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Low-temperature solution phase synthesis of nanomaterials using designed molecular precursors enjoys

tremendous advantages over traditional high-temperature solid-state synthesis. These include atomic-

level control over stoichiometry, homogeneous elemental dispersion and uniformly distributed nano-

particles. For exploiting these advantages, however, rationally designed molecular complexes having

certain properties are usually required. We report here the synthesis and complete characterization of

new molecular precursors containing direct Sn–E bonds (E = S or Se), which undergo facile decompo-

sition under different conditions (solid/solution phase, thermal/microwave heating, single/mixed solvents,

varying temperatures, etc.) to afford phase-pure or mixed-phase tin chalcogenide nanoflakes with

defined ratios.

1. Introduction

Two-dimensional atomically thin semiconductor nano-
structures, like tin monochalcogenides SnE (E = S, Sn) and tin
dichalogenides SnE2 (E = S, Se), have been attracting world-
wide attention due to their exceptional electrical and optical
properties, and their potential applications in nanoscale elec-
tronics, photonics and functional materials as well as semi-
conducting and optical devices.1–5 Mono or few layered 2D van
der Waals (vdW) tin-based chalcogenide materials are distin-
guished in their chemical and physical properties6,7 as com-
pared to their bulk counterparts. Additionally, these layered
vdW materials have the advantage of their constituent
elements being abundant in nature and not posing any health
and environmental hazards.8–10 The versatile coordinating
characteristics of tin and the chalcogenides sulfur and sel-
enium permit tin sulfide/selenide to adopt a variety of phases
(SnE, Sn2E3, and SnE2; E = S, Se).9,11 On the other hand, this
variety of stable crystal phases presents a challenge to the tar-
geted material preparation, meaning that the composition or
phase purity is compromised by the coexistence of different

phases encountered frequently during their synthesis.9 SnE,
where tin has the +II oxidation state, has an orthorhombic
crystal structure, built out of wrinkled honeycomb layers of Sn
and S/Se having covalent interlayer bonds and weak vdW
forces between single layers.7 SnE, which has its bandgap
located between those of Si and GaAs, exhibits both the p- and
n-type conduction depending on the concentration of tin.12–14

Therefore, SnE can be potentially used as a solar absorber in
thin film solar cells and near-infrared detectors3,15,16 and as a
photovoltaic material.2,17 On the other hand, tin dichalcogen-
ides SnE2 (SnS2/SnSe2) are n-type semiconductors with an
indirect band gap of 2.1 eV/1.1 eV and a direct band gap of 2.8
eV/1.8 eV.7,9,18 They have a hexagonal CdI2-type crystal struc-
ture consisting of an E–Sn–E triple layers, where the atomic
layers are held together by weak van der Waals forces of attrac-
tion and have been extensively studied in their bulk form in
the past.19 Recently, single and few-layered SnE2 have been
employed in several applications including water splitting,20–22

field-effect transistors23,24 and gas sensing.25,26

The chemical, physical and electronic properties of these
materials are often governed by the synthetic methods
employed to prepare them. In general, the soft chemical routes
using well-characterized single source precursors (SSPs) for the
synthesis of nanomaterials have numerous advantages, like
tight control over the phase, morphology and
stoichiometry.27–29 Among these routes, the chemical solution
deposition methods are attractive because they offer high-yield
and substrate-free synthesis of nanomaterials with tunable
nanostructures at much lower temperatures.30,31 Although a
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huge range of different SnE and SnE2 nanostructures have
been synthesized in the solution phase,32,33 very few 2D tin
chalcogenide nanostructures have been prepared from SSPs.
Different nanostructured SnE and SnE2 materials have been
synthesized using solution based SSP approaches, like SnSe
nanorods,28 SnSe nanowires,34,35 SnSe needles,36 SnS/Se nano-
particles37 and few-layer SnSe/SnSe2 nanosheets.28,36 Despite
these successes, the phase-controlled synthesis of 2D tin
sulfide and selenide nanostructures remains a challenge.
Based on the excellent properties of 2D layered crystal struc-
tures and their unique mechanical flexibility, synthesizing 2D
tin chalcogenide nanostructures is of great importance.

The above literature survey indicates that the chemical
routes to 2D SnE and SnE2 from a single source remain under-
developed and there is a scope for the development of well-
characterized molecular precursors for these materials.38 In
this study, we report a ‘bottom-up’ approach for the synthesis
of SnE and SnE2 nanostructures using different tin-based
sulfur and selenide precursors. We employed N-alkyl-dietha-
nethiolamine and N,N-dimethylselenourea ligands (Scheme 1)
because of their versatile coordination behavior and ability to

transfer chalcogenide atoms easily to metal centers to obtain
metal chalcogenide nanomaterials.39,40

2. Results and discussion
2.1. Synthesis and characterization of Sn(II) and Sn(IV)
complexes with N-alkyl-diethanethiolamine ligands as
precursors to tin sulfide nanoaprticles

Tridentate chelating dithiol ligands N-alkyl-diethanethiola-
mine RN(C2H4SH)2 were used in the synthesis of stable metal
complexes enabling the control of the coordination sphere of
the coordinated metal center.39,41 The limited commercial
availability and high price of these ligand types triggered us to
the synthetic pathways of SNS type ligands starting from their
dialcohol-derivatives with thiourea as a sulfur-source.39,41,42

The tin reagents [Sn(N(SiMe3)2)2]
43 and [Sn(OtBu)4],

44 pre-
synthesized as described in the literature, reacted with the
dithiol-ligands RN(C2H4SH)2 (R = Me, Et) in toluene to form
Sn(II) and Sn(IV) complexes [Sn{(SC2H4)2NMe}] (1), [Sn
{(SC2H4)2NEt}] (2), [Sn{(SC2H4)2NMe}2] (3) and [Sn
{(SC2H4)2NEt}2] (4) (Scheme 2). In these complexes, the dianio-
nic chelating ligand RN(C2H4S)2

2− (R = Me, Et) coordinates to
the tin center in a tridentate fashion, yielding air-stable com-
plexes. The dark orange solution of [Sn(N(SiMe3)2)2] in toluene
instantaneously discolored on adding one equivalent of the
mdetaH2 or edetaH2 ligand, leading to precipitation of colorless
and pale yellow colored solids, later identified as [Sn
{(SC2H4)2NMe}] (1) and [Sn{(SC2H4)2NEt}] (2), respectively.
Mass analysis confirmed the successful synthesis of tin(II)
complexes 1 and 2 with observed molecular peaks of 269 m/z
and 283 m/z, respectively. Additional NMR analysis of both
complexes showed highly solvent-dependent signal splitting
with a total of 11 proton signals for 1 and 13 protons signals

Scheme 1 The sulfur- and selenium-containing ligands used in this
study.

