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Interaction of Coinage Metal Clusters with Chalcogen Dihydrides
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The interaction of chalcogen dihydrides (H,E; E = O, S, and Se) with small coinage metal clusters (M,; M
= Cu, Ag, and Au, n = 3 and 4) is studied based on density functional theory, with a focus on the nature of
chalcogen—metal bonds. A newly developed pseudopotential-based correlation-consistent basis set is used
for metal clusters together with the 6-311++4G** basis set for the remaining atoms. Geometrical data identified
that no significant deviation has been observed for molecules before and after complexation. For these three
metals, binding energy calculations indicate that gold has the highest and silver has the lowest affinities for
interaction with H;E. In comparison with gold and copper, complexation between silver and chalcogen
dihydrides is significantly weaker. It is found that interaction of H,E molecules with the coinage metals have
the order of H,Se > H,S > H,0. Therefore, in agreement with experimental works, our calculations confirm
that the gold—selenium bond is the most stable. The nature of M—E bonds is also interpreted by means of
the quantum theory of atoms in molecules (QTAIM) and natural bond orbital (NBO) analyses. According to
the QTAIM results, the bonds are found to be partially ionic and partially covalent. Natural resonance theory
(NRT) is used to calculate natural bond order and bond polarity. The NRT result indicates that the percentage

of polarity of M—E bonds is affected by coinage metals.

1. Introduction

Nanocluster coinage metals and compounds have attracted
attention in the areas of medicine, catalysis, fabrication of
nanodevices, and other applications due to their unique physical
and chemical properties’-> which depend strongly on cluster size.
The shape and size of coinage nanoparticles play an important
role in determining their chemical reactivity.?

In the past few years, atomic and molecular chemisorptions
on small coinage metal clusters, especially gold, have received
considerable attention, both experimentally and theoretically.*
Molecules containing sulfur atoms often form particularly stable
gold nanoclusters due to the strength of the gold—sulfur bond.?
The gold—sulfur bond is extremely important in the formation
of self-assembled monolayers,® single-molecule devices,” and
markers of biological molecules, such as DNA and proteins. 8
Several theoretical investigations describing the adsorption of
alkane thiols on a gold surface have been represented by cluster
models.’ In the development of single-molecule devices, one
of the points to be considered is to have highly stable
metal—molecule junctions.'® To find a substitute for the
gold—sulfur bond, the most promising way involves the use of
other chalcogen compounds. Taniguchi et al.!! have performed
photoelectron spectroscopy (X-ray and UV photoemission
spectroscopy) to investigate the bonding condition between gold
and chalcogen atoms by employing benzenethiol, benzenese-
lenol, and biphenyl ditellurid. They clarified that a gold—selenium
bond is more suitable for molecular electronics than the other
bonds.

Besides gold, the interactions of molecules with copper and
silver and binary gold—silver clusters/nanoparticles have also
drawn remarkable attention.!? However, in distinct contrast to
gold, comparatively little work has been done on interactions
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of chalcogen molecules with other coinage metals.'3 Copper is
especially interesting as a much cheaper substitute for gold;
available experimental evidence suggests that substitution of
Au by Cu also modifies the underlying chemistry at the
metal—molecule junction.!* Silver has the same electronic
configuration as gold and copper; therefore, it is natural to
anticipate similar properties. On the other hand, theoretical and
experimental studies have shown that the interaction of mol-
ecules with silver atoms and clusters is significantly weaker than
that with the other two metal clusters.'’

To design new molecular devices, it is extremely important
to analyze the chemical interactions of molecular systems at
the junctions. Therefore, in the present work, we focused on
the interactions between chalcogens and three coinage metals,
gold, silver, and copper. Interactions of chalcogen dihydrides
(H:E; E = O, S, and Se) with coinage nanoclusters (M3 and
My; M = Cu, Ag, and Au) are studied theoretically, and the
structural, electronic, and bonding properties of these complexes
are considered.

2. Computational Details

Geometries of HE (E = O, S, and Se) molecules and
complexes with coinage metal clusters M3 and My (M = Cu,
Ag, and Au) were fully optimized using density functional
theory (DFT) with the B3LYP functional'® by the Gaussian 03
suite of programs.!” Recently developed pseudopotential-based
augmented correlation-consistent basis sets, ' aug-cc-pVDZ-PP
and aug-cc-pVTZ-PP based on the small core relativistic PPs
of Figgen et al.,'” were employed for coinage metals, while for
H,E molecules, the 6-311++G** basis set was used. In order
to compare the results of the aug-cc-pVDZ-PP basis set with
those of the aug-cc-pVTZ-PP, a set of calculations has been
carried out for Aus—EH, complexes. The comparison covered
all geometrical parameters, vibrational frequencies, and binding
energies; almost all relative differences were less than 2.0%.
Thus, compared with the aug-cc-pVDZ-PP basis, the aug-cc-
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Figure 1. Optimized geometry of Au,—SH, complexes.

pVTZ-PP basis set does not significantly improve calculated
results, and consequently, only the aug-cc-pVDZ-PP basis set
was used for the remaining molecules.

