
&Chemical Bonding

The Valence Orbitals of the Alkaline-Earth Atoms

Israel Fern#ndez+,*[a] Nicole Holzmann+,[b] and Gernot Frenking*[c, d]

Dedicated to Professor Peter Schwerdtfeger on the occasion of his 65th birthday

Abstract: Quantum chemical calculations of the alkaline-
earth oxides, imides and dihydrides of the alkaline-earth

atoms (Ae = Be, Mg, Ca, Sr, Ba) and the calcium cluster
Ca6H9[N(SiMe3)2]3(pmdta)3 (pmdta = N,N,N’,N’’,N’’-pentame-

thyldiethylenetriamine) have been carried out by using den-
sity functional theory. Analysis of the electronic structures by
charge and energy partitioning methods suggests that the
valence orbitals of the lighter atoms Be and Mg are the (n)s

and (n)p orbitals. In contrast, the valence orbitals of the
heavier atoms Ca, Sr and Ba comprise the (n)s and (n@1)d

orbitals. The alkaline-earth metals Be and Mg build covalent
bonds like typical main-group elements, whereas Ca, Sr and

Ba covalently bind like transition metals. The results not only
shed new light on the covalent bonds of the heavier alka-
line-earth metals, but are also very important for under-
standing and designing experimental studies.

Introduction

The alkaline-earth (Ae) metals of group 2 of the periodic table

of elements traditionally belong to the class of main-group
atoms and their valence electrons occupy the (n)s atomic orbi-

tal in the 1S electronic ground state. The most common oxida-
tion state of Ae atoms is + 2, although molecules of Be and
Mg with the formal oxidation states + 1 and 0 are known and

have been the topic of recent theoretical and experimental
studies.[1] The heavier homologues Ca, Sr and Ba mainly occur

as salt compounds in which the cations M2 + are stabilised by
anions in the solid state or by polar solvents in solution. The

rather low ionisation energies of the latter Ae elements foster

the formation of ionic salts as the most common compounds
of Ca, Sr and Ba.[2]

The dominant appearance of the heavier Ae elements Ca, Sr
and Ba in salt compounds may be the reason why the covalent

bonding of the atoms in molecular compounds has been less
investigated in the past. The nature of the bonding in the solid

state and in a molecule can be very different, which is evi-
denced by the equilibrium bond lengths in the two states. For
example, the Ca@O distance in solid calcium oxide is 2.40 a,[3]

whereas the interatomic distance of diatomic CaO is only
1.821 a.[4] The chemical bond in solid CaO may correctly be dis-
cussed in terms of ionic interactions between Ca2 + and O2@

species, for which lattice interactions provide a stable sur-

rounding in the crystal state.[5] In contrast, the polar bond in
diatomic CaO emanates from covalent interactions between
the atoms due to the interference of the wave functions and
also from electrostatic attractions between the resulting
charge distributions, but not from ionic interactions. The latter

type of bonding is only found between charged species with
negligible orbital overlap in ionic crystals, which require lattice

interactions between all ions to provide a stable system. Elec-

trostatic attraction in polar and non-polar[6] covalent bonds
stems from overlapping charge distribution. The physical mis-

interpretation of polar covalent bonds as partially ionic bonds
goes back to the work of Pauling, who explained the quantum

theoretical nature of the chemical bond by using solely va-
lence bond (VB) theory.[7] In VB theory, only non-polar covalent
bonds and ionic bonds are considered, with polar bonds being

described by a mixture of these two types of bond. Identifica-
tion of the VB with the physical nature of the chemical bond is

misleading.
The present work focuses on the covalent bonding of the

heavier alkaline-earth atoms in small molecules, which may
serve as models for polar bonds in molecular compounds of
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Ca, Sr and Ba. It seems plausible that the (n)s valence orbital of
the atom mixes with the (n)p atomic orbitals (AOs) to give op-

timal (n)spx hybrid orbitals for covalent bonds, which is typical
of main-group elements. However, recent studies of molecular

complexes of the heavier Ae elements, which were experimen-
tally observed in the gas phase and in low-temperature matri-

ces, suggest that the most important valence orbitals of Ca, Sr
and Ba are the (n@1)d functions. Analysis of the electronic

structures of the octacarbonyls [Ae(CO)8][8] and the iso-

electronic dinitrogen complexes [Ae(N2)8][9] as well as the tri-
benzene adducts [Ae(Bz)3][10] (Ae = Ca, Sr, Ba) revealed that the
covalent part of the metal–ligand bonding comes mainly from
Ae!L p backdonation from occupied metal d orbitals into p*

molecular orbitals (MOs) of the ligands, followed by Ae !L s

donation into vacant metal d orbitals. Prior work on the ob-
served redshift of the CO stretching frequency in Ba(CO)+ and

Ba(CO)@ provided evidence for strong p backdonation from
the occupied 5d(p) AOs of Ba to the p* MOs of CO.[11] The rele-
vance of the (n@1)d orbitals of the Ae atoms for chemical
bonding in the octacarbonyls has been questioned by some

authors who suggested that the Ca@(CO)8 bonds may have
mainly ionic character[12, 13] and that the d orbitals of Ca are ir-

relevant for Ca!CO p backdonation.[12–14] However, geometry

optimisation of [Ca(CO)8] in which all d AOs of Ca were deleted
from the Fock matrix, led to a lengthening of the Ca@(CO)8

bonds by 0.4 a,[12] which clearly signals the great relevance of
the calcium d orbitals for the chemical bonds.

The importance of the d orbitals for the chemical bonds of
the heavy alkaline-earth atoms had previously been suggested

by other authors, most prominently by Pyykkç, who coined
the term “honorary transition metal” for barium.[15] In a theoret-
ical study devoted to the effect of relativity on molecular struc-

ture published in 1979, Pyykkç carried out calculations on sev-
eral small molecules involving alkaline-earth atoms, such as

AeX2 (Ae = Be, Mg, Ca, Sr, Ba; X = H, F, Cl, Br, I) and concluded
“We have presented explicit evidence for a considerable d

character in the bonding of the heavier group IIa elements.
This d character increases from Ca to Sr and, markedly, in
Ba.”[16] The relevance of the d orbitals of the heavy Ae ele-

ments was also pointed out in review articles by Kaupp.[17] Fur-
thermore, Janczyk et al. reported the involvement of d(p) orbi-
tals in the polar p bonds of the imides AeNH when Ae = Ca, Sr,
Ba, but p(p) AOs in MgNH.[18] More recently, Yu and Truhlar

performed calculations on CaO using various DFT methods
and found that the bond is best described as a polar bond be-
tween Ca+ and O@ in which the single electron in Ca+ rests in

a 3d orbital.[19] Thus, there is strong and yet not undisputed
evidence for the importance of d orbitals for the chemical

bonds of the heavy Ae atoms Ca, Sr and Ba. Therefore, we de-
cided to analyse the nature of some archetypical bonds in
small molecules containing these atoms.

