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The structure and properties of small neutral and cationic €rGrusters, withn from 1 to 5, were investigated

using quantum chemical calculations at the CASSCF/CASPT2 and DFT/B3LYP levels. Smaller clusters prefer
planar geometries, whereas the lowest-lying electronic states of the neutral CrGe;, and cationic CrG&

forms exhibit nonplanar geometries. Most of the clusters considered prefer structures with high-spin ground
state and large magnetic moments. Relative to the values obtained for the purkisters, fragmentation
energies of doped CrGelusters are smaller whemis 3 and 4 and larger whan= 5. The averaged binding
energy tends to increase with the increasing number of Ge atoms. £d, the binding energies for Ge

CrGe;, and CrGe' are similar to each other, amounting+@.5 eV. The Cr atom acts as a general electron
donor in neutral CrGeclusters. Electron localization function (ELF) analyses suggest that the chemical bonding
in chromium-doped germanium clusters differs from that of their pure or Li-doped counterparts and allow
the origin of the inherent high-spin ground state to be understood. The differAftidt picture, obtained in
separating botle andg electron components, is consistent with that derived from spin density calculations.
For CrGeg, n = 2 and 3, a small amount of-t@ir back-donation is anticipated within the framework of the
proposed bonding model.

Introduction lithiated diatomic germanium clusters and their cations-(Li
S e
Silicon clusters have widely been studied because they areC® and LhGe:") revealed that they all have low-spin ground

important for the fine processing of semiconductors and the State®

synthesis of novel materials. The encapsulation of transition ~Small elemental and molecular clusters provide a bridge
metals in the silicon clusters has been demonstrated to changdoward the understanding of how matter evolves from atoms to
the structures and properties of, $iusterst For the heavier ~ bulk!®!' The available experimentéf*® and theoreticaf~2
congeners in group 1V, relatively little attention has been paid studies on small Ge clusters focused mostly on the lowest energy
on the preparation and properties of metal-dopedGleh electronic structure. Chromium has the largest magnetic moment

clusters. The pure germanium clusters are chemically reactive@mong the 3d transition metal elements with half-filled 3d and
and thus not suitable as a bu||d|ng block of Se|f-assemb|y 4s orbitals. In view of the recent eXperimental observations on
materials By an appropriate choice of the metal dopant, it is the Cr-doped germanium clustéfswe set out to investigate
possible to design metallic as well as semiconducting nanotubesthe magnetic properties of these clusters employing various
using Ge as building block$.Metal-encapsulated caged clusters theoretical methodologies. As far as we are aware, there were
of Ge were investigated using the ab initio pseudopotential N0 previous theoretical investigations on the GrGesters. In
plane-wave methoti Their results revealed that metal-doped the present paper, a detailed investigation on equilibrium
M.Ge, clusters possess large HOMQUMO gaps. Electronic geometries, stabilities, electronic structure, and bonding proper-
properties of silicon- and germanium-doped indium clusters were ties, in particular the topology of the electron densities, of Cr-
investigated by photoionization spectroscopy and photoelectrondoped germanium clusters are reported.

spectroscopy.The geometries, stability, and electronic proper-

ties of Gg and TMGe (TM = Zn, W, and Cu) clusters have  Computational Methods

also been systematically investigated by using a density

functional approach:8 The remarkable features of W-doped Calculations were performed for all possible spin multiplici-
Ga1 clusters were d|St|nct|y different from those of €wnd tiesM = 2S+ 1 for each cluster considered. All inVeStigated
Ni—Ge, clusters, indicating that the growth pattern of the M  clusters were fully optimized making use of the density
Ga,] depends on the kind of doped ™ |mpur|ty Recenﬂy’ functional theory with the pOpUIar hybrld B3LYP fUnCtiOﬁél,
guantum chemical calculations on the structure and energies ofin conjunction with a 6-31+G(d) basis set for chromium and
the LANL2DZdp basis set with an effective core potential (ECP)
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initial configurations. Harmonic vibrational frequencies were
subsequently calculated to characterize the located stationary
points as equilibrium structures having all real vibrational
frequencies.

In order to calibrate the applied theoretical methodologies,
some test calculations were carried out on @Geng the B3LYP/
LANL2DZdplevel. The predicted GeGe bond length of 2.44
A is comparable to the 2.42 A obtained using a multireference
configuration interaction methdd The bonding energies of Ge
clusters predicted at the B3LYP/LANL2DRIp level are 1.34,
1.93, 2.38, and 2.52 eV fan = 2, 3, 4, and 5, respectively.
These values are in good agreement with the experimental values
of 1.35, 2.04, 2.53, and 2.72 eV, respectiveliccordingly,
the error bars on the relative energies obtained in the present
work are expected to b£0.2 eV. All geometry optimizations
were performed using the Gaussian 03 packagée low-lying
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are in good agreement with that derived at CASPT2/ANO-RCC
leveP? and are reported in respective sections.

