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Unusually short Au(in)---Au(in) aurophilic contacts
between anions. Necessity of counterionsf

b and Wiktor Zierkiewicz (2 *P

Steve Scheiner, (2 *@ Mariusz Michalczyk
Certain crystals contain unusually short contacts between Au(in) species, sometimes interpreted as unsup-
ported aurophilic interactions. Calculations at various levels of theory, including CCSD(T)/CBS, demon-
strate the potentials between anions containing these Au(il) centers are purely repulsive, despite the pres-
ence of noncovalent bonding between the Au centers. The occurrence of these anion---anion dimers in
the crystal structure are dependent on the presence of counterions. On the other hand, rearranging the

orientations of the anions relative to one another can yield metastable minima, albeit with energies much
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Introduction

The literature offers many examples of anions forming stable
complexes with one another, bound together by noncovalent
interactions, within the constraints of a polarizable medium
such as a crystal or solvent."™ In the context of the gas phase,
such anion pairs are metastable at best, meaning that they are
higher in energy than the fully separated monomers, and their
immediate dissociation is obstructed by an energy
barrier.>®™"" Thus, situations when the anion pair forms a
stable complex in the gas phase can be considered highly
exceptional. Such counterintuitive systems were reported in a
theoretical study where exothermic association reactions were
obtained for anions comprising long-chain organic molecules,
terminated by a deprotonated carboxyl group or oxygen anion
on one end, and an iodine atom on the other.'* This unit com-
plexed with a simple CI anion, or NH, group incorporated in
an alkyl chain terminating in a COO™ group. Recently, it has
been shown that there is the possibility of an attractive inter-
action between neutral sub-systems containing Au(m) in the
vicinity of anionic and neutral ligands."®™® These observations
raise the question as to the possible existence of stable dimers
between pairs of anions containing Au(u) without the aid of
counterions or other stabilizing crystal packing forces.
It is therefore of interest to note two recent reports
crystal structures containing the similar structural motif of two
anions containing an Au(m)---Au(m) distance significantly
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higher than a pair of fully dissociated species.

shorter than the sum of van der Waals radii (4.58 A (ref. 17)).
The first work'® observed parallel pairs of Au(CN);~ anions
which was claimed to be a stable equilibrium geometry, even
in the absence of counterions or a surrounding polarizable
medium, 0.5 kcal mol™ more stable than a fully separated
pair of isolated anions. Such a stable anion between a pair of
anions of this type in the gas phase would seem quite unlikely,
particularly in the face of a substantial body of literature that
has fruitlessly attempted to identify any system where two ions
of like charge engage in a stable dyad in the gas
phase.>*¢71%1828 1n the second work,"> MP2 calculations of
the [Au(N;)4],>~ dimer, studied earlier by Klapotke,* proposed
a minimum with an Au(m)---Au(m) distance of 3.21 A. This
issue was a bit muddied as the authors found a distance of
3.09 A at the RI-MP2/def2-TZVP level while the complex spon-
taneously dissociates via RI-DFT/B3LYP-D3 (BJ])/def2-TZVP
level.

These uncertainties motivated us to examine both of these
systems more closely, and at a consistently high level of theory.
It was of particular interest to determine whether these anions
could indeed engage in a stable, or even metastable, complex
in the absence of the stabilizing forces emanating from sur-
rounding counterions within the crystal environment. And if
such a stable complex was identified, to dissect the bonding
so as to better understand the underlying forces.

Computational methods

Calculations were performed at the M06-2X/def2tzvpp,3°~?

PBEO-D3/def2tzvpp,** MP2/def2TZVP,*> (with the Douglas-
Kroll-Hess 2nd order scalar relativistic correction®® for the Au
atoms) levels of theory using the Gaussian 16 (Rev. C.01)
package.®” The counterpoise protocol proposed by Boys and

Dalton Trans., 2025, 54, 9201-9207 | 9201


http://rsc.li/dalton
http://orcid.org/0000-0003-0793-0369
http://orcid.org/0000-0002-6495-6963
http://orcid.org/0000-0002-4038-5959
https://doi.org/10.1039/d5dt00879d
https://doi.org/10.1039/d5dt00879d
https://doi.org/10.1039/d5dt00879d
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt00879d&domain=pdf&date_stamp=2025-06-04
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00879d
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054023

