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atoms into the sulfide network and facile ion-exchange

ABSTRACT: The new ion-exchange oxy-sulfide material properties with strong selectivity for heavy metal ions. This
has a three-dimensional open framework comprising the high performance is due to the strong bonding affinity of the
pseudo-T4 supertetrahedral [In,Sn;s010S3,]"*" cluster. sulfur atoms in the framework for heavy metal ions.

This material has large pores and is a fast ion exchanger. The reaction'® of SnCl,-2H,0, In(NO;);, S, 1,3-di(4-
It exhibits high selectivity in sequestering heavy metal ions pyridyl)propane (dpp), and ethanolamine (eta) in water at
from aqueous solutions including solutions containing 160 °C generated pale-yellow octahedral crystals of 1, and the
heavy concentrations of sodium, calcium, ammonium, empirical formula was established with elemental analysis
magnesium, zinc, carbonate, phosphate, and acetate ions. (CHN, flame atom adsorption spectroscopy, and energy

Moreover, the ion-exchange efficiency in competitive ion- dispersive spectroscopy (EDS)), thermal gravimetric analysis,

exchange experiments involving mixtures of metal ions is infrared (IR) spectroscopy (see SI experimental section, Tables
significantly higher than for solutions of single metal ions. S1, S2, and Figures S, S2).

The crystal structure was solved and refined with single
crystal X-ray diffraction (XRD) analysis'* which revealed a

he effective remediation of heavy metal ions (Cd**, Hg*, novel oxysulfide pseudo-T4 [In,Sn;s0,,S:,]'>" cluster and

and Pb*") is a great challenge as they present a major established the open-framework nature of 1. The new material
hazard as potent environmental pollutants to living beings in crystallizes in the tetragonal space group I4,/acd, and the
drinking and wastewater." In this regard, a wide variety of stable asymmetric unit contains five crystallographically independent
inorganic oxide materials such as, zeolites, clays and function- M atoms, three O atoms, and nine S atoms as shown in Figure
alized clays, activated carbon, organoceramics, mesoporous S3. There are three types of metal sites in the
silica as well as recently developed metal—organic frameworks [In,Sn;40,0S54]"2” cluster. The In(1) site shows a distorted
have been tested for removal of these ions from wastewater.” octahedral InO;S; geometry being coordinated by three sulfur
Since original recognition,” crystalline chalcogenide open atoms and three oxygen atoms. The Sn(1), Sn(2)m and Sn(3)
frameworks, which often show distinct supertetrahedral clusters sites also show distorted octahedral geometries but are
based structural features,*”” have attracted great attention coordinated by four sulfur atoms and two oxygen atoms.
because these materials are capable of integrating porosity, These have two short Sn—S bonds, two long Sn—S bonds, one
semiconductor related properties, and photocatalysis.8 Over the short Sn—O bond, and one long Sn—O bond. The bond
past decade, crystalline chalcogenide families have emerged as lengths and valence bond sum analyses suggest that the three
highly promising candidates for removal of heavy ions from metal sites are Sn(IV) sites."” The basic building unit in 1 is the
wastewater. The selectivity of the chalcogenide family arises pseudo-T4 [In,Sn;s0,0S34]"*” cluster (Figure la), which is
from affinity of their soft basic frameworks for soft Lewis acids composed of 4 corner and edge-shared SnS, tetrahedra, 12
(e_g,) Cd2+, Hg2+, and Pb2+),9 The Chalcogenides SnS402 octahedra, and 4 InS303 octahedra.
(NH,),In,Se,o, Kp,M,Sn; .S (KMS-1 and KMS-2) have According to Pauling’s electrostatic valence rule or Brown’s
been reported to show excellent heavy metal ion absorption equal valence rule, ideal T4 and even larger supertetrahedral
properties.lo We expect that the incorporation of oxygen atoms clusters will be unstable for trivalent and tetravalent cations.'®
in sulfide networks will create oxysulfide open-framework Here, nature selects the absence of jy-sulfide atom and
materials that can combine the excellent affinity to heavy metals insertion of oxygen anions to avoid excessively high charge at
of chalcogenide materials and good stability of oxide the y-sulfur sites in 1. The missing of metal core bhas been
materials.'" To date, this kind of oxysulfide open-framework observed in supertetrahedral chalcogenide clusters,*” but the
material has been little explored even though it promises missing of sulfur core and the presence of 10 oxygen atoms in a
unique applications.'” Herein we report a new oxysulfide with a pseudo-T4 cluster to our knowledge has not been reported
three-dimensional open framework of [In,Sn;40,0S;,]%~ based
on the pseudo-T4 [In,Sn;40,¢S34)"*” cluster. This material Received: March 21, 2016
shows good stability attributed to the incorporation of oxygen Published: April 15, 2016
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Figure 1. (a) The pseudo-T4 supertetrahedral [In,Sn;s0;0Ss4]""
cluster (left) and (b) 3D two-fold interpenetrated framework along
the [111] direction (right). Note: Each cluster uses four corner-shared
S atoms to bind with its four neighbors to form the anionic framework
of [In4Sn16010532]8_.