We also performed separate computations on some energeti- i

. 2.399. 251@
087 117 04

cally low-lying isomers of the cationic CrGeusing the B3LYP aff?:, b+(C.,)
functional and a larger triplé- basis set with polariza- =3y AE=0 eV Wio=3, AE=0.24eV
tion functions (TZ2P§3 These computations were carried out

using the Amsterdam density functional (ADF) software 4.93

package*

A natural population analysis (NPA) of a selection of low
energetic isomers of neutral and cationic CfGe = 1 —5)
was done in order to probe the bonding phenomena and the 0.03

2.407.am 2.632
0.79 1.16 ; 05

d+(C,,)
Hio=T> AE=0.49 eV

relative stabilities of the different structures for these clusters. 2404
As an additional attempt to understand the electronic structure, c+(Cy)
we considered the atoms-in-molecules (AIM) appro®akthich By ARmQASCEY
is a useful tool providing valuable information about the _—
theory, a chemical bond is defined by the presence of a bond
critical point (bcp), where the gradient of the electron density 2.858
vanishes, and is characterized as a-3) critical point. The 2410 228
electron density for the present AIM analysis was generated at 0,04 3 1.00
the B3LYP/6-311%+G(d,p) level, the critical points located and .01 3 : ; 4
On the other hand, the electron localization function (ELF) oo™, AE:_G'SIW o= aE=0.§2 e\_/
analysis is a simple measure of localization in atomic and Figure 1. Geometries of the ground state and low-lying isomers of
. . CrGe (a) and CrGg" (b). Bond lengths are given in angstroms, local

molecular system%. The ELF value is alwayg in _the range of magnetic moments (in italics) i.
[0; 1], and 1 corresponds to a perfect localization. The zero-
flux surfaces of the ELF separate the space to baS¥)s\hich
bond, and lone pairs. There are two main types of basins: (i) Neutral and Cationic CrGe,’* (n = 1-5) Clusters. The
core basins are located around nuclei and always occur whenPPtimized geometries, electronic structures, magnetic moments,
the atomic number is larger than 2, and (ii) valence basins areand relative energies of_thg energetically lower-lying isomers
characterized by their synaptic orders, i.e., the number of core©f the neutral and cationic Cr@" (n = 1-5) clusters
basins that share a common boundary surface with the valenc alculated at the B3LYP/Gen level are given in Figuresdl
disynaptic basins belong to the covalent bonds. The integral of muItipIicity: the sp_in magnetic moment s equal to th_e diff_ere_nce
the total electron density ove®; shows the population of the of spin-up and spin-down electrons. Our computations indicate

. . that the most stable structure of Cr@@uster, withn from 1 to
given basin. 4 corresponds, to a high-spin quintet electronic state, whereas

In the present study, the AIM and ELF analyses have beeni; s g septet state fon = 5. For CrGg* (n = 1, 4, and 5)

using the AIM2008° and TopMod® programs, respectively. The  and a low-lying quartet state is derived for= 2 and 3. An
ELF isosurfaces and their cut planes were plotted using the overview of the extended list of isomers located for these
graphical program gOpenM#&.To ensure the accuracy of basin  clusters in all possibl = 2S+ 1 states can be found in the
integrations, a threshold value of 10has been adopted. A Supporting Information. The computed local magnetic moments
parallel set of net charges was also obtained using the AIM for Cr and Ge atoms in the low-energy isomers are also shown,

structure and bonding in molecules. According to the AIM

the bond paths plotted with the AIM2000 program pack¥ge. et (C...) S (Cy)

allow defining and calculating the properties of core, chemical Results and Discussion

