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Abstract
The stability and acid-base properties ofMON2O mixed oxides (whereM = Be, Mg, Ca; N = Li, Na, K) are studied by using ab
initio methods. It is demonstrated that (i) the basicity of such designed systems evaluated by estimation of electronic proton
affinity and gas-phase basicity (defined as the electronic and Gibbs free energies of deprotonation processes for [MON2O]H

+)
were found significant (in the ranges of 272–333 and 260–322 kcal/mol, respectively); (ii) in each series ofMOLi2O/MONa2O/
MOK2O, the basicity increases with an increase of the atomic number of alkali metal involved; (ii) the Lewis acidity of the
corresponding [MON2O]H

+ determined with respect to hydride anion (assessed as the electronic and Gibbs free energies of H−

detachment processes for [MON2O]H2) decreases as the basicity of the corresponding oxide increases. The thermodynamic
stability of all [MON2O]H2 systems is confirmed by estimating the Gibbs free energies for the fragmentation processes yielding
either H2 or H2O.

Keywords Mixed oxides . Gas-phase basicity . Gas-phase electrophilicity . Proton affinity . Hydride affinity

Introduction

The alkaline earthmetal oxides are classical base catalysts where
oxide ions behave as bases whereas the metal cations serve as
Lewis acids. They catalyse a variety of organic reactions, e.g.
isomerization of olefins[1], aldol condensation[2–6],
transesterification reactions [7–11], the Knoevenagel
condensation[12, 13], the Michael addition[14–16], dehydroge-
nation reactions[17–19] andmany other processeswhich require
the cleavage of the C–H bond and the formation of carbanion
intermediates[20, 21]. For modern industrial applications, a
good catalyst is the catalyst which is relatively inexpensive,
easily accessible and, most importantly, environmental friendly.
In many existing processes which use homogeneous catalysts,
the removal of catalysts after the reaction is usually a difficult
task and a large amount of liquid waste is produced. Among the
different fields of catalysis, the heterogeneous catalysis utilizing
metal oxides is very prominent in the context of improving
industrial processes that fulfil the needs of sustainable

technologies (regulated by environmental issues)[22]. In the
case of solid catalysts, many important parameters or features
act on catalytic properties, such as (i) atomic composition (i.e.
the presence of transition metals or main group elements only),
(ii) the structure of crystalline phase, (iii) the surface morpholo-
gy (i.e. isotropic, anisotropic or amorphous) and (iv) structural
defects[23]. As stated above, the solid alkaline earth metal ox-
ides (MO) are bifunctional whichmeans they possess two active
sites (i.e. the M2+ cation and the O2− anion). Therefore, the
catalytic activity may be also attributed to acid-base strength of
MO. The acid-base strength is especially important in the organ-
ic reactions mentioned above. Namely, the stronger the basic
site of the metal oxide catalyst, the faster the cleavage of the
C–H bond, while the low Lewis acidity strength reduces the
activation barrier related to the formation of carbanion-catalyst
complex which in turn increases its reactivity. In this contribu-
tion, we present our theoretical study of the structure and acid-
base properties ofMON2O mixed oxides (whereM = Be, Mg,
Ca; N = Li, Na, K). Our goal was to investigate whether the
potential catalytic properties (in terms of theoretically predicted
acid-base properties) of alkaline earth metal oxides can be en-
hanced by combining with alkali metal oxides. The introduction
of different metals (i.e. alkali or alkali earth metals) into the
structure of solid transition metal catalyst (including transition
metal oxides) is one of the ways to enhance either the selectivity
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or activity of the catalyst[24]. The promotion effect of dopants
depends on the metal used and usually improves the active sites
of a catalyst by changing its physicochemical properties. For
instance, during the N2O decomposition reaction, strong promo-
tion effects of alkali metals on cobalt-cerium composite oxide
were observed [25]. The high catalytic activity was attributed to
the redox ability of active Co2+ site induced by alkali metal. This
is consistent with our results reported for mixed
nonstoichiometric MON oxides (where M = Be, Mg, Ca; N =
Li, Na, K) [26].We found that the introduction of alkali metal to
alkaline earth metal oxide substantially affects the electron den-
sity distribution in the MO system (by reducing the partial
charge on alkali earth metal atom) and rises the reductive ability
(by ca. 2–3 eV with respect to the unmodified oxide).

In considering the potential applicability of base catalysts
(pure or modified), it is convenient to be able to characterize
their activity in terms of the number of sites and the strength
thereof. It is being experimentally accomplished by the use of
numerous technics, such as the usage of acid-base indicators,
X-ray diffraction, photoelectron spectroscopy or thermal anal-
ysis [23]. On the other hand, the intrinsic basicity of any mol-
ecule can be estimated theoretically by performing ab initio
calculations. The calculated values of proton affinity (PA) and
the negative of the Gibbs free energy of protonation reaction
(known as gas-phase basicity, GPB) have been determined for
a large number of species and are available through the NIST
chemistry webbook[27]. It is worth noting that among the
neutral systems one of the strongest basis proposed thus far
is the bidentate proton chelator “proton sponge” (1,8-
bis(dimethylamine)naphthalene) whose PA and GPBwere es-
timated to be equal to ca. 245 and 239 kcal/mol,
respectively[28]. In fact, many chemists adopt those values
as the threshold values while classifying compounds as
“superbases” (defined as compounds whose proton affinity
and gas-phase basicity are both larger than that of the “proton
sponge”). As far as the second (acidic) site is concerned, its
strength might be estimated by its vulnerability to accept the
electron pair (as this site is to promote the carbanion).
Therefore, in our contribution, we decided to relate such prop-
erty to hydride anion bounding strength. Namely, we calcu-
lated the hydride affinity (HA) and the Gibbs free energy of
hydride anion detachment process (so-called gas-phase elec-
trophilicity, GPE) by analogy with the PA and GPB values.
To the best of our knowledge, this is the first report containing
a systematic study of the acid-base properties of MON2O
mixed oxides and their physicochemical properties with re-
spect to chemical composition.

Methods

The equilibrium structures of the MO, (MO)2, MON2O,
[MO]H+, [(MO)2]H

+ and [MON2O]H+, [MO]H2,

[(MO)2]H2 and [MON2O]H2 (where M = Be, Mg, Ca; N =
Li, Na, K) molecules and the corresponding harmonic vibra-
tional frequencies were calculated using the second-order
Møller-Plesset perturbational method (MP2)[29–31] with the
aug-cc-pVTZ basis set[32, 33]. The electronic energies of the
systems studied were then refined by employing the coupled-
cluster method with single, double and noniterative triple ex-
citations (CCSD(T))[34–37] and the same basis set. During
the geometry optimizations followed by harmonic vibrational
frequency calculations carried out by employing the MP2
method and while refining the electronic energies using the
CCSD(T) method, all orbitals in the core and valence shells
have been correlated.

