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Unsupported Au---Pd interactions have not yet been experimentally confirmed, leaving their existence and
fundamental nature an open question. Herein, we present a comprehensive multifaceted computational
study to grasp their nature and feasibility, using simplified models of typical Au()/Au(n) and Pd(1) com-
plexes. Geometry optimizations and interaction energy calculations were carried out at both the DFT and
post-Hartree—Fock levels of theory, including MP2, SCS-MP2 and DLPNO-CCSD(T) methods. Potential
energy curves computed at the MP2 and RHF levels of theory with different relativistic ECPs allowed us to
disentangle the effects of electron correlation and relativistic contributions. In-depth topological analyses
based on MP2 and DLPNO-CCSD(T) electron densities were conducted to gain deeper insight into the
bonding character. Additionally, we also propose a decomposition scheme to isolate the metal-metal
contribution to the total interaction energy; a term whose true nature, repulsive or attractive, remains
debatable. This computational protocol, together with the reduced size of the simplified models, provides
a consistent and reliable framework for the high-accuracy characterization of metallophilic interactions.
Remarkably, the computed Au---Pd interaction energy values are stronger than anticipated (10-35 kJ
mol™), with a predominantly ionic and dispersive, closed-shell character and a minor covalent contri-
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bution. In these systems, medium-to-strong metal—hydrogen interactions are also present, coexisting and
competing with the metallophilic contacts to influence the overall stabilization. Collectively, our results
point to the potential existence of related compounds featuring unsupported Au---Pd contacts in suitably

rsc.li/dalton designed systems, where substantial electrostatic forces further stabilize the models.

Experimental and computational studies have revealed
numerous metallophilic contacts across a variety of metal

1. Introduction

Simple well-known electrostatics would predict repulsion
between closed- or pseudo closed-shell metal cations,' yet
experimental studies have shown that these species can
indeed attract each other,>” forming discrete complexes,’
chains,® or 2- and 3-dimensional networks.” First identified in
gold(1) compounds as aurophilicity,® this phenomenon, now
broadly recognized as metallophilicity,” represents a class of
weak yet highly directional interactions that play a key role in
structural organization. Typically described as van der Waals-
type forces (20-50 kJ mol™"),'° they arise from dispersion-type
effects and are reinforced by the pronounced relativistic contri-
butions in heavy atoms.''™™
tion,"*° the precise physical origin and underlying nature of
metallophilic interactions remain under debate.*"

Despite extensive investiga-
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cation types, including d'® species Au(1), Ag(i), Cu(1), and
Hg(u),>**” d® species Au(m), Pd(u), and Pt(u),”*>> and d'°s®
species TI(1), Ge(u), Pb(u), and Bi(m).>*® These interactions
are observed in both homometallic and heterometallic com-
plexes, where they can coexist with or compete against other
recurring noncovalent motifs, such as metal-hydrogen or
metal-halogen bonding.*’””*' Depending on the system, this
competitive-cooperative balance determines whether metallo-
philicity acts as an auxiliary interaction or emerges as the
dominant one controlling the overall structural arrangement.
Notably, metallophilic interactions are predominantly
observed in the solid state, as their intrinsic weakness often
prevents them from persisting in solution.®

These subtle yet powerful noncovalent interactions, particu-
larly those involving Au(i) cations, are far from being mere
spectators. They not only orchestrate supramolecular
assemblies®>™** but also stabilize reactive intermediates in
catalysis,”™*” enable sensing applications,*®*°
guing phenomena such as mechanochromism,

and drive intri-
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mism,*® and luminescence,”® making them key contributors
in functional materials, including OLED technology.’*

Focusing on gold-palladium heterometallic complexes, the
first one reported to feature a supported Au(r)---Pd(u) inter-
action, [{AuCl(Ph,PCH,SPh)},PdCl,] (complex 1, Scheme 1A),
was synthesized in 2000 by Crespo and co-workers.>® X-ray
diffraction studies revealed a trinuclear arrangement with an
Au-Pd distance of 3.1418(8) A, where the interaction is not
sterically enforced owing to the flexibility and length of the
bridging ligand. Complementary LMP2 calculations reveal that
the Au(1)---Pd(u) interaction reaches ~35 kJ mol™* and is gov-
erned primarily by dispersion, with only a minor ionic contri-
bution. The comparable energetic contributions of Pd — Au
and Au — Pd donation result in negligible net charge transfer.

Later, Xia et al. synthesized the complexes [Pd(CN)y(p-
dcpm),Au]X, where dcpm is bis(dicyclohexylphosphino)
methane and X represents Cl~ or ClO,” counterions (com-
plexes 2 and 3, Scheme 1A).>® The X-ray crystal structure of
complex 2 showed that the bridging diphosphine ligand
brings the metal centers closer, resulting in an Au-Pd distance
of 2.954(1) A, shorter than the sum of their van der Waals
radii.’’° This complex exhibits photoluminescence pro-
perties with an emission at 510-520 nm and lifetimes in the
microsecond range.

More recently, Wachtler and co-workers reported a family of
d'°-d® heterobimetallic species, including the Au-Pd complex
[Pd(PMej),(u-2-CeF4PPh,),Au]PF, (complex 4, Scheme 1A),%°
whose X-ray crystal structure revealed an Au-Pd distance of
2.7970(4) A, while NCI and ELF analyses indicated an attractive
noncovalent interaction predominantly governed by dispersion
forces, consistent with a metallophilic contact. In addition, a
recent computational investigation of unsupported Au(1)/Ag(1)
---Pd(u) model systems provided a novel covalent perspective for
understanding and visualizing these closed-shell interactions.®"

As illustrated by the preceding examples, supported Au---Pd
interactions are now well established in heterometallic chem-
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Scheme 1 (A) Representative gold—palladium complexes in the litera-
ture. (B) Computational models studied in the present work.
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istry; however, genuine unsupported Au---Pd contacts have not
yet been reported. This stands in contrast to the abundance of
Au()---Au(t) and Pd(u)---Pd(u) motifs commonly found in
homometallic systems.****?° In addition, gold-containing het-
erometallic complexes have attracted considerable attention as
highly tunable platforms to explore novel properties and
applications.®>®® Beyond structural interest, these complexes
provide valuable insights into the debated nature of metallo-
philic interactions and may exhibit unique properties or func-
tionalities, making their design and synthesis particularly
appealing.

Our recent computational efforts have focused on the nature
of unsupported Au---M(d®) metallophilic interactions.®”*® We
have demonstrated that Au(r)/Au(m)---Pt(u) contacts are viable,
with MP2 calculations on neutral and cationic models yielding
interaction energy values between 10 and 45 kJ mol ™. While
these interactions are mainly ionic and dispersive with minor
covalency, their overall stability is significantly bolstered by
metal-hydrogen bonding. In many instances, these secondary
ligand-based contacts contribute as much to the total stabiliz-
ation as the direct metallophilic interaction itself.

