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Small Group IIa-VIa Clusters and Related Systems: A Theoretical Study of
Physical Properties, Reactivity, and Electronic Spectra

Martin Srnec*!?! and Rudolf Zahradnik!!
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In the monomeric form, the title systems assume unexpected
optical properties, and as oligomers they can serve as candi-
dates for molecular devices. In bulk they are attractive in the
area of material science. A broad set of quantum chemical
methods ranging from density functional theory by the
Hartree-Fock method and the Magller-Plesset perturbation
theory to the coupled-cluster method, in connection with
nonrelativistic Dunning's basis sets as well as with relativistic
SDD basis sets were used. Electronic spectra were analyzed
by means of time-dependent DFT, with the symmetry-
adapted cluster configuration interaction and with the intern-
ally contracted multireference configuration interaction. The
Douglas-Kroll-Hess quasirelativistic Hamiltonian served as
a basis for the estimation of the role of relativistic effects. All
the diatomics representing 25 elements of a matrix formed
by the combination of group Ila (Be, ..., Ba) with group Vla
(O, ..., Po) atoms were characterized by calculated bond
length, valence vibration, dipole moment, and the Hartree—
Fock frontier orbital energies. Calculated characteristics
were confronted with experimental data. The geometry of
the oligomers (from dimers through hexamers) was investi-
gated systematically, and the nature of the located stationary

points on the respective potential energy surfaces was estab-
lished. Special attention was paid to the four lightest ele-
ments of the group Ila-VIa matrix, i.e. BeO, BeS, MgO, and
MgS. As for electronic spectra, the systems of the first column
(BeO, ..., Ba0), the first row (BeO, ..., BePo), and the systems
of the main diagonal (BeO, ..., BaPo) were calculated in the
form of monomers and dimers. Analogous calculations were
performed for a few group Ia-VlIla, Illa-Va, IVa-IVa, and IIb-
VlIa systems. The group Ila-VIa and IIb—VIa diatomics exhibit
electronic transitions in the visible region of the spectrum,
and the longest wavelength bands are located in the near-
infrared region. MgO represents an extreme with the first
band appearing at about 3500 cm™, which strictly speaking
makes the use of the Born-Oppenheimer approximation
questionable. Whenever experimental transitions are avail-
able, the agreement between the calculated and observed
band positions is good. Passing from monomers to oligomers
is always associated with a significant hypsochromic shift in
the first transition.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Contemporary electronics, material science, molecular
engines, an urgent desire to build computers on the basis of
appropriate molecules and macromolecules, and a general
tendency to miniaturize prompted us to search for species
and materials with the desired properties. These compounds
require special physical, chemical, and mechanical charac-
teristics.

For years conjugated organic systems have attracted at-
tention on the basis of the above-mentioned aims and also
in connection with the investigation of structure—color rela-
tionships. Special interest has been paid to intensively col-
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ored speciest!®?l and to systems possessing the longest
wavelength transition in the near-infrared region.l'® Such
systems exhibit a very narrow gap between the highest oc-
cupied and the lowest unoccupied molecular orbitals
(HOMO and LUMO, respectively).

Inorganic systems were, except for various transition-
metal complexes, on the periphery of interest. This changed
after the discovery of interesting facets (including semicon-
ductivity) of some solids derived, for example, from group
IIb—VIa binary compounds, such as, ZnO, ZnS, CdO, and
CdS.[38-3¢ Species that are derived from group Ila—Vla ele-
ments have received much less attention than the group IIb—
Vla compounds. It was shown recently that monomeric
forms of group Ila—VIa binary species and small oligomers
thereof absorb in the visible and near-infrared regions.[4]
Passing from monomers to oligomers of increasing size
manifests itself by a hypsochromic shift, which is opposite
to that which is known for conjugated organic species.

The group Ila—VIa combination of atoms can be ex-
tended to other isoelectronic pairs: groups Ia—VIIa, I1la—
Va, and IVa-IVa. When considering the five elements com-
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prising the individual groups of the periodic table, 25 spe-
cies are derived for each of these combinations. The lightest
species consists of LiF, BeO, BN, and C,. These prototypes
are followed by 24 molecules; the total number of noniden-
tical group IVa-IVa combinations amounts to n(n — 1)/2
(where n is the number of elements in the group), five of
them being homonuclear, the remaining, heteronuclear.

In all these instances, 1-10 nm clusters of these parent
species represent systems in which the properties are tun-
able by their size and/or by passing from one element to
another element belonging to the same group.

With the group Ila—VIa systems, mostly species contain-
ing beryllium and magnesium were investigated. The ma-
jority of studies on beryllium compounds, probably because
of their toxicity,> 2% is more theoretical than experimental.
Magnesium compounds, mainly MgO, were studied in the
context of group Ila—VIa compounds most frequently.?4-%
The number of studies of binary systems containing heavier
group Ila metals (Ca, Sr, Ba) is smaller.?*>1-5¢ Widely in-
vestigated were group IIb—VIa systems because of their
practical importance. However, only papers having some
relevance to systems dealt with in this work are
Cited.[3a 3¢,57-74]

Species of these classes attract attention as nano-
particlel>6-:62:63.66.68.7L.75 materials for quantum dots,[>%-8:3]
as clusters[24:25-31.43.52,57.59,64a,64b,69] and semi-
conductors,337-60.74 and as materials used in the prepara-
tion of nanotubes and nanowires.’%32 The transition be-
tween clusters and bulk was investigated.’® The band
structurel”? of BeO and MgO surfaces?®#4244%] (and their
infrared spectral”l), as well as doped MgO,% were also
subjects of scrutiny. Trends in the series BeO through
BaOl'% and BeS through BeTel'>!%23 were described.
BeSI-%-12171 and  MgSI?3-33-49 represent materials worth
mentioning. Not only closed-shell parent systems, but also
radical-ionsl!3-14:274.29.35.36] derived from them were subjects
of studies, sometimes by means of photoelectron spec-
troscopy.?7#:38 The electron affinity of BeO is so high that
complexes with rare gases were described.[®!

