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Abstract

The crystal structure of pentatitanium tetraoxide tetra-
kis(phosphate), TisO4(PO,),, has been determined and
refined from X-ray diffraction single-crystal data
[P222; (No. 19), Z = 4, a = 128417(12), b =
14.4195 (13), ¢ = 7.4622 (9) A (from Guinier photo-
graphs); conventional residual R; = 0.042 for 2556 F, >
40(F,), R, = 0.057 for all 3276 independent reflections;
282 parameters; 29 atoms in the asymmetric unit of the
ideal structure]. The structure is closely related to those
of B-Fe,O(PO,)-type phosphates and synthetic lipscom-
bite, Fe;(PO,),(OH). While these consist of infinite
chains of face-sharing MOg octahedra, in pentatitanium
tetraoxide tetrakis(phosphate) only five-eighths of the
octahedral voids are occupied according to
[05TisO4(PO,),. Four of the five independent Ti‘”Q(,
show high radial distortion [1.72 < d(Ti—O) < 2.39 A]
and a typical 1 + 4 + 1 distance distribution. The fifth
Ti* O, is an almost regular octahedron [1.91 < d(Ti—O)
< 1.98 A]. Partial disorder of Ti** over the available
octahedral voids is revealed by the X-ray structure
refinement. High-resolution transmission electron
microscopy (HRTEM) investigations confirm this result.

1. Introduction

The remarkable optical properties of potassium titanyl
phosphate, KTiOPO,, KTP (Tordjman et al, 1974
Stucky et al., 1988), with its high non-linear optical
coefficient, as well as the high ionic conductivity of
NASICON:-type phosphates such as NaM,(POy); (M =
Ge*, Ti**, Zr*"; Hagman & Kierkegaard, 1968), have
led to a growing interest in titanium(IV) phosphates.
Numerous ongoing investigations are dealing with the
synthesis, crystal chemistry and physical properties of
members of this class of compound. Despite this, the
crystal structure of TisO4(POy), is still not well estab-
lished.

Early investigations on the pseudo-binary system
TiO,/P,Os (Harrison & Hummel, 1959; Golynko-

+ This is part XX of a series on the thermal behaviour and crystal
chemistry of anhydrous phosphates. For part XIX see Glaum &
Schmidt (1997). This paper is part of the PhD thesis of Reinauer
(1998).
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Vol’'fson & Sudakas, 1966) led to the assumption of two
additional titanium(IV) phosphates, Ti,P,Oy and
TisP,O,0, besides the long-known diphosphate TiP,O,
(Levi & Peyronel, 1935). From further investigations it
has been concluded that there should be only one
additional phosphate to which the formula Ti,P,Oq has
been ascribed (Bamberger & Begun, 1987). In a paper
on phase relations and crystal growth by chemical
vapour transport in the pseudo-ternary system TiO,/
TiP,O,/TiPO, (Reinauer et al., 1994) we have confirmed
the existence of TisP4,O,y as the only titanium(IV)
phosphate besides TiP,O,. For structural reasons we
prefer the formula TisO4(PO,)4 rather than TisP,O,.

In this paper we report the results of a combined
X-ray single-crystal and HRTEM investigation of
Ti504(PO4)4.

2. Experimental
2.1. Synthesis

Pentatitanium tetraoxide tetrakis(phosphate) can be
synthesized following (1). By reacting stoichiometric
mixtures of TiO, (Merck) and TiP,O, (Winkler & Thilo,
1966) in evacuated silica ampoules with Cl, as the
mineralizer at 1173 K for 14 d very light pink crystals
with edge length up to 0.2 mm were obtained. They were
generally of square-bipyramidal shape.

3TiO,, + 2TiP,0, , — Tis0,(PO,), (1)

Crystallization of TisO4(PO,)4 can also be accom-
plished by chemical vapour transport (1273 — 1173 K;
1 atm. Cl, + 5mg TiPO, as the transport agent) with
migration rates s ~ 1 mgd~', as has been reported
earlier (Reinauer ef al., 1994). Thus, transparent crystals
of pale amber colour with edge length up to 0.12 mm
and rectangular shape were obtained.

X-ray fluorescence (EDX) analyses of selected
crystals gave a Ti:P ratio of 1.16 [theoretical value for
TisO4(PO,)s = 1.25]. No hints of other elements,
especially silicon, were found (Table 1).

