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Characterizing SAPO-37-Supported Catalysts: From Rhodium and Platinum Single-Site Species to
Rhodium and Platinum Clusters

Abstract

Supported single-site metal catalysts that have nearly uniform structures are drawing increasing
attention because of prospects for increased application and elucidation of structure-catalytic activity
relationships. The research summarized in this dissertation was carried out with the goal of fundamental
understanding of the structures, reactivities, and catalytic properties of highly uniform solid catalysts
with well-defined structures. Catalysts were synthesized by using organometallic complex precursors,
Rh(C,H,4),(acac) or Pt(acac), (where acac is acetylacetonato), and the porous crystalline material SAPO-
37 as a support. The samples were characterized by infrared (IR) spectroscopy, X-ray absorption
spectroscopy (including X-ray absorption near edge structure and extended X-ray absorption fine
structure (EXAFS) analysis), X-ray diffraction (XRD) crystallography, N, adsorption, and
thermogravimetric analysis (TGA). The catalytic performance was measured for ethylene hydrogenation.

SAPO-37-supported rhodium diethylene complexes formed in the synthesis were anchored by two
Rh-0O bonds at SAPO framework tetrahedral sites, as shown by IR and EXAFS spectra. The ethylene
ligands were readily replaced with CO, giving sharp vco bands indicating highly uniform supported
species. Comparing the spectra with those of rhodium complexes on zeolite HY shows that the SAPO-
and zeolite-supported complexes are isostructural. The two catalysts had similar initial room-
temperature activities per Rh atom for ethylene conversion in the presence of H,, but the SAPO-
supported catalyst was selective for ethylene hydrogenation and the zeolite-supported catalyst selective

for ethylene dimerization; correspondingly, the catalyst on the SAPO was more stable than that on the



zeolite during operation in a flow reactor. These results show how isostructural SAPO-37 and zeolite HY
are similar in structure yet different in reactivity, corresponding to the different bonding environments
for rhodium.

SAPQO-37-supported rhodium clusters were synthesized by exposure of SAPO-37-supported rhodium
diethylene complexes to H, at 373 K for 1 h. EXAFS data indicate an average Rh—Rh coordination number
of 3.0 and an average Rh—Rh distance of 2.66 A. XANES spectra show that the transformation of rhodium
diethylene complexes to rhodium clusters is stoichiometrically simple. At 303 K, the SAPO-37-supported
rhodium clusters are similar in selectivity for hydrogenation of ethylene (fed to a flow reactor with a
H,:C,H, molar ratio of 1:4) to DAY zeolite-supported rhodium clusters but their initial room-temperature
activity per rhodium atom was found to be substantially less than that of the zeolite-supported rhodium
clusters.

Atomically dispersed supported platinum catalysts were synthesized by the reaction of Pt(acac),
with SAPO-37. EXAFS spectra show that, after heating in air to 623 K, each platinum atom on average
was bonded to approximately four light scatterer atoms (such as support oxygen atoms), with no
evidence of a Pt—Pt contribution that would have indicated platinum clusters. XANES data indicate a
platinum formal oxidation state of +2. IR data show that, upon exposure of the sample to CO, the non-
support ligands on the platinum were CO in various coordinations, with platinum in various oxidation
states. The supported platinum was characterized as a catalyst for ethylene hydrogenation. Within a few
minutes of the start of flow of ethylene + H,, the EXAFS-determined Pt-Pt coordination number
increased from essentially zero to 1.8 £ 0.4; the XANES white line intensity decreased; and, after 2 h of
continuous reactant flow, the value had increased to 2.7 + 0.5 as the XANES white line intensity slightly
increased—with these data taken together indicating the almost instantaneous formation of platinum
clusters of only a few atoms each (with average diameters in the range of about 0.4-0.8 nm).

Subsequent exposure of the catalyst to flowing ethylene led to a decrease in the Pt-Pt coordination



number to 1.6 £ 0.3 and an increase in the XANES white line intensity, indicative of partial oxidative
fragmentation of the clusters by ethylene. Platinum clusters in SAPO-37 that were formed by exposure
to H, prior to catalysis were found to be catalytically active for ethylene hydrogenation, and a
comparison of the activities of the catalyst initially containing atomically dispersed platinum versus that
containing platinum clusters as a function of time on stream leads to the inference that the clusters are

the catalytically active species, with no evidence of catalysis by the atomically dispersed platinum.

Vi
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Chapter 1: Introduction



1.1 INTRODUCTION

Molecular catalysts and solid catalysts are used in 90% of industrial process." Solid catalysts are
almost always favored over molecular catalysts for their ease or separation from fluid-phase products
and their high thermal stability.” Common industrial catalysts are supported, and the supports are
commonly porous metal oxides (exemplified by alumina) that are inexpensive and offer tailorable
physical properties such as surface area and pore volume. But because of their surface heterogeneity
(both in composition and structure), these metal oxides and the catalysts supported on them are
challenging to understand fundamentally. Thus, researchers have been motivated to synthesize and
investigate catalyst supports that are highly uniform and have structures that can be controlled and
adjusted. When such supports are used for catalysts that have well-defined structures, the opportunity
arises to observe how systematic changes in the support and catalyst structures influence catalytic
properties and generate understanding that will ultimately provide guidance about how to make
improved catalysts and tune their properties.

Zeolites are the most significant example of structurally well-defined supports—supports that are
crystalline and porous and, when well made, highly uniform. In recent reports, isolated metals on non-
zeolitic supports have been found to have uniformities approaching those of metals on zeolites such as
(i) iridium cations on MgO treated to preferentially expose highly reactive sites for bonding of the
iridium at low loadings® and (i) iridium cations on reduced graphene aerogel." Another class of
material—silicoaluminophosphates (SAPOs)—are known to be isostructural to zeolites, but to differ in
framework composion.> Characterizations of zeolites and SAPOs have been carried out by use of
complementary physical characterization techniques, with a focus on advanced spectroscopic
techniques. We extend the comparison between zeolites and SAPOs by using these materials as
supports for metal complexes. Here we report and investigation of a class of solid catalysts that includes

two isostructural supports —zeolites and SAPOs. We demonstrate synthesis methods to generate highly



uniform metal sites on the supports and show how changes in the support composition alter the
activities of isostructural catalysts on these supports.

We chose to support rhodium species on a zeolite and on an isostructural silicoaluminophosphates
(SAPO.). SAPOs differ from zeolites in composition; they incorporate phosphorus tetrahedral sites
among silica and alumina tetrahedra, whereas zeolites do not. SAPOs offer many properties that are
similar to those of zeolites, as follows: Si—-OH-AI sites for metal bonding that are isostructural to their
zeolite counterparts. Prospective advantages of SAPOs over zeolites are the following: the acid strength
distributions are narrower; the densities of Si-OH-Al sites are different in the SAPO and the zeolite; and
these sites potentially remain stable at higher temperatures than the ones in zeolites.® Thus, the SAPOs
as a class offer the opportunity to expand the library of well-defined catalyst supports.

The zeolite that we chose was zeolite HY, and the SAPO that we chose was SAPO-37. This is an ideal
pair for our purposes because they are isostructural, but different in framework composition. We chose
a molecular organometallic precursor, Rh(C,H,);(acac), which, after chemisorption on the support,
without any additional treatments, maintains the Rh(C,H,), structure.’

Chapter 2® provides a comparison of two isostructual catalyst precursors: SAPO-37-supported
rhodium diethylene complexes and zeolite HY-supported rhodium diethylene complexes. They are
compared in terms of structure and catalyst performance. IR spectra show that the rhodium complexes
were anchored to nearly uniform Al sites of SAPO-37, and IR and EXAFS data show that the SAPO- and
zeolite-supported rhodium diethylene species are isostructural. The rhodium diethylene complexes
were converted into rhodium dicarbonyl complexes on each of the two supports, and these were also
found to be Isostructural.

The isostructural supports are not identical in structure or in catalytic properties. IR spectra show
that the supports as ligands harbor rhodium complexes that have different vy frequencies. The

differences in the supports as ligands account for the different selectivities of the two catalysts for



ethylene conversion in the presence of H, (with the zeolite-supported catalyst giving substantial butene
product but the SAPO-supported catalysts not).

Chapter 3 is a comparison of structure and catalyst performance of species initially present as
isolated platinum complexes on SAPO-37 and platinum clusters on SAPO-37. EXAFS spectra show that
the atomically dispersed platinum complexes on average were bonded to two support oxygen atoms
and other unidentified ligands. Under ethylene hydrogenation conditions, the atomically dispersed
platinum rapidly transformed into clusters of only a few atoms each (with average diameters in the
range of about 0.4—0.8 nm) upon exposure to H,. The data all support the conclusion that the clusters
are the catalytically active species, with no evidence of catalytic activity by the atomically dispersed
platinum.

Chapter 4 is a report of rhodium clusters on SAPO-37 synthesized by exposure to H, at 373 K from
SAPO-37-supported rhodium diethylene complexes. EXAFS data indicate an average Rh—Rh coordination
number of 3.0 and an average Rh—Rh distance of 2.66 A. XANES spectra show the transformation of
rhodium diethylene complexes to clusters is stoichiometrically simple. The SAPO-37-supported rhodium
clusters were found to have selectivity for hydrogenation (H,:C,H, molar ratio of 1:4) similar to that of
DAY zeolite-supported rhodium clusters, but their initial room-temperature activity (per rhodium atom)
for ethylene conversion in the presence of H, was substantially less than that of the zeolite-supported

rhodium clusters.
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Chapter 2

Isolated Atomically Dispersed Rhodium Catalysts Supported on SAPO-37 and on HY Zeolite!

! This chapter has been previously published in the Journal of American Chemical Society 2020, 142, 11474-11485
by J. E. Perez-Aguilar, C.-Y. Chen, J. T. Hughes, C.-Y. Fang, and B. C. Gates. The original manuscript has been
reformatted to fit the requirements of the dissertation



2.1 ABSTRACT

Zeolites are widely applied supports for metal catalysts, but molecular sieves with comparable
structures—silicoaluminophosphates (SAPOs)—have drawn much less attention and been overlooked as
supports for atomically dispersed metals. Now, we report SAPO-37 as a support for atomically dispersed
rhodium in rhodium diethylene complexes, made by the reaction of Rh(n’-C,H,),(acetylacetonate) with
the support and anchored by two Rh—0 bonds at framework tetrahedral sites, as shown by infrared and
extended X-ray absorption fine structure spectra. The ethylene ligands were readily replaced with CO,
giving sharp v¢o bands indicating highly uniform supported species. A comparison of the spectra with
those of comparable rhodium complexes on zeolite HY shows that the SAPO- and zeolite- supported
complexes are isostructural, providing an unmatched opportunity for determining support effects in
catalysis. The two catalysts had similar initial room-temperature activities per Rh atom for ethylene
conversion in the presence of H,, but the SAPO-supported catalyst was selective for ethylene
hydrogenation and the zeolite-supported catalyst selective for ethylene dimerization; correspondingly,

the catalyst on the SAPO was more stable than that on the zeolite during operation in a flow reactor.

2.2 INTRODUCTION
Zeolites, especially those with acidic properties, find wide applications as catalysts and supports for
metal catalysts. Examples are faujasites containing platinum used for processes such as alkane

hydrocracking and hydroisomerization®™

and zeolite Beta and chabazite containing iron and copper,
used for vehicle exhaust abatement.”® The metals in these catalysts are typically highly dispersed, to
maximize their accessibility to reactants. The most highly dispersed—atomically dispersed—metals are
drawing wide attention because they maximize the number of metal atoms engaged in catalysis and

have properties different from those of metals present in nanoparticles, the commonly applied form of

supported metals.’



Zeolites, because they have microporous, crystalline aluminosilicate structures, are nearly ideal

8-10

supports for atomically dispersed metals, with well-prepared zeolite-supported metal complexes

evidently being the most nearly uniform of any reported.***?

A straightforward method for assessing the
degree of uniformity of supported metals involves measuring the infrared (IR) spectra of CO ligands
bonded to them: when the vco peaks are sharp (characterized by full width at half maximum (fwhm)
values of about 5 cm™), they indicate nearly uniform bonding sites on the support. A few isolated metals
on non-zeolitic supports have been found to have uniformities approaching those of metals on zeolites,
without however meeting the highest standard of uniformity; these include (i) isolated palladium atoms
on single-crystal Au(111);" (ii) iridium cations on MgO treated to preferentially expose highly reactive
sites for bonding of the iridium at low loadings;' (iii) platinum cations at low loadings on TiO;™ (iv)
platinum cations on single-crystal Cu,0(111)-like single-layer films mounted on single-crystal
copper(111);* and (v) iridium cations on reduced graphene aerogel.”

We now consider another class of materials—silicoaluminophosphates (SAPOs)—that offer good
prospects as supports for nearly uniform atomically dispersed supported metals. These microporous,
crystalline materials offer many of the advantages of zeolites—potentially remaining stable at higher
temperatures than zeolites.' Like zeolites, SAPOs are platforms for acidic OH groups on their interior
surfaces, and correspondingly they find large-scale applications as acid catalysts.”> They also find

20-24 But

applications as supports for metal clusters, for example, in alkane hydroisomerization catalysts.
SAPOs have not yet been explored as supports for atomically dispersed metal catalysts, and little is
known about the structures and properties of highly dispersed metals in them. SAPO frameworks are
constructed of alternating tetrahedral [PO,/,]" and [AlO,4/,]” building units, for which some P5* ions are
isomorphously substituted by Si** ions in tetrahedral (T) sites. The pairing of the [PO4/,]" and [AlO,,]"

building units leads to the charge neutrality, but the pairing of the [SiO45,] and [AlO,/,]™ building units

generates [Si-O-AlH" (also designated as Si—-OH-AI) Brgnsted acid sites with H" being attached to O~ in



them. These T sites are important in catalysis: OH groups bonded to them catalyze numerous reactions,
as do metals bonded to them. The metals bonded at these Si-OH-Al Brgnsted acid sites in a SAPO differ
from those in a zeolite because they have different environments, and therefore they are expected to
have different catalytic properties.

Our broad goals were to investigate a SAPO as a support for an atomically dispersed metal catalyst
and to assess its degree of uniformity and catalytic properties and compare them with those
characterizing isostructural zeolites. We chose SAPO-37°>?® because it affords an excellent basis for
comparison with a well-investigated isostructural zeolite, dealuminated HY (DAY, molar SiO,/Al,O; ratio
= 30). SAPO-37 has acid strength distributions that are narrower than those of this DAY zeolite (with the
mean acid strength less than that of this DAY zeolite), and this property might suggest a higher degree of
uniformity of the SAPO sites than of the zeolite sites for bonding metals.’® As a consequence of the
differing framework compositions, the densities of Si-OH-AI sites are different in the SAPO and the
zeolite.

We used atomically dispersed rhodium as the catalytic metal on the SAPO, because rhodium in many
forms finds applications as a catalyst.”” Acetylacetonato-diethylene rhodium(l), Rh(C,Ha),(acac), was
chosen as the precursor to take advantage of its reactivity with support OH groups to form anchored
rhodium complexes and afford a comparison with the reactivities of metal oxides and zeolites, with
which this precursor reacts to form Hacac as the metal becomes bonded to support oxygen atoms.”® Our
specific goals were to prepare structurally well-defined rhodium complexes on SAPO-37, to determine
the structures, reactivities, and catalytic properties of these species for a test reaction involving small
molecules with identifiable spectral signatures—ethylene hydrogenation—and to make a comparison

with an analogous DAY zeolite-supported catalyst.



2.3 MATERIALS AND METHODS

Synthesis of SAPO-37. SAPO-37 was prepared following a modification of the I1ZA-verified SAPO-37
synthesis.29 A gel with a molar composition of 0.40 SiO,:1.00 Al,05:0.90 P,05:0.05 TMAOH:2.00
TPAOH:100 H,0 (TMAOH is tetramethylammonium hydroxide; TPAOH is tetrapropylammonium
hydroxide) was prepared by creating two separate mixtures. The first contained water, alumina, and
phosphoric acid; the second contained structure-directing agents (SDAs, namely, TMAOH and TPAOH
here) and silica. For the first mixture, a solution was made of deionized water and phosphoric acid
(Sigma-Aldrich, 85% Hs;PO,) that was agitated with an overhead mixer. The deionized water that was
added comprised all of the free water used in the synthesis. To this solution, the alumina source, Catapal
B (Sasol N.A., Al,O; 75%), was slowly added to a gel that formed, with aggressive stirring. The rate of
Catapal B addition was low enough to ensure the formation of a homogenous aluminophosphate gel
that remained free flowing. This gel was covered to prevent evaporation and allowed to peptize for a
minimum of 12 h under the influence of strong mixing. The initial pH of the gel was typically
approximately 1.95 and the final pH approximately 2.20. As this alumina-phosphate gel was aging, a
second solution consisting of TMAOH (Sigma-Aldrich, 25% TMAOH) and TPAOH (Sigma-Aldrich, 40%
TPAOH) was prepared. Fumed silica (Aerosil 200, 90% SiO,) was then slowly added to this SDA solution,
dissolving readily. The resulting silica-SDA solution became transparent with a yellowish tint after all the
silica had dissolved.

After aging of the aluminophosphate gel, the solution containing silica, TMAOH, and TMPOH was
slowly combined with it. Then the resulting gel was covered and agitated for at least 24 h. The initial pH

2630 it was important that the

of the combined gel was approximately 8.2. As noted in several sources,
gel be aged for at least 24 h and until a final pH of 7.5 was reached (and we confirmed that aging for at

least 24 h was crucial to make pure SAPO-37). During the aging of the combined gel, the pH declined to

7.6 after only six hours of mixing, before reaching a pH of 7.4-7.5 after 24 h of aging. We observed that

10



if the pH of the gel after 24 h was still greater than the target pH, further aging with a goal of lowering
the pH of the gel did not result in a pure SAPO-37 product.

Once the gel had been properly aged and a pH of 7.5 or less attained, parts of the gel were charged
to a set of Teflon-lined 45-mL Parr autoclaves, each statically heated and held at a temperature of 463 K
for five days. After this period, during which crystallization occurred, each of these autoclaves in a fume
hood was allowed to cool to room temperature. The resulting slurry had a clear yellow layer of mother
liquor with a layer of precipitated solids. The final pH of the liquid product was 7.2. The solid precipitate
was readily recovered by filtration. The collected solids were washed with an excess of deionized water
followed by drying at 393 K. We emphasize that, because of the susceptibility of the SAPO-37 framework
to hydrolysis, it was handled in a water-free atmosphere after washing and drying. The as-synthesized
SAPO-37 powder containing organic SDAs was calcined at 873 K for 6 h in flowing air (Praxair, 99.5%)
followed by 6 h at the same temperature under dynamic vacuum in a once-through plug-flow reactor.
Then the sample was cooled to room temperature under dynamic vacuum and transferred into an
argon-filled oxygen-free glovebox.

Synthesis of Rh(C;H;), on SAPO-37. Rhodium complexes were anchored to SAPO-37 by reaction
of the rhodium-containing precursor with this support. Sample handling and treatments were carried
out with standard air-exclusion techniques in an argon-filled glovebox. The precursor Rh(C,H,),(acac)
(99%, Strem) was mixed with the calcined SAPO-37 in dried, deoxygenated n-pentane (Fisher, 99%), and
the slurry was stirred at 298 K under argon for 24 h. After the n-pentane had been removed by
overnight evacuation, leaving all of the rhodium on the support, the resulting sample (containing 1.0 wt
% rhodium) was recovered and stored in the glovebox. The supported samples were heated in flowing
helium to 423 K at a ramp rate of 5 K min™ and held for 10 min. Then the sample was cooled to room

temperature in flowing helium.
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Synthesis of HY zeolite-supported Rh(C;H),. HY zeolite (Zeolyst CPV 600, molar SiO,/Al,O; ratio
= 5.2) was calcined in flowing oxygen (Praxair, O, 19.5-23.5%) at 773 K for 2 h followed by 14 h under
dynamic vacuum in a once-through plug-flow reactor. HY zeolite-supported Rh(C,H,4), complexes formed
by reaction of the zeolite with Rh(C,H,),(acac).** The rhodium loading of the material was 1.0 wt %.

X-ray diffraction (XRD) characterization. The crystallinity and phase purity of all the SAPO-37
samples were characterized with a Panalytical X’'pert Pro MRD diffractometer or with a Rigaku
Miniflex600 with CuKa radiation, operating at 40 kV and 15 mA. The as-synthesized SAPO-37 powder,
which still contained the organic structure-directing agent molecules occluded in its channels/cages, was
analyzed in a conventional powder XRD sample holder in the ambient atmosphere. In contrast, a plastic
domed sample holder from Panalytical/Malvern was used for characterizing a spent catalyst—in this
holder the sample was sealed and protected in moisture-free and oxygen-free argon to prevent
potential changes in the crystalline structure of SAPO-37 and the properties of supported rhodium
complexes and carbonaceous deposits formed during catalysis that might have resulted if there had
been any contact with moisture and/or oxygen. The spent catalyst in the plug-flow reactor was sealed
under helium, then placed in an argon-filled glovebox where the catalyst sample was recovered and
loaded into a plastic-domed sample holder and sealed to prevent exposure to moisture and air prior to

1.*® reported that

and during the XRD measurement; this precaution was warranted because Briend et a
prolonged exposure of SAPO-37 to moisture in air caused the structure to collapse and become
amorphous.

Infrared (IR) spectroscopy. A Bruker IFS 66v spectrometer with a liquid-nitrogen-cooled HgCdTe
(MCT) detector and a spectral resolution of 2 cm™ was used to collect transmission IR spectra of powder
samples. In the glovebox, approximately 10 mg of powder was pressed between two KBr windows for

optical optimization that allowed detection of minor peaks. IR spectra were recorded with samples at

room temperature under vacuum, with each spectrum being an average of 128 scans. In some
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experiments, the sample was present in a diffuse reflectance (DRIFTS) cell that also served as a reactor
(Harrick Scientific) equipped with KBr windows, mounted in a Praying Mantis diffuse reflectance adapter
(Harrick Scientific). This DRIFTS cell in the glovebox was loaded with approximately 50 mg of dry KBr
powder (Crystal Labs, 7758-02-3), along with approximately 20 mg of sample. This cell was connected
into a flow system that allowed recording of spectra as reactant gases (CO, 3co, D,, H,, and/or
ethylene) flowed through the cell at the desired temperature.

X-ray absorption spectroscopy. X-ray absorption spectroscopy (XAS) of the solid samples was
carried out at beam line 4-1 of the Stanford Synchrotron Radiation Lightsource (SSRL). The storage ring
energy and current were 3 GeV and 500 mA, respectively. The double-crystal Si(220) monochromator
was detuned by 20% at the Rh K edge. In an argon-filled glovebox at SSRL, 400 mg of SAPO-37-supported
rhodium complex containing 1.0 wt % rhodium was loaded into a transmission and fluorescence X-ray
absorption spectroscopy cell/flow reactor designed to accommodate powder samples under vacuum or
in reactive atmospheres.* The cell window was aligned at a 45° angle relative to the X-ray beam.
Transient fluorescence X-ray absorption near edge spectra (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra were collected with a Lytle detector for samples in flowing reactive gases. For
energy calibration, measurement of the absorption of a rhodium foil mounted downbeam of the sample
was carried out simultaneously.

Analysis of the EXAFS data was carried out with Athena of the software package Demeter and with
the software XDAP. Athena was used for edge calibration and deglitching and XDAP for background
removal, normalization, and conversion of the data into an EXAFS function file. Reference files used in
the fitting, with backscattering amplitudes and phase shifts for Rh—Rh, Rh—-0, Rh-C, and Rh-Al
contributions, were calculated with the software FEFF7.0 from crystallographic coordinates of the unit

cells of the reference compounds rhodium metal, Rh(C,H,),(acac), RhO,, and Rh-Al alloy.?***
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Our approach to data fitting, which is standard, involved selection of several plausible structural
models that make good chemical sense and fitting to determine structure parameters that were
required to have physically and chemically realistic values and appropriate values of goodness of fit—
followed by selection of the best-fitting model for each sample. The number of parameters used in the
fitting was always less than that justified statistically, calculated on the basis of the Nyquist theorem: n =
20kAr/m + 2 (where Ak and Ar, respectively, are the ranges in the wave vector and distance in real space
used in the fitting). Data fitting was done iteratively for the candidate models with a difference-file
technique to determine how well each model compared with the data in terms of the overall fit and the
fits of individual shells—the latter being especially important in our judgment for atomically dispersed
samples.

