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The interaction of known concentrations of water molecules with
sulfated zirconia has been studied by 'H NMR: broad-line at 4 K and
MAS at 300 K. The dependence of the ratio of H3O* to SO4 groups
(H307/SOy) on the ratio of adsorbed H,0 to SO, (ads. H,0/SO,)
has been determined; (H301/SQy) is equal to 1 when ads. H,0/SO4
= 2. The acidity of the sample is directly comparable to that of
H,SO,4, which means that, not being more acidic than H,;SOy, it
cannot really be described as a “superacid.” On the basis of the
experimental data, the sulfated zirconia sample has been ranked
in a previously proposed scale of Brgnsted acid strength for solids.
(© 1996 Academic Press, Inc.

INTRODUCTION

Asindustry is turning increasingly toward the use of solid
acids as catalysts instead of liquid ones, “solid superacids”
are being extensively studied (1, 2), especially sulfated zir-
conia (3-30), using various techniques, some of which entail
prior adsorption of a base: Hammett indicator measure-
ments (3-6), XRD (4, 6-14), IR or Raman spectroscopy
(6-9, 11-25), XPS (6, 26), ESR (4,27), HRTEM (8, 9, 19),
different gravimetric and calorimetric techniques (5, 11-13,
16, 20, 24), 'TH MAS NMR (14, 28), 3'P NMR of adsorbed
trimethylphosphine (29), and ab initio quantum chemical
calculations (30).

The use of the quantitative 'H NMR techniques for de-
termining the Brgnsted acid strength of solids has been pro-
posed (31-33). Room-temperature 'H MAS NMR of sealed
samples, as developed by Pfeifer et al. (34, 35), allows the
quantitative determination of OH groups of different fam-
ilies on solid surfaces when no adsorbed phase is present.
However, the acid strength is not expressed directly by the
chemical shift values, which are very sensitive to the pres-
ence of hydrogen bonds, mainly because the OH bonds
are relatively covalent. In practice, the acid strength of OH
groups at a solid surface can be studied only with proton
acceptors. We chose water for this purpose. In the presence

of hydrogenated adsorbed phases, chemically exchanging
H atoms give only one signal under the conditions where
'"H MAS NMR can be performed; this technique, there-
fore, cannot be employed. However, broad-line 'H NMR
performed at 4 K, with simulation of the spectra, gives the
concentration of the oxyprotonated species formed by the
interaction between water and OH groups (31, 32). A scale
of Brgnsted acid strength has been proposed on the basis
of the hydroxonium ion concentrations and/or the strength
of hydrogen-bonded species formed (33). The purpose of
this paper is to present results obtained on sulfated zirconia
using both '"H NMR techniques.

EXPERIMENTAL

As previously noted (4, 18), the catalytic activities of sul-
fated zirconia depend on the preparation conditions. We
chose, therefore, well defined synthesis conditions already
optimized for n-butane isomerization, considered by Chen
et al. (4) to correspond to a monolayer of SO4 groups on
the sulfated zirconia surface (maximum coverage of the hy-
droxide surface).

The conditions adopted are the following (4): (i) Zir-
conium hydroxide was obtained by dissolving 64.4 g of
ZrOCl, - 8H,0 in 500 cm?® of water (0.5 M) at room tem-
perature; 28 wt% aqueous NH4OH was added dropwise
with vigorous stirring at room temperature up to a pH of
10; the gel was filtered and washed repeatedly with water
until no chlorine ions were detectable and dried at 380 K
for 24 h. (ii) For sulfation, 5 g of dry gel was treated with
75 cm® of a 02 N aqueous H,SOq4 solution for 20 min at
room temperature with stirring, filtered without washing,
dried at 380 K for 24 h, calcined in a fixed bed furnace in
air flow with heating to 820 K at 4 K min~!, maintained 2 h
at this temperature, and allowed to cool in air. The tetrago-
nal phase of zirconia is stabilized by sulfation (4, 7, 12), the
specific surface area being large (110 m? g=') (4). It is as-
sumed that the above sulfation conditions give a monolayer
of H,SO4 groups at the zirconia surface (4).
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TABLE 1

