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In order to determine the structural basis for the activity of transition metals exchanged into
zeolite frameworks, a series of extended X-ray absorption fine structure (EXAFS) measurements
have been made. In the particular case of Rh, it has been shown that solutions of [RhCI(NH;);]Cl,
exchanged with Na-X form a highly active catalyst (‘‘RhA’) for the carbonylation of methanol
when used with an organic iodide promoter. On the other hand, systems prepared from RhCl, are
far less active (‘‘RhC”’). EXAFS spectroscopy from the Rh K-edge has been used to follow the fate
of the Rh species for the two preparation techniques from the initial impregnation through the
catalyst calcination to the final activation with the promoter. Differences in structure are readily
apparent at each stage of the catalyst preparation. The results indicate that the species present in
RhA after impregnation is a mobile aquo complex while the Rh of RhC is in the form of Rh,0;
crystallites. Upon calcination, the RhA system forms highly dispersed Rh metallic crystallites
while the structure of the Rh species in RhC is only slightly affected by calcination. The activation
step in RhA involves modification of the metal particles at the surface atoms in a manner similar to
classical metal catalysis. The EXAFS results indicate that the intermediate oxide formed in RhC
during calcination is too stable for effective activation since it fails to convert fully to the metal

form.

INTRODUCTION

The possible use of Rh catalysts sup-
ported by zeolites for the carbonylation of
methanol (and related reactions) has at-
tracted substantial attention (/-5). This re-
action takes place in solution with a CH;l
promoter at moderate temperatures. In the
case of the homogenous reaction, the Rh
complexes involved form one of the best
characterized catalytic systems (6). How-
ever, far fewer answers are available to the
questions that arise regarding the case of
the heterogeneous system: (1) Where is the
Rh located and what is its neighborhood?
(2) What is the valency of Rh? (3) To what
extent does Rh maintain its dispersion? and
(4) How ae the above points affected by the
method of preparation? Infrared spectros-
copy and XPS report Rh valencies of the
active catalyst that include Rh° Rh!, and
more highly oxidized species (7-11). How-
ever, ir is not a very sensitive probe of cat-
ion valence state. At the same time, XPS
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operates under a disadvantage unique to
the zeolite-supported catalysts since the ex-
posed surface external to the catalyst grains
is generally only a few percent of the com-
bined external surface and internal surface.
Since much of the interest and catalyst de-
sign efforts aim at utilizing the high internal
surface area of the support and its unusual
chemical environment, a method for mea-
suring the chemical structure, valency,
etc., in the bulk is most desirable. In the
case of the zeolites then, the well-known
sensitivity of XPS to the exposed (external)
surfaces may act to obscure the chemical
state of the majority of the catalytic metal.
With this in mind, we have performed mea-
surements of the extended X-ray absorp-
tion fine structure (EXAFS) on a series of
zeolite-supported Rh catalyst preparations.

The importance of the method of catalyst
preparation is well known, but was empha-
sized in recent work in which Rh is impreg-
nated in NaX zeolite (5). In particular, a
Rh/NaX catalyst was far more active for
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the carbonylation of methanol when pre-
pared from an aqueous solution of [Rh
(NH;)sCl]Cl, as compared to the more com-
mon RhCl; starting point. In order to obtain
an understanding of the structural reasons
that might underlie these differences, spec-
tra were taken of systems prepared from
solutions of [Rh(NH;);Cl]Cl, and RhCl;
(which we will refer to as ‘““RhA” and
“RhC,” respectively).

