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Zeolites: In Situ Synthesis of Rhodium Carbonyl Clusters
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Y-type zeolites exchanged with [Rh(NH;);sCI)** ions and subjected to different treatments have
been studied by radial electron distribution derived from X-ray scattering and by infrared spectros-
copy. O, treatment at 620 K of the RhY zeolite leads to rhodium oxide clusters and rhodium
cations. Metal aggregates smaller than 1 nm are formed upon H; reduction at 470 K. The adsorption
of CO at 300 K produces a complete disintegration of the Rh aggregates into monomeric species
identified as Rh/(CO), by IR spectroscopy. In the presence of CO:H,0 mixture, the Rhi((CO),

species condense into polynuclear carbonyl clusters.

INTRODUCTION

Considerable attention has been paid in
the past few years to the atomic structure of
metal aggregates encaged in zeolites (/-5).
Using radial electron distribution (RED)
calculated from X-ray scattering data, it has
been shown that the structure of 1-nm Pt
aggregates depends upon the binding en-
ergy of the adsorbates. Thus CO adsorption
(4) or dissociative hydrocarbon chemisorp-
tion (3) induces a disorder in the structure
of the aggregates because the formation of
Pt-C bonds displaces the Pt atoms from
their equilibrium positions. These chemi-
sorptions, although they are corrosive, do
not lead to complete cluster disintegration
such as that observed upon NO adsorption
at 300 K on 2-nm Pd aggregates in Y zeo-
lites (6).

It has been shown (7, &) that Rh aggre-
gates with a narrow size distribution cen-
tered below 1 nm can be prepared by proper

! To whom correspondence should be addressed.

2 On leave from Central Research and Development
Dept., E.I. du Pont de Nemours and Co., Wilmington,
DE 19898.

¥ Laboratoire propre du CNRS, conventionné 2
I'Université Claude Bernard Lyon I, France.

© 1987 Academic Press, Inc.

treatments of Y zeolites exchanged with
[Rh(NH;)sCl1?* ions. Primet (8) has shown
by IR spectroscopy that CO adsorption on
small Rh particles leads to Rh'(CO); spe-
cies. It has been demonstrated by EXAFS
that Rh aggregates supported on alumina
(9-11) or TiO, (12) are partially disrupted
into isolated RhI(CO), upon CO adsorption,
the higher the dispersion, the lower the
fraction of Rh atoms remaining metallic. A
recent IR study (/3) supports these pre-
vious findings (8~11).

The aim of the present work is to deter-
mine if the Rh aggregates hosted in the zeo-
lite cages can be disintegrated completely
upon CO adsorption. Moreover, it has been
shown by IR spectroscopy that supported
rhodium carbonyl clusters can be synthe-
sized from Rh!Y zeolite in the course of
the CO + H, reaction (/4) or from Rh'(CO),
species adsorbed on alumina (/5). Recently
we were able to prepare Rh carbonyl clus-
ters from Rh''Y zeolites and to character-
ize them by IR and *C NMR spectrosco-
pies (16, 17). Direct evidence for the
formation of Rh~Rh bonds characteristic of
polynuclear carbonyl clusters was also ob-
tained by a RED study (/8). Therefore the
second aim of this study is to detect by
RED the appearance of new Rh—Rh bonds
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TABLE 1

Treatment of Rhodium Zeolites

Sample

Treatment®

RhY(Oy)

[Rh(NH,);Cl]?>*-exchanged Y zeolite; heated

from 300 to 620 K under flowing O, (0.5 K/
min); kept 30 min at 620 K, evacuated 300
K (kept under Ar)

RhY(H,)

RhY(0,) evacuated at 300 K; heated in flow-

ing H, from 300 to 470 K (2 K/min); kept
30 min at 470 K; cooled to 300 K under H,
(kept under Hy)

RhY(CO)

RhY(H,) evacuated at 300 K; contacted with

200 Torr of CO and 560 Torr of Ar at 300
K (kept under CO: Ar)

RhY(CO + H;0)

RhY(CO) evacuated at 300 K; contacted at

300 K with 15 Torr of H,O vapor (30 min);
contacted at 300 K with 760 Torr of CO
(kept under CO: H,0)

Note. 1 Torr = 133.3 N m~2

¢ Atmosphere during X-ray collection at 300 K is in parentheses.

at the expense of the species resulting from
the Rh aggregate disintegration so that the
complete transformation of metal aggre-
gates into carbonyl clusters can be demon-
strated.

