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Cubic indium oxide, a new rhombohedral modification of indium
oxide, indium trihydroxide, indium oxide hydroxide, and the corre-
sponding deuterated compounds have been prepared by hydrothermal
methods.

Rhombohedral indium oxide, In,0,, has a corundum structure.
The space group is R3¢ with a = 5.49 A and ¢ = 14.524. The cell
contains six formula units. Indium atoms are octahedrally coordinated
with six oxygen atoms. Atomic coordinates, temperature factors and
other relevant crystallographic data obtained from X-ray and neutron
diffraction investigations are reported.

Indium trihydroxide, In(OH)s, is cubic. The space group is Im3
with @ = 7.97, A. The cell contains eight formula units. Each indium
atom is octahedrally coordinated with six oxygen atoms, and each
oxygen atom is coordinated with two indium atoms. Atomic coordi-
nates, temperature factors, and other crystallographic data are re-
ported. A neutron diffraction investigation of indium trideuteroxide,
In(OD),, shows a statistical distribution of the deuterium atoms in the
structure. The deuterium atoms are equally distributed between
two sets of coordinates with a half atom at each position.

I. HYDROTHERMAL INVESTIGATION

In the system In,0,—H,0 the compounds In(OH),;, InOOH, and cubic
In,0; have been prepared by hydrothermal methods, and the formation
ranges of the compounds have been studied by Roy and Shafer.! In a previous
investigation,? these formation ranges were confirmed. A more detailed in-
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vestigation has now shown that In,0; can be prepared in a cubic and in a
rhombohedral modification by using hydrothermal methods and alkaline
solutions in a temperature and pressure range within the previously reported
formation range of indium oxide hydroxide. This formation range was chosen
with the intention of preparing samples of InOOH and InOOD.

Experimental

Chemistry. Hydrothermal experiments were performed in pressure bombs lined with

pure silver or pure gold. The balanced pressure technique was used. The experimental
conditions used for the system In,O;—H,0—Na,O are given in Table 1. Freshly precipi-
tated indium trihydroxide was used in most of the experiments. Table 2 gives the experi-

ZTable 1.

P

ol

for hydrothersal pre-

parations in the system Iny0 - H,0 - Ka,0.

Zadle 2. Experimental conditions for hydrothermsl pre-

parations in the system Iny0 ~ DO - Na,0,

¥xp. Max.temp. Pressure Time RaOH Initisl . Result Exp. Nex.temp. Pressure Time Xa0D Initial Rewult
o, ata Y x condition ¥o. % ata » [ condition
by 185 50 12 s z-(ou):" 1nloB)y 1 1080 %o 25 o (op),  1a(op)y
2 2k0 33 Mo . 1s{0B), 2 190 50 36 o - Ta{op)y
3 215 5 eh 0.2 " Ialon), 3 210 18 36 0,08 . In{o) g
» 213 i¢l 2% 0.6 . In{on)y ) 350 aTo 12 In and Ne 0, e-Iny0, trace of
5 213 70 26 1.0 J In{o), asd IncoR 12000
6 307 9% 173 0.55 " e-In0, H 360 250 s 0.06 Is{oD)y  rh-Ia,04
7 s 108 126 0.5 . e-18,0, 3 360 500 % 1.2 Th-Iaz0, 100D
] s i) 2 0.1 . 1008 7 330 120 2% 0.1 Ia(on);  e-Iny0,
9 325 10 29 0.3 - In00K 8 360 320 Mo o2 1a(0D)y 200D and rhIn,0y
10 325 120 21 0.6 . 10008 9 380 240 218 0. 1a(0D)y  rh-Iny0y aad
u 325 120 2% 1.0 . In00H e-In,0,
12 330 127 2% 0.05 . In00H 10 390 435 99 o I0(0D);  rb-Isy04
13 337 138 186 0.28 . 10008
it 360 190 18 0.05 . In00E
15 375 230 bo 0.05 . €-10,0,
16 315 ®57 2% 0.1 » I00E and rh-Xa,04
ar 375 270 2 oa . IBOOH and rh-ln,04 Zsdle 3. Guinier povder date for
18 315 it0 25 0.3 . 18008, e-Iny0, rhombohedral In,04.
and rh-Zag0,
19 375 260 27 0.3 " 10008 nua.:q-znzo, Unit cell paremeters a = 5.49 X, ¢ = 14,52 4,
20 375 250 26 0.3 . I800H and rh-1n,04 using Cuke; = 1.54051 & and ay o) = 5.6309 A,
2 318 260 26 0.6 . In00R
22 315 240 a1 1.0 . 12008 aad 6-In,0, pr1 ety w0t 1,
23 380 800 6 o . In00R 012 315 350 50
L) 380 ELH] 96 0.08 . In00H 104k 728 7127 100
23 LY 250 96  o0.08 . In00K 110 1862 7813 90
26 380 as0 21 2.0 » e-Iny0, 006 10139 10131 10
er 385 215 LLIN B . In008 118 10439 20406 20
28 390 250 19 0 I 18008 and o=Iny0y 202 11667 11623 10
29 390 250 ELI 8% . 18008 and ¢~In,04 o2\ 15057 35000 10
30 390 500 60 0.1 . 10008 1316 18030 18003 60
N Mo €50 72 0.8 :-(o'l)," In00R 122 19551 19496 10
32 As0 a5 7 33 . e-In,04 o8 20675 20634 30
33 500 800 52 0.8 » e-Iny0, 214 22868 22673 60
» 230 200 26 o x-(ol)_‘” Ia(oB)y 300 23606 23620 50
EH 210 330 33 0 i 1m0CH and ¢~In,04 208 28532 28507 10
36 330 150 29 o . €-Iny04 1010 30751 30764 20
220 31472 31493 20
a) prepared by precipitation vith sodium hydroxide solutions, 306 337k2 33150 30