We present herein the results of quantum chemical calcula-
tions on the Ae molecules AeO, AeNH and AeH2 (Ae = Be, Mg,
Ca, Sr, Ba). These molecules were chosen because they form
single and double bonds with other main-group atoms with

different electronegativities. The nature of the bonding was an-
alysed by the natural bond orbital (NBO)[20] and energy decom-

position analysis combined with natural orbitals for chemical
valence (EDA-NOCV)[21] approaches, which are charge and

energy decomposition methods based on the wave function
using MO theory rather than partitioning of the electron densi-

ty (so-called real-space methods). The covalent bond is due to
the interference of the wave function, and the charge density
finally formed is the result of such interference.[22] The covalent
bond can only be explained at the level of the wave function,

and therefore we prefer wave-function-based methods. It is
sometimes stated that the EDA-NOCV partitioning scheme has
the disadvantage that the results depend on the choice of
fragments for the bonding analysis. However, the ability to
select different reference states in the EDA-NOCV method

allows the determination of the most appropriate fragments
for the interpretation of the bond; this is actually a strength
and not a weakness of the approach. For example, transition-

metal compounds with alkene and alkyne ligands can be dis-
tinguished as p-bonded complexes or as metallacyclic spe-
cies.[23, 24] Also, transition-metal compounds with carbene and
carbyne ligands may be classified as Fischer or Schrock com-

plexes depending on the electronic state of the metal.[23a, 24, 25]

Real-space partitioning does not provide information on the

electronic state of the fragments. Moreover, choosing different

fragments may provide answers to different questions on
bonding. For example, LiF can be discussed by using neutral

atoms Li and F or ions Li+ and F@ as interacting species. The
results obtained by using neutral fragments include all the in-

teractions of the atoms during bond formation. The choice of
ionic fragments Li+ and F@ provides information on the inter-
actions in the finally formed molecule. The EDA-NOCV method

thus has a greater flexibility than real-space methods, which
give valuable information on the electronic structure but only

after bond formation.

Theoretical Methods

The geometrical optimisations followed by harmonic vibrational
frequency computations of the molecules were performed at the
BP86[26]/def2-TZVPP[27] level of theory. The BP86 functional was
chosen for this project because it gave the best agreement for the
geometries of the calculated molecules with experimental values
and previous high-level calculations, and it proved to be very accu-
rate in another project in which we calculated the geometries of
heavy alkaline-earth compounds.[28] This basis set uses quasi-relati-
vistic effective core potentials for 28 and 46 core electrons for Sr
and Ba, respectively, and all-electron basis sets for the other atoms.
Computations on AeO, AeNH and AeH2 were carried out by using
the Gaussian 16 program package.[29] A superfine integration grid
was used for the computations. For the initial geometry optimisa-
tions of Ca6H9

3+ and Ca6H9[N(SiMe3)2]3(pmdta)3 (pmdta =
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine), TurboMole 7.1 opti-
miser[30] was used and the resolution-of-identity method applied.[31]

This level is denoted RI-BP86/def2-TZVPP. For
Ca6H9[N(SiMe3)2]3(pmdta)3, the reported crystal structure[32] was
used as the starting point for the calculations. The optimised struc-
ture of Ca6H9

3 + was characterised as a minimum by calculating the
Hessian matrix analytically. The NBO calculations were carried out
with version 6.0.[33]
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The bonding situation was further studied by energy decomposi-
tion analysis (EDA)[34] combined with the natural orbitals for chemi-
cal valence (NOCV)[35] method by using the ADF 2017.01 program
package.[36] The EDA-NOCV[21] calculations were performed at the
BP86/TZ2P[37] level of theory using the BP86/def2-TZVPP optimised
geometries with the scalar relativistic effects included by adopting
the zeroth-order regular approximation (ZORA).[38] In the EDA
method, the intrinsic interaction energy (DEint) between two frag-
ments is decomposed into three energy components [Eq. (1)] .

DE int ¼ DEelstat þ DEPauli þ DEorb ð1Þ

The DEelstat term represents the quasi-classical electrostatic interac-
tion between the unperturbed charge distributions of the pre-
pared fragments. The Pauli repulsion DEPauli is the energy change
associated with the transformation from the superposition of the
unperturbed electron densities of the isolated fragments to the
wave function, which properly obeys the Pauli principle through
explicit anti-symmetrisation and renormalisation of the product
wave function. The term DEorb originates from the mixing of orbi-
tals, charge transfer and polarisation between the isolated frag-
ments.

The combination of EDA with the NOCV method allows us to parti-
tion the total DEorb term into pairwise contributions of the orbital
interactions. The electron density deformation D1k(r), which origi-
nates from the mixing of the orbital pairs Yk(r) and Y@k(r) where k
gives the number of occupied orbitals. of the interacting fragments
in the complex, represents the amount and the shape of the
charge flow due to orbital interactions [Eq. (2)] , whereas the associ-
ated orbital energy term reflects the strength of such orbital inter-
actions [Eq. (3)] .

D1orb rð Þ ¼
X

k

D1k rð Þ ¼
XN

2

k¼1

uk @Y2
@k rð Þ þY2

k rð Þ@ > ð2Þ

DEorb rð Þ ¼
X

k

DEk
orb ¼

X
k

nk @FTS
@k;@k þ FTS

k;k

h i
ð3Þ

Therefore, both qualitative (D1orb) and quantitative (DEorb) informa-
tion on the strength of individual pairs of orbital interactions can
be obtained from an EDA-NOCV analysis. For further details on the
EDA-NOCV method and its application to the analysis of the chem-
ical bond, some recent reviews are recommended.[39]

Results

AeO

Table 1 presents the calculated and experimental bond lengths
r(Ae@O) and bond dissociation energies (BDEs) D0 of the alka-

line-earth oxides AeO as well as the results of the NBO analysis.
The theoretical values for r(Ae@O) and D0 are in reasonable

agreement with the available experimental data. The Wiberg
bond order (WBO) is slightly less than 1 for BeO and slightly

more than 1 for the heavier homologues of AeO. This could be

interpreted as an indication of a covalent single bond, howev-
er, the Ae@O bonds are very polar. The atomic partial charges

suggest, as expected, large positive charges, more than + 1,
for the Ae atoms, with the largest value for Be. The WBO

values therefore signal multiple bond character. This is in
agreement with the NBO analysis, which indicates two bond

orbitals for the alkaline-earth oxides AeO, one s orbital and
one degenerate p orbital, which are strongly polarised towards

the oxygen except in the case of MgO. The standard cut-off
values of the NBO algorithm yield only a s bond for magnesi-

um oxide.

It is helpful to discuss at this point the physical nature of
the bonds in the alkaline-earth oxide molecules AeO. As men-

tioned above, polar bonds A@B form due to the interference
between atoms A and B with different electronegativities.

There is additional electrostatic attraction in the covalent
bonds stemming from the overlap of electronic charge distri-

bution of one atom with the nuclear charge of the other.[6, 40]

The percentage contribution of the electrostatic attraction is
larger in polar bonds than in non-polar bonds, but this must

not be confused with ionic bonding, which is a Coulombic at-
traction in ionic salt compounds and can be approximated by

point charges in a crystal. There is no stable molecule with
ionic bonds, because the ionisation energy of an atom is

always significantly higher than the electron affinity of any

other atom of the periodic system. Therefore, we discuss the
polar bonds in this paper in terms of a mixture of covalent

bonds and electrostatic (Coulombic) attraction. The difference
between electrostatic bonding in a polar bond and in an ionic
salt is that the former is due to overlapping electronic and nu-
clear charge, whereas the latter arises from the attraction be-

tween opposite charges, which are separated with negligible
overlap.

Table 1 also presents the polarisation and hybridisation of
the NBO bond orbitals of AeO. The p orbitals and to a lesser
extent also the s orbitals are strongly polarised towards

oxygen. The charge distribution suggests that the molecules
are best described in terms of the charged fragment Ae+@O@ .

