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Metallophilic interaction is a unique type of weak intermolecular interaction, where the
electronic configuration of two metal atoms is closed shell. Despite its significance in mul-
tidisciplinary fields, the nature of metallophilic interaction is still not well understood. In
this work, we investigated the electronic structures and bonding characteristic of bimetal-
lic Aus@Cug nanocluster through density functional theory method, which was reported in
experiments recently [Angew. Chem. Int. Ed. 55, 3611 (2016)]. In general thinking, inter-
action between two moieties of (CuSH)g ring and (AusPHjz)s in the Aus@Cug nanocluster
can be viewed as a d'%-¢ closed-shell interaction. However, chemical bonding analysis shows
that there is a ten center-two electron (10c-2e) multicenter bonding between two moieties.
Further comparative studies on other bimetallic nanocluster Ma@Cug (M=Ag, Cu, Zn, Cd,
Hg) also revealed that multicenter bonding is the origin of electronic stability of the com-
plexes besides the d'%-o closed-shell interaction. This will provide valuable insights into the
understanding of closed-shell interactions.
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I. INTRODUCTION

Weak intermolecular interactions such as hydrogen
bond, halogen bond, and van der Waals forces are preva-
lent in nature and play a crucial role in multidisciplinary
field including physics, chemistry, biology and material
science [2-5]. Among these, metallophilic interaction
is a unique type coined to describe the attractive in-
teraction between metal atoms with closed-shell elec-
tronic configuration [6-11], such as two gold atoms in
the +1 oxidation state Au(I), i.e. 5d0-5d'0 [12-14]. Tt
was shown that the equilibrium distances between the
atoms of metallophilic interaction are in the range of
2.50-3.50 A [15] and the interaction energy can be up
to 12 kcal/mol, much weaker than covalent bonds but
stronger than van der Waals bonds, even be compa-
rable with strong hydrogen bonds [16]. The signifi-
cance of metallophilic interactions in the stabilization
of three-dimensional structure of new materials, molec-
ular recognition phenomenon, crystal packing, stereos-
electivity and supramolecular chemistry has been well
documented [17].
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Recently, the existence of dative bonding between
closed-shell atoms (BeF~) has been reported [18-20].
For aurophilic interaction, no one has tried to explain it
from a perspective of chemical bonding due to its closed-
shell property. Lately, there is an upsurge of interest
for the description of the chemical bond through mul-
ticenter bonding method. As a special covalent bond,
multicenter bonding has been a popular chemistry lan-
guage to unravel the unique electronic structure and
physical/chemical property of various compounds. For
example, multicenter bond method has been recently
used as a new measurement of superatom-superatom
bonding [21]. Despite that aurophilic interaction can-
not be validated by a conventional localized chemical
bond, it is possible to be rationalized from delocalized
bond.

Recently, Zhu group synthetized an interesting
bimetallic Auz@Cug nanocluster [1]. This cluster has a
hexagonal (CuSR)g framework aggregated by two gold
atoms, and the two gold atoms are further capped by
two ligands L such as PR3. In this compound, the
(CuSR)g ring is a stable moiety with 3d'° closed-shell
configuration on Cu atom, whereas the Aus@Ls is an-
other stable moiety with o orbital between the two Au
atoms. When the Aus@Ls is inserted into Cug ring,
two moieties are bound together with d'%-¢ closed-shell
interaction. We investigated the electronic structures
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and chemical bonding by first principle calculations in
Au,@Cug nanoclusters to decipher its bonding nature.
Furthermore, in order to make a comparative analysis,
the Au atom was substituted with other metal atoms
(M) such as silver, copper, zinc, chromium and mercury,
and the ligand (L) was substituted with other elements
such as halogen. The results show that, the ten center
two electron (10c-2e) multicenter bonding is also the
key issue for the stability of the complexes besides the
d'%-o closed-shell interaction.

