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ABSTRACT. The initial steps of rhodium cluster formation from zeolite-supported mononuclear
Rh(C,H4), complexes in H, at 373 K and 1 bar were investigated by infrared and extended X-ray
absorption fine structure spectroscopies and scanning transmission electron microscopy (STEM).
The data show that ethylene ligands on the rhodium react with H, to give supported rhodium
hydrides and trigger the formation of rhodium clusters. STEM provided the first images of the
smallest rthodium clusters (Rh,) and their further conversion into larger clusters. The samples
were investigated in a plug-flow reactor as catalysts for the conversion of ethylene + H, in a
molar ratio of 4:1 at 1 bar and 298 K, with the results showing how the changes in catalyst
structure affect the activity and selectivity; the rhodium clusters are more active for
hydrogenation of ethylene than the single-site complexes, which are more selective for

dimerization of ethylene to give butenes.
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Single-site catalysts comprising isolated metal ions on solid surfaces are drawing increasing
attention because they evidently offer new, tailorable catalytic properties™® and because the
metals, if they are heavy and present on supports that consist of light elements, can sometimes be
imaged by aberration-corrected scanning transmission electron microscopy (STEM).”* A step
toward increasing complexity of such catalysts involves the synthesis of pairs of metal centers on
supports, and these offer prospects of new properties associated with the neighboring metal
centers. There are still only a small number of catalysts in this class.'*

We now report supported metal catalysts consisting initially of isolated Rh centers on a support,
zeolite HY, and its transformation in the presence of H, to form rhodium pair sites and then
larger rhodium clusters. The data reported here indicate how the transformation of the rhodium
species leads to changes in the catalytic properties of the rhodium, and they thus lay a foundation
for how to tailor supported rhodium catalysts. The supported species were characterized by
infrared (IR) and X-ray absorption spectra complemented by STEM images that provide the first
direct evidence of the first steps of rhodium cluster formation. HY zeolite was chosen as the
catalyst support because it consists of light atoms for contrast with the Rh atoms in imaging and
because it is crystalline, facilitating the formation of uniform rhodium species initially on its
surface. Rhodium was chosen as the catalytic species because of its rich catalytic chemistry in

forms ranging from isolated cationic complexes'™ to small clusters®** to larger metallic

particles.*®* The catalytic properties of the supported rhodium species were probed with

ethylene hydrogenation and ethylene dimerization as test reactions, because these reactions take

12, 34-35

place under mild conditions that minimize changes in structure of the rhodium species and

because ethylene and H form ligands on the rhodium that are identifiable by IR spectroscopy.



The results presented here demonstrate that H, dissociation takes place on the supported rhodium
complexes, leading to the formation of rhodium hydride and the removal of ethylene ligands to
trigger rhodium cluster formation. STEM images confirm that the initial step of metal cluster
formation is the formation of dirhodium species. Moreover, our data show how the nuclearity
and ligand environment change during the earliest stages of cluster formation and thereby change

the catalytic activity and selectivity in the conversion of ethylene with Ho.
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Figure 1. IR spectra in (A) the vcy region and (B) the vu/veo region characterizing the HY
zeolite-supported Rh(C;H,), in (a) flowing helium and (b) after the sample had been in contact

with flowing H, in helium for 4 min at 373 K and 1 bar.

Structurally well-defined HY zeolite-supported Rh(C,Hs), complexes were synthesized as
before’® by reaction of Rh(C,H,).(acac) (acac is acetylacetonate) with dealuminated HY zeolite
(Si/Al atomic ratio = 30). IR and extended X-ray absorption fine structure (EXAFS) spectra
characterizing the supported species confirm the identity of the rhodium diethylene complex,
with the EXAFS data showing that each Rh atom was anchored to the support by two Rh—O

bonds. The IR spectra show bands in the C-H stretching region, between 3000 and 3100 cm™



(Figure 1), assigned to m-bonded ethylene ligands on the basis of a comparison of the spectrum
with spectra of reference compounds such as K[PtCl;(C,H,)] and that of ethylene adsorbed on
supported platinum particles, as well as DFT calculations.'® The EXAFS data show that each Rh
atom was bonded, on average, to two ethylene ligands, evidenced by the Rh—C coordination

number of nearly 4 (Table 1). These results are as expected on the basis of reported results.'*'
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Figure 2. A, aberration-corrected HAADF-STEM image characterizing [Rh(C,H4),]" complexes
on zeolite HY, indicating isolated Rh sites. Bright features encircled are examples of individual
Rh atoms. B, magnified view of the dashed-square area in A containing one Rh atom, with

intensity surface plot shown in C and 3-dimensional intensity surface plot shown in D.



