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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 NaCl/KCl flux at 850 �C.

NaTiO[AsO4] crystallizes with the monoclinic low-tem-

perature form LT-CaTiO[SiO4], space group P21/c. The

structure was refined from single crystal diffractometer

data: a = 6.7170(9), b = 8.7707(12), c = 7.2447(10) Å,

b = 114.77(1)�, wR2 = 0.0559, 789 F2 values, and 74

variables. NaTiO[AsO4] is characterized by a topology

common to a wide range of oxide structures of stoichi-

ometry AMOXO4. It consists of parallel chains of trans-

corner-sharing TiO6 octahedra, cross-linked by isolated

AsO4 tetrahedra.
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Introduction

Potassium titanyl phosphate, KTiO[PO4] (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].

By analogy with these phosphates, a series of arsenates

ATiO[AsO4] 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 Pna21. It is striking that so far, no purely sodium-

containing analogue has been synthesized. Only a solid

solution K1–xNaxTiAsO4 has been reported. Those samples

were prepared via ion-exchange reactions and an ortho-

rhombic crystal of composition Na0.87K0.13TiAsO4 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. Ce3OCl[AsO3]2 [11] or

Pr5O4Cl[AsO3]2 [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[SiO4] type structure [13, 14], the missing link

in the series of ATiO[AsO4] 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 P21/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[AsO4] structure

is isotypic with the low-temperature form of CaTiO[SiO4]

[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’’).

Crystal chemistry

The new titanyl arsenate NaTiO[AsO4] belongs to a large

number of compounds with the monoclinic CaTiO[SiO4]

type structure, space group P21/c [17–23]. So far

only partially substituted samples of the solid solution

K1–xNaxTiAsO4 have been prepared by ion exchange [5].

Now salt flux synthesis has enabled the growth of

NaTiO[AsO4] crystals. Besides the arsenide oxide

Na2Ti2As2O, with a totally different structure and bonding

pattern [24, 25], and Na4TiAs2O9 [26], NaTiO[AsO4] 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

AMOXO4. It consists of parallel chains of trans corner

sharing MO6:TiO6 octahedra, cross-linked by isolated

XO4:AsO4 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 Å is

close to the value expected for a seven-coordinated sodium

atom (2.520 Å).

The TiO6 octahedra show a broad range of Ti–O dis-

tances from 1.707 to 2.098 Å, indicating substantial

distortion. The average Ti–O distance of 1.977 Å is in good

agreement with the sum of the ionic radii of 2.005 Å. The

shorter Ti–O distance of 1.707 Å is a direct consequence of

the titanyl-type [O=Ti–O5] 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 [AsO4] tetrahedra are quite regular with an

average As–O distance of 1.686 Å, which is slightly lower

than the value 1.715 Å estimated from the effective ionic

radii of four-coordinated As5? and O2- [27].

Table 1 Crystallographic data and structure refinement for

NaTiO[AsO4]

Formula NaTiO[AsO4]

Crystal colour Colourless

MW (g mol-1) 225.80

Crystal system Monoclinic

Space group P21/c

Lattice parameters a = 6.7170(9) Å

b = 8.7707(12) Å

c = 7.2447(10) Å

b = 114.77(1)�
Cell volume (Å3) V = 387.55 (10)

Z 4

Density calc. (g cm-3) 3.87

Crystal shape block

Temperature (K) 293 (1)

Diffractometer Stoe IPDS II

Monochromator Oriented graphite

Radiation Mo Ka (k = 0.71073 Å)

Scan mode Multiscan

h k l range ±9; ±12; ±10

hmin, hmax (�) 3.3/31.9

Linear absorption coeff. (mm-1) 10.7

Absorption correction Gaussian

Tmin/Tmax 0.595/0.812

No. of reflections 4,625

Rint 0.061

No of independent reflections 1,211

Reflections used [I C 2r(I)] 789

Refinement technique F2

F(000) (e) 424

R factors R(F)/wR(F2) 0.0324/0.0559

No. of refined parameters 74

G.o.f. 0.96

Weighting scheme w = 1/(r2(I) ? 0.0009I2)

Diff. Fourier residues (e-, Å3) –0.67, ?0.59

Table 2 Atom positions and isotopic displacement parameters (Å2)

for NaTiO[AsO4]

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)

O1 0.9445(10) 0.1829(5) 0.9184(6) 0.0106(18)

O2 0.5636(10) 0.1850(5) 0.5874(6) 0.0085(17)

O3 0.8495(9) 0.9586(5) 0.6170(5) 0.0070(16)

O4 0.6429(10) 0.9599(5) 0.8809(6) 0.0092(19)

O5 0.2512(12) 0.1835(3) 0.7531(6) 0.0074(8)

All atoms are on Wyckoff sites 4e of space group P21/c
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The calculated BVS values of 1.13, 4.14, and 4.97 are in

good agreement with the expected values for Na?, Ti4?,

and As5?, respectively [28, 29].

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%)/KCl (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 KClO4 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[AsO4] besides the new phase NaTi2[AsO4]3 [30] with

the so-called NASICON-type structure. NaTiO[AsO4] was

then synthesised successfully starting from a stoichiometric

mixture of Na2CO3, NH4H2AsO4, and TiO2. The mixture

Table 3 Anisotropic displacement parameters (Å2) for NaTiO[AsO4]

Atom U11 U22 U33 U12 U13 U23

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)

O1 0.011(4) 0.010(2) 0.0087(15) -0.0062(19) 0.0014(16) -0.0061(13)

O2 0.004(3) 0.010(2) 0.0102(15) 0.0016(17) 0.0014(15) 0.0039(13)

O3 0.004(3) 0.009(2) 0.0092(15) -0.0007(18) 0.0049(16) -0.0027(13)

O4 0.015(4) 0.0029(19) 0.0130(16) 0.0011(18) 0.0093(19) 0.0043(13)

O5 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: –2p2[(ha*)2U11 ? … ? 2hka*b*U12]
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Fig. 1 View of the

NaTiO[AsO4] structure along

[001] (a) and [100] (b)
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Fig. 2 Perspective view of environment of the sodium atoms in

NaTiO[AsO4]

Salt flux crystal growth of the titanyl arsenate NaTiO[AsO4] 497

123



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

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[AsO4] 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[AsO4] sample was studied by a Guinier pow-

der pattern (imaging plate technique, Fujifilm BAS-1800)

using Cu Ka1 radiation and a-quartz (a = 491.30 and

c = 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[AsO4] as a major

phase, besides few very weak reflections of NaTi2[AsO4]3.

The refined lattice parameters are a = 6.7361(3),

b = 8.7965(3), c = 7.2511(3) Å, b = 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 Ka 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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Anorg Allg Chem 635:936
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(in press)

Salt flux crystal growth of the titanyl arsenate NaTiO[AsO4] 499

123


	Salt flux crystal growth of the titanyl arsenate NaTiO[AsO4]
	Abstract
	Introduction
	Results and discussion
	Structure refinement
	Crystal chemistry

	Experimental
	Synthesis
	Scanning electron microscopy
	X-ray data collection

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


