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Transition-metal cyanides have a long and fascinating history
and exhibit a diverse and interesting range of chemical and
physical properties leading to technological applications.[1]

Many complex cyanometallate can be viewed as supramolec-
ular compounds[2,3] constructed from M(CN)x structural
building blocks that have independent existence. These
include simple ions, for example, square planar [Ni(CN)4]

2�

and octahedral [Fe(CN)6]
4�, but can also include larger
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fragments, for example, -{CuCN}- chains. Such units are
relatively robust, have well-defined topology and geometry,
and can be assembled in at least a semirational manner to
form new solids by combining with themselves, other complex
metal ions, or organic species such as amines to generate 1-, 2-,
and 3-dimensional frameworks.[2, 4,5]

We have been investigating the use of CuCN, both as a
source of infinite -{CuCN}- chains and as a precursor to other
CuI cyano species, for use as alternative structural building
blocks in the construction of new cyanide complexes. We have
found that monatomic species, such as halide ions, are capable
of producing new zeolitic and interpenetrating frameworks
when alkali-metal halides and CuCN react under modest
conditions.[6, 7] Urban et al. recently achieved similar results
using silver cyanide and cesium halides.[8] An extension of this
approach is to replace the halides, which form bridges
between copper–cyanide building units, with complex cyanide
anions in the hope of producing framework materials with
larger pore sizes. We selected [Ag(CN)2]

� as a bridging unit
because it has been successfully used in the past to link other
metal ions, for example, MnII and CdII, into 3D networks.[2, 9,10]

Employing [Ag(CN)2]
� has the additional attraction of

providing a synthetic route to mixed CuI/AgI cyanides,
which, despite the similarity in the chemistry of copper and
silver in the + 1 oxidation state, surprisingly remained
unknown before this work. The CuI/AgI cyanide materials
have the formula A[Ag2Cu(CN)4] (A=K, Rb, Cs) and
contain remarkable interpenetrating anionic networks assem-
bled from {Cu(CN)4}

3� and {Ag(CN)2}
� units. These units are

connected in different ways in the Rb and Cs compounds to
produce two-dimensional (form I) and three-dimensional
(form II) networks of the same formula. These materials
challenge our views of what constitutes and distinguishes
polymorphs and topological isomers.

Reaction of excess K[Ag(CN)2] with CuCN under hydro-
thermal conditions produced single crystals of K-
[Ag2Cu(CN)4] (1, form I).[11] This material can also be made
at room temperature by adding an aqueous solution of
K3[Cu(CN)4] to AgNO3 in a 1:2 molar ratio. The Rb and Cs
analogues Rb[Ag2Cu(CN)4] (2, form I) and Cs[Ag2Cu(CN)4]
(3, form I) were also produced in hydrothermal reactions, but
in each case, a second form, Rb[Ag2Cu(CN)4] (4, form II) and
Cs[Ag2Cu(CN)4] (5, form II), predominated.[11]

Although form I of A[Ag2Cu(CN)4] (1–3) has a two-
dimensional network, and form II (4, 5) a three-dimensional
network, a good starting point for describing the structures is
to view them both as derived from a (4,4)-connected net.
Figure 1 shows the two different sheets found in these forms,
both of which have this connectivity. Copper atoms are
located at the 4-connected nodes in both forms.

In form I, all the copper atoms are identical and are linked
by almost-linear bridging -{NC-Ag-CN}- units. In form II,
there are two types of copper atoms: one type (Cu(1)) occurs
at the nodes of the (4,4)-connected net and the second
(Cu(2)) occurs within the -{NC-Cu(2)-NC-Ag(1)-CN}- unit
that links the Cu(1) nodes. As a consequence of the
tetrahedral coordination around the copper center, the
sheets in both forms I and II are buckled. Neither of the
resulting sheets fills the space very efficiently, and the

