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Heavy-Metal-Ion Capture, Ion-Exchange, and Exceptional Acid Stability of
the Open-Framework Chalcogenide (NH4)4In12Se20
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Introduction

Chalcogenides with extended open frameworks can simulta-
neously possess zeolitic properties, such as solid acid and
ion exchange. In addition, they can exhibit unique reactivity
deriving from the nature of the framework and semiconduc-
tor properties that provide electronic, optical, and photonic
phenomena. Such materials are typically synthesized with
solid state or hydrothermal methods,[1–4] although there are

examples isolated from room-temperature solution reac-
tions.[2d] Generally, organic structure-directing agents are
used and the reaction temperatures lie in the range of 150–
200 8C.[2,3] Hydrothermal synthesis conditions (in the pres-
ence of organic amines) for open-framework chalcogenides
above 200 8C have been not explored, although it is likely to
result in decomposition of the organic templates and isola-
tion of new frameworks, in which the counterions are sim-
pler organic species or even purely inorganic such as NH4

+ .
Purely inorganic chalcogenides with open frameworks are

relatively rare and the few examples reported so far re-
vealed remarkable ion-exchange and fast ionic-conduction
properties.[1k, l,3d,5,6] Moreover, the pore structure of purely
inorganic phases is less likely to collapse on heating than
that of organic-containing materials, as has been demon-
strated in inorganic metal phosphates.[7]

Typical examples of hydrothermally synthesized open-
framework chalcogenides are indium sulfides based on su-
pertetrahedral (Tn) clusters as building blocks.[2,3] There are
only a few reported examples of open-framework indium se-
lenides.[8] They tend to adopt a variety of structural types[8a]

and have narrower band gaps than the sulfides, which can
make them promising for photocatalytic applications includ-
ing solar hydrogen generation.[9]
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Herein, we describe the purely inorganic open-framework
compounds (NH4)4In12Se20 (1) and (NH4)2In12Se19 (2), which
to the best of our knowledge are not built on any known
clusters. The unique structure type of compound 1 exhibits
facile ion-exchange properties with a series of cations that
are reminiscent to those of small pore zeolites. The chalco-
genide framework has innate reactivity towards soft heavy-
metal ions (Hg2+ , Pb2+ , Ag+) and its pores are well suited
for their capture. We show that 1 can effectively and selec-
tively remove such metal ions from water. The capacity of 1
for heavy-metal-ion remediation is well comparable to that
of the mesoporous thiol-functionalized silicates, known as
the most efficient materials for the removal of heavy-metal
ions from aqueous solutions.[10] Compound 2 is isostructural
to K2In12Se19.

[11] It has a much less open framework that
does not favor ion-exchange chemistry. Both 1 and 2 are ex-
tremely stable in highly acidic environment (pH�0), in
which many metal chalcogenides cannot survive.[12] Conse-
quently, a stable, solid chalcogenide acid can be produced
by the treatment of 1 with strong acidic solutions.

Results and Discussion

Synthesis of compounds 1 and 2 : Compound (NH4)4In12Se20

(1) was initially isolated in the form of red rodlike crystals
(Figure 1a) from a three-week hydrothermal reaction of In,

Se, and DPA (dipropylamine)
at 190 8C. These conditions re-
sulted in decomposition of the
organic amine to NH4

+ . The
discovery of NH4

+ in the struc-
ture led to a more rational syn-
thesis of 1 by using shorter (24–
48 h) hydrothermal reactions at
250 8C in concentrated NH4OH
(28–30% in H2O) as solvent
with no additional water or or-
ganic amine. Interestingly, 24 h
hydrothermal reactions of In
and Se at 250 8C with dilute
aqueous solutions of NH4OH
or the use of water and various
organic amines always resulted
in isolation of different com-

pound (NH4)2In12Se19 (2) in the form of polyhedral-shape
crystals, Figure 1b.

