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Abstract: A technique for increasing the porosity in solid structures by replacing octahedral metal ions with
hexanuclear cluster cores is extended with the expansion of the ion-exchange matgfia]P¢4CN)s]2:

9H,0. At high relative cluster concentrations, the reaction between WH and Na[ResSe(CN)g] produces
NapZns[ResSe(CN)el 2 24H,0 (1), a compound exhibiting a porous three-dimensional framework isotypic with
that of NaZns[Fe(CN)].-9H,0. Its framework is characterized by hexagonal bipyramidal cages, each enclosing
two Na" ions and 24 water molecules in a volume of 1348-#nore than triple the volume of the cages in

the original structure. The expanded cavities and framework openings in comp@raedhown to facilitate
absorption of larger cationic complexes, specifically [MQ¥%]"" (M = Mg?*, Cr¥*, Mn?*, Ni?*, Zn?") and
[Cr(en)]3*, via exchange for the Naions. Indeed, when the preparation bis attempted using a slight
excess of the zinc reactant, [Zn®l)s]2" incorporates instead of Nialeading to direct formation of the ion-
exchanged compound [Zn§B)s]Zns[ResSe(CN)gl2-18H,0 (2). The crystal structure a2 reveals the [Zn-
(H20)e]?* complexes to reside at the exact center of the hexagonal bipyramidal cages. With prolonged exposure
to air, compoundl and its ion-exchanged variants undergo a color change from orange to green, which is
attributed to the one-electron oxidation of the §Be]?" cluster cores in the solid framework. In a further
parallel with ferrocyanide chemistry, the reaction between [20(k]2" and Na[ResSe(CN)g] at low relative
cluster concentrations is found to yield [Zn®)][ResSe&CN)e]-13H:0 (3), a phase exhibiting a two-dimensional
framework structure isotypic with that of [ZngB)],[Fe(CN)]-0.5H;0.

Introduction potential for controlling product structure. As a demonstrative
Over th t decade. | . ttention has b devot (gxample, we recently showed that the cubic structure of Prussian
ver the past decade, Increasing attention nas been devoley), o (Fg[Fe(CN)]s14H,0)° can be expanded by replacing the

to Investigating solut|on-b§s§d meth(_)ds of solid synthesis, [Fe(CN)]* reactants in its agueous assembly reaction with
wherein simple ligand substitution reactions are used to generate
extended framework structurésuch of this research has been (4) Selected examples assembled under standard solution conditions: (a)
prompted by the prospect of using molecular design principles Dance, I. G.; Garbutt, R. G; Craig, D. C.; Scudder, M.Iorg. Chem.

. ; : : : 1987, 26, 4057. (b) Yaghi, O. M.; Davis, C. E.; Li, G.; Li, H.. Am. Chem.
for tailoring functional solid materiatsparticularly porous S0c.1997 119, 2861. (c) Li, H.: Davis, C. E.. Groy, T. L. Kelley, D. G.:

materials exhibiting zeolite-type behavior. The strategy com- yaghi, 0. M.J. Am. Chem. So4998 120, 2186. (d) Khan, M. I.; Yohannes,
monly adopted for introducing porosity involves expanding the E.; Powell, D.Inorg. Chem.1999 38, 212. (e) Miler, A.; Krickemeyer,

i i E.; Bogge, H.; Schmidtmann, M.; Beugholt, C.; Das, S. K.; Peter§Hem.
frfa_mework ofa knowr:c solid strlucturehbyf;enlarglng ?tne (|3qr mored Eur. J.1999 5, 1496, (f) Li, H.. Eddaoudi. M.- O'Keeffe. M. Yaghi, O.
of its Components. Unfortunate Y, such e orts are often thwarte! M. Nature 1999 402, 276. (g) Zhang, Q.-F.; Leung, W.-H.; Xin, X.-Q.;

by interpenetration and architectural frailty, difficulties that arise Fun, H.-K.Inorg. Chem.200Q 39, 417. N

from the skeletal nature of the framework obtained when the 5 (5) S?ege?( ex?}fgﬁ'es a’\S/IS?mfi'gegdqugd?{shy(%f)o_trherm;l CDondltIOI?SZ @
FP : . arise, J. b.; Ko, em. Mater. A . an, K.; Darovsky,

enlargement IS Only_o_ne (_)r tWO_ dlmensﬁnﬂ' has b_een A.; Parise, J. BJ. Am. Chem. Sod995 117, 7039. (c) Bowes, C. L,

suggested that these difficulties might be reliably avoided by Huynh, W. U.: Kirkby, S. J.; Malek, A.; Ozin, G. A.; Petrov, S.;

utilizing multinuclear clusters as replacement components that Twardowski, M.; Young, D.; Bedard, R. L.; Broach, &hem. Mater1996

