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Hydrazine-solvothermal methods to synthesize
polymeric thioarsenates from one-dimensional
chains to a three-dimensional frameworkt

Jingyu Han,? Shuf
and Dingxian Jia

n Li,> Chunying Tang,® Wei Zheng,? Wenging Jiang®
*a

A series of polymeric Mn(i)-thioarsenates [Mn(en)s],[(N2H4)2Mng(pe-S)(-NoHa)o(z-AsSz)4l, (1),
[N2Hsl,[{MN(-NoH4)2(r-AsS4)}-0.5en],  (2),  [IMn(p-trien{Mn(u-NoHa) (n-AsS3)tal, - (3),  KMn(NzH4)} 2 (p-
NoH4)oAMN(p-NoH4)2(n-AsS3)oH, (4), IMns(p-NaHa)e(rs-AsSa)(nz-AsSa)l, (5), and [MN(NH3)el,[{MN(NH3) (-
AsS4)}ol, (6) were synthesized using a hydrazine-solvothermal method. The thioarsenate units AsSs and
AsS, coordinate to Mn(i) ions with variable coordination modes, forming a Mn—As-S ternary cluster (1),
chains (2, 4-6), and layers (3), respectively. The hydrazine molecules act as inter-cluster, intra-chain and
intra-layer bridging ligands to join the Mn(i) ions, resulting in hydrazine hybrid 1-D, 2-D, and 3-D Mn(i)-
thioarsenate moieties in 1-5. Compounds 1-6 exhibit tunable semiconducting band gaps varying in the
range of 2.19-2.47 eV. Compound 1 displays stronger antiferromagnetic coupling interactions than that

rsc.li/rsc-advances of compound 2.

Introduction

Intense efforts have been continually devoted to the research on
organic-inorganic hybrid materials, which not only have
fundamental interest in their rich structural diversities but also
pose important synthetic challenges and exhibit unique struc-
ture-property correlations.” In the wide field of hybrids, chal-
cogenidometallates of main group metals are attractive for
potential applications in a wide field of visible-light photo-
catalysts,> photoluminescence,® gas separators," nonlinear
optical generators,® photoconductors,® semiconductors,*»” ion
exchangers,® and magnetism.” Since Bedard et al. hydrother-
mally prepared microporous tin and germanium sulfides in
aqueous amine solution in the late 1980s," the templating
synthesis in liquids under mild hydro- or solvo-thermal condi-
tions has been developed to be a versatile approach to the
preparation of chalcogenidometallates. A large number of
organic-inorganic chalcogenidometallates had been sol-
vothermally prepared in organic solvents (such as organic
amine or alkyl alcohol).”* In presence of both transition metals
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(TMs) and coordinative polyamines, the chalcogenidome-
tallates which contain charge compensating cation
[TM(polyamine),,]*" had been obtained by the solvothermal
methods.*” Recently, several methodologies have been devel-
oped in preparation of the crystalline chalcogenides. Thermal
synthesis in ionic liquids (ionothermal method) has been
employed in the synthesis of chalcogenidometallates which
dominated by the works of Dehnen and Huang."* The work of
Zhang has shown that the surfactant-thermal method is
a fruitful route to prepare chalcogenidoarsenates and chalco-
genidoantimonates. Apparently, the templating synthesis in
liquid make it possible to chose different templates or solvents
to affect the thermal reactions, and further to tune the struc-
tures and properties of the final products.

Hydrazine (N,H,) is an excellent candidate for the reaction
media for the syntheses of chalcogenidometallates because of
the unique properties of hydrazine: (1) strong reducing ability
(standard reducing potential: ¢° (N,/N,H,) = —1.16 V), (2) high
polarity (dipole moment p = 1.75 D),*>*** and (3) high coordi-
nation aptitude to metal ions with less steric hindrance. As
a strong reducing agent, N,H, can smoothly reduce elemental
chalcogen to form chalcogenide Q>  anions or poly-
chalcogenide Q> (Q = S, Se, Te) anions. This makes it possible
to prepare chalcogenidometallates using elemental chalcogens
instead of chalcogenides as starting materials under mild
conditions. The high polarity and coordination aptitude of
N,H, are helpful for dissolving the metal chalcogenide species
and prevent them from generating precipitation in the growing
crystalline chalcogenides. In fact, hydrazine has been used as
a reaction media in preparation of chalcogenides in the last

This journal is © The Royal Society of Chemistry 2018
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decade and several hydrazine-adducts of metal chalcogenides
were prepared in hydrazine solution at room temperature.*®
However, the synthesis in hydrazine solvent under solvothermal
conditions (hydrazine-solvothermal) remains less explored. The
early works in this area afforded hydrazine-complexes of metal
chalcogenides based on 15/16 and 14/16 chalcogenidome-
tallates."” Recently, we successfully prepared the heavier tellur-
omercurates by the hydrazine-solvothermal method using
powder Te as the sole tellurium source in the lower temperature
range.” In addition, several experiments have demonstrated
that the reactive hydrazine molecule is also an important
auxiliary reagent in the preparation of crystalline chalcogeni-
dometallates, although it does not appear in the final
pI'OdUCtS.13b’13h‘19