») prep

don with

hydroxide lutiens

by p

€-In 04: cubic modification, rhoIn,04: rhombohedral modification,
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mental conditions used for the system In,0;—D;0 —Na,0. Freshly precipitated In(OD),
was treated with NaOD solutions in 99.7 9%, D;0. NaOD solutions were obtained by
dissolving Na in D;O. All manipulations with compounds containing deuterium were
performed in a glove box under dry nitrogen.

Discussion

The present hydrothermal investigation shows that the formation ranges
of oxides, oxide hydroxides and trihydroxides in the systems In,0,—H,0—
Na,O and In,03—D,0—Na,O are as expected different from the formation
ranges in the system In,0;—H,0.! Cubic indium oxide has been prepared at
temperatures as low as 307°C, and a new rhombohedral modification of indium
oxide has been prepared. Figs. 1, 2, and 3 show some of the experimental
results. It is assumed that indium oxide hydroxide and rhombohedral indium
oxide are metastable phases. From the experimental results available it is
difficult to draw any conclusions as to how the parameters, temperature,
pressure and NaOH concentration, should be chosen in order to avoid the
formation of cubic indium oxide in the temperature range 245—435°C; this
is the previously reported temperature range for the formation of InOOH.!

atm,
400 +
300
+
&
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+ %+
+
100 |
a
250 300 350 400 °c

Fig. 1. Formation of compounds in the
system In,0;—H,0—Na,0. Maximum
concentration of sodium hydroxide in the
hydrothermal solvent is 0.1 M. The com-
pounds obtained have the following signa-
tures: indium trihydroxide: square; indium
oxide hydroxide: cross; cubic indium oxide:
filled ecircle; rhombohedral indium oxide:
open circle. The curve to the left indicates
the boundary between the formation ranges
of indium trihydroxide and indium oxide
hydroxide, and the curve to the right that
between the formation ranges of indium
oxide hydroxide and cubic indium oxide,
as reported in Ref. 1.
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Fig. 2. Formation of compounds in the
system In,0,—H,0—Na,0. Concentra-
tion range of the hydrothermal solvent is
0.6—1.0 M sodium hydroxide. Rhombo-
hedral indium oxide was not obtained in
this concentration range. Cubic indium
oxide was obtained in the indium oxide
hydroxide formailaiotf} range reported in
ef. 1.
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Fig. 3. Formation of compounds in the 200 L

system In,0;—D,0 —Na,0. Maximum con-
centration of NaOD in the hydrothermal o

" solvent is 0.1 M. The compounds InOOD:
cross, cubic indium oxide: filled ecircle, 100 -
and rhombohedral indium oxide: open
circle, were obtained. | . \ . ‘)

250 300 350 400 °Cc

II. STRUCTURE OF RHOMBOHEDRAL In,0,

A three-dimensional single-crystal X-ray analysis of the new rhombohedral
modification of indium oxide was undertaken in order to compare the structure
with that of cubic indium oxide.?