Herein, we extend this work to neutral and ionic Au(ur)/
Au(1)-Pd(u) systems (see Scheme 1B). Using a robust compu-
tational protocol with high-level correlated wave function
methods, we characterized and isolated the metal-metal con-
tribution to the total interaction energy. This study not only
deciphers the intrinsic nature and strength of these contacts
but also identifies the most feasible candidates for experi-
mental synthesis, offering a strategic framework for the
rational design of future heterometallic complexes.

2. Computational methods

Gas-phase optimization of all computational models was per-
formed without any geometrical constraints using the
Gaussian 16 program package.”’ A range of computational
methods was systematically employed, including the RHF”*
and MP2 levels of theory,”>”* as well as a DFT approach’"”>
within PBE0-D3BJ,”*’” M06-L,”® and M06-2X functionals.”®
The Karlsruhe def2-TZVP basis sets were employed through-
out,® in combination with 60-electron and 28-electron
effective core potentials (def2-ECPs) for Au and Pd atoms,®'
respectively. Additional post-HF optimizations were performed
at the SCS-MP2 level of theory,* considering both ZORA all-
electron (ZORA-TZVP)® and def2-ECPs basis sets (def2-TZVP).
These calculations were performed with ORCA 6 software,®*
employing the RIJCOSX approximation®> along with auxiliary
basis sets. Frequency calculations confirmed that all optimized
geometries correspond to true minima.

Interaction energy (AEi,) values were corrected using the
counterpoise method (eqn (S1)) to account for basis set super-
position error (BSSE) at the same level of theory employed for
the optimizations.®® Potential energy curves (PECs) were gener-
ated by varying the Au-Pd distance and AE;,, values were fitted
using the four-parameter Herschbach-Laurie function

This journal is © The Royal Society of Chemistry 2026
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(eqn (S2)).¥” To investigate the relativistic effects, fully relativistic
(ECP-MDF) and non-relativistic (ECP-MHF) effective core
potentials were applied to evaluate the interaction energies
along the PECs.***° Finally, the AE;, values at the minimum
of the PECs were further refined at the RHF, MP2, SCS-MP2,
and DLPNO-CCSD(T)*" levels of theory using def2-TZVP basis
sets. Moreover, the metal-metal (M-M) component of the
overall interaction energy was evaluated following the protocol
outlined in Scheme S1.

Electronic structure analyses included the natural bond
orbital (NBO),”*> and Wiberg bond orders (WBOs)** were calcu-
lated at the MP2/def2TZVP level of theory. In addition, intrin-
sic bond strength indices (IBSIs)®* and fuzzy bond orders
(FBOs)®®> were computed at the MP2 and DLPNO-CCSD(T)/
def2-TZVP levels of theory employing Multiwfn 3.8 software.”®

The total interaction energy of each model was partitioned
using energy decomposition analysis coupled with natural
orbital for chemical valence (EDA-NOCV)’*® at the
DLPNO-MP2/def2-TZVP level of theory using the ORCA 6
package.’® A complementary decomposition, distinguishing dis-
persive and non-dispersive contributions, was performed via
local energy decomposition (LED),"® within the DLPNO-CCSD
(T) framework as implemented in the ORCA 6 program.

Finally, topological analyses of the MP2/def2-TZVP and
DLPNO-CCSD(T)/def2-TZVP electron densities were performed
using the quantum theory of atoms in molecules (QTAIM)"*
and the independent gradient model based on Hirshfeld par-
tition (IGMH),'%* as implemented in Multiwfn software. The
resulting representations were generated and visualized using
the VMD 1.9.4a software package.'®® In addition, comprehen-
sive computational details, including theoretical background
and equations, are provided in the SI.

3. Results and discussion
3.1 Computational models and optimizations

Computational models were designed to simulate prototypical
linear gold() and orthometallated gold(u)/palladium(u)
complexes,'®* % in which the original donor groups were
replaced with methyl and ammonia ligands (more details are
included in the SI). This approach enables a clear and focused
investigation of Au---Pd interactions while preserving chemical
relevance. The use of simplified models effectively describes
the fundamental features of experimental systems, allowing
the computational insights to be directly extrapolated to real-
world chemical environments. Following this strategy,®”*° we
constructed simplified neutral, cationic, and anionic unsup-
ported models to systematically explore the nature, strength
and feasibility of the targeted metallophilic interactions.
Hence, neutral models cis-/trans-[Pd(CH;),(NH;),][Au
(CH3)3(NH3)] (models 1a/1b) were built to investigate Pd(u)
--Au(m) interactions, whereas cis-/trans-[Pd(CHj;),(NH;),][Au
(CH;)(NH;)] (models 2a/2b) and [Pd(CHj;)(NH;)s][Au(CHs),]
(model 3) were designed to study Pd(u)--Au(i) interactions in
neutral complexes. To extend this analysis to charged com-
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plexes, {[Pd(NH;),J[Au(CH;),]}" (model 4) and cis-/trans-{[Pd
(CH3),(NH3),][Au(CHs),]}~ (models 5a and 5b) were developed
for cationic and anionic complexes, respectively (see
Scheme 1B). In principle, these geometries are well-suited to
facilitate the formation of Au---Pd metallophilic interactions.

Initially, all structures were fully optimized at the MP2/def2-
TZVP level of theory without any geometric constraints. We
selected the MP2 level of theory because it provides reliable
geometries for small molecular complexes in which dispersion
plays a key role,'”” and it has proved to be a dependable level
of theory for studying metallophilic interactions.'*™® The
resulting optimized geometries are shown in Fig. 1, and
selected bond lengths and angles are listed in Table S1.

Most structures display Au---Pd contacts ranging from 2.91
to 3.45 A, which are shorter than the sum of their van der
Waals radii (ie. 4.25 A or 4.47 A, depending on the
reference).’®® The linear and square-planar geometries of the
Au(r) and Au(m)/Pd(n) fragments, respectively, facilitate metal-
metal interactions by positioning the metal centers in nearly
parallel planes. Additionally, Au(1)-Pd(u) distances are gener-
ally shorter than the Au(u)-Pd(u) ones. This trend is expected,
as Au(m) is more electron-deficient (i.e., more Lewis acid char-
acter), leading to greater depletion of electron density. This be-
havior is fully consistent with the NBO metal charges and, in
principle, makes Au(m) less suited to engage in stronger metal-
lophilic interactions. In addition, its square-planar geometry
increases steric hindrance between ligands, while relativistic
effects are less pronounced than in Au() cations, further redu-
cing the metal-metal interaction.'®®

Furthermore, all models display additional noncovalent
interactions, most commonly metal-hydrogen contacts, that
contribute to the stabilization of the dyad. Notably, in models
2b and 5a, these secondary interactions dominate, effectively
masking the metallophilic contacts. Thus, they can either
support or compete with metal-metal interactions in stabiliz-
ing the overall structure.

The same set of structures was also optimized at the RHF/
def2-TZVP level of theory without any geometric constraints,
with the resulting geometries displayed in Fig. 2 and key bond
parameters listed in Table S1.

