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Abstract The correlations between the structural and elec-
tronic properties of the monolayer clusters M3 (where M 0
Ni, Pd, Pt) and the sandwich complexes M3(C6R6)2 (where
M 0 Ni, Pd, Pt; R 0 H, F) were studied by performing
quantum-chemical calculations. All of the sandwich com-
plexes are strongly donating and backdonating metal–ligand
bonding structures. The influence of the ligand as well as
significant variations in the M–C, M–M, and C–C bond
lengths and binding energies were examined to obtain a
qualitative and quantitative picture of the intramolecular
interactions in C6R6–M3. Our theoretical investigations
show that the binding energies of these sandwich complexes
gradually decrease from Ni to Pt as well as from H to F,
which can be explained via the frontier orbitals of the
clusters M3 and C6R6.

Keywords Sandwich complexes . Quantum-chemical
calculations . Binding energies

Introduction

The chemistry of metal sandwich complexes has developed
intensively since the structure of ferrocene (C5H5)2Fe was
first elucidated in 1952 [1, 2]. Metallocenes not only intro-
duced new bonding characteristics of fundamental impor-
tance to the field of organometallic chemistry, but have also
been utilized in many crucial applications, such as in

catalysis, magnetic and optical materials, polymers, molec-
ular recognition, medicine, and nanodevices [3, 4]. Most
sandwich complexes possess a mononuclear metal center
between two small aromatic carbocyclic ligands, such as
cyclopentadienyl or benzene. Among such species, linearly
multidecked one-dimensional sandwich complexes have
attracted significant interest. Vn(benzene)n+1, which have
been studied experimentally and theoretically, are expected
to serve as nanomagnetic building blocks in applications
such as high-density information storage and quantum com-
puting in the future [5–9]. Lin(C6H6)n+1 and Li+C6H6 com-
plexes yielded good results when used in a model system for
graphite/carbon anodes in lithium-ion cells [10]. Moreover,
recent density functional theory (DFT) computations sug-
gested that Mn(ferrocene)n+1 (M0Sc, Ti, V, Mn) sandwich
clusters and nanowires (n0∞) have tunable magnetic prop-
erties [11], while [FeC5(CH3)5]n (n0∞) yields half-metallic
sandwich molecular wires with negative differential resis-
tance and sign-reversible high spin-filter efficiency [12]. In
addition, bisbenzene dipalladium complexes have been
isolated and characterized [13, 14].

Compounds in which the carbon rings flank a monolayer
of multiple metal atoms are, however, even more fascinating
to chemists. For instance, Ni3(benzene)2 was detected via
mass spectroscopy among a mixture of Nin(benzene)m clus-
ters generated in the gas phase by laser vaporization [15].
Stable structures of discrete metal monolayer sandwich
compounds have also been discussed in theoretical studies
[16]. Palladium is one of the most versatile transition metal
catalysts for transforming organic and inorganic substrates.
More recently, two metal monolayer sandwich compounds,
[Pd3(C7H7)3Cl3][PPh4] and [Pd5(naphthacene)2(toluene)]
[B(Arf)4]2 (4-toluene), where B(Arf)4 0 B[3,5-(CF3)2C6H3]4,
were synthesized and theoretically analyzed by Tetsuro
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Murahashi and coworkers [17]. The structurally analo-
gous complexes [Pd3Tr2X2]∞ (X 0 Cl, Br, and I) and
[Pd3(C7H7)2X3]

− (X 0 Cl−, Br−, and I−) were also synthesized
and characterized, and calculations were performed on them
[18, 19]. Stephanie Hurst found that the palladium–pnictogen

bond length in [Pd3Tr2(E)3][BF4]2 (E 0 PPh3, AsPh3, SbPh3,
or PEt3) increases in the order P < As < Sb [20]. Tetsuro
Murahashi and coworkers reported an unprecedented square
metal sheet sandwich complex [Pd4(μ4-C9H9)(μ4-C8H8)]
[B(Arf)4], where B(Arf)4 0 B[3,5-(CF3)2(C6H3)]4, in which

Fig. 1 Structures of the
optimized M3 (M 0 Ni, Pd, Pt)
clusters, C6H6, and C6F6. The
bond lengths shown are in Å

