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Abstract

Ternary indium (III) phosphates with three-dimensional frameworks, [M3In(PO4)2]n (M ¼ K, n ¼ 10; M ¼ Rb, n ¼ 2), are found and

firstly reported in this paper. These compounds have been obtained by high temperature solid-state reactions and their crystal structures

have been determined by single crystal X-ray diffraction analysis. The title compounds, which crystallize in monoclinic system, possess

the same [In(PO4)2]n
3n� anionic frameworks built up from interconnected InO6 octahedra and PO4 tetrahedra and have an interesting

tunnel structure where M+ cations are located. Optical and bonding properties of [Rb3In(PO4)2]2 are investigated in terms of measured

absorption and emission spectra, and calculated band structures and density of states. The crystal band structures obtained by the DFT

method show that the solid compound of [Rb3In(PO4)2]2 is an insulator with direct band gap, and the P–O covalent bond characters are

larger than the In–O ones in this compound.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Metal phosphates possessing open-framework structures
with defined tunnels are extensively investigated for their
structural diversity, various properties, as well as potential
applications in shape-selective catalysis, absorbents, ion-
exchange solids, and molecular sieves [1–3]. In addition to
the well-known aluminophosphates and gallophosphates
[4], a great number of new metal phosphates with open-
frameworks were reported, with metals including iron [5],
indium [6], titanium [7], vanadium [8], zirconium [9], and
molybdenum [10]. In these compounds, the octahedral
coordination of the metal centers combined with the
tetrahedral geometry of the phosphate groups is the origin
of a large variety of structures. Specially, there has recently
e front matter r 2005 Elsevier Inc. All rights reserved.

c.2005.09.050

ing author. Tel.: +86 591 379 3068; fax: +86 591 371 4946.

ess: cwd@ms.fjirsm.ac.cn (W. Cheng).
been much interest in the ternary phosphates containing
alkaline metals along with various other metals due to the
possibility of using these compounds in single and
polycrystalline form as nonlinear optical materials [11],
solid electrolytes [12–14], ionic conductors [15–20], battery
electrodes [21,22], sensors for detection of NOX in atmo-
spheric environment [23], etc. Although the study of metal
phosphates was conspicuous and some inspiring results
were recently achieved, there is very scant information on
the ternary alkali metal phosphates containing the indium
atoms in the literature [24–38]. Additionally, the band
structures and optical properties of these typical solid
compounds have been seldom reported in contrast to the
alkali metal titanyl phosphates, which are mostly investi-
gated in this respect [39–41].
Here, we will present synthesis, crystal structure deter-

minations, and spectrum measurements for indium phos-
phates [M3In(PO4)2]n (M ¼ K, n ¼ 10; M ¼ Rb, n ¼ 2). At
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the same time, we will make the calculations of crystal
energy band structures in order to understand the chemical
bonding properties and electronic origin of optical transi-
tion for [Rb3In(PO4)2]2 solid compound.

2. Experimental section

2.1. Crystal growth

The single crystals of [K3In(PO4)2]10 and [Rb3In(PO4)2]2
were prepared by solid state reactions among In2O3

(99.99%, Shanghai Chemical Company), NH4H2PO4 and
either KNO3 or Rb2CO3 (Analytical Grade, Shanghai
Chemical Company), in a molar ratio corresponding to
In=P=M ¼ 1 : 9 : 15. The samples were ground and heated
in air at 923K for 10 h and afterwards at 1273K for 24 h in
a platinum crucible. The mixtures were then cooled to
1023K at a rate of 2Kh�1 and finally quenched to room
temperature. Some colorless crystals were selected care-
fully, but the other phases may be present in the remaing
batch.

2.2. Crystal structures determination

Single crystals of [M3In(PO4)2]n having the dimensions
0.32� 0.25� 0.23mm3 (M ¼ K, n ¼ 10) and 0.24� 0.16�
0.16mm3 (M ¼ Rb, n ¼ 2) were selected for intensity data
which were collected on a Siemens SMART CCD
diffractometer with graphite monochromated MoKa radia-
tion (l ¼ 0:71073 Å) at the temperature of 293K using the
Table 1

Crystal data and structure refinement parameters for the title compounds

Empirical formula [K3In(PO4)2]10

Formula weight 4220.6

T (K) 293(2)