Experimental

Chemistry. Rhombohedral In,O4 (from expt. No. 10, Table 2) was analysed by EDTA
titration.* (Found: In 82.6. Calec. for In,O5: In 82.7). Heating of rhombohedral In,0; for
3 h at 995°C gave no loss in weight; treatment for 3 h at 1205°C resulted in a weight loss
of 1.1 9;. Differential thermal analysis was carried out with a Du Pont 900 Differential
Thermal Analyzer using a heating rate of 20°C/min. Up to 500°C no phase transformation
was observed.

X-Ray technique. The powder pattern of rhombohedral In,0, was obtained with
a QGuinier-de Wolff camera. Purified NaCl was used as internal standard. The pattern
could be indexed on a hexagonal cell with a = 5.49 A, ¢ = 14.52 A (Table 3). Intensities
of the lines in the powder pattern were determined visually.

The powder pattern of the sample treated at 995°C showed some lines from the cubic
polymorph of In,O,;. The powder pattern of the sample treated at 1205°C showed a
complete transformation of rhombohedral In,O; to the cubic modification.

A single crystal of dimensions 0.02 mm X 0.02 mm X 0.02 mm was investigated by
Weissenberg methods. The crystal was from expt. No. 10, Table 2. Integrated Weissen-
berg photographs were taken of hk0, hk2, hk4, and hk6, using multiple film technique,
with Ni-filtered CuKa-radiation. The rotation axis was 001, in terms of the hexagonal
setting. 22 independent intensities were measured photometrically.

Neutron technique. Neutron diffraction powder patterns were obtained with a neutron
diffractometer at the Swedish Research Council’s Laboratory, Studsvik, using 1.07 A
neutrons. The samples were kept in a parallel-sided aluminium box, with specimen
thickness of 3 mm (sample from experiment No. 5, Table 2). The intensities were obtained
from the recorded powder patterns by measuring the areas under the peaks with a plani-
meter. The intensities were corrected for the contributions from the aluminium (111) and
(200) reflections from the container. Four consecutive powder patterns were recorded
and the intensities used in the structure calculation were obtained as averages of the
measurements. Peaks with a height above the background less than half of the intensity
of the background were not used in the calculations.
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Crystal data and structure determination

The new indium oxide modification is rhombohedral with space group
R3c, (No. 167). With hexagonal setting, the axes are a = 5.49 A, c'=1452A.
Density cale. (for six formula units in the unit cell): 7.3 g/cm3. Density deter-
mined pycnometrically: 6.4 + 1.0 g/cm3. CuK«-radiation absorption coeffi-
cient 4 = 1482 ecm™.

Table 4 gives atomic coordinates and temperature factors with their
standard deviations. Table 5 gives interatomic distances.

Table 4. Atomic coordinates and temperature factors.

Rhombohedral In,0,. Weissenberg data, 22 reflections, B = 4.3 9,.

Atom x ox y z oz B(Az) oB(A?)
In 0 0 0.166 0.001 0.38 0.07
(0 0.30 0.01 0 0.25 2.3 1.3

Rhombohedral InyO;. Neutron data, 11 peaks, B = 11.0 9%. Powder.

Atom z ox y z B(A?)
In 0 0 0.166 0.38
(0] 0.31 0.005 0 0.25 2.3

Table 5. Bond angles and interatomic distances with standard deviations, determined
from X-ray and neutron data. Rhombohedral In,O,.

Angles about In (degrees) v ov
0,—In—0, 93.8 1.3
O;—In—-0, 90.8 1.6
0;—In—-0, 86.0 1.3
Distances within coordination polyhedra (4)

! al
In—-0, 2.27 0.056
In—O, 2.07 0.05
0,—0, 3.31 0.05
0,—0, 3.09 0.05
0,—0, 2.90 0.07
0,—0, 2.96 0.04

. The powder pattern of rhombohedral In,O, is very similar to that of
Cr,0, reported in the ASTM index. This led to the assumption that the new
In,0; polymorph probably had a corundum structure. The Weissenberg
photographs agreed with the space group R3c. In the ideal corundum structure
the metal atoms are in special positions (0,0,0.1667) and the oxygen atoms
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are in special positions (0.3333,0,0.25), using hexagonal setting. In a structure
factor calculation these coordinates gave a conventional R-value of 5.2 %,

In the X-ray structure determinations coordinates and temperature factors
were refined by the method of Bhuiya and Stanley.® The atomic scattering
factors used in the refinement were from Vol. III of International Tables for
X-ray Crystallography. The interpolation formula of Bassi ® was applied.
The program used was written by Danielsen.” Table 6 is a list of observed and
calculated structure factors for rhombohedral In,O;.