Concentration per SO4 Unit of the Protonated Species after Ad-
sorption of Water Molecules from 'H Broad-Line NMR Results

Formed Formed Residual  Residual
(ads. H,O)/ H;0%/ (H20---HO)/ OH/SOs H,0/SO4
SO4 group SOy group SO, group group group
+5% +10% +10% +10% +10%
a 0.50 No 0.63 1.31 No
b 0.50 No No 1.95 0.62
a 1.10 0.20 0.89 1.1 No
b 1.10 0.20 No 2.02 0.88
a 1.10¢ 0.27 0.83 0.99 No
b 1.10¢ 0.22 No 1.72 0.90
a 1.50 0.69 0.95 0.26 No
b 1.50 0.64 No 1.22 1.02
a 1.60¢ 0.52 0.95 0.72 No
b 1.60° 0.55 No 1.46 1.01
a 2.0 1.05 0.98 0.16 No
b 2.0 1.01 No 1.11 1.02
3.0 0.84 1.06 0.50 1.00
3.8 0.89 1.11 0.44 1.67

Note. Letters a or b denote spectra simulations where it is assumed a
priori that some (a) or no (b) water molecules hydrogen bond OH groups.
“ Samples vacuum pretreated at 720 K instead of 570 K.

Following calcination, sulfated zirconia changes only
slowly (4). Within 1 week after calcination, 1-g samples
were vacuum pretreated with a 24 K h™! heating rate to
570 K (720 K for two samples noted in Tables 1 and 2),
maintained 15 h at the maximum temperature and cooled in
vacuum. The subsequent procedures have already been de-
scribed (31-33). Stepwise steaming was performed at 300 K,
the maximum water pressure per step being less than one-
third of the saturation pressure. The amount of water was
checked volumetrically and gravimetrically. Since the water
adsorbed in this way is generally not distributed homoge-
neously, the samples were homogenized at 380 K for 15 h.
After cooling they were transferred to narrow thin-walled
S5-mm-diameter tubes and sealed; these samples were used
for both types of NMR experiment: MAS and broad-line.

The procedures for recording both types of 'H NMR
spectra and simulating broad-line spectra have already
been described (31, 32). Some more details are given here.
Room temperature MAS was performed with a 400-MHz
Bruker spectrometer and 3-kHz spinning of the samples;
the repetition time was 20 s for “anhydrous” samples and
5 s if water had been adsorbed. The chemical shifts are ex-
pressed relative to an external liquid TMS reference with-
out magnetic susceptibility correction. The H atom concen-
tration corresponding to each of the MAS spectrum signals
is based on the contribution of the signal itself and of its
spinning side-bands.

For broad-line NMR at 4 K (under “rigid lattice” condi-
tions), the basis of the apparatus is an old cw DP60 Varian
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spectrometer (1.4092 Tesla) used with a home-made probe.
The quality coefficient of the single coil is about 60. The
probe can be immersed in liquid helium. Its particularity
is that it can be adapted and tuned at the working temper-
ature, using sliding cylindrical capacitors monitored from
the outside. Under these conditions, the coaxial wire is no
longer part of the active circuit. The sweep of the magnetic
field, By,is 5 x 107> Tesla on the resonance area. The spectra
are accumulated as derivatives of the absorption relative to
By, each scan lasting 100 s with 5 s between scans. In order to
obtain derivative spectra, By is modulated at 20 Hz, with a
peak to peak amplitude of 5 x 10~ Tesla. The amplitude of
the radiofrequency magnetic field is small (a few 10~ Tesla)
to avoid saturation of the resonance. The probe is connected
to a 90° power divider/combiner. Phase-sensitive detection
was used.

