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ABSTRACT: The nature of closed-shell Au".--Au' attraction is still a conundrum
in theoretical chemistry. However, for Au,F, with a zigzag conformation, the
d'°—d' closed-shell interaction between the AuF monomers is demonstrated as
a coordinate covalent bond. Chemical bonding analysis reveals that the strong
Au'--Au' attraction is caused by the participation of the extraordinary active 5d
orbital of Au. Based on our study, one of the Sd orbitals of the Au atom is
activated to hybridize with its 6s and 6p orbitals to form hybridized dsp” orbitals,
where each Au atom is both an electron donor (Lewis base) and acceptor (Lewis
Acid) in dimerization. Actually, the closed-shell Au'---Au' interaction in the
zigzag conformation of Au,X, (X = F, Cl, Br, I, or NH,) is covalent. Our results
provide a rather simple but clear-cut example, where mysterious Au'--Au'

attractions can be possibly explained by the covalent bond theory.

B INTRODUCTION

Gold halides always display special chemical properties
compared with other lighter coinage metal halides,' ® where
the strong relativistic effects of an Au atom expand the inner 5d
orbital and decrease the size of the 6s orbital. Many previous
studies demonstrate that the bonding characters of Au—X
bonds (X = F~I) are both ionic and covalent, in which the
covalent contribution is increased for Au—X interactions down
the periodic table for halogens.””'* However, the polymers of
coinage metal halides attract many investigations because of
their diverse polymerization patterns, such as the D,y
symmetric Au,F, (1r) formed by four equally covalent Au—F
bonds"* (Figure la). Different from Ir, the C,, symmetric
Aw,F, (1t) is stabilized by the attraction between two closed-
shell Au' species (Figure 1b), where the Au—Au bond length is
2.56 A under the theoretical level of B97D/QZVP.'* In Figure
1, we have optimized 1r and 1t under the level of zero-order-
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Figure 1. Three optimized isomers of Au,F, under the level of
ZORA-TPSS-D3/dhf-QZVPP-2c. (a) Rhombic (1r), (b) T-shaped
(1t), and (c) zigzag (1z) Au,F, structures Pink: Au; Green: F.
Symmetry has been labeled for each structure. Enclosed is the single-
point energy (in kJ/mol) under the level of DKH2-CCSD(T)/cc-
pVTZ-DK/SO based on each optimized geometry.
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regular approximation (ZORA)-TPSS-D3/dhf-QZVPP-2¢
based on previous studies.

Moreover, there are mysterious but widespread closed-shell
metal-metal (M—M) interactions, such as the strong
attractions between linearly two-coordinate gold atoms in the
+1 oxidation state (Au') in molecular gold compounds.' "¢
Au' is a closed-shell species with a 5d'° electronic
configuration, with no space for the formation of the covalent
Au'+-Au' bond. These unusual Au'+-Au' strong closed-shell
interactions attract significant attention in gold chemistry.'” >
In such systems, the observed Au"--Au’ equilibrium distances
(R) are in the range ca. 2.50—3.50 A, well below the van der
Waals distance (3.80 A), and often below the nearest-
neighbored distance in cubic close-packed gold metal (2.89
A). The interaction energy of the Au'--Au! interaction is even
up to 12 kcal/mol,"> which is much stronger than van der
Waals interactions and comparable with strong hydrogen
bonds. Similar strong closed-shell interactions are also found in
some other transition metals such as Cul, AgI, HgH, and Au'",
which is a phenomenon known as metallophilicity.zg_36

