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The time differential observation of the perturbed angular correlation of y-rays emitted from
radioactive ¥Mo —> %Tc allows one to characterize different Mo species by their nuclear quadru-
pole interaction. An elementary introduction to this hyperfine spectroscopy is given together with
examples of its application to crystalline Mo compounds, molybdate solutions at 77 and 300 K, and
molybdates adsorbed on Al,O; in the impregnated as well as in the dried and calcined state, It is
shown that at sufficiently high solution concentrations, the heptamolybdate anion is adsorbed on
the Al,O; surface. Decondensation prior to adsorption can be excluded. The adsorbed heptamolyb-
date species are stable during the drying and calcination process. Postimpregnation of calcined Mo/
Al,O, catalysts with K;CO; leads to decondensation, the extent of which depends on K,CO,

loading. © 1989 Academic Press. Inc.

1. INTRODUCTION

Molybdenum-based catalysts are of great
technological importance for hydrodesul-
furization (/), hydrodenitrogenation (2),
methanation (3), Fischer-Tropsch (4), and
water gas shift (5) reactions. The active,
usually sulfided form of the various cata-
lysts develops under working conditions or
is obtained by special treatments of the ox-
idic precursor. Many techniques have been
applied to characterize the supported oxide
on, e.g., ALO;. Most of these techniques,
however, cannot be readily applied to study
the working catalyst in situ.

In this paper we present the application
of a nuclear spectroscopy technique,
namely ‘‘time differential perturbed angular
correlations (TDPAC).”” TDPAC probes
essentially the same hyperfine interactions
as nuclear magnetic resonance (NMR) or
Mossbauer spectroscopy (ME). However,
TDPAC turns out to be better suited to the
present purpose for the following reasons:

first, it can be applied at any temperature
and pressure, under any atmosphere, in-
cluding corrosive gases, and thus is ideally
suited to in situ studies; second, a very
small amount of radioactive labels, usually
10°-10'° atoms, is sufficient, in contrast to
the large number of nuclei required for
NMR or ME; finally, crystalline as well as
amorphous materials and even liquids can
be studied, the latter being impossible by
ME. The main disadvantage is, of course,
that radioactive materials are to be used
and a radiochemistry laboratory is re-
quired. Activities, however, are always low
and in the 10-50 uCi range.

The principle of the application of
TDPAC to Mo compounds and Mo-based
catalysts is as follows: one determines the
interaction between the nuclear quadrupole
moment and the electric field gradient
(EFG) produced by all extranuclear
charges. For Mo atoms in a perfect octahe-
dral or tetrahedral environment the EFG
vanishes due to symmetry. Hence, there is
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no nuclear quadrupole interaction (NQI). A
simple condensation of polyhedra leads to a
distortion of the polyhedra and, hence, to a
nonzero NQI. This is characteristic for
each compound and can be used as a finger-
print. Actually the EFG is a second rank
tensor and hence also contains information
about the symmetry of the environment of
the probe atom. Unfortunately, the theory
of NQIs in compounds, as well as in pure
elements, is not sufficiently accurate at
present to offer much help in the interpreta-
tion of data. An important observation is
that the NQI in nonionic compounds ap-
pears to be governed by the nearest neigh-
bor environment. Hence, crystalline and
amorphous molybdates with about the
same local order yield very similar spectra.
In this paper we shall first give an ele-
mentary description of the theory of
TDPAC as it is relevant for the present pur-
pose, followed by a short description of the
experimental setup and the data reduction.
We give examples for crystalline Mo com-
pounds, liquid and frozen molybdate solu-
tions, and finally molybdates adsorbed onto
ALO; in the impregnated, dried, and
calcined state. For the latter studies we
shall classify the Mo species into isolated
Mo-0O polyhedra and condensed Mo-O
polyhedra sharing edges. The fraction of
condensed Mo-O polyhedra is found to be
large in all preparation steps (=75%) and
the spectra all resemble closely that of the
heptamolybdate. An efficient decondensa-
tion of Mo-O polyhedra can be accom-
plished by postimpregnation with K,CO;.

2. TDPAC—THEORY, SETUP, DATA
REDUCTION

2.1. Physical Background and Theory
[6-8]

The basic principle of TDPAC relies on
the fact that a nucleus being in an unstable
excited state will decay via the emission of
a particle, frequently a y-quantum, whose
emission probability depends on the orien-
tation of the nuclear spin. The reason for
this correlation between the emission direc-
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FiG. 1. (a) Isotropic emission of y-quanta from nu-
clei with randomly oriented spins. (b) Anisotropic
emission of y-quanta from oriented nuclei. (¢) By ob-
servation of a y-quantum in a certain direction, a sub-
ensemble of nuclei is selected which possesses an
alignment.

tion and the spin orientation is based on the
concept of conservation of angular momen-
tum: the vectors describing the magnitude
and orientation of the spins before and after
the emission of the y-quantum and the vec-
tor describing the direction of emission and
the magnitude of the angular momentum
carried away by the y-quantum (at least one
unit of #) must add up to zero or ‘‘form a
triangle.”’ In an ensemble of radioactive nu-
clei usually the spin orientations are distrib-
uted randomly. Hence, a radioactive sam-
ple will emit +y-quanta isotropically, as
shown in Fig. la. In contrast, the emission
would be anisotropic provided that the nu-
clear spins were oriented. This can be ac-
complished, e.g., by orienting the nuclei in
a strong magnetic field at temperatures of
the order of 1 mK. The angular distribution
of emission of an ensemble of oriented nu-
clei would then look similar to that shown
in Fig. 1b and can be written as

W(ﬂ) =1+ B2P2(COS 19)
+ BPycos 9) + - -+, ()
Here, & denotes the angle between the di-

rection of emission and the quantization
axis, the coefficients B, describe the degree
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of orientation, and the P(cos ) are Legen-
dre polynomials. Usually the term with k =
2 is sufficient. Because of parity conserva-
tion of the electromagnetic interaction only
even terms appear in Eq. (1); i.e., there is
no forward-backward asymmetry.

Instead of using oriented nuclei one
could profit from the fact that the mere ob-
servation of a y-quantum in a given direc-
tion selects a subensemble of randomly ori-
ented spins; not all nuclei would emit
y-quanta in this direction, only those which
happen to have the proper spin orientation.
This situation is sketched in Fig. 1c.

