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The proton NMR of a new hydrate WO; - $H,0 as a powder was studied between — 140 and 100°C. The
lattice can be considered as ‘‘rigid’’ at temperatures below —80°C. The structural water corresponding
to the above formula is coordinated in the form of water molecules. Above —80°C it undergoes
thermally activated hindered rotation. The compound also retains adsorbed surface ‘‘water,”” partly in
the form of strongly bonded OH groups, partly in the form of water molecules. Degassing at 175°C and
10~* Torr removes the adsorbed molecular water but leaves OH groups bonded to the surface.

Introduction

One of us recently prepared a new hy-
drate of tungsten oxide, of general formula
WO, - $H,0. This was characterized by
various methods and an X-ray diffraction
study on the powder gave the mean struc-
ture (/). This study of WO, - $H,0 reveals
a certain number of problems concerning
the water: in addition to the structural wa-
ter one observes large amounts of adsorbed
water strongly bonded to the solid. It can-
not be completely desorbed even by vac-
uum treatment at 175°C nor in a current of
inert gas at 200°C, which makes it difficult
to obtain dry WO, - §H,0. Moreover, the
compound may be assigned the formula
H,W;0,, or WO, - $H,0; ir study tends to
show that the latter is more likely (7).

For these reasons we undertook the
NMR study of this compound in order to
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obtain additional information about the
structural and adsorbed water.

Experimental Section

Two types of WO, - $H,O samples were
studied (/): first, a powder consisting of mi-
crocrystals in the form of aggregates of fine
needles about 200 nm long and 20 nm wide,
with a specific area of 22 m? g7!; second, a
sample consisting of octagonal platelets
measuring about 1 nm, with a specific area
of 3.5 m? g~!. The samples will be denoted
A and B, respectively.

NMR spectra were recorded on samples
submitted to desorption treatment or not.
The untreated sample A will be denoted A,
and more generally the temperature at
which the sample was degassed under a
vacuum of 10~* Torr will be indexed. The
sample compositions are given in Table I.
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TABLE I

NUMBER OF TOTAL H;O EQUIVALENTS PER
WO; GrRoOUP CONTAINED IN THE SAMPLES
FROM THERMOGRAVIMETRIC MEASUREMENTS

An AZO AI‘IS Bwn

0.6 0.45 0.36 0.34

The apparatus used was a Bruker CXP
operating at 95 MHz. The signal was ob-
tained from 100 free induction decays accu-
mulated every 0.7 sec with a dead-time of
10 psec. The Fourier transform spectrum
was recorded without saturation. The pow-
der samples were contained in 10-mm-
diameter tubes. The probe signal was sub-
tracted.

The experimental spectra are simulated
by calculated spectra. In this work the
spectra are calculated on the basis of two
models whose normalized and weighted
contributions are summed.

The first of these models is the magnetic
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configuration with two % spins ‘‘in a rigid
lattice’’ calculated by Pake (2) and denoted
D. If R is the distance between these two
spins, the interaction a = 3u/2R3, where u
is the magnetic moment of the proton, de-
fines the scale of the abscissa of the spec-
trum calculated for this configuration. An
NMR absorption of the D configuration, as-
suming these two spins groups to be iso-
lated and oriented isotropically, is broad-
ened by a gaussian function with a
parameter 8 to allow for magnetic interac-
tions between spins belonging to different
groups. We shall write 8 in a form analo-
gous to a, i.e., 8 = 3u/2X3; X then gives an
idea of the value of the shortest distances
between spins not belonging to the same
group. Clearly X must be greater than or at
least equal to R for the model to have any
physical meaning.

The second model used here is that of an
absorption of Lorentzian form, denoted L.
This absorption is characterized by the half-
width of the absorption curve at the half-
height; AH.
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FiG. 1. Absorption curves for A,;; sample at —90°C; solid squares: experimental spectrum; solid
dots: computed curve; open dots: weighted computed contribution of configuration D, ; open squares:

weighted computed contribution of configuration D, .
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The weighing coefficient of the ith model

is given as w;, where Zw; = 1. Ll=zas ean =

In the most complicated cases considered IZ&9 ses <
here the calculated spectra involve two
types of D configurations and one L form; . B ses g
the whole requires seven independent pa- R g =
rameters including two weighing coeffi-
cients. ;L3 oo %

The calculated spectrum describing an e el -
experimental spectrum corresponds to
least-squares minimization of the differ- 5w E aaf =«
ences between the spectra (Newton coeffi- e see o
cients method). The figures show only half .z ow L
of the curves thus obtained, the small er- =2 332 S
rors in the symmetry of the experimental - Tam o
spectra being averaged. < s Sss s

=

Results ‘2 : o . .