; ; ; i ; ; 8, 2147. (d) Cahill, C. L.; Parise, J. BChem. Mater.1997, 9, 807. (e)
are isotropically enlarged in all three dimensiéi&hile there Cahill. C. L: Ko, Y. Parise, J. BChem. Mater1998 10, 19, (f) Li, H.-

now exist numerous examples of porous solids with frameworks yaghi, 0. M.J. Am. Chem. Sod.998 120, 10569. (g) Li, H. Laine, A.:
featuring cluster components that have been assembled inO'Keeffe, M.; Yaghi, O. M.Sciencel999 283 1145. (h) Li, H.; Eddaoudi,
situ#~6 only a few such materials have been formed via ligand M.; Laine, A.; O'Keeffe, M.; Yaghi, O. MJ. Am. Chem. S0d.999 121,
substitution reactions employing an intact cluster precti$8r. S\gﬁgngg’(ihg'j stzsc'iesrié:i'gls_)%’ %aMl"lié.Charmam’ J- P H.; Orpen, A. G,

The latter process, however, offers a clear advantage in its (6) Zeolites with framework structures readily described in terms of
cluster building units (e.g., sodalite cages) could even be classified as such.

(1) (a) Hoskins, B. F.; Robson, R. Am. Chem. S0d.99Q 112 1546. (7) (@) Yaghi, O. M.; Sun, Z.; Richardson, D. A.; Groy, T. L. Am.
(b) Zaworotko, M. JChem. Soc. Re 1994 283. (c) Moore, J. S,; Lee, S. Chem. Soc1994 116, 807. (b) Naumov, N. G.; Virovets, A. V.; Sokolov,
Chem. Ind1994 556. (d) Bowes, C. L.; Ozin, G. AAdv. Mater. 1996 8, M. N.; Artemkina, S. B.; Fedorov, V. Angew. Chem., Int. Ed. Endl998
13. (e) Yaghi, O. M.; Li, H. L.; Davis, C.; Richardson, D.; Groy, T. L. 37, 1943. (c) MacLachlan, M. J.; Coombs, N.; Bedard, R. L.; White, S.;
Acc. Chem. Red.998 31, 474. Thompson, L. K.; Ozin, G. AJ. Am. Chem. S0d.999 121, 12005.
(2) Batten, S. R.; Robson, RAngew. Chem., Int. Ed. Engl998 37, (8) (a) Shores, M. P.; Beauvais, L. G.; Long, J.IRorg. Chem.1999
1461 and references therein. 38, 1648. (b) Beauvais, L. G.; Shores, M. P.; Long, JJRAmM. Chem.
(3) (a) Beauvais, L. G.; Shores, M. P.; Long, J.Ghem. Mater1998 Soc.200Q 122 2763.
10, 3783. (b) Shores, M. P.; Beauvais, L. G.; Long, J.JJRAmM. Chem. (9) Buser, H. J.; Schwarzenbach, D.; Petter, W.; Ludiln®rg. Chem.
Soc.1999 121, 775. 1977, 16, 2704.
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Expansion of the Porous Solid pEs[Fe(CN)s]2:9H.0

9.407 A

Figure 1. Top and side views of a hexagonal bipyramidal cage unit
in the structure of N&Zng[Fe(CN)],-9H,0 .20 Black, shaded, white, and

crosshatched spheres represent Fe, C, N, and Zn, respectively. The cal

is situated on a 3ymmetry site. Selected mean interatomic distances
(A) and angles (deg): FeC 1.881(3), G-N 1.16(1), Zn-N
1.9685(7), FeC—N 178.8(7), ZA-N—C 159.7(6), and NZn—N
110(4).

