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The sodium titanium phosphate NasTi(PO,), crystallizes in the trigonal space group R32 (g = 9.0607(2)
A c =217 A, vV = 15453 A%, d, = 2.84(2), 4, = 289 Mg-m~?, Z = 6). R = 0.022 and
R, = 0.023 for 831 reflections. The structure belongs to the Nasicon-type family and is characterized
by a 2-2 titanium-~sodium ordering along the ¢ axis. The four crystallographically independent sodium
atomns show coordination numbers 6 and 8. The cell parameters and the cationic distribution are

consistent with the rules governing the structural evolution of such types of material

Press, Inc.

The recent development of all-optical
communication systems makes new optical
devices necessary. In this context transpar-
ent glasses with large nonlinearities are
promising materials (7). The choice of com-
position is dictated by the possibility of an
increase of the nonlinear coefficient index
n,, which is induced by the presence of
highly hyperpolarizable entities. From the
recent analysis of the nonlinear index in
crystals by Adair er al. (2), the most signifi-
cant result is the high value of n, for titanium
oxides containing TiO, octahedral group.
Within this scope we have recently de-
scribed the conditions of glass formation in
the Na,0-TiO,~P,0; system (3). The inves-
tigation of the recrystallization process of
these glasses had led to the identification of
anew Nasicon type phosphate Na,;Ti(PQ,); .
The single crystal structure determination
of this phosphate is reported here.

Experimental

The crystalline form of Nas;Ti(PQ,); can
be prepared by calcination of a mixture of
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Na,C0O,, Ti0O,, and (NH,),HPO, in stoichio-
metric proportion. The reaction

5Na,CO, + 2Ti0, + 6(NH,),HPO, —
A

2Na,Ti(PO,); + 12 NH,
2 2

+ 9H,0 + 5CO,

is completely achieved after two thermal
treatments of 15 hr at 300 and 500°C and a
final treatment of 24 hr at 750°C.

Single crystals were grown by slow cool-
ing (5°C/hr) between 850°C and room tem-
perature of the previous mixture initially
heated to 600°C for 15 hr.

The obtained crystals are transparent,
colorless, and enclosed in right parallelepi-
peds limited by the {110}, {110}, and {001}
faces.

Preliminary oscillation and Weissenberg
photographs show the crystal to be trigonal.
The unit cell parameters (Table 1) were re-
fined by the Rietveld method using the fol-
lowing experimental conditions: Cuk,, radi-
ation; 26 range and step (): 5-110, 0.02; 280
reflections; pseudo-Voigt profile function
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TABLE I

CRYSTALLOGRAPHIC AND EXPERIMENTAL DATA

1. Crystal data

Space group R32

a(A) 9.0607 (2)
c(A) 21.734 ()
WAy 1545.3 (1) A?
z 6

D, (g cm™ 2.84 (2)

D, (grem™%) 2.89

wiMoK, ¥em™'} 15.5

F(000) 1308

2. Intensity measurement
T 298 () K
Crystal size (mm) 0.230 x 0.150 x 0.100
Automatic diffractometer Enral-Nonius CAD4

Radiation (A) MoK, A = 0.7107
Monochromator graphite
Scan mode @

Scan width ()
Counter slit with {(mm)

1.O0 + 0.35 tan @
2.50 + 3.00 tan #

Recording angular range (0°) P < 35°
Miller indices ranges —ld4=h= +14
—4=k=+14
-3 =1=s +34
Recorded intensities (in 9063
R lattice)
Number of unique reflections 831
with I > 3a(D)
R{int} 0.013
3. Refinement results
Number of parameters 68
Secondary extinction 1674y, 0 -*
parameter
s 2.78
Residual electronic density —-0.48 to +0.65
range (¢ A™Y) (maximum near Ti atoms)
Final R value 0.022
Final R, value (w = l/o?) 0.023

(n = 0.42 (1)) background correction with
a polynominal function (degree 5 in 28); 48
parameters refined, R, = 0.089, R,, =
0.122, Ry = 0.064.

