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Abstract  Electronic and geometrical structures of small
Cobalt cluster (Co,,, n = 2-5), which were used as building
block in Cobalt cluster compounds, were fully investigated
in this article. Since small Cobalt clusters as a nanoparticle
have many applications in scientific works and technology,
it is essential for understanding their relatively accurate
electronic structure. The most stable symmetrically and
electronically structure confirmed by frequency test for
studied clusters is as follows: 5-et (quintet) Co, is of course
linear, and its HOMOs described by degenerate d,,, orbitals
in B-spin part located on both atoms; 8-et (octet) Cogs is
almost scalene triangle and its HOMO in s-orbital of o-spin
part located on Coyyy; 11-et Coy is rhombus, d,, orbital of B-
spin part located on Coy,) is its HOMO part. 12-et Cos is
pyramidal with HOMO in p, orbital located on Coys, in B-
spin part, which show very low (0.06) occupation number.
This large depletion of electron in HOMO occupation of
Cos explains high chemical reactivity of this species.
Density functional theory, DFT, was used through software
Gaussian 09. Xc-correlation functional was chosen among
the many recommended xc-functionals for transition metal
in the literature by calibration procedure in such a way that
the results can match with experimental values. So suitable
xc-functional B3P86 and 6-37//++4G* basis set were
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found. Natural bond orbital, NBO, has also been used for
analysis.

Keywords Nanotransition metal Cobalt cluster -
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Introduction

Metal cluster is the name of compounds having direct
metal-metal bond. Our interest is electronic structure of
transition metal cluster (TM cluster). F.A. Cotton was one
of the first scientists who introduced the idea of “cluster
chemistry” for transition metal in the early 1960s [1]. We
can divide cluster types as “naked” clusters (without sta-
bilizing ligands) and clusters with ligands. Since small TM
clusters (with two, three, four and five atoms) have been
used in this type of cluster chemistry compounds, we are
interested in electronic structure of small TM cluster as
building block of TM cluster compounds.

More than five decades have been passed: Many scien-
tists have been attracted by TM clusters, in both theoretical
and experimental approaches, especially the small ones [2—
8]. It will be inexpensive and time saving to study small
TM cluster theoretically to see the electronic properties,
optical and magnetic behaviors of various structures in
comparison with experimental values.

Each TM clusters shows different chemical properties,
even though they are neighboring elements. Several in-
dustrial reactions make use of Cobalt (Co)-based catalysis.
As an example, we can mention that Cobalt(ii1)-oxo cubane
clusters act as catalysts for oxidation of organic substrate
[9], and we can also find Cobalt clusters mixed by other
atoms like selenide, as quantum dots [10]. Also in the
world of nanoparticles and their applications [1], Cobalt
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clusters attract lots of attention. Some of the recent articles
are as follows: nanocatalytic systems and high-density
magnetic storage devices [11], silica coating of Cobalt
nanoparticles increase their magnetic and chemical sta-
bility for biomedical applications [12], time-resolved ob-
servations of water oxidation intermediates on a Cobalt
oxide nanoparticle catalyst [13], fabrication of silver-
coated Cobalt ferrite nanocomposite and the study of its
antibacterial activity [14], on some applications of
nanoparticles synthesized in the gas phase by magnetron
discharges [15], mass-filtered Cobalt clusters in contact
with epitaxially ordered metal surfaces [16], magnetic
nanoparticles: synthesis, stabilization, functionalization,
characterization and applications [17], controllable growth
of Cobalt oxide nanoparticles on reduced graphene oxide
and its application for highly sensitive glucose sensor [18].

The main part of our studies focusses on natural bond
orbital (NBO) analysis results which let us know the nature
of each bonds, percentage of its hybridizations, occupancy
and energy of each individual bonds. We also consider
total Lewis and nonLewis parts of each a- and -spin parts,
types of radicals and their NBO shapes to predict the active
sites where other molecules would attack to Cobalt
clusters.

