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an open-shell nickel sulfide
nanocluster with a “metal-like” core†

Alexander J. Touchton, Guang Wu and Trevor W. Hayton *

Reaction of [Ni(1,5-cod)2] (30 equiv.) with PEt3 (46 equiv.) and S8 (1.9 equiv.) in toluene, followed by heating

at 115 �C for 16 h, results in the formation of the atomically precise nanocluster (APNC), [Ni30S16(PEt3)11] (1),

in 14% isolated yield. Complex 1 represents the largest open-shell Ni APNC yet isolated. In the solid state, 1

features a compact “metal-like” core indicative of a high degree of Ni–Ni bonding. Additionally, SQUID

magnetometry suggests that 1 possesses a manifold of closely-spaced electronic states near the

HOMO–LUMO gap. In situ monitoring by ESI-MS and 31P{1H} NMR spectroscopy reveal that 1 forms via

the intermediacy of smaller APNCs, including [Ni8S5(PEt3)7] and [Ni26S14(PEt3)10] (2). The latter APNC was

also characterized by X-ray crystallography and features a nearly identical core structure to that found in

1. This work demonstrates that large APNCs with a high degree of metal–metal bonding are isolable for

nickel, and not just the noble metals.
Introduction

Atomically-precise nanoclusters (APNCs) are an emerging class
of materials that feature properties found in both metal
complexes and bulk metal.1 Unlike traditional nanoparticles,
APNCs are perfectly monodisperse and feature a well-dened
arrangement of their capping ligands.2,3 This high level of
chemical precision makes them attractive for a variety of
applications,4 including catalysis,5–7 sensing,8 and imaging.8,9

Magnetic APNCs, in particular, have been touted as alternatives
to larger ferromagnetic nanoparticles for use in existing tech-
nologies, like magnetic data storage,10 and frontier technolo-
gies, like quantum computing.11,12 However, very little APNC
research has focused on ferromagnetic metals, such as Fe, Co,
and Ni, and so these applications have yet to be realized.
Indeed, the vast majority of APNC work has focused on the
group 11 metals, which tend to generate diamagnetic APNCs.5,13

Nonetheless, some past work has shown that open-shell
APNCs of Ni are isolable.14 For example, [Ni9Te6(PEt3)8], rst
reported in 1989,15 features an S ¼ 2 ground state.16–18 Similarly,
themixed-metal cluster [NBu4]4[Ni16Pd16(CO)40], features a J¼ 2
ground state.19 In addition, we recently reported the isolation of
[Ni23Se12Cl3(PEt3)10],20–22 which features an S ¼ 3/2 ground state
according to an Evans' method determination. Also notable are
calculations of [Ni44(CO)48]

6�,23–25 which predict an open shell
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ground state. Notably, the unpaired electron density in
[Ni44(CO)48]

6� was calculated to reside exclusively on the six
core Ni atoms, which exhibit fcc-type packing. Intriguingly,
[Ni23Se12Cl3(PEt3)10] also features fcc packing of its central Ni13
core.20,21 While its electronic structure is not entirely under-
stood, we propose that its paramagnetism is related to this
metal-like core structure. Moreover, we hypothesize that larger
nickel chalcogenide APNCs will feature greater structural
similarity to bulk Ni, potentially resulting in the emergence of
superparamagnetic or ferromagnetic behaviour. The resulting
APNCs would be potentially useful in a number of magnetic
applications.12,26

In an effort to test this hypothesis, we endeavoured to
synthesize and characterize even larger open-shell Ni APNCs.
Herein, we report the largest open-shell Ni APNC yet known,
namely, [Ni30S16(PEt3)11] (1). X-ray crystallography reveals
a compact “metal-like” core indicating a high degree of Ni–Ni
bonding. Additionally, SQUID magnetometry shows that 1
possesses an open shell ground state.
Results and discussion

