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ABSTRACT
The understanding of closed-shell interactions has become of tremendous relevance in the ever-growing
field of supramolecular chemistry. Here, we present a theoretical study in which we characterised the
intermolecular interactions between gold-based building blocks, namely ([Au(NH3)2]NO3)n (n = 1,2,4,8)
and ([Au(NCH)2][AuCl4])n (n = 1,2). Due to the complex nature of these interactions, several methods
were used such as the MP2, CCSD(T), PBE-D3, B3LYP-D3, and CAM-B3LYP-D3 (DFT-D3) levels. In all
models were found closed-shell contacts among the gold atoms, interactions that resulted in being
consistent with the presence of a high ionic contribution and a dispersion-type interaction. The
absorption spectra of these models were calculated by the single excitation time-dependent-DFT (TD-
DFT) method and CC2 levels, being the aurophilic interactions mainly responsible for the bands in both
types of models. The theoretical models agree with the experimental results.
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1. Introduction

During the last thirty years, there has been established the exist-
ence of gold–gold interactions with d8 and d10 configurations in
intra- and intermolecular complexes [1–3]. This attraction is
known as aurophilic interaction [4–7]. Such interaction has
been evidenced experimentally by solid state X-ray diffraction
[8–12] and Nuclear Magnetic Resonance (NMR) measure-
ments [13,14]. From a theoretical point of view, aurophilic
interactions are between 5 and 12 kcal/mol, energetically simi-
lar in magnitude to hydrogen bonds [15–19]. This weak met-
allic contact in complexes and clusters has been understood
as the contribution of two terms: dispersion and ionic [3];
while the relativistic effects in the gold–gold interaction con-
tribute approximately 20% to the interaction energy [4]. The
dispersion interaction is recovered in the electronic correlation.
The theoretical methods most used for describing the
aurophilic interaction are post Hartree–Fock (second-order
Møller–Plesset perturbation theory (MP2), spin-component-
scaled Møller–Plesset perturbation theory (SCS-MP2),
Coupled-Cluster Single, Double and Triple (CCSD(T))) and
density functional theory (DFT) with dispersion (Grimme
approximation) levels [20–24]. In the case of bigger systems,
the DFT method is often used.

The closed-shell contacts between the gold atoms after the
formation of the complexes are manifested through specific fea-
tures in their absorption and luminescence properties [15–17].
Such compounds have a behaviour similar to that observed in
organic light emitting diodes (OLEDs) [25,26], with a wide
range of emission colours. Based on experimental evidence, it
has been possible to establish a relationship between emission

energies and the aurophilic distances [27]. This relationship
is an essential feature as it allows to understands the structural
properties of these complexes through the analysis of the lumi-
nescent properties of the materials, which will contribute to the
optimisation of materials [15,28,29].

We have focused our attention on two complexes with
closed-shell contacts between gold atoms in extended unsup-
ported chains. The first complex is a linear chain with Au(I)-
Au(I) (d10-d10) as building block in the form of [Au(NH3)2]X
(X = Br, ClO4, NO3) [30]. The gold(I) cations are arranged
in a staggered chain conformation with aurophilic distances
between 299.0 and 309.1 pm. The [Au(NH3)2]NO3 complex
shows an emission band at 450-600 nm, attributed to gold–
gold interactions. Second, the mixed-valent gold complex
(d10-d8) [Au(NCCy)2][AuCl4] (NCCy = cyclohexanecarboni-
trile) has been synthesised [31] with a columnar structure of
the gold(I/III) rods. The Au(I)-Au(III) (d10-d8) distances are
around 332 pm, and the UV/Vis spectrum of this complex
in solid state showed a band at 382 nm assigned to gold–
gold charge-transfer. There are no reported theoretical
studies of these complexes, thereby is still missing a thorough
characterisation of the electronic contributions in both
complexes.