The recommended model representing each sample was chosen as the best-fitting model when the
k*- and k*-weighted EXAFS data, Fourier-transformed data, and Fourier-transformed data characterizing
each shell contribution individually were all in good agreement with the calculated fits. The quality of

each fit was evaluated by the value of goodness of fit, defined below:

NPTS 2
\Y <Xexp,i - Xmodel,i)

Goodness of fit =
I NPTS(v — Nfree)

=1 Uexp,i
where Xexp and Xmodel are the experimental and calculated EXAFS functions, respectively; oe, the error in
the experimental results; v the number of independent data points in the fit range; Nf.. the number of
free parameters; and NPTS the number of data points in the fit range. The estimates of the error bounds
are based on the reported results and statistical analyses; the values are approximate. Complementary
information is presented in the Supporting Information, SI.

Catalytic activity measurements. Catalyst performance was tested with samples in a once-

through temperature-controlled plug-flow reactor. The reactant feed gases (H,, ethylene, and helium)

flowed through a bed of catalyst of known mass (usually in the range of 1.00—-15.0 mg) mixed with 1.0 g
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of inert particles of nonporous a-Al,0; (Sigma-Aldrich, 100—200 mesh) at atmospheric pressure and a
temperature of 303 K. A total feed flow rate of 100 mL(NTP) min™ was used in each experiment, with
the feed partial pressures (in mbar) being the following: H,, 50; ethylene, 50; helium, 900. The effluent
stream was analyzed periodically with an online gas chromatograph (Hewlett-Packard HP-6890)
equipped with a capillary column (PLOT Alumina “M,” 50 m x 0.53 mm) and a flame-ionization detector.
The reported catalytic reaction rates per rhodium atom (turnover frequencies, TOF) were calculated
from conversions <10%, which were shown to be differential on the basis of the essentially linear
dependence of conversion on inverse space velocity (Figure 2A.1 in the SI).
Temperature-programmed oxidation of hydrocarbon deposits. A sample of used catalyst
(13.0 mg) was characterized by temperature-programmed oxidation (TPO) in air (Praxair, 99.5%) flowing
at 60 mL(NTP) min™ in a Netzsch STA 449 F3 instrument, with the effluent gas flowing to a mass
spectrometer. Samples were quickly transferred in air from an argon-filled glovebox to a crucible. A two-
step treatment was used whereby (1) the sample temperature was raised at a rate of 5 K min™ to 323 K
and held for 1 h to remove any possible residual moisture and (2) the temperature was increased at a
rate of 5 K min™ to 973 K and held for 60 min. Baseline corrections for the mass signal were made by
comparison with data collected with the same temperature program performed with an empty crucible.
Acidity measurement by temperature-programmed desorption. A sample of calcined SAPO-
37 (32.2 mg) was characterized for acidity by temperature-programmed desorption (TPD) of
isopropylamine in nitrogen (Praxair, 99.9999%) flowing at 50 mL(NTP) min™ in a Netzsch STA 449 F3
instrument, with the effluent gas flowing to a mass spectrometer. A dehydration pretreatment was used
with the sample in flowing nitrogen, whereby the temperature was raised at a rate of 2 K min™ to 773 K
and held for 1 h to remove any residual moisture. The sample was then cooled to room temperature,
and isopropylamine (Sigma-Aldrich, 99%) was dosed (0.1 mL) into the flowing nitrogen for its adsorption

on the SAPO-37 sample. Then a two-step treatment was used whereby (1) the sample temperature was
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raised at a rate of 5 K min™ to 453 K and held for 1 h to remove any physisorbed isopropylamine and (2)
the temperature was increased at a rate of 5 K min™ to 800 K and held for 15 min. The sample masses
determined by the TGA results are reported in units of umol of adsorbate per gram of catalyst and
referenced to the initial mass of the sample before exposure to the amine.***®

Scanning electron microscopy. Scanning electron microscopy (SEM) images were obtained using
a Hitachi SU5000 instrument equipped with field emission SEM instrument at 5.0 kV. Each sample was
coated with a thin layer of gold prior to imaging to minimize sample charging.

BET surface area measurements. Nitrogen physisorption measurements were made with a
Micromeritics 3-Flex instrument. Oven-dried sample tubes capped with a Transeal cap (Micromeritics)
were tared in the glovebox and then filled with approximately 50 mg of powder. Details of the
experimental methods are as reported.”’ These data are presented for calibration purposes only; we

recognize that they do not provide accurate values of internal surface areas for materials such as ours

(Table 2A.1).

2.4 RESULTS AND DISCUSSION

Synthesis and characterization of SAPO-37. The XRD results (Figure 2A.2 in the SI) collected
with the sample under ambient conditions indicate that the as-synthesized SAPO-37 sample is
characterized by a pattern characteristic of SAPO-37, as reported by Briend et al. (details in the SI).'%%%
No peaks indicative of impurities were detected. The XRD results characterizing the spent SAPO-37-
supported catalyst initially incorporating Rh(C,H,), (Figure 2A.3 in the Sl) show that the framework
structure was maintained during the following steps: calcination of the as-synthesized SAPO, the

treatments preceding the catalyst testing, and catalysis in the flow reactor (details in SI). SEM images

(Figure 2A.4 in the SI) of the as-synthesized SAPO-37 show that it consisted of variously sized octahedral
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crystals;®® this was the only solid phase in the synthesis product as evidenced by the XRD results. The

BET surface area of the calcined SAPO-37 matches well with literature.***°

Synthesis of SAPO-37-supported Rh(C,H4),. The reaction of Rh(C,H,),(acac) with SAPO-37 was
accompanied by changes in the IR spectra of SAPO-37 indicating that OH groups on its surface were
converted when the rhodium was anchored to the support, as discussed below. Spectrum A of Figure
2.1 characterizes bare SAPO-37 calcined at 873 K in air followed by evacuation, and spectrum B
represents the sample after chemisorption of Rh(C,H,),(acac). The intensities of the bands at 3640 and
3578 cm™, corresponding to OH groups at the Si—OH-Al sites of the SAPO,***" decreased as the rhodium
was chemisorbed, indicating that these groups were involved in the surface reaction and implying that
the rhodium was bonded near the Si-OH-AIl Brgnsted acid sites. Supporting this inference are IR spectra
indicative of Hacac on the support, formed as Rh(C,H;),(acac) reacted with support OH groups and
formed Rh—0O bonds (as shown by EXAFS spectra, vide infra) (Figure 2A.5 in the Sl). Ethylene ligands
were still present on the rhodium after anchoring, indicated by IR bands in the C—H region (Figure 2A.6
in the Sl). The band at 3745 cm™, corresponding to SAPO Si—OH groups,*>* is too low in intensity to
justify any conclusion about whether reaction occurred at those sites. Moreover, the band
corresponding to P-OH sites, which would have been expected at 3675 cm™, was not evident in the
spectra, indicating negligible amounts of those species. The band at 3718 cm™ is assigned to extra-
framework silica on the basis of data characterizing the spectrum of the hydroxyl region of another
SAPO, SAPO-34."** The growth of the band at 3718 cm™ is attributed to slight moisture/air exposure

that occurred between the measurements.
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Figure 2.1. IR spectra in the vy region characterizing the following samples: (A) bare calcined SAPO-37;
(B) sample formed by reaction of SAPO-37 with Rh(C,H;),(acac) in n-pentane after removal of this
solvent.

XANES evidence of positively charged rhodium in rhodium diethylene complexes on SAPO-
37. The XANES data characterizing the SAPO-37-supported rhodium complex are compared in Figure
2A.7 in the SI with the XANES spectrum of rhodium metal and that reported for the comparable rhodium
diethylene complexes bonded to DAY zeolite. The white line characterizing rhodium in the SAPO-37-
supported complex is centered at an energy 15 eV higher than that of the rhodium K edge (23220 eV).
For comparison, XANES spectra characterizing rhodium on DAY zeolite (and rhodium foil) are
characterized by white lines with maxima at 15 and 10 eV, respectively, above the rhodium K edge,
implying that the rhodium supported on SAPO-37 and on DAY zeolite was positively charged (but, as
expected, the XANES data are not sufficient to determine the exact rhodium oxidation states).

EXAFS evidence of structure of rhodium diethylene complexes on SAPO-37. The EXAFS
results characterizing the supported rhodium complex are summarized in Table 2.1. Because the light

backscatterers O and C are not readily distinguished from each other in the EXAFS data fitting, we
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present the fitting results for a structural model that is verified by the IR data—that is, with each
rhodium atom m-bonded to two ethylene ligands and anchored to the support by Rh—0 bonds. Thus, the
data determine a Rh—0 coordination number of 2, within error, consistent with results for a comparable
DAY zeolite- supported rhodium complex.”® The Rh—0 distance of 2.10 A is a bonding distance.*° The
bonding distances of the Rh—C shells of the complexes on SAPO-37 and DAY zeolite are, within error, the
same, but the Rh—0 distances characterizing these complexes on the two supports differ slightly from
each other (Table 2.1). In the fitting we could not distinguish the Rh—Al, Rh—Si, and Rh—P contributions,
as expected. Details of other candidate models tested in the EXAFS fitting are presented in the SI
(Figures 2A.19-21). On the basis of these results and the IR evidence that the rhodium precursor reacted
at the Si—-OH-AIl sites, we infer the structural model shown in Scheme 2.1, which at this scale matches
models for the rhodium complex on DAY zeolite.’ This is a key result: it shows that the opportunity is
presented to compare rhodium bonded at the SI-OH-Al Brgnsted acid sites in SAPO-37 with those

bonded at the corresponding sites in the isostructural DAY zeolite.

O O $3.10A O @) O IS(’“\O O

AN N A A A
OO0 o000 O 000 o0 0 O
Scheme 2.1. Structural model of rhodium complex on SAPO-37 (left), and rhodium complex on DAY

zeolite (right),” each with distances determined by the best-fit model determined by EXAFS
spectroscopy.

Data reported for the comparable DAY zeolite-’ and MgO-supported®’ rhodium species are presented
in Table 2.1, showing that the DAY zeolite-supported species, within error, is isostructural with the
SAPO-37 supported species. The rhodium species on MgO are also characterized by an average of two

ethylene ligands per rhodium atom, but they are not isostructural with the SAPO-37- and DAY zeolite-
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supported species because the data indicate a mixture of species—the number of oxygen atoms on MgO
bonded to rhodium ranges from 1 to 2, depending on the treatment of the support and the sites to
which the rhodium bonds.

Reactivity of SAPO-37-supported Rh(C;H;),. To investigate the reactivity of the supported

rhodium diethylene complexes, samples in the DRIFTS cell were brought in contact with flowing CO in
15-min pulses (3115 CO molecules per rhodium atom) at atmospheric pressure and 298 K, followed by a
temperature ramp to 423 K at a rate of 5 K min™ with helium flowing through the cell. The spectra
(Figure 2.2) show that the rhodium diethylene species reacted with CO to give supported species
characterized by veo bands at 2115 and 2052 cm™, assigned to the symmetric and asymmetric CO
vibrations of rhodium gem-dicarbonyls (matching those of the DAY zeolite-supported sample*). During
the treatment, there was a decrease in intensity of the bands at 3086, 3015, and 2980 cm™ along with
the disappearance of the vc, band at 3060 cm™, indicating that ethylene ligands had been removed from
the rhodium (Figure 2A.8 in the Sl). The bands at 2103 and 2021 cm™ (Figure 2.2) correspond to **CO in
natural abundance.”® The shoulder at 2041 cm™ (Figure 2.2) is assigned to rhodium dicarbonyls on the

4930 All these results support the inference that Rh(C,H,),(acac)

outer surfaces of SAPO-37 crystallites.
reacted with OH groups on SAPO-37 to give supported Rh(C,H,), that upon further treatment reacted
with CO to give the rhodium gem-dicarbonyl species bonded near Si—-OH-Al sites in the SAPO-37.
Experiments with *CO confirmed that the bands shown in Figure 2.2 represent rhodium dicarbonyls,
as the bands at 2115 and 2052 cm™ decreased in intensity while the bands at 2066 and 2008 cm™ grew

in as 3CO reacted with the sample (Figure 2A.9 in the SI). The ratio of frequencies of 2CO and *CO

corresponds to the harmonic approximation.>*
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Figure 2.2. DRIFTS spectra in the uc region characterizing the SAPO-37-supported Rh(C,H,),: spectrum a
was recorded with the sample in helium flowing at 50 mL(NTP)/min, and spectrum b was recorded after
the same sample had been in contact with flowing 10% CO in helium for 15 min, followed by a purge of
the DRIFTS cell with helium for 30 min. Spectrum c is of the same sample at 423 K in flowing helium,
and spectrum d was recorded at room temperature with the sample in flowing helium.

When the SAPO-37-supported Rh(CO), was exposed to flowing ethylene at 298 K, the v, bands at
2115 and 2052 cm™, assigned to the v, and v, vibrations, disappeared (Figure 2A.10 in the SI), and a new
band appeared, at 2053 cm™ (Figure 2A.10 in the SI), assigned on the basis of observations for zeolite
DAY-supported species to Rh(CO)(C,H,).** A weak band appeared at 2030 cm™, assigned tentatively to
the species bonded to small amorphous regions of the support on the basis of observations with
Rh(CO)(C,H,) on Si0,;>>*? alternatively, it could be assigned to linear Rh(CO) on amorphous Si0,.>*

EXAFS data characterizing the SAPO-37-supported rhodium gem-dicarbonyls confirm the site-
isolation of the rhodium and give evidence of the non-carbonyl ligands bonded to it—that is, the
support itself. Structure parameters corresponding to the best-fit models (details in the SI) are given in
Table 2.1, with data for rhodium carbonyls on other supports shown for comparison. The inference that
each rhodium species was site-isolated is bolstered by the result that the EXAFS data give no evidence of

any Rh—Rh contributions. The Rh—0O distances are consistent with bonding of positively charged rhodium
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atoms to oxygen atoms of the supports. The results are consistent with the structural model of the
SAPO-37-supported species shown in Scheme 2.1.

Other comparable rhodium and iridium species have been reported for various metal oxide supports,
with v values depending on the support; details are given in Table 2A.2 in the SI; the v values are a
measure of the electron-donor properties of the supports as ligands.”® The v, values characterizing
SAPQO-37-supported rhodium dicarbonyl are slightly less than those characterizing the DAY zeolite-
supported rhodium dicarbonyl. The support SAPO-37 is less electron withdrawing than DAY zeolite, but
the difference is small—likely too small to distinguish within the error of our data. Correspondingly, the
Rh—0O and Rh—C distances determined by EXAFS spectroscopy are also nearly the same—and also likely
too small to distinguish within the error of our data.

Table 2.1: Structural Models Based on EXAFS Spectra Characterizing Rhodium Diethylene and

Rhodium gem-dicarbonyl Species Supported on SAPO-37, DAY Zeolite, and MgO and CO Vibrational
Frequencies of the Rhodium Carbonyls.”

initial form | 'R bands of carbonylated fwhbr:nc:: Veo
form of sample, vco ! Shell N R (A) 10’ x ¢ AE, Refs
of catalyst sym/asym (cm’) sym/asym
y Y (cm-1)
Rh(C,H,),/ Rh-C | 4.0 | 2.12 7.5 7.5
SAPO-37,1.0 2115/2052 7/10 Rh-0O 2.1 2.10 6.3 4.0 this
wt % work
. Rh-Al 1.1 3.10 6.4 -3.0
rhodium
Rh-Rh b b b b
Rh(C2H4)2/
Rh-C 3.7 2.08 34 -2.0 956
DAY, 1.0 wt 2118/2053 < ’
=W / 8 Rh-0 | 2.1 | 2.15 3.1 7.1
% rhodium
Rh-Al 1.1 3.02 6.7 -2.5
Rh-Rh b B b b
I\;h(()QlH“O)i{/t 2082/2004 34/37 Rh-C | 4.0 2.04 0.68 11.2 a7
g% = Rh-0° | 14 | 218 | 086 | -12.8
% rhodium =
Rh-0O, 1.7 2.79 6.62 -0.2

“Notation: N, coordination number; R, distance between absorber and backscatterer atoms; Ac’,
disorder term (Debye—Waller factor); AE, inner potential correction. Error bounds (accuracies)
characterizing the structural parameters determined by EXAFS spectroscopy are estimated to be as
follows: N, £20%; R, +0.02 A; Ac®, +20%; AE,, 20 %. "Contribution not detectable. Details of the EXAFS
fitting are provided in the SI. “The subscripts s and | refer to short and long, respectively.

Uniformity of SAPO-37-supported Rh(CO),. The fwhm values of the carbonyl bands of the SAPO-

37-supported rhodium species are < 10 cm™ (Table 2.1), consistent with the inference that the sites to
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which the rhodium was bonded were nearly uniform—but not quite as uniform as those in DAY zeolite
incorporating analogous supported rhodium complexes (for which values of the fwhm are < 8 cm™
(Table 2.1)).”” The data are compared in Table 2A.2 in the Sl with those of zeolite- and oxide-supported
metal carbonyls—showing that the SAPO-37-supported species are among the most nearly uniform of
any reported supported metal species. Thus, the results highlight the value of this support and these
samples for fundamental investigations of the catalytic chemistry of the supported species and
specifically for assessment of the effects of the support as a ligand.

Catalytic performance of SAPO-37-supported rhodium complexes. The rhodium diethylene
complex supported on SAPO-37 was used as the precursor of a catalyst for ethylene hydrogenation in a
flow reactor. We stress that the catalytic activity of the sample is not attributable to acidic OH groups as
catalytic sites—this point is validated by the results of blank experiments confirming that the SAPO
alone did not have measurable activity for hydrogenation and dimerization under our conditions. The
same conclusion pertains to the HY zeolite-supported rhodium complexes (with zeolite molar SiO,/Al,0;
ratios of 5 and 30): the results of blank experiments with the zeolites alone gave no evidence of activity
for hydrogenation or dimerization under our conditions; that activity became measurable only when the
temperature was raised to 433 K.

Thus, the catalytic activity under our conditions is attributed to the rhodium species. Initial
conversions were differential (Figure 2A.1 in the Sl), determining TOF values directly. The catalyst lost
activity in operation in the flow reactor (Figure 2.3); the initial TOF characterizing the SAPO-37-
supported catalyst, determined by extrapolation of the TOF vs. time on stream data (Figure 2.3), was
found to be approximately 0.1 s*. Comparable rhodium complexes supported on the aforementioned
HY zeolites have been investigated at the same temperature and pressure used for the SAPO-37, but

with different feed compositions,* as summarized in Figure 2.3.
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Figure 2.3. Comparison of SAPO-37 and HY zeolites as supports for rhodium complex catalysts for
ethylene conversion. Performance of supported rhodium catalysts initially present as rhodium
diethylene complexes for ethylene conversion in the presence of H, at 303 K and 1 bar (each catalyst
contained 1.0 wt% rhodium). The catalyst samples (in their initial forms) are identified by symbols
shown in the figure; details follow: « SAPO-37-supported catalyst (this work, molar H,:C,H, ratio = 1:1); e
zeolite HY (molar SiO,/Al,0; ratio = 5.2) supported catalyst (this work, molar H,:C,H, ratio = 1:1). =
zeolite DAY (molar SiO,/Al,O; ratio = 30) supported catalyst31 (molar H,:C;H, ratio = 1:4); » zeolite DAY
(molar SiO,/AlL,O; ratio = 30) supported catalyst®® (molar H,:C,H, ratio = 4:1); + zeolite DAY (molar
SiO,/Al,0; ratio = 30) supported catalyst31 with points determined for molar H,:C,H, ratio = 1:1, by
interpolation of data for the feed compositions stated above. Details are given in Figure 2A.11. A more
direct comparison is afforded by considering the data for the SAPO-37 supported catalyst (¢) and the
interpolated data for DAY zeolite supported catalyst (+), but we emphasize that the densities of metal
bonding sites (OH groups bonded near Al sites) were not the same in these catalysts, being 160 umol/g
of DAY zeolite®® and 900 pumol/g of SAPO-37, respectively, as determined by acidity measurements by
TPD of isopropylamine (Figure 2A.12 in the SI).

Interpolated data provide a direct comparison with one of the zeolites (Figure 2.3). The products
observed with the HY zeolite- and DAY zeolite-supported catalysts were predominantly butenes, along
with ethane (Table 2.2). The data show that the SAPO-37-supported catalyst is more active than the
comparable catalysts (Table 2.2), and the products formed with the SAPO-37-supported catalyst differ
from those formed with the zeolite-supported catalysts, with the former being markedly more selective

than the latter for hydrogenation rather than dimerization of the olefin (Table 2.2).
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Table 2.2: Comparison of Activities of Catalysts Initially Incorporating Rhodium Diethylene Complexes Supported on SAPO-37, DAY, HY
Zeolite, and MgO for Hydrogenation and Dimerization of Ethylene. Each catalyst contained 1.0 wt% rhodium.

Molar SiO,/Al,04 Initial TOF for | Initial selectivity in ethylene conversion (mol %)’ Deactivation
Initial form of catalyst ratio in catalyst ethylene n- trans-2- 1- cis-2- . K Ref
support conversion (s'l) ethane butane | butene | butene | butene time (h)
Rh(C,H.),/SAPO-37 A 0.13¢ 99.6 0.4 192 this work
Rh(C,H,),/HY zeolite 5.2 0.05° 61.3 <0.4 26.6 2.7 9.0 59* this work
Rh(C,H.),/DAY zeolite 30 0.10° 52.9 1.0 31.3 3.9 10.9 22" >
Rh(C,H,),/DAY zeolite 30 0.26" 24 76’ 20" 9
Rh(C,H,),/DAY zeolite 30 0.075° 18.9 1.9 | 78.2’ 133 3
Rh(C,Ha),/MgO - 0.016" 100 No data reported r':g:rizz 47

AThe molar SiO,/Al,O; ratio of a zeolite is used as a proxy for acid site density when the acidity stems from the amount of Al,O; present in the
neutral SiO,. Because SAPOs and zeolites are two different classes of molecular sieves, with SAPOs incorporating Si, Al, and P and the zeolites Si
and Al, the molar composition of SAPO-37 is reported here as 1.00 SiO,: 1.67 Al,05:1.06 P,0s. We recognize that the densities of metal bonding
sites (SI-OH-AIl) of SAPO-37 and zeolite are different and thus they are reported on the basis of TPD acidity measurements done with
isopropylamine (900 umol/g) for SAPO-37 (Figure 2A.12 in the SI) and elsewhere for DAY zeolite.*

BNot applicable.

“TOFs determined at 303 K and 1.0 bar; feed partial pressures (mbar): C,H,, 50; H,, 50; helium, 900; total flow rate 100 mL(NTP)/min; catalyst
mass, 8.4 mg.

PTOF determined at 303 K; 1 bar; feed partial pressures (mbar): C,H,, 50; H,, 50; helium, 900; total flow rate 100 mL(NTP)/min; catalyst mass, 11
mg.

ETOFs determined from C,H, conversions <5%; catalyst mass, 10-30 mg; feed partial pressures (mbar): C,Hs, 50; H,, 50; helium, 900; total flow
rate, 100 mL(NTP)/min.

FTOF determined at 303 K; 1 bar; feed partial pressures (mbar): C,H,, 100; H,, 400; helium, 500; total flow rate 100 mL(NTP)/min; catalyst mass,
21 mg.

®TOF determined at 303 K; 1 bar; feed partial pressures (mbar): C,H,, 400; H,, 100; helium, 500; total flow rate 100 mL(NTP)/min; catalyst mass,
21 mg.

HTOF determined at 298 K; feed partial pressures (mbar): C,H,, 50; H,, 50; balance helium; total flow rate 100 mL(NTP)/min.

'Selectivity as a function of time on stream remained essentially constant (Figure 2A.13 in the Sl).

Value reported in reference does not distinguish among the butenes.

“Deactivation time is defined as the time it takes for the catalytic activity (TOF) to decline to a value indistinguishable from zero in Figure 2.3
(details in SI).

‘Value determined by extrapolation of trend line of TOF vs. time on stream plotted on a logarithmic scale.
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Mvalue determined by extrapolation of trend line determined by interpolation of data for ethylene-rich and hydrogen-rich feeds plotted at TOF
vs. logarithm of time on stream. Details are given in Figure 2A.11 in the SI.



