COMMUNICATION

www.rsc.org/chemcomm | ChemComm

[Zn(H,0)4]|Zn,Sn3Seqo(MeNH5)]: a robust open framework chalcogenide
with a large nonlinear optical responsef
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|Zn(H,0)4]1Zn,Sn3Seq(MeNH,)] has an open polar framework
based on supertetrahedral clusters with a unique double con-
nectivity mode and exhibits a strong second harmonic generation
response, excellent acid stability and proton exchange capacity.

Open framework chalcogenides are becoming increasingly
appealing for a broadening set of applications.'™® Their
potential semiconducting properties and the presence of hea-
vier chalcogen atoms impart to them physical and chemical
attributes that are lacking in most other open frameworks
(such as zeolites'® and metal-organic frameworks'').
These include optical-photonic phenomena,**¢ fast ionic
conductivity,*
solar hydrogen generation** and heavy metal remediation.

For the chalcogenide family, considerable work has been
reported on group 13 and/or 14 based systems such as
indium?¥-3“% and tin® sulfides/selenides. On the other hand,
combining different metal ions can diversify the chemistry and
is attractive as a strategy for obtaining acentric arrangements
due to the simultaneous presence of two kinds of metal center
with different sizes, coordination preferences and packing
characteristics.'? Indeed, a number of hetero-bimetallic open
framework chalcogenides with non-centrosymmetric struc-
tures have been reported.?> <447

We describe here a novel 3D open framework chalcogenide
[Zn(H,0)4][Zn,Sn;Seq(MeNH,)] (1) employing hydrothermal
synthesis techniques in highly concentrated amine.f Com-
pound (1) is templated by a metal hydrate and exhibits
exceptional stability under extremely acidic conditions, a
property which allowed the isolation of the solid acid analogue
of this material. The unique polar structure creates a strong
nonlinear optical response and second harmonic generation
(SHG). Although the number of non-centrosymmetric open
framework chalcogenides has been increasing, very few reports
exist on nonlinear optical (NLO) studies of such materials.
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Herein, we give one of the first reports on the NLO properties
of such compounds.

Compound 1 crystallizes in the triclinic space group P1.§
The critical building unit of 1 is the [ZnSn3Se;o]°” cluster (1a),
which features a T2'? supertetrahedron (Fig. 1). To the best of
our knowledge, no T2 chalcogenide cluster with tin and zinc
centres has been reported prior to this work. By sharing Se
atom corners, the 1a clusters are connected to each other along
the a-axis forming chains [Fig. 1(a)]. To form the 3D frame-
work, the chains are interconnected, along the directions of the
b and c-axes, through zinc (Zn,) metal linkers [Fig. 1(b)].
Unlike most other open framework chalcogenides constructed
by linking four clusters through a metal centre, each Zn, atom
in 1 is connected with three clusters, with the fourth coordina-
tion site of Zn, occupied by a terminal methylamine ligand.'*
The double connectivity mode of T2 clusters of 1 (by sharing
corners and through a metal linker) is a new binding mode
among open framework chalcogenides.

The existence of a neutral ligand such as methylamine on a
Zn>" center which is part of the 3D framework is a rare and
interesting finding. It suggests that, under appropriate circum-
stances, MeNH, could be a facile leaving group to generate
coordination unsaturation on the Zn>" center making it a
stronger Lewis acid useful in catalysis.

Another noticeable structural feature of 1 is the presence of
[Zn(H>0)4*" aqua complexes in the pores of the framework
[Fig. 1(b)] acting as counter cations and a structure-directing
agent.'® The Zn atom of this cation adopts a slightly distorted
tetrahedral geometry. The O—Zn—-O bond angles [107.1(5)—
111.8(5)°] and the Zn—OH, distances [2.019(12)-2.059(10) A]
are in good agreement with those reported in the literature for
[Zn(H,0)4*" complexes.'®

At this point, it is worth comparing the structure of 1 with
that of the recently reported chalcogenide [Zn(CgN4Hig)-
(H,0)][Ge3S¢Zn(H,0)S5Zn(H,0)] (2) which also contains a
Zn metal centre linking three T2 clusters and a metal complex
as a structure-directing agent.* There are distinctive differ-
ences between the structures of 1 and 2: (a) compound 1 is 3D,
while compound 2 is layered and (b) the T2 clusters of 1 are
connected with two different modes (see above), whereas in 2
(due to termination of Zn centres of the T2 clusters with H,O
ligands) only connection through the metal linker was
observed.

The accessible volume of 1, not taking into account the
Zn(H,0),>" cations, and its pore diameter (excluding van der
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Fig. 1 (a) The framework of compound 1 viewed along the a-axis.
The [Zn(H,0)4*" extra-framework cations are omitted for clarity.
The [ZnSn;Se;]°~ T2 cluster units are represented using a polyhedral
model (SnSey: red polyhedra; ZnSe4: cyan polyhedra). The Zn (Zn,)
atoms linking the T2 units are shown as cyan balls. Se and methyla-
mine nitrogen atoms are represented with yellow and green balls,
respectively. Sn—Se and Zn-Se bond distances lic in the range
2.4736(13)-2.5539(14) A and 2.4307(18)-2.5274(16) A, respectively;
(b) the framework of 1 viewed along the b-axis. The [Zn(H,O)4*"
cations located in the pores of the structure are represented with balls
(Zn: cyan; O, grey) and sticks.