Il. COMPUTATION METHOD

Geometry optimizations are performed using density
functional theory (DFT) methods with TPSS-D3 [22-
26] functional, which has been proved reliable in the
prediction of Au,,(SR), nanocluster [27-29], and rel-
ativistic effective core potential basis set (def2-tzvp)
was used for each atom [30, 31]. The binding energy
(Ey) is calculated at the same level, which is defined
as Eb:Ering+Em0n0mcr7Ecomplcxa where Ering, Emonomcr
and Ecomplex are the energies of (CuSH)g hexatomic
ring, monomer, and complex, respectively. Adaptive
natural density partitioning (AdANDP) method is cho-
sen for the chemical bonding analysis of the complexes
[32-34]. The method was developed by Zubarev and
Boldyrev, which has been successfully applied in a num-
ber of systems [35]. AdANDP is based on the concept
of the electron pair as the main element of chemical
bonding models, which recovers both Lewis bonding ele-
ments (1c-2e and 2¢-2e objects) and delocalized bonding
elements (nc-2e) [33, 36-38]. It is consistent with the
recent developed electron density of delocalized bonds
(EDDB) method [39], which is a powerful tool for deci-
phering the multicenter bonding in molecules and clus-
ters with delocalized electrons [40, 41]. The extended
transition state natural orbitals for chemical valence
(ETS-NOCYV [42]) with the ADF 2014 package [43] were
employed for analyzing the interactions in all complexes
at the TPSS-D3/TZ2P level of theory. Electron local-
ized function (ELF) method describes the features of
bonding in terms of the local kinetic energy, which is
approximately expressed as a function of electron den-
sity and its first and second derivatives [44-48]. In this
work, ELF analysis was carried on for further discussion
of their electronic structures. All calculations were car-
ried out using the Gaussian 09 package, and the molec-
ular visualization was performed using MOLEKEL 5.4
[49, 50].

I1l. RESULTS AND DISCUSSION
A. Auy@Cug structure

As mentioned above, Zhu group [21] reported
a significant fluorescence enhancement material, its
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FIG. 1 Optimized structures of (a) hexagonal (CuSH)g
moiety and (b) (AuPHs)2(CuSH)s complexes at the
TPSSTPSS-D3/def2-TZVP level. The bond lengths are la-
beled in A. Emp, gives the HOMO-LUMO gaps. For color
image, see the online version.

crystal structure was successfully determined as
(AuPPhyPy)2(CuSCygHy5)6 by X-ray crystallography
recently. This nanocluster has a Auy@Cug metal core
with hexagonal (CuSR)g framework aggregated by two
gold atoms. To simply the calculation, here we use
(CuSH)g to substitute (CuSR)¢ and PHjz to PPhyPy.
Previous calculations showed that such substitutions
do not significantly affect electronic structures of the
compound. FIG. 1 shows the optimized structures
of (AuPHj3)2@Q(CuSH)g cluster calculated at TPSS-
D3/def2-tzvp level. The calculated Au-Au (2.619 A)
and Cu-S (2.272 A) bond lengths are very close to the
experimental values (2.583 A and 2.213 A). The dis-
tance between the Au in the monomer and Cu in the
ring is 2.907 A (experiment 3.051 A), much shorter than
the sum of van der Waals radius. The calculated bind-
ing energy of complex Auy@QCug is —113.82 kcal/mol,
much higher than the value of general closed-shell in-
teractions. To investigate the interaction in Aus@Cug
cluster more clearly, the structures of monomers Aus,
(AuPHj;)s and hexagonal (CuSH)g ring were also cal-
culated. Both monomers and complexes have no imagi-
nary frequency with fairly large HOMO-LUMO gaps
between 1.88 and 3.19 eV, indicating certain stabil-
ity. Clearly, the Au—Au bond and S—Cu bonds are
slightly elongated in the complex compared to that in
the monomer (as labeled in FIG. 1). These small ge-
ometric changes indicated that there were closed-shell
interactions in the complex when the monomer inserted
hexagonal ring.

B. Chemical bonding analysis

The interaction between Auy and Cug ring is rather
strong, and there should exist other interactions besides
the closed-shell interaction. To gain direct insights into
the interaction between monomer and Cug ring frame-
work, we applied AANDP method to obtain patterns of
chemical bonding. FIG. 2 shows a full AANDP analy-
sis on the monomer and complex. It can be seen that
there are five 5d!° lone pairs (LPs) on each Au atom
with ON=1.94-2.00 |e| (only shown in one Au atom),
ON means the occupancy number of electrons, six 2c-
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FIG. 2 AANDP chemical bonding analysis for (a) (AuPHs)2
monomer and (b) (AuPHg3)2@(AuSH)s complex. For color
image, see the online version.

