
Journal of Superconductivity and Novel Magnetism (2018) 31:3119–3131
https://doi.org/10.1007/s10948-018-4579-x

ORIGINAL PAPER

Electronic and Magnetic Properties of Os-Doped Rhodium Clusters:
a Theoretical Study

Abdel-Ghani Boudjahem1 ·Mouhssin Boulbazine1,2 ·Moussa Chettibi1

Received: 4 January 2018 / Accepted: 18 January 2018 / Published online: 31 January 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
The stability and electronic and magnetic properties of RhnOs (n = 2–12) clusters in their most stable configurations were
systematically studied by using density functional theory (DFT) at M06L/aug-cc-pVDZ level. Calculation of the second-
order difference of energies and fragmentation energies exhibited that Rh3Os, Rh5Os, Rh7Os, and Rh9Os clusters are more
stable than any other clusters. The calculated HOMO-LUMO energy gaps of the RhnOs clusters are found to be in the range
of 0.018 to 0.299 eV, implying that the metallic behavior can appear in these clusters. Accordingly, the RhnOs clusters
can be employed as heterogeneous nanocatalysts in many chemical reactions. The local Fukui function (f −

k ) has also been
calculated, and the obtained results reveal that the highest f −

k values are predicted for the Rh atoms. Therefore, the Rh atoms
in the clusters are considered the most reactive sites that undergo reactions with electrophilic reagents. The analysis of the
magnetic properties of the RhnOs clusters shows that the total magnetic moment per atom of these clusters varies from 0.67
to 1.75 µB/atom. And, the PDOS analysis reveals that the d orbitals play a crucial role for the magnetism of the RhnOs
clusters, and the contribution of the s and p orbitals is small.

Keywords DFT · RhnOs clusters · Reactivity · Electronic properties · Magnetic properties

1 Introduction

Over the last two decades, small transition metal clusters
have received great attention due to their unique physical
properties as compared with individual atoms, molecules, or
bulk metal [1–6]. Hence, these clusters are widely applied
in microelectronics, optic, magnetic, and nanotechnology
[7–11]. They have also been extensively employed as
nanocatalysts for various catalytic reactions [12–15]. For
example, rhodium nanoclusters display excellent reactivity
towards hydrogenation of aromatic compounds and have
also been reported in the literature as the nanocatalysts of
choice in hydroformylation of alkenes for the production of
aldehydes [16–22]. The experimental observation exhibits
that the catalytic performance of these clusters depends not

� Abdel-Ghani Boudjahem
Boudjahem@yahoo.fr

1 Nanomaterials Chemistry Group, University of Guelma,
Box 401, 24000, Guelma, Algeria

2 Laboratory of Applied Chemistry, University of Guelma,
Box 401, 24000, Guelma, Algeria

only on the cluster size and shape but also on the cluster
composition. Another interesting aspect is their remarkable
magnetic properties, which shows that the small rhodium
clusters are superparamagnetic at 93 K, with magnetic
moments ranging from 0.35 to 1.09 µB/atom [23].

Osmium is also the most important element that plays an
important role in many industrial processes; particularly, it
is used as a catalyst for dehydrogenation of alcohols [24].
These heterogeneous osmium catalysts have shown high
reactivity and good chemical stability in dehydrogenation of
alcohols.

On the other hand, numerous experimental investigations
were carried out to study the doped Rh clusters [25–27]. The
reason is that addition of a second metal is a way to improve
the structural, electronic, magnetic, and catalytic properties
of the first one. For example, the molybdenum-doped
rhodium clusters exhibited much higher catalytic activity
than the pure one [26]. Similar results have been found for
the tungsten-doped rhodium clusters. Recently, bimetallic
RhPd clusters prepared by alcohol reduction method have
also been employed as nanocatalysts for dehydrogenation of
ammonia borane [28]. This molecule (ammonia borane) has
been widely used today as new potential hydrogen storage
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materials due to its high hydrogen content (19.6 wt%) and
high stability [29–31]. The same reaction (ammonia borane
dehydrogenation) on the RhNi bimetallic clusters show
excellent reactivity and durable stability [30]. In general, the
doped rhodium clusters with the atoms of other elements
exhibit markedly improved physical properties compared
with that of pure rhodium clusters. On the theoretical side,
we can say that there are very few theoretical investigations
on the physical and chemical properties of TM-doped
rhodium clusters during the last two decades [32–35].
Dennler et al. [34] investigated the structure and magnetic
properties of RhnCom (n + m ≤ 4) clusters and found
that the presence of Co atoms in the cluster results in a
remarkable increase of the local moments of Rh neighbors.
Mokkath et al. [33] have studied the stabilities and magnetic
and electronic properties of small FenRhm (n + m ≤ 8)
clusters employing the generalized gradient approximation
(GGA). They found a significant enhancement of the local
Fe moments as a result of Rh doping. Furthermore, the
largest part of the spin polarization can mostly be traced
back to the local d magnetic moments (about 90%), and
the contribution of the s and p spin polarizations are almost
negligible. Recently, manganese-doped rhodium clusters,
RhxMny (x + y = 2–4), have been investigated using
PBE/SDD method by Srivastava et al. [32]. They found
that Rh2Mn2 cluster has the higher chemical stability
than the other clusters. And, the magnetic properties of
these clusters are strongly influenced by their proportion
of Rh and/or Mn atoms. Using GGA-PW91 method, Lv
et al. [35] investigated the equilibrium configurations and
magnetic and electronic properties of CoxRh (x = 1–8)
clusters and found that the Co2Rh, Co4Rh, and Co7Rh
clusters are more stable than their neighbors. Further, the
magnetism calculations show that the two atoms are aligned
ferromagnetically in the CoxRh clusters and the total
magnetic moment is mainly localized on the cobalt atom.
Additionally, they also adopted identical method (GGA-
PW91) to investigate the (RhCo)n (n ≤ 5) clusters, and their
results indicate that the cobalt-doped rhodium clusters can
induce a significant change in the magnetic properties of the
rhodium clusters. And, the local moment of Co atom has
important improvement in (RhCo)n clusters (except for n