The nature of closed-shell Au":-Au' attraction has been
strongly debated ever since the pioneering theoretical study by
the Hoffmann’s group on Au'--Au' complexes.”” Based on
extended Hiickel calculations, Hoffmann et al.*® thought that
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the unusual interaction was due to the hybridization between
5d and 6s6p orbitals of gold. However, Pyykkd and Zhao
found that there is no closed-shell attraction in perpendicular
(ClAuPHj;), using the Hartree—Fork (HF) level. However, the
attraction is observed with the second-order Mpoller-Plesset
(MP2) method, suggesting that the Au'--Au' aurophilic
interactions should be originated from electron correlation
effects. Later studies revealed an R™¢ behavior at large R in the
equation for describing van der Waals interactions, directly
suggesting that this interaction was a dispersion interaction.
The coupled cluster singles and doubles with perturbative
triples [CCSD(T)] calculations demonstrated that MP2 tends
to overestimate the interaction.”> From the analysis of local
MP2 excitations for the perpendicular (CIAuPH;),, Magnko et
al.*” found that about one-half of the post-HF attractions are
originated from dispersion-type excitations, while the rest came
from ionic contributions. However, many results from the
density functional theory (DFT) methods with dispersion
correction give contrast conclusions that dispersion is not the
determining factor in aurophilicity."' Moreover, the prevalence
Au'---Au’ interactions are attributed to the relativistic enhance-
ment of the strong electron affinity of Au."*** On the basis of
Che’s results, the repulsion between two metal atoms/ions is
balanced by the dispersion and electrostatic interaction of
ligands."*

Here, we compare three isomerized dimers of AuF (Figure
1) to understand the relationship between two closed-shell Au'
species. Especially for zigzag Au,F, (Figure 1c), we
demonstrate that the nature of closed-shell Au'+-Au' attraction
is covalent. Then, we apply the viewpoint to explain the nature
of Au'--Au' attraction in a series of clusters of (AuX), (n =
2~4) and M'=M' closed-shell attractions in (MX),, where M
= Ag, Cuand X = F, C], Br, I, or NH,.

B COMPUTATIONAL METHODS

On the basis of benchmark calculations (Section 2 in the Supporting
Information) in the NWChem 7.0.1 package,” all the geometric
structures are optimized using TPSS exchange-correlation func-
tional*® with dispersion correction (D3) and dhf-QZVPP-2c""*® basis
sets with the correction of spin-orbit (SO) coupling effects.”” ZORA™
is taken into consideration for the relativistic effects of coinage metals
in optimization. Based on the optimized structures, the single-point
energy and bonding energy (E,) of Au,X, (X = F, Cl, Br, I, and NH,,
n = 2~4) from the respective monomers are calculated under the
DKHZ—CCSD(T)/cc—pVTZ-DK/SO level with the basis set super-
position error (BSSE) correction in Molpro 2020.1.%"

In order to understand the electronic configurations, the analyses
including electron localization function (ELF),*® reduced density
gradient (RDG) analysis,54 Mayer bond order (MBO),SS'56 and
Wiberg bond index (WBI) analysis’’ based on the optimized
structures are completed by TPSS-D3(BJ)/dhf-QZVPP in the
Gaussian 16 package58 and Multiwfn tools (Version 3.7).% Visual-
ization is performed using VMD 193 software.”” As for the bonding
analysis, each orbital has been confirmed by the natural bonding
orbital (NBO) analysis using the adaptive natural density partitioning
(AANDP)®' method under the level of TPSS-D3(BJ)/dhf-QZVPP.

In order to confirm the covalent nature of the closed-shell Au'---Au'
attraction, the energy decomposition analysis (EDA) is carried out
under the ZORA-TPSS-D3(BJ)/TZ2P (none frozen-core) level in
ADF 2014.01.°> The details of the methods and benchmark
calculations have been summarized in Sections 1 and 2 of the
Supporting Information.
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B RESULTS AND DISCUSSION

Three Isomers of Au,F,. We have confirmed the
structures of Au,F, based on the unbiased global search with
the combination of the genetic algorithm (GA) and DFT. The
details of the searching structures of Au,F, have been
summarized in Supporting Information Section 3.1. Three
optimized structures of Au,F, are shown in Figure 1.

Ir is stabilized by four Au—F covalent bonds, but with an
imaginary frequency of —162.2 cm™' in our calculation.
However, both 1t and 1z structures stabilized by closed-shell
Au'Au' attraction are the local minima on the energy
surfaces, showing lower potential energy compared with the
covalent-favored 1r structure. The typical parameters of the
three isomers are listed in Table 1.

