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An ammonium indium hydrogen phosphate, NH4In(OH)POQO,,
was synthesized under mild hydrothermal conditions, and the
crystal structure was characterized by single-crystal X-ray
diffraction method. The compound crystallizes with the
RbIn(OH)PO,4 type with the following data: M,=244.84,
tetragonal, tP104, P452,2 (No.96), a=9.416(2) A,
¢=111593) A, V=989.93) A’, Z=8, D,=3.288gcm >,
L=0.71073 A, u=50.34cm” ', F(000)=928, T=293K,
R1=0.0606, wR2=0.1472 for 91 variables and 1813 contribut-
ing unique reflections. The structure is characterized by chiral
InO4(OH), chains along the ¢ axis formed by sharing OH
corners. The chains are isolated by POy, tetrahedra leading to a
three-dimensional framework structure with channels occupied
by NH, ions. The framework structure is similar to that of
KIn(OH)PO4 and y-NaTiOPQy,. The hydrogen bonds formed
by NH, with the polyhedral oxygen atoms play an important
role in the anisotropic changes of the lattice with respect to its
alkali metal analogues. The topological construction of the title
structure can be considered as an augmented 4,6-net with larger
pOl‘OSity. © 2002 Elsevier Science (USA)

Key Words: ammonium indium hydrogen phosphate; hydrother-
mal synthesis; crystal structure.

INTRODUCTION

Metal phosphates with open-framework structure are of
great interest to materials scientists as well as to chemists
due to their diverse industrial uses and rich structural
chemistry. Besides the conventional transition metals the
main group element incorporations into the frameworks of
these materials have been widely explored in recent years
with success (1). The majority of the new microporous
compounds has been synthesized in the presence of an
organic template molecule, and in many cases the removal
of the organic template molecule lead to the collapse of the
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structure during calcination. Furthermore the organic
template molecules are often costly. Therefore it has great
practical importance to synthesize those materials that only
involve inexpensive and easy-to-remove species, such as
alkali metal cations. Among the main group element
systems, indium represents an interesting case since only
octahedral coordination is expected. The increasing num-
ber of reports on the indium phosphate shows the richness
of these systems in the senses of both structural chemistry
and physical properties (2-19). Most of the compounds
reported have been synthesized by either hydrothermal or
solid reactions with alkali metal or alkaline earth metal as
counter cation or organic molecule as templates. Surpris-
ingly there has been ammonium-containing compounds
reported until now albeit its similarity to the alkali cations.
In many cases, the organic bases (in most cases some form
of an organic amine) were added as templates. The porous
architecture will be built around them and the final
structure of the inorganic framework depends, in most
cases, on the size and shape of the amine molecules added.
It shows that the hydrogen-bonded interactions between
the inorganic and organic moieties are very important in
directing the crystallization of the inorganic framework
through multipoint hydrogen bonding. The ammonium
cation, which is expected to exhibit similar features, is also
an obvious choice as template (20). Here we report our
synthesis and characterizations of the first ammonium
indium(IIT) phosphate with spiral chains synthesized by
mild hydrothermal methods, i.e., with lower temperature
and pressure.

EXPERIMENTAL

Synthesis

A sample of the title compound was synthesized as a by-
product during our systematic investigations on the main
group metal borophosphates by mild hydrothermal meth-
od. Starting materials were of analytical grade and used
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without further purification. A mixture of 0.155g of
H;BO;, I mL of H3POy4, 1 mL of 38% NHj3 aqua solution,
and 0.115 g of indium metal dissolved in 1 mL of 18% HCI
(molar ratio of In:B:P = 1:2.5:8) was added to 1.0mL
of distilled water. The mixture was sealed in glass tubes of
about 20 cm in length. The filling of the solution was about
30% of the tube volume. The glass tubes were placed in an
oven and the temperature was increased slowly to 135°C
and reacted for 10 days before cooling to room tempera-
ture. The reaction was under the autogeneous pressure.
The colorless ball-shaped crystals were grown from the
solution in the glass tube and easily separated from the
borophosphate NH4In[BP,Og(OH)] (21). The morphology
of the compound was not observed for other compounds
and no reasonable explanation can be given. The synthesis
is reproducible under similar reaction conditions. The
elemental analysis by EDX of the selected crystals shows
the atomic ratio of In and P being 1:1, and ICP-MS
analysis gives the In:P:B atomic ratio of 1:1.1:0.04,
which shows the nonexistence of boron in the structure.
The traces of boron may just come from the boron source
residues absorbed on the crystal surfaces.

