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Abstract

A series of open-framework copper silicates has been synthesized under mild hydrothermal conditions. The frameworks are based
chains, single layers or double layers of SiO4 tetrahedra interconnected by CuO4 squares or tetrahedra or CuO5 tetragonal pyramids. The structur
contain 8-ring or 10-ring channel systems with apertures up to 2.7× 5.9 Å which are filled by alkali metal cations and water molecules.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Nanoporous crystalline materials with lattices of pores
the nanometer scale are of interest for applications in ca
sis, gas separations and as ion-exchangers[1]. The best-known
examples of nanoporous silicates are the zeolites which
open frameworks formed by interconnecting SiO4 and AlO4

tetrahedra[2]. The substitution of the aluminum and silicon
other metal cations including transition metals, in order to
tain porous frameworks with new properties has been stu
in some detail. The framework topology is usually unchan
for substitutions at comparatively low levels[3]. On the other
hand, substitutions at stoichiometric levels, particularly by n
tetrahedral cations often lead to new framework topologies[4].
Representative examples of such porous transition metal
cates include the titanium silicates ETS-4 and ETS-10 dis
ered in the late nineteen eighties[5] and a family of vanadium
silicates reported more recently by our group and by oth
[6–10]. The framework transition metal sites provide additio
ways to manipulate the redox and acid-base properties of t
materials.

* Corresponding author. Fax: +1 713 743 2787; Tel.: +1 713 743 2780.
E-mail address: xiqu.wang@mail.uh.edu(X. Wang).
1293-2558/$ – see front matter 2005 Elsevier SAS. All rights reserved.
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Several natural and synthetic copper silicates are know
cluding cuprorivaite CuCuSi4O10 (‘Egyptian Blue’) and the re
cently reported mineral ajoite (K,Na)3Cu20Al3Si29O76(OH)16·
8H2O, found in Arizona porphyry copper hydrothermal d
posits [11–13]. These and similar compounds suggest
feasibility of synthesizing porous copper silicate framewo
similar to the vanadium silicates; divalent copper ions, l
vanadium (IV) and (V) ions, can form variously distort
coordination polyhedra with coordination numbers 4, 5 o
with oxygen anions leading to a range of possible framew
types [14,15]. Using hydrothermal techniques under con
tions comparable to those used in classical zeolite synth
we have obtained a series of nanoporous copper silicates
are designated as CuSH-nA where n is a framework type
number andA represents the extra-framework cations. T
CuSH-1, CuSH-2 and CuSH-3 phases were first describe
us in 2002[16,17]. Detailed data for the CuSH-1A (A = Na,
K, Rb and Cs) phases which have channel systems wit
aperture 0.7 × 0.4 nm were reported subsequently[18]. Re-
cently, Rocha and coworkers published the synthesis and s
ture of a copper silicate designated as AV-23 that app
to be identical to CuSH-2Na[19]. Here we report the syn
thesis and structural details of the open-framework cop
silicates Na2[Cu2Si4O11](H2O)2 (CuSH-2Na), Na2[CuSi3O8]

http://www.elsevier.com/locate/ssscie
mailto:xiqu.wang@mail.uh.edu
http://dx.doi.org/10.1016/j.solidstatesciences.2005.09.001
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(CuSH-3Na), Cs2Na4[Cu2Si12O27(OH)2](OH)2 (CuSH-4NaCs
and Na2[Cu2Si5O13](H2O)3 (CuSH-6Na).

2. Experimental

2.1. Synthesis

The chemicals used for the syntheses were comme
reagent grade and were all used as purchased. The syn
of the CuSH-nA compounds were carried out in Teflon-lin
autoclaves under hydrothermal conditions at 240◦C. After an
appropriate reaction time the autoclaves were removed from
oven and cooled down to room temperature in air. The p
ucts were vacuum-filtered, washed with water and dried in
at room temperature.