The electronic proton affinity (PA, defined as the negative
of the electronic energy change in the reaction B+H+→ BH+)
of MO, (MO)2 and MON2O and electronic hydride affinity
(HA, defined as the negative of the electronic energy change
in the reaction BH++H–→BH2) of the MOH+, [(MO)2]H

+,
[MON2O]H

+ were estimated at the CCSD(T)/aug-cc-pVTZ
theory level. The corresponding gas-phase basicity (GPB, de-
fined as the negative of the Gibbs free energy of protonation
reaction) of MO, (MO)2 and MON2O and gas-phase electro-
philicity (GPE, defined as the negative of the Gibbs free en-
ergy of hydride anion attachment) of the [MO]H+,
[(MO)2]H

+, [MON2O]H+ were evaluated using the
CCSD(T)/aug-cc-pVTZ electronic energies and the zero-
point energy corrections, thermal corrections (at T =
298.15K) and entropy contributions estimated with the MP2
method and the aug-cc-pVTZ basis set (in each case, the
Gibbs free energy of a proton was also accounted for).

Thermodynamic stability related to the most likely frag-
mentations paths for all studied species was established ac-
cordingly, by using the CCSD(T) electronic energies and the
MP2 zero-point energies, thermal corrections and entropy
contributions (at T = 298.15K).

All calculations were performed with the GAUSSIAN16
program (Rev. C.01)[38], while the plots showing the molec-
ular structures were generated with the CHEMCRAFT
program[39]

Results

The [MO]H+, [(MO)2]H
+, [MO]H2 and [(MO)2]H2

systems (M = Be, Mg, Ca)

The lowest energy structures of MO, [MO]H+, [MO]H2,
(MO)2, [(MO)2]H

+ and [(MO)2]H2 species (M = Be, Mg,
Ca) are shown in Figs. 1 and 2, whereas the electronic proton
affinity and gas-phase basicity of monomeric (MO) and di-
meric ((MO)2) alkaline earth metal oxides as well as hydride
affinity and gas-phase electrophilicity of the protonated forms
of those oxides are gathered in Table 1. According to our
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findings, the lowest energy isomers of the [MO]H+ cations
correspond to the linear C∞v-symmetry structures with the
hydrogen atom bonded to the oxygen atom, while the analysis
of the most stable structures obtained for [MO]H2 indicates
that hydride anion attaches in all cases to the opposite side of
[MO]H+ molecule (i.e. to the M atom, see Fig. 1). The H−

attachment to [MgO]H+ or [CaO]H+ affects the structures only
slightly as the resulting neutral [MgO]H2 and [CaO]H2 mole-
cules are linear (C∞v-symmetry). In contrast, the addition of
H− to the [BeO]H+ cation leads to the bent Cs-symmetry struc-
ture of [BeO]H2 (with the Be–O–H valence angle of 146.62°).

The calculated PAs and GPBs for alkaline earth metal ox-
ides show a systematic growth with an increase of atomic
number ofM (i.e. the largest PA and GPB values correspond
to CaO), see Table 1. The experimental PAs and GPBs are
available only for MgO (PA = 236.14 kcal/mol; GPB =
229.30 kcal/mol) and CaO (PA = 284.56 kcal/mol; GPB =
277.80 kcal/mol)[27]. The comparison of those values with
our calculated PAs and GPBs may indicate that the CCSD(T)/
aug-cc-pVTZ theoretical treatment somewhat overestimates
the proton affinity and gas-phase basicity of MgO and CaO
by 17.9–30.7 and 0.4–13.5 kcal/mol, respectively. However,
it is worth to mention that the experimental data available for
magnesium and calcium oxides are based on a single report
only (describing the measurements performed in 1962) and
might be unreliable as such. Hence, we believe that our PA

and GPB values are likely more accurate and represent the
best estimates of these quantities available.

As far as the hydride affinities and gas-phase electrophilic-
ities of [MO]H+ are concerned, our calculations indicate that
the HA andGPE decrease in the [BeO]H+/[MgO]H+/[CaO]H+

series (i.e. the lowest HA and GPE correspond to [CaO]H+).
Clearly, the basicity of MO is associated with the electrophi-
licity of [MO]H+, as the values gathered in Table 1 affirm (i.e.
the larger the basicity ofMO (CaO >MgO > BeO), the small-
er the electrophilicity (with respect to H−) of the correspond-
ing [MO]H+ ([CaO]H+ < [MgO]H+ < [BeO]H+)).

The most stable isomers of (MO)2 correspond to the rhom-
bic D2h-symmetry structures, see Fig. 2. The M–O distances
in the MO dimers are longer than those in the corresponding
monomers by 0.141, 0.143 and 0.211 Å for M = Be, Mg and
Ca, respectively. The lowest energy isomers of [(MO)2]H

+

correspond to the kite-shaped C2v-symmetry structures with
the proton attached to one of the oxygen atoms. As shown in
Fig. 2, theM–O bonds involving the protonated oxygen atom
are slightly longer (by ca. 0.08–0.16 Å) than those in the
neutral (MO)2 systems, whereas the remaining M–O separa-
tions in [(MO)2]H

+ are somewhat smaller (by ca. 0.05–0.07
Å) than the M–O distances in the corresponding dimeric
oxides.

The attachment of H– to [(MO)2]H
+ systems may lead to

the formation of either Cs-symmetry chain-like H–O–M–O–
M–H isomer or D2h-symmetry rhombic isomer of [(MO)2]H2.
As we verified, the most stable isomer of [(BeO)2]H2 corre-
sponds to the chain structure with the Be–O–H valence angle
of 133.13° (while the rhombic structure is higher in energy by
67.7 kcal/mol), and the lowest energy isomers of [(MgO)2]H2

and [(CaO)2]H2 correspond to the rhombic structures (where-
as the energies of the corresponding chain structures are larger
by 4.3 and 16.6 kcal/mol, respectively), see Fig. 2.