Previous attempts by our research group to form large Ni APNCs
demonstrated that low-valent Ni nanoclusters are incompatible
with Ph3P, which is too easily reduced.27 Additionally, past work
by Jin and co-workers has shown that NaBH4 cannot reduced
Ni2+ salts to Ni(0).28–30 Given these considerations, we chose PEt3
as our supporting ligand and [Ni(1,5-cod)2] as our Ni source.
Thus, heating a mixture of [Ni(1,5-cod)2] (30 equiv.), PEt3 (46
equiv.), and S8 (1.9 equiv.) in toluene at 115 �C for 16 h gener-
ated a deep brown solution. Work-up of the reaction mixture
afforded [Ni30S16(PEt3)11] (1) as a black crystalline solid in 14%
Chem. Sci., 2022, 13, 5171–5175 | 5171
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Fig. 1 Solid-state structure of [Ni30S16(PEt3)11]$Et2O (1$Et2O) from two
different orientations. (A and B) Ni21 core. (C and D) The three [cyclo-
{Ni(m-S)}3] units attached to the Ni21S7 core. (E and F) Ni-only structure
of 1. (G and H) Full molecular structure. Color scheme: Nishell, green;
Nicore, blue; S, yellow; P, orange; C, grey. Carbon atoms are shown in
wireframe. Diethyl ether solvate molecule and hydrogen atoms were
omitted for clarity.
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yield. Air-sensitive 1 is soluble in toluene, benzene, and THF,
very sparingly soluble in hexanes, pentane, methylene chloride,
diethyl ether, and 1,2-dimethoxyethane, and insoluble in
acetonitrile. C6D6 solutions of 1 exhibit complete decomposi-
tion upon exposure to air and water aer 18 h (Fig. S44 and
S45†).

Curiously, the highest yields of 1 were achieved with an
Ni : PEt3 ratio of ca. 1 : 1.5. When the Ni : PEt3 ratio was
decreased to 3 : 1 (the rational stoichiometry, given the formula
of 1) the isolated yields were reduced substantially. Previous
work by our group suggests that the rst step in APNC forma-
tion involves formation of [Ni(1,5-cod)(PEt3)2] by ligand substi-
tution.30 Thus, we surmise that a large excess of PEt3 is required
to completely form [Ni(1,5-cod)(PEt3)2], which is much more
thermally stable than [Ni(1,5-cod)2], and subsequently func-
tions as a better Ni(0) source at these elevated temperatures.
However, the excess PEt3 unavoidably sequesters some of the S8
(see below), which likely contributes to the low isolated yield.

Single crystals of 1 were grown by slow evaporation of a cold
(�25 �C) toluene/Et2O solution over the course of three weeks.
Complex 1 crystallizes in monoclinic space group P21/n, as the
diethyl ether solvate, 1$Et2O (Fig. 1). The solid-state structure of
1 consists of a densely packed core with extensive Ni–Ni
bonding. The core is anchored by two interpenetrating Ni13
“kernels” (Fig. 1A and B). Curiously, neither kernel adopts the
archetypal cuboctahedral (fcc) or anti-cuboctahedral (hcp)
geometries observed for many Au APNCs.13 Instead, they adopt
an irregular arrangement of their Ni atoms. The resulting Ni21
polyhedron is capped by three “[cyclo-{Ni(m-S)(PEt3)}3]” units
(Fig. 1C and D). Two of these units are equivalent by symmetry.
Similar “[cyclo-{Ni(m-E)(PEt3)}3]” units are found in [Ni23Se12-
Cl3(PEt3)10].20 The addition of these three capping units brings
the total metal nuclearity to 30 (Fig. 1E and F). Also appended to
the Ni21 polyhedron are two PEt3 ligands (at Ni28 and Ni15), ve
m4-S

2� ligands, and two m5-S
2� ligands, giving this Ni30 cluster

an overall Cs symmetric structure (Fig. 1G, H and S46†).
As a result of this arrangement, ve Ni atoms (Ni1, Ni2, Ni3,