There are only two other types of In-Se open-framework
compounds reported prior to this work, namely: the
[In10Se18]

6� and [In33Se56]
13�.[8] These were synthesized using

temperatures near 200 8C and reaction times of 6–7 days.
These are milder reaction conditions than those employed
in the current work and this likely was the main reason that
the organic amines used as structure-directing agents in the
synthesis of these compounds remained intact. The reaction
conditions, however, may not be the only factor affecting
the decomposition of organic amines to NH4

+ , since such
decomposition has been observed in metal phosphates
under relatively mild conditions (200 8C, 4 days reactions).[13]

The frameworks of [In33Se56]
13� and [In10Se18]

6� hosting large
organic cations are much more open (accessible volumes
�50%) than the framework of 1 (accessible volume
�27%) hosting the small NH4

+ ions. When the same hydro-
thermal reaction of In, Se, and organic amine was conducted
at 250 8C for 1–2 days, it led to isolation of compound 2 with
a much smaller accessible volume at �18%. Both com-
pounds 1 and 2 host ammonium ions in their cavities. Thus,
in this case the factor affecting the openness of the structure
is presumably the reaction temperature (and not the size of
the counterion); the higher the reaction temperature, the
denser the phase formed. The exception to this rule is the
isolation of compound 1 at 250 8C in a concentrated aqueous
solution of NH4OH. Remarkably, under such synthetic con-
ditions, compound 2 could not be observed. The reaction
paths for isolation of compounds 1 and 2 as well as of the
[In33Se56]

13� and [In10Se18]
6� frameworks are summarized in

Scheme 1.
To the best of our knowledge, the use of concentrated

NH4OH as a solvent in the synthesis of complex chalcoge-
nides has not been reported prior to this work. Due to the
extremely alkaline conditions and the very high NH4

+ con-Figure 1. a) Scanning electron microscopy (SEM) image of a rod-shaped
crystal of 1; b) SEM image of a crystal of 2 with a polyhedral shape.

Scheme 1. Synthetic routes leading to the isolation of compounds 1, 2, and the known [In33Se56]
13� and

[In10Se18]
6� materials.
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centration, such an unusual solvent can be unique in stabiliz-
ing novel compounds.

Crystal structures of 1 and 2 : Compound 1 crystallizes in the
noncentrosymmetric orthorhombic space group Pca21. The
structure of 1 seems to be based on nona-nuclear clusters
[In9 ACHTUNGTRENNUNG(m3-Se)4ACHTUNGTRENNUNG(m2-Se)6Se5J1/2Se5J1/3] (1a) built up by the inter-
connection of trinuclear [In3Se ACHTUNGTRENNUNG(Se1/2)6ACHTUNGTRENNUNG(Se1/3)3] and binuclear
[In2Se1/3ACHTUNGTRENNUNG(Se1/2)6] units, Figure 2a. The trinuclear units are
formed by three InSe4 tetrahedra with a common corner
(Se17 or the Se9/Se9A split site). The binuclear moieties
are constructed from two InSe4 tetrahedra also with a
common corner. The In�Se distances lie in the range of
2.503(4)–2.654(3) K. The bond lengths of In atoms with the
Se9A (one of the Se atoms of the split site) range from
2.600(19) to 2.727(19) K. The nona-nuclear clusters stack to
form columns running along the a axis, Figures 2b and 3. In

these columns, the clusters are connected to each other by
sharing corners between their binuclear [In2Se1/3 ACHTUNGTRENNUNG(Se1/2)6] moi-
eties, Figure 2c. Alternatively, each column may be viewed
as three chains of corner-sharing InSe4 tetrahedra, running
along the a axis, that are bridged through the trinuclear
[In3SeACHTUNGTRENNUNG(Se1/2)6ACHTUNGTRENNUNG(Se1/3)3] units, Figure 2c.

To form the 3D-framework, the columns are interconnect-
ed, along b and c axes, by sharing their chains of InSe4 tetra-
hedra, Figure 3. If the structure is described in terms of clus-
ters, we may consider the connection mode of columns as
sharing the binuclear units of their nona-nuclear clusters be-
tween them. The columns are arranged in a hexagonal fash-
ion resulting in a honeycomb-type of framework (Figure 3).
The three-dimensional framework of 1 exhibits cavities with
relatively thick walls and channels running along [100] and
[001] directions (Figure 3). Cavities of four different sizes
can be found for 1 by using the CAVITY-PLT utility of
PLATON.[14] The largest cavities with diameters of 4.4 and
4.2 K (excluding Van der Waals radii) host ammonium cat-
ions N3 and N4, which are positionally disordered in the
cage (Figures 3 and 4a). The smallest cavities, which have di-
ameters of 3.4 and 2.7 K (excluding Van der Waals radii),
are located in between the cluster units (1a) and host am-
monium ions N1 and N2 which are ordered (Figures 3 and
4b). The accessible volume of 1 (or the volume of the void
space, not taking into account the NH4

+) calculated by
PLATON is 27% of the total volume of the structure.

