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The structure of an A cation-deficient pyrochlore (K, Bi)31.SBiZO-6(HZO)-I has been investigated by 
powder neutron diffraction using a deuterated sample. Main results of previous X-ray work are 
confirmed: 25% ofA sites are empty; only a small amount of oxygen is found in 8(b) positions, a greater 
proportion being located in 32(e) positions which are displaced toward the A vacancy. The latter 
oxygen atoms belongs to a heavy water molecule, the deuterium atoms of which are distributed near 
96(g) positions. Proton wide-line nuclear magnetic resonance experiments were performed at 4 K using 
an undeuterated sample. The experimental NMR spectrum has been simulated using three distinct 
models, all of them giving an acceptable chemical composition. Only one of these models gives the 
number of water molecules located in 32(e) sites in agreement with the neutron diffraction results. This 
same model reveals two other protonated species: water molecules, with short H-H distance, and OH 
groups belonging to the octahedral network. 8 1988 Academic PKSS, 1~. 

Introduction gen, and hydrogen has been previously de- 
scribed (2). From analytical and structural 

The low-temperature synthesis of a non- investigations (2) it was concluded that this 
stoichiometric compound containing tri- phase belongs to the well-known A2B2X&’ 
and pentavalent bismuth, potassium, oxy- pyrochlore family with 
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In addition to the general characteristics 
of compounds of this family, it displays 
some special features: 

-Bi(III) ions are one part of the cations 
belonging to the octahedral subarray. Al- 
though this is rather surprising in view of 
their dissymmetric electronic structure (6s2 
lone pair), other examples are known, such 
as BaBi03 (3) or Bi2(Ru2-xBix)07-y (4). 

-About 25% of A sites are empty; it was 
suggested (2) that this situation allowed the 
seventh X’ atom to be displaced toward the 
A vacancy. 

Little information was known about pro- 
tons in this phase. It was therefore decided 
to undertake low temperature proton wide- 
line nuclear magnetic resonance (NMR) ex- 
periments and powder neutron diffraction 
investigations (ND) which were performed 
on a deuterated sample. 

Sample Synthesis and Analyses 

Two different samples were used for 
NMR and neutron experiments. 

Phase Z (NMR). Phase I was synthesized 
according to the previously described pro- 
cedure (I, 2). 

Phase ZZ (neutron). It was believed that 
interaction between the solid and heavy 
water could yield incomplete exchange and 
lead to difficulties when dealing with the 
neutron diffraction data. Phase II was 
therefore synthesized using deuterated re- 
agents. 

First, 25 g of metallic potassium was re- 
acted with heavy water (from Commissariat 
a 1’Energie Atomique, 99.8% purity) in a 
polytetrafluorethylene vessel in a stream of 
dry nitrogen, Solid bismuth trichloride (10 
g; RP Prolabo) and dried bromine (7 ml; 
Merck suprapur) were then added to 100 ml 
of the resulting KOD solution (4.8 M). The 
oxidation reaction was carried out at a tem- 
perature of 110°C for 2 hr. 

The separation of the solid phase from 
the mother solution was achieved by cen- 

trifugation. The same procedure was re- 
peated seven times after every washing op- 
eration using 30 ml of DzO. The residual 
potassium concentration of the last washing 
solution was less than 250 ppm. 

Analytical data for phases I and II were 
collected using procedures described in 
Ref. (2). They are given in Table II. A fairly 

The solid phase was then kept in an at- 
mosphere which was dried using phos- 
phoric oxide. The chemical analysis and the 

good agreement was found between cation 

deuterium content determination were per- 
formed after the neutron diffraction experi- 

contents, weight losses (taking into account 

ments, the second one by means of a mass 

replacement of hydrogen by deuterium), 

spectrum analysis using a Riber lo-10 spec- 
trometer. As contact between ambient at- 
mosphere and sample cannot be avoided 

and cell parameters. However, there was 

during the introduction of the latter, repeti- 
tion of analyses clearly showed an increase 
of hydrogen content, resulting probably in 
an exchange between heavy and atmo- 
sphere waters. Deuterated species concen- 
trations (Table I) must therefore be consid- 
ered as lower limits. With the hypothesis 
that the mass 18 in Table I corresponds 
only to OD species, i.e., only HOD and no 
Hz0 has been formed from D20 during the 
contact with ambient atmosphere, the same 
exchange rate per D atom number would 
result from the analysis (~0.1) whatever 
the nature of OD or D20 of the initial spe- 
cies. 

TABLE I 

RESULTS OF THE FIRST MASS SPECTRUM 

ANALYSIS OF PHASE II 

Mass Nature 

20 DzO 
19 DOH 
18 Hz0 + OD 
17 OH 

Weight (%) 

49.1 
25.6 
23.1 

2.2 
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TABLE II 

ANALYTICAL DATA 

Weigh@ Density 
Bi’ Bi” K loss (%) Balance (g cm-‘) 0 (& 

Phase I 3.64 2.65 1.75 6.91 99.9 6.58 10.965 
Phase II 3.56 2.74 1.78 7.78 99.1 5.96 10.966 

Note. Concentrations are in 10-j mole g-l. 
y Total bismuth content. 
b After pyrolysis at 850 K. 
c Cell parameter at 290 K computed from X-ray powder data. 

some discrepancy between experimental 
densities: the density of phase I was in 
agreement with previous results (2) while 
the density of phase II was too low. The 
density was measured after all other experi- 
ments and it was believed that some con- 
tamination (carbonation for example) oc- 
curred during the handling of the sample. 
This contamination appeared after elemen- 
tal analyses which were performed just af- 
ter the preparation and is then assumed to 
be correct. If all protons belong to water 
molecules, data for phase I lead to the for- 
mula, 

which can also be written 

where q represents a vacancy in A sites. 
Since the sum of cations is close to 3.50, 
this formulation is in agreement with pre- 
vious results (2). 

