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Gold compounds, clusters, and nanoparticles are widely used as catalysts and therapeutic medicines; the
interactions between gold and its ligands in these systems play important roles in their chemical pro-
perties and functionalities. In order to elucidate the nature of the chemical interactions between Au() and
its ligands, herein we use several theoretical methods to study the chemical bonding in a variety of linear
[AuXo]™ complexes, where X = halogen atoms (F, Cl, Br, |, At and Uus), H, OH, SH, OCHz, SCHs, CN and
SCN. It is shown that the most important bonding orbitals in these systems have significant contributions
from the Au sd hybridized atomic orbitals. The ubiquitous linear or quasi-linear structures of [AuX,]™ are
attributed to the well-balanced optimal overlap in both ¢ and = bonding orbitals and minimal repulsion
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between the two negatively charged ligands. The stability of these complexes is related to the covalency
of the Au—X bond and a periodic trend is found in the evolution of covalency along the halogen group
ligands. The special stability of [Au(CN),]™ is a result of strong covalent and ionic interactions. For the
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Introduction

Most of the special properties of gold, including its shiny
golden color and its inertness toward air and water, are
stemmed from its strong relativistic effects." Over the past few
decades, gold complexes and clusters have been extensively
studied theoretically and used as model systems to investigate
the relativistic effects.”> Compared with its lighter congeners,
copper and silver, gold has an unusually large electron affinity
(EA) and ionization potential (IP) due to the relativistic con-
traction and stabilization of the 6s orbital.®> Hence, the Au 6s
orbital is more electrophilic than the 4s orbital in Cu and the
5s orbital in Ag.*® At the same time, indirect relativistic effects
destabilize the Au 5d orbitals.'” Consequently, the 5d-6s
energy gap is significantly reduced, resulting in the optical
absorption of bulk gold (and hence its golden color) and
making sd hybridization favorable in the Au atom." One of the
direct consequence of the sd hybridization is the various
known oxidation states of Au, ranging from -1 to +5.° In
recent decades, there has been a renaissance in gold chem-
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superheavy element Uus, the covalency of Au—Uus is enhanced through the spin—orbit interactions.

istry, in particular, due to the discovery of interesting catalytic
effects in gold nanoparticles and organogold complexes.®
Gold-containing compounds have been used as therapeutic
medicines even in the ancient times.” Gold has been known to
form coordination compounds with organic groups, halides,
thiolates, phosphanes, and most extraordinarily with the
noble gases, as found in recent experimental and theoretical
studies.® In addition to the increased experimental activities in
gold chemistry, there has also been a remarkable growth in
the theoretical chemistry of gold, as extensively reviewed in a
series of articles by Pyykko.’

One of the most common oxidation states of gold is Au(i)
with a coordination number of two and usually in a linear geo-
metry.'® The preference of coordination number two in Au(i)
has been shown to be strengthened by relativistic effects.>
Gold 5d contributions to the Au-X bond have been enhanced
through relativistic expansion of the 5d orbitals. Au(i)-com-
plexes are a class of highly efficient and selective homo-
geneous catalysts for a number of important organic
transformations.®*! R;PAuX (X = other coordinating counter-
ions) species are formed in the seminal work of cationic phos-
phine-Au(1) species in catalyzing the hydrogenation of alkynes.
As already mentioned by Toste®, besides the well-studied
Au(1)-phosphine species, other ligands can be used to tune the
“acidity” of Au(r) in order to influence the catalyst reactivity.
Au(1)-complexes involve extensive aurophilic interactions and
can be used as building blocks in supramolecular design."?

In recent years,"” we have used state-of-the-art photoelectron
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spectroscopy and sophisticated theoretical methods to study a
series of Au(r) compounds in the gas phase, including [AuH,]™,
[AuL,], [Au(CN),]7, [XAuCN]~ (X = halogens), and most
recently Au(r)-acetylides."* With the help of theoretical calcu-
lations and bonding analyses, photoelectron spectra of these
negatively charged Au(i) complexes, many of which are observed
for the first time in the gas phase, have been quantitatively
interpreted, allowing the chemical bonding between Au(i) and
the ligands to be elucidated. A common feature among these
compounds is that Au(1) forms distinct, albeit weak, covalent
bonding with different ligands.'® However, it is expected that
the degree of covalency should depend on the ligand. It would
be interesting to systematically investigate the nature of the Au(i)
bonding with different ligands to discover general principles
and periodic trends. In this article, we present such a systematic
theoretical study of the Au(i)-X bond with a variety of ligands
in [AuX,]” for X = halogens (including At and Uus), H, OH, SH,
OCH3;, SCH3, SCN and CN. The insight and trend obtained in
the current work on the Au(i)-ligand bonding and its depen-
dence on the different types of ligands should be valuable to
understand the chemistry of gold complexes and help design
more effective and specific homogeneous gold catalysts.