To provide further understanding of the catalytic chemistry, experiments were done with D,,
ethylene, and mixtures of D, and ethylene as reactants. IR spectra of the SAPO-37-supported Rh(C,H.),
catalyst (20 mg) in D, flowing at 30 mL(NTP) min™® show that the Si~OH-Al bands of SAPO-37
disappeared, but without the appearance of bands characterizing Si—-OD—-Al groups, which, had they
formed, would have been expected in the range of 2550-2780 cm™ (Figure 2A.14 in the SI).% To further
probe the Si—-OH—-AI sites of SAPO-37, the SAPO-37 supported Rh(C,H,), catalyst (20 mg) was exposed
C,H,; flowing at 10 mL(NTP) min™. IR spectra show that the alkene interacted with the SAPO-37
through the acidic Si—-OH-Al groups, as indicated by the reduced intensity of the OH stretching bands at
3640 and 3578 cm™ (Figure 2A.15 in the Sl). The C,H,~SAPO-37 interaction is inferred to be weak, with
the C=C bond evidently maintained after adsorption, as indicated by the lack of evidence of C—C bond
formation. This result is consistent with the observation that ethylene desorbed from the Si—-OH-Al sites
when helium flowed over the sample at room temperature, with full recovery of the initial Si—-OH-AI
bands at 3640 and 3578 cm™ (Figure 2A.15 in the SI). The SAPO-37-supported rhodium complexes (20
mg) in a flowing mixture of C,H, (5 mL(NTP) min™ and D, (5 mL(NTP) min™) produced C,H,D, (m/z = 30),
without monodeuterated ethane, as shown by mass spectra of the effluent gas (Figure 2A.16 in the SI)
(the sensitivity of the mass spectrometer was not sufficient to determine whether deuterated butenes
also formed). Thus, we infer that the Si-OH-AI sites did not exchange significantly with D, (or H,) under
our catalytic reactions conditions.

These results are contrasted with those reported for DAY zeolite-supported rhodium complexes, for
which the AI-OH and Si—OH groups were observed to undergo exchange with D, to form Al-OD and Si—
OD in the presence of flowing D, at 303 K and 1 bar.® When zeolite-supported rhodium complexes were
exposed to a flowing mixture of C,H, + D, under these conditions, mass spectra of the product stream

demonstrated the formation of C,HsD and C,H;D, in low concentrations, along with nondeutrated
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butenes characterized by CsHs and C4Hg fragments (m/z 41 and 56, respectively, corresponding to the
typical fragmentation of n-butenes).’

Characterization of deactivated catalyst. To characterize changes in the catalyst during
operation, its performance was monitored by GC analysis of the reaction products. The data (Figure 2.3)
show that the catalyst deactivated, becoming essentially inactive after about 192 h on stream. To gain
insight into the activity loss, the experiment was repeated with the sample (20 mg for optimum spectra)
in the DRIFTS cell under the same conditions. Spectra recorded as the catalytic reactions proceeded
(Figure 2A.17 in the Sl) show increasing intensities of peaks assigned to C—H vibrations (2964-2876 cm’
1), assigned to carbonaceous deposits in zeolite catalysts incorporating supported rhodium complexes.”
28, 31,3981 TpO data characterizing the used catalyst (Figure 2A.18 in the Sl) show that it contained 2.0
wt% carbon after 143 h on stream, and correspondingly there had been a slight color change of the
sample after this period of catalytic operation, from white to beige.

To check whether the catalyst deactivation was associated with structural changes of the SAPO-37
support, we used XRD to characterize a spent SAPO-37-supported that was initially in the form of
Rh(C,H,), after it had been tested as a catalyst at atmospheric pressure, 303 K, and a total flow rate of
100 mL(NTP) min™, with the partial pressures of H, and ethylene each being 50 mbar and that of helium
900 mbar. The catalyst (ca. 200 mg) was not mixed with inert particles in this experiment, to optimize
the XRD data quality. A comparison of the XRD patterns of the as-synthesized SAPO-37 sample and the
spent SAPO-37-supported catalyst sample is shown in Figure 2A.3 in the SI. The data show that the
SAPO-37 structure was maintained during the calcination of the as-synthesized SAPO-37-supported
sample and during the catalytic reactions, with the XRD pattern consistent with reported data for SAPO-
37°%%2% and unchanged. The small differences in peak intensities relative to those of the parent (as-

synthesized SAPO-37) are related to the following: (1) rhodium species bonded to the SAPO-37,

consistent with reports of lanthanum atoms in zeolite HY;®* (2) carbonaceous deposits occluded in the
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channels/cages of SAPO-37, consistent with reports of coking of ZSM-5 during methanol to gasoline
(MTG) conversion conditions;* (3) and the use of two different sample holders (a conventional sample
holder for the as-synthesized SAPO-37 under ambient conditions) and a domed sample holder for the
spent catalyst in which it was sealed and protected in a moisture- and oxygen-free argon atmosphere to
prevent possible changes that might otherwise have affected the carbonaceous deposits and the crystal
structure of the SAPO-37.

Thus, we infer that the catalyst deactivation resulted from the formation of large organics that
accumulated in the pores, covering catalytic sites and/or blocking catalyst pores, as reported for zeolite-
supported rhodium complexes;’ reports characterizing the zeolite-supported catalysts (Table 2.2 and
Figure 2.3) under both hydrogen-rich (molar feed H,:C,H, ratio = 4:1) and ethylene-rich conditions
(molar feed H,:C,H, ratio = 1:4) show that the zeolite-supported rhodium complexes deactivated more
rapidly than the SAPO-37-supported complexes (Figure 2.3). By interpolation of the reported results
characterizing ethylene-rich and H,-rich feeds that bracket our reaction conditions (molar H,:C,H, ratio =
1:1) (Table 2.2), we infer that DAY zeolite (molar SiO,/Al,O; ratio = 30)-supported rhodium complexes
would have been almost completely deactivated after 22 h (Figure 2.3 and Figure 2A.11 in the SI).

We emphasize that although the densities of metal bonding sites (Si—OH—Al sites) are different for the
two catalysts, the catalytic species in them are nearly equivalent in local structure, as shown by the
EXAFS data, and the supported rhodium species are highly uniform, as shown by the v values
determined by IR spectroscopy (Table 2A.2 in the Sl).

Isostructural supported rhodium complexes on SAPO-37 and on HY zeolites: comparison
of catalytic properties. To repeat a central result: when Rh(C,H,),(acac) reacted with Si—-OH-AI sites
of SAPO-37, the rhodium became bonded to the support through Rh—0 bonds, as shown by IR (Figure
2A.5) and EXAFS data (Table 2.1). These results match those for a family of oxide- and molecular sieve-

supported rhodium complexes (Table 2A.2 in the SI).>?® The key result is therefore that the SAPO-37-
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and DAY zeolite-supported rhodium complexes are isostructural—this statement pertains to both the
rhodium diethylene complexes and to the rhodium gem-dicarbonyl complexes (Table 2.1, Table 2A.2 in
the SI, and Figure 2.2). Thus, the EXAFS-determined bond distances characterizing the SAPO-37- and
zeolite-supported species (Table 2.1) match within error, and the IR spectra indicate that the
carbonylated species were rhodium gem-dicarbonyls, with all the results, specifically including the
XANES data, being consistent with the identification of the rhodium complexes as Rh(l) species. The
zeolite- and SAPO-37-supported rhodium complexes are the most closely related pair in any family of
supported metals. However, the zeolite- and SAPO-37-supported rhodium gem-dicarbonyls are not the
same, because the supports—as ligands—are different (Table 2A.2 in the SI), with the reactivities
therefore expected to be different.

Thus, the catalyst performance data (Table 2.2, Figure 2.3) show that the rhodium complexes on
SAPO-37 and on DAY zeolite are approximately the same in activity, as measured by the rate of product
formation, with the measured initial TOF values being similar when the molar H, to ethylene ratio was
1:1 under our standard conditions. However, the product distributions characterizing the two catalysts
are substantially different: the rhodium complexes on SAPO-37 are more selective for hydrogenation
than those on the HY zeolite samples, with butenes formed only in trace amounts on the former but as
the majority product on the latter (Table 2.2). This difference highlights the point that although the
frameworks of SAPO-37 and zeolite Y (faujasite) are isostructural, the frameworks have different
electronic properties.

All the data are consistent with the inference that both the SAPO-37-supported and zeolite-
supported rhodium complexes were chemisorbed as the bidentate acac ligands in the precursor were
replaced with a pair of oxygen atoms of the support, consistent with what was inferred before for DAY
zeolite-supported rhodium diethylene.®® All the data support this inference, with the IR and EXAFS data

showing that the differences between the SAPO and zeolite supports as ligands are very small,
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consistent with the differences between these supports as ligands being in the compositions at more
than bonding distances away from the rhodium. The catalytic data are evidently a stronger indicator of
these differences than the spectra.

If one were to suggest that the differences in vco and Rh—0 distances distinguishing the SAPO- and
zeolite-supported samples were real—and we emphasize that the error estimates weigh against this
suggestion, which must be considered hypothetical —then the differences in v values and shorter Rh—
O distance (2.10 A) characteristic of the SAPO-37-supported rhodium complex than of the zeolite-
supported rhodium complex (2.15 A) would imply that the electron-withdrawing properties increased in
the order DAY zeolite > SAPO-37 (Table 2A.2 in the Sl). We thus postulate that the different selectivities
for dimerization are related to the different Rh—0 distances in the working catalysts — consistent with

the recent results of Vummaleti et al.,*’

who used density functional theory to investigate the
mechanism of butene formation on a zeolite-supported rhodium complex catalyst closely comparable to
ours. They inferred a new “three-ligand” mechanism proceeding through a metallacycle intermediate,
whereby a Rh—zeolite oxygen bond is broken in the mechanism. To repeat, although the errors in our
data leave the matter open to question, our data are consistent with the interpretation that the support
properties affect the reactivities of the rhodium species so that the stronger electron-withdrawing
tendency of zeolite DAY relative to SAPO-37 is reflected in a slight shift of vco and weaker Rh—O bonds in
the zeolite than in the SAPO-supported catalyst (the longer bond distance implies a weaker interaction
between rhodium and oxygen and a more easily broken Rh—-O bond, favoring the Vummaleti
oligomerization mechanism on zeolite-supported rhodium over than on the SAPO-supported rhodium.
Consistent with this point, the strengths of the Si-OH-Al Brgnsted acid sites on SAPO-37 are less
than those of the Si—-OH—Al Brgnsted acid sites on DAY zeolite, ® and the strengths of the Lewis acid sites

on SAPO-37 and SAPOs in general are less than those of typical high-silica zeolites. These characteristics

are important in determining the catalytic properties of these molecular sieves in large-scale
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applications: the weaker acid strengths of the SAPOs correspond to fewer reaction pathways that lead
to the formation of carbonaceous deposits and catalyst deactivation—and correspondingly to higher
selectivities to desired products.”® Specifically, the lower tendency for formation of carbonaceous
deposits in SAPO-34 than in the isostructural chabazite in methanol-to-olefin (MTO) conversion catalysis
(corresponding to the lower acid strength of SAPO-34) accounts for the important practical benefit of
better maintenance of micropore volume in the SAPO during operation.”

Likewise, these support effects as ligand effects are evident in the catalytic data reported here, both
in terms of catalyst selectivity and stability in operation. Our SAPO-supported catalyst is more stable
than the isostructural zeolite-supported catalyst, as summarized in Table 2.2 and Figure 2.3. The
formation of butenes on the zeolite-supported catalyst in contrast to the SAPO-supported catalyst
reflects the differing effects of the supports as ligands, and this selectivity difference suggests that the
olefins formed in the zeolite pores led to the formation of higher-molecular-weight products that would

account for the observed accumulation of carbonaceous deposits and catalyst deactivation.

2.5 CONCLUSIONS

Well-defined SAPO-37-supported rhodium complexes were tested as catalysts for the conversion of
H, with ethylene and compared with zeolite HY-supported rhodium complexes. IR spectra show that the
rhodium complexes were anchored to nearly uniform Al sites of SAPO-37, and IR and EXAFS data show
that the SAPO- and zeolite-supported rhodium diethylene and rhodium dicarbonyl complexes are
isostructural—and thus unique in providing a comparison of two catalysts differing only in the support
composition. Thus, the supports as ligands account for the different vy frequencies of the CO ligands
bonded to the rhodium in each molecular sieve. The differences in the supports as ligands account for
the different selectivities of the two catalysts for ethylene conversion in the presence of H, (with the

zeolite-supported catalyst giving substantial butene product but the SAPO-supported catalysts not) and
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also for their differences in catalyst deactivation. We stress that the data and conclusions reported here
were made possible by the near uniformity of the supports and the supported species, which allowed

precise characterization of those species and a clear comparison of two isostructural catalysts.
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Chapter 2A
SUPPORTING INFORMATION
for

Isolated Atomically Dispersed Rhodium Catalysts Supported on SAPO-37 and on
HY Zeolite®

! This chapter has been previously published in the Journal of the American Chemical Society 2020, 142, 11474—
11485 by J. E. Perez-Aguilar, C.-Y. Chen, J. T. Hughes, C.-Y. Fang, and B. C. Gates. The original manuscript has been
reformatted to fit the requirements of the dissertation
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Figure 2A.1. Differential conversion of ethylene; the catalyst was initially present as Rh(C,H,), supported
on SAPO-37. Reaction conditions: H, + C,H, at 1:1 molar ratio at 303 K at atmospheric pressure. The
linearity of this plot that passes through the origin demonstrates that the data determine rates (TOF
values) directly as the slope of the line.
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Figure 2A.2. Powder XRD pattern of freshly calcined SAPO-37 sample compared against as-synthesized
SAPO-37 sample, and reference SAPO-37." The peak intensity of the 100 reflection on both the samples
and the reference pattern have been normalized.

The comparison of three XRD patterns clearly shows the presence of pure SAPO-37 (Figure 2A.1).
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Figure 2A.3. XRD pattern of a SAPO-37-supported Rh(C,H,), catalyst after 168 h of operation (details in
main text); this spent catalyst was handled in the absence of air and moisture in a domed XRD sample
holder as described in Chapter 2. Data characterizing the as-synthesized SAPO-37 material are shown for
comparison. The baseline change characterizing the spent catalyst is attributed to the plastic window of
the sample holder dome.

Table 2A.1. Catalyst Characterization Data: SAPO-37.

Molar Ratio® t-plot mi
by 2 -1 plot micropore
Sample Al b S Ager’ (m“g™) volume® (cm® g?)
SAPO-37 1.00 0.64 0.30 920 0.27

“Molar ratio determined by AA/ICP analysis. “Calculated from N, physisorption using BET equation.

SUS5000 5.0kV 4.4mm x2.00k SE(L) SA| 20. SU5000 5.0kV 4.4mm x5.00k SE(L)

Figure 2A.4. SEM images of the as-synthesized SAPO-37 material.
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Figure 2A.5. IR spectra in the 1300-1700 cm™ region characterizing the following samples: (A) bare,
calcined SAPO-37; (B) sample formed by reaction of SAPO-37 with Rh(C,H,),(acac) in n-pentane after
removal of the solvent.

Figure 2A.5 shows the appearance of peaks after Rh(C,H,4),;(acac) had been adsorbed on SAPO-37.
Spectrum A is bare SAPO-37, and spectrum B represents the sample after reaction with the rhodium
precursor. The bands appearing at 1370, 1539, and 1581 cm™ are in good agreement with those
attributed to Hacac adsorbed on isostructural dealuminated HY zeolite (DAY zeolite, molar SiO,/Al,0;
ratio = 30) and are assigned to 5,,(CH), Vas(CCC);ing, vs(CO)ring.2 Moreover, no band at 1521 cm™ assigned
to acetylacetonate bonded to rhodium species was observed, demonstrating that the acac group was no
longer bonded to the rhodium.? Further, no band at 2091 cm™ (which would have been evidence of a

Rh—H species) was observed.? The observed bands confirm the inference that acac ligands dissociated

from Rh(C,H,),(acac) as a result of the chemisorption on support SI-OH-AI groups.
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Figure 2A.6. DRIFTS spectra in v.y region characterizing the following samples: (A) bare, calcined SAPO-
37; (B) sample formed by reaction of SAPO-37 with Rh(C,H,),(acac) in n-pentane after removal of
solvent.
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Figure 2A.7. Normalized XANES spectra near the Rh K edge (23220 eV) characterizing Rh(C,H,),
complexes on (A) DAY zeolite and on (B) SAPO-37 and (C) rhodium foil.
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Figure 2A.8. DRIFTS spectra in the C—H region of species formed by adsorption of Rh(C,H,),(acac) on
SAPO-37. Spectrum A represents sample in flowing helium, characterized by bands at 3084, 3060, and
3016 cm™ that are assigned to of m-bonded ethylene ligands on rhodium.* The peak at 2925 cm™ is
assigned to a C-H vibration from a weakly adsorbed species, traces of n-pentane solvent remaining from
the synthesis, or remnants of acac ligands on the support that formed from the precursor
Rh(C,Ha),(acac) in the synthesis.”> Spectrum B shows that these bands disappeared as the ethylene
ligands were replaced with carbonyl ligands after exposure of the sample to a pulse of CO.
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Figure 2A.9. DRIFTS spectra in the CO region of species formed by adsorption of Rh(C,H,),(acac) on
SAPQ-37 after treatments. Spectrum A was recorded with the SAPO-37 supported Rh(C,H,), in contact
with flowing helium (50 mL(NTP)/min), and spectrum B was recorded after the sample had been in
contact with 10% CO in helium for 15 min, followed by a purge of the IR cell with helium for 30 min.
Spectrum C is of the same sample in helium after it had been in contact with a 2-min pulse of **CO, and
spectrum D is that taken after the sample had been in contact with 10% CO in helium for 15 min,
followed by a purge of the IR cell with helium for 30 min.



After the sample came into contact with CO, bands corresponding to the symmetric and asymmetric
vibrations grew. Bands at 2115 and 2052 cm™ are assigned to well-defined rhodium dicarbonyl species
near the Si—OH-Al sites within the SAPO-37 pores. Bands at 2103 and 2021 cm™ correspond to **CO in
natural abundance. The shoulder at 2052 cm™ is assigned to rhodium dicarbonyls on the outer surfaces
of SAPO-37 crystallites.>” Confirmation of the attribution of these bands to CO is provided by the
observed shifts when **CO replaced 2c0; see spectrum C, for which bands at 2115, 2103, 2052, 2021,

and 2000 cm™ are shifted to 2066, 2056, 2004, 1994, and 1976 cm™.’
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Figure 2A.10. DRIFTS spectra in uco region characterizing SAPO-37-supported Rh(CO),: spectrum A of
Figure 2A.4B recorded with the sample in helium flowing at 50 mL(NTP)/min; spectrum B recorded after
the same sample was treated with flowing ethylene at 50 mL(NTP)/min at 298 K; spectrum C recorded
after the same sample was treated with a pulse of CO at a pressure of 13 mbar at 298 K.
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Table 2A.2. Vibrational Frequencies of Iridium and Rhodium gem-Dicarbonyls Supported on SAPO-37,
Zeolites, MOFs, and Metal Oxides.

Molar IR spectra of carbonylated 1
- . . -1 fwhm of veo (cm™)
Initial form of | SiO,/Al, 05 ratio | form of sample, veo (cm ™)
catalyst in catalyst . . . . reference
symmetric | asymmetric | symmetric | asymmetric
support
Not applicable; - 2084 2015 2.8 2.9 8
sample is
(Rh(CO),(acac) in
n-hexane)
Rh(C,H.)./HY 5.2 2117 2053 7.1 9.3 ?
zeolite
Rh(CO),/DAY 30 2118 2053 <8 <8 ?
zeolite
Rh(C,H.)./ SAPO- 2 2115 2052 7 10 this work
37
Rh(C,H,),/H-Beta 38 2115 2048 9 9 8
zeolite
Rh(C,H,),/H-SSZ- 30 2111; 2045; 2020 Broad Broad 8
42 zeolite 2092
Rh(C,H,)./H- 38 2111; 2045; 2035 Broad Broad 8
mordenite zeolite 2092
Rh(C,H4)»/ZSM-5 30 2116 2049 - - 10
zeolite
Rh(C,H.)./HY 190 2118 2052 <5 <5 8
zeolite
Rh(C,Ha),/TiO, - 2102- 2038-2015 - - "
2085
Rh(C,H4),/MgO - 2075 2000 Broad Broad 1
Rh(CO),/Al,04 - 2090 2014 20 27.2 ?
Not applicable; - 2074 2000 3.9 4 8
sample is
(Ir(CO),(acac) in
hexanes)
Ir(C,H,4),/H-Beta 38 2105 2033 10.1 14.9 8
zeolite
Ir(C,H,4),/H-Beta 300 2105 2033 5.4 7.4 8
zeolite
Ir(C,Ha4),/DAY 30 2109 2038 5 5 8
zeolite
Ir(CyH,),/H-SSZ- 15 2102; 2029; 2013 Broad Broad 8
42 zeolite 2086
Ir(CyH,),/H-SSZ- - 2099 2027 10 10 8
53 zeolite
Ir(C,H,),/NaY 5.2 2082 1995 Broad Broad 8
zeolite
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Ir(CO),/NU-1000 - 2066 1900 Broad Broad 8
Ir(CO),/Ui0-66 - 2074 1996 Broad Broad 8
Ir(CO),/y-Al,03 - 2075 1996 30 30 8

Ir(CO),/MgO - 2066 1985 16.4 15.5 8
Ir(CO),/SiO, - 2081 2008 - -+ 12
Ir(CO),/TIO, - 2076 1988 - -+ 12
Ir(CO),/Fe,0; - 2073 1981 - - 12
Ir(CO),/Ce0, - 2071 1982 - - 12
Ir(CO),/La0s - 2066 1977 - - 12

“Not applicable

®The molar SiO,/Al,O; ratio in zeolites is used as a proxy for acid site density where the acidity stems
from the amount of Al,0; present in the neutral SiO,. Because SAPOs and zeolites are two different
classes of molecular sieves, with SAPOs incorporating Si, Al, and P but zeolites SI and Al, the molar
composition of SAPO-37 is reported here as 1.67 Al,05:1.06 P,05:1.00 SiO,. We recognize that the
densities of metal bonding sites (SI-OH-AI) in SAPO-37 and in zeolite are different from each other, and
thus they are reported in terms of acidity measurements determined by TPD of isopropylamine (900

pmol/g) for SAPO-37 (Figure 2A.16 in the SI) and elsewhere for DAY zeolite."

‘Not reported.
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Figure 2A.11. Catalytic performance of rhodium complexes on zeolite HY (molar SiO,/Al,Oj; ratio = 30)
for ethylene hydrogenation at 303 K and 1 bar. The meanings of the symbols are given in shorthand
form in the figure; details follow: m 1 wt% rhodium complexes on zeolite HY under C,H,-rich reaction
conditions (molar H,:C,H, ratio of 1:4) ; A 1 wt% rhodium complexes on zeolite HY under H,-rich
reaction conditions (molar H,:C,H, ratio of 4:1); + Interpolation of C,H,-rich and H,-rich reaction

conditions in order to give a H,:C,H, ratio of 1:1.°
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Figure 2A.12. Temperature programmed desorption (TPD) of isopropylamine on calcined SAPO-37
sample. The features correspond to ammonia (m/e = 17), and propene (m/e = 41).
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Figure 2A.13. Comparison of SAPO-37 and DAY zeolite as supports for rhodium complex catalysts for
ethylene conversion. Selectivity of SAPO-37- supported catalyst (green) (molar H,:C,H, ratio = 1:1), and
zeolite DAY- supported catalyst (black) (molar H,:C,H, ratio = 4:1).* The product selectivity is identified

by symbols: 4 ethane; ® butane; ¢ n-butenes.
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Figure 2A.14. DRIFTS spectra characterizing Rh(C,H;) supported on SAPO-37 treated at 298 K and 1 bar
in the following sequence: (A) Rh(C,H,4), on SAPO-37 in helium (flowing at 90 mL(NTP)/min); (B) D,
(flowing at 30 mL(NTP)/min); (C) helium (flowing at 90 mL(NTP)/min).
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Figure 2A.15. DRIFTS spectra characterizing the following samples: Spectrum A represents Rh(C,H,), 0on
SAPO-37 in flowing helium (50 mL(NTP)/min); spectrum B the same sample in flowing C,H, (50
mML(NTP)/min); spectrum C the same sample in flowing helium (50 mL(NTP)/min). The broad peak in
spectrum C (at 3300 cm™) is assigned to either the extra-framework silica (3718 cm™) or the Si~OH-AI
Brgnsted acid sites (3640 cm™) interacting with absorbed ethylene, consistent with data characterizing
the silanols or Brgnsted acid sites on HZSM-5 zeolite shifting to 3300 cm™ when ethylene is absorbed.”
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Figure 2A.16. Mass spectra of deuterated ethane (m/e = 30) in the effluent gas formed from SAPO-37-
supported rhodium diethylene complex in contact with flowing D, (5 mL(NTP)/min) and C,H, (5
mL(NTP)/ min) and helium (90 mL(NTP)/min); the sample mass was approximately 30 mg.
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Figure 2A.17. DRIFTS spectra characterizing catalyst: A, SAPO-37 supported Rh(C,H,), in flowing helium
(50 mL(NTP)/min) at room temperature after a 5 K/min ramp to 393 K followed by a hold for 10 min; B,
same sample under reaction conditions (flow rates of 5 mL(NTP)/min of C,H, and of H,, and 90
mL(NTP)/min of helium) after 9.3 h in contact with flowing reactants; C, after 73 h; D, after 143 h, after
the sample had been purged with flowing helium (90 mL (NTP)/min) at 303 K. We infer that the peak at
3640 cm™ (assigned to the Si—-OH-Al Brgnsted acid sites of SAPO-37) decreased in intensity as the
carbonaceous deposits in the pores interacted with the Si—-OH—Al Brgnsted acid sites near the rhodium
complexes; the result is similar to what has been reported for carbonaceous deposits on USHY zeolite™
and H-mordenite.™
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Figure 2A.18. Temperature-programmed oxidation (TPO) of SAPO-37-supported catalyst sample after
143 h on stream.
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EXAFS data characterizing single-site rhodium containing 1.0 wt% rhodium and made from
Rh(C;H,),(acac) on calcined SAPO-37.