Since the samples are cooled rapidly, they are assumed
to be frozen in their 300 K chemical state. This assump-
tion is supported by the following result on antimonic acids
(31): it was confirmed that the experimental chemical shift
was close to the calculated value, it being assumed that the
oxyprotonated species concentrations are those found at
4 K. Moreover, some experiments were performed after
adsorption of helium at low pressure: the results are quan-
titatively the same as without helium, showing that the heat
exchange is fast even without helium. Spectra recording be-
gins not less than 30 min after freezing to calm down the
turbulences created by the introduction of the probe in the
liquid helium. Moreover, this time delay avoids recording
during dynamic polarization resulting from a rapid change
in the temperature of the sample: this phenomenon, de-
scribed by Haupt (36), vanishes with time.

ANALYSIS OF 'H BROAD-LINE NMR DATA

The direct dipolar magnetic interaction between two pro-
tons is proportional to 73, r being the distance between
them; it is also directionally dependent on the magnetic
field, By (37). Since the dominant contribution to the width
of the spectra is that of near-neighbor protons, theoreti-
cal absorption functions have been calculated for groups
of neighboring H atoms considered as magnetic configura-
tions (37-41), neglecting the much smaller chemical shift
effect and the interaction with nuclei not belonging to the
groups; the magnetic configurations are assumed to be mag-
netically isolated from each other. For the models to be
used for powder samples, it is also assumed that these
configurations are distributed isodirectionally. Each of the
corresponding functions is then convoluted by a Gaussian
which takes into account the interactions between the hy-
drogen nuclei of the configuration and those outside this
configuration. The other neighboring nuclei with nonzero
spins, 170, 338, and *'Zr, are in low enough natural abun-
dance for their interactions with 'H to be neglected. The
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TABLE 2

Distance Parameters in pm Used for the Simulation of the 'H Broad-Line NMR Spectra

Formed Formed Residual Residual
H;0%/SO4 group (H,0- - -HO)/SO4 group OH/SO4 group H,0/SO4
(ads. H,O)/
(pm) (pm) (pm) group (pm)
SO, group
+5% r+2 r+3 X+£5 rt2 r+5 X+5 X+5 Gaussian r+2 X+£5
a 0.50 No 165 293 329 329 Gaussian No
Lorentz. 0.77
b 0.50 No No 336 Gaussian 161 320
Lorentz. 0.85
a 1.10 170 280 165 280 310 Lorentz. 0.80 No
1.10 170 280 No 248 Gaussian 161 295
Lorentz. 0.88
a 1.10° 168 275 165 276 288 Lorentz. 1.0 No
1.10¢ 171 279 No 250 Gaussian 161 280
Lorentz. 1.0
a 1.50 169 216 163 273 286 Lorentz. 0.88 No
1.50 172 212 No 250 Gaussian 160 265
Lorentz. 1.08
1.60° 165 240 164 278 280 Lorentz. 0.93 No
1.60" 172 210 No 263 Gaussian 161 268
Lorentz. 0.93
2.0 163 174 205 164 266 280 Lorentz. 0.90 No
2.0 165 177 205 No 245 Gaussian 160 260
Lorentz. 1.12
3.0 161 169 220 163 241 262 232 Gaussian 165 215
320 Gaussian
3.8 165 221 163 257 280 260 Gaussian 165 210

345 Gaussian

Note. OH group absorption is sometimes described by the derivative of a Lorentzian function whose parameter is in 10~* T. Letters a or b denote
spectra simulations where it is assumed a priori that some (a) or no (b) water molecules hydrogen bond OH groups.

“ Samples vacuum pretreated at 720 K instead of 570 K.

magnetic field parameter of the Gaussian convolution func-
tion will be expressed in terms of a spin—spin distance, X,
which is close to the shortest distance between a proton of
the configuration considered and a proton outside it. Ac-
ceptable values of X must be greater than internal H-H
distances of the magnetic configurations.

