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The structures of two new forms of a titanium(ll1) phosphate NaTiP,O, have been determined. One of 
them, p-NaTiP~O, [a = 7.394(l) A, h = 7.936(3) A, c = 9.726(3) A, p = I Il.85(2)” P2t/cl, is isotypic 
with NaFeP20, which has been previously described. The other form, u-NaTiP?O, [a = 8.697(l) A, h = 
5.239(7) A, c = 13.293(3) A, p = 116.S4(1)“, /‘2,/c]. is found to be closely related to the structure of 
@-cristobalite and of camegieite and is described as a “pseudo-hexagonal” framework characterized 
by intersecting tunnels. 8 1988 Academic Press. Inc. 

Introduction Ti(III) could replace Mo(II1) in an interest- 
ing tunnel structure leading to the oxide 

The association of a transition element KMolTiP$izOzS (4). However, titanium 
with a covalent element such as phos- does not seem to be involved in numerous 
phorus or silicon in oxides is an interesting mixed frameworks in spite of the ability of 
direction of research which allows opened Ti06 octahedra to distort. For this reason 
structures to be realized. In addition to the the system Ti-Na-P-O was explored. The 
family of phosphate tungsten bronzes syn- present work deals with the crystal struc- 
thesized in Caen these last 10 years (I). ture of two isomeric diphosphates CY- and 
several systems involving molybdenum P-NaTiP20,. 
have also been explored which lead to the 
formation of mixed frameworks built up 
from corner-sharing Moo6 octahedra and Synthesis 

PO4 and/or SiO., tetrahedra (2-11). In the The preparations were performed in two 
latter systems molybdenum takes various steps. First, (NH&HPOb, TiOl, and Naz 
oxidation states, VI, V, IV, III. In this re- CO3 were mixed in an agate mortar in the 
spect titanium should be an interesting can- molecular ratio to obtain the stoichiometry 
didate owing to its two current oxidation NaT&.75PZ07 and heated at 675 K to decom- 
states IV, III. Moreover, this clement par- pose the sodium carbonate and the ammo- 
ticipates in the famous nasicon structure nium phosphate. The resulting mixture was 
Na,Ti2P30u, well known for its ion-ex- then added to the required amount of tita- 
change properties and for its ionic conduc- nium (0.25) and heated in evacuated silica 
tivity (12-14). Recently, it was shown that ampoules for a week at 1373 K. In the mix- 
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TABLE I 

ATOMIC AND THERMAL PARAMETERS OF cr-NaTiPzO, 

Atomic parameters0 

Atom x Y Z B (zi2) 

Ti 0.26328(9) 
Pl 0.1667(l) 
P2 0.6839(l) 
Na O&73(3) 
01 0.0180(4) 
02 0.5218(4) 
03 0.2531(4) 
04 0.2947(5) 
05 0.3067(4) 
06 0.2729(4) 
07 0.1610(4) 

0.2371(2) 
0.7550(3) 
0.2771(2) 
0.2704(5) 
0.257(l) 
0.2267(8) 
0.0114(7) 

-0.0954(7) 
O/4436(7) 
0.5395(6) 
0.7180(7) 

0.02956(6) 0.52(l) 
0.14509(8) 0.54(2) 
0.11568(9) O&O(2) 
0.3103(2) 1.58(5) 

-0.0581(2) l.OO(6) 
0.1304(3) 0.90(6) 
0.1533(3) 0.86(7) 

-0.0364(3) 1.09(8) 
-0.0878(3) 0.90(7) 

0.1335(3) 0.85(7) 
0.2634(3) 0.77(6) 

Thermal parametersb 

Name P Cl,11 P cw P (393) P (la P (173) P (23 

Ti 0.00225(7) 0.0048(2) 0.00092(3) 0.0001(3) 0.00139(7) -0.0004(2) 
Pl 0.0023(l) 0.0051(3) 0.00093(4) 0.0013(5) 0.0014(l) 0.0003(3) 
P2 0.0028(l) 0.0059(3) 0.00095(5) -0.0001(4) 0.0017(1) 0.0002(3) 
Na 0.0074(3) 0.0113(7) 0.0033(l) -0.002(l) 0.0054(3) -0.0011(7) 
01 0.0029(3) 0.012(l) 0.0015(2) 0.002(2) 0.0013(4) -0.002(l) 
02 0.0027(3) 0.01 l(1) 0.0015(2) 0.001(l) 0.0020(4) 0.0007(8) 
03 0.0052(4) 0.0064(9) 0.0014(2) -0.002(l) 0.0032(5) -0.001 l(7) 
04 0.0071(5) 0.009(l) 0.0015(2) 0.002(l) 0.0047(5) -0.0022(8) 
05 0.0053(5) 0.0057(9) 0.0017(2) -0.001(1) 0.0035(S) 0.0013(7) 
06 0.0046(4) 0.0051(9) 0.0017(2) 0.004(l) 0.0028(5) -0.0002(7) 
07 0.0030(3) 0.010(l) 0.0012(l) -0.000(l) 0.0025(4) 0.0008(7) 