Now, if these nuclei would emit another
y-quantum, say vy, the subensemble shown
in Fig. 1c would do so in an anisotropic
manner because it possesses a certain de-
gree of orientation. This type of orientation
is called alignment because states with
quantum numbers +m and —m have the
same population. Hence, it is necessary to
measure the angular distribution of v, in co-
incidence with the preceding vy, in order to
ensure that they come from the same nu-
cleus. In other words, the emission of v, is

[5)
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F16. 3. Schematic experimental setup showing a
fixed detector for y; and a movable detector for y,. By
measurement of the coincidence count rate vs the an-
gle 8 between detectors, the anisotropy A, of the angu-
lar correlation is obtained.

correlated with the emission of y,. Thus the
heart of any y—y-angular correlation mea-
surement is a nucleus in an excited state
which emits two y-quanta successively or
in a “‘cascade’’ as shown in Fig. 2.

The experimental setup is shown sche-
matically in Fig. 3 and the correlation be-
tween the two y-quanta from an ensemble
of nuclei can be written as follows, in close
analogy to Eq. (1):

W) =1+ A,Pycos ) +--. (2)

Here, W(8) is the coincidence count rate,
A, describes the degree of angular correla-
tion between the two y-quanta, and 6 is the
angle between the emission directions of y,
and vy,. A, depends entirely on nuclear
properties of the cascade, i.e., the nuclear
spins involved and the multipolarities of the
transitions (i.e., dipole, quadrupole). It is
frequently called the ‘‘anisotropy’” and is a
constant. Usually, the term A, is sufficient.
The coincidence count rate as a function of
angle 0 between the two y-quanta looks like
that shown in Fig. 4.

It can happen that the lifetime of the in-
termediate excited state is long compared
to the instrumental time resolution of the
coincidence circuit. We could then perform
a time differential measurement, i.e., count
coincidences between 7y, and vy, as a func-
tion of delay time between vy, and v,. The

A;>0
90 180 270 6
A<0

270 8

90 180

NORMALIZED COINCIDENCE COUNTS

F1G. 4. Normalized coincidence count rate vs angle
8 between detectors for positive anisotropy (top) and
for negative anisotropy (bottom).
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F1G. 5. Simplified decay scheme of ¥Mo. Because
the I = § level is deexcited via two routes, two cas-
cades can be measured simultaneously: the 740-181
keV cascade and the triple cascade 740-40-141 keV.

Tn=5,39 nsec

9Tc GROUNDSTATE

time differential angular correlation would
then read

w(@, o
~ exp(—t/mn)[1 + A Py(cos 6) + - - -] (3)

with 7y being the lifetime of the intermedi-
ate state. This equation, however, holds
true only if the angular correlation is not
perturbed by any extranuclear fields during
the lifetime 7. In general, the extranuclear
fields, either magnetic fields or inhomoge-
neous electric fields, would interact with
the nuclear magnetic dipole or the electric
quadrupole moment, respectively, and turn
the spin orientation while the nucleus is in
the intermediate state. This torque leads to
a spin precession, and the resulting pertur-
bation of the angular correlation can now be
written as

w(, 1
~ exp(—t/mo)ll + A,G2(0)Ps(cos 6)

+o1 @

where G,(t), the perturbation function, con-
tains all relevant information characterizing
the fate of the nucleus while it is in the in-
termediate state.

Before giving examples for relevant per-
turbation functions we quote the cascade of
interest in the present study. Figure 5
shows a simplified decay scheme of Mo
(Ty; = 66 h) (9). Only the two cascades
which have been used in the present study
are shown. One cascade is actually a triple

cascade where the intermediate 40 keV vy-
gquantum remains unobserved. This does
not yield any complications and is incorpo-
rated in the anisotropy A,. The 740-181
keV cascade has a positive anisotropy, A,
=~ +10%, whereas the 740—(40)-141 keV
cascade has a negative anisotropy, A; =
—11%. (These numbers are derived from
TDPAC experiments and deviate from val-
ues reported by others (/0) which were
based on unperturbed time integral mea-
surements.) Both cascades can be used for
the study of the interaction of the I = }
nuclear state. The latter cascade yields a
slightly higher anisotropy and a slightly
higher coincidence count rate. However,
with our detectors we could not avoid the
rather strong admixture of the 142 keV line
from ®"Tc (T, = 6 h) to the 141 keV line
and we thus have a much larger background
of accidental coincidences for this cascade
than for the 740-181 keV cascade.

The intermediate spin 2 state has a non-
zero but unknown nuclear quadrupole mo-
ment. If placed in an inhomogeneous elec-
tric field, this nonspherical nucleus can
have certain orientations with respect to
the gradient of the electric field which differ
in energy (much like the parallel and anti-
parallel orientation of a magnetic dipole in a
magnetic field). A quantum mechanical
treatment yields the energies

E, = 3e2qOm¥412I — 1),

m=-1,-I+1,...,I-1,1 (5

eQ denotes the nuclear quadrupole mo-
ment; eq is the largest component of the
EFG tensor, which is assumed here to be
axially symmetric (i.e., eq = V,, Vi =
V,,); and I is the nuclear spin, with m being
a quantum number to label the possible ori-
entations. For the present case the interme-
diate state with I = § will split into three
substates differing in energy by

Em,m' =E, —E, = 3626]Q(m2 - m’z)/40
+1/2;
(6)

Hence, (i) for m = =3/2 and m’ =

E.3n,=1n = 6€2qQ/40;
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FiG. 6. Quadrupole splitting of the I = § intermediate
state (assuming axial symmetry).

Gi) for m = =5/2 and m’' = =3/2;
E.spx3p = 12e2qQ/40;

(iii) for m = =5/2 and m’ = =1/2;
E.sp.+1n = 18e2qQ/40.

With the definition wy = 6e2qQ/40h (we
have disregarded the sign of w, which can-
not be determined in a y—y-correlation ex-
periment anyway), we have the picture
shown in Fig. 6. Now, in analogy to the
Larmor precession we can think of a pre-
cession of the nuclear spin with frequencies
w, = nwgwith n = 1, 2, and 3. (This analogy
is very fruitful conceptually but not entirely
rigorous.)

The EFG is a traceless tensor (V + V,,
+ V., = 0) and can have axial symmetry or
not. In the principal axis coordinate system
we have

Vo O 0
o v, 0 | %
0 0 V..

If we rearrange the components such that
|V..| = |Vl = |V,,| we can define the asym-
metry parameter 7 as

_ Ve — Vyy
K ‘ V.

@®)

If V,, = V,, we have n = 0 or axial symme-
try; otherwise we have 0 < 7 = 1. A devia-
tion from axial symmetry modifies the level
splitting shown in Fig. 6 and consequently
the precession frequencies. In general this
no longer leads to a periodic precession pat-
tern because the frequency ratios now dif-
fer from the simple 1:2: 3 ratio.