The various species which can be formed when a water
molecule interacts with an OH group are shown in Fig. 1.
The following magnetic configurations are used to calcu-
late their absorption spectra: (i) an r-dependent two-spin
configuration (37) for H,O (142 pm < r < 165 pm); (ii)
an r-dependent three-spin configuration at the vertices of
an equilateral triangle (38, 39) for H;O " (165 pm < r <
173 pm); (iii) a three-spin magnetic configuration, the spins
being located at the apices of an isosceles triangle (40-42)
for H,O-HOZ (Z representing the sulfated zirconia lat-
tice) and H3O * considered as deformed, where ris the base
(142 pm < r <165 pm) and ¥ is the length of the equal sides
(1.01 < ¥/r < 1.80). For OH groups, either a pure Gaussian

function or a pure Lorentzian function or a two-spin config-
uration can be used (43) (200 pm < r < 300 pm), depending
on the OH distribution.

Typical contributions are indicated in Fig. 2. Only half of
each centrosymmetrical spectrum is shown in the figures.
In practice, broad-line simulated spectra correspond to the
weighted sum of 1 to 5 contributions; the corresponding
weight parameters range from 0 to 4; the “internal” dis-
tance parameters (r and ' values) can be from 1 to 7 and
the “external” ones (X values) from 1 to 5. The abscissa
scale of each contributing spectrum is related mainly to the
r value for the corresponding configuration. The shape of
this contribution is related to the number of H atoms of
the magnetic configuration and to its other distance para-
meters, ¥ and X. In practice, the presence of each chem-
ical species can often be inferred from that of maxima
and/or minima of the experimental spectrum at convenient
values of the magnetic field. More generally, because of
the large number of parameters, we impose an additional
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condition: the concentrations of the different species must
be in agreement with the initial number of acid OH groups;
this means that no new water molecule has been formed
from OH groups and that no OH group has been obtained
by the dissociation of adsorbed water molecules. Except
for nonresolved experimental spectra, the concentration of
the oxyprotonated species given by the simulation can then
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15.0

FIG. 2. 'H Broad-line NMR spectra of hydrated sulfated zirconia at
4 K for ads. H;O/SO4 = 2.0; h stands for the difference between the applied
magnetic field Boand the Zeeman resonance field. The simulated spectra A
and B (giving the same compositions in this case) are obtained by assuming
that, for A, the H atoms of OH groups and of water molecules are at the
apices of isosceles triangles, and for B, no first-order magnetic interaction
between H atoms of OH groups and of water molecules.
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Possible interactions between a ZOH group (Z belonging to the sulfated zirconia surface) and a water molecule.

be considered as unique. For each sulfated zirconia sample,
the single possible simulation satisfied this last condition
without being constrained to be so.

The quality of the fit is appreciated visually. The accuracy
on the species concentrations is £10%. Minimization of
the differences between the experimental and calculated
spectra has been programmed; it results in a refinement of
parameters (especially distance parameters) which is too
precise to have any physical significance.

RESULTS

"H MAS NMR at 300 K

The MAS spectra of the sulfated zirconia, calcined in air
at 820 K and sealed after vacuum pretreatment without
water adsorption, contain the large 600-Hz-wide signal at
5.8 £ 0.2 ppm (Fig. 3A) observed by Riemer et al. (14) at
5.85 ppm. There is a second signal at 1.4 & 0.2 ppm, corre-
sponding to a very small number of H atoms. These signals
can be compared with those for zirconia before sulfation: a
large one at 4.7 ppm, too wide to be completely narrowed
at the MAS spinning rate used (3 kHz) and a small one at
1.5 ppm. Mastikhin ez al. (28) also observed two signals, at
4.8 and 2.4 ppm, and Riemer et al. (14) observed a large one
at 3.86 and a small one at 1.60 ppm.