2.2. X-ray investigations
Crystals for structural investigations were selected
under polarized light and were checked for perfect
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Table 1. Atomic ratio Ti:P from EDX analyses of
different crystals of TisO (POy)4

Crystal Ti:P
1 1.15
2 1.18
3 1.17
Average 1.16
TisO4(POy)4 1.25

extinction. X-ray single-crystal photographs show only
serial extinctions (200 # 2n; 0k0 # 2n; 00/ # 2n), indi-
cating the orthorhombic space group P2,2,2,. We attri-
bute the occurrence of these reflections in the electron
diffraction pattern of the [001] zone (Fig. 1) to ‘multiple
diffraction’ (German: Umweganregung; Renninger,
1935). This effect is well known in electron diffraction
and far more important than in X-ray crystallography
for intensity enhancement of reflections otherwise
forbidden by symmetry. Cell parameters from X-ray
investigations (Table 2) and electron diffraction (Figs. 1
and 2) are in agreement. A crystal of rectangular shape
(0.11 x 0.09 x 0.05mm) from a chemical vapour
transport experiment has been used for the intensity
measurement with an imaging plate diffraction system
(IPDS) (Fa. Stoe & Cie). Details of intensity measure-
ment and structure refinement are given in Table 2. A
numerical absorption correction has been applied with
the program SHEL X76 (Sheldrick, 1976) on the basis of
the optimized crystal shape. After preliminary inspec-
tion of the crystal under a stereo-microscope, crystal
faces and distances have been optimized by minimizing
the internal R value of symmetry-equivalent and other
multiply measured (IPDS technique) reflections using
the program HABITUS (Herrendorf, 1993). Attempts
to solve the structure by direct methods with
SHELXS86 (Sheldrick, 1985) led to a combined figure-
of-merit CFOM = 0.02. Starting with only four titanium
positions, the structure model could be refined in the
non-centrosymmetric space group P2,2,2, using
SHELXL93 (Sheldrick, 1993). Allowance for racemic
twinning has been given in the refinement according to a
method described by Bernardinelli & Flack (1985).
Missing Ti, P and O atoms were located from successive
difference Fourier syntheses. However, the ‘anisotropic’
refinement converged rather slowly and locating all the
missing atoms from difference Fourier syntheses turned
out to be very difficult. Eventually, with all atoms
included, according to TisO4(PO,),, only a rather poor
conventional residual R; = 0.12 (WR, = 0.24 on FZ;OS =
1.82) could be obtained with three maxima (~7.5 ¢ A7)
remaining in the residual electron density map. Some
atoms also showed non-positive definite displacement
parameters at this stage of refinement [model (I)].
Initial attempts to explain the residual electron
density by twinning failed. Refinements in space groups
with lower symmetry were unsuccessful as well as those
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in higher symmetry space groups (trigonal, hexagonal)
implied by the axial ratio a/c ~ 3" Eventually we tried
refinement of the structure allowing for disorder of the
Ti atoms [model (II)]. This model has been assumed
because all three highest maxima in the difference
Fourier map showed an environment of six O atoms
already present in the ideal structure, with chemically
reasonable Ti—O distances from 1.8 to 2.4 A. In model
(IT) 20 Ti atoms are spread over eight fourfold sites (five

(c)

Fig. 1. Electron diffraction pattern of TisO4(PO,), along [001]. (a)
Simulation using the ideal structure [model (I)]; (b) observed
electron diffraction pattern; (c) simulation using the data from
X-ray structure refinement [model (II)].
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original positions; three positions from the difference
Fourier map). Isotropic displacement parameters for the
additional titanium sites were constrained to be equal in
the final calculation. Refinement of Ti6, Ti7 and Ti8 with
one isotropic displacement parameter constrained to the
average U.q of Til-Ti5 did not significantly change the
s.0.f’s (site occupancy factors) for these sites (0.073,
0.150 and 0.129 rather than 0.063, 0.135 and 0.113).
Additionally, in these calculations a total of 20 Ti atoms
were restrained (SUMP option in SHELXL93) to be
located on 8 x 4 = 32 positions. This led to R; = 0.057,
wR, = 0.143 and a goodness-of-fit § = 1.11 (for all
reflections). The residual electron density was reduced
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Fig. 2. Electron diffraction pattern of TisO4(PO,), along [101]. (a)
Simulation using the ideal structure [model (I)]; (b) observed
electron diffraction pattern; (c¢) simulation using the data from
X-ray structure refinement [model (II)].

STRUCTURE OF Tis04(P0,)4

Table 2. Experimental details

Crystal data

Chemical formula
Chemical formula weight
Cell setting

Space group

a (A)

b (A)

c (A)

V (A?)