Similar to our predictions formulated for the MO mono-
mers, our calculations performed for the (MO)2 systems indi-
cate that the larger the basicity of (MO)2 the smaller the elec-
trophilicity (with respect to H−) of its corresponding proton-
ated [(MO)2]H

+ form. In particular, the calculated PA and
GPB values for (MO)2 increase (from 220 to 301 and from
208 to 288 kcal/mol, respectively) with an increase of the
atomic number of M, whereas the calculated HAs and GPEs
of [(MO)2]H

+ decrease (from 254 to 154 and from 245 to 143
kcal/mol, respectively) with the M atomic number, see
Table 1. In order to verify whether the dimerization affects
the basicity and electrophilicity ofMO systems, we compared
the PA, GPB, HA and GPE values of (MO)2 to those of their
correspondingMO species.We found that (i) the dimerization
of BeO decreases the basicity as well as the electrophilicity of
its protonated form (as the PA and GPB of (BeO)2 are smaller
by 12.6–15.9 kcal/mol and the HA and GPE of [(BeO)2]H

+

are smaller by 12.2–20.2 kcal/mol than the corresponding
values calculated for BeO and [BeO]H+), (ii) the dimerization

Table 1 The electronic proton affinities (PA in kcal/mol), gas-phase
basicities (GPB in kcal/mol) of the MO, (MO)2 and MON2O as well as
the electronic hydride affinity (HA in kcal/mol) and gas-phase electrophi-
licity (GPE in kcal/mol) of the corresponding protonated forms (i.e.
MOH+, [(MO)2]H

+ and [MON2O]H
+; where M = Be, Mg, Ca; N = Li,

Na, K ). The results are obtained at the CCSD(T)/aug-cc-pVTZ//MP2/
aug-cc-pVTZ level

Species PA GPB Species HA GPE

BeO 236.3 220.5 [BeO]H+ 265.8 265.5

MgO 266.8 242.8 [MgO]H+ 226.8 218.1

CaO 302.5 278.2 [CaO]H+ 170.3 161.1

(BeO)2 220.4 207.9 [(BeO)2]H
+ 253.6 245.3

(MgO)2 272.4 259.6 [(MgO)2]H
+ 200.5 193.3

(CaO)2 300.8 288.2 [(CaO)2]H
+ 153.8 143.1

BeOLi2O 272.0 259.9 [BeOLi2O]H
+ 171.8 160.3

BeONa2O 297.1 287.5 [BeONa2O]H
+ 154.5 140.5

BeOK2O 310.1 298.1 [BeOK2O]H
+ 142.3 131.4

MgOLi2O 290.7 277.6 [MgOLi2O]H
+ 166.7 156.9

MgONa2O 309.4 297.7 [MgONa2O]H
+ 154.8 144.8

MgOK2O 321.7 308.9 [MgOK2O ]H+ 151.7 138.7

CaOLi2O 320.2 308.9 [CaOLi2O]H
+ 147.6 138.3

CaONa2O 331.9 320.4 [CaONa2O]H
+ 144.1 131.6

CaOK2O 333.1 322.2 [CaOK2O]H
+ 134.9 122.0
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ofMgO increases the basicity as it leads to larger (by 5.6–16.8
kcal/mol) values of PA and GPB, while the HA and GPE
values of the corresponding [(MgO)2]H

+ are lower (by ca.
25 kcal/mol) than those predicted for [MgO]H+, (iii) the di-
merization of CaO decreases the PA only slightly (by 2
kcal/mol) and increases the GPB by 10 kcal/mol, whereas
the HA and GPE values decrease (by 17–18 kcal/mol) with
respect to those calculated for [CaO]H+ (see Table 1). Finally,
it should also be mentioned that MgO, (MgO)2, CaO and
(CaO)2 can be classified as superbases, which means that their
PAs (in the range of 267–302 kcal/mol) and GPBs (spanning
the 243–288 kcal/mol range) are higher than those predicted
for the “proton sponge” whose PA and GPB are equal to 245
and 239 kcal/mol, respectively.

Since various metal oxides are used as catalysts in dehy-
drogenation reactions, we verified the thermodynamic stabil-
ity of each neutral [MO]H2 and [(MO)2]H2 system by exam-
ining two dissociation channels, namely, the detachment of H2

and H2O (see Table 2). In fact, determining the susceptibility
of these compounds to liberate molecular hydrogen or water

molecule provides an insight not only into the thermodynamic
stability of the [MO]H2 and [(MO)2]H2 systems but also on
the recovery processes of the studied oxides (when serving as
catalysts in dehydrogenation processes). The positiveΔGr

298

values (spanning the 24–87 kcal/mol range and the 38–110
kcal/mol range for the reactions involving [MO]H2 and
[(MO)2]H2, respectively; see Table 2) indicate that the
[MO]H2 and [(MO)2]H2 systems are stable against the detach-
ment of either H2 or H2O.

The MON2O oxides and their protonated and
hydrogenated forms (M = Be, Mg, Ca; N = Li, Na, K)

An extensive exploration of the ground-state MON2O po-
tential energy surface of the neutral BeOLi2O, BeONa2O,
BeOK2O, MgOLi2O, MgONa2O, MgOK2O, CaOLi2O,
CaONa2O and CaOK2O systems matching theMON2O for-
mula (where M and N stand for alkaline earth metal and
alkali metal, respectively) led to four constitutional isomers
for each compound considered, see Fig. 3. For each

Fig. 1 The equilibrium structures
of theMO, [MO]H+ and [MO]H2

(whereM = Be,Mg, Ca) obtained
at the MP2/aug-cc-pVTZ level
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molecule, we verified the thermodynamic stability of its
lowest energy isomer by confirming that theΔGr

298 values
calculated for the most likely fragmentation path (i.e.
MON2O→MO+N2O, M = Be, Mg, Ca; N = Li, Na, K) are
positive (92–163 kcal/mol). Therefore, we conclude that the
mixedMON2O oxides, once formed, should be stable in gas
phase and not susceptible to decomposition yielding MO
and N2O. While exploring the configuration space of the
[MON2O]H

+ and [MON2O]H2, we performed a random
structure search using the previously obtained stationary-
point geometries of the MON2O oxides with a proton or
two hydrogen atoms attached as the initial structures.

Namely, in order to determine the lowest energy isomeric
structures of [MON2O]H

+ and [MON2O]H2, various possi-
bilities of attaching the proton or two hydrogen atoms to
[MON2O] were examined by treating them as the starting
structures during the independent geometry optimization
procedure. Since our main goal was to predict the basicity
ofMON2O systems and electrophilicity of their protonated
forms as well as to compare those features to the corre-
sponding values predicted for the unmodifiedMO systems,
only the lowest energy isomers of BeON2O, MgON2O and
CaON2O and their protonated and hydrogenated forms are
presented and discussed in the following sections.

Fig. 2 The equilibrium structures
of the (MO)2, [(MO)2]H

+ and
[(MO)2]H2 (whereM = Be, Mg,
Ca) obtained at the MP2/aug-cc-
pVTZ level
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BeON2O, [BeON2O]H
+ and [BeON2O]H2 (N = Li, Na, K)

As revealed by our calculations, the most stable isomers of
BeOLi2O and BeONa2O correspond to linear D∞h-symmetry
structures (labelled 1 in Fig. 3), whereas the lowest energy
isomer of BeOK2O corresponds to the non-planar compact
C2v-symmetry structure resembling the system labelled 4 in
Fig. 3 (see also Fig. 4 where these global minima are
depicted). The second lowest energy isomers (i.e. the compact
C2v-symmetry BeOLi2O and BeONa2O and linear D∞h-sym-
metry BeOK2O) are higher in energy than the corresponding
global minima by ca. 21, 8 and 4 kcal/mol, respectively.

