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G R A P H I C A L A B S T R A C T

A nickel thiolate cluster [Ni3L3S]NO3 (HL= (1-methyl-1H-benzo[d]imidazol-2-yl)methanethiol) was synthesized and its formation process was studied by mass
spectrometry.
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A B S T R A C T

Trinuclear nickel thiolate cluster [Ni3(μ3-S)(L)3]NO3 (HL= (1-methyl-1H-benzo[d]imidazol-2-yl)methanethiol)
(1) has been synthesized from Ni(NO3)2·6H2O and HL at solvothermal condition at 80 °C using methanol as
solvent. It has been characterized by X-ray single crystal diffraction, elemental analysis, electrospray ionization
mass spectrometry (ESI-MS), and thermogravimetric analysis. The stability of the cluster in methanol is reflected
by the fact that the molecular ion peak of [Ni3(μ3-S)(mbms)3]+ is dominant in ESI-MS. Furthermore, the release
of H2S from 1 was observed at elevated in source energy condition and in tandem mass spectrometry. The H2S
fragment was also detected during the destruction of 1 by thermogravimetric analysis combined with mass
spectrometry (TG-MS). Key fragments [NiLS]+ and [Ni2L2]+ were percepted in solution by ESI-MS during the
reaction, which have also been detected at elevated in source energy condition. A plausible stepwise assembly
process including [NiL]+ to the mixture of [NiLS]+ and [Ni2L2]+ which then combined to give the product
[Ni3L3S]+ was proposed.
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1. Introduction

One of the primary goals in chemistry is to disclose the reaction
bonding pathway so that the mechanisms can be drawn [1–5]. As model
complex for many enzymes, transition metal thiolates have been at-
tracting much research interest [6]. Among them, the research of the
chemistry of Ni3S4 trinuclear sulfide thiolate clusters [7–9] is important
due to the unique biological function of NieS sites as in hydrogenase.
Understanding the reaction pathway of the formation of Ni3S4 cluster is
not only vital for the development of new nickel thiolate clusters but
also important for the exploration of the chemistry of the hydrogenase.
However, the formation process has not been revealed in detail. This
could hinder the design and synthesis of new nickel thiolate clusters
with hydrogenase activities.

Electrospray ionization mass spectrometry (ESI-MS) is a powerful
technique to give instant information of intermediate species not only
in organic reactions but also the assembly of the complicated transition
metal containing coordination clusters [1,10]. Our group has also made
some contributions in this area and the combination of ESI-MS and X-
ray crystallography technique has been successfully applied on the
elucidation of the assembly processes of Co4 [11], Zn14 [12], Fe3 [13],
Zn5 [14], and Ni7+ 1 [15]. As a continuation of the work on assembly
process study, in this paper, a new Ni3S4 cluster [Ni3(μ3-S)L3]NO3 (1)
(HL= (1-methyl-1H-benzo[d]imidazol-2-yl)methanethiol) has been
readily synthesized from the reaction of HL and Ni(NO3)2·6H2O in
solvothermal conditions at 80 °C. Its construction and destruction pro-
cess has been revealed through ESI-MS, tandem mass spectrometry, and
thermogravimetric analysis combined with mass spectrometry (TG-
MS). It is worth noting that, for the first time, releasing of H2S from
Ni3S4 cluster is observed in ESI-MS and H2S was further detected by TG-
MS.

2. Results and discussion

2.1. Crystal structure of [Ni3(μ3-S)L3]NO3

At solvothermal condition, Ni(NO3)2·6H2O reacts with (1-Methyl-
1H-benzo[d]imidazol-2-yl)methanethiol (HL) in methanol at 80 °C for
24 h to produce black crystals which is characterized as compound 1. As
shown in Fig. 1, compound 1 crystalizes in the trigonal P-3c1 space
group and consists of three Ni atoms, three L ligands, three μ2-S atoms,
one μ3-S atom, and one NO3