structures formed from isolated sheets of these types, if they
could be produced, would have very large free volumes. This
situation is not the case in these materials. Instead, further
copies of the sheets occupy the space (Figure 2). In form I, the
structure consists of AAA-stacked layers of three identical
interpenetrating sheets. In form II, four sheets can inter-
penetrate because the longer internode linkers (-{NC-Cu(2)-
NC-Ag(1)-CN}- units) produce a larger mesh size than that
found in form I. Figure 3 shows two layers formed from these
interpenetrating sheets and clearly shows the buckling of the
layers for each compound. In form I, the layers are suffi-
ciently close together that the potassium ions within the layers
also interact with cyanide groups in neighboring layers. The
layers in form II, which stack in an ABAB pattern, are well
separated, but, in contrast to form I, there are coordinatively
unsaturated copper atoms on the outside of the layers. These
Cu(2) atoms complete their tetrahedral coordination by
forming bonds to two -{NC-Ag(2)-CN-Ag(3)-CN}- units
external to the sheet. These units link sheets in adjacent
layers to form a three-dimensional framework consisting of
four identical interpenetrating networks. As in form I, the
alkali-metal cations lie within the layers of buckled sheets.

Threefold parallel interpenetration of (4,4)-connected
nets to form layers, as observed in form I, is very rare for
coordinatively bonded networks[16,17] and this is the first

Figure 1. Portions of the sheets derived from a (4,4)-connected net for
a) A[Ag2Cu(CN)4] (form I, A=K, Rb, Cs) and b) A[Ag2Cu(CN)4]
(form II, A=Rb, Cs). The bridging cyanide groups bond through the
carbon atom to silver, but are disordered when they bridge Cu(1) and
Cu(2) atoms in (b).

Angewandte
Chemie

8157Angew. Chem. 2005, 117, 8156 –8160 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


totally inorganic example. Previous examples all have organic
spacers between the metal centers at the nodes.[18–20] Form II,
according to the recent classification of interpenetrating 3D
networks by Blatov and co-workers,[21,22] belongs to Class Ia,
which means that the four identical three-dimensional net-
works are related by simple translations ([1/2, 1/2, 1/2]
(19.26 B) and the symmetry-related operations). The 3D
network found in form II[23] is, to the best of our knowledge, of
a previously unknown type.[17,24,25] Moreover, this new net-
work is self-penetrating (Figure 4) as rings containing six and
eight copper atoms catenate within the structure. Interpene-
tration of self-penetrating networks is a rare combination[26]

and, as is observed here, can lead to very complicated
entangled structures.

It is remarkable that compounds of A[Ag2Cu(CN)4] (A=

Rb and Cs) form two distinct types of interpenetrating solid.
These exceptional materials are true topological isomers
because not only do they have frameworks of the same

composition constructed from the same units, but their overall
compositions are also identical. Most quoted examples of
topological isomerism found in supramolecular chemistry
involve the inclusion of different guest molecules, typically
the solvent used in preparation,[27] and the overall composi-
tions of the related compounds are therefore different. As the
compositions of forms I and II are identical, and both are
extended solids, they can also be classified as polymorphs
according to the normal usage of that term.

Our experiments show that form II is the thermodynami-
cally more stable phase of Cs[Ag2Cu(CN)4] both under
hydrothermal conditions and at atmospheric pressure at
300 K. Form I is the kinetically favored product, being
formed immediately upon reaction between solutions con-
taining A+ (A=K and Cs), Cu(CN)4

3�, and Ag+, and also it
appears as a minor phase in shorter hydrothermal reactions. It
is interesting that K[Ag2Cu(CN)4] has only been found in
form I and does not convert to a form II analogue even on
prolonged hydrothermal reaction. A further illustration of the

Figure 2. Layers derived from parallel interpenetration of a) three of
the sheets shown in Figure 1a) for A[Ag2Cu(CN)4] (form I) and b) four
of the sheets shown in Figure 1b) for A[Ag2Cu(CN)4] (form II). The
different independent networks are shown in black, red, blue, and
yellow.

Figure 3. Side view showing the buckled sheets in a) A[Ag2Cu(CN)4]
(form I) forming a layered structure and b) A[Ag2Cu(CN)4] (form II)
forming a three-dimensional structure. The open and gray circles in
(b) correspond to -{NC-Ag(2)-CN-Ag(3)-CN}- units that interlink the
layers shown in Figure 2b) to form the 3D structure containing four
independent networks.