Proton attachment to one of the oxygen atoms of linear
BeOLi2O and BeONa2O structures leads to the bending of

the protonated fragment (the resulting Be–O–Li and Be–O–
Na valence angles in [BeOLi2O]H

+ and [BeONa2O]H
+ are

equal to 129° and 133°, respectively); however, we verified
that these bent structures do not correspond to the global min-
ima as their energies are larger by ca. 5 kcal/mol than those
predicted for the Cs-symmetry isomers containing a four-
memberMO2N ring with the remaining H andN atoms bond-
ed to the oxygens (see Fig. 4). As it turned out, the lowest
energy isomer of the [BeOK2O]H

+ cation depicted in Fig. 4
corresponds to the similar Cs-symmetry structure as those of
[BeOLi2O]H

+ and [BeONa2O]H
+.

As far as the hydrogenated forms of BeON2O are con-
cerned, our calculations indicate that the lowest energy iso-
mers of [BeON2O]H2 resemble the most stable Cs-symmetry
structures of [BeON2O]H

+ cations with the additional hydro-
gen atom attached to beryllium atom. The Be–H bond lengths
in the [BeON2O]H2 systems span the 1.416–1.440 Å range
and are slightly longer (by ca. 0.1 Å) than those in BeH2 (as
predicted at the same theory level). As it can be seen from Fig.
4, the addition of H− to the [BeON2O]H

+ systems shortens the
N–O bonds (by 0.111–0.268 Å) in the four-membered ring
and elongates the Be–O bonds (by 0.077–0.111 Å). Also, the
terminal Li, Na and K atoms form the N–H bonds with the
nearest H atoms, yet their lengths are larger by 0.316, 0.117
and 0.243 Å with respect to the Li–H, Na–H and K–H bond
lengths in the corresponding alkali metal hydrides (as predict-
ed at the same theory level).

As explained above, we view eachMON2O molecule as
the alkaline earth metal oxide (MO) modified by the alkali

Table 2 The Gibbs free energies (ΔGr
298 in kcal/mol) of the

fragmentation reactions (at T = 298.15 K) considered in this work. The
results are obtained at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ
level

Fragmentation path ΔGr
298

[BeO]H2 → BeO + H2 87.4

[MgO]H2 → MgO + H2 79.3

[CaO]H2 → CaO + H2 58.8

[(BeO)2]H2 → [BeO]2 + H2 59.6

[(MgO)2]H2 → [MgO]2 + H2 59.4

[(CaO)2]H2 → [CaO]2 + H2 37.8

[BeOLi2O]H2 → BeOLi2O + H2 26.6

[BeONa2O]H2 → BeONa2O + H2 34.4

[BeOK2O]H2 → BeOK2O + H2 35.8

[MgOLi2O]H2 → MgOLi2O + H2 40.9

[MgONa2O]H2 → MgONa2O + H2 48.9

[MgOK2O]H2 → MgOK2O + H2 53.9

[CaOLi2O]H2→ CaOLi2O + H2 53.6

[CaONa2O]H2 → CaONa2O + H2 58.4

[CaOK2O]H2 → CaOK2O + H2 50.6

[BeO]H2 → Be + H2O 77.8

[MgO]H2 → Mg + H2O 23.8

[CaO]H2 → Ca + H2O 28.3

[(BeO)2]H2 → Be2O + H2O 110.0

[(MgO)2]H2 → Mg2O + H2O 79.1

[(CaO)2]H2 → Ca2O + H2O 60.1

[BeOLi2O]H2 → BeOLi2 + H2O 84.5

[BeONa2O]H2 → BeONa2 + H2O 73.8

[BeOK2O]H2 → BeOK2 + H2O 81.1

[MgOLi2O]H2 → MgOLi2 + H2O 55.2

[MgONa2O]H2 → MgONa2 + H2O 49.6

[MgOK2O]H2 → MgOK2 + H2O 57.1

[CaOLi2O]H2 → CaOLi2 + H2O 60.6

[CaONa2O]H2 → CaONa2 + H2O 52.3

[CaOK2O]H2 → CaOK2 + H2O 52.2

Fig. 3 The schematic structures ofMON2Omixed oxides isomers (where
M = Be, Mg, Ca; N = Li, Na, K)
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metal oxide (N2O). Hence, the comparison of the PA and
GPB of BeON2O species as well as the HA and GPE of
[BeON2O]H

+ cations to those of the corresponding BeO
and [BeO]H+ systems allows us to establish the effects
caused by this modification. According to our findings,
the PA and GPB values increase significantly upon the at-
tachment of the N2O to the beryllium oxide. In particular,
the PAs and GPBs of the resulting BeOLi2O, BeONa2O and
BeOK2O were found to be higher than those of the corre-
sponding BeO by ca. 36–74 and 39–78 kcal/mol, respec-
tively (see Table 1). Moreover, the resulting PAs (272–
310 kcal/mol) and GPBs (260–298 kcal/mol) of BeON2O
systems are larger than the corresponding values of 245 and
239 kcal/mol characterizing the PA and GPB of the “proton

sponge”. Hence, we conclude that all BeON2O oxides con-
sidered might be classified as superbases. On the other
hand, a basicity increase of BeO (when modified by the
attachment of N2O) is associated with the electrophilicity
decrease of [BeO]H+ (when modified with N2O). In partic-
ular, the calculated HAs and GPEs of [BeON2O]H

+ span the
142–172 and 131–160 kcal/mol range, respectively, which
means that the electrophilicity decreases by ca. 35–49%
when the protonated beryllium oxide is mixed with an alkali
metal oxide. It is also worth noting that the basicity increase
(achieved by attachingN2O to BeO) and the electrophilicity
decrease (attained by attaching N2O to [BeO]H+) change in
the same direction (i.e. with an increase of the atomic num-
ber of N). As a result, we obtained the largest PA/GPB

Fig. 4 The equilibrium structures
of the BeON2O, [BeON2O]H

+,
[BeON2O]H2 (where N = Li, Na,
K) obtained at the MP2/aug-cc-
pVTZ level
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values and the lowest HA/GPE values for BeOK2O and its
protonated form, respectively (see Table 1).

Finally, we verified the thermodynamic stability of each
[BeON2O]H2 system by examining two possible dissociation
channels: dehydration ([BeON2O]H2→BeON2+H2O) and de-
hydrogenation ([BeON2O]H2→ BeON2O+H2). Since the
ΔGr

298 values determined for these processes turned out to
be large and positive (in the 27–84 kcal/mol range), we are
confident that all the [BeON2O]H2 molecules studied are ther-
modynamically stable. Interestingly, the comparison of the
ΔGr

298 values obtained for the fragmentations yielding H2O
are larger than those predicted for the fragmentations yielding
H2 which indicates that the latter path should be considered
more likely when the decomposition of [BeON2O]H2 systems
is concerned, as the second column in Table 2 affirms.