EXPERIMENTAL

The RhY zeolite was prepared from NaY
(LZY-52, Union Carbide) by ion exchange
in 800 cm? of 0.001 M [Rh(NHj;)sCIICl, solu-
tion per gram of zeolite at 350 K for 12 h,
washing free of Cl~ ions, centrifuging, and
drying at 380 K. The unit cell composition
determined by chemical analysis on
calcined powder was Rh;;3NasHgs
Sij35Al57034.

The exchanged RhY zeolite was acti-
vated in a U-shaped quartz cell equipped
with two 5-cm? frits. One gram of zeolite
was heated in flowing O; at 0.5 K/min from
300 to 623 K with oxygen flowing upward
at 5 liters/min to produce a nearly fluidized
bed. After evacuation of O, at 300 K, the
zeolite was reduced in flowing H; (0.5 liter/
min) from 300 to 470 K at 2 K/min, kept at
470 K for 30 min, and cooled under H,. It
was checked by transmission electron mi-

croscopy on ultramicrotome cuts of zeo-
lites that the Rh aggregates formed upon
reduction are smaller than 1 nm in diameter
in agreement with previous findings (7, 8).
It should be stressed that the activation
treatment in O, prior to H, reduction is es-
sential to obtain a good final dispersion. It
must be conducted with good contact be-
tween the gas and solid phase and with a
slow heating rate; otherwise, an autoreduc-
tion process can result in a heterogeneous
dispersion.

The quartz cell was opened in a glove-
box flushed with O,-free Ar. The zeolite
powder (1 g) was pressed into the rectangu-
lar cavity of a sample holder and placed in a
controlled atmosphere cell equipped with a
beryllium window enabling the diffraction
pattern to be recorded. The treatments un-
der CO or CO: H;O were performed in this
cell connected to a gas and vacuum line.
Table 1 summarizes the treatment condi-
tions.

Collection of X-ray intensities, data re-
duction, and Fourier transform were per-
formed as described in previous work (/-
4). The radial distribution, 47r?p(r), of a
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dehydrated NaHY zeolite was subtracted
from the radial distribution of the RhY zeo-
lites. Note that the X-ray data collection
was started only after the X-ray diffraction
pattern did not exhibit any further change
with time, which took 1 day for RhY (CO +
H,0) (see Section 4 of the discussion).

For infrared studies, a less-rhodium-ex-
changed sample was prepared following the
same procedure. The rhodium Y zeolite
contained four rhodium atoms per unit cell
(3.5 wt% of Rh). Infrared absorption spec-
tra were obtained for a zeolite mass of
about 12 mg. The powder, compressed as a
disk of 18 mm in diameter, was introduced
into a Pyrex sample holder. Treatments
were made in a greaseless cell equipped
with two CaF, windows. IR spectra were
recorded using a Perkin-Elmer 580 spec-
trometer with a slit width giving a resolu-
tion of 2.8 cm~'. Treatments were as similar
as possible to those described for the sam-
ple studied by RED: heated in flowing O, at
0.5 K/min from 300 to 623 K, O, evacuated
at 300 K, reducted in H, flowing from 300 to
470 K at 2 K/min, kept at 470 K for 30 min,
and cooled under H.

RESULTS AND DISCUSSION

The radial electron distributions of the
Rh zeolites are given in Fig. 1. Previous
investigations (/—4) on Pt aggregates have
shown that the RED gives primarily metal-
metal distances because the peak intensi-
ties are proportional to Z2 which heavily
weights those atoms with high atomic num-
bers. However, Z%(Rh) is much smaller
than Z%(Pt) so that the distances between
rhodium and light atoms could possibly be
detected. The distributions are expected to
be plagued by oscillations which might be
real interatomic distances, e.g., between
Rh atoms and the framework oxygen an-
ions or false maxima coming from the
Fourier transform procedure. As expected,
the distributions given in Figs. 1 and 3 are
much noisier than Pt distributions obtained
previously (/—4). Although a number of
small peaks could possibly be interpreted
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by comparison with interatomic distances
calculated from models, we shall focus our
attention on the most prominent peaks of
the distributions which are determined with
a+0.02A (1A =0.1nm) accuracy.