Inspired by our previous work on fabrication of TM-
containing chalcogenidoarsenates in different solvents,* we
are interested in understanding how the solvent and coordi-
nation effects of hydrazine to influence crystal growth of chal-
cogenidoarsenates under solvothermal conditions. Now, we
chose Mn/As/S as a model system to systematically explore the
hydrazine-solvothermal syntheses under different conditions.
By changing the second solvent, six polymeric Mn(u)-thio-
arsenates [Mn(en)s],[(NyH,)>Mng(pe-S)(1-NoHy ) (13-ASS3) 4], (1),
[NoH;5],[AMn(p-NyHy),(n-AsS,)}- 0.5en], (en = ethylenediamine)
(2), [Mn(p-trien{Mn(u-NoH,)(1-AsS;)},], (trien = triethylene-
tetramine) (3), [{Mn(N,H,)}(1-NoHy)o{Mn(p-NyH,)o(r-AsS3),},
(4), [Mns(p-NyHy)e(s-AsS,)(12-ASSs)], (5), and [Mn(NH;)e)-
A{Mn(NH;)(1-AsSy)}»], (6) were synthesized in N,H, solvent
under solvothermal conditions. The 2-D layer of 1 featuring
a large [Mng(pe-S)(13-AsS3)y4] cubic building block and 3-D
framework of 3 show the unique synergistic coordination effect
of N,H, with organic amine. The terminal and bridging coor-
dination modes of N,H, ligands lead to various combinations
between Mn>* ion and [AsS;] or [AsS4] unit in compounds 1-5.
This investigation could provide us a better understanding of
the different effects of N,H, solvent from the traditional organic
amine solvent on preparation of Mn-As chalcogenides under
solvothermal conditions.

Results and discussion
Syntheses

Title compounds were prepared using elements Mn, As, and S
as starting materials in N,H, solvent under solvothermal
conditions in moderate temperature range (Scheme 1).

N,Hs/en
1:1 (v/v),110°C
N,Hyen
2:1(v/v), 90 °C
N,H,/trien
1:1 (v/v),110°C
N,H,/trien
2:1(v/v),90°C
N,H4s/DMF
1:1 (v/v),90 °C
N>Hy/NH;

TTA).90°C " [Mn(NH;)g]a[ {Mn(NH3)(p3-AsS4) } 2] (6)

[Mn(en)s]a[(N2Ha)2Mng(pe-S)(1-N2Ha)a(13-AsS;3 )]s (1)

[NoHs]o[ {Mn(p-NoHg)(AsS;)}-0.5en], (2)

Mn/As/S

(2:1:4) [Mn(p-trien) {Mn(u-N,H, )(u3-AsS3)} 2 ]y (3)

[AMn(NzHy) f2(-NaHa)2 {Mn(p-N2Ha)o(1-AsS3)2 1 1n (4)

[Min3(u-NzHy)o(13-AsS,)(p-AsSy)]a (5)

Scheme 1 Solvothermal syntheses of compounds 1-6.
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Reaction of Mn, As, and S in the 1:1 (v/v) N,H,/en mixed
solvent for 6 days produced a thioarsenate(ur) [Mn(en);],[(N»-
H,)oMng(pe-S)(1-NoHy )o(13-ASS3)4], (1) The reaction in the 2 : 1
(v/v) N,H,/en mixed solvent afforded a thioarsenate(v)
[N,H5],[{Mn(p-N,H,),(AsS,)}-0.5en], (2). The same reactions
with trien instead of en gave thioarsenates(u) [Mn(p-trien)
{Mn(p-NoHy)(13-AsS3)} ], (3) and [{Mn(NyH,) b (n-NoHy)o{Mn(p-
N,H,),(1-AsS3),} ], (4), respectively. Mn(u) ion does not bind the
en or trien molecule in 2 and 4. The reaction in N,H,/DMF and
N,H,/NH; (aqueous ammonia, 25%) mixed solvents produced
thioarsenates(v) [Mnj(pu-NyHy)s(Hs-AsSy)(1-AsS,)],  (5) and
[Mn(NH3)e][{Mn(NH3)(13-AsS4)}» ], (6), respectively. It is note-
worthy that N,H, molecule does not appear in compound 6.
However, the attempt to synthesize 6 in ammonia solution
without N,H, had failed. The reactions without N,H, in the
temperature range 100-160 °C produced yellow solutions and
small amount of grey precipitates. In compounds 1-5, N,H,
molecule acts as a ligand to the Mn”" ion, and as a counterion in
protonated form in compound 2. In the FT-IR spectra of
compounds 1-5, the bands located between 986 and 996 cm ™'
are attributed to the N-N vibrations of N,H, molecules (Fig. S1-
S51).7717¢ The purity of bulk phases of title compounds were
investigated using powder X-ray diffraction (PXRD). The PXRD
patterns of title compounds are consistent with the simulated
PXRD patterns based on single-crystal XRD data (Fig. S77),
respectively.

Crystal structures

Compound 1 crystallizes in the monoclinic space group P2,/c
with four formulae in the unit cell (Table S17). It consists of
a [Mn(en);]* complex cation, a 2-D [(NyH,),Mng(ue-S)(u-
N,H,),(1i5-AsS3),> ], polymeric anion. The 2-D polymeric anion
is constructed from a [Mng(js-S)(13-AsS3),] cluster and hydra-
zine molecules. There are four crystallographically independent
As, seven Mn, and thirteen S atoms in 1. Each As®" ion is
coordinated by three S*~ anions, forming a typical trigonal
pyramid AsS;, which acts as the primary building unit (PBU).
One AsS; PBU chelates three Mn”" ions as a pi;-AsS; ligand,
forming a Mn;AsS; semi-cube (Fig. 1a). The three Mn>* ions of
Mn;AsS; are capped by a >~ (S1) anion to form a [Mnj(p5-S)(s-
AsS;)] cube (highlighted by purple bonds in Fig. 1a), which can
be regarded as the secondary building unit (SBU). Four [Mn;(j;-
S)(ns-AsS;3)] cubic SBUs are joined via edge-sharing forming
a cube-like heterometallic cluster [Mng(1Le-S)(p3-AsS3),] (Fig. 1a).
As a result, the S1 atom occupies the heart of the cubic cluster,
and binds six Mn atoms as a pe-S bridging ligand (Fig. 1b),
whilst four As®" cations occupy four vertexes and six Mn**
cations are located at the face-centers of the cubic cluster. Each
Mn>" cation is further coordinated by a N atom from N,H,
molecule forming an octahedral coordination environment of
MnS;N (Fig. 1a). The S>~ anions have two different coordination
modes in the [Mng(ue-S)(13-AsS3),]>~ cube. Except for the
central S(1)>” ion with a pe-S bridging mode (Fig. 1b), the
remaining 12 sulfide anions (S2-S13) have the same p;-S
bridging modes binding two Mn>* and one As®" cations. The
structure of the [Mng(ue-S)(s-AsS3)s]>~ cubic cluster is

