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Bonding Features and Magnetic Ordering in
Thiolate-Bridged Copper-Nickel Clusters Synthesized at

Elevated Temperature

Arijit Jana, Yaofeng Wang, Lukas Guggolz, Yaorong Chen, Franziska Ganslmaier,

Bastian Weinert, Mario Ruben, and Stefanie Dehnen*

Atomically-precise heterometallic nickel-based clusters are an emerging class
of functional nanomaterials with intriguing optical and magnetic properties.
However, synthetic challenges restrict their exploration in comparison

to heterometallic coinage metal-based nanoclusters. This study presents

a single-step synthesis of the two new thiolate-bridged copper-nickel cluster
compounds [Cu,NiS; (MCP)] (1) and [Cu,Niz(MCP),,1,] (2) (MCPH =
2-mercaptopyridine; MCP = deprotonated 2-mercaptopyridine) at an elevated
temperature. Single-crystal X-ray diffraction reveals that 1 is composed of
polymeric strands of linked cluster units. Each of the units exhibit a bicapped
trigonal prismatic {Cu,Ni¢} core that is surrounded by three capping

sulfide and six MCP ligands. Cluster 2 features individual clusters, each
bearing a hexagonal bipyramidal {Cu,Ni¢} core with twelve MCP units as well
as two iodide ions as additional ligands. In spite of the different aggregation
modes, both of these clusters exhibit molecule-like characteristic multiband
optical absorption features. Temperature-dependent magnetic susceptibility
measurements for 1 revealed dual antiferromagnetic and ferromagnetic
coupling among six Ni(ll) centers with an S = 2 ground state, while

2 exhibits strong ferromagnetic coupling, whereby the susceptibility increases
with decreasing temperature to an S = 4 ground state. This study is an
example of solvothermal synthesis of related ligand-supported copper-nickel
cluster compounds with structure-specific optical and magnetic properties.

form a unique class of functional nanoma-
terials, characterized by diverse structural
motifs and distinctive physicochemical
properties.!3 These ultra-small parti-
cles with a typical size of below 3 nm
have characteristic absorption/emission
properties and nonlinear optical behav-
ior, as well as interesting electrochemical
properties.[*®] These properties make them
suitable candidates to use in the fields of
optoelectronic or imaging devices, for the
photo- and electrocatalytic reduction of
carbon dioxide or nitrogen, electrocatalytic
oxidation of water, organic coupling re-
actions, as well as in the electrochemical
sensing of various analytes.>1%l In the
context of ligand stabilized metal clus-
ters, a large number of atomically precise
clusters with coinage metal atoms (i.e.,
gold, silver and copper) were previously
synthesized and characterized.['->17-22]
In contrast to this, sensitivity to air and
moisture, unfavorable reduction behavior
of precursor metal ions, and the lack of
strong intermetallic covalent bonding so
far hampered the accessibility of similar
lighter fourth period metal clusters, partic-
ularly Ni analogues.[?*%] Heterometallic

1. Introduction

Atomically precise nanoclusters composed of metal atoms ar-
ranged in well-defined geometries and stabilized by ligands

nickel-based clusters constitute a subclass, in which appropri-
ate heterometal atoms are added to form a mixed-metal cluster
core. There are only a few reported cases of bimetallic clusters
where heterometal atoms such as gold, platinum, tin, iridium,
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antimony and tungsten atoms have been successfully integrated
into nickel clusters.[?6-32] To the best of our knowledge, there is no
report of ligand protected bimetallic clusters comprised of cop-
per and nickel. Hence, the development of robust heterometallic
copper-nickel clusters will be a significant addition to the family
of heterometallic nickel-based clusters.

Surface-protecting ligands play a crucial role for the sta-
bilization of nickel-based clusters. The majority of these
clusters are protected by phosphines,?3-3¢ alcohols, !
oximates, 33! calixarenes,**#2] Schiff bases,!***] carbonyl!*>4°]
and polyoxometalates!*’*8] and some of them are stabilized
by thiolated ligands.[*”] Notably, thiolated nickel clusters are
typically synthesized at temperatures ranging from 0 °C to
room temperature through the chemical reduction of nickel
thiolate complexes, often using reducing agents like sodium
borohydride.>*!] Structural investigations using single-crystal
X-ray diffraction (SC-XRD) classify nickel clusters into two
groups: oligocyclic and non-oligocyclic. Oligocyclic nickel and
heterometallic nickel-based clusters are composed of ring-
shaped, oligonuclear, or tiara-like nickel-chalcogenide cores,
which are protected by surface ligands.’>* Additionally, a
handful of non-oligocyclic nickel clusters have been reported
and are noted for their Ni—Ni bonds, e.g., [(‘Pr;P)Ni],H,L
(L = NCH,Ph, (BH),, (Cl), O; Ni—Ni 2.3467-2.6064 A,
[NiyySy6(PEt;)yy], oF [NijeSys(PEty)yo] (Ni—Ni 2.4825-2.7964),
or at least weak interactions in [Nig(Xpz);,(OH),]*~ (X=Cl Br, I;
Ni—Ni 2.9580-3.0009).1>>58] The delocalized d-electrons play a
crucial role in stabilizing these clusters. In this context, efforts
continue to synthesize heterometallic nickel-based clusters with
novel structures, different sizes, and different ligand envelopes.

