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A novel indium silicate, Rb3In(H2O)Si5O13, has been synthesized
using a high-temperature, high-pressure hydrothermal method and
characterized by single-crystal X-ray diffraction. The structure
consists of five-membered rings of corner-sharing SiO4 tetrahedra
connected via corner sharing to four adjacent five-membered
rings to form a 3D silicate framework that belongs to the
CdSO4 topological type. The InO6 octahedron shares five of its
corners with five different SiO4 tetrahedra to form a 3D frame-
work that delimits two types of channels to accommodate the
rubidium cations. The sixth corner of InO6 is coordinated H2O.
The structure is related to that of the titanium silicate ETS-10,
and these are the only two metal silicates that have the CdSO4-
topological-type structure. In addition, the crystal of Rb3In(H2O)-
Si5O13 shows an intense second harmonic generation signal. Crystal
data: H2Rb3InSi5O14, monoclinic, space group Cc (No. 9),
a ) 9.0697(5) Å, b ) 11.5456(6) Å, c ) 13.9266(8) Å, â )
102.300(1)°, V ) 1424.8(1) Å3, and Z ) 4.

Recently, much work has focused on the synthesis of
metal silicates because of their interesting structural chem-
istry and generally greater thermal stability than the corre-
sponding phosphates. A good number of vanadium silicates
have been synthesized.1-4 Some of them show good thermal
stability, absorption, and ion-exchange properties, suggesting
their potential for applications as molecular sieves or in
catalysis. A series of uranium silicates has also been de-
veloped by replacing the VO2+ cation in the vanadium(IV)
silicates with UO2

2+ as the bridging metal species.5-7 Other

recent examples include titanium,8,9 niobium,10,11cerium,12,13

tin,14 and indium15,16silicates. Most of these compounds were
synthesized with alkali metal cations under hydrothermal
conditions at 180-240°C. A uranium silicate and a niobium
silicate have been synthesized by using organic ammonium
templates.6,10 We have also synthesized a number of new
silicates of V, Nb, and In by high-temperature, high-pressure
hydrothermal reactions in gold ampules using alkali metal
cations.4,11,15,16For example, we reported the synthesis of
Rb4(NbO)2Si8O21 and its solid-state NMR spectra.11 The
29Si MAS NMR spectrum shows multiplet patterns that
arise from93Nb (spin-9/2)-29Si J coupling. This is the first
example of two-bondJ coupling between a quadrupolar
nucleus and a spin-1/2 nucleus in the solid state. The
framework structure of K2In(OH)Si4O10, which is analogous
to that of K2CuSi4O10, consists of chains of trans-corner-
sharing InO4(OH)2 octahedra and 8-ring channels formed by
unbranched vierer 4-fold silicate chains.15 Na5InSi4O12

consists of 12-membered single rings of silicate tetrahedra.
The solid-state NMR spectroscopy and ionic conductivity
have also been studied.16 In this contribution, we report a
new indium silicate with a 3D CdSO4-topological-type
structure17 that is closely related to the well-known titano-
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silicate ETS-10.18,19 It crystallizes in a noncentrosymmetric
space group and has an intense SHG (second harmonic
generation) signal.

Rb3In(H2O)Si5O13 (denoted as1) was obtained from a
high-temperature, high-pressure hydrothermal reaction in a
gold ampule contained in a Leco Tem-Pres autoclave where
pressure was provided by water. The apparatus is an
externally heated cold-seal pressure vessel for use to 10000
bar and 750°C.20 A reaction mixture of 1.33 mL of RbOH(aq)