Table 1. EXAFS structure parameters representing Rh(C,H4), supported on dealuminated HY

zeolite after various treatments.?

Treatment Shell N R(A) 10° x Ao’ AE,(eV) Ref
conditions (A%
None Rh-Rh b b b b This
work

Rh-Oq 2.0 2.08 6.0 3.4

Rh-C 3.9 2.05 1.9 4.8

Rh-Al 1.2 3.01 4.8 -1.3

Rh—Ojong 2.2 3.35 6.8 -7.6
H, in flowing Rh-Rh 0.18 2.62 6.5 -0.3 This
helium, 1 bar, work
373K, 4min Ry, 1.9 2.07 6.9 -4.1

Rh-C b b b b

Rh-Al 0.9 2.97 1.5 2.4

Rh—Oong 0.5 3.51 0.8 -8.0
H, in flowing Rh-Rh 4.4 2.67 9.2 4.0 [36]
helium, 1 bar,
373 K, 60 min Rh-O, 0.6 2.18 1.6 -7.2

Rh_c b b b b

“Notation: Os, surface oxygen on top of Al sites; C, ethylene carbon; N, coordination number; R,

distance between absorber and backscatterer atoms; Ac?, disorder term; AE,, inner potential

correction. Estimated EXAFS error bounds: N, +20%; R, +0.02 A; Ac?, +20%; AE,, +20% (errors

characterizing the Rh—Al contribution are greater than these). "Contribution not detectable.



STEM was used to image the Rh atoms in the initially prepared sample, with the results (Figure
2) providing evidence of the site-isolated Rh atoms, consistent with the IR and EXAFS data. This
is the first image of isolated zeolite-supported Rh atoms. Z-contrast imaging is well-suited to
characterization of our samples because of the high atomic number difference between the Rh
atoms (Z number 45) and the atoms comprising the support (Z numbers for Si, Al, and O 14, 13,
and 8, respectively). To obtain the image of Figure 2, a high-dose approach (~10°-10° e/A?) was
applied for a high signal-to-noise ratio, resulting in the lack of need for post-image simulation, in
contrast earlier work with low-dose imaging.? The bright features highlighted in Figure 2 are
individual Rh atoms. The image gives no evidence of rhodium clusters or particles, in agreement

with the EXAFS data, which give no evidence of Rh—Rh contributions (Table 1).

The stability of the mononuclear supported rhodium present initially in the sample was
demonstrated as the temperature was ramped from 298 to 373 K with the sample in flowing
helium with no detectable change in the IR (Supporting Information, SI, Figure S1) and EXAFS

spectra (SI, Table S1).

When the composition of the gas flowing over the catalyst sample at 373 K was switched from
helium to Ho, the initially m-bonded ethylene ligands in the supported Rh(C.H.), complexes were
immediately replaced by hydride, as shown by the disappearance of IR bands characteristic of
C.H, ligands, at 3086, 3060, and 3015 cm™, and a concomitant growth of a Rh—H band, at 2091
cm™ ' % (Figure 1). Exposure of the sample to D, instead of H, correspondingly led to the
formation of Rh-D species, characterized by an IR band at 1486 cm™ (with the ratio of
frequencies of Rh-D to Rh-H species consistent with the harmonic approximation).'® *
Furthermore, the mass spectra of the effluent gas gave evidence of ethane, showing that ethylene

had undergone hydrogenation with the reactant H..



In agreement with the IR data, EXAFS data characterizing the supported Rh(C,H.). species show
the disappearance of the Rh—C contribution after 4 min of contact of the sample with H, at 373
K, accompanied by the appearance of a small contribution identified as Rh—Rh at a distance of
2.62 A, which indicates the very beginning of formation of rhodium clusters. Simultaneously, the
coordination numbers characterizing the Rh—O; (the subscript refers to surface) and Rh—Al
contributions decreased slightly, from 2.0 and 1.2 to 1.9 and 0.9, respectively, after the treatment.
The EXAFS results indicate that each rhodium hydride complex was still bonded to

approximately two support oxygen atoms, on average.

