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A new indium(lll) silicate, K,In(OH)(Si4O40), has been synthesized by a high-temperature, high-pressure hydrothermal
method. It crystallizes in the monoclinic space group P2y/m (No. 11) with a = 11.410(1) A, b = 8.373(1) A, ¢ =
11.611(1) A, p = 112.201(2)°, and Z = 4. The structure, which is analogous to that of K,CuSi,O1o, consists of
unbranched vierer 4-fold chains of corner-sharing SiO, tetrahedra running along the b axis linked together via
corner sharing by chains of trans-corner-sharing InO4(OH), octahedra to form a 3-D framework which delimits
8-ring and 6-ring channels to accommodate K* cations. The presence of hydroxyl groups is confirmed by IR
spectroscopy. The 2°Si MAS NMR exhibits four resonances at —88.6, =90.1, —97.4, and —98.2 ppm corresponding
to four distinct crystallographic Si sites. A H — 2°Sj CP/MAS NMR experiment was performed to assign the four
resonances.

Introduction In contrast, much less work has been reported on the heavier
group 13 silicates. Indium represents an interesting case
since, by comparison with the smaller Al and Ga, which
qlsually adopt 4-fold coordination, In is only expected to
occur with octahedral coordination. Previously several in-
dium silicates have been reported,3R0O; (pyrochlore)?
NaInSiOs (pyroxene) Caln,SiOs (garnet), PlyIn,Si, 0,8
which consists of zigzag infinite chains of edge-sharingsinO
octahedra connected by:Sf double tetrahedra, and a family

of microporous indium silicate compositions with unknown
crystal structure® Because we have been interested in the
exploratory synthesis of mixed octahedrtdtrahedral frame-

| work oxides, we therefore extended the search for new

with Ga in known aluminosilicate frameworks has been Materials into the system of metal silicates. Our synthetic
extensively studiedA novel gallosilicate having no coun- Methods are 2-fold, namely, mlldohydrgthermal reactions in
terpart among aluminosilicates has also been synthesized. Teflon-lined autoclaves at 16@00°C using organic amines

as templates and high-temperature, high-pressure hydrother-
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Central University. E-mail: likh@cc.ncu.edu.tw. reaction vessel at 566600 °C using alkali-metal cations as

T National Tsing Hua University.

* National Central University.

Open-framework phosphates of group 13 elements have
been extensively researched because of their interestin
structural chemistry and potential applications in catalyis.
Although some of the phosphates have extralarge rings in
their structures, most of them have limited thermal stability
that makes their use as molecular sieves difficult. This is in
contrast to the high thermal stability and extensive applica-
tions of aluminosilicate zeolites in refinery and petrochemical
processes. A large number of natural and synthetic zeolites
have been reported. The properties of zeolites can be
modified by substitution of framework aluminum and/or
silicon by other tetrahedral atoms. The substitution of A
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templates. Recently, a number of vanadosilicétebree Table 1. Crystallographic Data for #n(OH)(SiO10)
uranium silicated} and one organically templated niobium  empirical formula  HINkO.:Sia  space group P2,/m (No. 11)
3

silicate”> were reported by Jacobson and co-workers. We g;é E1;1?;‘71%?1()1) XMC K/ 571073
. ™~ . . 13 . 0 Ka .
syr}the3|zed anew vanad05|Ilcate,g(-Y/_bD)_(SuOlo) xH,0, A 11.611(1) Deaofg-orr-2 3120
which has the same framework stoichiometry agVQO)- Bldeg 112.201(2) u(MoKa)cm 36.3
(SisO40)*H20 and the mineral Ca(VO)(£D10)-4H,0,***Sbut VIA3 £11027.0(2) RREZJ 8,2%2
Wi .

it adopts a considerably different structure. We also reported sz
the first example of two-bond-coupling between a quad- CRL= S — S L D WRD S —.
rupolar nucleus and a spin 1/2 nucleus in the solid state:l/[oz(gozz)llr E’;P)zl +°|k|)Pz]’| o [r‘;]VaX(F;g)zl’r"(z("lzc)z}/éz\),vh%’rve(ai)g'oé;"l
during the NMR study of the new niobium silicate Rb  andb = 22.0.