= 2). This result is ascribed to the increase of the Rh–Co
bond lengths in these binary clusters. Yang et al. [36] have
studied the influence of Rh doping on the relative stabilities
and electronic properties of Au nanoclusters. The results
obtained by them show that the clusters with even number of
atoms are more stable than those with odd number of atoms.
Particularly, the Au5Rh cluster possesses a higher chemical
stability than their neighboring nanoclusters, and thus can
be considered a magic cluster.

In the present research, we optimize all the possible
initial configurations of RhnOs (n = 2–12) clusters by

employing density functional theory (DFT) approach.
Based on the most stable geometries, the stability and
electronic and magnetic properties of the RhnOs clusters
have been calculated and analyzed. Further, the reactivity of
each atom in these binary clusters has also been evaluated.
The present paper is organized as: Section 2 which gives
a brief description of the computational method employed
in the present paper. Then detailed results and discussions
of the stabilities and electronic and magnetic properties of
the RhnOs clusters are described in Section 3. Finally, the
conclusions are given in Section 4.

2 Theoretical Model

In this work, all calculations of the RhnOs (n = 2–12)
clusters have been carried out using DFT provided by
the Gaussian09 program [37]. We have chosen to use the
meta-GGA functional M06L in our geometry optimization
calculation for these clusters [38, 39]. Meanwhile, the aug-
cc-pVDZ basis set is employed to describe the Rh and
Os atoms [40]. This basis set became widely adopted
in studying the equilibrium configurations, stabilities, and
electronic properties of nanoclusters containing transition
metal atoms [41–43].

In order to check the reliability of the method and basis
set used in our calculations, we calculate the properties of
Rh2 and Os2 dimers, respectively. The bond lengths (R),
vibrational frequencies (ω), and binding energies (Eb) have
been calculated and compared with available experimental
data and other theoretical results (see Table 1).

Our optimizations predict a quintet spin state as the
ground state of Rh2, which is well consistent with other
theoretical works [44, 45]. The bond length (2.227 Å),
vibrational frequency (317.2 cm−1), and the binding energy
(1.489 eV/atom) of Rh2 dimer were calculated, which are

Table 1 Bond lengths (R), vibrational frequencies (ω), and binding
energies per atom (Eb) for Rh2 and Os2 dimers

Re ω Eb

(Å) (cm−1) (eV/atom)

Rh2

This work 2.227 317.2 1.489
Experiment 2.280 [47] 267 [47] 1.46 ± 0.11 [47]
Theory 2.27 [45], 2.33 [46] – 0.8 [45], 1.38 [46]
Os2

This work 2.256 274.4 1.51
Experiment 2.32* [48] 290* [48] 2.15 ± 0.4 [49]
Theory 2.284 [50], 290 [50], 1.26 [50],

2.238 [51] 289 [51] 1.25 [51]

*Value was obtained indirectly from a fit of force constant with
dissociation energy
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in better agreement with the experimental values of 2.28
Å, 267 cm−1, and 1.46 eV/atom, respectively [46]. Further,
our theoretical results are not only consistent with the
experimental values but are also in excellent agreement with
previous studies [44, 45].

The Os2 dimer has a ground state (7�) with a bond
length of 2.256 Å and vibrational frequency of 274.4 cm−1,
which are in good agreement with the experiment data
(see Table 1) [47, 48]. The calculated binding energy of
Os2 dimer (1.51 eV/atom) was found to be smaller than
the experimentally derived value (2.15 eV/atom). Moreover,
our results fit well with the other theoretical calculations
[49, 50]. Du et al. [50] obtained a bond length and
binding energy per atom of 2.284 Å and 1.26 eV/atom,
respectively, using the B3LYP/LANL2DZ method. Wu et
al. [49] predicted a bond length of 2.238 Å, and binding
energy per atom of 1.25 eV/atom, using B3LYP method and
CEP-121G basis set.