0 Anisotropically refined atoms are given in the form of the isotropic equivalent displacement 
parameter defined as: (4) * [a* * p( 1,l) + b2 * p(2,2) + ~2 * p(3,3) + ab(cos 7) * p( 1,2) + UC(COS p) 
* ,B(1,3) + bc(cos a) * p(2,3)]. 

b The form of the anisotropic displacement parameter is: exp[-@(l,l) * h2 + p(2,2) * k* + 
p(3,3) * l2 + /3(1,2) * hk + /3(1,3) * hl + /?(2,3) * kl)]. 

ture two different forms of single crystals 
have been isolated. We called them respec- 
tively (Y and p forms. 

Determination of the Structure 

a-Na Tip207 

A blue 0.072 x 0.072 x 0.048-mm single 
crystal was chosen for the X-ray study. The 
Laue patterns showed monoclinic symme- 
try (2/m). The cell parameters determined 

by diffractometric techniques at 294 K with 
a least-squares refinement based on 25 re- 
flections are: a = 8.697(l), b = 5.2397(7), c 
= 13.293(3) A, p = 116.54(l)“, with 2 = 4 
formula units NaTiP207. The systematic ab- 
sences led to the P24c space group. Data 
were collected on a CAD4 Enraf-Nonius 
diffractometer with MO& radiation (A = 
0.71069 A) isolated with a graphite mono- 
chromator. The intensities were measured 
up to 8 = 45” with a w - $0 scan of (1.20 + 
0.35 tan 0)” and a counter slit aperture of 



STRUCTURES OF u-NaTiP,O, AND /3-NaTiP*Oi 

TABLE II 

A,I~MIC AND TH~KMAL PAKAM~.I~KS ut @NdTiP207 

Atomic parameters” 
-. - ~. .-. 

Atom x Y i R m 
~.-~. - 

Ti 0.26076(9) 0.00861(8) 0.24891(7) 0.391(9) 
PI 0.0719(l) 0.2547(I) 0.4556(l) 0.39(l) 
P2 -0.3269(l) 0.2127(l) 0.4547(l) 0.43(l) 
Na 0.2841(3) 0.4788(3) 0.2918(3) 1.91(5) 
01 0.5355(4) 0.0863(4) 0.3529(3) 0.75(5) 
02 0.3063(4) -0.2014(4) 0.3849(3) 0.78(5) 
03 0.1755(4) 0.1357(4) 0.3917(3) 0.94(5) 
04 -0.0130(4) -0.0838(4) 0.1343(3) 0.69(5) 
05 0.1854(4) 0.2159(4) 0.1192(3) 0.86(5) 
06 0.3685(4) -0.1084(4) 0.1024(3) 0.72(5) 
07 -0.1249(4) 0.1566(4) 0.4405(3) 0.69(5) 

Thermal parameters” 
.- ~. 

Name p (1.1) B (2.2) P (3.3) p (1.2) s (1.3) - P (2.3) 

Ti 0.00220(8) 0.00199(7) 0.00086(4) -0.0000(2) 0.00125(9) -0.oooo(1) 
PI 0.0022(I) 0.0018(l) 0.00098(7) O.OOOl(2) 0.0013(2) -0.0002(2) 
P2 0.0022(l) 0.0022(l) O.o0098(7) -0.0005(2) 0.0012(2) 0.0002(2) 
Na 0.008q4) 0.0101(4) 0.0062(2) 0.0016(6) 0.0087(5) 0.0065(5) 
01 0.0032(4) 0.0035(4) 0.0021(3) -0.0021(6) 0.001 l(5) -0.0024(5) 
02 0.0057(5) 0.0034(4) 0.0013(2) -0.0002(7) 0.0022(5) 0.0007(S) 
03 0.0055(5) 0.0044(4) 0X1026(3) 0.0028(7) 0.0045(6) -0.0009(5) 
04 0.003q4) 0.0029(4) 0.0021(2) -0.0008(6) 0.0019(5) -0.0018(5) 
05 0.0053(S) 0.0034(4) 0.0016(2) -0.0@04(7) 0.ooo7(5) 0.001 l(5) 
06 0.0039(4) 0.0032(4) 0.0020(3) -0.0018(6) 0.0024(5) -0.0028(5) 
07 0.0027(4) 0.0027(4) 0.0029(3) 0.0007(6) 0.0029(6) 0.0003(S) 