In addition to the currently widely used Hartree—Fock,
Moller—Plesset, and coupled-cluster methods (vide infra),
density functional theoryl!0:11:22.34.49.53.73] and empirical po-
tentials®*46-311 served to describe large systems, clusters in
particular. A full configuration interaction (CI) was used to
studyl! the electronic structure of BeO.

Electronic spectra investigationsl!®-27b-27¢.34.48.30] jnyolved
mainly MgO (size-dependency of the MgO clusters?l). In
ref.>4 spectra of CaO, SrO, and BaO were analyzed. A cor-
relation was found to exist between the energy of the
Khon—Sham orbitals and the excitation energies.””! Infra-
red spectra of MgOB”l and BeO complexes with noble
gases?!-2?! are available.

Calculations of dissociation energies (e.g. for MgO,P®]
MgO*, and SrO* in ref.?8]), as well as heats of formation
(BeO, MgO, Ca0),P" still represent a rather demanding
task.

In this paper, we utilize various quantum chemical meth-
ods to determine the structural and electronic characteris-
1530
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tics of monomeric through hexameric group Ila-VIa spe-
cies (group Ila: Be through Ba; group VIa: O through Po)
and to determine how these characteristics vary with dif-
ferent elements, cluster size, and geometrical structure. We
focus on the following features: (1) Screening structural and
physical properties of all 25 group Ila—VIa monomers. (2)
Detailing the study of the properties of the four lightest
MX monomers (M = Be, Mg; X = O, S). (3) Testing relativ-
istic effects on the properties of a representative molecule,
CaSe. (4) Characterizing geometries of oligomeric isomers.
(5) Characterizing electronic spectra for the most stable iso-
mers. (6) Evaluating trends of physical characteristics in a
series of oligomers.

Computational Details

Quantum chemical methods were used for the computa-
tion of the structural and physical properties of selected
group Ila—VIa diatomics MX, their oligomers M;X; (from
dimers to hexamers, i = 2,.., 6), and for some related sys-
tems by using the Gaussian 03 program package.[’%]

In the first part concerning diatomics, attention was fo-
cused on screening the bond lengths, the harmonic valence
vibrations, the electric dipole moments, and frontier orbital
energies. The following computational schemes were used:
density functional theory (DFT) with the B3LYP exchange-
correlation functional, the Hartree-Fock method (HF), and
the second-order Moller—Plesset perturbation theory
(MP2). Calculations were performed for all the matrix ele-
ments (diatomics) of the group Ila—VIa matrix. Relativistic
pseudopotentials were used throughout the calculations so
as to describe relativistic effects, which increase with Z* and
7% (Z — proton number) for inner and outer electrons,
respectively. The SDD basis sets!’” are appropriate for this
purpose and are available in the Gaussian 03 standard li-
brary. Analysis of the wavefunctions was carried out by me-
ans of the CASSCF method!”®! by using the MOLPRO 02
program.[7%¢]

The second part relates to the four lightest members of
the group IIa—VIa matrix. These diatomics were extensively
characterized by means of the DFT method using nonrela-
tivistic Dunning’s basis sets®%-8%1 (cc-pVXZ from double-
zeta to quintuple-zeta) and the calculated characteristics
were almost always extrapolated to the complete basis set
(CBS) limit according to the (quasi)linear dependency be-
tween the physical characteristics and the reciprocals of the
total number of basis set functions.®!] Unless otherwise
stated, the geometry optimization of the oligomers was al-
ways performed at the B3LYP/cc-pVTZ level. The positions
of the first electronic valence (the longest wavelength) bands
of these species were estimated by means of the time-de-
pendent density functional method (TD-B3LYP). These re-
sults were then compared with the experimental data (if
available) and with the results of two more robust methods,
namely, the symmetry-adapted cluster configuration inter-
action (SAC-CI),®? including single and double exci-
tations, and the internally contracted multireference config-
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uration interaction (icMRCI),[832:83b1 also with single and
double excitations. Specification of the reference configura-
tion space related to icMRCI calculations will be mentioned
with concrete instances. The electronic transitions were fit-
ted with equal-weighted Gauss/Lorentz curves with half-
maximum widths of 1000 cm!; the Frank—Condon factors
were not considered.

In the third part, we were interested in the trends of some
structural and spectral features along the horizontal (the
first row), the vertical (the first column), and the main diag-
onal directions of the group Ila—VIa matrix (Figure 1). The
second-order Douglas—Kroll-Hess (DKH)®4a-84cl gcalar
quasirelativistic Hamiltonian was explored in the local spin
density basis set DZVP® and the large-core SDD pseudo-
potential technique (vide supra), both within the B3LYP
procedure. The DKH method neglects the two-electron rel-
ativistic corrections and also spin-orbit coupling. This
method is based on the free-particle Foldy—Wouthuysen
(FW)4] transformation, which separates the electronic
and positronic solutions of the Dirac equation by the uni-
tary transformation of the Dirac-Coulomb-Breit Hamilto-
nian. The approximate scheme of the DKH method applies
the free-particle FW transformation to the molecular bare-
nucleus Hamiltonian and, moreover, also applies additional
transformations to remove off-diagonal Hamiltonian ele-
ments, which results in variational stability.