Systematic absences —h + k + [ # 3n
for (hkl) and observed equivalent intensities
are compatible with rhomboedral lattice
mode and 3 m1 Laiie group. Data collection,
with —h + k + 1 = 3nrule, was done with
an Enraf-Nonius CAD-4 diffractometer
(Table 1). Corrections were made for
Lorentz-polarization effects and for absorp-
tion based on azimuthal scans of 10 reflec-
tions spanning the 8 range (AT/ Ty, = 0.04.
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Observation of a positive nonlinear opti-
cal test of second harmonic generation
(SHG = (1.064/0.523)m), which is about
80% that of the K.D.P., indicates a non-
centrosymmetric space group: R3m or R32.
The R32 group is selected as a subgroup of
the R3¢ Nasicon reference group. Atomic
scattering factors for Na*, Ti**, P°*, and
O~ and anomalous dispersion correction are
found from the International Tables for
X-Ray Crystallography (4),

Structure Determination

The structure is solved by heavy-atom
methods with the SHELX 76 program (5).
Transposition of the Nasicon model in the
R32 space group lead to a very high refine-
ment factor R = 0.47,

Successive difference Fourier synthesis
indicate important displacement for PO, tet-
rahedral groups and for sodium sites. Re-
finements including the isotropic thermal
parameter lead to R = 0.07.

The following notation has been used for
sodium atoms:

—Nal(0) for sodium located in octahedral
sites alternatively with titanium along the
threefold axis with a 2-2 ordering,

—Na(1} for sodium located in the sites of
the Nasicon model usually labelled M|,

—Na(2) and Na(3) for sodium found in
the sites usually labelled M, respectively
associated with [Ti,(PO,);] and [Na(0),
(PO,),] entities.

Refinement with individual anisotropic
thermal parameter show a strong anisotropy
for Na(3) with a greater displacement along
the ¢ axis: Us, = 73 = 0.115 A,

The residual electronic density around
this site can also be interpreted, assuming a
partial statistical delocalization of the Na(3)
atoms out of the binary axis at the 9 site.
Arefinement calculated with this hypothesis
leaves 53% Na atoms (Na(31)) in the initial
site but 479 (Na(32)) are statistically distrib-
uted over the 18f'site, i.e., with a Az transla-
tion from the former center (Table II). This
result is obtained with a relevant value of
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TABLE 11l
FRACTIONAL ATOMIC COORDINATES AND THERMAL PARAMETERS
Occupancy B, (A%
Atom Position rate x ¥ F4 or Bi,*
Na(0) 6c 6 3 § 0.0683(1) 1.39(4)
Ti 6¢ 6 0 0 0.09952(3) 0.53(2)
P(1) 9d 9 0.720001) 0 0 0.61(3)
P(2) e 9 0,3285(1) 0 b 0.69(3)
o1 18f 18 0,4493(2) 0.2925(2) 0.0134(1) 1.19(7)
o1 18f 18 0.1548(2) 0.1945(2) 0.0549(1) 1.91(8)
oen 18f 18 0,5474(2) 0.6215(2) 0.1113(1) 1.83(8)
0(22) 18f 18 0.1815(2) 0.0271(2) 0.1555(1) L.33(7)
Na(l) 6¢ 6 0 0 (.2505(1) 1.61(4)
Na(2) 9d 9 0.3875(2) 0 0 1.45(5)
Na(31) 9¢ 4.8(1) 0.6788(4) 0 3 1.51(5)*
Na(32) 18f 4.2(1) 0.6789(7) 0.0021(6) 0.5202(4)} '

the usual isotropic thermal parameter (1.5
A?) and is compatible with the M, site envi-
ronment. Final refinements done in this con-
text with the introduction of anisotropic
thermal parameters for all the other atoms,
of a weighting scheme w = /o *(F}), and of
an empirical isotropic secondary extinction
correction x [F, = F(1 — 107* X F?/sin 6)]
leadsto R = 0.022and R, = 0.023 (Table I).

The final atomic parameters are given in
Table I1 and selected bond lengths are listed
in Table II1.

