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Abstract: Highly selective ion-exchange properties and -exchange capacities of the open framework
chalcogenide material KeSn[Zn,Sn,S;7] (1) with Cs™ and NH4* are reported. Because the structure of this
framework is known in great detail, these studies are a rare example where structure/property relationships
can be directly drawn. 1 possesses three types of micropore cavities. The largest pore of 1 presents an
exact fit for Cs™ and exhibits high selectivity for this ion, as demonstrated by competitive ion-exchange
experiments. The next largest pore has a greater capacity (up to four cations) and is well suited for NH,"™
ions. This leads to a high ammonium-exchange capacity for 1 of 3.06 mequiv/gr, which is close to the
NH,*-exchange capacities of natural zeolites. The single-crystal structures of ammonium-exchanged
products at various stages reveal an unusual mechanism for the exchange process of 1 which involves
diffusion of ammonium cations from the large cavity to the small ones of the framework. Thermal analysis
of one of these ammonium-exchanged products, in combination with mass spectroscopy, showed the
decomposition of NH,* cations to NHz and H,S with the parallel transformation of the exchanged product
to a mixture of crystalline phases. Since K¢Sn[ZnsSnsS;7] can be grown in suitably large crystals (much
larger than most zeolites), it defines an excellent model system in which ion-exchange processes and
products can be characterized and studied in detail in various reaction stages.

Introduction structural types$:® Chalcogenides with anionic open frameworks
and loosely bound extra framework cations could thus constitute

Open framework compounds are of broad scientific interest . o . .
a new class of inorganic ion exchangers with unique exchange

because of their high impact in catalysis, separations, ion ; . S oo
exchange, and green chemistnpluminosilicate zeolites are properues_ arising not only from t_h_elr d_lv_ersny N pore a_m_d
representative examples of such materials that have been studieéhannel size but alsp ”0”? th? specnflc affinity O.f -the non-ox@c
extensively during the past decades. The huge diversity in ramework for certain cationic species. In addition, crystalline
structure and pore size of zeolites .is not yet reflected in open framework chalcogenides can offer themselves as suitable
chalcogenide compoundg@Because of the wider chemical and models for understanding the mechanism of various ion-

. S . exchange processes on the basis of their structure, which is
bonding flexibility, however, the chalcogenides can be more accurately determined (in most cases) by single-crystal X-ra
diverse in composition and structure than the zeolites. Indeed, y y sing y y

research on chalcogenides in the past decade resulted in |solat|oCryStaIIography Consequently, their ion-exchange properties can
of several remarkable open framework compounds with unique (3) (a) Dhingra, S.; Kanatzidis, M. Gciencel 992 258 1769. (b) McCarthy,

T. J.; Tanzer, T A, Kanat2|d|s M. G. Am. Chem. S04995 117, 1294.
(c) Marklng G. A; Kanat2|d|s M. GChem. Mater.1995 7, 1616. (d)

'Michigan State University. Axtel, E. A, Kanatzidis, M. GChem. Mater1996 8, 1350. (€) Hanko, J.
* Aristotle University. A.; Kanatzidis, M. GAngew. Chem., Intl. EA.998 37, 342. (f) Axtell, E.
(1) (a) Barrer, R. MZeolites198Q 1, 130. (b) Mortier, W. J.; Schoonheydt, A.; Park, Y.; Chondroudis, K.; Kanatzidis, M. G. Am. Chem. S0d998
R. A. Prog. Solid State Chen1985 16, 1. (c) Smith, J. V.Chem. Re. 120 124.
1988 88, 149. (d) Corbin, D. R.; Abrams, L.; Jones, G. A.; Eddy, M. M.; (4) (a) Li, H. L.; Laine, A.; O'Keeffe, M.; Yaghi, O. MSciencel999 283
Harrison, W. T. A.; Stucky, G. D.; Cox, D. E. Am. Chem. Sod.990 1145. (b) Li, H. L.; Kim, J.; O’Keeffe, M.; Yaghi, O. MAngew. Chem.,
112 4821. (e) Iwamoto, M.; Yahiro, H.; Mizuno N, Zhang, W. X.; Mine, Int. Ed. 2003 42, 1819. (c) Yaghi, O. M.; Sun, Z.; Richardson, D. A;;
Y.; Furukawa, H.; Kasawa, S. Phys. Chem1992 96, 9360. (f) Davis, Groy, T. L.J. Am. Chem. S0d.994 116, 807.
M. E.; Lobo, R. F.Chem. Mater.1992 5, 756. (g) Freyhardt, C. C; (5) (a) Bowes, C. L.; Ozin, G. AAdv. Mater.1996 8, 13. (b) Cahill, C. L.;
Tsapatsis, M.; Lobo, R. F.; Balkus, K. J.; Davis, M. Nature 1996 381, Parise, J. BJ. Chem. Soc., Dalton Tran800Q 9, 1475. (c) Cahill, C. L.;
295. (h) Davis, M. EChem. Eur. J1997, 3, 1745. (i) Cheetham, A. K; Ko, Y. H.; Parise, J. BChem. Mater1998 10, 19. (d) Cahill, C. L.; Parise,
Férey, G.; Loiseau, TAngew. Chem., Int. EA.999 38, 3268. (j) Davis, J. B.Chem. Mater1997 9, 807. (e) Tan, K. M.; Ko, Y. H.; Parise, J. B.;
M. E. Nature2002 417, 813. (k) Lee, H.; Zones, S. |.; Davis, M. Nature Park, J. H.; Darovsky, AChem. Mater1996 8, 2510. (f) Cabhill, C. L.;
2003 425 385. () Cundy, C. S.; Cox, P. AChem. Re. 2003 103 663. Gugliotta, B.; Parise, J. BChem. Commurl998 1715.
(m) Paillaud, J. H.; Harbuzaru, B.; Patarin, J.; BatsSNience2004 304, (6) (@) Zheng, N. F.; Bu, X. G.; Wang, B.; Feng, P. Science2002 298
990. (n) Anderson, M. W.; Ohsuna, T.; Sakamoto, Y.; Liu, Z.; Carlsson, 2366-2369. (b) Bu, X. H.; Zheng, N. F.; Wang, X. Q.; Wang, B.; Feng,
A.; Terasaki, OChem Commur2004 907. P. Y. Angew. Chem., Int. EQR004 43, 1502. (c) Wang, C.; Bu, X. H.;
(2) Detailed information about the structure types of various zeolites can be Zheng, N. F.; Feng, P. YAngew. Chem., Int. E@002 41, 1959. (d) Zheng,
obtained at the web site http://www.iza-structure.org/. N. F.; Bu, X. H.; Feng, P. YNature 2003 426, 428-432.
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be better understood and optimized on the basis of the
knowledge of the details of the ion-exchange process.