previously. In other words, the 34 sulfur atoms in the pseudo-
T4 cluster are cubic close-packed but have a vacancy at the
center. Among the 10 oxygen atoms in the pseudo-T4 cluster,
there are 6 y, and 4 y; oxygen atoms as shown in Figures S4
and SS5. Although T2 [Sn,Se,,0]° and T3
[Sn10S500,]* oxychalcogenide clusters and their open frame-
works have been synthesized,12 no T4 oxychalcogenide cluster
appears to have been documented to date.

The pseudo-T4 [In,Sn;40,0S54]"2" clusters share corners to
form a 3D topological cristobalite open-framework structure
with formula [In,Sn;60,0S3,]*” (Figure 1b). Each pseudo-T4
tetrahedron is nearly regular with edge lengths of 14.8 and 15.0
A. Despite being two-fold interpenetrated, compound 1
contains large cavities. As can be seen, there are 20 X 6 A?
rectangular channels along the [111] projection. Although the
positions of the framework atoms were determined accurately,
the organic cations and water molecules filling the pores were
not located because of the positional disorder typically
encountered in this kind of structure.

To check the feasibility of ion exchange of the organic
cations, we immersed compound 1 in a solution of M*" (M** =
Cd*, Hg*, and Pb**) ions for 15 h. The ion-exchange
processes are generally very rapid, but to ensure a complete ion
exchange, it was run for 15 h. The EDS of the exchanged
materials showed the presence of Cd**, Hg**, and Pb*" ions
(Figure S6). The PXRD of the exchanged materials showed
isotactic ion exchange with retention of the parent structure
(Figure S7). Compared with as-synthesized 1, the C and N
fraction in elemental analyses is strongly decreased, largely
consistent with heavy metal ion exchange (Table S3). The ion-
exchange processes can be described by the following equation:

[H,0];[Hetal,, [H,dpply;[In,Sn,0,055, 1 (1) + 4M>* + xH,0
— M,[In,Sn;0,0S;,]-*H,0 + 3H,;0 + 4.2Heta + 0.3H,dpp

(1)

The water molecules present inside the channels of
compound 1 during ion exchange confirmed by TG analyses
of ion-exchanged samples (Figure S8). We also find that in the
absence of the soft metal ions, the compound undergoes facile
ions exchange with Cs* ions (~80% of the organic cations can
be exchanged as confirmed by EDS).

The Cd**, Hg*", and Pb*" ion exchange results are presented
in Figure 2. The ion exchange of 1 using a 10 ppm solutions of
Cd**, Hg*, and Pb*" shows that ~58% (Cd**), 74% (Hg*"),
and 65% (Pb**) of the ions were removed from the solution.
However, the ion exchange increases dramatically in the
presence of high salt concentration (NaCl, CaCl,). For
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Figure 2. Plot of % removal of heavy metal ions (Cd**, Hg*, and
Pb**) from solution: (a) individual ion-exchange and (b) competitive
ion-exchange experiments. The variation of the distribution coefficient
K, for (c) individual and (d) competitive Cd**, Hg**, and Pb** ion-
exchange experiments.