Wavelength (Å) 0.71073

Crystal system Monoclinic

Space group C2=c

a (Å) 42.0671(4)

b (Å) 11.2166(2)

c (Å) 18.5081(1)

b (1) 100.15

V (Å3) 8596.4(2)

Z 4

Calculated density (g cm�3) 3.261

Absorption coefficient (mm�1) 4.588

F(000) 8000

Crystal size (mm) 0.32� 0.25� 0.23

y range for data collection (1) 0.98–25.01

Index ranges �49php39, �7pkp13,

Reflections collected 13594

Reflections unique 7491 (Rint ¼ 0.0243)

Parameter/restraints/data (obs.) 642/0/6815

Goodness-of-fit on F2 1.142

Final R indices [I42sðIÞ] R1 ¼ 0:0412, oR2 ¼ 0:105
R indices (all data) R1 ¼ 0:0460, oR2 ¼ 0:111
Largest difference peak and hole (eA�3) 1.101, �2.668
scan mode. Lorentz and polarization corrections were
applied to the data. The structures of [M3In(PO4)2]n
(M ¼ K, n ¼ 10; M ¼ Rb, n ¼ 2) were solved by direct
method and then refined on F2 by full-matrix least-squares
method, and performed in the Shelxl/PC programs. Crystal
structure data for these compounds are summarized in
Table 1 and the atomic coordinates and thermal para-
meters are listed in Table 2.
2.3. Spectrum measurements

The samples used for spectrum measurements were
prepared from pressed abradant of selected micro-crystals
due to the fact that we have not successfully synthesized the
compounds at the correct composition as monophasic
powder samples. In order to give an evidence that it
contains pure phase of samples, we determine the powder
XRD pattern of [Rb3In(PO4)2]2 using X’Pert diffract-
ometer with a monochromated CuKa X-ray source (step
size of 0.021 and range 2y ¼ 102851). Fig. 1(a) gives the
powder X-ray diffraction pattern of [Rb3In(PO4)2]2.
Comparing Fig. 1(a) with Fig. 1(b), we can find that the
peak positions are from 2y ¼ 201 to 2y ¼ 561, and the two
strongest peaks localized about 2y ¼ 301 are overlap well.
Accordingly, this pattern compares with that simulated by
the program Visualizer Software using the crystallographic
data, confirming the monophasic nature of the prepared
samples. The absorption spectra were recorded by a Cary-
500 UV–VIS–NIR Spectrophotometer at 300K from 200
to 1500 nm, and the luminescence were measured by FL/FS
[Rb3In(PO4)2]2

1122.34

293(2)

0.71073

Monoclinic

P2ð1Þ=n

9.9827(1)

11.6358(2)

15.9307(3)

90.27

1850.4(1)

4

4.029

18.595

2032

0.24� 0.16� 0.16

2.17–26.06

�21plp21 �12php11, �13pkp14, �19plp19

12143

3667 (Rint ¼ 0.0526)

254/0/3151

1.212

4 R1 ¼ 0:0435, oR2 ¼ 0:0877
5 R1 ¼ 0:0569, oR2 ¼ 0:0914

2.093, �1.380



ARTICLE IN PRESS

Table 2

Fractional atomic coordinates and equivalent isotropic displacement

parametersa of [K3In(PO4)2]10 and [Rb3In(PO4)2]2

Atom x y z Ueq
b

(a) [K3In(PO4)2]10
In1 0.212584(9) 0.60245(3) 0.92480(2) 0.01014(12)

In2 0.193148(9) 0.38127(3) 0.68989(2) 0.00988(12)

In3 0.012875(9) 0.39280(3) 0.61493(2) 0.01037(12)

In4 0.105678(9) 0.86583(4) 0.01096(2) 0.01113(12)

In5 0.087857(9) 0.09698(4) 0.78233(2) 0.01218(13)

K1 0.19480(3) 0.14763(13) 0.55178(7) 0.0195(3)

K2 0.0000 0.85356(17) 0.2500 0.0185(4)

K3 0.03608(3) 0.89733(13) 0.44922(8) 0.0216(3)

K4 0.24041(3) 0.12431(13) 0.75346(8) 0.0255(3)

K5 0.10743(4) 0.12843(13) 0.14520(8) 0.0237(3)

K6 0.14423(3) 0.35038(13) 0.85408(7) 0.0215(3)

K7 0.15939(3) 0.14744(12) 0.34361(7) 0.0209(3)