Reports concerning the ion-exchange properties of open
framework chalcogenides remain a féw.We recently de- a)
scribed the open framework sulfides8n[Zn,SnyS;7] (1).72 1
consists of penta-supertetrahedral clusterg$s,; 7% linked
via tetrahedrally coordinated Sn atoms, thus creating a three-
dimensional framework, Figure 1a,b. The structur& obntains
a relatively large cavity (denoted &8, because it is occupied
by the K3 atom) with a diameter of4.1 A8bwhich commu-
nicates through narrow passaged 1.5 Ajc with the smaller
cavities (denoted a§1 andK2) having a diameter of 2:83.2
A. The structure ofl is an excellent case of a crystalline open
framework material because it possesses three different sized
cavities, more than any other open framework material, and each
cavity with its own chemical reactivity. The distribution of the
six KT ions in the three types of cavities can be described as
[K] KYK] &<2[K] 3{ Sn[Zn,SneSy7l} . In this formalism the K1 (P)
cavity contains one K ion, the K2 cavity contains four K
ions and theK3 cavity contains one Kion. In the structure of
KsCsSn[ZnSnS:7] (2a), prepared with flux synthesis, the Cs
atom is located only in th&3 cavity of the structure (i.e., [K}-

[K] 44?[CsK Sn[ZnSyS;7]}) and is not positionally disordered,
(Figure 1c) in contrast with the K3 atoms in the structurd.of
This suggested to us that the™Qsn is likely an exact fit for

this cavity, and thusl is possibly highly selective for it. This
would be of interest for applications such as the removal and
storage ofl®’Cs from nuclear waste solutiofsTo check our
hypothesis, we decided to perform ‘C®n-exchange experi-
ments as well as competitive experiments with the simultaneous (c)
presence of other monovalent cations. In addition, we performed
comparative studies for the NHion-exchange capacity df

Our motivation to perform ammonium-exchange experiments
of 1 was the expectation of strong electrostatic and hydrogen-
bonding framework interactions with this ion, coupled with the
possible environmental applications of such processes, e.g. the

removal of NH* from the wastewatei?11

Herein we describe a remarkable "Cselectivity of 1
originating from the particular size and shape of its cavities.
The selectivity for C$ persists even in the presence of large
excess of Li, N&, KT, Rb", and it is associated with th€3
cavity. We also show that exhibits an exceptional ion-exchange
capacity for NH* (in the absence of C3. This high capacity
is associated with the activity of tH€2 cavity which accom-

(7) (a) Manos, M. J.; lyer, R. G.; Quarez, E.; Liao, J. H; Kanatzidis, M. G.
Angew. Chem., Int. E2005 44, 3552. (b) Ding, N.; Chung, D-.Y.;
Kanatzidis, M. G.Chem. Commur004 1170. (c) Ding, N.; Kanatzidis,
M. G. Angew. Chem., Int. EQ006,45, 1397.

(8) Calculated by PLATON: (a) Spek, A. LPLATON A Multipurpose
Crystallographic Tool; Utrecht University: Utrecht, The Netherlands, 2005.
(b) Spek, A. L.J. Appl. Cryst2003 36, 7. (c) Details about the software,

that we have used for plotting the isosurface that lies between the framework

Figure 1. (a) The{Sn[ZnSmS;7]%"} framework of1 viewed down the
c-axis. For clarity,K2 andK3 are shown in only one of the sub-sites. (b)

Plot of the void space of with labeling of the three types of cavities
according to the potassium atoms located on each caMity diameter of

the channel connecting thi€1l and K3 cavities is~1.00 A and that
connecting thé&k2 andK3 cavities is~1.5 A. (c) The structure a2a with

the Cs atoms represented by oversized spheres to show the available space
around them. The exchange prod@bthas an almost identical framework

with that of 2a, but the Cs cavity oRb is slightly larger than that o2a,

which causes a positional disorder of Cs atom&bin

atoms and the voids as well as for the estimation of the pore windows of modates up to four Nkt ions. Through isolation and charac-

1, are given in the following reference: Nagy, T. F.; Mahanti, S. D.; Dye,
J. L. Zeolites1997, 19, 57.

(9) (a) Mdler, T.; Harjula, R.; Pillinger, M.; Dyer, A.; Newton, J.; Tusa, E.;
Amin, S.; Webb, M.; Araya, AJ. Mater. Chem2001, 11, 1526. (b) Chang,
H.-L.; Shih, W.-H.Ind. Eng. Chem. Red.998 37, 71. (c) Bortun, A. |.;
Bortun, L. N.; Poojary, D. M.; Xiang, O.; Clearfield, AChem. Mater.
200Q 12, 294. (d) Clearfield, A.; Bortun, A. I.; Bortun, L. N.; Poojary, D.
M.; Khainakov, S. A.J. Mol. Struct.1998 470, 207.