Open Access Article. Published on 15 May 2025. Downloaded on 1/23/2026 1:28:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Bernardi corrected the basis set superposition error (BSSE).*®
Additionally, the interaction energies of dimers I and II were
determined at the CCSD(T)/complete basis set (CBS) level. The
CCSD(T)/CBS interaction energy was calculated as the sum of
the MP2/CBS interaction energy and the CCSD(T) correction
term.*® The MP2/CBS energy was extrapolated from the MP2
energies evaluated at the MP2/aug-cc-pvVDZ and MP2/aug-
ccpVTZ levels, using the extrapolation method of Helgaker
et al.*® The CCSD(T) correction term (the difference between
the CCSD(T) and MP2 interaction energies) was determined
with the aug-cc-pVDZ basis set.*"*> Solvent effects were calcu-
lated by using the polarization continuum model (PCM)
method within the self-consistent reaction field (SCRF)
approach.*>** The AIMAIl program® was applied for the
purpose of QTAIM topological analysis.*®*” Decomposition of
the interaction energy into its various components was accom-
plished in the framework of the ALMO-EDA scheme via
Q-Chem 6*%*° software.

Results

The first step comprised a reexamination of the prior calcu-
lations of the anions and their dyads, in the absence of coun-
terions. Starting geometries were taken directly from the perti-
nent crystals, and the initial calculations carried out at the
MP2/def2TZVP+DKH2 level of theory. The relevant portions of
the structure provided by the [Lu(bipyO,),][Au(CN),]s-H,O
crystal study as well as methylammonium tetraazidoaurates(i)
are summarized in Fig. 1.

As regards the former system, the stacking between these
planar anions contains Au---Au distances that alternate
between 3.360 and 3.435 A. The pair containing the shorter
contact is designated here as dimer I, while dimer II refers to
the longer distance. While both I and II are staggered, there is
some difference in their C-Au---Au-C dihedral angles which
are 39.6° and 31.5°, respectively. The [Au(N3),],>~ dimer from
the latter complex has a Au---Au contact distance of 3.507 A.
This complex is labelled as dimer III.

dimer 1
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First the total energies were calculated as the two anions in
these stacked orientations were translated in a direction paral-
lel to the Au---Au axis. The energetics arising from this trans-
lation are shown in Fig. 2 for dimer I and Fig. S1t for dimer II

The trends for both dyads are comparable. As can be seen
from Fig. 2 this curve is purely repulsive in the sense that the
energy drops smoothly and monotonically as the two units
drift further apart. There is clearly no minimum in this poten-
tial or even an inflection. Rather than the minimum men-
tioned by the original authors at 3.60 A, with an energy
0.5 kcal mol™ below that with R = 4.4 A, it was found that the
former is higher in energy than the latter by 2 kcal mol .
Indeed, the energy of the 3.60 A structure is fully 52.2 kcal
mol ™" higher than that of a fully separated pair of anions, so
can hardly be considered a stable configuration in any sense.

The scenario for dimer III in Fig. 3 is different in that it
contains a metastable minimum. There is an energy minimum
for this dyad at around 3.31 A with an accompanying barrier to
dissociation of about 7.5 kcal mol™'. Nonetheless, it must be
stressed that this local minimum lies a full 31 kcal mol™*
higher in energy than the fully separated anions.

Rather than a rigid displacement of the two anions from
one another, one can also allow relaxation of the geometries of
the two subunits as they move away from each other. However,
just as in the rigid motion, such an optimization results in a
steady separation to a pair of fully separated anions for both
dimers I and II as depicted in Tables S1 and S2.} Full optimiz-
ation of dimer III leads to a nearly similar scenario. One
obtains a metastable complex, but with a highly positive inter-
action energy, +41.60 kcal mol™" at the MP2/LANL2DZ/aug-cc-
pVDZ level of theory (LANL2DZ basis set was used for the Au
atom and aug-cc-pVDZ for the others), much less stable than
the fully separated species. Fig. 4 illustrates the MP2 optimized
structure of the [Au(N;),],>~ metastable complex.