K8 0.10277(3) 0.37658(13) 0.64002(7) 0.0201(3)

K9 0.21550(4) 0.13206(13) 0.95122(8) 0.0261(3)

K10 0.19096(3) 0.36344(12) 0.05078(7) 0.0200(3)

K11 0.94240(3) 0.61438(12) 0.57173(8) 0.0213(3)

K12 0.0000 0.60583(16) 0.7500 0.0165(4)

K13 0.09301(3) 0.32559(13) 0.97208(8) 0.0255(3)

K14 0.90956(4) 0.62958(13) 0.75671(9) 0.0279(3)

K15 0.01567(4) 0.85299(13) 0.65025(8) 0.0279(3)

K16 0.20202(6) 0.8566(2) 0.70833(16) 0.0354(5)

K17 0.1900(2) 0.8603(8) 0.6616(6) 0.037(2)

P1 0.23717(3) 0.39071(13) 0.87084(8) 0.0096(3)

P2 0.25447(3) 0.62238(12) 0.09848(8) 0.0089(3)

P3 0.94518(3) 0.38132(13) 0.70595(8) 0.0093(3)

P4 0.06365(3) 0.87627(13) 0.82957(8) 0.0104(3)

P5 0.14694(3) 0.60454(13) 0.00606(8) 0.0099(3)

P6 0.17210(3) 0.60091(13) 0.73951(8) 0.0106(3)

P7 0.14872(3) 0.12788(13) 0.69674(8) 0.0105(3)

P8 0.03526(3) 0.60835(12) 0.55937(8) 0.0107(3)

P9 0.04522(3) 0.11830(13) 0.60571(8) 0.0105(3)

P10 0.13067(3) 0.08162(13) 0.96305(8) 0.0116(3)

O1 0.27469(10) 0.7162(4) 0.0662(2) 0.0186(9)

O2 0.17064(10) 0.6607(4) 0.9608(3) 0.0242(10)

O3 0.23024(9) 0.6889(4) 0.1384(2) 0.0162(8)

O4 0.20633(9) 0.4040(4) 0.9061(2) 0.0145(8)

O5 0.00727(10) 0.5990(4) 0.6035(2) 0.0168(9)

O6 0.19845(10) 0.5773(4) 0.6909(2) 0.0151(8)

O7 0.04787(9) 0.4772(4) 0.5578(2) 0.0142(8)

O8 0.10157(10) 0.0646(4) 0.0046(2) 0.0168(9)

O9 0.11650(9) 0.6838(4) 0.9968(2) 0.0162(8)

O10 0.95038(9) 0.4230(4) 0.7877(2) 0.0171(9)

O11 0.15591(9) 0.4761(4) 0.7415(2) 0.0163(9)

O12 0.09433(10) 0.9004(4) 0.7956(2) 0.0170(9)

O13 0.14839(10) 0.6971(4) 0.7074(2) 0.0212(9)

O14 0.25386(9) 0.5153(4) 0.8837(2) 0.0175(9)

O15 0.17938(9) 0.2062(4) 0.7127(2) 0.0208(9)

O16 0.04382(10) 0.7735(4) 0.7906(2) 0.0213(9)

O17 0.97610(10) 0.4112(4) 0.6758(2) 0.0241(10)

O18 0.23567(10) 0.5493(4) 0.0335(2) 0.0171(9)

O19 0.06290(10) 0.0550(4) 0.6759(2) 0.0216(9)

O20 0.22920(10) 0.3670(4) 0.7879(2) 0.0200(9)

O21 0.02334(10) 0.6491(4) 0.4794(2) 0.0183(9)

O22 0.02079(9) 0.2100(3) 0.6282(2) 0.0153(8)

O23 0.07176(10) 0.8475(4) 0.9115(2) 0.0217(10)

O24 0.06908(10) 0.1887(4) 0.5681(2) 0.0183(9)

O25 0.14396(9) 0.9520(4) 0.9602(2) 0.0157(8)

O26 0.12252(9) 0.1896(4) 0.7333(2) 0.0182(9)

O27 0.11802(11) 0.1300(4) 0.8859(2) 0.0237(10)

O28 0.27620(10) 0.5393(4) 0.1499(2) 0.0199(9)

O29 0.13819(10) 0.4787(4) 0.9812(3) 0.0243(10)

Table 2 (continued )