Nickel and heterometallic nickel-based clusters, although less
frequently discussed, exhibit unique structure-specific magnetic
properties due to the presence of unpaired electrons present in
the Ni(II) centers. Furthermore, their magnetic properties hold
significant potential for advanced technologies, including single-
molecule magnets, quantum bits for quantum computing, and
magnetic data storage.[*>%] In this context, extensively studied
coinage metal clusters predominantly display either weak para-
magnetic behavior or diamagnetism, as determined by electron
paramagnetic resonance measurements.[%#%] Unlike bulk ferro-
magnetic nickel metal, nickel and heterometallic nickel-based
clusters exhibit diverse types of paramagnetic, ferromagnetic,
and superparamagnetic properties due to the presence of un-
paired electrons in their open-shell ground electronic states.[°¢-%]
Magnetic properties also depend on the electronic coupling of
nearby metal atoms, intermetallic bonding, charge states and the
arrangement of ligands, as demonstrated for nickel clusters with
15 atoms, in which the magnetic moments vary depending on
the nature of intermetallic bonding.””) The mixing of 3d and 4s
atomic orbitals within the inner framework of these clusters also
influences its magnetic properties by disrupting spin symmetry
and exchange coupling between the nearby Ni centers.l”!! To in-
vestigate the correlation between molecular structure and mag-
netic properties, we aimed to synthesize examples of a so far un-
explored class of thiolated copper-nickel clusters.

In this study, two copper-nickel cluster compounds,
[Cu,Ni;S;(MCP)4] (1) and [Cu,Ni (MCP),,1,] (2), were obtained
in a solvothermal approach. The cluster in 1 features a {Ni, } core
and exhibits a 1D extension via Cu—Cu and Cu—S linkages. The
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cluster in 2, in contrast, forms non-linked clusters based on a
crown-like skeleton, primarily protected by 2-mercaptopyridine
ligands. Besides X-ray diffraction analyses, we characterized both
compounds using high-resolution mass spectrometry, quantum
chemical calculations and various spectroscopic techniques.
Temperature-dependent magnetic measurements revealed an
antiferromagnetic and ferromagnetic coupling behavior for
1 and ferromagnetic coupling behavior for 2, indicating that
the structural differences observed for these related clusters
with similar chemical compositions are instrumental for their
characteristic electronic and magnetic properties.

2. Results and Discussion

Compounds 1 and 2 were synthesized by a solvothermal
reaction of nickel(II) chloride, copper(l) iodide and 2-
mercaptopyridine (MCPH) in a solvent mixture (4:1, v/v) of
N,N-dimethylformamide (DMF) and methanol (MeOH), see
Scheme 1.

After 72 h of solvothermal treatment in a vacuum-sealed pyrex
ampule at 120 °C, 1 crystallizes as black sheet-like single crys-
tals, while 2 forms dark green polyhedral and green cuboidal
crystals (Figure 1a,b). Further details are provided in the exper-
imental section. Additionally, we obtained orange rod-shaped
crystals, resembling the previously reported cluster compound
[Cus(MCP)g] (A, Figure S1, Supporting Information), according
to single-crystal X-ray diffraction (SC-XRD) analyses.l”>74l A lack
of copper(I) iodide under the same reaction conditions leads to
a substantial quantity of hair-like microcrystals (Figure S2, Sup-
porting Information), the identity of which could not be deter-
mined by means of SC-XRD. The powder X-ray diffraction (P-
XRD) patterns of these aggregates do not match those of 1 and 2,
indicating the formation of a yet unknown Ni-MCP compound
(Figure S3, Supporting Information). Another control reaction
without using nickel(II) chloride resulted in quantitative (yield
95%) synthesis of a crystalline product. The obtained P-XRD
diffraction pattern of the product matches well with the simulated
pattern of [Cuy(MCP),] (A, Figure S4, Supporting Information).

SC-XRD studies reveal that compound 1 crystallizes in the or-
thorhombic crystal system, space group type Pbcn, with the cell
parameters a = 19.2770(18) A, b = 19.490(2) A, ¢ = 21.376(3) A,
V = 8031.2(15) A’ and Z = 1 (Table S1, Supporting Informa-
tion). The molecular structure of one cluster unit is shown in
Figure 1c.

