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A new ammonium indium phosphate (NH4)In(OH)PO, was
prepared by hydrothermal reaction in the In,O;-NH/H,PO4—
NH;3/OH system (7 = 200°C, autogenous pressure, 7 days).
The formula (NH4)In(OH)PO4 was determined on the basis of
chemical and thermal analysis (TG/DSC), X-ray powder
diffraction and IR-spectroscopy. (NH4)In(OH)PO, crystallizes
in the tetragonal system with space group P432,2 (No. 96);
a=94232(1)A, ¢ =11.1766(1) A, V =992452)A> Z =8.
The crystal structure was refined by the Rietveld method
(R = 6.35%, Rp=5.10%). The second-harmonic genera-
tion study confirmed that structure of (NH4)In(OH)PQO, does
not have a center of symmetry. The cis-InO4(OH), octahedra
form helical chains, parallel to the c-axis. The In-O—In bonds
are nearly equidistant. The chains are interconnected by
phosphate tetrahedra and create tunnels containing the NH;
ions along the c-axis. (NH4)In(OH)PQy is isostructural with
RbIn(OH)POy4. © 2002 Elsevier Science (USA)

Key Words: indium phosphate; crystal structure; Rietveld
method; IR spectroscopy; second harmonic generation.

INTRODUCTION

At present, the increasing interest in the synthesis and
structural characterization of new complex phosphates is
due largely to diversity of structure types and abundance of
metal phosphate framework compounds as well as to their
potential applications as new materials that may have
interesting physical, electronic and magnetic properties
(1,2). In contrast to the very well-known aluminopho-
sphates and gallophosphates with metallic atoms in
four-, five- or six-fold coordination, there is very scant
information on complex indium phosphates in the
literature, namely, o- and f-LizIny(POy4); (3.4), LilnP,O,
(5), NaCdIny(POg); (6), Cslny(PO4)(HPO4):(H20) (7),
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AIn(OH)PO,4 (4=K, Rb) (8, 9), a- and p-Naz;In(POy),
(10,11), a- and p-NasIny,(POy4); (12,13), Caln,y(POy),
(HPO4) (14), Ba3In2(HPO4)6 (1 5), Na4In8(HPO4)14
(H20)6~ 12H20 (16) and Na2ln2(HPO4)4'H2O (17) In
these compounds the indium has only octahedral coordi-
nation. Most of the described compounds have been
synthesized by either hydrothermal or solid-state reactions.
The crystal structures of AIn(OH)PO,4 (4=K, Rb) were
studied by using the single crystals which were obtained by
the high-pressure hydrothermal method (7' = 900°C and
550°C, respectively). KIn(OH)PO, with a structural
formula similar to that of the important nonlinear optical
(NLO) material KTiOPO, (KTP) (18) has a different
structure and does not demonstrate an NLO effect.

This paper describes a low-temperature hydrothermal
synthesis, structural characterization and spectroscopic/
optical properties of the new phosphate (NH4)In(OH)PO,.

EXPERIMENTAL

Preparation

The (NH4)In(OH)PO4 compound was prepared by the
mild hydrothermal method. The reactants were indium
oxide (In,O3), ammonium phosphate (NH4H,PO,) and
ammonium hydroxide (NH3/H,O) of analytical grade. The
mixture of In,O;, NH4H,PO4, NH3/H,O (starting mole
ratio of NH, :In®": PO3 =8.10:1:2.41) and H,O was
placed in a Teflon-lined stainless-steel autoclave and was
heated at 200°C for 24 h under autogenous pressure with
volume filled by 75%. The pH, initially ca. 10, lowered to
7.5 at the end of the reaction. An experiment was carried
out with a longer reaction time (7 days). The autoclave was
slowly cooled at 10°Ch~" down to 40°C and quenched to
room temperature by removing the autoclave from the
furnace. The powdered product was filtered, washed with
distilled water and acetone, and finally dried in air at
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ambient temperature. X-ray powder diffraction pattern of
the white polycrystalline product showed that it was a
single phase and highly crystalline.