Atom x y z Ueq
b

O30 0.06171(10) 0.6935(4) 0.5952(2) 0.0201(9)

O31 0.02690(10) 0.0235(4) 0.5578(2) 0.0228(10)

O32 0.18932(12) 0.6414(4) 0.8152(2) 0.0244(10)

O33 0.16206(11) 0.6051(4) 0.0879(2) 0.0249(10)

O34 0.13787(11) 0.1220(4) 0.6135(2) 0.0232(10)

O35 0.94044(10) 0.2465(4) 0.6993(2) 0.0245(10)

O36 0.91689(10) 0.4478(4) 0.6633(2) 0.0248(10)

O37 0.04498(10) 0.9952(4) 0.8204(2) 0.0225(9)

O38 0.15571(10) 0.0038(4) 0.7273(2) 0.0236(10)

O39 0.15582(11) 0.1673(4) 0.0012(3) 0.0292(11)

O40 0.25917(10) 0.2913(4) 0.9067(2) 0.0206(9)

(b) [Rb3In(PO4)2]2

In1 0.07769(8) 0.86903(7) 0.86885(5) 0.0082(2)

In2 0.57347(8) 0.15252(7) 0.88588(5) 0.0083(2)

Rb1 0.18742(13) 0.13607(11) 0.75724(8) 0.0202(3)

Rb2 0.23967(12) 0.10696(11) 0.00078(8) 0.0177(3)

Rb3 0.20595(14) 0.61980(10) 0.00778(8) 0.0189(3)

Rb4 0.89957(13) 0.12162(11) 0.58370(9) 0.0237(3)

Rb5 0.71115(13) 0.90112(11) 0.75350(8) 0.0197(3)

Rb6 0.38629(13) 0.91604(11) 0.67215(9) 0.0250(4)

P1 0.0646(3) 0.8621(3) 0.64526(18) 0.0089(6)

P2 0.0811(3) 0.3787(2) 0.60146(18) 0.0074(6)

P3 0.9439(3) 0.6586(2) 0.83733(18) 0.0087(6)

P4 0.9147(3) 0.1336(2) 0.90596(18) 0.0066(6)

O1 0.0982(8) 0.6798(7) 0.8529(5) 0.0130(18)

O2 0.2240(9) 0.4257(8) 0.6202(6) 0.023(2)

O3 0.0775(9) 0.3113(7) 0.5193(5) 0.0159(19)

O4 0.0348(9) 0.3006(7) 0.6721(5) 0.0167(19)

O5 0.9239(10) 0.6195(8) 0.7467(6) 0.024(2)

O6 0.8820(9) 0.7793(7) 0.8553(6) 0.0177(19)

O7 0.9123(8) 0.8441(7) 0.6327(5) 0.0143(18)

O8 0.8902(10) 0.5652(8) 0.8939(5) 0.021(2)

O9 0.0092(9) 0.0385(7) 0.8729(6) 0.021(2)

O10 0.1211(9) 0.9560(7) 0.5879(5) 0.019(2)

O11 0.9871(9) 0.4829(8) 0.5943(6) 0.022(2)

O12 0.7690(9) 0.0908(8) 0.8901(6) 0.022(2)

O13 0.9412(10) 0.2452(8) 0.8596(6) 0.023(2)

O14 0.1258(9) 0.7418(7) 0.6224(6) 0.020(2)

O15 0.1020(11) 0.8932(8) 0.7360(6) 0.025(2)

O16 0.9394(11) 0.1501(9) 0.0002(6) 0.029(2)

aThe positions of K(16) and K(17) are disorder and give a statistical

distribution, K(16) has 80% and K(17) has 20%. K(2) and K(12) are the

special position.
bUeq ¼ ð1=3Þ

P
i

P
jUijai � aj � aiaj .
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900 Time Resolved Fluorescence Spectrometer using Xe
lamp at room temperature.