2.1.1. Syntheses of CuSH-2Na and CuSH-3Na
Blue needles of CuSH-2Na and dark blue plates of Cu

3Na were first obtained in single crystal forms as minor im
rities during the synthesis of CuSH-1Na. In order to investig
the phase field of each compound, a systematic synthesis
in the SiO2–Cu(OH)2–NaOH–H2O system was performed i
the presence of H2O2. Cu(OH)2 was freshly precipitated b
adding aqueous NH4OH to a Cu(NO3)2 solution followed by
thorough washing with deionized water and drying in air
110◦C. In a typical experiment, Cu(OH)2 was mixed with
fumed silica and aqueous NaOH with appropriate ratios.
mixture was sealed together with H2O2 in a flexible Teflon bag
in air. The bag was subsequently sealed in an autoclave
with water to about 60% and heated at 240◦C for 2d. In each
experiment, the total number of moles of Cu(OH)2, SiO2 and
NaOH were held at 0.01 mole and the water and H2O2 amounts
were 1.5 ml and 0.3 ml respectively.

2.1.2. Synthesis of CuSH-4NaCs
For the synthesis of CuSH-4NaCs, solutionsA andB were

separately prepared by dissolving fumed silica (5.7 g) in aq
ous CsOH (4.2 M, 18.8 ml) and aqueous NaOH (4.2
27.0 ml), respectively. 0.26 ml of solution A and 1.08 ml
solution B were mixed with 363 mg CuSO4·5H2O. The mix-
ture was sealed together with 0.6 ml H2O and 0.1 ml H2O2 in a
flexible Teflon bag in air. The bag was subsequently sealed
autoclave filled with water to about 60% and heated at 240◦C
for 3 d.

2.1.3. Synthesis of CuSH-6Na
For the synthesis of CuSH-6Na, 0.9 g silica gel (Sig

S-4883) was mixed with 0.6 g NaOH, 0.1 g Cu and 0.04 g
metal foil. The mixture was placed in a Teflon tube with
open end. The tube was subsequently placed in a sealed
autoclave. The autoclave was filled with water to∼ 30% inner
volume and the water was kept outside the Teflon tube. A
sealing in air, the autoclave was heated at 245◦C for 4 d and
then cooled to room temperature in air within 4 h.
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2.2. Characterization

The compounds were analyzed by EDX using a JEOL J
6400 scanning electron microscope with a Link Analytical E
spectrometer. Chemical analysis was made at Galbraith
oratories, Knoxville, TN. Thermogravimetric analysis (TG
was carried out on a DuPont 2100 TGA system. Infrared s
tra were collected with a Galaxy FTIR 5000 series spectrom
using the KBr pellet method. Powder X-ray data were meas
on a Sintag-XDS2000 diffractometer.

2.3. X-ray crystallography

Single crystal X-ray data were measured on a SMART p
form diffractometer equipped with a 1K CCD area detec
using graphite-monochromatized MoKα radiation at 293 K. For
each phase a hemisphere of data (1271 frames at 5 cm de
distance) was collected using a narrow-frame method with
widths of 0.30◦ in ω and an exposure time of 30–80 s/frame.
The data were integrated using the Siemens SAINT prog
[20]. Absorption corrections were made using the prog
SADABS [21]. The structures were solved by direct metho
and refined using SHELXTL[22]. The crystallographic dat
are listed inTable 1. Atom positions are given inTable 2.

3. Results and discussion

3.1. Synthesis

The phase appearance fields in the SiO2–Cu(OH)2–NaOH–
H2O system are shown schematically inFig. 1. In addition
to the CuSH-nNa, n = 1–3, phases, polycrystalline CuO a
unidentified amorphous phases were also found in the p
ucts. Both CuSH-2Na and CuSH-3Na were obtained as a m
phase on the Cu(OH)2-poor end of the corresponding pha
field. Although optimal conditions for single-phase produ
have not yet been found for either phase, good quality si
crystals suitable for detailed structural studies were readily
tained.

Fig. 1. Schematic plot of the phase fields in the SiO2–Cu(OH)2–NaOH–H2O
system. The dots represent the experiments performed. 1: CuSH
2: CuSH-2Na, 3: CuSH-3Na.