In order to obtain the equilibrium configurations of
the RhnOs (n = 2–12) clusters, a lot of possible
initial geometries, which include one-, two-, and three-
dimensional geometries with different spin states have been
tested. The number of possible initial geometries increases
rapidly with the increase in size of clusters. For example,
the number of initial candidate configurations of the Rh7Os
cluster is 34, whereas for the Rh3Os cluster, the number
of possible initial geometries is only 12. Moreover, in
our calculations, all the optimized configurations with the
energy minimum have been verified by computing the
harmonic vibrational frequencies without imaginary mode.

3 Results and Discussion

3.1 Equilibrium Configurations of RhnOs Clusters

In this study, we have optimized a large number of initial
configurations for each cluster size. The results obtained
for the most stable geometries and some low-lying energy
isomers of the RhnOs (n = 2–12) clusters are illustrated
in Figs. 1 and 2. Their corresponding relative energies
(�E), binding energies (Eb), spin multiplicities (M), point-
group symmetries (PG), average bond lengths (R), and total
magnetic moments per atom (µ T) are shown in Table 2.
All optimized isomers were labeled as na, nb, nc, nd, ne,
and nf, where n represents the number of Rh atoms in the
binary RhnOs clusters, and the configurations labeled in
‘na’ correspond to the most stable geometries.

As shown in Figs. 1 and 2, the lowest-energy structures
of the RhnOs clusters prefer the three-dimensional configu-
rations, except for very small cluster sizes (n ≤ 3). Further,
the Os atom prefers to adsorb on the surface sites in the
cluster (except for Rh12Os cluster). The obtained results for

RhOs cluster indicate that the sextet spin state is lower in
energy than the quartet and octet spin states by 0.68 and 1.18
eV, respectively. Accordingly, the sextet RhOs cluster with
electronic state 6� is the most stable configuration. Also,
the results show that the Rh–Os bond length is 2.242 Å,
which is slightly larger than the Rh–Rh bond (2.227 Å) in
Rh2 cluster. The corresponding binding energy per atom of
this cluster is 1.735 eV/atom. To our knowledge, there have
been no experimental data on RhOs dimer to which these
results could be directly compared.

For the Rh2Os, the ground state geometry is an
isosceles triangle (2a) with C2V symmetry and quintet spin
multiplicity (5B2), which has two Rh–Os bonds of 2.315
Å and one Rh–Rh bond of 2.734 Å, respectively. The 2b
isomer is a linear geometry with Os atom at the middle.
The corresponding electronic state is 3�g. Its energy is less
stable than the lowest-energy configuration (2a) by 0.87 eV.

The 2c isomer in quintet spin state is found to form planar
geometry. This geometry is energetically higher than the
most stable configuration by 1.99 eV.

The lowest-energy structure of the Rh3Os cluster is an
irregular triangle pyramid geometry (3a) with electronic
state of 8A′′ and CS symmetry. Similar configuration was
also obtained as the next stable isomer (3b). Its energy
is only 5 ×10−4 eV less stable than the ground-state
geometry. Therefore, the configurations 3a and 3b should
be considered to be degenerate. The rhombus configuration
(isomer 3d) with an electronic state of 4B1 was predicted
as a low-lying geometry with only 1.14 eV higher in
energy compared with the most stable geometry (3a). Two
Y-shaped isomers (3c and 3e) with the same symmetry
(C2V) have also been optimized, and the energy difference
between these two geometries (3c and 3e) is 1.33 eV.

The most stable structure of the Rh4Os cluster is a
triangular bipyramid geometry with an Os atom at the
middle plane (see isomer 4a). The symmetry and electronic
state of this cluster are C2V and 7A1, respectively. Identical
configuration (except that the Os atom is localized on the
vertex) has also been optimized in our study (4c). This
configuration is higher in energy than the ground-state
geometry by only 0.07 eV. The second low-lying isomer is
a square pyramid with an Os atom at the bottom (4b). Its
total energy is only 0.05 eV lower than the isomer 4c. The
next isomer 4d is a planar trapezoidal geometry with the Os
centered in the middle of bottom lateral. The isomer 4e is
also a planar geometry, and its energy is 0.79 eV higher than
the isomer 4d.