Using the experimental value of density 
led to the following formula for phase II 

K~,~Bi~:9Bi~~~0s.~~[D201~.0~, 
where the sum of cations is only 3.18. To 
overcome this difficulty, it was assumed 
that the cation distribution in phase II was 
not different from that of other samples 
(sum of cations = 3.5). The coefficients in 
the above formula were accordingly ad- 
justed to match this requirement. This leads 
to the formula 

It will be seen in the next section that neu- 
tron diffraction results agree with this as- 
sumption. 

Neutron Difbction Study 

Experimental 

The powder diffraction patterns were 
collected on the DlA high-resolution dif- 
fractometer of the ILL with A = 1.3885(3) 
A, the wavelength being calibrated with a 
Ni powder standard (a = 3.5238 A). The 
powdered sample was inserted in a cylindri- 
cal vanadium container (0 = 15 mm) held in 
a vanadium-tailed liquid helium cryostat. 
Data were collected from 28 = 10 to 160” in 
steps of 0.05”. Measurement time was 
about 30 set per step. The raw data from 
the 10 counters were summed using a con- 
ventional ILL program (5). Integrated in- 
tensities and standard deviations were de- 
termined by fitting the shape of Bragg peaks 
to Gaussians and the background to a first- 
order polynomial (6). The cell parameters 
were obtained by least-squares refinement 
of the diffraction angles for the strongest 
peaks, the zero-point correction of the in- 
strument being included in the refinement. 

Because the symmetry is high (space 
group Fd3m) there are few peak overlap- 
pings for hkl planes with different 8 angles 
(but many for hkl’s with the same 8 angles). 
Therefore the Rietveld method was not 
necessary and the structure was refined by 
a conventional program using 49 integrated 
intensities. The following scattering lengths 
(all in fm) were used (7): 6.674 (D), 5.805 
(O), 3.67 (K), 8.526 (Bi). 

In spite of the presence of lone pair cat- 
ions in A and B sites, careful examination of 
reflection profiles in the 5 and 298 K spectra 
did not reveal any loss of symmetry com- 
pared to the room temperature X-ray study 
(2). The structure was therefore refined in 
the cubic Fd3m space group, characteristic 
of most of the pyrochlore-type compounds 
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AzBzX&'. This structure is usually de- 
scribed as resulting from the interpretation 
of two three-dimensional networks: a B2X6 
network composed of corner-linked BX6 
octahedra and a A2X' network with corner- 
linked A4X' tetrahedra (for further details 
see, for instance, Refs. (8) and (9)). 

The low-temperature data were first ana- 
lyzed. It was assumed that the octahedral 
network (Bi at 16(c) and 0 at 48(f)) did not 
contain any vacancy. After subtraction of 
the contribution of these ions from the in- 
tensities, a difference Fourier map was 
computed: it revealed maxima located at 
16(d) positions. Taking them into account 
(9.36 K and 264 Bi) and computing a new 
difference map disclosed three atomic loca- 
tions: 8(b) (8, 8, Q, 32(e) (x, x, x; x = 0.45), 
and 96(g) (x, x, z; x = 0.4; z = 0.5). 

Since the distance between 32(e) and 
96(g) positions was about 1 A, it was 
assumed that the oxygen atom of a heavy 
water molecule lay in the former position, 
with the deuterium atoms in the latter. It 
was also assumed that an oxygen atom 
rather than a deuterium atom was located at 
8(b) position, in agreement with potential 
energy calculations (9). The situation of 
both oxygen atoms inside two (K, Bi)Jl 
tetrahedra sharing a vacancy is shown in 
Fig. 1. 

Refinement of coordinates of 48(f), 32(e), 
and 96(g) positions, together with isotropic 

K. Bi 
. . 

Bi 

/ 
' K. Bi. 040t 

@ OCC”Pi.d sit* 

0 Y.C.le .it. 

FIG. 1. Partial view of the pyrochlore structure 
around a 16(d) position. 

thermal coefficients of 16(c), 16(d), and 
48(f) atoms (other coefficients were arbi- 
trarily set to 2 A*) and occupancy factors of 
16(d), 32(e), and 96(g) sites, led to an R 
value (R = Z((Z,,t,, - Z,,,(EZ,,,) of 0.068. 

Results are given in Table III. Refine- 
ment using data collected at 290 K did not 
lead to significant differences. Observed 
and computed values of intensities of the 5 
K spectrum are compared in Table IV. The 
most significant interatomic distances are 
listed in Table V. 