Description of the Structure

Na,Ti(PQ,), belongs to the Nasicon-type
family, The 3D framework is made up of
PO, tetrahedra sharing corners with TiO,
and NaQOg octahedra. Actually a 2-2 ordered
distribution of titanium and sodium occurs
along the ¢ axis giving rise to two different
units [Ti,(PO,);] and [Na(0),(PO,},] (Fig. 1}.
Each phosphate group is connected with
both Na(0)Og and TiOg octahedra. As ex-
pected, in the P-O-Ti connection the P-O
bond is longer (P(1)-0(12) = P(2)-0(22) =
1.560 A) than in the P-O-Na(OQ) one
(P(D=0O(11) = 1.509 A; P(2)-0(21) = 1.505
;\). Thus the PO, group is more distorted
than in NaTiy(PO,);, where the P-O dis-

tances are respectively 1.519 and [.501 A
(6). Within these units the Ti-Ti distance,
4.325A, is larger than the Na(0)-Na(0) dis-
tance of 4.20 A.

This [Na(O)TiP,0,]* framework en-
closes two different kinds of site for the re-
maining sodium atoms:

(i) the first type, M, , is a strongly distorted
antiprism elongated along the ¢ axis and
sharing common faces with one Ti0O; and
one Na(0)OQ, octahedron. In this cluster
(Fig. 2), the cations are located in off-center
positions {in the direction indicated by the
arrows) in order to reduce their mutual elec-
trostatic repulsion. Consequently, in each
of these polyhedra, two types of cation-
oxygen distances are observed:

(1) in the sodium-oxygen octahedron,
Na(0)-0(21) = 2.366 A < Na(0)-0(11) =
2.536 A;

(2) in the M, site, Na(I)-O(11) = 2.358
A < Na(1)-0(22) = 2.575 A (in NaTi,(PO,),
the corresponding Na-O distance is 2,472
A (6));

(3) in the TiOQ; octahedron Ti-0(12) =
1.881 A < Ti-0(22) = 1.960 A (the corre-
sponding distances are 1.912 and 1.983 A
in NaTi,(PO,),).

(ii) The second type M,, where Na(2) and
Na(3) are found, are irregular eight-coordi-
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TABLE I1I

SELECTED Bonp LENGTHS AND ANGLES OF NasTi(PO,);

Na(0)O; octahedron

Na(0) o0 O(11) O(11it) oizn 0R1M 021%)
0(11Y 2.538(2) 3,140 3.140 3.393 4.820 3.365
O(117% 76.5(1) 2.538(2) 3.140 4.820 3.365 3.393
O(11') 76.4(1) 76.5(1) 2.538(2) 3.365 3.393 4.820
0(21) B7.5(h) 158.8(1) 86.6(1) 2.366(2) 3.764 3.764
021"} 158.9(1) 86.6(1) 87.5(1) 105.4() 2.365(2) 3764
0214 86.6(1) 87.5(1) 158.9(1} 105.4(1) 105.4(1) 2.366(2)
Ti(}, octahedron
Ti 0012) 0r12+h 01217y 0(22) 022+ 022+
0(12) 1.882(2) 2.794 2.794 2740 2.651 3.833
oz 95.9(1) 1.882(1) 2.794 3.833 2.740 2.652
o312 95.9(1) 95.9(1) 1.882(2) 2.652 3.833 2.740
O{22) 91.0(1} 172.2(1) 87.3(1) 1.960(2) 2.661 2.661
0{22v) 87.3(1) 91.0(1) 17240 85.5(1) 1.960(2) 2.661
022+ 172.2(1y 87.3(1) 91.0(1) 85.5(1) 85.5(1) 1.960(2)
Na{D)O, octahedron
Na(l) O(11viy O{11%) {11 0(22) 022+ 0(22+%)
O{11¥7 2.359(2) 3.140 3.140 3.778 4.156 4.870
(11 83.5(1) 2.359(2) 3.140 4,156 4.870 3.778
o119 83.5(1) 83.5(1) 2.359(2) 4.870 3.778 4.156
0(22) P9.HD) 114.8(1) 161.7(1) 2.574(2) 2.661 2.661
0(22") 114.8(1) 161.7(1} 99.9(1) 62.3¢1) 2.574(2} 2.661
022°% 161.7(1) 99.9(1) 114.8(1) 62.3(1) 62.3(1) 2.574(2)
P(1)O, tetrahedron
P(1) 0117 O{1 1) 0125 Q124
O(11%) 1.509(2) 2.529 2.521 2,492
o1 1) 13.8(1) 1.509%2) 2.492 2.521
012+ F10.4(1) 108.6(1) 1.560(2) 2.466
O(12i0) 108.6(1) 110.4(1) 104.5(1) 1.560(2}
P(2)0, tetrahedron
P2) 02144 O(21*1y 0225 0(22)
021 1.505(2) 2.509 2.463 2,566
02141 F12.9(1) 1.505(2) 2.566 2.463
00225 106.9(1) 13.7(1) 1.560(2) 2432
0(22%) 113.7(1) 106.9(1) 102.4(1) 1.560(2)