face-capped octahedral [&(CN)s]*~ (Q = Se, Te) cluster®
The ensuing cluster-expanded materials[Re;Teg(CN)gls
27H,0 and Ga[ResSe(CN)g)3-38H.0 were found to be at least
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Due to the tetrahedral Zhion coordination, the cavities defined

by the {Zn3[Fe(CN)]2}2~ framework are significantly more
accessible than those present in Prussian blue. Alkali metal
cations can easily move through the structure, and consequently,
these compounds have been widely studied for their ion-
exchange propertiéd?13 In particular, much research has
focused on their ability to selectively absorb radioactive Cs
cations from nuclear waste and other contaminated solutfdfis.

Experimental Section

Preparation of Compounds. NajJResSes(CN)s] was prepared as
described previousl§; ¢ as was [Cr(en](SCN).'” Nag[ResSe(CN)g]
was prepared by oxidizing the [R&a(CN)s]*~ cluster with iodine in
methanol. Water was distilled and deionized with a Milli-Q filtering
system. All other reagents were used as purchased. Product identity
and purity were verified by comparison of the observed X-ray powder
diffraction pattern with a calculated pattern generated from the single-
crystal results. The solvent content of each compound was determined
by thermogravimetric analysis. Once prepared, all products were stored
under dinitrogen to prevent oxidation.

NazZns[ResSe(CN)el2:24H,0 (1). Single crystals of this compound
were obtained directly by layering reactant solutions in a narrow
diameter tube; however, the material was best isolated in pure form as
follows. A solution of [Zn(HO)s](ClO4)2 (0.067 g, 0.25 mmol) in 5
mL of 3.5 M aqueous NaClQwas added to a solution of h&e;Se-
(CN)g] (2.0 g, 1.0 mmol) in 10 mL of 3.5 M aqueous NaGlQ\fter

g\%e solution was left standing for 30 min, the resulting orange precipitate

as collected by centrifugation, washed with methanol, and quickly
dried in air to give 0.23 g (63%) of NZns[ResSe(CN)g]2:12H,0-
4MeOH. IR (KBr): ven 2149 cmit, Anal. Caled for GeHaoN12NaeOs2
Re,SeeZns: C, 4.37; H, 0.92; N, 3.82; Na, 1.05; Zn, 4.46. Found: C,
4.37; H, 1.04; N, 3.95; Na, 0.92; Zn, 4.33.

[Zn(H 20)6)ZNn 3[ResSe(CN)g]2:18H20 (2). Single crystals of this
compound were obtained by layering a 0.075 M aqueous solution of
[Zn(H20)6)(ClO4), over a 0.015 M aqueous solution of JRes;Se-
(CN)g] in a narrow diameter tube. However, the material was best

as thermally robust as Prussian blue, and to exhibit enhancedyepared in pure form as follows. A solution of [ZrngB)e](CIO.).
inclusion properties commensurate with their increased pore (0.060 g, 0.22 mmol) in 2 mL of methanol was added to a solution of

size3® Herein, we extend this approach by applying it in the
expansion of a second important metayanide structure: the
anionic framework of the porous ion-exchange solid:Z¥g-
[Fe(CN)5]2-9H20.1°

This compound belongs to a family of isostructural phases
with formulas AZns[Fe(CN)]2*xH20 (A = H, Na, K, Cs), and
is readily prepared from aqueous solution as folld%s.

3[Zn(H,0)g*" + 2Na,[Fe(CN)] —
Na,Zn,[Fe(CN)],-9H,0 + 6Na" (1)

Its structure consists of octahedral [Fe(E4) units linked
through tetrahedral 2m ions to form a three-dimensional

Nay[ResSe(CN)g] (0.060 g, 0.030 mmol) in 2 mL of methanol. After
the solution was left standing for 12 h, the resulting orange precipitate
was collected by centrifugation, washed with methanol, and quickly
dried in air to give 0.046 g (68%) of [Zn{®)s]Zns[ResSes(CN)e]2-
14H,0-2MeOH. IR (KBr): ven 2150 cnmt. Anal. Caled for GiHagN1202
ReSeeZns: C, 3.74; H, 1.08; N, 3.74; Na, 0.00; Zn, 5.82. Found: C,
3.71; H, 1.12; N, 3.75; Nas0.06; Zn, 5.94.

