R(O— 0) 2.685 A R(O—0)=2.709 A

Empz full) —549.67445 au Emp2(fu||) = —549.64262 au
Fl= 2. 264 [(Fl=2.299

v1(ag) = 656 cnT! v1(ag) = 626 cnT!

vo(ag) = 367 cn? vo(ag) = 372 ct

V3(b3g) =588 cn1t
V4(b1u) = 1629 le’a
Vs(bz._.) =324icnTt
Ve(bgu) =143 cn1?
ZPE= 4.84 kcal/mol
AEmpz(fu“) =2.84eV

QCISD/6-31#G(2df)
Eqeisay= —549.543 15
Eqcisa= —549.518 18
Achisd@) =1.56 eV

aThis frequency could be affected by a symmetry-broken problem.

TABLE 6: Calculated Molecular Properties of Mg,O,H

V3(b3g) =559 cnrt
V4(b1u) =792 le
Vs(bzu) =878icnTt
Ve(bgu) =62cnr?
ZPE= 3.44 kcal/mol
AEmpz(fu“) =3.70 eV

Mg20:H (Cz, ?A1)
la?2a%3a%1b,210%4 a2
2b,221n%5a !
MP2(full)/6-311++G**
R(Mg—OH)=1.976 A
R(Mg—Mg) = 3.107 A
R(O—0)=2.555 A

R(O—H) = 0.966 A
Emp2(uty = —550.356 75
= 0. 823

(&) = 3847 cntt
vy(aq) = 563 cnt
va(ag) = 499 cnr?t
va4(ag) = 359 cnmt
vs(by) = 278 cnrt
vg(b1) = 54 cnrt
va(bp) =772 et
vg(by) = 622 cnrt
vo(bp) = 432 cnrt
ZPE= 10.62 kcal/mol
AEmp2uny = 0.0 eV

QCISD(T)/6-311+G(2df,2pd)

chisd() = —550.204 99
chisd= —550.173 74
Achisd() =0.0eVv

MgzozH (Cz,,, 282)
1la?2a23a210,21 b, 22b,%4 82
2b,23byt
MP2(full)/6-311++G**
R(Mg—OH) = 2.005 A
R(Mg—Mg) = 2.710 A
R(O-0)=2.795A
R(O—H) = 0.956 A
Empz full) —550.376 38 au
= 0. 755
n(ag) = 3977 cntt
vy(aq) = 600 cnt
va(ag) = 512 cnt?t
v4(aq) = 366 cmt
vs(by) = 395 cnr?t
vg(by) = 187 cmt
v7(bp) = 784 cnrt
vg(bp) = 674 cnt
vo(bp) = 431 cnrt
ZPE= 11.33 kcal/mol
AEmpz(fuu) = —-0.53 eV

QCISD(T)/6-31+G(2df,2pd)
quisdt) = —550.204 23

Eqcisa= —550.180 84

Achisd() =0.02eV

2pd)) the?A; and?B, states of MgO,H were found to have

local minima inC,, symmetry.
electron is located on the magnesium sites (50% at each Mg (MgO), + Li.

In the?B, state, the unpaired

MgzozH (Czy, 4Az)
la?2a23a?1b,21b,%45?
2?2, 155 13b,!
MP2(full)/6-311++G**
R(Mg—OH) = 1.990 A
R(Mg—Mg) = 3.049 A
R(O—-0)=2.674 A
RO—H) = 0.958
Emp2 full) —550.343 72 au
¥0=3. 757
vi(ag) = 3962 cnt
vo(a) = 509 cmt
va(ag) = 441 cnt
va(an) = 304 cmt
vs(by) = 444 cnrt
ve(b1) = 69 cnrt
v7(b) = 735 cnrt
vg(by) = 495 cnt
vo(bp) = 411 cnrt
ZPE=10.53 kcal/mol
AEmpz(fuu) =0.36 eV

QCISD(T)/6-314+G(2df,2pd)
chisd() = —550.169 85

Eqcisa= —550.153 98

Achisd() =0.96 eV

Mg.OzH (Cz,, “A1)
1a?2823a210,21 by %4822t
2?5 '3b;!
MP2(full)/6-311++G**
R(Mg—OH) = 1.965 A
R(Mg—Mg) = 2.961 A
R(O—0)=2.805 A
R(O— H) 0.957
Emp2 full) —550.313 07 au
F= 3. 756
vi(ag) = 3979 cnit
vo(an) = 527 cmt
va(ag) = 404 cn1t
va(ar) = 301 cmt
vs(b1) = 398 cntt
ve(by) = 142 cmt
ve(b) = 717 cntt
vg(by) = 514 cnmt
vo(bg) = 313 cntt
ZPE= 10.43 kcal/mol
AEmpz(fuu) =1.19eV

QCISD(T)/6-31++G(2df,2pd)
chisd() = —550.140 37

Eqcisa= —550.124 30

Achisd() =1.76eV

reactivity of the dimer is lower than that of the monomer, but
nearly the same energy, and both states are predicted to be truéhe dimer remains a very reactive molecule, able to form a strong

bond to H.