(NbO)(SigO21).18 In this paper, we report the synthesis, _ ,

crystal structure, and solid-state NMR spectroscopy #f K Table 2. Atomic Coordinates and Thermal Parameters for

482.39

) K2|n(OH)(Si4010)
IN(OH)(SiLO10), denoted ad. The framework structure of N
this new indium silicate, which is analogous to that of K atom X y z Ued
O, 17 ; ; ] ; K(1) 0.5631(3) 0.25 0.9390(2)  0.0198(5)
CuSi010,}" consists of chams dfans-corner-sharing In@ K(2) 0.0829(3) 008 05830(2)  0.0192(5)
(OH). octahedra and 8-ring channels formed by unbranched 3) 0.4703(3) 0.25 0.5394(3)  0.0247(6)
vierer 4-fold silicate chains. This is the first example of K((4)) *0-0109(4()) 0.25 © *0-0266(3)( ) 0-0414(9)( )
; o o ; In(1 0.28681(5 0.00434(6 0.21374(4)  0.0087(2
hydrothermal s_ynthe5|s of indium silicate under high tem- si(1) 0.2225(2) —0.0636(2) 0.4699(2)  0.0102(4)
perature and high pressure. Si(2) 0.0094(2) 0.0688(2) 0.2547(2)  0.0098(4)
Si(3) 0.2498(2) 0.0629(2) —0.1028(2)  0.0092(4)
. : Si(4) 0.3922(2) —0.0588(2) —0.2631(2)  0.0085(4)
Experimental Section o(1) 0.2705(5) —0.0035(8)  0.6139(5)  0.017(1)
. o _ 0(2) 0.3226(5) —0.0324(7) 0.4096(5)  0.016(1)
Synthesis and Characterization.Compoundl was obtained 0@3) 0.0889(5) 0.0341(7) 0.4025(5)  0.014(1)
from a high-temperature, high-pressure hydrothermal reaction in a 0(4) 0.1792(8) —0.25 0.4633(8) 0.018(2)
gold ampule contained in a Leco Tem-Pres autoclave where pressuregggg 8-82&’12((%) 8-35390(7) 00-2{‘?4222((75;) 00-001145((21))
was provided by water. The_ degree of fllllng of the autoclave by o) _0:1120(5) —0.6500(7) 0.2171(5) 0.614(1)
water at room temperature is 55%. A reaction mixture of KQH o(8) 0.2471(6)  —0.0088(9) 0.0206(5)  0.022(1)
In,03, and SiQ (molar ratio K:In:Si= 4:1:4) in a 4.7 cm long 0(9) 0.2911(8) 0.25 —0.0951(9) 0.023(2)
gold ampule (inside diameter 4.85 mm) was heated at°60fbr 88% 8-131?1141182 —8-%94(7) —8-%;1?12%2; 8-8138
2 d. The pressure was gstlmated to be 170 MPa according to the 0(12) 0:5159(5) 6.0340(6) _0:2524(5) 0:013(1)
pressuretemperature diagram of pure water. The autoclave was ;3 0.3304(8) 0.25 0.2438(9)  0.020(2)
then cooled to 350C at 5°C/h followed by fast cooling to room 0(14) 0.2560(9) —0.25 0.205(1) 0.025(2)
temperature by turning off the power of the tube furnace. The H(130p 0.4260 0.25 0.2573 0.05
H(140¥p 0.2333 —0.25 0.2793 0.05

product contained colorless rod crystals and powder. A colorless
rod crystal was selected for single-crystal X-ray diffraction study. aUgqis defined as one-third of the trace of the orthogonalidgdensor.

The product was a single phaseldds indicated from a comparison bThe atomic coordinates and isotropic thermal parameters of hydrogen
of the X-ray powder pattern of the bulk product to the pattern atoms are fixed.

simulated from the atomic coordinates derived from the single- . ] .
crystal study. The powder pattern differs from those of the 2aréa detectorTiinmax= 0.914, 0.974%8 On the basis of systematic
microporous indium silicate compositions reported by Bedard et absences, statistics of intensity distribution, and successful solution

al® The yield was 68% based on indium. The sample was used for @"d refinement of the structure, the space group was determined
IR and solid-state NMR spectroscopy study. to beP2;/m (No. 11). The structure was solved by direct methods:

. . . . The metal and Si atoms were first located, and the O and H atoms
Single-Crystal X-ray Diffraction. A colorless crystal of dimen- . . )
sions 0.08x 0.08 x 0.1 mn? was selected for indexina and were found from difference Fourier maps. The final cycles of least-
'It 'tl d >t< ' I Xt ) SW S tCCIID d'f)f(l gt ¢ squares refinement including the atomic coordinates and anisotropic
intensity data cofiection on a siemens smar INTactometer o rmal parameters of all non-hydrogen atoms converged at R1
equipped with a normal focus, 3 kW sealed tube X-ray source.