In this case, the lowest-energy geometry of the Rh5Os
cluster is a distorted octahedron with the Os located at the
apex of the octahedron (5a). The corresponding symmetry
is C4V. The second lowest-energy configuration 5b is a
prism. It is found to be 0.67 eV higher in energy than the
lowest-energy geometry (5a). The isomer 5c is the third
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2a 2b 2c 3a 3b

3c 3d 3e 4a 4b

4c 4d 4e 5a 5b

5c 5d 5e 5f 6a

6b 6c 6d 6e 7a

7b 7c 7d 7e 7f

Fig. 1 The lowest energy and low-lying structures of RhnOs (n = 2–7) clusters. na, lowest-energy geometries; nb–nf, few low-lying geometries.
The green and brown balls represent the Rh and Os atoms, respectively
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low-lying structure, which is a capped trigonal bipyramid
geometry (5c), being 0.37 eV higher in energy than the
isomer 5b. The next isomer 5d is a capped square pyramid
configuration with the Os atom being localized at the vertex
of the pyramid. A similar configuration with an Os atom
capping one of the triangular faces (5e) was found as a low-
lying structure. The difference of energy between 5d and 5e
is only 0.22 eV. The planar geometry (isomer 5f) has also
been optimized in our calculations, and its energy is about
1.01 eV higher in energy than the isomer 5e.

For the Rh6Os cluster, the distorted octahedron geometry
of which a face is capped by Rh atom was predicted as the
ground-state geometry (6a). The symmetry and electronic
state of this stable cluster are CS and 11A′′, respectively.
Isomer 6b, which is almost identical to the configuration

6a (capped octahedron geometry), is higher in energy
than the ground-state geometry by only 0.36 eV. Another
three-dimensional (3D) configuration, isomer 6c was also
identified as low-lying structure in our optimizations. This
configuration is about 0.60 eV higher in energy than the
most stable geometry (6a). The next stable isomer 6d is
a capped triangular prism structure. Its energy is 0.70 eV
higher than the most stable configuration (6a). The next
stable isomer 6e is a planar geometry, and its energy is 0.94
eV higher than the ground-state geometry (6a).

The most stable geometry of the Rh7Os cluster is
a bicapped octahedron structure (C2V symmetry) with
Os atom in the vertex site of the octahedron (7a). Its
corresponding electronic state is 10A′′. The next isomer
7b is also a bicapped octahedron with an Os atom in the

8a 8b 8c 8d 8e

9a 9b 9c 9d 9e

10a 10b 10c 10d 10e

11a 11b 11c 11d 12a

12b 12c 12d

Fig. 2 The lowest-energy and low-lying structures of RhnOs (n = 8–12) clusters
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Table 2 Spin multiplicities
(M), point-group symmetries
(PG), relative energies (�E),
binding energies per atom
(Eb), magnetic moments per
atom (µ T), and the average
Rh–Rh (RRh−Rh) and Rh–Os
(RRh−Os) bond lengths of the
RhnOs (n = 2–12) clusters

Isomer M PG �E (eV) Eb (eV/atom) RRh−Rh (Å) RRh−Os (Å) μT (μB/atom)