Experimental

Both RhA and RhC were prepared by im-
pregnation of LINDE 13X from aqueous
solutions of the starting compound in the
manner described by Christensen and Scur-
rell (3). After washing and drying, the im-
pregnated zeolite samples of the light
brown material were reserved for spectros-
copy. At this stage of preparation, the ma-
terial was designated ‘‘wet.”’ After calcina-
tion at 400°C in flowing N, a portion of RhA
and RhC were transferred and stored under
N; for measurements at the ‘‘calcined”
stage. This material was dark gray for RhA
and brown for RhC. The catalyst was then
contacted with a mixture of CO, methanol,
and methyl iodide at 150°C to produce a
catalyst in the working state and is desig-
nated the ‘‘activated’ stage. The analysis
of the reaction product showed high selec-
tivity for carbonylation and a high activity
for RhA together with a much lower activ-
ity for RhC, in agreement with the results of
Scurrell and Howe (5). These results for
two runs are set out in Table 1. The acti-
vated catalyst was transferred and stored

under N,. The material RhA became
slightly lighter gray upon activation, while
the RhC sample was dark brown.
Preliminary to performing spectroscopy
on the samples, a sufficient amount of each
was loaded into sample holders with a 20-
mm-diam barrel bored into either Al or Bn
and then capped with BN disks. The hold-
ers were then sealed in plastic bags while
being maintained under an inert atmo-
sphere. The X-ray absorption measure-
ments in the region of the Rh K-edge (23.2
keV) were made at the C2 station of the
Cornell High Energy Synchrotron Source
(CHESS). Each experiment involved plac-
ing the sample in the X-ray beam and be-
tween two ion chambers serving as X-ray
detectors. The monochromator stepped the
beam through X-ray energies starting at
less than the Rh K-edge at 23.21 keV and to
energies well above the edge. At each en-
ergy the ‘‘upstream’ detector reports the
incident intensity I, with little absorption
and the detector ‘‘downstream’’ of the sam-
ple measures the remaining intensity /.
From Beer’s law the X-ray optical density
ud = p(E) = In((E)I(E)) is obtained,
where d is the sample thickness. Spectral
runs required ca. 15 min. Once the spec-
trum is obtained, the EXAFS is extracted
as the oscillatory portion of the absorption
spectrum above the absorption edge

_ pE) — (po(E) + pg(E))
X(E) = o) :

Here po(E) + pg(E) is the total background
due to the atomic absorption from the edge

TABLE 1

Rh/13X Carbonylation Studies

CH,I/CH,OH Temp Rate of carbonylation Selectivity
molar ratio °K) mole product/g Rh/hr (%)
(g product/g Rh/hr)
RhCly/13X 0.12 423 0.0512 (3.79) >90
0.12 423 0.0648 (4.80) >90
Rh(amine)/13X 0.12 423 0.271 (20.0) >90
0.12 423 0.198 (14.3) >90
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being excited, po, plus all other contribu-
tions to the absorption, pg. In this work pg
+ pp is empirically obtained as a least-
squares fit to the EXAFS region with poly-
nomial spline functions, and p, is approxi-
mated by Heitler’s formula (/2). In order to
control possible X-ray induced changes in
the samples, rapid scans of the near edge
region were made before and after the long
EXAFS scan. The lack of a measurable
shift in the absorption edge was considered
an assurance that radiation damage had not
occurred. Also, the samples showed no X-
ray-induced color changes during the mea-
surements.

RESULTS AND DISCUSSION
The EXAFS spectra show that the sam-

DENLEY, RAYMOND, AND TANG

ples underwent important structural
changes at each stage of the preparation
and that there existed significant differ-
ences between RhA and RhC at each stage
of preparation. Beginning with the first,
“‘wet’’ stage, there is an obvious difference
in crystallinity. In successive steps the
EXAFS amplitude for RhA increases and
becomes indicative of high-Z backscatter-
ing neighbor-shells, while this transforma-
tion lags in RhC.