” Anisotropically refined atoms are given in the form of the isotropic equivalent displacement 
parameter defined as: (3) * [uz * p( I. I) + h? * P(2.2) + c* * P(3.3) t ub(cos y) * /3(1,2) + uc(cos p, 
* p(l,3) + hc(cos 0) * fi(2,3)]. 

b The form of the anisotropic displacement parameter is: expl -(fi( I. I ) * h? t /j(2,2) * k? + 
p(3.3) * I* + p(l.2) * hk + p(l.3) * hl + p(2.3) * k/J]. 
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(1.20 + tan 0) mm, all determined after a 
study of some reflections in the w - 8 plan. 
A periodic control of three reflections vcri- 
fied the stability of the sample. The 1085 
reflections with I 1 3~r(I) were corrected 
for Lorentz and polarization effect; no ab- 
sorption corrections were performed. 

The atomic coordinates were determined 
by the heavy atom method. Scattering 
factors for Ti, P. Na. and 0 and their 
anomalous dispersion were taken from the 

“International Tables for X-Ray Crystal- 
lography” (15). Refinement of the atomic 
coordinates and their anisotropic thermal 
motionledto R - 0.034.R, - 0.038. and to 
the atomic parameters of Table 1. 

p- Na Tip207 

A blue 0. I20 x 0.0!96 x 0.048-mm single 
crystal was chosen. The Laue patterns 
showed monoclinic symmetry (2/m). The 
cell parameters determined as above arc 
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FIG. 1. Projection of the structure of a-NaTiP*O, 
along a. 

a = 7.394(l), b = 7.936(3), c = 9.726(3) ii, 
p = 111.85(2)“, with Z = 4 formula units 
NaTiP207. The systematic absences led to 
the P2i/c space group. The data collection 
was performed as above but with a w - $0 
scan of (1.09 + 0.35 tan 6)” and a counter 
slit aperture of (1 + tan 6) mm. Refinement 
of the atomic coordinates and their aniso- 
tropic thermal motion with 1756 reflections 
with Z 2 3a(Z), led to R = 0.044 and R, = 
0.054, and to the atomic parameters of Ta- 
ble II. 

Description of Structures and Discussion 

Both structures are built up of TiOd octa- 
hedra sharing their corners with diphos- 
phate PzO7 groups (Figs. 1 and 2), forming 
an alternated stacking of octahedral layers 
and phosphate layers parallel to (001). 

In both phosphates, the PO4 tetrahedra 
present the usual features observed in sev- 
eral diphosphate compounds: one observes 
one long P-O distance corresponding to the 
bridging oxygen of the PzO~ group and three 
shorter P-O bonds corresponding to the 
oxygen atoms which are shared with the 
Ti06 octahedron (Tables III and IV). The 
configuration of the P207 group is different 
in the two structures: it is almost eclipsed in 
/3-NaTiP207, whereas it is really staggered 
in a-NaTiPzOT. The Ti06 octahedron is 

TABLE III 

DISTANCES (A) AND ANGLES (“) IN THE PO1 
TETRAHEDRA OF wNaTiP207 

Pl 01’ 03” 06 07 

01’ 1.503(3) 2.545(5) 2.504(5) 2.467(4) 
03c 114.7(2) 1.519(4) 2.501(5) 2.488(6) 
06 112.4(2) 111.3(2) 1.510(4) 2.510(6) 
07 105.0(2) 105.5(Z) 107.3(2) I .606(4) 

P2 02 04iii 05” 07’ 

02 1.531(4) 2.522(6) 2.507(6) 2.479(4) 
04iii 113.1(2) 1.492(5) 2.525(S) 2.465(5) 
05” 1 lOS(2) 113.9(2) 1.521(4) 2.534(5) 
07’ 104.5(2) 105.7(2) 108.5(2) 1.600(3) 

Nore. See Table VIII for symmetry code. 

slightly distorted in both oxides, with a 
greater distortion in the (Y form than in the /3 
one (Tables V and VI). The sums of the 
bond strengths calculated with Zacha- 
riasen’s curve (16) lead to titanium valen- 
ties of 3.19 and 3.09 for Q- and P-NaTiP207, 
respectively. These calculations are quite 
in agreement with the oxidation state III of 
titanium in this oxide. In those oxides the 
sodium ions are located in cages, with Na- 
0 distances ranging from 2.42 to 3.09 (Ta- 
ble VII and VIII). 

