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Due to their intriguing ring structures and promising applications,
nickel-thiolate clusters, such as [Ni,(SR);,] (n = 4-6), have
attracted tremendous interest. However, investigation of the syn-
thesis, structures, and properties of macrocyclic Ni,, clusters (n > 8)
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A homologous series of macrocyclic Ni clusters:
synthesis, structures, and catalytic propertiest
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has been seriously impeded. In this work, a homologous series of
macrocyclic nickel clusters, Ni,(4MPT),, (n = 9-12), was fabricated
by using 4-methylphenthiophenol (4MPT) as the ligand. The struc-
tures and compositions of the clusters were determined by single-
crystal X-ray diffraction (SXRD) in combination with electrospray
ionization mass spectrometry (ESI-MS). Experimental results and
theoretical calculations show that the electronic structures of the
clusters do not change significantly with the increase of Ni atoms.
The coordination interactions between Ni and S atoms in [NiS,]
subunits are proved to play a crucial rule in the remarkable stability
of Ni clusters. Finally, these clusters display excellent catalytic
activity towards the reduction of p-nitrophenol, and a linear corre-
lation between catalytic activity and ring size was revealed. The
study provides a facile approach to macrocyclic homoleptic nickel
clusters, and contributes to an in-depth understanding of the
structure—property correlations of nickel clusters at the atomic
level.

1. Introduction

Metal clusters have attracted extensive interest due to their
precise compositions as well as their well-defined structures,
which provide excellent platforms to elucidate the relation-
ships between their structures and properties.' The last two
decades have witnessed breakthroughs in the synthesis,
characterization, and property exploration of group 11 tran-
sition metal (Au, Ag, Cu) clusters and their alloys;*'” however,
the study of the metal clusters composed of group 10 tran-
sition metals (Ni, Pd, Pt) is still limited. In particular, the syn-
thesis of core-shell structured clusters is extremely challen-
ging; instead, cyclic polynuclear, tiara-like Ni clusters are
readily available."®' The development of the cyclic poly-
nuclear Nig(SR);, clusters dates back to the 1960s."®® Since
then, nickel clusters have received increasing attention, prob-
ably because of their low price and availability of large reserves
of nickel compared to platinum and palladium.>">**%32 As a
medium-sized cyclic nickel cluster, Nig clusters stabilized by
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diverse ligands have been intensively studied.'®2®**3* For
example, Woodward and co-workers reported the first repre-
sentative of a Nig cluster, which was obtained from the reac-
tion of diethyl disulfide with nickel carbonyl in benzene.'®
Subsequently, cyclic Nig clusters stabilized by other thiol
ligands have also been reported, and in-depth investigations
into their structure and properties conducted.'®?%333* In
addition, smaller size nickel clusters such as Ni, and Nis have
also been prepared, and structure characterization results
demonstrated that both have crown-like structures built up
from approximately planar [NiS,] units linked by bridged thio-
late ligands.?”*7*%%% Such series of small-ring Ni, clusters (n =
4, 5, 6) are easy to prepare and display highly symmetric poly-
gonal structures, probably because of their aromaticity.>”*%>”
The delocalization of the d-orbital electrons across the Ni,
rings leads to bond length equalization and thereby aromati-
city.>” The structures of the small Ni, (n = 4, 5, 6) rings are not
sensitive to the type of ligands utilized; however, this is not
always the case when the size of clusters becomes larger. For
example, ring-structured Nig(SCH,COOEt),;s was produced in
1985;*® however, by using NaSC,H, instead of the
HSCH,COOEt ligand, a non-ring structured nickel sulfide thio-
late cluster, [NigS(SC,Hy)o], was reported by Henkel and co-
workers.*® In another contribution, the intriguing cyclic struc-
tures of Nig(SPh);g and Ni;4(SPh),, were determined by Dahl
and coworkers, but Ni;o(SPh),, was not reported in their
work."® Subsequently, the cyclic Nij, and Ni;, were revealed, in
which the nickel atoms were stabilized by two different types
of thiolate ligands, but Ni;; was missing.*' As a dodecanuclear
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cluster, Nij,(tBusSiS);,Bry, was produced by Sydora and co-
workers, and in this cluster, the nickel atoms are linked by a
thiolate ligand and bromine atom to form a tetrahedral geome-
try, distinctly different from the planar [NiS,] subunits pre-
viously reported.*”> These works make us wonder whether the
homoleptic Nig(SR);g, Ni;o(SR)z0, Niz1(SR)z2, and Niy»(SR),4 do
exist or not. Based on the discussion above, a consensus that
ligands play an important role in dictating the structure of
clusters, can be reached.****™° In other words, the structures
of larger nickel clusters are sensitive to the ligands utilized. To
date, the synthesis of larger sized nickel clusters is still chal-
lenging, and the in-depth structure-property understanding of
the macrocyclic nickel clusters has been impeded.