In this work, we focused on establishing a relationship
between aurophilic interactions and excitation spectra in the
complexes d10-d10 ([Au(NH3)2]NO3) and d

10-d8 ([Au(NCCy)2-
][AuCl4]). The absorption processes in the complexes will be
studied using the approximate Second-Order Coupled Cluster
(CC2) and time-dependent density functional theory
(TDDFT) calculations.
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2. Theoretical Models and Calculations

The [Au(NH3)2]NO3 complex in crystal state is modelled using
the ([Au(NH3)2]NO3)n (n = 1,2,4,8) systems. They are depicted
in Figure 1, where for simplicity; we have omitted the NO3

- anions
in models 3 and 4. These models (2-4) represent the Au(I)-Au(I)
(d10-d10) aurophilic interaction. The geometries for models 3 and
4 areobtained frommodel2, replicating thebasic unitof themodel
2 at the same distance. On the other hand, the [Au(NCCy)2-
][AuCl4] (NCCy = cyclohexanecarbonitrile) is represented with
models 5 and 6, described in Figure 2. We have replaced the
-NCCy ligand by -NCH to reduce the computing time.

The geometries are fully optimised at the scalar relativistic
MP2, CCSD(T), PBE (Perdew-Burke-Ernzarhof) [32], B3LYP
(Becke, 3-parameter, Lee–Yang–Parr) [33], and CAM-B3LYP
(Coulomb Attenuated Method - Becke, 3-parameter, Lee–
Yang–Parr) [34] levels for each fragment in the models.
Grimme’s dispersion correction is used to incorporate a proper
description of the weak interactions when using those func-
tionals, in what is nowadays is known as the DFT-D3 level
with Becke–Johnson (BJ) correction [35]. The gold–gold inter-
action energy (ΔEint) and geometric equilibrium (Re) of the
complexes are obtained with a counterpoise correction for
the basis-set superposition error (BSSE) [36].

Single point calculations of the equilibrium geometries were
used to study the excitation spectra by PBE, B3LYP, and CAM-
B3LYP (DFT). The excitation energy was obtained using the
time-dependent perturbation theory approach (TD) [37].
Moreover, excitation energies and oscillator strengths are cal-
culated at the approximate second-order coupled cluster
(CC2) level using the scaled opposite-spin (SOS) approxi-
mation [38]. Also, we have used the Spin-Component-Scaled
(SCS)-CC2 method [39]. SOS-CC2 and SCS-CC2 attenuate
the overestimation given by the MP2 method. We have used
the equilibrium distance (Re) estimated at the MP2 level to cal-
culate the excitation spectrum at CC2. This method consists

involves the Laplace transformation (LT) algorithm and the
reduced-virtual-space (RVS) approximation. The RVS cut-off
threshold was 60 eV [38]. The results obtained using the CC2
ans SOS-CC2 correlated methods are compared with those cal-
culated at the time-dependent density functional theory
(TDDFT) level using a couple of functionals. TDDFT is widely
used in excited state studies of large molecules, because of its
good performance and its relatively low computational costs.
However, since TDDFT calculations might suffer from charge
transfer problems, the reliability of the obtained results should
be assessed by comparing with the results calculated at higher
levels of theory [39].

The calculations were carried out using the Turbomole 7.3
[40], and Gaussian09 [41] programme packages. The 19
valence-electrons (VE) of Au quasi-relativistic (QR) pseudo-
potential (PP) of Andrae [42] were employed. We used two
f-type polarisation functions on gold (αf = 0.20, 1.19). Also,
the C, N, O, and Cl atoms were treated through PPs, using
double-zeta basis sets with the addition of one d-type polaris-
ation function [43]. For the H atom, a double-zeta basis set
plus one p-type polarisation function was used [44].

3. Results and Discussion

3.1. Aurophilic Attractions

Some selected geometric parameters of the fully optimisedmono-
mers are summarised in Table 1. Meanwhile, the gold–gold inter-
action energies and equilibrium distances for models 2, 5, and 6
are listed in Table 2. The gold–gold distances are overestimated
for all models, although the experimental trend is maintained.
This result is within expectations since it has been shown that
the CCSD(T) method described a proper estimation of the auro-
philic interaction [45]. The electronic correlation effects play an
essential role in the stability of these type of systems, and there-
fore, it will affect the equilibrium distances and the interaction

Figure 1. Theoretical [Au(NH3)2]n(NO3)n models (n = 1,2,4,8) 1-4.
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energies.Toestimate the contributionof the electronic correlation
effect (ΔE(corr)) in the intermolecular gold–gold distances, we
compared each model at the Hartree–Fock (HF) and MP2 levels
(ΔE(MP2-HF)); HF and CCSD(T) levels (ΔE(CCSD(T)-HF));
DFT and DFT-D3 (ΔE(DFT-D3)-(DFT)).

