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MOLECULAR PROPERTIES OF [Ag, -C, -Ag, |" SILVER-C, -SILVER INTERFACE: A
THEORETICAL INVESTIGATION
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Abstract

In this work, molecular geometries, HOMO-LUMO gaps, Fermi levels, and Mulliken charges were calculated for the o-bent, o-linearly
and mr-linearly bonded [Ag, -C, -Ag,]" (n=0- 3) complexes using the density functional B3LYP method and the LANL2DZ basis sets. With
the Ag-C bond distances of 2.36 and 3.05 A, respectively, the global minimum structure is the o-bent n'®-[Ag,-C.,-Ag,* complex. The
calculated Mulliken charges suggest that the electrostatic interaction between the Ag,, clusters and the C,  molecule plays a significant role
in the electron-conducting properties and stability of the [Ag,-C, -Ag,,]" (n=0-3) complexes. The HOMO-LUMO gaps of the [Ag,-C  -Ag,]"
complexes were found consistently lower than that of the C_; molecule, as well as those of the [Au,-C_-Au,I" complexes (4). The Fermi
levels calculations indicate that the zero-charged singlet [Ag,-C, -Ag,,] complexes with Fermi levels 1 eV above -5.36 eV, the Fermi level of

the free C,, molecule, are the most suitable for electron conduction through the Ag, -C -Ag,, interface.
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Introduction

Theelectronpopulationdistribution of metal-organic molecule-
metal nanodevices is quite different from bulk materials and single
molecules. Therefore, the study of their structure and conductive
properties needs to be conducted extensible and reliable'?. The
metal-C, -metal interface can be modeled as a nanocontact, which
will be important in the performance of electronic nanodevices®.
The electronic structure at the electrode surface is not well
understood, however high degree of roughness is expected'. The
electrode roughness can be modeled using metallic clusters of
diverse sizes'>. This is one approach that theoretical chemists and
scientists working in molecular electronics and related fields are
currently using to model electron transport properties of prototype
complexes to mimic electron transport across the metal-C_-metal
interface'. Recent theoretical investigations in the [Au,-C, -

u, |" (where n = 0-3) molecular structures'*, suggest that gold
clusters form stronger complexes with the C, molecule than silver
does, and with delocalized Fermi levels and potential applications
for electron conduction within the metal-C, -metal interface’.

In the last two decades, electron transport studies at the
nano-scale regime have developed significantly and promise to
be an area of development for amazingly futuristic technological
applications ®7#, Recent measurements have definitively shown that
the coupling of the C  molecule oscillation frequency interacting
with a gold surface results in single-electron transfer processes on
the gold surface’. Electron conduction of fullerenes is determined
by the fullerene bonding geometries on the metal electrodes’.
The coupling and alignment of the C,; frontier molecular orbitals
with the Fermi level of the metal, and the orientation of the
molecule on the metal surface have been observed to determine
high spread and low conductivities'®!2. The examination of the
amplitude and phase of frontier orbitals at the Fermi level within
the cluster-molecule-cluster molecular complexes constitutes a
significant analytical approach, which in recent developments!?
have demonstrated to be useful in examining the electron transport
characteristics in molecular nanodevices!*!*. For a weak bonding
attraction between the C ) molecule and a metal electrode, the

Fermi level of the silver-C,-silver complexes has been identified
within the HOMO and LUMO (frontier orbitals) energy range'.
Furthermore, the most effective pathways for electron transport
through m-delocalized systems are provided by the delocalized
molecular orbitals that have appropriate symmetries and energy
levels that closely aligned with the Fermi level'?.

For metal-molecule-metal systems, the research literature
L1521 “indicates that the use of small models of metal clusters, to
describe the nanocontact region between the metal cluster and
the C ; molecule is of significant value, to understand the metal
roughness effect in the fabrication and design of nanodevices.
To investigate the bonding between the C  molecule and silver
surfaces, first principles calculations utilizing the [Ag,-C, -
Ag, " (where n = 0-3) molecular structures can be a highly
effective approach. These studies could significantly enhance our
understanding of the electron conduction mechanisms®*!? involved
when the C, molecule bounces on a metal cluster surface™.

The primary goal of this article is to analyze the bonding
between the C,, molecule and two silver clusters utilizing the
[Ag,-C,-Ag,,]" (where n= 0-3) model systems. We will conduct
density functional computations of the Ag-C, complexes in several
bonding modes, the HOMO-LUMO energy differences, the Fermi
levels, and Mulliken charges.* The results of these findings will
be compared with published results in similar Au-C, complexes.*
Additionally, we will analyze the amplitude and phase of molecular
orbitals close to the Fermi level of the [Ag, -C -Ag, " molecular
structures. The insights gained from the analysis of the previously
mentioned properties will lay the foundation for understanding the
electron conduction characteristics of the silver-C, interface.

Methology

To effectively describe the bonding interaction of the C,
molecule with a silver surface at either site, we utilized symmetric
structures of the [Ag,-C -Ag, |~ (where n = 0-3) model
complexes. These models mimic the bonding of the C,, molecule
interacting with a pair of pyramidal-shaped silver clusters (Ag,).



We studied four distinct bonding modes of the [Ag, -C -Ag, "
(where n= 0-3) structures, as illustrated in Figure 1 which have
the following spin multiplicities: for n= 0, the zero-charged singlet
[Ag,,-C,-Ag,,] structure; for n= 1, the singly-charged doublet
[Ag,,-C,-Ag,,]" structure; for n= 2, the doubly-charged singlet
[Ag,,-C,,-Ag,, ] structure and for n= 3, the triply-charged doublet
[Ag,,-C,,-Ag,,]” structure, correspondingly.