Herein, we report the synthesis of a sequence of macro-
cyclic nickel clusters, Ni,(4MPT),,, (n = 9-12), protected by the
same ligand (4MPT = 4-methylphenthiophenol), where their
compositions and structures are determined by electrospray
ionization mass spectrometry (ESI-MS) in combination with
single-crystal X-ray diffraction (SXRD). The results show that
all these nickel clusters possess ring structures. The primary
structures of Nig(4MPT),;s and Ni;;(4MPT),, are similar to
those of the reported Nig(SPh);3 and Niy;(SPh),,.*® However,
the structures of the Ni;o(4MPT)y,, and Ni;,(4MPT),, are novel
and distinct from the structures of Ni;, and Ni;, clusters pro-
tected by two kinds of thiolate ligands.*' Most interestingly,
although the clusters become larger with increased numbers
of Ni atoms, their electronic structures and optical properties
do not change dramatically. Finally, the reduction of p-nitro-
phenol catalyzed by these homologous series of nickel clusters
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Fig. 1 Structure analysis of the Ni,(4MPT),, clusters. (a) Nig(4MPT)g. (b) Nijg(4MPT),0. () Nig1(4MPT),,. (d) Nijp(4MPT),,4. Color codes: yellow
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was investigated. The results indicate that these clusters show
excellent catalytic activity towards the reduction of p-nitro-
phenol, and a linear correlation between catalytic activity and
nickel ring size was revealed.

2. Results and discussion

The clusters were synthesized by a one-pot method. Typically,
in a 50 mL round-bottomed flask, 24 mg of NiCl,-6H,O was
dissolved in 20 mL of absolute ethanol containing 15 mg of
AMPT as the ligand, under vigorous stirring. Subsequently,
20 mg of NaBH, (which had been dissolved in 3 mL of absol-
ute ethanol in advance) was added to the reaction solution,
and the color of the solution changed from green to dark.
After reacting for 12 h, the crude products were collected by
centrifugation and washed with ethanol three times. 2 mL of
dichloromethane (DCM) was used as the extraction agent, and
the nickel cluster homologues were separated by thin layer
chromatography (TLC), as shown in Fig. S1.}
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To determine their precise structures, we attempted the
crystallization of the as-synthesized clusters using a typical
recipe involving the diffusion of methanol into a toluene-
based cluster solution.”’*® After a week, black sheets or
ribbons were obtained, as shown in Fig. S1.f Single-crystal
X-ray diffraction (SXRD) analysis reveals that the clusters
obtained herein are members of a homologous series of
macrocyclic Ni clusters, that is, Ni,(4MPT),,, (n = 9-12). All the
Ni clusters feature macrocyclic structures, and they may be
ideally viewed as a convex n-polygon of coplanar nickel atoms
with two sulfur atoms bridging each pair of adjacent nickel
atoms, as shown in Fig. 1 and Fig. S2.1 The Ni,S,, frameworks
of Nig(4MPT); and Ni,;(4MPT),, (Fig. 1a and c) are similar to
those of Nig(SPh);s and Ni;;(SPh),,;*° however, for those of
homoleptic Ni;o(4MPT),, and Ni;5(4MPT),,, both frameworks
are unique. The nickel-sulfur frameworks of Ni,o(4MPT),, and
Ni;,(4MPT),, can be viewed as a truncated rectangle and trun-
cated square, respectively, as shown in Fig. 1b and d, totally
differing from those of [Ni(StBu)(pyet)l;o and [Ni(StBu)
(etet)];5, in which a circular or elliptical geometry was
observed.”’ Subsequently, the molecular parameters of the
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Fig. 2 ESI-MS of the Ni,(4MPT),, clusters. (a) Nig(4MPT)s. (b) Nijo(4MPT)0. (c) Niy1(4MPT),,. (d) Niga(4MPT),4. Inset: the measured (black) and simu-
lated (red) isotopic distribution patterns of the corresponding molecular ion peaks.
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Ni-S framework of the Ni,(4MPT),,, clusters were studied. The
Ni-Ni distances, the Ni-S-Ni angles, and the Ni-S bond length
of the Ni,(4MPT),, (n = 9-12) clusters are shown in Fig. S3, 54,
and S5.1 It is clear that the Ni,S,, frameworks of Nig(4MPT),g,
Ni;o(4MPT),, and Ni;,(4MPT),, are more regular than that of
Ni;;(4MPT),,, indicated by the more regular Ni-Ni distances,
Ni-S-Ni angles, and Ni-S bond length of the Ni,(4MPT),, (n =
9, 10, 12) clusters. The top views of the Ni,S,, frameworks (n =
9, 10, 12) in Fig. 1 reveal D3y, Dyp,, and Dg4;, symmetries, respect-
ively. Nevertheless, the Ni;;S,, architecture discloses a highly
deformed toroidal geometry of pseudo-C,, symmetry. A
detailed crystal structure analysis shows that to minimize
steric interactions of the ligands, the -PhCH; substituents of
the ligands in Ni,(4MPT),, (n = 9, 10, 12) were found to be
sterically disposed in alternating axial and equatorial positions
about the nickel rings; however, in Ni;;(4MPT),,, two of the
axial substituents are bent inward, resulting in distortion of
the ring, as shown in Fig. S2c.f To confirm the validity of the
composition and the charge state of the clusters, ESI-MS
measurements were conducted, as shown in Fig. 2. The
ESI-MS spectra show peaks at m/z ~2745.88, 3051.86, 3357.88,
and 1963.83 Da, respectively, corresponding to the molecular
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ion peaks of [Nig(4MPT);3 + HJ", [Nio(4MPT)y, + HJ,
[Niy;(4MPT),, + HJ", and [Niy,(4MPT),, + 2Cs]*" adducts, as
evidenced by the well-matched high-resolution experimental
MS spectra compared with the calculated values of each
cluster. In addition, the data were acquired in a positive
model, and the results indicate that all the Ni,(4MPT),, (n =
9-12) clusters bear one or two positive charges by combining
one or two H'/Cs" ions. The charge states of the clusters are
equal to the number of H or Cs' ions combined, implying
that these clusters are neutral.