The harmonic vibrational frequencies and the corresponding
zero-point vibrational energies (ZPVE) were calculated in all
of the optimized geometries, and real frequencies were obtained
in all of the cases. The binding energy AE, of the complex
M, —EH, is defined in a standard way as the absolute value of
the energy difference AEy, = Em,—EH, — (Em, + En,E), and
its ZPVE-corrected values are reported throughout this work.

To reveal the nature of bonds, the NBO and QTAIM analyses
were used. The NBO analysis introduced by Weinhold and co-
workers? transforms the delocalized molecular orbitals into
localized ones that are closely tied to chemical bond concepts.
We paid particular attention to natural population analysis (NPA)
charges®! and charge transfers, natural bond orders, and bond
polarities which can be predicted by natural resonance theory
(NRT).?>~24 In addition, the topological features of the electron
density, p(r), and its Laplacian, (0?o(r), at bond critical points
(BCPs) were computed based on Bader’s QTAIM.?* The
GENNBO?® and AIM2000?7 programs were used to calculate
NRT and QTAIM properties, respectively.

3. Result and Discussion

3.1. Structure and Energetics of Free Clusters. Physical
and chemical properties of coinage metal clusters depend
strongly on cluster size; small clusters are more reactive than
bulk materials.? Gold clusters favoring 2D structures are very
common building “bricks” for nanostructured materials. More-
over, the trimers are known to play a special role in coinage
metal halides in the gas phase, and there is an unusual abundance
of trimers in their vapor.28=30

Determining minimum-energy structures for trimers and
tetramers of coinage metal clusters is difficult due to low-lying
isomers. For the Mj clusters, we have found the minimum-
energy structure to be bent with C,, symmetry, which is shown
by Mj(b) in Figure 1, with obtuse angles of 133.80, 139.15,
and 117.74° and M—M bond lengths of 2.596, 2.655, and 2.310
A for gold, silver, and copper clusters, respectively. These values
are in agreement with the results reported in ref 31. For M3,
there is also another low-lying isomer with D3, symmetry, Ms(t)
(Figure 1). For neutral coinage metal clusters, the energy
difference between the triangular (D3;) and linear-like structures
(Cyp) is very small.

For My clusters, we have found the minimum-energy structure
to be diamond-shaped with Dy, symmetry.’! There is also
another isomer (which has a “dangling” M atom bonded to a
M; group) with C,, symmetry which is 0.04 eV lower in energy
for gold and 0.12 and 0.27 eV higher for silver and copper,
respectively. We denote the diamond-shaped structures by My4(d)
and the isomeric structure by My(i) (Figure 1).

3.2. Structure and Energetics of M,,—EH, (n = 3,4; E =
0, S, Se) Complexes. In order to test the performance of the
computational method employed in the present investigation,
we did the calculation for M—SH, (M = Cu, Ag, and Au)

Aus(t) - SH;
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TABLE 1: Geometrical Features and Binding Energies of
Au,—EH; Complexes

complex H(Au—E%" Ar(E—H)* A(OHEH) v(Au—E) AEy
Auz(b)—OH, 2.348 0.003 1.46 235.36 —8.15
Auz(b)—SH» 2.444 0.004 0.52 212,57  —15.12
Aus(b)—SeH, 2.536 0.002 0.07 181.14  —17.22
Aus(t)—OH; 2316 0.003 1.64 248.62 —8.39
Aus(t)—SH; 2.398 0.005 0.37 236.64 —17.06
Aus(t)—SeH; 2.495 0.006 —0.12 186.36  —19.47
Auy(d)—OH; 2.333 0.002 1.73 245.49 —9.84
Auy(d)—-SH, 2.406 0.004 0.55 233.61 —18.76
Auy(d)—SeH, 2.501 0.004 0.02 184.57 —21.15
Auy(i)—OH, 2.307 0.003 1.22 262.14  —12.30
Auy(i)—SH, 2412 0.004 0.58 235.10  —20.57
Auy(i)—SeH, 2.508 0.005 0.11 190.86  —22.64

“E is O, S, or Se. ?The length of anchoring bonds, in A. ¢The
difference between bond lengths of E—H in the complexed and isolated
fragment, in A. ¢ The difference between the bond angle of OJHEH in
the complexed and isolated fragment, in degrees. ¢ Vibrational frequency
of anchoring bonds in the complex, in cm~!. / The binding energy AE,
(including zero-point energy correction), in kcal mol™!.

complexes and compared our results with spin-adapted ROHF
CCSD(T) calculation by Urban et al.>? For Cu—SH,, Ag—SH>,
and Au—SH, complexes, B3LYP results for binding energies
are —5.95, —1.88, and —8.18 mHartree, which are found to be
in good agreement with ROHF CCSD(T) values, —5.99, —1.99,
and —9.08 mHartree, respectively.

