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Abstract The titanyl arsenate NaTiO[AsO4] was syn-
thesized in the form of colourless lath-shaped crystals from
arsenic and titanium dioxide in a NaCI/KCl flux at 850 °C.
NaTiO[AsO,] crystallizes with the monoclinic low-tem-
perature form LT-CaTiO[SiO4], space group P2,/c. The
structure was refined from single crystal diffractometer
data: a = 6.71709), b = 8.7707(12), ¢ = 7.2447(10) A,
B = 114.77(1)°, wR2 = 0.0559, 789 F? values, and 74
variables. NaTiO[AsO,] is characterized by a topology
common to a wide range of oxide structures of stoichi-
ometry AMOXO,. It consists of parallel chains of trans-
corner-sharing TiOg octahedra, cross-linked by isolated
AsQ, tetrahedra.

Keywords Arsenate - Crystal chemistry -
Titanyl compound

Introduction

Potassium titanyl phosphate, KTiO[PO,] (KTP) [1], is one of
a group of widely investigated non-centrosymmetric mate-
rials used industrially for non-linear optical materials [2—4].
In continuation of pioneering work on KTP, many isomor-
phous derivatives have been synthesized by standard solid-
state reactions, hydrothermal crystal growth, ion exchange
reactions, or different salt flux syntheses. An overview of
these interesting materials is given in Refs. [4, 5].
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By analogy with these phosphates, a series of arsenates
ATiO[AsO,] with the monovalent cations A = Li [6], K
[7], Rb [7], Cs [8], and Tl [7] have been synthesized.
Depending on the A cation, these compounds either crys-
tallize in space group Pnma or the non-centrosymmetric
subgroup Pna2,. It is striking that so far, no purely sodium-
containing analogue has been synthesized. Only a solid
solution K;_,Na,TiAsO, has been reported. Those samples
were prepared via ion-exchange reactions and an ortho-
rhombic crystal of composition Nagg;Kp 3TiAsO, was
used for structure refinement [5].

During our recent attempts to synthesise arsenide oxides
from salt fluxes [9, 10], we also obtained well shaped
crystals of arsenite chlorides, e.g. CesOCI[AsOs], [11] or
PrsO4Cl[AsOs], [12]. This proves that a salt flux: (1)
favours crystal growth, but (2) can also lead to chloride
incorporation into the materials.

Keeping the favourable crystal growth properties in
mind we started a more systematic investigation of qua-
ternary arsenite and arsenate phases. Herein we report
on the salt flux synthesis of NaTiO[AsO4] with an
LT-CaTiO[SiOy4] type structure [13, 14], the missing link
in the series of ATiO[AsQy] titanyl arsenates.

Results and discussion
Structure refinement

Careful analyses of the diffractometer data set revealed a
primitive monoclinic lattice, and the systematic extinc-
tions observed for the NaTiO[AsO4] crystal were
compatible with the centrosymmetric space group P2,/c.
All atoms were localized by use of sir2004 software
[15] and the structure was refined with Jana2006 [16].
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The difference-Fourier synthesis performed after the first
refinement cycles did not reveal any significant residues.
With anisotropic displacement parameters (ADP) for all
positions, the residual factors converged to the values
listed in Table 1. The refined atomic positions and ADPs
are given in Tables 2 and 3. The NaTiO[AsO,] structure
is isotypic with the low-temperature form of CaTiO[SiOy4]
[13, 14]. Refinement of the sodium occupancy parameter
showed a value of 97(1)%, thus we observed no hint for
potassium incorporation for the crystal investigated. Fur-
ther information on the structure refinement is available

(see “Experimental”).

Table 1 Crystallographic data
NaTiO[AsO4]

structure  refinement

for

Formula NaTiO[AsOy,]
Crystal colour Colourless
MW (g mol™") 225.80
Crystal system Monoclinic
Space group P2/c

Lattice parameters

Cell volume (A%)
z

a=6.717009) A
b = 8.7707(12) A
¢ =7.2447(10) A
B = 114.77(1)°

V = 387.55 (10)
4

Density calc. (g cm ™) 3.87
Crystal shape block
Temperature (K) 293 (1)

Diffractometer

Stoe IPDS II

Monochromator Oriented graphite
Radiation Mo Kea (. = 0.71073 A)
Scan mode Multiscan

h k [ range +9; £12; 10
Omin> Omax () 3.3/31.9

Linear absorption coeff. (mm™Y) 10.7

Absorption correction Gaussian

Tinin/ Trnax 0.595/0.812

No. of reflections 4,625

Rint 0.061

No of independent reflections 1,211

Reflections used [I > 2a(])] 789

Refinement technique F?