Ni4, Ni5) feature coordination numbers of 11 or greater, and
two Ni atoms are solely bonded to other Ni atoms (Ni1 and Ni3)
(Fig. S46†). The high coordination numbers exhibited by these
atoms is reminiscent of bulk Ni, which features coordination
number of 12.31,32 No other Ni APNC features comparable
amounts of “metal-like” character. For comparison, only two
other reported Ni nanoclusters feature compact “metal-like”
cores, namely, [Ni21Se14(PEt2Ph)12] and [Ni23Se12Cl3(PEt3)10],
which each have just one fcc and hcp Ni13 “kernel”, respec-
tively.20,33 This paucity of examples lies in stark contrast to the
broad landscape of “metal-like” structures observed for Ag and
Au. Indeed, over 250+ high-nuclearity, low-valent group 11
APNCs have been structurally characterized over the last 10
years.34
5172 | Chem. Sci., 2022, 13, 5171–5175
The 99 Ni–Ni distances in 1 span a large range (2.401(3)–
2.911(3) Å), which is typical of APNCs,7,35 and the average Ni–Ni
distance is 2.58 Å. A histogram of these distances (Fig. S1†)
shows the highest frequency from 2.40 and 2.55 Å, which
compares well to the Ni–Ni distance in bulk Ni metal (2.49
Å).31,32 The 68 Ni–S distances in 1 also span a large range
(2.104(5)–2.759(4) Å) with an average of 2.24 Å. A histogram of
these distances (Fig. S2†) shows the highest frequency between
2.20 Å and 2.25 Å. For comparison, the average Ni–S distances
observed in [Ni5S2(SPh)2(PEt3)5] and [Ni8S5(PEt3)7] are shorter
(2.04 and 2.19 Å, respectively), perhaps reecting the lower
average coordination number of their S2� ligands.30 For further
comparison, the average Ni–S distance in b-NiS is 2.31 Å,36

whereas the Ni–S distances in Ni3S2 are 2.2914(5) and 2.2534(5)
Å.37 Finally, the average Ni–P distance in 1 is 2.18 Å, which is
similar to Ni–P distances in [Ni8S5(PEt3)7], [Ni21Se14(PEt2Ph)12],
and [Ni23Se12Cl3(PEt3)10].20,30,33

The average Ni oxidation state in 1 is 1.067, making it among
the most reduced Ni chalcogenide clusters yet isolated, and
highlighting its high “metal-like” character. For comparison,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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[Ni32S24(PPh3)10], [Ni8S5(PEt3)7], [Ni21Se14(PEt2Ph)12], and [Ni23-
Se12Cl3(PEt3)10] have average oxidation states of 1.5, 1.25, 1.33,
and 1.17, respectively.20,30,33,38 Despite its low average oxidation
state, the disparate coordination geometries of the interior Ni
atoms vs. the surface Ni atoms in 1 suggest that the oxidation
load is not distributed evenly over all 30 Ni atoms. In this
regard, we hypothesize that the oxidation states of ve interior
Ni atoms approach 0, whereas the oxidation states of surface Ni
atoms are closer to 2+.

The 31P{1H} NMR spectrum of 1 in toluene-d8 displays
resonances at 30, 246, 842, and 2054 ppm, in a 4 : 2 : 3 : 2 ratio,
respectively (Fig. 2A and S18–S20†).39 While these results
conrm the presence of 11 PEt3 ligands, they contrast with the
pattern expected for a complex with Cs symmetry, which should
feature seven peaks in a 1 : 1 : 1 : 2 : 2 : 2 : 2 ratio. To explain
this discrepancy, we propose that the unique “[cyclo-{Ni(m-
S)(PEt3)}3]” unit (comprised of Ni26, Ni29, and Ni30), can rotate
with respect to the Ni21 polyhedron, giving 1 an effective
symmetry of C2v. Cooling a sample of 1 in toluene-d8 to �25 �C
results in shiing of four PEt3 resonances (Fig. S21–S23†), but
no decoalescence of these peaks was observed. However, plots
of these shis vs. T�1 are linear, demonstrating the Curie–Weiss
behavior expected for a paramagnet (Fig. 2B and S24†).40 The
electrospray ionization mass spectrum (ESI-MS) of 1, recorded
in THF in positive ion mode, features two major peaks at
3572.43 m/z and 1786.20 m/z (Fig. 2D and S26–S28†), which
correspond to [Ni30S16(PEt3)11]

+ (calcd 3572.57 m/z) and [Ni30-
S16(PEt3)11]

2+ (calcd 1787.30 m/z), respectively. Overall, these
results further conrm our proposed formulation.

