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A Three-Dimensional Framework with
Accessible Nanopores: RbCuSb2Se4 ´ H2O**
Jason A. Hanko and Mercouri G. Kanatzidis*

The synthesis of nonoxidic chalcogen-based open frame-
works is motivated by the prospect of obtaining interesting
semiconducting analogues of zeolites.[1] Planned syntheses of
open-framework structures based on germanium and tin
sulfides were reported in 1989.[2] This discovery led to a rapid
expansion in this area, and compounds such as [Et4N]2Cu2-
Ge4S10,[3] [Me4N]2MGe4S10 (M�Mn,[4, 5] Fe,[5, 6] Co,[5] Zn[5]),
and [Me4N]6(Cu0.44Ge0.56S0.73)Ge4S10

[7] were prepared. Hydro-
thermal synthesis is a common route to these materials. Solid-
state lattices can be generated by the self-assembly of the
appropriate molecular building blocks in the presence of
organic template ions. Using this approach, we have demon-
strated that [EQ3]3ÿ (E�As, Sb; Q� S, Se) units are versatile
building blocks from which interesting compounds such as
KBi3S5,[8] [Ph4P]InSe12,[9] [Me4N]HgAs3S6,[10] [Me4N]Rb-
BiAs6S12,[11] and [Co(en)3]CoSb4S8

[12] can be made. A tran-

sition metal is not necessary for the formation of extended
structures. Several of these germanium,[13] tin,[14±22] and an-
timony sulfide[23, 24] frameworks are also accessible by con-
densation of molecular building blocks.

Here we report on the new three-dimensional material
RbCuSb2Se4 ´ H2O (1), which was prepared by heating CuCl
with Rb3SbSe3

[25] and Ph4PBr in H2O at 130 oC. The black
needlelike crystals are insoluble in common organic solvents.
Compound 1 has a three-dimensional framework in which
tetrahedral Cu centers are connected to both pyramidal SbSe3

and square-pyramidal SbSe5 units.[26] The novel feature of this
framework is the presence of large channels running along the
[010] direction (Figure 1). The channels have an irregular

Figure 1. View of the structure of 1 along the b axis showing the channels
occupied by the rubidium centers and water molecules.

cross section with dimensions of 11.29� 10.52� 8.16 � (Fig-
ure 2). Another unique feature is the presence of two kinds of
[SbSe2]nÿ

n chains which run parallel to the channels. One is a
single [SbSe2]nÿ

n chain of corner-sharing pyramids in which all
of the terminal Se centers on the same side; the SbÿSe bond
lengths range from 2.556(4) to 2.726(3) � (av 2.66(5) �), and
the Se-Sb-Se angles from 95.5(1) to 99.1(1)o. The other
contains associated double {[SbSe2]2}2 nÿ

n chains with SbÿSe
bond lengths in the range 2.585(4) ± 2.972(3) � (av 2.83(8) �)
and Se-Sb-Se angles between 84.8(1) and 173.9(1)o. Such
double chains are also found in Sb2Se3.[27] Figure 2 highlights
the two different [SbSe2]nÿ

n chains. The [SbSe2]nÿ
n single chains

are connected to the Cu atoms to give corrugated CuSbSe2

sheets composed of alternating rows of tetrahedrally coordi-
nated Cu and pyramidally coordinated Sb units. These sheets
are held together by the {[SbSe2]2}2 nÿ

n double chains, which
complete the tetrahedral coordination sphere of the Cu atoms

[22] H. J. Bestmann, L. Kisielowski, Chem. Ber. 1983, 116, 132.
[23] Compare the PÿCa coupling in phosphacumulene ylides: H. J.