basin. Monosynaptic basins represent the lone pairs, whereas he magnetic moment of each structure is evaluated from its
carried out on the selected molecules, namely, Ge@e CrGe, clusters, the most stable structure corresponds to a sextet state,
methodology and will be presented in respective sections. as italic numerals, in Figures—4.
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(a) 4.73 For isomera, the Ge atom turns out to be ferromagnetic with
i respect to the Cr. For CrGethe spin of Cr is antiparallel to
2.544 : the Ge, resulting in a total magnetic moment qfib
0.42 2.7 CrGe; and CrGe™. Interaction of Gewith one Cr atom leads
0.37 to two distinct types of low-energy isomers, namelyCa
240 structure with Cr being on thé; axis and a linear CrGe—Ge
2.369 structure withCe, point group. The symmetrical linear structures
0.1 0.06 . :
a(Cy) KCyy) of Den Symmetry in which the Cr atom equally connects two
=4, AE= D eV Hio=ds AE=0.20 eV Ge atoms were energetically higher-lying for both the neutral
. and cation, CrGeand CrGe*. However, in the present study,
- we have concentrated mainly on the low-energy isomers. For
5.03 CrGe the C,, symmetric®A; statea has been assigned as the
hese ground state. Isomen possessing a septéB; state is being
2.76 0.29 0.27 eV above the quintet ground state, whereas the corre-
2éd s sponding values of two linear isome[s'and d with C,,
- symmetry are 0.56 and 0.69 eV, respectively.
Ex 0.22 7 As for LiGe,, the ground state geometry also falls under the
e(C) d(C,,) Cz, point group, but it is characterized as a douBf state.
L, =6s AE=0.48 eV 10=6, AE=0.56 eV The geometrical change from the quintet ground state to the
excited’B; state is significant; the GeCr and Ge-Ge distances
4.63 increase by 0.165 and 0.10 A, respectively. The electronic
configurations of CrGgat its°A; and’B; electronic states are
as follows.

PAr ...(82)%(32)*(3br)%(9an) (1a) (4by) (4bo)".

"By ...(8a)%(3b2)%(2by)*(9ar)(10a) (Lap) (3by) (4by) (4bn)".

In order to confirm the reliability of the applied DFT methods,
we used the more extended molecular orbital methodologies,
in particular the complete active space CASSCF and the second-

a+ (Cy) b+(C) order perturbation theory CASPT2, in conjunction with the
1, =3, AE= 0 eV =5, AE=0.19 eV relativistic ANO-RCC and LANL2dz basis se¥The predicted
electronic configuration of CrGefor the two low-lying
electronic states agrees well with that derived at the CASPT2/
ANO-RCC and CASSCF/LANL2DZdp levels.

The 7B, state results from an electronic excitation from the
3b; orbital to the 10a The 3k and 10a molecular orbitals
have considerable contributions from the,Gebonding and
antibonding MOs, respectively. It can be concluded that the
geometrical change resulting in the elongation of the-Ge
bond is due to the occupancy of an electron in the antibonding

0.40 MO.
c+(Cy) 4 d+ (_Cs) Removal of an electron from CrGéeads to the formation
Hio=3y AE=0.28 eV Heor=3, AE=0.64 eV of CrGe™* for which a quartetB; ground state+ is derived.

Figure 2. Geometries of the ground state and low-lying isomers of Two lower-lying isomers+ andf+, each falls under th€,,
CrGe (a) and CrGeg' (b). Bond lengths are given in angstroms, local  symmetry, and three linear isomebst, d+, and c+ are
magnetic moments (in italics) ie. calculated to be located 0.45, 0.52, 0.24, 0.49, and 0.51 eV above

) o ) the ground state. The electronic configurations of GrGer
Size dependence for the atomic binding energies and thene 4, a+ and the®B; c+ are the following.

. . b
fragmentation energies of the CrGand CrGe" clusters 4By .(82)2(3by)(3bs)2(92) (1an) (4by)".
are plotted in Figures 5 and 6. The natural charge popula- ™ 5 5 ) 1 L L .
tions, energy gaps between the highest singly occupied By ...(8a) (?bl) (3)*(92y)* (1) @bl) (A'_bl).(4b2)-
molecular orbitals (SOMO) and lowest unoccupied molecular ~ The®By state is formed by electronic excitation from the 3b
orbitals (LUMO), and dipole moments for the ground state ! the 4h orbital and corresponds, in other words, to'a— 7
structures of CrGeand CrGgt (n = 1-5) are listed in Table ~ transition.

1. For the ground state structures of both CsGed CrGe*
Equilibrium Structure and Magnetic Moment. CrGe and species, the Cr atom bears an antiparallel spin with other two
CrGe". The ground state of CrGe dimer is a quirftgt statea ferromagnetically coupled Ge atoms, yielding a total spin

and is different from the analogous WGe dimer for which a magnetic moment of 4g for CrGe; and 3ug for CrGe*,
triplet ground3A state has been derived. For CrGe the triplet respectively. The CrGeand CrGe* (bothC,, andC.,) at higher
electronic statec is an energetically higher-lying one as manifolds have a ferromagnetic structure with a total magnetic
compared to the quintet ground state. Also note that the dimermoments of fig for b and d and %g for d+ and f+,

in its septet state is 0.24 eV less stable thafihe lowest energy ~ respectively.

equilibrium structure of the cationic CrGecorresponds to a CrGe; and CrGe™. We were able to derive high-spin ground
63 statea+ with a bond distance of 2.585 A. This is, indeed, states for both neutral and cationic CeGpecies. For the former
slightly longer than the corresponding value of 2.516 Aain it was the quintePA; statea, whereas a quartéB, statea+
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Figure 3. Geometries of the ground state and low-lying isomers of G(&geand CrGg" (b). Bond lengths are given in angstroms, local magnetic

moments (in italics) inues.

has been assigned for the latter, both havirigy,apoint group
symmetry. The electronic configuration efand a+ are the
following.