− counterion (Table S1). The oxidation
state of the three Ni atoms are ascribed to +2, by considering the
charge-balance, bond valence sum calculation, and the existence of
classical bond lengths for NiII (Table S2). The coordination sphere
around each Ni is a distorted square-planar, which is suggested by

calculation of the continuous-shape measurement value (Table S3).
Each NiII ion is coordinated by 1 L ligand through N1 and μ2-S (S1)
atom, one μ2-S atom S1′ from another L ligand, and one apical μ3-S atom
(S2). The source of the apical S atom might come from in-situ ligand
reaction of thiol ligand L at solvothermal condition [16]. The bond
angles of N1-Ni1-S2 (171.0°) and S1-Ni1-S1′ (161.9°) also reflected this
coordination mode. The bond lengths of Ni-(μ3-S) (2.1792(12) Å to
2.1801(112) Å), Ni-(μ2-S) (2.1890(9) Å to 2.2050(14) Å), and NieN
(1.899(3) Å) are comparable to those of [Ni3(μ3-S)(bms)3]NO3·C2H5OH
(Hbms= (1H-benzoimidazol2-yl)-methanethiol) [8]. An equilateral
triangle is formed by the three Ni atoms, and the distance between Ni1
and Ni1′ are 2.767 Å which are shorter than that of [Ni3(μ3-S)(bms)3]
NO3·C2H5OH [8]. The NiII ions are bridged by μ2-S atoms to each other
(Ni1-S1-Ni1′= 78.03(4)°) and these six atoms are almost coplanar with
the maximum deviation from the mean plane is −0.012 Å for Ni1 and
0.012 Å for S1, respectively. This Ni3S3 plane is capped by the μ3-S atom
on one side and three ligands L on the other, making a cone shaped
molecule with the μ3-S atom at the apex. The bond lengths of NieS and
NieN and bond angles around Ni and S atoms are among the range of
the reported cone shaped Ni3S4 clusters (Table S2). The NO3

− ion is
bound into the cavity through a benzylic CeH hydrogen bond (C8-
H8⋯O1, 2.324 Å, Fig. S2a, Table S4). Furthermore, the O atom of the
NO3

− ion is also hydrogen bonded to a CeH (C5-H5⋯O1, 2.420 Å; C9-
H9B⋯O1, 2.56 Å) of another molecule (Fig. S2b). The weak interaction
of C-H⋯S hydrogen bond also exists between adjacent molecules with
H⋯S distance of 2.932 Å and C8-H8A⋯S1 angle of 115° (Fig. S2c).
Hirshfeld surface analysis has also been used to explore the weak in-
teraction (Table S5, S6). It is found that the weak interaction of 1 is
comparable with the [Ni3(μ3-S)(bms)3]NO3·C2H5OH [8], showing that
the substituent in N atom of the benzimidazole has little influence for
the intermolecular interaction. In addition, the reaction condition to
produce compound 1 (80 °C, 24 h) is much milder than that for [Ni3(μ3-
S)(bms)3]NO3·C2H5OH (140 °C, 3 days).

2.2. ESI-MS of [Ni3(μ3-S)L3]NO3

While a series of [Ni3S4] clusters containing μ3-S atom as apex have
been reported (Table S2), their formation process has not been re-
ported. ESI-MS, as a powerful method to percept transient inter-
mediates in complicated reactions, has been applied widely on the
mechanism study in both organic and coordination chemistry [1].
Therefore, the reaction process of the formation of [Ni3(μ3-S)L3]NO3

has been studied through ESI-MS. First, the ESI-MS of the crystal was
recorded for a reference. As shown in Fig. 2a, when the in-source en-
ergy is 0 eV, the main fragment [Ni3(μ3-S)L3]+ (m/z 738.92, Fig. 2b,
Table S7) is ascribed to the molecular ion peak of [Ni3(μ3-S)L3]NO3,

Fig. 1. (a) Coordination mode of Ni cation in compound 1, (b) Crystal structure of compound 1. (Color scheme: Ni, green; S, yellow; N, blue; C, gray. Hydrogen atoms
and counter ion are omitted for clarity). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which suggests that the product is stable in methanol. The destructive
processes of [Ni3(μ3-S)L3]NO3 monitored by ESI-MS at variable in-
source energies were also carried out to get more information. It is
worth noting that at 20 eV and 40 eV, no appreciable fragments were
detected, further indicating the high stability of the product. At 60 eV,
two new fragments peaks [Ni3L3-2H]+ (m/z 704.93) and [Ni3L2S
(CH3OH)]+ (m/z 593.84) were observed. At 80 eV, fragments [Ni3L2S-
2H]+ (m/z 559.85), [Ni2L2]+ (m/z 469.97), [NiL2-3H-S]+ (m/z
377.04), [NiL2-3H-2S]+ (m/z 345.06), and [NiLS]+ (m/z 265.96) were
observed, suggesting the further decomposition. These fragments might
be helpful to elucidate the assembly process of compound 1. In addi-
tion, we speculated that the formation of fragment [Ni3L3-2H]+ might
come from the extrusion of H2S from [Ni3L3S]+. This phenomenon was
also observed in the tandem mass spectrometry (Fig. 3a). When the
peak at 738.92 ([Ni3(μ3-S)L3]+) was selected as “parent” ion, the ex-
clusive “daughter” ion is found at 704.93 ([Ni3L3-2H]+), indicating the
loss of a fragment with m/z 34. Thermogravimetric analysis (TGA,
Fig. 3b) also reveals that 1 undergoes weight loss of 11.5% from 242 °C
to 270 °C, corresponding to the departure of one H2S and one HNO3