Discussion 

Results of neutron diffraction (ND) ex- 
periments are in good agreement with pre- 
viously published X-ray data (2). Refine- 

TABLE III 

ATOMIC PARAMETERS OF PHASE II AT 5 K (a = 10.943(l) A) 

Wyckoff Nature Relative 
positions of atoms occupation x Y Z B (&)a 

16(c) BiIIl BiV ' 1 0 0 0 0.66(6) 
48(f) 0 1 0.3238(4) 0.125 0.125 1.08(6) 
16(d) K, Bi’u 0.76(l) 0.5 0.5 0.5 2.0(2) 
32(e) 0 O.ll(3) 0.450(3) 0.450 0.450 2 

8(b) 0 0.15(5) 0.375 0.375 0.375 2 
96(g) D 0.08(l) 0.410(3) 0.410 0.519(4) 2 

a The thermal parameter is in the form: exp(-B sin28/h2). 
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TABLE IV 

COMPUTED AND OBSERVED INTENSITY DATA 
FOR 5 K SPECTRUM 

III 8 3.67 0.77 
311 24 8.26 

222 8 40.52 
48.77 53.74 

331 24 6.49 9.61 
422 24 45.26 42.83 

333 8 24.49 

511 24 8.50 
33.00 33.00 

440 12 137.56 135.49 
531 48 34.83 30.68 
620 24 8.10 10.17 
533 24 20.34 
622 24 74.43 

94.77 97.24 
444 8 12.03 11.01 
551 24 74.21 
711 24 2.73 

76.94 71.45 
553 24 1.61 
731 48 93.22 

94.84 103.52 
800 6 46.11 44.09 
733 24 28.84 26.35 
822 24 96.70 
660 12 35.56 

132.26 125.07 
555 8 18.99 
751 48 2.74 

662 24 79.42 
101.15 97.% 

840 24 36.50 39.87 
911 24 25.12 
753 48 0.08 

25.20 22.35 
664 24 17.03 19.49 
931 48 17.97 6.83 
844 24 58.22 58.02 
933 24 3.71 
755 24 23.56 
771 24 32.40 35.66 

1020 24 17.71 
862 48 39.31 

57.02 56.62 
773 24 77.34 
951 48 5.84 

83.17 87.65 
1022 24 64.41 
666 8 28.53 

92.94 88.62 
953 48 16.93 18.70 

1042 48 8.32 6.32 
1111 24 0.64 
775 24 10.14 

10.78 16.76 
880 12 16.69 12.78 

1131 48 7.29 
971 48 6.48 
955 24 71.97 

85.79 83.59 
866 24 0.59 

10 60 24 70.12 
70.71 64.98 

1133 24 36.94 
973 48 75.31 

10 62 48 108.95 
221.21 228.64 

8 84 24 155.90 
1200 6 2.64 

158.54 166.31 
1151 48 85.45 
777 8 3.71 

89.16 93.93 
1222 24 60.21 
10 64 48 66.90 

127.11 129.68 
1240 24 84.01 73.41 
1082 48 8.54 5.93 
993 24 5.69 

1171 48 10.18 
1311 24 9.09 
1155 24 6.88 

31.84 39.16 
10 66 24 44.13 39.69 
1244 24 49.37 57.02 
1173 48 0.57 
977 24 1.27 

1331 48 4.36 
6.20 6.20 

12 62 48 34.89 35.44 
995 24 0.54 

1333 24 71.57 
72.11 65.99 

10 86 48 6.19 
14 20 24 3.30 
10 100 12 51.23 

60.72 62.17 
1353 48 34.03 
1191 48 0.00 
10 10 2 24 54.16 
1422 24 42.32 

130.51 128.16 
1280 24 75.40 72.46 
11 93 48 3.01 
997 24 3.50 

6.50 10.88 
10 104 24 51.88 
12 66 24 0.05 
1442 48 0.20 

52.05 53.61 
1371 48 41.03 
1355 24 0.06 
1177 24 24.70 

65.79 55.89 

TABLE V 

MOST SIGNIFICANT 
INTERATOMIC DISTANCES 

(A) 

Bi 16(&O 48(f) 2.10 
(K, Bi)-0 48(f) 2.73 
(K, Bi)-0 32(e) 3.14 
(K, Bi)-0 8(b) 2.37 
0 48(f)-0 48(f) 2.85 
0 48(f)-0 32(e) 2.13 
0 32(e)-0 8(b) 3.32 
0 32(e)-D 96(g) 0.98 
D 96(g)-D 96(g) 1.69 

Note. Estimated stan- 
dard deviation is 0.03 A. 

ment of the occupation factor of 16(d) sites 
(Table III) confirms that 25% of these sites 
are empty. The major part of the X’ anions 
are found to be localized in 32(e) positions 
rather than in 8(b) sites. However, the posi- 
tional parameter of the former, x = 0.45 
(Table III), is somewhat larger than the X- 
ray value (x = 0.41). 

This situation results in a (K, Bi) 16(d)- 
0 32(e) distance of 3.14 A which looks ex- 
cessively large unless one notes that the 
32(e) oxygen atom belongs to a heavy water 
molecule, as previously assumed, since the 
value of the ratio of occupation rates of 
32(e) and 96(g) sites (3.6Y7.7 = 0.47) is not 
far from the theoretical value. 