Rh/13X-Wet

The EXAFS signal x obtained for RhC-
wet and RhA-wet is displayed in Fig. 1 after
weighting by a factor 43 in the electron mo-
mentum, together with the radial distribu-
tion function (rdf) obtained after a Fourier
transform of the EXAFS signal. There is a
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Fic. 1. Rh K-edge EXAFS for (a) RhA catalyst in the ‘‘wet’’ form, (b) RhC catalyst in the “‘wet”’
form, and (c) rhodium sesquioxide hydrate. The direct Fourier transforms of these are (d), (e), and (f),

respectively.
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similarity in the first neighbor-shell in bond
distance, but only RhC-wet gives clear evi-
dence of any further neighbor-shells. The
rdf for the reference compound Rh,0; hy-
drate shows striking similarities with RhC-
wet and based on the confirmation proce-
dure detailed below, we conclude that
RhC-wet is substantially microcrystals of
Rh,0; hydrate crystal structure with a Rh
atom having O atoms in the first neighbor-
shell (abbreviated nsl) at 2.05 A distance
and Rh in ns2 at 3.00 A. At this point it is
worthwhile to outline how the neighbor-shell
is identified in our work and how the cor-
rect shell distance is determined. Figure 2a
shows the EXAFS signal k*x which is then
Fourier transformed. The total EXAFS sig-
nal is composed of the contribution x (k) of
each of several neighbor-shells which are

0.6
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described by the formula (13)
x;(k) = (N/kR?)| fi(m)|

exp[~20%* — 2R/NK)]. (1)

The electron wave vector is given by
k =0.5123(hw — Ey + E)'? A1, (2)

with energies expressed in electron volts,
where E; is the onset of absorption and the
inner potential E; sets the zero of electron
kinetic energy. The total signal is obtained
as a sum over shells of jth-neighbor atoms
consisting of N; atoms at a distance R, from
a central atom. The backscattering strength
is |f{m)|, and ¢; is the total energy-depen-
dent phase shift that an electron experi-
ences upon returning to the central site af-
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F1G. 2. The analysis used in this work takes (a) the EXAFS signal and applies a Fourier transform to
obtain an rdf without phase compensation as in (b). The peak is isolated with a window function
[dashed line in (b) and back-transformed to a filtered signal (c)]. After transforming with a phase

compensating factor, the rdf in (d) results.
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ter backscattering. Thermal oscillations
from the equilibrium lattice positions are
described by o, and A is the mean electron
attenuation length. Since x is a harmonic
sum, then a Fourier transform will have the
effect of isolating out the contributions to x
of the different shells. The radial distribu-
tion function is obtained from the complex
Fourier transform %(k"y) as the absolute
value N(r) = |%(k"x)| shown in Fig. 2b. The
contribution to x derived from a single
neighbor-shell is studied by isolating that
shell with a window function W(r) that falls
smoothly to zero away from the peak of in-
terest. The isolated peak from shell i is then
inverse Fourier transformed to obtain the
EXAFS signal from shell i alone k%; =
F YW F(k"x)) as shown for the primary
shell in Fig. 2c. This signal shows a peak
which is known to increase in position with
atomic number of the neighbor shell atom
(14). In this way it is possible to assign the
approximate atomic number by comparison
with similar determinations for compounds
of known structure. Table 2 gives values for
reference compounds that lead to an identi-
fication of the first neighbor shell in RhC-
wet as oxygen by comparing with the differ-
ent kma, locations for k3y. Finally, in order
to obtain the correct values for neighbor
distances, it is necessary to take into ac-
count the well-known phase lag ¢(k) in x
that has the effect of foreshortened dis-
tances in N(r) by ca. 0.3 A. This can be
quite adequately compensated by multiply-
ing the EXAFS signal by an offsetting

TABLE 2
Rh K-EXAFS; Reference Compounds
Sample Peak in Max in Bond
Fourier k*x
tran§form (A7)
(A)