We now give some typical examples for
the perturbation function G,(¢) for I = 3,
pure NQI, and random powder samples (in
contrast to single crystals or textured pow-
ders). In addition to the perturbation func-
tion G,(¢) we also show its Fourier trans-
form.

The simplest case, the absence of any
NQI, is shown in Fig. 7a. In this case Gy(t)
= 1 and the Fourier transform is just a peak
centered at zero frequency with the instru-
mental width determined by the width of
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)
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Fic. 7. Perturbation functions (left) and their
Fourier transforms (right) for I = § and pure quadru-
pole interaction: (a) unperturbed case; (b) fast relax-
ation case typical for liquids; (c) static, axially sym-
metric NQI; (d) static, nonaxially symmetric NQI; (e)
static, axially symmetric NQI with a finite frequency
distribution leading to damping in the time spectra or
line broadening in the Fourier spectra; (f) static NQI
with a distribution of frequencies (half-width at half-
maximum) centered around a mean zero frequency.
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the time window over which G,(¢) is ob-
servable.

The next case deals with fast relaxation.
For a spherical rotor and an isotropic mo-
tion we have a simple exponential decay:
Gy(t) = exp(—Mt) with A, = 2.8(wH)rc.
Here, (w?) denotes the time-averaged NQI
and 7. is the reorientational correlation
time. The Fourier transform now is a
Lorentzian convoluted with the instrumen-
tal resolution. This fast relaxation case is
shown in Fig. 7b.

The third case is the time-independent
(static) NQI. Figure 7c shows two periods
of Gy(t) = 0.2 + 0.371 cos(wet) + 0.286
cosCwot) + 0.143 cos(3wyt). Here, axial
symmetry was assumed. The Fourier trans-
form consists of a peak centered at zero
frequency with intensity 0.2 and three other
peaks centered at wg, 2w, and 3wy with in-
tensities 0.371, 0.286, and 0.143, respec-
tively. The time-independent term with in-
tensity 0.2 is a purely quantum mechanical
effect and results from ‘‘interference’ of a
sublevel with “‘itself”’ (i.e., m = m’).

Figure 7d shows the beginning of Gi(¢)
for a nonaxially symmetric case (n = 0.6).
Now the Fourier peaks are no longer equi-
distant and have modified intensities. Note,
however, that the sum rule still applies: ws
= w + wr.

Another case of interest is the effect of a
finite distribution of interaction frequencies
due to small site inequivalencies. This in-
troduces a time-dependent reduction of the
oscillation amplitudes, i.e., ‘‘damping’’ in
the time spectra or “‘line broadening’’ in the
Fourier spectra. This is shown in Fig. 7e for
a Lorentzian distribution of frequencies
with half-width 8(00/ [OT/ 8

A special case, the distribution around
zero frequency is displayed in Fig. 7f
(Lorentzian with half-width T'). Note that
the anisotropy does not fall to zero as in the
case of fast relaxation but stays constant at
the ‘‘hardcore” value of 0.2. Finally, it
should be mentioned that a spectrum can
consist of several components, e.g., two
static patterns of the type of Fig. 7c with

two different frequencies. The relative in-
tensities would then immediately allow the
quantitative identification of two different
species. Since the total anisotropy A, is
constant and known, the sum of all individ-
ual contributions must be constant; there is
in principle no way to miss the contribution
from a certain species due to technical
problems.

In practice, the finite resolving time of
the coincidence apparatus further modifies
the spectra. As a rough estimate of the ef-
fect of the finite time resolution we can use
the approximate amplitude reduction factor
f. = exp(—0.09 w’r}) with 7g denoting the
width of the time resolution function (full
width at half-maximum). Note that the
higher frequency components are progres-
sively more suppressed but that no damp-
ing or line broadening is introduced by the
finite resolving time.

2.2. Experimental Setup (8)

The TDPAC setup used in the present
work consists of four detectors in a plane as
sketched in Fig. 8. Each y-detector consists
of a Nal(T1) scintillation crystal (1.75 X 2-
in. diameter) mounted on RCA8850 photo-
multipliers. There are two separate circuits;
in the slow circuit the signals are analyzed
with respect to the y-energy and the coinci-
dences of proper pulses from two detectors
are established, essentially without any
time resolution. Table 1 shows the 12 possi-
ble combinations of detectors, of which 8
are used in the present experiment. The fast
circuit treats each incoming pulse irrespec-

Fi6. 8. Schematic of the arrangement of four detec-
tors in a plane being 90° apart from each other.
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TABLE 1

Summary of All 12 Possible Detector Combinations
in a Four-Detector Arrangement?®

Subgroup y, detected v, detected ()
number by detector by detector
number number

1 1 3 180

2 3 1 180

3 2 4 180

4 4 2 180

S 3 2 90

6 2 3 90

7 1 4 90

8 4 1 90

9 1 2 90

10 2 1 90

11 3 4 90

12 4 3 90

2 The first eight combinations were used in the
present experiments.

tive of its energy and is used for timing pur-
poses. A constant fraction trigger provides
fast logic signals which are fed to a time-to-
pulse height converter, the output of which
is then gated and routed into the 8 different
subgroups of a multichannel analyzer. Thus
we record 8 coincidence spectra simulta-
neously. Each subgroup contains a spec-
trum of the type shown in Fig. 9. Apart
from a constant background from acciden-
tal coincidences, i.e., the energy and time
conditions were by chance fulfilled by two
nuclei decaying practically simultaneously,
there is the exponentially decaying curve of
true coincidences onto which the spin pre-
cession signal (= Gy(¢)) is superimposed.
The exponential decay is to the right side
when the start detector records y; and it is
to the left side when it records v,. The ini-
tial time, ¢y, is placed in the middle of the
subgroup by a suitable delay in the stop
channel.

2.3. Data Reduction (8)

The data reduction proceeds in the fol-
lowing way. First, the accidental back-
ground is substracted from each subgroup.