Fig. 2 Structures and atom
numbering schemes for the
optimized M3(C6R6)2 (M 0 Ni,
Pd, Pt; R 0 H, F) sandwich
structures. The bond lengths
shown are in Å. For simplicity
and clarity, the H atoms have
been omitted
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cyclononatetraenyl acts as a stable π-coordinating ligand [21].
The aromaticity of this complex was evaluated using NICS
indices and the electron localization function, using the
AdNDP method, and using NICS and NICSzz indices
[22–26]. Recently, Guo and Li presented theoretical results
showing that a carbon atom can be incorporated into the M4

square-planar building block in [M4(μ4-C9H9)(μ4-C8H8)]
+

(M 0 Ni, Pd, and Pt) to form the complexes [M4C(μ4-
C9H9)(μ4-C8H8)]

+ (M 0 Ni, Pd, and Pt) [24–26]. Inspired
by these pioneering works, many other similar complexes
were subsequently realized experimentally or investigated
theoretically [27–32].

In this paper, we report a quantum chemical study of
the geometries, binding energies, and bonding

Table 1 Charge populations
based on natural atomic orbital
occupancies

s px py pz dxy dxz dyz dx²−y² dz² dtotal

Ni3 Ni1 2.719 2.035 2.025 2.004 1.806 1.997 1.999 1.434 1.981 9.217

Ni2 2.719 2.035 2.025 2.005 1.806 1.997 1.999 1.434 1.981 9.217

Ni3 2.719 2.021 2.040 2.005 1.248 1.999 1.999 1.992 1.981 9.219

Ni3(C6H6)2 Ni1 2.234 2.075 2.138 2.097 1.980 1.979 1.690 1.978 1.594 9.221

Ni2 2.234 2.135 2.079 2.097 1.982 1.757 1.912 1.975 1.594 9.220

Ni3 2.234 2.110 2.103 2.097 1.974 1.768 1.901 1.983 1.594 9.220

Ni3(C6F6)2 Ni1 2.268 2.132 2.096 2.120 1.973 1.697 1.943 1.971 1.657 9.241

Ni2 2.268 2.091 2.136 2.120 1.980 1.906 1.733 1.964 1.657 9.240

Ni3 2.268 2.119 2.109 2.120 1.963 1.855 1.783 1.980 1.658 9.239

Pd3 Pd1 2.656 2.007 2.041 2.004 1.306 1.999 1.997 1.993 1.997 9.292

Pd2 2.656 2.033 2.016 2.004 1.821 1.997 1.999 1.478 1.997 9.292

Pd3 2.656 2.033 2.016 2.004 1.821 1.997 1.999 1.478 1.997 9.292

Pd3(C6H6)2 Pd1 2.222 2.070 2.114 2.069 1.751 1.989 1.991 1.806 1.884 9.421

Pd2 2.221 2.070 2.087 2.095 1.916 1.825 1.984 1.763 1.934 9.422

Pd3 2.222 2.070 2.072 2.110 1.943 1.797 1.988 1.760 1.934 9.422

Pd3(C6F6)2 Pd1 2.239 2.089 2.079 2.108 1.936 1.771 1.991 1.755 1.931 9.384

Pd2 2.239 2.089 2.102 2.085 1.763 1.945 1.984 1.801 1.892 9.385

Pd3 2.239 2.089 2.100 2.087 1.862 1.844 1.978 1.777 1.923 9.384

Pt3 Pt1 2.734 2.033 2.020 2.007 1.800 1.996 1.998 1.436 1.977 9.207

Pt2 2.734 2.033 2.020 2.007 1.800 1.996 1.998 1.435 1.977 9.206

Pt3 2.734 2.014 2.040 2.007 1.253 1.999 1.995 1.983 1.977 9.207

Pt3(C6H6)2 Pt1 2.364 2.104 2.125 2.084 1.973 1.843 1.815 1.978 1.604 9.213

Pt2 2.364 2.093 2.137 2.084 1.974 1.955 1.704 1.977 1.603 9.213

Pt3 2.363 2.147 2.082 2.084 1.979 1.690 1.969 1.972 1.604 9.214

Pt3(C6F6)2 Pt1 2.459 2.104 2.152 2.086 1.691 1.937 1.969 1.716 1.794 9.107

Pt2 2.482 2.094 2.091 2.078 1.840 1.759 1.947 1.721 1.863 9.130

Pt3 2.734 2.033 2.020 2.007 1.800 1.996 1.998 1.436 1.977 9.207

Table 2 Net charge populationsa on C and M atoms as well as Wiberg indicesb for structures 1–11

Net charge population Wiberg index

M1 C4 C5 M1–M2 M1–M3 M2–M3 M1–C4 M1–C5 C4–C5

6 0.24 −0.34 −0.32 0.22 (0.96) 0.22(0.96) 0.22(0.96) 0.34 0.26 1.31(1.44)