Because the p backdonation takes place through degenerate p

orbitals, the Lewis structure Ae+ O@ conforms to the
bonding situation, except in the case of MgO. The higher po-

larity of the p orbitals is below the standard criterion for bond
orbitals by the NBO method, which gives therefore only a s

bond Mg+@O@ . Such a representation does not agree with the
conventional understanding of the chemical bond in the alka-

Table 1. Calculated bond lengths r(Ae@O), bond dissociation energies D0,
WBOs, partial charges q, polarisation and hybridisation of the NBO bond
orbitals of the alkaline-earth oxides AeO.[a]

AeO r(Ae@O)
[a]

D0

[kcal mol@1]
WBO q(Ae) [e] Polarisation

(Ae [%]/O [%])
Ae
hybridisation

BeO 1.346
(1.331)[b]

117.3
(106.0)[b]

0.86 1.53 p[c]: 7.1/92.9
s : 8.9/91.1

p[c]: p1.0

s : s1.0p0.1

MgO 1.751
(1.749)[b]

66.4
(81.3)[b]

1.10 1.26 s : 30.1/69.9 s : s1.0p0.1

CaO 1.826
(1.822)[b]

117.2
(109.7)[b]

1.09 1.38 p[c]: 6.5/93.5
s : 18.1/81.9

p[c]: p1.0d17.2

s : s1.0p1.1d3.2

SrO 1.931
(1.920)[b]

112.7
(112.5)[b]

1.04 1.41 p[c]: 6.0/94.0
s : 17.3/82.7

p[c]: p1.0d46.2

s : s1.0p1.8d3.4

BaO 2.009
(1.940)[b]

135.2
(133.4)[b]

1.02 1.43 p[c]: 6.2/93.8
s : 16.0/84.0

p[c]: p1.0d92.7

s : s1.0p19.5d46.6

[a] Experimental values are given in parentheses. All values were calculat-
ed at the BP86/def2-TZVPP level of theory. [b] See ref. [4]. [c] Degenerate.
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line-earth oxide molecules AeO, but it does illustrate the
nature of the orbital interactions (one electron-sharing s bond

and two dative p interactions). We will see below to what
extent the different terms contribute to the bonds.

The most interesting result of the NBO analysis is the hybrid-
isation of the Ae@O bond orbitals at the Ae end. The s bonds

of BeO and MgO have nearly pure (n)s character and the p

bond of BeO is constituted by a pure 2p AO. In contrast, the p

orbitals of the heavier alkaline-earth oxides at Ae are essential-

ly (n@1)d orbitals. Also, the dominant contributions of Ae to
the s orbitals in AeO (Ae = Ca, Sr, Ba) come from the (n@1)d

orbitals. This is remarkable because the (n@1)d AOs of the al-
kaline-earth atoms are considered by the NBO method as Ryd-

berg orbitals and thus they are treated with lower priority than
the (n)s AOs. This can lead to significant problems in the bond-
ing analysis of s-block elements.[41] The results of the NBO anal-

ysis shown in Table 1 suggest that the most important valence
orbitals for the covalent bonding of the heavier alkaline-earth

atoms Ca, Sr and Ba are the (n@1)d AOs. The shapes of the
NBO s- and p-bonding orbitals are shown in Figure 1. The

dominant contributions of the (n@1)d AOs of Ca, Sr and Ba are
clearly visible. The NBO algorithm also suggests that the (n)p

AOs of Ca, Sr and Ba significantly contribute to the s bonds of

the metal oxides (Table 1). This is in conflict with the measured
excitation energies (n)s!(n)p of the atoms and the results of

the EDA-NOCV analysis, which are presented and discussed fur-
ther below.

A more detailed and unbiased analysis of the interatomic in-
teractions is achieved through EDA-NOCV calculations. Table 2

shows the results obtained by using differently charged atomic

fragments as interacting moieties. The neutral and doubly
charged fragments have a singlet electronic state, whereas the

singly charged fragments were calculated in their doublet
state. It becomes clear that the choice of neutral atoms gives

much higher values of the orbital interaction DEorb than the
use of charged fragments.[42] This indicates that the final bond-

ing situation of AeO is better described in terms of ionic frag-

ments than by neutral species, because the former fragments
undergo much weaker deformation during bond formation.
Numerous previous studies using a variety of chemical bonds
have shown that the size of DEorb is a very useful criterion for
finding the most suitable fragments.[43] Comparison of the
DEorb values calculated by using singly and doubly charged

fragments suggests that the best description of the chemical
bonds in AeO is provided by Ae+@O@ . This is in agreement
with the atomic partial charges obtained by the NBO method

and the recent theoretical work on CaO by Yu and Truhlar.[19]

Table 2 also provides a breakdown of the total orbital inter-

actions DEorb into the most important pairwise contributions.
There are three dominant interactions, DEorb(1), DEorb(2) and

DEorb(3), which contribute more than 90 % to DEorb. The associ-

ated deformation densities D11–D13 and the related atomic
fragment orbitals are shown in Figure 2. It becomes clear that

DEorb(1) comes from the Ae+@O@ electron-sharing s bond,
whereas DEorb(2) and DEorb(3) come from the degenerate Ae+

!O@ p backdonation. Note that the energy contribution of
the p backdonation is close to 40 % of DEorb, whereas the elec-

tron-sharing s bonding provides slightly more than half of the

covalent interactions. The EDA-NOCV results thus suggest that
the energy contribution of the degenerate p bond in the alka-

line-earth oxides is significantly high and that the covalent
contribution to the bonding interactions in MgO and the p

Table 2. Results of the EDA-NOCV calculations at the BP86/TZ2P//BP86/
def2-TZVPP level of theory for the alkaline-earth oxides AeO using three
different fragments. The energy values are given in kcal mol@1

Fragments Ae(S) + O(S) Ae+(D) + O@(D)[a] Ae2 +(S) + O2@(S)

BeO
DEint @185.6 @298.2 @932.7
DEPauli 188.2 134.4 148.5
DEelstat

[b] @25.6 (6.9 %) @263.2 (60.8 %) @893.1 (82.6 %)
DEorb

[b] @348.2 (93.1 %) @169.4 (39.2 %) @188.1 (17.4 %)
DEorb(1)

[c] @316.5 (90.9 %) @96.1 (56.7 %) @56.3 (29.9 %)
DEorb(2)

[c] @13.6 (3.9 %) @32.1 (18.9 %) @61.3 (32.6 %)
DEorb(3)

[c] @13.6 (3.9 %) @32.1 (18.9 %) @61.3 (32.6 %)
DEorb(rest)

[c] @4.5 (1.3 %) @9.1 (9.5 %) @9.2 (4.9 %)

MgO
DEint @132.5 @212.6 @774.5
DEPauli 99.6 78.2 120.2
DEelstat

[b] @22.9 (9.9 %) @219.3 (75.4 %) @762.8 (85.3 %)
DEorb

[b] @209.2 (90.1 %) @71.6 (24.6 %) @131.9 (14.7 %)
DEorb(1)

[c] @204.8 (97.9 %) @42.4 (59.2 %) @71.7 (54.5 %)
DEorb(2)

[c] – @13.3 (18.6 %) @27.5 (20.8 %)
DEorb(3)

[c] – @13.3 (18.6 %) @27.5 (20.8 %)
DEorb(rest)

[c] @4.4 (2.1 %) @2.6 (3.6 %) @5.2 (3.9 %)

CaO
DEint @186.4 @231.7 @719.4
DEPauli 118.8 149.6 260.0
DEelstat

[b] @19.6 (6.4 %) @246.5 (64.6 %) @792.3 (80.9 %)
DEorb

[b] @285.6 (93.6 %) @134.8 (35.4 %) @187.1 (19.1 %)
DEorb(1)

[c] @263.9 (92.4 %) @73.3 (54.4 %) @87.7 (46.9 %)
DEorb(2)

[c] @10.5 (3.7 %) @28.1 (20.8 %) @45.3 (24.2 %)
DEorb(3)

[c] @10.5 (3.7 %) @28.1 (20.8 %) @45.3 (24.2 %)
DEorb(rest)

[c] @0.7 (0.2 %) @5.3 (4.0 %) @8.8 (4.7 %)

SrO
DEint @179.7 @215.9 @684.3
DEPauli 115.6 157.8 283.5
DEelstat

[b] @20.7 (7.0 %) @246.8 (66.0 %) @781.6 (80.8 %)
DEorb

[b] @274.6 (93.0 %) @126.9 (34.0 %) @186.2 (19.2 %)
DEorb(1)

[c] @255.0 (92.9 %) @67.3 (53.0 %) @91.1 (48.9 %)
DEorb(2)

[b] @8.6 (3.1 %) @26.3 (20.7 %) @42.4 (22.8 %)
DEorb(3)

