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The Xe'? NMR method has been applied to the ammonium and
cesium salts of 12-tungstophosphoric, 12-molybdophosphoric,
and 12-tungstosilicic acids, as well as to the potassium salt of the
first acid. The data obtained provide evidence for the presence of a
homogeneous and organized pore structure. The ammonium salts
produce similar pore openings of 9.0 A, regardless of the composi-
tion of the anion, while those for the cesium salts are found to be

dependent on the nature of the anion. © 1995 Academic Press, Inc.

INTRODUCTION

The synthesis of porous solids is of continuing interest
in catalysis (1). While small pore catalysts such as the
ZSM family of zeolites, and particularly ZSM-5, have
been and continue to be of importance in shape-selective
processes (2), increasing emphasis is being placed on
larger pore materials (3).

Although the existence of pores is, with some solids, a
consequence of the crystallographic structure, with
others the synthetic procedures may be of prime impor-
tance. Thus certain elemental compositions, such as
those containing aluminum, silicon, and oxygen together
with one or more cations, may, on one hand, have little
or no porosity, while, on the other hand, may contain
pores of reproducible geometry. The use of organic struc-
ture-directing agents in the preparation of porous zeolitic
structures has now become an established technique (4),
while the adjustment of pore sizes by cation exchange in
zeolites such as faujasites is already well known (5).

Work in one of our laboratories has been concerned,
among other things, with metal-oxygen cluster com-
pounds (MOCC) (also known as heteropoly oxometa-
lates). Although these appear in a variety of forms, per-
haps the most common are those whose anions have
Keggin structure (Fig. 1) (6). A central atom such as

' To whom correspondence should be addressed.

phosphorus is surrounded by four oxygen atoms ar-
ranged tetrahedrally. Twelve octahedra with oxygen at-
oms at their vertices and a peripheral metal atom such as
tungsten at their approximate centers envelope the cen-
tral tetrahedron and share oxygen atoms with each other
and the tetrahedron.

The MOCC, regardless of the composition of the an-
ions, have discrete ionic structures unlike the network
structure found with many zeolites. The MOCC with
phosphorus at the center of the anions, tungsten in the
peripheral metal positions, and protons as the cations,
12-tungstophosphoric acid (H;PW ,04-nH>0), has cubic
Pn3m crystallographic structure (7) (Fig. 2). Although all
of the MOCC with protons as cations have not been mea-
sured, those which have show small surface areas (less
than 10 m2 g™!).

Work in this laboratory has shown, in part, from the
analysis of nitrogen adsorption-desorption isotherms,
that certain of the salts of the MOCC prepared with
monovalent cations have relatively high surface areas
and porous structures (8-30). Thus, for example, the sur-
face area of the ammonium salt of 12-molybdophosphoric
acid is approximately 190 m? g~! and the average pore
radius is 13 A, while that of the sodium salt is only 4 m?
g ! (8, 9, 23). The pore structures are evidently not only
dependent on the nature of the cation but also on the
elemental composition of the anion (10, 11, 15, 23). For
example, the surface areas of 12-tungstosilicic and 12-
tungstophosphoric acids are measured as 117 and 128 m?
g ! (8-11). However, recent studies have shown that the
surface areas and pore structures are dependent upon the
relative amounts of the preparative reagents, as well as
the temperatures to which the resulting solid is exposed
(28, 29). Studies of the alkylation of toluene with metha-
nol as well as substituent-group rearrangements of
methylethylbenzenes have provided indirect evidence for
the presence of the porous structures (21, 22). Measure-
ments of the sorption and diffusion of alkanes, alkenes,
aromatics, and alcohols have also provided evidence for
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FIG. 1.
ripheral atoms; smaller circles, oxygen atoms).
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the existence of the porous structures (12, 17-20, 25).
More recent work has shown that the cations of the high
surface area salts of 12-tungstophosphoric and 12-molyb-
dophosphoric acids can be exchanged, at least partially,
with semiquantitative retention of the pore structures
(26, 27). A preliminary accouni of Xe!? studies has been
reported (31).

Information on the nature and source of the micropo-
rous structure of the monovalent salts of the MOCC can
be obtained from nitrogen adsorption—desorption iso-
therms and from X-ray diffraction analysis (23). With the
microporous salts, the intensity of the [110] reflection
relative to that of the [222] plane, the latter of which is
usually the most intense reflection, shows an approxi-
mately inverse relationship to the micropore volume, re-
gardless of the anion composition. From a hard-sphere
ion-packing model, it is apparent that the solids contain
interstitial voids separated from each other by the termi-
nal oxygen atoms of the anions and capable of alignment
with each other in directions parallel to or normal to the
[110] plane of the crystal. As the size of the cation in-
creases, the cubic lattice parameter also increases, and
the anions will translate and rotate with consequent wid-
ening of the interstitial voids. Thus the terminal oxygen
atoms of the anions may move from their original posi-
tions, leading to a reduction of the [110] intensity, the
formation of connections between the interstitial voids,
and the creation of channels lying parallel to and normal
to this plane.