2¢ localized P-H bonds with ON=2.00 [e|, two 2c-2e
localized Au-P bonds with ON=2.00 |e|, and one 2c-2e
localized Au—Au bond with ON=1.99 |e| (FIG. 2(a)) for
(AuPHj3)2 monomer. In addition, AANDP analysis re-
veals that the Au-Au bond can be considered as 4c-2e
delocalized multicenter bond in the (AuPHj3)s monomer
with ON=2.00 |e|.

For the complex Aus@Cug, AANDP analysis shows
that there are thirty lone pairs on six Cu atom with
ON=1.94-1.98 |e|, ten LPs on two Au atoms with
ON=1.94-2.00 le|, and six LPs on the six S atoms
with ON=1.99 le|, six 2c-2e localized S-H bonds with
ON=1.99 |e| and twelve 2c-2e localized Cu-S bonds
with ON=1.95 |e|, six 2c-2e localized P-H bonds, and
two 2c-2e localized Au-P bonds (FIG. 2(b)). All above
AdNDP analysis is consistent with the assignment of
valence electrons of Auy@Cug. However, ON value is
only 1.33 |e| if it was regarded as a localized 2c¢-2e bond
for the Au—Au bond. Such a low ON value is obviously
unreasonable for a chemical bond. So we analyzed the
Au—Au bond in the complex by considering it as 4c-2e
(AuyPs), 8c-2e (Auy@Cug) or 10c-2e (AuyP3Cug) mul-
ticenter bonding, and their corresponding ON are 1.47
le], 1.86 |e|, and 1.98 |e|, respectively. Therefore, the
10c-2e multicenter bond is a more reasonable way of
bonding between the monomer and (CuSH)g ring since
its ON is close to the ideal 2.00 |e|. The electronic con-
tributions for Au, P, and Cu atoms in the delocalized
10c-2e bond are 67.2%, 7.0%, and 26.0%, respectively.
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FIG. 3 AANDP chemical bonding analysis for the multicen-
ter bond (10c-2e) of M2@Cug. Cuz:(CuNHsz)2@(CuSH)g,
Ags:(AgPH3)2@(CuSH)s, Zn2:(ZnCl)2@(CuSH)g), Cda:
(CdCl1)2.@(CuSH)s), Hg2:(CdCl)2@(CuSH)g). Ei, gives the
binding energy. For color image, see the online version.

Apart from Auy,@Cug, other bimetal -clusters
M,@Cug were also investigated, in which the Au atom
was substituted with the same group Ag and Cu atoms
or main group metal Zn, Cd, and Hg atoms, and the
ligands PHj3 are substituted with NH3 or Cly. The cal-
culated results show that these substituted nanoclus-
ters are also stable. Therefore, the bimetal clusters
with Ma@Cug core may commonly exist. The calcu-
lated binding framework and bonding pattern of other
M5@Cug nanoclusters are similar to Aus@Cug. The
detailed AANDP analyses are listed in supplementary
materials. Here, we only show their bonding pictures
of 10c-2e multicenter bond, as shown in FIG. 3. It is
clear that all the ON values of 10c-2e delocalized bond
are close to 2.00 |e|, indicating that there is a 10c-2e
multicenter bond in each My@Cug nanocluster.