Intensity dat lected in 1271 f ith i ) 0.0508, wR2= 0.1288, andS = 1.321.Apmaxmin = 2.44,—1.23
ntensity data were collected in rames with InCreasing o, g -s Tpe largest residual electron density is at a distance of 0.88

(width of 0.3 per frame). The number of observed unique A from the indium atom. The atomic coordinates and isotropic

refle(_:t_lonls Eo > 4‘_7(':0)) IS 24_42 (Drmax = 56.5Z, Rt = 0'03_9)'| thermal parameters of hydrogen atoms were fixed. Neutral-atom
Empirical absorption corrections based on symmetry equivalents scattering factors were used for all the atoms. Anomalous dispersion

were performed by using the SADABS program for the Siemens and secondary extinction corrections were applied. All calculations
were carried out with the PC version of the SHELXTL program

(10) Wang, X.; Liu, L.; Jacobson, A. J. Am. Chem. So@002, 124, 7812. package. The crystallographic data are given in Table 1, the atomic

11) 1\l\£a2cg)éx., Huang, J.; Liu, L.; Jacobson, AJJMater. Chem2002 coordinates in Table 2, and bond lengths and bond valence sums
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2174.
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(16) Kao, H.-M.; Lii, K.-H. Inorg. Chem.2002 41, 5644. Instrument Division: Madison, WI, 1998.

(17) Kawamura, K.; liyama, J. TBull. Minéral. 1981 104, 387. (19) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.

4058 Inorganic Chemistry, Vol. 42, No. 13, 2003



Synthesis of a New Indium Silicate

Table 3. Bond Lengths (A) and Bond Valence Suns) for

K2|H(OH)(Si4010)
K(1)—0(12) 2.756(6) (%)  K(1)—O(8) 2.866(6) (X)
K(1)—0(10) 2.867(7) (%)  K(1)—0O(9) 2.98(1)
K(1)—0(14) 3.10(1) K(1)-0(10) 3.215(6) (%)
S[K(1)—0] = 1.20
K(2)—0O(7) 2.778(6) (%)  K(2)—0(3) 2.788(6) (x)
K(2)—0(4) 2.832(9) K(2-0(1) 2.938(6) (x)
K(2)—0(3) 3.127(6) (%)
Y[K(2)—0]=1.20
K(3)—0(2) 2.863(6) (x) K(3)—0(12) 2.904(6) (%)
K(3)—0(2) 2.963(6) (%)  K(3)—0(13) 3.19(1)
S[K(3)—0] = 0.80 Bk4
K(4)—O(14) 2.78(1) K(4)y-0(5) 2.788(6) (%) Figure 1. Building units of 1 showing atom labeling scheme. Thermal
K(4)—0(5) 2.894(6) ()  K(#4)—0(6) 3.318(9) ellipsoids are shown at 50% probability. Small open circles are H atoms.
S[K(4)—0] = 0.81
In(1)—0O(13) 2.114(2) In(1)yO(8) 2.116(6)
In(1)—0(5) 2.129(5) In(1)}0(12) 2.146(5)
In(1)—0(14) 2.155(2) In(1}0(2) 2.175(5)
>[In(1)—0] =3.17
Si(1)-0(2) 1.571(6) Si(1)0(1) 1.630(5)
Si(1)-0(4) 1.630(3) Si(130O(3) 1.645(6)
>[Si(1)—0] = 4.05
Si(2)-0(5) 1.580(6) Si(2)0(7) 1.625(6)
Si(2)-0(6) 1.630(4) Si(2r0(3) 1.636(5)
>[Si(2)—0] = 4.05
Si(3)—0(8) 1.564(6) Si(3Y0(9) 1.628(3)
Si(3)—0(10) 1.630(6) Si(3y0(7) 1.633(6)
>[Si(3)—0] =4.13
Si(4-0(12) 1.575(6) Si(4y0(11) 1.627(2)
Si(4)—-0(10) 1.629(5) Si(4x0(1) 1.638(6)
Y[Si(4)—0] = 4.08
O(13-H(130) 1.04 O(14YH(140)  1.00

155 FTIR spectrometer using the mull technique. To a 10 mg
ground sample was added two drops of Fluorolube. The mixture
was ground and contained between two KBr plates for measure-
ment.