An example illustrating the EXAFS fitting is as follows: Selection of the preferred model was based on
satisfactory goodness of fit values less than 5 after the EXAFS analysis. Models that fit over the overall
range in k (3.90 to 10.50 A) at k'- and k*-weighting but failed in the fitting of individual contributions
(amplitude and phase) and/or providing unrealistic values of the fit parameters were rejected. In all
cases, the individual contributions were fitted using reference files that represent the bonding
environment, and the best combination was chosen as summarized in the section entitled X-ray
absorption spectroscopy.

Table 2A.3. Candidate EXAFS models representing the data at the Rh K edge characterizing SAPO-37-
supported rhodium complexes formed by adsorption of Rh(C,H,4),(acac) on SAPO-37 treated at 873 K to

give a rhodium loading of 1.0 wt%. The range in k was from 3.90 to 10.50 A; error = 0.00054; *Denotes
best fit model.”

Model Shell N° 10°x Ad” (A*® | R(A)? | AEy(eV)? Goodness of Fit
Rh—C 4.0 7.5 2.12 -7.5
Rh—0p 2.1 6.3 2.10 4.0

! Rh—Al 1.1 6.4 3.10 -3.0 3.3181
Rh-0, - - - -
Rh—C 4.0 7.5 2.12 -7.5
Rh—0p 2.1 6.3 2.10 4.0

2 Rh=Si 1.0 6.3 3.10 -7.0 3.2242
Rh—0, i i i i
Rh—C 40 |75 212 |75
Rh—0gy, 2.1 6.3 2.10 4.0

3 Rh—P 0.8 53 3.1 -9.5 3.1576
Rh—0O, - - - -

“Notation: N, coordination number; R, distance between absorber and backscatter atoms; Ac?, Debye-
Waller/disorder term; AE,, inner potential correction. Subscripts: Sup refers to an atom identified to be
belonging to the support; L, refers to the longer contribution involving an atom in the support.
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Figure 2A.19. EXAFS data recorded at Rh K edge characterizing the supported sample prepared by
adsorption of Rh(C,;H.),(acac) on SAPO-37; sample was in flowing helium at 298 K and 1 bar: (A) k-
weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-
Weighted imaginary part and magnitude of the Fourier transform of the data (solid line) and sum of the
calculated contributions (dotted line). (C) k*>-Weighted imaginary part and magnitude of the Fourier
transform of the data (solid line) and sum of the calculated contributions (dotted line). (D) k-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of the data
(solid line) and calculated contributions (dotted line) of Rh—C shell. (E) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of the data (solid line) and
calculated contributions (dotted line) of Rh—0 shell. (F) k>-Weighted, phase- and amplitude-corrected,

imaginary part and magnitude of the Fourier transform of the data (solid line) and calculated
contributions (dotted line) of Rh—Al shell.
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Figure 2A.20. EXAFS data recorded at Rh K edge characterizing the supported sample prepared by
adsorption of Rh(C,;Hs),(acac) on SAPO-37. Sample was in flowing helium at 298 K and 1 bar: (A) k'-
Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-
Weighted imaginary part and magnitude of the Fourier transform of the data (solid line) and sum of the
calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the Fourier
transform of the data (solid line) and sum of the calculated contributions (dotted line). (D) k-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of the data
(solid line) and calculated contributions (dotted line) of Rh—C shell. (E) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of the data (solid line) and
calculated contributions (dotted line) of Rh—O shell. (F) k>-Weighted, phase- and amplitude-corrected,

imaginary part and magnitude of the Fourier transform of the data (solid line) and calculated
contributions (dotted line) of Rh—=Si shell.
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Figure 2A.21. EXAFS data recorded at Rh K edge characterizing the supported sample prepared from
adsorption of Rh(C;Hs),(acac) on SAPO-37. Sample was in flowing helium at 298 K and 1 bar: (A) k'-
Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-
Weighted imaginary part and magnitude of the Fourier transform of the data (solid line) and sum of the
calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the Fourier
transform of the data (solid line) and sum of the calculated contributions (dotted line). (D) k>-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of the data
(solid line) and calculated contributions (dotted line) of Rh—C shell. (E) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of the data (solid line) and
calculated contributions (dotted line) of Rh—O shell. (F) k>-Weighted, phase- and amplitude-corrected,
imaginary part and magnitude of the Fourier transform of the data (solid line) and calculated
contributions (dotted line) of Rh—P shell.
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Chapter 3

Atomically Dispersed Platinum in SAPO-37: Catalysis of Ethylene Hydrogenation and
Transformation into Platinum Cluster?

! This chapter has been submitted to ACS Catalysis by J. E. Perez-Aguilar, J. T. Hughes, C.-Y. Chen, and B. C. Gates.
The original manuscript has been reformatted to fit the requirements of the dissertation
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3.1 ABSTRACT

Atomically dispersed supported platinum catalysts were synthesized by the reaction of Pt(acac),
(acac = acetylacetonato) with the silicoaluminophosphate molecular sieve SAPO-37. Extended X-ray
absorption fine structure (EXAFS) spectra show that, after heating in air to 623 K, each platinum atom on
average was bonded to approximately four light scatterer atoms (such as support oxygen atoms), with
no evidence of a Pt—Pt contribution that would have indicated platinum clusters. X-ray absorption near
edge spectra (XANES) indicate a platinum formal oxidation state of +2. Infrared spectra characterizing
support OH groups show that Pt(acac), reacted with them, as shown by the decreased intensities of the
Von bands and consistent with Pt—O bonds anchoring the platinum to the support. The supported species
catalyzed ethylene hydrogenation at 1 bar and room temperature in a once-through flow reactor. The
EXAFS-determined Pt-Pt coordination number (CN) increased from essentially zero to 1.8 + 0.4 as the
XANES white line intensity decreased, all within minutes, before recording of the first catalyst
performance data. After 2 h of continuous reactant flow and catalysis, the CN had increased to 2.7 £ 0.5,
and the white line intensity increased slightly. The data indicate the almost instantaneous formation of
platinum clusters of only a few atoms each (with average diameters of about 0.4—0.8 nm). Subsequent
exposure of the catalyst to ethylene led to a decrease in the Pt—Pt coordination number to 1.6 + 0.3 and
an increase in the white line intensity, indicating partial oxidative fragmentation of the clusters by
ethylene. Platinum clusters in SAPO-37 formed in separate experiments by exposure to H, prior to
catalysis were also catalytically active for ethylene hydrogenation. The data all support the conclusion
that platinum clusters are the catalytically active species, with no evidence of catalysis by atomically
dispersed platinum.
3.2 INTRODUCTION

Zeotype materials are widely used as acid-base catalysts for the production of fuels, petrochemicals,

and fine chemicals,’™ and they find wide applications as supports for catalytic metals, with applications
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including hydrocracking,* hydroisomerization,”® reforming (aromatization),”® and vehicle exhaust

abatement.®°

Both support chemical properties such as acidity and physical properties such as
aperture and cage dimensions affect the catalyst performance, as illustrated by data characterizing
hydroisomerization and alkane reforming (e.g., in the Chevron Aromax process) catalyzed by platinum in

zeolites.**?

The physical properties of the crystalline zeotype supports offer numerous advantages,
including high surface areas for high metal dispersions, structures that stabilize the metals in highly
dispersed states by encapsulation,™ and pores that facilitate shape-selective catalysis."* The crystalline
nature of these supports also offers the prospective advantages of structural uniformity of the
supported species to facilitate fundamental understanding of the structure and function of the catalytic
species.”

Zeolite-supported platinum catalysts are used on a large scale in some of the aforementioned
applications.™ Practical advantages include high hydrogenation selectivities observed for platinum
nanoparticles encapsulated in MFI zeolites'” and high selectivity for isomerization of alkanes (n-pentane
and n-hexane) observed for platinum clusters supported on micro/mesoporous ZSM-5.'® Recent work

1920 \ith part of

has been focused on highly dispersed (even atomically dispersed) platinum in zeolites,
the motivation being the advantages of high metal utilization efficiency, maximized influence of the
support, and new properties of noble metals in the most highly dispersed state, when they are positively
charged.” Yet there are hardly any data allowing comparisons of zeolites with other zeotype materials
as supports.

Our goal was fundamental understanding of the role of a non-zeolite support for an atomically
dispersed noble metal catalyst. We chose platinum supported on the silicoaluminophosphate molecular
sieve SAPO-37,>”% because platinum is of wide importance in catalysis and because SAPO-37 has the

same framework structure as zeolite Y and thus provides the opportunity for comparisons with that

zeolite to help elucidate the role of the support composition on catalyst performance. Because SAPOs
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incorporate framework phosphorus atoms, they behave differently from their iso-structural zeolite
counterparts as supports, as illustrated for atomically dispersed rhodium catalyzing the conversion of
ethylene in the presence of H,.**

Our specific goals were to investigate highly dispersed platinum supported on SAPO-37 as a catalyst
for the reaction of ethylene with H,; a working hypothesis was that the catalyst structures would be
simple and uniform enough to yield to insights into the structure of the catalytic species.

The precursor used for catalyst synthesis was bis(acetylacetonato)platinum(ll), Pt(acac),, chosen
because it offers the prospect of making atomically dispersed platinum by reaction with support OH
groups. Ethylene hydrogenation was chosen as the catalytic test reaction to take advantage of the

identifiable spectroscopic signatures of the reactants and the adsorbed species derived from them.

3.3 MATERIALS AND METHODS

Preparation of Catalysts by Reaction of Pt(acac), with SAPO-37. Platinum complexes were
anchored to SAPO-37 that was synthesized by a reported method,** with the precursor Pt(acac), reacting
with SAPO powder that had been calcined at 873 K for 6 h in flowing air (Praxair, 99.5% purity) followed
by 6 h under dynamic vacuum in a once-through plug-flow reactor. Sample handling and treatments
were carried out with standard air-exclusion techniques. Under an argon atmosphere, the precursor
Pt(acac), (6.0 mg, 98 wt%, Strem) was mixed thoroughly with 300.0 mg of the calcined SAPO powder
and placed in a once-through plug-flow reactor. The reactor tube was evacuated and then sealed under
vacuum. The temperature was ramped up to 333 K at 1 K min™ and held for 1 h, then ramped further to
353 K and held for 1 h, under vacuum (there was no flow through the reactor during this procedure).
After further ramping to 373 K, the catalyst was held at this temperature for 1 h as the Pt(acac), powder
in the mixture with the SAPO particles sublimed and was deposited onto the SAPO.” If all the platinum
in the precursor Pt(acac), were deposited in the SAPO, the platinum loading would have been 1.1 wt%.

The resultant catalyst was then exposed to air flowing at 45 mL(NTP) min™, and the temperature was
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ramped to 403 K at a rate of 1 K min™ and held for 15 min, followed by a further temperature ramp (1 K
min) to 623 K and a 2 h soak.”® The resulting sample was recovered and stored in an argon-filled
glovebox.

Elemental Analysis of the Supported Platinum Catalyst. The platinum content of the SAPO-37-
supported platinum sample was determined at the UC Davis Interdisciplinary Center for Plasma Mass
Spectrometry on an Agilent Model 7500a, quadrupole-type, inductively coupled plasma mass
spectrometer (ICP-MS) (Agilent Technologies, Santa Clara, CA).

Infrared (IR) Spectroscopy. A Bruker IFS 66v spectrometer with a room-temperature DTGS
detector and a spectral resolution of 2 cm™ was used to collect transmission IR spectra of the catalyst
samples. Approximately 10 mg of powder was pressed between two KBr windows for optical
optimization that allowed detection of minor peaks. IR spectra were recorded with samples at room
temperature under vacuum, with each spectrum being an average of 128 scans. In some experiments,
the sample was placed in a diffuse reflectance (DRIFTS) reaction chamber (Harrick Scientific) equipped
with KBr windows, mounted in a Praying Mantis diffuse reflectance adapter (Harrick Scientific). The cell
in the argon-filled glovebox was loaded with approximately 50 mg of dry KBr powder (Crystal Labs,
7758-02-3), along with 15 mg of catalyst sample on top of the KBr powder. This cell was connected into
a flow system without exposure of the sample to air, and it allowed recording of spectra as reactant
gases (CO, 3co, 0,, D,, H,, and/or ethylene) flowed through the cell at the desired temperature.

X-Ray Absorption Spectroscopy (XAS). X-ray absorption spectroscopy (XAS) experiments
characterizing the platinum-containing samples were carried out at beam lines 4-1 and 9-3 of the
Stanford Synchrotron Radiation Lightsource (SSRL). In an argon-filled glovebox at SSRL, powder samples
were loaded into a transmission fluorescence X-ray absorption spectroscopy cell/flow reactor”’ or a
Kapton capillary (1.0 mm OD) cell and held in place with quartz wool.”® The storage ring energies and

currents were 3 GeV and 500 mA, respectively. X-ray energy scans from -250 to 1000 eV relative to the
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Pt L, edge (11564 eV) were obtained by using a double-crystal Si(220) monochromator at each
beamline. For calibration purposes, measurement of the absorption of a platinum foil mounted
downbeam of the sample was carried out simultaneously. Transient fluorescence X-ray absorption near
edge spectra (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were collected for
samples in flowing reactive gases in a once-through flow system, with the effluent gases characterized
with an online mass spectrometer (Hiden Analytical QGA) downstream of the cell. The following m/z
values were used to identify the products: m/z = 28 for ethylene; 30 for ethane; and 41 for butenes.
Analysis of the EXAFS data was carried out with the Athena software of the Demeter package and
with the software XDAP.” Athena was used for edge calibration and deglitching and XDAP for
background removal, normalization, and conversion of the data into an EXAFS function file. Reference
files used in the fitting, with backscattering amplitudes and phase shifts for Pt—Pt, Pt—O, Pt—C, and Pt-Al
contributions, were calculated with the software FEFF7.0 from crystallographic coordinates of the unit

30,31

cells of the reference compounds platinum metal, PtO,, Pt(acac),, and Pt-Al alloy. Each analyzed

spectrum was the average of four spectra. Details of the data processing and analysis methodology are

reported elsewhere.” The quality of each fit was evaluated by the goodness of fit, defined as follows:

NPTS

2
z <Xexp,i - Xmodel,i)
Uexp,i

i=1

Goodness of fit =
I NPTS(v — Nfree)

where Xexp and Xmogel are the experimental and calculated EXAFS functions, respectively; Oe, the
error in the experimental results; v the number of independent data points in the fit range; Nj.. the
number of free parameters; and NPTS the number of data points in the fit range. The estimates of the
(approximate) error bounds are based on the reported results and statistical analyses. Best-fit models of
each of EXAFS data set were fitted initially with various combinations of plausible absorber—scatterer
contributions, which led to a list of candidate models. Then, a “difference-file” technique was applied to

assess the candidate models, whereby the calculated EXAFS contribution from each individual Pt—
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scatterer contribution was compared with the data in R (distance) space. This iterative fitting was
continued in R space for both overall and individual contributions with the Fourier-transformed EXAFS
data (x data) until the best-fit model was obtained, which is the one providing optimum agreement
between the calculated kg, k-, k*-, and k3—weighted EXAFS data and the model.

Catalytic Activity Measurements. Catalyst performance was tested with samples in a once-
through temperature-controlled plug-flow reactor. The equipment and procedures have been described
in detail.”* The feed gases helium, H,, and ethylene with the following partial pressures (in mbar) were
as follows: 50 for ethylene, 50 for H,, 900 for helium or 10 for ethylene, 100 for H,, 890 for helium. The
gas stream flowed through a bed of catalyst particles of mass typically 1.0-2.0 mg mixed with 0.5 g of
particles of inert, nonporous a-Al,0; (Sigma Aldrich, 100-200 mesh) at atmospheric pressure, a
temperature of 303 K, and a total feed flow rate of 100 mL(NTP) min™’. The effluent stream was analyzed
periodically with an online gas chromatograph (Hewlett-Packard 6890N) equipped with a capillary
column (PLOT Alumina “M,” 50 m x 0.53 mm) and a flame ionization detector. All the reported catalytic
reaction rates were determined from differential conversions and expressed per platinum atom
(turnover frequencies, TOF) recorded at various times on stream. The maximum activity, following an
induction period of typically 2.5 h, was observed before the onset of substantial catalyst deactivation.
The conversions were <10% and shown to be differential on the basis of the essentially linear
dependences of conversion on inverse space velocity (e.g., Figure 3A.1 in the Supporting Information,
Sl).

Summary of Characterization Experiments. Scheme 3A.1 in the Sl is a summary of the
characterization techniques that were used to investigate the samples, including experiments done after

treatments of the SAPO-37-supported platinum in various gas atmospheres.
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3.4 RESULTS

Synthesis of SAPO-37-Supported Platinum. During the first step of the catalyst synthesis, as
Pt(acac), (which is yellow) was thoroughly mixed with the SAPO and vaporized, there was no observable
color change in the SAPO. The subsequent oxidation treatment during the synthesis led to a change in
color of the material from white to green. These observations are consistent with the incorporation of
platinum in the SAPO. The elemental analysis data show that the SAPO contained 1.1 + 0.1 wt%
platinum. This result is consistent with the masses of Pt(acac), and SAPO used in the synthesis and the
inference that all of the precursor Pt(acac), reacted with the SAPO-37 support. The lack of observation of
any deposits formed from the precursor during the synthesis and the color change of the SAPO bolster
this conclusion. This platinum loading corresponds to approximately 1 platinum atom per 25 supercages.

Changes in the IR spectra of the samples indicate that SAPO Si—OH-Al sites (Brgnsted acid sites)
were converted by reaction with the platinum precursor. Spectrum A of Figure 3.1 represents bare
SAPO-37 calcined at 873 K in air followed by evacuation; spectrum B represents the sample after the
synthesis that involved chemisorption of Pt(acac), and subsequent oxidation. The intensities of the
bands at 3640 and 3578 cm™ corresponding to the SAPO Si—OH-AI sites (in supercages and sodalite
cages, respectively)***® decreased as the platinum species evidently became bonded at these sites. IR
spectra of the sample (Figure 3A.2 in Sl) indicate that after the oxidation synthesis (details in Section
3.3), the acac ligands had been removed, presumably by the synthesis, as shown by the lack of vcoring,
Veeccs, and Oc¢y vibrations expected if Hacac had remained on the support as a product of the
chemisorption.** Further, the data provide no evidence of acac ligands remaining on the platinum after
this treatment. The bands corresponding to the SAPO Si-OH (3745 cm™) and P-OH (3675 cm™) sites and
the hydroxyls in the minor extra-framework (3718 cm™) components of the support were too low in

intensity to justify any conclusions about whether the precursor reacted with them >’
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Figure 3.1. IR spectra in the vg, region characterizing (A) calcined SAPO-37 and (B) sample formed by
reaction of Pt(acac), with calcined SAPO-37.

EXAFS Spectra of Isolated Platinum Complexes and Clusters Formed from them on SAPO-
37. EXAFS data recorded near the Pt L, edge provide structural information about the platinum-
containing SAPO-37 sample. A substantial Pt L,, absorption edge intensity confirmed the presence of
platinum in the sample. Fitting of the data (Table 3.1, Figure 3.2a) demonstrated a lack of measurable
Pt—Pt scattering, consistent with atomic dispersion of the platinum bonded to SAPO-37, and a Pt-light
scatterer contribution, with a coordination number of nearly 4 at an average distance of 2.02 A (a
bonding distance, such as a Pt—0 bonding distance), consistent with the bonding of the platinum to the
support as, for example, a bidentate ligand. The IR data showing that support OH groups were
converted in the synthesis when the Pt(acac), was chemisorbed and the sample was subsequently
oxidized imply that the platinum was bonded through Pt—Ogp.0r bonds. The EXAFS data also give
evidence of another Pt-light-scatterer contribution, with a coordination number of nearly 2 at a
distance of 2.29 A (longer than a typical Pt—=O bonding distance) (Table 3.1). We suggest that the support

provided two oxygen ligands for each platinum atom, comparable to HY zeolite as a support for
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atomically dispersed cationic rhodium and iridium, and that the other scatterers represent ligands
formed in the oxidation step of the synthesis that is expected to have removed the acac.?**

EXAFS data recorded after the sample (150 mg) had been exposed to flowing H, (50 mL(NTP) min™)
for 1 h demonstrate the formation of Pt—Pt bonds, implying the breaking of Pt—O bonds and unlinking of
platinum from the support—that is, reduction, migration, and aggregation of platinum and the
formation of platinum clusters. The EXAFS data characterizing the H,-reduced sample (Table 3.1)
demonstrate that the Pt—Pt coordination number increased from a value indistinguishable from zero to
about 4, accompanied by a decrease in the Pt-light scatterer coordination number from about 4 to
about 1 as more platinum atoms were unlinked from the support. These clusters, on average, are
several-atom clusters (Table 3.1). Authors such as Torigoe et al.*®* and Moliner et al.*® have observed
CNs similar to ours after exposure of CHA zeolite-supported atomically dispersed platinum to H,at 773 K
and suggested cluster diameters in the range of 1.0-1.3 nm.”> We hypothesize that hydride ligands
formed on platinum as clusters formed, but any gas-phase products formed in the reduction were
evolved in concentrations too low to observe with the online mass spectrometer.

Species comparable to the atomically dispersed platinum species present initially on the SAPO
support have been reported to exist on KLTL zeolite, NaY zeolite, and NaX zeolite, with these supports
typically acting as bidentate ligands that provide two oxygen atoms to anchor each platinum atom.'****

A summary of the EXAFS data characterizing this family of samples is given in Table 3.1.

Table 3.1: Structural Models Based on EXAFS Spectra Characterizing Initial Platinum Complexes
Supported on SAPO-37 and on Various Zeolites.”

Initial form of catalyst Shell’ N R (A) 10’ x o’ (ik\-/o) Ref.
Pt-0O, 4.0 2.02 5.9 -8.0 this
Pt/SAPO-37,1.1 £ 0.1 wt% Pt-O, 2.0 2.29 2.4 -1.0 work
platinum Pt-Al 1.0 2.70 1.8 -8.0
Pt-0, 2.5 2.99 5.0 2.8
Pt-0O, 1.0 2.03 11.8 -8.0
Pt/SAPO-37, 1.1+ 0.1 wt% Pt_pt 4.0 > 71 38 8.0
platinum, after exposure to PL-0, 10 343 68 17
H, for 30 min
Pt-Al 1.1 3.97 4.8 -4.0
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Pt-N 0.6 2.00 1.2 -1.8 1
PtO,/KLTL zeolite (oxidized), Pt-O, 2.8 2.01 8.9 -3.8
1.0 wit% platinum Pt-0 5.9 2.64 10.5 8.0
Pt-Al 1.1 3.19 2.6 11.3
0.2 wt% Pt/NaY zeolite Pt-O, 2.3 2.01 8.67 4.1 “
Pt-O, 3.9 2.03 7.4 2
6 wt% Pt/NaY zeolite Pt-O 0.9 3.03 3.9 -3.93
Pt-Al/Si 0.6 3.52 5.9
Pt-O, 3.8 2.04 7.4 2
6 wt% Pt/NaX zeolite Pt-O 2.1 3.07 3.2 -3.30
Pt-Al/Si 0.7 3.20 4.5
0.33 wt% Pt/CHA zeolite Pt-0, 3.22 2.01 1.6 12.4 ©

“Notation: N, coordination number; R, distance between absorber and scatterer atoms; o, disorder
term; AE,, inner potential correction. Error bounds (accuracies) characterizing the structural parameters
determined by fitting the EXAFS spectra are estimated to be as follows: N, +20%; R, +0.02 A; 0%, +20%;
AEo, 20 %. Details of the EXAFS fitting are provided in the SI. The subscripts s and | refer to short and
long, respectively.