Table 1. Bond Distance [R (A)] of Au—Au and Au—F
Bonds, Bond Angle [A (°)] of F~Au—Au for 1t and 1z or
F—Au—F for 1r, NPA Charge [q,, (¢)] of Au, HOMO—
LUMO Gaps of Different Isomers [Ey (eV)], MBO, and
WBI of Au—Au and Au—F Bonds under the Level of ZORA-
TPSS-D3/dhf-QZVPP-2c

By,
dimer  r (A) A (°) 9au (e) (eV) MBO WBI
Au—Au/ Au—Au/ Au—Au/
Au—F Au—F Au-F
1r 2.62/ 109.1 +0.68 1.31 0.25/ 0.86/
2.25 0.41 0.87
1t 2.52/ 912 +0.73(Aul) 124 090/ 149/
1.93 0.70 1.50
+0.43(Au2)
1z 2.46/ 140.9 +0.52 1.36 1.03/ 1.77/
191 0.85 1.58

In 1t and 1z structures, both the Au elements are in the +1
oxidation states but appear to have an unusual strong attraction
to the other Au' species, although Au,F, (1t/1z) is different
from the traditional aurophilic-determining structures of (L—
Au-X), (L ligand).'***°® However, similar to the
competition between Au—I covalent bonding and Au—Au
aurophilic interaction in the bond-bending isomerism of
Au,l;~,°* the competition and isomerization between 1r
stabilized by covalent bonds and 1t/1z stabilized by closed-
shell attractions are studied based on the relaxed potential
energy scan among lr, lc, and 1t (Supporting Information
Section 3.4). The detailed bonding analyses for 1r and 1t have
been listed in Supporting Information section 4.

The Au—Au bond length is decreased from 1r — 1t — Iz,
but with increased covalent components reflected by the MBO
and the WBL.

As for 1t with the lowest potential energy of the three, both
Au atoms are in the +1 oxidation states. [F—Aul—F] is an
electronegative fragment, where the negative charge is from
Au2 species and divided equally by two F atoms. Then, the
whole molecule can be represented as [F°"—Aul®"—
F7]°"Au2’*. Aul adopts inequivalent dsp hybridization in
forming one Au—Au ¢ bond and two Au—F o bonds, which is
consistent with the analysis of NPA charges shown in Table 1.
The nature of closed-shell Au'--Au' attraction is a covalent
coordinate bond of Aul(dsp) — Au2(6 s), which is confirmed
by AANDP analysis and ELF in Supporting Information Figure
SS. In RDG analysis (Supporting Information Figure SSh), the
value of the spike at —0.082 indicates the strong interaction
between two Au' species. Additionally, we do not find stable
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Figure 2. Bonding analysis of Aw,F, (1z). (a) Proposed localized 5d,,_,, orbitals of Au. (b) Eight localized Sd orbitals of Au and four localized 2s/
2p orbitals of F. (c) Two 2c—2e Au—Au coordinate covalent bonds formed by two dsp® orbitals of Au. (d) Two o-type Au—F bonds. (e) Two
coordinate F—Au bonds. (f) Lewis structure and ELF map of 1z. (gh) RDG plots for AuF and 1z with the values of the spikes.

structures for other T-shaped Au,X, (X = Cl, Br, and I) or
M,X, (M = Ag, Cu and X = F, Cl).

Coordinate Au'—Au' Bond of 1z. In the optimized zigzag
Au,F, (1z) shown in Figure Ic, the distance between two Au'
species is 2.46 A, which is closer than that of 1t (2.52 A). The
Au'--Au' attraction is 85.9 kJ/mol with BSSE correction under
the level of DKH2-CCSD(T)/cc-pVTZ-DK/SO, based on the
definition of the dissociation of Au,F, (1z) — 2 AuF. Different
from 1t, Sd orbitals of both two Au species in Au,F, (1z) are
activated to participate in the hybridization with 6s and 6p
orbitals based on the AANDP results (Figure 2a~e). For both
the Au atoms, we notice that the ON values of LPs localized on
both the 5d,,_,, orbitals are only 1.75 lel (Figure 2a), rather
than 2.00 lel of other eight localized 5d orbitals of Au atoms
(Figure 2b). However, the ON values increase to 2.00 lel when
treating the molecular orbital formed by a pair of Sd,,_,,
orbitals as a 2-centers-2-electron (2c—2e) bond (Figure 2c),
indicating that both the 5d,, ,, orbitals participate in the Au—
Au bonding. The results (Figure 2c) suggest that the Au—Au
interaction is obviously a covalent double bond, including o-
type and z-type bonds.