(10) (a) Watanabe, Y.; Yamada, H.; Tanaka, J.; Komatsu, Y.; Moriyoshi, Y.
Sep. Sci. Technd2004 39, 2091. (b) Watanabe, Y.; Yamada, H.; Kokusen,
H.; Tanaka, J.; Moriyoshi, Y.; Komatsu, Ysep. Sci. TechnoR003 38,
1518. (c) Sherry, H. SJ. Phys. Chem1966 70, 1158. (d) Kang, S. J.;
Egashira, K.; Yoshida, AAppl. Clay Sci.1998 13, 117.

(11) (a) Mumpton, F. AProc. Natl. Acad. Sci. U.S.AL999 96, 3463. (b)
Jorgensen, T. C.; Weatherley, L. Rlater Res2003 37, 1723.
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terization of different intermediate ammonium-exchanged prod-
ucts, an unusual Nf-exchange mechanism was revealed. The
affinity of the framework ofl for NH4+ was found to be higher
than that for any other monovalent cation. The ammonium-
exchange capacity df is well comparable with that of natural
zeolites!C extensively used for environmental applicatids.

Experimental Section

Materials. Sn was purchased from CERAC Inc., 325 mesh, 99.8%.
Zn was purchased from Johnson Matthey/AESAR325 mesh,
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>99.5%. Sublimed sulfur was purchased from J. T. Baker Chemical
Co., >99.5%. Potassium metal, NK CsCl, and Rbl were purchased
from Aldrich Chemical Co. The preparation oK is described in ref
12. The synthesis ofl was accomplished with a polysulfide flux
reaction’?

Cs' lon-Exchange Experiment with Polycrystalline Powder.In
a suspension of (0.012 mmol, 20 mg) in water (10 mL), excess of
CsCl (0.36 mmol, 61 mg) was added as a solid. The mixture was kept
under magnetic stirring at room temperature fot2 h. Then, the
yellowish-white crystalline material was isolated by filtration, washed

diffractometer with Ni-filtered Cu I& 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 comparison of the X-ray powder diffraction patterns to
ones calculated from single-crystal data using the NIST Visualize 1.0.1.2
software.

EDS Analyses.The analyses were performed using a JEOL JSM-
6400V scanning electron microscope (SEM) equipped with a Tracor
Northern energy dispersive spectroscopy (EDS) detector. Data acquisi-
tion was performed with an accelerating voltage of 25 kV and 40 s

several times with water, acetone, and ether. Energy dispersive accumulation time.

spectroscopy (EDS) analysis on the exchanged mat8rigdve an
average formula “GsK4.4ZNn, sSneS7".

Cs' lon-Exchange Experiment with Single Crystals of 1 at 70
°C. Single crystals ofl. were placed in a water solution of CsClI (0.39
mmol, 65 mg). Then, the mixture was heated at °T0 and kept

undisturbed at this temperature for 2 weeks. The crystals were then

isolated by filtration, washed several times with water, acetone, and

IR Spectroscopy.Infrared spectra (IR) in the mid-IR region [4060
600 cnt?, diffuse reflectance infrared Fourier transform (DRIFT)
method] were recorded with a computer-controlled Nicolet 750 Magna-
IR series Il spectrometer equipped with a TGS/PE detector and silicon
beam splitter in 2-cm' resolution.

H, N Analyses and Mass Spectroscop¥Elemental H, N analyses
were obtained on a Perkin-Elmer Series || CHNS/O analyzer 2400.

ether. EDS analysis on several of them revealed the average formulaPyrolysis mass spectra were obtained with a TRIO-1 mass spectrometer.

“K 45Cs1.3Zn45Sns2S17". Single-crystal analysis showed that the ex-
changed crystals weresRsZnSrsS;7 (2b).

Cs' lon-Exchange Experiment in the Presence of Large Excess
of Rbl. In a suspension of compourid0.047 mmol, 77 mg) in water
(20 mL), CsCl (0.047 mmol, 7.8 mg), and Rbl (0.47 mmol, 100 mg)
were added as solids. The mixture was kept under magnetic stirring
for ~12 h. Then, the yellowish-white crystalline material was isolated
by filtration and washed several times with water, acetone, and ether.
EDS analyses on the exchanged sdlghve the average formula ik
Rb; 1C% sZN4 oSN 8517

NH,* ion-Exchange Experiment with Polycrystalline Powder or
Single Crystals of 1 at Room TemperatureThe NH;* ion-exchange
experimental routes are identical to the*Gsnes described above,
except that NI was used instead of CsCI. A 12 h reaction of NH
with polycrystalline powder ofl yielded an exchanged product with
the formula K(NH4)4Zn,SrsS;73H,0 (5) based on N, H (Calculated:
H, 1.38%; N, 3.49%. Found: H, 1.33%; N, 3.57%) and TGA analyses

Samples were heated at 2@/min, and the volatile products were
ionized by electron ionization.

Thermal Analysis. A Shimatzu DSC 50, differential scanning
calorimeter (DSC), calibrated with indium, tin, and zinc standards, was
used. Samples of about 10 mg were used for each test, placed in an
aluminum crucible, and were heated from ambient temperature to 500
°C in a 20 mL/min flow of N.

Thermogravimetric analysis (TGA) was carried out with a Shimatzu
TGA 50. Samples (16t 0.5 mg) were placed in quartz crucible.
Samples were heated from ambient temperature t6¢606 a 20 mL/
min flow of N,. Heating rate of 10C/min was used, and continuous
records of sample temperature, sample weight, and its first derivative
(DTG) were taken.

