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The reaction system Mn/Sn/S/hydrazine/water at∼150 �C afforded
[Mn2SnS4(N2H4)2] (1). The compound has a unique neutral three-
dimensional framework with bridging hydrazine ligands and a variety
of interconnectivity modes between MnL6 (L = N, S) octahedra. The
complex structure of 1 leads to strong antiferromagnetic interactions
between the Mn2+ centers and ordering at∼41 K. The stabilization
of 1 underscores the high potential of hydrazine to promote
the formation of novel chalcogenide materials under solvothermal
conditions.

Intense research efforts are now devoted to the synthesis
of new polymeric metal chalcogenide compounds.1 The
interest in these materials stems not only from their unique
structure types and topologies,2 but also from their po-
tential applications in fields as diverse as electronics,3

nonlinear optics,4 photoluminescence,5 catalysis,6 ionic

conduction,7 magnetism,8 thermoelectrics,9 porous materi-
als,10 and ion exchange.11 Synthesis under relatively mild
conditions, such as solvothermal2d or flux2a methods, pro-
vides a proven way to achieve the isolation of new
materials with unusual structures and interesting physical
properties.12

A number of homo- and heterobimetallic chalcogenides
with layered and three-dimensional framework structures
have been prepared by reacting metals or binary metal
chalcogenides and chalcogens in the presence of an organic
amine under hydrothermal conditions.10,13 The vast majority
of these are anionic including protonated amines as the
counterions located in the pores or interlayer space of the
framework. The solvothermal approach allows the innova-
tive choice of solvents to stabilize unusual structures.Herewe
report on the use of hydrazine and its role in yielding a neutral
framework.
We have isolated the neutral chalcogenide framework

material [Mn2SnS4(N2H4)2] (1) from the reaction perfor-
med in a hydrazine/water solvent at 150 �C. The compound
is unique because it contains hydrazine as an integral
part of the framework as opposed to being located in the
pores.14 1 exhibits a new three-dimensional structure with
bridging hydrazine ligands and various interconnectivity
modes between the metal ions. Although the number of
chalcogenide compounds with hydrazine ligands prepared
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with room temperature synthesis has been steadily increas-
ing,3,15 the use of hydrazine in the hydrothermal chemistry of
metal chalcogenides has been little studied.16 In general,
studies employing hydrazine in hydrothermal conditions
have mainly focused on the synthesis of nanocrystals.17

Hereinwe give one of the first reports on the use of hydrazine
in the solvothermal synthesis of new chalcogenide materials.
Compound 1 is formed in a hydrazine-rich aqueous envir-

onment as yellow needles (Figure 1) and crystallizes in the
triclinic space group P1.18 In the structure of 1, two different
kinds of chains composed of linked MnL6 (L = S, N)
octahedra are easily recognized (Figure 2). These chains are
stacked in the fashion 3 3 3ABAB 3 3 3 along the b axis
(Figure 3a). The A chain comprises Mn2S6N4 dimers, which
consist of MnS4N2 octahedra sharing a S 3 3 3S edge. The
dimers are interconnected via four ditopic hydrazine ligands
to form the A chain along the a axis (Figure 2). Therefore, in 1

the hydrazine molecules are an integral part of the framework
and are not guestmolecules inside the framework. TheB chain
consists ofMnS4N2 octahedra sharing a corner (S) and further
bridged through oneH2N-NH2 ligand (Figure 2). The A and
B chains are directly connected to each other along the b axis
by the corner sharing of adjacent MnL6 octahedra. SnS4
tetrahedra share two cornerswith each of theMn2S6N4 dimers
of the A chain and two edges with two adjacent MnS4N2

octahedra of the B chain. The remaining S atoms of the SnS4
units bridge chains [adjacent A and B chains or neighboring
chains of the samekind (AorB)] along the c axis, thus forming
the three-dimensional framework (Figure 3b). The intercon-
nectivity of theA andB chains creates two types of small pores
and channels running along the a and b axes. One type is
formed by two chains (two A or two B) and two SnS4
tetrahedra and has dimensions 3.4 Å� 4.4-4.5 Å. The second
type of pore with dimensions 3.4 Å� 7.0-7.8 Å is created by
four chains (two A and two B) and four SnS4 tetrahedra.
Interestingly, a hydrazine-free compound with the same

stoichiometry (i.e., Mn2SnS4) is known,
19 and compound 1

can be regarded as a N2H4 insertion product in which the
dense three-dimensional structure ofMn2SnS4 is expanded to
a lower density architecture. It is also worth comparing the
structure of compound 1 with that of the related material
[Mn2SnS4(N2H4)5] (2).

15a Although both compounds exhibit

Figure 1. Scanning electron microscopy image of typical crystals of 1.

Figure 2. A (top) and B (bottom) chains in the structure of 1 viewed
along the a axis. Color code: blue, Mn atoms; cyan, N atoms; yellow, S
atoms.

