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ignment of long-range magnetic
communication through Pd & Pt metallophilic
contacts†

Emil M. H. Larsen, ‡a Niels A. Bonde,‡ab Høgni Weihe,a Jacques Ollivier,b

Tom Vosch, a Thomas Lohmiller, cd Karsten Holldack,f Alexander Schnegg,de

Mauro Perfetti g and Jesper Bendix *a

Record-breakingmagnetic exchange interactions have previously been reported for 3d-metal dimers of the

form [M(Pt(SAc)4)(pyNO2)]2 (M = Ni or Co) that are linked in the solid state via metallophilic Pt/Pt bridges.

This contrasts the terminally capped monomers [M(Pt(SAc)4)(py)2], for which neither metallophilic bridges

nor magnetic exchange interactions are found. Computational modeling has shown that the magnetic

exchange interaction is facilitated by the pseudo-closed shell d8/d8 metallophilic interaction between

the filled Pt2+ 5dz2 orbitals. We present here inelastic neutron scattering experiments on these

complexes, wherein the dimers present an oscillatory momentum-transfer-dependence of the magnetic

transitions. This allows for the unequivocal experimental assignment of the distance between the

coupled ions, which matches exactly the coupling pathway via the metallophilic bridges. Furthermore,

we have synthesized and magnetically characterized the isostructural palladium-analogues. The

magnetic coupling across the Pd/Pd bridge is found through SQUID-magnetometry and FD-FT THz-

EPR spectroscopy to be much weaker than via the Pt/Pt bridge. The weaker coupling is traced to the

larger radial extent of the 5dz2 orbitals compared to that of the 4dz2 orbitals. The existence of a palladium

metallophilic interaction is evaluated computationally from potential surface cuts along the metal

stretching direction. Similar behavior is found for the Pd/Pd and Pt/Pt-systems with clear minima

along this coordinate and provide estimates for the force constant for this distortion. The estimated

M/M stretching frequencies are found to match experimental observed, polarized bands in single-

crystal Raman spectra close to 45 cm−1. This substantiates the existence of energetically relevant Pd/Pd

metallophilic interactions. The unique properties of both Pt2+ and Pd2+ constitutes an orthogonal

reactivity, which can be utilized for steering both the direction and strength of magnetic interactions.
penhagen, Universitetsparken 5, DK-2100

x@chem.ku.dk

tyrs, CS 20156, 38042 Grenoble Cedex 9,

für Chemie, Brook-Taylor-Str. 2, 12489

s in Energy Conversion and Quantum

rlin für Materialien und Energie GmbH,

many

Conversion, Stistrasse 34-36, D-45470

holtz Zentrum Berlin für Materialien und

2489 Berlin, Germany

sity of Florence, Via della Lastruccia 3-13,

on (ESI) available: Experimental,
data, INS data, FD-FT THz-EPR data.
rystallographic data in CIF or other
/10.1039/d2sc05201f

is work.
1 Introduction

Structure–property relations are the cornerstone of the devel-
opment of molecule-based magnetic systems. This is true for
both fundamental science as well as for application-directed
research towards quantum computing and spintronics.1–5

However, controlling the molecular structure and the solid state
packing of coordination compounds remains a difficult and yet
unsolved challenge.6–10 This can be considered a result of the
much narrower range of orthogonal reaction pathways in
coordination chemistry compared to the vast range of selective,
orthogonal reactions in the toolbox of organic synthetic chem-
istry. The Pearson HSAB principle is by far the most well-
established example of orthogonal reactivities in coordination
chemistry, but also very specic metallophilic interactions may
be considered orthogonal to competing reactivities and hence
a way of tailoring products. The ideal ligand in molecular
magnetism provides not only structural control but also
opportunities for strong and tunable magnetic exchange
© 2023 The Author(s). Published by the Royal Society of Chemistry
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coupling pathways and ideally a second coordination sphere
amenable for modular buildup of polynuclear assemblies or for
deposition on surfaces. A recently introduced class of metal-
loligands [M′(SOCR)4]

2− (M′ = Pt2+/Pd2+, SOCR = thiocarbox-
ylate) has been found to meet these criteria in a way no other
ligand has. In these metalloligands, the so sulfur of the thio-
carboxylate group coordinates to the so Pt2+/Pd2+ ion, leaving
the hard oxygen open for coordination towards another ion.
They have been shown to act as tetradentate chelating ligands
toward a range of hard metal ions (see scheme in Fig. 1). For
nearly a decade, the Doerrer group has been working on
developing the science of heterobimetalic lantern complexes
incorporating the Pt-metalloligands and a variable hard metal
ion of group two and rst-row transition metals.11–19 In parallel,
the coordination chemistry of both the Pt- and Pd-
metalloligands with the lanthanide elements has been devel-
oped by us20–24 and the group of Yamashita.25–29

In the transition metal chemistry of the Pt-ligands, the
complexes are formed by the bridging action of the four thio-
carboxylate linking the so Pt2+ ion with the hard metal ion. An
apical ligand may coordinate either metal termini, thereby
completing the coordination environment (see scheme in
Fig. 1). Mono-dentate apical ligands may be chosen such that
they bind to either the Pt2+ ion, the hard metal ion, or both. In
the cases where the apical ligand binds only to the hard metal
ion, the complexes oen form dimeric structures in the crys-
talline phase. The dimerisation is caused by a metallophilic
interaction, where the Pt2+ ions of two lantern complexes
interact with one another, forming a weak “bond”. It was found
by the Doerrer group for complexes of Co2+ and Ni2+ that
Fig. 1 Schematization of the synthetic pathways to the monomeric
and dimeric structures. Orange metal = Pd or Pt and purple metal =
Co or Ni.