X. Wang et al. / Solid State Sciences 7 (2005) 1415–1422 1417

9

Table 1
Crystal data and structure refinement details

CuSH-2Na CuSH-3Na CuSH-4CsNa CuSH-6Na

Formula H4Cu2Na2O13Si4 CuNa2O8Si3 H4Cs2Cu2Na4O31Si12 H6Cu2Na2O16Si5
F.W. 497.45 321.79 1321.97 575.56
Temperature/K 293(2) 293(2) 293(2) 243(2)
Space group P-1 P21/c C2/c P2/n
a/Å 5.2254(7) 7.9324(5) 24.884(3) 11.161(1)
b/Å 6.4126(8) 10.3285(6) 7.261(1) 5.2135(6)
c/Å 8.516(1) 9.6005(6) 18.182(3) 11.813(1)
α/◦ 101.1(1) 90 90 90
β/◦ 94.3(1) 105.6(1) 113.2(1) 95.3(1)
γ /◦ 102.5(1) 90 90 90
V /Å3 271.37(6) 757.55(8) 3020.0(7) 684.4(1)
Refl. collected/unique 1706/1193 4583/1726 9292/3509 4141/1600
Rint 0.0154 0.0315 0.0454 0.0164
Data/parameters 1193/106 1726/128 3509/238 1600/132
Goodness-of-fit 0.977 1.073 1.010 0.996
R1/wR2 (I > 2σ(I)) 0.0334/0.0748 0.0292/0.0837 0.0403/0.0664 0.0247/0.0619
R1/wR2 (all data) 0.0574/0.0817 0.0333/0.0857 0.0751/0.0749 0.0320/0.064

R1= ∑ ||Fo| − |Fc||/∑ |Fo|, wR2 = [∑(w(F2
o − F2

c )2)/
∑

(wF2
o )2]1/2.
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Pale purple needles of CuSH-4CsNa were obtained as a
nor phase together with CuSH-1Cs and CuO. Green needl
CuSH-6Na were obtained as a minor phase together with
ETS-4[23] and unreacted Ti metal. For both CuSH-4CsNa
CuSH-6Na, extensive efforts to improve the yield by chang
reagent ratios and reaction temperatures were made but
not yet succeeded.

3.2. Characterization

The chemical compositions measured by chemical an
sis for CuSH-2Na and CuSH-3Na and atomic ratios meas
by EDX analysis for CuSH-4CsNa and CuSH-6Na are c
sistent with the title formulae derived from crystal structu
refinements. Calculated (%) for CuSH-2Na (Na2[Cu2Si4O11]-
(H2O)2): Na 9.24, Cu 25.55, Si 22.59; found: Na 9.07,
23.21, Si 23.10. Calculated (%) for CuSH-3Na (Na2CuSi3O8):
Na 14.29, Cu 19.75, Si 26.19; found: Na 14.17, Cu 18.25
27.71. Observed atomic ratios for CuSH-4NaCs (Cs2Na4[Cu2-
Si12O27(OH)2](OH)2): Cu : Cs: Na : Si = 1 : 1.13 : 2.16 : 5.98,
and for CuSH-6Na (Na2[Cu2Si5O13](H2O)3): Cu : Si = 1 :
2.24. During EDX analysis of the crystals of CuSH-6Na pe
for Na were observed but were quickly diminished in intens
probably owing to the instability of the crystals under the m
surement conditions.

TGA for CuSH-2Na in air shows a weight loss of 7.12
below 390◦C, in good agreement with the theoretical va
of 7.24% for the full dehydration. Powder X-ray diffractio
patterns measured before and after TGA were closely sim
indicating the framework was largely intact upon dehydrati
Similar dehydration behavior was reported for AV-23[19].

Fig. 2 shows the IR data for CuSH-2Na and CuSH-4Cs
The spectra have the expected features for polymerized
cate tetrahedra and intracrystalline water. The strong peak
to the asymmetric stretching of the SiO4 tetrahedra are ob
served in the frequency range of 900–1150 cm−1 for CuSH-2Na
and 940–1160 cm−1 for CuSH-4CsNa. The peaks in the fr
i-
of
-
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-
d
-

i

-

r,
.