RSC Aadv., 2018, 8, 34078-34087 | 34079
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Fig. 1 Structures for compound 1: [(NoH4)>Mng(ug-S)(p-NoHg)o(ps-
AsS3)412~ cluster showing the [Mnz(uz-S)(uz-AsSs)4l cube highlighted in
purple bonds (a), Mng(ug-S) octahedron (b), and [Mn(en)s]>* complex
cation (c). Hydrogen atoms are omitted for clarity. Symmetry codes: (a)
x—1Ly.z,(b)—x —y+1 -z )-—x+1-y+1 -z+1

characterized by an octahedral core Mng(p6-S) (Fig. 1b) which is
constructed from the heart S~ anion and the six Mn** cations
at the face-centers of the [Mng(pe-S)(1u3-AsS;)s]*~ cube. The
connectivity within the [Mng(s-S)(13-AsS;)4]>~ cluster is more
easily understood when the Mng(p-S) octahedron is capped by
four p;-AsS; ligands at four opposite faces (Fig. S8%). The As-S,
and Mn-S bond lengths (Table S21) are in agreement with those
observed in Mn-thioarsenates(m).”*?*>*¢ The Mn(7)*" ion is
coordinated to six N atoms from three en ligands, forming
a distorted octahedral [Mn(en);]*" complex cation (Fig. 1c).

In compound 1, the [Mng(ue-S)(13-AsS;),]> clusters are
connected via hydrazine molecules into a layered structure.
There are two coordination types for the N,H, molecule binding
the Mn(u) centers. Four Mn(u) ions (Mn2, Mn3, Mn4, Mn6) of
the [Mng(u6-S)(13-AsS3),]* cluster are respectively linked to four
neighbor [Mng(ke-S)(1t5-AsS;),]>~ clusters via four bidentate p-
N,H, ligands, while the two remaining Mn(u) ions (Mn1, Mn5)
at the neighbor face are terminated by a monodentate N,H,
ligand (Fig. 2a). As a result, the [Mng(u6-S)(13-AsS;),]>~ clusters
are connected into a 2-D [(NyH,4),Mne(pe-S)(1-NoHy)o(ps-

@Mnda  (b) ...
g
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AsS3),> |, waved layer perpendicular to the b axis (Fig. 2b and
S9at). Parallel stacking of the waved layers generates square-
shaped channels running along the a axis of the unit cell, and
the [Mn(en);]*" counter cations are wrapped in the channels
between the layers (Fig. S9bt). Weak N-H---S hydrogen bonds
are observed between the layers with the donor of NH, groups
from N,H, molecules, and acceptor of S atom from the [Mng(pe-
S)(us-AsS;)s]>~ cluster (Table S81). The inter-layer hydrogen
bonds connected [(NyH,),Mng(ie-S)(1-NoHy)a(15-A8S5)4> ]
layers into a 3D network.

In our previous work, we prepared Mn(u)-thioarsenates
[Mn(dien),][Mng(pe-S)(n-NoHy)3(1s-ASSs)4]- H,O (dien = dieth-
ylenetriamine) [7, monoclinic, Cc (no. 9)] and [Mn(1,2-dap)s]
[(NyH,)oMng(ue-S)(-NoHy)o(13-AsS3)s]  (1,2-dap = 1,2-dia-
minopropane) [8, monoclinic, P2, (no. 4)] in the dien/N,H, or
1,2-dap/N,H, mixed solvents, respectively.?*? The [Mne(ps-S)(1s-
AsS3),]>~ cluster is connected into a 3-D {[Mng(ue-S)(i-
N,H,)3(15-AsS;),]* ), anionic framework via three p-N,H,
bridging ligands in 7, while it is connected into a 2-D
{[(N,H,),Mng(16-S)(1-NyH ) (115-A5S5)4]* } anionic layer via two
u-N,H, bridging ligands in 8. Compound 1 contains the same 2-
D {[(N,H,),Mng(i16-S)(1-NoHy)o(115-A5S5)4]* }, anionic layer as
the anionic layer of compound 8. But it crystallizes in a different
space group of P2;/c (no. 14). Contrarily, the [Mng(is-S)(ps-
AsS3)4] clusters observed in 1, 7, and 8 had been never obtained
for the syntheses of Mn/As/S in en, dien or 1,2-dap without
addition of N,H,,** indicating the unique templating effect of
N,H, in the crystal growth of thioarsenates.

Compound 2 crystallizes in the orthorhombic space group
Pbca with eight formulae in the unit cell. It consists of
a protonated hydrazine [N,H;]" cation, a 1-D polymeric [{Mn(u-
N,H,),(1-AsS,)} |, anion, and half an en molecule. There are
one crystallographically independent Mn, one As, and four S
atoms in 2. The As®" ion is coordinated with four $*>~ ions to
form an [AsS,]*” unit. As shown in Fig. 3, the Mn®" ion is
repeatedly linked by two u-N,H, bridging ligands, forming an
infinite [Mn(u-N,H,),>*], chain. The Mn(u) centers of the [Mn(p-
N,H,),>*],, are further joined by S1 of the [AsS,]>” unit, giving
the chain-like [{Mn(u-NyH,),(pn-AsS,)} |, polymeric anion

Fig. 2 Structures of the [Mng(ug-S)(1z-AsSz)4l cluster showing the N,Hy4 linkers between the Mn(i) ions (a), and the 2D [(N>H4)2Mng(pe-S)(p-
N2H4)2(u3—A553)42’]n network (b) in 1. Symmetry codes: (a) x — 1,y,z; (b) —x, =y + 1, =z, (c) —x+ 1, -y + 1, —z + L.
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Fig. 3 Structure of the [{Mn(u-N,H4)s(n-AsS4)} 1, anionic chain in 2
with the labeling scheme. Symmetry codes: (a) x — 1/2,y, —z + 1/2; (b) x
+1/2,y, —z + 1/2.