Computational method

In the present work, the quantum mechanical calculations
have been done to investigate the electronic structures,
types and nature of the bonds by utility of the density
functional theory (DFT) part of the Gaussian 09 [19]. The
calculations have been based on the gradient-corrected
methods of the DFT [20] and the exchange—correlation
functional B3P86. The B3P86 method is an example of a
hybrid density functional, which explicitly includes exact
HF exchange. This hybrid GGA functional contains Becke
3-parameter hybrid density functional with combined Per-
dew86 nonlocal correlation [21].We use 6-311++G* basis
set.

Deep studies have been done by NBO. These analysis
procedures convert molecular wave function into the terms
which are common to the concept of chemist, as examples
we can mention localized Lewis structures, charge, bond
order, bond type, hybridization, resonance, etc. The
essence of mathematical part of NBO came from LOwdin‘s
Natural orbitals that are eigen orbitals of the first-order
reduced density operator [22-24]. Shull has proved that
natural orbital can be a powerful tool for understanding the
nature of chemical bonding in molecules [25, 26]. Local-
ized Lewis-type NBO method is more valid than other
pervious methods of localization. The history of localiza-
tion is too long to explain and before NBO, it was not
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possible to analyze the results according to the concept of
chemistry. The NBOs are linear combinations of natural
hybrid orbitals that are in turn obtained as linear combi-
nations of natural atomic orbitals. In fact, NBO belongs to
the natural localized, complete, orthonormal set of one
electron functions, which can be used for expanding
canonical delocalized molecular orbitals or forming matrix
representation of one electron operators. The NBO pro-
gram uses these natural localized sets to perform tasks
connecting to localize analysis of wave-function properties,
such as natural resonance theory (NRT) analysis.

Results and discussion

Applying DFT for the first-row transition metal complexes
seems to be more reliable than the Hartree—Fock (HF)
approach, because DFT considers more electron correla-
tions than SCF. In the MP2 approach, a near-degeneracy
problem affects the accuracy of the geometry optimization
of the molecules, therefore, the perturbation series (MP2,
MP3 and MP4) also fail to converge in some cases [27].
Although we know that logically, some post Hartree—Fock
method calculations such as CCSD or CCSD(T) can be the
better choice for our systems and results of the multi-
configurational methods such as MCSCF and CASPT2 can
be more reliable, we prefer DFT for our systems because of
two reasons: first, its great balance between its computa-
tional costs and its accuracy. Second, for some problems,
such as in the case of chromium clusters (dimer), MCSCF
calculations could not reach to correct experimental bond
length after tedious calculations [28].

It should be mentioned that the main results, tables and
figures are presented in the manuscript, and more infor-
mation, additional references and Cartesian coordinates of
different Cobalt clusters will be offered in supplementary
section.

Calibration of DFT for Cobalt cluster (Cobalt
dimer, Co,)

DFT procedure can be exact if exact exchange correlation
functional (xc-functional) is known and appropriate basis
set is selected. Since exact xc-functional has not been
discovered yet [14], there are many suggested xc-func-
tionals in the literature, and so, it can say that DFT is not a
variational method. There are various articles in the lit-
erature as a benchmark test for some desired properties
such as Holthausen and Truhlar calculations [29, 30].We
should find the best xc-functional and appropriate basis set
for our work which makes lower percentage of error with
corresponding experimental values. This type of work for
DFT method, which is finding a suitable xc-functional and
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basis set of specific chemical species, is called calibration
of DFT. So for calibration of DFT method in practical, first
our geometry should be in a local minimum (with positive
frequencies). The next step is to find experimental values
for multiplicity (2S41). Then check the best spin con-
taminations and its deviations (order of 1072 is acceptable)
among the other tested xc-functionals. And finally, we
check the other experimental values which are available,
i.e., bond length in this case.