29Si magic angle spinning (MAS) NMR spectra were recorded
on a Bruker AVANCE-400 spectrometer equipped with a double-
tuned 4 mm MAS probe, with a resonance frequency of 79.46 MHz
for the 2°Si nucleus. Ax/4 pulse width of 2us and a repetition
time of 10 s were used to acquit®si MAS NMR spectra, which
were Bloch decay spectra under conditions of no proton decoupling.
The T, values were measured with an inversioecovery pulse
sequence. The Hartmaniahn condition for'lH — 29Sj cross-
polarization (CP) experiments was determined by using the cubic
octamer silicic acid trimethylsilyl esterg®lg. The optimal contact
time for 'H — 2°Si CP was found to be 3 ms, and a repetition time
of 4 s was used’Si chemical shifts were externally referenced to
TMS at 0.0 ppm. Totals of 2464 and 18968 scans were accumulated
for the 2°Si one-pulse and CP/MAS NMR spectra, respectively. A
line broadening of 10 Hz was used to process the NMR data. The

. Figure 2. (a, top) Structure ol viewed along théb axis. The medium
amount of sample in the rotor was about 55 mg. 9 (a, top) J

gray and light gray polyhedra are Ia@H), octahedra and SiQetrahedra,
respectively. Open circles are potassium atoms. H atoms are not shown.

Results and Discussion (b, bottom left) Section of an unbranched vierer 4-fold silicate chaih in
. . . One of the fundamental chains defining the 4-fold chain is distinguished
Structure. As shown in Figure 1, the structure @fis by dark gray tetrahedra. (c, bottom right) Section of an infinite chain of

constructed from the following structural elements: fourSiO transcorner-sharing IngtOH), octahedra. The small open circles represent
tetrahedra, each with three corners shared with other™ atoms.

tetrahedra, and the fourth corner coordinated to one In atom, ) . ]

one In atom coordinated to two OHyroups and the apexes and 6-ring channels to accommodate ¢ations (Figure 2a).

of four SiO, tetrahedra in octahedral coordination, and four The structure is analogous to that of the synthetic copper-
K+ ions. The structure consists of infinite tubular chains of (I) silicate K.CuSiO1o which was also synthesized under
corner-sharing Sigxetrahedra running along teaxis linked hydrothermal conditions. The latter consists of the same type
together via corner sharing by infinite chains of YOH), of tubular chains, which are connected by square planar CuO
octahedra to form a 3-D framework which delimits 8-ring groups.

Inorganic Chemistry, Vol. 42, No. 13, 2003 4059
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The tubular silicate chain can be constructed by condensa- 100 1
tion of an infinite number of unbranched 8-rings. The
sequence of directedness within the 8-ring is UUDUDDUD,
where U refers to a terminal oxygen corner pointing up and
D to one pointing down. Adjacent 8-rings are symmetry
related by a mirror plane. The tubular chain can also be
constructed by condensation of four unbranched single chains
with a periodicity of four. According to the classification of
Liebau, this type of tubular chain is called an “unbranched
vierer 4-fold chain” and can be described by the following . . . . . : :
structural formula: (uB, %,)[*Si1604q].2° In Figure 2b, one 4000 3500 3000 2500 2000 1500 1000 500
of the fundamental chains defining the 4-fold chain is Wave number (cm )
diStingUiShed by dark tetrahedra. The B(OH)Z octahedron Figure 3. Infrared spectrum ol (Fluorolube mull).
shares its equatorial plane corners with two U tetrahedra from
two tubular chains and two UD tetrahedra from one chain. 974
The 6-ring channel is formed by the edges of four SiO (a) ’
tetrahedra from two tubular chains and two WOH), 0.1 \-982
octahedra. The framework structure contains single chains
of trans-corner-sharing IngfOH), octahedra isolated from
each other by tubular silicate chains. The In metal atoms
are linked together by means of single bridges of hydroxyl
groups (Figure 2c). The hydrogen atom H(130) is H-bonded
with O(11), whereas the other hydrogen atom, H(140), is
not involved in hydrogen bonding. The Ia@H), octahe-
dron is quite regular as shown by thed® bond distances (b)
ranging from 2.116 to 2.175 A. There are two octahedra per
chain of unit cell length along thk axis. Both hydroxyl
groups lie in mirror planes. The silicate groups are slightly
distorted with the SO bond distances ranging from 1.572
to 1.646 A. The shortest distance in each silicate group
corresponds to the oxygen atom bonded to indium. Each , i . i .
silicate group shares corners with three silicate groups and 80 -85 -9  -95  -100 -105  -110
one InQ(OH), octahedron. The SiO—In bond angles are ppm
127.5, 133.7, 151.6, and 141.3 for Si(1), Si(2), Si(3), Figure 4. (a)2°Si one-pulse and (PH — 2°Si CP/MAS NMR spectra of
and Si(4), respectively. All potassium atoms lie in mirror 1 acquired at a spinning speed of 12 kHz.
planes. K(2) is located in the 8-ring channels, whereas thevibration, so a greater intensity of the absorption band is
other K atoms are located in the 6-ring channels. The associated with the vibration. The absorption bands in the
coordination number of K is determined on the basis of the region below 1500 crt are from Fluorolube.
maximum gap in the KO distances ranked in increasing  2°Sj solid-state NMR is used to provide information on
order. The agreement with the maximum cati@mion the local environments of silicon atoms in the framework.
distance suggested by Donnay and Allmann is also chééked. The 2°Si one-pulse and CP/MAS NMR spectra bfare
The K(1), K(2), K(3), and K(4) cations are coordinated by shown in Figure 4. Four resonances, which can be divided
10, 9, 7, and 6 oxygen atoms, respectively. K(1) and K(2) into two subgroups at<88.6, —90.1) and {97.4,—98.2)
are observed from a comparison of their bond valence sumsppm, are observed with nearly identical intensities, corre-
and thermal parameters with those for K(3) and K(4) to be sponding to four distinct silicon sites as determined from
more strongly bound. X-ray diffraction. As seen in Figure 4b, an enhancement in

