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A novel microporous indiumphosphate, InPO,(H,0),- 0.1Et;N
(InPQ,-1) is synthesized from the hydrothermal reaction of H;PO,,
In,0;, and H,0 in the presence of tricthylamine, or n-butylamine,
dimethylamine, dipropylamine, ethylenediamine, and tetrameth-
ylammonium hydroxide. Single crystal X-ray diffraction studies
show that InPQO,-1 has orthorhombic symmetry, space group Pbca,
with @ = 8.842(2) A, b = 10.1870(10) A, ¢ = 10.327(2) A, V =
930.1(3) A%, and Z = 8. It has a three-dimensional microporous
structure with one-dimensional 6- and 4-rings running along the
b- and a-axes, respectively. In and P occupy framework positions
forming [InO,(H;0),] octahedral and [PO,] tetrahedral geometry,
and they alternate through ©) bridges. InPQy-1 has poor thermal
stability and its microporous structure is comparable to smail-pore
AlPOy-n. Organic amines that are used in the preparation of
InPO,-1 range from primary amine to quaternary ammonia al-
though the mechanism has yet to be understood. © 1995 Academic
Press, Inc.

1. INTRODUCTION

Recent advances in microporous crystalline materials
are represented by the discovery of AIPO,n (1, 2},
M) X(v)O,type materials including GaPOgn (3-5),
AlAsOy-n, GaAsQ,-n (6-8), GeO, series (9}, and inclusion
compounds with aluminophosphate composition (10).
Some of these compounds are structural analogues of
zeolites, but the majority possess novel structural types
with 3D, 2D, and 1D framework structures. The develop-
ment of the chemistry of microporous materials has been
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following the “‘Periodic Table Strategy™ as is evident in
recent work (11). The strategy of synthesis of microporous
materials has been strongly associated with the choice
of organic base and solvent (12), steric and electronic
considerations, and the coordination habit of elements
(11, 12}, Among M (111}.X (v)O,-type microporous materi-
als, the structural variety, channel dimension, and thermal
stability decrease in the order AIPO,-n > GaPQ,n >
AlAsO,-n > GaAsO,-n (11, 12). In the present paper,
we report the synthesis and characterization of a novel
microporous indiumphosphate, InPO,-1, the first micro-
porous indiumphosphate (InPO,-n). The similarity and
difference between InPO,-1 and M (1) X(v)O,-type mate-
rials are discussed.

2. EXPERIMENTAL

InPO,-1 was prepared hydrothermally from a typical
batch composition of 1.0In,0,:1.2P,05:(1.0 ~ 2.0)
Et;N  (or, n-BuA, DMA, DPA, EDA, and
TMAQH): (80-180)H,0 at pH between 3.0 ~ 6.0, Crys-
tallization was conducted at 180°C for 7 to 15 days under
autogeneous pressure. Pale-greenish microcrystallites
were recovered by filtering, washing with distilled water,
and drying at ambient temperature overnight.

A single crystal X-ray diftfraction study was made on
a selected crystal of dimensions 0.15 x 0.15 X 0.20 mm.
Unit cell parameters were determined by least-squares
fits to the setting parameters of 20 centered reflections.
Intensities of 820 independent reflections (3.5° < 26 <
50°) were measured by w scan on a Siemens R3IM/V2000
diffractometer with MoK« radiation. Lorentz and Polar-
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TABLE 1
Details of the Single Crystal X-Ray Diffraction Experiment

Chemical formula InPO,(H;0), - 0.1EL;N

Wavelength (MoKe) 0.71073 A
Temperature 25°C
Monochromator Graphite
Absorption correction Semiempirical {psi scan)
Transmission factors 0.763-0.750
Absorption coefficient 5.365 mm™'
Scan type w
Number of reflections 820
Independent reflections 820

(Rim = 000%)
Observed reflections 772

(F > 4.00(F))
Weighting scheme
Extinction correction

wl = g2(F) + 0.0007 F?
x = 0.00078(8)
F* = FI1 + 0002 F¥sin(26)] ¥4

ization corrections were applied. Absorption was cor-
rected using the semiempirical method by psi-scan. The
crystal structure was solved by direct methods, and re-
fined by full-matrix least-squares analysis to final values
of R = 0.015 and wR = 0.024. The function minimized
was 2 wi{F, — F.)*. Nonhydrogen atoms were refined
anisotropically. The positions of hydrogen atoms, located
from difference map, were not refined. Experimental de-
tails are summarized in Table 1.