(Fig. 3). The third hydrazine molecule exists as monoprotonated
[N,Hs]" cation to act as the counter ion of the polymeric anion.
The [AsS,]>” unit exhibits tetrahedral geometry with S-As-S
bond angles in the range of 104.24(15)-112.67(18)° (Table S37).
The As-S bond lengths are shorter than those of [AsS;]P~
observed in compound 1 (Tables S2 and $3). The Mn”" ion is
coordinated by four N and two S atoms, forming a distorted
octahedron MnN,S, with axial angles varying in the range of
165.8(4)-173.0(4)°. The Mn-S and Mn-N bond lengths are
consistent with the corresponding bond lengths found in
compound 1 (Tables S2 and S37t). The [{Mn(u-N,H,)(1-AsS4)} |n
anionic chains run parallel along the a axis and stack a layer via
N-H---S hydrogen bonds (Fig. 3). [N,Hs]" cation and en mole-
cules are located between the anionic layers (Fig. S107).
Compound 3 crystallizes in the triclinic space group P1 with
one formula in the unit cell. It contains one crystallographically
independent As, three half Mn, and four S atoms. As shown in
Fig. 4, the As** ion is coordinated with three S>~ anions to form
a typical trigonal pyramid AsS; with As-S bond lengths ranging
2.337(5)-2.350(4) A (Table S41). Mn(1)*" is coordinated by two S
atoms from two AsS; trigonal pyramids, and four N atoms from
two trien molecules, forming a distorted octahedron MnS,N,
with axial angles in the range of 79.4(5)-100.6(5)°. Mn(2)*" and
Mn(3)*" ions are joined by a u-N,H, bridging ligand, and are
capped by the AsS; unit with S1 binding Mn2, S3 binding Mn3,
and S2 binding both Mn2 and Mn3. Meanwhile, the S1 atom

Fig. 4 The asymmetric structural unit of 3 with the labeling scheme,
showing coordination environments of each Mn2* ion. Hydrogen
atoms are omitted for clarity. Symmetry codes: (@) —x + 1, -y + 1, —z +
L) —x -y+1 —z+2,(c)—x —-y+2 —z+2,dxy—-1z

This journal is © The Royal Society of Chemistry 2018
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coordinates to Mn1, and the asymmetric structural unit [Mn(p-
trien{Mn(u-N,H,)(15-AsS;)},] of 3 is formed (Fig. 4). Both
Mn(2)** and Mn(3)*" ions are octahedrally coordinated by four S
atoms from two AsS; units, and two N atoms from two pu-N,H,
ligands, forming MnS,N, octahedra. The Mn-S and Mn-N bond
lengths are comparable to the corresponding bond lengths
found in compound 1 and 2 (Tables S2-547).

In 3, the trien molecule acts as a tetradentate p-trien
bridging ligand. It chelates a Mn(1)*" ion with two N atoms, and
chelates another Mn(1)** ion with the remaining two N atoms.
As a result, the Mn(1)*" ions are repeatedly joined by the p-trien
bridging ligands, forming an infinite planar [{Mn(1)(p-
trien)}**], chain (Fig. 5a). It is notable that the tetradentate
amine trien usually chelates the same TM”" ion with four N
atoms in the syntheses of TM-containing chalcogenidome-
tallates.”” The p-trien bridging ligand in 3 is seldom observed,
and only few examples were reported.?® The Mn(2)** and
Mn(3)** ions are interconnected by a p3-AsS; and a p-N,H,
bridging ligands, generating an infinite [Mny{(u-NoH,)(ps-
AsS3)},> ], chain (Fig. 5b). The S1 atoms of the [Mn,{(u-
N,H,)(13-AsS;3)},> ] chain coordinate to the Mn(1)** ions on
both sides of the planar [{Mn(1)(u-trien)}**], chain (Fig. 5a and
b), to complete coordination number of six for the Mn(1)** ion.
As a result, a neutral 3-D framework of [Mn(p-trien)(Mn,{(u-
N,H,)(1-AsS;)},)], is obtained (Fig. 5c). In the framework, the
[{Mn(p-trien)}**], cationic chains run along the a axis, while the
[Mn,{(1-N,H,)(13-AsS;)},> ], anionic chains run along the b axis
of the unit cell (Fig. 5¢ and d). Intermolecular N-H---S hydrogen
bonds are observed between the cationic and anionic chains
(Fig. S11, Table S8%).