Single-Crystal X-ray Crystallography. A Siemens SMART Plat-
form CCD diffractometer, operating at room temperature and using
graphite-monochromatized Mo K radiation, was used for data
collection. Cell refinement and data reduction were carried out with

(see below). EDS analysis on the exchanged solid gave the formulathe program SAINT2 An empirical absorption correction was per-

“K1.4ZNn46S61S:7". The same reaction with single crystals bigave

an exchanged product with the formulas(KH4)ZnsSnsSi7 (6), as
determined by single-crystal X-ray analysis. EDS analysis on several
crystals of the exchanged material gave the formulgs sSrs 2S6.5'-

The same reaction of NfHwith single crystals ofl allowed to run for

48 h gave K ¢(NH4)1.4Zn:S1sS;7 (7), according to single-crystal X-ray

formed on the data using SADABSThe structures were solved with
direct methods using SHELXS, and least-squares refinement was done
againstF? using routines from the SHELXTL softwateéThe protons

of the NH," ion could not be located in the structures of the exchanged
materials, with the exception of the structure 4f for which the
hydrogen atoms were located in a difference Fourier map and refined

analysis. EDS analysis on several crystals of the exchanged materialisotropically. Selected crystal data for the structureRlaf4—7 are

gave the formula “i7 Zn, sSrs 2Sis.¢'.

NH4* lon-Exchange with Single Crystals of 1 at 70°C. Single
crystals ofl were placed in a water solution (10 mL) of NHO0.24
mmol, 35 mg). The mixture was then heated at @D and left
undisturbed at this temperature for 1 week. The crystals were then
isolated by filtration, washed several times with water, acetone, and
ether. EDS on several of them revealed the average formuleZfis s
Sns.S7". Single-crystal X-ray refinement indicated the exchanged
crystals correspond to K(N#EZnsSnsS,7 (8) (see below).

Competitive lon-Exchange Experiment of 1 with Equimolar
Quantities of CsCl, Rbl, and NH,l. Single crystals ofl were placed
in 15 mL of water, and then, 0.24 mmol each of CsCl, Rbl, andINH
were added to the suspensionlofThe mixture was heated at 7C
for a week without stirring. EDS analysis on several crystals of the
final product was consistent with a formula of §¥Rb,CsZnSnS;7".
Single-crystal X-ray diffraction analysis revealed the formula KGsRb
(NH4)2.7:Zn,SnsSy7 (9) for the exchanged product (see below).

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

(12) Liao, J. H.; Varotsis, C.; Kanatzidis; M. Giorg. Chem 1993 32, 2453.

given in Table 1. Further details of the crystal structure investigations
may be obtained by the crystallographic information files (CIF2lnf
4—7 (see Supporting Information).

Results and Discussion

The goals of this study were to understand the ion-exchange
properties of KSn[ZnSnS,7] which presents a stable open
framework motif similar to those of small pore zeolites, and to
explore those chemo- and cavity-specific responses to a variety
of mono-valent ions that distinguish this material from the
zeolites. This section first presents ion-exchange synthetic routes
to the variously exchanged materials (i.e"CRb", NH,™, etc.)
and a variety of competitive experiments. The occupation of
the various cavities in the framework is discussed on the basis

(13) Siemens Analytical X-ray Instruments Inc., 1995.

(14) SHELXTL V-5; Siemens Analytical X-ray Instruments Inc.: Madison, WI.

(15) The Cs ion of the ion-exchange produgb is disordered in the cavity.
Interestingly, when KCsSn[ZnSnS;7] is prepared by direct solid-state
synthesis, the Csion is found ordered in the structure. This may be
explained by taking into account the slightly larger size of the cavity hosting
the Cs ion in 2b [9.690(3) x 6.046(1) &] compared to the corresponding
[9.563(1) x 5.975(6) & cavity in 2a.
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Table 1. Selected Data for the lon-Exchanged Compounds Reported in This Work

cell parameters?

type of synthesis

chemicals used for
ion-exchange/

cmpd and R values (reaction temperature) reaction time
KeSN[ZnSniS;7]° (1) a=13.7425(7) A, solid-state reaction -
c=19.7272(5) A, (400°C)
V = 1837.04(16),
R1(F) = 0.0452,
WR2(F?) = 0.0878
KsCsSNn[ZnSnS;7]° (248) a=13.7684(11) A, solid-state reaction -
¢ =9.5630(9) A, (400°C)
V =1812.8(5),
R1(F) = 0.0669,
WR2(F?) = 0.1277
KsCsSn[ZnSnS,7] (2b) a=13.843(2) A, ion-exchange reaction of single crystalslof CsCl/
c=9.690(3) A, (70°C) 10d
V = 1856.8(7),
R1(F) = 0.0682,
WR2(F?) = 0.1795
K4.36CS1.2ZN4 8SM:S17 (3) - ion-exchange reaction of polycrystallide CsCl/
(25°C) 12 h
K1.8Rb3.1C%.52N4.0SMu 8517 (4) - ion-exchange reaction of polycrystallide CsCl, Rbl/
(25°C) 12 h
K2(NH4)4ZnsSrsS17-3H20 (5) - ion-exchange reaction of polycrystallide NHal/
(25°C) 12h
Ks5(NH4)ZnsSrsS17 (6) a=13.8142(9) A, ion-exchange reaction of single crystalslof NHal/
c=9.6824(12) A, (25°C) 12h
V=1847.7(3),
Z=2,
R1(F) = 0.0554,
WR2(F?) = 0.1239
K 4.5dNH1)1.41ZnSnsS17 (7) a=13.829(5) A, ion-exchange reaction of single crystalslof NHa4l/
¢=19.810(7) A, (25°C) 48h
V =1876.0(15),
Z=2,
R1(F) = 0.0685,
WR2(F?) = 0.1326
K(NH4)5ZnsSnsS;7 (8) a=13.8455(6) A, ion-exchange reaction of single crystalslof NHal/
¢=10.0731(9) A, (70°C) 7d
V=1931.0(2),
Z=2,
R1(F) =0.0243,
WR2(F?) = 0.0786
KCsRhb 2 NH4)2.712nsSnsS17 (9) a=13.8184(4) A, ion-exchange reaction of single crystalslof NHal, CsCl, Rbl/
c=10.0456(7) A, (70°C) 7d
V =1918.19(16),
zZ=2,
R1(F) = 0.0468,