PAr ...(9a)%(4bp)*(3by) (1) (10a) (4by) (Sho) ™

“Bz: ...(9a)%(4b)A(3b)*(1ep)(10a) (4by)".

The cation is formed by removal of an electron from the b
orbital of the neutral molecule. The G&e bond length in
CrGe ais about 0.3 A longer than the corresponding distance
in CrGe, for the ground electronic state. It is found that the
occupancy of the electron in the(p) orbital of the Ge unit is
0.2 e less than that of the ground state of Gx@Gading to an
apparent elongation of the G&e bond.

The electronic configuration afis ...(92)3(4bp)2(2h;)3(3by) -
(1&)Y(10a)(4h)Y(11a)(5hy)t, which results from the excitation
of an electron from the 3borbital to the 11a orbital, with
respect to the MOs dd. The electronic states of the isomérs
andb+, where the chromium atom binds with three germanium

atoms, aréB, and®A’, respectively. These states lie energeti-
cally 0.20 and 0.19 eV above the corresponding ground states.

At this stage, it is interesting to compare the ground states
of Cr-doped and W-doped Gelusters. Whereas the former
has a planar geometry with a quintet ground state, the latter
possesses a pyramidal structure and a singlet state. The planar
rhombic structure of WGgis an energetically higher-lying
species with an energy gap of 1.92 eV with respect to the
pyramidal structure. It could be noted that the most stable
geometry of CrGgresembles the NiGeand CuGe counter-
parts.

For a, the two Ge atoms, adjacent to the Cr, are actually
ferromagnetically coupled with each other, whereas the third
Ge is antiferromagnetically coupled with the Cr atom. On the
contrary, for the catioa+, all three Ge atoms are ferromag-
netically coupled with each other and antiferromagnetically
coupled with Cr. Foib, two terminal Ge atoms are antiferro-
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Figure 4. Geometries of the ground state and low-lying isomers of €(&geand CrGe" (b). Bond lengths are given in angstroms, local magnetic

moments (in italics) inues.
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Figure 5. Size dependence of the atomic binding energies of the CrGe
and CrGg' (n = 1-5) clusters.
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Figure 6. Size dependence of the fragmentation energies of the,CrGe
and CrGg" (n = 1-5) clusters.

magnetically coupled with the third Ge and Cr atoms. Note that have a spin polarization of 0.42 e, yielding the total magnetic

in the case of thel, all atoms are ferromagnetically coupled
with each other.

CrGey and CrGa™. The CrGe cluster was located to have a
5B, ground state having &, pyramidal geometry, in which

moments of 4ug.

For b, the Cr atom is coupled ferromagnetically with three
Ge atoms resulting in a total magnetic moment gg6For the
WGe,, reported calculatiofisshow that a pyramidal W-doped

Cr occupies the apex. No planar low-energy isomer was locatedGe; structure is formed after one new germanium atom is capped
for CrGe,. Several nonplanar isomers within the quintet or septet on the quasi-planar rhombus frame. For Cy@ed NiGe®’

spin manifolds are located for Cr@with energies being 01
0.3 eV above the ground state. Fothe bridging Cr is coupled

their ground state structures are quite similar with that of GrGe
The ground state of CrGe a+ is in a sextet spin manifold.

ferromagnetically with two Ge atoms, that have a spin polariza- In the planarCs molecular geometry here, the Ge atoms form

tion of 0.12 e, and antiferromagnetic with two Ge atoms that

a planar rhombus frame, whereas the Cr atom is found to be
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TABLE 1: Natural Charge Populations (in €), SOMO(H)—LUMO Gaps (in eV), and Dipole Moment of the Ground-State
Structures of CrGe, and CrGe,* (n = 1-5)

natural SOMO(H)-LUMO dipole natural SOMO(H)-LUMO dipole

cluster population gap moment cluster population gap moment
CrGe fIT) 0.12 1.65 248 CrGe(®%) 0.61 211 2.77
CrGe (°Ay) 0.45 1.36 3.87 CrGe (“By) 0.60 2.39 3.87
CrGe (A1) 0.59 1.09 4.15 CrG¢ (“B») 0.76 1.79 5.20
CrGe (°B2) 0.52 1.66 5.45 CrGe (°A") 0.79 221 5.44
CrGe ("A") 0.56 1.63 3.66 CrGg (°Ay) 0.72 241 3.90

bridging two Ge atoms. The pyramidal isoni®et andc+ are ground states of CrGeCrGe,-1, CrGg™, CrGe-1*, Cr', Cr,
0.27 and 0.59 eV higher in energy with respect to the ground and Ge, respectively.