.
li-
ue

Fig. 2. The IR spectra for CuSH-2Na and CuSH-4CsNa.

quency range of 400–800 cm−1 are due to the Si–O–Si bendin
modes and internal symmetric stretching of the SiO4 tetrahe-
dra, which are substantially different for the two phases bec
of the different structures of the silicate anions. A sharp p
at 3627 cm−1 for the terminal Si–OH groups is observed f
CuSH-4CsNa.

3.3. Crystal structure description

3.3.1. CuSH-2Na
The structure of CuSH-2Na contains double chains

SiO4 tetrahedra that are interlinked by CuO5 tetragonal pyra-
mids to form a 3D framework (Fig. 3). The 3D framework
is traversed by a 1D system of eight ring channels that
filled by sodium ions and water molecules. The silicate d
ble chain has a periodicity of two tetrahedra and has in
chain six-rings. The CuO5 pyramid has four Cu–O bonds wit
lengths 1.926(3)–1.977(3) Å in the base and a long ap
Cu–O bond of 2.506(3) Å. The pyramids are interconnec
by sharing common edges to form an infinite chain pa
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Table 2
Atomic coordinates (×104) and equivalent isotropic displacement parameters
(Å2 × 103)

x y z Ueq

CuSH-2Na
Na(1) 3614(3) 3640(3) 2024(2) 16(1)

Cu(1) −2044(1) 1128(1) 683(1) 9(1)

Si(1) 5370(2) 1199(2) −3119(1) 8(1)

Si(2) 1170(2) 3376(2) −1686(1) 7(1)

O(1) 1088(6) 1725(5) −454(3) 9(1)

O(2) −4970(6) 420(5) 1915(4) 13(1)

O(3) 5000 0 5000 16(1)

O(4) 2307(6) −4120(5) −916(4) 12(1)

O(5) −3213(6) −2720(5) 3009(3) 10(1)

O(6) 8264(6) 2903(5) −2753(4) 11(1)

O(7W) 760(8) 2688(7) 3890(4) 32(1)

H(1) 1290(100) 2310(90) 4710(40) 32(17)
H(2) −540(90) 3200(110) 4060(70) 80(30)

CuSH-3Na
Na(1) −1998(2) −249(1) 390(1) 22(1)

Na(2) 2073(2) 4898(1) 1293(1) 18(1)

Cu(1) 144(1) 2282(1) 1867(1) 10(1)

Si(1) −3839(1) −2833(1) 1081(1) 8(1)

Si(2) −3814(1) 2288(1) 1935(1) 9(1)

Si(3) 1963(1) −228(1) 3088(1) 9(1)

O(1) −3462(2) 3825(2) 2257(2) 14(1)

O(2) −722(2) 3962(2) 1165(2) 12(1)

O(3) 2393(2) 3071(2) 2902(2) 13(1)

O(4) −2099(2) 1496(2) 1910(2) 13(1)

O(5) 1034(2) 563(2) 1637(2) 12(1)

O(6) −5416(3) −3279(2) 1774(2) 12(1)

O(7) −2981(2) −4173(2) 674(2) 11(1)

O(8) −4656(3) −2060(2) −428(2) 14(1)

CuSH-4CsNa
Cs(1) 222(1) 7662(1) 1186(1) 30(1)

Na(1) 2467(1) 2421(3) 1464(1) 22(1)

Na(2) 2823(1) 7515(3) 1709(1) 21(1)

Cu(1) 2389(1) 4885(1) −133(1) 11(1)

Si(1) 1205(1) 4990(2) 76(1) 11(1)

Si(2) 1393(1) 9201(2) 301(1) 10(1)

Si(3) −1336(1) 9693(2) 1286(1) 10(1)

Si(4) 595(1) 12487(2) 2424(1) 9(1)

Si(5) 1137(1) 5636(2) 3470(1) 10(1)

Si(6) 1090(1) 12347(2) 1222(1) 11(1)

O(1) 551(1) 12102(4) 1528(2) 11(1)

O(2) −1068(1) 10085(5) 615(2) 16(1)

O(3) 1174(2) 7104(5) 359(2) 16(1)

O(4) 0 11828(7) 2500 14(1)