Scheme 2 Synthesis of Sn(II) and Sn(IV) complexes 1–4 (above) and the coordination mode of the ligand N-alkyl-diethanethiolamine RN(C2H4SH)2
in these complexes (below).
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for 2 in less polar solvents. Proton NMR measurements of 1 in
C6D6 showed five inequivalent proton signals with an integral
ratio of 3 : 2 : 2 : 2 : 2, displaying each ethanethiol CH2-protons
in an integrative reaction of 2. The two high-field shifted
proton signals belong to the CH2 group next to the sulfur and
the two low-field shifted protons were identified as CH2

protons located next to the bridging nitrogen. The methyl
group located at the nitrogen was appeared with an integral
ratio of 3. This signal splitting reveals a relatively rigid struc-
ture in C6D6, whereas three non-equivalent proton signals with
an integral ratio of 3 : 4 : 4 were detected in DMSO-d6.
Separation of single CH2 signals for each ethanethiol chain
was not possible. The proton signals at the lower field were
identified as CH2 protons next to the sulfur of both etha-
nethiol chains and the highfield shifted signals belong to CH2

protons located at the bridging nitrogen. For both measure-
ments, three inequivalent carbon signals correlating with the
expected CH2 and CH3 protons were observed. Two carbon
peaks with different chemical shifts but the same signal orien-
tation in the 13C APT spectrum correlate with the ethanethiol
chains. The highfield shifted signal correlates with the
protons next to the sulfur, whereas the lowfield shifted signals
belong to the CH2 protons located next to the nitrogen. The
carbon signal with a different orientation was clearly identified
as the CH3 signal. Proton NMR analysis of 2 displays four non-
equivalent signals with an integral ratio of 2 : 4 : 4 : 3 in DMSO-
d6. Four different carbon signals detected in the 13C APT spec-
trum correlated with the expected CH2 and CH3 protons. Three
C peaks with equal signal orientation were detected as CH2

signals, whereas one opposite orientated C signal displayed
the CH3 function of the ethyl group at the bridging nitrogen,
confirming the tridentate coordination of the edeta ligand.
The 119Sn NMR spectrum of 1, recorded in DMSO-d6, showed

a peak at δ 124 ppm, which is typical of a 3-coordinated tin(II)
center.45 These observed NMR analytics are in good agreement
with the reported data of Tzschach et al.46 Both synthesized
compounds show long term stability only in the solid state.

Crystallization of 1 in solvents like chloroform or pyridine
afforded in oxidative addition products, [Sn{(SC2H4)2NMe}(Cl)
CHCl2] (1a) and [Sn{(SC2H4)2NMe}2] (3), respectively, resulting
from the coordination of a CHCl2

− unit and a single chloride
Cl− coming from the solvent in 1a or the coordination of a
second tridentate mdeta ligand to the tin center in 3. The 1H
NMR analysis of 1a in CDCl3 showed a total of 12 protons in an
integral ratio of 1 : 3 : 2 : 2 : 4 as compared to 11 protons
observed in 1. Clearly, the additional proton in 1a belongs to
the CHCl2

− unit. The oxidation state as well as the coordination
number of the tin center in synthesized complexes can be easily
identified from the 119Sn NMR spectrum as shown in Fig. 1a, c
and d. While the tridentate coordination of one chelating mdeta
ligand to the tin(II) center ensures that one coordination half-
sphere of the formed complex is shielded, the other coordi-
nation half-sphere is more deshielded, leaving the tin(II) center
susceptible to oxidative addition (Fig. 1b). The 119Sn NMR spec-
trum of 1a displayed a signal at δ −134 ppm, which is consistent
with a tin(IV) center in a pentagonal coordination47 (Fig. 1d). On
the other hand, the 119Sn NMR spectrum of [Sn{(SC2H4)2NMe}2]
(3) showed a peak at δ −183 ppm, which corresponds well to a
six-coordinated tin(IV) center (Fig. 1c). Compound 3 has been
directly synthesized following a different synthetic route, and
will be discussed later. Comparable oxidation reactions have
been observed in coordination solvents for compound 2.
Therefore, the main characterisation in solution has been per-
formed in C6D6 or DMSO-d6.

The structure of [Sn{(SC2H4)2NMe}(Cl)CHCl2] 1a was solved
by single crystal X-ray studies, which showed a five-fold coordi-

Fig. 1 Comparison of 119Sn NMR spectra of complexes [Sn{(SC2H4)2NMe}] 1 (a), [Sn{(SC2H4)2NMe}2] 3 (c) and [Sn{(SC2H4)2NMe}ClCHCl2] 1a (d).
Schematic diagram showing Sn2+ and Sn4+ coordination spheres with one or two tridentate ligands (b).
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nation of the tin center in a distorted trigonal bipyramidal
environment (Fig. 2). The oxidative addition of chloroform to
complex 1 resulting in complex 1a has been reported before,
but no crystal structure was described.45,48 A triangular plane
is formed by both sulfur atoms from the tridentate mdeta
ligand and the carbon atom from the CHCl2

− unit. The axial
positions of the bipyramid are occupied by the bridging nitro-
gen and the coordinated chloride. The C6–Sn1–Cl3 angle of
around 92° is close to the ideal trigonal bipyramidal angle of
90°. Due to the repulsing effect, both chlorides from the
CHCl2

− unit are orientated away from the metal center.
Therefore, the N1–Sn1–C6 angle (∼96°) is slightly more dis-
torted. Angles of S1–Sn1–Cl3 and S2–Sn1–Cl3, around 92° and
94°, respectively, are slightly smaller than the literature values
in the related complexes (98–121°).49 The tridentate coordi-
nation of the ligand is comparable to the previously reported
coordination motive of MeN(C2H4SH)2.