V4

D, Mgm™)

Radiation type
Wavelength (A)

No. of reflections for cell parameters
0 range (°)

@ (mm~)

Temperature (K)

Crystal form

Crystal size (mm)
Crystal colour

Data collection
Diffractometer

Data collection method
Absorption correction

min
Tmax

No. of measured reflections

No. of independent reflections

No. of observed reflections

Criterion for observed reflections

Rinl

Omax (*)

Range of 4, k, [

Refinement

Refinement on

R[F? > 20(F?)]

wR(F?)

S

No. of reflections used in refinement
No. of parameters used

Weighting scheme

(A0

APy (€ A7)

APy (€ A7)

Extinction method

Extinction coefficient

Source of atomic scattering factors

Computer programs
Structure solution
Structure refinement

TisO4(PO,)4
683.38
Orthorhombic
P2,2,2,

12.8417 (12)
14.4195 (13)
7.4622 (9)

1381.8 (2)

4

3.285

Mo Ko

0.71069

25

6.98-31.48

3.355

293 (2)
Rectangular

0.11 x 0.09 x 0.05
Transparent pale amber

Imaging plate diffraction
system, Fa. Stoe & Cie

Area detector scans

Numerical

0.365

0.680

10334

3276

2556

I>20(])

0.0860

27.99

—16 ->h— 16

—18 »>k— 18

-9 —>I—9

P

0.0418

0.1364

1.213

3276

282

w = 1/[0*(F2) + (0.0753P)?],
where P = (F2 + 2F%)/3

—0.003

0.683

—0.743

SHELXL93 (Sheldrick, 1993)

0.0005 (7)

International Tables for Crys-
tallography (1992, Vol. C,
Tables 4.2.6.8 and 6.1.1.4)

SHELXS86 (Sheldrick, 1990)
SHELXL93 (Sheldrick, 1993)

to 0.68 ¢ A~>. The refinement yielded an s.o.f. ~ 0.9 for
Til, Ti2 and Ti3. Within the error limits of the deter-
mination the Ti4 and TiS5 sites were fully occupied. For
the additional sites Ti6, Ti7 and Ti8 in model (II),
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Table 3. Fractional atomic coordinates and equivalent isotropic displacement parameters (AZ)

Uy =(1/3)Z,3,Ud da,.a;.

x y

Til 0.85634 (12) 0.67658 (10)
Ti2 0.36442 (13) 0.67261 (12)
Ti3 039273 (12) 020588 (10)
Tid 0.11466 (12) 0.94697 (10)
Tis 0.6230 (2) 0.94120 (13)
Ti6 0.6424 (12) 0.4226 (12)
Ti7 0.8936 (7) 0.2060 (6)
Ti8 03627 (7) 05782 (7)
P1 0.00327 (12) —0.00008 (10)
P2 0.4911 (2) 0.75269 (10)
P3 0.7555 (2) 0.12225 (12)
P4 0.7541 (2) 037348 (12)
o1 0.0108 (5) 02560 (3)
02 0.0013 (4) 04973 (3)
03 0.2507 (4) 03786 (3)
04 02621 (5) 0.1353 (4)
o011 0.4393 (5) 05599 (4)
012 0.9237 (5) 0.5627 (4)
013 0.4320 (5) 0.4434 (4)
014 0.5730 (5) 0.5654 (4)
021 0.5641 (5) 0.8184 (5)
022 0.0822 (5) 0.1943 (5)
023 0.0700 (5) 03038 (5)
024 0.0574 (5) 0.8118 (4)
031 0.6857 (5) 0.0625 (4)
032 0.8202 (5) 0.0608 (4)
033 0.8270 (5) 0.1812 (4)
034 0.3120 (5) 0.6879 (4)
041 0.8289 (5) 0.4250 (4)
042 0.3168 (5) 0.1828 (5)
043 0.8135 (5) 0.6922 (4)
044 0.8145 (5) 0.5570 (4)
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z s.o.f. Uy,
0.8929 (2) 0.901 (6) 0.0080 (4)
0.4014 (2) 0.869 (6) 0.0093 (4)
0.3491 (2) 0.895 (6) 0.0081 (4)
0.1463 (2) 1.023 (6) 0.0127 (4)
0.6250 (3) 0.997 (5) 0.0162 (4)
0.5962 (21) 0.063 (4) 0.002 (2)
0.8471 (12) 0.135 (5) 0.002 (2)
0.6011 (12) 0.113 (4) 0.002 (2)
0.7612 (5) 1 0.0072 (5)
0.7575 (2) 1 0.0067 (5)
0.4837 (4) 1 0.0078 (5)
0.0021 (4) 1 0.0080 (5)
0.7354 (7) 1 0.0156 (15)
0.2863 (12) 1 0.018 (2)
0.9660 (11) 1 0.0153 (15)
0.5330 (10) 1 0.0176 (13)
0.3630 (11) 1 0.0174 (14)
0.8434 (11) 1 0.0181 (14)
0.1170 (10) 1 0.0178 (14)
0.1218 (9) 1 0.0127 (13)
0.6603 (10) 1 0.0193 (15)
0.3808 (10) 1 0.0178 (13)
0.1245 (10) 1 0.0185 (14)
0.1223 (10) 1 0.0138 (12)
0.5980 (11) 1 0.0171 (14)
0.3617 (9) 1 0.0128 (13)
0.5982 (10) 1 0.0155 (14)
0.1350 (9) 1 0.0130 (12)
0.1260 (9) 1 0.0162 (13)
0.1326 (11) 1 0.0189 (14)
0.6201 (10) 1 0.0116 (12)
0.4046 (11) 1 0.0187 (15)