We utilized the density functional theory (DFT) with the
Becke, 3-parameter, Lee-Yang-Parr (B3LYP) exchange-correlation
functional®®?*, with Los Alamos National Laboratory effective
core potential (ECP) and valence basis sets (LANL2DZ) 2*%. In
our computations, while the carbon electrons were described using
the Dunning/Huzinaga valence double-zeta (D95V) basis sets?”,
Los Alamos (ECPs) were used to describe the electrons in the
silver atoms. Gaussian 09 suite of codes® were used to conduct the
calculations of all molecular geometries of this work. The energy
minimization process began with the optimization of the bare C
molecule, followed by the attachment and optimization of two
silver clusters (Ag,,) to either side of the optimized C,; molecule.
We minimize the energy of the [Ag,-C -Ag,|" complexes
through various bonding types, specifically: the n'-[Ag,-C, -
Ag, 1", the n'®-[Ag -C -Ag 1", the n'n*®-[Ag, -C, -Ag, ]* and
the n*-[Ag, -C, -Ag, ]” (where n= 0-3) structures. Where we
have used the metal-C bond labeling conventions proposed by
Lichtenberger and coworkers® to depict all the binding interaction
types of molecular geometries in this work. All the structures
were identified following the single labeling convention (1!, n*®,
n'®)¥ to identify two identical bonding sites at each side of the
C,, molecule. When working with a structure that has two distinct
bonding sites located at each side of the C,; molecule, a dual
labeling convention is employed, denoted as (n!, n*®). The n'-,

N?©-, n'®- and n', n?®- bonding structure types are described in
Figure 1.

The molecular structures of all the [Ag,-C,-Ag, | (where
n= 0-3) structures will be compared with the optimized free C_,
molecule to determine the changes in the structure of the C
molecule * after the coordination of the silver clusters. To examine
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Figure 1. Different bonding modes of the [Ag,-C,-Ag,|*(where n =0-3)
complexes optimized at the DFT/B3LYP method with the LANL2DZ basis set:
a) the o-linearly bonded n'-[Ag, -C,-Ag,,I" complex, b) the o-bent bonded n'®-
[Ag,;-C,,-Ag,,|" complex, ¢) the o-,1r-bonded n',n2°-[Ag, -C, -Ag,,]" complex,
and d) the Tr-linearly bonded n2®-[Ag, -C. -Ag,,I" complex. The C-C, the Ag-C,
and the Ag-Ag describe the C,; C-C bond length of the two carbons in the fused
six-member rings of C_; directly involved in the Ag, -C, bonding site, the Ag-C,|
bond length and the Ag,, Ag-Ag bond distance nearest to the Ag,-C,, bonding
location, correspondingly.
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the characteristics of the stationary points, the frequencies of all
structures will be computed and evaluated. Furthermore, the
Ag-C bond lengths, geometries, the HOMO-LUMO energy
differences, the Fermi Levels, and the Mulliken charges will be
also calculated and analyzed. The complexes Fermi level energies
were all calculated following Morokuma’s and coworkers’
approximation'**'*2 where the Fermi level energies can be
approximated as the average energy of the HOMO and LUMO
orbitals. This approximation is appropriate for molecular complexes
with weak bonding between the C,; molecule and metal clusters®.
To determine the aligning of the molecular orbital energies of the
complexes with the Fermi level of the bare C,; molecule, we will
examine the amplitude and phase of the orbitals near the frontier
orbitals, as well as the Fermi levels of the complexes. This analysis
will enable us to evaluate the electron transfer characteristics of the
[Ag,,-C,-Ag,,]" (where n= 0-3) structures. This will be done by
comparing these computed properties with the computed results
for the [Au, -C -Au, ] (where n= 0-3) complexes**>**** and the
free C, molecule’°.

Results

The interaction between small silver clusters and the C,
molecule is believed to be weaker than the interaction between
gold clusters and the C,; molecule'. The analysis of the Mulliken
charges indicates that there is a transfer of charge from the Ag,,
cluster to the C,, molecule. Electron conduction in the Ag-C
complexes occurs through the m-charge cloud associated with the
C-C bond, which overlaps with the Ag orbitals that have the right
energy and symmetry. This also holds for electronic metal-C_,
nanodevices®. Analysis of the frontier orbitals in the extended
m-conjugated system has shown the significance of these orbitals in
the charge transfer of molecular nanodevices*'. The direction and
amount of electron transport are associated with the properties of
the HOMO and LUMO orbitals'-'?, especially in weak interaction
complexes. The HOMO-LUMO energy differences of the [Ag, -
C,-Ag,,]" complexes are reduced compared to the estimated bulk
bare C,, value of 1.95 eV, and the calculated value of 2.83 eV.
The decrease in the HOMO-LUMO energy difference value of
the complexes originates from the charge transfer from the Ag,,
clusters to the C,, molecule.