The obtained tendencies are shown in Table 2. According to
this, we found that for model 2, the electronic correlation effect
is in the magnitude range of dispersion-type van der Waals
interactions. At the HF level, there is a component due to the

charge of the model. The DFT results are within the same
range as MP2. Moreover, at the CCSD(T) level shows a lower
magnitude as is expected, within the estimates with other sys-
tems reported in the literature [45]. Based on these results,

Figure 2. Theoretical [Au(NCH)2][AuCl4] (5) and ([Au(NCH)2][AuCl4])2 models (6).

Table 1. Main geometric parameters of the monomers used. Distances are in pm.

Monomer Method Au−N Au-Cl N-H C-N N-H

[Au(NH3)2](NO3) MP2 201.1 102.6
CCSD(T) 204.2 102.7
PBE-D3 204.2 104.2
B3LYP-D3 206.7 102.5
CAM-B3LYP-D3 205.3 102.4
Exp. [34] 204.0

[Au(NCH)2]
+ MP2 195.9 116.3 101.0

CCSD(T) 200.2 116.2 101.6
PBE-D3 196.6 116.1 101.5
B3LYP-D3 198.7 114.9 100.9
CAM-B3LYP-D3 199.5 114.8 100.9
Exp.a [35] 195.6 113.9

[AuCl4]
−2 MP2 230.3

CCSD(T) 233.0
PBE-D3 233.6
B3LYP-D3 234.2
CAM-B3LYP-D3 232.3
Exp.a [35] 227.0

a[Au(NCCy)2][AuCl4] experimental X-ray.

Table 2. Optimised Au-Au distance, Re, for the models at the HF, MP2 and DFT-D3
levels. Equilibrium distance Re in pm; interaction energy ΔEint in kcal/mol.

Model Method Re ΔEint
ΔE

(corr)a

[Au(NH3)2] — [Au(NH3)2](NO3)2
(2)

HF 339.8 −9.24

MP2 289.5 −24.35 −19.28
CCSD(T) 299.1 −20.61 −13.75
PBE-D3 299.3 −30.12 −24.12
B3LYP-D3 303.5 −28.78 −22.28
CAM-B3LYP-D3 310.4 −22.65 −19.43

[Au(NCH)2]—[AuCl4] (5) HF 342.6 −47.38
MP2 306.9 −69.75 −25.64
CCSD(T) 321.1 −61.75 −15.41
PBE-D3 303.8 −80.90 −25.98
B3LYP-D3 312.3 −82.21 −22.83
CAM-B3LYP-D3 307.6 −81.41 −24.45

[Au(NCH)2][AuCl4]—[Au
(NCH)2][AuCl4] (6)

HF 332.1 1.22

MP2 332.1 −10.29 −11.51
CCSD(T) 347.6 −7.88 −8.53
PBE-D3 337.6 −9.68 −6.60
B3LYP-D3 340.9 −11.92 −11.42
CAM-B3LYP-D3 332.1 −10.60 −10.03

[Au(NH3)2]Br Exp. [30] 341.4
[Au(NH3)2](NO3) Exp. [30] 309.1
[Au(NCCy)2][AuCl4] Exp. [31] 325.0
aΔE(MP2-HF); ΔE((DFT-D3)-DFT) approximate D3 in DFT level.
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we have used the geometry of the model 2 to build models 3
([Au(NH3)2]4) and 4 ([Au(NH3)2]8).