Site occupancy factors (s.0.f.’s) of the Ti atoms have been calculated using the constraint of a total of 20 Ti atoms per unit cell (SUMP option in
SHELXL93; Sheldrick, 1993). In addition, U, for Ti6, Ti7 amd Ti8 were forced to be equal.

compared with the ideal structure with no disorder
[model (I)], occupation factors of 0.063 (4), 0.135 (5)
and 0.114 (4), respectively, were obtained.t

The X-ray Guinier powder pattern of TisO4(PO,), is
in good agreement with the pattern calculated on the
basis of the structural parameters derived from the
single-crystal data. Relevant experimental and crystal-
lographic data for TisO,4(PO,), are given in Table 2, final
atomic parameters in Table 3 and distances within the
TiOg and PO, polyhedra in Table 4. The numbering
scheme used for oxygen throughout the paper distin-
guishes between ‘oxidic’ oxygen (O1-O4) and ‘phos-
phate’ oxygen (O11-044), where the first digit refers to
the corresponding P atom.

2.3. Structure description

The crystal structure of TisO4(POy), is closely related
to that of a series of isotypic oxide phosphates

+ Supplementary data for this paper are available from the IUCr
electronic archives (Reference: JZ0005). Services for accessing these
data are described at the back of the journal.

M,O(PO,) (I4/amd, Z = 4, a ~ 53, ¢ ~ 12.8 A),
including B-Fe,O(PO,) (Ijjaali et al., 1990), NiCrO(PO,)
(Ech-Chahed et al., 1988) and B-V,O(PO,) (Glaum &
Gruehn, 1989). Synthetic lipscombite, Fe3(PO,),(OH),
(14522, Z=4,a >~ 7.3, c =~ 13.2 A; Vencato et al., 1989),
also belongs to this structure family. The metric rela-
tionship of pentatitanium tetraoxide tetrakis(phos-
phate) to B-Fe,O(PO,) is given by the matrix a’ = ¢, b’ =
2a +2b, ¢ =a — b, where a/, b’ and ¢’ denote the axes of
TisO4(POy)4, while a, b and ¢ represent those of the
B-Fe,O(PO,) structure type. The symmetry relation in
terms of group/subgroup considerations (Barnighausen,
1980) is described in Fig. 3.

Characteristic structural features of the aristotype
[B-Fe,O(PO,) structure] are infinite chains built by face-
sharing MOg4 octahedra. Series of perpendicular chains
are linked via common (oxidic) O atoms (Fig. 4a).
Coordination by four equidistant M**** is observed for
these O atoms. In the completely ordered ideal structure
of TisO4(PO,), [model (I)] three-eighths of the octahe-
dral voids are empty, in order to keep the charge balance
(20 Ti** on 32 positions rather than 16 Fe** and 16 Fe**
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Table 4. Interatomic distances (/i) and bond angles (°) in TisO,(PO,),

Bond distances d(Ti—O) and d(P—O) are shown in bold; d(O—O) in the upper right, / (O, X, O) in the lower left part of a data block. S.u.’s are
given in parentheses.