One can analyze the various bonding interactions via the
QTAIM formalism which identifies bond paths between atoms.
The QTAIM molecular diagram of this dimer is shown in
Fig. S2.1 It should be underscored that this diagram contains
no Au---Au bonding, and the distance between these Au
centers is 0.296 A longer than in dimer III (Fig. 3). It is only

b)

dimer I11

Fig. 1 Dimers studied in this work: (a) [AU(CN)4122~, (b) [Au(N3)41,%". Distances in A.
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structure of the [Au(Ns)4l,>~ metastable

the relatively strong interactions between nitrogen and gold
atoms that are responsible for the existence of this metastable
complex, as illustrated clearly by the dashed lines in Fig. S2.f
Identical electron density values of 0.024 au at the bond criti-
cal points indicate that these interactions are of comparable
strength. These results are summarized in Table 1 which dis-
plays the interaction energies of these three dimers, taken

This journal is © The Royal Society of Chemistry 2025

Table 1 Interaction energies (kcal mol™, BSSE corrected) for dimers
within the crystal structure

Method Dimer I Dimer II Dimer IIT
Gas phase

CCSD(T)/CBS +46.91 +46.64 +36.83

MP2/def2tzvp+DKH2 +52.21 +51.59 +41.73

MO06-2X/def2tzvpp +54.50 +54.00 +47.89

PBEO-D3/def2tzvpp +52.56 +51.73 +44.84
Aqueous solution

MO06-2X/def2tzvpp -3.22 -8.83 -7.97

PBEO-D3/def2tzvpp -9.11 —6.23 -10.51

directly from the crystal structures, at various levels of theory.
Although the precise values differ slightly from one level to the
next, the data consistently show the dimers to be substantially
higher in energy than the separated monomers. These data
include the very high level CCSD(T)/CBS protocol which was
also used to calculate the interaction energies. In this same
vein, the change from D3 dispersion correction to D3(B]) has
very little influence, changing results by less than 3%.

Dalton Trans., 2025, 54, 9201-9207 | 9203
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As these anion pairs would spontaneously decay to separate
species in the gas phase, it would appear that it is the crystal-
line environment that stabilizes their close approach. A first
rough approximation to this milieu is represented by a polariz-
able continuum surrounding the anion pair. Such a PCM mod-
eling of this environment, with a dielectric constant of water (e
= 78), greatly stabilizes these ion pairs. As delineated in the
last two rows of Table 1, this medium produces negative, i.e.
attractive, interaction energies, wherein the dyads are more
stable than the separated anions. This stabilization is quite
dramatic, reversing endothermic values in the neighborhood
of +50 kcal mol™" to negative quantities between —3 and
—11 kecal mol ™.

Rather than a generic polarizable continuum, the effects of
the crystal environment can be mimicked instead by adding a
pair of neighboring counterions. Fig. 5 displays the system
wherein the anionic dimer III is bracketed by a pair of NMe,"
counterions, again in their crystal structure positions. These
cations also have a strong stabilizing effect on the anion pair.
The interaction energy of the dyad, consisting of a pair of
(anion + cation) species was calculated to be —33.52 kcal
mol ™, quite a stable system.

The influence of counterions was likewise examined for
dimers I and II that involve the Au(CN), dimers. The large [Ln
(bipy0O,),*" ligand which is present in the crystal was replaced
by two potassium cations so as to obtain an overall electrically
neutral system. The K" positions were then optimized, as dis-
played in Fig. S3.7 The MP2 interaction energies within these
neutral K,[Au(CN),], complexes were evaluated to be —34.85
and —32.94 kcal mol ™" for complexes derived from dimer I and
11, respectively. This result closely parallels the findings for the
Au(Nj;), dimers of large stabilization offered by counterions.

The molecular diagram of the [Me,N],[Au(N;),], complex is
contained in Fig. S4.1 There is a bond path between the two
Au nuclei with a bond critical point density of 0.010 au,
characteristic of a moderately strong noncovalent bond. But
there are also a number of other bonds. Some N---H bonds
have densities which together sum to 0.067 au. Also present
are a pair of N---N contacts whose densities sum to 0.022 au.
These findings suggest the counterions stabilize the system in
two ways. They first help to disperse the negative charges of
the anions, thereby reducing their coulombic repulsion. The
counterions also add a sort of glue to the dyad through the

Au &~
oo 4 “
s 2 3507 & 9
39835, @iaqe
vgsT TRI

Fig. 5 The [Me4N];[Au(N3)4], fragment of the crystal structure. Distance
in A.
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intermediacy of secondary H-bonds. This multifold activity is
consistent with previous studies in the literature.”>**3°

The total interaction energy of each complex containing
counterions was separated into its components by ALMO-EDA
decomposition, which provides electrostatic (ES), dispersion
(DISP), polarization (POL), and charge transfer (CT) as separate
attractive elements, all countered by Pauli repulsion. The per-
centage contributions to the total attractive energies of these
components are listed in Table S3.1 As can be seen from this
table, ES is the leading component of stabilization forces fol-
lowed by DISP, POL and CT in that order. In the case of the
[Me,N],[Au(N;),], complex the DISP term is nearly as large as
ES. One may note that CT contributes only 5-6% for all com-
plexes. There is in fact substantial transfer of charge from the
Au anions to the counterions, as indicated by the last column
of Table S3.}