O(5) −840(1) 5114(5) 898(2) 14(1)

O(6) 1110(2) 10334(5) 835(2) 17(1)

O(7) 1021(2) 7826(5) 3251(2) 14(1)

O(8) 720(1) 4649(4) 2627(2) 11(1)

O(9) 831(1) 3808(5) 477(2) 13(1)

O(10) −1122(1) 11307(5) 1957(2) 15(1)

O(11) 2081(1) 9361(5) 626(2) 18(1)

O(12) 1805(1) 5057(5) 3777(2) 14(1)

O(13) −2027(1) 9659(5) 943(2) 14(1)

O(14) 1842(2) 4189(5) 320(2) 16(1)

O(15) 1682(2) 2964(5) 1898(2) 17(1)

O(16) 2980(2) 1466(6) 2849(2) 32(1)

H(1) 1780(20) 4030(40) 2070(30) 26b

H(2) 3305(15) 1600(100) 3190(30) 48b

(continued)

Table 2 (Continued)

x y z Ueq

CuSH-6Na
Na(1) 7351(1) −2771(2) 5643(1) 18(1)

Cu(1) 5736(1) 2424(1) 5195(1) 8(1)

Si(1) 6163(1) −4542(1) 2896(1) 6(1)

Si(2) 5201(1) −558(1) 7330(1) 6(1)

Si(3) 7500 −8027(2) 7500 7(1)

O(1) 6081(2) 5294(4) 4228(2) 10(1)

O(2) 4653(2) 748(3) 4006(2) 8(1)

O(3) 7500 −4868(5) 2500 13(1)

O(4) 6834(2) 3556(4) 6471(2) 10(1)

O(5) 355(2) −3205(4) 7205(2) 8(1)

O(6) 8482(2) −57(4) 6990(2) 9(1)

O(7) 5689(2) −1773(4) 2365(2) 9(1)

O(8W) 7825(2) 328(5) 4372(2) 30(1)

O(9W)a 9194(4) −5124(11) 5098(4) 28(1)

H(1) 8180(30) −130(80) 3810(20) 45b

H(2) 8230(30) 1540(60) 4680(30) 45b

H(3)a 9550(50) −5140(170) 5750(20) 41b

H(4)a 9720(40) −5340(190) 4650(40) 41b

Ueq is defined as one third of the trace of the orthogonalizedUij tensor.
a Half occupied.
b Fixed at 1.5 times of theUeq of the parent oxygen atoms.

lel to the silicate double chains. The pyramidal coordina
of the Cu atom is complemented by a water oxygen a
at 2.884(3) Å to form a highly distorted CuO5(OH2) octahe-
dron. The sodium ion is bonded to four framework oxyg
atoms at 2.327(4)–2.379(4) Å and two water oxygen atom
2.503(3)–2.601(4) Å. Hydrogen bonds occur between the
ter molecules and the framework oxygen atoms with an O· · ·O
distance 2.841(5) Å.

3.3.2. CuSH-3Na
The 3D framework ofCuSH-3Na consists of single layer

of SiO4 tetrahedra cross-linked by distorted CuO4 tetrahedra.
The CuSi3O8 tetrahedral framework contains channel syste
along the [100] and [010] directions which are filled by t
extra-framework Na ions (Fig. 4). The silicate single layer i
formed by interconnection of six-rings of tetrahedra with e
six-ring connected to four neighbors through sharing comm
corners of the tetrahedra. The single layer contains 6-ring
10-ring voids in a 1: 1 ratio (Fig. 4(a)). The CuO4 tetrahedron
is highly distorted and may be considered as an intermed
between a regular tetrahedron and a planar square. The C
bond lengths are in the range 1.920(2)–1.970 (2) Å. Four
Cu–O bond angles are in the range 89.1(1)–98.1(8)◦ and two
in the range 149.5(1)–153.9(1)◦. The two independent Na site
both have a highly distorted octahedral coordination with Na
bond lengths 2.298(2)–3.268(2) Å.