3.2.1. Complexes of Chalcogen Dihydrides with Gold
Clusters. The results of calculations for Auz and Aus complexes
with H,E molecules are collected in Table 1; their important
features are presented graphically in Figures 2 and 3. For all
Au,—EH, complexes, geometries of Au, and HoE molecules
do not change significantly after interaction. Clearly in Table
1, for H,E molecules in the complexes, there is hardly any
deviation observed in [JHEH angles and H—E bond lengths
from isolated ones. This property of the H,E molecule to retain
its original geometry is important for applications of these
clusters in nanodevices such as a sensor molecule in order to
probe cluster properties.

For all Au3—EH; complexes, the E atom is bonded to a single
metal atom. From Ausz(b) to the Aus(t) cluster, the bond lengths
of Au—E decrease about 2.0%, and the binding energies and
Au—E vibrational frequencies increase about 10.0 and 5.0%,
respectively. For Aus(d)—EH,, the E atom is bonded to a Au
atom on the shorter Dy, axis, while for Auy(i)—EH,, the E atom
is bonded to a Au atom of the Auz group (not bonded to the
dangling Au atoms). From Aus(d) to Auy(i) complexes, the
Au—E bond length changes slightly, and the binding energy
and Au—E vibrational frequency increase about 10.0 and 3.0%,
respectively. Clearly in Figure 2, for Au—E bonds, the bond
lengths and binding energies changed slightly for different gold
cluster conformers.

In all of the Au,—EH, complexes, from H,O to H,Se
compounds, as it is clear in Figure 3, the binding energy
increases. Binding energies have been found to be in the range
of —8.0 to —12.0, —15.0 to —20.0, and —17.0 to —22.0 kcal
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Figure 2. Binding energy (kcal mol~') and Au—E bond length (A) curves as a function of different isomers of Aus and Auy clusters.
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Figure 3. Binding energy (kcal mol™!) for M(d)—EH, complexes, as
a function of different chalcogen dihydrides.

mol~! in Au,—OH,, Au,—SH,, and Au,—SeH, complexes,
respectively. The values for Au,—SH; and Au,—SeH, com-
plexes are about 48.9% larger than those of Au,—OH,, while
the difference between the binding energies of Au,—SH, and
Au,—SeH; is about 11.1%. Therefore, gold—S(Se) bonds are
good candidates for metal—molecule junctions, and we can
substitute gold—S with gold—Se to get a highly stable junction.

3.2.2. Complexes of Chalcogen Dihydrides with Silver and
Copper Clusters. Results of calculations for Ag, and Cu, clusters
(n = 3, 4) and complexes with H,E molecules are collected in
Table 2; their important features are presented graphically in
Figures 3 and 4. The E atom is bonded to a single Ag and Cu
atom, and like Au,—EH, complexes, there is no significant
deviation observed in JHEH angles and the H—E bond lengths.

In different forms of M,—EH, complexes, the binding
energies increase by going from oxygen to selenium, but
interestingly, for Cu and Ag complexes, they do not increase
as dramatically as those for the Au-containing species (Figure
3). For silver complexes, the difference of binding energies
between Ag,—OH, and Ag,—SH; complexes is ~18.2%, and
that between Ag,—SH; and Ag,—SeH, complexes is ~10.5%.
For copper complexes, the differences of binding energies
between Cu,—OH, and Cu,—SH, and that between Cu,—SH,
and Cu,—SeH, complexes are about 15.7 and 2.7%, respectively.
We can conclude that gold clusters can separate different
chalcogenide compounds from each other, while these separa-
tions are hardly possible for copper and silver clusters.