Figure 4. View of a single network found in A[Ag2Cu(CN)4] (form II)
showing self interpenetration.
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thermodynamic stability of Cs[Ag2Cu(CN)4] (form II) is that
it can be formed by stirring a polycrystalline sample of
K[Ag2Cu(CN)4] in an aqueous solution of CsNO3.

In summary, the first family of CuI/AgI cyanides has been
prepared. The compounds of general formula
A[Ag2Cu(CN)4] (A=K, Rb and Cs) form curious inter-
penetrating two- and three-dimensional networks, the latter
of which is also self penetrating. The two forms of the Rb and
Cs compounds are both topological isomers and polymorphs.
Further work will include analysis of the correlation between
the uniaxial negative thermal expansion and the contraction
of this axis upon increasing radius of the alkali-metal cation in
all these materials. We are also attempting the preparation of
A[M2M’(CN)4] materials using other metals.

Experimental Section
K[Ag2Cu(CN)4] (1, form I): Colorless rectangular plates[11] (IR: ñ=
n(CN) 2135(vs), 2120(vs) cm�1) were obtained by heating CuCN
(0.09 g, 1 mmol) with K[Ag(CN)2] (1.39 g, 7 mmol) in H2O (5 mL) in
a teflon-lined autoclave at 453 K for 24 h and could be easily
separated from a fernlike growth of metallic silver. A polycrystalline
sample of 1 was prepared at 300 K by adding a solution of
K3[Cu(CN)4] (1.42 g, 5 mmol) in H2O (5 mL) to AgNO3 (1.75 g,
10 mmol) dissolved in H2O (5 mL). A dark-gray precipitate formed
immediately. In contrast, addition of the AgNO3 solution to the
K3[Cu(CN)4] solution resulted in significant contamination by AgCN.

Rb[Ag2Cu(CN)4] (2, form I and 4, form II): Hydrothermal
reaction of CuCN (0.09 g, 1 mmol), NaCN (0.15 g, 3 mmol), RbNO3

(0.44 g, 3 mmol), andAgNO3 (0.34 g, 2 mmol) in H2O (5 mL) at 413 K
for 3 days produced a mixture of colorless crystals—a majority of
rectangular needles (4) and a minority of rectangular blocks (2)—
which were easily separated for diffraction studies.[11]

Polycrystalline 2 was prepared at 300 K by adding RbNO3 (0.44 g,
3 mmol) to a solution of Na3[Cu(CN)4] (0.24 g, 1 mmol) in H2O
(2.5 mL). The resulting solution was then added to a solution of
AgNO3 (0.34 g, 2 mmol) in H2O (2.5 mL) and a gray precipitate
formed immediately. Compound 2 was the major component,
together with a significant amount of AgCN. Allowing the precipitate
to sit in the mother liquor at room temperature for 14 days led to the
growth of single crystals of 2 (IR: ñ= n(CN) 2130(s), 2110(vs),
2089(s) cm�1). Compound 4 was not produced in either room
temperature reaction.

Cs[Ag2Cu(CN)4] (3, form I and 5, form II): Hydrothermal
reaction of CuCN (0.23 g, 2.5 mmol), KCN (0.49 g, 7.5 mmol)
CsNO3 (1.46 g, 7.5 mmol), and AgNO3 (0.85 g, 5 mmol) in H2O
(10 mL) at 413 K for 3 days produced colorless needles of 5 (IR: ñ=
n(CN) 2168(vs), 2139(vs), 2115(vs), 2094(vs) cm�1) as the major
phase, together with a small quantity of colorless rectangular blocks
of 3 (IR: ñ= n(CN) 2136(vs), 2114(vs), 2091(s) cm�1).[11] Heating an
identical mixture for 8 days produced a pure sample of 5. Polycrys-
talline 3was prepared at 300 K by adding CsNO3 (1.46 g, 7.5 mmol) to
K3[Cu(CN)4] (1.42 g, 5 mmol) in H2O (5 mL). The resulting solution
was then added to AgNO3 (0.85 g, 5 mmol) in H2O (5 mL) and a gray
precipitate formed immediately. Compound 3 was the major compo-
nent, together with a small amount of AgCN. There was no evidence
for the formation of 5 in this reaction.