BeO BeS BeSe BeTe | BePo |[>te*row
MgO Mgs MgSe MgTe MgPo
Ca0 Cas CaSe CaTe CaPo
Sro Srs SrSe SrTe SrPo
BaO BaS BaSe BaTe BaPo
the 1% column the main
diagonal
direction

Figure 1. Diatomics formed by a combination of atoms of groups
ITa and VIa. Three main directions are indicated.

The adiabatic and vertical ionization potentials (7, and
I, respectively) and the adiabatic and vertical electron affin-
ities (A4, and A,, respectively) are defined as follows [Equa-
tions (1), (2), (3), and (4)]:

IN=6

1=E,  (MX7)-E,, (M.X) +%h Z [v, (M,.X7 v, (M.X, )] (1)

1. =FE

v Py

(M:Xr)fEu,X,(MzX’) (2)
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(MX7)-E,, (M,X,)+%/7'Z [v, (MX7)-v, (M,X,)] (3)

i

A =E

« M

A4, = EM,X;' (MiXi)_EM,X, (M«Xy) )

where the lower index and the index in parentheses specify
chemical species and the structure, which was optimized,
respectively. The adiabatic forms include the zero-point en-
ergy (ZPE) corrections; v; stands for the jth vibrational
mode. The energy of the open-shell species was calculated
by unrestricted methods.

The energy of formation of the oligomers was calculated
by means of the following expression [Equation (5)]:

AE =(iE, +iE, ’EM,)(,)/’- (5)

Equation (5) permits the estimation of the relative sta-
bility of the isomers. The basis set superposition error
(BSSE) was calculated by using the function counterpoise
method®® and included throughout. It necessarily tends to
zero when approaching complete basis sets.

The Mulliken population analysis was used for semi-
quantitative estimates of partial charges at the atoms.

Results and Discussion

Monomers: Screening of Structural and Selected Physical
Properties

The ground state of all the studied species is a singlet
state. The only uncertainty is related to BaPo. Again, a sing-
let represents the ground state with the SDD basis set (S—
T split amounts to 3.6 kcalmol™' with B3LYP). With the
ECP-CRENBL®’! basis set, however, the opposite is true
(T-S split is equal to 13.5 kcalmol ™! with B3LYP). The semi-
quantitative estimates of the S-T splittings for all group
ITa—VIa species are available on request from the authors.

Bond lengths, valence vibrations, dipole moments, and
frontier orbital energies for 25 group ITa—VIa diatomics are
summarized in Figure 2. The bond length dependencies (A,
B) are monotonic and reflect the empirical statement that
passing from the first-row element to its nearest neighbor
manifests itself roughly with the same degree of change rel-
ative to that found by passing between the second and the
fifth period. The B3LYP, HF, and MP2 bond length courses
overlap significantly. Average deviations between calculated
and observed®® bond lengths for the species of the first
matrix column amount to 29 (B3LYP/SDD), 24 (HF/SDD),
and 70 pm (MP2/SDD).

Dependences C and D in Figure 2 have to do with har-
monic wavenumbers (V), which decrease monotonically in
the columns and rows of the matrix. By contrast, force con-
stants of magnesium chalcogenides exert minima. This
agrees well with the remarkable reactivity of MgO.B!
Again, the features of the species that include first-row ele-
1531
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Figure 2. Trends of bond lengths, €(A, B), wavenumbers of valence vibrations, ¥(C, D), electric dipole moments, u(E, F), and energies of
frontier orbitals, E(G, H) for 25 group Ila-VIa diatomics: oxides, sulfides, selenides, tellurides, polonides of beryllium, magnesium,
calcium, strontium, and barium, respectively. Computational methods and units used are indicated in the graphs. The DFT (B3LYP),
HF, and MP2 methods were used with pseudopotential SDD basis sets. HF frontier orbital energies correspond, except for signs, to

Koopmans’ ionization potential and electron affinity.
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ments are shifted from the data for the rest of the systems.
This is particularly obvious for BeO. There is a fair agree-
ment between B3LYP/SDD and experimental wavenumbers
for species of the first matrix column. The largest deviation
was observed for MgO (16%), whereas for BaO it
amounted to only 0.6%.

The dipole moments (Figure 2, E and F) indicate signifi-
cantly the ionic nature of all the systems. There is a rather
dramatic difference between the B3LYP and the HF and
MP2 values (always with the SDD basis sets). Reasonable
agreement between B3LYP and highly accurate theoretical
values for BeO (6.16 and 6.15-6.25 D,[!8] respectively) and
BeS (5.76 and 5.19 D,I'7] respectively) suggest the superior-

ity of the B3LYP estimates with respect to the two other
procedures. This confirms our previous experience.®!! In
contrast to dependencies for species in columns, the de-
pendencies in the rows exerts (except for beryllium chalco-
genides) well-developed maxima for selenides or tellurides.
On the whole, the B3LYP dipole moments assume values
between 5 and 11 D.

The HF frontier orbital energies (Figure 2, G and H)
represent, within the framework of the Koopmans’ theo-
rem, the first vertical ionization potential (HOMO) and the
first vertical electron affinity (LUMO). The ionization po-
tentials decrease and the electron affinities increase in the
rows of the matrix. Dependencies for electron affinities

Table 1. Calculated bond lengths (R,), dipole moments (1), wavenumber of valence vibrations (V), vertical ionization potential (1), vertical
electron affinity (A4,), and formation enthalpy corresponding to the process MX('Z*) = M('S) + X('D) for BeO, BeS, MgO, and MgS.
The B3LYP and MP2 methods were obtained for Dunnig’s basis sets (n; cc-pVXZ with X = D, T, Q, 5). Only in a few cases were very
sophisticated calculated values used as a benchmark instead of experimental values.