Hence, we conclude that each Au atom adopts inequivalent
dsp? hybridization and obtain the Lewis structure of Au,F,
(1z), which is consistent with the result of the ELF analysis
shown in Figure 2f. Therefore, each Au' species is amphoteric
in 1z, acting as both Lewis base (LPs donor) and Lewis acid
(LPs acceptor) at the meantime.

Also, in addition to the two traditional 6(F—Au) bonds
shown in Figure 2d, there are extra coordinate covalent bonds
between Au and neighbored F atoms caused by the symmetry
matching of orbitals, where the LPs of the F atom are donated
to the empty dsp” orbital of the Au atom shown in Figure 2e.
The extra ligand—metal coordinate covalent bond is reflected
in the RDG analysis shown in Figure 2gh. The spike at —0.142
shown in Figure 2h indicates that the Au—F interaction in 1z is
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stronger than that of monomer AuF (—0.138) shown in Figure
2g.

gIn summary, the four inequivalent dsp” orbitals of each Au'
species participate in forming one 6(F—Au) bond, one 7(F —
Au) coordinate bond, one Aul(donor)—Au2(acceptor)
coordinate bond, and one Aul(acceptor)—Au2(donor) coor-
dinate bond. Therefore, the nature of aurophilic interactions
can be viewed as the dsp’=dsp® coordinate covalent double
bond between two cooperative Lewis acid—base pairs.
Therefore, RDG analysis shown in Figure 2h indicates that
the coordinate Au’--Au’ interaction in 1z (with the value of
spike at —0.092) is stronger than the single coordinate Au'---
Au' bond of the 1t structure (spike at —0.082 in Supporting
Information Figure SSh).

Hence, we believe that ligand—metal interaction consol-
idates the hybridization of (n—1)d, ns, and np orbitals, which
further enhances the closed-shell interactions. First of all, the F
atom in 1z with the strongest electronegativity induces Au to
generate a ¢ hole when forming the 6(F—Au) bond, where the
valence electrons of the Au atom is easy to be activated for the
hybridization caused by its strong relativistic effect. Second, the
symmetry of one of the 2p orbitals of F matches the symmetry
of one of the dsp2 orbitals of Au, where the F atom is able to
donate LPs to empty the hybridized orbital of Au to
consolidate the dsp® hybridization and strengthen the Au—
Au interaction.

To demonstrate the strengthened effect of ligands, we design
three isomers of Au,(NH,), (Figure 3a~c) similar to the
isomers of Au,F,, including Au,(NH,), (Nz1) with axial N—H
bonds (Figure 3a), Au,(NH,), (Nz2) with equatorial N—H
bonds (Figure 3b), and a rhombic isomer (Figure 3c), where
Nzl is the most stable one in the three isomers.

The potential energy indicates that Nz1/Nz2 stabilized by
closed-shell Au'--Au! attraction is more stable than Nr, which
is stabilized by Au—N covalent bonds. All the isomers of

https://doi.org/10.1021/acs.inorgchem.1c03151
Inorg. Chem. 2022, 61, 1051-1058
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Figure 3. Three structures of Au, (NH,), optimized under the
ZORA-TPSS-D3/dhf-QZVPP-2¢ level. (a) C,, symmetry zigzag
Au,(NH,), with axial N—H bonds (Nz1); (b) C,, symmetry zigzag
Au,(NH,), with equatorial N—H bonds (Nz2) (c) D, symmetry
rhombic Au,(NH,), (Nr). Enclosed are the single point energies (kJ/
mol) under the level of DKH2-CCSD(T)/cc-pVTZ-DK/SO based on
the optimized geometries.