Theoretical methods
Chemical bond analyses

Pure ionic bonding is only an ideal model. In reality, all ionic
bonds have some characters of electron sharing between the
two bonded atoms, that is, a balance always exists between
ionic and covalent bonding. Therefore, an exact wave function
for a molecular system can always be partitioned into ionic
and covalent components. Many theoretical methods have
been used to measure the covalency of a chemical bond. Elec-
tron localization functions (ELFs)'® and natural resonance
theory (NRT)" are chosen in this article to both qualitatively
and quantitatively measure the covalency of gold-ligand
bonds. ELF is a chemically intuitive approach to show the
difference between ionic and covalent bonds. Usually a large
ELF value between two atoms reflects a high electron-pair
density between them or, in other words, high apparent
covalent bonding. NRT is a method based on the first-order
reduced density matrix and its representation in terms of
natural bond orbitals (NBOs). The NRT approach allows the
expansion of total wave function in terms of chemically intui-
tive resonance structures.'’® Since NRT results are subject to
the choice of reference resonance structures, the same refer-
ence resonance structures should be chosen consistently in
order to make meaningful comparisons among congeners. In
the current work, the resonance structures of X~ Au-X « X-Au X~
are used for all the molecules.

Energy decomposition analyses

Bonding energy is an important criterion for the stability of a
chemical bond. Energy decomposition analysis (EDA)"® is used
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in this article to access different contributions to bonding
energies. According to EDA, the interaction energy between
two atoms or two fragments can be decomposed into the sum
of electrostatic interactions, Pauli repulsion, and the orbital
interaction energy:

AEbonding = AFEelectrostatic + AEpauli + AEorbint
= AEsteric + AEorbint (1)

The sum of the electrostatic interaction energy and Pauli
repulsion is also called the steric interaction energy. The
orbital interaction can be viewed as an electron transfer from
one fragment to the other or it can be pictured as the orbital
mixing between two fragments. An ionic bond can be
described as the interaction between two frozen densities plus
intramolecular relaxations, which is AE. . in the language of
EDA. So the orbital interaction energy in the total bonding
energy reflects the degree of covalency in the chemical bond
between two atoms or fragments.

Computational methods

The geometries of the molecules are optimized at the general-
ized gradient approximation (GGA) level with the PBE
exchange-correlation functional,’® as implemented in the
Amsterdam Density Functional (ADF 2009.01) program.>’
The scalar-relativistic (SR) effects are taken into account by the
zero-order-regular  approximation (ZORA).*>! For heavy
elements, spin-orbit (SO) splitting®” is also considered by the
ZORA method with the SR-ZORA optimized geometries.
The geometries are confirmed to be minima through the
vibrational frequency calculations at the same level. For the
geometry optimization and vibrational frequency calculations,
the Slater basis sets with the quality of triple-{ plus two polar-
ization functions (TZ2P) are used with the frozen core approxi-
mation applied to the inner shells [1s>-4f"*] for Au, [1s?] for C,
N, O and F, [1s*>-2p®] for Cl and S, [1s>-3d"°] for Br, [1s*-4d"’]
for 1, [1s>-5d"%] for At, and [1s>-5f'*] for Uus. In order to
further investigate the variation of the Au-X bond length along
with the electron correlation methods, the geometries of the
ground state are also optimized with MP2,** SCS-MP2,**
CCSD* and CCSD(T)*® methods, as implemented in Molpro
2008.>” The Stuttgart energy-consistent relativistic pseudo-
potentials ECP60MDF (Au), ECP60MDF (At) and ECP28MDF (I)
and the corresponding augmented valence triple-{ basis sets
aug-cc-pVTZ-PP are used for Au,*® At,>® and 1.*° The all-electron
basis sets aug-cc-pVTZ is used for the other atoms.*" For con-
venience, we will call the basis sets used in the Molpro calcu-
lations as AVTZ hereafter.