The changes in binding energies from copper to gold
complexes (for E = S) are shown in Figure 4. It is clear that
the Ag—E bonds have the lowest values, while Au—E bonds
have the highest values. For example, for M4(d)—SH> com-
plexes, the binding energies for M = Cu, Ag, and Au are
—16.42, —10.84, and —18.76 kcal mol~!, respectively. This
trend can also be observed in the differences of bond lengths
and vibrational frequencies of M—E bonds. In M4(d)—SH;
complexes, the M—S bond lengths are 2.270, 2.572, and 2.406
A, and the M—S vibrational frequencies are 287.14, 145.97,
and 233.61 cm™! for copper, silver, and gold complexes,
respectively. For the other M,—EH, complexes, we find the
same trend; in comparison with Au—E and Cu—E bonds, the
Ag—E bonds have the largest bond lengths, lowest vibrational
frequencies, and lowest bonding energies.

Comparing copper with gold clusters, it has been shown that
copper has the higher affinity to interaction with H,O, but for
the other chalcogenide, the interaction with gold is stronger than
that with copper. In the Aus(t)—S(Se)H, and Aus(d)—S(Se)H,
complexes, the binding energies are about 5.0 and 16.0% more
than those of the Cus(t)—S(Se)H, and Cuy(d)—S(Se)H, com-
plexes, respectively. Therefore, obviously for these types of
clusters, there is not a large difference in the interaction energy,
and possibly, gold can be substituted by copper in some cases.

3.2.3. Trends in Bonding Energies in M,,—EH, Complexes.
In the case of M,,—EH, complexes, interaction effects can be
obtained by assuming certain charge transfers from the lone
pair of E atoms to the coinage metal atom. According to the
classical molecular orbital picture, the transfer of the electronic
charge to the metal will depend on the ionization potential (IP)
of the lone-pair electron in H:E and electron affinity (EA) of
the metal and also requires certain overlap between the lone-
pair orbital of E and the electron-acceptor orbital of M.

From the binding energy calculations, we find that for the
same metal, the interactions of chalcogen dihydrides have the
order of H,Se > H,S > H,0. By comparing the first (lone pair)
IP of HE molecules, it can be interpreted that the IP of HpSe3?
is 0.60 eV lower than that of H,S,* and that for H,S is 2.14
eV lower than that for HO.% This should facilitate the partial
charge transfer toward the coinage metals.

Obviously, for H,S and H,Se molecules, the interaction with
coinage metals has the order of Au > Cu > Ag. The difference
between gold and silver interactions can be explained by
relativistic effects. This effect on valence shell properties
increases down a column of the periodic table roughly with Z2,
in which Z is the full nuclear charge. In a many-electron atom,
the relativistic effect tends to contract and stabilize the s and p
shells and expand and destabilize the d and f shells.3® There
also exists a relativistic bond length contraction; this contraction
is able to pull in the Au—E bond lengths to lengths similar to
or less than those of the corresponding Ag—E bonds.3” The
lanthanide contraction (the effect of filling the 4f shell on the
subsequent 6s and 6p shells) works in the same direction as
relativistic effects. It makes the gold atom have a very close
covalent radius compared to that of the silver, but with a much
larger nuclear charge. As mentioned above, the electron affinity
of the metal is the driving force for efficient formation of the
molecular orbital in the M—E region. The nonrelativistic EA
values for Cu, Ag, and Au, are 1.165, 1.054, and 1.161 eV,
respectively.’® The relativistic DKH CCSD(T) results,*® 1.236,
1.254, and 2.229 eV, respectively, agree reasonably well with
the corresponding experimental data (1.226, 1.303, and 2.309
eV for Cu, Ag, and Au, respectively’®). Clearly, the large
relativistic enhancement of the gold electron affinity leads to
much bigger binding energy. It is also worthwhile to note that
for Ag and Cu, the relativistic effect did not have a major effect
on the electron affinity, in agreement with the results of Urban
et al.32 They found that the relativistic treatment with in the
scalar DKH approximation does not lead to major differences
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TABLE 2: Geometrical Features and Binding Energies of Ag,—EH; and Cu,—EH, Complexes

complex r(Ag(Cu)—E%?® Ar(E—H)° A(OHEH)Y v(Ag(Cu)—E°) AEY
Ags(b)—-OH, 2.455 0.002 1.04 194.61 —5.16
Ags(b)—SH, 2.689 0.002 0.51 132.76 —5.83
Ags(b)—SeH, 2.746 0.002 0.23 80.49 —6.81
Ags(t)—OH, 2.396 0.002 1.40 217.06 —7.18
Ags(t)—SH» 2.590 0.002 0.61 188.35 —9.06
Ags(t)—SeH, 2.659 0.002 0.15 178.15 —10.34
Agy(d)—OH, 2.380 0.002 1.63 226.18 —8.48
Agy(d)—SH, 2.572 0.001 0.73 145.97 —10.84
Agy(d)—SeH, 2.645 0.002 0.24 185.58 —12.09
Ags(i)—OH, 2.388 0.003 0.72 226.11 -9.17
Ag4(i)—SH» 2.601 0.003 0.49 197.60 —10.95
Ags(i)—SeH, 2.675 0.002 0.14 109.14 —11.72
Cus(b)—OH, 2.092 0.004 1.69 291.67 —9.32
Cu;(b)—SH, 2.329 0.004 0.62 259.45 —10.40
Cu;(b)—SeH, 2.439 0.004 0.24 249.35 —10.72
Cu;(t)—OH, 2.057 0.002 2.18 317.03 —14.94
Cus(t)—SH, 2.269 0.005 0.48 283.89 —17.67
Cu;(t)—SeH, 2.377 0.006 —-0.13 265.53 —18.16
Cuy(d)—OH, 2.062 0.002 2.38 318.92 —13.21
Cus(d)—SH, 2.270 0.004 0.68 287.14 —16.42
Cus(d)—SeH, 2.379 0.005 0.05 269.85 —16.87