In order to estimate this background we
used that part of the spectra which does not
contain true coincidences at all, i.e., the re-
gion for ‘‘negative times’’ (left half in Fig.
9). Next, we invert the spectra which decay
to the left side such that all spectra decay to
the right side. Then all spectra are shifted to
a common time origin. This ¢, for each sub-
group had been previously determined by
measuring prompt coincidences, e.g., from
a %Co source. This method of 7, determina-
tion allows deduction of both the center po-
sition and the resolution time 7. We now
form the ratio

R = A;Gy(¢) =

Wi W Wou Way — VWi W Wos Wi, )
VWi Wa WoaWay + 2 VWi aWa Wy W,

®)

W;; denote the coincidence count rates (al-
ready corrected for accidental background)
between detector i (accepting ;) and detec-
tor j (accepting v,). Inserting Eq. (4) shows
that this ratio equals A,G»(¢). The exponen-
tial decay factors cancel. Moreover, the de-
tector efficiencies cancel as well because
each detector appears once for each y-en-
ergy both in the numerator and in the de-
nominator. In many cases data were ob-
tained for both cascades simultaneously
and were then combined. Since A,(740-
181) is positive, whereas A,(740-40-141) is
negative, we form a weighted difference:
wR(740-181) — (1 — w)R(740-40-141).
Here, w is proportional to the statistical ac-

MODULATION [G5(t]]

TRUE COINCIDENCES

COUNTS

ACCIDENTAL BACKGROUND

¥ ¥
t=0
CHANNEL NUMBER [TIME)

Fi1G. 9. Content of a subgroup in the multichannel
analyzer (schematic).
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curacy at each data point (for details see
Ref. (11)).

It is the above ratio (Eq. (9)) which is
shown in subsequent figures. The calcula-
tion of statistical errors for each data point
is straightforward. Because there are fewer
true coincidences at later times, the statisti-
cal accuracy decreases with increasing de-
lay time between vy, and vy, .

In practically all cases computer fits of
appropriate theoretical functions of the
types shown in Fig. 8 were performed. In
this procedure, the complete analytical ex-
pressions for the effect of the finite time
resolution were used as described in Ref.
(12). :

In some cases we performed Fourier
transforms of the reduced data according to
Eq. (9). Here we used a Kaiser—Bessel win-
dow function (a suitable compromise be-
tween side-lobe suppression and deteriora-
tion of frequency resolution was obtained
with a parameter 4 rather than the maxi-
mum allowed 9 (13)). The data were imple-
mented by a suitable number of zeros (so-
called zero-padding) so as to reduce
truncation effects and guarantee the 2V
number of data required for the fast Fourier
transform routines.

3. EXAMPLES
3.1. Crystalline Compounds

Molybdenum metal. The simplest exam-
ple to start with is Mo metal. Due to its
cubic structure the EFG is zero and the un-
perturbed anisotropy should be observed.
This is indeed the case, as shown in Fig. 10
for the 740-40—141 keV cascade.! A least-
squares fit assuming a discrete frequency
yields the very low value of w = 10(3)
Mrad/s (14). This could be due to impuri-
ties or extended defects in the sample. This
measurement yields an accurate value for
the anisotropy: A, = —8.5%. When cor-
rected for solid angle correction factors we

1 The measurement was performed at 77 K for tech-
nical reasons. Room temperature data would be identi-
cal.

obtain A5 = —10.2%. Mo metal was neu-
tron irradiated and measured as irradiated
because we do not expect to produce radia-
tion damage (if it occurs it anneals even at
room temperature). As discussed in Ref.
(8) aftereffects due to the preceding S-de-
cay are not expected because the metallic
environment allows for a very rapid rear-
rangement of the electronic shell after the
nuclear transmutation. In fact, for all sys-
tems studied thus far we have never had
any indication of aftereffects.

Compounds with isolated Mo-0/S tetra-
hedra. The following compounds with iso-
lated Mo—O/S tetrahedra at room tempera-
ture were investigated (/4): Fey(MoQ,)s,
AL(MoO,);, and (NH4);MoS,. The first two
were measured as irradiated; the third was
dissolved in water after irradiation and pre-
cipitated with butanol/acetone. A typical
spectrum for Fe,(MoQy); is shown in Fig.
10. In this, as well as in the other two
cases, there is a very slow decrease of the
anisotropy which can be fitted well by a fre-
quency distribution around a mean fre-
quency w = 0. The half-width of this distri-
bution was I' = 45(4), 93(21), and 53(9)
Mrad/s for Fe,(MoQ,);, AL(MoQy);, and
(NH,),MoS,, respectively (Fig. 10). A fit
with a low but finite frequency was not suc-
cessful. In the first two cases, the broaden-
ing could arise from radiation defects or
other sample imperfections. The thiomo-
lybdate, however, was dissolved in water
and precipitated after irradiation. In this
case, all radiation damage, which was
clearly observed for a sample measured as
irradiated, is removed. The origin of the
broadening is not clear in this case. It could
arise from imperfections introduced during
the precipitation. Moreover, we required a
minority fraction of about 7% with wi =
472(36) Mrad/s to account for the structure
superimposed onto the slow decay. This is
certainly due to imperfections introduced
during precipitation. In any case, the NQI
in compounds with isolated Mo-O/S tetra-
hedra turned out to be zero or very small.
Since the NQI vanishes for ideal tetrahe-
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F1G. 10. TDPAC spectra of Mo metal (740-40-141 keV cascade only) taken at 77 K; Fe,(MoO,);
(740-40-141 keV cascade only) taken at 300 K; and (NH,),MoS, (both cascades simultaneously) taken

at 300 K.

dral coordination due to symmetry, we con-
clude that the tetrahedra in these com-
pounds are virtually undistorted.
Compounds with condensed Mo-0/S
polyhedra. The following compounds with
condensed Mo-0O/S polyhedra were stud-
ied at room temperature, except where
stated otherwise: MoO,, MoO;, (NH,)
Mo,0,4 + 2H,O (APM), the intercalation
compound Nagy s(H,0),M00; (14), the tri-
gonal prismatic-layered compound MoS,,
and amorphous MoS; (14, 15). MoO; turns
deep blue upon irradiation (1/5) due to a
high defect density, as indicated in the
TDPAC spectra by a high-frequency com-
ponent around 0.5 Grad/s (Fig. 11a). This
material was sublimed at 720°C after ir-
radiation. The TDPAC spectrum for the
sublimed material no longer exhibits the
high-frequency component attributed to
radiation-induced defects (Fig. 11b). Simi-
larly, solid APM turns dark brown upon
irradiation and when dissolved in water,
gives a deep blue solution, as reported ear-
lier (16). Interestingly, the solution remains
blue for several hours, showing the extreme
stability of the color center formed, which
gives rise to a high-frequency component at
800 Mrad/s in the TDPAC spectrum. We
believe that this center consists of an oxy-
gen vacancy in the coordination shell of

that central Mo atom which has no terminal
oxygens; the reasoning is as follows: (i)
very similar high-frequency components in
the gigaradians per second range are ob-
served for irradiated MoO; and APM (15);
(ii) sixfold coordinated Mo(V) in Mo-EDTA
(11) and in Nay s(H0),MoO; (14) exhibits
frequencies around 300 Mrad/s only.
Therefore, at least for neutron irradiations,
the oxygen vacancy model for the color
center in APM is strongly favored over the
model assuming a reduced APM via radi-
olysis (16). After stirring the solution in air
until colorless we precipitated APM with
ethanol. The resulting spectrum is shown in
Fig. 17, bottom.