To obtain a better understanding of the empty space in 1,
we plotted the isosurface which lies between the framework
and the voids (see Figure 5a,b).[15] It is apparent from this
plot that the two types of pancake-shaped cavities of com-

Figure 2. a) The nona-nuclear [In9 ACHTUNGTRENNUNG(m3-Se)4 ACHTUNGTRENNUNG(m2-Se)6Se5J1/2Se5J1/3] cluster
formed by the interconnection, by sharing three corners and three edges,
of a trinuclear [In3Se ACHTUNGTRENNUNG(Se1/2)6 ACHTUNGTRENNUNG(Se1/3)3] and three binuclear [In2Se1/3ACHTUNGTRENNUNG(Se1/2)6]
building blocks. The central m3-Se is the Se17 atom or the split Se9/Se9A
atoms. b) A column formed by the interconnection of nona-nuclear clus-
ters, viewed down the a axis; c) A view of this column parallel to a axis.

Figure 3. A [100] projection of the three-dimensional framework of 1.
The largest cavities of the structure of 1 filled by N(3)H4

+ and N(4)H4
+

are apparent in this projection. A column of nona-nuclear clusters is
highlighted by drawing a circle around it.
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pound 1 (N1, N2 and N3, N4 cavities) communicate forming
a three-dimensional tunnel network. The large cavities (N3,
N4) actually form 1D channels or columns along a axis (Fig-
ure 5b). These columns are not connected directly to each
other, but they communicate through the small N1, N2 cavi-
ties. The diameter of the pore window between the N3, N4
and N1, N2 cavities was estimated at �2 K based on the
crystal structure and isosurface plot.

Compound 2 crystallizes in the trigonal space group R3̄
and is isostructural with K2In12Se19, which was prepared with
conventional solid-state synthesis.[11] More details about the
structure of 2 can be found in the Supporting Information.

Ion-exchange capacity of (NH4)4In12Se20 with alkali metals
and H+ : The fact that 1 has a relatively open structure
prompted us to study the ion-exchange properties of this
compound. Typically, the ion-exchange reactions are com-
plete in few hours at room temperature (see Experimental
Section). The results of various ion-exchange experiments
are summarized in Table 2. Compound 1 can easily ex-
change two of its four NH4

+ ions with K+ , Rb+ , Cs+ , and
H+ . All exchanged products exhibit very similar powder X-
ray diffraction (PXRD) patterns to that of the pristine mate-
rial confirming a topotactic ion-exchange mechanism (see,
for example, Figure 6a) and implying a robust nature for the
framework. The material exhibits selectivity against Na+

and Li+ ; this fact can be explained in terms of the strongly
held hydration sphere of Na+ and Li+ that prevents the
large hydrated ions from entering the structure. Similar se-
lectivity against these alkali cations was also observed for
K6Sn[Zn4Sn4S17] and it appears to be a characteristic proper-
ty of small pore frameworks.[6] This is a useful feature that

Figure 4. a) A [100] projection of the structure of 1 with the N3 and N4
sites represented by oversized spheres to show the available space
around them. The diameters of the cavities hosting N3 and N4 are 4.2–
4.4 K; b) A [001] projection of the same structure with the N1, N2 sites
shown as oversized spheres. The diameters of the cavities hosting the N1,
N2 atoms are 2.7–3.4 K.

Figure 5. a) Depiction of the void space of the structure of 1 (with label-
ing of the N1,N2 and N3,N4 cavities) viewed down the a axis of the iso-
surface representing the atom-free space in In12Se20

4� ; b) Depiction of
the void space of the same structure (with labeling of the N1/N2 and N3/
N4 cavities) viewed down the c axis. The possible diffusion of the ions,
during the ion-exchange process, through the channels running parallel to
a axis is indicated by the arrow.