Reactions of K[Ag2Cu(CN)4] (1, form I): Stirring 1 (0.30 g,
0.70 mmol) in a solution of CsNO3 (0.68 g, 3.5 mmol) in H2O
(5 mL) for 9 days at 300 K produced a change in the
[Ag2Cu(CN)4]

� framework to give Cs[Ag2Cu(CN)4] (5, form II) as
the major phase, together with small amounts of AgCN and Ag. The
original [Ag2Cu(CN)4]

� framework was, however, retained in a

similar reaction in which CsNO3 was replaced by KNO3 (0.35 g,
3.5 mmol), although again some degradation to formAgCN occurred.

Received: July 7, 2005
Revised: September 21, 2005
Published online: November 15, 2005

.Keywords: copper · cyanides · framework structures ·
polymorphism · silver

[1] K. R. Dunbar, R. A. Heintz, Prog. Inorg. Chem. 1997, 45, 283 –
391.

[2] T. Iwamoto in Comprehensive Supramolecular Chemistry, Vol. 6
(Eds.: D. D. MacNicol, F. Toda, R. Bishop), Pergamon, Oxford,
1996, pp. 643 – 690.

[3] J. Cernak, M. Orendac, I. Potocnak, J. Chomic, A. Orendacova,
J. Skorsepa, A. Feher, Coord. Chem. Rev. 2002, 224, 51 – 66.

[4] J. MGhle, W. S. Sheldrick, Z. Anorg. Allg. Chem. 2003, 629,
2097 – 2102.

[5] D. J. Chesnut, D. Plewak, J. Zubieta, J. Chem. Soc. Dalton Trans.
2001, 2567 – 2580.

[6] S. J. Hibble, S. G. Eversfield, A. R. Cowley, A. M. Chippindale,
Angew. Chem. 2004, 116, 638 – 640; Angew. Chem. Int. Ed. 2004,
43, 628 – 630.

[7] A. M. Chippindale, S. J. Hibble, A. R. Cowley, Inorg. Chem.
2004, 43, 8040 – 8048.

[8] V. Urban, T. Pretsch, H. Hartl, Angew. Chem. 2005, 117, 2855 –
2858; Angew. Chem. Int. Ed. 2005, 44, 2794 – 2797.

[9] B. F. Hoskins, R. Robson, N. V. Y. Scarlett, J. Chem. Soc. Chem.
Commun. 1994, 2025 – 2026.

[10] U. Geiser, J. A. Schlueter,Acta Crystallogr. Sect. C 2003, 59, i21 –
i23.

[11] Crystal data for 1–5 : Enraf–Nonius Kappa CCD diffractometer
(graphite monochromated MoKa radiation, l= 0.71073 B),
150 K, data processing and absorption correction (DENZO/
SCALEPACK),[12] direct methods (SIR92),[13] full least-squares
refinement against jF j (I> 3s(I) cutoff) (CRYSTALS),[14]

drawing package (CAMERON),[15] anisotropic thermal factors
for all atoms, “head-to-tail” disorder of C/N atoms of the cyanide
groups between Cu(1) and Cu(2) and Ag(2) and Ag(3) included
for 4 and 5. A[Ag2Cu(CN)4] (form I, A=K 1, Rb 2, and Cs 3),
monoclinic, P2/c, Z= 2, 1: Mr= 422.45, a= 8.1480(4), b=
7.1005(3), c= 7.4533(3) B, b= 101.760(2)8, V= 422.16 B3,
1calcd= 3.323 gcm�3, R= 0.0403, wR= 0.0455 (1391 reflections).
2 : Mr= 468.84, a= 7.9885(3), b= 7.2945(3), c= 7.7856(4) B, b=
102.5859(17)8, V= 442.78 B3, 1calcd= 3.516 gcm�3, R= 0.0591,
wR= 0.0606 (804 reflections). 3 : Mr= 516.28, a= 7.7266(3), b=
7.6129(3), c= 8.2541(3) B, b= 103.807(2)8, V= 471.49 B3,
1calcd= 3.637 gcm�3, R= 0.0213, wR= 0.0242 (931 reflections).
A[Ag2Cu(CN)4] (form II, A=Rb 4 and Cs 5), orthorhombic,
Ibca, Z= 24, 4 : Mr= 1406.52, a= 8.1519(2), b= 21.0135(7), c=
31.2315(8) B, V= 5350.0 B3, 1calcd= 3.493 gcm�3, R= 0.0368,
wR= 0.0421 (2280 reflections). 5 : Mr= 1548.84, a= 8.5733(2),
b= 20.6076(5), c= 31.5303(9) B, V= 5570.6 B3, 1calcd=
3.694 gcm�3, R= 0.0264, wR= 0.0270 (2196 reflections). Further
details on the crystal structure investigation may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+ 49)7247-808-666; e-
mail: crysdata@fiz-karlsruhe.de), on quoting the depository
numbers CSD-415570 (1), -415571 (2), -415572 (3), -415573 (4),
and -415574 (5). Note: Cell determinations at 298 K are given in
the Supporting Information.