Na(2)O, polyhedron
Na(2)-0(i1) :2.437(2) x 2
—O(119:2.528(2) x 2
-0(12) :2.984(2) x 2
—0021W):2.501(2) x 2

Na(31)Oy polyhedron
Na(31)-0¢22*%): 2.511(2) x 2
~0(221) : 2, B40(2) X 2
021" :2.572(2) x 2
—O¢12%%) 1 2,85%2) x 2

Na(32)04 polyhedron
Na(32)-0(22%%) : 2.576(2)
-0(22") :2.507(2)
—O(22%) : 2.895(2)
—O22); 2.8532)
—O21%) :2.3942)
—O(215%) : 2.81%(2)
—O(2%) :2.505(2)

Note. Symmetry code: (1))xz(1l)x7yy+lz(m)x+lx+y2(1v)y+1x-y+lz(v)x+y.r+1z,
iy ¥, x — vy z; (vi) T+yx, z; (vii) x+&HEx+y+4z + L (x) ¥y - 3 xr - + &
(x)x—y—&y+&z+§(m)y+1x—yz,(xn)x—y+5y+§,z+§(xnll):—ﬁy—§z+§(xlv)x+y+§x+
Lzt by +h o —hZ+hGvitbe +Ey+dz+ hQwvilde -y + 4y -4z +4

ol
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TiO6

PO4

l'vha(t))o6

Na(D)DE

F1G. 1. A perspective view of the Na(0)TiP,0;,
framework illustrating the 2-2 titanium—sodium (0)
ordering.

nated sites with a wide distribution of the
sodium—-oxygen distances (Fig. 3). Na(2)
has six oxygen neighbors at about 2.50 A,
whereas the two other oxygens are 2.984 A
distant. In the site of Na(3) (Na(31} or

I

=

FiG. 2. Environment of the M, site in NasTi(PO,);.
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@ Na(31)

F1G. 3. Oxygenated environment of the Na{31) atom.

Na(32)) the catiohs have fﬁour oxygen neigh-
bors also at about 2.50 DA and the four re-
maining anions at 2.85 A.

Discussion

These structural results can be ana-
lyzed in the context of the evolution of the

alA) clh) wiAY
Y
e
11550
9.20| a 421.80
{Na,Zr)
{1450
9.00 (Na,Th) 121.89
11350
8.80 [ *(Mg.,Cr) _21.40l
S . N
0.70 0.80 0.90 r{A}

FiG. 4. Evolution of the crystallographic parameters
of various Nasicon-type phosphates for which the mean
charge of the cation in the octahedral site is 2.5. lonic
radii are given by (8) MgCr = Na,MgCr(PO,), (7),
NaTi = NasTi(PQ,); (this work), NaZr = NasZr
(PO,); (9).
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Nasicon-type phosphate. Assuming the cat-
ionic distribution found in Na;Ti(PO,),, the
structural formula can be written as Na,(M,)
Na(M,)A,(PO,);, where A represents the
cations in octahedral sites.

The rule governing the cell parameters of
such materials has been already estab-
lished (7):

(i) the a parameter is directly correlated -

with the size of the A"* cations, here Na(0)~*
and Ti**, and with the proportion of sodium
in M, position;

(ii) the ¢ parameter also increases with
the strength of the Na* (M) — A" electro-
static repulsion.

Figure 4 compares some structural data
for Nasicon-type phosphates for which the
mean charge of the A cations is 2.5. The
linear variations of these parameters versus
the mean A cation radius are consistent
with the atomic distribution found for
NaSTi(P04)3 .

The sodium-titanium ordering has two
consequences:

KRIMI ET AL.

—a marked distortion of the PO, group;

—the displacement of the sodium Na(l)
from the center of the M, site, which can
explain the relatively high value of the
SHG signal.
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