Characterization

The as-synthesized product was characterized by X-ray
powder diffraction (XRD) at room temperature using a
STOE STADI-P powder diffractometer equipped with a
primary germanium (111) monochromator (CuKe, radia-
tion, 4 = 1.5406 A), and a position sensitive detector. The
data were collected over the range of 5-100° (20) with a
step of 0.01°, and the effective counting time was ca. 30 min
per step.

A thermal investigation was performed by combining
information from thermogravimetric (TG) and differential
scanning calorimetric (DSC) measurements between 20°C
and 850°C using a heating and cooling rate of 10°C min .
The TG was performed using a derivatograph OD-103.
The DSC data were collected from powder sealed in
aluminum pans using a Rheometric Sciences DSC 1000
calorimeter.

Infrared spectrum was collected on a Nicolet Magna-750
Fourier spectrometer in the range of 4004000 cm~!. The
analysis of spectra was carried out in the area of PO3~ and
OH"™ groups oscillations.

The second-harmonic generation (SHG) response of
powder sample was measured using the reflection mode. A
Q-switch pulsed Nd:YAG laser operating at 4, = 1064 nm
was used as the radiation source with a repetition rate of 4
pulses s~' and a pulse duration of about 12ns. The laser
beam was split into two beams to excite the radiation at a
doubled frequency (/y, = 532nm) simultaneously in the
phosphate sample and reference, «-SiO,. The maximum
power of the incident beam was about 0.1 MW on a spot
3mm in diameter on the surface of the sample.

RESULTS AND DISCUSSION

Chemical Analysis

The chemical analysis of indium and phosphorus was
performed on 100 and 300mg of material, respectively.
Reverse titration of (EDTA) ethylenediaminetetraacetic
acid excess by CuSOy solution with PAN indicator in the
acetate buffer was used to determine the indium concen-
tration. The phosphorus content was measured by spectro-
photometry. The sample was evacuated in a desiccator at
room temperature overnight in order to withdraw ad-
sorbed H>O. The chemical analysis gave: In, 46.19; P, 11.69
(Wt%). These results are in fair agreement with the
theoretical values calculated for the chemical formula
(NH4)In(OH)PO,4 (In: 46.90, P: 12.65%). The In/P molar
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ratio, equal to 1.07, is close to that derived from the
formula (In/P=1).

The experimental density found by pycnometer in
carbon  tetrachloride  for  (NHy)In(OH)PO, is
3.26(1)gem 3. This result is in good agreement with
the theoretical value 3.28gem > calculated for eight
(NH4)In(OH)PO4 formula units per unit cell from X-ray
powder data.

Thermal Analysis

Two distinct weight losses could be seen on the TG
curves of the as-synthesized (NH4)In(OH)PO,4 sample. The
first one, recorded Dbetween 180°C and 490°C
(~10.31wt%), is attributed to the elimination of NHj3
gas and 0.5 mol of H>O. The removal of the NH; species is
accompanied by one endothermic peak around 300°C, but
this event is just discernible. The second weight loss
(~4.36 wt%), occurring between 535°C and 630°C, is
presumably due to water loss resulting from the decom-
position of hydroxide (In-OH-In) group together with the
remaining hydrogen after a breakdown of the ammonium
cation. An endothermic peak around 560°C accompanied
the removal of water. The endothermic peak was followed
by an exothermic peak (620°C), reflecting the formation of
InPO,4. The weight loss is relatively close to the one
expected (14.33 wt%) according to Eq. (1) and there is no
bound water in (NH4)In(OH)PO,4. At higher temperature,
the compound converts from an amorphous into a
crystalline phase and the X-ray powder result for the final
sample at 800°C shows good crystallization of the indium
phosphate (JCSPD, PDF # 72-1132).

(NH,)In(OH)PO, — InPO, + NH; + H,O. [1]

Infrared Spectroscopy

Figure 1 shows the IR spectrum of (NH4)In(OH)PO,.
The observed frequencies correspond to the characteristic
frequencies of the PO4, NH4 and OH groups. In the OH
valence vibration region of 3700-3500cm ', the spectrum
displays one major sharp absorption band around
3537cm ™' due to stretching of the OH group attached to
indium. The position of the OH wvalence stretching
vibration is the same as that of RbIn(OH)PO,4
compound—3520cm™~" (9). The bands assigned to the
characteristic stretching and deformation vibrations of
water molecules are not observed in the IR spectrum of
(NH4)In(OH)PO,.