(Aldrich, 50 wt %), 0.360 g of In2O3 (Cerac, 99.99%), and
0.468 g of SiO2 (Alfa Aesar, 99.995%) (Rb/In/Si molar ratio
) 4.36:1:3) was loaded in a 6.0-cm-long gold ampule with
an i.d. of 9.6 mm. The open end of the ampule was crimped,
hammered flat, and then welded with a torch. The sealed
ampule was then placed in the autoclave and counter-
pressured with water at a fill level of 55%. The autoclave
was heated at 600°C for 8 h, cooled to 350°C at 5 °C/h,
and then rapidly cooled to room temperature by turning off
the power of the tube furnace. The pressure at 600°C was
estimated to be 170 MPa according to the pressure-
temperature diagram of pure water. The product contained
colorless crystals of1 in a yield of about 40% based on SiO2

and yellow powder of excess In2O3. Some of the crystals
were nearly 1 mm in each dimension. A small colorless
crystal was selected for structure determination by single-
crystal X-ray diffraction.21 The large size of the crystals
allowed for hand sorting of enough sample for further
meansurements. The TGA curve showed a gradual weight
loss of 2.4% in the range of 400-900°C, which is close to
the value of 2.44% calculated for the loss of the coordinated
water molecule (see Figure S1 in the Supporting Informa-
tion). A crystal with well-developed faces of dimensions 0.9
× 0.75 × 0.5 mm3 was contained in a glass capillary for
SHG measurement, and its signal was compared with that
from a KH2PO4 (KDP) crystal of about the same size. The
optimum reaction conditions for a pure product of1 have
not been found. We also carried out reactions at 600°C for
a longer heating time (72 h) or using different ratios of
starting materials; the major products were either Rb2In(OH)-
Si4O10, which is isostructural with K2In(OH)Si4O10,15 or the
new phase Rb5In3Si7O21.22

The structure of1 consists of five-membered puckered
rings of corner-sharing SiO4 tetrahedra. Each 5-ring shares
two corners with adjacent 5-rings to form parallel infinite
chains along [110] and [1h10] directions. The chains are
packed into layers parallel to the (001) plane with the chains
in neighboring layers perpendicular to each other. Each 5-ring
in a chain is connected via corner-sharing with two 5-rings
in neighboring layers to form a 3D silicate framework that
belongs to the CdSO4 topological type. One corner of each
5-ring is unshared. The InO6 octahedron shares five of its
corners with five different SiO4 tetrahedra belonging to two
disconnected 5-rings to form a 3D framework that delimits
two types of channels to accommodate the rubidium cations
(Figure 1). The sixth corner of InO6 is coordinated H2O,
which is H-bonded to O(8), the terminal oxygen on Si(3)O4

[O(14)-H(2)‚‚‚O(8) ) 1.91 Å, ∠O(14)-H(2)-O(8) )
130.4°]. The InO6 octahedron is quite regular as shown by
the In-O distances ranging from 2.133 to 2.171 Å with an
average value of 2.155 Å, which is in accord with the sum
of effective ionic radii for IVO2- and VIIn3+ according to
Shannon.23 Atom In(1) is displaced from the centroid of its
In-O octahedron by only 0.045 Å. The octahedral distortion
can be estimated by using the equation∆ ) 1/6∑[(Ri - Rav)/
Rav]2, whereRi is the individual bond length andRav is the
average bond length.23 The calculation gives∆ ) 4.4× 10-5,
which is comparable with the value for In(1)O6 of RbIn-
(OH)PO4 and NH4In(OH)PO4.24,25The observed Si-O bond
lengths (1.579-1.642 Å) and O-Si-O bond angles (100.7-
115.8°) are typical values and are within the normal range.26

The shortest distance in each silicate group corresponds to
the oxygen atom bonded to indium. Si(1)O4, Si(2)O4,
Si(4)O4, and Si(5)O4 each shares corners with three silicate
groups and one InO6 octahedron, whereas Si(3)O4 has one
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Figure 1. Structure of1 viewed along the [110] direction. The yellow
and green polyhedra represent InO5(H2O) octahedra and SiO4 tetrahedra,
respectively. Red and blue circles represent rubidium and water oxygen
atoms, respectively.
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terminal oxygen. The Si-Obr-Si bond angles are in the range
from 131.2° to 162.4°.