7 0.10 −0.32 −0.30 0.20 (0.93) 0.20(0.93) 0.20 (0.93) 0.26 0.21 1.33

8 0.11 −0.34 −0.30 0.28 (0.97) 0.29(0.97) 0.28 (0.97) 0.35 0.30 1.30

9 0.15 0.25 0.28 0.20 0.22 0.20 0.36 0.28 1.21(1.35)

10 0.10 0.25 0.30 0.18 0.18 0.18 0.29 0.23 1.23

11 0.09 0.35 0.18 0.29 0.19 0.26 0.45 0.32 1.20

a Net charge: M10M20M3; C40C60C80C100C120C14; C50C70C90C110C130C15 in structures 6–10; in structure 11: 0.09, 0.12, 0.13 for Ni1,
Ni2, Ni3, respectively; 0.35, 0.34, 0.29 for C4, C7, C9 respectively; 0.18, 0.27, 0.20, for C5, C6, C8, respectively. b The Wiberg indices for C6H6,
C6F6, and the monolayer clusters M3 are shown in parentheses
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characteristics of M3(C6R6)2 (where M 0 Ni, Pd, Pt; R
0 H, F) sandwich compounds. In particular, the effects
of varying R and M were explored, with several goals.
One was to predict further synthetic strategies for them
(via donor–acceptor properties, etc.), while another was
to get information that can aid our understanding of
their structures and enhance the qualitative and quanti-
tative description of their bonding modes and electronic
ligand effects.

Computational details

We carried out geometry optimization and frequency
evaluation for all of these molecules at the B3PW91 (Becke
three-parameter hybrid exchange with Perdew–Wang 1991
gradient corrected correlation) nonlocal density functional
[33, 34] level of theory for several states with different
multiplicities, M 0 2S + 1 (S is the total spin). The relativ-
istic effective core potential (RECP) basis set SDD [35] was
employed for Ni, Pd, and Pt, and analytical gradients with a
polarized split-valence double-ξ augmented with a diffuse
function basis set [6–31+G(d)] were used for other atoms.
Vibrational frequency analyses confirmed that each struc-
ture was a minimum without an imaginary frequency. The
atomic charges were computed via natural population anal-
ysis (NPA). Wiberg indices were evaluated and used as bond
strength indicators. NBO analysis was performed with NBO
version 3.1 [36, 37], which is incorporated into Gaussian 09.
Nucleus-independent chemical shifts (NICS, in ppm)
[38, 39] were computed using the gauge-independent
atomic orbital (GIAO) method [40] at the same level.
All of the calculations were performed with the Gaussian
09 program [41].

Results and discussion

Molecular structures

All of the sandwich structures were fully optimized and
verified to be local minima without imaginary

frequencies (using the B3PW91 computational method)
in their low-spin states (M01), with no symmetry con-
straints. High-spin states (M03) were also examined for
each of these low-spin structures, but were found to be
substantially higher in energy and thus were not consid-
ered further.

The structures of the ligands (C6H6, C6F6) and metal M3

clusters are presented in Fig. 1. The sandwich structures of
M3(C6R6)2 (M 0 Ni, Pd, Pt; R 0 H, F) are presented in
Fig. 2.

The ligands C6H6 and C6F6 belong to the D6h point
group. The C0C bond length for C6H6 is slightly shorter
than that for C6F6. The central M3 metal clusters are regular
triangle monolayer sheets with D3h symmetry.

The sandwich structures are M3 metal clusters between
two benzene ligands. The benzene rings present an eclipsed
geometry, and both rings deviate slightly from planarity. The
sandwich structures do not show very high symmetry, which
is perhaps due to unbalanced intramolecular torsion. If 0.1 Å
is toleranced, they are not D3h but C3h point groups, except
for structure 11 (C1 symmetry). The conjugation normally
associated with benzene rings is broken; the C0C distances
vary from 1.427 to 1.461 Å for Pt3(C6H6)2, for instance. The
central metal M is η2-coordinated to the C0C bonds of the
upper and lower cycloheptatrienyl ligands, respectively. In-
terestingly, two M–C distances are observed. The distances
M1–C4, M1–C10, M2–C6, M2–C12, M3–C8, and M3–C14
are the same, as are the distances M1–C5, M1–C11, M2–
C7, M2–C13, M3–C9, and M3–C15. The former set of
bonds are always shorter than those of the latter set. All of
the intermetallic distances (Ni–Ni, 2.4 Å; Pd–Pd, 2.7 Å; Pt–
Pt, 2.6 Å) are within the normal range for M–M single
bonds, and are shorter than the corresponding sum of the
van der Waals radii (see Fig. 2).