The case of APM poses some problems

10 1
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FiG. 11. TDPAC and Fourier spectra of MoO; at 300
K. (a) Taken as irradiated; (b) taken after sublimation
in order to remove radiation defects.
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TABLE 2

Summary of NQI Parameters for Various Crystalline Molybdenum Compounds

Compound Temp @) dw; (HWHM) n @ ] Sw; (HWHM) 7'
(K) (Mrad/s) (Mrad/s) (%) (Mrad/s) (Mrad/s)
Fe;(M0Oy), 300 0 45(4) 0 100 — — —
AL(Mo00Oy); 300 0 93(21) 02 100 — — —
MoQO, 300 73(2) 18(5) 0 100 — — —
MoO; 300 175(4) 0 0.55(5) 100 — —_ —
Nay s(H,0)sMo0O, 77 294(11) 0 0.41(6) 100 — — —
(NH)¢Mo0,0 - 2H,O 300 181(3) 0 0.46(3) 76(2) 416(10) 0 0.29(5)
or 212(5) 0 0.49¢ 593) 324(13) 0 0.59(5)

MoS; 300 112(2) 0 0 100 — — —
(NH,),MoS, 300 Q 31(3) 02 93(2) 472(36) 0 la
(NH,);Mo;S;3 300 314(5) 0 0.58(3) 60(3) 165(5) 0

2 Assumed value.

in the data analysis. Since there are seven
inequivalent Mo atoms per molecule we
should in principle expect seven different
NQIs. This would be much beyond the ca-
pabilities of the least-squares analysis due
to the limitation of the data. A fairly satis-
factory fit to the data points could be
achieved assuming a single Mo site with a
small distribution in frequency. We thus ob-
tained w = 230(5) Mrad/s and n = 0.26(3).
The width of the frequency distribution was
16(9) Mrad/s (half-width at half-maxi-
mum). However, very accurate measure-
ments obtained by summing up several
spectra obtained for several separate sam-
ples revealed that the intensities of the ob-
served peaks (fundamental and harmonics)
do not agree well with those of the adjusted
theoretical spectrum. An analysis with two
inequivalent Mo sites yielded two possibili-
ties: (a) w; = 181(3) Mrad/s and n = 0.46(3)
for the majority site (mole fraction 76(2)%)
and w{ = 416(10) Mrad/s and »' = 0.29(5)
for the minority site; (b) w; = 212(5) Mrad/s
and n = 0.49 for the majority site (mole
fraction 59(3)%) and w} = 324(13) Mrad/s
and n’ = 0.59(3) for the minority site. In the
second case, we could tentatively assign
the minority site to the central group of
three Mo—O octahedra. The majority would
then be assigned to the other four Mo-O

octahedra which have terminal oxygen at-
oms. Since both ways to analyze the data
produce very similar theoretical spectra, at
least in the limited observable time range of
about 35 ns, we preferred to restrict our-
selves to the simple single-site analysis for
all subsequent applications.

The results of Table 2 show that all com-
pounds with isolated Mo-0O/S tetrahedra
exhibit a vanishing or very low NQI,
whereas the compounds with condensed
polyhedra have interaction frequencies in
the range from 75 to about 300 Mrad/s. It is
not clear whether the almost linear increase
of the average NQI with increasing O/Mo
ratio (and to a lesser extent with the S/Mo
ratio) has any significance. It appears that
the Mo(VI) compounds have systematically
higher NQIs than the Mo(IV) compounds.
Large NQIs are expected for Mo(V), since
the quadrupolar polarizability for ions with
a single electron outside the closed shell
core is particularly large. This is very
clearly shown by recent comparative stud-
ies of Mo(VI)-EDTA and Mo(V)-EDTA
(11).

3.2. APM Solutions

A very simple example of a TDPAC
spectrum of a liquid is shown in Fig. 12 for
APM dissolved in H,O at pH 5.5 and room
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Fi1G. 12. TDPAC spectra of APM dissolved in water at pH 5.5 taken at room temperature (left, 740—

40-141 keV cascade; right, 740181 keV cascade).

temperature (left, 740-40-141 keV cas-
cade; right, 740-181 keV cascade). Att =0
we find A, = —10.5% and A, = +9%, re-
spectively, already corrected for solid angle
correction factors (about 20%). Both values
are in disagreement with the values quoted
by Singh and Sahota (/0). The 181 and 141
keV lines were well separated in our experi-
ments. Therefore the admixtures of either
of the unwanted lines in the cascade, which
would reduce the observed anisotropies,
can be ruled out as a possible source for this
discrepancy. The anisotropy decreases
very slightly with time, and a least-squares
fit of an exponential decay, appropriate for
a spherical rotor and rapid isotropic tum-
bling motion of the molecule, yielded a de-
cay constant of A, = 1/142(18) ns~!and A, =
1/134(32) ns~! for the 740—40-141 keV and
the 740-181 keV cascades, respectively
(14).

At pH 5.5 we have heptamolybdate an-
ions in solution, as can be easily verified by
measuring the frozen solution (see below).
Assuming an average NQI of o = 230
Mrad/s and neglecting the deviation from
axial symmetry, we obtain from A, =
2.8{w?7. a reorientational correlation time
7. = 48 ps. From this the volume V of the
tumbling species can be derived via the De-
bye formula:

no -V

Te = ———

T (10)

In Eq. (10), n¢ denotes the viscosity. Tak-
ing mo = 1 cP we obtain an average volume
of about 6 X 1073 nm?3. Hence, the heptamo-
lybdate ion has no hydration shell.

We did not perform experiments with
monomolybdates in solution at room tem-
perature because we expect an even less
perturbed spectrum than that of the poly-
molybdate in solution. Thus, it is practi-
cally impossible to differentiate between
the two species in solution at room temper-
ature. However, both species yield very
different TDPAC spectra when immobi-
lized, e.g., by shock-freezing to 77 K (17).