The RHF-optimized structures remain broadly similar to
their MP2 counterparts, except for 2b, which undergoes a pro-
nounced distortion. Two clear trends emerge from a compari-
son of the optimized geometries: (i) the Au-Pd distances
increase markedly (~0.5-0.8 A), indicating a substantial weak-
ening of the metal-metal interaction. This underscores the
crucial role of electron correlation effects (i.e., dispersion) in
stabilizing these contacts. Notably, the cationic model 4, in
which electrostatic forces dominate, exhibits only a modest
Au-Pd elongation (~0.2 A) relative to the other complexes. (ii)
Secondary noncovalent interactions, mainly metal-H contacts,
are likewise weakened at the RHF level of theory, but much
less so than the Au---Pd interactions, reflecting their more
ionic character.

Consistent with these observations, NBO metal charges
increase relative to MP2 values, indicating electron density

Dalton Trans.
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Fig. 1 Representations of the MP2/def2-TZVP optimized structures of models 1-5. Key interatomic distances, NBO metal charges, and interaction
energy values reported in kJ mol™ (in parentheses) computed at the same level of theory are displayed.
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Fig. 2 Representations of the RHF/def2-TZVP optimized structures of models 1-5. Key interatomic distances, NBO metal charges, and interaction
energy values reported in kJ mol™ (in parentheses) computed at the same level of theory are displayed.

depletion at both metal centers, and the interaction energy
values also decrease systematically, further evidencing the
overall weakening of the interactions. Together, these trends
reinforce the well-established principle that dispersion effects

Dalton Trans.

are essential for accurately describing noncovalent inter-
actions, particularly metallophilic ones."***?
In addition, these geometries were re-optimized at the

higher-level SCS-MP2 method to more rigorously account for

This journal is © The Royal Society of Chemistry 2026
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electron correlation effects and thereby benchmark the MP2/
def2-TZVP optimized structures. Calculations were carried out
using both def2-TZVP and all-electron ZORA-TZVP basis sets
(see Table S1, SI). The resulting structures are consistent with
those obtained at the MP2 level of theory, showing a systematic
elongation of the M-M distance, which becomes more pro-
nounced when scalar relativistic effects are included via the
ZORA formalism. This behavior is consistent with the well-
known tendency of the MP2 level of theory to overestimate
metal-metal attraction, while still providing a reliable qualitat-
ive description.'® To further validate these results, several
DFT functionals were assessed (see Table S2). The optimized
structures also show good agreement with the correlated
methods, with PBE0-D3(BJ]) offering the closest correspon-
dence to the SCS-MP2-ZORA geometries. In line with these
structural trends, the interaction energy values obtained at
their respective levels of theory (see Table S3) display patterns
comparable to those observed at the MP2 level of theory.

Finally, representative models were re-optimized using a
polar implicit solvent, such as tetrahydrofuran (THF), to assess
whether the metallophilic interaction persists in solution. The
results show a weakening of the interaction energy, while the
overall geometries remain essentially unchanged, with the
Au---Pd interaction still prevailing (see Fig. S1).

Taken together, the benchmarked structures that preserve
metallophilic contacts (see Fig. 1), namely all models except 2b
and 5a, suggest potentially attractive Au---Pd interactions.
Although metal-metal distances alone cannot unambiguously
establish metallophilic contacts,''® these models still provide
reliable platforms for the computational and topological
exploration of Au---Pd interactions (vide infra).

3.2 Potential energy curves

As a next step, potential energy curves (PECs) were computed
based on the MP2-optimized structures to identify the Au-Pd
distance at which the interaction reaches its minimum.
Counterpoise-corrected interaction energies were evaluated at
the RHF and MP2/def2-TZVP levels of theory using quasi-relati-
vistic (QR), fully relativistic (FR), and nonrelativistic (NR) ECPs
for the metal centers. The resulting PECs are shown in Fig. 3,
and additional computational details are provided in the SI.
Analysis of the PECs offers clear insights into the strength
and nature of the interactions. As the two metal centers
approach, the interaction energy decreases (more negative, i.e.,
more attractive), reaching a minimum at the optimal balance
between attraction and repulsion. Beyond this point, the inter-
action weakens as the metals move apart or become repulsive
if they are pushed too close. The shape of the curves further
illustrates this behavior: a well-defined minimum exhibits
attraction, while the absence of a minimum indicates repul-
sion between the model fragments. Moreover, the role of elec-
tron correlation effects, and ultimately dispersion, can be
inferred by comparing PECs obtained with methods that treat
electron correlation to different extents. To this end, we
selected the MP2 method, which inherently captures electron
correlation via a second-order perturbative treatment, and the

This journal is © The Royal Society of Chemistry 2026
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RHF level of theory, which neglects it entirely, allowing us to
assess the crucial role of electron correlation in accurately
describing noncovalent interactions.

That said, two key points should be kept in mind: (i) the
PECs capture all interactions in the models, not just the metal-
lophilic ones; (ii) although all dispersion interactions originate
from electron correlation effects, not all electron correlation
effects account for dispersion,'? a distinction that is crucial for
the discussion that follows.

The calculated PECs for all models confirm the attractive
nature of the interactions, as evidenced by well-defined
minima at both levels of theory. The RHF-PECs minima high-
light the significant role of ionic contributions, while the extra
stabilization observed in the MP2-PECs underscores the criti-
cal impact of electron correlation effects.

For neutral Au(m)---Pd(u) models 1a and 1b, the Au-Pd
equilibrium distances at the MP2 level of theory are approxi-
mately 3.50 A, with corresponding interaction energy values
ranging from —60 to —75 kJ mol~". It should be noted that the
larger number of ligands in these models may contribute to
additional stabilization through ligand-ligand interactions.

In contrast, neutral Au(1)---Pd(un) models 2a and 3 display
different behaviors. Model 2a follows the pattern of the pre-
vious neutral systems, with an equilibrium distance of approxi-
mately 3.40 A and interaction energy values of —65 kJ mol™";
however, model 3 shows a shorter equilibrium distance of
around 3.25 A and a much stronger interaction energy of
—390 kJ mol~". These pronounced differences in model 3 are
attributed to the ionic character of the fragments—[Au
(CH;),]++-[Pd(CH;)(NH;);]*—which  further reinforces the
overall interaction via strong coulombic forces.

Similarly, the cationic Au(r)---Pd(u) model 4 displays the
shortest equilibrium distance, approximately 3.00 A, and the
largest interaction energy, —785 kJ mol™", due to the highly
ionic interaction between fragments—[Au(CHj;),] ---[Pd
(NH;),]**—and the additional stabilization from the overall
positive charge.

Finally, the anionic Au(1)---Pd(u) model 5b exhibits values
like model 2a, with an equilibrium distance of approximately
3.40 A and an interaction energy of —50 kJ mol™", indicating
that the overall interaction is weaker than in the cationic
systems. This may be attributed to the fact that model 5b is
composed of the fragments—[Au(CHs),]™--[Pd(CHj3),(NH;),]—
which are anionic and neutral, respectively, and therefore
exhibit a much lower ionic complementarity than models 3
and 4. It should be noted that while this local coulombic
attraction is significant in the present discrete models, in
extended systems, such as crystal structures, the total electro-
static stabilization arises from complex collective summations.
These many-body contributions may influence the overall
stability beyond the pairwise interactions discussed here.