XANES of Platinum Complexes on SAPO-37 and Clusters formed by their Reduction in H,.
XANES data recorded with the EXAFS data are compared with those of reference compounds: platinum
metal foil (characterizing Pt%); solid Pt(acac), (characterizing Pt**); and solid PtO, (characterizing Pt*)
(Figure 3.2b). The white-line intensity increased in the order of Pt foil < SAPO-37-supported platinum
clusters < Pt(acac), < SAPO-37-supported isolated platinum complexes < PtO,, consistent with the trends
in the platinum formal oxidation state (but we refrain from assigning values of formal oxidation states of
the supported samples on the basis of XANES data alone, as these data also depend on the platinum
coordination). The data (Figure 3.2) also indicate that the white line intensity characterizing each of the
supported platinum complexes was slightly greater, and shifted to higher energy (eV), relative to that of
the precursor Pt(acac), , demonstrating that the platinum in the initial SAPO-supported species was
cationic. A comparison of the magnitude of the Fourier transform of the initial SAPO-37-supported
platinum complexes with that of platinum foil (Figure 3.2b) shows a single major contribution at 2.0 A
and no evidence of Pt—Pt bonding, which would have been indicated by a contribution at 2.7 A matching
that in the spectrum of platinum foil. However, when the supported sample was exposed to H,, the

magnitude of the Fourier transform at 2.7 A (indicating a Pt-Pt contribution) increased (Figure 3.2b,
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Table 3.1). Thus,

the initial platinum species on SAPO-37 were isolated cationic species that were

reduced in H, and converted to platinum clusters.
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Figure 3.2. (a) k>-Weighted magnitude of the Fourier transforms of EXAFS data recorded at Pt L,-edge
characterizing SAPO-37-supported isolated platinum (blue), platinum clusters made from the isolated
platinum species by exposure to H, (orange), and platinum foil (green). (b) XANES data characterizing
platinum oxide (PtO,, black), SAPO-37-supported isolated platinum (blue), Pt(acac), (red), platinum
clusters supported on SAPO-37 (orange), and platinum foil (green).
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Reactivity of Atomically Dispersed Supported Platinum Species Characterized by IR
Spectroscopy. To further investigate the reactivity of the platinum species on SAPO-37, samples (20
mg) in the DRIFTS cell were brought in contact first with N, flowing at a rate of 50 mL(NTP) min™ at
atmospheric pressure and 298 K and then with a 12-min pulse of CO flowing at a rate of 50 mL(NTP) min’
! at atmospheric pressure and 298 K (2390 CO molecules per platinum atom). The sample in a flowing
stream of 10% O, in helium (50 mL(NTP) min™) was then heated at a rate of 5 K min™ to 473 K as spectra
were recorded. Spectrum A, characterizing the sample in flowing N, prior to exposure to CO, includes
two sets of v, bands (at 2123 and 2090 cm™) characterizing the initially prepared sample (after the
oxidation step). We infer that the CO present initially (Figure 3A.3 in the SI) had formed from the acac
ligands in the Pt(acac), precursor that reacted to form CO on the platinum species. But such species
were minor components, as shown by the EXAFS data (Table 3.1) demonstrating that, on average,
platinum was bonded predominantly to ligands that we suggest incorporated light scatterers, including

two oxygen atoms of the support characterizing by the shorted Pt-O distance.”*™

Spectrum B shows
that the same sample in N, after exposure to a 15-min CO pulse included several new bands in the

region of 2220-2090 cm™. The v¢o bands in the 2220-2090 cm™ region characterizing the sample

after the CO pulse indicate isolated platinum species characterized by various CO coordinations

and/or platinum in various formal oxidation states, as indicated by results reported for platinum
carbonyls on zeolites.*****

As the temperature subsequently increased with the sample in flowing O, at atmospheric pressure,
the intensities of the bands initially evident in the 2220-2090 cm™ region decreased. This result suggests
that the CO ligands were removed by oxidation, but the mass spectrometer used to analyze the effluent
stream was not sensitive enough to detect any evolved CO,. Spectrum D, recorded after oxidation at 473

K with the sample in flowing N2 at room temperature, includes a remaining single vCO peak, at 2134 cm-

1, indicating differing reactivities of the CO ligands.
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Table 3A.2 in the Sl is a summary of data characterizing carbonyls of platinum in various formal
oxidation states (0 to +3) and with various coordination numbers (1 to 3) on various zeolites. These data
show that both the local coordination and formal platinum oxidation state influence the v values. The
IR data are not sufficient by themselves to identify the platinum species,”® but the XANES spectra
exclude the possibility that the initial supported species (after the oxidation step in the synthesis)

incorporated zero-valent platinum (details in SI).

S 0.7 -

— (AN,
— (B) 10% CO in He

(C) 10% O, in He
— (D) N,

0 T T T T T T T 1
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Figure 3.3. DRIFTS spectra in the v region: (A) recorded with the initially prepared sample (after the
oxidation synthesis) in N, flowing at 50 mL(NTP)/min; (B) recorded after sample had been in contact
with flowing 10% CO in helium for 15 min, followed by a purge of DRIFTS cell with helium for 30 min; (C)
recorded after exposure to 10% O, at 473 K of sample in helium flowing at 50 mL(NTP)/min; and (D)
recorded following these treatments with sample at room temperature in flowing N,.

To further investigate the reactivity of the supported platinum and its local environment on SAPO-
37, samples (20 mg) in the DRIFTS cell were brought in contact with helium flowing at 50 mL(NTP) min™
at atmospheric pressure and 298 K. The sample was then exposed to H, flowing at 50 mL(NTP) min™ at
atmospheric pressure and 298 K for 30 min, and then the H, was purged out with helium and the sample
exposed to a 12-min CO pulse (2392 CO molecules per platinum atom). The v¢g region of the spectrum

(Figure 3A.4 in SI) includes a single band at 2092 cm™ in the range expected for CO on platinum
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clusters.®® The results thus verify the EXAFS data characterizing the sample after the H, exposure that
show that platinum clusters had formed (Table 3.1, Table 3A.3 in Sl). Correspondingly, they verify the
XANES data demonstrating reduction of the platinum as cluster formed (Figure 3.2b).

The reduction was carried out separately with D, instead of H,: the initially prepared sample was
exposed to helium flowing at 50 mL(NTP) min™ at atmospheric pressure and 298 K and then exposed to
D, flowing at 10 mL(NTP) min™ at atmospheric pressure and 298 K (Figure 3A.5 in the Sl). The SAPO-37
OH group bands shifted from 3718, 3640, and 3578 cm™ to 2766, 2686, and 2642 cm™, and, consistent
with the harmonic oscillator approximation, the new bands are assigned to surface OD groups.*® Thus,
spillover occurred, with D, evidently activated on the platinum clusters and D migrating and undergoing

exchange with support OH groups.*®**

When the sample containing OD groups was exposed to ethylene flowing at 10 mL(NTP) min™
(Figure 3A.5 in the Sl), ethylene adsorbed on the OD and OH groups, and, when the reactor was purged
with helium, the ethylene desorbed, as shown by the full recovery of the OH and OD band intensities
(Figure 3A.5 in the SI). These results indicate simple physisorption of ethylene on the OH or OD groups,

consistent with reported results.>

Catalytic Performance of Supported Platinum: Evidence of Formation of Platinum Clusters
as Catalytically Active Species. In experiments with a wide range of ethylene conversions in the
presence of H,, ethane was the only observed product. There was no detectable conversion when the
SAPO-37 sample was present without platinum: the platinum was responsible for the catalysis.

The conversion initially increased with time on stream in the flow reactor, Figure 3.4 (the catalyst
mass was 1.0 mg, the feed flow rate 100 mL(NTP) min™, and the C,H, and H, partial pressures 10 and
100 mbar, respectively). Catalyst break-in such as this is commonly associated with changes in the
metal-ligand environment resulting from reaction with the reactants, as illustrated by data of Martinez-

3

Macias et al. ,>> who observed changes in zeolite-supported iridium complexes during the break-in
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period. These authors did not determine how the ligands changed during this period, but they
systematically varied the ligands present initially (before catalysis) (Ir(CO)(C,H4) and Ir(C,Hs), in HY
zeolite) and demonstrated that the activity depended strongly on them, with the initial activities being
in the order: M(CO), << M(CO)(C,Hs) < M(C,H,), and the induction periods decreasing in the order
(M(CO); > M(CO)(C;Ha) > M(CzHa),).”

Our results show that after an induction period of increasing activity (2.5 h), catalyst deactivation
ensued, and, after about 172 h, the catalyst had lost essentially all of its activity (Figure 3.4). The number
of turnovers during this period was approximately 913,000.

To test the hypothesis that the changes in the catalyst were associated with changes in the reactant-
derived ligands—that might be expected to proceed faster at higher reactant partial pressures—we did
an experiment with the same catalyst mass and feed flow rate but feed partial pressures of C,H, and H,
of 40 and 400 mbar, respectively (instead of 10 and 100 mbar). Correspondingly, the induction time was
markedly reduced (Figure 3A.6 in the Sl), and the catalyst deactivated more rapidly (in about 144 h),
consistent with the expectation.

A summary comparison of the activities of these and related catalysts investigated under similar
conditions is shown in Table 3.2.

Realizing that atomically dispersed platinum on numerous supports is easily reduced and aggregated

405455 we did complementary

and that platinum clusters and nanoparticles are active for our reaction,
experiments with a catalyst incorporating preformed platinum clusters, made by pretreating the as-
prepared sample in H, flowing at 50 mL(NTP) min™ at room temperature for 1 h prior to the start of flow
of ethylene + H, (Section 3.3). Thus, after a helium purge to remove H,, the catalyst was tested under
conditions matching those stated above (1.0 mg catalyst; feed flow rate 100 mL(NTP) min™; and C,H,

and H, partial pressures of 40 and 400 mbar, respectively). The deactivation profile was similar to that

observed with the catalyst that had not been pre-reduced, with the activities estimated by extrapolation

76



to zero time on stream (ignoring the induction period), being approximately the same and
indistinguishable from each other within the estimated error (Table 3.2, Figure 3A.6 in the SI).
Comparable activity data for platinum nanoparticles supported on SBA-15 silica, SiO,, and Al,O; are
listed in Table 3.2. For comparison, data characterizing atomically dispersed rhodium and atomically
dispersed iridium supported on DAY zeolite are shown with data characterizing SAPO-37 in Table 3.2.

Table 3.2: Comparison of Activities of Catalysts Incorporating Metal Complexes Supported on SAPO-
37, Alumina, DAY Zeolite, and Silica for Hydrogenation of Ethylene.

Metal in Support Metal initial form of 1
catalyst loading, wt% catalyst TOF (s™) ref.
Atomically 0.12%°
o 30% this
SAPO-37 | 1.1£0dwt% | o y
species 45+05 work
Platinum 6.642.0°
Platinum clusters
SBA-15 silica 1.0 0.64° 54
0.05 f 54
Sio Platinum 13
2 0.5 nanoparticles 17.5" 54
Al;05 92 53.4' 54
Iridium Ir(CHa), 0.71° >
DAY zeolite
1.0 Rh(C;Ha), 0.10" 9
Rhodium
SAPO-37 Rh(C,Ha), 0.13"

“TOFs determined at maximum activity reached after induction period and before catalyst deactivation
at respective conditions (Figure 3.4). The errors in the TOF values are estimated to be % 10%,
determined primarily by the error in the platinum content of the catalyst.

TOFs determined at maximum activity at 303 K and 1.0 bar; feed partial pressures (mbar): C,H,4, 50; H,,
50; helium, 900; total flow rate 100 mL(NTP)/min; catalyst mass, 11.0 mg.

“TOFs determined at maximum activity at 303 K and 1.0 bar; feed partial pressures (mbar): C,H,, 10; H,,
100; helium, 890; total flow rate 100 mL(NTP)/min; catalyst mass, 0.5-1.5 mg.

9Initial TOFs determined from C,H, conversions <5%; catalyst mass, 1 mg; feed partial pressures (mbar):
C,H,4, 40; H,, 400; helium, 560; total flow rate, 100 mML(NTP)/min.

*Steady-state TOF determined at 298 K; feed partial pressures (mbar): C,Ha, 10; H,, 100; inert, 890;
catalyst mass, 1.1 mg.

TRates reported as calculated from reference,® which are corrected to 10 mbar C,H,, 100 mbar H,, and
298 K; see reference for details.

Steady-state TOF determined at 303 K; feed partial pressures (mbar): C,H,, 100; H,, 200; helium, 700.
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"Initial TOFs determined from C,H,4 conversions <5%; catalyst mass, 10-30 mg; feed partial pressures
(mbar): C;H,, 50; H,, 50; helium, 900; total flow rate, 100 mL(NTP)/min.
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Figure 3.4. Performance of platinum supported on SAPO-37 for ethylene conversion catalysis in a once-
through plug-flow reactor in the presence of H, at 303 K and 1 bar (molar H,:C,H, ratio = 10:1). The
catalyst contained 1.1 + 0.1 wt% platinum, and the TOF values were determined on the basis of the
assumption that each platinum atom was exposed at each stage of the flow-reactor operation; see text
for interpretation of how deactivation occurred and Table 3.2 for estimated error in TOF values.

XAS of Isolated Platinum Complexes and Platinum Clusters in Reactive Atmospheres. XAS
experiments were done to characterize the SAPO-37-supported platinum in various atmospheres at
various temperatures and during catalysis. XANES and k*>-weighted Fourier-transformed EXAFS data are
shown in Figures 5a and b, respectively, recorded as the catalyst underwent changes in structure
influenced by changes in the flowing gas atmosphere, with the products measured by on-line mass
spectrometry: spectrum A represents the initial atomically dispersed platinum in flowing helium and
spectrum B the sample after subsequent exposure to flowing ethylene—which evidently caused the
white line to decrease in intensity and shift to a higher energy, accompanied by a decrease in magnitude
of the Fourier transform at approximately 2.0 A. Spectrum C represents the sample after the feed

stream had subsequently been switched to a mixture of ethylene + H, (C,H4:H, ratio = 1:10, molar), with
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catalysis occurring, and the data show a further decrease in the white line intensity and a slight shift of
the white line to higher energy as well as a substantial increase in the magnitude of the Fourier
transform at approximately 2.7 A. Spectrum D was recorded after 2 h of exposure to catalytic reaction
conditions followed by a switch of the feed back to ethylene, whereupon the white line increased in

intensity and shifted to a lower energy; the Fourier-transformed data show maxima at approximately

2.1and 2.6 A.
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Figure 3.5. (a) XANES data characterizing SAPO-37-supported platinum complexes under the following
conditions: (A) initial isolated platinum complexes (after oxidation synthesis) in flowing helium (30.0
mL(NTP) min) (blue); (B) the sample subsequently exposed to flowing ethylene flowing at a rate of 2.4
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mL(NTP) min™* (green); (C) the sample subsequently under catalytic reaction condtions (C,H,:H, molar
ratio = 1:10) (red); (D) the sample after a subsequent 2-h exposure to ethylene flowing at a rate of 2.4
mL(NTP) min™ (black). Data characterizing platinum foil are shown for comparison (purple). (b) k*-
Weighted magnitude of the Fourier transforms of the EXAFS data recorded at the Pt L,-edge
characterizing SAPO-37-supported platinum complexes under conditions stated in (a).

In a continuation of the experimental sequence, transient data characterizing the transformation of
the initial isolated platinum complexes into platinum clusters—and subsequent cluster breakup—were
obtained with the catalyst in the XAS cell working as a flow reactor. Figure 3.6a shows the ethane signal
from the online mass spectrometer downstream of the reactor along with XAS data recorded as a
function of time on stream. Figure 3.6b shows transient white line and temperature data recorded
during the experiments. Figure 3.6c shows the Pt-Pt distance and coordination number as a function of
time onstream. When the sample was initially present in flowing helium, the magnitude of the Pt-light-
scatterer contribution and the white line intensity were maximized, and no Pt-Pt contribution was
observed. These data match the EXAFS data reported in Table 3.1. When the sample was later exposed
to flowing ethylene at atmospheric pressure and room temperature (298 K), the magnitude of the
Pt-light-scatterer contribution and the white line intensity decreased, and no Pt-Pt contribution was
observed. We therefore conclude that the ligand sphere of the platinum had changed, consistent with
the statements above and consistent with the adsorption of ethylene on the platinum. When the feed
was then changed again to a reactive mixture of ethylene + H, (C,H;:H, ratio = 1:10, molar), the
magnitude of the Pt-light-scatterer contribution decreased; the white line intensity decreased slightly;
and a Pt-Pt contribution became evident and grew in intensity. The Pt-Pt coordination number jumped
from 0 to 1.8, and the ethane signal in the mass spectrum increased, all within the period of the first
scan (which required 5 min). These results show that platinum clusters formed in the reactive
atmosphere that included H,. As time progressed, the ethane signal in the mass spectrum increased and

remained almost unchanged as the magnitude of the Pt-light-scatterer contribution decreased and the

magnitude of the Pt—-Pt contribution increased. We conclude from the increase in the Pt-Pt coordination
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number (from 1.8 to 2.7) that—as the catalytic reaction occurred—the average size and/or number of
platinum clusters increased (Figure 3.6c¢).

In a further continuation of the series of experiments with the same sample in the XAS cell, after 2 h
of exposure to catalytic reaction conditions, the feed was switched back to ethylene. The data show that
the magnitude of the Pt-light-scatterer contribution and the white line intensity both increased (the
latter only slightly), but the values did not revert to the initial values—those observed before exposure
of the catalyst to reaction conditions with ethylene + H, flowing. Concomitantly, the magnitude of the
Pt-Pt contribution decreased, and the average Pt-Pt coordination number and distance also decreased,
and—with H, being absent—the ethane signal decreased to noise level in the mass spectrum of the
effluent.

This latter result indicates oxidative fragmentation of the platinum clusters by ethylene, which acts
as an oxidizing agent® (ethylene has been shown to oxidatively fragment supported clusters of iridium®’
and of rhodium®®). The inference is consistent with the slight increase in white line intensity (Figure 3.6c)
and the decrease in Pt-Pt coordination number (2.7 to 1.6). These values indicate that, under our
conditions, ethylene caused platinum cluster fragmentation but did not fragment these clusters
entirely—that is, it did not cause the white line intensity to return to its initial value observed before
catalytic reaction started. Further, the contraction of the average Pt-Pt bond distance from 2.74 to 2.64
A, as H, was purged from the reactor and ethylene was present, matches results reported by Bus et al.>®
showing that platinum clusters losing hydrogen by desorption are characterized by decreasing Pt—Pt
bond distances.

In the above-mentioned work,”” it was shown that ethylene completely fragmented supported
iridium clusters (consisting of approximately 4 atoms each) on a zeolite support when the sample was
heated to at 353 K. To check whether ethylene could similarly completely fragment the platinum

clusters,® the same sample mentioned above was heated to 353 K in flowing ethylene; then it was
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cooled to room temperature in a period of 20 min, and the ethylene stream was replaced with helium.
The white line intensity did not change during the temperature increase. Nor did purging of ethylene
from the cell with helium lead to a change in the white line intensity. Consistent with these results, the
average Pt-Pt coordination number was within error the same as that observed prior to the exposure of
the sample to flowing ethylene as the temperature was increased and as the ethylene was later purged
(Figure 3.6c). We thus conclude the platinum clusters remained stable as the temperature increased 353
K with the sample in ethylene and did not undergo complete fragmentation comparable to that
observed for the zeolite-supported iridium clusters.*

We emphasize that the platinum clusters that formed in the partial fragmentation in ethylene were
smaller than the ones formed by reduction of the initially formed catalyst in flowing H, (Table 3.1), with
average cluster diameters that we infer on the basis of earlier estimates® to be in the range of 0.4-0.8
nm—characterizing extremely small clusters, with Pt-Pt coordination numbers ranging from about 1 to
4.

In summary, the EXAFS data (Table 3.1 and Table 3A.2 in SI) show that the platinum complexes
present initially in the catalyst were converted into clusters within the period of the first scan under
catalytic reaction conditions with H,. As catalytic hydrogenation continued in the flow reactor, the
average cluster size and/or number of clusters increased. When these clusters were later exposed to
ethylene in the absence of H,, they fragmented, and the products included smaller clusters but, within
our ability to determine the structures, not atomically dispersed platinum (Figure 3.6c). During
subsequent heating in the presence of flowing ethylene, the clusters were stable and not fragmented
further.

Thus, all the data are consistent with the hypothesis that the observed catalytic activity is

associated with the platinum clusters.

82



MS Intensity (a.u)

He

1:10

Time on Stream (h)

- 1

- 0.8

- 0.6

FT k3 x(k)

Temperature (°C)

140

120

100

80

60

40

20

He

CH,

C,H4:H, ratio
1:10

He

- 0.2

1.8
1.6
14
1.2

0.8
0.6
0.4

XANES White Line Intensity (a.u.)

2 3 4 5

Time on Stream (h)

83




C 5- - 3
5 4.5
'E 4 4 = 2.5
=]
E 3.5 4 He | C,H, C,H4:H, ratio C,H, He L 5
2 3. 1:10
e b
:§ 2.5 - - 1.5 ;
i +
£ 1.5 - { r 1
£ 1
kS L 0.5
a 0.5 -
0o — =y T T T T T 0
0 1 2 3 4 5 6 7 8
Time on Stream (h)

Figure 3.6. (a) Changes in k’-weighted magnitude of the Fourier transforms of the EXAFS data and
ethane signal observed during operation of the catalyst (1.1 £ 0.1 wt% platinum supported on SAPO-37)
under ethylene hydrogenation conditions (molar H,:C,H, ratio = 10:1) in the EXAFS cell at 303 K and 1

bar. Symbols: red ¢, Pt-light-scatterer contribution at 2 A; blue 4, Pt-Pt contribution 2.5-2.8 A; green =,
mass spectra of ethane (m/z = 30) in the effluent gas. (b) Changes in the white line intensity and
temperature in various reactive gases. Symbols: purple e, white line intensity; black =, temperature. (c)
Changes in the Pt-Pt distance and coordination number with sample in various reactive gases. Symbols:
gray ¢, platinum coordination number; orange =, Pt—Pt distance. Details are presented in the text.

Characterization of Deactivated Catalyst. To gain insight into the catalyst activity loss, 20 mg of
the catalyst following operation at room temperature, during which deactivation was essentially
complete, were packed into the DRIFTS cell and exposed at 303 K and 1 bar to flowing C,H, + H, at a
molar ratio of 1:10. IR spectra recorded in separate experiments as the catalytic reaction proceeded
(Figure 3A.7 in SI) show increasing intensities of peaks assigned to C-H vibrations (2970-2860 cm™),
indicating carbonaceous deposits in the SAPO (and, in related work, in zeolite catalysts incorporating
supported rhodium complexes®). We infer from the similar spectra that essentially the same
carbonaceous deposits formed and interacted with the platinum centers, causing catalyst deactivation.
Under these conditions, the initial CO peak observed at 2123 cm™ declined in intensity during operation
at a C,H4:H, molar ratio of 1:10, and the catalyst color changed from green to beige. After 24 h

onstream, the reactants were purged from the cell with helium, and a CO pulse (50 mL(NTP)/min, 2390
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CO molecules per platinum atom) was injected to provide IR evidence of whether the platinum
nuclearity had changed. Figure 3A.8 in Sl includes the vy region of the spectrum, showing that the initial
platinum species characterized by bands at 2123 and 2090 cm™ (assigned to isolated platinum
complexes and clusters, respectively) reappeared in greater intensity after the CO pulse. The results
imply that the catalyst had begun to undergo aggregation under the catalytic reaction conditions
(C,H4:H, molar ratio of 1:10), caused by the reduction by H,.

The experiment was essentially repeated with the catalyst in the DRIFTS cell, but with D, instead of
H,, with a C,H,:D, ratio of 1:10. Again, during catalytic reaction, the Si—-OH-Al groups of the SAPO-37
exchanged were replaced with Si-OD-Al groups. The rate of formation of Si-OD-Al groups under
catalytic reaction conditions (C,H,4:D, ratio of 1:10) was lower than that observed when pure D, flowed
through the cell, corresponding to the lower D, partial pressure (165 vs. 35 min, when the Si-OD-Al

absorbance stopped changing).