The [Cu,Ni;S;(MCP),] cluster in 1 features a {Cu,Ni.} core
composed of a trigonal prismatic {Ni;} inner framework (Figure
2). Each triangular {Ni,} face of the prism is capped by a Cu
atom, while each rectangular {Ni, } face is capped by a y,-S ligand.
The MCP molecules act as bidentate ligands, with the N donor
atoms coordinating one nickel atom and the S donor atoms act-
ing as u,-bridges between the Cu and the Ni atoms. This results
in a tripodal coordination behavior of the MCP ligands, which
at the same time induces a helical orientation of the three pyri-
dine ligands on each side of the cluster (Figure S5, Supporting
Information). Direct Ni—Ni contacts vary between 2.691(14) and
2.860(14) A, which are well within the range of distances reported
for other clusters exhibiting bonding Ni—Ni interactions.[>>=7]
The (non-bonding) distance between the capping Cu atoms is
7.511(18) A. The u,-S—Ni distances for the capping sulfide atoms
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120°C, 72 hours
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— [Cu2Nig(MCP)s] + [Cu2Nig(MCP)12l2] + [Cus(MCP)e]
1 (~38%)

2 (~45%) A (~16%)

Scheme 1. Non-stoichiometric reaction scheme for the solvothermal synthesis of compounds 1, 2 and A.

amount to 2.179(18)-2.233(18) A, while the u,-S—Ni and p,-
S—Cu bond lengths fall within the range of 2.240(20)-2.306(20)
A and 2.295(20)-2.382(20) A, respectively. Ni—N distances are
1.946(62)-1.969(59) A. As Ni and Cu cannot be discriminated by
means of standard X-ray diffraction experiments, the metal-atom
composition of the cluster was confirmed by micro-X-ray fluo-
rescence spectroscopy (u-XRF) performed on the corresponding
crystals. The u-XRF spectra of three individual single crystals con-
sistently show a Cu:Ni ratio of 1:3, which confirms the presence
of the {Cu,Ni,} core per cluster unit (Figure S6, Supporting In-
formation). The fact that counterions could not be localized on
the difference Fourier map and the absence of chloride and io-
dide signals in the p-XRF analysis suggest that compound 1 rep-
resents a neutral compound “1D-[Cu,Ni;S;(MCP),],”. This in-
stantly raises questions about the oxidation state of the Cu and
Ni atoms, which will be addressed by further analyses below.
Compound 1 exhibits a chain-like arrangement of the cluster
units along the crystallographic b axis, where two cluster units are
connected through Cu—Cu (2.685(16) A) and Cu—S (2.685(21) A)
bonds (Figures S7 and S8, Supporting Information). In the ex-
tended solid-state structure, these chains assemble into a lamel-
lar packing along the crystallographic a and ¢ axes, stabilized

[Cu,NigS3(MCP)g]

by C—H--H—C (2.330(15) A), C—H--S (2.861(22) A), C—H---x
(2.676(20) A), and z---x (3.310(15) A) short contact interactions
(Figures S8 and S9, Supporting Information).

Structural pseudo-polymorphism was observed for compound
2 (2a,b), which simultaneously crystallized as dark green poly-
hedra (2a, triclinic space group type P* with the cell parame-
ters a = 12.3680(5) A, b = 13.3888(5) A, ¢ = 13.7219(4) A, « =
115.397(2)°, § = 97.655(3)°, y = 104.303(3)°, V = 1913.34(13) A’
and Z = 1) and greenish cuboidal crystals (2b, monoclinic space
group type P2, /c with the cell parameters a = 13.8178(14) A, b =
12.4690(16) A, c = 24.384(3) A, g = 98.714(9)°, V = 4152.7(8) A’
and Z = 2). Crystallographic details and structural refinements
are summarized in Tables S2 and S3 and Figure S10 (Support-
ing Information). Both compounds differ by the presence of two
crystal solvent (DMF) molecules per formular unit of compound
2b, but feature the same cluster motif as compound 2a.