For MgO,Li we studied the analogous

atom), while in the?A, state, the unpaired electron is located doublet and quartet states (see Table 7). The doghlestate
65% at the oxygen atom not bound to the hydrogen with the s a true minimum on the potential energy surface and is the
rest of the unpaired electron density located on the magnesiumiowest electronic state for this molecule. TaBs lowest excited

atoms.

state is a local minimum too

that is 0.96 eV (at QCISD(T)/6-

The lowest*A, quartet state is only 0.96 eV less stable than 311+G(2df)) less stable than the ground state, which is different
the?A; and?B; states. In this state, the unpaired electron density from the MgO,H case where botfA; and?B; states were found
is located (1.1 e) at the oxygen atom not bound to the hydrogento have essentially the same energy. However, the electronic
and (0.94 e) at every magnesium atom. The doublet-quartetstructures of théA; states are different for M@,H and MgO,-
excitation energy in MgO,H is substantially less than the
singlet-triplet excitation (1.56 eV) energy in the pure M

like activity of the species. The energy released in the reaction

of a H atom with (MgO) is 58 kcal/mol at the QCISD(T)/6-
311++G(2df,2pd) level which is considerably less than that electronic states. The lowed, quartet state of Mg,Li is a
released when a H atom reacts with MgO (120 kcal/mol). The local minimum but is 1.75 eV (at QCISD(T)/6-315(2df))

Li.

In the former molecule, the unpaired electron is located

mostly at the oxygen atom not bound to the hydrogen, while in
dimer. We interpret this to mean that hydrogen atom “chemi- Mg2O-Li the unpaired electron is located on two magnesium
sorption” to an O site of MgD, partially restores the radical-

atoms.

Coordination of a hydrogen or lithium atom to Mg creates

unpaired electron density at the magnesium atoms in the lowest
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Mg404 (T4, 'Aq)
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Mg404H (C3v, 2A1)

Mg4O4Li (Cav, 2A4)

Figure 1. Optimized geometries (at MP2/6-3tG*) of the Mg:O4 (Tq, A1), MgsOsH (Ca,, 2A1), and MgOali (Cs,, ?A1) clusters. Distances in
angstroms and bond angles in degrees.

TABLE 7: Calculated Molecular Properties of Mg,0,Li

Mg.O.Li (Cy,, 2A1)
la22a23ay 210,210,222
4822k 5!
MP2(full)/6-3114-G*
R(Mg—OLi) = 1.970 A
R(Mg—Mg) = 2.548 A
R(O—-0) = 2.870 A
R(O-Li) =1.688 A
Empagury = —557.325 47 au
[$[= 0.817
vi(ay) = 1135 cn1?
vo(ag) = 865 cnT?
va(ay) = 481 cnrt
v4(ay) = 385 cnrt
vs(by) = 237 cntt
Vs(b]_) =81lcnr?
’V7(b2) =702 cntt
vg(h) = 538 cntt
vo(bz) = 110 cnr?
ZPE= 6.48 kcal/mol
AEmpzguny = 0.0

QCISD(T)/6-311#G(2df)
chisd@) = —557.136 10
Egcisa= —557.109 51
Achisd() =0.0eV

Mgzole (Czl,, sz)

la’2a’3a°1h,*1by?4a?
2b,22, 231t

MP2(full)/6-3114+G*
R(Mg—OLi) = 1.978 A
R(Mg—Mg) = 2.591 A
R(O—0) = 2.890 A
R(O—Li) =1.681 A
Empz(fun) = —557.288 15
[F=0.755
v1(ag) = 860 cmt
vo(ag) = 598 cnT?
va(ay) = 474 cmt
va(ag) = 371 cnT?t
vs(by) = 215 cmt
vg(b1) = 107 cnT?t
v(by) = 673 cmt
vg(by) = 483 cnt?t
vo(by) =59 cnT?t