The rubidium cations that are located in the cavities within
the framework occupy three nonequivalent sites. Using the
maximum cation-anion distance of Donnay and Allmann,27

a limit of 3.44 Å was set for Rb-O interactions, which gives
the following coordination numbers: Rb(1) and Rb(3),
8-coordinate; Rb(2), 10-coordinate. The bond-valence sums
for all Rb cations are close to 1.

The structure of1 is related to that of the well-known
titanium silicate ETS-10, Na2TiOSi5O12‚xH2O. ETS-10 crys-
tallizes in a centrosymmetric tetragonal space group, and the
structure consists of infinite chains of trans-corner-sharing
TiO6 octahedra. Each titanium octahedron is surrounded by
four silicate tetrahedra to form [TiSi4O13] columns that are
connected by additional silicate tetrahedra to form a 3D
framework structure with 12-ring channels. The silicate
tetrahedra in ETS-10 are also connected together in 5-rings
that share edges with two adjacent 5-rings to form infinite
silicate chains along the [100] direction (Figure 2). The
chains are packed into layers parallel to the (001) plane with
the chains in neighboring layers perpendicular to each
other. Each 5-ring in a chain is connected via corner
sharing with a 5-ring in a neighboring layer to form a 3D
CdSO4-topological-type silicate framework. To our knowl-
edge, ETS-10 and compound1 are the only two examples
in the area of metal silicates that can be ascribed to the
CdSO4 topological type. In contrast to ETS-10, the 5-rings
in 1 are connected by corner sharing only. Both silicate
networks consist of wide channels. In ETS-10, neighboring
channel positions cannot be simultaneously occupied by
TiO4O2/2 chains. The unoccupied positions correspond to 12-
ring channels. In the structure of1, all channels are occupied
by discrete InO5(H2O) octahedra such that two types of
smaller channels are formed.

Rb3In(H2O)Si5O13 crystallizes in a noncentrosymmetric
space group,Cc. Because SHG provides a highly sensitive
and definitive test of the absence of a center of symmetry
of crystalline materials, the SHG response of crystals of1
was measured. When the crystal was exposed to the funda-
mental output (1064 nm) of a pulsed Nd:YAG laser, a green
emission generated from this crystal could be seen with the
naked eye, which is indicative of intense SHG. A small por-
tion (<10 mJ/pulse) of the Nd:YAG laser 1064-nm output
was aligned to pass through the crystal, and the SHG signal
at 532 nm was imaged onto a monochromator attached to
an intensified charge-coupled device (ICCD) detector. The
SHG signal was detected by the ICCD detector and was then
recorded on a personal computer. In the SHG measurements,
the orientations of both the Rb3In(H2O)Si5O13 crystal and
the KDP crystal were optimized for the maximum SHG sig-
nal. Consequently, the measurements show that the SHG
efficiency for the Rb3In(H2O)Si5O13 crystal is at least ap-
proximately 10% of that for the KDP crystal (See Figure S2
in the Supporting Information). It is unclear to us why com-
pound1 shows a much more intense SHG signal than RbIn-
(OH)PO4 and NH4In(OH)PO4, even though the distortions
of InO6 octahedra in these three structures are comparable.

In summary, this work demonstrates that a novel 3D in-
dium silicate was synthesized under high-temperature, high-
pressure hydrothermal conditions. The compound is unique
in that, among the vast number of synthetic silicates and
naturally occurring silicate minerals, it and the titanium sili-
cate ETS-10 are the only two examples in which the silicate
frameworks adopt the CdSO4 topological type. The crystal
of the title compound shows an intense SHG signal.
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Figure 2. (a) Silicate framework of1 viewed along the [110] direction.
The silicate 5-rings are connected by sharing corners. (b) Silicate framework
of ETS-10 viewed along [010] direction. The 5-rings share edges and
corners. (c) Network structure of CdSO4. In these simplified schematic
diagrams, a tetrahedral atom is located at the intersection of the lines, as
oxygen bridges are made by corner sharing from the vertices of the
tetrahedron.
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