To further probe its magnetic properties, we measured the
moment of 1 in solution via Evans' method and in the solid
state via variable-temperature SQUIDmagnetometry. Complex 1
exhibits a magnetic moment of 2.70 cm3 K mol�1 at 298 K in
C6D6.41,42 In the solid state, its magnetic moment is 2.53 cm3 K
Fig. 2 Characterization data for 1. (A) Partial 31P{1H} NMR spectrum of
1 in toluene-d8. (B) A plot of 31P{1H} NMR chemical shift versus T�1 for
the 30 ppm (25 �C) resonance. (C) Variable temperature magnetic
susceptibility (cT) for 1 collected at 10 000 Oe. (D) Partial ESI-MS mass
spectrum of 1 in THF (capillary voltage of 2.50 kV, positive ion mode)
showing a peak at 3572.43 m/z assignable to [Ni30S16(PEt3)11]

+ (calcd
3572.57 m/z).

© 2022 The Author(s). Published by the Royal Society of Chemistry
mol�1 at 300 K (Fig. 2C and S43†). This value drops to 1.38 cm3

Kmol�1 on cooling to 100 K, briey plateaus, then drops to 0.33
cm3 K mol�1 at 2 K. These data are consistent with the eld-
induced mixing of a triplet ground state with a low-lying
quintet excited state and can be rationalized by a manifold of
closely-spaced electronic states near the HOMO–LUMO gap, as
expected for an APNC with a high degree of metal–metal
bonding. Additionally, zero-eld-cooled (ZFC) and eld-cooled
(FC) magnetization vs. temperature curves indicate no
magnetic blocking down to 1.8 K, while no hysteresis is seen
when cycling magnetization vs. applied eld (Fig. S39 and S42†).

To better understand its synthesis, we monitored the in situ
formation of 1 by ESI-MS, as well as by 31P{1H} and 1H NMR
spectroscopies (Fig. S5–S15†). A mass spectrum of a reaction
aliquot, collected immediately aer mixing the reagents,
features a major peak at 1456.0 m/z that is assignable to [Ni8-
S5(PEt3)7]

+ (calcd 1455.97m/z).30 Amass spectrum recorded aer
heating the reaction mixture to 115 �C for 105 min also features
the peak assignable to [Ni8S5(PEt3)7]

+. However, this spectrum
features several additional peaks, which are assignable to
[Ni20S12(PEt3)7]

+, [Ni21S14(PEt3)7]
+, [Ni21S14(PEt3)8]

+, [Ni23S14(-
PEt3)9]

+, [Ni26S14(PEt3)10]
+ ([2]+), and [Ni30S16(PEt3)11]

+ ([1]+).
Heating of the reaction mixture for 17 h results in a sharp
decrease of the peaks assignable to the Ni8–Ni26 clusters in the
ESI-MS, leaving 1 as themajor remaining highmolecular weight
material.43 The in situ 31P{1H} and 1H NMR spectra corroborate
the reaction trajectory suggested by the ESI-MS data (Fig. S10–
S15†). The NMR spectra reveal that Et3PS is also formed in the
reaction. Overall, these data suggest that [Ni8S5(PEt3)7]

+, [Ni20-
S12(PEt3)7]

+, [Ni21S14(PEt3)7]
+, [Ni21S14(PEt3)8]

+, [Ni23S14(PEt3)9]
+,

and [Ni26S14(PEt3)10]
+ are likely intermediates in the formation

of 1, and that cluster growth is promoted by longer reaction
times and high temperatures.