ZPE= 5.49 kcal/mol
AEmpz(fuu) =1.02 eV

QCISD(T)/6-31#G(2df)
chisd() = —557.100 70
chisd: —557.074 94
AEinSdQ) =0.96 eV

Mg20;Li (Ca,, “B2)
la2a?3a21b,21022hy?
2b24a 55130t
MP2(full)/6-311+G*
R(Mg—OLi) = 1.957 A
R(Mg—Mg) = 3.041 A
R(O—0)=2.539 A
R(O—Li) = 1.687
Empagury = —557.258 30 au
[B=3.761
V]_(al) =845 cntt
vo(ag) = 490 cnT?
V3(a1) =430 cn1!
va(ag) = 292 cnT?t
’Vs(bl) =145 cn1t
’Va(b]_) =31lcnr?
’V7(b2) =577 cn1t
vg(bp) = 452 cnt
vo(b) = 105 cntt
ZPE= 4.81 kcal/mol
AEmp2guny = 1.83 eV

QCISD(T)/6-31#G(2df)
chisd@ = —557.071 67
chisd: —557.052 74
AEinSdg) =1.75eV

MgzOZLI (Czl,, 4A2)
la?2a3a’1h?*1b*4a?
20,221,583yt
MP2(full)/6-311+G*
R(Mg—OLi) = 1.946 A
R(Mg—Mg) = 2.891 A
R(O—0) = 2.803 A
R(O-Li) = 1.688
Empz(fun) = —557.259 78 au
= 3.758
v1(ay) = 853 cmt
vo(ag) = 480 cnT?
va(ay) = 442 cmt
v4(ag) = 316 cnT?
vs(by) = 149 cmt
vg(b) = 87 cnr?t
v(by) = 562 cmt
vg(by) = 384 cnt?t
’Vg(bz) =97 cnr?
ZPE= 4.82 kcal/mol
AEmpg(fuu) =1.79eV

QCISD(T)/6-313G(2df)
chisd() = —557.070 93
chisd: —557.052 71
AEinSd@ =1.77¢eV

less stable than théA; ground state. The electron density Mg,O; reaction. The energy gain per molecule (100 kcal/mol)
distribution in this quartet state is very similar to that of J@gH upon formation of MgO, from MgO is also higher than the
“A,. The unpaired electron density is located (1.0 e) at the energy of the formation Mg, from MgO per molecule (60
oxygen atom not bound to the hydrogen and (1.0 e) at eachkcal/mol).
magnesium atom. Because we used H and Li atoms as probes for reactivity of
The dissociation energy of M@.Li (2A,) into Mg,0, + Li MgO and MgO,, we performed similar calculations for
was found to be 65 kcal/mol, which compares with 93 kcal/ Mg,O4H and MgO4Li but at a lower level of theory (MP2/6-
mol for the dissociation of MgOLi into MgO+ Li (all at 311++G**) due to computational constraints.
QCISD(T)/6-31HG(2df)). For MgsO4H, we studied only on€;, (A1) structure with
While the dissociation energies of M@H into Mg,O, + H the hydrogen coordinated to the oxygen (as shown in Figure
and of MgO.Li into Mg20, + Li are lower than the corre- 1). We believe this to be the most stable isomer based on our
sponding dissociation energies of MgOH into Mg©H and experience with the smaller clusters. Because of the relatively
MgOLi into MgO + Li, we conclude that the M@, dimer is large size of this molecule, vibrational frequency calculations
still a very reactive species, a result of the remaining pseudo- were not performed. The exothermicity of M@ + H —
biradical character and atomic charges that differ frath Mg4O4H was found to be 57 kcal/mol (at PMP2/6-38+G**)
(MgO)4, + H or Li. For MgO4 we studied only one d which compares to 61 kcal/mol (at MP2(full)/6-3t3+G**)
(*A,) structure (see Figure 1). As we observed earlier, MgO for Mg,0O, + H — Mg,O;H and to 126 kcal/mol (at MP2(full)/
dimerization diminishes theMg—O* character, as a result of  6-311++G**) for MgO + H — MgOH.
which, the charges in the dimer are closer to #i and—2 For MgyO4Li we also studied only on€s, (2A;) structure
limit and consequently M#D; is less reactive (to kHor H or with lithium coordinated to oxygen (see Figure 1). Again
Li) than MgO. As one can see in Table 1, the atomic charges because of the relatively large size of this molecule, frequency
do not change much when moving from the dimer to the calculations were not performed. The exothermicity of this
tetramer, although they become somewhat closer to the ionicreaction was found to be 44 kcal/mol (at PMP2/6-3#1G**)
limit. which compares to 64 kcal/mol (at MP2(full)/6-311+G**)
The exothermicity of the reaction 2MQ, — Mg4O4 was for Mg,0, + Li — Mg,O.Li and to 102 kcal/mol (at MP2-
found to be 159 kcal/mol (at MP2/6-3%15*) which is larger (full)/6-311++G**) for MgO + Li — MgOL..
than that (120 kcal/mol at MP2/6-31G*) of the 2MgO — The exothermicities for the addition reactions of lithium and