state. The electronic configuration bft+ is the following. In order to discuss the influence of the doped chromium, we
6A1: ...(9a)2(41)? (3by)A(1a)X(4by) (10a) (2a)(11a) (Shy) L. have also calculated th& andD of the Gg clusters f = 2—5)
It results from the removal of an electron from the Bibital by the following formulas:

of a. The B3LYP/TZVP optimized geometry parameters also _

predicted thab+ is an energetically higher-lying species, with Ey(n) = [n&r(Ge) — Bx(Gey) Jn

an energy gap that amounts to 0.26 eV with respeatttoFor D(n, n — 1) = E/(Ge,_,) + E(Ge)— E(Ge)

the lattera+, the Cr atom is found antiferromagnetically coupled

with two neighboring Ge atoms, whereas the other two Ge atoms  To emphasize the size dependence for the averaged bonding

have parallel spin. energies and the fragmentation energies of the Gr&wl
CrGe; and CrGe™. An extensive amount of isomers have CrGe," clusters considered, the calculated results are tabulated

been located for CrGeand CrGe*. Only the energetically as graphical representations shown in Figures 5 and 6.

lower-lying isomers are discussed hereafter. For Gr@k of For both the neutral CrGend cationic CrGg™ clusters, the

the low-energy isomers listed in Figure 4 possess nonplanaraveraged binding energy tend to increase as the number of Ge

geometries, except for isomér whose energy lies 1.06 eV atoms increases from 1 to 5. The bonding energy of Gr@&e

above the groundA’ statea. For CrGe™, all of the low-energy slightly lower than that of corresponding CriGehenn ranges

isomers are characterized as having nonplanar structures. Irfrom 1 to 3. The bonding energies of CrGare almost equal

comparison with the higher homologues WGthe W-capped with that of their cations, whem is equal to 4 and 5. The

rhombic pyramidal Gestructure withC,, symmetry was located  average bonding energies of CiSé and CrGe™ are thus

to be the most stable isomer, whereas for Cu- and Ni-doped slightly smaller than those of the pure Ga&nd Ge clusters.

Ge; clusters, the dominant geometries are the TM-capped bentThis phenomenon was also found for CuGand CuGe

rhombic pyramidal Geclusters without symmetryQ;).6-8 The clusters® but not in WGe and WGe clusters® where the

Cr and five Ge atoms are thus coupled ferromagnetically in both averaged binding energy was reported to be much higher (by

a anda+ forms, yielding the total magnetic moments of 6 and almost 1.0 eV) than that of the corresponding pure germanium

5 us, respectively. The natural population analyses indicate that clusters.

the removed electron frora+ (°A;) has previously occupied The size dependence for the fragmentation energies of CrGe

the 4p valence orbital of the germanium atom, situated at the (n = 1-5) is very similar to that of the cationic Cr@e

apex. On the one hand, the Ce3somerb (Cs,) is about 0.61 counterparts. Similar to the small Cu@and WGe® clusters,

eV higher in energy, as compared to the ground state, and itsthe fragmentation energies of the CyGausters are smaller

total magnetic moment amounts tag. On the other hand, for  than those of the corresponding values for purg Gesters

all other low-energy isomers, the total magnetic moment is only whenn is 3 and 4 and higher than those of pure germanium

4ug. Among the CrGg" clusters, the isomér+ is thus situated clusters whem = 5. The local maxima oD(n, n — 1) of

at 0.42 eV higher than the ground state. The total magnetic CrGe,™ localized withn = 2 and 4 imply that the relative

moments for the isomels+, c+, d+, andf+ are 5ug, but for stabilities of CrGe, CrGe™, and CrGe" are weaker than those

e+, a smaller value of 3 was obtained. of CrGe™' and CrGeg.
Averaged Binding Energy and Fragmentation Energy The SOMO—-LUMO Energy Gap and Ch_arge Transfer. The
averaged binding and fragmentation energies of the TMGd energy gap between the highest occupied molecular orbital and