RhI; 2.38 10.9 Rh-I
Rh(m) 2.38 10.6 Rh-Rh
RhCly/anh 1.87 8.6 Rh-Cl
Rh,0; - 5H,0 1.62 7.5 Rh-O
RhCI(NH,);Cl, 1.64 7.1 Rh-N
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phase e~ *® before Fourier transforming
the data (15). It can also be helpful to divide
out the influence of the backscattering am-
plitude and the Debye-Waller factors when
they are known. In our study we have used
phase shifts and amplitudes calculated by
Teo and Lee (14). The Debye-Waller fac-
tors have not been determined here but the
k3 prefactor to x serves as approximate
compensation. The accuracy of this tech-
nique is routinely a few hundredths of an
angstrom and can be as low as a few thou-
sandths (15). This final transformation as
shown in Fig. 2d was done on the raw ex-
perimental x, but for cases of close or over-
lapping shells, it would be more appropriate
to act on the filtered data y;. In this way
transformation of k3y with phase compen-
sation for a Rh absorbing site and an O
backscatterer yields an Rh—O first-shell dis-
tance of 2.05 A which agrees very well with
a similar EXAFS determination of the Rh~
O distance in Rh,0; hydrate of 2.04 A. By a
similar process we can confirm the second
largest peak as being due to Rh atoms in ns2
at a distance of 3.00 A. The good agreement
of this distance with the ns2 of Rh,O3 hy-

TABLE 3

Rh K-EXAFS: Phase Compensated Neighbor-Shell
Distances in Reference Compounds

Sample Bond EXAFS XRD Sum of
distance value Bragg-Slater
(A) (A)  atomic radii¢
(A)
Rhl; Rh-1 2.65 2.63% 2.75
Rh(metal) Rh-Rh 2.68 2.69¢ 2.70
Rh-Rh 3.84 3.80¢
Rh-Rh 4.65 4.66°
RhCl, Rh-Cl 2.30 2.30¢ 2.35
anhydrous
Rh;0; - 5H,0 Rh-O 2.04 1.95
Rh-Rh 3.04
RhCI(NH;)sCl; Rh-N 2.05 2.06¢ 2.00

2 Day, C., and Selbin, J., ‘“Theoretical Inorganic Chemis-
try,”” p. 114. Reinhold, New York, 1965.

4 Denley, D., unpublished data.

c Wyckoff, R. W., “‘Crystal Structures,” Vol. 1, p. 79.
Wiley-Interscience, New York, 1963.

4 Griffith, W. P., **The Chemistry of the Rarer Platinum
Metals,” p. 40. Wiley-Interscience, London, 1967.

¢ Evans, R. S., Hopcus, E. A., Bordner, J., and Schreiner,
A. F., J. Cryst. Mol. Struct. 3, 235 (1973).
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drate (Table 3), the excellent agreement for
ns1, and the correspondence of the relative
peak amplitude serve as strong evidence for
the identification of RhC-wet with micro-
crystalline Rh;O; hydrate.

Just as with RhC, the location of k., for
the primary peak of RhA-wet indicates an
oxygen first neighbor. The obvious differ-
ence in RhA-wet from RhC-wet and Rh,0;
hydrate is the absence of the Rh-Rh second
neighbor-shell. The RhA-wet also does not
appear to be bound at one of the traditional
cation sites of faujasite as evidenced by
the absence of Al or Si neighbor-shells. In
fact, the complete absence of higher neigh-
bor-shells indicates that the Rh is in the
form of a mobile, mononuclear aquo com-
plex. However, because of the close value
of knax for N in comparison to that of O and

the similar value for Rh-N as found by
EXAFS and XRD (16) for [RhCI(NH3);5]Cl,
(Table 3), it is difficult to rule out the possi-
bility of the first neighbor as being N (pre-
sumably as an ammine coordination sphere).

Rh/13X-Calcined

The differences between RhA and RhC
become more pronounced at the calcined
stage (Fig. 3). The RhC-calcined results
show a Rh-O ns at 2.02 A and a Rh-Rh ns
at 2.98 A. These results are once again con-
sistent with Rh,Os hydrate type of structure
in both shell distances and amplitudes. The
small shell shrinkage observed in going
from RhC-wet and Rh—C calcined could be
the Rh,O5 crystallite responding to internal
pressure generated by dehydration of the
hydrate lattice.
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FiG. 3. Rh K-edge EXAFS for (a) RhA catalyst at the calcined stage, (b) RhC catalyst at the calcined
stage, and (¢) Rh metal. The direct Fourier transforms of these are (d), (e), and (f), respectively.
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TABLE 4
Rh/13X EXAFS Bond Distances