8030 J. Phys. Chem., Vol. 100, No. 19, 1996 Boldyrev and Simons

(12) Thompson, C. A.; Andrews, L1. Chem. Phys1994 100, 8689.

hydrogen atoms to (MgQ)lusters are seen to decrease with
(13) Kobayashi, H; Yamaguchi, M.; Ito, T. Phys. Chem199Q 94,

the size of the cluster. This is in agreement with the view that
the extent of valence saturation moves closer to the ionic limit "~ (14) sawabe, K.; Koga, N.; Morokuma, K.; lwasawa,JYChem. Phys
as the coordination number in the cluster grows. One can 1992 97, 6871.

speculate that in the bulk MgO crystal, the oxygen sites are __(15) Anchell, J. L.; Morokuma, K.; Hess, A. Q. Chem. Phys1993

vglence saturated and thus not as reactive as at less coordinate ’(16) Anchell, J. L. Glendening, E. O. Phys. Chem994 98, 11582.
sites. Oxygen atoms on the surface are not valence saturated (17) Schlegel, H. BJ. Comput. Cheml982 3, 214.

nor are atoms on steps, kinks, and other defect sites, so these (18) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJ.AChem.
sites are likely to be more reactive. This view is in agreement Phys 1980 72 650. (b) McLean, A. D.; Chandler, G. 8. Chem. Phys

: . . . . 198Q 72, 5639. (c) Clark, T.; Chandrasekhar, J.; Spit |, G. W.; Schleyer,
with the experimental fact that highly dispersed MgO is very p v(_] RZ_J_ Com(g)ut. ?:rhemlgsa?rll rggi_ (3; FriSCFI)‘II Z,{],l"’_‘gJe_. Pople J_C A(_e.yer

reactive? Binkley, J. S.J. Chem. Phys1984 80, 3265.
(19) Krishnan, R.; Pople, J. Ant. J. Quantum Chenl978 14, 91.
Conclusion (20) Pople, J. A.; Head-Gordon, M. RaghavachariJKChem. Phys

1987 87, 5968.
On the basis of the electronic structure findings reported here, 83 S%ES%EA'N"-SX-RCUEW- P2y1519F84 8;1, L:v5|3%- ks, G W
. . : ¢ evision .1; Friscn, . J.; lrucks, . .
we speculate that the unusual catalytic action of MgO in the Schlegel. H. B.- Gill, P. M. W.. Johnson, B. G.: Robb, M. A. Cheeseman,
powder or crystal states relates to the partially saturated valencey. R; Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; Raghavachari,
nature of the ions in these crystals. In NaF and other alkali (K:;; /-\II-LaEarS, I\S/I ¢.; ZakézeBws,I\(li, V. Gki< OrtizA,J.C z.;”Fores[)nanMJ.PB.:
H H ioslowski, J.; Stefanov, B. B.; anayakkara, A.; allacompe, M.; Peng,
halides, the ions hgve_full octets.of electrons and ther.eforeT ares’y . Ayala. P. Y. Chem. W.: Wong, M. W.. Anders. J. L.: Replogle, E.
valence saturated; this, we claim, makes the alkali halides g Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; DeFrees, D. J.;

nonreactive. Although MgO and other alkaline-earth oxides Baker, J.; Stewart, J. J. P; Head-Gordon, M.; Gonzalez, C.; Pople J. A,;

may contain valence saturated ions in the bulk, the ions in small Gaussian Inc.: Pittsburgh, PA, 1995.

clusters, at defect sites in the crystal, and at various surface

(23) Mulliken, R. S.J. Chem. Physl955 23, 1833.
(24) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chenl99Q

sites likely do not contain valence saturated ions. As a result, 11, 431.

such sites may form additional bonds to chemisorbed species.
Thus, we speculate that it is the dual character of the ions in

MgO (e.g., being intermediate betweefr@nd O") that makes
these compounds catalytically active.
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