Til o4 022 012 034 043 o1

o4 1.725 (6) 2712 (9) 2.765 (9) 2.826 (9) 2.884 (10) 3.966 (11)
022 97.4 (3) 1.883 (7) 2.800 (11) 2,886 (8) 3.958 (1) 2,938 (9)
o12 99.6 (3) 95.8 (3) 1.892 (6) 3.875 (10) 2.876 (9) 2,970 (8)
034 9.7 (3) 945 (3) 159.4 (3) 2.044 (6) 2.515 (12) 2.529 (9)
043 9.6 (3) 1629 (3) 91.4 (3) 743 (3) 2122 (7) 2,664 (9)
ot 166.8 (2) 89.7 (3) 90.7 (3) 71.6 (2) 747 (2) 2.266 (6)
Ti2 03 023" o11 043" 034 o1
03 1.721 (6) 2819 (9) 2707 (9) 2,884 (8) 2769 (9) 3.947 (11)
023" 1023 (3) 1.897 (8) 2773 (11) 2.856 (8) 3.956 (11) 3.080 (9)
ol1 9.3 (3) 93.5 (3) 1.909 (6) 3.925 (10) 2,997 (9) 2.893 (8)
043" 98.9 (2) 922 (3) 1622 (3) 2.061 (6) 2,515 (12) 2.664 (9)
034 92,0 (3) 161.8 (3) 9.2 (3) 741 (3) 2112 (7) 2.529 (9)
ot 1623 (2) 948 (3) 87.0 (3) 757 (2) 704 (2) 2272 (6)
Ti3 o1+ 033V 042 014 024" 04

or" 1732 (7) 2.789 (9) 2821 (9) 2917 (8) 2,922 (9) 4,083 (12)
033" 1012 (3) 1.875 (6) 2811 (12) 3877 (9) 2,908 (8) 2,942 (9)
042 101.2 (3) 95.7 (3) 1.917 (7) 2.868 (8) 3.996 (11) 3.145 (10)
O14v 99.3 (3) 1565 (3) 91.5 (3) 2.083 (6) 2.548 (10) 2.614 (9)
024" 97.0 (2) 922 (3) 1584 (3) 740 (3) 2.153 (7) 2.530 (9)
04 1631 2) 86.2 (3) 93.0 (3) 710 (2) 674 (2) 2.394 (7)
Ti4 02 0O44* 0O41* 0144 024 O4il
027 1731 (5) 2,697 (8) 2724 (8) 2827 (9) 2862 (8) 3861 (7)
044" 97.0 (3) 1.868 (6) 2.825 (9) 2.798 (7) 3.906 (8) 2.891 (9)
041* 98.0 (3) 98.0 (3) 1.876 (7) 3.911 (9) 2.886 (7) 2823 (8)
o14% 95.4 (3) 9.2 (3) 1633 (3) 2079 (7) 2.548 (10) 2,614 (9)
024 9.5 (2) 161.1 (3) 932 (3) 75.4 (3) 2.090 (6) 2,530 (9)
04 168.0 (3) 917 (3) 88.8 (3) 763 (3) 732 (2) 2.150 (6)
Ti5 032xi O2i 031 O13% 021 03!
032" 1912 (7) 2.704 (8) 2,653 (9) 3.850 (12) 2.739 9) 2.746 (8)
02 90.0 (3) 1.915 (6) 2.664 (8) 2.749 (9) 2.806 (8) 3.891 (7)
031%i 872 (3) 87.5(2) 1.934 (6) 2.794 (9) 3.878 (7) 2.814 (8)
o13* 1789 (4) 91.0 (3) 923 (3) 1.941 (8) 2.744 (11) 2.750 (9)
021 90.6 (3) 933 (2) 177.6 (4) 89.9 (3) 1.943 (7) 2.702 (9)
03 89.9 (3) 179.5 (4) 920 (3) 892 (3) 87.1 (3) 1.976 (6)
P1 o117 O12*" 013" o141t

o1 1.509 (7) 2,497 (8) 2.490 (1) 2,489 (9)

o124 1112 (4) 1.519 (7) 2,509 (9) 2.480 (8)

o13" 1102 (5) 1109 (3) 1.528 (7) 2.526 (8)

o14v 108.1 (3) 107.0 (5) 109.4 (3) 1.566 (6)

P2 023" 021 022V 024

023" 1.505 (7) 2478 (13) 2.485 (9) 2.502 (8)

021 110.1 (5) 1517 (7) 2.504 (10) 2482 (8)

022V 1104 (4) 110.9 (4) 1.522 (7) 2.466 (13)

0241 110.1 (3) 1082 (3) 107.0 (5) 1.546 (7)

P3 031 033 032 034

031 1.508 (7) 2.496 (9) 2.469 (9) 2.510 (1)

033 1112 (4) 1515 (7) 2.476 (9) 2.495 (8)

032 109.3 (3) 109.5 (4) 1.518 (6) 2.499 (9)

034vi 109.8 (4) 1084 (3) 108.6 (4) 1.560 (7)

P4 044 o421 041 043

044 1.520 (7) 2.492 (10) 2.488 (9) 2.527 (10)