= Cu, Ni, W) clusters have been used to predict the relative the LUMO reflects the chemical stability and the semiconducting
stability of the doped clusters. The averaged binding energies,character of a cluster. For the ground structures of Ge®el

defined asE, and E,*, and fragmentation energies Bsand CrGe,", they have more than two single-occupied molecular
D* of the CrGg and CrGg" clusters can be evaluated according orbital, and we only consider energy gap between the highest
to the following expressions: SOMO and the LUMO. As shown in Table 1, the SOMO
LUMO gaps of CrGe and CrGeg" are smaller than the
Ey(n) = [E(Cr) + nE(Ge) — E;(CrGg) I/n+ 1 corresponding values of other CrGand CrGet clusters,
respectively. The SOMOLUMO energy gaps of CrGg are
D(n, n — 1) = E{(CrGe,_,) + E{(Ge)— E(CrGe) consistently much higher than the corresponding Gr@es.
N N N Previous investigations on the Wgeusters indicated that
E," () =[E(Cr’) + nEx(Ge) — E;(CrGeg,") IIn+ 1 the charges in the WGeclusters are transferred from the
N N + germanium unit to the W atom and thus contribute to the
D'(n,n—1)=E{(CrGg, ;") + Ex(Ge)— E{(CrGg,") formation of a hybrid spgermanium cagéHowever, being
different with the WGe clusters? the charges in the CrGe
whereEr(CrGe), Er(CrGe,-1), Er(CrGe"), Er(CrGe,-1"), Et- clusters are always found to be transferred from the Cr atom to

(Cr), Er(Cr), andEr(Ge) represent the total energies of the the Ge atoms, indicating that the Cr atom acts as an electron
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(b)

(a)

0.19

C——¢ (

Figure 7. Molecular graphs of CrGe (a), Crgéb), and CrGe (c), at its lowest-lying electronic states. Red balls are bcps, yellow balls are rcps
and gray balls are germanium atoms, unless otherwise indicated. The ellipticity values of the bcps are also made available.

donor in the CrGgclusters. For example, the Cr atom in the is 1.55, whereas a smaller value of 0.19 is obtained for the one
ground structure of CrGeénas a formal 3H#°%4<>42 configuration, in Cr—Ge. A large ellipticity value of the CtGe bcp in CrGg
implying that the electrons in the 4s(Cr) orbital are basically suggests a certaim character of the CrGe bond.

transferred to the 4p(Ge) orbitals. It could be noted that in  The electron density Laplacian’s, measured at the respective
the Cu-doped Ge clustefsthe charges were found to be bcps (defined at, = V2scp), are having small and positive
consistently transferred from the Cu atom to the Ge framework. values and similar to that of the lithium-doped species (for-Ge
Such a phenomenon can be explained by the 5d shell satura<Cr it is 0.01, for CrGeit is 0.02, and for CrGgit is 0.01).

tion of the doped atoms. The 3d orbitals of Cr and Cu In an additional approach to characterize the-Ge bond
atoms are half-filled and completely filled, respectively. For W we have used the ELF analysis as adopted for the lithium-doped
atom the 5d orbitals tend to accept one electron to becomegermanium cluster3?°The ELF isosurfaces and their cut planes

half-filled. plotted for CrGe and CrGe are shown in Figure 8, and the
Topology of the Chemical Bonds in CrGe and CrGes. mean electronic populations computed for each basin are listed

As for a study case, we have considered in the present studyin Table 2. In the case of Cr@ehe mean electronic population

the lowest-lying electronic states of Crisand CrGe. The of the germanium core basins amounts to 27.6 e, and that of

wavefunctions needed for the AIM analyses have been generatecchromium sums up to 22.4 e. These values are the sum of the
at the B3LYP/6-311+G** level using the Gaussian 03 set of  electronic population of all the core basins of respective atoms.
programs! The critical points and the respective bond paths The computed C(Ge) populations are of the same order as those
are plotted using the AIM2000 prograthand the resulting in LiGe,. Identical to the lithium-doped diatomic germanium,
molecular graphs are illustrated in Figure 7 along with the there exists for CrGea trisynaptic basin, V(Gel, Ge2, Cr),
ellipticity values of the bcps. having an electronic population of 4 e. Note that we were able
For CrGe, the molecular graph contains three bcps (twe-Cr  to locate in the former two such trisynaptic basins (above and
Ge bcps and one Gé5e bep) and one ring critical point (rcp).  below the plane of the molecule) with a total electronic
In the case of CrGg we were able to locate five bcps (three  population amounts to 2.65%The ELF isosurface of CrGe
Ge—Ge bcps and two CrGe bcps) and two rcps (one Ge differs largely from that of the LiGgecounterpart in many other
Ge—Ge rcp and one GeGe—Cr rcp). The molecular graph of  respects, such as the V(Ge) and V(Ge, Ge) basins are absent in
chromium-doped germanium is quite different from the lithium- the former. In the case of Crgehe located V(Ge, Cr) basins
doped ones reported earlfet?indeed the latter lacks the Ge are similar to the V(Ge) basins of LiG@ its shape; the latter
Ge—Li rcp. The ellipticity is defined ag = (11/A2 — 1), 41 < was formally regarded as the lone pair. However, it is a
A2 < A3, wherely, 45, andis are the eigenvalues of the Hessian, disynaptic basin in CrGe and this results leads us to the
and measures the behavior of the electron density in the planeconclusion that the lone pair like V(Ge) basins contribute
tangential to the interatomic surface at the bcp. The calculatedsignificantly toward the CrGe bonding. The electronic popula-
values of the located bcps are also shown in the figure. For thetions of the V(Ge,Cr) basins are 3.15 e each and are larger
sake of comparison, the molecular graph of-@&= and the compared to those of the corresponding Li-doped Ge cluster.
respective ellipticity value are also included. The ellipticity The topology of the ELF isosurface of Cré&és also
values, which range from zero to infinity, can be used as a considerably different from the Li-doped Li@eounterpart. In
guantitative index of ther character of a chemical bond. the former, we were not able to locate a V(Ge,Ge,Ge) trisynaptic
Accordingly, the ellipticity value of the CrGe bcps in CrGg basin. Note that our ELF computations derived two disynaptic
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C(Gel) C(Ge2)