B3LYP
n R, P v I, A, AER]
Species [1071°m] [D] [em™] [eV] [eV] [kJ/mol]
BeO D 1.3381 5.71 1510 9.85 2.00 -686
T 1.3233 6.11 1551 9.90 2.13 -721
Q 1.3193 6.27 1554 10.13 2.14 729
5 1.3195 6.39 1551 10.15 2.17 -731
liter. 1.3310 6.15-6.25M1 14871l 10.1 0.4 - —544 + 50141
BeS D 1.7540 4.90 1000 9.08 2.13 —478
T 1.7414 5.24 1009 9.24 2.24 -490
Q 1.7375 5.32 1012 9.25 2.28 -493
S 1.7374 5.34 1012 9.25 2.31 -493
liter. 1.742[ 5.190 998tel - - -
MgO D 1.7493 6.28 814 7.61 1.72 -448
T 1.7430 6.86 822 7.76 1.77 —471
Q 1.7388 7.19 826 7.81 1.83 —483
S 1.7343 7.35 826 7.83 1.84 —489
liter. 1.7490 - 7850 8.76 + .22 - 594 =421
MgS D 2.1620 6.88 523 7.68 1.94 -342
T 2.1514 7.30 527 7.80 2.00 353
Q 2.1490 7.46 527 7.81 2.05 -356
5 2.1414 7.52 530 7.82 2.05 —-358
liter. 2.143M - 529l - - -
MP2
BeO D 1.3746 7.17 1337 9.88 1.65 -696
T 1.3535 7.36 1406 10.11 1.87 -760
Q 1.3480 7.48 1414 10.29 1.94 780
5 1.3479 7.56 1414 10.40 1.99 788
liter. 1.3310 6.15-6.25M°1 14871l 10.1 +0.4 - —544 + 5011
BeS D 1.7710 6.24 991 9.09 470
T 1.7592 6.42 994 9.20 =504
Q 1.7522 6.48 1002 9.30 =519
5 1.7500 6.49 1004 9.34 -526
liter. 1.742( 5.190 998l - -
MgO D 1.7341 7.74 1068 8.73 =502
T 1.7377 8.43 1033 8.98 -564
Q 1.7398 8.81 1022 9.08 —-587
5 1.7413 9.04 1012 9.14 -598
liter. 1.749( - 785k 8.76 + .22 —594 + 42l
MgS D 2.1662 8.75 559 7.39 1.63 =351
T 2.1556 9.08 561 7.69 1.82 —388
Q 2.1514 9.25 562 7.78 1.89 -403
5 2.1474 9.32 564 7.82 1.91 -410
liter. 2.143[¢ - 5290 - - -

[a] Formation enthalpy MX('*) = M(!S) + X('D). [b] Value recommended on the basis of theoretical results.!'8! [c] Taken from Huber—
Herzberg collection.®®] [d] Taken from experimental work.[ [e] Theoretical value from ref.[!7]
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along the columns exert clear minima for the Mg-contain-
ing species.

The differences between the calculated (HF, Koopmans’
theorem) and observed!® ionization potentials for the spe-
cies in the first column (A7 = I yicq. — lexp.) amount to 0.42,
-0.43, -0.80, —0.88, and —0.89 eV. Notably, CI vectors in the
CASSCF approach suggest an admixture of 7 to 10% of
excited configurations in the ground states.

The BeO, BeS, MgO, and MgS Systems

The results of DFT and MP2 calculations for bond
length, dipole moment, valence vibration, vertical ioniza-

tion potential and electron affinity, and heat of formation
for the title diatomics are presented in Table 1. The bond
lengths and valence vibrations can be obtained for the set

of diatomics under study with satisfactory precision.
The MP2 CBS bond lengths, when compared to experi-

mental values, exhibit an average deviation of 0.7 pm. The
B3LYP CBS values underestimate the experiment by
1.1 pm. The average deviation of wavenumbers is smallest
for the B3LYP procedure and amounts in the CBS limit to
36 cm™!

Vertical ionization potentials and electron affinities were
obtained from Equations (2) and (4). The overall agreement
is satisfactory, which also applies to HF data (not included
in Table 1) with the use of Koopmans’ theorem.

b

m@;ﬁ

Dzm g D, =1Ag CS!.I’G"

%
A

1
Cay A, Dy, A,
14
1
G &
Ciw Céw
[ a b c d e f g h i
Be (0, A GM LM LM LM LM LM - Sl S1
B Mo No No 04:5 7425 5840 - - -
C 0.0 157 268 546 552 270 - -
| BesS, A GMm LM LM LM S1 S1 S1 LM S1
B No No No 95;2 - - - a97:1 -
L C 00 277 312 350 # e 564 - |
| Mg 0, A GM L - LM - LM S1 LM LM
B a7:1 a1 - 5841 - 58:42 876 962
| C 0.0 36 - 214 - 214 - 397 410
Mg.S; A GM LM LM LM LM S S1 LM LM
B No No No 89:5 8216 - - BB:6 96:4
C 0.0 125 23 224 222 - - 339 303

Figure 3. Localized stationary points on the B3LYP/cc-pVDZ energy hypersurfaces of Be,O,, Be,S,, Mg,0,, and Mg,S,. Each of them
is described by symmetry point group and electronic ground state. White and grey balls correspond to metal (Be, Mg) and chalcogen (O,
S) atoms, respectively. In the presented table, basic information about the isomers found is collected in the following way: A — nature of
stationary point (GM — global minimum, LM — local minimum, S» — saddle point of nth order); B — multireference wavefunction character
of isomer [percentage ratio of the two most dominant wavefunctions; analysis with CASSCF(4,6)]; C — relative energies of dimer isomers
(in kJmol ™).
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Calcium Selenide: Testing System for Relativistic
Contribution Estimate