Calibration for Cobalt clusters can be done for its dimer,
Co,, because of experimental bond length (1.95 1&) and
multiplicity (2S+1 = quintet). Experimental bond length
of Co, has been first reported by mass spectroscopy [31] to
be 2.31 A, then in 1993 by photo dissociation technique
[32] found to be between 1.6 and 2.3 A (average is
1.95 A), and also in 1997 by spectroscopic tool shown to
be 1.95 A [33]. There are some recommended xc-func-
tionals for first row of transition metals. These are BPWII,
B3PW91, B3LYP, BLYP, B97-1, B97-2, M06, MO6L,
TPSS, BP86 and B3P86 [29, 34]. Results of relevant cal-
culations for Co, are collected in Table 1, and the results of
other works are tabulated in Table 1s in supplementary
information (hereafter we mention table in supplementary
information with its number and a lowercase s, example
Table 1s). No imaginary frequencies have been detected.
Quintet multiplicity had been found in all of the recom-
mended xc-functionals. We obtained the correct quintet
multiplicity with all tested functionals. The best spin con-
tamination, with the acceptable deviation; see Table 1,
about 0.0003, belongs to B3P86 xc-functional.

So our recommended xc-functional is B3P86 with the
bond length of 1.925 A, quintet multiplicity and fortu-
itously lowest energy among the other tested xc-functionals
which has a close correspondence to experimental values.

Table 1 Considerations of the different results for Co,

Method Deviation of S? (S> = 6)* Energy” B.L®
BY7-1 0.0081 —2765.12 2.013
B3Pw91 0.0136 —2765.21 1.998
MO06 0.0029 —2765.21 1.940
MO6-L 0.0016 —2765.25 1.976
B3LYP 0.0029 —2765.41 1.941
TPSS 0.0006 —2765.48 1.972
BPW91 0.0054 —2765.58 2.049
BLYP 0.0033 —2765.58 1.998
BP86 0.0046 —2765.71 2.045
B97-2 0.0089 —2765.88 1.998
B3P86 0.0003 —2766.56 1.925
12 =85E S+

b .. . .
Energy is in atomic units

¢ B.L. = Bond length is in Angstrom

Its Mulliken analysis shows that each atom has two un-
paired spins and quadruple moment is —30.49, —30.49, —
21.43 (Debye-Ang) in XX, YY and ZZ directions,
respectively.

NBO analysis of Co,

Cobalt dimer contains 54 electrons, in which 36 electrons
allocated for core parts and 18 electrons remain in valence
parts. o-spin contribution at valence part is 11 electrons
and seven electrons for P part. The total Lewis electron is
99.97 %, so it shows that all electrons can be localized.
Due to multiplicity of 5-et, all orbitals in valence shell
(whether bonding or nonbonding) are singly occupied and
all are in the form of radical. Descriptions of these bonds
are presented in Table 2. Natural bond orbital analysis
(NBO) shows only one g-bond orbital for o part. There are
five electrons in bonding B part and all with occupation
one: two o-bonds, two degenerate m-bonds in different
directions and one J-bond. It is interesting that the first o-
bond in B-spin, with energy —206.28 kcal/mol, has the
same energy of o-bond in o-spin, with the same hy-
bridization (both contain s—s orbitals), so it seems that they
form closed shell electronic structures.

There are twelve electrons in nonbonding as radical, in
which 10 electrons are a-spin and two electrons are [3-spin.
The nonbonding radicals and their types are illustrated in
Table 3. All electrons in nonbonding have occupation al-
most one. Active space is B-spin part. Therefore, the d,,
degenerate orbitals on both atoms in -spin (energy of each

Table 2 NBO descriptors of Co, cluster (for o- and B-spin parts),
showing diatomic bonding orbital (o, 7, ), hybridization and energy
of each bond