FIG. 2. Projection of the structure of P-NaTiP20, 
along b. 
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TABLE IV 

DISTANCES(.&) ANDANGLES (")IN THE PO4 
TETRAHEDRAOF p-NaTiP*O, 

Pl 03 04” 05” 07 

03 I .490(4) 2.498(4) 2.484(4) 2.444(5) 
04” 112.1(2) 1.521(3) 2.542(4) 2.523(4) 
05” 115.5(2) 113.7(2) 1.516(3) 2.518(3) 
07 104.1(2) 107.4(l) 107.4(2) 1.609(3) 

P2 01X’ 02x” 06xiii 07 

01”’ 1.508(3) 2.547(4) 2.517(4) 2.392(4) 
02xit 114.9(2) 1.513(3) 2.498(4) 2.551(5) 
06xili 112.8(l) 111.3(2) 1.514(3) 2.518(4) 
07 100.4(2) 109.3(2) 107.2(2) 1.613(3) 

N&e. See Table VIII for symmetry code. 

Although they are built from the same 
units and they have the same composition 
the two forms are very different and do not 
exhibit very close relationships. The P . . . 
P bonds of each P207 group are indeed per- 
pendicular to the (001) octahedral or tetra- 
hedral layers in the (Y form (Fig. 1), whereas 
they are parallel to this plane in the p form 
(Fig. 2). This difference comes from the 
fact that a diphosphate group shares two 
corners with the same octahedron in p- 
NaTiPZO, forming [TiP2011] units (Fig. 3), 
whereas a P207 group shares only one cor- 
ner with the same octahedron in the (Y form. 

It results that an octahedron is linked to 
five P207 groups in the /I form, against six 
Pz07 groups in the (Y form. The structure of 

TABLE V 

DISTANCES& AND ANGLES (")IN THE TiO, 
OCTAHEDRON OF a-NaTiP*O, 

Ti OI 02 03 04 05 06 

01 1.923(3) 3.%1(4) 2.932(4) 2.945(6) 2.881(6) 2.922(S) 
02 176.5(2) 2.039(3) 2.731(6) 2.783(T) 2.890(4) 2.730(5) 
03 94.8(2) 83.6(2) 2.059(4) 2.760(6) 4.116(6) 2.792(5) 

04 %.5(2) 86.5(2) 85.1(2) 2.023(4) 2.918(S) 4.072(6) 
05 92.4(2) 89.4(2) 172.2(2) 91.0(2) 2.067(4) 3.124(6) 
06 93.7(2) 83.0(2) 84.9(2) l66.2(1) 97.8(2) 2.079(4) 

TABLE VI 

DISTANCES&AND ANGLES (7 IN THE Ti06 
OCTAHEDRONOF P-NaTiP20T 

Ti 01 02 03 04 05 06 

01 2.ooo(3) 2.928(4) 2.851(S) 4.047(3) 2.923(3) 2.758(4) 

02 91.8(l) 2.076(3) 2.854(4) 2.WX3) 4.089(4) 3.00x4) 

03 91.0(l) 88.9(l) 1.998(4) 2.941(4) 2.752(5) 4.085(S) 

04 175.7(l) 87.3(l) 93.2(l) 2.049(3) 2.827(4) 2.957(4) 

05 93.3(l) 173.2(l) 86.4(l) 88.0(l) 2.021(3) 2.941(4) 

06 84.7(i) 93.7(l) 175.0(l) 91.2(l) 91.3(l) 2.091(3) 

/3-NaTiP207 is very similar to those de- 
scribed for NaFePzOT (17) and NaMoPzOT 
(9). The frameworks are approximately the 
same, except that the TiOs octahedra seem 
to be slightly more distorted than the Moo6 
and Fe06 octahedra. Thus this structure, 
which is also related to the KMoP207 (21) 
structure, will not be described further 
here. 