To evaluate the molecular properties of the [Ag,-C -Ag, ]
" (where n= 0-3) molecular structures, we carried out ab initio
computations of molecular structures, Mulliken charges, the
Fermi levels, and the HOMO-LUMO gaps. In Table 1, we show
the computed properties utilizing the DFT/B3LYP/LANL2DZ
level of theory. To facilitate energetic comparisons among the
complexes, all the energies were referenced to the lower energy
structure, the o-bent bonded n'®-[Ag, -C, -Ag, ]* structure, for
which the reference energy was set to 0.0 kcal/mol. This allows
for a relative comparison of the energies to evaluate the effect
of the charge of the complexes in the energies and to report the
energies in a consistent framework. However by no means does
this represent a formal comparison of the energies of all complexes
with different numbers of electrons. The detailed analysis of the
molecular structure parameters of the o- and n-bonded [Ag, -C -
Ag, " (where n = (-3) structures suggest that at the Ag,-C_ -
bonding site, the Ag-Ag bond length in the Ag, cluster, as well
as the Ag-C bond lengths, are correlated inversely with the charge
in the structures. Additionally, the C-C and C=C bond lengths for
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all the structures were found to be longer than the corresponding
experimentally reported distances of 1.464 and 1.405 A* for the
bare C  molecule, correspondingly. This pattern agrees with the
changes in the computed HOMO-LUMO energy differences,
which decrease as the charge in the structures increases as
indicated in Table 1. These very specific variations result from
the changes in the electronic structures due to the changes in the
electron distribution of the orbitals as the charge in the structures
rises.

Zero-Charged [Ag,-C,-Ag, ] Singlet Complexes

We investigated the bonding between the Ag, | clusters and the
zero-charged C, molecule at the DFT/B3LYP/LANL2DZ method,
focusing in four types of bonding: the n'-[Ag,-C -Ag, ], the
n'®-[Ag, -C -Ag, ], the n'n**-[Ag, -C, -Ag, ]and the W’ “[Ag, -
C,,-Ag,,] for the singlet molecular structures. The first complex
describes the o-linear bonding shown in Figure 1(a), while the
second represents the 6-bent bonding indicated in Figure 1(b). The
third complex features the o-, m-bonding, depicted in Figure 1(c),
and the final complex is the n-linearly bonded structure illustrated
in Figure 1(d). The relative energies of the n'-[Ag,-C -Ag I,
the n'®-[Ag -C -Ag, ], the n',;n*©-[Ag, -C, -Ag, ] and the n*°)-
[Ag,,-C,-Ag,,] singlet structures are 109.2,109.2,110.3 and 111.6
kecal/mol above the lowest energy structure, correspondingly. The
n'-[Ag,,-C,-Ag,,] singlet structure is characterized by a o-linear
bonding, where both Ag  clusters are bonded in a pseudo-trans
configuration to two carbon atoms situated in the fused six-
member rings at either side of the C,  molecule, as shown in Figure
1(a). This bonding mode leads to two equal energy n'-[Ag, -C -
Ag, ] conformations, interconnected by the n'n*®-[Ag -C -
Ag, ] complex, which serves as the transition state complex. In
this structure, one of the Ag, clusters is o-linearly bonded to one
carbon atom of C,, on one side, while the other Ag, cluster is

n-linearly bonded to the center of fused six-member rings of C, on
the other side, as illustrated in Figure 2. We have computed the Ag-
C, the Ag-Ag, and the C-C bond lengths for the two carbons in the
fused six-member rings of C, directly associated with the Ag, -C |
bonding site; these bond distances are illustrated in Figure 1(d).

Analysis of the C-C bond distance in the zero-charged
complexes indicates that this bond distance changes between
1.411 and 1.418 A. While the structure with the shortest bond
length is the n*©-[Ag, -C, -Ag, | structure, the n'-[Ag, -C, -Ag, ]
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Figure 2 The interconversion reaction path of the zero-charged [Ag,-C, -Ag,]
singlet complexes computed at the DFT/B3LYP/LANL2DZ level of theory: a) and
b) the degenerate o-bent bonded n'®-[Ag, -C, -Ag, ] structures, c) and d) the de-
generate o-linearly bonded n'-[Ag, -C, -Ag,,] structures and e) the o-,m-bonded
n'.n%®-{Ag,-C,,-Ag,,] transition state structure.

Table 1. Geometry and electronic structure parameters of the [Ag,-C,-Ag,,]™ (where n = 0-3) structures calculated at the DFT/B3LYP/LANL2DZ, and B3LYP/LAN-

L2DZ//BHandHLYP/LANL2DZ methods.

Complex Sym "E,kcal/ mol  ‘Eg eV UEreV ‘C-CA  “Ag-CA ‘Ag-CA ‘Ag-AgA lel:;l:k:sl}
' ®-[Ag-Coo-Agao](5) Cov 109.2 1.98 -4.34 1.418 2.581 3.244 2.847 0.103
N P-[Agr-Coo-Agao] (d) Cov 29.0 2.03 -2.06 1.437 2.462 3.091 2.857 -0.043
N *-[Agr0-Coo-Agao] (5)° Ci 0.0 1.52 0.05 1.458 2358 3.049 2.875 -0.260
n'® -[Agr0-Coo-Agao] () C 12.9 0.54 1.76 1.457 2.389 3.062 2.880 -0.718
n'-[Aga0-Ceo-Aga0](s) Can 109.2 1.81 4.42 1.418 2.585 3.246 2.847 0.102
n'-[Ag0-Coo-Agao] (d) Ci 29.0 2.03 -2.06 3.082 2.463 3.082 2.857 -0.064
N -[Ag20-Coo-Aga0] (5) Ci 0.5 1.47 0.06 1.456 2.364 3.024 2.873 -0.257
n"-[Ag0-Coo-Agro]” (d) Ci 13.2 0.29 1.48 1.456 2397 3.048 2.878 -0.708
- [Agr0-Coo-Ago] (5) Cay 111.6 1.83 -4.40 1.411 2.983 2.983 2.840 0.049
N ©-[Agr0-Coo-Aga]' (d) Cav 34.4 1.74 -2.02 1.411 2.983 2.983 2.840 -0.044
" ©-[Agr-Coo-Agao] (s) Cay 13.4 0.95 0.24 1.424 2.595 2.595 2.866 -0.248
0" ©-[Agr-Cso-Agao]’ (d) Cov 15.6 0.52 1.67 1.457 2.550 2.550 2.864 -0.710
N " -[Agao-Coo-Agao](s) Ci 110.3 1.80 -4.40 1.417 2.584 3.253 2.847 0.080
N O-[Ag0-Ceo-Agao] (d) Ci 30.0 2.03 -2.06 1.438 2.459 3.099 2.857
' O-[Aga0-Coo-Agao]” (5) C 1.5 1.49 0.06 1.458 2.359 3.051 2.874
' 2 O-[Agao-Coo-Agao] (d) C 14.3 0.29 1.54 1.458 2.389 3.056 2.879
g
Exp. Cgo C-C® and E," Iy 1.56"1.95"  -535 lffslgﬁég))’
Calc. Ag-Cqo'and Ag-Ag' 2.570' 2.755'