The NBO and NRT calculations are performed using the
NBO 5.0 package,*” with the wave function of each molecule
generated at the level of PBE exchange-correlation functional,
as implemented in Gaussian 09.%* The pseudopotentials and
basis sets used in Gaussian 09 calculations are the same with
the above-mentioned Molpro calculations, we will also call the
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basis sets used in the Gaussian 09 calculations as AVTZ from
now on. For X = H, F-At, CN, OH, and SH, we also carried out
NBO and NRT calculations with the wave function generated at
the level of CCSD, while the calculations of the density matrix
were done through the orbital-optimized coupled-cluster
doubles method (OOCCD).** OOCCD calculations were per-
formed with Orca,* and the segmented all-electron relativisti-
cally-contracted (SARC) basis sets®® were used for all atoms. In
order to handle the relativistic effects, we used second order
Douglas-Kroll-Hess approximation (DKH2) in the Orca
calculations.

To compare the bond strengths via vibrational frequencies,
we have also calculated the so-called normalized vibrational
frequencies (NVF) for [AuX,]™ at the PBE level, which elimin-
ates the difference of the reduced mass of this series of mole-
cules.’* The EDA between AuX and X~ is also based on the
PBE/TZ2P calculations with the SR-ZORA Hamiltonian. The
ELF calculations are performed with the DENSF utility of the
ADF program, for which the all-electron Slater basis sets with
the quality of triple-{ plus two polarization functions (TZ2P)
are used.

Results and discussion

Geometry optimizations show that the [AuX,]~ complex indeed
prefers linear [X-Au-X]~ structures for X = H, halogen atoms,
CHj3;, OCH3, and CN, whereas it is slightly bent for X = OH, SH,
SCH3;, and SCN. The optimized geometries of the ground state
at the level of PBE and various electron correlation methods
are given in Tables 1 and 2. The results of NBO and NRT ana-

Table 1 The geometry and structural parameters of [AuX;]™ at the level
of SR-ZORA PBE/TZ2P. All lengths are in A and all angles are in degree

X  Symm. R(Au-X) £(X-Au-X) X Symm. R(Au-X) £(X-Au-X)

H D.n, 1670  180.00 CN  D.n 1995  180.00
F Dy, 1996  180.00 CH, D, 2110  180.00
Cl Do, 2305  180.00 OH G, 2.032  177.26
Br D., 2454  180.00 SH G, 2331 179.00
I  D.n 2611  180.00 OCH; C,p 2.030  180.00
At  D., 2715  180.00 SCH; G, 2.321  177.80
Uus D, 2.814  180.00 SCN G, 2.318  174.77

Table 2 The optimized bond length of Au—-X in [AuX;]™ at the level of
MP2, SCS-MP2, CCSD and CCSD(T). The PBE calculated bond lengths
are also listed for comparison. All bond lengths are in A

PBE(ADF) MP2 SCS-MP2 CCSD CCSD(T)
H 1.670 1.622 1.633 1.649 1.647
F 1.996 1.945 1.955 1.961 1.963
cl 2.305 2.237 2.261 2.284 2.280
Br 2.454 2.348 2.374 2.400 2.394
I 2.611 2.512 2.540 2.567 2.561
At 2.715 2.586 2.616 2.644 2.639
Uus 2.814 2.670 2.703 2.736 2.731
CN 1.995 1.953 1.973 1.993 1.988
OH 2.032 1.975 1.988 1.995 1.998
SH 2.331 2.258 2.282 2.306 2.301

This journal is © The Royal Society of Chemistry 2015
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lyses at the level of PBE/AVTZ are presented in Table 3. The
EDA analyses between AuX and X™, on the basis of ADF calcu-
lations, are presented in Table 5. The ELF results (Fig. 1 and 4)
are all based on the PBE optimized geometries.