3.5 DISSCUSION

Reactivity of Pt(acac), with Hydroxyl Groups of SAPO-37. When the precursor Pt(acac),
reacted with the Si-OH-Al Brgnsted acid sites of SAPO-37, the platinum became bonded through Pt—0O
bonds, as shown by the decreased intensities of the voy bands (Figure 3.1) and the EXAFS data indicating
bonding of platinum atoms to light scatterer atoms such as support oxygen atoms (Table 3.1). The bond
distances characterizing the SAPO- and analogous zeolite-supported species (Table 3.1) match, within
error, reported values characterizing atomically dispersed platinum species on metal oxides—and give
no evidence of Pt—Pt contributions—that is, no clusters (Figure 3.2a and Figure 3.5). The EXAFS data
(Table 3.1) thus support the conclusion that the platinum in the initially prepared catalyst incorporated
atomically dispersed platinum. Estimates of the formal oxidation states of platinum in the initial sample
and following the various treatments based on the measured white line intensities and comparisons

with reference compound data are summarized in Table 3A.1 in the S| and Figure 3.2b. The possibility
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that the initial platinum (after the oxidation step in the synthesis) was Pt*" is ruled out because white
line of the initial supported platinum compared with that of PtO, is lower in intensity (Figure 3.2b). The
lack of an observed Pt—Pt shell supports the inference of atomically dispersed platinum, which would be
expected to be cationic.®* The EXAFS data (Table 3.1) are consistent with an average structure in which
each platinum atom is coordinated with four Pt—light scatterer atoms at an average distance of
approximately 2 A—in contrast to what would be expected for Pt* species with platinum coordinated to

3942 The XANES data indicate a formal platinum

six oxygen atoms, at a bonding distance of about 2.0 A.
oxidation state near +2 (but we realize that assignments of formal oxidation states on the basis of
XANES data are limited in validity; for example, the suggestion of a linear relationship between platinum
formal oxidation state and white line intensity is complicated by the dependence of the absorption
probability on the density of states above the metal Fermi level as well as the platinum cluster size™).

In summary, the XANES, EXAFS, and IR data all point to the initial supported species as atomically
dispersed platinum (after oxidation synthesis) is bonded near sites that were initially Si-OH—AI sites of
SAPO-37 and coordinated to oxygen, whereby the support provides two oxygen ligands for each
platinum atom. Equivalent statements pertain to a number of atomically dispersed metal complexes on
zeolites, including zeolite HY. 40,62,63

A remaining question is what ligands were bonded to the supported platinum in addition to the
support. We postulate that the unidentified light scatterers could have been oxygen, with the results
being similar to those reported for similarly treated atomically dispersed platinum on zeolites NaY,**
NaX,” and CHA,*® but the data are not sufficient to identify them. Ligands that might have be suggested
to have formed on the atomically dispersed platinum in the oxidation step of the synthesis (Scheme 1 in

the SI) could be postulated to be peroxo, OH, acac, and CO, but the IR spectra rule out acac and CO; a

discussion of these possibilities is presented in the SI.
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Reactivity of Platinum Complexes with CO. The IR spectra of Figure 3.3 give evidence of a
mixture of platinum-containing species formed when CO reacts with the initial supported platinum
complexes (after oxidation synthesis). By comparing the spectra with those of platinum species on
various zeolites (H-MOR, NaY, NaX, ZSM-5), we infer that these bands indicate the presence of

atomically dispersed platinum species.>****°

However, because CO can be a reducing agent and might
have reduced platinum from its initial cationic state at room temperature, we lack sufficient information
to assign all the bands in the 2220-2090 cm™ region (Figure 3.3). Further interpretation of the CO
region along with a comparison of the XANES spectra would benefit from simulations, which are beyond
the scope of this work.

Reactivity of Platinum Complexes with H,. The XANES and EXAFS data (Figure 3.2, Table 3.1)
showing that H, reacted with the SAPO-37-supported platinum species at room temperature to reduce
the platinum and form clusters is broadly consistent with extensive literature demonstrating such

“0% and metal oxide supports.®® IR spectra in the v, region

behavior of platinum on numerous zeolite
characterizing these clusters after exposure to CO (Figure 3A.4 in Sl), consistent with the XANES and
EXAFS data shown in Figure 3.2 and Table 3A.3 in the SI, agree well with data characterizing platinum
clusters on H-MOR and on Al,O;, with a single vco band near 2095 cm™ assigned to CO ligands on

%7 Thus, we assign the 2090 cm™ band (Figure 3A.4 in SlI) to CO on these clusters.

platinum clusters.

The spectra of the SAPO-37 supported platinum clusters are characterized by significantly higher
white line intensities than bulk platinum metal (Figure 3.2b and Figure 3.5a), indicating that the
supported platinum species are small enough to have electronic properties significantly different from
those of bulk platinum. This statement is consistent with the smallness of the clusters demonstrated by
the EXAFS data.

Reactivity of Platinum Complexes with Ethylene. When the SAPO-supported platinum

complexes were exposed to ethylene, a result of the ensuing reaction was a decrease in intensity of the
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white line and a slight shift to higher energy (Figure 3.5a), accompanied by a decrease in magnitude of
the Fourier transform at approximately 2.0 A. However, there was no increase in the magnitude of the
Fourier transform at approximately 2.7 A. We suggest that the platinum adsorbed ethylene but did not
form Pt—Pt bonds (clusters), but the data are not sufficient to determine the structures.

Reactivity of Platinum Complexes under Conditions of Ethylene Hydrogenation Catalysis.
Under catalytic reaction conditions (with the sample in the presence of ethylene + H, or D,), the ligands
on the platinum changed, consistent with the change in conversion in the flow reactor. The occurrence
of catalysis points to the incorporation of hydrogen and ethylene ligands on the platinum, suggesting
replacement of the Pt-light-scatterer ligands. When D, was present, Si-OH—-Al groups on the support
were converted into Si—-OD—-AI groups, implying deuterium spillover and the formation of deuteride

ligands on the platinum.>*®

The formation of Si—-OD-Al groups took longer when the ethylene + D,
mixture was flowing than when just deuterium was flowing, consistent with a competition between
ethylene and deuterium ligands on the platinum—deuteride ligands evidently reacted either to form
deuterated ethane or Si—OD—-Al groups.

After the initial break-in period during catalysis (Figure 3.4), when the ligands on platinum were
evidently undergoing changes, the catalytic activity decreased, consistent with the catalyst color change
and with the formation of relatively large, low-volatility organics bonded to the platinum and restricting
access of reactive ethylene and hydrogen ligands (Figure 3A.7 in SI).

The data are not sufficient to determine whether deactivation was occurring during the break-in
period when the data suggest that platinum clusters were forming. After about 24 h of operation, the
formation of platinum clusters became evident, as shown by the increased intensity of the IR band at
2092 cm™ assigned to CO on the clusters (Figure 3A.4, 3A.8, 3A.9 in SI), and the cluster formation

occurred under both ethylene- and H,-rich conditions (Figure 3A.10 in the Sl), consistent with the role of

H, as a reducing agent triggering the cluster formation. Bolstering the inference of platinum cluster
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formation are the observed changes in the XANES white line intensity after exposure of the catalyst to
reaction conditions; the EXAFS data of Figure 3.5b show the decrease in intensity of the contribution at
2.0 A (indicating a loss of the Pt—O or Pt—C contribution) and the concomitant increase in intensity of the
Pt—Pt contribution (at 2.7 A) that confirms the cluster formation.

The cluster formation evidently started immediately upon exposure of the sample to H,.>”% The

1., who reported that when platinum clusters on Al,0; were

data are consistent with results of Bus et a
exposed to ethylene + H,, their EXAFS results showed an increase in the Pt—Pt coordination number and
a changed Pt—Pt bond distance attributed to (co)adsorbed hydrogen. But there is a lack of data
characterizing the very first steps of platinum cluster formation on a support.

As summarized above, the data demonstrate that the clusters are catalytically active for ethylene
hydrogenation, and there is no evidence that the initially present atomically dispersed platinum is
active—although the data do not rule out the possibility. The only catalytic reaction product was ethane,
so that there is no selectivity information for contrasting the isolated platinum sites and the platinum
clusters—in contrast to what has been observed for supported rhodium’ and supported iridium”*
catalysts.

This result is contrasted with observations for other noble metals on supports. For example, both

atomically dispersed rhodium and rhodium clusters on HY zeolite catalyze ethylene hydrogenation,®®”°

and an equivalent statement pertains to iridium.”” However, gold is evidently different; Guzman et al.”?
reported that MgO-supported mononuclear gold was active for ethylene hydrogenation and observed
that gold clusters that formed under catalytic reaction conditions were inactive. Similar results were
observed for hydrogenation of 1,3-butdiene.”

But observations for an oxidation reaction, CO oxidation, are markedly different from those

characterizing olefin hydrogenation; Aguilar-Guerrero et al.”” found that atomically dispersed gold on
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Ce0, catalyzed CO oxidation, but as gold clusters formed during catalysis, the activity increased,

demonstrating that both species are active, with clusters being more active.”

3.6 CONCLUSIONS

IR and EXAFS spectra characterizing samples formed by the reaction of Pt(acac), with SAPO-37 (after
oxidation synthesis) show that the supported platinum was atomically dispersed, with each platinum
atom initially bonded on average to two support oxygen atoms and other unidentified ligands. The
atomically dispersed platinum rapidly transformed into clusters of only a few atoms each (with average
diameters in the range of about 0.4-0.8 nm) upon exposure to H,. These platinum clusters catalyzed
ethylene hydrogenation with 100% selectivity at 303 K. Subsequent exposure of the clusters to ethylene
led to their partial oxidative fragmentation, and these were stable at elevated temperatures. The data
all support the conclusion that the clusters are the catalytically active species, with no evidence of
catalytic activity by the atomically dispersed platinum. The results are the first to provide a detailed
picture of the structures SAPO-37-supported metal complexes and clusters and show that the SAPO has

properties markedly different from those of the isostructural HY zeolite.
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Chapter 3A
SUPPORTING INFORMATION
for

Atomically Dispersed Platinum in SAPO-37: Catalysis of Ethylene Hydrogenation
and Transformation into Platinum Clusters®

! This chapter has been submitted to ACS Catalysis by J. E. Perez-Aguilar, J. T. Hughes, C.-Y. Chen, and B. C. Gates.
The original manuscript has been reformatted to fit the requirements of the dissertation

100



SUPPORTING INFORMATION
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Figure 3A.1. Differential conversion of ethylene; the catalyst was initially present as platinum complexes
supported on SAPO-37. Reaction conditions: H, + C,H, at 10:1 molar ratio at 303 K at atmospheric
pressure. The linearity of this plot that passes through the origin demonstrates that the data determine
rates (TOF values) directly as the slope of the line.
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Scheme 1. Summary of treatment steps and methods of characterization of SAPO-37-supported
platinum.
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Figure 3A.2. IR spectra in the 1300-1700 cm™ region characterizing the following samples: A, bare
calcined SAPO-37; B, sample formed by reaction of SAPO-37 with Pt(acac),.
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Figure 3A.3. DRIFTS spectra in the CO region of species formed by adsorption of isolated platinum on
SAPQ-37 after treatments. Spectrum A was recorded with the sample in contact with flowing helium (50
mL(NTP)/min), and Spectrum B is of the same sample in helium after it had been in contact with a 2 min
pulse of *CO. Spectrum C is of the same sample under helium after a CO pulse.

Bands at 2123 and 2090 cm™ decreased in intensity while the bands at 2071 and 2039 cm™ grew in

as the CO reacted with the sample (Figure 3A.3). The ratio of frequencies of *2CO and **CO corresponds

to the harmonic approximation.' Thus, bands at 2123 and 2088 cm™ indicate the presence of CO on
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platinum species in different locations and/or oxidation states, with the inferencebased on reported
results characterizing platinum species on various zeolites,”™ and the shifts to 2071 and 2039 cm™
confirm that *CO replaced **CO.°> After a single *>CO pulse to the same sample, the exchange to the

initial CO bands was not reversed.
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Figure 3A.4. DRIFTS spectra characterizing catalyst: A, SAPO-37 supported platinum complexes in
flowing helium (50 mL(NTP)/min) at room temperature; B, same sample in helium(50 mL(NTP)/min)
after a 12 minute CO(50 mL(NTP)/min) pulse and a 30 minute H, (50 mL(NTP)/min) treatment at room
temperature.

Figure 3A.4 displays a single band as 2092 cm™ that is expected for CO on platinum clusters.” EXAFS

data given in Table 3A.4 confirms the platinum clusters formed.
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Figure 3A.5. DRIFTS spectra in the vy and vgp regions characterizing (A) Platinum complexes on SAPO-
37 in flowing D, and He (10 and 50 mL(NTP) min™) at 298 K and 1 bar, (B) the same sample in flowing
C,H, and He (10 and 50 mL(NTP) min™), (C) the same sample in flowing He (50 mL(NTP) min™). The broad
peak in spectrum B (at 3300 cm™) is assigned to either the extra-framework silica (3718 cm™) or the Si—
OH-Al Brgnsted acid sites (3640 cm™) interacting with absorbed ethylene, consistent with data
characterizing the silanols or Brgnsted acid sites on HZSM-5 zeolite shifting to 3300 cm™ when ethylene
is absorbed.®

Figure 3A.5 displays the SAPO-37-supported platinum complexes after exposure to D, where the
sample formed OD groups. This sample was then subsequently exposed to ethylene and a spectrum B
shows that ethylene adsorbed on the OD and OH groups, when the reactor was purged with helium, the

ethylene desorbed, as shown by the full recovery of the OH and OD band intensities.
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Figure 3A.6. Comparison of platinum supported SAPO-37 for ethylene conversion: performance of 1.4
0.2 wt% platinum supported on SAPO-37 initially present as platinum clusters or atomically dispersed
platinum for ethylene conversion catalysis in a once-through plug-flow reactor in the presence of H, at
303 K and 1 bar (molar H,:C,H, ratio = 4:1). The catalyst samples (in their initial forms) are identified by

symbols shown in the figure: black ¢, SAPO-37-supported platinum clusters (molar H,:C,H, ratio = 1:10);

green ® atomically dispersed platinum supported on SAPO-37.
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Figure 3A.7. DRIFTS spectra characterizing catalyst: A, SAPO-37 supported platinum complexes in
flowing helium (50 mL(NTP)/min) at room temperature; B, same sample under reaction conditions (flow
rates of 10 mL(NTP)/min of C,H, and of H,, and 90 mL(NTP)/min of helium) after 25 h in contact with
flowing reactants at 303 K.
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Figure 3A.8. DRIFTS spectra characterizing catalyst: A, SAPO-37 supported platinum complexes in
flowing helium (50 mL(NTP)/min) at room temperature; B, same sample in flowing helium after a 12 min
pulse of 10% CO in helium (50 mL(NTP)/min) and 24 h exposure of reactants at 303 K (4 and 40
mML(NTP)/min of C,H, and H,, and 56 mL(NTP)/min of helium.

Figure 3A.8 displays a change in the CO peaks after 24 h exposure to reaction conditions. There is an

increase in intensity of the 2092 cm™ peak that has been assigned to platinum clusters on SAPO-37.

1.8 -
1.6 A
1.4 A
1.2 A

1 -
0.8 -
0.6 -

0.4 A A
0.2 A

Kubelka-Munk Function
(o)

o L] L] L] L] L] 1
3000 2800 2600 2400 2200 2000

Wavenumbers (cm?)

Figure 3A.9. DRIFTS spectra characterizing catalyst: A, SAPO-37 supported platinum complexes in
flowing helium (50 mL(NTP)/min) at room temperature after a 24 h exposure of reactants at 303 K (2
and 20 mL(NTP)/min of C,H, and D,, and 78 mL(NTP)/min of helium; B, same sample in flowing helium
after a 12 min pulse of 10% CO in helium (50 mL(NTP)/min). Bands at 2970-2860 cm ™" are assigned to
C-H vibrations to carbonaceous deposits, as before.”
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Figure 3A.10. DRIFTS spectra characterizing catalyst: A, SAPO-37 supported platinum complexes in
flowing helium (50 mL(NTP)/min) at room temperature; B after a 24 h exposure of reactants at 303 K (40
and 4 mL(NTP)/min of C,H, and H,, and 56 mL(NTP)/min of helium; C, same sample in flowing helium; D,
the same sample in flowing helium after a 12 min pulse of 10% CO in helium (50 mL(NTP)/min).

Table 3A.1. Oxidation state estimation based on XAS white line intensities. Correspondence between
white line intensity and oxidation state made based on reference compounds of known oxidation state.
This relationship was used to estimate oxidation states for Pt/SAPO-37 following exposure to ethylene
and reaction conditions.

Reference compound

Normalized white
arbitrary units

line height,

Formal Pt oxidation state

PtO, 2.27 4
Pt(acac), 1.67 2
Pt foil 1.20 0

Normalized white line height

Estimated Pt oxidation state

Pt/SAPO-37,1.4+0.2
wt%

1.74

2.2

Pt/SAPO-37,1.4+0.2
wt% platinum, after
exposure to H, for 30 min

1.35

0.6

Ligands that might have been formed on the supported atomically dispersed platinum in the
oxidation step of the synthesis could be thought to be acac ligands, but that this possibility is ruled out,

as follows: The IR spectra (Figure 3A.2) indicate the complete removal of the acac ligands present in the
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precursor Pt(acac), during the synthesis (including oxidation) at 623 K. Similar results were observed by
Guzman et al.,® who found that temperatures above 573 K were needed for total removal of the acac
ligands on from alumina-supported atomically dispersed gold made from Au(CHs),(acac).?

The ligands might also be thought to be peroxo ligands, but the XANES data weigh against this
possibility, showing that the average platinum oxidation state was only slightly greater than +2 and not
+4, which is common for platinum-group metal peroxo species.**

One might also suggest that CO ligands formed from the acac ligands during oxidation were present
on the Pt, but the IR data rule out this possibility: in Spectrum A of Figure 3A.4, it is evident that there
are no bands characterizing platinum carbonyls.

One might also suggest that OH ligands from the support migrated onto the Pt, but one would
expect them to be more strongly bonded to the Al sites on the SAPO than to the platinum because of
the negative formal charge of the alumina tetrahedra.

In summary, on the basis of our IR, XANES, and EXAFS data, we postulate that each platinum atom,
on average, was bonded to two oxygen ligands of the SAPO support and to two other light scatterers,

which could have been oxygen, but the data are not sufficient to identify these ligands.
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Table 3A.2. Examples of CO bonded to platinum species including IR band locations in the v region.

IR bands of carbonylated form of various platinum oxidation states, v¢o (cm"l)

Initial form of catalyst P’(CO) | Pt (CO) Pt'(CO), PL(CO); PC7(CO) | Pt(CO), | PCI(CO) | PE(CO), Refs
1.1 +0.1 wt % Pt/SAPO-37 2123 this work
1.1 +0.1 wt % Pt/SAPO-37,
after exposure to H, for 30 2092 this work

min
PtO,/KLTL zeolite (oxidized) - - - - 2100 - - - 1
3.0 wt% Pt/H-ZSM-5 - ¢ 2120,2091 | 2162,2150, 2110 2113 2165, 2150 2195 2201r1,2i91; > 3
0.5 wt% Pt/H-mordenite 2123 - - - - - - - 2

4.0 wt% Pt/NaY zeolite - - - - 2110 - - - B

0.2 wt% Pt/NaY zeolite - 2116 - - - - - - "

6 wt% Pt/NaY zeolite =7 2100-2120 =4 =7 =7 =7 =7 =7 4

6 wt% Pt/NaX z 2069 =4 2120, 2091 =7 2106 =7 2200 2216, 2188 4

“Not reported.




Table 3A.3 below shows the change of the isolated platinum species (initial species) supported on
SAPO-37 under helium as they were exposed to ethylene, ethylene and hydrogen (reaction conditions),
ethylene at 353 K, and lastly helium.

Table 3A.3. Summary of EXAFS fits parameters characterizing the structure of isolated platinum
complexes supported on SAPO-37 at the Pt L; edge as the feed composition is varied at room

temperature and atmospheric pressure. *Denotes best fit model.
C,H4/Hy/He a 10° x Ad’ o 3 R Goodness
(molar ratio) Model | Shell N (A2 R (A) AE,(eV) of Fit Notes
O, 4.0 5.9 2.02 -8.0
1% (¢} 2.0 2.4 2.29 -1.0 1.9876
Al 1.0 1.8 2.70 -8.0 Figure
(o] 2.5 5.0 2.99 2.8 3A.11to
O, 4 9.1 2.02 -8.0 3A.13; k
6] 3 2.1 2.30 -4.0 range was
0:0:1 2 2.4893
Al 1.1 1.9 2.70 -10.0 from 5.0
(o] 2.4 4.8 3.00 1.0 to 13.0 A;
o, 4.0 2.6 2.02 -8.0 Error =
- 0.00063.
3 ¢} 2.1 5.3 2.30 3.5 2 0500
P 1.0 2.6 2.67 2.8
(o] 2.5 5.5 3.00 1.0
Figure
C 1.1 4.0 1.97 3.0 3A.14: k
range was
1:10:1.5 1* o) 1.6 5.0 2.12 5.0 2.3616 from 3.0
to 10.0 A;
Error =
Pt 1.8 7.6 2.70 1.0
0.00174.
C 0.4 4.0 2.20 -1.8
1* Pt | 2.7 8.1 2.74 2.5 1.3635 Figure
(o] 1.5 4.0 2.97 -8.0 3A.15 to
(6] 0.3 5.2 2.17 -8.0 3A.17; k
1:10:15 2 Pt 2.7 8.1 2.74 -4.0 1.5241 range was
U o] 1.5 3.7 2.97 -10.0 from 3.5
C 0.5 4.4 2.22 -4.6 to 11.0 A;
Pt 3.0 9.4 2.74 -35 Error =
3 1.4440
G 1.1 3.8 2.78 -2.0 0.00094.
o |17 4.0 2.98 1.9
C 1.0 4.5 2.21 -8.0
Pt 1.6 34 2.64 8.0 Figure
*
1 (o] 2.0 4.0 3.0 6.0 2.1113 3A.18 to
G 1.6 3.1 3.4 0.5 3A.20; k
1:0:15 C 1.2 5.0 2.21 -8.0 range was
o ) Pt 1.4 3.4 2.64 8.0 5 8148 from 4.0
(o] 2.0 4.2 3.00 5.0 ' to 10.8 A;
0, 1.0 3.2 3.39 1.5 Error =
- 0.00089.
3 C 1.0 4.7 2.20 6.0 5 5405
Pt 2.0 5.4 2.62 8.0
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C 2.0 4.2 2.99 7.5

(o} 1.0 4.7 3.40 2.0

C 0.9 5.0 2.19 -8.0 Figure
3A.21; k

Pt 1.9 6.0 2.61 8.0 range was

0:0:1 1* 0.88204 from 4.0

o, |29 4.3 2.98 7.0 t0 11.0 A;
Error =

(o} 1.2 4.0 3.31 6.0 0.00131.

®Notation: N, coordination number; R, distance between absorber and backscatter atoms; Ac?, Debye-
Waller/disorder term; AE,, inner potential. Subscripts: S, refers to an atom identified to be belonging to
a short distance L, refers to the long contribution of an atom in the support.

Table 3A.4. EXAFS models representing the data at the Pt L3 edge characterizing 1.1 £ 0.1 wt% platinum
supported on SAPO-37 after exposure to hydrogen for 30 min at 298 K. The range in k was from 3.5 to
10.5 A; error = 0.00075; *Denotes best fit model.