© 2023 The Author(s). Published by the Royal Society of Chemistry
pyridine (py) coordinates both the hard and so metal ions,
thereby formingmonomeric [M(Pt(SAc)4)(py)2] structures, but 3-
nitropyridine (pyNO2) coordinates only the hard metal ion,
thereby forming dimeric [M(Pt(SAc)4)(pyNO2)]2 structures. The
monomeric complexes of Co2+ and Ni2+ (abbr. {CoPt} and
{NiPt}) and their dimeric congeners (abbr. {CoPt}2 and {NiPt}2)
provide an unique opportunity to investigate the ability of the
metallophilic bond to direct the formation of dinuclear
assemblies and to mediate a magnetic exchange interaction
between the paramagnetic ions. In order to probe the magnetic
exchange via metallophilic bridges we synthesize and deter-
mine the properties of both monomeric and dimeric palladium
analogues of the above-mentioned platinum systems.

For {CoPt}2 and {NiPt}2, a surprisingly strong magnetic
exchange interaction has been reported to occur over distances
of more than 8.5 Å. In the early days of molecular magnetism,
Coffman and Buettner30 proposed an upper limit function for
an antiferromagnetic exchange interaction (J > 0, ĤHDvV= JŜ1$Ŝ2
formalism), which would limit interactions over 8.5 Å to
a maximum of 2.5 cm−1. {NiPt}2 breaks this limit by one order
of magnitude. To verify the strength of the exchange interaction
and that the coupling pathway is indeed via metallophilic Pt/
Pt bridges, inelastic neutron scattering (INS) was employed. It is
well-known that INS is capable of investigating both the
strength and pathway of magnetic exchange interactions. This
is most commonly used for extended systems, but it also holds
for molecular magnetic materials. This was rst illustrated by
Furrer and Güdel for exchange-coupled dimers using powder-
averaged INS. They observed that the magnetic transitions
show a momentum-transfer-dependence that decays with the
magnetic formfactors of the coupled ions, but does so in an
oscillatory manner. The rate of oscillation was shown to be
directly determined by the distance between the coupled ions.
This has been coined an ‘interference effect’, because of its
connection with the interference of scattered waves from e.g.
a double slit. The momentum-transfer-dependence of magnetic
transitions thus gives a ngerprint of the exchange pathway,
which can be used to unravel complex molecular magnetic
materials.31,32 A similar oscillatory momentum-transfer-
dependence is observed for {CoPt}2 and {NiPt}2, fully consis-
tent with the distance between paramagnetic ions across the
metallophilic bond and corroborated by our simulations of the
INS. We analyze the strength of the magnetic coupling in Pd/
Pd versus Pt/Pt dimerized systems by magnetometry and THz
spectroscopy and demonstrate a drastic difference. Therefrom,
we go on to establish that this difference does not imply that the
Pd/Pd metallophilic interactions are correspondingly weaker
than those in the platinum-bridged systems. Rather, they are
energetically similar and addressable by vibrational
spectroscopy.

2 Experimental
2.1 Synthesis

All chemicals were purchased commercially and were used
without further purication. Elemental analysis was performed
using a FlashEA 1112 instrument. For simplicity, the complexes
Chem. Sci., 2023, 14, 266–276 | 267
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will be abbreviated with the metals and denoted as either
a monomeric or dimeric structure. So, [Ni(Pt(SAc)4)(pyNO2)]2
will be {NiPt}2 and the corresponding monomer {NiPt}. The
complexes {CoPt}2, {CoPt} and {NiPt} were synthesized with
modied published procedures. Detailed synthetic work for the
remaining complexes can be found in ESI.†

2.2 Magnetic measurements

Magnetic measurements were performed on a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 5 T magnet.
All samples were ground to a ne powder and congregated with
hexadecane before loaded into a polycarbonate capsule. The dc
susceptibility measurement was carried out with a eld at 0.1 T
and in the temperature range 2 to 300 K. The data work-up were
done by a locally-written program based on the EasySpin33

package input to the MATLAB soware, and the experimental
data were tted incorporating a g-factor, an axial (D) and
rhombic (E) zero-eld splitting (ZFS), a TIP parameter, and
a coupling (J) expressed with the Hamiltonian: ĤHDvV = JŜ1$Ŝ2.
Diamagnetic corrections were done using tabulated data for
Pascal's constants.34 The dimeric platinum compounds were
tted incorporating a magnetic impurity which was assumed to
be a the monomeric phase without an inter-molecular metal-
lophilic interaction.