The MgON2O, [MgON2O]H
+ and [MgON2O]H2 systems (N =

Li, Na, K)

The most stable structures of MgON2O, [MgON2O]H
+ and

[MgON2O]H2 involving various alkali metal atomsN are pre-
sented in Fig. 5. As predicted by our calculations, the lowest
energy isomers of MgOLi2O, MgONa2O and MgOK2O
mixed oxides correspond to the linear D∞h-symmetry NO–
Mg–ON structures with the magnesium atom localized in
the centre bridging two OLi, ONa or OK subunits. The attach-
ment of H+ to these compounds leads to the formation of the
[MgON2O]H

+ cations whose most stable isomers depicted in
Fig. 5 correspond to the structures containing a four-
membered MgO2N ring with the remaining H and N atoms
bonded to the oxygens. In fact, these global minima of the
[MgON2O]H

+ cations closely resemble those found for the
[BeON2O]H

+ systems (cf. Figs. 4 and 5). We also confirmed
that the relative energies of other isomeric structures of the
[MgON2O]H

+ cations (which are not shown in Fig. 5) exceed
8 kcal/mol, thus rendering them uncompetitive near room
temperatures.

The structures adopted by the lowest energy isomers of
[MgOLi2O]H2 and [MgONa2O]H2 resemble those of the cor-
responding [MgOLi2O]H

+ and [MgONa2O]H
+ cations with

the H− attached to the magnesium atom and thus involved in
the formation of either Li–H or Na–H bond, see Fig. 5. The
Mg–O, O–H, Li–O and Na–O distances in [MgON2O]H2 (N
= Li, Na) differ from those in the [MgON2O]H

+ systems only
slightly as the predicted differences do not exceed 0.15 Å. The
lengths of the N–H bonds (2.1–2.4 Å) involving terminal N
atoms are substantially larger than those predicted (at the same
theory level) for the corresponding isolated alkali metal hy-
drides (1.588 and 1.876 Å for the Li–H and Na–H, respective-
ly) which indicates relatively weak N–H interactions. In con-
trast, the lowest energy isomer of [MgOK2O]H2 adopts the
compact C2v-symmetry structure with two hydrogen atoms
bonded to the oxygens (see Fig. 5). As far as the second lowest

energy isomers of [MgON2O]H2 (N = Li, Na, K) are con-
cerned, we found the C2v-symmetry structure of
[MgONa2O]H2 and Cs-symmetry structure of [MgOK2O]H2

having their energies only slightly larger (by ca. 2 kcal/mol)
than those of their corresponding global minima (thus render-
ing them competitive near room temperatures) and the C2v-
symmetry structure of [MgOLi2O]H2 having its relative ener-
gy of ca. 12 kcal/mol.

The data collected in Table 1 indicate that the proton affin-
ity and gas-phase basicity increase when the magnesium oxide
is modified by alkali metal oxides. In particular, the PA and
GPB values predicted for MgON2O systems span the 291–
322 and 278–309 kcal/mol range, respectively, whereas the
PA of 266.8 kcal/mol and the GPB of 242.8 kcal/mol were
calculated for the unmodifiedMgO. It is also worth tomention
that the introduction of alkali metal oxide to magnesium oxide
is more effective (with regard to the basicity increase) than the
dimerization of MgO, as the PAs and GPBs of MgON2O are
larger by ca. 18–49 kcal/mol than those of (MgO)2. As far as
the hydride affinity and gas-phase electrophilicity of
[MgON2O]H

+ are concerned, we confirmed that the more
basic MgON2O the less electrophilic its corresponding pro-
tonated form. In the series of MgOLi2O/MgONa2O/
MgOK2O, the MgOK2O molecule was identified as the most
basic (having its PA = 321.7 kcal/mol and GPB = 308.9
kcal/mol), and thus its protonated [MgOK2O]H

+ form ex-
hibits the lowest (among the MgO-based mixed oxides con-
sidered) values of HA (151.7 kcal/mol) and GPE (138.7
kcal/mol), see Table 1. The corresponding [MgON2O]H2

compounds were all found stable with respect to the fragmen-
tations yielding either H2 or H2O, as indicated by positive
Gibbs free energies calculated for those processes (see
ΔGr

298 values gathered in Table 2).

The CaON2O, [CaON2O]H
+ and [CaON2O]H2 systems (N = Li,

Na, K)

Our calculations revealed that the lowest energy isomers of
CaOLi2O, CaONa2O and CaOK2O correspond to the compact
C2v-symmetry structures, see Fig. 6. We also found that the
H+ attachment to these structures results in substantial geom-
etry reorganization as the most stable isomers of the
[CaON2O]H+ cations resemble their corresponding
[BeON2O]H

+ and [MgON2O]H
+ systems (described in the

preceding section, see Figs. 4–6 for comparison). Namely,
each [CaON2O]H

+ (N = Li, Na, K) structure is planar (Cs-
symmetry) and contains a tetragonal CaO2N frame with the
additional H and N bonded to the oxygen atoms, see Fig. 6.

The lowest energy isomer of [CaOLi2O]H2 resembles the
most stable structure of [CaOLi2O]H

+ cation with the H− an-
ion attached to calcium atom via the elongated (2.201 Å) Ca–
H bond (as the Ca–H bond length of 2.048 Å was determined
for the CaH2 molecule). On the other hand, the most stable
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isomers of [CaONa2O]H2 and [CaOK2O]H2 correspond to the
C2v-symmetry compact structures with two hydrogen atoms
bonded to oxygens (see Fig. 6). We should also mention that
the energy of another isomer of [CaONa2O]H2 (adopting the
Cs-symmetry structure) is larger than the energy of the global
minimum by only 0.8 kcal/mol; hence, both these isomers are
likely co-existing near room temperatures. In contrast, the
relative energy of the second most stable isomer of the
[CaOK2O]H2 compound is considerably larger (8.8 kcal/mol).