The UV-vis-NIR spectra of the clusters are shown in Fig. 3.
For each cluster, there are three featured absorption peaks
located at ~345 and ~470 nm, as well as a shoulder at
~600 nm. The similar absorption profiles of the clusters imply
that the electronic structures of the clusters may have some-
thing in common. Subsequently, quantum chemical calcu-
lations were carried out to reveal the electronic structures and
optical behaviors of the Ni,(4MPT),, (n = 9-12) clusters. The
toroidal framework of each cluster is constructed from n con-
tinuously linked planar [NiS,] subunits. The total structures of
Ni clusters are distorted to D3-Nig(4MPT);g, D,-Ni;o(4MPT),,
C4-Ni;1(4MPT),,, and D,-Ni;»(4MPT),, symmetries, respect-
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Fig. 3 UV-vis-NIR spectra of the Ni,(4MPT),,, clusters. (a) Nig(4MPT);g. (b) Nijo(4MPT),0. (c) Niy1(4MPT),. (d) Nij2(4MPT)24.
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Fig. 4 Theoretical results. (a) Schematic Kohn—Sham molecular orbital energy level diagram of nickel clusters. (b) The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the Nij2(4MPT),4 cluster using the PBE functional (isovalue = 0.015 a.u.). (c) The
simulated UV-vis spectrum of the Nijx(4MPT),4 cluster at the TDDFT/LB94 SR-ZORA level of theory with the Gaussian half-width of 45 nm, where

the electron transition channels of peaks |, Il, and Ill are shown in (a).

ively, through coordination with bridging ligands (4MPT). The
Ni-Ni and Ni-S bond lengths of the optimized structures
listed in Table S11 show an identical trend and agree well with
those of the experimental results (see Fig. S3 and S4t). We find
that the Ni clusters suggest similar electronic configurations
and atomic orbital distributions, with all Ni-3d orbitals located
around the Fermi level, as can be seen from the projected
density of states in Fig. S61 and the schematic Kohn-Sham
molecular orbital energy level diagram in Fig. 4a. Additionally,
the number of vacant Ni-3d-dominated MOs is given by n and
the number of occupied MOs equals 4n, indicating the formal
oxidation state of the Ni atom to be +2. There are weak
bonding interactions between Ni-3d,y, d:_y2, d2, and S-2p orbi-
tals, contributing to the nearly non-bonding HOMO and the
adjacent occupied MOs, as depicted in Fig. 4b. However, the
LUMO and the adjacent vacant MOs mainly arise from strong
anti-bonding ¢ interactions between Ni-3d,;,, and S-2p orbi-
tals (see Fig. S771), which illustrates the large HOMO-LUMO
gaps and robust stabilities of Ni clusters. The computed
absorption spectra and peak features from the TDDFT calcu-
lations fit well with the experimental spectra (see Fig. S8t),

This journal is © The Royal Society of Chemistry 2024

with the largest peak position error being 46 nm. Taking
Ni;,(4MPT),, as an example, the cluster reveals three peaks
(Fig. 4c), where electron excitations of strong peaks I and II
correspond to transitions from the ligand-dominated orbitals
in the lower and higher energy regions to vacant Ni-3d-domi-
nated orbitals, respectively. The lower-energy peak III is weaker
as it primarily comes from electron transitions between Ni-3d-
dominated orbitals.