2a 5 C2V 0 2.128 2.734 2.315 1.33

2b 3 D∞V 0.87 1.903 – 2.258 0.67

2c 5 C∞V 1.99 1.530 2.412 2.336 1.33

3a 8 CS 0 2.590 2.680 2.490 1.75

3b 8 CS 5 ×10−4 2.589 2.676 2.488 1.75

3c 4 C2V 0.74 2.404 2.850 2.281 0.75

3d 4 C2V 1.14 2.303 2.500 2.510 0.75

3e 2 C2V 2.07 2.072 2.473 2.330 0.25

4a 7 C2V 0 2.838 2.641 2.471 1.20

4b 9 C4V 0.02 2.824 2.570 2.437 1.60

4c 7 C1 0.07 2.834 2.537 2.500 1.20

4d 5 CS 0.77 2.683 2.692 2.362 0.80

4e 9 C2V 1.56 2.527 2.454 2.470 1.60

5a 10 C4V 0 3.170 2.580 2.540 1.50

5b 8 CS 0.67 3.058 2.507 2.400 1.16

5c 6 CS 1.04 2.996 2.627 2.482 0.83

5d 4 CS 1.14 2.980 2.522 2.500 0.50

5e 2 CS 1.36 2.942 2.563 2.570 0.16

5f 8 C2V 2.37 2.774 2.474 2.441 1.16

6a 11 CS 0 3.282 2.630 2.520 1.42

6b 11 CS 0.36 3.231 2.620 2.507 1.42

6c 9 C2 0.60 3.196 2.500 2.542 1.14

6d 7 C2V 0.70 3.183 2.558 2.578 0.85

6e 7 C2V 0.94 3.150 2.486 2.384 0.85

7a 10 C2V 0 3.414 2.630 2.426 1.12

7b 8 CS 0.01 3.413 2.626 2.476 0.87

7c 8 CS 1.23 3.261 2.497 2.470 0.87

7d 8 C2V 1.57 3.218 2.586 2.457 0.87

7e 8 CS 2.60 3.090 2.630 2.528 0.87

7f 8 CS 2.73 3.073 2.510 2.521 0.87

8a 7 C2V 0 3.470 2.603 2.496 0.67

8b 13 CS 0.16 3.451 2.529 2.391 1.33

8c 9 C2V 0.66 3.396 2.765 2.423 0.88

8d 7 C2 0.77 3.384 2.481 2.659 0.66

8e 11 C4V 0.86 3.373 2.718 2.390 1.11

9a 16 C2V 0 3.635 2.895 2.598 1.50

9b 14 CS 0.70 3.566 2.512 2.419 1.30

9c 12 CS 0.71 3.564 2.572 2.435 1.10

9d 10 C2 1.18 3.517 2.612 2.478 0.90

9e 14 C4V 3.10 3.325 2.545 2.613 1.30

10a 15 C1 0 3.674 2.566 2.537 1.27

10b 15 CS 1.51 3.536 2.515 2.560 1.27

10c 11 CS 2.60 3.437 2.538 2.441 0.90

10d 11 CS 2.71 3.428 2.580 2.448 0.90

10e 11 C2V 3.41 3.364 2.556 2.592 0.90

11a 12 C2V 0 3.691 2.463 2.371 0.91

11b 10 CS 0.11 3.682 2.500 2.451 0.75

11c 10 Cs 0.47 3.651 2.433 2.390 0.75

11d 10 Cs 1.23 3.588 2.513 2.391 0.75
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Table 2 (continued)
Isomer M PG �E (eV) Eb (eV/atom) RRh−Rh (Å) RRh−Os (Å) μT (μB/atom)

12a 19 C1 0 3.837 2.608 2.510 1.38

12b 19 CS 0.40 3.805 2.627 2.592 1.38

12c 19 C1 0.41 3.805 2.680 2.612 1.38

12d 17 CS 2.67 3.631 2.450 2.554 1.23

Entries set in italics are the most stable geometries of RhnOs clusters

middle plane of the octahedron. The next configuration can
be viewed as a fusion of two prisms (7c), and its total
energy is higher than the most stable configuration (7a) by
1.23 eV. In our calculations, the identical geometry (7d) to
that of the most stable structure has also been identified
as the metastable geometry, in which the Os atom lies at
the one vertex site of the octahedron, while two capped Rh
atoms are located at both sides of the other vertex atom
of the octahedron. The difference in energy between this
isomer and the most stable geometry is 1.57 eV. The next
stable geometry 7e can be seen as a combination of two
square pyramids (see Fig. 2). Its energy is less stable than
7d isomer by 1.03 eV. A similar configuration (7f) has also
been predicted in our study, but being higher in energy than
the lowest-energy geometry by 2.73 eV.

In the case of the Rh8Os cluster, all the optimized
structures adopt 3D configurations. The most stable
geometry can be viewed as a fusion of two octahedron
configurations with C2V symmetry. The corresponding
electronic state is 7A1. The next stable isomer found has
a capped cubic configuration (8b). Identical configuration
(8d) to the isomer 8b has also been predicted in our
optimizations, and its energy is less stable than 8b isomer
by 0.61 eV. The isomer 8c is obtained by adding two Rh
atoms on the sides of 6d isomer. A 3D geometry has also
been identified (8e) as the low-energy configuration, and its
energy is only 0.09 eV higher than the isomer 8d.

For the Rh9Os cluster, the most stable structure can be
described as a combination of two octahedron geometries
(slightly distorted) with C2V symmetry (9a). The electronic
state predicted for this stable configuration is 16A1. The
isomer 9b was considered as a fusion of two trigonal prisms.
Its total energy is only 0.70 eV higher than that of the
lowest-energy structure. Isomer 9c, which is identical to
the configuration 9b, is higher in energy than that of the
most stable configuration by 0.71 eV. Hence, the energy
difference between the two isomers (9b and 9c) is only
0.01 eV, indicating that the two optimized configurations
are nearly degenerate. We also obtained a tetracapped
octahedron configuration (9d) as a metastable isomer in our
optimizations. It is found to be 0.47 eV higher in energy than
the isomer 9c. In addition to that, a bicapped cubic structure
(9e) was also predicted, and its energy is 3.10 eV higher
than the most stable configuration (9a).

The ground-state structure of Rh10Os is viewed as a
tricapped cubic geometry (10a) with C1 symmetry, and the
value of spin multiplicity is 15. The second stable isomer
(10b) is considered a fusion of one cubic and a capped
trigonal prism, and its energy is less stable than the lowest-
energy geometry by 1.51 eV. The third isomer (10c) is also
a three-dimensional geometry. This configuration can be
described as a fusion of a trigonal prism and a capped cubic
with CS symmetry. The isomer 10d has been considered as a
fusion of one cubic and a bicapped square pyramid. The last
isomer (10e), in the size range, is a fusion of three square
pyramids. This geometry was found to be higher in total
energy by 0.70 and 0.81 eV than the geometries 10d and
10c, respectively.