2.3 Single crystal and powder X-ray diffraction

Single crystal X-ray diffraction data were collected on a Bruker
D8 VENTURE diffractometer equipped with a Mo Ka X-ray (l =

0.71073 Å), and a PHOTON 100 CMOS detector. For low
temperature measurements at either 100 or 120 K the diffrac-
tometer is equipped with an Oxford Cryosystem. All crystals
were mounted on capton loops with a small amount of silicone
grease. The data reductions were performed in the APEX3
soware, and the absorption correction was carried out with the
multi-scan method SADABS. The structures were solved in the
Olex2 (ver. 1.3) soware with the ShelXT soware package
included. Powder X-ray diffraction data were collected on
a Bruker D8 ADVANCE powder diffractometer equipped with
a Cu Ka X-ray source (l = 1.5418 Å).

2.4 Computational

DFT calculations were done on both {NiPt}2 and {NiPd}2. By
varying the distance between the two either Pt or Pd metal
centers, nal stage energies were calculated for a geometry
optimized structure in both cases. The calculations were done
in ORCA with the PBE0 functional and the def2-TZVP basis set.
A ZORA formalism was used for the Pt and Pd elements to
invoke relativistic effects together with Grimmes dispersion
correction to reasonably handle the so character of the met-
allophilic interactions.

2.5 Inelastic neutron scattering

Inelastic Neutron Scattering (INS) was performed on the
samples {CoPt}, {CoPt}2, {NiPt}, and {NiPt}2 at the time-of-ight
cold neutron spectrometer IN5 at Institut Laue-Langevin,
268 | Chem. Sci., 2023, 14, 266–276
Grenoble, France.35 Samples of approximately 1 g were wrapped
in aluminium foil and packed in aluminium canisters. Using
a standard ILL Orange Cryostat, the samples were measured at
select temperatures in the range of 1.5 to 100 K and with varying
incident neutron wavelength in the range 2 to 3 Å. All
measurements were normalized to a standard Vanadium
sample. Data was reduced using the program Large Array
Manipulation Program (LAMP)36 and cuts in S(Q, u) were
exported for plotting. Here Q is the momentum-transfer, which
is also known as the scattering factor, and ħu is the neutron
energy loss. All observed magnetic scattering and the corre-
sponding spin Hamiltonian parameters derived therefrom were
corroborated by simulating the magnetic scattering. The
magnetic scattering by localized spins is given by eqn (1).37,38

d2s

dUdQ
¼

�
�1

2
gr0

�2
1

Q2

kf

ki

X
Jf

X
Ji

XN
n¼1

PJi
$

���DJf

���gnFnðQÞei~Rn$ ~Q
h
Ŝn � ~Q

i
� ~Q

���Ji

E���2 (1)

Here, the scattering
d2s

dUdQ
is expressed as a sum of all

possible magnetic transitions. For N = 1 it describes the scat-
tering from paramagnetic monomers, i.e. J is the single-ion
eigenfunction. Equally, N = 2 describes the scattering from
the dimers, where J is the coupled eigenfunction. Here, g =

−1.913 mN is the neutron magnetic moment, r0 = 2.818 × 10−15

m is the classical radius of the electron. ~Q = ~ki − ~kf is the
neutron momentum transfer, with Q, ki, and kf being the length

of the corresponding vectors. gn, Fn(Q), Rn, and Ŝn is the g-factor,
magnetic form factor, position, and spin of the n'th ion,
respectively. Simulation of magnetic INS spectra were per-
formed with a locally written program, which solves eqn (1) for
the given spin system. All simulations are powder-averaged and
expressed as S(Q, u). Constant-Q or constant-ħu cuts are scaled
ex post facto.
2.6 Frequency-domain THz-EPR spectroscopy

Frequency Domain-Fourier Transform THz-EPR (FD-FT THz-
EPR) samples of the {NiPd}2, {NiPd}, {NiPt}2 and {NiPt} were
prepared by blending 83–103 mg of the respective poly-
crystalline sample with 50–62 mg polyethylene powder and
pressing it into a pellet. FD-FT THz-EPR spectra were recorded
using low-a mode coherent synchrotron radiation39,40 in Voigt
geometry with its magnetic eld component B1 perpendicular to
the static magnetic eld B0. The experimental resolution was
0.5 cm−1. To remove the incident background transmission
from the spectrum, referencing was done between spectra
recorded at different elds. Magnetic-eld division spectra
(MDS) at two magnetic elds Bi and Bj are presented as relative
transmittance T, experimentally obtained from the measured
spectral intensities I as Texp = IBi

/IBj
, and calculated from the

simulated absorbance spectra A as Tsim= 10ABj
− ABi

. A 1st-order
polynomial baseline correction was applied to the experimental
MDS. Simulations were performed using the EasySpin toolbox.33
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.7 Raman spectroscopy