Whenwe use simplifiedmodels such as 5 and 6 to describe the
interaction between gold(I) and gold(III), the interaction energies
are increased to magnitudes associated with an ionic character.
The calculations can reproduce the structural trends found in
the experimental data. Thus, the interaction energy at the MP2
level inmodel 5 is composed of 73%of ionic termand27%of elec-
tronic correlation. It is assumed that the ionic interactions are
responsible for the attractive behaviour obtained at the HF level.
The additional stabilisation achieved at the MP2 level is due to
the introduction of dispersion-type correlation effects and charge
transfer contributions. At the CCSD(T), the gold–gold distance is
larger and the interaction energy is lower than the obtained at the
MP2 level. The electronic correlation in CCSD(T) is lower. At the
DFT level, the ionic interaction is 82% and the correlation effect is
18%. The magnitudes of the Au(I)-Au(III) interactions are in the
range of other complexes studied in the literature, such as in
[ClAu(I)PH3][Cl3Au(III)PH3] [46].

Moreover, we have built one linear tetramer unit defined as
model 6 depicted in Figure 2, and the calculated interaction dis-
tances and energies are summarised in Table 2. Due to the rel-
evance of the dispersive term in the interaction between the
subunits, as expected at HF level, we found no energy mini-
mum. It is because both fragments are neutrally charged.
Model 6 shows a classic aurophillic interaction between the
gold atoms inferred from the energy difference of 11.5 kcal/
mol between HF and MP2. Similar results were obtained
from the DFT-D3 level of theory. The CCSD(T) result shows
a decrease in the interaction energy in 7.8 kcal/mol, 23% less
respect the same result at the MP2 level. In all levels, the
gold–gold distances are found to be longer than the experimen-
tal results. At the HF level is repulsive. The results of the model
6 show a classic aurophilic contact [45].

The charge of the gold atoms in models 2, 5, and 6 have been
obtained using the NBO method [47]. From this, it is possible
to identify the ionic effects contributing to the gold–gold inter-
actions in the different models (see Table A1 in supplementary
material). The data for all the models showed a reduction of the
formal oxidation state of gold(I) and gold(III). The smallest
charge is found on gold(I) in the calculated models, whereas
a more substantial positive charge is concentrated on the gold
(III), as expected. However, in all the models, we found the
same magnitude of the charge of the gold atoms, which
would give rise to a repulsive interaction.

3.2. Excitation energy calculations

The UV-Vis spectra have been calculated at the TDDFT level
using the PBE, B3LYP and CAM-B3LYP functionals. Also,
the excitation energies of the models were analysed at the
SOS-CC2 level. We calculated the allowed spin singlet tran-
sition for these systems, based on the ground state structures
of models 1-6. The goal was to evaluate the electronic structure
of the excited state by direct electronic excitations. The allowed
transitions for models 1–4 are listed in Table 3, while for
models 5 and 6 are presented in Table 4.

Similar excitation energies are obtained for models 1–4 at
the DFT and SOS-CC2 levels. However, in all models, the

band transitions calculated at the DFT levels were red shifted
as compared to the SOS-CC2 value. If we analyse the first tran-
sition in the model 4, we found that with PBE level it appears at
481 nm, at 365 nm with B3LYP, at 290 nm with CAM-B3LYP
and at 311 nm with SOS-CC2. Moreover, we have performed
SCS-CC2 calculations. The results are summarised in Table

Table 3. The strongest singlet excitation energies calculated for models 1–4 are
compared to experimental data [34]. The excitation energies and oscillator
strengths have been calculated at the TDDFT and CC2 levels. The orbital
contributions and the character of the transitions are also given.

Model Method λcalc/nm fa Contributionb Transition type

[Au(NH3)2](NO3)
(1)

PBE 175 0.1093 29a → 32a (80) MMCT (dz2→p)

B3LYP 175 0.1093 29a → 32a (89) MMCT (dz2→p)
CAM-
B3LYP

175 0.0990 29a → 32a (85) MMCT (dz2→p)

SOS-CC2 172 0.1575 29a → 32a (73) MMCT (dz2→p)
[Au
(NH3)2]2(NO3)2
(2)

PBE 205 0.3496 58a → 63a (76) MMCT (dz2+dx2-
y2*→pz)

B3LYP 195 0.3048 58a → 63a (60) MMCT (dz2+dx2-
y2*→pz)

CAM-
B3LYP

190 0.4470 58a → 63a (85) MMCT (dz2+dx2-
y2*→pz)

SOS-CC2 191 0.6522 58a → 63a (70) MMCT (dz2+dx2-
y2*→pz)