2edle 6, X-ray structure factors Zivle T, Observed end caleulated neutron istensities Zable 8. Observed and calculated neutron

rhombohedrel In,040 for rhombohedral In 04, hexagonal setting: 3ntensities for u(ou)s.
Bkl ro ) 20, k1 I, I, %, Akl 1, 1,
300 2365 1267 15.5° o012 148 238 10.9° 211 19 iz
600 138 123 21,0 x0M ‘39 33 2M.5° 310 as

. ° . 210 ar
110 129 1217 25.5° 006 T 2%s® 130 169
220 1005 997 e5.9° 113 1266 137 121y 26.9° 222 1 18
330 181 840 1A 202 s 29.2° 231 a 13 i
1h0 866 856 2.2° o2b 99 9 291° 321 1
203 585 ~602 %.2® 116 838 1.2° Voo n 0

o . [31) 852 o
012 856 -802 35.7 122 L) 3n.9° 280 o 12 »
100 617 -8 36.8° o218 1 [] Nne® N20 a7
[ERY 653 -101 38.8° 21 ) ™ %.0° 510 5
19 708 o
21 % 613 -614 39:5° 300 63% x0.0° 2130 3
19 20
13 s\ A9 Mn0® 12 % 26 b0.0° 1b3 [
sod [1H ~hi3 Vs 208 11 a7 40.0° Na3 »
328 W -hev A5.2° 119 291 43a° 321 1 .
11
05 265 -k38 %5,3° 1010 ne bd ne 3.2° sa12 g N
24 38N Aoz M.9° 220 1 26.2° 503 ' 18 .
N1y 344 -396 TR BN § 19 ¥.2° o053 29 i
306 F134 924 MA® 306 (Y] 5% 600 ” E1Y s
2!
116 128 2309 M 223 55 ar . AT M2 1
3

226 10 w017 wa® 131 9
3136 121 19 .1° 312 80

1h6 830 8s0

In the calculation of the neutron structure factors for rhombohedral
indium oxide only the = coordinate of the oxygen atom was varied. The atomic
scattering amplitudes for indium® and oxygen?® were 0.39 and 0.577
(em X 10712), respectively. The program used was the same as that employed
for the X-ray data.” From the calculated structure factors the intensities
(I = j - F?[sin%)) were obtained. The best agreement between observed and
calculated neutron intensities was obtained with the coordinates given in
Table 4. The calculated intensities correspondmg to this set of coordinates
are given in Table 7.

Discussion

The crystallographic investigation demonstrated that rhombohedral
In,0, has a corundum structure with indium atoms octahedrally coordinated
with oxygen atoms. The indium and oxygen coordinates are close to the values
derived from a consideration of the ideal corundum structure. The agreement
between observed and calculated X-ray structure factors is as good as can be
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Fig. 4. Coordination polyhedron in rhombo-
hedral indium oxide.

expected with photographic data, and the oxygen coordinate obtained from
the neutron diffraction patterns is in agreement with the result obtained from
the X-ray investigation. However, the In—O distances are not determined with
very high precision because of the limited amount of data. The rather short
In—O distance of 2.07 A with a standard deviation of 0.05 A is not significantly
different from the shortest In—O distance of 2.13 4+ 0.01 A in the cubic
In,0, modification, and the In—O distance of 2.27 A with a standard devia-
tion of 0.05 A is not significantly different from the longest In—O distance
of 2.23 4+ 0.01 A in the cubic modification of In,0,.% Fig. 4 shows the slightly
distorted octahedron in rhombohedral indium oxide. The packing of the atoms
in the rhombohedral modification is, however, clearly closer than the packing
of the atoms in the cubic modification, since the densities are 7.30 g/cm? and
7.12 g/em3, respectively. The rhombohedral modification is assumed to be a
high pressure modification of indium oxide. The high pressure modifications
of the C-type rare earth oxide structure are the B- and A-type rare earth oxide
structures.l® Although indium follows the rare earth metals in forming a cubic
oxide, In,O,, the formation of the rhombohedral modification shows that the
In3* ion also has additional similarities with ions of smaller ionic radii, e.g. Cr3+.
This similarity between indium and chromium is further demonstrated by
the isostructural character of indium oxide hydroxide 2 and the orthorhombic
modification of chromium oxide hydroxide.l!