When the number of water molecules per sulfate group
adsorbed on sulfated zirconia, ads. H,O/SQy, increases,
the signal at 5.8 ppm is replaced by another whose chem-
ical shift, denoted §g, first decreases (5.4 ppm for ads.
H,0/S04=0.5) and then increases (6.9 and 7.0 ppm for
ads. H,O/SO4=1.5 and 2.0, respectively) (Figs. 3B and 3C)
before decreasing again (5.7 ppm for ads. H,O/SO4 =3.8)
(Fig. 3D). The width of this large signal increases to ads.
H,0/SO4=0.5 and then decreases to about 2 kHz for ads.
H,0/SO4=1 before remaining constant. All the H atoms
of the sample resonating at 5.8 ppm before water adsorp-
tion are accessible to water. The small signal at 1.4 ppm



190

10.0 0.0 -10.0

PPM

FIG. 3. Examples of 'H MAS NMR spectra of sulfated zirconia at
room temperature, (A) after vacuum pretreatment up to 570 K and (B, C,
and D) for ads. H,O/SO4=1.5,2.0, and 3.8, respectively. Large dots stand
for spinning side-bands.

is unchanged whatever the amount of water. The corre-
sponding H atoms are either inaccessible to water or do
not interact with it.

In Fig. 3C, for ads. H,O/SO4 = 2.0, there is a shoulder at
about 9 ppm on the main signal (7 ppm); the significance of
this signal which corresponds to a relatively small number
of H atoms will be discussed later.

'H Broad-Line NMR at 4 K

The broad-line spectra of pretreated samples show no
contribution at about 5-6 x 10~* T which could be at-
tributed to water molecules: in agreement with the liter-
ature (4) the samples contain only OH groups.

The results for the samples with different concentrations
of adsorbed water are normalized to the total number of
H atoms per SO4 group, equal to the sum of twice the
number of adsorbed water molecules per SOy, plus 2.2 (2
from H,SO4 plus 0.2 extra OH groups which correspond to
the 1.5 ppm MAS peak). The concentrations of the differ-
ent oxyprotonated species per SO4 group are reported in
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0.0 5.0 10.0 h TESLA x104

FIG.4. Examples of 'H broad-line NMR spectra of hydrated sulfated
zirconia at 4 K; h stands for the difference between the applied magnetic
field Bg and the Zeeman resonance field. Dotted lines are for experimental
spectra and continuous lines are for simulated spectra using the three-
spin isosceles configuration to describe possible interactions between OH
groups and water molecules. (A, B, C, D, and E) ads. H,O/SO,=0.5, 1.1,
1.5,2.0, and 3.8, respectively.

Table 1, and the distance parameters used for the simulation
are given in Table 2.

The 4 K broad-line spectra of samples after adsorption of
water are well resolved (Fig. 4). Hydroxonium ions (whose
concentration per sulfate group is denoted H;O/SOy) are
clearly present for ads. H,O/SO4 > 1.1 (Table 1, Figs. 2
and 5). This result is in agreement with that recently stated
by Morterra et al. (25): these authors claim that IR spectro-
scopic data indicate surface species ascribable to hydroxo-
nium ions.

For ads. HyO/SO4 up to 2, two different simulated spec-
tra were obtained for each ads. H,O/SO4 value. The small-
est distance between H atoms of OH groups not involved
in hydroxonium formation and others belonging to wa-
ter molecules [denoted # when a three-spin configuration
of protons at the apices of an isosceles triangle is used
(Fig. 2A)] goes from 290 to 266 pm when ads. H,O/SOy is
increased from 0.5 to 2 (Table 2). Such values suggest that
there are no hydrogen bonds between these two kinds of H
atom. This can be proved by simulating the experimental
spectrum, assuming no first-order magnetic interaction be-
tween the corresponding protons, i.e., using “independent”
configurations of protons, one with two spins at a distance r
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FIG. 5. Plot of H3O"/SOy4 versus ads. HyO/SOy, (a) using the three-
spin isosceles configuration to describe possible interactions between OH
groups and water molecules, (b) assuming no first-order magnetic interac-
tion between H atoms of OH groups and of water molecules (see text).