WR2(F?) = 0.0825

a All compounds crystallize in the tetragonal space gro#m2 (no. 119. P From ref 7a.

of the X-ray crystal structure of a series of exchanged materials polycrystalline powder of instead of its single crystals resulted
including intermediates. A systematic organization of the ion- in exchanged product with nearly the same compositioPbas
exchange chemistry with regard to cage specificity and affinity However, due to the higher external surface area, the reactions
is then presented. Finally, results of ammonium-exchange with powder samples can be completed much faster (less than
chemistry are discussed and compared with previous results24 h) than those with single crystab is isostructural tal,
using conventional ion-exchange materials, followed by a proving that the exchange process is topotdétic.
discussion of plausible ion motional pathways through a flexible =~ The K3 cavity in the framework is suitably sized for Cs
chalcogenide framework to explain the unusual experimental ions, which explains its selectivity for this ion. To demonstrate
observations. this assessment we ran further experiments using equimolar
Affinity for Cs *. The ion-exchange experiments bfwith mixtures of CsCI/RbI/NH and obtained KCsRtydNHz)271-
Cs' in aqueous solution showed that only a single Cs atom per Zn4SnsSi7 (9) (Scheme 1). The refinement of the X-ray structure
formula unit can be inserted into the framework, specifically Of 9 showed the exclusive presence of'Gs the largestK3
in the K3 cavity (Scheme 1). Unambiguous confirmation for Ccavity, Figure 2d® The Rb" and NH;* ions were placed in the
this was obtained from the X-ray analysis of single crystals of
KsCsZnSnsS;7 2b, which were isolated by a long (34 d) ‘
lon-exchange reaction of single crystalslafith aqueous CsCl robity 1o Corin 8, prasumably ahowiny te poslional dcordorm e
solution at 70°C. lon-exchange reactions with the use of ground cavity.

(16) The Cs atom i® is also positionally disordered inside the cavity. As in
the case of the structure @b, the fact that the Cs cavity & is larger

8878 J. AM. CHEM. SOC. = VOL. 128, NO. 27, 2006
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Scheme 1. Representation of the Alkali (Li, Na, Rb, Cs)-Exchange Reactions of 1 and the Competitive (Cs, Rb, NH.) Exchange
Experiments

(KK Rbo ()] [Cs(N) 3 {Sn[ZnSn S 7]}
)

RT CsCl + Rbl (10-fold excess), 12 h*

no exchange %,

05‘?3 no exchange
&0

g

W

[KI*[K]4* (K] {Sn[ZngSn, Sy} (1)

3
- 709¢ \UNH,I + CsCl +Rbl, 7 d

(K K2 [Cs]*{SnlZn,Sn,Sy7]} “ K
(2b) [K]™ [Rby 20(NH.)g 41] ™ [Cs]™ {Sn[Zn Sn S 7]}

©)]
CsCI, 12 1° RT

(K< [K] <2[Cs2]*3(Sn[Zn,Sn,S 71}
3
a Reaction with polycrystalline powder df All other reactions were with single crystals bfBracket superscript§1, K2, K3 denote the type of cavity

the ion occupies. The question marks refer to the positions of exchange cations that have been assigned tentatively because of lack of stiittural data
reactions were in aqueous solution.

(a)

Y
MBSO
o4 o4ihe

Figure 2. The structures of the exchanged products: (afNKl4)ZnsSrsSi7 (6); (b) KasdNHa)1.41ZnsSrsSi7 (7); () K(NH4)sZnaSnsSiz (8); (d)
KCsRh 2 NH4)2.7:SrsZnsS17 (9). The incoming cations in each case are depicted as large balls (N, cyan; mixed K/N, green; Cs, gray; mixed Rb/N, purple).

K2 cavity, whereas th&1 cavity did not exchange its cation. K3, Figure 1b) exhibit high framework mobility and can be
This result indicates that five of the six'Kions of 1 (K2 and exchanged with C5 Rb", and NH*™ while simultaneously

J. AM. CHEM. SOC. = VOL. 128, NO. 27, 2006 8879
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sorting the cations according to size, Figure 2d. Only the K1
atom of 1, which is tightly bound in a square prismatic site,
remained in the exchanged mate®alFigure 2d. The signifi-
cance of this K atom for the stabilization of the framework has
been discusse®.

Additional exchange experiments were performed using
equimolar amounts df and CsClI while adding a 10-fold excess
of Rbl. The exchanged materi4kcontained 0.51 Cs', 3—3.5
Rb*, and~2 K* per formula unit, based on EDS analysis. Large
excess of Lt and Na ions cannot displace Csas the
framework exhibits no preference for these ions at all (see
below)’2The results show the strong preferenceldft¢ adsorb
Cs' ions even when is in relatively low concentration in the
initial solution and with the simultaneous presence of large
excess of other competing cations (Rbwhich can easily
exchange K ions of1.72The selectivity ofl for Cs" is therefore
remarkable, and this compound could be promising for further
environmentally related investigations involving'Geparations.