Bulk samples including as-synthesized and calcined
precursors which were heated at different temperatures
for 15 min were studied using XRD, FTIR, TG, 3P
MASNMR, SEM/EDAX, and chemical analysis. The
XRD pattern was recorded at RT for 28 (3.5° to 60°) on
a Rigaku D/Max IIIA diffractometer (CuKo radiation).
Based on single crystal X-ray data assuming CuKa radia-
tion, a simulated XRD pattern was obtained. FTIR spectra
were recorded on a Perkin-Elmer FTIR Model 1725x%
spectrometer in the range 4000 to 450 cm™! in air. Thermal-
gravimetry analysis was carried out using a Du Point 9900
thermal analyzer from RT to 1000°C under N, atmosphere.
3P MASNMR data were acquired on a Bruker MSL-400
NMR spectrometer resonating at 161,92 MHz using 85%
H;PO, as standard. Spinning speeds of typically 2.5-3
kHz were achieved. SEM/EDAX were conducted using
a Hitachi 650B electron microscope for the as-synthesized
precursor which was polished in a supersonic acetone
hath. Adsorption measurements were carried out on cal-
cined precursors using a CAHN-2000 model which was
equipped with an in situ activation setup. In and P con-
tents were analyzed using ICP and those of C, N, and H
by elemental analysis.

In order to confirm Et;N content, the as-synthesized
precursor of InPO,-1 was heated to 1000°C while gaseous
outlet was collected using a graphitized carbon black car-
tridge and an octadecane-bonded silica cartridge. The out-
let was washed out using methanol and analyzed using
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gas chromotography (HP 5890A GC) with a capillary col-
umn of dimensions 25 m x 0.32 mm. GC was equipped
with FID and NPD detectors running simultaneously at
250 and 220°C, respectively. The injection temperature
was 200°C, and the oven was programmed from 55°C
(isotherm for 2 min) to 100°C at a heating rate of 8°C/min.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Microporous
Indiumphosphate, InPO -1

Based on chemicai analysis, the as-synthesized precur-
sor of InPO,1 has a bulk composition of H,InPQOy-
0.1Et;N, but the actual content of Et,N inside crystallites
remains uncertain. The crystal structure of InPO,-1 shows
a novel feature as demonstrated by XRD patterns in Figs.
la and 4. The experimental and the simulated XRD pat-
terns match well at the position of reflections with only
small differences in the relative intensity of some reflec-
tions (Fig. 1b). Hence, the product is monophasic, The
difference in the relative intensity could be the conse-
quence of many factors, for example, the presence of
physisorbed H,Q and Et;N as well as particle size and
morphology causing a preferred orientation. The >'P NMR
spectrum of InPO,-I shows a single resonance peak at
~ —2.17 ppm which suggests that all P atoms in ¢rystal
structure are chemically equivalent. In and P distribute
homogeneously over the bulk sample at a ratio of around
1:1 as demonstrated by SEM/EDAX analyses.

According to the single-crystal X-ray diffraction study,
InPO,-1 crystallizes in the orthorhombic symmetry of
space group Phca. One asymmetric unit consists of
InPO,(H,0), (Fig. 2a). There is one crystallographically
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FIG. 1. The XRD patterns of the indiumphosphate: (a) experimental;

{b) simulated based on the single crystal X-ray diffraction analysis.
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FIG. 2. (a) Atomic numbering; {b) packing view along the g-axis; (c) packing view along the b-axis.