Raman measurements were performed using a micro-Raman
setup in back-scattering geometry. The 632.8 nm line of
a HeNe laser (Melles-Griot 25-LHR-991-230) was used (85 mW on
top of the objective). The beam was focused in an inverted
confocal microscope (Olympus IX71) by an Olympus 100X, 1.4-
NA oil immersion objective into a diffraction-limited spot. A
LL01-633 lter (Semrock) and a BP-633 lter (Optigrate) were
used to clean and spectrally narrow the laser light in the exci-
tation path. The polarization of the light was controlled using
a polarizing beam splitter (Thorlabs). Raman spectra were
recorded using a Princeton Instruments SPEC 10:100 B/LN-
eXcelon CCD detector and a SP 2356 spectrometer with a 600
grooves per millimetre grating. A 30:70 beam splitter (XF122
Omega Optical) was used instead of a dichroic mirror in the
microscope. Three RFS-633-OD3-11M lters (Optigrate) were
used to block the laser light in the detection path. X-Axis cali-
bration was performed with a Neon spectral calibration lamp
(6032 Newport). No Y-axis corrections or background removal
procedures were performed.
Fig. 2 ORTEP with 50% probability ellipsoids representation of the
crystal structure of (a) {CoPd}2 and (b) {CoPd}. Hydrogen atoms are
omitted for clarity. Color code: white: carbon, red: oxygen, blue:
nitrogen, yellow: sulphur, grey: palladium and light purple: cobalt.
3 Results and discussion

The fundamental design of the lantern complexes was devel-
oped in the Doerrer group,11 here, we expand the series of
lantern complexes with the Pd analogs of the complexes
[Ni(Pt(SAc)4)(pyNO2)]2, [Co(Pt(SAc)4)(pyNO2)]2, [Co(Pt(SAc)4)(-
py)2] and [Ni(Pt(SAc)4)(py)2]. The synthesis of the Pd complexes
proved more challenging compared to the Pt complexes. The
combination of a more labile metal center and the insolubility
of the binary suldes restricts reaction conditions and care
must be taken to obtain phase-pure products. Simultaneously,
the Pd/Pd metallophilic interaction is weaker than the Pt/Pt
interaction to the extent that formation of the dimerized
products is contingent on exact reaction conditions and solvent
purity. Thus, the Pd complexes with apical 3-nitropyridine
ligands were observed to crystallize both in a monomeric phase
without the metallophilic interaction as well as a dimeric phase
with the desired metallophilic interaction. The two phases with
identical stoichiometry and comparable stability resulted in
a mixture of the two crystalline phases for bulk samples if the
described synthetic procedures were not carefully followed. To
overcome a monomeric impurity in bulk samples of {NiPd}2, it
was found that evaporation to dryness from solvent mixtures
yielded phase-pure products. While constituting a synthetic
complicating factor, the existence of the compounds as mono-
mers and dimers of identical stoichiometry provides for the
most direct comparison between monomer and dimer systems.
Conversely, a bulk sample with a pure monomeric crystalline
phase of the platinum systems, [M(Pt(SAc)4)(pyNO2)] was never
obtained. However, small levels of monomeric impurities could
be detected in powder diffractograms for bulk sample prepa-
rations of the dimer phases of [M(Pt(SAc)4)(pyNO2)]2. To
circumvent that higher propensity of platinum for metallophilic
interactions, we have chosen to include monomeric systems
with apical ligators on both metals, namely the
© 2023 The Author(s). Published by the Royal Society of Chemistry
[M(Pt(SAc)4)(py)2] (M = Co, Ni). To make a direct comparison of
Pt versus Pd complexes the bis-pyrdine Pd based monomers
have been synthesized as well.

The structure of all new compounds were characterized
crystallographically, and the data are summarized in Tables S1
and S2 in the ESI.† The solid-state structure of {CoPd}2 and
{NiPd}2 showed a metallophilic interaction between the two Pd
metals linking two lantern complexes, similar to the interaction
observed in the dimeric Pt complexes previously reported. In
the dimerization of the two lantern units, the rotational barrier
of the M′/M′ bond (M′ = Pd, Pt) is expected to be small and the
ensuing conformational freedom to be governed by crystal
packing interactions. The conformation is quantied with an
averaged dihedral twist angle (s) across the two MS4 entities.
Not all M/M′/M′/M cores of the dimeric complexes are
observed to be linear. Accordingly, a parameter, the displace-
ment angle f: (M/M′/M′), expresses the divergence from the
ideal linear metallophilic geometry (f = 180 deg). The four
Chem. Sci., 2023, 14, 266–276 | 269
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dimeric complexes {CoPd}2, {NiPd}2, {CoPt}2 and {NiPt}2 pre-
sented in this work are all in an eclipsed conformation.
Compared to the previously reported [Ni(Pt(SAc)4)(pyNO2)]2
complex in the staggered conformer the series of four
complexes in the same conformer makes for a better direct
comparison. Hence, without the conformal change the {NiPt}2
in the eclipsed conformer exhibits a longer metallophilic
interaction (3.421 vs. 3.058 Å)13 and a smaller displacement
angle (158.8 vs. 177.8 deg) making the structural parameters
signicantly more comparable to the remaining three dimers.
The dimerization of the two lantern units and the eclipsed
conformer for {CoPd}2 is seen in Fig. 2.

The four dimeric complexes are iso-structural. However, the
{NiPd}2 stands out due to its slightly longer metallophilic
interaction. Some key structural parameters are summarized in
Table 1.