The cavity-dependent ion-exchange behavior and reactivity

patterns ofl based on the [K{[K] 4<?[K]*X3{Sn[ZnSnS:7]}
formalism are summarized in Scheme 1.

Selectivity and Affinity of the {Sn(ZnsSnS:7]}6~ Frame-
work for Li, Na, K, Cs ™, Rb™, NH4". Interestingly, the
framework exhibits absolutely no selectivity for'Land Na

ions because of the large hydration sphere of these ions that

prevents them from entering the framewdtklhe affinity of
the framework ofl for NH; seems to be higher than that for

any other monovalent cation studied here. The competitive ion-

exchange experiments with the simultaneous presence gf NH

Rbl, and CsCl showed that the framework can exchange the

54.2% of its exchangeable*kby NH,*, while 25.8 and 20%
of the exchangeable Kare replaced by Rband Cg respec-
tively. This gave rise to KCsRbBgNH4)2.7:1SmZn:S:7 (9), in

which the various cations are selectively distributed in the three

cavities according to their size. However, the pore selectivity
of the framework revealed by the structureddFigure 29] is
as follows: K3 cavity, Cs= 100%;K2 cavity, Rb= 32.25%,
NH4" = 67.75%;K1 cavity, K= 100%.

NH4* lon-Exchange Capacity.A series of NH*-exchanged

products have been isolated (see Table 1 and Scheme 2). FT
IR spectroscopy in the mid-infrared region showed the presence

of characteristic Nift absorptions at 3136 and 1400 thi’
However, NHt-exchange reactions with single crystalslof

stopped at various intermediate stages gave us the opportunit
to completely characterize the exchanged materials with X-ray

crystallography and obtain key insights into the ion-exchange
process.

Specifically, reacting single crystals dfvith excess of NH
for 12 h yielded the exchanged produdi(KH4)Zn;SnsS;7 (6)
(Figure 23, with one NH,™ replacing the disordered K3 df
A longer reaction (48 h) of single crystals dfwith excess of
NH4l gave KisdNHa)1.41ZnSnsSi7 (7) (Figure 2B with 1.4
NH4" ions replacing equivalent amount oftKions of (1).
Surprisingly, only K atoms from thi€2 cavity of the framework
(which is one of the small cavities of the framework) were
replaced by N, while the largest cavity of the structuré3
one) was still occupied only by the highly disordered K3 atom
(Figure 2b).

(17) Nakamoto, Kinfrared and Raman spectra of inorganic and coordination
compounds3rd ed.; John Wiley & Sons: New York, 1977; pp 13P46.
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Figure 3. Schematic representation of the possible mechanism of the
ammonium-exchange df employing a diffusion of N&" from the largest

to the small cavities of the framework with the parallel movement of K
ions in the opposite direction.

An even more interesting result was obtained by treating
single crystals of1) with excess of NHl at 70°C for 1 week.
The exchanged material K(NJZn,SnsS17 (8) (Figure 29
contained five NH* ions and only one Kion. The refinement

of the structure oB showed that four Ngi" ions were located

in the K2 cavity of the framework. Much to our surprise, the
fifth ammonium ion replaced the K1 ion, which as mentioned
above is believed to be tightly bound to the framework and
tends not to be exchangeable. As in the casg tifeK3 cavity

of 8 is occupied by a highly disordered*kion, which is the
only one that was not replaced by

To replace the last Kion of 8 by NH4" occupying theK3
cavity, crystals of8 were treated (for 1 week at 7@) with
excess of NH. X-ray refinement revealed an exchanged product
with number and positions of ammonium ions (four ;NHn
the K2 cavity and another one in th€l cavity) identical to
that of8. In another experiment, crystals bfvere treated with
NHgl for 14 days at 70C, to isolate the “(NH)eSN[ZnSn,S;7]”
compound containing only Nft ions. Refinement of crystal
structure in this case also showed an exchanged product with
number and positions of ammonium ions identical to tha.of
The inability of the last K ion occupying theK3 cavity is
puzzling, and it may be due to kinetic factors. Alternatively, it
is possible tha8 is the thermodynamically stable ammonium-
exchanged product (i.e. a (NHSn[ZnSnS;7] is prone to
collapse), while6 and 7 could be intermediate kinetic phases
formed earlier. Scheme 2 summarized the,Nibn-exchange
behavior and reactivity pattern éfas a function of experimental
conditions.

Another intermediate in the Nfi-exchange process 5
which was isolated from room-temperature ion-exchange reac-
tions using ground polycrystalline powder bwith excess of
NHg4l for 12 h. 5 has the formula K(NH4)4ZnsSrsS;7-3H20,
based on % H% N elemental analysis and thermal analysis
measurements (see below). Although there are no single-crystal
data for5 (it was isolated in polycrystalline form), from the
above discussion we expect tk& cavity of the framework to
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Scheme 2. Time-Dependent NH4"-Exchange Processes Leading to Compounds 5—8°
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Figure 4. (a) TGA and DTG (first derivative) curves foralNH4)aZnsSnsSi7-3H.0 (5). (b) DSC thermogram of the same material. The thermal events are
indicated in letterdA—E. The measurements were performed under nitrogen atmosphere and the heating rate usetOiam 10

be the probable location of the 4 NHions in 5. The high
surface area in this case permits the insertion of water into the
structure in contrast to the single-crystal studies which did not
show the presence of water.