1. Structure of the Oxidized Sample
RRY(05)

The RED of RhY(0,) obtained by heating
Rh(NH3)sCl Y in O, at 620 K is given in Fig.
la. A sample heated only to 573 K gave a
similar spectrum (/8). There are many
peaks above 4 A which might correspond to
distances between Rh ions in different cat-
ionic sites and to Rh-framework oxygen
distances. The largest peak at 3.11 A corre-
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Fic. 1. Radial electron distribution of the

Rhy;3NaesY zeolite; the RED of a Rh-free NaHY sup-
port has been subtracted; (a) RhY(O,); (b) RhY(H,);
(c) RhY(CO); (d) RhY(CO + H,0); see Table 1 for
corresponding treatments.
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TABLE 2

Significant Interatomic Distances in Encaged Rh Species

Sample Distances (A)

RhY(0O,) 3.11: Rh—Rh in dimeric oxide

RhY(H,) 2.70, 3.93, 4.68, 5.26, 6.09, 7.03: Rh—-Rh
metal-metal bonds in fcc Rh aggregates;
2.689, 3.803, 4.658, 5.378, 6.013, 7.115
corresponding Rh—Rh distances in bulk Rh
metal

RhY(CO) 2.76: Rh—Rh bond in Rh carbonyl clusters

RhY(CO + H;0)

2.77: Rh—Rh bond in Rh carbonyl clusters

(Rbs(CO)s6)

sponds probably to the distances between
Rh ions bridged by extra-framework oxy-
gen anions. Although the Rh—Rh distances
in bulk rhodium oxides are somewhat
smaller (2.72 and 3.03 A in Rh,0;, form I
(19), and 3.09 A in RhO, (20)), one may ex-
pect that small oxide clusters (dimer or tri-
mer) exhibit different bond lengths from the
bulk oxides. Also, the peaks at 1.8 and 2.17
A could correspond to Rh—~O (terminal ox-
ygen) and Rh-O,, (bridging oxygen), re-
spectively, whereas the Rh—O distance in
bulk RhO, (1.98 A) is between these values.
The formation of rhodium oxide clusters in
oxidized RhY zeolite was also reported by
Van Brabant ef al. (21). Because the inten-
sity of the 3.11-A peak is not very high,
some Rh ions might not be involved in ox-
ide clusters but rather occupy the zeolite
cation sites. The peaks at 7.92 and 8.87 A
probably correspond to distances between
these cation sites.

2. Structure of the Rhodium Metal
Aggregates

The RED of zeolite RhY(H,) obtained by
H; reduction of RhY(Q,) is given in Fig. 1b.
The strong peaks appearing at 2.70 and
4.68 A are in fair agreement with the first
and third Rh—Rh distances in bulk fcc rho-
dium (2.689 and 4.658 A, respectively, Ta-
ble 2). The other peaks at 3.93, 5.26, 6.09,
and 7.03 A also correspond to fcc rhodium
(see Table 2) but the distances are con-

tracted or elongated with respect to the nor-
mal bulk values. Distortion was reported
previously for bare Pt aggregates (2, 22) but
their structure was ordered once covered
by H,, whereas the Rh aggregates are dis-
torted even under H, which means that the
H, adsorption does not produce a complete
structure relaxation. This could be due to
the smaller size of the Rh aggregates since
distortion is expected to increase when the
number of atoms in the aggregates de-
creases. Indeed, electron microscopy indi-
cates that the Rh aggregates are smaller
than the Pt aggregates.