[AuX,]": X = F-Uns

To access the trend down the periodic table, we have per-
formed systematic studies of [AuX,]™ for all the halogens from
F to Uus. Table 1 shows the Au-X bond length increases from
F to Uus for the halogen series. For X = F-I, our PBE Au-X
bond lengths are around 0.03-0.05 A shorter than previous
reports of configuration interaction calculations with singles
and doubles corrected by size-consistency effects.** However,
our PBE Au-X bond lengths are slightly longer for X = Cl, Br,
and I, compared to CCSD(T) (coupled-cluster with singles and
doubles and perturbative triple excitations) benchmark calcu-
lations by Mishra,?” who used augmented correlation-consist-
ent polarized valence quadruple-{ (aug-cc-pvVQZ) basis sets.
Single point CCSD(T) calculations based on the MP2-opti-
mized geometry for [AuF,]” was also performed by Schwerdtfeger
and co-workers, who suggested the stability of [AuF,]™ is
enhanced through relativistic effects.’® As an example of how
the electron correlation affects the theoretical geometries of
[AuX,]™, the bond lengths with different electron correlation
methods are also given in Table 2. Our CCSD(T)/AVTZ calcu-
lations show that the Au-X bond length for X = Cl, Br, and I
are 0.004-0.015 A shorter than Mishra’s results; and the bond
lengths calculated for X = F-I using MP2/AVTZ are 0.09-0.14 A
shorter than Schwerdtfeger’s results based on MP2 calcula-
tions.?? The relatively large deviation of the MP2 bond lengths
in the present study compared with those by Schwerdtfeger are
due to differences of the basis sets used. In Schwerdtfeger’s
later work, the bond length of Au-F in [AuF,]|” was reported to
be 1.959 A, which is closer to the present results than the pre-
vious reports.*® Compared with CCSD(T) calculations, MP2
underestimates the Au-X bond length for all halogen atoms,
while SCS-MP2 gives relatively improved results over MP2.
CCSD overestimates the bond length for X = Cl-Uus, but
underestimates it for X = F.

The NBO and NRT results listed in Table 3 show increasing
covalency of the Au-X bond down the periodic table for the
X = halogens. The covalent contribution in the Au-F bond is rela-
tively small and the Au-F bond can be treated as mainly ionic,
while the covalent contribution in Au-I reaches to about 44%.
NBO analyses of the Au-X bond reveal that the bonding orbi-
tals all have significant contributions from the Au sd hybri-
dized atomic orbitals (AOs) and the composition of ligand AOs
decreases from F to Uus. The trend of the ELFs in the bond
region is consistent with the NRT results for the Au-halogen
bonding, as shown in Fig. 1. The theoretical atomic charges
calculated using different charge-density partition schemes are
given in Table 6. As expected, all the halogen atoms are nega-
tively charged with the absolute values of the negative charge
decreasing from F to Uus, consistent with the increased elec-
tronegativity of the halogens. Our further NBO and NRT
results based on CCSD-DKH2/SARC calculations show the

Dalton Trans., 2015, 44, 5535-5546 | 5537
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Table 3 Natural bond orbital (NBO) analyses and natural resonance theory (NRT) bond order (BO) of the Au—X bond in [AuX;]™ at the PBE/AVTZ

level®
NRT BO
Covalent/

X NBO analysis Covalent Ionic total”
H 35.92% (sp”°*'d*"%)a, + 64.08% (s)y 0.275 0.177 0.609
F 14.85% (s "‘”d"'“)A +85.15% (sp”*°d*")p 0.138 0.362 0.276
cl 20.67% (sp”°*d**")a, + 79.33% (sp be 9840 "2 0.184 0.316 0.368
Br 22.69% (sp oo 01q%17),, + 77.31% (sp o 41q% 02) Br 0.200 0.301 0.398
I 25.76% (s "‘“d"‘“)A +74.24% (sp "7"d" 02 0.221 0.279 0.441
At 27.09% (sp®°*d*"M)a, + 72.91% (sp D 7840 02 . 0.229 0.271 0.459
Uus 29.21% (sp "°1d° Mau + 70.79% (sp o A% s 0.243 0.257 0.486
CH, 27.73% (sd° 3 au + 72.27% (sp™ 15)C 0.233 0.275 0.459
OH 18.69% (sp”°'d**")a, + 81.31% (sp®>*d***)o 0.169 0.331 0.338
SH 25.66% (sp °"1d° 1 au + 74.34% (sp°28d® %) 0.220 0.284 0.436
OCHj 19.26% (sd° 6)au + 80.74% (sp”7%d**%), 0.168 0.318 0.346
SCH; 27.90% (5d**")ay + 72.10% (sp”1d* ) 0.231 0.262 0.468
CN 26.84% (sd*?" )y + 73.16% (sp**7)c 0.224 0.307 0.423
SCN 26.26% (sp”°'d”"®)py + 73.74% (sp'***d"*)s 0.211 0.261 0.447

“VQZ-PP basis set was used for Uus.'* ? Total means the sum of the covalent and ionic bond order.