*Energies computed relative to the n'®-[Ag, -C_ -Ag, J*(s) structure, letters in parenthesis indicate the multiplicity of the complexes. Sym stands for symmetry, °E¢ the
ground state energy, °E; the computed HOMO-LUMO gaps and “E; the calculated Fermi energy levels at the B3LYP/LANL2DZ//BHandHLYP/LANL2DZ method. *The
C-C, Ag-C and Ag-Ag bond distances are referred to the Ag-C; bonding site. ‘Mulliken charges are referred to each Ag, cluster of symmetric structures. ¢The C-C
experimental bond lengths of the bare C,; molecule with uncertainties in parentheses taken from Ref. 30, and "the HOMO-LUMO experimental gaps taken from Ref.
34-36. The Ag-C bond calculated bond length value taken from Ref. 1, and the Ag-Ag bond length value from Ref. 37.



structure has the longest. This agrees with the energetic evidence
that the m-bonded complex is a higher energy structure. The shorter
C-C bond length is consequence of the weaker interaction with
the silver clusters. From the comparison of the experimentally
measured C-C bond length of 1.401 A* for bare C,, molecules
with the computed values of 1.411 A and 1.418 A for the zero-
charged singlet structures, it is evident that the C-C bond distance
is elongated in the complexes. The bond lengthening results due to
the bonding with the silver clusters. The shortest C-C bond length
in the n*©-[Ag, -C,-Ag, | structure indicates that the silver-C
bonding for this structure is likely the weakest. The n*©-[Ag, -
C,-Ag,] complex is symmetric, featuring two identical Ag-C
bond lengths of 2.983 A. In contrast, the n'-[Ag,,-C,-Ag,,] and
the n'®-[Ag, -C, -Ag, ] structures display two distinct Ag-C bond
lengths: one short at 2.583 and one long at 3.245 A. The bonding in
the symmetric n*®-[Ag, -C -Ag, ] structure is distinctly different
from the bonding in the n'-[Ag, -C -Ag, | and the n'®-[Ag, -C_-
Ag, ] structures. The orbital analysis presented in Figure 6 indicates
that in the n*©-[Ag, -C, -Ag, ] structure the silver clusters bind
through n-bonding with the C,  molecule.

The transition state structure labeled as n'n*®-[Ag, -C, -
Ag, ] can be described as a mixture of the n*®-[Ag, -C, -Ag, ] and
n'-[Ag,-C,,Ag,] structures. On one side the bonded silver atom
displays one long Ag-C bond distance at 3.253 A, and another
short at 2.584 A. On the other side, there are two identically short
Ag-C bond distances at 2.972 A. The Ag-Ag bond distance at the
Ag,-C,, bonding site shows small variation across the complexes,
varying between 2.840 and 2.847 A. In contrast, this distance is
elongated when compared with the calculated Ag-Ag bond length
of 2.755 A for the bare Ag, cluster’’. These calculations agree
with the Ag-Ag bond weakening when the Ag, and the C  form
the Ag-C bond.

Singly-Charged [Ag,-C, -Ag,]" Doublet Complexes

Analogous computations, comparable to those of the zero-
charged complexes, have been successfully conducted, utilizing the
same theoretical method for the singly-charged [Ag,-C, -Ag, |"
doublet molecular structures. The n'-[Ag,-C -Ag, 1", the n'®-
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Figure 6. Calculated orbital energies of the orbitals near the frontier orbitals utiliz-
ing the DFT(B3LYP/LANL2DZ//BHandHLYP/LANL2DZ) level of theory for: a) the
zero- charged n?9-[Ag, -C, -Ag,,], b) the zero-charged n',n?9 {[Ag,-C, -Ag, ], ©)
the zero-charged n'-[Ag,-C,-Ag,,] d) the zero-charged n'®-Ag, -C -Ag, ], €) the
singly-charged n*®-[Ag, -C, -Ag,,]", and f) the singly-charged n'-[Ag,-C, -Ag,,]"
structures, correspondingly. The energies of the orbitals are reported in eV, along
with the corresponding plots with iso-value (0.002).
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[Ag,-C,-Ag,l", the n'n**[Ag -C -Ag ] and the n”*“[Ag, -
C,,-Ag,]" doublet structures are found at 29.0, 29.0, 30.0 and
34.4 kcal/mol above the lowest energy structure, correspondingly.
The n'-[Ag,-C -Ag,]" structure is characterized by a c-linearly
bonded structure, which leads to the existence of two equal energy
n'-[Ag,-C,-Ag,]" conformations. These two conformations
are interconnected by the n'n*©-[Ag,-C, -Ag,]" structure,
which serves as the transition state complex, as shown in Figure
3. The o-linearly bonded n'-[Ag,-C -Ag, ]~ complex and the
bonded o-bent n'®-[Ag, -C -Ag, ]" complex are nearly energy
degenerate. Furthermore, the n',n*“-[Ag, -C, -Ag, " complex has
a lower energy than the symmetric n-linearly bonded n*-[Ag, -
C,,-Ag, ] complex. The latter represents a high energy maximum,
suggesting that the [Ag,-C,-Ag, 1" doublet structures exhibit a
similar energy pattern to that of the zero-charged singlet structures.