Au,(NH,), are summarized in Supporting Information Figure
S1.

The parameters of geometries and electronic configurations
are summarized in Table 2. The Au—Au bond length of Nz1 is
shorter than that of Nz2. However, the larger WBI and MBO
values of Au—Au bond in Nzl suggest its stronger covalent
property compared with Nz2.

Table 2. Bond Distance [R (A)] of Au—Au and Au—F
Bonds, Bond Angle [A (°)] of N—Au—Au for Nzl and Nz2
or N—Au—N for Nr, NPA Charge [q,, (¢)] of Auy HOMO—
LUMO Gaps of Different Isomers [E;y; (eV)], MBO, and
WBI of Au—Au and Au—N Bonds under the Level of ZORA-
TPSS-D3/dhf-QZVPP-2c

. Au By,
structure r (A) A (°) e (eV) MBO ‘WBI
Au—Au/ Au—Au/  Au—Au/
Au—N Au—N Au—N
Nzl 2.49/1.97 149.4 0.28 1.64 0.82/0.90 1.64/1.41
Nz2  2.52/1.99 136.1 0.30 1.81 0.72/0.81 1.54/1.32
Nr 2.65/2.22 106.8 0.46 1.54 0.15/0.53  0.94/0.87

We analyze the bonding structures using AANDP methods
for Nz1 and Nz2 to understand the effect of ligands on
structural stabilization, as shown in Figure 4. In addition to the

similar coordinate nature of Au—Au interactions (boxed in
Figure 4ab), the difference between Nzl and Nz2 is the
relationship between ligands and the center metal. For
Au,(NH,), (Nz1) shown in Figure 4a, the amino with axial
N-H bonds satisfies symmetry matching between the N 2p
orbital and the Au dsp? orbital. Hence, the nature of the Au—N
interaction contains the o(N—Au) bond and the z-type
coordinate bond. However, for Au,(NH,), (Nz2) shown in
Figure 4b, with equatorial N—H bonds, LPs of the N atom
cannot be donated to the empty dsp” orbital of Au, leading to
lower MBO/WBI results shown in Table 2. The electronic
structures of Nzl and Nz2 can be described as the Lewis
structures, as shown in Figure 4c. Thus, the Au—Au bond
distance of Nz2 is elongated to 2.52 A. The closed-shell
interaction (defined as the dissociation of Au,(NH,), (1z) —
2 AuNH, of Nzl is 32.0 kJ/mol lower than that of Nz2,
consistent with the results of WBIL.

On the basis of RDG analysis shown in Figure 4d,e, the
value of the spike for the Au—N bond is —0.148 in the
monomer AuNH,, which is decreased to —0.157 in Nzl and
—0.154 in Nz2, indicating that the Au—N interaction is
enhanced in Nz1 because of the additional z-type coordinate
Au—N bond.

The value of the spike at —0.082 of Nzl is lower than
—0.072 of Nz2, indicating the Au--Au interaction in Nzl is
strengthened by the enhanced ligand—metal interactions.
Therefore, Nz1 with both o- and z-type Au—N bonds appears
to be shorter Au—Au distance and stronger closed-shell
interaction, demonstrating that the stronger ligand—metal
interactions consolidate the dsp” hybridization of Au' species
to strengthen the coordinate Au=Au bond.