042~ 110.0 (4) 1.523 (7) 2.483 (11) 2.525 (8)

041 1095 (4) 109.0 (4) 1.526 (6) 2.491 (9)

043 110.4 (4) 110.1 (3) 107.8 (4) 1.557 (6)

Symmetry codes: (i) —x+1,y+31,—z4+% (i) x+3 -y+3,—z+1 (i) —x+i-y+lLz-% (@Gv) —x+i-y+1lz+%

V) x—%, —y+3,—z4+1 (i) x+3, —y+3,—z+1 i) x—3, —y+3, —z+1 (vii) —x+1Ly—3, —z+% (ix) —x,y+i,—z+%
(®) —x+Ly+i—z+5 i) x—i—-y+3, -z i) —x+3, -y+1lz+% i) xy+1lz &v) —x+1Ly—1, —z+3
(xv) —x+3,—y+1lz—5 (xvi) x+3, —y+1, -z

on 32 positions). This is expressed by the formula in the completely ordered structure of the titanium(IV)
[15TisO4(PO4)s. A sequence ..EOOEOOEOE.. of phosphate [model (I)]. In Fig. 4 the structures of
empty ‘E’ and occupied ‘O’ octahedral voids is observed  8-Fe,O(PO,) and [15TisO4(POy,), are compared.
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The structure of pentatitanium tetraoxide tetra-
kis(phosphate) consists of four distorted TiOg octahedra
(Til-Ti4) with d(Ti—O) ranging from 1.72 to 2.39 A
(Table 4). These octahedra share common faces, formin,
two Ti,Og groups (Fig. 5). Distances d(Ti—O) > 2.04 A
from Ti to bridging O atoms and 1.72 < d(Ti—O) <
1.92 A to terminal O atoms in the dimers reflect the
electrostatic repulsion between the highly charged Ti*".
The fifth TiOg, contalnlng Ti5, is far less distorted with
Ti—O distances ranging from 1.91 to 1.98 A. Bond
length-bond  strength  considerations (Brese &
O’Keeffe, 1991) led to valence sums vr_g = 4.19, 4.07,
3.95, 4.34 and 4.32 for Til-Ti5, respectively (Table 5).

l44/amd (2nd sett.)

t2
(-aq-ap), (a1 - ap), a3

Fddd

t2
-1/8, -1/8, -1/8

F222

k2
(-1/4, 0, 0) or (0, -1/4, 0)

C2224

k2
0, 1/4, 1/4

P24242

k2
aq, ap, 2aj

P242124

ay, a3, -ay

P242424

D3TI5O4(PO4)4

Fig. 3. Group-subgroup relationship between B-Fe,O(PO,) and
TisO4(PO,), structure types.
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In contrast to the B-Fe,O(PO,) structure with coor-
dination number 4 for ‘oxidic’ oxygen, twofold (02, O3)
and threefold (O1, O4) coordination, respectively, is
observed in titanium(IV) oxide phosphate owing to the
lack of three-eighths of the Ti cations. The formation of
one short bond [d(Ti—O) =~ 1.73 A] compensates for
this. O atoms of phosphate groups show either twofold
(P + Ti) or threefold (P + 2Ti) coordination. It is
observed that O atoms shortly bonded to P [1.505 <
d(P—0) < 1.528 A] are coordinated by only one T14+
while those at a longer P—O distance (d > 1.546 A) are
bonded to two Ti atoms. Each PO, unit consists of three
short and one long P—O bond. Each PO, tetrahedron is
connected to four different Ti** cations. Projections of
the TisO4(PO,), structure along [001] and [100] are
shown in Fig. 6.

2.4. HRTEM investigations

The HRTEM specimens were prepared by crushing a
few crystals in an agate mortar. The particles (~10 um
diameter) were transferred onto a perforated foil
(carbon-coated Formvar) supported on a copper grid.
The HRTEM studies were performed using a Philips
CM30 electron microscope at 300 kV equipped with a
double-tilt holder. Additional information on experi-
mental parameters is summarized in Table 6.

VAY AV VAV VAV VA
Il E = =
AP WP AP VP WV

(IRGAN> VA> VA VA VA
;. - O W
V> AV)> AV AV >

(ar)

Fig. 4. Comparison between the structures of (a) B-Fe,O(POy)
projected along [100] and (b) TisO4(PO,) projected on (021).
Light grey: PO,; dark grey: MOg4; medium grey: MOy not occupied
in the ideal structure of TisO4(PO,),. Plot produced with ATOMS
(Dowty, 1995).
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Table 5. Bond strengths v;;

vy calculated according to v; = exp[(R;; — d;;)/b] with b = 0.37 A, R,-j(Ti‘”—Oz_) =1.815 A and R,j(P‘S*—Oz_) =1.604 A. Only sites occupied in the

ideal structure are considered.