Compound 4 crystallizes in the triclinic space group P1. It
consists of a neutral [{Mn(N,H,)}{Mn(p-NyH,),(1-AsS3),H(p-
N,H,),], chain. The chain is composed of two and two halves
crystallographically independent Mn, two As, and six S atoms.
As shown in Fig. 6, As(1)** and As(2)*" ions are both coordinated
with three S~ anions to form trigonal pyramids As(1)S; and
As(2)S;, respectively. Mn(1)** and Mn(2)*" ions are joined by a -
N,H, bridging ligand and by the As(1)S; trigonal pyramid in p-
AsS; coordination mode, meanwhile the Mn(2)>" ion binds
a terminal N,H, molecule. As a result, a binuclear
[Mn,(N,H,)(1-NyH,)(1-AsS;)] subunit is formed. The subunit
propagates via centrosymmetric operation at Mn1, forming
a trinuclear [{Mn(N,H,)}»{Mn(pn-N,H,),(1-AsS;),}] SBU (Fig. 6).
By the same connectivities with four N,H, (containing N9-N12)
molecules, As(2)S;, Mn(3)** and Mn(4)** form another trinu-
clear [{Mn(N,H,)}»{Mn(p-N,H,),(1-AsS;),}] SBU. The two SBUs
are alternately connected by two p-N,H, (containing N3-N6)
bridges into a neutral infinite [{Mn(N,H,)}{Mn(u-NyH,),(p-
AsS;),H(1-NoHy), ], chain (Fig. 6). In the neutral chain, hydrazine
molecules adopt two types of coordination modes of mono-
dentate terminal mono-N,H, and bidentate bridging p-N,H, to
Mn(n) centers. All Mn>" ions are in octahedral geometries with
MnS,N, (Mn(1)**, Mn(4)*") and MnS,N, (Mn(2)**, Mn(3)*")
donor sets. In 4, the [{Mn(NyH,)}{Mn(p-NyH,),(1-AsS3),H(p-
N,H,),], chains run parallel, and interact with each other via
intermolecular N-H---N and N-H---S hydrogen bonds (Table
S8t), forming layers parallelling with the (111) plane (Fig. S121).

RSC Aadv., 2018, 8, 34078-34087 | 34081
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Fig. 5 Crystal structures for compound 3: (a) planar [{Mn(p-trien)}2*],, cationic chain. (b) IMn,{(-NoH4)(1z-AsS3)}»2 1, anionic chain (hydrogen
atoms are omitted for clarity). (c) Packing diagram of 3-D [Mn(u-trien)(Mn{(-NoH4) (n-AsSz)},)], framework. (d) Schematic depiction of the 3-D

framework in 3.

As2b

Fig. 6 Structure of 4 with the labeling scheme. Hydrogen atoms are
omitted for clarity. Symmetry codes: (@) —x, —y + 1, —z + 2; (b) —x + 1,
-y +3 —z+1

The layers are further connected by the N-H---S hydrogen bonds
into a 3D frame work (Fig. S137).

Compound 5 crystallizes in the monoclinic space group P2/n
with two formulae in the unit cell. There are one and a half
crystallographically independent Mn, two halves As, and four S
atoms (Fig. 7a). As(1)*" and As(2)*" ions are both coordinated
with four S>~ anions to form tetrahedral AsS, units. Mn(1)*" is
coordinated by four N atoms from four p-N,H, bridging ligands
and two S atoms of two AsS, units, while Mn(2)*" ion is coor-
dinated by four N atoms from four u-N,H, bridging ligands and
is chelated by two S atoms of the As(1)S, unit. Both Mn(1) and
Mn(2) form distorted octahedra MnN,S,. The As-S, Mn-S, and
Mn-N bond lengths are in the range of the corresponding bond
lengths in the Mn(u)-thioarsenate(v) of 2 (Tables S3 and S6%). In
5, Mn(1) and Mn(2) are connected by six p-N,H, bridging
ligands into a infinite [Mnz(N,H,)s], chain. The As(1)S, unit
bridges Mn(1) and Mn(2) centers with a p;-1kS":2k>S",5%:3kS>
bridging mode, forming a [Mn(-N,Hy)g(1153-A8S,)**], cationic
chain (Fig. 7b). The cationic chains are linked by the [As(2)S4]*~
unit at Mn(1) to form the neutral [Mnsz(u-NyHy)e(13-ASSs)(1a-
AsS,)], layer perpendicular to the b axis (Fig. 7c). The As(2)S,
unit adopts a bidentate p-1kS":2xS> bridging mode. Large circle
[{Mn,(p-NHy)s}a(1,-ASS,),] is formed in the layer. It is built up
from eight Mn** ions joined by twelve u-N,H, and two p-AsS,

34082 | RSC Adv., 2018, 8, 34078-34087

bridges (Fig. 7d). The [Mnj(pn-NyH,y)e(13-AsS,)(12-ASS,) ], layers
run parallel to the (101) plane, and interact with each other via
intermolecular N-H---S hydrogen bonds (Table S87), forming
a 3D framework (Fig. S14 and S15%).

Compound 6 crystallizes in the triclinic space group P1. The
As® ion is coordinated with four S~ anions, forming an AsS,
tetrahedron. The Mn(1)*" ion binds a NH; molecule forming
a[Mn(NH,)]*" unit. The [Mn(NH;)]** units are joined by the AsS,
tetrahedra into a [{Mn(NH;)(u3-AsS4)},> ], anionic chain
(Fig. 8). The AsS, tetrahedron acts as tridentate ligand in ps-
1k”8",5%:2k>5",5%:3kS" bridging mode. The Mn(1)** ion lies in an
octahedral geometry involved in five S atoms from three AsS,
tetrahedra and a NH; molecule. The As-S and Mn-S bond
lengths are consistent with the corresponding bond lengths
found in 5 (Tables S6 and S77). The Mn(2)** ion is coordinated
by six NH; molecules to form a [Mn(NH;)s]*" complex cation.
The [{Mn(NH;)(13-AsS4)},> |, chains run parallel along the
a axis. The [Mn(NH;)]*" complex cations are located between
the chains, and interact with the anionic chains with N-H---S
hydrogen bonds (Fig. S167).