2.4. Computational descriptions

The crystallographic data of the ternary indium (III)
phosphate [Rb3In(PO4)2]2 determined by X-ray were used
to calculate electronic band structures of the solid states.
The calculations of band structures were made by the
density functional theory (DFT) with the nonlocal
gradient-corrected exchange-correlation functional [42]
and performed with the CASTEP code [43,44], which
uses a plane wave basis set for the valence electrons and
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Fig. 1. Simulated (a) and experimental (b) powder X-ray (CuKa) diffraction patterns for [Rb3In(PO4)2]2

Fig. 2. Crystal structures along [001], left (a) for [K3In(PO4)2]10 and right (b) for [Rb3In(PO4)2]2: indium octahedra are light gray; phosphorus tetrahedra

are medium gray; potassium or rubidium cations are represented by black circles.
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norm-conserving pseudopotential [45] for the core states.
The number of plane waves included in the basis was
determined by a cutoff energy of 450 eV. Pseudo-atomic
calculations were performed for O 2s22p4, P 3s23p3, In
5s25p1, and Rb 4s24p65s1. The calculating parameters and
convergent criterions were set by the default values of
CASTEP code [43]. The calculations of linear optical
properties described in terms of the complex dielectric
function e ¼ e1 þ ie2 were also made in this work.
The imaginary part of the dielectric functions eðoÞ2 is
given by [46]

e2ðoÞ ¼ 4ðpe=moÞ2
X

v;c

Z
BZ

2 dk=ð2pÞ3

� e:McvðkÞ
�� ��dðEcðKÞ � EvðKÞ � _oÞ. ð1Þ

CASTEP calculates the real eðoÞ1 and imaginary eðoÞ2
parts of the dielectric function [43]. The eðoÞ2 be thought of
as detailing the real transitions between occupied and
unoccupied electronic states. The real and imaginary parts
are linked by a Kramers–Kronig transform [46]. This
transform is used to obtain the real part eðoÞ1 of the
dielectric function.

3. Result and discussion

3.1. Crystal structures of [M3In(PO4)2]n (M ¼ K, n ¼ 10;

M ¼ Rb, n ¼ 2)

As shown in Fig. 2, the compounds [M3In(PO4)2]n
(M ¼ K, n ¼ 10; M ¼ Rb, n ¼ 2) possess three-dimen-
sional [In(PO4)2]n

3n� anionic frameworks that build up
from [InO6] octahedra and [PO4] tetrahedra. Some of M+

ions (M ¼ K, Rb) locate in infinite large channels running
along [001] with 8-sided windows, each window is formed
by the edges of four [InO6] octahedra and four [PO4]
tetrahedra. Lateral smaller 4-sided windows resulted from
the edges of four [InO6] octahedra, are also observed,
which are occupied by remaining M+ cations (M ¼ K,
Rb). In spite of the [In(PO4)2] framework is the same for
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Fig. 3. A perspective view of the [K3In(PO4)2]10 structure showing the coordination of PO4 ligands around In atoms.

Y. Zhang et al. / Journal of Solid State Chemistry 179 (2006) 186–194190
the two compounds, there are more K+ ions locate in
8- and 4-sided holes in [K3In(PO4)2]10 and the ion
arrangements in the holes are the differences between the
two compounds (found in Figs. 2(a) and (b)). It may be a
reason that they present rather different cell parameters
and different space groups for the two compounds. Now,
we discuss the structures by taking [K3In(PO4)2]10 as an
example. A perspective view of the [K3In(PO4)2]10 structure
showing the coordination of [PO4] ligands around In atoms
is illustrated in Fig. 3. Two chemically and crystal-
lographically distinct P atoms are present in the structure:
P(I) (P(1), P(4), P(6), P(8), P(10)) and P(II) (P(2), P(3),
P(5), P(7), P(9)). In case of [P(I)O4] tetrahedron, it shares
an edge with [InO6] octahedron with the third corner being
connected to another [InO6] octahedron and the fourth
being directed towards the channel. For [P(II)O4] tetra-
hedron, three corners of it connect three different [InO6]
octahedra and the fourth connects the K+ ions. Each
[InO6] octahedron shares a common edge with P(I)
tetrahedron, the other four corners with one [P(I)O4]
tetrahedron and three different [P(II)O4] tetrahedra. These
[InO6] octahedra are connected by [P(II)O4] tetrahedra to
form a column along [001], which is linked to adjacent
columns by [P(I)O4] tetrahedra so that a three-dimensional
open framework structure enclosing a large channel with
windows of 8-membered rings is formed.