Table 1. Crystallographic data for compounds (NH4)4In12Se20 (1) and
(NH4)2In12Se19 (2).

1 2

formula ACHTUNGTRENNUNG(NH4)4In12Se20 ACHTUNGTRENNUNG(NH4)2In12Se19

Mr 3029.17 2914.133
space group Pca21 R3̄
a [K] 8.155(3) 13.8518(6)
b [K] 22.320(8) 13.8518(6)
c [K] 25.850(9) 17.6556(16)
V [K3] 4750(3) 2933.77(32)
Z 4 3
1calcd [gcm�3] 4.253 4.934
m [mm�1] 21.239 24.612
2qmax [8] 56.6 58.22
reflections collected 41072 6538
unique reflections (total) 10822 1606
unique reflections [I>2s(I)] 6134 904
parameters 331 61
goodness of fit on F2 1.087 0.789
Flack parameter 0.06(2) –
final R1/wR2 [%] 6.60/12.73 3.54/8.05
largest diff. peak/hole [eA�3] 4.488/�3.212 2.511/�2.294

Table 2. Calculated formulae based on EDS and % H, N analyses for the products of the ion-exchange reactions between 1 and various cations as well
as band-gap energies for these materials.

Cation used EDS formula of
the exchanged material

Formula of the exchanged material
based on H,N analyses

Band-gap
energy [eV]

K+ complete overlap of K and In peaks K2 ACHTUNGTRENNUNG(NH4)2In12Se20 calcd (%): H 0.26, N, 0.91; found: H 0.26, N 0.93 2.10
Rb+ Rb2In11.3Se20.1 Rb2ACHTUNGTRENNUNG(NH4)2In12Se20 calcd (%): H 0.25; N 0.88; found: H 0.46, N 0.89 2.10
Cs+ Cs1.4In11.5Se20.4 Cs1.75 (NH4)2.25 In12Se20 calcd (%): H 0.29, N 0.97; found: H 0.44, N 0.97 2.10
Ag+ Ag0.9In11.2Se21.5 Ag1.3 ACHTUNGTRENNUNG(NH4)2.7In12Se20 calcd (%): H 0.38, N 1.19; found: H 0.46, N 1.19 1.95
H+ – H2.0 ACHTUNGTRENNUNG(NH4)2In12Se20 calcd (%): H 0.34, N 0.94; found: H 0.32, N 0.98 1.85
Pb2+ Pb0.5In11.4Se21.4 Pb0.65ACHTUNGTRENNUNG(NH4)2.7In12Se20 calcd (%): H 0.35, N 1.21; found: H 0.46, N 1.20 2.05
Hg2+ HgIn11.27Se20.9 Hg0.6 ACHTUNGTRENNUNG(NH4)2.8In12Se20 calcd (%): H 0.36, N 1.24; found: H 0.47, N 1.24 1.98
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can be exploited in separations for which discrimination
against the small alkali cations is desired.

Compound 2 did not show any ion-exchange capacity
probably because of its less open structure that results in
low mobility of its NH4

+ counterions.

Explanation of the ion-exchange properties of
(NH4)4In12Se20 : The four crystallographically different NH4

+

ions (disordered in the large cavities and ordered in the
small ones) have profoundly different ion-exchange proper-
ties. These properties can be understood on the basis of the
pore connectivity of the framework of 1. Specifically, based
on the isosurface plot of compound 1 (Figure 5), the pore
windows between the N1, N2 and N3, N4 cavities were cal-
culated �2.0 K. This size is much smaller than the size of K,
Rb+ , Cs+ , and H3O

+ . Thus, the small pores N1, N2 cannot
be accessible for these ions during the ion-exchange process.
Indeed, the experiments proved a maximum exchange ca-
pacity of 1 equal to two equivalents per mole. Presumably,
only the N3, N4 cavities hosting the disordered [N(1)H4]

+

and [N(2)H4]
+ ions are involved in the ion-exchange pro-

cess. The diffusion of the ions is likely to proceed through
the 1D channels formed by the N3, N4 cavities along a axis
(Figure 5b), taking into account that the movement of ions
from the N3, N4 to N1, N2 cavities is restricted by the small
window between them. Thus, the ion-exchange properties of
1 are controlled by the pore and windows sizes. This is a
common situation in ion-exchange materials with rigid
three-dimensional frameworks, such as the zeolites.[16]

Indeed, the framework of 1 seems to be very rigid, since
almost no contraction or expansion in the lattice was ob-
served after the ion-exchange processes. This rigidity is un-
usual for an open-framework chalcogenide material and is
probably due to the thick walls of its cavities.