“Eis O, S, or Se. ® The length of anchoring bonds, in A. ¢ The difference between bond lengths of E—H in the complexed and isolated
fragment, in A. ¢ The difference between the bond angle of OHEH in the complexed and isolated fragment, in degrees. ¢ Vibrational frequency
of anchoring bonds in the complex, in cm™'. / The binding energy AE;, (including zero-point energy correction), in kcal mol™'.
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Figure 4. Binding energy (kcal mol™") for M3(b)—SH, and M4(d)—SH,
complexes, as a function of different coinage metal cluster.

in the interaction energy of Ag and Cu atoms with H,S. They
obtained nonrelativistic and relativistic interaction energies for
Cu—SH,, —4.53 and —5.99 mHartree, respectively, and for
Ag—SH,, —1.53 and —1.99 mHartree, respectively. On the other
hand, for Au—SH,, nonrelativistic and relativistic interaction
energies are —1.40 and —9.08 mHartree, respectively.

The difference in the Ag,—EH, and Cu,—EH; binding
energies can be understood by the similar EA of these metals
and shorter radius of copper. This permits a closer approach of
Cu to E atoms and increases the overlap of the orbitals. In the
nonrelativistic treatment, the increase of the effective radius of
Ag and Au orbitals only weakens their interaction.

In the M,,—OH,; complexes, the binding energies for copper
are more than those for other coinage metals, and it is in
agreement with the results of Urban et al.'3* They claimed that
a higher IP of H,O hindered the charge-transfer bonding
mechanism in these complexes, and in terms of binding energies,
there is less similarity between M,—OH, and M,—S(Se)H,
complexes.

3.3. Atoms-In-Molecules Analysis. In Bader’s topological
QTAIM analysis,” the nature of a bonding interaction is
analyzed in terms of properties of the electron density and its
derivatives. The Laplacian of p(r) is related to the bond
interaction energy by a local expression of the virial theorem.?
A positive value of [1?o(r) at the bond critical point (BCP) shows
a depletion of electronic charge along the bond. This is the case
in a closed-shell electrostatic interaction. A negative value of
(0?p(r), on the other hand, indicates that electronic charge is

TABLE 3: Bond Critical Point Data (in au) from QTAIM
Analysis

complex BCP o [P G V(r) H(r)

Auy(d)—OH, Au—O 0.0548 0.2506 0.0651 —0.0675 —0.0024
Auy(d)—SH, Au—S 0.0853 0.1846 0.0703 —0.0945 —0.0241
Auy(d)—SeH, Au—Se 0.0795 0.1363 0.0581 —0.0821 —0.0240
Auy(i)—OH, Au—O 0.0577 0.2679 0.0702 —0.0734 —0.0032
Auy(i)—SH, Au—S 0.0845 0.1803 0.0689 —0.0928 —0.0239
Auy(i)—SeH, Au—Se 0.0789 0.1323 0.0569 —0.0807 —0.0238
Auz(b)—OH, Au—O 0.0525 0.2394 0.0618 —0.0638 —0.0020
Auz(b)—SH, Au—S 0.0787 0.1744 0.0643 —0.0850 —0.0207
Auz(b)—SeH, Au—Se 0.0742 0.1312 0.0539 —0.0750 —0.0211
Auz(t)—OH, Au—O 0.0561 0.2635 0.0685 —0.0711 —0.0026
Auz(t)—SH, Au—S 0.0863 0.1896 0.0720 —0.0966 —0.0246
Auz(t)—SeH, Au—Se 0.0804 0.1374 0.0589 —0.0834  0.0245
Agy(t)—OH, Ag—O 0.0406 0.1925 0.0482 —0.0483 —0.0001
Agy(t)—SH, Ag—S 0.0522 0.1336 0.0429 —0.0525 —0.0095
Agi(t)—SeH, Ag—Se 0.0522 0.1143 0.0396 —0.0506 —0.0110
Cu3(t)—OH, Cu—O 0.0627 0.3450 0.0948 —0.1033 —0.0085
Cu3()—SH, Cu—S 0.0746 0.1986 0.0724 —0.0951 —0.0227
Cuz(t)—SeH, Cu—Se 0.0682 0.1530 0.0589 —0.0796 —0.0207