Previous studies have shown that the electronic structures
of gold or silver clusters are very sensitive to their composition.
In some cases, even replacing, adding or removing only one
metal atom or ligand will result in an electronic structure vari-
ation of the clusters, thereby their properties.**™"
Interestingly, for this sequence of macrocyclic nickel clusters,
Ni, (4MPT),,, (n = 9-12), their electronic structures did not
exhibit a significant change with the increasing Ni atom
number of rings, which is evidenced by similar experimental
absorption spectra and the calculated HOMO-LUMO orbitals
as discussed above. We believe that the similar geometries and
the same Ni-S coordination of the clusters can satisfactorily
explain the similarity of their electronic structures.

Nanoscale, 2024, 16, 4563-4570 | 4567
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Fig. 5 Catalytic properties of the Ni,(4MPT),, (n = 9-12) clusters in the reduction reaction of p-nitrophenol. (a) A schematic diagram for p-nitro-
phenol reduction. (b) The corresponding reaction kinetics of the reactions. (c) Reaction rate constant (k,pp) of the reduction reactions catalyzed by
the clusters. Color codes: yellow sphere, S; green sphere, Ni. red sphere, O; blue sphere, N; gray sphere, C; white sphere, H.

Due to the similarity in their geometric and electronic
structures, the clusters probably exhibit similar physico-
chemical properties. First, the stability of the clusters was
studied. As shown in Fig. S9-Fig. S12,1 the clusters are very
stable under diverse conditions including high temperature as
well as acidic/alkaline/reductive environments, as evidenced by
the negligible changes in the UV-vis spectra under each con-
dition. Subsequently, the excellent stability of the clusters
under alkaline and reductive conditions prompted us to inves-
tigate their catalytic properties in the reduction reaction of
p-nitrophenol. As shown in Fig. 5 and Fig. S13,7 the reduction
of p-nitrophenol occurs very fast, and p-nitrophenol is con-
verted into p-aminophenol within 2 min. Previous studies
suggest that the reaction follows a quasi-first-order kinetics.>>
According to the equation, In(co/c;) = kappt, the slope of the line
resulting from the In(co/c,) — t(s) plot gives the rate constant
(kapp), a fundamental parameter in chemical kinetics to
compare the rate of an individual reaction.*> As shown in
Fig. 5b and c, the k,p, values for Ni,(4MPT),, (n = 9-12) are
0.025, 0.032, 0.036, and 0.047 s, respectively. The clusters
demonstrate excellent catalytic activity, and their k,p, values
exhibit an increasing trend from Nig(4MPT);g to Nijp(4MPT),,.
In other words, the reaction becomes faster with increasing
ring size. One possible explanation is that for the homologous
series of macrocyclic Ni cluster catalysts, the number of active
sites increases with the number of [NiS,] subunits in the clus-
ters, and therefore a faster reaction results.

3. Conclusions

In summary, we, for the first time, have reported a series of
macrocyclic homoleptic nickel clusters Ni,(4MPT),, (n = 9-12),
and their compositions and structures were determined by
using SXRD and ESI-MS. Although the clusters possess ring-
like structures, the Ni;o(4MPT),, and Ni;,(4MPT),, clusters are
unique and distinct from those of their reported Ni;, and Ni;,
counterparts. More interestingly, the electronic structures and

4568 | Nanoscale, 2024,16, 4563-4570

optical properties do not show significant changes with the
increase of the Ni atoms. Finally, the reduction of p-nitro-
phenol catalyzed by these clusters was studied, and the clus-
ters display excellent catalytic activity towards the reduction of
p-nitrophenol. The rate constant exhibits an increasing trend
from Nig(4MPT);5 to Ni;(4MPT),,4, which implies that the cata-
Iytic activity is positively correlated with the size of the Ni-S
ring. The study provides a facile approach to macrocyclic
homoleptic nickel clusters, and we anticipate that the work
reported herein will benefit the fabrication of other metal
macrocyclic homoleptic clusters consisting of group 10 tran-
sition elements, and contributes to an in-depth understanding
of their structure-property correlations at the atomic level.
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