We next sought to isolate one of the intermediately-sized Ni
nanoclusters that we observed in the in situ ESI mass spectra. To
target these intermediates, we decreased the reaction temper-
ature and shortened the reaction time. Thus, thermolysis of
a mixture of [Ni(1,5-cod)2] (30 equiv.), PEt3 (31 equiv.), and S8
(1.9 equiv.) in toluene at 95 �C for 5 h provided a complex
mixture containing 1, 2, [Ni8S5(PEt3)7], and Et3PS, as assayed by
31P{1H} NMR spectroscopy (Fig. S37†). Work-up of this mixture
afforded relatively pure [Ni26S14(PEt3)10] (2) in 5% yield via
selective crystallization. However, the isolated material also
contained a small amount of complex 1, which precluded its
complete characterization. Complex 2 is very soluble in tetra-
hydrofuran, toluene, and benzene, but is sparingly soluble in
pentane, hexanes, and diethyl ether.

Single crystals of 2 were grown by slow evaporation of a cold
(�25 �C) toluene/pentane solution over the course of one week.
They crystallize in the monoclinic space group P21/n as the
pentane solvate, 2$C5H12 (Fig. 3 and S47†). The solid-state
structure of 2 is remarkably similar to that of complex 1 and
can be derived from that of 1 by removal of one “[cyclo-{Ni(m-
S)(PEt3)}3]” unit and substitution of Ni5 with a m6-S

2� ligand.
The positions of the remaining Ni atoms are unchanged. Not
surprisingly, then, the metrical parameters of 2 are similar to
those of 1. For example, the average Ni–Ni distance in 2 (2.56 Å)
Chem. Sci., 2022, 13, 5171–5175 | 5173
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Fig. 3 Solid-state structure of [Ni26S14(PEt3)10]$C5H12 (2$C5H12) from
two different orientations. (A and B) Ni20S core. (C and D) The two
[cyclo-{Ni(m-S)}3] units attached to the Ni20S8 core. (E and F) Ni-only
structure of 2. (G and H) Full molecular structure. Color scheme: Nishell,
green; Nicore, blue; S, yellow; P, orange; C, grey. Carbon atoms are
shown in wireframe. Pentane solvate molecule and hydrogen atoms
were omitted for clarity.
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is similar to that of 1, and the values span a similar range
(2.399(6)–2.889(7) Å).

The 31P{1H} NMR spectrum of 2 in C6D6 features resonances
at 5730, 912, 606, and 179 ppm (Fig. S31 and S32†). The latter
three resonances are present in a 2 : 2 : 4 ratio. The number and
intensities of the resonances are consistent with the C2v

symmetry observed in the solid state, while the large downeld
chemical shis are suggestive of a paramagnetic ground state.
The 1H NMR spectrum of 2 in C6D6 is also indicative of a para-
magnetic cluster, as revealed by a resonance at 21.38 ppm that
is assignable to a PEt3 methylene environment (Fig. S30†).
Finally, the ESI-MS of 2 in THF (positive ion mode) features
a major peak at 3155.05 m/z (Fig. S34†), which corresponds to
[Ni26S14(PEt3)10]

+ (calcd 3154.80 m/z), further conrming our
formulation.

Formally, conversion of 2 into 1 requires addition of 4 equiv.
of “Ni(0)”, 2 equiv. of “S”, and 1 equiv. of PEt3. Surprisingly,
however, this change results in minimal rearrangement of the
Ni26 core. The similarity of their structures supports our
5174 | Chem. Sci., 2022, 13, 5171–5175
contention that 2 is an intermediate in the formation of 1.
Additionally, the similar core structures in 1 and 2 suggests that
it is an especially stable fragment and may form a good “seed”
for further cluster growth.

Conclusions

In summary, we have isolated the largest open-shell Ni chalco-
genide APNC reported to date. X-ray crystallography reveals that
this nanocluster contains a compact “metal-like” core that is
unprecedented for the group 10 elements. Additionally, SQUID
magnetometry measurements suggest a manifold of closely-
spaced electronic states near the HOMO–LUMO gap, further
corroborating the nanocluster's “metal-like” nature. Impor-
tantly, this work shows that large APNCs with a high degree of
metal–metal bonding are possible for nickel, and not just the
noble metals, opening the door to the synthesis of a much more
chemically diverse array of APNCs. These new group 10 APNCs
offer promise for their unique, and potentially useful, magnetic
properties.
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