[Au
(NH3)2]4(NO3)4
(3)

PBE 284 0.5632 116a → 121a
(85)

MMCT (dz2+dx2-
y2*→pz + dz2)

249 0.2672 115a → 120a
(85)

MMCT (dz2+dx2-
y2*→s + pz)

230 0.2551 116a → 125a
(85)

MMCT (dz2+dx2-
y2*→pz)

B3LYP 251 0.9864 116a → 121a
(97)

MMCT (dz2+dx2-
y2*→pz + dz2)

204 0.1984 116a → 125a
(58)

MMCT (dz2+dx2-
y2*→s + pz)

CAM-
B3LYP

236 1.2165 116a → 120a
(86)

MMCT (dz2+dx2-
y2*→pz + dz2)

189 0.2290 116a → 125a
(52)

MMCT (dz2+dx2-
y2*→s + pz)

SOS-CC2 241 1.5750 116a → 121a
(81)

MMCT (dz2+dx2-
y2*→pz + dz2)

187 0.1685 116a → 124a
(44)

MMCT (dz2+dx2-
y2*→s + pz)

[Au
(NH3)2]8(NO3)8
(4)

PBE 481 0.3155 232a → 235a
(78)

MMCT (dz2+dx2-
y2*→pz + dz2)

375 0.5875 231a→ 239a
(63)

MMCT (dz2+dx2-
y2*→s + pz)

357 0.1286 230a→ 226a
(93)

MMCT (dz2+dx2-
y2*→pz + dz2)

B3LYP 365 0.4993 232a → 237a
(69)

MMCT (dz2+dx2-
y2*→pz + dz2)

317 0.6873 232a → 238a
(64)

MMCT (dz2+dx2-
y2*→s + pz)

269 0.6547 230a → 237a
(81)

MMCT (dz2+dx2-
y2*→pz + dz2)

CAM-
B3LYP

290 0.6445 232a → 233a
(65)

MMCT (dz2+dx2-
y2*→pz + dz2)

287 1.9254 232a → 236a
(60)

MMCT (dz2+dx2-
y2*→s + pz)

228 0.5269 232a → 245a
(63)

MMCT (dz2+dx2-
y2*→pz + dz2)

SOS-CC2 311 0.2643 232a → 233a
(49)

MMCT (dz2+dx2-
y2*→pz + dz2)

305 2.5870 232a → 237a
(51)

MMCT (dz2+dx2-
y2*→s + pz)

277 0.3406 232a → 245a
(36)

MMCT (dz2+dx2-
y2*→pz + dz2)

[Au(NH3)2](NO3) Solid
[30]

450–650

aOscillator strength.
bValues are |coeff.|2 × 100.
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A2 of the supplementary material. It is obtained a blue shift of
the electronic transitions. The comparison of the excitation
energies and oscillator strengths calculated at the four levels
of theory show that the excitation energies calculated at the
PBE level are generally smaller than those obtained with the
B3LYP, CAM-B3LYP and SOS-CC2 calculations. More states
are also obtained at the PBE level suggesting that there are
charge transfer problems in the high-energy region of the vis-
ible part of the absorption spectra. Very similar absorption
spectra were obtained at the B3LYP, CAM-B3LYP and SOS-
CC2 levels in the studied energy range.

For [Au(NCH)2][AuCl4] (5) and ([Au(NCH)2][AuCl4])2
(6), the band calculated at the PBE level is red shifted relative
to the value obtained using B3LYP, CAM-B3LYP, and SOS-
CC2 (see Table 4). The same holds for the other studied exci-
tation energies. Similar oscillator strengths were obtained at
the four levels of theory. The SCS-CC2 results in both models
show bands at higher energy (shorter wavelength). These data
are shown in Table A3 of the supplementary material. The
transition wavelengths of the strong transitions calculated at
the PBE level are in better agreement with the experimental
values than those obtained at the other computational levels.

Table 4. The strongest singlet excitation energies calculated for models 5 and 6 are compared to experimental data [31]. The excitation energies and oscillator strengths
have been calculated at the TD-DFT and CC2 levels. The orbital contributions and the character of the transitions are also given.