The clusters in compound 2 are composed of six nickel and
two copper atoms that are primarily coordinated by twelve MCP
ligands and two iodine atoms (Figure 3). The {Cu,Ni.} archi-
tecture can be described as a non-bonded distorted hexago-
nal bipyramid, with six Ni atoms forming the hexagonal base
with a very flat chair-like conformation and the two Cu atoms

[Cu,Nig(MCP)42l2]

Figure 1. Optical photograph of single crystals of a) 1 and b) 2a. Illustration of the molecular structures of clusters c) [Cu,NigS;(MCP)g] in 1 and
d) [Cu,Nig(MCP)q,1,] in 2. Thermal ellipsoids are drawn at the 50% probability level. Atom color code: black = Ni, dark red = Cu, yellow = S, blue = N,

grey = C, green = |; H atoms are omitted for clarity.
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Figure 2. Molecular structure of the [Cu,NigS; (MCP)¢] cluster units in 1 in different orientations: a) front view and b) side view, both with additional
representations upon removing, first, the six pyridine groups (center) and, second, all sulfur atoms (right). Atom color code: black = Ni, dark red = Cu,

yellow =S, blue = N, grey = C, white = H.

occupying the axial capping positions. The Ni--Ni distances
within the hexagons range from 3.439(18) to 3.518(13) A (2a) and
from 3.445(12) to 3.482(12) A (2b) while the Cu---Cu distances are
between 4.950(19) A and 5.180(14) A for both 2a,b (Figure S11,
Supporting Information), indicating no bonding metal-metal in-
teractions. The nickel atoms are connected via two u,-S ligands
(Ni—S bond lengths: 2.402(31)-2.553(29) A for 2a, 2.403(20)-
2.557(29) A for 2b; Ni—S—Ni angles: 87.833(89)-92.149(75)° for
2a and 88.287(62)-90.672(57)° for 2b). The Ni/S substructure
alone can best be described as a crown-like ring with a {Ni;S,,}
skeleton, which resembles various oligocyclic tiara- or crown-like
nickel clusters (Figure S12, Supporting Information).l*** Two
Cu atoms are bonded to the top and bottom of the {Ni;S,,} core
via Cu—S bonds featuring distances of 2.334(24)-2.346(26) A (2a)
and 2.350(18)-2.370(18) A (2b). The overall {Cu,NiS,,} motif
displays a hexagonal symmetry viewed from top (Figure 3a) and
features an oblate shape in side view (Figure 3b).

Each iodine atom binds exclusively to a capping Cu atom
(Cu—I bond lengths of 2.489(16) A for 2a and 2.555(11) A for
2b, respectively). For Cu and Ni being indistinguishable by stan-
dard X-ray diffraction experiments, u-XRF analyses were carried
out to assess the metal atom composition in these clusters, as
shown in Figures S13 and S14 (Supporting Information) for 2a,b,
respectively. Analysis of three independently crystals from each
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sample revealed a Cu:Ni ratio of 1:3, further confirming the pres-
ence of two Cu and six Ni atoms in the clusters. Co-crystallized
DMF solvent molecules interact with the 2b cluster through
C—H--H—C (2.332(15) A), I.-H—C (3.162(6) A) and C—H--O
(2.681(10) A) (shown in Figure S15, Supporting Information). In
2a the [Cu,Ni (MCP),,L,] clusters are packed layer-like along the
crystallographic axes a and b, whereas in 2b helical packing along
the b axis dominates the structure (Figures S16 and S17, Support-
ing Information). A few recent studies have also reported similar
helical-like packing motifs in metal nanoclusters.l’+7!

To get deeper insight into the molecular structures and bond-
ing situations of 1 and 2, we performed quantum chemical stud-
ies, employing density functional theory (DFT) methods. A full
summary of the used methods and procedures is given in the
Supporting Information.

Geometry optimization of an isolated cluster unit of 1 showed
good agreement between calculated and experimental structural
parameters for the central {Ni;S,} part, but not for the two api-
cal Cu atoms with the surrounding MCP ligands: treating 1 as
a monomer leads to an inward movement of the Cu atoms and
to calculated Cu--Ni distances, which were up to 0.2 A shorter
than the experimental ones, which indicated the necessity of
taking the 1D extension of the cluster units into account. The
geometry optimization of a dimeric subunit, however, fit the

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Molecular structure of the [Cu,Nig (MCP),1,] cluster in 2 in different orientations: a) front view and b) side view, with additional representation
by removing, first, all pyridine groups as well as the iodine atoms (center) and, second, all sulfur atoms (right). Atom color code: black = Ni, dark red =

Cu, yellow = S, blue = N, grey = C, green = |, white = H.

experimental values in this region well, thus indirectly con-
firming both the polymeric nature of 1 and the overall neu-
tral charge. A comparison of experimental and calculated bond
lengths is given in Table S4 (Supporting Information). The in-
spection of localized molecular orbitals (LMOs; Figure S19, Sup-
porting Information) showed no signs of direct Cu—Ni bond-
ing, hence the Cu atoms are held in place solely by the MCP
ligands. Within the central {Ni;S;} subunit, we find regular
2-center 2-electron (2c2e) Ni—S bonds as well as 3-center 2-
electron (3c2e) Ni—S—Ni bonds, indicative of some bonding activ-
ity also between the metal atoms. The respective monomer units
interact via multicenter bonds within the connecting {Cu,S,}
four-rings.