We analyzed the bond distances between the Ag-C, the Ag-
Ag, and the C_, C-C bonds of the two carbons located in the fused
six-member rings of C, and connected in the Ag,-C, bonding
site, as depicted in Figure 1(d). For the [Ag,-C-Ag, ] doublet
structures, the C-C bond lengths were calculated at approximately
1.411 A and 1.438 A. Comparison of these calculated values
with the literature C, C-C bond lengths of 1.401 A reveals the
lengthening of the C-C bond distance in these structures. This is
a direct consequence of the bonding of the C, molecule with the
silver clusters. The n*®-[Ag, -C, -Ag,]" complex is the symmetric
structure with two identical Ag-C bond lengths at 2.983 A. In
contrast, the n'-[Ag, -C, -Ag, ] and the n'®-[Ag -C, -Ag 1"
structures exhibit two distinct Ag-C bond lengths: one shorter
bond at 2.463 A and one longer bond at 3.00 A. The bonding
interaction in the n*“-[Ag, -C, -Ag, ]" structure are distinctly
different from those in the n'-[Ag,-C,-Ag, 1" and the n'®-[Ag, -
C,,-Ag,,]" structures. As indicated by the orbitals shown in Figure
6, in the n*©-[Ag, -C, -Ag, " structure, the C,) molecule and the
Ag,, clusters are t-bonded. The n',n**-[Ag, -C, -Ag, |" transition
state complex is a mixture of the n*®-[Ag, -C -Ag, 1" and the n'-
[Ag,,-C,-Ag,,]" complexes, like zero-charged transition state of
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Figure 3. The interconversion reaction path of the singly-charged [Ag,-C,-Ag,,|"
doublet complexes computed at the DFT/B3LYP/LANL2DZ level of theory: a) and
b) the degenerate o-bent bonded n'®-[Ag, -C, -Ag,,|" structures, c) and d) the de-
generate o-linearly bonded n'-[Ag, -C, -Ag,,]" structures, and e) the o-,-bonded
n'.n29-[Ag,-C,,-Ag,,]" transition state complex.
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the previous section. As indicated in Figure 3, on one side displays
two symmetrically positioned Ag-C bond lengths at 2.651 A, while
in the other side the bonded silver atom coordinates through two
Ag-C bond distances of 2.459 A and 3.099 A, respectively. The
calculations of the Ag-Ag bond distance at the Ag,-C, bonding
site indicate small variations in the four structures from 2.840
to 2.857 A, however, this distance is longer than the calculated
Ag-Ag bond distance of 2.755 A for the isolated Ag,, cluster”,
indicating that the Ag-Ag bond weakens when the Ag, and the C_
form the Ag-C bond.

Doubly-Charged [Ag,-C, -Ag, ] Singlet Complexes

We have conducted similar calculations to those described
earlier in the [Ag, -C -Ag, |* singlet structures, utilizing the same
bonding types and theoretical method. The relative energies of the
n]'[Agzo'Cso'Agzo]z_’ the n](b)'[Agzo'Cao'Agzo]z-’ the nl’112(6)[Ag20'
C,-Ag,J* and the n*®-[Ag -C -Ag |* singlet structures are
0.5, 0.0, 1.5 and 13.4 kcal/mol above the lowest energy structure,
correspondingly. The n'-[Ag -C -Ag,]> singlet structure is
characterized by a o-linear bonding of both Ag, clusters to the
C,, molecule in a pseudo-trans configuration, as was described in
previous sections and depicted in Figure 1(a). This bonding type
leads to two equal energy n'-[Ag,-C -Ag,]* conformations.
These conformations are interconnected by the n'n*®-[Ag, -
C,,-Ag,|* transition state structure with a barrier of lkcal/mol.
This structure is like the n',n*®-zero-charged and singly-charged
transition state structures of the previous sections and is shown in
the interconversion path of Figure 4.

We have performed a detailed analysis of the Ag-C, the Ag-
Ag, and the C, C-C bond length of the two carbons in the fused
six-member rings of C directly connected with the Ag, -C
bonding site, all these distances are illustrated in Figure 1(d). The
C,,C-C bond length changes between 1.424 and 1.458 A across the
four doubly-charged singlet structures. While the n*“-[Ag, -C, -
Ag, ] complex exhibits the shortest bond distance, the n'®-[Ag, -

2.0

s
Iy

e)

keal/mol

0.5

s,
e

a) b)

0.0

Reaction Coordinate
Figure 4. The interconversion reaction path of the doubly-charged [Ag,-C, -
Ag,J* singlet complexes computed at the DFT/B3LYP/LANL2DZ level of theory:
a) and b) the degenerate o-bent bonded n'® -[Ag,-C, -Ag, |* structures (the
lowest energy structure), ¢) and d) the degenerate o-linearly bonded n'-{Ag,-C, -
Ag,J* structures, and e) the o-,T-bonded n',n2°-[Ag, -C, -Ag,J* transition state
complex.