Structure Determination

A single crystal with ball-shape (radius about 0.30 mm)
was mounted on an Enraf-Nonius CAD4 automatic four-
circle diffractometer, MoKo radiation with graphite mono-
chromator. Crystallographic data for the title compound
are summarized in Table 1. The unit cell parameters were
refined from 20 values of 25 randomly located reflections
(MoKa, 2=0.71073 A, 30°<20<35°). A total of 2164
reflections were collected out to (sin 6/4)=0.700
(—15<h<0, —15<k<0, —17<I<0) in the w260 scan
mode, yielding 1813 unique observed reflections. Two
standard reflections 6 1 —6 and 4 2 —7 were measured 12
times with maximum variations of less than 0.1%, showing
no detectable decay during the data collection. The
intensity data were corrected for Lorentz and polarization
effects, and absorption correction was made according to
eight W-scan reflections. The anomalous-dispersion coeffi-
cients were taken into account in the data processing. From
the systematic absences of the reflections, the following
space groups are possible: P4;2;2 and P432,2 (“Interna-
tional Tables for Crystallography,” Vol. A, 1983). The
P4,2,2 was initially chosen and the basic structure model
was obtained using the SDP program package (22). The
subsequent refinement led to the negative unity Flack
parameter, which indicates the correct space group should
be its enantiomorphic one, P432,2. The final space group
and the structure was confirmed by the full-matrix least-
squares structure refinement, based on F? values using the
program package SHELXL-97 (23). The nonhydrogen
atoms were located by direct method, and the remaining
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TABLE 1
Crystallographic Data for NH,In(OH)PO,
Formula NH4In(OH)PO,
Formula weight (g/mol) 244.84

Space group P432,2 (No. 96)

Z 8

a(A) 9.416(2)
¢ (A) 11.159(3)
V(A% 989.3(4)
D, (gem™) 3.288
Linear absorption coefficient u (cm™')  50.34
Temperature (K) 293(2)

Radiation, monochromator
Crystal shape, color

MoKau, graphite
Ball, colorless

20 range (°) 5.66-69.86

Total number of observed reflections 2164

Number of unique reflections 1813

hkl range —15<h<0, —15<k<0, —17<I<0
Number of parameters 91

F(000) 928

“R1, "wR2 (I > 20(I))
“R1, PwR2 (all data)

0.0606, 0.1472
0.0773, 0.1571

GooF . 1.029
Residual peaks (hole) (eA%) +3.85(—2.50)
Software SHELXL-97

“RI = SIF |- Fel|[SIF.
"WR2 = [ W((Fo —(F) ) w(F) 2, w = 1/[6*(Fe) + (aP)* + bP).

atoms were found from the successive difference Fourier
maps. A total of 91 wvariables including anisotropic
displacement parameters for nonhydrogen atoms were
refined to R1 =0.0606 and wR2=0.1472 [w= 1/c*(|F)), S =
1.029] considering 1813 contributing unique reflections

TABLE 2
Atomic Positional and Displacement Parameters for
NH4In(OH)PO,4 with Space Group P432,2

Atom  WP* x y z Ueg(100 A2

Inl  4a 0.09939(5)  0.09939(5) 0 0.974(16)

m2  4a 0.34691(5)  0.34691(5) —0.5 1.004(16)

P3 8h 0.1639(2)  0.3104(2) —0.2447(2)  0.92(3)

o) 8h 0.2266(7)  0.2481(7) —0.3606(6)  1.46(12)

02 8b 0.5028(6)  0.1771(6) —0.4941(7)  1.43(11)

03 8h 0.20459)  0.2116(6) —0.1413(6)  1.71(11)

o4 8 —0.0431(7)  0.2753(6)  0.0325(6)  1.58(12)

05 8h —0.0456(8)  0.0203(10) —0.1243(6)  2.03(13)

N1 8b 0.1648(17)  0.4837(9) 0.0437(10)  4.0(3)

Hi 8h 0.219(12)  0.483(14) —0.014(9) 4.8

H2 8h —0.10(2) —0.04(2) —0.118(14) 6.0

H3 8h 0.167(15)  0.407(9) 0.077(11)  4.8°

H4 8b 0.084(9) 0.499(15) 0.020(12)  4.8°

HS 8h 0.189(14)  0.546(11)  0.091(10)  4.8°
“Wyckoff positions.

b U, were defined as one-third of the trace of the orthogonal Uj; tensor.
“The atomic positional and displacement parameters for the H atoms
are fixed in the refinements.