The aforementioned surface area and pore size distri-
bution data were obtained by appropriate analyses of ni-
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trogen adsorption isotherms. The application of a method
which would provide independent confirmation of the
results calculated from the adsorption data appeared to
be both appropriate and desirable. The Xe'?? NMR
method developed by Fraissard and Ito [see (32, 33)] has
been applied to a wide variety of solids ranging from
zeolites to polymers, with considerable success (34). In
the present work, this technique is applied to the ammo-
nium and cesium salts of 12-tungstophosphoric
(HsPW 1,049, abbreviated HPW), 12-molybdophosphoric
(H3PMo0,,04, abbreviated HPMo), and 12-tungstosilicic
(H4SiW 1,04, abbreviated HSiW) acids, as well as to the
potassium salt of the first acid. These choices permit the
examination of both the effect of the composition of
the anion and the nature of the cation.

EXPERIMENTAL

The ammonium and cesium salts of HPW, HPMo, and
HSiW and the potassium salt of HPW were prepared as
described earlier (8, 10).

The samples were preheated at 473 K under vacuum
(P < 1072 Pa) for 12 h prior to the adsorption measure-
ments. Xenon isotherms were obtained on a classical vol-
umetric apparatus at 300 K and in situ at 223 and 273 K.

NMR spectra were obtained with the classical 7/2 se-
quence impulsion and were recorded with a CXP-100
Bruker apparatus at 24.9 MHz. The time delay was 0.5 s.
Between 5000 and 200,000 scans were iaken. The esti-

FIG. 2. Structural arrangement of anions, protons, and water mole-
cules in 12-tungstophosphoric acid (7).
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FIG. 3. Xenon adsorption isotherms at 300 K for M;PW .0, M =
NH, A;Cs",. @ K-, V.

mated errors in the measurements of nx. and & are = 5%
and = 0.5 ppm, respectively.

RESULTS

The Xe adsorption isotherms at 300 K are shown in
Figs. 3-5. For a given adsorption equilibrium pressure,
with the PW salts, the quantities adsorbed in the range of
pressure studied follow the order NH; > Cs* > K™; with
PMo salts, NH{ > Cs~; while with SiW salts, the order is
Cs* > NHy - These values appear to be reasonably con-
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FIG. 4. Xenon adsorption isotherms at 300 K for M;PMo0,,0,;: M =

NH;. A:Cs". @.
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FIG. 5. Xenon adsorption isotherms at 300 K for M,SiW ;0,0 M =
NH{, A;Cs", @.

sistent with those obtained earlier (8, 10) from the ad-
sorption of nitrogen (Table 1).

Despite the small amount of xenon adsorbed, the NMR
signal is easily detectable. For all adsorption tempera-
tures and equilibrium pressures, the NMR spectra show
only one remarkably narrow signal (40 Hz < AH < 150
Hz) (Fig. 6).

Tests at two additional temperatures (223 and 273 K)
show that the chemical shifts are virtually independent of
the temperature for NH,PW, although the § = f(ny.) line
is displaced downfield by approximately 10 ppm for the
cesium salt.

Compression of the NH,PW and CsPW samples (2T

TABLE 1

Sample Characteristics from N, Adsorption—Desorption
Isotherms at 77 K

S@em” Vi i
Samples (m2g™") {cmig™) d(A)
(NH,):PW ;04 128 0.051 20.6
(K):PW 204 90 0.033 17.6
(CS)}PW[:O«) 163 0.042 27.6
(NH,);:PMo0,;0, 193 0.063 26
(Cs);PMo0,,0y4 146 0.006 28.6
(NH)4SiW ;04 117 0.038 19
(Cs)4SiW 204 153 0.05 21

Note. Estimated errors: Sger (= 2%). V., (= 590), d (+ 5%).

@ St surface areas are calculated by application of the BET equation
to the N, adsorption isotherms.

5 V., liquid volume of the micropores.

¢ d, average diameter of the micropores.
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FIG. 6. Shape of Xe'? NMR resonance lines of xenon adsorbed on M;PW .04 (a) M = NHy; (b) M = C.'; (¢) mixture 52% (a) + 48% (b) (OT,

uncompressed sample; xT, x tonnes cm ? compressed sample).

cm 2 and 4T ¢m~2, respectively) resulted in some broad-
ening of the lines (Fig. 6) and slight downfield displace-
ments (3—6 ppm) of the linear plots, while the slopes
remained essentially unchanged (Fig. 7). The xenon ad-
sorption isotherms obtained with the compressed sam-
ples were indistinguishable from those of the uncom-
pressed samples.
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FIG. 7. 8 = f(ny.) curves at 300 K for M;PW ;0 M = NH{, A;

NH; compressed, A; Cs*, @; Cs* compressed, O.