Table 4 Natural bond orbital (NBO) analyses and natural resonance theory (NRT) bond order (BO) of the Au—X bond in [AuX,]~ at the CCSD-DKH2/

SARC level
NRT BO
Covalent/

X NBO analysis Covalent Ionic total”
H 32.11% (sp”°'d**°)s, + 67.89% (s)u 0.252 0.207 0.549
F 12.54% (sp®©'d®*®) s, + 87.46% (sp®*°d®*)p 0.116 0.374 0.237
cl 18.10% (sp”°'d*?*)s, + 81.90% (sp! oo 364 °3 0.160 0.324 0.331
Br 19.21% (sp”**d**®)s, + 77.31% (sp 0. 27" "‘ 0.168 0.315 0.348
I 22.60% (sp”°2d°*?), + 77.40% (sp o 00q° "1 0.193 0.286 0.402
At 22.07% (sp”2d®"") sy + 77.93% (sp pio 340 03) 0.189 0.290 0.394
OH 16.30% (sp”°'d**®), + 83.70% (sp o 28q0-01 0.131 0.271 0.326
SH 22.93% (sp”*'d®*) s, + 77.07% (sp o 74000 0.272 0.332 0.450
CN 23.58% (5d?%)py + 76.42% (sp* 8‘) 0.184 0.259 0.416

“Total means the sum of the covalent and ionic bond order.

Table 5 Energy decomposition analyses for [XAuX]~™ — AuX + X". The
last column is the ratio of the orbital interaction and total interaction
energy. The results are based on the SR-ZORA PBE/TZ2P calculations.

All energies are in eV

Steric

Orbital Orb./
X Electrostatic ~ Pauli  Sum interaction  Total total
H —-10.12 9.09 —1.06 -2.77 —3.84 0.72
F —5.48 3.90 —1.58 —2.69 —4.26 0.63
Cl —5.51 4.62 —0.89 —2.52 —3.41 0.74
Br —=5.12 4.33 -0.79 —-2.32 -3.11 0.75
I —5.04 4.51 —0.53 —-2.36 —2.88 0.82
At —4.65 4.24 —0.41 —2.28 —2.69 0.85
Uus —4.54 4.36 —0.18 —2.33 —2.52 0.93
OH —6.41 5.12 -1.29 -2.99 —4.28 0.70
SH —-7.16 6.55 —0.61 —2.82 —3.42 0.82
OCH; —5.59 4.90 —0.69 —3.05 —-3.74 0.82
SCH; —7.41 7.02 —0.39 —-3.00 -3.39 0.88
CN -9.32 7.84 —-1.49 -3.16 —4.65 0.68
SCN —5.87 5.56 —0.30 —-2.85 —-3.15 0.90
CHj; —9.48 8.33 -1.16 —2.83 —-3.99 0.71

5538 | Dalton Trans., 2015, 44, 5535-5546

Table 6 Theoretical atomic charges on Au and ligand atoms in [AuX,]™
(X = H, F-Uus, CN), calculated with different charge density schemes

Net charge
Atom  Hirshfeld””  Voronoi** MDC-q**  NPA*®
[AuF,]” Au -0.103 -0.023 —0.038 0.474
F —0.448 —0.489 —0.481 -0.737
[AuCl,]~ Au —0.090 -0.026 —0.104 0.314
Cl —0.455 —0.487 —0.448 —0.657
[AuBr,]” Au —0.090 —0.046 —0.101 0.254
Br —0.455 —0.477 —0.449 —0.627
[Aul,]|” Au —-0.102 —0.102 —0.180 0.169
I —0.449 —0.449 —0.410 —0.585
[AuAt,]” Au —0.123 —0.144 —0.211 0.132
At —0.438 —0.428 —0.395 —0.566
[AuUus,]” Au -0.157 -0.202 —0.383 0.076
Uus —0.422 —0.399 —0.308 —0.538
[AuH,]” Au -0.394 -0.071 -0.372 -0.048
H —0.303 —0.464 -0.314 —0.476
[Au(CN),]” Au 0.045 0.107 0.218 0.318
C —0.169 —0.200 —0.211 —0.143