[c] @8.6 (3.1 %) @26.3 (20.7 %) @42.4 (22.8 %)
DEorb(rest)

[c] @2.4 (0.9 %) @7.0 (5.5 %) @10.3 (5.5 %)

BaO
DEint @208.8 @233.7 @678.3
DEPauli 128.0 192.7 350.5
DEelstat

[b] @23.5 (7.0 %) @263.3 (61.8 %) @804.0 (78.2 %)
DEorb

[b] @313.3 (93.0 %) @162.7 (38.2 %) @224.8 (21.8 %)
DEorb(1)

[c] @284.9 (92.4 %) @88.1 (54.1 %) @112.2 (49.9 %)
DEorb(2)

[c] @10.7 (3.7 %) @31.5 (19.4 %) @49.2 (21.9 %)
DEorb(3)

[c] @10.7 (3.7 %) @31.5 (19.4 %) @49.2 (21.9 %)
DEorb(rest)

[c] @7.0 (0.2 %) @11.6 (7.1 %) @14.2 (6.3 %)

[a] The fragments Ae+ and O@ have an electronic doublet state in which
the unpaired electron of Ae+ is in the (n)s orbital (2S) and the unpaired
electron of O@ is in the p(s) orbital (2P). [b] The values in parentheses rep-
resent the percentage contribution to the total attractive interactions
DEelstat +DEorb. [c] The values in parentheses represent the percentage
contribution to the total orbital interactions DEorb.
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bonding are the lowest among all the AeO species. This agrees
with the NBO results, which suggest only a s bond and no p

bonding in MgO. The reader must be aware, however, that the
threshold value in the NBO approach to polarisation, which

separates a two-centre bonding orbital from an orbital with a
single pair, is chosen arbitrarily. The orbital interactions in MgO

show only small differences from those of the other homo-
logues.

Inspection of the shapes of the deformation densities and
the associated atomic orbitals of the fragments reveals a signif-

icant difference between BeO and MgO on the one hand and
the heavier homologues CaO, SrO and BaO on the other. The

Figure 1. Plots of the NBO s- and p-bonding orbitals of AeO.
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Ae+ !O@ p backdonation in the heavier systems involves the

d(p) AOs of the alkaline-earth atoms, whereas p backdonation
in BeO and MgO occurs into the p(p) orbitals of the metal

atoms (Figure 2). Furthermore, the AO composition of the Ae

atoms in the Ae+@O@ electron-sharing s bond shows large dif-
ferences between the lighter and heavier atoms. The singly oc-

Figure 2. Deformation densities D11–D13 and the associated atomic orbitals of the most important orbital interactions DEorb(1), DEorb(2) and DEorb(3) of AeO
using the fragments Ae+ and O@ (Table 2). The numbers in parentheses of the metal AOs, when more than one AO of a fragment is involved, represent orbital
coefficients. The colour code used to represent the flow of charge is red!blue.
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cupied atomic orbitals of Ca, Sr and Ba are hybrids of the (n)s
and (n@1)d AOs, whereas Be and Mg use only their (n)s orbi-

tals for the electron-sharing s bond. Thus, the covalent bond-
ing in AeO for Ae = Ca, Sr, Ba involves s/d-hybridised valence

orbitals for the s bonds and d(p) AOs for the p bonds, which
is a characteristic feature of transition metals. The EDA-NOCV

calculations suggest that the (n)s AO makes a larger contribu-
tion than the (n@1)d AOs to the s bonds Ae@O for Ae = Ca, Sr,

Ba, whereas the hybridisation of the NBO orbitals indicates

that the (n@1)d AOs are much more important than the (n)s
AO (Table 1). The EDA-NOCV calculations provide information

on the energetic consequences of the hybridisation, which
appear to be different from the spatial information that comes

from the NBO algorithm.

AeNH

Table 3 presents the calculated bond lengths r(Ae@NH) and

bond angles along with the BDE values D0 of the Ae@NH
bonds of the alkaline-earth imides AeNH and the results of the

NBO analysis. The only experimental result available is for

BaNH, which was observed and spectroscopically investigated
by rotational spectroscopy by Janczyk et al.[18] These authors

also reported the quantum chemical calculations of the homo-
logues AeNH (Ae = Mg, Ca, Sr, Ba). Our calculations predict that

the lightest and heaviest homologues, BeNH and BaNH, have a
linear geometry, whereas the other imides, MgNH, CaNH and

SrNH, possess a bent structure. Our geometries are in good
agreement with the values previously reported by Janczyk

et al.

The bond dissociation energies calculated for Ae@NH are
significantly smaller than those for Ae@O (see Table 1), with D0

values between 30.5 kcal mol@1 (Ae = Mg) and 83.2 kcal mol@1

(Ae = Ba), but both series show the same trend. The magnesi-

um compound always has the weakest bond and barium the
strongest bond, with the latter twice as strong as the Mg
system. In contrast, the WBO values and the strongly positive

partial charges of the Ae atoms are quite similar for both the
oxides and imides. Interestingly, the Ae atoms in the imides
carry a larger positive charge than in the oxides, except in the
case of the magnesium compounds, even though nitrogen is

less electronegative than oxygen. The NBO method gives three

Ba@NH bond orbitals for linear BaNH, one s orbital and one
degenerate p orbital, which are strongly polarised towards ni-
trogen. For the linear BeNH, however, only a degenerate p or-
bital was calculated. The s orbital has a higher polarity and is
classified as a nitrogen lone-pair MO. According to the NBO ap-
proach, the Ae@NH bonds of the bent species CaNH and SrNH

exhibit one s-bonding and one p-bonding orbital as well as
one lone-pair MO at nitrogen. In contrast, the more strongly

bent MgNH has only one Mg@NH s-bonding orbital and two
nitrogen lone-pair MOs. Note that the Mg@NH s orbital has a
much lower polarity than the s and p orbitals of all the other

imides.
The NBO results suggest that the Ae@NH bonds of the

imides AeNH possess up to three polarised s and p orbitals,
and the highly polarised orbitals are classified as bonding orbi-

tals or lone-pair MOs, depending on the cut-off criterion of the

method. This is not a weakness of the NBO method, but the
result of an attempt to describe the bonding situation in terms

of Lewis structures. The NBO results can be further elaborated
and complemented by the EDA-NOCV calculations, which pro-

vide a more detailed insight into the nature of the electronic
interactions. We used singly and doubly charged fragments as

interacting moieties for the analysis of the Ae@NH bonds. The

use of singly charged fragments Ae+ and NH@ in the calcula-
tions of the bent structures of MgNH, CaNH and SrNH gave

significantly smaller DEorb values than the doubly charged Ae2 +

and NH2@. Slightly smaller DEorb values were also calculated

when singly charged fragments were used for the linear BeNH,
whereas the opposite was found for BaNH. For the latter spe-

cies we obtained slightly smaller DEorb values when the doubly

charged moieties Ba2+ and NH2@ were used. Because the differ-
ence between the DEorb values determined for singly and

doubly charged fragments of BaNH was not very large, we
present the EDA-NOCV results obtained with the singly

charged fragments, which allows comparison of all the imides
AeNH with the same type of interacting fragments. The results

are shown in Table 4. The EDA-NOCV results obtained by using

doubly charged fragments are given in Table S1 in the Sup-
porting Information.