Model Method λcalc/nm fa Contributionb Transition type

[Au(NCH)2][AuCl4] (5) PBE 400 0.0081 41a → 46a (99) MLMLCT (dxz + pz*→π)
321 0.1218 36a → 45a (92) MLMLCT (dx2-y2*→π)
243 0.1420 33a → 44a (42) MLMLCT (π*→π)

B3LYP 414 0.0118 39a → 44a (95) MLMLCT (dxz + pz*→π)
261 0.1831 36a → 45a (96) MLMLCT (dx2-y2*→π)
240 0.2707 33a → 44a (71) MLMLCT (π*→π)

CAM-B3LYP 313 0.0265 40a → 46a (90) MLMLCT (dxz + pz*→π)
244 0.2562 36a → 45a (80) MLMLCT (dx2-y2*→π)
206 0.2787 33a → 46a (78) MlMLCT (π*→π)

SOS-CC2 340 0.0374 42a → 44a (82) MLMLCT (dxz + pz*→π)
234 0.3446 40a → 45a (44) MLMLCT (dx2-y2*→π)
216 0.2090 33a → 44a (33) MLMLCT (π*→π)

[Au(NCH)2]2[AuCl4]2 (6) PBE 492 0.0537 81a → 89a (98) LMLCT (π→s + pz+π)
328 0.3591 81a→ 91a (91) LMLCT (π→pz+π)
314 0.0885 70a → 89a (79) MLML (dz2+π→ s + pz+π)
253 0.0900 69a → 88a (30) MLML (dz2+π→pz+π)

B3LYP 413 0.0122 82a → 88a (95) LMLCT (π→s + pz+π)
265 0.4730 80a → 91a (83) LMLCT (π→pz+π)
238 0.3074 68a → 88a (59) MLML (dz2+π→pz+π)

CAM-B3LYP 302 0.0144 75a → 87a (89) LMLCT (π→pz+π)
301 0.0384 82a → 90a (89) MLML (dz2+π→ s + pz+π)
240 0.6587 78a → 92a (53) MLML (dz2+π→pz+π)

SOS-CC2 402 0.0077 74a → 87a (56) LMLCT (π→pz+π)
348 0.0237 75a → 87a (65) LMLCT (π→pz+π)
235 0.3547 81a → 91a (91) MLML (dz2+π→pz+π)

[Au(NCCy)2][AuCl4] Solid [31]c 331,248c

aOscillator strength.
bValues are |coeff.|2 × 100.
cATR-UV/Vis solid spectrum. 331 and 248 nm are maximum peaks 382, 432, and 462 nm are shoulder bands.

Figure 3. Electronic spectra at the PBE level calculated for [Au(NH3)2]8(NO3)8 (4).
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All the methods used in this work show the same qualitative
trend. It is possible to observe that the electronic transitions are
red shifted when the increases in the size of the models. The
results obtained with the PBE method are closer to the exper-
imental data. Thus, we used the main transitions obtained
with PBE method, and the compares with the excitation ener-
gies calculated by the other methods used in this work. We dis-
cuss only the properties of the [Au(NH3)2]8(NO3)8 (4) and
([Au(NCH)2][AuCl4])2 (6) models at the PBE levels. The
results are shown in Figures 3 and 4, respectively. Moreover,
the electronic transitions are summarised in Figure 5 for [Au
(NH3)2]8(NO3)8 and in Figure 6 for ([Au(NCH)2][AuCl4])2.
Electronic transitions and the active molecular orbitals in the
SOS-CC2 calculation has been described in Figure A1 in the

supplementary material for the [Au(NH3)2]n(NO3)n (n =
1,2,4,8) models (1-4). These results are qualitatively same that
the obtained by the PBE method (in Figures 5 and A2).

3.2.1. [Au(NH3)2]8(NO3)8
This gold complex shows an experimental spectrum with a
band between 450 and 650 nm [30]. We increase the size of
the models from one to eight units, regardless of the method
used; we can see a shift of the theoretical absorption bands.
So they are approaching the experimental spectrum. We do
aim to highlight the trend that is obtained follows the exper-
imental absorption band associated with gold–gold interaction.