characteristic of water molecules, the other for OH groups
(Fig.2B and Tables 1 and 2). However, such new simulations
are valid only if they give the same chemical compositions
as those using isosceles three-spin configurations, in agree-
ment with Refs. (41 and 42). Table 1 shows that thisis indeed
the case for the numbers of OH groups and water molecules
per SOy; in particular, the hydroxonium ion concentration
is unchanged (Table 1 and Fig. 5).

When ads. H,O/SOy goes from 1.1 to 2.0, H;O/SOy in-
creases from 0.23 £+ 0.02 to 1.05 £ 0.10. For higher ads.
H,0/S0O, the situation is the following (Tables 1 and 2 and
Fig. 5): (i) H301/SOy4 levels off (Fig. 5); (ii) the ¥ distance
parameter for the H,O - - - HO species indicates that each
acidic OH group which was not transformed into hydroxo-
nium ion is weakly hydrogen-bonded to a water molecule;
(iii) some “free” water molecules, not interacting with OH
groups, are present (denoted “residual H,O” in Tables 1 and
2) (Fig.4); (iv) afew OH groups (about 0.4 per SO4) remain.

DISCUSSION

As we have already stated, acid strength cannot be de-
termined from the chemical shift of the acidic OH group
signal of solids when they are not interacting with a base.
For example, the chemical shift of the main signal of pre-
treated sulfated zirconia at 5.8 ppm is smaller than that of
anhydrous Nafion-H (10.6 ppm) (44), which is considered
to be strongly acidic, and that of the weakly acidic potas-
sium monohydrogen sulfate (13.5 ppm) (45); however, it is
greater than that of bridging acidic OH groups in H-form ze-
olites (3.8-5.2 ppm) (31-35), solids which are used as strong
acid catalysts.
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As soon as water is adsorbed on sulfated zirconia pre-
treated in vacuum, the broad signal of the 'H MAS spectra
which replaces the main one in the anhydrous sample (at 5.8
ppm) corresponds, as for zeolites (31, 32, 35), to chemically
exchanging H atoms of the oxyprotonated species of Fig. 1
equilibrated at 300 K. It is likely that they are exchanging
only between the surface sites where all the sulfated species
are assumed to be. The chemical shift §g of this signal de-
pends on ads. HyO/SOg. It should be remembered that typ-
ical 'H chemical shifts are 4.8 ppm for water clusters (35)
and 9-13 ppm for hydroxonium ions (44) depending on the
hydrogen bonds that they form. The change in chemical
shift agrees qualitatively with the broad-line results: (i) g
first decreases when water is adsorbed, in agreement with
the broad-line results that water does not interact with OH
groups (Table 1, ads. H;O/SO4 = 0.50); (ii) §g then increases
to a maximum value (7 ppm) for ads. H;O/SO4 = 2, when
the relative concentration of H atoms in hydroxonium ions
(50%) is maximum; (iii) §g decreases for larger values of
ads. H,O/SO,4 when the residual H,O/SO4 concentration
increases (Table 1).

The H atoms corresponding to the shoulder at about
9 ppm (Fig. 3C) can probably be attributed to HSO, ions
not exchanging with others. Their chemical shift is in accept-
able agreement with the 13.5 ppm value found by Mastikhin
etal. (45) for KHSOy, if we consider that such large chemical
shifts are due to hydrogen bond formation between HSO}
ions and O atoms; however, the ions cannot be hydrogen-
bonded to water O atoms, since the broad-line results indi-
cate that they do not interact. The 9 ppm signal is no longer
presentin the MAS spectrum for ads. HyO/SOg4larger than 2
(Fig. 3D). Let us consider the isosceles three-spin magnetic
configuration used to simulate these HSO, ions assumed
to be interacting with water; the ' value found was too
large for interaction when ads. HyO/SO4 < 2 but, for ads.
H,0/S04 > 2, it decreased: weak hydrogen bonds could ex-
ist between HSO, ions and water; the H atoms of HSO,
ions then probably take part in the chemical exchange.