(calcd. 12%). Then TG-MS (Fig. 3c) was applied and the peak at m/z 34
assigning to H2S was detected, further confirming that 1 could produce

H2S by decomposition. While the extrusion of SO2 from nickel thiolates
have been reported [17], to our knowledge, this is the first time that the
formation of H2S from the decomposition of nickel thiolate was ob-
served. A plausible stepwise destruction pathway was proposed in
Fig. 3d.

2.3. Reaction process study

Time-dependent ESI-MS was applied to monitor the species of the
formation of 1. As shown in Fig. 4, after the starting materials were
mixed together, fragment [NiL(H2O)Na]+ (m/z 275.96, Fig. S5, Table
S8) was observed, suggesting the coordination of ligand L and Ni2+.
Furthermore, the fragments [NiLS(H2O)Na]+ (m/z 307.97), [NiLS
(H2O)2Na]+ (m/z 326.97), and [NiLSH2NaNO3]+ (m/z 353.95) were
also percepted and the S atom in them might come from ligand L
through CeS bond cleavage [8,18,19]. Although the detailed me-
chanism of the formation of S is not clear yet, the assembly of fragment
[NiL(H2O)Na]+ with S atom could afford the fragments [NiLS(H2O)
Na]+ and [NiLS(H2O)2Na]+, respectively. At 0.5 h, [Ni2L2Na
(CH3OH)3]+ (m/z 589.08) was percepted, which might come from
fragment [NiL(H2O)Na]+. At 1 h, the fragment [Ni3L3S]+

Fig. 2. (a) Positive-mode ESI-MS spectra of dissolved crystals of 1 for different in source energies, (b) assignment of major species.

Fig. 3. (a) Tandem mass spectrometry of 1 (738.92 as “parent” ion), (b) Thermogravimetric Analysis-Differential Thermal Gravity (TG-DTG) curves of compound 1,
(c)Thermogravimetric Analysis Combined with Mass Spectrometry (TG-MS) of compound 1, and (d) possible destruction pathway.
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corresponding to the product was observed, which might come from the
assembly of [NiLS]+ and [Ni2L2Na(CH3OH)3]+. It is worth noting that
the fragments [NiL]+, [NiLS]+, [Ni2L2]+ were observed from the ESI-
MS spectra of the product at elevated in source energy (80 eV). Based
on these results, a plausible mechanism for the formation of compound
1 was proposed (Fig. 4b). First, the coordination of Ni2+ with ligand HL
through deprotonation could afford [NiL]+, then the cleavage of CeS
bond in L could give S atom which coordinates with [NiL]+ to give
[NiLS]+. In the meanwhile, the assembly of [NiL]+ might afford
[Ni2L2]+ which could combine with [NiLS]+ to produce the [Ni3L3S]+

fragment.
In summary, a new nickel sulfide thiolate cluster [[Ni3(μ3-S)L3]NO3

has been successfully synthesized from Ni(NO3)2·6H2O and HL at sol-
vothermal condition with relatively lower temperature and shorter
time. The reaction process has been monitored by ESI-MS. A plausible
mechanism involving stepwise assembly ([NiL]+ to [NiLS]+ and
[Ni2L2]+ and finally [Ni3L3S]+) was proposed based on these results
together with the destructive processes at variable in-source energies. It
is worth noting that, for the first time, the release of H2S at elevated in-
source energies was observed from ESI-MS spectra and further con-
firmed by tandem mass spectrometry and TG-MS. These results show
that the combination of multiple MS techniques such as time-dependent
ESI-MS, tandem mass spectrometry, and TG-MS with X-ray crystal-
lography could be used to study the formation and destruction pro-
cesses of the nickel thiolate cluster, which is helpful for the under-
standing and designing new transition metal thiolate clusters with
active M-S sites as in hydrogenase.
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