The geometrical characteristics of the so- 
defined heavy water molecule are the fol- 
lowing: O-D and D-D distances of 0.98 
and 1.69 A, respectively and D-O-D angle 
of 119“. While the first value agrees with the 
distance usually ascribed to an O-H bond, 
the last two values are too large to lie 
within the range defined by Ferraris et al. 
(20, II) in their surveys of water molecule 
geometry in crystalline hydrates. Accord- 
ing to these authors, the maximum H-O-H 
angle value would be 114”, for water mole- 
cules giving rise to hydrogen bonds with 
oxygen atoms as acceptors. However, this 
value would be easily reached by displacing 
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D atoms only 0.05 A out of their 96(g) loca- 
tion in the DOD plane. This situation would 
remain in agreement with ND results (Table 
III). Using this assumption leads to a D-D 
intramolecular distance of 1.65 A, which is 
equal to the maximum value listed by Fer- 
raris ef al. 

Furthermore, the existence of hydrogen 
bonds can be inferred from the shortest 0 
32(e)-0 48(f) distances (2.74 A). These hy- 
drogen bonds are nearly linear as the ex- 
pected D-O-D angle value is 114” com- 
pared with the 0 48(f)-0 32(e)-0 48(f) 
angle value of 117”. The location of D atoms 
exactly in 96(g) sites would lead to bifur- 
cated H bonds with a 158” angle. 

The (K, Bi)30 tetrahedron which shares 
a vacancy with another one containing a 
32(e) water molecule cannot itself be occu- 
pied by a 32(e) water molecule because the 
resulting 0 32(e)-0 32(e) distance would be 
only 1.90 A (Fig. 1). However, it may be 
occupied by an oxygen atom located in its 
center in a 8(b) position (0 g(b)-0 32(e) = 
3.32 A) or by some undetected oxygen at- 
oms distributed over another 32(e) position 
with an x parameter smaller than 0.45 (for 
instance, x = 0.40 would lead to an accept- 
able O-O distance of 2.85 A), or even on 
positions of higher multiplicity as supposed 
later in this discussion. 

The question arises as to why ND failed 
to detect more D atoms, especially around 
0 8(b) atoms. Several reasons can be put 
forward: 

-0 8(b) is not bound to any D atom. 
-D atoms are distributed over 96(g) and 

192(h) positions, resulting in a very low 
density per position. 

-Oxygen atoms are bound to H atoms, 
as a result of isotopic exchange during 
preparation and handling of the sample. 

We will come back to the question of the 
distribution of hydrogen in the next section. 

It is reasonable to assume that each kind 
of X ’ species (0, OD, or ODz) has to be 

associated with one kind of tetrahedra. For 
instance, in view of the 8(b)-16(d) distance 
of 2.37 A, it may be suggested that 0 8(b) 
are located preferably in B&0 tetrahedra, 
giving rise to Bi3+-0 distances which are in 
agreement with the sum of ionic radii of 
both ions. In the same way, K3lJ tetrahedra 
can be occupied by the water molecules 
which were detected by ND: large K-O 
distances of 3.14 A agree with this situa- 
tion. 

For tetrahedra which are composed of 
both K and Bi atoms, i.e., KBiLl and 
K2Bi0, the situation should be more com- 
plex and optimization of K-O and Bi-0 
distances in each case would need more 
than one set of positions for oxygen atoms. 

Proton Magnetic Resonance Study 

Method 

In the rigid lattice regime, i.e., at low 
enough temperature to avoid motion nar- 
rowing of the resonance line, proton NMR 
is a useful tool to study the nature of the 
chemical species, OH, H20, H30+, in the 
structure of compounds, because these dif- 
ferent species give different dipolar spec- 
tra. The dipole-dipole interactions between 
nuclear spins are then responsible for the 
width and the shape of the spectrum. The 
elementary interaction between two spins r 
apart is proportional to r-3 and depends on 
the relative orientation of the direction join- 
ing the spins and the main magnetic field. 

The nearest-neighbor protons must be 
considered all together, characterized by 
their number and geometrical arrangement, 
constituting a magnetic configuration of 
spins. 

Interconfiguration magnetic interactions 
of spins are taken into account by convolu- 
tion of the shape function of each used con- 
figuration by a Gaussian function of param- 
eter p. 

Writing p = 1.5 Ge3, where p is the 
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magnetic moment of the proton, X repre- 
sents a distance close to the shortest dis- 
tance between protons belonging to two dif- 
ferent configurations (identical or not). 

This convolution corresponds to an a 
priori isotropic distribution of spins outside 
a given configuration. 

To summarize, the shape of a spectrum 
depends on the number and geometrical ar- 
rangement of the spins of the configuration 
and also on the parameter /3 of the Gaussian 
enlargement. The shape of the spectrum for 
one configuration of spins varies continu- 
ously with the influential parameters which 
are actually subject to strong constraints, 
for example, by the likelihood of the dis- 
tances; it is not possible to modify only a 
part of the calculated spectrum without re- 
considering the whole calculation. This re- 
mark will find an application in the results 
section where a defect in the simulation of 
the experimental spectrum is attributed to 
an actually marked nonisotropic distribu- 
tion of spins outside a configuration. 