3.3.3. CuSH-4CsNa
The framework ofCuSH-4CsNa contains double layers o

SiO4 tetrahedra interlinked by CuO4 squares. The Cs ion
are located in the voids inside the double layers while
Na ions and OH− groups are located in the interlayer spa
(Fig. 5(a, b)). The silicate double layer is formed from tw
equivalent single layers (Fig. 5(c)). The single layer is forme
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Fig. 3. The structure of CuSH-2Na. (a) Projection along [100]. (b) The do
chain of silicate tetrahedra. (c) The chain of CuO5 pyramids.

by connecting double chains of SiO4 tetrahedra that are fea
tured by 5-ring voids. Interconnection of the double cha
gives rise to 8-ring voids in the single layer. The two sin
chains comprising the double chain are not the same. In
single chain three-connected SiO4 tetrahedra dimers are alte
natively linked by four-connected tetrahedron monomers w
in the other single chain all the tetrahedra are three-conne
and the corresponding dimers are linked by a tetrahedron
a terminal Si–OH group. The terminal corners of the dimers
shared with the interlayer CuO4 squares that have Cu–O bo
lengths 1.917(3)–1.942(3) Å. The Cs ion inside the silicate d
ble layer is bonded to 10 oxygen atoms with Cs–O bond len
e

d
h
e

-
s

(a)

(b)

(c)

Fig. 4. The structure of CuSH-3Na (a) a view along [100]; (b) a view al
[010]; (c) the distorted CuO4 tetrahedron, O2–Cu1–O5: 153.1◦, O3–Cu1–O4:
149.5◦.

3.097(3)–3.650(3) Å. The two different Na sites are both
ordinated to six oxygen atoms including oxygen atoms o
Si–OH group and a interstitial OH− ion with Na–O distance
in the range 2.366(4)–2.654(4) Å. Relatively strong hydro
bonds occur between the Si–OH groups and the interstitial O−
groups with an O· · ·O distance of 2.675(6) Å.

3.3.4. CuSH-6Na
The structure ofCuSH-6Na has a 1D system of 10-ring cha

nels outlined by cross-linking single layers of SiO4 tetrahedra
through CuO5 tetragonal pyramids (Fig. 6(a)). The silicate sin-
gle layer is formed by bridging the double chains found
CuSH-2Na with two-connected SiO4 tetrahedra (Fig. 6(b)). The
CuO5 tetragonal pyramids are interconnected into infinite ed
sharing chains closely similar to those ofCuSH-2Na (Fig. 6(c)).
The 10-ring channels are filled by Na ions and water m
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Fig. 5. The structure of CuSH-4CsNa. (a) Projection along [010]. (b) Pro
tion along [011]. (c) The double layer of silicate tetrahedra, one single lay
marked by striping.

cules. The Na ion has a well defined octahedral coordina
with Na–O distances 2.250(2)–2.542(2) Å. One of the two
ter molecule sites is split into two positions with an Ow· · ·Ow
separation of 1.858(6) Å. Well defined hydrogen bonds oc
between the water molecules and the framework oxygen a
with O· · ·O distances 2.879(5)–2.965(3) Å which are wea
than the corresponding hydrogen bonds inCuSH-2Na.
-
s

n
-

r
s

r

(a)

(b)

Fig. 6. The structure of CuSH-6Na. (a) Projection along [010]. (b) The si
layer of silicate tetrahedra. (c) The chain of CuO5 pyramids.

3.4. Structural comparison

3.4.1. CuSH-2Na, CuSH-6Na and related structures
The framework structure ofCuSH-6Na may be considere

as a simple expanded version ofCuSH-2Na because the for
mer can be derived from the latter by insertion of a column
separated SiO4 tetrahedra between the double chains ofCuSH-
2Na and linking the double chains into the single layer
CuSH-6Na (Figs. 3, 6). The expansion substantially enhanc
the porosity of the framework and increases the apertur
the channels. While double chains similar to those prese
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Fig. 6. Continued.