The data in Table 4 suggest that the covalent (orbital) contri-
bution to the Ae@NH attraction is between 51 % (Ae = Be) and

23 % (Ae = Mg). The orbital interactions in the linear species

Table 3. Calculated bond lengths r(Ae@NH), bond angles ] (Ae-N-H), bond dissociation energies D0, WBO values, partial charges q, polarisation and hy-
bridisation of the NBO bond orbitals for the alkaline-earth imides AeNH.[a]

AeNH r(Ae@NH)
[a]

](Ae-N-H)
[8]

D0

[kcal mol@1]
WBO q(Ae) [e] Polarisation

(Ae [%]/NH [%])
Ae
hybridisation

BeNH 1.432 180.0 67.9 0.80 1.56 p[b]: 8.9/91.1 p[b]: p1.0

MgNH 1.870 108.9 30.5 1.17 1.06 s : 41.7/58.3 s : s1.0

CaNH 1.898 167.9 66.5 0.96 1.46 p : 8.6/91.4
s : 12.4/87.6

p : p1.0d8.1

s : s1.0p0.5d2.8

SrNH 2.013 170.4 62.2 0.94 1.48 p : 8.3/91.7
s : 11.0/89.0

p : p1.0d15.7

s : s1.0p0.5d4.0

BaNH 2.117
(2.08)[c]

180.0
(180)[c]

83.2 0.91 1.49 p[b]: 8.8/91.2
s : 7.4/92.6

p[b]: p1.0d40.0

s : s1.0p1.2d8.1

[a] Experimental values are given in parentheses. All values were calculated at the BP86/def2-TZVPP level of theory. [b] Degenerate. [c] Ref. [18] .
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BeNH and BaNH exhibit one dominant pairwise term DEorb(1),

which provides 63 % of DEorb, and the degenerate pair DEorb(2)

and DEorb(3), which contribute around one third of the total or-
bital interactions. Figure 3 shows the deformation densities

D11–D13 and the associated orbitals of the fragments corre-
sponding to DEorb(1), DEorb(2) and DEorb(3). It is evident that

DEorb(1) comes from the coupling of the unpaired electrons,
which gives the electron-sharing s bond, whereas DEorb(2) and
DEorb(3) come from the degenerate Ae+ !NH@ p backdonation.

The s orbital of BeNH is mainly formed by the 2s AO of Be at
the metal, whereas Ba uses a hybrid of the 6s and 5d(s) AOs

for the Ba@NH s orbital. The acceptor orbitals of the Ae+

!NH@ p backdonation are the p(p) AOs of Be and the d(p)

AOs of Ba.
The data in Table 4 show that the orbital contributions to

the bent structures of MgNH, CaNH and SrNH are significantly
lower than those to the linear structures of BeNH and BaNH.
There are also three major pairwise contributions DEorb(1),

DEorb(2) and DEorb(3) to the bent structures, which can be identi-
fied with the help of the associated deformation densities D1

and the fragment orbitals shown in Figure 3. There is an inter-
esting difference between the strongly bent MgNH and the

more weakly bent CaNH and SrNH. The electron-sharing bond
of MgNH (DEorb(1)) arises from the coupling of the unpaired
electron in the s orbital of NH@ in the electronically excited

(2S+) state with the electron in the Mg+ 3s AO. In contrast, the
electron-sharing bonds in CaNH and SrNH are due to the cou-

pling of the unpaired electron in the p orbital of NH@ in the
(2P) ground state with the electron of Ca+ or Sr+ in an (n)s/

(n@1)d hybrid AO. The orbital interactions DEorb(2) and DEorb(3)

in MgNH stem from Mg+ !NH@ p backdonation into the

vacant 3p(p) AOs of Mg. The backdonation Ae+ !NH@ in CaNH
and SrNH occurs through one p and one s donation into
vacant d AOs of Ae+ . Note that the symmetry assignments
refer to the diatomic species NH@ . The in-plane pk orbital of

the NH@ fragment can mix with the Ae+ s orbitals and there-
fore only two bonds with s and p symmetry remain for the
bent AeNH species, in agreement with the NBO results.

The most important result of this section concerns the
nature of the valence orbitals of Ca, Sr and Ba. The NBO and
EDA-NOCV results clearly show that the covalent bonding of
the heavier alkaline-earth atoms in the imides AeNH is due to
the s/d hybrid valence AOs for s bonds and d AOs for p

bonds, which is a characteristic feature of bonding in transition

metals.

AeH2

The alkaline-earth dihydrides have been the topic of numerous
theoretical and experimental studies before. Although little ex-

perimental geometrical data have been reported, combining
the data that is available with accurate quantum chemical cal-
culations provides reliable information on the structures of
AeH2. The lightest members, BeH2 and MgH2, have a linear ge-

ometry, whereas SrH2 and BaH2 are definitely bent.[44–53] Howev-
er, the equilibrium geometry of CaH2 remained unclear for a

long time. Early quantum chemical calculations suggested a

linear structure, but experimental studies indicated a bent
structure with angles of 168 and 1668.[44, 46d] Highly accurate

coupled-cluster calculations at the CCSD(T) level of theory
using large basis sets found an energy minimum with a bend-

ing angle of 1648 and a very flat potential with a barrier to lin-
earity of only 6 cm@1.[54] The molecule CaH2 may therefore be
considered as quasi-linear. The data in Table 5 show that the

geometries calculated at the BP86/def2-TZVPP level agree well
with those suggested by experimental data and the most ac-

curate theoretical values previously reported in the literature.
The bending angles of the heavier molecules CaH2, SrH2 and
BaH2 are more acute than previous values, but this does not
affect the results of the bonding situation.

The calculations suggest that BeH2 has the strongest bonds
with an average D0 of 72 kcal mol@1, whereas the heavier dihy-
drides possess rather uniform values of D0 = 50:3 kcal mol@1

for the Ae@H bonds. The Wiberg bond indices and the NBO
data indicate strongly polar single bonds Aed+@Hd@. The
atomic valence orbitals of Be and Mg that are engaged in the
bonds are mainly the (n)s orbitals with a small admixture of

(n)p AOs, whereas the valence orbitals of Ca, Sr and Ba are hy-
brids of (n)s and (n@1)d AOs.

We carried out EDA-NOCV calculations on AeH2 by using

singly and doubly charged fragments as the interacting spe-
cies. The calculations show that the orbital term is always

smaller for the Ae+ and (H2)@ fragments than for the doubly
charged Ae2 + and (H2)2@, except in the case of BaH2, when the
two pairs gave nearly identical values for DEorb. Table 6 pres-
ents the results of the EDA-NOCV calculations using Ae+ and

Table 4. Results of the EDA-NOCV calculations at the BP86/TZ2P//BP86/
def2-TZVPP level of theory for the alkaline-earth imides AeNH.

Fragments BeNH MgNH CaNH SrNH BaNH

Ae+(2S) + NH@[a]

DEint @361.1 @206.8 @209.6 @193.5 @291.1
DEPauli 77.7 78.6 188.0 195.6 134.6
DEelstat

[b] @216.6
(49.4 %)

@220.1
(77.1 %)

@283.1
(71.2 %)

@281.6
(72.4 %)

@222.6
(52.3 %)

DEorb
[b] @222.2

(50.6 %)
@65.4

(22.9 %)
@114.5
(28.8 %)

@107.4
(27.6 %)

@203.1
(47.7 %)

DEorb(1)
[c] @138.9

(62.6 %)
@35.9

(54.9 %)
@46.0

(40.2 %)
@40.1

(37.3 %)
@127.3
(62.7 %)

DEorb(2)
[c] @40.3

(18.1 %)
@16.2

(24.8 %)
@31.6

(27.6 %)
@29.1

(27.1 %)
@33.7

(16.6 %)
DEorb(3)

[c] @40.3
(18.1 %)

@11.2
(17.1 %)

@33.0
(28.8 %)

@33.6
(31.3 %)

@33.7
(16.6 %)

DEorb(rest)
[c] @2.7

(1.2 %)
@2.1

(3.2 %)
@3.9

(3.4 %)
@4.6

(4.3 %)
@8.4

(4.1 %)