NBO bond hpa-hg %* Occ  Energy® NBO shape
P-spin

L 6oy -copy 87— 6™ 1 20628 -

2. 6coy-cop  d277-d77 1 -124 SfSP®

3. Mooy —coy AN -d1? 1 —14256 *
4 Mcoy —copy Ayl —dyl? 1 —142.56 *

5. 8oy —cop A Z0-d B0 | —100.09 a
o-Spin

L. acoy—cop §7 1" 1 —206.28 -

occ Occupancy
4 ha—hg% = type of maximum ha—hg%
® Energy is in kcal/mol
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Table 3 Cobalt dimer cluster

and all nonbonding radicals of No Orbital Atom Occ Type E Orbital Atom Occ Type E No
both a- and B-spin parts, charge B-spin g-spin
transfers, structure, symmetry >
and bond length 1 dyy Coqy 1 m —1373 d; Coqy 1 o —205.3 1
2 dxy CO(z) 1 s —137.3 d? CO(z) 1 & —205.3 2
xX dy. Coqy 1 T —195.6 3
- dy. Coq 1 i —195.6 4
dxz CO(z) 1 T —195.6 5
dy, Co(z) 1 m —195.6 6
v a2, Coqy 1 n —1809 7
Bond length=1.952 A" &2, Cop 1 = ~180.9 8
Linear (th) dxy CO(]) 1 T —167.4 9
dyy Coqy 1 i —-167.4 10

occ Occupancy
* Energy is in kcal/mol
" Bond length is in angstrom

orbital is —137.3 kcal/mol.) are HOMOs. Except two
electrons in o-spin, which are o-radicals and are very
stable, the rest of radicals are m-radicals and perpendicular
to the plane of molecule. Therefore, the interactions will
occur in the direction of n-radicals and almost with B-spin
part.

Cobalt trimer cluster Cos

The results of the literature search in the past for Coz by
three different DFT (BLYP, PBE and PW91) have been
summarized in Table 2s. In this table, three different
symmetries have been reported; Fan et al. [35] and Pereiro
et al. [36] found equilateral triangle (D3,), Datta et al. [37]
and Castro et al. [33] obtained isosceles triangle (Cs,), later
in 2006 Ma et al. [4] and in 2008 Sebetci [34], calculated as
a linear molecule (D,;,). The reported multiplicities are six
or eight.

Two important points can be a good guide for selecting
geometry and symmetry of polyatomic molecules: All
Lewis structures for molecules with radical (lone pair) in
valence shell obey Walsh rules and they must be bent (not
linear). Geometries and structures with high symmetry
such as Dj3;, cannot be real ground state, and they must be
C,, or C; for triatomic molecules according to the Jahn—
Teller effect. However, we have done calculations for Cos
cluster with different mentioned symmetry and different
multiplicities (4, 6, 8 and 10). Our obtained results show
that the ground state with C; symmetry and multiplicity of
octet (8-et) calculated with B3P86 xc-functional is almost
scalene triangle. Other symmetries and multiplicities show
higher energy than C,. The reasons for C; symmetry are: 1)
Cartesian coordinate (Table 7s) shows that molecule is
positioned in xy-plane; x-coordinates of Co(;y and Coy,, are
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mirror image, toward z axis, (£1.286), but y-coordinates of
these atoms are —0.627 and —0.622, respectively, and they
are slightly different. 2) It has different components of
dipole moment (X = 0.41, Y = 0.26, Z = 0.0 Debye). 3)
Quadruple moment is: XX = —45.82, YY = —37.69,
ZZ = —44.95 Debye-Ang, and it has one nonzero off-di-
agonal element in xy, which is XY = —1.95 Debye-Ang. 4)
Mulliken spin densities of Coy and Co(,y are slightly
different; 2.29 and 2.69, respectively (in the case of C,,,
they must be equal), for Cos, is 2.01, which suggests to
have quite different chemical properties.