The most appropriate manner to acquire 
a spectrum with a view toward interpreta- 
tion is to record the centrosymmetrical de- 
rivative of the absorption spectrum. We 
will now call this derivative “the spec- 
trum.” The spectra of some simple configu- 
rations have been calculated, considering 
the isotropic orientation of the groups in- 
side a powder sample. 

Spectra of pairs of spins 4 as for H20 
were first calculated and observed by Pake 
(12) (configuration D); the parameter r rep- 
resents the distance between the spins; the 
typical spectrum exhibits two main peaks 
separated by 1 to 1.6 x 10e3 T and, depend- 
ing on /3, two secondary ones 2 to 3 x 10V3 
T distant. 

Spectra for three spins f located at the 
comers of an equilateral triangle configura- 
tion of sidelength r, as for H30+ ions, have 
been calculated by Andrew and Bersohn 
(23), Richards and Smith (14), and obtained 
by Richards and Smith (15, 26) and Ka- 

kiuchi et al. (17). They exhibit a narrow 
component flanked by two peaks distant by 
about 1.9 x 1O-3 T. 

The spectra of compounds with Hz0 and 
OH groups can be simulated by adding two 
D configurations (model D + D) as pro- 
posed by Porte et al. (18, 19) as long as the 
direct interaction between a H from OH 
(HOH) and a H from HZ0 (HHZo) is small 
enough compared to the H-H interaction 
between the two protons, at a distance r of 
each other, of the HZ0 molecule (Hon- 
HHIO > 1.6 r). In the other case the experi- 
mental spectra can be simulated using a 
three-spin isosceles triangle magnetic con- 
figuration (T) at the base corners of which 
are located the two HH20; the Han is as- 
sumed to be located at the third corner (2U- 
28); the base is of length r and the other 
sides are of length r’ . HZ0 or OH hydrogen 
atoms not belonging to triangle configura- 
tion are taken into account using a D config- 
uration (model T + D). 

Along the results section, we use (T + Dr 
+ Dt) models of which the nine indepen- 
dent parameters are: WT and WD, weighting 
parameters ( WT f WD, + WD, = 1) rT, r+, 
and XT; rn, and Xn,; rDZ and XnZ. 

We also use a (Dt + D2 + D3) model with 
eight independent parameters. For consis- 
tency we must have r and r’ smaller than X. 

The experimental spectrum has been re- 
corded at liquid helium temperature using a 
bridge spectrometer based on rf hybrid 
junction; the resonance frequency was 16 
MHz (28). 

Results 

A look at the experimental spectrum 
(Fig. 2) suggests the existence of two types 
of molecular water from the two well-sepa- 
rated double-extrema of the derivative ab- 
sorption curve, at 1.2 and 1.4-1.6 x 10d3 T 
peak to peak. The first maximum would be 
a priori attributed to molecular water with a 
normal r value (1.58-1.65 A) that we shall 
call n-HZO; the second extrema would cor- 
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FIG. 2. Experimental ‘H rigid lattice wide-line NMR 
absorption-derivative spectrum of phase I. 

respond to a very short r distance (1.40- 
1.44 A) (s-HzO). Moreover, a double-ex- 
trema of the curve at about 0.28 x 10e3 T 
suggests the presence of OH groups. The 
existence of H30+ ions in the compound, 
which would be chemicqlly improbable, has 
been completely ruled out by simulation tri- 
als as expected from Method. 

Three different calculated spectra have 
been found to describe the experimental 

10-2 F-1 

FIG. 3. Simulation of the experimental NMR spec- 
trum of phase I using model T + D, + Dz number 1: X, 
experimental spectrum; -, computed curve; 0, 
weighted computed contribution of configuration T; 
0, weighted computed contribution of configuration 
D,; D, weighted computed contribution of configura- 
tion D2. 

-0.4 I I I I 
064 OdF! l/2 Id6 

10-3T 

FIG. 4. Simulation of the experimental NMR spec- 
trum of phase I using model T + D, + Dz number 2: X, 
experimental spectrum; -, computed curve; 0, 
weighted computed contribution of configuration T; 
0, weighted computed contribution of configuration 
D,; D, weighted computed contribution of configura- 
tion D1. 

one (Figs. 3-5, half derivative of the ab- 
sorption spectra). Getting three acceptable 
calculated spectra is not surprising due to 
the large number of independent parame- 
ters necessary for models using three mag- 
netic configurations. 

All the calculated spectra show a com- 
mon defect, compared to the experimental 
spectrum: the outer maximum does not ap- 
pear at a correct abscissa. The correspond- 
ing experimental maximum abscissa (1.17 
x 10m3 T from the center) is too large to be 
ascribed to a main maximum, characteristic 
of a known magnetic configuration of spins. 
It is only a secondary maximum as happens 
on a well-resolved Pake spectrum (12) for a 
two-spin configuration. Then we propose to 
explain this defect by anisotropic intercon- 
figuration interactions (see Method). 

Two of the proposed models use a T con- 
figuration to include OH groups into the 
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10-3T 

FIG. 5. Simulation of the experimental NMR spec- 
trum of phase I using model D, + D2 + Dj number 3: 
X, experimental spectrum; -, computed curve; 0, 
weighted computed contribution of configuration D,; 
D, weighted computed contribution of configuration 
D2; 0, weighted computed contribution of configura- 
tion DS. 

calculation so as to avoid possible quantita- 
tive errors as explained under Method, The 
first one associates a proton of an OH group 
to two protons of a n-Hz0 molecule to form 
the T configuration (Table VI, Fig. 4). The 
water molecules s-Hz0 are assumed to be 
independent of the OH groups and are de- 
scribed by a Dr configuration. As n-water 
molecules are found more numerous than 

OH groups, those not described by the T 
configuration need a DZ one. Values of the 
parameters for this (T + D, + D2) model 1 
are given in Table VI. 