This journal is © The Royal Society of Chemistry 2015
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AuUus,

Fig. 1 The electron localization functions (ELFs) of [AuX;]™ (X = F=Uus). The results of the first three rows are based on the SR-ZORA calculated

densities and those of the last row are based on the SO-ZORA densities.

same trends of covalency from X = F to I, but with decreasing
covalency from I to At. It should be noted that, compared with
PBE calculations, the NBO bonding orbitals at the CCSD level
have less contributions from gold, and in consequence leading
to respectively lower covalent bond order in the NRT results.
To understand the linear geometry and the covalency trend
in the Au(i)-halogen complexes, we present the molecular
orbital energy levels and the isocontour surfaces of [AuX,]™ in

This journal is © The Royal Society of Chemistry 2015

Fig. 2 and 3, respectively. In general, the np AOs of the two
halogen atoms transform into oy, 6y, 1y and ©, MOs in [X--X]*".
The Au 5d orbitals transform as 6, + Ty + 8 in Dy, Sym-
metry. Due to the strong relativistic effects in gold, the sd..
hybridization is enhanced (assuming the linear molecule is
oriented along the z-axis)."” The Au 5d atomic orbitals would
not be involved in net bonding with main-group elements if
there were no sd hybridizations. Pictorially, the sd hybridiz-

Dalton Trans., 2015, 44, 5535-5546 | 5539
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Fig. 2 The energy levels of [AuX,]™ (X = F-Uus). The calculated Kohn—Sham MO energies are used, with the atomic orbital energies aligned with
the non-bonding MO energies. The results for X = F—I are based on the ADF SR-ZORA PBE/TZ2P calculations, while spin—orbit splittings are also

included for At and Uus.

ation results in two hybrid orbitals, which are 180° relative to
each other. The geometrical characters of the two sd hybrid
orbitals lead to the most effective overlaps with the o, orbital
of [X---X]*” if the [AuX,]” complex is linear. The linear struc-
ture also maximizes overlaps of orbitals with = symmetry, ie.,
between Au 5d, AOs and , orbitals of [X---X]*~, while minimiz-
ing the electrostatic repulsion between the two negatively
charged ligands. As shown in the energy levels in Fig. 2 and
MOs in Fig. 3, the main contributions to bonding interactions
come from the lowest o, and m, molecular orbitals. In

5540 | Dalton Trans., 2015, 44, 5535-5546

addition, the o, orbital is stabilized through the interaction
with Au 6p orbitals, as shown in Fig. 2. The lowest o, orbital is
derived from the Au sd,. hybridized orbital and the p, AOs of
the halogen atoms, resulting in a strong ¢ bond. The lowest 7,
orbitals are resulted from the Au 5d, AOs with m, orbitals of
[X---X]*~ and these orbitals also entail strongly bonding inter-
actions. The 2p orbital of F is relatively contracted and its
energy is very low, resulting in the largest orbital energy differ-
ence between the Au 6s orbital and the valent np orbitals of
the halogens. These factors underlie the more ionic bonding

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Molecular orbitals (MOs) of [AuX,]™ (X = F, Cl, Br, I, At, and Uus) (isosurface = 0.05 a.u.). From the first row to last row, the MOs for AuF,™ are

2ng, 404, 184, 21, 30, 1ng and 3o, respectively.

0.900

0.520

0.300
[Au(OH),]" [Au(SH)]”

0.173

0.100

[Au(OCHzs)2]”

[Au(SCH3)]

Fig. 4 The electron localization functions (ELFs) of [AuX,]™ (X = OH, SH,
OCH3z and SCH3).

between Au and F compared to other halogens, as seen in
Table 3 and shown from the calculated atomic charges in
Table 6. For heavy halogen atoms, the energies of the I 5p, At
6p, and Uus 7p AOs are almost comparable to that of the 6s
orbital of Au, consistent with the increased covalency between
Au and halogens from F to Uus.