The results collected in Table 1 indicate that the introduc-
tion of an alkali metal oxide to calcium oxide causes the ba-
sicity increase of the latter system. Namely, the PA and GPB
values predicted for CaON2O (N = Li, Na, K) are higher by ca.
18–31 and 31–44 kcal/mol than those calculated for the iso-
lated CaO molecule. Next, our calculations revealed that as
the proton affinity and basicity of CaON2O systems increase

(with an atomic number of N), the hydride affinity and the
electrophilicity of the corresponding [CaON2O]H

+ cations de-
crease (similar trends were observed for BeO- and MgO-
based mixed oxides, see the preceding sections). In particular,
the PA and GPB determined for the CaON2O mixed oxides
increase with an increase of the atomic number of N (i.e. the
highest PA and GPB values correspond to CaOK2O), whereas
the HA and GPE values predicted for the [CaON2O]H

+ cat-
ions decrease in the same direction (i.e. the lowest HA and
GPE correspond to [CaOK2O]H

+, see Table 1). It is also
worth noting that the [CaOK2O]H

+ is characterized by the
lowest HA (134.9 kcal/mol) and the lowest GPE (122.0
kcal/mol) among all [MON2O]H

+ cations studied.
Taking into account all the most stable isomers of the

[MON2O]H2 (where M = Be, Mg, Ca; N = Li, Na, K) sys-
tems, it is worth emphasizing that the appearance of a structure

Fig. 5 The equilibrium structures
of the MgON2O, [MgON2O]H

+,
[MgON2O]H2 (whereN = Li, Na,
K) obtained at the MP2/aug-cc-
pVTZ level
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with two hydrogen atoms attached to the oxygen atoms (see
[MgOK2O]H2, [CaONa2O]H2 and [CaOK2O]H2 depicted in
Figs. 5 and 6) does not exclude the catalytic activity (i.e.
serving as a Lewis acid) of the alkali earth metal (M). In fact,
the appearance of this isomeric structure (as the most stable
configuration) is likely related to our approach of determining
the Lewis acid strength by evaluating the affinity of a given
system to hydride anion. As the H− is characterized by a rel-
atively moderate value of the excess electron binding energy
(0.754 eV[40]), its excess negative charge is expected to be
effectively delocalized among other more electronegative
fragments. Regardless of the structural differences, all calcu-
lated HA and GPE values estimated for [MON2O]H

+ systems
point to a decreasing binding strength of the anionic interme-
diate (resulting from the bond cleavage, e.g. C–H) with a
basicity increase of the corresponding MON2O mixed oxide.

As far as the thermodynamic stability of the [CaON2O]H2

systems is concerned, we confirmed that all the hydrogenated
CaO-based mixed oxides are stable with respect to fragmen-
tation yielding either H2 or H2O. In particular, the ΔGr

298

values predicted for the [CaON2O]H2→CaON2O+H2 and
[CaON2O]H2→CaON2+H2O processes are positive (span-
ning the 51–58 kcal/mol and 52–61 kcal/mol range, respec-
tively) which confirms that these fragmentation channels are
practically closed, see Table 2. The CaON2O mixed oxide
recovery by dehydrogenation is more probable in the case of
[CaOLi2O]H2 and [CaOK2O]H2 (as theΔGr

298 values for the
H2 detachment are less positive than those for the detachment
of H2O), whereas in the case of [CaONa2O]H2 the detachment
of water molecule turned out to be more achievable (as the
ΔGr

298 for H2O detachment is less positive (by ca. 6 kcal/mol)
than that for the fragmentation yielding H2, see Table 2).

Fig. 6 The equilibrium structures
of the CaON2O, [CaON2O]H

+,
[CaON2O]H2 (where N = Li, Na,
K) obtained at the MP2/aug-cc-
pVTZ level
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Conclusions

On the basis of our CCSD(T)/aug-cc-pVTZ//MP2/aug-
cc-pVTZ calculations performed for (i) alkali earth met-
al oxides (MO) and their protonated and hydrogenated
forms ([MO]H+ and [MO]H2), (ii) dimers of alkali earth
metal oxides ((MO)2) and their protonated and hydroge-
nated forms ([(MO)2]H

+ and [(MO)2]H2) and (iii) alkali
earth metal oxides modified by the attachment of alkali
metal oxides (MON2O) and their protonated and hydro-
genated forms ([MON2O]H

+ and [MON2O]H2) (where
M = Be, Mg, Ca; N = Li, Na, K), we conclude the
following:

1. The MgO and CaO oxides can be classified as
superbases as their electronic proton affinities (PA)
and gas-phase basicities (GPB) are higher than the ref-
erence values of 245 and 239 kcal/mol (characterizing
the “proton sponge”), whereas the BeO oxide is charac-
terized by smaller PA and GPB values of 236.3 and
220.5 kcal/mol, respectively.

2. The dimerization of MgO and CaO increases (by ca. 10–
17 kcal/mol) the basicity of those oxides, whereas the
PA and GPB values of BeO decrease (by 16 and 12
kcal/mol, respectively) upon dimerization.

3. The electronic proton affinities (spanning the range
of 272–333 kcal/mol) and gas-phase basicities (in
the range of 260–322 kcal/mol) predicted for all
MON2O considered are substantially higher than
the PA and GPB characterizing the “proton
sponge”, which justifies their classification as
superbases.

4. The basicity of BeON2O, MgON2O and CaON2O in-
creases with an increase of the atomic number of N
(i.e. the highest PA and GPB values correspond to
BeOK2O, MgOK2O and CaOK2O).

5. In the case of magnesium oxide and calcium oxide, the
mixing with any alkali metal oxide (Li2O, Na2O or K2O)
causes a larger PA and GPB increase than the dimeriza-
tion process.

6. The CaOK2O mixed oxide represents the strongest base
described in this contribution (PA = 333.1 kcal/mol,
GPB = 322.2 kcal/mol).

7. The electronic hydride affinity (HA) and gas-phase elec-
trophilicity (GPE) values of the [MO]H+ cations relate to
the basicity of their corresponding MO molecules (the
stronger theMO base the less electrophilic its protonated
form).

8. The protonated MO dimers ([(MO)2]H
+) are character-

ized by even smaller (by ca. 12–26 kcal/mol) values of
HA and GPE than their corresponding protonated mo-
nomeric forms ([MO]H+).

9. The electrophilicity of [BeON2O]H
+, [MgON2O]H

+ and
[CaON2O]H

+ decreases with an increase of the atomic
number of N (i.e. the lowest HA and GPE values corre-
spond to [BeOK2O]H+ , [MgOK2O]H+ and
[CaOK2O]H+) . The e l ec t roph i l i c i t y o f the
[BeON2O]H

+, [MgON2O]H
+ and [CaON2O]H

+ strong-
ly relates to the basicity of the corresponding non-
protonated mixed oxides (MON2O). The MOK2O rep-
resents the strongest base in each MOLi2O/MONa2O/
MOK2O series, and thus its protonated [MOK2O]H

+

form is characterized by the lowest values of HA and
GPE.

10. The least electrophilic system (with respect to hydride
anion) among all species studied is [CaOK2O]H

+ cation
(as its HA and GPE values are equal to 134.9 and 122.0
kcal/mol, respectively).

11. All the [MON2O]H2 systems studied are thermodynam-
ically stable species toward the detachment of either H2

or H2O. However, in most cases (except for
[CaONa2O]H2), the dehydrogenation is less endergonic
than the detachment of water molecule which indicates
the potential reuse of such species as catalysts in dehy-
drogenation reactions.

Acknowledgements The calculations have been carried out using re-
sources provided by Wroclaw Centre for Networking and
Supercomputing (http://wcss.pl) grant no. 435.

Code availability Not applicable.