Optimizing the molecular structure of 2 again showed a good
agreement with the experimental structural data. It has to be
noted, though, that in the isolated cluster units, the six outer S
atoms rotate slightly about the pseudo-sixfold (more closely: three-
fold) axis in the horizontal plane, leading to more distinct differ-
ences between shorter and longer Ni—S bonds as compared to
the experimental values (Table S6, Supporting Information). We
attribute this observation to the movement of the MCP ligands
during the calculation, which is suppressed in the crystal struc-
ture due to stabilizing secondary interactions with neighboring
molecules. On average however, the bond lengths fit the experi-
mental data, which points to a match of the total electron count
and thus correct charges. In the absence of any “naked” S atoms
(as in 1) the bonding situation is less diverse, with all contacts

Small 2025, €06920

€06920 (5 of 11)

being regular 2c2e Ni—S or Cu—S bonds within the inorganic
cluster core of 2 (Figure S21, Supporting Information).

Crystals of both compounds were manually selected at am-
bient conditions using stainless steel microneedles for further
characterization, including P-XRD, mass spectrometry, infrared
(IR), and Raman spectroscopy. Figure S22 (Supporting Informa-
tion) displays optical microscopic images of the respective crys-
tals after manual separation. The experimental P-XRD pattern of
1 aligns closely with the simulated pattern derived from the SC-
XRD data (Figure 4a). The primary reflections at lower 26 angles
at 6.44°, 8.26°, 9.16°, 10.98°, and 12.35° correspond to the (110),
(002), (200), (121), and (202) lattice planes, respectively. The ex-
perimental P-XRD pattern of 2a also matches well with the sim-
ulated pattern (Figure 4b). Slight variations in intensity and peak
splitting of the diffraction peaks can be attributed to the temper-
ature difference between the SC-XRD (measured at 150 K) and
the P-XRD (measured at 298 K) experiments, and to the fact that
at least the platelet-shaped crystals on the flatbed sample carrier
align themselves in a preferred direction due to their shape. For
hand-selected crystals out of such a mixture, this experiment con-
firms that the phase consists of the respective clusters.

The molecular composition of the clusters was further con-
firmed through high-resolution electrospray-ionization mass
spectrometry (ESI-MS) measurements — as another important
tool in light of the indistinguishability of Cu and Ni with stan-
dard X-ray diffraction techniques. The ESI-MS spectrum in pos-
itive ion mode of 1, freshly dissolved in a mixture of DMF
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Figure 4. Comparison of the experimental P-XRD patterns of manually selected crystals with the simulated patterns obtained from SC-XRD for a) 1 and
b) 2a. The full range positive ion mode ESI-MS spectrum of c) 1 and d) 2a dissolved in a mixture of DMF and MeOH. Inset shows the high-resolution
spectra and the isotopic distribution of the experimental spectrum in comparison with the simulated pattern of [Cu,NigS; (MCP)¢.Cu.(MeOH).(MeO),]*

and [Cu, Nig (MCP),1,.(MCP).(MeOH) 4.H]", respectively.

and MeOH (3:1, v/v), exhibits a prominent pattern around m/z
1394.5143 (Figure 4c). A peak-to-peak separation of A(m/z) = 1
suggests the detected species to be a monocation. The mass of
the species matches with the molecular composition of the clus-
ter, [Cu,Ni;S;(MCP),-Cu-(MeOH)-(MeO),]*, hence correspond-
ing to the cluster [Cu, Ni;S;(MCP),]in 1, upon attachment of one
Cu atom, two (MeO)~ ions and one MeOH molecule and con-
comitant oxidation under ESI-MS conditions (inset of Figure 4c).
In addition to this main peak, two minor peaks referring to mono-
cations were detected at m/z 1183.6063 and 1420.5429. These
peaks were assigned to the species [Ni;S;(MCP),-(DMF)-H]* and
[Cu,NiS;(MCP),-(DMF)-(MCP)]*, respectively (Figure S23, Sup-
porting Information). For compound 2 (again recorded from a
solution in a 3:1 DMF:MeOH mixture), the ESI-MS spectrum
in positive ion mode shows two patterns with high intensity at
m/z 2294.4814 and 1847.6045. The peak at m/z 2294.4814 was
attributed to the species [Cu,Ni,(MCP),,1,-(MCPH)-(MeOH),]*,
representing the molecular ion assembled with one additional
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MCPH molecule and four MeOH molecules. The other peak at
m/z 1847.6045 corresponds to a cluster fragment identified as
[CuNi;(MCP),,-(MCP)]*, which likely results from the loss of two
iodide ions and one copper atom from the parent cluster along
with the attachment of one MCP ligand (Figure S24, Supporting
Information). It is noted that no characteristic peak was observed
in the ESI-MS spectrum in negative ion mode for either of these
clusters, indicating the absence of an anionic species.