F(000) (e) 424

R factors R(F)/wR(F?) 0.0324/0.0559
No. of refined parameters 74

G.o.f. 0.96

Weighting scheme

Diff. Fourier residues (e, 10\3)

w = 1/(c*(I) + 0.00097%)

-0.67, +0.59
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Table 2 Atom positions and isotopic displacement parameters (A%
for NaTiO[AsOy4]

Atom X y z Ueq

Na 0.7506(12) 0.4221(2) 0.7594(10) 0.0222(8)
Ti 0.2521(2) 0.24138(16) 0.97853(13) 0.0070(2)
As 0.7507(2) 0.06672(4) 0.75206(17) 0.0040(1)
Ol 0.9445(10) 0.1829(5) 0.9184(6) 0.0106(18)
02 0.5636(10) 0.1850(5) 0.5874(6) 0.0085(17)
03 0.8495(9) 0.9586(5) 0.6170(5) 0.0070(16)
04 0.6429(10) 0.9599(5) 0.8809(6) 0.0092(19)
05 0.2512(12) 0.1835(3) 0.7531(6) 0.0074(8)

All atoms are on Wyckoff sites 4e of space group P2;/c

Crystal chemistry

The new titanyl arsenate NaTiO[AsO,4] belongs to a large
number of compounds with the monoclinic CaTiO[SiO4]
type structure, space group P2,/c [17-23]. So far
only partially substituted samples of the solid solution
K,_,Na,TiAsO4 have been prepared by ion exchange [5].
Now salt flux synthesis has enabled the growth of
NaTiO[AsOy4] crystals. Besides the arsenide oxide
Na,Ti,As,0, with a totally different structure and bonding
pattern [24, 25], and NasTiAs,Og [26], NaTiO[AsQ4] is the
third compound in the quaternary system Na-Ti—As-O.

The structure is characterized by a topology common to
a wide range of oxide structures of stoichiometry
AMOXO,. It consists of parallel chains of trans corner
sharing MOg:TiOg octahedra, cross-linked by isolated
X04:As0, tetrahedra (Fig. 1). Within this three-dimen-
sional network, the sodium atoms are connected to seven
oxygen atoms forming a highly distorted capped prism
(Fig. 2) with one short, four normal, and two stretched
Na-O distances (Table 4). The average value of 2.498 Ais
close to the value expected for a seven-coordinated sodium
atom (2.520 A).

The TiOg octahedra show a broad range of Ti-O dis-
tances from 1.707 to 2.098 A, indicating substantial
distortion. The average Ti—O distance of 1.977 Aisin good
agreement with the sum of the ionic radii of 2.005 A. The
shorter Ti-O distance of 1.707 A is a direct consequence of
the titanyl-type [O=Ti—Os] coordination observed in many
related compounds [4, 5, 22]. For a more detailed discus-
sion of these titanyl species we refer the reader to review
articles [4, 5].

The arsenic atoms are four-coordinated to the oxygen
atoms. The [AsO,] tetrahedra are quite regular with an
average As—O distance of 1.686 A, which is slightly lower
than the value 1.715 A estimated from the effective ionic
radii of four-coordinated As’* and 0%~ [27].
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Table 3 Anisotropic displacement parameters (1&2) for NaTiO[AsOy]

Atom U Uz Uss U Uis Uz

Na 0.0133(9) 0.0093(8) 0.0392(14) 0.0010(18) 0.0064(9) —0.0005(17)
Ti 0.0061(3) 0.0030(4) 0.0106(3) —0.0003(2) 0.0023(3) 0.0005(3)
As 0.00367(18) 0.00329(16) 0.00491(16) 0.0001(3) 0.00172(12) 0.0005(3)
(02} 0.011(4) 0.010(2) 0.0087(15) —0.0062(19) 0.0014(16) —0.0061(13)
02 0.004(3) 0.010(2) 0.0102(15) 0.0016(17) 0.0014(15) 0.0039(13)
03 0.004(3) 0.009(2) 0.0092(15) —0.0007(18) 0.0049(16) —0.0027(13)
04 0.015(4) 0.0029(19) 0.0130(16) 0.0011(18) 0.0093(19) 0.0043(13)
05 0.0112(14) 0.0070(11) 0.0045(10) —0.002(2) 0.0039(9) 0.0001(15)

The anisotropic displacement factor exponent takes the form: —2n2[(ha*)2U mn+ ...

Fig. 1 View of the
NaTiO[AsO,] structure along
[001] (a) and [100] (b)

Fig. 2 Perspective view of environment of the sodium atoms in
NaTiO[AsOy4]

The calculated BVS values of 1.13, 4.14, and 4.97 are in
good agreement with the expected values for Na™, Ti**,
and As>T, respectively [28, 29].