The peak positions are perturbed by the
presence of a broad band in the distance
range 3-7 A. This is probably caused by the
combination of a large number of peaks
corresponding to the interatomic distances
between the rhodium and the framework at-
oms of the cage walls, which are also ob-
served in the other radial distributions
(Figs. la, Ic, 1d, 3).

3. Disintegration of the Rhodium
Aggregates

Figure 1c shows the result of the reaction
of CO at 300 K with the Rh aggregates. The
complete disappearance of all the Rh—Rh
bonds characteristic of the metal is espe-
cially striking. The sole prominent feature
is a weak peak at 2.76 A. Clearly all the Rh-
Rh metal bonds have been broken so that
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the rhodium is now in the form of mono-
meric species.

The infrared spectrum of the reduced
sample shows no absorption in the range
2500—1600 cm~! (Fig. 2a) other than the ze-
olite background. However, after CO ad-
sorption at 300 K, many bands are detected
in the C-0Q vibration range (Fig. 2b). These
bands are due to carbon monoxide ad-
sorbed on metal (vco = 2060 and 1874 cm™)
(7), to rhodium(I) dicarbonyl species (vco =
2116-2048 cm™!, 2101-2022 cm™) (7, 8)
and the last ones, relatively weak, to rho-
dium clusters (vco = 1830 and 1760 cm™!)
(17) (Table 3). The IR spectrum is modified
with time, and the CO bands of monovalent
carbonyl rhodium complexes increase
while those of CO on metal decrease.

In order to provide clear evidence that
the CO bands at 2116, 2101, 2048, and
2022 cm~! derive from an oxidation process
of rhodium in the presence of carbon mon-
oxide, a characteristic reaction of Rh'(CO),
was studied on this sample. Rhodium(I) di-
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FiG. 2. Infrared spectra of the RhY zeolite; (a) after

treatment under H; and vacuum at 470 K and (b) after
adsorption of CO at 300 K (P = 10 Torr).

TABLE 3

vco Frequencies of Some Rhodium Carbonyls Entrapped within Y Zeolite

Species veo
(cm™)
Rh©@-CO 2060(vs)
Rh©®
C=0 1874(s)
/
Rh(O)
0 cOo
/S N/
T Rh! 2101(vs), 2022(vs)
N /N
0 cO
T—0O CcO
N/
Rb! 2116(vs), 2048(vs)
VAN
HO CcO

Rh(CO),, (dehydrated zeolite)
Rh(CO);; (hydrated zeolite)
Rhy(CO),¢ (dehydrated zeolite)
Rhg(CO),¢ (hydrated zeolite)

2130(w), 2090(vs), 2060(w), 1875(w), 1830(s)
2120(w), 2080(vs), 2030(w), 1930(w), 1870(s)
2135(w), 2095(vs), 2070(w), 2045(w), 1760(s)
2086(vs), 1800(s)

Note. T = Al, Si.
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F1G. 3. Radial electron distribution. Effect of CO on
Rh;3NaesY zeolite containing a bimodal distribution
of rhodium particles (1 and 3 nm).

carbonyl synthesized in Y zeolite is known
to add CH,l oxidatively, forming a trivalent
acetyl carbonyl rhodium complex charac-
terized by IR vco bands at 2090 and 1720
cm™! (23). The IR spectrum observed is
quite similar to that of the trivalent acetyl
rhodium complex and confirms the pres-
ence of a monovalent rhodium dicarbonyl.

To sum up, it can be concluded from IR
and RED measurements that rhodium ag-
gregates in Y zeolites become disintegrated
and oxidized when CO is adsorbed, leading
to the formation of rhodium(l) dicarbonyl
monomers when CO is adsorbed. This is in
agreement with previous EXAFS studies
on Rh/ALO, and Rh/TiO, catalysts (9-12).

The small peak at about 2.76 A in the
RED (Fig. Ic) corresponds to the formation
of new Rh—Rh bonds different from those
present in the metal. This indicates that
polynuclear carbonyl species have been
formed. The nature and development of
this process is discussed in the following
section. The other weak peaks in the range
3-7 A could correspond to Rh—framework
atom distances.