To reveal the nature of 10c-2e multicenter bond in
each complexes, the percentages of electrons located on
M, L and Cu atom were calculated. The value in red
is from two M atoms in monomer (M=Cu, Ag, Zn, Cd,
Hg), and the value in green is from two P, N, or Cl
atoms in ligands, and the value in blue is from six Cu
atoms in the Cug ring. For example, the percentage of
electron on two Ag atoms is 63.7% in Ago@Cug com-
plex, and the percentage of electron on two P atoms of
ligand and six Cu atoms of ring are 2.9% and 30.7%,
respectively. This indicates that the electron is delocal-
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ized away from o as ag, and partly enters orbitals of Cu
atoms in hexagonal ring and partly enter into o, p or-
bital, forming 10c-2e multicenter bonding in Ago@Cug.
For M=Au, Ag, and Cu, the percentage of electron on
six Cu atoms is larger than that for group 12 metals
(Zn, Cd, Hg), and so the percentage of electron on two
M atoms changes in reverse trend. For M=Au, Ag, and
Cu, the percentage in M (63.7%—67.2%) is obvious lower
than that for M=Zn, Cd, Hg (77.3%—78%). This indi-
cates that delocalization of the o)\ bond is greater for
M=Au, Ag, and Cu. Thus, there is a stronger 10c-2e
multicenter bond in complex of group 11 metals, consis-
tent with the sequence of the calculated binding energy
for Mo@Cug. This can be attributed to the fact that
the electrons are easier to be delocalized when the metal
is more active. It should be mentioned that there is
an anomaly that the electron located on six Cu atoms
is larger in Hgo@Cug (16.4%) than that in Cdy@Cug
(13.3%). This can be explained by the fact that the
Hg atom is too large, and actually its binding energy
is the smallest in all complexes. From above, it can
be seen that the nature of 10c-2e multicenter bond in
M,@Cugq is a consequence of electron transfer between
om-mM bond and the orbital of Cu atom. The M5@Cug
clusters are bound together with two stable moieties
through multicenter bonds. Cu atom in the Cug ring
is between sp and sp?, and the nature of the multicen-
ter bond is the delocalization of oy electron over the
empty sp-sp? orbitals.

C. X50Cug structure

To expand the bimetal nanocluster Ms@Cug to the
case of nonmetal atoms, we constructed a series of com-
plexes X5QCug (X=F, Cl, Br, I). As expected, the
designed complexes are real local minimum structures
without imaginary frequency except for Fo@Cug. To
study the relative stability of X;@Cug complexes, we
scanned their binding energy versus the vertical dis-
tance between bottom of monomer (X3) and center of
hexagonal ring, along with the variation trend of the
binding energy of Zn,@Cug as a contrast (as shown in
FIG. 4). There is a deep well with negative binding en-
ergy for Zny,@Cug, indicating high stability (FIG. 4(a)).
The binding energy of X;@Cug cluster (X=F, Cl, Br,
I) is smaller than Mo@Cug. However, it still has a min-
imum except for Fo monomer, indicating that Xo@Cug
(X=Cl, Br, I) can also be stable, especially for the case
of X=I, which has the lowest value among all the halo-
gen atoms. This is due to the fact that I-I bond is easier
to be polarized and the interaction between X5 and Cug
ring becomes stronger, leading to a stronger multicenter
bond between two moieties. As for the Fo monomer, F
atom is unwilling to share its electrons with other atoms
due to large electronegativity. There is little electron
transfer from op_p orbital to Cug ring, leading to insta-
bility with an imaginary frequency.
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Binding energy (kcal/mol)

FIG. 4 The variation trend of binding energies with the ver-
tical distance between two units in (a) (ZnCl)2@(CuSH)g;
and (b) X»,@(CuSH)s (X=F, Cl, Br, I). R is distance be-
tween the center of monomer and the center of the hexagonal
ring. For color image, see the online version.
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FIG. 5 ELF contour for (ML),@(CuSH)s complexes
(M=Cu, Ag, and Au). The color scale for the values is
given on the right of the figure. For color image, see the
online version.

D. ELF analysis

ELF results provide electronic density distribution in
the cross section of the complexes in color and shape
and further insights into molecular interaction can be
obtained. From the result of ELF analysis, the de-
localization of electrons is clearly resolved. FIG. 5
presents ELF analysis of Cuy@Cug, Zn,@QCug, Fo@Cug
and I;@Cug complexes. For ELF cut plane, the relative
value is within the range of (0,1), in which the highest
value of 1.0 with red color represents the full delocal-
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TABLE I Energy decomposition analysis results (in kJ/mol) between the hexagonal ring Cus and the monomer in the

M2@Cug complexes (M=Cu, Ag, Au, Zn, Cd, Hg).