Charge distribution

The nature of the bonding in the sandwich complexes was
analyzed at the B3PW91/6-31+G(d)/SDD level from two
perspectives: the binding between the metals in the M3 sheet
itself and the interaction between the ligands and the metal
sheet.

Table 1 shows that the s and p orbital populations for
each metal atom in each sandwich complex and monolayer
cluster M3 are all larger than 2.0 e. In the monolayer clus-
ters, the dxy and dx²−y² orbital populations are smaller than
2.0 e, which indicates that dxy and dx²−y² contribute to d–d
bonding. However, some of the dxz, dyz, and dz

2 orbital
populations are clearly smaller than 2.0 e in the sandwich
complexes, which indicates that the dxz, dyz, and dz

2 orbitals
participate in the interaction between the metal monolayer
cluster and C6R6 (R 0 H, F). This interaction can be inter-
preted via donation and backdonation. Taking structure 6

Table 3 NICS(0) values of structures 6–11

C6R6 M3 M1–C40C5

6 (Ni3(C6H6)2) −6.4 −30.4 −48.5

7 (Pd3(C6H6)2) −7.0 −30.3 −41.9

8 (Pt3(C6H6)2) −3.0 −30.7 −41.6

9 (Ni3(C6F6)2) −17.8 −38.5 −44.0

10 (Pd3(C6F6)2) −16.4 −31.1 −35.1

11 (Pt3(C6F6)2) −14.0 −34.5 −39.6
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[Pd3(C6H6)2] as an example, the natural population
analysis (NPA)-calculated charges on the peripheral
C4, C5, and Ni1 atoms are −0.34, −0.32, and +0.24,
respectively. Note that the carbon acts as a charge
acceptor, and that this compensates for the donation
by the carbon. The atomic electron configurations are
[He]2s0.962px

1.172py
1.102pz

1.08 for the C4 atom and
[He]2s0.962px

1.182py
1.092pz

1.07 for the C5 atom. The
relatively high 2px and 2py occupancies and lower

occupancies for the 2pz orbitals are manifestations of
the backdonation from C to M.

In structures 6, 7, and 8, M has a net positive charge,
while carbon has a net negative charge. The charges on
C(4, 6, 8, 10, 12, 14) are higher than those on C(5, 7,
9, 11, 13, 15), which indicates that the bonds between
M and C(4, 6, 8, 10, 12, 14) are shorter. In 9, 10, and
11, all of the carbons have a net positive charge,
because fluorine is an electron acceptor. The charges

Fig. 3 Frontier orbitals of
M3 (M 0 Ni, Pd, Pt), C6R6

(R 0 H, F), and Ni3(C6H6)2.
The frontier orbitals of the other
sandwich compounds are
similar to those of Ni3(C6H6)2,
so they have been omitted
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on C(4, 6, 8, 10, 12, 14) are lower than those on C(5,
7, 9, 11, 13, 15), which explains why the bonds between M
and C(4, 6, 8, 10, 12, 14) are shorter—there is greater
electrostatic repulsion for these bonds.

Wiberg indices were evaluated and used as bond
strength indicators (see Table 2). The WBIs for M–M
change enormously upon the formation of sandwich
complexes [from 0.93–0.97 for M3 to 0.18–0.29 for
M3(C6R6)2, respectively], which agrees with the changes
in M–M and C–C bond lengths observed. There are two
values for the M–C Wiberg index, which is consistent
with the two different M–C bond lengths. Also, the M–
M WBIs in the sandwich complexes imply slightly
stronger interactions between the Ni atoms and Pt atoms
than in the Pd3 sheet.

Aromaticity

NICS can be used to predict and understand some of the
properties of a molecule, especially its stability due to aro-
matic stabilization, which is based on the negative of the
magnetic shielding computed at or above the geometrical
centers of rings or clusters. Systems with negative NICS
values are aromatic. We computed the NICS(0) values at the
geometric centers of all of the rings (C6H6, C6F6, M3,
M1–C40C5). The NICS values computed at the
B3PW91/6-31+G(d)/SDD level of theory are listed in
Table 3. Evidently, the NICS values at the M3 and
M1–C40C5 triangle ring centers are all highly negative
(M3: −38.5 to 30.3; M1–C40C5: −35.1 to −48.5), sug-
gesting a high degree of aromaticity and stability. In
contrast, the NICS values of the C6R6 rings are small
(−17.8 to −3.0). The aromaticity can also be determined
via the frontier orbitals (see Fig. 3).