39 The S1–Sn–S2 angle
in the equatorial plane is around 121°, which is in good agree-
ment with the literature data.50 The Sn1–S1/2 (2.37–2.38 Å)
and Sn1–Cl3 (2.40 Å) bond distances also compare well with
the literature.50,51

The reaction of [Sn(OtBu)4] with two equivalents of each
ligand mdetaH2 and edetaH2 resulted in the formation of color-
less precipitates. Bis((2,2′-(methylazanediyl)bis(ethane-1-thio-
late)) tin(IV) [Sn{(SC2H4)2NMe}2] 3 and bis((2,2′-(ethylazanediyl)
bis(ethane-1-thiolate)) tin(IV) [Sn{(SC2H4)2NEt}2] 4 were isolated
as colorless crystals from the reaction media and washed
several times with n-heptane and toluene, followed by drying
under reduced pressure. The NMR spectra in solution showed
a total of 22 protons for 3 with three non-equivalent signals in
an integral ratio of 6 : 8 : 8 and 26 protons for 4 with four
inequivalent signals in an integral ratio of 6 : 8 : 8 : 4. For both
complexes, the two broad low-field shifted signals referred to
the CH2 protons, which was confirmed by 2D H,C NMR
measurements. These signals result from the fluctuation of
the ligands in solution, indicating that the structure in solu-

tion is not rigid and therefore no distinction between each co-
ordinated ligand was observable. Therefore, only two chemi-
cally non-equivalent carbon signals correlating with the CH2

proton signals were detected. The sharp singlet at the higher
field (δ 2.5 ppm) corresponds to both the methyl functions at
each bridging nitrogen for compound 3, confirmed by 2D H,C
correlation NMR spectra. The clear triplet at high field (δ
1.1 ppm) was clearly identified as CH3 protons from the ethyl-
group located at the bridging nitrogen of complex 4 by 2D H,C
correlation spectra. These NMR data are in good agreement
with the structural investigations in solution performed by
Tzschach et al.46 To the best of our knowledge, to date no
crystal structure has been reported for compounds 3 and 4.
Therefore, attempts were made to grow suitable crystals of 3
and 4 for single crystal X-ray diffraction studies. The molecular
structures of both tin(IV) complexes [Sn{(SC2H4)2NR}2] (R = Me
(3), Et (4)) present the tin center in a distorted octahedral
environment (Fig. 3a and b). Two of each dianionic ligands
(mdeta and edeta) coordinate the metal center in a tridentate
fashion, which consequently resulted in an oxidation state of
+IV of the tin centers. Complex 3 is an isotype to the already
reported molecular structures of [M{(SC2H4)2NMe}2] (M =
MoIV, WIV) and crystallizes in the triclinic space group P1̄,39

whereas complex 4 crystalizes in the monoclinic space group
P21/n. The coordination sphere around both Sn centers is
completed by the tridentate coordination of two 2,2′-(alkylaza-
nediyl)bis(ethane-1-thiolate) ligands (mdeta and edeta),
forming two triangular planes above and underneath the
metal center. Each of these triangular planes is built out of
two sulfur atoms and the bridging nitrogen atom (plane A, S1–
N1–S2; plane B, S3–N2–S4 for 3 and 4, Fig. 3c) from each co-
ordinated ligand. Planes A and B were twisted against each
other by an angle of ca. 65° for 3 and 67° for 4, possibly due to
the repulsive effect of the alkyl groups at each nitrogen atom
and the spatial requirements of the lone pairs present on the
sulfur atoms in the ligand backbone. In the molecular struc-
ture of both distorted octahedral tin complexes 3 and 4, the
sulfur–metal bonds varied over the range of 2.43–2.47 Å, which
are consistent with the values reported for other chelating
dithiol and nitrogen–dithiol metal complexes (2.39–2.56 Å).
The Sn–N bond lengths (2.52–2.57 Å) are a little elongated as
compared to literature data (2.37–2.42 Å).49,52,53 The S–Sn–S
angles in each coordinated ligand were 110° and 112° for 3
and 4, respectively, which is in agreement with the reported
values.49,52 As found for the isotype structures of tungsten and
molybdenum,39 each tridentate coordinated ligand formed
two five-membered rings with the tin center in 3 and 4 [(1)
Sn1–S1–C1–C2–N1), (2) Sn1–S2–C3–C4–N1, Fig. 3d].

The decomposition behavior of complexes 1 and 3 was
investigated by thermogravimetric measurements and simple
thermal decomposition experiments under ambient con-
ditions and lower temperatures, meaning controlled decompo-
sition on a heating plate at a maximum of 500 °C. The TG-DSC
measurements of 1 up to 500 °C show a one-step decompo-
sition (Fig. 4a). The decomposition process starts at around
210 °C and lasts until 300 °C. The total mass loss of around

Fig. 2 Molecular structure of [Sn{(SC2H4)2NMe}(Cl)CHCl2] 1a. A dis-
torted trigonal–bipyramidal geometry is confirmed by a factor τ of
0.79.51b
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33% did not fit completely to the expected mass of SnS
(150.8 g mol−1). However, XRD analysis of the nearly black
colored residue confirmed the formation of crystalline SnS
(Fig. 4b, top, PDF# 01-39-354). Fast thermal decomposition
under ambient conditions on a heating plate was indicated by
the fast color change of 1 (Fig. 4b, bottom (inset)). The remain-
ing black product was analyzed by XRD measurements, which
confirmed the formation of the desired SnS crystal phase
(Fig. 4b, bottom). Investigations in solution and in the solid
state of 1 as well as the suitable thermal stability and clean
decomposition to the target material clearly show the potential
application of this molecular compound as a suitable SSP for
SnS material preparation. Moreover, the stability of 1 in solu-
tion offers a potential application for the target catalytic oxi-
dative addition reactions.54–56

In contrast to the single-step thermal decomposition of
Sn(II) compound 1, TG-DSC investigations of the Sn(IV) com-
pound 3 up to 800 °C showed a multistep decomposition with
a mass loss of 64%, which corresponds to the mass of SnS

(150.8 g mol−1) (Fig. 5b) and have been confirmed by XRD
(Fig. 5d, bottom, PDF# 01-39-354). Repeated TG-DSC measure-
ments at lower temperatures up to 600 °C (Fig. 5a) showed
again a multistep decomposition with a total mass loss of 60%
corresponding to the mass of Sn2S3 (166.8 g mol−1), a mixed
Sn(II)–Sn(IV) sulfide crystal phase, as confirmed by XRD
measurements (Fig. 5c, middle, PDF# 01-30-1377). Further
reduction of decomposition temperatures to 500 °C provided
the target SnS2 phase. Fast thermal decomposition of 3 under
ambient conditions at around 500 °C led to an immediate
color change (Fig. 5c). The obtained nearly black residue was
analyzed by XRD measurement to confirm the formation of
crystalline SnS2 (PDF# 01-21-1231, Fig. 5d, top) with an esti-
mation of around 75% of amorphous phase formation.