This system consisting of the fourth row elements was
used for estimating the role of relativistic effects. The com-
parison was made with nonrelativistic B3LYP/cc-pVTZ and
quasirelativistic DKH-B3LYP/cc-pVTZ methods. The latter
method includes those components of relativistic correc-
tions which can be considered essential. The calculations
were performed for the monomer ('A;,) and the dimer
('Bsy) and concerned molecular geometry, heat of forma-
tion, the first adiabatic ionization potential and electron af-
finity, wavenumbers of vibrational modes, and excitation
energies for the longest wavelength electronic transition.
The results are transparent: except for the heats of forma-
tion, the changes are not significant. In the case of the
(negative) heats of formation, the relativistic values are
about 20% bigger than the nonrelativistic ones.

Structure of Oligomers M;X; (M = Be, Mg; X =0, S;i =
2-6)

Dimers: Stationary points on the respective potential en-
ergy surfaces have been obtained by the energy minimi-
zation of numerous initial structures selected on the basis
of chemical intuition and fantasy. The nature of the located
stationary points was ascertained by means of the eigen-
value signs of the respective Hessians. This made it possible
to distinguish global and local minima and the first- and
higher-order saddle points. Except for minima, only the
first-order saddle points are of chemical relevance, and they
represent activated complexes of the Eyring absolute rate
theory. The structures investigated with the dimers and de-
tailed information on the nature of the located stationary
points is presented in Figure 3. For the sake of simplicity,
we concluded that the rhombic structure with acute angles
at chalcogens represented a global minimum not only with
Be,0,, Be,S,, Mg,0,, and Mg,S, but in general also with
analogue dimers. We observe that the opposite is true with
group Illa—Va dimers: acute angles are associated with the
metal atoms.[®®) Moreover, all these species represent single-
reference systems. Figure 3 shows that a local minimum is
only a little higher in energy than the global minimum.
However, in the case of Mg,O,, structure b is about
36 kJmol! above the global minimum, and with Mg,S,,
structre ¢ is 23 kJmol™! above the global minimum.

Passing from monomers to dimers is accompanied by a
lengthening of the M—X bond by 16, 18, 12, and 17 pm for
Be,0,, Be,S,, Mg,0,, and Mg,S,, respectively (B3LYP/cc-
pVDZ). The softer nature of these bonds is indicated by the
b, harmonic normal vibrational modes of the dimers.

Trimers: Despite great effort, it seems that the only sig-
nificant minimum on the PES of these systems are hexagons
possessing the Ds,, structure. They are products of strong
electrostatic (head-tail) interactions of three building units.
It is tempting to try to ascribe the stability of the Dj), struc-
tures to a kind of aromaticity. Although there is a signifi-
cant formal similarity between the systems under study and
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moieties such as benzene and cyclic Cg (D3y,), the great dif-
ference in the electronegativity of the atoms that form
building units (e.g. Be and O) reduces delocalization con-
siderably. Again, the angles at the chalcogen atoms of the
trimers are smaller than those at metal atoms. The structure
of the group Illa—Va and group IIb—VIa species is analo-
gous.[?%01 Chemical intuition has strong support in molec-
ular dynamics. We have been able to show by a simulated
annealing procedureP®!! the superiority of the Dy, structure
for the four dimers which were thoroughly studied. Heavier
trimers from the group IIla—Va matrix prefer® a three-
dimensional structure, which was ascribed to the low-lying
d orbitals and energy diminution due to higher coordina-
tion numbers. We might add that linear trimers represent
saddle points of the higher order. The bond lengths in tri-
mers are equal 146.7, 190.9, 184.0, and 229.9 pm for the
BeO, BeS, MgO, and MgS bonds, respectively. This means
that all the bonds are about 3 pm shorter than the analo-
gous bonds in the dimers.

Tetramers: We have been able to localize three stationary
points with all four building units under study (Figure 4).
The BeO tetramer is the most stable in a planar octagonal
form (Dy;,). Mg4O4 and Mg,S, assume a heterocubic struc-
ture (7,); with Be,S, the situation is somewhat more in-
volved. A minimum of D,, symmetry passes through an
extremely low-lying transition state of Dy, symmetry into
an equivalent D,; system. The B3LYP/cc-pVTZ barrier

L £
o Q .
Be.O, @ ® ;
0,0
(DA, LM,0.0) (T A, LM, 169) (T, ', LM, 335)
Be.S, @ﬁb =
(D, A, LM,0.0) (T A, LM,2) (G A TS}
= O ’
Mgaoa .- O O -
= - O
(T A, LM,0.0} (D A, LM, 102) {Cyy AL TS )
.
Mg, S, - Q D
iy Q. O
e o
(Ty A, LM,0.0) (D' B, LM, 126) (Cype A TS

Figure 4. Localized stationary points on the B3LYP/cc-pVDZ en-
ergy hypersurfaces of Be4Oy4, BeySs, Mg,04, and MgyS,. Symmetry
group, electronic state, nature of the stationary point, and relative
energy (kJmol ') with respect to the most stable isomer are in pa-
rentheses. Dark spheres stand for chalcogen. Local minima (LM)
and transition states (TS).
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amounts to 0.5 kJmol™! and can be neglected at room tem-
perature. The A; ground state is not degenerate and there-
fore the deviation from coplanarity cannot be attributed to
the Jahn-Teller effect. However, pseudo Jahn-Teller distor-
tion is applicable, which is supported by arguments in ref.[¢%]
The HOMO (b,,) and LUMO (a,,) orbitals in the D, ge-
ometry are transformed into a; orbitals, which are capable
of mixing. The mixing is probably not very pronounced be-
cause of the large energy gap between these orbitals esti-
mated on the basis of the first electronic transition (3.9 eV;
TD-B3LYP/cc-pVDZ). At this level, the energy difference
between the D,,; and T structures is so small that the order
of isomers can be changed when passing to a higher level
of theory.