IR and Raman spectroscopic analyses were undertaken for fur-
ther confirmation of the compounds’ identity and purity. Com-
parative IR spectra of compounds 1 and 2a (Figure S25, Sup-
porting Information) show C—H vibrational bands of the pyri-
dine rings centered at 3045 cm™" for both compounds. The weak
appearance of this vibrational band and reduced peak splitting
might be due to the unique confinement of the MCP ligands
outside the cluster core. There are prominent vibrational bands
for C=C (1577 and 1544 cm™!), C—N (1264 cm™!), and C=N
(1668 and 1680 cm™') bonds observed for 1, along with the
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Figure 5. Optical absorption spectra of a) 1 and b) 2a in DMF solution. The inset shows an enlarged view of the absorption tail of 1, along with a
photographic image of the respective clusters in DMF solutions. Absorption spectra were recorded at concentrations below saturation.

C=C (1575 and 1548 cm™'), C—N (1260 and 1240 cm™'), and
C=N (1670 cm™') bands detected for 2a (Figure S25, Supporting
Information).

Comparative Raman spectra displayed identical signatures
across three different crystals for each compound (Figures S26
and S27, Supporting Information for 1 and 2a, respectively). The
spectra show C=C/C=N stretching bands at 1547 and 1581 cm™"
for1and at 1552 and 1579 cm™! for 2a, along with the strong pyri-
dine ring breathing vibration observed ~1015 cm™! in both clus-
ters (Figure S28, Supporting Information). Table S8 (Supporting
Information) summarizes spectral assignments of the Raman
bands. Notably, crystals of 1 exhibit several low frequency vibra-
tional modes at 123, 91, and 74 cm™!, corresponding to the com-
bined contribution of the cluster core (Ni—Ni, Ni—S, and Cu—S)
vibrations, while the other cluster displays low frequency bands
at 255, 204, 123, 98, 70, and 60 cm™ related to Ni—S, Cu—S,
and Cu—I vibrational modes.[””78] This difference confirms the
presence of different types of metal-sulfide bonding in the two
clusters detected by quantum chemistry. A clear assignment of
these bands is not possible due to the mixing of several vibra-
tional modes.

The electronic situation of these clusters was additionally in-
spected by means of UV-vis absorption spectra of 1 and 2a in
their respective solutions. A DMF solution of 1 exhibits one
prominent absorption band centered at 285 nm (4.35 eV) and
two weak bands at 319 nm (3.89 eV) and 350 nm (3.54 eV) in
a characteristic pattern (Figure 5a). We also observed a weak ab-
sorption band centered ~655 nm (1.89 eV) (inset of Figure 5a).
On the other hand, a solution of compound 2a in DMF has two
strong absorption bands centered ~293 nm (4.23 eV) and 365 nm
(3-39 eV) (Figure 5b).

We compared the absorption spectra of the clusters to that
of the starting materials, as shown in Figure S31 (Supporting
Information). The absorption spectrum of NiCl, exhibits dis-
tinct peaks at 271, 408, 696, and 746 nm. In contrast, neither
MCPH nor the mixture of MCPH, Cul, and NiCl, shows any
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clear absorption bands. Comparative analysis of these absorption
spectra alongside our {Cu,Nig} clusters shows that the charge
transfer bands characteristic of the specific cluster are more
prominent than the strong d—d transition bands typically seen
in Ni(II) compounds. The low-energy optical absorption bands
occurring below 400 nm suggest ligand centered 7—z* transi-
tions and ligand-to-metal charge transfer (LMCT), while the low-
intensity band 2655 nm is likely to originate from d-d transitions
within the {Ni;} core of compound 1. Theoretical studies show
that optical absorption bands between 340 and 400 nm in thio-
lated Ni—Pt bimetallic clusters are related to the S(3p,o)—>Ni(3d)
transition.[?’] Extrapolation of the absorption band edges yielded
band gaps of 3.00 eV for compound 1 and 2.89 eV for compound
2a, respectively (Figure S32, Supporting Information).
Moreover, the magnetic properties of the clusters were in-
vestigated using the VSM superconducting quantum interfer-
ence device (SQUID) technique. Specific details of the instru-
ment are shown in the Supporting Information. Temperature-
dependent magnetic susceptibility measurements for these clus-
ters were carried out over the temperature range from 300 to
2 K under an applied magnetic field of 7 T. At room tempera-
ture 1 exhibits a molar magnetic susceptibility times tempera-
ture (y,,T) value of 3.52 cm?®-K-mol~! (Figure 6a). According to
earlier reports, this value is significantly lower than the expected
value (6.60 cm?-K-mol~!) for the combination of six independent
Ni(II) centers (spin state of S =1 and g value of 2.1) beside two
Cu(0) centers.[”># Upon lowering the temperature, y,, T grad-
ually decreases up to 100 K, and it reaches to a lowest value of
3.315 cm?-K-mol~!. Lowering of y, T upon reducing the tem-
perature (300 to 130 K) suggests weak antiferromagnetic cou-
pling in compound 1. Further reducing the temperature shows
an upward trend of y,, T up to 30 K, which attend a maximum
value of 3.945 cm?-K-mol~'. Such enhancement of y,, T upon
lowering the temperature suggests relatively strong ferromag-
netic coupling interactions of various Ni(II) centers present in the
non-oligocyclic [Cu,Ni S;(MCP);], chain. Further lowering the
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Figure 6. Temperature-dependent variation of y,, T for a) 1 and b) 2a over temperature ranging from 300 to 2 K upon an applied magnetic field of 7 T.