As shown previously in the case of Rh/
AlLO; (10) and Rh/TiO, (12) catalysts, the
CO-induced disintegration of rhodium
metal may be incomplete. Thus, a RED
study was performed on a rhodium zeolite
activated under less stringent conditions
than those described in Table 1 for

BERGERET ET AL.

RhY(O,). A transmission electron micro-
scopic investigation carried out after reduc-
tion showed that the dispersion of rhodium
is bimodal, with maxima at 1 and 3 nm.
Figure 3 gives the distribution obtained af-
ter contacting the reduced sample with CO
under the same conditions as those yielding
RhY(CO) (Table 1). It is noteworthy that
this distribution still exhibits Rh—-Rh metal
distances in contrast with that of RhY(CO)
(Fig. 1¢) involving clusters small than 1 nm.
Therefore the disintegration of Rh aggre-
gates induced by CO at room temperature
proceeds to completion only if the aggre-
gates are small enough, as noticed earlier
on Rh/ALO; (9-11) and Rh/TiO, (12) cata-
lysts. Indeed, low-coordinate atoms are ex-
pected to be more easily extracted by the
CO chemisorption which is the first step of
the disintegration process. Also CO disso-
ciation favoring the oxidation of Rh° in Rh!
could be easier on the smaller aggregates,
as suggested previously (/1).

4. In Situ Synthesis of Carbonyl Clusters

It has been shown (/6) that the IR spec-
trum of a RhY zeolite containing Rhi((CO),
species, treated under a CO : H;O mixture,
shows a change with time: the characteris-
tic bands of rhodium(I) dicarbonyl species
decrease while new wvco bands due to
Rhy(CO);; and Rhg(CO),s develop. Espe-
cially, two bands characteristic of bridged
CO were detected at 1870 and 1800 cm™',
due, respectively, to Rhy(CO);; and
Rh(CO)¢ solvated by water molecules.
The spectrum changed with time and finally
only the Rh¢(CO);s bands were observed.

After contacting the RhY(CO) sample
with the CO : H,O mixture (Table 1), the X-
ray pattern was recorded after successive
periods of time. The pattern changed con-
tinuously during the first day of exposure.
Especially the intensities of the 111, 220,
and 311 zeolite diffraction lines, which
are very sensitive to scattering matter in ex-
tra-framework positions, changed con-
tinuously with time. This indicates that the
encaged Rh(CO), species migrate progres-
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F1G. 4. Calculated radial electron distribution using the computer program RADMOR (27) and the
atomic coordinates in the crystal structure of Rhg(CO)4 (28); (a) isolated Rhs(CO) s cluster; (b) 12 unit

cells (48 associated Rhe(CO),, clusters).

sively in the porous zeolite network until
they form the rhodium clusters. Because of
these modifications, the X-ray data used to
calculate the RED of RhY(CO + H,0) were
recorded 2 days after exposure to the
CO: H,O mixture.

Figure 1d shows the RED obtained after
contacting RhY(CO) with a mixture of CO
and H,O at 300 K (Table 1). The predomi-
nant feature of the RED is a strong peak at
2.77 A. It demonstrates that new Rh-Rh
bonds have been formed probably at the ex-
pense of the monomeric species derived
from the Rh aggregate disintegration. The
presence of metal aggregates can be elimi-
nated on the basis of the peak maximum at
2.77 A instead of 2.69 A, a difference much
higher than the error on distance, and of the
absence of any other metal-metal distances
similar to those appearing in Fig. 1b. In-
stead it can be concluded that the 2.77-A
peak is characteristic of Rh-Rh bonds
found in Rh carbonyl clusters.