It is remarkable that the synthesized molecular tin precur-
sors 1 and 3 decompose neatly under ambient conditions to
the corresponding pure sulfide materials (instead of giving oxi-
dized products). These outstanding properties and behavior of
1 and 3 originate from the extraordinary control of the coordi-

Fig. 3 Molecular structures of [Sn{(SC2H4)2NMe}2] 3 (a) and [Sn{(SC2H4)2NEt}2] 4 (b). Polyhedral structures showing two twisted trigonal planes
(A and B) above and underneath the tin center (c). Each plane was formed by a tridentate coordinated ligand (d). Selected cell parameters as well as
selected bond lengths and angles for 3, 4 and 1a are presented in the ESI (Tables S1 and S2†).

Fig. 4 TG–DSC measurements of [Sn{(SC2H4)2NMe}] 1 (a), XRD pattern of the TGA residue (b, top), thermal decomposition of 1 on a heating plate
(inset b, bottom), and XRD pattern of the remaining residue at the end of decomposition (b, bottom).
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nation sphere by using tridentate chelating dithiol ligands.
Furthermore, investigations of the isolated different crystal
phases (SnS2, Sn2S3, SnS) have been performed by the thermal
decomposition of 3. The results regarding their physical pro-
perties, special coordination polyhedra and thermal behavior
have been compared with the literature. Fig. 6 shows the three
stable tin sulfide crystal phases SnE, Sn2E3 and SnE2, their
elemental composition as well as their stacking of single tin
chalcogenide phases.

Tin has two stable oxidation states Sn(II) and Sn(IV), where
their transition is subtle. While SnE2 and SnE have one single
oxidation state for tin, Sn2E3 is a multivalent compound con-
taining tin in both stable oxidation states, Sn(II) and Sn(IV).
Resulting from the lone pair located at the tin(II) center, SnE
forms trigonal pyramids, whereas tin(IV) forms edge-linked
octahedra, forming 2D structures for both cases. The Sn2E3
phase containing equal amounts of Sn(II) and Sn(IV) forms
chains of alternating Sn(II)-tetrahedron and Sn(IV)-
octahedron.9,57 The formation of a specific tin sulfide/selenide
phase is temperature-dependent, as clearly demonstrated by
the thermal decomposition of the molecular compound 3.
Thermodynamically, the most stable phase is SnS, followed by
Sn2E3, whereas SnE2 represents the most delicate crystal

phase. The formation of the desired tin sulfide phases out of
molecular precursor 3 can be set by careful thermal treatment.

Microwave-assisted solvothermal decomposition of 1 for
5 min at 200 W in NMP (N-methyl-2-pyrrolidone) resulted in a
flake-like structured material (Fig. S1†), whereas similar
decomposition of 3 for 7 min afforded spherical tin sulfide
particles (Fig. 7b). The formed nanostructured materials were
washed several times with ethanol using the centrifugation
method and were further characterized using SEM, TEM
(Fig. 7) and XPS analyses (Fig. S2†).

2.2. Synthesis and characterization of Sn(II) and Sn(IV)
complexes with a N,N-dimethylselenourea ligand and their
conversion to nanometric tin selenides

As compared to nanometric metal-sulfides, the precursor
chemistry of metal selenide nanomaterials remain less devel-
oped, mainly because of the limited commercial availability of
selenide ligands.61 We have used previously dialkylselenides
R2Se as versatile ligands that afford metal selenide nano-
particles under mild conditions and in high yield.31 However,
the limited commercial availability and very high price of
these ligands, particularly of tBu2Se which is the most reactive
reagent in this series, are the major constraints. Very recently,

Fig. 5 TG–DSC measurements at different temperatures (a, b), decomposition under ambient conditions on a heating plate (c) of [Sn
{(SC2H4)2NMe}2] 3. XRD measurement of the formed tin sulfide phase (d). The fraction of the amorphous phase was estimated by correlating the
contributions from crystalline phases and an amorphous halo to the overall peak area after background subtraction to 75%.
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chalcogenoureas have been shown as economically viable
ligands for metal chalcogenide nanomaterials where their
reactivity could easily be tailored via substitution on the nitro-
gen atoms.40,62 As compared to the chalcogenoethers R2E,
which almost always behave as neutral chalcogen donor
ligands, the chemistry of the chalcogenourea ligand is more
versatile because of its ability to display following -one/-ate
resonance forms (Scheme 3). For selenourea, the selone tauto-
meric form (I) has been shown to be the more stable and
majority form. Unlike the extensively studied thiourea, the
research on selenourea remains underdeveloped. In particular,

the precursor chemistry of selenourea is scarce.40 Here, we
have explored N,N-dimethylselenourea Me2NC(Se)NH2 (dmsu),
which is a commercially available, relatively less expensive and
unsymmetrically substituted ligand to provide a desirable reac-
tivity as a reagent for the economical synthesis of 2D metal
chalcogenides. The reactions of SnCl2 with 1 equivalent of
N,N-dimethyl selenourea (dmsu) in dichloromethane at room
temperature produced a colorless precipitate of the compo-
sition [SnCl2(dmsu)] (5), as established by the elemental ana-
lysis of the powder washed twice with hexane (see the
Experimental section). In a similar fashion, the reaction of

Fig. 6 Temperature dependent phase stability and coordination polyhedra of tin chalcogenides.