[Zn(H 20)]2[ResSe(CN)g]-13H.0O (3). A solution of [Zn(HO)e)-
(Cl0O4)2 (0.20 g, 0.37 mmol) in 10 mL of water was added to a solution
of NaJResSe(CN)g] (0.10 g, 0.050 mmol) in 10 mL of water. After
the solution was left standing for 12 h, large orange-red crystals of
product had formed. The crystals were collected by centrifugation,
separated from a small amount of orange powder impurity (compound
2) by sonication, washed with water, and dried in air to give 0.076 g
(68%) of [Zn(HO)].[ResSe(CN)g]-8H:0. IR (KBr): ven 2144 cnt.

framework characterized by large hexagonal bipyramidal cagesAnal. Calcd for GHooNgO10Re:SeZn,: C, 3.25; H, 0.91; N, 3.79.

(see Figure 1) encapsulating the'Nans and water moleculé8.
The solid can be dehydrated without loss of crystallinity, and

Found: C, 3.29; H, 0.75; N, 3.65.
(13) (a) Vlasselaer, S.; d'Olieslager, W.; d’Hont, 84Inorg. Nucl. Chem.

the potassium-containing analogue has been shown to display1976 38,327. (b) Marei, S. A.; Basahel, S. N.; Rahmatallah, A.JB.

type | adsorption isotherms typical of microporous zeolies.

(10) Garnier, E.; Gravereau, P.; Hardy, Acta Crystallogr.1982 B38
1401.

(11) (a) Tananaev, I. V.; Korolkov, A. Pzu. Akad. Nauk SSSR. Neorgan.
Mater. 1965 1, 100. (b) Kawamura, S.; Kuraku, H.; Kurotaki, Knal.
Chim. Actal197Q 49, 317. (c) Bellomo, A.Talanta197Q 17, 1109. (d)
Gravereau, P.; Garnier, E.; Hardy, Acta Crystallogr.1979 B35, 2843.
(e) Gravereau, P.; Garnier, Rev. Chim. Min. 1983 20, 68. (f) Loos-
Nekovic, C.; Fedoroff, M.; Garnier, E.; Gravereau, TRilanta1984 31,
1133 and references therein. (g) Loos-Nekovic, C.; Fedoroff, M.; Garnier,
E. Talanta1989 36, 749.

(12) (a) Renaud, A.; Cartraud, P.; Gravereau, P.; Garnidh&mochim.
Acta 1979 31, 243. (b) Cartraud, P.; Caintot, A.; Renaud, A.Chem.
Soc., Faraday Trans. 1981, 77, 1561.

Radioanal. Nucl. Chenl986 104, 217. (c) Loos-Neskovic, C.; Fedoroff,
M. React. Polym.1988 7, 173. (d) Loos-Neskovic, C.; Fedoroff, M.;
Mecherri, M. O.Analyst199Q 115 981.

(14) (a) Barton, G. B.; Hepworth, J. L.; McClanahan, E. D., Jr.; Moore,
R. L.; van Tuyl, H. H.Ind. Eng. Chem1958 50, 212. (b) Nielsen, P.;
Dresow, B.; Heinrich, H. CZ. Naturforsch.1987, B42 1451. (c) Loos-
Neskovic, C.; Fedoroff, MRadioact. Waste Manage. Nucl. Fuel Cyt889
11, 347. (d) Loos-Neskovic, C.; Fedoroff, M.; Garnier, E.; Jones, Bda.
Mater. Proc.1998 282, 171 and references therein.

(15) The strong affinity for cesium likely arises from interactions between
the soft C$ cations and ther-electron clouds of the framework cyanide
ligands, as evident in the crystal structtifeof Cs,Zns[Fe(CN)]2-6H20.

(16) Mironov, Y. V.; Cody, J. A.; Albrecht-Schmitt, T. E.; Ibers, J. A.
J. Am. Chem. S0d.997, 119, 493.