In compounds 1-6, the AsS; and AsS, units coordinate to
the Mn(u) centers in different bridging coordination modes,
which are summarily illustrated in Fig. 9. As shown in Fig. 9,
all S atoms of the AsS; trigonal pyramid take part in coordi-
nation to the Mn(u) center (Fig. 9a—c). The AsS; unit chelates
two Mn*" ions in a p,-1k>S*, $*:2k>S", S* mode in compound 4
(Fig. 9c). It acts as a p3-AsS; bridging ligand with a ps-
1k*s",8%:2k”5",5%:2k%5%,5° mode in compound 1 (Fig. 9a), and
a ps-1k's":2k28,5%:2k25%,5° mode in compound 3 (Fig. 9b), to
join three different Mn>* ions. The tetrahedral AsS, unit can
bind Mn(u) center with one, two or three S atoms (Fig. 9d-g).
The AsS, unit adopts a terminal mode with one S atom to join
two Mn(u) centers in compound 2 (Fig. 9d). It links two Mn(u)
centers with a p-1x's":2k"s> mode (Fig. 9e), and three Mn(u)

This journal is © The Royal Society of Chemistry 2018
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(a) The asymmetric structural unit of 5 with the labeling scheme, showing coordination environments of each Mn2*
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ﬁ(%,

> i

ion. Hydrogen atoms

are omitted for clarity. Symmetry codes: (a) —x + 1/2,y, —z + 3/2; (b) —x + 1/2, y, —z + 5/2; (c) —x, =y + 2, —z + 2. (b) The [Mn3(u-NaH4)g(ps-
AsS,4)3*1,, chain. (c) The layer constructed by the IMn3(p-NoHa)g(nz-AsS )31, chains and po-AsS, tetrahedral linkers. (d) The [{Mn4(pn-NoH.)s)(po-

AsS4),] circle in 5. Hydrogen atoms are omitted for clarity.

S4

S2

Mnia

Fig. 8 Structure of the [{Mn(NHz)(ns-AsS4)},2"1, anionic chain in 6
with the labeling scheme. Hydrogen atoms are omitted for clarity.
Symmetry codes: (@) —x, -y +1, —z+ 1, (b) —x+ 1, -y +1 —z+ 1.

centers with a ps-1kS*:2«%5%,5%:3kS> mode in compound 5
(Fig. 9g). The AsS, unit in 6 joins three Mn(11) centers with a i,-
1k's":2k28",5%:2k5%,8* mode (Fig. 9f), which is in the same
coordination mode with the AsS; unit in compound 3

Fig.9 Coordination modes of the AsSs and AsS, units to Mn(il) centers
in compounds 1 (a), 2 (d), 3 (b), 4 (c), 5 (e, g), 6 (f). The As, S and Mn
atoms are drawn as green, orange and cyan spheres.

This journal is © The Royal Society of Chemistry 2018

(Fig. 9b). Different modes u,-1>$",8%:2c>S,8°, s
1k25,8%:2k282,5%:2k%8%,5* and ps-1k'S':2k2S,5%:2k1S? for the
AsS, unit are observed in compounds [NH,]s[Mn,(AsS,),],***
[Mn;L;(AsS,),]-H,O (L = 2,2'-bipy, phen),*”** and [Mn(1,2-
dap),{[Mn(1,2-dap)],(AsS4).},>* respectively.

Optical properties

The solid near-IR/UV-Vis spectra of
compounds 1-6 above were measured at room temperature on
powder samples. The reflectance spectra were converted to
optical absorption data by the Kubelka-Munk function,** which
are shown in Fig. 10. The band gaps can be estimated from the
steep absorption edge at 2.32 (1), 2.44 (2), 2.19 (3), 2.39 (4), 2.35
(5), and 2.47 (6) eV, which are in accordance with their colors,
respectively. The band gaps of 2, 4 and 6 are comparable to that
of the Mn(u)-thioarsenates [Mn(NH;)][(N,H4)>Mn,As,Sg] (Eg =
2.46 eV)."** Compounds 1-6 exhibit a blue shift compared with

state reflectance

o/S Absorption coefficient (arb.unit)

T L T * T ¥ T ® T b T ¥ T ) 1
25 30 35 40 45 50 55
Energy (eV)

-
)
N
=}

Fig. 10 Solid state optical absorption spectra of compounds 1-6.
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those of polymeric Mn(u)-thioarsenates [Mn,(phen)(As,Ss)], (Eq
= 2.01 eV) and [Mnj(phen);(AsS,),], nH,O (E; = 1.97 V)
decorated by rigid amine phen (phen = 1,10-phenanthroline).?®

Magnetic properties

The magnetic susceptibilities of 1 and 2 were investigated for
polycrystalline samples in the temperature range of 2-300 K
under an applied field of 1000 Oe. Temperature dependence of
xm and xm7 (xm is the magnetic susceptibility per Mn(u) ion)
curves for compounds 1 and 2 are shown in Fig. 11. For
compound 1, the x,T value is equal to 3.82 cm® K mol ™" at 300
K, which is smaller than the spin-only value (4.375 cm® K mol )
for a single high-spin Mn(u) ion, indicating strong antiferro-
magnetic (AF) exchange interactions in 1. The diamagnetic
bridges p,-S and p,-NH,NH, between the Mn(u) ions give rise to
the superexchange magnetic interactions, as observed in the
chalcogenides Ba,MnSs;,® [Mn,(2,2'-bipy)As,Ss],?> and [Mny(-
NH,NH,),SnS,].”’* When the temperature is lowered, the x,,T
value decreases gradually and reaches a value of 0.074 cm?
mol ' K at 2 K. Meanwhile, the magnetic susceptibility (xm)
increases with lowering temperature until x, reaches
a maximum value of 0.0380 mol cm * and then decreases
gradually, which exhibits antiferromagnetic ordered state with
Néel temperature of 26 K. The 1/x,, vs. T curve in the temper-
ature range 100-300 K obeys the Curie-Weiss law with C = 5.42
em® Kmol " and # = —126.45 K (Fig. S177). The large negative
value further confirms the strong AF interactions among the
Mn(u) ions in compound 1. The triangular arrangement of the
Mn(u) ions can induce spin frustration in 1. The parameter,

(a) 0.040
o4
0.0354 Dnuuuuﬂ‘“
po® °
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E OO 0 e ° ’g
o 3
§ 00254 Dnungg %, r2 2
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Fig. 11 Curves of x,T and xm versus T for compounds 1 (a) and 2 (b).
X X
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which is defined as f = |6|/Tx, is widely used to measure the
relative degree of the spin frustration. The fvalue of 4.86 indi-
cates weak spin-frustration in 1.