Comparison of the PECs at the MP2 and RHF levels of
theory clearly highlights the importance of electron correlation
effects. For the RHF level of theory, all PECs show longer equi-
librium distances at the minimum and smaller interaction
energy values, reflecting the usual electron correlation-induced

Dalton Trans.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00023a

Open Access Article. Published on 07 February 2026. Downloaded on 2/25/2026 11:32:50 AM.

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

(cc)

View Article Online

Paper Dalton Transactions
300 300
# QR RHF R,=3.99 A; AE,,= -36.19 kJ-mol '  QRRHF R,=3.92 A; AE,,= -20.13 kJ-mol’
250 9 QRMP2R,=3.56 A; AE,,= -74.89 kJ-mol™ (65%)* 250 @ QRMP2R,= 347 A; AE, = -62.09 kJ-mol" (87%)"
# NRRHF R,=4.01 A; AE,,= -33.35 kJ-mol”’ @ NRRHF R,=3.92 A; AE,= -20.21 kJ-mol”!
200 @ NRMP2R,=357 A; AE,,= -72.55 kJ-mol" (67%)° 200 - Q @ NRMP2R,=3.48A; AE,,= -61.84 kJ-mol" (85%)°
_ ¢ FRRHF R,=3.99 A; AE, = -36.15 kJ-mol! \ ¢ FRRHFR,=3.92 A; AE,,= -20.08 kJ-mol"
5 150 FRMP2R,=3.56 A AE,=-74.81 kimol® @8%)* | = 450 |\ > MP2 Ry= 3.47 A; AE o= -62.0 kJ-mol " (87%)"
S
€ £ \\ ‘&
2 100+ 3 1001 \
z = \
£ € N
w50 w504 \
< Q \. o
o %
-50 4
'1°°"""""'—100...........
28 30 32 34 36 38 40 42 44 46 48 28 30 32 34 36 38 40 42 44 45 48
H 1) Il
Distance Au"-Pd" (A) Distance Au"-Pd" (A)
450 200
. IAELS —
400 #: QRRHER,=384 A/AF,=-38.03 ki-mof . 150 1 @ QRRHFR,=3.49 A; AE,,= -349.74 kJ-mol"
- @ QRMP2R=3.39 A; AE,= -64.68 k. ’“°" (65%) 100 ® QRMP2R.=3.22A; AE, = -395.30 kJ-mol" (14%)?
# NRRHFR,=3.84 A; AE,= -37.61 kJ-mol - 50 @ NRRHF R,= 354 A; AE,= -339.07 kJ-mol"
300 J 9 NRIMP2R,=3.43 )y AF,,=62.89 k) "‘°‘4 (51%) | @ NRMP2R,=3.28 A; AE,,= -380.37 kJ-mol! (13%)"
. & FRRHFR,=384A; AEN= 3803 kymor" = 0+ PR RHFR= 348 A AE, = 348,70 Ki ol
5 250 2 MP2 R,= 3.39 A; AE,,= -64.64 kJ-mol"! (55%) 5 501 2 MP2 R.= 3.22 A; AE, = -395.22 ki-mol (14%)°
£ E 1004
=
< = 150
P F 200
L WF 200 4
g <
-250
-300 4
-350
-400
T T T T T T T T T T T -450 ~+— T T T T T T T T T T
24 26 28 30 32 34 36 38 40 42 44 24 26 28 30 32 34 36 38 40 42 44
Distance Au-Pd" (A) Distance Au-Pd" (A)
U 600
<100 @ QRRHF R,=3.16 A; AE,,= -717.89 kJ'mol" 550 QR RHF R,=3.84 A; AE, = -25.56 kJ-mol"
@ QRMP2R,=297 A; AE,= -785.29 k-mol" (9%)° 50 ¢ @ QRMP2R,= 3.39 A; AE,= -52.05 kJ-mol"! (70%)*
2004 & @ NRRHFR,=3.19 A; AE, = -703.54 kJ-mol" w50 & NRRHFR,= 384 A; AE,,= -26.02 kJ-mol"
@ NRMP2R,=3.03A; AE,,= -767.09 kJ-mol"! (9%)* \\ @ NRMP2R,=343A; AE, = -50.46 kJ-mol" (65%)*
~ 1300} % RHF R,= 3.16 A; AE, = -717.89 kJ-mol" 400 -1 ¢ FRRHFR.=3.84 A AE, = -25.61 kl-mol"
S @ FRMP2R,=2.97 A; AE, = -785.25 kJ-mol" (9%)? T 350 MP2 R,= 3.39 A; AE,= -52.05 kJ-mol"! (70%)*
E A Y { 2 300
= -400 A £
2 : 2 250
< \ 4 150
-600 o) 100
o o
700 4 ]
,,,,,,, 0
-800 4 -50 1
-100

22 24 26 28 30 32 34 36 38 40 42
Distance Au'-Pd" (A)

— T
24 26 28 30 32 34 36 38 40 42 44
Distance Au'-Pd" (A)

Fig. 3 Potential energy curves (PECs) of the total interaction energy as a function of the Au—Pd distance computed at the RHF/def2-TZVP and
MP2/def2-TZVP levels of theory. Calculations were performed using quasi-relativistic (QR), nonrelativistic (NR), and fully relativistic (FR) ECPs. Raw
data are included in the Sl (Tables S4-S9). @ Electron correlation contribution was quantified according to eqgn (S3).

weakening compared to that calculated at the MP2 level of
theory. For most models, electron correlation effects account
for most of the overall stabilization, contributing approxi-
mately 55-88%, underscoring the dispersive character of these
interactions. In contrast, models 3 and 4 exhibit a much
smaller contribution, only 10-15%, which can be attributed to
the dominant coulombic forces arising from the ionic nature
of the fragments, in agreement with the previous discussion.
The relative order of interaction strength among the models
follows the sequence 4 > 3 > 1a > 2a = 1b =~ 5b. Interestingly,
although the electron correlation contribution is slightly
smaller than in analogous Au---Pt models,’® the Au---Pd
contact remains comparable, likely due to its more pro-
nounced ionic character.

Given the well-established importance of relativistic effects
in metallophilic interactions, we next evaluated their influence

Dalton Trans.

by comparing PECs computed with different ECP schemes (FR
vs. NR; eqn (54)). Overall, relativistic effects account for only
1-4% of the total interaction energy, significantly smaller than
those reported for Au())---Au(i) and Au(i)---Hg(u) contacts
(22-27%),">*” and even below those estimated for weaker inter-
actions such as Au(m)---Au(m), Au())---Pt(u), or Au(i)---Ir(1)
(2-15%).”"% This reduced impact is expected given that Pd is
considerably lighter than those heavier congeners.'%® Strikingly,
the interaction energy values at the PEC minima of the Au---Pd
models are comparable to those of their Au---Pt analogues,®®
despite the markedly lower relativistic contribution. This obser-
vation further emphasizes the discrepancies in the influence of
relativistic effects along a late transition metal group.'®
Calculations employing NR-ECPs systematically lead to
longer equilibrium distances and weaker interactions relative
to QR- and FR-ECPs. In contrast, QR- and FR-ECPs yield vir-

This journal is © The Royal Society of Chemistry 2026
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tually identical Au---Pd interaction energy values and Au-Pd
distances. Given the negligible differences between FR- and
QR-ECPs and the latter being the default implementation in
the Gaussian 16 program, we adopted QR-ECPs for all sub-
sequent calculations.