Sample A, ;5 was studied by NMR at tem- E s ==es s s<
peratures between —140 and 100°C. Be- é v 3 lcany g N
tween —140 and —80°C the same type of _ % |~ |™% % 2223 R
spectrum is observed and it can be assumed | e - . o
that the ‘‘rigid lattice” approximation is Z £ <E S| 32883 Ho88
valid; Fig. 1 gives this ‘“‘rigid lattice”” spec- & §
trum of A, ;5. It can be described in terms of @ & 2 |s858 5 38
two configurations, D, and D,. The corre- ; S =
sponding values of the parameters are given > &3 L ETRYES RS
in Table II. Ninety-three percent of the pro- & & See-ecee-e-e
tons are in D, groups, where the distance R, g s PR R N R
= 0.152 nm is characteristic of water mole- p - coeenammmene
cules, X, being about 0.30 nm. The contri- “lsl:f 2 leastatscais
bution to the spectrum of the remaining 7% T #|eeeessdeses
of the protons is no longer a doublet but a e
singlet that we describe with a D configura- < § ; e e e e e
tion as did Porte et al. for this type of con-
tribution (3-6). The parameter values R, 5 233552288255
and X, found for this D, configuration lie 7o |feceeceesess
between 0.33 and 0.4 nm. The ‘‘rigid lat- Qa2 A
tice”’ condition being fulfilled, such large 2| naanccnamaa
values show that the corresponding protons = A
belong unambiguously to OH groups. What
are then the relative positions of the water Eieg | S8gggg88g%F
molecules and the OH groups between A IR S
which the protons of A,;; are distributed? o
Comparison of the B parameters of the § IS S SSESSENE

gaussian broadening functions gives some
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F1G. 2. Absorption curves for A,;; sample at +20°C; solid squares: experimental spectrum; solid
dots: computed curve; open dots: weighted computed contribution of configuration D, ; open squares:
weighted computed contribution of configuration Dj; solid triangles: weighted computed Lorentzian

absorption curve.

indications as to the answer to this ques-
tion. In fact, if the OH groups were situated
among the water molecules on some of the
latter’s sites, the values of 8, and 8, should
be similar. This is not the case: the ratio g8,/
B. is about 2 (Table II). Consequently, the
water molecules and the OH groups are
generally not close neighbors.! The results
on the other samples confirm this interpre-
tation.

Above —80°C the spectrum of A,
changes progressively with the tempera-
ture; the results are interpreted as the sum
of the contributions of two D configurations
and an L curve (model D, + D; + L). The
spectruim recorded at 20°C is shown in Fig.
2 and the numerical values of the parame-
ters for each temperature are listed in Table

! One of us has proposed that a magnetic configura-
tion with three 4 spins at the corners of an isosceles
triangle be used for the interpretation of the spectra of
compounds containing both water molecules and OH
groups (7-9). There is no need for it here.

I1. The contribution of the signal Dj to the
spectrum increases with the temperature,
whereas that of the signal L is constant (7-
8%). However, the width of the latter de-
creases when the temperature is raised. The
motion of the spins induced by increase in
temperature leads generally to a modifica-
tion of the corresponding spectrum. This
modification maintains or reduces the spec-
tral width (10, 11), but does not increase it;
moreover, the spectrum can become
Lorentzian. Consequently, the signal Dj,
which is broader than D,, can on no ac-
count arise from the latter; it is formed
therefore from D,. Furthermore, the
change in the D, signal leads to the L signal.
Both of them correspond to the same num-
ber of protons (6 to 8%) (Table II).