The valence AOs of the very heavy halogen elements, At and
Uus, have substantial spin-orbit effects, which have significant
influences on the Au-X bonding. ELF analyses (Fig. 1) and
NRT calculations (Table 3) both reveal clear covalent characters

This journal is © The Royal Society of Chemistry 2015

in the Au-At and Au-Uus bonding. A comparison of the ELFs
between SR-ZORA and SO-ZORA calculation in Fig. 1 shows
that the covalent character has been enhanced by the spin-
orbit effect, in particular, for the Au-Uus bonds. The mole-
cular orbitals of [AuAt,]” and [AuUus,]|” in Fig. 3 and the
energy levels in Fig. 2 show that the most effective bonding
orbitals are the same as the light halogen atoms, ie., the
oy and 7, orbitals, except that the ¢ bond is strengthened
and the © bond is clearly weakened in comparison with the
light halogen ligands. The bonding o, orbital in [AuUus,]" is
significantly stabilized after the incorporation of the spin-
orbit effects. One plausible reason is through the mixing
between the spin-orbit split orbitals, which stabilizes the net
bonding orbitals and enhances the Au-Uus bonding in
[AuUus,]".

The decomposition of the bonding energy between Au and
the ligand provides further insight into the nature of the
Au-halogen bonding. Here the interaction between XAu and X~
is investigated by the EDA calculations. In an ideal ionic bond,
there would be no orbital interaction energy between XAu and
X", according to eqn (1), that is, the steric interaction energy
reflects the ionic interaction strength between the two frag-
ments. As shown in Table 5, from F to Uus, the steric inter-
action energy monotonously increases from —1.58 €V to —0.18
eV, showing decreasing ionic contributions to the total
bonding. On the other hand, the orbital interaction between
XAu and X~ indicates the degree of covalency between Au and X.
Table 5 also shows that along the series from F to Uus, the
ratio of the orbital interaction energy relative to the total inter-
action energy increases.
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Table 7 Calculated vibrational frequencies and normalized vibrational
frequencies (NVF) for [AuX,]™ at the PBE level

Vibrational frequencies

(em™) NVF* (em™)

Og Ou Ty Og Ou Ty
[AuF,]~ 484 514 176 237 310 105
[AuCL,]” 310 330 103 206 253 79
[AuBr,]|~ 194 238 69 194 238 69
[AuL,]™ 143 194 52 181 218 58
[AuAt,]” 105 169 43 172 210 54
[AuUus,]~ 85 154 37 162 199 48

“The normalized vibrational frequencies were calculated by assuming
that all X have the same mass as Br."*

All bonding and orbital analyses show that the covalency of
Au(1)-X bond increases from the F to Uus, giving rise to the
strongest covalent bond in the linear [AuUus,|” complex.
However, EDA calculations show that the total bonding energy
decreases from F to Uus in the [AuX,]” complexes because of
the reduced stabilization arising from the ionic electrostatic
interactions. The calculated vibrational frequencies and nor-
malized vibrational frequencies listed in Table 7 reveal the
same trend. The frequencies of the symmetric stretching mode
and the bending mode decrease. Table 2 shows that the most
notable increase in the Au-X bond length occurs from F to Cl,
by 0.317 A at the CCSD(T)/AVTZ level, whereas the Au-X bond
length change is only 0.114 A from Cl to Br. A similar phenom-
enon is also observed in other bonding properties shown in

ch *o- ' Rl -

" -

- 88
40, @@ olo 0@
30, ““‘” °r
30, .'."" o

Energy/eV
&
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Tables 3-5, where the sharpest change also occurs from F to
ClL. The special behavior of [AuF,|” should be due to the
compact fluorine atom as compared with the large chlorine
atom,” while the atomic radius changes down the periodic
table after Cl is relatively smooth. The short Au-F bond length
and large electronegativity of F lead to apparent ionic charac-
ters in the Au-F bond and strong attraction between the posi-
tively charged Au in the AuF fragment and F~, resulting in the
strengthened bond as Table 5 shows.