To more rigorously evaluate the interaction energy values,
single-point counterpoise-corrected calculations were per-
formed at the MP2-PECs minima using QR-ECPs, enabling
direct comparison of MP2 with higher-level methods, SCS-MP2
and DLPNO-CCSD(T), which provide a more accurate descrip-
tion of electron correlation, as summarized in Table 1.

The results show that the MP2 level of theory agrees well
with the more accurate SCS-MP2 and DLPNO-CCSD(T) methods.
In fact, interaction energy values differ by only ~0.4-10 k] mol ™,
which seems an acceptable deviation. Interestingly, for some
models, SCS-MP2 and DLPNO-CCSD(T) yield slightly stronger
interaction energy values than MP2 (AEy;p, < 0), which is unex-
pected since the MP2 level of theory typically exaggerates these
interactions,”"""* whereas the former methods generally
provide more reliable descriptions. A similar trend was also
observed for the Au---Pt interactions.®®

To further clarify the role of Au---Pd interactions in dyad
stabilization, we developed a decomposition scheme for our
models to extract the metal-metal contribution (AEs,-pq) from
the total interaction energy (see Scheme S1 in the SI). Similar
strategies have been successfully employed in previous
studies.’>®”"*1*> For neutral models 1-2 and the anionic
model 5b, the Au---Pd interactions contribute 36% to 23% of
the total interaction energy at the SCS-MP2 method and 33%
to 18% at the DLPNO-CCSD(T) level of theory. Metallophilic
interactions therefore stand out as a crucial component of
dyad stabilization. Moreover, for models 3 and 4, the Au---Pd
component accounts for approximately 90% of the total inter-
action energy, reflecting a dominant electrostatic contribution
largely localized on the metal centers, consistent with the
PECs analysis. Nevertheless, while conceptually useful, this
manual fragmentation remains approximate; thus, the
extracted metal-metal contribution should be regarded as
qualitative.
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Considering these findings, the MP2 level of theory was
deemed suitable for describing metallophilic interactions in
these models, as it provides results consistent with higher-
level methods. Thus, all subsequent computational analyses
were carried out using the geometry located at the MP2
(QR-ECPs) minimum on the PEC of each model.

3.3 Electronic and bonding descriptors

Motivated by the presence of attractive noncovalent inter-
actions in our computational models, we sought to evaluate a
series of electronic and bonding descriptors to gain deeper
insights into the nature and strength of Au---Pd interactions.
The computed results are summarized in Table 2.

The NBO charge distribution reveals ligand-to-metal
donation across all systems: the charge on Au(m) decreases to
approximately +0.8, on Au(i) to +0.2-0.3, and on Pd(u) to
+0.1-0.5. This redistribution mitigates electrostatic repulsion
between the fragments, indicating that electron-donor ligands
may support metallophilic interactions. For models 1a and 1b,
which feature Au(m)---Pd(u) interactions, the palladium center
loses electron density while the gold center gains it upon
dimerization, consistent with a weak Pd — Au donor-acceptor
interaction. In contrast, the Au(i)---Pd(u) models exhibit the
opposite behaviour: Au(i) loses electron density whereas Pd(u)
gains it upon dimerization, indicating a modest Au — Pd
donation. This charge-transfer pattern aligns with the minor
covalent contribution revealed by complementary analyses
(vide infra).

To better characterize the strength of the metallophilic
interactions, we evaluated the Wiberg bond order (WBO),
intrinsic bond strength index (IBSI), and fuzzy bond order
(FBO), each providing a complementary perspective on elec-
tron sharing and delocalization between the metal centers.
All bond orders follow the relative trend: 4 > 3 > 2a > 5b > 1b
> 1a, reflecting the intrinsic strength of the Au---Pd inter-
actions across the models. Interestingly, this ranking differs
from the trends observed in the total interaction energies,
highlighting that models 1b and 1a exhibit the weakest
metallophilic interactions, yet their total interaction energy

Table 1 The counterpoise corrected interaction energy values (in kJ mol™) calculated at the SCS-MP2 and DLPNO-CCSD(T) levels of theory with

the def2-TZVP basis sets, at the MP2 minimum of the PECs (R, in A)

Model Method R. (Au-Pd) AFEjpn AEpupa” AEyp, b
1a SCS-MP2 3.56 -80.37 —21.52 (27%) -5.48
DLPNO-CCSD(T) -80.33 —18.43 (23%) —5.44
1b SCS-MP2 3.47 —65.50 -14.74 (23%) -3.41
DLPNO-CCSD(T) —64.25 —11.48 (18%) -2.16
2a SCS-MP2 3.39 —-67.21 —24.03 (36%) -2.53
DLPNO-CCSD(T) —64.25 —21.24 (33%) +0.43
3 SCS-MP2 3.22 -392.30 —355.03 (91%) +3.00
DLPNO-CCSD(T) —-390.93 —352.41 (90%) +4.37
4 SCS-MP2 2.97 —780.51 —730.09 (94%) +4.78
DLPNO-CCSD(T) ~775.12 —722.34 (93%) +10.17
5b SCS-MP2 3.39 -52.01 —15.62 (30%) +0.04
DLPNO-CCSD(T) —50.26 —12.81 (25%) +1.79

“Au---Pd interaction energy values calculated from Scheme S1; raw data are listed in Tables S10 and S11; percentages within parentheses indicate
their contribution to the total energy. ” AEyp, represents the energy difference with respect to the MP2/def2-TZVP level of theory (in kJ mol™).

This journal is © The Royal Society of Chemistry 2026
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Table 2 Effective charges of the metal centers and bond and interpenetration indices for the Au---Pd interactions. The charges of the atoms in their

respective monomers are shown in parentheses

Model AU Grpo” Pd gupo® WBO*? IBSI® IBSI? FBO* FBO? Daurd
1a +0.79 (+0.82) +0.10 (+0.09) 0.058 0.014 0.010 0.131 0.099 50.5
1b +0.80 (+0.82) +0.15 (+0.15) 0.063 0.016 0.012 0.177 0.138 56.0
2a +0.26 (+0.23) +0.08 (+0.09) 0.091 0.020 0.016 0.231 0.193 60.8
3 +0.23 (+0.20) +0.25 (+0.28) 0.123 0.026 0.021 0.326 0.288 71.2
4 +0.21 (+0.20) +0.44 (+0.53) 0.268 0.051 0.043 0.829 0.478 86.4
5b +0.23 (+0.20) +0.17 (+0.15) 0.083 0.018 0.014 0.225 0.191 60.8

“ Calculated at the MP2/def2-TZVP level of theory. ” Calculated at the DLPNO-CCSD(T)/def2-TZVP level of theory.

remains relatively high due to a larger number of secondary
interactions, specifically metal-H contacts and classical
H-bonds.