Selected Important Interatomic Distances (10&), Angles, and
Bond Valence Sums (Xs) for NH4In(OH)POQO, with Space Group

TABLE 3

P4;2,2
NH4-09 polyhedra, Xs(NH4-O) = 1.18
NH4-04 2.774(7) -05 3.266(7)
-01 2.793(6) -02 3.269(6)
-03 2.879(6) -03 3.322(6)
-04 2.980(7) -02 3.534(7)
-03 3.002(6)
InO6 octahedra, Zs(In1-0)=3.26
Inl1-O5 2 x) 2.084(7) <04-In1-04 168.2(4)
-03 (2x) 2.141(6) <05-In1-03(2 x) 168.2(3)
-04 2 %) 2.162(6) <In2-Inl-In2 138.0(4)
InO6 octahedra, 2s(In2-0)=3.09
In2-05 (2 x) 2.134(7) <02-In2-02 175.1(3)
-01 2x) 2.137(6) <05-In2-01(2 x) 169.9(9)
-02 (2x) 2.171(6) <Inl-In2-Inl 113.1(4)
PO4 tetrahedra, Xs(P-0) = 4.89
P1-04 1.524(7) - 03 1.530(7)
-02 1.527(6) -0l 1.539(7)
<Inl-P-In2 65.2(5)
Possible hydrogen bonds
NI1.--04 2.980 <NI1-HI---04 142.42
NI1--.03 3.002 <NI1-HI---03 120.47
NI1---03 2.879 <NI-H3---03 167.80
NI---04 2.774 <NI1-H3-.-04 110.16
NI1---02 3.269 <NI-H4---02 163.60
NI---01 2.793 <NI-H5---01 146.04
NI1---05 3.266 <NI-H3---05 108.6
NI1---03 3.322 <NI-HI---03 146.5
NI---02 3.534 <NI1 - H5---02 117.7
05---01 3.011 <05 -H2---01 168.86

with 7>20(]) (R1=0.0773, wR2=0.1571 for all data). The
maximum shift/e.s.d. in the last cycle was 0.006. The final
residual electron density was + 3.83(—2.50)eA~>; all are
very close to the In positions (0.69A from In(1) and 0.87 A
from In(1), respectively). The atomic positional and
displacement parameters are given in Table 2 and the
selected important interatomic distances and bond angles
in Table 3.

RESULTS AND DISCUSSION

Structure Description

Two compounds with the same stoichiometry but with
two different structure types have been reported (6,9), with
the Rb compound possessing the tetragonal structure while
the K compound has the orthorhombic symmetry. The title
compound is isotypic of the former type.

The coordination tetrahedra around the P atoms in the
title compound are quite regular with an average intera-
tomic distance of 1.530 A. The average bond angle is 109.5°
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(range from 107.8° to 111.6°). All the average P-O bond
distances and bond angles are consistent with those typical
values observed in phosphates. On the basis of bond
strength calculations (24), the bond valence sums for P
atoms are all close to +5 and listed in Table 3. The
coordination environments around the P and In atoms are
shown in Fig. 1.

The coordination environments around the ammonium
cations are shown in Fig. 2. The coordination number of
each NH, cation was determined on the basis of the clear
coordination gap (3.534 to 3.960 A) in the N-O distance
distribution histogram. The NH, cation has a clear
separation of inner and outer coordination sphere. The
inner coordination sphere consists of five oxygen atoms
(distance ranging from 2.774 to 3.002 A), the outer shell
four oxygen atoms (distances ranging from 3.266 to
3.534 A). Therefore, the ammonium cation is coordinated
by nine oxygen atoms. The N-H- - -O bond angles from the
inner circle range from 110.16° to 167.8°, and the N-O
distances range from 2.774 to 3.002 A, which are normal,
or slightly larger than, values for hydrogen bonds. These
can be reasonably considered as hydrogen bonds. The
outer circle with longer distances may also form hydrogen
bonds due to their appropriate angles (ranging from 108.6
to 163.6), although no direct evidence has been observed.
The relatively stronger hydrogen bonds have been arranged
in such a way that four have larger contributions along the
¢ direction and two with larger contributions on the ab
plane. This might be the reason for the anisotropic changes
of the lattice parameters by comparing with the K and Rb
compounds; i.e., ¢ is smaller than that of both K and
Rb while « is larger than that of the K and Rb compounds.
The larger volume for the NH,; than for the Rb
compound may indicate some effect comes from the high-
pressure synthesis of the Rb compound. As expected, the

FIG. 1.