In these structures the Pd2+ centers are arguably 6-coordinated,
which, is a rare situation for Pd(II) and as it is mostly observed in
the higher oxidation III and IV. An experimental argument for
considering the 3d metals as ligands towards the 4d and 5d
centers is the trans-inuence weakening of the Pd/Pd interaction
going from d7 (Co2+) to d8 (Ni2+). The length of the metallophilic
interaction in the dimeric Pd complexes is similar to the one in
the Pt complexes. Examples of complexes which exhibit non-
ligand-supported Pd/Pd metallophilic interactions are quite
sparse, but the complex catena-[Pd2(dithiopropionato)4]41 has an
intermolecular metallophilic interaction at 3.439 Å, similar to the
distances observed for the complexes {CoPd}2 and {NiPd}2, at
3.438 Å and 3.500 Å, respectively.

INS was performed on the Pt-analogues of both the mono-
mer and dimer compounds. Fig. 3 illustrates the observed INS
spectra (see Fig. S8† for S(Q, u) plots) and simulations of the
magnetic scattering. From the spectra of the monomers, the
zero-eld splitting of the Co2+S = 3/2 and the Ni2+S = 1 is given
by the observed magnetic transitions.

{CoPt} (Fig. 3(a)) showed one magnetic transition at ħu =

130 cm−1 corresponding to the j�1=2i/j�3=2i transition. The
large positive axial zero-eld splitting D = 65 cm−1 is corrobo-
rated by SQUID (cf. the global tting in Table 2).
Table 1 Selected structural parameters, M = Co or Ni, M′ = Pd or Pt

Compound Distance/Å Distance/Å Di

{CoPd}2 2.640 3.498 8.7
{CoPt}2 2.627 3.437 8.6
{NiPd}2 2.595 3.500 8.6
{NiPt}2 2.587 3.421 8.5
{CoPd} 2.612 — —
{CoPt} 2.582 — —
{NiPd} 2.574 — —
{NiPt} 2.551 — —
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{NiPt} (Fig. 3(d)) showed one magnetic transition at ħu =

12 cm−1 which shis slightly to lower energy with increasing
temperature. This is explained by a negative axial zero-eld (D=

−12 cm−1) and a small rhombic term (E = 0.6 cm−1).
For the dimers, the spectra contain more information, as the

energy of the magnetic transitions is dened by the zero-eld
splitting and the exchange-interaction. Furthermore, the Q-
dependence of the transitions is dependent on the distance
between the coupled ions (vide infra).

{CoPt}2 (Fig. 3(b)) showed three magnetic transitions in the
range 10–40 cm−1. Assuming an identical zero-eld splitting as
in {CoPt}, SQUID magnetometry indicates an anti-
ferromagnetic exchange interaction. This identies these tran-
sitions as stemming from the S = 0 (coupled basis) to an S = 1
rst exited state. Reproducing the energy, relative intensity, and
momentum-transfer-dependence (vide infra) of these three
transitions is only possible by implementing an anisotropic
exchange interaction [Jxx, Jyy, Jzz] = [10, 7, 13] cm−1, which splits
the S = 1 multiplet. This is the rst experimental evidence of
anisotropic exchange in these dimeric compounds, which
shows that the mechanism of magnetic exchange across the
metallophillic Pt/Pt bond is far more complicated than hith-
erto assumed. The assignment of the anisotropic exchange
parameters is corroborated by SQUID-magnetometry, as they
perfectly reproduce the observed susceptibility.

{NiPt}2 (Fig. 3(e)) shows two magnetic transitions. Interest-
ingly, there is no evidence of anisotropy in the exchange-
interaction. However, the value J = 24.5 cm−1 is much higher
than is to be expected of ions coupled acrossmore than 8 Å.30 The
axial zero-eld splitting (D = −8 cm−1) is signicantly reduced
relative to {NiPt} (D = −12 cm−1). The difference in coordination
strength of pyNO2 (dimer axial ligand) and py (monomer axial
ligand) is not great enough to cause such a drastic decrease in D.
It is therefore believed that the decrease partially results from the
delocalization of electrons from the lled Pt2+ dz2 orbital into
bonding (metallophillic) molecular orbitals,42 thereby reducing
its coordination strength towards Ni2+.

For {CoPt}2 and {NiPt}2, the momentum-transfer (Q) depen-
dence of the magnetic transitions shows an interference effect,
stance/Å
Average displacement
angle f/deg

Average dihedral
angle s/deg

78 155.8 0.87
91 160.5 0.63
90 152.9 0.60
95 158.8 0.50

— —
— —
— —
— —

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Inelastic neutron scattering data presented as error bars with corresponding simulations of the magnetic scattering as solid lines. ħu is the
neutron energy loss andQ is the magnitude of momentum transfer. ConstantQ-spectra of {CoPt} (a), {CoPt}2 (b), {NiPt} (d), and {NiPt}2 (e) show
themagnetic transitions discussed in themain text. TheQ-dependence of the twomain transitions of {CoPt}2 (c) and {NiPt}2 (f) measured at 1.5 K
show the interference effect resulting from the coupling of two ions.