For Rh11Os cluster, we have considered four kinds
of geometry (11a–d) that represent the most stable
configurations among the geometric configurations of all
clusters optimized in our study. In this case, the most stable
configuration is viewed as two cubic geometries fused on
a square face with C2V symmetry and characterized by a
high multiplicity (M = 12). Identical structure has also
been predicted as the third low-lying geometry (11c), and
its energy is higher than the ground-state structure by 0.47
eV. The second structure (11b) is considered a combination
of one cubic and two trigonal prisms (11b). This isomer is
energetically lower than the isomer 11c by 0.36 eV. The
structure obtained by geometry optimization of isomer 11d
is identical to that of the isomer 11b, and their energy is
higher than the energy of isomer 11b by 1.12 eV.

In the case of Rh12Os cluster, the configuration is more
stable when an Os atom is at the center of the cluster
(see Fig. 2). The distorted icosahedron with the center
doping Os atom is obtained as the most stable configuration
(12a). The symmetry and electronic state of this isomer are
C1 and 19A, respectively. The next stable isomer 12b can
also be considered as an icosahedron with the Os atom at
the apex position of the pentagon pyramid (12b). Similar
configuration with the Os atom on the surface (12c) has also
been predicted in this study. This configuration has been
found to be less stable than the isomer 12b by only 0.01
eV. Hence, the two configurations (12b and 12c) are nearly
degenerate in energy. The fourth geometry (isomer 12d) is
also a three dimensional geometry, and its total energy is
largely higher than the geometry 12a by 2.67 eV.
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3.2 Stabilities of RhnOs Clusters

In order to understand the stabilities of the lowest-energy
configurations of the RhnOs clusters, the fragmentation
energies (�Ef) and the second-order differences of the total
energies (�2E) and the binding energies per atom (Eb) of
different cluster sizes were calculated as follows:

�Ef(RhnOs) = E(Rhn−1Os) + E(Rh) − E(RhnOs)

�2E(RhnOs) = E(Rhn+1Os) + E(Rhn−1Os)

−2E(RhnOs)

Eb(RhnOs) = (n E(Rh) + E(Os) − E(RhnOs))/(n + 1)

where E(RhnOs), E(Rhn+1Os), and E(Rhn−1Os) represent
the total energies of the ground-state structure of the RhnOs,
Rhn+1Os, and Rhn−1Os clusters, respectively. E(Rh) and
E(Os) represent the total energies of the Rh and Os atoms,
respectively.

In nanocluster physics, the fragmentation energy and
the second difference in energy are key parameters for
examining the relative stability of the nanoclusters. Further,
the values of �2E can be correlated well with the relative
abundances estimated in mass spectroscopy experiments.

The binding energies (Eb) of the lowest-energy RhnOs
clusters as a function of cluster size are-shown in Fig. 3. The
second-order difference of energies (�2E) of these clusters
has also been displayed in Fig. 4. Figure 3 shows that the
binding energy per atom increases with the increasing of
cluster size from n = 2 to n = 12, indicating that the RhnOs
clusters can continuously gain energy during the growth
process. From Fig. 4, the local peaks are found at n = 3,
5, 7, and 9, which indicates that the Rh3Os, Rh5Os, Rh7Os,
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Fig. 3 Binding energy per atom of the lowest-energy structures of
RhnOs clusters as a function of cluster size

1 2 3 4 5 6 7 8 9 10 11 12
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2 E 
 [ 

eV
 ]

Number of Rh atoms  [ n ]

Fig. 4 Size dependence of the second-order energy difference (�2E)

of RhnOs clusters

and Rh9Os clusters are relatively more stable than any other
nanoclusters. Therefore, these stable clusters are expected
to have relatively high abundances in mass spectrometric
measurements.

We have also investigated the stability of these clusters
by examining the fragmentation energy (�Ef) as a function
of the cluster size (Fig. 5). As can be seen from the results
in Fig. 5, the local maxima occur at the Rh5Os, Rh7Os,
and Rh9Os, which reflects that these clusters are remarkably
stable than their corresponding neighbors. This result is in
excellent agreement with the above analysis on the second-
order difference of energies.
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Fig. 5 Size dependence of the fragmentation energies (�Ef) of RhnOs
clusters
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Table 3 HOMO-LUMO energy gaps (Eg), vertical ionization poten-
tials (VIP), vertical electronic affinities (VEA), Fermi energies (EF),
and dipole moments (α) for the ground state of RhnOs clusters

Cluster Eg (eV) VIP (eV) VEA (eV) EF (eV) α(debye)