In general, three-dimensional open-framework chalcoge-
nides are very flexible because 1) are built by corner-sharing
or metal-linked clusters and thus, have cavities with relative-
ly thin walls[2,3,6] and 2) the metal-chalcogen-metal angles
(100–1158) are relatively small [compared to Al-O-Si angles
(�160–1808) in zeolites], thus allowing expansion of the
framework. For example, K6Sn[Zn4Sn4S17], a three-dimen-
sional chalcogenide framework with three different kinds of
pores, displays ion-exchange properties that are not consis-
tent with its pore window size and thus, these properties
were explained on the basis of a possible “breathing action”
of the framework.[6,17]

Heavy-metal-ion-exchange and remediation properties of
(NH4)4In12Se20 : Compound 1 showed ion-exchange capacity
for heavy-metal ions (like Ag+ , Hg2+ , and Pb2+). Ion-ex-
change reactions employing exactly one equivalent of Ag or
0.5 equivalenst of Hg or Pb yielded almost pure exchanged
products. Reactions of 1 with use of more than one equiva-
lent of Ag+ or more than 0.5 equivalents of Hg2+ or Pb2+

resulted in partial decomposition of 1 to other phases (possi-
bly binary selenides). Although we could not detect addi-
tional phases from the PXRD patterns, solid-state UV/Vis
measurements showed at least two different optical band
gaps revealing existence of more than one phase for the
products of the reactions with >one equivalent of Ag+ or
>0.5 equivalents of Hg2+ or Pb2+ .

Removal of heavy-metal ions is of particular interest in
the science of purification of the drinking or waste water

Figure 6. a) PXRD patterns of the pristine (NH4)4In12Se20 and the proton-
exchanged H2 ACHTUNGTRENNUNG(NH4)2In12Se20; b) Mid-IR spectrum of the proton-ex-
changed material H2 ACHTUNGTRENNUNG(NH4)2In12Se20 (black line) versus the mid-IR of the
pristine (NH4)4In12Se20. Inset: The peak assigned to H�Se bonds. The ab-
sorptions at �3500 cm�1 are due to O�H of H2O or H3O

+ and those at
�3000 and 1400 cm�1 are assigned to NH4

+ (see reference [19]); c) Solid-
state UV/Vis spectra for the pristine (NH4)4In12Se20 and the proton-ex-
changed H2 ACHTUNGTRENNUNG(NH4)2In12Se20.
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from such toxic metal ions.[10] Chalcogenides due to the
presence of the chalcogen (S, Se, Te) ligands are expected to
be more capable of heavy-metal remediation than oxygen-
containing materials like zeolites. Indeed, preliminary inves-
tigations of the ability of 1 to clean solutions containing
chalcophilic heavy-metal ions, such as Ag+ , Hg2+ , and Pb2+ ,
are very encouraging. Compound 1 has been found capable
of removing 99.9% of Hg2+ , 99.8% of Ag+ , and 94.9% of
Pb2+ from aqueous solutions of each of these ions. Specifi-
cally, ion-exchange of 50 mg of 1 with a 77.8 ppm solution of
Hg2+ resulted in removal of 77.74 ppm of Hg from this solu-
tion (the concentration of Hg after ion-exchange was
0.06 ppm determined by ICP-AES analysis). The distribu-
tion coefficient Kd

[10c] estimated from these results (see Ex-
perimental Section) was 518267 mLg�1. This value, which is
well-comparable with those of most thiol-functionalized sili-
cates[10] , reveals the very high affinity of 1 for Hg. In addi-
tion, 20 mg of 1 can reduce the concentration of a Ag+ solu-
tion from 31.7 ppm to 0.054 ppm. The corresponding Kd is
586037 mLg�1, which is also very high, revealing the high af-
finity of 1 for silver ions.