Variable temperature magnetization (below 10 K) plots for compounds c)
Scattered points: experimental results and solid line: guide to the eye.

temperature below 30 K showed a gradual downward trends of
X m T, which might be due to zero-field splitting and Zeeman ef-
fects.

On the other hand, at room temperature, 2a exhibits a y,, T
value of 7.47 cm?-K-mol~! under an applied magnetic field of 7T
applied field (Figure 6b). This value is higher than that of six un-
coupled Ni(II) and two Cu(l) ions (6.61 cm?® K mol™!, g = 2.1).
This suggests the lack of antiferromagnetic coupling in the clus-
ter. As the temperature decreases, y,, T shows a slight downward
trend, reaching 7.18 cm?-K-mol™" at 200 K. With further cool-
ing, y,, T increases steadily, reaching a pronounced maximum of
8.79 cm?-K-mol™! at 30 K. The increase in y,, T with decreasing
temperature suggests ferromagnetic coupling among spin active
Ni(II) ions present in the hexagonal ring of the cluster. Below this
temperature, the value declines and drops to 1.496 cm?-K-mol~!
at 2 K. The subsequent drop at lower temperatures is likely due
to the combination of zero-field splitting and Zeeman effects. A
similar type of magnetic behavior has previously been observed
in other nickel clusters.8:82] Similar behaviors of y,, T were also
noted under an applied field of 3 T for both compounds (Figure
S33, Supporting Information).

Further upon, we calculated the effective magnetic moment
() using the following Equation (1):

3kpyT
Hert =4 1)
ff NAM]23
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1 and d) 2a during a gradual increase in applied magnetic fields up to 7 T.

(Where, K; = Boltzmann constant, N, = Avogadro constant
and u; = Bohr magneton)

At 30 K, we determined the effective magnetic moment to be
6.29 uy, for compound 1 and 9.38 uj, for 2a, by following the Equa-
tion (1). From the magnetic moment, we calculated the ground
spin state of the cluster using the Equation (2):

Her = gVS (S +1) o)

For 1, where all six Ni(II) ions are present in a trigonal bipyra-
midal coordination, having a ground state of S = 2 suggests hav-
ing the spin of four Ni(II) centers in one direction, while the re-
maining spins for two Ni centers point in the opposite direction.
In compound 2a, the six Ni(II) centers exhibit an octahedral co-
ordination. This results in an overall spin state of S = 4, which
suggests five spins in one and the remaining spins in the op-
posite direction. We measured the DC magnetization curves for
these compounds (Figure 6¢,d) as the temperature was lowered
from 300 to 2 K. Both compounds demonstrate a trend for an in-
creasing magnetic moment as the applied magnetic field is grad-
ually increased from 1 T to 7 T. For compound 1, no saturation
was observed up to 30 K. At 10 K, we detected a saturated mag-
netic moment of 0.151 emu gm™! at an applied field of 7 T. In
contrast, compound 2a exhibited a saturated magnetic moment
of 0.2157 emu gm™" at the same field strength of 7 T. An en-
hancement of the magnetic moment was also observed in field

© 2025 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOWIWIOD SA[ea.D 3 (dedl dde 8Ly Ag peuseno a1e sajolie VO ‘85N JO Sa|N. 10y A1 8UIIUO AB]IA LD (SUOIPUOD-PUR-SLLIBY/WIOD A8 | 1M ARe.d1jBull[UO//SdhLf) SUORIPUOD Pue sWie | au8es *[6202/60/80] U0 AkeidiTauliuo (1M 916ojouys L Inj Iniisul jeynssiiey Aq 026905202 1ILUS/Z00T 0T/I0pAW0D" A8 M AReiq 1 pul|uo//Sciy Wwo.y pepeojumod ‘0 ‘62898T9T


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

dependent magnetization measurements shown in Figure S34
(Supporting Information).