Rh2Os 0.221 6.408 0.895 − 3.45 0.886

Rh3Os 0.299 5.911 1.152 − 3.20 0.762

Rh4Os 0.048 5.730 1.433 − 3.38 0.701

Rh5Os 0.144 5.726 1.674 − 3.65 0.340

Rh6Os 0.123 5.888 1.952 − 3.86 1.010

Rh7Os 0.081 5.653 2.004 − 3.70 0.413

Rh8Os 0.018 5.576 2.065 − 3.69 0.219

Rh9Os 0.022 5.803 2.296 − 3.90 0.240

Rh10Os 0.100 5.941 2.333 − 4.12 0.261

Rh11Os 0.218 5.785 2.511 − 4.11 0.039

Rh12Os 0.117 5.680 2.221 − 3.91 0.631

3.3 Reactivity and Electronic Properties of RhnOs
Clusters

The HOMO-LUMO gap is an important parameter to reflect
the chemical reactivity of nanoclusters and their reactions
with small molecules. A small HOMO-LUMO gap indicates
a higher chemical reactivity of these clusters. The calculated
HOMO-LUMO gaps of the RhnOs clusters are found to be
in the range of 0.018 to 0.299 eV (see Table 3). Smaller
HOMO-LUMO gap was observed for the Rh8Os cluster,
indicating a great chemical reactivity. Further, the small
HOMO-LUMO energy gaps indicate a metallic character
of the RhnOs clusters. Hence, these clusters hold promise
for design of new catalytic nanomaterials. Accordingly,
the RhnOs clusters can be used as catalysts for many
catalytic reactions, especially for selective hydrogenation
reactions [16, 51]. They can also be employed as catalysts
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Fig. 6 Size dependence of the total magnetic moment for the lowest-
energy structures of RhnOs clusters

for dehydrogenation of ammonia borane and methylamine
borane [29, 30].

The dipole moments (α) of the RhnOs clusters have been
calculated, and the results are reported in Table 3. As can be
seen from this table, the RhnOs clusters are characterized by
small dipole moments, which vary between 0.039 and 1.01
debye. This is mostly due to the fact that the electronegativity
of rhodium is about 2.28, which is almost equal to that of
osmium (2.2). VIP and VEA for the lowest-energy RhnOs
clusters have also been computed (see Table 3). The values
of VEA were found to vary between 0.895 and 2.511 eV, and
the calculated values of VIP range between 5.576 and 6.408
eV. Unfortunately, there are no experimental data for these
clusters to compare our theoretical results. In addition, the

Table 4 The values of f −
k for each atom in RhnOs clusters

Cluster atom Rh2Os Rh3Os Rh4Os Rh5Os Rh6Os Rh7Os Rh8Os Rh9Os Rh10Os Rh11Os Rh12Os

1 0.371Rh 0.187Os 0.263Rh 0.117Rh 0.113Rh 0.141Rh 0.126Rh 0.136Rh 0.095Rh 0.064Rh 0.041Rh

2 0.371Rh 0.253Rh 0.263Rh 0.117Rh 0.113Rh 0.126Rh 0.087Rh 0.015Rh 0.083Rh 0.054Rh 0.076Rh

3 0.259Os 0.280Rh 0.177Rh 0.117Rh 0.131Rh 0.077Rh 0.125Rh 0.136Rh 0.095Rh 0.064Rh 0.072Rh

4 0.280Rh 0.176Rh 0.117Rh 0.131Rh 0.141Rh 0.126Rh 0.122Rh 0.073Rh 0.095Rh 0.080Rh

5 0.120Os 0.270Rh 0.176Rh 0.128Rh 0.087Rh 0.122Rh 0.099Rh 0.095Rh 0.081Rh

6 0.261Os 0.222Rh 0.144Rh 0.125Rh 0.109Rh 0.082Rh 0.098Rh 0.076Rh

7 0.114Os 0.113Os 0.126Rh 0.109Rh 0.099Rh 0.098Rh 0.093Rh

8 0.128Rh 0.126Rh 0.109Rh 0.091Rh 0.097Rh 0.077Rh

9 0.069Os 0.028Os 0.063Os 0.097Rh 0.067Rh

10 0.110Rh 0.110Rh 0.098Rh 0.071Rh

11 0.110Rh 0.098Rh 0.068Rh

12 0.043Os 0.105Rh

13 0.090Os
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VEA values are much lower than the VIP values, suggesting
that these clusters can reflect the ability to gain electrons.

In this study, the chemical reactivity of each atom in
the binary RhnOs clusters has also been evaluated using
the condensed Fukui function, f −

k . This function f −
k for

electrophilic attack is defined as:

f −
k = qk (N) − qk (N − 1)

where qk (N) and qk (N−1) present the charge of k atom in
a cluster with N and N−1 electrons, respectively.