ITII. STRUCTURE OF In(OH),

Schubert and Seitz 12 claimed from Debye-Scherrer photographs that indium
trihydroxide, In(OH),, was isostructural with scandium trihydroxide, but no
quantitative data for the structure have been reported. It was therefore
decided to reinvestigate the crystal structure of indium trihydroxide.

Experimental

Chemistry. Indium trihydroxide (from expt. No. 1, Table 1) and indium trideuteroxide
(from experiment No. 3, Table 2) were analysed by EDTA titration.* (Found: In 69.3.
Calc. for In(OH),: In 69.2. Foind: In 68.3. Calc. for In(OD),: In 68.0). Thermogravimetric
analysis of In(OH); in the temperature range 25— 500°C showed a weight loss correspond-
ing to the formation of In,0;. (Found: Weight loss 15.4. Cale. for In(OH);: Weight loss
16.3). The compound formed was found by X-ray powder analysis to be cubic In,0,.
The weight loss commenced at 258°C and ceased at 315°C. Differential thermal analysis
of In(OH), was obtained with a heating rate of 40°C/min, and a transformation was
observed in the temperature range 310—330°C. Using a heating rate of 5°C/min the
transformation was observed at 300°C.
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Fig. 5. Infra-red spectra of indium trihydroxide and of indium trideuteroxide.

The infra-red spectra of In(OH), and In(OD),; have been obtained over the frequency
range 400 to 4000 cm™ on a Perkin-Elmer Model 521 spectrophotometer. The pellet
technique was used with mixtures of 4 mg of sample and 200 mg of CsI. The infra-red
spectra are shown in Fig. 5.

X-Ray technique. A single crystal of In(OH), from experiment No. 1, Table 1, with
dimensions 0.1 mm X 0.1 mm X 0.1 mm was investigated by precession methods.
Integrated precession photographs were taken using Zr-filtered MoK«-radiation of (h0I),
(hk0), (hE1), (hk2) and (hk3). 48 independent reflections were measured photometrically.

Another single crystal from the same preparation of In(OH), with dimensions
0.08 mm X 0.08 mm X 0.08 mm was investigated by Weissenberg methods. Integrated
Weissenberg photographs were taken of (hkO), (hk2) and (hk4), using the multiple film
technique, with Zr-filtered MoKu-radiation. 134 independent reflections were measured
photometrically.

The intensities were corrected for the usual Lorentz-polarisation factors; no absorption
corrections were applied.

A powder pattern of In(OH), was obtained with a Guinier camera using CuKa,
radiation. Germanium was used as internal standard, ace = 5.6576 A. The unit cell
parameter was determined from the powder pattern.

Neutron technigue. Four neutron diffraction powder patterns were obtained with
the same diffractometer as used for rhombohedral indium oxide. The specimen thickness
of the parallel-sided aluminium box was 6 mm. The intensities were obtained from the
patterns in the same way as for rhombohedral indium oxide. Table 8 gives a list of ob-
served intensities.

Crystal data and structure determination

In(OH), is cubic with space group Im3 (No. 204). The unit cell contains
eight formula units. @ = 7.97, A. Density calec. (for eight formula units in the
cell): 4.33 g/cm3. Absorption coefficient 4 = 89 cm™ for MoK«-radiation.

Table 9 gives atomic coordinates and temperature factors with their
standard deviations and Table 10 gives interatomic distances.

In the refinement of the structure, the atomic scattering curves used for
indium and oxygen were calculated by the method of Forsyth and Wells.!?
The program used was written by Danielsen.?
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1064 A . NORLUND CHRISTENSEN ET AL.

Table 9. Atomic coordinates and temperature factors.