[a] The fragments Ae+ and NH@ of all systems except Ae = Mg have an
electronic doublet state in which the unpaired electron of Ae+ is in the
(n)s orbital and the unpaired electron of NH@ is in a s orbital (2S). In
CaNH and SrNH, the unpaired electron of NH@ in the electronically excit-
ed (2P) state is in a p orbital, which is the in-plane pk orbital of the NH
fragment, which can mix with an (n)s/(n@1)d hybrid AO of Ca and Sr. The
electronic reference state of NH@ for linear BeNH and BaNH and the
strongly bent MgNH is the electronically excited (2S+) state in which the
unpaired electron is in a s orbital. [b] The values in parentheses represent
the percentage contribution to the total attractive interactions DEelstat +

DEorb. [c] The values in parentheses represent the percentage contribution
to the total orbital interactions DEorb.
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(H2)@ as fragments. The results using the doubly charged frag-

ments Ae2 + and (H2)2@ are presented in Table S2 in the Sup-
porting Information. The data in Table 6 indicate that 46 % of

the interactions in BeH2 come from covalent bonding between
Be+ and (H2)@ , whereas the attractive interactions between

Ae+ and (H2)@ in the heavier homologues possess 30 % cova-

lent character. There are two main pairwise components in all
the molecules. DEorb(1) comes from the coupling of the un-

paired electrons of the fragments, which initially occupy the
(n)s AO of Ae+ and the sg MO of the (H2)@ moiety. The second

Figure 3. Deformation densities D11–D13 and the associated atomic orbitals of the most important orbital interactions DEorb(1), DEorb(2) and DEorb(3) of AeNH
using the fragments Ae+ and NH@ (Table 4). The numbers in parentheses of the metal AOs, when more than one AO of a fragment is involved, represent orbi-
tal coefficients. The colour code used to represent the flow of charge is red!blue.
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major contribution DEorb(2) is due to the donation Ae+ !(H2)@

from the doubly occupied su MO of (H2)@ to the vacant AOs of
Ae+ . We would like to point out that the electron-sharing in-

teraction DEorb(1) is as usual stronger than the dative bonding
DEorb(2), except in the case of BeH2. In the latter case, we find
the reverse situation with the dative interaction being stronger

than the electron-sharing bond, which is surprising. This might
be due to the more effective overlap of the orbitals involved
in the dative interactions.

The associated deformation densities D1 and fragment orbi-

tals shown in Figure 4 display the flow of charge and the
nature of the atomic orbitals involved in the covalent terms

DEorb(1) and DEorb(2). It becomes clear that the electron-sharing

interactions DEorb(1) of BeH2 and MgH2 use only the (n)s AO of
the metal atom, whereas the metal orbitals of the heavier sys-

tems Ca, Sr and Ba are hybrids of (n)s and (n@1)dz2 orbitals.
The metal acceptor orbitals of the dative interaction Ae+

!(H2)@ are (n)ps AOs when Ae = Be, Mg, whereas the heaviest
metals Sr and Ba use their (n@1)dxz AOs as acceptor orbitals.

The acceptor orbital of Ca in CaH2, which has a wider bond

angle than SrH2 and BaH2, is a hybrid of the (n)ps AO and
(n@1)dxz AO. These results further confirm that the heavier al-

kaline-earth atoms in the dihydrides AeH2, similarly to the
oxides AeO and imides AeNH, use s/d hybrid valence AOs for s

bonds and d AOs for p bonds, which is a characteristic of the

chemical bonds of transition metals. We would like to point
out that this result does not depend on the choice of the inter-

acting fragments. The s/d hybrid valence AOs of Ca, Sr and Ba
are also the acceptor orbitals when doubly charged fragments

Ae2 + and (H2)2@ are used (see Figure S1 in the Supporting In-
formation).

Ca6H9[N(SiMe3)2]3(pmdta)3

The alkaline-earth oxides AeO, imides AeNH and dihydrides
AeH2 discussed above are examples of isolated molecules that

exist in the gas phase or in inert matrices but agglomerate in a
condensed phase where the binding situation becomes signifi-
cantly different. Molecular compounds of the alkaline-earth

metals play an important role in many reactions and their rele-
vance has lately been demonstrated by several surprising find-

ings in the field of catalytic activity in imine and alkene hydro-
genation and organocalcium-mediated nucleophilic alkylation
of benzene.[55–58] As an example, we cite the recent study of
Harder and co-workers, who reported simple alkaline-earth cat-

alysts for effective alkene hydrogenation.[55a] The central spe-
cies of the catalytic reaction is the cluster complex
Ca6H9[N(SiMe3)2]3(pmdta)3 (A, Figure 5 a), which was previously

isolated and structurally characterised by X-ray crystallogra-
phy.[32] The complex consists of a Ca6H9

3 + trication as the core

unit with an endohedral hydrogen atom in the centre of a
Ca6H8

q cage (Figure 5 b). Three of the calcium atoms carry

pmdta ligands, and the other three are each bound to a

N(SiMe3)2
@ substituent, which yields the neutral complex A.

We analysed the bonding situation of the calcium atoms in

A and in the central Ca6H9
3 + core unit by considering a single

Caq (q = 0, + 1, + 2) atom/ion and the remaining fragments as

interacting species. The smallest orbital values were obtained
when doubly charged Ca2 + was taken as the metal ion. This is

Table 5. Calculated bond lengths r(Ae@H), bond angles ](H-Ae-H), bond dissociation energies D0 (A + 2 H), WBOs, partial charges q, polarisation and hy-
bridisation of the NBO bond orbitals for the alkaline-earth dihydrides AeH2.[a]

AeH2 r(Ae@H)
[a]

](H-Ae-H)
[8]

D0

[kcal mol@1]
WBO q(Ae) [e] Polarisation

(Ae [%]/H [%])
Ae
hybridisation

BeH2 1.343
(1.326)[b]

180
(180)[b]

144.8 0.56 1.15 18.2/81.8 s1.0p0.1

MgH2 1.714
(1.718)[c]

180
(180)[c]

101.0 0.48 1.29 13.6/86.4 s1.0p0.1

CaH2 2.018
(2.048)[d]

135.0
(164.0)[d]

105.1 0.43 1.47 11.7/88.3 s1.0d0.4

SrH2 2.153
(2.201)[e]

120.5
(139.6)[e]

97.8 0.46 1.43 13.2/86.8 s1.0d0.4

BaH2 2.277
(2.314)[e]

110.5
(118.7)[e]

106.1 0.48 1.44 13.8/86.2 s1.0d0.9

[a] Experimental or previously reported most accurate ab initio values are given in parentheses. All values were calculated at the BP86/def2-TZVPP level of
theory. [b] Experimental value, see ref. [46b]. [c] Calculated value, see ref. [44b]. [d] Calculated value, see ref. [54]. [e] Calculated value, see ref. [48b].

Table 6. Results of the EDA-NOCV calculations at the BP86/TZ2P//BP86/
def2-TZVPP level of theory for the alkaline-earth dihydrides AeH2.

Fragments BeH2 MgH2 CaH2 SrH2 BaH2

Ae+(2S) + (H2)@(2Sg)
DEint @351.0 @258.1 @223.6 @207.5 @205.7
DEPauli 8.3 28.9 55.8 66.2 82.8
DEelstat

[a] @194.5
(54.1 %)

@199.9
(69.3 %)

@195.8
(70.0 %)

@194.1
(70.9 %)

@196.8
(68.2 %)

DEorb
[a] @164.7

(45.9 %)
@87.2

(30.4 %)
@83.7

(30.0 %)
@79.7

(29.1 %)
@91.7

(31.8 %)
DEorb(1)

[b] @70.6
(42.9 %)

@58.7
(67.3 %)

@60.9
(72.8 %)

@53.9
(67.6 %)

@55.8
(60.9 %)

DEorb(2)
[b] @94.1

(57.1 %)
@23.4

(26.8 %)
@21.9

(26.2 %)
@24.2

(30.4 %)
@33.2

(36.2 %)
DEorb(rest)

[b] @0.0
(0.0 %)

@5.1
(5.8 %)

@0.9
(1.0 %)

@1.6
(2.0 %)

@2.7
(1.9 %)

[a] The values in parentheses represent the percentage contribution to
the total attractive interactions DEelstat +DEorb. [b] The values in parenthe-
ses represent the percentage contribution to the total orbital interactions
DEorb.