In line with these observations, most models show low
bond order values, much closer to 0 than 1, consistent with
predominantly noncovalent interactions. Model 4, however,
displays a markedly higher WBO value of 0.27, indicating that
although the interaction remains fundamentally noncovalent,
it incorporates a modest electron sharing contribution. Among
the different bond order values, FBO values are consistently
the highest, further indicating a small but detectable covalent
component that increases the strength of the Au---Pd inter-
action. Notably, MP2 yields systematically larger bond orders
than DLPNO-CCSD(T), with FBO values roughly twice as high,
consistent with its well-known tendency to overestimate metal-
lophilic interactions.

Finally, the recently proposed interpenetration index (psg)
was computed to assess the extent of van der Waals shell over-
lapping between the gold and palladium atoms."** The typical
distribution of aurophilic interactions ranges from 40 to 80%,
with a maximum around 68%. Accordingly, the pa,-pq values
in our models span 40-86%, in good agreement with these
values. Moreover, the pa,_pq parameters follow the same trend
observed in the bond order analysis, indicating that a higher
percentage of van der Waals shell overlap corresponds to stron-
ger Au---Pd interactions.

3.4 Interaction energy decomposition

In the next step, we dissected the interaction energy into its
fundamental physical components, revealing the key forces
that drive the stabilization of these Au-Pd systems. To this
end, EDA-NOCV analysis was performed at the DLPNO-MP2
level of theory. This method decomposes the intrinsic inter-
action energy (AE;,;) between two fragments of a molecule into
physically meaningful contributions: electrostatics (AEejseat),
arising from the classical Coulomb forces; orbital term (AE,p),
which includes orbital mixing, charge transfer, induction and
polarization; dispersion term (AEg;sp), to consider the attrac-
tive forces associated with instantaneous electron density fluc-
tuations; and Pauli repulsion (AEp,;), originating from the
antisymmetrization of the wavefunctions imposed by the Pauli
exclusion principle. Hence, the results are shown in Fig. 4,
with raw data provided in Tables S12-S17 and additional
theoretical background available in the SI.

Dalton Trans.

The AE;, values of the overall interaction energy (AEmtal)

closely mirror the trends observed in the PEC analysis (see
Fig. 3), showing excellent agreement with those results.
Likewise, the isolated AE*"""! component also follows the
same pattern seen in the counterpoise-corrected interaction
energies and in the bond order analyses (see Tables 1 and 2),
validating the robustness of our decomposition strategy for
disentangling the Au---Pd components of the overall inter-
action energy. In the following discussion, however, we move
beyond absolute AE;,. values to examine how each energy com-
ponent contributes to shaping the overall interaction energy.

Inspection of the energy components of the AE?' shown
in Fig. 4 reveals that dispersion (AEg;sp) is the dominant stabi-
lizing term, contributing roughly 59-65% of the total inter-
action energy. Electrostatic forces (AEesw.:) represent the
second major component (~25-30%), while the orbital term
(AE,;p) remains comparatively modest (~10%). Taken together,
these results show that the stabilization of these systems is
governed primarily by dispersion-driven interactions. In con-
trast, models 3 and 4, identified as ionic interactions in pre-
vious analyses, display a markedly different pattern: the
electrostatic term dominates, contributing around 60% of the
total stabilization. Even so, dispersion remains significant
(30-35%), highlighting that although these models are primar-
ily electrostatic in nature, dispersion provides substantial
additional stabilization, making these interactions particularly
strong.

Comparison with the AE*P! results confirms that all
models exhibit attractive Au---Pd interactions. These results
are noteworthy, as previous studies have suggested that metal-
metal interactions of this type are intrinsically repulsive due to
substantial M-M Pauli repulsion.>>**'*? In our systems, the
Au-Pd Pauli repulsion contribution is indeed large, represent-
ing about 13-37% of the total Pauli repulsion contribution,
although it is effectively counterbalanced by the remaining
attractive terms, yielding a net stabilizing interaction. Analysis
of the individual AE*" P4 components shows that AEqge
increases across all models compared to AE®®?! while AEy,
remains essentially unchanged. Although the dispersion con-
tribution decreases, it remains the dominant stabilizing term
in the non-ionic models, contributing to roughly 50% of the
Au---Pd interaction. These findings underscore the fundamen-
tally dispersive character of Au---Pd interactions and, more
broadly, of the metallophilic contacts.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 EDA-NOCV contributions obtained at the DLPNO-MP2/def2-TZVP level of theory. Interaction energy values are given in kJ mol™, and per-
centage contributions are calculated relative to the total stabilizing energy, as defined in egn (S7). The M—M component was determined following

Scheme S1. Raw data are listed in Tables S12-17.

To complement this analysis, we also performed a local
energy decomposition (LED) at the DLPNO-CCSD(T) frame-
work, allowing us to pinpoint the ionic and dispersive forces
that govern the stabilization of these models. Within this
approach, the total interaction energy is partitioned into the
Hartree-Fock term (AE}Y), primarily associated with ionic con-
tributions, and the electron correlation term (AES,,). The latter
is further decomposed into dispersive (AEg;s,) and nondisper-
sive (AEno-aisp) terms. This methodology enables direct quanti-
fication of dispersion at the accurate DLPNO-CCSD(T) level of
theory. The main results are listed in Table 3, with raw data
provided in Table S18 and additional theoretical background
available in the SI.

The interaction energy values closely follow the trends
observed in the PECs and EDA-NOCYV analyses, confirming the
reliability of our computational protocol. Nevertheless, LED
systematically overestimates these energy values compared to
the values listed in Table 1, underscoring that counterpoise-
corrected calculations provide a more accurate quantification.

Examining the LED components, it is evident that for most
models, dispersion represents the dominant contribution, con-
tributing to approximately 52% to 76% of the total interaction
energy. In contrast, the remaining models 3 and 4 exhibit a
much smaller dispersive contribution (around 10%), with the
AETE term taking the lead, reflecting their predominantly

This journal is © The Royal Society of Chemistry 2026

ionic character. Across all models, the nondispersive corre-
lation component, which partly accounts for the charge trans-
fer and induction effects, plays only a minor role. These trends
are fully consistent with the electron correlation contributions
observed in the PECs analysis (see Fig. 3). Furthermore, com-
parison with the EDA-NOCV results (see Fig. 4) reveals a
slightly larger ionic contribution and a comparable dispersion
term, accompanied by a reduced orbital component. This
trend suggests that the MP2 method modestly overestimates
the covalent character within the total interaction energy.