The AIM diagrams of the three naked anion dyads are pre-
sented in Fig. 6. It might be noted there is a bond path
between the two Au centers in all cases, with a density
between 0.010 and 0.013 au. These bond paths are present
even though the potentials of these structures are quite repul-
sive. It is therefore important to stress that the presence of a
bond path may be indicative of a bonding interaction, but is
not in and of itself evidence of an attractive potential, echoing
earlier findings to this effect in the literature.""

While the calculations clearly demonstrate that the stacked
dimers are unstable with respect to dissociation, it was thought
that perhaps another arrangement, even one quite different
than in the crystal, might be more stable, even in the absence
of crystal packing forces. As an example of such a scenario, one
of the two anions was rotated by 90° to form a T-shaped dimer,
as depicted for dimer I in Fig. 7. An optimization of this struc-
ture, again within the gas phase at the MP2/def2tzvp+DKH2
level, does in fact lead to a true minimum, with all real
vibrational frequencies. However, this configuration with an
Au---N distance of some 2.916 A, represents a metastable state.

This T-shaped dimer is less stable than the fully separated
pair of dimers by 36.2 kcal mol™". On the other hand, its dis-
sociation is impeded by an energy barrier, albeit a small one, as
seen in Fig. 7. This barrier height is equal to 0.91 kcal mol ™", low
enough to be overcome fairly easily. The bonding within this
metastable dyad is attributed to an Au---N bond, as exemplified
by the AIM diagram in Fig. S5.f The density at this Au---N bond
critical point is somewhat larger than that in the parallel structure
(0.018 vs. 0.013 au), which helps account for its metastability.

This same idea of a T-shaped arrangement was also tested
for dimer III. However, it was found to be even less stable than
the metastable dimer discussed earlier (see Fig. 4) by 7.61 kcal
mol ™. The MP2 optimized structure of this complex along
with the AIM diagram are shown in Fig. S6.1

Discussion

The literature contains some data that provide a broader per-
spective on interanionic interactions. Within our own research

This journal is © The Royal Society of Chemistry 2025
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dimer III

Fig. 6 QTAIM molecular diagrams of dimers I, Il and lll. Electron densities at BCPs in au.
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Fig. 7 Trend of the energy versus the Au---Au distance calculated at MP2 level for metastable dimer. Reference (zero) value of energy was set at
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group, several works have addressed such interactions between
anions containing transition metals. The Pd---Cl interaction
between two tetrachloridopalladate(u) centers was characterized
by computational protocols to contain a metastable minimum
in the gas phase,”> with an interaction energy of +211.8 kcal
mol™". This quantity is roughly five times larger than that
between Au centers calculated here. But a major reason for this
higher energy is the examination of pairs of dianions, rather
than the monoanionic Au units. Like the Au systems, the barrier
to dissociation was rather small at 1.3 kcal mol™, similar to
0.9 kcal mol™" obtained here for the T-shape Au dimer.
Encircling the [PACL, ]~ dimer by organic counterions in a
crystal environment strongly stabilized the complex, yielding an
interaction energy of —54.8 kcal mol™". It was thus concluded
that these counterions aided the interaction in the amount of
140 kcal mol™". This result is quite comparable to the effects of
the counterions in the [Me,N],[Au(N3),], system, where the inter-
action energy was lowered from +45 to —34 kcal mol™". Just as in
the current work, QTAIM analysis suggested metal-to-metal
bonding, despite the overall repulsive nature of the potentials.

In contrast to the face-to-face Au(i)---Au(i) interaction, that
between Au(ui) species might be somewhat surprising, due to
the largely empty d,. orbitals in the latter. The literature
suggests that the different occupation of the orbitals of Au()
and Au(m), as well as the coordination environment does not

This journal is © The Royal Society of Chemistry 2025

necessarily inhibit the presence of dispersion forces as a large
contributor to aurophilicity."® Our own results on the variation
of interaction energies in Au(ui)---Au(i) complexes containing
counterions confirm the significant role of dispersion as the
second most attractive term.