Author contribution D.F.: investigation, methodology, funding acquisi-
tion, validation, visualization; P.S.: investigation, supervision, writing—
original draft, funding acquisition. I.A.: conceptualization, investigation,
project administration, supervision, writing—original draft.

Funding This research was supported by the funding from the Polish
Ministry of Science and Higher Education grant no. DS 531-T110-
D844-21 and BMN 539-T110-B485-20 (to D.F.).

Data Availability All data are available on request to the corresponding
author.

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain

Page 11 of 13     210J Mol Model (2021) 27: 210

http://wcss.pl


permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Gorzawski H, Hoelderich W (1999) Preparation of superbases and
their use as catalysts for double-bond isomerization. J Mol Catal A
Chem 144:181–187. https://doi.org/10.1016/S1381-1169(98)
00363-X

2. Zhang G, Hattori H, Tanabe K (1988) Aldol addition of acetone,
catalyzed by solid base catalysts: magnesium oxide, calcium oxide,
strontium oxide, barium oxide, lanthanum (III) oxide and zirconium
oxide. Appl Catal 36:189–197. https://doi.org/10.1016/S0166-
9834(00)80114-1

3. Tsuji H, Yagi F, Hattori H, Kita H (1994) Self-condensation of n-
butyraldehyde over solid base catalysts. J Catal 148:759–770.
https://doi.org/10.1006/jcat.1994.1262

4. Gupta J, Papadikis K, Konysheva EY et al (2021) CaO catalyst for
multi-route conversion of oakwood biomass to value-added
chemicals and fuel precursors in fast pyrolysis. Appl Catal B
Environ 285:119858. https://doi.org/10.1016/j.apcatb.2020.
119858

5. Shen W, Tompsett GA, Xing R et al (2012) Vapor phase butanal
self-condensation over unsupported and supported alkaline earth
metal oxides. J Catal 286:248–259. https://doi.org/10.1016/j.jcat.
2011.11.009

6. Lopez-Olmos C, Morales MV, Guerrero-Ruiz A, Rodríguez-
Ramos I (2020) Continuous catalytic condensation of ethanol into
1-butanol: the role of metallic oxides (M = MgO, BaO, ZnO, and
MnO) in Cu-M/graphite catalysts. Ind Eng Chem Res. https://doi.
org/10.1021/acs.iecr.0c04113

7. Bancquart S, Vanhove C, Pouilloux Y, Barrault J (2001) Glycerol
transesterification with methyl stearate over solid basic catalysts.
Appl Catal A Gen 218:1–11. https://doi.org/10.1016/S0926-
860X(01)00579-8

8. DOSSIN T, REYNIERS M, MARIN G (2006) Kinetics of hetero-
geneously MgO-catalyzed transesterification. Appl Catal B
Environ 62:35–45. https://doi.org/10.1016/j.apcatb.2005.04.005

9. Ferretti CA, Olcese RN, Apesteguía CR, Di Cosimo JI (2009)
Heterogeneously-catalyzed glycerolysis of fatty acid methyl esters:
reaction parameter optimization. Ind Eng Chem Res 48:10387–
10394. https://doi.org/10.1021/ie9004783

10. Montero JM, Brown DR, Gai PL et al (2010) In situ studies of
structure–reactivity relations in biodiesel synthesis over nanocrys-
talline MgO. Chem Eng J 161:332–339. https://doi.org/10.1016/j.
cej.2009.12.035

11. De Sousa FP, Dos Reis GP, Cardoso CC et al (2016) Performance
of CaO from different sources as a catalyst precursor in soybean oil
transesterification: kinetics and leaching evaluation. J Environ
Chem Eng. https://doi.org/10.1016/j.jece.2016.03.009

12. Corma A, Iborra S, Primo J, Rey F (1994) One-step synthesis of
citronitril on hydrotalcite derived base catalysts. Appl Catal A Gen.
https://doi.org/10.1016/0926-860X(94)80175-4

13. ClimentMJ, Corma A, Guil-Lopez R et al (1999) Solid catalysts for
the production of fine chemicals: the use of ALPON and hydrotal-
cite base catalysts for the synthesis of arylsulfones. Catal Lett.
https://doi.org/10.1023/A:1019075227734

14. Kabashima H, Tsuji H, Hattori H (1997) Michael addition of meth-
yl crotonate over solid base catalysts. Appl Catal A Gen 165:319–
325. https://doi.org/10.1016/S0926-860X(97)00213-5

15. Xu C, Bartley JK, Enache DI et al (2005) High surface areaMgO as
a highly effective heterogeneous base catalyst for Michael addition

and Knoevenagel condensation reactions. Synthesis-Stuttgart.
https://doi.org/10.1055/s-2005-918467

16. Tajbakhsh M, Farhang M, Hosseini AA (2014) MgO nanoparticles
as an efficient and reusable catalyst for aza-Michael reaction. J Iran
Chem Soc. https://doi.org/10.1007/s13738-013-0338-x

17. Aramendía MA, Borau V, Jiménez C et al (1996) Magnesium ox-
ides as basic catalysts for organic processes: study of the
dehydrogenation-dehydration of 2-propanol. J Catal. https://doi.
org/10.1006/jcat.1996.0246

18. Elkhalifa EA, Friedrich HB (2014) Oxidative dehydrogenation and
aromatization of n-octane over VMgO catalysts obtained by using
different MgO precursors and different precursor treatments. J Mol
Catal A Chem 392:22–30. https://doi.org/10.1016/j.molcata.2014.
04.018

19. GyngazovaMS, Grazia L, Lolli A et al (2019) Mechanistic insights
into the catalytic transfer hydrogenation of furfural with methanol
and alkaline earth oxides. J Catal 372:61–73. https://doi.org/10.
1016/j.jcat.2019.02.020

20. Corma A, Iborra S (2006) Optimization of alkaline earth metal
oxide and hydroxide catalysts for base-catalyzed reactions. In:
Advances in Catalysis. pp 239–302

21. Tsai TF, Wang FL (2001) Ortho-alkylation of phenol derivatives
with methanol over magnesium oxide catalysts. 1. Characterization
of promoted magnesium oxide catalysts. Catal Lett 73:167–173.
https://doi.org/10.1023/A:1016637304150

22. Védrine JC (2018) Fundamentals of heterogeneous catalysis. In:
Metal Oxides in Heterogeneous Catalysis

23. Jackson SD, Hargreaves JSJ (2008) Metal Oxide Catalysis. Wiley
24. Gawande MB, Pandey RK, Jayaram RV (2012) Role of mixed

metal oxides in catalysis science—versatile applications in organic
synthesis. Catal. Sci. Technol

25. Xue L, He H, Liu C et al (2009) Promotion effects and mechanism
of alkali metals and alkaline earth metals on cobalt−cerium com-
posite oxide catalysts for N 2 O decomposition. Environ Sci
Technol 43:890–895. https://doi.org/10.1021/es801867y