To sum up, these analyses reveal that stabilization of these
Au---Pd systems arises primarily from a balance of ionic and

Table 3 LED components of the total interaction energy (in kJ mol™)
computed at the DLPNO-CCSD(T)/def2-TZVP level of theory”

Model AEF AEgisp” AEro-disp AE;,

la -27.97 —51.13 (60%) —5.84 —84.94
1b —-9.89 —52.61 (76%) -7.09 —69.59
2a -30.74 —38.86 (52%) —4.44 —74.03
3 —342.97 —47.57 (12%) -16.82 —407.36
4 -712.51 —55.69 (7%) —26.06 —794.25
5b -16.77 —37.88 (61%) -7.07 —61.73

“LED components derived from Table S18 by applying eqn (S8)—(S13).
? Dispersion contribution (%) to AEjy.
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dispersive forces, complemented by a subtle orbital (covalent)
component. This highlights that metallophilic interactions do
not originate from a single source but rather emerge from a
delicate interplay of multiple contributions.

3.5 Topological analysis of the electron density

Finally, we mapped the electron density landscapes using
QTAIM and IGMH topological analyses based on
DLPNO-CCSD(T) and MP2 computed electron densities,
offering a clear, intuitive and visual picture of the interactions
shaping our computational models. Analyses of this type are
seldom carried out at high-level correlated methods and are
typically restricted to DFT, making their application in this
work particularly valuable.

We first performed the QTAIM analysis, in which all (3, —1)
bond critical points (BCPs) and their corresponding bond
paths are as shown in Fig. S2. This approach provides a loca-
lized description of the electron density between two atoms,
offering more detailed insights into bonding than the coarse
measure of interaction energies. However, one should note
that QTAIM parameters are not direct quantum-mechanical
observables. In every model, a BCP is located along the Au---Pd
bond path, confirming the presence of direct interaction
between the two metal centers."'*'"® Additional BCPs associ-
ated with metal-H contacts or classical H-bonds were also
identified. The QTAIM descriptors of the Au---Pd BCPs,
obtained from DLPNO-CCSD(T) and MP2/def2-TZVP electron
densities, are reported in Table 4 and Table S19, respectively,
with further theoretical background provided in the SI.

The attractive nature of the Au---Pd interactions is clearly
evidenced by the negative values of sign(1,)-p.(r) in the BCPs.
Furthermore, the magnitude of electron density, p.(r), at the
BCP correlates directly with the strength of the contact; the
larger the p¢(r), the stronger the interaction. Consequently, the
relative strength among the models follows the trend 4 > 3 >
2a ~ 5b > 1b =~ 1a. These results indicate that Au(1)---Pd(u)
interactions are markedly stronger than their Au(w)---Pd(u)
counterparts, as expected, in excellent agreement with the
bond parameters listed in Table 2 (vide supra).

When both the Laplacian of the electron density, V>p.(r),
and the total energy density, H(r), are considered, the nature of
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the interaction in the BCP can be classified more
precisely.’'®'” Two clear trends emerge: (i) for the models
exhibiting weaker Au---Pd interactions, namely, models 1a, 1b,
and 5b, the p(r) values remain below 0.1 a.u., while both the
Laplacian and H(r) are positive. These features indicate a
reduced electron density at the BCP, which is characteristic of
closed-shell interactions of the van der Waals type; (ii) for
models 4, 3, and 2a, the same signs are observed except for
H(r), which becomes negative. The opposite signs of Vp.(r)
and H(r) suggest an interaction intermediate between purely
ionic and covalent, implying that these Au---Pd contacts
exhibit partial electron-sharing character. Accordingly, these
topological parameters place these interactions at the border-
line between weak noncovalent contacts and conventional
hydrogen bonds, consistent with the view that metallophilic
interactions are comparable in strength to H-bonds."°

The MP2 values are systematically larger than those
obtained using the DLPNO-CCSD(T) method, reflecting the
well-known tendency of the MP2 level to overestimate disper-
sive contributions. At this level of theory, all models exhibit
opposite signs for V?p.(r) and H(r), suggesting that MP2 also
enhances the apparent covalent character of the metallophilic
interactions. In line with this behavior, the larger contribution
of the potential energy density, V(r), at the MP2 level denotes a
local charge concentration typical of shared-shell interactions.
Conversely, in the DLPNO-CCSD(T) framework, the Lagrangian
kinetic energy density, G(r), prevails, indicating charge
depletion consistent with closed-shell interactions.

Examining the |V(r)|/G(r) ratio provides a sharper classifi-
cation of the interactions."'® At DLPNO-CCSD(T) electron
density, models 4, 3, and 2a (those with the strongest Au---Pd
contacts) display ratios close to 1, indicative of regular closed-
shell interactions with a detectable degree of covalent charac-
ter, in line with the other QTAIM descriptors. For the remain-
ing models, the ratio falls slightly below 1, consistent with
closed-shell-type interactions. In contrast, the MP2 electron
densities yield parameters fully characteristic of a regular
closed-shell regime. Furthermore, the G(r)/p.(r) ratios point to
metallic-type interactions and reveal that the donor-acceptor
character increases in parallel with the growing covalency
across the series.''® Overall, the Au-.-Pd contacts remain essen-

Table 4 QTAIM descriptors of (3, —1) bond critical points (BCPs) between gold and palladium atoms calculated with the DLPNO-CCSD(T)/def2-

TZVP electron density?

Model Tau-pd sign(4,)-pe(r) V2pe(r) H(r)-10° G(n) v(r) [V(")|/G(r) G(r)lpe Eine” Ein©
la 3.559 —0.0093 +0.0274 +0.4413 0.0064 —0.0060 0.9312 0.6863 7.84 7.22
1b 3.467 —-0.0107 +0.0320 +0.4050 0.0076 —-0.0072 0.9467 0.7138 9.45 8.57
2a 3.385 —-0.0133 +0.0363 —0.1451 0.0092 —0.0094 1.0157 0.6928 12.30 10.39
3 3.219 —0.0180 +0.0497 -0.9741 0.0134 —-0.0144 1.0726 0.7437 18.88 15.10
4 2.969 —0.0290 +0.0847 -3.2373 0.0244 -0.0277 1.1326 0.8419 36.30 27.50
5b 3.439 -0.0117 +0.0328 +0.1729 0.0080 —-0.0079 0.9785 0.6897 10.32 9.05

“ Distance Au-Pd (ra,_pq in A), product of the sign of the second largest eigenvalue of the Hessian matrix of electron density (sign(4,)-p(r) in a.
u.), Laplacian of electron density (V?p.(r) in a.u.), electron energy density (H(r) in a.u.), Lagrangian kinetic energy density (G(r) in a.u.), potential
energy density (V(r) in a.u.), ratio |V(r)|/G(r), ratio G(r)|/pe in a.u., and estimated interaction energies (Ein in k] mol™). ? Espinosa: iy = —V(r)/2.

“Vener: Ej,, = 0.429G(r).
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tially noncovalent, although increasing interaction strength is
accompanied by a modest but discernible increase in covalent
character.

Finally, the interaction energy values at the Au---Pd BCPs
were estimated through the Espinosa and Vener
approaches.*>"*! At the DLPNO-CCSD(T) level of electron
density, the computed AE;, values range from 8 to 36 kJ
mol™ (Espinosa) and from 7 to 28 k] mol™ (Vener). At the
MP2 level of theory, the values are slightly larger, spanning
9-39 k] mol™' (Espinosa) and 8-28 kJ mol " (Vener).
Therefore, these values are significant, particularly for the
models with a larger electrostatic component, which further
supports the presence of the Au---Pd interaction.