The BeyO4, Mg404, and MgyS, clusters with Dy, sym-
metry and BeyS; with D,; symmetry have bond lengths
equal to 145.3, 182.6, 228.6 and 190.1 pm, respectively
(B3LYP/cc-pVDZ), which correspond roughly to the values
of the bond lengths in the trimers. The contraction of bond
lengths with respect to those of dimers could indicate het-
eroaromatic behavior of the rings. The bond lengths in the
most stable isomers of Mg4,O, and Mg,S,; (both with T,
symmetry) are 195.7 and 243.0 pm, which is in agreement
with the expected increase in bond lengths when passing to
bulk: (MgO).., 210.6 and (MgS).., 260.0 pm.

Pentamers: Localized stationary points are summarized
in Figure 5. Only BesOs assumes a planar monocyclic struc-

{3 o &£

Be.O,
(Dgp, A LM, D.O)  (Cs,.'A LM, 252) (Ca A LM, 178)
(G, A LM,0.0) (G, A" LM, 236) (Ca,, A, S2,-)
o0, 1
Mg.O. v » =0
Q@ £ O
t:{}‘
(€. ALLM,0.0) (D, W LM,107) (D, A, S81,-)
IE dn
Mg:s‘s I,'Ij 0 \):?
=0
O=p
(C,,'A' LM, 0.0) (Dgp,'A'S2,2)  (Cay,'A83,)

Figure 5. Localized stationary points on the B3LYP/cc-pVDZ en-
ergy hypersurfaces of BesOs, BesSs, MgsOs, and MgsSs. Symmetry
group, electronic state, nature of the stationary point, and relative
energy (kJmol ') with respect to the most stable isomer are in pa-
rentheses. Dark spheres stand for chalcogen. Local minima (LM)
and saddle points of the nth order (Sn).
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ture (decagon) with Ds;, symmetry. Another isomer has a
naphthalene-like structure with C,, symmetry. The other
three pentamers are most stable in a nonplanar structure
(Cy). Monocyclic structures with BesSs are nonplanar (Cy),
whereas with MgsOs they are planar (Ds;,). The Ds,, struc-
ture of MgsSs is a second-order saddle point. The addition
of one electron to the monocyclic nonplanar C structure
of BesSs causes planarization of the ring (Ds;,) accompanied
by reduction of the Be—Be distance. Ladder structures have
been localized with pentamers except BesOs, but they have
little chemical relevance.

Hexamers: Ten local minima are among 16-localized sta-
tionary points for the four systems under study (Figure 6).
With all hexamers, the most stable forms have D5, structure,
which consists of six-membered cycles in a stacking ar-
rangement. This form represents a building unit of wurzite
crystals, which concerns beryllium oxide and sulfide. Mag-
nesium compounds crystallize frequently into a cubic struc-
ture, which, at the level of hexamers, is represented by the
D5, structure. It can be considered a kind of “sandwich”
consisting of three stable rhombic units. Only MgsO¢ and
MgeSs represent local minima; the beryllium containing
systems of the D, structure are saddle points.

- & W EBed
(D3, A, LM 0.0K Dop, ALLM 81 ) D59, A, 831 (Can'ALM,TS)
oo % w ﬁ
(Do, ALLMD.0) (Do'AS2-) (Co,'AE1-) (G ALLM,170)
@ % é o=
O
(Dag. A LM,0.0) (D2 'ALMITY  (Con'AE1) (Cp 'AGST,)
Mg,S.

4S8t

(D' A

gasactiy

WEMO0) (DA LMA4) (Cy, A LM, 148) (Dyy, ‘A 54,)
Figure 6. Localized stationary points on the B3LYP/cc-pVDZ en-
ergy hypersurfaces of BegOg, BegSs, MgeOg, and MgeS¢. Symmetry
group, electronic state, nature of the stationary point, and relative
energy (kJmol ') with respect to the most stable isomer are in pa-
rentheses. Dark spheres stand for chalcogen. Local minima (LM)
and saddle points of the nth order (Sn).

Bowl-like C,, structures consisting of tetragons, in con-
trast to ZneSe and ZnSe, clusters,[® are not stable species;
they are just saddle points. MgeS¢ assumes a special posi-
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tion by being a local minimum. This might be tentatively
ascribed to the d orbitals of S and Mg, which stabilize sys-
tems with atoms having high coordination numbers.

The BegOg system exists with a local minimum (C,;,) con-
sisting of two hexagons and one (connecting) rhombic mo-
tif. Therefore, there is a formal resemblance between this
system and diphenylene in the benzenoid hydrocarbon
series. With reference to BegS, this C,,, structure converges
to a nonplanar system with C; structure, whereas MgsOg
and MgeS¢ pass into a ladder structure of a saddle-point
nature.

Time consumption connected with the B3LYP/cc-pVDZ
geometry optimization of hexamers can be reduced con-
siderably by using the PM3 preoptimization.l?

