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Single crystals of Ba,Nb,G;F); were grown by hydrothermal synthesis. The structure is determined
from X-ray diffraction data:space group C2/c, Z = 12, a = 22.672(2) A b= 13.075(1) A ¢ =
14.996(1) A and # = 114.234(5)° (R = 0.0227 and R, = 0.0282 for 6886 independent reflections and
288 parameters). The network is built up from separated [NbyO,F;,J8~ blocks of four cis-oxygen linked
distorted octahedra (2 x NbO,F, and 2 x NbO;F;) and from isolated NbOF pentagonal bipyramids.

All these entities are three-dimensionally connected by classically coordinated Ba’* ions.

Academic Press. Inc.

Introduction

Hydrothermal synthesis is a powerful tool
to produce single crystals of oxyfluorides as
shown in the case of the BaF,-TiO,-HF
system (/, 2). We report here the prepara-
tion of Ba,Nb,0,F,, and its structure deter-
mination from single crystal X-ray diffrac-
tion data.

Preparation

Single crystals were prepared by hydro-
thermal synthesis (/) from BaF, and NbO,F.
Typical conditions of preparation are gath-
ered in Table 1. Small colorless platelets are
filtered off and air-dried.

Determination of the Structure

A small single crystal was chosen for the
data collection (platelet with boundary
faces = (100), (102), (010), (263}, (122)).

Table II gathers the operating conditions
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of the data collection. The lattice parame-
ters—a = 22.6742) A, b = 13.075(1) A,
¢ = 14.996(1) A and B = 114.234(5)°—were
refined by the double scan technique from
the positions of 32 reflections near 30° (28).
The intensity data show the systematic ab-
sences characteristic of C2/¢ or Cc space
groups (hkl:h + k = 2n + L|; A0 11 =
2n + 1). All the calculations were performed
with the SHELX 76 program (3). Atomic
scattering factors for ions, including Af" and
Af" values are taken from “International
Tables for X-Ray Crystallography” (4). The
heavy Ba and Nb cations were located in
the space group C2/c by using the Patterson
function. All the anions were found on sub-
sequent Fourier difference maps. Asin BaTi
OF, (/) and Ba,TiOF, (2), it was impossible
to distinguish between O°~ and F~ by
X-ray diffraction. The bond valence method
(5) made it possible to clear up this question
and showed O?~ unambiguously sites in Ta-
ble I11. Atomic coordinates and anisotropic
thermal parameters were then refined, lead-

0022-4596/93 $5.00
Copyright © 1993 by Academic Press, Inc.
All nghts of reproduction in any form reserved.



132 CROSNIER-LOPEZ AND FOURQUET

TABLE I

Ba,Nb,O;F;: OPERATING CONDITIONS
oF CRYsTal. GROWTH

ing to the final values of R and R,,:0.0227
and 0.0282 respectively. In these condi-
tions, the final Fourier difference map was
featureless.

g{l’ll;';a?g platinum tube ggg em’ Table IV a-b presents the atomic coordi-

H,0, volume 1.8 em?’ nates and thermal parameters (structure fac-

Ba/Nb molar ratio 11 tors will be sent upon request) and Table

BaF, mass 1.947 g V shows selected interatomic distances and

NbO,F mass 1.598 g angles. Calculations in the noncentric Cc

Piit (RT) 1000 bars space group did not improve the results.

Heating rate 200°/hr

Temp. max. (Tp) 590°C

Stay at T; 50 hr Description of the Structure

;ﬁ;?ui;lﬁooling rate 2010 bars As shown in Fig. I, it can be seen as
a stacking of two types of cationic planes

TABLE Il

Ba,Nb,O;F,,: OPERATING CONDITIONS OF THE INTENSITY DaTa COLLECTION
(SIEMENS AED 2 Four-CIRCLE DIFFRACTOMETER)

Symmetry
Space group
a (A)
b (A)
c (A)
B
V (AY)
Z
Formula weight {g/mol}
Dcal: (g;’cm3)
Temperature
Radiation
Crystal volume (1072 mm?)
Scanning mode
Aperture (mm}
Range registered:
Bman (O)
Itk Loy
Absorption coefficient
Absorption correction
Transmission factors:
Tmax! Tmin
Rinl
Reflections measured:
total
independent
psed in refinement (f > 3o (1))
Number of refined parameters
Weighting scheme
Secondary extinction coefficient
Electron density in final Fourier difference map:
maximum, minimum {e~/A%
RR,