NBO analysis for Cos Cluster

We have performed NBO calculations for Cos. Cobalt
trimer contains 81 electrons, in which 54 electrons allo-
cated for core parts and 27 electrons remains in valence
parts. Contributions of o-spins at valence part are 17
electrons, and 10 electrons belong to B valence part. Ac-
curacy of total Lewis is 99 and 98.90 % for a-spin and B-
spin part, respectively, so it can be said that all electrons
are localized. NBO predicted only one g-bond orbital with
occupation number of 0.96 for a part and one three-center
bond orbital with occupation number of 1.00 for B part.
Results of NBO have been tabulated in Table 4.

We have 16 radicals for a-spins and 9 radicals for B-parts.
Table 5 illustrates all nonbonding radicals of both a- and B-
spin parts and charge transfers. Our active space is o-part.
Interestingly, we notice that it is in contrast to Cobalt dimer.
Soin this cluster system, HOMO belongs to o-parts which is s-
orbital concentrated on Coy, (its energy is —115.9 kcal/mol),
with 0.3 electron depletion. This attracted our attention im-
mediately that causes electron charge transfers from s-orbital
of Co(yy to p,*Cosy which are equal to 33.1 kcal/mol. We can
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Table 4 NBO descriptors of

a b <
Cos cluster (for o- and f-spin NBO bond ha—hg% Occ Energy NBO shape
parts.),.sho.wing bonding orbital, B-spin
hybridization and energy of
each bond 3CC0(1)—C0(2)7C0(3) s85-8_ S84-0_s86-6 1 —238.54
o-Spin
0o ~Copy §73 0.96 ~178.56 ‘ -

occ Occupancy

? ha—hg% = Type of maximum hs—hg%

b Energy is in kcal/mol

Table 5 Cobalt trimer cluster, all nonbonding radicals of both o~ and B-spin parts, charge transfers, symmetry and bond length

No Orbital Atom Occ Type E* Orbital Atom Occ Type E* No

B-spin o-spin

1 & Cog) 0.99 n —144.6 dy. Cog) 0.99 ™ —197.0 1

2 d,. Cog) 0.98 n —142.9 dy. Cog) 0.99 T —193.8 2

3 & Cog) 0.99 n —142.7 dyy Cog, 0.99 a —192.9 3

4 d,. Cog 0.97 n —140.8 dy. Cogy 0.99 T —190.3 4

5 a2 Coqy 0.99 n —140.7 dyy Cog 0.99 a —186.5 5

6 d,. Coqy 0.99 n —140.5 & Cog 0.99 n —185.9 6

7 dz, Cog, 0.91 ¢ —136.7 dz, Coq) 0.99 o —183.9 7

8 dyy Coq, 0.88 12 —130.8 dz, Coy 0.99 1 —181.8 8

9 a2, Coy 0.88 ¢ —128.5 &2 Coq) 0.99 T —180.5 9

Charge transfers Ecr df Cos, 0.99 T —180.5 10

dz2, Cog to 3C* 3.9 dz, Cog, 0.99 a —177.8 11

dz, Cop to dy, Cogs, 6.7 dy, Cop 0.99 T —175.7 12

dyy Coqy to dyy Cog) 6.7 dyy Cogy 0.99 a —175.4 13

dz, Cog, to dy, Coy 4.0 d,. Cog, 0.99 n —173.9 14

dz, Cog, to a2, Cory 42 dy, Coq) 0.99 n —173.5 15

d,. Cog) to dy. Cog) 42 s Cogy 0.70 - —~115.9 16
Charge transfers Ecr
s Coq) to o Cog, 33.1
K Co(y) to o) ~Cog 6.4
s Coy) to Py Co) 3.0
OCopy—Cogy to P Coqpy 10.8