3. Conclusion

In summary, we have successfully synthesized two new com-
pounds with copper-nickel nanoclusters stabilized by MCP lig-
ands, via solvothermal treatment of Cul, NiCl,, and MCPH.
Single-crystal X-ray diffraction experiments and density func-
tional theory calculations reveal the molecular structures of these
clusters. The non-oligocyclic cluster unit in 1 exhibits a trigo-
nal prismatic {Ni¢} core with two capping Cu atoms, while the
oligocyclic cluster 2 features a crown-like hexagonal bipyramidal
{Cu,Ni,} skeleton. 2 crystallizes either in the triclinic (2a) or in
the monoclinic (2b, with additional solvent molecules) crystal sys-
tem, exhibiting distinctly different versions of the packing of the
cluster molecules, and thus suggesting pseudo-polymorphism.
ESI-MS, and various other spectroscopic and microscopic analy-
ses, provided additional information on the molecular properties
of the title compounds. These clusters exhibited distinct multi-
band absorption features with an optical band gap of 3.0 and
2.89 eV, respectively. Temperature-dependent magnetic measure-
ments showed dual antiferromagnetic and ferromagnetic cou-
pling behavior for 1, with a room temperature y,, T value of
3.52 cm?-K-mol~! and a ground spin state of S = 2. In contrast, 2a
exhibits only ferromagnetic coupling behavior, with a room tem-
perature y,, T value of 7.47 cm?-K-mol~! and a ground spin state
of S =4. This study is anticipated to provide valuable insights into
the synthesis of mixed-metallic nickel-based nanoclusters while
also contributing to the development of active and durable mag-
netic nanomaterials for advanced technological applications.

4. Experimental Section

Chemicals Used: Anhydrous nickel(ll) chloride (98%) and cop-
per(l) iodide were purchased from Thermo Scientific Chemicals and
Merck Chemicals, respectively. 2-mercaptopyridine (98 %) was bought
from Apollo Scientific. Extra-dry N,N-dimethylformamide (99.8 %) and
methanol were from Thermo Scientific and Merck KGaA, respectively. All
the chemicals were commercially available and used as such without fur-
ther purification. Yields were calculated based on collected single crystals
of the respective compounds. For further studies, the respective crystals
were manually separated using a microneedle.

Solvothermal Synthesis of 1 and 2. The compounds were produced
through a one-step solvothermal synthesis involving anhydrous NiCl,,
Cul, and MCPH. A borosilicate glass ampule was loaded with 15.5 mg
(120 mmol) of anhydrous NiCl,, 13 mg (70 mmol) of Cul and 30 mg
(270 mmol) of MCPH. The filled ampule was evacuated for 30 min at a
pressure of 0.05 mbar. Under a continuous flow of argon, 800 uL of DMF
and 200 pL of MeOH were added. After 20 min of ultrasonication, the
yellow-colored solution was flash-frozen in a liquid nitrogen-filled dewar,
evacuated (~20 min) to an internal pressure of 0.05 mbar, and then flame-
sealed using a propane burner. The sealed ampule was placed in a sand
bath, which was then heated to 120 °C over a period of 72 h. The heating
ramp was set at 30 °C per hour, and the cooling ramp was set at 5 °C per
hour down to room temperature. After the reaction, a mixture of crystals
was observed at the bottom of the ampule. The crystals were thoroughly
washed with MeOH and then dried by self-evaporation of the solvent un-
der ambient conditions inside the fume hood. The crystallized compounds
1 and 2 were obtained with yields of ~38% and ~45% (40% 2a, and 5%
2b), respectively. No degradation of the crystals was observed during this

Small 2025, €06920

€06920 (9 of 11)

www.small-journal.com

process and also at room temperature. Both compounds were stable un-
der ambient atmosphere at laboratory conditions. Raman studies and p-
XRF analysis demonstrate that both compounds remain stable under am-
bient conditions for over six months (Figures S29 and S30, Supporting
Information).

Attempts to synthesize the compounds selectively were undertaken by
a series of reactions under variation of the concentration and stoichiome-
try of NiCl,:Cul (x:1, with x = 0.86, 1.71, and 3.43), as well as the reaction
temperature (80, 100, 120 °C), while the solvent systems, the amount of
MCPH, and the reaction time (72 h) remained constant. Based on the ob-
servations, which were summarized in Table S9 (Supporting Information),
it was concluded that compounds 2a and 2b predominantly form during
reactions at 80 °C, while no crystals of compound 1 and A were observed
under these conditions. Increasing the amount of Cul enhances the syn-
thetic yield of compound A. Raising the temperature to 100 °C results in
the formation of compound 1, along with crystals of compounds 2a, 2b,
and A. At 120 °C, a significant quantity of both compounds 1 and 2a was
observed to be present in the ampule.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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