Monoclinic
C2/c
22.672(2)
13.075 (1)
14.996 (1)
114.234 (5)
4053.6

12

101115
4.96

20°C
MoK, {(graphite monochromatized)
1.44

w/29

3.5 x3.5

a5

34, 20, 24

p = 133.0cm™’
Gaussian method

0.4777, 0.1286
0.0185

9815 (648 standards)

8507

6886

288

w = LO0(oXF) + 2.191073FY
0.00004 (1)

3.1, 2.1
0.0227, 0.0282




TABLE 111
Ba,Nb,O;F3: CALCULATED VALENCES V FOR THE OXIDE SITES (V; = v, WITH vy = exp [{(Ry-d})/b])*

Vy-Ba Vb Vo= 2wy
Site X =0 X =F" X =0 X =F" X =0" X =F"
o]l Ba6 0.33 0.25 Nb2 1.75 1.57 2.08 1.82
02 Ba6 017 0.13 Nbl 0.82 0.73 2,08 1.84
Nb3 1.09 0.98
03 Ba3 0.20 0.15 Nbl 1.61 1.44 1.90 1.67
Ba$ 0.09 0.08
04 Bal 0.04 0.03 Nb3 1.55 1.38 1.97 1.70
Ba2 0.26 0.20
Bab 0.12 0.09
03 2 % Nbl 2 x 1.04 2 % 0.93 2,08 1.86

“# = 0.37 and R; for oxygen and fuorine, respectively, are 2.29 and 2.19 for Ba’"and 1.911 and 1.87 for
Nb¥* (5).

TABLE [Va
Bay,Nb:O;F 3t FRACTIONAL ATOMIC COORDINATES AND THERMAL PARAMETERS

x ¥ z ch[ﬁul]
Bal 0.4155(1) 0.0063(1) 0.6119(1) 0.88(1)
Ba2 0.4063(1) 0.1619(1) (.3407(1) 0.80(1)
Ba3 0.4232(1) 0.6607(1) 0.6106(1) 0.94¢1)
Bad 0.4172(1) 0.3319(1) 0.6114(1) 0.80c1)
Bas 0.5870(1} 0.5058(1) 0.1434(1) (.88(1}
Baé 0.7600(1} 0.3242(1) 0.1678(1) 0.79(1}
Nbl 0.7628(1) 0.3614(1) 0.5871(1) 0.80(1)
Nb2 0.5610(1) 0.1662(1} 0.6026(1) 0.69(1}
Nb3 0.7608(1) 0.0425(1) ot 0.67(1}
F1 0.4568(1) 0.1653(1) (.5386(1) 0.99(12)
F2 0.5407(2) 0.1631(1) (+.4559(2) 1.12(13)
F3 0.4568(1) 0.4953(2) 0.5473(2) 1.04(12)
F4 0.3683(1) 0.3344(2) 0.4102(2) 1.17(13)
FS 0.1751(D) 0.1394(2) 0.2873(2) 1.40013)
Fo6 0.3544(2) 0.1673(2} 0.6170(2) 1,39(14)
F7 0.2855(2) 0.3649(2) 0.5256(2) 1.56(14)
I8 0.4505(2) 0.3337(2) 0.2998(2) 1.21(13)
F9 0.3653(2) —0.1746(2) 0.6376(2) 1.51(15)
Fl0 0.6443(1) 0.4853(2) 0.3583(2) 1.42(13)
Fl1 0.2749(2) 0.4550(2) 0.2231(2) 1.54(14)
F12 0.5463(2) 0.312%2) 0.5495(2) 1.76(16}
FI3 0.4316(2) —0.019%2) 0.4384(2) 2.39(19)
T4 ) 0.455243) 4 3.05(26)
FI5 0.5441(2) 0.2553(3) 0.6994(2) 2.40(17)
Fl6 0.2812(1) 0.2219(2) 0.2056(2) 1.38(13)
FI7 0.4538(2) —0.0699(3} 0.3037(2) 2.54(18)
Fi8 0.1894(2) 0.4717(2} 0.8149(2) 1.58(14)
F19 3 —0.1148(3) 3 2.66(23)
0l 0.1430(2) 0.3210(3) ¢ 1517(H 1.66(16)
02 0.2205(2) 0.4520(2) 0.0062(2) 1.16(14)
03 0.1851(2) —0.0993(4) 0.5659(3) 2,78(22)
04 0.3057(2) 0.1144(3) 0.3946(3) 1.57¢16)
05 H } 0 4.14(47)
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TABLE 1Vb
BayNb,O;F 2 ANISOTROPIC THERMAL PARAMETERS U (A? % 109