The calculated spectra show a major transition that changes
depending on the method used. They are shown in Table 3.

Figure 5. Most important active molecular orbitals in the electronic transitions of the [Au(NH3)2]8(NO3)8 (4) model at the PBE level.

Figure 4. Electronic spectra at the PBE level calculated for ([Au(NCH)2][AuCl4])2 (6).
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The complexes show oligomeric structures, so an agreement is at
the semiquantitative level. The [Au(NH3)2]8(NO3)8 model has
three important transitions at 481 nm (A), 375 nm (B), and
357 nm (C). They are caused mainly by metal–metal charge
transfer (MMCT), mostly centred among the gold atoms.

3.2.2. [Au(NCH)2]2[AuCl4]2
The theoretical transitions of the models (5 and 6) and exper-
imental spectroscopic absorption data are summarised in Table
4. The experimental spectra depicted by the solid line show two
intense absorption bands at 331, and 248 nm [31]. Besides,
three shoulders at 382, 432, and 462 nm are identified. According
to the data presented in Table 4, the largest model (6) was able to
reproduce the experimental spectrum, also highlighting the good
performance of PBE and CC2 methodologies (see Figure 4).

The spectrum calculated for model 6 at the PBE level shows
theoretical transitions at 492 nm (A), 328 nm (B), 314 nm (C),
and 253 nm (D). The transitions are assigned to 81a → 91a
(328 nm) and 69a → 88a (253 nm), in agreement with the
experimental bands (331 and 248 nm). These bands corre-
spond to a ligand-to-metal–ligand charge transfer

(LMLCT) and metal–ligand-to-metal–ligand charge transfer
(MLMLCT).

3.3. Aurophilic Distance and Excitation Energies

The aurophilic interactions are considered in most complexes
to be responsible for the electronic spectroscopic features,
that are highly dependent on the gold–gold distance [48]. In
the last time, some compounds with aurophilic contacts
under the action of pressure or concentration, e.g. [Au(C6Cl5)2-
Ag([9]aneS3)2 [27] and K[Au(CN)2] [49], have shown that the
absorption and emission bands change with the reduction or
lengthening of the gold–gold distance.

In this section, we have used [Au(NH3)2]n(NO3)n (n = 2,4)
(2,3) models to characterise the relationship between the
gold–gold distance and the absorption band associated to
the aurophilic interaction. For this purpose, we calculated
the electronic transitions at increasing gold–gold distance
starting from the equilibrium geometry. The results are sum-
marised in Table 5 for the [Au(NH3)2]2(NO3)2 model (2) and
in Table A4 for the [Au(NH3)2]4(NO3)4 model (4). These are

Figure 6. Most important active molecular orbitals in the electronic transitions of the ([Au(NCH)2][AuCl4])2 (6)model at the PBE level.
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calculated at the PBE, SOS-CC2 and SCS-CC2 levels. Regard-
less of the method used, with the increase of the gold–gold dis-
tance is possible to appreciate how the absorption band
associated with the aurophilic interaction is blue-shifted
towards a shorter wavelength (higher energy). It is in accord-
ance with the previous results shown in section 3.2 and is
complemented by the equilibrium models of section 3.1.
Although the aurophlic interaction is not relevant to estimate
the electronic properties, it is mainly the equilibrium distance
in the first electronic state with which these optical properties
are estimated.

4. Conclusion

Theoretical calculations at the MP2, CCSD(T) and DFT-D3
levels were suitable to describe the aurophilic interaction pre-
sent in the proposed models with configurations d10-d10 and
d10-d8. Through TDDFT/PBE calculations, we were able to
reproduce the experimental excitation spectra and rationalise
the relationship between the gold–gold distance and the shift
in the main absorption bands. For all models, there is a strong
dependence between the gold–gold intermolecular contact
and the absorption bands, with a red shift effect that is
observed in the experimental complexes in the solid state.
Finally, our results showed that the aurophilic attraction is
mainly responsible for the MMCT in [Au(NH3)2]n(NO3)n
models (n = 2,4,8), while in ([Au(NCH)2][AuCl4])n models
(n = 1,2), strong LMLCT and MLMLCT components were
identified.
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