Atom Til Ti2 Ti3 Ti4 Tis P1 P2 P3 P4 Vi
o1 0.296 0.291 1.251 1.838
02 1.255 0.763 2.018
[OX] 1.289 0.647 1.936
04 1.275 0.209 0.404 1.888
O11 0.721 1.293 2.014
012 0.810 1.258 2.068
013 0.713 1.228 1.941
014 0.483 0.491 1.108 2.082
021 0.706 1.265 1.971
022 0.834 1.248 2.082
023 0.803 1.307 2.110
024 0.402 0.473 1.170 2.045
031 0.723 1.296 2.019
032 0.771 1.262 2.033
033 0.848 1.272 2120
034 0.536 0.449 1.126 2111
041 0.850 1.235 2.085
042 0.761 1.245 2.006
043 0.439 0.513 1.135 2.087
044 0.867 1.255 2122
v 4.190 4.066 3.954 4.340 4323 4.887 4.990 4.956 4.870

The investigations led to HRTEM images showing
projections of the structure along [001] (Fig. 7) and [101]
(Fig. 8). For both directions observed images and
simulations on the basis of the X-ray data [model (I)]
are in fairly good agreement. The simulations have been
calculated near the Scherzer focus of —550 A using the
computer program EMS (Stadelmann, 1987). In parti-
cular, the contrast observed in the projection along [001]
can be correlated easily with the crystal structure.
Comparison of a projection of the TiOg octahedra of an
array of four unit cells with a contrast simulation (Fig. 9)
shows that the contrast is mainly determined by the Ti
atoms. The simulation does not change much on varying
the defocus from —350 to —750 A. Dark parts of the
HRTEM image can be attributed to titanium positions.

b c

Strings consisting of either three or five white spots
belong to ‘holes’ between the TiOg4 polyhedra (Fig. 9). In
the ideal structure a ‘herringbone pattern’ is formed by
these strings. Observed and simulated contrast patterns
for the projection along [001] match each other nicely
(Fig. 7). However, on closer inspection of the HRTEM
image of the [001] projection deviations from the ideal
structure [model (I)] can be found.

Fig. 10(a) shows the magnification of an experimental
image (projection along [001]) containing 4 X 4 unit
cells. Deviations from the herringbone pattern are
obvious. While the X-ray crystal structure refinement
has given only an average picture of the disorder of the
Ti** over the available octahedral voids, this HRTEM
image shows the ‘real’ structure. In Fig. 10(b) a simu-

o3
)

Fig. 5. ORTEP (Johnson, 1965) plot of a section of a ‘chain’ of face-sharing TiOg octahedra. Ellipsoids are shown at the 85% probability level. Ti6,

Ti7 and Ti8 are shown as spheres with 0.5 A radii.
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lation (program EMS; Stadelmann, 1987) of this array of
4 x 4 = 16 unit cells is given, which matches the
experimental image completely. The simulations were
performed in the triclinic space group P1, keeping the
positions of P and O from the X-ray refinement fixed.
Just by distributing the Ti*" over the octahedral sites
according to the HRTEM image, coincidence between
the experimentally observed and simulated contrast
patterns could be obtained.

3. Discussion

The crystal structure of pentatitanium tetraoxide tetra-
kis(phosphate), TisO4(PO,)s, was solved and refined
from X-ray single-crystal data. The controversy
regarding the composition of the second anhydrous
titanium(IV) phosphate besides TiP,O; is settled. The
X-ray powder diffraction pattern reported some years
ago (Bamberger & Begun, 1987) for ‘(TiO),P,0;’ can be
indexed completely on the basis of a two-phase mixture
of TisO4(PO,), and TiP,0O;. There is no evidence for a
third titanium(IV) phosphate existing under equilibrium
conditions.

The close structural relationship of TisO4(POy), to
the B-Fe,O(PO,) structure type has been described in
detail (see Figs. 3 and 4). It can be rationalized in terms

(b)
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Table 6. Parameters for contrast simulations of
TisO4(PO,), with the program EMS (Stadelmann, 1987)

Acceleration voltage (kV) 300
Objective lens aperture (nm™") 10

Spherical aberation coefficient C; (mm) 1.2
Spread of focus (nm) 10

Chromatic aberation (mrad) 0.8
Crystal thickness along [001] (nm) 3.7
Crystal thickness along [101] (nm) 45

of group—subgroup considerations. The relationship may
be taken as a crystal-chemical explanation for the
observed cation disordering with a distribution of 20 Ti**
cations over 32 octahedral voids (eight fourfold sites)
per unit cell. However, the distribution is not completely
at random and a preference for Til-Ti5 sites of the ideal
structure [model (I)] is still observed from X-ray single-
crystal investigations and HRTEM studies.