example, the ion exchanged in 0.6 M NaCl increases to ~96
(Cd*), 97 (Hg*"), and 98 (Pb*")%, whereas, in case of 0.6 M
CaCl,, it increases to ~97 (Cd**), 99 (Hg*"), and 98 (Pb**)%.
This increase in ion exchange is possibly due to the fact that
mass action from the very high concentration of Na* and Ca**
ions (compared to the heavy metal ions) causes the alkaline
ions to enter into pores of 1 first to exchange with organic
cations (kinetic control). However, the kinetically faster
exchanging Na* and Ca® ions are then exchanged out by
heavy metal ions because Cd**, Hg**, and Pb** (softer Lewis
acids) ions show stronger bonding interaction with the soft
basic (S*7) sites (thermodynamic control). We assume the
organic cations are held inside the cavities more strongly since
they have served as templates for the assembly of the 3D
framework, whereas the hydrated Na* and Ca®" ions are not.
A competitive ion-exchange experiment using solutions
containing mixtures of Cd**, Hg’*, and Pb*" ions of ~10
ppm (each) showed that the ion-exchange efficiency increases
to ~89 (Cd**), 88 (Hg*"), and 89 (Pb**)%, which also can be
contributed to the overall increase of the ionic strength of the
solution. The competitive ion exchange is enhanced in the
presence of excess NaCl (~89% Cd**, 98% Hg*', and 95%
Pb**) or excess CaCl, (~93% Cd**, 99% Hg*", and 99% Pb*").
The preference of 1 for the ions was not clear from the ~10
ppm solution as it captured almost all the ions. To get a clear
distinction of the relative preferences of 1 for these ions, we
performed the same competitive ion-exchange experiments
with ~100 ppm (each), which showed that ~73 (Cd**), 99
(Hg™), and 94 (Pb**) % of the ions are exchanged from the
solution. The preference of 1 follows the order Cd** < Pb*" <
Hg*". The distribution coefficient K, values were found to be
0.9 X 10° to 4.0 X 10* mL/g for Cd*, 1.8 X 10 to 1.5 X 10°
mL/g for Hg*", and 0.9 X 10’ to 7.8 X 10* mL/g for Pb*,
which indicate that 1 is considered to be very good material for
ion exchange. Competitive ion-exchange experiments using
solutions containing mixtures of Cd**, Hg*', and Pb** ions of
~10 ppm (each) in 0.6 M NH,NO;, Mg(NO;),, Zn(NO;),,
Na,CO;, Na;PO4, and CH;COONa solution showed that the
ion-exchange efficiencies are in the range of 91-97 (Cd*),

94—99 (Hg*"), and 89—99 (Pb**)% (Figure S10). The effect of
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pH on the removal of heavy metal ions showed ion-exchange
efficiency of 97—99 (Cd*), 98—99 (Hg**), and 92-96
(Pb**)% at pH ~ 2—10, however at pH = 12 we observed a
significant decrease in ion exchange efficiency (Figure S11).
To evaluate the preferred binding sites in the framework for
the incoming heavy metal ions, we simply estimated the
binding energy (BE)'” between the absorbed M(H,0)4*" and a
model [In,Sn,;s0,,S;,H,]%" cluster based on the [M(H,0)].-
[In,Sn;40,0S5,H,] (M = Mg, Ca, Cd, Hg) unit (Figure 3). In

Figure 3. Simulated binding sites in the [In,Sn;s0,0S34H,]®" cluster to
heavy metal ions (Cd**, Hg?*, purple balls). Note: Water molecules
(red balls) are also involved in model structure.

our model, four H atoms were added to terminal S and four
[M(H,0)]** complexes were absorbed to keep the charge
neutrality of the overall structure. Overall, the total BE can be
considered a measure of the interaction between the adsorbate
and framework model structure. In the optimized structure,
each heavy metal ion is chelated as M(H,0);** by three sulfur
atoms from the model framework structure. Among the three
components that contribute to BE (Table S4), the Pauli
repulsion contribution acting as a destabilization term is
reflected in the larger energy shift of the antibonding orbitals
relative to bonding orbitals, whereas the electrostatic
interaction (EI) and orbital interaction (OI) contributions are
stabilizing in nature. The EI is dominated by the electrostatic
coulomb attractions, and OI arises from the M—S bonding
through the mixing of occupied and unoccupied orbitals sulfur
and metal orbitals, respectively. As can be seen in Table S4, the
calculated BE exhibits a clear trend of Ca** < Cd** < Hg™', in
which the heavy metal ions are favored over the alkaline earth
atom, in good agreement with our experiments.

In contrast to the previously reported supertetrahedral
chalcogenide clusters and their open frameworks, the
incorporation of oxygen gives new clusters and allows for a
different construction principle. Specifically, the coordination
polyhedra of the metals in the oxysulfide clusters are no longer
limited to tetrahedra. This revelation offers a path to a rich set
of stable new oxychalcogenide clusters and open frameworks.
The large continuous void space in compound 1 favors the fast
movement of counterions in and out of the structure. Because
of the selective bonding interactions of the soft Lewis basic
(S*7) sites to heavy metal ions, this material selectively
sequesters heavy metal ions from aqueous solutions including
ones with heavy concentrations of sodium, calcium, ammo-
nium, magnesium, zinc, carbonate, phosphate, and acetate ions.
In contrast to chalcogenide clusters, oxychalcogenide clusters
can increase the stability of large clusters due to incorporation
of O anions. We expect that the incorporation of more oxygen
atoms in sulfide networks will create oxysulfide open-frame-
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work materials that can combine the semiconductor properties
of chalcogenide materials and good stability of oxide materials.
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