[AuX,]™: X = non-halogen ligands

The [AuX,]” complexes with non-halogen ligands are also
linear or quasi-linear, both at the levels of density functional
theory and wave function theory, as presented in Tables 1 and
2. Similar to the halogen complexes, MP2 generally predicts
short Au-X bond lengths, while CCSD produces relatively long
Au-X bond lengths. The linearity of these complexes are the
same as the halogen atoms and all Au-X bondings have notice-
able contributions from the Au sd hybridized AOs, as indicated
in the NBO analyses listed in Tables 3 and 4. The chalcogen
group ligands have the same trends as in the halogen group.
Both the ELFs (Fig. 4) and NRT analyses (Tables 3 and 4) show
that the Au-S bond has more covalent characters than the Au-O
bond, as indicated by the comparison of OH with SH and OCHj;
with SCH;. NBO and NRT calculations (Tables 3 and 4) suggest
that the Au-S bond has the most apparent covalent character
among the ligands we studied in this paper. Table 4 shows that
the covalent bond order for the Au-S bond in [Au(SH),]” is
0.272 at the level of CCSD-DKH2, which implies significant

Au Au(CN), CN

Fig. 5 Molecular orbitals and energy levels of [Au(CN)]™ with 564 as the HOMO (isosurface = 0.05 a.u.).
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covalent character in the Au-S bond. Thiolate ligands are widely
used to protect gold nanoparticles and the stability of the Au-S
bond is ascribed to the covalent bonding nature.**?

The bonding situations in [AuH,]|” and [Au(CN),]|” are also
investigated here for comparison. Our calculated bond length of
Au-CN in [Au(CN),]” is comparable with previous work at both
the MP2 and CCSD(T) level.*” The photoelectron spectra and
bonding analyses for these two complexes have been reported
recently.”*” [Au(CN),]” is the most stable known Au(r) complex
and it has been used in gold extraction since ancient times. It
has also been used as an ideal unit to explore the principles of
using aurophilicity for the supermolecular design.'?” The stabi-
lity of [Au(CN),]|™ has been attributed to strong covalent interac-
tions'* and large relativistic effects.* Strong covalent bonding
has also been found in the [AuH,]” complex, in addition to an
unprecedented H 2p orbital contribution to the Au-H bon-
ding."* The calculated atomic charges for these two complexes
are also presented in Table 6. The linear geometry of [Au(CN),]~
can also be attributed to maximal overlaps in both the c-sym-
metry and n-symmetry orbitals between Au(i) and [CN---CNJ*,
similar to the cases of halogen complexes. The MOs and energy
level diagram of [Au(CN),]™ are shown in Fig. 5.

The EDA results in Table 5 give important insight into the
special stability of the Au-CN and Au-S bonds. Compared to
the halogen ligands, these ligands have very large orbital inter-
action energies with Au(r). Sulfur-containing ligands have
remarkable covalent interactions with Au(i) among the selected
ligands studied in this article. The relationship between the
stability of the Au-S bond and covalency has been discussed
previously.”*® For the special case of CN, all theoretical
methods in Table 6 give a positively charged Au and negatively
charged C. As shown in the EDA results (Table 5), apart from
the very large orbital interaction energy it also has a large
steric interaction with Au(r), these two effects give Au-CN
exceptional bonding interactions and unusual stability,
consistent with the conclusions reported by Frenking and co-
workers who carried out an extensive analysis of the structure
and bonding of group 11 cyanide and isocyanide.*!

Conclusions

Through relativistic quantum chemical calculations and
theoretical analyses, we have systematically studied the chemi-
cal bonding between Au(i) and a variety of ligands in linear
[AuX;]” complexes. We find that the most prominent bonding
contribution occurs between the Au sd hybrid orbitals and the
relevant ligand orbitals, resulting in a strong ¢ bond. The
Au-X © interaction also stabilizes the molecules. The linear
X-Au-X geometry maximizes both the ¢ and = overlaps in the
bonding orbitals between Au(i) and X, while minimizing the
repulsion of the two negatively charged ligands. Periodic
trends are found in the bond length and covalent nature of the
Au-X bond for X = F to Uus. Despite the increase of covalency
in the Au-X bonds, the overall bonding energies and
vibrational frequencies of the stretching and bending modes

This journal is © The Royal Society of Chemistry 2015
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decrease from F to Uus due to the reduced electrostatic inter-
actions in [AuX,|” complexes. We show that the spin-orbit
effects enhance the covalency in the Au-Uus bond. The special
stability in the well-known [Au(CN),]” complex is found to
arise from the combined effects of both large covalent and
ionic interactions between Au(1) and the two CN™ ligands.
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