Complex A FEing AFEpaul APFEelstat AFEg, AFEgisp

(CuNHs)»@(CuSH)g 12369 389.96 "348.89 (68%) 144.89 (28%) 19.86 (4%)
(AgPH3)2@(CuSH)s 11972 376.24 -325.96 (66%) 132.39 (27%) 37.61 (8%)
(AgNH3)2@(CuSH)s 116.36 384.87 33755 (67%) 129.79 (26%) -33.90 (7%)
(AgCO)>@(CuSH)s 110.44 362.52 -308.79 (65%) 13063 (28%) -33.53 (7%)
(AuPHs)2@(CuSH)g 117.31 344.81 202.45 (63%) 125.82 (27%) 43.85 (9%)
(ZuF),@(CuSH), 49,49 219.13 149,50 (56%) 104.39 (39%) 1472 (5%)
(ZnC1)2@(CuSH)g -59.00 926.59 ~155.43 (54%) 110.62 (39%) 19.54 (7%)
(ZnBr)»@(CuSH)g 64.37 230.00 ~158.42 (54%) 114.45 (39%) 2150 (7%)
(Znl)2@(CuSH)q 70.22 235.34 163.28 (53%) 11892 (39%) -23.37 (8%)
(ZnSiHs)2@(CuSH)s 79.49 239.00 175.52 (55%) ~120.08 (36%) 22.89 (7%)
(CAC1)»@(CuSH)g 48.26 227.14 156.79 (57%) -99.62 (38%) 19.00 (7%)
(HgCl)2@(CuSH)g 41.60 203.27 140.16 (57%) -82.43 (34%) 2228 (9%)

* The data obtained at the TPSS-D3/TZ2P level of theory.

ization of electron and strong interaction, whereas the
smallest value of 0.0 with blue color represents the no
delocalization of electron and weak interaction. It can
be seen that the electron delocalization of the complexes
follows the order of ooy cu>07n zn>011>0F F. The
electron delocalization of ocy_cu bond is the most ob-
vious, and almost no delocalization of or g bond can
be observed. Therefore, the interaction between ocy-cu
monomer and Cug ring is the strongest, while there is
no obvious covalent interaction between or_r and Cug
ring. The ELF results are consistent with the results of
binding energy and chemical bonding analysis.

E. Energy decomposition analysis (EDA)

To get a closer insight into the nature of the interac-
tion between the fragments in the studied complexes,
ETS-NOCV [42] has been carried out at the TPSS-
D3/TZ2P level of theory. The interaction energy be-
tween the fragments (AFEi,;) in ETS-NOCV is divided
into four physically meaningful components: Pauli re-
pulsion (AFEpau;), electrostatic (AEestat), and orbital
(AEsm), when a dispersion-corrected functional is em-
ployed, dispersion (A Eg;isp) is also included. In such a
scheme, the interaction energy (AEi,) is decomposed
according to the following equation into the above-
mentioned components:

Algint = Alz‘orb + AEf‘l:’auli + AE‘elstat + AE/‘disp

The results of the energy decomposition analysis be-
tween the hexagonal Cug ring and the monomer in the
M,@Cug complexes are listed in Table I, and those be-
tween the Xy (X=F, Cl, Br, I) and Cug fragment are
presented in Table S1 (supplementary materials). It
can be seen that, the values of the calculated AFE;,; for
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the series of Mo@Cug (M=Cu, Ag, Au, Zn, Cr, Hg)
complexes decrease from copper to mercury, and the
Cuy,@Cug complex has the greatest interaction energy.
This tendency is consistent with the results of former
AdNDP and ELF analyses, which have shown that the
degree of delocalization is the highest for ooy cu and
the lowest for ong Hg.

The contributions of the attractive terms in EDA for
each complex are also listed in Table I. The contribution
of electrostatic interactions in all complexes is greater
than orbital interactions. On the other hand, as ex-
pected, the contribution of dispersion forces in all com-
plexes is little (4%—9%).