[12] Z. Otwinowski, W. Minor in Methods in Enzymology, Vol. 276
(Eds.: C. W. Carter, R. M. Sweet), Academic Press, New York,
1997, pp. 307 – 326.

Angewandte
Chemie

8159Angew. Chem. 2005, 117, 8156 –8160 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


[13] A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, M. C.
Burla, G. Polidori, M. Camalli, J. Appl. Crystallogr. 1994, 27, 435.

[14] D. J. Watkin, C. K. Prout, J. R. Carruthers, P. W. Betteridge, R. I.
Cooper, CRYSTALS, Issue 11, Chemical Crystallography Labo-
ratory, Oxford, 2001.

[15] D. J. Watkin, C. K. Prout, L. J. Pearce, CAMERON, Chemical
Crystallography Laboratory, Oxford, 1996.

[16] S. R. Batten, R. Robson, Angew. Chem. 1998, 110, 1558 – 1595;
Angew. Chem. Int. Ed. 1998, 37, 1460 – 1494.

[17] S. R. Batten, CrystEngComm 2001, 3, 67 – 73.
[18] L. Carlucci, G. Ciani, D. M. Proserpio, S. Rizzato, CrystEng-

Comm 2002, 4, 413 – 425.
[19] C.-H. Ge, X.-D. Zhang, P. Zhang, W. Guan, F. Guo, Q.-T. Liu,

Polyhedron 2003, 22, 3493 – 3497.
[20] O. R. Evans, W. Lin, Chem. Mater. 2001, 13, 3009 – 3117.
[21] V. A. Blatov, L. Carlucci, G. Ciani, D. M. Proserpio, CrystEng-

Comm 2004, 6, 377 – 395.
[22] I. A. Baburin, V. A. Blatov, L. Carlucci, G. Ciani, D. M.

Proserpio, J. Solid State Chem. 2005, 178, 2452 – 2474.
[23] The single network in form II is a 4-connected net in which there

are two nodal types, Cu(1) and Cu(2), with stoichiometry 1:2.
Total SchlRfli symbol: (62·84)(64·82)2; Vertex symbol:
(62·62·83·83·83·83)(6·6·6·6·82·86)2.

[24] M. OTKeeffe, O. M. Yaghi, The Recticular Chemistry Structure
Resource website: http://okeeffe-ws1.la.asu.edu/RCSR/
home.htm.

[25] N. W. Ockwig, O. Delgado-Friedrichs, M. OTKeeffe, O. M. Yaghi,
Acc. Chem. Res. 2005, 38, 176 – 182.

[26] L. Carlucci, G. Ciani, D. M. Proserpio, Coord. Chem. Rev. 2003,
246, 247 – 289.

[27] A. J. Blake, N. R. Brooks, N. R. Champness, M. Crew, A.
Deveson, D. Fenske, D. H. Gregory, L. R. Hanton, P. Hubber-
stey, M. SchrUder, Chem. Commun. 2001, 1432 – 1433.

Zuschriften

8160 www.angewandte.de � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2005, 117, 8156 –8160

http://www.angewandte.de