Bands arising from NH, cations are also seen. The
broad and weak bands between 3230 and 3020cm ' are
assigned to the stretching vibrations of ammonium cation.
The further free absorption bands in the 3000-2850 cm ™
region are very difficult to define, despite the fact that we
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FIG. 1. Infrared spectra of (NH4)In(OH)PO,.

know in detail the structure of the examined material. In
the NHy-bending region, the two major bands centered
around 1447 and 1427cm™' can be easily related to the
triple-degenerated asymmetric bending mode (v4) (19, 20).

The free PO;~ tetrahedron exhibits 7y symmetry and
therefore possesses four normal modes of vibration having
Ay (vi mode), E (v;) and F> (v3 and v4) symmetries with
average wave numbers of 938, 420, 1017 and 567 cm” !,
respectively (20). The v; and v, modes represent the
symmetric stretching and deformation vibrations, while v;
and vy4 represent the corresponding asymmetric stretching
and deformation vibrations. Indeed, the positions of the
bands in the spectral region 1100-930 cm ™' are typical of
the asymmetrical and symmetrical stretching vibrations of
PO; ™ group (Table 1) (21-23). The band that was observed
at 962cm™~' confirms the presence of only one crystal-
lographic PO, group in the compound. The In-O-H
bending modes of vibration may explain the bands at
900cm ™", The following bands, from 650 to 420 cm*], are
probably related mainly to the v, and v4 modes of the PO,
group, with the exception of the 512 and 458 cm ™' bands

TABLE 1
Observed IR Vibrational Frequencies (cm ") for (NH)In(OH)PO,
Assignment PO3~ Assignment NH,
V2E V4F2 1427 S, 1447 sh
V4F2 551 m; 564 sh; 579 sh; 623 m Vo 1684 sh
VIA 962 s ViA 3066 mb
Vipa 1003 vs; 1066 sh; 1076 s V3pa 3227 mb

Note. Relative intensities: vs, very strong; s, strong; m, medium; mb,
medium broad; sh, short.
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that possibly correspond to the vibration modes involving
In3+

Structure Determination

The tetragonal cell dimension of (NHy4)In(OH)PO,
sample was unambiguously determined with TREOR90
(24) using the first 35 peak positions from the X-ray
pattern. Least-squares minimization led to refined lattice
parameters of a = 9.4209(2) A, ¢ = 11.1739(5) A (figures of
merit: M3y = 70, F3y = 158 (0.0045, 42)). Index results for
(NH4)In(OH)PO,4 will be published in the Powder Diffrac-
tion File. Two possible space groups P4;2;2 (no. 96) and
P4,2,2 (no. 92) were determined on the basis of systematic
absence indexes (00/:/=4n,h00: h = 2n).

A comparison of reflex positions of (NH4)In(OH)PO,
compound with the theoretical X-ray pattern calculated for
RbIn(OH)POy4 (9) proves the close similarities and points
out the isostructural character of these compounds. The
phosphate RbIn(OH)PO, crystallizes in the tetragonal
space group P432;2 and Z =38. The powder sample
(NH4)In(OH)PO4 showed an SHG  response,
b,/ L,(Si0,)~2.8. This nonzero response is strongly
indicative of a noncentrosymmetric space group and is
consistent with the successful refinement described below.
The structure of (NH4)In(OH)PO, was refined in the
noncentric space group P432,2 by using the atomic
positions of the RbIn(OH)PO,4 compound as a starting
model with nitrogen replacing the rubidium.

All calculations were carried out with the updated
MRIA program (25). The split-type Psevdo-Voigt peak
profile function (26) was used for X-ray powder data. The
background was approximated by a Chebyshev polyno-
mial. March-Dollase (27) and symmetrized harmonics
expansion (28,29) texture formalisms were used while
processing the X-ray pattern.