independent site for the In and P atoms which is in
agreement with the ¥'P NMR study. In and P atoms alter-
nate and are bridged through O atoms. P atoms are tetra-
hedrally coordinated to 4 O atoms with P-O contact vary-
ing between 1.331(4) and 1.546(1) A and O-~P-O angles
varying between 107.8(2)° and 111.1(1)° (see Tables 2, 3a,
and 3b). This P-O bond length is greater than that in
AlPO4-n (~1.52 A) and GaPQ-n (~1.526 A); however, 1l
is a little shorter than the P-O bond in H;PO, (1.57 A)
(13). The *'P NMR signal shifts to high-ficld direction as
the P-O contact increases, for example, —28 ppm for
AlPO;n, —11 to —25 ppm for GaPQ,-n, and —2.17 ppm
for InPO,-1. This is in good agreement with previous find-
ings (14, 15). In atoms have six-coordination with O li-
gands where four are bridging oxygen atoms with an In-O
bond length varying between 2.106(1) and 2.131(1) A,
and the remaining two bond to H forming structural H,O

‘A

TABLE 2
Atomic Coordinates (X 10%) for [InPO,(H,0),]

Atom X y z
Inl) 1527(1} 6723(1) B691(1}
P(1} 327(4) 3581(1) 8481(1)
O(l) 344001 5560(1) 9484(1})
02} 2332 6048(1) 6840(1)
0(3) —-62(1) 2040(D) 7887(1)
O4) 816(1) T086(1) 10604(1)
0O3) 3045(1) 8324(1) 8919(1)
Q(6) 49(1) 5079(1) 8520(1)
H(la) 3192 4748 9443
H(lb) 3726 5733 10298
H(2a) 2241 6601 6328
H(2b) 3282 5805 6770
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TABLE 3a
Selected Bond Lengths

Bond Bond length (A)
In(1}-0(1) 2.222(1)
In(1}-0(2) 2.152(1)
In(1)-0(3) 2.112(1)
In(1)-0(4) 2.1906(1)
In(1)=0(5) 2.126(1)
In(1)-0X6) 2.132(1)
P{1)-0(8) 1.546(1)
P(1)-0(3a) 1.535(1)
P(1)-O(4a) 1.541(3)
P(1)-O(5) 1.531(4)

molecules; (In1-01 and Inl-02 being 2.152(1) and
2.222(1} A, respectively). Hence, the primary building
unit of In is composed of [[nO,(H,0),1, where the O-In-0
bond angle falls in the range of 83.0(1)° to 97.7(1)°. The
[InO,(H50),] unit has distorted octahedral geometry
which is attributed to the different coordination strengths
of 0%~ and H,0 ligands. In comparison with the average
P-0 bond length in AIPO,-n (1.52 A), the P-O bond in
InPO,-1 is much greater (1.538 A), suggesting that the
bond strength of In—0O is stronger than that of Al-O, thus
weakening P-O bonding.

The 6- and 4-rings of InPO,1 form one-dimensional
channels along the »- and a-axes, respectively (Figs. 2b
and 2c). There are also *‘8""-ring openings along the a-axis,
each of which is surrounded by four 4-rings. However, six
out of the eight T-atoms of the 8-ring are shared with the

TABLE 3b
Selected Bond Angles

Bond Bond angles (%)

O(1-In(1)-0(2) 84.6(1)
O(D)-In{N-0(3) 171.8(1)
O(2)-In(1H-0(3) 94.2(1)
O(1)-In(1)}-0O(4) 88.6(1)
OQ)-In(1}-04) 171.1¢1}
O(3)-In(1)-0(4) 93 4(1}
O(1)=In(1}-0(5) 83.5(1)
O(2)-In(1)-0(5) 97.7(1)
03)-In(1)-0(5) 88.6(1)
O(4)—In{1)-O(5) 87.1(1)
O{L-In{ =06} 94.5(1)
0(2)-In{1)-0(6} 83.0(1)
O3)-In{1)-(6) 93.4(1)
O4)-In(1)-0Q(6} 9191}
O(5)-In(-0(6} 177.8(1)
O(6)-P(1)-0(3a) 110.7¢1)
0{6)-P(1)—P(4a) 108.4(2)
0{3a)-P{1)-O4a) 107.8(2)
0(6)-P(1)-0(5a} 108.1(2)
03a)-P(1)-0(5a) 110.7(2)

O(4a)-P(1)-0(5a) 111.1{1)
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FIG. 3. In situ FTIR results of the indiumphosphate recorded in air.