Electronic Spectra

We believe we have shown convincingly™ that for BeO,
BeS, MgO, and MgS the longest wavelength transitions
calculated by TD-B3LYP/cc-pVDZ and SAC-CI(SD)/cc-
pVDZ mutually agree satisfactorily. The same is true when

45

vis | NIR |
——Be0 ¥

— BeS

—— BeSe/

Figure 7. Computed electronic spectra of the group Ila—VIa diatomics at the TD-B3LYP/SDD (the left column) and DKH-B3LYP/VDZP
(the right column) level. Three directions in the group Ila—VIa matrix are considered (the first column, C; the first row, R; the main
diagonal, D). The regions of visible (vis) and near-infrared regions (NIR) are indicated.
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comparing calculated and observed™ band positions in the
near-infrared and visible regions of the spectrum. An analo-
gous statement is valid for dimers of the above-mentioned
diatomics, except that there are no experimental data avail-
able. In all instances, passing from monomer to dimer is
accompanied by a very large hypsochromic shift. Moreover,
it has been shown with the monomers that the use of the
icMRCI procedure produces similar results. Although pass-
ing from DZ to TZ brings about an improvement in all
three methods relative to the experimental values, the TD-
B3LYP/cc-pVDZ method is well-suited and a relatively
economic procedure for good semiquantitative predictions.

The order of transitions with oxides forming the first col-
umn (BeO, ..., BaO) remains unchanged (X'X*— A!l],
XI3*F - BIY*, XIY*—-B!], and X'X*—C!Y") between
BeO and CaO. For SrO, the two first transitions are approx-
imately equal in energy, and with BaO, the first band con-
nected with the >*— X" transition is observed.

Instead of calculating the electronic spectroscopic data
for all matrix elements and the dimers thereof, we dealt with
systems of the first column (BeO, ..., BaO), of the first row
(BeO, ..., BePo), and with systems formed from the main
diagonal (BeO, ..., BaPo) (cf. Figure 1). The respective theo-
retical absorption curves are depicted in Figure 7 for di-

wavenumbers [cm"]

i J vis | NIR | las
|'| f I
v {20
I|I I| I"| A . Belo?
7 .'|I |I| II p" || h"g’.'s? 4135
VW v | — CaSe, I
| —S8uTe, {30 8
1
- \ 25
L 420
L 15
1 1 1 'l 1 1 1.“
40000 30000 20000 10000 0 50000 40000 30000 20000 10000 il

wavenurrbers [cm’]

Figure 8. Computed electronic spectra of dimers of the group Ila-VIa diatomics at the TD-B3LYP/SDD (the left column) and DKH-
B3LYP/VDZP (the right column) level. Three directions in the group Ila—VIa matrix are considered (the first column, C; the first row,
R; the main diagonal, D). The regions of visible (vis) and near-infrared regions (NIR) are indicated.
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atomics and in Figure 8 for their dimers. On the basis of
comparison between calculated and observed band posi-
tions for all group Ila oxides and BeS and MgS, it is pos-
sible to say that the curves in Figures 7 and 8 offer a realis-
tic picture of the electronic spectra. The first absorption
band is either in the near-infrared region (in the majority
of cases) or in the visible region. The overall picture is quite
similar for both theoretical levels used, but the DKH pro-
cedure seems to be more reliable. However, the only real
failure of the pseudopotential basis set (SDD) is for BeO
and its dimer.

Be O,

3 3

(Cyyr-489,-503) (C,,.-471,-563)

P

(D, -770,-801)

“RGIAY,

(Ds,,-848,-884)

(Cayr-721,-760)

7

(Dsy,-1064,-1098)

Y-

(D5p,,-1201,-1237)

- £2

(Dap,-1244,-1280)

(D,4,-861,-897)

Calculated electronic spectra for the most stable pairs of
isomers of the dimers, tetramers, and hexamers of MgO
suggest the possibility to use this type of spectroscopy for
structure elucidation (Supporting Information, see Fig-
ure S1).

Trends in Physical Characteristics in Series of Oligomers

A summarizing note on the geometry of clusters will be
augmented by remarks on ionization potentials and elec-

Mg O,

3

Mgs5,

(e -353 -388)

¢

(D2y,-762,-832)  (D2,,-582,-637)

(D3,,-871,-947)

8 &K

(7,-926,-1005) (T,-694,-770)

(D.,,-651,-711)

{3 8

( Dﬁhv- 1 262 L :I

(C;,-865,-)

(C.,-937,-) (C,,-756,-)

2 %28

(D14,-1265,-)

(D44,-891,-)

(DM,-QB?',—} {DM,‘?ZQ

Figure 9. Structure of global minima of (MX), on the respective energy hypersurface. Symmetry group and calculated energy of formation,
AE (B3LYP/cc-pVTZ and MP2/cc-pVTZ) per MX unit (kJmol ). Basis set superposition error is included. Dark spheres mean chalcogen.
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tron affinities. Assumed global minima are summed up in
Figure 9. Notably, higher oligomers consist of rhombic and
hexagonal motifs. Specific energies of formation of oligo-
mers, that is energies per monomer unit, are defined by
Equation (5). The two sets of formation energies (DFT and
MP2) are available up to tetramer and differ by about 5%.
It is hardly possible to say which of the methods should be
preferred. Obviously, however, it is desirable to have for
small oligomers such a comparison available and, for more
extensive systems, the DFT procedure represents the only,
remarkably reliable, chance. Increasing specific formation
energy suggests the increasing stability of larger oligomers
and also their decreasing reactivity. It is known from the
literaturel3-%°1 that attempts to obtain cohesion energy of a
crystal by extrapolating the formation energy of small clus-
ters are not successful. Internal energy of BeO and MgO
crystals are 1180 and 995 kJmol .13l