(17) Rollinson, C. L.; Bailar, J. C., J3. Am. Chem. S0d943 65, 250.
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Table 1. Crystallographic Dataand Structure Refinement using a Bioanalytical systems CV-50W voltammagraph, 0.1 M KNO
Parameters for N@ng[ResSey(CN)g]2r24H,0 (1), supporting electrolyte, and a glassy carbon working electrode. Potentials
[Zn(H20)e]Zns[ResSey(CN)gl2* 18H:0 (2), and were determined vs a Ag/AgCl reference electrode. Diffuse reflectance
[Zn(H20)]o[ResS&(CN)e]-13H,0 (3) spectra of solids were acquired relative to Ba®@ a Perkin-Elmer
1 2 3 Lambda 9 spectrophotometer equipped with a 60 mm integrating sphere.
formula GoHaeNNar CiHaeN12Oss  CoHatNeOrs- ?b:((:)tz%tl?]rc]) t c?rf::ae(t:terra were measured with a Hewlett-Packard 8453
O:ReSeZn;  ReuSeZny  ReSezn pectiop -

formulawt  4484.47 4503.86 2310.01 . .
T K 154 142 159 Results and Discussion
;pace group 23‘3 230 (2:2/”‘ The synthesis of N@ns[ResSey(CN)e]224H;0 (1), a cluster-
a A 17.087(1) 17.192(1) 18.9899(2) expanded _analogue of bﬁ]a[FE(CNk].z'gHzo, is accomplished
b, A 10.8806(3) by employing Na[ResSe(CN)g]3P16:2%n place of Na[Fe(CN)]
c, A 49.643(6) 49.369(5) 8.5788(3) in reaction 1.
B, %eg 108.218(2)
Vv, A3 12552(2) 12636(2) 1683.71(8) 31Zn(H-0).J1%" + 2Na,[Re.Se(CN).] —
, mnrt 25.142 25.241 31.584 [2n(H,0)d] 3[Re;Se(CN)| .
deais glcm? 3.560 3.551 4,556 Na,Zn,[Re;Se(CN),:24H,0 + 6Na” (2)
R, WR2%  4.46,8.11 2.78,6.87 3.99, 8.91 Re&SG(CN),

a Obtained with graphite monochromated MocKA = 0.71073 A) However, to avoid impurities, the reaction is best carried out
radiation.’ R, = Y||Fo| — |Fe|l/¥|Fol; WRe = {Y[W(|Fo| — |Fc)/ in the presence of a large excess of both the cluster reactant
SIW(IFo)I} 2. and Na ions. Similar conditions have been recognized as

helpful in obtaining the ferrocyanide-based materials in pure
X-ray Structure Determinations. Single crystals were coated in  form 11PcReactions analogous to reaction 2 have now been used
Paratone-N oil, attached to quartz fibers, transferred to a Siemensig synthesize a variety of open framework solids, most of these
SMART diffractometer, and cooled in a dinitrogen stream. Lattice \yith unprecedented structure type&:8Interestingly, the reac-
parameters were initially determined from a least-squares reﬁnementtions are highly sensitive to the choice of transition metal ion
of more than 40 carefully centered reflections. The raw intensity data '
cluster chalcogen element (8 S, Se, or Te), and cluster

were converted (including corrections for background, and Lorentz and . I h lati .
polarization effects) to structure factor amplitudes and their esd’s using countercation, as well as to the relative reactant concentrations.

applied to each data set using SADABS. Space group assignments werdOr reaction 2, leading to formation of no less than three different

based on systematic absencEsstatistics, and successful refinement phases.

of the structures. Structures were solved by direct methods, with the  Single crystals of compountl were grown by layering the

aid o_f difference Fourier maps, and were ‘refingd with successive full- reactant solutions in a narrow diameter tube. X-ray analysis

matrix least-squares cycles. The sodium ions in the structuteaafl — revealed a structure in which the framework is perfectly isotypic

the solvate water molecules in bdtfand2 are disordered over multiple |\ :t1 that of NaZng[Fe(CNY],-9H,01° (Figure 1), adopting the

positions, and were modeled with partial occupancies accordingly. In sameR3c space group, and differing only in the substitution of

these structures, disordered atoms were refined with isotropic thermal Re-Sel?* clust ’ to the Eei ites. Thi bstituti

parameters, and all other atoms were refined anisotropically. The oxygen[ G Q*]_ cluster cores onto the Feion sites. This substitution

atoms of solvate and bound water molecules are fully ordered in the "€SUlts in the expansion of the hexagonal bipyramidal cages of