Fig. 7 SEM image of tin sulfide particles obtained by the microwave-assisted decomposition of [Sn{(SC2H4)2NMe}2] 3 (inset: scheme of particles
with capping ligands) (a), TEM images of 3 and the associated FFT (shown as inset) (b) constant with orthorhombic Sn2S3 (PDF # 01-072-). XPS
measurements of the microwave assisted decomposition of 3 (Fig. S2†) showed the partial reduction of the Sn(IV) center, resulting in a mixed
product formation of SnS2 and Sn2S3. This was reinforced by measuring the interlayer distance calculated from FFT measurement of TEM analysis
amounted to 2.7 Å for (302), 3.4 Å for (111) and 1.8 Å for (121) (b), which is in good agreement with the literature reported d–d spacing of Sn2S3.

58–60

In conclusion, the chosen decomposition parameters showed the partial reduction of the Sn(IV) center to Sn(II), resulting in mixed tin sulfide phases.
Additionally, XPS analysis indicates that the remaining ligand fragments on the surface of the formed particles act as capping ligands to prevent the
particle agglomeration (a inset; Fig. S3†).
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SnCl4 with 2 equivalents of dmsu in toluene at room tempera-
ture proceeded with a change in the solution’s color from
colorless to yellow and after one hour of stirring, a yellow pre-
cipitate was isolated, which was washed twice with hexane and
characterized as [SnCl4(dmsu)2] (6) by elemental analysis. The
FT-IR spectra of 5 and 6 (Fig. S4†) compare well with the litera-
ture data on selenourea complexes,63 which confirm the
coordination of the dmsu ligand to the tin center through the
selenium atom. Unfortunately, the poor solubility of these
complexes in common organic solvents hampered our efforts
to grow single crystals for X-ray structure determination as well
as prevented in-depth spectroscopy characterization in the
solution phase.

The suitability of 5 and 6 as precursors to tin selenide
materials was determined by thermogravimetric studies per-
formed under an argon atmosphere. Their TG-DTG curves
show a multi- or bi-step decomposition behavior lasting up to
350 °C and forming SnSe or SnSe2 as the major end products.
The Sn(II) precursor 5 decomposes in several steps, as evident
from the four endothermic peaks at 120, 170, 232 and 321 °C
in its DTG curve (Fig. 8a). A residual mass of ∼43% at 350 °C
is much lower than the expected weight of SnSe as the end
product (calculated value ∼58%), indicating that a part of the
material is volatalized during the TGA experiment. On the
other hand, the Sn(IV) precursor 6 exhibits two distinct steps

during decomposition (Fig. 8b), as indicated by the two
endothermic peaks at 211 and 339 °C in its DTG curve. The
remaining weight of the residue (∼52%) at 400 °C indicates
the formation of SnSe2 as the end product (calculated value
51%). Following these TGA studies, a decomposition tempera-
ture of 350 °C and oleylamine (b.p. 364 °C) and/or oleic acid
(b.p. 360 °C) as solvents were chosen for the decomposition of
5 and 6 via the hot-injection method to obtain tin selenide
nanoparticles. Besides their high boiling points, the selection
of oleylamine and oleic acid as solvents were based on the fact
that the affinity of the –NH2/–COOH groups towards the metal
center would not only help them to act as coordinating ligands
but also the long chain would prevent the growth and agglom-
eration of the nanostructures due to steric hindrance.64,65

The powder XRD pattern of the black precipitate, obtained
after the decomposition of tin(II) complex 5 in a 1 : 1 mixture
of oleic acid (OA) and oleylamine (OLA) and followed by the
usual work-up, shows all the peaks indexing well with the file
PDF# 01-081-9463 of the SnSe phase (Fig. 9a). No other phase
was observed. Achieving phase-pure SnSe selectively is signifi-
cantly important here because previously using similar
reagents i.e. SnCl2·H2O and the dmsu ligand in the spray pyrol-
ysis technique, formation of mixed SnSe/SnSe2 was observed.

66

In fact, tin selenide materials are quite sensitive to the reaction
conditions and phase problems have often been observed. For

Scheme 3 Two resonance forms, -one (I) and -ate (II) of substituted chalcogenoureas (E = S, Se, Te) (above), and synthesis of complexes of N,N-di-
methylselenourea with Sn(II) and Sn(IV) 5 and 6 (below).

Fig. 8 TG–DTG curves of [SnCl2(dmsu)] 5 (a) and [SnCl4(dmsu)2] 6 (b).
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example, SnSe2 materials have been exclusively obtained even
when using Sn(II) precursors.67

On the other hand, the decomposition of the Sn(IV)
complex 6 under similar conditions (i.e., in oleic acid and oley-
lamine at 350 °C) led to the formation of a black precipitate,
the powder XRD pattern of which indicated the presence of a
mixture of two phases i.e., SnSe (PDF# 01-081-9463) and SnSe2
(PDF# 04-003-3342) (Fig. 9b). The Rietveld refinement of this
XRD pattern indicated the presence of 85% and 15% for the
SnSe and SnSe2 phases, respectively. As observed for pure SnSe
NPs obtained from 5, the EDX results of the mixed-phase SnSe
+ SnSe2 NPs also show the presence of Sn, Se, C and N
elements, therefore indicating the presence of oleylamine as a
capping ligand around tin selenide particles. This observation
is further confirmed by FT-IR spectra and TGA studies (Fig. 10
and S5†). The formation of a mix of Sn(II) and Sn(IV) selenides
can be attributed to the reducing ability of the oleylamine.68

When 6 was decomposed in oleic acid only, it still produced a
mixture of SnSe (PDF# 01-081-9463) and SnSe2 (PDF# 04-003-

3342) phases, although the ratio of the SnSe2 phase increased
to 61% (Fig. 9c). These results show that even though getting
phase selective tin selenide is a delicate act, a thoughtful selec-
tion of an appropriate precursor and careful control of the
reaction conditions can help in achieving target materials in a
reproducible manner. The presence of significant but varying
amounts of the capping ligands (oleylamine or oleic acid)
around these NPs is confirmed by their TGA–DTG curves,
which show a weight loss of 12–35% in the temperature range
370–570 °C (Fig. 10). The higher weight loss in the cases of
mixed-phase NPs can partially be attributed to the loss of Se in
SnSe2 to convert into the SnSe phase. This is confirmed by the
powder XRD studies on the residue left at the end of TGA of
the SnSe (39%) + SnSe2 (61%) sample, which shows the pres-
ence of 81% SnSe and 19% SnSe2 (Fig. S5†).