Figure 3 is a STEM image of the catalyst after treatment in flowing 50% H, in helium at 373 K
and 1 bar for 4 min, indicating the presence of supported rhodium dimers along with Rh single
atoms. The two rhodium atoms in the dimer match each other in intensity (Figure 3D). The
majority of Rh atoms were present as these mononuclear species, with only approximately 24%
of them present in the pair sites (12 of 50). The images gave no evidence of groupings of three or
more Rh atoms. The average coordination number determined by STEM is approximately 0.12,

which is close to the EXAFS value charactering the Rh—Rh coordination number (0.18).
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Figure 3. Aberration-corrected HAADF-STEM images characterizing [Rh(C,H4),]" complexes in
zeolite Y, after treatment in flowing H,/He at 373 K and 1 bar for 4 min, indicating the presence
of supported Rh dimers (encircled in blue) along with single isolated Rh atoms (encircled in red).
Bright features encircled are examples of individual Rh atoms or dimers. (B) A magnified view

of the encircled area in (A) containing one Rh pair site, with intensity surface plot shown in (C)

and 3-dimensional intensity surface plot shown in (D).

These results show that rhodium dimer formation is the first step of formation of larger rhodium

clusters on the zeolite surface. The process is trigged by the removal of ethylene ligands and the

activation of hydrogen and formation of rhodium hydride species.



To track the further metal cluster formation, we treated the sample in a flowing 50% H,in helium
at 1 bar and 373 K for 60 min. The EXAFS data of Table 1 show that the Rh—Rh coordination
number increased to 4.4 as a result of the reaction with H,, indicating clusters with an average
diameter of about 5-6 A (this average size corresponds to a metal dispersion of nearly 100% and
indicates that each cluster incorporates, on average, approximately nine atoms if spherical
clusters are assumed®*). The growth of the rhodium clusters was accompanied by a decrease in
the EXAFS-determined coordination number characterizing the Rh—O, contribution (from 1.9 to
0.6), demonstrating the unlinking of the rhodium complex from the support as the Rh atoms

migrated and aggregated.

The STEM images exemplified by Figure 4 confirm the presence of rhodium clusters larger than
dimers, and analysis of the images determined an average rhodium cluster diameter of 0.55 +
0.10 nm, which agrees well with the diameter estimated on the basis of the EXAFS data. The
images show that the rhodium clusters were mostly smaller than 8 A in diameter. We emphasize
that site-isolated single Rh atoms were also observed in small numbers in this sample along with
the clusters, indicating that not all of the rhodium had been converted into clusters during the

treatment in H,.
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Figure 4. Aberration-corrected HAADF-STEM image characterizing rhodium clusters in zeolite
HY, after treatment of the initially prepared sample in flowing H, at 1 bar and 373 K for 1 h. The
image indicates the presence of supported rhodium clusters along with isolated single Rh atoms.
Single Rh atoms are encircled in red. The bright features that are encircled are examples of

individual Rh atoms or clusters.
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Table 2. Catalytic activities characterizing the sample initially formed by adsorption of
Rh(C;H4):(acac) on DAY zeolite after various treatments for hydrogenation and dimerization of

ethylene in a flow reactor at 298 K and 1 bar.*

Treatment Rh-Rh Ethylene Turnover Selectivity in ethylene conversion (wt %)
conditions coordination  conversion, frequency
number (%) for Ethane n- trans-2-  1- cis-2-
determined ethylene butane  butene  butene  butene
by EXAFS conversion,
data’ TOF* (s™)
None 0 2.2 0.11 18.5 0.7 50.1 11.8 18.9
H, at 373 K 0.18 2.2 0.11 35.1 0.8 34.5 13.6 16.0
for 4 min
H, at 373 K 44 4.9 0.25 64.1 3.1 19.9 4.5 8.4
for 60 min

*There was no detectable reaction in the absence of catalyst under our conditions, and the
supports alone were catalytically inactive. “For the complete set of parameters determined in the
EXAFS data fitting, see Table 1. As shown in Table 1, the Rh—Rh coordination number
characterizing the untreated sample and that after H, treatment at 373 K for 4 min were
determined in this work; for comparison, the previously reported Rh—Rh coordination number®
characterizing the sample after treatment in H, at 373 K for 60 min is also shown. ‘Turnover
frequency determined from C,H4 conversions <5%; catalyst mass = 30 mg; feed partial pressure