The direct methods gave the location of the indium
atoms. The position and orientation of PO3~ anion were
found with the grid search procedure (30). Five atoms with
the overall temperature factor Bj,, = 4 A? as well as 50 Xyps
values were used in a search of the first approximation for
the best PO3;~ tetrahedra position. The grid increments
were taken as 2 A for molecule translations along a, b, ¢
and 10° for the three rotations. The total number of
checked molecule positions was 6859. The PO3~ group
position with R(X) = 25% was used as initial model in the
subsequent Rietveld refinement (RR).

The position and orientation of the NH, cation was
tested applying the grid search procedure by using the
hydrogen atomic positions around nitrogen atoms of the
KTP-isotype NH4FeFPO, (31) as initial coordinates. The
100 X,ps values were involved in a search, and appropriate
ammonium position with R(X) = 10.6% was used in
subsequent bond-restrained RR as initial model. During
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TABLE 2
Crystallographic Data, Recording Conditions, and Refinement

Results for (NH4)In(OH)PO,4

Empirical formula
M
Temperature (K)
Wavelength
Crystal system
Space group
Unit cell dimensions
a (A)
¢ (A)
V(A%
VA
Density (calc./exp.)
20 range (°)
Step scan increment
Imax
Profile shape function
Number of reflections
Number of parameters
Reliability factors (%)
Rwa
R,
Ry¢

In]P105N1H5
244.84
296

CuKu; (1.54056 A)

Tetragonal
P432,2 (no. 96)

9.4232(1)
11.1766(1)
992.45(2)
8

3.28/3.26(1)gem 3

5-100

0.01

31217
Psevdo-Voigt
335

78

6.35
5.10
7.88

“Ry=100 % 3 Diobs) —Veanl'/ L Diomsa .
‘Rp: 100 X 3~ [y(obs) —ealyl/ 2 Viobs.)-
“Rp= 100 X 3 [¥(obs)—Y(calyl/ 2 [V(obs.) —background].

the bond-restrained RR the H-atoms in ammonium
tetrahedra were rigidly connected with the nitrogen atoms.
The overall temperature factor of non-H atoms was refined
while Ujso = 4 A2 was fixed for all H atoms.

The results of the RR with different texture corrections
(March-Dollase and symmetrized harmonics expansion)
revealed no texture in powder sample. The occupancy
factor for indium positions was allowed to refine but did
not deviate significantly from full occupation. It was not
possible to locate the hydrogen atoms from difference
Fourier data in this structure. The results of full-
pattern-decomposition (FPD) and (RR) procedures are
7> =3.24, Ry = 7.57%, R, = 4.95% and »* =2.60, Ry =
7.88%, R, = 5.10%, Ry, = 6.35%, respectively. Details for
the final refinements are given in Table 2. Figure 2 shows
the Rietveld plot with a good agreement between the
observed and the calculated patterns.

Structure Description

The resulting atomic coordinates including isotropic
temperature parameters, and a selection of bond distances
and angles are shown in Tables 3 and 4, respectively. Both
indium atoms sit on two-fold rotation axes and all other
atoms are at general positions. Bond-length, bond-strength
calculations (32) precisely indicate that the oxygen O35
atom is considerably undersaturated. It is probable that O5
is a hydroxide rather than an oxide ion because its valence
sum is equal to 1, and therefore a hydrogen atom must be
included to charge balance (see Table 5). Bond valence sum
(BVS) values for both the indium and phosphorus atoms
show a good chemical connection with respect to the
principle of local charge balance. The redundant negative
charge of the oxygen atoms O1-04 proves their participa-
tion in the formation of hydrogen bonds with nitrogen
atoms.

4
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FIG. 2. Portion of the Rietveld refinement profiles for (NH,4)In(OH)PO,: 1—calculated, 2—observed, 3—difference X-ray powder diffraction
patterns and 4— Bragg reflections. The calculated pattern is shifted to 2500 counts from the observed pattern.
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TABLE 3
Atomic Positions and Thermal Parameters for
(NH4)In(OH)PO,
Wyckoff