structure of3 and were refined isotropically; all other atoms were the framework (see Figure 2), which each now contain two Na

refined anisotropically. Hydrogen atoms were not included in any of cations and 24 water molecules. As calculdtdzhsed on the

the refinements. Crystallographic parameters are listed in Table 1. estimated van der Waals radii of the framework atoms, the
lon-Exchange Experiments A solution of the perchlorate or nitrate volume enclosed by these cages has increased from A&7 %6

salt of the hydrated metal ion or of [Cr(ef(BCN); in 10 mL of of the total volume) to 1340 A(64%) upon expansion. The

methanol was stirred over a precisely weighed quantity (ca. 100 mg) largest openings through which the cavitied ican be accessed

of solid 1 for 10 h. The solution and subsequent methanol washes (3 gnsist of pseudohexagonal @gSe,)s(CN)sZns rings situated

x 20 mL) were separated from the exchanged solid by centrifugation over alternate “faces” of the hexagonal bipyramidal cages. By

and combined. The integrity of the crystal structure of the exchanged . ting tetrahedral 2hi in this fashi ianificantl
solid was checked by X-ray powder diffraction. The separated solutions Incorporating tetranedra lons In this fashion, a significantly
were reduced to dryness, and the resulting residue was dissolved inMOre Open structure is achieved than observed for the frame-

25.00 mL of an aqueous solution that was 0.55 M in ammonium WOrks of matching composition and charge in the phases Cs
hydroxide and 0.33 M in ammonium chloride. An Orion model 97-12  [M(H20)]5[ResSe(CN)gl2-xH20 (M = Mn, Fe, Co, Ni, Cdfa

Na'" ion-selective electrode was then used to determine theidka where the M* ions adopt an octahedral coordination geometry.
concentration of this solution by comparison with calibration curves Thermogravimetric analysis and X-ray powder diffraction data
obtained from standards having concentrations in a similar range. Forindicate that, similar to KZns[Fe(CN)]»-9H,0,2 1 can be
each paramagnetic metal ion, the effective magnetic moment of the completely desolvated, and retains its crystal structure with
exchanged solid was measured at 295 K using a Quantum Designaytended heating at temperatures up to 250

SQUID magnetometer, and was found to be within 1% of the expected The expanded cavities and framework openings in the

moment (as calculated using previously reported data for the metal structure of1 suggest its potential utility in absorbing large

complex)*® L - N
Other Physical MeasurementsX-ray powder diffraction data were cationic complexes via exchange for the’Nans. In fact, when

collected using Cu K (4 = 1.5406 A) radiation on a Siemens D5000 itS preparation is attempted using a slight excess of the zinc
diffractometer. Thermogravimetric analyses were performed under a (19) For information on related [R@(CN)J* clusters, see: (a)

dinitrogen atmosphere at a ramp rate of°@/min, using a TA Mironov, Y. V.; Virovets, A. V.; Fedorov, V. E.; Podberezskaya, N. V.;

Instruments TGA 2950. Infrared spectra were recorded on a Mattson Shishkin, O. V.; Struchkov, Y. TRPolyhedron1995 14, 3171. (b) Slougui,

Infinity System FTIR spectrometer. Cyclic voltammetry was performed A.; Mironov, Y. V.; Perrin, A.; Fedorov, V. ECroat. Chem. Actdl995

68, 885. (c) Imoto, H.; Naumov, N. G.; Virovets, A. V.; Saito, T.; Fedorov,
(18) (a) Figgis, B. NIntroduction to Ligand FieldsRobert F. Krieger V. E. J. Struct. Chem. (Engl. Translp9§ 39, 720. (d) Podberezskaya, N.