The second model using a T configura- 
tion of spins associates the proton of an OH 
group to the two protons of a s-water mole- 
cule; Dr and D2 configurations describe re- 
spectively excess s- and n-water molecules 
(Table VI, Fig. 4). 

Last, the DI + D2 + D3 model is obtained 
by adding independent contributions of pro- 
tons of s- and n-water molecules and of OH 
groups (Table VI, Fig. 5). 

The quantitative distribution of protons 
among the different species found using 
each model and assuming 1.94 H atoms per 
phase I formula unit is reported in Table 
VII. With the previous assumption that 
all 48(f)-type sites of the formulation 
A&X&’ are occupied by 0 atoms and 
postulating that these 0 atoms are either 
bridged ones or OH group ones, the chem- 
istry formula (I) with the proposed localiza- 
tion may be written as 

16(d) 16(c) 48(f) 
W20)0.82. 

Model 1 results in this actual formula and 
model 3 is also compatible, containing 05.73 
(OH)0.27(H20)0.s3 per formula group. How- 
ever, model 2 leads to 0~.~(OH)o.~~(H20)0.~~ 
corresponding to 6.05 0 atoms in 48(f) sites 
instead of 6.00, the discrepancy between 

TABLE VI 

MODELS AND PARAMETERSOFTHE SIMULATED SPECTRAOF(K,B~"',B~~)PYROCHLORE(PHASE I) 

MOddS T configuration DI configuration Dz configuration D, configuration 

Number Nature. w r (A) I’ (A) r’ir x fA) w r(A) X(A) w r(A) X(A) w r (A) x (A) 

I T + DI + D2 0.47(l) 1.65(Z) 2.29(4) 1.39 2.2X5) 0.33(l) 1.40(2) 2.55(5) 0.20(l) 1.58(2) 2.80(5) 
2 T + D, + Dz 0.60(l) 1.44(Z) 2.16(4) 1.5 2.15(5) 0.17(l) 1.42(2) 2.85(5) 0.23(l) 1.58(2) 2.85(5) 
3 DI + 9 + D3 0.55(l) 1.43(2) 2.48(5) 0.31(l) 1.61(2) 2.75(5) 0.14(l) 2.30(5) 2.30(5) 

Note. Estimated deviations for the parameters are in parentheses. 
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TABLE VII 

NUMBER OF DIFFERENT SPECIES CONTAINING THE 
PROTONS, PER FORMULA UNIT OF PHASE I(1.94 H), 

FROM NMR RESULTS 

Medium 
OH Total Short r Hz0 to large 

Model groups Hz0 (s-Hz01 W-W 

1 0.30 0.82 0.32 0.50 
2 0.39 0.77 0.55 0.22 
3 0.27 0.83 0.53 0.30 

these values being satisfactory. Then, each 
of the three models is chemically accept- 
able. 

One must mention that the OH and Hz0 
relative number resulting from NMR 
models 1 and 3 are in good agreement with 
the results of the mass spectrometry analy- 
sis of the deuterated phase II with the pre- 
viously proposed assumption that the mass 
value 18 in Table I represents only OD spe- 
cies (see Introduction). 

Discussion 

Our purpose is to discuss the compatibil- 
ity of ND with NMR results considering 
successively the location of Hz0 and OH 
groups. This leads us to retain only the 
NMR model 1. Then, some of the inter- 
group H-H distances resulting from the 
proposed location have to be compared 
with those of the NMR model. Finally, we 
discuss the limits of the NMR model. 

NMR models 1, 2, and 3 allow us to find 
n-H20, the r values of which lie between 
1.65 and 1.58 8, (Table VI). We will show 
that these values are consistent with ND 
results: 1.6s A corresponds to Hz0 mole- 
cules, the 0 atom of which is located in 
32(e) sites as explained in the ND section. 
Water molecules with r = 1.58 A would 
result, for example, from contraction of the 
OH distances from 0.98 to 0.9s A at con- 
stant HOH angle value. The corresponding 
actual H position would then be less than 
0.07 A apart from the 96(g) site. 

Considering the total number of n-Hz0 
found by NMR model 1 (0.50 per formula 
unit, Table VII) one sees that this number is 
in good agreement with the number of D20 
located in 32(e) sites by ND (0.48); it is 
nearly equal to its maximum value (0.49, 
0.50), which is itself equal to the number of 
vacancies due to the impossibility of loca- 
tion of two 0 atoms in 32(e) sites each on 
one side of the vacancy (see Neutron Dif- 
fraction Study). 

Such an agreement does not occur by 
comparison of NMR model 2 or 3 with ND 
results. For this reason, we shall no longer 
take these NMR models into account. 