Compound 1 can also reduce the concentration of Pb2+

solution from 93.8 ppm to 4.76 ppm. The Kd value calculated
is �6928 mLg�1 indicating a lower affinity of the framework
for Pb2+ ions than Hg2+ or Ag+ ions. More detailed investi-
gations of the heavy-metal remediation properties of 1 in-
cluding competitive experiments with various heavy-metal
concentrations and various pH conditions are in progress.

Acid stability of compounds 1 and 2 : The stability of com-
pounds 1 and 2 in acidic solutions is noteworthy. Samples of
these compounds stirred with 2.4m HCl solution under am-
bient conditions exhibited PXRD patterns very similar with
those of the pristine materials (Figure 6a). No loss of crystal-
linity was observed for the proton-treated materials. Acid
stable open-framework compounds with loosely bound cat-
ions, like 1, are highly attractive because of the possibility of
producing stable solid acids. N, H analysis for the proton-
treated sample of 1 (H2ACHTUNGTRENNUNG(NH4)2In12Se20 (1b)) is consistent
with the replacement of two NH4

+ ions by two H+ ions. A
characteristic peak at 2210 cm�1 in the mid-IR spectrum of
1b (Figure 6b) confirmed the existence of H�Se bonds in
this material.[18] A proton conductivity study of 1b will be
interesting.

Optical properties of compounds 1 and 2 : Compounds 1 and
2 are semiconductors with band-gap energies of 2.10 and
1.80 eV, respectively (consistent with their red and dark red
color, respectively). These band gaps lie well in the energy
range suitable for photocatalytic applications in the visible
light region.[9] Compound 2 is denser than 1 and this can ex-
plain the narrower band gap of 2. For comparison, g-In2Se3,
which is a denser phase than 2, has a band gap of �1.5 eV.

The band-gap energies of the K, Rb, and Cs-exchanged
materials are nearly the same as those of the pristine materi-
al. However, the band gap of the proton-exchanged material
H2 ACHTUNGTRENNUNG(NH4)2In12Se20 is shifted �0.25 eV to lower energy

(1.85 eV) relative to that of the pristine material (Figure 6c).
As no contraction of the framework occurred after proton-
exchange (see Figure 6a), 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
framework, which are expected to be stronger than those
between the alkali (Rb, Cs) or ammonium ions and the
framework selenium ligands.

The silver-, mercury-, and lead-exchanged materials also
have slightly lower band gaps than that of the pristine mate-
rial (Figure S2 in the Supporting Information). Again the
explanation of these band-gap shifts is the strong covalent
interaction of Ag, Hg, and Pb ions with the Se atoms of the
framework. Ag and Hg are expected to interact more
strongly with the framework than Pb. Indeed, the Ag and
Hg exchanged materials exhibit slightly lower band-gap en-
ergies (1.95–1.98 eV) than that of the Pb-exchanged com-
pound (2.05 eV).

Conclusion

Clearly, a hydrothermal synthetic approach at high tempera-
tures (as high as 250 8C) or employing long reaction times
favors decomposition of the organic amines to produce
novel and robust all-inorganic open-framework chalcoge-
nides, such as 1 and 2. Although probably hard to control, in
principle, the planned decomposition of an organic template
at high temperatures can be used as part of a synthetic strat-
egy rather than viewed as an undesirable side reaction. Al-
ternatively, all-inorganic open-framework chalcogenides can
be isolated by using concentrated NH4OH, as we demon-
strated for first time in this work.

ACHTUNGTRENNUNG(NH4)4In12Se20 (1) has a unique structure type and is an
uncommon example of an open-framework chalcogenide
with thick walls and more rigid network. Compound 1 can
replace approximately two of its NH4

+ ions by two protons,
thus yielding a proton-exchanged material, which is a rare
example of a solid acid open-framework chalcogenide. The
compound showed ion-exchange properties with a series of
cations, including a high affinity for soft heavy-metal ions.
This highlights the potential of non-oxidic framework solids
for functions and reactions that are not suitable or even pos-
sible with zeolites or other metal oxides. The capacity of 1
for adsorption of heavy-metal ions from water solutions is
very high and comparable with that of mesoporous thiol-
functionalized silicates, which are the most efficient adsorb-
ents for heavy-metal ions. A detailed study of the heavy-
metal-ion-remediation properties of 1 is underway.