The [InO6] octahedra are greatly distorted because of
edge-sharing. The In–O distances range from 2.078(4) to
2.345(4) Å and O–In–O bond angles range from 64.60(16)
to 116.86(16)1. Similarly, the [P(I)O4] tetrahedra are
also distorted as indicated by the P(I)–O distances
{1.505(4)–1.568(5) Å} and O–P(I)–O angles {102.6(2)–
113.2(3)1}. The In–O and P(I)–O bonds involving the
edge-sharing oxygen are the longest. The phosphorus
atoms in the [P(II)O4] tetrahedra connected oxygen atoms,
which connect In atoms, form three long P(II)–O bonds of
1.527(5)–1.562(4) Å, and one shorter bond of 1.505(4)–
1.518(4) Å is formed with oxygen atoms which co-ordinate
to K+ ions. The coordination numbers (CN) of each M+

ion were determined on the basis of the maximum gap in
the M–O distances. In [K3In(PO4)2]10, the K

+ cations show
from CN ¼ 6 to CN ¼ 10 with K–O distances ranging
from 2.5424(4) to 3.4225(5) Å, in which K(9) CN ¼ 6;
K(3), K(5), K(6), K(10), K(14), K(15), CN ¼ 7; K(1), K(7),
K(8), K(11), K(12), K(13), K(16), CN ¼ 8; K(4) CN ¼ 9,
K(2) CN ¼ 10. In [Rb3In(PO4)2]2, the Rb+ cations exhibit
CN from 7 to 10 {Rb–O distances: 2.6874(8)–3.6086(7) Å},
in which Rb(2), Rb(5), CN ¼ 7; Rb(3), Rb(4), CN ¼ 8;
Rb(6) CN ¼ 9; Rb(1) CN ¼ 10.

3.2. Band structure, density of states and chemical bond

The calculated band structure of [Rb3In(PO4)2]2 at the
Brillouin zone is plotted in Fig. 4(a). It is observed that the
valence bands are very flat, and the conduction bands have
some oscillating. In order to make clear inspection, we plot
the top seven valence bands and five conduction bands in
Fig. 4(b). The lowest energy of conduction band is
localized at G point, and the [Rb3In(PO4)2]2 shows an
isolator with direct band gap of 3.18 eV.The bands can
be assigned according to total and partial densities of
states (DOS), as plotted in Fig. 5. The valence bands lying
about between �25.0 and �22.5 eV, and between
about �10.0 and �7.5 eV are almost contributions from
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Fig. 4. The calculated band structure of [Rb3In(PO4)2]2 crystal.
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Fig. 5. The calculated total and partial density of states of. [Rb3In(PO4)2]2 crystal.
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the Rb-4s and -4p states, respectively. The valence bands
localized at about �20.0 eV are mostly contributions from
the O-2s and P-3s states but with small mixings of In-5p

states. The O-2s and P-3p states have the significant
contributions to the valence bands lying about between
�18.0 and �16.0 eV. The valence bands lying about
between �7.5 eV and the Fermi level (0.0 eV) are most
contributions from the O-2p and P-3p states but with small
mixings of In-5p states. The band of the nearest Fermi level
mostly originates from the O-2p states. The conduction
bands localized between 3.2 and 6.0 eV are the main
contributions from the In-5s states. The calculated band
gap (3.18 eV) is as compared with the experimental value of
3.10 eV.

Now, we elucidate the feature of chemical bond from the
nature of total and angular momentum projected DOS.
Comparing the total DOS with the angular momentum
projected DOS of P-3p and O-2p states in Fig. 5, it is seen
from about �6.0 to 0.0 eV that the DOS is higher for O-2p

states (the largest DOS of 130 electrons/eV) than P-3p

states (the largest DOS of 12 electrons/eV), and than In-5p

states (the largest DOS of 2.5 electrons/eV), respectively. It
means that some electrons from P-3p and In-5p transform
into the valence bands and take part in the covalence
interactions between P or In and O atoms, but the
covalence strengths are stronger between P and O than
between In and O atoms. It is also found that the peaks of
total DOS around �23.0 and �8.0 eV completely attribute
to Rb-5s and -5p states. This implies that there are pure
ionic bonds between Rb and O atoms. The chemical bond
properties are also evidences from the population analysis.
The calculated bond orders between P and O atoms are
from 0.60 to 0.78 e, between In and O atoms are from 0.25
to 0.43 e, and between Rb and O atoms are from 0.00 to
0.17 e in a unit cell of [Rb3In(PO4)2]2 (pure covalence single
bond order is generally 1.0 e). Accordingly, we can also say
that the covalence strength is stronger for the P–O bond
than the In–O bond, and ionic strength is stronger for the
Rb–O bond than the In–O bond in [Rb3In(PO4)2]2.