concentrated in the internuclear region. This is the case in an
electron-sharing (or covalent) interaction.?> A positive value of
[2p(r) at various BCPs of M—E bonds, in Table 3, indicates
that these interactions are electrostatic in nature. The values of
[?p(r) for M—O bonds are about 30.0 and 47.0% more positive
than the same value for M—S and M—Se bonds, respectively.

The electronic energy density H(r) at a BCP is defined as
H(r) = G(r) + V(r), where G(r) and V(r)correspond to the
kinetic and potential energy densities at the BCPs, respectively.*!
The sign of H(r) determines whether the accumulation of charge
at a given point r is stabilizing (H(r) < 0) or destabilizing (H(r)
> 0). The calculated values of H(r) reported in Table 3 were
found to be negative, which implies a stabilizing effect due to
the amassing charge in the bonded region and the presence of
a covalent bond. In Table 3, the calculated H(r)’s are negative
for all M—E bonds. These values are more negative those for
the M—S and M—Se bonds, the H(r)’s for these bonds are
85.0% more negative than the H(r) for M—O bonds, indicating
an increase in covalent character of M—S(Se) bonds compared
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TABLE 4: Calculated NPA Charges of the Optimized
Structures of M,,—EH, Complexes

complex qe am Agyie® Agerusier”
Au;(t)—OH, —0.926 0.258 1.184 —0.062
Aus(t)—SH; —0.153 0.218 0.371 —0.166
Aus(t)—SeH, 0.020 0.189 0.209 —0.206
Ags(t)—OH» —0.941 0.264 1.205 —0.032
Ags(t)—SH» 0.225 0.224 0.449 —0.091
Ags(t)—SeH» —0.116 0.210 0.326 —0.109
Cus(t)—OH, —0.952 0.320 1.272 —0.040
Cus(t)—SH» —0.229 0.265 0.494 —0.080
Cus(t)—SeH, —0.118 0.247 0.365 —0.090

EA‘IME = {M(compl 1) hchlusler = QM"(Complexed)

— gwm,(isolated).

1) — 4E(compl

to M—O bonds. The H(r)’s for Ag—E bonds have the lowest
values, when compared to Au—E and Cu—E bonds. It is about
75.0% less than for Au(Cu)—E bonds, and it is in agreement
with having the lowest binding energy. (In Table 3, we showed
the result of M3(t)—EH, complexes.)

Therefore, from the positive values of (?o(r) and negative
values of H(r), it can be concluded that M—E bonds must be
considered as partially covalent and partially ionic.*? It should
be noticed that the values of p(r),[1>p(r), and H(r) for the same
bonds in different complexes are almost identical.

3.4. Natural Bond Orbital Analysis. 3.4.1. Natural Popu-
lation Analysis (NPA). NPA was calculated by NBO population
analysis. The atomic population of each atom was calculated
as the sum of the occupation numbers of all of the natural atomic
orbitals (NAOs) corresponding to that atom. In Table 4, charge
distributions of the active sites in the complexes are shown. In
all of the complexes, interacting metal atoms have a positive
charge, and E atoms all have a negative charge. The difference
between charges of M and E atoms, Agwme, (AgME = gM(complexed)
— gX(complexed)) for M—O bonds is about 70.0% more than that
for M—S(Se) bonds. (This result has been demonstrated by
means of QTAIM analysis in section 3.3)

It is evident that the differences of charges in the coinage
metal clusters, Agciuseer (Agciusier = gm,(complexed) — g, (is0-
lated)), are negative, implying that the coinage cluster oxidizes
the H,E molecules. The Agcuseer Values for gold clusters are
about 47.0% more than those for silver and copper ones;
therefore, the tendency of gold clusters to oxidize the ligand is
more than that for other coinage metals.

3.4.2. Bond Orders and the Polarity of the Bond. Several
methods may be used within the NBO formalism to evaluate
bond orders.?>*? The qualitative behavior of bond orders upon
delocalization can be rationalized in terms of resonance
structures. Resonance weights derived from natural resonance
theory (NRT) are used to calculate natural bond order and other
atomic and bond indices reflecting the resonance composition
of the wave function. The formal bond order between atoms A
and B is defined as

- ()
b= z Webap
o

where b® is the (integer) number of bonds in the idealized
Lewis-type structural formula for resonance structure o and wq
is the effective weight of this resonance structure.