CuSH-2Na are found in a number of know silicates such
Na2H(NbO)Si4O11·1.25H2O [24] and the minerals of the am
phibole group[11], the layer ofCuSH-6Na is a novel type. It
belongs to a rare group of single layers containing both th
connected and two-connected SiO4 tetrahedra. In the miner
als latiumite[25] and tuscanite[26], there are double layer
of (Al,Si)O4 tetrahedra which are formed from single laye
closely similar to those inCuSH-6Na. The interesting relation
ship between the frameworks ofCuSH-2Na and CuSH-6Na
points to a promising way of building porous structures st
ing from other related multiple chain silicates.

3.4.2. CuSH-3Na and related structures
The silicate layer ofCuSH-3Na also belongs to the rar

group of single layers with both three-connected and t
connected SiO4 tetrahedra. A similar silicate layer is foun
in the known compound K8Yb3(Si6O16)2(OH) [27], which
is formed by interconnection of 6-rings of SiO4 tetrahedra
in a similar way as inCuSH-3Na and also has both three
connected and two connected tetrahedra (Fig. 7). Judging from
the position of the two-connected tetrahedra, the 6-rings in
layer of CuSH-3Na have roughly the same orientation wh
the 6-rings in K8Yb3(Si6O16)2(OH) are perpendicular to eac
other. This orientation difference leads to 12-ring and 8-r
voids in the latter in contrast to the 10-ring voids in the f
mer.

3.4.3. CuSH-4CsNa and related structures
There is a close similarity between the structures ofCuSH-

4CsNa and CuSH-1A [18]. Both structures are based on s
icate double layers cross-linked by Cu–O bonds with in
layer Na ions and OH− groups or water molecules. The si
cate double layers of the two structures are substantially
ferent, however, they have similar chains of 5-rings interc
nected by four-connected tetrahedra and both can be
structed from the secondary-building-unit designated as “5
(a 5-ring with a branching tetrahedron) in the zeolite lite
ture [2] (Fig. 8). Other related copper silicates with doub
layers include the mineral ajoite[13] and the synthetic com
-

-

-

e

-

f-
-
n-
”

Fig. 7. Comparison of the single layers of CSH-3Na (top) a
K8Yb3(Si6O16)2(OH) [25] (bottom).

poundsA2Cu2Si8O19 (A = Rb,Cs)[28,29]. The double layers
in these compounds are dominated by 6-rings of SiO4 tetrahe-
dra. Silicate single layers closely similar to that comprising
double layer ofCuSH-4CsNa are found in the minerals nekoi
Ca3Si6O15·7H2O [30], okenite Ca5Si9O23·9H2O [31] and zer-
avshanite Cs4Na2Zr3Si18O45·2H2O [32].

4. Conclusions

A series of novel open-framework copper silicate co
pounds have been synthesized in single crystal form under
hydrothermal conditions. Structural studies reveal remark
diversity both in the condensation of the silicate tetrahedra
in the copper oxygen coordination polyhedra connected to
silicate anions. Compared to the wide 12-ring channels of
CuSH-1A materials reported previously, the channels in
compounds reported here are narrower with 8-ring or 10-
sections.

The low temperature hydrothermal reaction conditions le
several structure features in the CuSH-n series that are not ob
served in the copper silicates synthesized at high temperat
These include frameworks containing terminal SiO3(OH) units
and water molecules, and salt inclusion in the channel sys
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Fig. 8. Comparison of the silicate single layers of CuSH-4CsNa (top)
CuSH-1Na (bottom). The four-connected tetrahedra linked to the other s
layer of the double layers are marked by black color.

as shown by CuSH-1 and CuSH-4. In contrast to the VSn
series of vanadium silicates where the silicate anions are d
inated by simple single layers with three-connected tetrahe
the copper silicates show more structural complexity. In f
the simple single layers comprising only three-connected S4

tetrahedra have not been observed in the copper silicate
stead, they tend to be interrupted by two-connected tetrah
or to segregate into double layers to produce tubular struct
The linking copper–oxygen polyhedra can vary from distor
tetrahedra as in CuSH-3 to squares, square pyramids or
gated octahedra as in ajoite where the CuO6 octahedra con
dense into brucite layers. Further structural diversity can
achieved by introducing a second transition metal element
the frameworks as shown in the system of copper titano
cates[23].
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