C,Ha/H,/He a 10° x Ad’ - 2 | Goodness
(molar ratio) Model | Shell N (A2 R (A) AE,(eV) of Fit Notes
(0 1.0 9.0 2.02 -7.0
Pt 4.9 14.3 2.71 -8.0
1 (o} 1.0 4.7 3.44 -5.5 2.3760
Al 1.1 9.3 3.94 -1.0 Ei
igure
0} 1.0 11.8 2.03 -8.0
0:0:1 Pts 20 38 > 71 30 3A.22 to
* : : : — : 3A.24.
2 o | 10 6.8 3.43 1.7 3.8995
Al 1.1 4.8 3.97 -4.0
O, 1.0 9.0 2.03 -9.0
3 5.8575
Pt 3.9 12.7 2.71 -8.0

®Notation: N, coordination number; R, distance between absorber and backscatter atoms; Ac?, Debye-
Waller/disorder term; AE,, inner potential. Subscripts: s, refers to an atom identified as belonging to the
support; |, refers to the long Pt-scatterer contribution involving an atom in the support.
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Figure 3A.11. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing helium at 298 K and 1 bar: (A) k'-Weighted EXAFS
function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-Weighted
imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the calculated
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contributions (dotted line). (C) k>~Weighted imaginary part and magnitude of the Fourier transform of
data (solid line) and sum of the calculated contributions (dotted line). (D) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Pt—O,, shell. (E) k*-Weighted, phase- and amplitude-corrected,
imaginary part and magnitude of the Fourier transform of data (solid line) and calculated contributions
(dotted line) of Pt—O shell. (F) k*-Weighted, phase- and amplitude-corrected, imaginary part and
magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—
Al shell; (G) k*-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier
transform of data (solid line) and calculated contributions (dotted line) of Pt—0, shell.
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Figure 3A.12. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing helium at 298 K and 1 bar: (A) k-Weighted EXAFS
function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-Weighted
imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the calculated
contributions (dotted line). (C) k*>~Weighted imaginary part and magnitude of the Fourier transform of
data (solid line) and sum of the calculated contributions (dotted line). (D) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Pt—O,, shell. (E) k*-Weighted, phase- and amplitude-corrected,
imaginary part and magnitude of the Fourier transform of data (solid line) and calculated contributions
(dotted line) of Pt—O shell. (F) k*-Weighted, phase- and amplitude-corrected, imaginary part and
magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—
Al shell; (G) k*-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier
transform of data (solid line) and calculated contributions (dotted line) of Pt—0, shell.
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Figure 3A.13. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing helium at 298 K and 1 bar: (A) k'-Weighted EXAFS
function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-Weighted
imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the calculated
contributions (dotted line). (C) k*~Weighted imaginary part and magnitude of the Fourier transform of
data (solid line) and sum of the calculated contributions (dotted line). (D) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Pt—O,, shell. (E) k*-Weighted, phase- and amplitude-corrected,
imaginary part and magnitude of the Fourier transform of data (solid line) and calculated contributions
(dotted line) of Pt—O shell; (F) k*-Weighted, phase- and amplitude-corrected, imaginary part and
magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—P
shell. (G) k-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier
transform of data (solid line) and calculated contributions (dotted line) of Pt—0, shell.
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Figure 3A.14. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing ethylene and hydrogen at 298 K and 1 bar: (A) k-
Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-
Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the Fourier
transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid
line) and calculated contributions (dotted line) of Pt—C shell. (E) k-Weighted, phase- and amplitude-
corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and calculated
contributions (dotted line) of Pt—O shell. (F) k>-Weighted, phase- and amplitude-corrected, imaginary
part and magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted
line) of Pt—Pt shell.
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Figure 3A.15. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing ethylene and hydrogen at 298 K and 1 bar: (A) k-
Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-
Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the Fourier
transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of data (solid
line) and calculated contributions (dotted line) of Pt—C shell. (E) k>-Weighted, phase- and amplitude-
corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and calculated
contributions (dotted line) of Pt—Pt shell. (F) k>-Weighted, phase- and amplitude-corrected, imaginary
part and magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted

line) of Pt—0, shell.

117



e A 004 B
0.06 o

\ | i

ood | |1, | / \
/ l

ra 1

= 1 =
3 [ || P E 0.01
foo || | RN [ iy ] | -
? I | :|,' LY | J E o e | s
H LI Pl g — 7 —
w0 [l : } I i 1 4 5 \, i
| { Y . w3
< | | { | E -0.01 =/
& | i ,
-0.02 | = % \
0/ / -0.02 l
0.04
003
0.06
35 45 55 6.5 75 85 2.5 105 -aos o 05 N 15 2 a5 N s .
k(A7) r(A)
15 C 0.5 D
T
i II S 0.4
. AN
i 0.3
oy 0.2
5 05
E 0.1
‘& P
€ o - S
= - /-\.: g \
£ a1
2 05
o 0z
1 03
0.4
Ly 05
@ 0 0.5 1
2 15
15
1
1
0.5
05
E o E oo -
05
05
-1
kY -1
-L5
2 15
0 0.5 1 15 2 25 3 35 4 45 5 0 05 1 15 z 25 3 35 4 45 5
RIA) R (&)

Figure 3A.16. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing ethylene and hydrogen at 298 K and 1 bar: (A) k-
Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-
Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (C) k*>-Weighted imaginary part and magnitude of the Fourier
transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of data (solid
line) and calculated contributions (dotted line) of Pt-O shell; (E) k*-Weighted, phase- and amplitude-
corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and calculated
contributions (dotted line) of Pt—Pt shell; (F) k>-Weighted, phase- and amplitude-corrected, imaginary
part and magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted
line) of Pt—0, shell.
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Figure 3A.17. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing ethylene and hydrogen at 298 K and 1 bar: (A) k-
Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B) k'-
Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (C) k*>-Weighted imaginary part and magnitude of the Fourier
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transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k*-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of data (solid
line) and calculated contributions (dotted line) of Pt—C shell; (E) k>-Weighted, phase- and amplitude-
corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and calculated
contributions (dotted line) of Pt—Pt shell; (F) k>-Weighted, phase- and amplitude-corrected, imaginary
part and magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted
line) of Pt—C, shell; (G) k*-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of
the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—0, shell.
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Figure 3A.18. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing ethylene after reaction conditions at 298 K and 1 bar: (A)
k'-Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B)
k'-Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (C) k*>-Weighted imaginary part and magnitude of the Fourier
transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k*-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of data (solid
line) and calculated contributions (dotted line) of Pt—C shell; (E) k>-Weighted, phase- and amplitude-
corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and calculated
contributions (dotted line) of Pt—Pt shell; (F) k>-Weighted, phase- and amplitude-corrected, imaginary
part and magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted
line) of Pt—0 shell (G) k>-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of
the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—C; shell.
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Figure 3A.19. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing ethylene after reaction conditions at 298 K and 1 bar: (A)
k'-Weighted EXAFS function, k'(x) (solid line), and sum of the calculated contributions (dotted line). (B)
k'-Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (C) k*>-Weighted imaginary part and magnitude of the Fourier
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transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k*-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of data (solid
line) and calculated contributions (dotted line) of Pt—C shell; (E) k>-Weighted, phase- and amplitude-
corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and calculated
contributions (dotted line) of Pt—Pt shell; (F) k>-Weighted, phase- and amplitude-corrected, imaginary
part and magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted
line) of Pt—O shell (G) k>-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of
the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—0, shell.
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Figure 3A.20. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing ethylene after reaction conditions at 298 K and 1 bar: (A)
k'-Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted line). (B)
k'-Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the Fourier
transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k*-Weighted,
phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of data (solid
line) and calculated contributions (dotted line) of Pt—C shell; (E) k>-Weighted, phase- and amplitude-
corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and calculated
contributions (dotted line) of Pt—Pt shell; (F) k>-Weighted, phase- and amplitude-corrected, imaginary
part and magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted
line) of Pt—0 shell (G) k>-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of
the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—0, shell.
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Figure 3A.21. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing helium at 298 K and 1 bar after exposure to reaction
conditions and an ethylene treatment at 353 K: (A) k'-Weighted EXAFS function, k*(x) (solid line), and
sum of the calculated contributions (dotted line). (B) k-Weighted imaginary part and magnitude of the
Fourier transform of data (solid line) and sum of the calculated contributions (dotted line). (C) k*-
Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the
calculated contributions (dotted line). (D) k*-Weighted, phase- and amplitude-corrected, imaginary part
and magnitude of the Fourier Transform of data (solid line) and calculated contributions (dotted line) of
Pt—C shell; (E) k*-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the
Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—Pt shell; (F) k-
Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier transform of
data (solid line) and calculated contributions (dotted line) of Pt-0; shell; (G) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Pt—0, shell.
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Figure 3A.22. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing helium at 298 K and 1 bar after expose to hydrogen for 1
h: (A) k*-Weighted EXAFS function, k'(x) (solid line), and sum of the calculated contributions (dotted
line). (B) k'-Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and
sum of the calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the
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Fourier transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k*-
Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of
data (solid line) and calculated contributions (dotted line) of Pt—O,,, shell; (E) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Pt—Pt shell; (F) k>-Weighted, phase- and amplitude-corrected,
imaginary part and magnitude of the Fourier transform of data (solid line) and calculated contributions
(dotted line) of Pt=0, shell; (G) k*-Weighted, phase- and amplitude-corrected, imaginary part and
magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—
Al shell.
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Figure 3A.23. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing helium at 298 K and 1 bar after expose to hydrogen for 1
h: (A) k*-Weighted EXAFS function, k*(x) (solid line), and sum of the calculated contributions (dotted
line). (B) k-Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and
sum of the calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the
Fourier transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k*-
Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of
data (solid line) and calculated contributions (dotted line) of Pt—O,,, shell; (E) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Pt—Pt shell; (F) k>-Weighted, phase- and amplitude-corrected,
imaginary part and magnitude of the Fourier transform of data (solid line) and calculated contributions
(dotted line) of Pt— O, shell; (G) k*-Weighted, phase- and amplitude-corrected, imaginary part and
magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted line) of Pt—
Al shell.
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Figure 3A.24. EXAFS data recorded at Pt L3 edge characterizing the supported sample prepared from
adsorption of Pt(acac), on SAPO-37 in flowing helium at 298 K and 1 bar after expose to hydrogen for 1
h: (A) k'-Weighted EXAFS function, k'(x) (solid line), and sum of the calculated contributions (dotted
line). (B) k'-Weighted imaginary part and magnitude of the Fourier transform of data (solid line) and
sum of the calculated contributions (dotted line). (C) k*-Weighted imaginary part and magnitude of the
Fourier transform of data (solid line) and sum of the calculated contributions (dotted line). (D) k*-
Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier Transform of
data (solid line) and calculated contributions (dotted line) of Pt—O,,, shell; (E) k*-Weighted, phase- and
amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Pt—Pt shell.
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Chapter 4

SAPO-37-Supported Rhodium Clusters"

This chapter is in preparation for submission by J. E. Perez-Aguilar, J. T. Hughes, C.-Y. Chen, and B. C. Gates. The
original manuscript has been reformatted to fit the requirements of the dissertation
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4.1 ABSTRACT

Rhodium diethylene complexes were treated in hydrogen to form tetrarhodium clusters supported
on the molecular sieve SAPO-37. The rhodium clusters were characterized by infrared (IR) and extended
X-ray absorption fine structure (EXAFS) spectroscopy, with the data indicating an average Rh—Rh
coordination number of 3.0 and an average Rh—Rh distance of 2.66 A. X-ray absorption near edge
spectra (XANES) spectra show the transformation of rhodium diethylene complexes to clusters is
stoichiometrically simple. As a catalyst, the SAPO-37-supported clusters had a selectivity for
hydrogenation in a flow reactor (with a feed H,:C,H, molar ratio of 1:4) similar to that of DAY zeolite-
supported rhodium clusters (and, correspondingly, the SAPO-supported catalyst had a selectivity for
ethylene dimerization of approximately 25%). However, the initial room-temperature activity of the
SAPO-supported clusters (per rhodium atom) for ethylene conversion in the presence of H, was
substantially less than that of the zeolite-supported rhodium clusters.

4.2 INTRODUCTION

Zeolites with acidic properties find wide applications as catalysts and supports for metal catalysts.
Another class of materials, silicoaluminophosphates (SAPOs), offers good prospects as supports for
nearly uniform atomically dispersed supported rhodium and platinum complexes.' These microporous,
crystalline materials offer many of the advantages of zeolites,” potentially remaining stable at higher
temperatures than zeolites.? Like zeolites, SAPOs are platforms for acidic OH groups on their interior
surfaces, and correspondingly they find large-scale applications as acid catalysts.*

Atomically dispersed noble metals on solid supports, including zeolites,” metal oxides,®
metal-organic frameworks,” and recently SAPOs, have attracted wide attention because they offer new

catalytic properties with maximum efficiency in the use of the expensive metals.
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The next step beyond these most highly dispersed catalysts would be those incorporating a few
metal atoms in clusters on the supports. A Recent report of Fang et al.® summarizes the synthesis of
nearly uniform clusters well approximated as Rh,(CO),, in the cages of zeolite Y, with the cluster
synthesis from a mononuclear precursor being driven by one of the half cycles of the water gas shift
reaction. Rhodium clusters on zeolites have been reported to be more selective for hydrogenation
versus dimerization than DAY zeolite-supported rhodium diethylene complexes.’

Synthesis methods reported by Yang et al.”® have been used to form larger rhodium clusters from
atomically dispersed rhodium diethylene complexes, and Serna et al.’ formed a mixture of atomically
dispersed rhodium and rhodium clusters in a zeolite. Our broad goals were to investigate a SAPO as a
support for rhodium clusters and to assess the uniformity and catalytic properties of the clusters and
compare them with those characterizing rhodium in isostructural zeolites as the supports. Here we
report how to synthesize uniform, well-defined rhodium clusters on SAPO-37. We show that complexes
initially present as Rh(C;H,), bonded to the SAPO catalyze hydrogenation of ethane and that treatment
of the catalyst to make rhodium clusters of only a few atoms each, on average, boosts the activity for
dimerization.

Our specific goals were to prepare rhodium clusters on to SAPO-37, to determine the uniformity of
the clusters, and to compare their activity and selectivity for ethylene hydrogenation/dimerization to

those of SAPO-37-supported rhodium complexes and DAY zeolite-supported rhodium complexes.

4.3 MATERIALS AND METHODS

Synthesis of rhodium clusters on SAPO-37 Details of the sample preparation have been

reported.’ Sample synthesis and handling were carried out using standard moisture and air exclusion
techniques. The supported rhodium complex was prepared by bringing the precursor Rh(C,H,),(acac)

(6.0 mg, Strem, 99%) (acac is acetylacetonato) in contact with 200.0 mg SAPO-37 slurried in dried and
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deoxygenated n-pentane (Fisher, 99%). The SAPO was calcined in flowing air (Praxair, 99.5% purity) at
873 K for 6 h and then evacuated for 6 h at 873 K prior to contacting with the precursor. The rhodium
content of the resultant powder catalyst was 1.0 wt %. To form rhodium clusters, the SAPO-37-
supported sample made from Rh(C,H,),(acac) was exposed to flowing helium as the temperature was
ramped from 298 to 373 K at rate of 5 K min™. Subsequently, the sample was exposed to a flowing H, for
60 min at 1 bar and 373 K, followed by cooling to 298 K. Details of the hydrogen treatment have been
reported.”® The resulting sample was recovered and stored in an argon-filled glovebox. Inductively
coupled plasma-mass spectrometry analysis was done to determine the rhodium content of the sample.

Elemental Analysis of the Supported Rhodium Catalyst. The rhodium content of the SAPO-37-
supported rhodium sample was determined at the UC Davis Interdisciplinary Center for Plasma Mass
Spectrometry on an Agilent Model 7500a, quadrupole-type, inductively coupled plasma mass
spectrometer (ICP-MS) (Agilent Technologies, Santa Clara, CA).

Infrared (IR) spectroscopy. A Bruker IFS 66v spectrometer with a room-temperature DTGS
detector and a spectral resolution of 2 cm™ was used to collect transmission IR spectra of powder
samples. The sample was present in a diffuse reflectance (DRIFTS) cell that also served as a reactor
(Harrick Scientific); it was equipped with KBr windows and mounted in a Praying Mantis diffuse
reflectance adapter (Harrick Scientific). The DRIFTS cell in the glovebox was loaded with approximately
50 mg of dry KBr powder (Crystal Labs, 7758-02-3), mixed with approximately 20 mg of sample powder.
The cell was connected into a flow system that allowed recording of spectra as reactant gases (CO, *CO,
D,, H,, and/or ethylene) flowed through the cell at the desired temperature.

X-ray absorption spectroscopy. X-ray absorption spectroscopy (XAS) of the solid samples was
carried out at beam line 4-1 of the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National
Accelerator Laboratory. The storage ring energy and current were 3 GeV and 500 mA, respectively. The

double-crystal Si(220) monochromator was detuned by 20% at the Rh K edge. In an argon-filled glovebox
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at SSRL, 400 mg of SAPO-37-supported rhodium complex containing 1.0 wt % rhodium was loaded into a
transmission and fluorescence X-ray absorption spectroscopy cell/flow reactor designed to
accommodate powder samples under vacuum or in reactive atmospheres."* The cell window was
aligned at a 45° angle relative to the X-ray beam. Transient fluorescence X-ray absorption near edge
spectra (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were collected with a
Lytle detector for samples in flowing reactive gases. For energy calibration, a rhodium foil mounted
downbeam of the sample was scanned simultaneously.

Analysis of the EXAFS data was carried out with Athena of the software package Demeter and with
the software XDAP. Athena was used for edge calibration and deglitching and XDAP for background
removal, normalization, and conversion of the data into an EXAFS function file. Structural models
postulated for the supported rhodium species were compared with the EXAFS data; the models included
the plausible contributions Rh—Rh, Rh—0, and Rh-C. Reference files used in the fitting, with
backscattering amplitudes and phase shifts for Rh—Rh, Rh—0O, Rh—C, and Rh—Al contributions, were
calculated with the software FEFF7.0 from crystallographic coordinates of the unit cells of the reference
compounds rhodium metal, Rh(C,H,),(acac), RhO,, and Rh-Al aIon.u’13

Data fitting involved selection from among several plausible structural models that make good
chemical sense and fitting to determine structure parameters that were required to have physically and
chemically realistic values and appropriate values of goodness of fit—followed by selection of the best-
fitting model for each sample. The number of parameters used in the fitting was always less than that
justified statistically, calculated on the basis of the Nyquist theorem: n = 2AkAr/mt + 2 (where Ak and Ar,
respectively, are the ranges in the wave vector and distance in real space used in the fitting). Data fitting
was done iteratively for the candidate models with a difference-file technique by considering each shell

individually and the full range over which a satisfactory fit could be obtained for each individual shell to
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determine how well each model compared with the data in terms of the overall fit and also the fits of
individual shells.

The recommended model representing each sample was chosen as the best-fitting model when the
k*- and ks-weighted EXAFS data, Fourier-transformed data, and Fourier-transformed data characterizing
each shell contribution individually were all in good agreement with the calculated fits. The quality of

each fit was evaluated by the value of goodness of fit, defined below:

NPTS 2
\Y <Xexp,i - Xmodel,i)

Goodness of fit =
I NPTS(v — Nfree)

= Oexp,i
where Xexp and Xmodel are the experimental and calculated EXAFS functions, respectively; oe, the error in
the experimental results; v the number of independent data points in the fit range; Ni.. the number of
free parameters; and NPTS the number of data points in the fit range. The estimates of the error bounds
are based on the reported results and statistical analyses; the values are approximate. Complementary
information is presented in the Supporting Information, SI.

Catalytic activity measurements. Catalyst performance was tested with samples in a once-
through temperature-controlled plug-flow reactor, described elsewhere.® The procedures match those
reported.'® The reactant feed gases (H,, ethylene, and helium (Airgas, all UHP grade)) flowed through a
bed of catalyst of known mass (usually in the range of 1.00-15.0 mg) mixed with 1.0 g of inert particles
of nonporous a-Al,0; (Sigma-Aldrich, 100-200 mesh) at atmospheric pressure and a temperature of
303 K. A total feed flow rate of 100 mL(NTP) min™ was used in each experiment, with the feed partial
pressures (in mbar) being the following: H,, 50; ethylene, 50; helium, 900 or, alternatively, ethylene,
200; H,, 50; helium, 750. The effluent stream was analyzed periodically with an online gas
chromatograph (Hewlett-Packard HP-6890) equipped with a capillary column (PLOT Alumina “M,” 50 m

x 0.53 mm) and a flame-ionization detector. The reported catalytic reaction rates per rhodium atom

(turnover frequencies, TOF) were calculated from conversions <10%, which were shown to be
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differential on the basis of the essentially linear dependence of conversion on inverse space velocity
(Figure 4A.1 in the Sl). Prior to each catalytic test, the SAPO-37-supported sample initially in the form

that was present initially was treated in H, to form rhodium clusters (details in Section 2.1).

4.4 RESULTS

Initial SAPO-37-Supported Rhodium Complexes. Structurally well-defined SAPO-37-supported
Rh(C,H,), complexes were synthesized by reaction of Rh(C,H,),(acac) with calcined SAPO-37, as reported
before." An EXAFS-based structural model of the supported species, as has been reported,’ is
summarized in Table 4.1. Elemental analysis showed that the typical sample contained 0.6 £ 0.1 wt%,
implying that all of the precursor Rh(C,H,),(acac) reacted with the SAPO-37 support and was retained by
it. This result is consistent with the masses of Rh(C,H,),(acac) and SAPO used in the synthesis and the
inference that all of the precursor Rh(C,H,),(acac) reacted with the SAPO-37 support.

Tracking Cluster Formation from SAPO-37-Supported Rhodium Complexes in H,. The
reaction of Rh(C,H,),(acac) with SAPO-37 was accompanied by changes in the IR spectra of SAPO-37 that
match previous observations.' Spectrum A of Figure 4.1 shows that ethylene ligands were still present
on the rhodium after anchoring to the support, indicated by bands in the C—H region (between 2900 and
3150 cm™) similar to those characterizing HY zeolite-supported rhodium diethylene complexes.’

To make rhodium clusters in the support, the temperature of the sample in flowing helium was
raised at a rate of 5 K min™ to 373 K, and then the composition of the gas flowing over and through the
particles of sample at 373 K was switched from helium to H,, flowing at 50 mL(NTP) min™ for 1 h.
Spectrum B characterizing the sample in helium at room temperature after the exposure to H, shows
the disappearance of bands characterizing C,H, ligands (at 3086, 3060, and 3015 cm™) and the

-114,15

concomitant growing of a band at 2091 cm showing that the initially m-bonded ethylene ligands on

the rhodium were replaced. The new band, at 2091 cm™, is identified as evidence of a rhodium hydride
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on the basis of previous reports; Serna et al."> determined that the band at 2091 cm™ for DAY zeolite-
supported rhodium complexes is representative of a rhodium hydride band by exposing the sample to
D, and observing an Rh—=D species, characterized by an IR band at 1486 cm™. The slight residual band at
2988 cm™ in the spectrum (A, Figure 4.1) matches well with reports of Hacac species on the support
surface.® Any gas-phase products formed in the reduction (such as ethane) were formed in

concentrations too low to observe with the online mass spectrometer.
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Figure 4.1. DRIFTS spectra in the vcy region region characterizing the SAPO-37-supported Rh(C,H,), in (A)
flowing He and (B) after the sample had been in contact with flowing H, for 1 h at 373 Kand 1 bar.

EXAFS data (Table 4.1) characterizing the supported Rh(C,H,), species show changes in the
coordination environments as the sample came in contact with H, at 373 K for 60 min. There was a
disappearance of the Rh—C contribution, a decrease in the coordination number characterizing the
Rh=Ogypport cONtribution (from 2.1 to 0.9), accompanied by the appearance and growth of a contribution
identified as Rh-Rh at a distance of 2.66 A (from not detectable to a coordination number of nearly 3).
These EXAFS data demonstrate the unlinking of the rhodium complex from the support as the Rh atoms

migrated and aggregated to form rhodium clusters.
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The XANES spectrum of the initial SAPO-37-supported rhodium complexes (Figure 4.2) is consistent
with the inference that the initial SAPO-37-supported rhodium diethylene complexes are well
represented as a Rh(l) complex, as expected on the basis of XANES and IR data characterizing similar
samples, including DAY zeolite-supported rhodium diethylene complexes.”*” At 373 K, the initial SAPO-
37-supported rhodium complexes when exposed to flowing H, at 373 K were reduced, as shown by the
decrease in the white line intensity (Figure 4.2). Two isosbestic points, at 25 and 58 eV above the
absorption edge (Figure 4.2), indicate the transformation of one species (atomically dispersed) to
another, suggesting a near uniformity of the resultant species (clusters), inferred on the basis of the

EXAFS data in Table 4.1."
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Figure 4.2. Normalized XANES spectra at the Rh K edge characterizing the formation of rhodium clusters
from Rh(C,H,), supported on SAPO-37, as follows: (A) initial rhodium complexes in flowing helium (50.0
mL(NTP) min™); the sample at 373 K under helium (B); the sample in flowing H, (50.0 mL(NTP) min™) (C);
the sample at 298 K in flowing helium (D). Data characterizing rhodium foil are shown for comparison

(E).
Thus, the XANES and EXAFS spectra, complementing the IR spectra, indicate the formation of
clusters in the support. The Rh—Rh coordination number of nearly 3 indicates, on average, tetrarhodium

species (Table 4.1). The decrease in intensity of the white line in the XANES spectra that was observed
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when the sample was exposed to H, clearly demonstrates that the cluster formation involved the
reduction of the rhodium from an initial cationic state (Figure 4.2); the XANES data are not sufficient to
determine the exact rhodium oxidation state.