C,,-Ag,,]* complex has the longest bond length. This observation
agrees with the o-bent bonded complex being the lower energy
structure, and the one with the stronger interaction between the
Ag,, clusters and the C  molecule, which results in a longer C-C
distance. In contrast, our computed C,; C-C bond length values
of 1.424 and 1.458 A for the [Ag,,-C,-Ag,,]” singlet structures
are longer than the measured C  C-C distance value of 1.401 A
(30). This makes evident that the C-C bond distance lengthening
is a consequence of the Ag-C  bonding interaction. Similarly
to the previous sections, the n*©-[Ag, -C -Ag, |* structure is a
symmetric structure, featuring two identical Ag-C bond lengths of
2.595 A. In contrast, the n'-[Ag,-C,-Ag, ]* and the n'®-[Ag -
C,-Ag,,I” structures exhibit two different Ag-C bond lengths, one
shorter at 2.361, and one longer at 3.065 A. The analysis of the
molecular orbitals in the n*®-[Ag, -C -Ag, |* structure shows that
the Ag, clusters and the C,  molecule bind through n-bonding. This
result indicates that the bonding interaction differs significantly
in the symmetric n*©-[Ag, -C, -Ag, > structure compared with
the n'-[Ag,-C -Ag,,]* and n'®-[Ag -C, -Ag 1> structures. The
n'.*9-[Ag,-C -Ag,]* structure conforms to the same pattern of
the [Ag, -C -Ag,]" complexes described previously. This is the
transition state structure and can be described as a mixture of the
n©-[Ag,-C -Ag, ] and n'-[Ag,-C -Ag, |* structures. While in
one side displays a longer Ag-C bond distance at 3.051 A, and
another shorter bond distance at 2.359 A, on the other side shows
two identically shorter Ag-C bond lengths at 2.524 A. The Ag-Ag
bond length at the Ag,-C  bonding site exhibits small changes
across the four structures, with values changing from 2.866 to
2.875 A. However, this bond is elongated with respect to the
calculated Ag-Ag distance at 2.755 A for the free Ag,, cluster’.
This observation reflects the debilitation of the Ag-Ag bond caused
by the formation of the Ag-C_ bond.

Although the singlet n'®-[Ag, -C -Ag, > and the doublet
n'®-[Ag,-C -Ag,]* structures are closer in energy compared
with the other doubly charged molecular structures, the n'®-[Ag, -
C,,-Ag,,]” structure was identified as the lowest energy structure
(global minimum). In this structure, the two Ag, clusters are
bonded to the C, molecule creating two pseudo-cis configurations,
as was described in analogous complexes of the previous sections,
this structure is indicated in Figure 1(b).The n'®-[Ag, -C, -Ag, |*
singlet structure is approximately 12 kcal/mol lower in energy
than the n'®-[Ag, -C,-Ag, ] doublet structure and 30 kcal/
mol more stable than the doublet n'®-[Ag, -C, -Ag, ]" structure
discussed previously. This increment in the stability of the n'®-
[Ag,,-C,,-Ag,,]* singlet complex compared to the n'®-[Ag, -C, -
Ag,]" doublet complex can be attributed, in part, to the pairing
of all electrons within the n'®-[Ag, -C, -Ag, |* singlet structure.
Additionally, there is a stronger electrostatic interaction between
the C , molecule and the Ag, clusters in the n'®-[Ag, -C, -Ag, |*
singlet complex, as emphasized by the computed Mulliken
charges, indicated in Table 1. Moreover, when comparing the n'®-
[Ag,,-C ,-Ag,,]* singlet structure with the n'®-[Ag, -C -Ag, "
doublet structures, it becomes evident that the doubly-charged
singlet structures are more stable. This stability is influenced by
the Coulombic attraction between the C,; molecule and the silver
clusters, and the multiplicity of spin of the n'®-[Ag, -C -Ag, ]
" complexes (where n = 2,3). Although the electrostatic attraction
between the Ag, clusters and the C,, molecule is stronger in the
triply-charged doublet structures, and the unpaired electron in



these structures appears to be more delocalized compared with
the doubly-charged singlet structures, the unpaired electron goes
into a higher energy orbital. This makes the n'®-[Ag -C, -Ag "
doublet complex a higher energy structure than the n'®-[Ag, -C, -
Ag, |* singlet complex, with all its electrons paired up in localized
lower energy orbitals.