26. Nowiak G, Skurski P, Anusiewicz I (2016) Attaching an alkali
metal atom to an alkaline earth metal oxide (BeO, MgO, or CaO)
yields a triatomic metal oxide with reduced ionization potential and
redirected polarity. J Mol Model 22. https://doi.org/10.1007/
s00894-016-2955-7

27. Hunter EPL, Lias SG (1998) Evaluated gas phase basicities and
proton affinities of molecules: an update. J Phys Chem Ref Data
27:413–656. https://doi.org/10.1063/1.556018

28. Lau YK, Saluja PPS, Kebarle P, Alder RW (1978) Gas-phase ba-
sicities of N-methyl substituted 1,8-diaminonaphthalenes and relat-
ed compounds. J AmChem Soc 100:7328–7333. https://doi.org/10.
1021/ja00491a033

29. Møller C, Plesset MS (1934) Note on an approximation treatment
for many-electron systems. Phys Rev 46:618–622. https://doi.org/
10.1103/PhysRev.46.618

30. Head-Gordon M, Pople JA, Frisch MJ (1988) MP2 energy evalua-
tion by direct methods. Chem Phys Lett 153:503–506. https://doi.
org/10.1016/0009-2614(88)85250-3

31. Frisch MJ, Head-Gordon M, Pople JA (1990) A direct MP2 gradi-
ent method. Chem Phys Lett 166:275–280. https://doi.org/10.1016/
0009-2614(90)80029-D

32. Kendall RA, Dunning TH, Harrison RJ (1992) Electron affinities of
the first-row atoms revisited. Systematic basis sets and wave func-
tions. J Chem Phys 96:6796–6806. https://doi.org/10.1063/1.
462569

33. Hill JG, Peterson KA (2017) Gaussian basis sets for use in corre-
lated molecular calculations. XI. Pseudopotential-based and all-
electron relativistic basis sets for alkali metal (K–Fr) and alkaline
earth (Ca–Ra) elements. J Chem Phys 147:244106. https://doi.org/
10.1063/1.5010587

210    Page 12 of 13 J Mol Model (2021) 27: 210

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S1381-1169(98)00363-X
https://doi.org/10.1016/S1381-1169(98)00363-X
https://doi.org/10.1016/S0166-9834(00)80114-1
https://doi.org/10.1016/S0166-9834(00)80114-1
https://doi.org/10.1006/jcat.1994.1262
https://doi.org/10.1016/j.apcatb.2020.119858
https://doi.org/10.1016/j.apcatb.2020.119858
https://doi.org/10.1016/j.jcat.2011.11.009
https://doi.org/10.1016/j.jcat.2011.11.009
https://doi.org/10.1021/acs.iecr.0c04113
https://doi.org/10.1021/acs.iecr.0c04113
https://doi.org/10.1016/S0926-860X(01)00579-8
https://doi.org/10.1016/S0926-860X(01)00579-8
https://doi.org/10.1016/j.apcatb.2005.04.005
https://doi.org/10.1021/ie9004783
https://doi.org/10.1016/j.cej.2009.12.035
https://doi.org/10.1016/j.cej.2009.12.035
https://doi.org/10.1016/j.jece.2016.03.009
https://doi.org/10.1016/0926-860X(94)80175-4
https://doi.org/10.1023/A:1019075227734
https://doi.org/10.1016/S0926-860X(97)00213-5
https://doi.org/10.1055/s-2005-918467
https://doi.org/10.1007/s13738-013-0338-x
https://doi.org/10.1006/jcat.1996.0246
https://doi.org/10.1006/jcat.1996.0246
https://doi.org/10.1016/j.molcata.2014.04.018
https://doi.org/10.1016/j.molcata.2014.04.018
https://doi.org/10.1016/j.jcat.2019.02.020
https://doi.org/10.1016/j.jcat.2019.02.020
https://doi.org/10.1023/A:1016637304150
https://doi.org/10.1021/es801867y
https://doi.org/10.1007/s00894-016-2955-7
https://doi.org/10.1007/s00894-016-2955-7
https://doi.org/10.1063/1.556018
https://doi.org/10.1021/ja00491a033
https://doi.org/10.1021/ja00491a033
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1016/0009-2614(88)85250-3
https://doi.org/10.1016/0009-2614(88)85250-3
https://doi.org/10.1016/0009-2614(90)80029-D
https://doi.org/10.1016/0009-2614(90)80029-D
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.5010587
https://doi.org/10.1063/1.5010587


34. Čížek J (2007) On the use of the cluster expansion and the tech-
nique of diagrams in calculations of correlation effects in atoms and
molecules. In: Advan. Chem. Phys. pp 35–89

35. Bartlett RJ, Purvis GD (1978) Many-body perturbation theory,
coupled-pair many-electron theory, and the importance of quadru-
ple excitations for the correlation problem. Int J QuantumChem 14:
561–581. https://doi.org/10.1002/qua.560140504

36. Purvis GD, Bartlett RJ (1982) A full coupled-cluster singles and
doubles model: the inclusion of disconnected triples. J Chem Phys
76:1910–1918. https://doi.org/10.1063/1.443164

37. Scuseria GE, Janssen CL, Schaefer HF (1988) An efficient refor-
mulation of the closed-shell coupled cluster single and double

excitation (CCSD) equations. J Chem Phys 89:7382–7387.
https://doi.org/10.1063/1.455269

38. Frisch MJ, Trucks GW, Schlegel HE, et al (2016) Gaussian 16.
Gaussian, Inc., Wallingford CT

39. ChemCraft Version 1.6 (build 322)
40. Lykke KR, Murray KK, Lineberger WC (1991) Threshold

photodetachment of H. Phys Rev A 43:6104–6107. https://doi.
org/10.1103/PhysRevA.43.6104

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Page 13 of 13     210J Mol Model (2021) 27: 210

https://doi.org/10.1002/qua.560140504
https://doi.org/10.1063/1.443164
https://doi.org/10.1063/1.455269
https://doi.org/10.1103/PhysRevA.43.6104
https://doi.org/10.1103/PhysRevA.43.6104

	Tracing the acid-base catalytic properties of MON2O mixed oxides (M = Be, Mg, Ca; N = Li, Na, K) by theoretical calculations
	Abstract
	Introduction
	Methods
	Results
	The [MO]H+, [(MO)2]H+, [MO]H2 and [(MO)2]H2 systems (M = Be, Mg, Ca)
	The MON2O oxides and their protonated and hydrogenated forms (M = Be, Mg, Ca; N = Li, Na, K)
	BeON2O, [BeON2O]H+ and [BeON2O]H2 (N = Li, Na, K)
	The MgON2O, [MgON2O]H+ and [MgON2O]H2 systems (N = Li, Na, K)
	The CaON2O, [CaON2O]H+ and [CaON2O]H2 systems (N = Li, Na, K)


	Conclusions
	References