X
Y
deq o= 2275 A"

dC"(z)C"(s) =2276 A, dc°(1>C°(2) _2573 A
Almost scalene triangle (Cy)

occ Occupancy
% Energy is in kcal/mol

° Bond length is in angstrom

also notice that in B-part, there is reciprocity between three
Cobalt atoms, that is, we have charge transfers from Coyy, to
Cog), from Cogsy to Co(yy and Co(y), and from Co;y to Co(s)

which are about 6.7 and 4 kcal/mol. These little charge
transfers are due to 0.12 electron depletions in occupation

numbers of Co(;y and Coy).
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Table 6 NBO descriptors of
Co4 (THRESHOLD = 1.89)
cluster (for o- and f-spin parts),
showing bonding orbital,
hybridization, occupancy and
energy of each bond

NBO bond ha—hpg%" Occ Energyb NBO shape
p-spin
1. 6oy —co d 2585-q 2585 090 18316 @ § >
2. GCoy)—Cop) §709, d FPA09 g9 0.90 —167.69 ’_; =
>
3. GCop—Copy s44 05700 d 234 0.90 —167.45 % >
2255.6 ;51.1
4. 6o ~Cop d 23] 0.91 —163.85 > %
b
5. GCop—Coq, d 37754 0.91 —163.58 - #
o-Spin
=
1. 3Ccoy,CopyCopy PETI (983670 0.90 ~232.57 o
2. 3Cco,Cony—Con §84_p083_987 090  —224.24 -
=
N3
3. Gcoy o pORI_pi6 0.71 79.63 ‘ ’
o

occ Occupancy

? ha—hg% = Type of maximum hpy—hp%

¢ Energy is in kcal/mol

Cobalt tetramer cluster Coy,

Different initial geometries are reported in the literature for
the Cobalt tetramer such as tetrahedron, square, rhombus,
planar, Y-like and linear structures [34]. So we obliged to
check all of them to find our ground state real symmetry.
We also checked two different multiplicities of 9 and 11.
Square geometry is against of Jahn—Teller effect (as ex-
plained in 3.2). The best structure is rhombus with multi-
plicity of 11-et. The results are close to some previous
works. Calculations of Fan et al. [35], Ma et al. [4] and
Sebetci [34] are coincident with our structure and multi-
plicity. Our results and previous works are summarized in
Table 3s. The obtained symmetry of our structure is Ci.
The only dipole moment in X axis, equal to 0.15 Debye,
and existence of nonzero off-diagonal quadrupole moment
(XY = —0.04 Debye-Ang) fortify our obtained symmetry. In
addition, we have gained quadrupole moment in directions of
XX, YY, ZZ as follows —51.08, —60.75, —59.33 (Debye-
Ang). Mulliken atomic spin densities of Co(;y and Cogs, are
near to each other; 2.672 and 2.673, respectively, and the
corresponding values for Co(,y and Coy, are 2.265 and 2.388
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which are almost the same and different with previous pairs,
and so to some extent, different chemical properties.

NBO analysis for Coy Cluster

We performed NBO to find out its bond types, percent-
age of orbital hybridization and the quality of localization
procedure. Total electron for Cobalt tetramer is 108
which is divided into 72 core and 36 valence electrons.
These 36 valence electrons fall into 23 valence electrons
for o-spins and 13 valence electrons for f-spin parts.
Table 4s reports the results of NBO bond types and en-
ergies. Although the bond length between Co(,—Co(;, and
Cop—Cogy is somehow the same (about 2.430 10\) and
also the bond length between Co4)—Co(;) and Co4)—Cos)
is near to each other (about 2.450 10\), NBO did not
recognize any bond between Co)—Co(sy and Coy—Co(y).
That is, similar inter-atomic bond distance shows two
different descriptions. We also see some unusual charge
transfers in this area. Table 5s listed these values. In
order to reach reasonable structure, we change the
threshold of orbital occupancy from 1.90 (its default) to
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Table 8 NBO descriptors of a b
Cos cluster (for o- and f-spin NBO bond ha—hg% Occ Energy NBO shape
parts.),.sho.wing bonding orbital, B-spin
hybridization, occupancy and g
energy of each bond 1. 3Cco,Cory o A0S 505568 0.94 21326 / y