Atoms positions X y z Biso
Inl 4a 0.09871(4)  0.09871(4) 0 2.41(1)
In2 4a 0.65326(4)  0.65326(4) O 2.37(1)
P 8h 0.3356(1)  0.8094(1)  0.9953(2)  3.22(3)
(@) 8h 0.2799(3) 0.7477(3) 1.1110(2)  3.49(4)
02 8b 0.2721(3)  0.9563(2)  0.9682(2)  3.49(4)
03 8h 0.4980(2) 0.8217(3) 0.9976(3)  3.49(4)
04 8b 0.2944(3)  0.7127(3)  0.8882(2)  3.49(4)
05 8b 0.9479(3)  0.0105(3)  0.87502)  2.85(7)
N 8b 0.4901(3) 0.1690(3) 0.9557(3)  3.49(4)
HI1¢ 8h 0.450 0.248 0.943 4

H2¢ 8b 0.478 0.115 0.896 4

H3“ 8h 0.454 0.129 1.016 4

H4¢ 8h 0.578 0.181 0.967 4

“The coordinates and equivalent isotropic factors were fixed.

The (NHy)In(OH)PO, compound crystallizes in the
noncentrosymmetric space group P432,2. The structure of
(NH4)In(OH)POy, is built up from the connection of helical
chains of cis coner-shared InO4(OH), octahedra which run
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TABLE 5
Bond Valence Analysis of (NH4)In(OH)PO,4
Inl In2 P s Charge

o1 — 0.49 x 2 1.28 2.26 2
02 0.52x2 — 1.20 2.24 2
03 — 0.50 x 2 1.21 2.21 2
04 0.53x2 — 1.15 2.21 2
05 0.50 0.50 — 1.00 2
o5 0.50 0.50 — 1.00 2
s 3.11 2.97 4.84

Charge 3 3 5

Note. The results refer to the equation s= exp[(R,—d)/0.37] (32) with
Ro = 1.902 and 1.604 for In""-O and PY-O, respectively.

along the c-axis (Fig. 3). The Inl and In2 atoms are
arranged in alternate order along the helical chain. There
are four InO4(OH), octahedra per helix along the length of
the c-axis. The phosphate groups link together the indium—
oxide—hydroxide chains but do not form contacts between
the tetrahedral phosphate groups. The asymmetric unit
consists of two POy tetrahedra sharing two of their corners
with two InO4(OH), octahedra and the remaining two

. TABLE 4
Interatomic Distances (A) and Angles (deg) in (NH4)In(OH)PO,4

Inl 02 o 04 o4’ 05 o5
InlOg4 octahedron
02 2.144(2) * 2.968(2) 3.073(4) 3.268(4) 3.026(4)
02 168.9(1) 2.144(2) 3.073(4) 2.963(2) 3.026(4) 3.268(4)
04 80.5(1) 91.8(1) 2.134(3) 3.091(5) 3.090(3) *
o4’ 91.8(1) 80.5(1) 92.8(1) 2.134(3) * 3.090(3)
05 98.8(1) 89.3(1) 92.1(1) 168.9(2) 2.159(3) 2.916(2)
oy 89.3(1) 98.8(1) 168.9(2) 92.1(1) 84.9(1) 2.159(3)

{In1-O) =2.146
In2 0Ol or 03 03 05 o5
In204 octahedron
Ol 2.169(3) 3.129(5) 3.158(6) 2.869(3) 3.166(3) *
or 92.3(1) 2.169(3) 2.869(3) 3.158(6) * 3.166(3)
03 93.7(1) 83.0(2) 2.159(1) * 2.914(7) 3.277(2)
o3 83.0(2) 93.7(1) 175.4(1) 2.159(1) 3.277(2) 2.914(7)
05 93.9(2) 166.7(1) 84.9(1) 98.6(2) 2.162(3) 2.849(5)
o5 166.7(1) 93.9(2) 98.6(2) 84.9(1) 82.4(1) 2.162(3)

{In2-0) =2.163

In1-O5-In2 118.0(3)

P Ol 02 03 04
PO, tetrahedron
0Ol 1.512(3) 2.533(3) 2.514(4) 2.516(5)
02 112.3(1) 1.538(1) 2.500(3) 2.472(2)
03 111.2(1) 108.9(1) 1.535(2) 2.496(4)
04 110.3(1) 106.2(1) 107.8(1) 1.554(3)

(P-0)=1.535

Note. * The distances between the frans-oxygen atoms are not shown.