Bestmann, G. Schmidt, Chem. Ber. 1980, 113, 3369.
[24] H. J. Bestmann, K. Roth, Tetrahedron Lett. 1981, 22, 1181.
[25] NMR data for the previously unknown (Z)-11a (X�Cl): 1H NMR

(400 MHz, CDCl3, RT): d� 7.62 (dd, 1H, 2J(P,H)� 16.17 Hz,
3J(H,H)� 8.85 Hz, H on Ca), 7.86 (m, 15H, aromatic H), 8.03 (dd,
1H, 3J(P,H)� 35.09 Hz, 3J(H,H)� 8.85 Hz, H on Cb); 13C NMR
(100.4 MHz, CDCl3, RT): d� 111.90 (d, 1J(P,C)� 91.5 Hz, Ca),
117.21 (d, 1J(P,C)� 91.6 Hz, ipso-C), 130.45 (d, 3J(P,C)� 13.7 Hz,
meta-C), 133.33 (d, 2J(P,C)� 12.2 Hz, ortho-C), 135.32 (d, 4J(P,C)�
3.1 Hz, para-C), 147.83 (d, 2J(P,C)� 7.6 Hz, Cb).

[26] Review of alkylidene carbenes: P. J. Stang, Chem. Rev. 1978, 78, 283;
Acc. Chem. Res. 1982, 15, 348.

[27] Review: I. Ugi, Angew. Chem. 1962, 74, 9; Angew. Chem. Int. Ed.
Engl. 1962, 1, 8.

[28] Cf. H. J. Bestmann, G. Schade, H. Lütke, T. Mönius, Chem. Ber. 1985,
118, 2640.

[29] 24 : colorless crystals, m.p. 203 ± 205 8C (decomp); IR: nÄ � 2090 cmÿ1

(C�C); 1H NMR (60 MHz, [D5]pyridine): d� 7.1 ± 8.0 (m, 30 H,
aromatic H); 13C NMR (100.4 MHz, [D5]pyridine): d� 71.3 (d,
1J(P,C)� 186.2 Hz, Ca), 122.3 (d, 1J(P,C)� 99.2 Hz, ipso-C, P-phenyl),
124.4 (s, para-C, B-phenyl), 127.3 (s, ortho-C, B-phenyl), 130.3 (d,
3J(P,C)� 13.7 Hz, meta-C, P-phenyl), 133.3 (d, 2J(P,C)� 12.2 Hz,
ortho-C, P-phenyl), 134.8 (d, 4J(P,C)� 3.0 Hz, para-C, P-phenyl),
135.5 (s, meta-C, B-phenyl), 157.6 (s, ipso-C, B-Phenyl); 31P NMR
(161.7 MHz, [D5]pyridine): d� 0.04; 11B NMR (128 MHz, C6D6): d�
ÿ11.2.
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Figure 2. a) Section of the framework of 1 (Rb cation and water molecule
omitted for clarity) with selected bond lengths [�] and angles [8]:
Cu(1)ÿSe(1) 2.489(3), Cu(1)ÿSe(1') 2.489(3), Cu(1)ÿSe(2) 2.499(6),
Cu(1)ÿSe(4) 2.480(5), Sb(1)ÿSe(1) 2.556(4), Sb(1)ÿSe(2) 2.726(3),
Sb(1)ÿSe(2') 2.726(3), Sb(2)ÿSe(3) 2.585(4), Sb(2)ÿSe(3') 2.972(3),
Sb(2)ÿSe(3'') 2.972(3), Sb(2)ÿSe(4) 2.823(3), Sb(2)ÿSe(4') 2.823(3);
Se(2)-Sb(1)-Se(1) 99.1(1), Se(2')-Sb(1)-Se(1) 99.1(1), Se(2)-Sb(1)-Se(2')
95.5(1), Se(3)-Sb(2)-Se(4) 89.7(1), Se(3)-Sb(2)-Se(3') 84.8(1), Se(4)-Sb(2)-
Se(4') 91.2(1), Se(4)-Sb(2)-Se(4) 88.5(1), Se(3)-Sb(2)-Se(4) 91.3(1), Se(3)-
Sb(2)-Se(4) 173.9(1), Se(4)-Cu(1)-Se(1) 110.6(1), Se(1)-Cu(1)-Se(1')
108.4(1), Se(2)-Cu(1)-Se(4) 108.4(1), Se(2)-Cu(1)-Se(1) 109.4(1). b) View
of the [SbSe2]2ÿ

2 double chain. c) View of the [SbSe2]nÿ
n single chain.

and form the three-dimensional framework. The Cu centers
have a slightly distorted tetrahedral coordination environ-
ment. The CuÿSe bonds range from 2.480(5) to 2.499(6) �,
and the Se-Cu-Se angles from 108.4(1) to 110.6(1)o.