Coordination environments of the In(1), In(2), and P atoms.
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FIG. 2. The coordination environments of the ammonium cation in
NH,4In(OH)PO,.

ammonium compound is similar to the Rb compound by
considering that they have the same type while the K
compound possesses a lower symmetry modification,
although the structural features for these three compounds
are the same. It is also very clear that the hydrogen-bond
effects introduced by ammonium ion are very well
pronounced in the title compound. The obtaining of the
new compound under very mild reaction conditions rather
than under the high-temperature and high-pressure syn-
thetic conditions used for the Rb and K compounds may
also indicate the higher flexibility of the ammonium cation
by considering its higher possibility of anisotropic defor-
mation. The bond valence parameter of the NH, ion was
not given in the reference. The parameter of Rb™ ion,
2.26 A, was used as an approximation by considering that
the radius of NH, and that of Rb ™ are claimed to have the
same value of 1.48 A (25). The calculated bond valence sum
for NH, —O is very close to unity, which indicates the
reasonable choice of the bond valence parameter. The
coordination environment for the NH; cation is so
asymmetric that no easy polyhedral descriptions could be
rationalized.

The indium atoms occupying two special positions have
octahedral coordination, as expected, with some deforma-
tion, as shown in Fig. 1. For In(1)Og4, the In-O bond
distances range_from 2.084 to 2.162A with an average
value of 2.129 A. For In(2)Og, the In—O bond distances
range from 2.134 to 2.171 A with an average value of
2.147A. Both average In—O bond distances are close to the
single bond value of 2.150 A (21) and also close to values
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observed in its alkali metal Rb and K analogues, ¢.g., the
corresponding two In-O distances are 2.133, 2.158 A and
2.129, 2.144 A, respectively. All these corresponding values
for the three compounds should be considered as no
different by considering the errors. The difference between
In(1)-O and In(2)-O is 0.50 A, which is even smaller than
that in the Rb compound of 0.59 A. The average difference
in the K compound is 0.43 A, which did not lead to a
second harmonic generation (SHQG) effect. The ammonium
compound is not expected to show considerable SHG effect
larger than that of the Rb compound if we consider only
the possible polarization of the In octahedral chain. The
observable difference between this compound and the Rb
compound may be seen from the bond angles. The cis / O—
In(1)-O bond angles range from 80.1° to 99.7° for the
ammonium compound, which is comparable with those of
the Rb compound of 80.4° to 99.8°. The three trans / O —
In(1) — O angles along the pseudo-tetragonal axis have a
value of 168.2° while the corresponding angles in the
Rb compound are 169.9°, 169.9°, and 165.1°. The cis
/O-In(2)-O bond angles range from 82.9° to 97.5°
compared to the values of 82.0° to 100.8° for the Rb
compound. The trans / O—In(2)-O angles of 169.9°, 169.9°,
and 175.1° are also larger than the corresponding values of
167.7°, 167.7°, and 171.4° for the Rb phase. From the
above observations, one might conclude that the degree of
irregularity of the InOg octahedra in the ammonium
compound is smaller than that in the Rb compound. The
bond valence sum calculations show both indium atoms
are trivalent, although the values obtained are slightly
larger than 3, which is also observed in other indium
phosphate structures. The calculated valence sums are
listed in Table 3.

A polyhedral representation of the NH4In(OH)PO,4
structure along the [110] direction is shown in Fig. 3.
From the figure, one can see the corner-sharing Iny(OH),
octahedra chains are well isolated by POy groups. This
arrangement led to corrugated channels along the ¢ axis,
also seen in Fig. 4, in which NH; cations reside. The
hydroxyl hydrogen atoms are pointed into the channels.
From the O5---Ol distance of 3.011 A and <O5-H2---O1
of 168.9°, one may conclude that the hydroxyl hydrogen
participated in the hydrogen bond. The framework of the
structure is, as pointed out in (9), essentially the same as
that of y-NaTiOPO4 (26). The major difference is the
positions of the alkali metal or ammonium ions.

The topology of the connection, shown in Fig. 4, of the
InO4(OH), and PO, groups forms a 4,6-net, the resem-
blance of which to other simple structures has not
been identified. It should be noted that the motifs in
Fig. 4 represent both the InO4(OH), and PO, groups
instead of a single atom. Because of the corner-sharing
octahedra, it is obviously different from another 4,6-net,
Na,In,[PO3(OH)]4-H,O, which contains only isolated InOg
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FIG. 3. Polyhedral representation of the NH4In(OH)PO, structure
along the [110] direction, showing InO4(OH), chiral chains and channels
with ammonium cations.

octahedra and PO, tetrahedra with an augmented cor-
undum form of Al,O5 topology (19). The augmentation of
the 4,6-net in the structure led to the formation of channels
in which the ammonium cations reside. The methods of
producing open-framework structures by decoration and
expansion of simple networks have drawn much attention
recently (27).

FIG. 4. Topological connectivity of NH4In(OH)PO, with a 4,6-net;
large and small balls represent the InO4(OH), and PO, groups,
respectively.
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