Uy Un Us Uy Us U
Bal 140(1) 8B(1} 120(1) 2N 61 5(1)
Ba2 106(1) 106(1) 84() 9(1) 32D —6(1)
Bal 150(1) 105(1) 132(1) —10(1) 88(1) —13(1)
Bad 113(1) 87(1) 98(1) 2A1) 38(1) —6(1)
Ba$ 127(1) 103(1) (D 6(1) 2%1) 2
Ba6 96(1) 114{1) 96() 51 47(1) 51
Nbi 110(1) 105(1) 69 Fi¢)] 18(1) =30(1)
Nb2 86(1) 106(1) 720D =3 331 —4(1)
Nb3 S 86(1) 80(1) - 12(1) 3B -5
Fl1 102(10} 156(11) 17(10) —23(8) 45(9) —-30(8)
F2 215(13) 136(11) 82(10) - 17 68(10) —6(9)
F3 163(12) 13410} 109(11) 22(8) 68(9) -7(9)
F4 160(12) 152(11) 147(t1) 3(8) TH1D) —5(9)
F5 191(13) 112010} 164(11) 24(8) T10) 2(9}
F6 158(12) 143(LH 269(14) —4(9) 129(11) 2(9)
F7 171(i3) 206(13) 151(12) —95(10) 61(10) 35(11)
F8 193(13) 118(10) 161(12) 3(8) B7{10) —3(9)
F9 187(13) 189(12) 252(14) 79(10) 145(12) 90(10)
F10 146(12) 188(11) 210(13) 18(10) 76(10) —-71(10)
Fll1 223(14) 177(11) 188(12) 65(9) B6{11) —12¢10}
F12 364(17) 97(10) 218(13) - 19(%) 131(13) —11{11)
F13 534(24) 84(10) 240(15) 2(10) 109(15) 2U13)
Fl4 505(35) 234(22) 228(22) 0 —108(21) 0
Fl15 206(14) 548(21) 143(12) —176(13) 54(11) THL14)
Fl6 196(13) 203(11) 120010} —43(9) 59(9) 47(10)
F17 263(16) 51121 190(14} 166(14) 92(12) —75(15)
FI8 306(16) [43(11) 17612} 67(9) 122(11) 371
FI9 454(32) [93(19) 20620} 0 —75(20) 0
01 119(14) 323(17) 162(14) 4(12) 31011) ~10(13)
02 151(13) 146(12) 134(12) =73(10) 46(10) 2(10)
03 122(15) 646(29) 285(19) 258020y 78(14) 58(18)
04 166(14) 2132(15) 20%(15) 18(12) 88(12) —S8(12)
05 1126(72) 287(28) 209(25) 121(22) 323(36) 418(38)

Neote. The form of the anisotropic thermal parameter is

T = exp(— RrXFa® U, + Bb*¥Us + Pe¥Usy + 2hka*b* U + 2hia*c* Uy + 2kb*cr U],

perpendicularly to the a direction. One kind,
called A, contains Nb2 and all the Ba cations
except Ba6; the second, B, contains Nbli,
Nb3, and Ba6. The stacking sequence along
the a-axis is then ABAABA. Two succes-
sive blocks ABA are exchanged by a two-
fold axis parallel to [010] at x = 3 (or 0)
and z = 1, involving a doubling of the cell
parameter in the [100] direction.

Inside each block ABA, the two cationic
planes A are associated by a 2, axis parallel
to 010} atz = 1.

In the A planes (see Fig. 2), isolated
(NbOF,)*~ pentagonal bipyramids are found
(centered by Nb2) with a very short Nb2-0O1
bond (1.704 (4) A) at the opposite of a long
Nb2-F1 distance (2.154(2);\) (see Table V).
Such a coordination was found in K;NbOF,
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TABLE V
BayNbyO,F 3 SELECTED INTERATOMIC DISTANCES (f\) AND ANGLES (°)