Sample Bond Max in Distance
kix A)
(A1

RhA-wet Rh-0 7.8 2.06
RhA-calcined Rh-Rh 10.3 2.67
Rh-Rh 3.84

Rh-Rh 4.59

RhA-activated Rh-Rh 10.5 2.63
Rh-Rh 3.74

Rh-Rh 4.51

RhC-wet Rh-O 7.7 2.05
Rh-Rh 10.0 3.00

RhC-calcined Rh-0O 7.5 2.02
Rh-Rh 10.1 2.98

RhC-activated Rh-0O 7.0 1.95
Rh-Rh 10.2 2.69

The RhA-calcined material (Fig. 3) is
readily identified by EXAFS as Rh metal
crystallites. Upon comparison of the results
in Tables 3 and 4, the apparent bond con-
traction and the decreased intensity of
higher neighbor-shells are both consistent
with the Rh being in the form of very small
crystallites (17).

Attempts to locate Rh or measure crystal
size by XRD proved fruitless so an estimate

Four Types of Atoms with
Differing Occupancies of
The Neighbor — Shells

Atom
Type \ Occupancy of Neighbors in;
Number ns 1 ns 2

1 Corner 4 1
2 Edge 7 2
3 Face 9 3
4 Internal 12 6

of the crystal size from the EXAFS data
was made. The neighbor-shell peak func-
tion N{r) obtained by Fourier transforming
x; in Eq. (1) has its main dependence in
overall amplitude on N/R?. Then it is possi-
ble to obtain an estimate of the fractional
change f; in N; of the crystallites from that
of the chemically identical reference metal
in the form of a bulk powder if the simplifi-
cations are made that one can neglect ef-
fects due to changes in the electron phase
and backscattering function, Debye—-Waller
factor, inelastic attenuation or the level of
static disorder,

o N R B
J ]vjref ( Rjrel)Z Pjref’

where P; is the peak amplitude of the jth
shell in the rdf. Since the variations in R;
and overall chemical environment between
the reference material (bulk metal) and the
sample (microcrystallites) are so small, the
effect of the approximations made are ex-
pected to be small in this case.

The values of f; and f; for RhA-calcined
using Rh foil as a reference are 0.49 and
0.34. These can be compared to the values
obtained from model calculations for small

Population

n,= 6
12L
=4L(L-1)}
1 2
i 5 LIL-1) (2L-1) + L

Total Number of Type 2 Atoms
{Along Edge but Not on a Corner}

r 3 _E 3
[} [} il n

F1G. 4. Summary of the attributes of an octahedral model arising from a face-centered cubic lattice.
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TABLE §
Octahedron Model: Effect of Size
Total Total ne ne ni Mean occupancy S,
edge atoms
length Si(nsl)  Si(ns2) Sy (nsl) S1(ns2)
Li=L+2 S.(nsl) S.(ns2)
2 6 0 0 0 4 1 0.33 0.17
3 19 12 0 1 6.32 1.82 0.53 0.30
4 44 24 8 6 7.64 2.59 0.64 0.43
5 85 36 24 19 8.47 3 0.71 0.52
10 670 96 224 344 10.21 4,38 0.85 0.73
20 5340 216 1224 3894 11.10 5.14 0.93 0.86
x — —_ — — 12 6 — —

crystallites. We have computed theoretical
values of the above ratios from the mean
nsl and ns2 occupancies S; for an octahe-
dron model of the microcrystallite. This
model, and its properties as a function of
crystallite size, is illustrated in Fig. 4. The
resulting values for integral values of the
number of atoms along an edge are given in
Table 5. The agreement between S;(nsl)/
S«(nsl) and N] on the one hand, and
S1(ns2)/S«(ns2) and Nj on the other is good
for an octahedron with a total of ca. 3 atoms
along a side. More accurate solutions are
shown in Table 6. The quality of the agree-
ment is quite encouraging and could be im-
proved further by modifying the model
crystallite to the form of a truncated octa-
hedron.