Triply-Charged [Ag,-C -Ag,,]” Doublet Complexes

The computations in the [Ag, -C -Ag, ]* doublet complexes
at the DFT/B3LYP/LANL2DZ level indisputably validate the
occurrence of four distinct kinds of structures analogous to those
previously discussed. Although the [Ag, -C -Ag, |* structures
coexist as doublet or quartet structures, we will be discussing only
the doublet complexes in this work. The n'-[Ag,-C,-Ag20]*,
the n'®-[Ag, -C -Ag, I, the n'n**-[Ag -C -Ag > and the
n©-[Ag,-C -Ag, ]’ doublet structures are situated 13.2, 12.9,
14.3 and 15.6 kcal/mol higher than the lower energy structure,
correspondingly. The doublet 6-bent bonded n'®-[Ag, -C, -Ag, 1>
structure is 12.9 kcal/mol above the lower energy structure. In this
structure, the C_ molecule is bonded on each side by the two Ag,
clusters in a pseudo-cis configuration, as was described in previous
sections and depicted in Figure 1(b). In contrast, the n'-[Ag,-C, -
Ag, I” structure is a o-linearly bonded structure located 13.2 kcal/
mol above the lower energy structure. In this structure, both Ag,
clusters are bonded in a pseudo-trans configuration to one carbon
atom at either side of the C, molecule, as illustrated in Figure
1(a). This bonding interaction results in two equal energy n'-[Ag, -
C,,-Ag, I conformations, interconnected by the n',n*-[Ag, -C_ -
Ag, ] complex located 14.3 kcal/mol above the lowest energy
complex. This structure represents the transition state structure,
and it is illustrated in Figure 5. The n*©-[Ag, -C, -Ag, |* complex
is a higher-order maximum located 13.4 kcal/mol higher than the
lowest energy complex. The former structure has two imaginary
frequencies: one interconnects the two pseudo-trans degenerate
n'-[Ag,,-C,-Ag,,]* conformations and the other interconnects the
two pseudo-cis equal energy n'®-[Ag, -C, -Ag, |* conformations.
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Figure 5. The interconversion reaction path of the triply-charged [Ag,-C,-Ag,J*
doublet complexes computed at the DFT/B3LYP/LANL2DZ level of theory: a) and
b) the degenerate o-bent bonded n'®-[Ag, -C, -Ag, I* structures, c) and d) the de-
generate o-linearly bonded n'-[Ag, -C, -Ag,,J* structures, and e) the o-,-bonded
N'.n%°)-[Ag,,-C,,-Ag,,]* transition state complex.
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To gain insight into the nature of the Ag-C  bonding, we
calculated the bond lengths of Ag-C, Ag-Ag, and the C,  C-C bond
length of two carbons located in the fused six-member rings of
the C, molecule along the Ag, -C, bonding site, as illustrated in
Figure 1(d). The C,, C-C bond distance within the triply-charged
structures vary in the range of 1.456 and 1.458 A. The n'-[Ag,-
C,,-Ag,,I” structure exhibits the longest bond distance, while the
n©-[Ag,-C -Ag, ]’ structure has the shortest. A weaker bonding
between the silver clusters and the C, molecule in the n*©-[Ag, -
C,-Ag,,I” structure leads to a longer C  C-C bond length, this
observation reinforces the notion that the n-bonded structure is a
higher energy structure. Experimentally, the C,,C-C bond length is
reported to be 1.401 A (30) for the bare C,, molecule, whereas the
calculated values for the [Ag, -C, -Ag, | structures fall within the
range of 1.456 to 1.458 A. This difference indicates an elongation
of the C-C bond distance in the structures due to the bonding
between the C and the silver clusters. The n*©-[Ag, -C -Ag, |*
complex is symmetric structure, featuring two equal Ag-C bond
lengths of 2.550 A. The molecular orbitals suggest that in the n2©-
[Ag,,-C,-Ag,,]” complex, the C, molecule interacts with the Ag |
clusters through n-bonding. Furthermore, the shorter C,  C-C bond
distance directly involved in the Ag-C bond further reinforces the
idea that the silver-C interaction for this structure is likely the
weakest. On the other hand, the n'-[Ag, -C -Ag, |’ and the n'®-
[Ag,,-C,-Ag,,]” structures both exhibit two distinct Ag-C bond
lengths: one shorter approximately along 2.393 A, and one longer
at3.055 A. This pattern suggests that the bonding interaction in the
symmetric n*©-[Ag, -C -Ag, |’ structure is very different from
those present in the n'-[Ag, -C, -Ag, | and n'®-[Ag -C, -Ag "
complexes.

The n'n*®-[Ag,-C -Ag,]* transition state complex can
be a described as a mixture of the n*©-[Ag, -C -Ag,]* and n'-
[Ag,,-C,-Ag,,]* structures. One side of this structure exhibits a
short Ag-C bond distance at 2.389 A and another long at 3.056 A,
while on the other side two equal Ag-C bond distances at 2.567 A.
The Ag-Ag bond distance at the Ag, -C, bonding location varies
narrowly among the four structures, changing from 2.866 to 2.880
A. However, this bond is elongated compared with the calculated
Ag-Ag bond length of 2.755 A for the bare Ag,, cluster’’, which
suggests that the Ag-Ag bond weakens when the Ag, and C, form
the Ag-C bond.

The Analysis of the Frontier Orbitals for the [Ag,-C -Ag,]"
(where n=0,1) complexes

Several research works have utilized the analysis of the frontier
orbitals to study electron transfer in metal-C, -metal systems'***.
It is well established that metal-organic molecule junctions with
weak coupling demonstrate effective electron conduction routes
via m-localized and delocalized molecular orbitals close to the
Fermi level"!* 3, In these molecular complexes, the probabilities
for direction and transmission of electron transport are significantly
shaped by the phase and amplitude of the frontier orbitals situated
near the Fermi level".

In molecular complexes where metal clusters interact weakly
with the C,; molecule, we can assume that the frontier orbitals of
the complexes, which are close to the C,, Fermi level, will be like
those of the bare C,, molecule®. In contrast, if the Ag,, clusters
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interact strongly with the C, molecule through stronger bonds, the
frontier molecular orbitals of the resulting molecular complex will
be substantially different in both shape and energy from those of
the bare C,, molecule. Our ongoing research has generated results
corroborating this assumption based on molecular complexes
previously studied®. Like the gold-C,, complexes®, the relative
energies and the Ag-C interacting bond lengths of the [Ag, -C, -
Ag,I" (where n= 0-3) complexes clearly indicate in Table 1 that
the weakest complexes are the zero-charged and singly-charged
structures. Additionally, from all the studied o- and m-bonded
molecular complexes, the symmetrical n-linearly bonded n*“[Ag, -
C,-Ag,I" (where n= 0-3) structures are the weakest complexes.
As a result of this, these complexes are the most interesting for
studying and analyzing the electron transfer characteristics of the
frontier orbitals of the [Ag,-C, -Ag, | (where n= 0-3) molecular
structures. These molecular complexes are particularly exciting
because they are the weakest bonded structures with n-delocalized
molecular orbitals, which makes the analysis of the frontier orbitals
easier and more direct.