The Fukui function is able to predict the possible binding
site of a molecule on a metal cluster. Therefore, this function
reflects the ability for clusters to undergo activated chemical
reactions with small molecules.

The condensed Fukui function f −
k for the different sites

of the RhnOs clusters is listed in Table 4. For each cluster
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Fig. 7 The PDOS for the RhnOs (n = 3, 5, 6, 7, 8, and 11) clusters in their ground states
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studied, the atoms of higher values of f −
k are considered

active sites where the chemical reactions occur. The atoms
of lower values of f −

k are considered inactive sites. Thus,
the most reactive sites of these clusters are those with a
large positive value of f −

k . From Table 4, it is clearly
seen that the highest f −

k values are predicted for the Rh
atoms (except for the Rh5Os and Rh12Os clusters), and
the Os atom in the same cluster was observed to be less
active than the Rh atoms. This result indicates that the Rh
atoms in the RhnOs clusters are more favorable to react
with an electrophilic reagent. Hence, the rhodium atoms
can be considered the most reactive sites that undergo
chemical reactions with electrophilic reagents. In other
words, the active site rhodium atoms in the RhnOs clusters
can play a significant role in the elucidation of reaction
mechanisms.

3.4 Magnetic Properties of RhnOs Clusters

The magnetic moments per atom of the lowest-energy
RhnOs clusters as function of its size are illustrated in
Fig. 6. The magnetic moment per atom exhibits irregular
oscillating behavior, and the µ T calculated for the
RhnOs clusters are in the range 0.67–1.75 µB/atom. The
Rh5,9Os and Rh3Os clusters present high magnetic moment
corresponding to 1.50 and 1.75 µB/atom, respectively.
The results also exhibit that the magnetic moment of
these clusters strongly depends on their geometries. For
example, the octahedron (5a) and capped square pyramid
(5d) configurations have a magnetic moment of 1.5 and 0.5
µB/atom, respectively.

In order to further study the magnetic properties of
the most stable configurations of the RhnOs clusters, we
have performed the partial density of states (PDOS) from
the contribution of different state components (s, p, and d
orbitals). The results of PDOS for the RhnOs (n = 3, 5,
6, 7, 8, and 11) are shown in Fig. 7. The spin-up states is
plotted as positive value, and spin-down states as negative.
The Fermi level (EF) of the RhnOs clusters is presented
as dashed vertical line (The calculated values for each
cluster were reported in Table 3). As can be seen from
Fig. 7, the magnetic properties below the Fermi level mostly
originate from d states, and the contributions from s and p
are very small. For example, in the Rh6Os cluster which
possesses high magnetic moment (µ T = 1.42 µB/atom), the
contribution of d states to the magnetic moment is about
95%, while that from the s and p orbitals is only 5%.

4 Conclusions

The stability and electronic and magnetic properties of the
RhnOs clusters have been investigated at M06L level of

theory using aug-cc-pVDZ basis set. The main findings of
this work are summarized as follows:

(1) The optimization calculations show that the 3D
configurations of the RhnOs clusters are energetically
much stable than the other two dimensions (2D).
Furthermore, it was found that the Os atom prefers to
adsorb on the surface of the cluster (except for Rh12Os
cluster).

(2) The second-order difference energy and the fragmen-
tation energy of the RhnOs clusters exhibit that the
Rh3Os, Rh5Os, Rh7Os, and Rh9Os clusters are ener-
getically more stable than their neighboring clusters.
The calculated HOMO-LUMO energy gaps of these
clusters are in the range 0.018–0.299 eV. Smaller
HOMO-LUMO gap is observed for the Rh8Os, indi-
cating a much greater chemical reactivity of this clus-
ter compared with other clusters. The results indicate
also a metallic behavior for the RhnOs clusters, and
thus these nanoclusters can be used as nanocatalysts
for many catalytic reactions.

(3) Fukui function (f −
k ) for electrophilic attack for the

most stable geometries of the RhnOs clusters has
been examined, and the results clearly predict that the
Rh atoms in the cluster have higher values f −

k for
electrophilic attack. Meanwhile, the Os atom in the
cluster was found to be less active than the rhodium
atoms. Accordingly, the RhnOs clusters are more
favorable to react with an electrophilic reagent.

(4) The calculated magnetic properties exhibit that the
magnetic moment of the RhnOs clusters was found to
be in the range 0.67–1.75 µB/atom. Higher magnetic
moment was observed for the Rh3Os cluster. The
magnetic moment of these clusters was also found to
be strongly influenced by the geometry of the cluster.
For example, the calculated magnetic moment of the
octahedron geometry (1.50 µB/atom) is about five
times higher than that of the capped square pyramid
geometry (0.50 µB/atom).

(5) The PDOS analysis reveals that the d orbitals play a
crucial role for the magnetism of the RhnOs clusters,
and the contribution of the s and p orbitals to the
magnetic moment is little.
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