Table 2 Spin-Hamiltonian parameters. ZFS parameters D and jEj are determined spectroscopically by INS for all Pt systems. g-Factors and TIP
found by fitting of magnetometry. The magnitude of the exchange coupling is found spectroscopically to be in great accordance with SQUID
magnetometry. The anisotropic exchange-interaction in {CoPt}2 is given as [Jxx, Jyy, Jzz]. Parameters extracted solely from THz spectroscopy are
discussed in ESI and listed in Table S3

{CoPt} {CoPt}2 {NiPt} {NiPt}2 {CoPd} {CoPd}2 {NiPd} {NiPd}2

D/cm−1 65 65 −12 −8 70 65 −12 −12
jEj/cm−1 — — 0.6 0.6 — — 0.6 0.6
g 2.53 2.65 2.21 2.29 2.59 2.48 2.17 2.17
J/cm−1 — [10, 7, 13] — 24.5 — 1.3 — 1.65
TIP/emu mol−1 — 5.9 × 10−3 — 5 × 10−4 5 × 10−4 — 1 × 10−3 —
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that results from the geometry of the coupled ions. This inter-
ference effect manifests as an oscillation in the Q-dependence
superimposed on the magnetic form factor. The rate of oscil-
lation is a direct result of the distance between the coupled ions
and can therefore serve as an indicator for the nature of the
coupling.

For {CoPt}2 (Fig. 3(c)) and {NiPt}2 (Fig. 3(f)), the Q-depen-
dence of the two highest-intensity magnetic transitions is
shown. Superimposed on the measured Q-dependence (error-
bars) is a simulation of the magnetic excitations. It is noted that
© 2023 The Author(s). Published by the Royal Society of Chemistry
the transitions do not decay with increasing Q, following the
magnetic form factors. This is due to a monotonically
increasing incoherent phonon background, which is approxi-
mated in the simulations as an added term of Q2. The simula-
tions accurately reproduce the energy and relative intensity of
these transitions, giving merit to the spin-Hamiltonian
parametrization. The simulation of the Q-dependence has
been done based on the full anisotropic spin-Hamiltonian
description contrary to earlier approaches, which for dimers
have only dealt with coupled isotropic paramagnetic centers.
Chem. Sci., 2023, 14, 266–276 | 271
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The rate of oscillation is consistent with two ions separated by
8.5 Å, which is the distance between the two paramagnetic ions
across the Pt/Pt bridge. This proves that the exchange-
interaction is mediated by a metallophilic Pt/Pt bond, and
not a through-space coupling to the nearest neighbor, which is
only 7 Å away (see Fig. S5 in the ESI†). A Q-dependence corre-
sponding to 7 Å cannot reproduce the experimental result.

To support the INS study, SQUID magnetometry was
measured on all eight compounds. The solid-state molar
magnetic susceptibility data for all eight species and their
modeling are shown in Fig. 4.

At 300 K the cMT product for {CoPd}2, {CoPt}2, {NiPd}2 and
{NiPt}2 are 5.55, 6.06, 2.35 and 2.38 emu K mol−1 respectively.
The experimental values are higher than expected for two
uncoupled S = 3/2 for Co2+ and S = 1 for Ni2+, consistent with
Fig. 4 Magnetic susceptibility measured at 0.1 T and plotted versus
temperature for (a) all four dimerazied structures ({CoPd}2, {CoPt}2,
{NiPd}2 and {NiPt}2) and (b) monomeric structures ({CoPd}, {CoPt},
{NiPd} and {NiPt}) experimental data represented with scatters and
best fitted model with solid black lines.

272 | Chem. Sci., 2023, 14, 266–276
a coupling of the two spins and an unquenched orbital contri-
bution to the total angular momentum. The monomeric
complexes were synthesized and magnetically characterized in
respect to correlate the parameters between the monomeric and
dimeric complexes and provide a consistent model for magne-
tometry and INS data. The cMT curve for all four dimeric
complexes shows a drastic drop at low temperature concurring
with an anti-ferromagnetic coupling of two paramagnetic
metals. The coupling was tted to an isotropic exchange model
for all dimeric complexes, except the {CoPt}2 for which, the INS
data mandates modeling with an anisotropic coupling. The
modeling of the low temperature regime of the {CoPd} data is
not perfect. It could be improved by including weak (0.5 cm−1 >
J) anti-ferromagnetic couplings within a tetrameric unit of Co2+

centers. However, this ad hoc improvement has not been
included as we consider it beyond the scope of unfolding the
present story. From the parameters extracted from the model of
the magnetic susceptibility and INS data two primary trends
emerge. First, the coupling constants in the {CoPd}2 and
{NiPd}2 complexes are signicantly smaller than their respec-
tive Pt complexes. The Pd and Pt complexes are iso-structural
with a minimal derivation in the molecular distances and
angles in the solid-state structure. Therefore, the inuence on
the magnetic coupling must be found in the change from Pd to
Pt and the communication between the two lantern units. The
metallophilic interaction originates from an overlap of the dz2
orbitals of either Pt or Pd. The larger radial extent of the Pt 5dz2
orbitals compared to the Pd 4dz2 orbitals make for a larger
overlap and a concomitantly stronger interaction. This argu-
ment is valid if the inter- and intra-molecular distances between
the metals are similar as is true for the complexes presented
here. Second, for {NiPd}2 to {NiPt}2 the relative increase in the
coupling is remarkably larger than the change going from
{CoPd}2 to {CoPt}2. The {NiPd}2 stood out from the remaining
dimeric complexes with a slightly longer metallophilic interac-
tion. This elongation of the metallophilic bond contributes to
the more drastic change, and hence a larger span of the
coupling constants.