Table 4.1: Structural Models Based on EXAFS Representing Rh(C,H,), Supported on SAPO-37, and

Dealuminated HY Zeolite after Various Treatments.” Each Catalyst Contained approximately 1.0 wt%
Rhodium.

Initial form of Treatment conditions Shell° N R(A) | 10°x ¢ AE, Refs
catalyst
Rh-C 4.0 2.12 7.5 -7.5
Rh/SAPO-37 Initial species Rh-0Oq 2.1 2.10 6.3 4.0 !
Rh—-Al 1.1 3.10 6.4 -3.0
Rh—Rh 3.0 2.66 7.2 2.1
Rh/SAPO-37 Ha 1 bar, 373K, 60 o 70 109 | 2.13 43 3.0 this work
min Rh—-Al 0.6 3.03 5.4 -8.0
Rh—Rh 0.2 2.62 6.5 -0.3
. H, in flowing He, 1 Rh-0, 1.9 2.07 6.9 -4.1 10
Rh/DAY zeolite bar, 373 K, 4 min Rh—-Al 0.9 2.97 1.5 2.4
Rh-0, 0.5 3.51 0.8 -8.0
_ _ Rh-Rh | 4.4 | 2.67 9.2 4.0
Rh/DAY zeolite E;:”;;‘;"‘Q”EOH;; F:;:% 06 | 218 16 72 10

“Notation: N, coordination number; R, distance between absorber and backscatterer atoms; Ac?,
disorder term (Debye—Waller factor); AE, inner potential correction. Error bounds (accuracies)
characterizing the structural parameters determined by EXAFS spectroscopy are estimated to be as
follows: N, +20%; R, +0.02 A; Ac?, +20%; AE,, 20 %. “Contribution not detectable. “The subscripts s and |
refer to short and long, respectively. Details of the EXAFS fitting are provided in the SI.

Catalytic performance of SAPO-37-supported rhodium clusters. The SAPO-37-supported
rhodium clusters formed by exposure of the initial supported rhodium complexes to flowing H, for 60
min at 1 bar and 373 K were used as a catalyst for ethylene hydrogenation in a once-through isothermal
plug-flow reactor at 303 K and 1 bar. The SAPO-37 alone (with its acidic OH groups) did not have
measurable activity for hydrogenation or dimerization under our conditions." Thus, the catalytic activity
is attributed to the rhodium clusters. Initial conversions were differential (as shown by the good linear

fit to the data showing the initial conversions versus inverse space velocity, Figure 4A.1 in the Sl),

determining TOF values directly.
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Figure 4.3. Performance of rhodium clusters supported on SAPO-37 for ethylene conversion in the
presence of H, at 303 K and 1 bar: blue ® SAPO-37-supported catalyst (molar H,:C,H, ratio = 1:1); green
@ SAPO-37-supported catalyst (feed molar H,:C,H, ratio = 1:4). Rhodium contents of catalysts were 0.6
+ 0.1 wt%. The values of TOF were determined assuming that each rhodium atom participated in the
catalysis. The errors in TOF are estimated to be approximately + 20%, associated primarily with the error
in rhodium content of the catalyst.

The data of Figure 4.3 show how the supported rhodium clusters performed as a catalyst; the initial
TOF, determined by extrapolation of the TOF vs. time on stream data to time-on-stream = 0, was found
to be 0.12 s *(calculated on the basis of the presumption that each Rh atom was accessible to reactants)
at a H,:C,H, molar ratio of 1:1 and approximately 0.02 s at a H,:C,H, molar ratio of 1:4.

At a molar H,:C,H, ratio was 1:1, the SAPO-37-supported rhodium clusters were found to be
active and selective for hydrogenation just as the SAPO-37-supported rhodium complexes initially
present as atomically dispersed rhodium diethylene complexes.! The only products with either rhodium
catalyst were ethane, and the activities were 0.12 s and 0.13 s, respectively (Table 4.2).

At a molar H,:C,H, ratio was 1:1, the SAPO-37-supported rhodium clusters were found to be more
active for hydrogenation than the iridium clusters supported on the metal-organic framework UiO-66

(0.03 s%).* Again, the only product observed with either catalyst was ethane.
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When the feed H,:C,H, ratio was 1:4 (molar), the SAPO-37-supported rhodium clusters were found
to be selective for hydrogenation over dimerization—similar to what was reported for DAY zeolite-
supported rhodium clusters™ (Table 4.2). However, the initial TOF of the SAPO-37-supported rhodium
clusters was found to be 0.02 s™ which is less than the initial TOF of 0.11 s™ characterizing the reaction
on DAY zeolite-supported rhodium clusters™ (Table 4.2). Details of these and related comparisons are

summarized in Table 4.2.
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Table 4.2: Catalytic Activities Characterizing Samples Initially Incorporating Metal Complexes Supported on SAPO-37, DAY Zeolite, MgO, and
Metal Organic Frameworks (MOFs), after Various Treatments, for Hydrogenation and Dimerization of Ethylene in once-through Flow
Reactors. Each Catalyst Contained approximately 1.0 wt% Rhodium or Iridium.

Metal-metal Initial TOF for Selectivity in ethylene conversion (mol %)
Initial form of catalyst ;oordin.atiznbnuEr;Ab: ethylene h n- trans-2- 1- cis-2- Ref
et(:;r)r:cl:riscoypy a conversion (s ™) ethane butane | butene | butene | butene
30 0.19° 99.8 0.2 this
Rh(C,H,),/SAPO-37 ' 0.02° 76.1 0.6 14.2 3.9 5.2 work
- 0.13 99.6 0.4 !
Rh(C,H,),/DAY zeolite 4.4 0.25% 76.9 2.0 12.8 2.9 5.4 10
Rh(C,H,),/DAY zeolite 0.2 0.11¢ 50.3 0.6 26.4 10.4 12.3 10
Rh(C,H,),/DAY zeolite 1.9 0.07° 20.4 3.1 76.5° o
Rh(p-OMe),(COD),/Mg0’ 1.0 1.1° 100 - 10
b 20
weraonone | - o w pm el
Ir(CyH4),/UIO0-67 3.0 0.03° 99.75 0.05 0.05 0.1 0.05 18
1.0 0.029"
Ir(CO),/NaY zeolite 2.9 0.043" - 21
3.7 0.032"

“For the complete set of parameters determined in the EXAFS data fitting, see Table 4.1. As shown in Table 4.1, the Rh—Rh coordination number
characterizing the sample after H, treatment at 373 K for 60 min; for comparison, the previously reported Rh—Rh coordination number
characterizing the sample after treatment in H, at 373 K for 60 min and 4 min is also shown. Ir-Ir coordination number are shown for
comparison characterizing their respective samples; details of their synthesis are given in references: **% ¥,

TOFs determined at 303 K and 1.0 bar; feed partial pressures (mbar): C,Hs, 50; H,, 50; helium, 900; total flow rate 100 mL(NTP)/min; catalyst
mass, 5.0-30.0 mg.

‘Not detected.

TOFs determined at 298 K and 1.0 bar; feed partial pressures (mbar): C,H,, 200; H,, 50; helium, 750; total flow rate 100 mL(NTP)/min; catalyst
mass, 30 mg.

*Value reported in reference does not distinguish among the butenes.

'ome = methoxy; COD = cyclooctadienyl.

INot reported.

"TOFs determined at 303 K and 1.0 bar; feed partial pressures (mbar): C,H,, 155; H,, 155; helium, 690; total flow range of 27-185 mL(NTP)/min;
catalyst mass, 75 mg.



3.4. Deactivation of SAPO-37-supported rhodium clusters. To gain insight into the catalyst
activity loss, 20 mg of the catalyst was packed into the DRIFTS cell at 303 K and 1 bar to a flowing stream
of C,H, + H, at a molar ratio of 4:1. The rhodium clusters were pre-formed on the SAPO-37 prior to
reaction conditions. Spectra recorded as the catalytic reactions proceeded (Figure 4A.2 in the Sl) show
increasing intensities peaks assigned to C-H vibrations (2970-2860 cm™'), assigned to carbonaceous
adsorbates or deposits in SAPO (and zeolite) catalysts incorporating supported rhodium complexes that
grew after a 24 h exposure.! We infer from the spectra that essentially the same carbonaceous
adsorbates/deposits formed and interacted with the rhodium, causing catalyst deactivation.

The deactivation of the rhodium clusters matches well with the deactivation of other noble metals
on SAPO-37. In previous work it was reported that atomically dispersed rhodium® or platinum? clusters
on SAPO-37 deactivated as a result of the formation of relatively large organic adsorbates/deposits
during catalytic hydrogenation (with feeds that were either ethylene-rich or hydrogen-rich). Thus, the

deactivation of rhodium clusters on SAPO-37 is as expected for noble metals supported on SAPO-37.

4.5 DISSCUSION

Rhodium Cluster Formation on SAPO-37. Formation of small rhodium clusters in high yields in the
pores of DAY zeolite has been reported by Fang et al.® Fang observed that Rh,(CO),, formed by reaction
of Rh(CO),(acac) with OH groups on the surface of DAY zeolite (molar SiO,/Al,O; ratio of 30:1) as the
water-gas shift half reactions took place while. Fang also observed that on HY zeolite (molar SiO,/Al,O3
ratio of 5.2:1) Rhg(CO)s formed as a major side product. Using IR and EXAFS spectroscopies to
characterize his samples, Fang inferred the formation of Rh,(CO);, on DAY zeolite at a yield of >95%. The
synthesis was reported to be the one giving the highest yield of tetrarhodium clusters from rhodium

l.21

carbonyls. Work by Li et al.”> shows that iridium clusters (represented as Ir,, Ir;, and Irg) on NaY zeolites

can be formed from NaY zeolite-supported iridium dicarbonyl complexes by exposure of the samples to
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flowing CO at various temperatures (313 or 448 K). However, the yields of the clusters in the various
syntheses were not reported.

Nearly uniform clusters have been reported by Serna et al.’ to form on DAY zeolite supports from
rhodium diethylene precursor; the results were obtained in experiments whereby the authors brought
atomically dispersed rhodium diethylene complexes on the support in contact with flowing H, at 303 K
and 1 bar for 1.5 h. They reported a Rh—Rh coordination number of 1.9 for the clusters that formed
(Table 4.2) and inferred the presence of extremely small clusters along with unconverted mononuclear
rhodium species. Work by Yang et al.’® done with aberration-corrected HAADF-STEM shows that DAY
zeolite-supported rhodium diethylene complexes exposed to H, at 373 K for 1 h formed rhodium
clusters with an average diameter of 0.55 + 0.10 nm (approximately nine atoms per cluster, on average,
if spherical clusters are assumed™), which agrees well with the diameter estimated on the basis of their
EXAFS data (Table 4.1). They emphasized that single site-isolated Rh atoms were still observed in small
numbers along with the clusters, indicating that not all of the rhodium had been converted into clusters
during the treatment in H,. The evidence for the atomically dispersed rhodium was aberration-corrected
HAADF-STEM images.

The data reported here show that the atomically dispersed rhodium was similarly converted into
rhodium clusters on SAPO-37. The EXAFS data are not sufficient to determine the nuclearities of the
clusters, which could have been present in mixtures, but tetrarhodium clusters with tetrahedral frames
(as in Rhy(CO)1,, which has a Rh-Rh coordination number of 3% and hexarhodium clusters with
octahedral frames (as in Rhg(CO)16, which has a Rh—-Rh coordination number of 4%*) are common,** and
considered more likely to have formed in our samples than rare molecular trirhodium clusters (Rh-Rh
coordination number of 2).

Details of the candidate models used in EXAFS data fitting are shown in Table 4A.1 in the SI. The

fitting shows that a Rh—Rh coordination number of 3 gives the best-fit model. Alternative models were
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considered in the fitting. A model with an Rh-Rh coordination number of 5 (larger than that
characterizing hexarhodium in Rhg(CO).s) gives a good overall fit indicated by goodness of fit
parameters; however, an unrealistic Debye-Waller factor (higher than 0.01 at room temperature)'’***
of the Rh—-Rh contribution found in the fitting was substantially greater than that characterizing the
other Rh—0 and Rh-Al contributions (Table 4A.1 in the Sl). Thus, we rule out the possibility of a high
yield of hexarhodium or larger clusters.

In summary, we infer that rhodium clusters that formed on the SAPO were on average
approximately tetrarhodium clusters, but the data do not rule out the possible presence of some larger
clusters, such as hexarhodium clusters.

Our synthesis conditions were similar to those of Yang et al.,'® but our support (SAPO) was different
from Yang’s DAY zeolite. However, from the Rh-Rh coordination number determined by EXAFS
spectroscopy (3.0 compared to 4.4 in Table 4.1) the clusters formed in our sample were smaller than

those reported by Yang et al.™

Thus, we infer the rhodium clusters on the SAPO are slightly smaller in
diameter than the 0.55 + 0.10 nm inferred on the basis of aberration-corrected HAADF-STEM images
characterizing the DAY zeolite-supported rhodium clusters.

The isosbestic points in the XANES spectra showing the conversion of SAPO-37-supported atomically
dispersed rhodium diethylene complexes to SAPO-37-supported rhodium clusters indicate that this
conversion was stoichiometrically simple. The lack of such points in the XANES spectra reported by
Serna et al.’ for the conversion of DAY zeolite-supported rhodium diethylene complexes to DAY zeolite-
supported rhodium clusters confirms the presence of a mixture of rhodium species in their sample, in
contrast to ours.

The white lines of the XANES spectra showing the conversion of SAPO-37-supported atomically

dispersed rhodium diethylene complexes to SAPO-37-supported rhodium clusters indicate that the

rhodium was reduced when exposed to hydrogen. And when comparing the XANES region of the SAPO-
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37-supported rhodium clusters to that characterizing the rhodium foil, we see different features that
indicate that the clusters were too small to be considered metallic.

The SAPO pores can provide an environment to accommodate Rh, clusters (diameter = 9 A*®) (and
also Rhg clusters (diameter = 10 A)®), a statement that follows from the fact that the SAPO supercage is
nearly 13 A* and the SAPO aperture diameter nearly 7.4 A, values almost the same as those
characterizing the isostructural zeolite.*

Fang et al.® reported that to form a high yield of clusters from DAY zeolite-supported rhodium
dicarbonyl complexes, several criteria had to be met, as follows: (1) supercages that provide an optimal
environment to accommodate Rh, clusters (and also Rhg clusters) and also small enough to stabilize
these clusters by entrapment and (2) a high Si:Al ratio in zeolites for a low surface density of OH groups
to favor the selective synthesis of the smaller clusters—because a higher density of the acidic OH groups
facilitates the transformation of Rhy(CO)1;, to Rhe(CO)6.® We suggest that the SAPO superacages
provides a nearly optimal environment to accommodate rhodium clusters.

With regard to the surface density of acidic OH groups, the SAPO has a total of more OH groups per
unit mass than the zeolite.>* However, the strengths of the Si-OH-Al Brgnsted acid sites on the SAPO
are less than those of the Si-OH-Al Brgnsted acid sites on the zeolite, as shown by IR spectra.*> We
hypothesize that the difference in the acid strength between the SAPO and the zeolite accounts for the
difference in the formation of larger clusters in DAY zeolite-supported rhodium clusters reported by
Yang et al.'® (Recall that the EXAFS data show that our clusters were smaller than Yang’s.)

However, as EXAFS is an averaging technique, a question remains on whether all the rhodium had
been converted into clusters during the treatment in H, and small amounts of atomically dispersed
rhodium diethylene complexes could have remained unconverted. This question is answered by
comparing the activity of the SAPO-37-supprted rhodium clusters to DAY zeolite-supported rhodium

clusters reported by Serna et al.,’ as summarized in the next section.
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Hydrogenation of Ethylene Catalyzed by SAPO-37-Supported Rhodium Clusters. Under
reaction conditions (H,:C,H, molar ratio of 1:4), the SAPO-37-supported rhodium clusters were active for
both hydrogenation and dimerization of ethylene (Table 4.2), and the selectivity was similar to that
characterizing the DAY zeolite-supported rhodium clusters reported Yang et al.® However, we observed
activity values different from those reported for DAY zeolite-supported rhodium clusters by Yang et al.*
and Serna et al.’ We observed an initial TOF for ethylene conversion of 0.02 s compared to an initial
TOF of 0.07 s* for DAY zeolite-supported rhodium clusters reported by Serna et al.” and an order
magnitude less than an initial TOF of 0.11 s™* for DAY zeolite-supported rhodium clusters reported by
Yang et al.”®

Thus, on the basis of catalytic activity for ethylene conversion, the SAPO and zeolite supports are
not similar. We rule out any difference in activity due to metal loading because all samples in the
comparison contained 0.6 £ 0.1 wt% rhodium. We postulate that our activity difference from that of the
catalyst reported by Serna et al.’ was associated with the difference in average cluster sizes and perhaps
the fraction of clusters vs. mononuclear species in the separate catalysts. By comparing the average
EXAFS Rh—Rh coordination numbers in Table 4.2 (1.9 to 3.0) we suggest that our clusters were less likely
than Serna’s to have been present in a mixture with smaller rhodium species such as atomically
dispersed rhodium. The presumed difference might be an indication of the different chemistries of the
SAPO and zeolite supports, such as for example as is reflected in the acid strengths of the OH groups
(but more evidence would be needed to test this hypothesis). This hypothesis is bolstered by the
differences in selectivity of Serna’s catalyst® and ours, which his favor dimerization over hydrogenation,
in contrast to ours. When comparing our clusters (approximated as tetrarhodium) to those of Yang et
al.®®, which we infer contained larger clusters (the respective Rh—Rh coordination numbers are 3.0 and
4.4, respectively, Table 4.2); we might further hypothesize that our clusters were less likely than Yang’s

to include hexarhodium or larger clusters—thus, we hypothesize that our sample was more uniform
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structurally than Yang’s. However, we recognize that there is no evidence of a trend in catalyst
performance with changing average cluster size, as shown by the results of Li et al.*, who asserted that
their catalysts incorporated the clusters Ir,, Irs, and Irg on MgO gave no simple explanation for the
variation in catalytic performance with cluster size. There is substantial uncertainty in the
characterization of the relevant reported samples, and we suggest that the SAPO may provide a greater
stability for smaller rhodium clusters than the zeolite. However, we cannot rule out that the rhodium

clusters changed under reaction conditions that could lead to the observed differences in activity.

4.6 CONCLUSIONS

In summary, tetrarhodium clusters were formed from isolated rhodium diethylene complexes on
SAPQO-37 upon exposure to H, at 373 K. X-ray absorption spectra indicate an average Rh—Rh coordination
number of 3.0 and an average Rh—Rh distance of 2.66 A. The supported rhodium clusters were found to
catalyze ethylene hydrogenation at 303 K at a feed H,:C,H, molar ratio of 1:4. Their selectivies were
similar to those of DAY zeolite-supported rhodium clusters, and their initial room-temperature activities

(per rhodium atom) were substantially less than those of the zeolite-supported rhodium clusters.
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Chapter 4A

SUPPORTING INFORMATION

for

SAPO-37-Supported Rhodium Clusters *

This chapter is in preparation for submission by J. E. Perez-Aguilar, J. T. Hughes, C.-Y. Chen, and B. C. Gates. The
original manuscript has been reformatted to fit the requirements of the dissertation
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Figure 4A.1. Differential conversion of ethylene; the catalyst was initially present as rhodium clusters
supported on SAPO-37. Reaction conditions: feed of H, + C,H, at 1:4 molar ratio at 303 K at atmospheric
pressure. The linearity of this plot that passes through the origin demonstrates that the data determine
rates (TOF values) directly as the slope of the line.
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Figure 4A.2. DRIFTS spectra characterizing catalyst: A, SAPO-37-supported rhodium clusters in flowing
helium (50 mL(NTP)/min) at room temperature after in contact with flowing H, for 1 h at 373 Kand 1
bar; B, same sample under helium after 24 h exposure to reactions conditions (flow rates of 20
ML(NTP)/min of C,H; and 5 mL(NTP)/min of H,, and 20 mL(NTP)/min of helium) at 303 K).
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Table 4A.1. EXAFS models representing the data at the Rh K edge characterizing 1 wt% rhodium
supported on SAPO-37. The range in k was from 4.0 to 12.0 A. Error = 0.00041.

Model Shel N 10°x 40" A’y R (A)’ AEy(eV)’ Goodness of Fit

Rh 2.1 5.2 2.66 0.4

1 Osupport 1.1 4.4 2.11 6.0 1.1910
Rh 3.0 7.2 2.66 2.1

2 osupport 0.9 4.3 2.13 3.0 1.0141
Al 0.6 5.4 3.03 8.0
Rh 5.0 10.0 2.66 3.4

3 Osupport 2.0 10.2 2.15 4.0 1.9389
Al 1.6 4.0 3.00 4.0

*Denotes best fit model; °Notation: N, coordination number; R, distance between absorber and
backscatter atoms; AG?, Debye-Waller/disorder term; AE,, inner potential. Subscripts: Sup, refers to an
atom identified to be belonging to the support.
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Figure 4A.3. EXAFS data recorded at Rh K edge characterizing the supported sample in flowing helium;
the sample was prepared by chemisorption of Rh(C,H,),(acac) on SAPO-37 exposed to H, flowing for 60
min at 373 K and 1 bar: (A) k*-Weighted EXAFS function, k'(x) (solid line), and sum of the calculated
contributions (dotted line). (B) k-Weighted imaginary part and magnitude of the Fourier transform of
data (solid line) and sum of the calculated contributions (dotted line). (C) k>-Weighted imaginary part
and magnitude of the Fourier transform of data (solid line) and sum of the calculated contributions
(dotted line). (D) k*-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the
Fourier transform of data (solid line) and calculated contributions (dotted line) of Rh—Rh shell. (E) k*
Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier transform of

data (solid line) and calculated contributions (dotted line) of Rh—Ogypp0r Shell.
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Figure 4A.4. EXAFS data recorded at Rh K edge characterizing the supported sample in flowing helium;
the sample was prepared by chemisorption of Rh(C,H,),(acac) on SAPO-37 that had been exposed to H,
flowing for 60 min at 373 K and 1 bar: (A) k'-Weighted EXAFS function, k'(x) (solid line), and sum of the
calculated contributions (dotted line). (B) k'-Weighted imaginary part and magnitude of the Fourier
transform of data (solid line) and sum of the calculated contributions (dotted line). (C) k*-Weighted
imaginary part and magnitude of the Fourier transform of data (solid line) and sum of the calculated
contributions (dotted line). (D) k*-Weighted, phase- and amplitude-corrected, imaginary part and
magnitude of the Fourier transform of data (solid line) and calculated contributions (dotted line) of Rh—
Rh shell. (E) k>-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier
transform of data (solid line) and calculated contributions (dotted line) of Rh—Ogypport Shell. (F) K-
Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier transform of
data (solid line) and calculated contributions (dotted line) of Rh—Al shell.
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Figure 4A.5. EXAFS data recorded at Rh K edge characterizing the supported sample in flowing helium;
the sample was prepared by chemisorption of Rh(C,H,),(acac) on SAPO-37 subjected to H, flow for 60
min at 373 K and 1 bar: (A) k-Weighted EXAFS function, k*(x) (solid line), and sum of the calculated
contributions (dotted line). (B) k*-Weighted imaginary part and magnitude of the Fourier transform of
data (solid line) and sum of the calculated contributions (dotted line). (C) kK>-Weighted imaginary part
and magnitude of the Fourier transform of data (solid line) and sum of the calculated contributions
(dotted line). (D) k*>-Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the
Fourier transform of data (solid line) and calculated contributions (dotted line) of Rh—Rh shell. (E) k*
Weighted, phase- and amplitude-corrected, imaginary part and magnitude of the Fourier transform of
data (solid line) and calculated contributions (dotted line) of Rh—Ogypp0r Shell. (F) k*-Weighted, phase-

and amplitude-corrected, imaginary part and magnitude of the Fourier transform of data (solid line) and
calculated contributions (dotted line) of Rh—Al shell.
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