Rh/13X-Activated
The differences between RhA and RhC in

TABLE 6
Rh Crystallite Sizes Derived from the Octahedron
Model
Sample h f Mean crystal
size
Li(f) L(f)
RhA-calcined 0.49 0.34 2.8 3.2
RhA-activated 0.48 0.43 2.7 4.0

the activated stage suggest the cause of the
relatively poor performance of RhC. Two
major peaks occur in the spectrum for RhC-
activated shown in Fig. 5, the first is at a
distance that suggests an Rh-0O bond still
remains in the nearest neighbor-shell. The
position of the peak in the amplitude for x
tends to confirm this, although interference
from the stronger peak creates difficulty in
confirming this assignment. The peak at
2.69 A is readily identified as being due to
Rh-Rh. Unlike rhodium sesquioxide (Rh-
Rh distance of 3.04 A), the bond length is
found to be the closest packing value as in
Rh metal, and this, together with compari-
son to the RhC-calcined spectra, leads us to
conclude that Rh—C-activated material ac-
tually consists of a mixture of Rh metal
crystallites and rhodium oxide in the same
form as RhC-calcined. The lack of any
bond contraction in the Rh-Rh peak also
implies the Rh crystallites are relatively
large.

The RhA-activated spectra (Fig. 5)
shows very little change from the calcined
stage. Since the peak positions (Table 4)
and the relative amplitudes are quite similar
to the latter, we conclude that the form is
nearly the same. The presence of CHsl as a
catalytic promoter, the small shift of the
backtransformed amplitude peak toward
higher %, and the involvement of I with Rh
as a ligand in the case of the homogeneous
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FiG. 5. Rh K-edge EXAFS for (a) RhA catalyst in the activated form and (b) RhC catalyst in the
activated form. The direct Fourier transforms of these are (c) and (d), respectively.

process (6) create the belief that I ligands
have some involvement with the Rh crys-
tallites at the RhA-activated stage. How-
ever, this involvement is minor (perhaps
decorating the surface of the Rh crystallite)
and cannot be confirmed. The estimated
size of the crystallite as obtained from the
octahedron model (Table 6) is quite similar
to that of the calcined stage.

CONCLUSION

This EXAFS study was aimed at trying
to understand the structural differences be-
tween a highly active and a low activity for-
mulation of a Rh/13X catalyst for methanol
carbonylation. Structural differences were
in fact found at the -earliest preparation
stage. Since no Rh-N interaction could be
demonstrated for RhA and likewise for Rh-
Clin RhC, it is judged that the initial ligands
are not involved directly in the catalyst
preparation beyond the initial stage of Rh
impregnation into-the zeolite lattice. In the
impregnated stage, RhA-wet is most likely
in the form of a highly dispersed oxide or
aquo complex. The lack of secondary

neighbor-shells indicates either high static
disorder or perhaps cationic mobility. The
RhC-wet sample shows very strong similar-
ity to bulk Rh)O; - SH,O. The RhC-
calcined material is not greatly changed
aside from some bond contraction that
could be due to pressure from the zeolite
lattice or perhaps thermal damage to the
oxide hydrate. At the same time, RhA-
calcined has undergone a dramatic decom-
position to Rh metal microcrystallites. This
form of RhA does not change substantially
upon activation and suggests that a view of
catalytic activity as arising from a near ho-
mogeneous catalytic process fixed within
the “‘solid solution’’ of the zeolite frame-
work would be somewhat inaccurate. In-
stead, the zeolite should be viewed as an
unusual carrier of high surface area for
metal-particle heterogeneous catalysis.
The particle size in both RhA-calcined and
activated are similar and estimated at an
average of ca. 9 ;&, which is quite similar to
the main cavity size of the faujasites of ca.
12 A. The pattern of a RhC carrying a rela-
tively inert Rh species continues into the
preparation of RhC-activated, which seems
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to show only partial conversion from the
oxide to active metal.
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