To obtain further insight into the spin coupling parameters
and correlate them to the metallophilic interaction of either
Pt/Pt or Pd/Pd, the Ni dimers ({NiPt}2, {NiPd}2) and mono-
mers ({NiPt}, {NiPd}) were investigated by FD-FT THz-EPR in the
temperature range from 5 to 23 K at the BESSY II storage ring.
All of them showed eld-dependent signals from magnetic
transitions in the magnetic-eld division spectra (MDS), which
were simulated using the same spin-Hamiltonian as for the
magnetometry data.

Resulting magnetic-eld division spectra are shown for
{NiPt} and {NiPt}2 in Fig. 5 A detailed discussion on the analysis
of the THz data as well as the spectra of {NiPd} and {NiPd} can
be found in ESI:6.†

{NiPt} exhibits a doublet signal centered at 12.3 cm−1, the
zero-eld peaks of which appear at 12.0 and 12.6 cm−1 in the
MDS (Fig. 5(a)). This readily determines the ZFS parameters to
be D = − 12.3 cm−1 and jEj = 0.6 cm−1, consistent with the
parameters derived from the INS and SQUID modeling. For
{NiPt}2, no transitions are discernible at the lowest temperature
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Experimental (black) and simulated (red) FD-FT THz-EPR
magnetic-field division spectra of (a) {NiPt} at T = 4.8 K and of (b)
{NiPt}2 at T = 22.7 K. Spectra were calculated by division of a trans-
mission spectrum at (a) B0 + 0.5 T or (b) B0 + 1 T by a corresponding
one at B0. Thus, maxima correspond to stronger absorption at B0,
minima to increased absorption at the higher field.

Fig. 6 Final stage energy calculations obtained while making
a geometrical scan of the Pt/Pt distance in {NiPt}2 and the Pd/Pd
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of 5 K, while starting from 9 K, a transition with a zero-eld
transition energy of 8.0 cm−1 gains intensity, reaching its
maximum at 23 K (see Fig. 5(b) and S10†). This is assigned as an
internal transition within the excited triplet state, consistent
with the difference between the observed INS transitions at 20
and 28 cm−1 and also corroborating the strong antiferromag-
netic coupling in the platinum bridged dimer.

For the {NiPd}2 (see Fig. S9b†), in contrast, signals are
observed already at T = 5 K which are not present in the {NiPd}
spectrum (Fig. S9a†). Thus, the coupling in the {NiPd}2 must be
signicantly smaller than for {NiPt}2 and the signicant pop-
ulation of the excited triplet state at T = 5 K is consistent with
this. THz spectroscopy delivers more detail on the ZFS and
indicates smaller values for D in the nickel palladium systems
(cf. ESI†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
The dramatically lower magnetic coupling via the Pd/Pd
bridge as compared to that occurring via the Pt/Pt bridge may
spur suspicion concerning the existence of an actual Pd/Pd
metallophilic interaction. This hesitation may be further fueled
by the preparative challenges associated with obtaining the
monomeric platinum systems and the dimeric palladium
systems, respectively. In order to address this question we
decided to computationally investigate the potential surface
along the M′/M′ stretching coordinate for both the platinum
and palladium dimers. We chose a similar level of theory and
methodology as that employed in a recent study of the exchange
coupling in related dinuclear platinum systems.42 DFT calcula-
tions were performed for both {NiPt}2 and {NiPd}2. Geometry
scans of the Pt/Pt and Pd/Pd distances were done on geom-
etry optimized rigid structures for the remaining internal
coordinates using the ORCA soware and including dispersion
correction to account for the so M′/M′ interaction.

The energy curves in Fig. 6 are referenced to the practically
dissociated system with a separation of 6 Å. The variation of the
total energy of the system along the M′/M′ stretching coordi-
nate shows a clear energy minimum valley validating the pres-
ence of an actual interaction between the Pd centers as well as
between the Pt centers. The calculated minima lie at shorter
distances than the experimental structures, which has been
observed, previously, and which is not unexpected for compu-
tational modeling of a low-energy interaction disregarding
crystal packing effects. Notably, though, the minima occur at
very similar distances for the two metals as observed in the
experimental crystal structures. 3.421 Å for {NiPt}2 and 3.500 Å
for {NiPd}2, with the computed minimum for the Pd/Pd
interaction occurring at similar M′/M′ separation as for the
platinum system. Most signicantly is the very similar energy
stabilization of ca. 0.5 eV for both metals upon formation of the
dimers, and almost identical curvature of the potential surfaces
near the energy minimum. This points to similar strength and
force constants for both “bonds”. The computed potential
distance in {NiPd}2.