6-ring channel nearly perpendicular to it. This results in
a cage-like building unit which consists of 6- and 8-rings.
Lying on the gc plane are a net of 6-rings which join up via
either an [InO,(H,0),] octahedron or a PO, tetrahedron by
sharing corners (Fig. 2¢}. The [InO,(H,0),;] unit of one
layer has a H,( molecule stretching to the 6-ring window,
and the [InO,(H,0),] unit of the next layer has the H,0O
molecule pointing to it from a different direction. Hence,
the effective diameter of the 6-ring channel is significantly
reduced. Structural H,O molecules can be classified into
two types, H-bonded (OH --- O = 2.6 A) and non-H-
bonded (OH - O’ = 3 A). This is supported by the
sharp and narrow IR adsorption at 3535 cm™' and the
hump between 3400 and 2800 c¢m™' (Fig. 3). Et;N and
adsorbed H,O molecules are hardly detected, not even
from the set of X-ray crystallographic data collected at
—60°C. However, these “‘guest’’ species do exist as indi-
cated by the rejected reflections which violate the Pbca
symmetry of InPO,-1. By analyzing the fragments driven
from the as-synthesized precursor using GC, a trace
amount of Et,N is detected. It is clear that there is a small
amount of ‘‘guest’’ species distributed in the pore spacing
of the crystal structure, or possibly adsorbed on the crys-
tallite surfaces of InPQO,-1.

In situ FTIR results are shown in Fig. 3. The absorption
band at 3535 cm™! is attributed to O-H of the structural
H,O molecules. The hump between 3400 and 2800 cm™!
can be significantly weakened if the spectrum is acquired
under an N, atmosphere. It possibly indicates the weak
H,O --- H bonds among the structural H,O molecules
and between the structural and physisorbed H,O mole-
cules. As the as-synthesized precursor is heated to above
300°C, the intensity of 3535 cm ™! absorption declines dras-
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FIG. 4. In situ XRD results of the indiumphosphate.

tically, and so does the hump between 3400 and 2800
cm~!. This is due to the removal of the structural H,O
molecules. The absorptions between 700 and 500 cm™',
which characterize 6- and 4-rings, start to deform at tem-
peratures above 300°C. As shown by in situ XRD studies
(Fig. 4), InPO,-1 gradually loses crystallinity below 300°C

100 1
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FIG. 5. The TG results of the indiumphosphate: {a) TG curve; (b)
the first derivative curve of the TG result.
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whereas its crystal structure remains intact. Hence, sig-
nificant structural transformation does not occur until the
calcination temperature reaches 400°C,

TG analysis indicates that there are four major changes
at 130-180°C, 180-300°C, 300-610°C, and 610-950°C with
weight losses of about 0.76, 2.97, 10.31, and 1.25%, re-
spectively (Fig. 5). They are associated with following
processes:

» removal of physisorbed H,O;

* partial dehydration of the structural H,O molecules
and detemplation causing a minor loss of crystallinity;

* dehydration between the structural H,O molecules
causing a drastic degradation of the crystal structure
(Fig. 4);

« complete collapse of the crystal structure.