3.3. Optical properties of [Rb3In(PO4)2]2

Fig. 6(a) shows the absorption spectra of [Rb3In(PO4)2]2
powder determined from reflection measurements by
UV–Vis DRIS. It is seen that the absorption edge is at
about 400 nm (3.10 eV) and first absorption peak (shoulder
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Fig. 6. Observed (a) absorption and (b) emission spectra of [Rb3In(PO4)2]2.
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peak) is at about 220 nm (5.64 eV). According to the early
analysis of band structures, we assign these absorption
edge and peak as the electron transitions from the O-2p to
the In unoccupied atomic states. Wide transmission ranges
from about 400 to 1500 nm for [Rb3In(PO4)2]2 were also
observed. Fig. 6(b) shows that two emission peaks are
located at 445 and 575 nm when a light of 355 nm is
incidence on the powder sample of [Rb3In(PO4)2]2.
Comparing the absorption edge with the observed emitted
peak, we can deduce that the emitted fluorescence
originates from defects or excitons due to the fact of that
emission wavelength of 445 nm is larger than the optical
absorption edge of 400 nm. It is reported that the
absorption edge and shoulder peak are at 400 and
250 nm, and emission peaks are at 522 and 622 nm for
the RbInP2O7 powder [47]. By comparison between the
spectra of [Rb3In(PO4)2]2 and those of RbInP2O7, we find
that the absorption peak (shoulder) and emitted peaks of
former have the blue shifts of tens of nm.
The calculated imaginary e2ðoÞ and the real e1ðoÞ parts

of the frequency-dependent dielectric functions without the
scissor-operator approximation are displayed in Fig. 7. The
part e2ðoÞ can be used to describe the real transitions
between occupied and unoccupied electronic states.
It is found from the dispersion of the calculated e2ðoÞ
spectra that there are the first absorption peaks localized
at about 7.31 eV (170 nm), and 6.51 eV (190 nm), in x

(or y), z polarization directions for [Rb3In(PO4)2]2 crystal,
respectively. The crystal is transparent while the wave-
length is larger than 376 nm or photon energy is less than
3.30 eV. Comparing them with the observed absorption
edge (3.10 eV) and shoulder peak (5.64 eV) of powder
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Fig. 7. The calculated dielectric functions based on DFT band structures.

Y. Zhang et al. / Journal of Solid State Chemistry 179 (2006) 186–194 193
[Rb3In(PO4)2]2, we find that the absorption band from 3.1
to 6.0 eV originates from charge transfers from O-2p to
In-5s states in view of analysis of the calculated DOS,
which shows that the conduction bands localized between
3.2 and 6.0 eV are main the contributions from the In-5s

states and top valence bands are formed from the O-2p

states. From the real e1ðoÞ parts of Fig. 7, we also find that
the calculated dielectric constant of static case, eð0Þ, i.e.
e1ðo! 0Þ, is about 1.5102, 1.5914, and 1.5657 in x, y, and
z directions for [Rb3In(PO4)2]2 crystal, respectively.
4. Conclusion

In the present work, [M3In(PO4)2]n (M ¼ K, n ¼ 10;
M ¼ Rb, n ¼ 2) have been synthesized by solid-state
reaction and their structures have been determined by the
single crystal X-ray diffraction technique. These com-
pounds possess the same three-dimensional [In(PO4)2]n

3n�

anionic frameworks with channels occupied by M+ ions.
The frameworks are built up from interconnected [InO6]
octahedra and [PO4] tetrahedra. The observed absorption
edge and shoulder peak is separate at about 400 and
220 nm, and two emission peaks are located at 445 nm and
575 nm for the powder phase of [Rb3In(PO4)2]2. The
calculated band structures show that the solid state of
[Rb3In(PO4)2]2 is an insulator with direct band gap at
about 3.18 eV and the optical transition of lowest energy
mainly originates from O-2p to In-5s states. In [Rb3In
(PO4)2]2, the [PO4] tetrahedra have covalence bond
characters and the Rb–O ionic interactions are stronger.
The optical dielectric constant of [Rb3In(PO4)2]2 crystal is
estimated to be 1.5102, 1.5914, and 1.5657 in x, y, and z

directions, respectively, taken as theoretical predictions.
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