V(Gel, Ge2, Cr)

CrGe,

CrGe3

Figure 8. ELF isosurfaces and their cut planes of Cs@sovalue 0.6) and CrGdisovalue 0.49) at its lower-lying electronic states (see Table 2
for the basin populations).

TABLE 2: Mean Electronic Populations Computed for that the bonding in CrGeg(n = 2, 3) is different from that of
Basins Localized in CrGe and CrGes and the AIM Charges the respective Li-doped counterpart.
Obtained by Integrating the Atomic Basins In the present analysis we were also interested in the origin
AIM charges of the high-spin electronic state of €6Ge clusters. The main
molecule molecule questions we considered here were the followings: (i) Where

are the unpaired electrons of CrG@ = 2, 3) localized? (ii)

basins Crlée CrSe atom CrGe Cree How does the GeCr bond differs from the GeLi bond? In

C(Gel) 2762 21.53 order to answer these questions, we have adopted a different
C(Ge2) 2762 2753 Cr 0.39 0.52 ’ ; ) X
C(Ge3) 27,52 approach: an ELF anaIyS|s_by separating tnhe_mdﬂ spin
C(Cr) 22.40 2252 Gel -0.19 -0.29 components. Such an analysis is expected to give more precise
V(Gel, Cr) 3.15 3.04 localization of the unpaired electrons as in the case of raditals.
V(Gel, Ge2, Cr) 4.04 060 Ge2z -019 -0.29 The analysis has been performed on the density constructed
ggggi 823) 3.15 g-gg o3 0o  Separating the ands components of the electron densities for
V(Ge2: Ge3) 565 ) CI’GQ. and CrGe. The den5|ty_d|ff§rence between ELBnd
V(Ge3) 288 ELFg isosurfaces are plotted in Figure 9. For further support

2 C stands for core and V stands for valence basins we have also perform_ed the spin denglty analyses, and the

: contour plots are also illustrated in the figure.

. . . : For the density difference isosurfaces, defined as
V(Ge,Ge) basins, each having an electronic population of 2.65 y

e. The trisynaptic V(Ge,Ge,Cr) basin with an electronic popula- AELF = ELF, — ELF;

tion of 0.60 e suggests a certain three-center bond in the

molecule. Additionally, the occurrence of the V(Ge,Cr) basins the red color indicates the maximum value (or the region where
suggests a small contribution of Ge lone pair V(Ge) basins the unpaired electrons are localized), and the blue color
toward the Cr-Ge interaction. On the basis of the above analysis corresponds to the minimum value. It is clear from our density
of the topology of the ELF isosurfaces, it could be concluded difference plots that the unpaired electrons are localized mainly
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charge of the amount of 0.39 e on Cr, whereas a negative charge
of the amount 0f~0.19 e is derived for each of the Ge’s.

A similar argument can be proposed to rationalize the bonding
mechanism in CrGge The ground state of Gas closed shell
singlet'A;, and the lowest-lying triplet stafd\,' lies 17 kcal
mol~1 above the ground stafé.For the electronic occupation
and the shape of the MOs, we refer to the ref 40. In the case of
SA¢, the 2 and 4a MOs are singly occupied, whereas in the
case of the ground state, the former MO is completely filled
and the latter is simply vacant. Again, the approach of thg Ge
unit will be through thex- or y-axis with respect to Cr in order
CrGe, to maximize the orbital overlap and electron pairing. The former
criterion is satisfied by an axial approach (either throughxthe
or y-axis), whereas the latter criterion needs the 2bd 4a
MOs in the Ge unit to be singly occupied. This is due to the
symmetry reasons; the,8 and 48 AOs of the Cr atom can
combine with the 2pand 4a MOs of the Geg unit resulting in
the formation of the molecular orbitals, and the maximum
pairing is possible only if the latter MOs are singly occupied
(note that all the Cr valence AOs are singly occupied). For that
reason, we postulate that the reaction channel for the interaction
of Ge; with Cr is likely to proceed via an electronically excited
triplet state of Ge This will, indeed, leave the four unpaired
electrons in the d orbitals of Cr, namely, ig,de-y2, dy, and
dy; (assuming that the direction of approach of the; Geit is
along they-axis with respect to the Cr atom). Again, due to