Tonization potentials, 7, and electron affinities, A, are
valuable characteristics in several respects. The BeO clusters
are used as representatives. Adiabatic and vertical values
are defined by Equations (1)—(4). In opposition to the for-
mation energies, the plots of 7 and A4 against the cluster size
are not smooth (Figure 10). Relative maxima with ioniza-
tion potentials correspond to i = 3 and 5, whereas minima
are at i = 2, 4, and 6. This suggests that there is stabilization
of cycles with 6 and 10 atoms; minima on the plot are con-
nected with 4, 8, and 12 atoms in the ring. It is at least
formally an analogy to the aromatic and nonaromatic cy-
clic, conjugated hydrocarbons. The same was observed in
the BN series, that is aromaticity with (BN); and (BN)s.P4]
the adiabatic and vertical values differ very little, which in-
dicates an absence of dramatic geometry changes after re-
moval or addition of an electron. The trends are the same
for both methods used.

In Table S1 (Supporting Information), we summarize the
values of the partial charges at the metal atoms for the
oligomers depicted in Figure 9. We wish to underline two
points: (1) The ionic character increases with cluster size,
which correlates to a hypsochromic shift in the electronic
spectra (vide infra). The partial charges are also signifi-
cantly influenced by the coordination environment and that
is apparent in the series of Be,O,, i = 1-6. Only the BesOg
system has a different coordination number of atoms and
is not consistent with the smooth trend for i = 1-5. (2) The
MgO molecule exerts significant covalency; the growth of
ionic character for the MgO clusters with increasing i is
most dramatic among species included in Figure 9.

The dependence of the positions on the longest wave-
length bands for oxides and sulfides of beryllium and mag-
nesium is shown in Figure 11. The only structurally homo-
geneous series for i = 1-5 is BeO: the first band of the cyclic
structures exhibits a dramatic hypsochromic shift from
about 10000 (i = 1) to 60000 cm™! (i = 5). The batho-
chromic shift when passing from pentamer to hexamer is,
no doubt, due to structural changes, namely to the transi-
tion to a three-dimensional structure (Ds,). The courses for
the remaining three systems support the plausibility of this
assumption because a change from hypsochromicity to ba-
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Figure 10. Vertical and adiabatic ionization potentials and electron
affinities plotted against the size of the most stable (BeO), oligo-
mers (eV). In adiabatic values zero-point energy is included [cf.
Equations (1)—(4)]. B3LYP/cc-pVDZ (squares: full-vertical, empty-
adiabatic), MP2/cc-pVDZ (stars: full-vertical, empty-adiabatic) cal-
culations.

thochromicity manifests itself by passing from trimer to tet-
ramer, which coincides with passing from planarity to
three-dimensional structures.
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Figure 11. The shift in the position of the longest wavelength ab-
sorption band in the electronic spectra in four series of systems
ranging from monomer up to hexamer. The calculations have been
performed at the TD-B3LYP/cc-pVTZ level.

A remarkably close correlation exists between TD DFT
excitation energies (for transitions which dominate the
HOMO-LUMO excitation) and differences of Khon—Sham
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eigenvalues, which result from the solution of Kohn-Sham
equations with the B3LYP functional. Recently, such corre-
lations were observed and analyzed.’”’! This finding is
valuable because it makes estimates of the first-band posi-
tion on the basis of a calculation possible, which, for exten-
sive systems, are significantly more economic than complete
TD DFT calculations.

Finally, let us briefly comment on the first and second
excitation energies in the isoelectronic series of diatomics
related to the second row of the periodic table. The wave-
numbers [cm '] are as follows: LiF: 40530, 45600; BeO:
9410, 21250; BN: 27880, —; and C,: 720, —. These values
were obtained at the TD-B3LYP/cc-pVTZ level (LiF, BeO)
or taken from ref.®>! (BN, C,). Except for group Ila—VIa
species, in all instances the passing from monomers (di-
atomics) to dimers is associated with a bathochromic shift.

The related group IIb-VIa diatomics MX (M = Zn, Cd,
Hg; X = O, S) exert the first two bands in similar regions
as the group Ila—VIa species. Whereas the first peak (TD-
B3LYP/cc-pVTZ [em™!]) is located in the near-infrared or
infrared region (ZnO: 5570; ZnS: 5040; CdO: 2810; CdS:
2810; HgO: 3350; HgS: 1960) with very low intensity, the
second one, which is more intensive by about two orders of
magnitude, is shifted to the near-UV region (ZnO: 31470;
ZnS: 32290; CdO: 28400; CdS: 28730; HgO: 32560; HgS:
32635).

Conclusions

Although the group Ila—VIa system in bulk does not at-
tract the attention of many chemists, which is (partly) due
to a big gap between valence and conduction bands and
their chemical inertness, the opposite is true for group Ila—
Vla diatomics and clusters thereof. We found that the di-
atomics unexpectedly exert the first absorption band in the
near-infrared or visible regions and this band is progress-
ively shifted toward shorter wavelengths with growing clus-
ter size.

The structural variety of group ITa—VIa species is signifi-
cantly limited by strong ionic interaction of metal—chal-
cogen poles. Therefore, the most stable structures of larger
clusters could be considered as a combination of a few,
rhombic and hexagonal, patterns.

We feel strongly that catalytic properties of bulk surfaces
could be enhanced by deposing cluster-like structures. In
this work, we tried to demonstrate how electronic charac-
teristics are tunable by varying the metal and chalcogen,
cluster size, and isomerization. We hope that the group Ila—
Vla species can be valuable for new molecular devices sim-
ilar to the group IIb—VIa species.

Supporting Information (see footnote on the first page of this arti-
cle): Electronic spectra and partial charges at metal atoms.
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