+ 2hka*b*U, ]

Experimental
Synthesis

The title compound was prepared, by solid-state reaction,
from a mixture of arsenic (Sigma—Aldrich, 99.999%), tita-
nium dioxide (Chempur, >99.99%), and an NaCl (Merck,
>99.5%)/KCI (Chempur, 99.9%) salt flux (1:1 molar ratio)
in 2:3:10 molar ratio, respectively. The arsenic was purified
by fractional sublimation [9] under vacuum before use. The
mixture was placed in a silica tube which was sealed under
vacuum (a precisely calculated amount of KClO, was
placed in the bottom of the tube to ensure a partial pressure
of oxygen upon decomposition). The tube was heated at
500 °C for 12 h and at 850 °C for 48 h. By reducing the
temperature at a rate of 20 °C/h to room temperature
we obtained colourless crystals of NaTiO[AsO4] and
KTiO[AsO,] besides the new phase NaTi[AsO4]5 [30] with
the so-called NASICON-type structure. NaTiO[AsO,4] was
then synthesised successfully starting from a stoichiometric
mixture of Na,COs3, NHsH,AsO,, and TiO,. The mixture
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Table 4 Interatomic distances (10%) and bond valence sums (BVS) for
NaTiO[AsOy]

Distance BV
Na-O5 2.295(3) 0.265
Na-0O4 2.425(10) 0.186
Na-O3 2.471(10) 0.164
Na-02 2.479(6) 0.161
Na-Ol1 2.483(6) 0.159
Na-0O3 2.609(8) 0.113
Na-0O4 2.730(8) 0.082
<2.498> 1.129
Ti—-O5 1.707(6) 1.339
Ti-O1 1.992(7) 0.620
Ti-02 2.009(6) 0.592
Ti-04 2.012(4) 0.587
Ti-03 2.044(5) 0.539
Ti—-O5 2.098(6) 0.465
<1.977> 4.142
As-02 1.680(4) 1.265
As-04 1.685(6) 1.248
As-03 1.686(6) 1.245
As-O1 1.695(5) 1.215
<1.686> 4.973

Average distance values are given in parentheses

BV = e with the following parameters: b = 0.37, r, (Na'—
0) = 1.803, ry (As¥-0) = 1.767, and ro (Ti'V—=0) = 1.815 [27, 28]

was fired at 400 °C for 12 h, at 600 °C for 24 h, and at
750 °C for 24 h with intermediate grinding.

Scanning electron microscopy
Semiquantitative EDX analyses of many crystals, including

that investigated on the diffractometer (Fig. 3), were car-
ried out with a Leica 420i scanning electron microscope

100pm

Fig. 3 Scanning electron micrograph of the NaTiO[AsO,] single
crystal used for X-ray data collection
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with Ti, InAs, and the mineral Albite (for Na) as standards.
The experimentally observed compositions were close to
the ideal one. A few traces of KTiO[AsO,4] were observed
on the surface of some crystals. There was no hint of
incorporation of potassium into the crystals, in agreement
with the single crystal X-ray data.

X-ray data collection

The NaTiO[AsO,4] sample was studied by a Guinier pow-
der pattern (imaging plate technique, Fujifilm BAS-1800)
using Cu Ko, radiation and o-quartz (a = 491.30 and
¢ = 540.46 pm) as an internal standard. Full pattern-
matching refinement was performed with the Jana2006
software package [16]. The background was estimated by
use of a Legendre function, and the peak shapes were
described by use of a pseudo-Voigt function. This allowed
us to confirm the formation of NaTiO[AsOy4] as a major
phase, besides few very weak reflections of NaTi;[AsOy];.
The refined lattice parameters are a = 6.7361(3),
b = 8.7965(3), ¢ = 7.2511(3) A, = 114.811(3)°.

Lath-shaped single crystals of NaTiO[AsO4] were
selected on the basis of the size and sharpness of the dif-
fraction spots in Laue photographs obtained on a Buerger
camera (using white Mo radiation), equipped with the same
Fujifilm, BAS-1800 imaging plate technique. Intensity data
were collected on a Stoe IPDS II diffractometer (graphite
monochromatic Mo Ko radiation; oscillation mode). Data
processing and all refinements were performed with
the Jana2006 software package [16]. A Gaussian-type
absorption correction was applied, and the shape of the
crystal was determined with the video microscope of the
Stoe CCD camera. All relevant details concerning data
collection and evaluation are listed in Table 1.

Further information on the structure refinement may
be obtained from Fachinformationszentrum Karlsruhe,
D-76344 Eggenstein-Leopoldshafen (Germany), by quot-
ing the Registry No. CSD-421302.
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