CrGe; symmetry reason, an overlap is possible between the singly
Figure 9. Spin density contour plot (in the plane of the molecule) OCCUp'ed & find @z AOCs of Cr aton_] and thg va(_:ant zlan_d
and isosurfaces of th&ELF = ELF, — ELF; for CrGe (isovalue 0.1 2k antibondingz MOs of the Ge unit. And this will result in
in red and isovalue-0.21 in blue), and CrGe(isovalue 0.12 in red a small amount of ¢ back-donation from Cr to the Genit.
and isovalue-0.09 in blue). Similar to the case of CrGehe population analysis suggests a
small positive charge of the amount of 0.52 e on the Cr atom
and a small negative charge-60.29 e on each of the Ge atoms
bonded to the Cr. The isosurfaces of the ELF density difference
and spin density plots supports the above argument. ;The

Spin Density Ap = p, - py AELF = ELF,~ ELFy

Spin Density Ap =p, - pp AELF =ELF,- ELFy

on the Cr atoms and partially on the germanium unit. This
argument is in agreement with the spin density maps (cf., Figure
9)- Note that the isosurfaces of th&LF plots and spin density  paracter of the GeCr bond in both of the molecules is well
plots are similar in many respects. , reflected in the calculated large ellipticity values of the-@&
Alternately, the electronic structure and bonding can be pens reported in the first section.
explained with the help of the qualitative molecular orbital
theory. The electronic configuration of the Cr atom i$44,
where the entire valence orbitals, the five d and the one s, are
singly occupied. The ground state of Gs triplet (247); the In the present work, based on our computational analysis we
electronic occupation and the shape of the molecular orbitals gre able to draw the following conclusions:
can be found in ref 9. The unpaired electrons occupy the
degenerater MOs, which are GeGe bonding MOs. The
approach of Geunit toward Cr will be in such a way to facilitate
maximum orbital overlap and electron paring. Given the fact
that the Geis at its triplet state, the direction of approach will
be along thex- or y-axis of Cr, in order to maximize the
aforementioned conditions. For simplicity, let us postulate that ure germanium clusters whern= 5. The Cr atom acts as an
the incoming Gegunit approaches along tlyeaxis with respect pl 9 d in th | )
to Cr. This leads to an electron pairing in the following two € e?_tron onorin t e CrGelusters. . o
MOs: (i) the MO formed as a result of the overlap between (iii) The electronic s_tructure and bo_ndlng mechanism in QrG_e
the Cr 44 orbital with one of the singly occupied MO of Ge, and CrGe have bee_n investigated using AIM apd ELF analy5|s.
and (i) the MO resulting from the overlap of#orbital of Cr Our ELF computations suggest that the bonding in chromium-
with the degenerate MO counterpart of Ge This leaves four doped germanium clusters is different in many aspects from
unpaired electrons in the valence d orbitals of Cr, namely, d that of the lithium-doped clusters.
de-y?, ks, and dy. Note that the singly occupiedidand dy (iv) For CrGe, with n = 2 and 3, a small amount of-gt
MOs can overlap with the antibonding MOs of Ge unit, back-donation is anticipated within the framework of the
resulting in a & back-donation from the Cr atom to the 55e ~ Proposed bonding model.
unit. This view is, indeed, supported by the isosurfaces of the  (v) The density difference plots fakELF = ELF, — ELFg
AELF and spin density plots. In an attempt to further validate are in agreement with the spin density results and support the
the above arguments, we have performed population analysisproposed chemical bonding model using the MO theory, i.e.,
using the more accurate AIM methodology, and the results are the axial approach of the Gé = 2, 3) unit and the ¢ back-
recorded in Table 2. The AIM charges indicate a small positive donation.

Conclusions

(i) For the neutral and cationic Cr@elusters withn = 2—4,
the ground state structures are planar, except for the neutral
CrGe. Both neutral and cationic CrGéorms are nonplanar.

(i) The fragmentation energies of the CrGeusters are
smaller than those of the corresponding values for purg Ge
clusters whem is equal to 3 and 4 and higher than those of
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