The presence of capping ligands around NPs prevents their
agglomeration, as manifested by the TEM images (Fig. 11a).
These images displayed the presence of smooth edged hexag-
onal and rectangular (or irregular) nanoflakes for the sample

Fig. 9 Rietveld-refined powder XRD patterns of the tin selenide NPs obtained under different conditions. Pure SnSe NPs obtained from the
decomposition of 5 in a 1 : 1 mixture of oleic acid and oleyl amine (a), and mixed SnSe and SnSe2 NPs obtained from the decomposition of 6 in a
1 : 1 mixture of oleic acid and oleyl amine (b), or in oleic acid alone (c).

Fig. 10 TGA (a) and DTG (b) curves of the pure SnSe and mixed SnSe and SnSe2 NPs.
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obtained from the decomposition of 6 in an OA : OLA (1 : 1 v/v)
solvent mixture. The thickness of nanoflakes obtained was
about 18 nm (Fig. 11b). The high resolution TEM images show

clear lattice fringes, thereby confirming the well-crystalline
nature of these nanoflakes (Fig. 11c and d). The FFT analysis
of some selected particles revealed them to be the ortho-

Fig. 11 TEM images (a, b) of nanoflakes obtained by the decomposition of 6 in an OA : OLA (1 : 1 v/v) solvent mixture. The high resolution TEM
images (c–e) and associated FFT (shown as inset) are consistent with orthorhombic SnSe (PDF# 04-89-0253). HR-TEM image (f ) of a representative
particle, obtained from the decomposition of 6 in OA, corresponds to the (100) crystal plane of SnSe2 (PDF# 04-89-2939).

Fig. 12 XPS spectra of single phase (100% SnSe) (a and b) and mixed-phase (39% SnSe + 61% SnSe2) (c and d) tin selenide NPs showing binding
energies of Sn 3d and Se 3d.
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rhombic SnSe, which is consistent with the XRD results,
showing that this phase is in the vast majority (85%). For
instance, the interplanar distances of 2.210, 3.082, 3.097 and
4.225 Å for the particles shown in Fig. 11e, and the associated
FFT analysis (inset), were consistent with the (002), (1−11) and
(1−10) crystal planes of the orthogonal SnSe (PDF# 04-89-0253)
(Fig. 11e). The morphology of the nanoflakes obtained from
the decomposition of 6 in OA alone was quite similar to those
obtained in the OA : OLA solvent mixture. However, in agree-
ment with the XRD results, the majority of the particles was of
the SnSe2 phase. The HR-TEM image of a representative par-
ticle shows an interplanar distance of 3.293 Å (Fig. 11f), which
is consistent with the (100) crystal plane of SnSe2 (PDF# 04-89-
2939; d(100) theor. value = 3.300 Å).

Two representative samples, i.e. single phase (100% SnSe) and
mixed-phase (39% SnSe + 61% SnSe2) tin selenide NPs, were
further studied by XPS spectroscopy. The survey spectra reveal
that in addition to tin and selenium, these NPs also contain a
high carbon content due to the presence of capping ligands. In
the core level XPS spectra of these two samples (Fig. 12), the 3d5/2
and 3d3/2 peaks for Sn appear at binding energies of 486.8 ± 0.1
and 495.2 ± 0.1 eV, respectively, whereas the corresponding peaks
for Se appear at 53.3–54.2 and 54.3–55.1 eV. While the chemical
state differentiation between Sn(II) and Sn(IV) is difficult due to
overlapping Sn 3d values for these two oxidation states,69 the Se
3d binding energies unequivocally correspond to Se2−.31 No
obvious peaks for elemental tin or selenium were observed indi-
cating good purity of the as-synthesized NPs.

3. Conclusion

Phase selective synthesis of tin chalcogenides, which exhibit a
variety of phases (SnE, Sn2E3, and SnE2; E = S, Se) is a delicate
task. We exploit here the versatile coordination behavior and
facile chalcogenide atom transfer ability of the ligands N-alkyl
diethanethiolamine and N,N-dimethyl selenourea to obtain
new Sn(II) and Sn(IV) molecular precursors containing direct
Sn–E bonds (E = S or Se). These undergo facile decomposition
under different conditions (solid/solution phase, thermal/
microwave heating, single/mixed solvents, varying tempera-
ture, etc.) to afford phase-pure or mixed-phase tin chalcogen-
ide nanostructures with defined ratios. These results show that
a thoughtful selection of appropriate precursors and careful
control of the reaction conditions can help in achieving target
materials in a reproducible manner.

Having established molecular routes to tin sulfide and sele-
nide nanoparticles, we are currently working to combine these
routes to obtain mixed-anion compounds SnSxSey (where x + y
= 1) and SnSSe, which are expected to have novel and exciting
properties due to the introduced asymmetry in their struc-
tures. Indeed, Guo et al. predicted very recently by means of
first-principles calculations high carrier mobility and large
absorption coefficients in the visible light region in Janus-like
SnSSe materials, which show greater potential for electronic
and thermoelectric applications.70

4. Experimental section

All the experiments were performed under an argon or nitro-
gen atmosphere using standard Schlenk, Stock-type and glove-
box techniques. Tin(II) and tin(IV) chloride and 1,1-dimethyl-2-
selenourea were procured from Aldrich and used without
further purification. Toluene, n-heptane, dichloromethane and
tetrahydrofuran (THF) used for the synthesis of metal com-
plexes were dried using MB SPS-800 or standard methods with
appropriate desiccating reagents and distilled prior to their
use.71