Figure 3. (a) Stacking and interconnectivity of A and B chains in the
structure of 1 along the a and b axes. Color code: blue polyhedra,MnS4N2

octahedra; red polyhedra, SnS4 tetrahedra; cyan balls, N atoms; yellow
balls, S atoms. (b)Viewof the three-dimensional frameworkof1down the
a axis with indication of the sizes of the pores (Mn, Sn, S, and N are
represented by blue, red, yellow, and cyan balls, respectively). Mn-S and
Mn-N bond distances lie in the ranges 2.531(3)-2.762(3) and 2.226(9)-
2.310(9) Å, respectively. The Sn-S bond distances are found between
2.369(3) and 2.429(3) Å. The N-N bond distances are in the range 1.449
(13)-1.465(13) Å.
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three-dimensional frameworks, their structural characteris-
tics are substantially different. In compound 1, as mentioned
above, the interconnectivity of MnS4N2 octahedra includes
corner (S) and edge (S 3 3 3S) sharing and bridging through
hydrazine ligands and SnS4 tetrahedral units (sharing all of
their S atoms). By comparison, the MnSN5 octahedra in the
less dense 2 are connected alternatively by two and three
hydrazine bridges as well as SnS4 units having two terminal
(unshared) S ligands. For a side-by-side comparison of
the structures of compounds 1 and 2, see the Supporting
Information.
Infrared (IR) spectroscopy indicates a number of peaks

between 3083 and 3267 cm-1 assigned to N-H stretches
(Figure 4a).20 In addition, two peaks at 940 and 960 cm-1 are
attributed to N-N stretches and are typical for compounds
containing bridging H2N-NH2 ligands.21 Thermogravi-
metric analysis (TGA) for compound 1 revealed no weight
loss up to ∼215 �C (Figure 4b). This is consistent with the
absence of any free solventmolecules in the structure. A steep

and significant (∼13.8%) weight loss was observed between
215 and 300 �C,while amuch smaller loss (∼1.4%) happened
between 300 and 510 �C. The total weight loss (∼15.2%) in
these two stages corresponds to the complete removal of the
two hydrazine ligands of 1 (calculated weight loss= 15.2%).
Pyrolysismass spectroscopy revealed the release of hydrazine
molecules at both∼250 and 480 �C and essentially confirmed
our assignment of the thermal analysis data. The final
product is presumably Mn2SnS4.

19

Solid-state near-IR/UV-vis spectroscopy for compound 1
indicated a band-gap energy of ∼2.2 eV (Figure 4c). In
addition, a weak absorption feature is observed below the
band-gap transition (at∼1.7 eV) and is attributed to midgap
states associated with Mn2+ d-d transitions.22

The interconnectivity of magnetic d5 Mn2+ centers via
variousdiamagnetic bridges (μ2-S

2- andμ2-NH2NH2) aswell
as through SnS4 units in 1 gives rise to a series of super-
exchange magnetic interactions. The magnetic data obey the
Curie-Weiss law in the temperature range 50-330 K
(Figure 4d). Linear fitting of the inverse susceptibility data
yielded μeff ∼ 5.5-5.6 μB per Mn ion, which is close to the
calculated magnetic moment (5.9 μB) for Mn2+. Remark-
ably, a very large negativeWeiss temperature,θ∼-262(5)K,
was obtained, indicating strong antiferromagnetic (AF)
interactions. A large negative Weiss temperature is also
observed in Mn2SnS4 (θ = -463 K).19 Below 50 K,
the 1/χm vs T curve significantly deviates from linearity. A
clear peak is apparent in the susceptibility centered at∼41K,
indicating AF ordering of the Mn2+ ions consistent
with significant “communication” between the magnetic
centers.
Clearly, solvothermal conditions in hydrazine/water solu-

tions offer the opportunity to stabilize novelmaterials such as
1. It is also noteworthy that hydrazine is not protonated and
acts as a neutral bridging ligand, in contrast to a counterion
role of most amines used in the hydrothermal synthesis of
chalcogenides. The strongly coordinating nature of hydra-
zine seems to suppress protonation and could allow for
stabilization of new architectures.
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Figure 4. (a) Mid-IR spectrum of compound 1 with the presence of
N-H and N-N stretches. (b) TGA and differential thermogravimetric
curves for compound 1 (25-600 �C, N2 atmosphere, heating rate
10 �C/min). (c) Solid-state near-IR/UV-vis spectrum of compound 1
with the assignment of various optical absorption features. A series of
sharppeaks appear in the low-energy region (<1 eV) andmaybe assigned
toΔv=2 overtones of hydrazine-related mid-IR stretches [e.g., the peak
at ∼6161 cm-1 (0.76 eV) is close to the Δv = 2 overtone of the N-H
stretch at ∼3083 cm-1].23 (d) Representation of zero-field-cooled (ZFC)
and field-cooled (FC) magnetic susceptibility data for compound 1
(T = 5-330 K; H = 500 Oe). A linear fitting of the inverse ZFC
susceptibility data from 53 to 329 K can be performed with the
Curie-Weiss law [R2 = 0.999; intercept = 34.36(8); slope = 0.1310
(4)], yieldingμeff∼ 5.50μB perMnatomandWeiss temperatureθ=-262
K.Curie-Weiss fitting [R2=0.999; intercept=35.08(8); slope=0.1280
(4)] of the inverse FC susceptibility data in the temperature range 49-327
K yielded μeff∼ 5.60 μB perMn ion andWeiss temperature θ=-274 K.
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