The spectra of samples Ay, A,, and B,g
at —140°C are, as that of A,;;, interpreted
in terms of two configurations, D, and D,.
The values of the parameters are similar for
these different samples and to those of A,;
(Table II). The protons of these samples are
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therefore mainly in the form of molecular
water. The significant differences are in the
weighing coefficients: A,;, A,, and B¢, all
have relatively fewer OH groups than A, 5:
5% for A,,, 3% for A, and B,g,. Moreover,
the value of B close to 0.78 107 T is similar
for B,g, and A,;; but larger for A,, and, es-
pecially, for A, (1.74 1074T). We shall dis-
cuss the meaning of this modification later.

Discussion

To interpret the results it is necessary to
recall the structure of WO, - $H,O (/). This
compound crystallizes in the orthorhombic
system with ¢ = 0.7359, b = 1.2513, ¢ =
0.7704 nm, and Z = 12. The basic structural
element consists of a layer of octahedra
(WO;) which share their corners and form
six-membered rings (Fig. 3). The complete
structure can be described as a stacking of
layers of this type along the ¢ axis, every
second layer being shifted by a/2. Each
tungsten atom is bonded to six O atoms in a
slightly distorted octahedral coordination.
W, is bonded to two O, atoms, two O,
atoms, and two O, atoms. The W, octahe-
dra share their O, and O,, atoms with their
neighboring octahedra in the same layer
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F1G. 3. Schematic projection of the crystal structure
of WO; - §H,0 parallel to [001].
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and the Oy, atoms with the adjacent W,
octahedra in the layer above and below.
The W,,-type octahedra are bonded to four
O, atoms and to atoms O, and O, (Fig.
3). O, atoms are shared with the neighbor-
ing W, octahedra but atoms O, and Oy,
are bonded to W, only. Measurement of
the interatomic W-O distances gives a
rather large W,,—0O,, distance of 0.21 nm;
this indicates that O, could belong to a wa-
ter molecule. Moreover, the W,,—O,;, dis-
tance is relatively short (0.18 nm) and can
be attributed to a W,,— O, bond with a cer-
tain double bond character. If the stoi-
chiometric compound were a hydrate each
O or O, would be the oxygen atom of a
water molecule; if it were hydroxy com-
pound all Oy, and O, atoms would belong
to OH groups. These results therefore sup-
port a model in which the structural water
of WO, - $H,O is present as molecular wa-
ter (W,,~0,, bond) rather than as two OH
groups.

The interpretation of the low-tempera-
ture NMR spectra confirms this model: mo-
lecular water, representing 93% of the pro-
tons in A,;;, corresponds to the structural
water. However, the localization of the O
atoms of the water molecules at O, leads
to a difficulty in that it implies a distance of
about 0.5 nm between protons belonging to
distinct neighboring water molecules as
against 0.3 nm measured by NMR (X, Ta-
ble II). A distance compatible with that
measured by NMR can be calculated by as-
suming that the position of the water mole-
cules is modified from one plane to another:
some of the O, and O, sites would be in-
verted. This localization of the water mole-
cules is, however, incompatible with the
chosen space groups. Alternatively, the wa-
ter molecules could randomly occupy sites
described as O, and O, in the structure,
which would lead to a distance compatible
with the NMR results. It is nevertheless im-
possible to overcome this difficulty as the
structure obtained is a mean structure
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based on X-ray powder diffraction data,
since a monocrystal could not be prepared.

We have already observed at tempera-
tures below —80°C that the OH groups are
remote from the water molecules. We as-
sume that these OH groups are located on
the sample surface. Under these conditions
one can calculate that the surface coverage
of A,;; by OH groups is 0.7 if the OH group
occupies 0.127 nm? (/2). This localization
of the OH groups is in agreement with the
fact that sample B,s,, which has a smaller
specific area than A,,;, contains fewer OH
groups.

Another hydrated tungstic oxide, the yel-
low tungstic acid WO, - H,O has been stud-
ied previously by rigid lattice proton NMR
by Kabanov and Chuvaev (/3). Their quali-
tative results are in agreement with ours on
WO, - $H,0: both compounds are hydrates
but contain a small amount of hydroxyl
groups.