A characteristic feature of the NRT treatment is the descrip-
tion of bond polarity by a bond “ionicity index” (resonance-
averaged NBO polarizationratio), whichreplaces the “covalent—ionic
resonance” of Pauling—Wheland theory and explicity exhibits
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the complementary relationship of covalency and electrovalency
that underlies empirical assignments of atomic valency.

Fractional ionic character (ionicity index) iag can be defined
as the resonance-weighted average

()
z L ON:
08

A=
bap
where % is the corresponding fractional ionic character in
resonance structure o, defined from the NBO polarization
coefficient. In terms of the fractional ionic character, one can
formally partition the total bond order H%3 into its “electrovalent”
(ionic) and “covalent” contributions, ¢y and c%8, respectively:
N) — 3 (N) -
€xs = Dapiap

— 7, .
D=0 —iyg)
N) — (N) (N)
bag=exp T Cap

Table 5 shows the results of the natural bond orders for M—E
bonds (byE). For these bonds, by values have the order of M
= Au > Cu > Ag, which agrees with the previous results for
M—E binding energies and bond lengths. This table also shows
polar covalency and electrovalency of the M—E bonds for
Mj;(t)—EH; complexes. Clearly, the Au—S and Au—Se bonds
have highest percent of covalency, 27.09 and 31.55%, respec-
tively. Conversely, the M—O bonds have the highest percent
of electrovalency and the highest values of charge difference
of M and O atoms (Agmg)-

3.4.3. Charge-Transfer Analysis. A useful aspect of the NBO
method is that it provides information about the interactions in
both filled and virtual orbital spaces that facilitates the analysis
of intra- and intermolecular interactions.

A second-order perturbation theory analysis of the Fock
matrix was carried out to evaluate the donor—acceptor interac-
tion in the NBO basis. The interactions result in a loss of
occupancy from the localized NBOs of the idealized Lewis
structure into the empty non-Lewis orbitals. For each donor
NBO (i) and acceptor (j), the stabilization energy E(2), associ-
ated with the delocalization i — j is estimated by
EQ2)=AE;=AEc;=—2 Eﬂ“i'fgﬁ

J i

where ¢; and ¢; are NBO orbital energies, and F is the Fock
operator.

The quantities of transferred charge from a given donor orbital
to a given acceptor orbital may be estimated again using the
perturbation theory arguments, leading to the following ap-

proximate formula:
_ @A’
dcr = g— &

As we discussed in section 3.2.3 for M,-EH, complexes,
charge transfer from the lone pair of E atoms to the coinage
metal atom can be responsible for interaction effects. In Table
6, AEct and gcer for the M—E bonds in Mj3(t)—EH, and
My(d)—EH; complexes are listed. For the same metal, the
amounts of AEcr and gcr have the order of HySe > H,S >
H,O. In these cases, charge is transferred from the lone pair of
chalcogen atoms to the o* and n* orbitals of coinage metal
atoms.

By comparing AEct and gcr for Aus(t)—EH, complexes, we
found that these values for Aus(t)—S(Se)H, complexes are about
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TABLE 5: Summary of Natural Bond Order and Covalent and Ionic Electrovalent Contributions of the Optimized Structures

of M,,—EH, Complexes

complex bue(NRT) NRT bond order” % covalent % 1ionic

Aus(t)—OH, 0.021 a 0.0155t = 0.0006¢ + 0.01491 3.66 96.34
B 0.0058t = 0.0002¢ + 0.00561

Aus(t)—SH, 0.332 o 0.1073t = 0.0277¢ + 0.07961 27.09 72.91
p 0.2243t = 0.0636¢ + 0.16071

Aus(t)—SeH, 0.365 o 0.1424t = 0.0422¢ + 0.1002i1 31.55 68.45
B 0.2226t = 0.0745¢ + 0.14811

Ags(t)—OH» 0.004 o 0.0007t = 0.0000c¢ + 0.00071 1.52 98.48
B 0.0033t = 0.0001¢ + 0.0032i

Ags(t)—SH» 0.007 o 0.0066t = 0.0003¢ + 0.00631 2.27 97.73
B 0.0005t = 0.0000c + 0.0005i

Ags(t)—SeH» 0.013 o 0.0102t = 0.0006¢ + 0.00971 4.18 95.82
p 0.0029t = 0.0001¢ + 0.0028i1

Cus(t)—OH, 0.006 o 0.0035t = 0.0001¢ + 0.00341 1.43 98.57
p 0.0025t = 0.0000c + 0.0025i

Cus(t)—SH, 0.027 o 0.0162t = 0.0006¢ + 0.01561 5.17 94.83
B 0.0105t = 0.0008¢ + 0.0098i1

Cus(t)—SeH, 0.020 a 0.0079t = 0.0004¢ + 0.00751 6.77 93.23
B 0.0118t = 0.0010c + 0.0108i

@ by = M—E natural bond order. ” Total (t) NRT bond order is the sum of covalent (¢) plus ionic (i) bond order.