The electron populations, the Mulliken charges, and the
orbitals energies were calculated at the BHandHLYP/LANL2DZ
method utilizing the molecular structures optimized at the B3LYP/
LANL2DZ method. This combined method?*°, hereafter will be
alluded to as the B3LYP/LANL2DZ//BHandHLYP/LANL2DZ
level of theory. The computed HOMO, HOMO-1, LUMO, and
LUMO+1 molecular orbitals for the n'-[Ag, -C,-Ag, ], the n'®
-[Ag,-C-Ag, ], the n',n*®-[Ag -C -Ag, ] and the n*®-[Ag, -
C,,-Ag,,] zero-charged singlet structures; and for the n*®-[Ag, -
C,-Ag,l', and the n'-[Ag,-C -Ag, " singly-charged doublet
structures are depicted in Figure 6. A detailed analysis of the
orbitals’ energies near the frontier orbitals suggests that the
HOMO, HOMO-1, LUMO, and LUMO+1 orbitals for the zero-
charged singlet structures are in the energy limits of -5.33 to -3.41
eV. In the zero- charged structures, only the LUMO and HOMO-1
orbitals are fully delocalized throughout the complexes. The LUMO
orbital for then',n*®-[Ag, -C -Ag, ] transition state structure with
the energy of -3.50 eV, is partially delocalized along the symmetric
n-bonded side of the structure. This suggests that for the zero-
charged structures, at the B3LYP/LANL2DZ// BHandHLYP/
LANL2DZ method, only the HOMO, HOMO-1, and the LUMO
orbitals fall near the energy limit of -5.35 eV, the Fermi level of
the C_ molecule. Although the analysis of the orbital energies and
delocalization patterns for the singly-charged structures indicate
that the HOMO-1, HOMO, LUMO, and LUMO+1 orbitals are also
delocalized through the n'-[Ag, -C, -Ag, " and the n*-[Ag, -C -
Ag, ]'" molecular complexes, the orbital energies are in the limits
of -3.99 eV to -1.02 eV, which is significantly far from the Fermi
level of the zero-charged free C, molecule.

Compared to the zero-charged structures, in the single-charged
complexes, the orbital energies of the HOMO, HOMO-1, LUMO,
and LUMO+1 orbitals are far away from the Fermi level of the
free C,, molecule. This is the result of the Coulombic attraction be-
tween the C, molecule and the Ag, clusters in the [Ag, -C -A 1"
complexes which increases as the charge in the complexes rises.
This effect differs quite significantly in the zero-charged complex-
es, for which the weaker interaction between the C and the silver
clusters results in the frontier orbitals weakly influenced by the
bonding interaction. This in consequence results with energies in

the range of the Fermi level of the bare C, molecule. This detailed
analysis suggests that at the B3LYP/LANL2DZ//BHandHLYP/
LANL2DZ method, the [Ag,-C,-Ag,] singlet complexes have
the best orbitals for electron transport through the Ag, -C -Ag,,
system, as illustrated in Figure 6. The [Ag,-C -Ag, | structures
exhibit delocalized molecular orbitals that extend through the en-
tire complex and correspond to the energy levels near the Fermi
level of the bare C,  molecule. This offers a valuable opportunity
to enhance our understanding of electron transport at the Ag, -C, -
Ag,, interface.

Conclusion

To assess all the bonding types and molecular properties of
the Ag, -C, -Ag, bonding interaction, we have conducted first
principles molecular orbital computations in the [Ag,-C -Ag, ]
" (where n= 0-3) complexes using the DFT/B3LYP/LanL.2DZ
method. Our computations show that the o-bent bonded n'®-
[Ag,,-C,-Ag,,]* singlet complex is the lowest energy structure.
This is followed in stability by the n'®-[Ag, -C -Ag, > doublet,
the n'®-[Ag, -C -A ,)]'" doublet, and lastly by the n'®-[Ag, -C, -
Ag, ] singlet structure. Similar behavior is followed by the linearly
o-bonded n'-[Ag,-C,-Ag,]" (where n= 0-3) structures. The
above stability is the result of the growing electrostatic interaction
between the C,  molecule, and the Ag, clusters as the charge in the
n'-[Ag,-C,-Ag, " (where n= 0-3) structures increases. Similar
stability order is followed by the gold-C , complexes®.

We computed the molecular orbitals close to the frontier
orbitals for the [Ag,-C -Ag, " (where n =0, 1) complexes using
the DFT/B3LYP and BHandHLYP methods, and the LANL2DZ
basis sets. The results clearly showed that the n*®-[Ag -C_-
Ag, ], the '@ -[Ag -C -Ag ] the n'-[Ag, -C, -Ag, ], and
the n'®-[Ag, -C -Ag, ] structures have delocalized orbitals close
to the HOMO and LUMO orbitals with Fermi levels energies
of -4.40, -4.43, -4.43, -4.43 ¢V, correspondingly. These energy
levels are all less than 1eV above the Fermi level of -5.35 ¢V for
the bare C_ molecule, which was also calculated using the same
theoretical approach. The HOMO orbitals in these complexes are
energy degenerate with a large contribution from the C,, molecule
h, symmetry HOMO, which gives these complexes a unique
versatile ground electron configuration. Also, the HOMO-LUMO
gaps in these complexes were found to be lower than those of
the corresponding zero-charge gold-C , complexes. This implies
a lower barrier for electron transfer and needs to be investigated
further using large silver clusters to establish this fact.
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