As found with Y zeolites, the 8 = f(nx.) plots are linear
in the range of concentration studied (s, > 2 % 10' atom
g 1) regardless of the nature of the samples (Figs. 7-12).
With the PW compounds, the slopes of the straight lines
are identical for the NH; and Cs* salts, but are signifi-
cantly higher for the K* salt. However, they are in all
cases at least five times larger than those observed for a
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FIG. 8. § = f(ny.) curves at 300 K for M;PW;,04: M = NH;, A:
Cs*, @; K*, %.
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FIG. 9. & = finx.) curves at 300 K for M;PMo;04: M = NH;, A;
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completely dehydrated NaY zeolite. A similar observa-
tion can be made for the PMo compounds. However,
with the SiW samples, the slope for the NH, salt is
higher than that of the Cs* sample. It should be recalled
that this slope is inversely proportional to the free vol-
ume of the micropores if the temperature is sufficient to
permit the fast exchange between Xe adsorbed on the
walls of the lattice and Xe gas inside the micropore.

It is of interest to compare the 8 = f(ny.) plots for the
ammonium salts of PW, PMo, and SiW, as well as with
that for dehydrated NaY zeolite (Fig. 11). Although the
slopes of the straight lines increase in the order SiW >
PW > PMo > NaY, the values for the chemical shifts (8s)
of the MOCC obtained on extrapolation to zero pressure
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FIG. 11. & = f(ny.) curves at 300 K for NH; salts: PW,04. A:
PMo,;;04, ¥; SiW,;0,. @: dehydrated NaY zeolite, A.

appear to be similar, while that for the zeolite is signifi-
cantly smaller.

A comparison of the § = flny.) plots for the cesium
salts and the NaY zeolite shows marked differences from
the observations for the ammonium salts (Fig. 12). Al-
though the slopes with the cesium salts and the NaY
zeolite follow the same order as those with the ammo-
nium salts, the extrapolated values for the MOCC are not
coincident.

In a supplementary experiment, a mixture of 52%
NH/PW and 48% CsPW (by weight), which was prepared
by grinding in a mortar followed by heating under vac-
uum at 473 K for 12 h, again showed only one signal over
the entire pressure range studied (0 < P < 1.4 x 10° Pa).
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FIG. 12. & = flny.) curves at 300 K for Cs* salts: PW .04, A:
PMo0,;,04. ¥; SiW,04, @: dehydrated NaY zeolite, A.
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The & = f(nx.) plot was linear and fell between and paral-
lel to those obtained for the pure samples. The NMR
signal was, however, broadened (Fig. 6), and the width
increased when the number of adsorbed xenon atoms de-
creased.

DISCUSSION

The relative quantities of xenon adsorbed at 300 K at a
given adsorption equilibrium pressure on the MOCC salts
studied are in semiquantitative agreement with the pre-
vious measurements using nitrogen at 77 K, except for
that with CsPMo.

The linearity of the 8 = f(ny.) plots is clearly evident
from the figures. In the case of no exchange with the gas
phase, the linear increase of the chemical shift with the
xenon concentration is due to an increase of the Xe—Xe
collisions (8x.-xe) in an isotropic environment. In this
case, the slope of the & = f(ny.) curve is inversely propor-
tional to the void volume. The results obtained from the
experiments at variable temperatures and compressions
provide evidence in support of this hypothesis.

The narrowness of the signals and the linearity of the
& = f(nx.) plots strongly suggest that the microporosity is
“‘organized” and as closed as that found in zeolites. For
an open porosity and a heterogeneous distribution of
pore sizes such as found in alumina or silica gel, for ex-
ample, the xenon NMR signal would be very difficult to
detect at room temperature and the observed lines would
be broad. Further, rapid exchange of the adsorbed xenon
with the gas phase would result in chemical shifts which
are independent of the equilibrium pressure as has been
observed by Conner et al. (35).

The similarity of the values of 8, the chemical shift at
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FIG. 13. Correlation between the slope of the 8§ = f(ny,) curve and

the microporous volume of NHy MOCC samples.
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zero pressure for the three ammonium salts, is worthy of
comment. If it is assumed that the ammonium ion has no
electrical effect as in Y zeolites (8¢ = 0) and that the
cubic lattice formed by the Keggin anions of the MOCC
produces an electric field effect similar to the negatively
charged framework of a Y zeolite, the 85 values obtained
(72 = 2 ppm) for the three samples suggest that the micro-
pore openings are similar and produce from the 8s = f({)
curve established by Chen et al. (36) a value of 4.6 A for
the mean free path of the xenon.