THE NEW AMMONIUM INDIUM PHOSPHATE

LN L N ] o0
N
o0 7N ee (t
/4 \
— Q\
e \ — N ra .\_"t; ‘_’.
\U \; 74\ "/
\ 7 /
o0 LN ] [ N ]
7777 77 S
L AL W o0 N
| Il N -
17 SN
| SN
| f'f’f’}’ 7
1l (/7
i
L N d LN ] o0
: A
e
7l
\ 0 A ole &V
/ /7
7 7
7 77
A\ | | / / / N / /I
1] 1 7, /A
) i oo 2% e
| 7 ¢/
! 8 o0 LN ]
[ ¢
/ﬁ! N
1111/} /Y
(I A X
i /
o0 7/ o0
',/f

FIG. 3. A layer in the structure of (NH,4)In(OH)PO, projected down
[110], showing chains of InO4(OH), octahedra linked by POy tetrahedra.

oxygen vertices of POy tetrahedra are connected with two
adjacent octahedra in neighboring helices. (Fig. 4). To-
gether, InO4(OH), octahedra and PO, tetrahedra form a
three-dimensional network with infinite channels along the
[110] and [001] directions, where NH, cations are
entrapped in cavities of the indium phosphate skeleton to
balance the framework negative charge. The presence of
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FIG. 5. Projection [001] of the structure (NH4)In(OH)PO, showing
the square channels (the black circles are nitrogen atoms in the unit cell)
parallel to the c-axis.

NH, cations has been earlier proved by IR spectroscopy.
The cavities are interconnected so that channels are formed
parallel to the c-axis with practically square windows and a
diagonal that varies between 3.51 and 3.33 A (Fig. 5). Four
helices connected with each other by means of screw axes
45, surrounding each of the channels.

The two distinct indium sites in (NHy4)In(OH)PO,4 are
both octahedral and the In1O4(OH), and In204(OH),
groups are quite regular. The distortion of indium
octahedra may be estimated by the parameter 4 =), X
((Ri — Rm)/Rm)2/6, where R; corresponds to an individual
bond length and R, to an average one (33). The calculation
gives Alnl = 2.29 x 107> and AIn2 = 3.776 x 10~°, which
is comparable with the value found for RbIn(OH)PO,4
(AInl = 7.49-107° and AIn2 = 6.65 x 107%), accordingly.

FIG. 4.

Indium coordination environment in (NH4)In(OH)POy,.
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The average indium to oxygen bond distances
[day(In1—0) = 2.146 A, d,,(In2—0) = 2.163 A] accord well
with the bond distances expected for these species on the
basis of ionic-radii sums (33). BVS values for Inl (3.11) and
In2 (2.97) are close to those observed for trivalent indium.
These two distinct indium atoms are linked together via a
hydroxide oxygen atom OS5 and there is no observed short
In-O linkage as is the case for the Ti=O titanyl bond of
KTiOPO, (34). The phosphorus atom is in tetrahedral
coordination with average P-O distance of 1.535A
(BVS =4.84) and average bond angle of 109.5° is commen-
surate with the ideal value of 109.4 angles. The average
P-O distance and bond angle are consistent with those
typical values observed in indium phosphates (3, 4, 8-13).

The structural topology of the (NH4)In(OH)PO4 com-
pound, which is the first ammonium-indium phosphate
with a three-dimensional framework, is similar to that
found in other indium phosphate compounds AIn(OH)POy4
(A=K, Rb), but the displacement of potassium on
ammonium cation leads to an increase of unit cell
symmetry from P2,2,2; to P432,2, respectively. The
structure is characterized by helical chains of cis-In-
0O4(OH), octahedra which are connected by OH groups
and the chains are interconnected by PO, tetrahedra,
forming an open framework with infinite tunnels. The
ammonium cations are accommodated in the cavities of the
framework and control the shape of the channels. The
observation of a very low SHG response is consistent with
the empirical fact that distorted octahedral InO4(OH),
groups are considerably smaller than that in KTiOPO,4 and
there are no anomalously short In-O bonds in the
(NH4)In(OH)PO,4 compound.
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