At 300 K, the x,T'value of compound 2 is equal to 4.22 cm® K
mol ! in agreement with the spin-only value (4.375 cm® K
mol ") for a single high-spin Mn(u) ion. When the temperature
is lowered, the x,,T value decreases gradually and reaches
avalue of 0.31 cm® mol " K at 2 K. Meanwhile, ., continuously
increases from 0.0141 cm® mol * to a value of 0.155 cm® mol *
at 2 K. The 1/xy, vs. T curve in the temperature range 50-300 K
obeys the Curie-Weiss law with C = 4.51 cm® K mol " and 8 =
—19.85 K (Fig. S18%). The negative 6 value confirms the weak
antiferromagnetic interactions among the Mn(u) ions. The
calculated effective magnetic moment (u.¢) for one Mn(u) ion in
compound 2 is 5.81 ug (Fig. S187), which is close to the expected
spin-only value of a free Mn(u) ion (5.92 ug). It is worthy to note
that the negative Weiss constant of 1 is larger than that of 2.
Besides the more Mn-S-Mn superexchange magnetic interac-
tions in 1, the shorter Mn(u)---Mn(u) distance in 1 aids the AF
exchange interactions.® The distances between adjacent Mn(u)
ions in 2 are 3.774 A and 6.458 A based on crystal structure.
Whilst, compound 1 contains shorter Mn(u)---Mn(u) distances
in the range of 3.568-3.792 A, causing a stronger AF coupling
interaction in 1.

Experimental
Materials and methods

All starting chemicals except N,H,-H,O are of analytical grade
and were used as received. N,H,-H,O is 98% aqueous solution.
Elemental analyses were conducted using an EA1110-CHNS-O
elemental analyzer. Powder X-ray diffraction (PXRD) patterns
were collected on a D/MAX-3C diffractometer using graphite
monochromatized CuKa radiation (A = 1.5406 A). Fourier
infrared (FT-IR) spectra were recorded on a Nicolet Magna-IR
550 spectrometer using dry KBr discs over the 4000-400 cm '
range. Room-temperature optical diffuse reflectance spectra of
powder samples were obtained using a Shimadzu UV-3150
spectrometer. Absorption («/S) data were calculated from
reflectance using the Kubelka-Munk function «/S = (1 —R)*/2R,
where R is the reflectance at a given energy, « is the absorption,
and S is the scattering coefficient.*® Magnetic susceptibility
measurements were performed with a Quantum Design MPMS-
XL SQUID susceptometer in the temperature range 2-300 K
under an applied field of 1000 Oe. The magnetic data were
corrected for the sample holder and the diamagnetic contri-
butions. Thermogravimetric analysis was conducted on a SDT
2960 microanalyzer and the samples were heated at a rate of

5 °C min~ ' under a nitrogen stream of 100 mL min~".

Syntheses of 1-6

[Mn(en);],[(N2H,4),Mng(pe-S)(1-NoHy) o (13-ASS3)4],  (1). Mn
(55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.0
mmol), ethylenediamine (en, 1.0 mL), and hydrazine mono-
hydrate (98%, 1.0 mL) were mixed by stirring for 10 minutes,
and then the mixture was loaded into a polytetrafluoroethylene

This journal is © The Royal Society of Chemistry 2018
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(PTFE)-lined stainless steel autoclave of volume 10 mL. NOTE:
hydrazine is highly toxic and explosive, and should be handled
carefully. The sealed autoclave was heated to 110 °C for 6 days
and then cooled to ambient temperature. The crude product
contains yellow crystals and black powder. The crude product
was transferred into a vial which was filled with en/C,H;OH
(1:1 (V/V)). Most of the black powder was suspended in the
solution, which was then decanted leaving behind crystals. This
procedure was repeated until the water remained clear. Then,
the resulting yellow block crystals of 1 were filtered off, washed
with ethanol, and stored under vacuum. Yield 72 mg (41%
based on As). Elemental analysis calcd for CgH,4N1,4S13MnAs,
(1): C, 5.11; H, 2.86; N, 13.91. Found: C, 4.95; H, 2.82; N, 13.78%.
IR data (KBr, cm™'): 3449 (m), 3252 (w), 3139 (w), 2946 (w), 2864
(w), 2085 (w), 1636 (s), 1583 (s), 1480 (s), 1379 (w), 1304 (m), 1190
(w), 1123 (w), 1077 (w), 986 (w), 949 (w), 880 (w), 816 (W), 669 (W),
619 (w), 591 (w), 458 (w), 431 (W).

[NoH;5].[{Mn(p-N,H,),(p-AsS,)} - 0.5en],, (2). Mn (55.0 mg, 1.0
mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), en (0.5
mL), and hydrazine monohydrate (98%, 1.5 mL) were mixed by
stirring for 10 minutes, and then the mixture was loaded into
a PTFE-lined stainless steel autoclave of volume 10 mL. The
sealed autoclave was heated to 90 °C for 6 days and then cooled
to ambient temperature. The yellow block crystals of 2 were
collected with a procedure similar to that for the treatment of 1.
Yield 99 mg (52% based on As). Elemental analysis calcd for
CH,,N,S,MnAs (2): caled C, 3.12; H, 4.45; N, 25.45. Found: C,
2.98; H, 4.32; N, 25.29%. IR data (KBr, cm*): 3414 (s), 3039 (w),
2926 (w), 2388 (w), 2131 (w), 1626 (m), 1509 (w), 1425 (s), 1379
(w), 1341 (W), 1202 (w), 1109 (s), 996 (m), 845 (s), 769 (W), 719 (s),
677 (W), 622 (w), 471 (w), 441 (W), 412 (w).