In order to confirm the metallophilicity of different coinage
metal halides with similar structures, we scan the potential
energy for the transformation among the zigzag, T-shaped, and
rhombic structure of Au,Cl, and other M,X, (M = Cu, Ag; X =
F, Cl) in Supporting Information Sections S and 6. Similarly,
the nature of the closed-shelled Au'—Au' interaction is the
coordinate covalent bond in T-shaped Au,Cl, and the
coordinate covalent double bond in zigzag Au,Cl,. For the
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Figure 4. Bonding analysis of Au,(NH,), (Nz1 and Nz2) (a) AANDP analysis for Nz1. (b) AANDP analysis for Nz2. (c) Lewis structures and ELF
maps of Nzl and Nz2. (d) RDG plots for monomer AuNH,. (e) RDG plots for Nzl and Nz2.
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Figure S. Electronic structures, AANDP analysis, and RDG analysis for Au;F; and Au,F,. (a) Optimized structures for annular isomers (3a and 4a)
and windmill-shaped isomers (3w and 4w) with their geometric symmetries. Enclosed are the single point energies (kJ/mol) under the level of
DKH2-CCSD(T)/cc-pVTZ-DK/SO. (b) AANDP analysis for 3w. (c) AANDP analysis for 4w. (d) Lewis structures and ELF Maps of 3w and 4w.

(e) RDG plots for 3w and 4w.

dimers of coinage metal halides (M,X,, M = Cu, Ag; X = F,
Cl), we do not find stable zigzag M,X, (M = Cu, Ag; X = F,
Cl), caused by the weak relativistic effect of Ag and Cu, where
the inert d electrons are difficult to hybridize with valence s or
p orbitals. Therefore, the zigzag structure can be only stabilized
by the activated dsp” hybrid orbitals of the center metal, where
dsp® hybridization in zigzag Au,X, (X = F, Cl) can be
consolidated with the enhanced participation of ligands.

We define the bonding energy (E,) between two monomers
in zigzag Au,X, as the potential energy difference of Au,X, —
2AuX. In zigzag Au,X, (X = F, CJ, By, 1), E, of Au,F, is 85.9
kJ/mol, which is larger than that of zigzag structures of Au,Cl,
(67.2 kJ/mol), Au,Br, (66.5 kJ/mol), and Au,l, (65.2 kJ/mol)
under the level of DKH2-CCSD(T)/cc-pVTZ-DK/SO,
indicating that the dsp*=dsp® coordinate Au=Au bond is
weakened with the increased covalent Au—X interactions down
the periodic table for halogens. The details are summarized in
Supporting Information Sections 3.2 and 3.3.

Covalent Nature of Au'-Au' Attraction in AusF; and
Au,F,. The coordinate covalent nature of closed-shell Au'---
Au attraction can be further demonstrated in the trimerization
and tetramerization of AuF, where each Au atom adopts dsp*
hybridization. In Figure Sa, we notice the competition between
annular isomers (3a/4a) stabilized by covalent Au—F bonds
and windmill-shaped structures (3w/4w) stabilized by Au'---
Au' attractions, which is quite similar to the competition
between 1r and 1t. 1t/3w/4w are mainly polymerized by
closed-shell Au—Au bonds rather than the covalent Au—F
bonds, while 1r/3a/4a are stabilized by Au—F bonds.
Therefore, the Au—Au distance in 3w/4w is closer than that
in 3a/4a.

Under the level of DKH2-CCSD(T)/cc-pVTZ-DK/SO, the
potential energies of 3w and 4w are 69.4 kJ/mol and 160.0 kJ/
mol higher than those of 3a and 4a, respectively, indicating
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that Au,F, with a higher degree of polymerization is more
favored to be stabilized by covalent Au—F bonds. The
parameters of the optimized structures are listed in Table 3.

Table 3. Bond Distance [R (A)] of Au—Au and Au—F
Bonds, Bond Angle [A (°)] of F~Au—Au for 3w/4w or F—
Au—F for 3a/4a, NPA Charge [q,, ()] of Au, HOMO—
LUMO Gaps [Ey; (eV)], MBO, and WBI of Au—Au and
Au—F Bonds under the Level of ZORA-TPSS-D3/dhf-
QZVPP-2c

Au Eyy,

structure r (A) A (°) e) (eV) MBO WBI
Au—Au/ Au—Au/ Au—Au/

Au—F Au—F Au—F
3w 2.53/1.92 1758.3 0.54 1.54 0.70/0.74  1.35/1.50
3a 2.75/2.12 159.5 0.60 2.00 0.21/0.45  0.79/0.95
4w 2.53/1.94 179.5 0.56 1.76 0.65/0.66 1.23/1.44
4a 2.88/2.06 178.9 0.58 2.55 0.19/0.47  0.68/1.01

Different from 1z, the Au—Au bonds are single coordinate
bonds in 3w/4w rather than the coordinate double bond in 1z.
Compared with WBI/MBO results of Au,F, (1z), the covalent
interactions of Au—Au and Au—F bonds are weakened in 3w/
4w, reflected by the results in Table 3.