Publishing: Malabar, 1986. (b) Figgis, B. N.; Lewis, J.; Mabbs, FJE. V.; Virovets, A. V.; Mironov, Y. V.; Kozeeva, L. P.; Naumov, N. G;

Chem. Soc1961 3138. Fedorov, V. EJ. Struct. Chem. (Engl. Trans1p99 40, 436.
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Figure 2. Top and side views of a hexagonal bipyramidal cage unit
(with vertices located at the center of each cluster) in the structure of
[Zn(H20)6]Zn3[ResSes(CN)elo+ 18H,0 (2). Black, large white, shaded,
small white, crosshatched, and hatched spheres represent Re, Se,
N, Zn, and O atoms, respectively. The cage is centered by a
[Zn(H20)s)2" complex situated on a 8ymmetry site. The framework

in NaoZns[ResSe(CN)g]2-24H,0 (1) is essentially identical, except that
its cages each encapsulate two hydrated Mas rather than a [Zn-
(H20)e]?" complex. Comparison with Figure 1 shows how this
framework is related to that of NMans[Fe(CN)]»9H,O simply by
replacing the F& ions with [ReSe]?" cluster cores. Mean interatomic
distances and angles are listed in Table 2.

reactant, [Zn(HO)g]>" incorporates instead of the Ndons,
leading to crystallization of [Zn(bD)s]Zns[ResSes(CN)g]2
18H,0 (2). This compound exhibits a framework isostructural
with that of1, but featuring cationic zinc complexes at the center

J. Am. Chem. Soc., Vol. 122, No. 28, 208567

Table 2. Selected Mean Interatomic Distances (A) and Angles
(deg) from the Structures of Man[ResSe(CN)el2-24H0 (1),
[Zn(H20)6)ZNn3[ResSe(CN)gl - 18H,0 (2), and
[Zn(H0)][ResSe(CN)g] - 13H0 (3)

1 2 3
Re—Re 2.627(2) 2.634(1) 2.638(6)
Re-Se 2.517(8) 2.525(8) 2.522(9)
Re-C 2.095(7) 2.089(7) 2.109(1)
C—N 1.16(2) 1.167(5) 1.14(1)
Zn—N 1.946(5) 1.962(3) 1.983(2)
Zn—-0 2.126(1) 2.00
Se-Re-C 92(2) 92(2) 92(3)
Re-C—N 177.5(7) 177(2) 173.9(1)
Zn—N-C 161(1) 161(2) 165.2
N—Zn—N 110(6) 110(4) 115.7(8)
0-Zn-0 90(1)
N—Zn-0 102(4)
Table 3. Exchange of [M(HO)¢]"" into Solid 1
Na' released| % exchange et (Us)°
Mg?t 0.85 43
Cr3* 1.83 92 4.89
Mn?2*t 1.17 59 3.45
Ni2+ 1.50 75 2.46
Zn?t 1.68 84

aNumber of equivalents per formula unit bf® At 295 K. ¢ Moment
and electronic absorption spectrum (Figure 3) indicate oxidation of 45%
of the cluster cores to [RBe]3" (S= 1/,).

the extent of the exchange was also calculated from the
measured effective magnetic moment of the product, and found
to be within 1% of the potentiometrically determined value. This
exchange behavior is reminiscent of the water-softening proper-
ties of zeolites; however, as with traditional zeolites, certain
metal ions were found to modify the framework of the material.
X-ray powder diffraction data indicate that exchanges attempted
with Fe+, Co?*, and C@" all resulted in the loss of framework
structure and formation of an amorphous phase. A satisfactory
explanation for why these ions should destroy the framework
structure is not immediately forthcoming, particularly in view
of the range of stability and lability parameters characterizing

dhose metal ion complexes that simply exchange with no loss

of crystallinity. Clearly there is sufficient space for larger
cationic complexes to fit within the cavities of th&n;[ResSe-
(CN)g]2} 2~ framework, and indeed, analogous exchange experi-
ments indicate that 75% of the Néons in compound. can be
exchanged for [Cr(eg)*".2! The possibility of building still
larger complexes within the cavities by first exchanging in
[M(H20)¢]"" and subsequently adding the free ligand is currently
under investigation.