Although no D atoms have been located 
in the vicinity of the 0 8(b) by ND, we as- 
sume that these 0 atoms belong to water 
molecules. Then, they would be some of 
the s-Hz0 identified by NMR. The H atoms 
may be opposite to the cations, near the 0 
g(b)-0 48(f) directcons, although the short- 
est distance 3.30 A between these atoms 
precludes any hydrogen bond between 
them. However, if these water H atoms 
were exactly along the 8(b)-48(f) direc- 
tions, they would be also in 48(f) sites and 
the H-O 8(b)-H angle would be 90”, which 
is unacceptable from the works of Ferraris 
et al. (20, II). From these authors, the 
smallest possible HOH angle and OH dis- 
tances are 101” and 0.89 A, respectively. 
The shortest r value, 1.40 A, found by 
NMR (model 1, Table VI) is compatible 
with an HOH angle of 101” for OH equal to 
0.91 A. Then each H atom would be 0.09 A 
apart from a 48(f) site. Ferraris et nl. (10, 
21) mention that such water molecules with 
small HOH angle and short OH distances 
are coordinated to two monovalent ions 
(class 2A). In the present work the consid- 
ered water molecules are coordinated to 
three cations (K or Bi). So it seems reason- 
able that they are s-HzO. 

OD group deuterium atoms do not appear 
in ND patterns, but, as said above, the 
NMR results give their number. 
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Recent ND and NMR studies of 
HTaWOa and H2Ta206 pyrochlores (29-31) 
led to the OH group protons localization in 
48(f) sites, these protons being bound in 
statistical distribution to some of the 0 
48(f) atoms of the B06 array. The same re- 
partition appears reasonable in (K, BP, 
Biv) pyrochlores, too. 

Such a statistical repartition would set 
OH groups not far from Hz0 32(e) as well 
as from Hz0 8(b) molecules. Then, we have 
to calculate the expected value for the 
shortest distance between an OH proton 
and a HZ0 one to compare with NMR 
results. Assuming for simplicity H atoms of 
HZ0 32(e) in 96(g) sites, this distance is 2.51 
A to compare with the r’ value of the T 
configuration of model 1 (Table VI): 2.29 A, 
which is about 0.2 A too small. We discuss 
this result later. Similarly, the shortest dis- 
tance between a H atom of an OH group 
and another of a HZ0 8(b) molecule as- 
sumed in a 48(f) site is 2.50 A. Within 
model 1, which does not account directly 
for such a situation, this value is in good 
agreement with the X value of the Di con- 
figuration (2.55 A). 

A better simulation would be expected if 
H atoms of OH groups were associated in 
isosceles triangular magnetic configuration 
both with n-Hz0 32(e) and with s-Hz0 pro- 
portionally to the number of water mole- 
cules of each type. But increasing the num- 
ber of used configurations to simulate the 
experimental spectrum would become un- 
realistic. Moreover, one of the results of 
this study is that all the positions of s-HZ0 
have not been defined by ND; so several 
triangular configurations of spins would be 
necessary only for s-Hz0 and the associ- 
ated OH. 

We must then mention that the NMR 
model 1 which gives the best results is the 
one which associates protons of OH group 
to the water molecule of the more numer- 
ous type n-H20. 

The r’ and X values for the T configura- 

tion are about the same (Table VI, model 1) 
because of the imposed requirement r’ < X 
(see Method under Proton Magnetic Reso- 
nance Study). Indeed the simulation of the 
experimental spectrum looks improved 
when the r’ value becomes larger than the X 
value, all other parameters being constant. 
So the main reason for the smallness of r’ is 
this restriction on the value of X, which is 
probably due to an enlargement of the T 
configuration spectrum to compensate 
some defects of the whole calculated spec- 
trum. 

Then, to sum up, each of the three NMR 
models lead to an acceptable chemical com- 
position, but the above results show that 
the NMR model 1 is in better agreement 
with ND structure results than models 2 
and 3; it gives: 

l the actual number of OH and Hz0 
groups so that all the XC-type sites of the 
theoretical A&X6X’ formulation are occu- 
pied by 0 atoms or OH groups; 

l the correct number of n-H20 molecules 
(one per 16(d) vacancy); 

0 a s-Hz0 molecules number compatible 
with the 8(b) localization of some of their 0 
atoms. 

Conclusion 

The existence of large intramolecular H- 
H distance water molecule located by ND 
at 5 and 290 K has been quantitatively con- 
firmed by 4 K rigid lattice proton NMR 
technique in (K, Bin’, Bi”) pyrochlores. 
Their 0 atoms are located in 32(e) sites and 
the H atoms near 96(g) positions. The pro- 
tons of other water molecules, the 0 atom 
of which are in 8(b) and in other unknown 
higher multiplicity positions, have not been 
located by ND. The interpretation of the 
NMR spectrum indicates that these water 
molecules have short intramolecular HH 
distance. The NMR experiments give the 
actual formulation of the compound, in- 
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&ding OH groups. However, by simula- 
tion of the NMR spectrum requiring addi- 
tion of the contributions of three different 
magnetic configurations (using 8 to 9 inde- 
pendent parameters), three acceptable sim- 
ulated spectra were obtained and the choice 
of the best solution necessitates using the 
diffraction results. The final formulation 
and the localization of the atoms of the 
compound used for the NMR study are pro- 
posed as 

16(d) WC) 48(f) 
Wz0)o.32(H2O)o.5o. 