To the contrary, a-NaTiP207 presents an 
original and very simple framework. This 
host lattice is in fact closely related to the 
tetrahedral frameworks of p-cristobalite 
(18, 22) and of carnegieite NaAlSi04 (19). 
The projection of a double layer of octahe- 
dra and diphosphate groups onto the (001) 
plane (Fig. 4a) shows the pseudo-hexagonal 
character of this structure similar to that 
observed for the projection onto the (111) 
plane of the pure tetrahedral structure of /3- 
cristobalite (Fig. 4b). This pseudo-hexago- 
nal character is also shown by the fact that 
the view of the structure of a-NaTiPzOT is 
very similar along the three directions 
[OIOI, [llO], and [ilO]. The pseudo-hexago- 
nal character results from the fact that the 

@ 

: :. ::, 

:.,: .,.. ;’ .I 

. . . .,.:. . . 1, 

j .:. ;. 

; 

FIG. 3. TiPzOll units in P-NaTiP20,. 
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TABLE VII 

DISTANCES@) Na-0 IN 
THE NaOg POLYHEDRON 

OF cY-NaTiPzO, 

Na-02 = 2.752(5) 
-02” = 2.936(5) 
-02’” = 2.494(5) 
-03 = 2.429(4) 
-03’ = 2.737(5) 
-04’ = 2.921(4) 
-05’“’ = 2.463(5) 
-06 = 2.574(4) 
-06” = 2.514(4) 

Note. See Table VIII for 
symmetry code. 

P-O-P angle is less than 180” in diphos- 
phate groups whereas the S-0-S equals 
180”. One indeed observed hexagonal tun- 
nels running along these three directions 
and which are formed of hexagonal rings 
built up of two diphosphate groups and two 
Ti06 octahedra (Fig. 5a). In the same way 
P-cristobalite and carnegieite exhibit a 
structure with intersecting hexagonal tun- 
nels as shown, for instance, from the [liOl 
direction of p-cristobalite (Fig. 5b). Thus /3- 
cristoballite can be described as built of 
identical [Si20& layers of tetrahedra joined 
together by corner sharing. In a-NaTiPzOT, 

TABLE VIII 
DISTANCES& Na08 

POLYHEDRONOF 
P-NaTiPZO, 

Na-01” = 2.426(4) 
-02” = 2.680(4) 
-03 = 3.096(4) 
-04” = 2.420(4) 
-05 = 2.606(4) 
-06’ = 2.484(3) 
-06” = 3.028(4) 
-07’X = 2.550(3) 

Note: Symmetry code: i, 
--x9 1 - Y, -z; ii, x, 1 + y, 
z; iii, 1 -x, -y, -z; iv, 1 - 
x, 1 -y> -z; v, I - x, f + 
y, 4 - z; vi, 1 - x, y - f, f 
-z;vii,l-x,1-y,l-z; 
viii, x, f -y, z - 1; ix, -x, .$ 
+ y, t - z; x, x, 4 - y, 4 + 
z; xi, 1 - x, y, z; xii, -x, 
-y. 1 - z; xiii, -x, y - t,1 
- z. 

the rings which form the hexagonal tunnels 
are formed of [P20& infinite layers (Figs. 
5a and 1) parallel to (OOl), similar to the 
[SizO& infinite layers parallel to (Ill) 
shown in Fig. 5b for /kristobalite. The 
a-NaTiP20;I structure is related to that of /3- 
cristobalite in the following way. Every 

FIG. 4. (a) Projection of a double layer of Ti06 a 
the p-cristoballite structure onto (111). 

md P,O, onto (001) in a-NaTiP207. (b) Projection of 
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FIG. 5. (a) Projection of the structure of cu-NaTiPzO, along [ilO]. (b) Projection of the P-cristoballite 
structure along [iio]. 

other layer of tetrahedra in p-cristobalite is 
replaced by a layer of [Ti03Jm octahedra. 

The resulting host structure can then be 
described as a stacking of [P20& layers of 
tetrahedra of cristobalite type and [TiO& 
layers of octahedra. It must be pointed out 
that such a description shows that there is a 
bidimensional accord between the (001) 
plane of cx-NaTiP207 and the (111) plane of 
p-cristobalite so that intergrowths between 
both structures similar to those observed 
between AJb4g021 and BaRNb&&Ox, should 
be possible (20). 
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