To obtain further confirmation for the formula & and

guantitate the amount of water, we studied its thermal behavior 5
in detail by means of the TGA and DSC techniques. Based on 3
the thermogravimetric curve, Figure 4a, the sample starts to Iose =
mass immediately upon heating. Three stages of mass loss carg

be recognized until the mass remains stable after°80Trhe
DSC thermogram, Figure 4b, showed five characteristic and
well-defined thermal events. The first evet)(is a broad
endothermic peak between 27 and 260 This corresponds to
the first stage of mass loss (3.30%) occurring from 27 to 160
°C (Figure 4a and can be assigned to loss of three water
molecules (calculated mass loss 3.37%). X-ray powder
diffraction of the material obtained at this stage showed that it
retains its framework structur@igure 5).

The second eventBj in the DSC is a very weak and
exothermic peak which is almost masked by the third endo-
thermic peak €) at 190°C. Following this, we also observe
endothermic peakQd) at 180°C and endothermic pealbj at
275 °C. The exothermic peakBj is assigned to a partial
decomposition 05, according to the PXRD results (see below)-

. The C) and D) peaks correspond to the second and third
stages of mass loss in the TGA curve from 160 to 3T0The
total mass loss in these two stages-&50% and are consistent
with four NHz and two BS molecules (calculated mass less
8.49%). The NH gas is produced from the decomposition of
NH4". H,S is formed by the attack of the™Hon the sulfide

500 °C
300°%
|
i 230°C
25°%C  pristine
T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100
20(°)

Figure 5. Powder X-ray diffraction patterns of the DSC-derived residues
at 230, 300 , and 500C as well as of the pristine material The pattern

of the DSC residue at 15TC (not shown here for clarity) is identical to
that of pristine5.

atoms of the framework. The simultaneous release of aldl
H>S was also confirmed by pyrolysis mass spectroscogy. of
In addition, no H and a negligible amount of N (by C, H, N
analysis) were detected for the final residue at 500and the
mid-IR spectrum of this residue indicated absence ofyNH
peaks.

The final event on heating is an exothermic peBk &t 330
°C which can be assigned to a crystallization process, as
suggested by PXRD studies.
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X-ray diffraction analysis of the DSC residue at 230
showed the formation of Sp&s indicated by the strong peak
at 20 = 14.#4, Figure 5. The PXRD pattern of the residue at
300°C (just before the final exothermic phenomenon), indicates
that5 is still present, but the intensity of the peak from a8
20 = 14.£ has increased, Figure 5. In addition, an amorphous
underlying background in the PXRD pattern of the residue at
300°C is easily observed, Figure 5. The PXRD pattern of the
residue at 500C corresponds clearly to a mixture of crystalline
phases [SnS(main phase), ZnS, and possibly ternary “K Sn
S” phases] containing no features of the pristierhus, the
final exothermic process observed in the DSC plot can be

volume of8 to be very close to that df. Additional indications
concerning the possible swelling of the structureladuring
the ion-exchange process come from the structures of the
exchange productdb and7. The cavities ir2b and7 hosting
the Cs atoms are larger than the same Cs-hosting cavitg, in
a compound prepared by solid-state reaction. This enlargement
of the Cs cavity ireb and7 implies swelling of the framework
because of the insertion of water molecules during the ion-
exchange process.

Swelling phenomena during the ion-exchange processes are
well-known for ion-exchange resitbut are rare in crystalline
frameworks. Inorganic ion-exchangers with three-dimensional

assigned as a crystallization of a glassy phase resulting fromstryctures, such as the zeolites, usually exhibit rigid framework

the decomposition 0b after step D) and giving rise to the
aforementioned amorphous background in the X-ray diffraction
pattern.

Mechanism of the NH;™-Exchange ProcessThe structures
of the intermediate Nkt-exchange products, 7, as well as
that of the maximally exchanged end prod8dmply a specific
kind of movement or diffusion of Nkt ions during the
exchange process from tK& cavity [structure oB] to the K2
[structures of7 and8] and even to th&1 ones [structure o]
of the framework (Figure 3 and Scheme 2). This mechanism is
quite surprising. Th&1 cavity, although it is similar in size to
the K2, is less accessible because the passage betwe&d the
and K3 cavities (~1.0 A) is substantially narrower than that
between theK2 and K3 cavities (1.5 A)8 In general, the
diameters of these passages in the frameworkloére
significantly smaller than the diameter of & kon (~3.0 A for
eight-coordinated K ions, such as K1 and 2.8 A for six-
coordinated atoms such as K2)At the narrowest point the
passage between thel andK3 cavities is~2.3 A (equal to
the S3--S4 distance excluding van der Waals radii), which is
less than the diameter of onetKion. In addition, at the
narrowest point of the passage the 4§ distance of a K ion
passing from th&2 to theK3 cavity (S3:-S3~ 3.9 A) would
be ~1.95 A, which is much less than the sum of the van der
Waals radii of K- and $~ (3.2—3.3 A). Thus, one would expect
that 1 should not be able to exchange more than oreidf,
i.e., the K3 atom located in the largest cavity of the framework.
Furthermore, we would expect that the movement of the K2
and K1 atoms through the tunnel network would be restricted
by the small size of thi&1—K3 and K2—K3 pore windows.
However,1 not only can exchange five from its sixtons by
NH4, but it can also exchange the tightly bound K1 atom
located in the less accessible cavity of the framework!

The observed cation-exchange capabilitylafould be due

structures that do not favor swelling processes. Thus, ion-
exchange properties in these materials are controlled almost
exclusively by pore and channel sizes. This could be related to
the bond angles around the oxygen Visis sulfur atoms. In
zeolites, the A+O—Si angles are wide~160-180C). It is
possible that in the sulfide compounds such aSi{ZnSnS;7]
where the M-S—M' angles average at110 allow for a certain
degree of “breathing” action for the framework. This could
happen by bending around this angle, thereby cooperating to
enable ion diffusion between pores. An example of a chalco-
genide exhibiting highly elastic framework was recently de-
scribed?® Although negligible for zeolites and other oxidic
inorganic ion exchangers with 3D-frameworks, expansion
contraction phenomena may be important in chalcogenide
frameworks and thus could expand the scope of the ion-
exchange process in unique ways.