Experimental Section

Materials : In metal was purchased from Cerac. Se, CsCl, RbI, KI,
AgNO3, Hg ACHTUNGTRENNUNG(NO3)2, Pb ACHTUNGTRENNUNG(NO3)2, NH4OH (28–30% in H2O) and dipropyl-
ACHTUNGTRENNUNGamine (DPA) were purchased from Aldrich.

Synthesis of (NH4)4In12Se20 (1)
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Method A : Elemental In (3.4 mmol) and Se (4.8 mmol), water (10 mL),
and DPA (4.8 mmol) were mixed in a 23 mL Teflon-lined stainless steel
autoclave. The autoclave was sealed and placed in a box furnace with a
temperature of 190 8C. The autoclave remained undisturbed at this tem-
perature for three weeks. Then, the autoclave was allowed to cool at
room temperature. The red rodlike crystals of 1 were isolated by filtra-
tion (yield �89% based on In), washed several times with water, ace-
tone, and diethyl ether (in this order) and dried in air. A very small quan-
tity of dark red polyhedral-shaped crystals of 2 coexisted in the product.
However, the crystals of 1 could be manually separated from those of 2.
The purity (>95%) of the product was confirmed by PXRD measure-
ments. Elemental analysis calcd (%) for H16In12N4Se20 (3029.17): C 0, H
0.54, N 1.75; found: C 0.11, H 0.53, N 1.84.

Method B : Elemental In (3.4 mmol) and Se (4.8 mmol) and concentrated
NH4OH (6 mL, 28–30% in water) were mixed in a 23 mL Teflon-lined
stainless steel autoclave. The autoclave was sealed and then placed in a
computer-controlled box furnace and heated (�50 8Ch�1) to 250 8C for
48 h, followed by cooling to room temperature at 50 8Ch�1. The crystals
of 1 were isolated by filtration (yield �70% based on In), washed several
times with water, acetone, and diethyl ether (in this order) and dried in
the air. The small quantities of unreacted In and Se were manually sepa-
rated from the red crystals of 1. The purity (>95%) of the product was
confirmed by PXRD measurements. Elemental analysis calcd (%) for
H16In12N4Se20 (3029.17): C 0, H 0.54, N 1.75; found: C 0.14, H 0.50, N
1.65.

Synthesis of (NH4)2In12Se19 (2): In a typical preparation of 2, elemental
In (3.4 mmol) and Se (8.5 mmol), water (10 mL) and DPA (4.8 mmol)
were mixed in a 23 mL Teflon-lined stainless steel autoclave. The auto-
clave was sealed and then placed in a computer-controlled box furnace
and heated (�50 8Ch�1) to 250 8C for 24 h, followed by cooling to room
temperature at 50 8Ch�1. Then, the dark red crystals of 2 were isolated by
filtration (yield 85% based on In), washed several times with water, ace-
tone, and diethyl ether, and dried in air. The purity (>95%) of the prod-
uct was confirmed by PXRD. Elemental analysis calcd (%) for
H8In12N2Se19 (2914.13): C 0, H 0.27, N 0.96; found: C 0.2; H 0.33; N 0.88.

Ion-exchange experiments with (NH4)4In12Se20 : A typical ion-exchange
experiment of 1 with an alkali cation A+ (A=K+ , Rb+ , Cs+) was as fol-
lows: In a suspension of compound 1 (0.02 mmol) in water (20 mL),
excess of AI (0.7 mmol) was added as a solid. The mixture was kept
under magnetic stirring for �12 h. Then, the red polycrystalline material
was isolated by filtration, washed several times with water, acetone, and
diethyl ether and dried in the air. Similar experimental routes were fol-
lowed for the ion-exchange of 1 with H+ , Hg2+ , Ag+ , and Pb2+ .