Thermogravimetric analysis (TGA, Figure 3) showed two
significant weight loss steps. A one-step mass loss of 2.65 % at
200 oC corresponds to the loss of the water molecule (calcd
2.47 %). This was followed by a one-step mass loss, with a

Figure 3. Therogravimetric analysis of 1 in the temperature range 25 ±
600 8C.

shoulder, of 22.48 % at 380 oC, corresponding to the loss of
two Se atoms (calcd 22.33 %). The X-ray diffraction pattern of
the remaining powder, which had been heated to 600 oC,
indicated the presence of a crystalline solid; however, it did
not match that of Sb2Se3 or any known Cu/Se or Cu/Sb/Se
phase. The thermal stability of the material after loss of the
water molecule was investigated by interrupting the TGA at
300 oC and cooling to room temperature. The powder X-ray
diffraction pattern of the residue did not match that of 1,
showing that the loss of the water molecule results in the
collapse of the framework. Compound 1 exhibits topotactic
ion-exchange properties, a key criterion for assessing the
performance of the framework as a host. The facile removal of
Rb� ions indicates substantial mobility of the alkali metal ions
and water molecules in the tunnels. By using a mild solid-state
exchange method developed by us,[28] the Rb� cations can
readily be exchanged with other, smaller cations such as Li�,
Na�, and NH�

4 , which were used in the form of their iodides.
The degree of exchange was determined by energy dispersive
spectrosopy (EDS). The compositions of the exchanged
materials were Rb0.2Li0.8CuSb2Se4, Rb0.2Na0.8CuSb2Se4, and
Rb0.4(NH4)0.6CuSb2Se4, for the Li�, Na�, and NH�

4 ions,
respectively.

The optical spectrum of 1 reveals the presence of a sharp
optical gap of 1.32 eV, which suggests that the material is a
semiconductor. The far-IR spectrum of 1 shows a broad
absorption around 211 cmÿ1, which can be tentatively assigned
to CuÿSe stretching modes. The Raman spectrum of 1
displays a single strong band at about 233 cmÿ1, which is
assigned to SbÿSe stretching modes, and two shoulders at
about 209 and 186 cmÿ1, which are assigned to CuÿSe
stretching vibrations.

Compound 1 has a unique structure and is the first example
of a quaternary selenoantimonate with an open three-dimen-
sional framework and proven ion-exchange properties.

Experimental Section

1 was synthesized by heating a mixture of CuCl (0.01 g, 0.10 mmol),
Rb3SbSe3 (0.186 g, 0.30 mmol), Ph4PBr (0.168 g; 0.40 mmol), and H2O
(0.2 ± 0.5 mL) at 130 oC for 3 d in a sealed Pyrex tube. The product was
isolated by washing with copious degassed methanol and dried with ether.
The resulting product was a 50/50 mixture of black needles of RbCuSb2Se4 ´
H2O and red platelets. The SEM/EDS analysis of the red platelets gave an
average composition of PCu2.0Sb3.3Se3.2, which suggests that they contains
Ph4P� ions.
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2,2'-Bipyridine is a classical chelating ligand for metals as
well as nonmetals in different oxidation states and bonding
types.[1,2] However, to our knowledge analogous complexes
are unknown for all oxidation states of carbon. Here we
report a first compound of this kind. In 1994 we described the
first SN reactions at the a-carbon atom of aryliodonio diazo
compounds.[3] Using AsPh3 as nucleophile, we obtained the
diazo compound 1, which served as starting material for the
new class of compounds.

The reaction of 1 with trifluoromethanesulfonic acid
(HOTf, Scheme 1) afforded the arsonium salt 2 in high yield

Scheme 1. Synthesis of 3-2OTf and its deprotonation to 4-OTf.
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