F. Deformation density analysis

The analysis of deformation density plots provides
detailed information on the local or remote orbitals do-
nating and accepting electron density. The deforma-
tion density maps for Cus@QCug, Zn,@Cug, I,@QCug,
and F2@QCug are given in FIG. 6, which show clearly
that the interaction between M, and Cug ring arises
from charge transformation, primarily from the oM
to Cug ring. It can be seen that the charge
transformation of the complexes follows the order of
Cus@Cug>Zn,@QCug>1,QCug>F>@QCug, which is con-
sistent with the results of ELF and chemical bonding
analysis. Those for the other studied complexes are
given in supplementary materials.

G. Ligand effect

As concluded above, the nature of the multicen-
ter bond is the delocalization of oy M, i.e., elec-
tron transformation from oy to Cug ring. There-
fore, the electron donating ability of ligands will af-

(©2020 Chinese Physical Society



332 Chin. J. Chem. Phys., Vol. 33, No. 3

(ZnCl),@(CuSH),
1,

F,@(CuSH), L,@(CuSH),

FIG. 6 Contours of deformation densities (A7=0.001) indi-
cate the flow of electrons, from red to blue, involved in the
Cug—monomer interactions. For color image, see the online
version.

fect the strength of multicenter bonds along with the
stability of compounds. If the ligands pull electrons,
the multicenter bond will be weakened, whereas the
ligands give electrons and the multicenter bond will
be strengthened. To investigate this issue, we con-
structed a series of complexes with different kind of lig-
ands, i.e. (AgL),@Q(CuSH)g (L=PH3, NH3, CO) and
(ZnX),@(CuSH)¢ (X=F, Cl, Br, I, SiH;). FIG.7
presents the changes of their binding energy with dif-
ferent ligands L (the deformation density maps are
also labeled). It can be seen that the binding en-
ergy of the complexes increases in the following or-
der: PH3>NH3>CO and SiH3>I>Br>CI>F, consis-
tent with the electron donating ability of the ligand.
The binding energy is also consistent with the defor-
mation densities. As can be seen from the deformation
density maps, the amount of electron outflow is higher
with greater electronegativity of the ligands (PH3 and
SiH3), resulting in stronger binding energy. It should
be noted that, the electron donating ability of the o
orbital of CO is very strong, but the overall electron
donation is not too high due to the d—m back dona-
tion. Therefore, the ligand plays an important role in
the interaction between the monomer and the Cug ring.
The stronger the electron donating ability of the ligand
is, the stronger the interaction will be. This is the rea-
son that the strong electron donating ability of the lig-
ands is favorable for the formation of delocalized 10c-2e
multicenter bonding in My@Cug nanoclusters.
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FIG. 7 The variation of binding energies with the differ-
ent ligands in two systems: (a) (AgL).@(CuSH)s (L=PHs,
NHj;, CO), (b) (ZnX)2.@(CuSH)s (X=F, Cl, Br, I, SiH3)
systems. Labeled are contours of deformation densities. For
color image, see the online version.

IV. CONCLUSION

Based on the experimental Au,@Cug compound
model, a series of Mo@Cug complexes are designed and
investigated by DFT methods. The geometrical struc-
tures of Ma@Cug can be seen as a hexagonal (CuSH)g
framework aggregated by one monomer at the center
of outer-loop. From geometries, both Ms and Cug ring
are stable pieces with closed-shell electronic, and the
interaction between them seems to be d'°-o closed-
shell interaction. However, chemical bonding analyses
from AANDP and ELF methods reveal that the 10c-2e
multicenter bonding is responsible for the stability of
M;@Cug clusters. Energy scan shows that the curve
has a minimum around the equilibrium distance, indi-
cating that the structures were stable. Compared with
the binding energy curves of different substitutes, it is
found that the electron donating ability plays an impor-
tant role in the stability of complexes. The nature of
the interaction between different types of fragments in
the My@Cug complexes is also investigated with EDA-
NOCYV. The calculations show that the contribution of
electrostatic interactions decreases from copper to mer-
cury. The nature for closed-shell interaction is still not
so clear, and the reasons may be different in various

(©2020 Chinese Physical Society
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systems. This work presents a new view on the d'°-¢
closed-shell interaction in Ms@Cug clusters, where mul-
ticenter bonding is the key issue for the stability of the
complexes.

Supplementary materials: The detailed AANDP
analyses of all the bimetallic complexes are shown.
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