Another study shifted to Pd, and reinforced the strong role
of counterions in stabilizing the anion---anion interactions, in
that case via NH---N hydrogen bonds."" Fig. S27 of the present
work echoes this idea, with numerous CH---N hydrogen bonds
which serve as “gluing” agents of a sort. Pd was also the focus
of another work' where this atom interacted directly with Cl
and Br within the context of X-ray structures. The progression
of the interaction energy from around +200 kcal mol™" to
nearly +100 kcal mol™" was monitored as cationic counterions
were added to as many as four [NH;(CH,)sNH,]" ligands.
Again, AIM bond paths suggested Pd---X bonds despite the
overall repulsive nature of the interactions.

The literature extends to other metals as well. CN™---MCl;~
dimers (M = Zn, Cd, Hg)° contain metastable minima, with
interaction energies in the range between +4 to +15 kcal
mol™", but immersion of these dyads in water reversed the
interaction energies to negative sign, between —26 and
—13 kecal mol™". One difference with the Au and Pd systems
described above is the higher energy barrier here, roughly
25 keal mol™, impeding the dissociation of these dyads. On a

Dalton Trans., 2025, 54, 9201-9207 | 9205
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similar line, stacked (MX;™), anion dimers (M = Zn, Cd, Hg, X
= Cl, Br, I) are stable in water or methanol.?

Shifting to other types of atoms, Grabarz et al’ demon-
strated that even aerogen bonded anion---anion complexes can
yield stable minima when submerged in an aqueous medium.
The AeX5~ (Ae = Kr, Xe, X = F, Cl) species linked to the bare F~,
ClI” and CN™ anions achieved negative interaction energies,
albeit only small ones. Aqueous solvent yielded more negative
values than less polar dimethylformamide, while for even less
polarizable tetrahydrofuran only metastable minima were pro-
duced. In 2021, Daolio and co-workers® considered the stabi-
lity of MaO,” matere bonded dimers (Ma = Mn, Tc, Re).
Without counterions, the dimers were unstable in the gas
phase, causing the monomers to break apart. Within water
and DMSO solvent, a stable minimum was found for Re within
the former solvent, whereas only metastable minima were
identified for the latter DMSO. The energetic barrier to dis-
sociation of this metastable structure was quite small, only
0.8 kcal mol™". Anion---anion interaction patterns have also
been examined for complexes containing halogen bond,>*
chalcogen bond** or between aspartate dimers® are also avail-
able in the literature.

With respect to systems that explicitly contain Au, Andreo
et al. synthesized and characterized the [Aul,]™---[Aul,]”
complex enclosed by tetramethylammonium cations.?® Rather
than a direct interaction between the Au centers, these anionic
dimers had T-shape forms (like that discussed above) which
were stable in water solvent, but which spontaneously disso-
ciated in the gas phase. Both QTAIM and NCI plots indicated
the presence of Au(m)---I attractive interactions.
Tetrachloridoaurate(ur) anionic centers were scrutinized by
Daolio et al.” The interaction between [AuCl,]” units in the
crystal structures of salts of the methyl ester of (S,S)-dimethyl-
B-propiothetin and acetylocholine was indicated by QTAIM and
NCI analyses. The p values at Au---Cl BCPs were around 0.001
au, equivalent to those obtained in other works including the
current one. Finally, two years ago Li et al'® checked the
nature and binding energy profiles for the [Au(CN),] ,
[AuCl,]™, [AuBry]™, [Aul,]” and [AuO]™ anions in dimers with
F, CI7, Br, I and CN~ or OCI". Metastable dimers were
found in the gas phase for six complexes with energy barriers
below 10 kcal mol ™.

Conclusions

The results presented here affirm the previous literature that
in most instances gas-phase contacts between anions can at
best yield a metastable minimum, considerably higher in
energy than the separated ions. A metastable minimum of this
sort is separated from the dissociated pair by an energy barrier
between 1 and 10 kcal mol™". Conversion of the potential to
one where the associated dyad is more stable than the separ-
ated ion pair requires external mediation. The latter may arise
in the form of neighboring counterions or immersion in a
polarizable continuum meant to simulate solvent. Whether it

9206 | Dalton Trans., 2025, 54, 9201-9207
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is the metastable minimum that is examined, or the geometry
extracted from the crystal, QTAIM or NCI analysis may well
reveal a bond path between metal centers, indicative of a
bonding interaction, but this bonding will in general be
insufficient to override the coulombic repulsion between the
two anions. The difficulty of overcoming such anion-anion
repulsions is exemplified by a survey of the CSD. A query con-
sidering Au---Au contacts between neutral gold centers returns
568 examples, but this number is dramatically reduced to only
16 hits when the Au atoms are negatively charged.
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