Interatomic distances d(Ti—O) for TilOg to Ti4Og in
TisO4(PO,), are very similar to those observed for
TiOSO, (Gatehouse et al., 1993). The coordination of
TiS is comparable to that found for Ti** in the rutile
structure. Thus, the ideal structure shows a clear crystal-
chemical distinction between Til-Ti4 on one hand and
Ti5 on the other. While the latter shows fairly regular

(d)

Fig. 6. TisO,4(PO,),. Projection of the ideal structure [model (I)] along (a) [001] and (b) [100]. Projection of the structure including Ti6, Ti7 and Ti8
along (c¢) [001] and (d) [100]. Light grey: PO,; dark grey: TiO4 containing Til-Ti5; medium grey: TiO4 containing Ti6-Ti8. Plot produced with

ATOMS (Dowty, 1995).
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octahedral coordination with six similar d(Ti—O), the
former reside within strongly distorted TiOg octahedra.
These show the typical distance distribution for titanyl
groups with one d(Ti—0O) =~ 1.73 A, four at inter-
mediate distances and the sixth at d(Ti—O) > 2.15 A.
It has to be pointed out that the disorder model used
in our refinement [model (II)] is a rather simple one. It
does not, for example, allow for positional shifts of Ti5 if
the neighbouring positions Ti7 and/or Ti8 (cf. Fig. 5) are
occupied. The significantly enlarged displacement
ellipsoid of Ti5 along the ‘chain’ direction gives some
evidence for this shortcoming of the model. In a similar
way, one should expect for each of the eight Ti sites
occupied in the real structure by titanium a splitting into
three adjacent sites. Depending on the actual environ-
ment, Ti** could be sited (a) in an ‘isolated” TiOg octa-
hedron such as Ti5 in the ideal structure, (b) in the ‘left’
octahedron of a Ti,Og dimer such as Ti2 and Ti4 or (c) in
the ‘right’ octahedron of a Ti,Og dimer such as Til and
Ti3 (for ‘left’ and ‘right’ see Fig. 5). Naturally, the
disorder of Ti*" in the real structure also affects the
positions of the O atoms. Our structure refinement does

[100]

!

Fig. 7. HRTEM image of TisO4(PO,),. Projection along [001]. The inset
shows a simulation of the ideal structure [model (I)]. The unit cell is
indicated by white lines.

Fig. 8. HRTEM image of TisO4(PO,),. Projection along [101]. The inset
shows a simulation of the ideal structure [model (I)].

STRUCTURE OF Tis04(P0,)4

not account for this effect. This is probably the reason
for the rather high conventional residual R = 0.057. It
can be easily seen that allowing for all deviations from
the ideal atomic arrangement is far beyond the quality
and significance of our data set.

The real structure of [05TisO4(PO,), is revealed by
HRTEM investigations and accompanying model
calculations of the observed image contrast. Several
arrangements of the Ti'* deviating from the ideal
structure are observed. The resulting contrast variations
in the HRTEM images can be matched well in simula-
tion calculations by distributing Ti** over the eight sites
of the real structure (Fig. 10).

Despite the cation disordering in TisO4(PO,)4, our
investigations gave no evidence for a homogeneity range
of the compound, according to partial reduction (e.g.
substitution of three Ti*' cations and one vacancy by
four Ti** cations). Under slightly reducing conditions we
have always obtained a new discrete phase of approx-
imate composition Ti**TigtO,(PO,); (Reinauer et al.,
1994). Structural investigations of this compound, which
has unit-cell dimensions related to TisO4(POy),, are in
progress.

(@)

1

(b)

Fig. 9. Correlation of TiO4 octahedra of (a) the crystal structure [model
()] and (b) HRTEM image (projection along [001]) contrast
simulation for TisO4(PO,),. Unit cells in (a) and (b) are indicated by
black lines.
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[100]

—P [010]

Fig. 10. Array of 4 x 4 unit cells of Tis;O4(PO,), showing deviations
from the ideal distribution [model (I)] of Ti** over the octahedral
voids. (¢) HRTEM image (projection along [001]); (b) contrast
simulation using EMS (Stadelmann, 1987).
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