8(b) + . .32(e) 

It should be mentioned that in a previous 
study of thermal decomposition of these 
phases (32), it was noticed that oxygen evo- 
lution occurred in two steps, the first one 
being associated with water emission. It 
was suggested that this step was an oxida- 
tion of OH groups by Bi(V) ions. About 7% 
of the total oxygen was then evolved. This 
is in fair agreement with the proposed for- 
mula since 8.5% of the total oxygen emis- 
sion would result from the oxidation of OH 
groups. 

Acknowledgment 

We gratefully acknowledge Dr. Jean Pannetier (In- 
stitut Laue-Langevin, Grenoble) for the neutron dif- 
fraction experiments and for many helpful discussions. 

References 

1. 3. TREHOIJX, F. ABRAHAM, AND D. THOMAS, 
C. R. Acad. Sci. Paris 281, 379 (1975). 

2. J. TREHOLIX, F. ABRAHAM, AND D. THOMAS, J. 
Solid State Chem. 21, 203 (1977). 

3. D. E. Cox AND A. W. SLEIGHT, Solid State Com- 
mm. 19, 969 (1976). 

4. H. S. HOROWITZ, J. M. LONGO, AND J. T. 
LEWANDOWSKI, Mater. Res. Bull. 16,489 (1981). 

5. A. W. HEWAT, “Powder Preparation Program,” 
ILL, Grenoble, France (1978). 

6. P. WOLFERS, “Program for Treatment of Powder 
Profiles,” ILL, Grenoble, France (1975). 

7. L. KOESTER AND H. RAUCH, “Summary of Neu- 
tron Scattering Lengths,” IAEA, Contract 2517/ 
RB (1981). 

8. A. W. SLEIGHT, Znorg. Chem. 7, 1704 (1968). 
9. J. PANNETIER, J. Phys. Chem. Solids 34, 583 

(1973). 
10. G. FERRARIS AND M. FRANCHINI-ANGELA, Acta 

Crystallogr. Sect. B 28, 3572 (1972). 
11. G. CHIARI AND G. FERRARIS, Acta Crystallogr. 

Sect. B 38, 2331 (1982). 
12. G. E. PAKE, J. Chem. Phys. 16, 327 (1948). 
13. E. R. ANDREW AND R. BERSOHN, J. Chem. Phys. 

18, 159 (1950). 
14. R. E. RICHARDS AND J. A. S. SMITH, Trans. Fara- 

day Sot. 48,675 (1952). 
15. R. E. RICHARDS AND J. A. S. SMITH, Trans. Fara- 

day Sot. 47, 1261 (1951). 
16. J. A. S. SMITH AND R. E. RICHARDS, Trans. Fara- 

day Sot. 48, 307 (1952). 
17. Y. KAKIUCHI, H. SHONO, H. KOMATSU, AND K. 

KIGOSHI, J. Chem. Phys. 19,1059 (1951); J. Phys. 
Sot. Japan 7, 102 (152). 

18. A. L. PORTE, H. S. GUTOWSKY, AND G. M. 
HARRIS, J. Chem. Phys. 34, 66 (1961). 

19. A. L. PORTE, H. S. GUTOWSKY, AND J. E. BUGGS, 
J. Chem. Phys. 36, 1695 (1962). 

20. C. DOREMIEUX-MORIN, J. Magn. Res. 21, 419 
(1976). 

21. E. R. ANDREW AND N. D. FINCH, Proc. Phys. 
Sot., London, Sect. B 70, 980 (1957). 

22. C. DOREMIEUX-MORIN AND E. FREUND, Znorg. 
Chem. 16, 1417 (1977). 

23. C. DOREMIEUX-MORIN, J. Magn. Res. 33, 505 
(1979). 

24. M. A. ENRIQUEZ, C. DOREMIEUX-MORIN, AND J. 
FRAISSARD, Appl. Surf. Sci. 5, 180 (1980). 

25. M. A. ENRIQUEZ, C. DOREMIEUX-MORIN, AND J. 
FRAISSARD, J. Solid State Chem. 40, 233 (1981). 

26. C. DOREMIEUX-MORIN, M. A. ENRIQUEZ, J. 
SANZ, AND J. FRAISSARD, J. Colloid Interface Sci. 
95, 502 (1983). 

27. M. PINTARD-SREPEL, C. DOREMIEUX-MORIN, 
AND F. D’YVOIRE, J. Solid State Chem. 37, 85 
(1981). 

28. H. ARRIBART, Y. PIFFARD, AND C. DOREMIEUX- 
MORIN, Solid State Zonics 7, 91 (1982). 

29. D. GROULT, J. PANNETIER, AND B. RAVEAU, J. 
Solid State Chem. 41, 277 (1982). 

30. F. J. ROTELLA, J. D. JORGENSEN, R. M. BIEFELD, 
AND B. MOROSIN, Acta Crystallogr. Sect. B. 38, 
1697 (1982). 

31. M. DURAND-LE FLOCH, J. PANNETIER, C. DURE- 
MIEUX-MORIN, AND H. ARRIBART, J. Chem. 
Phys. 84, 4760 (1986). 

32. J. TREHOUX, F. ABRAHAM, AND D. THOMAS, 
Thermochim. Acta 54, 147 (1982). 