Powder X-ray diffraction (PXRD): The samples were examined by X-ray
powder diffraction for identification and to assess phase purity. Powder
patterns were obtained using a CPS 120 INEL X-ray powder diffractom-
eter with Ni-filtered CuKa radiation operating at 40 kV and 20 mA and
equipped with a position-sensitive detector. Samples were ground and
spread on a glass slide. The purity of phases was confirmed by compari-
son of the X-ray powder diffraction patterns to ones calculated from
single crystal data using the NIST Visualize 1.0.1.2 software.

Energy dispersive spectroscopy (EDS) analyses : The analyses were per-
formed with a JEOL JSM-6400 V scanning electron microscope (SEM)
equipped with a Tracor Northern energy dispersive spectroscopy (EDS)
detector. Data acquisition was performed with an accelerating voltage of
25 kV and 40 s accumulation time.

ICP-AES (inductively coupled plasma atomic emission spectroscopy)
analyses : The concentrations of the Ag+ , Hg2+ , and Pb2+ ions of the sol-
utions after the ion-exchange processes were determined by ICP-AES by
using a VISTA AX CCD instrument. The ICP-AES intensity was the
result of three (30 s) exposures. For each sample, four readings of the
ICP-AES intensity were recorded and averaged. One standard was rean-
alyzed after analysis of the samples. The measurements were performed
by the Toxicology Laboratory at Animal Health and Diagnostic Center
of Michigan State University.

Calculation of the distribution coefficient Kd ACHTUNGTRENNUNG(mLg�1): The distribution
coefficient Kd is given by the equation Kd= [(C0�Cf)/Cf] ACHTUNGTRENNUNG(V/m), in which
C0 and Cf are the initial and equilibrium concentration of Hg2+ (ppm), V

is the volume (mL) of the testing solution, and m is the amount of the
ion exchanger (g) used in the experiment.[10c]

IR spectroscopy : Fourier transform infrared spectra (FT-IR) in the mid-
IR region [4000–600 cm�1, diffuse reflectance infrared Fourier transform
(DRIFT) method] were recorded with a computer-controlled Nicolet 750
Magna-IR series II spectrometer equipped with a TGS/PE detector and
silicon beam splitter in 2 cm�1 resolution.

Solid-state reflectance UV/Vis/Near IR spectroscopy : UV/Vis/Near-IR
diffuse reflectance spectra were obtained at room temperature on a Shi-
madzu UV-3010 PC double beam, double monochromator spectropho-
tometer in the wavelength range of 200–2500 nm. BaSO4 powder was
used as a reference (100% reflectance) and base material on which the
powder sample was coated. The reflectance data were converted to ab-
sorption using the Kubelka–Munk function, and the band edge for each
sample was estimated from the intercept of the line extrapolated from
the high-energy end of the absorption to the baseline.

C, H, N analyses : Elemental C, H, N analyses were obtained on a
Perkin-Elmer Series II CHNS/O Analyzer 2400.

Single-crystal X-ray crystallography : A Siemens SMART Platform CCD
diffractometer operating at room temperature and using graphite-mono-
chromatized MoKa radiation was used for data collection. Cell refinement
and data reduction were carried out with the program SAINT.[19] An em-
pirical absorption correction was done to the data using SADABS.[19] The
space group for structure of 1 was determined from systematic absences
and intensities were extracted by the program XPREP.[20] The atom Se9
of the structure of 1 was modeled as a split site. Attempts to solve the
structure with a super-cell model have not been successful so far. For the
structure of 2 a twin law (�1 �1 0 0 1 0 0 0 �1) was applied, suggested
by the TWINROTMAT utility of PLATON.[13] This reduced the R value
from �35.6% to 17.5%. Further reduction of the R value to 5.0% was
achieved by applying the split site model for In2 and In3 atoms (the final
R value of 3.54% was obtained after the anisotropic refinement). The
structures were solved with direct methods by using SHELXS and least-
squares refinement was done against F2 by using routines from
SHELXTL software.[20] Selected crystal data for the structures of com-
pounds 1 and 2 are given in Table 1. Further details on the crystal struc-
ture investigations may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-
808-666; e-mail : crysdata@fiz-karlsruhe.de), on quoting the depository
numbers CSD-41729 and -41730. See also the Supporting Information.
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