We confirm the structural transformation from windmill-
shaped structures to annular structures through the corre-
sponding transition states based on the relaxed energy scan
under the level of TPSS-D3(BJ)/dhf-QZVPP in Supporting
Information Figure S8, where the energy barriers for the
isomerizations of 3w — 3a and 4w — 4a are 130.5 and 51.1
kJ/mol, respectively.

Detailed AANDP analyses for 3w and 4w are listed in Figure
Sb,c. Obviously, in AusF; (3w) and Au,F, (4w), each Au atom
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Table 4. EDA (in kJ/mol) in (AuX), (X = F, Cl, Br, I, and NH,), Au,F;, and Au,F, at the ZORA-TPSS-D3(BJ)/TZ2P Level in
the ADF Package (V2014.01), Except the T-Shaped Au,F, is Divided into One Au Atom and F,Au Fragment, Others are based

on the Definition of the Reaction of (AuX), — n AuX

b

structure Epouri” Eue

Au,F, C,,(1t) 512.2 —326.4

Cy(12) 2774 —184.1
Au,(NH,), Cy,(Nzl) 344.6 —282.0

Cyn(N22) 300.9 —239.3
Au,F; C3,(3w) 607.5 —355.6
AuF, Cn(4w) 902.7 —591.2
Au,Cl, Cyn(22)8 263.7 —186.5
Au,Br, Cy(32)8 261.0 —192.4
Ay, C,,(42)8 266.8 —200.6

“Epqui is the Pauli-repulsive orbital interaction between the same-spin electrons.

Eop,” Edispd Eia” EGoutomt

—424.1 -8.1 —246.4

—234.7 —6.8 —148.20 34.1
—221.3 —8.4 —-167.0 13.7
—169.9 —-8.5 —116.7 7.6
—654.3 —20.5 —422.8 34.9
—883.1 -39.7 —611.2 73.0
—190.1 -9.5 —122.4 14.9
—178.2 —-10.5 —120.1 9.4
—167.8 —-11.9 —-113.5 3.8

YE, describes the electrostatic attraction. “E,y is the orbital

interaction, including the interaction between occupied orbitals on one fragment with unoccupied orbitals on the other fragment, including donor—
acceptor interactions and polarization. Edhp refers to van der Waal’s dispersion. “E,, is deﬁned as the summation of the electrostatic interactions
(including Ep,,; and E,), covalent interactions (E,y), and van der Waal’s dispersion (Ey;,). TE couoms 15 the electrostatic interaction calculated
using Coulomb’s equation (eqs 1 and 2). #Structures of Au,Cl,, Au,Br,, and Au,l, are shown in Figure S2.

adopts inequivalent dsp” hybridization to form one F—Au o
bond, one F = Au coordinate bond, and two single coordinate
Au—Au bonds to connect with two neighbored Au atoms.
Similar to the Lewis structures of Au;F; shown in Figure 5d,
with dsp? hybridization, Aul acts as not only the LPs-donor of
the Au2 atom but also the LPs-acceptor of the Au3 atom.
Similarly, Au2 is the LPs-donor of Au3 and the LPs-acceptor of
Aul, while Au3 is the LPs-donor of Aul and the LPs-donor of
Au2 to form a windmill-shaped structure. It is exactly similar in
windmill-shape Au,F, shown in Figure 5d, where the LPs for

each Au atom are donated and accepted in a head-to-tail
Aul — Au2

manner ( } i ) to form a windmill-shape tetramer of

Aud <— Au3
AuF. The bonding analyses of 3a and 4a are summarized in

Supporting Information Section 7.3.