Interestingly, although these interactions are weaker than
classic Au(1)---Au(1) or Au(i)---Hg(n) contacts,””"'** they rival
those observed for Au(m)--- Au(u)®” and even Au---Pt(u)*® inter-
actions. This strength suggests that the diminished relativistic
contribution may be compensated by a more substantial electro-
static component. Moreover, it is important to note that these
results are based on gas-phase calculations, so in the solid
state, crystal packing and environmental effects could reinforce
the interaction strength, while in solution, screening of the
electrostatic component might weaken or even disrupt it.

Based on the QTAIM results, we next computed the IGMH
isosurfaces along with their corresponding quantitative
descriptors. This approach provides a powerful tool to visualize
and analyze noncovalent interactions. Compared to the widely
used NCI method,"*® IGMH offers several advantages, includ-

ing multiple quantitative indices and clearer, more interpret-
4
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IGMH isosurfaces and the most relevant quantitative para-
meters derived from the DLPNO-CCSD(T) and MP2 electron
densities are presented in Fig. 5 and Fig. S3, respectively.
Additional descriptors are listed in Tables S$S20-S33, and
further theoretical details are provided in the SI.

Across all model systems, pronounced greenish-bluish
regions emerge between the metal centers, signaling electron-
rich zones (p.(r) > 0) with an attractive character (1, < 0).
Combined with the presence of bond critical points and their
connecting bond paths (Fig. S2), this offers compelling topolo-
gical evidence for a genuine attractive interaction between gold
and palladium atoms.

The IGMH indices provide a quantitative picture of the
strength of Au(1)---Pd(u) interactions. The atomic pair index
(8GP*") gauges the contribution of each atom pair, while the
atomic index (8G**°™) evaluates the role of individual atoms
(see Tables S20 and S21). The intrinsic bond strength index for
weak interactions (IBSIW) further differentiates their relative
strength. In all cases, larger values denote stronger inter-
actions. Consistently, 5GP*" and IBSIW confirm the relative
strength order of the Au---Pd contacts across the models, in
line with bond orders and QTAIM analyses (vide supra).
Moreover, §G*°™ highlights the dominant role of the gold
center in stabilizing the overall interaction, contributing
~20-40%, whereas palladium contributes ~20-25%. For the
MP2 level of theory (see Fig. S3), the IGMH indices are system-
atically higher than those obtained using the DLPNO-CCSD(T)
method, reflecting the trends observed throughout this work.

Alongside the metallophilic interactions, several additional

able interaction isosurfaces.'*® Accordingly, the mapped secondary contacts are visible on the greenish and even bluish
1b
IBSIW (a.u.) 0.52 063 0.80
5gPa (a.u.) 0.07 (5.00) 0.08 (5.57) 0.09 (9.70)
IBSIW (a.u.) 1.07 215 0.66
5P (a.u.) 0.1 (8.87) 0.19 (11.48) 0.08 (8.60)
Attraction Van der Waals Repulsion
DLPNO-CCSD(T) -0.003 +0.003
Sign(rz)-pe
Fig. 5 IGMH map representations of the DLPNO-CCSD(T)/def2-TZVP electron density for models 1-5. The isosurface maps correspond to an iso-
value of 5g"" = 0.003 a.u. and are colored according to the BGR color scale, with a range from —0.003 to +0.003 a.u.

This journal is © The Royal Society of Chemistry 2026
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isosurfaces, showing their significant contribution to the
overall stabilization. These interactions primarily involve
metal-H bonding, a structural motif that has attracted con-
siderable attention in contemporary chemical research.***! To
allow direct comparison with the Au---Pd interactions, Tables
S22-S33 report the IGMH indices calculated for the BCPs of
these interactions (see Fig. S2). Across all models, the Au---Pd
interactions remain the key drivers of overall stabilization.
Although, in models 1a and 1b, Pd(u)---H-N contacts rival its
strength; in contrast, in models 2a and 3, Au(1)---H-N inter-
actions play a similar role. These secondary contacts not only
bolster the metallophilic interactions but, as revealed in the
optimized structures (Fig. 1 and 2), can even compete with and
occasionally masking them.

4. Conclusions

In summary, high-level computational calculations of unsup-
ported models, derived from experimental Au(i)/Au(m) and
Pd(u) complexes, reveal that the Au---Pd interactions exhibit
the hallmarks of regular closed-shell interactions, governed
predominantly by dispersion and electrostatic forces, with a
minor, but perceptible, covalent component. Their attractive
nature ultimately reflects a delicate interplay among dis-
persion, electrostatics, and covalent effects, whose relative con-
tribution remains strongly system-dependent.

The multifaceted correlated computational protocol that we
performed shows excellent consistency, demonstrating that
electron correlation effects, mainly dispersion, are essential
for accurately describing these interactions. Topological ana-
lyses further confirm their noncovalent and dispersive charac-
ter, revealing bond critical points (BCPs) along the Au---Pd
bond paths in the models, thus providing compelling evidence
for attractive interactions between the metals. Moreover,
metal-hydrogen bonding reinforces the metallophilic contacts
and, in some cases, competes with them, displaying compar-
able interaction strengths.

The computed DLPNO-CCSD(T) interaction energy values
(ca. 10-35 kJ mol™") are somewhat weaker than those typically
reported for Au(r)---Au(i) or Au(i)---Hg(u) interactions (ca.
20-50 k] mol™"). Interestingly, their magnitude is comparable
to those of Au(y)---Pt(u) or Au(ur)---Au(m) contacts, which is
unexpected given that palladium exhibits significantly weaker
relativistic effects than platinum or gold. The PECs further cor-
roborate the lower relativistic contribution of Pd, suggesting
that factors beyond relativity, such as dispersion and electro-
static forces, play a more decisive role in stabilizing the
Au---Pd interaction.

In view of our results, [Pd(CH;)(NH;);][Au(CHj;),] (model 3)
and, especially, {{Pd(NH;),][Au(CH;),]}' (model 4) emerge as
the most promising candidates for achieving complexes featur-
ing this type of interaction, primarily due to their strong
electrostatic attraction. Consequently, ionic systems combining
electron-donor ligands on gold with chelating N-donor ligands
on palladium, are proposed as synthetically accessible plat-
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forms to enable the rational engineering of unsupported
Au---Pd contacts. Ideally, these systems should feature planar,
aromatic architectures capable of engaging in secondary inter-
actions such as n-stacking or hydrogen bonding.

This work corroborated a strong consistency among
diverse quantum chemical and topological analyses in
describing metallophilic interactions, establishing a robust
and transferable multifaceted correlated protocol for their
accurate characterization. The computational results validate
the reliability of these methodologies and underscore the
pivotal role of quantum chemical modeling in the rational
design of heterometallic complexes. Notably, the synthesis of
related unsupported Au---Pd complexes is currently under-
way, aiming to experimentally validate the predicted inter-
actions and further explore their structural and electronic
properties.
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