= 200 mbar C,H4, 50 mbar H, and 750 mbar He; total flow rate = 100 mL (NTP)/min.
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The catalytic behavior of each of the variously treated samples was evaluated for the conversion
of ethylene in the presence of H, in a once-through isothermal plug-flow reactor at 298 K and 1
bar. The catalyst initially incorporating Rh(C,H.). supported on the zeolite was active and highly
selective for ethylene dimerization (Table 2); ethylene hydrogenation was only a minor side
reaction, consistent with earlier observations.?** Our results show that, after contact with a
mixture of 50% H> in helium at 373 K for 4 min, the TOF characterizing the initial sample
incorporating rhodium diethylene complexes was essentially unchanged, but the selectivity for
hydrogenation approximately doubled. We infer that replacement of ethylene ligands with
hydride and/or formation of small amounts of rhodium pair sites contributed to this change in
selectivity. When the initial sample was further treated in a mixture of 50% H; in helium at 373
K for 1 h, rhodium clusters (along with some unconverted single-atom rhodium sites) formed,
with an average diameter of 0.55 + 0.10 nm, and, as a result, the catalytic activity increased
markedly, and hydrogenation became the dominant reaction (Table 2). This change is as
expected, because  neighboring rhodium centers favor H, dissociation and catalytic

hydrogenation of ethylene.*

Thus, our data allow a quantification of the changes in the catalyst behavior at the earliest stages
of rhodium cluster formation under the influence of H,. The data show that the rhodium clusters
are more highly active catalysts for hydrogenation than the single-site complexes, which are

more active for dimerization, consistent with earlier observations.*

A bifunctional mechanism has been proposed to explain the dimerization reaction catalyzed by
HY zeolite-supported rhodium complexes, occurring as the acidic OH groups on the zeolite

surface work in concert with the rhodium complexes.** In contrast, the hydrogenation reaction
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was inferred to involve only the rhodium complexes, proceeding through intermediate ethyl
ligands on the rhodium.* Earlier work led to the inference® of a key role of H; activation in the
catalysis on the zeolite-supported rhodium species. A slow activation of H, on the supported
single thodium complexes boosts the selectivity for dimerization by facilitating the desorption of
the product, whereas a fast activation of H,, as observed on supported rhodium clusters, was

inferred to favor the competitive hydrogenation and inhibit the dimerization.*

In summary, we monitored the initial steps in the chemistry of H,-induced cluster formation from
supported rhodium complexes by combining IR and EXAFS spectra with STEM images. The
activation of H» on supported rhodium complexes to form supported rhodium hydride trigged the
formation of rhodium clusters (as had been inferred earlier®?), and our data provide the first
evidence of the smallest clusters formed in the process (Rh:) and their further conversion into
higher-nuclearity clusters. These result provide the first evidence showing how the metal
nuclearity and ligand environment at the first stages of metal cluster formation influence

catalytic activity and selectivity.

EXPERIMENTAL METHODS

Sample synthesis and handling were carried out to minimize exposure to moisture and air. The
dealuminated HY zeolite (Zeolite International, CBV760; Si:Al atomic ratio approximately 30)
was calcined in O, at 773 K for 2 h and evacuated at 773 K for 14 h. Rh(C,H,)(acac) was chosen
as the catalyst precursor. It was brought in contact with the treated zeolite at 298 K in a slurry
with n-pentane which had been dried and deoxygenated prior to use. After synthesis of the
supported catalyst, residual solvent was removed by evacuation. The rhodium content of the

resultant powder catalyst was 1.0 wt%.
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To form small rhodium clusters, the initially prepared sample was exposed to flowing helium as
the temperature was ramped from 298 to 353 K at rate of 3 K/min. Subsequently, the sample was
exposed to a mixture of 50% H. in helium for 4 min at 1 bar and 373 K, followed by cooling to
298 K and a 60 min soak in helium. To form larger rhodium clusters in the sample, the
temperature was increased from 298 to 353 K at rate of 3 K/min with the sample in helium. Then
the sample was exposed to 50% H in helium for 60 min at 353 K, followed by cooling to 298 K

and a 60 min soak in helium.

STEM samples were prepared by dipping a 200-mesh lacey-carbon-coated copper grid (Ted-
Pella) into as-prepared catalyst powders inside an argon-filled glovebox (MBraun, with H,O and
O, concentrations <5 ppm). Each sample was transported to the microscope in a sealed stainless-
steel Swagelok tube, and the sample was taken out and loaded onto TEM holders in a glovebag
(Glas-Col) purged five times with ultra-high-purity argon (Airgas, 99.999%). The holder was
then quickly inserted into the microscope, with an estimated exposure time of 2-5 s. To minimize
artifacts in the images caused by beam damage, the microscope was aligned for one region of the
sample, and then the beam was shifted to a neighboring region for quick image acquisition: 4 ps
for a 1024 x 1024 pixel size. This method minimized the exposure of the imaged area to the

electron beam.

ASSOCIATED CONTENT

Supporting Information.
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Additional information about sample synthesis and handling, IR and EXAFS spectra, and details
of the experimental methods. This material is available free of charge via the Internet at

http://pubs.acs.org.
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