Another explanation for ion diffusion through the structure
could involve a cooperative “breathing” action of the framework
which allows it to expand and increase the passage windows
between cavities concomitantly with ion motion. Such a
cooperative process has been invoked to explain ion mobility
in amorphous materials and glasses, particularly those that
contain mixed alkali iond! Such framework action implies
flexibility and low rigidity, and the chalcogenide framework
with its small M—=S—M' angles and their ability to vary is likely
to possess these attributes.

Comparison of the Cation-Exchange Capacities (CEC) of
1 with Other Crystalline Inorganic lon Exchangers. Natural
and synthetic zeolites have been extensively studied for their
ammonium-exchange properti¥s! Their ammonium-exchange
capacities vary from 1 to 4.18 mequiv/gr (Table 2)has a
maximum ammonium-exchange capacity of 3.06 mequiv/gr
(theoretical CEC= 3.6 mequiv/gr), which was calculated on

to an expansion/contraction phenomenon during the exchanggn® basis of the formula of the exchanged prod8ctThe

process in which the absorption of water molecules into the
framework may play a rol&® Such insertion could cause the
expansion of the crystal volume @fand thus, the expansion
of its pores and pore windows facilitating the movement of the
K™ ions through the tunnel network. An indication for the ability
of 1 to expand is the significantly larger volume (193%) Af

the ammonium-exchanged prod®&tompared to that (1837
A3) of 1itself. The NH,* ion has nearly equal diameter (2.9 A)
to that of K* (2.8—3.0 A), and thus, we would expect that the

framework density ofl (2.955 g/cm) is much higher than that

of zeolites. For example, the density of sodium phillipsite (Na-
PHI), exhibiting (to the best of our knowledge) the highest
ammonium-exchange capacity among zeolites and other inor-
ganic ion exchangers, is 2.17 gfenTaking into account the
density difference between compourid and Na-PHI, the
normalized ammonium-exchange capacitylofs calculated
equal to 4.17 mequiv/gr, which is very close to the NH
exchange capacity of Na-PHI (4.18 mequiv/gr).

(18) Information about the ionic radii of all elements can be found in http://
abulafia.mt.ic.ac.uk/shannon/ptable.php.

(19) Helfferish, Flon ExchangeDover Publications: New York, 1995; pp 160
125.
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Table 2. Maximum Ammonium lon-Exchange Capacities of
Various Zeolites and KeSn[Zn4Sn4S17]

ion exchanger CEC (mequiv/gr) ref

Na-SO» 0 10a
NaCs-RHG 1.65 10a
Na-LTA2 2.56 10a
Na-FAU(X)? 3.20 10a
clinoptilolite 1.35 10b
mordenite 1.05 10b
Na-FAU(Y)? 3.04 10c
Na-PHP 4.18 10d
KeSN[ZnsSnuS;7] 3.06 (uncorrected value) present work

4.17 (normalized for
density difference value)

aNa-SOD: sodium sodalite; NaCs-RHO: zeolite RHO; Na-LTA:
sodium-Linde type A; Na-FAU(X):sodium-faujasite (X); Na-FAU(Y):
sodium-faujasite (Y); Na-PHI: sodium-phillipsite.

The Cs-exchange capacity dfis lower (0.6 mequiv/gr) than
that of various zeolites and zirconiuttitanium silicate materials
(1.86—4.19 mequiv/gry. However, the selectivity of for Cs"
is very high and uniqgue among chalcogenide materials.

Concluding Remarks

Each of the three distinct cavities of the open framework
chalcogenide compoundsBn[ZnySnS;7] (1) shows facile and
specific ion-exchange properties with NH Rb*, and C¢

lent ions, the affinity ofl for NH4™ ions is the highest as proven
by competitive ion-exchange experiments. The ammonium-
exchange capacity df is well comparable to that of natural
and synthetic zeolites, even though the zeolites have much larger
pores and pore windows than thoselofThe mechanism for
the ion-exchange seems to be quite unusual, employing a
movement of NH* from the largest cavity to small ones of the
framework of 1. This diffusion mechanism leads to a final
product with NH™ ion replacing even the most inaccessible
K™ (K1 cavity) of the pristine materidl and exiting completely

the largest cavitjK3. Because the cavities communicate with
each other through narrow “necked” regions-e A, it is
remarkable the ions of N&, Cs™ which are larger than the
“neck” connecting the cavities can pass through and diffuse
throughout. For the first time the elasticity of a chalcogenide
framework, that can possibly allow swelling phenomena, may
be implicated in the observed ion-exchange propertie. of
Overall, the results of the ion-exchange experiment$ with
alkali metals and NH" revealed the potential of using open
framework chalcogenides with loosely bound cations as ion
exchangers for specific situations. Although they cannot be
expected to replace zeolites in any way, in some cases they can
be alternatives to these and other oxidic open framework
materials. Finally, becauses8n[ZnySnS;7] and other open
framework chalcogenides can generally afford larger crystals

reminiscent those of the natural zeolites. The largest pore in than zeolites can, they can serve as model systems for studying

the framework exhibited a unique selectivity and high affinity

mechanisms of various ion-exchange processes as well as

for Cs", which has been demonstrated by competitive exchange g est-host interactions with single-crystal scattering techniques.

experiments using equimolar amounts oftREs", and NH;*.
The selectivity for Cs is high even when it is in relatively low
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