The results of the broad-line experiment show that, when
water molecules are adsorbed on pretreated sulfated zir-
conia, hydroxonium ions can be formed, their maximum
concentration, about 1 per SO4 group, being attained when
ads. H,O/SO4 is 2 (Fig. 5). Ranking sulfated zirconia on the
Brgnsted acidity scale proposed for solids (33) gives a mean
ionization coefficient, o, (defined as the hydroxonium ion
concentration per Brgnsted acid site (denoted bas) when
ads. H,O/bas =1), equal to 0.5. This value is larger than
those obtained to date for zeolites [0.2 for Y zeolites (32)
and ZSM-5 (46), 0.33 for mordenites (47)] but smaller than
that for Nafion (about 1) (44).

That H;O%/SO4 should be 1 for ads. H,O/SO,4 =2 recalls
immediately the first high pK,, about —9, of sulfuric acid
in aqueous solution. The second pK,, 2, of sulfuric acid un-
der the same conditions is low, in agreement with our result
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which shows no interaction between H,O and the second
acidic OH group of the sulfated zirconia (the O-O dis-
tance would be about 300 pm if the system were hydrogen-
bonded). Therefore, it seems reasonable to consider that
there is a distinct o, value for each of the two OH groups
per SOy of sulfated zirconia. When ads. HO/SOy is 2 (one
water molecule per OH group) «, should be 1 and 0 for the
first and second OH groups, respectively. However, it must
be noted that these values are not in agreement with the «,
definition which assumes that there is one water molecule
per OH group to be tested, belonging to characteristic OH
group type (33). If we consider the two OH groups of one
H,SOy4 on the zirconia surface as different types, H;O /SO,
should be 1 for ads. HyO/SO4 =1 instead of 2. However, for
ads. H,O/SO4 = 1, the value of H;07/SO4 value is only 0.27.
No hydroxonium ions were found for ads. H,O/SO4=0.5.
As for HySOy itself, the meaning of these results is that the
acidities of the two OH groups of a given SO4 group are not
independent.

Our conclusions are consistent with those of Babou et al.
(48). These authors, working on samples prepared like ours,
identified adsorbed H,SO4 species and HSOj ions by IR.
The sulfated species on the surface of the vacuum pre-
treated sample seems indeed to be bonded H,SO4. The
pretreatment conditions do not dehydroxylate this sulfu-
ric acid. The HSO, ions, observed after increasing water
adsorption, are formed at the same time as H;O . In agree-
ment with Babou et al. (48), our final result is that the acidity
of sulfated zirconia corresponds roughly to that of pure
H,SO,, i.e., the material is not really a superacid, which
implies that it is more acidic than H,SO4.

CONCLUSION

The interaction of water with a sulfated zirconia, opti-
mized for isomerization of n-butane (4), has been studied
by two 'H NMR techniques: MAS at 300 K and broad-line
at 4 K. The two techniques give results in good agreement.
The surfaces of the samples evacuated at 570 K being cov-
ered with a monolayer of adsorbed H,SOy4 species (4), the
adsorption of two water molecules per SO4 group gives one
hydroxonium ion per SO4. The water molecule not involved
in hydroxonium ion formation does not hydrogen bond the
HSOj group unless the adsorbed water molecule concen-
tration per SO4 group is >2. For numbers of adsorbed water
molecule per SO4 equal to or larger than 2, the hydroxo-
nium ion concentration is unchanged. Applying the criteria
that we proposed to define a scale of Brgnsted acidity for
solids (33), we obtain a mean ionization coefficient, o, of
0.5, larger than for zeolites but smaller than for Nafion.
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