Chem. Eur. J. 2020, 26, 14194 – 14210 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH14203

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202002986

http://www.chemeurj.org


in agreement with the calculated charge distribution of the
atoms (Figure 5). The NBO method suggests that the calcium
atoms in A carry positive charges of between + 1.63e and

+ 1.69e, whereas the hydrogen atoms of the cage have nega-
tive charge of between @0.81e and @0.82e for the peripheral
atoms (Hper) and @0.89e for the central hydrogen (Hcen). The

charge distribution in the naked octahedral (Oh) Ca6H9
3 + core

unit is only slightly different: the equivalent calcium atoms

have a positive charge of + 1.70e and the peripheral hydrogen
atoms carry a negative charge of @0.79e and the central hy-

drogen atom has a negative charge of @0.88e.

Table 7 presents the results of the EDA-NOCV calculations.
The data suggest that the interatomic interactions of the four

slightly different calcium atoms in A are not very different, and
that one third of the bonding forces are covalent and two

thirds are due to electrostatic attraction. In contrast, the bind-
ing forces of calcium in the unsubstituted core trication

Ca6H9
3 + come mainly from orbital interactions, which contrib-

ute more than 85 % to the total attraction towards the hydridic
hydrogen atoms. The EDA-NOCV calculations on A using

Ca6H9
3 + and the ligands [{N(SiMe3)2}3(pmdta)3]3@ indicate that

the bonds between calcium and the ligands stem mainly from
Coulombic attraction, which contributes 75 % to the attractive

interactions. The EDA-NOCV calculations suggest that the Ca@
H bonds in A are mainly covalent, whereas the Ca@ligand

bonds are mainly electrostatic.
The focus of this section is on the nature of the valence or-

bitals of Ca used in the covalent interactions. To this end we

inspected the most important pairwise interactions of the orbi-
tal term DEorb in the bonding between Ca2 + and the remaining

fragment in compound A and in the trication Ca6H9
3 + . There

are five contributions, each greater than 15 kcal mol@1, in the

five different fragmentation schemes in which Ca2 + is involved
as a fragment (Table 7). All the pairwise contributions come

Figure 4. Deformation densities D11 and D12 and the associated atomic orbitals of the most important orbital interactions DEorb(1) and DEorb(2) of AeH2 using
the fragments Ae+ and (H2)@ (Table 6). The numbers in parentheses of the metal AOs, when more than one AO of a fragment is involved, represent orbital co-
efficients. The colour code used to represent the flow of charge is red!blue.
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Figure 5. Geometries of a) the alkaline-earth cluster A and b) its central species Ca6H9
3 + as well as the atomic partial charges q of Ca and the hydrogen atoms

of the central Ca6H9
3 + fragment calculated at the RI-BP86/def2-TZVPP level of theory.

Table 7. Results of the EDA-NOCV calculations at the BP86/TZ2P//RI-BP86/def2-TZVPP level of theory for the alkaline-earth compounds A and (Ca6H9)3 + .

Molecules Ca6H9[N(SiMe3)2]3(pmdta)3 A (Ca6H9)3 +

fragments[a] Ca(1)2 + + (Ca5H9)Lig2@ Ca(2/3)2 + + (Ca5H9)Lig2@ Ca(4/5)2 + + (Ca5H9)Lig2@ Ca(6)2 + + (Ca5H9)Lig2@ (Ca6H9)3 + + Lig3@ Ca2 + + (Ca5H9)+

DEint @557.5 @565.5 @570.8 @576.8 @788.77 @98.1
DEPauli 95.8 86.1 102.1 101.7 260.7 70.8
DEelstat

[b] @433.2 (66.3 %) @434.5 (66.7 %) @451.7 (67.1 %) @458.6 (67.6 %) @799.5 (76.2 %) @20.1 (11.9 %)
DEorb

[b] @220.1 (33.7 %) @217.2 (33.3 %) @221.3 (32.9 %) @219.9 (32.4 %) @249.8 (23.8 %) @148.9 (88.1 %)
DEorb(1)

[c] @34.6 (15.7 %) @30.0 (13.8 %) @32.4 (14.6 %) @31.9 (14.5 %) @35.7 (14.3 %) @32.8 (22.0 %)
DEorb(2)

[c] @29.3 (13.3 %) @25.0 (11.5 %) @29.1 (13.1 %) @28.5 (13.0 %) @35.3 (14.1 %) @28.0 (18.9 %)
DEorb(3)

[c] @25.7 (11.7 %) @24.8 (11.4 %) @24.4 (11.0 %) @24.6 (11.2 %) @32.7 (13.1 %) @27.2 (18.3 %)
DEorb(4)

[c] @24.5 (11.1 %) @23.0 (10.6 %) @23.1 (10.4 %) @23.0 (10.5 %) @16.8 (6.7 %) @27.2 (18.3 %)
DEorb(5)

[c] @19.5 (8.9 %) @19.5 (9.0 %) @21.4 (9.7 %) @21.0 (9.5 %) @16.6 (6.6 %) @19.2 (12.9 %)
DEorb(rest)

[c] @86.5 (39.3 %) @94.9 (43.7 %) @90.9 (41.1 %) @90.9 (41.3 %) @112.7 (45.1 %) @14.5 (9.7 %)

[a] Lig indicates the sum of the substituents [N(SiMe3)2]3(pmdta)3. [b] The values in parentheses represent the percentage contribution to the total attrac-
tive interactions DEelstat +DEorb. [c] The values in parentheses represent the percentage contribution to the total orbital interactions DEorb.
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mainly from the donation of the hydridic hydrogen atoms to
the vacant atomic orbitals of Ca2 + . The donation of the ligands

[{N(SiMe3)2}3(pmdta)3]3@ is much smaller. This agrees with the
finding that the interactions of the ligands with the Ca6H9

3 +

cluster are mainly electrostatic in character.
Figure 6 shows the deformation densities D11–D15 and the

corresponding fragment orbitals associated with the pairwise
orbital terms DEorb(1)–DEorb(5) of Ca6H9

3 + (Table 7). The very simi-
lar deformation densities and fragment orbitals determined by

the EDA-NOCV calculations on the full complex A using Ca2 +

as a fragment are given in Figure S5 in the Supporting Infor-
mation. The acceptor valence orbitals of Ca2 + are four 3d AOs
and the 4s AO. One 3d AO, dx2@y2 , is missing because its sym-

metry prevents significant overlap with the occupied MOs of
the Ca5H9

2+ donor orbitals, which have electron density locat-

ed on the hydrogen atoms while the dx2@y2 orbital lobes point

towards the interstitial space between them. The pairwise orbi-
tal interactions in A using (Ca6H9)3 + and Lig3@ involve delocal-

ised orbitals, which are irrelevant for the present study.
The EDA-NOCV and NBO calculations suggest that the chem-

ical bonds between the ligands [{N(SiMe3)2}3(pmdta)3]3@ and
the Ca6H9

3 + cage are mainly electrostatic in nature, whereas

the Ca@H bonds in the central Ca6H9
3 + cluster have mainly co-

valent character. The most important valence orbitals of calci-
um in the chemical bonds of A are the 3d and 4s AOs.