If the microporous structure is assumed to consist of
infinitely long cylindrical cavities, the mean free path is
related to the diameter of these cavities, D, by the rela-
tion

1=D_DXe,

where Dy, is the Van der Waals diameter of xenon (4.4
A). Then, the value of D obtained is 9.0 A. For spherical
cavities, I = 4D — Dx.) and D = 13.6 A. Although these
values are lower than those obtained from the nitrogen
adsorption—desorption isotherms (Table 1), it has been
shown by Venero and Chiou (37) that, at least for zeo-
lites, nitrogen may be unsuitable for the measurement of
pore size distributions as a result of the strong interaction
of nitrogen with the charged framework of zeolites due to
the large quadrupole moment of nitrogen. Although the
structures of zeolites and those of the MOCC are not
identical, the hypothesis of Venero and Chiou (37) may
be considered as supplying, at least tentatively, a ration-
alization for the difference between the values obtained
from Xe NMR and those from the adsorption-desorption
isotherms. Since the lattice parameters for the ammo-
nium salts fall in the range from 11 to 13 A, the values
obtained from Xe NMR appear to be more reasonable
than those from the adsorption—desorption isotherms.
However, the slopes of the 8 = flny.) curves for the three
ammonium salts as found in the present work correlate
well with the volumes of the micropores obtained previ-
ously from analysis of the N, adsorption-desorption iso-
therms (Fig. 13).

With the cesium salts the values of 8s for PMo and PW
are 102 and 98 ppm, respectively, approximately 26 ppm
higher than those observed for the ammonium salts. The
pore diameter values calculated as before are 7.4 and 10.4
A, for infinite cylinder and closed sphere pore structures,
respectively. These values are also low relative to those
obtained from the N, adsorption—desorption isotherms.
A similar shift in the &s value was previously observed by
Ito and Fraissard (38) for Y zeolites exchanged with large
cations (Rb*, Cs*, Ba?*). These authors attributed the
shift to a large decrease in the mean free path resulting
from the restricted diffusion of xenon as a consequence
of the high ionic radius of these cations or possibly to the
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high polarizability of the cation which perturbs the xenon
trajectory, thereby increasing the number of short range
collisions. With CsSiW, the value of 85 (114 ppm) at zero
pressure is more downfield shifted (Fig. 10). This differ-
ence may result from the 33% larger concentration of
cesium ions per anion which is found with SiW in com-
parison with PW and PMo.

The similarities in the results for the MOCC and Y
zeolites suggest that a similar homogeneous and orga-
nized porosity exists in both materials. The observations
from the experiments at lower temperatures with the
MOCC are similar to those found by Chen and Fraissard
(39) with ZSM-5 and Y zeolites. For ZSM-5, the 6 =
flnxe) plot is virtually independent of temperature,
whereas for Y zeolites a strong dependence on tempera-
ture is observed. This difference is tentatively attributed
to the density of the structure. More open structures are
expected to produce greater temperature dependencies
of the chemical shift. The effect of the compression of the
MOCC is also similar to that found with zeolites. Com-
pression does not affect the micropore free volume, but
by increasing the apparent density of the solid, the resi-
dence time of the xenon on the peripheral surface of the
crystallites is increased. The chemical shift is then of the
form (40)

1
8= (*—'——'—) Sin ras
1+ (Tinler/Timra) ‘

where Tiner and Tiya are the xenon residence times be-
tween and inside the crystallites, respectively, and ;. is
the chemical shift of xenon inside the micropores. The
line broadening upon compression can be attributed to an
increase in the heterogeneity of the micropore volume.

The results from the measurements on the NH,PW/
CsPW mixture suggest that either the xenon diffuses very
rapidly from a NHy site to a Cs™ site or, more probably,
the cations have diffused during treatment and are dis-
tributed throughout the microporous structure of the
sample. The line broadening suggests that the mixture
has a more heterogeneous microporous structure than
the pure products.

CONCLUSIONS

The results obtained in the present work confirm the
presence of microporosity in certain of the monovalent
salts of the metal-oxygen cluster compounds. The ob-
served narrow lines provide evidence for the homogene-
ity and organization of the microporosity. The variations
of 8—f(ny.) with the pressure, compression, or tempera-
ture are reminiscent of those observed with Y zeolites
exchanged with the same cations. The sizes of the pores
as obtained from the mean free path of the xenon are
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lower than those obtained earlier from the nitrogen ad-
sorption—desorption isotherms, but the present values
appear to be more consistent with the lattice parameter of
the salts. The homogeneity of the microporosity is con-
sistent with the earlier rationalization of the nature and
source of the porous structure as based on nitrogen ad-
sorption—desorption isotherms and X-ray diffraction
data.
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