Powder X-ray diffraction (XRD) patterns were measured
using a Bruker D8 Advance A25 system with Cu Kα1 + 2 (λ =
0.154184 nm) radiation at 50 kV and 35 mA or a STOE-STADI
MP diffractometer operating in reflection mode using Mo Kα
(λ = 0.71073 Å) radiation. Measured peak patterns were com-
pared to reference powder diffraction files (PDFs). The infrared
spectra were recorded either as Nujol mulls on a Bruker Vector
22 FT-IR spectrometer or as dry powders/oils on a PerkinElmer
FT-IR spectrometer at room temperature and registered from
4000 to 400 cm−1. NMR spectra were recorded on a Bruker
Avance II 300 or Bruker AC-300 spectrometer; chemical shifts
are quoted in parts per million relative to external TMS (1H,
13C and 119Sn) recorded in CDCl3 and C6D6. TEM experiments
were performed using a JEM-2100F system with 200 kV field
emission (FE), a JEOL 2010 LaB6 system and a JEOL
JEM-2200FS with 200 kV FE. The tin, sulfur, and selenium con-
tents were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES). Thermogravimetric analyses
(TGA) were performed with a TGA/differential scanning calori-
metry 1 STARe system from Mettler Toledo under a nitrogen
atmosphere (25 mL min−1) at a rate of 5–10 °C min−1 from 30
to 800 °C. Therefore, around 8 mg of the sample was sealed in
a 100 μL aluminum crucible in a glovebox or under ambient
conditions. Mass spectra were recorded on a Thermo Quest
Finnigan MAT 95 (EI, Electron ionization) and conducted with
an electron energy of 20 eV or 70 eV at 10−6 mbar. CHN(S)
combustion analysis (elemental analysis) were determined
with a device by the company HEKAtech of the type CHNS
EuroEA 3000 Analyzer or Vario Micro Cube from the company
Elementar. An electron spectrometer (Kratos Axis Ultra DLD)
with an Al Kα (1486.6 eV) radiation source was used to perform
the X-ray photoelectron spectroscopy (XPS) analysis of the
samples. Corrections on the constant charging of the XPS
spectra were made by C 1s of adventitious carbon (binding
energy of 284.6 eV). Data collection for single-crystal X-ray
structure elucidation was performed on a STOE IPDS 2T/D8
diffractometer using graphite-monochromated Mo Kα radi-
ation (0.71073 Å). The data were corrected for Lorentz and
polarization effects. A numerical absorption correction based
on crystal-shape optimization was applied for all data. The pro-
grams used in this work are STOE’s X-Area, including X-RED72

and X-Shape73 for data reduction and absorption correction,
SIR-92 and SHELXL-2014 for structure solution,74,75 and
SHELXL74 for structure refinement. CCDC 2104958–2104960†
contain the supplementary crystallographic data for this
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article. Microwave assisted thermal decomposition experi-
ments have been performed with a Discover microwave system
from CEM using a fixed power program. The size and mor-
phology of the deposited nanostructures were analyzed using a
Nova Nano SEM 430 system, a field-emission scanning elec-
tron microscope (SEM).

Complexes 1–6 were synthesized under a nitrogen/argon atmo-
sphere using Schlenk line techniques. Working under
reduced pressure means always 1 × 10−3 mbar. The
ligands N-methyldiethanthiolamine (mdetaH2)

38 and
N-ethyldiethanthiolamine (edetaH2)

76 have been synthesized
according to the optimized synthesis routes described elsewhere.

4.1. Synthesis of [Sn{(SC2H4)2NMe}] (1)

To a solution of [Sn(N(SiMe3)2)2] (0.34 g, 0.64 mmol) in 10 mL
of toluene 0.10 g of (0.64 mmol) N-methyldiethanthiolamine
were added. Upon addition of the ligand to the orange solu-
tion a color change was observed immediately, and a slightly
yellow precipitate was formed. The reaction mixture was stirred
for 30 min at room temperature. Afterwards, the solvent was
removed under reduced pressure and the slightly yellow solid
was washed several times with n-heptane. After drying under
reduced pressure, the product was isolated as a pale yellow
solid in a yield of 94% (0.16 g, 0.60 mmol). Calc. for 1 (M. wt
269.0): C, 22.4, H, 4.1, N, 5.2. Found: C, 23.3, H, 4.4, N, 5.2.

1H-NMR (DMSOd-6, 300 MHz, RT, ppm): 2.48 (s, 3H,
–NCH3), 2.60–2.82 (m, 4H, –SCH2CH2N–), 2.83–2.95 (m, 4H,
–SCH2CH2N–).

13C-NMR (DMSO d-6, 75 MHz, RT, ppm): 62.3
(–NCH2CH2S–), 42.7 (–NCH3), 26.8 (–SCH2–CH2N–).

119Sn-NMR (DMSO d-6, 111.9 MHz, RT, ppm): 123.8.
EI-MS (70 eV, 170 °C): m/z (%, fragment) = 269 (78,

[SnS2C5H11N]
+), 267 (58, [SnS2C5H11N]

+), 209 (12, [SnSC3H7N]
+),

117 (52, [SC5H11N]
+), 116 (24, [SC5H10N]

+), 91 (40, [SC3H9N]
+),

71 (64, [C4H9N]
+), 58 (13, [C3H8N]

+), 43 (44, [C2H5N]
+).

4.2. Synthesis of [Sn{(SC2H4)2NEt}] (2)

0.56 g (1.27 mmol) of [Sn(N(SiMe3)2)2] was dissolved in 25 mL
of dry toluene and 0.24 g (1.46 mmol) of
N-ethyldiethanthiolamine was added slowly to it under con-
stant stirring. The orange solution turned directly pale yellow
by adding the ligand and a colourless solid was formed. The
reaction mixture was stirred for 30 min and the solvent was
removed under reduced pressure. The colorless precipitate was
washed several times with n-heptane and the product was iso-
lated as a slightly yellow solid in a yield of 80% (0.29 g,
1.02 mmol). Calc. for 4 (M. wt 283.0): C, 25.6, H, 4.7, N, 5.0, S,
22.7. Found: C, 26.4, H, 5.0, N, 4.7, S, 23.9. FT-IR (cm−1):
2911w, 2835s.

1H-NMR (CDCl3, 300 MHz, RT, ppm): (300 MHz, DMSO-d6):
δ [ppm] = 2.91 (m, 2H, –N–CH2CH3), 2.82 (m, 4H, –S–CH2–CH2–

NR2), 2.68 (m, 4H, –S–CH2–CH2–NR2), 1.00 (t, 3H, N–CH2CH3).
13C-NMR (CDCl3, 75 MHz, RT, ppm): (75 MHz, DMSO-d6): δ

[ppm] = 51.2 (–S–CH2–CH2–NR2), 47.1 (–N–CH2CH3), 25.3 (–S–
CH2–CH2–NR2), 8.3 (N–CH2CH3).