Compoundl and its ion-exchanged variants all undergo a
color change from orange to green upon prolonged exposure to
air. This change is not observed when the samples are stored
under dinitrogen, and we attribute it to the one-electron oxidation

of its hexagonal bipyramidal cages (Figure 2), wherein each is Of the [ReSe]*" cluster cores in the solid framework by
surrounded by 18 solvate water molecules. Direct exchangedioxygen. An analogous oxidation is apparent in the cyclic

experiments with preformed samples of sdlidrere conducted
for a range of [M(HO)e]™" species dissolved in metharfél.

voltammagram of NgRes;Se(CN)g] in aqueous solution, which
reveals a [ReSe(CN)s]3~"4~ couple centered d&;, = 0.62 V

The extent of the exchange was assessed by measuring th¥s Ag/AgCI?* Furthermore, the diffuse reflectance spectra of
amount of N4 released into solution using an ion-selective the green solids exhibit bands matching those centered at 545

electrode. The results obtained are summarized in Table 3, and 21) The absorbed [Cred)’ s a et the infrared :

3+ 24 N2+ e absorbe r is also evident in the infrared spectrum
demonstratg the Successfu.l uptake oszg.?r » M=%, Ni<?, of the exchanged solid, which exhibits no change in its framework structure
and Zr#*, with no perturbation of the framework structure (as (as again probed by X-ray powder diffraction).

probed by powder X-ray diffraction). For paramagnetic ions,  (22) Note that this potential is slightly0.25 V) more positive than
that observed in acetonitrile solution: Yoshimura, T.; Ishizaka, S.; Sasaki,

(20) Exchanges were studied in methanol, because experiments in waterY.; Kim, H.-B.; Kitamura, N.; Naumov, N. G.; Sokolov, M. N.; Fedorov,
were typically complicated by simultaneous formation of an impurity phase. V. E. Chem. Lett1999 1121.
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Figure 4. A portion of a two-dimensional sheet in the structure [Zn-

Figure 3. Electronic absorption spectra of the solid compolitefore (H:0 :
; o 20)]2[ResSe(CN)g] - 13H,0 (3). Atom representations are the same
(dotted line) and after (solid line) exchange of [Cs(}s]*", and of as in Figure 2. Each cluster resides on a site af @fystallographic

Nag[ResSe(CN) in aqueous solution (dashed line). The units along symmetry, with the 2-fold rotational axes running horizontally within

the vertical axi; correspond to the solution spectrum, and are arbitrary,[he plane of the drawing. Mean interatomic distances and angles are
for the two solid spectra. listed in Table 2

iron-containing analogu®? with [ResSe]?" cluster cores
directly substituted onto the Feion positions. More simply,

the structure can be viewed as an expansion of thebdicture,

with [ResSe(CN)e]4~ clusters and [Zn(kD)]?" moieties resid-

ing on the Cd&" and I sites, respectively. Interestingly,
compound 3 is converted to compoun@ with sustained
exposure to methanol; an analogous transformation has been
reported for the ferrocyanide-based soffis.

In sum, the reaction chemistry between?Zand [ReSe-
(CN)g]*~ has been found to closely parallel that betweeA"Zn
and [Fe(CNj],*~ permitting synthesis of NZns[ResSey(CN)g]2*
24H,0, an expanded form of Nans[Fe(CN)]2-9H,0 with an
enhanced ion-exchange capacity. Future work will focus on
assembling reactive cationic complexes in the cavities of this
new material with the intention of rendering known homoge-
neous catalysts heterogeneous.

and 599 nm in the absorption spectrum of a green aqueous
solution of [RgSe(CN)e]3~ (Figure 3). Typically, emergence

of the green color in the solids is gradual, only becoming
noticeable after approximately 1 day. However, the exchange
of [Cr(H20)e] " into compoundl induces a more rapid change,
with the green color already apparent immediately following
the (10 h) exchange reaction. At this stage, the exchanged
product displays an electronic absorption spectrum substantially
different from that of the original compouri(see Figure 3)
and an effective magnetic moment indicating oxidation of 45%
of the framework clusters. We propose that the increased rate
is due to the greater acidity of [CrgB)e]°" (pKa ~ 4), which
provides protons for the acid-promoted oxidation of the clusters
by absorbed dioxygen. Consistent with our claim, exchange of
[Cr(en)]®*, a much less likely source of protons, results in a
solid product that oxidizes only very slowly. Significantly, no
loss of crystallinity is apparent in the X-ray powder diffraction Acknowledgment. This research was funded by the Uni-
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dimensional sheets, each consisting of a triangular lattice of
[ResSe(CN)e]*~ clusters connected through tetrahedrafZn
ions with an (NC)(H»0) coordination sphere (see Figure 4).
This is, once again, a direct expansion of the framework in the