3.2. Comparative Study of Microporous
Indiumphosphate and Other M(IINX(V)O,-Type
Mazrerials

Coordination habit. As previously discussed, In
atoms in InPO,-1 have six-coordination forming
[InQ,(H,0),]. Two “‘extra’ H,0O ligands give slightly
longer In-O,, contact (average, 2.187 A) than that of the
bridging Oy (average, 2.119 A). The O,,~In-0,, angle (av-
erage, 84.6°) is smaller than that of O-In-0O; (average,
90.5°). This may relate to the strong negative charge of
0., which makes H,0,, a stronger ligand than O;. M**
having coordination number greater than four has been
found in some M (1) X (v)O,-type compounds. For exam-
ple, AIPO,12, -17, and -EN3 contain five-coordinated
APt (17); AIPO,-14 contains both five- and six-coordi-
nated AP* and AIPO,-15 has six-coordinated AL’* (18)
where “‘extra’ ligands are solely terminal OH™ groups.
In GaPO,-n, Ga’* has exclusively five- or six-coordinate
geometry. “‘Extra’ ligands are often OH™ groups [e.g.,
GaPO,-C3 (19) and GaPO,-14 (20}], and occasionally H,O
molecules [e.g., GaPO,-C7 (21) and GaPO,-C14 (22)], or
F~ ion [e.g., cloverite (23)]. Similar phenomena are ob-
served in AlAsO,n (AlAsO,-1 and AlAsQ,-2) (12) and
GaAsQO,-n (GaAsO,-2) (12). Obviously, as the ionic radius
of M?** increases, a more “‘crowded’’ coordination envi-
ronment is preferred, and the M>* seems to affiliate more
strongly to H,O than to the OH™ group. The former phe-
nomena could be a result of the underlying d'® configura-
tion of Ga** and In’* which takes part in dm—dm back
bonding. The latter is more related to the decreasing
charge/radius ratio of M3* which weakens its hardness
as an electron acceptor. As a result, the Brgnsted basicity
of O, increases, and a structural H,O ligand is preferred
over OH™. It is likely that the moderate to weak acidic
medium of synthesis (pH 3.0 ~ 6.0) provides a good
source of H* for OH~ to be neutralized.
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Structural characteristics. InPO,-1 crystallizes in or-
thorhombic symmetry with one-dimensional 4- and 6-ring
channels parallel to the a- and b-axes, respectively. The
window of the 6-ring channel is partially blocked by the
structural H,O molecules, hence, the effective diameter
is much smaller than that of an ordinary 6-T ring. This
explains why InPO,-1 exhibits little adsorptive capacity.
InPO,-1 is comparable to small pore AIPO,-n. As a com-
parison, most GaPO,-n have a pore dimension equivalent
to or smaller than that of a 10-ring (except for cloverite).
Upon the removal of template species, they show typical
reversible adsorption—desorption features of microporous
materials. The micropore of AIPO,-n ranges from an 8-
to a 20-ring. They are able to adsorb molecules of various
sizes. It appears that as the ionic radius of M3t increases,
the tendency to form MUnNP(V)O,type microporous
compounds decreases. Consistent with this observation,
M (1 P(v)O,-type materials show decreasing thermal sta-
bility in the order AIPO-n > GaPQO4-n > InPO,-1. Similar
phenomena have also been observed among M(mi)
As(v)O, compounds (M = AP* and Ga**) (12). This is
clearly associated with an increasing r,,y ratio.

The role of organic species. As shown in present
study, Et,N is not the only organic amine available for
hydrothermal synthesis of InPO,-1. »-BuA, DMA, DPA,
EDA, or TMAQH can play the same role during the crys-
tallization of InPO,-1. These amines have drastically dif-
ferent configurations and properties whereas they appear
consistently in a small amount in the as-synthesized pre-
cursor, such as InPO,(H,0), - 0.1Et;N. Previous studies
demonstrate that large pore structures tend to be less
critical to the size and shape of organic templates. Among
known MUDP(v)O,type materials, the decreasing
capacity to occlude organic amines has been found,
AlPO;n > GaPO,-n > AlAsSO;-n > GaAsOg-n (12). In
comparison, InPO,-1 shows the least ability to occlude
organic amines. This gives an updated order AIPO,-n >
GaPO,n > AlAsO,n > GaAsO,-n > InPO,-1. Again,
the greater riyquypvy Tatio and the distorted tetrahedral
geometry of InO, are believed to be the main factors.

4, CONCLUSION

Microporous indiumphosphate InPO,-1 is composed of
an InPO,(H,0), framework where In’* has octahedral
geometry and P°* has tetrahedral geometry, The crystal
structure contains 4- and 6-ring one-dimensional chan-
nels. The 6-ring channels are partially blocked by the
structural H,O molecules which reduce the effective di-
ameter sighificantly. InPO,-1 shows typical features of
microporous structures; however, it exhibits essentially
no adsorptive properties. In comparison with other
M(m)P(v)O,-type materials, the microporous structure

XU ET AL.

of InPO, is more difficult to construct, and is more vulner-
able to thermal treatment. This is believed to be the result
of the small charge/radius ratio of In** and the large
Tinqin/peyy Fatio of indiumphosphate.
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