In(OH);. Precession data, 48 reflections, R = 5.3 9%, Crystal 1.

Atom x v oy z oz B(4y) oB(A?)
In 0.25 0.25 0.25 0.28 0.03
(o] 0 0.326 0.003 0.169 0.003 0.9 0.4
In (OH),. Weissenberg data, 134 reflections, R = 7.4 9, Crystal 2.

Atom x y oy z oz B (A B (A
In 0.25 0.25 0.25 0.38 0.02
(0) 0 0.323 0.004 0.176 0.004 1.1 0.3

In(OD);. Neutron data, 10 peaks, R = 7.7 %,. Powder.

Atom x y oy z oz B (A2
In 0.25 0.26 0.25 0.38
(0} 0 0.323 0.176 1.1
D 0 0.446 0.007 0.177 0.007 1.1
D 0 0.303 0.007 0.055 0.007 1.1

Table 10. Bond angles and interatomic distances with standard deviations, determined

from X-ray and neutron data. In(OH),.

Angles about In (degrees) v ov
0,—In-0, 93.9 0.7
0,—In—0; 86.1 0.7
Angles about O, (degrees)
In—0,—{D, 105 2
In—0,—3D, 103 2
Distances within coordination polyhedra (4)
l ol
In—0O, 2.171 0.008
0,—-0, 3.173 0.026
0,-0 2.964 0.026
0,—D, 0.98 0.06
0,—3D, 0.98 0.06
Distances between coordination polyhedra (4)
0,-0, 2.744 0.029
0,—0, 2.798 0.029

The intensity data from the two In(OH), crystals were treated separately.
The agreement between calculated and observed structure factors is good
for both sets of data. The coordinates of the oxygen atoms do not deviate
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Fig. 6. Projection in the [001] direction Fig. 7. Positions of oxygen and deuterium
of four of the eight octahedra in the unit atoms in the xy0-plane and of indium
cell of indium trihydroxide. atoms in the wxyl/4-plane of In(OD),.

significantly from one measurement to the other. A table of observed and
calculated structure factors for In(OH), is not printed to save space. One of
the authors (A.N.C) can supply copies of this table on request.

The position of the deuterium atom in the indium trideuteroxide structure
was determined by an iterative procedure. Assuming the deuterium atom to
be in the special position (0,y,2) and the O—D distance to be 1 A, the coordi-
nates (0,0.445,0.190) and (0,0.315,0.052) give the usual coordination of the
oxygen atoms, with an In—O—D angle of 100.5°. However, this packing of
the deuterium atoms is only possible when the assumption is made that the
deuterium atoms are equally distributed between two sets of coordinates.
To limit the number of parameters to be varied in the structure factor calcula-
tion only the positional parameters of the deuterium atoms were varied.
The temperature factor for the deuterium atom was chosen as 1.1. The best
agreement between observed and calculated neutron intensities was obtained
with the coordinates given in Table 9 and the intensities calculated from this
set of coordinates are given in Table 8. In the structure factor calculation the
atomic scattering amplitude for deuterium ® was 0.65 (cm X 10712), the scatter-
ing amplitudes for indium and oxygen were the same as those used for rhombo-
hedral indium oxide.

Discussion

The present investigation confirms that indium trihydroxide has the
structure reported by Schubert and Seitz.!? The In—O distance of 2.171 A
is comparable with the In—Q distances of 2.15 A and 2.20 A found in indium
oxide hydroxide.? Fig. 6 is a projection of the In(OH), structure in the [001]
direction. The structure has In(OH), octahedra. Each OH™ ion is coordinated
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with two In3* ions to form infinite In—O—1In chains. The In—O—1In angle
in the chains is 133.7° with a standard deviation of 0.7°. The O—O distances
of 2.744 A and 2.798 A, with a standard deviation of 0.029 A, are probably
significantly different. These two distances are interpreted as being dependent
upon hydrogen bond formation; this should correspond to two hydroxyl
absorption bands in the infra-red spectra of indium trihydroxide. For both
In(OH); and In(OD),; the absorption band at 3200 cm™ and 2400 cm™ are
observed as doublets (Fig. 5). The neutron diffraction investigation shows that
the hydrogen atoms are statistically distributed in the structure. Fig. 7 shows
the positions of oxygen and deuterium atoms in the xy-plane.
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