IR and Solid-State NMR SpectroscopyThe IR spectrum  the signal intensity at-97.4 ppm is observed whé to
shows two G-H stretching absorption bands at 3560 and 29Sj CP is applied, indicating that this Si site is in close
3506 cnt* (Figure 3). The absorption at 3506 chtan be  proximity to hydroxyl groups as compared to other Si sites.
assigned to O(13)H(130) because hydrogen bonding This observation also provides indirect evidence of the
causes the ©H stretching absorption to appear at a lower presence of hydroxyl groups in the structure, in good
wavenumber. The reason the intensity of the band at 3506agreement with IR results. The resonance-87.4 ppm can
cm ! is stronger than the other one can be ascribed to thepe assigned to Si(4) because OH(130) is H-bonded with Si-
decrease of the strength of the O(28)(130) bond; hence,  (4)0,. In addition, theT; value, obtained with an inversien
there is a larger change in the dipole moment during the recovery pulse sequence, for the Si(1) site is 170 s, and those

- Tchom ” : p § for the other three Si sites are 22230 s. The difference in
(20) é}gsg;f’i’cgtisggugtgrﬁggr_f,rgr'ls;g oég'li'ﬁ?tl%sés_suuaure’ Bonding and  yha peak height ratio for Si(1)/Si(2) in Figure 4 is probably
(21) Donnay, G.; Allmann, RAm. Mineral.197Q 55, 1003. due to theT; difference and CP efficiency. The much larger

Transmittance (%)
oS
o

N
o
1

-88.6
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difference for Si(4)/Si(3) is expected since the Si(4) signal perature and high pressure. An isostructural vanadosilicate,
is enhanced in the CP spectrum due to its higher CP Ky(VO)(SisO10), has also been synthesized under a similar
efficiency. hydrothermal conditio® In contrast to the/SH-nphases

It has been reported that tA&i chemical shift depends  which are based on silicate single layers, the title compound
on the average value of the four-8D—T bond angles (three  is based on tubular silicate chains. The extremely rich
Si—O—Si angles and one SO—In angle for each silicon)  structural chemistry of metal silicates is evidenced by at least

and shifts upfield with increasing SO—T bond angle&? seven different structures with the composition(\VO)-

One may assign NMR inequivalent silicon sites on the basis (Sj,0,0)-nH,O (A = alkali- or alkaline-earth-metal cation,

of X-ray diffraction analysis results. The average-8—T n > 0). More interestingly, the topology and composition
bond angles il are 133.5, 134.0, 144.2, and 143.1 for spectrum of the silicate structures may be greatly increased

Si(1), Si(2), Si(3), and Si(4), respectively. The angles for py using organic templates. The synthesis of a large number

the latter two Si atoms are considerably larger than those of new and interesting silicate materials with unique struc-

(—97.4,—-98.2) ppm are therefore assigned to (Si(1), Si(2))

and (Si(4), Si(3)), respectively. This assignment is also Acknowledgment. We thank the National Science Coun-

consistent withtH — 2°Si CP/MAS NMR results. cil for support and Ms. R.-R. Wu at the National Cheng Kung
In summary, we have synthesized a new indium silicate University for NMR measurements.

and characterized its structure by single-crystal X-ray dif-
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