2. 3Cco ) ~Cop)—Cogs dyy *7=dy -y 0.94 —213.26

3. 3Ccoy ~Copy—Cogs D 0.94 —212.94

4. 3Ccoy,)—Cop)—Cogs s PAGAR_g8T 0.94 —212.94

5. GCoy—Coq) &3 0.96 —140.10

6. GCop, —Cop) a3 -d! 0.96 —140.10

a-Spin

1. 0oy —Cog s pit! 0.72 —176.49

2. 6o, —Cog, §772 piH! 0.72 —176.49

3. 6o —Cog §702pBs0 0.71 —162.53

occ Occupancy

% ha—hg% = type of maximum ha—hp%

® Energy is in kcal/mol

1.89. With these new NBO results in Table 6, we found
reasonable total Lewis, in both a-spin and f-spin parts,
respectively, as 99.14 and 98.71 %, which means all
orbitals are localized, and no significant charge transfers
in comparison with its default threshold.

Now, our new NBO considers two 3C bond orbitals and
one ¢-bond for a-spin parts and five o-bond orbitals for f3-
spin parts which seem to be acceptable. The results are
shown in Table 6. Thereafter, we report our results in the
base of this new NBO analysis. Multiplicity of 11-et is a
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good hint that we have singly occupied orbitals in the va-
lence shell which we can call them radicals. Table 7 shows
all the radicals of a- and B-spins. NBO reported 20 and 8
radicals for o~ and B-spin parts, respectively. The last
radical of B-spin is d,, orbital concentrated on Co, (with
—147.7 kcal/mol energy) which is HOMO active space
with 0.07 depletion of electrons.

All radicals in B-part are n-type. In a-spin parts, we see
both ¢ and =n-radicals. (Some charge transfers were re-
ported in Table 7).
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Cobalt pentamer cluster Cos

Our preliminary examinations for Cos were five structures of
trigonal bipyramidal, square pyramidal (pyramidal), W-like,
capped tetrahedron and pentagon, with multiplicities of 12
and 14. Although our results coincident with both Fan et al.
[35] and Ma et al. [4] in the aspect of structural geometry,
our multiplicity differs from the former and in agreement
with the latter. Castro et al. [33], Pereiro et al. [36] and Datta
et al. [37] reported trigonal bipyramidal structure with
multiplicity of 14-et. A. Sebetci [34] found W-like structure
with multiplicity of 12-et. Table 6s summarizes these results
for Cos. So our structure is square pyramidal with multi-
plicity of 12-et and C,, point group.

The bond length are as follows: dcot)co2) =
deo2y-co® = dco@3)-Coy = deo@r—co(ly = 2.625 A alzd
dco1y-Cos) = deoty-cos) = deo@r-Cos) = deoprcos) = 2271 A
Dipole moment is only in Z-direction equal to —0.71
(Debye), and quadrupole moments are equal to —70.44, —
70.44, —68.20 (Debye-Ang) in XX, YY, ZZ, respectively,
with no off-diagonal elements. Coy;), Co(z), Co(sy and Coa,
are positioned in xy-plane, and the coordinates of Co(;y and
Cogs, in their y directions are mirror image of each other
(with respect to z axis). This condition for coordinate of
Co(z) and Coyy occurred for their x directions (Table 7s).
Mulliken atomic spin densities of Co;y and Cos, are ex-
actly the same which equal to 2.268, and this amount for
Co(z) and Coyy, is equal to 2.269 which is almost the same
with Co(y and Co). The different Mulliken atomic spin
densities for Co(sy show the value of 1.925. All of these are
evidence which fortify our obtained C,, symmetry.