The nature of closed-shell Au'--Au' attraction is the
coordinate covalent interaction between Lewis acid and
Lewis base (Figure Sd). The energy of polymerization is
defined as the equation of E, = [E(Au,F,) — n*E(AuF)]/n,
where n is the degree of polymerization. E}, is 101.5 kJ/mol for
Au;F; and 116.8 kJ/mol for Au,F,, suggesting that the stability
is increased with an increasing degree of polymerization.

RDG analyses are plotted in Figure Se, where the peak at
—0.082 suggests that the strength of aurophilic interactions of
AusF; (3w) is close to that of Au,F, (4w). Compared with the
RDG plots of Au,F, (1z) shown in Figure 2h, the Au—Au
(—0.082) and Au—F (—0.142/-0.138) interactions in 3w and
4w are weakened apparently caused by the single coordinate
Au—Au bond, rather than the coordinate covalent double
bond. The decreased Au—F interactions also suggest that the
ligand—metal interaction is weakened with the increased
degree of polymerization and gradually unconsolidated dsp*
hybridization of Au, which is consistent with the MBO/WBI
results shown in Table 3.

Finally, in order to confirm the coordinate covalent nature of
aurophilicity, we accomplish the EDA for different aurophilic-
favored polymers of (AuX), (X =F, C, Br, I, and NH,), Au,F,
(3w), and Au,F, (4w) using the Amsterdam Density
Functional (ADF 2014.01) program (Table 4). We define
that each polymer is polymerized from the respective
monomers, except for the Au,F, (1t) isomer, which is
polymerized from the fragments of FAu and Au. All the
EDA results are shown in Table 4.
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Based on the results in Table 4, all the values of E,, are
negative, indicating the polymerizations from the closed-shell
fragments are thermodynamically favored.

As for the Coulomb interactions (Ecouoms), We applied
Coulomb’s equation (eqs 1 and 2) to calculate the electrostatic
interaction between Au atoms, based on the atomic charge (g,
and qg) and the distance of the atom (r,p).

9,4

Fyp = k=22
TaB (1)
coulomb(AB) - FABrAB (2)

We have calculated the electrostatic interactions in the
molecule based on eqs 1 and 2, which are the same tendency of
the summary of the Pauli-repulsive orbital interactions (Epauh)
and electrostatic attractions (E,q,). All the details are listed in
Supporting Information Table S6. Based on the results, both
the Coulomb interactions between two Au atoms and total
electrostatic interactions are positive, indicating that the
Coulomb interactions are the repulsive components in the
closed-shell interactions.

However, the attractions between the fragments are
dominated by the covalent interactions (E,), which is strong
enough to balance the electrostatic repulsions to form a stable
Au—Au bond. Therefore, the nature of closed-shell Au"--Au!
attraction is the covalent bond.

B CONCLUSIONS

In summary, it is a new perspective to view the closed-shell
Aul--Aul attractions as the coordinate covalent bond, based on
the research of T-shaped Au,F,, zigzag M,X,, where M = Au,
Ag, Cu, and X = F, C], Br, I, or NH, and windmill-shaped
Au,F,/Au,F,, where the closed-shell attraction is actually the
coordinate interactions between Lewis acid and Lewis base.
Especially in the coordinate Au—Au bond in the zigzag Au,F,,
each Au' species is demonstrated as both Lewis acid and base.

As for the stability of the coordinate Au—Au bond, we
demonstrate that the ligand with stronger electronegativity is
favorable for the activation of the 5d electrons of the Au atom.
The closed-shell attraction is enhanced with consolidated dsp
or dsp” hybridization of the Au atom, which can be tuned by
the relationship between the ligand and Au. This viewpoint is
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extended to successfully explain the closed-shell attraction of
windmill-shaped Au;F; and Au,F,.

Our work provides a rather simple but clear-cut example,
where mysterious Au'--Au' attractions can be possibly
explained by the covalent bond theory. Studies that focus on
a more detailed explanation of more complex clusters
containing Au'--Au' attractions are currently under progress.
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