Nb1O;F; QOctahedron

Nb1 03 05 Fl6 o FI8 F9

03 1.735(5} 2.868(3) 2.822(4) 2.846(3) 2.824(5) 3.900(6)
05 104.2(3) 1.898(2) 2.890(2) 2.735(2) 3.855(0) 2.763(3)
Fl6 98.7(3) 96.4(2) 1.977(1) 3.893(2) 2.667(3) 2.580(3)
0z 99.6(3) 89.6(2) 158.7(1) 1.985(2) 2.671(4) 2.780(4)
FI8 97.0(3) 158.5(1) $3.5(3) 83.5(3) 2.026(4) 2.536(4)
F9 170.2(4) 85.0(2) 76.5(3) 83.6(3) 74.03) 2.180(4)

{Nbl-X) = 1.967 A

Nb3O,F,; Octahedron

Nb3 04 0?2 Fli F7 F5 FL0

04 1.750(5) 2.794(3) 2.856(3) 2.795(3) 2.748(4) 1.861(6)
02 100.7¢.3) 1.879(3) 2.968(3) 2.763(4) 3.895(1) 2.933(5)
F11 10E.0(.3) 101.7(.2) 1.947(2) 3.868(1) 2.695(3) 2.615(3)
F7 96.0(.3) 90.7¢.3) 156.5(.1) 2.003(3) 2.572(4) 2.669(4)
Fs 92.2(.3) 164.2(.1) 84.6(.3) 78.7(.3) 2.054(3) 2.507(4)
F10 165.5(.4) 93.4(.3) 79.4(.3) 80.14.3) 73.40.3) 2.142(4)

(NDI-X) = 1.962 A

Nb2OF, Pentagonal bipyramid

Nb2 0l F17 FI5 F13 FI2 F2 Fl
ot 1.704(4) 2.916(4) 2.802(4) 2.672(4) 2.729(4) 2.907(4) 3.854(5)
F17 102.9(3) 2.01613) 2.425(5) 2.366(4) 2.868(2) 3.759(4) 2.706(4)
F15 97.3(3) 73.9(4) 2 018(5) 3.871(1) 2.394(5) 3.816(4) 2.683(4)
F13 90.7(3) 71.4(3) £45.3¢1) 2.037(3) 3.858(4) 2.365(5) 3.069(4)
F12 92.8(3) 144.0(1) 72.1(4) 141.4(2) 2.051(2) 2.381(5) 2.760(4)
F2 101.0(3) 134.9(2) 139.2(2) 70.7(3) 70.9(3) 2.053(3) 2.663(2)
F1 174.6(3) £0.8(3) £0.0(3) 94.1(2) 82.0(3) 78.5(2) 2.154(2
{(Nb2-X) = 2.005 A
Bal Polyhedron
Bal-F6 2.537(4) Bal-F2 2.785(4)
Bal-F19 2.684(3) Bal-F13 2.793%(4)
Bal-FI 2.693(3) Bal-F17 2.828(5)
Bal-F9 2.720(4) Bal-02 2.944(4)
Bal-F17 2.769(3) Bal-F18 3.035(5)
(Bal-X) = 2.779 A
Ba2 Polyhedron
Ba2-F8 2.633(4) Ba2-F9 2.801(3)
Ba2-F1 2.708() Ba2-F2 2.819(4)
Ba2-F13 2.727(3) Ba2-Fl16 2.837(3)
Ba2-F4 2.766(3) Ba2-F18 3.008(3)
Ba2-04 2.784(5) Ba2-F19 3.0192)
{Ba2-X} = 2810 A
Ba3 Polyhedron
Ba3-F3 2.598(5) Ba3-F8 2.645(4)
Ba3-F10 2.606{4) Ba3-F2 2.764(3)
Ba3-F8 2.618(5) Bail-F12 2.775(4)
Ba3-F9 2.638(5) Ba3-03 2.888(6)

@

{Ba3-X) = 2.691 A
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TABLE V—Continted

Ba4 Polyhedron

Ba4-Fé 2.600(4) Ba4-F7 2.757(5)
Ba4-F3 2.646(4) Ba4-F15 2.789(5)
Ba4-F14 2.691(2) Ba4-F15 2.812(5)
Bad-F1 2.747(3) Ba4-F10 2.895(4)
Ba4-F4 2.755(3) Ba4-F5 3.072(4)

(Bad-X) = 2.776 A

Ba5s Polyhedron

Ba5-F3 2.618(4) Ba3-F5 2.856(2)
Ba5-F8 2.666(0) Bas-F10 2.951(5)
Ba3-F3 2.702(3) Bas-F11 3.018(5)
Ba5-F4 2.714(3) Ba5-F14 3.049(3)
Bas-FI12 2.718(6) Ba5s-03 3.148(8)