Waals radii) calculated by PLATON are 29% and 4.7 A,
respectively.'®

The accessibility of the pores of 1 was probed using H* ion
exchange. The material displays amazing stability in extremely
acidic environments (pH ~ 0). As confirmed by powder XRD
data (Fig. 2), the structure of 1 remained intact even after
treating it with 6 M HCI. Inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) and energy dispersive spec-
troscopy (EDS) analysis on various proton-treated samples
revealed a reduction of the Zn content of the material from 3
to ~2 per formula unit. This is consistent with the exchange of
the extra-framework Zn>" by H*. In addition, TGA measure-
ments (see ESIt) revealed a substantial reduction of the water
content of 1 after the proton-exchange process, which
indicates the replacement of the [Zn(H»O)4*" complex by
protons.

The proton-containing material (presumably H,[Zn,Sn3Sey-
(MeNH,)]) displays a significantly narrower energy band gap
(1.76 eV) compared to the pristine material (2.08 ¢V), Fig. 3.
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Fig. 2 X-Ray diffraction patterns of compound 1 and its proton-
exchanged analogue as well as a simulated pattern based on the single
crystal data XRD pattern of 1.

As no significant contraction of the framework occurred after
proton exchange (Fig. 2), the red shift in the band gap of the
protonated material can be explained on the basis of bonding
interactions of the protons with the Se atoms of the frame-
work. These interactions are stronger than the purely electro-
static ones between Zn(H,0),>" and the framework.? Good
acid stability seems to be a general property of many open
framework selenides®*%!” and may be useful for constructing
a new family of proton conductors and Lewis acid catalysts.

The polar structure of 1, along with its optically transparent
nature and the high polarizability of its framework, make it
attractive for NLO studies. SHG measurements were per-
formed on polycrystalline samples of compound 1 with the
modified Kurtz method'® (see ESI for details of the NLO
measurementst). Using laser beams with 1200-2000 nm
wavelengths, the material displayed a high SHG efficiency of
~0.6 x AgGaSe, which is a commercial NLO material used
for infrared applications.'” In addition, phase-matching ex-
periments involving SHG intensity determination vs. particle
size revealed that the material is type I phase-matchable
(Fig. 4). Phase matching is a necessary property for NLO
applications.
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Fig. 3 Solid state NIR/UV-Vis absorption spectra for compound 1
and its proton-exchanged analogue.
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Fig. 4 SHG efficiency to particle size diagram of compound 1
showing type-I phase-matching. The line is only a guide for the eye.

In conclusion, the remarkable acid stability of the polar
open framework chalcogenide [Zn(H,0)4][Zn,Sn3Seo-
(MeNH,)] allows the isolation of the protonated analogue
by an ion-exchange process. The framework features unpre-
cedented tin—zinc T2 chalcogenide clusters exhibiting an unu-
sual connectivity mode. The phase-matchable NLO properties
associated with a large second harmonic generation response
are comparable with those of commercial NLO chalcogenide
materials.*”
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Notes and references

I Synthesis of [Zn(H,0)4][Zn,Sn3Seo(MeNH,)] (1): elemental Sn (2
mmol, 0.239 g), Zn (2 mmol, 0.132 g), Se (6 mmol, 0.477 g) and
methylamine (8 mL, 40% in water) were mixed in a 23 mL Teflon-lined
stainless steel autoclave. The autoclave was sealed and placed in a
temperature-controlled oven operated at 190 °C. The autoclave re-
mained undisturbed at this temperature for 9 d. Then, the autoclave
was allowed to cool at room temperature. An orange-red crystalline
product was isolated by filtration (0.57 g, yield &~ 63 % based on Sn),
washed several times with water, acetone and ether (in this order) and
dried under vacuum. EDS analysis on various needle-shaped crystals
gave the average formula “SnjgZn;3;Sey,”. C, H, N analysis, found
(%): C, 0.66; H, 0.56; N, 1.20. Calculated (%) for CHoO4NZn3Sn;Seo:
C, 0.88; H, 0.88; N, 1.03.

§ Single crystal X-ray diffraction intensity data were collected at 298 K
on a Bruker SMART platform CCD diffractometer with Mo-Ka (4 =
0.71073 A) radiation. An empirical absorption correction was applied
to the data using SADABS. The structure was solved with direct
methods using SHELX-97. Crystals of [Zn(H>0)4][Zn,Sn3Seq-
(MeNH)] belong to the space group Pl (no. 1) with a = 7.8632(12)
A, b = 8.6162(13) A, ¢ = 10.2185(15) A, ¥ = 582.04(15) A®, o =
105.74(0)°, p = 110.63(0)°, y = 103.17(0)°. Other crystal data: Z =1,
FW = 1365.95, D, = 3.897 g cm >, u = 20.28 mm ™ '; total reflections
5970, independent reflections 4650, parameters 183, Flack parameter
= 0.044(11), (Rin = 0.0368); R1 = 0.0372, wR2 = 0.0812, GOF =
0.939. CCDC 657916. For crystallographic data in CIF format see
DOI: 10.1039/b712732d
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