The thermogravimetric analysis results
(/) show that the composition of the un-
treated sample A, is about WOj; - (H,0), ¢
(Table 1). During the degassing treatment at
175°C 45% of the total A, water is de-
sorbed, but the NMR study shows that only
3% of the A, protons are in the form of OH
groups. The molecular water detected by
low-temperature NMR on A, consists
therefore of the structural water and ad-
sorbed molecular water. Assuming that this
adsorbed water is distributed homogene-
ously on the surface (22 m? g~') and that a
water molecule covers 0.16 nm?, we can
calculate from the thermogravimetric
results that A, is covered by four to five
layers of water molecules. This value is in
reasonable agreement with that obtainable
from the NMR results. The composition of
the sample degassed at 20°C, A,,, is about
WO,3(H,0), 45 (Table I). In the same way as
for A,, we calculate that A,, is covered by
about two layers of adsorbed molecular wa-
ter. Small values of X are probably associ-
ated with the adsorbed molecular water de-
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tected at low temperature; but as this
molecular water is not distinguishable from
the structural water, the values of X, ob-
tained for A, and A,, are lower than that for
A, (Table II).

The Lorentzian form of the spectra of
A,z;s when the experimental temperature is
above —80°C reveals the movement of the
OH groups. Following a method used by
Paré (/4) and Buigues (/5) we find that an
Arrhenius model, log (AH) proportional to
1/T(T the temperature in degrees Kelvin),
appears to describe the linewidths of this
spectrum. The corresponding activation en-
ergy would be less than 1 kcal/mole; such a
low value would correspond to rotations. In
A, and A,, at ambient temperature all the
surface ‘‘water’’ is in motion.

The signal D; which deveiops from D,
when the temperature increases can, a
priori, be attributed to OH groups formed
by dissociation of water molecules, or to
these same water molecules in hindered ro-
tation. The formation of OH groups sup-
poses the migration of a proton from a wa-
ter molecule at O, to a neighboring O, .
However, the fact that the distance be-
tween these oxygen atoms (0.38 nm) ex-
cludes the possibility of hydrogen bonds be-
tween them makes this theory very
unlikely. Moreover, Gutowsky and Pake
(11) have shown that the hindered rotation
of water molecules about an axis perpendic-
ular to the proton—proton direction reduces
the abscissa scale of the spectrum, the
value of the parameter o being multiplied
by 0.5 theoretically; we find a value of
about 0.4 (Table II) (in this case R, does not
represent a real distance). For a thermally
activated rotation,

H,0, (rigid) 2 H,0( (rotating),

log wj/w, should be proportional to 1/T.
There is only a small number of measure-
ments on A,;; and A,, but the activation
energy in the corresponding temperature
range would be about 1.2 + 0.25 kcal/mole.
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Comparable activation energies (0.9 and
1.8 kcal/mole) have been attributed to the
hindered rotations of water molecules
(15, 16) or H,O* groups (/7), but also to
proton jumps across potential barriers (/8)
in a hydrogen bond (/9). It should be noted
that the ‘““flip”” movements of water mole-
cules, which, according to Holcomb and
Pedersen (/0), do not cause a decrease in
the linewidth such as we observe here, gen-
erally require a greater activation energy
(about 6 kcal/mole).

Conclusion

Wide-band 'H NMR study of tungsten
oxide hydrate WO, - $H,0 confirms that the
bulk water is in the form of coordinated
H,O molecules. What remains of the sur-
face water after desorption of the solid at
160-175°C and 10~* Torr is exclusively in
the form of OH groups strongly bonded to
the surface, which explains why desorption
is difficult.

The lattice can be considered as rigid be-
low —80°C. Each water molecule is proba-
bly attached by its oxygen atom to a W
atom (at O,;), the W-0O bond being rela-
tively long in the deformed WO, octahe-
dron. To account for the distances between
protons in neighboring water molecules we
are led to imagine that there is a random
distribution of Oy, and O, sites in the
structure: NMR shows that the mean struc-
ture obtained from the X-ray powder dif-
fraction data do not locate the water pre-
cisely.

At temperatures above —80°C the water
molecules of the structure probably un-
dergo thermally activated rotation, the cor-
responding activation energy being 1.2 =
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0.25 kcal/mole. Furthermore, the OH
groups on the surface of the most desorbed
sample are also subject to thermally acti-
vated movement; the low value of the asso-
ciated energy could also correspond to a
rotation.
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