{BaS-X) = 2.844 A

Ba6é Polyhedron

Bas-Fé6 2.554(5) Ba6-FS 2.766(3)
Bas-F4 2.656(3) Bat-Fl6 2.779(4)
Ba6-01 2.698(4) Ba6-F18 2.874(3)
Bas-F11 2.700(4) Ba6-04 3.077(4)
Ba6-F7 2.702(3)

(Bab-X) = 2.756 A

O fOM QN g6 0
Ba2{e Nb2 « O 8) O O
(40)—{10}
Bal O Q e °0
Bas o
0 0 ° Q 0
Bas
OBa.’J @ 6 O e
O °G Q o} O
Ba1 a
e——@————o—~ 0
a
A A B A A 8 A A

FiG. 1, Ba,Nb;OsF|»: [001] view of the structure constituted by a stacking of two types of cationic
planes (A and B) perpendicular to the a direction. The sequence along the g-axis is then ABAABA,
Numbers indicate the z ceordinate ( %< 100) of three Nb2 atems, which are exchanged by a 2 and a 2,
axis:

Nb2 — Nb2 — Nb2
(10) (40} (10)
2, axis 2 axis
parallel to [010] parallel to [010]

atx = yand z = } alx = jand z = §
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F1G. 2. BayNb.O,F(5: (100] view of an A plane showing the isolated {Nb20F.)*~ pentagonal bipyramids
{underlined numbers indicate the x coordinate ( x 100) of Nb2 atoms (small circles))-

(6). The other distances Nb2-F are quite
equivalent (ranging from: 2.016 (3) A 1o
2.053 (3) A).

In the B planes, isolated (Nb,O,F, )%
blocks of four cis-oxygen-linked distorted
(Nb(O.F)} octahedra are located. These
entities are constituted by two (Nb3O,F))
and two (Nb1(O,F,) octahedra. As shown in
Fig. 3, inevery (Nb,O,F,,)*~ block, the two
Nbl centered octahedra are cis-linked by
O35 atoms and each Nbl octahedron is cis-
linked to a Nb3 octahedron by O2 atoms.
From Table V., it can be seen that ali the
distances Nb—X are in good agreement with
previous knowledge of niobium structural

chemistry. However, it is worthy of note ~

that the shortest bonds, Nbl-03 and
Nb3-04(1.735(5) Aand 1.750 (5) A, respec-
tively), are opposite the longest distances,
Nb1-F9 and Nb3-F10(2.180(4) A and 2.142
(4) A respectively)and are quite perpendicu-
lar to the B plane. The other distances are
ranging from 1.898 (2) A to 2.026 (4) A for

Nb! and from 1.879 (3) A to 2.054 (3) A for
Nb3.

For all the Ba?* ions, we observe a clear
cut for the Ba—X distances near 3.15 A, the
next neighbors lying at distances longer than
3.34 A. The coordination number is classi-
cally 10 for Bal, Ba2, Ba4, and Ba$, 8 for
Ba3, and 9 for Ba6 (see Table V), each Ba**
ion ensuring the three dimensional connec-
tion between the (Nb,O,F,)*~ blocks and
the (NbOF,) pentagonal bipyramids. 1t can
be noted that F3, F4, F6, F8, F14, and F19
do not take part in the niobium coordination
polyhedra but achieve the Ba’" environ-
ment.

Conclusion

Ba,Nb,0;F, is a three dimensional oxy-
fluoride which exhibits two kinds of coor-
dination polyhedra for Nb atoms: the octa-
hedral form with (NbO,F,) and (NbO,F,)
formulations and the pentagonal bipyramid
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4]

(Il

FiG. 3. Ba,Nb;O;F;: {100] view of a B plane showing the (Nb,O;F ¥~ blocks constituted by four cis-
oxygen linked distorted (Nb(Q,F),) octahedra. {Nbl octahedra are the more hatched—underlined
numbers indicate the x coordinate { X 100} of Nb atoms),

(NbOF,). Four (NbX,) octahedra are cis-
oxygen connected to form separated
[Nb,O,F 5~ condensed blocks while
(NbOF,) pentagonal bipyramids are iso-
lated. The Ba atoms supply the three dimen-
sional connections between the Nb poly-
hedra.
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