Discussion

The above results for the valence orbitals of the alkaline-earth

metals shall be discussed in the light of the experimentally ob-

served excitation energies of the neutral atoms Ae and the
atomic ions Ae+ from their electronic ground states in which

only the (n)s valence orbital is occupied in the lowest-lying ex-
cited states with one electron occupying a p or d AO. The

measured values are presented in Table 8.[59]

The excitation energies for the neutral atoms show that the
values for the excitations s!d of the heavier atoms Ca, Sr and

Ba are quite different from the values for the lighter atoms Be
and Mg. The 3D (2s13d1) state of Be and the 1D (3s13d1) state of
Mg are high-lying excited states of the lighter Ae atoms. In
contrast, the 3D ((n)s1(n@1)d1) states, which are the second ex-

cited states for Ca and Sr and the first excited state of Ba, are
much lower in energy. More relevant for the covalent bonds in

the molecules presented above are the excited states of the
atomic ions Ae+ , for which the heavier atoms Ca, Sr and Ba

again exhibit different features from Be and Mg. The most im-
portant finding is that the 2D ((n@1)d1) states of Ca, Sr and Ba

are the lowest-lying excited states of the heavier ions, whereas
the first excited state of Be and Mg is the 2P ((n)p1) state. This
explains why the p bonds of Ca, Sr and Ba use their d(p) AOs

for covalent bonds instead of the p(p) AOs as is usual for
main-group atoms.

The low excitation energies of the 2D ((n@1)d1) states of
Ca+ , Sr+ and Ba+ must not be taken as an indication that the

covalent bonds of the alkaline-earth atoms occur through their
electronically excited states. The EDA-NOCV calculations on

AeO, AeNH and AeH2 (Ae = Ca, Sr, Ba) suggest that the mole-

cules possess electron-sharing s bonds involving Ae+ with L@

(L = O, NH, H2), in which the electron of Ae+ occupies an s/d(s)

hybrid orbital, that is, the electronic reference state of Ae+ is
the 2S ((n)s1) ground state. The mixing of the (n)s AO with the

(n@1)d AO leads to optimal hybrid AOs for covalent s bonds
in a similar way to the familiar spx hybridisation of typical

main-group atoms. The p bonds of Ca, Sr and Ba use their

(n@1)d(p) AOs for covalent interactions because they are ener-
getically lower lying than the (n)p AOs.

In the context of this study it is important to understand
how the nature of the covalent bond differs from that of the

ionic bond. Covalent bonding is caused by the interference of
the electronic wave functions Y of the atoms, which leads to a

reduction of the kinetic energy density and often also to an ac-

cumulation of the electronic charge distribution in the intera-
tomic region.[60] The bond formation can only be understood

when the electronic charge distribution is described in terms
of the wave function Y.[22b,c] After the bond has been formed,

the new charge distribution can unambiguously be obtained
from the new molecular wave function, because there is a

unique definition Y!1, with no inverse functional attribution

in the other direction Y

!

1. Ruedenberg and co-workers have
shown that the energetic stabilisation due to covalent bond
formation comes from the lowering of the kinetic energy den-
sity of the electrons in the bonding region.[60] Further covalent

Table 8. Measured excitation energies of alkaline-earth atoms and cations from the electronic ground states to the lowest-lying excited states in which
one electron is in a p or d orbital.[a]

Ae Excitation DE [kcal mol@1] Ae+ Excitation DE [kcal mol@1]

Be 1S (2s2)
! 3P (2s12p1)[b] 62.8

Be+ 2S (2s1)
! 2P (2p1)[b] 91.2

! 3D (2s13d1)[c] 177.3 ! 2D (3d1)[d] 280.2

Mg 1S (3s2)
! 3P (3s13p1)[b] 62.4

Mg+ 2S (3s1)
! 2P (3p1)[b] 101.9

! 1D (3s13d1)[e] 132.6 ! 2D (3d1)[f] 204.3

Ca 1S (4s2)
! 3P (4s14p1)[b] 43.3

Ca+ 2S (4s1)
! 2P (4p1)[g] 72.0

! 3D (4s13d1)[g] 58.1 ! 2D (3d1)[b] 39.0

Sr 1S (5s2)
! 3P (5s15p1)[b] 40.9

Sr+ 2S (5s1)
! 2P (5p1)[g] 67.8

! 3D (5s14d1)[g] 51.9 ! 2D (4d1)[b] 41.6

Ba 1S (6s2)
! 3P (6s16p1)[f] 35.0

Ba+ 2S (6s1)
! 2P (6p1)[g] 57.9

! 3D (6s15d1)[b] 25.8 ! 2D (5d1)[b] 13.9

[a] The values are taken from ref. [59]. [b] First excited state. [c] Ninth excited state. [d] Fourth excited state. [e] Fifth excited state. [g] Second excited state.
[f] Third excited state.
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Figure 6. Deformation densities D11–D15 and the associated atomic orbitals of the most important orbital interactions DEorb(1)–DEorb(5) of (Ca6H9)3 + >15 kcal
mol@1 calculated by using the fragments Ca2+ and (Ca5H9)+ (Table 7). The colour code used to represent the flow of charge is red!blue.
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bond stabilisation is due to the Coulombic interaction of the
accumulated charge in the neighbourhood of the nuclei. The

situation changes gradually but the physical basis of the cova-
lent bond formation, that is, the interference of the wave func-

tions, remains the same if the bond is polar. The contribution
of the electrostatic (Coulombic) interaction may become larger

but the driving force for the bond formation is still the interfer-
ence of the atomic wave functions. In contrast, ionic bonds

form essentially as a result of Coulombic interactions between

charged species with small valence–valence overlap. In the
solid state, the overall stabilisation of an ionic compound re-

quires the interaction of all particles, which can be expressed
in terms of point charges and a Madelung factor. Thus, polar

bonds such as those in AeO make a large electrostatic contri-
bution to the covalent interaction, but should not be interpret-
ed as due to an ionic type of bonding. The origin of the cova-

lent and polar bonds is the interference of the electronic wave
functions of the atoms. It is therefore of great interest to ana-

lyse the valence orbitals of both atoms to understand the
basic features of the bond.

The results of this work are interesting not only from a theo-
retical point of view, but they also shed new light on recent

experimental findings of surprising chemical reactions of com-

pounds of the heavier alkaline-earth atoms. Harder and co-
workers reported catalytic reactions and other chemical pro-

cesses involving compounds of calcium, strontium and bariu-
m.[55a] The joint experimental/theoretical study of alkene hydro-

genation catalysed by compounds of the alkaline-earth ele-
ments highlighted the complex D3, in which Ca is sandwiched

between two aromatic rings (Figure 7), which closely resem-

bles the metal–ligand bonds in the recently synthesised triben-
zene adducts Ae(Bz)3 featuring a transition-metal bonding sce-

nario.[11] Harder and co-workers also reported the alkaline-
earth-catalysed imine hydrogenation reaction.[55b] Okuda and

co-workers introduced cationic calcium hydride catalysts for
alkene hydrogenation.[56] The valence d orbitals of Ca may also

play a role in the organocalcium-mediated nucleophilic alkyla-

tion of benzene recently reported by Wilson et al.[58] A very in-
teresting study by Maron, Jones and co-workers revealed the

kinetic stabilisation of a molecular strontium complex by a
bulky amidinate ligand, showing surprising differences from a

similar magnesium complex.[57] It may be worth examining the
experimental findings for the structures and reactivities of

compounds containing the heavier alkaline-earth metals in the
light of the present findings, which point to chemical behav-

iour similar to that of early transition metals instead of main-

group elements.

Summary and Conclusion

Analysis of the covalent bonds of the alkaline-earth metals Be,
Mg, Ca, Sr and Ba in the oxides AeO, imides AeNH, dihydrides
AeH2 and the calcium cluster Ca6H9[N(SiMe3)2]3(pmdta)3 using

charge and energy partitioning methods suggests that the va-
lence orbitals of the lighter atoms Be and Mg are the (n)s and

(n)p orbitals, whereas the valence orbitals of the heavier atoms
Ca, Sr and Ba comprise the (n)s and (n@1)d orbitals. The alka-
line-earth metals Be and Mg form covalent bonds like typical
main-group elements, whereas Ca, Sr and Ba covalently bind

like transition metals. The results not only shed new light on
the covalent bonds of the heavier alkaline-earth metals, but
are also very important for understanding and designing ex-

perimental studies.
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