[Mn(p-trien {Mn(p-N,H,)(p-AsSs3)} ] (3). Mn (55.0 mg, 1.0
mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), trie-
thylenetetramine (trien, 1.0 mL), and hydrazine monohydrate
(98%, 1.0 mL) were mixed by stirring for 10 minutes, and then
the mixture was loaded into a PTFE-lined stainless steel auto-
clave of volume 10 mL. The sealed autoclave was heated to
110 °C for 6 days and then cooled to ambient temperature. The
orange block crystals of 3 were collected with a procedure
similar to that for the treatment of 1. Yield 86 mg (48% based on
As). Elemental analysis caled for CgH,NgSeMn;As, (3): caled C,
10.05; H, 3.65; N, 15.62. Found: C, 9.89; H, 3.45; N, 15.48%. IR
data (KBr, cm™'): 3411 (s), 2931 (w), 2844 (w), 2116 (w), 1780
(w),1654 (s), 1587 (s), 1474 (m), 1379 (w), 1314 (m), 1194 (W),
1123 (w), 1073 (w), 991 (w), 869 (w), 808 (W), 771 (w), 657 (W), 619
(m), 594 (w), 499 (W), 427 (w) cm ™.

[{Mn(N,H,)},(1-NoHy)o{Mn(u-N,H, ), (1-AsS5),)]. - (4). Mn
(55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00
mmol), trien (0.5 mL), hydrazine monohydrate (98%, 1.0 mL),
and DMF (0.5 mL) were mixed by stirring for 10 minutes, and
then the mixture was loaded into a PTFE-lined stainless steel
autoclave of volume 10 mL. The sealed autoclave was heated to
90 °C for 6 days and then cooled to ambient temperature. The
yellow block crystals of 4 were collected with a procedure similar
to that for the treatment of 1. Yield 93 mg (53% based on As).
Elemental analysis caled for H,;N;,S¢MnsAs, (4): caled H,
3.46; N, 24.04. Found: H, 3.32; N, 23.92%. IR data (KBr, cm )
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3283 (m), 3101 (w), 1631 (m), 1595 (m), 1484 (w), 1425 (w), 1379
(w), 1345 (w), 1152 (s), 1120 (s), 992 (m), 953 (w), 870 (W), 668
(m), 597 (W), 496 (w), 433 (W), 411 (m) cm ™.

[Mn;(p-N,H,)6(AsS,)(1-AsS,)]. (5)- Mn (55.0 mg, 1.0 mmol),
As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), hydrazine
monohydrate (98%, 1.5 mL), and DMF (0.5 mL) were mixed by
stirring for 10 minutes, and then the mixture was loaded into
a PTFE-lined stainless steel autoclave of volume 10 mL. The
sealed autoclave was heated to 90 °C for 6 days and then cooled
to ambient temperature. The yellow block crystals of 5 were
collected with a procedure similar to that for the treatment of 1.
Yield 88 mg (46% based on As). Elemental analysis calcd for
H,4N;,SsMn;As, (5): caled H, 3.17; N, 22.02. Found: H, 3.02; N,
21.89%. IR data(KBr, cm™%): 3288 (m), 3237 (W), 1635 (w), 1606
(m), 1572 (m), 1475 (w), 1379 (m), 1299 (w), 1232 (w), 1160 (s),
1080 (w), 996 (W), 958 (w), 811 (w), 668 (W), 584 (W), 521 (m), 458
(w), 419 (W) cm ™.

[Mn(NH;)6].[{Mn(NH;)(1-AsS4)}»].. (6). Mn (55.0 mg, 1.0
mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol),
hydrazine monohydrate (98%, 1.0 mL), and aqueous ammonia
(25%, 0.5 mL) were mixed by stirring for 10 minutes, and then
the mixture was loaded into a PTFE-lined stainless steel auto-
clave of volume 10 mL. The sealed autoclave was heated to 90 °C
for 6 days and then cooled to ambient temperature. The yellow
block crystals of 6 were collected with a procedure similar to
that for the treatment of 1. Yield 67 mg (38% based on As).
Elemental analysis caled for H,,;NgSgMnjzAs, (6): caled H,
3.42; N, 15.84. Found: H, 3.28; N, 15.67%. IR data (KBr, cm*):
3443 (m), 3254 (w), 3216 (w), 3149 (w), 1568 (m), 1535 (m), 1454
(w), 1383 (w), 1320 (m), 1278 (w), 1228 (w), 1181 (w), 1118 (m),
1051 (s), 824 (m), 711 (s), 622 (W), 534 (m), 458 (w), 421 (w).

X-ray crystal structure determinations

Data were collected on a Rigaku Saturn CCD diffractometer at
293(2) K using graphite-monochromated Mo-Kea. radiation with
a w-scan method to a maximum 26 value of 50.70°. The intensity
data sets were collected with a w-scan method and reduced with
the CrystalClear program.*” An empirical absorption correction
was applied for compounds 1-6 using the multiscan technique.
The structures were solved with direct methods using the
program of SHELXS-97,>** and the refinement was performed
on F* using SHELXL-97.2%> All the non-H atoms were refined
anisotropically. The hydrogen atoms were added geometrically
and refined using the riding model. Technical details of data
acquisition and selected refinement results are summarized in
Table S1.}

Conclusions

It has been demonstrated that hydrazine is a successful reaction
media for the thermal synthesis of thioarsenate. A series of 1-D,
2-D and 3-D polymeric Mn(u)-thioarsenates have been prepared
by hydrazine-solvothermal methods. The templating effect of
hydrazine is influenced by the second ligand or solvent, which
causes variable coordination modes between the thioarsenate
anions and TM cations. The syntheses and properties of the title
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compounds indicate the possibilities of syntheses of new TM
chalcogenidometallates with tunable structures by selecting the
different coordinating solvents in hydrazine. Further studies on
constructing new hybrid chalcogenidometallates with TM
complex cation by hydrazine-solvothermal methods are in
progress.
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