EI-MS: (70 eV, 184 °C): m/z (%, fragment) = 283 (31,
[SnS2C6H13N]

+), 281 (25, [SnS2C6H13N]
+), 223 (8, [SnSC4H9N]

+),
163 (69, [SnC2H5N]

+), 130 (65, SC6H12N]
+), 116 (54, [SC5H9N]

+),
102 (100, [SC4H8N]

+), 84 (21, [C5H10N]
+), 71 (41, [C4H9N]

+), 56
(35, [C3H6N]

+), 42 (37, [C2H8]
+), 28 (26, [C2H4]

+), 18 (77, [H2O]
+).

4.3. Synthesis of [Sn{(SC2H4)2NMe}2] (3)

To a solution of [Sn(OtBu)4] (0.13 g, 0.30 mmol) in 10 mL of
toluene 0.09 g (0.6 mmol) of N-methyldiethanthiolamine were
added, while a colorless precipitate was immediately formed.
The reaction mixture was stirred for 30 min at room tempera-
ture before the solvent was removed under reduced pressure.
The colorless crystalline product was washed several times
with n-heptane and dried under reduced pressure. The crystal-
line product was isolated in a yield of 87% (0.11 g,
0.26 mmol). Calc. for 3 (M. wt 418.0): C, 28.8, H, 5.3, N, 6.7.
Found: C, 29.2, H, 5.2, N, 6.2. FT-IR (cm−1): 2967w, 2836w.

1H-NMR (CDCl3, 300 MHz, RT, ppm): 2.43 (s, 6H, –NCH3),
2.71 (m, 4H, –NCH2CH2S–), 2.87 (m, 4H, –NCH2CH2S–).

13C-NMR (CDCl3, 75 MHz, RT, ppm): 25.4 (–SCH2CH2N–),
43.9 (–NCH3), 57.6 (–SCH2CH2N).

119Sn-NMR (CDCl3, 111.9 MHz, RT, ppm): −182.5.

4.4. Synthesis of [Sn{(SC2H4)2NEt}2] (4)

0.51 g (1.2 mmol) of tin tert-butoxide and 10 ml of toluene were
filled in a round flask. 0.40 g (2.4 mmol) of N-ethyl-dietha-
nolthioamine were added under stirring and the solution
turned directly colourless. The mixture was stirred for 15 min.
The solvent was removed under reduced pressure and the col-
ourless product was isolated with a yield of 87% (0.45 g,
1.0 mmol calc. for 2 (M. wt 446.0): C, 32.4, H, 5.9, N, 6.3.
Found: C, 32.5, H, 5.8, N, 6.0. FT-IR (cm−1): 2979–2886s, 2846w.

1H-NMR (CDCl3, 300 MHz, RT, ppm): 3.10–2.86 (m, 12H,
CH3–CH2–N–(CH2–CH2–S–)2), 2.75–2.72 (m, 8H, –N–(CH2–

CH2–S–)2), 1.06 (t, 6H, CH3–CH2–N–).
13C-NMR (CDCl3, 75 MHz, RT, ppm): 53.69 (–N–CH2–CH2–

S–), 48.74 (CH3–CH2–N–), 26.26 (–N–CH2–CH2–S–), 8.42 (CH3–

CH2–N–).

4.5. Synthesis of [SnCl2(dmsu)] (5)

The addition of dmsu (0.14 g, 0.96 mmol) to SnCl2·H2O
(0.22 g, 0.96 mmol) solution in CH2Cl2 led to the formation of
an off-white colored precipitate. The solution was stirred for
two hours under an Ar atmosphere at room temperature to
ensure the completion of the reaction. The off-white powder
obtained was washed twice with hexane. Yield, 0.2 g (80%).
Calc. for 5 (M. wt 339.7): C, 10.59, H, 2.35, N, 8.24, Sn, 35.03;
Se, 23.25. Found: C, 10.53, H, 2.39, N, 8.20, Sn, 34.35%; Se,
23.11%. FT-IR (Nujol, cm−1): 3428 m, 3380w, 3168w, 2925s,
2723w, 1714s, 1640 m, 1456 m, 1376 m, 1157w, 1040w, 722 m.

1H-NMR (CDCl3, 300 MHz, RT, ppm): 3.37 (s, 6H, Me), 6.20
(s, 2H, NCH2).

4.6. Synthesis of [SnCl4(dmsu)2] (6)

The addition of dmsu (0.36 g, 2.35 mmol) to SnCl4 (0.30 g,
1.17 mmol) solution in toluene led to an instant precipitation
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and change in the color, first to green and then to milky
yellow. The solution was stirred for two hours under an Ar
atmosphere at room temperature and the yellow powder was
separated by filtration. Yield, 0.56 g (85%). Calc. for 6 (M. wt
560.7): C, 12.84, H, 2.85, N, 9.99, Sn, 21.22%; Se, 31.74%.
Found: C, 10.79, H, 2.80, N, 9.87, Sn, 21.10%; Se, 31.07%.
FT-IR (Nujol, cm−1): 2927s, 1715 m, 1623 m, 1464s, 1384s,
1162w, 1045w, 719w.

1H-NMR (CDCl3, 300 MHz, RT, ppm): 3.39 (s, 12H, Me),
6.23 (s, 4H, NCH2).

4.7. Decomposition of 5

Solution (A) consisting of 2 mL each of oleic acid and oleyla-
mine was taken in a 3-neck flask connected to a condenser,
stirred and heated to 350 °C. Separately, another solution (B)
was prepared by dissolving 5 (0.15 g, 1.29 mmol) in 2 mL of
each oleic acid and oleylamine, and injected at once into the
preheated solution (A). The resulting reaction mixture was
refluxed for one hour and the black precipitate obtained was
washed 3 times with ethanol and pentane, and dried at room
temperature. Yield, 0.12 g. FT-IR (Nujol, cm−1): 2920 m,
2847w, 2361 m, 2337w, 928w.

4.8. Decomposition of 6

Using the above method, decomposition of 6 (0.20 g,
0.35 mmol) in a 1 : 1 solution of oleic acid and oleyl amine at
350 °C gave a black precipitate (0.04 g) which was washed 3
times with ethanol and pentane, and then dried at room temp-
erature. FT-IR (Nujol, cm−1): 3308 m, 2920s, 2847s, 1641s,
1556 m, 1470 m, 959 m, 719w.
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