Chem. Sci., 2023, 14, 266–276 | 273
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Fig. 7 (a) Single crystal of {NiPt}2 in space group (P21/c) resting on the (010) surface and an excerpt of the crystal packing in the pertinent
orientation. Raman spectra recorded on oriented crystals of {NiPd}2 (b) and {NiPt}2 (c) with the electrical field component of the excitation
polarized approximately along and perpendicular to the M′/M′ directions in the crystal.
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energy surfaces demonstrating reasonable stabilization and
concomitant curvature around the minima raises the question
of whether the M′/M′ stretching may actually be experimen-
tally observable. Very recently43 the vibrational signature of the
Au–Pt metallophilic interaction in [Pt(terpy)Cl][Au(CN)2] was
observed experimentally at 57 cm−1. This system is well selected
for this specic purpose due to the rigidity and the scarcity of
obvious low-energy modes. In contrast, the present systems are
far from trivial in this context with several potential so local
and phononic modes conceivable. However, The simultaneous
existence of isostructural Pd/Pd and Pt/Pt dimers facilitates
the task. Furthermore, although the dimers do not crystallize
with high crystallographic local symmetry, the packing is
fortunate enough to align the individual dimers relatively well
as illustrated in the top panel of Fig. 7. The dimers crystallize in
nice single crystals with dimensions easily reaching 4-500 mm.

Raman spectra collected on a crystallographically indexed
single crystal with the electric eld component polarized
approximately parallel and perpendicular to the M′/M′ direc-
tions reveals strongly polarized transitions at 46 cm−1 for
{NiPd}2 and 44 cm−1 for {NiPt}2.

Considering as a reference system for these vibrations the
dimeric Hg(I) cation, Hg2

2+, gas phase computation was per-
formed with the identical level of theory as the Pd and Pt dimers
and no counter ions present. The curvatures of the potential
surfaces were tted to a harmonic potential near the minimum
distance and the relative curvatures were determined to be
{NiPd}2: 0.036(4); {NiPt}2: 0.046(5); Hg/Hg: 0.128(17), which
translates into relative vibrational frequencies of 0.53 : 0.58 :
1.00 assuming identical reduced masses. With the low range of
[Hg/Hg]2+ stretching frequencies reported around 110 cm−1,44

the assignment of the M′/M′ stretch to the distinctly polarized
bands just below 50 cm−1 appears consistent and suggests that
the metallophilic interactions might indeed be prone to direct
spectroscopic observation.
4 Conclusions

We have further developed metallophilic interactions as an
orthogonal reactivity allowing control of molecular structure
274 | Chem. Sci., 2023, 14, 266–276
and solid-state packing for molecule-based magnetic systems.
This was done by augmenting a set of mono- and dimeric
systems featuring Pt/Pt bridging12,13 with their palladium
counterparts. Synthetically, it was found to be signicantly
more challenging to obtain the dimerized palladium systems.
Four of these complexes, [M(M′(SAc)4)(pyNO2)]2, (M= Co, Ni; M′

= Pt, Pd) dimerize in the solid-state through a metallophilic
interaction which facilitates an anti-ferromagnetic exchange
coupling. It was demonstrated that the Pt/Pt metallophilic
interaction is capable of facilitating an exchange coupling,
which can be either large, as was found for {NiPt}2, or aniso-
tropic, as was found for {CoPt}2. An inelastic neutron scattering
study on the platinum systems yielded detailed spectroscopic
information on both the zero-eld splitting and the exchange
interaction parameters. For the dimers, INS showed a distinct
oscillation in the Q-dependence, which complies perfectly with
two coupled paramagnetic ions being separated by a distance of
8.5 Å. This matches the crystallographically determined intra
dimer separation of the paramagnetic centers and hence proves
the intramolecular pathway for strong exchange. To give
a consistent parametrization of the series of anti-
ferromagnetically coupled dimers the INS was supported by
magnetometry on all systems and THz spectroscopy on the Ni
members of the series. While the palladium-bridged systems
had very comparable ZFS compared to the platinum systems,
the magnetic interaction via the Pd/Pd metallophilic interac-
tion was found to be much reduced compared to the platinum-
bridged dimers which correlates with longer M′/M′ distances
in the solid state for the smaller Pd(II) and most notably with
signicantly smaller radial extent of the 4dz2 orbitals of Pd(II) as
compared to the 5dz2 orbital on Pt(II). A similar difference in the
interaction of Pd(II) and Pt(II) with trivalent lanthanides was
previously reported.23 Concerns regarding the actual existence
of an energetically relevant Pd/Pd interaction were addressed
computationally and found that the energetic stabilization is
quite similar to that of the Pt/Pt linked dimer and no more
than 10% reduced for the Pd/Pd dimer. A single crystal Raman
investigation comparing {NiPd}2 and {NiPt}2 demonstrated
polarized vibrational bands at frequencies consistent with
estimates from the potential energy curves and provides
© 2023 The Author(s). Published by the Royal Society of Chemistry
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support for similar interaction strengths in the metallophilic
interactions. This makes Pd(II) a credible structure-directing
motif for assembly of polynuclear, molecular magnetic
systems and allows for signicantly different magnetic inter-
action strength compared to the established Pt–Pt metallophilic
interactions.
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