NBO analysis for Cos Cluster

According to the NBO analysis, we can find that total
electron for Cobalt pentamer is 135 which is divided into
90 core and 45 valence electrons. Table 8 demonstrates our
results for bonding orbitals. Forty-five valence electrons
fall into 28 valence electrons for a-spins and 17 valence
electrons for B-spin parts. The NBO of Cos can be classi-
fied as two degenerate o-bond orbitals in addition to an-
other g-bond orbital for a-spins. In B-spin parts, we have
four three-center bond orbitals (two by two degenerate) and
two degenerate g-bond orbitals.

Total Lewis in o-spin parts is 99.4 % and for B-spin parts is
about 98 %. Deviations of total Lewis show that we have
charge transfers which are shown with type of radicals, in
Table 9. Orbitals of dx* — y* and p,, both located on Cogsyin f-
spin parts, have 0.5 and 0.94 depletion of electrons, respec-
tively. These are caused to have expected charge transfers.

Further attention is demanded for p, orbital centered on
Coesy in B-spin parts. Its low energy of stabilization
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(—0.84 kcal/mol) and very low occupancy (0.06) in contrast
to others show that it is HOMO part in our active space.
Deviation from Lewis type in B-spin parts is mainly due to
characteristic of this orbital. Because of these depletion of
electrons for Cos), one can recognize that it has a specific
characteristic which led to valuable site for reactions.

Notable charge transfers in B-spin parts which equal to
36.22 kcal/mol were reported as follows: from dx* — y*
Coeisy to 0%Co(y—Coy and also from this orbital to
0%Cop—Coesy There are also 15.25 kcal/mol electron
charge transfers from p, Co(s, to 3C* Co(;y~Co(,)—Coys) and
to 3C*Co3—Cou—Coiy. We can also report notable
charge transfers in o-spin parts, as tabulated in Table 9.
These electron charge transfers can be justified as the sign
of depletions of occupation in bonds and radicals.

Conclusions

Calculations for small Cobalt clusters (Co,, n = 2-5) as
nanoparticles have been done to find out their best
geometrical and electronic structures. These nanoparticles
act as building blocks of transition metal cluster com-
pounds. NBO analysis was performed to describe elec-
trons and the type of orbitals in valence shell, bonding
and nonbonding of o- and B-spin parts. The results are as
follows: Co, is linear (D.;) with multiplicity of 5-et, and
HOMO degenerate d,, on both atoms in [-spin parts,
with energy of —137.3 kcal/mol. It has also two g-bonds,
two degenerate m-bonds and one J-bond in B-spin part
and one o-bond in o-spin part. Coz is almost scalene
triangle (C,) with multiplicity of 8-et and HOMO s-or-
bital on Co(;), chemically very active with 0.3 depletion
in o-spin parts with energy of —115.9 kcal/mol. It has
one three-center bond in B-spin part and one ¢-bond in
a-spin part: Coy thombus (C) with multiplicity of 11-et,
and HOMO of d,, in n-type orbital on Co() atom in f-
spin parts with electron depletion of 0.07 and energy of
—147.7 kcal/mol. It has five g-bonds in B-spin part and
one o-bond and two three-center bonds in o-spin part:
Cos pyramidal (C,,) with multiplicity of 12-et and
HOMO of p, in n-type orbital on Cos, chemically
highly active with depletion of 0.94 in B-spin parts and
energy of —0.84 kcal/mol. It has four three-center bonds
and two o-bonds in B-spin part and three o-bonds in o-
spin part. Calculations have been performed by DFT
procedure in Gaussian 09 software with calibrated B3P86
as xc-functional and 6-3114++G* as basis set. We re-
ported all Cartesian coordinates of each atom, in each
cluster, in Table 7s. So by aid of these calculations, we
can determine and predict the active sites where other
molecules would attack to Cobalt clusters. HOMOs, ac-
tive bonds (which are known by depletion of electrons in
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their occupancies), less Mulliken atomic spin densities,
n- and J-bonds (compare with g-bonds) are the probable
active choices.
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