Solid APM was neutron irradiated and
dissolved in H,O. The solution was stirred
for 1 h in order to remove all color centers
and to achieve equilibrium. A concentra-
tion of 0.034 M APM (i.e., 0.24 M referring
to monomeric MoOj3 ") was selected to sim-
ulate the pore-filling impregnation condi-
tions for the preparation of ALOs-sup-
ported catalysts. We measured solutions in
the regime 0 < pH = 14 (I7). The pH was
adjusted by adding aliquots of NaOH or
HCl, which had been determined previ-
ously in a titration experiment using solu-
tions of nonirradiated APM so as to avoid
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Fic. 13. TDPAC spectra (left) and their Fourier
transforms (right) of frozen molybdate solutions at
various pH values.

contamination of the pH electrodes. After
equilibration, the samples were shock-fro-
zen by immersion into liquid nitrogen. In
Fig. 13 .the TDPAC spectra and their
Fourier transforms are shown for varying
pH values. At pH = 7 the anisotropy de-
creases only very slightly with time; i.e, the
NQI is very small. This corresponds to the
peak at @ = 0 in the Fourier spectra. For
values of pH < 7 the anisotropy decreases
much faster, and characteristic peaks at
higher frequencies build up, similar to those
of crystalline APM. There is a further small
change for pH.< 2, whére the average NQI
decreases ‘slightly.

Since MoO3~ in aqueous solution under-

goes several polymerization and proton-

ation reactions we should in principle not

expect to have a single species in solution:

(18). Nevertheless we attempted to analyze

the spectra with the following assumption:

at pH > 6 the dominant species is MoO3;
hence, we assumed an average frequency w
= 0 for the undistorted tetrahedron but al-
lowed for some frequency distribution

since the solutions were rather concen-
trated. The mole fraction of this species and
the width T" were treated as free parame-
ters. The other mole fraction is due to poly-
molybdates, and we kept the discrete
frequency w; = 229 Mrad/s and the
asymmetry parameter n = 0.4 fixed except
where stated otherwise. These NQI param-
eters had been previously obtained from a
very accurate measurement of a frozen so-
lution at pH 5.5 (19). For pH 2.0, 2.7, and
3.7 it was necessary to increase w by 30 to
70 Mrad/s. All results are summarized in
Table 3. The onset of polymerization at pH
=~ 6 agrees with observations by Tytko and
Glemser (I8) for aqueous Na,MoQ;, solu-
tions and is clearly demonstrated in titra-
tion experiments, shown in Fig. 14. The
plateau around pH 6, i.e., the buffer capac-
ity, is larger for higher APM concentra-
tions.

Summing up, as in the case of crystalline
compounds, we have a vanishing or very
low NQI for monomeric MoO3™ and inter-
action frequencies between 230 and 300
Mrad/s for polymolybdates in frozen solu-
tions. This clear-cut distinction between
monomeric and polymeric molybdates
shown by the NQI suggests that it should be
possible to apply the same technique to the
characterization of adsorbates on ALO;.
This is discussed in the next section.

TABLE 3

Results of Least-Squares Fits of the Data Obtained
for Frozen Molybdate Solutions®

pH 8w (HWHM) forw = 0 a w;
(Mrad/s) (%) (Mrad/s)
14 17(4) 100 — —
11.5 20(6) 100 — —
9 50(13) 100 — —
7. 54(10) 95 229 0.40
5.5 0(13) 10 229 0.40
3.7 — e — 260 0.37
2.7 — — 260 0.37
2.0 — — 298(18) 0.44(8)
0 —_ — 193(8) 0.20

2 The quantities without quoted error limits were not treated
as adjustable parameters.
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FiG. 14. Titration curves of aqueous molybdate so-
lutions of varying concentrations.

3.3. Molybdate Adsorption on ALO;

The first preparation step in Mo-based
heterogeneous-supported catalysts is usu-
ally the impregnation of a suitable support
having a high surface area with an APM
solution (20, 21). We used Al,O; PURAL
SB from CONDEA with a BET surface
area of about 150 m?/g. In most cases this
AlLO; was calcined in air at 1023 K for 16 h
prior to impregnation in order to eliminate
adsorbed water. The APM solutions had a
concentration of 0.034 M APM, corre-
sponding to 0.24 M MoOj3 . We took, e.g.,
105 mg APM, 570 ul H,O, and 630 mg
ALOs, in order to produce a ‘‘theoretical
monolayer coverage’ with 12 wt% MoO;,
denoted by Mo12Al. Two procedures were
followed: the ‘‘pore filling’’ or ‘‘incipient
wetness’’ method and a modified version of
the “‘equilibrium adsorption’’ method.

Pore filling method. Mo3Al, Mob6Al,
Mo9Al, Mo12Al, and Mol5Al were stud-
ied. The different loadings were obtained
using appropriate amounts of APM while
keeping the amount of HO and AL,O; con-
stant. In this method there is no superna-
tant liquid. With this procedure, there is no
way to perform pH measurements, e.g., of
the solution in the pores. Moreover, it is

difficult to determine the degree of adsorp-
tion. Here, TDPAC measurements are ex-
tremely valuable. In Fig. 15 Fourier trans-
forms of TDPAC spectra for various oxidic
precursors are shown both at 300 K (left)
and at 77 K (right). At low concentrations,
the TDPAC spectra are only weakly per-
turbed, whereas at higher concentrations
the discrete frequency components gain in-
tensity. This is clearly visible in the peak at
o = 0 in the Fourier spectra, which is small-
est for Mo12Al and increases slightly again
for Mo15Al, i.e., beyond monolayer cover-
age. It is tempting to identify the unper-
turbed fraction a measured at 300 K with
adsorbed MoOj3 ™~ and the perturbed fraction
(1 — @) having discrete frequencies with ad-
sorbed polymolybdates (22). This identifi-
cation would be correct if the degree of ad-
sorption were 100%. This, however, is not
necessarily the case and the unperturbed
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Fi1G. 15. Fourier transforms of TDPAC spectra of
various Mo/AlL,O; oxide precursors taken at 300 K
(left) and 77 K (right).
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fraction at 300 K, i.e., asy, might possibly
include polymolybdates in solution (see
Section 3.2): aszg = (M0O3 Dadsorbed + (POY-
m01ybdates)solution .