Binding energy and stability

The binding energy was also studied at the B3PW91/SDD/
6-311+G(d) level of theory. The binding energies ΔE for
these neutral complexes are defined as:

ΔE ¼ fE½M3 C6R6ð Þ2 Þg � fE� ½M3 þ 2E� ½C6R6�g: ð1Þ

The binding energies ΔE (see Table 4) for these neu-
tral complexes include zero-point contributions. Basis set
superposition error (BSSE) corrections were carried out
using the counterpoise method [42]. ΔEB represents the
binding energy corrected for the BSSE. The Gibbs free
energies ΔG are also presented in Table 4 in order to
judge whether can gain the sandwich complexes. All of
the binding energies and Gibbs free energies are nega-
tive, which indicates that the sandwich complexes are
stable. The binding energies of the sandwich complexes

gradually decrease from Ni to Pt, as well as from H to F,
which shows that Ni3(benzene)2 is the most stable, as
expected based on experimental data. Pt3(C6F6)2 is the
most difficult species to synthesize.

The variations in the binding energies can also be inter-
preted using the frontier orbitals in Fig. 3. The HOMO of
Ni3 is a bonding (π) orbital, with the dominant contributions
arising from the dz², dx²−y², and dxy orbitals of the central Ni
atom. The HOMO of Pd3 is an extensively delocalized σ
orbital that mainly consists of contributions from the s and
dz² orbitals. Although the delocalization of the HOMO of
Pd3 is more extensive than that of Ni3, the HOMO is mainly
delocalized at the center of Pd3, so this greater delocaliza-
tion does not lead to greater molecular orbital overlap be-
tween C6R6 and Pd3; indeed, the binding energy of
Pd3(C6R6)2 is less than that of Ni3(C6R6)2. The HOMO of
Pt3 is an antibonding orbital that receives contributions from
the s and dz

2 orbitals, so the binding energy of Pt3(C6R6)2 is
lower than those of Pd3(C6R6)2 and Ni3(C6R6)2. On the
other hand, this may be interpreted as being due to the
increasing effect of the inert electron pair from Ni to Pt.
The HOMO and HOMO-2 of C6F6 are delocalized over not
only the carbon ring but also the F atoms, while the HOMO
and HOMO-2 of C6H6 are only delocalized over the carbon
ring. Therefore, the electron density in the carbon ring of
C6H6 is greater, and the binding energies of the sandwich
complexes gradually reduce from H to F. In the end, all of
the sandwich complexes exhibit HOMO–LUMO gap ener-
gies of >2.08 eV (see Table 4), implying that they are all
relatively kinetically stable.

Conclusions

In summary, we computationally designed six new members
of the sandwich complex family, each of which consists of
C6H6 or C6F6 ligands with a Ni3, Pd3, or Pt3 monolayer sheet
between them. The bonding between the C6H6 or C6F6

Table 4 Binding energies (kJ mol−1), Gibbs free energies (kJ mol−1 ),
and HOMO–LUMO gap energies (ΔEg, eV) of the sandwich
complexes

ΔE ΔEB ΔG ΔEg

6 [Ni3(C6H6)2] −413.06 −383.06 −295.56 2.72

7 [Pd3(C6H6)2] −358.84 −342.63 −241.86 2.99

8 [Pt3(C6H6)2] −301.40 −280.19 −182.52 2.72

9 [Ni3(C6F6)2] −288.45 −239.56 −170.11 2.99

10 [Pd3(C6F6)2] −178.29 −156.80 −61.36 3.26

11 [Pt3(C6F6)2] −125.48 −89.44 −3.3291 2.08

All energies are in kJ mol−1 ; ΔE and ΔEB represent the binding energy
without and with BSSE correction, respectively. ΔG represents the
Gibbs free energy at 298 K
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ligands and the M3 monolayer sheet can be interpreted as
electron donation from the C6R6 rings to the M3 and back-
donation from the latter to the former. NICS calculations
show that the M3 monolayer sheet is strongly aromatic, as
is each M1–C0C triangle ring, which yields insight into the
stability of sandwich compounds. Furthermore, the binding
energies of the sandwich complexes gradually decrease from
Ni to Pt, as well as from H to F. We hope that this study will
stimulate future experimental efforts aimed at realizing new
nanomaterials based on such sandwich structures.
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