From a comparison of the Rh—Rh dis-
tances in the tetrahedral Rhs(CO);; and in
the octahedral Rhg(CO)¢ clusters (2.73 and
2.78 A, respectively), it can be inferred that
the latter is the best candidate. To support
this tentative assignment, the experimental
distribution (Fig. 1d) was compared with
distributions calculated from the crystal
data of rhodium carbonyl. Figures 4a and

4b give the distributions calculated for an
isolated Rhg(CO),¢ cluster and for ‘‘bulk”
Rh¢(CO),6, more precisely a 35 x 30 X 35-A
large fragment (12 unit cells). The latter ex-
hibit peaks at d > 6 A, which correspond to
distances between pairs of Rhg(CO),¢ entit-
ies. The experimental distribution (Fig. 1d)
is intermediate between that of the isolated
cluster (Fig. 4a) and that of ‘‘bulk”
Rh(CO)¢ (Fig. 4b), since there are peaks
near 8, 9, and 10 A but they are much
smaller than on distribution 4b. This means
that a substantial fraction of Rhg(CO)¢ clus-
ters are associated and crystallize in aggre-
gates. A rough estimate of the fraction can
be obtained by comparing distributions cal-
culated from different proportions of iso-
lated and bulk rhodium carbonyl with the
experimental distribution. Figure 5 gives
the distribution calculated for a 70% frac-
tion of isolated clusters. Comparison of this
distribution (and of other distributions cal-
culated for different fractions) with Fig. 1d
allows us to conclude that more than two-
thirds of the rhodium carbonyls are in the
form of isolated species. Isolated clusters
can be accommodated in the supercages.
On the other hand clusters associated to-
gether can either occupy several adjacent
supercages as observed previously (24) for
Pd metal clusters, or agglomerate in dislo-
cations of the zeolite lattice or at the bound-
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ary between twinned zeolite crystals. A re-
cent transmission electron microscopic
study (25) of Rh and Ir zeolites provides
clear evidence for metal aggregates filling
inner voids present at lattice defects. These
voids could also accommodate the associ-
ated carbonyl clusters.

The formation of these rhodium carbonyl
clusters, either isolated or agglomerated,
involves the transport of rhodium species,
most probably the monomeric Rhi(CO),,
throughout the zeolite micropores. The
continuous modifications of the X-ray pat-
tern observed after CO:H,O additions
(vide supra) is probably due to this migra-
tion which changes the distribution of the
extra-framework scattering matter in the
zeolite cages.

CONCLUSIONS

Two important results emerge from the
present RED investigation.

(1) 1t is clearly demonstrated that Rh ag-
gregates encaged in zeolites can be totally
disintegrated upon CO adsorption at room
temperature. This means that CO mole-
cules extract and oxidize the Rh atoms
from the aggregates and the Rh!(CO),
monomeric species thus formed redisperse
in neighboring cages. However, the process
is not complete in the case of larger rho-
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dium particles. Comparable oxidative disin-
tegration, with a similar size dependence,
occurs for the same metal on other sup-
ports. This is clear from the series of
EXAFS studies on Rh/Al,O; and Rh/TiO;
(9-12). The fact that the process operates
whatever the support seems to indicate that
the dissociation of CO is involved as sug-
gested previously (/7). However, protons
are available on alumina as well as on zeo-
lite so that their role in the oxidation pro-
cess cannot be discarded.

(2) It is also clearly demonstrated that the
monomeric Rh}(CO), species coming from
the oxidative disintegration of rhodium ag-
gregates can condense into carbonyl clus-
ters. From a comparison of experimental
and calculated distributions it is concluded
that Rhg(CO)y6 clusters are synthesized
both in an isolated form, which can be ac-
commodated in the zeolite supercages, and
in an agglomerated form which can be lo-
cated in inner voids (fractures) of the zeo-
lite lattice. The formation of Rhg(CO)isin Y
zeolites has also been observed by reacting
CO: H,0 mixtures on Rh!! cations (18). It
proceeds via Rh!(CO), species which are
therefore the necessary building blocks for
the synthesis of rhodium carbonyl clusters.
Similarly Irg(CO)6 clusters have been syn-
thesized by reaction of CO: H,0 or CO: H,
mixtures on Ir'! cations (26). In contrast
with Rhg(CO)¢, all the iridium clusters re-
main isolated.

For the first time the transformation of
Rh metal aggregates into Rh carbonyl clus-
ters is demonstrated. The different redox
and transport processes operating under
very mild conditions which are part of the
driving force leading to a more stable con-
figuration in the Rh—CO-zeolite system are
under study.
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