In a second experiment at 77 K, where
the molecules in solution are immobilized,
this second contribution would show up as
a discrete frequency and hence the un-
perturbed fraction a7; decreases to the
true adsorbed MoOj~ fraction: an =
(M0O3 )adsorbed - From the difference in the
two values we obtain the degree of adsorp-
tion P:

11

The ratio of polymolybdates (poly) to ad-
sorbed monomolybdates (mono) is given by
(poly and mono both normalized to total
molybdenum content)

P =1- (ar — asp).

%0 12)

1 —an

poly/mono =

It can be easily shown that the neglect of a
possible monomeric species in solution
would lead to higher degrees of adsorption
and to higher poly/mono ratios. Inspection
of Fig. 15 shows that there is a further re-
duction of the w = 0 peak at 77 K compared
to that at 300 K, which, however, is not
dramatic (it should be mentioned that all
measurements were performed under iden-
tical geometries with the samples being in
identical sample holders inside the same
Dewar, thus allowing direct quantitative
comparisons). Hence, we can state at once
that we always have a high degree of ad-
sorption. The results obtained from least-
squares fits are summarized in Table 4.

In this analysis the following parameters
were kept constant: width of the frequency
distribution centered around w = 0, I' = 20
Mrad/s; frequency of the discrete compo-
nent, w; = 242 Mrad/s; width of the fre-
quency distribution of this component, 8w,
= 12 Mrad/s; asymmetry parameters, n =
0.4. In most cases an additional component
with w; = 700 Mrad/s and 85w} = 35% (n’
= () was found necessary to improve the fit

BUTZ ET AL.

quality (up to 30% population). This is at-
tributed to defects produced during irradia-
tion which persist after dissolution of APM
(see section 3.1) and also after impregna-
tion. This assignment is substantiated by
the fact that colorless solutions did not re-
quire this additional component whereas
“‘blue” precursors did, especially when the
measurement at 77 K was carried out im-
mediately after impregnation, thus prevent-
ing the decoloration.

We note that at low loadings monomeric
MoOj3™ is adsorbed preferentially while the
opposite is true for loadings higher than 9
wt% MoOQs. This observation is consistent
with previous Raman (23-26) and UV-Vis
spectroscopic (23, 24) results. This can be
understood as follows: the buffer capacity
of the APM solution is small at low concen-
trations (Fig. 14) (27). Thus it is possible
that the pH of the liquid in the pores is in-
creased sufficiently in the course of the ad-
sorption to allow substantial depolymeriza-
tion at pH = 7. Therefore MoOj is
predominantly adsorbed. At higher concen-
trations, the pH shift is less significant, and
we do not reach the pH for depolymeriza-
tion. In this respect, it is not clear whether
adsorbed polymolybdate can eventually be
desorbed and depolymerized in the solution
in the pores—provided that the pH is suffi-
ciently high—and then be readsorbed as
monomolybdates. A measurement with two
Mo12Al samples at 300 K, however,

TABLE 4

Degree of Adsorption and Ratio of Adsorbed
Polymolybdates to Adsorbed Monomolybdates for
Various Coverages

System Degree of adsorption (Poly/mono),gs
(%)

Mo3Al 100(3) 0.57(6)

Mo6Al 76(3) 0.95(18)

Mo9Al 95(2) 2.65(36)

Mo12Al 90(3) 4.29(1.22)

Mol5Al 100(3) 3.48(72)
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yielded a constant a;y over a period of 3
days within better than 10% accuracy. This
was found irrespective of the support pre-
treatment, i.e., freshly calcined or not.
Hence, we do not expect subsequent equili-
bration to play an important role.
Equilibrium adsorption. We used the
same solution as for the pore filling method
but added only 40% of the Al,O;. Hence the
solution excess was 2.5, which is low com-
pared to the usual excess used in the equi-
librium method (23). On the one hand we
wanted to be as close as possible to the pore
filling conditions (cf. buffer capacity of
APM solutions (Fig. 14) (27)), and on the

other hand we wanted to separate the su- -

pernatant liquid from the impregnated sup-
port with the possibility to determine the
pH and to perform separate TDPAC mea-
surements on both the solution and the
solid.

We studied two loadings only: Mo3Al
and Mol12Al. In addition, Mol2Al was
studied whereby the supernatant solution
was subsequently adjusted to pH 9. After
equilibration the samples were centrifuged
and the liquid was separated from the solid.
For Mo3Al an equilibration time of 1 h was
found sufficient, as indicated by the low -
activity in the supernatant liquid. This was
not true for Mol12Al. In this case, another
measurement with an equilibration period
of 18 h was performed.

The results for the solid Mo3Al, Mol12Al,
and Mo12Al in basic solution as well as for
the corresponding supernatant solutions
(all spectra were taken at 77 K) are shown
in Fig. 16. For Mo3Al the frozen solution
shows monomolybdates only, i.e., com-
plete depolymerization occurred during ad-
sorption, whereas the solid exhibits a small
amount of polymolybdates only. For
Mo12Al and 1 h of equilibration, both the
solid and the frozen solution exhibit es-
sentially polymolybdates. This situation
changes drastically after 18 h of equilibra-
tion. Now the frozen solution contains
about 80% monomolybdates while the sur-
face adsorbates are still essentially polymo-
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F1G. 16. Bar diagrams showing poly- and monomo-
lybdate fractions of both the supernatant liquid (left
bars) and the adsorbate (right bars) for Mo3Al (i-h
equilibration), for Mo12Al (1-h and 18-h equilibration),
and for Mo12Al in a solution at pH 9.

lybdates. This means that the depolymer-
ization in the supernatant liquid is a slow
process and requires several hours. More-
over, equilibration between the surface ad-
sorbates and the solution via desorption/
readsorption apparently plays no role.

This invalidates all attempts to infer the
surface adsorbate species from pH mea-
surements of the supernatant solution. Re-
cent Mo NMR measurements of systems
comparable to ours showed that the poly-
molybdate signal in solution is lost upon ad-
sorption (28). The authors concluded that
either all polymolybdates depolymerize
upon adsorption or, alternatively, the ad-
sorbate polymolybdate resonance is much
too broad to be detectable. In order to dis-
tinguish between these possibilities, the au-
thors then investigated the supernatant so-
lution and found no polymolybdates.
Hence, they concluded that there is no
polymolybdate adsorbed either. The
present results cast some doubt on this con-
clusion.