TABLE 6: Result of Second-Order Perturbation Theory
Analysis of the Fock Matrix within the NBO Basis for Some
Selected Complexes

complex charge transfer AEct® gcr
Auz(t)—OH, Nos — Oaul—aus(Q) 11.99 0.033
nos — Nau(B) 11.46 0.038

Aus(H)—SH, Nss — Naui(Q) 45.00 0.247
nss — nau(B) 4252 0.226

Aus(t)—SeH, Nses — Nau1 (00 52.98 0.352
Nses = Naui(B) 49.88 0.318

Ags(1)-SH, Nss — Oagi-ag3(0) 13.77 0.053
Ny = Nagi(B) 15.40 0.074

CU3(t)_SH2 Ngg4 — O'éul—Cuz((X) 11.10 0.032
Nss — Ocul—cu3() 11.16 0.032

nss — ncu(B) 25.05 0.108

Auy(d)—OH, Nos — Naw 23.54 0.087
Auy(d)—SH, Nss — CAui—Aud 57.64 0.248
Au4(d)—SeH2 Nges — O'j;ug—AM 6378 0.308
Ags(d)—SH, Nss = Oagi—agd 24.30 0.097
Cuy(d)—SH, Nss — OCui—Cud 35.86 0.124

@ AEcr in kcal mol™!.

75.0 and 86.0% more than those for the Ausz(t)—OH, complex,
respectively. Consequently, it can be understood in terms of
the higher ionization potential of H,O compared to that of H,S
and H,Se. On the other hand, the values of AEct and gcr for
the same chalcogen dihydride have the order of Au > Cu >
Ag. For example, in the Aug(d)—SH, complex, AEcr is about
57.0 and 38.0% more than that in the Ags(d)—SH, and
Cuy(d)—SH; complexes, respectively. These values confirmed
the lower binding energy of silver compared to that for other
coinage metals.

4. Conclusion

Interaction of small neutral coinage metal clusters (M3 and
Ma; M = Cu, Ag, Au) with chalcogen dihydrides (H,E; E =
O, S, Se) have been investigated to realize the bonding
mechanism in the coinage metal—molecule junctions, which
would allow development of a new molecular device.

Geometrical structure, binding energy, and vibrational fre-
quencies of M,,—EH, complexes have been calculated using the
DFT-B3LYP method. Geometrical data identify that the struc-
ture of the molecules did not change significantly before and
after interactions.

Interaction energies in these complexes are related to the
ionization potential of the lone pair orbital of HoE (IPgyo >
IPos > IPuose) and relativistic increase of the EA of the coinage
metal. Binding energy calculation indicates that the interactions
of the silver cluster are significantly lower than those of the
copper and gold clusters. On the other hand, interaction of the
copper with H,O is more than gold; although for the H,S(Se)
molecules, the binding energy of gold is higher than copper,
but not extensively. Therefore, gold can be substituted by copper
in some cases. The tendency of chalcogen dihydrides to interact
with the coinage metals has the order of H>Se > H,S > H»O.
Accordingly, we can conclude that in M,—EH, complexes,
Au—Se is the strongest bond with a binding energy in the range
of —17 to —23 kcal mol™L.

QTAIM analysis has been performed to extract the bond
critical point properties. It is shown that (?p(r) and H(r) for
M—E bonds are positive and negative, respectively, revealing
that these bonds are partially ionic and partially covalent.

NPA obtains the difference of charge (Agymg) for M—E bonds;
these values for M—O bonds are about 70.0% more than those
for M—S(Se).

Natural bond order has been calculated, and the bond orders
for M—E bonds have the ordering bau—g > bcu—t > bag—g. NRT
results show the electrovalent and covalent contributions to the
bond order. From these results, Au—S and Au—Se bonds have
the highest percent of covalency, 27.09 and 31.55%, respectively.

Second-order perturbation analysis has been applied to show
the effect of charge transfer in the formation of these complexes.
In these bonds, lone pair electrons of oxygen, sulfur, and
selenium are partially transferred to the antibonding orbitals of
the metal. AEcr has been determined, and obviously, they
confirmed the trend of binding energies.
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