At pH 9 both the solid and the frozen
solution exhibited essentially monomolyb-
dates, as expected. As a byproduct we
could estimate the degree of adsorption by
measuring the y-activities in the liquid and
the solid. Whereas we had 70% of the activ-
ity on the ALO; support for Mol12Al, we
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had only about 40% on the solid when the
pH of the supernatant liquid was raised on
purpose to pH 9. This tendency is to be
expected in view of the isoelectric point of
aluminas at pH 7-9 (29). Interestingly, the
polymolybdate fractions qualitatively par-
allel the blue color of the samples, espe-
cially when immediately stored at 77 K. For
example, with Mo3Al the liquid turns im-
mediately colorless, whereas the solid de-
colorizes more slowly. With Mo12Al after 1
h of equilibration, both the liquid and the
solid remain deep blue. The curious situa-
tion of the coexistence of predominantly
monomolybdates in solution with predomi-
nantly polymolybdates on the surface is di-
rectly visible; the supernatant liquid has
turned colorless after 18 h while the solid
is still blue. Increasing the pH to 9 leads
to immediate decoloration, as expected.
Thus, the color of the impregnation solu-
tion serves as an interesting indicator in
two respects: first, the color signals the
presence of polymolybdates in solution and
in the adsorbates; second, all speculations
about monomeric adsorption with subse-
quent repolymerization (24, 30) can be
ruled out at once because the blue color
disappears upon depolymerization and
would not reappear upon subsequent re-
polymerization. This indicator function ap-
parently works because the color center
in solid APM is rather stable when APM
is dissolved in water and even when the
heptamolybdate is adsorbed onto ALO;.
Finally, it should be mentioned that the
equilibrium adsorption technique seems to
yield better defined surface adsorbate spe-
cies. This is shown in Fig. 17, top, for
Mo12Al at 300 K after 18 h of equilibration.
This spectrum was fitted with a fraction of
35% with a frequency distribution around
= 0 and a width ' = 70 Mrad/s, while the
majority had w; = 251(4) Mrad/s and n =
0.35(2) with 8w, = 5 Mrad/s, the latter being
almost negligible and much smaller than all
values obtained by the pore filling method
(even smaller than that obtained for solid
APM). The NQI parameters are only
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F16. 17. TDPAC and Fourier spectra obtained for
Mol2Al prepared by equilibrium adsorption for 18 h
(top) and TDPAC spectrum of APM at 300 K taken
after dissolution in water and precipitation with etha-
nol (bottom).

slightly shifted compared to the value for
solid APM (Fig. 17, bottom). Therefore,
and because of the persistence of the color
center upon adsorption, we can safely con-
clude that the adsorbed species are hepta-
molybdates. This rules out the concept of a
homogeneous monolayer coverage (31); it
rather suggests islands of heptamolybdates
and uncovered support surfaces. These ob-
servations are in good agreement with con-
clusions drawn from Raman spectra of im-
pregnated Mo/Al,O; catalysts in the wet
state (23, 25).

3.4. Drying, Calcination, and
Postimpregnation

Our studies of dried, calcined, and post-
impregnated precursors are less extensive
than our impregnation studies (22). Upon
drying the wet precursor Mo12Al at 393 K
for 2 h (obtained by the pore filling method)
we measured the TDPAC spectrum at 77 K
(Fig. 18a). Compared to the spectrum of the
sample before drying (cf. Fig. 15) there is
very little change. Moreover, in samples
which were colored and exhibited a high-
frequency component, this defect signal
persisted after drying. Hence, apart from
partially removing water in the pores, we
still have basically the same surface spe-
cies.

A spectrum taken at 300 K after calcina-
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FiG. 18. (a) TDPAC and Fourier spectra of Mo12Al
taken at 77 K after drying the wet precursor for 2 h
at 393 K. (b) TDPAC spectrum of Mol2Al taken at
300 K after calcination at 773 K for 2 h. (c) TDPAC
spectrum of K6Mo12Al taken at 300 K (Mo12Al post-
impregnated with K,CO;). (d) TDPAC spectrum of
K12Mo12Al taken at 300 K.

tion at 773 K for 2 h is shown in Fig. 18b.
Now, all high-frequency components disap-
peared; i.e., all defects are annealed. The
fitted theoretical function consisted of a
fraction of 83(1)% with w; = 197 Mrad/s
and » = 0.21, the remainder had w = 0.
This increase of the component with o = 0
suggests that partial decondensation of
polymolybdates. When the calcination was
performed at 873 K, this w = 0 fraction in-
creased even further. Beginning formation
of Al,(MoOy); under these conditions can-
not be excluded.

The majority species after typical cal-
cination procedures at 773 K is still the
heptamolybdate in full accordance with
structural information from Raman spec-
troscopy (23, 26, 32). It must also be con-
cluded that even after calcination homoge-
neous monolayers are not formed; rather,
molybdate islands still persist, as has been

indicated by ion-scattering spectroscopy
(33-35).

Upon postimpregnation of calcined
Mol12Al with aqueous K,CO; solutions
(atomic ratio K: Mo = 0.4 and 0.8, corre-
sponding to K6Mo12Al and K12Mo12Al,
respectively), we observed a dramatic
change of the TDPAC spectra (Figs. 18¢c
and 18d). For K6Mo12Al a fraction of 58%
exhibited o = 0 with a width of I' = 58
Mrad/s, whereas for K12Mo12Al this frac-
tion increased to 82(2)%. The remainder
had a discrete frequency of w = 186(7) and
380 Mrad/s, respectively, the latter being
unusually high and still unidentified. This
result shows that the postimpregnation with
K,CO; leads to almost complete deconden-
sation of the polymolybdates, provided that
the K:Mo ratio is sufficiently high. This
observation is in good agreement with
results for a NiMo/Al,Os catalyst on the ba-
sis of Raman and optical spectroscopy (36)
and clearly demonstrates that the adsorp-
tion of the heptamolybdate is not suffi-
ciently strong to prevent subsequent decon-
densation.

4. SUMMARY

By measuring the NQI of Mo — *T¢ by
TDPAC we have attempted to answer the
long-standing question: What is the ad-
sorbed species when AlLO; is impregnated
with APM solutions? At sufficiently high
coverages polymolybdates are adsorbed
predominantly. Moreover, it has been
found treacherous to infer the adsorbed
species from an investigation of the super-
natant liquid in equilibrium adsorption
studies.

TDPAC is very well suited to in situ stud-
ies. Therefore, we are currently investigat-
ing the reduction and sulfidation processes
of the oxidic precursors. In addition, we are
studying highly dispersed MoS, derived
from thermal decomposition of (NH4),Mo0S,
and from Mo3S;; clusters. Neither the ad-
sorbed sulfide nor the unsupported sulfides
correspond to bulk MoS,. Finally, first ex-
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periments monitoring the catalyst during
thiophene conversion in situ are under way.
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